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Abstract: External-cavity quantum cascade lasers (EC-QCL) are now established as versatile
wavelength-tunable light sources for analytical spectroscopy in the mid-infrared (MIR) spectral range.
We report on the realization of rapid broadband spectral tuning with kHz scan rates by combining
a QCL chip with a broad gain spectrum and a resonantly driven micro-opto-electro-mechanical
(MOEMS) scanner with an integrated diffraction grating in Littrow configuration. The capability
for real-time spectroscopic sensing based on MOEMS EC-QCLs is demonstrated by transmission
measurements performed on polystyrene reference absorber sheets, as well as on hazardous
substances, such as explosives. Furthermore, different applications for the EC-QCL technology
in spectroscopic sensing are presented. These include the fields of process analysis with on- or
even inline capability and imaging backscattering spectroscopy for contactless identification of solid
and liquid contaminations on surfaces. Recent progress in trace detection of explosives and related
precursors in relevant environments as well as advances in food quality monitoring by discriminating
fresh and mold contaminated peanuts based on their MIR backscattering spectrum is shown.
Keywords: quantum cascade lasers; external cavity quantum cascade lasers; MOEMS grating;
quantum cascade laser based spectroscopy; imaging laser backscattering spectroscopy; inline
spectroscopic analysis

1. Introduction
In this paper we report on recent advances in external-cavity quantum cascade laser (EC-QCL)
technology at our institute [1,2], focusing on real-time applications for broadband mid-infrared
(MIR) spectroscopy. The MIR region is ideally suited for quantum cascade lasers (QCLs), covering
a wavelength range from 3.3 µm to around 12 µm, using just a single semiconductor material
combination, namely GaInAs/AlInAs-on-InP [3–5]. EC-QCLs covering the MIR spectral range have
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been shown to be versatile wavelength-tunable light sources for analytical spectroscopy [6–9]. Using a
multiple-stage hetero-cascading active region design, the spectral gain width of a QCL chip can be
engineered to yield widely tunable EC-QCLs with a maximum wavelength coverage from, e.g., 7.6 µm
(1315 cm´1 ) to 11.4 µm (772 cm´1 ) [10]. This equals a relative wavelength coverage of ∆λ/λ « 40%.
An even wider wavelength span of 1000 cm´1 can be covered when several EC-QCL equipped with
QCL chips of different wavelength coverage are combined into one system [11,12].
Optical spectroscopy in the MIR is a valuable tool in analytical chemistry, as the fundamental
molecular rotational-vibrational transitions with large oscillator strength fall into this energy
range. The highly characteristic absorption patterns, especially in the so-called “fingerprint region”
(~500 cm´1 –1500 cm´1 ), are well suited for identification and quantification of analytes, including the
detection of small quantities of target substances within an unknown matrix. FTIR spectrometers with
broadband thermal radiation sources have therefore long become an indispensable laboratory tool.
Widely tunable lasers, such as EC-QCL, offer new possibilities to MIR spectroscopy.
Key advantages are, e.g., high spectral resolution, very high spectral power density and the emission
of a well-defined output beam that can easily be collimated and sent over long distances or coupled
efficiently into subsequent optical systems including optical fibers and waveguides. Examples of
the use of EC-QCLs in analytical spectroscopy include the detection of contaminations in water
supplies [13], inline-monitoring of chemical reactions [14], as well as MIR laser backscattering
spectroscopy for the detection of residues of explosives on surfaces [15–18] or assessing food quality [2].
The latter three application cases will be presented and discussed in more detail in this paper.
Apart from the width of the spectral tuning range, the tuning speed of an EC-QCL can
be an important factor for many applications, such as real-time monitoring and in-line process
analysis. Commercially available EC-QCL systems provide wavelength tuning speeds in the range
from >0.1 cm´1 /ms to 25 cm´1 /ms [12,19]. Tsai and Wysocki reported on a modified Littrow-type
EC-QCL incorporating a piezo-driven fast tilt mirror [20]. This mirror was inserted into the optical
beam path between the collimating lens, collecting the emission from the anti-reflection coated QCL
chip facet and the diffraction grating, the latter providing wavelength selective optical feedback.
This way scan rates of up to 5 kHz were achieved with a tuning range of up to 7 cm´1 [20].
Hugger et al. employed the same cavity configuration, but replaced the piezo-driven mirror by
a fast scanning MOEMS mirror with large deflection angle [21]. The MOEMS mirror with a diameter
of 3 mm was operated at its resonance frequency of 6 kHz (167 µs per cycle). Similar to the work by
Tsai and Wysocki, wavelength tuning was achieved by tilting the MOEMS mirror and thus varying
the angle of incidence of the collimated beam on the fixed grating. This way, a full wavelength scan
from 1070 cm´1 to 1240 cm´1 was achieved within 80 µs, which is half of the cycle time [21,22].
The corresponding average scan rate is approx. 2 cm´1 /µs. One limitation in this experiment was
the diameter of the MOEMS mirror plate of just 3 mm. This limitation in mirror diameter presents a
challenge for the design of the external cavity in order to avoid excessive losses due to clipping of the
optical beam. Therefore, MOEMS scanners with a larger diameter scanner plate and the optical grating
integrated onto the scanner plate are highly desirable to realize next generation MOEMS scanner
based EC-QCL. The highest tuning speed for an external cavity quantum cascade laser so far was
reported by Lyakh et al. [23]. They used an acousto-optic modulator (AOM) to control the emission
wavelength of a long-wave EC-QCL tunable from ~8.5 µm to ~9.8 µm with a switching time between
any two wavelengths within that range of less than 1 µs.
In this paper, we report on recent advances in fast scanning EC-QCL employing a custom designed
and fabricated MOEMS scanning grating [1,14,24]. This includes also first results on the actual use of
rapid-scan EC-QCL in spectroscopic sensing experiments. Furthermore, we report recent advances in
the application of EC-QCL for spectroscopic analysis and control of chemical processes [14], as well as
for imaging stand-off detection of explosives [1,15–18].
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2. EC-QCL with MOEMS Scanning Grating
2.1. Setup of the MOEMS EC-QCL
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2.1. Setup of the MOEMS EC-QCL

The basic setup employed in this report comprises a broadband QCL chip and a MOEMS based
diffraction grating in Littrow configuration as the wavelength-selective element in the external
resonator. A sketch of this MOEMS EC-QCL can be seen in Figure 1. The QCL chip is flanked by two
collimation lenses (5 mm diameter, numerical aperture NA = 0.85). Internal chip modes are
suppressed by an antireflection coating on the laser facet facing the MOEMS grating. An optically
neutral SiN passivation layer on the opposite, out-coupling facet gives a Fresnel reflectivity of R ≈
0.28 resulting from the modal refractive index of the QCL waveguide.
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Figure 1. (a) Sketch of the EC-QCL setup with a MOEMS scanning grating in Littrow-configuration.
Figure 1. (a) Sketch
of the EC-QCL setup with a MOEMS scanning grating in Littrow-configuration;
(b) Photograph of the MOEMS EC-QCL source.
(b) Photograph of the MOEMS EC-QCL source.
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Figure 2. Photograph of the MOEMS grating module used as wavelength selective element in the
EC-QCL setup (left side). The right side shows details of the V-shaped grating structure etched into the
circular scanner plate.
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2.2. Determination of the Spectral Linewidth and Wavelength Reproducibility
Two of the most crucial aspects of any sensing system used for spectroscopy are wavelength
reproducibility and spectral linewidth of the light source [25]. A spectral resolution of a few
wavenumbers might be sufficient for the analysis of solids and liquids, but for gas sensing spectral
linewidths well below one wavenumber are required. A planar diffraction grating as used here has a
spectral resolving power directly proportional to the number of illuminated grooves on the surface
of the grating [26]. Therefore, the groove density of the diffraction grating etched into the scanner
plate was optimized for the wavelength tuning range of the QCL chip in order to maximize spectral
resolution. For the present work, the optimization of the grating structure was performed for spectral
regimes ranging from 4.4 µm to 5.1 µm and from 7.5 µm to 10 µm resulting in groove densities of
190 L/mm and 133 L/mm, respectively. Both gratings have diffraction efficiencies well-above 90% [24].
For the experimental determination of the spectral linewidth of the MOEMS EC-QCL (for a
groove density of 190 L/mm) we used a QCL gain chip based on a slightly diagonal active region
design emitting from 2070 cm´1 to 2280 cm´1 [27]. The fast scanning EC-QCL system was operated
in dynamic mode for the measurements, i.e., with the MOEMS grating resonantly driven at 975 Hz.
The QCL chip with a cavity length of 3.5 mm was driven in pulsed current operation (100 ns pulse
length, 975 Hz repetition rate), synchronized to the scan frequency of the MOEMS scanner. The current
pulse was triggered by a TTL signal provided by the MOEMS scanner. This way, the MOEMS EC-QCL
was operated in quasi-static mode at a constant emission wavelength, tunable by the time delay
between trigger signal and laser pulse. The lasing spectra were recorded using a rapid-scan FTIR
spectrometer equipped with a fast photovoltaic MIR detector from VIGO and combined with a gated
integrator (boxcar averager). The spectral resolution of the FTIR was set to 0.2 cm´1 , the boxcar
averager to a gate window of 100 ns and a scanning frequency of 975 Hz synchronized to the MOEMS
scanning grating. The integration time was about 80 s resulting in an averaging of more than 104 laser
pulses for one single measurement.
In the upper part of Figure 3a six lasing spectra of the fast scanning MOEMS EC-QCL system
can be seen (in quasi-static operation as described above), spread over the entire tuning range of the
QCL gain chip. Further spectra at different wavelengths are omitted here for clarity of presentation.
The expanded view in Figure 3b gives a close-up of one spectrum, for which the linewidth of the
MOEMS EC-QCL can be determined to be 1.9 cm´1 at the 1/e2 -cut (13.5%), or a corresponding FWHM
of about 1.1 cm´1 . It has to be noted that internal longitudinal modes of the QCL chip («0.4 cm´1
spacing for a chip length of 3.5 mm) are not separated in this measurement due to thermal chirp
induced by intra pulse heating in pulsed operation [28] and the limited spectral resolution of the FTIR
(0.2 cm´1 ). From the measurements presented in Figure 3 it is apparent that the linewidth, and thus
the spectral resolution provided by the MOEMS EC-QCL remains constant at a value of 1.9 cm´1 over
the whole spectral tuning range of the QCL chip.
To measure the wavelength reproducibility of the MOEMS EC-QCL, lasing spectra were recorded
also in a true static mode, i.e., with an unplugged scanning grating in its neutral position. The MOEMS
grating chip mounted on a commercial mirror holder was set manually to the respective Littrow angle
for wavelength selection. The measurements were performed with the same setup described above.
The trigger signal necessary to synchronize laser and boxcar averager was provided by a second
resonantly driven MOEMS grating which was not placed in the external cavity. Figure 3b shows that
within the error margins a comparable linewidth of about 2 cm´1 (1/e2 cut) is determined in true static
operation of the MOEMS EC-QCL as in dynamic operation. Since a potential jitter of the wavelength
in dynamic operation would lead to a spectral broadening when averaging over several laser pulses,
we conclude that the spectral reproducibility of the laser source is within the resolution of the FTIR
spectrometer (0.2 cm´1 ).
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the two spectra occur mainly at the borders of the QCL gain spectrum due to the low laser intensity
at those wavelengths. Figure 4b depicts the trajectory of the MOEMS scanner in red, while the tuning
range of the laser chip is shaded yellow. As can be seen, the scan amplitude of 7.5° of the MOEMS
grating was more than sufficient to cover the full gain spectrum of the QCL chip. A unidirectional
scan of the whole tuning range of the chip from 1000 cm−1 to 1300 cm−1 takes about 300 µ s,
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To further evaluate the potential of the MOEMS EC-QCL for spectroscopic sensing and analysis,
To further evaluate the potential of the MOEMS EC-QCL for spectroscopic sensing and
reflectance spectra from different substances in solid phase were recorded. Shown below (Figure 5)
analysis, reflectance spectra from different substances in solid phase were recorded. Shown below
are three reflectance spectra, taken from the explosive PETN and paracetamol as a harmless reference
(Figure 5) are three reflectance spectra, taken from the explosive PETN and paracetamol as a
material, which were recorded using both a conventional EC-QCL and a MOEMS EC-QCL. The total
harmless reference material, which were recorded using both a conventional EC-QCL and a MOEMS
measurement times were 20 s and 50 ms, respectively, highlighting the speedup in measurement
EC-QCL. The total measurement times were 20 s and 50 ms, respectively, highlighting the speedup
time brought
by the MOEMS EC-QCL technology without sacrificing spectral resolution7and
2016, 3,about
28
of 15
inPhotonics
measurement
time brought about by the MOEMS EC-QCL technology without sacrificing spectral
sensitivity (i.e., signal-to-noise-ratio).
resolution and sensitivity (i.e., signal-to-noise-ratio).
backscattered intensity [a.u.]

1.6
1.4

(a)

(b)

Paracetamol EC-QCL
Paracetamol MOEMS EC-QCL

1.2
1.0
0.8
0.6
0.4
0.2
0.0

PETN EC-QCL
PETN MOEMS EC-QCL

1100

1200

wavenumbers [1/cm]

1300

1100

1200

1300

wavenumbers [1/cm]

Figure
Reflectancespectra
spectraofofdifferent
differentsubstances
substances
solid
phase
– the
explosive
PETN
(a)well
as
Figure 5.
5. Reflectance
in in
solid
phase
– the
explosive
PETN
(a) as
well
as
the
medical
drug
paracetamol
(b).
Spectra
recorded
using
a
conventional
EC-QCL
(in
as the medical drug paracetamol (b). Spectra recorded using a conventional EC-QCL (in blue) are
blue)
are compared
using the MOEMS-based
(red curves,
of
compared
with thosewith
takenthose
usingtaken
the MOEMS-based
EC-QCL (redEC-QCL
curves, average
of 100average
individual
100
individual
spectra).
spectra).
´1 /µs) with a large tuning range (>300
´1 )
−1/µ
The
high scan
scanrate
rate(1(1cm
cm
The combination
combination of aa high
s) with a large tuning range (>300 cm−1)cm
and
a
1 make the present MOEMS EC-QCL technology ideally
and
a spectral
resolution
of −11.9
cm´the
spectral
resolution
of 1.9 cm
make
present MOEMS EC-QCL technology ideally suited for
suited
for analysis
real-timeofanalysis
liquids
solids
with a sub-millisecond
real-time
liquids of
and
solidsand
with
a sub-millisecond
temporal temporal
resolution.resolution.
Potential
Potential
application
fields
include
onand
in-line
process
monitoring,
analysis
of
kinetics
in
chemical
application fields include on- and in-line process monitoring, analysis of kinetics in chemical
reactions
reactionsand
andreal
realtime
timeMIR
MIRbackscattering
backscatteringspectroscopy.
spectroscopy.

3. Case Studies for the Use of EC-QCL in Spectroscopic Sensing
The following section reports on three test cases for the spectroscopic application of broadband
tunable EC-QCLs in real-world scenarios. The first one is inline-monitoring of a prototypical
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3. Case Studies for the Use of EC-QCL in Spectroscopic Sensing
The following section reports on three test cases for the spectroscopic application of broadband
tunable EC-QCLs in real-world scenarios. The first one is inline-monitoring of a prototypical catalytic
chemical reaction, the second one is imaging MIR laser backscattering spectroscopy for the stand-off
detection of residues of explosives or their precursor materials, and the third one the adoption of
MIR laser backscattering spectroscopy for the contactless assessment of food quality. In all three
case studies, a conventional EC-QCL module was used [18]. These modules still employ a classical
optical grating mounted on a computer-controlled rotary stage as the wavelength-selective optical
feedback-element [18], resulting in a maximum scanning speed in the range of 400 cm´1 /s.
3.1. Inline-Monitoring of Chemical Reactions
This case study deals with the inline analysis of an exemplary catalytic chemical reaction, the
so-called Knoevenagel condensation [14,29,30]. This is an organic reaction that converts an aldehyde or
ketone and an activated methylene to a substituted olefin with a weakly basic amine as catalyst [29,30].
The experimental setup used for the inline-spectroscopic analysis of this reaction consists of an EC-QCL
as wavelength-tunable light source and signal and reference detectors for the acquisition of normalized
transmission spectra of the analyte. Time-dependent MIR fingerprint spectra (1140–1300 cm´1 )
recorded this way are shown in Figure 6a, taken while the Knoevenagel condensation reaction was
progressing. The spectra show that, despite a very low concentration of the involved reactants of
40 mM, very good signal intensity and low noise were achieved, both mostly resulting from the
high energy density of the laser source. During the reaction time of about 20 min, a clear change in
the absorption spectra could be observed. A decreasing absorption band at 1160 cm´1 attributed to
the aldehyde group of the educt (4-methoxybenzaldehyde) and a rising absorption band at about
1180 cm´1 attributed to the emerging C=C double bond of the product is observed. This allows for the
application of chemometric quantification procedures and determination of the product composition
during the whole time of the reaction. Based on these data, the kinetics of the chemical reaction can be
characterized and optimized for yield, conversion efficiency, and also the influence of the involved
Photonics
3, 28 This is an example of a slowly progressing reaction, i.e., over a time8 span
of 15 of
catalyst
(not 2016,
shown).
around 20 min. This way the rate at which spectra could be recorded when using a conventional
could be recorded when using a conventional EC-QCL module was sufficient to follow the reaction
EC-QCL module was sufficient to follow the reaction dynamics. However, the availability of fast
dynamics. However, the availability of fast scanning MOEMS EC-QCLs (see above Section 2) allows
scanning MOEMS EC-QCLs (see above Section 2) allows monitoring and controlling chemical reactions
monitoring and controlling chemical reactions on a sub-second time scale.
on a sub-second time scale.
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Figure 6. (a) MIR spectroscopic monitoring of a Knoevenagel condensation at 60 °C as an exemplary

Figure 6. (a) MIR spectroscopic monitoring of a Knoevenagel condensation at 60 ˝ C as an exemplary
catalytic chemical reaction. (b) Measurements of product and educt concentrations (CP, CE) over
catalytic chemical reaction; (b) Measurements of product and educt concentrations (CP , CE ) over time,
time, at varying temperatures.
at varying temperatures.

3.2. Imaging MIR Laser Backscattering Spectroscopy for the Stand-off Detection of Residues of Explosives
The imaging MIR backscattering spectroscopy system used in field trials for the detection of
explosives is shown in Figure 7. The system consists of an EC-QCL based laser illumination unit, a
large aperture optical telescope coupled to a high-performance cryogenically cooled mercury
cadmium telluride (MCT) MIR camera for collecting and detecting the diffusively backscattered MIR
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Figure 6. (a) MIR spectroscopic monitoring of a Knoevenagel condensation at 60 °C as an exemplary
catalytic chemical reaction. (b) Measurements of product and educt concentrations (CP, CE) over
varying
temperatures. Spectroscopy for the Stand-off Detection of Residues of Explosives
3.2. Imagingtime,
MIRatLaser
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Figure 7. Stand-off detection system using a dual-chip EC-QCL module for wavelength-selective
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Wavelength-tunable MIR laser illumination is performed using a compact laser module (see
Figure 8a), which contains two EC-QCL units equipped with broad gain QCL chips. These QCL
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Figure 8a), which contains two EC-QCL units equipped with broad gain QCL chips. These QCL chips
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Figure 8. (a) Dual-EC-QCL module developed at our institute, containing two independent EC-QCLs

Figure 8. (a) Dual-EC-QCL module developed at our institute, containing two independent EC-QCLs
combined in a single, collinear output beam. (b) Tuning range of the Dual-EC-QCL.
combined in a single, collinear output beam; (b) Tuning range of the Dual-EC-QCL.

Custom made data analysis software allows searching for a defined set of substances with
known backscattering spectra, while a-priori-knowledge of the background material is not required
[31,32]. In Figures 9 and 10 measurements of trinitrotoluol (TNT) contamination on jeans denim are
shown, visualizing the ability of our detection algorithm to suppress backgrounds with arbitrary
spectral fingerprints. Backscattering images illuminated by the EC-QCL at different wavelengths
were recorded here from a close distance of ~1 m. Comparison to other samples with known amount
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Figure 8. (a) Dual-EC-QCL module developed at our institute, containing two independent EC-QCLs
combined in a single, collinear output beam. (b) Tuning range of the Dual-EC-QCL.
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Custom made data analysis software allows searching for a defined set of substances with
known backscattering spectra, while a-priori-knowledge of the background material is not required
Custom made data analysis software allows searching for a defined set of substances with known
[31,32]. In Figures 9 and 10 measurements of trinitrotoluol (TNT) contamination on jeans denim are
backscattering spectra, while a-priori-knowledge of the background material is not required [31,32].
shown, visualizing the ability of our detection algorithm to suppress backgrounds with arbitrary
In Figures 9 and 10 measurements of trinitrotoluol (TNT) contamination on jeans denim are shown,
spectral fingerprints. Backscattering images illuminated by the EC-QCL at different wavelengths
visualizing the ability of our detection algorithm to suppress backgrounds with arbitrary spectral
were recorded here from a close distance of ~1 m. Comparison to other samples with known amount
fingerprints. Backscattering images illuminated by the EC-QCL at different wavelengths were recorded
of material and visual inspection suggested that the illuminated area contained a total amount of
here from a close distance of ~1 m. Comparison to other samples with known amount of material and
TNT on the order of 100 µ g. Previous publications showed that over distances of a few meters,
visual inspection suggested that the illuminated area contained a total amount of TNT on the order of
quantitates down to 10 µ g are detectable [33]. The backscattering spectrum of jeans denim strongly
100 µg. Previous publications showed that over distances of a few meters, quantitates down to 10 µg
resembles that of TNT, so false alarms or interferences might be expected. However, TNT was
are detectable [33]. The backscattering spectrum of jeans denim strongly resembles that of TNT, so
successfully detected only in the contaminated region, and the library TNT spectrum could be
false alarms or interferences might be expected. However, TNT was successfully detected only in the
recovered using linear de-mixing.
contaminated region, and the library TNT spectrum could be recovered using linear de-mixing.
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TNT was detected in dark green.
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Figure 10. (a) MIR backscattering spectra taken from TNT-contaminated and not contaminated areas

Figure 10. (a) MIR backscattering spectra taken from TNT-contaminated and not contaminated areas
as well as the library backscattering spectrum of TNT. Also in the TNT-contaminated region, strong
as well as the library backscattering spectrum of TNT. Also in the TNT-contaminated region, strong
substrate contributions are found. Despite many similarities in the jeans denim and TNT spectra, the
substrate contributions are found. Despite many similarities in the jeans denim and TNT spectra, the
TNT library spectrum can be separated from the strong background signal and reconstructed (b).
TNT library spectrum can be separated from the strong background signal and reconstructed (b).
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precursors over larger distances of 10–20 m. These results were obtained in two series of outdoor
carried out at the test site of the Swedish Defence Research Agency (FOI). The final demonstration
field trials both performed as part of EU funded civilian security research projects. These trials were
campaign of the EU FP 7 project EMPHASIS in September 2014 required stand-off detection (~13 m)
carried out at the test site of the Swedish Defence Research Agency (FOI). The final demonstration
of traces of explosives and their precursors deliberately deposited on different spots of a car (Figure
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Residues
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successfully
identified defying adverse
detection
of dinitrotoluol
(DNT),
a precursor
of TNT,could
on thebe
rear
tire.

In the following, we focus on results demonstrating stand-off detection of explosives and their
precursors over larger distances of 10–20 m. These results were obtained in two series of outdoor
field trials both performed as part of EU funded civilian security research projects. These trials were
carried out at the test site of the Swedish Defence Research Agency (FOI). The final demonstration
campaign
of the EU FP 7 project EMPHASIS in September 2014 required stand-off detection (~13 m)
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of traces of explosives and their precursors deliberately deposited on different spots of a car (Figure
11a). Residues of several potentially dangerous substances could be successfully identified defying
adverse
weatherofconditions
of rain
and high As
humidity.
As an Figure
example,
11b
the of
weather
conditions
rain and high
humidity.
an example,
11bFigure
shows
theshows
detection
detection(DNT),
of dinitrotoluol
(DNT),
a precursor
TNT,
on the rear tire.
dinitrotoluol
a precursor
of TNT,
on theofrear
tire.

(a)
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Figure 11. (a) Stand-off detection system based on MIR backscattering spectroscopy, inspecting

Figure 11. (a) Stand-off detection system based on MIR backscattering spectroscopy, inspecting suspect
suspect car parked at a distance of 13 m. (b) Close-up of parts of the left rear tire of the car as detected
car parked at a distance of 13 m; (b) Close-up of parts of the left rear tire of the car as detected by
by imaging MIR backscattering spectroscopy, showing color-coded traces of DNT, a precursor of
imaging
MIR backscattering spectroscopy, showing color-coded traces of DNT, a precursor of TNT.
TNT.
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set field
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within the framework of the EU FP7 project HYPERION. An improvised explosive device
(IED)
detonated near a car, and we were required to identify the employed explosive by standoff detection
detonated near a car, and we were required to identify the employed explosive by standoff detection
of unexploded residues spread over the scene as “fallout” of the detonation. A crucial aspect of the
of unexploded residues spread over the scene as “fallout” of the detonation. A crucial aspect of the
scenario was the time limit of 30 min for preparation and measurement, starting from the explosion.
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Photonics 2016, 3, 28
11 of 15
Therefore, the
detection system was mounted on a mobile platform so that measurements
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be done out done
of a out
carofover
a
distance
of
17
m.
Positive
detection
results
of
ammonium
nitrate
(AN)
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identified.

Figure 12. Photograph of a car destroyed by a nearby exploded improvised explosive device (IED),

Figure 12. Photograph
of awith
car an
destroyed
by explosive
a nearby
exploded
explosive
which was loaded
AN containing
charge.
Sectionsimprovised
of that car where
residues ofdevice (IED),
unexploded
ammonium
were identified
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which was loaded
with
an ANnitrate
containing
explosive
charge.
Sections of regions
that car
where residues of
in yellow; the green area indicates the illuminated area where no hazardous substances were found.
unexploded ammonium nitrate were identified are expanded. AN-contaminated regions are marked
Results are overlaid on the vis-image of the scene. No false alarms occurred for the other substances
in yellow; the
area indicates the illuminated area where no hazardous substances were found.
in green
the database.
Results are overlaid on the vis-image of the scene. No false alarms occurred for the other substances in
Our results were cross-checked and confirmed later by ion mobility spectrometry (IMS)
the database.
analysis on samples taken by swabbing. We note that the AN contamination appeared as a thin,
hardly visible layer on most parts of the car. While the actual surface concentration of AN is
unknown, results from the analysis of swabbing samples suggest an average coverage of some 10
µ g/cm2.
3.3. Assessing Food Quality by QCL-Based MIR Backscattering Spectroscopy: Initial Results
Even though the spectral range from ~1350 cm−1 to 1800 cm−1 contains several molecular
absorption bands of interest, high atmospheric absorption (mainly by water vapor) restricts standoff
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Our results were cross-checked and confirmed later by ion mobility spectrometry (IMS) analysis
on samples taken by swabbing. We note that the AN contamination appeared as a thin, hardly visible
layer on most parts of the car. While the actual surface concentration of AN is unknown, results from
the analysis of swabbing samples suggest an average coverage of some 10 µg/cm2 .
3.3. Assessing Food Quality by QCL-Based MIR Backscattering Spectroscopy: Initial Results
Even though the spectral range from ~1350 cm´1 to 1800 cm´1 contains several molecular
absorption bands of interest, high atmospheric absorption (mainly by water vapor) restricts standoff
detection distance to less than a meter. However, this does not prove prohibitive for many applications
that do not require large operation distances, e.g., for security reasons. Fast process or quality control
necessitates contact-less and non-destructive identification of chemical compounds through liquids or
on surfaces at close distances. The following section shows first results of food quality measurements
using active MIR hyperspectral imaging. Fresh and molded peanuts are examined for their MIR
backscattering characteristics and classified accordingly.
It has been reported that free fatty acid (FFA) concentration can be used as indicator for assessing
food quality. High FFA concentrations in nuts and oilseed can be linked to degraded taste and
microbiological contamination [34,35], e.g., by molds. The aim of the following measurements is to
classify peanuts according to differences in surface concentration of FFA.
A QCL chip tunable from 1680 cm´1 –1800 cm´1 was used for the EC-QCL module for these
measurements. For speckle reduction, the same measures were taken as for the long-range standoff
detection system, but in this case a 1” germanium lens sufficed for the laser projection optics, which
was about 15 cm from the sample. The beam spot had a diameter of about 5 mm. The collection lens of
the MCT camera (f = 100 mm, f/2) was ~50 cm from the sample, and the camera had a cold filter at
4 µm.
FFA has characteristic absorption features in the wavelength range between 1700 cm´1 and
´1 , which can be seen in Figure 13. For these measurements, thin films of different oils were
1800 cm
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deposited on reflecting aluminium scattering plates. Thus, the reflected spectra can be interpreted as
−1 was used for the EC-QCL module for these
QCL chip tunable
fromthe
1680
cm−1
–1800 cmbut
(two-way)Atransmission
through
film.
Identical
empty plates were measured from the same
measurements.
For
speckle
reduction,
the
same
measures
were taken asabsorption.
for the long-range
standoff were
distance to account for spectral variations, e.g., due to atmospheric
The samples
detection system, but in this case a 1” germanium lens sufficed for the laser projection optics, which
vegetable oil as a sample reference low on FFA, and FFA enriched (15%–20%) hazelnut-oil. As shown
was about 15 cm from the sample. The beam spot had a diameter of about
5 mm. The collection lens
in Figure
12, FFA shows a pronounced absorption peak around 1710 cm´1 , close by the peak associated
of the MCT camera (f = 100 mm, f/2) was ~50 cm from the sample, and the camera had a cold filter at
´1
with bound
4 µ m. fatty acids at 1746 cm .

13. Absorption spectra of FFA-enriched hazelnut oil, containing both bound as well as free
FigureFigure
13. Absorption
spectra of FFA-enriched hazelnut oil, containing both bound as well as free fatty
fatty acids (red), and vegetable oil (blue) containing mainly bound fatty acids. The feature at ~1710 ´1
acids (red),
and
vegetable
oil (blue) containing mainly bound fatty acids. The feature at ~1710 cm is
cm−1 is attributed to free fatty acids (FFAs). Measurements were performed with the QCL-system on
attributed to free fatty acids (FFAs). Measurements were performed with the QCL-system on thin films
thin films on aluminum substrates.
on aluminum substrates.

FFA has characteristic absorption features in the wavelength range between 1700 cm−1 and 1800
cm , which can be seen in Figure 13. For these measurements, thin films of different oils were
deposited on reflecting aluminium scattering plates. Thus, the reflected spectra can be interpreted as
(two-way) transmission through the film. Identical but empty plates were measured from the same
distance to account for spectral variations, e.g., due to atmospheric absorption. The samples were
vegetable oil as a sample reference low on FFA, and FFA enriched (15%–20%) hazelnut-oil. As
−1
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Afterwards, this was applied to the classification of peanuts. For this, peanuts were treated
by water immersion for 30 s, followed by 5 days at 37 ˝ C, 90% relative humidity. A second set of
fresh
Photonics 2016,
3, 28 peanuts provided reference spectra. The measurements can be seen in Figure
13 14,
of 15showing a
pronounced difference in absorption at 1710 cm´1 , matching the results presented in Figure 13.

Figure 14. Solid lines: Backscattering spectra of fresh and mold-contaminated peanuts. The feature at
Figure 14. Solid lines:
Backscattering spectra of fresh and mold-contaminated peanuts. The feature at
~1710 cm´1 is only present in contaminated nuts and attributed to a higher content of free fatty acids on
−1
~1710 cm is only present in contaminated nuts and attributed to a higher content of free fatty acids
the nuts surface. The dotted line shows the absorbance of FFA-enriched hazelnut oil (reproduced from
on the nuts surface. The dotted line shows the absorbance of FFA-enriched hazelnut oil (reproduced
Figure 13) for comparison. Right: photograph of a fresh (top) and a contaminated (bottom) peanut.
from Figure 13) for comparison. Right: photograph of a fresh (top) and a contaminated (bottom)
Any visible traces of mold, if present, were removed before the measurements were taken.
peanut. Any visible traces of mold, if present, were removed before the measurements were taken.

Interestingly, we find an increased intensity in the spectral region of the absorption peaks of fatty
4. Conclusions
acids. Such a behavior can be understood assuming a thin surface coverage of fatty acids, if the
We reported
on recent
rapid-scan
EC-QCL,
equipped
with a custom-made
reflectivity
of theadvances
thin filmin
increases
in the
vicinity
of the absorption
bands andMOEMS
the reflectivity of
scanning grating
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Littrowmaterial
configuration
wavelength-selective
Operating
this work, we
the underlying
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is low as
[36].
While this point haselement.
to be clarified
in future
large aperture
scanning
grating
(5
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in
diameter)
close
to
its
mechanical
resonance
frequency
of
1
can conclude that the data presented in Figure 14 provide clear proof that contaminated nuts
can be
kHz, up toidentified
2000 spectra
per MIR
second
can be obtained.
Analyzing the lasing spectra of the MOEMS
via their
backscattering
spectrum.
EC-QCL with the QCL chip driven with short-pulses and high-repetition rate both in dynamic
4. Conclusions
scanning and
static mode yields a laser linewidth close to 1 cm−1 FWHM in both modes of operation.
This indicates that
the wavelength
introduced
by the fast
scanning
gratingwith
is well
below the MOEMS
We reported
on recentjitter
advances
in rapid-scan
EC-QCL,
equipped
a custom-made
−1). A spectral resolution of the order of 1 cm−1 is sufficient for
spectrometer
resolution
(0.2
cm
scanning grating placed in Littrow configuration as wavelength-selective element. Operating this large
spectroscopy
on solids
and liquids
a range close
of applications
in gas spectroscopy.
To test of 1 kHz,
aperture
scanning
gratingas(5well
mmasinfor
diameter)
to its mechanical
resonance frequency
the rapid-scan
EC-QCL
in practical
applications,
transmission
were EC-QCL
up toMOEMS
2000 spectra
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can bespectroscopic
obtained. Analyzing
the lasing
spectra ofspectra
the MOEMS
recorded from
polystyrene
as
well
as
backscattering
spectra
from
explosives
and
harmless
reference
with the QCL chip driven with short-pulses and high-repetition rate both in dynamic scanning and
materials. static
In the
latter
case,a laser
the data
acquisition
recording
spectra
with
a comparable
´1 FWHM
mode
yields
linewidth
close totime
1 cmfor
in both
modes
of operation.
This indicates
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from
20
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to
50
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i.e.,
by
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factor
of
400,
when
switching
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resolution
(0.2 with
cm´1a). classical,
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resolution ofscanned
the order
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sufficient for
spectroscopy on
EC-QCL. solids and liquids as well as for a range of applications in gas spectroscopy. To test the rapid-scan
In addition
weEC-QCL
reportedinon
case studies
of EC-QCL-based
MIRtransmission
fingerprint spectroscopy.
One
MOEMS
practical
spectroscopic
applications,
spectra were recorded
from
example was
the
use
of
EC-QCL
in
transmission
measurements
as
an
analytical
tool
for
monitoring
polystyrene as well as backscattering spectra from explosives and harmless reference materials. In the
chemical reactions
inthe
realdata
time.
This particular
will benefit
the use ofratio could
latter case,
acquisition
time forapplication
recording spectra
with asignificantly
comparable from
signal-to-noise
rapid-scanbeMOEMS
EC-QCL.
Furthermore,
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recent
advances
in
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spectroscopy.
distances to
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the
quality
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One example was the use of EC-QCL in transmission measurements as an analytical tool for monitoring
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rapid-scan MOEMS EC-QCL. Furthermore, we presented recent advances in EC-QCL based MIR
backscattering spectroscopy (a) over larger distances of 10–20 m for the detection of hazardous
materials, now tested and validated outdoors in relevant scenarios; and (b) initial tests over short
distances to assess the quality of food.
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