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All-fiber designs extend supercontinuum
sources into the mid-IR region

MOHAMMED M. ISLAM

A supercontinuum laser based on an
erbium/ytterbium power amplifier emits
overl approximately 0.8—4.2 nm, while

a second version based on a thulinm-
doped power amplifier covers the 1.9—
4.5 nm region, making these sources
important for applications in defense,
homeland security, and healthcare.

Supercontinuum lasers combine the
broadband attributes of lamps with
the spatial coherence and high bright-
ness of lasers. By exploiting a mod-
ulational instability initiated super-
continuum (5C) mechanism, an
all-fiber-integrated SC laser with no
moving parts can be built using com-
mercial-off-the-shelf components.

Qur team at the University of
Michigan has developed and commer-
dlalized through Omni Sciences (both
in Ann Arbor, MI) a mid-infrared SC
laser (MISCL) that spans the 0.5—
4.5 pm wavelenpth range, One version
of this MISCL is based on an erbium/
ytterbium power amplifier, while a
second version is based on a thulum-
doped power amplifier. The fiber laser
architecture is a platform where SC in
the visible, near-infrared (near-1R), or
mid-IR. can be generated by appropri-
ate selection of the amplifier technology
and the SC generation fiber.

The bandwidth of the SC laser is
broad like a lamp, while the spa-
tial coherence and high intensicy
or brightness of the output is like
a laser, leading some to call the
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SC laser “the ulti-
mate white light.™
But until now, S5C
lasers were used pri-
marily in laboratory
settings since typi-
cally large, tabletop,
modelocked lasers
were used to pump
nonlinear media such
as optical fibers to generate SC light.
But now, those large pump lasers are
being replaced with diode lasers and
fiber amplifiers that gained maturity
in the telecommunications industry.
By exploiting the natural physics
of optical fiber, our group has made
three major breakthroughs in SC lasers.
First, we have extended the wavelength
into the mid-IR region, ranging from
approximately 0.8 pm near the edge
of the visible spectrum, through the
near-1R region from roughly 1-2 pm,
and reaching most of the mid-TR region
from approsimarely 2—4. 5 pm. Second,
we have eliminated the need for a bulky
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modelocked laser using telecommuni-
cations components. And finally, we
can scale the power to 10 W or higher
simply by increasing the repetition rate
and using a high-power fiber amplifier,
enabling practical commercial appli-
cations in defense, homeland security,
metrology, and healthcare.

Modulational instability-
initiated SC generation

Owur all-fiber-integrated, high-powered
MISCL light source is elegant for its
simplicity (see Fig. 1). We start with a
distributed feedback (DFB) laser diode
with a wavelength near 1550 nm whose
approximately 0.5-2.0 ns pulsed
output is amplified in a multiple-stage
fiber amplifier. The first stage pre-
amplifier is a standard erbium-doped
fiber amplifier (EDFA) designed for
optimal noise performance. Berween
amplifier stages, bandpass filters block
amplified spontanecus emission and
isolators prevent spurious reflections.
The power amplifier stage uses a
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FIGURE 1. The simple architecture iz shown for a mid-infrared supercontinuum

lasaer (MISCL) using modulational instability initiated SC generation.
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soliton pulses from the quasi-continuous-wave background.

Although the DFE laser diode and amplification process starts
with nanosecond-long pulses, modulational instability in the short
length of SMF fiber forms approximately 0.5 ps to several-pico-
second-long pulses with high intensity. Thus, the few meters of
SMF fiber results in an owtpur similar to thar produced by mode-
locked lasers, except in a much simpler and cost-effective manner.

The short pulses created through modulational instability
are then coupled into a nonlinear fiber for SC generation. The
nonlinear mechanisms leading to broadband SC include four-
wave mixing or self-phase modulation along with the optical
Raman effect.” Since the Raman effect is self-phase-matched
and shifts light to longer wavelengths by emission of optical
phonons, the SC spreads to longer wavelengths very efficiently.
The short-wavelength edge arises from four-wave mixing, and
often the short wavelength edge is limited by increasing group-
velocity dispersion in the fiber. In our experience, of the par-
ticular fiber used for sufficient peak power and 5C fiber length,
the SC generation process will fill the long-wavelength edge up
to the transmission window.

Mature fiber amplifiers for the power amplifier stage inchude
Yb-doped fibers (1060 nm), Er/Yb-doped fibers (1550 nm),
or Th-doped fibers (2000 nm). Other candidates for 5C fiber
include fused silica fibers (for generating SC berween 0.8 and
2.7 pm), mid-IR. fibers such as fluorides, chalcogenides, or tel-
lurites (for generating SC out to 4.5 pm or longer), photonic
crystal fibers [for generating SC berween 0.4 and 1.7 pm), or
combinations of these fibers. By selecting the appropriate fiber-
amplifier doping and nonlinear fiber, SC can be generated in
the visible, near-IR, or mid-IR wavelength region.

Our Gen I MISCL uses an Er/Yb-doped fiber amplifier for
the power amplifier and a ZBLAN fluoride fiber for 3.9 W
average-output-power SC generation (with a 50% duty cy-
cle modulation) from approximately 0.8—4.3 pm (see Fig. 2).
Because the broadband spectrum emerges at the output of a
singlemode fiber, the entire spectrum emerges in a spatially
coherent, nearly transform-limited beam that can propagate
for long distances. For example, beam propagation fora Gen |
MISCL over the wavelength range from 2.5-3.5 pm is within
20% of a transform-limited Gaussian beam (M? <1.2).

In a second-generation MISCL (Gen II), the power ampli-
fier is a Th-doped fiber amplifier and the SC generation fiber
is again a ZBLAN fluoride type. The Gen II MISCL oper-
ates continuously from about 1.9-4.5 pm at a total average
power of 2.6 W, with an approximate 0.7 W time-averaged
power in wavelengths beyond 3.8 pm—again with a 50%
duty cycle modulation (see Fig. 3).* The Th amplifier spectral
range begins closer to 1.9 pm, but the long-wavelength edge
extends about 270 nm beyond the Gen I system.

The MISCL output power can be varied by changing the system
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repetition rate. In the Gen I MISCL we
varied the system repetition rate between
125 and 500 kHz and were able to change
the mid-IR output power between 0.4 and
1.6 W, respectively, with a very similar out-
put spectrum.

MISCL applications

In defense and homeland security applica-
tions, the MISCL spectrum emulates the .
blackbody radiation of hot objects and see
overlaps with the vibrational and rota-
tional resonances in many solids. For ex-
ample, most heat-seeking missiles target
the heat of the engine, which has a spec-
trum from roughly 1.5-5 pm, allowing
the MISCL to be used as a light source in
directed IR. countermeasure (IRCM) sys-
tems that, unlike most other lasers, can-
not be defeated by using filers.”

&= 1553 nm

FIGURE 3. Spectral cutput shifts to longer
wawalengths for a Gen Il MISCL with &
thulium-dopad power amplifier.

Many solids, including explosives and
firearms, have distinct spectra over the
near- and mid-IR wavelength ranges,
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allowing the MISCL to be used in spectral
fingerprinting to examine the pattern of
spectral lines—rather than only one or
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two lines—for standoff detection of solid targets with diffuse
reflection spectroscopy.®

The MISCL's broadband spectrum is also advantageous
in metrology applications. Broad spectral width permits pre-
cise depth spatial resolution, and the spectral dependence of
reflected light can be used for measuring properties of a surface
such as surface roughness. We have used a visible 5C laser to
obtain 3D images of solder balls on a semiconductor die with
125 nm axial and 15 pm lateral resolution.” For a different
application, a near-IR MISCL performed high-accuracy, non-
contact roughness measurements of flat and curved machined
parts in automotive powertrain systems over the industrially
relevant range of 0.05-0.35 pm.®

For medical diagnostics and therapeutics in healthcare appli-
cations, the carbon-hydrogen bonds that are the main building
blocks of lipids (fat, cholesterol, farry acids) have their fundamen-
tal vibrational and rotational bonds between 3.3 and 3.6 pm,
which fall nicely within the MISCL wavelength range, allowing
it to be used as a source for absorption spectroscopy of the con-
stituents of normal artery and atherosclerotic plague, including
adipose tissue, macrophages, and foam cells.” By using a MISCL
in the carbon-hydrogen farry acid and cholesterol esters absorp-
tion wavelength, we can demonstrate differential damage of lipid-
rich adipose tissne without damaging the protein-rich blood vessel
wall. Given the widespread healthcare problems with obesity
and cardiovascular disease, there are bound to be many further
healthcare applications arising in the future.

The simple MISCL design produces broadband outpur in a
nearly transform-limited, spatially coherent output beam that
lends iself to novel applications now and in the furure. As tele-
com components and pump laser diodes scale up in power, so too
will the cutput from 5C lasers—scaling up to 10 W and more, <€
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