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ABSTRACT

Broadband wavelength tuneability can ensure a new level of versatility for laser systems and extend areas of their applications.

Principle limitations of achieving wide tuning wavelength ranges are generally defined by the spectral bandwidth of the gain

and traditional tuneability techniques, relying on electrically controlled or bulk filters, reducing laser efficiency and generation

stability. In this work, we present nearly 90 nm tuneability in ultrafast Tm-doped fibre laser within the span from 1873 to

1962 nm by implementing variable feedback for efficient control of the excitation level of the active medium and, hence, the

gain spectrum. The highest laser efficiency is observed with 20% feedback, while 25% feedback enabled achieving the highest

output energy of 1 nJ in 600-fs soliton pulses at 1877 nm central wavelength. By combining the nonlinear Schrödinger equation

and population inversion rate equations for the gain medium, the developed numerical model helps to unveil nonlinear pulse

evolution under the influence of dynamically varying gain spectrum. The resulting laser system presents a compact and

straightforward approach to achieve laser generation with a broad range tuneability of wavelength and operation regimes, which

is not impaired by the limitations on laser stability or power performance and can be translated to other wavelength ranges.

Strengthening positions of laser technologies in scientific, industrial and daily life applications relies on the laser system

performance and how flexible they can adapt to the broad range of requirements. Versatile tuneable or reconfigurable photonics

instruments are of high demand to empower new technological platforms and make them more sustainable. In this perspective,

Thulium-doped fibres enable the exploration of a highly desirable wavelength range around 2 µm, which places these fibre laser

systems at the forefront for diverse applications. Environmental monitoring of greenhouse gases1, 2, polymer or semiconductor

machining3, 4, optical coherence tomography5, 6, nonlinear microscopy7, 8, and optical communication9, 10, these are just a

handful of the laser tasks, which were enabled or enhanced with the development of new Tm-doped fibre laser systems. It is

well known that Tm-doped fibres feature a remarkable broad gain spectrum (almost 400 nm), allowing to tailor operational

wavelength to a particular application. With the use of wavelength selection mechanisms, a tuning range up to 300 nm

(1733–2033 nm) has been experimentally demonstrated in ultrafast Thulium-doped fibre lasers11.

However, a broad range of wavelength tuneability is generally implemented using special laser components. Typically,

these are bulk elements, such as acousto-optic tunable filters12, 13, diffraction gratings14, 15, volume Bragg gratings16, or planar

semiconductor chips17, 18, which benefits come at the cost of generation stability and substantial insertion losses. Thus, the

possibilities of shaping and manipulating the laser generation through the interplay of intrinsic intracavity phenomena have

recently become a topic of intensive experimental and theoretical investigation19–21.

In this context, omitting the application of intracavity filters and manipulating gain excitation level introduce another, full

of promise technique for achieving a broadband laser tuneability. Specifically, in a quasi-three-level model, the equilibrium

between emission and absorption, and, thus, the profile of the gain spectrum g(λ ) is governed by the lower N1 and excited laser

level N2 population fractions22, 23:

g(λ ) =
∫ z=ℓ

0
dz{N2(z)σ21(λ )Γ−N1(z)σ12(λ )Γ}, (1)

here ℓ is the length of the active fibre, σ21 and σ12 are emission and absorption cross-sections, correspondingly, and Γ is the

confinement factor between dopant and mode field area, respectively. Quantitatively the excitation level can be considered using

a ratio ρ of population at N2 = N ·ρ and N1 = N · (1−ρ) levels, where N is a total number of all rare-earth ions integrated over



Figure 1. Calculated Tm-doped fibre gain spectra at different energy levels population density.

the fibre mode cross-section. This simplified but insightful model applies to Tm-doped fibres with 3H6 →
3F4 pump scheme.

Figure 1 predicts spectral gain profiles of Tm-doped fibre (used in further investigations) to red-shift at higher excitation

level 24–27.

The control of the laser cavity Q-factor allows efficient governing of an excitation level of the gain, leveraging output power

and laser generation wavelength. The control of the Q-factor can be implemented, for example, by changing the active fibre

length or its doping concentration23, or by altering intracavity losses28, 29. However, there are no active means of manipulating

the parameters of active fibre during laser operation, but only at the laser development stage. The intracavity loss modulation

has been applied in a few research works for filter-less tuneability by introducing variable attenuators23, 30–33. Nevertheless, the

presented attempts of controlling wavelength-independent losses have not demonstrated remarkable tuneability ranges. While

theoretical work predicted the possibility of achieving a 105 nm tuneability in a continuous-wave Tm-doped fibre laser32, only

a range of 36 nm and 48 nm has been verified in the experiment30, 31. Overall, all works have investigated continuous-wave

laser operation, leaving tuneability of ultrashort pulsed generation by loss management unexplored.

It is worth mentioning that bending of active fibre presents another technique for the operation wavelength variation,

demonstrating 152 nm wavelength tuneability from 1740 to 1892 nm34. However, the fundamental principle of such tuneability

does not rely on the above-discussed variation of stored energy in the cavity due to increased losses. Instead, bending introduces

wavelength-selective losses, suppressing spontaneous emission at the longer edge of the gain spectrum35. Such tuneability

mechanism has been ensured by proper design of a bend-sensitive W-type active fibre, which cladding comprises a depressed

ring with a lower refractive index. Importantly, like for any other technique relying on loss introduction, these results came

at the price of reduced laser efficiency. With up to 1.3 W pump power, the maximum average output power reached only

4.5 mW. Additionally, the realisation of continuous sweeping of the laser central wavelength by changing the fibre coiling

radius introduces another level of complexity to the system.

This work demonstrates effective continuous wavelength tuneability in a Tm-doped mode-locked fibre laser by controlling

the cavity feedback and maintaining high quantum efficiency in an ultrafast Tm-doped fibre laser. We employ a variable output

coupler, which determines the intracavity energy and, therefore, the excitation level of Tm-doped fibre gain. To reduce the laser

complexity and the influence of other components on the tuneability range, we design a self-mode-locked laser. Therefore, the

active Tm-doped fibre played three roles in the laser cavity, acting as a gain medium, a wavelength tuneability element, and a

saturable absorber. As a result, we demonstrate the stable generation of femtosecond soliton pulses tuneable within the range

spanning from 1873 to 1962 nm with the maximum average output power reaching 68 mW. The elegance and low complexity

of the laser system, together with more than a twofold increase of the tuneability range, achieved by wavelength-independent

losses – are the advancements where we focus the key claims of the current work. The performance of the used Tm-doped fibre

in the role of the saturable absorber is assessed by intensity-depended absorption measurements within the tuneability range of

the laser. The results of the studies show the high potential of laser feedback variation to serve as an efficient mechanism of

broadband tuneability. Confirming the experimental observations, the numerical simulations allowed clarifying the origin of the

tuneability effects and highlighted the pivotal role of the saturation and gain level of gain fibre and it’s glass matrix composition

in defining the tuneability range.

Overall, applying rare-earth-doped fibres as saturable absorbers and gain media simultaneously with filter-less wavelength

tuneability is advantageous for ultrafast fibre laser systems simplification and miniaturisation, promoting low-budget applications.

Another advantage of the demonstrated technique is that it can be translated to other laser configurations and wavelength ranges,

which currently lack an extensive selection of components, such as Mid-IR, to develop robust fibre-based systems.
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Results

Experimental Configuration

To examine the tuneability dynamics of the ultrashort pulse generation in the laser cavity with a variable Q-factor, we assembled

the Tm-doped fibre laser setup as presented schematically in Fig. 2. The ring fibre laser cavity employed a 1550-nm pump

laser with 1-W power (HPFL-300, BKtel), a 1550/2000 wavelength division multiplexer, an isotropic isolator and a squeezing

polarisation controller. A 0.5 m section of a non-polarisation maintaining Tm-doped silica fibre (iXblue Photonics) provided

both active gain and saturable absorption to enable self-mode-locking. The saturable absorption behaviour originates from 3H4,
3H4 →

3H6, 3F4 energy transfer upconversion process36, which is facilitated by formation of ion-pair clusters due to high doping

concentration37, 38. The active fibre core was 2.65 µm in radius with a numerical aperture of 0.17 and featured 1.8·1026 m−3

doping concentration. The fibre small-signal gain was experimentally estimated as ∼30 dB (for 0.95 W pumping and 65 µW

seeding a 44 cm piece). The active fibre group velocity dispersion, third-order dispersion and nonlinearity were estimated

as β2= -20 ps2/km, β3 = 0.27 ps3/km, γ = 2 W−1km−1, correspondingly. The rest of the cavity comprises 4.2 meters-long

standard single-mode fibre ports of the fiberised laser components. The passive fibre was non-polarisation maintaining and had

following parameters: β2 = -59 ps2/km, β3 = 0.28 ps3/km, γ = 1.3 W−1km−1.

The tuneability of the laser generation was established by introducing no filtering elements into the cavity, but only through

including an in-line variable fibre-optic coupler (Evanescent Optics) with a coupling ratio ranging from 8 to 93% and 0.3–0.1 dB

excess loss. The variable coupler is based on D-shaped polished fibres, interacting via the evanescence field. The separation of

these fibres changes through rotating a knob controller, modifying the coupling efficiency from one waveguide into another,

and overall laser cavity feedback. The performance of the variable coupler was characterised by reference laser transmission

measurements at 1.95 µm and is shown in the inset in Fig. 2. Such laser configuration is highly integrated. Due to a few

required components, it is cost-effective and easy for experimental implementation yet features rich dynamics of the laser

radiation tuneability.

Numerical simulations

To validate the possibility of the broadband tuneability in the presented mode-locked Tm-doped fiber laser, we developed a

numerical model, which describes consequent pulse propagation through different cavity elements. The pulse propagation

along the passive fibre is governed by the Nonlinear Schrödinger equation39. The response of the saturable absorber on the

instantaneous pulse power within each round-trip is described with a standard model: α = α0/(1+
P

Psat
)+αns, where α

is the intensity-dependent absorption coefficient, α0 and αns are modulation depth and nonsaturable absorption coefficient,

correspondingly, and Psat is the saturation power, i.e. the power necessary to reduce the absorption coefficient to half the

initial value. In the model, we assumed the linear limits of saturable and non-saturable absorption as α0 = 0.15 and αns = 0.85,

respectively, and the saturation power of Psat =100 W. The following system of coupled equations for continuous-wave pump

and pulsed signal generation, taking into account the effects of dispersion and nonlinearity, was considered to describe the

Figure 2. Schematic of the ultrafast Tm-doped fibre laser. Inset: variation of coupling coefficient.
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Figure 3. (a) Calculated output spectra corresponding to varying cavity feedback R = 0.1−0.9. (b) Convergence to steady

state regime of pulse generation with the increase of round trips number in simulations.

signal amplification:

∂As(z, t)

∂ z
=−i

β2

2

∂ 2As(z, t)

∂ t2
+ iγ|As(z, t)|

2As(z, t)+
gs(ω,z)

2
As(z, t), (2)

∂Pp(z)

∂ z
= gp(z)Pp(z), (3)

where As(z, t) is the slowly varying envelope associated with the signal, Pp(z) is the average power of continuous-wave pump, β2

is the group velocity dispersion, γ is the Kerr nonlinearity, gs and gp are signal and pump gain/loss coefficients, correspondingly.

The gain/loss coefficients were found by solving above rate equations in the stationary case dN2/dt = 040, 41:

dPs(λi,z)

dz
= gs(λi,z)Ps(λi,z) = (σ s

21(λi)+σ s
12(λi))ρs(λi)Ps(λi,z)N2(z)−σ s

12(λi)ρs(λi)NPs(λi,z) (4)

dPp(z)

dz
= gp(z)Pp(z) =

(

σ
p
21 +σ

p
12

)

ρpPp(z)N2(z)−σ
p
12ρp(0)NPp(z), (5)

dN2(z)

dt
=

(

σ
p
12ρp

Pp(z)

hνp

+
k

∑
k=1

(

σ s
12(λk)ρs(λk)

Ps(λk,z)

hνk

)

)

N− (6)

(

(

σ
p
21 +σ

p
12

)

ρp

Pp(z)

hνp

+
k

∑
k=1

(

(σ s
21(λk)+σ s

12(λk))ρs(λk)
Ps(λk,z)

hνk

)

+
1

T

)

N2(z),

where σ
p
12 = 1.5630 ·10−25 m2 and σ

p
21 = 5.1005 ·10−27 m2 are the effective pump absorption and emission cross sections,

σ s
12 and σ s

21
25 are the corresponding values for the signal wavelength λi, N = 4.05938 ·1015 m−1 and N2 are the total numbers

of all and excited Tm-ions integrated over the fiber mode cross-section, T = 250 µs is the Tm-ion life time. ρp and ρs are

normalized pump and signal power distributions through the fiber cross-section ρp,s = Γp,s/πa2, where a = 2.65 µm is the

core radius of a single-mode fiber, Γp(Γs) corresponds to the modal overlap factor between the pump (signal) mode and the ion

distribution. Γp = 1 for core pumping, Γs = 1− exp(−2a2/w2), w is 1/e electric field radius of the equivalent Gaussian spot42.

The simulations start from the seed pulse at the first round trip and runs until the steady state is reached. Figure 3 a shows

simulated output spectra at different gain excitation levels. The increase in cavity feedback leads to a red-shift of the pulse

central wavelength from 1865 to 1940 nm, resulting in wavelength tuneability of about 75 nm. The output spectra have

pronounced Kelly sidebands characteristic to periodically amplified average solitons43.
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Figure 4. (a) Evolution of the gain profile along amplifier for R=0.1 (upper panel) and R=0.9 (bottom panel). Insets: White

lines depict the pulse spectrum. (b) Gain spectra at different points (“1”, “2” and “3”) along the fibre at 10 and 90% cavity

feedback.

Further, the pulse formation to the steady-state mode-locking regime was numerically analysed at different parameters of

the seed pulse. The simulation results show that the output pulse wavelength and energy in the stable regime do not depend on

the wavelength and energy of the seed pulse during the first round trip. Figure 3 b shows the example of simulation with the

feedback ratio of 30%, where four initial pulses with different wavelengths (upper plots) and energies (bottom plots) converge to

the same attractor with the increase of the cavity round trips number, demonstrating the uniqueness of the steady-state solution.

This study justifies that the tuneability of the central operation wavelength in the filter-less laser cavity under investigation is

governed solely by the gain spectrum dynamics.

To better understand the pulse spectrum dynamics, we considered the evolution of the gain gs(λ ) along the active fibre

corresponding to the cavity feedback values R=10% and R=90% (Fig. 4). The pulse spectrum in steady-state is depicted by

white lines in Fig. 4 a. A feedback increase from 10 to 90% leads to higher pulse energy inside the cavity and faster gain

saturation. The gain maximum shifts towards a higher wavelength and causes the shift of the pulse spectrum to find energy

balance. It is worth noting that the wavelength of the intracavity pulse does not change along the active fibre in the steady-state

regime, but is fixed, being defined by the feedback value. Gain spectra measured at the points “1”, “2” and “3” along the fibre

(Fig. 4 b) qualitatively agree with the spectra shown in Fig. 1, demonstrating the shift of the gain and loss maxima during

the pulse amplification. Therefore, the results of numerical simulations confirm the idea of gain-controlled tuneability in a

Tm-doped laser, as predicted in Fig. 1.

To investigate better the nature of the tuneability dynamics, we have examined its dependence on the properties of Tm-doped

gain fibres, particularly on the doping concentration. As the originally used fibre has quite high Tm3+ concentration, we have

considered the opposite case of lower doping. We have studied the developed numerical model with decreased total number of

rare-earth ions to N = 1.1 ·1015 m−1 with simultaneous increase of the Tm-ion lifetime to T = 850 µs. This corresponds to the

lowest doping concentration, allowing establishing mode-locking operation in the discussed fibre laser configuration. Further

decrease was not possible due to excessive losses and insufficient gain to compensate them. We assumed similar length of active

fibre and parameters of saturable absorber. While changing the gain in the laser cavity naturally affected the mode-locking

threshold and other pulse generation parameters, the results of simulations have demonstrated similar wavelength tuneability

range as for highly doped fibre (see Suppl. Fig. S3). Therefore, we can make a conclusion that the observed gain-controlled
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tuneability through laser feedback variation is independent on Tm3+ concentration in the gain fibre, with reservation of

required concentration to establish mode-locking generation. However, it remains to be explored how a high finesse cavity with

significantly lower Tm-doping would behave, respectively an oscillator without the constraints of self-mode-locking44.

Laser Characterisation

We next examined the Tm-doped fibre laser with the variable output coupler experimentally. Here, mode-locked laser operation

was observed within the entire range of the feedback tuneability from 8 to 93%. With proper initial adjustment of intra-cavity

polarisation controller, the continuous central wavelength tuneability was observed in the range spanning from 1873 and

1962 nm (Fig. 5 a). As the numerical simulation predicted, the tuneability was highly reproducible with the feedback variation

even after several switch-on and off cycles. Here, we would like to stress that to investigate tuneability dynamics of the

single-pulse generation under the same conditions, the pump power and polarisation state in the cavity were fixed, while only

the feedback was altered. Naturally, at higher feedback, hence, higher intracavity energy, the generation regime tended to break

into multi-pulsing with the pump power increase. Therefore, we limited the pump power at at 0.7 W, which is much lower the

maximum available. Suppl. Video 1 demonstrates smooth wavelength tuneability with no pulse break up or instabilities. The

variation of output average power at 0.7 W pump power is presented in Fig. 5 (b) (blue scatters). Its trend is in good agreement

with the laser efficiency dynamics predicted numerically using the Rigrod model45 (Suppl. Fig. S1), which showed the highest

efficiency at 20% cavity feedback. While the efficiency is decreasing for longer laser operation wavelengths, this deterioration

can be efficiently mitigated by appropriate optimisation of background losses according to Rigrod analysis (Suppl. Fig. S1).

Figure 5 c demonstrates the pulse broadening from 550 to 860 fs with the feedback increase. While the spectral full width

at half maximum ranges only from 7.4 to 7.7 nm with the increase of the cavity feedback, the pulses evolve from nearly

transform-limited at 12% to slightly chirped. At high feedback values (over 85%) and, therefore, high intracavity intensities,

the time-bandwidth product rises to 1.172, indicating that nonlinear effects do not balance the cavity dispersion. With the

increase in feedback, the pump power threshold for achieving self-mode-locking decreased from 538 to 289 mW (Fig. 5 b). At

the same time, the upper threshold for stable single-pulse operation reduces with higher feedback due to gain saturation.

With careful adjustment of the polarisation controller, the maximum average output power of 68 mW could be obtained in a

single-pulse generation regime with 25% feedback and maximum available pump power of 1240 mW, resulting in 5.5% optical

conversion efficiency. It is important to notice, that neither saturation of the output power, nor degradation of any components

were observed and the only limitation for further power increase was the availability of a pump source. Figure 6 demonstrates

the output pulse parameters at the highest average power. With its central wavelength at 1889 nm, the optical spectrum displays

a bandwidth of 6.8 nm with pronounced Kelly-sidebands, as depicted in Fig. 6 a. Figure 6 b demonstrates an autocorrelation

trace with sech2 approximation and full width at half-maximum of ∼870 fs, resulting in a soliton pulse duration of ∼600 fs.

The fundamental repetition rate is in compliance with the fibre laser cavity length at around 44 MHz providing a decent 34 dB

signal-to-noise ratio and good stability (Fig. 6 c). Overall, it yields a peak power of 1.6 kW, corresponding to 1.0 nJ pulse

energy, bearing in mind that nearly 26% of the total power belongs to the sidebands.

Figure 5. Tuneability of output pulse characteristics with the variable coupler. (a) Optical spectrum tuneability; (b) Generation

threshold and efficiency; (c) Pulse duration variation.
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Figure 6. Pulse characteristics with (a) optical spectrum, (b) autocorrelation trace, (c) absolute frequency spectrum.

Furthermore, the generation regime can be adapted by using the feedback variation. Suppl. Fig. S2 shows the map of

possible generation regimes with fixed polarisation controllers and with their adjustment ensuring single-pulse generation,

when possible. As seen, the laser regime can be switched from the generation of fundamental solitons to soliton complexes,

stable high-harmonics generation (up to fourth order), and chaotic behaviour.

Further, to confirm pulse formation due to saturable absorption in the Tm-doped gain fibre and to assess the influence of the

laser operation wavelength, we have investigated the power-dependent absorption at various wavelengths within the tuneability

range from 1880 to 1947 mW. In our separate detailed studies of the nature of self-mode-locking, we have confirmed that only

the unexcited rare part of fibre acts as a saturable absorber46. Therefore, we used only a 5-cm long fibre section in this study.

The measurements were realised by launching 500-fs pulses at 44 MHz repetition rate from a home-made Tm-doped fibre laser

into the fibre under test. Figure 7 shows normalised power-dependent absorption measurement of the Tm-doped fibre at 1880,

1900, and 1920 nm, which is in good agreement with the approximation according to the two-level energy model47, 48. The

summary of the parameters of Tm-doped fibre as a saturable absorber at different wavelengths is presented in Fig. 7 (b).

As shown in the inset in Fig. 7, the trend of the measured values of the saturable loss coincides well with the relative

Figure 7. Normalised nonlinear absorption of 5 cm-long section of the Tm-doped fibre at different wavelengths. (a) Measured

values; Inset: correspondence of the absorption cross-section spectrum with the measured modulation depth. (b) Table of the

deduced parameters.
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absorption slope of Tm3+ ions. The saturation intensity depends on the upper state lifetime τ and the absorption cross-section

σabs expressed as Isat = hc(2λτσabs)
−1, such that the modulation depth is proportional to the absorption cross-section, taking

Eq. 1 into account49.

Discussion

The presented experimental and numerical studies of the self-mode-locked Tm-doped fibre laser with variable feedback

demonstrated broadband central wavelength tuneability. Both studies have confirmed the variation of the gain excitation

level through alteration of cavity feedback to be the primary mechanism of the tuneability of the ultrashort pulse spectrum.

At the same time, initial seed conditions or intracavity nonlinear dynamics do not affect the central wavelength in a steady-

state generation regime. We observed experimentally and justified theoretically, that the pump power increase, and, thus,

corresponding increase of active fibre excitation, also does not lead to the significant alteration of the central wavelength range.

However, despite the good qualitative agreement, the experiments showed a larger tuneability range than predicted in the

numerical model. We attribute this discrepancy to certain complexities that were bypassed or could not be included in this

laser model. Particularly, the model considered standard silica glass matrix doped with Tm3+ ions. Whereas in the experiment,

the Tm-doped fibre has a more complicated glass composition46, including fluorine and phosphorous, which shifts the Tm3+

emission spectrum. Still, the numerical investigations have proved that in our case the tuneability range can not be enhanced

by implementing a higher gain factor, for instance, by application of Tm-doped fibres with higher doping concentration.

Supplementary Figure S3 shows the tuneability range in the case of different doping concentration and fluorescence life-time

of Tm3+ ions. This leads to another uncertainty in the model, attributed to the nonlinear absorption properties of the used

active fibre. The variation of stored energy in the laser cavity would obviously cause the alteration of the non-excited length

of the active fibre, acting as a saturable absorber. Naturally, the length of the active fibre, as a distributed saturable absorber,

determines its modulation depth and saturation intensity. In addition, we confirmed that these parameters significantly depend

on the operation wavelength, as illustrated in Fig. 7(a).While considering the variability of modulation depth and saturation

intensity with the wavelength in the model would affect the generation regime through alteration of gain/loss balance via

insertion losses. Yet, the saturable absorber model already includes dependence on launched intensity. The additional inclusion

of the second variable of the wavelength would make the model significantly more complicated, which is outside the current

study on laser tuneability.

In conclusion, the experimental and theoretical investigations reported in the current work have extended the understanding

of gain spectrum dynamics in ultrafast fibre lasers. Thus, through the alteration of cavity feedback in the ultrafast Tm-doped

fibre laser, we have recorded a central wavelength shift within the range spanning from 1873 to 1962 nm. The control of the

excitation level and gain through variation of out-coupled power proved to be more advantageous than the loss management,

allowing to achieve 1 nJ output energy in ∼600-fs pulses train at 44 MHz repetition rate. From an instrument development

viewpoint, our results have provided a further example of the great versatility of ultrafast fibre lasers. Although the current

studies were focused on Tm-doped fibres as the gain medium, the key underlying phenomenon of the suggested tuneability

method is general and could be translated to other wavelengths, where the majority of fiberised laser components, including

filters, are currently unavailable. In particular, this refers to the exploration of the Mid-IR wavelength range, where Dy and

Er-doped fluoride-based fibres also offer exceptionally broad gain spectra.

Methods

Instrumentation

The measuring equipment is made up of a 10 GHz extended InGaAs photodetector (ET-5000, EOT) next to a 25 GS/s

oscilloscope (DPO 70604C, Tektronix) for electric characterisation. For optical characterisation an optical spectrum analyser

with down to 50 pm resolution and a 1.1–2.5 µm sprectral coverage is used (AQ6375, Yokogawa). With a frequency doubling

autocorrelator (PulseCheck, APE), the time dependence has been examined. For quantifying the mean optical power, an

integrating sphere type sensor with InGaAs photodiode and 1 nW resolution is employed (S148C, Thorlabs).
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