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O.L. Kukla, Yu.M. Shirshov, A.L. Biletskiy, O.M. Fedchenko, O.S. Kondratenko

V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine,

41 Nauky Avenue, 03028 Kyiv, Ukraine
Corresponding author e-mail: alex.le.kukla@gmail.com

Abstract. Optical characteristics of a chromatic sensor for detecting gas media based on the
surface plasmon-polariton resonance (SPR) effect were calculated during recording color
spectrum responses of the reflected beam. At this, spectral characteristics of all the
components of the optical system (radiation source, photodetectors and multilayer reflective
structure) in the visible light range were taken into account. Based on these calculations, a
method for assessing the hardware sensitivity of the SPR sensor to changes in the external
environment characteristics (refractive index or permittivity) was proposed. A thin silver
film on the base face of a prism in the Kretschmann geometry was used as a sensitive
element for modeling and experimental investigations. This enabled a full-fledged SPR
effect in the entire visible spectral range of 400...700 nm. Colorimetric registration of the
reflection spectra using a color webcam with R, G, B output signals as the optical response
was implemented.
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1. Introduction

The surface plasmon resonance (SPR) effect [1] is the
physical basis of a wide class of sensors for recording
biomolecular interactions in solutions and volatile
molecules in gas phase. It has been paid close attention
over the past decade [2—8]. To measure sensor responses,
plasmon resonance and its change under the influence of
the analyzed medium are detected in several ways such
as by the angle of minimum reflection or change in the
reflection amplitude under monochromatic illumination,
and wavelength value for a fixed angle under white light
illumination [3, 4]. In the latter case, an SPR sensor
operates in the spectral (chromatic) mode. It has been
shown in particular that such a polychromatic recording
method has undoubted advantages in the design of
multichannel biosensors [1,9, 10]. However, this
requires use of expensive spectrometers in the visible and
near IR region, which significantly reduces attractiveness
of the method. At the same time, miniature video
cameras and even smartphones have been actively used
recently as optical signal recorders. A number of papers
report use of a color web camera instead of a spectro-
photometer to assess the change in the color of the
reflected beam under white light illumination [11-22].

Application of this registration method can be expanded.
For example, it is possible to register both the full multi-
color reflection spectrum in a certain range of incidence
angles of a diverging white light beam, or to register only
a certain part of the reflection spectrum corresponding to
different incidence angles. Another variant of the spectral
method is to use several light sources with different
wavelengths and incidence angles of a collimated beam,
which alternately illuminate the sample [23]. In this case,
the response is registered by measuring three color com-
ponents (R, G, B) of the reflected light, or at least two of
them, each being recorded at a different incidence angle.
The aim of this work is modeling of the optical
characteristics of a chromatic SPR sensor for gas
environments with responses recorded across the color
spectrum of a reflected beam, assessing its instrumental
sensitivity to changes in the external environment
parameters (refractive index or permittivity), and
developing approaches to creating new versions of a
polychromatic SPR sensor for gas analysis based on
recording the reflected beam color. A thin silver film
applied to the base surface of a glass prism in the
Kretschmann geometry is used as a plasmon-generating
layer. This layer is capable of implementing a
full-fledged SPR in the entire visible light range from
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400 to 700 nm [24]. A color web camera is used to
record the optical signal, followed by colorimetric
analysis of the change in the color of the pattern of the
reflected beam at white light illumination.

2. How the spectrum of a white beam changes after
reflection in the presence of SPR

After a white light beam has penetrated the glass, it is
reflected from the boundary with the silver film and exits
from the opposite side of the prism. We assume that the
amplitudes of the incident waves are the same in the
entire visible range (A =400...700 nm). In the case of
total internal reflection from the base face of the glass
prism in contact with air, the amplitudes of the reflected
waves should also be equal regardless of the wavelength.
However, in the presence of a thin metal film applied to
the glass, there is a dip in the reflection at certain angles
of incidence due to the excitation of plasmon-polariton
resonance. The depth of this dip depends on the dielectric
function of the metal and the angle of light incidence.
This means that some color bands will be removed from
the white spectrum. As a result, the reflected beam
acquires a color complementary to the color component
absorbed by the metal and causing the SPR effect at a
given incidence angle.

Fig. la shows an optical scheme in the
Kretschmann geometry, which is the basis for both
model calculations and real experiments using different
wavelengths to excite SPR. Here, the flat front of a
slightly diverging white beam is conditionally divided
into several sections of a certain width (n = 4 in this case)
following the increasing incidence angle 0;...08,. The
reflected colored stripes of the beams are directed to
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Fig. 1. (a) Optical scheme for implementation of spectral SPR
in the Kretschmann geometry: WLS — white light source, L —
lens, P — polarizer, A — analyzer. (b) spectrum of a reflected
light recorded by a webcam.

a recording device (web camera) and recorded as a set of
spectral bands of different colors perpendicular to the
base of the prism (Fig. 1b). It is obvious that spatial
arrangement of these bands is uniquely related to the
changing incidence angle.

We calculate angular dependence of the spectrum of
the reflected beam upon excitation of SPR in a 40-nm
thick silver film in the Kretschman geometry for a
90-degree glass prism with a refractive index of 1.51.
The spectral dependences of the optical constants for
silver are taken from the data given in [4]. Since the
optical scheme of the sensor used in Fig. 1 includes a set
of different optical units, to obtain the resulting spectral
dependence, the integral transfer function of the optical
system should be calculated taking into account all its
components: the light source, the reflective metal film
and the photodetectors of the video camera.

Fig. 2 shows the experimental emission spectra of
the used light source, the photosensitivity of the webcam
detectors, and the model spectral dependences of the
reflection coefficient of the silver film in the visible light
wavelength range of 400 to 700 nm for the incidence
angles within 42...52 degrees.

The light source spectrum was measured using a
Blue-Wave StellarNet spectrophotometer. The photo-
sensitivity spectra of the webcam were studied using a
DMR-4 monochromator with quartz prisms (diameter of
the output aperture of 3 mm, width of the input and
output slits of 0.65 mm, and spectral width of the slit of
5...10 nm). The radiation source was a halogen incandes-
cent lamp KGM-150. A Si photodiode S1337-1010bq
Hamamatsu was used as a calibration photodetector.
In order to equalize the radiation intensity along the
spectrum, a set of filters with a calibrated transmission
level was used.

To obtain the spectral functions of the reflection
coefficient R(A, 0) in the given wavelength range and at
the given light incidence angles, traditional formulas for
reflection of light from a multilayer structure were used
applying Johnson matrix multiplication [25].

The data shown in Figs. 2a—2d allow us to calculate
the angular dependence of the spectrum of the reflected
beam in the optical scheme shown in Fig. 1. Thereafter,
the change in the color of the reflected beam when the
refraction coefficient of the environment changes can be
traced. This justifies use of the SPR-RGB effect for
implementing a gas sensor in the spectral version.

For calculations, we use the following information.
We take into account that the webcam registers radiation
in a certain wavelength band for each color component,
having bell-shaped and partly overlapping spectral
characteristics. We assume for definiteness that the color
components R, G, B of a three-color webcam correspond
to the wavelengths A, = 600, 530 and 420 nm, where the
index k refers to one of the three color components (the
specified values of A, in this case are related to the
characteristics of the color filters of the camera photo-
sensitive matrix). Note that the white light source has a
continuous, but highly uneven spectral characteristic.
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Fig. 2. (a) Emission spectrum of a super-bright LED CreeXTE Star 5W White 5000K, (b) photosensitivity spectra of the
photodetector matrix of a webcam Logitech C525, (¢) spectral dependences of the reflection coefficient of a 40-nm thick silver film
on a glass prism K8 (N, = 1.515) in contact with air (g;,= 1) in the range of light incidence angles 6 =42...52 deg. for a number of
specified wavelengths, (d) dependences of the same characteristic on the wavelength in the range of 400 to 700 nm for specified

incidence angles.

It is also necessary to take into account that when the
output signals of the optical system are formed, there is a
cross-influence of adjacent wavelengths for each of the
system units, since the spectral functions of the source,
photodetectors and reflective film are quite broadband.
Therefore, the transfer functions of the optical units
should be integrated over the wavelength in the entire
relevant spectral range [26].

Hence, the resulting transfer function will consist of
the product of the spectral function of the white light
source E(A), the spectral function of the webcam
photodetectors Qi(\) (separately for each k-th color
component), and the spectrum of the light reflectance
coefficient R(A,0) wunder the conditions of SPR
excitation. The angle 0 acts as a fixed parameter from the
range of actual incidence angles. The values of the output
signals for each of the R, G and B components py(8) are
determined by the following integral expressions:

pu0)= [ EGIRG.0)0,0 k0 kR G.BL (1)

where all the spectral functions under the integral are
normalized in a unit scale, and the integral is calculated
over the entire visible spectrum wavelength range
(AL =400...700 nm). Note that belonging of the value of
p«(0) to one of the three color signals £ € R, G, B is
embedded in the differences in the spectral functions of
the webcam photodetectors Qy(A). The functional depen-
dence of pi(0) on 6 is formed by the dependence of the
spectrum of reflected light R(A, 0) on the incidence angle.

Since the values pi(0) = {R(0), G(0), B(6)} are in
the range of 0...1, the next stage of the calculation was
transformation of these values from relative units into a
graphic format (in fact, this is multiplication by 255,
corresponding to a factor of 2° shades in a computer
color gradation scale). Note that such a representation of
the color components depends on presence and
illumination of neighboring pixels [27]. However,
considering that we are not dealing here with a finely
detailed spectral picture, and transitions of the color
components occur quite smoothly, it seems possible not
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Fig. 3. Calculated values of color components R(0), G(0), B(0)
obtained by expression (1) taking into account the real spectral
functions of all the optical elements (solid curves). For
comparison, experimental R, G, B dependences are also shown
(dashed curves).

to take into account the influence of the neighboring
pixels. The resulting values of the color components R,
G, B in the scale of the angles of light incidence obtained
by the method described above are shown in Fig. 3. For
comparison, the same R, G, B curves extracted from the
experimental reflection spectrum (see Fig. 1b), obtained
under the same conditions as the calculated dependences,
are shown by dotted lines in the same figure.

The final stage of the calculations is transformation
of the angular dependence of the above color components
R, G, B into a corresponding spectral picture of
the reflected light. In the computer representation of
colors, such a transformation of three values R, G, B
into color is carried out according to the formula
RGB:Color =R +256-G + 65536-B.

Fig. 4 shows the resulting calculated spectral pattern
of the reflected light on an angular scale. The actual
reflection spectrum obtained from the experiment is shown

412 416 420 424 428 432 436 440 444 448 452 456 46.0
i Theta, deg. i

e
424 428 432 436 440 444 448 452
Theta, deg.

Fig. 4. (a) Model integral reflection spectrum in an angular
scale from 41 to 46 degrees calculated with an angular step of
0.2 degree and (b) real experimental reflection spectrum
obtained from the webcam output.

next to it for comparison. The calculated spectrum
(Fig. 4a) is shown as a set of spectral bands, where the
sections adjacent by the incidence angle have a shape of
rectangles with a minimum step of 12 angular minutes
(0.2 degree). Each such section is colored according to
the triple of R, G, B values obtained from the curves of
Fig. 3 and a perpendicular drawn through the center of the
rectangle. The experimental reflection spectrum (Fig. 4b)
is shown on the same angular scale for ease of comparison.

Comparison of the calculated and experimental
curves R(0), G(8), B(0) shows that they are quite close
(see Fig. 3), and the spectral patterns visible by an eye
(Fig. 4) qualitatively coincide. Only some differences are
noticeable on the left edge of the angular scale. These
differences can be explained by instrumental distortions
of the webcam signals at the edges of the operating
range. Nevertheless, the very close similarity of the main
part of the calculated and experimental spectra in Figs. 3
and 4 leaves no doubt about correctness of the proposed
model approach as a whole. Note that it is difficult to
expect complete coincidence of the spectra due to a
number of reasons: a non-point light source, a finite slit
width, uneven beam divergence, inhomogeneities of the
metal film, experimental error in measuring the spectra of
photodetectors, efc.

3. Influence of external environment on the
reflectance spectrum during SPR

The condition for excitation of plasmon-polariton
resonance is the equality of the wave vectors of the
surface plasmon (SP) at the metal-medium interface, k.,
and the longitudinal component of the p-polarized light
wave at the metal-glass interface, k,:

kg = (0/c)len (M) eq fo, (1) 421, &, =(/c)N, sino
2
From here, the well-known expression for the angle
of minimum SPR follows:

Em (k)gd (3)

N‘g sin 0 = 8m(7\,)+8d .

Here, N, is the refractive index of glass, €,(}) is the real
part of the permittivity of a metal, and ¢, is the dielectric
constant of the external environment, g, = n*, where n is
the refractive index of the medium (gas).

From the expression (2), we find the change in the
wave vector of surface plasmon £, for small variations
in the permittivity of the external environment. With an
increase in g, by a small value Ag,, the wave vector of the
SP will increase by the value

dkg
Ak, =—""Ag,,
de,
where
32
dky,, 1 (g, @
de;,  2g, Lam +e, )
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Under the SPR conditions (i.e. at g;<-g,), the
derivative dk,/de; is a positive value. Therefore, the
plasmon wave vector increases at an increase in g,
According to (3), this leads to an increase in sinf and
the angle itself 6, ie, to a shift of the curves
pi(0) = {R(0), G(0), B(0)} to the right on the angle scale.
This is demonstrated in Fig. 5, which shows angular
dependences of the values of R(8), G(0), B(0) calculated
using Eq. (1) on the computer scale of color components
at the values of the refractive index of the medium
increasing from 1.000 to 1.003 with a step of 0.001.

As an important feature of the curves shown in
Fig. 5, we note two regions of the highest “color contrast
speed” when scanning along the incidence angle. These
are the regions at 43.4 deg. and 44.9 deg. marked with
vertical arrows. At such angles, the ascending and des-
cending branches of two components intersect, namely R
and G at 43.4 deg., and G and B at 44.9 deg. The indicated
features are important for optimizing the responses recor-
ding mode of a chromatic SPR sensor. Indeed, the value
of g, increases upon contact with an analyte gas, and the
reflection spectrum curve should shift toward larger
incidence angles. Since the changes in the R-G and G-B
component pairs are in different directions, the difference
between these components will be greater, the greater the
difference in the refractive index of the analyzed sample
from the control one. This fact can be successfully used
to increase the response signal by recording the
difference in the values of the component pairs.

The curves shown in Fig. 5 allow us to estimate the
real instrumental sensitivity of the chromatic SPR sensor
to small changes in the refraction index of the external
environment. As can be seen from this figure, all the
curves shift almost parallel. The angular value of the shift
is approximately A8 =0.07...0.08 degrees at the change
in the refractive index An =0.001. Therefore, according
to the criterion of the angle shift of the SPR curve
minimum, the sensitivity was 70 deg/RIU (A6/An) for
the R component, 75 deg/RIU for the G component and
85 deg/RIU for the B component, respectively.

R.G.B, rel.un.

42 425 43 435 44 445 45 455 46
6, degree

Fig. 5. Calculated values of R(0), G(0), B(0), obtained from
expression (1) at the values of the refractive index of the
medium of 1.000 (solid line), 1.001 (dashed line), 1.002 (short
dashed line) and 1.003 (long dashed line).
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Fig. 6. Responses of the dR, dG components and their
combinations for incidence angles of 42° to 45° (a) and the dG,
dB components and their combinations for angles of 44° to 46°
(b) at an increase in the refractive index of the medium by
0.001. The dotted line indicates the peak values of the dR and
dG responses at angles of 42.7° and 43.6°, respectively.

From the point of view of one of the objectives of
this work, namely, search for approaches to creating new
design options for a polychromatic SPR sensor based on
registration of the color of the reflected beam, we will
consider in more detail the above-mentioned trend of the
opposite change in the pairs of the components R-G and
G-B. Thus, taking into account the data in Fig. 5, the
following Fig. 6 demonstrates angular dependences of
the indicated difference combinations of color
components at increasing the refractive index of the
external environment by 0.001.

As follows from Fig. 6a, the dG and dR signals
noticeably change their magnitude and even sign when
the incidence angle changes within the interval 42°...45°.
Note that the amplitudes of the dR and dG signals at
fixed angles of 42.7° and 43.6°, at which these signals
have peak values, can be successfully used as response
signals for a polychromatic sensor in an optical scheme
with a slightly diverging white light beam. To achieve
maximum sensitivity, the amplitudes of the dR and dG
signals at the specified angles can be summed up, which
will increase the response to a change of An=0.001 by
almost twice.
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However, it seems more promising to use the
difference combination of the responses dR-dG, which
demonstrates a horizontal section over more than half a
degree between the angles 43 and 43.6 deg. and at the
same time a sufficiently high response level. This opens
up a possibility of averaging the signal over a sufficiently
extended section of the image and increasing the
reliability of recording An by changing the color of the
reflected beam. (Note that the total combination dG + dR
turns out to be useless in this case.)

A similar picture is observed for the pair dG and dB
(Fig. 6b). Here, the difference combination dG-dB also
demonstrates a horizontal section between the angles
44.5 and 45.5 deg., which even exceeds the length of that
in Fig. 6a. However, the response values in this case are
clearly smaller, and, hence, the sensitivity of registration
of An will be noticeably lower.

It should be concluded from the presented analysis
that presence of horizontal sections on angular
dependences of the difference of the color components
dR-dG and dG-dB allows us to switch to using the
collimated incident light beams instead of weakly
diverging ones. In this case, the incidence angle of the
collimated beam can be chosen constant with any value
from the above mentioned half-degree ranges of angles
for the dR-dG and dG-dB responses.
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Fig. 7. Optical schemes for implementing polychromatic SPR
with optimal modes for registering optical signals: (a) operation
with a relatively parallel beam (divergence up to 0.5 deg. in the
angular range of 43° to 43.5°) and registration of the difference
signal dR-dG, (b) use of a diverging beam and registration of
signals of the color components dR and dG at two different
angles of light incidence of 42.7 and 43.6 deg., respectively.
WLS — white light source, CL — collimating lens, P — polarizer.

To summarize this consideration, the following
options for operation of a polychromatic SPR sensor may
be suggested:

1) To operate on the plateau in the angular range of
43° to 43.5° for a relatively parallel beam (with the
maximum divergence of no more than 0.5 degrees) and
registration of only the difference signal dR-dG. Note
that due to the half-degree divergence of the beam, it is
convenient in this case to form a 2D matrix of miniature
sensors on the silver surface located in the region of
plateau, both in the longitudinal and transverse directions
relative to the angular sweep line (Fig. 7a).

2) To use a diverging beam (with the divergence of
more than 1 degree), while recording the signals of two
color components at two fixed angles, namely the dR
signal at 6, =42.7°, and the dG signal at 6,=43.6°.
Obviously, it is possible to form arrays of 1D sensor
matrices located perpendicular to the angular sweep line
at the two specified angles in this case (Fig. 7b).

3) To work with a parallel beam at the angles of
44.5° to 45.5° (in the plateau region with registration of
the difference signal dG-dB), which should be
structurally simpler, but the response sensitivity in this
case is expected to be approximately 2 times less.

Therefore, the advantage of the described approach
is that it uses one white light source and three color res-
ponses. At the same time, we take advantage of different
wavelengths without using complex optical schemes.
This provides the possibility of significant miniaturiza-
tion of the sensor optical system and an increase in its
productivity with simultaneous analysis of multiple
sensor cells. An important advantage of the proposed
approach is the ability to programmatically select the
registration angle, which opens a way to full automation
of measurements.

4. Options for implementing polychromatic SPR
sensors without using a webcam as a response recorder

Comparison of the obtained integral angular functions of
the color components R, G, B (see Fig. 3) with the initial
angular dependences of the reflection coefficient of the
silver film presented in Fig. 2c shows that there are no
qualitative changes in the curves after taking into account
the spectra of the source and photodetectors, with the
exception of a quantitative change in the ratio of angles,
depth and width of the SPR minima. This suggests that
the main contribution to the integral color functions is
made by the spectral dependence of the reflection
coefficient R(A,0), while the spectral dependences of the
light source E(A) and the webcam photodetectors O(A)
influence only the details of the resulting reflection
spectrum but do not change its overall view. This makes
it possible to implement a number of simplified versions
of optical circuits of a polychromatic SPR sensor by
combining different types of light sources and receivers,
in particular, without using a video camera as a response
signal recorder. Similar versions of circuits with
registration of two color components R and G of the
reflected light are shown in Fig. 8.
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Fig. 8. Optical schemes for implementation of spectral SPR
using photodiodes for recording the response: (a) scheme with a
relatively parallel beam with a maximum divergence of up to
0.5 deg., (b) scheme with fixed angles of light incidence 0; and
0,. F; and F, — bandpass color filters, PD; and PD, — discrete
photodiodes.

The optical scheme in Fig. 8a implements the
above-described idea of using a plateau for the difference
signal dR-dG in the angular range of 43° to 43.5° (see
Fig. 7a) and operation with a relatively parallel light
beam on the slopes of the SPR curves R(0) and G(0). The
collimator is adjusted to provide only a small beam
divergence within no more than 0.5 degrees in the
plateau region. To simplify and reduce the cost of the
design, conventional discrete photodiodes (PD) are used
instead of a webcam. These photodiodes are located
along a fixed angle line one above another. However,
since the photodiodes must register only individual R and
G components in a fairly narrow wavelength band, red
and green bandpass color filters, respectively, must be
placed on the way of the reflected beam. Each PD
registers a change in the intensity of only one of the
specified color components, and a differential response
signal is formed at the output.

Fig. 8b also shows a photodiode version of the
optical scheme, but with parallel beams with two fixed
angles of incidence 6, and 0,, which are formed by two
separate collimators. Here, the operating mode is
implemented on the slopes of the R(8) and G(6) curves
with bandpass filters to eliminate cross-influence of the
color components. Both photodiodes are located at some
distance from each other and register two separate signals
dR(0,) and dG(0,) at the specified angles, where they are
maximal.

Note that replacing webcam photodetectors with
photodiodes will, of course, lead to a certain change in

the spectral function Qi (A), which in this case will be
determined by the transmission spectrum of the bandpass
filters. This will entail certain differences in the
calculated values of the resulting transfer function (1),
and, accordingly, some changes of the angular values for
the plateau of the difference signal dR-dG, as well as the
values of the angles 6, 6, for recording the responses
dR(6;) and dG(8,). Note also that, within the framework
of further simplification of the element base, the white
light source can, in principle, be replaced by a set of
separate monochromatic R, G, B LEDs. In this case, it
will also be necessary to take into account the influence
of the variation of the spectral function of the light source
E()M) on the resulting output signal.

Therefore, in the above-described implementations
of polychromatic SPR sensors, use of only two
wavelengths makes it possible to record changes in the
refractive index of a gaseous medium without using a
video camera.

5. Conclusions

By modeling the resulting integral reflection spectra, a
method for assessing the instrumental sensitivity of a
chromatic SPR sensor in the Kretschmann geometry to
changes in the parameters of the external environment
has been developed based on account of the transfer
characteristics of all components of the optical system
(radiation source, R, G, B signal photodetectors and
plasmon-generating structure) in the visible light
wavelength range.

Based on the proposed method, the values of the
instrumental sensitivity to small changes in the refraction
index of the external environment were obtained
according to the criterion of the angular shift of the
R, G, B curves of the reflection spectrum. This shift was
70 deg/RIU for the R component, 75 deg/RIU for
the G component and 85 deg/RIU for the B component.

Comparison of the obtained model reflection
spectrum with the real experimental spectrum showed
their close similarity. It follows from this similarity that
the proposed model approach is fair and, hence, the
obtained estimates of the sensitivity of the chromatic
SPR sensor are adequate.

Approaches to creating new versions of polychro-
matic SPR sensors for gas analysis based on registration
of the color of the reflected beam are proposed. It is
shown that use of difference signals of color compo-
nents in the optical scheme of the SPR sensor with fixed
light incidence angles allows for higher sensitivity to the
changes in the refractive index of the medium or adsorp-
tion of volatile molecules on a silver film, including not
using a video camera as a response recorder.
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Onrumizanis xpomatuudoro IIIIP cencopa ra3oBoro cepeaoBHIa HA OCHOBI peecTpauii KoJbLOpPY BigduTOro
npomeHsi: Mojel0BaHHA Ta eKCIIEPUMEHT

0. Kykaa, FO.M. lIupwos, A.lL. Bineubknii, O.M. ®equenxo, O.C. Kongparenko

AnoTanis. [IpoBeneHO po3paxyHOK ONTHYHHX XapaKTEPHCTHK XPOMATHYHOTO CEHCOpa UL JCTEKTYBaHHS I'a30BHX
CepeZOBUI Ha OCHOBI eeKTy Iia3MoH-mosipuToHHOTO pe3oHaHcy (IIITP) mpu peectpartii BiArykiB mo KOJIpHOMY
CHEKTPY BIOMTOTO TPOMEHS MPH BpaxyBaHHI CIEKTPAIbHUX XapaKTEPUCTHK BCIX CKIIQJIOBHX ONTHYHOI CHCTEMH
(mxepena BUIPOMIHIOBaHHS, (hoTompHuiiMadiB i OararomapoBoi BiZOMBaIO40i CTPYKTYpH) B Aiala30Hi JOBXXHUH XBUJIb
BUAMMOrO cBiTia. Ha OCHOBI 1bOTO pO3paxyHKY 3alpOTIOHOBAaHO METOJMKY OLIHKH amapaTHoi uyrimBocti I[TITP
CeHcopa 10 3MIHH IMapaMeTpPiB 30BHIIIHBOTO CepefoBHUINa (IOKa3HUKA 3aJIOMJICHHS a00 MieTIeKTPUIHOT IPOHUKHOCTI).
Jlyist MOJleNIoBaHHS Ta EKCIIEPUMEHTY SIK YyTJIMBUH €IeMEHT BUKOPHCTOBYBAJIaCh TOHKa CpiOHA IUIiBKa Ha 0a3oBid
rpasi npusmu B reometpii Kpeumana, mo no3Bosuio 3abesneuntu noBHouinHuit edexr III1P y BchboMy Buanmomy
cnekTpainbHoMy Aiana3oHi 400—700 HM. PeanizoBaHO KOJOPHUMETPUYHY PEECTPALIII0 CHEKTPIB BIIOUTTS 32 IOTIOMOTOI0
KOJILOPOBOT BeO-KaMepH 3 BUXiIHUMH curHaiaMu R,G,B B posi onTH4HOTO BIATyKY.

Karwuosi caoBa: crekrpanpamii [IIIP, XpomaTwyamii peXwM, IDIBKa Cpi0lia, ONTHYHHHA Ta30BHH CEHCOD,
KOJIOpMMETPHYHA PeecTpallis, CrieKTp Bigoutoro npomens, R,G,B koMnoHeHTH, 00J1acTh BUANMOTO CBITIIA.
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