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Description
FIELD OF THE INVENTION

[0001] Theinvention relates to a method and a system for synthesizing a prescribed intensity pattern based on phase
contrast imaging.

BACKGROUND OF THE INVENTION

[0002] It is well known to form an image on an illuminated surface of a body by absorption or blocking of energy of
an illuminating beam. For example in an overhead projector, an overhead transparent absorbs or blocks part of the
light beam of the projector whereby a large image of an overhead is formed on a screen. However, this results in a
loss of light intensity as part of the emitted light from an image forming system is reflected or absorbed.

[0003] To avoid loss of energy causing, e.g. loss of light intensity of the synthesized intensity pattern, power dissi-
pation generating heat in components of the system, etc., methods and systems have been developed wherein the
phase of a light beam is modulated instead of the amplitude or intensity of the light beam, as modulation of the phase
of the light beam do notlead to loss of energy. The phase modulation is followed by a conversion of the phase modulation
into an amplitude or intensity modulation.

[0004] A diffractive optical element, such as a holographic optical element, may be used to generate a phase mod-
ulation. Then, the resulting intensity modulation at each point of a picture formed by conversion of the phase modulation
into intensity modulation will depend upon the phase modulation values at each point of the diffractive optical element
as the light intensity at each point of the picture is formed by a coherent superposition of light received from the entire
surface of the diffractive optical element. Diffractive optical elements are rather complex to design for synthesis of a
prescribed intensity pattern.

[0005] Imaging methods and systems may also be used in connection with phase modulation. These methods and
systems are characterized by the fact that the intensity of a point of a picture formed by conversion of phase modulation
into intensity modulation will depend upon the phase modulation value of one point of the phase modulator only as this
point is imaged onto the picture pointin question by the imaging system. This one-to-one relationship makes the design
of phase modulators in these systems simple. Methods and systems of this kind are named phase contrast imaging
methods and systems.

[0006] Phase contrast imaging methods were originally developed within the field of microscopy. Many objects of
interest in microscopy are largely transparent, thus absorbing little or no light. When light passes through such an
object, the predominant effect is the generation of a spatially varying phase shift which can not be seen by a human
as the eye of a human responds to light intensity and colour and does not respond to the phase of light.

[0007] In 1935, Fritz Zernik proposed a phase contrast technique which rests on spatial-filtering principles and has
the advantage that the observed intensity is linearly related to the phase shift introduced by the object.

[0008] Suppose that a transparent object with amplitude transmittance

t(x,y) = explid(x,y)] (1)

is coherently illuminated in an image-forming system. For simplicity, a magnification of unity is assumed and the finite
extent of the exit and entrance pupils of the system is neglected. Further, a necessary condition to achieve linearity
between phase shift and intensity is that the phase shift ¢ be less than 1 radian, in which case the amplitude transmit-
tance can be approximated by

txy) =1+jo(xy) )

[0009] The terms of order ¢2 and higher are neglected in this approximation. It is seen that the first term of (2) leads
to a strong wave component that passes through the sample without change, while the second term generates weaker
diffracted light that is deflected away from the axis of the system.

[0010] The image produced by a conventional microscope can be written

=1 +jo[* =1 ©)
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where the term ¢2 has been approximated by zero. It is seen that the diffracted light is not observable because it is in
phase quadrature with the strong background. As Zernik recognized that the background is brought to a focus on-axis
in the focal plane while the diffracted light - containing higher spatial frequencies - is spread away from the focal point,
he proposed that a phase-changing plate be inserted in the focal plane to modify the phase relation between focused
and diffracted light.

[0011] The phase-changing plate can consist of a glass substrate on which a small transparent dielectric dot has
been coated. The dot is placed at the center of the focal plane and has a thickness and index of refraction such that
it retards the phase of the focused light by either /2 radians or 3n/2 radians relative to the phase retardation of the
diffracted light. In the former case the intensity in the image plane becomes

I = Jexpli(r/2)+jo][ = [i(1+0)]* = 1+ 2¢ (4)

while in the latter case

I = |expli3n/2)+j0]|° = [i(-1+0)|* = 1 - 2¢ (5)

[0012] Thus, the image intensity has become linearly related to the phase shift . When the phase of the background
is retarded by /2, the result is known as positive phase contrast, while a 3n/2 retardation is said to yield negative
phase contrast.

[0013] It is seen that the method described above leads to a phase contrast imaging method that provides a small
phase signal that is superimposed on a large DC-component. This leads to an important disadvantage of the method
because, typically, it will be necessary to attenuate the DC-component to enhance the information contained in the
phase modulated signal. However, the attenuation of the DC-component leads to loss of energy. This kind of filtering
is usually denoted Dark Field Filtering.

[0014] It is another disadvantage of the phase contrast imaging method described above that it is based on the
assumption that the phase shift ¢ is less than 1 radian which is very often not fulfilled in practical real-life applications.
However, the theory is still applied to such applications, disregarding the fact that the basic assumption is not fulfilled,
and this leads to non-optimized technical solutions.

[0015] In EP 0 657 760 a phase contrast imaging system is disclosed in which an image simulation and projection
system is based on the Texas Instrument flexure beam digital mirror device (DMD). The flexure beam DMD is used for
analog phase modulation of reflected light and the phase modulation is converted to amplitude modulation utilizing a
phase contrastimaging method. The flexure beam DMD provides a flicker-free modulated wave and accordingly, optical
image sensor synchronization is not needed. The system disclosed operates according to the Zernike method and,
thus, includes the corresponding disadvantages described above.

[0016] Another example of a phase contrast imaging system is disclosed in GB 2 199 716, wherein an optical guide-
beam projector for a missile guidance system is disclosed that provides a spatially intensity modulated guide-beam.
A spatial phase modulator is used to generate the guide-beam. The phase encoding of the spatial phase modulator
constitutes a periodic square-wave modulation (50% duty cycle) of two phase values 0 and ©/2. The phase modulation
is converted into an amplitude modulation by Fourier transforming lenses and a phase plate providing a phase shift of
the background signal by n/2. A method for synthesizing the specific intensity pattern of the optical guide-beam based
on phase contrast imaging is not disclosed in this document.

[0017] A similar example of a phase contrast imaging system is disclosed in "Array illuminator based on phase
contrast", Applied Optics Vol. 27, No. 14, pp. 2915-2921 (1988). A method is disclosed of converting a wide beam of
uniform intensity into an array of bright spots without losses. The input spatial phase mask constitutes a periodic array
of phase dots with the phase value =, the remaining area of the phase mask having the phase value 0. The phase
modulation is converted into an amplitude modulation by Fourier transforming lenses and a phase plate providing a
phase shift of the background signal by ©. The method is limited to the implementation of periodic array configurations
with the binary phase values 0 and .

[0018] Itis well-known to use so-called "radiation focusators", i.e. computer generated holographic optical elements,
for spatial phase modulation of a light beam, e.g as disclosed in Special Issue on Computer Optics in the USSR, Optics
and Lasers in Engineering, Vol. 15, no. 5 1991. However, such elements are complicated to synthesize. Typically, they
are synthesized in such a way that the desired image is formed in the Fresnel region or the Frauenhofer region. Thus,
the intensity of a resolution element in the generated image is a function of several, typically all, phase values of the
resolution elements of the holographic optical element. Obviously, this complicates the design of a general purpose
holographic optical element and advanced, very time consuming algorithms have to be applied. Further, the complicated
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design of the holographic optical elements renders it almost impossible to implement dynamically changeable spatial
phase modulators with such elements.

[0019] It is a further disadvantage of holographic optical elements that a carrier frequency is needed to separate
diffracted light from non-diffracted light resulting in an off-axis system geometry and a need for a diffractive medium
that can support these high frequency terms.

SUMMARY OF THE INVENTION

[0020] It is an object of the present invention to provide an apparatus of the above kind which apparatus is robust,
compact, simple to design and relatively cheap to manufacture.

[0021] Itis another object of the present invention to provide an improved method and apparatus for phase contrast
imaging that take all terms of the Taylor's series:

)° )*

i¢(x’y)=1+i(1)(X,y)-¢(X’y)2 - q)(X,y + (D(X,y

21 3 o (6)

t(x.y)=e

into account and, thus, is not based on the assumption that the phase shift ¢ is less than 1 radian. It is important to
note that each term of the Taylor's series contribute to the DC-value of the function t(x,y). This fact is not recognized
in the art as the DC-value has until now been believed to be represented by numeral 1 in equation (2).

[0022] It is still another object of the present invention to provide an improved method and apparatus for phase
contrast imaging without the need of attenuating the DC-component of the signal to enhance the information contained
in the phase modulated signal.

[0023] It is yet another object of the present invention to provide an improved method based on a simple imaging
operation with a simple one-to-one mapping between resolution elements of a spatial phase modulator and resolution
elements of the generated intensity pattern.

[0024] The present invention relates to the act of synthesising an intensity pattern with low loss of electromagnetic
energy, comprising spatial modulation of electromagnetic radiation with a spatial phase mask for modulation of the
phase of the incident electromagnetic radiation by phasor values of individual resolution elements of the spatial phase
mask, each phasor value being determined in such a way that

1) the values of the Fourier transformed phasors attains predetermined values for predetermined spatial frequen-
cies, and

2) the phasor value of a specific resolution element of the spatial phase mask corresponds to a distinct intensity
level of the image of the resolution element in the intensity pattern,

and a spatial phase filter for phase shifting of a part of the electromagnetic radiation, in combination with an imaging
system for generation of the intensity pattern by interference in the image plane of the imaging system between the
part of the electromagnetic radiation that has been phase shifted by the phase filter and the remaining part of the
electromagnetic radiation.

[0025] Electromagnetic radiation incident on the spatial phase mask can be described by a function A(x,y), where
A(x,y) is a complex number (amplitude and phase) of the incident field on the point (x,y) of the spatial phase mask. At
the point (x,y), the spatial phase mask modulates the phase of the incident radiation with a value ¢(x,y) so that the
field after reflection by or transmission through the spatial phase mask may be described by the function A(x, y) *
efe(xy), eio(xy) being the phasor value of the point (x, y) of the spatial phase mask. As A(x,y) preferably is a constant
value over the entire surface of the spatial phase mask, the term is left out of the following equations for simplicity.
[0026] The expression of the electromagnetic radiation incident on the spatial phase filter may now be separated
into an AC-term and a DC-term. If the DC-term of the field is denoted, the AC-term of the field is given by the term
ele(xy), As the spatial phase filter changes the phase of the DC-part of the electromagnetic radiation by 8, the intensity
of the synthesized intensity pattern at the image plane of the imaging system is given by:

j0y) =1 4 ()P )
wherein (x', y') is the coordinates of the image of the point (x,y) of the spatial phase mask formed by the imaging system
in the image plane.
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[0027] It should be noted that the second term of the equation is a complex number that adds to the phasors ei¢(xy)
of the spatial phase mask and may be interpreted as a contrast control parameter for the synthesised intensity pattern
I(x"y").

[0028] According to a first aspect, the present invention provides a phase contrast imaging method of synthesising
an intensity pattern I(x',y') of an image, comprising the steps of

- pixellating the intensity pattern I(x',y') in accordance with the disposition of resolution elements (x, y) of a spatial
phase mask having a plurality of individual resolution elements (x,y), each resolution element (x,y) modulating the
phase of electromagnetic radiation incident upon it with a predetermined phasor value €9(Y),

- radiating electromagnetic radiation towards the spatial phase mask,

- Fourier or Fresnel transforming the modulated electromagnetic radiation,

- phase shifting in a region of spatial frequencies comprising DC in the Fourier or Fresnel plane, the modulated
electromagnetic radiation by a predetermined phase shift value 0 in relation to the remaining part of the electro-
magnetic radiation, and

- forming the intensity pattern by Fourier or Fresnel transforming, respectively, the phase shifted Fourier or Fresnel
transformed modulated electromagnetic radiation, whereby each resolution element (x,y) of the phase mask is
imaged on a corresponding resolution element (x',y") of the image,

- calculating the phasor values e®(x¥) of the phase mask and the phase shift value 6 in accordance with

Ixy') = 1'% + o (€))7

for selected phase shift values 6, o. being the average of the phasor values ei¢x¥) of the resolution elements of
the phase mask,

- selecting, for each resolution element, one of two phasor values which represent a particular grey level, and

- supplying the selected phasor values e®(x.Y) to the resolution elements (x, y) of the spatial phase mask.

[0029] According to a second aspect, the present invention provides a phase contrast imaging system for synthe-
sising an intensity pattern I(x',y') of an image, comprising

- asource of electromagnetic radiation for emission of electromagnetic radiation,

- a spatial phase mask for phase modulation of electromagnetic radiation and having a plurality of individual reso-
lution elements (x,y), each resolution element (x,y) modulating the phase of electromagnetic radiation incident
upon it with a predetermined phasor value el®(xY), each resolution element (x,y) being individually addressable
and adapted to receive a signal controlling the predetermined phasor value e®*Y), and each resolution element
(x,y) being positioned on a propagation axis of the electromagnetic radiation.

- means for Fourier or Fresnel transforming the phase modulated electromagnetic radiation positioned on a propa-
gation axis of the phase modulated radiation,

- a spatial phase filter for phase shifting in a region of spatial frequencies comprising DC in the Fourier or Fresnel
plane, the transformed electromagnetic radiation by a predetermined phase shift value 6 in relation to the remaining
part of the transformed electromagnetic radiation,

- means for forming the intensity pattern by Fourier or Fresnel transforming, respectively, the phase shifted Fourier
or Fresnel transformed modulated electromagnetic radiation, whereby each resolution element (x,y) of the phase
mask is imaged on a corresponding resolution element (x',y') of the image,

- interface means for addressing each of the resolution elements (x,y) of the phase mask and for transmitting signals
controlling the phasor value e9(xY) of each addressed resolution element,

- said phasor values e/¢(x¥) substantially fulfilling that

I0xy') =16 + a(e-1)?

for the predetermined phase shift value 0,0 being the average of the phasors ei®x¥) of the resolution elements of
the phase mask.

[0030] Although, the present method and imaging system is related to encoding of spatial phase masks in two spatial
dimensions (planar encoding), the principles of the method and the imaging system may be utilised for phase encoding
in one to three spatial dimensions and/or in the temporal dimension.

[0031] The electromagnetic radiation may be of any frequency range of the electromagnetic spectrum, i.e. the gamma
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frequency range, the ultraviolet range, the visible range, the infrared range, the far infrared range, the X-ray range, the
microwave range, the HF (high frequency) range, etc. The present method is also applicable to particle radiation, such
as electron radiation, neutron radiation, etc.

[0032] Preferably, the electromagnetic radiation is monochromatic or quasi-monochromatic so that the energy of the
electromagnetic radiation is concentrated in a narrow frequency bandwidth. As the intensity pattern is synthesized by
interference of two electromagnetic waves emitted from a common source of electromagnetic radiation but the phases
of which have been changed differently, it is required that the frequency range of the emitted electromagnetic radiation
is sufficiently narrow to ensure that the two waves of electromagnetic radiation are coherent so that their superposition
generates the desired intensity pattern. If the frequency range is too broad, the two waves will be incoherent and the
phase information will be lost as superposition of non-coherent waves results in a summation of the intensities of the
two waves. Itis required that the difference between individual delays of electromagnetic radiation to be superpositioned
is less than the wavelength of the radiation. This is a relaxed requirement that allows the electromagnetic radiation to
be relatively broad-banded. For example in the visible range a Xe-lamp or a Hg-lamp can be used as a light source in
a system according to the present invention with the advantage compared to a laser light source that the speckle noise
is reduced. The requirements of the spatial coherence of the electromagnetic radiation depend upon the space bandwith
product of the corresponding system and how close the required system performance is to the theoretically obtainable
performance of the system.

[0033] Preferably, the electromagnetic radiation is generated by a coherent source of electromagnetic radiation, such
as a laser, a maser, a phase-locked laser diode array, etc. However a high pressure arc lamp, such as a Hg lamp, a
Xe lamp, etc, may also be used and even an incandescent lamp may be used as a source of electromagnetic radiation
in a low performance system.

[0034] A spatial phase mask is a component that changes the phase of an electromagnetic wave incident upon it.
The spatial phase mask may transmit or reflect the incident electromagnetic wave. Typically, the spatial phase mask
is divided into a number of resolution elements each of which modulates the incident electromagnetic wave by changing
its phase by a specific predetermined value. The predetermined values are assigned to each resolution element in
different ways depending upon the technology applied in the component. For example in spatial light modulators, each
resolution element may be addressed either optically or electrically. The electrical addressing technique resembles
the addressing technique of solid-state memories in that each resolution element can be addressed through electronic
circuitry to receive a control signal corresponding to the phase change to be generated by the addressed resolution
element. The optical addressing technique addresses each resolution element by pointing a light beam on it, the in-
tensity of the light beam corresponding to the phase change to be generated by the resolution element illuminated by
the light beam.

[0035] Spatial phase masks may be realized utilizing fixed phase masks, devices comprising liquid crystals and being
based on liquid crystal display technology, dynamic mirror devices, digital micromirror arrays, deformable mirror de-
vices, membrane spatial light modulators, laser diode arrays (integrated light source and phase modulator), smart pixel
arrays, etc.

[0036] A spatial phase filter is typically a fixed phase mask, such as an optically flat glass plate coated with a dielectric
layer at specific positions of the glass plate. However, the spatial phase masks mentioned in the previous section may
also be used for spatial phase filters.

[0037] The imaging system maps the phase modulating resolution elements of the spatial phase mask on the target
surface of the synthesized intensity pattern. It may comprise a 4f-lens configuration (two Fourier transforming lenses
utilizing transmission of light or one Fourier transforming lens utilizing reflection of light) or a single imaging lens.
However, any optical imaging system providing a filtering plane for the spatial phase filter may be applied in a phase
contrast imaging system.

[0038] In the method according to the present invention, the synthesized intensity pattern is generated by superpo-
sition of two electromagnetic waves in the image plane of the imaging system. The spatial phase mask changes the
phase values of an electromagnetic wave incident upon it and the imaging system directs the electromagnetic wave
with changed phases reflected from or transmitted through the spatial phase mask towards the spatial phase filter. The
phase filter phase shifts a part of the electromagnetic radiation and the imaging system is adapted to superimpose in
the image plane the phase shifted part of the electromagnetic radiation with the part of the electromagnetic radiation
that is not phase shifted by the spatial phase filter.

[0039] According to a preferred embodiment of the invention, the spatial phase mask is positioned at the front focal
plane of a lens while the spatial phase filter is positioned in the back focal plane of the lens, whereby a first electro-
magnetic field at the phase mask is Fourier transformed by the lens into a second electromagnetic field at the phase
filter. Thus, specific spatial frequencies of the first electromagnetic field will be transmitted through the spatial phase
filter at specific positions of the phase filter. For instance, the energy of the electromagnetic radiation at zero frequency
(DC) is transmitted through the phase filter at the intersecting point of the Fourier plane and the optical axis of the lens
also denoted the zero-order diffraction region.
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[0040] Itis presently preferred that the spatial phase filter is adapted to phase shift the DC-part of the electromagnetic
radiation and to leave the remaining part of the electromagnetic radiation unchanged or, alternatively, to leave the DC-
part of the electromagnetic radiation unchanged and to phase shift the remaining part of the electromagnetic radiation.
The last alternative is preferred when the energy level of the DC-part of the electromagnetic radiation is so high that
the phase shifting part of the phase filter will be destroyed by it. For example in laser cutting, the DC level of the laser
beam can be so high that a phase shifting dot positioned at the intersecting point of the DC part of the laser beam at
the phase filter would evaporate. It is also possible to block the electromagnetic radiation (no transmittance) in the
zero-order diffraction region, however, the DC energy of the radiation is then lost.

[0041] Below, an expression of the intensity of the synthesized intensity pattern as a function of the phasor values
o(x,y) of the phase mask, when the DC-part of the electromagnetic radiation is phase shifted, is deduced.

[0042] According to a preferred embodiment of the invention, the average value of the phasors is adjusted in order
to control the range of intensity levels.

[0043] Instead of phase shifting the DC-part of the electromagnetic radiation, it is also possible to synthesise a
prescribed intensity pattern by phase shifting other parts of the electromagnetic radiation by adapting the spatial phase
filter to phase shift electromagnetic radiation incident upon one or more arbitrary regions of the phase filter and leaving
the phase of the remaining part of the electromagnetic radiation unchanged and then superimposing the two parts of
the electromagnetic radiation. The corresponding mathematics and the corresponding design procedures for the spatial
phase mask and spatial phase filter will of course be more complicated than for the method described in the previous
section.

[0044] A simple example of phase shifting a part of the electromagnetic radiation of a spatial frequency different from
the zero frequency is provided by moving the DC-part of the electromagnetic radiation to another spatial frequency in
the Fourier plane (identical to the plane of the spatial phase filter) utilizing an optical component with an appropriate
carrier frequency (i.e. a grating or a prism) or, preferably, encoding the function of a grating or a prism into the spatial
phase mask, and adapting the spatial phase filter to change the phase of the electromagnetic radiation at this spatial
frequency and to leave the phase of the remaining part of the electromagnetic radiation unchanged.

[0045] According to another preferred embodiment of the invention, the phase mask is not positioned in the back
focal plane of the lens but in the Fresnel region of the lens instead. In this case, the electromagnetic field at the phase
filter will be given by a Fresnel transformation of the electromagnetic field at the spatial phase mask. This further
complicates the mathematics and the design procedures, for example the term o in equation (7) has to be substituted
by the value of the Fresnel transformation at the point (s) of phase changes of the phase filter. However, the Fresnel
transformation may be calculated from a Fourier transformation by multiplication of the phasor values of the spatial
phase mask by a quadratic phase factor followed by a Fourier transformation.

[0046] Itis an important aspect of the present invention that each intensity level of the synthesized intensity pattern
for each resolution element may be generated by at least two different phasor values of a resolution element of the
spatial phase mask.

[0047] For example, when the spatial phase filter phase shifts the DC-part of the electromagnetic radiation, it will be
shown later that, advantageously, the average o of the phasors of the resolution elements of the phase mask should
be equal to % and the value of the phase shift 6 should be equal to &. In this case, the intensity of the synthesized
image pattern at the image (x'y’) of the resolution element (x,y) will be given by:

I(x",y") = 2(1 - cos(x",y")) ®)

[0048] Itis seen that complex conjugate phasors (values of ¢ of opposite sign) result in identical intensity levels I(x’,
y'). It can be shown that for any value of the modulus of the average of the phasors |o.|, two phasors exist that will
generate identical intensity levels of the synthesized intensity pattern.

[0049] Further, if the spatial phase filter phase shifts parts of the electromagnetic radiation different from the DC-
part, the phasor value that generates a specific intensity level will depend on the position of the resolution element in
question, i.e. the phasor value and the position of the resolution element with that phasor value together define the
intensity level at the image of the resolution element in the synthesized intensity pattern. Still, it is true that for each
resolution element of the spatial phase mask, each intensity level of the synthesized intensity pattern may be repre-
sented by one of two different phasors of complementary phase values.

[0050] This freedom of being able to select, for each intensity level to be generated and for each resolution element
of the spatial phase mask, one of two phasors is used to control the phase of the Fourier transform of the phasors at
specific spatial frequencies by selection of phasors with appropriate phase values to ensure two intervals of biunique
functional dependence between phasor values and corresponding intensity values.

[0051] This freedom of choice of phasors may be utilized to select phasors of neighbouring resolution elements of
the spatial phase mask with a maximum difference between them, thereby generating an electromagnetic radiation




10

15

20

25

30

35

40

45

50

55

EP 0 830 632 B9 (W1B1)

emitted from the phase mask with a maximum content of high spatial frequencies which will generate a good separation
of the DC part of the electromagnetic radiation from its AC part. However, any other strategy of selecting between two
possible phasor values of each resolution element may be chosen to generate a desired spatial frequency content of
the electromagnetic radiation.

[0052] Preferably, the phase of the Fourier transform of the phasors at specific spatial frequencies is adjusted in
order to control whether the relation between each phasor and the corresponding intensity level is a monotonic in-
creasing or a monotonic decreasing function.

[0053] Below, a set of different methods are described that are provided according to the present invention for ad-
justment of the modulus of the Fourier transform of the phasors at specific spatial frequencies to attain a prescribed
value. If convenient, the methods may be combined.

[0054] According to one of the methods, the individual phasors of the resolution elements of the phase mask are
adjusted by a constant value until the desired value of the modulus of the Fourier transform of the phasors at specific
spatial frequencies is attained while maintaining prescribed relative intensity levels between intensities of resolution
elements of the intensity pattern, i.e. iteratively.

[0055] Accordingto another method, the individual phasors of the resolution elements of the phase mask are adjusted
utilizing histogram techniques known from image processing. A histogram is a bar chart showing the number of reso-
lution elements of the synthesized intensity pattern with a specific intensity value as a function of the intensity value.
Any histogram technique, such as histogram equalization, adapting the histogram to a predetermined distribution, etc.,
may be used iteratively until the modulus of the Fourier transform of the phasors at specific spatial frequencies attain
the prescribed value.

[0056] According to yet another method, the phasor pattern of the phase mask is spatially scaled in order to adjust
the modulus of the Fourier transform of the phasors at specific spatial frequencies.

[0057] According to still another method, the modulus of the Fourier transform of the phasors at specific spatial
frequencies is adjusted utilizing half tone coding techniques, such as raster techniques, area ratio modulation, spot
diameter modulation, etc.

[0058] Itis seen from the description above that the intensity levels may differ from one synthesized intensity pattern
to the next as a consequence of the adjustments of the modulus of the Fourier transform of the phasors at specific
spatial frequencies. Thus, it is preferred to control the power of the radiation source in dependence of the intensity
range of the intensity pattern so that a sequence of different intensity patterns show uniform intensity levels.

[0059] According to a preferred embodiment of the invention, the shape of the phase filter is adapted to match the
spatial frequency content of the phasors of the spatial phase mask, e.g. to optimize the desired separation of the part
of the electromagnetic radiation to be phase filtered from the remaining part of the electromagnetic radiation.

[0060] It is within the scope of the present invention that the imaging system further comprises zooming means for
variable scaling of the synthesized intensity pattern. The zooming of the imaging system may be dynamically control-
lable, e.g. in response to the scaling of the pattern of phasor values of the phase mask.

[0061] According to the present invention, the power of the radiation source may be controllable in response to the
spatial scaling of the pattern in the phase mask and/or the zooming of the focusing system.

[0062] In order to provide a compact and integrated system according to the present invention, the optical function
of a Fourier-transforming lens is encoded into the phasors of the spatial phase mask. The Fourier transforming lens
may be refractively or diffractively encoded into the phase mask.

[0063] Similarly, the optical function of an output lens may be encoded into the phase filter either refractively or
diffractively.

[0064] Further, a compensation may be encoded into the phasor values of the spatial phase mask so that part of the
electromagnetic radiation modulated by the phase mask has a substantially flat intensity profile in the image plane.
Without this compensation, part of the electromagnetic radiation modulated by the phase mask will have a flat profile
with perturbations resulting from the phase filtering superpositioned upon it. This may cause "ringings" (oscillations)
at the edges of the synthesized intensity pattern.

[0065] According to another preferred embodiment of the invention, the source of electromagnetic radiation com-
prises one or more light sources of different wavelengths corresponding to three different colours, such as red, green
and blue, for generation of intensity patterns of arbitrary colours. Further, several independent systems each one illu-
minated by its own wavelength can be combined into a single multi-wavelength system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0066]

Fig. 1 shows a 4f optical system for phase contrast imaging,
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Fig. 2 shows a 2f optical system for phase contrast imaging,
Fig. 3  shows a if optical system for phase contrast imaging,
Fig. 4  shows (A) off-axis read-out of reflective SLM and (B) on-axis read-out of reflective SLM.
Fig. 5 shows schematically an example of a prescribed intensity pattern in 1D.
Fig. 6  shows schematically the resulting phase encoding corresponding to Fig. 5.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0067] Fig. 1 shows a 4f phase contrast imaging system (1). A laser (2) emits a light beam which is expanded by a
beam expander (3) into a plane light wave of uniform intensity and directs it towards a spatial phase mask (4). The
light beam is transmitted through the spatial phase mask (4) and a Fourier transforming lens (5). The spatial phase
mask is positioned in the front focal plane of the lens (5) and a spatial phase filter (6) is positioned in the back focal
plane of the lens (5) that is also the front focal plane of a lens (7). The Fourier transforming lenses (5, 7) need not have
identical focal lengths. Different focal lengths lead to a magnification ratio different from one. The phase filter (6) phase
shifts the zero order diffraction part (8) of the light phase modulated by the spatial phase mask (4). The synthesized
intensity pattern is generated in the back focal plane (9) of the lens (7) and a dynamic focusing system (10) images
the synthesized intensity pattern onto a focusing plane (11).

[0068] The optical system is controlled by a computer (12). The computer (12) comprises interface means for ad-
dressing each of the resolution elements of the phase filter (4) and transmitting a phasor value to the addressed res-
olution element. Further, the computer (12) comprises laser control means for controlling the power of the laser (2)
and imaging control means for controlling the focusing and the image ratio of the dynamic focusing system (10). The
computer (12) also comprises input means, such as a keyboard, a diskette drive, an optical disc drive, a network
interface, a modem, etc, for receiving an image pattern to be synthesized by the system (1). From the received image
pattern, the computer is adapted to calculate phasor values to be transmitted to the resolution elements of the phase
mask, e.g. based on a histogram technique as described herein. Optionally, the phase shift of the phase filter (6) is
adjustable and controllable by optional phase control means of the computer (12) which may be further adapted to
adjust the phase shift, e.g. utilizing equation (18).

[0069] Fig. 2 shows a 2f phase contrast imaging system (20). A laser (21) emits a light beam which is expanded by
a beam expander (22) into a plane light wave of uniform intensity and directs it towards a spatial phase mask (23) and
a polarization beam splitter (24) and a quarter-wave plate (25). The polarization beam splitter (24) and the quarter-
wave plate (25) allows beam-splitting of light of a specific linear polarization without the power loss associated with
conventional beam-splitters due to splitting of the beam in both directions of transmission through the beam-splitter.
After transmission through the polarization beam splitter (24) and the quarter-wave plate (25), the light beam is trans-
mitted through a Fourier transforming lens (26) and is reflected from a spatial phase filter (27). The spatial phase mask
(23) is positioned in the front focal plane of the lens (26) and the spatial phase filter (27) is positioned in the back focal
plane of the lens (26). The phase filter (27) phase shifts the zero order diffraction part (28) of the light that is phase
encoded by the spatial phase mask (23). The synthesized intensity pattern is generated in the back focal plane (29)
of the lens (26) and a dynamic focusing system (30) images the synthesized intensity pattern onto a focusing plane
(31). As described for the system shown in Fig. 1, the system (20) is controlled by a computer (32).

[0070] Fig. 3 shows a 1f phase contrast imaging system (40). A laser (41) emits a light beam which is expanded by
a beam expander (42) into a plane light wave of uniform intensity and directs it towards a spatial phase mask (43).
The light beam is transmitted through the spatial phase mask (43) and an image forming lens (44). A phase filter (45)
positioned in the back focal plane of the lens (44) phase shifts the zero order diffraction part of the light phase encoded
by the spatial phase mask (43). The synthesized intensity pattern is generated in the image plane (46) of the lens (44)
and a dynamic focusing system (47) images the synthesized intensity pattern onto a focusing plane (48). As described
for the system shown in Fig. 1, the system (40) is controlled by a computer (49).

[0071] Fig. 4 shows details of (A) an off-axis read-out of a reflective phase mask (50) (or a spatial light modulator)
and of (B) an on-axis read-out of a reflective phase mask (51) with a beam splitter (52). Both configurations (A, B) may
be utilized in the systems shown in Figs. 1-3.

PHASE ENCODING FOR DC PHASE FILTERING

[0072] In the following an example of encoding a spatial phase mask and a spatial phase filter will be given based
on a system filtering in the DC-frequency range. The system chosen in this example is based on a 4-f lens configuration
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as shown in Fig. 1 and illuminated by electromagnetic radiation in the visible frequency domain, hereafter simply de-
noted as light radiation.

[0073] Assuming that the illuminating light is monochromatic and has a substantially flat amplitude profile we obtain
the following spatial amplitude distribution emitted from the spatial phase mask:

alx, y) = rect(-f; ; —A‘Y;) exp(ig(x, v¥)) (9)

where a(x,y) = exp(id(x, y)) represent the spatially encoded phasor values and AxAy is the area of the input phase
modulating spatial light modulator.

[0074] It turns out to be convenient to separate a(x,y) into two terms describing a spatially invariant DC-value, a,
and a spatially varying AC-contribution Ac(x,y). The DC-value can be found as:

— 1
aQ = — explid(x xd (1C)
roTY A!z[, p(i¢(x, y))dxdy

[0075] Subsequently the AC-term is expressed by:

Aa(x, y) = explid(», y)) - H expliglx, y)dxdy (11)

Aad

AxAy

[0076] The separation of a(x,y) into a spatially invariant DC-term and a spatially varying AC-term is an important
point and will be used throughout the remaining part of this example, especially in the description of the spatial filtering
procedure.

[0077] The spatial filter utilized in this example is chosen as a circular phase contrast filter (different transverse
shapes can also be used) centered around origo in the the spatial frequency domain, denoted by coordinates (f,, f,) :

f,) = 1 + (exp{if) - ljcirc Zf?—} (12)

L4

where f, = /f)z( + f)z, denotes radial spatial frequency and Af, describes the size of the circular (circ) phase filter.
[0078] In the spatial frequency domain (the filtering plane) the Fourier transformation ( 3 ) of the spatially modulated
light radiation from the spatial phase mask is present. The filtering operation on the Fourier transformed light radiation
performed by the spatial phase contrast filter can be expressed as a simple point-by-point multiplication procedure.
Subsequently the spatially filtered light is inverse Fourier transformed (™) by the second Fourier lens (Fourier trans-
formation and reflected output coordinates) and the resulting spatial amplitude distribution in the image plane (with
coordinates (x',y")) can accordingly be written as:

10
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m

a(x', y') + a(exp(i6) - l)rect(-—— —f—-) (13)

N ’ [ Y ' X y,
= |lexplid(x’, v")) + alexp(i@) - l)irect| — , <—
[exsligt, v) + Gexp(ie) - Dfrect{ £, L)
[0079] Within the illumination-region, (x', y') € R', outlined by
xl yl
rect} —, —
(Ax Ay)

one obtains:

lotx's v =1 + 4d sir{g)[lal sin(-g) - sin(¢; - Hx', y') + g)] (14)

[0080] Requiring that |o(x',,¥',)|2 = 0 corresponding to complete darkness as the lowest intensity level in regions

(X'0¥'o) ERL implies:

1+ lel sin(g){ﬂ sin(g) - sin(¢; - @, + -z-)] =0 (15)

where the abbreviation ¢, = ¢(x',,y',) has been used.
[0081] The solutions to Eq. (15) are given by:

PR N ety
z=a)

[0082] The requiremento < |(_x|< 1 implies that:

11
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sin’(¢; - ¢, + g) =1 =

(17)
6 =n-2¢. - ¢,) + p27, p = 0,41,%2,...
leading to
+3 1
lb?[ = 2 = > <lal <1 (18)
2sin —)
2
where the +sign is for 6-values in the interval:
T Sz
6 e J—— ; -—-—-[ + Deyenl? (19)
3 3 {
and the -sign is for 6-values:
7 S5«
6 € |—;—| + 27 20
. 2o

[0083] The corresponding interval for (¢,, - 0,) is:

w w
(¢ - ¢.) € ]5 '—3[ (21)

[0084] Inserting the expression for |&|, one obtains the simple intensity expression:

‘o(x'. Y')r = 2[1 ¥ sir{qﬁs - Hx', y) + —g)] (22)
where
H exp{i@(x, y)dxdy = AxAy'E] exp(i¢a) (23)
vy

[0085] The phase-only transformations imply that energy is conserved:

12
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H lo(x', y’)lzdx'dy’ H |a(x, y)& dxdy = AxAy (24)

A special case:

[0086] The most convenient choice for a. is: o = — (|mply|ng that 6 = &t + pg,en27), SO that the output intensity can be
described as:

lo(x',y")|? = 2[1 - cos(o(x', y'))] (25)

[0087] In this case the phase—intensity mapping is described by the intervals [0; ] — [0;4].
[0088] By setting o = ;— one obtains the following requirement to the phase function ¢(x, y) :

] ot ey = 222

2 (26)
H sin(#x, y)dxdy = 0
[0089] Inserting the expression for |o(x',y")|2 in Eqg. (24) yields:
2 H [l ~ cos(¢(x', y’))kix'dy' = AxAy (27)

axAy

in accordance with the first of the integral expressions in Eq. (26).

Encoding procedure:

[0090]

«  Agiven intensity distribution (image) |o(x",y)|? is desired at the output side of the optical setup.

* Pixellation of the image, that is generally represented in the greyscale range: [0; gmax], provides the relation:
2 Y gmax .
” [o(x’, y)\dx'dy’ = AxAy = ZIO(J., W = ——Z—-# PiXay -
i3

« The histogram for the desired image |o(/, j)|2 is adjusted (adj) within the greyscale range [0; gmax], so that the
previous point is fulfilled:

;a2 .2
[o(i, DI” = [o(i, DI agj-

¢ The phase values can now be calculated as:

13
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2

— o4, )
i, j) = arccosl - -—2-’——'——“‘1 .
gmax

* As before pixellation provides the relation:

> sin(#d, 7)) = 0.

e The previous point can now be fulfilled by complex conjugating half the input pixels having the same phase value
in the phase histogram.

e The phase conjugate phase flipping provides a valuable tool (an extra degree of freedom) for manipulating the
spatial frequency content in order to optimize the separation of low and high frequency terms at the filter plane.

e Theschemeis rObL_JSt to constant phase errors across the input spatial phase modulator, since Eq. (22) is a function
of the difference: ¢, - ¢(i, j), only. Furthermore, small variations in the individual pixel phase values do not introduce
any detrimental effects because the average value o, is a result of a very large phasor sum.

* If the desired intensity distribution is too small to include all energy, that is, the histogram is scaled to maximum
and the left hand side of Eq. (24) is still smaller than the right hand side, then the input phase object can be scaled
until Eq. (24) is fulfilled. In order to obtain a scale invariant output intensity level a dynamic focusing system is
needed. Similarly, intensity invariance can be obtained by controlling the radiated power from the light source.
Alternatively, one can ignore the residual background illumination and obtain intensity levels with a gain factor of
9- (background constant equal to 1-) for narrow generally shaped line structures (e.g. Eq. (14)).

Example 1:
[0091] A very simple example illustrating the individual steps in the above procedure will be given below. To simplify

the example it will be considered in one dimension only. The starting point for encoding the spatial phase mask in this
example is based on the following parameters:

@ = 05

o=x (28)
# pix,, = 14

gmax = 4

[0092] Consider the pixellated 3-step function shown in Fig. 5 to be synthesized in the image plane as an intensity
distribution. From the above choices of parameters one obtains the simple relation between phase values in the spatial
phase mask and the image intensity values:

lo(i)|? = 2[1 - cos(9(i))] (29)

[0093] To proceed from here it necessary to calculate the accumulated intensity

14
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) ()

in the image to be synthesized. The accumulated intensity is easily calculated from an image histogram where the x-
axis represents greylevel value and the y-axis represents the amount of pixels in the image at a given greylevel value.
By use of a histogram

 ftaf

is simply found as the weighted sum of all greylevel values (x-axis) multiplied by their pixel counting (y-axis). This
describes, so to speak, the "weight" of the image. In this simple example histogram calculations are not needed since
we only have 3 greylevels with well-defined separations.

[0094] The value for the accumulated intensity has to obey the equality:

YN max
> () = gq # P1X,,, =H P1Xx,, = 14 (30)
J

[0095] From Fig. 5 we obtain:
Z |o(i)[2 = 4pixels - 0 + 4dpixels - (0.5max) + 6pixels - max = 8max
(31)

[0096] So that the value for max can be estimated to be:

(32)

3

)

3

n
HIN

[0097] The corresponding adjusted intensity levels, |o(/)|23dj, are therefore: 7/4, 7/8 and 0. These values can now be
utilized to calculate the phase values of the spatial phase mask from the relation:

2o(3)[} o 1)
—L—Lﬂ = arccos|l - l———‘dl (33)
gmax 2

#1) = arccos|l -

where from we obtain the three phase values: 1.45 rad. 0.97 rad. and O rad.
The last step needed in order to encode the spatial phase mask is that the following equality is fulfilled:

15
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D sin{#(1)) = 0 (34)

[0098] Since we have the choice to use complex conjugate phasor values (two phasors giving the same intensity
level) many approaches can be taken from here. A simple approach is to flip every second phasor with its complex
conjugate value as shown in Fig. 6. The final phase values used in the phase mask are accordingly: + 1.45rad. + 0.97
rad. and O rad.

[0099] As the last step we can check whether the criteria: o. = 1/ 2, is actually fulfilled with the chosen phasor
encoding:

o= 11—4 (4 exp(i0) + 2 exp(i0.97) + 3 exp(i1.45) + 2 exp(-i0.97) + 3 exp(-i1.45)) = 1/2 (35)
GENERAL PHASE CORRECTION PROCEDURE INTEGRATED WITH THE PHASE ENCODING

[0100] In Eq. (14) we obtained an analytic relation between the phase values in the spatial phase mask and the
resulting intensity distribution, within the region (x', y') €R’ :

|o(x', y')l2 =1+ 4{2‘ s:.n(-zi)l:l-a_l sin(-g) - sin(¢3 - #x'", y') + -g-)] (36)

[0101] The analysis leading to the above relation was based on the assumption that |&| is a constant value within
the ®’-domain. In other words, the following approximation was applied:

. f — xl yf
3! X, Y)circl ——|| = arect| — , =— 37
Ha(x, y)) (Af[) ec (Ax Ay) (37)

[0102] However, for certain spatial filter parameters the lefthand side of this expression will not be a space invariant
constant value throughout the whole 9} -domain but will instead manifest slowly variations/oscillations. This will intro-
duce small errors in the final superposition between the phase filtered DC-value and the direct propagated AC-signal.
In order to circumvent this problem a technique is needed that can counteract the distortions by use of phase-only
encoding in the components already present in the system. In what follows a procedure for integrating predistortion
that counteracts the above mentioned distortions will be described that is purely based on modifying the phasor values
in the spatial phase mask at the input side of the system. The method can also counteract other types of distortions
inherent in a practical implementation of the system. Furthermore, the method can be applied in systems filtering at
other spatial frequencies than DC.

Procedure:
[0103] When encoding the input phase function it is helpful to have a reverse equation, expressing the input phase

distribution as a function of an adjusted (electronic) image grey-level distribution, /;,,, addressing the input spatial light
modulator:
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4Isln
gmax

n

1+ 4[a(x, y )l s:.n( ){:r(x 'y )i Slﬂ( ) - sin(‘ts(x" Y') - #xsy) + g)]

(38)

where it has been taken into account that a.(x', ') is not considered as a constant but manifests a smooth oscillating
behaviour within the optical image domain. The maximum value of I, is denoted gmax.

[0104] Now, one can derive a formula for the grey-level correction, Alg;,(x"y’), that one needs to apply in order to
encode a phase function that compensates for the spatial variation of the average phase value a.(x', y'):

._”;%!.l =1+ «{'(x y)!s;.n(_e.ﬁa(x‘, y’)] s:.n(g) - SLn(¢;(x‘, y') - x', y') + _:_)]
Ko ) = aco{l AL, (X', ¥') + AL, (%, y’)))
gmax

(39)

where the second relation has been derived from the first by settingo, = 1/2 and 6 = .
[0105] By inserting the second relation in the first expression one gets:

’ 1 = —-_~1-——-" ’ ’ X — - 2
Ln(x" ¥°) 4&'()(', Y')I L a(x ¥') - 4 (X l (‘a( Y )l )
(40)

[0106] Thisformulais however not directly useful because itis related to the histogram adjusted grey-level distribution
denoted by /g,

[0107] One needs a formula that relates the above correction term to the original input grey-level distribution /(x,y)
that has not been modified by histogram adjustments. This is important since the effect of the grey-level corrections
also have to be incorporated in the procedure of histogram adjustments.

[0108] The histogram scaling gives:

ax

/
I(X! y)=l il Is/m(xl y) (41)

sIlm,max

where /o and Ig, max are the maximum grey-level values occurring in the original and the adjusted electronic grey-
level distributions respectively.
[0109] Similarly, one can apply this relation to the intensity correction term Alg;,, and obtain:

Hx, y) = I(x y) + AI(%, y) = =25 (I, (x, y) + AL, (%, y))

slm,max

(42)

resulting in:
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N 1 - 1Y
I(x, y) = m I(x, y) - gmax-frﬁ“—- (la(x, y) - 2‘) (43)

sim, max

[0110] In order to have enough dynamic range in grey-levels for the correction term one can derive an inequality
from the above relation by using the fact thatf,., < gmax:

amn

1 2
—'2-) < gmax (44)

slm, max

___l___ Imax - gmax __Iﬂai_(
4amn

or

I Z{Emn

nax

T gmax
] . gmax. Oam

sim,max

(45)

[0111] Since the first term is the dominating term in the expression for the intensity correction it will in practice be
sufficient just to have the much simpler corrections:

I(x, y) = —-—-———-{.(x' Y)
Zla(x, y)] (46)
Imax S 4Qmn| - gmax

PROPOSED APPLICATIONS:
[0112]

e Lasermachining, marking, branding, timming, hardening, scribing, labeling, welding and cutting on two- and three-
dimensional surfaces especially by use of CO, and Nd:YAG laser based systems. The main advantage is that
energy is not absorbed in the system (thereby preventing damage of the optical hardware) and this nonabsorbed
energy is instead utilized to increase the intensity level of the desired light distribution in the image plane. High
power can be delivered to selected regions on a work piece simultanously.

* Efficient and dynamic spot-array generators based on phase contrast imaging. In order to provide bias or holding
beams for arrays of optoelectronic elements, such as bistable elements, photonic switches and smart pixels.

¢ Generation of structured light (lossless) for machine vision applications. E.g. periodic and skew periodic mesh grid
illumination that can be updated in parallel.

* Photolithographic applications (laser 3D direct writing in parallel without the need for sequential scanning). E.g.
high power laser direct writing of waveguides in Ge-doped silica.
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e Spatial light intensity modulation in general by use of pure phase modulation (radiation focusators).
e Laser beam shaping (dynamic).
e Highly efficient parallel image projection without the need for a laser scanning device.
¢ Dynamic Infrared Scene Projection (DIRSP).
e Exposure device for grating and mask production.
* LIDAR applications.
e Laserprinting in parallel.
e Lasershow applications.

*  Atmosphere research.

Claims

1. A phase contrast imaging method of synthesizing an intensity pattern I(x',y') of an image, comprising the steps of
pixellating the intensity pattern I(x',y') in accordance with the disposition of resolution elements (x, y) of a
spatial phase mask (4, 23, 43) having

a plurality of individual resolution elements (x,y), each resolution element (x,y) modulating the phase of

electromagnetic radiation incident upon it with a predetermined phasor value €i9(x.y),
radiating electromagnetic radiation towards the spatial phase mask (4, 23, 43),
Fourier or Fresnel transforming the modulated electromagnetic radiation,
phase shifting in a region of spatial frequencies comprising DC in the Fourier or Fresnel plane, the modulated
electromagnetic radiation by a predetermined phase shift value 6 in relation to the remaining part of the elec-
tromagnetic radiation, and
forming the intensity pattern by Fourier or Fresnel transforming, respectively, the phase shifted Fourier or
Fresnel transformed modulated electromagnetic radiation, whereby each resolution element (x,y) of the phase

mask (4, 23, 43) is imaged on a corresponding resolution element (x',y') of the image,

calculating the phasor values e®(x) of the phase mask (4, 23, 43) and the phase shift value 6 in accordance
with

I0xy") = 1'% + ae®-1) |

for selected phase shift values 6, o. being the average of the phasors ei®(x¥) of the resolution elements of the
phase mask (4, 23, 43),

selecting, for each resolution element, one of two phasor values which represent a particular grey level, and

supplying the selected phasor values ei9(x¥) to the resolution elements (x, y) of the spatial phase mask (4, 23,
43).

2. A method according to claim 1, wherein the step of calculating the phasor values comprises

setting the synthesized intensity of at least one resolution element (xy', yg') of the intensity pattern to zero, and
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calculating the phasor values el®(xY) of the phase mask (4, 23, 43) in accordance with

|o] = ,
. 0
2|S|n§|

and
I(,y") = 2[1_+sin(9o-0(x"y )+2)]

for selected phase shift values 6, ¢(; being the phase of a.

A method according to claim 2, further comprising the step of selecting the phase shift 6 = &, selecting |&|1=1/z,
and calculating the phasor values ei*(xY) of the phase mask (4, 23, 43) in accordance with

I(x",y’) = 2[1-cos(¢(x",y’))],

and

[ Jsin(46s y)aay=o.

Ax Ay

A method according to any of the preceding claims, further comprising the steps of
moving the DC-part of the electromagnetic radiation to a second part of the Fourier or Fresnel plane, and

phase shifting the Fourier or Fresnel transformed modulated electromagnetic radiation at the second part of
the Fourier or Fresnel plane by 6 in relation to the remaining part of the electromagnetic radiation.

A method according to claim 4, wherein the step of moving the DC-part of the electromagnetic radiation comprises
utilization of an optical component, such as a grating, a prism, etc, with an appropriate carrier frequency.

A method according to claim 4, wherein the step of moving the DC-part of the electromagnetic radiation comprises
encoding the function of an optical component, such as a grating, a prism, etc, with an appropriate carrier frequency,
into the spatial phase mask (4, 23, 43).

A method according to any of the preceding claims, further comprising the step of adjusting the modulus of the
Fourier transform of the phasors ei¢(xY) at specific spatial frequencies in order to control the range of intensity

levels of the synthesized intensity pattern.

A method according to claim 7, wherein the step of adjusting the modulus of the Fourier transform of the phasors
elo(xy) at specific spatial frequencies comprises at least one of the following measures:

a) adjusting the individual phasors ei®(x.Y) of the resolution elements of the phase mask (4, 23, 43). maintaining
prescribed relative intensity levels between intensities of resolution elements of the intensity pattern,

b) adjusting the individual phasors ei®(x.¥) of the resolution elements of the phase mask (4, 23, 43) by histogram
techniques,

c) spatially scaling the phasor ei¢(xy) pattern of the phase mask (4, 23, 43), and

d) utilizing half tone coding techniques.
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A method according to any of the preceding claims, further comprising the step of controlling power of the elec-
tromagnetic radiation in response to the intensity range of the intensity pattern.

A method according to any of the preceding claims, wherein each phasor ei®(x.¥) of the phase mask (4, 23, 43) is
selected from a set of two determined phasors with complementary phasor values ei®1(xy) and ei92(x¥) in such a
way that a specific spatial frequency distribution of the intensity of the electromagnetic radiation in the Fourier or
Fresnel plane is attained.

A method according to claim 10, wherein the phase ¢(x,y) of phasors ei®(x.¥) of adjacent resolution elements al-
ternates between the two possible complementary phasor values e€¢1(xY) and ei®2(xy),

A method according to claim 10 or 11, wherein the phasors ei®1(xY) and e'?2(x¥) are complex conjugated.
A method according to any of the preceding claims, further comprising the step of phase shifting at selected spatial
frequencies constituting a region that is shaped to match the spatial frequency content of the phasors ei¢(x¥) of

the spatial phase mask (4, 23, 43).

A method according to any of the preceding claims, wherein modulus of the average value |a| of the phasors
ele(xY) ranges from 0.1 to 0.9.

A method according to claim 14, wherein modulus of the average value |&| of the phasors ei®(x.¥) ranges from 0.25
to 0.75.

A method according to claim 14 or 15, wherein modules of the average value |(_x| of the phasors el¢(xY) ranges
from 0.4 to 0.6.

A method according to any of claims 14-16, wherein modulus of the average value |o.| of the phasors e9(xY) is
approximately 0.5.

A method according to any of the preceding claims wherein the phase shift 6 ranges from n/4 to 7n/4.
A method according to any of the preceding claims, wherein the phase shift 8 ranges from n/2 to 3r/2.
A method according to any of the preceding claims, wherein the phase shift 6 ranges from 3n/4 to 5n/4.
A method according to any of the preceding claims, wherein the phase shift 8 is approximately .

A method according to any of the preceding claims, further comprising the step of zooming the image for scaling
of the intensity pattern.

A method according to claim 22, wherein zooming of the image is dynamically controllable.

A method according to claim 22 or 23, wherein zooming of the image is controllable in dependence of the scaling
of the phase mask (4, 23, 43).

A method according to any of claims 22-24, further comprising the step of controlling power of the electromagnetic
radiation in response to the spatial scaling of the pattern in the phase mask (4, 23, 43) and/or the zooming of the

image.

A method according to any of the preceding claims, wherein the step of phase shifting comprises utilisation of a
spatial light modulator.

A method according to any of the preceding claims, further comprising the step of encoding the optical function of
a Fourier-transforming lens into the phasors e¢(xy) of the phase mask (4, 23, 43).

A method according to any of the preceding claims, further comprising the step of encoding the optical function of
an output lens into the phase filter (6, 27, 45).
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29. A method according to any of the preceding claims, wherein the step of radiating electromagnetic radiation com-
prises radiation of electromagnetic radiation of different wavelengths corresponding to three different colours, such
as red, green and blue, for generation of intensity patterns of arbitrary colours.
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30. A phase contrast imaging system (1) for synthesising an intensity pattern I(x',y') of an image, comprising

a source (2, 21, 41) of electromagnetic radiation for emission of electromagnetic radiation,

a spatial phase mask (4, 23, 43) for phase modulation of electromagnetic radiation and having

a plurality of individual resolution elements (x,y), each resolution element (x,y) modulating the phase of
electromagnetic radiation incident upon it with a predetermined phasor value ei®(x¥), each resolution element
(x,y) being individually addressable and adapted to receive a signal controlling the predetermined phasor value
elo(xY), and each resolution element (x,y) being positioned on a propagation axis of the electromagnetic radi-
ation,

means (5, 26, 44) for Fourier or Fresnel transforming the phase modulated electromagnetic radiation posi-
tioned on a propagation axis of the phase modulated radiation,

a spatial phase filter (6, 27, 45) for phase shifting in a region of spatial frequencies comprising DC in the Fourier
or Fresnel plane, the transformed electromagnetic radiation by a predetermined phase shift value 6 in relation
to the remaining part of the transformed electromagnetic radiation,

means (7, 10, 26, 30, 44, 47) for forming the intensity pattern by Fourier or Fresnel transforming, respectively,
the phase shifted Fourier or Fresnel transformed modulated electromagnetic radiation, whereby each resolu-
tion element (x,y) of the phase mask (4, 23, 43) is imaged on a corresponding resolution element (x',y') of the
image,

interface means for addressing each of the resolution elements (x,y) of the phase mask (4,23,43) and for
transmitting signals controlling the phasor value ei®(xy) of each addressed resolution element, said phasor
values el¢(xY) substantially fulfilling that

I0xy") = 1'% + a(e'®-1)f?

for the predetermined phase shift values 6, a. being the average of the phasors ei®(*¥) of the resolution elements
of the phase mask (4, 23, 43),

31. A system (1) according to claim 30, further comprising

means for pixellation of the intensity pattern I(x',y') in accordance with the elements (X, y) of the spatial phase
mask (4, 23, 43),

means for calculating the phasor values ei®(x.¥) of the phase mask (4, 23, 43) and the phase shift value 6 in
accordance with equation

I0xy') =16 + (-1,

means for selecting, for each resolution element, one of two phasor values which represent a particular grey
level, and

wherein the interface means comprises means for supplying the calculated phasor values e®(*y) to the ele-
ments (x, y) of the phase mask (4, 23, 43).

32. A system (1) according to claim 30, wherein the intensity is zero for at least one resolution element (xy', yg') of the
intensity pattern, and wherein the phasor values ei®(xY) of the phase mask (4, 23, 43) substantially fulfil that
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34.

35.

36.
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.0
2|S|n§|

and
I(x",y") = 2[1_+sin(6, - 6(x', ¥ +g)]

for selected phase shift values 9, ¢(; being the phase of a..

A system (1) according to claim 31, wherein the means for calculating the phasor values is adapted to calculate
the phasor values e®(xy) of the phase mask (4, 23, 43) in accordance with

2lsing)|
and
I(X',y')=2[1_+sin(¢(;_¢(X',y')+g)]

for selected phase shift values 6, ¢, being the phase of a.

A system (1) according to claim 32, wherein the phase shift 0 is substantially equal to & and is substantially equal
to %, and the phases ¢(x,y) substantially fulfil that

I(x",y")=2[1-cos(o(x".y")]

and

| [sin(96c y)dxdy=0.
Ax Ay

A system (1) according to claim 33, wherein the means for calculating the phasor values is adapted to calculate
the phasor values ei?(xY) of the phase mask (4, 23, 43) in accordance with

I(x", y') = 2[1-cos(¢(x", y°)]

and

§ Jsin(p( yyady =o.

Ax Ay

A system (1) according to any of claims 30-35, further comprising

means for moving the region of spatial frequencies comprising DC to a second part of the Fourier or Fresnel
plane, and wherein

the phase filter (6, 27, 45) is positioned at the second part of the Fourier or Fresnel plane for phase shifting
of the transformed modulated electromagnetic radiation at the second part of the Fourier or Fresnel plane by
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6 in relation to the remaining part of the electromagnetic radiation.

A system (1) according to claim 36, wherein the means for moving the region of spatial frequencies comprising
DC to a second part of the Fourier or Fresnel plane comprises an optical component, such as a grating, a prism,
etc, with an appropriate carrier frequency.

A system (1) according to claim 36, wherein the means for moving the region of spatial frequencies comprising
DC to a second part of the Fourier or Fresnel plane comprises the phase mask (4, 23, 43) in which the function of
an optical component, such as a grating, a prism, etc, with an appropriate carrier frequency, has been encoded.
A system (1) according to any of claims 30-38, wherein the modulus of the Fourier transform of the phasors ei®(x.y)
at specific spatial frequencies have been adjusted to keep the intensity levels of the synthesised intensity pattern

within a desired range.

A system (1) according to claim 39, wherein the modulus of the Fourier transform of the phasors ei®(x.¥) at specific
spatial frequencies have been adjusted according to at least one of the following measures:

a) adjusting the individual phasors ei®(xY) of the resolution elements of the phase mask (4, 23, 43) maintaining
prescribed relative intensity levels between intensities of resolution elements of the intensity pattern,

b) adjusting the individual phasors ei®(x.¥) of the resolution elements of the phase mask (4, 23, 43) by histogram
techniques,

c) spatially scaling the phasor ei¢(xy) pattern of the phase mask (4, 23, 43), and
d) utilizing half tone coding techniques.

A system (1) according to any of claims 30-40, further comprising means for controlling power of the electromag-
netic radiation in response to the intensity range of the intensity pattern.

A system (1) according to any of claims 30-41, wherein each phasor ei®xY) of the phase mask (4, 23, 43) is
substantially equal to a selected phasor that has been selected from a set of two phasors with complementary
phase values ei®1(xy) and ei®2(xY) in such a way that a specific spatial frequency distribution of the intensity of the
electromagnetic radiation in the Fourier or Fresnel plane is attained.

A system (1) according to claim 42, wherein the phase 9x¥) of phasors ei®(xY) of adjacent resolution elements
alternates between the two possible complementary phasor values €¢1(xy) and el®2(x.y),

A system (1) according to any of claims 30-43, wherein the phase filter (6, 27, 45) is shaped to match the spatial
frequency content of the phasors el9(xy) of the spatial phase mask (4, 23, 43).

A system (1) according to any of claims 30-44, wherein modulus of the average value |c_x| of the phasors ei®(xy)
ranges from 0.1 to 0.9.

A system (1) according to claim 45, wherein modulus of the average value |&| of the phasors e¢(xY) ranges from
0.25t0 0.75.

A system (1) according to claim 45 or 46, wherein modulus of the average value |o.| of the phasors e¢(¥) ranges
from 0.4 to 0.6.

A system (1) according to any of claims 45-47, wherein modulus of the average value |&| of the phasors ei*(x.Y) is
approximately 0.5.

A system (1) according to any of claims 45-48, wherein the phase shift 6 ranges from n/4 to 7n/4.
A system (1) according to any of claims 45-49, wherein the phase shift 6 ranges from n/2 to 3n/2.

A system (1) according to any of claims 45-50, wherein the phase shift 6 ranges from 3n/4 to 5n/4.
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A system (1) according to any of claims 30-51, wherein the phase shift 6 is approximately .

A system (1) according to any of claims 30-52, further comprising zooming means (10, 30, 47) for scaling of the
intensity pattern.

A system (1) according to any of claims 30-53, wherein the phase filter (6, 27, 45) comprises a spatial light mod-
ulator.

A system (1) according to any of claims 30-54, wherein the phase mask (4, 23, 43) is adapted to perform the optical
function of a Fourier-transforming lens by appropriate encoding of the phasors ei¢(xY) of the phase mask (4, 23, 43).

A system (1) according to any of claims 30-55, wherein the spatial phase filter (6, 27, 45) is adapted to perform
the optical function of an output lens by appropriate encoding of the phase filter (6, 27, 45

~

A system (1) according to any of claims 30-56, wherein the source (2, 21, 41) of electromagnetic radiation is
adapted to radiate electromagnetic radiation of different wavelengths corresponding to three different colours, such
as red, green and blue, for generation of intensity patterns of arbitrary colours.

A system (1) according to any of claims 30-57, further comprising a first and a second Fourier transforming lens
(5, 7), the spatial phase mask (4, 23, 43) being positioned in the front focal plane of the first lens (5), the spatial
phase filter (6, 27, 45) being positioned at the back focal plane of the first lens (5), and the second lens (7) being
positioned so that its front focal plane is positioned at the position of the back focal plane of the first lens (5).

A system (1) according to any of claims 30-58, further comprising one Fourier transforming lens (44), the spatial
phase filter (45) being positioned at the back focal plane of the lens (44).

A system (1) according to any of claims 30-59, further comprising one imaging lens, the spatial phase filter (6, 27,
45) being positioned in the back focal plane of the lens.

A system (1) according to any of claims 30-60, further comprising a polarising beam splitter (24) and a quarter
wave plate (25) and/or a phase filter (27) reflecting electromagnetic radiation incident upon it.

A system (1) according to any of claims 30-61, wherein the spatial phase filter (6, 27, 45) changes the phase of
the radiation in the region of spatial frequencies comprising DC and leaves the phase of the remaining part of the
radiation unchanged.

A system (1) according to any of claims 30-61, wherein the spatial phase filter (6, 27, 45) do not change the phase
of the radiation in the region of spatial frequencies comprising DC and changes the phase of the remaining part
of the radiation.

A system (1) according to any of claims 30-61, wherein the spatial phase filter (6, 27, 45) blocks the radiation at
the region of spatial frequencies comprising DC and leaves the remaining part of the radiation unchanged.

A system (1) according to any of claims 30-64, wherein the source (2, 21, 41) of electromagnetic radiation is a
Laser (2, 21, 41).

A system (1) according to any of claims 30-65, subject to the proviso that if 8 = &, the phase mask (4, 23, 43) is
not divided into a matrix of rows and columns of resolution elements of the same size and shape, every fourth
resolution element having the phasor value e and being distributed periodically and regularly across the area of
the phase mask in such a way that every second row and every second column do not contain a resolution element
with the phasor value ei™, the remaining resolution elements having the phasor value €.

A system (1) according to any of claims 30-65, subject to the proviso that if 6 = n/2, the phase mask (4, 23, 43) is

not divided into a matrix of rows or columns of the same size and shape, every second row or column having the
phasor value e™2 and being interlaced with the remaining rows or columns having the phasor value €.
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Patentanspriiche

1. Verfahren zur Phasenkontrastbildgebung, bei dem von einem Bild ein Intensitatsmuster | (x', y') erzeugt wird, wobei
das Verfahren zur Phasenkontrastbildgebung folgende Schritte aufweist:
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Unterteilen des Intensitdtsmusters | (X', y') in Pixel in Abh&ngigkeit von der Anordnung von Aufldsungsele-
menten (X, y) einer rAumlichen Phasenmaske (4, 23, 43), die

eine Vielzahl von einzelnen Aufldésungselementen (x, y) aufweist, wobei jedes Aufldsungselement (x, y)
die Phase einer auf es fallenden elektromagnetischen Strahlung mit einem vorbestimmten Zeigerwert ei¢(x.y)
moduliert,

Ausstrahlen von elektromagnetischer Strahlung zu der rdumlichen Phasenmaske (4, 23, 43),
Fouriertransformation oder Fresneltransformation der modulierten elektromagnetischen Strahlung,
Phasenverschiebung der modulierten elektromagnetischen Strahlung um einen vorbestimmten Phasenver-
schiebungswert 6 im Verhaltnis zu dem verbleibenden Teil der elektromagnetischen Strahlung in einem Be-
reich der rdumlichen Frequenzen, der einen DC-Anteil aufweist, in der Fourierebene oder Fresnelebene, und
Bilden des Intensitatsmusters durch Fouriertransformation bzw. Fresneltransformation der phasenverschobe-
nen und fourier- oder fresneltransformierten modulierten elektromagnetischen Strahlung, wobei jedes Auflo-
sungselement (x, y) der Phasenmaske (4, 23, 43) auf ein entsprechendes Aufldsungselement (x', y') des Bildes
abgebildet wird,

Berechnung der Zeigerwerte ei¢(x¥) der Phasenmaske (4, 23, 43) und des Phasenverschiebungswertes 0
gemaf

0.y )=1e™ 7 + e )P

fir ausgewahlte Phasenverschiebungswerte 6, wobei a das Mittel der Zeiger eio(xy) der Aufldsungselemente
der Phasenmaske (4, 23, 43) ist,

Auswahlen von einem oder zwei Zeigerwerten, die eine bestimmte Graustufe darstellen, fiir jedes Auflésungs-
element, und

Speisen der Auflésungselemente (x, y) der raumlichen Phasenmaske (4, 23, 43) mit den ausgewahlten Zei-
gerwerten ele(x.y),

2. Verfahren nach Anspruch 1, wobei der Schritt der Berechnung der Zeigerwerte aufweist

Setzen der erzeugten Intensitat von wenigstens einem Auflésungselement (xy', yo') des Intensitdtsmusters zu
Null, und

Berechnung der Zeigerwerte el¢(xy) der Phasenmaske (4, 23, 43) geman

ot = :
. 0
2‘sm§

und
I(x',y')=2[1_+ sin((]);c -o(x'y') + g)]

fur ausgewahlte Phasenverschiebungswerte 6, wobei q);c die Phase von o ist.

3. Vertahren nach Anspruch 1, das weiterhin aufweist den Schritt

26



10

15

20

25

30

35

40

45

50

55

10.

1.

EP 0 830 632 B9 (W1B1)

Auswéhlen des Phasenverschiebungswertes 6=n, Auswahlen von || 1 = % und Berechnen der Zeigerwerte
elo(xy) der Phasenmaske (4, 23, 43) gemal

I(x', y') = 2[1 - cos(o(x', y'))],

und

[ | sintd(x, ypauty=0.

Ax Ay

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin aufweist den Schritt

Ubertragen des DC-Anteils der elektromagnetischen Strahlung zu einem zweiten Teil der Fourier- oder Fes-
nelebene, und

Phasenverschieben der fourier- oder fresneltransformierten modulierten elektromagnetischen Strahlung bei
dem zweiten Teil der Fourier- oder Fresnelebene um 6 im Verhaltnis zu dem verbleibenden Teils der elektro-
magnetischen Strahlung.

Verfahren nach Anspruch 4, wobei der Schritt der Ubertragung des DC-Anteils der elektromagnetischen Strahlung
die Verwendung einer optischen Komponente mit einer geeigneten Tragerfrequenz umfasst, wie beispielsweise
ein Gitter, ein Prisma etc.

Ein Verfahren nach Anspruch 4, wobei der Schritt der Ubertragung des DC-Anteils der elektromagnetischen Strah-
lung das Encodieren der Funktion einer optischen Komponente, wie beispielsweise ein Gitter, ein Prisma etc., mit
einer geeigneten Tragerfrequenz in die rdumliche Phasenmaske (4, 23, 43) umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin aufweist den Schritt einer Einstellung des
Moduls der Fouriertransformation der Zeiger ei¢(xy) bei spezifischen raumlichen Frequenzen, um den Bereich der
Intensitatsstufen des erzeugten Intensitdtsmusters zu steuern.

Ein Verfahren nach Anspruch 7, wobei der Schritt der Einstellung des Moduls der Fouriertransformation der Zeiger
ele(xY) bei spezifischen raumlichen Frequenzen wenigstens eine der folgenden Maflnahmen umfasst:

a) Einstellung der einzelnen Zeiger ei®xY) der Auflésungselemente der Phasenmaske (4, 23, 43), wobei vor-
geschriebenen relative Intensitatsstufen zwischen den Intensitaten der Aufldésungselemente des Intensitats-

musters beibehalten werden,

b) Einstellung der individuellen Zeiger ei®(x¥) der Auflésungselemente der Phasenmaske (4, 23, 43) mittels
Histogrammtechniken,

c) rdumliche Skalierung des Musters der Zeiger e®(xY) der Phasenmaske (4, 23, 43), und
d) Verwendung von Grautoncodiertechniken.

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin den Schritt einer Steuerung der Leistung
der elektromagnetischen Strahlung in Abhangigkeit des Intensitétsbereichs des Intensitdtsmusters umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, wobei jeder Zeiger e9(xy) der Phasenmaske (4, 23, 43)
aus einer Menge von zwei vorbestimmten Zeigern mit komplementéren Zeigerwerten el®1(x¥) und el92(xy) derart
ausgewahlt wird, dass eine spezifische Verteilung der raumlichen Frequenz der Intensitat der elektromagnetischen
Strahlung in der Fourier oder Fresnelebene erreicht wird.

Verfahren nach Anspruch 10, wobei die Phase ¢ (x, y) der Zeiger e'®(x¥) von benachbarten Aufldsungselementen
zwischen den zwei méglichen komolementéren Zeigerwerten ei®1(xY) und e92(xy) wechselt.
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Verfahren nach Anspruch 10 oder 11, wobei die Zeiger ei®1(x¥) und ei®2(x.¥) komplexkonjugiert sind.
Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin aufweist den Schritt einer Phasenverschie-
bung bei ausgewahlten radumlichen Frequenzen, die einen Bereich bilden, der in Ubereinstimmung mit dem Inhalt

der raumlichen Frequenz des Zeigers el¢(xY) der raumlichen Phasenmaske (4, 23, 43) ausgestaltet ist, umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem der Modul des Mittelwerts |o.| der Zeiger ei¢(x.Y)
sich in einem Bereich zwischen 0,1 und 0,9 befindet.

Verfahren nach Anspruch 14, bei dem der Modul des Mittelwertes |o.| der Zeiger €/9(%Y) sich in einem Bereich
zwischen 0,25 und 0,75 befindet.

Verfahren nach Anspruch 14 oder 15, bei dem sich der Modul des Mittelwerts |o.| der Zeiger ei®(*Y) sich in einem
Bereich zwischen 0,4 und 0,6 befindet.

Verfahren nach einem der Anspriiche 14 bis 16, dem der Modul des Mittelwerts |o.| der Zeiger ei9(%Y) ungefahr 0,5
ist.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen n/4 und n/4 befindet.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen 1/2 und 371/2 befindet.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen 3n/4 und 5n/4 befindet.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem die Phasenverschiebung 6 ungefahr rt ist.

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin den Schritt eines zoomens des Bildes zur
Skalierung des Intensitdtsmusters umfasst.

Verfahren nach Anspruch 22, bei dem das Zoomen des Bildes dynamisch steuerbar ist.

Verfahren nach Anspruch 22 oder 23, bei dem das Zoomen des Bildes in Abhangigkeit der Skalierung der Pha-
senmaske (4, 23, 43) steuerbar ist.

Verfahren nach einem der Anspriiche 22 bis 24, das weiterhin den Schritt der Steuerung der Leistung der elek-
tromagnetischen Strahlung in Abhangigkeit der rdumlichen Skalierung des Musters in der Phasenmaske (4, 23,
43) und/oder des Zoomens des Bildes umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem der Schritt der Phasenverschiebung die Verwen-
dung eines rdumlichen Lichtmodulators umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin den Schritt einer Encodierung der optischen
Funktion von einer Fouriertransformationslinse in den Zeiger ¢i®(xY) der Phasenmaske (4, 23, 43) umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, das weiterhin den Schritt des Encodierens der optischen
Funktion einer Austrittslinse in den Phasenfilter (6, 27, 45) umfasst.

Verfahren nach einem der vorhergehenden Anspriiche, bei dem der Schritt des Aussendens der elektromagneti-
schen Strahlung das Aussenden von elektromagnetischer Strahlung verschiedener Wellenlangen entsprechend
drei verschiedener Farben, wie beispielsweise Rot, Griin und Blau, umfasst, um Intensitatsmuster beliebiger Far-
ben zu erzeugen.

Ein Phasenkontrastbildgebungssystem (1) zur Erzeugung eines Intensitadtsmusters | (X', y') eines Bildes, mit

einer Quelle (2, 21, 41) von elektromagnetischer Strahlung zum Aussenden von elektromagnetischer Strah-
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lung,

eine rdumliche Phasenmaske (4, 23, 43) zur Phasenmodulation von elektromagnetischer Strahlung und mit

einer Vielzahl von einzelnen Auflésungselementen (x, y), wobei jedes Aufldsungselement (x, y) die Pha-
se der auf es fallenden elektromagnetischen Strahlung mit einem vorbestimmten Zeigerwert ei®(x.¥) moduliert,
jedes Aufldsungselement (x, y) individuell adressierbar und zum Empfangen eines Signals zur Steuerung des
vorbestimmten Zeigerwerts ei®(xY) eingerichtet ist und jedes Auflésungselement (x, y) auf einer Ausbreitungs-
achse der elektromagnetischen Strahlung angeordnet ist,

Mittel (5, 26, 44) zur Fourier- oder Fesneltransformation der phasenmodulierten elektromagnetischen Strah-
lung, die auf einer Ausbreitungsachse der phasenmodulierten Strahlung angeordnet sind,

ein raumliches Phasenfilter (6, 27, 45) zur Phasenverschiebung der transformierten elektromagnetischen
Strahlung um einen vorbestimmten Phasenverschiebungswert 6 im Verhaltnis zu dem verbleibenden Teil der
transformierten elektromagnetischen Strahlung in einem Bereich der rdumlichen Frequenzen, die einen
DC-Anteil aufweisen, in der Fourier- oder Fresnelebene,

Mittel (7, 10, 26, 30, 44, 47) zum Bilden des Intensitatsmusters durch Fourier- bzw. Fresneltransformation der
phasenverschobenen fourier- oder fresneltransformierten modulierten elektromagnetischen Strahlung, wobei
jedes Aufldsungselement (x, y) der Phasenmaske (4, 23, 43) auf ein entsprechendes Auflésungselement (X',
y') des Bildes abgebildet wird,

Schnittstellenmitteln zum Adressieren von jedem der Auflésungselemente (x, y) der Phasenmaske (4, 23, 43)
und zur Ubertragung von Signalen, die den Zeigerwert ei®(xY) von jedem adressierten Auflésungselement
steuern, wobei die Zeigerwerte e*(xy) im Wesentlichen die Bedingung

io(x'y")

®(xy) 1\ 12

I(x'.y')=|e +ae 1)
fiir die vorbestimmten Phasenverschiebungswerte 6 erfiillen, wobei o. das Mittel der Zeiger oY) der Auflo-
sungselemente der Phasenmaske (4, 23, 43) ist.

Ein System (1) nach Anspruch 30, das weiterhin aufweist:

Mittel zur Unterteilung in Pixel des Intensitatsmusters | (x', y') in Ubereinstimmung mit den Elementen (x, y)
der rdumlichen Phasenmaske (4, 23, 43),

Mittel zum Berechnen der Zeigerwerte el®(xY) der Phasenmaske (4, 23, 43) und des Phasenverschiebungs-
wertes 6 gemaf der Gleichung

I(X.,y.)zleiq’(x:y) + (eicp(Xxy) ) 1)lz

Mittel zum Auswahlen von einem von zwei Zeigerwerten, die eine bestimmte Graustufe darstellen, fiir jedes
Auflésungselement, und

wobei die Schnittstellenmittel Mittel zum Speisen der Elemente (x, y) der Phasenmaske (4, 23, 43) mit den be-
rechneten Zeigerwerten el¢(xy) aufweist.

Ein System (1) nach Anspruch 30, wobei die Intensitat wenigstens eines Auflésungselements (x', y,') des Inten-
sitatsmusters Null ist, und wobei die Zeigerwerte ei¢(xy) der Phasenmaske (4, 23, 43) im Wesentlichen die Bedin-
gungen

und
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1(x', y')=2[1_+sin(¢;‘_¢(x',y')+g)]

fur ausgewahlte Phasenverschiebungswerte 6 erfiillen, wobei q); die Phase von o ist.

33. Ein System (1) nach Anspruch 31, wobei die Mittel zur Berechnung der Zeitwerte derart eingerichtet sind, dass
sie die Zeigerwerte ei®(xY) der Phasenmaske (4, 23, 43) gemaR

und

Vo L v o, 0
I(x,y") = 2[1_+sin(0,-0(x'.y')*3)]
fir ausgewahlte Phasenverschiebungswerte 6 berechnen, wobei ¢(; die Phase von a ist.

34. Ein System (1) nach Anspruch 32, wobei die Phasenverschiebung 8 im Wesentlichen gleich = und im Wesentlichen
gleich % ist, und die Phasen ¢(x, y) im Wesentlichen die Bedingungen

I(x',y") = 2[1-cos(o(x",y"))]

und

[ Jsin(p(x, ypydrdy =0 .

Oxdy

erflllen.

35. Ein System (1) nach Anspruch 33, wobei die Mittel zur Berechnung der Zeigerwerte so eingerichtet sind, dass sie
die Zeigerwerte e'¢(xY) der Phasenmaske (4, 23, 43) gemal

I(x",y") = 2[1-cos(¢(x",y"))]

und

[ [sinox y)dedy =0 .
axay
berechnen.
36. Ein System (1) nach einem der Anspriiche 30 bis 35, das weiterhin aufweist.

Mittel zur Ubertragung des Bereichs der raumlichen Frequenzen, die einen DC-Anteil aufweisen, zu einem
zweiten Teil der Fourier- oder Fresnelebene, wobei

das Phasenfilter (6, 27, 45) bei dem zweiten Teil der Fourier- oder Fresnelebene angeordnet ist, um die trans-

formierte modulierte elektromagnetische Strahlung nach dem zweiten Teil der Fourier- oder Fresnelebene um
0 in Bezug auf den verbleibenden Teil der elektromagnetischen Strahlung zu verschieben.
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Ein System (1) nach Anspruch 36, bei dem die Mittel zum Ubertragen des Bereichs der raumlichen Frequenzen,
die einen DC-Anteil aufweisen, zu einem zweiten Teil der Fourier- oder Fresnelebene eine optische Komponente
aufweisen, wie beispielsweise ein Gitter, ein Prisma etc., mit einer geeigneten Tragerfrequenz.

Ein System (1) nach Anspruch 36, bei dem die Mittel zum Ubertragen des Bereichs der raumlichen Frequenzen,
die einen DC-Anteil aufweisen, zu einem zweiten Teil der Fourier- oder Fresnelebene die Phasenmaske (4, 23,
43) umfassen, in die die Punktion einer optischen Komponente, wie beispielsweise ein Gitter, ein Prisma etc., mit
einer geeigneten Tragerfrequenz encodiert worden ist.

Ein System (1) nach einem der Anspriche 30 bis 38, bei dem der Modul der Fouriertransformation der Zeiger
ele(xY) bei spezifischen raumlichen Frequenzen so eingestellt ist, dass die Intensitatsstufen der zusammengesetz-
ten Intensitdtsmuster innerhalb eines gewilinschten Bereichs liegen.

Ein System (1) nach Anspruch 39, bei dem der Modul der Fouriertransformation der Zeiger e¢(x) bei spezifischen
raumlichen Frequenzen gemaRl wenigstens einer der folgenden MalRnahmen eingestellt ist:

a) Einstellen der einzelnen Zeiger el¢(xy) der Auflésungselemente der Phasenmaske (4, 23, 43), wobei vor-
geschriebene relative Intensitatsstufen zwischen den Intensitaten der Auflésungselemente des Intensitats-

musters eingehalten werden,

b) Einstellen der einzelnen Zeiger e*(x.¥) der Aufloésungselemente der Phasenmaske (4, 23, 43) durch Histo-
grammtechniken,

c) raumliche Skalierung der Muster der Zeiger ei®(xY) der Phasenmaske (4, 23, 43), und
d) Verwendung von Grautoncodierungstechniken.

Ein System (1) nach einem der Anspriiche 30 bis 40, das weiterhin Mittel zur Steuerung der Leistung der elektro-
magnetischen Strahlung in Abhangigkeit des Intensitatsbereichs des Intensitdtsmusters aufweist.

Ein System (1) nach einem der Anspriiche 30 bis 41, bei dem jeder Zeiger el¢(xY) der Phasenmaske (4, 23, 43)
im Wesentlichen gleich einem ausgewahlten Zeiger ist, der aus einer Menge von zwei Zeigern mit komplementéaren,
Phasenwerten ei®1(xY) und ei92(xY) in der Weise ausgewahlt worden ist, dass eine spezifische Verteilung der raum-
lichen Frequenzen der Intensitat der elektromagnetischen Strahlung in der Fourieroder Fresnelebene erreicht wird.

Ein System (1) nach Anspruch 42, bei dem die Phase ¢(x,y) der Zeiger ei®(x.¥) von benachbarten Auflésungsele-
menten zwischen den zwei méglichen komplementaren Zeigerwerten €i¢1(xy) und ei®2(xy) wechselt.

Ein System (1) nach einem der Anspriiche 30 bis 43, bei dem der Phasenfilter (6, 27, 45) so gestaltet ist, dass er
mit dem raumlichen Frequenzinhalt der Zeiger e€l9(xY) der raumlichen Phasenmaske (4, 23, 43) tibereinstimmt.

Ein System (1) nach einem der Anspriiche 30 bis 44, bei dem der Modul des Mittelwerts || der Zeiger el®(*Y) sich
in einem Bereich zwischen 0,1 und 0,9 befindet.

Ein System (1) nach Anspruch 45, bei dem der Modul des Mittelwerts |o:| der Zeiger €/9Y) sich in einem Bereich
zwischen 0,25 und 0,75 befindet.

Ein System (1) nach Anspruch 45 oder 46, bei dem der Modul des Mittelwerts |o.| der Zeiger /() sich in einem
Bereich zwischen 0,4 und 0,6 befindet.

Ein System (1) nach einem der Anspriiche 45 bis 47, bei dem der Modul des Mittelwerts |o.| der Zeiger ei®(xy)
ungefahr 0,5 ist.

Ein System (1) nach einem der Anspriiche 45 bis 48, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen n/4 und 7n/4 befindet.

Ein System (1) nach einem der Anspriiche 45 bis 49, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen 1/2 und 31/2 befindet.
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Ein System (1) nach einem der Anspriiche 45 bis 50, bei dem die Phasenverschiebung 6 sich in einem Bereich
zwischen 3n/4 und 5n/4 betindet.

Ein System (1) nach einem der Anspriche 30 bis 51, bei dem die Phasenverschiebung 6 ungeféhr = ist.

Ein System (1) nach einem der Anspriiche 30 bis 52, das weiterhin Mittel (10, 30, 47) zum Zoomen aufweist, um
das Intensitadtsmuster zu skalieren.

Ein System (1) nach einem der Anspriiche 30 bis 53, bei dem das Phasenfilter (6, 27, 45) einen rdumlichen Licht-
modulator umfasst.

Ein System (1) nach einem der Anspriiche 30 bis 54, bei dem die Phasenmaske (4, 23, 43) so eingerichtet ist,
dass sie die optische Funktion einer Fouriertransformationslinse durch geeignete Encodierung der Zeiger ei¢(x.y)
der Phasenmaske (4, 23, 43) ausfihrt.

Ein System (1) nach einem der Anspriiche 30 bis 55, bei dem das rdumliche Phasenfilter (6, 27, 45) so eingerichtet
ist, dass es die optische Funktion einer Austrittslinse durch geeignete Encodierung des Phasenfilters (6, 27, 45)
ausfihrt.

Ein System (1) nach einem der Anspriiche 30 bis 56, bei dem die Quelle (2, 21, 41) der elektromagnetischen
Strahlung zur Erzeugung von Intensitadtsmustern beliebiger Farben so eingerichtet ist, dass sie elektromagnetische
Strahlung verschiedener Wellenlangen ausstrahlt, die drei verschiedenen Farben, wie beispielsweise Rot, Griin
und Blau, entsprechen.

Ein System (1) nach einem der Anspriiche 30 bis 57, das weiterhin eine erste und eine zweite Fouriertransforma-
tionslinse (5, 7) aufweist, wobei die rdumliche Phasenmaske (4, 23, 43) in der vorderen Fokusebene der ersten
Linse (5), das rdumliche Phasenfilter (6, 27, 45) in der hinteren Fokusebene der ersten Linse (5), und die zweite
Linse (7) so angeordnet ist, dass ihre vordere Fokusebene an dem Ort der hinteren Fokusebene der ersten Linse
(5) angeordnet ist.

Ein System (1) nach einem der Anspriiche 30 bis 58, das weiterhin eine Fouriertransformationslinse (44) aufweist,
wobei das raumliche Phasenfilter (45) in der hinteren Fokusebene der Linse (44) angeordnet ist.

Ein System (1) nach einem der Anspriiche 30 bis 59, das weiterhin eine Abbildungslinse aufweist, wobei das
raumliche Phasenfilter (6, 27, 45) in der hinteren Fokusebene der Linse angeordnet ist.

Ein System (1) nach einem der Anspriiche 30 bis 60, das weiterhin einen polarisierenden Strahlteiler (24) und
eine Viertelwellenplatte (25) und/oder ein Phasenfilter (27) aufweist, das auf es treffende elektromagnetische
Strahlung reflektiert.

Ein System (1) nach einem der Anspriiche 30 bis 61, bei dem das rdumliche Phasenfilter (6, 27, 45) die Phase
der Strahlung in dem Bereich der rdumlichen Frequenzen, die einen DC-Anteil aufweisen, verandert und die Phase
in dem verbleibenden Teil der Strahlung unverandert I&sst.

Ein System (1) nach einem der Anspriiche 30 bis 61, bei dem das rdumliche Phasenfilter (6, 27, 45) die Phase
der Strahlung in dem Bereich von raumlichen Frequenzen, die einen DC-Anteil aufweisen, nicht verandert und die
Phase in dem verbleibenden Teil der Strahlung verandert.

Ein System (1) nach einem der Anspriiche 30 bis 61, bei dem das raumliche Phasenfilter (6, 27, 45) die Strahlung
bei dem Bereich von raumlichen Frequenzen, die einen DC-Anteil aufweisen, abblockt und den verbleibenden Teil
der Strahlung unverandert belasst.

Ein System (1) nach einem der Anspriiche 30 bis 64, bei dem die Quelle (2, 21, 41) der elektromagnetischen
Strahlung ein Laser (2, 21, 41) ist.

Ein System (1) nach einem der Anspriiche 30 bis 65, bei dem unter der Bedingung, dass 6 = &, die Phasenmaske

(4, 23, 43) nicht in eine Matrix von Reihen und Spalten von Aufldsungselementen der gleichen GréRe und Gestalt
aufgeteilt wird, jedes vierte Aufldsungselement den Zeigerwert ei™ aufweist und periodisch und gleichférmig Giber
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die Flache der Phasenmaske derart verteilt ist, dass jede zweite Reihe und jede zweite Spalte nicht ein Aufl6-
sungselement mit dem Zeigerwert ei™ enthalt, wobei die tbrigen Auflésungselemente den Zeigerwert el aufweisen.

67. Ein System (1) nach einem der Anspriiche 30 bis 65, bei dem unter der Voraussetzung, dass 6 = /2, die Phasen-
maske (4, 23, 43) nicht in eine Matrix von Reihen und Spalten der gleichen GrofRe und Gestalt unterteilt ist, wobei
jede zweite Reihe oder Spalte den Zeigerwert ™2 aufweist und sich mit en {ibrigen Reihen oder Spalten abwech-
seln, die den Zeigerwert e aufweisen.

Revendications

1. Méthode d'imagerie a contraste de phase pour la synthese d'une figure d'intensité I(x',y') d'une image, comprenant
les étapes consistant a:

pixéliser la figure d'intensité I(x',y') suivant la disposition d'éléments de résolution (x,y) d'un masque de phase
spatial (4, 23, 43) disposant

d'une pluralité d'éléments de résolution individuels (x,y), chaque élément de résolution (x,y) modulant la phase
d'une radiation électromagnétique incidente avec une valeur prédéterminée de phaseur ge(x.y) ;

émettre une radiation électromagnétique vers le masque de phase spatial (4, 23, 43) ;

appliquer une transformation de Fourier ou de Fresnel a la radiation électromagnétique modulée ;
déphaser, dans une région de fréquences spatiales comprenant DC dans le plan de Fourier ou de Fresnel, la
radiation électromagnétique modulée d'une valeur de déphasage prédéterminée 6 par rapport a la partie res-
tante de la radiation électromagnétique, et

former la figure d'intensité par transformation de Fourier ou de Fresnel, respectivement, la radiation électro-
magnétique modulée déphasée par transformation de Fourier ou de Fresnel, moyennant quoi, chaque élément
de résolution (x,y) du masque de phase (4, 23, 43) est imagé sur un élément de résolution correspondant (x',
y') de l'image ;

calculer les valeurs de phaseur ei¢*y) du masque de phase (4, 23, 43) ainsi que la valeur de déphasage 6
conformément a

I y) = 1'%+ 0 e - 1)

pour des valeurs de déphasage sélectionnées 6, o. étant la moyenne des phaseurs ei*(Y) des éléments de
résolution du masque de phase (4, 23, 43) ;

sélectionner, pour chaque élément de résolution, une ou deux valeurs de phaseur, qui représentent un niveau
de gris particulier ; et

appliquer les valeurs sélectionnées de phaseur e(xy) aux éléments de résolution (x,y) du masque de phase
spatial (4, 23, 43).

2. Meéthode selon la revendication 1, dans laquelle I'étape consistant a calculer les valeurs de phaseur comprend les
étapes consistant a :

fixer l'intensité synthétisée, d'au moins un élément de résolution (xy',y') de la figure d'intensité, a zéro ; et
calculer les valeurs de phaseur e9xY) du masque de phase (4, 23, 43) conformément a

|| = 1/[2|sin 6/2]]

et

10¢,y") = 2[1 + sin(®s - D(,y") + 6/2)]

pour des valeurs de déphasage sélectionnées 6, ®o. étant la phase de o.

3. Meéthode selon la revendication 2, comprenant en outre I'étape consistant a sélectionner le déphasage 6=n, a
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sélectionner |f1|1=1/2 et & calculer les valeurs de phaseur e(x'¥) du masque de phase (4, 23, 43) conformément &
I(x",y") = 2[1 - cos(D(x"y"))]

et

[ [sin(®(x,y))cdxdy=0

AxAy

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre les étapes consistant a
déplacer la partie DC de la radiation électromagnétique vers une seconde partie du plan de Fourier ou de Fresnel, et

adéphaser de 6 la radiation électromagnétique modulée par transformation de Fourier ou de Fresnel au niveau
de la seconde partie du plan de Fourier ou de Fresnel par rapport a la partie restante de la radiation électro-
magnétique.

Méthode selon la revendication 4, dans laquelle I'étape consistant a déplacer la partie DC de la radiation électro-
magnétique comprend I'utilisation d'un composant optique, tel qu'un réseau, un prisme, etc., avec une fréquence
de porteuse appropriée.

Méthode selon la revendication 4, dans laquelle I'étape consistant a déplacer la partie DC de la radiation électro-
magnétique comprend le codage de la fonction d'un composant optique, tel qu'un réseau, un prisme, etc., avec
une fréquence de porteuse appropriée, dans le masque de phase spatial (4, 23, 43).

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a ajuster
le module de la transformation de Fourier des phaseurs el¢(xY) & des fréquences spatiales spécifiques de fagon
a contréler la plage de niveaux d'intensité de la figure d'intensité synthétisée.

Méthode selon la revendication 7, dans laquelle I'étape consistant a ajuster le module de la transformation de
Fourier des phaseurs e®(xY) & des fréquences spatiales spécifiques comprend au moins une des mesures
suivantes :

a) ajuster les phaseurs individuels ei*xy) des éléments de résolution du masque de phase (4, 23, 43) en
maintenant les niveaux d'intensité relative prescrits entre les intensités des éléments de résolution de la figure
d'intensité ;

b) ajuster les phaseurs individuels e*(xy) des éléments de résolution du masque de phase (4, 23, 43) par des
techniques d'histogramme ;

¢) mettre a I'échelle, dans I'espace, la figure de phaseur €®xY) du masque de phase (4, 23, 43) ; et

d) utiliser des techniques de codage en demi-ton.

Méthode selon l'une quelconque des revendications précédentes comprenant en outre I'étape consistant a con-
tréler la puissance de la radiation électromagnétique en réponse a la plage d'intensité de la figure d'intensité.

Méthode selon I'une quelconque des revendications précédentes, dans laquelle chaque phaseur e®(Y) du masque
de phase (4, 23, 43) est sélectionné a partir d'un jeu de deux phaseurs déterminés aux valeurs de phaseur com-
plémentaires ei®1(xY) et ei92(x.¥), de telle maniére qu'une distribution de fréquence spatiale spécifique de l'intensité
de la radiation électromagnétique dans le plan de Fourier ou de Fresnel soit atteinte.

Méthode selon la revendication 10, dans laquelle la phase ¢(x,y) de phaseurs ei¢(xy) d'éléments de résolution
adjacents alterne entre les deux valeurs complémentaires de phaseur e¢1(xY) et i¢2(x.y),

Méthode selon les revendications 10 ou 11, dans laquelle les phaseurs ei®1(xY) et ei®2(xy) sont des complexes
conjugues.

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a dé-
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phaser, a des fréquences spatiales sélectionnées constituant une région qui est formée pour correspondre au
contenu dé fréquence spatiale des phaseurs e¢(xY) du masque de phase spatial (4, 23, 43).

Méthode selon I'une quelconque des revendications précédentes, dans laquelle le module de la valeur moyenne
|o.| des phaseurs ei®(xY) est compris entre 0,1 et 0,9.

Méthode selon la revendication 14, dans laquelle le module de la valeur moyenne |o.| des phaseurs e¢(xY) est
compris entre 0,25 et 0,75.

Méthode selon les revendications 14 ou 15, dans laquelle le module de la valeur moyenne |o.| des phaseurs ei®(x)
est compris entre 0,4 et 0,6.

Méthode selon I'une quelconque des revendications 14 a 16, dans laquelle le module de la valeur moyenne |(_x|
des phaseurs ei®(xY) est environ égal & 0,5.

Méthode selon I'une quelconque des revendications précédentes dans laquelle le déphasage 6 est compris entre
I1/4 et 7T1/4.

Méthode selon l'une quelconque des revendications précédentes dans laquelle le déphasage 6 est compris entre
I1/2 et 311/2.

Méthode selon I'une quelconque des revendications précédentes dans laquelle le déphasage 6 est compris entre
311/4 et 511/4.

Méthode selon I'une quelconque des revendications précédentes dans laquelle le déphasage 6 est environ égal
all

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a agran-
dir I'image pour mettre a I'échelle la figure d'intensité.

Méthode selon la revendication 22, dans laquelle I'agrandissement de I'image est contrélable dynamiquement.

Méthode selon les revendications 22 ou 23, dans laquelle I'agrandissement de I'image est contrélable relativement
a la mise a I'échelle du masque de phase (4, 23, 43).

Méthode selon I'une quelconque des revendications 22 a 24, comprenant en outre I'étape consistant a contréler
la puissance de la radiation électromagnétique en réponse a la mise a I'échelle spatiale de la figure d'intensité
dans le masque de phase (4, 23, 43) et/ou a |'agrandissement de l'image.

Méthode selon I'une quelconque des revendications précédentes, dans laquelle I'étape de déphasage comprend
I'utilisation d'un modulateur spatial de lumiére.

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a coder
la fonction optique d'une lentille de transformation de Fourier en les phaseurs ei9(x¥) du masque de phase (4, 23,
43).

Méthode selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a coder
la fonction optique d'une lentille de sortie en le filire de phase (6, 27, 45).

Méthode selon I'une quelconque des revendications précédentes, dans laquelle I'étape d'émission d'une radiation
électromagnétique comprend I'émission d'une radiation électromagnétique de différentes longueurs d'onde cor-
respondant a trois couleurs différentes, telles que rouge, vert et bleu, pour la génération de figures d'intensité de
couleurs arbitraires.

Systéme d'imagerie a contraste de phase (1) pour synthétiser une figure d'intensité I(x'y') d'une image
comprenant :

une source (2, 21, 41) de radiation électromagnétique pour I'émission d'une radiation électromagnétique ;
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un masque de phase spatial (4, 23, 43) pour la modulation de phase d'une radiation électromagnétique et
possédant :

une pluralité d'éléments de résolution individuels (x,y), chaque élément de résolution (x,y) modulant la
phase d'une radiation électromagnétique incidente avec une valeur de phaseur prédéterminée eio(xy),
chaque élément de résolution (x,y) étant individuellement adressable et adapté pour recevoir un signal
contrélant la valeur de phaseur ei®(xY) prédéterminée, et chaque élément de résolution (x,y) étant posi-
tionné sur un axe de propagation de la radiation électromagnétique.

un dispositif (5, 26, 44) pour appliquer une transformation de Fourier ou de Fresnel a la radiation électro-
magnétique a phase modulée positionnée sur un axe de propagation de la radiation a phase modulée ;
un filtre de phase spatial (6, 27, 45) pour déphaser, dans une région de fréquences spatiales comprenant
DC dans le plan de Fourier ou de Fresnel, la radiation électromagnétique transformée d'une valeur de
déphasage prédéterminée 6 relativement a la partie restante de la radiation électromagnétique
transformée ;

un dispositif (7, 10, 26, 30, 44, 47) pour former la figure d'intensité par transformation de Fourier ou de
Fresnel, respectivement, la radiation électromagnétique modulée déphasée par transformation de Fourier
ou de Fresnel, moyennant quoi, chaque élément de résolution (x,y) du masque de phase (4, 23, 43) est
imagé sur un élément de résolution correspondant (x',y') de I'image ;

un dispositif d'interface pour adresser chacun des éléments de résolution (x,y) du masque de phase (4,
23, 43) et pour transmettre des signaux contrélant la valeur de phaseur e®(x¥) de chaque élément de
résolution adressé, lesdites valeurs de phaseur ei®(xY) satisfaisant a I'équation

Ixy) =16 + o (€ - 1)

pour des valeurs de déphasage prédéterminées 6. o. étant la moyenne des phaseurs exy) des éléments
de résolution du masque de phase (4, 23, 43).

31. Systéme (1) selon la revendication 30, comprenant en outre :

un dispositif pour la pixélisation de la figure d'intensité I(x',y') suivant les éléments (x,y) du masque de phase
spatial (4, 23, 43) ;

un dispositif pour calculer les valeurs de phaseur ei®xY) du masque de phase (4, 23, 43) ainsi que la valeur
de déphasage 6 conformément a I'équation

I<y") = %) + e - 1) ;

un dispositif pour sélectionner, pour chaque élément de résolution, une ou deux valeurs de phaseur qui re-
présentent un niveau de gris particulier ; et

dans lequel le dispositif d'interface comprend un dispositif pour appliquer les valeurs calculées de phaseur
elo(xy) aux éléments (x,y) du masque de phase (4, 23, 43).

32. Systéme (1) selon la revendication 30, dans lequel l'intensité est égale a zéro pour au moins un élément de réso-
lution (xq',yo") de la figure d'intensité, et dans lequel les valeurs de phaseur e9(¥) du masque de phase (4, 23,
43) satisfont aux équations

|o| = 1/[2]sin 6/2|]
et
I(x"y') = 2[1 + sin(®a. - D(X',y') + 6/2)]

pour des valeurs de déphasage sélectionnées 6. ®o. étant la phase de o.

33. Systéme (1) selon la revendication 31, dans lequel le dispositif pour calculer les valeurs de phaseur est adapté
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pour calculer les valeurs de phaseur e®xY) du masque de phase (4, 23, 43) en accord avec les équations

ot = 1/[2|sin 6/2]]

et

I(x',y") = 2[1 + sin(do - D(X'y'") + 6/2)]

pour des valeurs de déphasage sélectionnées 6. ®o. étant la phase de o.

34. Systéme (1) selon la revendication 32, dans lequel le déphasage 6 est pratiquement égal a «, |(_x|1 égalazetles
phases ¢(x,y) satisfont aux équations

I(x"y") = 2[1 - cos(®(x".y"))]

et

| jsin(cp(x,y))&bcdpo

AxdAy

35. Systéme (1) selon la revendication 33, dans lequel le dispositif pour calculer les valeurs de phaseur est adapté
pour calculer les valeurs de phaseur e®xY) du masque de phase (4, 23, 43) en accord avec les équations

1(x",y") = 2[1 - cos(P(x",y"))]

et

[ Jsin(@(e.))eey=0

Axdy

36. Systéme (1) selon I'une quelconque des revendications 30 a 35, comprenant en outre
un dispositif pour déplacer la région de fréquences spatiales comprenant DC vers une seconde partie du
plan de Fourier ou de Fresnel, et dans lequel le filtre de phase (6, 27, 45) est positionné au niveau de la seconde
partie du plan de Fourier ou de Fresnel pour déphaser la radiation électromagnétique modulée transformée au
niveau de la seconde partie du plan de Fourier ou de Fresnel d'un angle 6 relativement a la partie restante de la
radiation électromagnétique.

37. Systéme (1) selon la revendication 36, dans lequel le dispositif pour déplacer la région de fréquences spatiales
comprenant DC vers une seconde partie du plan de Fourier ou de Fresnel comprend un composant optique, tel
qu'un réseau, un prisme, etc., avec une fréquence de porteuse appropriée.

38. Systéme (1) selon la revendication 36, dans lequel le dispositif pour déplacer la région de fréquences spatiales
comprenant DC vers une seconde partie du plan de Fourier ou de Fresnel comprend le masque de phase (4, 23,
43) dans lequel la fonction d'un composant optique, tel qu'un réseau, un prisme, etc., avec une fréquence de
porteuse appropriée, a été codée.

39. Systéme (1) selon I'une quelconque des revendications 30 a 38, dans lequel les modules de la transformation de

Fourier des phaseurs ei®(*Y) & des fréquences spatiales spécifiques ont été ajustés de fagon & maintenir les niveaux
d'intensité de la figure d'intensité synthétisée dans un intervalle désiré.
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40. Systéeme (1) selon la revendication 39, dans lequel les modules de la transformation de Fourier des phaseurs
ele(xY) a des fréquences spatiales spécifiques ont été ajustés suivant au moins une des mesures suivantes :

a) ajuster les phaseurs individuels ei*xy) des éléments de résolution du masque de phase (4, 23, 43) en
maintenant les niveaux d'intensité relative prescrits entre les intensités des éléments de résolution de la figure
d'intensité ;

b) ajuster les phaseurs individuels e*(xY) des éléments de résolution du masque de phase (4, 23, 43) par des
techniques d'histogramme ;

c) mettre a I'échelle, dans I'espace, la figure de phaseur €¢(xY) du masque de phase (4, 23, 43) ; et

d) utiliser des techniques de codage en demi-ton.

41. Systéme (1) selon I'une quelconque des revendications 30 a 40, comprenant en outre un dispositif pour contréler
la puissance de la radiation électromagnétique en réponse a la plage d'intensité de la figure d'intensité.

42. Systéme (1) selon l'une quelconque des revendications 30 a 41, dans lequel chaque phaseur e®*¥) du masque
de phase (4, 23, 43) est pratiquement égal a un phaseur sélectionné qui a été sélectionné a partir d'un jeu de deux
phaseurs aux valeurs de phases complémentaires e®1(x¥) et ei02(x.y), de telle maniére qu'une distribution de fré-
quence spatiale spécifique de l'intensité de la radiation électromagnétique dans le plan de Fourier ou de Fresnel
soit atteinte.

43. Systéme (1) selon la revendication 42, dans lequel la phase ¢(x,y) des phaseurs ei®(x.Y) d'éléments de résolution
adjacents alterne entre les deux valeurs complémentaires de phaseur 1Y) et eio2(x,y),

44. Systéme (1) selon I'une quelconque des revendications 30 a 43, dans lequel le filtre de phase (6, 27, 45) est formé
pour correspondre au contenu de fréquence spatiale des phaseurs ei®¥) du masque de phase spatial (4, 23, 43).

45, Systéme (1) selon l'une quelconque des revendications 30 & 44, dans lequel le module de la valeur moyenne |o|
des phaseurs ei¢(x) est compris entre 0,1 et 0,9.

46. Systéme (1) selon la revendication 45, dans lequel le module de la valeur moyenne |o.| des phaseurs ei®(xY) est
compris entre 0,25 et 0,75.

47. Systéme (1) selon les revendications 45 ou 46, dans lequel le module de la valeur moyenne |o.| des phaseurs
ei®(xy) est compris entre 0,4 et 0,6.

48. Systéme (1) selon I'une quelconqué des revendications 45 a 47, dans lequel le module de la valeur moyenne |o:|
des phaseurs ei®(xY) est environ égal a 0,5.

49. Systéme (1) selon I'une quelconque des revendications 45 a 48, dans lequel le déphasage 6 est compris entre IT/
4 et 711/4.

50. Systéme (1) selon I'une quelconque des revendications 45 a 49, dans lequel le déphasage 6 est compris entre I1/
2 et 3I1/2.

51. Systéme (1) selon l'une quelconque des revendications 45 a 50, dans lequel le déphasage 6 est compris entre
311/4 et 511/4.

52. Systéme (1) selon I'une quelconque des revendications 30 a 51, dans lequel le déphasage 6 est environ égal a I1.

53. Systéme (1) selon I'une quelconque des revendications 30 a 52, comprenant en outre un dispositif d'agrandisse-
ment (10, 30, 47) pour mettre a I'échelle la figure d'intensité.

54. Systéme (1) selon I'une quelconque des revendications 30 a 53, dans lequel le filtre de phase (6, 27, 45) comprend
un modulateur spatial de lumiére.

55. Systéme (1) selon l'une quelconque des revendications 30 a 54, dans lequel le masque de phase (4, 23, 43) est

adapté pour effectuer la fonction optique d'une lentille de transformation de Fourier par codage approprié des
phaseurs ei¢xy) du masque de phase (4, 23, 43).
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Systéme (1) selon l'une quelconque des revendications 30 a 55, dans lequel le filtre de phase spatial (6, 27, 45)
est adapté pour effectuer la fonction optique d'une lentille de sortie par codage approprié du filtre de phase (6, 27,
45).

Systeme (1) selon I'une quelconque des revendications 30 a 56, dans lequel la source de radiation électromagné-
tique (2, 21, 41) est adaptée pour émettre une radiation électromagnétique de différentes longueurs d'onde cor-
respondant a trois couleurs différentes, telles que rouge, vert et bleu, pour la génération de figures d'intensité de
couleurs arbitraires.

Systéme (1) selon I'une quelconque des revendications 30 a 57, comprenant en outre une premiére et une seconde
lentilles de transformation de Fourier (5, 7), le masque de phase spatial (4, 23, 43) étant positionné dans le plan
focal objet de la premiére lentille (5), le filtre de phase spatial (6, 27, 45) étant positionné dans le plan focal image
de la premiere lentille (5), et la seconde lentille (7) étant positionnée de fagon a ce que son plan focal objet soit
positionné au niveau du plan focal image de la premiére lentille (5).

Systéme (1) selon I'une quelconque des revendications 30 a 58, comprenant en outre une lentille de transformation
de Fourier (44), le filtre de phase spatial (45) étant positionné au niveau du plan focal image de la lentille (44).

Systeme (1) selon I'une quelconque des revendications 30 a 59, comprenant en outre une lentille d'imagerie, le
filtre de phase spatial (6, 27, 45) étant positionné au niveau du plan focal image de la lentille.

Systéme (1) selon l'une quelconque des revendications 30 a 60, comprenant en outre une lame séparatrice de
polarisation (24) et une lame quart d'onde (25) et/ou un filire de phase (27) réfléchissant la radiation électroma-
gnétique incidente sur celui-ci.

Systéme (1) selon l'une quelconque des revendications 30 a 61, dans lequel le filtre de phase spatial (6, 27, 45)
modifie la phase de la radiation dans la région des fréquences spatiales comprenant DC et laisse inchangée la
phase de la partie restante de la radiation.

Systeme (1) selon I'une quelconque des revendications 30 a 61, dans lequel le filire de phase spatial (6, 27, 45)
ne modifie pas la phase de la radiation dans la région des fréquences spatiales comprenant DC et modifie la phase
de la partie restante de la radiation.

Systéme (1) selon l'une quelconque des revendications 30 a 61, dans lequel le filtre de phase spatial (6, 27, 45)
bloque la radiation dans la région des fréquences spatiales comprenant DC et laisse inchangée la partie restante
de la radiation.

Systéme (1) selon I'une quelconque des revendications 30 a 64, dans lequel la source (2, 21, 41) de radiation
électromagnétique est un laser (2, 21, 41).

Systéme (1) selon l'une quelconque des revendications 30 a 65, soumis a la condition établissant que si 6=T1, le
masque de phase (4, 23, 43) n'est pas divisé en une matrice de lignes et de colonnes d'éléments de résolution
de méme taille et méme forme, chaque quatriéme élément de résolution ayant la valeur de phaseur el et étant
distribué périodiquement et régulierement a travers la région du masque de phase, de telle fagon que chaque
seconde ligne et chaque seconde colonne ne contiennent pas d'élément de résolution ayant la valeur de phaseur
elll, les éléments de résolution restants ayant la valeur de phaseur e®.

Systéme (1) selon I'une quelconque des revendications 30 a 65, soumis a la condition établissant que si 6=I1/2,
le masque de phase (4, 23, 43) n'est pas divisé en une matrice de lignes ou de colonnes de méme taille et méme
forme, chaque seconde ligne et colonne ayant la valeur de phaseur ellV2 et étant interfacée avec les lignes ou
colonnes restantes ayant la valeur de phaseur e,
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