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Efficient high-energy Raman soliton generation
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Abstract: We report the Tm-doped all-fiber MOPA based on a LMA active fiber generating
Raman solitons tunable in the range 1970-2300 nm directly from the LMA fiber. By tuning the
chirp of the input pulse we reached more than 90 % energy transfer efficiency to Raman soliton.
Solitons with 125 fs duration and up to 24 nJ energy are demonstrated in LMA fiber amplifier.
We show experimentally that Raman solitons experience both amplification and absorption in
active fiber components of the laser system and that the energy of a Raman soliton generated in
an LMA fiber amplifier is limited by the soliton area theorem.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction & state of the art

High-power and -energy tunable ultrashort pulsed fiber laser sources operating above 2000 nm
gain more and more interest due to the large range of possible applications, such as eye-safe
LIDAR, multi-photon microscopy, optical coherence tomography, spectroscopy as well as
marking and micro-machining, to name a few. The spectral window between 2000 nm and
2500 nm is of special interest due to the transparency of the atmosphere around 2100-2200 nm
as well as presence around 2300-2500 nm of several molecular absorption lines enabling, for
example, differential absorption spectroscopy. Even though thulium-doped silica based fibers
typically support amplification in the range of 1800-2050 nm [1] and do not cover the whole
range up to 2500 nm, it has been demonstrated that it is possible to generate pulses at up to
2500 nm directly from the Tm fiber amplifiers by using Raman self-frequency pulse conversion
to either shift the central wavelength of the pulse or broaden the pulse sufficiently enough to fully
cover the targeted spectrum [2—4].

Ultrashort-pulse tunable Raman soliton-based Tm-doped fiber amplifiers have been demon-
strated by several research groups in silica fibers [5—11]. These papers report tuning performance
with soliton central wavelengths ranging from 1950 nm to 2500 nm, and pulse durations of
100-200 fs. Energy transfer efficiency to Raman soliton (ratio of the Raman soliton energy to the
total output energy) is typically 40-60 %. Several approaches have been proposed to raise the
transfer efficiency over 90 % [9,11]. When it comes to the energy of the solitons the published
results vary, with some papers reporting Raman soliton energies over 10 nJ [7,9], while others
insisting that the Raman soliton in the single mode silica fiber is limited at the energy level of a
few nJ [12,13].

In order to elucidate the reason for such spread of reported values and to find the way to
precisely control both, the amount of Raman frequency shift as well as the pulse energy, we carry
out a careful theoretical and experimental analysis here. Indeed, the fiber amplifier is seeded by an
ultrashort pulse (Tp< ps) which is generated as fundamental optical soliton in a femtosecond fiber
oscillator, but weakened to < 10% of its original energy after leaving the oscillator through the
output coupler. Such a pulse will experience dispersive broadening and acquire chirp while being
transmitted through the passive fiber on the way towards the fiber amplifier. The amount of chirp
acquired by the seed pulse is an important parameter, which defines one of the different operation
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regimes of the amplifier. If the chirp value is high enough to reduce nonlinear optical effects
during the amplification sufficiently to minimize pulse shape modifications (i.e. the nonlinear
length is approximately equal to the dispersive length), then the laser system can be described as
a chirped pulse amplifier [14—16]. If the chirp value is not as high, then the nonlinear effects will
be strong in the amplifier fiber, and we will end up with a system generating, in general case,
a broadband "white light" supercontinuum, formed out of red-shifted Raman solitons [17,18].
However, there is a narrow range of parameters, where the pulse can be recompressed into a
fundamental soliton while being transmitted through the amplifier fiber.

G. P. Agrawal has described the process of Raman soliton formation in a passive fiber with
anomalous dispersion [19]. He showed that soliton formation in such a fiber is possible, if the
pulse is pre-chirped positively (for example, by transmitting through the normal dispersion fiber),
that the value of the chirp will affect the amount of the energy lost during the soliton stabilization
process, and finally will define the efficiency of the energy transfer to a soliton. It was also shown
that the pulse can this way be recompressed to a shorter soliton, and that the compression factor
both for a sech-shaped soliton [19] and Gaussian-shaped pulse [20] can be calculated as:
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with T the pulse duration after propagation and Ty the initial pulse duration. C describes the
chirp parameter, (3, the dispersion of the fiber and z the propagated distance.
The chirp parameter C of the pulse can be calculated as
_ 2 _zp| _ GDD

L 12 T2

Cpaz
2
Ty

[19]. )

Agrawal et al. limited their modelling to the case of soliton formation in passive fibers. In
active fiber, i.e. inside the fiber amplifier, the pulse energy increases, self-phase modulation is
way stronger, and thus the pulse can be recompressed to a shorter soliton also in the case of
negative pulse chirp.

The energy of the fundamental soliton is limited by properties of the fiber, and can be calculated
using the soliton area theorem [19,21]:
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with B, the group velocity dispersion (GVD) in the fiber, y the nonlinear parameter of the fiber

(given by Eq. (4)) and T the pulse duration (defined via Ty = Trwnwm/1.7626 for sech?-pulses).
The nonlinear parameter is defined as
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with A.g the effective mode area and n; the wavelength-dependent nonlinear refractive index of
the fiber.

For example, for the case of 130 fs pulses at 2 um wavelength in standard telecom silica fibers

(To = 2%, o ~ 143 x 107 5s’m™! [22], Aeg = 100 pm? and np = 2.5 x 107m?W~! ) we

obtain the following soliton energy limit:
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If the spectrum of the soliton transmitted through the fiber is broad enough and the energy is
high enough, it will experience the so-called Raman-induced self-frequency shift (RIFS) [21] or
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intra-pulse Raman scattering, where its central wavelength is shifted towards the red wavelengths
while propagating through the fiber. A soliton which experiences such a shift is called "Raman
soliton". This frequency shift Q(z) in [Hz] depends on the distance z the soliton travels through
the fiber, and can be calculated as

8Tr|Ba|
z
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© =53

(6)

with 8, the dispersion value of the fiber in [fszm‘1 ], Tr = 3fs according to Agrawal et al. [19].
Eq. (6) is valid for pulses, where the chirp is negligibly small and does not change while the pulse
propagates through the fiber, i.e. for soliton pulses. From Eq. (3) it follows that T o E;l and the
dependence of the frequency shift on the soliton energy and -wavelength can be given as:

8T 7'ny
Qz) = — P (7
15(B2]° A%AL,
This confirms that
Qz) « Ey, ®)

i.e. there is a strong dependence of the Raman self-frequency shift on the pulse energy.

The dependence of the parameters of Raman-induced self-frequency shift process on both
the chirp acquired by the femtosecond pulse and the energy of the soliton formed in the fiber
amplifier show that precise control of both is necessary for stable and efficient operation of the
Raman soliton amplifier.

As shown above, the energy of a soliton formed in a fiber amplifier depends on the effective
mode area of the amplifier fiber. Getting back to the example above, increasing the effective mode
diameter from 10 um (standard telecom fiber) to 25 um (large mode area fiber) would increase
the theoretical soliton energy limit from 5 nJ to 34 nJ. This approach was tested experimentally
for Er-doped fiber amplifier around 1500 nm [23]. In a very large mode area (VLMA)-based
Er-doped fiber amplifier (fiber core diameter of 50 um) the solitons with an energy of 21 nJ at
1650 nm and a duration of 86 fs were obtained, while the amplifier was seeded with 600 fs-chirped
pulses at 1560 nm and pumped by a continuous wave (CW)-source operating at 1480 nm.

For 2000 nm spectral range the Raman soliton generation in solid SiO,-based LMA fibers
was only reported using a passive Raman soliton approach [12]. The difference compared to
the active fiber approach is that the ultrashort pulse of high energy is coupled to the undoped
fiber, where it experiences nonlinear conversion. As an example, an Er-doped fiber laser emitting
1 WJ pulses with a duration of 412 fs at the wavelength of 1550 nm was coupled to a passive fiber
with a core diameter of 40 um and a cladding diameter of 200 um to generate solitons tunable
between 1580-2520 nm with a soliton duration of 100 fs and a soliton energy up to 73 nJ [12].
For a fiber with a smaller core (diameter of 35 um) solitons with the energy of 45nJ at 1980 nm
were obtained [24]. The SiO, absorption limits the longest wavelength of the Raman soliton to
~2400-2500nm [2,12]. Longer wavelengths experience an increasing absorption due to phonons
and OH-groups in the fiber. This can be mitigated by minimizing the OH-content (dry fiber) or
adding GeO, to the fiber [25], but will not completely remove the increasing absorption [26]. To
be able to move to the wavelengths that are longer than 2900-3000 nm one has to use a different
type of fiber, such as microstructured tellurite [27,28], fluoride [29], germanate [2,13,25,30] or
chalcogenide fibers [31].

The soliton energy depends not only on the effective mode area, but also on the nonlinear
refractive index of the material. This enables specialty fibers such as photonic crystal fibers
(PCF) to allow significantly higher soliton energies due to the lower nonlinear refractive index
ny of air [32]. This effect can be seen especially when comparing non-PCF LMA fibers with
PCF-LMA-fibers. Here significantly higher pulse energies were reported. Horton et al. reported
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pulse energies of 67 nJ for a pulse duration of 65 fs in a PCF-based crystal rod with an effective
area of 2300 um? at the pump wavelength of 1550 nm [33]. This result could be improved later to
100 nJ at a comparable pulse duration [34]. Nguyen et al., on the other hand, used a PCF-based
LMA fiber with a core diameter of 20 ym and an effective area of 230 pm at 1560 nm, which
generated pulses with an energy of 13 nJ and a pulse duration of 80-95 fs [35].

Summarizing, in spite of active research in the field of Raman self-frequency conversion in
active fibers, to the best of our knowledge, Raman soliton generation was never reported for
active Tm-doped LMA- or VLMA-type fibers. Such fibers play, however, crucial role in power
scaling. The goal of this paper is to realize controlled Raman soliton generation process in
Tm-doped LMA fiber, thus paving the way to energy scaling of tunable Raman solitons. To reach
this overall goal, we first make a thorough investigation of the Raman self-frequency conversion
in the Tm-doped all-fiber standard mode area (SMA) fiber, then study the dependence of the
Raman soliton parameters on the chirp of the seed pulse, and finally realize, for the first time to
our knowledge, Raman self-frequency shift inside the large mode area (LMA)-fiber amplifier
pumped by 793 nm multimode diodes and seeded by a Tm femtosecond fiber laser.

2. Experimental setup

The experimental setup consists of a femtosecond Tm-fiber based seed oscillator and the two
similarly-built Tm-fiber based amplifiers with different active fiber types. Those are described in
the following sections.

2.1. Femtosecond fiber oscillator

The single-mode thulium-doped femtosecond oscillator had an architecture similar to the one
described in [8] with the main difference being the dispersion compensating fiber added to the
cavity. The dispersion control was used to manage the cavity round-trip dispersion closer to zero,
which allowed to achieve femtosecond pulse generation. The laser emitted at around 1970 nm
with FWHM spectral bandwidth of nearly 11 nm, as shown in Figure 1. The pulse repetition
rate of the seed oscillator is 33.4 MHz, and at an average output power of 1.2 mW it corresponds
to 35 pJ pulse energy. Assuming that the pulse is close to transform-limited, we estimate its
duration to be 370 fs.

Intensity in [dBm/nm]

Power in [dBm/Hz]

e i

\ T T \ T \ \
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Fig. 1. Optical spectrum (left) and RF spectrum (right) of the femtosecond fiber oscillator

2.2. Tm:fiber amplifiers

Two fiber amplifiers were used in our experiments. The first amplifier is the same as described
in [8]. It uses a single-mode double-clad Tm-doped active fiber with a core diameter of 10 um
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and the cladding of 130 um, and thus will be further called as standard mode area (SMA) fiber
amplifier. This amplifier has a fiber output: the active fiber is spliced with a standard SMF28
single-mode fiber, which allows fiber delivery of the output pulse.

The second amplifier uses the 25 um-core double-clad large mode-area Tm-doped active
fiber, and will be further called as large mode area (LMA) fiber amplifier. The amplifier is
pumped in forward direction by two 105 um core fiber-coupled multimode laser diodes emitting at
793 nm. The seed laser is combined with the pump emission through the commercial pump-signal
combiner matched with amplifier active fibers. It has a free-space output: the active fiber is
angle-cleaved, and the output emission is collimated using a spherical lens. The schematics of
the LMA amplifier is shown in Figure 2.

Pump diode

Active
fiber

Beam

Angled fiber Output

Output

Signal/Pump
light combiner

Beam
collimation

Pump diode

Fig. 2. Schematic of the LMA Tm:fiber amplifier

For pulse delivery from the oscillator to both amplifiers we created a fiber delivery line
consisting of SMF-28 fiber and dispersion compensating fibers of different lengths. The
dispersion compensating fiber in the fiber delivery line is used for chirp variation of the seed pulse,
this question will be further adressed in section 3.. The polarization controller is implemented
into the fiber delivery line to adjust the polarization of the seed light.

3. Experimental results

The experimental results will be described in the following order. In Section 3.1 we show how
the optimization of the seed pulse chirp allows to control the position of generated Raman
soliton and increase the energy transfer efficiency to Raman soliton to the values over 98 %. In
Section 3.2 we make characterization of the SMA Tm:fiber amplifier with optimized seed pulse
chirp, showing the limitations of the pulse energy by soliton area theorem. We also address the
issues of amplification and energy loss of the Raman soliton in amplifier components depending
on the soliton spectral position. Finally, in Section 3.3 we apply the same strategy to build
and characterize for the first time the LMA Tm:fiber amplifier generating Raman solitons with
efficiency up to 91 % and pulse energy up to 24 nJ with pulse duration of 125 fs.

3.1. Optimization of energy transfer efficiency and position of Raman soliton by adjust-
ing the seed pulse chirp

To the best of our knowledge, the only publication indicating the influence of the seed pulse
chirp on the process of Raman soliton formation in a pumped fiber amplifier [36] was based on
theoretical modelling and focused on the optimization of solely the efficiency of energy transfer
to Raman solitons. Our aim is to experimentally verify and extend this approach, show that the
seed pulse chirp affects not only the efficiency, but also the position of Raman soliton, and thus
demonstrate the way to control the process of Raman soliton formation by modification of the
seed pulse chirp.
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As it was indicated in section 2.2, in our laser system the seed oscillator is connected to the
amplifier by a fiber delivery line. The delivery line consists of all the fiber elements between
the oscillator output coupler and amplifier active fiber and includes fiber isolators, polarization
controller, pump/signal combiner, and connectors, around 8 meters of fiber in total. While being
transmitted through this fiber, the femtosecond pulse from the oscillator experiences dispersive
broadening and acquires the significant chirp with a chirp parameter C ~ —15.3, resulting in
pulse stretching from 370 fs to roughly 5 ps at the amplifier input (calculated values). Chirp
parameter can be modified by implementation of the segment of ultra-high NA (0.35) fiber
(UHNA) into the delivery line. UHNA-fiber has a dispersion parameter of 0.09 ps>m™' at
1970 nm wavelength [22], roughly opposite to that of SMF-28 fiber. We experimentally vary
the length of the compensating fiber from 5 m (undercompensated chirp, C = —5.3), to 15 m
(overcompensated chirp, C = 14.7) with a step of 1 m while characterizing the pulse parameters
at the output of the SMA fiber amplifier.

Figure 3 shows the SMA amplifier output spectra at a constant pump power of 4.7 W for
different chirp values (compensating fiber lengths). No solitons are formed for 5m and 15 m of
dispersion-compensating fiber, and the only spectral component in the MOPA’s output spectrum
is the amplified and SPM-modified spectrum of the seed laser, and thus our laser works as a
chirped pulse amplifier. For the lengths between 6 m and 14 m Raman solitons are formed and
shifted to different spectral positions due to the soliton self-frequency shift effect. Thus we
demonstrate that variation of the input pulse chirp allows to control the spectral position of
the Raman soliton. It is clear that the configuration using 10 m of UHNA fiber (with a chirp
parameter of C = 4.7) corresponds to the largest frequency shift, and thus represents the optimal
compression of a seed pulse inside the amplifier.
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Fig. 3. Output spectra of the SMA fiber amplifier measured at a constant pump power of
4.7W for different lengths of the dispersion-compensating fiber

One can also note the different energy distribution between Raman soliton and residuals of a
seed pulse (spectral component around 1970 nm) for every spectrum given in Figure 3. While
the residuals of the seed pulse are strong for up to 7 m and over 13 m of UHNA, those get weaker
for the fiber lengths between 7 m and 13 m, and vanishes almost completely for 10 m of UHNA.
The ratio of the soliton energy to the total energy of the output pulse can be quantified as the
energy transfer efficiency to Raman soliton.
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The dependence of the soliton generation on the length of the compensating fiber is further
investigated in Figure 4 and 5. For each compensating fiber length we increased pump power
until Raman soliton was spectrally shifted to the wavelength of 2050 nm, and then assessed pump
power, soliton energy and energy transfer efficiency. Predictably, the lowest pump power of about
4.4'W was needed for the case of optimal compensating fiber length of 10 m, and the amplifier
average output power was equal to 80 mW. For 15 m of UHNA fiber a considerably higher pump
power of about 5.6 W was needed to shift the soliton to 2050 nm, and the amplifier average output
power went up to 200 mW. Figure 4 shows that the intensity of the seed pulse residuals around
1970 nm strongly varies, reaching its minimum for compensating fiber length of 10 m.
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Fig. 4. Output spectra of the SMA fiber amplifier for different lengths of the dispersion-
compensating fiber measured at a pump power corresponding to the first Raman soliton,
located at 2050 nm

Figure 5 plots the Raman soliton energy and energy transfer efficiency vs. the length of
dispersion compensating fiber and seed pulse chirp parameter. It can be seen that by optimizing
the chirp we could increase the energy transfer efficiency from 40 % to over 95 %. The figure
also shows that the energy of 2050 nm Raman soliton remains nearly constant (2.2-2.3 nJ) and
almost independent on the dispersion compensating fiber length. The curve shows a certain
trend towards increased soliton energies for the case of undercompensated chirp (C<0), and
one can also note SPM-like modulations around 1970 nm for the corresponding spectra. The
possible explanation to this phenomenon is that the seed pulse experience SPM-induced spectral
broadening and soliton recompression in the front part of the amplifier, followed by generation of
shortened and spectrally broadened Raman soliton in the tail part of the amplifier, which then can
contain higher energy according to Eq. (3). However, this hypothesis can hardly be confirmed
experimentally, since both the spectra and autocorrelation traces of Raman solitons emitted
from SMA amplifier contain modulations, which complicate measurement of pulse duration and
spectral bandwidth. Such modulations are typical for the soliton which undergoes temporal and
spectral reshaping after having experienced significant loss. We assume that the source of loss is
the splice between the active amplifier fiber and the output SMF28 fiber. Active fiber used in
SMA amplifier is a pedestal fiber, and it is known that splicing of Thulium-doped pedestal fibers
with passive fibers is challenging and might result in substantial losses [37,38].

Shortly summarizing this section, we experimentally investigated the Raman soliton generation
in fiber amplifier depending on the chirp of the seed pulse. We showed that both soliton spectral
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Fig. 5. Output parameters of the SMA fiber amplifier measured at a pump power corre-
sponding to the first Raman soliton, located at 2050 nm: energy transfer efficiency to Raman
soliton (green line) and corresponding soliton energy (blue line)

position and soliton energy transfer efficiency depend on the seed pulse chirp, thus demonstrating
the method to control the parameters of the Raman soliton by varying the chirp of the seed pulse.

3.2. Generation of Raman solitons in the SMA amplifier

For the optimal dispersion compensating fiber length (10 m of UHNA fiber) we investigated the
behavior of the Raman soliton depending on the amplifier pump power (Figure 6). At pump
power of 2.95 W the output spectrum reproduces the spectrum of a seed oscillator. While pump
power increases, the spectrum broadens and forms a Raman soliton, which spectrally shifts
towards longer wavelengths. At 4.39 W of pump power the soliton is already at 2020 nm, and the
spectral component at 1970 nm, (seed pulse residuals), vanishes almost completely, indicating
very efficient energy transfer to Raman soliton. With further increase of the pump power up to
5.30 W the soliton gradually shifts to 2260 nm, while the seed pulse residuals slowly acquire
energy. For the pump powers exceeding 5.57 W the Raman soliton starts losing both the energy
and the "speed" of spectral shift, while the seed pulse residuals are amplified enough to form a
second Raman soliton. At the 6.47 W pump power the first Raman soliton reaches the wavelength
of 2320 nm and loses almost all of its energy, the second soliton is shifted to 2160 nm, and the
third soliton is about to be formed from the amplified seed pulse residuals. It is important to note
that the pump power could be scaled further to demonstrate the birth of more Raman solitons.
The quantitative characterization of the output pulse energy, Raman soliton energy, and
efficiency of energy transfer to Raman soliton is given in Figure 7. The output pulse energy
initially rises up to 2.8 nJ for the pump power of 4.6 W. This corresponds to the first Raman
soliton shifted to 2100 nm. With further increase of the pump power the output pulse energy
drops and reaches the minimum of 1.1 nJ for the pump power of 5.4 W. It corresponds to the
first Raman soliton shifted to 2280 nm. The decreasing energy trend can be explained by the
all-fiber configuration of the amplifier output — the pulse is transmitted through about 4 m of
the passive SMF fiber, the absorption of which increases towards longer wavelengths. At the
same time the residuals of the seed pulse are very weak (since the energy was very efficiently
transferred to the first Raman soliton), and the amplification of a weak signal at 1970 nm can not
compensate the energy loss by a red-shifted soliton. With further increase of the pump power
above 5.5 W the first soliton slowly shifts further to 2320 nm and continuously loses energy, while
the signal at 1970 nm is amplified enough to form the second Raman soliton. The contribution of
amplification at 1970 nm is now dominating, and the output pulse energy increases.
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Fig. 6. Output spectra of the SMA fiber amplifier with optimal chirp compensation
depending on amplifier pump power
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Fig. 7. Output parameters of the SMA fiber amplifier with optimal chirp compensation
vs. the pump power: energy transfer efficiency to the first and the second Raman soliton
(dark green and light green, respectively, left scale), output energy of the full pulse, first and
second solitons (orange, dark blue, and light blue, respectively, right scale)

In addition to the total output energy Figure 7 also plots energy of first and second Raman
solitons, as well as the efficiency of the energy transfer to both solitons. One can note that both
the first and the second soliton reaches the energy of roughly 2.8-3.0 nJ, before losing it due to
absorption in the transmitting fiber. The energy transfer efficiency to the first soliton reaches the
maximum of 98.2 % at a pump power of 4.6 W, and efficiency of energy transfer to the second
soliton is also very high reaching 88 % at a pump power of 6.3 W.

Different perspective opens up if one plots the energy of the first Raman soliton depending
not on the pump power, but rather on its spectral position (Section 8). The figure shows that
the Raman soliton experiences amplification while being frequency shifted up to 2100 nm. This
unusual for a Raman soliton behavior can be explained by the fact, that the soliton is born in
the pumped active Tm:fiber. Since the gain bandwidth of Tm:fiber extends to over 2050 nm [1],
the soliton is being amplified within this spectral range. Being further red-shifted, soliton drifts
away from the gain region towards longer wavelengths where silica begins absorbing, resulting
in significant energy loss. Increase and further decrease of soliton energy results in changing
the "speed" of the soliton frequency shift, as it was shown in Eq. (7) and can be clearly seen in
Figure 6.
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Fig. 8. Raman soliton energy in the SMA fiber amplifier with optimal chirp compensation
vs. spectral position of the first Raman soliton

Spectral dependence of the soliton energy should, according to the (Eq. (3)), result in respective
variations in pulse duration and spectral bandwidth of the Raman soliton. However, as already
mentioned above, both spectral and autocorrelation measurements of SMA amplifier output are
significantly distorted. Distortions are caused by the losses in active/passive fiber splice, and in
the fiber output of the amplifier, and thus the careful numerical analysis of soliton parameters
is complicated. The Raman soliton spectral bandwidth of 11 nm and pulse duration of 260 fs
were estimated from the measurements done at 2050 nm (Figure 9). More detailed numerical
analysis of Raman solitons pulse duration and spectral bandwidth depending on the soliton
spectral position will be done below for LMA amplifier.

TrwuMm =
260 fs

Linear spectral
intensity, normalized
Intensity [a.u.]

T T T
1,950 2,000 2,050 2,100 -2,000 -1,000 0 1,000 2,000

Wavelength [nm] Delay [fs]

Fig. 9. Spectrum (left) and autocorrelation trace (right) of the Raman soliton located at
2050 nm emitted by SMA fiber amplifier

Shortly summarizing this section, we experimentally investigated the Raman soliton generation
in optimized SMA fiber amplifier and demonstrated the soliton energy transfer efficiency of over
98 %. We showed that Raman solitons acquire energy while being shifted up to approximately
2100 nm due to amplification in thulium-doped active fiber, but then gradually loose energy while
being further shifted beyond 2100 nm due to increased losses in the amplifier output fiber.

3.3. Generation of Raman solitons in the LMA amplifier

Based on the soliton behavior observed in Figure 3 and Figure 4 we applied the same strategy for
soliton formation in the LMA amplifier. The fiber delivery line towards the LMA amplifier was
significantly longer, and to compensate that we added additional 10 m of UHNA fiber, which,
according to our estimations, brings us to the optimal compression of the seed pulse.

The development of the first Raman soliton in LMA fiber amplifier is shown in Figure 10. As
for the case of SMA amplifier, one can see the transformation of the amplified seed pulse spectrum
into a Raman soliton with subsequent frequency shift towards the longer wavelengths. However,
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in this graph one can clearly see that the shift of the soliton spectral position is accompanied by
increasing of the soliton spectral bandwidth.
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Fig. 10. Output spectra of the LMA fiber amplifier with optimal chirp compensation
depending on amplifier pump power

Figure 11 shows the development of the soliton energy and efficiency of the 1st Raman soliton
in the LMA fiber amplifier. Both total output pulse energy and Raman soliton energy smoothly
grow following each other up to the level of about 24 nJ, which is achieved at 28.7 W of pump
power. With further increase of the pump power the soliton energy remains the same, while the
total output energy continues to rise reaching 45 nJ for the pump power of 34 W. Energy transfer
efficiency to the first soliton reaches its maximum of 91 % at 28.7 W of pump power.

100

Transfer efficiency [%o]
Energy [n]]

Pump power [W]

Fig. 11. Output parameters of the LMA fiber amplifier with optimal chirp compensation vs.
the pump power: efficiency of energy transfer to Raman soliton (green), energy of the full
pulse (orange), energy of the first Raman soliton (blue), and upper limit of the soliton energy
calculated with Eq. (3) (dark red)

An important difference of LMA amplifier in comparison to the SMA amplifier is that it has a
free-space output, i.e. the output pulse is coupled out of the active LMA fiber through the angled
cleave, and then transmitted through the air as a collimated Gaussian beam. This fact eliminates
effects observed in SMA amplifier like wavelength-dependent energy loss and spectral/temporal
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modulations of the output soliton in a passive output fiber, and thus allows more detailed analysis
of the Raman soliton development.

Figure 12 plots the Raman soliton energy (both measured and calculated using Eq. (3)),
measured FWHM spectral bandwidth and pulse duration, and calculated time-bandwidth product
of the Raman solitons in LMA Tm:fiber amplifier vs the spectral position of the soliton. The
Raman soliton is readily developed at the wavelength of 2010 nm, with the pulse duration of
250 fs, spectral bandwidth of 19 nm, and pulse energy of 7 nJ. Similarly to the SMA amplifier,
the soliton gets amplified while being frequency shifted. During the amplification both the pulse
duration and the spectral bandwidth of the soliton change to accomodate for the increased energy
values, following Eq. (3). The process slows down beyond 2100 nm, and beyond 2160 nm no
further amplification happens. At this wavelength the soliton has pulse duration of 125 fs, spectral
bandwidth of 51 nm, and pulse energy of 24 nJ. Time-bandwidth product of the generated soliton
falls between 0.35 and 0.4, indicating that the pulses are close to transform limited.
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Fig. 12. Output parameters of the LMA fiber amplifier with optimal chirp compensation vs.
spectral position of the first Raman soliton: soliton energy (blue), upper limit of the soliton
energy calculated with Eq. (3) (orange), pulse duration (red), spectral bandwidth (green),
and time-bandwidth product (light blue) of the soliton

The autocorrelation trace for the laser output at 28.7 W pump power, equivalent to Raman
soliton located at 2163 nm, is shown in Figure 13. Pulse duration of 125 fs with the soliton energy
of 24 nJ results in the peak power of 170 kW. Beam quality measurements (Figure 13) shows the
M2 parameter of 1.7 with certain degree of astigmatism caused by the angled cleave of the fiber
output.

Using the data shown in Figures 10 to 12 the validity of our experiments can be cross-checked
with Eq. (6) by estimating the length of the fiber required to frequency-shift the soliton to a
certain spectral position. The calculations are complicated by the fact that, as shown above,
the soliton changes its duration and bandwidth while being frequency shifted, and therefore the
"speed" of the frequency shift is not constant. Since Raman solitons are nearly transform-limited
for the whole range of frequency shift (Figure 12), the chirp of the soliton is negligibly low, and
Eq. (6) can be applied over the full range of the soliton shift. First, we make our estimations
for the spectral interval where the soliton parameters are more or less constant, namely between
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Fig. 13. Interferometric autocorrelation trace (the upper left), beam profile (upper right) and
MZ-measurements (bottom) of a Raman soliton at 2163 nm generated in the LMA Tm:fiber
amplifier.

2096 nm and 2137 nm. This shift corresponds to A4 = 41nm/Ay = 2.74 THz, and the dispersion
of the fiber in this range is 8, = —115 x 10° fs2m”. According to Eq. (6):

_ 15Av - (66.91fs)*
8TRr|pBx]

i.e. the Raman soliton needs to travel 0.30 m through the active fiber to be shifted by 41 nm.
Extrapolating this approach step-wise to the whole measured range of soliton shift, we can
estimate that frequency shifting the soliton to the most long-wavelength position would require
about 3.9 m of active fiber. It correlates well with the total length of the active fiber in the LMA
amplifier. However, these calculations should be still considered as a rough estimation, since the
frequency shift depends on the 4™ power of the pulse duration.

When the pump power is further increased above 30 W the formation of a second Raman
soliton starts (Figure 14), and the process soon becomes unstable both in terms of spectral stability
and the consistence of the soliton development depending on the pump power. We attribute that
to the deterioration of the polarization state of the seed light. When the pump power reaches
34 W, the third Raman soliton appears, and further increase of a pump power leads to mixing of
solitons, and, finally, formation of a Raman soliton driven supercontinuum with a total pulse
energy of 85 nJ for 45 W pump power. Quantitative analysis of this regime is complicated due to
instabilities and fluctuations of soliton parameters.

Shortly summarizing this section, we have demonstrated Raman soliton generation in an active
LMA Tm-fiber amplifier. We achieved pulses with up to 24 nJ pulse energy and 125 fs pulse
duration, tunable up to 2300 nm. The energy transfer efficiency to Raman soliton reached 91 %.

~ 0.30m, C))
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Fig. 14. Output spectra of the LMA fiber amplifier with optimal chirp compensation
depending on amplifier pump power: second and third Raman soliton

4. Conclusion and outlook

We investigated the Raman soliton generation in diode-pumped Tm-doped fiber amplifiers based
on single-mode double-clad and large-mode-area fibers seeded with femtosecond pulses from
Tm-doped fiber oscillator. Several important results and conclusions could be drawn from this
investigation that pave the way towards future energy scaling of Raman shifted solitons:

* We demonstrated for the first time to our knowledge the Raman soliton generation inside
the Tm:doped LMA fiber amplifier tunable up to 2300 nm, reaching the pulse energy of
24 nJ with a pulse duration of 125 fs and a peak power of 170 kW.

* We demonstrated for the first time to our knowledge the way to control both the spectral
position and the energy transfer efficiency to a Raman soliton generated in a fiber amplifier
by varying the chirp of the seed pulse. We could achieve over 98 % energy transfer
efficiency to the Raman soliton in the SMA amplifier, and over 91 % for the LM A-amplifier.

* We analyzed dynamics of the Raman soliton formation in the LMA amplifier, showing that
Raman solitons undergo amplification in an amplifier active fiber if their spectral position
is within the gain range of Tm, and that such amplification is accompanied by spectral
broadening and temporal shortening of the soliton. Beyond the Tm gain wavelength range
Raman shifting continues, but is not associated with further spectral broadening/temporal
shortening.

* The long wavelength edge of the Raman pulse tuning is limited by the presence of
OH-complexes in silica glass and can be counteracted by a proper choice of fiber material.

* We confirmed the validity of the correlation between the frequency shift, the pulse duration
and the pulse energy (as demonstrated in Eqgs. (6) and (7))

* Finally, we experimentally confirmed that the energy of the generated Raman soliton is
limited by the soliton area theorem.
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The work has thus demonstrated the principal possibility of Raman self-frequency shift in
active LMA fibers. It has also shed light on the mechanisms of Raman self-frequency shift in
active ion-doped fiber amplifiers, establishing the limits of the pulse energy increase in silica
LMA fibers. Further energy scaling and Raman tuning should be possible via using, for example,
larger solid-core LMA amplifiers or crystalline waveguides. However, even in the present form
the developed tunable Raman MOPA system is useful in many spectroscopic and remote-sensing
applications requiring broad electronic tunability and high sensitivity.
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