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Abstract. A method to drastically enhance detection efficiency of a linear variable filter (LVF)
sensor across an extended and continuous wavelength range is presented. The efficiency is
increased by a wavelength preselection concept, where the incoming light is divided into partial
spectra to reduce otherwise unavoidable reflection losses of filter-based spectrometers. The sim-
ple but effective setup uses selected and successively arranged dichroic beamsplitters, which
ensures an optimized compromise between efficiency enhancement and minimum increasing
complexity. When connected to a two-dimensional camera and combined with a tilted LVEF, this
compact optical system allows the continuous recording of the full wavelength range between
450 and 850 nm with a resolution of ~19 nm at 508.6 nm. An efficiency enhancement factor of
up to 5.7 is achieved in comparison to a conventional LVF setup. The working principle was
verified by measuring the reflection spectra of different natural and artificial green leaves. The
proposed approach for increasing the efficiency can be miniaturized and applied to a broad range
of other filter-based sensors. © The Authors. Published by SPIE under a Creative Commons Attribution
4.0 International License. Distribution or reproduction of this work in whole or in part requires full attri-
bution of the original publication, including its DOI. [DOI: 10.1117/1.JOM.1.4.044501]
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1 Introduction

Spectroscopic analysis is no longer confined to science and laboratories. There is a growing
demand for spectroscopic instruments with very ambitious instrumental requirements to work
in extended application fields: process control for manufacturing industries, such as food! and
pharmaceutical® industries, and screening a broad range of factors for agriculture and the envi-
ronment,’ to name only a few. During the past decade, filter-based spectrometers have drawn
attention, especially because of their potential for miniaturization. Filter-based spectrometers can
have an extremely compact and rigid design without any moving parts, consisting of only a filter
array or longitudinally variable filter placed in front of a sensor array, for example, a charge-
coupled device (CCD) or complementary metal-oxide—semiconductor, to capture a spectrum in
one shot. A variety of spectral filters and structures, often micrometer-sized, have been devel-
oped, such as plasmonic color filters,*> photonic crystal arrays,® single nanowires,” absorptive
filter arrays composed of either conventional colloidal quantum dots® or perovskite quantum
dots,” Fabry—Pérot (FP) filter arrays,'o"'2 and linear (also called “continuously”) variable
filters'>** [linear variable filters (LVFs)]. An important benefit of such types of spectrometers
compared to grating-based spectrometers is the possibility of detecting a broad spectral range
with high spectral resolution despite their small size.'> They can be implemented using a large
number of narrowband filters or an appropriate gradient for the LVF. For example, the reported
three FP filter arrays comprise 192 individual filters with a size of 40 X 40 ym and cover a
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spectral range between 521 and 685 nm. The full width at half maximum (FWHM) of the indi-
vidual transmission curves is nearly 3 nm (ranges from 1.7 to 5 nm)."!

Among the several advantages of filter-based spectrometers, a fundamental disadvantage is
its low detection efficiency. This limited efficiency can be attributed to most of the broadband
incident light passing through narrowband filters (or small regions of LVFs) being reflected or
absorbed. Thus, even if ideally, the entire amount of light to be analyzed is distributed exactly
over the filter array area (or along the dispersive axis of the LVF), most of the light fails to reach
the detector. One approach to improve the efficiency of such filter-based spectrometers utilizes a
spectral preselection method, in which the incoming light to be analyzed is divided spectrally
and spatially into partial ray bundles and delivered to appropriate filter areas, which only cover a
limited spectral range. A suitable implementation of the spectral preselection method requires a
compromise between efficiency enhancement and minimum increasing complexity. There are
various methods to accomplish a spectral preselection, e.g., using Koster prisms or micro prisms.
Another simple approach uses multiple dichroic long-pass beamsplitters successively arranged
and aligned to the filter arrays for the respective spectral subbands. Although the possibility of
increasing efficiency was principally demonstrated earlier,” this study was limited to a proof-of-
concept, restricted to a small 160-nm wide wavelength range and demonstrated without any
spectrum acquisition. Experiments were based merely on intensity comparison and without
losses analysis of the system.

The scope of this study refers for the first time to the application of the preselection concept
to acquire a continuous spectrum across an extended wavelength range (450 to 850 nm) without
“wavelength gaps,” thereby increasing the detection efficiency by a factor of up to nearly 6.
Therefore, a simple but effective approach of the preselection concept based on successively
arranged dichroic beamsplitters was significantly expanded, combined with a tilted LVF, and
connected to a 2D camera. Several broadband spectra were detected to demonstrate the working
principle. In particular, the emission spectrum of a halogen lamp and the reflection spectra of
natural and artificial leaves were measured. The transmission and reflection data of the beams-
plitters and mirrors were used to estimate the module losses or approximate the increase in effi-
ciency achieved.

2 Working Principle

In this work, the wavelength preselection principle was applied to create an efficiency-enhanced
module employing an LVF as the spectral-resolving element. An LVF is a wedge filter that con-
tinuously changes the transmission wavelengths along one axis (longitudinal) while transmitting
the same wavelengths along the perpendicularly oriented lateral axis. To date, several types of
LVF have been developed, including metal—dielectric'® and all-dielectric structures.'*>> The
latter ones became more prevalent and are already commercially available,'®!” with wavelength
ranges covering, e.g., 320 to 560, 450 to 850, and 800 to 1100 nm,'® or infrared (IR) regions,
such as 0.9 to 1.70 or 2.5 to 5.0 yum.'” Numerous applications and devices based on LVFs have
been reported, such as gas'® and liquid®® measurements, thin-film measurements,”' broadband
spectrometers for current NASA space missions,?” order sorting filters for commercial grating
spectrometers,”* multispectral and hyperspectral imaging,”*® commercially available LVF
monochromators,”’ and hyperspectral video cameras.?® The variable design of an LVF with dif-
ferent transmission distributions enables a flexible design of this concept.

Figure 1(a) shows the schematic of the LVF-based module. A broadband silver mirror redi-
rects the incoming light (white light) to successively arranged dichroic long-pass beamsplitters
(e.g., 1 to 5). These beamsplitters divide the incoming broadband beam into partial spectra or
subbands (e.g., blue, green, and yellow subbands), which are reflected to the LVF and illuminate
its entire longitudinal direction. Depending on the specific arrangement, this principle is multiple
times more efficient than the conventional approach in which the white input light bundle is
expanded to illuminate the entire LVF dispersive direction, as was realized, for example, in
Ref. 20. Figure 1(b) shows an example using nine subbands by applying a matrix combining
3 X 3 beamsplitters to illuminate filter arrays. The matrix arrangement is beneficial concerning
reduced cumulative transmission losses (see Sec. 4.4 of the study” and Sec. 5 of this work). For
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Fig. 1 Possible spectral preselection concepts based on dichroic beamsplitters. (a) The LVF is
illuminated along its entire longitudinal direction with multiple ray bundles (e.g., 1 to 5), which
are partial bands of the broadband incoming light divided by successively arranged dichroic
long-pass beamsplitters (one row). The light distribution transmitted through the LVF hits the
detector. (b) Example for 2D preselection: Nine subbands are created using a matrix of suc-
cessively arranged beamsplitters to illuminate filter array groups (c) Method of continuous
spectrum detection using rectangular ray bundles with their axes rotated relative to the
LVF axes.

example, the last subband (number 9) in Fig. 1(b) is created by four transmissions and two
reflections, instead of eight transmissions and one reflection, which are necessary when the pre-
selection filters are arranged successively in a single row. In this study, using an LVF (trans-
mission wavelength changes in one direction) the appropriate layout uses a row of beamsplitters,
as shown in Fig. 1(a).

This simple layout possesses some problems that must be solved. First, the maximum num-
ber of dichroic elements is limited by the LVF size, substrate thickness of the dichroic elements,
and cumulative transmission losses, which increase after transmission through each subsequent
beamsplitter. Second, the thickness of the dichroic elements creates an unavoidable light gap on
the LVF, even when the beamsplitters are positioned closest to each other. Thus, the substrate
edge of the previous beamsplitter limits each bundle, as shown in Fig. 1(a), and an incomplete
spectrum, where some wavelengths are lost, is obtained. The size of the gap can be estimated by
knowing the thickness of the substrate and its refractive index. To reach the minimum possible
gap, the incoming ray bundle should reflect from the deflection mirror in such a way that it
passes the first beamsplitter (defined by refraction) close to the corner [see Fig. 1(a)]. By choos-
ing the right distance between the beamsplitters, the optimal behavior of all ray bundles can be
reached. The gaps may be compensated by introducing a slight tilt between the main axis of the
LVF and the orientation of the dichroic filter stack, as shown in Fig. 1(c). A continuous spectrum
without any wavelength gap can be generated by connecting the partial spectra represented by
the dotted lines. Such an assembly is robust and easy to accomplish.
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3 Mechanical Layout

The mechanical layout of the spectrometer was based on selected commercially available optical
elements. The LVF (LF103252; Delta Optical Thin Film'®) offers the following relevant param-
eters: wavelength variation between 450 to 850 nm within a length of 24.7 mm, FWHM of 4% at
the central wavelength, and average transmission between 70% (blue region) and 90% (near-IR
or NIR region). The blocking level was OD4 for a wavelength range of 200 to 1100 nm. The
substrate was 2 mm thick. Based on the physical and optical properties of the LVF, seven mirrors
and beamsplitters were chosen to separate the incoming light into six spectrally and spatially
separated ray bundles. The first and last were broadband reflective mirrors (Chroma Technology,
sputtered enhanced silver mirror) with an average and absolute reflection of > 98% and >95%,
respectively, in the wavelength range of 380 to 1100 nm. Figure 1(a) shows that the first mirror
redirects the entire input light to the dichroic elements, whereas the last mirror reflects the last ray
bundle, which is already transmitted through all beamsplitters, to the LVF. The other five optical
elements (second to sixth) are dichroic long-pass beamsplitters, which operate at an angle of
incidence of 45 deg. The choice of these beamsplitters is based on their availability provided
by advanced manufacturers (Semrock, Chroma Technology) and their optical parameters are
summarized in Table 1. Such beamsplitters are most commonly used in fluorescence spectros-
copy (microscopy) and Raman spectroscopy. In combination with other (non-dichroic) filters,
which offer better blocking factors of up to OD6, the dichroic beamsplitters are able to effec-
tively separate an extremely weak signal from the intense excitation wavelength.

Figures 2(a)-2(d) illustrate the chosen beamsplitters with their transmission characteristics in
connection with the LVF transmission data at certain positions and the applied geometry of the
mechanics. The dimensions of the entrance aperture were chosen as 3.1 X 10 mm to illuminate
the entire longitudinal direction of the LVF. Thus, the six partial ray bundles are shown in
Fig. 2(b) as bright rotated rectangles with dark edges. All consecutive optical elements were
either 1 or 1.1 mm (2£0.05 mm) thick, creating a minimal gap on the LVF surface between the
partial ray bundles of nearly 1.2 mm. The approach of continuous spectrum reading, which
compensates for the gaps, is demonstrated by three colored lines in Figs. 2(b) and 2(d), and
described in the next paragraph. This approach can be realized owing to the tilt position of the
beamsplitter assembly relative to the LVF. The minimal angle of rotation « is defined as
a = arctan(g/w), where g and w are the gap width and length of the ray bundle (aperture),
respectively. For this system, o = 6.8 deg. A larger rotation of 24 deg was applied to ensure
a sufficient overlap of the previous and next ray bundles.

Figure 2(b) shows the black dashed lines on the LVF, dividing it into six equal sections,
which are equal to the number of partial ray bundles for the system. These dashed lines define
the longitudinal positions on the LVF, marked with different geometric symbols. The central
transmission wavelengths of the LVF at these positions are shown in Fig. 2(c) based on the
LVF transmission data. The five beamsplitters were chosen based on their edge wavelength (the
position where the transmission is 50%) with the closest possible value to the marked LVF val-
ues. The chosen beamsplitters satisfy the requirement almost exactly [compare the indicated
values in Figs. 2(a) and 2(c)].

The quality of the continuous spectrum to be obtained depends not only on the selected
optical elements but also on the appropriate pattern of the raw spectrum reading. The method
is illustrated in Figs. 2(b) and 2(d) and demonstrates the reading of a part of the entire spectrum.
First, the three yellow lines shown in Fig. 2(b) should be considered. The first line starts at the
blue region of the LVF (450 nm) and ends optionally, where the second line starts at the next
longitudinal pixel. At the position of the dashed line, the end of the second and the beginning of
the third line accomplish the important transition between different partial ray bundles.
Approximating this position intensity decreases to 50% because the dashed line position (at
520 nm) matches the edge wavelength of the first beamsplitter [see Fig. 2(a)]. Thus, ideally,
the expected raw spectrum measured by this method can possess only five wavelength regions
with decreased intensity (near the five dashed lines). The spectral width of these regions where
the intensity decreased is defined by the full edge of the beamsplitters, i.e., the spectral region
between the end of the reflection and the beginning of the transmission band. For example,
Table 1 shows that the entire edge of the first beamsplitter is 512 to 528 nm. This reading method
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Fig. 2 Correspondence of the relative mechanical positions of the LVF with dichroic beamsplitters
(1 to 5) and mirror (6) with their transmission curves. (a) Measured transmission curves of
the beamsplitters from representative production lots with indicated edge wavelengths.
(b) Representation of the mechanical layout between the LVF and partial ray bundles created
using beamsplitters and mirrors. The dashed lines denote the lateral positions where the trans-
mission peak of the LVF is observed. The yellow lines (1 to 3) present an approach of continuous
spectrum reading. (c) Peak transmission wavelengths at different longitudinal positions of the LVF.
(d) Prolonged yellow lines improve the approach of continuous spectrum reading.

is sufficient to create a continuous final spectrum from the raw data. However, for the cases in
which the intensities of the measured spectrum approach zero near these edge positions, a slight
improvement in this method is beneficial. Figure 2(d) shows the extension of the second yellow
line by the red dotted line. Within the full edge of the first beamsplitter, the light detected by the
red dotted line matches the missing portion of the light of the third yellow line. This seems to be
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Table 1 Optical parameters of the dichroic long-pass beamsplitters.

Reflection Edge Angle of
Beamsplitter band?® Transmission wavelength® incidence
number Part number (nm) band® (nm) (nm) (deg)
1 FF520-Di02-25 x 36 350 to 512 528 to 950 520 45+15
2 FF605-Di02-25 x 36 350 to 596 612 to 950 606 45+1.5
3 FF685-Di02-25 x 36 350 to 676 695 to 950 686 45+1.5
4 FF757-Di01-25 x 36 450 to 746 768 to 1100 759 45+1.5
5 T810lpxr 606 to 791 817 to 1179 812 45+1.5

#Specified as a spectral region with an average reflection R,,q > 98%.
bSpecified as a spectral region with an average transmission Tavg > 93%.
°Based on the manufacturers’ measurements of representative production lots.

counterintuitive, but the values with the same longitudinal position of the red line should be sum
up with the values of the third yellow line. More precisely, starting at the black dashed line
position, third yellow and red lines have nearly the same intensity, which means an equal amount
of light, 50%, is reflected and transmitted by the first beamsplitter (and reflected by the second).
Then, approaching the boarder of the indicated full edge, the end of the red line gets completely
dark and the yellow line has the complete intensity. Thus, summing up the line values located at
the same longitudinal LVF positions, the whole redistributed light is detected. The same pro-
cedure should be followed for the green dotted line shown in Fig. 2(d), which completes the
intensity of the second yellow line. Finally, the entire edge region is reconstructed.

—

Fig. 3 Photographs of the optomechanical module. (a) Front side of the incomplete module, show-
ing the relative angle between the LVF and dichroic beamsplitters/reflecting mirrors to be
assembled. (b) Front side of the assembled module. (c) Rear side of the module, showing the
LVF. As an example, some visible partial ray bundles appear when the closed module is pointed
toward a halogen lamp. (d) Closed module connected to a CCD camera. A rectangular entrance
aperture, 3.1 x 10 mm in size, is visible.
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The chosen optical elements were mounted on an optomechanical module to connect to a
CCD camera. Photographs of the module are shown in Figs. 3(a)-3(d). The housing was
fabricated by a selective laser sintering method with black polyamide (PA12) as the applied
material. Figure 3(a) shows the incomplete module with only the assembled first mirror and
beamsplitter, where a relative angle of 24 deg between the LVF and beamsplitters to be
mounted can be identified. The front side of the opened module with assembled mirrors,
beamsplitters, and the LVF is shown in Fig. 3(b). Figure 3(c) shows the rear side of the
closed module with the mounted LVF. In this photograph, the closed module was pointed
toward a halogen lamp, making several partial ray bundles visible. The closed module con-
nected to a CCD camera is shown in Fig. 3(d), where the rectangular entrance aperture is
visible. The monochrome camera has a full-frame CCD sensor chip KAI-29050-A with
6576 x 4384 pixels and lateral pixel dimensions of 5.5 % 5.5 yum. Owing to the protection
glass of the CCD chip, the distance between the LVF and CCD chip is 1.7 mm. To achieve
better resolution, one side of the LVF with the narrow band layer stack faces the CCD chip,
whereas the other side, the so-called “blocking side” of the LVF, faces the incoming light. A
description of similar LVF layer structures can be found elsewhere."

4 Experimental Verification

The continuous spectra should be analyzed to experimentally verify the working principle of the
module. The module provides efficiency enhancement in the case where possibly all the avail-
able light to be analyzed is directed to the aperture. For example, this occurs when the light to be
analyzed is delivered through a fiber with collimating optics. Thus, ideally, the parallel light
bundle with a size approaching that of the aperture enters the system and then gets spatially
and spectrally distributed to illuminate the entire LVF. Based on this principle, the following
measurements were obtained using an optical fiber: the emission spectra of a halogen lamp and
mercury—cadmium (HgCd) spectral lamp, used mainly for calibration, and the reflection spectra
of artificial and natural leaves.

For all measurements, a multimode optical fiber with a core diameter of 105 ym and an NA of
0.1 was used (Thorlabs M94L.02). To focus and collimate the light to be analyzed, two protected
silver reflective collimators were used (Thorlabs RCOSFC-PO1 and RC12FC-P01). Their average
reflectance was >97.5% for a wavelength range of 0.45 to 2 um, and they were based on off-axis
parabolic mirrors. The RC12FC-PO1 collimator was used to illuminate the entrance aperture
(another one, RCO8FC-PO01, to focus the light into a fiber). Using this collimator with effective
focal length of 50.8 mm in conjunction with the 0.1 NA optical fiber, a collimated output beam
with a diameter of ~10.16 mm was created.

The assembled system was adjusted by illuminating with a halogen lamp. Figures 4(a)—4(d)
show the measurement results of the halogen lamp using the spectrum reading method and its
improved modification (see the penultimate paragraph of the third section). The primary method,
without improvement, is crucial for understanding the spectra to be presented and is also used in
the last section. To recognize the initial spectrum of the source, the normalized spectrum of the
same halogen lamp generated by the commercial JETT spectroradiometer (Specbos 1211UV) is
presented in Fig. 4(b) as a red dashed line. After choosing the appropriate reading line pattern,
shown by the colored longitudinal lines in Fig. 4(a) and in Fig. 4(c), five pixel rows were
averaged.

For simplicity, all spectra are already calibrated, and the horizontal axes are shown in wave-
lengths. The LVF transmission data presented in Fig. 2(c) and the raw spectrum of the HgCd
spectral lamp were used for calibration, i.e., convert the spatial pixel intensity information (gray
value for pixel number) into pixel intensity as a function of incident wavelength. The CCD
camera image and raw spectrum of the HgCd lamp are shown in Figs. 4(e) and 4(f), respectively.
For the calibration, two detected spectral lines of the HgCd lamp, 643.9 and 508.6 nm, were
used, and the tabulated values were precisely defined using the atomic spectra database.*® To
ensure correct calibration, some other detected spectral lines, whose tabulated values were
546.1 nm and double line 577 and 579.1 nm, were found at 547.6 and 577 nm (double line),
respectively.
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Fig. 4 Measurements of continuous spectra. (a) CCD camera image when measuring the spec-
trum of the halogen lamp. The yellow lines indicate the measurement directions. (b) Raw spectrum
of the halogen lamp (blue curve) and the reference halogen lamp spectrum measured using a
commercial spectroradiometer (dashed red curve). (c) Improved reading method applied to the
CCD image of the halogen lamp. The rearranged yellow lines, in connection with red and green
lines, complete the previously decreased regions of the raw spectrum. (d) Reconstructed raw
spectrum of the halogen lamp using an improved reading method (e) CCD camera image when
measuring the spectrum of the HgCd lamp and its magnified active part. (f) Raw spectrum of the
HgCd lamp.

The raw spectrum of the HgCd lamp also demonstrated the resolution of the system. The
FWHM of the fitted curves was nearly 4% of the central wavelength, close to the specification
value of the LVFE. Figure 4(f) shows that the obtained FWHM of the spectral lines increases
toward longer wavelengths. For example, the FWHM of the 508.6 and 643 nm lines were nearly
18.7 and 20 nm, respectively. Two lines, 467.8 and 480 nm, were not resolved.

Next, we present a more detailed discussion of the raw spectra of the halogen lamp shown
in Figs. 4(b) and 4(d) measured using the primary and improved reading approaches, respec-
tively. The raw spectra differ strongly from the reference spectrum measured using a commercial
spectroradiometer, shown by the red dashed line in Fig. 4(b). This can be explained on the basis
of several factors that influence the initial spectrum: CCD sensor response and its cover glass
transmission, transmission of the LVF at different longitudinal positions, a combination of
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transmission and reflection data of dichroic elements for each of the six partial ray bundles, and
intensity distribution of the collimated beam. The influence of this beam intensity distribution is
clearly visible as abrupt decreases in the spectrum, which appear because of the spectrum reading
method—different reading lines are relocated over the partial ray bundles with specific intensity
distributions. Thus, sudden changes in the intensity level appeared accordingly. One such
decrease is indicated by the black arrow in Fig. 4(b). Other features, such as relatively fast but
continuous decreases, are present in the spectrum generated using the primary reading method.
This generated raw spectrum contains five regions with decreased intensities, indicated by the
numbers 1 to 5 in Fig. 4(b). These correspond to the regions where the edge wavelengths of the
beamsplitters appear. The lowest positions of these decreased regions (1 to 5) occur at 518, 605,
685, 757, and 809 nm. This proves the correct optomechanical layout presented in Fig. 2 and
wavelength calibration. To reconstruct these decreased regions, the improvement in the reading
method was applied. As explained in Fig. 2(d), extending the yellow lines by red and green lines
and summing up the corresponding values produces the “repaired” raw spectrum shown in
Fig. 4(d). This is accomplished by rearranging the yellow lines to extend the additional red and
green lines as much as possible. It was possible to fully reconstruct the decreased regions from
one to four (see also the previously mentioned influence of the beam intensity distribution), but
not the fifth region, owing to the nonlinearity of the LVF transmission data in connection with the
symmetrical mechanical layout. Nevertheless, the raw spectra have a sufficient gray value level
along the entire detection region that avoids loss of information during continuous spectrum
acquisition. The shown improvement in the reading method is beneficial for spectra with a strong
intensity amplitude approaching zero within the spectrum.

To provide application-oriented measurements, the reflection spectra of green natural and
artificial leaves were obtained. The final spectra of these specimens were generated in three
simple steps. The first two steps are the consecutive measurements of the source and reflection
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Fig. 5 (a) Photograph of the measured green natural leaves (leaf number one and two) and an
artificial leaf (number three). (b) Negative CCD camera image during measurements of the reflec-
tion spectrum of the second natural green leaf illuminated by a halogen lamp. (c) Raw reflection
spectrum of the second natural green leaf. (d) Calculated reflection spectra of the leaves.
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of the sample placed in the path of the beam. The third step is the division of the raw sample
spectrum by the raw source spectrum, which delivers the desired final spectrum of the sample. A
photograph of the measured leaves is shown in Fig. 5(a). The dark and bright natural leaves are
indicated by numbers one and two, and artificial leaf is indicated by the number three. As an
example, Fig. 5(b) shows an inverted CCD camera image obtained by measuring the second
natural leaf illuminated by a focused halogen lamp. The raw reflection spectrum of this leaf
is shown in Fig. 5(c). Several decreased intensity regions are explained by the same influences
described in the previous two paragraphs and can also be observed in Fig. 4(d).

The final calculated reflection spectra of the leaves are shown in Fig. 5(d). The resulting
spectra demonstrate the well-known behavior of green natural leaves: one clear peak at approx-
imately 550 nm and a strong increase (known as the red-edge) between ~680 and 710 nm with a
further high reflectance value in the NIR range owing to the chlorophyll content. In contrast, the
artificial green leaves do not exhibit a clear increase in reflectance in the red and NIR wavelength
regions. It is to be noted that the calculated spectra of the leaves start at 500 nm because of the
weak signal between 450 and 500 nm.

5 Achieved Efficiency Increase and Spectra Simulations

The proposed system is shown to be capable of measuring continuous spectra in the wavelength
range of 450 to 850 nm. To estimate the efficiency enhancement achieved, the intensities of the
input light bundle of the presented and typical systems should be compared in conjunction with
the cumulative transmission losses of the beamsplitters used. The comparison of the intensities of
the light bundles is based on the comparison of the areas of the light bundles required to illu-
minate the presented and typical case of the system, because the intensity is inversely propor-
tional to the illuminated area. By creating six partial ray bundles, the proposed system based on
the optomechanical layout described earlier (see the first two paragraphs of the third section)
achieves an efficiency increase factor of ~6, neglecting the losses of the beamsplitters.

The calculations for estimating the losses of the beamsplitters were based on their optical
characteristics. The transmission data of all dichroic beamsplitters, which are shown in Fig. 2(a),
and two mirrors were used to create the continuous graph shown in Fig. 6(a). This graph dem-
onstrates the amount of light available after transmission and reflection during the spectral pre-
selection process. The intensity values drop from 450 to 850 nm owing to the cumulative losses
of the consecutive beamsplitters. To create this continuous graph, the entire spectral region was
divided into eleven subregions n. These consist of six regular reflection regions of partial ray
bundles and five edge regions (transition regions). For each subregion, the loss coefficient C,, is
defined. After interacting with the beamsplitters, the initial intensity Iy(1) changes to
I,(1) = C,Iy(A), where I,,(4) is the resulting intensity of the appropriate subregion n. For the
graph shown in Fig. 6(a), we assumed that /, = 1 for all wavelengths. Thus, the values of the
loss coefficient C, over the entire 450 to 850 nm region can be obtained.

For each subregion, the appropriate combination of the reflection and transmission values of
the beamsplitters and mirrors is defined as the loss coefficient C,,. Since absorption is assumed to
be zero, the transmission and reflection values are described by the simple relation R = 1 —T.
As an example, the light of the first partial ray bundle in the regular reflection region is created
by the reflection from the first deflection mirror (R,,) and the first beamsplitter (Rp).
Consequently, the loss coefficient for this 450 to 512 nm region is described as R,,Rp.
The second region 512 to 528 nm is the transition region: full edge of the first beamsplitter.
The loss coefficient of the second region is defined as R,,(Rp; + T Rp,). Thus, the light after
reflection on the deflection mirror (R,,) is redistributed by the first beamsplitter (reflected and
transmitted, Rp; and T 'z, respectively), and the transmitted part is reflected by the second beam-
splitter Rp,. Continuing the procedure, all the loss coefficients can be defined. The maximum
loss of the system is precisely defined by the last loss coefficient as R,,Tp1 T Tp3TpsTpsR,-
This indicates that the light of the last region (817 to 850 nm) is reflected by the first mirror, then
transmitted through all five beamsplitters, and finally reflected by the last mirror. In the last
wavelength region (817 to 850 nm), an average value of nearly 85% of the initial intensity was
achieved, as shown in Fig. 6(a). Curve oscillations originate from the multiplication of the
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Fig. 6 (a) Cumulative transmission and reflection losses of the beamsplitters and mirrors. (b) CCD
sensor response with its cover glass transmission (red curve), normalized curve generated from
integrated transmission intensities of the LVF at different longitudinal positions (black curve).
(c) Comparison of the measured raw spectrum of the halogen lamp (blue curve) and theoretical
(designed) raw spectrum of the halogen lamp (red curve). The spectra are created with the
improved spectrum reading method, as shown in Fig. 4(d). (d) Comparison of the measured raw
spectrum (blue curve) of a halogen lamp (placed 3.5 m away) and the theoretical raw spectrum
(red curve) of the halogen lamp. The spectra are evaluated with the primary reading method,
shown earlier in Fig 4(b) for fiber-based measurements.

discrete transmission/reflection data of the beamsplitters. This includes oscillations arising from
the dielectric interference coatings of the beamsplitters [see Fig 2(a)]. Considering the initially
discussed efficiency enhancement factor of 6 and the 15% losses, the final efficiency increase
factor for the last region is ~5.1. For the previous regions, the factor is larger and is ~5.7 for the
first region (450 to 512 nm), where losses of up to 5% appear owing to reflections on the first
deflection mirror and the first beamsplitter.

To support the correct estimation of the beamsplitters losses we simulated the raw CCD
signal of the halogen lamp and compared it with the experimental raw spectrum shown in
Fig. 4(d). The raw spectrum of the halogen lamp was simulated (predicted) by incorporating
the factors influencing the system, i.e., the transmission and reflection characteristics of all the
optical elements used and the CCD sensor response. Figure 6(a) shows the beamsplitters losses
described earlier. Figure 6(b) shows the CCD sensor response with its cover glass transmission
(red curve) and normalized curve generated from the integrated transmission intensities of the
LVF at different longitudinal positions (black curve). These defined system influences were
multiplied with the initial spectrum data of the halogen lamp, which was measured using the
spectroradiometer shown in Fig. 4(b) and used as a reference herein. Figure 6(c) presents a com-
parison of the raw spectrum of the halogen lamp measured with a collimated optical fiber output
(blue curve) and a simulated raw spectrum for the case of an ideally parallel input light (red
curve). The two spectra presented in Fig. 6(c), theoretical and experimental, show quite similar
enveloping behavior. The main differences can be explained by the lateral intensity profile of the
input light bundle in connection with the spectrum reading method. In addition, close to the edge
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of the last beamsplitter, a strongly decreased region is observed at ~810 nm (see the penultimate
paragraph of the fourth section).

The validity of the theoretical predictions can be emphasized by another simple spectra com-
parison. Therefore, a measurement was conducted using a distant halogen lamp (~3.5 m away).
In this configuration, a quite parallel light bundle enters the system at the location of the entrance
aperture. More precisely, with a light bulb filament nearly 10 mm in size, the full divergence
of the source is only 2.8 mrad (0.16 deg) at the position of the entrance aperture. Figure 6(d)
shows a comparison of the raw spectrum of the measured halogen lamp and the theoretically
designed spectrum. Here, the primary reading method, shown earlier in Fig. 4(b) for fiber-based
measurement, was used for this comparison to additionally demonstrate the positions of the edge
wavelengths of the beamsplitters. The theoretical and experimental values shown in Fig. 6(d) are
very similar, proving the well-designed theoretical reconstruction. The differences between two
curves could be attributed to several factors. The main factors are probably the residual diver-
gence of the source (distant halogen lamp) and residual stray light inside the housing. In con-
nection with the long caption time it may be the reason for excessive intensity of the raw
spectrum curve (especially IR region) in comparison to the designed curve. Some minor factors
are uncertainties caused by calibration and reading processes and by adjusting the module.
Consequently, based on the mentioned comparison, the estimated beamsplitters losses of a maxi-
mum of 15% and an efficiency increase factor of up to 5.7 are considered plausible.

6 Conclusions

An efficiency enhanced module for continuous spectra acquisition based on multiple beamsplit-
ters and an LVF was presented, including its simple assembly, measurement method, and loss
analysis. An efficiency increase factor of more than five was achieved with the chosen opto-
mechanical layout. The working principle is demonstrated by the measurements of the emission
spectrum of a halogen lamp and reflection spectra of natural and artificial green leaves—most
importantly, without the loss of any wavelengths in the entire spectral region (450 to 850 nm).
This system was accomplished using only commercially available LVF and beamsplitters. Using
freely designed LVF parameters, such as dimensions, wavelength range, and resolution, appli-
cation-tailored efficient spectrometers can be designed. Other filter types, such as quantum dot
systems, may be expected to also benefit from spectral preselection if an appropriate arrange-
ment is implemented.

Furthermore, it was shown that beamsplitters already exhibit fully sufficient characteristics
and produce reasonable results because of their moderate losses. Thus, we demonstrated the high
potential of the spectral preselection concept for diverse filter types, as well as extended the
established reasonable limit for using successively arranged beamsplitters for other reported
applications, such as color imaging.?’ The beamsplitters could also be customized to increase
the edge steepness or increase the reflection and transmission even closer to 100% for the desired
spectral region, for the most effective spectral preselection. It is believed that thin-film technol-
ogy can aid the successful implementation of a simple concept in the near future.

Planned future work includes customized dichroic optics and improved arrangement of
dichroic elements, which could be based on the increased use of reflection (or multiple reflec-
tions), along with the continuous search of filter types whose efficiency could be drastically
increased. To improve the resolution of the system other filter type (or alternatively filter array)
with better resolution should be taken. Finally, this spectral preselection concept may be applied
to hyperspectral imaging systems, which are also limited by low efficiency. The solution can be
based on creating an intermediate image and an extended parallel light bundle within such
systems.
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