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EXECUTIVE SUMMARY 
The main objective of this deliverable is the investigation and characterization of 2 um fibres and 
components for laser cavities, and specialized fibre Bragg gratings. This fits into the general goal of 
WP3 which is the demonstration of fibre cavities for the generation of 2um frequency combs. The ESR 
3 (EPFL) has been leading this activity and has gotten familiar with the experimental procedures for 
characterizations. Several fibers and components for 2 um operation were purchased and 
characterized. In addition the ESR 2 has been working with ULille: chirped fibre Bragg grating (CFBG) 
were fabricated there and shipped to EPFL for testing. Additional CFBG were also obtained from a new 
collaboration with Jena, to be able to compare performances. The thulium doped fibre was 
characterized in terms of emission properties, dispersion, and nonlinearity. Passive components were 
characterized in terms of loss, and behaviour. The components are now being assembled into a laser 
cavity for experimental demonstration of modelocking at 2 micron and will result in the first article 
from ESR 3. The raw data for all characterizations plotted here, are available upon reasonable 
requests. 
In view of a full polarization maintaining cavity, PM components, PM CFBGs and a PM Thulium doped 
fibre were ordered. However, because of delay in deliveries and difficulties in manufacturing during 
the pandemic, the components/fibre were only just recently delivered (within the last month). They 
are currently under test and their characterization is not yet completed, hence could not be put in this 
report. 

Thulium doped fibres 
Absorption and emission cross sections of Thulium doped fibres 
A single-clad thulium-doped fiber TmDF200 (developed and manufactured by OFS Fitel Denmark) was 
used in most experiments on 2 µm fiber lasers. Unfortunately, the information provided by the 
manufacturer about this fiber is very limited: the fiber core glass components are SiO2–Al2O3 with a 
small doping of La2O3 and Tm2O3; numerical aperture , and mode-field diameter (MFD) 
of 5  is evaluated at 1700 nm. The properties of the  2 micron transition in this fiber 
represented a subject of an extensive study [1]. To check the accuracy of the data reported in [1], we 
performed experiments and simulations of the TmDF200. During these experiments, TDF sections of 
different lengths were co-pumped at 1610 nm through wavelength-division multiplexer (WDM), and 
forward-propagating ASE spectra were recorded using optical spectrum analyser (OSA) (Figure 1).  

Figure 1: Experimental setup for the investigation of ASE behavior vs. TDF length. TLS: tunable laser source; EDFA: erbium-
doped fiber amplifier; OT: optical terminator; WDM: wavelength-division multiplexer; FUT: fiber under test; VOA: variable 
optical attenuator. 

The same test arrangement was simulated in a commercial simulation software VPITMM. For TDF 
model, the cross sections s12,21, fluorescence lifetime t21, doping concentration  were taken from 
[1]. The TDF core diameter was estimated as 3.8 µm, from the calculated dependence of MFD vs. fiber 
geometry. Both experimental and simulated results are presented in Figure 2. As it can be seen, the 
VPI model correctly reproduces the evolution of a peak ASE wavelength vs. fiber length. The gain 
spectrum gets red-shifted for longer doped fiber length, which is a characteristic behavior of three-
level laser systems. However, the overall shape of ASE spectra, particularly at longer wavelength edge, 

NA = 0.26 0.02±
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is quite different: while all the simulated spectra drop at about 2050 nm, there are considerable tails 
of experimentally recorded spectra, going beyond 2100 nm. It indicates an underestimation of 
emission cross section at longer wavelengths. 

 
Figure 2: Forward-propagating ASE spectra for different TDF length: experimental and simulated results. 

To double-check the edges of emission spectra, we pumped the 1.5 m TDF piece with 1.5 W signal at 
1565 nm. As high power is launched into a short fiber piece, and most of the pump propagates 
through, we can assume that 3F4 state is uniformly excited along the fiber, and the ASE spectrum 
should reproduce in a first approximation a shape of the emission cross section. As one could see from 
Figure 3, the emission spans up to 2200 nm, confirming that the edge of s21 spectrum is shifted toward 
2200 nm. 

 
Figure 3: Forward- and backward propagating ASE spectrum after 1.5 m piece of TDF. 

Finally, absorption at the long-wavelength side was measured using a broadband supercontinuum 
source. We conclude that at the red edge the absorption cross section s12 of TmDF200 fiber is 
underestimated as well. So, at 2000 nm the experimentally evaluated absorption is about 0.65 dB/m. 

Kerr nonlinearity and dispersion of TmDF200 
As TmDF200 fiber features a small core diameter (evaluated at 3.8 ) and a high index contrast 
between the core and the cladding (numerical aperture NA=0.26), an interesting behaviour in terms 
of dispersion and nonlinearity can be expected, and an experimental investigation of their chromatic 
dispersion and Kerr coefficient in 2-µm band has to be performed. First, degenerate four-wave mixing 
(FWM) between a relatively powerful sub-W level continuous-wave (CW) parametric pump, a signal 
and an idler, the three of them located around 2000 nm, was investigated to quantify the nonlinear 
coefficient , the linear attenuation  and the dispersion of the TDF at the pump wavelength. 

The setup for FWM characterization is shown in Figure 4. Two continuous wave fiber lasers are used 
to generate the pump and the signal. The pump laser is first amplified in a commercial 2 µm TDFA 
booster before being combined with the signal laser via a 50/50 coupler. The pump source provides 
1W of CW power at 1980nm and a tunable CW signal source providing 150 to 300 mW of power, 

mµ

g a
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depending on the wavelength, which is swept between 1980 nm and 2000 nm. One output is used to 
monitor the stable operation of the pump laser, while the other one is connected to a polarizing beam 
splitter (PBS). Polarization controllers are such that minimal power is detected in the powermeter in 
the first arm of the PBS, such that maximal power passes through the second arm. Pump and signal 
have the same polarization and generate a signal and idler wave in the TDF under test which has a 
length of 19 m. The filter in the signal laser cavity allows for its wavelength to be tuned away from the 
pump, and to reconstruct the conversion efficiency (defined as CE = Pidler/Psignal) spectrum as a function 
of pump-signal frequency detuning. 

 
Figure 4: Experimental setup for FWM. PBS: polarization beam splitter;  

      

Figure 5: left: typical FWM spectrum at FUT output for pumping wavelength 1980.4 nm . Right: The conversion efficiency as 
a function of frequency detuning between pump and signal wave  

Typical FWM spectrum, recorded with an OSA after the FUT, is displayed in Figure 5 (left) for a 
parametric pumping wavelength of 1980 nm. On the long wavelength side of the pump, we observed 
strong ASE from the booster as well as from the FUT. The later is due to absorption around 2 µm 
originating from the   transition. The signal was therefore deliberately positioned on the 
Stokes side of the pump such that idlers are created on the anti-Stokes side. Before the FWM 
experiments, the signal power was recorded at the FUT input over the whole wavelength range for CE 
reconstruction. We can fit the experimental CE data points with fitting parameters ,  and with  

𝐶𝐸 = $
𝑒!	#$𝜋𝛾𝑃
𝛼 SIN(𝜋𝛾)

,
%

-𝐽&/𝑍(0)2𝐽!&/𝑍(𝐿)2 − 𝐽!&/𝑍(0)2𝐽&/𝑍(𝐿)2-
%		, 

where 𝑃 is the injected pump power, and 𝐽&(𝑍) the Bessel function of the first kind of complex order 
𝜈 = 1 + 𝑖	Δ𝛽$/𝛼, with 𝑍(𝐿) = 2𝛼!'[Δ𝛽$𝛾𝑃exp(−𝛼𝐿)]'/% and Δ𝛽$ = 𝛽%(2𝜋Δ𝜈)%. 

Table 1 summarizes the parameters retrieved compared to the ones obtained in our publication 
showing a very good agreement. 
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Table  1: Dispersion and Kerr-nonlinearity characterization of TmDF200: final extracted parameters 
Parameter Extracted value Value from [2] 
b2 (ps2km-1) -18.61 ±	0.41 -18.41 ±	0.38 
g (W-1km-1) 3.12 ±	0.41 3.87 ±	0.29 
a (dBm-1) 0.20 ±	0.1 0.12 ±	0.02 

Passive components 
Passive fibres 
Standard SMF-28 fibre (Corning) can be used for most cavity designs operating at 2micron. We have 
characterized the loss of such fibre from 2000 nm to 2350 nm using a supercontinuum source. We see 
that up until 2100 nm (Figure 6), the loss remains very low and is therefore acceptable for the short 
cavity lengths we envision. We however observed that bending loss is increased with such fibres when 
operating at 2 micron, such that special care is needed and that tight packaging could be an issue.  

 
Figure 6: Experimentally measured attenuation(circles) of SMF-28 fibre and extrapolated (solid line) attenuation 

There exist single mode fibres optimized for 2 micron operation, such that bending losses are reduced: 
SM2000 (Thorlabs) and SM1950 (Coherent). SM2000 features a large core diameter of 11 µm and a 
numerical aperture (NA) designed for compatibility with SMF-28. SM1950 has a larger NA which could 
pose difficulties in integration with the rest of the components. The bend loss of those fibres should 
be lower, enabling tighter packaging. It was previously shown that bend losses at 2 micron become 
significant (> 5dB) for bending diameter larger smaller than 40 nm, while remaining negligible for SM 
1950 and SM 2000. We summarize the properties of those 3 fibres in Table 2. 

Table 2: main parameters of SMF-28, SM1950 and SM2000 
 Core 

Diameter 
(µm) 

Cladding 
diameter 

(µm) 
NA 

Cuttoff 
l (nm) 

Max l 
stated 
(nm) 

Attenuation (dB/km) MFD 

SMF-28 

8.2 µm 125 µm 0.14 1220 1625 

< 0.18 (at 1550 nm) 
< 0.20 (at 1625 nm) 

20 (at 2000 nm) 
1000 (at 2300 nm) 

13 µm 
(at 1550 nm) 

SM2000 
11 125 0.12 1750 ± 

50 2300 20 (at 1900nm) 
250 (at 2300 nm) 

13 µm 
(at 1996 nm) 

SM1950 
7 125 0.2 1720 ± 

80 2200  8 µm 
(at 1950 nm) 
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Couplers/WDM 
To build a laser cavity, several passive components are necessary, such as wavelength division 
multiplexer (WDM), couplers and passive fibres. 

In the envisioned design, the TDF is pumped with a telecom source and coupling of the pump to the 
active fibre is done with a 1550/2000 nm WDM. The characterization of this component is shown in 
Figure 7. Extraction of the light from the cavity is done by a power coupler. Currently a 1550 nm 10/90 
coupler is used, whose behaviour at 2000 nm is plotted in Figure 8. We see that both components 
behave relatively well. The WDM shows slightly higher losses at 2000 nm than at 1550 nm but 
maintains more than 30 dB extinction. The coupler has higher losses, estimated around 2 dB, at 2000 
nm, which should be considered in the final cavity design.  

 
Figure 7 Transmission of the 1550/2000 nm WDM 

 
Figure 8 Transmission of 1550 nm 10/90 coupler  

 
CFBG 
CFBG were first fabricated by ULille, having different central wavelengths. All were inscribed into the 
core of a standard SM28 silica fibre using the phase-mask technique. The CFBGs cover various 
reflection bands. All CFBGs were fabricated with a grating period chirp of 9.5 nm/cm, which 
corresponds to a group delay dispersion of -7.6ps2. Those CFBG were protected therefore could not 
be tuned. 
 
A second set of CFBG were fabricated by Jena. The custom-designed CFBG is directly inscribed into the 
core of a stripped Ge-doped silica fibre using a phase-mask and 100 fs long laser pulses at 800 nm 
central wavelength with 460 µJ pulse energy.  After the inscription of the CFBG, the fiber was recoated 
with a low-index polymer coating (AngstromBond DSM DF-0016). A detailed description of the 
inscription setup can be found in the first section of [3]. 
 
All CFBG were characterized using a standard setup: a commercially available supercontinuum source 
was sent to a 2micron circulator. The circulator directs the light to one port of the CFBG. The 
transmission is directly monitored at the second port of the CFBG, while reflection is collected at the 
3rd port of the circulator. A 2 micron OSA is used for the measurement (with a range up to 2400 nm). 
 
The results for the CFBG of ULille are plotted in Figure 9. 
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Figure 9: reflection and transmission of 8 different CFBG fabricated at ULille 

The 3dB bandwidth of the CFBG varies between 22 and 25 nm.  The central wavelengths are between 
1950 nm and 2020nm. The reflectivity can be as high as 90% for some of the devices. For further 
experimental investigation in a laser cavity, the CFBGs with reflection bands 1948 – 1969 nm, 1964 – 
1987 nm, 1983 – 2008 nm and 2004 – 2029 nm were selected, given their reflectivity, overall losses 
and different central wavelengths. 

The CFBGs fabricated in Jena have two different central wavelengths, i.e. 1955nm and 2040nm. They 
have grating periods of 678 nm and 709 nm, with linear chirp rates of 9.35 nm/cm and 1.25 nm/cm, 
respectively. Providing a high reflectivity (> 90 %) over broad wavelength ranges from 1940nm to 
1970nm and from 2034nm to 2051nm (Figure 10). They add a negative dispersion of −7.6 ps2 and 
61.8ps2, respectively. 
 
 

 
Figure 10: reflection of CFBG from Jena 
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The CFBGs being recoated, they can be tuned. To do so, we glued the fiber section containing the 
CFBG onto the surface of a 153 mm long and 0.5 mm thick flexible steel sheet. This steel sheet was 
mounted between a fixed stage and a linear translation stage. By moving the translation stage inward, 
controlled by a micrometer screw, we can bend the steel sheet either up or down, thereby stretching 
or compressing the CFBG (See pictures in Figure 11). This leads to a shift in the CFBG reflection band 
owing to two effects: first, the actual grating period is elongated or shortened; second, the applied 
mechanical strain induces a change in the refractive index due to the elasto-optic effect. With this 
technique, we could tune the central wavelength of the CFBG by approximately 20 nm as shown for a 
CFBG with an initial reflection band covering 1940 nm to 1970 nm  in Figure 11. 

 
 

 

 

Figure 11: Picture of the setup used to stretch and compress the CFBG (left), tuning of the reflection spectrum of the CFBG 
(right) 

Conclusions 
The work led to the following results:  

• Familiarization of the ESR with characterization techniques, experimental procedures 
• Characterization of standard Thulium doped fibre 
• Purchase and characterization of essential 2 um passive components 
• Fabrication (in collaboration with ULille and Jena) of CFBG and their characterization 
• First demonstration of MLL based on CFBG 

 
 
Next steps in the projects are:  

• Writing and publishing an article with the latest results  
• Modelling and simulations of the cavity  
• Characterization of PM components and fibers that have just been received 
• Further experimentation: removal of the SESAM for full fiberized system, full PM cavity 

 

Publications 
• M. Bartnick, G. Bharathan, C.-S. Brès ‘Tunable wavelength-stabilized mode-locked thulium-

doped fiber laser beyond 2µm’, to be presented at SPIE Europe 
• M. Bartnick, G. Bharathan, L. Lago-Rached, A. Mussot, C.-S. Brès, ‘Wavelength-stabilized 

mode-lockedthulium-doped fiber laser operating between 1958 and 2008’, submitted to 
CLEO US  
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