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Good femtosecond fiber laser performance is achieved by producing picosecond Raman shifted pulses of sufficient intensity to
undergo self-phase modulation (SPM), thus causing the pulses to advantageously spread spectrally, which then makes it possible
to temporally compress the pulses with an optical compressor to produce femtosecond pulses with high peak power.
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Abstract:

Good femtosecond fiber laser performance is achieved by producing picosecond Raman shifted
pulses of sufficient intensity to undergo self-phase modulation (SPM), thus causing the pulses to
advantageously spread spectrally, which then makes it possible to temporally compress the pulses
with an optical compressor to produce femtosecond pulses with high peak power.
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FEMTOSECOND LASER SOURCE AND MULTIPHOTON MICROSCOPE
Technical Field

[001] This disclosure relates to laser sources, more particularly to femtosecond pulse duration
laser sources, and to multiphoton microscopy.

Background

[002] A common application of tunable sources of femtosecond laser pulses is in multi-
photon microscopy (MPM) for biological imaging. MPM is a nonlinear microscopy technique
used to image deep layers in living tissues with submicrometer spatial resolution. In this technique,
high-peak-power pulses of pulsed lasers are focused to high intensities to drive multi-photon
absorption in molecules used as fluorescent labels. It has been reported that the optimum
penetration depth in tissue is dependent on the excitation wavelength of the laser. It is thus
advantageous in an analysis if two or more pulses at different wavelengths were used to image
simultaneously different structures of the tissue, for example, brain tissue.

[003] The development of various fluorescent indicators, particularly genetically engineered
probes based on fluorescent proteins, has further enhanced the capabilities of MPM. There are
several fluorescent proteins that can be excited by multi-photon absorption in the near-infrared
(NIR) region of the electromagnetic spectrum. These include green fluorescent proteins and red
fluorescent proteins that can be excited by pulsed lasers with central wavelengths ranging from
900 nm to 1300 nm. In each case, the absorption band of the fluorophore is sufficiently wide that
there is a tolerance of about +30 nm or greater around a nominal peak within which the fluorophore
can be effectively excited.

[004] Ultrafast lasers employing solid-state gain media are the most commonly used sources
for this application. This is mainly due to the very broad gain bandwidth of such lasers. Titanium-
doped sapphire (Ti:sapphire) lasers, in which laser oscillation can be achieved over a wavelength
range between about 650 nm and 1080 nm, are the most commonly used lasers. These laser sources
are relatively expensive due to the fact that the gain media are pumped by expensive visible
continuous wave (CW) lasers. The lasers operate at about 100 MHz and with pulse energies in the
20-30 nJ range. A wider wavelength tuning range can be achieved by using a Ti:sapphire laser as
a pump together with an optical parametric oscillator (OPO). However, these lasers are large and

€VeIl IOore expensive.
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[005] Fiber lasers are attractive for imaging applications as their all-fiber architecture
eliminates the need for precise optical alignment, ensures good beam quality and makes them
inherently suitable for integration with endoscopic instruments. In addition, since their fiber gain
media are efficient, these lasers can easily supply the power needed for bioimaging.

[006] Recently demonstrated femtosecond ytterbium (Yb)-based fiber lasers can match, and
even exceed, the performance of solid-state lasers at one wavelength. However, presently, fiber-
based systems lack the tunability of solid-state lasers.

[007] Pulses having wavelengths spanning the above-mentioned NIR range can be provided
by using an ultrafast fiber laser or fiber master-oscillator power amplifier (MOPA) to pump an
OPO. This, however, adds another layer of cost and complexity to the laser system. Furthermore,
only one wavelength can be generated at any one time.

[008] Raman fiber lasers are an excellent alternative to extend the output wavelength range
of Yb-based fiber lasers to cover the region between 1100 nm and 1300 nm. Various approaches
have been proposed to convert the cutput power from doped fiber gain regions to wavelengths in
the 1100 to 1300 nm range. One way to achieve this is to use stimulated Raman scattering (SRS)
in the fiber itself. This is achieved with either a Raman fiber laser, where a resonator is built for
one wavelength or, with a single-pass Raman fiber amplifier, where a seed signal is amplified by
SRS through interaction with an intense pulsed pump. Using the latter architecture, Raman pulses
of narrow line-width have been generated by using an Yb fiber amplifier to amplify a pulsed source
in the Yb gain band to provide the intense pump and then combining this with a low-power seed
at a Raman-shifted wavelength to propagate in an un-doped Raman optical fiber or a
phosphosilicate (p-doped) Raman fiber. In all these demonstrations, the output of the system
consisted of a single wavelength at a time with, in cases where the output pulses were to be
frequency doubled, special attention being paid to keeping the spectral bandwidth of the pulses as
narrow as possible to achieve highly-efficient second harmonic generation (SHG). The temporal
duration of the demonstrated pulses ranged from a few hundred picoseconds to about a
nanosecond.

[009] However, it is known that protein fluorescence is proportional to the peak power of
pulses, which would require 10-100 kW to have effective fluorescence. The individual pulse
energy of picosecond lasers with peak powers in this range is high and, when operating at repetition

rates of a few MHz, would result in high average power values. This may, however, lead to tissue
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damage which is proportional to the average power of the system. Reducing the repetition rate of
picosecond lasers to the kHz range would help avoid the tissue damage;, however, this would
increase the time required to collect images. It is thus preferable to use femtosecond laser systems
for MPM due to the fact that high peak power pulses can be achieved while maintaining low
average power values at MHz repetition rates.

Summary

[0010] Applicant has discovered that good femtosecond fiber laser performance can be
achieved by producing picosecond Raman shifted pulses of sufficient intensity to undergo self-
phase modulation (SPM), thus causing the pulses to advantageously spread spectrally, which then
makes it possible to temporally compress the pulses with an optical compressor to produce
femtosecond pulses with high peak power.

[0011] In some embodiments, a femtosecond laser system may have a pump laser source
emitting a train of picosecond-range optical pump pulses which are then amplified in at least one
fiber amplifier. At least one CW seed source, with a wavelength longer than that of the pump
source, is coupled to a length of optical fiber along with the amplified output of the pump laser
source so that the emission from the CW seed source co-propagates with the train of picosecond-
range optical pump pulses, and at least one Raman shift conversion takes place in the length of
fiber to produce picosecond pulses, at the wavelength of the CW seed source, of sufficient peak
intensity that SPM of the Raman shifted pulses takes place in the length of fiber to advantageously
produce a spectrally-broadened pulse train of picosecond-range optical pulses. At least one optical
pulse compressor is used to temporally compress the spectrally-broadened pulse train of
picosecond-range optical pulses to a train of femtosecond-range duration pulses. In this way, the
peak power of the train of picosecond-range optical pump pulses leads to efficient Raman
conversion and SPM of the Raman shifted pulses in the length of optical fiber so that the optical
compressor can efficiently provide the train of femtosecond-range pulses at the wavelength of the
Raman shifted pulses.

[0012] The pump laser source may comprise at least one optical fiber amplifier. The pump
laser source may comprise a mode-locked laser. The laser system may further comprise a switch
for controlling the CW seed source so that emission of femtosecond-range pulses can be controlled

by the switch.
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[0013] The laser system may further comprise a controller for said switch for temporally
modulating the CW seed source for selecting a variable repetition rate for the train of femtosecond-
range pulses comprising emission at a wavelength corresponding to said Raman shift.

[0014] The laser system may have two CW sced sources, the train of femtosecond-range pulses
may have emission at the two CW seed wavelengths, corresponding to two Raman shifts.

[0015] The controller may control the switch for temporally modulating the CW seed sources
for emitting femtosecond pulses alternating between the two seed source wavelengths.

[0016] The controller may select between zero, one and two Raman shift wavelengths being
present in said train of femtosecond-range pulses.

[0017] The at least one optical fiber amplifier may comprise a by-pass optical fiber amplifier
whose output by-passes the length of optical fiber in which the at least one Raman shift conversion
takes place and is propagated in a second length of optical fiber to be spectrally broadened via
SPM.

[0018] The length of optical fiber in which the at least one Raman shift conversion takes place
may comprise phosphorous-dcped silica optical fiber.

[0019] The length of optical fiber in which the at least one Raman shift conversion takes place
may comprise silica optical fiber.

[0020] The at least one CW seed source can be launched into the at least one of the at least one
optical fiber amplifier to propagate together with the train of picosecond-range optical pump pulses
through the fiber amplifier and then into the length of optical fiber in which the at least onc Raman
shift conversion takes place.

[0021] The at least one optical pulse compressor can be wavelength tunable.

[0022] In other embodiments, a multi-photon microscope comprises a laser system as
described above and a controller for receiving user input for defining an operation of the at least
one CW seed source to define at least one of the at least one wavelength of the Raman shifted
pulses and a repetition rate of the Raman shifted pulses at the at least one defined wavelength. The
controller for receiving user input can define both the wavelength of the Raman shifted pulses and
the repetition rate of the Raman shifted pulses at the at least one wavelength defined by the
controller.

Brief Description of the Drawings

CA 03168121 2022-8-16



10

15

20

25

30

WO 2021/243435 PCT/CA2020/051489

[0023] The invention will be better understood by way of the following detailed description of
embodiments of the invention with reference to the appended drawings, in which:

[0024] Fig. 1is a schematic diagram of a femtosecond laser having two seed sources, a Raman
fiber amplifier and no by-pass fiber amplitier for pulses generated by the MOPA;

[0025] Fig. 2 is a graph schematically illustrating measured intensity as a function of
wavelength (spectrum) of the seed lasers collected from the Raman fiber amplifier in the apparatus
of Fig. 1;

[0026] Fig. 3 is a graph schematically illustrating measured intensity as a function of
wavelength (spectrum) of Raman-pulses obtained from an experimental version of the apparatus
of Fig. 1;

[0027] Fig. 4 1s a schematic diagram of a femtosecond laser having two seed sources, a Raman
fiber amplifier and a by-pass fiber amplifier for pulses generated by the MOPA;

[0028] Fig. 5 is a two-dimensional view schematically depicting a spectrally-selective pulse-
compressor according to a first embodiment;

[0029] Fig. 6 is a reproduction of an autocorrelation-trace of a pulse formed by selecting 20
nm of the 1189.5 nm spectral-band of Fig. 3 after compression in the spectrally selective pulse-
compressor; and

[0030] Fig. 7 is a two-dimensional view schematically depicting the spectrally-selective pulse-
compressor.

Detailed Description

[0031] Fig. 1 schematically illustrates a preferred embodiment of apparatus providing a single-
wavelength or multi-wavelength Raman femtosecond laser source. The apparatus includes a
picosecond fiber-MOPA 1A, either one or two CW seed lasers 3 and 4 (more than two CW seed
sources can be used), a fiber Raman amplifier 6A and spectrally selective pulse-compressor 7. This
system as illustrated can deliver femtosecond pulses to a target, for example, within the response
time of a CCD, at one or more wavelengths corresponding to the CW seed wavelength(s).

[0032] Fiber MOPA 1A includes a pump laser source 1 arranged to deliver a train of single-
mode, picosecond pulses at a pulse repetition frequency (PRF) from few MHz to about 100 MHz.
These pulses can be amplified by a first fiber-amplifier 2 and can be combined with the CW seed
laser output(s) and can then be delivered to a second fiber-amplifier 5SA. The output of fiber-

amplifier SA is then launched into a fiber Raman amplifier 6A where the propagation of the

CA 03168121 2022-8-16



10

15

20

25

30

WO 2021/243435 PCT/CA2020/051489

amplified pump pulses together with the optical power from the CW seed laser(s) leads to
stimulated Raman scattering (SRS) (spectral shift) of the pump pulses resulting in the formation
and growth of high-peak-power optical pulses at the seed laser wavelength(s) and the subsequent
SPM spectral broadening of these Raman shifted pulses along the length of fiber Raman amplifier
6A. The output pulses are then directed to a pulse-compressor 7. In the spectrally selective pulse-
compressor 7, the duration of the pulses is (temporally) compressed to value between about 80 fs
and about 300 fs.

[0033] As indicated in Fig. 1, the pulses from source 1 as amplified by amplifier 2 can be
approximately 13 ps in width, namely full-width half-maximum (FWHM). Their spectral
bandwidth can be about 0.2 nm. Following Raman conversion to the seed wavelength in the length
of fiber 6A, the pulse width broadens temporally by a small amount, for example to about 15 ps,
however, the spectral broadening is significant, namely to about 10 nm (a factor of 5).

[0034] The fiber Raman amplifier 6A could be based on silica or p-doped silica fiber. The
silica and p-doped fibers differ in their Raman gain properties. The silica fiber possesses a rather

1 However, the Raman

broad Raman gain band (~100 ¢m™') and a Raman shift peak of ~440 ¢cm™
spectrum of p-doped silica fibers has an additional, with respect to silica fibers, narrow band peak,
shifted by 1320 cm™! (which is approximately three times larger than the frequency shift in silica
fibers).

[0035] In one example of fiber-MOPA 1A, pump laser source 1 is a Yb-doped fiber-oscillator
which delivers pulses at a wavelength of about 1030 nm £1 nm. The oscillator delivers (at point A
in Fig. 1) pulses having a FHWM duration of about 13 ps at a PRF of about 30 MHz. The pulses
have a FWHM spectral bandwidth of about 0.23 nm. The average power of the pulse train at point
A is about 16 mW. The two CW seed lasers 3 and 4 are centered at wavelengths of about 1090 nm
and 1189.5 nm, respectively. The cheice of the wavelengths is based on the shifts of the Raman
gain peaks of the fiber comprising the fiber Raman amplifier 6A, and the number of wavelengths
can be one or many. Fig. 2 is a graph schematically illustrating measured intensity as a function of
wavelength (spectrum) of CW seed lasers 3 and 4.

[0036] At point B, following amplification in amplifier 2, the pulse-train has an average power
of about 70 mW (more than four times gain). At point C, following amplification in amplifier 5A,
the pulse-train has an average power of about 1.1 W (a gain of more than 15), the pulse bandwidth

is about 1 nm (this is about four times greater than prior to amplification), and the pulse-duration
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is about 15 ps (an increase of about 15%). A length of p-doped optical fiber 6A (for example, about
55 m long) is arranged to receive the amplified optical pump pulses combined with CW power
from seed lasers 3 and/or 4 and spectrally convert the pulses by SRS into the selected central
wavelengths of the CW seed lasers 3 and/or 4. The wavelength of CW seed laser 3 is centered
close to the silica first-Stokes Raman-shift gain peak of p-doped fiber (Raman shift peak =440 cm’
1) and that of CW seed laser 4 is centered close to the phosphorous first-Stokes Raman-shift peak
of p-doped fiber (Raman shift peak = 1320 cm™). As the Raman shifted pulses are being amplified
to high peak powers as they propagate along the length of fiber of fiber Raman amplifier 6A, they
undergo spectral broadening due to SPM, resulting in the output pulses having a bandwidth
sufficient for the generation of femtosecond pulses.

[0037] Fig. 3 is a graph illustrating the measured intensity as a function of wavelength
(spectrum) at the output of fiber Raman amplifier 6A, showing the spectra of the Raman pulses
obtained from an experimental version of the apparatus of Fig. 1. The bandwidth of Raman pulses
generated from this fiber-MOPA at 1090 nm is 13 nm, while the bandwidth of the Raman pulses
at 1190 nm is 10 nm. This means that the Raman pulses have been spectrally broadened by a factor
of approximately 10 to 13 times. More than half of the total power is in the wavelength bands
around 1090 nm and 1189.5 nm. Following the passage through pulse-compressor 7, the pulse-
duration is reduced to about 150 fs. The peak power of the compressed Raman pulses is about 80
kilowatts (kW).

[0038] It is also possible to select CW seed laser 3 with a central wavelength at 1130 nm and
CW seed laser 4 at a wavelength of 1189.5 nm, and combine them with 1030-nm picosecond pulses
in the p-doped fiber. CW seed laser 3 is centered at the second-Stokes silica Raman shift of the
1030-nm pump laser source (Raman shift peak = 880 cm™') and CW seed laser 4 is centered close
to the phosphorous first-Stokes Raman-shift gain peak of p-doped fiber (Raman shift peak = 1320
cm™). In this case, the pulses generated are at 1130 nm and 1189.5 nm central wavelengths.
[0039] Fig. 4 schematically illustrates another preferred embodiment of apparatus providing a
multi-wavelength Raman femtosecond laser source. The apparatus includes a picosecond fiber-
MOPA 1B, may include either one or two of CW seed lasers 3 and 4, a fiber Raman amplifier 6A
and spectrally selective pulse-compressor 7.

[0040] Spectrally selective pulse-compressor 7 is configured to deliver output-pulses at one or

more of NIR wavelengths in response to receiving input-pulses from fiber Raman amplifier 6A.
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One of the possible output-pulses from the compressor has a center-wavelength the same as CW
seed laser 3; a second has a possible center-wavelength the same as that of CW seed laser 4; and a
third has a possible center-wavelength the same as the (fundamental) wavelength of the pump laser
source 1. The three output-pulses are identified as the MPM-useful wavelengths. While reference
is made herein to the application of the laser to MPM, it will be appreciated that the laser can be
used for other applications.

[0041] The three pulses can be delivered to a target, for example, within the response time of
a CCD or image sensor. By equalizing the optical paths of the pulses, the pulses can be delivered
such that they arrive within the duration of any one pulse. The three pulses can all travel in one
optical path or travel over three different optical paths.

[0042] Fiber MOPA 1B includes a pump laser source 1 arranged to deliver a train of single-
mode, picosecond pulse duration at a PRF from few megahertz (MHz) to about 100 MHz. These
pulses are amplified by a first fiber-amplifier 2 and delivered to a 50/50 coupler. The amplified
pulses are directed by the coupler to a second fiber-amplifier SA and fiber-amplifier 5B. Before
entering fiber-amplifier SA, the amplified pump pulses are combined with the output of one or
both CW seed lasers 3 and 4. The amplified pulses from fiber-amplifier SA experience SRS
(spectral shift to the wavelength of seed laser 3 and/or to the wavelength of seed laser 4) and,
advantageously, the Raman shifted pulses experience SPM (spectral broadening) along a defined
length of fiber Raman amplifier 6A. At the end of fiber 6A, a fiber WDM is used that transmits
radiation longer than the fundamental wavelength of the pump laser source 1. Amplified pulses
from fiber-amplifier 5B experience spectral broadening by SPM along a defined length of single
mode-fiber 6B and are then combined with the long-wavelength output-pulses from fiber Raman
amplifier 6A by another fiber WDM. The output-pulses are then directed to a pulse-compressor 7.
[0043] The femtosecond range laser system described herein has the ability to be driven at one
or more wavelengths. The CW seed sources 3 and 4 in Fig. 4 can be controlled by switches and
controllers 8 and 9 to control what wavelength and repetition rate is output by the laser system 10.
The controller 9 can be a high frequency drive signal source for each of the one or more CW seed
sources. The controller 9 need not operate at the same frequency as the pump source 1, allowing
the seed sources to be on or off for a number of pulses produced by the pump source 1. The

wavelength selector 8 can turn on or off the drive signal for each respective drive signal scurce in
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controller 9. Pulse width modulation can be used with the seed sources to change an effective duty
cycle and thus vary the output power of the laser system at a desired wavelength.

[0044] When the wavelength selector 8 turns on the drive signal to power a particular seed
source, then power at the wavelength of the seed source will be generated through Raman
conversion in fiber 6A. When the laser system 10 is configured to block output at the pump source
wavelength (this is not the typical configuration illustrated in Fig. 4, but can be the typical
configuration of the embodiment of Fig. 1), the laser system output is controlled by the powering
of the seed sources, namely, the laser will have no output if the seed sources are off. Thus, the
selector 8 can be used to signal to the controller @ which wavelength or wavelengths are to be
emitted from the laser.

[0045] When two wavelengths are to be generated, powering two seeds at the same time will
cause the two seed wavelengths to compete for the available SRS pump power at the pump laser
source wavelength. If the fiber comprising the fiber Raman amplifier is p-doped fiber and the two
seed wavelengths correspond to the first-order silica and phosphorous Raman shifts, the relative
power of the pulses at the two Raman shifted wavelengths can be controlled by controlling the
individual seed source powers. However, in the special case where the seed wavelengths
correspond to the first- and second-order Raman shifts in silica fiber, the second-order Raman
shifted pulses grow through the Raman conversion (i.e. depletion) of the power of the first-order
Raman pulses. This can lead to an imbalance of the power at cach of the two seed wavelengths
which can be difficult to control even by controlling the individual seed source powers. On the
other hand, by alternating between seed sources, the output of the laser system can comprise pulses
that alternate between the desired wavelengths. This alternating can be at the frequency of the train
of picosecond pulses generated by the source laser 1, or it can be at a lower frequency.

[0046] Tt is emphasized here that the configuration described above should not be construed
as limiting the present invention. Those skilled in the art, from the description provided herein may
employ other fiber-MOPA configurations of comparable output characteristics, or bulk solid-state
lasers with Yb-doped or other doped gain media, without departing from the spirit and scope of
the present invention.

[0047] Whatever the fiber-MOPA configuration, it is preferable that pulses from the pump
laser source 1 are single-mode-pulses and have a duration between about 10 ps and about 25 ps.

The output power from amplifier 2 is preferable to be higher than about 30 mW of average power.
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[0048] Fig. 5 is a two-dimensional view schematically depicting the spectrally-selective pulse-
compressor 7A. Here the generated Raman pulses from Raman fiber amplifier 6A are collimated
and directed by turning mirror 11. The collimated spectrum is diverged by grating 12 in what can
be considered a continuous sheet of rays. Gratings 13, 14 and 15 are placed at the same or difterent
slant distance L from grating 12. The initially collimated spectrum once diverged has a width at
the second grating (13, 14 or 15) dependent on the generated Raman-pulsed spectrum, the groove
density of the grating 12, and the slant distance L. Gratings 12 and 15 are used to compress the
fundamental wavelength of the pump laser source 1. Gratings 12 and 14 are used to compress the
spectrum centered at wavelength of CW seed laser 3. Gratings 12 and 13 are used to compress the
spectrum centered at wavelength of CW seed laser 4. The spectrally-selective apertures, placed
between gratings 13, 14 and 15, and retro-reflectors R1, R2 and R3, are used to eliminate any
extraneous radiation around the CW seed wavelengths. These apertures narrow the spectrum of
the selected wavelengths. The three colours (in this case, the three infrared wavelengths) are
combined back at grating 12 and directed by the tuning mirror 16. Retro-reflectors R1, R2 and R3
are placed on a translation stages to match the optical paths of the three different wavelengths. It
should be noted that using this selective compressor, it is possible to combine the pulses on the
same path at point F. It is also possible to have the compressed pulses on separate paths using
compressor 7B as shown in Fig 7.

[0049] Continuing with reference to Figs. 1 and 5, the spectrally selective pulse-compressor
7A receives collimated pulses from fiber Raman amplifier 6A. The received Raman pulses are
directed by turning mirror 11 to compressor grating 12, from which the beam is diffracted and
collected by gratings 13, 14, and 15. In one example case, if the pump laser source wavelength is
1030 nm and the CW seed wavelengths are 1090 nm and 1189.5 nm and the fiber of Raman
amplifier 6A is p-doped fiber (for example, spectrum shown in Fig. 3), Gratings 12 and 14 could
be used to compress the pulses with spectrum centered at the wavelength of 1090 nm. Gratings 12
and 13 could be used to compress the pulses with spectrum centered at the wavelength of 1189.5
nm. The spectrally-selective apertures, placed between gratings 13 and 14 and retro-reflectors R1
and R2, could be used to select a spectral bandwidth of approximately 20 nm around each of the
central wavelengths mentioned above. The two colours (in this case, centered at wavelengths of
1090 nm and 1189.5 nm) are combined back at a lower height at grating 12 and directed by the

tuning mirror 16. Grating 15 and retro-reflector R3 of compressor 7A are omitted in this case as

10
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the available pump power left at the pump laser source wavelength is not high enough for MPM.
Grating 15 and retro-reflector R3 of compressor 7A could be used to compress pulses at the pump
laser source wavelength if the laser system shown in Fig. 4 is used instead.
[0050] F1G. 6 1s a reproduction of an autocorrelation-trace of a pulse formed by selecting 20
5  nm of the 1189.5 nm spectral-band of Fig. 3 after compression in the spectrally selective pulse-
compressor. The pulse has a duration of about 200 fs.
[0051] Fig. 7 is a two-dimensional view schematically depicting the spectrally-selective pulse-
compressor 7B. Here the collimated spectrum from fiber Raman amplifier 6A is spectrally divided
by a spectrally-selective beam splitters 17, 21 and 25. The beam splitters direct the spectrally
10  selected pulses to a two-grating compressor arrangement. The spectrally-selective apertures selects
the desired region of the generated spectrum around the fundamental wavelength of the pump laser
source 1 and around the center wavelengths of CW seed lasers 3 and 4. The selected regions of the
spectra are reflected back by retro-reflectors R4, RS and R6 at a lower height to mirror 20, mirror
24 and mirror 28, respectively. The three selected spectral peaks traverse three different optical
15  pathsJ, H, and K. As an example, for the case of a pump laser source wavelength of 1030 nm and
a p-doped fiber Raman amplifier, the central wavelengths of the three spectral peaks can be 1030
nm, 1090 nm and 1189.5 nm.
[0052] The preferred groove density of the gratings can be about 1000 I/mm, however, other
gratings with different groove density are also possible to use in the schematic of spectrally-
20  selective compressor 7A and 7B.
[0053] While other types of pulse compressors can be used, for example, an in-fiber
compressor, they can offer their own challenges as will be understood by the person skilled in the

art.
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What is claimed is:
1. A femtosecond laser system comprising;

a pump laser source emitting a train of picosecond-range optical pump pulses;

at least one continuous wave (CW) seed source;

a length of optical fiber coupled to said pump laser source and to said at least one CW seed
source so that emission from said at least one CW seed source co-propagates with said train of
picosecond-range optical pump pulses, and in which at least one Raman shift conversion from the
wavelength of said pump laser source to the wavelength of said at least one CW seed source takes
place and in which self-phase modulation of the Raman shifted pulses takes place to produce a
spectrally broadened pulse train of picosecond-range duration optical pulses;

at least one optical pulse compressor to compress said spectrally broadened pulse train of
picosecond-range duration optical pulses to a train of femtosecond-range duration pulses;

wherein a pulse width duration and peak power of said train of picosecond-range optical
pump pulses leads to efficient Raman conversion and self-phase modulation of said Raman shifted
pulses in said length of optical fiber so that said optical compressor can efficiently provide said

train of femtosecond-range duration pulses at the wavelength of said Raman shifted pulses.

2. The laser system as defined in Claim 1, wherein said pump laser source comprises at least
one optical fiber amplifier.

3. The laser system as defined in Claim 1 or 2, wherein said pump laser source comprises a
mode-locked laser.

4, The laser system as defined in Claim 1, 2 or 3, further comprising a switch for controlling
said at least one CW seed source so that emission of femtosecond-range duration pulses can be
controlled by said switch.

5. The laser system as defined in Claim 4, comprising two said CW seed sources, said train
of femtosecond-range duration pulses comprising emission at two wavelengths corresponding to
two Raman shifts.

6. The laser system as defined in Claim 4, further comprising a controller for said switch for
temporally modulating said at least one CW seed source for selecting a variable repetition rate for
said train of femtosecond-range duration pulses comprising emission at a wavelength

corresponding to said Raman shift.
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7. The laser system as defined in Claim S, further comprising a controller for said switch for
temporally modulating said CW seed sources for emitting pulses alternating between said two
wavelengths.

8. The laser system as detined in Claim 5, further comprising a controller for said switch for
temporally modulating said CW seed sources for selecting between zero, one and two said Raman
shift wavelengths being present in said train of femtosecond-range duration pulses.

9. The laser system as defined in any one of Claims 1 to 8, wherein said pump laser source
comprises a by-pass optical fiber amplifier through which only said train of picosecond-range
optical pump pulses passes and whose output by-passes said length of optical fiber in which said
at least one Raman shift conversion takes place and instead undergoes self-phase modulation
spectral broadening in a separate length of optical fiber.

10. The laser system as defined in any one of Claims 1 to 9, wherein said length of optical fiber
in which said at least one Raman shift conversion takes place comprises phosphorous-doped silica
optical fiber.

11. The laser system as defined in any one of Claims 1 to 9, wherein said length of optical fiber
in which said at least one Raman shift conversion takes place comprises silica optical fiber.

12. The laser system as defined in any one of Claims 2 to 11, wherein said at least one CW
seed source is launched into said at least one of said at least one optical fiber amplifier to propagate
together with said train of picosecond-range optical pump pulses and then into said length of
optical fiber in which said at least one Raman shift conversion takes place.

13. The laser system as defined in any one of Claims 1 to 12, wherein said at least one optical
pulse compressor is wavelength tunable.

14. A multiphoton microscope comprising:

a laser system as defined in any one of Claim 1 to 13; and

a controller for receiving user input for defining an operation of the at least one CW seed source
to define at least one of the at least one wavelength of the Raman shifted pulses and a repetition
rate of the Raman shifted pulses at the at least one defined wavelength.

15. The microscope as defined in Claim 14, wherein said controller for receiving user input can
define both the wavelength of the Raman shifted pulses and the repetition rate of the Raman shifted

pulses at the at least one wavelength defined by the controller.

13

CA 03168121 2022-8-16



PCT/CA2020/051489
1/5

WO 2021/243435

NOIS43IANOD NVINVY

T ©4n3I4 ¥114Y WNYLD3dS L41HS NYIAVY

340438 WNY1I3dS

INnos
Y3Sv1dAINd

DUNOS 14
uot ~ ¥aSY1 diANd
HLOIMANYE
WNLLD3dS LN
/ \ ES
aiis mo AERENE
TTTTTT] ¥3ISV1
a3asmo

1T1H0¥d TWHLI3dS TTTTTTT

R R I T I T T T S S S S P S ST S S A S

314NdIAV FHITdIAV 304N0S :

9 y3gid
VS z T :

VT VdOW

H3IdNdAY
NVAIVY H34ld

m m
Sd g ~
NoILYiNad

$351Nd ' NOILD3T3S TWHLI3dS (o
1nd1No +HOSSIJNOD q y3ald v YISV1dANd |-
AaNODJ3SOLIAAA :

T A R ) B

1 00T ~
NOILYdNa

uQT ~
HLAIMANVe

UzZ0~
HLAIMAaNVE

SET~
NOLLVYNG

u,w._:n_ WNYL1I3dS . 351Nd INNYLI3dS I51Nd
N
/ /
\ /
/\\
371404d TvdOdNIL 311104d V4103dS J11H04d TVHOdNIL 37140dd TvdL1I3dS J1H0Ud TVHOdWAL
$3S1Nd Q3L4IHS NVIAVY $3SInd Y3SY1 dAINd

CA 03168121 2022-8-16



WO 2021/243435 PCT/CA2020/051489

2/5

PSD (ARB. UNIT)

-20 - -
1020 1060 1100 1140 1180 1220 1260 1300

WAVELENGTH (nm)

Figure 2

oy P A AK\WN

1020 1060 1100 1140 1180 1220 1260 1300
WAVELENGTH (nm)

o
l L

N
o
1

)
(@]
L

PSD (ARB. UNIT)
G

Figure 3

CA 03168121 2022-8-16



PCT/CA2020/051489

WO 2021/243435

3/5

NOI1D3713S TWH123dS
+HOSSIHINOD

\

L

e

¥ 24n814

AIdM ¥3ald

8 — | HIONTTIAYVM

SY010313S

SHOLDI13s
J1VH NOILI13d3Y
174 //
6
€
RN
Y3svi /
a3as mo Pl N
TTTTTT] 43asvi
Q33s M
.................. LR S
JI4NdIAY| IUNOS

NVIAVY 4349Hd |

L EL:IE]
3A0W JF1DNIS

YAHINdAY
- NV
] 3 @ e ¥3aH

V9

Vs

JI4NdAIV

v

43914

Jajdnoa
0s/os T

o/i

a9

v Y3ASV1 dIAINd

\

1

................................................

491 VdOW

CA 03168121 2022-8-16



PCT/CA2020/051489

WO 2021/243435

4/5

1)

9 24n8i4

8

11

9 v [4 0

(sd) awiL

T-

¥-

91

(4"

01-

S\

Va

S} 007= WHM4--}} UBIZ)U3J0T pUE 9I.J} UOI}B|3.J0303NY

m o o o
o o o

=
o

@ @ N~ 9
o o o (o] o
(LINN "93V) ALISNILNI

-l

alnuade

dAI309[Rs Ajjedyoads

CA 03168121 2022-8-16



PCT/CA2020/051489

WO 2021/243435

5/5

[ 2In314

1¢

9¢ a7
V\ ainuade
9A1309]35 Ajjes1dads

€

61

CA 03168121 2022-8-16



PUMP LASER PULSES RAMAN SHIFTED PULSES
TEMPORAL PROFILE SPECTRAL FROFILE TEMPORAL PROFILE SPECTRAL PRCFILE
//,\
/A
N |
SPECTRUM PULSE SPECTRUM
BANDWIDTH DURATION BAMDWIDTH

o 0.2

~ 15 p: o 10 ni

JMOPALA N
: 1\ 7
‘| PUMPLASER : COMPRESSOR +
: SOURCE * FIBER RAMAN SPECTRAL SELECTION
. AMPUIFIER
CW SEED
LASER CW SEED RAMAN SHIFTED'
LASER PULSES
\
PUMP LASER
4 SOURCE
PUMP LASER
SOURCE
SPECTRUM BEFORE
RAMAN SHIFT SPECTRUM AFTER
RAMAN CONVERSION

TEMPORAL PROFILE
r\
PULSE

DURATION
2 100 f;

FEMTOSECOND
OUTPUT
PULSES

SPECTRAL PROFILE
/VW\MVW
SPECTRUM

BANDWIDTH
o 10 ni

Figure 1l



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - CLAIMS
	Page 15 - CLAIMS
	Page 16 - DRAWINGS
	Page 17 - DRAWINGS
	Page 18 - DRAWINGS
	Page 19 - DRAWINGS
	Page 20 - DRAWINGS
	Page 21 - REPRESENTATIVE_DRAWING

