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Abstract

:

A dissipative soliton mode-locked Yb-doped fiber laser is investigated experimentally and numerically from the point of view of generating ultra-broadband ultrashort pulses. An energy up to 2.2 nJ and a spectral bandwidth over 60 nm (at the −10 dB level) were obtained experimentally without dispersion compensation in the cavity. Almost a 100-fold compression coefficient has been achieved, so the resulting pulse duration was 149 fs. The numerical simulation has shown that a further scaling up to 3.5 nJ and a 100 nm spectral bandwidth is possible by reducing the low power transmission coefficient of the NPE-based SAM and increasing the amplification. At the same time, the tolerance of the SAM to a low power radiation is responsible for the transition to a multi-pulse operation regime.






Keywords:


fiber lasers; mode-locked lasers; ultrashort pulses












1. Introduction


Over the last two decades, fiber lasers have been intensively studied as a relatively simple and reliable source of powerful femtosecond pulses. Such lasers are already widely used in various fields such as micromachining, nonlinear microscopy, optical imaging, etc., [1,2,3] due to controllable phase-matching conditions and nonlinearity, the advanced all-fiber design of extremely fast saturable absorbers, a high beam quality, and a compact design. There are various configurations and approaches for a wide range of characteristics, but all-normal dispersion Yb-doped fiber lasers are among the most successful in terms of their high peak and average powers [4,5,6,7,8]. However, solid state ultrashort lasers are still a workhorse when a high quality temporal profile for a duration less than 50 fs and a high energy of more than 1 mJ is required.



A typical pulse energy of a fiber master oscillator is several nJ [9]. It can be scaled effectively by cavity lengthening and increasing the fiber mode-field diameter [4,10,11,12]. In addition, these schemes frequently use a spectral filter to increase the stability of mode locking. In depends on the ratio of a filter bandwidth and an output spectra bandwidth [13]; the pulses generated in these cavities can be classified as highly chirped dissipative solitons [14] or similaritons [15,16]. As for the spectral width, its typical value is about 20 nm, which gives the practical pulse duration of about 200 fs. Even shorter (less than 40 fs) pulses in Yb-doped fiber lasers can be obtained by using intracavity dispersion compensation [17], self-similar evolution together with adaptive compression [18], and special techniques such as the direct control of mode-locking states by a spatial light modulator [19]. It is interesting to note that the mode-locking state in all these lasers was driven by the nonlinear polarization evolution (NPE) effect, yet there are no papers exploring the extremely short pulse duration obtained by other saturable absorption mechanisms. The exception is the Mamyshev oscillator [20], which demonstrates outstanding parameters both in terms of its pulse duration and energy [7,8,21]. Additional spectral broadening up to 400 nm (at −20 dB) can be achieved by using highly nonlinear photonic-crystal fiber. As a result, the output pulses were compressed down to a few cycle durations of 17 fs [22]. The authors concluded that such a superior performance has been achieved, among other things, due to the “perfect” saturable absorber action of the Mamyshev oscillator. However, what this actually means in terms of the transmission function remains unknown and why such significant results have not yet been demonstrated using another kind of saturable absorber.



Here we report on the experimental and numerical investigation of the dissipative soliton regime in an NPE mode-locked Yb-doped fiber laser with a pulse energy of 2.2 nJ, a duration of 14 ps, and a spectral bandwidth over 60 nm (at the −10 dB level) achieved in a relatively long cavity (almost 15 m) without dispersion compensation. After dechirping by the grating compressor, the pulse width reduced to ∼140 fs with the potential for a further compression by third-order dispersion compensation. Our numerical modeling demonstrates a quantitative agreement with the experimental data and predicts for the first time the possibility of a 100 nm pulse generation and increasing the contrast of the self-amplitude modulator transmission function, which is contrary to the previously reported route, to minimize the pulse duration by reducing the GVD [23]. Such a regime could be used to improve the performance of femtosecond fiber lasers in terms of their pulse duration; it would also be useful if we could find a method for their application in fields where a broadband laser is required, such as multiphoton and time-resolved microscopy, harmonic generation, and material nano-processing.




2. Experimental Scheme and Results


The scheme of the oscillator is shown in Figure 1a. The laser is pumped by a multimode laser diode with a power up to 8 W at 980 nm through the pump combiner with a standard polarization maintaining (PM) signal fiber. The 81 cm long piece of active double-clad Yb-doped PM fiber also has standard 6/125 µm core/cladding diameters and absorption at 976 nm of 2.1 dB/m (IXF-2CF-Yb-PM-6-130, iXblue Inc., Six-Fours-les-Plages, France). NPE in a 76 cm long piece of SMF (Hi 1060, Nufern, East Granby, CT, USA) with a polarization controller (PC) and a polarizing beam splitter (PBS) which provides the mode-locking of the laser by the appropriate adjustment of the PC. The rest of the cavity consists of a passive PM fiber (PM 980) as in the previous work [11,12] to prevent NPE overdriving [24]. To improve the stability of the laser, we used a spectral filter based on diffraction grating (GR25-1210, Thorlabs, NJ, USA) and the dual fiber collimator (AFR Inc., Zhuhai, China). This kind of filter consists of two elements of bulk optics only and has already shown a great performance in terms of its contrast and tunability [25,26,27]. The central wavelength was selected to be 1043 nm. The bandwidth at the −3 dB level was equal to 1.62 nm (see Figure 1b) and was determined by a period of selected grating. The 1% coupler output port (connected to the 50% coupler) and the PBS output (the NPE rejection port) were utilized to control the stability of the mode-locking by observing a radio frequency (RF) spectrum and a pulse train correspondingly. The 99% coupler output port served as the main laser output and was used to measure the optical spectra, pulse duration, and output power. The PBS output and 99% coupler output were implemented using optical isolators to avoid back-reflections, which had a detrimental effect on the laser stability.



Optical spectrum measurements were performed by a Yokogawa AQ6370 optical spectrum analyzer. The RF spectrum was measured by a Keysight N9010A radio frequency analyzer in combination with the 5-GHz bandwidth photodiode (DET08CFC/M, Thorlabs, NJ, USA). The temporal pulse characteristics were obtained by the Mesaphotonics FROGscan instrument which applies the frequency-resolved optical gating (FROG) technique by the BBO crystal with a thickness of 200 µm. Pulse dechirping was implemented via an external double-pass compressor based on a diffraction grating pair (Spectrogon, PC 1500 NIR).



During the experiments, we achieved the generation of a stable single-pulse highly chirped soliton by the proper adjustment of the PC. Mode-locking occurs at a pump power above 4 W. The average output power and pulse repetition rate are about 27.3 mW and 13.5 MHz, respectively, which corresponds to a pulse energy of 2.2 nJ. The measured output spectrum is depicted in Figure 2a (solid red line); it has a width of 57 nm at the −10 dB level for 4.3 W pump power. Increasing the pump power to 4.5 W and slight adjustments of the PC led to a further spectrum broadening of up to 63 nm, which is more than twice as high as the value obtained previously in a similar scheme [28]. The corresponding output signal power is ∼31.4 mW. A further increase in the pump power leads to a multi-pulse operation regime. As far as we know, the spectrum of this DS is the widest among the other DS Yb-doped fiber systems and is one of the widest among Yb-doped passively mode-locked fiber lasers [19,29,30,31]. The RF spectrum of the laser is shown in Figure 2b. Its signal-to-noise ratio is as high as 75 dB, which confirms an excellent mode-locking stability.



The FROG trace was off due to the limited range of our measurement equipment, so it was not able to retrieve the phase and pulse shape, but the pulse duration was retrieved from the FROG traces simplified to the auto-correlation function by summing up the intensity of all the wavelengths at each time delay. For the chirped pulse, it is about 14 ps (Figure 2c). The dechirped pulse duration is about 149 fs (Figure 2d). So, the measured value of the chirp parameter is almost 100. The general form of the FROG trace (see inset in Figure 2d) indicates that a further pulse compression is limited by third-order dispersion [32].




3. Numerical Model


The modeling scheme of the experimental setup (Figure 1a) is shown in Figure 3. The propagation of the laser radiation in the fibers was modeled using the generalized nonlinear Schrodinger equation [33], including the Raman scattering term based on the multiple-vibrational-mode model [34] realized by the PyOFSS library [35]. YDF, SMF, and PMF were modeled as single-mode fibers without taking into account the effect of birefringence with the following parameters:    β 2   =  22   ps 2  / km  ,    β 3   =  0.037   ps 3  / km  ,   γ  =  6    ( W × km )   − 1    . The full-width of the spectral filter at the half-maximum was chosen to be 1.63 nm. It was centered at 1043.3 nm and had a loss of 50% according to the experimentally measured values. An amplification was modeled as a point action gain function with the saturation effect according to:


  g  ( E )  =   g 0   1 + E /  E sat    ,  



(1)




where   g 0   is the gain factor in dB, E is the pulse energy,    E sat  =  P sat  ×  T R    is the saturation energy, and   T R   is the cavity round trip time. NPE mode-locking was realised by a simple scalar model [36] which had been proven by a direct comparison with the vector one [37]. It can be represented as a point-action nonlinear self-amplitude modulator (SAM) with a transmission function   ρ ( P )  , which is expressed in the following form:


  ρ  ( P )  =  ρ max  −    P  P cr   − 1  2   (  ρ max  −  ρ min  )  ,  



(2)




where   ρ min   characterizes the minimal transmission at low powers, and    ρ max  = 0.8   is the maximum transmission at the critical power   P cr  . The values for   ρ min   and   P cr   were varied during the simulation.



The simulation algorithm was as follows. Initially, noise was fed into the cavity just after the coupler. Next, the action of each element was applied one by one to the obtained field. A steady-state soliton was typically formed after 150–200 round trips. It was determined by the relative change in the energy and spectrum width of the pulse.




4. Discussion


We managed to find, numerically, a suitable generation regime with the following parameters:    P cr  = 1.9   kW,    g 0  = 25   dB,    P sat  = 0.3   mW, and    ρ min  = 0.032  . The obtained spectral shape and pulse duration are in an excellent agreement with the experimental data (see Figure 2a). The evolution of the pulse duration and spectral bandwidth inside the cavity are presented in Figure 4 both at the full-width half-maximum (  − 3   dB) and   − 10   dB levels. It can be seen that the spectral broadening happens mostly just after the gain section in a relatively short SMF part of the cavity due to the strong self-phase modulation effect. Since the pulses have a nearly parabolic shape defined by the filter (see Figure 1b), they propagate self-similarly [38]. As a result, the bandwidth increased almost by twenty times (up to 30 nm) without optical wave breaking. After the SAM action, the pulse undergoes mainly dispersion broadening and the duration increases from 2.5 ps to more than 15 ps.



With varying parameters such as   ρ min   and   P sat  , the area of the stable operation regimes was found in terms of the pulse energy (Figure 5a) and its spectral bandwidth (Figure 5b). It is clearly seen that the spectrum width, which corresponds to the minimal duration of the compressed pulse, is directly related to the pulse energy. So, it is provided by the nonlinear spectral broadening effect in a passive fiber. At the same time, the maximal pulse energy is limited by the value of   ρ min   from the right side of the area and by the Raman threshold from the top one. It should be noted that the Raman term in the numerical model plays only a limited role and does not affect the shape of the stable solutions.



The presented area shows that higher energy can be obtained only by reducing   ρ min  . This is a quite surprising result in terms of what has been shown previously [37] as the main interaction point corresponding to the pulse peak power is far away from the ground. This is also confirmed here by the absence of any dependence of energy or spectral bandwidth (the same colors are horizontal in Figure 5). So, the   ρ min   coefficient does not affect the generated pulse parameters directly. In fact,   ρ min   provides the transmission coefficient for a low-power spontaneous emission and pulse tails which are amplified a lot further. Thus, as well as increasing the amplification coefficient in order to obtain more powerful pulses with a broader spectrum, we also amplified the pulse tails further, which reached a steady state over the round trips and formed a multi-pulse operation regime (the shaded area in Figure 5a). To compensate for the effect of an increased gain on low-power radiation, it is necessary to reduce the   ρ min   value. Thus, the most unexpected parameter plays the same important role as the length of the SMF part and the pump power. Similar behavior was observed in the Mamyshev oscillator [7,21] where detuned spectral filters provide an almost zero tolerance to low-power radiation. So, we believe that precisely this feature, which is known as zero low-power transmission, has allowed the scaling to be so successful. In our case, it could be possible to obtain a 100 nm pulse generation by reducing the   ρ min   down to 1.5% (triangle at the Figure 5b), which corresponds to the transform-limited pulse duration of 36 fs. It should be noted that achieving such a small value of   ρ min   in an experiment is a subject for further investigations as the limiting factors are still unknown. Moreover, even the achieved level of less than 4% is rather unusual for an NPE-based SAM and provides a new perspective on the development of a fiber master oscillator. This will certainly result in a new class of high-power ultrashort fiber lasers thanks to the use of modern fiber amplifiers, including those based on tapered fibers [28].




5. Conclusions


A dissipative soliton NPE mode-locked Yb-doped fiber laser has been investigated experimentally and numerically. Shortening the SMF part of the cavity, using a high-power multimode pump, and the fine adjustments made to the PC resulted in a stable operation with a broadband spectrum (over 60 nm) and a relatively high pulse energy (of about 2 nJ). The dechirped pulse duration is about 149 fs, so the chirp parameter is almost 100. The results of the numerical simulations are in a complete agreement with the experimental data. The developed model discovers the reason of such outstanding parameters and predicts, for the first time to our knowledge, the possibility of a 100 nm broad pulse generation by reducing the low-power transmission coefficient of the SAM, which prevents a transition to multi-pulse operation regimes with an increasing pump power. This is a way to produce ultrashort pulses of a sub-100 fs duration as the energy can be multiplied by increasing the mode field diameter of the fibers in the same scheme [12]. Moreover, such a regime could be used to improve the performance of femtosecond fiber laser systems and could also be applied in fields where a broadband laser is required.
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Figure 1. Scheme of the experimental setup (a): LD—laser diode, YDF—double-clad Yb-doped fiber, PC—polarization controller, SMF—single-mode fiber, PBS—polarizing beam splitter, PMF—polarization-maintaining fiber, OC—optical coupler, SF—spectral filter, PD—photodiode, OSC—oscilloscope, RFSA—radio frequency spectrum analyzer, PM—power meter, OSA—optical spectrum analyzer, comp—pulse compressor, FROG—pulse duration measurement system; transmission spectrum of the spectral filter (b). 
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Figure 2. Parameters of the pulses: normalized optical spectra for the 4.3 W of the pump power (solid red line) and 4.5 W (solid blue line), the dashed lines represent the results of numerical simulations (a); RF spectrum (b), CF—central frequency; autocorrelation function with corresponding FROG trace (inset) for the chirped pulse (c) and compressed one (d). 
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Figure 3. The algorithm used for the simulations of the experimental setup. YDF—double-clad Yb-doped fiber, SMF—single-mode fiber, PMF—polarization-maintaining fiber, SAM—self-amplitude modulator. 
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Figure 4. Numerical simulation of the pulse evolution inside the laser cavity. 
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Figure 5. Parameters of the pulses of stable area: energy of single-pulse and multi-pulse areas (a) and spectrum width at the level of −10 dB (b). The crosses indicate the regimes corresponding to the experiment. Inset: spectral shapes in points marked by triangle, star, and cross. 






Figure 5. Parameters of the pulses of stable area: energy of single-pulse and multi-pulse areas (a) and spectrum width at the level of −10 dB (b). The crosses indicate the regimes corresponding to the experiment. Inset: spectral shapes in points marked by triangle, star, and cross.



[image: Photonics 10 00085 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Intensity, dB

—
o

-40 [
63.nm, . 5 -60
=
‘N 74.4 dB CF = 13.5 MHz
§ -80
E’ = Exp for 4.27 W £
== Simford27W Ay .. .| -100
= Exp for 4.47 W
—— Slmfor447W Y
] —120 M=t Ar st sttt o s TYON IR TR Y e ol . .
1000 1020 1040 1060 1080 -6 -4 -2 0 2 4 6
Wavelength, nm Frequency, kHz
(a) (b)
£ 1G = 524
:‘ \,:‘522
S 0'8 520

u
QO
0o

Q
o)

-0.3 0.0 03
t, ps

\ 1.41x149%s

O
™

Intensity, a.

—
RO

o
=)

T
i

(I

X

s

2
Intensity, a
o O
-

7
[\ )L
-30 -15 0 15 30 —O 6 -0.3 0.0 0.3 0.6
Time delay, ps Time delay, ps

(c) (d)

o
N

o
CD






nav.xhtml


  photonics-10-00085


  
    		
      photonics-10-00085
    


  




  





media/file2.png
Pump

PC 0
combiner PBS L , \ 1.62 nm
-10 /

z
& !
-
=
=
Intensity, dBm
o
o
\
/'

30
Output or
| 0SC | port OSA 40 _ :
= pp /N> | g = _ : :
1% 99% 1035 1040 1045 1050 1055
RFSA Compt-fFROG Wavelength, nm

(a) (b)





media/file5.jpg
Filter

comeron

out






media/file3.jpg
— ophorazw
Simfor 427w
— epforaarw
Simfor 447w

g0 LY
1000 1020 1040 1060 1080
Wavelength, nm

(@)

003 45 o 15 30
Time delay, ps
(O]

made | crenasmm

Intensity, dB

.
sS4 4
8 & & 4
8 8 8 8§

[P Wiorwwervwv. PRPRPIINE TIO0

6 -4 -2 0 2 4 6

Frequency, kHz
(b)
101 r
\Zsm
308 o
g0 T
§
204
02

0056 -03 00 03 06
Time delay, ps

(d)





media/file1.jpg
P
combiner

1035 1040 1045 1050 1055
Wavelength, nm

(b)





media/file7.jpg
v

PMF
0m

g

ourati

Coupier|





media/file10.png
wu ‘Yyipim wnaloads

1 Q 0
N LN N
o o] o <

100.0
30.0

0.04

m
©
o
0N
©
o
=i
©
o
c n o n o un
m N N = = o
Mu &g
[u ‘Abasu3z
N N N N
m o = o
<
© _ ©
(0] 8 o
| - ns
(o] (O]
s =
Bt = O
o) g o m
S X S
wn
L o
D
0N
©
o
=i
Q
o

Pmin

Pmin

(b)

(a)





media/file9.jpg
wu P wdads

ey

Unstable area

Pmin

b

(

)

@)

(





media/file0.png





media/file8.png
sd ‘uonjeung

o] < N (=]
= L — = >} O < N

131dno)

PMF
10 m

I
At the ievei

o o o o o o o
© st < s ~

Wwu ‘ypim E:bu%am





media/file6.png
50%

Filter

(50% of loss)

50%

A

Out






