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(57) Abstract: Optical apparatus for simultaneously focussing first and second coaxially spaced object planes in respective separate
first and second areas of a common image plane (13) (such as the sensor of a CCD camera) comprises non-diffractive beamsplitter
& means for receiving light from said object planes along a common path (2) for transmission to said first and second image areas
& along respective first and second optical paths (3, 4), and reflective or transmissive focussing means (8) arranged to bring said first

and second object planes into focus in said first and second areas. The object planes may be differentiated by having different length
O paths (3,4) (different physical lengths and/or using a differential optical delay), and/or by having different focussing powers in the
two paths. In an add-on for a camera, differently curved mirrors of long focal length modify the main camera lens. Polarising optics
may be used to separate the two images. The apparatus may be used for 3-D imaging or wavefront analysis.
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Imaging System

Our copending UK Patent Application No. GB 0205240.5 relates to a measuring
apparatus/method for the real time determination of data relating to the local shape (or
distribution of local phase) of a radiation wavefront arriving at a pupil plane. While
the described arrangement may be used for different types of radiation, one particular
use is with light, and particularly with visible or infra-red light. As particularly
described, the embodiment requires the comparison of the intensity of the radiation
distribution in measurement planes equally spaced either side of, and closely adjacent,

the pupil plane.

As described in that application, for this purpose (or for other optical measurements)
it is possible merely to use a pair of lenses and a beam splitter for directing respective
focussed images of the two planes onto different image planes where image sensors
are located. However, there are potential disadvantages in requiﬁng the maintenance
of accurate alignments of the optical components and sensors, and simultaneous

operation of two separate sensors.

Therefore as more particularly preferred; and as disclosed in our copending
application, the aforesaid intensity distribution comparison is effected with the use of
a distorted diffraction grating of the type described in our earlier copending
International Patent Application No. WO 99/46768 (published in the name of the

Secretary of State for Defence), or with a computer generated hologram. In so doing,

the two measurement planes can simultaneously be brought to a focus as laterally

displaced images on a common sensor plane, e.g. of a sensor array, for example by
using the positive and negative first diffraction orders from the grating. Zeéro order
diffracted light is also transmitted by the grating, and could be used, for example, for
simultaneously providing an image of a remote object (as opposed to the input pupil)

either on the same sensor plane or another plane, which could also comprise a sensor

"Or sensor array.

The employment of a grating or hologram is not without its attendant disadvantages.

n particular, it is well known that such elements have a high dispersion, and therefore
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to provide a trustworthy measurement ideally the grating should be used in

conjunction with incoming monochromatic or narrow bandwidth radiation.

The alternative of restricting the bandwidth of the incoming radiation to be measured
is not always possible. For instance, it may be desired to use the output of the
measuring system to provide a range measurement of a viewed object for controlling
the focus of a visible optical camera providing the input pupil, i.e. an autofocus
system. Although as mentioned above, zero order diffracted light is available for this
purpose, the dispersion exhibited by the grating and/or the response of the measuring
arrangement to an extended image may introduce a high degree of unreliability into

the autofocus function.

Accordingly, it is desirable to obtain images derived from two axially displaced
planes in different areas on a common plane in a manner which avoids or reduces the

problem of dispersion.

In a first aspect the present invention providés optical apparatus for simultaneously
focussing first and second coaxially spaced object’planes in respective separate first
and second areas of a common image plane, the apparatus comprising non-diffractive
beamsplitter means for receiving light from said object planes along a common path
for transmission to said first and second image areas along respective first and second
optical paths, and focussing means arranged to bring said first and second object

planes into focus in said first and second areas.

The beamsplitter is termed “non-diffractive” to avoid confusion with the distorted
grating of our earlier applications. In general it will be a conveﬁtional splitter using
surfaces which are partially transmissive and partially reflective. However, an
alternative would be to use a polarising splitter where light is directed along separate
optical paths according to its polarisation due to the differing refractive indices
presented to the two polarisations (these are commonly linear polarisations, but could
be circular or other types of polarisation; generally the two types of polarisation will

be complementary).
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In some embodiments of the invention the beam splitter means and the focussing
means are provided by a single optical element, for example a birefringent lens

construction. However, more commonly these functions are separate.

The beam splitter means may include a beam splitter of the type providing generally
parallel said first and second paths. Where the beam splitter means comprises a beam
splitter of the type providing first and second output pafhs which are significantly
angularly separated, there may also be provided means such as one or more reflective
surfaces for rendering those paths generally parallel, e.g. when they reach the

common plane.

The light may traverse the beam splitter once or a plurality of times. In two
embodiments to be more particularly described, respective reflective surfaces are
provided for directing the first and second paths back into the splitter and thence to

the first and second image areas in the common image plane.

The focussing means may comprise one or more refractive elements; or one or more
reflective focussing elements; or a combination of refractive and reflective focussing

elements.

In a first form of optical apparatus the beam splitter is located between the common
plane and the focussing means. In a second form the focussing means is located
beﬁween the splitter and the common plane and may comprise elements which are
common to (i.e. intercept) the first and second paths and/or separate elements for the
first and second paths. In a third form, where the focussing means comprises a
plurality of focussing elements, at least one element precedes the beam splitter and at

least one element follows it.

In the first form of optical apparatus, the focuséing means is located in the common
path. To focus the first and second coaxially spaced object planes on the common
image plane the first and second paths need to be of different optical lengths. This
may be done by making the path lengths physically different, or by inserting an

optical delay in at least one of the paths, or by a combination of both techniques.
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Physical differences in the first and second path lengths may be obtained by any
method known per se, for example by the use of at least one reflector in at least one of
the first and second paths to extend it. In one embodiment, reflectors are inserted in
both the first and second paths at different spacings from the beam splitter and/or
common plane. For example, appropriately located reflective surfaces in the first and
second paths may serve to return light to the beamsplitter and thence to the common

image plane, the surfaces being unequally spaced from the beamsplitter.

The introduction of an optical delay may be effected by the insertion of a relatively
dense transmissive plate in at least one of the first and second paths. In some
embodiments of the invention the beam splitter and an optical delay means can be
provided by a common optical element such as a wedge prism as more particularly

described later.

‘Where the beam splitter is polarisation sensitive and so provides-output beams of

different polarisations, e.g. complementary polarisations, or where the first and
second paths comprise means for selecting different polarisations, the relatively dense
transmissive plate could be arranged to provide different optical path lengths to the
different polarisations (for exarﬁple' birefringent where the two output beams are
linearly polarised). For the requisite effect, it should be placed after the focussing
means, or at least after a first focussing element thereof - this may be in the common
path or in at least one of the first and second paths (or a respective plate located in
each of said first and second paths) as determined by the overall arrangement.
Preferably a depolariser is located before the polarising beam splitter or polarisation

selecting means for equalising the powers of the two polarisations.

In an alternative arrangement, the focussing means and the delay means are provided
by a common optical element such as a birefringent lens, on one or other side of the
splitter, which again is polarisation sensitive or where there are means for selecting

different polarisations in the first and second paths.

In the second form of apparatus, the focussing means may comprise an optical

element which has a sufficient aperture to accommodate both the first and second
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paths) and is therefore common to both paths. If this is the only focussing element,
the first and second optical path lengths are arranged to be different as in the first

form of apparatus.

Alternatively the focussing means may comprise separate focussing elements in each
of the first and second paths. The focussing elements may have the same focussing
powers, in which case the first and second optical path lengths may be arranged to be
different, as in the first form of apparatus, and/or their optical spacings from the beam
splitter or common plane may be different to focus both object planes on the common
plane. Alternatively the focussing elements may have different focussing powers, in
which case they may have similar spacings relative to the common plane and beam
splitter and still provide focussing of both object planes on the common plane.
Nevertheless, it is still possible to locate them differently in the first and second paths,
and/or to differentiate the first and second optical path lengths - the only requirement
is that the arrangement is such that the first and second object planes are both brought

to focus in the common plane.

- Similar considerations to the foregoing apply in the third form of apparatus, according

to whether the focussing element between the beam splitter and the common plane is
cominon to both first and second paths, or whether a single such focussing element is
provided in one of the first and second paths, or whether separate such focussing

elements are provided in respective ones of the first and second paths.

The apparatus may also include image sensor means having a sensor surface in the
common plane for receiving both the first and second images and providing
respective image signals. Preferably the sensor surface comprises a single sensor area

common to both the first and second image areas.

In a second aspect the present invention provides optical apparatus for use with an
auxiliary lens for simultaneously focussing first and second coaxially spaced object
planes in respective separate first and second areas of a common image plane, the
apparatus comprising non-diffractive beamsplitter means for receiving light from said

object planes along a common path for transmission in use to said first and second



10

15

20

25

WO 2004/068090 PCT/GB2004/000317

image areas along respective first and second optical paths, and focussing means
arranged to cooperate with said auxiliary lens to bring said first and second object
planes into focus in said first and second areas in use. It will be appreciated that the
considerations set out above regarding the beam splitter and focussing méans of the

first aspect of the invention apply equally to the second aspect.

The second aspect of the invention provides apparatus which can be used where, for
example, the auxiliary lens is that of a camera, preferably an electronic camera, with
the common plane being the image or sensor plane of the camera. In this instance the
auxiliary lens lies between the optical apparatus and the common plane. However,
although this is likely to be the most practical arrangement, the second aspect of the
invention enables use of the apparatus between the common plane and the auxiliary
lens (for example mounting the apparatus within an imaging apparatus such as a large
camera), or even where the auxiliary lens is located in use within the common, first,

or first and second paths.

One particularly preferred from of apparatus according to either aspect of the
invention has an input pupil, and the first and second object planes lie either side of

said input pupil.

Image signals provided by an electronic camera or other imager having a sensor

surface in the common plane may be processed to compare the first and second

images, the result being analysed for determining a property of the optical wave at

said input pupil. A convenient manner of doing this in real time is explained in our

copending UK Patent Application No. GB 0205240.5 mentioned above.

One such property is tip/tilt, and in such a case it is possible to locate a movable
mirror in an optical path from said input pupil, and to employ means responsive to the
measured tip/ilt to control the tip/tilt mirror. The optical path including the mirror
may or may not be one of the first and second paths, and the control may be for

example normal forward control, or a feedback type of control to minimise tip/tilt.

Another such property is defocus, and it is possible to derive therefrom a measure of
the range of an object in the field of view of said input pupil. Either the measured

6
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defocus or the measured range may be employed to control the controllable focussing
means in a path from the input pupil, which may or may not be one of the first and
second paths. Again, the control may be for example normal forward control, or a

feedback type of control to minimise defocus.

In a more general application, the measured property comprises one or more
weighting coefficients of orthogonal functions describing the wavefront, e. g. Zernike
modes (see our copending application mentioned at the commencement of this
description). The coefficient(s) may be useful per se (for example is assessing
atmospheric turbulence) or a spatial light modulator may be placed in an optical path
from said input pupil (which may or may not be one of the first and second paths) and
controlled in response to the measured coefficient(s). Again, the control may be for
example normal forward control, or a feedback type of control to minimise the

coefficient(s).

Apparétus according to then invention may also be employed-in a 3-D imaging system

- such as generally of the type described in our copending International Patent

Application WO 99/46768 mentioned above.

Other features and advantages of the invention will become clear upon consideration
of the appended claims, to which the reader is referred, and upon perusal of the
following more detailed description of embodiments of the invention, made with

reference to the accompanying drawings, in which:

Figure 1 shows in schematic form a first embodiment of the invention according to

the first aspect, employing a polarising beam splitter and a calcite plate;

Figure 2 shows in schematic form a second embodiment of the invention according to

the first aspect, employing a beam splitter and a movable reflector;

Figure 3 shows a modification of Figure 2 where the beam splitter and reflectors are

combined into a single element;

Figure 4 shows a variant of the basic arrangement Figure 2 using polarising optics;
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Figure 5 shows in schematic form a third embodiment of the invention according to

the first aspect, employing a wedge prism;

Figure 6 shows in schematic form a fourth embodiment of the invention according to

the first aspect, employing a Koesters prism; and

Figure 7 shows in schematic form an embodiment of the invention according to the
second aspect, in use in conjunction with a CCD camera and employing focussing

reflectors in each of the first and second paths.

Figure 1 shows a Wollaston prism 1 for receiving input light from a common path 2
and splitting it into angularly displaced beams on first and second paths 3, 4 with
respective complementary orthogonal linear polarisations. Both beams 3, 4 are
intercepted by a lens 5 followed by a calcite plate 6 and then fall upon a common
plane embodied as the sensitive surface of a sensor such as a CCD camera 7 or other

electronic camera or image sensor.

The calcite plate is oriented so that its two birefringent axes ate parallel to the
respective polarisation directions of the beams 3, 4, and as a result the plate 6 presents
an optical thickness to one beam which is greater than the optical thickness presented
to the other beam than that seen by the other beam. The distances from the lens 5 to
(coaxial) object planes which are brought into focus on the sensor 7 are therefore
different for the two polarisations. The focussed images of the two coaxial focussed

planes are laterally displaced on the CCD camera due to the action of the prism 1.

In a variant, the lens 5 and prism 1 are replaced by a birefringent lens so as to bring
two coaxial spaced planes into focus in the plane of the sensor, according to
polarisation. While it might be possible to align the lens so that it also performs the
function of laterally separating the focussed planes on the sensor, more preferably this
function is performed by a separate dedicated element such as a polarisation sensitive

beam splitter (e.g. a Wollaston prism).

In Figure 2 an imaging lens 8 transmits light from a common path 2 to a beam splitter

9, embodied as a cube beam splitter, alonig a first path 3 to a first mirror by reflection
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and along a second path 4 to a second mirror 11 by transmission. The mirror 10 is
fixed and somewhat inclined to the optic axis so that light reflected thereby and then
transmitted by the splitter 9 is directed towards a first image area 12 of the sensitive
surface 13 (the common plane) of a CCD camera. Mirror 11 is inclined in a similar
sense so that light reflected thereby reaches surface 13 in a second image area 14.
Mirror 11 is provided with rotational adjustment A to control the relative positions of
regions 13 and 14, and is also provided with a transitional adjustment B along the
original optic axis to alter the length of the second path relative to the first, so to
enable images of axially spaced first and second object planes on path 2 to be brought

into focus on surface 13.

Figure 3 shows a modification of Figure 2 in which the beam splitter and reflectors
are combined into a single composite element, e.g. by appropriately adjusting the

angle of the faces 9a, 9b of the splitter and silvering them.

Figure 4 shows a second modification of the general scheme of Figure 2,V which
employs a-polarising beam splitter 36. Light incident of the splitter 36 is depolarised
by a depolarising plate 37, for example a quartz/silica wedge depolariser, located
either between the lens 8 and splitter 36 as shown, or on the other side of the lens 8.
The polariser ensures that there is equal power in the two polarisations from splitter
36 without loss of power, and is hence superior to using (for example) an input
polariser at 45° to the two required polarisation directions, or polarisers in the first
and second paths. Quaﬁer wave plates 38, 39 located in each of the two polarisations
from splitter 36 then introduce a differential optical path length, thereby ensuring that
the two coaxial object planes focussed on the sensor 12 are spaced. Clearly the
arrangement of Figure 4 could also incorporate a differential physical optical path

difference as in Figure 2 if desired.

Figure 5 shows an arrangement in which a wedge prism 24, having slightly inclined
faces 25, 26 acts as a beam splitter to light from a common path 2 transmitted by an
imaging lens 27. A first portion of the light 28 from the lens 27 is reflected at the first
surface 26 of the prism along a first path 3 and is focussed on a common plane

constituted by the sensitive surface of a CCD camera 7. A second portion of the light

9
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travelling along a second path 4 is reflected at the second surface 25 and focussed on
camera 7 at a position laterally displaced from the first portion. The displacement
arises partly from the thickness of the prism but also by virtue of an angular
separation brought about by the wedge shape. The remaining light 29 is lost to the

system or transmitted for another use.

Because the second path 4 between the beam splitting surface 26 and the CCD camera
is longer optical path than the first path 3, principally because of the optically denser
medium of the prism relative to air, the two laterally displaced focussed images on

camera 7 relate to coaxial spaced object planes on path 2.

In Figures 1 and 5 the beam splitter provides angularly diverging first and second
paths at its output face, and the angular divergence is carried through to the common
plane. The reflectors of Figure 2 to 4 also provide an angular divergence. Thus at
least one of the paths is not normal to the surface and the related image cannot be in
complete focus across its entire area. In each case, if desired, means known per se
such as a tilted reflector could be provided in at least one of the separated paths to
ensure strict parallelism, normal incidence on the common plane and consistent focus
across the separated images. Nevertheless, in the arrangements of these Figures it is
possible to provide an amount of divergence sufficient to provide spatially separated
images on the common plane while maintaining a sufficient degree of focus across

each image to permit effective measurement.

Figure 6 shows an arrangement where the first and second paths are parallel at the
output of the splitter and at the common surface. It employs a Koesters prism 18,
formed by joining two similar prisms 19, 20 along a common face 21. Light from a
common path 2 and an imaging lens 17 is transmitted into the first prism 19 and is
split at the common face 21, the beams 3 and 4 from Which are transmitted and
reflected at the face 21, eventually emerging as laterally displaced paralle] beams 22,
23 for providing laterally spaced focussed images on the sensor surface of a CCD
camera 7. Beam 23 is intercepted by a plate secured to (or adjacent) the bottom
surface of the prism 19, thereby providing a longer optical (first) path length between

surface 21 and the sensor surface for beam 23 relative to the (second) path length for

10
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beam 22. As a result the laterally spaced focussed images on the sensor surface are
derived from different coaxial spaced object planes on path 2. A similar effect could

be obtained by suitable shaping the lower surface of the prism 19.

In the foregoing embodiments optical elements are required to be inserted between an
imaging lens and the sensor surface. The embodiment of Figure 5 however, can be
used as an “add-on” to a standard camera. Light along a common path 2 from the
field of view is transmitted along a first path 3 by a non-polarising beam splitter 33
(embodied as a plate splitter) to a convex reflective surface 32 and then reflected by
the splitter 33 to the lens 34 of a CCD camera 35. Light initially reflected by the
splitter 33 along a second path 4 is reflected by a concave reflective surface 31 for
transmission through the splitter to the lens 34. Surfaces 32 and 33 have long focal
lengths so as effectively to alter the focal length of the camera lens for providing
respective focussed images on the sensor surface (not shown) of the camera 35, and
their axes are arranged so that the two images are formed separately in laterally

displaced (contiguous or spaced) areas of the sensor surface.

The use of reflective surfaces 31, 32 in Figure 7 reduces the amount of dispersion in

the system compared to the use of lenses. The (main) focussing means of any of the
arrangements of Figures 1 to 4 could also be replaced by a reflective means for
reducing dispersion, and the camera of Figure 7 could also have its lens replaced by a
suitably arranged reflector, although normally this would go against providing the

additional elements as an “add-on” arrangement.

Although an CCD imaging sensors has been particularly mentioned, it could of course
be substituted by any other known form of electronic imaging system or sensor, or an

imagewise radiation recording medium such as photographic film.

11
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CLAIMS

1. Optical apparatus for simultaneously focussing first and second coaxially
spaced object planes in respective separate first and second areas of a common image
plane, the apparatus comprising non-diffractive beamsplitter means for receiving light
from said object planes along a common path for transmission to said first and second
image areas along respective first and second optical paths, and focussing means
arranged to bring said first and second object planes into focus in said first and second

areas.

2. Apparatus according claim 1 and further comprising image sensor means with
a sensor surface in said common focal plane for receiving said focussed images and

providing respective image signals.

3. - Optical apparatus for use with an auxiliary lens for simultaneously focussing

first and- second coaxially spaced object planes in respective separate first and second -

.areas of -a common image plane, the apparatus comprising non-diffractive

beamsplitter means for receiving light from said object planes along a common path

for transmission in use to said first and second image areas along respective first and

second optical paths, and focussing means arranged to cooperate with said auxiliary
lens to bring said first and second object planes into focus in said first and second

areas in use.

4. Apparatus according to any preceding claim wherein said focussing means

comprises at least one transmissive focussing element.

5. Apparatus according to any preceding claim wherein said focussing means

comprises at least one reflective focussing element.

6. Apparatus according to any preceding claim wherein said focussing means

comprises at least two focussing elements.

7. Apparatus according to claim 6 wherein said beamsplitter is located between

fwo of said focussing elements.

12
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8. Apparatus according to claim 6 or claim 7 wherein said first and second paths

comprise different ones of said focussing elements.

9. Apparatus according to any one of claims 1 to 6 wherein said focussing means

is located between said beam splitter means and said common plane.

10. Appara’uis according to any one of claims 1 to 6 wherein said beam splitter

means is between said focussing means and said common plane.

11.  Apparatus according to any preceding claim wherein the beam splitter means
provides output beams having different polarisations, or the first and second paths

comprise means for selecting different polarisations.

12. Apparatus according to claim 11 wherein said common path comprises a

depolarising means.

13. Apparatus according to any preceding claim wherein the first and second paths

have the same optical length.

14, Apparatus according to any one of claims 1 to-13 wherein the first and second

paths have different optical lengths.

15. Apparatus according to claim 14 wherein the different optical path lengths are

provided by optical components located to physically extend one path relative to the

other.

16.  Apparatus according to claim 15 wherein said appropriately located optical
components comprises reflective surfaces in said separate optical paths for returning
light to the beamsplitter and thence to said common focal plane, said mirrors being
unequally spaced from said beamsplitter to physically extend one path relative to the

other.

17. Apparatus according to any one of claims 14 to 16 wherein the path lengths
are optically differentiated by incorporating in at least one path an optical delay

means.

13
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18.  Apparatus according to claim 17 wherein said beam splitter and said optical

delay means are provided by a common optical element.

19. Apparatus according to claim 17 and claim 12, or claim 17 and claim 13,
wherein a said delay means comprises a plate which acts differently towards said

different polarisations.

20.  Apparatus according to claim 17 wherein said focussing means and said delay

means are provided by a common optical element.

21.  Apparatus according to claim 17 or claim 20 wherein said beamsplitter
comprises a Koesters prism, having a said optical delay means in the form of a plate
of light transmissive material secured thereto or integral therewith to intercept only

one of said first and second paths.

22.  Apparatus according to any preceding claim and haying an input pupil,

wherein said first and second spaced planes lie either side of said input pupil.

23, Apparatus according to claim 4 wherein said focussing element is a

birefringent lens.

24, Apparatus according to claim 23 wherein said birefringent lens also provides

said beam splitter means.

25. A wavefront sensing or measurement system comprising apparatus according

to any preceding claim.

26. A 3-D imaging system comprising apparatus according to any preceding

claim.
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