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Ultrafast fiber lasers operating in the near-infrared have revo-
lutionized laser science by enabling numerous breakthroughs
in both fundamental science and industrial applications. In
this Letter, we extend the spectral coverage of these laser
sources to the mid-infrared by reporting the first femtosecond
fiber laser operating near 3 μm. This passively mode-locked
fiber ring laser based on nonlinear polarization evolution in
an Er3�-doped fluoride glass fiber generates 207 fs pulses
at 2.8 μm with an estimated peak power of 3.5 kW. This
demonstration paves the way for further developments of
promising applications in the molecular fingerprint region
such as frequency comb spectroscopy. © 2015 Optical

Society of America
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Femtosecond fiber lasers emitting in the near-infrared (0.7–2 μm)
have not only fueled the development of ultrafast laser science,
but also enabled several promising applications for the broader
scientific community. These simple, compact, and reliable sources
are now in fact routinely used for laser micromachining, biomedi-
cal imaging, and spectroscopy [1]. However, the spectral coverage
of ultrafast fiber lasers is currently limited by the use of silica fibers
that are no longer transparent at wavelengths beyond 2 μm [2].
This fundamental issue has hindered the development of femto-
second fiber lasers in the mid-infrared (mid-IR) spectral range
(2–20 μm), also referred to as the molecular fingerprint region
[3]. By producing a stable and coherent emission of high-
peak-power pulses covering a broad spectrum, mid-IR ultrafast
fiber lasers have the potential to become ideal sources for ultrab-
road and ultrasensitive molecular spectroscopy [4] through the
generation of supercontinuum [5] and optical frequency combs
[3]. Medical applications such as minimally invasive skin surgeries
[6] or breath analysis [7] could also greatly benefit from these laser
sources.

In recent years, the availability of high-purity fluoride glass
fibers that transmit at up to 5 μm has enabled the development
of fiber lasers operating at wavelengths well above the 2.2 μm
multiphonon edge of silica [2]. These lasers have been mainly

developed near 3 μm because of the efficient emission bands
of Er3� (2.75 μm) and Ho3� (2.85 μm) cations in fluoride glass
fibers that can be readily pumped by standard near-infrared laser
diodes. For instance, an efficient continuous-wave fluoride glass
fiber laser delivering average output powers up to 27 W was
demonstrated at 2.8 μm [8].

Pulsed versions of 3 μm fiber lasers were also demonstrated
in order to access higher peak powers. Active Q-switching based
on acousto-optic modulators was implemented in linear cavities,
producing pulses as short as 78 ns [9], with peak powers up to
0.9 kW [10]. Passive techniques were also reported based on vari-
ous saturable absorbers leading toQ-switching with partial mode-
locking operation with pulse durations now on the order of 20 ps
[11,12]. However, the previous lasers were reported to be unstable
with respect to mode-locking operation due to nonoptimal cavity
configuration. This issue was addressed more recently by
two groups. Haboucha et al. reported a stable mode locking from
an Er3�: fluoride glass fiber laser operating at 2.8 μm by using a
semiconductor saturable absorber mirror in conjunction with a
fiber Bragg grating (FBG) in a linear cavity configuration [13]. In
this laser, the use of an FBG allowed for the generation of a stable,
self-starting pulse train with a repetition rate of 51.75 MHz and
an estimated pulse duration of 60 ps. In parallel, Hu et al. dem-
onstrated the first stable mode-locked fiber ring laser near 2.9 μm
using an InAs saturable absorber in transmission and a holmium–
praseodynium codoped ZBLAN fiber [14]. This configuration
enabled the generation of 6 ps pulses with a peak power of
465 W. This is, to the best of our knowledge, the shortest pulse
ever produced directly from a fiber oscillator at a wavelength
above 2.2 μm.

In this Letter, we present the first 3 μm class femtosecond fiber
laser. This laser produces 207 fs soliton pulses at 2.8 μm with a
repetition rate of 55.2 MHz. It is also the first demonstration of
an Er3�: fluoride fiber-based laser that generates stable mode-
locked pulses with peak powers in the kilowatt range (Ppeak∼
3.5 kW).

The schematic of the laser is shown in Fig. 1. This simple
ring cavity contains 3 meters of double-clad Er3�: fluoride fiber
(Le Verre Fluoré). The fiber has a 7 mol.% Er3�-doped core
(NA � 0.12) with a diameter of 15 μm that is surrounded by
a 260 μm diameter cladding. The circular symmetry of the clad-
ding is broken by two parallel flats separated by 240 μm. A fluo-
roacrylate polymer of lower refractive index surrounds this
cladding, enabling multimode propagation of the pump beam
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(NA > 0.46). The fiber dispersion (β2 � −0.086 ps2∕m at
2.8 μm) was estimated based on both its material composition
and guidance properties [15]. End caps made of a short segment
(L ∼ 700 μm) of multimode AlF3 fiber (FiberLabs AMF-200/
240) were spliced on both ends of the fiber to prevent fiber tip
degradation. This degradation can arise either from OH diffusion
and related thermal runaway [16] or from spurious laser spikes
due to Q-switching instabilities. The end caps were angle-cleaved
at 4° to avoid parasitic reflections that are detrimental for mode
locking. The fiber is pumped with a multimode laser diode that
delivers up to 7 W of continuous power at 976 nm. The pump
signal is coupled inside the ring cavity through a homemade di-
chroic mirror that also serves as the output coupler for the 2.8 μm
laser signal. This dichroic mirror has a transmission of >90% at
976 nm and a reflectivity of 66% at 2.8 μm, extracting 34% of
the laser signal out of the cavity. Coupling of both laser and pump
signals into the fiber is performed via aspheric ZnSe lenses
(f � 12.5mm). A cladding mode stripper (CMS in Fig. 1) made
of a few centimeters of active fiber stripped and recoated with
UV-curable, high-index polymer (n � 1.54) is fabricated at
the end of the fiber segment in order to reject the residual pump
power. Mode locking is initiated and maintained by nonlinear
polarization evolution (NPE) [17] via the use of a quarter wave-
plate, half-waveplate, and optical isolator (Altechna). The isolator,
based on Faraday rotation, also acts as a polarizer and ensures
a unidirectional (counterclockwise in Fig. 1) propagation of the
laser signal in the ring cavity. The total length of the free-space-
propagation segment in the cavity is about 90 cm.

For a proper adjustment of the waveplates, the laser produces
a stable, self-starting mode-locked pulse train. Mode-locked op-
eration is maintained over several hours, with an rms fluctuation
of the average output power of less than 1%. Also note that no
noticeable degradation of the laser output performance was
observed after several months of use. The temporal trace of the
output signal is shown in Fig. 2(a), and was measured with a
nitrogen-cooled HgCdTe photodiode connected to a preamplifier
(Kolmar Technologies, rise time <2 ns). Since faster photodiodes
are available at 1.5 μm, the second-harmonic (SH) signal was

generated by focusing the output beam through a beta–barium
borate crystal. The SH signal was then monitored with a photo-
detector (Alphalas, rise time <100 ps). As shown in Fig. 2(b),
both 2.8 μm and SH signals show no evidence of multipulsing
in the cavity. The repetition rate of the laser as measured with a
radiofrequency spectrum analyzer is 55.2 MHz, in agreement
with the effective cavity length of about 5.4 m.

To further confirm single-pulse operation and to measure the
pulse temporal profile, the autocorrelation (AC) of the output
signal was performed using a commercial autocorrelator covering
wavelengths up to 3 μm (Femtochrome FR-103XL/IR/1700).
The autocorrelation trace is shown in Fig. 3 along with the
computed AC trace of an ideal sech2�t� temporal profile. The
corresponding pulse full width at half-maximum (FWHM) is
207 fs. It is worth mentioning that the calibration factor of the
autocorrelator was verified experimentally to ensure the validity of
the measurement. No secondary peaks were observed over the
total 200-ps scan range of the autocorrelator. The autocorrelation

Fig. 1. Schematic of the laser cavity. DM, dichroic mirror; M, gold-
coated mirrors; ISO/POL, optical isolator also used as a polarizer; λ∕4,
quarter waveplate; λ∕2, half-waveplate; CMS, cladding mode stripper.

Fig. 2. (a) Measured output pulse train with a 2 ns rise time detector.
The corresponding repetition rate is 55.2 MHz. (b) Zoom on one pulse
of the 2.8 μm output (black) and the second harmonic (red) signal
measured with a 100 ps rise time detector.

Fig. 3. Measured AC trace of the output beam (red) and the corre-
sponding AC trace of a theoretical pulse with a sech2�t� shape and
FWHM of 207 fs (dashed gray).
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along with the measured pulse trains of both the mid-IR and
SH signals confirm altogether that only one pulse is circulating
in the cavity. The measured average output power is 44 mW, cor-
responding to a pulse energy of 0.8 nJ. Assuming a sech2�t�
temporal profile with a FWHM of 207 fs, the estimated pulse
peak power is 3.5 kW.

The output spectrum presented in Fig. 4 (blue curve) was
obtained using an optical spectrum analyzer (OSA) that covers
wavelengths from 1.9 to 3.4 μm (Yokogawa, AQ6375L). The
long free-space propagation (∼2m) in the OSA greatly affects
the spectrum of the signal due to environmental water vapor ab-
sorption near 2.8 μm. To quantify this impact, we monitored
with the OSA the spectrum from a homemade flat mid-IR super-
continuum source and subtracted the environmental absorption
background (black curve) from the signal. By doing so, the actual
fiber laser spectrum impinging on the OSA could be inferred
(red curve).

The output spectrum contains strong spectral peaks symmet-
rically located on both sides of the central wavelength
λc � 2805 nm. These spectral features, referred to as Kelly side-
bands, are clear evidence that the laser operates in the soliton
regime [18]. From the temporal viewpoint, the Kelly sidebands
correspond to resonant dispersive waves that copropagate with the
soliton inside the cavity. The temporal modulations that are
visible on either side of the central peak in the AC trace
(Fig. 3) are likely associated with the cross-correlation of the main
soliton pulse with these dispersive waves [19]. Mode locking in
the soliton regime was expected because the dispersion of the fluo-
ride fiber is highly anomalous at 2.8 μm, whereas no dispersion
compensation was added to the laser cavity. Knowing the fre-
quency associated with each sideband, the overall dispersion of
the cavity and the average pulse width of the circulating pulse
can be inferred using the following equation [18]:

�f m − f c�2 �
m

πjB2j
−

1

4π2τ2
; (1)

where m is the order of the sideband, f m corresponds to the
frequency of the sideband, f c � 1.07 × 1014 Hz is the carrier fre-
quency, B2 is the overall cavity dispersion, and τ is the average
pulse duration (FWHM ∼1.763τ). By performing a linear regres-
sion of the frequency differences �f m − f p�2 as a function of the
integer m and using Eq. (1), we find an overall cavity dispersion
B2 � −0.282 ps2. Assuming that the cavity dispersion is mostly
governed by the dispersion of the 3 m segment of fluoride fiber,
the fiber dispersion can be approximated by β2 � B2∕3m �
−0.094ps2∕m, which is in good agreement with our previous
estimation of β2 � −0.086 ps2∕m.

The estimated average FWHM of the pulse in the cavity, also
calculated from Eq. (1), is 328 fs. The production of output
pulses (207 fs) shorter than the average soliton in the cavity is
expected considering the relation between the energy of a soliton
Es and its duration τ [20]:

Es � 2Psτ �
2jβ2j
γτ

; (2)

where Ps is the peak power and γ and β2 are respectively the non-
linear and the dispersion parameters of the fiber. This relation in-
dicates that the soliton duration gets shorter as its energy increases.
The circulating pulse therefore reaches maximum energy and thus
shorter duration at the end of the gain fiber. Consequently, a pulse
of minimum duration will be extracted out of the cavity at each
roundtrip because the free space propagation through the NPE
system can only further reduce its duration.

The best fit for the reconstructed output spectrum was ob-
tained with the spectrum corresponding to an ideal soliton pulse
with a sech2�t� temporal profile and a FWHM of 230 fs (dashed
gray curve). Both spectra are in good correspondence except near
the center, where strong modulations are observed in the exper-
imental spectrum. These modulations are actually resulting from
the interference between the main pulse and the dispersive waves.
Since the most intense sidebands are very close to the center of the
spectrum because the overall dispersion of the cavity is high [see
Eq. (1)], these modulations are more pronounced near its center.
Since second-harmonic generation filters the low-intensity com-
ponents of a signal, we measured the spectrum of the SH signal in
order to get a better idea of the spectral properties of the output
pulse without interference from dispersive waves. As shown in
Fig. 5, the SH signal spectrum is consistent with the computed
SH signal of an ideal 207 fs soliton pulse, which is in agreement
with the temporal characteristics of the pulse inferred from the
autocorrelation.

Interesting features stand out from these results. First, the in-
tracavity water vapor absorption around 2.8 μm does not inhibit
the formation of femtosecond pulses with a spectrum extending
over more than 100 nm. This observation was also made in Cr2�-
based solid-state femtosecond lasers and can be turned into an
advantage for intracavity spectroscopy with enhanced sensitivity
[21]. Preliminary numerical simulations of the laser dynamics
suggest that soliton shaping in the fiber segment compensates
for this absorption, leading to a stable steady-state, mode-locked
operation. Another important feature is that high-energy solitons
(0.8 nJ) are generated from this fiber laser operated in the highly
anomalous dispersion regime. This can be understood knowing
that pulse shaping in the cavity strongly depends on the nonlinear

Fig. 4. Measured output spectrum (blue), natural logarithm of the
atmospheric transmission for a 1 m propagation inside the OSA (black),
reconstructed spectrum before the OSA (red), and theoretical spectrum
of a sech2�t� shape with FWHM of 230 fs (dashed gray).
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parameter γ, which scales as λ−3 [2,20]. Therefore, with the use
of fluoride fibers that have dispersive and nonlinear properties
similar to silica fibers, pulses of higher energy are expected for
lasers emitting at longer wavelengths. We can thus expect to de-
velop mid-IR fiber lasers with improved performance compared
to those in the near-IR. Nevertheless, dispersion management in
mid-IR fiber oscillators for the generation of shorter pulses re-
mains the biggest challenge, as fluoride fibers possess a highly
anomalous dispersion at these wavelengths.

Further performance improvements are expected in the near
future with this fiber ring laser. Numerical modeling will offer
good indications for determining the optimal fiber length and
laser output coupling required in order to attain the highest peak
power and shortest pulse duration. External amplification of
these pulses with an Er3�: fluoride fiber is also very promising for
reaching the higher peak powers required for some applications
such as supercontinuum generation [5]. Coherent spectral broad-
ening of the laser output signal over more than one octave using, for
example, a tapered chalcogenide fiber [22] combined with the re-
cent demonstration of an active frequency reference operating near
3 μm [23] could provide the conditions to perform fully self-
referenced frequency comb spectroscopy in the mid-infrared [3,24].

In summary, we have demonstrated the generation of stable
soliton pulses from a passively mode-locked ring laser that in-
cludes a 3 m piece of Er3�: fluoride fiber. The simple mode-
locking system based on NPE in the fiber enables the production
of 207 fs pulses with ∼3.5 kW of peak power, surpassing all
previous performances of mode-locked fiber lasers emitting
around 3 μm. Dispersion of the fluoride fiber at 2.8 μm
(β2 ∼ −0.094 ps2∕km) was also evaluated experimentally for
the first time using the spectral positions of the Kelly sidebands.
This demonstration clearly constitutes a major step toward the
development of efficient femtosecond fiber sources operating
in the mid-IR.
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Fig. 5. Measured output spectrum of the SH signal (red) and the cal-
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