wo 2016/020188 A1 | I 0F V00 00O O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/020188 A1l

11 February 2016 (11.02.2016) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO1S 3/067 (2006.01) HO1S 3/10(2006.01) kind of national protection available): AE, AG, AL, AM,
HO1S 3/11 (2006.01) HO1S 3/106 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
HO1S 3/08 (2006.01) HO1S 3/082 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. L DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
PCT/EP2015/066645 KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
21 July 2015 (21.07.2015) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
LT2014 505 6 August 2014 (06.08.2014) LT GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Burasian (AM, AZ, BY, KG, KZ, RU,
(71) Applicant: VALSTYBINIS MOKSLINIU TYRIMU IN- TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
STITUTAS FIZINIU IR TECHNOLOGIJOS MOK- DK, EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
SLU CENTRAS [LT/LT]; Savanoriu pr. 231, 02300 Vil- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
nius (LT). SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
(72) Tnventors: REGELSKIS, Kestutis; Ozo g. 5-41, 05129 GW, KM, ML, MR, NE, SN, TD, TG).
Vilnius (LT). RACIUKAITIS, Gediminas; Smalines g. 3- Published:
12, 06226 Vilnius (LT). —  with international search report (Art. 21(3))
(74) Agent: DRAUGELIENE, Virgina Adolfina; UAB

TARPINE, A. P. Kavoliuko g. 24-152, 04328 Vilnius
(LT).

(54) Title: METHOD AND GENERATOR FOR GENERATING ULTRA-SHORT LIGHT PULSES

\121/3:

x®

22—

SSOE Il
SSOE |

10 '\

X(3)

4

Fig.1

(57) Abstract: This invention relates to the field
of laser technology and more particularly to the
ultra-short pulse generation methods and generat-
ors. One round trip of the ultra-short light pulse
formation inside a generator optical loop com-
prises these steps: amplification of the light pulse,
spectral broadening of the amplified light pulse
due to the optical Kerr effect inside the optically
transparent medium, selection of the predetermin-
ated spectral components of the spectrally
broadened light pulses by using the first spec-
trally-sensitive optical element, then again follows
amplification of the selected light pulses, spectral
broadening of the amplified light pulse due to the
optical Kerr eftect inside the optically transparent
medium and selection of the predeterminated
spectral components of the spectrally broadened
light pulses by using the second spectrally-sensit-
ive optical element, where spectral components of
the light pulses selected using the first spec-
trally-sensitive optical element are different than
the spectral components of the light pulses selec-
ted using the second spectrally-sensitive optical
element.



10

15

20

25

30

WO 2016/020188 PCT/EP2015/066645

Method and generator for generating ultra-short light pulses

Technical field to which invention relates

The proposed invention relates to the field of laser technology, particularly to a method and
generator of ultra-short light pulse generation due to the spectral broadening of amplified light
pulses caused by the optical Kerr effect in an optically transparent material and the double

spectral separation of the light pulses at different parts of the pulse generator.

Indication of the background

There are known the ultra-short pulse generation method and device, which operation are based
on the longitudinal laser mode-locking, where the mode-locking is achieved by using a
saturable absorber, which is made from the tapered segment of an optical fiber, around which a
mixture of relevant polymer and carbon nanotubes is wrapped. Light, propagating through the
tapered segment of the optical fiber, penetrates outside and interacts with the carbon nanotubes.
Saturable absorption and mode-locking are possible due to the unique characteristics of carbon
nanotubes. Known method and device are described in the United States patent application

US2011/0280263A1, 2011.

The disadvantage of this method and device is that the saturable absorbers based on the carbon
nanotubes and polymer mixture, similarly to the saturable semiconductor absorbers (SESAM),
tend to degrade. A lifetime of the oscillator is strongly limited due to this adverse feature. In
addition, using this method, sometimes is not possible to achieve mode-locking due to the

improper spectral, temporal and energetic characteristic of the carbon nanotubes.

There are known the ultra-short pulse generation method and device, which operation are based
on the longitudinal laser mode-locking, where the mode locking is achieved by the nonlinear
polarization rotation effect due to the optical Kerr effect inside an optical fiber, where pulse
formation inside the resonator with a normal dispersion is achieved by spectral filtering of the
spectrally broadened pulse caused by self-phase modulation due to the optical Kerr effect inside

the optically transparent material. Strongly chirped picosecond pulses are created inside the
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resonator of the oscillator because of spectral filtering, and laser pulses can be compressed up to
femtosecond durations at the output of the oscillator. The known method and device are

described in the United States patent application US2010220751A1, 2010.

The disadvantage of this known method and device is that it is very unstable to any external
disturbances, sensitive to the ambient temperature fluctuations and is suitable for use only under
laboratory conditions. Even in this way, the parameters of the generated pulses are often
unpredictable because the mode locking is achieved using non-polarization maintaining optical

fibers.

Technical problem to be solved
The aim of this invention is to increase the output power stability of the generated ultra-short
light pulses, reliability and simplicity of optical scheme, its resistance to external environmental

disturbances, resistance to aging degradation, and reduce the cost.

Disclosure of invention

In order to solve above problem according proposed method for generating ultra-short light
pulses, wherein one round trip of the ultra-short light pulse formation inside a generator optical
loop, where pulse propagates in the closed trajectory, comprises the steps of: amplification of
the light pulse; spectral broadening of the amplified light pulse due to the optical Kerr effect in
an optically transparent material; sclecting of spectral components of the spectrally broadened
light pulses, using a first spectrally-sensitive optical element, wherein double spectral selection
of broadened light pulses of different wavelength is performed. The first spectrally-sensitive
optical element selects light pulses of the predetermined wavelengths, while light pulses of the
other wavelengths are directed away from the generator optical loop; the selected light pulses of
the predetermined wavelengths using the first spectrally-sensitive optical element can be
amplified again and further are spectrally broadened for the second time due to the optical Kerr
effect in other optically transparent material or in the above-mentioned optically transparent
material; the spectrally broadened light pulses for the second time are separated into spectral
components using a second spectrally- sensitive optical clement by seclecting light pulses of

predetermined wavelengths, while the light pulses of the other wavelengths are directed away
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from the generator optical loop, wherein predetermined wavelengths of the light pulses selected
using the first spectrally-sensitive optical element are different than the wavelengths of the light
pulses selected using the second spectrally-sensitive optical element, wherein said cycle of the
operation sequence is repeated by propagating the light pulses in the generator optical loop and

formation of the ultra-short light pulses takes place.

The closed trajectory in which the light pulses propagate may be circular trajectory and forms

ring-type optical loop of the ultra-short light pulses generator.

The closed trajectory in which the light pulses propagate may be a linear one where the light
pulses propagate forth and back in the same overlapping trajectory, and it forms a linear-type

optical loop of the ultra-short light pulses generator.

According to another embodiment of the present invention an ultra-short light pulse generator is
proposed, which comprises an optical loop in which are arranged: at least one light pulse
amplifier; at least one optically transparent material, where optical Kerr effect manifests; a
spectrally-sensitive optical element; means for extracting the light pulses away from the optical
loop and means designed to input a seed pulse into the optical loop, wherein

two spectrally-sensitive optical clements are provided which are designed to select light pulses
of predetermined wavelengths, where predetermined wavelengths selected by using the first
spectrally-sensitive optical element are different than the predetermined wavelengths selected
by using the second spectrally-sensitive optical clement, wherein the optically transparent
material, where optical Kerr effect manifests and the optical amplifier, are placed in the optical
loop of the ultra short light pulse generator between the spectrally-sensitive optical elements,
wherein the first and second spectrally-sensitive optical elements are chosen in such a way, that
their spectra of the selection do not overlap until spectrum of the light pulses is broadened in at
least one of above-mentioned optically transparent materials or their spectra of selection overlap
until losses of the formed laser resonator in the optical loop due to the spectra overlap are higher
than its amplification, the means for extracting the light pulses away from the generator optical
loop are designed to extract light pulses of the other wavelengths, than predetermined

wavelengths selected by spectrally-sensitive optical elements.
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The optical loop of the generator may be of a ring-type, where in the ring-type optical loop are
placed: at least one amplifier, two said optically transparent materials, where the optical Kerr
effect manifests, alternately one after another with the corresponding spectrally-sensitive optical

clements

The optical loop of the generator may be of a linear-type, where in the linear-type optical loop
are placed two spectrally-sensitive optical elements between which are placed: least one above-
mentioned optically transparent material, where the optical Kerr effect manifests and at least
one amplifier, wherein end reflectors of the linear-type optical loop are provided, which reflect

the selected wavelengths of the light pulses back to optical loop of the pulse generator.

The means designed to input the seed pulse comprises at least one input branch of the pulse
generator, which may be optically connected to a pulsed light source, preferably to a pulsed

laser source.

The means for extracting the light pulses away from the generator comprises light pulse output
branches of the pulse generator wherein at least one said output branch may be optically
connected with at least one said seed pulse input branch of the generator via an optical means,

wherein said optical means can be the Q-switch or optical switch of the laser.

The spectrally-sensitive optical elements are said amplifier and the spectrum-selection filtering
function of the light pulses are performed by the wavelength-dependent gain band of the

amplifier.

The light pulses are amplified and spectrally broadened due to the optical Kerr effect within the

same optically transparent-gain material, for instance, gain fiber or laser gain medium.

There is provided an external amplifier, preferably fiber amplifier, which is optically connected

to any of the generator output branches.
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The ultra-short light pulse generator is of all-in-fiber design, namely, entirely built from optical
fibers and fiber components. The whole ultra-short light pulse generator is built from the fiber

elements, namely optical fibers and fiber components.

Advantages of the invention

This method allows generating the light pulses with the energy of several nanojoules (nJ) and
about 1 ps duration. In most cases, depending on design features of the pulse generator, the
generated light pulses are linearly chirped, so, the pulses can be compressed down to
femtosecond durations using an external pulse compressor. The pulse generator can be built
using optics fibers, which can be the polarization-maintaining or not maintaining fibers, as well
as the pulse generator is extremely stable and resistant to the temperature fluctuations, it is
stable and reliable because there are no degrading elements such as saturable semiconductor
absorber (c.g. SESAM). It is possible a very wide practical choice of the generated light pulse
parameters (pulse duration, energy, repetition rate, temporal characteristics, spectral
characteristics, etc.) depending on the design features (length of the passive and active optical
fibers, fiber core diameter, spectral characteristics of the spectrally selective optical elements,
characteristics and gain of the amplifiers). The pulse generation is possible independently of the
total scheme dispersion of the pulse generator, the total dispersion of the pulse generator
scheme can be equal to zero, normal or anomaly. Only the temporal and spectral characteristics
of the pulses depend on the scheme dispersion of the pulse generator.

The spectral broadening of light pulses can be realized using any non-linear effects related to
the optical Kerr effect, i.c., self-phase modulation, cross- phase modulation, four wave mixing.
In general, the pulse spectral broadening can be realized in any optically transparent material
(glass, optical fiber, liquid, photonic crystal, gas and etc.), in which the optical Kerr effect is
manifesting (cubic non-linearity is not zero, i.e. y®# 0. The light pulses can be amplified using
any amplifiers: laser (quantum) amplifiers, optical parametric amplifiers (operating on three-
wave or four-wave non-linear interaction principle), Raman amplifiers, Brillouin amplifiers,
semiconductor optical amplifiers, fiber amplifiers. The spectral selection of the light pulses can
be performed using diclectric filters (band-pass, short-pass, long-pass, multi-pass and ectc.),

Bragg mirrors, fiber Bragg gratings, diffraction gratings, Lyot filters, acousto-optical tunable
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filters, Fabry-Perot interferometers or any other optical elements that are characterized by the
wavelength sensitivity.

The ultra-short light pulse generator can start operation by injecting a seed pulse through the
seed input branch or by connecting the generator seed input branch with the generator output
branch for a short time. In this way, the generator optical loop is spectrally opened for a short
time period (the time period of said connecting is, approximately equal or shorter than time
period) within the light pulse travels around the generator optical loop), and, thus, it forms a
laser resonator in which the seed pulse occurs from a spontancous noise. The seed input and
output branches of the gencrator can be optically connected by using the well-known pulsed
lasers Q-switches, high-speed optical switches, both active and passive (acousto-optical
modulator, Pockels cell, electro-optical modulator, mechanical switch, rotating prism or mirror,
piezoclectric switch, saturable semiconductor absorber, SESAM and etc.). Also, the ultra-short
pulse generator can be started by overlapping spectral characteristics of the spectrally-selective
optical elements for a short time period and, thereby, forming a laser resonator in which the
seed pulse occurs from a spontancous noise. The seed pulse parameters should match only
approximately with the generator output pulse parameters (duration, energy, spectrum width,
spectral phase, temporal shape and so on) and can be different in several orders. After entering
of a seed pulse in the generator optical loop, the generator pulses are formed after several
roundtrips with the relevant characteristics, and at the output branch of the generator, the ultra-
short light pulses with stable characteristics (energy, temporal, spectral) are generated. Not only
one circulating pulse but also a certain number of pulses can be excited and generated inside the
pulse generator optical loop. The ring circuit configuration of the pulse generator allows
generation of contra-propagating pulses. The pulse generator is resistant to the Fresnel
reflection and Fabry-Perot ctalons that occur in the generator optical loop, and, for this reason,
the generator optical loop can consist of different kind of optical fibers. Inside the optical loop,
a hollow core photonic crystal fibers (PCF) can be spliced without fear of the Fresnel reflections
that potentially may disturb the generator running. The pulse generator can be made of all-in-
fiber design by splicing fibers with each other and with other fiber components (fiber hubs,
WDM, fiber Bragg gratings, fiber polarizer, fiber mirrors, fiber pigtailed pump diodes). The
generator can be made from the polarization-maintaining and non-maintaining optical fibers,

single-mode and large-mode-area fibers. The generated pulses can be compressed down to the
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spectrum-limited pulse duration (femtoseconds) at the generator output by connecting the
appropriate length of a hollow-core PCF fiber with the anomalous group velocity dispersion to

the output branches of the generator (e.g. HC-1060 fiber, NKT Photonics).

The terminology used:

Spectrally-selective optical element SSOE (wavelength-sensitive optical element): diclectric
filter, interference filter, dichroic mirror, fiber Bragg grating, volume Brag grating, diffraction
grating, prism, Lyot filter, acousto-optical tunable filter, Fabry-Perot interferometer, amplifier

with the corresponding gain band and other means with spectral selectivity.

Amplifier: laser (quantum) amplifier, optical parametric amplifier (operating on three waves or
four waves non-linear interaction principle), Raman amplifier, Brillouin amplifier,
semiconductor optical amplifier, optical fiber amplifier and other mean for optical

amplification.

Optically transparent material which is characterized by the optical Kerr effect: optical fiber,
photonic crystal fiber, photonic crystal, glass, liquid, optical gain fiber or any other optically

transparent material with third-order (cubic) optical nonlinearity y©)# 0.

Q-switch or optical switch: acousto-optical modulator, Pockels cell, an electro-optical
modulator, a mechanical switch, rotating prism or mirror, piczoelectric switch, SESAM,

saturable semiconductor absorber and, etc.

Optical means: amplifier, the optically transparent material characterized by an optical Kerr

effect (with the cubic optical nonlinearity ¥+ 0 and spectrally selective optical element.

The pulse generator optical loop: a closed trajectory in which the light pulses are propagating
and where optical means of the pulse generator are placed. By analogy with the laser resonator,
the pulse generator optical loop can be of circular configuration when the light pulses are
propagating circularly in one direction, or the pulse generator optical loop can be linear, when a

pulse travels forth and back in the same closed overlapping trajectory.
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Light pulses propagating through the optically transparent material are spectrally broadened due
to the optical Kerr effect. The spectrally-broadened pulses enter the first spectrally-selective
optical element (SSOE 1), which selects certain wavelengths of the light pulses and directs them
to the amplifier. The others wavelengths are directed to the first output branch. The light pulses,
spectrally separated by SSOE 1, are amplified in the second amplifier (but not necessarily), and
again arc spectrally broadened due to the optical Kerr effect in the optically transparent
material. Spectrally broadened light pulses enter the second spectrally-selective element (SSOE
II), which selects certain wavelengths of the light pulses, but not the same wavelengths, which
are selected by SSOE 1, and directs them to the first amplifier. Others wavelengths SSOE 1I are
directed to the second output branch. The light pulses spectrally selected by SSOEII are again
amplified by the first amplifier and are spectrally broadened due to the optical Kerr effect in the
optically transparent material. This process of the light pulse amplification, the light pulse
spectral broadening due to the optical Kerr effect and spectra-separation are continuously
repeated, and ultra-short light pulses are generated. The first and second spectrally-selective
optical clements can be of any spectral characteristics, however SSOE 1 and SSOE II together
do not select the same wavelengths, consequently the spectra of the light pulses that are returned
to the generator optical loop are separated, and the generator optical loop is spectrally closed for
the full round-trip of the light pulses. Because the optical loop of the generator is spectrally
closed, consequently, any longitudinal laser mode cannot be exited, and, for this reason, the
proposed pulse generation method is not related to the conventional mode-locking.

The length of the pulse generator optical loop - this is the total propagation path of the light
pulse through the optical loop of the generator until the light pulse returns to the previous
position and propagates in the same direction. The optical loop of the pulse generator can be of
the ring configuration, where pulses travel in one direction around the optical loop, or the
optical loop of the pulse gencrator can by of the linear configuration, where the pulse travels

forward and backward in the same overlapping trajectory.

Brief description of drawings
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Fig. 1. - Optical loop of the proposed generator in which all optical means are set out one after
the other in a circle and they form a ring-type optical loop of the ultra-short light pulse

generator.

Fig. 2. - Optical scheme of the proposed device in which all optical means are sct out one after
the other, the light pulses propagate forth and back in the same overlapping closed trajectory
and the means form a lincar optical loop of the ultra-short light pulse generator. In addition, the

scheme shows the Q-switch for excitation of the ultra-short light pulse generator.

Fig. 3. — Examples of the transmittance characteristics depending on the wavelength of the first

and second spectrally-selective optical elements, in this particular case the spectral filters.

Fig. 4. - Shows the scheme of the proposed generator, which consists entirely of fibers and fiber

components, and the scheme configuration of the fiber generator is linear.

Detailed description of embodiments of the invention

The proposed ultra-short light pulse generation method, wherein one round trip of the ultra-
short light pulse formation inside a generator optical loop, where pulse propagates in the closed
trajectory, comprises the following steps: light pulses amplification, spectral broadening of the
amplified light pulses due to the optical Kerr effect in an optically transparent material,
selection of spectral components of the spectrally broadened light pulses with the first
spectrally-selective optical clement (SSOE 1), which separates the light pulses of a
predetermined wavelength, while other wavelengths are directed away from the generator
optical loop, amplification of the spectrally-separated light pulses with SSOE 1 (if necessary),
spectral broadening of the amplified light pulses due to the optical Kerr effect in an optically
transparent material, spectral separation of the spectrally broadened light pulses with the second
spectrally-selective optical element (SSOE II), which selects the light pulses of a predetermined
wavelengths, which is different than thwavelengths separated by SSOE 1, while other

wavelengths are delivered to the second output branch. The light pulses spectrally separated
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with SSOE 1I are returned to their original position, and then a sequence of operations is

repeated cyclically.

The proposed ultra-short light pulse generator, where the light pulses are spectrally broadened
due to the optical Kerr effect in the optically transparent materials (3, 4) shown in Fig. 1. All
optical means (5, 3, 1, 6, 4, 2) arc placed consistently in a circle and the path of light pulse
propagation trajectory forms a ring-type optical loop 11. The light pulses amplified by the
amplifier 5 are spectrally broadened in the optically transparent material 3, the spectrally
broadened light pulses propagate through SSOE 1 1, which sclects the light pulses of a certain
wavelength, light pulses of other wavelengths are directed to the first output branch 7. The
spectrally-separated light pulses transmitted through SSOE 1 1 are directed to the amplifier 6.
The light pulses amplified by the amplifier 6 (but not necessarily) again are spectrally
broadened in the optically transparent material 4 and enter SSOE 1I 2, which selects- the light
pulses of certain wavelengths, while light pulses of other wavelengths are directed to the
second output branch 8. SSOE I 1 and SSOE 1I 2 do not select (transmit) the light pulses with
the same wavelength. The spectrally-separated light pulses passed through SSOE 1II 2 are
directed to the amplifier 5. After that, the sequence of operations is repeated cyclically again.
The ultra-short light pulse generator is started by injecting a seed pulse through any of the seed
input branches (9, 10), or optically connecting the first output branch 7 with the first seed input
branch 9 or the second output branch § to the second seed input branch 10 for a short time. In
addition, the ultra-short light pulse genecrator can be started by temporal overlapping of the
spectral characteristics of SSOE 1 1 and SSOE 1I 2. Consequently, the optical loop 11 of the
pulse generator is spectrally opened, and the laser resonator is formed and a seed pulse occurs
from the spontaneous noise. Furthermore, the amplifier 6 is not required, if the peak power of
the spectrally-selected light pulse by SSOE 1 1 is sufficient to broaden the spectrum in the

optically transparent material 4.

Fig. 1. Ultra-short pulse generating apparatus with the ring-type circuit. 1 - the first spectrally-
selective optical element; 2 - the second spectrally-selective optical element; 3, 4 -optically
transparent materials, where, due to the optical Kerr effect (self-phase modulation or cross-

phase modulation or four-wave mixing) the spectrum of the light pulses is broadened; 5, 6 -
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amplifiers, where the light pulses are amplified; 7, 8 - the first and second output branches of
the ultra-short light pulse generator; 9, 10 - the first and second seed input branches ; 11 — the
ultra-short light pulse generator of the ring-type scheme.

Fig. 2 Shows another ultra-short light pulses generating apparatus with the linear-type optical
loop (11), where all optical means (2, 4, 5, 3, 1) are placed sequentially and the light pulse
propagation path forward and backward overlap and comprise a lincar-type optical loop 11 in
which the light pulses are spectrally broadened due to the optical Kerr effect in the optically
transparent materials 3, 4. The light pulses amplified by the amplifier 5 are spectrally
broadened in the optically transparent material 3, than the spectrally-broadened light pulses
enter SSOE I 1 which separates and returns only certain wavelengths of the light pulses, the
other wavelengths are delivered to the first output branch 7. The light pulses spectrally
separated by SSOE I 1 and returned back re-enter the optically transparent material 3. During
propagation of the pulses through the optically transparent material 3 in the backward direction,
the pulse spectrum may be slightly broadened, as a peak power of the spectrally-separated and
returned pulses can be insufficient. After that, the light pulses re-enter the amplifier 5, the light
pulses amplified by amplifier 5 are spectrally broadened the other optically transparent material
4 and enter SSOE 1I 2, which separates- returns only certain wavelengths of light pulses while
the rest of wavelength arrives at the second output branch 8. Together SSOE I 1 and SSOE 1I 2
do not separate and return the light pulses of the same wavelength to the generator loop 11.The
light pulses, spectrally separated by SSOE II 2 and returned back, re-enter the optically
transparent material 4, during propagation of the light pulses through the optically transparent
material 4 in backward direction, the pulse spectrum may be slightly broadened, as the peak
power of the spectrally-separated and returned pulses can be insufficient. After that, the pulses
again re-enter the amplifier 5, and the sequence of operations is repeated cyclically. The ultra-
short pulse generator is started by injecting a seed pulse through any of the seed input branch (9,
10), or the output branch 8 is shortly connecting with the seed input branch 10. The Q-switch 12
is opened for a short time, and with the mirror 13 connecting the output branch 8 with the seed
input branch 10, a laser resonator is formed in which the seed pulse develops from a
spontaneous noise. In a similar way, the first seed input branch 9 with the first generator output

branch 7 can be connected. Alternativelly, the ultra-short light pulse generator can be started by
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overlapping the spectral characteristics of SSOE I 1 and SSOE 1I 2 for the short time, wherefore
the linear optical loop 11 of the pulse generator is spectrally opened, the laser resonator is
formed, and a seed pulse develops from spontancous noise. In addition, the optically transparent
material 4 is not necessary since the light pulses returning from SSOE 1 are sufficiently intense

to achieve adequate spectral broadening in the optically transparent material 3.

Fig. 2. Ultra-short pulses generator of the linear-type scheme with the Q-switch 12 for the seed
pulse developing. 1 — the first spectrally-selective optical element; 2 — the second spectrally-
sclective optical element; 3, 4 — optically transparent materials, in which due to the optical Kerr
effect (self-phase modulation or cross-phase modulation or four-wave mixing) spectrum of the
light pulses is broadened; 5 — amplifier, where the light pulses are amplified; 7, 8 — first and
second output branches of the light pulse generator; 9, 10 — first and second sced input
branches; 11 — linear-type circuit of the light pulse generator; 12 — Q-switch (modulator); 13 —

mirror.

Fig. 3. Illustrates examples of transmission characteristics depending on the wavelength of the
first 1 and second 2 spectrally-selective optical elements (1, 2), in this case, of the filters. Fig. 3a
illustrates spectral characteristics of the band-pass filters, transmission bands of the first and
second filters (1, 2) are separated. Transmission bands of the spectral filters (1, 2) can slightly
overlap until losses of the formed laser resonator are higher than its amplification, and a lasing
does not start. Fig. 3b. illustrates characteristics of the edge filters. The first filter 1 passes only
short wavelengths, and the second filter 2 passes only long wavelengths. Fig. 3¢ shows
characteristics of the multiband filters. Bands of the first and second filters (1, 2) do not overlap
or overlap but the lasing does not start. In Fig. 3¢ it is shown when the first filter 1 is a band-
pass one and the second filter 2 is an edge-cut one, which transmits only the long wavelengths.
In all examples, the spectral transmission functions of the first 1 and second 2 filters do not
overlap or overlap until losses of the formed laser cavity is higher than the amplification and

free-running generation does not start.

Fig. 3. Examples of the transmission characteristics depending on the wavelength of the first 1

and second 2 spectrally-sclective optical clements, in this case, of the filters: a — first filter 1 and
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second filter 2 are band-pass filters; b — edge filters, the first filter 1 is a short-pass filter, the
second filter 2 is a long-pass filter; ¢ — multiband filters, bands of the first and second filter (1
and 2) do not overlap or overlap until the free-running generation starts when laser resonator is

formed, that is to say, losses of the formed laser resonator are higher than its amplification.

Fig. 4 shows another, all-in-fiber, the ultra-short light pulse generating apparatus with the
linear-type optical loop. The whole ultra-short light pulse generating apparatus is built from
optical fibers and fiber components, which are spliced to cach other. In this particular case, the
spectrally-selective optical elements (1, 2) are fiber Bragg gratings (14, 15), the light pulses are
amplified in the gain fiber 22, which can be doped with Yb ions, the light pulses are spectrally
broadened in the optical fiber 3, 4. The light pulses amplified in the gain fiber 22 propagate
through the signal-pump combiner 19 and are spectrally broadened in the optical fiber 3, the
spectrally-broadened pulses enter the first fiber Bragg grating 14, a certain part of the light pulse
spectrum is reflected from the fiber Bragg grating 14 and returns back, the transmitted part of
the pulse spectrum enters the first output/seed input branch with the connector 16 and comes
out. The returning spectrally-separated light pulses travel again through the optical fiber 3, pass
through the signal-pump fiber combiner 19 and enter the gain fiber 22. The amplified light
pulses pass through the signal-pump fiber combiner 20 and are spectrally broadened in the
optical fiber 4, the spectrally broadened pulses enter the second fiber Bragg grating 15, a certain
part of the light pulse spectrum is reflected by the fiber Bragg grating and returns back, the
transmitted part of the pulse spectrum enters the second output/seed input branch with the
connector 17 and comes out. The light pulses reflected from the fiber Bragg grating 15 and
returning back, propagate again through the optical fiber (4), pass through the signal-pump fiber
combiner 20 and enter the gain fiber 22. The following sequence of operations is repeated
cyclically again and again. Reflection spectra of the first and second fiber Bragg gratings 14 and
15 do not overlap or overlap until losses of the formed laser resonator arc higher than its
amplification. The ultra short light pulse generator is started by injecting a seed pulse through
any of the seed input/output branches with a connector (16, 17) or shortly reflecting the
radiation generated by the generator back to any output branch with a connector (16, 17),
thereby creating a laser resonator, which develops a seed pulse from the spontancous noise. A

pump radiation is entered into the gain fiber 22 through the pump radiation input branch 18 of



10

15

20

WO 2016/020188 PCT/EP2015/066645
14

the signal-pump fiber combiner 19. The pump radiation unabsorbed by fiber 22 is carried out
through the pump radiation output branch 21 of the pump-signal fiber combiner 20.

Fig. 4. All-in-fiber ultra-short light pulse genecrator, the spectrally broadened light pulses are
filtered by the fiber Bragg grating (14, 15). 3, 4 - passive optical fibers, where pulses are
spectrally broadened due to the optical Kerr effect; 16, 17 - the ultra-short light pulses output
and seed input branches with the connectors; 19, 20 - pump and signal combiners (WDM); 18 -
pump input branch; 21 - output branch of the unabsorbed pump radiation; 22 — gain fiber.

The ultra-short light pulse generator may have more than two spectrally-selective optical
clements intended to separate the components of the light pulses of the predetermined
wavelengths, while the light pulses of the other wavelengths are carried from the generator
through the output branches. In this generator, between the spectrally-selective optical elements,
there are placed the optically transparent materials, which are characterized by the optical Kerr
effect, creating the scheme of the generator, where there is placed at least one optical amplifier,
where each of the said spectrally-selective optical elements separates spectrally the light pulses
of different wavelengths, for which spectra can overlap when propagating between the adjacent
spectrally-selective optical elements, however, after light pulses pass all the above mentioned
spectrally-selective optical elements in a closed trajectory within the generator optical loop,
their spectra do not overlap until spectra of the light pulses are spectrally broadened due to the
optical Kerr effect in the above-mentioned optically transparent materials, or their spectra
overlap until due to the overlapping of the spectra, the losses of the formed laser resonators are

higher than its amplification.
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CLAIMS

1. Method for generating ultra-short light pulses, wherein one round trip of the ultra-short light
pulse formation inside a generator optical loop, where pulse propagates in the closed trajectory,
comprises the steps of:

- amplification of the light pulse;

- spectral broadening of the amplified light pulse due to the optical Kerr effect in an optically
transparent material;

- selecting spectral components of the spectrally broadened light pulses, using a first spectrally-
sensitive optical element,

characterized in that

the first spectrally-sensitive optical element selects from light pulses the spectral components of
the predetermined wavelengths, while light pulses of the other wavelengths are directed away
from the generator optical loop,

- the light pulses of the predetermined wavelengths selected using the first spectrally-sensitive
optical element can be amplified again and further are spectrally broadened for the second time
due to the optical Kerr effect in other optically transparent material or in the above-mentioned
optically transparent material,

- spectrally broadened light pulses for the second time are separated using a second spectrally-
sensitive optical clement by selecting from light pulses the spectral components of
predetermined wavelengths, while the light pulses of the other wavelengths are directed away
from the generator optical loop, wherein

- predetermined wavelengths of the light pulses selected using the first spectrally-sensitive
optical element are different than the wavelengths of the light pulses selected using the second
spectrally-sensitive optical element, wherein

said cycle of the operation sequence is repeated by propagating the light pulses in the generator

optical loop and formation of the ultra-short light pulses takes place.

2. Method according to claim 1, characterized in that the closed trajectory in which the light
pulses propagate is a circular trajectory and forms ring-type optical loop of the ultra-short light

pulses generator.



10

15

20

25

30

WO 2016/020188 PCT/EP2015/066645
16

3. Method according to claim 1, characterized in that the closed trajectory in which the light
pulses propagate is linear one where the light pulses propagate forth and back in the same
overlapping trajectory and it forms a linear-type optical loop of the ultra-short light pulses

gencrator.

4. Ultra-short light pulse generator, comprising an optical loop (11) in which are arranged:
- at least one light pulse amplifier (5, 6);

- at least one optically transparent material (3, 4), where optical Kerr effect manifests;

- a spectrally-sensitive optical element;

- means for extracting the light pulses away from the optical loop and

- means designed to input a seed pulse into the optical loop,

characterized in that

two spectrally-sensitive optical elements (1) and (2) are provided which are designed to select
spectral components of the light pulses of predetermined wavelengths, where predetermined
wavelengths selected by using the first spectrally-sensitive optical element (1) are different than
the predetermined wavelengths selected by using the second spectrally-sensitive optical

element (2), wherein

the optically transparent material (3, 4), where optical Kerr effect manifests and the optical
amplifier (5, 6), are placed in the optical loop (11) of the ultra short light pulse generator

between the spectrally-sensitive optical elements (1) and (2), wherein

the first and second spectrally-sensitive optical elements (1) and (2) are choosen in such a way,
that their characteristic spectra of the selection do not overlap closing a resonator or their
spectra of selection overlap but losses of the formed laser resonator in the optical loop due to
the spectra overlap are higher than its amplification,

the means (7, 8) for extracting the light pulses away from the generator optical loop are
designed to extract light pulses of other wavelengths, than the predetermined wavelengths

selected by the spectrally-sensitive optical elements (1) and (2).
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5. Generator according to claim 4, characterized in that the optical loop (11) of the generator
is of ring-type, where in the ring-type optical loop (11) are placed:

- at least one amplifier (5, 6),

- two said optically transparent materials (3) and (4), where the optical Kerr effect manifests,
alternately one after another with the corresponding spectrally-sensitive optical elements (1)

and (2).

6. Generator according to claim 4, characterized in that the optical loop (11) of the generator
is of lincar-type, where in the lincar-type optical loop (11) are placed two spectrally-sensitive
optical elements (1) and (2) between which are placed:

- at least onc above-mentioned optically transparent material (3, 4), where the optical Kerr
cffect manifests and

- at least one amplifier (5, 6), wherein

end reflectors of the lincar-type optical loop are provided which reflect the sclected

wavelengths of the light pulses back to optical loop (11) of the pulse generator.

7. Generator according to any one of claims 4-6, characterized in that the means designed to
input the seed pulse comprises at least one input branch (9, 10) of the pulse generator, which is

optically connected to a pulsed light source, preferably to a pulsed laser source.

8. Generator according to any one of claims 4-6, characterized in that thc mecans (7, 8) for
extracting the light pulses away from the generator comprises light pulse output branches (7, 8)
of the pulse generator wherein at least one said output branch (7, 8) is optically connected with
at least one said seed pulse input branch (9, 10) of the generator via an optical means, wherein

said optical means can be the Q-switch or optical switch of the laser.

9. Generator according to any onc of claims 4-8, characterized in that the spectrally-sensitive
optical clements (1, 2) are the amplifier (5, 6) and the spectrum-selection filtering function of

the light pulses is performed by the wavelength-dependent gain band of the amplifier (5, 6).
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10. Generator according to any onc of claims 4-9, characterized in that the light pulses arc
amplified and spectrally broadened due to the optical Kerr effect within the same optically

transparent-gain material, for instance, gain fiber or laser gain medium.

11. Generator according to any one of claims 4-10, characterized in that there is additionally
provided an external amplifier, preferably fiber amplifier, which is optically connected to any

of the gencrator output branch (7) or (8).

12. Generator according to any one of claims 4-10, characterized in that ultra-short light pulse
generator is of all-in-fiber design, namely, entirely built from optical fibers and fiber

components.
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