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Abstract—We present the preliminary results of a
hyperspectral imaging camera in the near medium infrared
region (1.5 um - 5 um) of the electromagnetic spectrum. This
region is important to undertake remote sensing by detecting
pollutants released by industrial plants, or methane gas leaked by
pipes, or even to study the efficiency and the gases produced by
combustion reactions. The hyperspectral camera is based on a
Fabry-Perot interferometer.
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I. INTRODUCTION

Hyperspectral imaging (HSI) is a combination of an
imaging device (a digital camera) and a spectrophotometer.
The obtained data set, known as “hyperspectral cube” or
“hypercube”, is a three dimensional matrix formed by a 2D
image combined with a third dimension that is the spectral
composition of each pixel of the image. There are an increasing
number of applications of HSI devices in different fields of
physics; to name but a few in thermal imaging [1], in
fluorescence microscopy [2], in remote sensing of pollutant
gases [3], in space missions, like in the Rosetta mission the
VIRTIS camera used to take hyperspectral images of comet
Churyumov-Gerasimenko [4], or in cultural heritage [5].

There are basically three different techniques of HSI. The
first technique is obtained by integrating a dispersive means (a
prism or a grating) in an optical system. In this HSI the image
is analyzed per lines and the scan is obtained with some
mechanics integrated in the optical train. The second HSI
technique is based on optical filters with tunable or fixed band-
pass and the spectrum has to be acquired by scanning the steps
in frequency. Finally the third method to obtain the spectra of
an image is based on the so called Fourier transform (FT)
spectroscopy; here the FT is applied to the interferogram
acquired by a scanning interferometer. There are two intrinsic
advantages in using interferometer-based spectrometers, one is
called multiplex of Fellgett advantage when the noise is
dominated by detector noise: the information at all the
wavelengths is collected simultaneously and the improvement
of the signal to noise ratio is proportional to the square root of
the number of bins. According to the second advantage, called
Jacquinot advantage, the optical throughput of FT spectroscopy
is intrinsically higher than dispersive HSI because there are no

slits that are used in dispersive means to define the wavelength
resolution.

Atmospheric gases and pollutants have important
absorption bands in the infrared region. According to the DIN
standardization the band of interest is divided in SWIR (1.4 pm
— 3 pum), in the MWIR (3 um — 8 um) and in the LWIR (8 um
— 15 pm). Hyperspectral imaging in this range could be
implemented to undertake remote sensing by detecting
pollutants released by industrial plants, or methane gas leaked
by pipes, or even to study the efficiency and the gases
produced by combustion reactions without coming into
physical contact. Moreover, hyperspectral imaging in the IR
could be used to carry out thermography by measuring the
blackbody radiation emitted by surfaces.

Hyperspectral imagers in the SWIR, MIR region based on
Michelson interferometers are produced and commercialized
by Bruker [6] and by Telops [7] reaching spectral resolution
below cm” and spatial resolutions dependent on the
implemented optics. They have found applications in detection
of methane emissions from a shallow lake scene [8] or
measurement of ethylene and ammonia emissions from
different sources of an industrial area [9].

II. TOWARDS A NEW PROTOTYPE

We plan to extend the range of our prototype of
hyperspectral imager which was realized and validated in the
UV-VIS-NIR bands [10] to the 1.5 pm — 5 um band which are
part of the SWIR and MWIR bands. Differently from the
commercial systems, it is based on a Fabry-Perot
interferometer. The spectral information for each pixel is (F-P)
recorded in the interferogram acquired while scanning the
optical path delay between the mirrors with piezo actuators.
The spectra for each pixel are then calculated using a Fourier
transform based algorithm. A basic set-up is presented in Fig. 1
where the optical system is formed by the photographic
objective, on the right hand side, that forms the image on the
CCD camera on the left hand side. In between, the F-P
interferometer formed by two semi-reflective metallic mirrors
where the distance is varied in this prototype by means of three
PZT actuators. While the optical path distance is varied, a
video is acquired and the interferograms for each pixel are
recorded in the video. The calibration of the retardation is



obtained for each pixel by using a laser radiation of known
wavelength that is superimposed to the image.

Fig. 1. The optical set-up formed by a photographic objective, on the right
hand side, that forms the image of the scene on the CCD camera on the left
hand side. In the middle the F-P interferometer. The three piezo actuators that
change the optical path distance by moving the mirrors are visible in the
aluminum structure.

This working prototype cannot be automatically used to
work in the 1.5 pm — 5 pm band for the following technical
limitations:

- The core of the hyperspectral imager prototype is the
Fabry-Perot interferometer which is formed by two semi-
reflective mirrors (beam splitters) having a reflectance of about
20-30%, coated either with dielectric or metallic layers [11].
The substrate material is a BK7 or fused silica which cuts for
wavelengths longer than about 2 um and therefore opaque in
the IR region of interest.

- The responsivity of the CCD and CMOS camera based on
silicon goes between 300 nm to 1100 nm, the responsivity of
the CCD and CMOS camera based on InGaAs ranges from 900
nm to 1700 nm

- The transmissivity of the commercial photographic
objectives, used to form the image on the camera, reaches zero
value for wavelength longer than about 2 um

- The spectral resolution of the prototype is limited to 100
cm™ as a consequence of the maximal mirror distance (40 um)
attainable with three amplified piezo actuators with flexure
stages.

For the technical details reported above, the extension of
the hyperspectral imager to the IR, and in particular in the
region of interest 1.5 um — 5 um, requires completely new
technical solutions.

III. REALIZATION OF A NEW PROTOTYPE

For the realization of our prototype in the infrared we
adopted the following solutions. Regarding the beam splitters
since there are no pairs of semi reflective mirrors with the
required reflectivity of about 20%-30% in the region 1.5 um —
5 um available on the market, we considered to use silicon as
dielectric substrate which has the relative transmission reported
in Fig 2 for a thickness of 5 mm.

100
90 1 \\\
80 \
_ 70 r
2 \
c 60
£ \
S 50
E \
g 40 —CaF2 IR W W \
= \
30 —_—inse |
20 MgF2 &S 0
Si
10 R ¥ | B
—Ge
0 T T T T B
0 2 4 6 8 10
Wavelength (um)

Fig. 2. Transmission of different materials in the infrared region for a
thickness of 5 mm.

Silicon, like Zinc Selenide, has an index of refraction
sufficiently high (n, about 2.5-3.5) to have a reflectance,
calculated with Fresnel formula, at the required level (R, about
20%-30%) and in this case there is no need of applying a
coating to increase the reflectance, see Fig 3.
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Fig. 3. Index of refraction in the infrared for Silicon and Zinc Selenide



The Fabry-Perot is finally realized with a pair of silicon
wafers with a diameter of 3 inches lapped on both faces. The
two are inserted in a sealed frame and the distance between the
mirrors, in order to have a scan of the optical path delay, was
obtained with a pneumatic system as described in [11] and
presented in Fig 4.

Fig. 4. The Fabry-Perot interferometer formed by two silicon wafers inserted
in a sealed structure where the distance is varied with a pneumatic technique.

A preliminary test of the system was carried out with the
set-up presented in Fig 5 where the light from a filament lamp
(at the top of the figure) is coupled into the monocromator. The
monocromator is set in order to have at the output a radiation at
3.5 um, The output slit width is set at 1 mm.

The Fabry-Perot interferometer is positioned just in front of
the infrared camera. We have used two types of infrared
cameras, a Xenics XS Base, XC117B (0.9 um — 1.7 pm), and a
FLIR A6750sc MWIR (3 pm — 5 pum).

Monocromator

Fig. 5. Set-up to test the Fabry-Perot in the infrared region. At the top the
filament lamp, in the center the monocromator and at the bottom the Fabry-
Perot interferometer in front of the camera.

The preliminary results are obtained with the FLIR camera.
A video is recorded while the mirror distance is varied. In Fig 6
is presented an image extracted from the video where the grey
levels represent the counts for each pixel, the bit depth is 14
bits. In the center of the image, the rectangular region is the
output of the monocromator set at 3.5 pm. The rest of the
image is darker because the surface of the scene emits like a
blackbody at the ambient temperature of the laboratory.
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Fig. 6. Image extracted from the video where the grey levels represent the
counts for each pixel, the bit depth is 14 bits..

In Fig 7 the zoom of Fig 6 with the two regions used for the
test. From the succession of the frames of the video the
interferogram for each pixel is extracted. In Fig. 8 the
interferogram of the pixel of the radiation coming from the
monocromator indicated with the red arrow in Fig 7.
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Fig. 7. Image extracted from the video where the grey levels represent the
counts for each pixel, the bit depth is 14 bits. The arrows indicate the regions
used for the test.
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Fig. 8. Interferogram of the pixel in the scene of the radiation coming from
the monocromator indicated by a red arrow in Fig. 7.

In Fig. 9 the interferogram of the region indicated with the
blue arrow in Fig 7.
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Fig. 9. Interferogram of the pixel in the scene indicated by a blue arrow in
Fig. 7.

The interferogram in Figure 8 is used to calibrate the mirror
displacement since the radiation is monocratic and the fringe
corresponds to a displacement of half the wavelength, i.e. 1.75
um. With this calibration we have calculated the spectrum of
the interferogram in Fig 9 with an algorithm based on the
Fourier transform, and reported in blue in Fig 10. The red
curve in Fig 10 represents the spectrum of another pixel of the
radiation coming from the monocromator at 3.5 um.
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Fig. 10. The blue curve is the spectrum of the region indicated by the blue
arrow in Fig 7. The red curve is the spectrum of a different pixel of the
radiation at 3.2 pm.

In Fig 11 the same spectra as in Fig. 10 but represented in
frequency over a broader region in order to show the harmonic
of the spectra coming from the algorithm.

§.E+04
- 2.E+03
6.E+04 <& | 203
%
5 4ED4 1E+03
=
£
£ 2804 - S.E+02
0.E+00 0.C+00
100 150 200 250 ?TU
2.E+04 5.E+02
frequency (THz)

Fig. 11. The blue curve is the spectrum of the region indicated by the blue
arrow in Fig 7. The red curve is the spectrum of a different pixel of the
radiation at 3.2 pm.

IV. CONCLUSIONS

The preliminary results show that a hyperspectral camera
based on a Fabry-Perot interferometer with the semi reflective
mirrors formed by silicon substrate which work in the infrared
region is possible. The pneumatic actuator ensures the
variation of the optical path difference. The spectra are
calculated from the interferogram extracted from the video.
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