PROCEEDINGS OF SPIE
SPIEDigitalLibrary.org/conference-proceedings-of-spie

Mid-infrared fiber sources for realtime biomedical sensing

R. I. Woodward, M. R. Majewski, G. Bharathan, D. D.
Hudson, A. Fuerbach, et al.

R. I. Woodward, M. R. Majewski, G. Bharathan, D. D. Hudson, A. Fuerbach,
S. D. Jackson, "Mid-infrared fiber sources for real-time biomedical sensing,"
Proc. SPIE 10873, Optical Biopsy XVII: Toward Real-Time Spectroscopic
Imaging and Diagnosis, 1087311 (4 March 2019); doi: 10.1117/12.2507322
Event: SPIE BiOS, 2019, San Francisco, California, United States
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Mar 2019 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Invited Paper

Mid-infrared fiber sources for real-time biomedical sensing
R. I. Woodward1 , M. R. Majewski1 , G. Bharathan1 , D. D. Hudson1 , A. Fuerbach1 , and
S. D. Jackson1
1

MQ Photonics, Macquarie University, New South Wales, Australia
ABSTRACT

The development of new, compact mid-infrared light sources is critical to enable biomedical sensing applications
in resource-limited environments. Here, we review progress in fiber-based mid-IR sources, which are ideally suited
for clinical environments due to their compact size and waveguide format. We first discuss recent developments in
mid-IR supercontinuum sources, which exploit nonlinear optic phenomena in highly nonlinear materials (pumped
by ultrashort pulse lasers) to generate broadband spectra. An emerging alternative approach is then presented,
based on broadly tunable mid-IR fiber lasers, using the promising dysprosium ion to achieve orders of magnitude
higher spectral power density than typical supercontinua. By employing an acousto-optic tunable filter for
wavelength tuning, an electronically controlled swept-wavelength mid-IR fiber laser is developed, which is applied
for absorption spectroscopy of ammonia (NH3 )—an important biomarker—with 0.3 nm resolution and 40 ms
acquisition time.
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1. INTRODUCTION
The mid-infrared (mid-IR) spectral region (spanning wavelengths from 2.5 to 25 µm) is a current technological
frontier that holds great potential for a range of new photonic applications. This is due to the mid-IR frequency
range containing the characteristic rotational/vibration frequencies of molecular bonds, which leads to resonant
absorption of light (and subsequent increase in amplitude of bond rotation/vibration) at these characteristic
wavelengths.1 Therefore, by illuminating a molecular sample with mid-IR radiation spanning a range of these
wavelengths and recording the ensuing spectrum, one can identify the resonant absorption features of the sample
and thus, acquire information about its molecular composition. This is known as mid-IR spectroscopy.
In healthcare, sensing and imaging of biological matter is the cornerstone of disease diagnosis. However,
the current ‘gold standard’ approach is still histopathology—the manual examination of dye-stained cells using
visible light microscopy—which requires complicated and slow processing of cells (e.g. staining using dyes),
leading to delays in medical treatment, typically on the order of days or weeks.2 Mid-IR spectroscopy could
therefore be a revolutionary tool in pathology if it is able to provide accurate molecular information with fast
acquisition times, or ideally, in real time (10s Hz). It should be noted, however, that disease detection is not as
simple as identifying ‘disease peaks’ in a spectrum; instead, subtle changes occur between diseased and normal
biological matter.3 Fortunately, mid-IR spectroscopy can provide an immense amount of information, which
can be leveraged with statistical analyses to offer advanced medical insights exceeding our current capabilities.
Beyond direct spectroscopy of tissues, mid-IR spectroscopy can also contribute to disease detection indirectly,
e.g. through breath monitoring: for example, ammonia concentration in exhaled breath is a biomarker for kidney
health.4
To achieve this vision, broadband mid-IR light source and detection technologies are required, suitable for
deployment in clinical environments and with turn-key operation for end-users. Unfortunately, this is an area
where mid-IR optical devices typically lag behind their near-IR counterparts, both in terms of performance and
compactness/reliability. While sensing systems have been developed at near-IR wavelengths (0.7–2.5 µm) based
on vibrational overtones and combination tones of characteristic bond frequencies, these absorption features are
multiple orders of magnitude weaker than fundamental absorption lines in the mid-IR, thus limiting system
sensitivity.5–8
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Mid-IR spectroscopy has typically been performed in laboratories using a thermal light source (e.g. a silicon carbide ‘globar’) in combination with a spectrally resolved high-sensitivity detector (e.g. a grating-based
spectrometer or Fourier transform interferometer, FTIR). However, the low brightness and coherence of thermal
blackbody sources limit the system performance, making them particularly impractical for remote sensing applications / deployment in resource-limited environments.9 In addition, the requirement for spectrally resolved
detection with mechanically moving optics (e.g. a rotation grating or moving interferometer arm) places a limit
on the overall robustness and acquisition speed of the system. Therefore, there is a pressing demand to develop
new high-brightness broadband sources and simpler detection systems for the mid-IR.
In this work, we discuss recent advances in light source technology for mid-IR spectroscopy, primarily considering mid-IR supercontinuum sources and broadly tunable mid-IR lasers based on fiber-optic technology. We
consider the current state of the art, in addition to our recent advances using dysprosium-doped fiber to develop
swept-wavelength mid-IR fiber lasers and subsequent application to real-time ammonia sensing.

2. MID-IR FIBER SUPERCONTINUUM SOURCES
The most broadband sources to date (ignoring black body sources due to their intrinsically low brightness)
are all based on supercontinuum generation. Supercontinuum generation is a process whereby high-intensity
laser light (usually in the form of ultrashort pulses) drives a series of cascaded nonlinear optical phenomena
in some highly nonlinear medium, leading to extreme spectral broadening. These processes can include selfphase modulation, four-wave mixing, stimulated Raman scattering, soliton effects etc. and a number of different
‘regimes’ of supercontinuum generation exist (with different levels of coherence) depending on the extent to
which each effect drives the process.10 Practically, supercontinuum sources are often based on ultrafast lasers
pumping highly nonlinear fibers.11
Following significant success of supercontinua sources in the near-IR, both scientifically and commercially,
there has been significant recent research activity targeting mid-IR supercontinuum generation. Due to the
limited transparency window of silica, these efforts have primarily considered alternative glass fibers as the nonlinear medium, including fluorides, chalcogenides and tellurites.12–16 Multi-octave spanning spectral bandwidths
have been achieved, extending beyond 15 µm13 and with watt-level average power in the mid-infrared part of
the continuum.12 These high-performance results have typically been achieved, however, using optical parametric oscillators as pump sources, which nonlinearly convert (e.g. using bulk nonlinear crystals) high-peak-power
pulses from the near-IR to the mid-IR, prior to pumping the nonlinear fiber. Such laser systems are typically
physically large, complex and prohibitively costly for practical deployment.
A highly attractive alternative is to consider mid-IR fiber lasers, which offer a much smaller footprint. Recent
results have shown that the emerging 3-µm-class fiber lasers can generate pulses shorter than 200 fs with 10s kW
peak power.17–20 This has been achieved by mode-locking: a technique whereby a modulator (e.g. a saturable
absorber) is inserted into the laser cavity to preferentially force operation in a pulsed state. Such mode-locked
mid-IR fiber lasers are therefore ideal for driving mid-IR supercontinuum generation in nonlinear fibers, paving
the way to all-fiber mid-IR supercontinuum sources.
We recently demonstrated this approach [shown schematically in Fig. 1(a)], using a mode-locked Ho:ZBLAN
fiber laser18 that produced 230 fs pulses [Fig. 1(b)] pumping a tapered chalcogenide microwire device. The tapered
microwire device comprised an As2 Se3 core, As2 S3 cladding and PMMA protective coating: the large input core
of 14 µm enabled efficient coupling into the device, then by tapering down to 3 µm, the effective nonlinear
parameter was significantly increased, enabling extreme nonlinear broadening. With increasing incident peak
power into the nonlinear microwire fiber, the laser spectrum broadened significantly (from the initial 47 nm
bandwidth) to generate a supercontinuum from 2 to 12 µm [Fig. 1(c)] with over 40 mW average power.16
To use mid-IR supercontinua for spectroscopy, it is necessary to measure the spectrum before and after
some unknown sample. Conventionally, this could be achieved using a spectrometer with a rotating diffraction
grating and a single pixel detector behind a slit—slowly exposing the detector to narrow wavelength regions to
record a spectrum over a period of minutes—or alternatively, using an FTIR spectrometer with an interferometer
containing a moving mirror. However, both these approaches are slow and require moving parts, which are an
obstacle to robust real-time sensing.
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Figure 1. (a) Schematic layout of mid-IR supercontinuum source, comprising an ultrafast holmium-doped fiber laser
pumping a highly nonlinear chalcogenide tapered fiber; (b) spectral (left) and temporal (right: autocorrelation trace)
output from the ultrafast laser stage ; (c) supercontinuum output after the nonlinear fiber, for varying input peak powers.
Adapted from Ref.16

An interesting recent advance was therefore the development of mid-IR acousto-optic tunable filters (AOTFs),21
which provide spectral filtering based on the interaction of incident light with acoustic waves in a TeO2 crystal:
only a narrow range of wavelengths meet the phase matching condition to be filtered, and the filter wavelength
is determined by the acoustic frequency, which can be rapidly varied by changing the frequency of the applied
electrical drive signal to the device. Therefore, by placing an AOTF after a mid-IR supercontinuum source, one
can rapidly scan (with no moving parts) over a set of wavelengths to analyze the absorption profile of a sample
of interest. The light source can also be scanned transversely over a sample to obtain a mid-IR hyperspectral
image—which has recently been successfully demonstrated on colon cells,22, 23 showing that one can precisely
distinguish between tissues by imaging at certain mid-IR wavelengths related to specific absorption features. A
limitation of filtering supercontinua to perform measurements, however, is that light which doesn’t pass through
the filter at any instant is effectively wasted. An additional interesting approach, therefore, is to use an AOTF
inside a laser cavity to develop a broadly tunable mid-IR laser.

3. BROADLY TUNABLE MID-IR FIBER LASERS
While the supercontinuum generation approach offers unrivaled spectral bandwidths, for many biomedical applications, only a reduced region of the mid-IR spectrum needs to be considered.23 In this case, tunable mid-IR
laser sources can offer a significantly simpler setup with much higher spectral brightness. A primary challenge
here is finding gain media with suitable broadband emission cross sections at mid-IR wavelengths. Recent work
has highlighted chromium-doped ZnS (for ∼1.8–3.2 µm) and iron-doped ZnS (for ∼3.0–5.5 µm) crystals for this
purpose.24, 25 However, for practical deployment, fiber gain media are preferred.
Building on initial success using erbium and holmium dopants, we have recently demonstrated that dysprosium is an ideal ion for next-generation mid-IR fiber lasers. Dysprosium offers a broad emission cross section
from 2.5–3.5 µm: a range that importantly includes the absorption features of multiple molecular moieties e.g.
OH, NH & CH.27 This has permitted recent demonstrations of 600-nm tunability using a rotating diffraction
grating,28 picosecond mode-locked operation with over 300 nm tunability29 and slope efficiencies exceeding 70%
using an in-band pump scheme.30 We therefore considered this gain medium with an intracavity AOTF, to
provide rapid electronic tunability: Fig. 2(a) shows the simple linear cavity layout using 2000 ppm Dy:ZBLAN
single-mode fiber. The AOTF exhibited 75% maximum diffraction efficiency: the diffracted light (at wavelength
set by the RF drive frequency) was resonated using a gold mirror and the remaining undiffracted light was taken
as the output.
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Initially, the AOTF was driven with a fixed 18.7 MHz RF sinusoid, centering the filter at 3.0 µm. CW lasing
was observed at a launched pump power of 420 mW and the output spectrum [Fig. 2(b)] showed a single peak
with 0.3 nm 3-dB bandwidth. The slope efficiency was 33% and the output was linearly polarized with 24 dB
extinction ratio.
By varying the AOTF drive frequency (and thus, the filter central frequency) at 900 mW pump power, the
laser was tunable from 2.90 to 3.26 µm. The one-to-one mapping between RF frequency and laser wavelength
[Fig. 2(c)] enabled simple determination of the required AOTF drive signal to achieve any desired wavelength in
this range, with output powers of 10s to 100s mW [Fig. 2(d)]. The tuning range here was limited by the dichroic
mirror cut-on wavelength at the short wavelength edge, and by signal re-absorption at the long wavelength edge:
with an optimized mirror / longer fiber length, tunability exceeding 600 nm could be expected.28
Finally, one of the major novelties of our laser design is the ability to operate the system as a swept-wavelength
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Figure 2. Broadly tunable mid-IR fiber laser: (a) schematic layout showing a linear cavity dysprosium-dopd fiber laser
including an AOTF; (b) CW output spectrum for 18.7 MHz AOTF drive frequency; (c) variation of laser wavelength
with AOTF driving frequency; (d) output spectra for various drive frequencies, showing the broad tuning range and
corresponding average power at each wavelength; (e) swept-wavelength laser spectrum shown on wavelength (λ) and
wavenumber (e
ν ) axes (inset: frequency chirp, with 40 ms sweep time, which is applied to the RF signal generator driving
the AOTF). A typical mid-IR supercontinuum spectrum (from Thorlabs 26 ) is shown for comparison.
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laser by applying a rapid periodic frequency sweep to the AOTF drive signal, causing the filter central wavelength
to be continually varied.31 For 40 ms sweep time (25 Hz sweep rate), Fig. 2(e) shows the measured output
spectrum using an optical spectrum analyzer in ‘peak-hold’ mode, which effectively measures over multiple
sweeps. At any instant in time, narrowband CW lasing was achieved with high power spectral density, but by
observing the maximum intensity over a period of a few seconds [Fig. 2(e)], a broadband spectrum was observed
from 2.89–3.25 µm, which corresponds to 3070 to 3460 cm−1 . The instantaneous spectral brightness value of
∼27 dBm/nm exceeds the brightness of available mid-IR supercontinuum sources (typically exhibiting < −10
dBm/nm) in this region by many orders of magnitude [Fig. 2(e)]. This increased power spectral density may
offer improved detection sensitivity and more flexible remote-detection geometries compared to low-brightness
supercontinua. In addition, swept-wavelength sources offer very simple detection schemes using a time-resolved
single pixel detector, since the measured signal can be synchronized to the swept-frequency AOTF drive signal
to map from time to wavelength.

4. AMMONIA SENSING USING A SWEPT-WAVELENGTH MID-IR FIBER LASER
Finally, we demonstrate the application of our mid-IR swept-wavelength laser for ammonia gas sensing, which
could be applied in a biomedical context to exhaled breath, where ammonia-content is a biomarker for renal
function.4 The output of our swept-wavelength system, described in Section 3, is coupled into a single-mode
fluoride fiber to enable convenient transport over fiber for prospective end users. The fiber output is then
collimated and transmitted through a gas cell containing 2% NH3 (in a nitrogen environment) at 1 atm pressure.
The instantaneous intensity after the gas is measured on a single-pixel PbSe photoconductive detector at room
temperature, and an additional detector is employed before the gas cell with a tap coupler, to act as a reference for
the rejection of common-mode noise [Fig. 3(a)]. Photodetector signals are digitized on an oscilloscope [Fig. 3(b)],
normalized, and the time axis is transformed to wavelength using the known RF signal generator sweep function.
The 40 ms sweep time (25 Hz refresh rate) defines the time period for a single measurement, thus permitting
effective ‘real-time’ analysis of ammonia content.
The processed measurement [Fig. 3(c)] shows clear peaks that correspond to absorption resonances in ammonia. For comparison, a simulated absorption spectra is also shown, based on data from the HITRAN database.33
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Figure 3. Mid-IR spectroscopy of ammonia (NH3 ) gas using the swept-wavelength Dy:ZBLAN fiber laser: (a) experimental
setup; (b) photodetector temporal traces; (c) processed measurement showing NH3 absorption lines (in good agreement
with simulated HITRAN data). Adapted from Ref.32
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We note excellent agreement between the experimental and simulated spectra, showing that the system could
be used to identify and quantify ammonia in an otherwise unknown environment. The spectral resolution here
is limited to 0.3 nm by the laser bandwidth. Work is ongoing to precisely characterize the minimum detection
sensitivity, in addition to applying the source to flowing gas, taking advantage of the fast scanning ability to
measure changes in gas concentration, pressure and temperature in real-time. This work does, however, represent
the first application of a mid-IR fiber laser to gas sensing, opening the door to additional investigations using
this compact, flexible sensing platform.32

5. OUTLOOK
In terms of mid-IR spectroscopy, the features we measured in the ammonia experiment corresponded to excitation
of stretching vibrations in N-H bonds.1 This bond features in many compounds, such as amides and amines,
and N-H stretching typically relates to absorption in the 3000-3400 cm−1 range;1 thus, the wide tuning range of
our system suggests further applications for other biomarkers. Beyond gas sensing, the swept-wavelength source
could be applied for imaging by moving the output beam transversely across a sample, while also sweeping in
wavelength to obtain a hyper-spectral image. Further applications in tissue imaging are planned as promising
topics of future work.
Additionally, it should be noted that the swept-wavelength approach using an intracavity TeO2 AOTF is
broadly applicable to other mid-IR gain media, including erbium and holmium-doped ZBLAN fibers. Additionally, recent developments in fiber manufacturing have enabled demonstrations of emission beyond 4 µm in
dysprosium-doped indium-fluoride fiber (which exhibits lower phonon energy than ZBLAN),34 and doped chalcogenide fibers even have potential for mid-IR emission beyond 5 µm.35 Mid-IR swept-wavelength lasers are thus
a complementary technology to ongoing progress in broadband mid-IR source development, with demonstrated
potential for biomedical diagnostics.
Finally, it is important to consider the technological readiness of mid-IR fiber systems for practical biomedical
applications. Due to the limited transparency window of silica glass, which is the backbone of all near-IR
components, mid-IR sources necessitate the use of soft glasses which are commercially less mature with inferior
handling and thermo-mechanical robustness. As a result, common fiber-coupled components in the near-IR are
not yet available in the mid-IR: therefore, all demonstrated broadband sources to date have employed hybrid
bulk-fiber architectures (e.g. with free-space dichroic mirrors, isolators, wave plates etc.). The requirement for
precise alignment and manual optimization that such free-space sections can bring is a current obstacle to source
deployment.
Concurrent to laser development research, however, there has been significant progress in the engineering
of soft-glass fiber components such as FBGs,36, 37 couplers,38, 39 in-fiber-polarizers40 and novel splicing techniques.41, 42 Additionally, bulk components such as AOTFs could be pig-tailed using passive fluoride fiber,
avoiding the need for end-user alignment. Such developments therefore pave the way to all-fiber, ruggedized
mid-IR sources for practical biomedical sensing applications.
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