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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to an adaptive op-
tics apparatus and an imaging apparatus including the
adaptive optics apparatus.

Description of the Related Art

[0002] Optical coherence tomography (OCT) using
multi-wavelength optical interference is a method of ac-
quiring a high resolution tomographic image of a subject
(in particular, an eye ground). Hereinafter, an optical to-
mographic imaging apparatus that acquires an optical
tomographic image by using OCT will be referred to as
an OCT apparatus. In recent years, it has become pos-
sible to acquire a high-horizontal-resolution tomographic
image of a retina by increasing the diameter of the meas-
uring beam used in a Fourier domain OCT apparatus.
On the other hand, the increased diameter of the beam
diameter of the measuring beam has caused a problem
in that, when acquiring a tomographic image of a retina,
the signal to noise ratio and the resolution of the tomo-
graphic image is decreased due to the aberration gen-
erated by the distortion of a curved surface and uneven-
ness of the index of refraction of a subject’s eye. To ad-
dress the problem, an adaptive optics OCT apparatus
including an adaptive optics system has been developed.
The adaptive optics system measures the aberration of
a subject’s eye using a wavefront sensor in real time and
corrects the aberration using a wavefront correction de-
vice, so that a high-horizontal-resolution tomographic im-
age can be acquired.
[0003] Japanese Patent Laid-Open No. 2007-14569
describes an ophthalmologic imaging apparatus includ-
ing such an adaptive optics system. The apparatus is a
scanning laser ophthalmoscope (SLO apparatus) that
acquires an image of an eye ground by using an adaptive
optics system, a liquid crystal spatial phase modulator,
a polygon mirror, a galvano mirror, and other compo-
nents. This ophthalmologic imaging apparatus corrects
the aberration generated in a subject’s eye by using the
liquid crystal spatial phase modulator, thereby preventing
the horizontal resolution from decreasing. In general, a
liquid crystal spatial phase modulator modulates a spe-
cific polarization component aligned with the orientation
of liquid crystal and does not modulate other polarization
components. Therefore, it is difficult for the ophthalmo-
logic imaging apparatus to correct a polarization compo-
nent irrespective of the polarization state of reflected light
reflected from the eye ground. In this respect, the oph-
thalmologic imaging apparatus has a room for improve-
ment in acquiring a high-horizontal-resolution image. Re-
garding a spatial phase modulator for use in an adaptive
optics system, "Progress report of USAF Research Lab-

oratory liquid crystal AO program", Proc. SPIE, Vol. 3353,
776 (1998) describes a transmissive liquid crystal spatial
phase modulator in which two liquid crystal elements hav-
ing different liquid-crystal orientations are stacked. This
spatial phase modulator can modulate an incident beam
irrespective of the polarization state of the incident beam.
[0004] WO 2009/054541 discloses changing the illu-
mination pupil luminance distribution in a mask pattern
to be transferred onto a wafer to obtain uniform illumi-
nance distribution on the wafer. In particular an illumina-
tion optical apparatus is disclosed that is applicable to
an exposure apparatus for manufacturing such devices
as semiconductor devices, imaging devices, liquid crys-
tal-display devices, and thin-film magnetic heads by li-
thography. WO 03105678 discloses an adaptive optics
OCT apparatus for retinal imaging according to the pre-
amble of claim 1.

SUMMARY OF THE INVENTION

[0005] However, the structure in which two liquid crys-
tal elements are stacked has a problem in that it is difficult
to dispose the two liquid crystal elements so as to be
optically conjugate to each other. As a result, the modu-
lator imposes a limitation on the optical design of an adap-
tive optics OCT apparatus.
[0006] The present invention provides an optical im-
aging apparatus and an optical imaging method that, by
using an adaptive optics system including a spatial light
modulation unit, can modulate at least one of a measuring
beam and a return beam irrespective of the polarization
state and can increase the signal to noise ratio of an
optical image by correcting the aberration.
[0007] The present invention in its first aspect provides
an imaging apparatus as specified in claims 1 to 10.
[0008] The present invention in its second aspect pro-
vides an adaptive optics method as specified in claim 11.
[0009] According to the present invention, an optical
imaging apparatus and an optical imaging method that,
by using an adaptive optics system including a spatial
light modulation unit, can modulate at least one of a
measuring beam and a return beam irrespective of the
polarization state and can increase the signal to noise
ratio of an optical image by correcting the aberration can
be realized.
[0010] Further features of the present invention will be-
come apparent from the following description of exem-
plary embodiments with reference to the attached draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

Figs. 1A to 1C illustrate the overall structure of an
OCT apparatus according to a first embodiment of
the present invention.
Figs. 2A to 2C illustrate a method of acquiring a to-
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mographic image by using the OCT apparatus ac-
cording to the first embodiment of the present inven-
tion.
Fig. 3 is a flowchart illustrating steps of acquiring a
tomographic image by using the OCT apparatus ac-
cording to the first embodiment of the present inven-
tion.
Fig. 4 illustrates the overall structure of an OCT ap-
paratus according to a second embodiment of the
present invention.
Fig. 5 illustrates an OCT apparatus using one spatial
unit according to a third embodiment of the present
invention.
Figs. 6A and 6B illustrate the overall structure of an
OCT apparatus according to a fourth embodiment
of the present invention.
Fig. 7 is a flowchart illustrating steps of acquiring a
tomographic image by using the OCT apparatus ac-
cording to the fourth embodiment of the present in-
vention.

DESCRIPTION OF THE EMBODIMENTS

[0012] Hereinafter, embodiments of the present inven-
tion will be described with reference to the drawings.
Here, an optical imaging apparatus that is an OCT ap-
paratus that acquires an image of a subject’s eye will be
described. However, the present disclosure can be ap-
plied to other optical imaging apparatuses such as a
scanning laser ophthalmoscope (SLO apparatus).

First Embodiment

[0013] An OCT apparatus according to a first embod-
iment of the present invention will be described. In par-
ticular, in the first embodiment, an OCT apparatus includ-
ing an adaptive optics system that acquires a tomograph-
ic image (OCT image) of a subject’s eye with high hori-
zontal resolution will be described. The first embodiment
is a Fourier domain OCT apparatus that corrects the ab-
erration of the subject’s eye by using two reflective spatial
light modulators and acquires a tomographic image of a
subject’s eye. Such an OCT apparatus can acquire a
good tomographic image irrespective of the diopter or
the aberration the subject’s eye. The two reflective spatial
light modulators are parallely disposed in the OCT ap-
paratus. Here, the spatial light modulators are reflective
liquid crystal spatial phase modulators that employ the
orientation of liquid crystal. As long as the spatial light
modulators can modulate the phase of light, materials
other than liquid crystal may be used.
[0014] Referring to Fig. 1A, the overall structure of the
OCT apparatus according to the first embodiment will be
described. As illustrated in Fig. 1A, the entirety of an OCT
apparatus 100 according to the first embodiment is a
Michelson interferometer system. In Fig. 1A, a beam is
emitted by a light source 101, and the beam travels
through an optical fiber 130-1 and an optical coupler 131,

where the beam is split into a reference beam 105 and
a measuring beam 106 with a ratio of 90:10. The meas-
uring beam 106 travels through an optical fiber 130-4,
two spatial light modulators 159-1 and 159-2 that are
parallely disposed, an XY scanner 119, and spherical
mirrors 160-1 to 160-9, and reaches a subject’s eye 107
that is an object to be observed.
[0015] The measuring beam 106 is reflected or scat-
tered by the subject’s eye 107, which is an object to be
observed, and returned as a return beam 108. The return
beam 108 is combined with the reference beam 105 by
the optical coupler 131. Polarization controllers 153-1 to
153-4 adjust the polarization states of the measuring
beam 106 and the reference beam 105. The reference
beam 105 and the return beam 108 are combined and
then split into wavelength components by a transmissive
grating 141 and enter a line sensor 139. The line sensor
139 converts the intensity of light at each position (wave-
length) to a voltage signal. A personal computer 125 gen-
erates a tomographic image of the subject’s eye 107 by
using the voltage signal. An electric stage 117, the XY
scanner 119, and the spatial light modulators 159-1 and
159-2 are driven by a driver unit 181 that is controlled by
the personal computer 125. The aberration of the return
beam 108 is measured by a wavefront sensor 155. The
two spatial light modulators 159-1 and 159-2, which are
parallely disposed, are controlled so as to reduce the
aberration and so as to obtain a good tomographic image
irrespective of the diopter or the aberration of the sub-
ject’s eye. The optical system of the first embodiment is
a reflective optical system using spherical mirrors as the
main components. However, the optical system may be
a refractive optical system using lenses instead of the
spherical mirrors. In the first embodiment, reflective spa-
tial light modulators are used. However, transmissive
spatial light modulators may be used.
[0016] Next, the light source 101 will be described. The
light source 101 is a super luminescent diode (SLD),
which is a typical low-coherence light source, having a
wavelength of 830 nm and a bandwidth of 50 nm. The
bandwidth is an important parameter that affects the res-
olution of an acquired tomographic image in the optical
axis direction. Here, the light source is the SLD. However,
other light sources, such as an amplified spontaneous
emission (ASE) device or the like can be used, as long
as low-coherence light can be emitted. Using near infra-
red light is appropriate for measuring an eye. A shorter
wavelength is more appropriate, because the wave-
length affects the horizontal resolution of an acquired to-
mographic image. In the first embodiment, the wave-
length is 830 nm. The wavelength may be different from
this in accordance with the position of the object to be
measured.
[0017] Next, the optical path of the reference beam 105
will be described. The reference beam 105, which has
been split by the optical coupler 131, travels through a
single mode fiber 130-2 to a lens 135-1 that collimates
the reference beam 105 into a collimated beam having
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a diameter of 4 mm. Next, the reference beam 105 is
reflected by mirrors 157-1 and 157-2 to a mirror 114,
which is a reference mirror. The optical path length of the
reference beam 105 is made substantially the same as
the optical path length of the measuring beam 106, so
that the reference beam 105 can interfere with the meas-
uring beam 106. Next, the reference beam 105 is reflect-
ed by the mirror 114, and guided again to the optical
coupler 131. The reference beam 105 passes through a
dispersion compensation glass 115 that compensates
the reference beam 105 for the dispersion that is gener-
ated while the measuring beam 106 travels to and returns
from the subject’s eye 107. The dispersion compensation
glass 115 has a length L1. Here, L1 = 23 mm, which
corresponds to the diameter of an eyeball of an average
Japanese person. An electric stage 117-1 can move in
a direction indicated by an arrow so as to adjust the optical
path length of the reference beam 105. The electric stage
117-1 is driven by an electric stage driver of the driver
unit 181 that is controlled by the personal computer 125.
[0018] Next, the optical path of the measuring beam
106, which characterizes the first embodiment, will be
described. The measuring beam 106, which has been
split by the optical coupler 131, is guided through the
optical fiber 130-4 to a lens 135-4 that collimates the
measuring beam 106 into a collimated beam having a
diameter of 4 mm. The polarization controller 153-1 or
153-4 can adjust the polarization state of the measuring
beam 106. Here, the polarization state of the measuring
beam 106 can be circular polarized. The measuring
beam 106 passes through a beam splitter 158, is reflect-
ed by the spherical mirror 160-1, and enters a first polar-
izing beam splitter 161-1. The measuring beam 106 is
split into a first measuring beam 106-1 that is a p-polar-
ization component and a second measuring beam 106-2
that is an s-polarization component. The first measuring
beam 106-1 is reflected by the spherical mirror 160-2,
modulated by the first spatial light modulator 159-1, re-
flected by the spherical mirror 160-3, and enters a second
polarizing beam splitter 161-2 that is disposed nearer to
the object than the spherical mirror 160-3. The first spatial
light modulator 159-1 is oriented so as to modulate the
phase of p-polarized light.
[0019] The second measuring beam 106-2 is reflected
by the spherical mirror 160-4, modulated by the second
spatial light modulator 159-2, reflected by the spherical
mirror 160-5, and enters the second polarizing beam
splitter 161-2. The second spatial light modulator 159-2
is oriented so as to modulate the phase of s-polarized
light. The spatial light modulators 159-1 and 159-2 each
modulate a polarization component having a specific po-
larization direction by employing the orientation of liquid
crystal. Therefore, the first embodiment can modulate
the measuring beam 106 irrespective of the polarization
state of the measuring beam 106 by splitting the meas-
uring beam 106 into s-polarized light and p-polarized light
and performing modulation by using the first spatial light
modulator 159-1 and the second spatial light modulator

159-2. As described above, the orientations of the liquid
crystal of the spatial light modulators 159-1 and 159-2
can be perpendicular to each other. However, in practice,
the orientations may not be perpendicular to each other,
as long as the orientations are not the same.
[0020] Next, the first measuring beam 106-1 and the
second measuring beam 106-2 are combined into the
measuring beam 106 by the second polarizing beam
splitter 161-2. The measuring beam 106 is reflected by
the spherical mirror 160-6, and impinges on a mirror of
the XY scanner 119. For simplicity, the XY scanner 119
is illustrated as a mirror. In practice, however, an X-scan-
ning mirror and a Y-scanning mirror are disposed adja-
cent to each other so as to raster scan a retina 127 in a
direction perpendicular to the optical axis. The center of
the measuring beam 106 is aligned with the center of the
rotation center of the mirror of the XY scanner 119. The
spherical mirrors 160-7 to 160-9, which serve as an op-
tical system for scanning the retina 127, make the meas-
uring beam 106 scan the retina 127 with a point near a
cornea 126 as a fulcrum. Here, the beam diameter of the
measuring beam 106 is 4 mm. In order to acquire a to-
mographic image having a higher resolution, the beam
diameter may be larger. An electric stage 117-2 can move
in a direction indicated by an arrow so as to adjust the
position of a spherical mirror 160-8 attached thereto. By
adjusting the position of the spherical mirror 160-8, the
measuring beam 106 can be focused on a predetermined
layer of the retina 127 of the subject’s eye 107 so as to
observe the layer. Even when the subject’s eye 107 has
ametropia, the subject’s eye can be observed. After en-
tering the subject’s eye 107, the measuring beam 106 is
reflected or scattered by the retina 127 to become the
return beam 108, is guided again to the optical coupler
131, and reaches the line sensor 139. The return beam
108 is split into s-polarized light and p-polarized light by
the polarizing beam splitter 161-2. The s-polarized light
and p-polarized light are respectively modulated by the
spatial light modulators 159-1 and 159-2 and combined
by the polarizing beam splitter 161-1.
[0021] A part of the return beam 108, which is split from
the return beam 108 by the beam splitter 158, enters the
wavefront sensor (aberration measuring unit) 155, which
measures the aberration of the return beam 108 that is
generated in the subject’s eye 107. Here, the OCT ap-
paratus 100 includes one wavefront sensor 155. Howev-
er, two wavefront sensors may be used to measure the
aberration for each of the polarized light. This will be de-
scribed below in detail in the second embodiment. The
wavefront sensor 155 is electrically connected to the per-
sonal computer 125.
[0022] Here, the spherical mirrors 160-1 to 160-9 are
disposed so that the cornea 126, the XY scanner 119,
the wavefront sensor 155, and the spatial light modula-
tors 159-1 and 159-2 are optically conjugate to each oth-
er. Therefore, the wavefront sensor 155 can measure
the aberration of the subject’s eye 107. Moreover, the
spatial light modulators 159-1 and 159-2 can correct the
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aberration due to the subject’s eye 107. Furthermore, the
spatial light modulators 159-1 and 159-2 are controlled
in real time on the basis of the aberration measured by
the wavefront sensor, so that the aberration generated
in the subject’s eye 107 is corrected and a tomographic
image having a higher horizontal resolution can be ac-
quired.
[0023] Instead of the spherical mirror 160-8 used here,
a cylindrical mirror may be used depending on the aber-
ration (ametropia) of the subject’s eye 107. An additional
lens may be disposed on the optical path of the measur-
ing beam 106. Here, the wavefront sensor 155 measures
the aberration by using the measuring beam 106. How-
ever, the aberration may be measured by using an ab-
erration measuring beam that is emitted by another light
source. An additional optical path may be made in order
to measure the aberration. For example, a beam splitter
may be disposed between the spherical mirror 160-9 and
the cornea 126 so as to generate a beam for measuring
the aberration. Here, after the measuring beam 106 is
reflected by the spherical mirror 160-1, the measuring
beam 106 is split by the polarizing beam splitter 161-1
into the first measuring beam 106-1 that is p-polarized
and the second measuring beam 106-2 that is s-polar-
ized. However, the measuring beam 106 may be split at
another position so as to make a measuring optical path.
For example, as illustrated in Fig. 1B, after the measuring
beam 106 is reflected by the spherical mirror 160-2, the
measuring beam 106 can be split by a polarizing beam
splitter 161 into the first measuring beam 106-1 that is p-
polarized and second measuring beam 106-2 that is s-
polarized. Here, the first measuring beam 106-1 is mod-
ulated by the first spatial light modulator 159-1, passes
through the polarizing beam splitter 161, and impinges
on the spherical mirror 160-3. Likewise, the second
measuring beam 106-2 is modulated by the second spa-
tial light modulator 159-2, reflected by the polarizing
beam splitter 161, and impinges on the spherical mirror
160-3. Thus, the polarizing beam splitter 161 performs
functions of the polarizing beam splitter 161-1 and the
polarizing beam splitter 161-2.
[0024] Next, the structure of the measurement system
of the OCT apparatus according to the first embodiment
will be described. The OCT apparatus 100 can acquire
a tomographic image (OCT image) that is formed of the
intensity of an interference signal measured by a Michel-
son interferometer system. In the measurement system,
the return beam 108, which has been reflected or scat-
tered by the retina 127, is guided through the lens 135-4
and the optical fiber 130-4 to the optical coupler 131,
which combines the return beam 108 with the reference
beam 105 to generate a combined beam 142. The com-
bined beam 142 travels through an optical fiber 130-3
and a lens 135-2 and enters the transmissive grating 141.
The combined beam 142 is split into wavelength compo-
nents by the transmissive grating 141, focused by a lens
135-3, and the line sensor 139 converts the intensity of
the combined beam at each position (wavelength) to a

voltage. To be specific, an interference pattern of spectral
regions on the wavelength axis is observed on the line
sensor 139.
[0025] The voltage signals that have been acquired
are converted to digital data by a frame grabber 140. The
personal computer 125 performs data processing and
generates a tomographic image. Here, the line sensor
139 has 1024 pixels and can acquire the intensity of each
of the wavelengths (1024 wavelength segments) of the
combined beam 142. A part of the return beam 108, which
is split by the beam splitter 158, enters the wavefront
sensor 155, and the aberration of the return beam 108
is measured. The wavefront sensor 155 is a Shack-Hart-
mann wavefront sensor. An image signal acquired by the
wavefront sensor 155 is input to the personal computer
125, and the aberration is calculated. The aberration is
represented by using a Zernike polynomial, which rep-
resents the aberration of the subject’s eye 107. The
Zernike polynomial includes tilt terms, defocus terms,
astigmatism terms, coma terms, trefoil terms, etc.
[0026] Next, a method of acquiring a tomographic im-
age by using the OCT apparatus will be described. The
OCT apparatus 100 can acquire a tomographic image of
the retina 127 by controlling the XY scanner 119 and
acquiring an interference pattern with the line sensor 139
(Figs. 1A to 1C). The XY scanner 119 is driven by an XY
scanner driver 182 of the driver unit 181 (Fig. 1C) that is
controlled by the personal computer 125. Referring to
Figs. 2A to 2C, a method of acquiring a tomographic im-
age (in a plane parallel to the optical axis) of the retina
127 will be described. Fig. 2A is a schematic view of the
subject’s eye 107, which is being observed by the OCT
apparatus 100. As illustrated in Fig. 2A, the measuring
beam 106 passes through the cornea 126 and enters the
retina 127. In the retina 127, the measuring beam 106 is
reflected and scattered at various positions and becomes
the return beam 108. The return beam 108, which has
been delayed at the various positions, reaches the line
sensor 139. Here, the light source 101 has a wide band-
width and a short coherence length. Therefore, the line
sensor 139 can detect an interference pattern in the case
where the optical path length of the reference optical path
is substantially equal to the optical path length of the
measuring optical path. As described above, the line sen-
sor 139 acquires an interference pattern of spectral re-
gions on the wavelength axis. Next, the interference pat-
tern, which is the information along the wavelength axis,
is converted to an interference pattern on an optical fre-
quency axis with consideration of the characteristics of
the line sensor 139 and the transmissive grating 141.
The interference pattern on the optical frequency axis is
inverse Fourier transformed to acquire the information in
the depth direction.
[0027] As illustrated in Fig. 2B, by detecting the inter-
ference pattern while driving the X-axis of the XY scanner
119, the interference pattern for each position on the X-
axis is acquired, i.e., the information in the depth direction
for each position on the X-axis can be acquired. As a
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result, a two-dimensional distribution of the intensity of
the return beam 108 in the XZ-plane, which is a tomo-
graphic image 132 (Fig. 2C), is acquired. In practice, the
tomographic image 132 is the arrayed intensities of the
return beam 108, and displayed, for example, by repre-
senting the intensities in gray scale. Here, only the bound-
aries of the acquired tomographic image are illustrated.
A pigmented layer 146 and an optic nerve fiber layer 147
of the retina are illustrated.
[0028] Referring to Figs. 1A to 3, the steps of acquiring
a tomographic image by using the OCT apparatus will
be described. Fig. 3 is a flowchart illustrating the steps
of acquiring a tomographic image by using the OCT ap-
paratus 100. Here, as illustrated in Figs. 1A to 1C, an
aberration generated in the subject’s eye 107 having my-
opia and astigmatism is corrected by using the two spatial
light modulators 159-1 and 159-2 so as to acquire a high-
horizontal-resolution tomographic image of the retina
127. Needless to say, the same method can be used in
the case where the subject’s eye 107 has only myopia
or hyperopia. The tomographic image is acquired by per-
forming the following steps (1) to (9). The steps may be
performed sequentially or in a different order. The steps
may be automatically performed by using a computer or
the like. Fig. 3 is a flowchart of the process of acquiring
the tomographic image.

(1) In step 1 (S1 in Fig. 3), the measuring beam 106
is made to enter the subject’s eye 107 while the sub-
ject’s eye 107 looks at a fixation lamp (not shown).
Here, the position of the spherical mirror 160-8 is
adjusted by the electric stage 117-2 so that the meas-
uring beam 106 enters the subject’s eye 107 as a
collimated beam.
(2) In step 2 (S2 in Fig. 3), a tomographic image (not
shown) is acquired by detecting an interference pat-
tern with the line sensor 139 while driving the X-axis
of the XY scanner 119.
(3) In step 3 (S3 in Fig. 3), while performing step 2,
the position of the spherical mirror 160-8 is adjusted
by using the electric stage 117-2 so that the contrast
of the tomographic image increases.
(4) In step 4 (S4 in Fig. 3), the return beam 108 is
measured by using the wavefront sensor 155, and
the aberration of the return beam 108 is acquired.
(5) In step 5 (S5 in Fig. 3), the acquired aberration
is converted to a Zernike polynomial expression by
using the personal computer 125, and the data is
stored in a memory.
(6) In step 6 (S6 in Fig. 3), a modulation amount that
minimizes the acquired aberration is calculated, and
the spatial light modulators 159-1 and 159-2 are
modulated. Here, because the first spatial light mod-
ulator 159-1 and the second spatial light modulator
159-2 are optically conjugate to each other, the same
modulation amount is input to the spatial light mod-
ulators 159-1 and 159-2.
(7) In step 7 (S7 in Fig. 3), feedback control is per-

formed so as to minimize the aberration by using the
wavefront sensor 155, the spatial light modulators
159-1 and 159-2, the personal computer 125, and a
spatial light modulator driver 184 so as to control the
spatial light modulators 159-1 and 159-2 in real time.
(8) In step 8 (S8 in Fig. 3), whether the aberration is
equal to or smaller than a set value is determined,
and steps 4 to 7 are repeated until the aberration
converges. The set value can be about 0.1 mm (root
mean square (RMS)).
(9) In step 9 (S9 in Fig. 3), while driving the X-axis
of the XY scanner 119, the interference pattern is
detected by using the line sensor 139, and a tomo-
graphic image is obtained again.

[0029] As described above, with the structure accord-
ing to the first embodiment including the spatial light mod-
ulator, at least one of the measuring beam and the return
beam can be modulated and the aberration can be cor-
rected irrespective of the polarization state. The return
beam, which has a small amount of aberration, can be
coupled to an optical fiber with high efficiency, and there-
by the signal to noise ratio of the tomographic image can
be increased. The spatial light modulator and the wave-
front sensor are disposed optically conjugate to each oth-
er, so that the aberration can be efficiently corrected. The
spatial light modulator includes the first spatial light mod-
ulator and the second spatial light modulator, so that the
spatial light modulator can modulate a plurality of differ-
ent polarization components and efficiently increase the
signal to noise ratio. The first spatial light modulator and
the second spatial light modulator are spatial light mod-
ulators employing the orientation of liquid crystal, and the
first spatial light modulator and the second spatial light
modulator optically parallely disposed on the optical path
from the light source to an object, whereby the signal to
noise ratio can be increased. That is, the number of times
the measuring beam or the return beam passes through
the spatial light modulator can be minimized, so that the
loss in the amount of light due to the spatial light modu-
lator can be reduced, whereby the signal to noise ratio
of the tomographic image can be increased. The first
polarizing beam splitter and the second polarizing beam
splitter are disposed so as to split the measuring beam
into polarization components that are different from each
other and so as to combine the measuring beam that has
been split into polarization components that are different
from each other, whereby the signal to noise ratio can
be increased. That is, the measuring beam and the return
beam can be efficiently guided to the spatial light modu-
lator, and the loss in the amount of light in the spatial light
modulator can be reduced, whereby the signal to noise
ratio of the tomographic image can be increased. One
polarizing beam splitter splits and combines the meas-
uring beam, so that an optical tomographic imaging ap-
paratus including a small optical system can be realized.
The orientations of liquid crystal in the first spatial light
modulator and the second spatial light modulator are per-
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pendicular to each other, so that the measuring beam or
the return beam can be efficiently modulated irrespective
of the polarization state. The modulation amounts of the
first spatial light modulator and the second spatial light
modulator are the same, so that an optical tomographic
imaging apparatus having a simple structure can be re-
alized.
[0030] Moreover, in the first embodiment, light emitted
from the light source is split into the measuring beam and
the reference beam, and by using an interference signal
generated by the interference between the return beam
of the measuring beam, with which the object is irradiat-
ed, and the reference beam, which has travelled through
the reference optical path, an optical imaging method of
acquiring a tomographic image of the object can be con-
structed. Thus, the measuring beam or the return beam
can be modulated and the aberration can be corrected
irrespective of the polarization state. As a result, the sig-
nal to noise ratio of the tomographic image can be in-
creased.

Second Embodiment

[0031] An OCT apparatus according to a second em-
bodiment of the present invention will be described. In
particular, an OCT apparatus including an adaptive op-
tics system that acquires a high horizontal resolution to-
mographic image (OCT image) of a subject’s eye will be
described. The second embodiment is a Fourier domain
OCT apparatus that acquires a tomographic image of a
subject’s eye by correcting the aberration of the subject’s
eye by using two reflective spatial light modulators. Using
the OCT apparatus a good tomographic image can be
acquired irrespective of the diopter or the aberration of
the subject’s eye. Here, the two reflective spatial light
modulators are serially disposed. Two wavefront sensors
are used to measure the aberration for each polarized
beam. First, referring to Fig. 4, the overall structure of
the optical system of the OCT apparatus according to
the second embodiment will be described. In the second
embodiment, the elements the same as those of Figs.
1A to 1C are denoted by the same numerals, and redun-
dant description will be omitted.
[0032] In Fig. 4, the measuring beam 106 is guided
through the optical fiber 130-4, two spatial light modula-
tors 159-1 and 159-2 that are serially disposed, the XY
scanner 119, and the spherical mirrors 160-1 to 9, to the
subject’s eye 107, which is an object to be observed. The
aberration of the return beam 108 is measured by wave-
front sensors 155-1 and 155-2. The two spatial light mod-
ulators 159-1 and 159-2, which are serially disposed, are
controlled so as to reduce the aberration, so that a good
tomographic image can be obtained irrespective of the
diopter or the aberration of the subject’s eye. The optical
system of the second embodiment is a reflective optical
system using spherical mirrors as the main components.
However, the optical system may be a refractive optical
system using lenses instead of the spherical mirrors. In

the first embodiment reflective spatial light modulators
are used. However, transmissive spatial light modulators
may be used. The description of the light source 101,
which is the same as that of the first embodiment, is omit-
ted. The reference beam 105 is guided to the mirror 114,
which is a reference mirror, by the mirrors 157-1 to 157-4.
[0033] Next, the optical path of the measuring beam
106, which characterizes the second embodiment, will
be described. The measuring beam 106 passes through
the beam splitter 158, is reflected by the spherical mirrors
160-1 and 160-2, and enters the first spatial light modu-
lator 159-1. Here, the first spatial light modulator 159-1
is oriented so as to modulate the phase of p-polarized
light. Next, the measuring beam 106 is modulated by the
first spatial light modulator 159-1, reflected by the spher-
ical mirrors 160-3 and 160-4, and enters the second spa-
tial light modulator 159-2. Here, the second spatial light
modulator 159-2 is oriented so as to modulate the phase
of s-polarized light. The spatial light modulators 159-1
and 159-2 each modulate a polarization component hav-
ing a specific polarization direction by employing the ori-
entation of liquid crystal. Therefore, as described above,
the second embodiment can modulate all polarization
components of the measuring beam 106 by continuously
performing modulation on the p-polarization component
and the s-polarization component of the measuring beam
106. As described above, the orientations of the of the
liquid crystal of the spatial light modulators 159-1 and
159-2 can be perpendicular to each other. However, in
practice, the orientations may not be perpendicular to
each other, as long as the orientations are not the same.
[0034] Next, the measuring beam 106 is modulated by
the second spatial light modulator 159-2, reflected by the
spherical mirrors 160-5 and 160-6, and enters the mirror
of the XY scanner 119. The s-polarization component
and the p-polarization component of the return beam 108
are respectively modulated again by the second spatial
light modulator 159-2 and the first spatial light modulator
159-1. A part of the return beam 108, which is split from
the return beam 108 by the beam splitter 158, enters the
wavefront sensors (aberration measuring units) 155-1
and 155-2 that measure the aberration of the return beam
108. Here, the return beam 108 is split into the -polari-
zation component and the s-polarization component by
the polarizing beam splitter 161. As a result, the wave-
front sensors 155-1 and 155-2 detect the p-polarization
component and the s-polarization component of the re-
turn beam 108. Here, two wavefront sensors 155-1 and
155-2 are used. However, as in the first embodiment,
one wavefront sensor 155 may be used. The wavefront
sensors 155-1 and 155-2 are electrically connected to
the personal computer 125.
[0035] Here, the spherical mirrors 160-1 to 160-9 are
disposed so that the cornea 126, the XY scanner 119,
the wavefront sensor 155, and the spatial light modula-
tors 159-1 and 159-2 are optically conjugate to each oth-
er. Therefore, the wavefront sensors 155-1 and 155-2
can measure the aberration of the subject’s eye 107.
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Moreover, the spatial light modulators 159-1 and 159-2
can correct the aberration of the subject’s eye 107. Fur-
thermore, the spatial light modulators 159-1 and 159-2
are controlled in real time on the basis of the aberration
measured by the wavefront sensor, so that the aberration
generated in the subject’s eye 107 is corrected and a
tomographic image having a higher horizontal resolution
can be acquired.
[0036] Furthermore, the spatial light modulator 159-1
is controlled on the basis of the aberration of the p-po-
larization component of the return beam 108 acquired by
the wavefront sensor 155-1, only the p-polarization com-
ponent of the aberration generated in the subject’s eye
107 can be corrected. Likewise, the spatial light modu-
lator 159-2 is controlled on the basis of the aberration of
the s-polarization component of the return beam 108 ac-
quired by the wavefront sensor 155-2, only the s-polari-
zation component of the aberration generated in the sub-
ject’s eye 107 can be corrected. As a result, the aberra-
tion for each polarization component and controlling the
spatial light modulators 159-1 and 159-2 are measured,
so that the aberration generated in the subject’s eye 107
can be corrected and a tomographic image having a high-
er horizontal resolution can be acquired. In particular, the
aberration can be efficiently corrected when the aberra-
tion generated in the subject’s eye 107 is polarization-
dependent. The descriptions of the structure of the meas-
urement system and the method of acquiring a tomo-
graphic image, which are the same as those of the first
embodiment, are omitted. The description of the steps
of acquiring a tomographic image, which are the same
as those of the first embodiment, is omitted.
[0037] As described above, the first spatial light mod-
ulator and the second spatial light modulator are optically
serially disposed on the optical path from the light source
to the object, so that the optical tomographic imaging
apparatus having a simply-structured optical path can be
realized. The first wavefront sensor and the second
wavefront sensor measure the polarization components
that are different from each other, so that the aberration
for each polarization component can be measured and
the aberration that is generated in the subject’s eye for
each polarization component can be corrected. As a re-
sult, the aberration generated in the subject’s eye can be
efficiently corrected when the aberration is polarization-
dependent. The first wavefront sensor measures the po-
larization component that has the same polarization as
the polarization component modulated by the first spatial
light modulator and the second wavefront sensor meas-
ures the polarization component that has the same po-
larization as the polarization component modulated by
the second spatial light modulator, so that the aberration
generated in the subject’s eye for each polarization com-
ponent can be corrected. That is, measurement and mod-
ulation can be performed on each polarization compo-
nent measure, whereby the aberration generated in the
subject’s eye for each polarization component can be
corrected. As a result, the aberration can be efficiently

corrected when the aberration generated in the subject’s
eye is polarization-dependent. The first spatial light mod-
ulator is modulated on the basis of the aberration ac-
quired by the first wavefront sensor, and the second spa-
tial light modulator is modulated on the basis of the ab-
erration acquired by the second wavefront sensor,
whereby the aberration can be efficiently corrected. That
is, measurement and modulation can be performed on
each polarization component measure, whereby the ab-
erration generated in the subject’s eye for each polariza-
tion component can be corrected. As a result, the aber-
ration can be efficiently corrected when the aberration
generated in the subject’s eye is polarization-dependent.

Third Embodiment

[0038] An OCT apparatus according to a third embod-
iment, in which one reflective spatial light modulator em-
ploying the orientation of liquid crystal is used to correct
the aberration, will be described. As described above, in
the first and second embodiments, two spatial light mod-
ulators respectively modulate the p-polarized light and
the s-polarized light so as to correct the aberration. In
contrast, as illustrated in Fig. 5, in the third embodiment,
one spatial light modulator is used and one of the polar-
ized beams is rotated so that the polarization is aligned,
whereby modulation can be performed irrespective of the
polarization state of the measuring beam or the return
beam. Thus, the third embodiment is characterized by
the optical path of the measuring beam. Because the
structures of the light source, the reference optical path,
the measurement system are the same as those of the
first embodiment, the description of these are omitted,
and the structure of the optical path of the measuring
beam will be mainly described. In Fig. 5, the optical fiber
130-4, the lens 135-4, the beam splitter 158, the spherical
mirrors 160-1 to 160-11, a first Wollaston prism 166-1,
and a second Wollaston prism 166-2 are illustrated. A
first half-wavelength plate 168-1, a second half-wave-
length plate 168-2, a first optical path compensating plate
169-1, a second optical path compensating plate 169-2,
and a reflective spatial light modulator 159 employing the
orientation of liquid crystal are drawn.
[0039] In the third embodiment, the measuring beam
106 is split by the first Wollaston prism 166-1 into the first
measuring beam 106-1 composed of an s-polarized light
(perpendicular to the paper surface of Fig. 5) and the
second measuring beam 106-2 composed of a p-polar-
ized light (parallel to the paper surface of Fig. 5). The
polarization direction of the first measuring beam 106-1
composed of the s-polarized light is rotated by 90° by the
first half-wavelength plate 168-1. Thus, the polarization
direction of the first measuring beam 106-1 is aligned
with the polarization direction of the second measuring
beam 106-2 composed of the p-polarized light, and the
first measuring beam 106-1 and the second measuring
beam 106-2 impinge on the spatial light modulator 159
at the same position, so that modulation can be per-
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formed irrespective of the polarization states of the meas-
uring beams. The first optical path compensating plate
169-1 and the second optical path compensating plate
169-2 respectively compensate the first half-wavelength
plate and the 168-1 and the second half-wavelength plate
168-2 for the optical path length or the deviation. After
entering the subject’s eye 107, the measuring beam 106
is reflected by the retina 127 or scattered to become the
return beam 108, is guided again to the optical coupler
131, and reaches the line sensor 139. The return beam
108 is split into s-polarized light and p-polarized light by
the second Wollaston prism 166-2. The polarization di-
rection of one of the polarized beams that have been split
is rotated by 90° by the second half-wavelength plate
168-2, so that the polarized beams are modulated by the
spatial light modulator 159 irrespective of the polarization
state, and then combined by the first Wollaston prism
166-1.
[0040] A part of the return beam 108, which is split by
the beam splitter 158, enters the wavefront sensor 155,
and the aberration of the return beam 108 is measured.
The wavefront sensor 155 is electrically connected to the
personal computer 125. Here, the spherical mirrors 160-1
to 160-9 are disposed so that the cornea 126, the XY
scanner 119, the wavefront sensor 155, the spatial light
modulator 159, and the beam-splitting surface of the Wol-
laston prisms 166-1 and 166-2 are optically conjugate to
each other. The positions that are conjugate to each other
are denoted by "P". Therefore, the wavefront sensor 155
can measure the aberration of the subject’s eye 107. The
aberration of the subject’s eye 107 can be corrected on
the basis of the aberration measured by the wavefront
sensor 155. That is, the spatial light modulator 159 is
controlled in real time on the basis of the aberration that
is measured, so that the aberration generated in the sub-
ject’s eye 107 is corrected and a tomographic image hav-
ing a higher horizontal resolution can be acquired. The
descriptions of the method and the steps of acquiring a
tomographic image, which are the same as those of the
first embodiment, are omitted.
[0041] As described above, according to the third em-
bodiment, irrespective of the polarization state, the meas-
uring beam or the return beam can be modulated by using
one spatial light modulator so as to correct the aberration.
As a result, the signal to noise ratio of the tomographic
image can be increased.

Fourth Embodiment

[0042] An OCT apparatus according to a fourth em-
bodiment of the present invention will be described. In
particular, an OCT apparatus including an adaptive op-
tics system that acquires a tomographic image (OCT im-
age) of a subject’s eye with high horizontal resolution will
be described. The fourth embodiment, which is similar
to the second embodiment, is a Fourier domain OCT ap-
paratus that acquires a tomographic image of a subject’s
eye by correcting the aberration of the subject’s eye by

using two reflective spatial light modulators. Using the
OCT apparatus a good tomographic image can be ac-
quired irrespective of the diopter or the aberration of the
subject’s eye. Such an OCT apparatus can acquire a
good tomographic image irrespective of the diopter or
the aberration the subject’s eye. Here, in addition to the
structure that same as that of the second embodiment,
modulation is performed on the measuring beam or the
return beam after correcting the distortion of two spatial
light modulators. Here, the term "distortion" refers to the
distortion of the reflection surface of a reflective spatial
light modulator. The two spatial light modulators are dis-
posed so as to optimize the diffraction efficiency of the
spatial light modulators. The fourth embodiment is char-
acterized by the measuring optical path and the method
of driving the spatial light modulator. The structures of
the light source, the reference optical path, the measure-
ment system, and the method of acquiring a tomographic
image are basically the same as those of the second
embodiment. Therefore, the description of these are
omitted, and the measuring optical path and the method
of driving the spatial light modulator will be mainly de-
scribed.
[0043] First, referring to Figs. 6A and 6B, the overall
structure of the optical system of the OCT apparatus ac-
cording to the fourth embodiment will be described. In
Figs. 6A and 6B, the elements the same as those of Fig.
4 are denoted by the same numerals, and redundant de-
scription will be omitted. Fig. 6A is a plan view of the OCT
apparatus parallel to the XZ-plane, and Fig. 6B is a partial
plan view parallel to the XY-plane. The aberration of the
return beam 108 is measured by the wavefront sensor
155. Here, the two spatial light modulators 159-1 and
159-2, which are optically serially disposed, are control-
led so as to reduce the aberration, so that a good tomo-
graphic image can be obtained irrespective of the diopter
or the aberration of the subject’s eye.
[0044] Next, the optical path of the measuring beam
106, which characterizes the fourth embodiment, will be
described. The measuring beam 106 passes through the
beam splitter 158, is reflected by the spherical mirrors
160-1 and 160-2, and enters the first spatial light modu-
lator 159-1. Here, the first spatial light modulator 159-1
is oriented so as to modulate the phase of p-polarized
light (parallel to the XZ-plane direction). Next, the meas-
uring beam 106 is modulated by the first spatial light mod-
ulator 159-1, reflected by the spherical mirror 160-3, re-
flected by the spherical mirror 160-4 in the +Y direction,
and enters the second spatial light modulator 159-2.
Here, the second spatial light modulator 159-2 is oriented
so as to modulate the phase of p-polarized light (parallel
to the XY-plane direction). Here, both of the two spatial
light modulator 159-1 and 159-2 modulate p-polarized
beams having the polarization direction that are perpen-
dicular to each other. The orientation of liquid crystal of
the spatial light modulator is aligned with the incident
direction of the measuring beam 106 or the return beam
108 so as to modulate p-polarized light, whereby the dif-
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fraction efficiency is optimized. That is, the spherical mir-
ror 160-4 is disposed so that the plane defined by the
incoming optical path to the first spatial light modulator
159-1 (the optical axis, to be precise) and the outgoing
optical path from the first optical modulator 159-1 and a
plane that is defined by the incoming optical path to the
second spatial light modulator 159-2 and the outgoing
optical path from the second spatial light modulator 159-2
are perpendicular to each other. Thus, the modulation
described above is realized.
[0045] The spatial light modulators 159-1 and 159-2
each modulate a polarization component having a spe-
cific polarization direction by employing the orientation
of liquid crystal. Therefore, as described above, the fourth
embodiment can modulate all polarization components
of the measuring beam 106 by continuously performing
modulation on the polarization component that is parallel
to the XZ-plane and the polarization component that is
parallel to the XY-plane. Next, the measuring beam 106
is guided by the second spatial light modulator 159-2 to
the +Y direction, reflected by the spherical mirrors 160-5
and 160-6, and enters the mirror of the XY scanner 119.
The polarization component in the XY-plane direction
and the polarization component in the XZ-plane direction
of the return beam 108 are respectively modulated again
by the second spatial light modulator 159-2 and the first
spatial light modulator 159-1. A part of the return beam
108, which is split from the return beam 108 by the beam
splitter 158, enters the wavefront sensor (aberration
measuring unit) 155 that measures the aberration of the
return beam 108.
[0046] Next, the method of driving the spatial light mod-
ulator will be described. In general, the reflection surface
of a reflective spatial light modulator has a distortion of,
for example, about 1 mm. Therefore, the measuring beam
106 that enters the subject’s eye 107 has aberration that
is generated due to the distortions of the spatial light mod-
ulators 159-1 and 159-2. The spatial light modulators
159-1 and 159-2 can correct the aberration generated
due to the distortion, as long as distortion is included in
the polarization component that can be modulated by the
spatial light modulators 159-1 and 159-2. To be specific,
a modulation amount for correcting the distortion of the
reflection surface, which has been measured before-
hand, is input to the spatial light modulator, so that the
reflection surface can be regarded as optically flat with
respect to a corresponding polarization component. The
data for the modulation amounts for correcting the dis-
tortions of the reflection surfaces of the spatial light mod-
ulators 159-1 and 159-2 are stored as a database 165 in
the memory of the personal computer 125. The modula-
tion amount output to the spatial light modulators 159-1
and 159-2 can be calculated by using the data for the
modulation amounts. Moreover, as described above, the
spatial light modulator 159-1 is oriented so as to modulate
the polarization component in the XZ-plane direction and
the spatial light modulator 159-2 is oriented so as to mod-
ulate the polarization component in the XY-plane direc-

tion. Therefore, among the polarization components of
the aberration generated by the distortions of the spatial
light modulators 159-1 and 159-2, the polarization com-
ponent in the XZ-plane direction can be corrected by the
spatial light modulator 159-1, and the polarization com-
ponent in the XY-plane direction can be corrected by the
spatial light modulator 159-2.
[0047] To be specific, the correction can be performed
by inputting a modulation amount (S1 + S2) to each of
the spatial light modulators 159-1 and 159-2, where S1
denotes the modulation amount for correcting the distor-
tion of the spatial light modulator 159-1 and S2 denotes
the modulation amount for correcting the distortion of the
spatial light modulator 159-2. With consideration of the
thickness and unevenness of the liquid crystal layer of
the spatial light modulator, a value generated by correct-
ing (S1 + S2) may be input as a modulation amount. This
is because, regarding the polarized beam in the XZ-plane
direction, the aberration generated due to the distortions
of the spatial light modulators 159-1 and 159-2 can be
corrected by the spatial light modulator 159-1. Likewise,
regarding the polarized beam in the XY-plane direction,
the aberration generated due to the distortions of the spa-
tial light modulators 159-1 and 159-2 can be corrected
by the spatial light modulator 159-2. Thus, the aberration
generated due to the distortions of the spatial light mod-
ulators 159-1 and 159-2 can be corrected, so that the
measuring beam 106 in which the aberration generated
due to the distortions of the spatial light modulators 159-1
and 159-2 can be made to enter the subject’s eye 107.
Likewise, the aberration of the return beam 108 due to
the distortions of the spatial light modulators 159-1 and
159-2 can be corrected.
[0048] Next, referring to Figs. 6A to 7, the steps of ac-
quiring a tomographic image by using the OCT apparatus
will be described. Fig. 7 is a flowchart illustrating the steps
of acquiring a tomographic image by using the OCT ap-
paratus 100 according to the fourth embodiment of the
present invention. Here, as illustrated in Figs. 6A and 6B,
an aberration generated by the subject’s eye 107 having
myopia and astigmatism is corrected by using the two
spatial light modulators 159-1 and 159-2 so as to acquire
a high-horizontal-resolution tomographic image of the
retina 127. The OCT apparatus 100 is configured so that
the influence of the aberration generated due to the dis-
tortions of the two spatial light modulators 159-1 and
159-2 can be reduced.
[0049] The tomographic image is acquired by perform-
ing the following steps (1) to (10). The steps may be per-
formed sequentially or in a different order. The steps may
be automatically performed by using a computer. Fig. 7
is a flowchart of the process of acquiring the tomographic
image.

(1) In step 1 (S1 in Fig. 7), by using the modulation
amounts S1 and S2 for correcting the distortions of
the spatial light modulators 159-1 and 159-2, which
are stored beforehand in the database 165 of the
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personal computer 125, the modulation amount (S1
+ S2) is calculated, and the spatial light modulators
159-1 and 159-2 are modulated.
(2) In step 2 (S2 in Fig. 7), the measuring beam 106
is made to enter the subject’s eye 107 while subject’s
eye looks at a fixation lamp (not shown). Here, the
position of the spherical mirror 160-8 is adjusted by
the electric stage 117-2 so that the measuring beam
106 enters the subject’s eye 107 as a collimated
beam.
(3) In step 3 (S3 in Fig. 7), a tomographic image (not
shown) is acquired by detecting an interference pat-
tern with the line sensor 139 while driving the X-axis
of the XY scanner 119.
(4) In step 4 (S4 in Fig. 7), where performing step 2,
the position of the spherical mirror 160-8 is adjusted
by using the electric stage 117-2 so that the contrast
of the tomographic image increases.
(5) In step 5 (S5 in Fig. 7), the return beam 108 is
measured by using the wavefront sensor 155, and
the aberration of the return beam 108 is acquired. In
particular, the aberration acquired in this step in-
cludes the distortions of the spatial light modulators
159-1 and 159-2.
(6) In step 6 (S6 in Fig. 7), the acquired aberration
is converted to a Zernike polynomial expression by
using the personal computer 125, and the data is
stored in a memory.
(7) In step 7 (S7 in Fig. 7), the modulation amount
that minimizes the acquired aberration is calculated,
and the spatial light modulators 159-1 to 159-2 are
modulated. Here, because the first spatial light mod-
ulator 159-1 and the second spatial light modulator
159-2 are optically conjugate to each other, the same
modulation amount is input. Alternatively, with con-
sideration of the thickness and unevenness of the
liquid crystal layer of the spatial light modulators, a
value generated by correcting the modulation
amount may be input. The aberration acquired in
step 5 includes the distortions of the spatial light mod-
ulators 159-1 and 159-2, the aberration generated
due to the distortions are corrected here.
(8) In step 8 (S8 in Fig. 7), feedback control is per-
formed so as to minimize the aberration by using the
wavefront sensor 155, spatial light modulators 159-1
and 159-2, the personal computer 125, and the spa-
tial light modulator driver 18 so as to control the spa-
tial light modulators 159-1 and 159-2 in real time.
Here, the input to the spatial light modulator 159-2
is performed in the same manner as step 7.
(9) In step 9 (S9 in Fig. 7), whether the aberration is
equal to or smaller than a set value is determined,
and steps 5 to 8 are repeated until the aberration
converges. The set value can be about 0.1 mm
(RMS).
(10) In step 10 (S10 in Fig. 7), while driving the X-
axis of the XY scanner 119, an interference pattern
is detected by the line sensor 139 and the tomo-

graphic image is acquired again.

[0050] As described above, according to the fourth em-
bodiment, the aberration of the measuring beam or the
return beam generated due to the distortions of the two
spatial light modulators is reduced, so that the aberration
can be corrected with a higher precision. As a result, the
signal to noise ratio of a tomographic image can be in-
creased. The aberration of the measuring beam or the
return beam that is generated due to the distortions of
the first spatial light modulator and the second spatial
light modulator is corrected for each polarization compo-
nent, so that the distortions of the first spatial light mod-
ulator and the second spatial light modulator can be cor-
rected. As a result, the signal to noise ratio of a tomo-
graphic image can be increased. The modulation amount
that is input to the spatial light modulator is calculated on
the basis of the data for the modulation amount for opti-
cally correcting the distortions of the spatial light modu-
lator, so that the distortion of the spatial light modulator
can be optically corrected. As a result, a high resolution
tomographic image can be acquired. A database con-
taining data for the modulation amount for optically cor-
recting the distortion of the spatial light modulator is pro-
vided, so that the distortion of the spatial light modulator
can be optically corrected easily. As a result, a high res-
olution tomographic image can be easily acquired. The
sum of the first modulation amount and the second mod-
ulation amount is used, so that the distortion of the spatial
light modulator can be corrected for each polarization
component. As a result, a high resolution tomographic
image can be acquired. On the optical path of the meas-
uring beam or the return beam, a plane including the
incoming optical path to the first spatial light modulator
and the outgoing optical path from the first spatial light
modulator and a plane that includes the incoming optical
path to the second spatial light modulator and the outgo-
ing optical path from the second spatial light modulator
can be made to be perpendicular to each other. Thus,
the p-polarization component of the measuring beam or
the return beam can be made to be modulated by the
two spatial light modulators. As a result, the diffraction
efficiency of the spatial light modulator is optimized and
the signal to noise ratio of a tomographic image can be
increased.

Other Embodiments

[0051] Aspects of the present invention can also be
realized by a computer of a system or apparatus (or de-
vices such as a CPU or MPU) that reads out and executes
a program recorded on a memory device to perform the
functions of the above-described embodiments, and by
a method, the steps of which are performed by a com-
puter of a system or apparatus by, for example, reading
out and executing a program recorded on a memory de-
vice to perform the functions of the above-described em-
bodiments. For this purpose, the program is provided to
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the computer for example via a network or from a record-
ing medium of various types serving as the memory de-
vice (e.g., computer-readable medium).
[0052] While the present invention has been described
with reference to exemplary embodiments, it is to be un-
derstood that the invention is solely defined by the inde-
pendent claims. Preferred embodiments are defined by
the dependent claims. All non-claimed embodiments, ex-
amples and aspects disclosed in the description and fig-
ures are for exemplary purpose only and do not form part
of the invention.

Claims

1. An adaptive optics apparatus comprising:

first spatial light modulation means (159-1) con-
figured to modulate the phase of one of two po-
larization components of light and disposed at
a position that is optically conjugate to an ante-
rior ocular segment (126) of a subject’s eye
(107), the light being emitted by a light source
(101); characterized in that the adaptive optics
apparatus further comprises:

second spatial light modulation means
(159-2) configured to modulate the phase
of the other of the two polarization compo-
nents and disposed at a position that is op-
tically conjugate the anterior ocular seg-
ment (126); and
irradiation means configured to irradiate the
subject’s eye with light that is modulated by
the first and second spatial light modulation
means; and
image acquiring means (125) configured to
acquire an image of a fundus (127) of the
subject’s eye (107) on the basis of a return
beam that returns from the subject’s eye
(107) irradiated with the light by the irradia-
tion means.

2. The adaptive optics apparatus according to Claim 1,
further comprising:

aberration measuring means (155-1, 155-2)
configured to measure an aberration of the sub-
ject’s eye (107),
wherein the first and second spatial light modu-
lation means (159-1, 159-2) is configured to
modulate light on the basis of a measurement
result obtained by the aberration measuring
means (155-1, 155-2) at a position that is opti-
cally conjugate to the aberration measuring
means, the light being emitted by the light source
(101).

3. The adaptive optics apparatus according to Claim 1
or Claim 2,
wherein the first and second spatial light modulation
means (159-1, 159-2) are configured to modulate
each of two polarization components of a return
beam at a position that is optically conjugate to the
anterior ocular segment, the return beam returning
from the subject’s eye (107) that is irradiated with
the light by the irradiation means.

4. The adaptive optics apparatus according to any one
of claims 1 to 3, wherein the first and second spatial
light modulation means (159-1, 159-2) are optically
parallely or serially disposed.

5. The adaptive optics apparatus according to any one
of claims 1 to 4, wherein the first and second spatial
light modulation means (159-1, 159-2) are liquid
crystal spatial phase modulators, and wherein the
orientations of the liquid crystals are not the same.

6. The adaptive optics apparatus according to claim 5,
wherein the first spatial light modulation means
(159-1) is disposed so as to modulate the phase of
p-polarized light, and
wherein the second spatial light modulation means
(159-2) is disposed so as to modulate the phase of
s-polarized light.

7. The adaptive optics apparatus according to claim 6,
further comprising a first polarizing beam splitter
(161-1) configured to split the light emitted by the
light source into the p-polarized and the s-polarized
light, and
a second polarizing beam splitter (161-2) configured
to combine the p-polarized light via the first spatial
light modulation means and the s-polarized light via
the second spatial modulation means.

8. The adaptive optics apparatus according to any one
of claims 1 to 7, further comprising:

a computer (125) comprising a memory that
stores a database (165) containing modulation
amounts for correcting distortions of reflection
surfaces of the first and second spatial light mod-
ulation means (159-1, 159-2); and
driving means (181) controlled by the computer
(125) configured to drive the first and second
spatial light modulation means (159-1, 159-2)
so as to correct distortions of the reflection sur-
faces of the first and second spatial light modu-
lation means.

9. The adaptive optics apparatus according to Claim 1,
further comprising:

splitting means (131) configured to split the light
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emitted by the light source (101) into a beam
(106) that enters the first and second spatial light
modulation means (159-1, 159-2) and a refer-
ence beam (105),
wherein the image acquiring means (125) is ar-
ranged to acquire a tomographic image of the
subject’s eye (107) on the basis of an interfer-
ence beam that is generated by interference be-
tween the return beam and the reference beam.

10. The adaptive optics apparatus according to Claim 1
or claim 9, and comprising the features of claim 2,
wherein light that is used by the aberration measur-
ing means (155-1, 155-2) and light that is used to
acquire an image of the subject’s eye (107) are emit-
ted by different light sources.

11. An adaptive optics method comprising:

a first spatial light modulating step of modulating
the phase of one of two polarization components
of light at a position that is optically conjugate to
an anterior ocular segment (126) of a subject’s
eye (107); characterized by a second spatial
light modulating step of modulating the phase
of the other of the two polarization components
at a position that is optically conjugate to the
anterior ocular segment;
an irradiation step of irradiating the subject’s eye
with light that is modulated in the first and second
spatial light modulation steps; and
an image acquiring step of acquiring an image
of a fundus (127) of the subject’s eye (107) on
the basis of a return beam that returns from the
subject’s eye (107) irradiated in the irradiation
step.

12. A computer readable storage medium for storing a
computer program which, when run on a computer
(125) controlling an adaptive optics apparatus ac-
cording to any of claims 1 to 10, causes the computer
to carry out the method of claim 11.

Patentansprüche

1. Adaptivoptikvorrichtung, umfassend:

eine erste räumliche Lichtmodulationseinrich-
tung (159-1), die konfiguriert ist, die Phase von
einer von zwei Polarisationskomponenten von
Licht zu modulieren, und die an einer zu einem
vorderen Augenabschnitt (126) eines Auges
(107) einer Person optisch konjugierten Position
angeordnet ist, wobei das Licht durch eine Licht-
quelle (101) emittiert wird;
dadurch gekennzeichnet, dass die Adaptiv-
optikvorrichtung weiterhin umfasst:

eine zweite räumliche Lichtmodulationsein-
richtung (159-2), die konfiguriert ist, die
Phase der anderen der zwei Polarisations-
komponenten zu modulieren, und die an ei-
ner zu dem vorderen Augenabschnitt (126)
optisch konjugierten Position angeordnet
ist; sowie
eine Bestrahlungseinrichtung, die konfigu-
riert ist, das Auge (107) der Person mit Licht
zu bestrahlen, das durch die erste und die
zweite räumliche Lichtmodulationseinrich-
tung moduliert wird; sowie
eine Bilderfassungseinrichtung (125), die
konfiguriert ist, ein Bild eines Augenhinter-
grunds (127) des Auges (107) der Person
auf der Basis eines Rückstrahlbündels zu
erfassen, das von dem mit dem Licht durch
die Bestrahlungseinrichtung bestrahlten
Auge (107) der Person zurückstrahlt.

2. Adaptivoptikvorrichtung nach Anspruch 1, weiterhin
umfassend:

eine Aberrationsmesseinrichtung (155-1,
155-2), die konfiguriert ist, eine Aberration des
Auges (107) der Person zu messen,
wobei die erste und die zweite räumliche Licht-
modulationseinrichtungen (159-1, 159-2) konfi-
guriert sind, Licht auf der Basis eines Messer-
gebnisses zu modulieren, das durch die Aber-
rationsmessvorrichtung (155-1, 155-2) an einer
zu der Aberrationsmessvorrichtung optisch kon-
jugierten Position erhalten wird, wobei das Licht
durch die Lichtquelle (101) emittiert wird.

3. Adaptivoptikvorrichtung nach Anspruch 1 oder An-
spruch 2,
wobei die erste und die zweite räumliche Lichtmo-
dulationseinrichtung (159-1, 159-2) konfiguriert
sind, jede von zwei Polarisationskomponenten eines
Rückstrahlbündels an einer zu dem vorderen Au-
genabschnitt optisch konjugierten Position zu mo-
dulieren, wobei das Rückstrahlbündel von dem mit
dem Licht durch die Bestrahlungseinrichtung be-
strahlten Auge (107) der Person zurückstrahlt.

4. Adaptivoptikvorrichtung nach einem der Ansprüche
1 bis 3,
wobei die erste und die zweite räumliche Lichtmo-
dulationseinrichtung (159-1, 159-2) optisch parallel
oder seriell angeordnet sind.

5. Adaptivoptikvorrichtung nach einem der Ansprüche
1 bis 4,
wobei die erste und die zweite räumliche Lichtmo-
dulationseinrichtung (159-1, 159-2) Flüssigkristalle
verwendende räumliche Phasenmodulatoren sind,
und wobei die Orientierungen der Flüssigkristalle
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nicht dieselben sind.

6. Adaptivoptikvorrichtung nach Anspruch 5,
wobei die erste räumliche Lichtmodulationseinrich-
tung (159-1) so angeordnet ist, dass sie die Phase
von p-polarisiertem Licht moduliert, und
wobei die zweite räumliche Lichtmodulationseinrich-
tung (159-2) so angeordnet ist, dass sie die Phase
von s-polarisiertem Licht moduliert.

7. Adaptivoptikvorrichtung nach Anspruch 6,
weiterhin umfassend einen ersten polarisierenden
Strahlteiler (161-1), der konfiguriert ist, das durch die
Lichtquelle emittierte Licht in das p-polarisierte und
das s-polarisierte Licht zu teilen, sowie einen zweiten
polarisierenden Strahlteiler (161-2), der konfiguriert
ist, das p-polarisierte Licht über die erste räumliche
Lichtmodulationseinrichtung und das s-polarisierte
Licht über die zweite räumliche Lichtmodulationsein-
richtung zu kombinieren.

8. Adaptivoptikvorrichtung nach einem der Ansprüche
1 bis 7, weiterhin umfassend:

einen Computer (125), der einen Speicher um-
fasst, der eine Datenbank (165) speichert, die
Modulationsbeträge zum Korrigieren von Ver-
zerrungen von Reflexionsflächen der ersten und
zweiten räumlichen Lichtmodulationseinrich-
tung (159-1, 159-2) enthält; sowie
eine durch den Computer (125) gesteuerte An-
triebseinrichtung (181), die konfiguriert ist, die
erste und zweite räumliche Lichtmodulati-
onseinrichtung (159-1, 159-2) so anzutreiben,
dass Verzerrungen der Reflexionsflächen der
ersten und zweiten räumlichen Lichtmodulati-
onseinrichtung korrigiert werden.

9. Adaptivoptikvorrichtung nach Anspruch 1, weiterhin
umfassend:

eine Teilungseinrichtung (131), die konfiguriert
ist, das durch die Lichtquelle (101) emittierte
Licht in ein Strahlbündel (106), das in die erste
und zweite räumliche Lichtmodulationseinrich-
tung (159-1, 159-2) eintritt, und ein Referenz-
strahlbündel (105) zu teilen,
wobei die Bilderfassungseinrichtung (125) aus-
gelegt ist, ein tomographisches Bild des Auges
(107) der Person auf der Basis eines Interfe-
renzstrahlbündels zu erfassen, das durch Inter-
ferenz zwischen dem Rückstrahlbündel und
dem Referenzstrahlbündel generiert wird.

10. Adaptivoptikvorrichtung nach Anspruch 1 oder An-
spruch 9, umfassend die Merkmale von Anspruch 2,
wobei Licht, das durch die Aberrationsmessvorrich-
tung (155-1, 155-2) verwendet wird, sowie Licht, das

verwendet wird, um ein Bild des Auges (107) der
Person zu erfassen, durch verschiedene Lichtquel-
len emittiert wird.

11. Adaptivoptikverfahren, umfassend:

einen ersten räumlichen Lichtmodulations-
schritt zum Modulieren der Phase von einer von
zwei Polarisationskomponenten von Licht an ei-
ner zu einem vorderen Augenabschnitt (126) ei-
nes Auges (107) einer Person optisch konjugier-
ten Position;
gekennzeichnet durch
einen zweiten räumlichen Lichtmodulations-
schritt zum Modulieren der Phase der anderen
der zwei Polarisationskomponenten an einer zu
dem vorderen Augenabschnitt optisch konju-
gierten Position;
einen Bestrahlungsschritt zum Bestrahlen des
Auges (107) der Person mit Licht, das im ersten
und zweiten räumlichen Lichtmodulationsschritt
moduliert wird; sowie
einen Bilderfassungsschritt zum Erfassens ei-
nes Bilds eines Augenhintergrunds (127) des
Auges (107) der Person auf der Basis eines
Rückstrahlbündels, das von dem im Bestrah-
lungsschritt bestrahlten Auge (107) der Person
zurückstrahlt.

12. Computerlesbares Speichermedium zum Speichern
eines Computerprogramms, das bei Ausführung auf
einem Computer (125), der eine Adaptivoptikvorrich-
tung nach einem der Ansprüche 1 bis 10 steuert, den
Computer veranlasst, das Verfahren von Anspruch
11 auszuführen.

Revendications

1. Appareil d’optique adaptative comprenant :

un premier moyen de modulation spatiale de lu-
mière (159-1) configuré pour moduler la phase
de l’une de deux composantes de polarisation
de lumière et disposé à une position qui est op-
tiquement conjuguée d’un segment oculaire an-
térieur (126) de l’oeil d’un sujet (107), la lumière
étant émise par une source lumineuse (101) ;
caractérisé en ce que l’appareil d’optique
adaptative comprend en outre :

un deuxième moyen de modulation spatiale
de lumière (159-2) configuré pour moduler
la phase de l’autre des deux composantes
de polarisation et disposé à une position qui
est optiquement conjuguée du segment
oculaire antérieur (126) ; et
un moyen d’exposition configuré pour ex-
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poser l’oeil du sujet à une lumière qui est
modulée par les premier et deuxième
moyens de modulation spatiale de lumière ;
et
un moyen d’acquisition d’image (125) con-
figuré pour acquérir une image d’un fond
d’oeil (127) de l’oeil du sujet (107) sur la
base d’un faisceau de retour qui est renvoyé
par l’oeil du sujet (107) exposé à la lumière
par le moyen d’exposition.

2. Appareil d’optique adaptative selon la revendication
1, comprenant en outre :

un moyen de mesure d’aberration (155-1,
155-2) configuré pour mesurer une aberration
de l’oeil du sujet (107),
dans lequel les premier et deuxième moyens de
modulation spatiale de lumière (159-1, 159-2)
sont configurés pour moduler la lumière sur la
base d’un résultat de mesure obtenu par le
moyen de mesure d’aberration (155-1, 155-2) à
une position qui est optiquement conjuguée du
moyen de mesure d’aberration, la lumière étant
émise par la source lumineuse (101).

3. Appareil d’optique adaptative selon la revendication
1 ou la revendication 2,
dans lequel les premier et deuxième moyens de mo-
dulation spatiale de lumière (159-1, 159-2) sont con-
figurés pour moduler chacune de deux composantes
de polarisation d’un faisceau de retour à une position
qui est optiquement conjuguée du segment oculaire
antérieur, le faisceau de retour étant renvoyé par
l’oeil du sujet (107) qui est exposé à la lumière par
le moyen d’exposition.

4. Appareil d’optique adaptative selon l’une quelcon-
que des revendications 1 à 3, dans lequel les premier
et deuxième moyens de modulation spatiale de lu-
mière (159-1, 159-2) sont disposés optiquement en
parallèle ou en série.

5. Appareil d’optique adaptative selon l’une quelcon-
que des revendications 1 à 4, dans lequel les premier
et deuxième moyens de modulation spatiale de lu-
mière (159-1, 159-2) sont des modulateurs de phase
spatiaux à cristaux liquides, et dans lequel les orien-
tations liquides ne sont pas les mêmes.

6. Appareil d’optique adaptative selon la revendication
5, dans lequel le premier moyen de modulation spa-
tiale de lumière (159-1) est disposé de façon à mo-
duler la phase d’une lumière à polarisation p, et
dans lequel le deuxième moyen de modulation spa-
tiale de lumière (159-2) est disposé de façon à mo-
duler la phase d’une lumière à polarisation s.

7. Appareil d’optique adaptative selon la revendication
6, comprenant en outre un premier diviseur de fais-
ceau polarisant (161-1) configuré pour diviser la lu-
mière émise par la source lumineuse en des lumiè-
res à polarisation p et à polarisation s, et un deuxiè-
me diviseur de faisceau polarisant (161-2) configuré
pour combiner la lumière à polarisation p passant
par le premier moyen de modulation spatiale de lu-
mière et la lumière à polarisation s passant par le
deuxième moyen de modulation spatiale.

8. Appareil d’optique adaptative selon l’une quelcon-
que des revendications 1 à 7, comprenant en outre :

un ordinateur (125) comprenant une mémoire
qui stocke une base de données (165) conte-
nant des degrés de modulation pour corriger les
déformations des surfaces de réflexion des pre-
mier et deuxième moyens de modulation spa-
tiale de lumière (159-1, 159-2) ; et
un moyen d’entraînement (181) commandé par
l’ordinateur (125) et configuré pour entraîner les
premier et deuxième moyens de modulation
spatiale de lumière (159-1, 159-2) de façon à
corriger les déformations des surfaces de ré-
flexion des premier et deuxième moyens de mo-
dulation spatiale de lumière.

9. Appareil d’optique adaptative selon la revendication
1, comprenant en outre :

un moyen de division (131) configuré pour divi-
ser la lumière émise par la source lumineuse
(101) en un faisceau (106) qui pénètre dans les
premier et deuxième moyens de modulation
spatiale de lumière (159-1, 159-2) et un faisceau
de référence (105),
dans lequel le moyen d’acquisition d’image
(125) est conçu pour acquérir une image tomo-
graphique de l’oeil du sujet (107) sur la base
d’un faisceau d’interférence qui est généré par
interférence entre le faisceau de retour et le fais-
ceau de référence.

10. Appareil d’optique adaptative selon la revendication
1 ou la revendication 9 et comprenant les caracté-
ristiques de la revendication 2,
dans lequel la lumière qui est utilisée par le moyen
de mesure d’aberration (155-1, 155-2) et la lumière
qui est utilisée pour acquérir une image de l’oeil du
sujet (107) sont émises par des sources lumineuses
différentes.

11. Procédé d’optique adaptative comprenant :

une première étape de modulation spatiale de
lumière consistant à moduler la phase de l’une
de deux composantes de polarisation d’une lu-
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mière à une position qui est optiquement conju-
guée d’un segment oculaire antérieur (126) de
l’oeil d’un sujet (107) ;
caractérisé par
une deuxième étape de modulation spatiale de
lumière consistant à moduler la phase de l’autre
des deux composantes de polarisation à une
position qui est optiquement conjuguée du seg-
ment oculaire antérieur ;
une étape d’exposition consistant à exposer
l’oeil du sujet à une lumière qui est modulée lors
des première et deuxième étapes de modulation
spatiale de lumière ; et
une étape d’acquisition d’image consistant à ac-
quérir une image d’un fond d’oeil (127) de l’oeil
du sujet (107) sur la base d’un faisceau de retour
qui est renvoyé par l’oeil du sujet (107) exposé
lors de l’étape d’exposition.

12. Support de stockage lisible par ordinateur destiné à
stocker un programme d’ordinateur qui, lorsqu’il est
exécuté sur un ordinateur (125) commandant un ap-
pareil d’optique adaptative selon l’une quelconque
des revendications 1 à 10, amène l’ordinateur à met-
tre en oeuvre le procédé selon la revendication 11.
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