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Abstract: We report on synchronized dual-wavelength (1.07 pm and 1.24 um) pulsed lasing driven
by a quasi-synchronous primary pumping (at 0.98 um) of an Yb-doped fiber laser, which incorporates
also a P,Os-doped fiber as an intracavity Raman converter. The original method developed for such
lasing does not require saturable absorbers (or optical modulators) and dispersion management. We
demonstrated that the mechanism of the quasi-synchronous pumping enables the aforesaid stationary
lasing in spite of significant differential group delay (DGD) inevitably acquired by light pulses with
such different wavelengths during an intracavity round trip due to large normal chromatic dispersion.
This DGD can be actively compensated at every round trip by the forced “acceleration” of the pulses
at 1.07 um in the Yb-doped active fiber due to the overrated frequency of the quasi-synchronous
pumping at 0.98 um. This mechanism is related to the particular pulse amplification dynamics in
a such gain-modulated active fiber. The demonstrated approach to synchronized dual-wavelength
pulsed lasing in a single-cavity fiber laser features remarkable simplicity and reliability. Our proof-of-
concept setup enabled the stable two-wavelength generation of regular trains of nanosecond pulses
with energy up to 34 nJ at equal repetition rates.

Keywords: dual-wavelength lasing; pulsed fiber laser; stimulated emission; Raman scattering

1. Introduction

Generation of synchronized pulse trains at sufficiently different wavelengths by means
of a single laser system is required for many tasks, including lidar measurements, mid-
infrared difference frequency generation, coherent Raman spectroscopy, and pump-probe
experiments. Such a demand drives continued research into efficient methods of dual-
wavelength pulsed lasing, especially in fiber lasers that offer design flexibility and wide
choice of photonic phenomena to be used.

A typical approach to dual-wavelength pulse generation in a rare-earth-doped fiber
laser relies on passive mode locking along with spectral profiling of intracavity transmis-
sion function. This allows coexistence of two wavelength-shifted pulse trains owing to
inhomogeneously broadened gain [1-3]. Such a laser with a single active fiber can provide
only moderate spacing (<<100 nm) of the lasing wavelengths within the common gain
band. The reported lasers of this type usually require careful intracavity polarization control
for proper dual-wavelength pulsed lasing. Moreover, their intracavity dispersion causes
differential group delay and repetition rate shift between wavelength-shifted pulse trains.

A more sophisticated approach relies on the use of two different rare-earth-doped
active fibers in two coupled cavities with a common saturable absorber that allows pulsed
lasing simultaneously at two very distant wavelengths, e.g., at 1.55 pm and 1.88 um [4] or
at 1.03 um and 1.53 pm [5]. This approach allows equalization of pulse repetition rates by
relative adjustment of coupled cavities lengths [5]. However, this approach features more
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experimental complexity. Moreover, the wavelength choice is still limited to amplification
bands of rare-earth-doped fibers.

Lasing at wavelengths beyond rare-earth amplification bands is achievable with
Raman scattering. Relevant pulsed laser sources usually rely on synchronous pumping
of an external Raman fiber resonator by pulses from a mode-locked rare-earth-doped
fiber laser [6-8]. The largest difference between the pump and Stokes wavelengths can be
achieved with a Raman resonator built of a P,Os-doped fiber which features the extended
(up to 1330 cm 1) Raman frequency shift [9,10]. Nevertheless, such laser sources require
precise adjustment of the Raman resonator length to match the group delay of Raman
pulses with the repetition rate of the pump pulses. In addition to experimental complexity,
such laser sources have rather moderate overall energy efficiency because of the limited
energy coupling between the pumping laser and the external Raman resonator.

There are also a few reports on the feasibility of the dual-wavelength pulsed lasing via
stimulated emission from rare-earth ions and Raman scattering in single-cavity all-fiber
lasers with artificial saturable absorbers [11-13]. However, the reported single-cavity lasers
also feature a significant experimental complexity. They require precise compensation for
differential group delay between bicolor pulses (e.g., by means of intracavity wavelength-
division delay lines [11,12] or a graded-index multimode fiber [13]) in order to ensure
repeatable and effective interaction of the pump and Stokes pulses in a common cavity.
Intervals between lasing wavelengths in the reported single-cavity lasers were determined
by a Raman frequency shift of just 440 cm ™!, typical of conventional glass fibers.

It is worth noting also that all the above approaches utilize saturable absorbers to
trigger pulsed operation via passive mode locking (at least at one of the lasing wavelengths).
It ensures relatively short (typically picosecond) pulse duration. At the same time, it
complicates the laser design, reduces reliability, and energy capability. Proper operation
of a saturable absorber is possible within quite limited ranges of pulse energies and peak
powers. Some artificial saturable absorbers may require careful intracavity polarization
control for proper operation.

In this work, we proposed and studied a novel method for synchronized dual-
wavelength pulsed lasing in a single-cavity all-fiber laser without any saturable absorber
and adjustable delay lines. The concept of the method stems from the features of laser pulse
shaping in rare-earth fiber lasers with quasi-synchronous pumping which were discovered
in our preceding works [14,15]. Herein, we applied quasi-synchronous pumping at 980 nm
to our proof-of-concept single-cavity fiber laser with two gain media, namely an Yb-doped
fiber and a P,Os-doped fiber, to induce synchronized dual-wavelength pulsed lasing at
~1.07 um and ~1.24 um (via stimulated emission in the Yb-doped fiber and Raman scatter-
ing in the P,Os-doped fiber). We showed that the quasi-synchronous pumping enables the
aforesaid stationary lasing in spite of significant differential group delay (DGD) acquired
by light pulses with different wavelengths during their intracavity round trip. This DGD
can be actively compensated at every round trip by the forced “acceleration” of the pulses
at 1.07 um in the Yb-doped active fiber, provided that the frequency of quasi-synchronous
pumping at 0.98 pm is overrated to a proper degree. The mechanism underlaying such an
“acceleration” can be understood from our preceding works [14,15] and an early theoretical
prediction about possible increase of propagation velocity of a wave packet in an amplifying
medium [16]. It was also discussed below as an inherent part of the new lasing method.

2. Proposed Method

The concept of synchronized dual-wavelength (~1.07 pm and 1.24 um) pulsed lasing
in a hybrid (Yb-based and Raman-based) single-cavity fiber laser with quasi-synchronous
primary pumping (at 0.98 pm) is illustrated in Figure 1 and conditioned by Equation (1).
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Figure 1. Concept of synchronized dual-wavelength (~1.07 pm and 1.24 um) pulsed lasing in a hybrid
(Yb-based and Raman-based) single-cavity fiber laser with a quasi-synchronous primary pumping
(at 0.98 um), which provides active compensation of differential group delay (DGD) between the
fundamental (1.07 um) and Stokes (1.24 um) pulses. This DGD inevitably arises during intracavity
round trip because of large normal chromatic dispersion introduced by a long Raman fiber. The
compensation is achieved when completing the round trip with the forced “acceleration” of the
retarded fundamental pulse in the Yb-doped active fiber, owing to the pumping-controlled non-
uniform gain [14-16] as simplistically shown in the inset. Thus, the same superposition of the
fundamental and Stokes pulses can be reproduced after every round trip, and therefore, the stationary
synchronized dual-wavelength pulsed lasing becomes possible.

A simple fiber ring incorporates a relatively short (few meters) Yb-doped active fiber
for lasing at ~1.07 um and a 1 km long P,Os-doped Raman fiber for lasing at ~1.24 pm.
Pulses generated at 1.07 pm play the role of pump pulses for the Raman fiber which pro-
vides the maximum gain for Stokes pulses at a frequency shift of about 1320-1330 cm ! [9].
The relatively large length of the Raman fiber ensures sufficiently high Raman gain in
the laser. At the same time, owing to chromatic dispersion, such a long Raman fiber can
cause significant DGD between pulses with different wavelengths. In particular, the DGD
between pulses at 1.07 um and 1.24 um reaches 5.3 ns after their propagation in the 1 km
long P,Os-doped fiber. In accordance with the wavelength dependence of the effective
refractive index of this fiber (Figure S1), the Stokes pulse (1.24 um) propagates faster than
the fundamental pulse (1.07 pm). This leads to a reduction of the effective interaction length
for these pulses and limits the amplification of the Stokes pulse. In principle, this could
be a serious impediment to stationary synchronized dual-wavelength pulsed lasing since
such lasing requires repeatable (at every intracavity round trip) conditions for interactions
of the fundamental and Stokes pulses. Nevertheless, in this work, we showed that the
mechanism of the quasi-synchronous primary pumping at 0.98 um enables such stationary
lasing without any passive compensation for the intracavity DGD (e.g., without precisely
adjusted wavelength-division delay lines, such as those used in [11,12]).

The quasi-synchronous modulation of the pump power at 0.98 um above the lasing
threshold of the Yb-based part of the proposed fiber laser can produce a regular train of
nanosecond laser pulses at ~1.07 um, which are much narrower than the pump modulation
period. This happens due to gain non-uniformity experienced by the generated pulse, when
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the pump power modulation frequency fy,04 is slightly (by <1%) overrated as compared
with the fundamental pulse repetition rate f( (determined by the free spectral range of
the laser cavity in the vicinity of 1.07 um). Such a pulse-shaping mechanism is described
in detail in our preceding works [14,15]. Its following features are the principles for the
proposed dual-wavelength lasing: (1) the fine tuning of the slightly overrated modulation
frequency f 04 allows a gradual adjustment of duration and peak power of laser pulses
at 1.07 um; (2) the fine tuning of the slightly overrated modulation frequency f,04 pulls
accordingly the repetition rate of laser pulses at 1.07 pm; (3) the slight mismatch between
the modulation period (1/f04) and the intracavity group delay of a free-running laser
pulse at 1.07 pm is compensated by its forced “acceleration” in the Yb-doped active fiber
due to the stronger amplification of the leading pulse edge (see the inset in Figure 1).
Thus, when the quasi-synchronous primary pumping at 0.98 um has shaped laser
pulses at ~1.07 um with the instantaneous power remaining high enough during inter-
action time long enough to overcome the Raman lasing threshold, one may expect also
occurrence of pulsed lasing at ~1.24 um. However, the stationary lasing condition requires
zeroing of the dispersion-induced DGD between the pulses at 1.07 pm and 1.24 um after
every intracavity round trip. The above-listed features of the quasi-synchronous pumping
suggest that the proper overrating of the modulation frequency f,,q can provide active
compensation of the DGD. Indeed, the Stokes (1.24 um) pulses propagates faster than the
pump (1.07 um) pulses in the normal-dispersion P,Os-doped fiber. At the same time, laser
pulses at 1.07 um experience a forced “acceleration” in the Yb-doped active fiber owing to
the quasi-synchronous primary pumping at 0.98 um. This “acceleration” is governed by
the overrating of the modulation frequency f,04 as compared with the fundamental pulse
repetition rate f( (determined by the free spectral range of the laser cavity in the vicinity
of 1.07 um). [14,15]. Therefore, it is possible to derive the relation between the DGD to be
compensated and the properly overrated modulation frequency f,,q required for such

a compensation:

DGD = L _ ™

fO - fmod

where m is an integer number. Herein, we explored the case of m = 1, while one can consider
m > 1 for operation at the m-th harmonic of the fundamental pulse repetition rate.

)

3. Experimental Results and Discussions

As a proof of concept, we obtained and examined dual-wavelength pulsed lasing
driven by a quasi-synchronous pumping in an experimental laser configuration shown in
Figure 2. This configuration is based on an all-fiber ring cavity which includes two gain
media, namely, an Yb-doped fiber for lasing at ~1.07 um and a P,Os-doped Raman fiber
for lasing at ~1.24 pum.

All fibers employed in the laser configuration were single-mode at the lasing wave-
lengths. The 1 km long P,O5-doped fiber (FORC—Photonics PDE-5/125) provided Raman
gains (>5 dB/km-W) at a frequency shift of about 1330 cm~!. The 4.5 m long highly doped
Yb-fiber (LIEKKI Yb1200-6/125DC) had a double-clad design. The intensity-modulated
pump radiation at 0.98 um from a fiber-coupled laser diode was injected into the inner
cladding of the Yb-doped fiber via a fiber combiner. Unabsorbed residual pump radiation
(if any) had no way to be efficiently coupled from the inner cladding of the Yb fiber to the
core of the subsequent conventional single-clad fiber-optics elements. We examined the
spectral purity of laser radiation acquired via a 5% coupler and found no residual pump
radiation (as corroborated by Figure S2).

An 8 nm bandpass spectral filter centered at 1064 nm (according to its specifica-
tion) was installed in the cavity for a rough selection of the desirable fundamental lasing
wavelength. We had to use also a linked coupler of wavelength-division multiplexors
(WDMs 1.07/1.24 um) to form a bypass which allowed Raman radiation to avoid excessive
intracavity losses (especially losses in the aforesaid bandpass spectral filter).
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Figure 2. The proof-of-concept experimental laser configuration. LD—current-modulated laser diode
for quasi-synchronous primary pumping at 0.98 um; CD—current driver; WDMs—wavelength-
division multiplexors; At and At* designate contributions to the overall DGD from the P,Os-doped
fiber and the intracavity bypass. The inset shows the measured time trace of the quasi-synchronously
modulated pump power (pumping radiation was accessed via a 1% tap coupler, which is not shown
in this scheme.).

It worth noting that the bypass did not serve for the compensation of the differential
group delay between the generated bicolor pulses. On the contrary, it introduced an
extra DGD with the same sign as the DGD acquired by the bicolor pulses in the common,
1 km-long, Raman fiber part of the cavity. The proposed concept does not require any
length adjustment of separate optical paths for pulses with different wavelengths, unlike
earlier dual-wavelength single-cavity laser systems [11,12].

The DGD acquired in the P,Os-doped Raman fiber was about 5.3 ns. In addition,
Raman radiation completed the intracavity round trip via the fiber-optic bypass which was
7 m shorter than the fiber-optic pass of the fundamental radiation. This pass difference
introduced an extra DGD of about 34.3 ns per round trip. Thus, the total DGD reached
~39.6 ns per round trip. Nevertheless, we have proven experimentally that the proposed
method (relaying on the quasi-synchronous pumping of the laser) enables active compen-
sation of such a large DGD and, thus, allows stationary synchronized dual-wavelength
pulsed lasing.

To provide a quasi-synchronous pumping, the laser diode current was digitally driven
in a such way which led to a near-square-wave modulation of the pump power at 0.98 um
(see the inset in Figure 2). This form of modulation was unchangeable during experiments.
A narrow overshoot appearing at the front of the pump pulses is typical for the step
response of the bandlimited systems such as the pumping laser diode with its current
driving circuit. Nevertheless, such overshoots could not seriously affect the laser gain
dynamics in the Yb-doped active fiber because of the two reasons. First, they transferred
a very low fraction of the overall pump energy (~1% per duty cycle). Second, the flat-
top power level of the pumping pulses and their average power were both a few times
higher than the lasing threshold. The current driver was clocked by an external tunable
radiofrequency (RF) generator. This made possible the fine tuning of the pump power
modulation frequency fyq in the vicinity of the fundamental pulse repetition rate fg
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(determined by the free spectral range of the laser cavity near the lasing wavelength of
1.07 um). In the examined laser configuration, this parameter amounted to about 207 kHz.

It is worth noting that without the pump power modulation, the continuous-wave
(cw) lasing threshold at 1.07 um was achieved with a relatively low (~0.2 W) pump power
at 0.98 pm, while the achievement of the cw lasing threshold at 1.24 pm required a much
higher (up to 4.5 W) pump power at 0.98 um. This is not only due to the “cascaded”
pumping of Raman-based lasing via the Yb-based lasing, but also due to significant dif-
ference in intracavity gain/loss properties at those lasing wavelengths. In particular, the
WDM-1.07/1.24 installed right after the P,Os-doped fiber provided an approximately 90%
output coupling for the Raman emission (in accordance with the provided wavelength
channel isolation of 10 dB).

Nevertheless, we found that the proposed quasi-synchronous pumping allowed shap-
ing of laser pulses at 1.07 um with a peak power high enough to be well-above the Raman
lasing threshold even when applying a moderate (>1.5 W) average pump power at 0.98 um.
To set quasi-synchronous pumping properly for synchronized dual-wavelength pulsed
lasing, we performed a sweep of the pump power modulation frequency f,,q around
the fundamental pulse repetition rate (fy ~ 207 kHz) and simultaneously monitored laser
radiation characteristics at both the fundamental (~1.07 um) and Stokes (~1.24 um) wave-
lengths. Below, we mainly report characteristics of such lasing at an average pump power
of ~1.7 W. It should be noted, however, that such lasing is found to be reliably accessible
and featuring similar characteristics at any average pump power in the range from ~1.5 to
2 W (as testified by the supplementary measurement results in Figures S3 and S4).

Figure 3 illustrates the evolutions of temporal and spectral characteristics of laser
radiation at the above-indicated wavelengths which was measured upon the modulation
frequency sweep in the vicinity of fo ~ 207 kHz. Downward approaching to this rate
led to gradual evolution of lasing at the fundamental wavelength from barely modulated
continuous-wave operation to shaping a regular train of high-contrast pulses. Figure 3a
illustrates the corresponding evolution of temporal distribution of lasing power at ~1.07 um,
which was retrieved from serial oscilloscopic measurements. Shaping of high-contrast
pulses was inherently accompanied with the rise of their peak power. At a certain instance,
it became well-above the Raman lasing threshold, thereby leading to emergence of laser
pulses at the Stokes wavelength (~1.24 pm) as seen in Figure 3b. Lasing at the Stokes
wavelength appeared, only when the modulation frequency f,0q fell into the narrow range
of approximately 207.5 <+ 209 kHz. Within this range, the quasi-synchronous pumping
provided both the pulse shaping and the DGD compensation for the stationary dual-
wavelength pulsed lasing. Figure 3c,d illustrate the corresponding spectral evolutions of
lasing at the fundamental (~1.07 pm) and Stokes (~1.24 pum) wavelengths, respectively, as
retrieved from serial measurements of optical spectra.

Measurements of the average power at each lasing wavelength conducted in conjunc-
tion with the modulation frequency sweep also corroborated the resonant emergence of
Raman lasing when the modulation frequency fell into the range of ~207.5 < 209 kHz as
seen in Figure 4. The examined laser radiation was extracted through the WDM following
the P,Os-doped fiber and purely separated by wavelength via external filtering. Figure 5
shows typical temporal and spectral traces acquired with the modulation frequency be-
ing alternatively set within and slightly beyond the aforesaid range. They revealed how
the quasi-synchronous pumping at an overrated (relative to f() frequency triggers dual-
wavelength pulsed lasing.

Further, we examined in detail the steady dual-wavelength pulsed operation at a mod-
ulation frequency of 208.8 kHz empirically selected from the above stated range providing
the shortest pulse duration. Figure 6 represents the optical spectrum of laser radiation
measured with a resolution of 0.1 nm in a wide span of 200 nm which captured both the
fundamental (~1.07 um) and Stokes (~1.24 pm) lasing wavelengths separated by the Raman
frequency shift of about 1330 cm !, typical of P,0s-doped fibers. It is worth noting that the
spectrum had no Stokes components with the Raman frequency shift of 440 cm ™!, typical
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of conventional glass fibers. Such a Stokes component was suppressed by the specific
wavelength selectivity of the WDMs and the bandpass filter in the laser cavity. Moreover,
lasing at such a Stokes wavelength would require specific tuning of the modulation fre-
quency to provide proper DGD compensation. The zooming of the optical spectrum in
the vicinities of each lasing wavelength (insets in Figure 6) allows one to evaluate more
precisely spectral widths and central (or peak) wavelengths for the generated bicolor pulses.
They had close spectral widths of about 0.6 nm (at half maximum). Their peak wavelengths
were evaluated to be about 1066.7 nm and about 1242.3 nm (with accuracy limited to the
spectral resolution). The temporal characteristics of the obtained dual-wavelength lasing
were examined by measuring simultaneously time traces of pulse trains at the fundamental
and Stokes wavelengths as represented by oscillograms in Figures 7 and 8. In spite of a
nearly equal spectral width, the generated bicolor pulses featured significant difference
in their duration and shape. The Stokes pulses had a much shorter duration (43 ns) and a
more regular shape as compared with the fundamental pulses. This was caused by mutu-
ally affected shaping of pulses at the fundamental and Stokes wavelengths in the Raman
fiber. A more optimal compromise between pulse shortening, GDD compensation, and
secondary pump depletion can be achieved in future to enable generation of bicolor pulses
with comparable temporal envelopes. Nevertheless, the demonstrated strong shortening
of the Stokes pulses (down to 43 ns) as compared with the modulation period (~4.8 ps) of
the primary pump power was already very remarkable achievement. It is worth noting
also that adjustment of the average pump power at 0.98 um within the allowable range of
~1.5 to 2 W caused a moderate change of the minimum achievable pulse duration. It was
varied from ~38 ns to 51 ns, when we changed the average pump power from 1.55to 1.9 W
as shown in Figure 54.

According to the average output power characteristics shown in Figure 4, the pulse
energies at both lasing wavelengths could reach nearly 34 nJ, when the pump modulation
frequency (which determines the pulse repetition rate) was in the vicinity of 208 kHz.
Actually, such an energy evaluation is just an upper estimate for the Stokes pulse and a
lower estimate for the fundamental pulse, at the given average primary pump power.

Optionally, one can exploit the 5% output coupler following the Yb-doped fiber to
access the fundamental radiation with a much higher average power (up to 7 times) as
compared with that accessed via the WDM following the Raman fiber.

To demonstrate the stability of the achieved synchronous dual-wavelength pulsed
lasing, we performed multiple oscilloscopic measurements (synchronously at each lasing
wavelength) and acquired large series of the corresponding time traces for comparison.
The time traces were acquired every minute during an hour as represented in Figure 8. As
one can see, the pulse trains at the fundamental and Stokes wavelengths were rather stable
and had the same pulse repetition period of about 4.8 us. They featured relatively high
amplitude stability: the root-mean-square (RMS) noise was just about 3% in the worst case
of the Stokes pulse train.

The radio-frequency (RF) spectra of the pulse trains at the fundamental and Stokes
wavelengths were measured and compared as well. Figure 9a represents an overlay of
their RF spectra measured across the same relatively wide frequency span. These spectra
featured the equidistant discrete structure with the frequency spacing equal to the pulse
repetition rate. Figure 9b manifests the exact frequency fit of additionally measured high-
resolution RF spectra of the fundamental and Stokes pulse trains, thereby testifying to their
synchronization (equality of their pulse repetition rates). The measured pulse repetition
rates both equaled to the pump power modulation frequency (fi,oq = 208.8 kHz). This is in
a full agreement with the proposed concept of the active compensation of the DGD.

It is worth noting also that experimental data (namely, the actual values of fo, fod,
and DGD) fitted Equation (1) fairly well, thereby validating the proposed method.

In continuation of the discussion, we would like to outline prospects for the further
development of the reported method.
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Figure 3. Evolution of temporal and spectral characteristics of laser radiation which was mea-
sured upon the modulation frequency sweep in the vicinity of the fundamental pulse repeti-
tion rate: (a) evolution of temporal distribution of lasing power at the fundamental wavelength
(~1.07 um); (b) evolution of temporal distribution of lasing power at the Stokes wavelength
(~1.24 um); (c) evolution of spectral distribution of lasing power at the fundamental wavelength
(~1.07 um); (d) evolution of spectral distribution of lasing power at the Stokes wavelength (~1.24 pm).
The dotted white lines indicate the frequency (F = 208.8 kHz) at which the dual-wavelength pulsed
lasing was further examined.

Based on our previous studies [14,15], we believe that the quasi-synchronous pumping
with the modulation frequency set close to a high harmonic of the fundamental pulse repe-
tition rate will enable dual-wavelength pulsed lasing at a correspondingly high repetition
rate. This possibility will be examined in our further research, which will be also aimed at
obtaining shorter pulse durations.

In our previous study [15], we have shown also that the quasi-synchronous pumping
of a single-wavelength Yb-fiber laser allows (in principle) obtaining a pulse duration as
short as ~10~2 of the pump modulation period. Thus, one can expect possible approaching
to a pulse duration of the order of 1 ns upon the fine optimization of parameters of the
proposed dual-wavelength laser configuration. Further pulse shortening will be energet-
ically hampered by quick reduction of the overlap between the fundamental and Stokes
pulses, as they propagate in the Raman fiber due to their group velocity mismatch (if the
shortening is supposed to be similar for the both pulses) [17].
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Figure 4. Dependence of the average output power at each lasing wavelength (1.07 um and 1.24 um)
on the modulation frequency of the quasi-synchronous pumping.
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Figure 5. Temporal (a—c) and spectral (d—f) traces acquired at different modulation frequencies
selected within and beyond the Raman power resonance shown in Figure 4. The legends of the
oscillograms (a—c): blue traces—the fundamental radiation at 1.07 um; red traces—the Stokes radiation
at 1.24 pm; and brown traces—the pump radiation at 0.98 um.

Of the practical interest may be also possible ways to adjust the power ratio of the
fundamental and Stokes radiations. The difference in dependences of the fundamental
and Stokes radiation powers on the modulation frequency (Figure 4) enabled a limited
adjustment of the power ratio by fine tuning of the modulation frequency. The power
ratio can be also controlled by varying the average pump power at 0.98 um within the
allowable range from ~1.5 to ~2 W. This allowed us to change noticeably the power ratio of
the fundamental and Stokes radiations (roughly from 3:2 to 2:3) at the examined output as
corroborated by the spectral power distributions in Figure S3d—f. When setting the average
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pump power above 2 W, the dual-wavelength pulsed lasing became much noisier and
less stable.
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Figure 6. Measured optical spectrum of the dual-wavelength pulsed laser radiation obtained upon a
quasi-synchronous pumping with the modulation frequency of 208.8 kHz (resolution: 0.1 nm). The
spectrum was acquired via the WDM following the P,Os-doped fiber. Insets represent zooming in
the vicinities of the fundamental (left) and Stokes (right) wavelengths.
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Figure 7. (a) Synchronously measured time traces of the laser pulse trains obtained at the fundamental
(upper trace) and Stokes (lower trace) wavelengths upon a quasi-synchronous pumping with the
modulation frequency of 208.8 kHz; (b) measured high-resolution time trace of a single laser pulse at
the Stokes wavelength.
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Figure 8. Series of time traces acquired with 1 min intervals during an hour for the pulse trains
obtained at the fundamental (a) and Stokes (b) wavelengths upon a quasi-synchronous pumping
with the modulation frequency of 208.8 kHz.



Photonics 2023, 10, 42 11 of 12
(a) -40 'RBW: 10 kHz (b) -40 'RBW: 200 Hz
E _ 1 H _ H
5 60 n% 60
© ©
= -80 = -80
= =
(@] o
2 _100; 2 _100
L L
[ [

20} ~1204A\ A\
S i i : haMn, / d
0 1 2 3 180 200 220 240

Frequency, MHz Frequency, kHz

Figure 9. Overlay of the measured RF spectra of the fundamental (blue traces) and Stokes (red
traces) pulse trains generated upon a quasi-synchronous pumping with the modulation frequency
of 208.8 kHz. (a) Low-resolution RF spectra measured across a relatively wide frequency span;
(b) high-resolution RF spectra measured in the vicinity of the modulation frequency. The RBW
specifies the resolution bandwidth used to measure the RF spectra.

Finally, one might adjust and optimize the Raman fiber length and the optical feedback
ratio provided for the Raman radiation. This is an efficient approach to static control
of energy characteristics in the fiber lasers employing Raman gain, as it was shown, for
example, in the works [12,18].

4. Conclusions

We have proposed a novel method for synchronized dual-wavelength pulsed lasing
based on an actively controlled interplay of stimulated emission from rare-earth ions and
Raman scattering in a shared all-fiber cavity. The method relies on the quasi-synchronous
primary pumping and eliminates the need for saturable absorbers (or optical modulators)
and adjustable delay lines. We have shown that the quasi-synchronous primary pumping
enables stationary dual-wavelength pulsed lasing in spite of the significant differential
group delay (DGD) acquired by the generated fundamental and Stokes pulses during their
intracavity round trip under conditions of net normal intracavity dispersion. This DGD
can be actively compensated after every round trip by the forced “acceleration” of the
fundamental pulses in the rare-earth-doped active fiber provided that the frequency of
quasi-synchronous primary pumping is overrated to a proper degree.

We have demonstrated the feasibility and usability of the proposed approach in an
experimental trial. We believe that the novel approach may facilitate and advance lidar
technologies, laser spectroscopy, and development of mid-infrared coherent pulsed sources.
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/ /www.mdpi.com/article/10.3390/photonics10010042 /s1, Figure S1: wavelength dependence of the
effective refractive index in the P,Os-doped fiber used in the study; Figure S2: wide-range spectral
scan of the laser radiation accessed via the 5% output coupler following the Yb-doped double-clad
active fiber; Figure S3: temporal and spectral traces of the dual-wavelength pulsed lasing obtained at
different average pump powers; Figure S4: overlay of temporal traces of the dual-wavelength pulsed
lasing obtained at different average pump powers.
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