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Hyperspectral imaging with deformable gratings fabricated
with metal-elastomer nanocomposites

Marco A. C. Potenza,® Daniele Nazzari, Lloreng Cremonesi, llaria Denti, and Paolo Milani®
CIMAINA and Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy

(Received 15 September 2016; accepted 10 October 2017; published online 9 November 2017)

We report the fabrication and characterization of a simple and compact hyperspectral imaging setup
based on a stretchable diffraction grating made with a metal-polymer nanocomposite. The nanocom-
posite is produced by implanting Ag clusters in a poly(dimethylsiloxane) film by supersonic cluster
beam implantation. The deformable grating has curved grooves and is imposed on a concave cylin-
drical surface, thus obtaining optical power in two orthogonal directions. Both diffractive and optical
powers are obtained by reflection, thus realizing a diffractive-catoptric optical device. This makes it
easier to minimize aberrations. We prove that, despite the extended spectral range and the simplified
optical scheme, it is actually possible to work with a traditional CCD sensor and achieve a good
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spectral and spatial resolution. Published by AIP Publishing. https://doi.org/10.1063/1.5009180

. INTRODUCTION

Hyperspectral imaging (HSI) is a technology where tra-
ditional optical or infrared imaging is combined with spectro-
scopic analysis of any particular object or landscape. This is
often obtained by using diffraction optics that disperse differ-
ent wavelengths of light, together with sensors able to capture
and to build a wavelength—intensity map of a scene with a very
high spatial resolution.' Each pixel of an image is analyzed in
terms of its electromagnetic spectrum, in order to generate a
set of “images” each corresponding to a narrow spectral win-
dow (data cube). The combination of spectral data and spatial
details allows the high-speed analysis of the chemical content,
product uniformity and quality, and a host of other spectral
characteristics and attributes.”

Recent computing advancements and improvements in
data acquisition and analysis have extended HSI to food
inspection, pathogen detection, airport security, law enforce-
ment, and oil and gas pipeline inspection.>* However, the
widespread use of hyperspectral technology is limited by its
relatively high costs in terms of hardware. Due to the growing
demand for the deployment of HSI-based devices in remote-
sensing applications, a huge effort is concentrated in hardware
miniaturization and cost reduction.’

A typical dispersive HSI device is composed of a col-
lection optics, a grating, and the optical elements needed
to form spectral images onto the detector. Usually, the data
cube is obtained by imaging the spectral distribution of a
thin slice of the object and by scanning the object perpen-
dicularly to the slice direction. Depending on the spectral
and spatial resolution requirements, the optical setup can
be very complex with a high number of components, mak-
ing it hard to obtain compact, lightweight, and low-cost
devices. To this purpose, the reduction of optical compo-
nents and the simplification of the optical scheme are thus
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a strategic goal for the fabrication of low-cost HSI-based
sensors. !

The interest for curved gratings (concave or convex)
has considerably increased in view of applications where
the number of optical elements needs to be reduced, espe-
cially considering the increasing demand of miniaturization.5
High-resolution curved diffraction gratings are fabricated with
different methods such as ruling engines: this is a slow and deli-
cate process requiring a careful control on the mechanics of the
engine and on external vibrations.” Because of the difficulties
in this process, most of the gratings adopted in instrumen-
tal applications are high quality, more affordable replicas of
the ruled master gratings. Alternative fabrication methods are
based on the interference fringe field in a photoresist to cre-
ate a holographic grating® or subtractive technologies such
as electron beam lithography,® ion beam etching,'” and laser
ablation. Such methods are very effective, although expensive
and requiring complex hardware.'!!2

In order to fabricate low-cost optical devices, deformable
optical elements (lenses, mirrors, and gratings) have been pro-
posed as effective ingredients of compact, inexpensive, and
portable solutions based on adaptive optics.!>"!> In particu-
lar, the use of tunable gratings based on stretchable reflective
substrates could revolutionize the design of optical mini spec-
trometers and significantly widen their field of applications.'®
Although appealing, the use of deformable reflecting optical
elements has been hampered by the difficulty of integrat-
ing reflecting metallic films on elastomeric substrates due to
delamination of the metallic layer upon deformation.'*

We recently reported the fabrication of stretchable
reflective gratings based on metal-elastomer nanocomposites
obtained by Supersonic Cluster Beam Implantation (SCBI)
in polydimethylsiloxane (PDMS).!® The optical quality of
these components has proven to be stable against cyclical
deformation and stretching.

Here we report the proof of the concept of the use of
these highly deformable gratings for the fabrication of a simple
and cheap hyperspectral camera. Thanks to their deformability,

Published by AIP Publishing.
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optical power can be arbitrarily imposed on nanocomposite
gratings in a simple and effective way by sticking them on
cylindrical substrates. Indeed, by sticking gratings with proper
circular grooves on concave cylindrical surfaces, it is possible
to impose optical power in the direction perpendicular to the
axis of symmetry of the cylinder, thus achieving focalization
in this direction. In such a way, astigmatic wavefronts can be
obtained at will, the stigmatic case being just the particular case
exploited here. Compared to rigid curved gratings, our solution
achieves a smaller spectral resolution; on the other hand, it is
much less demanding in terms of fabrication complexity and
costs.

Il. EXPERIMENTAL SECTION
A. Hyperspectral apparatus

The experimental apparatus is sketched in Fig. 1. The
white light from a halogen lamp (USHIO, mod. EKE, 150 W)
transilluminates the sample. In order to minimize chromatic
aberrations, light is collected by two-faced doublets that image
the sample onto the plane on which the slit lies. The magni-
fication of the system is 1.14. A slit 0.3 mm wide is placed
in the focal plane of a f = 75 mm collecting achromatic dou-
blet, the input effective f-number being about 7.5 although the
specific illumination limits the angular spread to double this
value (see Subsection 2 of the Appendix). A parallel beam
with a diameter of 10 mm is sent onto the grating, and the
first order diffracted light is then collected by a CCD sensor
where a wavelength dispersed image of the slit is obtained,
as described below. The CCD is a black and white Atmel
full-frame sensor with 3500 x 2300 square pixels with a side
of 10 ym and a 12-bit digitization. An external shutter has
been placed along the optical axis before the slit. The posi-
tion of the sensor has been properly chosen, as discussed
below.

The deformable elastomeric grating is stuck onto a con-
cave cylindrical plastic surface, with a radius R = 230 mm
and the axis of symmetry in the vertical direction. This
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determines the horizontal focusing of the system, while the
vertical focusing is given by the curved shape of the grooves.
These are oriented in such a way that the center of curvature
is placed at the same vertical position of the impinging beam.
Their orientation guarantees that the light is properly focused
by diffraction from the curved grooves in the vertical direc-
tion, thus forming an image of the slit onto the sensor at any
wavelength. Therefore, for any vertical slice of the sample,
a two dimensional (2D) picture is recorded, containing the
space-wavelength information of the given slice of the sam-
ple. A translation stage displaces the sample transversely to
the slit length, with spatial increments smaller than the slit
aperture (see Sec. II C). In such a way, the complete space-
wavelength information is obtained for the whole sample, and
images can be recovered for each wavelength through a simple
algorithm.

B. Deformable grating fabrication and characterization

Transparent circular gratings were fabricated by making a
polydimethylsiloxane (PDMS) replica from a master consist-
ing of a commercial DVD (groove pitch 740 nm). The mold
was sliced in rectangles of 40 mm X 25 mm, using the radius of
the circular gratings as the main rectangle axis. The PDMS lig-
uid precursor (Sylgard 184 Silicone Elastomer Kit from Dow
Corning, mixed in a 10:1 ratio) was cast on the DVD slices
and subsequently spin coated at 800 rpm for 40 s, reaching the
thickness of about 200 ym and finally crosslinked at room tem-
perature for 48 h. After cross-linking, the mold was carefully
detached from the master (Fig. 2).

The transparent PDMS gratings were then made reflective
by implanting silver nanoparticles using a Supersonic Cluster
Beam Implantation (SCBI) apparatus equipped with a pulsed
microplasma cluster source (PMCS), as described in detail in
Ref. 15.

Briefly, a PMCS consists in a ceramic body with a cavity
in which a solid silver target (purity 99.9%) is vaporized by
a localized electrical discharge supported by a pulsed injec-
tion of an inert gas (He or Ar) at high pressure (40 bars).

L L .
30 40 50 60

X axis (mm)

FIG. 1. (a) Schematic representation of the experimental apparatus (not to scale). The white light from a halogen lamp illuminates the sample and two achromatic
doublets form an image onto the slit plane minimizing aberrations. The light from the slit is collimated by an achromatic doublet and sent onto a curved
nanocomposite grating that imposes the necessary optical power to the diffracted wavefronts. Light is collected onto the plane surface of a CCD sensor parallel
to the optical axis (the rainbow-colored plane). (b) Ray-tracing results representing the formation of the spectral lines upon the sensor plane, as discussed below
(see Subsection 2 of the Appendix). From right to left, wavelengths are 450, 500, 550, 600, 650 nm.
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The metal atoms, sputtered from the target, aggregate in the
source cavity to form metal clusters; the mixture of clusters and
inert gas expands through a nozzle forming a supersonic beam
into an expansion chamber kept at a pressure of about 1076
mbar. Electrically neutral nanoparticles exiting the PMCS are
aerodynamically accelerated in a highly collimated beam with
divergence lower than 1° and with a kinetic energy of roughly
0.5 eV/atom. The central part of the cluster beam enters a
second vacuum chamber (deposition chamber) through a skim-
mer, where the beam is intercepted by the polymeric substrate.
The measure of the quantity of material implanted into the
PDMS is obtained by placing a half-masked hard substrate
(glass or silicon) next to the grating during the implantation
process, in order to intercept the same amount of nanoparticles.
The thickness of the cluster-assembled film deposited on the
hard substrate corresponds to the equivalent thickness t¢q in
the case of the metal-polymer nanocomposite. We metallized
PDMS gratings with an equivalent thickness of approximately
60 nm, at a deposition rate of about 0.08 A x s!. This value
of teq provides a diffraction efficiency of some 10% across the
entire visible spectrum.'>:1¢

The gratings have been characterized independently in
terms of the capability of curving the wavefronts and of pro-
ducing small focal spots, as detailed in the Appendix. Here
we just mention that the main limitation in the optical prop-
erties comes primarily from the limited surface quality of the
gratings themselves. The presence of dust on the master can
lead to the formation of local defects in the grating’s pattern.
A smooth surface is essential to ensure a homogenous adhesion
of the grating on the cylinder.

Different gratings have been tested with comparable
results. Measurements have been performed with a spatially
filtered He—Ne laser beam, expanded to a diameter of 10 mm,
as it is the case in our system. Beam shaping is as expected
for both the cylindrical and the diffractive focusing although
some limitations arise that prevent the system to reach a good
spatial resolution. Quantitatively speaking, the beam follows
the geometrical/Gaussian optics laws until the beam size goes
approximately down to 100 pum. Limitations arise when the
size of the beam is measured close to the focal region, where
the beam does not narrow to what is expected from basic
optics rules (a few microns in our case). This limitation may
be linked to wavefront distortions imposed by the grating at
a small length scale, as it is evident from highly modulated
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of the PDMS diffraction grating, taken
after the implantation procedure with a
100x objective. The implantation pro-
cess has not warped the grooves, pre-
viously obtained on the PDMS with a
hard grating that served as a mold. (b)
Schematic representation of the circular
grooves and cross-sectional profile.

\ \ \ FIG. 2. (a) Optical microscope image

intensity distributions measured in the far field of the beam
(Subsection 1 of the Appendix). Nevertheless, since we are
not interested in pushing the resolution to the highest reachable
level, this feature is not limiting our results here: as described in
Sec. II C, the system is mainly limited by defocusing rather
than diffraction.

C. Hyperspectral image reconstruction:
Theoretical and practical considerations

Irrespective of the astigmatic or stigmatic optical power,
working independently on the two perpendicular directions
is the key point of this work. Indeed, cylindrical surfaces
are unique since the metric of a cylinder is conformal to the
Euclidean one.!” Therefore, spacing will be globally main-
tained irrespective of the local orientation of the grooves,
including the case of interest here of circular, equally spaced
grooves. On the contrary, any deformable grating stuck onto
a curved surface will inherit the corresponding metric, thus
changing locally the diffraction properties. We stress here
that cylindrical surfaces also guarantee that the nanocompos-
ite is not affected by any stress, strain, elongation, etc., the
only need being to slightly bend it. In principle, by exploit-
ing this approach, high optical power can be imposed on the
gratings. Some drawbacks are encountered, mainly related to
the current realization of the gratings, as it will be discussed
below.

Several requirements have been identified to reconstruct
hyperspectral images with a system that essentially needs no
optical components other than the grating. First, the vertical
(V) and horizontal (H) focusing conditions must be matched by
adjusting the curvature of the grating together with the radius
of its circular grooves. Second, the defocusing deriving from
reading the light intensity focused onto a curved surface with
a planar CCD sensor must be minimized, possibly without
introducing any further optical elements. We describe here a
condition that minimizes the drawbacks in view of perform-
ing hyperspectral imaging in the visible range and represents
a proof of the concept of the use of elastomeric gratings to
hyperspectral imaging. This is the focus here, to prove the fea-
sibility of a hyperspectral camera without the need of several
optical groups. Notice that the current performances of our
mock-up are somehow limited with respect to a correspond-
ing state-of-the-art device of a comparable size. As mentioned
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FIG. 3. (a) Reference frame adopted in Eqgs. (1) and (2) (top view). (b) Comparison of the horizontal (solid, blue) and vertical (dashed, red) focusing according
to Egs. (1)—(4). The CCD sensor is placed in correspondence to the dashed red line, in the plane perpendicular to the figure. y = O represents the optical axis
as defined earlier. Wavelength decreases along the x axis. This configuration minimizes the differences in focal distance within the wavelength range of interest

here.

earlier and better discussed in the Appendix, this is mainly
due to the surface quality of the gratings at this initial stage of
development.

The parametric equations for the focal positions imposed
in the H direction by the cylindrical surface can be written by
simply using geometrical optics as'>

()= ————, ey

A
Y= ——" 7 )

where A is the light wavelength, d = 740 nm is the groove
spacing, R = 230 mm is the radius of the cylindrical surface, x
is the coordinate along the sensor, and y is the orthogonal axis
in the horizontal plane. The focal length in the V direction can
be obtained on the basis of elementary Fourier optics'® and
gives the following parametric equations:

d2
y=r ﬁ—l, (3)
y(A)=r, 4)

where r = 46 mm is the radius of the circular grooves (mea-
sured on the plane grating) intercepted by the optical axis. We
imposed the same focusing for the H and V directions to occur
in the green at 546 nm (Hg emission line; see below). The radii
of the cylinder (R) and grooves (r) have then been chosen to
form an image of the slit onto the sensor. Finally, the CCD
sensor has been placed in such a way to meet the V focusing
condition, which can be found at a distance of 46 mm from the
optical axis of the system. A magnification of a factor m = 0.83
at 546 nm is obtained so that the image of the slit is 0.25 mm
wide. This corresponds to a wavelength resolution of approxi-
mately AA =2 nm, as evaluated under ideal conditions. A plot
of the magnification measured as a function of the wavelength
is shown in the Appendix. When showing the results, we do

not compensate for the changing magnification, this being just
a rigid scaling of the images which does not affect the main
results.

As it can be derived from the above relations, a crucial
parameter is the groove spacing of the grating. It must be small
enough to determine an effective dispersion and to effectively
separate the diffracted beams. By contrast, a small spacing
introduces a non-negligible dependence on wavelength, which
becomes rampant in the horizontal direction when A ~ d. Here
we have adopted d = 740 nm, which only limits the perfor-
mances in the red portion of the spectrum, as it appears from
the curves in Fig. 3. Apart from the unique wavelength of
546 nm, any other wavelength will be focused out of the
CCD plane according to Fig. 3, thus slightly reducing the
wavelength resolution. To evaluate this effect, we have deter-
mined the size of the defocused slit image at the sensor surface.
Simple geometrical optics arguments used to evaluate the
H size of the defocused image of the entrance slit give the
result shown in Fig. 4, where the width of the intensity distri-
butions at the sensor plane is plotted against the wavelength
A. Moreover, a dedicated ray tracing code has been real-
ized to describe the geometrical optics performances of the
system, as detailed in Subsection 2 of the Appendix. Exper-
imentally, we characterized the resolution of the system by
illuminating the slit with a low pressure Hg—Ar lamp and com-
pared the measured size of the slit images formed onto the

FWHM [nm]
o =

\\‘H‘HV‘

\\‘H‘H

400 450 “500 550 600 650
A [nm]

FIG. 4. Plot of the width of the slit image (converted in nm) as a function of
the wavelength (in nm), obtained as discussed in the text to keep into account
the defocus due to the effect described by Fig. 3.
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TABLE I. Comparison between measured and expected spectral resolution
at three different wavelengths of the Hg lamp spectrum. Symbol * indicates
that the line is actually the doublet at wavelengths 577 nm and 579 nm. For the
spectral resolution at wavelength 578 nm, the theoretical value is indicated in
round brackets, while the expected larger value is derived in the text.

A (nm) Ahmeas (nm) A>\exp (nm)
435 3.7 4.4
546 32 2
578%* 6.1 5.8 (3.8)

sensor to the expected values for the three Hg wavelengths:
A = 435 nm, Ay = 546 nm, and A3 = 578 nm (Ar lines lie
outside the visible range). Notice that A3 is actually a doublet
with wavelengths of 577 nm and 579 nm. We will not be sen-
sible to this small spacing although we will measure a broader
line.

In Table I, we compare the expected resolution evalu-
ated as discussed earlier to the measured ones at the three
wavelengths of the lamp. In the first column, we report the
wavelength A, in the second column, the measured resolution
Almeas, expressed in terms of the FWHM of the slit images,
and in the last one, the theoretical values Aley, expected on
the basis of the simple approach described earlier. Notice that
the larger Alpe,s 1S Obtained at 578 nm, just for the doublet
case. Therefore, we do not compare this number directly to the
expected value obtained from Fig. 3, that is, Akexp =3.8 nm
(reported in parentheses), but we estimate the broadening of
the line on the basis of the known line spacing and by imposing
the expected enlargement to both lines. The result is a width
of approximately 5.8 nm.

As mentioned earlier, each frame collected by the CCD
sensor provides the hyperspectral image of one vertical slice of
the sample. To image the whole sample surface, we translate
it transversely with respect to the optical axis, thus collecting

Rev. Sci. Instrum. 88, 113105 (2017)

a stack of 360 hyperspectral images of slices that covers the
entire sample. The translation step has been chosen to be 50 um
long, smaller than the slit aperture (300 um), which determines
the horizontal spatial resolution of the system. The vertical
resolution has been measured as a function of the wavelength,
by imaging thin horizontal objects illuminated by white light.
We obtain a resolution of about 0.4 mm in the green light of
the Hg lamp, while for other wavelengths it is slightly larger,
anyway within 20%. As a result, a 3D distribution of spec-
tral power is obtained, with a resolution of approximately
60 x 30 independent values in the spatial directions, corre-
sponding to a field of view of 18 x 10 mm, independent wave-
lengths in the range 430 nm—620 nm, with a resolving power of
about 150.

Another issue to be discussed is the way the slit is imaged
onto the sensor for a given wavelength. Due to basic diffraction
arguments, the slit image will not be a perfect straight line but
will have a hyperbolic-like shape instead.'® This is shown in
the Appendix (Fig. 10), where a measure of the Hg lines shows
the spectral line shape, and is compared to the results of ray-
tracing. Nevertheless, the distortion with respect to the straight
line is of the same order or smaller than the linewidth, also for
the optimally focused green line. This means that this effect
can be neglected, at least in our system.

D. Results and discussion

Here we report the results obtained with the apparatus
described earlier from samples with different spectral features.
We only show a few images at given wavelengths, while more
information is available in the online supplementary material,
where the images are shown as short movies in which the
different wavelengths are represented by the elapsing time.
We stress that unfortunately we cannot test the results with an
independent hyperspectral camera so that we actually quantify
the resolution limits and uncertainties on the basis of a set of

FIG. 5. (a) White light image of the
sample, a transparency film with the
writing CIMalNa printed on it with a
CMYK laser printer. [(b)-(d)] Exam-
ples of three hyperspectral images. The
wavelengths are indicated in the upper
left corner of each image.
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ancillary measurements made on the same optical setup, as
discussed in the Appendix. These measurements have been
carefully supported by dedicated models, in order to provide
more general rules to evaluate these parameters for any other
optical realization of a system like this.

Figures 5 and 6 report images obtained at three repre-
sentative wavelengths for samples constituted by color trans-
parencies obtained with a laser printer. The color code is the
CMYK, that is, the usual subtractive model. In both figures,
the upper left panel reports “true” pictures of the samples
obtained in reflected light with a white light illumination. Other
panels show examples of intensity plots for three given wave-
lengths (as indicated in the upper left corner of each panel).
Grey tone code is black for low intensity and white for high
intensity.

Wavelengths have been chosen to evidence the peculiar
behavior of the colors examined through the hyperspectral
method. In particular, in Fig. 5, the logo and name of CIMalNa
are analyzed. Data clearly show that blue and red are formed
by almost pure cyan and magenta, respectively (they show
maximum intensity at 470 nm and 600 nm). On the con-
trary, green is composed by both cyan and yellow, with no
magenta.

In Fig. 6, we report the results of hyperspectral imaging
of a transparency prepared as the previous one, reproducing a
detail of the Cezanne’s painting “Still life with open drawer.”
The blue border of the dish is particularly interesting, com-
pared to the white, lower part of it, which appears bright in the
three wavelengths.

The picture in Fig. 7 has been obtained by transillumi-
nating a small portion of an apple peel with small regions
of different colors. The idea is to analyze a sample that is
not limited by the CMYK printing pattern, which of course
gives hyperspectral images limited to the colors imposed by
the printer. The drawback here is that no independent check

Rev. Sci. Instrum. 88, 113105 (2017)

FIG. 6. Hyperspectral imaging of
a portion of the painting: Cezanne,
Paul. Nature morte au tiroir ouvert.
Oil on canvas, 1877-1879. Musée
d’Orsay. The image was printed on a
transparency film with a CMYK laser.
Photograph by Jean-Pierre Dalbéra,
used under the (CC BY 4.0) license
(https://creativecommons.org/licenses/
by/4.0) https://commons.wikimedia.org/
wiki/File:Nature_morte_(Paul_C%C3%
A9zanne)_(3332859798).jpg.

of the results is possible without a reference hyperspectral
camera. HSI has been recognized as a very powerful tech-
nique for the measurement of quality attributes of fruits.'>?
Apples have been particularly studied with HSI in order to
derive an automatic and rapid assessment of apple firmness,
mealiness, and chilling defects.?’ Different spectral behaviors
of the apple peel are fingerprints of the presence of molecules
such as chlorophyll or anthocyanins whose relative quanti-
ties can be correlated to the organoleptic properties of the
fruit.?!

In Fig. 7, we show the apple and the region from which
the peel has been taken off for the HSI analysis. Figure 8
shows the apple peel transilluminated with white light and
three different images at three wavelengths. Blue images give
very faint signals so that we concentrate on the yellow-red
portion of the visible spectrum. It is evident that the bright
yellow part in the upper right corner does contain appreciable
red components, which would not be evident in the original
picture.

FIG. 7. Detail showing the fragment of the peel taken off from a red apple,
which has been measured with our hyperspectral imaging apparatus.
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lll. CONCLUSIONS

In summary, we have shown the proof of the concept that
adopting stretchable optics in a HSI device can result in a sim-
plification of the apparatus, therefore overcoming the main
difficulties currently preventing cheap and widespread applica-
tions of HSI sensors. A crucial role is played by the deformable
diffraction grating, which gives both diffractive and optical
powers by reflection, thus realizing a diffractive-catoptric opti-
cal device. This makes it easier to minimize aberrations that
are essentially limited to the chromatic diffraction effects.
Moreover, the choice to work with cylindrical surfaces has the
advantage to keep the groove spacing of the grating unchanged.
The current achievement of a hyperspectral camera having a
resolving power of 150 represents a proof of the concept of
several systems based on highly deformable polymeric grat-
ings. The reflectivity of these components has been accurately
studied in previous papers'>!® and sets around 0.6-0.7 in the
visible range.

Current limitations are represented by the non-optimal
surface quality, as discussed earlier, that gives rise to distor-
tions in the diffracted wavefronts. Moreover, an active mount
could compensate large scale deviations from the desired cur-
vature of the surface. Despite the extended spectral range
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FIG. 8. Hyperspectral imaging of the
fragment of a red and yellow apple peel.
Here we show the wavelengths rang-
ing from green to red across the visible
spectrum.

and the simplified optical scheme, it is possible to work with
a traditional CCD sensor and achieve spectral resolution down
to a few nanometers. Even if our system is still not reach-
ing spatial resolution comparable to ordinary hyperspectral
cameras, we think that the reduction of the number of opti-
cal elements represents a relevant step toward miniaturization
and/or easy replication of these systems. Supersonic clus-
ter beam implantation simplifies the fabrication process of
deformable optical elements, which can reduce the overall cost
of the device while ensuring stability and durability. There is a
scope of improvement in the fabrication protocol of the PDMS
gratings that can further enhance the quality of the hyperspec-
tral images. For example, a dedicated photolithographic master
for the gratings may be used to minimize the imperfections of
the grooves.

Besides the usual applications of hyperspectral imaging,
the possibility to realize relatively low cost, easily replicable
spectral cameras may represent one of the best exploitations of
such cameras in astronomy. The general trend of instrumen-
tation for astronomy is toward multi objects?> and integral
field spectroscopies,”® obtained by multiplexing instrumenta-
tion with thousands of multi-mode optical fibers to sample
simultaneously many astronomical objects in view of large
surveys aimed to study galaxies and exoplanets. Examples
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are VIRUS (30 000 fibers).>* The possibility to realize that a
large number of identical, relatively simple instruments could
support these applications in astronomy.

SUPPLEMENTARY MATERIAL

See supplementary material for short movies showing
images of the samples (Figs. 5, 6, 8) where elapsing time rep-
resents the wavelength coordinate of the hyperspectral cube.
Wavelength is displayed on the top right corner.

APPENDIX: FOCUSING PROPERTIES OF THE
GRATINGS AND PARAXIAL RAY-TRACING

We provide here further information concerning the focus-
ing properties of the deformable gratings by characterizing the
intensity distribution of a plane wave in the far field. Moreover,
we report the characterization of distortion and magnification
of the optical system as a function of the wavelength. Spectral
lines show a curved shape that can be accounted for.

1. Quality of the focused wavefronts

A careful characterization of the gratings focusing per-
formances has been carried out. Specific measurements have
been performed with a He—Ne laser beam spatially filtered
and expanded to 10 mm in diameter, sent onto the grating.
The grating is similar to the one described in Sec. II B, except
for the radius of the cylindrical surface, R, which has been
imposed to be 130 mm. In such a way, an astigmatic wave-
front has been generated, thus separating the V and H focusing.
Measurements have been performed along the direction of the
diffracted beam, in order to measure the size variations of the
beam due to the astigmatic wavefront modulation imposed by
the grating. A distance of 40 mm around the two focuses has
been spanned by taking images each of 1 mm. The minimum
size positions for the vertical and horizontal cases are in good
accordance with the expected values obtained from Eqgs. (1)
and (2). Also, the convergence/divergence of the beam is in
good accordance with what is expected for a Gaussian beam.
Nevertheless, around both focal positions, the sizes of the beam
do not decrease as expected, as the focusing ability is drasti-
cally limited. Using different gratings has given similar results,
which are the object of further inspection.

axis (mm)
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FIG. 9. Intensity distribution in the far field of the diverging beam after
the focal position. The overall intensity profile is affected by fine struc-
tures, while the angular extension of the whole beam is in accordance
with the Gaussian optics properties imposed by the horizontal and vertical
curvatures.

First, by focusing the beam through a f = 100 mm positive
lens, a focal spot of approximately 10 um has been obtained,
which is close to the diffraction limit conditions. A similar
condition should then be obtainable also for the astigmatic
focuses of the diffracted beam.

Then, we studied the astigmatic wavefronts in the far field
of the diffracted light. The result is reported in Fig. 9: a finely
structured, inhomogeneous intensity distribution is present.
The overall intensity profile is still imposed by the beam diver-
gence, and it is in accordance with what is expected in terms
of divergence. This confirms that the higher spatial frequen-
cies (larger angles) imposed on the wavefront by the grating
are behaving properly. By contrast, the intensity distribution is
highly modulated on smaller lengthscales in the far field, mean-
ing that wavefront aberrations over a large scale are imposed
at the grating position. As a result, this proves that the beam
diffracted by the grating is affected by extended modulations
limiting the focusing properties.

An estimate of the ratio between the overall intensity dis-
tribution and the smallest speckle size is of the order of 50-100.
This implies that the resolution of the optical system will be
limited by the same factor due to the limited spatial coherence,
bringing to a resolving power of the order of 200 for the groove
spacing adopted here, d = 740 nm. This is slightly smaller than
the resolution obtained from our data.

PPN

30 40 50 60 70

X axis (mm)

FIG. 10. (a) Slit image for the lines at different wavelengths of the low pressure Hg—Ar lamp. (b) Ray-tracing results.
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FIG. 11. Spectrum of the Hg lines obtained from the measurement in Fig. 10.

2. Distortions of the slit images

For a given wavelength, the system is not imaging the
slit as a straight line, introducing a wavelength dependent
distortion effect. As a result, we have modeled this distortion,
in order to take it into account when recovering the images.
Figure 10(a) represents the shapes of the slit images for
different wavelengths [Fig. 10(a)] and the results of a dedi-
cated code for ray-tracing calculated for exactly the geometry
adopted in this work [Fig. 10(b); see below]. In Fig. 11, the
intensity profile of this measurement is shown. As discussed
in the text, distortions are small or at most comparable to the
linewidth so that this effect has not been corrected for in this
work.

However, this may not be the case if the curvature of the
grooves is larger or even if the angular spread of the light
emerging from the slit is larger. In order to give a description
of this effect and to quantitatively evaluate it under arbitrary
realizations of the apparatus, we realized a fully analytical
model of the rays impinging off-axis and then diffracted by
the curved grating with circular grooves, thus exactly repro-
ducing our optical system. Here we report the results of the
off axis rays that impinge onto the grating surface after being
refracted by the lens after the slit. Due to the specific illu-
mination, light is strongly forward directed, thus apprecia-
bly reducing the angular spread of the light (i) entering the
lens and (ii) impinging onto the grating. This makes the sys-
tem working with rays that propagate appreciably off-axis in
the vertical direction, with a considerable effect in distort-
ing the spectral lines. In general, the reduction of the angular
spread would reduce the spectral and geometrical (vertical)
resolution of the optical system. Nevertheless, due to the
limited performances demanded to the system, we maintain
the resolution properties described earlier (and experimen-
tally proved). In Fig. 10(b), we report the results of the ray-
tracing obtained by impinging the grating with rays spread
over a regular array of points spanning overall the illuminated
region (approximately 8 x 14 mm?). Angles are imposed to
cover a spread of 0.06 rad around the directions of the rays
emerging by the lens illuminated by parallel beams from the
slit.
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FIG. 12. We show the magnification as a function of the wavelength. The red
dots correspond to the measured values, each of which has its correspond-
ing uncertainty displayed as an error bar. The blue solid line is the expected
magnification, deduced from Eqgs. (3) and (4).

3. Magnification

By imaging a sample with known size and comparing it to
its image, we measure the magnification in the vertical direc-
tion. In Fig. 12, the magnification in the vertical direction is
shown as a function of the wavelength. It depends on the wave-
length just due to the change of focal distance of the grating.
This allows for a simple evaluation of the magnification.
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