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ABSTRACT

In addition to the well-known problem related to the growing demands in telecom fiber optical data transmission lines
with extended bandwidth in recent years the researchers developed an interest in mode-locked fiber lasers of 1600-1700
nm spectral region in a number of biomedical applications. The known approach to get the generation in this range uses
the Er-doped fiber mode-locked seed source of telecom range. The output ultrashort pulse then propagates in nonlinear
optical fiber with anomalous dispersion undergoing the Raman shift to the longer wavelengths.

We propose a method to control the characteristics of the output Raman soliton spectrum adjusting the polarization of the
pump pulse at the input of the nonlinear fiber. We have shown that this method allows to tune the wavelength of the
output spectrum maximum in the whole range (1600-1700 nm) while the output power remains constant. Our simulation
results agree with experimental observations.

Keywords: Raman soliton shift, extended telecom range, large mode area photonic crystal fiber

1. INTRODUCTION

Due to a wide range of applications, design of laser sources of extended telecom range is among hot topics of modern
laser physics [1-5]. In addition to the well-known problem related to the growing demands in telecom fiber optical data
transmission systems of extended bandwidth in recent years the researchers developed an interest to the mode-locked
lasers of 1600-1700 nm spectral range for a number of biomedical applications [6-10]. This wavelength area is located in
the third optical window, and defines the spectral region where the light has minimum scattering losses and a maximum
depth of penetration in tissue, so these sources are in high demand in the development of biomedical multiphoton
imaging system [6-10]. Laser sources operating at the wavelengths over 1.8 pum is of particular interest for applications
in LIDARs, spectroscopy, and atmospheric analysis [11-14]. Passively mode-locked fiber lasers combining high beam
quality, simplicity of adjustment, reliability, user-friendly fiber interface and relatively low cost are of great demand for
these applications [1-17].

One of the approaches to fiber lasers developing in these wavelength regions is the application of Bismuth, Thulium or
Holmium doped fibers with luminescence window in this spectral range [18-21]. Nevertheless, despite the unique optical
properties of these fibers and significant achievements in their applications, the widespread use of such schemes is
limited by the lower availability and higher cost of special fiber-optic components (isolators, lenses, multiplexers,
semiconductor mirrors, etc.) designed for the spectral range over 1.6 microns, compared to the standard telecom range
components of the same quality. The configurations based on the erbium mode-locked fiber lasers and amplifiers of the
range 1540-1570 nm are free from the above-mentioned shortcomings. The output pulses of these systems injected into a
final nonlinear fiber with anomalous dispersion are split into solitons that undergo Raman shift to the longer wavelengths
[22-28]. The benefits of this approach are not only advanced technologies of telecom mode-locked fiber lasers, but also
the possibility of simple wavelength tuning due to varying value of the Raman shift.

The parameters of the output fiber are often restricted by the requirements of special application, which declare the
minimum pulse energy of about 1 nJ and more [27]. The relatively high nonlinearity of standard single-mode fibers
prevents the achievement of energies in nJ range leading to mandatory application of the output fiber with low
nonlinearity, for example, large mode area (LMA) photonic crystal fiber with a mode area up to 500 um? or more [29-
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31]. The well-known way to tune the output wavelength of the Raman solitons is to control the peak power or frequency
chirp of the laser pulse at the input of the LMA fiber. The dependence of the Raman soliton energy on the value of the
wavelength shift is the serious drawback of these methods particularly for multiphoton imaging applications [32-35]. An
alternative way utilizing the change of the initial pulse polarization state typically relates to the output fiber with high
birefringence [36-38]. Polarization rotation of the initial linearly polarized pulse at the input of the anisotropic fiber can
induce the elliptical polarization of the propagating pulse leading to the different spectral shift for each of the
polarization component. This method has been successfully applied in supercontinuum generation [39, 40]. The
technique of combining power and polarization control in a polarization-maintaining LMA fiber can be applied to the
power adjustment of the polarization components [41].

The experimental investigation of polarization tuning of soliton Raman shift in fibers with low birefringence is rather a
difficult task because of the strict twisting control and minimization of external impacts are required. Some experimental
results on soliton Raman shift in the low birefringent fibers pumping by linearly polarized pulses one can be found in
[42]. Recent studies of soliton Raman shift evolution in an isotropic PC-rod has shown that wavelength-shifted,
elliptically polarized solitons can be generated by the elliptically polarized input pulse [43]. The authors of [43]
demonstrated that in order to achieve necessary wavelength of the output Raman soliton, a certain tuning of polarization
state of input pulse is required. The results show that the required input pulse energy is the lowest for a linearly polarized
pump pulse, and is the highest for a circularly polarized pulse.

In this paper, we consider the polarization tuning of the wavelength of Raman soliton with fixed output power in a
commercially accessible LMA fiber with low birefringence. The evolution of the pulse propagating in the LMA fiber is
studied numerically and experimentally through investigation of the Raman shift and output polarization depending on
the polarization state of the initial pulse with fixed energy. It is established that the correct adjustment of the input pulse
polarization can lead to the wavelength shift of the output Raman soliton in the targeted range of 1600-1700 nm while
maintaining its energy. The output pulse with a duration of less than 100 fs and an energy of up to 10 nJ is quite enough
for wide range of biomedical applications [44-48].

2. NUMERICAL SIMULATIONS

As a first step, the simulations of the pump pulse propagation in LMA fiber with low birefringence are carried out. We
consider simplified approach on the base of coupled nonlinear Schrédinger equations (NSE) for polarization components
derived in [49-52]. This type of the NSE takes into account higher orders of dispersion, four-wave mixing, self- and
cross-phase modulation and time-delayed nonlinear response due to self- and cross-polarized Raman gain
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Here, g, are the dispersions ( S, is the group velocity dispersion, g, is the third order dispersion, etc.), y is the Kerr
nonlinearity parameter, ¢ is the strength of fiber birefringence and | is the loss in the fiber. Raman response coefficients
satisfy the equality 7, =7, =7, /3=1.15 fs. Parameter values corresponding to the typical nearly isotropic LMA silica
fiber used in simulations are shown in the Table 1. We should comment that for generality we make an assumption about

low but non-zero fiber birefringence ¢ .

Table 1. Parameters of the LMA fiber used in the simulations.

Parameter Value | Parameter Value
y Wkm?) 05 | g, (pskm?) | 3.10°
B, (ps?km’?) -37 | (dB m?) 0.3

B, (psikmt) 0.15 S (ps m?) 0.01
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We consider the propagation of the input pump pulse specified in the form of the N-soliton A(t) = \/Fosech (t/r) in the
fiber with the length L =1m for different initial states of polarization defined as

A = A = Acosdexp(ip/2),
A, = A, = Asindexp(-ip/2),

where ¢ is the polarization angle and ¢ is the phase difference between the components A, . The duration and the peak
power of the input pulse are equal to 7 =0.45ps and P, =22 kW, respectively. We compare the propagation of the input
pulse for circular, linear and elliptic input polarizations determined by the values of the & and ¢ . These values are
defined as@ = /4, ¢ =x/2 for circular; 6=0, ¢=0 for s- linear and@ =z/4, ¢ =x/8 for one of the possible

elliptic polarization states, respectively. Results of simulations of the pulse propagation for each of the polarization
components are shown in Figures 1, 2.
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Figure 1. Propagation of the pump pulse in the LMA fiber for different initial states of polarization. Results of numerical
simulations. (a, b, ¢, d) Circular polarization of the input pulse. Spectra at the input (red) and at the output (blue line) of the fiber
for s- (a) and p- (c) polarization components. Evolution of the spectrum intensity for s- (b) and p- (d) polarization components. (e,
f, g, h) The same as (a, b, c, d) but for elliptic polarization of the input pulse. (i, j, k, I) The same as (a, b, c, d) but for linear s-
polarization of the input pulse. Parts of the spectra, which can pass through long-pass filter with cutoff wavelength 4 =1600 nm
are colored in blue (for s-) and green (for p-polarization component).
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Figure 2. Propagation of the pump pulse in the LMA fiber for different initial states of polarization. Results of numerical
simulations. (a, b, c, d) Circular polarization of the input pulse. Radiation intensity at the input (dashed red) and at the output (blue
line) of the fiber for s- (a) and p- (c) polarization components. Evolution of the radiation intensity for s- (b) and p- (d) polarization
components. (e, f, g, h) The same as (a, b, c, d) but for elliptic polarization of the input pulse. (i, j, k, I) The same as (a, b, ¢, d) but
for linear s-polarization of the input pulse. Raman solitons are colored in blue (for s-) and green (for p-polarization component).
Energies of the pump pulse (E;, ) and Raman solitons (E,,, — is the total energy, E ., E ., — are the energies of s- and p-

polarization components of the Raman soliton) are also shown.

Ultimately, the evolution of the circularly polarized pump pulse provokes the formation of the Raman soliton with peak
power and energy equal for both polarizations. Otherwise, the linearly polarized Raman soliton of maximum peak power
is achieved due to linearly polarized pump pulse. The pump pulse with elliptic input polarization can be considered as
transition between these extreme states leading to generation of Raman soliton consisting from two coupled polarization
components. The peak power of the higher energy component of elliptically polarized Raman soliton is intermediate
between the peak powers of linearly and circularly polarized Raman solitons. As a result, we can see that the nonlinear
Raman wavelength shift, which is minimal for the circularly polarized pump pulse, increases for the elliptically polarized

and reaches the maximum for the linearly polarized pump pulse.
Figure 2 shows the simulation data dealing with the energy of the initial pump pulse and energies of s- and p-

components of Raman soliton at the fiber output. As can be seen, conversion of the pump pulse energy into the energy of
output Raman soliton is about 45-55% with maximum level corresponding to the circular polarization of the input pulse.
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At the same time, one should note that the application of long-pass filter could control the output pulse energy.
Considering the long-pass filter with cutoff wavelength A =1600nm (Figure 1) we conclude that the linearly and
elliptically polarized Raman solitons can freely pass through the filter but some part of the energy of circularly polarized
soliton can be lost on it. Therefore, appropriate tuning of the long-pass filter allows to decrease the change in output
energy of Raman solitons and to build the generator of Raman solitons with the energy approximately independent on
the wavelength. Raman shifts obtained for the circularly and linearly polarized input pulses determine the limits of
wavelength tuning that could be performed by polarization adjustment of the pump.

3. EXPERIMENT
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Figure 3. Experimental setup. CR — circulator, LD — laser diodes, L — aspherical lenses, FBG — fiber Bragg-grating stretcher, 1ISO
— isolator, DG - dispersion gratings, M — dielectric mirror, QWP — quarter-wave plate, HWP — half-wave plate, DF — density filter,
F — long-pass filter, P — polarizer.

Our experimental setup is schematically shown in Figure 3. The seed laser is a fiber oscillator mode-locked by SESAM.
The oscillator output average power of 1.4 mW corresponding to the single pulse energy of 0.13 nJ is achieved at pulse
repetition rate of 10.6 MHz. After increasing the average power up to 15 mW in preamplifier, the pulse is stretched from
2 ps to 43 ps duration in the fiber Bragg-grating stretcher. Before the power amplifier, the isolator with a blocked fast
axis of polarization sets the linear polarization of the pulse. Finally, the pulse is amplified in the PM double-clad Er/Yb
co-doped fiber with a 10-um core diameter pumped by two high-power 980 nm laser diodes (LD). The maximum output
power of the system of 0.6 W is achieved at the pump power of 3.8 W. The pulse from the output of the power amplifier
with a duration of about 38 ps is compressed with a pair of diffraction gratings. The linear polarization ensures minimal
radiation losses during the compression (less than 5%). Adjusting the distance between the gratings, we reach the
compressed FWHM pulse duration of 720 fs at the average output power of ~0.5 W. The spectrum and autocorrelation
trace of the compressed pulse recorded by the optical spectrum analyzer Ando AQ-6315E and autocorrelator
Femtochrome FL103XL respectively are shown in Figures 4 (a, b). The satisfactory compression quality is evidenced by
the fact that the main peak of the gauss fitting contains more than 80% of the pulse energy. The compressed pulse
duration is weakly dependent on the output power. As will be seen further, an average output power about 250 mw
corresponding to the amplifier output pulse energy of ~ 23.6 nJ and pulse peak power of about ~28 kW is sufficient to
shift the Raman soliton to the wavelength of 1700 nm.

After compression, the pulse is launched into the LMA photonic crystal fiber through a special density filter allowing to
adjust the input power while other pulse parameters are maintained. The parameters of commercially available PCF-
LMA-20 (NKT) correspond to the values shown in the Table 1. The coupling efficiency to the LMA fiber is about 75 %.
Figure 4 (a) shows the output spectrum recorded after propagation through the LMA fiber with the length of 1 m the 720
fs pulse with the peak power of ~25 kW (corresponding to the average output power of the amplifier of ~ 220 mW). In
this experiment, the pulse polarization is controlled at the amplifier output only and turns to be slightly elliptical at the
LMA fiber input. Comparing the Figure 4 (a) with the Figure 1, one can note the typical pattern of N-soliton fission
including the generation of Raman soliton. Its spectrum is centered at the wavelength of 1675 nm.

To demonstrate the low-birefringence of the LMA fiber (B = 10-7), we investigate the effect of the polarization rotation
on the Raman soliton shift experimentally. Figure 5 shows the spectra of the Raman shifted soliton for different linear
polarization states of the launched pulse. The linear polarization of the input pulse is rotated by zero-order half-wave
plate. One can see that the change of the input linear polarization has minimal effect on the Raman soliton spectrum
confirming the low birefringence of the fiber. Transforming the linear polarization into the circular by the zero-order
quarter-wave plate one can observe the similar results, but with the decreased value of the Raman shift. In particular, in
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order to achieve the shift to the 1675 nm wavelength the average power of the circularly polarized radiation at the input
of the LMA fiber should be raised up to 290 mW corresponding to the increase of pulse energy up to 27.4 nJ.
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Figure 4. (a) Spectrum of the compressed pulse at the input of the LMA fiber corresponding to the average output power of
amplifier ~ 0.5 W (red); spectrum at the output of LMA fiber corresponding to average output power of amplifier ~ 230 mW (blue
line). (b) Autocorrelation trace of the compressed pulse at the input of the LMA fiber corresponding to the average output power
of amplifier ~ 0.5 W.
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Figure 5. Output spectra for various linear polarization angles 6 of the pump pulse measured at the input of the LMA
fiber corresponding to the average output power of the amplifier of 220 mW. (a) Output spectra in the range of
(1500nm, 1720nm). (b) Enlarged image of the area highlighted in Fig. 5 (a) corresponding to the Raman soliton
spectrum.

Next, we experimentally demonstrate the Raman wavelength shift tuning by the control of the polarization of the pulse
launched into the LMA fiber, which we considered be-fore numerically. The average power of the radiation at the input
of the LMA fiber is fixed at the level of 250 mW corresponding to the pump pulse energy of ~ 23.6 nJ. By rotating the
QWP, the polarization of the input pulse can be continuously transformed from linear to circular through a series of
intermediate elliptically polarized states. To control the polarization, we used the fast polarization analyzer Keysight
N7781B. The polarizer installed at the output of the LMA fiber after the long-pass filter allows us to analyze the
polarization of the output radiation component-wise. Figure 6 shows the experimental results of the Raman shift tuning
by adjusting the polarization of the input pulse. The spectrum of the output Raman soliton (red line) is the sum of two
polarization components: the s- (blue) and the p-component (green), which are measured independently. The average
output powers of s- and p- components and the central wavelength Ac of the Raman soliton for different polarizations of
the input pulse are listed in the Table 2. The total output power after the long-pass filter slightly depends on the state of
polarization of the pump pulse indicated by the coloured dot on the Poincare sphere.
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Figure 6. Spectra of s- (blue) and p-polarization component (green) and the sum of two polarizations (red lines) at the output of the
LMA fiber after passing the 1600 nm long-pass filter for different polarizations of the input pulse: (a) linear, (b, c) elliptical, (d)
circular. Average power at the input of the LMA fiber Pin=250 mW. Pout is the average power at the output of the LMA fiber
after the 1600 nm long-pass filter. Ac is the wavelength of the spectrum maximum corresponding to the central wavelength of the
Raman soliton. (e) States of polarizations of the pump pulse on the Poincare sphere.

Table.2. The average output powers of s- and p- components and the central wavelength Ac of the Raman soliton for different
states of polarization (SOP) of the input pulse.

SOP Ps out, MW Pp out, MW Ac, NM SOP Ps out, MW Pp out, MW Ac, NM
Linear 93 2 1698 Elliptical 2 | 51 41 1650
Elliptical 1 | 86 7 1675 Circular 51 45 1625

As one can see, the linearly polarized pump pulse provides the maximum Raman wavelength shift with Ac=1698 nm.
The polarization of the output radiation passed through the 1600 nm long-pass filter is close to original linearly polarized
state. Nearly 98% of the output energy (see Table 2) is retained in the s-component of polarization. Mi-nor excitation of
the orthogonal p-polarization we can explain by slight twisting of the LMA fiber. When the polarization state of the input
pulse turns to be elliptical, the power of the output p-component grows up but the s-component power lowers, while the
total output power passed through the long-pass filter remains almost the same. At the same time, the Raman wavelength
shift gradually decreases. When the elliptical polarization is close to circular the s- and p-component output power levels
become comparable leading to the minimum Raman shift with Ac=1625 nm.

Figure 7 shows the autocorrelations obtained for both polarizations at the output of the LMA fiber after passing the 1600
nm long-pass filter for different polarizations of the pump pulse. (In case of the linear s-polarization of the pump pulse,
the output power in p-polarization is insufficient for recording the autocorrelation). One should note that the output
autocorrelation is close to autocorrelation of the single Raman soliton but some traces of the pump pulse remainder
unabsorbed by the filter can be seen near the main peak. Neglecting the power of the unfiltered pump pulse, we can
estimate the energies of the Raman solitons from the data of the Table 2. As one can see, the total energy of the Raman
soliton remains almost constant for all the input polarizations amounting to about 9 nJ. In accordance with the
simulations, the peak duration corresponding to more powerful polarization component successively decreases when we
go from the linear to the circular input pump polarization. The shortest duration of the Raman soliton observed for the
linear input polarization is equal to ~60 fs. In this case, a rough estimate of the Raman soliton peak power gives a value
of about ~120 kW. Otherwise, for the circular input polarization the main peak duration grows up to ~ 90 fs
corresponding to the estimation of the peak power as ~ 40-45 kW for each polarization component. Transition from the
linear to the circular input polarization leads to decrease in the distance between the main peak and the pump pulse
remainder, which is also in agreement with the simulation results.

Ultimately, we have demonstrated the tuning of the Raman soliton shift in a relatively wide range of 1625-1700 nm by
adjusting the polarization of the initial pump pulse at the LMA fiber input. Remarkable property of the proposed

12573 -36 V. 1 (p.7 of 11) / Color: No / Format: A4 / Date: 4/5/2023 3:52:02 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns.

technique is the actual independence of the average output power and energy of the output soliton on the Raman shift
wavelength. This feature is highly attractive for a number of applications.
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Figure 7. Autocorrelations of s-(blue) and p-polarization (green line) components of the pulse at the output of the LMA fiber after
passing the 1600 nm long-pass filter for different polarizations of the input pulse: (a) linear, (b, c) elliptical, (d) circular. States of
polarizations of the pump pulse are shown in Figure 6 (e).
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4. CONCLUSIONS

Considering the evolution of the sub picosecond pump pulse with the energy of about ~ 20 nJ in the low-birefringent
LMA fiber, we numerically investigate the propagation and output parameters of two polarization components of the
Raman soliton generated after the pump pulse fission. The simulations show that the final wavelength shift of the Ra-
man soliton depends essentially on the initial state of polarization of the pump pulse. Linearly polarized pump pulse
provides the generation of the linearly polarized Raman soliton with the highest peak power and maximum wavelength
shift. On the contrary, in the case of circular polarization of the pump pulse, its energy is shared equally between the
polarization components leading to the minimum peak power and wavelength shift of the Raman soliton. Thus, by
placing the initial state of polarization between these extreme states, it is possible to manage the output wavelength of the
Raman soliton without changing of the pump pulse energy.

To test these findings experimentally, the fiber laser setup consisting of the master-oscillator of telecom range, system of
chirped pulse amplification (CPA) and compression and low-birefringent output LMA photonic crystal fiber is built.
Average output power of the CPA system of about 250 mW is sufficient to obtain the Raman soliton with the energy of ~
9 nJ. It is shown that the central wavelength of the Raman soliton could be tuned in the range of 1625-1700 nm by
adjusting the state of polarization of the pump pulse while the output average power remains nearly constant. The last
property is extremely attractive for a number of applications, for example, in the development of multiphoton imaging
systems.

The development of fiber laser system is supported by the Ministry of Science and Higher Education of the Russian
Federation (project FEUF-2023-0003). Numerical simulations and researches of wavelength tuning are supported by the
Russian Science Foundation (project # 22-72-10072).
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