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A mid-IR supercontinuum (SC) fiber laser based on a thulium-doped fiber amplifier (TDFA) is demonstrated.
A continuous spectrum extending from ~1.9 to 4.5um is generated with ~0.7W time-average power in wave-
lengths beyond 3.8um. The laser outputs a total average power of up to ~2.6W from ~8.5m length of
ZrF,—BaF;—LaF3;—AlF;—NaF (ZBLAN) fiber, with an optical conversion efficiency of ~9% from the TDFA pump
to the mid-IR SC. Optimal efficiency in generating wavelengths beyond 3.8 ym is achieved by reducing the losses in
the TDFA stage and optimizing the ZBLAN fiber length. We demonstrate a novel (to our knowledge) approach of
generating modulation instability-initiated SC starting from 1.55 um by splitting the spectral shifting process into
two steps. In the first step, amplified approximately nanosecond-long 1.55 ym laser diode pulses with ~2.5 kW peak
power generate a SC extending beyond 2.1 ym in ~25m length of standard single-mode fiber (SMF). The ~2um
wavelength components at the standard SMF output are amplified in a TDFA and coupled into ZBLAN fiber leading
to mid-IR SC generation. Up to ~270 nm SC long wavelength edge extension and ~2.5x higher optical conversion
efficiency to wavelengths beyond 3.8 um are achieved by switching an Er:Yb-based power amplifier stage with a
TDFA. The laser also demonstrates scalability in the average output power with respect to the pulse repetition rate
and the amplifier pump power. Numerical simulations are performed by solving the generalized nonlinear Schro-
dinger equation, which show the long wavelength edge of the SC to be limited by the loss in ZBLAN. © 2011

Optical Society of America
OCIS codes:  190.4370, 320.6629.

1. INTRODUCTION

We have demonstrated, for the first time to our knowledge, a
mid-IR supercontinuum laser (MISCL) using a thulium-doped
power amplifier stage. The MISCL provides a continuous
spectrum extending from ~1.9 to 4.5um with ~0.7W time-
average power in wavelengths beyond 3.8 um. SC output of
~2.6 W is generated with ~9% conversion efficiency from
the thulium-doped fiber amplifier (TDFA) pump to the MISCL
output. Higher efficiency mid-IR SC generation is achieved by
implementing a large mode area (LMA) Tm-based power-
amp stage and shifting the SC pump wavelength from 1.55
to ~2 um.

Mid-IR SC generation starting from 1.55um laser diode
pulses using modulation instability (MI)-initiated pulse break-
up has been demonstrated in the past [1]. Such a technique is
beneficial, since it leverages the maturity of fiber-coupled tel-
ecommunication wavelength components to generate a high
time-average power SC extending into the mid-IR. Previously
demonstrated MISCL systems use all Er:Yb-based high power
amplification stages. We demonstrate a novel method where-
by the Er:Yb power-amp stage is replaced by, first, a 1.55 to
~2 ym wavelength-shifting stage, followed by a Tm-doped
power-amplifier stage. The TDFA-based MISCL generates
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wavelengths beyond 3.8um with ~2.35% efficiency with
respect to the power-amp pump, which is ~2.5 times more ef-
ficient than an Er:Yb power-amp-based system. The long
wavelength edge of the generated continuum in the Tm-based
system also extends ~270nm further. The demonstrated
TDFA-based system also retains the advantages of being
all-fiber-integrated, having no moving parts, and exhibits
power scalability with pulse repetition rate and amplifier
pump power, as previously demonstrated by a MISCL with
all 1.55 ym amplification stages [1].

The TDFA-based system generates a mid-IR SC in two
steps. In the first step, a fused silica continuum extending
to beyond 2.1 ym is generated by launching amplified, nano-
second-long 1.55 ym laser diode pulses into an ~25 m length of
standard single-mode fiber (SMF). A thulium-based power-
amp stage amplifies ~2 um light components in the output
of the standard SMF continuum. By coupling the power-
amp output to a ~8.5m length of ZBLAN fiber, spectral exten-
sion into the mid-IR is observed. Higher, longer wavelength
generation efficiency is achieved by reducing TDFA system
losses and through optimization of the ZBLAN fiber length
and the first step SC generation parameters in the standard
SMF. Numerical simulations are also performed by solving
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the generalized nonlinear Schrodinger equation (GNLSE) to
compare and extend experimental results.

2. MOTIVATION AND BACKGROUND

Light generation in the mid-IR wavelength range from 2 to
5 ym is beneficial for a number of applications, including spec-
troscopy [2], explosive and chemical detection [3,4], remote
sensing and ranging [5], free-space communications [6], and
medicine [7]. Currently available solid-state laser technologies
operating in the mid-IR wavelength range include quantum
cascade lasers (QCLs) [8], optical parametric oscillators
(OPOs) [9,10], and rare-earth-doped ZBLAN fiber lasers [11].
In comparison, SC sources are attractive because they can
cover several octaves of light, thus increasing the sensitivity
and selectivity of spectroscopic studies [12].

One technique to reliably generate a mid-IR SC is by shifting
light from a near-IR laser into the mid-IR wavelengths using
nonlinear optical processes. In ZBLAN fibers, an SC extending
to ~6.28 yum has been demonstrated by pumping an ~2cm
length of fiber with mode-locked 1480 nm pulses of ~50 MW
peak power and 20mW average power [13]. Another mid-IR
SC fiber laser demonstration based on ZBLAN fiber used a
1550 nm mode-locked Er-doped laser and generated ~5 mW in
the wavelength range from 1.8 to 3.4 um [2]. Fibers based in
high nonlinearity materials such as tellurite have also been
used for SC generation. For example, continuum extend-
ing from ~0.8 to 4.87 yum with 90 mW output average power
has been demonstrated by coupling 110fs long, 1.55um
pulses into a 0.8 cm length of tellurite photonic crystal fiber
(PCF) [14].

A novel technique to eliminate the need of mode-locked la-
sers for high peak power pulse generation has been previously
demonstrated. In this technique, modulation instability in
standard SMF is used to initiate pulse breakup of quasi-CW
laser diode pulses [15]. Typically, 1 ns long 1.55 ym laser diode
pulses are first amplified through two or more stages of
Er/Er:Yb fiber amplifiers. After initiating pulse breakup in a
few meter lengths of standard SMF, an SC extending from
0.8 to 4.4 ym has been generated in ~7m length of ZBLAN fi-
ber, with 23 mW average power output [16]. Also, using linear
scaling of the time-average power with the pulse repetition
rate, up to 10.56 W average power output in a continuum ex-
tending from 0.9 to 3.8 yum has been demonstrated [1]. More
recently, by using ~20kW 1.565um peak power pulses and
longer lengths of ZBLAN fibers (~12 m), a high average power
spectrum extending out to ~4.2 yum has been achieved using
all 1.65 ym amplification stages [17].

In this paper, we demonstrate an all-fiber integrated mid-IR
SC laser, based on a Tm-doped power-amplifier stage. The
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motivation to incorporate a TDFA stage is driven by the higher
pump-to-signal conversion efficiency demonstrated in Tm-
doped gain fibers compared to Er:Yb fiber amplifiers (EYFAs).
For example, slope efficiency as high as 56% is demonstrated
in LMA Tm-doped gain fiber [18] compared to LMA-EYFAs,
which have demonstrated slope efficiencies of ~38% [19] in
comparable fiber geometries. Also, shifting the SC pump from
1.55 to ~2 ym is pursued with an attempt to generate a longer
extending SC in the mid-IR wavelengths.

Various techniques to generate ~2 ym light pulses for input
to TDFAs have been demonstrated. For example, by using a
mode-locked Er fiber laser with polarization-maintaining com-
ponents operating at 1557 nm followed by an EYFA, a Raman
shifting soliton pulse to ~2 ym in a 12 m length of high NA fiber
has been demonstrated in the past [20]. A subsequent disper-
sion-managed LMA-TDFA stage generates pulses with up to
230 kW peak power at ~2um. Another approach generates
~T750 fs long ~1.95 ym pulses using a saturable absorber based
on carbon nanotubes in a Tm-doped fiber laser cavity [21].
Techniques using ~1.55pum laser diode pulses instead of
mode-locked lasers have also been demonstrated. One ap-
proach involves successive orders of cascaded Raman wave-
length shifting in germanium-doped fused silica fibers with a
NA of ~0.41 [22]. In this approach, up to three orders of shift-
ing from 1.53 ym leads to light generation at 1.94 ym. Another
demonstrated technique involves gain switching a Tm-doped
fiber cavity with a modulated 1.55 ym pump to generate 10 ns
long 2 ym pulses [23].

In our approach, ~1ns long laser diode pulses at 1.55 ym
are amplified to ~2.5 kW peak power. Pulse breakup through
modulation instability and long wavelength shifting through
Raman processes in an ~25 m length of standard SMF give rise
to ~2 ym pulsed light components for input to a Tm-doped fi-
ber amplifier. The technique eliminates the need for mode-
locked lasers for high peak power pulse generation at ~2 ym
and uses all standard telecommunication wavelength fiber-
coupled components. Also, due to the absence of a regenera-
tive cavity, the system does not require any bulk 2 ym optical
isolators to prevent feedback from spontaneous emission or
spurious reflection from subsequent TDFA or SC generating
stages.

The paper is organized as follows. We describe the TDFA-
based mid-IR SC laser setup in Section 3. In Section 4, we pres-
ent the experimental results of SC generation, efficiency
characterization, and optimization. Simulation modeling and
results are presented in Section 5. In Section 6, we discuss
the experimental and simulation results, and finally we
summarize our findings in Section 7.

Wavelength shift
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Fig. 1.

(Color online) Schematic of experimental setup depicting two-stage mid-IR SC generation using TDFA. DCF, dual-cladding fiber.
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3. EXPERIMENTAL SETUP

The block diagram of the experimental setup is shown
in Fig. 1. The seed laser consists of a 15663nm distributed
feedback (DFB) laser diode with ~1ns long pulses output
at a repetition rate adjustable from a few MHz down to
~10kHz. The laser diode pulses are amplified through two
stages—a single-mode Er-doped fiber amplifier (EDFA; pre-
amp) followed by a cladding-pumped Er:Yb-doped midamp.
The preamp stage consists of an ~2m length of 4/125 ym gain
fiber pumped by up to 400 mW at 980 nm. A 100 GHz line width
optical add-drop multiplexer at the signal wavelength is used
to filter out amplified spontaneous emission (ASE) generated
in the preamp stage. The midamp stage consists of ~5m of
cladding-pumped 7/130 um Er:Yb codoped fiber pumped by
a single 10 W, 976 nm laser diode.

A near-IR continuum starting from 1.55 ym is first generated
in standard SMF. The midamp is used to boost the peak power
level of the optical pulses to the few kilowatt level, and the
output is spliced to an ~25m length of standard SMF. For
the case of the midamp output, the peak power of the pulses
can be estimated from their duty cycle and the measured aver-
age power at the output of the amplifier. For example, with a
pulse width of ~1 ns and a pulse repetition rate of 500 kHz, 1 W
output from the midamp corresponds to ~2 kW peak power of
the individual pulses.

The output of the standard SMF-based 2 ym light source is
spliced to an LMA-TDFA, which serves as the power amp.
LMA gain fiber is chosen to reduce nonlinear effects in the
amplifier and has core/cladding dimensions of 25/250 ym.
The gain fiber has a low core NA of ~0.1 to reduce the multi-
modedness in the fiber at 2 um wavelength, which is achieved
in Tm-doped fibers by a raised refractive index pedestal layer
surrounding the fiber core [18]. The gain fiber has a rated peak
absorption of 5dB/m at 793 nm, and a 4.5 m length is chosen
to provide sufficient pump depletion. The mode conversion
from standard SMF to LMA gain fiber is achieved by a pump
combiner/mode adapter with a 10/125um fiber at the input
and a 25/250 ym passive fiber matched geometrically to the
Tm gain fiber at the output. The output of the Tm gain fiber
is spliced to a second pump combiner/mode adapter, which
has a dual-clad output fiber with 10/125 ym core/cladding dia-
meters, allowing for convenient coupling to the ZBLAN fiber.
In addition, the output combiner combines two fiber-coupled
35 W, 790 nm pump lasers with 105 um core diameter, 0.22 NA
fiber pigtails in to the gain fiber to form a backward-pumped
amplifier configuration. The gain fiber is heat sunk by coiling
it around a copper mandrel with grooves matched to fit the
gain fiber.

In another implementation of the TDFA, a small-core gain
fiber with core/cladding dimensions of 10/130 ym is used. The
small-core setup provides direct splicing of the standard SMF
output to the TDFA input. A single combiner on the output
side couples pump light into the gain fiber in the backward-
propagating direction.

The 35W pump diodes used in the setup demonstrate a
FWHM of ~1.2nm with center wavelengths of ~791 nm and
typical threshold currents of 8 A. The electro-optical effi-
ciency of the lasers is specified to be ~41% with 35 W output
at ~49 A current. The pump is mounted on a thermoelectric
(TE) cold plate to temperature tune the pump wavelength.
A thermistor mounted on the cold plate provides feedback
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to the electronic circuit driving the current in the cold plate
to keep the diode temperature stable during operation. The
current through the two pump lasers is modulated by a square
wave with 50% duty cycle at ~250 Hz to reduce the thermal
load in the system and allow for modulation of the SC output
without a need for external chopping equipment. The modula-
tion is achieved by connecting the two pumps in series with a
MOSFET switch driven by a signal generator. A bank of resis-
tors is also included in the circuit to provide current limiting
along with other safety measures to prevent damage to the
pumps due to parasitic currents. For driving the pump diodes
with CW current, the signal generator is replaced by a 9V bat-
tery to keep the MOSFET switch turned on.

The ZBLAN fiber used in the experiments has a high NA of
~0.27 to reduce bend-induced losses at wavelengths beyond
4 ym. The fiber has a cutoff wavelength of ~2.75um and a
core/cladding diameter of 8/125um as specified by the
manufacturer. The fiber zero-dispersion wavelength (ZDW)
is expected to be ~1.65ym based on the material dispersion
parameter of ZBLAN [24].

The output from the TDFA is mechanically spliced to the
ZBLAN input with angle-cleaves on either fiber to prevent re-
flections in the system. Careful matching of the fiber angles is
achieved by observation through a microscope for optimum
coupling. The observed mechanical splice loss ranges from
45% to 50%, depending on the quality of the splices and the
proximity of the fibers. The output from the ZBLAN fiber is
measured with a thermal power meter, and power distribution
in various spectral bands is measured using suitable cut-off
long-pass filters. The spectrum is measured by a Czerny—
Turner monochromator and a TE-cooled HgCdTe detector.

4. EXPERIMENTAL RESULTS

A. LMA-TDFA-Based Mid-IR SC Laser Spectrum

The output spectrum of an ~8.5m length of ZBLAN fiber me-
chanically spliced to the LMA-TDFA is shown in Fig. 2. The
spectrum extends from ~1.9 to 4.5 ym with ~2.6 W total aver-
age power, of which ~0.7W lies in wavelengths beyond
3.8um. The TDFA is pumped with ~30 W of 790 nm pump
power with 50% modulation and outputs ~8 W of average
power around 2 ym. The input to the TDFA comprises output
from an ~25m length of standard SMF with ~2.5kW peak
power 1.55m laser diode input pulses of ~1ns duration at
500 kHz repetition rate. The mechanical splice loss is ob-
served to be ~45%, corresponding to a coupled pump power
of ~4.4W. The residual power in the 1.8-2.1 ym wavelengths
at the output of the ZBLAN fiber is ~0.13 W and is calculated

2.6 W SC output

-104 0.7 W beyond 3800 nm

30 W pump power (50% modulation)
500 kHz repetition rate

Spectral intensity (dBm/nm)

2000 2500 3000 3500 4000 4500
Wavelength (nm)

Fig. 2. Mid-IR SC spectrum from ~8.5m ZBLAN fiber pumped with
TDFA extending from ~1.9 to 4.5 um.
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from the area under the curve in the calibrated spectrum in
these wavelengths, indicating ~97% SC pump depletion. With
the modulation of the TDFA pumps with a 50% duty cycle
square wave at 250 Hz, the SC output is also modulated. Hence
an observed SC output power of 2.6 W corresponds to ~5.2 W
SC output during the ON phase of the 250 Hz modulation sig-
nal. Similarly, the ~0.7W average power measured in wave-
lengths beyond 3.8 yum indicates ~1.4 W power output from
the laser in these wavelengths for 50% of the time.

The generated SC is continuous, with a spectral power den-
sity >0dBm/nm (1 mW/nm) between ~3.6 and 4.3 yum. The
intensity of the measured spectrum is calibrated in dBm/nm
as follows. First, the measured SC spectrum is corrected for
the spectral responsivity of the HgCdTe detector and the
monochromator grating response. The spectral power density
is then calculated using the SC output power in the 3.5-3.8 um
wavelength region measured by the thermal power meter and
appropriate wavelength filters. The SC laser generates ~0.9 W
beyond 3.5 um. The dip in the spectrum at ~4.25 ym is attrib-
uted to the CO, absorption in the atmosphere while traversing
the ~0.75m path length inside the monochromator [25].

Figure 3 shows the power scaling of the TDFA-based mid-
IR SC laser as a function of the pulse repetition rate and the
790 nm pump power. By varying the pulse repetition rate elec-
tronically, the demonstrated Tm system shows versatility in its
ability to adjust the output power with similar spectral extent.
Figure 3(a) shows the linear scaling of the average power at
the output of an 8.5 m length of ZBLAN fiber over 125-500 kHz
pulse repetition rates, while Fig. 3(b) shows the correspond-
ing output spectrum. The spectrum out of the ZBLAN fiber has
similar spectral extent and shape; however, the average
power content scales linearly with the pulse repetition rate.
The preservation of the spectral shape with increasing repeti-
tion rate shows that the doubling of the output average power
with doubling of the pulse repetition rate is achieved by in-
creasing the frequency of occurrence of the pulses while
maintaining similar pulse peak powers. Figure 3 also shows
that the amount of 790 nm pump power required to double
the output average power with pulse repetition rate does
not scale linearly. For example, at 125 kHz, the SC laser out-
puts ~0.4 W average power at 12 W of modulated pump power.
However, to double the output average power to ~0.8 W at

Relative intensity (arb. units)
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250 kHz, only ~3W of additional modulated pump power is
required, suggesting ~13% slope efficiency with system repe-
tition rate. The increase in efficiency with repetition rate is
attributed to the threshold of the TDFA (~6 W) and the in-
crease in amplifier efficiency at higher pulse duty cycles
due to lower losses to spontaneous emission.

Figure 4 compares the SC spectrum generated by ~8.5m
ZBLAN fiber pumped by a TDFA power amp to the best EYFA
power-amp results observed to date from an ~12m length of
ZBLAN fiber with identical properties [17]. The observed long
wavelength SC edge from the TDFA-based mid-IR source ex-
tends ~270nm beyond the EYFA system output. The exten-
sion in the long wavelength edge is attributed to shifting of
the SC pump from 1.55 to ~2 ym in the TDFA system. Figure 4
also shows that the EYFA-SC extends in either direction
around the ~1.55 ym SC pump. In comparison, the TDFA-SC
extends only toward the longer wavelengths with respect to
the SC pump at ~2um. The difference in the nature of the
spectral broadening between the two systems is attributed
to the dispersion properties of ZBLAN material, which has
a ZDW around 1.65 ym [24]. As a result, pumping the ZBLAN
fiber at ~2 ym compared to 1.55 ym amounts to shifting the SC
pump into the anomalous dispersion regime, where spectral
broadening is observed to occur largely through stimulated
Raman processes without much contribution from self-phase
modulation (SPM) as observed in EYFA systems.

— - -EYFA-based SC
—— TDFA-based SC

A==

270 nm

Scaled Intensity (dB)

A
600 1200 1800 2400 3000 3600 4200
Wavelength (nm)
Fig. 4. (Color online) Mid-IR SC spectrum from 8.5m ZBLAN in
TDFA power amp system compared to 12m ZBLAN in EYFA-based
system [17].
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Fig. 5. (Color online) Evolution of the long wavelength SC edge in 8.5m ZBLAN fiber length as a function of TDFA pump power measured at

500 kHz pulse repetition rate: (a) spectrum, (b) long wavelength edge.

The evolution of the long wavelength edge of the 8.5m
ZBLAN fiber output as a function of modulated TDFA pump
power at 500 kHz pulse repetition rate is shown in Fig. 5(a). At
a fixed repetition rate, higher TDFA pump power corresponds
to higher peak output powers and, hence, a longer extending
SC spectrum. Figure 5(b) plots the -20dB SC wavelength
edge of the measured spectra versus the modulated TDFA
pump powers with saturation in the wavelength edge beyond
~4.5 ym. The long wavelength edge of the SC is limited by the
absorption edge of the ZBLAN fiber. For example, at 4.5 ym,
the absorption loss in the fiber is expected to be ~1dB/m,
suggesting that any generated components at longer wave-
lengths in the ~8.5 m length of ZBLAN undergo rapid attenua-
tion, preventing further spectral extension.

B. LMA-TDFA-Based SC Laser Efficiency

The thermal power meter measurements for the TDFA output,
8.5m ZBLAN SC output, and spectral content beyond 3.8 um
at the output of the ZBLAN fiber are plotted against the cor-
responding modulated TDFA pump power in Fig. 6. The LMA-
TDFA operated in backward-pumped configuration shows an
overall efficiency of ~27% with ~8 W output power at ~30 W
of 790 nm pump power. Observed SC output power of ~2.6 W
corresponds to an overall mid-IR output efficiency of ~9%
with respect to the 790 nm pump. ~0.7 W of the ZBLAN output
lies in wavelengths beyond 3.8 ym, leading to an observed ef-
ficiency of ~2.35% in generating wavelengths >3.8 ym with
respect to the TDFA pump power.

Table 1 summarizes the efficiency of various components
of the TDFA-based MISCL. The Er:Yb midstage amplifier in
the setup outputs ~1.25 W of average power around 1.55 ym.
The first SC section, comprising ~25 m standard SMF spliced

TDFA efficiency = 27%
89 — - —Tm amplifier ouput /
74 - - 8.5m ZBLAN output /'
~——8.5m ZBLAN output >3800 nm .
6 .
e
g 5| G
] P
4
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g 3] /~ Mid-IR efficiency = 9%
2] i ==
7/ it 2
14 < P >3800nm efficiency = 2.35%
R
-
0+—F=— 7 T T T T
0 5 10 15 20 25 30
Pump input (W)

Fig. 6. (Color online) Power meter measurement of TDFA output,
8.5m ZBLAN SC output, and output average power beyond 3.8 ym
versus TDFA pump power.

to the midamp, outputs ~1 W total power, of which ~0.59 W
lies in wavelengths beyond 1.8 um, where TDFA gain occurs.
The efficiency of the TDFA stage is maximized by optimizing
the splices between the LMA gain fiber and the pump combi-
ner fibers and heat sinking the Tm gain fiber. Also, active cool-
ing of the 35 W pump diodes allows pumping of the amplifier
close to 793 nm, where the maximum rated pump absorption
in the gain fiber occurs. The length of the fiber between the
TDFA output combiner and the ZBLAN fiber is kept at a mini-
mum practically permissible length of ~0.5m to reduce
nonlinear losses in its ~10 yum diameter core. Approximately
55% coupling efficiency is observed at the mechanical splice
from the TDFA output to the ZBLAN fiber due to the mode
mismatch between the ~10 ym core diameter combiner output
fiber and the high NA ZBLAN fiber with an ~8um core
diameter.

The length of ZBLAN fiber used in the mid-IR SC generation
is optimized for efficient generation of wavelengths beyond
3.8 um. Three different lengths of ZBLAN fiber (5.5, 8.5, and
13m) were used in the setup. The power generated in wave-
lengths beyond 3.8 um was measured as a function of the
TDFA average output power at a fixed repetition rate of
500 kHz, and the observed results are plotted in Fig. 7. It is
observed that for the ~13m length of ZBLAN fiber, the long
wavelength power generation saturates at higher TDFA out-
put powers compared to the result from the ~8.5 m length. On
the other hand, the ~5.5m length does not generate as much
long wavelength power for the same amount of TDFA output
power, indicating lower long wavelength efficiency. Based on
the result, we observe ~8.5m length to be optimal for higher
efficiency long wavelength generation. For longer lengths of
ZBLAN, the longer wavelength components undergo addi-
tional attenuation in the excess length of ZBLAN fiber. In com-
parison, the 5.5m length is found to be short of optimal length
and would require higher peak power output from the TDFA
to generate power in longer wavelengths more efficiently.

C. First Stage Optimization

The output from an ~25 m length of standard SMF for various
peak power settings of the 1.55um input pulse is shown in
Fig. 8(a). Light generation in the TDFA gain band extending
from ~1.75 to 2.1 ym [26] is observed at input powers as low as
~1kW, with a longer extending spectrum at higher peak
powers. At ~2.5 kW peak power, a flat continuum extending
from ~1.5 to 2.25 ym, covering the entire TDFA gain band, is
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Table 1. Efficiency of Various Components of the TDFA-pumped ZBLAN Mid-IR SC Laser™

System Component Definition Efficiency
790 nm pump diode Electro-optic efficiency provided by manufacturer ~41%
Er:Yb midamp 1.55 ym output/976 nm CW pump power ~17%
25M SMF Output > 1.8 um/input power ~47%
LMA-TDFA ~2 um output/ 790 nm modulated pump power ~27%
Mechanical splice Coupled ~2 pm/tdfa-output ~b5%
>3.8 um light-shifting efficiency Power beyond 3.8 um/coupled ~ 2 ym power ~16%
SC generation efficiency SC output/coupled ~ 2 ym power ~59%

“TDFA pump to SC conversion efficiency = 0.27 x 0.55 x 0.59 = 9%.

*TDFA pump to >3.8 um conversion efficiency = 0.27 x 0.55 x 0.16 = 2.35%.

obtained from an ~25m length of standard SMF. Figure 8(b)
shows the effect of the first stage input peak power on the
spectrum output of an ~12 m length of ZBLAN fiber for a fixed
CW TDFA pump power of ~8 W. At low TDFA pump powers,
the spectral extent of the ZBLAN output is found to be heavily
dependent on the peak power used for 2 ym light generation.
For example, the 1.5 kW peak power case used for 2 ym light
generation yields the longer extending ZBLAN output spectra
compared to the 2.5 kW case. However, the ASE peak from the
TDFA in the ZBLAN output is ~8 times higher in the 1.5 kW
case compared to 2.5 kW due to insufficient strength of the
input signal in the TDFA gain band. Hence, even though
the SC extends to beyond 4um at lower first stage peak
powers, the efficiency of SC generation is poor in the
1-1.6 kW peak power cases.

Figure 8(c) shows the relative power in wavelengths
>2.5pum plotted against the peak power used at the input
of the standard SMF. The result shows that higher spectral
shifting efficiency is achieved at 2.5 kW peak power compared
to lower peak powers, with saturation observed beyond 2 kW.
Above 2.5 kW, the standard SMF generates additional compo-
nents beyond 2.1 ym, which are not efficiently amplified in the
TDFA. By pumping the TDFA with higher pump power, a
spectrum extending to 4.5 um with ~97% pump depletion is
obtained, as shown in Fig. 2, for first stage peak powers of
~2.5 kW to provide higher efficiency long wavelength genera-
tion. However, the demonstrated result shows the flexibility in
extent of spectral generation in the two-step SC scheme based
on the availability of pump power in the system and the ap-
plication requirement.

Figure 9 shows the effect of the length of standard SMF
used in the first stage on the output spectrum from the ZBLAN
fiber. Three lengths of standard SMF are used (10, 25, and
50m), and in each case, the 1.55um peak power is adjusted
so that the same average power (~0.6 W) is generated beyond
1.8um at the output of the fiber, measured using a power
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Fig. 7. (Color online) Experimental optimization of power genera-
tion beyond 3.8 um for various lengths of ZBLAN fibers.
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w

meter placed after a Ge long-pass filter. The standard SMF
output is spliced to the LMA-TDFA, and the output spectrum
from the ~8.5m length of ZBLAN at ~20 W of pump power is
measured in each case. Figure 9 shows that the SMF length
used in the 2 ym light generation does not influence the extent
of ZBLAN output as long as similar average powers are
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Fig. 9. (Color online) ~8.5m ZBLAN output at ~20 W TDFA pump
power for various standard SMF lengths in the first stage.

generated in the TDFA gain band at the output of the standard
SMF. The observed result can be explained by the fact that
since the standard SMF with ZDW ~1.3um is pumped at
1.55 ym in the anomalous dispersion regime, soliton propaga-
tion is supported in the fiber from the balance of pulse
broadening and compression through dispersion and fiber
nonlinearities. Therefore, the soliton pulses at the output of
50 m length of standard SMF do not undergo much broadening
compared to higher peak power pulses used in the generation
of similar spectra from only 10 m length. Also, the dispersion
length of the fiber is several kilometers for nanosecond-long
pulses in standard SMF, and hence dispersive effects are not
expected to be dominant. Therefore, the choice of SMF length
can be made on the basis of ease of peak power generation
from the Er:Yb midamp, with shorter fiber lengths requiring
higher peak power pulses. Also, the low cost of standard
SMF' does not provide any incentive to use shorter fiber
lengths, and 25 m standard SMF length is chosen as optimal.
The results indicate that in applications where remote deliv-
ery of the 2um light is required, the length of standard
SMF can be chosen depending on the setup requirements
without appreciable degradation in the performance of the
mid-IR SC laser, providing additional flexibility for practical
applications.

D. Small-Core TDFA-Based Mid-IR SC Spectrum

The mid-IR SC spectrum from the small-core TDFA-based set-
up is shown in Fig. 10. The small-core TDFA (10/130 ym core/
cladding diameter) is pumped with a maximum CW pump
power of ~8 W with optimal settings in the first stage and a
pulse repetition rate of 50 kHz. The TDFA output is mechani-
cally spliced to an ~12m length of ZBLAN fiber. A spectrum
extending from ~1.9 to 4.3 ym is obtained with ~300 mW aver-
age output power, of which ~85mW lies in wavelengths be-
yond 3.8 um. The peak in the observed spectrum at ~2um
corresponds to the ASE generated in the amplifier and any
undepleted SC pump. The wiggles in the spectrum around
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Fig. 10. Output spectrum from ~12m length of ZBLAN fiber with
spectrum extending from 1.9 to 4.5 um.
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2.7 um correspond to water vapor absorption, and those at
~4.25 ym are due to CO, absorption in the air during propaga-
tion in the monochromator.

Compared to the LMA system, the small-core TDFA system
shows less overall efficiency. For example, the efficiency in
the generation of wavelengths beyond 3.8 ym with respect
to the TDFA pump power is ~1.1% in the small-core system,
compared to ~2.35% observed in the LMA system. One of the
main factors contributing to the lower efficiency of the small-
core system is the higher nonlinearity in the amplifier. In the
case of the above result, we observe ~15% pump-to-signal
conversion efficiency in the small-core amplifier with respect
to the coupled pump power. The higher nonlinearity in the
small-core gain fiber leads to shifting of ~2um amplified
pulses to longer wavelengths within the amplifier, which re-
duces the length of the gain fiber for which the input signal
lies spectrally in the amplifier gain band. Lower nonlinearity
in the amplifier is also preferred to achieve efficient coupling
to the ZBLAN fiber. For example, at 2.4 ym wavelength, the
mode field diameter in the 10 um core amplifier fiber is ex-
pected to increase to ~14 ym, which increases the free-space
coupling loss to the 8um core ZBLAN fiber due to larger
mode-area mismatch. The small-core TDFA system is also ob-
served to be limited in its average power scaling capability,
with damage consistently observed at the combiner fiber
and gain fiber splice at CW pump powers >26 W at 400 kHz
pulse repetition rate. The setup however, can be used for
low power applications with passively cooled 790 nm pump
lasers and a single small-core combiner for coupling in the
pumps to provide for a simpler system design.

5. NUMERICAL SIMULATIONS

A. Simulation Model

Simulations are performed to understand the optical pro-
cesses associated with the two-stage TDFA-based SC
system. In the fiber, the complex envelope A(z, t) of a pulse
under the slowly varying approximation satisfies the GNLSE
given by [27]

A . .

55 = D+N)A, (1)
. i %A 1 3BA i 9*A «a
D=rghgztehos talga s

with
o i 9 oo
8= ir(1+ 22) [ 10100500+ fain(0])
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where the pulse moves along 2 in the retarded time frame 7 =
¢ - (2/v,) with the central angular frequency of wy. The linear
terms in the differential operator D account for the second
(fs), third (f3), and fourth order (f,) dispersion as well as
the loss (@) of the fiber. The terms in the operator N result
from nonlinear interactions, which describe self-phase modu-
lation, self-steepening, and stimulated Raman scattering ef-
fects. In particular, the effective nonlinearity is defined as
¥ = Nawy/CAqsr, Where n, and Aoy are the nonlinear refractive
index and effective mode area of the fiber, respectively. In
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addition, hp(t) represents the Raman response function, and
fr is the fractional contribution of the Raman response to the
nonlinear polarization.

The GNLSE described above is solved by a modified adap-
tive split-step Fourier method with the initial pulse shape as
the known boundary value [16,28]. The step size is determined
and dynamically adjusted by the nonlinear gain in each sec-
tion. Super-Gaussian flat-top pulses with 80 ps FWHM with
center wavelength at 1553 nm are used as input in the simu-
lator. A temporal window of 100 ps and a spectral window of
333.33 THz are chosen to cover the entire SC spectrum, cor-
responding to 216 sampling points. The Raman shift spectrum
of fused silica and ZBLAN fibers as measured in [29] is used in
the numerical analysis. The peak Raman gain coefficient (gz)
of fused silica fiber is set to 6.4 x 1074 m/W at 1553 nm [16],
and that of ZBLAN fiber is set to ~2.2 times that of fused silica
[30]. The dispersion parameters of the standard SMF are ap-
proximated based on the fiber datasheet and that of the
ZBLAN fiber from the measured material dispersion [24].
For standard SMF, an effective nonlinear parameter of y =
1.6 W-!/km™! is used at 1553 nm [16]. Since the n, of ZBLAN
is ~0.85 times that of fused silica [31], an effective nonlinear
parameter of 1.36 W1 km™! is used for the ZBLAN fiber. The
loss (a) in the standard SMF (Corning) and ZBLAN fiber (KDD
FiberLabs) used in the simulations is as per provided by
the fiber manufacturers. To account for the dispersion of
the mode profile in the ZBLAN fiber at longer wavelengths, the
nonlinear gain is scaled inversely with wavelength based on a
linear dependence of the mode field radius on wavelength.
For example, the mode radius is expected to increase by
~1.65 times over 2 to 4 ym wavelength range based on numer-
ical calculations, and the increase is approximated to be linear
with wavelength. The bend-induced loss in the fiber is ne-
glected due to the high NA and ~60cm coiling diameter of
the ZBLAN fiber in the experiments [1].

For modeling the TDFA, negative loss is assumed at
wavelengths where gain is observed (1.95-2.13 ym). An ex-
perimentally measured TDFA gain profile is used in the
simulations, with peak gain observed at 1980 nm. The disper-
sion of the gain fiber is assumed to be same as that of standard
SMF, while the nonlinearity parameters are scaled in propor-
tion to the core diameter of the gain fiber used in the experi-
ments. In addition to the above components, the simulator
also takes into account the effect of the pump combiner

25 m SMF output
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output fiber pigtail and the mechanical splice loss observed
from the pump combiner output fiber to ZBLAN fiber, as
observed experimentally.

B. Simulation Results
To verify the validity of the simulator, experimental results are
compared to simulations. Figure 11 shows the comparison of
the output spectrum from a 25 m length of standard SMF with
2.5 kW peak input power at 1553 nm as well as corresponding
output from an 8.5m length of ZBLAN fiber with ~12dB of
power gain in the TDFA stage, as observed in experiments.
The figures show a single run of the simulation as well as an
ensemble average of 12 simulation runs in comparison with
the experimentally observed results. The single-run simula-
tion output has several spectral features due to the smaller
pulse width used in the simulation compared to experiments.
Also, due to the averaging of the experimental spectral mea-
surements with a lock-in time constant of 300 ms and 500 kHz
system repetition rate, the measured spectrum shows an en-
semble average over 150,000 instances of the 1.55um input
pulse. The ensemble average of 12 simulation runs shows a
trend toward reduction in the fluctuations in the spectrum as
observed in the experimental results. The outputs of the dif-
ferent simulation runs show variation due to the evolution of
the spectrum from background noise. The simulation output is
also averaged over ~2 nm intervals to resemble the monochro-
mator resolution in the experimental measurements.
Reasonable agreement in terms of spectral extent between
experiments and simulations is observed for both the stan-
dard SMF and ZBLAN output cases. For the case of the fused
silica SMF [Fig. 11(a)], the simulation output shows a longer
extension of the output spectrum compared to experimental
results, which is attributed to the larger mode profile disper-
sion in standard SMF due to an NA of ~0.13. For the case of
ZBLAN output in Fig. 11(b), the simulations show higher de-
pletion of the SC pump at ~2 ym compared to experimental
results. This is attributed to the fact that the ZBLAN fiber
has a cutoff wavelength of ~2.75um, which suggests some
of the coupled 2 ym light in to the ZBLAN fiber may not be
in the fundamental mode. These components would not con-
tribute to the spectral broadening process due to lower field
intensity of higher order modes and, hence, remain unde-
pleted at the output of the ZBLAN fiber.
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80+
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(Color online) (a) Comparison of simulation versus experimental result at the output of 25 m standard SMF with 2.5 kW peak input power

pulses at 1553 nm, (b) comparison of simulation versus experimental result for the output of 8.5m ZBLAN at 12 dB power gain in the TDFA.
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Fig. 12. (Color online) Simulation results for confirming dependence
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In experiments, the efficiency of long wavelength genera-
tion is observed to be dependent on the ZBLAN fiber length
for a given TDFA output power level. Simulations are per-
formed to confirm the observed experimental results. For ex-
ample, in Fig. 7, experimental results shows 8.5m ZBLAN
length to be more efficient in generation of wavelengths
>3800 nm compared to 5.5 and 13 m ZBLAN lengths. Figure 12
shows the simulation results obtained for the relative power,
i.e., area under the curve, beyond 3800 nm for 5.5, 8.5, and
13m ZBLAN fiber lengths as a function of TDFA gain corre-
sponding to ~3, ~5.2, and ~7W of experimentally measured
power-amp output. The observed results confirm a similar
trend, where 8.5m length shifts a larger fraction of the SC
pump to wavelengths beyond 3800 nm.

Experimental results observed for the dependence on the
1.55um pulse peak powers on the 12m ZBLAN output
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[Fig. 8(b)] contradict expectations. For a fixed amount of
TDFA pump power, one would expect the input spectrum
[Fig. 8(a)] corresponding to 2.5 kW peak power 1.55 ym pulses
to give rise to the furthest extending spectrum. However, the
observed results follow a trend that is opposite to this expec-
tation. To verify the validity of the observed results, simula-
tions are performed for two of the above measured cases.
Figure 13 compares the experimental and simulation results
for the 1.5 and 2.5kW, 1.55um pulse peak power cases.
Simulation results match the observed experiments, whereby
lower 1.55 yum peak power pulses lead to longer extension of
the ZBLAN output spectrum. The explanation of this phenom-
enon is observed in the time-domain evolution of pulses in the
TDFA, shown in Fig. 13. It is observed that in the time domain,
for the case of 2.5 kW, 1.55 yum peak power, more ~2 ym pulses
evolve in the TDFA compared to the 1.5 kW case. As a result,
the 2.6 kW, 1.55 ym pulse peak power case generates, at the
output of the TDFA, a larger number of relatively low peak
power ~2um pulses compared to the 1.5 kW case, which
would explain the shorter extending spectrum out of the
ZBLAN fiber compared to the 1.5 kW peak power case. Also,
since the duty cycle in the 2.5 kW case is larger due to the
presence of a larger number of 2 yum pulses, the ASE genera-
tion can be expected to be lower, leading to greater pump
depletion.

In experiments, the long wavelength edge of the TDFA
mid-IR SC spectrum extends longer than that from the EYFA-
based system. Simulations are performed to compare the out-
put from an 8.5m length of ZBLAN fiber in the two systems.
For the case of the EYFA system, input parameters used in
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Fig. 13. (Color online) Simulation results for 1.55 ym peak power dependence on ZBLAN output: (a) spectral domain comparison between si-
mulation and experiments for 1.5 kW and corresponding TDFA output time-domain pulse profile, (b) 2.5 kW peak power cases with ZBLAN spectral
output comparison between experiments and simulations and corresponding TDFA output pulse profile.
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Fig. 14. (Color online) (a) Simulation results comparing output spectrum of 8.5 m length of ZBLAN fiber for EYFA and TDFA systems, (b) pulse
profile comparison at the input of the ZBLAN fiber in the two power amp systems.

[17], specifically, 20 kW peak power pulse at 1.55 um is input
to an ~1m length of standard SMF, and the output is propa-
gated through an 8.5 m length of ZBLAN fiber after accounting
for the mechanical splice loss. For the TDFA system, the
single-run result shown in Fig. 11(b) is used. Figure 14(a)
compares the output spectrum in the two cases, generating
a spectrum at the output of the TDFA system extending
~330 nm further than the EYFA systems as observed in experi-
ments. Figure 14(b) shows the corresponding input pulse pro-
file to the ZBLAN fiber in the two systems. In the EYFA system
case, simulations suggest that the Ml-initiated pulse breakup
process in the 1 m length of standard SMF after the Er:Yb am-
plifier stages gives rise to high peak power pulses responsible
for long wavelength generation in the ZBLAN fiber. In the case
of the TDFA system, simulations show that the amplification
of wavelength-shifted components in a 25m length of stan-
dard SMF around 2 um yields a pulse profile with higher peak
powers, which would explain the longer extending spectrum
in the same length of ZBLAN fiber compared to the EYFA-
based MISCL.

The long wavelength edge of the TDFA-based mid-IR SC is
experimentally found to be limited to ~4.5um as shown in
Fig. 5. Based on the fiber specifications, the loss in the ZBLAN
fiber is expected to be ~1dB/m at 4.5um, and the long
wavelength edge seems to be loss-limited by the material ab-
sorption and poor confinement of longer wavelengths [1].
Simulations are performed to study the dependence of the loss
profile of the ZBLAN fiber on the long wavelength edge. As
shown in Fig. 15(a), three different loss profiles for the fiber
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displaced by around 200 nm from the manufacturer specifica-
tions are used in the simulator, and the corresponding output
from 10 m length of ZBLAN fiber is shown in Fig. 15(b). It is
observed that the long wavelength edge of the SC spectrum
shifts in accordance with the loss curve, indicating that the
SC long wavelength edge is limited by the loss in the ZBLAN
fiber. For example, when the loss profile is shifted to lower
wavelengths by ~200nm, the long wavelength edge reduces
by ~206 nm. Similarly, shifting the loss curve toward the long-
er wavelengths causes the SC output to shift by ~160 nm. The
slightly lower shift in the SC edge compared to the shift in the
loss is attributed to the mode profile dispersion, accounted for
in the simulations.

6. DISCUSSION

We have demonstrated a TDFA-based mid-IR SC laser using a
two-step nonlinear broadening setup. The observed advan-
tages of such a system are manifold. First, it allows use of
higher efficiency Tm-based systems compared to EYFAs. We
have observed ~1.35 times higher pump-to-signal conversion
efficiency in the LMA-TDFA compared to the Er:Yb power am-
plifier used in results demonstrated in [17]. Second, by shifting
the SC pump to ~2um, a longer extending spectrum is ob-
tained compared to the Er:Yb power-amp-based system.
Specific to the case of ZBLAN fibers with ZDW ~1.65 um,
the TDFA system pumps the nonlinear medium in the
anomalous dispersion regime and broadens spectrum more
efficiently toward longer wavelengths through Raman pro-
cesses. SC lasers pumped in the normal dispersion regime
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Fig. 15. (Color online) (a) Input loss profile for ZBLAN fiber into the simulator, (b) corresponding output spectrum from 10 m length of ZBLAN

fiber.
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[1,13,14,17], in comparison, broaden the spectrum toward
either direction with respect to the pump wavelength. By
further optimizing the experimental parameters, ~2.5 times
higher optical efficiency in generating wavelengths beyond
3.8 um is achieved in the thulium-based mid-IR SC laser com-
pared to the previously demonstrated Er:Yb system [17].

The absolute efficiency of the LMA-TDFA seeded by a fused
silica SC is currently observed to be ~27% with respect to
790 nm pump power. The observed efficiency is considerably
lower than published numbers for Tm amplifiers. In particular,
for the 25/250 yum LMA gain fiber used in our experiments, an
absolute efficiency of ~53% has been demonstrated [18] in a
CW lasing cavity configuration with respect to the launched
pump power. In comparison, for our system, the signal loss
in the splice at the gain fiber output end and the insertion loss
of the output combiner currently amount to ~1dB. In the
absence of these losses, the expected TDFA efficiency is
~34.2%. Also, the generation of high peak powers leads to
spectral broadening to ~2.5 um in the ~0.5m length of 10 um
core diameter fused silica fiber at the output of the pump com-
biner. Because of the phonon losses associated with the spec-
tral shifting process, ~11% reduction is observed in the
power-amp efficiency. The remainder of the gap in observed
amplifier efficiency is attributed to the low duty cycle of the
input signal to the amplifier. At a 500 kHz pulse repetition rate
with a 1ns long 1.55 ym pulse, the system duty cycle is set to
1:2000 with respect to the TDFA pump. However, at the out-
put of a 25m length of standard SMF, only a fraction of the
1.55 ym pulse shifts to the TDFA gain band, leading to a lower
2 ym signal duty cycle. The low input duty cycle results in lar-
ger losses to spontaneous emission in the amplifier and cur-
rently reduces the efficiency of the system.

An optical efficiency of ~9% is demonstrated for the TDFA-
based mid-IR laser in converting 790 nm pump light to SC. In
comparison, a QCL operating at room temperature generating
4.6 yum wavelength light with up to 8.8% wall-plug efficiency
has been demonstrated [32]. Also, a ZnGePy-based OPO has
been demonstrated with 22W of output power in the
3-5um range and requiring 110 W of pump power, yielding
a 20% optical conversion efficiency [9]. Another mid-IR
OPO has been demonstrated based on a periodically poled
MgO-doped congruent LiNbO; crystal capable of generating
16.7W at 3.84 um starting from 110 W at 1064 nm (15.2% opti-
cal conversion efficiency) [10]. Table 2 summarizes the results
of these mid-IR light generation technologies in comparison to
the demonstrated TDFA-based SC laser.

Our results show mid-IR SC generation with efficiencies ap-
proaching those of other technologies can be achieved with
some improvements. One of the main loss components in the
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current system is the ~45% loss in the mechanical splice from
the TDFA output to the ZBLAN fiber. Because of the dissimilar
melting temperatures of fused silica and ZBLAN materials,
fusion splicing of the two fibers is difficult. However, some
preliminary work has been demonstrated in fused-silica-to-
fluoride-fiber mechanical splices using a shape memory
connector with losses as low as 0.8 dB at 1550 nm [33]. Incor-
poration of such a splice would increase the efficiency of the
system by ~1.3 times. The splice loss from the LMA gain fiber
to the combiner fiber is currently estimated to be ~0.6dB,
which can be reduced by better control and uniformity of
the fusion temperature, which could not be achieved by our
two-electrode arc-based splicer. The insertion loss of the com-
biner is observed to be ~0.4 dB and agrees with specifications
provided by the manufacturer. Another approach to increas-
ing the efficiency of the SC laser is by increasing the repetition
rate of the 1.55 ym pulses. By increasing the duty cycle of the
input pulses, higher amplifier efficiency can be achieved by
reducing losses to spontaneous emission in the gain fiber.
However, operation at higher repetition rates would also re-
quire more pump power and better thermal management to
prevent damage to components due to the increase in the
average power levels in the system.

Compared to the EYFA system, the Tm-based system
generates a spectrum extending ~270 nm toward the longer
wavelengths. Based on the simulation results shown in Fig. 14,
we attribute the longer spectral edge to higher peak power
pulses at the output of the TDFA compared to Ml-initiated
pulse breakup in a 1m length of standard SMF following a
Er:Yb power amplifier. The long wavelength edge of the SC
spectrum obtained from the TDFA-based MISCL is limited
to ~4.5um, as observed in Fig. 5. Because of pumping of
the ZBLAN fiber in the anomalous dispersion regime, spectral
broadening is dominantly Raman-induced soliton self-
frequency shifting, as evidenced by the asymmetry of the
spectrum around the 2 ym SC pump (Fig. 2). Based on the the-
oretical model proposed in [1] for Ml-initiated Raman-based
SC generation processes in step-index ZBLAN fibers, the edge
of the SC is limited by the absorption loss in the fiber and the
bend-induced loss. By using a fiber with a high NA of ~0.27
and coiling the fiber around a ~60 cm diameter cylinder, the
effect of bend-induced loss is eliminated based on the calcula-
tions presented in [1], where negligible bend-induced loss is
calculated for a ZBLAN fiber with comparable geometry.
Using simulations we studied the effect of the absorption edge
of the ZBLAN fiber on the SC edge. By shifting the loss edge,
we observe a similar trend in the edge of the generated SC,
showing that the long wavelength edge of the SC is largely
dominated by the material loss in the fiber.

Table 2. Comparison of TDFA-Based Mid-IR SC Laser Efficiency with Other Mid-IR Lasers

Demonstrated  Average Power Demonstrated
Technology Reference Wavelength Out Efficiency Advantages/Disadvantages
Quantum cascade laser [32] 4.6 ym 1.5W 8.8% (wall-plug) High efficiency/single wavelength
ZGP-OPO pumped by hybrid [9] 3-5 ym tunable 22W 20% High average power,
Tm-fiber laser/Ho:YAG laser (to 790 nm pump) tunable/free-space optics
PPMgO-OPO pumped by [10] 3.85 um 16.7W 15% High average
@-switched Nd:YAG laser (to Nd:YAG pump)  power/high beam M?
TDFA-based mid-IR SC 2-4.5ym 2.6 W 9% Broad wavelength, no moving

(to 790 nm pump) parts, remote fiber

delivery/lower efficiency
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One approach for longer wavelength generation using the
TDFA-based high peak power source entails use of higher
nonlinearity fibers. A tellurite PCF with ~10x the Raman gain
coefficient compared to ZBLAN [30] and only 1.7 yum? mode
field area has been demonstrated as a candidate for spectral
generation up to ~4.8 ym with ~17kW peak power 1.55um
pulses coupled into an ~0.8cm length of fiber with ~50%
efficiency [14]. The results in Fig. 4 indicate that the TDFA-
based 2 ym source should generate a spectrum extending be-
yond 4.5 ym in suitable tellurite PCFs, since we have shown a
farther extending spectrum compared to the EYFA-system
with ~20 kW peak power generation capabilities. However,
to the best of our knowledge, maximum average power hand-
ling of only ~1.12W in an 18 ym solid-core tellurite fiber has
been demonstrated to date [34].

7. SUMMARY

We have demonstrated an all-fiber integrated, power scalable
mid-IR SC laser based on a thulium-doped power amplifier
stage. The laser generates a continuous spectrum extending
from ~1.9 to 4.5um in an ~8.5m length of high NA ZBLAN
fiber with a core/cladding diameter of ~8/125um. Time-
average power output of up to ~2.6 W with ~50% modu-
lation is measured with ~0.7W power in wavelengths
beyond 3.8 ym.

An overall efficiency of ~9% is achieved in conversion of
the 790 nm TDFA pump power to the SC output by optimizing
the power-amp stage and the length of the ZBLAN fiber in the
setup. Compared to previously demonstrated Er:Yb-based
systems, ~2.5 times higher efficiency is observed in the con-
version of power-amp pump to wavelengths >3.8 yum due to
higher power-amp stage efficiency and shifting of SC pump
to the mid-IR. An approximately 270nm farther extending
spectrum in the mid-IR is also obtained by generating higher
peak power pulses at the output of the TDFA, as shown by the
simulation results.

The novelty of our approach lies in the two-step SC genera-
tion. 2.5 kW peak power laser diode pulses at 1.55 ym are first
shifted to beyond 2 ym in an ~25m length of low near-IR loss
standard SMF, based on a modulation instability-initiated SC
generation process. The first stage SC is followed by a
thulium-based LMA fiber amplifier, which provides gain for
the ~2 ym wavelength components. Coupling the TDFA out-
put to low mid-IR loss ZBLAN fiber gives rise to a second
SC generating stage extending up to ~4.5 um wavelength. De-
pendence of the parameters used in the generation of the first
stage SC on the ZBLAN output was studied and optimized for
increased long wavelength generation efficiency of the laser.
Scaling of the SC average output power was also demon-
strated, whereby similar spectral extent at increasing average
powers is achieved by proportionately increasing the pulse
repetition rate. Numerical simulations were also presented
to verify the observed results, which indicate the long wave-
length edge of the SC to be limited by the high absorption in
the ZBLAN fiber beyond 4.5 ym.

The demonstrated fused silica SC-seeded TDFA system
provides an alternative to mode-locked lasers at 2um for
mid-IR light generation, while using all commercial off-the-
shelf parts. The achieved optical efficiency in SC generation
is currently limited by the high mechanical splice loss from the
TDFA output fiber to the ZBLAN fiber and the low duty cycle
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of the input signal. With further optimization of these factors,
mid-IR SC light generation with efficiency comparable to
competing technologies such as OPOs can be achieved
using TDFAs.
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