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DESCRIPTION

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to a method for determining the characteristics of a system for
generating at least a spatial modulation of light in phase and in amplitude. The invention also
concerns to an associated computer program product. The invention also relates to a system
for generating a spatial modulation of light having at least a characteristic determined by the
method for determining. The invention concerns a method for generating a light pattern and a
method for analyzing a sample using such system for generating a light pattern.

BACKGROUND OF THE INVENTION

[0002] In optical microscopy, the generation of patterns of light at high spatial and temporal
resolution is desirable. A pattern of light refers here to the focusing of light at one or more
spots at given positions in 2D and 3D and to the sculpting of the light intensity distribution in an
extended pattern around these spots. Indeed, a pattern of light can be used to image the
structure and activity of biological samples, such as neuronal dendrites. A pattern of light also
enables to modify optically the biological activity or chemical environment of these biological
samples. It is therefore desirable to be able to generate arbitrary light patterns at a high speed.

[0003] For this, it is known to carry out a three-dimensional scanning of a sample by using
galvanometers for in-plane scanning and various mechanical designs for scanning along the
optical axis (Z scanning). These designs include displacement of optical elements such as
lenses or optically-conjugated mirrors or deformation of liquid lenses.

[0004] However, due to the poor spatio-temporal patterning capacity of both galvanometers
and mechanical Z-scanning devices, the versatility of this approach is limited. It results in
spatially constrained light pattern formation at a relatively low speed.

[0005] Spatially extended light patterns are also produced by devices able to spatially shape
the light in phase and / or amplitude, including mainly liquid-crystal SLM (Spatial Light
Modulators) and DM (Deformable Mirrors). These devices are also limited in their ability to
refresh at high rate the modulation pattern, in most of the cases in the range of a few Hz to a
few kHz.

[0006] In the case of the scanning in 3D of a single spot, it is also known from the article by
Reddy et al. entitled "Three-dimensional random access multiphoton microscopy for functional
imaging of neural activity" published in Nature neuroscience, 11, 713-720 (2008) to achieve
three-dimensional ultra-fast scanning using a system involving four acousto-optic deflectors.
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[0007] Acousto-optic deflectors (often named after their acronym AOD) are fast pointing
devices based on the interaction between an acoustic compression or shear wave propagating
in an acousto-optical crystal and an electromagnetic wave. In most cases, the electromagnetic
wave has a planar or a spherical wavefront. If a fixed frequency wave is used in the AOD, the
resulting diffractive process deflects a fraction of the electromagnetic wave at an angle
proportional to the acoustic frequency of the acoustic wave. The use of linearly chirped wave in
the AOD, as described in the article by Reddy et al., allow creating a cylindrical lens in the
AOD, whose focal length is inversely proportional to the chirp rate.

[0008] The system described in this article, which contains 4 AOD, implies strong loss of light
power because the diffraction efficiency in an acousto-optic deflector is limited even in its
optimal configuration. In addition, the third and the fourth acousto-optic deflectors of the
system cannot be used in their optimal configuration (Bragg incidence), which also contributes
to increase the loss of light power in the system. Finally, the linear frequency chirps have to be
stopped each time they reach the limit of the frequency bandwidth of the AOD, thus limiting the
dwell time on the points accessed in 3D and the useful fraction of the duty cycle. Finally, this
system is limited to the scanning in 3D of a single spot and cannot be used to create extended
light patterns.

[0009] It is also known from document DE 10 2013 201 968 a device which has a radiation
source generating a pulsed, electro-magnetic radiation. A photodetector is used for temporal
detection of radiation pulses. A signal source is coupled with the photodetector for precise
trigger of sound waves generation. An acousto-optical deflector is driven by the signal source
with a frequency-modulated control signal such that sound waves and radiation are linked in
time. In this implementation refractive and/or diffractive beam transformation and/or beam
deflection of the radiation is/are performed at the time of passage of the radiation through the
deflector.

[0010] A similar disclosure is given by P. Bechtold et at., "Beam shaping and high-speed,
cylinder-lens-free  beam guiding using acousto-optical deflectors without additional
compensation optics", Opt. Exp., 2013, vol. 21, No. 12, p.14627.

SUMMARY OF THE INVENTION

[0011] The invention aims at solving the problems of the known systems with a new system for
generating a spatial shaping of light in phase and amplitude and thus a light pattern, which is
able to operate at a high speed.

[0012] To this end, the invention concerns a method for determining the characteristics of a
system for generating a desired spatial light modulation in phase and in amplitude of a laser
pulse, the system comprising:

* a laser unit adapted to emit at least one input laser pulse having a duration below or
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equal to 1 nanosecond,

* a spatial shaping unit being adapted to generate an output laser pulse when illuminated
by an input laser pulse, the spatial shaping unit comprising at least one acousto-optical
deflector, each acousto-optical deflector being adapted to deflect an incident laser pulse
along a respective deflection direction to obtain a deflected laser pulse, each acousto-
optical deflector comprising an acousto-optical crystal and a transducer adapted to
command the crystal by applying an acoustic wave,
the laser unit and the shaping unit being synchronized such that the incident laser pulse
interacts with the respective acousto-optic deflector when the acoustic wave is
established in the crystal,
the method comprising:

1. a) providing a desired spatial light modulation in phase and in amplitude of the
output pulse,

2. b) expressing the amplitude and the phase of the output pulse of the shaping unit
as a function of the input laser pulse and in function of the characteristics of the
system to obtain a calculated output pulse,

characterized in that:

o the method further comprises:
c) determining at least one characteristic of the system by minimizing a distance
between the calculated output pulse and the desired output laser pulse,

o at step b), for each acousto-optical deflector, the phase shift introduced by the acousto-
optical deflector between the deflected laser pulse and the incident laser pulse is
expressed as:

Zn, m
@(m) = —;(m}"(m) =myf(mg) —f uf’(u)du)
Mo
wherein:
o ¢ is the phase shift introduced by the acousto-optical deflector in the incident laser
pulse,

o m is the coordinate of the position of a point of the acousto-optical crystal along
the deflection direction,
o mygq is the coordinate of the position of the extremity of the acousto-optical crystal

along the deflection direction and opposite to the transducer,
o Vv is the speed of the acoustic wave applied to the crystal of the acousto-optical
deflector, and
o f(m) is the frequency of the acoustic wave applied to the crystal of the acousto-
optical deflector at the point of coordinate m at the instant when the laser pulse
crosses the crystal.
« atstep b), for each acousto-optical deflector, the amplitude modulation introduced by the
acousto-optical deflector between the deflected laser pulse and the incident laser pulse

is expressed as:
A(m) = T(a(m))
wherein:
o A(m) is the amplitude modulation introduced by the acousto-optical deflector in the
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incident laser pulse at the point of coordinate m,

o a(m) is the amplitude of the acoustic wave applied to the crystal of the acousto-
optical deflector at the point of coordinate m at the instant when the laser pulse
crosses the crystal, and

o T is the characteristic input-output amplitude transfer function of the acousto-
optical deflector expressing the fraction of the input light amplitude transferred into
the first diffraction order, as a function of the acoustic wave amplitude.

[0013] Thanks to the invention, the characteristics of a system enabling to generate a spatial
shaping of light in phase and amplitude at high speed are determined.

[0014] According to further aspects of the invention which are advantageous but not
compulsory, the method might incorporate one or several of the following features, taken in
any technically admissible combination:

» the shaping unit comprises at least two acousto-optical deflectors in series, the number
of acousto-optical deflectors being a characteristic of the system and being determined
at step c¢) under the constraint that the number of acousto-optical deflectors be superior
or equal to 2, preferably superior or equal to 4.

¢ each characteristic determined at step c) is determined under the constraint that the
deflection directions are equally spaced angularly.

» the system further comprises a radiofrequency generator adapted to provide to each
transducer radiofrequency wave starting at a respective instant, the instants being
characteristics of the system and being determined at step c).

» the system further comprises a laser unit adapted to emit laser pulse at emitting instants,
the emitting instants being a characteristic of the system and each acousto-optic
deflector has an access time, the emitting instants being determined at step c¢) under the
constraint that the repetition rate of the laser unit be inferior or equal to the inverse of
the largest of these access times.

» the characteristics are chosen in the group consisting of the optical distances between
the acousto-optical deflectors, the angles between the deflection directions and the
number of acousto-optical deflectors.

[0015] The invention also relates to a computer program product comprising a computer
readable medium, having thereon a computer program comprising program instructions, the
computer program being loadable into a data-processing unit and adapted to cause execution
of a method as described here above.

[0016] The invention also relates to a system for generating a desired spatial modulation in
phase and in amplitude of a laser pulse, the system comprising a laser unit adapted to emit at
least one input laser pulse having a duration below or equal to 1 nanosecond, a shaping unit
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being adapted to generate an output laser pulse when illuminated by an input laser pulse, the
shaping unit comprising at least one acousto-optical deflector, each acousto-optical deflector
being adapted to deflect an incident laser pulse along a respective deflection direction to obtain
a deflected laser pulse, each acousto-optical deflector comprising an acousto-optical crystal
and a transducer adapted to command the crystal by applying an acoustic wave. The laser unit
and the shaping unit are synchronized such that the incident laser pulse interacts with the
respective acousto-optic deflector when the acoustic wave is established in the crystal. The
system has at least a characteristic determined by the method for determining according as
described here above.

[0017] According to a preferred embodiment, the laser unit comprises a laser and a
regenerative amplifier.

[0018] The invention also concerns a two-photon microscope comprising a system for
generating a desired laser pulse as described here-above.

[0019] The invention also relates to a method of generating a desired spatial modulation in
phase and in amplitude of a laser pulse by using the system for generating at least a desired
laser pulse as described here-above.

[0020] The invention also concerns a method for analyzing or modifying a sample comprising
generating a light pattern within a sample by using the method for generating at least a desired
spatial modulation in phase and in amplitude of a laser pulse as described here-above.

[0021] According to an embodiment, the method comprises modifying the position of the
pattern of light in the sample along a direction perpendicular to the focal plane.

[0022] According to another embodiment, the sample is adapted to tolerate an exposition to a
maximum repartition of intensity of light in the focal plane and the method further comprises
choosing the desired pattern of light so that the repartition of the intensity of the desired
pattern of light in the focal plane be inferior to the maximum repartition of intensity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The invention will be better understood on the basis of the following description which is
given in correspondence with the annexed figures and as an illustrative example, without
restricting the object of the invention. In the annexed figures:

e figure 1 is a schematic representation of a two-photon microscope according to the
invention comprising a system for generating a spatial modulation of light according to
the invention ;

» figure 2 is a perspective view of a part of the system for generating a spatial modulation
of light of figure 1, and
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» figure 3 is a side view of the part of the laser scanning unit represented in figure 2.

DETAILED DESCRIPTION OF SOME EMBODIMENTS

[0024] For the remainder of the description, a longitudinal direction is defined: the longitudinal
direction corresponds to the general direction of the propagation of light. Two transversal
directions perpendicular to the longitudinal direction are also defined, the first transversal
direction being further perpendicular to the second transversal direction. The longitudinal and
transversal directions are respectively symbolized by an axis Z and axes X and Y on figures 1
to 3.

[0025] A two-photon microscope 10 adapted to achieve two-photon microscopy on a sample
12 is represented on figure 1.

[0026] The sample 12 is, for instance, a soft tissue. In the meaning of the present invention, a
soft tissue is an organic tissue which can have an animal or vegetal origin. For instance, such a
soft tissue can be a muscle or any portion of a human body, of an animal body or of a plant. A
soft tissue can also be a non-metallic part of a prosthesis.

[0027] The microscope 10 comprises a system 14 for generating at least a desired spatial light
modulation, which is transformed into pattern of light by as optical system 28 and by the
objective 32, a beam splitter 30, and a detecting unit 16.

[0028] The system 14 for generating at least a desired spatial light modulation comprises a
laser unit 18, a first optical system 20, a shaping unit 22, a radiofrequency generator 26 for the
shaping unit 22, and a controller unit 34.

[0029] System 14 and the objective are adapted to generate a desired pattern of light in the
sample 12. A light pattern refers here to the focusing of light in the sample 12 at one or more
spots at given positions in 2D and 3D and to the sculpting of the light intensity distribution in an
extended pattern around these spots. For instance, a light pattern is a square or four points
arranged spatially so as to from a square.

[0030] The laser unit 18 comprises a laser source. The laser source is adapted to emit a
coherent light whose wavelength is comprised between 400 nanometers (nm) and 2
micrometers (um). The laser unit 18 is adapted to emit at least one laser pulse having a
duration below or equal to 1 nanoseconde. The laser source is preferably a femtosecond
pulsed laser adapted to emit laser pulses with a duration comprised between 10 fs and 10
picoseconds (ps).

[0031] Preferably, the femtosecond laser is adapted to emit laser pulses with a full width at half
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maximum strictly inferior to 2 picoseconds.

[0032] Alternatively, the laser unit 18 also comprises an element of spatial and/or temporal
precompensation of the pulses emitted by the laser source. Such element is, for example, a
prism, a grating or another acousto-optical deflector.

[0033] According to a preferred embodiment, the laser unit 18 also comprises a regenerative
amplifier. A regenerative amplifier is a device which is used for obtaining a relatively strong
amplification of optical pulses, usually with ultrashort pulse durations in the picosecond or
femtosecond domain. In this embodiment, the laser unit 18 is thus adapted to provide optical
pulses with relatively high intensity. For imaging applications, energy per pulse up to a few pJ
are convenient.

[0034] The first optical system 20 is adapted to make the laser pulse emitted by the laser unit
18 going towards the shaping unit 22.

[0035] In the example of figure 1, the shaping unit 22 comprises four acousto-optical deflectors
in series: a first acousto-optical deflector 36, a second acousto-optical deflector 38, a third
acousto-optical deflector 40 and a fourth acousto-optical deflector 42.

[0036] Each acousto-optical deflector 36, 38, 40, 42 is adapted to deflect an incident laser
pulse along a respective deflection direction to obtain a deflected laser pulse.

[0037] In this context, the expression "in series" refers to the fact that the input pulse of the
subsequent acousto-optical deflector is the deflected pulse of the previous acousto-optical
deflector.

[0038] In figure 2, it appears that the first acousto-optical deflector 36 is adapted to deflect an
input beam in the first deflection direction A1 to obtain a first deflected beam. The first
deflection direction A1 is the first transverse direction X. In other words, the first acousto-optical
deflector 36 is adapted to carry out a scan of the sample 12 in the first transverse direction X.

[0039] The first acousto-optical deflector 36 comprises a first acousto-optical crystal 44, a first
transducer 46 and a first casing 48 protecting the first acousto-optical crystal 44.

[0040] The first acousto-optical crystal 44 has a parallelepipedic shape, the light entering by a
first input face 442 and leaving by a first output face 444.

[0041] The distance between the first input face 442 and the first output face 444 along the
longitudinal direction Z is the thickness of the crystal.

[0042] The first acousto-optical crystal 44 is a crystal made in TeOy. Any other material

exhibiting acousto-optical properties may be considered.
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[0043] The first transducer 46 is adapted to command the first acousto-optical crystal 40 by
applying a first acoustic wave. The variation of the properties of the first acoustic wave with
time is according to a first law of command L1. Such properties comprise, for instance, the
amplitude, the phase and the frequency of the first acoustic wave.

[0044] The first acousto-optical deflector 36 is further adapted to spatially shape the input laser
pulse in phase and in amplitude according to a first complex function H1. It can be shown that
the first function H1, due to the propagation velocity of the acoustic wave in the first acousto-
optical crystal 40, can be expressed as a function of a coordinate along the first transverse
direction X. For the remainder of the description, this coordinate is labeled x.

[0045] The second acousto-optical deflector 38 is adapted to deflect an input beam in the
second deflection direction A2 to obtain a second deflected beam. The second deflection
direction A2 is the second transverse direction Y. In other words, the second acousto-optical
deflector 38 is adapted to carry out a scan of the sample 12 in the second transverse direction
Y.

[0046] The angle between the first deflection direction A1 and the second deflection direction
A2 is labeled the first angle a42. According to the example of figure 2, the first angle aq2 is

equal to 90°.

[0047] The second acousto-optical deflector 38 comprises a second acousto-optical crystal 50,
a second transducer 52 and a second casing 54 protecting the second acousto-optical crystal
50.

[0048] The second acousto-optical crystal 50 has a parallelepipedic shape, the light entering
by a second input face 502 and leaving by a second output face 504.

[0049] The distance between the second input face 502 and the second output face 504 along
the longitudinal direction Z is the thickness of the crystal.

[0050] In the specific case illustrated, the second acousto-optical crystal 52 is identical to the
first acousto-optical crystal 44.

[0051] The optical distance between the first acousto-optical crystal 44 and the second
acousto-optical crystal 52 along the longitudinal direction Z is labeled first optical distance d12.
By definition, the first optical distance d12 is the distance between the first output face 444 and
the second input face 502 in the absence of optical relay system.

[0052] In case an optical relay system is present, this optical relay system images the first
output face 444 into a conjugate plane and the optical distance d12 is the distance from this

image plane to the second input face 502.

[0053] According an embodiment of the invention, the first optical distance d12 is inferior to 30
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millimeters (mm).

[0054] According another embodiment of the invention, the first optical distance d12 is inferior
to 15 millimeters (mm).

[0055] The second transducer 52 is adapted to command the second acousto-optical crystal
50 by applying a second acoustic wave. The variation of the properties of the second acoustic
wave with time is according to a second law of command L2. Such properties comprise, for
instance, the amplitude, the phase and the frequency of the second acoustic wave.

[0056] The second acousto-optical deflector 38 is further adapted to spatially shape the first
deflected laser pulse in phase and in amplitude according to a second complex function H2. It
can be shown that, due to the propagation velocity of the acoustic wave in the second acousto-
optical crystal 50, the second function H2 can be expressed as a function of a coordinate along
the second transverse direction Y. For the remainder of the description, this coordinate is
labeled y.

[0057] The third acousto-optical deflector 40 is adapted to deflect an input beam in the third
deflection direction A3 to obtain a third deflected beam. In other words, the third acousto-
optical deflector 40 is adapted to carry out a scan of the sample 12 in the third transverse
direction A3.

[0058] The angle between the second deflection direction A2 and the third deflection direction
A3 is labeled the second angle ay3. According to the example of figure 2, the second angle ax;

is equal to 45°.

[0059] The third acousto-optical deflector 40 comprises a third acousto-optical crystal 58, a
third transducer 60 and a third casing 62 protecting the third acousto-optical crystal 58.

[0060] The third acousto-optical crystal 58 has a parallelepipedic shape, the light entering by a
third input face 582 and leaving by a third output face 584.

[0061] The distance between the third input face 582 and the third output face 584 along the
longitudinal direction Z is the thickness of the crystal.

[0062] In the specific case illustrated, the third acousto-optical crystal 60 is identical to the first
acousto-optical crystal 44.

[0063] The optical distance between the second acousto-optical crystal 50 and the third
acousto-optical crystal 60 along the longitudinal direction Z is labeled second optical distance
d23. By definition, the second optical distance d23 is the distance between the second output
face 504 and the third input face 582 in the absence of optical relay system.

[0064] In case an optical relay system is present, this optical relay system images the second
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output face 504 into a conjugate plane and the optical distance d23 is the distance from this
image plane to the third input face 582.

[0065] According an embodiment of the invention, the second optical distance d23 is inferior to
30 millimeters (mm).

[0066] According another embodiment of the invention, the second optical distance d23 is
inferior to 15 millimeters (mm).

[0067] The third transducer 60 is adapted to command the third acousto-optical crystal 58 by
applying a third acoustic wave. The variation of the properties of the third acoustic wave with
time is according to a third law of command L3. Such properties comprise, for instance, the
amplitude, the phase and the frequency of the third acoustic wave.

[0068] The third acousto-optical deflector 40 is further adapted to spatially shape the second
deflected laser pulse in phase and in amplitude according to a third complex function H3. It can
be shown that the third function H3, due to the propagation velocity of the acoustic wave in the
third acousto-optical crystal 58, can be expressed as a function of a coordinate along the third
deflection direction A3. For the remainder of the description, this coordinate is labeled x+y.

[0069] The fourth acousto-optical deflector 42 is adapted to deflect an input beam in the fourth
deflection direction A4 to obtain a fourth deflected beam. In other words, the fourth acousto-
optical deflector 42 is adapted to carry out a scan of the sample 12 in the fourth transverse
direction A4.

[0070] The angle between the third deflection direction A3 and the fourth deflection direction
A4 is labeled the third angle as4. According to the example of figure 2, the third angle aa4 is

equal to 90°.

[0071] The fourth acousto-optical deflector 42 comprises a fourth acousto-optical crystal 64, a
fourth transducer 66 and a fourth casing 68 protecting the fourth acousto-optical crystal 64.

[0072] The fourth acousto-optical crystal 64 has a parallelepipedic shape, the light entering by
a fourth input face 642 and leaving by a fourth output face 644.

[0073] The distance between the fourth input face 642 and the fourth output face 644 along
the longitudinal direction Z is the thickness of the crystal.

[0074] In the specific case illustrated, the fourth acousto-optical crystal 66 is identical to the
first acousto-optical crystal 44.

[0075] The optical distance between the third acousto-optical crystal 50 and the fourth
acousto-optical crystal 66 along the longitudinal direction Z is labeled third optical distance d34.
By definition, the third optical distance d34 is the distance between the third output face 584
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and the fourth input face 642 in the absence of optical relay system.

[0076] In case an optical relay system is present, this images the third output face 584 into a
conjugate plane and the optical distance d34 is the distance from this image plane to the fourth
input face 642.

[0077] According an embodiment of the invention, the third optical distance d34 is inferior to 30
millimeters (mm).

[0078] According another embodiment of the invention, the third optical distance d34 is inferior
to 15 millimeters (mm).

[0079] The fourth transducer 66 is adapted to command the fourth acousto-optical crystal 64
by applying a fourth acoustic wave. The variation of the properties of the fourth acoustic wave
with time is according to a fourth law of command L4. Such properties comprise, for instance,
the amplitude, the phase and the frequency of the fourth acoustic wave.

[0080] The fourth acousto-optical deflector 42 is further adapted to spatially shape the third
deflected laser pulse in phase and in amplitude according to a fourth complex function H4. It
can be shown that the fourth function H4, due to the propagation velocity of the acoustic wave
in the fourth acousto-optical crystal 64, can be expressed as a function of a coordinate along
the fourth deflection direction A4. For the remainder of the description, this coordinate is
labeled y-x.

[0081] In an alternative embodiment, the acousto-optical crystal 44, 50, 58, 64 are in the same
casing.

[0082] The radiofrequency generator 26 is adapted to provide, to each transducer 46, 52, 60
and 66, radiofrequency waves. Each transducer 46, 52, 60 and 66 is adapted to convert
radiofrequency waves in an acoustic wave. Thus, the radiofrequency generator 26 is able to
provide a first time-varying radiofrequency waves to the first transducer 46 corresponding to
the first law of command L1. The radiofrequency generator 26 is also able to provide a second
time-varying radiofrequency waves to the second transducer 52 corresponding to the second
law of command L2. The radiofrequency generator 26 is also able to provide a third time-
varying radiofrequency waves to the third transducer 60 corresponding to the third law of
command L3. The radiofrequency generator 26 is also able to provide a fourth time-varying
radiofrequency waves to the fourth transducer 66 corresponding to the fourth law of command
L4.

[0083] The radiofrequency generator 26 is a direct digital synthesizer. Such device (whose
usual acronym is DDS) is a type of frequency synthesizer used for creating arbitrary

waveforms from a single, fixed-frequency reference clock.

[0084] Alternatively, the radiofrequency generator 26 is an analog system.
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[0085] Preferably, the radiofrequency generator 26 is adapted to change the frequency
between two values with a temporal jitter of the order of 10 ns or less, with a good phase
continuity between the two values.

[0086] The second optical system 28 is adapted to serve as an optical relay between the
output of the shaping unit 22 and the objective 32. The second optical system 28 is, for
instance, a 4f relay.

[0087] The beam splitter 30 is adapted to reflect the light issued from the output of the shaping
unit 22 towards the objective 32 and to transmit the light collected by the objective 32 to the
detecting unit 16. For instance, the beam splitter 30 is a dichroic mirror.

[0088] The objective 32 is adapted to make the light received from the beam splitter 30
converge on a focal point situated in the vicinity of its focal plane located in the sample 12, to
gather light emitted by the sample 12 and to send it to the beam splitter 32.

[0089] The controller unit 34 is adapted to synchronize the laser pulse unit 18 and the
radiofrequency generator 26 such that each pulse emitted by the laser pulse unit 18 interacts
with each acousto-optic deflectors 36, 38, 40 and 42 when each acoustic wave applied by the
respective transducer 46, 52, 60 and 66 have the values enabling to obtain the desired spatial
light modulation.

[0090] The detecting unit 16 comprises a third optical system 70 and a detector 72. The third
optical system 70 is adapted to collect the light transmitted by the beam splitter 30 and to focus
it on the detector 72. The detector 72 is adapted to convert the light received in an electrical
signal. The detector 72 is, for instance, a photomultiplier.

[0091] Operation of the microscope 10 for two-photon imaging is now described when it is
desired to obtain a desired pattern of light.

[0092] At a first instant t1, the radiofrequency generator 26 starts to apply a first
radiofrequency wave to command the first acousto-optical deflector 36. The first transducer 46
converts the first radiofrequency wave into a first acoustic wave which propagates in the first
crystal 44 and along axis X. This first acoustic wave has time-dependent amplitude and
frequency, given by two first functions of time, with a continuity of the phase of the wave (these
functions constitute together the first law of command L1). The resulting spatial profile of this
first acoustic wave in the first crystal 36 at the time where the optical wave interacts with the
first acousto-optical deflector 22, is such that the optical wave is spatially shaped in phase and
in amplitude according to the first function H1. The establishment time of the first acoustic
wave in the first crystal 44, that is the interval between the instant t1 when the acoustic wave
command is generated and the instant t1+t;ccess 1 When the acoustic wave reaches the

extremity opposite to the transducer of the optical window of the AOD, is referred as the
access time tccess 1 Of the first acousto-optical deflector 36. The access time notably depends
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from the size of the crystal along the axis X of propagation of the acoustic wave and from the
frequency of the acoustic wave.

[0093] At a second instant t2, the radiofrequency generator 26 starts to apply a second
radiofrequency wave to command the second acousto-optical deflector 38. The second
transducer 52 converts the second radiofrequency wave into a second acoustic wave which
propagates in the second crystal 50 and along axis Y. This second acoustic wave has time-
dependent amplitude and frequency, given by two second functions of time, with a continuity of
the phase of the wave (these functions constitute together the second law of command L2).
The resulting spatial profile of this second acoustic wave in the second crystal 42 at the time
where the optical wave interacts with the second acousto-optical deflector 24, is such that the
optical wave is spatially shaped in phase and in amplitude according to the second function H2.
The establishment time of the second acoustic wave in the second crystal 50, that is the
interval between the instant t2 when the acoustic wave command is generated and the instant
t2+t5ccess,2 When the acoustic wave reaches the extremity opposite to the transducer of the

optical window of the AOD, is referred as the access time taccess 2 Of the second acousto-

optical deflector 38.

[0094] Both the precision in the determination of the first instant t1 and the precision in the
determination of the second instant t2 are below or equal to 200 nanoseconds.

[0095] Preferably, the first instant t1 and the second instant 2 are chosen so that the first
radiofrequency wave and the second radiofrequency wave are established simultaneously in
the first and second acousto-optic deflectors (t1+taccess 1712+t access 2)-

[0096] The synchronization between the first instant t1 and the second instant t2 is carried out
by the controller unit 34 and takes into account all the delays in the establishments of the two
radiofrequency waves in the two acousto-optic deflectors.

[0097] At a third instant t3, the radiofrequency generator 26 starts to apply a third
radiofrequency wave to command the third acousto-optical deflector 40. The third transducer
58 converts the third radiofrequency wave into a third acoustic wave which propagates in the
third crystal 58 and along the third deflection direction A3. This third acoustic wave has time-
dependent amplitude and frequency, given by two third functions of time, with a continuity of
the phase of the wave (these functions constitute together the third law of command L3). The
resulting spatial profile of this third acoustic wave in the third crystal 58 at the time where the
optical wave interacts with the third acousto-optical deflector 40, is such that the optical wave is
spatially shaped in phase and in amplitude according to the third function H3. The
establishment time of the third acoustic wave in the third crystal 58, that is the interval between
the instant t3 when the acoustic wave command is generated and the instant t3+t ccess 3 When

the acoustic wave reaches the extremity opposite to the transducer of the optical window of the
AQD, is referred as the access time tyccess 3 Of the third acousto-optical deflector 40.
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[0098] Both the precision in the determination of the second instant t2 and the precision in the
determination of the third instant t3 are below or equal to 200 nanoseconds.

[0099] Preferably, the second instant t2 and the third instant t3 are chosen so that the second
radiofrequency wave and the third radiofrequency wave are established simultaneously in the
second and third acousto-optic deflectors. (13+taccess 3712+ access 2)-

[0100] The synchronization between the second instant t2 and the third instant t3 is carried out
by the controller unit 34 and takes into account all the delays in the establishments of the two
radiofrequency waves in the two acousto-optic deflectors..

[0101] At a fourth instant t4, the radiofrequency generator 26 starts to apply a fourth
radiofrequency wave to command the fourth acousto-optical deflector 42. The fourth
transducer 66 converts the fourth radiofrequency wave into a fourth acoustic wave which
propagates in the fourth crystal 64 and along fourth deflection direction A4. This fourth acoustic
wave has time-dependent amplitude and frequency, given by two fourth functions of time, with
a continuity of the phase of the wave (these functions constitute together the fourth law of
command L4). The resulting spatial profile of this second acoustic wave in the second crystal
64 at the time where the optical wave interacts with the second acousto-optical deflector 42, is
such that the optical wave is spatially shaped in phase and in amplitude according to the fourth
function H4. The establishment time of the fourth acoustic wave in the fourth crystal 64, that is
the interval between the instant t4 when the acoustic wave command is generated and the
instant t4+t;.cess 4 When the acoustic wave reaches the extremity opposite to the transducer of

the optical window of the AOD, is referred as the access time tyccess 4 Of the fourth acousto-

optical deflector 42.

[0102] Both the precision in the determination of the third instant t3 and the precision in the
determination of the fourth instant t4 are below or equal to 200 nanoseconds.

[0103] Preferably, the third instant t3 and the fourth instant t4 are chosen so that the third
radiofrequency wave and the fourth radiofrequency wave are established simultaneously in the
third and fourth acousto-optic deflectors (t4+taccess 4=t3+taccess 3)--

[0104] The synchronization between the third instant t3 and the fourth instant t4 is carried out
by the controller unit 34 and takes into account all the delays in the establishments of the two
radiofrequency waves in the two acousto-optic deflectors..

[0105] At a fifth instant t5, the laser unit 18 emits a first laser pulse P1 towards the first optical
system 20. The fifth instant t5 is posterior to the first instant t1.

[0106] Then, the first optical system 16 converts the first laser pulse P1 into a second laser
pulse P2 whose waist is located in the first acousto-optical deflector 36. The second laser pulse
P2 can thus be considered as the input laser pulse PnpyT for the first acousto-optical deflector
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36. The input laser pulse P\ypyT is also the input laser pulse P)\pyT Of the shaping unit 22.

[0107] The fifth instant t5 is more precisely chosen so that the second laser beam pulse P2
interacts with the first acousto-optical deflector 36 when the first acoustic wave is established in
the first acousto-optical crystal 44. In other words, the interval of time between the first instant
t1 and the fifth instant t5 is equal to the access time of the first acousto-optical deflector 36 (5=
t1+taccess, 1)- Therefore, the interval of time between the first instant t1 and the fifth instant t5 is

comprised between 2 microseconds and 50 microseconds. A value A is comprised between a
first value B and a second value C if the value A is superior or equal to the first value B and if
the value A is inferior or equal to the second value C.

[0108] Such synchronization between the first instant t1 and the fifth instant t5 is carried out by
the controller unit 34.

[0109] Both the precision in the determination of the first instant t1 and the precision in the
determination of the fifth instant t5 are below or equal to 200 nanoseconds.

[0110] The first acousto-optical deflector 36 deflects the input laser pulse PnpyT Or the second

laser pulse P2 by a first angle of deviation in the first transverse direction X. This first deflected
pulse is labeled DP1. The first acousto-optical deflector 36 simultaneously spatially shapes the
input laser pulse P2 in phase and amplitude in accordance with the first function H1.

[0111] The first deflected pulse DP1 propagates towards the second acousto-optical deflector
38. The second acousto-optical deflector 38 deflects the first deflected pulse DP1 by a second
angle of deviation in the second transverse direction Y. This second deflected pulse is labeled
DP2. The second acousto-optical deflector 38 simultaneously shapes spatially the first
deflected laser pulse DP1 in phase and amplitude in accordance with the second function H2.

[0112] The second deflected pulse DP2 propagates towards the third acousto-optical deflector
40. The third acousto-optical deflector 40 deflects the second deflected pulse DP2 by a third
angle of deviation in the third deflection direction A3. This third deflected pulse is labeled DP3.
The third acousto-optical deflector 40 simultaneously shapes spatially the second deflected
laser pulse DP2 in phase and amplitude in accordance with the third function H3.

[0113] The third deflected pulse DP3 propagates towards the fourth acousto-optical deflector
42. The fourth acousto-optical deflector 42 deflects the fourth deflected pulse DP4 by a fourth
angle of deviation in the fourth deflection direction A4. This fourth deflected pulse is labeled
DP4. The fourth acousto-optical deflector 42 simultaneously shapes spatially the third deflected
laser pulse P3 in phase and amplitude in accordance with the fourth function H4.

[0114] The fourth deflected pulse DP4 is also the output laser pulse PoytpyT Of the shaping
unit 22. The spatial modulation of the output laser pulse PoytpyT is labeled WoyTtpuT-
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[0115] The output laser pulse PoytpuT then propagates towards the objective 32 via the

second optical system 28 which serves as a relay and reflects on the beam splitter 30, so as to
obtain a third laser pulse P3 at the back aperture of the objective whose spatial modulation W3
is similar to the spatial modulation WgyTpyT Of the output laser pulse PoytpuT-

[0116] The objective 32 makes the third laser pulse P3 convergent near its focal plane located
in the sample 12. By the expression "near", it is meant that the distance is inferior to 1 mm.
The intensity distribution near the focal plane is determined by the spatial modulation W5.

[0117] More precisely, in the context of the invention, the spatial modulation W3 of the third
laser pulse P3 enables to obtain by holography through the objective 32 the desired pattern of
light in the image space of the objective 32.

[0118] As two-photon microscopy relies on the two-photon absorption phenomena predicted
by Goeppert-Mayer in 1931, at each point of the light pattern, an interaction between the
sample 12 and light occurs by simultaneous absorption of pairs of photons of the third laser
pulse F3 by the sample 12. Following most of these biphotonic absorption events, the sample
12 emits one photon by fluorescence. The wavelength of the photon emitted is larger than half
the wavelength of the photons of one pair.

[0119] The objective 32 then gathers fluorescence light emitted by the sample 12.
[0120] The beam splitter 30 transmits the fluorescence light towards the detecting unit 16.

[0121] The third optical system 72 makes the fluorescence light converge on the detector 72
which converts the fluorescence light in an electrical signal. This electrical signal contains
information relative to the arrangement of sample 12 in space. Based on the electrical signal, a
measure of the fluorescence intensity of the sample 12 at the position of the light pattern at this
instant is achieved. Such measurement can be repeated over a given duration either at the
same position, or over different discrete positions in two-dimension or three-dimension or over
a set of continuous positions in two-dimension or three-dimension to analyze the sample 12.

[0122] Therefore, the system 14 for generating at least a desired spatial modulation of light
enables to achieve an arbitrary pattern in a plane with a rate of up to 500 kHz. Indeed, at the
time a pulse crosses one of the acousto-optical deflector 36, 38, 40, 42, this pulse interacts
with a fixed acoustic grating generated by a controlled acoustic wave at the time it crosses
each acousto-optical deflector 36, 38, 40, 42.

[0123] The properties of such acoustic waves with time, given by the laws of commands L1,
L2, L3 and L4 are chosen to obtain the desired spatial modulation of the pulse. For this, for
instance, the controller unit 34 determines the laws of commands L1, L2, L3 and L4 based on
the desired spatial modulation of light. Such determination is achieved by using a method for
determining the characteristics of the system 14. This method is further detailed below.
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[0124] Furthermore, the system 14 is easy to implement since only four acousto-optical
deflectors 36, 38, 40, 42 are involved. This results in a relatively high excitation power for the
third laser pulse P3. Such high excitation power renders the system 14 together with an
objective particularly adapted to produce non-linear effects, such as two-photon florescence
absorption, second harmonic generation, third harmonic generation or coherent anti-Raman
scattering. In addition such non-linear experiments may be carried out on highly scattering
tissues at large depths.

[0125] Additionally, although the system 14 for generating at least a spatial modulation of light
has been presented for an application related to two-photon fluorescence microscopy, the
system 14 together with an objective can also be used for any measurement in the vicinity of
its focal plane, such as transmission, fluorescence, refraction, polarization, scattering or
reflection, or for any light-induced physical and/or chemical alteration of matter in the vicinity of
the focal plane. In such cases, the beam splitter 30 may not be present and the detector unit
16 may be different.

[0126] According to another embodiment, the spatial modulation of light evolves with time. In
this case, several laser pulses are emitted by the laser unit 18 at a repetition rate. Such
repetition rate should be inferior or equal to the inverse of the largest of the access times of
each acousto-optic deflectors 36, 38, 40, 42.

[0127] According to another embodiment, as the output laser pulse has a spatial and/or
temporal dispersion, the system 14 comprises a unit for compensating for the spatial and/or
temporal dispersion. Such unit for compensating for the spatial and/or temporal dispersion is,
for instance, a prism, a grating or a pair of prisms or gratings.

[0128] To determine the four laws of command L1, L2, L3, L4 a method for determining the
characteristics of a system 14 is proposed.

[0129] The method for determining comprises a step of providing the desired spatial
modulation of light.

[0130] The method for determining also comprises a step of expressing the amplitude and the
phase of the output pulse PoyTtpyT Of the shaping unit 22 as a function of the input laser pulse

PineuTt and in function of the characteristics of the system 14 to obtain a calculated output

pulse.

[0131] This step of expressing enables to express the operating of the shaping unit 22 in term
of a global transfer function converting the input laser pulse Pypuyt in the output pulse

PouTpuT-

[0132] For this, according to a preferred embodiment, the global transfer function of the
shaping unit 22 is obtained by considering the transfer function of each acousto-optical
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deflector 36, 38, 40, 42. By definition, the transfer function of an acousto-optical deflector is a
link between the input laser pulse in the acousto-optical deflector and the deflected laser pulse.

[0133] Such transfer function is calculated by using a relationship between the frequency and
amplitude pattern in the considered acousto-optical deflector and the spatial modulation in
phase and in amplitude of the deflected laser pulse.

[0134] Notably, for each acousto-optical deflector 36, 38, 40, 42, the phase shift introduced by
the acousto-optical deflector 36, 38, 40, 42 between the deflected laser pulse and the incident
laser pulse is expressed, according to the formula 1, as:

27.[ m
plm) = — (mf(m) — mof ome) — | uf'(u)du)

wherein:

¢ is the phase shift introduced by the acousto-optical deflector 36, 38, 40, 42 in the

incident laser pulse,

* m is the coordinate of the position of a point of the acousto-optical crystal 44, 50, 58, 64
along the deflection direction A1, A2, A3 and A4,

* mg is the coordinate of the position of an extremity of the acousto-optical crystal 44, 50,
58, 64 along the deflection direction A1, A2, A3 and A4,

» v is the speed of the acoustic wave applied to the crystal of the acousto-optical deflector
36, 38, 40, 42, and

« f(m) is the frequency of the acoustic wave applied to the crystal 44, 50, 58, 64 of the

acousto-optical deflector 36, 38, 40, 42 at the point of coordinate m.

[0135] The amplitude modulation introduced by the acousto-optical deflector between the

deflected laser pulse and the incident laser pulse is expressed as:
A(m) = T(a(m))
wherein:

* A(m) is the amplitude modulation introduced by the acousto-optical deflector in the
incident laser pulse,

 m is the coordinate of the position of a point of the acousto-optical crystal along the
deflection direction,

e a(m) is the amplitude of the acoustic wave applied to the crystal of the acousto-optical
deflector at the point of coordinate m, and

e T is the characteristic input-output amplitude transfer function of the acousto-optical
deflector (36, 38, 40, 42) expressing the fraction of the input light amplitude transferred
into the first diffraction order, as a function of the acoustic wave amplitude.

[0136] Such expression is explained for the first acousto-optical deflector 36, the same
reasoning applying to the other acousto-optical deflectors 38, 40, 42.
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[0137] Let's consider an incident pulse propagating along the longitudinal direction Z and
interacting with the first acousto-optical deflector 36.

[0138] Thus, the amplitude of the incident pulse can be expressed as:
Ain(%,9,7) = A (x, y)e Koz+00(x))
where:

e f(mp) is generated at times t1, 12, {3, 4,
o f(m) is generated at times t1+(m-mg)/v, t2+(m-mg)/v, t3+(m-mg)/v, t4+(m-mo)/v
L ¢(m) IS Obtalned at one Of the tlmeS t1+ taccess"], t2+ taccess,Z, t3+ taccessya, t4+ taccessy[‘,

which are equal within a precision of less than 200 ns,
and where:
o Ain(x,y,2) is the amplitude of the incident pulse,

o zis the coordinate along the longitudinal axis Z,
o ko is the propagation constant of the incident pulse,

o Ajn(x,y) is the incident amplitude profile of the incident pulse. The amplitude profile

is, for instance, planar or Gaussian.
o ¢o(x,y) is the incident wavefront of the incident pulse. Preferably, the incident

wavefront ¢g(x,y) is planar for optimizing diffraction efficiency in the acousto-
optical crystal 58.

[0139] When the first acousto-optical deflector 36 is fed with an ultrasonic wave with frequency
f(x) and amplitude a(x) at a position x in the first acousto-optical deflector 36, after interaction,
the amplitude of the deflected pulse can be expressed as:

Ao (2,y,2) = A (2, y). Ty (al(x))ei(kozmo(x,y)+q71(x))

Where:

e Aouix.y,2) is the amplitude of the deflected pulse,
e T4is the characteristic input-output amplitude transfer function of the first acousto-optical

deflector 36 expressing the fraction of the input light amplitude transferred into the first
diffraction order, as a function of the acoustic wave amplitude a4, and

* $4(x,y) is the phase shift introduced by the first acousto-optical deflector 36 between the

deflected laser pulse and the incident laser pulse.

[0140] The phase shift introduced by the first acousto-optical deflector 36 between the
deflected laser pulse and the incident laser pulse ¢4(x,y) is related to the frequency f(x) of the

ultrasonic wave in a complex manner.
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[0141] At each point x of the AOD, the rays are diffracted in a direction given by :
Af(x)

v

0(x) =

[0142] At any point x, the rays coming out of the first acousto-optical deflector 36 are
perpendicular to the wavefront. Therefore, the optical path difference between the position x
and x+dx of the wavefront due to the angle 6(x) of the rays at the coordinated x, is 6(x).dx and
the wavefront is therefore related to the frequency in the AOD by:

dg.(0) _2m - 2nf(x)
dx _TG(X)_ v

[0143] This can be written as the following equations:
2

¢ () =Z [ f(w) du

$10) = [uf (W] - [ uf" () du

2 i
$1(0) == (xf(x) —xof (x0) = [y uf (W) dw)
where Xq is the coordinate of the position of the extremity opposite to the transducer of the

optical window of the first acousto-optical crystal 44 along the first transverse direction X.

[0144] In this expression f(xg) is generated at time t1, f(x) is generated at time t1+(x-xg)/v, and
¢ (x) is obtained at time t1+taccess 1, taccess,1 being the access time of the first acousto-optic

deflector, i.e. the interval between the instant t1 when the acoustic wave command is
generated and the instant t1+t;ccess 1 When the acoustic wave reaches the extremity opposite

to the transducer of the optical window of the first acousto-optic deflector,
[0145] The last formula is called formula 1 in the remainder of the specification.

[0146] This expression shows that the phase profile created at a position x, for a single
acousto-optical deflector cannot be related only to the ultrasonic frequency at the pixel x in the
acousto-optical deflector but is related to the whole ultrasonic pattern from an extremity to the
point x.

[0147] By applying successively formula 1 to each acousto-optical deflector 36, 38, 40, 42, the
global transfer function of the shaping unit 22 is obtained. Such global transfer function

depends from the four laws of command L1, L2, L3, L4.

[0148] Then, for a given input pulse PypuT, @ calculated output pulse PoyTtpuT Which depends

from the four laws of command L1, L2, L3, L4 is obtained.

[0149] The method for determining also comprises a step of determining the four laws of
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command L1, L2, L3, L4 to apply to the system 12 by minimizing a distance between the
calculated output pulse PoyTtpyT spatial modulation and the desired output laser pulse spatial

modulation.

[0150] The distance should be understood as meaning a quantification of the difference
between the calculated output pulse PoytpyT Spatial modulation and the desired output laser

pulse spatial modulation.
[0151] Thus, any mathematical norm may be used in this context.

[0152] Such minimizing step is, for instance, carried out by using a damped least squares
technique. In such case, the distance is the Euclidean distance.

[0153] According to another embodiment, the distance is the difference between the intensity
obtained with the calculated output pulse Poytput spatial modulation and the intensity

obtained with the desired output laser pulse spatial modulation.

[0154] Such method for determining enables to determine the four laws of command L1, L2,
L3, L4 to apply to the system 12, for the system 12 to be able to generate a given spatial light
modulation.

[0155] Such method for determining applies for any characteristic of the system 12. For
instance, the characteristics are chosen in the group consisting of the optical distances
between the acousto-optical deflectors, the angles between the deflection direction and the
number of acousto-optical deflectors.

[0156] Such method for determining is usable in any configuration of acousto-optical
deflectors.

[0157] As a first example, the case of two acousto-optical deflectors with their two deflection
directions being perpendicular can be considered. This corresponds to the case of figure 2
without the third and the fourth acousto-optical deflectors. Such configuration is a crossed
configuration. The phase modulation is of the form (p4(x)+¢$o(y) and the amplitude modulation

of the form T4(a4(x)).T2(ax(y)). This configuration can create only phase and amplitude spatial

modulations having the following functional form:
Ti(ar(x))-Ta(ax(y)) exp [ (@1(x)+ @2(y))]

[0158] More complex spatial modulation can only be approximated, as for instance, spatial
phase modulation having cross term xE"yb where a and b are numbers different from zero.

[0159] In the case of more complex spatial modulations, as a second example, let's consider N
acousto-optical deflectors (N being an integer strictly superior to 2), whose deflection directions
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are equally spaced angularly.

[0160] In such second example, each acousto-optical deflector has an amplitude modulation
Ti(aj(x)) and a phase shift ¢j(x) related to the frequency fi(x) in the i-th acousto-optical deflector
as described in reference to formula 1. Due to the spatial arrangement of the N acousto-optical
deflectors, the amplitude modulation introduced by the shaping unit 22 is of the form

56 Ti(ay) (cos (;—:—) x +sin (%) y)
and the phase modulation introduced by the shaping unit 22 is of the form
SNl (cos (%T) x + sin (%) y).

[0161] Such second example allows the user to better approximate a spatial light modulation
at the expense of laser power due to the energy losses in the acousto-optical deflectors.

[0162] The example of figure 2 is a specific case of the second example wherein N = 4. In this
example, the system 14 is able to produce a spatial modulation with a phase shift
corresponding to the sum of four terms. Each term is respectively a function of x (for first
acousto-optical deflector 36), y (for second acousto-optical deflector 38), x+y (for third
acousto-optical deflector 40) and y-x (for fourth acousto-optical deflector 42).

[0163] According to preferred embodiments, the step d) is carried out by using a constraint or
a combination of constraint.

[0164] For instance, according to a constraint, the number of acousto-optical deflectors is
strictly superior to 2.

[0165] According to another constraint, the first instant t1 and the second instant t2 are
controlled with a precision below or equal to 200 nanoseconds. This constraint can be
generalized as the interval of time between the instant when a radiofrequency wave is
established in one acousto-optic deflector and the instant when a radiofrequency wave is
established in a subsequent acousto-optic deflector is below or equal to 200 nanoseconds.

[0166] According to another constraint, the interval of time between the instant when a
radiofrequency wave is established in one acousto-optic deflector and the instant when a
radiofrequency wave is established in a subsequent acousto-optic deflector is equal to zero
(ti+taccess,i=tittaccess,), for i=1to 4 and for j=1 to 4).

[0167] According to another constraint, the fifth instant t5 is posterior to the first instant t1.
[0168] According to another constraint, each acousto-optic deflector has an access time, the

repetition rate of the laser unit be inferior or equal to the inverse of the largest of these access
times.
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[0169] The method for determining therefore enables to obtain the characteristics of a system
enabling to generate an arbitrary spatial light modulation at high speed. This high speed of the
order of hundreds of kHz range is not achievable by any known technology. Indeed beam
shaping has been achieved using a great variety of technologies including deformable mirrors
(DM), liquid crystal Spatial Light Modulators (SLM) or MEMS mirrors. Most of these techniques
are limited to a refresh rate of a few Hz, up to a few kHz

[0170] Such high speed is all the more important as the shaping of a laser beam, which
consists in the spatial modulation of its phase and amplitude, has major applications in various
fields including materials processing (micro-photolithography, laser writing, laser welding, hole
drilling, laser ablation, laser scribing), laser displays, optical communication, medicine and
optical microscopy. Whereas static spatial shaping is often achieved, the ability to change the
beam shape at high rate can be of great importance to improve the throughput of all these
applications.

[0171] In addition, such method for determining can be carried out easily and notably by
making a computing system and a computer program product interact.

[0172] The computing system is, for instance, a computer. More generally, the computing
system is a computer or similar electronic computing device adapted to manipulate and/or
transform data represented as physical, such as electronic, quantities within the computing
system's registers and/or memories into other data similarly represented as physical quantities
within the computing system's memories, registers or other such information storage,
transmission or display devices.

[0173] Computing system comprises a processor, a keyboard and a display unit.

[0174] The processor comprises a data-processing unit, memories and a reader adapted to
read a computer readable medium.

[0175] The computer program product comprises a computer readable medium.

[0176] The computer readable medium is a medium that can be read by the reader of the
processor. The computer readable medium is a medium suitable for storing electronic
instructions, and capable of being coupled to a computer system bus.

[0177] Such computer readable storage medium is, for instance, a disk, a floppy disks, optical
disks, CD-ROMs, magnetic-optical disks, read-only memories (ROMs), random access
memories (RAMs) electrically programmable read-only memories (EPROMS), electrically
erasable and programmable read only memories (EEPROMSs), magnetic or optical cards, or
any other type of media suitable for storing electronic instructions, and capable of being
coupled to a computer system bus.

[0178] A computer program is stored in the computer readable storage medium. The
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computer program comprises one or more stored sequence of program instructions.

[0179] The computer program is loadable into the data-processing unit and adapted to cause
execution of the method for determining when the computer program is run by the data-
processing unit.

[0180] The embodiments and alternative embodiments considered here-above can be
combined to generate further embodiments of the invention.
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Patentkrav

1. Fremgangsmade til bestemmelse af de karakteristiske egenskaber ved et
system (14) til generering af en gnsket rumlig lysmodulation i fase og i ampli-
tude af en laserpuls, hvilket system (14) omfatter:

- en laserenhed (18), der er indrettet til at udsende mindst en indgangslaser-
puls (P1) med en varighed pa under eller lig med 1 nanosekund,

- en rumlig formgivningsenhed (22), der er indrettet til at generere en udgangs-
laserpuls (Poutput), nar den belyses af en indgangslaserpuls (Pinput), hvor den
rumlige formgivningsenhed (22) omfatter mindst en akustooptisk deflektor (36,
38, 40, 42), hvor hver akustooptiske deflektor (36, 38, 40, 42) er indrettet til at
afbgje en indfaldende laserpuls (Pineut, DP1, DP2, DP3) langs en respektiv
afbgjningsretning (A1, A2, A3, A4) til opnaelse af en afbgjet laserpuls (DP1,
DP2, DP3, DP4), hvor hver akustooptiske deflektor (36, 38, 40, 42) omfatter
en akustooptisk krystal (44, 50, 58, 64) og en transducer (46, 52, 60, 66), der
er indrettet til at styre krystallen ved péafaring af en akustisk bglge,

hvor laserenheden (18) og formgivningsenheden (22) er synkroniserede, sa-
ledes at den indfaldende laserpuls (Pineut, DP1, DP2, DP3) samvirker med
den respektive akustooptiske deflektor (36, 38, 40, 42), nar den akustiske
bolge etableres i krystallen (44, 50, 58, 64),

hvilken fremgangsmade omfatter:

a) at tilvejebringe en gnsket rumlig lysmodulation i fase og i amplitude af ud-
gangspulsen,

b) at udtrykke amplituden og fasen af udgangspulsen (Pourteur) af formgiv-
ningsenheden (22) som en funktion af indgangslaserpulsen (Pinput) 0g som
en funktion af de karakteristiske egenskaber ved systemet (14) til opnaelse af
en beregnet udgangspuls,

kendetegnet ved at:

- fremgangsmaden endvidere omfatter:

) at bestemme mindst en karakteristisk egenskab ved systemet (14) ved mi-
nimering af en afstand mellem den beregnede udgangspuls og den gnskede
udgangslaserpuls,

- i trin b), for hver akustooptisk deflektor (36, 38, 40, 42), udtrykkes fasefor-
skydningen indfart af den akustooptiske deflektor (36, 38, 40, 42) mellem den
afbgjede laserpuls (DP1, DP2, DP3, DP4) og den indfaldende laserpuls (Pin-
put, DP1, DP2, DP3) som:
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o m
o) == <mf(m) ~ mof(mg) - fmouf'(u)du)

hvor:

* ¢ er faseforskydningen indfart af den akustooptiske deflektor (36, 38, 40, 42)
i den indfaldende laserpuls (Pineut, DP1, DP2, DP3),

* m er positionskoordinatet af et punkt af den akustooptiske krystal (44, 50, 58,
64) langs afbgjningsretningen (A1, A2, A3, A4),

* mo er positionskoordinatet af yderpunktet af den akustooptiske krystal (44,
50, 58, 64) langs afbgjningsretningen (A1, A2, A3, A4) og over for transduce-
ren (46, 52, 60, 66),

* v er hastigheden af den akustiske bglge, der pafares krystallen (44, 50, 58,
64) af den akustooptiske deflektor (36, 38, 40, 42), og

« f(m) er frekvensen af den akustiske balge, der pafares krystallen (44, 50, 58,
64) af den akustooptiske deflektor (36, 38, 40, 42) ved koordinatpunktet m i
det gjeblik, hvor laserpulsen krydser krystallen (44, 50, 58, 64), og

* taccess €r den akustooptiske deflektors tilgangstid (36, 38, 40, 42), og

- i trin b), for hver akustooptisk deflektor (36, 38, 40, 42), udtrykkes amplitude-
modulationen indfgrt af den akustooptiske deflektor (36, 38, 40, 42) mellem
den afbgjede laserpuls (DP1, DP2, DP3, DP4) og den indfaldende laserpuls
(Pineput, DP1, DP2, DP3) som:

A(m) =T(a(m))

hvor:

« A(m) er amplitudemodulationen indfgrt af den akustooptiske deflektor (36,
38, 40, 42) i den indfaldende laserpuls (Pinput, DP1, DP2, DP3) ved koordinat-
punkt m,

» a(m) er amplituden af den akustiske bglge, der pafares krystallen (44, 50, 58,
64) af den akustooptiske deflektor (36, 38, 40, 42) ved koordinatpunktet m i
det gjeblik, hvor laserpulsen krydser krystallen (36, 38, 40, 42), og

* T er den karakteristiske indgangs-udgangs-amplitude-overfaringsfunktion af
den akustooptiske deflektor (36, 38, 40, 42), som udtrykker brokdelen af ind-
gangslysamplituden, der overfgres til den forste afbgjningsorden, som en
funktion af amplituden af den akustiske bglge.

2. Fremgangsmade ifelge krav 1, hvor formgivningsenheden (22) omfatter
mindst to akustooptiske deflektorer (36, 38, 40, 42) i reekkefolge, hvor antallet
af akustooptiske deflektorer (36, 38, 40, 42) er en karakteristisk egenskab ved
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systemet (14) og bestemmes i trin ¢) med den restriktion, at antallet af akusto-
optiske deflektorer (36, 38, 40, 42) skal vaere starre end eller lig med 2, for-
trinsvis starre end eller lig med 4.

3. Fremgangsmade til bestemmelse ifalge krav 1 eller 2, hvor hver karakteri-
stiske egenskab bestemt i trin ¢) bestemmes med den restriktion, at afbgj-
ningsretningerne (A1, A2, A3, A4) er anbragt med lige stor vinkelafstand.

4. Fremgangsmade ifolge et hvilket som helst af kravene 1 til 3, hvor systemet
(14) endvidere omfatter en radiofrekvensgenerator (26), der er indrettet til til
hver transducer (46, 52, 60, 66) at tilvejebringe en radiofrekvensbglge star-
tende i et respektivt gjeblik (t1, t2, t3, t4), hvor gjeblikkene (i1, t2, t3, t4) er
karakteristiske egenskaber ved systemet (14) og bestemmes i trin c).

5. Fremgangsméade ifalge et hvilket som helst af kravene 1 til 4, hvor systemet
(14) endvidere omfatter en laserenhed (18), der er indrettet til at udsende en
laserpuls i udsendelsesgjeblikke (t5), hvor udsendelsesgjeblikkene (t5) er en
karakteristisk egenskab ved systemet (14), og hver akustooptisk deflektor (36,
38, 40, 42) har en tilgangstid, hvor udsendelsesgjeblikkene (t5) bestemmes i
trin ¢) med den restriktion, at laserenhedens repetitionsfrekvens/-hastighed
(18) skal vaere mindre end eller lig med det omvendte af den storste af disse
tilgangstider.

6. Fremgangsmade til bestemmelse ifglge et hvilket som helst af kravene 1 til
5, hvor de karakteristiske egenskaber er valgt i gruppen bestaende af de opti-
ske afstande (d12, d23, d34) mellem de akustooptiske deflektorer (36, 38, 40,
42), vinklerne (a12, a23, a34) mellem afbgjningsretningerne (A1, A2, A3, A4)
og antallet af akustooptiske deflektorer (36, 38, 40, 42).

7. Computerprogramprodukt omfattende et computerlaesbart medium, som
baerer et computerprogram, der omfatter programinstruktioner, hvilket compu-
terprogram kan indlaeses i en databehandlingsenhed og er indrettet til at be-
virke eksekvering af fremgangsmaden ifalge et hvilket som helst af kravene 1
til 6, nar computerprogrammet kores af databehandlingsenheden.
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8. System (14) til generering af en gnsket rumlig modulation i fase og i ampli-
tude af en laserpuls, hvilket system (14) omfatter:

- en styreenhed (34),

- en laserenhed (18), der er indrettet til at udsende mindst en indgangslaser-
puls (P1) med en varighed pa under eller lig med 1 nanosekund,

- en formgivningsenhed (22), der er indrettet til at generere en udgangslaser-
puls (Poutpur), nér den belyses af en indgangslaserpuls (Pineut), hvor formgiv-
ningsenheden (22) omfatter mindst en akustooptisk deflektor (36, 38, 40, 42),
hvor hver akustooptiske deflektor (36, 38, 40, 42) er indrettet til at afbgje en
indfaldende laserpuls (Pineut, DP1, DP2, DP3) langs en respektiv afbgjnings-
retning (A1, A2, A3, A4) til opnaelse af en afbgjet laserpuls (DP1, DP2, DP3,
DP4), hvor hver akustooptiske deflektor (36, 38, 40, 42) omfatter en akustoop-
tisk krystal (44, 50, 58, 64) og en transducer (46, 52, 60, 66), der er indrettet
til at styre krystallen ved péafering af en akustisk bglge,

hvor laserenheden (18) og formgivningsenheden (22) er synkroniserede, sa-
ledes at den indfaldende laserpuls (Pineut, DP1, DP2, DP3) samvirker med
den respektive akustooptiske deflektor (36, 38, 40, 42), nar den akustiske
bolge etableres i krystallen (44, 50, 58, 64),

kendetegnet ved at styreenheden (34) er indrettet til at bestemme mindst en
karakteristisk egenskab bestemt ved fremgangsméaden ifglge et hvilket som
helst af kravene 1 til 7.

9. System ifglge krav 8, hvor laserenheden (18) omfatter en laser og en rege-
nerativ forstaerker.

10. To-fotonmikroskop (10) omfattende et system (14) til generering af en on-
sket laserpuls ifolge krav 8 eller 9.

11. Fremgangsmade til generering af en gnsket rumlig modulation i fase og i
amplitude af en laserpuls under anvendelse af systemet (14) til generering af
mindst en gnsket laserpuls ifglge krav 8 eller 9.

12. Fremgangsmade til analyse eller modificering af en prove, omfattende at
generere et lysmonster i en prove under anvendelse af fremgangsmaden il
generering af mindst en gnsket rumlig modulation i fase og i amplitude af en
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laserpuls ifglge krav 11.

13. Fremgangsmaéade til analyse eller modificering af en prgve ifglge krav 12,
omfattende at modificere positionen af lysmenstret i proven langs en retning,
der er vinkelret p4 fokalplanet.

14. Fremgangsmade til analyse eller modificering af en prgve ifelge krav 12,
hvor praven er tilpasset til at kunne tale udseettelse for en maksimal omforde-
ling af lysintensitet i fokalplanet, hvor fremgangsmaden endvidere omfatter at
veelge det onskede lysmgnster séledes, at omfordelingen af intensiteten af det
gnskede lysmanster i fokalplanet er mindre end den maksimale omfordeling
af intensitet.

15. Fremgangsmade til analyse eller modificering af en prgve ifelge krav 13,
hvor praven er tilpasset til at kunne tale udseettelse for en maksimal omforde-
ling af lysintensitet i fokalplanet, hvor fremgangsmaden endvidere omfatter at
veelge det onskede lysmgnster saledes, at omfordelingen af intensiteten af det
gnskede lysmanster i fokalplanet er mindre end den maksimale omfordeling
af intensitet.
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