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Description

[0001] The presentinvention relates to apparatus and methods involving the manipulation of a beam of electromagnetic
radiation, such as a laser beam. More particularly, the invention relates to apparatus and methods which use a laser
beam to image a target space, such as by selectively focussing the laser beam in the target space, which may be a 2D
plane or a 3D volume. Several independent improvements to the state of the art are disclosed.

[0002] The ability to steer and focus electromagnetic radiation, such as a laser beam, rapidly in three-dimensions is
very attractive for several applications in biology, microfabrication and data storage.

[0003] Laserscanning confocal imaging is an important and widely used tool in-biology because it allows high contrast
visualization of subcellular structures and monitoring of physiological processes with fluorescence indicators within living
tissue by excluding contaminating of out-of focus light. Conventional confocal methods work best at relatively shallow
depths where light penetration is good and scattering is minimal. Unfortunately, conventional confocal imaging cannot
be used to image biological activity deep (>100.m) within the living tissue. However, more recently, a new type of laser
scanning confocal microscopy has been developed that relies on non-linear multiphoton excitation to selectively activate
fluorophores where the light intensity exceeds the 2-photon threshold at the centre of the focal volume. Fluorescent light
is emitted in all directions by these fluorophores and is picked up by a high numerical aperture lens system and photo-
multipliers. As the focal spot is scanned through the tissue the light intensity emitted by the fluorophores varies according
to the intensity of staining by the fluorescence indicators in that part of the tissue. Combining the photomultiplier signal
with the known position of the 2-photon focal volume enables a 2D or 3D image of the fluorescence intensity within the
tissue to be reconstructed. This technique, known as two-photon microscopy, allows imaging at much greater depth
because of the longer excitation wavelengths used for multiphoton excitation (wavelengths of 700-1000 nm), which
scatter less than those used in conventional confocal imaging, and because confocality arises intrinsically from the
excitation volume allowing all emitted photons to be used to construct the image. These properties together with the low
levels of photodamage achievable have made 2-photon imaging an extremely powerful method for examining physio-
logical processes at the cellular and subcellular levels both in vitro and in vivo.

[0004] Two-photon imaging has been particularly popular in neuroscience, as it has allowed the dynamic properties
of neuronal network activity to be imaged in intact brain tissue using calcium indicators. The spatial resolution of 2-
photon microscopy is well suited to this task even allowing the small synaptic connections between neurons to be
resolved. Multiphoton excitation has also begun to be used to photolyse "caged compounds" that release neurotrans-
mitters, allowing synaptic inputs onto a cell to be mimicked. This technique is potentially very important for understanding
synaptic integration and thus determining how individual neurons carry out low-level computations.

[0005] Conventional laser scanning microscopes have traditionally used galvanometer mirrors to scan a laser beam.
Such galvanometer mirrors are configured to scan in the X-Y plane only. Focussing in the Z direction is achieved by
moving the apparatus relative to the sample (for example by moving the objective lens closer to or further away from
the sample). The use of galvanometer mirrors has an inherent disadvantage in that the mirrors necessarily have a mass
and the speed at which the mirror can be moved from one position to another is limited by inertia. In practical terms, this
means that it takes of the order of 200-300 ps to move a mirror from one selected position to another selected position.
In turn, this limits the number of spots upon which a laser beam can be focussed during a given time frame.

[0006] The temporal resolution of the present state of the art galvanometer-based two-photon imaging systems is one
or two orders of magnitude too slow to accurately image signalling in a network of neurons. In such neurons, the
elementary signal event (action potentials) occurs on the millisecond time scale. Moreover, the signals are spatially
distributed in three-dimensions as they flow through the neural networks and building a 3-D stack of images using
galvanometer-based technology takes minutes. Furthermore, galvanometers are too slow for studying synaptic integra-
tion in individual neurons using photolysis because the excitation beam needs to be moved to many (for example 30)
sites within a millisecond in order to stimulate synapses distributed over the dendritic tree. For example, assuming that
it takes 300 s to move from one spot to another using a galvanometer mirror and assuming a dwell time at each spot
of 5 us, it would take 9.15 ms to image 30 sites. This is approximately 10 times too slow for current needs. One approach
suggested in the prior art to overcome some of the disadvantages is to use rapid acousto-optic deflectors (AODs) instead
of galvanometers to steer the two-photon laser beam. The advantage of using AODs is that they allow the laser beam
to be moved much more rapidly from point-to-point than in a galvanometer-based system (compare a movement time
of 5 - 25 ps with AODs to 200 - 400 ps with galvanometers). This has several potential advantages. Firstly, images can
be scanned rapidly. Secondly, multiple point measurements can be made with long dwell times at very high temporal
resolution (e.g. using an AOD system with 15 us movement time, 33 points can be simultaneously sampled at 1 KHz
sample rate with a 15 ps dwell time or in other words 33 points can be monitored 1000 times per second). The use of
AODs therefore allows more of the time to be devoted to collecting photons from the regions of interest rather than being
taken up in moving the laser beam between sites.

[0007] As well as deflecting the laser beam in the X,Y plane, the use of two AODs per axis can, in principle, also be
used to focus the laser beam in the Z dimension. For example, Kaplan et al describe in "Acousto-Optic Lens witch Very
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Fast Focus Scanning" Optics Letters, Vol. 26, No. 14, July 15 2001, pp 1078-1080, the use of two or four AODs to focus
a laser beam in the X and Z plane or anywhere in an X,Y and Z volume. To achieve focussing in a 3D volume, two AODs
for focussing in the X-Z plane are followed by two AODs for focussing in the Y-Z plane.

[0008] One particular problem associated with multi-photon AOD scanning is spatial and temporal dispersion. Multi-
photon applications typically require ultra-short laser pulses, for example of the order of 100 fs. However, the shorter
the pulse, the larger the spread of wavelengths that exist in the pulse. The limiting example is an infinitely short pulse
which has a completely flat frequency spectrum (i.e. a white spectrum). A pulse of 100 fs typically has a full-width, half-
maximum spectral width of approximately 10 nm. The angle by which an AOD deflects a laser beam is related to the
wavelength of the laser beam. Longer wavelengths are deflected more than shorter wavelengths. Thus, a form of spatial
dispersion, also known as chromatic aberration, occurs when an ultra-short pulse is deflected by an AOD. When a laser
pulse is diffracted through an AOD and then brought to a focus, the low frequency (long wavelength) parts of the pulse
are focussed to a different position than the high frequency (short wavelength) parts of the pulse. This causes the pulse
to be focussed to a line rather than a spot, the length of the line being related to the spectral width of the pulse. Further,
different wavelengths of light travel at different speeds through the AOD which causes temporal dispersion, i.e. elongation
of the pulse in time. These problems are described in "Compensation of Spatial and Temporal Dispersion for Acousto-
Optic Multiphoton Laser-Scanning Microscopy" by lyer et al, Journal of Biomedical Optics, 8(3), July 2003, pp 460-471.
[0009] These dispersion problems provide two system limitations - (i) they worsen the spatial resolution of the system,
and (i) they limit the excitation energy density that is achieved at the focus, thus reducing excitation efficiency.

[0010] lyer et al propose the use of a diffraction grating matched to the central acoustic wavelength in order to relieve
some of the spatial dispersion. However, this solution only corrects the chromatic aberration for a single spot in the
image plane with the chromatic aberration steadily increasing as you move away from this spot in the image plane. This
effect is known as magnifi-cation-chromatic aberration because it can also be described by saying that the longer
wavelength component of the image has greater spatial magnification than the shorter wavelength component.

[0011] Reddy & Saggau ("Fast Three-Dimensional Laser Scanning Scheme Using Acousto-Optic Deflectors”, Journal
of Biomedical Optics, 10(6), November/December 2005) and Salomé et al ("Ultrafast Random-Access Canning in Two-
Photon Microcopy using Acousto-Optic Deflectors”, Journal of Neuroscience Methods, 154 (2006), pp 161-174) disclose
a similar result in which two AODs are used to correct for chromatic aberration at one line in the image field but with
chromatic aberration increasing as the deflection diverges from the compensation line. This is illustrated in Figure 4c of
Reddy & Saggau.

[0012] Thus, even with the best compensation systems disclosed in the prior art, chromatic aberration can be eliminated
at one single point only in the field of view. The consequent focussing of a laser pulse to a line, rather than a diffraction
limited spot, reduces the number of resolvable spots in the image plane. In a 3D image space, the effect of chromatic
aberration can be quantified by considering the Number of Resolvable Detection Volumes (NRDV) in the image field.
The detection volume of a 2-photon system is the volume of tissue or other excitable material that has sufficient intensity
to be above its fluorescence activation threshold. As 2-photon processes are dependent on the square of optical intensity
this volume is always smaller than the conventional focal volume of the point spread function of the focused laser beam.
The prior compensation systems show increasing chromatic aberration as one moves away from the compensation
point and thus the NRDV is much less than if the chromatic aberration were corrected for substantially the whole image
space. Such prior compensation systems therefore do not give the desired spatial resolution to be used effectively for
many applications, such as most 3D random access applications (e.g. neuroscience applications).

[0013] For such applications it is highly desirable to be able to randomly address any location in a volume of approx-
imately 250 x 250 x 250 pm with a spatial resolution of 1x1x2 wm at a rate of 20 -30 ws per point. This corresponds to
a number of resolvable detection volumes (NRDV) of 7.8 million. Detailed modelling of the designs proposed to date
has shown that the prior art methods struggle to achieve an NRDV in excess of 200,000. This is a factor of 40 below
what is a desirable target for neuroscience applications.

[0014] Reddy & Saggau disclose coupling two adjacent AODs using telecentric relay optics (for example see Figure
1c of their paper, supra). When four AODs are provided in a system capable of scanning a spot within a 3D volume, this
necessitates at least three sets of telecentric relay optics. A typical length of a prior art telecentric relay, in the direction
of the laser beam, is 400mm. Thus, the requirement to utilise three telecentric relays adds 1.2 m to the length of the
system in the path of the electromagnetic radiation. Accordingly, it is difficult to construct a device with a compact
configuration and with minimal losses. It would be desirable toimplementa shorter configuration, with less loss-introducing
components, but maintaining the functionality of the AODs in focussing the laser beam.

[0015] When an AOD deflects a laser beam, it is the first order component that is usually of interest. The AOD will
typically also pass an undeflected zeroth order component that can interfere with the signal. Kaplan et al solves this
problem by ensuring that the two AODs deflect the laser beam in the same direction such that the undeflected zeroth
order component does not reach the image field. An alternative configuration proposed by Reddy & Saggau of two
parallel AODs suffers the potential problem that undeflected zeroth order components can reach the image field. Note
that for the highest efficiency, the anisotropic crystals of the deflectors are used in the shear acoustic mode. These
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AODs have the property that the polarisation of the diffracted first order beam has its polarisation rotated through 90
degrees compared to the incoming laser beam and the zero order undeflected transmitted beam.

[0016] Another problem lies in the physical design of the AODs. Usually, the AOD devices are designed to have a
good transmission efficiency (e.g. approximately 80%), but only for a very narrow range of input acceptance angles,
(typically =1.5 mrad). As the input acceptance angle varies, efficiency typically reduces. Thus, when two AODs are used
in series, the second AOD will receive light at an angle defined by the deflection angle of the first AOD. Where the first
AOD deflects the beam by a relatively large angle (e.g. greater than 1.5 mrad), this can cause the diffraction efficiency
of the second AOD to be very low. It is therefore be desirable to design an AOD having higher efficiencies at a larger
range of input acceptance angles.

[0017] There also exists a problem in that, for some applications, obtaining efficient transmission of the laser power
is paramount, whereas for others, obtaining high spatial accuracy is paramount. For example, the use of a two-photon
system for photolysis requires a much higher laser power than when used for imaging. Further, a reduced NRDV-can
be tolerated in photolysis applications. It would therefore be desirable to have a system in which the NRDV/power trade-
off can be varied in accordance with the application to which the system is put.

[0018] Itis convenient to be able to perform two-photon microscopy or photolysis at a selected wavelength. Typically,
the useful wavelength range is 700 nm to 1000 nm. However, there is a problem in that diffractive optics inherently
deflect by different amounts at different wavelengths (due to the fact that the diffraction angle increases as the wavelength
increases). Providing a system that can operate under a range of different wavelengths is therefore difficult and would
be desirable.

[0019] Furthermore, it would be desirable to provide a system that can provide selectable chromatic aberration cor-
rection. For example, it would be desirable to provide a system that can be configured easily to correct all the chromatic
aberration in one X-Y plane. Such a system should preferably also be capable of being configured to correct all chromatic
aberration in the Z plane. Preferably, such configuration should be via simple means such as moving lens systems,
rather than by replacing components.

[0020] Itis also desirable to provide a system that can operate in more than one mode. For example, a pointing mode
in which a series of predetermined points can be visited sequentially is useful. Also, a scanning mode, in which the laser
beam focus moves smoothly over the target is also useful. A system which can be easily switched between these modes
is therefore very desirable.

[0021] It is furthermore desirable to provide a system which can perform scanning in a smooth fashion even though
there are limits on the minimum and maximum frequencies that can be put through an acousto-optic deflector. These
limits traditionally mean that scanning has to be stopped when the limit is reached. A system that can overcome this
problem would be extremely desirable.

[0022] These and other problems are addressed by embodiments of the present invention.

[0023] According to the invention, there are provided systems and methods which can account for a non-zero effective
optical separation between adjacent AODs.

[0024] This can be achieved by providing a system for manipulating a beam of electromagnetic radiation, said system
comprising: a first acousto-optic deflector; a second acousto-optic deflector positioned downstream of said first acousto-
optic deflector and being separated from said first acousto-optic deflector by an effective optical separation; a driver for
providing acoustic waves in said first and second acousto-optic deflectors, said acoustic waves being chirped at different
ramp rates to account for said effective optical separation between said first and second acousto-optic deflectors.
[0025] Preferably, the driver is arranged to provide acoustic waves that cause the electromagnetic radiation to be
focused to a stationary line in space.

[0026] Preferably, there is provided a system wherein said driver provides an acoustic wave with a ramp rate a; to
said firstacousto-optic deflector and provides an acoustic wave with aramp rate a, to said second acousto-optic deflector,
and wherein said ramp rates are related by:

+

& _ 24
a, 2d,+d,

where d, is the effective optical separation between said first and second acousto-optic deflectors and d; is the effective

optical distance to the focal line from the second acousto-optic deflector.
[0027] In preferred embodiments, the system further comprises a third acousto-optic deflector; a fourth acousto-optic
deflector positioned downstream of said third acousto-optic deflector and being separated from said third acousto-optic
deflector by an effective optical separation; wherein said driver is arranged to provide acoustic waves in said third and
fourth acousto-optic deflectors, said acoustic waves being chirped at different ramp rates to account for said effective
optical separation between said third and fourth acousto-optic deflectors.
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[0028] The driver is preferably arranged to select frequencies of the acoustic waves that scan a target in the X and/or
Y direction.

[0029] The driver is preferably arranged to select frequencies for said first and second acousto-optic deflectors such
as to achieve an angular scan rate of 6/t by adjusting the ramp rate a, of the first acousto-optic deflector to be:

)
A\Xd, &
a =

NI AL
MBIV

and by adjusting the ramp rate a, of the second acousto-optic deflector to be:

v: vV 66

+__-—_-

T2d, T 24 &t

a,

where V is the speed of sound in the first and second acousto-optic deflectors, X is the wavelength of the laser beam to
be deflected, d, is the distance to the focal line/point from the second acousto-optic deflector and d; is the effective
optical separation between said first and second acousto-optic deflectors.

[0030] The driver preferably provides acoustic waves such as to scan a target in the Z and/or Y direction, said scan
being composed of a series of mini-scans, with a non active scan period between each active scan time of each mini-scan.
[0031] This non-active period can be used to adjust the value of the frequencies without moving the focus position
and preferably consists of a frequency resetting time and a AOD fill time.

[0032] The non-active time starts at the end of the active scan time of one mini-scan and ends at the beginning of the
active scan time of the subsequent mini-scan:

[0033] The active scan time is preferably that time for which measurements are taken and, generally, measurements
are not taken during the non-active time duration. Also included in the eighth aspect of the invention is a method of
manipulating a beam of electromagnetic radiation, said method comprising passing said electromagnetic radiation
through a first acousto-optic deflector and a second acousto-optic deflector downstream of said first acousto-optic
deflector, the deflectors containing first and second acoustic waves respectively; wherein said first and second acoustic
waves are chirped at different ramp rates to account for the effective optical separation between said first and second
acousto-optic deflectors.

[0034] The invention also includes a corresponding method of manipulating a beam of electromagnetic radiation.
[0035] In the present invention, the following are preferable features.

[0036] The electromagnetic radiation is selectively focussed to a line and/or to a point.

[0037] The electromagnetic radiation passes through a system comprising microscope optics, for example a system
including a microscope objective lens.

[0038] The method, apparatus and system of the present invention is particularly useful for implementing non-linear
optical processes, such as multi-photon processes or two-photon processes.

[0039] In all embodiments, chromatic aberration is preferably substantially corrected over a 3D image field.

[0040] Any of the acousto-optic deflectors of the present invention are preferably made from a higher frequency
anisotropic acousto-optic crystal of which TeO, is one example.

[0041] The present invention will now be further described, by way of non-limitative example only, with reference to
the accompanying schematic drawings, in which:-

Figure 1 shows an acousto-optic deflector (AOD) and the principle of diffraction of a laser beam using an ultrasonic
acoustic wave;

Figure 2 shows an AOD focussing a laser beam;

Figure 3 shows the moving focal spot obtainable with a single AOD;

Figure 4a shows a graph of the frequency of the acoustic wave as it varies with time;

Figure 4b shows a graph of the frequency of the acoustic wave as it varies with distance across the AOD;

Figure 5 shows a configuration comprising two AODs which allow a laser beam to be focussed to a fixed spot in the
X-Z plane;

Figure 6 is a similar view to Figure 5 but additionally shows the undiffracted zeroth order component of diffraction;
Figures 7a - 7c show how a lens 70 can be used to focus the AOD output to a real position in a target;

Figure 8 shows a configuration of two parallel AODs in accordance with the present invention;
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Figure 9 is similar to Figure 8 and shows the chromatic aberration that can occur when the input laser has a spectral
width;

Figure 10 shows an overview of the components of a two-photon system according to the present invention;
Figures 11a, 11b and 11c show graphs of the chromatic aberration versus the distance X in the image field. Figure
11 a shows the completely uncorrected graph, Figure 11b shows a graph corrected at a single point in the image
field and Figure 11c shows a graph in which magnification chromatic aberration has also been corrected;

Figure 12 is a graph showing the chromatic aberration at various points in the image field;

Figure 13 is a graph similar to Figure 12 showing the chromatic aberration at various points in the image field;
Figure 14 shows a system with a modified tube lens or microscope objective lens; Figure 15 shows a dispersive lens;
Figure 16 shows a telecentric relay;

Figure 17 shows the telecentric relay together with an objective lens;

Figure 18 shows a telecentric relay and objective lens in accordance with another configuration;

Figure 19 shows a telecentric relay and objective lens in accordance with a further configuration;

Figure 20 is a graph showing the improvement in magnification chromatic aberration obtainable;

Figure 21 is a graph showing the number of resolvable detection volumes (NRDV) and how this varies with a
correction factor C related to the amount of magnification that the shorter wavelengths are subjected to compared
to the longer wavelengths;

Figure 22 is a graph similar to Figure 20 in which the chromatic aberration has been corrected perfectly in the X-
direction;

Figure 23 is a graph similar to Figure 20, in which the chromatic aberration has been corrected perfectly in the Z-
direction;

Figure 24 is a graph showing the number of resolvable detection volumes (NRDV) and how this varies with design
acceptance angle range of the second AOD in an AOD pair according to the prior art;

Figure 25 is a graph showing the number of resolvable detection volumes (NRDV) and how this varies with design
acceptance angle range of the second AOD in an AOD pair according to the present invention;

Figure 26 is an arrangement of two AODs according to the present invention;

Figure 27 shows two orthogonal views of an arrangement of four AODs in accordance with the present invention;
Figure 28 is a three-dimensional plot of the diffraction efficiency of a known AOD;

Figure 29 is the same as Figure 28, but viewed from a different direction;

Figure 30 shows a plot of the diffraction efficiency of an AOD in accordance with the present invention;

Figure 31 shows an AOD crystal having a wide ultrasonic transducer;

Figure 32 shows an AOD crystal having a narrow ultrasonic transducer;

Figure 33 shows an AOD crystal having a selectable pair of transducers;

Figure 34 shows an AOD crystal having three independently selectable transducers;

Figures 35a and 35b show a practical arrangement of AODs and telecentric relays;

Figure 36 shows a laser beam being focussed by two AODs;

Figure 37 shows the AOD drive frequencies utilised in the arrangement of Figure 36;

Figure 38 shows distances used to derive equations to explain the ramp rates used in the AOD configuration of
Figure 36;

Figures 39a and 39b show a configuration of four AODs;

Figure 40 shows a scan pattern in the X-Y plane;

Figure 41 shows raster scanning with four AODs;

Figure 42 shows the frequency applied to two AODs in order to focus to a stationary spot;

Figure 43 shows how these frequencies need to be changed in order to provide a scanning X-deflection;

Figure 44 shows how the maximum and minimum drive frequencies in the AODs limit the scan time;

Figure 45 shows a series of mini scans in X;

Figure 46 shows frequency offsets being applied between mini scans;

Figure 47 shows a geometric derivation useful in determining the frequency offsets;

Figure 48 shows a four AOD system for providing a constant change of scan angle #in the X-Y plane with time;
Figure 49 shows the four AOD system, in which a constant change of scan angle ¢ is provided in the Y-Z plane.
Figure 50 shows an embodiment of apparatus for correcting chromatic aberration;

Figures 51 ato 51c show how diffractive optical elements modulate a beam width in accordance with the wavelength
of the beam;

Figure 52 shows the embodiment of Figure 50 with the diffractive optical elements axially moved;

Figure 53 shows the spectra of laser pulse trains at three different wavelengths;

Figure 54 shows the effect of beam wavelength on the embodiment of Figure 50;

Figure 55 shows an embodiment of a chromatic aberration correcting system using zoom lenses and diffractive
optical elements;
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Figure 56 shows the embodiment of Figure 55 and the focal length of the zoom lenses;
Figure 57 is a graph useful for explaining the embodiment of Figure 55;

Figure 58 is another graph useful for explaining the embodiment of Figure 55;

Figure 59 shows the embodiment of Figure 55 when a wavelength of 900nm is used;
Figure 60 shows the embodiment of Figure 55 when a short wavelength is used; and
Figure 61 shows the total length of the chromatic aberration correcting system.

Technical Background

[0042] In order to fully understand the invention, it is useful to explain the technical effects relevant to the invention.
Figure 1 illustrates the principle of Bragg diffraction in an acousto-optic deflector.

[0043] The acousto-optic deflector comprises a crystal 10 and a crystal transducer 12. The crystal is preferably a high-
efficiency anisotropic acousto-optic crystal such as a TeO, crystal. The crystal transducer 12 is attached to one side of
the crystal and is arranged to propagate an ultrasonic acoustic wave 14 through the crystal, preferably using the slow
shear mode of propagation.

[0044] An incoming laser beam 16 entering the crystal at an angle @ will be diffracted by the acoustic wave and the
first order component of diffraction will have an angle @, as shown in Figure 1. The first order component of diffraction
is labelled 18 in Figure 1. There will also be a zeroth order component of diffraction which is simply a continuation of the
input laser beam 16, i.e. the zeroth order of diffraction is an undeflected laser beam.

[0045] The laser beam 16 typically has a width of 10 to 15 mm and the plural beams illustrated in Figure 1 are merely
illustrative of a single wide laser beam.

[0046] The equation governing the angle of diffraction is:

Ao fac .
gl e

where @, - @, is the angle of diffraction, 2 is the wavelength of the laser beam, f,. is the frequency of the acoustic wave
propagating in the crystal and V. is the velocity of the acoustic wave propagating in the crystal. In Figure 1, the acoustic
wave has a constant frequency f,.

[0047] Itis apparent from this equation that the amount of deflection that the laser beam undergoes is directly propor-
tional to the wavelength of the laser beam. Thus, higher wavelength components of light will be deflected by more than
lower wavelength components.

[0048] By manipulating the acoustic wave propagating in the crystal, special effects can be achieved.

[0049] For example, the acoustic wave can be "chirped" such that its frequency linearly increases or decreases with
time, for example by giving it the form:

fot) = £ 0) + at o O

[0050] In this equation the constant a is known as the "chirp rate" and is measured in MHz per second. It is clear from
this equation that the frequency of the ultrasonic wave is a linear function of time. Figure 2 shows the situation where
the chirp rate a is negative, i.e. the frequency of the acoustic wave linearly decreases with time. As the angle of diffraction
is proportional to the frequency of the acoustic wave, those parts of the laser beam that are deflected by the high-
frequency portion of the acoustic wave will be deflected more than those parts which are diffracted by the low frequency
portion. This is illustrated in Figure 2 and it can be seen that the effect is to focus the laser beam at a position in the
general direction of the dotted arrow 20 in Figure 2. The distance D to the focal position in the vertical direction is given
by the following equation:

Vac?
. Aoa

D (3)

[0051] As illustrated in Figure 3, the acoustic wave moves in the direction of arrow 24 at the acoustic wave velocity
V.. The focal position 22 created by the converging laser beam will thus also move in the direction of arrow 26 at the
acoustic velocity. Accordingly, one AOD can be used to focus a laser to a position that moves at the acoustic velocity V..
[0052] Itis also pertinent to point out that the range of acoustic frequencies that may be propagated through the crystal
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10 is limited because the diffraction efficiency drops rapidly outside the design range of the AOD. Figure 4a shows the
frequency of the acoustic wave as it varies with time and Figure 4b shows the frequency of the acoustic wave as it varies
with distance.

[0053] As can be see from Figure 4a, it is necessary to keep the frequency of the acoustic wave between the limits
finin @nd f,,, It is therefore not possible to indefinitely chirp the frequency of the acoustic wave and, once the frequency
reaches f,;, itis necessary to very quickly change the frequency to f,,,, such that the chirping can continue. This creates
a "saw-tooth" graph in Figure 4a. This same saw-tooth pattern occurs in Figure 4b, but it is reversed because the
frequencies present in the acoustic wave on the right-hand side of the crystal represent frequencies at an earlier time
point than the frequencies present in the acoustic wave at the left-hand side of the crystal.

[0054] For one design of AOD, typical values for f,,;, are 50-60 MHz and typical values for f,,,, are 90-100 MHz.
However, a special design of AOD may be provided that is more efficient at lower frequencies, for example 20-50 MHz,
more preferably 25-45 MHz, more preferably still 30-40 MHz and more preferably still 32-37 MHz. £, and f,, ., may
thus be chosen in accordance with these lower and upper limits. A low range of acoustic frequencies are useful because
they minimise the deflection provided by any one AOD and reduce the need to provide AODs that have large acceptance
angles. This allows the efficiency to be kept high.

[0055] For those points in time where the "fly-back" portion of the graph is present in the central region of Figure 4b
or, in other words, for those points in time where the discontinuity between the highest and lowest frequency exists in
the crystal of the AOD, proper focussing cannot be achieved. There are therefore certain periods of time for which the
AOD cannot be used for focussing. In two-photon applications, it is therefore important to measure signals induced by
the laser pulses only at points in time where there is minimal discontinuity in chirped frequency across the AOD. There
is therefore a "duty cycle" limitation on the AOD which duty cycle is the amount of time, expressed as a percentage, that
the AOD may be used for useful focussing. It is apparent that this duty cycle will be reduced by increasing the gradient
of frequency increase/decrease in Figures 4a and 4b.

[0056] The focal spot 22 can be made stationary by utilising a second AOD, as described by Kaplan et al (supra) and
as illustrated in Figure 5.

[0057] In this configuration, a second AOD crystal 10 and ultrasonic transducer 12 is utilised and the ultrasonic waves
in the AODs are made to propagate in substantially opposite directions. In Figure 5, the first (upstream) AOD has an
ultrasonic wave propagating from the right to the left and the second AOD has an ultrasonic wave propagating from the
left to the right. The first AOD modifies the input laser beam 16 to be a focussed laser beam 18 with the focal spot moving
substantially from the right to the left and the second AOD modifies the laser beam 18 to be a stationary focussed laser
beam 28. As illustrated in Figure 5, resultant focal spot 22 does not move.

[0058] Figure 6 shows the same set up as Figure 5 but additionally shows the undiffracted beam (known as the "zeroth
order component of diffraction") that is transmitted through the first AOD. Due to the offset positioning of the AODs, the
undiffracted beam passes well to the right of the focal spot 22 and so does not interfere with the light reaching the focal
spot 22. Baffles or other mechanisms may be used to cut the undiffracted beam out of the system altogether.

[0059] For the sound wave direction and diffraction order illustrated, utilising a chirp rate of zero (as shown in Figure
1) provides a parallel laser beam. Utilising a negative chirp rate (as shown in Figure 2) provides a converging laser
beam. Utilising a positive chirp rate provides a diverging laser beam. These three possibilities are illustrated in Figures
7a, 7b and 7c. In any practical system the AODs will be followed by one or more lenses 70 which serve to provide further
focussing. Thus, whether the laser beam leaving the AOD system is converging (Figure 7a), parallel (Figure 7b) or
diverging (Figure 7c) the subsequent lens system brings the laser beam to a real focus. The system is preferably
calibrated such that when the laser beam leaving the AOD system is parallel (Figure 7b) the point at which the subsequent
lens system 70 focuses the beam is designated the Z = 0 point. Then, for this configuration, applying a positive chirp
rate moves the resultant focal point upwards (see Figure 7a) and applying a negative chirp rate moves the focal point
downwards (see Figure 7c). In practice, the laser beam passes through several lenses before reaching the physical target.
[0060] It will be apparent from Figure 6 that a problem can arise when the first and second AODs are aligned so as
to be parallel. In this case, the undiffracted beam 16 can interfere with the beams reaching the focal point 22. This
problem is alleviated in accordance with the second aspect of the invention (please see later).

[0061] Figure 8 illustrates how the focal spot 22 can be moved within the target volume. The following and subsequent
explanations ignore the effect of subsequent lens systems (such as the lens 70 in Figure 7) in order to provide clarity.
In any practical embodiment, such a lens system will be present and the principles below apply equally to the case when
the AODs themselves provide a diverging laser beam (in which case there is a virtual focus above the laser beams that
is relayed by the subsequent lens optics to a negative Z position). In order to assist in understanding this aspect of the
invention the following Figures take the example when the chirp rate is positive which in this configuration produces a
converging laser beam.

[0062] As explained above, the distance to the focal position is inversely proportional to the chirp rate a. Increasing
the chirp rate therefore brings the focal position upward in the Z direction and decreasing the chirp rate brings the focal
position downward in the Z direction. As explained in Figure 8, varying the slope of the frequency time graph (i.e. modifying
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the chirp rate a) serves to move the focal position 22 in the Z direction. As also illustrated in Figure 8, the focal position
22 may be moved in the X direction by varying the separation between the two ramps in the frequency-time graph. When
the two AODs are excited with acoustic waves that are identical and without any chirp, the resultant focal position is
defined as the X = 0, Z = 0 position. When a chirp is introduced, this moves the focal position in the Z direction. When
the absolute frequency of the waves applied to the two AODs differs, this causes the focal position 22 to be moved in
the X direction.

[0063] Figure 9 illustrates the problem of chromatic aberration and how it causes a laser beam having any sort of
spectral width to be focussed to a blurred area, rather than to a distinct position in the X-Z plane.

[0064] In Figure 9, the input laser beam 16 has a certain spectral width. The input laser beam might be a continuous
laser beam having several spectral components or might be a pulsed laser beam of a single frequency. When a laser
beam is pulsed (that is to say time-windowed by mode locking the laser) this introduces a spectral width to the laser
beam. The longest wavelength component of the pulse is shown by the arrows 16, 18, 28 (displayed in grey in Figure
9) and the shortest wavelength component of the pulse is shown by the arrows 16a, 18a, 28a (drawn darker in Figure 9).
[0065] It can be seen from Figure 9 that the longer wavelengths are diffracted through a larger angle.

[0066] As illustrated in Figure 9, the focal point 22 for the long wavelength component does not coincide with the focal
point 22a for the shorter wavelength component. Wavelengths in between the two illustrated will be focussed to a point
somewhere on the line linking focal spot 22 with focal spot 22a. The effect of the AODs is therefore to not properly focus
a laser beam having spectral width to a unique point.

[0067] This problem can be alleviated by using longer laser pulses (which can have a narrower spectral width). However,
making the pulses longer makes them less suitable for two-photon microscopy applications as the two-photon microscopy
effect is predicated on being able to supply a large number of photons in a very short space of time.

Two-Photon Microscopy System

[0068] Figure 10 shows a two-photon microscopy system in accordance with the present invention.

[0069] An inputlaser beam 16 is passed through four acousto-optic deflectors 30, 40, 50, 60 and a lens 70. The laser
beams forms a focal spot 22 in the first image field which has Cartesian axes Xi1, Yi1, Zi1. This image is projected
through other relay optics (not shown for clarity) which can create a second image field Xi2, Yi2, Zi2. This is projected
by a tube lens 80 through a microscope objective lens 90 to form a focal spot 32 in the third image field Xi3, Yi3, Zi3.
This third image field is the target field and, in two-photon applications, the target is placed in this field. Such a target
might be a slice of brain tissue or other biological material with a fluorescent dye that requires imaging.

[0070] The input laser beam 16 in two-photon applications takes the form of an ultra-short femtosecond or picosecond
pulse in order to get sufficiently intense electric fields at the focal point. The pulses are typically spaced in time by a
duration very much larger than the pulse length. Typical pulse lengths are 2 ps or less, preferably 500 fs or less, even
more preferably 50 to 200 fs. The pulses are typically repeated at a frequency of 50 to 200 MHz (e.g. 80 MHz).

[0071] Two distinct experiments can be carried out with a two-photon microscopy system. The first experiment is to
image fluorescent materials and such experiments typically require powers of 10 mW to be focussed to an area of just
over 1 um? (corresponding to a power density of around 600,000 W/cm?2). Typical laser wavelengths of 800 -1000 nm
(e.g. 850 nm) are utilised. The second experiment is photolysis in which the laser is used to uncage biologically active
compounds. Lasers having a wavelength of 720 nm are often used and the power requirement is much higher, there
being a need for in excess of 100 mW of power per micron squared.

[0072] In a preferred embodiment of the invention, the laser is supplied by a mode locked Ti sapphire laser tuneable
in the near infrared region having an average power of 1 to 10 W and supplying 100 fs pulses at 80 MHz.

[0073] Sensitive collection photomultipliers are utilised near to the target area to pick up any fluorescence from the
two-photon excitation of fluorophores in the target. This enables a 3D image to be constructed in imaging applications
and further enables any sequence of spots in 3D space to be interrogated by the laser beam for repeatedly monitoring
the state of tissue at each spot during dynamic biological processes.

[0074] The AODs used in the present invention are preferably shear-mode anisotropic AODs. Suitable materials for
the AOD crystal are TeO, crystals. Such AODs rotate the polarisation of incoming laser light by 90°. The AODs 30, 40,
50, 60 are schematically illustrated in Figure 10 (and in other Figures of the present application) with no intervening
components between them. However, in practice, such components will be present. Typically, these components may
include half-wave plates and polarisers (the reason will be explained later). Furthermore, a telecentric relay can be used
between each AOD (as disclosed by Reddy & Saggau) to properly couple the AODs together. If such a telecentric relay
were not used, then it would be difficult to achieve a stationary focal position, without taking other measures.

[0075] The light emitted by the fluorophores is picked up by a photomultiplier (not shown) coupled to the system by a
dichroic mirror in the standard fashion.

[0076] Figures 11a and 11b graphically exemplify how chromatic aberration can be corrected for a single point in the
image field according to the prior art. Figure 11 a shows the situation prior to correction. The chromatic aberration has
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a positive magnitude for all points in the image field and, as can clearly be seen from Figure 11a, the magnitude of the
chromatic aberration varies across the image field in a generally linear fashion. In Figure 11a, the chromatic aberration
at the right-hand side of the imaging field is larger than the chromatic aberration at the left-hand side of the imaging field.
Using the best compensation methods known in the art, the chromatic aberration can be corrected for a single point in
the image field, as shown in Figure 11b. The single point is here selected to be the centre of the image field such that
the magnitude of the chromatic aberration at the extremities of the image field is equal and opposite. This provides the
least overall chromatic aberration. However, it is apparent from Figures 11a and 11b that the slope of the line defining
the chromatic aberration has not at all been changed. Apparatus and methods are disclosed herein for modifying this
slope so that a chromatic aberration graph similar to Figure 11c can be obtained. Modifying this slope is referred to
herein as at least partially correcting the magnification chromatic aberration.

Chromatic Aberration Correction

[0077] Figure 12 shows the effect of chromatic aberration (as explained in Figure 9) for points in the first image field
Xi1, Yi1, Zi1 of Figure 10.

[0078] In this configuration, the lens 70 has a focal length of 0.3 m and this focal point is allocated the zero point along
the Z-axis. The zero point along the X-axis is the point of symmetry (i.e. the centre line) of the lens 70. The dots in Figure
12 show positions in the image field that the shortest wavelength components of a 1 ps laser pulse at 850 nm can be
focussed to by varying the chirp and frequency difference between the first and second AODs used to focus in the X-Z
plane. The lines emanating from the dots show the points where the other frequency components of the 1 ps pulse will
be focussed. Thus, the end of the line furthest from the dot represents where the longest wavelength components of
the pulse will be focussed.

[0079] Some observations can be made about the nature of the chromatic aberration. Firstly, in common with the
results of Kaplan, Salomé and Reddy & Saggau (supra), there is no chromatic aberration at the point Xi1 = Zi1 =0. The
reason for this is that, at this point, there is no net X deflection and the AODs are being operated with acoustic waves
having a single frequency and there is no chirp to produce Z focussing. All frequency components are therefore focussed
to the same spot. As one moves along the X-axis from this "compensation point" the amount of chromatic aberration
increases accordingly. Similarly, as one moves along the Z-axis, the amount of chromatic aberration increases. Looking
at Figure 12 as a whole, for positions in the image plane at Z<0.15 m, the chromatic aberration seems to have the effect
of magnifying the longer wavelength components in the image plane more than the shorter wavelength components. In
other words, if Figure 12 were re-drawn such that the longer wavelength components were shown as dots, this graph
would look like a magnified version of the dots representing the shorter wavelength components. This magnifying effect
of the chromatic aberration is referred to herein as magnification chromatic aberration.

[0080] Figure 12 is illustrated for a 1 ps pulse. For even shorter pulses, such as 100 fs, even more chromatic aberration
is apparent.

[0081] Another observation from Figure 12 is that the X dispersion (i.e. the chromatic aberration in the direction of the
X-axis) reduces to zero for the value of Z = 0.15. Analysis shows that, for the case when the imaging lens 70 is very
close to the final AOD, this will occur generally for values of Z at approximately half the focal length of the lens 70.
[0082] Figure 13 shows a view similar to Figure 12 although here the image is that obtainable under an objective lens
having 40x magnification. As with Figure 12, the tails indicate the direction and relative size of chromatic aberration. In
this case the system lenses have been placed in telecentric positions so that the image field is rectangular rather than
trapezoidal. As in Figure 12, chromatic aberration has been reduced to zero for X = Z = 0 but has increasing values
further away from this compensation point.

[0083] The present disclosure teaches to at least partially correct the magnification chromatic aberration by utilising
at least one optical element.

[0084] In a first configuration, this at least one optical element can be a specially manufactured tube lens 80 or
microscope objective lens 90.

[0085] For a particular X-Y plane at a certain value of Z, all of the chromatic aberration will be in a direction that is
directed radially away from the objective lens 90. This fact can be taken advantage of by manufacturing the objective
lens 90 so as to have a dispersive quality. That is to say, the objective lens 90 is manufactured from a material which
magnifies the longer wavelengths less than the shorter wavelengths. Such lenses can be made from combinations of
conventional crown and flint glasses or from diffractive elements. If the correct amount of dispersion is introduced into
the objective lens 90 (or alternatively the tube lens 80) the chromatic aberration in the whole of the selected X-Y plane
can be substantially corrected. This can increase the NRDV in that X-Y plane by a factor of 50 or more.

[0086] Figure 14 shows a slice through the X-Z plane and also shows first and second AODs 30, 40 designed to allow
focussing in this plane. Naturally, a preferred configuration also includes third and fourth AODs for focussing in the Y-
Z plane and the compensation element 80 or 90 can equally correct the magnification chromatic aberration in the Y
direction.
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[0087] The provision of a dispersive lens to correct the magnification chromatic aberration is thus a significant advance
in the art as the chromatic aberration can be corrected not just at a single point X =Y = Z = 0 but for a whole plane in
the image field.

[0088] A more preferred configuration provides for significant correction of the magnification chromatic aberration not
just in a 2D plane but throughout the majority of the 3D image field. This can be achieved by utilising a telecentric relay
to correct the magnification chromatic aberration.

[0089] The telecentric relay advantageously comprises two lenses both having dispersive qualities. The first lens is
preferably one in which the focal length decreases with increasing wavelength. The second lens is preferably one in
which the focal length increases with increasing wavelength. Accordingly, the first lens will tend to project the longer
wavelength components to a point nearer to the first lens than the shorter wavelength components. This is illustrated in
Figure 15. An image 120 (here of a semi-circle with a dot at the centre of the curvature of the semi-circle) is projected
through a dispersive lens 110 which has a quality of having a reduced focal length with increasing wavelength. Assuming
that the light making up the image 120 has some spectral width, the long wavelength components will be projected to
form the image 130 and the short wavelength components will be projected to form the image 140. As can be seen in
Figure 15, the long wavelength components are projected to a point closer to the lens 110 than the short wavelength
components 140. As aresult of this, the long wavelength components 130 are magnified less than the short wavelength
components 140. Another way to explain the qualities of the dispersive lens 110 is to state that it has a negative dF/dA
wherein F is the focal length and 2 is the wavelength of light being transmitted through the lens 110.

[0090] Figure 16 shows a telecentric relay having first lens 110 and second lens 150.

[0091] The second lens 150 has the quality of positive dF/dA. In other words, the focal length for longer wavelengths
is greater than the focal length for shorter wavelengths. As the longer wavelength components 130 of the projected
image 120 are further away from the lens 150 than the shorter wavelength components 140, projection through the lens
150 will tend to realign the centre points of the images 130, 140 to form projected images 160, 170 respectively (see
Figure 16). Furthermore, because the longer wavelength components 130 are further away from the lens 150 than the
shorter wavelength components 140, they will be magnified less than the shorter wavelength components. Thus, what
results is an image comprising long wavelength components 160 and short wavelength components 170 which are
centred on one another but at which the long wavelength components are magnified less than the short wavelength
components.

[0092] Such a telecentric relay can be utilised in the system of Figure 10 to project the first image (in the Xi1, Yi1, Zi1
coordinates) to the second image (not shown) or to project the second image to the third image (in the Xi3, Yi3, Zi3
coordinates). As will be apparent from a consideration of Figure 12, the effect of the relay in reducing the magnification
of the longer wavelength components will be to substantially correct the magnification chromatic aberration that exists
in the first image.

[0093] The lenses of the telecentric relay can be made of any dispersive material such as combinations of conventional
crown and flint glass lenses and diffractive elements. Furthermore, this disclosure is not limited to utilising two lenses
and more or less may be used.

[0094] Figure 17 shows a view similar to Figure 16 but also including the microscope objective lens 90. As in Figure
16, the first lens 110 has a negative dF/d/ whereas the second lens 150 has a positive dF/d/. The objective lens 90
has a dF/d/ of zero. The dotted line of Figure 17 shows light of a longer wavelength than the solid line. At the final image,
the fact that the longer wavelength is focussed on the image from a larger numerical aperture shows that it has a smaller
magnification.

[0095] Figure 18 shows an alternative configuration in which first lens 110 has a negative dF/d/, second lens 150 has
zero dF/dA and objective lens 90 has a negative dF/d/. It is apparent from this diagram that, yet again, the longer
wavelengths are magnified less than the smaller wavelengths.

[0096] Figure 19 shows a further alternative configuration. Here, first lens 110 has zero dF/d/, second lens 150 has
a negative dF/dA and objective lens 90 has a positive dF/d/. As in the other configurations, the longer wavelengths are
maghnified less than the shorter wavelengths.

[0097] It will be apparent to one of ordinary skill in the art that various other combinations of lenses can be utilised to
achieve the technical effect of magnifying the longer wavelengths less. The Figures presented herein are just some
examples from a multitude of possibilities.

[0098] Figure 20 shows the image after correction and it can immediately be seen that the lines representing the
chromatic aberration are much shorter. This translates into an increase in NRDV of over 30 times.

[0099] Using the system, the magnification achievable is not isotropic in the X, Y and Z volume. In general the mag-
nification in the Z-direction is equal to the square of the magnification in the X and Y-directions. Thus, if the X and Y
coordinates are magnified by two times, the Z coordinates will be magnified by four times. Similarly, if the X and Y
coordinates are magnified by 0.5, the Z components will be magnified by 0.25.

[0100] Figure 21 shows a graph of how the NRDV varies with a "compensation factor" C. A compensation factor C =
1 is selected to coincide with the amount of chromatic dispersion in the compensator that gives perfect compensation
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for all the chromatic aberration in the Z-direction. A value of twice this chromatic dispersion (C = 2) gives perfect com-
pensation in the X and Y-directions. The compensation factor can be selected in accordance with the application to
which the apparatus is put. For example, if the apparatus is being applied in a 2D imaging scenario, where focussing to
different points in different Z-positions is not required, the compensation factor C can be set equal to 2 so as to achieve
perfect chromatic aberration correction in the whole X-Y plane. This compensation factor also gives the highest NRDV
and is suitable for imaging 3D spaces where the depth of interest remains within the high resolution Z range. If greater
resolution imaging is required over the largest possible Z range then a compensation factor of near 1 is better albeit at
the expense of some loss of resolution at the extremes of X and Y range (see Figure 21).

[0101] The parameter C in Figure 21 can be further defined with reference to Figure 17. In this symmetrical case, at
the design mid wavelength, the rate of change of focal length of the the first lens 110 is equal to the positive rate of
change of the focal length of the second lens 150, and the input and output beams are parallel and of equal diameter,

c_ZAo _4r0,
f o f, oA

where

f; = focal length of lens 110
f, = focal length of lens 150
A = operating wavelength

[0102] Figure 20 shows that the longer wavelength components of the original image have been magnified by less
than the shorter wavelength components of the original image. The compensation is such as to slightly overcompensate
in the Z-direction and slightly undercompensate in the X-direction (C = 1.3). Depending on the application, it is possible
to select or position lenses that perfectly compensate in the X-direction (but not perfectly in the Z-direction) (C = 2, see
Figure 22) or which perfectly compensate in the Z-direction (but not perfectly in the X-direction) (C = 1, see Figure 23).
The example of Figure 20 is a compromise solution (C = 1.3).

[0103] Figures 24 and 25 illustrate the effect in another way.

[0104] Figure 24 shows the NRDV for a prior art system in which the second AOD of the AOD pair has an acceptance
angle range of =1.5 mrad. As can be seen from Figure 23, this leads to a maximum NRDV of approximately 200,000.
The NRDV is calculated as the number of distinguishable points in the image field where enough power can be supplied
to achieve the two-photon effect. The threshold density selected for achievement of the two-photon effect is 600,000
W/cm? and Figure 24 takes account of losses in each optical component.

[0105] Figure 24 also shows notional graphs for laser powers of 6 W, 12 W and 24 W. The best currently commercially
available lasers have powers of 3 W. Thus, Figure 24 graphically illustrates that, even if a laser having a power of 24 W
was available, the target NRDV of 7.8 million could never be reached using the prior art systems. Indeed, Figure 24
shows that, using prior art AOD input acceptance angles of 1.5 mrad leads to a system having an NRDV of approximately
200,000.

[0106] Figure 25 shows a graph similar to Figure 24, but taking into account the magnification chromatic aberration
correction provided by the present disclosure. It is firstly apparent from Figure 25 that, even when an input acceptance
angle range for the second AOD in the pair is selected at +£1.5 mrad, the NRDV is larger than in the prior art. Furthermore,
the magnification chromatic aberration correction has moved the graphs such that it is now possible to obtain an NRDV
of 2.4 million using a 3 W laser. This was simply impossible in the prior art. This represents a 12 times improvement in
NRDV compared to the prior art. The present inventors also believe that further optimisation can be carried out to achieve
the target NRDV of 7.8 million. For example the threshold 600,000 W/cm?2 was determined experimentally using laser
pulses estimated to be 400 fs long (to account for temporal dispersion in the microscope). Using an optical pre-chirper
(as suggested by lyer et al) to pre-compensate the laser pulses entering the microscope would enable the 100 fs pulses
to be delivered from the objective and would thus reduce this threshold considerably and enable wider acceptance angle
range AODs to be used. This would easily enable the 7.8 million MRDV target to be achieved.

Zeroth Order Component Blocking

[0107] A comparison of Figures 6 and 8 above reveals that any zeroth order components of diffraction occurring in
the first AOD of Figure 8 will be transmitted through the second AOD and can interfere with the image field. The reason
for this is that Figure 8, unlike Figure 6, has the AODs mounted in a parallel configuration such that the undiffracted
beam passes in a very similar direction to the diffracted beam. This problem is alleviated by the second aspect which
involves the use of polarisers and optional half-wave plates to prevent the zeroth order components of diffraction being
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transmitted.

[0108] In order to be accepted and successfully diffracted by an AOD, the light must have the correct polarisation. In
particular, for high efficiency slow acoustic wave AODs (using for example anisotropic tellurium dioxide crystals), the
optical input polarisation needs to be aligned with the direction of propagation of the acoustic wave. Thus, where the
acoustic wave is such as to cause focussing of an input laser beam in the X-Z plane, the input laser beam needs to be
X polarised. Any first order components of diffraction transmitted by the AOD will have had their polarisation rotated by
90° such that they are Y polarised. Such light is not compatible with the second AOD shown in Figure 7 for example.
Thus, according to this aspect, a half-wave plate and a pair of polarisers are used, as shown in Figure 26. Input laser
beam 16 having X polarisation is provided to the first AOD 30. The first order components of diffraction 18 leave the first
AOD 30in a Y polarised state. The undeflected zeroth order components of diffraction remain in the X polarised state.
A half-wave plate 200 is disposed after the first AOD 30 in order to rotate the polarisation by 90°. Thus, the Y polarised
first order components of diffraction are now X polarised and the X polarised zeroth order components of diffraction are
now Y polarised. An X polariser 210 is disposed after the half-wave plate and has a function of only allowing X polarised
light to pass. Thus, the X polarised first order components of diffraction will pass and the zeroth order components of
diffraction will be blocked (because they are Y polarised following rotation by the half-wave plate). These X polarised
first order components of diffraction are suitable for input into the second AOD 40 where they will by rotated by 90° to
become Y polarised first order components of diffraction. Any undiffracted light leaving the second AOD 40 will be X
polarised and so will be blocked by the Y polariser 220 situated downstream of the second AOD. Thus, light reaching
the focal spot 22 will solely consist of the first order components of diffraction with any zeroth order components of
diffraction being effectively blocked by the polarisers.

[0109] With the configuration shown in Figure 26, the focal spot 22 is actually a line perpendicular to the page because
there is no focussing in the Y direction. If, as is preferred, focussing is also required in the Y direction, then an identical
configuration to Figure 26 can be utilised, it being merely rotated by 90° about the Z axis. In this configuration, the first
and second AODs 30, 40 perform the focussing in the X-Z plane and the third and fourth AODs 50, 60 perform the
focussing in the Y-Z plane.

[0110] In this configuration, all of the AODs are mounted in parallel, that is to say the acoustic waves travelling through
the AODs travel in parallel planes (parallel to the X-Y plane). Also, in this configuration, the components are mounted
in the following order (in the direction of laser propagation): First AOD, half wave plate, X polariser, second AOD, Y
polarizer, third AOD, half wave plate, Y polariser, fourth AOD, X polariser.

[0111] There exists an even more preferred configuration of AODs and this is shown in Figures 10 and 27.

[0112] Figure 27 shows two orthogonal views of the AOD configuration. The first AOD 30 and second AOD 40 are
used to provide focussing in the X-Z plane. The third AOD 50 and fourth AOD 60 are used to provide focussing in the
Y-Z plane. As is apparent from Figure 27, the AODs are configured in the order first, third, second, fourth starting from
the laser beam entry end and finishing at the laser beam exit end. This configuration is preferred because it avoids the
need to utilise half-wave plates. Not shown in Figure 27, but preferably present in a practical embodiment, are first to
fourth polarisers. A polariser is located subsequent to each AOD. Laser light 16 entering the first AOD 30 will be converted
into a zeroth order component of X polarisation and a first order component of Y polarisation. It is desirable to only
transmit the first order component. A'Y polariser is therefore located after the first AOD to block the zeroth order com-
ponent. This Y polarised light is suitable for input into the third AOD 50 in which a zeroth order component of Y polarisation
and a first order component of X polarisation is produced. A X polariser is therefore located after the third AOD 50. Such
X polarised light is suitable for input into the second AOD 40 which produces a zeroth order component having X
polarisation and a first order component having Y polarisation. A'Y polariser is therefore located after the second AOD
40. This serves to block the zeroth order component. Such Y polarised light is suitable for acceptance by the fourth AOD
60 which produces a zeroth order component having Y polarisation and a first order component having X polarisation.
An X polariser is therefore located after the AOD 60 to block the Y polarised zeroth order component. As a result, all
light reaching focal spot 22 is the result of properly diffracted first order components and no undiffracted zeroth order
components can filter through the system. Furthermore, this configuration does not require a half-wave plate to adapt
the polarisation at various stages.

[0113] Asis well known to those skilled in the art of AODs, the precise degree of polarisation of the first order diffracted
wave, although close to linear and at 90 degrees to the direction propagation of the acoustic wave, is not exact. Particularly
if the AOD crystal is cut with less than 2 or 3 degrees deliberate misorientation of the optic axis from the direction of
propagation of the acoustic wave, the optimised input beam and the diffracted and zero order output beams of light can
be slightly elliptically polarised so the configurations described here, which use linear polarisers would not maximally
transmit the diffracted wave nor perfectly suppress the undesired undiffracted zero order components of the light. In
such cases, to further improve performance, small rotations of inserted half wave plates or insertion of appropriate phase
plates with small fractions of awave correction (e.g. 1/4 or 1/20 wave) may fine tune the performance of the configuration
concerned. The key pointis for the polariser after each AOD to maximally transmit the wanted diffracted first order beams
and maximally suppress the unwanted zero order beam. If the polariser is before another AOD, then there may be more
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polarisation state adjustment before the next AOD to optimise its performance.

Improved Acceptance Angle Crystals

[0114] Anisotropic acousto-optic crystals utilised to manufacture AODs typically have a quoted acceptance angle for
the laser light. The crystals themselves are optimised for maximum transmission efficiency at this acceptance angle.
For the first and third AODs in the system which receive laser light at a constant acceptance angle, such crystals are
highly suitable. However, a problem arises when such crystals are utilised in the second and fourth AODs because the
acceptance angle will vary across a range defined by the range of deflection angles capable of being carried out in the
first and third AODs respectively. These known devices are capable of deflecting an 800 nm laser beam having 3 W of
acoustic power over = 20 mrad (17.43 mrad = 1°). The efficiency of transmission is over 80%.

[0115] Figure 28 is a graph of the efficiency of the known AOD crystals. Figure 29 is the same graph viewed from a
slightly different angle. Both of the graphs show the diffraction efficiency for various frequencies of acoustic wave and
forvarious incident light angles. It can be seen from the graph that maximum efficiency is obtained with a centre frequency
of acoustic wave of about 95 MHz and an instant angle of about 0.121 rad. Figure 29 shows that acceptable diffraction
efficiencies can be obtained in this crystal for a range of incident angles of approximately 1.5 mrad. If the incident
angle presented to the crystals strays outside this range, then quite low diffraction efficiencies will be present which in
turn limit the energy being provided to the focal spot and thus limits the possibility of performing the two-photoninteractions
necessary in two-photon microscopy. It has been found that the diffraction efficiency of an AOD reduces approximately
in inverse proportion to its design input acceptance angle. This means that as the overall deflection angle of the four
AOD system increases from they = 3 mrad (= 2x = 1.5 mrad) possible with the standard device pairs, the efficiency
falls in proportion to the inverse square of the designed deflection angle.

[0116] The third aspect alleviates this problem by providing an acousto-optic deflector crystal which has a reasonable
diffraction efficiency across a larger range of acceptance angles. A graph similar to that shown in Figures 28 and 29 for
the new crystal is shown in Figure 30. As can be seen, a crystal configured in this manner maintains a diffraction efficiency
of at least 80% of its peak across an incident angle range of 10 mrad. However, the peak diffraction efficiency obtainable
is not as high as with the conventional AOD. Thus, the AOD has a lower peak efficiency than a conventional AOD but
accepts laser beams from a wider range of angles at better transmission efficiencies than the conventional AOD. The
method by which this effect is achieved will be explained with reference to Figures 31 and 32. Figure 31 shows a
conventional AOD crystal 10 with an ultrasound transducer 12 attached to one side thereof. The ultrasound transducer
12 has a width W parallel to the direction of light propagation of approximately 3 mm. This causes the acoustic wave 14
formed in the crystal 10 to be not very diverging. As a result, an input laser beam 16 can be deflected to become laser
beam 18 but only if the laser beam 16 is input within a narrow incidence angle range.

[0117] Figure 32 shows an AOD in accordance with this aspect in which the ultrasound transducer 12 is made much
more narrow in the direction of light propagation. In this configuration, the width W of the ultrasound transducer 12 is 1
mm or less. As shown in Figure 32, this causes the propagated ultrasound wave 14 to take on a more diverging config-
uration. This in turn means that a greater range of angles of laser beam 16 can be accepted and successfully diffracted
into laser beams 18. Thus, the narrow crystal creates a more diverging acoustic wave which allows the efficient diffraction
of laser beams coming from a wider range of angles than if the acoustic wave was less diverging (as in Figure 31).
[0118] Appropriate crystal transducer widths are less than 1 mm, more preferably less than 0.5 mm, more preferably
approximately 0.25 mm or less.

Dual Transducer AODs

[0119] This aspect provides an AOD having two crystal transducers. This is shown in Figure 33. The first crystal
transducer 12a is configured to have a narrow width in the direction of light propagation and the second transducer 12b
is configured to be wider in the direction of light propagation. In this configuration, the transducer 12a has a width of
0.25 mm and the transducer 12b has a width of 3 mm. An excitation source 300 is provided to supply power to the
transducers and a switch 310 allows an operator to select whether then first or second transducer is excited.

[0120] The provision of this switch allows the AOD to be operated in one of two modes. In the first mode, the wider
transducer 12b can be utilised and this optimises efficiency for a narrower range of acceptance angles. This is useful
in applications in which it is desirable to deliver a lot of power to a small target volume, such as uncaging (photolysis)
applications. The second transducer can be selected where it is important to achieve reasonable transmission across
agreaterrange of acceptance angles, for example when a larger target volume is desired to be imaged with alarger NRDV.
[0121] The AODs designed with two crystal transducers, as explained above, are highly suitable for use in the second
and/or fourth AODs.
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Multiple Transducer AODs

[0122] Thisaspectisillustratedin Figure 34. A single AOD crystal may be provided with two or more crystal transducers.
Each crystal transducer may be selectively utilised to help propagate the acoustic wave. In the example of Figure 34,
three crystal transducers 12a, 12b and 12c are shown. The width of the transducers preferably increases in a geometric
series, for example by a factor of 2 each time. The crystal transducers preferably have the property that each subsequent
transducer is twice as wide as its predecessor. For example, transducer 12a can be 0.25 mm wide, transducer 12b can
be 0.5 mm wide and transducer 12c can be 1 mm wide. By appropriate selection of the switches 310a, 310b or 310c,
an effective transducer width in the range between 0.25 mm and 1.75 mm can be obtained. This allows the AOD to be
utilised in the manner most appropriate to the application for which it is used. It thus helps to provide a general purpose
apparatus that can be used for a variety of different experiments. More transducers can be provided if desired.

[0123] As shown in Figure 34, when switch 310a is in the "on" position and all other switches are in the "off" position,
the driver 300 excites the crystal 12a only. As this crystal is quite narrow, it provides an acoustic wave W1 that has a
high divergence angle. When switches 310a and 310b are activated, this produces acoustic wave W2 which diverges
less. When switches 310a, 310b and 310c are activated, this produces acoustic wave W3 which diverges still less and
which has the least amount of divergence. When the widest effective transducer is used, this produces an AOD with the
highest efficiency but with the narrowest acceptance angle for the incoming laser beam. When the narrowest transducer
is used, this produces an AOD with a lower efficiency but a better range of acceptable angles for the incoming laser
beam. Accordingly, the width of the transducer can be selected in accordance with the desired trade-off between the
efficiency of the AOD and the range of acceptance angles. As an example, the first or third AODs in a four AOD system
(i.e. the first AOD for focussing in the X-Z plane and the first AOD for focussing in the Y-Z plane) can be provided with
wide transducers to give good efficiency and a low range of acceptance angles whereas the second AOD in each
focussing pair can be provided with narrower transducers so as to give a better range of acceptance angles at the
expense of lower efficiency.

Improved Crystal Orientation

[0124] AOD crystals are usually rotated by about 6° about the X-axis and 0° about the Y-axis. This enables the centre
frequency to be increased to maximise deflection angle range and avoids the degenerate re-diffraction of power out of
the diffracted beam. Because the soundwave propagation is highly anisotropic, the 6° crystal rotation results in the
soundwave power propagating at an angle of about 50° to the Y-axis.

[0125] The crystal orientation is measured with respect to the crystal axes arid the crystal axes can be determined
using an X-ray diffraction technique, as described by Young et al, "Optically Rotated Long Time Aperture TeO2 Bragg
Cell ", Advances in Optical Information Processing, 1V, 1990, SPIE Vol. 1296, pp 304-316.

[0126] Figures 32 and 33 are also representative of another aspect in which the crystal of the acousto-optic deflector
has a particular orientation. In this orientation, the input laser beam is defined as being the negative Z axis ([001] direction)
and the crystal structure is rotated by 2° about the X axis ([110] direction) and 3° about the Y axis ([110] direction). With
this crystal orientation, the soundwave power propagates at an angle of about 20° to the Y-axis and it has been math-
ematically modelled that this reduces aberration in the image. The 3° tilt about the Y-axis is necessary to avoid loss from
degenerate mode.

[0127] It has also been found that reducing the centre frequency of the acoustic waves from the range of 50 to 90
MHz to the range 30 to 50 MHz improves the diffraction efficiency with this design.

[0128] In accordance with this aspect, the crystal is oriented such that acoustic waves propagating through it have
approximately 20° between their wave vector and their Poynting vector. In order to achieve proper focussing, the speed
of propagation of the sound waves across the AOD must be identical whether or not the first transducer 12a or second
transducer 12b is being used.

[0129] This improved crystal orientation can be utilised with the second AOD in one of the focussing pairs (i.e. the
AODs labelled 40 and 60). Additionally, it may also be used with a first AOD in each of the pairs (i.e. the AODs labelled
30 and 50). It is preferable that all of the AODs in the system have this improved crystal orientation.

[0130] Any of the configurations, embodiments and aspects described herein can be provided with AODs according
to this orientation.

Compact AOD Configuration

[0131] Figures 35a and 35b show a typical practical configuration for the four AOD system shown in Figure 27. As
can be seen, each of the AODs 30, 50, 40, 60 is coupled to the subsequent AOD by a telecentric relay 400. Such
telecentric relays typically have lengths along the laser path beam of 400mm or more. As can be seen from Figure 35b,
each telecentricrelay has atotal length of 4f, where f is the focal length of one relay lens. Typically f = 100 mm. Accordingly,
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the requirement to utilise at least three telecentric relays to couple the AODs together adds 1.2 m to the total beam
length of the system. As explained above, different wavelengths of light are diffracted by different amounts. Accordingly,
when the laser wavelength is changed, the AODs and telecentric relays have to be repositioned. Figure 35b shows two
displacements H; and H,. These are the displacements of the output beam centre line compared to the input beam
centre line. This displacement varies with the wavelength of light. With a wavelength A = 700 nm, this displacement is
approximately 32 mm. With a wavelength of A = 900 nm, this displacement is approximately 40 mm. Consequently,
when changing the laser wavelength from 700 nm to 900 nm, the optical components have to be realigned by 8 mm.
Such realignment is a necessary consequence of utilising telecentric relays. Accordingly, telecentric relays are not ideal
in a system for which it is intended to change the laser wavelength frequently. This aspect of the invention thus provides
ameans fordispensing with the telecentric relays and thus allows a more compact and configurable system to be provided.
[0132] The telecentric relays provided in the prior art are necessary to couple together the AODs appropriately. As
shown in Figure 8, the first AOD modulates the input laser beam 16 to be a laser beam 18 having a curved wavefront.
This wavefront is moving at the speed of sound in the X direction. The second AOD modulates the incoming laser beam
18 to be a laser beam 28 with a curved wavefront. The curvature here will be equal to the sum of the curvature brought
about by the first AOD added to the curvature brought about by the second AOD. The resulting focal position 22 will
only be stationary if the curvature endowed on the laser beam by the second AOD equals that of the wavefront as it
enters the second AOD. In the absence of the second AOD, it is apparent from Figure 8 that the curvature of the laser
beam 18 increases as you move further away from the first AOD. When the AODs are set up to endow an incoming
laser beam with the same curvature (i.e. the AODs are set up with the same ramp rates), it is thus necessary to either
place the AODs extremely close together or to telecentrically relay the output of one AOD to the input of the next AOD.
[0133] Thisaspectof the presentinvention is based on the realisation that the AODs 30, 40 can be excited with different
acoustic waves so as to allow realistic practical-separations between the AODs without the requirement of a telecentric
relay. The acoustic waves can be modified either to allow the generation of a completely stationary focal position 22 or
precisely controlled scanning.

[0134] In Figure 36, d; is the separation between the first AOD 30 and the second AOD 40 and d; is the distance

from the second AOD to the focal point 22.

[0135] This aspect of the invention is based on the appreciation that the curvature of the wavefront arriving at the
second AOD 40 must exactly match the additional curvature induced by the second AOD 40. As is apparent from Figure
36, as the distance dy increases, the curvature of the arriving wavefront increases because the light is converging
downwards towards a focus. This is compensated for in the present invention by providing a less rapid ramp (chirp) on
the first AOD 30 than on the second AOD 40. This is illustrated in Figure 37 where it can be seen that the ramp rate a;
for the first AOD 30 is lower than the ramp rate a, for the second AOD 40 (a; is equal to the gradient of the line 31 and
a,is equal to the gradient of the line 41). This serves to produce a focal position 22 which is stationary in the X direction,
as shown in Figure 37.

[0136] Referring to Figure 38, the first AOD 30 is excited with an acoustic wave having a chirp rate of a;. Accordingly,

an incoming laser beam 16 is converted to converging laser beam 18 that is focussed at the point 23 a distance dl' from

the first AOD 30. As is well know, this distance dl' is given by:

V? .
dy=—-— @
1
wherein:
V = speed of sound in the AODs (m/s)
ay = ramp rate of first AOD drive (Hz/s)
2 = wavelength of light (m)

[0137] It follows from this that the radius of the curvature of the wavefront of the laser beam 18 at the point where it
meets the second AOD 40 is given by:

dll -d ' &)
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[0138] In order that the resulting focal position 22 is stationary, the curvature added to the laser beam 18 by the second
AOD 40 must equal the curvature of the laser beam 18 as it arrives at the second AOD 40. Accordingly:

(©)

[0139] The factor of 2 appears in this equation because the curvature added by the second AOD 40 is identical to the
curvature that already exists at the laser beam 18 as it enters the second AOD 40. The resulting curvature of the laser
beam 28 is thus twice the curvature of the laser beam 18. From these equations, it can be deduced that:

VZ
a, = — o @)
> 22d, :
V2
= . 8
' A(2d,+ d,) ®
a 2d, |
a, 2d,+d, - ' ' 1(9)

[0140] In these equations, d; is always a positive value. The values d; , a1 and a, are positive for converging rays

as shown in Figure 7 a and negative for diverging rays as shown in Figure 7c. As explained earlier, even when the rays
are diverging, a real focal position is achieved using subsequent optics, such as the lens 70.

[0141] When equation (9) is studied, itis apparent that if d; is made to be zero then a; equals a,. This is the assumption
utilised in the prior art because coupling two AODs together with a telecentric relay exactly couples the output of the
first AOD onto the input of the second AOD and thus gives an effective separation of the AODs of zero. Up until now, it
has always been thought that the frequency chirp across the two AODs ought to be the same and that the effective
separation between the AODs should be zero (by virtue of utilising a telecentric relay). The equations derived by the
present inventors show that the chirp rate across the two AODs can be made slightly different, in accordance with
equation (9), to account for a real separation of d between the two AODs, to provide a system which provides a stationary
focal position 22 without a telecentric relay between the AODs.

[0142] This is achieved by adjusting the ramp rate a; of the first AOD 30, in accordance with equation (8), to allow for
the change in wavefront curvature between the first AOD 30 and the second AOD 40. Preferably, the wavefront curvature
arriving at the second AOD 40 equals the additional curvature that is added by the second AOD 40. This "matching of
curvature" provides for a stationary focal position.

[0143] In the equations and analysis above, the distances are apparent optical thicknesses. If further optical compo-
nents are interposed between the AODs, such as half wave plates and polarisers, then the apparent optical separation
needs to be calculated by taking into account the refractive index of such additional components. Also, the refractive
index of the AODs themselves needs to be taken into account. This can be done by assuming that the acoustic wave
enters and leaves the AOD at its thickness-midpoint such that the apparent optical distance d, is equal to the distance
in air between the AODs plus half the thickness of the first AOD 30 divided by its refractive index plus half the thickness
of the second AOD 40 divided by its refractive index. When the two AODs are identical, then the value d; equals the
distance in air plus the thickness of the AOD divided by its refractive index.

[0144] These principles can be extended to a system which utilises four AODs to focus in more dimensions. As
discussed above, when two AODs are used, as shown in Figure 38, the focal position 22 is a line extending perpendicularly
out of the page. Four AODs can be utilised to focus in both X and Y to produce a point focal position 22.

[0145] Figures 39a and 39b show two orthogonal views of a preferred four AOD system. As in Figure 38, the first AOD

30 is separated from the second AOD 40 by a distance d; and the second AOD 40 is a distance d; from the focal point
22. In addition, third and fourth AODs 50, 60 are provided, the distance between the third AOD 50 and the fourth AOD
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60 being d3 and the distance from the fourth AOD 60 to the focal point 22 being d' . The ramp rates for the third and

fourth AODs can be calculated in a similar way as for the first and second AODs. Very similar equations apply:-

a, = . - (10)

N P e - (11)

a, 2d, '
s 2
a, 2d,+d, , (12)

[0146] Accordingly, in the four AOD system, the first and second AODs are stimulated in the same way as the first
and second AODs of the two-AOD embodiment. This provides the necessary focussing in the X-Z plane. In addition,
third and fourth AODs are stimulated such that the curvature of the wavefront arriving at the fourth AOD equals the
additional curvature added by the fourth AOD, hence doubling the curvature of the wavefront as it leaves the fourth

AOD. This provides the necessary focussing in the Y-Z plane. The distances d; and d‘;' are selected to ensure that

the final focal spot position 22 is as desired. As will be apparent from Figures 39a and 39b, the actual distances between
the AODs and the optical thickness of any intervening components, as well as the AODs themselves, needs to be taken

into account when determining dy, ds, d; and d'

[0147] Depending on the exact configuration used, further fine tuning may be applied to achieve an exactly stationary
spot. The equations above are based on the simplified assumption of AOD crystals having surfaces that are approximately
perpendicular to the direction of propagation of the light. It is possible to manufacture the AODs with slightly angled
faces (and there are practical reasons to do exactly this) and this can cause errors in the separations used in the equations
that can result in a small residual movement of the focal position. These residual movements can be corrected by small
adjustments to the ratio of ramp rates a,/a,, aj/a,. These corrections can either be found experimentally or by building

an accurate optical model using a commercial programme like Zemax. When such angled faces are used, typical
corrections are much less than +/-2% to the ramp rate of each AOD. Similarly, small corrections may be applied to the
ratio of the X ramp rate to the Y ramp rate to fine tune the astigmatism of the focal position 22. This is equivalent to

adjusting the ratio of d; to d‘; so that the Z value of the focal position in the X-Z and X-Y planes is the same. These

fine tuning corrections are a function of the Z position of the focal spot and can readily be built into the algorithms that
compute the ramp rate of the AODs before each scan.

[0148] As will be understood from the above, it is possible with the present invention to utilise two or four AODs to
achieve a completely stationary focal line or focal point inside or on a target. This can be achieved without lengthy
telecentric relays between the AODs by appropriate manipulation of the ramp rates of the acoustic waves applied to the
AODs. The resulting system can thus be used to achieve random access focussing at very fast speeds. For example,
it is possible to repetitively focus to 30 different positions within or on the target at a frequency of 1000 Hz. In other
words, in one second, the laser beam can be focussed to 30 points one thousand times. To achieve this, the laser beam
focal point is repositioned 30,000 times in one second. This is simply not achievable with prior art galvanometer mirrors.

Scanning a Target

[0149] To build up a three-dimensional image of a target, it is useful to be able to follow a raster scan with the focal
pointalong a predetermined path through the target. One potential raster scan is to move the focal point in the X direction,
keeping the Y and Z values constant, to then increment the Y position by some small amount, to perform another scan
in the X direction and so on until a two-dimensional grid of scans is achieved. Thereafter, the Z direction is incremented
and another two-dimensional grid is scanned until a three dimensional volume has been built up. This can be done quite
quickly with the system of the present invention such that a three-dimensional image can be provided.

[0150] One problem encountered when implementing a raster scan using the system of the present invention is that
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there are minimum and maximum limits on the frequency of acoustic waves that can be put through the AODs. This is
illustrated as f,,,, and f,;, in Figure 4a, for example. Typical values are 30 Mhz for the minimum frequency and 40 Mhz
for the maximum frequency. As shown in Figure 4a, there will be a "flyback” portion whereby the frequency is suddenly
switched from the maximum frequency to a lower frequency (in the case of applying a positive chirp rate) or a sudden
switch from the minimum frequency to a higher frequency (in the case when applying a negative chirp rate). The X, Y
and Z positions depend on the chirp rate and the difference in absolute frequencies between the first and second AODs
(see Figure 8). Accordingly, this sudden changing of the absolute values of both frequencies will not cause a movement
in the X Y and Z position of the focal spot if it is implemented properly.

[0151] If desired, the X and Y scans can be carried out simultaneously with the Y scan being much slower than the X
scan. This leads to the two-dimensional scanning pattern shown in Figure 40.

[0152] Figure 41 shows how araster scan performed in the X-Y plane can be achieved. Movementsin X orY correspond
to changes in the angle of the output laser beam from the AOD system.

[0153] As is apparent from the above equations and from Figure 42, to focus a stationary spot at X = 0 requires a, to
be slightly larger than a; in accordance with equation (9). The situation shown in Figures 41 and 42 is where the focal
position has a positive value of Z such that the laser beam converges upon exiting the AOD system. In order to provide
an X deflection that moves at some constant linear velocity, it becomes necessary to vary a; and a, such that there is
a linearly increasing difference between the absolute frequency of the acoustic wave in the first AOD and the absolute
value of the frequency in the second AOD. This is illustrated in Figure 43 where the dotted lines show a; being reduced
and a, being increased. This provides a scanning X deflection whereby the X value of the focal point decreases linearly
with time as shown in the lower part of Figure 43.

[0154] As shown in Figure 8, varying the slope a;, a, of the ramps varies the Z position. For Z=0, a; and a, =0 and
X scanning can easily be achieved by making a; slightly negative and a5 slightly positive. For other values of Z, higher
magnitudes of a; and a, are required and the limits on the minimum and maximum drive frequencies of the AODs mean
that it is possible to hit one of the limits very quickly. For non-zero values of Z, it is possible to hit either the minimum or
maximum drive frequency before one has completed an X scan across the target. In such cases, it is convenient to
perform a series of X "mini-scans” in which the X scan as a whole is interrupted at various points in time to allow the
frequency to be reset in a "flyback" period. This is illustrated in Figure 44, which is a cropped version of Figure 42 showing
how the maximum and minimum drive frequencies limit the amount of X deflection that can take place.

[0155] Figure 45 illustrates a series of mini-scans in X. The frequency of the acoustic wave in the first AOD 30 is
designated by line 31 and the frequency of the acoustic wave in the second AOD 40 is designated by the line 41. In this
example, line 31 has a shallower gradient than line 41 which mans that a; is less than a,, which from equation (9) means

that d; is positive, which in turn means that this situation is for some positive value of Z. As shown in Figure 45, when

the absolute value of the frequency of the acoustic wave in the first AOD 30 reaches the maximum value f,,,, it becomes

necessary to reset the frequencies. As is apparent from Figure 45, it will not be possible to change the frequency in the
first AOD 30 to be f,,;, because the frequency in the second AOD 40 must be less than the frequency in the first AOD

30to ensure thatthe difference in frequencies between the two AODs continues to give the correct value of X. Accordingly,
the frequency in the second AOD 40 is reduced to f,,,, and the frequency in the first AOD 30 is reduced by the same
amount. This frequency resetting takes place in a period of non-active time when the laser is switched off (or at least
when measurements are not recorded or are ignored). The non-active time generally has two components. The first
component, known as the "reset time" is the time it takes to reset the frequency from the maximum value to the new
value or from the minimum value to the new value. This is typically 4ps. The second component, known as the "AOD
fill time" is the time it takes to fill the AOD with appropriate acoustic waves. This is typically equal to the width of the
AOD divided by the speed of the acoustic wave in the AOD. For example, if the AOD is 15mm wide and the acoustic
waves travel at 600m/s, then the AOD fill time will be 25 microseconds. The total non-active time is thus typically around
30ps.

[0156] After the AOD fill time has elapsed, the frequencies in the AODs should be different by an amount equal to the
difference at the end of the previous mini-scan. As the frequencies are different by the same amount, it might be expected
that the X position would be the same at the beginning of the second mini-scan as it was at the end of the first mini-
scan. This is true when the AODs are telecentrically relayed. However, it has been found that this is not the case when
there is some separation between the AODs. Instead, the X position is different to that which is expected as shown in
Figure 45, bottom graph. There it can be seen that the X position is different at the start of the second mini-scan than
at the end of the first mini-scan.

[0157] The presentinventors have found that the reason for this lies in the assumption that the separation of the ramps
alone causes the variation in X. This assumption is only true if there is no physical separation between the AODs, or
alternatively, if the AODs are coupled by telecentric relays. In the case where there is an actual separation between the
AODs, a more complicated algorithm needs to be utilised to calculate the frequency offsets necessary to maintain the
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position in X between the end of one mini-scan and the start of the next mini-scan. In Figure 45, the frequency offsets
are calculated by making the frequency in the second AOD zero and reducing the frequency in the first AOD by some
amount that causes the frequency difference to be the same at the start of the next mini-scan. In fact, different offsets
will be needed for each AOD as illustrated in Figure 46. Here, the frequency in the first AOD is reduced by Af; and the
frequency in the second AOD is reduced by Af,. This second frequency reduction, Af, is calculated as the offset needed
toreduce the frequency in the second AOD to f,,,. It has been found that Af, and Af, are related by the following equation:

Af, d,
el PO , (13
Afl d] - d] )

[0158] This equation can be proved by referring to Figure 47. The centre line of the first AOD is referenced 30 and
the centre line of the second AOD is referenced 40. The ultimate focal point is shown at 22. If a frequency offset is
introduced into the acoustic wave of the first AOD this will produce an angular deflection of A9, at the central position
(X =0) of the AOD. This is graphically illustrated in Figure 47 by the angle 49, between the line of the laser beam before
deflection (vertically downward in Figure 47) and the line 35 of the laser beam after deflection. However, at the second
AOD, at the position X = 0 the ray will apparently be deflected by a different angle 46,. As is apparent from Figure 47,
AB5 is larger than A8;. A geometric deduction leads to the equation (which is valid for all small angles of A46; and A&):

26,  d |
26, d-d | (14)

[0159] Equation (14) is derived once it is realised that the change in angles of the beam is directly proportional to the
change in frequency. As shown in the lower part of Figure 46, applying offsets that have the relationship of equation
(13) means that the X deflection is not changed between the end of one mini-scan and the beginning of the next mini-
scan. Please note that Figure 46 does not show any AOD fill time for clarity although there will in reality be an AOD fill
time as shown in Figure 45. In practice, Af; and Af, are calculated to be correct at the end of the AOD fill time, when the
data collection restarts. Converting equation (13) to the nomenclature of Figures 39a and 39b, we find:

Ay 24,
Af,  2d,+d,

15)

[0160] Similarly, when there are four AODs present:

)

Af; 24,
Af,  2d,+d,

(16)

[0161] The scan rate 64/t can be calculated as follows:

[0162] For the simple case where the AODs are coupled by telecentric relays (i.e. d; is considered to be zero) the
scan rate is proportional to the difference in slopes of the chirp signal provided to each AOD. In fact, the scan rate is
given by:

o8 A . ' :
5':'1—_;_((11—‘612) : eY))

[0163] In the simple case of d; = 0, the following equations result for the ramp rates a, and aj.

IR - as
T 2Ad, 26 : (18)

a,
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- Ifz L?ﬁ (19
T 2id, 2.6t )

a

[0164] It can be seen from these equations that the ramp rate a5 is increased by the same amount that the ramp rate
a4 is decreased. This, however, only applies when d, is considered to be zero (i.e. when the AODs are telecentrically
coupled). In the more complicated case when d, is non-zero. The values for a, and a, are instead given,by:

_V_(z_ ﬁ)
a, = Ady, & (20)
1 (2+z]_ ﬁéﬁj |

d, V &
v Ve
D= od 24 & - @

[0165] These equations apply where there are two AODs for focussing in the X-Z plane or, as shown in Figure 48,
when there are four AODs. In this case, the angular scan rate 5 &t is that measured about the second AOD 40. The

apparent rate as measured about the last AOD 60 can be obtained y multiplying this scan rate by d; /d; .

[0166] Figure 49 shows the appropriate equations for the Y-Z plane. Here, @is the angle as measured from the fourth
AQOD 60.

_V_(K_ @)

N\d, & ,
a; = ‘ (22)
| (2 dy _V_é‘é)
d, 21&
v: vV &6 :
a, = _ZM; + A (23)

[0167] As will be appreciated from Figures 39a and 39b, the spacing between each adjacent AOD is related to the
distances dy, d3, dy’ and d,’ by the following equations:

[0168] The effective separation between the first AOD 30 and the third AOD 50 is: dl + d;‘_ d3 - d;
[0169] The effective separation between the third AOD 50 and the second AOD 40 is: ‘d3 + d‘; - d;

[0170] The effective separation between the second AOD 40 and the fourth AOD 60 is: d; - d;

Multi-Wavelength System

[0171] Figures 20 to 23 above show the possibility of varying the compensation factor C to either fully compensate
for chromatic aberration in the Z-plane (Figure 23), to fully compensate for chromatic aberration in the Z and Y planes
(Figure 22) or to achieve some intermediate compensation in which chromatic aberration is compensated in all planes,
but not for the maximum extent (Figure 20). In order to vary this compensation factor C, it is necessary to vary the
strength of the lenses used in the telecentric relay. For example, the lenses 110 and 150 in Figure 17 can be replaced
with more strongly or less strongly dispersive lenses in order to vary the compensation factor C. In any practical em-
bodiment of a system, it would be beneficial to design into the system a method for varying the compensation factor C,

21



10

15

20

25

30

35

40

45

50

55

EP 2 064 583 B1

which does not involve having to physically replace lenses.

[0172] Another problem lies in the fact that it is desirable for most neuroscience applications to be able to select the
wavelength of electromagnetic radiation that is used. Typically, wavelengths of 690 to 1000 nm are used in neuroscience
applications. Changing the wavelength of a laser beam passing through diffractive optics automatically changes the
deflection angles introduced by such diffractive optics (because the deflection angle is proportional to the wavelength).
Accordingly, while it is straightforward to design a system that can operate at a single laser wavelength, it is more difficult
to design a system that can operate across a range of wavelengths.

[0173] One possible approach is to design the system to operate at the maximum wavelength (e.g. 1000 nm). In such
a system, the maximum diffraction angles would be catered for and it can be ensured that no light is lost by light being
diffracted through a greater angle than designed. The serious drawback of such a system is that the system inherently
works non-optimally for any wavelength less than 1000 nm. In particular, due to the smaller deflection angles, the aperture
of the objective lens will not be filled when wavelengths of less than 1000 nm are used and this seriously reduces the
amount of power that can be introduced to the target at the focal position.

[0174] It would be desirable to design a system in which the electromagnetic radiation wavelength can be varied
without influencing the amount of power delivered to the target or the intensity of the focus provided.

[0175] Figure 50 shows one embodiment of the system shown in Figure 17. Here, the first optical element 110 is
provided by a lens 112 having a positive focal power and a compensation plate 111. The second optical element 150
is provided by a lens 152 having a positive focal power and a second compensation plate 151. Compensation plate 111
is comprised of a positive focal length diffractive optical element 115 intimately attached (e.g. glued) onto the plane
surface of a negative focal length conventional lens. Compensation plate 151 is comprised of a negative focal length
diffractive optical element 155 intimately attached (e.g. glued) onto the plane surface of a positive focal length conventional
lens 156. Accordingly, the combined effect of compensation plate 111 and lens 112 is to have dF/d1 negative and the
combined effect of compensation plate 151 and lens 152 is to have dF/dA positive.

[0176] The lenses 112 and 152 have approximately the same effect on all wavelengths of light. Accordingly, virtually
all of the chromatic aberration correction is achieved by the compensation plates 111 and 151. Figures 51 a to 51 ¢
show the effect of changing the laser wavelength on the chromatic aberration correction of the compensation plates 111
and 151.

[0177] At the design centre wavelength, as shown in Figure 51a, each compensation plate 111 and 151 provides no
overall lensing effect. This is because at this wavelength, the focal length of the diffractive optical elements 115, 155 is
exactly equal and opposite to the focal length of the attached lens 116, 156. Accordingly, light at the design wavelength
passes through the compensation plates like a flat glass plate.

[0178] As the wavelength of laser light is increased from the design wavelength, the diffractive optical elements 115,
155 become stronger (the diffraction angle is proportional to the wavelength) so as to produce a lensing effect as shown
in Figure 51b.

[0179] At wavelengths less than the design wavelength, the diffractive optical elements become weaker, producing
the lensing effect shown in Figure 51 c. It is apparent from Figures 51a-51c that the diameter of the output laser beam
will be influenced by the centre wavelength of the laser, due to the varying lensing effect of the diffractive optical elements
115, 1565.

[0180] One advantage of the arrangement shown in Figure 50 is that the positions of the compensation plates 111,
151 can be altered to alter the degree of chromatic aberration correction. This applies only at the design wavelength
because moving the diffractive optical elements closer together or further apart at the design wavelength does not
introduce any additional lensing (the diffractive optical elements act like a flat glass plate, as shown in Figure 51a at the
design wavelength). Accordingly, the degree of chromatic aberration correction, C, can be varied by simply moving the
axial positions of the compensation plates 111, 151 at the design wavelength. There is thus no need to replace any
lenses when altering the compensation factor C. In Figure 52, a value of C less than 1 is shown. In Figure 50, a value
of C = 2 is shown. Accordingly, slowly moving the correction plates 111, 151 from the position shown in Figure 50 to the
position shown in Figure 52 will slowly vary the degree of chromatic aberration correction from a correction of C = 2
(which will provide the correction shown in Figure 23) to a value of C = 1 (which will provide the correction shown in
Figure 22) or less.

[0181] As explained above with regard to Figures 51a-51c, the compensation plates 111, 151 can be moved to inde-
pendently adjust the chromatic aberration correction, C, only at the design wavelength. At other wavelengths, the plates
will introduce some amount of lensing and thus moving them will change the output beam diameter. Figure 53 shows a
typical range of wavelengths over which it is desirable to operate a system. It shows three potential laser spectra, a first
spectrum 81 having a width of 10 nm centred on 850 nm, a second spectrum 82 having a width of 10 nm centred around
980 nm and a third spectrum 83, also having a width of 10 nm centred around 720 nm. These laser pulse streams having
spectral widths of 10 nm are typical for pulses having 100 fs duration in the time domain.

[0182] The problem is therefore how to design a system which provides sufficient differential magnification to correct
the chromatic aberration due to the spectral width of a single laser pulse stream but which yields a constant output beam
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size whatever the centre wavelength of the laser pulse stream.

[0183] Figure 54 illustrates the problem diagrammatically. At the 850 nm design wavelength, the objective lens 90 is
more or less fully filled. This means that the spot 22 will be of minimal size (or, in other words, the spot will be maximally
focussed). Atlonger wavelengths (e.g. 1000 nm) the chromatic aberration correction mechanism causes the laser beams
to be deflected more and some light leaving the compensation plate 151 is not captured by the subsequent optics. As
light is lost, the power provided to the focal position 22 will be reduced. At shorter wavelengths, e.g. 700 nm as shown
in Figure 54, the laser beams will be deflected through a smaller angle and the focal position 22 will be created from a
smaller diameter beam at the objective lens 90. As the objective lens is under-filled, the diameter of the diffraction limited
focal spot 22 will be increased compared to the minimum it could be at this wavelength and the intensity of the spot will
therefore be less than it could be.

[0184] For neuroscience applications, one important use of 2-photon microscopes is for uncaging neurotransmitter
chemicals to selectively-excite particular neurons. This generally requires much higher light intensity at the focal position
than 2-photon imaging. It has been found that the most effective molecules for 2-photon uncaging are sensitive around
the short wavelength end of a Ti-sapphire operating range (around 600-750 nm). It is therefore highly desirable to be
able to fill the aperture of the objective lens at short wavelengths.

[0185] If the compensator is designed to fill the aperture at 1000 nm (such that no light is lost at this wavelength, see
Figure 54) the diameter of the beam at 700 nm will be only about 70% of that at 1000 nm. This would produce a focal
spot of 1.4 times the diameter which corresponds to a focal spot having twice the area of that produced by a properly
filled objective lens. The light at the focal position would therefore have half the intensity and one quarter of the 2-photon
excitation rate compared to the situation where the aperture is filled. It is therefore desirable to fill the aperture at the
lower end of the wavelength range and at the same time not lose any light at the upper end of the wavelength range. It
would be preferable to design a system in which this can be achieved while at the same time allowing the degree of
chromatic aberration compensation to be adjusted at least over the range C = 1-2 and which does not require any lenses
to be removed orreplaced during use. Preferably, lenses would be simply moved within the system to provide the correct
configuration.

[0186] One solution for achieving this is shown in Figure 55. In this system, the lens 112 in Figure 54 is replaced by
a pair of zoom lenses 113, 114. Similarly, the lens 152 in Figure 54 is replaced by a pair of zoom lenses 153, 154. The
system of Figure 55 thus includes a first pair of positive focal length zoom lenses 113, 114, a pair of compensation plates
111, 151 and a second pair of positive focal length zoom lenses 153, 154. The positions of the zoom lenses 113, 114,
153, 154 are adjustable to alter their effective focal length. Further, the separation between the two compensation plates
111, 151 is adjustable to vary the compensation factor C and also to take account of different wavelengths of light being
utilised in the device. Figure 55 shows the nomenclature used in the following description to describe the lenses L and
the diffractive optical elements D.

[0187] A method for designing a zoom compensator will now be described. Firstly, the aperture diameter d3 of the
diffractive optical elements 115, 155 can be selected to be a fraction R of the diameter of the input beam d1. It has been
found that a fraction R = 0.5 allows a system to be designed that covers a 700-900 nm range of wavelengths. A smaller
fraction can be-selected to cover a wider proportionate range.

[0188] The maximum separation of s3 of the compensation plates 111, 151 can then be selected to be greater than
the minimum working f number (the ratio of focal length to diameter of a lens) of the diffractive optical element (and other
lenses) multiplied by the diameter d3.

[0189] For a maximum compensation factor (C = 2) the focal length of the lenses L3 and L4 can be made equal to
the maximum separation s3 of the compensation plates. As described above, L3 has negative focussing power and L4
has positive focussing power, and the focal lengths of both L3 and L4 are equal to s3.

[0190] The focal length of the diffractive optical elements (F(D3) and F(D4)) at the mid-point wavelength can be made
equal to the maximum separation s3. F(D3) will be positive and F(D4) will be negative. This ensures that at the mid-
point wavelength, the compensator plates have zero lensing power.

[0191] In use, the zoom lens spacings s1 and s2 are adjusted for each operating wavelength so that parallel input
light is focussed to the mid-point between L3 and L4. The separations s4 and s5 are then adjusted to give the required
constant parallel output beam diameter. The spacings s1 and s2 can be calculated by calculating the effective focal lens
of the zoom lens needed to transform between the correct diameter parallel external beams and the central focal point,
given the strength of the compensator plates at the wavelength concerned.

[0192] For example, at the mid-point wavelength where the compensator plates have zero power, if R = 0.5 then the
effective focal length of the input and output zoom lens pairs is equal to the separation s3. This follows simply because
the distance from the centre point to the compensator is s3/2 and as R = 0.5 the light cone diameter is doubled before
becoming parallel. This is shown in Figure 56.

[0193] The effective focal length of the zoom lenses can be calculated for different operating wavelengths by taking
into account the extra required divergence or convergence of the light cone outside of the compensating plates. At a
shorter operating wavelength (e.g. 700 nm), s3 needs to be made longer because the beam will not be diffracted through
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such alarge angle with shorter wavelengths. Similarly, for longer wavelengths, the distance s3 needs to be made shorter
because the beams will be diffracted more at longer wavelengths. Once s3 has been selected, it is possible to calculate
the focal length of the first zoom pair, FT1 and the focal length of the second zoom pair, FT2. In general, a longer s3
will require a longer FT2 and a smaller s3 will require a smaller FT2. The positions of the zoom lenses to meet this
condition can then be determined using standard textbook geometric optic equations for zoom lenses.

[0194] Figures 57 and 58 show actual values for an example when the chosen separation s3 is 75mm at a centre
wavelength of 800 nm. It can be seen that, at the centre wavelength, FT1 = FT2 = s3. For longer wavelengths, all of
these values are reduced and for shorter wavelengths all of these values are increased.

[0195] Figure 58 shows how the values of s2 or s4 and the values of FT and FT2 vary as s1 or s5 vary utilising two
125 mm focal length lenses. Accordingly, it is possible to set FT1 and FT2 and thereafter derive s1, s2, s4 and s5.
[0196] Figure 59 shows the positions of the lenses for a longer laser wavelength of 900 nm. Figure 60 shows the lens
positions of a wavelength for a shorter wavelength of 700. It will be observed by comparing Figures 59 and 60 that the
diameter of the output beam is substantially the same whether a long or short wavelength is used. Furthermore, due to
the positioning of the compensation plates 111, 151, the same amount of selectable chromatic aberration correction C
is achieved in both cases.

[0197] It will be appreciated that the zoom compensator enables an aperture within the system (for example the
objective lens aperture) to be fully filled even when the centre wavelength of the laser beam is changed. In general, the
compensator can be modified to fill any aperture in the system. The system aperture is defined here as the diameter of
the maximum diameter optical beam at the entrance of the system (or subsystem concerned) that can get through the
complete system to the final image without any of the rays being cut off by any intermediate apertures internal to the
optical system. Accordingly, the corrective optics of this zoom compensator is capable of ensuring that the beam fills
the same design system aperture for substantially all wavelengths falling within the wavelength range of interest. This
is illustrated in Figures 59 and 60 by showing the beam filling the objective lens aperture, but it may be applied to any
system aperture.

[0198] With the solution described above, the values FT1 and FT2 vary with the wavelength of the electromagnetic
radiation used. This causes the overall length of the telecentric relay zoom compensator to vary, as shown in Figure 61.
In Figure 61, the length from the output of the last AOD grating to the entrance to the microscope is illustrated. As will
be apparent from Figure 61, the overall length will be equal to 2 x FT1 plus 2 x FT2.

[0199] Accordingly, to implement this system it would be necessary to move the objective lens relative to the AODs
each time the laser wavelength is changed. While this is feasible, it would be convenient to provide a telecentric relay
that is of constant length whatever the wavelength of light used.

[0200] One solution is to use four mirrors in a standard "optical trombone" arrangement before, or preferably after,
the zoom compensator in order to make the overall path length constant.

[0201] Another possibility is to design a system such that the sum of FT1 and FT2 is constant. This can be done by
varying R with the wavelength. Since varying R will vary C (the compensation factor), s3 can be varied in order to balance
this to keep C on target. C will be constant if the product of R and s3 is constant.

[0202] The above description of this zoom compensator has several specific aspects which should not be taken as
limitations to our claims. Firstly, the example shows that the diameter of the input aperture (Figure 61) is equal to the
diameter of the output aperture. This could simply be changed by adjusting the focal lengths of FT1 and FT2. Secondly,
the focal lengths of the sub components 115,116, 155 and 166 of each compensator plate 111, 151 have been taken
as equal to one another in magnitude at the design mid wavelength. The system could however be designed with different
focal lengths here, the key point being that the resulting overall system balances the positive and negative chromatic
compensation in the overall telecentric relay so that the magnification chromatic aberration is reduced throughout the
working field, preferably with the zero aberration point stillin the middle so that the edge offield aberrations are minimised.
[0203] Accordingly, there is proposed the use of zoom lens systems to adjust the overall magnification of the chromatic
aberration correction system so as to achieve a full objective lens aperture even at different wavelengths.

Claims
1. A system for manipulating a beam of electromagnetic radiation, said system comprising:

a first acousto-optic deflector (30);

a second acousto-optic deflector (40) positioned downstream of said first acousto-optic deflector (30) and being
separated from said first acousto-optic deflector (30) by an effective optical separation (d4);

a driver for providing acoustic waves in said first and second acousto-optic deflectors,

characterised in that said acoustic waves are chirped at different ramp rates to account for said effective
optical separation (d4) between said first and second acousto-optic deflectors;
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wherein the different ramp rates are set so as to allow for the change in wavefront curvature in the beam of
electromagnetic radiation between the first acousto-optic deflector (30) and the second acousto-optic deflector
(40).

2. A system according to claim 1, said system further comprising:

a third acousto-optic deflector (50);

a fourth acousto-optic deflector (60) positioned downstream of said third acousto-optic deflector (50) and being
separated from said third acousto-optic deflector (50) by an effective optical separation (ds);

wherein said driver is arranged to provide acoustic waves in said third and fourth acousto-optic deflectors, said
acoustic waves being chirped at different ramp rates to account for said effective optical separation (d;) between
said third and fourth acousto-optic deflectors.

A system according to claim 2, wherein said driver is arranged to provide acoustic waves that cause said beam of
electromagnetic radiation to be focussed to a stationary point in space.

A system according to claim 2 or 3, wherein said driver provides an acoustic wave with a ramp rate a, to said first
acousto-optic deflector and provides an acoustic wave with a ramp rate a, to said second acousto-optic deflector,
and wherein said ramp rates are related by:

a, 2d,

a, 2d,+d,

where dy is the effective optical separation between said first and second acousto-optic deflectors and d; is the
effective optical distance to the focal point from the second acousto-optic deflector;

further wherein said driver provides an acoustic wave with a ramp rate a3 to said third acousto-optic deflector and
provides an acoustic wave with a ramp rate a, to said fourth acousto-optic deflector, and wherein said ramp rates
are related by:

a, 2d,

0

a, 2d,+d,

where d; is the effective optical separation between said third and fourth acousto-optic deflectors and d; is the

distance to the focal point from the fourth acousto-optic deflector.

A system according to claim 2, 3 or 4, wherein the acousto-optic deflectors are arranged in the following order in
the path of the laser beam:

first,
third,
second,
fourth.

A system according to any one of claims 2 to 6, wherein said driver is arranged to select the frequencies of said
acoustic waves so as to scan a target in the X and/or Y direction.

A system according to claim 6, wherein said driver is arranged to select frequencies for said first and second acousto-

optic deflectors such as to achieve an angular scan rate of 56/t by adjusting the ramp rate a, of the first acousto-
optic deflector to be:
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and by adjusting the ramp rate a, of the second acousto-optic deflector to be:

LA
T 2Md, 2\ Ot

a,

where Vis the speed of sound in the first and second acousto-optic deflectors, X is the wavelength of the laser beam
to be deflected, d; is the distance to the focal line/point from the second acousto-optic deflector and dj is the

effective optical separation between said first and second acousto-optic deflectors.

A system according to claim 6 or 7, wherein said driver provides acoustic waves such as to scan a target in the X
and/or Y direction, said scan being composed of a series of mini-scans, with a non-active period between each
active period of each mini-scan;

wherein, optionally, said non-active period is for adjusting the absolute value of frequencies supplied to the acousto-
optic deflectors without moving the focus position;

wherein, optionally, said driver provides four acoustic waves so as to scan a point over a target in two or three
dimensions, said scan being composed of a series of mini-scans, with a non-active period between each active
period of each mini-scan;

wherein, optionally, said non-active period is for adjusting the absolute value of frequencies supplied to the first,
second, third and fourth acousto-optic deflectors without moving the focus position;

wherein, optionally, the absolute values of frequencies supplied to the first and second acousto-optic deflectors are
changed in accordance with:

Af, 2,
Af; ” 2d,+d,

where Af; is the change in frequency of the acoustic wave in the first acousto-optic deflector, Af, is the change in
frequency of the acoustic wave in the second acousto-optic deflector, d, is the effective optical separation between

said first and second acousto-optic deflectors and d; is the distance to the focal point from said second acousto-

optic deflector;
wherein, optionally, the absolute values of frequencies supplied to the third and fourth acousto-optic deflectors are
changed in accordance with:

Afs - 2d4
Af, " 2d, +d,
where Af5 is the change in frequency of the acoustic wave in the third acousto-optic deflector, Af, is the change in
frequency of the acoustic wave in the fourth acousto-optic deflector, d3 is the effective optical separation between

said third and fourth acousto-optic deflectors and d,.; is the distance to the focal point from said fourth acousto-optic

deflector.
A method of manipulating a beam of electromagnetic radiation, said method comprising:
passing said electromagnetic radiation through a first acousto-optic deflector (30) and a second acousto-optic

deflector (40) downstream of said first acousto-optic deflector (30), the deflectors containing first and second
acoustic waves respectively;
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wherein said first and second acoustic waves are chirped at different ramp rates to account for the effective
optical separation (d4) between said first and second acousto-optic deflectors;

wherein the different ramp rates are set so as to allow for the change in wavefront curvature in the beam of
electromagnetic radiation between the first acousto-optic deflector (30) and the second acousto-optic deflector
(40).

A method according to claim 9, said method further comprising passing said electromagnetic radiation through a
third acousto-optic deflector (50) and a fourth acousto-optic deflector (60) downstream of said third acousto-optic
deflector, the deflectors containing third and fourth acoustic waves respectively;

wherein said third and fourth acoustic waves are chirped at different ramp rates to account for the effective optical
separation (d3) between said third and south acousto-optic deflectors.

A method according to claim 10, wherein said beam of electromagnetic radiation is focussed to a stationary point
in space.

A method according to claim 10 or 11, wherein said first acoustic wave has a ramp rate a4, said second acoustic
wave has a ramp rate a, and said ramp rates are related by:

a, 2d,

a, 2d,+d,

where d, is the effective optical separation between said first and second acousto-optic deflectors and d; is the

effective optical distance to the focal point from the second acousto-optic deflector;
further wherein said driver provides an acoustic wave with a ramp rate a; to said third acousto-optic deflector and

provides an acoustic wave with a ramp rate a, to said fourth acousto-optic deflector, and wherein said ramp rates
are related by:

where d; is the effective optical separation between said third and fourth acousto-optic deflectors and d; is the
effective optical distance to the focal point from the fourth acousto-optic deflector.

A method according to any one of claims 10 to 12, wherein the beam of electromagnetic radiation is passed through
the acousto-optic deflectors in the following order;

first,
third,
second,
fourth.

A method according to any one of claims 10 to 13, wherein said beam of electromagnetic radiation scans a target
in the X and/or Y direction.

A method according to claim 14, wherein said first and second acoustic waves are arranged to cause said beam of
electromagnetic radiation to achieve an angular scan rate of 56/5¢, said first acoustic wave having a ramp rate a,

given by:
z(z @)
r\d, &t

“T 4 4%
d, V&t
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and said second acoustic wave having a ramp rate a, given by:

v: vV 86

+__

2= 0nd, T 2N Bt

where Vis the speed of sound in the first and second acousto-optic deflectors, A is the wavelength of the laser beam
to be deflected, d; is the distance to the focal point from the second acousto-optic deflector and d is the effective

optical separation between said first and second acousto-optic deflectors.

A method according to any one of claims 10 to 15, wherein said beam of electromagnetic radiation scans a target
in the X and/or Y direction, said scan being composed of a series of mini-scans, with a non-active period between
each mini-scan;

wherein, optionally, said non-active period is for adjusting the absolute value of frequencies supplied to the acousto-
optic deflectors without moving the focus position;

wherein, optionally, said non-active period comprises a frequency resetting time and an AOD fill time;

wherein, optionally, the absolute values of frequencies of said first and second acoustic waves are changed in
accordance with:

)

A2,
Af,” 2dy+d,

where Af; is the change in frequency of the first acoustic wave in the first acousto-optic deflector, Af, is the change
in frequency of the second acoustic wave in the second acousto-optic deflector, d; is the effective optical separation
between said first and second acousto-optic deflectors and d; is the distance to the focal point from said second

acousto-optic deflector.

A method according to any one of claims 10 to 16, wherein said beam of electromagnetic radiation is passed through
four acoustic waves such that a point is scanned in two or three directions, the scan being composed of a series of
mini-scans with a non-active period between each active period of each mini-scan.

Patentanspriiche

1.

2,

System zum Manipulieren eines Strahls elektromagnetischer Strahlung, wobei das System Folgendes umfasst:

einen ersten akusto-optischen Deflektor (30);

einen zweiten akusto-optischen Deflektor (40), der stromabwarts von dem ersten akusto-optischen Deflektor
(30) angeordnet ist und von dem ersten akusto-optischen Deflektor (30) durch eine wirksame optische Trennung
(d4) getrennt ist;

einen Treiber zum Bereitstellen von akustischen Wellen in dem ersten und zweiten akusto-optischen Deflektor,
dadurch gekennzeichnet, dass die akustischen Wellen mit unterschiedlichen Rampenraten gechirpt werden,
um den effektiven optischen Abstand (d4) zwischen dem ersten und zweiten akusto-optischen Deflektor zu
beriicksichtigen;

wobei die unterschiedlichen Rampenraten so eingestellt sind, dass die Anderung der Wellenfrontkriimmung in
dem Strahl elektromagnetischer Strahlung zwischen dem ersten akusto-optischen Deflektor (30) und dem zwei-
ten akusto-optischen Deflektor (40) ermdglicht wird.

System nach Anspruch 1, wobei das System ferner Folgendes umfasst:

einen dritten akusto-optischen Deflektor (50);

einen vierten akusto-optischen Deflektor (60), der stromabwarts von dem dritten akusto-optischen Deflektor
(50) angeordnet ist und von dem dritten akusto-optischen Deflektor (50) durch eine wirksame optische Trennung
(d3) getrennt ist;

wobei der Treiber so angeordnet ist, dass er akustische Wellen in dem dritten und vierten akusto-optischen
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Deflektor bereitstellt, wobei die akustischen Wellen mit unterschiedlichen Rampenraten gechirpt werden, um
den effektiven optischen Abstand (d3) zwischen dem dritten und vierten akusto-optischen Deflektor zu bertick-
sichtigen.

System nach Anspruch 2, wobeider Treiber so angeordnetist, dass er akustische Wellen bereitstellt, die veranlassen,
dass der Strahl elektromagnetischer Strahlung auf einen stationdren Punkt im Raum fokussiert wird.

System nach Anspruch 2 oder 3, wobei der Treiber dem ersten akusto-optischen Deflektor eine akustische Welle
mit einer Rampenrate a4 bereitstellt und dem zweiten akusto-optischen Deflektor eine akustische Welle mit einer
Rampenrate a, bereitstellt und wobei die Rampenraten durch Folgendes in Beziehung stehen:

a, 2d,

a, 2d,+d,

wobei d; die effektive optische Trennung zwischen dem ersten und zweiten akusto-optischen Deflektor ist und d;
der effektive optische Abstand zum Brennpunkt von dem zweiten akusto-optischen Deflektor ist;

wobei der Treiber ferner dem dritten akusto-optischen Deflektor eine akustische Welle mit einer Rampenrate a;
bereitstellt und dem vierten akusto-optischen Deflektor eine akustische Welle mit einer Rampenrate a, bereitstellt
und wobei die Rampenraten durch Folgendes in Beziehung stehen:

a, 2d,

a, 2d,+d,

wobei d, die effektive optische Trennung zwischen dem dritten und vierten akusto-optischen Deflektor ist und d;l

der Abstand zum Brennpunkt von dem vierten akusto-optischen Deflektor ist.

System nach Anspruch 2, 3 oder 4, wobei die akusto-optischen Deflektoren in folgender Reihenfolge auf dem Pfad
des Laserstrahls angeordnet sind:

erster,
dritter,
zweiter,
vierter.

System nach einem der Anspriiche 2 bis 6, wobei der Treiber so angeordnet ist, dass er die Frequenzen der
akustischen Wellen auswahlt, um ein Ziel in der X- und/oder Y-Richtung abzutasten.

System nach Anspruch 6, wobei der Treiber so angeordnet ist, dass er Frequenzen fiir den ersten und zweiten
akusto-optischen Deflektor auswéhit, um eine Winkelabtastrate von 85/t zu erreichen, indem die Rampenrate a,
des ersten akusto-optischen Deflektors wie folgt eingestellt wird:

K(z 69]

a\d, ot
N4 40
d, Vo

und indem die Rampenrate a, des zweiten akusto-optischen Deflektors wie folgt eingestellt wird:

v
S 2id, 21 ot

a,
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wobei V die Schallgeschwindigkeit in dem ersten und zweiten akusto-optischen Deflektor ist, A die Wellenldnge des
abzulenkenden Laserstrahls ist, d; der Abstand zur Brennlinie bzw. zum Brennpunkt von dem zweiten akusto-

optischen Deflektor ist und d; die effektive optische Trennung zwischen dem ersten und zweiten akusto-optischen
Deflektor ist.

System nach Anspruch 6 oder 7, wobei der Treiber akustische Wellen bereitstellt, um ein Ziel in der X- und/oder Y-
Richtung abzutasten, wobei die Abtastung aus einer Reihe von Mini-Abtastungen besteht und eine inaktive Periode
zwischen jeder aktiven Periode jeder Mini-Abtastung vorliegt;

wobei die inaktive Periode optional zur Einstellung des Absolutwerts von Frequenzen dient, die den akusto-optischen
Deflektoren bereitgestellt werden ohne die Fokusposition zu bewegen;

wobei der Treiber optional vier akustische Wellen bereitstellt, um einen Punkt Uber einem Ziel in zwei oder drei
Dimensionen abzutasten, wobei die Abtastung aus einer Reihe von Mini-Abtastungen besteht und eine inaktive
Periode zwischen jeder aktiven Periode jeder Mini-Abtastung vorliegt;

wobei die inaktive Periode optional zur Einstellung des Absolutwerts von Frequenzen dient, die den ersten, zweiten,
dritten und vierten akusto-optischen Deflektoren bereitgestellt werden ohne die Fokusposition zu bewegen;

wobei die Absolutwerte von Frequenzen, die den ersten und zweiten akusto-optischen Deflektor bereitgestellt wer-
den, optional gemaR Folgendem geandert werden:

Af 24,
Af,  2d,+d,

wobei Af; die Frequenzénderung der akustischen Welle in dem ersten akusto-optischen Deflektor ist, Af, die Fre-
quenzanderung der akustischen Welle in dem zweiten akusto-optischen Deflektor ist, d; die effektive optische

Trennung zwischen dem ersten und zweiten akusto-optischen Deflektor ist und d; der Abstand zum Brennpunkt

von dem zweiten akusto-optischen Deflektor ist;
wobeidie Absolutwerte von Frequenzen, die den dritten und vierten akusto-optischen Deflektor bereitgestellt werden,
optional gemaR Folgendem geandert werden:

AL 2d,
Af,  2d,+d,

wobei Af; die Frequenzanderung der akustischen Welle in dem dritten akusto-optischen Deflektor ist, Af, die Fre-
quenzanderung der akustischen Welle in dem vierten akusto-optischen Deflektor ist, d; die effektive optische Tren-

nung zwischen dem dritten und vierten akusto-optischen Deflektor ist und dz‘t der Abstand zum Brennpunkt von

dem vierten akusto-optischen Deflektor ist.
Verfahren zum Manipulieren eines Strahls elektromagnetischer Strahlung, wobei das Verfahren Folgendes umfasst:

Leiten der elektromagnetischen Strahlung durch einen ersten akusto-optischen Deflektor (30) und einen zweiten
akusto-optischen Deflektor (40), der stromabwarts von dem ersten akusto-optischen Deflektor (30) angeordnet
ist, wobei die Deflektoren jeweils erste und zweite akustische Wellen enthalten;

wobei die ersten und zweiten akustischen Wellen mit unterschiedlichen Rampenraten gechirpt werden, um den
effektiven optischen Abstand (d4) zwischen dem ersten und zweiten akusto-optischen Deflektor zu beriicksich-
tigen;

wobei die unterschiedlichen Rampenraten so eingestellt sind, dass die Anderung der Wellenfrontkriimmung in
dem Strahl elektromagnetischer Strahlung zwischen dem ersten akusto-optischen Deflektor (30) und dem zwei-
ten akusto-optischen Deflektor (40) ermdglicht wird.

Verfahren nach Anspruch 9, wobei das Verfahren ferner das Leiten der elektromagnetischen Strahlung durch einen
dritten akusto-optischen Deflektor (50) und einen vierten akusto-optischen Deflektor (60) umfasst, der stromabwarts
von dem dritten akusto-optischen Deflektor angeordnet ist, wobei die Deflektoren jeweils dritte und vierte akustische
Wellen enthalten;

wobei die dritten und vierten akustischen Wellen mit unterschiedlichen Rampenraten gechirpt werden, um den
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effektiven optischen Abstand (ds) zwischen dem dritten und vierten akusto-optischen Deflektor zu beriicksichtigen.

11. Verfahren nach Anspruch 10, wobei der Strahl elektromagnetischer Strahlung auf einen stationaren Punkt im Raum
fokussiert ist.

12. Verfahren nach Anspruch 10 oder 11, wobei die erste akustische Welle eine Rampenrate a; aufweist, die zweite
akustische Welle eine Rampenrate a, aufweist und die Rampenraten durch Folgendes in Beziehung stehen:

a, 2d,

a, 2d,+d,

wobei d; die effektive optische Trennung zwischen dem ersten und zweiten akusto-optischen Deflektor ist und dé
der effektive optische Abstand zum Brennpunkt von dem zweiten akusto-optischen Deflektor ist;

wobei der Treiber ferner dem dritten akusto-optischen Deflektor eine akustische Welle mit einer Rampenrate a3
bereitstellt und dem vierten akusto-optischen Deflektor eine akustische Welle mit einer Rampenrate a, bereitstellt
und wobei die Rampenraten durch Folgendes in Beziehung stehen:

wobei d3 die effektive optische Trennung zwischen dem dritten und vierten akusto-optischen Deflektor ist und d:l

der effektive optische Abstand zum Brennpunkt von dem vierten akusto-optischen Deflektor ist.

13. Verfahren nach einem der Anspriiche 10 bis 12, wobei der Strahl elektromagnetischer Strahlung durch die akusto-
optischen Deflektoren in folgender Reihenfolge geleitet wird;

erster,
dritter,
zweiter,
vierter.

14. Verfahren nach einem der Anspriiche 10 bis 13, wobei der Strahl elektromagnetischer Strahlung ein Ziel in der X-
und/oder Y-Richtung abtastet.

15. Verfahren nach Anspruch 14, wobei die erste und zweite akustische Welle so angeordnet sind, dass der Strahl
elektromagnetischer Strahlung eine Winkelabtastrate von 58/t erreicht, wobei die erste akustische Welle eine
Rampenrate a, aufweist, die durch Folgendes gegeben ist:

K(L&J
_ Ald, o
G, d 450

2 i
YLV &

und die zweite akustische Welle eine Rampenrate a, aufweist, die durch Folgendes gegeben ist:

C2Ad, 24 o

a,

wobei V die Schallgeschwindigkeit in dem ersten und zweiten akusto-optischen Deflektor ist, A die Wellenlange des

abzulenkenden Laserstrahls ist, d: der Abstand zum Brennpunkt von dem zweiten akusto-optischen Deflektor ist
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und d, die effektive optische Trennung zwischen dem ersten und zweiten akusto-optischen Deflektor ist.

Verfahren nach einem der Anspriiche 10 bis 15, wobei der Strahl elektromagnetischer Strahlung ein Ziel in der X-
und/oder Y-Richtung abtastet, wobei die Abtastung aus einer Reihe von Mini-Abtastungen besteht und eine inaktive
Periode zwischen jeder Mini-Abtastung vorliegt;

wobei die inaktive Periode optional zur Einstellung des Absolutwerts von Frequenzen dient, die den akusto-optischen
Deflektoren bereitgestellt werden, ohne die Fokusposition zu bewegen;

wobei die inaktive Periode optional eine Frequenzriicksetzzeit und eine AOD-Flillzeit umfasst;

wobei die Absolutwerte von Frequenzen der ersten und zweiten akustischen Welle optional gemal? Folgendem
geandert werden:

Af 24,
Af,  2dy+d,

wobei Af, die Frequenzanderung der ersten akustischen Welle in dem ersten akusto-optischen Deflektor ist, Af, die
Frequenzénderung der zweiten akustischen Welle in dem zweiten akusto-optischen Deflektor ist, d, die effektive

optische Trennung zwischen dem ersten und zweiten akusto-optischen Deflektor ist und dé der Abstand zum

Brennpunkt von dem zweiten akusto-optischen Deflektor ist.

Verfahren nach einem der Anspriiche 10 bis 16, wobei der Strahl elektromagnetischer Strahlung durch vier akus-
tische Wellen geleitet wird, so dass ein Punkt in zwei oder drei Richtungen abgetastet wird, wobei die Abtastung
aus einer Reihe von Mini-Abtastungen besteht und eine inaktive Periode zwischen jeder aktiven Periode jeder Mini-
Abtastung vorliegt.

Revendications

1.

2.

3.

4,

Systeéme permettant de manipuler un faisceau de rayonnement électromagnétique, ledit systéme comprenant :

un premier déflecteur acousto-optique (30) ;

un deuxiéme déflecteur acousto-optique (40) positionné en aval dudit premier déflecteur acousto-optique (30)
et séparé dudit premier déflecteur acousto-optique (30) par une séparation optique efficace (d4) ;

un circuit d’attaque destiné a fournir des ondes acoustiques dans lesdits premier et deuxiéme déflecteurs
acousto-optiques,

caractérisé en ce que lesdites ondes acoustiques sont modulées a des vitesses de rampe différentes afin de
prendre en compte ladite séparation optique efficace (d4) entre lesdits premier et deuxieme déflecteurs acousto-
optiques ;

les vitesses de rampe différentes étant établies de sorte a permettre une modification de la courbure de front
d’onde dans le faisceau de rayonnement électromagnétique entre le premier déflecteur acousto-optique (30)
et le deuxieéme déflecteur acousto-optique (40).

Systéme selon la revendication 1, ledit systéme comprenant en outre :

un troisiéme déflecteur acousto-optique (50) ;

un quatriéme déflecteur acousto-optique (60) positionné en aval dudit troisi€me déflecteur acousto-optique (50)
et séparé dudit troisieme déflecteur acousto-optique (50) par une séparation optique efficace (ds) ;

dans lequel ledit circuit d’attaque est agencé pour fournir des ondes acoustiques dans lesdits troisieme et
quatrieme déflecteurs acousto-optiques, lesdites ondes acoustiques étant modulées a des vitesses de rampe
différentes pour prendre en compte ladite séparation optique efficace (d3) entre lesdits troisieme et quatrieme
déflecteurs acousto-optiques.

Systéme selon la revendication 2, dans lequel ledit circuit d’attaque est agencé pour fournir des ondes acoustiques
quiameénentledit faisceau de rayonnement électromagnétique a étre focalisé sur un point stationnaire dans 'espace.

Systéme selon la revendication 2 ou 3, dans lequel ledit circuit d’attaque fournit une onde acoustique avec une
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vitesse de rampe a, audit premier déflecteur acousto-optique et fournit une onde acoustique avec une vitesse de
rampe a, audit deuxiéme déflecteur acousto-optique, et dans lequel lesdites vitesses de rampe sont liées par :

a, 2d,

a, 2d,+d,

ou dy est la séparation optique efficace entre lesdits premier et deuxieme déflecteurs acousto-optiques et d’, est la
distance optique efficace entre le point focal et le deuxiéme déflecteur acousto-optique ;

dans lequel, en outre, ledit circuit d’attaque fournit une onde acoustique avec une vitesse de rampe a3 audit troisiéme
déflecteur acousto-optique et fournit une onde acoustique avec une vitesse de rampe a4 audit quatrieme déflecteur
acousto-optique, et dans lequel lesdites vitesses de rampe sont liées par :

a, 2d,

1

a, 2d,+d,

ol dj est la séparation optique efficace entre lesdits troisiéme et quatrieme déflecteurs acousto-optiques et d’; est
la distance entre le point focal et le quatrieme déflecteur acousto-optique.

Systéme selon la revendication 2, 3 ou 4, dans lequel les déflecteurs acousto-optiques sont agencés dans l'ordre
suivant sur le trajet du faisceau laser :

premier,
troisieme,
deuxiéme,
quatrieme.

Systéme selon I'une quelconque des revendications 2 a 6, dans lequel ledit circuit d’attaque est agencé pour
sélectionner les fréquences desdites ondes acoustique de fagon a balayer une cible dans les directions X et/ou Y.

Systéme selon la revendication 6, dans lequel ledit circuit d’attaque est agencé pour sélectionner des fréquences
pour lesdits premier et deuxieme déflecteurs acousto-optiques de fagon a obtenir une vitesse de balayage angulaire
de 8516t en ajustant la vitesse de rampe a; du premier déflecteur acousto-optique a :

vivy _38
A\d, &t
YT b 4%

d, V ot

et en ajustant la vitesse de rampe a, du deuxiéme déflecteur acousto-optique a :

AN
T 20, 2) Ot

a,

ou V est la vitesse du son dans les premier et deuxiéme déflecteurs acousto-optiques, 1 est la longueur d’onde du
faisceau laser & dévier, d’; est |a distance entre I'axe/le point focal et le deuxiéme déflecteur acousto-optique et dy
est la séparation optique efficace entre lesdits premier et deuxiéme déflecteurs acousto-optiques.

Systéme selon la revendication 6 ou 7, dans lequel ledit circuit d’attaque fournit des ondes acoustiques de fagon a
balayer une cible dans les directions X et/ou Y, ledit balayage étant composé d’une série de mini-balayages, avec
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une période non active entre chaque période active de chaque mini-balayage ;

danslequel, éventuellement, ladite période non active estdestinée al'ajustementde lavaleurabsolue desfréquences
fournies aux déflecteurs acousto-optiques sans déplacement de la position focale ;

dans lequel, éventuellement, ledit circuit d’attaque fournit quatre ondes acoustiques de fagon a balayer un point sur
une cible en deux ou trois dimensions, ledit balayage étant composé d’'une série de mini-balayages, avec une
période non active entre chaque période active de chaque mini-balayage ;

danslequel, éventuellement, ladite période non active estdestinée al'ajustementde lavaleurabsolue desfréquences
fournies aux premier, deuxiéme, troisieme et quatrieme déflecteurs acousto-optiques sans déplacement de la po-
sition focale ;

dans lequel, éventuellement, les valeurs absolues des fréquences fournies aux premier et deuxiéme déflecteurs
acousto-optiques sont modifiées en conformité avec :

]

Af, _ 2d,
Af,  2d,+d,

ou Afy est la modification de fréquence de 'onde acoustique dans le premier déflecteur acousto-optique, Af, est la
modification de fréquence de I'onde acoustique dans le deuxieme déflecteur acousto-optique, d; est la séparation
optique efficace entre lesdits premier et deuxiéme déflecteurs acousto-optiques et d’; est la distance entre le point
focal et ledit deuxiéme déflecteur acousto-optique ;

ou, éventuellement, les valeurs absolues des fréquences fournies aux troisiéme et quatrieme déflecteurs acousto-
optiques sont modifiées en conformité avec :

t

Af, 24,
Af, 2d, +d,

oU Af3 est la modification de fréquence de 'onde acoustique dans le troisieme déflecteur acousto-optique, Af; est
la modification de fréquence de 'onde acoustique dans le quatriéme déflecteur acousto-optique, d; est la séparation
optique efficace entre lesdits troisiéme et quatrieme déflecteurs acousto-optiques et d’; est la distance entre le point
focal et ledit quatrieme déflecteur acousto-optique .

Procédé de manipulation d’un faisceau de rayonnement électromagnétique, ledit procédé comprenant :

le passage dudit rayonnement électromagnétique a travers un premier déflecteur acousto-optique (30) et un
deuxiéme déflecteur acousto-optique (40) en aval dudit premier déflecteur acousto-optique (30), les déflecteurs
contenant des premiere et deuxiéme ondes acoustiques, respectivement ;

lesdites premiére et deuxiéme ondes acoustiques étant modulées a des vitesses de rampe différentes pour
prendre en compte la séparation optique efficace (d,) entre lesdits premier et deuxieéme déflecteurs acousto-
optiques ;

lesdites vitesses de rampe différentes étant établies de sorte a permettre une modification de la courbure de
front d’onde dans le faisceau de rayonnement électromagnétique entre le premier déflecteur acousto-optique
(30) et le deuxieme déflecteur acousto-optique (40).

Procédé selon la revendication 9, ledit procédé comprenant en outre le passage dudit rayonnement a travers un
troisieme déflecteur acousto-optique (50) et un quatrieme déflecteur acousto-optique (60) en aval dudit troisieme
déflecteur acousto-optique, les déflecteurs contenant des troisieme et quatrieme ondes acoustiques,
respectivement ;

lesdites troisieme et quatrieme ondes acoustiques étant modulées a des vitesses de rampe différentes pour prendre
en compte la séparation optique efficace (d;) entre lesdits troisieme et quatrieme déflecteurs acousto-optiques.

Procédé selon la revendication 10, dans lequel ledit faisceau de rayonnement électromagnétique est focalisé sur
un point stationnaire dans I'espace.

Procédé selon la revendication 10 ou 11, dans lequel ladite premiére onde acoustique a une vitesse de rampe ay,
ladite deuxieéme onde acoustique a une vitesse de rampe a, et lesdites vitesses de rampe sont liées par :
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a _ 2d,

a, 2d,+d,

ou d4 est la séparation optique efficace entre lesdits premier et deuxiéeme déflecteurs acousto-optiques et d’, est la
distance optique efficace entre le point focal et le deuxiéme déflecteur acousto-optique ;

dans lequel, enoutre, ledit circuitd’attaque fournit une onde acoustique avec une vitesse de rampe aj audit troisiéme
déflecteur acousto-optique et fournit une onde acoustique avec une vitesse de rampe a, audit quatrieme déflecteur
acousto-optique, et dans lequel lesdites vitesses de rampe sont liées par :

a, 2d,

+

a, 2d,+d,

ou dj est la séparation optique efficace entre lesdits troisiéme et quatrieme déflecteurs acousto-optiques et d’, est
la distance entre le point focal et le quatrieme déflecteur acousto-optique.

Procédé selon I'une quelconque des revendications 10 a 12, dans lequel le faisceau de rayonnement magnétique
est amené a passer a travers les déflecteurs acousto-optiques dans l'ordre suivant :

premier,
troisiéme,
deuxiéme,
quatrieme.

Procédé selon 'une quelconque des revendications 10 a 13, dans lequel ledit faisceau de rayonnement électroma-
gnhétique balaye une cible dans les directions X et/ou Y.

Procédé selon la revendication 14, dans lequel lesdites premiére et deuxiéme ondes sont agencées de fagon a
amener ledit faisceau de rayonnement électromagnétique a atteindre une vitesse de balayage angulaire de 64 &,
ladite premiére onde acoustique ayant une vitesse de rampe a4 donnée par :

ViV &6

+

a\d, 5t
04 4%
d, Vot

et ladite deuxieme onde acoustique ayant une vitesse de rampe a, donnée par :

v: vV 86

+_—.—

T oAd,  2M o

a,

ol Vest la vitesse du son dans les premier et deuxieme déflecteurs acousto-optiques, A est la longueur d’onde du
faisceau laser & dévier, d’, est la distance entre le point focal et le deuxieme déflecteur acousto-optique et d; est
la séparation optique efficace entre lesdits premier et deuxiéme déflecteurs acousto-optiques.

Procédé selon 'une quelconque des revendications 10 a 15, dans lequel ledit faisceau de rayonnement électroma-
gnétique balaye une cible dans les directions X et/ou Y, ledit balayage étant composé d’une série de mini-balayages,
avec une période non active entre chaque période active de chaque mini-balayage ;

danslequel, éventuellement, ladite période non active estdestinée al'ajustementde lavaleurabsolue desfréquences
fournies aux déflecteurs acousto-optiques sans déplacement de la position focale ;
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dans lequel, éventuellement, ladite période non active comprend un temps de réinitialisation de fréquence et un
temps de remplissage de DAO ;

dans lequel, éventuellement, les valeurs absolues des fréquences desdites premiere et deuxieme ondes acoustiques
sont modifiées en conformité avec :

L

Af,  2d,
Af,  2d, +d,

ol Af; est la modification de fréquence de la premiére onde acoustique dans le premier déflecteur acousto-optique,
Af, est la modification de fréquence de la deuxiéme onde acoustique dans le deuxieéme déflecteur acousto-optique,
d4 est la séparation optique efficace entre lesdits premier et deuxiéme déflecteurs acousto-optiques et d’, est la
distance entre le point focal et ledit deuxiéme déflecteur acousto-optique.

Procédé selon 'une quelconque des revendications 10 a 16, dans lequel ledit faisceau de rayonnement électroma-
gnétique est amené a passer a travers quatre ondes acoustiques de sorte qu’un point soit balayé dans deux ou
trois directions, le balayage étant composé d’une série de mini-balayages avec une période non active entre chaque
période active de chaque mini-balayage.
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Fig. 9.
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Fig. 38.
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Fig. 41.
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Fig. 48.
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Fig. 49.
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Fig. 54,
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1. Nendszer clekiromigneses sugdrzds suparanak kezsiésdre, o rendszer a kowvetks

tavialmazen:

«

elsd ahusstooptikat wwreld 30y
masdik akuszio~optikal tereld (3B, amely ar elsd akuszio-optikal ool 38)

N

foteld var

a

ethelverve de wenvleges optikal sedtvilasaidsed (i) el van vilasetva az

<23

Vs,
fosc

gled ahusaio-optikal wreld6H 30,

s

wokinak g elsd &8 8 mdsodik akuszte-opiiksl wroldben

A

8

meghaitd alusetikus bullsy
vald histositdsdm,

apzed Jellameyve, Rogy sz shuseiibus huilamek BiSabasd emelhedsdsl drtdkeknd

cairipelitek, fg

§ o

Tomthe vive av eled Sy g masodik alaszic-optikal tewlél koetid
tdnyioges optikar sedtvalnstdst {diy

ahol kilonbond emetkeddst derdkek vannak beallitva, hogy labetdvé topvsk w
clekromagneses sugdrzas sugardban a hulldmitont ghebiletdhen vald viltostaast

N

ax elsh akusetoroptikal tereld (30) &8 & midsodik akuszto-optikal tereld (301 ks,

o As b igeaypont szeriatd vendszer, amely tovahbd a kovetkezdhet tartalmazza:

harmadik akazto-opikal tereld (50)
negvedih abuszeeopiikal tereld (80), amely ¢ harmadih abuszio-optikal terelini
{30 lefold van elbelverve & tenvleges optikal sedtvilasatissal {(da) ef van v8asats

vaa harrnadik akuszio-aptikal torelded! (8

R

ghol & moghaitd arra van kinlakitve, hogy shosstikas hulldmokat biztositson a
harmadik €2 negyedik skosdo-optika tereltben, s skusstikus hullimok kalbabs-

26 emelheddst dreckekndl osivipelnek, figvelombe véve a huemadik & a negyedik

Hioreldk ket Woyloges optikad sedtvalasaist (dyy
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hajtt arte van kialakites, hogy olvan akase

tikas hulldnokal biztosfison, amelvek axt srodmenvezil, | hopy ar elelkromagoesss su-

garzas sugars egy allandd ponira logyen Hkosedlen v 1drben,

A Zovagy N dguypont speriutl reudszer, abol 8 meghajto blatosdt egy akusarikus halles

mot ay emelioddst drickiel az elsd akussto-optikal toreldhdr o egy skusetikus mdlgmot

sey emnetkedest ridikel & masodik skasgto~optikat fereldhdy, & ahad az emelkedést dregs

kek viszonva

ahiol o) & ®nyleges opstkal sedtvaloetis we elsd & o mdsodih skussto-optial tereld ki

R

zit, 'y pediy o thoyleges optika vivolsig a mibsodik akuszio-aptilal tereli

portig:

tovatbd abiol 8 meghalio bixosit gy ahusatikos huilimot oy smelkeddsl srdkkel a b
madik asknszio»&;ﬁtikai ferelihdz & opy akunwtikus hulldmst ag smelkeddat Srigkkel &

ne vv*d K ahuszic-optikal torslhoz, do abod ax emelkedést dndkek viss Fonvar
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abiol oy & 1dayioges optikal sedtvalusssds o harmadik €8 a negyedik akuszto-optikal tereld

Kdedtt, &' pudig o toyioges optikal tivolsde & negyedik shussiv-optikal tereld] s £

P

Kuszpontig,

A2y 3 vagy 4 dgdmypond srerintl rendezer, ahol ax akosato-optikal terel8l a kivetkesd

L
P

sorrendben vaunak elrendezve 2 leverugdr oijdba:

alsd,

Banmadik,

negvedik,
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o AL ~6 gdnypontol egvike szerimi et shol @ meghagtd greavan Kalakiivg, hogy

Ggy vilasara i ap skosetthus hullamok Selovenciait, hogy X &Y ndnyban tapogassy

oo AS igdnypant szevintl renddszer, shol goroeghalid sive van kinlakitvg, hogy Kivilageza a

sy QG

frekvencidhat gz olsé s o masodik abuszto-optikal tevs

szliglstapogatast sebessdpel:

es womasodik sbusiceopukal toreld gy emelkeddst értékének beszabalvozdsival:

ahol 2 a hang schessdpe av elsd &y w masudik akuszio-opiikal terelidben, & az elterelends

B

ol e Bhusgvonaligipontiy

tzersupdy hulldmbosszn, &% ¢ misodik akuseiceaptival tere

valy tdvolsiy, o) pedig oz eled g8 2 mdsodil akusstooptikal toreld kdesttt wnyleges op-

tikal sedrvilaset

& A Govagy T igdnypont srorind rendszer, abol a moghaltd skusesikus hulldmokat deto-
sit, hogy letapogasson egy ol ax X defesgy Y bdovhen, o letapogatds mini
Igtapogatisok soroxatabéd AL ez sgyves mint-lefapogatisek sgves aktiv idéesakal ke
sern akiv Méarabbal
abol & sewm akify idseak valssethetden a2 skossto-optikal tereldkhoz o f{ﬁ(tgsz%mh:‘

prozgntasa netkt seallitont frekvenciak abszohi sridkdnel be szabdlvosasat g

ahol @ meghaild vilsszibatdan nigy skosstikus hullimot brtost, hogy lstapogasson egy

£

ponted & ool felett k& vagy hdvon dimenzioban, u letapogatis mint i“*ﬁ*}oaam\m S0P~

. X
e

zatabal &l ax egyes mini-lctapogatisok epyes aktly iddozakal R8zSt nem aktlv 146

seakial



8 masodik & negyedik akuartoopiika fe-

il frekvencidl abszoldt drdkdnek hesens

ket vidlaapthardan a kvetkesok

abiol Af; ax akusetikus hollam Frekvencid) elad shussto-opiikal g

seas o masodik akuseree

eiGhen, A% a2 akusabikes bullds freky amiaﬁ(mz‘

\

oplikal terelfiben, o) ax olsd ¢ a mésodik akusssos s};‘ia&n toreld ket avleges optis

kat seétvalasstds & ¢ 8 mbodik auesto-optikal terelidl

4

P fkuszpontip valh tdvals
\<!\\(\
ahel @ havmadik €8 o negyedik akuszio-optikal terelhde sedllitott frekvenciak abarohin

srtéieed valusrthatGan & Mvetkesdk ssenint viltorak;

Af,  2d,
3‘;..?;. 2*‘@ ‘3

ahol &7 a¥ akusatikus bullim frekvenciiidban vald valtozas 8 harmadik akas cziooptikal
tersifihen, &y ax ahusatikus hulldm Helvenciaidhan vald valtozss o negvedik skuszios
optikal teroldben, dy a hurmadik €s a negyvedil skuszin-optikai tereld kézoti wnvieges

optikal sxdtvilasaias &8 6 o negyedi dhussto-optikal terelitd] a Bhuszponty vald &

volsag.

Elidrds clektromdgneses sugdrads sugardnak kereldsdre, av oljdeds a kévetkerSket tar
{)}\n\{h“:‘”
2 elekffondgneses sugdreds Athaladisa egy elsd ghusesonptikal tevelén (3 &

ogy mdsodik abussio-optikal terelin (40 keveastill a2 olsd abusain-optikal terelée

t{"ii {30 lelele, atorcldk KGRk tatalmarnak olsd ds mdsodik akusztikus hals
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abod aw elad éo a nudsodik akusstiius holldn ROobded emellioddst dridotnd! vals

tipeloek, figvelombe vive az olsdt &8 & mésodik akusstooptikal oreldk izt
tenyvioges optiksl swdtvalasziast (&)
ghol kildnbdad

clekteemagneses sugdreds sugordban g hullambont glvbtlnichen vald vallostdst

emelkeddal dndkek varmak beallitva, hogy lehetbvd togyek w

aseled akusto-optikal tevedd (30) 88 & masodik skussto-optikal toreld (403 bdediat.

AR fgduypont szerint elideds, amely tovabba tartabnaren ae clektromdgneses sugiags
athaladasdt egy hanmadik akuszto-optikal tereldn (30} & egy nepyedik akuszio-omikal

Y s N % i R

ferelln (60) & barmadik akussto-optikal tereldd lefele, a i‘ereifﬁ:‘k kaion-kitdn faetal
maznak harmadik &5 negvedit akosetikos hulldmo;
ahol & harmadik €8 3 negyedik shusstikus bullam Eonbdzé emsltiedest Sridkekad cu-

vipelnek, Hgyelembe vdve hanmadik s & negyedik akussto-optikal tersldi k¢

Adcrd

leges opiikal sedivalasstdat {di )

AU igdnypont szeviotl alfdeds, shol s dlektromagneses sugdeads sugary sgy dlandd

pontra van fokuszilva g trba

A Hiovagy T ipdoypont seerint elpdeds, ahod ar sded alusrtiiie hollam emsdiedsst én

teke @ o mdsodik akuszibuy holldo emelieddsd Seteke o, o8 g omediodssl drdhek vis
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ahod o @ tenyleges opiibal asdtvaliontds av olsd d g mbsodik skussto-optikal tereld kd-

w8 ' pedig s eyl

s opitkal Wyvelsag o miscdih skusateropiiial tereldid] o fokasee
pontig:

toviabbd abol a meghaitd bistostt epy abusaptikus adidmot ap emelkedést Sridkkel g hax
madik akuszio-aptikal tereldhdz de ogy skusstihus hulldmot o emelkedsst dngkkel a

negyedik akuszio-optikal terelihoe, & ahol ar amelkedést &rtdkek visvonysn:
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ahol o 8 ténvleges optikal sedtvilaszids o havmadiR & @ negyedik akuszio-optikat tereld

[

Rizdi ds g taylegss optikal wvelsdg o negyedik akuseto-opiial terelitdl o Blhwepons

13, A0 1 ipdnypontok sevike seorinit olidras, ahol a» slektromdgneses sugdreds sugars

&

& Rovetkerd sorrandbsn halad & av akusetceoptibad tfereliktn

harmmadik,
masndik,

negyodik,

34, AT 13 jgenypontok ggyike szerintt oljdeds, shol az elekiromdgneses sugdrzas sugara

\ S

lefapogat ogy ofltae X defvagy Y irdnyban,

8 A& igdoypont spovintt olideds, ahol ap olad & a midsodik akusetikas holidm amra van

A%

Kialakitva, hogy eléden egy S0 sedglolapopaidsl schessdget, av ahusstibus hullim

el

emetkeddst sebessége a; a kivethes
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ahol Fa hang sebessdge e elad & o masodik akussto-optikad tereldben, ) ax sltsrelendé
ezorsusir bl hossen, &% 8 mdsodiy shusrioeoptikad ferelSit a Busepontig vald &
e RRIRELIRTRRLLRDIAS NG LB SQEX AR UVEGUORGE RETTRI 83 .-»‘-‘\liib:.}.‘\ﬁ-“{:&, Vo ig

b

kal toreld ROt idnvieges optikal

. o podig az eled €3 a masodik aluszto-optl

ssétvalass

¥

A0 - 18, pdnypontol spyvike szevingt elideds, shol az elekbromdgneses sugdesds supars

letapogat egy oflt az X defvagy Y irdnyban, a lelapogatds minbdetapogadsok sorozatis

I keStt sem akilv ddseakikal;

bol all, ar egyves mini-lelapogatise

&

shol 2 nem aktly iddszak vilasrthatdan a2 akussiv-optikad terellikhiy & fokuschely

¥

mozgaiasa nelkal cadlifton frekvencigh abszoltt értdiének beszabalvorisal szalgdiia;

ahol g new aldiy idésegk tartalmae egy frekvencla-alaphelyesthedltitdsl 18t &5 epy
AQT oltea 1dén

ghol az elsd ds & misodik akusstikad Inildmok Hebvencidinak abszohit srtdlet vilaast

hatoan a bovetheedh szerint valtoenaks

*‘fz 4.{:‘5.3 +d,

e

shol &fr aw elsd akusztikes hullien frekvencididban vald viltonds aw elsd abusat

epptikad
terelbben, A & mdsodik akusziikus bulldm frebvencididban vald vidltoras a masodik

akusato-opiikal tereldban, dr az elad & o masodik skuarto-optikat tereld k88t wnyle-

T o

g85 P

teilasatds, 4% pedip 8 masodik akusato-optikat tersldit] 8 Bkusepontig

AT~ 16, igdnypowtok egyike szerintl elideds, ahol az elekiromdgneses sugdrzds sugara

¥

athalad negy absnikus hulldmon Gy, hogy egy pont letapogatasa kertll két vagy ha-

S

rom bdnyban, @ lolapogatts minkdetapopatdsok  sorozardbdl alf s cgyes mind

v ey

Gt e altby kdoszaklal,

fetapogatdsck akaiy iddsnakat §
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