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Description

Technical Field of the Invention

[0001] The presentinvention pertains to an apparatus
for measuring optical quality of an eye. In particular, the
present invention pertains to an apparatus for measuring
refractive errors of an eye based an wavefront measure-
ment.

Background of the Invention

[0002] As is well known, a wavefront type refractor is
an optical device for measuring refractive errors of an
eye based an wavefront measurement. Such awavefront
type refractor can provide comprehensive measurement
of the refractive errors of an eye, including high order
refractive errors. In addition, such a wavefront type re-
fractor may provide more accurate measurement of the
refractive errors of an eye than a conventional auto-re-
fractor. Advantageously, the wavefront measurements
can be used to guide refractive laser surgery to correct
detected refractive errors. In addition, such a wavefront
type refractor may be used to provide prescriptions for
eyeglasses and contact lenses.

[0003] Oneimplementation of a wavefront type refrac-
tor thatis well known in the art uses a "Hartmann-Shack"
sensor to measure the wavefront of a light beam gener-
ated from an illumination spot projected on the retina and
passed through the eye’s optics. As is well known, in
such a wavefront type refractor, a probe beam from a
laser or a super-luminescent diode is projected onto the
retina through the eye’s optics. Light scattered by the
retina passes through the eye’s optics, and emerges
through the eye’s pupil The wavefront of the emerging
beam carries refractive information relating to the eye’s
optics. For example, if the eye is emmetropic (i.e., the
eye’s optics is without refractive error), the wavefront of
the emerging beam should be flat. Relay optics relays
the wavefront emerging from eye’s pupil onto the Hart-
mann-Shack sensor. The Hartmann-Shack sensor
measures the distortion of the wavefront to determine
the refractive errors of the eye due to aberrations of the
eye’s optics,

[0004] As is well known, a Hartmann-Shack sensor
comprises a lenslet array and a CCD camera located at
the focal plane of the lenslet elements of the array. When-
ever a beam of radiation to be measured is projected
onto a Hartmann-Shack sensor, the lenslet array breaks
the beam into sub-apartures, and forms a pattern of focal
spots (the pattern of the focal spots carries the signature
of the wavefront of the beam to be measured). The CCD
camerarecords the pattern of focal spots, and a computer
analyzes the pattern to reconstruct the wavefront of the
beam.

[0005] As one can readily appreciate from the above,
the accuracy of wavefront measurement provided by the
above-described wavefront type refractor depends on
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precise measurement of the positions of the focal spots.
Good image quality of the Hartmann-Shack focal spots
is thus an essential requirement of such a wavefront type
refractor. To resolve the positions of the focal spots pre-
cisely, the spots need to be kept to a certain size to cover
a predetermined number of pixels in the CCD camera
[0006] In "comparison of the eye’s wave-front aberra-
tion measured psychophysically and with the Shack-
Hartmann wave-front sensor, T. Salmon, L Thibos and
A. Bradley, J. Opt. Soc. Am. A. Vol. 15, 2457 (1998)" a
wavefront refractor is disclosed which includes a Shack-
Hartmann wavefront sensor. The wavefront refractor
comprises a He-Ne-laser generating a probe beam which
is passed through neutral-density filters, an electronically
controlled shutter, an aperture and four lenses. These
lenses and the eye optics form an image of a pin hole on
the subject retina.

[0007] A direct technique for calculating the profile of
aberration of the eye measured by a modified Hartmann-
Shack apparatus is described in "a direct technique for
calculating the profile of aberration of the eye measured
by a modified Hartmann-Shack apparatus, H. Hamam,
Optics Communications 173, 23 (2000)". Here fixation
targets are used to ensure that light entering the eye is
focused onto the fovea and that light is reflected back
out of the eye along the fixation axis from the fovea and
passed to a Hartmann-Shack wavefront sensor.

[0008] In "aberrations and retinal image quality of the
normal human eye, J. Liang and D. Williams. J. Opt. Soc.
Am. A. Vol. 14, 2873 (1997)" a Hartmann-Shack wave-
front sensor for the eye is described which is combined
with a He-Ne-laser producing a compact point source on
the retina. If the eye has aberrations, the wavefront of
the light returning from the retina forms a distorted wave-
front at the pupil plane. This wavefront is recreated by
lenses at the plane of the wavefront sensor. The two-
dimensional lenslet array samples this warped wavefront
and forms an may of focused spots on a CCD away. Each
of the spots from the lens is displaced on the CCD array
in proportion to the slope of the wavefront. From this dis-
placement, the wave aberration itself can be calculated.
[0009] Oneproblemencounteredin using a Hartmann-
Shack sensor to fabricate a wavefront type retractor re-
lates to the defocusing power of an eye. In particular, the
defocusing power of an eye varies from patient to patient,
and this defocusing power variation can significantly
change the spot size of the probe beam on the retina.
Consequently, the focal spot size on the Hartmann-
Shack CCD camera can change significantly. Another
problem encountered in using a Hartmann-Shack sensor
to fabricate a wavefront type refractor relates to diffused
scattering from a retina. In particular, diffused scattering
fromthe retina produces a bright background for the Hart-
mann-Shack focal spots, and as a result, reduces image
contrast. As is well known, diffused scattering form the
retina is a result of the layer structure of the fibers of the
retina (the layer structure serves as a two-dimensional
wave-guide to enhance lateral diffusion of scattered
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light).

[0010] As one can readily appreciate from the above,
a need exists in the art for method and apparatus for
measuring refractive errors of an eye that improve upon
wavefront type retractors using a conventional Hart-
mann-Shack sensor.

Summary of the Invention

[0011] Embodiments of the present invention advan-
tageously satisfy the above-identified need in the art, and
provide method and apparatus for measuring refractive
errors of an eye that improve upon wavefront type refrac-
tors using a conventional Hartmann-Shack sensor.
[0012] Specifically, one embodiment of the present in-
vention is awavefront refractor as an apparatus for meas-
uring refractive errors of an eye which comprises: (a) a
source of a probe beam; (b) a first Badal lens system
adapted to focus the probe beam onto the pupil plane of
a subject’s eye to form an illumination spot on a retina;
(c) a second Badal lens system adapted to image the
illumination spot onto an image plane substantially con-
jugate to the retina; and (d) a spatial filter disposed in the
image plane adapted to transmit at least a portion of the
image. Advantageously, such an embodiment provides:
(a) more accurate wavefront measurement when using
a Hnrtmann-Sheck sensor by improving a Hamnann-
Shack image; (b) a probe beam spot size that is substan-
tially independent of the defocusing power of the eye;
and (c) that a minimal of diffused scattering from the ret-
ina falls onto the Hartmann-Shack image of a Hartmann-
Shack sensor.

Brief Description of the Figure

[0013]

FIG. 1 shows ablock diagram of awavefrontrefractor
that is fabricated in accordance with one embodi-
ment of the present invention; and

FIG. 2 shows a block diagram of a Badal optics ap-
paratus in the prior art that is used to fabricate a
preferred embodiment of the present invention.

Detailed Description

[0014] FIG. 1 shows a block diagram of wavefront re-
fractor 100 that is fabricated in accordance with the
presentinvention. As shownin FIG. 1, wavefrontrefractor
100 comprises probe beam assembly 10, polarizing
beamsplitter 20, relay optics assembly 40, and Hart-
mann-Shack sensor 50.

[0015] As shown in FiG. 1, probe beam assembly 10
comprises radiation source 12 which outputs a beam of
radiation, which beam of radiation is applied as input to
fiber 13. The beam of radiation is typically radiation that
is not detected by a patient such as, for example and
without limitation, infrared or near infrared radiation. A
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beam of radiation output from fiber 13 passes through
collimation optical system 14 (collimation lens system 14
may comprise one or more lenses) and polarizer 17 to
output linearly polarized radiation (polarizer 17 can be
fabricated in accordance with a number of methods that
are well known to those of ordinary skill in the art). The
linearly polarized beam of radiation passes through
Badal lens system 15 (a Badal configuration is described
in detail below), is redirected by turning mirror 16, and,
as projected beam 11, impinges upon polarizing beam-
splitter 20. Although only one lens is illustrated, those of
ordinary skill in the art will readily understand that more
than one lens is more typical of such Badal lens systems.
Polarizing beamsplitter 20 directs projected beam 11 to
impinge upon eye 30 to formillumination spot 32 on retina
31. Advantageously, in accordance with this embodiment
of the present invention, use of Badal lens system 15,
causes illumination spot 32 on retina 31 to be rendered
with a spot size that is independent of the defocusing
power of eye 30. As a result, the spot size of illumination
spot 32 on retina 31 can be predetermined, and is sub-
stantially independsat of the defocusing power of eye 30.
[0016] Itis desirable to utilize a super-luminescent di-
ode to fabricate radiation source 12 due to its high bright-
ness and short coherence length- A desirable wave-
length of the super-luminescent diode is in the near in-
frared spectrum range. However, other radiation sources
may be used such as, for example and without limitation,
a laser or a light emitting diode. In addition it is preferred
that fiber 13 be a single mode fiber to enable good beam
quality and fine collimation. Polarizer 17 is set to select
a polarization defined by polarizing beamsplitter 20.
[0017] In accordance with this embodiment of the
present invention, Badal lens system 15 is located one
focal length away from pupil plane P of eye 30. As a
result, probe beam 11 is focused onto pupil plane P. For
an example wherein: (a) fiber 13 has a fiber core of 5
microns; (b) collimating lens 14 has a focal length of 15
mm; and (c) Badal lens system 15 has a focal length of
200 mm, the spot size on pupil plane P is about 65 mi-
crons. In such a Badal configuration, the spot size of il-
lumination spot 32 on retina 31 is about 300 microns for
a normal eye length of 22 mm. This spot size is substan-
tially independent of the defocusing power of eye 30,
while it is proportional to eye length.

[0018] As shown in FIG. 1, light scattered from illumi-
nation spot 32 passes through the eye’s optics (including
eye lens 34 and comea 35), and emerges as outgoing
beam 33. The wavefront of outgoing beam 33 carries
aberration information relating to the eye’s optics. Polar-
izing beamsplitter 20 only passes a depolarized portion
of outgoing beam 33 (i.e., polarizing beamsplitter 20 re-
jects reflections from, among other things, eye lens 34,
cornea 35, and retina 31).

[0019] As shown in FIG. 1, relay optics assembly 40
comprises Badal lens system 41 and lens system 42,
which Badal lens system 41 and lens system 42 may
each comprise one or more lenses. Relay optics assem-
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bly 40 relays the wavefront at pupil plane P to a conjugate
plane P’. As further shown in FIG. 1, Badal lens system
41 images illumination spot 32 as image spot 48 on plane
R’ inside relay optics assembly 40 (plane R’ is a focal
plane of Badal lens system 41, and is conjugated to retina
31). In accordance with this embodiment of the present
invention, the spot size of the image of illumination spot
32 at plane R’ is substantially independent of the defo-
cusing power of eye 30. Further, in accordance with this
embodiment of the present invention, spatial filter 44 has
an aperture substantially equal to the size of the image
spot, and is positioned at focal plane R’ to reject trace
light caused by diffused scattering on retina 31.

[0020] The position of image plane R’ varies as a func-
tion of the defocusing power of eye 30. However, as is
well known to those of ordinary skill in the art, the position
ofimage plane R’ can be determined using an optometer,
which optometer may be used as an accessory alignment
device for apparatus 100. Then, in accordance with a
further embodiment of the present invention, a driving
mechanism (not shown) can move spatial filter 44 to over-
lap image plane R’. The driving mechanism for moving
spatial filter 44 may be fabricated in accordance with any
one of a number of methods that are well known to those
of ordinary skill in the art. For example and without limi-
tation, spatial filter 44 may be moved by a linear motor
or a motorized drive screw.

[0021] In accordance with this further embodiment of
the present invention, spatial filter 44 has an aperture
substantially equal to the size of image spot 48. Thus,
when movable spatial filter 44 is located at image plane
R’, maximum transmission of outgoing beam 33 (scat-
tered from illumination spot 32) occurs, and trace radia-
tion from diffused scattering around illumination spot 32
is rejected. Advantageously, in accordance with this em-
bodiment of the present invention, the use of spatial filter
44 significantly improves the contrast of an image ob-
tained on Hartmann-Shack sensor 50, and as a result,
the detection of focal spots 52 (to be described in detalil
below) can be more precise.

[0022] As further shown in FIG. 1, Hartmann-Shack
wavefront sensor 50 comprises lensletarray 51 and CCD
camera 53. Lenalet array 51 is located at plane P’ and
CCD camera53islocated at the focal plane of the lenslet
elements of lenslet array 51. Wavefront sensor 50 de-
tects the wavefront of outgoing beam 33 when lenslet
array 51 forms a pattern of focal spots 52 on CCD camera
53.

[0023] In accordance with this embodiment of the
present invention, the output from CCD camera 53 is
applied as input to an analyzer (not shown), for example,
a personal computer. The analyzer then determines the
X, Y, Z position of a centroid of focal spots in accordance
with any one or a number of methods that are well known
to those of ordinary skill in the art. Then, the slope of
each beam segment is determined using the coordinates
of the centroids to determine the slope of a portion of the
beam passing through each of the elements of lenslet
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array 50. Next, the analyzer uses any one of a number
of methods that are well known to those of ordinary skill
in the art to use the slopes of the beam segments to
reconstruct the wavefront of beam 33 at plane P’. For
example, in one such embodiment, the analyzer fits the
slopes of the beam segments to a set of Zemike polyno-
mials to reconstruct the wavefront of beam 33 at plane
P’ in accordance with the teaching of an article entitled
"Objective measurement of wave aberrations of the hu-
man eye with the use of a Hartmann-Shack wave-front
sensor" by J. Liang et al., J. Opt. Soc. Am. A, Vol. 11,
No. 7, July 1994, pp. 1949-1957 (the "Liang article"). The
wavefront of beam 33 is then reconstructed at plane P
via a scale factor determined by the relay optics. A com-
prehensive review of the Hartmann-Shack wavefront
sensor, and wavefront reconstruction is found in U.S.
Patent No. 5,777, 719.

[0024] Finally, the refractive errors of the eye are cal-
culated by the analyzer in accordance with any one of a
number of methods that are well known to those of ordi-
nary skill in the art using the reconstructed wavefront.
For example, one such method is disclosed in a publica-
tion of Frey et al. on June 3, 1999, WO 99/27334 entitled
"Objective Measurement and Corretion of Optical Sys-
tems Using Wavefront Analysis" wherein distortions of
the wavefront are taken as an estimate of the aberrations.
Additionally, reference is made to the Liang article in this
context, which is cited above.

[0025] The use of Hartmann-Shack sensor 50 for
wavefront measurement is well known in the art. How-
ever, the image quality of focal spots 52 on CCD camera
53 remains as an issue in obtaining accurate measure-
ment of eye aberration. For example, diffused scattering
from illumination spot 32 may produce a bright back-
ground on focal spots 52. Such a bright backgrowd may
reduce the signal to noise ratio of focal spots 52, and
thereby, make it difficult to obtain precise measurement
of the position of focal spots 52. Advantageously in ac-
cordance with this embodiment of the present invention,
and as described above, Badal lens system 15 provides
illumination spot on retina 31 with a spot size that is in-
dependent of the defocusing power of eye 30. In addition,
Badal lens system 41 provides an image spot at plane
R’ having a spot size that is independent of the defocus-
ing power of eye 30. This, together with spatial filter 44,
enables one to obtain a Hartmann-Shack image-with re-
duced background from diffuse scattering. As a result;
improved accuracy can be achieved for wavefront meas-
urement.

[0026] FIG. 2 shows a block diagram of prior art Badal
optics configuration 200 which produces image 36 on
retina 31 having an image size that is independent of the
defocusing power of eye 30. In one embodiment, Badal
optics configuration 200 comprises Badal lens system
46 located one focal length away form pupil plane P of
eye 30. Asshown in FIG. 2, Badal lens 46 forms animage
plane R’ of retina 31. The distance of image plane R’ from
Badal lens 46 depends on the focal power of eye 30.
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However, target 47 located on image plane R’ appears
the same size, independent of the focal power of eye 30.
Badal optics configurations are commonly used in op-
tometry and a detailed description of the Badal optics
configuration can be found in U.S. Patent No. 5,208,619.
Note that the Badal configuration shown in FIG. 1inrelay
optics assembly 40 (where illumination spot 32 is imaged
by Badal lens system 41 to form an image spot 48 on
image plane R’ conjugated to retina 31) is a reverse ar-
rangement of an optometer (for example, as shown in
FIG. 2) where target 47, located at image plane R’, is
imaged onto retina 31.

[0027] Those of ordinary skill in the prior art should
readily appreciate that the combination of the two Badal
optics configurations shown in FIG. 1 produces animage
spot, image spot 48, having a spot size that is substan-
tially independent of eye length of eye 30.

[0028] In one example of a wavefront refractor fabri-
cated in accordance with an embodiment of the present
invention, the focal length of Badal lens 41 is approxi-
mately 100 mm. This focal length is about five (5) times
as long as an eye length. As a result, image spot 48 on
focal plane R’ is about five (5) times as large as illumi-
nation spot 32. Thus, for an illumination spot having an
approximate spot size of 300 wm spatial filter 44 should
have an aperture of about 1.5 mm.

[0029] Those skilled in the art will-recognize that the
foregoing description has been presented for the sake
of illustration and description only. As such, it is not in-
tended to be exhaustive or to limit the invention to the
precise form disclosed. For example, those of ordinary
skill in the art should readily appreciate that Badal lens
system 15 may be combined with collumating lens sys-
tem 14 to produce a similar focal spot on pupil plane P.
Further, although embodiments of the present invention
has been described in conjunction with a Hartmann-
Shack sensor, the present invention is not limited by this.
In fact, it is within the scope and spirit of the present
invention that other wavefront sensors made be used as
well.

Claims
1. A waverfront refractor (100) which comprises:

- a source (12) of a probe beam (11);

- a first Badal lens system (15) adapted to colli-
mate the probe beam (11) and to project the
probe beam (11) onto the pupil plane (P) of a
subject’s eye (30) to form an illumination spot
(32) on aretina (31);

- a second Badal lens system (41) adapted to
image the illumination spot (32) onto an image
plane (R) substantially conjugate to the retina
(31); and

- a spatial filter (44) disposed in the image plane
(R) adapted to transmit at least a portion of the
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image.

2. The wavefront refractor of claim 1 wherein the ap-
paratus further comprises a driving mechanism
adapted to move the spatial filter.

3. Thewavefront refractor of claim 1 which further com-
prises a wavefront sensor (50) disposed to receive
radiation transmitted by the spatial filter.

4. The wavefront refractor of claim 3 wherein the wave-
front sensor comprises a lenslet array (51) disposed
in front of a CCD camera (53).

5. The wavefront refractor of claim 4 which further com-
prises an analyzer, responsive to output from the
CCD camera (53), adapted to reconstruct the wave-
front of the beam.

6. The wavefront refractor of claim 5 wherein the ana-
lyzer is adapted to determine a slope of beam seg-
ments associated with lenslet elements of the lenslet
array, and therefrom, to reconstruct the wavefront of
the beam.

7. The wavefront refractor of claim 1 wherein the first
Badal lens system (15) has a focal length of approx-
imately 200 mm.

8. The wavefront refractor of claim 1 wherein the sec-
ond Badal lens system (41) has a focal length of
approximately 100 mm.

9. Thewavefrontrefractor of claim 1 wherein the spatial
filter (44) has an aperture of approximately 1.5 mm.

10. The wavefrontrefractor of claim 2 which further com-
prises a wavefront sensor (50) disposed to receive
radiation transmitted by the spatial filter (40)

11. The wavefrontrefractor of claim 3 which further com-
prises an analyzer, responsive to output from the
wavefront sensor (50) to reconstruct the wavefront
of the beam.

12. The wavefront refractor of claim 10 which further
comprises an analyzer, responsive to output from
the wavefront sensor (50) to reconstruct the wave-
front of the beam.

Patentanspriiche
1. Wellenfront-Refraktor (100), der folgendes umfaf3t:
eine Quelle (12) eines Mel3strahls (11);

ein erstes Badal-Linsensystem (15), das dafur
ausgelegt ist, den Mef3strahl (11) zu kollimieren
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und auf die Pupillenebene (P) des Auges (30)
eines Patienten zu werfen und auf einer Netz-
haut (31) einen Beleuchtungsfleck (32) auszu-
bilden;

ein zweites Badal-Linsensystem (41), das dafir
ausgelegtist, den Beleuchtungsfleck (32) auf ei-
ne im wesentlichen zu der Netzhaut (31) konju-
gierte Bildebene (R’) abzubilden; und

ein in der Bildebene (R’) angeordneter Raumfil-
ter (44), der dafiir ausgelegt ist, mindestens ei-
nen Teil des Bilds durchzulassen.

Wellenfront-Refraktor nach Anspruch 1, wobei die
Vorrichtung weiterhin einen Antriebsmechanismus
umfaldt, der daflr ausgelegt ist, den Raumfilter zu
bewegen.

Wellenfront-Refraktor nach Anspruch 1, der weiter-
hin einen Wellenfrontsensor (50) umfaf3t, der so an-
geordnetist, daf3 er von dem Raumfilter durchgelas-
sene Strahlung empféangt.

Wellenfront-Refraktor nach Anspruch 3, wobei der
Wellenfrontsensor ein vor einer CCD-Kamera (53)
angeordnetes Array (51) aus kleinen Linsen umfalfit.

Wellenfront-Refraktor nach Anspruch 4, der weiter-
hin einen auf eine Ausgabe von der CCD-Kamera
(53) reagierenden Analysator umfafit, der dafur aus-
gelegt ist, die Wellenfront des Strahls zu rekonstru-
ieren.

Wellenfront-Refraktor nach Anspruch 5, wobei der
Analysator daflir ausgelegt ist, eine Steigung von
Strahlsegmenten zu bestimmen, die mit kleinen Lin-
senelementen des Arrays aus kleinen Linsen asso-
ziiert sind, und daraus die Wellenfront des Strahls
zu rekonstruieren.

Wellenfront-Refraktor nach Anspruch 1, wobei das
erste Badal-Linsensystem (15) eine Brennweite von
etwa 200 mm aufweist.

Wellenfront-Refraktor nach Anspruch 1, wobei das
zweite Badal-Linsensystem (41) eine Brennweite
von etwa 100 mm aufweist.

Wellenfront-Refraktor nach Anspruch 1, wobei der
Raumfilter (44) eine Apertur von etwa 1,5 mm auf-
weist.

Wellenfront-Refraktor nach Anspruch 2, der weiter-
hin einen Wellenfrontsensor (50) umfaf3t, der so an-
geordnet ist, daf? er von dem Raumfilter (40) durch-
gelassene Strahlung empfangt.

Wellenfront-Refraktor nach Anspruch 3, der weiter-
hin einen auf eine Ausgabe von dem Wellenfront-
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sensor (50) reagierenden Analysator zum Rekon-
struieren der Wellenfront des Strahls umfaft.

12. Wellenfront-Refraktor nach Anspruch 10, der weiter-

hin einen auf eine Ausgabe von dem Wellenfront-
sensor (50) reagierenden Analysator zum Rekon-
struieren der Wellenfront des Strahls umfaf3t.

Revendications

Réfracteur de front d’onde (100), comprenant :

une source (12) d'un faisceau d’exploration
(11) ; un premier systeme de lentille de Badal
(15) adapté pour collimer le faisceau d’explora-
tion (11) et projeter le faisceau d’exploration (11)
sur le plan de la pupille (P) de I'oeil du sujet (30)
pour former un point d’illumination (32) sur une
rétine (31);

un deuxieme systeme de lentille de Badal (41)
adapté pour reproduire le point d’illumination
(32) surun plan d'image (R’) fondamentalement
conjugué a la rétine (31); et

unfiltre spatial (44) disposé dans le plan d'image
(R’) adapté pour transmettre au moins une partie
de 'image.

Réfracteur de front d’onde selon la revendication 1,
dans lequel le dispositif comprend en outre un mé-
canisme d’entrainement adapté pour déplacer le fil-
tre spatial.

Réfracteur de front d’onde selon la revendication 1,
comprenant en outre un capteur de front d’onde (50)
disposé pour recevoir le rayonnement transmis par
le filtre spatial.

Réfracteur de front d’onde selon la revendication 3,
dans lequel le capteur de front d’'onde comprend un
réseau de microlentilles (51) disposé en face d'une
caméra CCD (53).

Réfracteur de front d’onde selon la revendication 4,
comprenant en outre un analyseur, sensible a la sor-
tie de la caméra CCD (53), adapté pour reconstruire
le front d’'onde du faisceau.

Réfracteur de front d’onde selon la revendication 5,
dans lequel I'analyseur est adapté pour déterminer
une pente de segments de faisceau associés aux
éléments sous forme de microlentilles du réseau de
microlentilles, et partant de ceux-ci, pour reconstrui-
re le front d’'onde du faisceau.

Réfracteur de front d’onde selon la revendication 1,
dans lequel le premier systéme de lentille de Badal
(15) a une longueur focale d’environ 200 mm.
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Réfracteur de front d’onde selon la revendication 1,
danslequel le deuxiéme systeme de lentille de Badal
(41) a une longueur focale d’environ 100 mm.

Réfracteur de front d’onde selon la revendication 1,
dans lequel le filtre spatial (44) a une ouverture d’en-
viron 1,5 mm.

Réfracteur de front d’onde selon la revendication 2,
lequel comprend en outre un capteur de front d’onde
(50) disposé pour recevoir le rayonnement transmis
par le filtre spatial (40).

Réfracteur de front d’onde selon la revendication 3,
lequel comprend en outre un analyseur, sensible a
la sortie du capteur de front d’'onde (50), pour re-
construire le front d’'onde du faisceau.

Réfracteur de front d’'onde selon la revendication 10,
lequel comprend en outre un analyseur, sensible a
la sortie du capteur de front d’onde (50), pour re-
construire le front d’'onde du faisceau.
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