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Description

FIELD OF THE INVENTION

[0001] This invention is generally in the field of optical
techniques, and relates to a multi-photon method and
system for use in microscopy, or in material processing
techniques.

BACKGROUND OF THE INVENTION

[0002] Laser-scanning microscopy, confocal or multi-
photon based microscopy, provides for performing opti-
cal sectioning.
[0003] The confocal microscope, disclosed in U.S. Pat-
ent No. 3,013,467, utilizes optical sectioning of micro-
scopic samples, i.e. the rejection of out-of-focus scatter-
ing, by using a confocal pinhole in front of the detection
system.
[0004] The field of confocal microscopy relies on the
idea of point-by-point illumination of a sample and using
mechanical scanning (i.e. displacing the light beam
and/or the sample) in order to collect an image. The im-
aging is thus a time consuming process, which is typically
limited to a few tens of milliseconds per section in current
commercial systems, a limit set by the speed of mechan-
ical scanning devices. This is an inherent limitation of the
confocal method, which significantly limits its utility for
fast time-resolved imaging.
[0005] Multiphoton microscopes offer a different mech-
anism for optical sectioning. Here, a need for rejecting
out-of-focus scattering is practically eliminated due to the
nonlinear dependence of the measured signal on the il-
lumination intensity. A multiphoton process, most com-
monly two-photon excitation fluorescence (TPEF), is ef-
ficient only when the peak intensity of the illuminating
light is high, i.e. at the focal spot [Denk, W., Strickler, J.
H., Webb, W. W., Two-photon laser scanning fluores-
cence microscopy, Science 248, 73-76 (1990)]. Due to
the high energy densities required for inducing nonlinear
processes, multiphoton microscopes require the use of
a short pulsed laser. However, acquisition of an image
still requires scanning of either the sample or the laser
beam, resulting in a similar restriction of the image frame
rate.
[0006] Numerous methods have been developed to in-
crease the image acquisition rate in both confocal and
multiphoton microscopes. Most of these methods involve
multi-point illumination and scanning in a single spatial
axis. Common examples are single-axis scanning and
the use of line illumination [Sheppard, C. J. R., Mao, X.
Q., Confocal microscopes with slit apertures, J. Mod. Op-
tics 35, 1169-1185 (1988); Brakenhoff, G. J., Squier, J.,
Norris, T., Bliton, A. C., Wade, M. H., Athey, B., Real-
time two-photon confocal microscopy using a femtosec-
ond, amplified, Ti:Sapphire system, J. Microscopy 181,
253-259 (1995)]; and rotation of a patterned disk (in con-
focal microscopy) [Egger, M. D., Petran, New reflected-

light microscope for viewing unstained brain and ganglion
cells, Science 157, 305-307 (1967)] or a lenslet array (in
multiphoton microscopy) [Buist, A. H., Muller, M., Squier,
J., Brakenhoff, G. J., Real-time two-photon absorption
microscopy using multipoint excitation, J. Microscopy
192, 217-226 (1998); Bewersdorf, J., Pick, R., Hell, S.
W., Multifocal multiphoton microscopy, Opt. Lett. 23,
655-657 (1998)]. Others have used chromatic multiplex-
ing [Tearney, G. J., Webb, R. H., Bouma, B. E., Spectrally
encoded confocal microscopy, Opt. Lett. 23, 1152-1154
(1998)]. Overall, however, frame rates have not been re-
duced significantly beyond video-rate imaging.
[0007] The use of a rotatable microlens array in a mi-
croscope is also disclosed in Minoru Kobayasky et al.
"Second-harmonic-generation microscope with a micro-
lens array scanner", Optics letters, Vol. 27, No. 15, Au-
gust 1, 2002. According to this technique, the microlens
array is located in the optical path of a collimated input
laser beam, and splits the laser beam into a plurality of
beamlets, which are collimated again and are incident
upon a water-immersion objective lens. This way, a mul-
tiple number of foci illuminating a specimen are used.
Each focus spot is timely separated from adjacent spots,
preventing interference between neighboring focal fields
from causing degradation in 3D resolution. By rotation of
the microlens array disk, each focal spot on the specimen
is scanned simultaneously.
[0008] Yet another technique, disclosed in L. Saconi
et al., "Multiphoton multifocal microscopy exploiting a dif-
fractive optical element", Optics letters, Vol. 28, No. 20,
October 15, 2003, utilizes a miniature diffractive optical
element in tandem with galvo scanners to produce neat
multispot grids with high diffraction efficiency and pro-
vides a high degree of uniformity in focal intensity. Here,
several telescopic lens pairs are used for pivoting the
grid on galvo scanners.
[0009] U.S. Patent No. 6,020,591 discloses a two-pho-
ton fluorescence microscope with plane wave illumina-
tion. This technique is aimed at eliminating the need for
moving parts to effect lateral scanning of the laser beam
as well as creation of a three-dimensional image, in a
two-photon fluorescence microscope. This microscope
employs two laser beams having pulses of respective
wavelengths λ2 and λ3, which cause two-photon emis-
sion of a fluorophore when the pulses are spatially and
temporally overlapping. The pulses of the two beams of
wavelengths λ2 and λ3 are combined at some crossing
angle θ within the specimen, causing two-photon absorp-
tion within a line-shaped region during each instant of
overlap. As the pulses pass through each other, the over-
lapping line-shaped region moves such that a slice of the
fluorophore-containing specimen is excited by two-pho-
ton absorption during the overlap period. Lateral scan-
ning is effected without moving parts by adjusting the
relative delay of the pulses in the two beams. When the
crossing angle θ is set to 0, i.e. when the two beams are
directed along the same axis, the pulses of the two beams
form a pancake-shaped volume in which two-photon ex-
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citation occurs as the pulses spatially and temporally
overlap while traveling in opposite directions. A two-di-
mensional detector, such as a two-dimensional charge
coupled device (CCD). array, can be used to detect a
two-dimensional portion of the specimen at one time with-
out lateral scanning. A three-dimensional image can be
produced by adjusting the time delay between the two
pulses, thereby changing the location of the "pancake"
volume created by the intersection of the two pulses.
[0010] The conventionally used laser-scanning micro-
scopy, be it confocal or multiphoton microscopy, although
being capable of performing optical sectioning, requires
a long image acquisition time, of an order of tens of mil-
liseconds, due to the scanning process [Wilson, T., Con-
focal Microscopy, Academic press, London (1990)].
[0011] US 7,274,446 describes a method for depth-
resolved optical detection of a specimen comprises the
steps of providing a scanning movement over the spec-
imen or at least a part of the specimen of an illumination
light distribution of at least one wavelength which is gen-
erated on or in the specimen, providing detection partic-
ularly of the light which is influenced based on interaction
with the specimen, especially fluorescent light and/or re-
flected light and/or luminescent light and/or scattered
and/or transmitted light, the illumination light having a
modulation in at least one spatial direction, and carrying
out the scanning movement and detection associated
with the scanning with the scanning movement at least
in a first and a second different phase position of the
modulation and/or first and second frequency of the pe-
riodicity of the modulation and calculating at least one
optical section image through the specimen or through
part of the specimen. Other methods and arrangements
are disclosed.
[0012] EP 1,431,795 discloses a scanning optical mi-
croscope including: a light source; a lens for altering the
cross-sectional shape aspect ratio of a beam of light emit-
ted from the light source; at least one lens for converging
beams of light of different cross-sectional shape aspect
ratio to create a linear light; a first light modulation mem-
ber able to impart shade to the converged linear light; a
lens that can form the light to which the shade has been
imparted as a parallel light; a scanning member that can
alter the angle of illumination; a lens for focusing the light
to which the shade has been imparted; an objective lens
for projecting the light to which the shading has been
imparted to a sample body; and a lens for imaging the
reflected light from the sample body or the light generated
by the sample body on to a sensor.

SUMMARY OF THE INVENTION

[0013] There is a need in the art to facilitate multiphoton
microscopy imaging of a sample by providing a novel
illumination configuration and method of its operation.
[0014] The present invention provides for an optical
system for use in a multi-photon microscope as defined
in independent claim 1 and for a method for imaging a

sample by a multi-photon microscope as defined in in-
dependent claim 17. Further advantageous aspects of
the present invention are set out in the dependent claims.
[0015] It should be understood that the illuminating
technique of the present invention, as well as the imaging
method utilizing the same, can be readily applied also to
measuring, inspection and material processing tech-
niques, where the term "material processing" refers to
a process inducing a change in the optical properties
(e.g. refraction index) of a material.
[0016] The main idea of the present invention is aimed
at eliminating or at least significantly reducing mechani-
cal scanning (i.e. relative displacement between a sam-
ple and an illuminating light beam) across the sample
(i.e. in the focal plane of the microscope). The present
invention provides for illuminating a region on the sample
of dimensions many orders of magnitude larger than a
diffraction-limited spot of the imaging lens arrangement
used in the microscope. This is achieved by manipulating
an input light pulse to apply spatiotemporal pulse shap-
ing, and thus obtain full-frame depth resolved imaging
without scanning.
[0017] As indicated above, in multiphoton laser scan-
ning microscopes the depth resolution is achieved by
spatially focusing an ultrashort pulse to achieve a high
intensity at the focal plane. Due to the nonlinear depend-
ence of the signal on the intensity, this results in superb
rejection of the out-of-focus signal.
[0018] In contrast, the technique of the present inven-
tion relies on temporal focusing of the illumination pulse,
possibly combined with spatial focusing, along one spa-
tial axis. This temporal focusing is based on the pulsed
excitation field being compressed as it propagates
through the sample, reaching its shortest duration (and
highest peak intensity) at the focal plane, before stretch-
ing again beyond it.
[0019] According to the present invention, full-frame
depth-resolved microscopy can be achieved using an ex-
tremely simple setup and standard components. An op-
tical system of the present invention utilizes a pulse ma-
nipulator arrangement including a temporal pulse manip-
ulator configured to define a surface, which extends per-
pendicular to the optical axis of a microscope in the front
focal plane of an imaging lens arrangement, and which
is patterned to affect trajectories of light components of
the input short pulse impinging onto different points of
this surface to direct these light components along dif-
ferent optical paths. This is implemented using a scatter-
ing surface or a thin scattering plate. Preferably, the pat-
tern is such as to provide a directional scattering, towards
the optical axis.
[0020] Due to the input pulse interaction with the scat-
tering surface, the pulse duration at any point of the light
path between the scattering surface and the lens ar-
rangement is longer than that of the initial input pulse,
because of the difference in the lengths of trajectories
taken by the light rays reaching this point from the scat-
tering surface. Only at the image plane the pulse duration
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is restored to its initial value (in accordance with the Fer-
mat principle). Thus, the use of the scattering surface
produces a weakly focused exciting beam, exciting the
full frame of interest in the sample, i.e., an area which is
many orders of magnitude larger than a diffraction-limited
spot of the lens arrangement.
[0021] Preferably, in order to further increase the dif-
ference in the optical paths length, the optical system is
configured so as to provide the input beam incidence
onto the scattering surface with a certain non-zero angle
of incidence (tilt geometry). In this case, the focal plane
is illuminated by means of a moving illuminated line.
[0022] As indicated above, the technique of the present
invention may utilize both the temporal focusing of the
illumination pulse and spatial focusing of this pulse along
one axis (Y-axis). In this case, considering the scattering
surface extends along the Y-axis and provides the tem-
poral focusing, the spatial focusing along the Y-axis is
obtained by displacing (scanning) an input pulse along
the scattering surface while directing the beam onto this
surface through an anamorphic lens arrangement (e.g.,
cylindrical lens) producing a line image. This results in
line illumination in the sample, but with a depth resolution
similar to that achievable by fast scanning methods (e.g.
microlens arrays).
[0023] Thus, according to one broad aspect of the
present invention, there is provided an optical system for
use in a multi-photon microscope or optical processing
of a sample, the optical system comprising an imaging
lens arrangement, and a pulse manipulator arrangement,
the pulse manipulator arrangement comprising a tempo-
ral pulse manipulator unit which is accommodated in an
optical path of an input pulse of an initial profile, and is
configured to affect trajectories of light components of
the input pulse impinging thereon so as to direct the light
components towards the optical axis of the lens arrange-
ment along different optical paths, said temporal light ma-
nipulator unit being accommodated in a front focal plane
of the imaging lens arrangement, thereby enabling to re-
store the input pulse profile at an imaging plane.
[0024] According to another broad aspect of the inven-
tion, there is provided an optical system for use in a multi-
photon microscope, the optical system comprising an im-
aging lens arrangement, and a light scattering surface,
which is accommodated in an optical path of a single
pulse of a certain initial profile thus affecting a duration
of the input pulse at a point downstream of said surface,
and which is aligned perpendicular to an optical axis of
the imaging lens arrangement in a front focal plane there-
of, thereby producing, in an imaging plane, an illuminat-
ing pulse of said initial profile illuminating a region which
is many orders of magnitude larger than a diffraction-
limited spot of the imaging lens arrangement.
[0025] According to yet another broad aspect of the
invention, there is provided an optical system for use in
a multi-photon illumination of a sample, the optical sys-
tem comprising an imaging lens arrangement, and a light
scattering surface accommodated in a front focal plane

of the lens arrangement perpendicular to an optical axis
of the lens arrangement, said light scattering surface
thereby operating as a temporal pulse manipulator pro-
viding temporal focusing of the input pulse.
[0026] According to yet another broad aspect of the
invention, there is provided an optical system for use in
a multi-photon illumination of a sample, the optical sys-
tem comprising an imaging lens arrangement, and a
pulse manipulator arrangement, said pulse manipulator
arrangement comprising: a temporal pulse manipulator
accommodated in a front focal plane of the lens arrange-
ment and extending along a first axis perpendicular to an
optical axis of the lens arrangement, the temporal pulse
manipulator being operable to provide temporal focusing
of an input pulse; and a spatial pulse manipulator which
is accommodated in an optical path of an input pulse
propagating towards the temporal pulse manipulator and
is configured for focusing the input pulse in the form of a
line extending along said first axis.
[0027] There is also provided a multi-photon micro-
scope comprising a light source assembly operable to
generate a short pulse of a predetermined initial profile;
a light detection assembly; and an optical system, the
optical system comprising an imaging lens arrangement,
and a light scattering surface accommodated in a front
focal plane of the lens arrangement perpendicular to an
optical axis of the lens arrangement, said light scattering
surface thereby operating as a temporal pulse manipu-
lator providing temporal focusing of the input pulse.
[0028] According to yet another aspect of the invention,
there is provided a multi-photon microscope comprising
a light source assembly operable to generate a short
pulse of a predetermined initial profile; a light detection
assembly; and an optical system comprising an imaging
lens arrangement and a pulse manipulator arrangement,
said pulse manipulator arrangement comprising a tem-
poral pulse manipulator being aligned perpendicular to
an optical axis of the imaging lens arrangement in a front
focal plane of the imaging lens arrangement, the tempo-
ral pulse manipulator being configured to affect trajecto-
ries of light components of the input pulse to increase
the pulse duration at a point downstream of the temporal
pulse manipulator, thereby producing, in an imaging
plane, an illuminating pulse that has a restored profile of
the initial pulse and has a cross-sectional area signifi-
cantly larger than a diffraction-limited spot of the imaging
lens arrangement.
[0029] According to yet another aspect of the invention,
there is provided a multi-photon microscope comprising
a light source assembly operable to generate a short
pulse of a predetermined initial profile; a light detection
assembly; and an optical system comprising an imaging
lens arrangement and a pulse manipulator arrangement,
the pulse manipulator arrangement comprising a tempo-
ral pulse manipulator unit, the temporal pulse manipula-
tor unit being aligned perpendicular to an optical axis of
the imaging lens arrangement in a front focal plane of
the imaging lens arrangement and oriented with respect
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to the initial input pulse such that said initial impulse pulse
is incident onto said temporal pulse manipulator unit with
a certain non-zero angle of incidence, the temporal pulse
manipulator unit being configured to affect trajectories of
light components of the input pulse to thereby affect a
duration of the pulse at a point downstream of said tem-
poral pulse manipulator, thereby producing, in an imag-
ing plane, an illuminating pulse that has a restored profile
of the initial pulse and moves along the imaging plane
thereby illuminating an area significantly larger than a
diffraction-limited spot of the imaging lens arrangement.
[0030] The present invention also provides a multi-
photon microscope comprising a light source assembly
operable to generate a short pulse of a predetermined
initial profile; a light detection assembly; and an optical
system comprising an imaging lens arrangement, and a
pulse manipulator arrangement, said pulse manipulator
arrangement comprising: a temporal pulse manipulator
accommodated in a front focal plane of the lens arrange-
ment and extending along a first axis perpendicular to an
optical axis of the lens arrangement, the temporal pulse
manipulator being operable to provide temporal focusing
of an input pulse; and a spatial pulse manipulator which
is accommodated in an optical path of an input pulse
propagating towards the temporal pulse manipulator and
is configured for focusing the input pulse in the form of a
line extending along said first axis.
[0031] According to yet another broad aspect of the
invention, there is provided a multi-photon material
processing system for inducing a change in optical prop-
erties of a material, the system comprising a light source
assembly operable to generate a short pulse of a prede-
termined initial profile and predetermined intensity; and
an optical system comprising an imaging lens arrange-
ment, and a pulse manipulator arrangement, the pulse
manipulator arrangement comprising a temporal pulse
manipulator unit which is accommodated in an optical
path of an input pulse of an initial profile, and is configured
to affect trajectories of light components of the input pulse
impinging thereon so as to direct the light components
towards an optical axis of the lens arrangement along
different optical paths, said temporal light manipulator
unit being accommodated in a front focal plane of the
imaging lens arrangement, thereby enabling to restore
the input pulse profile at an imaging plane.
[0032] According to yet another broad aspect of the
invention, there is provided a multi-photon material
processing system for inducing a change in optical prop-
erties of a material, the system comprising a light source
assembly operable to generate a short pulse of a prede-
termined initial profile and predetermined intensity; and
an optical system comprising an imaging lens arrange-
ment, and a light scattering surface accommodated in a
front focal plane of the lens arrangement perpendicular
to an optical axis of the lens arrangement, said light scat-
tering surface thereby operating as a temporal pulse ma-
nipulator providing temporal focusing of the input pulse.
[0033] According to yet another broad aspect of the

invention, there is provided a multi-photon material
processing system for inducing a change in optical prop-
erties of a material, the system comprising a light source
assembly operable to generate a short pulse of a prede-
termined initial profile and predetermined intensity; and
an optical system comprising an imaging lens arrange-
ment, and a pulse manipulator arrangement, said pulse
manipulator arrangement comprising: a temporal pulse
manipulator accommodated in a front focal plane of the
lens arrangement and extending along a first axis per-
pendicular to an optical axis of the lens arrangement, the
temporal pulse manipulator being operable to provide
temporal focusing of an input pulse; and a spatial pulse
manipulator which is accommodated in an optical path
of an input pulse propagating towards the temporal pulse
manipulator and is configured for focusing the input pulse
in the form of a line extending along said first axis.
[0034] According to yet another broad aspect of the
invention, there is provided a method for imaging a sam-
ple by a multi-photon microscope, the method compris-
ing: directing a single input pulse of a predetermined in-
itial duration onto a scattering surface accommodated in
a front focal plane of an imaging lens arrangement and
extending perpendicular to an optical axis of the imaging
lens arrangement, thereby affecting a duration of the
pulse at any point downstream of said surface with re-
spect to the pulse propagation towards the sample, and
allowing restoration of the initial pulse duration in an im-
aging plane, to thereby illuminate, by said single input
pulse, in the imaging plane a region significantly larger
than a diffraction-limited spot of the imaging lens arrange-
ment.
[0035] In yet another aspect of the invention, there is
provided a method for illuminating a sample by multi-
photon radiation, the method comprising: directing a sin-
gle input pulse of a predetermined initial duration onto a
scattering surface with a certain non-zero angle of inci-
dence, the scattering surface being accommodated in a
front focal plane of an imaging lens arrangement perpen-
dicular to an optical axis of the imaging lens arrangement,
thereby effecting a temporal focusing of the input pulse
on an imaging plane in a sample.
[0036] According to another broad aspect of the inven-
tion, there is provided a method for use in illuminating a
sample by multi-photon radiation, the method compris-
ing: generating an input pulse of a predetermined initial
duration, scanning by the single input pulse, while being
shaped as a line, a scattering surface that is accommo-
dated in a front focal plane of an imaging lens arrange-
ment and extends along a first axis perpendicular to an
optical axis of the imaging lens arrangement, and allow-
ing the pulse propagation through the imaging lens ar-
rangement, thereby effecting a temporal focusing of the
input pulse on an imaging plane in a sample and effecting
a spatial focusing of the input pulse on the imaging plane
along the first axis.
[0037] According to another broad aspect of the inven-
tion, there is provided a method for imaging a sample by
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a multi-photon microscope, the method comprising: di-
recting a single input pulse of a predetermined initial du-
ration onto a scattering surface accommodated in a front
focal plane of an imaging lens arrangement and extend-
ing perpendicular to an optical axis of the imaging lens
arrangement, thereby affecting a duration of the pulse at
any point downstream of said surface, with respect to the
pulse propagation towards the sample, and allowing res-
toration of the initial pulse duration in an imaging plane,
to thereby illuminate in the imaging plane a region sig-
nificantly larger than a diffraction-limited spot of the im-
aging lens arrangement.
[0038] According to another broad aspect of the inven-
tion, there is provided a method for imaging of a sample
by a multi-photon microscope, the method comprising:
directing a single short input pulse of a predetermined
initial duration onto a scattering surface with a certain
non-zero angle of incidence of the input pulse onto said
surface, with said surface being accommodated in a front
focal plane of an imaging lens arrangement and extend-
ing perpendicular to an optical axis of the imaging lens
arrangement, thereby affecting a duration of the pulse at
any point downstream of said surface, with respect to the
pulse propagation towards the sample, and allowing res-
toration of the initial pulse duration in an imaging plane,
to thereby provide traveling of an illumination spot along
the imaging plane, thereby illuminating a region signifi-
cantly larger than a diffraction-limited spot of the imaging
lens arrangement.
[0039] According to another broad aspect of the inven-
tion, there is provided a method for use in a multi-photon
material processing of a sample, the method comprising:
generating an input pulse of a predetermined initial du-
ration and predetermined intensity; directing the single
input pulse onto a scattering surface accommodated in
a front focal plane of an imaging lens arrangement and
extending along a first axis perpendicular to an optical
axis of the imaging lens arrangement, thereby effecting
a temporal focusing of the input pulse on an imaging
plane in a sample along an illuminating region on which
the pulse is focused being many orders of magnitude
larger than a diffraction-limited spot of the imaging lens
arrangement.
[0040] More specifically the present invention is used
in multi-photon microscopy and is therefore described
below with respect to this specific application. However,
it should be understood that the invention is not limited
to imaging techniques in general and to microscopy in
particular. The technique of the present invention can
also be used for material processing, e.g. simultaneous
depth-resolved modification of a transparent substrate
by femtosecond radiation. This may be aimed at creating
a pattern in a medium, for example forming a waveguide
or a multiple-waveguide configuration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] In order to understand the invention and to see

how it may be carried out in practice, a preferred embod-
iment will now be described, by way of nonlimiting exam-
ple only, with reference to the accompanying drawings,
in which:

Figs. 1A and 1B illustrate the principles of a scan-
ningless depth resolved illumination technique of the
present invention (Fig. 1B) as compared to those of
the standard multiphoton microscopy (Fig. 1A);
Fig. 2 schematically illustrates the configuration of
a scanningless optical system according to the in-
vention, that may be used in microscopy or material
processing;
Fig. 3 schematically illustrates the effect of a tem-
poral pulse manipulator used in the system of Fig. 2;
Fig. 4A shows an example of a scanningless TPEF
microscope of the present invention;
Fig. 4B shows another example of an optical system
(e.g., microscope) of the present invention, utilizing
the principle of temporal focusing;
Fig. 5 illustrates experimental results obtained with
the microscope of Fig. 4A;
Figs. 6A-6H exemplify scanningless depth-resolved
images of a Drosophila egg-chamber stained with
DAPI, a fluorescent groove-binding probe for DNA,
whose absorption band is centered at 400nm; and
Fig. 6I exemplifies a non-depth resolved TPEF im-
age, to be compared with that of Fig. 6F.

DETAILED DESCRIPTION OF THE INVENTION

[0042] The present invention provides for depth-re-
solved imaging, e.g. multiphoton microscopy (e.g., TPEF
microscope), or material processing (e.g. patterning),
performed without a need for scanning the radiation
beam along a sample (i.e. without a need for a relative
displacement between an exciting light beam and a sam-
ple along a focal plane). In other words, the present in-
vention provides for imaging/processing a sample with a
scanningless optical system (e.g. microscope). To this
end, the technique of the present invention utilizes tem-
poral focusing of a single input light pulse (rather than
spatial focusing), and possibly also utilizes a spatial fo-
cusing along one spatial axis.
[0043] Referring to Figs. 1A and 1B there are sche-
matically illustrated the principles of such a scanningless
depth resolved microscopy as compared to the standard
multiphoton microscopy scheme. Here, the X-axis is the
lateral axis extending along the sample (i.e. axis perpen-
dicular to the optical axis of an objective lens arrange-
ment of the microscope) and Z-axis is the axis through
the sample (i.e. axis parallel to the optical axis of the
microscope).
[0044] In the standard multiphoton scheme (Fig. 1A),
an ultrashort pulse is spatially focused, generating high
peak intensity at the focus of the objective lens arrange-
ment. The temporal profile of the pulse (i.e. the pulse
duration) remains nearly unchanged as it propagates
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through the sample, as the broadening due to material
dispersion is negligible in microscopic samples.
[0045] In the invented scanningless scheme (Fig. IB),
an illuminating (exciting) beam is weakly focused, excit-
ing the full frame of interest in the specimen, i.e. a region
which is many orders of magnitude larger than a diffrac-
tion-limited spot of the objective. The depth resolution is
achieved by controlling the temporal profile of the pulse,
which is compressed as it propagates through the sam-
ple, reaching its peak intensity value at the focal plane,
and stretching again as it propagates beyond it. The
depth-resolved multiphoton signal can now be collected
from the entire illuminated frame using an imaging setup.
[0046] Thus, the technique of the present invention uti-
lizes an optical system configured to enable the temporal
manipulations of the exciting pulse profile. Fig. 2 sche-
matically illustrates, by way of a block diagram, a scan-
ningless optical apparatus (microscope) 10 configured
and operated according to the invention. In the present
example, the apparatus 10 is configured as an imaging
system (TPEF microscope), but is should be understood
that the principles of the invention are applicable to ma-
terial processing (e.g. patterning) as well.
[0047] The microscope 10 includes such main con-
structional parts as a light source assembly 12; and an
optical system 16 configured according to the invention;
and in the present example of a microscope (generally,
imaging) system configuration includes also a detection
unit 14 (shown in the figure in dashed lines). The detec-
tion unit 14 may be configured to define an array of image
pixels (e.g. CCD), may be configured for intensified or
non-intensified light detection, as well as for gated or non-
gated light detection.
[0048] It should be understood that the light source, as
well as the detector, may or may not be accommodated
in the same housing 15 enclosing the optical system 16.
For example, the light source and/or detector may be
accommodated outside the housing 15 and light may be
guided towards and/or away from a sample S via light
guiding means (either in free space or in optical fibers).
[0049] The optical system 16 includes a temporal pulse
manipulator unit 20; a lens arrangement 23, and in the
present example also includes a light separating assem-
bly (dichroic beam splitter) 24 (shown in the figure in
dashed lines) for spatially separating between illuminat-
ing (exciting) light B1 and light response B2 (excited light)
coming from the sample. It should be noted that the beam
splitter 24 is not necessarily accommodated downstream
of the lens arrangement (as shown in the figure), but the
configuration may be such that the lens arrangement is
formed by multiple lenses and the beam splitter is located
between the lenses, as will be exemplified further below.
The lens arrangement 23 defines an optical axis of the
optical system 16, and is configured as a focusing ar-
rangement, and may also be configured to provide a de-
sired image magnification. The lens arrangement 23 thus
typically includes at least an objective lens assembly
(formed by one or more lenses).

[0050] The temporal pulse manipulator 20 is accom-
modated in a front focal plane of the lens arrangement
23, and extends along an axis substantially perpendicular
to the optical axis. The temporal pulse manipulator 20 is
configured to affect the trajectories of light components
of the input light impinging upon different points along
the manipulator. To this end, the pulse manipulator 20 is
configured to define a surface patterned to appropriately
scatter the input light.
[0051] The light source assembly 12 is operable to
generate a short pulse of light B1. In this connection, the
following should be noted. Generally, in order to optimize
the nonlinear effect, short pulses are advantageous.
However, too short pulses (pulse duration time less than
20fs) should preferably be avoided, since they suffer from
significant material dispersion and since their bandwidth
may exceed the TPEF absorption linewidth. On the other
hand, the use of too long pulses (pulse duration time
larger than 100fs) increases complexity since this re-
quires large magnifications and grazing incidence scat-
tering from the temporal light manipulator.
[0052] The short input pulse B1 impinges onto the scat-
terer 20, which scatters the input light towards the imag-
ing lens arrangement 23 along different trajectories (dif-
ferent optical paths) of light propagation. The imaging
lens arrangement 23 images the scatterer 20 on an image
plane IP located inside the sample S. Light response B2
of the sample is directed onto the CCD 14 using the di-
chroic mirror 24.
[0053] The effect of the scatterer 20 will now be de-
scribed in more detail with reference to Fig. 3. Such a
scatterer 20 may be a plate with the scattering surface
20A. The plate 20 may be either light reflective or light
transmitting. Accordingly, the light source assembly 12
(or the light guiding assembly that may for example in-
clude mirrors) is appropriately oriented to direct input light
B1 onto the scattering surface 20A through the plate 20
in the case the plate is transmitting, or directly onto sur-
face 20A in the case of a reflective plate (not shown here).
[0054] Preferably, the scatterer 20 is configured to pro-
vide a directional scattering towards the optical axis OA.
For example, such a directional scatterer 20 may be in
the form of a diffraction grating. It should be understood
that the use of a grating has the advantage in that the
grating can be designed to maximize the diffraction to-
wards the optical axis OA. It is important to note that for
the purposes of the present invention, such a diffraction
grating is a single-order grating, rather than a multiple-
order grating typically used for splitting the input beam
into spatially separated light components.
[0055] A short input pulse B1 impinges onto the scat-
terer 20. At a point P further away, the pulse duration is
longer due to the difference in the lengths of trajectories
taken by the light rays reaching point P from different
locations on the scatterer. Only at the image plane IP
(focal plane of the lens arrangement 23) is the pulse du-
ration restored to its initial value, in accordance with the
Fermat principle (or the principle of least time): the path
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of a ray, e.g. light, from one point to another (including
refractions and reflections) will be that taking the least
time. More specifically, a short pulse with duration τ illu-
minates the scattering plate 20, and each point of the
plate scatters the light into many directions; each point
in the image plane IP is also illuminated for duration τ,
since all light rays emerging from a single point in the
object travel identical optical path lengths and reach the
image at the same time (according to the Fermat princi-
ple). However, any other point, at some distance either
from the scattering plate 20 or from the image plane IP
is illuminated for a longer duration, dictated by the differ-
ent trajectories taken by the rays reaching this point. The
larger the distance between the specific point and the
scatterer, the longer the illumination time for this point.
Hence, points outside the focal plane of the optical sys-
tem (in front or in the back of the focal plane) undergo
extended illumination. This is the required condition for
temporal focusing. Obviously, the rate of pulse broaden-
ing is larger for lenses with higher numerical aperture,
and accordingly such lenses have shorter depth of tem-
poral focus.
[0056] Thus, the technique of the present invention uti-
lizes an optical system configured to enable the temporal
manipulations of the exciting pulse profile. To this end,
the system merely uses a scattering surface (e.g. a thin
scattering plate) accommodated at the front focal plane
of the lens arrangement.
[0057] It should be noted that the input (exciting) beam
does not have to illuminate the entire scattering surface
simultaneously. Actually, it is advantageous to tilt the
beam, i.e. provide the input beam incidence on the scat-
tering surface with a certain non-zero angle of incidence.
As a result, the illuminating pulse, typically extending only
a few microns, scans across the scattering surface (and
its image then scans across the sample plane). The tilted
geometry introduces larger path length differences be-
tween rays arriving at any point, and thus has the effect
of reducing the depth of temporal focus. This geometry
is reminiscent of line scanning microscopy, only that the
full frame is scanned in a few picoseconds by the traveling
pulse itself. Considering diffraction effects, precise anal-
ysis yields that in an optimized system the depth of tem-
poral focus becomes identical with the spatial one [Mar-
tinez, O. E., 3000 times grating compressor with positive
group-velocity dispersion - application to fiber compen-
sation in 1.3-1.6mm region, IEEE J. Quantum Electronics
23, 59-64 (1987)]. Directing an input pulse onto the scat-
tering surface with a certain non-zero angle of incidence
results in that the focal plane of the objective lens ar-
rangement (image plane) is illuminated by means of a
moving illuminated line, which extends along the X-axis
(considering the scattering surface extends along the Y-
axis, and the optical axis OA is the Z-axis).
[0058] Reference is now made to Fig. 4A showing
schematically an experimental TPEF microscope setup
100 constructed and operated according to the invention.
Here, a light source assembly 12 included a Ti:Sapphire

laser oscillator 12A generating 10fs pulses B1 at a rep-
etition rate of 75MHz, and a beam expander 12B (an
achromatic X3 telescope) operating to spatially expand
the input pulse to a Gaussian shape with a diameter of
about 1.2cm. The so-expanded pulse was directed onto
a reflective patterned surface 20A (scatterer) of 300 l/mm
single-order grating 20, via a mirror 17, oriented so as to
direct the light pulse B1 onto the surface 20A at a certain
non-zero angle of incidence such that the central wave-
length of the pulse would be diffracted towards the optical
axis OA of the microscope 100. The surface 20A is ar-
ranged perpendicular to the optical axis OA. An optical
system 16 further includes a lens arrangement 23 and a
dichroic beam splitter 24. The lens arrangement 23 is in
the form of a high magnification telescope system includ-
ing a 20cm achromatic lens 23B and an XI00 NA=1.4
fluar objective (Zeiss) 23A, corresponding to a magnifi-
cation of about 125. The lenses 23A and 23B have focal
length f2 and f1, respectively, and are spaced from each
other at a distance (f1+f2). The wavelength-selective
beam splitter (dichroic mirror) 24 is accommodated be-
tween the lenses 23A and 23B. The scattering plate (grat-
ing) 20 is accommodated in a front focal plane of the lens
23B. It should be noted that the telescope setup used
the objective as the second lens, so that fluorescence
imaging can be performed in an epi-detected configura-
tion. The field of view is determined both by the spot size
on the grating and by the magnification of the telescope.
This setup produced a field of view of about 100mm in
diameter in the object plane (sample plane). The total
illumination energy per pulse was about 0.4nJ, corre-
sponding to an energy per pixel of the order of 0.01pJ
(this is about two orders of magnitude below a stringent
assessment of the damage thresholds [Hopt, A., Neher,
E., Highly nonlinear photodamage in two-photon fluores-
cence microscopy, Biophys. J. 80, 2029-2036 (2001)]).
In this experimental setup, a Zeiss axiovert inverted mi-
croscope was used as an imaging platform. A detection
unit 14 included a photomultiplier tube and a cooled in-
tensified CCD (which are not specifically shown). Epi-
detected fluorescence was either measured by the pho-
tomultiplier tube or imaged onto the CCD, via the dichroic
mirror 24 and a filter (not shown) located in front of the
detector for rejecting a spectral range of the exciting light.
[0059] A distance between the scattering surface 20A
and the objective lens 23A was slightly increased from
(f1+f2) (a few millimeters shift for a 20cm distance) in
order to compensate for both the chromatic aberration
of the objective and the material dispersion, so as to in-
duce TPEF at the visible focal plane of the objective. This
ensures maximal transverse resolution at a cost of a
slight decrease in the depth resolution.
[0060] According to another embodiment of the inven-
tion, it provides for the temporal focusing of an input pulse
combined with spatial focusing of the pulse along one
spatial axis (Y-axis). This is schematically exemplified in
Fig. 4B, showing an optical processing apparatus 200
including a light source assembly 12 formed by a light
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source 12A (e.g., laser) and optionally also by a beam
expander 12B; and an optical system 216 configured ac-
cording to the invention. Here, the optical system 216
includes a pulse manipulator unit 220 formed by a tem-
poral pulse manipulator (scatterer) 20 located in the front
focal plane of a lens arrangement 23, and also a spatial
pulse manipulator 30. The latter includes a mirror 17 and
a lens arrangement 19. The mirror 17 is orientable so as
to direct an input light pulse B1 onto the surface 20A at
a certain non-zero angle of incidence (as described
above). In the present example, the mirror 17 is rotatable
so as to provide the light pulse B1 displacement (scan-
ning) along the surface 20A. The lens arrangement 19,
which is configured as an anamorphic lens arrangement
(e.g., cylindrical lens), is accommodated in the optical
path of light reflected from mirror 17, and is oriented so
as to illuminate a line perpendicular to the grating
grooves. The spatial pulse manipulator 30 is thus oper-
able to produce a line image along the X-axis. This results
in a line illumination in a sample, but with higher depth
resolution, similar to that achievable by fast scanning
methods.
[0061] Fig. 5 illustrates the experimental results ob-
tained with the depth resolution of the scanningless TPEF
microscope 100 of Fig. 4A. In this experiment, a sample
was a 0.9mm layer of a two-photon fluorescent dye (Cou-
marin 515) in a polymer matrix spin-coated on a glass
slide. The total fluorescence signal from the 0.9mm thick
spin-coated fluorescent layer was measured as a func-
tion of the layer position along the Z-axis relative to the
objective focal plane. Fluorescence from an area of about
104mm2 was collected and measured with the photom-
ultiplier tube. An image of the illuminated area detected
by the CCD was then used to normalize for measured
signal intensity due to the Gaussian shape of the excita-
tion pulse. The measured FWHM is about 4.5mm, a result
comparable to that obtained for line scanning TPEF mi-
croscopy [Brakenhoff, G. J., Squier, J., Norris, T., Bliton,
A. C., Wade, M. H., Athey, B., Real-time two-photon con-
focal microscopy using a femtosecond, amplified,
Ti:Sapphire system, J. Microscopy 181, 253-259 (1995)].
The asymmetry in the depth response is due to the small
shift of the position of the grating 20 from the focal point
of the first telescope lens 23B, as described above. Due
to the large bandwidth of the excitation pulse, chromatic
aberrations induce some smearing of the focal depth
curve (of the order of 1 mm).
[0062] Figs. 6A-6I show scanningless depth-resolved
images of a Drosophila egg-chamber stained with DAPI,
a fluorescent groove-binding probe for DNA, whose ab-
sorption band is centered at 400nm. The images (optical
cross-sections) go from the bottom of the egg chamber
(Fig. 6A) to its top (Fig. 6H). The area of each image is
about 140x140mm. Images are separated by 5mm, ob-
tained by integrating the intensified CCD images for 30
seconds (integration time for each image). The intensifier
noise was subtracted from each image, and it was cor-
rected for spatial variations in the beam intensity assum-

ing a Gaussian beam profile.
[0063] Each egg chamber is comprised of 15 relatively
large nurse cells and a single oocyte, surrounded by a
coating layer of small follicle cells. The lateral resolution
of the images, determined by the numerical aperture of
the objective, is of the order of 0.25mm. The total area
covered is about 104mm2, corresponding to about
100,000 effective pixels. On both the bottom and top sec-
tions, follicle cells are observed, whose nuclei are ap-
proximately 3mm in diameter. The center images (Figs.
6B, E, H) show the nuclei of nurse cells, whose size is
of the order of 10mm, as well as the enveloping follicle
cells. A smaller egg-chamber is observed in Fig. 6C. The
image of Fig. 6I is one taken with the grating replaced by
a simple mirror; hence the pulse remains short every-
where. This results in a non-depth resolved image, to be
compared with the image of Fig. 6F. The entire egg-
chamber shows a strong out-of-focus background. The
relatively long integration time per frame can be over-
come by using more intense pulses. Indeed, using 1mJ
pulses at a repetition rate of 1KHz from a multipass am-
plifier system, allowed obtaining images of a similar qual-
ity at an integration time well below one second. It should
be noted that a 100mJ pulse, possibly broken into a burst
of sub-pulses lasting several picoseconds, may be used
to implement single-shot depth resolved imaging, where
the illumination takes less than one nanosecond.
[0064] In order to measure a maximal signal, the peak
intensity at the focal plane should be as high as possible,
yet remain below the damage threshold of biological
specimen [Brakenhoff, G. J., Squier, J., Norris, T., Bliton,
A. C., Wade, M. H., Athey, B., Real-time two-photon con-
focal microscopy using a femtosecond, amplified,
Ti:Sapphire system, J. Microscopy 181, 253-259 (1995)].
Lower repetition rate systems, such as extended cavity
lasers (operating at a few MHz) [Cho, S. H., Bouma, B.
E., Ippen, E. P., Fujimoto, J. G., Low-repetition-rate high-
peak-power Kerr-lens mode-locked Ti:A1203 laser with
a multiple-pass cavity, Opt. Lett. 24, 417-419 (1999)], or
high repetition rate amplifiers (typically operating at a few
hundred KHz) [Norris, T. B., Femtosecond pulse ampli-
fication at 250KHz with a Ti:Sapphire regenerative am-
plifier and application to continuum generation, Opt. Lett.
17, 1009-1011 (1992)] are well suited to work in this re-
gime. Extrapolating from the experiments described
above, using an extended cavity 30fs oscillator, deliver-
ing of about 50nJ pulses at 10MHz (a commercially avail-
able system), video-rate scanningless full frame TPEF
microscopy can be easily achieved.
[0065] Depth-resolved microscopy has been, for dec-
ades, practically synonymous with laser-scanning micro-
scopy. The technique of the present invention provides
for full-frame depth-resolved microscopy (or material
processing), using an extremely simple setup and stand-
ard components. The present invention may advanta-
geously be used in various applications. For example, a
scanningless setup can enable full-frame video-rate flu-
orescence lifetime imaging, simply by gating the CCD
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intensifier. Single-shot depth resolved microscopy of the
present invention would be able to capture extremely rap-
id dynamics, up to the nanosecond regime. The scan-
ningless setup also enables to utilize linear optical tech-
niques, such as structured illumination, e.g. structure il-
lumination microscopy [Gustaffson, M. G. L., Surpassing
the lateral resolution limit by a factor of two using struc-
tured illumination microscopy, J. Microscopy 198, 82-87
(2000)], leading to enhanced spatial resolution, in multi-
photon imaging applications. It should also be noted that
the technique of the present invention is not limited to
TPEF microscopy but can be used with practically any
multiphoton process, such as second-harmonic genera-
tion [Peleg, G., Lewis, A., Bouevitch, O., Loew, L., Par-
nas, D., Linial, M., Gigantic optical non-linearity’s from
nanoparticle-enhanced molecular probes with potential
for selectively imaging the structure and physiology of
nanometric regions in cellular systems, Bioimaging 4,
215 (1996)], third-harmonic generation [Barad, Y., Eisen-
berg, H, Horowitz, M., Silberberg, Y., Nonlinear scanning
laser microscopy by third harmonic generation, Appl.
Phys. Lett. 70, 922-924 (1997); Muller, M., Squier, J.,
Wilson, K. R., Brakenhoff, G. J., 3D microscopy of trans-
parent objects using third harmonic generation, J. Micro-
scopy 191, 266-274 (1998)] or coherent anti-Stokes Ra-
man scattering [Duncan, M. D., Reintjes, J, Manuccia, T.
J., Scanning coherent anti-Stokes Raman microscope,
Opt. Lett. 7, 350-352 (1982); Zumbusch, A., Holtom, G.
R., Xie, X. S., Three-dimensional vibrational imaging by
coherent anti-Stokes Raman scattering, Phys. Rev. Lett.
82, 4142-4145 (1999)].
[0066] Moreover, as indicated above, the present in-
vention is not limited to imaging systems, but can also
be used for material processing, e.g. simultaneous
depth-resolved modification of a transparent substrate
by femtosecond radiation. For example, the material
processing may be aimed at creating a pattern in a me-
dium, e.g. forming a waveguide or a multiple-waveguide
configuration. Generally speaking, the material process-
ing is based on inducing a change in the refraction index
of a medium, e.g. local changes in selective locations of
the medium. To this end, a similar optical setup as de-
scribed above is used, just operable with higher illumi-
nation intensities as those used for example for recording
in an information carrier (e.g. described in "Three-dimen-
sional optical storage inside transparent materials", E.
N. Glezer et al., Opt. Lett., 21, 2023-2025 (1996)).
[0067] Those skilled in the art will readily appreciate
that various modifications and changes may be applied
to the embodiments of the invention as hereinbefore de-
scribed without departing from its scope defined in and
by the appended claims.

Claims

1. An optical system for use in a multi-photon micro-
scope for imaging a sample, the optical system com-

prising a light source assembly (12) configured to
generate input pulse of predetermined initial duration
in the femtosecond range an imaging lens arrange-
ment (23), a detector unit (14), a splitter (24) and a
pulse manipulator arrangement (20; 220), the pulse
manipulator arrangement (20; 220) comprising a
temporal pulse manipulator unit (20) comprising a
scattering surface (20A) which is accommodated in
an optical path (B1) of the input pulse of said prede-
termined initial duration, the pulse manipulator ar-
rangement (20; 220) being configured to provide a
certain non-zero angle of incidence of said input
pulse onto the surface (20A), which is configured to
affect trajectories of light components of the input
pulse impinging thereon so as to direct the light com-
ponents towards an optical axis (OA) of the lens ar-
rangement (23) along different optical paths, said
surface (20A) being accommodated in a front focal
plane of the imaging lens arrangement (23), thereby
enabling to restore the predetermined initial duration
of the input pulse at an imaging plane (IP), where
the sample is located and the splitter (24) being ar-
ranged to direct the light response of the sample onto
the detector unit (14).

2. The system of Claim 1, wherein the scattering sur-
face (20A) is extending perpendicular to the optical
axis (OA) of the imaging lens arrangement (23).

3. The system of Claim 1, wherein the scattering sur-
face (20A) is configured as a patterned surface (20A)
extending perpendicular to the optical axis (OA) of
the imaging lens arrangement (23) said patterned
surface (20A) is configured to provide a directional
scattering.

4. The system of Claim 3, wherein the patterned sur-
face (20A) has at least one of the following configu-
rations: (a) it is a surface of a plate-like structure; (b)
it is a reflective surface directly exposed to the input
pulse; (c) it is a surface of a diffraction grating struc-
ture.

5. The system of Claim 3, wherein the patterned sur-
face (20A) is a surface of a plate-like structure sub-
stantially transparent for a spectral range of said in-
put pulse, the optical system being configured to ex-
pose an opposite surface of said plate-like structure
to the input pulse.

6. The system of Claim 3, wherein the patterned sur-
face (20A) is a surface of a diffraction grating con-
figured to define a single diffraction order.

7. The system of any one of preceding Claims, wherein
the pulse manipulator arrangement (220) comprises
a spatial pulse manipulator unit (30).
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8. The system of Claim 7, wherein the spatial pulse
manipulator unit (30) is accommodated in an optical
path of the input pulse propagating towards the scat-
tering surface (20A) and is configured for focusing
the input pulse in the form of a line extending along
a first axis parallel to the scattering surface (20A).

9. The system of Claim 7, wherein the spatial pulse
manipulator unit (30) is accommodated in an optical
path of the input pulse propagating towards the scat-
tering surface (20A).

10. The system of Claim 9, wherein the spatial pulse
manipulator unit (30) is configured to displace the
input pulse along said scattering surface (20A) while
spatially shaping the input pulse to produce a line
image.

11. The system of Claim 10, wherein the spatial pulse
manipulator unit (30) has one of the following con-
figurations: comprises a scanner and an anamorphic
optics; and comprises a rotatable mirror (17) and a
cylindrical lens (19).

12. The system of Claim 9, wherein the scattering sur-
face (20A) is configured for temporal focusing of the
input pulse, and the spatial pulse manipulator unit
(30) is configured for spatial focusing of said input
pulse along one spatial axis.

13. The system of any one of preceding Claims, wherein
the imaging lens arrangement (23) is configured as
a high magnification telescope system.

14. The system of Claim 13, wherein the imaging lens
arrangement (23) comprises an achromatic lens
(23B), and an objective lens (23A) located down-
stream of the achromatic lens (23B) with respect to
a direction of the input pulse propagation through
the system.

15. The system according to any one of the preceding
claims, wherein, in an imaging plane, an illuminating
pulse of said predetermined initial duration illumi-
nates a region which is many orders of magnitude
larger than a diffraction-limited spot of the imaging
lens arrangement (23).

16. A multi-photon microscope comprising the optical
system of any one of Claims 1 to 15.

17. A method for multi-photon imaging of a sample using
the optical system of claim 1.

18. A method for multi-photon optical processing of a
sample (S), the method comprising: directing a sin-
gle input pulse of a predetermined initial duration in
the femtosecond range onto a scattering surface

(20A) accommodated in a front focal plane of an im-
aging lens arrangement (23) and extending perpen-
dicular to an optical axis (OA) of the imaging lens
arrangement (23), thereby affecting a duration of the
pulse at any point downstream of said scattering sur-
face (20A) with respect to the pulse propagation to-
wards an imaging plane (IP) where the sample (S)
is located, thereby causing restoration of the prede-
termined initial pulse duration in the imaging plane
(IP), a region illuminated by the initial pulse as re-
stored in the imaging plane (IP) being significantly
larger than a diffraction-limited spot of the imaging
lens arrangement (23).

Patentansprüche

1. Ein optisches System zur Verwendung in einem Mul-
ti-Photonen-Mikroskop zur Abbildung einer Probe,
wobei das optische System Folgendes umfasst: ei-
nen Lichtquellenaufbau (12), ausgebildet, um einen
Eingangsimpuls von vordefinierter Anfangsdauer im
Femtosekundenbereich zu erzeugen, einen Abbil-
dungslinsenaufbau (23), eine Detektoreinheit (14),
einen Splitter (24) und einen Impulsmanipulatorauf-
bau (20; 220), wobei der Impulsmanipulatoraufbau
(20; 220) eine Zeitimpuls-Manipulatoreinheit (20)
umfasst, die eine Streuoberfläche (20A) umfasst,
welche sich in einem optischen Pfad (B1) des Ein-
gangsimpulses mit der vordefinierten Anfangsdauer
befindet, wobei der Impulsmanipulatoraufbau (20;
220) ausgebildet ist, um einen bestimmten Auftreff-
winkel, der nicht null ist, des Eingangsimpulses auf
die Oberfläche (20A) zu liefern, welche ausgebildet
ist, um Trajektorien von Lichtkomponenten des Ein-
gangsimpulses, der darauf auftrifft, so zu beeinflus-
sen, dass die Lichtkomponenten entlang verschie-
dener optischer Pfade zu einer optischen Achse
(OA) des Linsenaufbaus (23) hin gelenkt werden,
wobei die Oberfläche (20A) sich in einer vorderen
Brennebene des Abbildungslinsenaufbaus (23) be-
findet, somit ermöglichend, die vordefinierte An-
fangsdauer des Eingangsimpulses auf einer Abbil-
dungsebene - imaging plane, IP - wiederherzustel-
len, wo die Probe positioniert ist, und wobei der Split-
ter (24) angeordnet ist, um die Lichtreaktion der Pro-
be auf die Detektoreinheit (14) zu lenken.

2. Das System gemäß Anspruch 1, wobei die Streuo-
berfläche (20A) sich senkrecht zu der optischen Ach-
se (OA) des Abbildungslinsenaufbaus (23) erstreckt.

3. Das System gemäß Anspruch 1, wobei die Streuo-
berfläche (20A) als gemusterte Oberfläche (20A)
ausgebildet ist, die sich senkrecht zur optischen Ach-
se (OA) des Abbildungslinsenaufbaus (23) erstreckt,
wobei die gemusterte Oberfläche (20A) ausgebildet
ist, um für eine Richtungsstreuung zu sorgen.

19 20 



EP 1 789 828 B1

12

5

10

15

20

25

30

35

40

45

50

55

4. Das System gemäß Anspruch 3, wobei die gemus-
terte Oberfläche (20A) mindestens eine der folgen-
den Konfigurationen hat: (a) sie ist eine Oberfläche
mit plattenartiger Struktur; (b) sie ist eine reflektie-
rende Oberfläche, die dem Eingangsimpuls direkt
ausgesetzt ist; (c) sie ist eine Oberfläche einer Beu-
gungsgitterstruktur.

5. Das System gemäß Anspruch 3, wobei die gemus-
terte Oberfläche (20A) eine Oberfläche mit einer
plattenartigen Struktur ist, die im Wesentlichen
transparent für einen Spektralbereich des Eingang-
simpulses ist, wobei das optische System ausgebil-
det ist, um eine gegenüberliegende Oberfläche der
plattenartigen Struktur dem Eingangsimpuls auszu-
setzen.

6. Das System gemäß Anspruch 3, wobei die gemus-
terte Oberfläche (20A) eine Oberfläche eines Beu-
gungsgitters ist, das ausgebildet ist, um eine einzige
Beugungsordnung zu bestimmen.

7. Das System gemäß einem beliebigen der obigen An-
sprüche, wobei der Impulsmanipulatoraufbau (220)
eine räumliche Impulsmanipulatoreinheit (30) um-
fasst.

8. Das System gemäß Anspruch 7, wobei die räumliche
Impulsmanipulatoreinheit (30) in einem optischen
Pfad des Eingangsimpulses positioniert ist, der sich
zu der Streuoberfläche (20A) ausbreitet, und konfi-
guriert ist, um den Eingangsimpuls in Form einer Li-
nie zu fokussieren, die sich entlang einer ersten Ach-
se parallel zu der Streuoberfläche (20A) erstreckt.

9. Das System gemäß Anspruch 7, wobei die räumliche
Impulsmanipulatoreinheit (30) in einem optischen
Pfad des Eingangsimpulses positioniert ist, der sich
zu der Streuoberfläche (20A) ausbreitet.

10. Das System gemäß Anspruch 9, wobei die räumliche
Impulsmanipulatoreinheit (30) konfiguriert ist, um
den Eingangsimpuls entlang der Streuoberfläche
(20A) zu verschieben und gleichzeitig den Eingang-
simpuls räumlich zu formen, um eine Linienabbil-
dung zu erzeugen.

11. Das System gemäß Anspruch 10, wobei die räum-
liche Impulsmanipulatoreinheit (30) eine der folgen-
den Konfigurationen hat: sie umfasst einen Scanner
und eine anamorphotische Optik; und sie umfasst
einen drehbaren Spiegel (17) und eine Zylinderlinse
(19).

12. Das System gemäß Anspruch 9, wobei die Streuo-
berfläche (20A) für die zeitliche Fokussierung des
Eingangsimpulses konfiguriert ist und die räumliche
Impulsmanipulatoreinheit (30) für die räumliche Fo-

kussierung des Eingangsimpulses entlang einer
Raumachse konfiguriert ist.

13. Das System gemäß einem beliebigen der obigen An-
sprüche, wobei der Abbildungslinsenaufbau (23) als
Teleskopsystem mit starker Vergrößerung ausgebil-
det ist.

14. Das System gemäß Anspruch 13, wobei der Abbil-
dungslinsenaufbau (23) eine achromatische Linse
(23B) und eine Objektivlinse (23A) umfasst, die sich
mit Bezug auf eine Richtung der Eingangsimpuls-
Ausbreitung durch das System stromabwärts von
der achromatischen Linse (23B) befindet.

15. Das System gemäß einem beliebigen der obigen An-
sprüche, wobei in einer Abbildungsebene ein Be-
leuchtungsimpuls mit der vordefinierten Anfangs-
dauer einen Bereich beleuchtet, welcher viele Grö-
ßenordnungen größer ist als ein beugungsbegrenz-
ter Punkt des Abbildungslinsenaufbaus (23).

16. Ein Multi-Photonen-Mikroskop, das das optische
System gemäß einem beliebigen der Ansprüche 1
bis 15 umfasst.

17. Ein Verfahren zur Multi-Photonen-Abbildung einer
Probe mit Hilfe des optischen Systems gemäß An-
spruch 1.

18. Ein Verfahren zur optischen Multi-Photonen-Verar-
beitung einer Probe (S), wobei das Verfahren Fol-
gendes umfasst: Richten eines einzigen Eingang-
simpulses mit vordefinierter Anfangsdauer im Fem-
tosekundenbereich auf eine Streuoberfläche (20A),
die sich in einer vorderen Brennebene eines Abbil-
dungslinsenaufbaus (23) befindet und sich senk-
recht zu einer optischen Achse (OA) des Abbildungs-
linsenaufbaus (23) erstreckt, wodurch eine Dauer
des Impulses an einem beliebigen Punkt stromab-
wärts von der Streuoberfläche (20A) mit Bezug auf
die Impulsausbreitung zu einer Abbildungsebene
(IP) hin beeinflusst wird, wo die Probe (S) positioniert
ist, wodurch eine Wiederherstellung der vordefinier-
ten Anfangsdauer des Impulses auf der Abbildungs-
ebene (imaging plane, IP) ausgelöst wird, wobei ein
Bereich, der von dem Anfangsimpuls beleuchtet
wird, wie er in der Abbildungsebene (IP) wiederher-
gestellt ist, signifikant größer ist als ein beugungs-
begrenzter Punkt des Abbildungslinsenaufbaus
(23).

Revendications

1. Système optique destiné à être utilisé dans un mi-
croscope multiphotonique pour l’imagerie d’un
échantillon, le système optique comprenant un en-
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semble source de lumière (12) configuré pour géné-
rer une impulsion d’entrée d’une durée initiale pré-
déterminée dans le domaine des femtosecondes, un
agencement de lentilles d’imagerie (23), une unité
de détection (14), un diviseur (24) et un agencement
manipulateur d’impulsions (20 ; 220), l’agencement
manipulateur d’impulsions (20 ; 220) comprenant
une unité de manipulation temporelle d’impulsions
(20) comprenant une surface diffusante (20A) qui
est logée dans un chemin optique (B1) de l’impulsion
d’entrée de ladite durée initiale prédéterminée,
l’agencement manipulateur d’impulsions (20 ; 220)
étant configuré pour assurer un certain angle d’inci-
dence non nul de ladite impulsion d’entrée sur la
surface (20A), qui est configurée pour influer sur les
trajectoires de composantes lumineuses de l’impul-
sion d’entrée incidente sur elle de manière à diriger
les composantes lumineuses vers un axe optique
(OA) de l’agencement de lentilles (23) le long de dif-
férents chemins optiques, ladite surface (20A) étant
logée dans un plan focal avant de l’agencement de
lentilles d’imagerie (23), ce qui permet de rétablir la
durée initiale prédéterminée de l’impulsion d’entrée
au niveau d’un plan d’imagerie (IP) dans lequel
l’échantillon est situé, et le diviseur (24) étant conçu
pour diriger la réponse lumineuse de l’échantillon
vers l’unité de détection (14).

2. Système selon la revendication 1, dans lequel la sur-
face diffusante (20A) s’étend perpendiculairement à
l’axe optique (OA) de l’agencement de lentilles
d’imagerie (23).

3. Système selon la revendication 1, dans lequel la sur-
face diffusante (20A) est configurée sous la forme
d’une surface à motif (20A) s’étendant perpendicu-
lairement à l’axe optique (OA) de l’agencement de
lentilles d’imagerie (23), ladite surface à motif (20A)
étant configurée pour assurer une diffusion direc-
tionnelle.

4. Système selon la revendication 3, dans lequel la sur-
face à motif (20A) présente au moins une des con-
figurations suivantes : (a) elle est une surface d’une
structure du type lame ; (b) elle est une surface ré-
fléchissante directement exposée à l’impulsion
d’entrée ; (c) elle est une surface d’une structure de
réseau de diffraction.

5. Système selon la revendication 3, dans lequel la sur-
face à motif (20A) est une surface d’une structure
du type lame sensiblement transparente pour un do-
maine spectral de ladite impulsion d’entrée, le sys-
tème optique étant configuré pour exposer une sur-
face opposée de ladite structure du type lame à l’im-
pulsion d’entrée.

6. Système selon la revendication 3, dans lequel la sur-

face à motif (20A) est une surface d’un réseau de
diffraction configuré pour définir un seul ordre de dif-
fraction.

7. Système selon l’une quelconque des revendications
précédentes, dans lequel l’agencement manipula-
teur d’impulsions (220) comprend une unité de ma-
nipulation spatiale d’impulsions (30).

8. Système selon la revendication 7, dans lequel l’unité
de manipulation spatiale d’impulsions (30) est logée
dans un chemin optique de l’impulsion d’entrée se
propageant vers la surface diffusante (20A) et est
configurée pour focaliser l’impulsion d’entrée sous
la forme d’une ligne s’étendant le long d’un premier
axe parallèle à la surface diffusante (20A).

9. Système selon la revendication 7, dans lequel l’unité
de manipulation spatiale d’impulsions (30) est logée
dans un chemin optique de l’impulsion d’entrée se
propageant vers la surface diffusante (20A).

10. Système selon la revendication 9, dans lequel l’unité
de manipulation spatiale d’impulsions (30) est con-
figurée pour déplacer l’impulsion d’entrée le long de
ladite surface diffusante (20A) tout en mettant spa-
tialement en forme l’impulsion d’entrée afin de pro-
duire une image linéaire.

11. Système selon la revendication 10, dans lequel l’uni-
té de manipulation spatiale d’impulsions (30) pré-
sente l’une des configurations suivantes : comprend
un dispositif de balayage et une optique
anamorphique ; et comprend un miroir rotatif (17) et
une lentille cylindrique (19).

12. Système selon la revendication 9, dans lequel la sur-
face diffusante (20A) est configurée pour une foca-
lisation temporelle de l’impulsion d’entrée, et l’unité
de manipulation spatiale d’impulsions (30) est con-
figurée pour une focalisation spatiale de ladite im-
pulsion d’entrée le long d’un axe spatial.

13. Système selon l’une quelconque des revendications
précédentes, dans lequel l’agencement de lentilles
d’imagerie (23) est configuré sous la forme d’un sys-
tème télescopique à fort grossissement.

14. Système selon la revendication 13, dans lequel
l’agencement de lentilles d’imagerie (23) comprend
une lentille achromatique (23B), et une lentille de
focalisation (23A) située en aval de la lentille achro-
matique (23B) relativement à une direction de pro-
pagation de l’impulsion d’entrée à travers le systè-
me.

15. Système selon l’une quelconque des revendications
précédentes, dans lequel, dans un plan d’imagerie,
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une impulsion d’éclairage de ladite durée initiale pré-
déterminée éclaire une région qui est plusieurs or-
dres de grandeur plus grande qu’une tache limitée
par la diffraction de l’agencement de lentilles d’ima-
gerie (23).

16. Microscope multiphotonique comprenant le système
optique selon l’une quelconque des revendications
1 à 15.

17. Procédé d’imagerie multiphotonique d’un échan-
tillon à l’aide du système optique selon la revendi-
cation 1.

18. Procédé de traitement optique multiphotonique d’un
échantillon (S), le procédé consistant à : diriger une
impulsion d’entrée unique, d’une durée initiale pré-
déterminée dans le domaine des femtosecondes,
vers une surface diffusante (20A) logée dans un plan
focal avant d’un agencement de lentilles d’imagerie
(23) et s’étendant perpendiculairement à un axe op-
tique (OA) de l’agencement de lentilles d’imagerie
(23), ce qui permet d’influer sur une durée de l’im-
pulsion en tout point en aval de ladite surface diffu-
sante (20A) relativement à la propagation de l’impul-
sion vers un plan d’imagerie (IP) dans lequel l’échan-
tillon (S) est situé, ce qui permet de provoquer un
rétablissement de la durée d’impulsion initiale pré-
déterminée dans le plan d’imagerie (IP), une région
éclairée par l’impulsion initiale rétablie dans le plan
d’imagerie (IP) étant sensiblement plus grande
qu’une tache limitée par la diffraction de l’agence-
ment de lentilles d’imagerie (23).
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