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Broadband mid-infrared supercontinuum pulses were generated directly from a short piece of active fiber
in a single-mode Tm-doped fiber amplifier. The broadband mid-infrared pulses have an extremely high
spectral flatness with ~600 nm FWHM bandwidth (from 1.9 ym to 2.5 ym), >15 kW peak power, and
>20 GW/cm? laser peak intensity. This new approach exhibits a significantly different physical mechan-
ism from other supercontinuum generation demonstrations in the literature, in which usually a piece of
passive fiber was used for nonlinear spectral broadening. The physical mechanism for the broadband
mid-infrared supercontinuum generation in this approach has been attributed to a combined effect of
two superradiative processes of Tm?* ions (i.e., the 3F, — 3H{ transition covering the 1.8 ~ 2.1 ym spec-
tral region and the 3H, — 3H; transition covering the 2.2 ~ 2.5 um spectral region), and also nonlinear
optical processes as well in the Tm-doped gain fiber. The spectra of the mid-infrared supercontinuum
pulses were further broadened in a 2 m chalcogenide fiber with 20 dB bandwidth ~1100 nm and a

3 m fluoride fiber with 20 dB bandwidth ~2600 nm. © 2012 Optical Society of America
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1. Introduction

Supercontinuum generation has attracted intense
interest in recent years due to its potential useful-
ness in a variety of applications, especially in the
mid-infrared spectral region. Supercontinuum is
generated from various nonlinear optical processes
in a piece of optical medium in which narrow-band
incident light undergoes nonlinear spectral broaden-
ing to yield an output light with ultra broad
spectrum. These nonlinear effects include self-phase
modulation (SPM), self-frequency-shifted Raman
scattering, modulation-instability (MI), and other so-
liton dynamics processes [1]. In earlier experiments
with bulk nonlinear optical media (e.g., solids,
organic and inorganic liquids, gases), a focused
mode-locked laser beam with high laser intensity
was usually used to generate supercontinuum.
Although this interesting phenomenon was discov-
ered four decades ago [2], the bulk, complicatedness,
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and cost of the high-intensity mode-locked laser
sources used in those early experiments have set
an obstacle to their commercial uses as convenient
broadband light sources.

Recent advances in nonlinear optical media, parti-
cularly various optical fibers significantly relax the
requirements for supercontinuum generation. The
waveguide nature of optical fibers permits that a la-
ser beam can be confined in a small area and sustain
its high intensity over a long distance with negligible
propagation loss, which enables very long nonlinear
interaction length over a piece of optical fiber. With
the recent introduction of various new-generation op-
tical fibers, including dispersion-engineered non-
linear fibers such as microstructured or photonic
crystal fiber, broadband supercontinuum radiation
can be efficiently generated by pumping with modest
power pulsed lasers (femtosecond, picosecond, and
nanosecond pulses) or even with continuous-wave
lasers.

High-power fiber lasers/amplifiers facilitate it
even further. Fiber-based laser sources have exhib-
ited excellent performances with many unique



advantages over other conventional bulk laser
sources, particularly in terms of reliability, robust-
ness and compactness. They are excellent pump
sources for supercontinuum generation, because
they can be readily integrated with nonlinear super-
continuum fibers, yielding all-fiber compact high-
power broadband supercontinuum sources. Many
different fiber-laser-based configurations for super-
continuum generation have been reported in recent
years with numerous literatures, such as [3-8].

In this paper, we report a new approach for broad-
band supercontinuum generation. Rather than using
a piece of passive fiber as a nonlinear optical medi-
um, as demonstrated by others in the literature,
we demonstrate that high-spectral-flatness mid-
infrared broadband supercontinuum can be directly
generated from a short piece of single-mode Tm-
doped gain fiber. We noticed that a similar experi-
ment was recently briefly reported independently
by another group [9], but our approach exhibits a dif-
ferent physical mechanism. In the earlier report [9],
mid-infrared supercontinuum (up to 2.4 ym) was still
generated in a long piece (~25 m) of single-mode p
assive fiber, and a subsequent Tm-doped fiber ampli-
fier was used only for power amplification. Our
approach is different from [9] by the fact that our
mid-infrared broadband supercontinuum was gener-
ated directly from a short piece (~50 cm) of single-
mode Tm-doped fiber amplifier. The onset of efficient
broadband supercontinuum generation in such a
short piece of fiber amplifier suggests that those
Tm3"* ions doped in the gain fiber play an important
role in spectral broadening toward the longer-wave-
length region. The unique physical mechanism for
the broadband supercontinuum generation revealed
in this new approach could be applied to other rare-
earth-doped fiber systems. When using these mid-
infrared pulses as a pump source, further spectral ex-
tension was achieved in both chalcogenide fiber and
fluoride fiber.

2. Experimental Setup

The experimental setup is shown in Fig. 1, which was
a nanosecond-pulse-pumped Tm-doped fiber ampli-
fier. The pump source was an Er-doped fiber MOPA
system delivering laser pulses at 1.55 ym with a
maximum average power of 1 W at a repetition rate
of 10 kHz. Before launching the pump pulses into a
piece of Tm-doped fiber, a 5 meter piece of Corning
SMF-28 fiber was used to generate signal pulses near
2 ym by nonlinear optical processes. Figure 2 shows
the spectral evolution of pump pulses in the passive
single-mode fiber when increasing the pump power.
Since the laser pulses were spectrally shifted only
toward the long-wavelength side, we believe self-
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Fig. 1. (Color online) The experimental setup. SMF-28 fiber:
~5 m. Tm-doped fiber: ~50 cm.

frequency-shifted Raman scattering (rather than
MI) dominates the nonlinear processes in the fiber.
This is because MI in the fiber behaves in a different
way, in which MI side bands can be generated on both
spectral sides symmetrically as we demonstrated re-
cently in a high-power pulsed Tm-doped fiber laser
[10]. With the further increase of the Er-laser power,
a relatively strong spectral component near 1.95 ym
gradually develops and becomes dominant.

An infrared monochromator was used to monitor
pulse components at selective wavelengths. Typical
pulse shapes at different wavelengths are shown
in Fig. 3. It can be seen that the pulse duration re-
duces as the wavelength of the pulse increases.
The strong spectral component near 1.95 ym had a
much shorter duration than the pump pulses and
the Raman-shifted pulses as well. We attribute the
generated spectral component near 1.95 ym to soli-
ton formation induced by the pump pulses in the
passive fiber, partly evidenced by its pulse duration
that was beyond the resolution of our detection sys-
tem. From the FWHM bandwidth (40 ~ 50 nm) of the
spectral component at 1.95 ym, a duration of 200 ~
300 fs might be expected if it was a soliton pulse.

3. High-Flatness Mid-Infrared Supercontinuum
Generation

With a short piece of Tm-doped fiber used thereafter
(as shown in Fig. 1), the laser energy can be effi-
ciently converted from the relatively-long pump
pulse and its Raman-shifted pulse at short wave-
lengths (<1.8 yum) to the shorter pulse component
at long wavelength (i.e., 1.95 ym pulse component),
which was expected to simultaneously achieve both
pulse amplification and supercontinuum generation
in the same piece of Tm-doped fiber.

When both the pump pulses and the 1.95 um
pulses were launched into a 50 cm long single-mode
Tm-doped silica glass fiber, a high-spectral-flatness
broadband mid-infrared supercontinuum was gener-
ated from the Tm-doped fiber. Figure 4 shows typical
spectra of the supercontinuum generated from the
Tm-doped fiber amplifier that were measured by
an infrared monochromator. The FWHM bandwidth
was as wide as ~600 nm, and the 20 dB band-
width was ~900 nm from 1.8 ym all the way to the
long-wavelength transparent edge (~2.7 um) of the
gain fiber.

Figure 5 shows the typical temporal profile of the
mid-infrared supercontinuum pulses at two different
wavelengths, where a monochromator was used as a
spectral filter in the measurements. The measured
duration of the mid-infrared pulses was about 1 ns
at both wavelengths, which was limited by the reso-
lution of our detection system. The photodiode used
in the experiment (Electro-Optics Technology, ET-
5000) is not sensitive to detect the mid-infrared pulse
components at the wavelengths beyond 2.3 ym. The
whole mid-infrared supercontinuum pulses also
exhibited a similar single pulse shape as shown in
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Fig. 5 with a pulse duration (~1 ns) limited by the
resolution.

Figure 6 shows the average output power of the
mid-infrared supercontinuum as a function of pump
power at 10 kHz. Almost the entire pump pulse and
its Raman-scattering components was absorbed by
the Tm-doped fiber, and converted into the longer-
wavelength radiation. The mid-infrared superconti-
nuum exhibits a threshold at a pump power of about
300 mW, at which the pulse components near 1.95 ym
start to develop (as shown in Fig. 2) and get amplified
in the Tm-doped fiber. As the pump power increased,
the output power also proportionally increased, but
the bandwidth of the mid-infrared radiation only
slightly increased. The slope efficiency for wave-
length conversion from the near-infrared pump
pulses to the mid-infrared pulses was about 32%
at low pump power, and it gradually decreased when
the pump power increased. The saturation in conver-
sion efficiency at a higher pump power could be ex-
plained by the possibility that more energy was
converted to the spectral components at longer wave-
lengths (>2.7 ym), which were in turn absorbed by
the silica gain fiber, due to multiphonon absorption
in the fiber.

The peak power of the mid-infrared pulses is also
estimated. Assuming the mid-infrared radiation was
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(Color online) Spectral evolution of pump pulses in the passive fiber at different pump power: 100 mW (upper left), 250 mW (upper

1 ns pulses, which is the upper limit of the pulse
duration, peak power of the mid-infrared pulses
can easily be calculated, which is also shown in Fig. 6.
The peak power of the mid-infrared pulses was as
high as >15 kW, emitted from the single-mode active
fiber. Since the gain fiber exhibits a mode field diam-
eter of 6.5 ym and 9.7 um at the wavelength of 1.8 ym
and 2.7 um, respectively, the estimated laser peak in-
tensity of the supercontinuum pulses at the exit of
the fiber can be calculated to be >20 GW/cm?2.

4. Physical Mechanism

This approach for supercontinuum generation shows
a significantly different physical mechanism from
those in literature, including [9]. Phenomenally, the
supercontinuum generation in this approach exhi-
bits some clear different features from others, such
as a remarkable high spectral flatness and a longer
cutoff wavelength. Supercontinuum spectra in silica-
based fiber reported in literatures (including [9])
were always not so flat, and their cutoff wavelengths
are difficult to go beyond 2.4 ym due to a strong
attenuation in silica fiber beyond 2.4 ym. These dif-
ferences were also confirmed in our experiments.
Without using a piece of Tm-doped fiber, we could
never obtain a broadband spectrum with a similar
flatness if only using a piece of passive fiber with
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Fig. 3. Pulse shape evolution in the passive fiber at different wavelength: 1.55 ym (upper left), 1.65 ym (upper right), 1.75 um (lower left),

and 1.95 yum (lower right).

whatever fiber length. However, when using a piece
of Tm-doped fiber (even with cm-long fiber length), a
flat broadband spectrum could be produced effi-
ciently, and its cutoff wavelength could easily be ex-
tended beyond 2.4 ym. This may suggest that Tm3*
ions in the gain fiber play an important role in the
broadband mid-infrared supercontinuum generation
in this approach.

Intensity (10dB/div)

1600 1800 2000 2200 2400 2600 2800
Wavelength (nm)
Fig. 4. (Color online) Typical spectra of the mid-infrared

supercontinuum pulses measured by a monochromator at pulse
repetition rate of 10 kHz and 20 kHz.

The role that Tm3* ions may play in the supercon-
tinuum generation in this experiment can be illu-
strated by the energy diagram of Tm3* ions as
shown in Fig. 7. Some energy transitions that could
be involved in this approach are indicated in the dia-
gram, including the 3F, — 3H transition covering the
1.8 ~ 2.1 um spectral region and the 3H, — 3H5 tran-
sition covering the 2.2 ~ 2.5 ym spectral region. In
fact, laser oscillations based on these two energy
transitions were already demonstrated decades ago
in both Tm-doped glass fiber [11] and a Tm-doped
crystal [12]. If these two radiation processes some-
how occur simultaneously, the whole emission
spectrum can cover a spectral region from 1.8 ym
all the way up to 2.5 ym or beyond, which represents
the majority portion of the mid-infrared broad-
band supercontinuum spectra observed in this
experiment.

The radiation process in the 1.8 ~ 2.1 um spectral
region can easily be achieved based on the energy
transition from the 3F, level to the 3Hg level when
Tm?3*-ions are in-band pumped by a laser at 1.55 ym
as done in this experiment. The other radiation
process (based on the 3H, —3H; transition) in the
2.2 ~25 ym spectral region can also occur if its
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Fig. 5. Typical oscilloscope trace of the mid-infrared pulses at two different wavelengths. Left: 1.9 ym. Right: 2.2 ym.

upper transition level (i.e., 3H, level) can be popu-
lated efficiently. The population in the 3H, level is
likely to be achieved by a kind of excited-state ab-
sorption processes in this experiment. If that is true,
it should be accompanied by two up-conversion emis-
sion processes in the deep red regions (i.e., 0.67 ym
band and 0.78 ym band as shown in Fig. 7). In the
experiment, we indeed observed the red emissions
coming out of the single-mode Tm-doped fiber,
together with the mid-infrared supercontinuum
pulses. Figure 8 shows the spectra of the red emis-
sions from the Tm-doped fiber due to the up-conver-
sion processes. This observation clearly suggests that
the 3H, — 3Hjy energy transition in the 2.2 ~ 2.5 ym
spectral band should occur simultaneously together
with the 1.8 ~2.1 ym 3F, — 3F, transition, and con-
tribute to the mid-infrared supercontinuum genera-
tion in this experiment.

It should be noted that the pulsed 1.95 ym spectral
component in the pump beam [see Fig. 2] should also
play a role in the radiation processes mentioned
above, because the experiment shows that the mid-

Mid-infrared average power (mW)
Mid-infrared peak power (kW)

i T T T 0
0 200 400 600 800 1000
Average power of Er laser (mW)

Fig. 6. (Color online) Average output power and the estimated
peak power of the mid-infrared pulses as a function of pump power
at 10 kHz repetition rate. We assume the pulse width of the mid-
infrared pulses is 1 ns that was the resolution limit of our detection
system.
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infrared supercontinuum cannot be generated so ef-
ficiently if without the 1.95 um spectral component.
We believe that in the fiber amplifier the seeded
pulses at 1.95 ym would not only get power enhance-
ment in the 1.8 ~ 2.1 ym spectral region, but would
also in turn accelerate the population of the 3H, level
to generate the 2.2 ~ 2.5 ym spectral band. Further-
more, when the duration of the pulses at 1.55 yum and
1.95 um is shorter than the lifetime of the transition
levels of Tm?* ions that are likely to be the case in
our experiment, all the processes mentioned above
can occur coherently, yielding efficient superradia-
tion generation in the gain fiber.

Considering the extremely high peak power of the
superradiation pulses that were propagating along
the single-mode gain fiber within a small fiber core,
many nonlinear effects (such as Raman scattering,
self-phase modulation, modulation instability, and
so on) could occur during the pulse propagation in
the fiber amplifier. Therefore, the high-spectral-
flatness mid-infrared supercontinuum generation
observed in this experiment could be a combined
effect of both the superradiative processes and

3F3
3H4
~0.68um ~ 0.78um 2.2~2.5um
*H;s A\V4
3F4
\/ 1.8~2.1|.Lm
. v
Tm®" ion
Fig. 7. (Color online) Energy diagram of Tm?* ion. Some energy

transitions that could be involved in the broadband superconti-
nuum generation process in this approach are indicated in the
diagram.



§8:53:082 0CT 18, 2818
‘j(n? 10.80 dBn

In+SENS -6 dBn
Haveln 110.89 dB/D1V

NGTH)
faptd %ﬂl (,l.,“.WELE

MKR #1 WUL 657.g ny ot
-39.70 dBa CENTER

Narker

BH, Swp

CENTER 750.8 na
RB S na VB 1B Hz §

SPAN 308.8 na MORE
ST=28 sec { of 2
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amplifier associated with the mid-infrared supercontinuum
generation when pumped with a laser pulse at 1.55 ym.

nonlinear optical processes in the nanosecond-
pumped Tm-doped fiber amplifier.

5. Further Spectral Broadening
These high-peak-power high-intensity mid-infrared
single-mode supercontinuum pulses provide a
valuable fiber pump source for further spectral ex-
tension toward longer wavelength. Indeed, longer-
wavelength extension was demonstrated in our
preliminary experiment, simply by launching these
pulses into a piece of infrared-transparent nonlinear
fiber via fiber butt-coupling. Two different kinds of
infrared-transparent nonlinear fiber were used in
the demonstration, i.e., in-house multimode GeSbSe
chalcogenide glass fiber [13] and commercial single-
mode fluoride glass fiber (FiberLabs Inc). The chal-
cogenide fiber has a core diameter of 30 ym with
NA ~ 0.2, which is transparent (<2 dB/m) in the
spectral region from 2 ym up to 8 yum. The fluoride
fiber has a core diameter of 7 ym with NA ~ 0.24,
with a transparency of <0.3 dB/m in a shorter spec-
tral region from 0.5 ym up to 4.0 ym.

Figure 9 shows the measured spectrum of the
pulses coming out of a 2 m piece of the chalcogenide
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Fig. 10. (Color online) Spectral broadening in 3 m fluoride

glass fiber.

glass fiber when the high-peak-power mid-infrared
pulses were launched. Compared with the original
flat spectra in Fig. 4, three additional spectral peaks
at 2.4 ym, 2.6 ym, and 2.8 ym appeared in the spec-
trum in Fig. 9, and the long-wavelength edge of the
mid-infrared pulses was pushed from 2.7 ym to
2.9 um. Since the frequency interval of the peaks
was estimated to be about 250 ~ 300 cm™!, we attri-
bute that these three peaks resulted from cascaded
Raman scattering in the chalcogenide glass fiber.
Indeed, the Raman shift of Ge-Se bond has been
reported to be about 260 cm™! [14].

The Raman scattering in the chalcogenide glass fi-
ber was what we expected. Because the wavelength
of the mid-infrared pulses (1.8 ~2.7 um) is too far
away from the zero dispersion wavelength (>4.5 ym)
of chalcogenide glass materials [15], the mid-infrared
pulses were propagating in the fiber in a normal dis-
persion reg‘lme As a result, only cascaded Raman
scattering is the dominating nonhnear process when
the pulses propagate in the fiber, instead of other
more efficient spectral broadening processes, such
as SPM-induced pulse compression, and four-wave
mixing processes, even though chalcogenide glass
materials have 2 orders of magnitude higher non-
linearity than other glasses including fluoride glass
[15]. The latter spectral broadening processes are
more favorable in an anomalous dispersion regime.
Therefore, a dispersive-engineered chalcogenide fi-
ber is required for broadband mid-infrared super-
continuum generation.

It is known that fluoride glass materials exhibit a
zero dispersion wavelength near 1.62 ym [15]. There-
fore, more efficient mid-infrared supercontinuum
generation can be expected if using fluoride glass fi-
ber as a nonlinear fiber in an anomalous dispersion
regime. Indeed, when we launched the high-peak-
power mid-infrared pulses into a 3 m piece of
commercial single-mode fluoride glass fiber, octave-
spanning spectral broadening was easily obtained.
Figure 10 shows the octave-spanning superconti-
nuum spectra, which covers from 1.7 ym to 4.2 ym.
The long wavelength edge of the supercontinuum
spectrum was limited by the transparent limit of
fluoride glass fiber.
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6. Conclusion

In summary, we have demonstrated a new approach
to generate mid-infrared broadband radiation, i.e.,
directly from a nanosecond-pulse-pumped Tm-doped
fiber amplifier. It delivers broadband mid-infrared
pulses with a FWHM bandwidth of ~600 nm cen-
tered at ~2.25 ym, a pulse duration of shorter than
1 ns, peak power as high as ~15 kW, and laser peak
intensity as high as >20 GW/cm?. We believe the
Tm?3* ions doped in the short piece of gain fiber play
an important role in the spectral broadening toward
the longer-wavelength region, which suggests a new
physical mechanism for supercontinuum generation
that is different from what have been reported in the
literatures. These high-peak-power high-intensity
mid-infrared pulses are very useful for longer-
wavelength supercontinuum generation, which has
already been preliminarily demonstrated in both
chalcogenide and fluoride glass fiber. This new
approach may be also beneficial to other rare-
earth fiber systems for broadband supercontinuum
generation.
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under the contract FA9201-10-C-0109 managed by
Dr. Gregory Czarnecki. The authors would like to ac-
knowledge the technical support and comments from
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