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ABSTRACT

Thermal imaging and the recent availability of widely tunable infrared QCL lasers (Quantum Cascade Laser)
allow us to propose an active hyperspectral imaging system operating in mid-infrared (MIR) band to obtain
simultaneously large amounts of spatial and spectral information on the samples.

In order to evaluate more precisely the capacities of the active hyperspectral imaging, we propose a system
composed of four powerful QCL tunable lasers (in order to cover 3 —5 pm and 7 — 11 um wavelengths) and
three cameras: a visible and near-infrared (NIR) range, a bolometer for 7 — 13 um range and an InSb cooled
camera for 3 — 5 um range. We present the algorithm for image acquisition, image and data processing. Finally,
we present and discuss some preliminary results using this system to characterize plant leaves under controlled
growing conditions.

Keywords: hyperspectral imaging, mid-infrared, tunable QCL laser, plant monitoring, image processing.

1. INTRODUCTION

Multi/hyperspectral imaging is a method used for classifying and mapping materials according to their intrinsic
characteristics. It combines spectroscopy and imaging techniques to extract simultaneously spectral and spatial
signatures, where the system output consists in series of narrow band sub-images arranged across the reflectance
spectrum, forming a hypercube data that can be acquired by four basic techniques: point scanning (whisk-
broom), line scanning (push-broom), area scanning (spectral scanning) and snap-shot (non-scanning). [1] ,[2],
[3]-

Most multi/hyperspectral imaging system has been focusing on visible and near infrared (NIR) because of their
mature technologies. However, the mid-infrared (MIR) portion of optical spectrum seems to contain valuable
new information on some of the features needed to discriminate samples, for example samples with diseases or
some contamination or for quality inspection [4]. The recent development of light sources and imaging systems
in MIR allows the use of multi/hyperspectral MIR imaging in many new applications.

There are major differences in the nature of hypercube data obtained by tunable monochromatic light sources
and continuous sources. Continuous or broadband sources are most often used with filters, where ambient light
reflected from a scene is filtered in a specific wavelength band to form an image. The hypercube data contain as
many images of the same scene as filters used to acquire them, as shown in Fig. 1a [1], [5], [6]. We can call this
method “Passive Multispectral Imaging”, because the light source normally is the ambient light. The main
limitation of this method is the number of filters used to form the hypercube data. It should be noted that infrared
tunable filters are recent technology that not yet mature [7].

The recent development of new tunable monochromatic light sources such as MIR quantum cascade laser
(QCL) allows us to propose an active hyperspectral imaging with a small wavelength separation unit between
each image. The result is a hypercube data that looks like a continuous wavelength variation, as shown
in Fig. 1b. The term “active” means that the system is associated with a controlled artificial light source rather
than the ambient radiation. QCLs are becoming commercially mature, but may require a multi-chip design to
cover wide spectral ranges.
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Figure 1. Hypercube data using: (a) wavelength filters and (b) using a tunable monochromatic light source;
(c), (d) The intensity profiles for the pixels indicated in (a), (D), respectively [8].
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As common limitations of such systems, one can mention noises associated to the source, to thermal variations
of the scene, and to the detector. To overcome the latter one, cooling semiconductor detectors are often used.
Uncooled bolometer detectors are balanced from their own temperature effects, but exhibit lower signal to noise
ratio. Nevertheless, bolometer imaging detectors are costless and easy to use.

In this work, we present a complete experimental bench based on active hyperspectral imaging system in MIR,
using four powerful QCL tunable lasers covering 3 — 5 pm and 7 — 11 um wavelengths. Using an optical system,
the laser beam was shaped to illuminate a large scene. The acquisition technique used is a snap-shot using
different cameras (detectors). To our knowledge, this is the unique bench with these characteristics. Finally, we
propose an image treatment and data processing for an example of application plant leaf characterization.

2. METHOD

The hypercube data is acquired using an experimental bench at laboratory composed, in a simplistic terms,
by a laser source, a mirror system to enlarge the laser beam, a Lambertian reference, the sample to characterize
and the cameras, as shown in Fig. 2a. Each element is described in more details below.
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Figure 2: (a) Schematic of the experimental bench for active hyperspectral imaging, (b) Detail of the diffusing
screen and sample support; (c) An example of MIR image.

The laser source is a set of 4 tunable QCL (Daylight MIRCAT), operating in MIR spectral range. The first
QCL (QCL1), tunable from 3.9 to 4.7 um, operates in pulsed mode, with a duty cycle quoted up to 10%.
Repetition rate can range up to 1 MHz, and the pulse width can be varied from 40 ns to 500 ns. The maximum
average output power is 11 mW. The three others QCLs modules are: QCL2 tunable from 6.73 to 7.75 pum,
QCLS3 tunable from 7.69 to 8.64 um and QCL4 tunable from 8.39 to 11 um. They operate in continuous mode
(CW), with a maximum output power up to 350 mW. For each module, linewidths are less than 10 nm. For the
experimental bench, in pulsed mode, the laser operates with 5% as duty cycle, repetition range at 100 kHz and
500 ns for the pulse width.

The Fig.3 shows the normalized power spectrum recorded by the cameras after diffuse reflection on
a wideband IR Lambertian reference gold plane (IRL).

The laser beam is expanded with appropriate gold mirror system to achieve a 5 cm diameter illumination,
which is applied simultaneously to the sample and to IRL (Fig. 2b).

The observation system is composed by two standard thermal cameras in different spectral bands. The first
camera is a FLIR SC5000, with a InSb detector that needs to be cooled. The spectral band is from 3 pm to 5 pm.
The second one is a FLIR A65, with a bolometer detector. It doesn’t need to be cooled and the spectral band is
from 7.5 um to 13 um. To complete the observation system, we use a visible / NIR camera with a high-
resolution CMOS detector to provide a spatial location reference used in image processing. Technical
specifications of all cameras are summarized in Table 1.

Table 1. Properties of different cameras of the observation system.

L i i Spectral Spatial Pixel size | Frame rate | Temperature | Integration
band (nm) resolution (pm) (FPS) range (°C) time
CMOS 400 — 1000 | 2048 x 1536 3.45 38 -10 to 60 24 usto 1s
InSb 3000 — 5000 320 x 256 30 170 5 to 300 3 pus to 20 ms
Bolometer 7500 — 13000 | 640 x 512 17 30 -25t0 135 —
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Each camera can see the sample and a part of the IRL. The IRL image is used as the incidence power
reference. The observation system performs a sequence of shots (one shot for each set wavelength). An image
without laser illumination is taken between each wavelength change. This image is used to subtract the
background of the scene. For a wavelength step of 1 nm 9234 images have to be processed. To obtain the sample
spectra, the algorithm selects an area from the sample and from the IRL and calculate the average intensity from
all pixels inside each selected area. The result is a normalized spectrum with the IRL average intensity reference.
A Machine Learning algorithm is being written for the discrimination of the samples with the spectra results.
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Figure 3. Normalized power spectrum as seen by infrared cameras. The power spectrum of QCLI from 3.9 um
to 4.7 um is obtained in pulsed mode by FLIR SC5000 camera. The other three spectra of QCL2, QCL3 and
QCL4 are obtained by FLIR A65 camera in continuous mode.

3. RESULTS
After laser characterization, the proposed system was tested to extract spectral reflectance of growing plant leaf
on surface of 5 cm diameter. The graphs below, present the first mean spectrum obtained. The Fig. 4a shows the
reflectance rate of leaf from 3.9 um to 4.7 pum with spectral resolution of 1 nm. We notice a variability in
reflectance rate between 0.2 and 0.5, whereas in the zone between 4.2 um and 4.3 pm, the CO, absorption can be
found. The spectral region between 3.9 um and 4.7 um can allows to characterise water content of leaf [9], [10].
Figure 4b, show mean spectrum of leaf in large band from 7.5 pm to 11 pm. The leaf reflected less in this
spectral range, we can notice in graph that reflectance rate change between 0.02 and 0.4. The spectral range
between 7.5 um and 11 um can be used for species identifications [11], [12].
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Figure 4. Mean spectra of plant leaf: (a) Spectra from 3.9 um to 4.7 um, the region between 4.2 um and 4.3 um
is affected by CO,, (b) Spectra from 7.5 um to 11 um.

4. DISCUSSION

The reflectance rate spectra of leaf are calculated by determining the ratio between average intensity of
measurement area on sample and on IRL, to eliminate the spectral influence of the source. Since illumination
intensity is not uniform over the sample, spectra should also be normalized before comparison.

The effects of the Relative Intensity Noise (RIN) associated to QCL source can be automatically compensated,
by illuminating simultaneously the sample and the IRL and acquiring a single picture. However, the effects of
beam pointing fluctuation remain. On the other hand, the noise associated to the detector can be reduced by
taking several pictures of the scene, and calculating the average value of each pixel.

Since the laser exhibits coherent monochromatic behavior, speckle effects can be observed on the picture. They
appear to be stable, with an average size of 1 pixel. Thus, to eliminate the local variations, spatial average on
region of interest (ROI) can be calculated. The size of the square ROI was 6x6 pixels. It should be noticed that
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speckle patterns may also provide useful information on samples such as distance, or depolarization
characteristics. This will be investigated in further works.

During MIR measurement, an intensity drift of the background can be observed. This may be due to thermal
variation of the background, and to the energy transfer from the laser to the sample. This can be easily
compensated by acquiring a reference picture as often as necessary.

5. CONCLUSIONS AND FURTHER WORKS

In this study, we present a preliminary results of an active hyperspectral imaging system operating in mid-
infrared spectral range, using a tunable laser modules exhibits a strong illuminating power up to 11 mW in
pulsed mode between 3.9 um and 4.7 um spectral range, and up to 350 mW in continuous mode between 7.5 pm
and 11um. This allows the MIR active imaging spectrometer to analyze large samples with a field of view up to
5 cm diameter. Wavelength sweep step can be set as small as 1 nm, with a laser linewidth less than 10 nm allows
to obtain a hypercube like a continuous wavelength variation.

During this preliminary study, the spectra of averaged zones of plant leaves was obtained, and will be help to
characterize health status of different plants before using image processing techniques to find spatial signatures
of samples.
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