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Description

Related Application

[0001] This application is based on and claims the ben-
efit of the filing date of US application no. 60/825,597
filed 14 September 2006.

Field of the Invention

[0002] The present invention relates to a method and
apparatus for providing scanning with a light transmitter
(such as an optical fibre), of particular but by no means
exclusive application in microscopy, endoscopy (includ-
ing endomicroscopy), and confocal microscopy and en-
doscopy.

Background of the Invention

[0003] Some existing microscopes and endoscopes
employ one or more optical fibre for light delivery to a
sample and light collection from the sample. To image
the sample, the delivered light is scanned across the
sample; by scanning the exit tip of the fibre, this can been
done by scanning the light after its emission by the fibre,
or by providing multiple return fibres and collecting light
sequentially from each.

[0004] The scanning of the fibre can be effected by
attaching the exit tip of the fibre to a mechanical actuator,
such as a vibrating tine of a tuning fork. Alternatively, one
existing approach employs an actuator located at the
base of a fibre, to impart a scanning motion to the fibre
and hence its tip.

[0005] For example, four background art scanning
mechanisms 10, 12, 14, 16 for use in small diameter en-
doscopes are shown in figures 1A to 1D respectively.
Scanning mechanisms 10 and 12 of figures 1A and 1B
each include an asymmetric fork 18 of ferromagnetic ma-
terial to carry an optical fibre (not shown). A first (scan-
ning) tine of fork 18 is axially located and a fixed X drive
coil 20 surrounds both scanning tine and the second (bal-
ancing) tine. A'Y scan is obtained by a see-saw action
whereby the fork 18 rocks inside the X coil 20. The driving
force for the Y scan is obtained with a permanent magnet
22 and an electromagnet 24 that carries a Y drive current.
In scanning mechanism 12 of figure 1B, the magnetic
circuit is folded to reduce overall length, and the Y coil
24 is hollow.

[0006] Synchronisation in both scanning mechanisms
10 and 12 is obtained with a piezo sensor mounted at
the base of fork 18, which is used to drive the fork at
resonance through an amplifier. The X scan in both
mechanisms is sinusoidal, and usually the central half of
the mechanical scan is used for imaging. The outer scan
region, where the fibre tip slows down and reverses, is
discarded.

[0007] Scanningmechanism 14 offigure 1Cisthebase
excited cantilever using a tube piezo driver. This layout
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is seen in scanning microscopes, bar-code scanners,
and a spiral scanning endoscope developed at the Uni-
versity of Washington. Such systems appear, however,
to suffer from problems in the control of scan distortion.
[0008] Referring to figure 1D, scanning mechanism 16
- disclosed in WO 04/40267 - includes a slotted magnet
26 attached to a fibre 28 near the base 30 of the fibre,
such that the fibre acts as a vibrating cantilever. The mag-
net 26 is activated and controlled by four electromagnets
or coils 32 that surround the magnet.

[0009] Examples of some of these scanning systems
are disclosed in US Patent No. 6,294,775, US Patent No.
6,975,898 and US Patent No. 6,845,190.

[0010] A method according to the preamble of claim 1
is disclosed in WO 2004/040267 A.

Summary of the Invention

[0011] According to a first broad aspect, therefore, the
invention provides a method of scanning a light transmit-
ter having an exit tip according to claim 1.

[0012] In one particular embodiment, the method in-
cludes vibrating the light transmitter in the first direction
at the first overtone (also referred to as the second order
of vibration) of mechanical resonance.

[0013] The method may include:

driving the light transmitter with an axially polarised
magnet mounted on the light transmitter (such as
near the mount), a first pair of axially oriented elec-
tromagnetic coils located on either side of the mag-
net in the first direction comprising a drive coil for
driving the magnet in the first direction and a sensor
coil for providing a signal for use in generating a po-
sition signal indicative of the position of the magnet
in the first direction, and a second pair of axially ori-
ented electromagnetic coils located on either side of
the magnet in the second direction for driving the
magnet in the second direction; and

using the position signal to provide positive feedback
to maintain light transmitter vibration in the first di-
rection (and optionally for synchronising an image
display).

[0014] In one embodiment, the method includes deriv-
ing the position signal by integrating the output signal of
the sensor coil.

[0015] Ina particular embodiment, the method may in-
clude subtracting a signal proportional to the drive current
from the position signal to compensate for contamination
of the position signal by a current induced in the sensor
coil by the magnetic field of the drive coil.

[0016] In these embodiments, the magnet may be ta-
pered in the second direction to maximize the volume of
the magnet that can be accommodated between the sec-
ond first pair of electromagnetic coils (owing to the rota-
tion of the magnet as itis scanned in that direction). How-
ever, the magnet may be less tapered or untapered in
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the first direction (owing to the almost parallel motion of
the magnet in the first direction when position at or near
the antinode).

[0017] In other embodiments, additional coils may be
employed for driving the light transmitter in the first di-
rection, the second direction, or in both the first direction
and second directions.

[0018] In one embodiment, the method includes locat-
ing the magnet substantially at a vibration antinode so
that the magnet moves laterally without significant rota-
tion, or substantially at a minimum in the overtone fre-
quency versus magnet position curve to minimize re-
quired light transmitter length. In another embodiment,
the method includes locating the magnet substantially at
both a vibration antinode and a minimum in the overtone
frequency versus magnet position curve.

[0019] For such magnet locations the resultant funda-
mental resonant frequency may be too low for the desired
frequencies (such as require in some scanners), so it
becomes desirable to employ an overtone resonance
(e.g. the first overtone), such as at around four times the
frequency.

[0020] The method may include vibrating the light
transmitter in the second direction non-resonantly with
low frequency alternating current excitation of the second
pair of coils.

[0021] That is, the magnetic force available in some
compact scanners may be limited, so the magnet may in
some embodiments be removed from the mounting point
of the light transmitter (or base) to obtain sufficient bend-
ing moment for tip desired deflection (particularly if driven
in that direction with low frequency alternating current
excitation and non-resonant operation).

[0022] In an alternative embodiment, the method in-
cludes vibrating the light transmitter in the second direc-
tion non-resonantly with varying direct current excitation
of the second pair of coils. In such an embodiment, the
method may include providing a restorative force (for re-
storing the light transmitter) with a spring or with the re-
silience of the light transmitter.

[0023] The light transmitter typically comprises an op-
tical fibre, which may be single moded but need not be,
according to application. Alternatively it may comprise a
plurality of fibres or a fibre bundle, where each fibre may
be single moded or otherwise.

[0024] The method may include providing negative
feedback at the fundamental frequency in both first and
second directions.

[0025] This would be done because alow fundamental
resonance frequency creates a susceptibility to external
vibrations, and any signals around this frequency in a
linear drive.

[0026] The method may include mounting the light
transmitter on a thintransverse beam. The predominantly
torsional strain of this beam provides the additional com-
pliance to lower the resonant frequency in one direction.
[0027] In another embodiment, the method includes
mounting the light transmitter on a cantilever with a lower
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resonant frequency in one (e.g. y) direction than in the
other (e.g. x) directions.

[0028] According to a second broad aspect, the inven-
tion provides a scanning apparatus according to claim 17.
[0029] The apparatus may include a drive comprising:

an axially polarised magnet mounted on the light
transmitter (such as near the mount);

a first pair of axially oriented electromagnetic coils
located on either side of the magnet in the first di-
rection comprising a drive coil for driving the magnet
in the first direction and a sensor coil for providing a
signal for use in generating a position signal indica-
tive of the position of the magnet in the first direction;
and

a second pair of axially oriented electromagnetic
coils located on either side of the magnet in the sec-
ond direction for driving the magnet in the second
wherein the position signal is suitable for providing
feedback to maintain light transmitter vibration in the
first direction (and optionally for synchronising anim-
age display).

[0030] Inone embodiment, the apparatus includes an
integrator for integrating the output signal of the sensor
coil to generate the position signal.

[0031] In a particular embodiment, the apparatus is
configured to subtract a signal proportional to the drive
current from the position signal to compensate for con-
tamination of the position signal by a current induced in
the sensor coil by the magnetic field of the drive coil.
[0032] In these embodiments, the magnet may be ta-
pered in the second direction to maximize the volume of
the magnet that can be accommodated between the sec-
ond first pair of electromagnetic coils. However, the mag-
net may be less tapered or untapered in the first direction.
[0033] Inone embodiment, the magnet is located sub-
stantially at a vibration antinode so that the magnet
moves laterally without significant rotation, or substan-
tially ata minimumin the overtone frequency versus mag-
net position curve, or substantially at both a vibration an-
tinode and a minimum in the overtone frequency versus
magnet position curve.

[0034] The apparatus may be configured to vibrate the
light transmitter in the second direction non-resonantly
with low frequency alternating current excitation of the
second pair of coils.

[0035] In other embodiments, the apparatus includes
a source of varying direct current for exciting the second
pair of coils and thereby vibrate the light transmitter in
the second direction non-resonantly. In such embodi-
ments, a restorative force may be provided by the resil-
ience of the light transmitter, or the apparatus may in-
clude a spring or other resilient mechanism for providing
a restorative force.

[0036] The light transmitter typically comprises an op-
ticalfibre. Alternatively it may comprise a plurality of fibres
or a fibre bundle.
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[0037] The mount for the light transmitter may com-
prise a thin transverse beam or a cantilever.

[0038] The apparatus may include an imaging system
for processing return light from the light transmitter and
displaying an image generated therefrom.

[0039] The invention also provides an imaging appa-
ratus comprising a scanning apparatus as described
above, such as a microscope, an endoscope, an endom-
icroscope or an optical coherence tomograph.

[0040] In some embodiments the imaging apparatus
is a confocal imaging apparatus, such as a confocal mi-
croscope or a confocal endoscope or a multiphoton en-
doscope.

Brief Description of the Drawing

[0041] In order that the invention may be more clearly
ascertained, embodiments will now be described, by way
of example, with reference to the accompanying drawing,
in which:

Figures 1Ato 1D are schematic views of background
art scanning mechanisms;

Figure 2A is a schematic side view of a scanner ac-
cording to a first embodiment of the present inven-
tion;

Figure 2B is a schematic side view of the scanner of
figure 2A in use;

Figure 2C is another schematic side view of the scan-
ner of figure 2A in use;

Figure 3 is a cross-sectional schematic view of the
coils of the scanner of figure 2A;

Figures 4A and 4B are schematic views illustrating
the benefit of elliptical coils in the scanner of figure
2A compared to circular coils;

Figure 5 are plots of the fundamental and first over-
tone frequencies for a total fibre length of 18 mm as
functions of the distance of the magnet from the
mount of the scanner of figure 2A;

Figure 6 illustrates an example of a sine/sawtooth
scan pattern employed by the scanner of figure 2A;
Figure 7 is a schematic view of the mount of the
scanner of figure 2A;

Figure 8 is a circuit diagram of the X electronics of
the scanner of figure 2A;

Figure 9 is a circuit diagram of the Y electronics of
the scanner of figure 2A;

Figure 10A is an exemplary image of fluorescent fi-
bres collected with an endoscope including a scan-
ner constructed according to an embodiment of the
present invention;

Figure 10B is a negative version of the image of fig-
ure 10A, provided for clarity;

Figure 11 is an exemplary image of woven fibres
collected with an endoscope including another scan-
ner constructed according to an embodiment of the
present invention;

Figure 12 is an exemplary image of a fluorescent
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grid collected with the endoscope used to collect the
image of figure 11;

Figures 13A, 13B and 13C are views of an alternative
fibre mount according to an embodiment of the
present invention for use with the scanner of figure
2A;

Figures 14A, 14B and 14C are views of an alternative
coil holder according to an embodiment of the
present invention for use with the scanner of figure
2A;

Figure 15 is an image of small intestine villi from a
mouse obtained with the scanner of figure 2A em-
ploying the fibre mount of figures 13A to 13C and
the coil holder of figures 14A, 14B and 14C; and
Figure 16 is an image of liver vessels from a mouse
obtained with the scanner of figure 2A employing the
fibre mount of figures 13A to 13C and the coil holder
of figures 14A, 14B and 14C.

Detailed Description

[0042] A scanner according to a first embodiment of
the present invention is shown schematically at 40 in fig-
ure 2A, which is a cross sectional side view of the scan-
ner. Scanner 40 is adapted for use as the scanning mech-
anism of an endoscope, and includes a flexible optical
transmitter in the form of a standard optical fibre 42
mounted in a mount 44 and surrounded by a generally
cylindrical housing 46.

[0043] Itshould be noted that the flexible optical trans-
mitter may alternatively be in the form of a fibre bundle,
but in the following description, for simplicity, it will be
referred to as "fibre 42" rather than as "fibre or fibres 42",
though it should be understood that the latter may be
appropriate in some embodiments.

[0044] The scanner 40 also includes a permanent
magnet 48 mounted on fibre 42, at approximately a quar-
ter of the length of the fibre from mount 44. The precise
location of magnet 48 is discussed in detail below. The
magnet can be mounted in any suitable way, including
by locating the fibre in an aperture through the magnet
or in a slot in one lateral face of the magnet; the magnet
will typically be held in place with glue. In this embodiment
magnet 48 has a slot (not shown) in its upper face, in
which the fibre is located and held by glue.

[0045] The length of fibre 42 from mount 44 to magnet
48 is about 4 mm, and from mount to fibre tip 18 mm; the
fibre 42 has a diameter of approximately 125 micron. The
length of magnet 48 is about 2 mm. This geometry is
suitable in view of the stiffness of a standard fibre of these
dimensions. The distance of magnet 48 from mount 44
is greater than might be expected, but is employed to
obtain the desired Y deflection without the benefit of me-
chanical Q. As a result the fundamental resonance fre-
quency (of about 200 Hz) is relatively low and may not
be suitable for imaging in some applications. This fre-
quency also leads to sensitivity to unwelcome interfer-
ence due to ringing in response to external vibrations. In
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addition, a fast Y retrace can induce long term ringing
which carries over into a displayed image. The direct re-
lationship between gravitational deflection and reso-
nance frequency is discussed in more detail below.
[0046] The scanner 40 includes a drive in the form of
four electromagnetic coils 50 located around magnet 48
spaced equally from each other, inside interior wall 52 of
housing 46. The four coils comprise two Y coils 54a, 54b
(shown in this figure) and two X coils (not shown) aligned
in a plane perpendicular to the plane of the Y coils.
Each coil has an elliptical cross section and is wound
about a silicon steel or permalloy core (e.g. core 55a of
coil 54a); each core has an elliptical cross section of ~0.8
mm major axis and ~0.4 mm minor axis, and in one par-
ticular embodiment a 0.7 mm major axis and a 0.3 mm
minor axis. The coils abut the interior wall of cylindrical
housing 46, and are supported by their cores; the cores
are in turn attached to and supported by a frame (not
shown) - to which the fibre mount 44 is also attached -
around which the housing 46 is fitted.

[0047] Asis explained in greater detail below, the fibre
42 is driven resonantly in the x direction (the 'fast scan’)
with an operating frequency of about 850 Hz, using the
first overtone (automatically selected by the electronics).
The orthogonal (i.e. y) direction is scanned in a non-res-
onant manner using a low frequency alternating current
drive.

[0048] Though discussed in greater detail below, brief-
ly, overtone operation in the x direction is obtained by
using one X coil (referred to as the X drive coil) to produce
the driving force, and the other X coil as a sensor (the X
sensor coil). The emf induced in the X sensor coil is ap-
proximately proportional to the magnet velocity, and this
induced voltage is electronically integrated to provide
feedback information. There is also a directly induced
voltage from the X drive coil. This is cancelled by sam-
pling the drive current and subtracting a balancing pro-
portion from the integrated waveform.

[0049] The signal proportional to the movement of the
magnet 48 is used both for positive feedback after phase
shifting to keep the fibre 42 vibrating, and also for syn-
chronising an image display if - as would be usual - the
output of scanner 40 is ultimately coupled to such a dis-
play. A frequency selective filter is included in the feed-
back path to prevent oscillation at the fundamental fre-
quency of the cantilever. This arrangement is self-starting
at the required overtone.

[0050] Y coils 54a, 54b provide vibration in the y direc-
tion; they provide balance and the required greater force
needed for non-resonant scanning. The symmetry also
reduces any direct induction into the X sensor coil, and
the resonant drive signal into Y coils 54a, 54b.

[0051] Sensing of unwanted vibration atthe fundamen-
talin the y direction is accomplished with a bridge circuit.
The emf induced by movement of the magnet 48 is sep-
arated and electronically enhanced by a frequency se-
lective filter and used in a negative feedback loop. A mon-
itor signal is also provided so that any mechanical dis-
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turbance can be detected, even while the scanner is in
operation.

[0052] It should be noted that magnet 48 is generally
trapezoidal in shape both in the plane depicted in figure
2A and - to a lesser degree - in the plane perpendicular
thereto, such that it tapers away from mount 44. This
maximizes the angle through which fibre 42 (and hence
magnet 48) can be deflected - from the equilibrium posi-
tion shown in this figure - both in the plane of the figure
and in the plane perpendicular to that plane, as con-
strained by avoiding contact with the coils and maximiz-
ing the volume of the magnet.

[0053] Thus, the motion of the magnet is maximized
for the space provided, which is important for use in a
small diameter endoscope. Similarly, the coils 50 are de-
signed to minimize their volume for their desired strength.
Figure 3 is a cross-sectional view of Y coils 54a, 54b and
X coils 56a, 56b (within housing 46). All four coils are
elliptical so that they impinge as little as possible on the
space interior to the coils (in which the fibre 42 and mag-
net 48 must move) while maintaining the desired number
of windings. The resulting ellipses each occupy one third
of the housing diameter, leaving one third for the magnet
48 when in motion.

[0054] Atmaximum size the coils touch the housing 46
with equal curvature, and touch each other. The deflec-
tion of the magnet is calculated from elastic beam theory
and the desired (or required) fibre tip deflection. The max-
imum magnet cross section that can be accommodated
can then be determined. The benefit of using elliptical
rather than circular coils is evident from figures 4A and
4B. Figure 4A depicts four circular coils 60 within a hous-
ing 62 (shown in cross-section), with a shaded interior
space 64 left vacant for the fibre and magnet; such coils
could be employed in scanner 40. Figure 4B, however,
depicts the preferred arrangement of this embodiment,
with four elliptical coils 66; shaded interior space 68 for
the motion of the fibre and magnet is approximately twice
the width and height of the space 64 of figure 4A. The
additional internal space allows either a larger magnet
or greater beam deflection - or both - than would be pos-
sible with circular coils.

[0055] Housing 46 - and hence scanner 40 - has a final
overall diameter of ~4.5 and length of ~30 mm. Indeed,
a scanner according to this embodiment with a diameter
of 3.5 mm has been constructed. In addition, a version
with a diameter of 3.0 mm and a length of 23 mm has
been designed, and it is envisaged that still smaller ver-
sions could readily be constructed.

[0056] Figure 2B is a cross sectional side view of the
scanner 40 at full Y deflection, that is, with fibre 42 de-
flected to its maximum extentin the Y direction. Scanner
40 is arranged to resonate at the first overtone in the X
direction, however, as s illustrated schematically infigure
2C. A practical frequency range for mechanical resonant
scanning is around 800 to 1000 Hz (or in some cases up
to 1600 Hz) so, as mentioned above, scanner 40 is adapt-
ed to resonate at a first overtone of around 850 Hz. The
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permanent magnet 48 is located close to the antinode
for this mode, so the magnet does not move far (despite
a greater tip deflection in the x direction than in the y
direction) and, when moving, is not rotated relative to its
rest alignment by as great an angle as is apparent in the
Y scan shown in figure 2B. This has two consequences:
little if any taper need be applied to the magnet 48 in the
magnet’s cross section that is apparent in figure 2C, and
the size of that cross section can be maximized to take
advantage to this minimal deflection.

[0057] The position of permanent magnet 48 along the
fibre 42 is selected, in coarse terms, to provide sufficient
scanning amplitude in the y direction (as the closer mag-
net 48 is to mount 44, the greater will be the scanning
amplitude in the y direction), while providing adequate
clearance in the x direction. This is then adjusted for op-
timum 1st overtone performance, and checked for com-
patibility with the requirement for low frequency alternat-
ing current Y deflection.

[0058] Foratotalfibre length of 18 mm the fundamental
and first overtone frequencies have been computed and
are plotted in figure 5 (as functions of the distance of the
magnet48 from the mount44). The fundamental frequen-
cy 70 monotonically decreases as the distance of the
magnet 48 from the mount 44. However, the overtone
frequency 72 has a minimum at approximately 4 mm,
which is in fact close to the position selected to provide
a suitable Y deflection using a first overtone frequency
of about 850 Hz. This position may be described as "op-
timum" in the sense that it employs the shortest fibre for
this desired frequency, so minimizes the overall length
of the scanner.

[0059] For a small diameter scanner (such as a long
rigid scanner made to fit down a small diameter tube),
where diameter is the over-riding consideration, the mag-
net would be positioned at the antinode to get parallel
magnet motion and best clearance. However, if the scan-
ner is for use in the rigid tip of a flexible endoscope (which
are typically more useful if the rigid tip length is short),
the aforementioned minimum frequency condition may
be the preferred criterion, to provide the shortest scanner
length for a given frequency of (overtone) operation.
With practical clearances the magnet can be positioned
between these two ideal positions; both are defined by
parabolic minima so there would be very little sacrifice
of performance. In this embodiment, magnet 48 is located
at the minimum shown in figure 5, thus minimizing the
length of the scanner, but this also places magnet 48
essentially at the vibration antinode so scanner diameter
can also be minimized.

[0060] Figure 6 illustrates a sine/sawtooth pattern 80,
as employed with scanner 40. Figure 6 is a cross sec-
tional view through housing 62 at the position of the tip
82 of fibre 42. The tip 82 is shown in its four extreme
deflections, with the tip 82 as close as possible to the
housing 62 in each case to provide the largest possible
image. Generally, only the central part 84 (shown with a
solid curve) of the x direction sinusoidal deflection 80 -
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and with tip 82 moving in one direction (such as left to
right) - is used for data collection. However, the scanner
40 uses almost the entire vertical or y direction scan
(which comprises essentially a linear sawtooth motion),
amounting in practice to approximately half the x direction
travel of the tip 82. This maintains an approximately
square image. A greater portion of the x direction deflec-
tion may be used, if a greater degree of image distortion
is acceptable or post- imaging processing is used to re-
duce that distortion.

[0061] Other scan patterns have been developed for
those cases where the bimotional fibre cannot be suffi-
ciently deflected except at resonance and advantage is
taken of mechanical Q. This occurs when the available
driving force is too small to deflect the fibre directly at low
frequency when driven with an alternating current drive.
[0062] Anotherpossible scan pattern foruse with scan-
ner 40 comprises a variable ellipse where the fibre touch-
es the tube at only two points (i.e. the ends of ellipse).
In terms of speed, the area suitable for imaging when
such a variable ellipse is used is slightly larger than with
the pattern shown in figure 6. The Y amplitude of the
elliptical pattern can be increased compared with that
shown in figure 1D, but the mapping to a display then
becomes more difficult; for some applications, however,
those scan limits would be acceptable even with direct
conversion to a rectilinear display.

[0063] A potential problem of scanner 40 - as it com-
prises a bimotional resonant cantilever - is that of whirling.
Mount 44 is designed to provide a compliance that differs
inthe x and y directions; essentially straight line scanning
can then be obtained with magnet 48 acted on by a single
driving coil. Figure 7 is a schematic view of mount 44
(viewed along the z axis). Mount 44 includes a circular
frame 90 with a thin transverse beam 92 that supports
the base of the fibre 42. The transverse beam 92 can
more readily twist to permit deflection in the y direction
than it can warp to permit deflection in the x direction, so
- as discussed above - compliance which is significantly
different in the x and y directions.

[0064] Alternatively, a thin polymer strip (of, say, 0.1
mm thickness and 1 mmwidth) could be attached laterally
to the fibre 42 in front of a substantially rigid mount.
This would also provide significantly different compliance
in the x and y directions.

[0065] Whatevertechnique is employed, itis estimated
that the compliance is sufficiently different if the differ-
ence - expressed in terms of frequency difference - is
about 20 Hz (provided that the permanent magnet 48,
when scanning in the x direction, does not come too close
to the pole pieces of the Y coils 54a, 54b. As a low fre-
quency alternating current Y drive is employed, this fre-
quency difference can be made quite large without en-
dangering the operation of scanner 40 in the y direction.

X ELECTRONICS

[0066] The X electronics of scanner 40 control the res-
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onant scanning in the x direction, by sensing the x posi-
tion of the magnet 48, controlling deflection at the over-
tone (with a positive feedback loop), suppressing vibra-
tion at the fundamental (with a negative feedback loop),
and provides image synchronisation.

X Position Sensing

[0067] Figure 8is acircuit diagram of the X electronics,
which also depicts fibre 42 and magnet 48 between X
drive coil 56a and X sensor coil 56b. As magnet48 moves
between the X coils, an emf is induced in X sensor coil
56b that is proportional to magnet velocity (rather than
position), owing to magnet’'s motion relative to X sensor
coil 56b. There will also be significant direct induction
from the magnetic field of the X drive coil 56a into the X
sensor coil 56b. More precisely, the mutual inductance
will result in a signal proportional to the derivative of the
drive current. It is easily measured off resonance and
can be quantified.

[0068] Both of these effects - the induced emf and the
direct induction - are annotated in the figure as two volt-

age generators (respectively k, — and L, —)i
ner rs(res 1V n n
g Ldt dt

series at the back of the coilimpedance. They pass (from
the scanner 40) to a preamplifier and from there to an
integrator. The output of the integrator is a position signal,
but it is still contaminated by the direct induction, now
proportional to the X drive current. This contaminant is
removed by subtracting a portion of the drive currentsam-
pled as shown at the base of the X drive coil 56a. Finally,
at the top right of the circuit diagram a signal is produced
that is a good indicator of magnet position. There is a
slight asymmetry in the nominally sinusoidal wave that
is due to the geometry of the magnetic field, but it is of
little consequence.

Deflection Control at the Overtone

[0069] A high pass filter in the positive feedback loop
selects the overtone from the X sense signal (at the top
right of the circuit diagram). Otherwise the fibre could
start up at the fundamental at about 200 Hz . The signal
path continues through the overtone select filter, via an
all-pass phase shifter to a limiter. This limiter provides
the non-linearity (needed in a positive feedback oscilla-
tor) to control amplitude. Above a certain fibre deflection
amplitude, the limiter produces a signal limited to the sup-
ply rails. This constant amplitude signal is then attenuat-
ed appropriately at the input to the drive stage to give the
desired scan. The drive waveform is therefore not strictly
sinusoid but rather square owing to the limiter, which as-
sists in adjusting the X sense signal to be free of con-
tamination from the drive signal. If the drive signal were
a sine wave the contamination would be less obvious.
With a square wave drive, the compensation can be ad-
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justed to eliminate the square wave addition to the X
sense using an oscilloscope.

[0070] The role of scan amplitude control can be read-
ily understood if ones imagines switching the system on
with that control initially set to zero. If the gain is gradually
increased, oscillation will start, producing a low level sine
wave when the loop gain is unity. At this point the ampli-
tude rises and falls markedly with the slightest change in
the gain control with very slight amplitude regulation oc-
curring with the build up of wind resistance and other
level dependentlosses. Advancing the control further will
increase the amplitude at the limiter input so that clipping
of the upper and lower peaks of the sine wave starts. At
sufficiently high amplitude, the waveform at the input to
the drive stage will approach the square wave referred
to above.

Suppression of Vibration at the Fundamental

[0071] Some of the characteristics of the negative
feedback loop used for vibration damping contrast sharp-
ly with the positive loop described above. For example,
it aims to provide maximum possible loop gain, provide
linearity, and emphasise the lower frequency region (par-
ticularly the fundamental mechanical resonance), with-
out disturbing the oscillating loop but while maintaining
a phase margin over the entire frequency range. The
intended negative loop could easily turn positive outside
the frequency range of interest.

[0072] It might be imagined that a single loop would
suffice, with the phase characteristic adjusted over the
two frequency ranges to act as a negative loop at low
frequencies and a positive loop at high frequencies.
[0073] However, the non-linearity needed for ampli-
tude control would cause cross-modulation of the signals
in the drive to the X drive coil 56a. For that reason parallel
loops are employed in this embodiment, which add after
the limiter at the input to the drive stage.

[0074] Thus, commencing at the X sense signal, a
peaked low pass filter selects the fundamental frequency
range in a negative loop that has direct access to the
drive stage, effectively bypassing the limiter used for am-
plitude control of the overtone. During scanning the loop
gain can be adjusted for best results in terms of the in-
terference to the image from external vibration. Alterna-
tively the loop gain can be quantified by inserting a low
amplitude probe signalinto the drive stage and observing
the signal returned at the filter output, which has passed
through the entire system of X coils 56a, 56b and fibre
42. As the probe signal is tuned through the resonance
band, amplitude and phase is measured relative to the
probe. If the phase difference is close to 180° at peak
response, the loop can be safely closed and vibration
damping can be demonstrated.

Provision of Synchronising Signal for Imaging

[0075] A distinction should be drawn between scan-
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ning versus imaging from a scan. Further, scanner 40
separately provides synchronising for image creation in-
dependent of excitation or return light being emitted by,
or reflected back into, the fibre 42. In applications such
as bar code scanning all required information can be
picked up from the target, but for reliable endoscope im-
aging it is necessary to know the location of the tip of
fibre 42 so that an image can be generated.

[0076] A virtue of confocal microscopy is that out-of-
focus light is not admitted to the image. Operators often
find that, on starting up a confocal microscope, the entire
field of view is dark because the focal surface does not
happen to intersect the object under view. Only as the
depth is scanned (in the z direction) does any image in-
formation appear. For these reasons image-independent
synchronising is essential for confocal microscopy.
[0077] Thus, returning to the top right of figure 8, the
X sense signal is processed for zero crossing (centre of
display) and the imaging equipment can display the
scanned signal using appropriate delay.

[0078] At the start-up of the scanner 40 and its elec-
tronics, this X synchronising signal initiates the whole
computer loop that provides the Y scan signal back to
the scanner 40.

Y ELECTRONICS

[0079] Figure 9 is a circuit diagram of the Y electronics
of scanner 40, which control the Y drive to move the fibre
42 and magnet 48 in the y direction. Both Y coils 54a,
54b carry drive current, for reasons of symmetry and to
obtain adequate deflection of the magnet.

[0080] Theforce inthe ydirection acting onthe magnet
48 has x components that are balanced. With only one
Y coil in action, x would be modulated as the y scan pro-
ceeded, and at the extremes - where the magnet 48 ap-
proaches the poles of the Y coils - there would be the
danger of the scan becoming elliptical. In addition, de-
flection in the y direction would not be as linear in terms
of Y current.

[0081] There is another symmetry condition related to
induction of the X drive field into the Y coils 54a, 54b.
The X drive coil 56a is adjacent to, and almost in contact
with, both Y coils 54a, 54b (as shown in figure 3). By
connecting Y coils 54a, 54b in series as shown in figure
9, the induction of X into Y is largely cancelled.

[0082] TheY drivesignalenterstheY electronics (from
imaging equipment) at the upper left of figure 9; this signal
is typically derived from a digital to analogue converter,
and it is important to remove any components near the
fundamental frequency. These can come from both the
conversion and any sharp flyback of the sawtooth. Both
are attenuated by a filter designed for a time domain re-
sponse with no overshoot or ringing even for instantane-
ous retrace.

[0083] There remains the problem of ringing at the fun-
damental due to vibration in the external environment.
Since there is no Y sense coil, the emf induced in the Y
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coils 54a, 54b by the movement of the magnet 48 is used.
This is done in the presence of the sawtooth drive in both
Y coils.

[0084] A bridge is provided (to the left of the Y coils in
the figure), which is used to cancel the drive signal and
extract the voltage induced in both coils by magnet vi-
bration in the y direction. The bridge output is amplified
and passed through a bandpass filter, and added to the
Y drive to quench the fundamental resonance in the Y
direction.

TESTING

[0085] Inadditionto the potential perturbing effects dis-
cussed above, simple vibrational interference to the scan
and the more subtle parametric modulation effect (where
amplitude depends on mounting compliance) can
present problems. The former arises from movement of
the scanner during use (such as in an endoscope in vivo).
[0086] One may consider how the bending moment for
scanning is supplied at the base of the cantilever fibre
42. The large moment required for the tine of a tuning
fork scanner can only be provided by a balancing, pref-
erably thicker, tine. By eliminating the fork entirely, the
bending moment is reduced by an order of magnitude
for a given deflection, as is the drive force also, and most
importantly, the mechanical Q. The scanner 40 is thus
less sensitive to mounting factors.

EXAMPLES

[0087] An X-only fibre cantilever was tested with a light
weight mounting. The X sense signal was then measured
under a variety of mounting conditions with constant
drive. The amplitude varied by only a few percent, except
for one case where clamping with pliers some distance
from the base seemed to resonate together with the as-
sembly. Merely touching the fibre mount region made the
effect disappear.

[0088] Two scanners were then constructed, based on
scanner 40, and incorporated into an endoscope. Several
images were taken with these two scanners. Figure 10A
is an image (reproduced in negative in figure 10B for
clarity) of fluorescentfibres collected with the first of these
scanners, and shows the effect of interference from vi-
bration at the fundamental mechanical resonance. Al-
though it appears as jitter in the x direction, it comes from
very small glitches in the Y drive waveform. Similar ef-
fects could be produced with rapid retrace in the absence
of careful filtering of the Y drive.

[0089] Figure 11 is animage of woven fibres collected
with the second scanner, in which the jitter is absent in
both X or Y directions and individual fibres can be seen
showing fine detail.

[0090] Figure 12 is an image of a demanding target
comprising a fluorescentgrid at 12.5 micron spacing, and
collected with the same scanner used to collect the image
of figure 11. This gives an indication of the field of view
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and linearity that can be achieved. The image has an
approximately uniform scale over the entire field of view.
[0091] Figures 13A, 13B and 13C are views of an al-
ternative fibre mount 100 (viz. alternative to mount 44),
according to an embodiment of the present invention, for
use with the scanner 40 of figure 2A. Fibre mount 100 -
of wire cut titanium - comprises a generally semi-cylin-
drical base 102 (for locating in cylindrical housing 46 of
scanner 40) and an integral forwardly directed cantilever
104 for holding an optical fibre 42, and joined to base
102 by neck 106. Base 102 has a diameter of approxi-
mately 3 mm. Cantilever 104 includes a upper groove
108 for receiving a portion of fibre 42, which then projects
forwardly (i.e. in z direction) beyond cantilever 104 so
that its forward end can be scanned essentially as illus-
trated in figures 2A to 2C. Base 102 is formed as less
than a complete semi-cylinder to thereby locate groove
108 such that fibre 42 is coaxial with cylindrical housing
46. Fibre 42 is held in groove 108 with an adhesive.
Groove 108 is longer (in the z direction) than the thick-
ness (in the z direction) of mount 44, so fibre 42 can be
more securely located in fibre mount 100 of this embod-
iment than in mount 44.

[0092] In addition, cantilever 104 acts somewhat like
a springboard as it has a width in the lateral or x direction
(of approximately 1 mm) that is significantly greater than
its thickness in the vertical or y direction; it is thus stiffer
and hence more resistant to displacement in the x direc-
tion than in the y direction. As a result, in an embodiment
of scanner 40 with fibore mount 100, the resonance fre-
quency for vibration of fibre 42 in the x direction was
found to be 46 kHz greater than the resonance frequency
for vibration of fibre 42 in the y direction, thereby facili-
tating a fast X scan and a slow Y scan.

[0093] Fibre mount 100 may optically include a gener-
ally cylindrical cut-out 112 in its lower periphery 114, to
lighten mount 100 or to provide a feed-through to the
forward portion of scanner 40 for electrical cables or the
like.

[0094] Figures 14A, 14B and 14C are views of an al-
ternative coil holder 120, according to an embodiment of
the presentinvention, for use with the scanner 40 of figure
2A. Figure 14C depicts coil holder 120 provided with coils.
Coil holder 120 - also of wire cut titanium - is generally
cylindrical with a diameter of approximately 3 mm, and
includes four identical and evenly spaced elliptical inter-
nal recesses 122 for accommodating four elliptical elec-
tromagnetic coils (shown at 124 in figure 14C) compara-
ble to coils 50 of scanner 40. Unlike coils 50 of scanner
40, however, coils 124 are held by their outer windings
rather than by their cores 126, through the engagement
of their outer windings and the surfaces of respective
recesses 122. Hence, coils 124 do not abut the interior
wall of cylindrical housing 46, but rather abut the surfaces
ofrecesses 122. Coil holder 120 allows precise and quick
positioning of coils 124, and is inexpensive to manufac-
ture.

[0095] In addition, one or more slots or grooves (not
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shown) may optionally be provided in the external surface
of coil holder 120 for engaging corresponding flanges
provided on interior wall 52 of housing 46. These optional
grooves and flanges would facilitate the positioning and
securing in position of coil holder 120.

[0096] Figure 15is animage of small intestine villi from
amouse, obtained with a confocal endoscope comprising
an optical fibre scanner according to the embodiment of
figure 2A though employing fibre mount 100 of figures
13A to 13C and coil holder 120 of figures 14A and 14B.
The mouse was intravenously injected with 0.5 mL of a
1% solution of sodium fluorescein, and topical acriflavine
(0.05% solution) was applied to the villi; the tissue was
then imaged using 488 nm laser illumination.

[0097] Figure 16 is an image of liver vessels from a
mouse, collected with the same apparatus as was the
image of figure 15. The sample was prepared in the same
manner as was that imaged in figure 15 (though without
the application of topical acriflavine).

[0098] The field of view is approximately 500 pm X
500 pum for the images of both figures 15 and 16.
[0099] Modifications within the scope of the invention
may be readily effected by those skilled in the art. Itis to
be understood, therefore, that this invention is not limited
to the particular embodiments described by way of ex-
ample hereinabove.

[0100] In the claims that follow and in the preceding
description of the invention, except where the context
requires otherwise owing to express language or neces-
sary implication, the word "comprise" or variations such
as "comprises" or "comprising" is used in an inclusive
sense, that is, to specify the presence of the stated fea-
tures but not to preclude the presence or addition of fur-
ther features in various embodiments of the invention.
Further, any reference herein to prior art is not intended
to imply that such prior art forms or formed a part of the
common general knowledge.

Claims

1. A method of scanning a light transmitter (42) having
an exit tip (74, 82), comprising:

supporting said light transmitter (42) in a mount
(44, 92, 100) located remotely from said exit tip
(74, 82);

driving said light transmitter (42) to vibrate in a
first direction (x) with a first driving force;
mounting said light transmitter (42) to have com-
pliance in said first direction (x) that is signifi-
cantly different from compliance in a second di-
rection (y) orthogonal to said first direction (x);
driving said light transmitter (42) to vibrate in the
second direction (y) with a second driving force;
applying said first and second driving forces to
said light transmitter (42) between said mount
(44, 92, 100) and said exit tip (74, 82); and
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synchronizing vibration of said light transmitter
(42) in said first direction (x) with vibration of said
light transmitter (42) in said second direction (y)
so that the exit tip (74, 82) of the light transmitter
(42) executes a scan pattern (80);
characterized in that said light emitter (42) is
driven to vibrate resonantly in the first direction
(x) with said first driving force;

said light emitter (42) is driven to vibrate non-
resonantly in the second direction (y) with said
second driving force; and

said scan pattern (80) approximates a rectilinear
raster scan (80), with said light transmitter (42)
executing sinusoidal vibration in said first direc-
tion (x) and linear vibration in said second direc-

tion (y).

A method as claimed in claim 1, including vibrating
said light transmitter (42) in said first direction (x) at
the first overtone of mechanical resonance.

Amethod as claimedin either claims 1 or 2, including:

driving said light transmitter (42) with an axially
polarised magnet (48) mounted on said light
transmitter (42), a first pair of axially oriented
electromagnetic coils (56a, 56b) located on ei-
ther side of the magnet (48) in the first direction
(x) comprising a drive coil (56a) for driving said
magnet (48) in said first direction (x) and a sen-
sor coil (56b) for providing a signal for use in
generating a position signal indicative of the po-
sition of the magnet (48) in the first direction (x),
and a second pair of axially oriented electromag-
netic coils (54a, 54b) located on either side of
the magnet (48) in said second direction (y) for
driving the magnet (48) in the second direction
(y); and

using said position signal to provide positive
feedback to maintain light transmitter vibration
in said first direction (x).

A method as claimed in claim 3, including using said
position signal for synchronizing an image display.

A method as claimed in either claim 3 or 4, including
deriving said position signal by integrating said out-
put signal of said sensor coil (56b).

A method as claimed in any one of claims 3 to 5,
including driving said drive coil (56a) with a drive
current and subtracting a signal proportional to said
drive current from said position signal to compensate
for contamination of said position signal by a current
induced in said sensor coil (56b) by the magnetic
field of said drive coil (56a).

A method as claimed in any one of claims 3 to 6,
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10.

1.

12.

13.

14.

15.

16.

17.

including employing additional coils for driving said
lighttransmitter (42) in the first direction (x), said sec-
ond direction (y), or in both said first direction (x) and
said second direction (y).

A method as claimed in any one of claims 3 to 7,
including locating said magnet (48) substantially at
a vibration antinode so that said magnet (48) moves
laterally without significant rotation; or substantially
ata minimum in the overtone frequency versus mag-
net position curve (72) to minimize required light
transmitter length.

A method as claimed in any one of claims 3 to 7,
including locating said magnet (48) substantially at
both a vibration antinode and a minimum in the over-
tone frequency versus magnet position curve (72).

A method as claimed in any one of claims 3 to 7,
including vibrating said light transmitter (42) in said
second direction (y) non-resonantly with low fre-
quency alternating current excitation of said second
pair of coils (54a, 54b).

A method as claimed in any one of claims 3 to 7,
including vibrating said light transmitter (42) in said
second direction (y) non-resonantly with varying di-
rect current excitation of said second pair of coils
(54a, 54b).

A method as claimed in claim 11, including providing
a restorative force with a spring or with a resilience
of said light transmitter (42).

A method as claimed in any one of the preceding
claims, wherein said light transmitter (42) comprises
an optical fibre or a plurality of optical fibres or an
optical fibre bundle.

A method as claimed in any one of the preceding
claims, including providing negative feedback at a
fundamental frequency in both said first direction (x)
and said second direction (y).

A method as claimed in any one of the preceding
claims, including mounting said light transmitter (42)
on a thin transverse beam (92).

A method as claimed in any one of the preceding
claims, including mounting said light transmitter (42)
on a cantilever (100) with alower resonant frequency
in one of said first and second directions (x, y) than
in the other of said first and second directions (x, y).

A scanning apparatus, comprising:

a light transmitter (42) having an exit tip (74, 82);
a mount (44, 92, 100) for supporting said light
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transmitter (42) and located remotely from said
exit tip (74, 82);

adrive (54a, 54b, 56a, 56b) for driving said light
transmitter (42) to vibrate in a first direction (x)
with a first driving force;

wherein

said mount (44; 92; 100) provides significantly
different compliances in said first direction (x)
and a second direction (y) orthogonal to said
first direction (x);

said drive (54a, 54b, 56a, 56b) drives said light
transmitter (42) to vibrate in the second direction
(y) with a second driving force;

a synchronizer is provided for synchronizing vi-
bration of said light transmitter (42) in said first
direction (x) with vibration of said light transmit-
ter (42) in said second direction (y) so that said
exit tip of said light transmitter (42) executes a
scan pattern (80); and

said drive (54a, 54b, 56a, 56b) applies a driving
force to said light transmitter (42) between said
mount (44, 92, 100) and said exit tip (74; 82);
characterized in that said drive (54a, 54b; 56a,
56b) drives said light emitter (42) to vibrate res-
onantly in the first direction (x) with the first driv-
ing force and to vibrate non-resonantly in the
second direction (y) with the second driving
force; and said scan-pattern (80) approximates
a rectilinear raster scan, with said light transmit-
ter executing sinusoidal vibration in said first di-
rection (x) and linear vibration in said second
direction (y).

18. An apparatus as claimed in claim 17, wherein said

drive comprises:

an axially polarised magnet (48) mounted on
said light transmitter (42);

a first pair of axially oriented electromagnetic
coils (56a, 56b) located on either side of said
magnet. (48) in said first direction (x) comprising
a drive coil (56a) for driving said magnet (48) in
said first direction (x) and a sensor coil (56b) for
providing a signalfor use in generating a position
signal indicative of the position of said magnet
(48) in said first direction (x); and

asecond pair of axially oriented electromagnetic
coils (54a, 54b) located on either side of said
magnet (48) in said second direction (y) for driv-
ing said magnet (48) in said second direction (y);
wherein said position signal is suitable for pro-
viding feedback to maintain light transmitter vi-
bration in said first direction (x).

19. An apparatus as claimed in claim 18, including an

integrator for integrating an output signal of said sen-
sor coil (56b) to generate said position signal.
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22,

23.

24,
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26.

27.

28.
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An apparatus as claimed in either claim 18 or 19,
configured to subtract a signal proportional to a drive
current from said position signal to compensate for
contamination of said position signal by a current
induced in said sensor coil (56b) by the magnetic
field of said drive coil (56a).

An apparatus as claimed in any one of claims 18 to
20, wherein said magnet (48) is located substantially
at a vibration antinode so that said magnet (48)
moves laterally without significant rotation, or sub-
stantially at a minimum in the overtone frequency
versus magnet position curve (72), or substantially
at both a vibration antinode and a minimum in said
overtone frequency versus magnet position curve
(72).

An apparatus as claimed in any one of claims 18 to
21, configured to vibrate said light transmitter (42) in
said second direction (y) non-resonantly with low fre-
quency alternating current excitation of said second
pair of coils (54a, 54b).

An apparatus as claimed in any one of claims 18 to
22, further comprising a source of varying direct cur-
rent for exciting said second pair of coils (54a, 54b)
and thereby vibrate said light transmitter (42) in said
second direction (y) non-resonantly.

An apparatus as claimed in any one of claims 17 to
23, further comprising a spring or other resilient
mechanism for providing a restorative force to said
light transmitter (42).

An apparatus as claimed in any one of claims 17 to
24, comprising an imaging system for processing re-
turn light from said light transmitter (42) and display-
ing an image generated therefrom.

An apparatus as claimed in any one of claims 17 to
25, wherein said apparatus (40) has a diameter of
approximately 3.0 to 4.5 mm and a length of approx-
imately 23 to 30 mm.

Animaging apparatus, comprising a scanning appa-
ratus (40) as claimed in claim 17.

A microscope, an endoscope, an endomicroscope,
an optical coherence tomograph, a confocal micro-
scope, a confocal endoscope or a confocal multipho-
ton endoscope, comprising a scanning apparatus as
claimed in claims 17.

Patentanspriiche

1.

Verfahren zum Scannen eines Lichtsenders (42) mit
einer Ausgangsspitze (74, 82), umfassend:
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Halten des Lichtsenders (42) in einer Halterung
(44, 92, 100), die von der Ausgangsspitze (74,
82) entfernt angeordnet ist;

Antreiben des Lichtsenders (42) mit einer ersten
Antriebskraft zum Schwingen in einer ersten
Richtung (x);

Anbringen des Lichtsenders (42) derart, dass er
in der ersten Richtung (x) eine Nachgiebigkeit
aufweist, die signifikant verschieden von der
Nachgiebigkeit in einer zweiten Richtung (y)
senkrecht zur ersten Richtung (x) ist;
Antreiben des Lichtsenders (42) mit einer zwei-
ten Antriebskraft zum Schwingen in der zweiten
Richtung (y);

Ausliben der ersten und der zweiten Antriebs-
kraft auf den Lichtsender (42) zwischen der Hal-
terung (44, 92, 100) und dem Ausgangsende
(74, 82); und

Synchronisieren der Schwingung des Lichtsen-
ders (42) in der ersten Richtung (x) mit der
Schwingung des Lichtsenders (42) in der zwei-
ten Richtung (y), so dass die Ausgangsspitze
(74, 82) des Lichtsenders (42) ein Scanmuster
(80) ausfihrt;

dadurch gekennzeichnet, dass der Lichtsen-
der (42) mit der ersten Antriebskraft derart an-
getrieben wird, dass er resonant in der ersten
Richtung (x) schwingt;

der Lichtsender (42) mit der zweiten Antriebs-
kraft derart angetrieben wird, dass er nicht-re-
sonantin der zweiten Richtung (y) schwingt; und
sich das Scanmuster (80) einem geradlinigen
Rasterscan (80) annahert, wobei der Lichtsen-
der (42) in der ersten Richtung (x) eine Sinus-
schwingungund in der zweiten Richtung (y) eine
lineare Schwingung ausfuhrt.

2. Verfahren nach Anspruch 1, umfassend ein Schwin-

gendes Lichtsenders (42) in der ersten Richtung (x)
beim ersten Oberton der mechanischen Resonanz.

Verfahren nach einem der Anspriiche 1 oder 2, um-
fassend:

Antreiben des Lichtsenders (42) mit einem axial
polarisierten Magneten (48), der an dem Licht-
sender (42) angebracht ist, einem ersten Paar
axial ausgerichteter elektromagnetischer Spu-
len (56a, 56b), die auf beiden Seiten des Mag-
neten (48) in der ersten Richtung (x) angeordnet
sind, umfassend eine Antriebsspule (56a) zum
Antreiben des Magneten (48) in der ersten Rich-
tung (x) und eine Sensorspule (56b) zum Bereit-
stellen eines Signals zur Verwendung beim Er-
zeugen eines Positionssignals, das die Position
des Magneten (48) in der ersten Richtung (x)
angibt, und einem zweiten Paar axial ausgerich-
teter elektromagnetischer Spulen (54a, 54b),
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10.

1.

die auf beiden Seiten des Magneten (48) in der
zweiten Richtung (y) zum Antreiben des Mag-
neten (48) in der zweiten Richtung (y) angeord-
net sind; und

Verwenden des Positionssignals zum Bereit-
stellen einer positiven Rickkopplung, um die
Lichtsenderschwingung in der ersten Richtung
(x) aufrechtzuerhalten.

Verfahren nach Anspruch 3, umfassend die Verwen-
dung des Positionssignals zum Synchronisieren ei-
ner Bildanzeige.

Verfahren nach Anspruch 3 oder 4, umfassend die
Gewinnung des Positionssignals durch Integrieren
des Ausgangssignals der Sensorspule (56b).

Verfahren nach einem der Anspriiche 3 bis 5, um-
fassend das Antreiben der Antriebsspule (56a) mit
einem Antriebsstrom und das Subtrahieren eines zu
dem Antriebsstrom proportionalen Signals von dem
Positionssignal, um die Kontamination des Positi-
onssignals durch einen Strom, der in der Sensorspu-
le (56b) durch das Magnetfeld der Antriebsspule
(56a) induziert wird, zu kompensieren.

Verfahren nach einem der Anspriiche 3 bis 6, um-
fassend die Verwendung zusétzlicher Spulen zum
Antreiben des Lichtsenders (42) in der ersten Rich-
tung (x), der zweiten Richtung (y) oder sowohl der
ersten Richtung (x) und der zweiten Richtung (y).

Verfahren nach einem der Anspriiche 3 bis 7, um-
fassend das Anordnen des Magneten (48) im We-
sentlichen in einem Schwingungsbauch, so dass
sich der Magnet (48) ohne signifikante Drehung la-
teral bewegt, oder im Wesentlichen in einem Mini-
mum einer Kurve (72), in der die Obertonfrequenz
gegen die Magnetposition aufgetragen ist, um die
erforderliche Lichtsenderlange zu minimieren.

Verfahren nach einem der Anspriiche 3 bis 7, um-
fassend das Anordnen des Magneten (48) im We-
sentlichen sowohl in einem Schwingungsbauch als
auch in einem Minimum einer Kurve (72), in der die
Obertonfrequenz gegen die Magnetposition aufge-
tragen ist.

Verfahren nach einem der Anspriiche 3 bis 7, um-
fassend das nichtresonante Schwingen des Licht-
senders (42) in der zweiten Richtung (y) mit einer
niederfrequenten Wechselstromanregung des zwei-
ten Paars Spulen (54a, 54b).

Verfahren nach einem der Anspriiche 3 bis 7, um-
fassend das nichtresonante Schwingen des Licht-
senders (42) in der zweiten Richtung (y) mit variie-
render Gleichstromanregung des zweiten Paars
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Spulen (54a, 54b).

Verfahren nach Anspruch 11, umfassend das Be-
reitstellen einer Riickstellkraft mit einer Feder oder
mit der Elastizitat des Lichtsenders (42).

Verfahren nach einem der vorhergehenden Anspri-
che, wobei der Lichtsenders (42) eine Lichtleitfaser
oder mehrere Lichtleitfasern oder ein Lichtleitfaser-
blndel enthalt.

Verfahren nach einem der vorhergehenden Anspri-
che, umfassend das Bereitstellen einer negativen
Ruckkopplung bei einer Grundfrequenz sowohl in
der ersten Richtung (x) als auch in der zweiten Rich-

tung (y).

Verfahren nach einem der vorhergehenden Ansprii-
che, umfassend das Anbringen des Lichtsenders
(42) an einem diinnen Quertrager (92).

Verfahren nach einem der vorhergehenden Anspri-
che, umfassend das Anbringen des Lichtsenders
(42) an einem Ausleger (100) mit einer Resonanz-
frequenz, die in der ersten oder der zweiten Richtung
(x, y) tiefer als in der jeweils anderen Richtung (x, y)
ist.

Scanvorrichtung, umfassend:

einen Lichtsender (42) mit einer Ausgangsspit-
ze (74, 82);

eine Halterung (44, 92, 100), die zum Halten des
Lichtsenders (42) bestimmt und von der Aus-
gangsspitze (74, 82) entfernt angeordnet ist;
einen Antrieb (54a, 54b, 56a, 56b) zum Antrei-
ben des Lichtsenders (42) mit einer ersten An-
triebskraft derart, dass dieser in einer ersten
Richtung (x) schwingt;

wobei

die Halterung (44; 92; 100) in der ersten Rich-
tung (x) und in einer zu der ersten Richtung (x)
senkrechten Richtung (y) signifikant unter-
schiedliche Nachgiebigkeiten aufweist;

der Antrieb (54a, 54b, 56a, 56b) den Lichtsen-
ders (42) mit einer zweiten Antriebskraft derart
antreibt, dass dieser in der zweiten Richtung (y)
schwingt;

ein Synchronisierer vorgesehen ist, um die
Schwingung des Lichtsenders (42) in der ersten
Richtung (x) mit der Schwingung des Lichtsen-
ders (42) in der zweiten Richtung (y) so zu syn-
chronisieren, dass die Ausgangsspitze des
Lichtsenders (42) ein Scanmuster (80) ausfiihrt;
und

der Antrieb (54a, 54b, 56a, 56b) auf den Licht-
sender (42) zwischen der Halterung (44, 92,
100) und der Ausgangsspitze (74; 82) eine An-
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triebskraft austibt;

dadurch gekennzeichnet, dass der Antrieb
(54a, 54b; 56a, 56b) den Lichtsender (42) zum
resonanten Schwingen in der ersten Richtung
(x) mit der ersten Antriebskraft und zum nicht-
resonanten Schwingen in der zweiten Richtung
(y) mit der zweiten Antriebskraft antreibt; und
sich das Scanmuster (80) einem geradlinigen
Rasterscan annahert, wobei der Lichtsender in
der ersten Richtung (x) eine Sinusschwingung
und in der zweiten Richtung (y) eine lineare
Schwingung ausfiihrt.

18. Vorrichtung nach Anspruch 17, wobei der Antrieb

19.

20.

21.

umfasst:

einen axial polarisierten Magneten (48), der an
dem Lichtsender (42) angebracht ist;

ein erstes Paar axial ausgerichteter elektroma-
gnetischer Spulen (56a, 56b), die auf beiden
Seitendes Magneten (48) in der ersten Richtung
(x) angeordnet sind, umfassend eine Antriebs-
spule (56a) zum Antreiben des Magneten (48)
in der ersten Richtung (x) und eine Sensorspule
(56b) zum Bereitstellen eines Signals zur Ver-
wendung beim Erzeugen eines Positionssig-
nals, das die Position des Magneten (48) in der
ersten Richtung (x) angibt; und

ein zweites Paar axial ausgerichteter elektroma-
gnetischer Spulen (54a, 54b), die auf beiden
Seiten des Magneten (48) in der zweiten Rich-
tung (y) zum Antreiben des Magneten (48) in
der zweiten Richtung (y) angeordnet sind;
wobei das Positionssignal geeignet ist, eine
Ruckkopplung bereitzustellen, um die Lichtsen-
derschwingung in der ersten Richtung (x) auf-
rechtzuerhalten.

Vorrichtung nach Anspruch 18, umfassend einen In-
tegrator zum Integrieren eines Ausgangssignals der
Sensorspule (56b), um ein Positionssignal zu erzeu-
gen.

Vorrichtung nach Anspruch 18 oder 19, die ausge-
bildet ist, ein zu einem Antriebsstrom proportionales
Signal von dem Positionssignal zu subtrahieren, um
eine Kontamination des Positionssignals durch ei-
nen Strom, der in der Sensorspule (56b) durch das
Magnetfeld der Antriebsspule (56a) induziert wird,
zu kompensieren.

Vorrichtung nach einem der Anspriiche 18 bis 20,
wobei der Magnet (48) im Wesentlichen angeordnet
ist in einem Schwingungsbauch, so dass sich der
Magnet (48) ohne signifikante Drehung lateral be-
wegt, oder im Wesentlichen in einem Minimum einer
Kurve (72), in der die Obertonfrequenz gegen die
Magnetposition aufgetragen ist, oder im Wesentli-
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chen sowohl in einem Schwingungsbauch als auch
in einem Minimum der Kurve (72), in der Oberton-
frequenz gegen die Magnetposition aufgetragen ist.

Vorrichtung nach einem der Anspriiche 18 bis 21,
die ausgebildet ist, den Lichtsender (42) mit einer
niederfrequenten Wechselstromanregung des zwei-
ten Paars Spulen (54a, 54b) in der zweiten Richtung
(y) nicht-resonant schwingen zu lassen.

Vorrichtung nach einem der Anspriiche 18 bis 22,
ferner umfassend eine Quelle zum Variieren eines
Gleichstroms zur Anregung des zweiten Paars Spu-
len (54a, 54b), wodurch der Lichtsender (42) in der
zweiten Richtung (y) nicht-resonant schwingt.

Vorrichtung nach einem der Anspriiche 17 bis 23,
ferner umfassend eine Feder oder einen anderen
elastischen Mechanismus zum Versehen des Licht-
senders (42) mit einer Rickstellkraft.

Vorrichtung nach einem der Anspriiche 17 bis 24,
umfassend ein Bildverarbeitungssystem zum Verar-
beiten von Licht, das von dem Lichtsender (42) zu-
rickkommt, und zum Anzeigen eines daraus er-
zeugten Bildes.

Vorrichtung nach einem der Anspriiche 17 bis 25,
wobei die Einrichtung (40) einen Durchmesser von
etwa 3,0 bis 4,5 mm und eine Lange von etwa 23
bis 30 mm hat.
Bildverarbeitungseinrichtung, umfassend eine
Scanvorrichtung (40) nach Anspruch 17.

Mikroskop, Endoskop, Endomikroskop, optischer
Koharenztomograph, konfokales Mikroskop, konfo-
kales Endoskop oder konfokales Multiphotonen-En-
doskop, umfassend eine Scanvorrichtung nach An-
spruch 17.

Revendications

1.

Procédé de balayage d’'un émetteur optique (42) mu-
ni d’'un embout de sortie (74, 82), comprenant :

I'appui dudit émetteur optique (42) sur un sup-
port (44 ;92 ; 100) situé a distance dudit embout
de sortie (74 ; 82) ;

I'entrainement dudit émetteur optique (42) pour
qu’il vibre dans une premiere direction (x) avec
une premiére force d’entrainement ;

le support dudit émetteur optique (42) pour ob-
tenir une élasticité dans ladite premiére direction
(x), qui est significativement différente de I'élas-
ticité dans une seconde direction (y), perpendi-
culaire a ladite premiere direction (x) ;
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I’entrainement dudit émetteur optique (42) pour
qu’il vibre dans la seconde direction (y) avecune
seconde force d’entrainement ;

I'application desdites premiére et seconde for-
ces d’entrainement sur ledit émetteur optique
(42) entre ledit support (44 ; 92 ; 100) et ledit
embout de sortie (74 ; 82) ; et

la synchronisation de la vibration dudit émetteur
optique (42) dans ladite premiére direction (x)
avec la vibration dudit émetteur optique (42)
dans ladite seconde direction (y), de telle sorte
que I'embout de sortie (74 ; 82) de I'émetteur
optique (42) exécute un motif de balayage (80) ;
caractérisé en ce que ledit émetteur optique
(42) est entrainé pour vibrer en résonance dans
la premiére direction (x) avec ladite premiére for-
ce d’entrainement ;

ledit émetteur optique (42) est entrainé pour qu’il
vibre sans résonance dans la seconde direction
(y) avec ladite seconde force d’entrainement ; et
ledit motif de balayage (80) se rapproche d’'un
balayage de trame rectiligne (80), avec ledit
émetteur optique (42) exécutant une vibration
sinusoidale dans ladite premiére direction (x) et
une vibration linéaire dans ladite seconde direc-

tion (y).

Procédé selon la revendication 1, comprenant la mi-
se en vibration dudit émetteur optique (42) dans la-
dite premiere direction (x) au niveau du premier par-
tiel de résonance mécanique.

Procédé selon I'une ou I'autre des revendications 1
ou 2, comprenant :

I’entrainement dudit émetteur optique (42) avec
un aimant polarisé axialement (48) monté sur
ledit émetteur optique (42), une premiere paire
de bobines électromagnétiques orientées axia-
lement (56a, 56b) placées de chaque cbté de
I’'aimant (48) dans la premiére direction (x) com-
prenant une bobine d’entrainement (56a) pour
entrainer ledit aimant (48) dans ladite premiere
direction (x) et une bobine de détection (56b)
pour fournir un signal destiné a étre utilisé dans
la génération d’un signal de position représen-
tatif de la position de I'aimant (48) dans la pre-
miére direction (x), et une seconde paire de bo-
bines électromagnétiques orientées axialement
(54a, 54b) placées de chaque cété de I'aimant
(48) dans ladite seconde direction (y) pour en-
trainer I'aimant (48) dans la seconde direction
(y) ; et

I'utilisation dudit signal de position pour fournir
un retour d’information positive afin de maintenir
lavibration de I'émetteur optique dans ladite pre-
miére direction (x).
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Procédé selon la revendication 3, comprenant I'uti-
lisation dudit signal de position pour synchroniser
I'affichage d’'une image.

Procédé selon I'une ou l'autre des revendications 3
ou 4, comprenant la dérivation dudit signal de posi-
tion enintégrantledit signal de sortie de ladite bobine
de détection (56b).

Procédé selon I'une quelconque des revendications
3 a 5, comprenant I'entrainement de ladite bobine
excitatrice (56a) par un courant d’excitation et la
soustraction d'un signal proportionnel audit courant
d’excitation dudit signal de position afin de compen-
ser la contamination dudit signal de position par un
courant induit dans ladite bobine de détection (56b)
par le champ magnétique de ladite bobine excitatrice
(56a).

Procédé selon I'une quelconque des revendications
3 a 6, comprenant I'emploi de bobines supplémen-
taires pour entrainer ledit émetteur optique (42) dans
ladite premiére direction (x), ladite seconde direction
(y), ou dans les deux dites premiere direction (x) et
seconde direction (y).

Procédé selon I'une quelconque des revendications
3 a 7, comprenant la localisation dudit aimant (48)
sensiblement au niveau d’un ventre de vibration de
telle sorte que ledit aimant (48) se déplace latérale-
ment sans rotation significative, ou sensiblement a
un minimum sur la courbe de fréquence partielle/po-
sition de I'aimant (72) afin de réduire la longueur re-
quise de I'émetteur optique.

Procédé selon I'une quelconque des revendications
3 a 7, comprenant la localisation dudit aimant (48)
sensiblement a la fois au niveau d’'un ventre de vi-
bration et d’'un minimum sur la courbe de fréquence
partielle/position de I'aimant (72).

Procédé selon I'une quelconque des revendications
3a7,comprenantlamise en vibration dudit émetteur
optique (42) dans ladite seconde direction (y) sans
résonance avec une excitation par courant alternatif
basse fréquence de ladite seconde paire de bobines
(54a, 54b).

Procédé selon I'une quelconque des revendications
3 a7 comprenant la mise en vibration dudit émetteur
optique (42) dans ladite seconde direction (y) sans
résonance avec une excitation variable par courant
continu de ladite seconde paire de bobines (54a,
54b).

Procédé selon la revendication 11, comprenant la
fourniture d’une force restauratrice a I'aide d’un res-
sortou al'aide d’'un élément élastique dudit émetteur
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optique (42).

Procédé selon 'une quelconque des revendications
précédentes, dans lequel ledit émetteur optique (42)
comprend une fibre optique ou une pluralité de fibres
optiques ou un faisceau de fibres optiques.

Procédé selon 'une quelconque des revendications
précédentes, comprenant la fourniture d’un retour
d’information négative a une fréquence fondamen-
tale dans les deux dites premiere direction (x) et se-
conde direction (y).

Procédé selon 'une quelconque des revendications
précédentes comprenant le montage dudit émetteur
optique (42) sur une poutre transversale mince (92).

Procédé selon 'une quelconque des revendications
précédentes comprenant le montage dudit émetteur
optique (42) en porte-a-faux (100) avec une fréquen-
ce de résonance inférieure dans I'une desdites pre-
miére et seconde directions (x, y) a celle de l'autre
desdites premiere et seconde directions (x, y).

Appareil de balayage, comprenant :

un émetteur optique (42) muni d’'un embout de
sortie (74 ; 82) ;

un support (44 ;92 ; 100) permettant de suppor-
ter ledit émetteur optique (42) et situé a distance
dudit embout de sortie (74 ; 82) ;

un entrailnement (54a, 54b, 56a, 56b) permet-
tant d’entrainer ledit émetteur optique (42) pour
qu’il vibre dans une premiere direction (x) avec
une premiére force d’entrainement ;

dans lequel

ledit support (44) ; (92) ; (100) fournit des élas-
ticités significativement différentes dans ladite
premiére direction (x) et une seconde direction
(y) perpendiculaire a ladite premiére direction
() ;

ledit entrainement (54a, 54b, 56a, 56b) entraine
ledit émetteur optique (42) pour qu’il vibre dans
la seconde direction (y) avec une seconde force
d’entrainement ;

un synchroniseur permettant de synchroniser la
vibration dudit émetteur optique (42) dans ladite
premiére direction (x) avec la vibration dudit
émetteur optique (42) dans ladite seconde di-
rection (y), de telle sorte que ledit embout de
sortie dudit émetteur optique (42) exécute un
motif de balayage (80) ; et

dans lequel ledit entrainement (54a, 54b, 56a,
56b) applique une force d’entrainement au dit
émetteur optique (42) entre ledit support (44 ;
92 ; 100) et ledit embout de sortie (74 ; 82) ;
caractérisé en ce que ledit entrainement (54a,
54b, 56a, 56b) entraine ledit émetteur optique
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(42) pour qu'il vibre en résonance dans la pre-
miére direction (x) avec la premiere force d’en-
trainement et pour qu'il vibre sans résonance
dans la seconde direction (y) avec la seconde
force d’entrainement ; et ledit motif de balayage
(80) se rapproche d’un balayage de trame rec-
tiligne, avec ledit émetteur optique exécutant
une vibration sinusoidale dans ladite premiere
direction (x) et une vibration linéaire dans ladite
seconde direction (y).

Appareil selon la revendication 17, dans lequel ledit
entrainement comprend :

un aimant polarisé axialement (48) monté sur
ledit émetteur optique (42) ;

une premiere paire de bobines électromagnéti-
ques orientées axialement (56a, 56b) situées de
chaque c6té dudit aimant (48) dans ladite pre-
miére direction (x) comprenant une bobine ex-
citatrice (56a) permettant d’entrainer ledit
aimant (48) dans ladite premiere direction (x) et
une bobine de détection (56b) permettant de
fournir un signal utilisé pour générer un signal
de position indicatif de la position dudit aimant
(48) dans ladite premiére direction (x) ; et

une seconde paire de bobines électromagnéti-
ques orientées axialement (54a, 54b) situées de
chaque cété dudit aimant (48) dans ladite se-
conde direction (y) permettant d’entrainer ledit
aimant (48) dans ladite seconde direction (y) ;
dans lequel ledit signal de position convient pour
fournir un retour d’information afin de maintenir
lavibration de I'émetteur optique dans ladite pre-
miére direction (x).

Appareil selon la revendication 18, comprenant un
intégrateur permettant d’'intégrer un signal de sortie
de ladite bobine de détection (56b) afin de générer
ledit signal de position.

Appareil selon 'une ou I'autre des revendications 18
ou 19, configuré pour soustraire un signal propor-
tionnel a un courant d’excitation dudit signal de po-
sition afin de compenser la contamination dudit si-
gnal de position par un courant induit dans ladite
bobine de détection (56b) par le champ magnétique
de ladite bobine excitatrice (56a).

Appareil selon I'une quelconque des revendications
18 a 20, dans lequel ledit aimant (48) est situé sen-
siblement au niveau d’un ventre de vibration de telle
sorte que ledit aimant (48) se déplace latéralement
sans rotation significative, ou sensiblement a un mi-
nimum sur la courbe de fréquence partielle en fonc-
tion de la position de I'aimant (72), ou sensiblement
a la fois au niveau d’un ventre de vibration et d’'un
minimum sur la courbe de fréquence partielle en
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fonction de la position de I'aimant (72).

Appareil selon I'une quelconque des revendications
18 a 21, configuré pour faire vibrer ledit émetteur
optique (42) dans ladite seconde direction (y) sans
résonance avec une excitation par courant alternatif
basse fréquence de ladite seconde paire de bobines
(54a, 54b).

Appareil selon 'une quelconque des revendications
18 a 22, comprenant en outre une source de courant
continu variable pour exciter ladite seconde paire de
bobines (54a, 54b), et de fait faire vibrer ledit émet-
teur optique (42) dans ladite seconde direction (y)
sans résonance.

Appareil selon I'une quelconque des revendications
17 a 23, comprenant en outre un ressort ou un autre
mécanisme élastique pour fournir une force restau-
ratrice audit émetteur optique (42).

Appareil selon 'une quelconque des revendications
17 a 24, comprenant un systéeme d’imagerie pour
traiter un signal de réponse dudit émetteur optique
(42) et afficher une image générée par celui-ci.

Appareil selon I'une quelconque des revendications
17 a 27, dans lequel ledit appareil (40) présente un
diameétre égal a environ 3,0a 4,5 mm etune longueur
égale a environ 23 a 30 mm.

Appareil d’imagerie, comprenant un appareil de ba-
layage (40), selon la revendication 17.

Microscope, endoscope, endomicroscope, tomo-
graphe par cohérence optique, microscope confo-
cal, endoscope confocal, endoscope multiphoton
confocal, comprenant un appareil de balayage selon
la revendication 17.
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