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Abstract

Supercontinuum generation from 1.87 to 4.03 um in a ZBLAN fiber is reported. A home-made passively mode-locked
thulium-doped fiber laser and amplifier, providing 21.4-ps pulses at 81 MHz is used as a pump. The continuum output power
is 3.52 W, of which 1.45 and 0.88 W corresponds to wavelengths longer than 3 and 3.5 um, respectively. A spectrum flat-
ness of 2 dB over a bandwidth of 1710 nm, from 2.02 to 3.73 um, is also reported. This represents, to our knowledge, the
best power conversion in the mid-infrared region and the best spectral flatness for high power supercontinuum generation in
ZBLAN fibers directly pumped by 2-um CW mode-locked fiber lasers and amplifiers.

1 Introduction

High power supercontinuum (SC) generation with a broad
spectral bandwidth in the mid-infrared (mid-IR) has recently
attracted concern of many researchers. Such light sources
can find applications in a lot of important areas, like stand-
off detection [1], directional countermeasure [2], and medi-
cine [3, 4]. For these applications, the magnitude of band-
width, spectral flatness as well as the level of output power
together with efficient power distribution towards the mid-IR
are very important factors.

In principle, an SC can be generated by the use of an
optical fiber with high nonlinearity and high peak power
pulses. When mid-IR spectral region is concerned, soft glass
fibers, including tellurite [5, 6], fluoride [1, 7-12] and chal-
cogenide [13, 14] fibers can be adopted as nonlinear media.
However, among all soft glass fibers, only heavy metal fluo-
ride fibers, including fluorozirconate (ZBLAN) [15-19] and
fluoroindate (InF;) [20, 21] are technologically mature to
be used for multi Watt level SC generation. Because they
exhibit a zero-dispersion wavelength (ZDW) within the
range of ~1.5-1.9 pm they can be effectively pumped in
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the anomalous dispersion region, which facilitates efficient
continuum extension towards longer wavelengths. To this
aim, thulium-doped fiber lasers and amplifiers (TDFL&AS),
providing high power, efficient and diffraction-limited output
beam over a wide tuning range spread from ~ 1.9 to 2.1 um
can be used. When such pump light sources are employed,
the whole SC system becomes relatively compact and stable
compared with the ones utilizing, e.g., optical parametric
oscillators (OPO) and amplifiers (OPA) [22].

Different types of pulsed thulium-doped fiber-based laser
systems, such as mode-locked [18, 19], Q-switched and
mode-locked [8, 23] as well as gain-switched and mode-
locked [24, 25] providing femtosecond [7] and picosecond
[23, 25] pulses, have been already proposed to pump fluo-
ride fibers. In particular, CW model-locked fiber lasers fol-
lowed by a cascade of amplifiers delivering optical pulses
with pulse widths in the picoseconds range allow scaling
output SC power to over 10 W, while being relatively easy
in realization. This laser configuration is becoming increas-
ingly important to address demands for pump sources for
high-power mid-IR SC generation.

In 2013 Yang et al. reported a mid-IR SC extending from
1.9 to 3.9 um with an average output power of 7.11 W gen-
erated out of a ZBLAN fiber pumped by a 1.96 um master
oscillator power amplifier (MOPA) system [15]. The SC
power for wavelengths longer than 2.5 um was 3.52 W with
a power ratio of 49.5% with respect to the total SC power. A
year later, the group presented all-fiber integrated SC gen-
eration in a ZBLAN fiber with a spectrum extending from
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~1.9to 4.3 um [16]. The output average power was 13 W, of
which 52.69% corresponded to wavelengths beyond 2.5 um.
In 2014 Liu et al. reported an SC with an output power of
up to 21.8 W and a spectrum spanning from 1.9 to beyond
3.8 um generated in a ZBLAN fiber pumped by a mode-
locked TDFL&A operating at ~1.93 um [17]. Soon after
that, the same group demonstrated a record 24.3 W SC gen-
eration in a single-mode ZBLAN fiber pumped by a 2-um
TDFA with a spectrum spanning from 1.9 to 3.3 pm [18].
More recently, a 10-W-level SC with a spectrum extending
from ~ 1.9 to 4.1 um, generated out of a fluorozirconate fiber
pumped by a 1.95 um MOPA system with a SESAM mode-
locked TDFL, was also reported by Zheng at al [19].

Despite the remarkably high power and/or broad output
spectrum achieved, these works share similar limitations in
the context of spectral flatness and/or efficient power dis-
tribution in the mid-IR spectral region. This results either
from the limited peak power of pump pulses or limitation of
ZBLAN fibers used as nonlinear media. Furthermore, all the
reports concern the case when an SC is generated in a two-
step process. The spectrum of pump signal is first initially
broadened, typically up to ~2.4 um, in a TDFA or a piece
of silica single-mode fiber (SMF) where pump pulses, as a
result of modulation instability (MI), are broken into a series
of solitons with durations in the femtosecond range. In the
next step, the generated solitons are launched into a fluoride
fiber and undergo further spectral broadening towards the
mid-IR, mainly as a result of Raman-induced scattering [12].

In this paper, we report SC generation in a step-index
ZBLAN fiber directly pumped by a home-built 1994.3 nm
fiber-based picosecond MOPA system. The output time-
averaged SC power was measured to be 3.52 W. The con-
tinuum power conversion efficiency for wavelengths beyond
3 um and 2-dB spectral flatness bandwidth are 1.45 W (41%
of total output power) and 1710 nm, respectively. This pre-
sents, to the best of our knowledge, an increase in both spec-
tral flatness and efficiency of power distribution compared
to previously reported SC sources pumped by CW mode-
locked TDFL&As.

2 Experimental setup

The experimental arrangement of the 2-um mode-locked
fiber laser and amplifier system followed by a section for
mid-IR SC generation is illustrated in Fig. 1. The pump
pulse train is firstly amplified in a two-stage Tm-doped fiber
power amplifier and then coupled directly (without initial
broadening of pump pulses) into a single-mode ZBLAN
fiber to stimulate SC generation.

The master oscillator has a linear cavity, composed of a
25-cm long step-index double-clad polarization-maintain-
ing (PM) Tm-doped fiber (TDF) with clad absorption of
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Fig.1 Schematic of the experimental setup for mid-IR SC generation.
WDM—1550/2000 nm wavelength division multiplexer, TDFA—
Tm-doped fiber amplifier, EYDFA—erbium:ytterbium-doped fiber
amplifier, ISO—optical isolator, CPS—cladding pump stripper,
DM—dichroic mirror, L1-L5—Ienses, FBG—fiber Bragg grating,
TDF—Tm-doped fiber

4.7 dB/m at 793 nm, a fiber Bragg grating (FBG) acting
as the wavelength selecting component and a semiconduc-
tor saturable absorber mirror (SESAM) soldered on a gold
plated Cu-cylinder. The cavity has an overall optical path
length of 1.85 m corresponding to a fundamental repeti-
tion rate of 81 MHz. The gain fiber has a core diameter of
10 pm and a numerical aperture (NA) of 0.15. One end of
the active fiber is spliced to the FBG with 90% reflectivity
at a center wavelength of 1994.5 nm and a full-width at half-
maximum (FWHM) of 1.4 nm, which is used for narrowing
pulse spectrum to achieve tens of picoseconds pulse width.
The other TDF end is cleaved at an angle of 8° to avoid
parasitic lasing. The SESAM, used in the experiment to initi-
ate and maintain mode-locking (ML) operation of the laser,
has a high reflectivity (R>60%) from 1880 to 2090 nm, a
modulation depth of 20%, non-saturable loss of 36%, relaxa-
tion time of 10 ps, and saturation fluence of 35 uJ/cm?. It is
coupled with the angle-cleaved TDF end through two AR-
coated aspheric lenses with the same effective focal length
of 5.95 mm. The active fiber is backward in-core pumped
by a home-made 1.25 W continuous wave (CW) 1550-nm
pump unit via a 1550/2000 nm high power fused wavelength
division multiplexer (WDM) coupler, providing over 90% of
pump coupling efficiency. No attempt was made to balance
the intracavity dispersion.

The output fiber end of the 1550/2000 nm WDM, after opti-
cal isolation, is spliced to the first Tm-doped fiber amplifier
(TDFAL1). The 3-m long active fiber has the same parameters
as the one used in the oscillator. A multimode pump combiner
with a signal feedthrough is employed to deliver pump light
to the Tm fiber from two 790-nm 4.5-W laser diodes with
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105/125 pm fiber pigtails (0.22 NA). Following the TDF, a
cladding pump stripper (CPS) is used to strip the unabsorbed
pump light and protect the optical isolator (ISO).

The TDFA1 output, after stripping the unabsorbed pump
power and optical isolation, is fusion spliced to the final Tm-
doped fiber amplifier (marked as TDFA?2), built with the use of
large mode area double-clad TDF with a core/clad diameter of
25/250 um, NAs of 0.08/0.46 and clad absorption specified as
9.5 dB/m at 793 nm. It is pumped by two fiber-pigtailed mul-
timode 790-nm 30-W laser diodes, light of which is delivered
by a (24 1) X 1 pump combiner. The active fiber is wrapped
on an aluminum drum with a diameter of less than 15 cm to
ensure cooling and good beam quality. Its output end is angle
cleaved to avoid unwanted reflections. At the output of the
pump system, a dichroic mirror (HR@0.79 pym, HT@2 pm,
45° coated) is used to filter the unabsorbed 790-nm pump light.

Finally, the amplified 2-pum pulse train is launched into
a 12-m long step-index fluorozirconate fiber by a telescope
(lenses L3 and L4), allowing for a launch efficiency of
over 60%. The nonlinear fiber has a core/clad diameter
of 6.8/125 um, an NA of 0.23 and a cut-off wavelength of
2.04 pm. The ZBLAN fiber was customized to a small core
area and a relatively large NA to ensure good confinement of
a pump beam in a core region. The losses within the wave-
length range of 1.3-3.75 pm were below 0.05 and 0.2 dB/m
at 4 um. The fiber ZDW was measured to be 1603 nm [10].
Both ends of the fluoride fiber are angle cleaved to avoid
unwanted damage caused by Fresnel reflections. To prevent
thermal damage of the nonlinear fiber, it is wrapped on an
aluminum cylinder with machined spiral grooves. The out-
put from the fluoride fiber is also collimated by means of a
single CaF, lens (LS5).

The power was measured with a thermal power meter
(Ophir, LaserStar), the 2-um pump laser spectrum fluence
was measured by an optical spectrum analyzer (Yokogawa,
AQ6375) whereas the SC spectrum was monitored by a
grating monochromator (Princeton Instruments, SP-2300)
equipped with a thermo-electrically cooled HgCdTe detec-
tor (Vigo System S.A.). To avoid the effects of high-order
diffraction peaks of the grating, appropriate long-pass filters
were placed in front of the detection system. Pulse wave-
forms were recorded by a 12.5-GHz InGaAs photodetec-
tor (Electro-Optics Technology, ET-5000) together with a
6-GHz bandwidth, 25-GSa/s oscilloscope (Tektronix, DSA
70604) as well as an autocorrelator (Femtochrome Research
Inc., FR-103WS).

3 Results and discussion
The Tm-doped fiber oscillator, after a proper adjustment

of the SESAM provided stable CW mode-locked pulses
with a repetition rate of 81 MHz, corresponding to the

optical cavity length. Like in case of soliton fiber lasers, it
was observed that the laser went through several working
regimes occurring sequentially with a continuous increase
in the pump power. The operating-regime distribution of the
oscillator and the corresponding output power versus the
pump power as well as oscilloscope traces illustrating the
regimes are shown in Figs. 2 and 3, respectively.

The oscillator started to operate at CW regime after
reaching the threshold launched pump power of 288 mW.
Increasing the pump power from 302-321 mW leads to
Q-switching and mode-locking (Fig. 3a), originating from
a relatively high modulation depth of the SESAM. Once
the launch pump power was higher than 321 mW, irregu-
lar mode-locking was observed. In this mode of operation
doublet pulses of high amplitude, spaced by 1.1 ns, were
generated (Fig. 3b). For pump power over 340 mW, a stable,
self-starting CW mode locking was achieved (Fig. 3c) and
maintained until ~435 mW. When the higher pump power
was applied the laser started to operate unstably.

The maximum average output power for stable ML was
measured to be 17 mW. The laser operated at a central wave-
length of 1994.3 nm with a 3 dB width of 0.27 nm (inset in
Fig. 2). The slope efficiency of the laser in a ML regime with
respect to the launched pump power is 1.5%, which is typi-
cal for this type of oscillators. The duration of output pulses
could not be measured by our autocorrelator because of their
low peak power. Therefore, the pulse width was measured
after the final amplifier.

As a next step, the pulses from the output of the seed
oscillator were boosted in the two-stage amplifier. The
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Fig.2 The Tm-doped fiber oscillator output power versus launched
pumped power with marked different mode-locking regimes distribu-
tion. QML—Q-switching and mode-locking, IML—irregular mode-
locking, ML—stable CW mode-locking. Inset, output spectrum of
ML pulses
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Fig.3 Measured output pulse train in Q-switching and mode-locking
a irregular mode-locking b and stable CW mode-locking ¢ regimes

TDFAL1 provided the maximum average output power of
1.92 W at an absorbed 790-nm pump power of 9.3 W, with
a slope efficiency of 29%. Except for a small signal of ampli-
fied spontaneous emission (ASE), no obviously nonlinear
effects were observed in the optical spectrum. The noise-
to-signal ratio (SNR) was measured to be 49 dB. The final
power amplifier TDFA2 was assembled in the similar way
as the TDFA1. A 3.4-m long large mode area Tm-doped
fiber with a core/clad diameter of 25/250 um was employed
mainly to avoid nonlinear effects occurring during amplifica-
tion of short optical pulses. The average power of incident
pulse train, launched into the gain fiber, was 0.9 W. The
TDFA?2 delivered an average output power of 23.68 W for
58.75 W of absorbed pump power, which corresponds to a
slope efficiency of 44% (Fig. 4). As can be seen, the output
power increased almost linearly with the rise of pump power
with no roll-off of the curve. The maximum pulse energy
was calculated to be 292.3 nJ. Figure 5 shows the spectrum
of the amplified ML pulses. The center wavelength locates at
1994.3 nm and the spectrum bandwidth (FWHM) is 0.34 nm
measured at the maximum average output power. The output
spectrum was moderately broadened when compared with
the oscillator, probably due to self-phase modulation (SPM).

The output spectrum was also clear without any artifacts
coming from nonlinear effects (upper inset in Fig. 4). The
ASE signal in the amplifier is about 47.5 dB down com-
pared with the amplified signal, showing that the MOPA
system operates with very low-intensity noise. It is worth
adding that the system was tested for several hours a day
over 2 weeks without any significant degradation of output
parameters. The lower inset in Fig. 4 presents the short-
term output power stability under laboratory conditions,
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Fig.4 Average output power and pulse energy of the TDFA2 as a
function of absorbed 790-nm pump power. Upper inset, spectrum
of amplified pulses recorded over a 300-nm bandwidth scale. Lower
inset, short-term output power stability measured over 30 min

monitored over 30 min. Once the stable ML operation was
achieved the laser system delivered a stable pulse train with
power fluctuations within 3%, which is mainly caused by
fluctuations in pump power of the TDFAs.

The autocorrelation trace of the amplified 2-um pulses at
the maximum average output power is shown in Fig. 6. The
FWHM of the autocorrelation trace was 33 ps. If a sech?
pulse profile is assumed, the pulse width is 21.4 ps. Conse-
quently, the time-bandwidth product, when combined with
the 0.34 nm spectral bandwidth, was calculated to be 0.548,
which is slightly higher than the theoretical transform limit.
With better dispersion management in the laser cavity, by
reducing the length of a passive anomalous-dispersion fiber
and inserting a piece of a normal dispersion fiber at 2-um
wavelength, shorter ML pulses are expected. The maximum
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Fig.5 Spectrum of amplified 2-um pulses at the maximum average
output power
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Fig.6 Autocorrelation trace of the amplified 2-um pulses at the
maximum average output power (circles) and its squared hyperbolic
secant fit (solid curve). The inset shows the stable pulse train with a
repetition rate of 81 MHz

peak-power of the amplified pulses was 12 kW and currently
this value is limited by available pump power. Further scal-
ing the pulse peak power is ongoing.

In the final part of the study, an SC generation in the
ZBLAN fiber pumped by the 2-um MOPA system, char-
acterized above, was examined. The evolution of the SC
output spectrum for different output SC power levels is
shown in Fig. 7. The spectra were recorded after passing
through a long-pass filter with a cut-off edge at a wavelength
of 1.85 um, and they were corrected for the detector and
grating responsivities.

Increasing the output SC power, the long-wavelength
cut-off was gradually extended towards the red wave-
lengths, which is typical for pumping a nonlinear fiber deep
in the anomalous dispersion region [26]. When the output
power was ~1 W, the SC spectrum extended to 3.6 pm. It
can be also noticed that the higher output power the higher
spectral flatness can be achieved. When the output power
reached 3.52 W (for an incident pump power of 10.5 W), the
spectrum spread from 1.87 to 4.03 um. The spectral range
was considered according to the noise level of the detec-
tion system. The dip at ~2.7 um corresponds to OH™ ion
absorption in the detection system. The power ratio of SC
for wavelengths longer than 2.5, 3 and 3.5 ym is over 66%
(2.34 W), 41% (1.45 W) and 25% (0.88 W), respectively.
The spectrum has a flatness of 5 dB at the wavelength range
of 2.01-3.84 um and less than 2 dB (assuming the dip cor-
responding to water absorption is neglected) at the wave-
length range of 2.02-3.73 um (1710 nm bandwidth). The
infrared edge of the spectrum resulted from the loss edge of
fluoride glass as well as limited peak power of pump pulses.
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Fig. 7 Mid-IR SC spectra recorded at different output power levels

The observation of the SC evolution at shorter wavelengths
(< 1.9 um) was not carried out, mainly because of limita-
tions with our detection system. Further power scaling-up
was limited by the damage to the ZBL AN fiber output facet.
Both the SC power conversion towards the red wavelengths
and flatness of output spectrum are better than the recent
results [15-19]. It also shows that applying a SESAM mode-
locked TDFL&A delivering pulses with tens of picosec-
onds and a low loss ZBLAN fiber it is possible to develop
a high power and super flat mid-IR SC source with very
good power distribution towards the mid-IR spectral region.
Consequently such sources can meet the demands imposed
by many applications, like for instance those pointed out in
the Introduction.

4 Conclusions

In conclusion, an all-fiber CW mode-locked fiber laser and
two-stage fiber amplifier system operating a wavelength
of 1994.3 nm is reported. The maximum average power of
amplified pulse train, generated at a fundamental repetition
rate of 81 MHz, was 23.68 W, yielding pulse energies of
292.3 nJ. The pulse width was measured to be 21.4 ps. The
peak power of the output pulses, estimated by assuming a
sech® shape, is 12 kW. Using this laser source as a pump for
a step-index single-mode ZBLAN fiber, a supercontinuum
spectrum covering the whole 2—4 um wavelength region
with 3.52 W time-averaged power was demonstrated. The
SC power for wavelengths longer than 2.5, 3 and 3.5 um
is 2.34, 1.45 and 0.88 W, with a power ratio of 66, 41 and
25% (determined with respect to the total SC output power),
respectively. A spectral flatness of 2 dB over a bandwidth of
1710 nm is also presented. To the best of our knowledge, this

@ Springer



152 Page6of6

J. Swiderski et al.

represents the best power conversion in the mid-IR spectral
region and the best spectral flatness of SC generated out of
a ZBLAN fiber directly pumped by 2-um CW mode-locked
fiber lasers and amplifiers. The mid-IR SC average output
power can be further increased if higher pump power and a
special cooling of nonlinear fiber facets are provided.
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