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SOME WORDS TO THE READERS

DEAR COLLEAGUES, HONORED READERS!

The issue of the present number is dedicated to
and certifies that our Journal has reached the first
S-year jubilee. We have decided not to prepare the
special issue decorated with requested and prepaid
reviews, as we are in concordance with the view of
the majority of you who con-
sider our Journal as such which
has the recognized scientific-
technological level and that it
has a significant reserve of the
further development.

The Journal “Sensor Elec-
tronics and Microsystem Tech-
nologies” (SEMST) is the
unique publication in Ukraine
which corresponds in full to the
chosen field and is directed to
the discussion of different parts
of the sensorics and microsys-
tem technologies as well as to
the systematic information of
the scientific audience on the
newest results in the research
and engineering development in the field and inter-
national conferences and describes the activities of
international research bodies in the scientific and
applied problems’ of sensorics and microsystem
technologies solution.

In such a way, the “SEMST” Journal assists the
development of this perspective and significant sci-
entific-technological direction being created at the
border of different sciences and technological ap-
proaches.

The materials, published in the “SEMST” Jour-
nal pass the independent check-up by the profes-
sionals of the Journal editorial board as well as by the
external, including foreign highly qualified experts,
what allows the Journal editorial board to present to
the readers’ audience only the new original research
material of the highest scientific-technological level.

The “SEMST” Journal, being the inter-disciplin-
ary scientific publication, is being placed in the fields
of physics, chemistry, biology, microelectronics and
devices’ design, proposing to the authors’ communi-
ty the possibility to address the widest possible read-
ers’ audience the results of the modern research in all
mentioned branches of science and technology.

The “SEMST” Journal is included into the list of
scientific publications recommended by the Highest

4

Attestation Council of Ukraine for the presentation
of the results of candidate and doctoral dissertations
on physics, technical and biological sciences.

Our Journal is being cited by the Ukrainian re-
ferative journal “Dzherelo” (Source) as well as by
the Referative Journal VINITI (Russian Academy
of Sciences, Russia).

Justnow, the “SEMST” Jour-
nal is considered by the Interna-
tional corporation SCOPUS as
the possible candidate for the
inclusion into the international
Internet-base of the scientific-
technological journals.

It should be mentioned
,with the sense of satisfaction,
that the “SEMST” Journal has
become the well-known one
quite quickly and received the
high enough rating in the circle
of the natural sciences scien-
tific journals of the European
scientific community.

This statement could be
supported by the widest geography of the authors
who have published their papers in the “SEMST”
Journal being as follows: Belorussia, Bulgaria,
Czech Republic, France, Finland, Germany, Great
Britain, Italy, Mexico, People Republic of China,
Poland, Russian Federation, Slovak Republic,
Ukraine, the U.S.A., etc.

We all hope that we could maintain the tendency
of the permanent appraisal of the “SEMST’ Jour-
nal’s scientific-technical level and quality of the
published papers through the common efforts of
our authors, editorial board members, referees and
readers.

I congratulate the editorial board members, the
authors and readers with the 5-year jubilee of the
“Sensor Electronics and Microsystem Technolo-
gies” Journal and wish everybody of you the further
and greater creative success.

With sincere thanks for cooperation

and best regards

Senior Editor of the Journal

D.Sc. in Physics, Professor,

Honored Creator in Science and Technology

of Ukraine, Winner of the State Prize of Ukraine

Valentin A. Smyntyna
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INVESTIGATIONS AND ACHIEVEMENTS
IN SENSORICS AREA IN 2008

V. A. Smyntyna, 'Ya. I. Lepikh, °V. F. Machulin

'1. I. Mechnikov Odesa National University, ndl lepikh@onu.edu.ua
2V. E. Lashkarev Semiconductor Physics Institute, NAS Ukraine

(The scientific review on Sensorics Section of NAS Ukraine Scientific Council on “Physics of
Semiconductors and Semiconductor Devices )

Abstract. The review of the basic results of investigations in sensorics area is presented which were
coordinated by Sensorics Section of NAS Ukraine Scientific Council on “Physics of semiconduc-

tors and semiconductor devices” for year 2008.

The review contains the results of investigations,
which were carried out by scientific schools, sub-
units of NAS Ukraine, Ministry of Education and
Science of Ukraine, the named below research or-
ganizations:

— V.E. Lashkarev Semiconductors Physics Insti-
tute;

— Institute of Physics of NAS Ukraine;

— 0.V.Palladin Institute of Biochemistry of NAS
Ukraine;

— Institute of Molecular Biology and Genetics
of NAS Ukraine;

— Taras Shevchenko Kyiv National University;

— National Technical University “Kyiv Poly-
technical Institute”;

— Lviv Ivan Franko National University;

— National University “Lviv Polytechnica”;

— Kharkiv National University of Radioelec-
tronics;

— Odesa National Polytechnical University;

— Odesa I. I. Mechnikov National University;

— Odesa State Academy of Communication

— Odesa National Maritime Academy;

— Dnepropetrovsk National University;

— Yu. Fed’kovich Chernivtsy National Univer-
sity.

Investigations were carried out in the following
basic scientific and applied science directions:

— physical, chemical and other phenom-
ena on the basis of which sensors could be
developed;

— sensor design and mathematical modeling;

— physical sensors;

— chemical sensors;

— biosensors;

— radiation, optical and optoelectronic sensors;

— acousto-electronic sensors;

— nanosensors (physics, materials, technology);

— sensors and information systems;

— materials for sensors;

— technological problems of sensor controls;

— microsystem technologies (MST);

— sensor’s degradation, metrology and certifica-
tion.

We propose to attribute the following to the basic
scientific results and achievements on section inter-
est directions:

Taras Shevchenko Kyiv National University

Electrophysical and adsorption properties of
surface barrier structures created at silicon surface
through modification by particle irradiation with
the purpose of gas-sensitive structures creation that
was carried out together with Institute of Nuclear
Research of NAS Ukraine were studied in the pa-
pers[1, 2].

Itisshown, that the sensitivity of structures based
on gold — radiation-modified silicon junction to
ammonia is higher than for structures gold — non-
irradiated silicon. The saturation current of gold —
radiation-modified silicon hetero-junction changes
nonlinearly with temperature. The account of the
resonance-tunnel current allows explaining the
dependences observed qualitatively for samples ir-
radiated by dozes 10" and 10 protons/cm2. This
effect is connected with the increase of the effective
adsorption area owing to irradiation [3-6]. The new

© V. A. Smyntyna, Ya. I. Lepikh, V. E Machulin, 2009 5
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type sensitive optoelectronic gas sensor is proposed
on the basis of the silicon photo-converter (diffusive
p-n junction with a thin layer of porous silicon on
the back side) with photo-electric transducer. The
parameter being sensitive to the adsorption of mol-
ecules is the photocurrent which arises at illumina-
tion silicon back surface by light from region of sili-
con heavy absorption and depends on the surface
non-equilibrium carriers recombination change
which, in turn, depends on the type and concen-
tration of adsorbed molecules. The multi-sensor
structure with the optical addressing and 2D car-
tography of the given photocurrent which is at use
of the main components method allows to analyze
liquids or gases mixes is created and investigated
[7,8].

National University “Lviv Polytechnica”

With the purpose of creation of radiation-resis-
tant physical sensors for cryogenic temperatures,
the investigations of irradiation with high-energy
electrons influence on jumping conductivity of
thread-like Si crystals and p-type Si, Ge_solid so-
lutions with impurity concentration near junction
metal — dielectric are carried out.

Strong (up to 14 Tl) magnetic field influence on
the conductivity of alloy Si micro-crystals, solid
Si, , Ge, solutions and poly-silicon layers on insu-
lator (SOI-structures) is investigated at cryogenic
temperatures [9, 10].

The opportunity Si nano-wires with diameters
10-100 nm, creation by the gas-core epitaxy meth-
od for sensors development on their basis is shown.
The technology of sub-micron sizes auto-emitting
silicon cathodes creation with the use of the micron
sizes photo-masks on SMIS technologies for device
structures creation is developed [11].

With the purpose of sensor operational tem-
perature increase in magnetic field at radiation
conditions diagnostics, the technology is created
of growing from a gas phase solid solutions InAs,
Sb_micro-crystals with a different ratio of the fifth
group components (As and Sb), where x = (0,02-
0,16) [12, 13].

The lattice parameters and structure of brought
up InAs, , Sb_micro-crystals are defined. Brought
up micro-crystals electrophysical parameters’ re-
search is carried out and the received solid solu-
tions’ forbidden zone width is determined.

Multi-functional magneto-sensing probe for si-
multaneous measurement of three component of a

6

magnetic field and/or its spatial gradient is devel-
oped [14].

The analysis of conditions of spatial magnetic
heterogeneity visualization by magneto-optic meth-
ods is carried out. The way of reception of quantita-
tive characteristics of spatial distribution of magnetic
fields by display film method is offered [15].

Silicon and the modification of porous silicon for
photo-electric converters — solar elements (SE) cre-
ation are investigated. Effective and profitable tech-
nological processes in manufacture SE structure ele-
ments, first of all a frontal surface — structure with
low integral reflection factor are proposed [16].

The technology and new hetero-structures is de-
veloped on the basis of organic and inorganic semi-
conductors (nickel phthalocyanine alloyed with
oxygen) for sensor engineering [16].

V.E. Lashkarev Semiconductor Physics Institute,
NAS Ukraine

The y — and B — radiations detecting blocks are
developed and produced on the basis of CdTe:Cl and
CdZnTe semiconductor materials with use of laser
evaporation methods and contact metal fusion [17].

The device for radiating monitoring of environ-
ment which consists of y-radiation semiconductor
detector and the monitoring block which contains
the programmed processor as well as the informa-
tion preservation blocks on y-radiation doze power
and the signaling about the y-radiation doze power
amount excess above the programmed maximum
permission is developed [18].

X-rays dispersion by multilayered structures pe-
culiarities are investigated, and also mechanisms
quantum points and threads ordering in multilay-
ered structures with use of high resolution diffrac-
tometry methods are investigated [19].

It is established, that for multi-layered systems
of InGaAs/GaAs (100) spatial ensemble ordering
of quantum points (QP) on flat GaAs substrate is
vertically correlated with insignificant inclined
transformation and is laterally built in a primitive
oblique-angled lattice which forms a three-dimen-
sional file as the disfigured tetragonal cell.

The nature of interrelation of anisotropy of ini-
tial and residual deformations in multi-layered (In,
Ga)As/GaAs structures with the quantum threads,
subjected fast thermal annealing is established and
analyzed. The role of micro- and macro-defects
during the self-organized nano-islands growth is
established [20].
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It is established, that at fast thermal annealing in
a temperature interval of 500-800 °C for structures
with quantum threads, the significant changes of
three-dimensional order of quantum points in the
multilayered structure occur, caused by it macro-
elbow and intensive diffusion processes. It is shown,
that the crystallographic orientation of substrate sig-
nificantly influences the form, the size and density
of quantum points at weak influence on character
planar ordering [21].

The opportunity of management in parameters
nano-dimensional Ta,O,, Cd,0,, TiO,, Er,O, films;
Ta,0,-Si, Cd,0,(TiO,, Er,0,)-SiC structures and
Al(W, TiN)-Ta,0,-Si MDS structures at the in-
fluence on them of dosing microwave radiation is
shown.

The software for computer modeling and re-
ception of authentic quantitative parameters of
probe — surface contact capacity and semiconduc-
tor nanostructures local areas doping level (some
tens of nanometers) on results of mapping of a sur-
face by a method of scanning capacitor microscopy
is advanced. It is shown, that the basic fluctuations
break-down layers characteristics are caused by
films thickness variations (0.2-0.5 nm) and electri-
cally active defects density distribution heterogene-
ity [22-24].

Yu. Fed’kovich Chernivtsy National University

Research is carried out and some model devel-
opments for quantitative spectrum characteristics
of simultaneously several types of defects in crystals
high-resolution multi-crystal diffractometry are re-
alized [25].

Some model developments for oblique asymmet-
rical topography in geometries Laue, Bragg and slid-
ing beams diffraction for diagnostics defects selective
on depth in the excited surface layers of mono-crys-
tals and multilayered epitaxial structures (level-by-
level diffracto-topography) are realized [26].

Combined investigations by methods X-ray di-
agnostics of multilayered A3B? structures and struc-
tural changes in surface layers materials subjected
ionic and high-power electronic irradiation are
continued [27].

1. I. Mechnikov Odesa National University

The model of relaxation phenomena in non-ide-
al hetero-junction is developed, and recommenda-
tions for memory elements on the basis of non-ide-

al hetero-junctions manufacturing techniques are
offered. The model, which allows the theoretical
sensito-metrical characteristics’ calculation of the
investigated elements is created, the calculations of
such characteristics as well as its comparison with
experimental one are carried out. The numeri-
cal calculation of a characteristic curve with use of
generation and recombination model in non-ideal
hetero-junction is carried out [26, 29].

The photoluminescence of the nano-dimen-
tional tin dioxides films at room temperature was
registered and the dependence of a photolumi-
nescence on gels composition for their reception,
which considerably expands the opportunities of
these films use in optoelectronics and sensor elec-
tronics is established [30].

The structural and electro-physical characteris-
tics of adsorptive sensitive complex compounds are
investigated and systematized [31, 32]

It is shown that the mechanism of analyzed
compound’s interaction with layered structures of
complex compounds are determined by the supra-
molecular complex compound with macromolecu-
lar branched structure, and also the functional ma-
terial nano-dimensional hollows and the developed
surface, and nano-hollows atoms group form physi-
cal bond between the analyzed molecule and sensi-
tive layer material [33].

The basic laws of adsorption-desorption phe-
nomena concerning the distribution of acoustic
waves in polymeric compound — piezoelectric ma-
terial layered structures are established [33].

The technique microelectronic sensors creation
is developed on the basis of layered structures and
acousto-electronic element, which can be intro-
duced at the enterprises of the instrument-making
industry [34-36].

The significant part of the received results of in-
vestigations is published in the list of the literature
given below.
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Abstract. It has been carried out sensing and calculating the energies and oscillator strengths of
some forbidden atomic transitions in spectra of heavy atoms and multicharged ions on the basis
of new relativistic scheme within gauge-invariant quantum electrodynamics (QED) perturbation
theory (PT).

Keywords: sensing forbidden atomic transitions, heavy atoms and multicharged ions, new rela-
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BU3HAYEHHA 3ABOPOHEHUX INIEPEXO/IB ¥V CIIEKTPAX JTEAKHUX BAXKKUNX ATOMIB
TA BATATO3APAAHUX IOHIB: HOBA TEOPETUYHA CXEMA

T. O. Daopxo, A. B. Jlob6oda, A. A. Ceunapenxo

Anotanifa. BUKOHaHO po3paxyHOK €Heprili, iMOBipHOCTEI Ta CHJI OCUMJISITOPIB 3a00pOHEHMX
ATOMHMX MEPEXOMiB Yy CIIEKTPpaX IeKOTPUX BAXXKKHUX aTOMiB Ta 6arato3apsiAHMX iOHiB Ha OCHOBI HO-
BOI peJISITUBICTCHKOI CXeMHU B MexXax KajliopoBouHo-iHBapiaHTHO1 KEJI Teopii 30ypeHb.

Kirouosi cioBa: netekTyBaHHSI 3a00pOHEHUX aTOMHMX IEPEXOiB, BaXKi aToMU Ta O0araro3a-
psIIHI iI0HU, HOBA PEISITUBICTChKA CXeMa

10 © T. A. Florko, A. V. Loboda, A. A. Svinarenko, 2009



T. A. Florko, A. V. Loboda, A. A. Svinarenko

OMNPEJEJEHUE BEPOATHOCTEN 3AIPEIIEHHBIX ITEPEXO/IB B CITEKTPAX
HEKOTOPBIX TAXKEJIBIX ATOMOB 1 MHOI'O3APA/JIHBIX NOHOB: HOBAA
TEOPETUYECKAA CXEMA

T. A. Daopxo, A. B. Jlo6ooa, A. A. Ceunapenro

AnHoTamus. BITIOTHEH pacyeT BepOSITHOCTEH M CUJI OCHUJUISITOPOB 3aIlpelIeHHBIX aTOMHBIX
TEePEeXO0B B CMIEKTPAaX HEKOTOPHIX CAOXKHBIX TSKEIBIX aTOMOB M MHOTO3apsITHBIX MOHOB Ha OCHO-
BE HOBOI PEISITUBUCTCKON CXEeMBI B paMKax KaTuOpoBoYyHO-uHBapuaHTHoO KDJI Teoprn Bo3My-

LIEHUM.

KiioueBblie clioBa: JCTCKTUPOBAHUC 3alIPCIICHHbBIX aTOMHBIX IIE€PEXOA0B, TAXKCIIBIC aTOMbI U
MHOTI03apAaAHbIC MOHbI, HOBaAd pCIATUBUCTCKaA CXEMa

1. Introduction

The experimental and theoretical studying of the
radiation transition characteristics of a whole num-
ber of atomic systems, which are interesting and
perspective from the point of view of the quantum
electronics and photoelectronics, is in last years of a
great importance (c.f.[1-27]). It is also very impor-
tant for search the optimal candidates and condi-
tions for realization of the X-ray lasing. Besides, the
forbidden atomic transitions are attracting from the
point of view of sensing new physics behind the well
known standard model.

The well known multi-configuration Dirac-
Fock (MCDF) approach is widely used in calcu-
lations of the atoms and ions. It provides the most
reliable version of calculation for atomic systems.
Nevertheless, as a rule, detailed description of the
method for studying role of the relativistic, gauge-
invariant contributions, nuclear effects is lacking.
Serious problems are connected with correct defi-
nition of the high-order correlation corrections,
QED effects etc. The further improvement of this
method is connected with using the gauge invariant
procedures of generating relativistic orbitals basis’s
and more correct treating the nuclear and QED
effects [1-7]. In references [1-7] it has been devel-
oped a new ab initio approach to calculating spectra
of atomic systems with account of relativistic, cor-
relation, nuclear, QED effects, based on the gauge-
invariant QED PT [4] and new effective procedures
for accounting the nuclear and radiative corrections
[5-7]. Here we use propose a new relativistic scheme
for determination and sensing the forbidden atomic
transitions basing on the gauge-invariant QED per-
turbation theory formalism [5]. As object of study-
ing the heavy atoms and Ne-, Zn-like multicharged
ions are considered. one of the its versions [18] for
calculating the Earlier it has been carried theoreti-

cal studying energy spectra, theoretical determina-
tion of the energies and oscillator strengths of some
electric dipole transitions in spectrum of the rare-
earth atom of Eu [27].

2. New relativistic approach to sensing and
determination of the forbidden atomic transition
probabilities

Let us describe in brief the important moment
of our theoretical approach. As usually, the wave
functions zeroth basis is found from the Dirac
equation solution with potential, which includes
the core ab initio potential, electric, polarization
potentials of nucleus (the gaussian form for charge
distribution in the nucleus is used). All correlation
corrections of the PT second and high orders (elec-
trons screening, particle-hole interaction etc.) are
accounted for. The wavefunction for a particular
atomic state

NCF

W(IPIM)= Y c,®(y,PIM) (1)

is obtained as the above described self-consis-
tent solutions of the Dirac—Fock type equations.
Configuration mixing coefficients ¢_are obtained
through diagonalization of the Dirac Coulomb
Hamiltonian

H, =X ca.p, + (B—1)c* =V (r|njj)+
+V. -V . (rIR)+ Z, exp(imrij)(l-alaz)/rij. 2)
In this equation the potential:
V)=V, (rlnl)+V, +V ., (rR). (3)

This potential includes the electrical and po-
larization potentials of the nucleus. The part V7,
accounts for exchange inter-electron interaction.
The main exchange effect are taken into account in
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the equation. The rest of the exchange-correlation
effects are accounted for in first two PT orders by
the total inter-electron interaction [4]. The effec-
tive electron core density (potential V) is defined
by iteration algorithm within gauge invariant QED
procedure [4].

Consider the one-quasiparticle system. A quasi-
particle is a valent electron above the core of closed
electron shells or a vacancy in the core. In the low-
est second order of the EDPT a non-zeroth con-
tribution to the imaginary part of electron energy
Im AF (the radiation decay width) is provided by
relativistic exchange Fock diagram. In the fourth
order of the QED PT there are diagrams, whose
contribution into the ImAE accounts for the core
polarization effects. It is on the electromagnetic
potentials gauge (the gauge non-invariant contri-
bution). Let us examine the multielectron atom
with one quasi-particle in the first excited state,
connected with the ground state by the radiation
transition. In the zeroth QED PT approximation
we, as usually (c.f.[2-4]),use the one electron bare
potential

() + V), 4

with V| (r) describing the electric potential of the
nucleus, V.(r), imitating the interaction of the
quasi-particle with the core. The core potential
V.(r) is related to the core electron density p(r)
in a standard way. The latter fully defines the one
electron representation. Moreover, all the results of
the approximate calculations are the functionals of
the density p.(r). In ref.[4] the lowest order mul-
tielectron effects, in particular, the gauge depen-
dent radiative contribution for the certain class of
the photon propagator calibration is treated. This
value is considered to be the typical representative
of the electron correlation effects, whose minimi-
zation is a reasonable criterion in the searching for
the optimal one-electron basis of the PT. The mini-
mization of the density functional Im AE  leads
to the integral differential equation for the p , that
can be solved using one of the standard numerical
codes. In ref. [4] authors treated the function p
in the simple analytic form with the only variable
parameter b and substituted it to (6). More accurate
calculation requires the solution of the integral dif-
ferential equation for the p [21,26,27].

The probability is directly connected with imag-
inary part of electron energy of the system, which is
defined in the lowest order of perturbation theory
as follows:

12

IMAE(B) = —~— | 5)

anan 3
a>n>f

[a<n<f]

where — for electron and Z — for vacancy.
The potential Vis as follows:

a<n<f

Vel = [[ dndr¥ i, ) )Sm|°’| L

12
x(1-a,0, )\Pk (r, )lpz ().
The separated terms of the sum in (5) represent

the contributions of different channells and a prob-
ability of the dipole transition is:

(6)

Ll
To =g Vo ()
The corresponding oscillator strength

gf =\ -T, /6.67-10", where g is the degeneracy
degree Lis a wavelength in angstrems (A). Under
calculating the matrix elements (5) one could use
the angle symmetry of the task and write the expan-
sion for potential sinw|r,,/r,, on spherical functions
as follows:

sin|oa|r12 i
= X

R 2
$20),.y, (0l )., (ol )P (eostis ), 8)

where J —is the Bessell function of first kind and
(A) = 2\ + 1. This expansion is corresponding to
usual multipole one for probability of radiative de-
cay. Substitution of the expansion (7) to matrix ele-
ment of interaction gives as follows:

Vs =[ ()00 X
X%Z(_l)‘*[ jl_j3 ﬁJxImQL (1234);
0, =0 +0". ©)

where j, are the entire single electron momentums,

m, — their projections; O is the Coulomb part of

interaction, O, - the Brelt part. The Coulomb part
! is expressed in terms of radial integrals R ,an-

gular coefficients §, [2,5]:

ReQ = —Re {R, (1243)s, (1243)+
+ R, (1243)5, (Iz4§)+ R, (1243)s, (1243 )+
+R, (1243)s, (15215)}. (10)

As a result, the Auger decay probability is ex-
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pressed in terms of ReQ,(1243) matrix elements

[9]:
Re R, (1243)2 ”d’ﬂl”lzrzzfl (”1 )f3 (”1 )><
<f ()£ ()20 ()20 (). (D

where fis the large component of radial part of sin-
gle electron state Dirac function and function Z is

[5]:

(12)

Z(l){ I T% OAGLND)
0 _

T (7» + % )

The angular coefficient is defined by standard
way [7]. The other items in (3) include small com-
ponents of the Dirac functions; the sign “~” means
that in (3) the large radial component f; is to be
changed by the small g one and the moment /, is
to be changed by /. =/ —1 for Dirac number x>0
and /+1 for x <0. The Breat interaction is known to
change considerably the Auger decay dynamics in
some cases (c.f. [5]). The Breat part of Q is defined
as the sum:

|(,013|0LZ

B B B B
er = Qx,rm + erx + Qx,rm > (13)

where the contribution of our interest is deter-
mined as:

o = %Re {r. (1233)s; (1233 )+
+ R, (1243)s] (1243)+ R, (1243)s; (1243 )+
+R, (1243 )s; (1243)}.

Radial parts F and G of two components of the
Dirac function for electron, which moves in the
potential V(r,R)+U(r,R), are defined by solution of
the Dirac equations (PT zeroth order). All calcula-
tions are carried out using the effective Dirac-Su-
peratom-ISAN code developed by Ivanov-Ivanova-
Glushkov [1-6].

(14)

3. Results and conclusions

We have carried out sensing and calculating
probabilities of the magnetic dipole (M1) and elec-
tric quadrupole (E2) forbidden transitions for Ne-,
Zn-like multicharged ions (Z=32-92) and single
ionized atom of Hg. In all calculations we used the
Ivanov-Ivanova model potential [1] with defining
its parameter within above described an initio QED
procedure [2]. In fact this potential imitated the
self-consistent Dirac-Fock potential. All details can

be found in refs. [1-6, 21]. In table 1,2 we present
the energies and E2 probabilities of the 5d°6s*(D;,
»D;))- 5d"6s (S, 1) transition in Hg". For compari-
son we listed in this table the theoretical Hartree-
Fock (HF), Dirac-Fock (DF) and DF (with fitting
to experimental transition energies) values by Ostro-
vsky-Sheynerman and experimental data by Moore
(NBS, Washington) [23-25]. In table 3 we present
the oscillator strengths of the 4s*('S; )- 4s4p ('P°))
transition in the Zn-like multicharged ions. The
same calculation was carried out for Ne-like ions
(Z2=22-92). For comparison we listed in this table
the theoretical Hartree-Fock (HF), Dirac-Fock
(DF), DF (with fitting to experimental transition
energies) and model potential (MP) data.

Table 1
The energies of the 5d°6s(D; ,,D, ,)- 5d%s (S, ) tran-
sition in Hg"* (in Ry)

Method E, D,,-S,, D,,-S,,
HF -1.07 0.863 0.863
DF -1.277 0.608 0.460

This work -1.377 0.462 0.325
Experiment —1.378 0.461 0.324
Table 2
The E2 probabilities of the 5d°6s*(D; /2,D3 /2)- 5d'"%6s
(Sl/z) transition in Hg* (in's™')
Method D3/2' Sl/2 DS/Z— Sl/2
HF 1360 1360
DF 257.0 77.4
DF (exp. E) 63.9 13.3
This work 54.53 11.84
Experiment 53.5+2.0 11.6+0.4

In table 4 we present the M1 and E2 transitions
probabilities in some Zn-like ions [23-25,28]. The
detailed tables of the transitions energies and prob-
abilities, oscillator strengths for Zn-like (Z=32-92
and Ne-like (Z=22-92) are presented in ref. [29].

Analysis of the obtained data allows to make the
following conclusions. Firstly, one can see that our
approach provides physically reasonable agreement
with experiment and significantly more advantaga-
ble in comparison with standard Dirac-Fock meth-
od and the Hartree-Fock approximation approach.
Secondly, we have checked that the results for os-
cillator strengths, obtained within our approach
in different photon propagator gauges (Coulomb,
Babushkon, Landau gauges) are practically equal,
that is provided bu using an effective QED energy
procedure [4]. Thirdly, calculation has confirmed
the great role of the interelectron correlation effects
of the second and higher QED PT orders, namely,
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effects of the interelectron polarization interaction
and mutual screening.

Table 3
The oscillator strengths of 4s*('S  )- 4s4p ('P° ) transi-
tion in the Zn-like ions

lon Method f, £
DF 1.89 1.98
Ga* HF 2.30 2.01
DF2 1.97 1.95
MP 1.68 1.73
Our 1.862 1.861
Exp. 1.85 + 0.15 1.85 £ 0.15
DF 1.87 1.86
As™* Our 1.575 1.574
Exp. 1.56 £ 0.23 1.56 + 0.23
Ko DF 1.75 1.71
Gd* DF 1.12 1.10
Y DF 1.12 1.10
A DF 1.18 1.15
Pb DF 1.21 1.18
DF 1.37 1.31
U HF 1.41 1.47
Our 1.333 1.332
Exp. 1.31£0.05 1.31£0.05
Table 4

The M1 and E2 transitions probabilities in some
Zn-like ions; (ag 4s4p 31’20 —4s54p 3Pl0 ); (b)

4s4p (1P1 )—>4s p( on) (our data)

Trans. M1 (a) E2 (a) M1 (b) E2 (b)
Kro 0.072(1) |0.034(-2) | 0.033(2) | 0.041(1)
Cq'® | 0.048(4) | 0.132(1) | 0.055(4) | 0.034(3)
Xt | 0.042(5) | 0.025(3) | 0.034(5) | 0.232(3)
Gd** | 0.081(6) | 0.118(4) | 0.047(6) | 0.047(5)
Yh4o+ 0.039(7) | 0.399(5) | 0.145(6) | 0.026(6)

Zn 0.028(8) | 0.104(6) | 0.119(7) | 0.029(7)
pps2 | 0.047(8) | 0.067(7) | 0.215(7) | 0.058(7)
U 0.036(9) | 0.059(8) | 0.128(8) | 0.101(8)
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Abstract. The theoretical studying the strong interaction shifts and widths from X-ray spectros-
copy of kaonic atoms is fulfilled. Sensing the strong interaction effects and theoretical estimating
spectra of kaonic atomic systems can be considered as a new tool for studying nuclear structure and
strong K-nucleus interaction.
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JETEKTYBAHHS E®EKTIB CUJIBHOI B3AEMO/III Y CIIEKTPOCKOIIII AAPOHHUX ATOMIB
0. IO. Xeueaiyc, JI. €. Cyxapes, IO. B. Jlyoposcvra

AnoTtanifa. BukoHaHo TeopeTHMYHY OIIIHKY 3CYBIB i IIMPWH PiBHIB, sIKi 00OyMOBJIEHi edeKra-
MU CWJIBLHOI B3a€EMO/Iii, B M€XaX PEHTIEHIBCbKOI CIIEKTPOCKOIIil KAOHHUX aTOMiB. JleTeKTyBaHHS
e(eKTiB CHJIbHOI B3a€MO/IIi i TEOpETUYHA OIliHKA CIIEKTPiB KAOHHMX aTOMIB € OTHMM 3 HOBUX ITilI-
XOJIiB 10 BUBHAYEHHS SIIEPHOI CTPYKTYPH i ITapaMeTpiB CUJILHOI KAOH- SIAEPHOI B3aEMO/Iii.

Kimouogi ciioBa: e(pekTr CUIIBHOI B3aEMO/Iii, CITEKTPOCKOITisI, KAOHHI aTOMU

JETEKTUPOBAHUE D®PEKTOB CUJILHOTO B3AMMO/JENCTBUA
B CIIEKTPOCKOIINN ATPOHHBIX ATOMOB

0. K0. Xeueauyc, /l. E. Cyxapes, IO. B. /lyopoeckas

AnHoranus. BeinmojiHeHa TECOPETNYCCKAad OLICHKa CABUI'OB U IIMPUH ypOBHCfI, O6YCJ'IOBJ'ICHHI)IX
S(I)(I)CKTaMI/I CUJIBHOTO B3aHMOI[eﬁCTBHH, B paMKax peHTFeHOBCKOﬁ CIICKTPOCKOIIMN KAaOHHBIX
aTOMOB. HCTGKTI/IPOBaHI/IC SCI)(I)GKTOB CUJIBHOI'O B3aMMOIECHCTBUSA U OLICHKA CIICKTPOB KaOHHBbIX
ATOMOB ABJIAIOTCA OOJHUM U3 HOBLIX ITOAXOA0B K OIIPEACICHUIO HI[CpHOﬁ CTPYKTYpPbI U ITapaMETPOB
CHUJIbHOI'O KaOH-AOCPHOTO B3aUMOJIEVICTBUS.

KioueBble cJioBa: 3(1)(1)6KTLI CUJIBHOTI'O B3aHMOHCfICTBHH, CIICKTPOCKOIINA, KAOHHBIC aTOMbI

1. Introduction

In last years studying the exotic hadronic atomic
systems such as kaonic and pionic atoms are of a
great interest for further development of atomic
and nuclear theories as well as new tools for sensing
the nuclear structure and fundamental kaon, pion-
nucleus strong interactions. Besides, studying these

systems is very important for further check of the
Standard model [1-16]. In the last few years tran-
sition energies in pionic [1] and kaonic atoms [2]
have been measured with an unprecedented pre-
cision. The spectroscopy of kaonic hydrogen al-
lows to study the strong interaction at low energies
by measuring the energy and natural width of the
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ground level with a precision of few meV [1-5]. Be-
sides, light kaonic atoms can additionally be used to
dexne new low-energy X-ray standards [1] and to
evaluate the kaon (pion) mass using high accuracy
X-ray spectroscopy. The collaborators of the ES70
experiment [6,7] measured X-ray energy of a kaonic
helium atom, which is an atom consisting of a kaon
(a negatively charged heavy particle) and a helium
nucleus. Batty et al [4] had performed theoretical
and experimental studying the strong- interaction
effects in spectra of high Z kaonic atoms. These au-
thirs had applied the nanve phenomenological opti-
cal model estimates. Now new exciting experiments
are been preparing in order to make sensing the
strong interaction effects in other hadronic atomic
systems. The studies of the low-energy kaon-nu-
clear strong interaction with strangeness have been
performed by measurements of the kaonic atom X-
rays with atomic numbers Z=1-92 [1]. It is known
that the shifts and widths due to the strong inter-
action can be systematically understood using phe-
nomenological optical potential models. Neverthe-
less, one could mention a large discrepancy between
the theories and experiments on the kaonic helium
2p state. A large repulsive shift (about -40 eV) has
been measured by three experimental groups in the
1970’s and 80’s, while a very small shift (< 1 eV) was
obtained by the optical models calculated from the
kaonic atom X-ray data with Z>2 [1-6]. This signif-
icant disagreement (a difference of over 5 standard
deviations) between the experimental results and
the theoretical calculations is known as the “ka-
onic helium puzzle”. A possible large shift has been
predicted using the model assuming the existence
of the deeply bound kaonic nuclear states. How-
ever, even using this model, the large shift of 40 eV
measured in the experiments cannot be explained.
A re-measurement of the shift of the kaonic helium
X-rays is one of the top priorities in the experimen-
tal research activities. In the theory of the kaonic
and pionic atoms there is an important task, con-
nected with a direct calculation of the X-ray transi-
tion energies within consistent relativistic quantum
mechanical atomic and nuclear theory methods.
The standard way is based on solution of the Klein-
Gordon equation, but there are many important
problems connected with accurate accounting for
as kaon-nuclear strong interaction effects as QED
radiative corrections (firstly, the vacuum polariza-
tion effect etc.) [1-5]. This topic has been a subject
of intensive theoretical and experimental interest
(see [12-22]). In the present paper an effective ab

initio approach to quantum Klein-Gordon equa-
tion calculation of X—ray spectra for multi-electron
kaonic atoms with an account of the nuclear, radia-
tive effects is proposed and the theoretical studying
the strong interaction shifts and widths from X-ray
spectroscopy of kaonic atoms is fulfilled. The lev-
el energies and energy shifts for these systems are
estimated and in whole an analysis of the received
data can be considered as a new tool for sensing the
nuclear structure and strong kaon -nucleus interac-
tion. The generalized optical potential model with
correct defining the proton and neutron densities in
a nucleus is used in direct definition of the strong
interaction shifts and widths. It is carried out a de-
tailed analysis of theoretical and experimental data
on the strong interaction widths and shifts.

2. New quantum Klein-Gordon equation
approach in the kaonic atoms theory

Let us describe the key moments of our new ap-
proach to quantum calculation of the spectra for
multi-electron kaonic (pionic) atoms with an ac-
count of nuclear and radiative effects (more details
applying to the multi-electron heavy atoms can be
found in refs. [16-23]). It is well known that the
relativistic dynamic of a spinless particle can be de-
scribed by the Klein-Gordon equation. The electro-
magnetic interaction between a negatively charged
spin-0 particle with a charge equal to g=—e and
the nucleus can be taken into account introducing
the nuclear potential A in the KG equation via the
minimal coupling p — p — gA, . The wave functions
of the zeroth approximation for kaonic atoms are
found from the Klein-Gordon equation [5]:

m*c*¥(x) = {iz[iha, +eV, (NP + V¥ (x), (1)
C

where /4 is the Planck constant, ¢ the velocity of the
light and the scalar wavefunction ‘¥ (x) depends on
the space-time coordinate x = (ct,r). Here it is con-
sidered a case of a central Coulomb potential (V(r),
0). A usually, We consider here the stationary solu-
tion of Eq. (1). In this case, we can write:

Y (x) = exp(-iEt/ h)d(x) 2)
and Eq. (1) becomes:

{iz[E +eV,(N] + 1’V —=m’p(x) =0 (3)
C

where E is the total energy of the system (sum of the
mass energy mc’ and binding energy ¢)). In prin-
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ciple, the central potential ¥, should include the
central Coulomb potential, the vacuum-polariza-
tion potential as well as the kaon-nucleus strong
interaction potential (optical model potential).
Earlier we have calculated some characteristics of
hydrogen-like and other multi-electron ions with
using the nuclear charge distribution in the form
of a uniformly charged sphere and Gaussian form
(c.f. [19-21]). The advantage of the Gaussian form
nuclear charge distribution is provided by using the
smooth function instead of the discontinuous one
as in the model of a uniformly charged sphere [22].
It is obvious that it simplifies the calculation proce-
dure and permits to perform a flexible simulation of
the real distribution of the charge in a nucleus. In
last years to define the nuclear potential it is usually
used the Fermi model for the charge distribution in
the nucleus p(r) (c.f.[21]):

c(r)y=c,/{l+exp[(r—c)/a)]} 4)

where the parameter a=0.523 fm, the parameter c
is chosen by such a way that it is true the follow-
ing condition for average-squared radius: <r>>!/?=
=(0.836-A'3+0.5700)fm. Further let us present the
formulas for the finite size nuclear potential and
its derivatives on the nuclear radius. If the point-
like nucleus has the central potential W( R), then a
transition to the finite size nuclear potential is real-
ized by exchanging W(r) by the potential [19]:

W(r|R)= W(r).!:'dr rzp(r|R)+

+Tdrr2W(r)p(r|R). &)

We assume it as some zeroth approximation.
Further the derivatives of various characteristics on
R are calculated. They describe the interaction of
the nucleus with outer electron; this permits recal-
culation of results, when R varies within reasonable
limits. The Coulomb potential for the spherically

symmetric density p(r|R) is:
V (r|R)= —((l/r)j dr'rlzp(r"R)-F
0
+]gdr‘r'p (r“R) (6)

It is determined by the following system of dif-
ferential equations [19]:

V nucl (V,R)z (1/r2 )j dr'rlzp(r',R)E (1/r2 )y (r,R)
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y'(r,R)zrzp(r,R) 7

c'(ry=(c,/a)exp[(r—c)/al{l+exp[(r—c)/ a)]}’?
with the boundary conditions:

Ve (O, R ) = —4/(nr)

y(0,R)=0, (8)
c(0)=c,/{l+exp[—c/al}

The new important topic is connected with a
correct accounting the radiation QED corrections
and, first of all, the vacuum polarization correction.
Procedure for an account of the radiative QED cor-
rections in a theory of the multi-electron atoms is
given in detail in refs. [17-22]. Regarding the vacu-
um polarization effect let us note that this effect is
usually taken into account in the first PT order by
means of the Uehling potential:

U(r)= —;%jdt exp (—2rt/aZ )x
1

<120 P =20 C(). o)

where g :LZ. In our calculation we usually use
o

more exact approach. The Uehling potential, de-
termined as a quadrature (9), may be approximated
with high precision by a simple analytical function.
The use of new approximation of the Uehling po-
tential [21] permits one to decrease the calculation
errors for this term down to 0.5 — 1%. Besides, us-
ing such a simple analytical function form for ap-
proximating the Uehling potential allows its easy
inclusion into the general system of differential
equations.

As it is well known, the nuclear absorption is
defined by the strength of the strong interaction
and overlapping the kaonic atomic wave function
with the nuclear ones. The widespread approach to
treating the strong interaction between the nucleus
and orbiting kaon is in using the phenomenological
optical potential of the following form [1,5,10]:

V== 21 S E N Ay, () + Ay, (4], (10
u M,

where p is the kaon-nucleus reduced mass, M, and
M, are the kaon and nucleon masses, p,(r),p,(r)
are the proton and neutron densities in the nucleus
and 4,,,4,,are the corresponding complex effec-
tive Kp and Kn scattering lengths. It si well known
the Batty simplifying assumption of the following

kind [4]:
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v, =—2—J[l+%l[ap<rn,

N
where a is the effective averaged K-nucleon scat-
tering length. Batty et al had analyzed the previous
kaon data and found the acceptable value for the a
lIength is as follows [4]:

a=[(0.3440.03)+i(0.84+0.03)] (fm).

The presented value of the length a has been in-
deed chosen to describe the low and middle Z nuclei
[4]. The disadvantage of the usually used approach
is connected with approximate definition of the
proton and neutron densities and using the effec-
tive averaged K-nucleon scattering length. More
correct approach is in the the relativistic mean-field
(RMF) model for the ground-state calculation of
the nucleus. Though we have no guaranty that these
wave-functions yield a close approximation to na-
ture, the success of the RMF approach supports
our choice [24]. These wave functions do not suffer
from known deficiencies of other approaches, e.g.,
the wrong asymptotics of wave functions obtained
in a harmonic oscillator potential. The RMF model
has been designed as a renormalizable meson-field
theory for nuclear matter and finite nuclei [24]. The
realization of nonlinear self-interactions of the sca-
lar meson led to a quantitative description of nuclear
ground states. As a self-consistent mean-field model
(for a comprehensive review see ref. [22-24]), its an-
satz is a Lagrangian or Hamiltonian that incorpo-
rates the effective, in-medium nucleon-nucleon in-
teraction. Recently [22] the self-consistent models
have undergone a reinterpretation, which explains
their quantitative success in view of the facts that
nucleons are composite objects and that the mesons
employed in RMF have only a loose correspondence
to the physical meson spectrum. They are seen as
covariant Kohn-Sham schemes and as approxima-
tions to the true functional of the nuclear ground
state. As a Kohn-Sham scheme, the RMF model

can incorporate certain ground-state correlations
and yields a ground-state description beyond the
literal mean-field picture. RMF models are effec-
tive field theories for nuclei below an energy scale of
1GeV, separating the long- and intermediate-range
nuclear physics from short-distance physics, involv-
ing, i.e., short-range correlations, nucleon form
factors, vacuum polarization etc, which is absorbed
into the various terms and coupling constants. As it
is indicated in refs.[24] the strong attractive scalar
(S: -400 MeV) and repulsive vector (V: +350 MeV)
fields provide both the binding mechanism (S + V:
-50 MeV) and the strong spin-orbit force (S — V- -
750 MeV) of both right sign and magnitude. In our
calculation we have used so called NL3-NLC (see
details in refs. [24]), which is among the most suc-
cessful parameterizations available.

3. Results and conclusions

In ref. [5] we have presented some calculations
for a selection of kaonic atom transitions. Such
calculations are obtained solving numerically the
Klein-Gordon equation using the effective Dirac
Superatom code developed by Ivanov et al [16-21]
that has been modified to include spin-0 particles
case, even in the presence of electrons [1]. The kaon
mass was assumed to be 493.677+0.013MeV [11].
In table 1 we present the calculated electromagnetic
(EM) X-ray energies of kaonic atoms for transitions
between circular levels. The transitions are identi-
fied by the initial (n) and final (n, ) quantum num-
bers. The calculated values of transition energies are
compared with available measured (E_) and other
calculated (E ) values [1-7]. In a case of the close
agreement between theoretical and experimental
data, the corresponding levels are less sensitive to
strong nuclear interaction. In the opposite case one
could point to a strong-interaction effect in the ex-
ception cited above.

Table 1
Calculated (E, ) and measured (E_) kaonic atoms X-ray energies (in keV)
Nucl. Transition E_,our theor E., [4] E. [6] E. [7] E_
W 8-7 346.572 346.54 - - 346.624(25)
W 7-6 535.136 535.24 - - 534.886(92)
Pb 8-7 426.174 426.15 - - 426.221(57)
U 8-7 538.528 538.72 538.013 537.44 538.315(100)

In table 2 we present the calculated ( C) and mea-
sured (M) strong interaction shifts AE and widths G
(in keV) for the kaonic atoms X-ray transitions. The

subscripts M and C stands for measured and cal-
culated values correspondingly. The width G is the
strong width of the lower level which was obtained by
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subtracting the electromagnetic widths of the upper
and lower level from the measured value. The shift
AE is defined as difference between the measured
E,, and calculated E_, (electromagnetic) values of
transition energies; the calculated value is obtained
by direct solving the equation (1) with kaon-nuclear

potential. Besides, the measured values by Miller et
al and Cheng et al (from refs. [1,4] are listed in table 2
too. It should be noted that Cheng et al did not make
any energy calibration above the 511 e* annihilation
and Batty et al [4] indicated that the corresponding
difference between the energy values is not serious.

Table 2

Calculated ( C) and measured ( M) strong interaction shifts AE and widths G for the kaonic atoms X-ray transitions:
a- the shift was estimated with Miller et al measured energy (see [1]); b — the shift was estimated with Cheng et al
measured energy (see [1]); ¢ — the shift by Batty et al [4]; d — this work;

Nucl AE_ (d) G, () AE_ (¢) G, (0 AE,, G,

W, 8-7 0.038 0.072 ~0.003 0.065 0.079° 0.070 (15)
0.052¢

W, 7-6 ~0.294 3.85 ~0.967 4187 -0.353¢ 3.72 (35)
—0.250¢

Pb, 8-7 0.035 0.281 ~0.023 0.271 0.072¢ 0.284 (14)
0.047¢ 0.370 (150)"

U, 8-7 ~0.205 2.620 ~0.189 2.531 0.120° 2.67(10)
0.032° 1.50 (75)°
—0.40°
—0.213¢

From the other side, more correct definition of
proton and neutron densities is of a great impor-
tance for physically reasonable agreement between
the measured and calculated (this work) shifts and
widths. In whole we can conclude that the mea-
sured strong interaction parameters are reasonably
well reproduced by present theory. To understand
further information on the low-energy kaon-nucle-
ar interaction, new experiments to determine the
shift and width of kaonic atoms are now in prepara-
tion in J-Parc and in LNEF respectively (look, for
example, refs. [1,8]).
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SENSITIVITY OF SILICON PHOTOVOLTAIC CONVERTERS TO THE LIGHT INCIDENCE
ANGLE ON THEIR RECEIVING SURFACE

M. V. Kirichenko, V. R. Kopach, R. V. Zaitsev, S. A. Bondarenko

Abstract. The results of output parameters dependences researches for multijunction silicon pho-
tovoltaic converters (PVC) upon solar radiation incidence angle on their receiving surface are pre-
sented. It has been shown that for improving of PVC efficiency is necessary to achieve the increased
values of minority charge carriers lifetime in their base crystals as well as the optical reflection coef-
ficient for metal/Si boundaries (interfaces) inside multijunction PVC, while for using multijunction
PVC in the optical location systems the forced reduction of these values is reasonable.

Keywords: photoconverter, photovolt, light incidence angle, reflection coefficient, parameters

YYTINBICTb KPEMHIEBUX ®OTOEJIEKTPUYHUX ITEPETBOPIOBAYIB /1O KYTA ITAJATHHA
CBITJIA HA iX ITIPUMAJIBHY ITOBEPXHIO

M. B. Kipiuenko, B. P. Konau, P. B. 3aiiyes, C. O. bonoapenko

Anorania. HaBeneHo pe3ysbpTaTy OOCITIIKEHb 3aJIeXKHOCTE BUXiTHMX MapaMeTpiB Oararorie-
peximHuX KpeMHieBuX doroenekTpuuHux neperpopronadiB (PEII) Bin KyTa mamiHHS COHSIIHOTO
BUTIPOMIHIOBaHHS Ha iX TIpuiiMaibHy noBepxHio. Ilokazano, mo mrg 30impmeHHs KKJ OEIT
HeoOXigHO 3a0e3IeunTy MiABUILIEHI 3HAUEHHS Yacy XKUTTSI HEOCHOBHUX HOCIIB 3apsiay B 6a30BUX
KpHCTaIax Ta Koe(illieHTa OIITUYHOTO BiIOMTTS Bil rpaHUIb MeTajl/Si BcepeanHi OaraTorepexin-
anx OEII, y Toif yac, g9k ipn BUKopucranti 6aratorepexignux MEIT y cuctemMax onTUYHO1 JTOKa-
il BUBHAYEHHSI HAIIPSIMY PO3IOBCIOMKEHHS BUIIPOMiIHIOBaHHS TOLUIBHUM € IIPUMYCOBE 3HIDKCH-
HS LINX BEJTMYMH.

Kirouosi cioBa: ¢oroneperBopioBay, (DOTOBOJIBT, KyT MadiHHS CBiTJIa, KOe(illiEHT BiZOUTTS,
rapaMeTpu
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YYBCTBUTEJIbHOCTh KPEMHUEBBIX ®OTOBJEKTPUYECKIUX ITPEOBPA3OBATEJIEN
KYIIIY HAJEHUA CBETA HA X IIPUEMHYIO IIOBEPXHOCTb

M. B. Kupuuenro, B. P. Konau, P. B. 3aiiues, C. A. bondapenro

Annoramusa. I[IpuBeneHbl pe3yabTaThl UCCACAOBAHMIA 3aBUCHMOCTE BBIXOAHBIX ITapaMeTpoB
MHOTOIIEPEXOAHBIX KPEMHMEBBIX (DOTORJIEKTpUUECKHNX Tpeobpaszosareicii (PIDII) ot yrma ma-
JEeHUST COJTHEYHOTO M3IYYEHUS Ha UX MPUEMHYI0 MOBepXHOCTh. [TokazaHo, 4To ISl YBeIMUYEHUS
KITO ®SDI1 HeoOX0ommMo 00eCcIIeunTh MOBBIIIEHNE 3HAaUeHU I BEJIMYUH BpeMEHH XKU3HU HEOCHOB-
HBIX HOCUTeJIel 3apsiaa B 0a30BbIX KpUCTaLIaX U KO3 PULIMEHTa ONITUYECKOro OTpaxkeHUs OT Ipa-
HUI MeTaju1/Si BHYTpU MHOTOonepexoaHbx MOII, B To BpeMsT KaK ITpU UCITOJIb30BaHUHM MHOTOITE-
pexogHbix @DI1 B cricTeMax ONTUYECKOM JTOKALIMY 1IeJIeCOO0Pa3HBIM SIBIISIETCS TTPUHYAUTEITEHOE

CHM2KCHUNE 3TUX BEJINYNH.

KioueBble cioBa: poTonpeodpazoBaresib, (POTOBOJIBT, Yroa MaaeHus cBeTa, KO3(GGUIMEHT OT-

paxkeHUsI, ITapaMeTPhI

Introduction

The short circuit current density J,. and open
circuit voltage U,. of photovoltaic converters
(PVC) are increased with the intensity growth of il-
Iumination flux penetrating into the semiconductor
base. It causes the expediency of concentrated solar
radiation (CSR) using for increasing of such devices
efficacy n,since N ~J, Uy and U, ~In(Jy. / J),
where J, — diode saturation current density [1-4].

One of the most favorable types of multi-junc-
tion Si-PVC specially created for the use in CSR
conditions [3,4] named “photovolt”, represents a
monolithic design from set (more then 10) of single
crystal silicon flatly-parallel diode cells with p—n
junctions oriented perpendicularly to reception
surface and connected in-series by means of metal
layers between the adjacent cells.

The essential advantages of considered PVC type
at CSR conditions in comparison with single-junc-
tion Si-PVC of planar design p—n junction which is
oriented parallel to reception surface, are: i) poten-
tial capability to much more effective conversion of
CSR into electric energy and ii) generating i10—30
times greater output voltage. The last circumstance
simplifies the problem of high-voltage photoelec-
tric systems development and provides reduction of
electrical energy losses in solar batteries intercon-
nections as well as in electrical energy transmission
line from solar batteries to the consumer.

Besides, the manufacturing of “photovolt” type
PVC, the necessity of using of sufficiently expensive
photolithography process disappears since on the
receiving surface (in difference from planar design
PVC [2]) crested or grid current-collecting electrode
with narrow and thin (~10 um) streaky elements di-

vided by the gaps less than 1 mm is absent. However,
it is necessary to take into account that the signifi-
cant part of CSR goes to PVC receiving surface un-
derthe angle o > 0 toit normal [5]. Therefore, Jg.,
U,- and efficacy should depend on o, as far as
the irradiance £ of PVC receiving surface changes
with o according to the law E = F, cosa , where
E,=E at a=0 [6]. Therefore, the angular depen-
dence of multi-junction Si-PVC output parameters
minimization is one from the urgent problems with
regard to creation of such type PVC with increased
efficacy for the use at CSR conditions.

On the other hand in optical location systems the
Si-PVC of “photovolt” type could be serious alter-
native to the well-known semiconductor radiation
sensors requiring the external source of electrical
energy. Thus in this case the angular dependence of
Js and U, should be so more tangible as it pos-
sible.

In the present work the influence of single crys-
tal Si-PVC “photovolt” design features on Jg
and U, dependence upon o was investigated in
connection with practical importance of two above
mentioned problems. Concerning to both problems
simultaneously the greatest interest represents the
U,-(a) dependence owing to simplicity of this pa-
rameter measurement.

Experimental detales

In connection with above mentioned the serial
“photovolt” type Si-PVC with the area of receiving
surface about 2 cm? manufactured on the basis of p-
type conductivity single crystal silicon with resistiv-
ity about 10 Ohm-cm were investigated. Schematic
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image of the samples is presented at Fig 1. Devices
had overall dimensions 33 mm x 6 mm x 1 mm and
consisted from 35 elementary diode cells by thick-
ness 150 um everyone with n*-p-p*-structure which
were connected in-series through the metal inter-

layers by thickness about 10 um.

TN

Il

Fig. 1. Schematic image of “photovolt” type multi-junc-
tion Si-PVC cross—section: 1 — metal layer by thickness
t ~ 10 um; 2 — layer of n"-type conductivity silicon;
3 — layer of p-type conductivity silicon; 4 — layer of p*-
type conductivity silicon; 5 — solid metal electrode.

Determination of Jy. and U,. values for in-
vestigated Si-PVC was carried out by measurement
and following analytical processing of loading il-
luminated current versus voltage characteristics LI
CVC. The measurement of LI CVC was carried out
similarly to [7] under the Si-PVC receiving surface
irradiation power of 5712 W/m?, that corresponds
to the degree of AMO irradiation concentration
equal to 4.2.

For light incidence angle o change on its sur-
face the investigated Si-PVC was fixed on goni-
ometer device allowing varying the angle o in the
range from 0° up to 90° with the accuracy of 0.01°.
Measurements of LI CVC were carried out at the
following values of o : from 0° up to 20° with a step
2°; from 20° up to 40° with a step 4°; from 40° up to
60° with a step 5°; also LI CVC were measured at
angles 70°, 80°, 85°and 90°. Temperature of samples
25 °C at LI CVC measurements was supported with
the help of the thermostat. The analytical process-
ing of LI CVC realized similarly to [8].

Results and discussion

The normalized angulardependencesofopen cir-
cuitvoltage Upe" (o) (curve 1) and short circuit cur-
rent Jg" (o) (curve 2), calculated according to the
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experimentalvaluesofthe correspondingmagnitudes
1 1 « ynorm _ JSC (a)
in the following way: J[2™ (o) = o (a=0)

U™ (o) = Uy (o) are  presented

Uy (a=0)’
on the Figure 2. Earlier [9] it was shown that
in the range of o values from 40° up to the
Brewster angle ¢, (74.5° for silicon) trend of
ur (oc) dependence is well described by the

In [f (R,oc)cos a}
23(8,-¢)

0< f(R,a) <1 is a correcting function, taking into
account the real values of reflection coefficient
from the metal/Si boundaries into “photovolt” type
Si-PVC. In expanded form this ratio is presented in
[9], where & < g, are absolute values of indexes in
degrees of short circuit current and diode saturation
current densities, accordingly. As a result of analy-
sis of such U™ (a) dependence it has been estab-
lished that, varying parameters R and A§{=¢&,—
—§, it is possible to purposefully effect on its char-
acter. So, for example, it is necessary to maximally
increase parameters R and A§ for minimization of
ugr (a) angular dependence with the purpose of
“photovolt” type Si-PVC efficiency rising.

ratio ,  Where

Upt" (o) ~1+

14

norm
Use rel. un.

norm J
sc . rel un
0.6

0.4

0.2 1

0
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Fig. 2. Normalized values of open circuit voltage (1) and
short circuit current density (2) versus light incidence
angle on Si-PVC of “photovolt” type receiving surface.

In the present work it is suggested to using “pho-
tovolt” type Si-PVC as sensor in the optical location
systems. Obviously, that for the successful solving
of such problem the device, using in the specified
capacity, must provide the possibility of output sig-
nal registration, and also to have the strikingly ex-
pressed, desirably linear, dependence of the regis-
tered parameter from the o angle. As follows from
above stated, the characteristic peculiarity of “pho-
tovolt” type Si-PVC is high photovoltage that pro-
vides simple and reliable registration of this param-
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eter. At the same time, from Fig. 2 evidently, that
concerned “photovolt” type Si-PVC has the weakly
expressed U (a) dependence in the range of
light incidence angles on their receiving surface
from 0 up to 74°. However, the results of work [9] let
to suppose that varying parameters R and A& will
allow to provide the strikingly expressed character
of ypm (a)dependence.

C
Therefore, we carried out the numerical simu-

ln[f(R,(x)cos (x]
2.3A¢
dence at 40°< o < 70° for different values of R
and AE. Results of the simulation as a family of
Upe™ (., AE) surfaces for different values of param-
eter R are presented at Fig. 3. From Fig. 3 it is evi-
dent, that varying of parameter R practically does

not result in the varying OUqc (a%x — speed of

change U™ from o, but provides the change of
U, absolute value, i.e. this magnitude growth

with R growing.

depen-

lation of U/ (a) ~1+

Fig. 3. Theoretical 2™ values versus oo and A& for
considered Si-PVC otg gphotovolt” type at the light re-
flection coefficients from metal/silicon boundaries: 1 —
R=10;2— R=0.6;3— R=0.2.

At the same time, as it evidently from Figure

3, the determining influence on the OUpc (a%x

renders AE parameter, being the difference of J.
and J, orders values. Really, from stated Figure
evidently that by realization of situation, charac-
teristic for concerned “photovolt” type Si-PVC,

when AE=~7-8, the value 0Uqc (OL)aot >0 as

well as on Figure 2 at a < 74° . However at decrease
of difference between J,. and J, that corresponds
to AE decrease, dependence of U™ (a) suffers
substantial changes and at A =1-2 obtains prac-
tically linear character in the concerned range of o

angles with sufficiently large value OUoc" (a% ~
-(7.3:- 14.6)-10-3 relat.un./deg. *

Thus, the obtained results argues that in the case
of using “photovolt” type Si-PVC as sensors in the
optical location systems the U, sensitivity of such
sensorsto the light incidence angle on their receiving
surface increased with decreasing of difference be-
tween J4- and J, » characterized by parameter A .
Value of the registered parameter U, . increased
with growth of reflection coefficient from metal/Si
boundaries into “photovolt” type Si-PVC. At the
same time it is necessary to take into account the
technological difficulties of R —1 achievement in
the conditions of Ukrainian Si-PVC production,
and, also, that, as it evidently from Figure 3, the
value of U2»™ less than at R =1 only on 5% is pro-
vide at R=0.6.

Therefore for using “photovolt” type Si-PVC as
sensor in the optical location systems optimum is
the next combination of parameters influencing on
Upe (o) dependence: A =1-2 and R=0.6.

At the same time achievement of such reflection
coefficient from the metal/Si boundaries into “pho-
tovolt” type Si-PVC offers no special complication
in conditions of national Si-PVC production.

It is well known [1] that values of J . andJ,
and consequently AE, substantially depends from
minority charge carriers lifetime t, , in PVC base
crystals. Therefore, the required value of A§ at us-
ing such PVC as sensors, it is possible to achieve by
a purposeful decrease of 1, , values in base crystals
bulk. Since 1, ,~N,', where N, is bulk concen-
tration of recombination centers, then with above
mentioned purpose the base crystals for such sen-
sors in the process of appropriate devices manu-
facturing can be subject to thermal, mechanical or
other types of processing directed at introduction in
their bulk as greater as possible amount of recom-
bination centers. It will be result in substantial de-
crease of 1,  value. A similar effect can be achieved
and by using of heavily doped silicon single crystal
for manufacturing of concerned sensors. Such sili-
con, intended for electronic industry, has small <,
values due to high doping level.
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Conclusions

The results of carried out experimental and
theoretical researches of silicon photo-converters
sensitivity to the light incidence angle on their re-
ceiving surface allow to make the following con-
clusions:

1. The character of U,.(a) dependence for
multi-junction “photovolt” type Si-PVC consider-
able depends on the minority charge carriers life-
time t, , value in the PVC base crystal, while re-
flection coefficient R from metal/Si boundaries
into PVC effects on absolute value of U ..

2. It has been shown that purposeful decrease
of t,  value and increase of R value will allow
tocreate the PVC with practically linear and easily
registered U,.(a) dependence. Such character of
U,-(o) dependence will allow to use the multi-
junction “photovolt” type Si-PVC as sensors in the
optical location systems.
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FIBER-OPTIC SENSOR FOR THE EXPRESS CONTROL
OF THE CHEMICAL COMPOSITION

Y. P. Sharkan, N. B. Jytov, 1. 1. Sakalosh, J. J. Ramsden,
M. Y. Sichka, 1. I. Popovich, S. O. Korposh

Abstract. On the example of the aqueous-ethanol solutions we proposed fiber-optic sensor system
of the evaluation of the concentration of the liquid solutions with the known qualitative composi-
tion. The deposition of the thin film chalcogenide layer with the high refractive index permitted to
improve in one order the precision of the refractive index measurements of the aqueous solutions
for the quartz Y-shaped splitter. We proposed and tested the method of the definition of the aqueous
solutions concentration thanks to the measurement of the time of the total drying of the film of the
solution on the fiber end, and thanks to the measurements of the changes of the interference signal
which appears on the film in course of the drying process.

Keywords: Fiber-optic sensor, Fabry-Perot interferometer, aqueous solutions concentration, the
process of drying of the film of the solution

BOJIOKOHHO-ONITUYHUY CEHCOP EKCITPECHOI'O KOHTPOJIIO XIMIYHOTO CKJIAITY
BOJHMX PO3YNHIB

M. I1. Illapkans, M. B. 2Kumos, I. I. Caxaaow, [xc. [nc. Pamcoen,
M. IO. Ciuka, I. 1. Ilonosuu, C.0O. Kopnow

Anorania. Ha mpukimam BOTHO-CIIMPTOBMX PO3YMHIB 3aIIPOIIOHOBAHA BOJIOKOHHO-OIITHMYHA
CEHCOpHAa CUCTeMa OL[IHKM KOHILIEHTpaLlii piIKUX PO3UMHiB 3 BiIOMUM SIKiCHUM ckjagoMm. HaHe-
CEHHSsI TOHKOILJTiBKOBOT'0 XaJIbKOT'€HiTHOIO 11apy 3 BUCOKUM ITOKA3HUKOM 3aJIOMJICHHS TO3BOJUIO
Ha TOPSAOK IMiABUILUTYA TOYHICTh BUMipIOBAHHS MOKAa3HMUKA 3JIOMJIECHHS BOOHUX PO3YMHIB IS
Y-nomioHOTo KBaplIOBOTO po3TajlyKyBada. 3alIpOIIOHOBAHO Ta BUIIPOOYBAHO METOM BU3HAYCHHS
KOHILICHTpAllil BOTHUX PO3YMHIB IIUISIXOM BU3HAYEHHS ITOBHOT'O Yacy BUCUXAaHHS IUIiBKU PO3UYMHY
Ha TOPIIi BOJIOKHA, a TAKOX BUMIipIOBAHHSIM 3MiH iHTep(pepeHIIifHOTO CUTHAIY, III0 BUHUKAE Ha
IUTiBLI B IPOLIECi BUCUXAHHS.

Kmouosi ciioBa: BonokoHHO-onmuuHMi gatyuk, intepdepomerp Pabdpi-Ilepo, KoHLIEHTpaLLis
BOIHMX PO3YMHIB, TIPOLIEC BUCUXaHHS IUIIBKU PO3YUHY
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M. Y. Sichka, I. I. Popovich, S. O. Korposh, 2009 27



Sensor Electronics and Microsystem Technologies. 3/2009

BOJIOKOHHO-OINITUYECKU CEHCOP DKCITPECCHOIO KOHTPOJII XUMHUYECKOTO
COCTABA BOJIHBIX PACTBOPOB

U. II. Illaprans, H. b. 2ZKumos, U. U. Caxaaow, Inc. /Puc. Pamcoen,
M. IO. Cuuxa, H. U. Ilonosuu, C. A. Kopnow

Annoranusa. Ha mpuMepe BOTHO-CITMPTOBBIX paCTBOPOB TMPEUIOKEeHA BOJJOKOHHO-ONTHYECKAsT
CCHCOpHAs CHCTeMa OLIEHKH KOHIIEHTPAIIUY XXUIKUX PACTBOPOB C M3BECTHBIM Ka4eCTBEHHBIM CO-
ctaBoM. HaHeceHMe TOHKOTUIEHOYHOTO XaJIbKOTEHUIHOTO CJIOST C BRICOKMM TT0Ka3aTesIeM ITPejioM-
JICHUSI TI0O3BOJIMJIO Ha TIOPSIIOK IMTOBBICUTH TOYHOCTh U3MEPEHHMS TTOKa3aTe s TPEJIOMIICHUST BOTHBIX
pacTBOPOB ST Y-00pa3HOTo KBaplieBOro pa3BeTBIUTENS. [1petoXXeHO U UCTTBITAHO METO OTTpe-
JeJIEHUST KOHIIEHTPAIIMU BOIHBIX PACTBOPOB IMyTeM OIpeAeICHMUs TTOJTHOTO BPEMEHU BBICBIXaHUST
IJICHKW pacTBOpa Ha TOPIIE BOJOKHA, a TAKXKe M3MEPEeHUEM M3MEHEHUI MHTepGhepeHIIMOHHOTO
CUTHAJIa, KOTOPBI BO3HUKAET Ha TJICHKE B IIPOLIECCE BHICHIXaHMS.

Knrouessie ciiosa: BomokoHHO-onTH4YecKuit naTauk, naTepdepomerp @adbpu-Ilepo, KOHIIEHT-
pauus BOOIHBIX PaCTBOPOB, MPOLIECC BBICBIXaHMSI IVICHKU pacTBOpa

Introduction

Determination of the chemical composition
of liquid solutions continues to be a task of cur-
rent importance, covering a very wide spectrum of
applications ranging from the control of physico-
chemical technological processes and ecological
monitoring to the analysis of medical and biological
processes. The development and creation of sensors
for rapid analysis is the especially topical. The sen-
sors should also be cheap, small in size, requiring a
small amount of the investigated medium and able
to work under the conditions of intensive electro-
magnetic fields and ionizing radiation.

Fiber-optic sensors meet the demands for pre-
cise, rapid and reliable monitoring of media of dif-
ferent kinds [1]. The small size of the mono-fiber
permits its use for the analysis of a small amount
of the investigated medium. This is especially im-
portant for medical purposes. Sensors with sensi-
tive elements on the fiber end are suitable for the
determination of chemical compositions [2-5]. The
sensitive element can either be the fiber end itself or
a film or layer from a material sensitive to the influ-
ence of investigated medium [6].

The principle of operation of such sensors can
be the amplitude measurement [7-9], in which the
change of a signal is due to change of absorption
or refractive index of the investigated environment,
with which the fiber end contacts. More sensitive
are interference fiber-optic sensors, in which the
film from the investigated material [10, 11] or cre-
ated at the fiber end beforehand the Fabry-Perot
interferometer, the parameters of which vary during
the interaction with the investigated medium [3],
are used in the role of interferometer|[12].
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In this work, a fiber-optic sensor for the deter-
mination of quantitative changes in chemical com-
position of solutions is presented. The operating
principle of the sensor is a method of determina-
tion of the reflection coefficient at the boundary
between the fiber end and the investigated medium
and the determination of the parameters of the film
drying process, which occurs at the fiber end during
withdrawal of the fiber from solution.

Direct measurements of the solutions
concentration

The most convenient method for the determina-
tion of the refractive index of the solutions is the
measurement of the amplitude of the inverse light
reflection due to reflection coefficient at the bound-
ary between fiber end and investigated medium. In
this case, using the single-mode quartz optic fiber
the reflection coefficient is defined as follows:

2
R=| 7| (1)
ng+n,

where n ) — the refraction coefficient of quartz core
of the single-mode fiber; n, — refraction coefficient
of the investigated medium.

The sensor (see, please, Fig.1) contains a Y-
shaped splitter that divides the power equally be-
tween the input and output channels. From the in-
put channel the signal propagates into the common
channel, which is placed in contact with the sample.
The optical signal is reflected from the fiber-sample
interface, returns to the common channel, and then
propagates into the output channel. The output sig-
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nal is amplified and sent through an ADC to reach
a computer for information processing.

L%y

Fig. 1. Scheme of the mono-fiber optical sensor: 1 —
light source (A=0.95 um in the present work); 2 — in-
vestigated medium (sample); 3 — fiber optic Y-shaped
splitter; 4 — liquid film on the fiber end; 5 — photodiode
and amplifier; 6 — ADC.

Fiber-optic Y-shaped splitter contains the quartz
fiber with core diameter and covering 8 and 150 pum,
correspondingly, as far as exactly the quartz fibers,
comparatively with polymer, due to the chemical
stability provide the possibility to investigate the
parameters of the physiological liquids in the “in
vivo” mode.

The light emitting diode was used as a light
source with the illumination wavelength 950 nm
and possesses the width of the emission band at the
level of 0.5 of about 30 nm. Unfortunately use of
quartz fibers with the core refractive index of 1.45,
leads to a low reflection when measuring the aque-
ous solutions, in which the refractive index doesn’t
differ too much from the n,. The use of the fibers
with the high refractive index, for example chalco-
genides, will considerably increase the reflection
coefficient at the fiber end—investigated medium
interface. Fig. 2 shows the calculated depen-
dences of the fiber end reflection value from the
investigated medium for quartz and chalcogenides
fibers with a refraction index of 2.05 in the range
of refractive indexes inherent to the aqueous solu-
tions. As it is evident from figure, not only reflec-
tion value but also the slope considerably increas-
es, and that significantly increases the sensitivity
of measurement.

However, the complexity of the creation tech-
nology, the Y-shaped splitter on the base of chal-
cogenide fibers force to search the compromise
decision for the given task. In order to increase the
sensor sensitivity we used the single-mode quartz Y-
shaped splitter on the end of the common channel

of which was deposited the thin film chalcogenide
layer GeS, with the refractive index 2.05.
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Fig 2. Calculated dependences of fiber end reflection
from the investigated medium for a quartz fiber n=1.45
(curve 1), and for a chalcogenide fiber # f=2.05 (curve 2);
the inset expands the plot for refractive indexes typical
for aqueous solutions.

Changing the concentration of the investigated
medium, with which the common channel end of
the chalcogenide monofiber sensor is in contact, the
reflection coe-fficient R also changes; and change
of signal amplitude is recorded:

2 .
U—kRek (”12 + r23) — 41,7, 5in’ (8) @)
(147,755 )2 — 41,1,y sin’ (3)
n.—n — 2
hy = . 1)},23:”1 nm:SZ Tm,d’ (3)
n,+mn n+n, A

where k is a proportionality coefficient; U — the
signal amplitude output of the photodiode, #, and
r,, — reflection coefficients on the boundary quartz
single-mode fiber — thin film chalcogenide layer — the
investigating medium correspondingly, & — phase
shift at the light passing at wavelength A through
the thin film chalcogenide layer with thickness d ,
n, — the refractive index of the core of the optic
single-mode fiber, n, — the refractive index of the
thin film chalcogenide layer, n, — the refractive
index of the investigated solution. Hence by simply
making optical contact of the mono-fiber end of the
sensor with the investigated medium it becomes pos-
sible to determine the index of refraction of the given
medium. Upon a change of the chemical composi-
tion of the solution its refractive index varies.

Fig. 3 shows the reflection coefficient of the fi-
ber end—air interface and how the reflection coef-
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ficient changes during immersion of the fiber end
into solutions containing different concentrations
of ethanol.
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Fig. 3. Experimental determination of the reflectivities
of aqueous ethanol solutions and pure water.

From these data the calibration curve of the de-
pendence of the optical signal on the ethanol con-
centration was plotted (Fig. 4).
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Fig. 4. Calibration curve, linking the optical output sig-
nal with ethanol concentration.

The measured value of the refractive indexes of
the ethanol solutions are in a good agreement with
tabular data[13] within an accuracy 107, It is worth
noting that the repeatability of these results was very
good. Thus the suggested fiber-optic sensor (Fig. 1)
of the amplitude type with single-mode quartz Y-
shaped splitter permits directly to measure the re-
fractive index of the investigated solution and due to
the change of the refractive index to determine the
concentration change.

Also, monitoring of the solutions concentration
of the known chemical composition may be carried
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out using the sensor calibration on the standard
samples, in this case there is no necessity to mea-
sure directly the refractive index of the investigated
solution, that permits to use the multi-mode optic
fiber and by this to decrease the loses of the optic
signal on the optic connections and to increase the
reliability of the sensor as a whole.

The process of solution drying on the fiber end

The second procedure reported here is the study
of the dynamics of optical signal changes during the
withdrawal of the fiber end from solution and dur-
ing the drying processes of the film which is formed
on the fiber end: during withdrawal of the fiber from
a wetting solution, a drop forms on the fiber end,
which then remains due to surface tension; its size
depends on the composition of the solution from
which it is formed (we neglect here any possible
changes of the drop composition compared with
the bulk composition due to the proximity of the air
water interface in the drop).

The drying process was studied with the help of
the sensor depicted on figure 1. It was held at the
same conditions of 25 °C and 55 % relative humid-
ity. Aqueous ethanol solutions were chosen for the
experiment.

In order to explain the processes which occur
on the fiber end of the sensor after breaking optical
contact of the fiber with the investigated medium, a
CCD camera was used.

Dependence of the change of the signal value in
the process of measurement is shown at Fig.5.
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Fig. 5. The change of the signal value in the process of
measurement: 1 — the monofiber end-air interface; 2 —
fiber end-investigated medium interface; 3 — withdrawal
of the fiber end from solution and formation of a drop-
shaped film on the monofiber end; 4 — reduction of film
thickness as a result of drying.
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The 1% region corresponds to the fiber end-air
interface; the 2" region to the fiber end-investigated
medium interface; the 3™ region to the formation of
the drop-shaped film on the fiber end.

The sharp increase of the signal amplitude ini-
tially observed is due to the drop-shaped form of
the film; all the light is reflected into the mono-
fiber; the subsequent decrease of the signal is due
to a change of the drop geometry, and correspond-
ingly the radius of curvature of the spherical mir-
ror, which exists at the investigated medium-air
interface is continually changing. Further drying
leads to an increase of the radius of curvature, and
eventually the solution film on the fiber end be-
comes plane-parallel and light interference arises,
due to the formation of a Fabry-Perot interferom-
eter on the fiber end.

The 4" region shows a changing in the reflected
signal as the film thickness on the fiber end de-
creases due to evaporation of the plane-parallel
solution film; when the film thickness reaches the
coherence length for the sensor, the interference
occurs.

Additional confirmation of such division of the
dependence of the amplitude on the film form was
received in the course of the investigation of evapo-
ration with the help of the video recording of the
process on the CCD camera. On the end of the
mono-fiber the drop of the investigated solution
is formed. In time the evaporation of the liquid
from the end of the mono-fiber occur, the volume
decreases and the radius of the drop curvature in-
creases, as a result on the end of the mono-fiber the
plane parallel film is formed in which the multiple-
beam interference is taking place.
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Fig. 6. Drying dynamics for aqueous ethanol solutions of
different concentrations.

Fig. 6 shows the optical signal of the drying dy-
namics for aqueous ethanol solutions of different
concentrations. The correlation between the drying
time and the solution concentration is evident, i.e.
with increasing ethanol concentration film drying
is faster. The calibration graph of the drying time
dependence on ethanol concentration C=C(t) is
plotted at Fig. 7.
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Fig. 7. Dependence of the drying time of the film on the
concentration of the aqueous solution of the ethanol.

In such way by the measurement of the time of
the process of the total drying of the aqueous solu-
tion on the end of the fiber it is possible to deter-
mine its concentration.

Interference in the drying solution film

The interference that appears in the drying film
on the fiber end enables the development of inter-
ference fiber optic sensors for the determination of
solution concentrations, which are more sensitive
in comparison with amplitude sensors.

For studying the interference of the solution
drying on the fiber end a fiber-optic spectropho-
tometer (Ocean Optics HR2000) and a white light
source (Ocean Optics HL-2000 tungsten halogen
lamp) were used. Measurements of the reflection
spectrum from the end of the fiber-optic Y-shaped
splitter with a diameter of 400 um was carried out;
the diameter of the connector of the common chan-
nel, which was immersed into the investigated me-
dium, was 3 mm. Aqueous ethanol solutions were
also chosen for this experiment.

At Fig. 8, the reflection spectra of the drop formed
on the end of the optical connector for different dry-
ing time of 50 % aqueous ethanol solution are shown.
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Curve 1 corresponds to the reflection spectrum from
the investigated solution when the fiber end is in so-
lution, curve 2 to the spectrum of a solution drop
formed on the fiber end after withdrawing it from
the investigated liquid. During the drying process
a change of reflection occurs due to change of the
drop form (curve 3). Gradually the radius of curva-
ture of the drop is so increased, that interference in
the solution film appear (curve 4), characteristic for
a thin-film Fabry-Perot interferometer.

1 - immersion;

2 - withdrawal; 1oeo.
3- drying:

4 - interference: £
5 - interference peaks shift.
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Fig. 8. Reflection spectra of the drop formed on the end
of the optical connector for different drying times of a
50% aqueous ethanol solution. The inset shows an en-
largement of part of the curves 4 and 5.

Further decreasing of the solution film thick-
ness due to drying leads to a shift of the interference
maxima in the reflection spectrum (curve 5).

Using the well-known equation for interference,
itis possible to assess only the optical thickness n,d ,
but it is impossible to define the absolute value of the
refractive index and thickness, because both values
vary simultaneously in time for the solutions:

-y
}\’2}\‘]

where A and A, are the wavelengths corresponding
to the positions of two neighbor interference peaks;
n,, is refractive index of the solution film at the time
of measurement; and d is the geometric film thick-
ness at the time of measurement.

The decrease of the geometrical film thickness
takes place due to evaporation; and the change of
the index of refraction takes place due to the change
of the film chemical composition during the dry-
ing, which occurs because of the differential rate of
evaporation of the various solution components.

The index of refraction will be constant in time
only for pure liquids. Thus, measuring the reflection

=2n,d (4)
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spectrum, in other words the change of the interfer-
ence peak positions in time, and calibrating the sig-
nals for given solution compositions, application of
the given technique for the quantitative determina-
tion of solution compositions whose composition is
qualitatively known is possible.

However, the processing of the spectral interfer-
ence curves requires powerful software, because of
the presence of large data arrays, and needs also quite
expensive and complex hardware, which consider-
ably complicates the application of this method.

Therefore, a system of monitoring the interfer-
ence in the drying liquid film without spectral de-
termination is offered. For this purpose the scheme
depicted in figure 1 was used, single mode quartz
fiber was used as the fiber-optic Y-shaped splitter,
and a semiconductor laser diode with an illumina-
tion wavelength of 1320 nm and width of emission
band at the level of 0.5 of about 5 nm, mean emitted
power of 1 mW and frequency of direct modulation
10 kHz, was used as the emitter. The connector of
a single mode optical fiber with a diameter of 2.5
mm was used as a fiber end of the common channel,
which was immersed into the investigated solution
and on which the drying drop was formed.

reflection fram the fiber end - air interface

immersion

drying process

withdrawal

3

T T T T T T T T T T
0 200 400 600 800 1000
tLs

Fig. 9. Reflection changes for the complete process com-
prising immersion into solution, withdrawal from solu-
tion and drying. 1 — pure water; 2 — 50 % ethanol solu-
tion; 3 — 80 % ethanol solution.

The drying of aqueous ethanol solution drops
of various concentrations formed on the end of the
single mode optical fiber was investigated.

Fig. 9 shows the graph of the reflection change
for the complete process including immersion into
the solution, withdrawal from the solution and dry-
ing. Since the diameter of the optical fiber con-
nector end is much bigger than for the technique
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described in the first part of this paper, the times of
drying are also much bigger.

The course of the complete drying process, as
shown in figure 9, correlates with the data present-
ed in the first part of this work, i.e. with increasing
ethanol concentration the time for complete drying
is decreased.
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Fig. 10. The interference picture for a 50% aqueous eth-
anol solution.

At the same time, for the given measurement sys-
tem, the region of evaporation of the formed planar
film appears more clearly. The reason is connected
with the different film geometry at the fiber end (the
bigger dimensions in comparison with the first part
of this work) and coherence length of the emitter.

The study of the interference picture for the in-
vestigated solutions has shown that as well as the
spectral changes of reflection during film drying,
the rate of the change of the film optical thickness
(n,d ) varies in time for solutions. This is evident
from the change of period of the interference max-
ima (Fig. 10 and Table 1). During the film drying
of their pure components individually (ethanol or
water), the period remains at a constant value.

Thus, by measuring the speed of the period
change of the interference maxima the determina-
tion of the concentration of the drying liquid is pos-
sible. In other words, it is necessary to solve the task
of measurement of the distance between the peaks
on the interference picture. One possible hardware
implementation of a solution to this task is intro-
duction of a differential chain after the signal am-
plifier (Fig. 11, a), which will allow the creation of
impulse fronts from the incoming signal (Fig. 11, b)
with a much higher amplitude than the oscillations
of the average signal level (Fig. 11, ¢). After the dif-
ferential chain, a comparator (threshold device) is

placed, which will evaluate the moments of inter-
section of the impulse with the value of the thresh-
old level (Fig. 11, d).

Threshold device

a —— Differential chain ——

on "+
3
b =
4
514,35 51541 516,46 517,51 518,57 519,62 520,63 521,73 522,78 52384 524 89 52595 527 £, &
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514,35 515,41 516,46 517,51 518,57 519,62 520,68 521,73 522,70 523,64 524,88 52595 27 L, &
Digital signal

514,35 615,41 516,46 517,51 518,57 519,62 520,68 521,73 522,78 623,64 524,83 62555 627 L, &

Fig. 11. Schematic illustration of the determination
method of the distance between the peaks on the dia-
gram of the interference pattern.

Table 1
Values of the period of the interference maxima for
aqueous solutions of ethanol of definite concentrations.

T, s

Number H.O C,HOH | C,H,OH | C,HOH

of period 2 —50% | —80% | —96 %
1 1.6809 1.0588 0.6856 0.4874
2 1.6816 1.0630 0.6901 0.4867
3 1.6808 1.0658 0.6930 0.4853
4 1.6813 1.0697 0.6975 0.4873
5 1.6803 1.0731 0.7012 0.4863
6 1.6812 1.0776 0.7035 0.4867
7 1.6813 1.0816 0.7078 0.4853
8 1.6805 1.0847 0.7109 0.4873
9 1.6812 1.0877 0.7157 0.4874
10 1.6808 1.0921 0.7189 0.4863
11 1.6816 1.0961 0.7222 0.4853

Hence, the periods of the interference maxima
will be estimated. Further measurement of the
temporal distance between impulses can be ac-
complished by filling the measured interval by time
impulses and counting them, which can be easily
carried out with the help of a personal computer.

On the base of the received results the plot of the
dependence of the middle value of the period of the
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interference maxima on the concentration of the
aqueous ethanol solution was constructed (Fig. 12),
which permits to measure the ethanol concentra-
tion in aqueous solutions.
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Fig. 12. Dependence of the middle value of the period
of the interference maxima on the concentration of the
aqueous ethanol solution.

The method of determination of the components
concentration for the qualitatively known solution
composition was developed that permits to observe
the quantitative changes in the composition of the
film of the investigated solution and also according
to the value of the change of the period of the inter-
ference maxima in the process of the measurement,
to determine whether the investigated solution is
ideal or not ideal [14].

Conclusions

The work carried out and discussion have shown
that:

1. By attaching a chalcogenide glass fiber with a
high refractive index to the common channel of a fi-
ber-optic Y-shaped splitter, the sensitivity of the re-
fractometer is increased by almost one order of mag-
nitude compared with conventional silica glass fibers.

2. The measurement of the changes in the re-
flection coefficient during drying of a solution film
on the end of the optical fiber allows the sensitive
determination of the concentration of aqueous so-
lutions whose composition is known qualitatively.

References

1. E. Udd “Fiber Optic Sensors: An Introduction for
Engineers and Scientists” // Wiley-Interscience, 1st
edn., 1991.

34

2. A. Cusano, A. Cutolo, Michele Giordano, and Luigi
Nicolais “Optoelectronic Refractive Index Measure-
ments: Application to Smart Processing” // IEEE
Sens. J. 3 (6), 781-787, 2003.

3. M. Giordano, M. Russo, A. Cusano, and G. Mensitieri
“An high sensitivity optical sensor for chloroform va-
pours detection based on nanometric film of A-form
syndiotactic polystyrene” // Sens. Actuators B, 2004.

4. A. Cusano, G. V. Persiano, M. Russo, and M. Gior-
dano “Novel optoelectronic sensing system for thin
polymer films glass transition investigation” // IEEE
Sens. J., 1-8, 2004.

5. R. Wolthuis, G. Mitchell, J. Hartl, and E. Saaski “De-
velopment of a dual function sensor system for mea-
suring pressure and temperature at the tip of a single
optical fiber” // IEEE Trans. Biomed. Eng., 40 (3),
298-302, 1993.

6. M. Giordano, M. Russo, A. Cusano, G. Mensitieri, and
G. Guerra “Syndiotactic polystyrene thin film as sen-
sitive layer for an optoelectronic chemical sensing de-
vice” // Sens. Actuators B, 2004.

7. A. A. Chtcherbakov, P. L. Swart, S. J. Spammer,
P. V. Bulkin “Long dual-cavity fiber optic Fabry-Pe-
rot strain sensor with rugate mirrors” // Opt. Eng.
35(4), pp. 1059-1063, 1996.

8. V.Arya, M. J. de Vries, M. Athrya, A. Wang, R. O. Claus
“Analysis of the effect of imperfect fiber endfaces on
the performance of extrinsic Fabry-Perot interfero-
metric optical fiber sensors” // Opt. Eng. 35(8), pp.
2262-2265, 1996.

9. A. M. Murphy, M. F. Gunther, A. M. Vengsarkar, and
0. R. Claus “Quadrature phase-shifted, extrinsic
Fabry-Perot optical fiber sensor” // Opt. Lett. 16(4),
pp. 273-275, 1991.

10. llapkans U. I1., Mueonuney HU. M., Xumos H. B.,
Myuuuka H. U., Banopoeckas U. K., Kononanvye-
eéaJl. U., Ilonosuu U. U., Taspux E. B. Cioco6 or-
peneyieHUs] TpaaueHTa IToKasaTelisa IPeIOMIICHMS
meHky o tonmuHe // A. ¢ CCCP, No 1474524,
1987.

11. R. Todoran, J. P. Sharkany Nondestructive laser sys-
tem for the in-situ study of the kinetics of the adsorp-
tion processes at solid/liquid interface // 1999, SPIE
Proceedings Vol. 3687, Paper #: 3687-05, pp. 26-28.

12. M. Giordanoa,., M. Russoa, A. Cusanob, G. Mensitieric
An high sensitivity optical sensor for chloroform va-
pours detection based on nanometric film of A-form
syndiotactic polystyrene // Sensors and Actuators B:
Chemical, Volume 107, Issue 1, 27 May 2005, p. 140-
147

13.0. N. Grigorov, A. 1. Zaslavskii, Yu. V. Morachevskii
// “Chemical Data”, 2" ed., Vol. 3, Moscow: “Khi-
mia” 1965.

14. 3enun I. C., Ilenkuna H. B., Koean B. E. ®usndec-
Kast xuMust: 4. 3. Da3oBble paBHOBECUS U YUYECHUE
0 pacTtBopax: YdeOHoe Tmocoboue. —CII6.: C3TY,
2005. — 119¢c.



M. Yu. Trofimenko, Yu. A. Nitsuk, T. E Smaglenko, L. I. Riabchuk

UDC 662.611:535

DETERMINATION OF SPECTRAL DEPENDENCE OF SOLID BLENDED
FUEL TORCH SYSTEM RADIATING ABILITY

M. Yu. Trofimenko, Yu. A. Nitsuk, T. F. Smaglenko, L. I. Riabchuk

I. I. Mechnikov Odesa National University,
Dvoryanskaya Str., 2, Odesa, 65082,
E-mail: nitsuk@mail.ru, Tel. 723-62-27

DETERMINATION OF SOLID BLENDED FUEL TORCH SYSTEM RADIATING ABILITY
SPECTRAL DEPENDENCE

M. Yu. Trofimenko, Yu. A. Nitsuk, T. F. Smaglenko, L. 1. Riabchuk

Abstract. Multichannel optical pyrometer is described. Temperature measurement and emissiv-
ity definition methods are presented. Role of dispersed condensed phase of exterior torch layers is

discussed.

Keywords: burning, radiating ability, temperature, condensed phase, flame

BU3HAYEHHS CIEKTPAJIbHOI 3AJTEXKHOCTI BEJIMYUHU BUITPOMIHIOBAJIbHOT
3JIATHOCTI ®AKEJIA TBEPAOI CYMIIIIHOI CUCTEMHU

M. FO. Tpogpumenxo, I0. A. Hiuyx, T. D. Cmazaenxo, JI. 1. Paouyx

Anoraniga. OnrcaHo 6araToKaHaJIbHUM ONTUYHHI ITipOMETp, SIKUiI BUTOTOBJICHO aBTOpaMM, i
METOAMKU BU3HAYEHHSI 3 MOro JOMIOMOTI0OI0 TeMIIEpaTypy Ta BUIPOMiHIOBAJIbHOI 3MaTHOCTI Ha pi3-
HUX JOBXWMHAX XBWJIb ITOJIYM 5. 3BEPTAETHCS yBara Ha poJib KOHIIEHTpAaIlil IucIiepcHoi a3y 30B-
HIITHIX 1IapiB dakenra mpy BU3HAYCHHI TEMIIEpaTypH i BUIIPOMIiHIOBAJIbHOI 3IaTHOCTI IIOJIyM 5.

Kirouosi ciioBa: ropiHHsI, BUIIpOMiHIOBaJIbHA 3JaTHICTh, TeMIIEpaTypa, KOHIeHCOBaHa da3a,

MoIyM’ s

OIIPEIEJIEHUE CIIEKTPAJIbHOM 3ABUCUMOCTHU BEJINYNHBI N3JTYYATEJIBHOM
CIIOCOBHOCTHU ®AKEJIA TBEPION CMECEBOI CUCTEMBI

M. I0. Tpogpumenxo, 10. A. Huuyx, T. @. Cmazaenxo, JI. H. Paouyx

Annoramus. OnycaH MHOTOKAHAJIbHUI ONTUYECKUIA TTUPOMETP, KOTOPBIA M3rOTOBJIEH aBTO-
paMM, U METOIVKHU OIPEIeNIEHNsI C €ro MOMOILbIO TEMIIEPATYPhl M U3Ty4aTeIbHOM CITOCOOHOCTU
IUTaMEHU Ha pa3HbIX JrMHax BoyH. [lokasaHa pojib KOHLIEHTPALMU JUCIIEPCHOMR (pa3hbl BHELITHUX
ciioeB (hakesia IIpy oIpeneIeHUU TeMITepaTyphl M U3JTydaTeIbHOM CIIOCOOHOCTH (hakea.

KiioueBblie ciioBa: TOPpCHUEC, MU3JIy4daTC/IbHAasA CHOCO6HOCTL, TEMIICpaTypa, KOHACHCUPOBaAHHAaA

daza, miams

Introduction

The original multi-channel optical pyrometer,
developed by authors, and the methods of tempera-
ture and irradiating ability of a flame determination
at different wavelengths have been discussed. It is

necessary to pay attention to the concentration of
disperse condensed phase of outer layers of flame
during the determination of temperature and irra-
diation ability of the flame.

The existing experimental data of coefficient of
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flame irradiation ability € were obtained for metal
oxides or carbon parts [1-3]. In early papers [4]
for solid blended systems (SBS) flames based on
per-chlorate ammonia the € values were detected
for local fields of torch experimentally (2-0.3)mm?
at pressures of (4-6) MPa in the region of spectra
about (1-1.8) micrometers.

The use possibility of the SBS for welding dop-
ing and obtaining of light sources with determined
parameters was the important reason to detect the
¢ of full torch (or their extended parts) as well as to
determinate the flame brightness at the flame tem-
peratures. The measuring regions of working tem-
peratures for those SBS are in 2000-3000 K. The
major part of emitted energy of the torch is placed
in the wave region of less then 1 pm.

The spectra of SBS to be investigated at pres-
sures of 4 MPa and more have a continual character
[9] and consist of two components. The first com-
ponent is the emission of burning particles of initial
SBS and condensed products of their burning (K-
phase). Second component is the irradiation of gas
phase which is the enveloping curve of the molecu-
lar strips (in case of small spectral discrimination
of the measuring device) of their electron-rotating
structure, the intersection and self-reversal of dif-
ferent strips at high density of burning products.

Sometimes the SBS emission spectra at pressure
of 0.6 MPa except of continual irradiation of the
flame may be presented the lines and strips specific
to some elements or compounds placed in torch.
This fact can due to the increasing of probability of
entering the one of working wave of the pyrometer
to this line, and, hence, the violation the “gray”
condition (¢ = const) for flame emission. Analyz-
ing of registered flame emission at full number of
wavelengths as it is possible in experiment, may suf-
ficiently reduce these measurement errors.

Hence, in order to increase the accuracy of mea-
surement according to [4] it is necessary to enlarge
the spectral region of &, and quantity of working
wavelength of the pyrometer and it would be neces-
sary to have a possibility to register the emission of
torch part.

Besides, the serial pyrometers which satisfied
the previously mentioned conditions, multichan-
nel and large scope in noted spectral region are not
manufactured.

So, it is necessary to produce the multichan-
nel pyrometer and measuring temperatures and &
of extended parts of optically solid torch. (Optical
solid torch contains the “K-phaze” in a quantity
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that makes it non-transparent for own irradiation
of flame reflected by outer mirror).

The temperature region of flames to be investi-
gated are (2+4)-10° K. Maxima of energy are placed
in (0.8+1.5) um according to Wien displacement
law. Moreover, the interesting spectra region of
(0.4-0.8) um because of methodologic error while
measuring the brightness temperature is low that in
the region of (0.8-1.5) um.

We produced the 7-channel optical pyrometer
with scope of ~8°. Working wavelengths for registra-
tion are determined by changeable interference fil-
ters of A, = 0.589 ym, A, = 0.621 um, A,=0.766 pm,
A,=1.165 ym, A, = 1.37 ym, A, = 1.55 pm, A, =1.8
um. We have measured the 7 brightness tempera-
tures, color temperature by spectral dots of con-
tinual spectra and as well the color temperatures
by two spectral dots. During the same experiment,
we calculated the emissive ability € for optical solid
flames in seven dots. The value of relative device er-
ror of color temperature in this region of spectra not
has not exceeded AT /T -100 %=1.75 % [10].

The burning of SBS samples based on ammo-
nia perchlorate reaction with elastic polyacrylates
binded with doping of spherical aluminum powder
ASD — 1, (dispersion of grains is 16 mm) have been
investigated. The burning of samples of 20 mm,
height — 20 mm was investigated at pressures of 0.6
MPa in the set of constant pressures (SCP) in ni-
trogen atmosphere. In order to provide the flat (by
layers) burning, the side was sealed by TSIATIM
grease.

The outer window of SCP has the round dia-
phragm diameter of 2.5mm. As far as combustion
of standard flame passes through a diaphragm light
from more remote of the flat surface of burning
samples of flame’s area. Building the graph of de-
pendence /n b,-A’=f( /) for five wave-lengths from
the area of continual spectrum, find the interesting
us temperature of initial area (diameter of 2.5 mm)
of flame in the set of torch section.

In composition, the explored standards of SBS
metals sodium and potassium are present. The
sensitiveness of the applied method is such that
the lines of radiation are due to the technological
admixtures of sodium and potassium, registered
by our device through channels with wave-lengths
A, = 0.621um and A, = 0.766 pm, accordingly. Val-
ues ¢ in the proper spectral points, the radiation of
the indicated metals occasionally approached the
value of 0.85. Temperatures of brightness, found at
such values of € near to the color temperatures of
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distribution. Thus, the possibility of comparison of
results appears got in the conditions of the experi-
ment (T =2250 K; T,=2205 K).

In the case, when a metal (for example, B) is
entered into the explored composition for the im-
provement of burning parameters of the radiation
of products of combustion of metal, it is possible
to draw conclusion about his role in the process
of burning (start, intensity and the end of reaction
with its participation).

Measurement was conducted using the method
described in [5]. The offered method, as specified
higher, settles in the same experiment simultane-
ously to define a temperature and estimate the value
of a flame radiating ability. The formula for calcula-
tion of & for wavelength A is shown below:

Cy

AT,
e —1

here ¢, = 1.4388-10* pm*K — second constant of
irradiation at Plank’s law, T —brightness tempera-
ture for wavelength A, T, is T_ detected for accord-
ing local-extended parts of the flame.

Measurement of € was conducted in the spatial
areas of torch near to the area, where the maximal
values of temperature of flame are achieved and, in
our case, maximal values of size of integral radia-
tion. Dependence € on a wave-length took low-re-
duced character with multiplying a wave-length (see
at Fig.1). The absolute value of a radiating ability
for this wavelength (¢,) depends on the site of inves-
tigated area in a torch [6]. It is stated that dispersion
of K-phase and its concentration (in particular in
the external cold layer of flame) is different along
a torch. Indicated absolute values ¢ (1+4)-10! and
motion of dependence ¢, at a change A, characteris-
tic as for P=0.6 MPa, so for P= 0.1 MPa. Advanc-
ing pressure up to P = 1.4 MPa type of dependence
¢ from A remains as formerly, and the absolute val-
ues diminish up to (2 +6)-10-3.

With respect to potassium and sodium, it was
found by us in the same experiment, the radiate
ability is proper to their lines in flame being higher,
than in the nearby areas of continuous spectrum.
Thus, as far as moving of measured area toward the
top of torch there is at first an increase ¢ (e.g. the
intensification increase of the reaction with metals
participation) transition of the curve 1 to the curve 2,
then fading of reaction (curve 2-5). It is explained,
that the admixtures of sodium and potassium are
contained in initial composition as connections

and appearance of their lines in the spectrum of
radiation talks about decomposition of these con-
nections, freeing of the indicated metals and their
readiness to react.

€
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Fig. 1. Spectra dependence of ¢ for the STS-flame at
pressure P = 0.6 MPa.

Numbers of curves are growing accordingly to the
distance between the object and sample’s flat end.
1—T=2220K;2—T=2250K;3—T=2914K;
4 —T=2742K;5—T=2417 K.

It is necessary to mark the complicated structure
of SBS torch [4,6], consisting of hot radiative cen-
tral part and more cold external area from the con-
siderable concentration of particles of K—phase.
As the influence of the particles is specified in the
paper [7], the influence of K — phase particles on
the form of distribution £ on wave-lengths can be
deciding, and a change dispersion of particles of K-
phase change ¢ in short-wave and long-wave parts
of spectrum differently.

That in the conditions when size of particles of d
of the condensed phase (appearing particles of not
reacted carbon and being in flame, reactive par-
ticles of initial SBS) of d ~ A, the € depends on a
change A slightly, the insignificant change of d (ad-
vancement is higher on a torch, change of pressure,
blowing, reserving, technologically entered additive
in the complement of standard) could change both
inclination of the got curve and its form (increasing
dependence could become decreasing).

At comparison of papers [4, 6] statements,
where measurement of ¢ conducted at pressure of
P =4 MPa and 6 MPa and the present work (P =
0.6 MPaand 1.4 MPa), it is necessary to mark as the
general conformities of € law conduct and the dif-
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ferences. To general conformities to the law behav-
ior detail that with the increase of pressure in both
cases, the absolute value of € diminishes, and the
principal reason of it, being as we get the increase of
concentration of K-phase and change its dispersion
in a torch.

The size of absolute value of a radiate ability de-
pends on a location in the torch of measured area,
terms of burning of standard and formation of K-
phase.

So in [6] the terms of combustion SBS in SCP
at 4 MPa is such, that in the overhead area of torch
more homogeneous distributing of temperatures is
achieved on the diameter of torch, the concentra-
tion of particles of K-phase is less. All of it results in
diminishing of radiation dispersion influence of hot
kernel in more cold layers of torch.

In the real experiment and, in particular, the
measurement € conducted in area of torch, where
the maximal values of size of optical radiation of
flame and maximal values of his temperature are
achieved. At P = 0.6 MPa, this area could be suf-
ficiently extensive, with the large difference of
temperatures between central and external parts
of torch. After passing the area of maximal tem-
perature (higher on a torch) intensity of radiation
of flame not immediately diminishes and it results
in active education and accumulation in the torch
of K-phase, that causes its large concentration and
small sizes of particles. All of the results, in mul-
tiplying the influence of radiation dispersion and
diminishing of value ¢ as far as advancement of the
explored area upwards at the torch area of maximal
temperature. Detailed information about the spatial
distributing of temperatures and change of struc-
ture of torch SBS presented in paper [9], K-phase
flames SBS on the basis of ammonium perchlorate,
presented in [8].

To provide the needed values, the complicated
calculation was done, if the task decided in gen-
eral, and the experimental methods of information
receipt are so important on the size and frequency
dependence € in every case.

Conclusions:

The experimental results’ discussion have shown
that:

1. The original optical pyrometer gives the pos-
sibility to extend the spectral region of optical de-
scriptions (parameters) of flame measurement.

2. The offered method lets us to determine
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the absolute values € and distribution € on wave-
lengths in different parts of torch at decompressed
from the locally extensive (& 2.5 mm) areas of
flame with the same precision of the temperature
measurement.

3. Presence of large number of working wave-
lengths in the original optical pyrometer enables to
involve part of them for registration of radiation in
lines characteristic for a reaction with certain ele-
ments or connections (the potassium and sodium in
our case), and to conclude about their role in burn-
ing and to specify a place in a torch, where their in-
fluence is maximal, specifying the same the mecha-
nism of burning SBS.

4. The experimental results specify the complex
structure of torch HUSH and considerable role of
K-phase (dispersion and concentration) at optical
description of flame determination.

5. Size of absolute value of a radiate ability ¢
depends on a concentration and dispersion of K-
phase and area of maximal change & observed on
wave-lengths near to the sizes dispersive particles of
K-phase of external layer of torch.
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CHARACTERISTIC PROPERTIES OF OPTO-ACOUSTIC INTERACTION IN THE “THICK”
ACOUSTIC GRATING

L. V. Mikhaylovskaya, A. S. Mykhaylovska

Abstract. The theoretical analysis of the diffraction spectrum at the normal incidence of the plane
light wave onto a sound wave in the isotropic medium is developed. In the framework of the bound
waves pattern the diffraction spectrum behavior is investigated. At the same time the parameters of
the sound wave such as a width and intensity of the sound beam was modifying. As a result of this
investigation it was showed that the behavior of the diffraction maximums intensity depending on
intensity of the sound intensity is essentially modified under increase of the width of the acousto-
optic layer even at the orthogonal orientation of interacting fields

Keywords: acousto-optic effect, Raman-Nath diffraction, Bragg diffraction

OCOBJHMBOCTI AKYCTOOIITUYHOI B3AEMO/II B “TOBCTIN” AKYCTUYHIN T'PATIII
J. B. Muxaiiaoscora, A. C. Muxaiiaoecvka

Anoranisa. [IpoBeneHo TeopeTUYHUI aHAMI3 TU(GPAKIIAHOTO CIIEKTPY Y BUNAAKY OPTOTOHAIb-
HOTrO TaIiHHS TIOCKOI CBITOBOI XBUJIi HA 3BYKOBY XBUJIIO B i30TPOITHOMY cepefaoBuilly. [Tpu nbomy
B paMKax MOJIEJTi 3B’SI3aHNX XBIJIb JOCIIIKYETHLCI MOBEIiHKAa TU(PPAKIIIITHOTO CIIEKTPY TIPH 3Mi-
HEeHi ITapaMeTpiB 3ByKOBOI XBUJIi, 30KpeMa, IIIUPUHU Ta iIHTEHCUBHOCTI 3ByKOBOi XxBuJIi. [TokazaHo,
110 TPU 30UIbIIEHHI TOBIIWHU MPOLIAPKY aKyCTOONTUYHOI B3aEMOil MOBediHKa iIHTEHCUBHOCTI
cBiT/Ia B MU PaKIiHHNX MaKCUMyMax B 3aJIeSKHOCTI BiJl iIHTEHCUBHOCTI 3BYKa CYTTEBO 3MiHIOEThCS
HaBiTh IIPU OPTOrOHAaJIbHil Opi€HTALIil B3a€EMOiFOYMX MTOiB.

Kamouosi cioBa: akycroontuuHuit epekt, nudpaxiiiss Pamana-Hara, nudpaxuis bpera
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OCOBEHHOCTU AKYCTOOIITUYECKOTO B3AUMOJIEMICTBUA B “TOJICTON”
AKYCTUYECKOW PEHNIETKE

JI. B. Muxaiiaoeckasa, A. C. Muxaiiaoéckas

Annoranus. [1poBeneH TeopeTUUECKUIA aHAIU3 AUMPAKIIMOHHOTO CIIEKTpa B Cliydae OpTOro-
HaJILHOTO NaJeHMsI IJIOCKOI CBETOBO BOJIHBI HA 3BYKOBYIO BOJIHY B M30TPOITHO cpene. [Tpu aTom
B paMKax MOJIEJIM CBS3aHHBIX BOJIH UCCJIEAYETCs TOBeAeHME TU(PPaKIMOHHOIO CIIEKTPa IIPU U3Me-
HEHUM ITapaMeTPOB 3BYKOBOM BOJIHBI, B YACTHOCTU, IIMPUHBI U UHTEHCUBHOCTH 3BYKOBOTO ITy4YKa.
IToxa3zaHo, 4TO MPU YBEIMYEHUU IIUPUHBI 10 aKYCTOONITHYECKOI'0 B3aUMOIEMCTBUS ITOBEAEHNE
MHTEHCUBHOCTH CBETa B AU(PPAKLIMOHHBIX MAKCUMYMaXx B 3aBUCHMOCTU OT MHTEHCUBHOCTH 3ByKa
CYLIECTBEHHO MEHSIETCS JaxKe MPU OPTOrOHAIbHOM OpUEHTALIMM B3aMMOIEHCTBYIOLINX MOJIEN.

KoueBbie ci0Ba: akyctoonTuieckuii apdexr, audpakuus Pamana-Hara, nudpaxkiusg bparra

Introduction

The interest to investigations of opto-acoustic
interaction is determined by extensive practice ap-
plication of the acousto-optic methods for effective
control of the space-temporary parameters of an
optic radiation [1-3], for laser diagnostic of acoustic
fields in liquids and gases, in the area of the measur-
ing of the moving of liquids and gases [4,5]. In the
latter years the works with using of the acousto-op-
tic interaction for investigation optic characteristic
of the scattering mediums, in particular, for acous-
to-optic visualization in turbid mediums, were pub-
lished [5-7]. The interest to this works is stimulated
by modern applications of optic methods for the
medical diagnostic [7].

In the many tasks which are connected with light
diffraction by sound wave it is necessary to know as
those or other sound characteristics have an effect
upon characteristics of passed light beam.

It is well known that the light diffraction by
sound waves depends on incidence angle of light,
on wave length of the incidence light, on length of
the sound wave, on intensity and width of the sound
beam. However at the theoretical analysis of this
problem the most authors are guided themselves by
approximations of the limit cases, so in the result
the applications of finding results have limit. In the
present wok the intermediate case of diffraction be-
tween the Raman-Nath’s regime and Bragg’s dif-
fraction is discussed greater detail

Theoretical analysis

In many papers the theory of the acousto-optics
interaction is built upon base of general solutions of
the wave equations obtained from Maxwell’s equa-
tions [1,8-11].

Let in an isotropic medium the electromag-
netic wave E=E| exp[ J (ko Ytky.z— (Dot)] falls
on the plane z=0 at the angle 6, to axis z. A
plane acoustic wave propagates along y axis be-
tween the planes z=0 and z =L . For presenting
geometry on account of the symmetry of our task
it could consider that all fields are not depend on
x coordinate. In the case of using an approxima-
tion of plane acoustic and optic waves the wave
equation in the region of the interaction of light
and sound (0<z<L) can be write in a form
O’E . O’E 19
o’ ot ot
sound the dielectric permeability of the medium has
form ¢(y)=n’~nj —2n,An, cos(k,y —Qr), where

(e-E). Here perturbed by

n, — the refractive index in the absence of sound,
An, :W — amplitude of modulation of
the refractive index by sound wave, M — acousto-
optic quality factor, / — intensity of sound wave,
k, :%, A, Q — wave number, length and fre-
quency of sound wave respectively. It is clear, that
the perturbations of the refractive index and dielec-
tric permeability by sound wave considerably de-
pend on the sound intensity.

If angle of incidence light beam 0, «1 and
A< A (or k < k), then solutions of given wave
equation may be search in the form of the expan-
sion in series of the plane waves with slowly verified
amplitudes [14]

E(y,z,t)z exp[j(ksin@o Y+
+kcosO, -z —ooot)]iVm (z)exp[ jm(k,y —Qr)]. (1)

In accordance with choice of such series expan-
sion the incident light beam breaks up into series of
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plane waves. These waves propagate at small angles
0, relative to the direction of the incident light
beam. The following relations define values of these

angles sin@, =sin0Q, + m% =sinf, + mﬂ . Here
n,
m=0,+1,%£2,... — diffraction orders.

Substitution of the expansion (1) into wave equa-
tion makes it possible to derive differential equations
for finding of the amplitudes » (z) These equa-
tions have form of the recurrence relations. Using
the approximation of the relatively slow changes of
the functions (Z) in the range 0 <z <L the fol-
lowing infinite system of the first order differential
equations was obtained for determination J (z)
[1,13,14]

dv,
_m+]Hme :jg(l/mﬂ +I/m71)' (2)
dz 2

_ mk, (2ksin®, +mk,) 3
" 2kcos, -

Here

2nm [ . Ao J
= sin@, +m )
AcosB, 2n,A

kAn,  2mAn,
n,cos0, A, cos6, '

This system of equations (2) must be solved with
boundary conditions ¥, (0)= £, and ¥,,(0)=0 for
all m=0. The relation 7 =V -V determines in-
tensity of light in m diffraction maximum. Num-
ber of the excite diffraction maximums depends on
both intensity of sound wave and width of sound
beam.

In present work the case of orthogonal incidence
of plane light wave onto the sound wave in the iso-
tropic medium are considered. At the same time in
the framework of the stated above model of the cou-
pled waves the dependence of diffraction spectrum
on the parameters of sound wave namely width and
intensity of sound wave is investigated.

In the case of perpendicular incidence of light
ray onto the sound beam the parameters p_,u

T
take the following forms p, =p_, =m’ —A°2 . The
n,
energy of the incidence radiation disperses between
set of the diffraction orders symmetrically relative
to transmitted light, i.e. (thatis) ¥, =V_ . The sys-
tem of equations (2) becomes simpler and takes on
form

Vo =jan, v, +ju,, =
=0.5jg(V, +V,., ). m=123..

m—1 m

(2a)
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The intensity of incident radiation is defined by
expression 7, = £2 = J, (z )+ 2ZIm (2)-
1

2
Under the condition Q= k. L= 27?0

k An,
the Raman-Nath diffraction mode takes place. For
this mode the approximation of the two-dimen-
sional (plane) phase grating is true. For this ap-
proximation the diffraction maximum distribution
of the light intensity at going out from sound layer
is described by Bessell functions 7,, =1,-J. (qL).
27An,

L<k2n

Here gL = L — dimensionless Raman-Nath

0

parameter. (It should be noted that Raman-Nath
approximation follow from (2) if all parameters
u, =0). In accordance with these expressions an
increase of the modulation amplitude of the refrac-
tive index An, (that is sound intensity) affects on
diffraction phenomena as well as an increase of the
sound field width L. So for Raman-Nath approxi-
mation number of the excited diffraction maxi-
mums by same way depends on sound intensity and
width of sound beam. This number may be estimat-
ed by using relation Jg (gL )+ ZZJi (gL)=1.1Itis
1

easily to make sure by direct calculation that equal-
ity J, (qL)+ 22 J, (qL)=1 is satisfied sufficiently
exactly ifgL < n; . For example, for gL =3 it is easy
to calculate sum J; +2-(J7 +J5 +J3 )=0.9613. So
it may be expect that the number of the observable
diffraction maximums in each concrete case do not
exceed considerably the magnitude m = gL .

In present paper the condition of smallness of
the sound beam width that necessary to satisfy con-
dition Q < 2n does not use. The system of equa-
tions (2a) was solved successively for three cases:
Dm=0,1. 2)ym=0,1,2. 3)m=0,1,2,3. There-
by we neglect by diffraction in more high orders
I)second, 2)third, 3)fourth respectively. We try to
estimate accuracy our used approximations by suc-
cessively increasing of the number the diffraction
maximums that taken into account in numerical
calculations. So, if in some of region of system pa-
rameters the accounting m +1 diffraction orders do
not vary but only define more exactly solutions for
m diffraction orders then it can state that for given
region it may be confined oneself only by m dif-
fraction orders.

In the beginning we consider first case of dif-
fraction permitting analytic solution. In this case
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after sound beam passage by light beam only two
symmetrical maximums relative to the transmitted
main light beam are observed. This means that it is
need to solve next system of two differential equa-
tions

Vv, =
OI .]ql/; (3)
Vi + WV =0.5jqV,.
With accounting of boundary conditions
V,(0)=E,, ¥,(0)=0 the following solutions for

amplitudes of the diffraction maximums were ob-
tained

E . .
V. (Z)= L (re' —re™*
0 }" —}" 2 1

- E o),

(I(rz n

Ty +24°
where o= —H Hy 4 — roots of the char-

acteristic equation /2 + 7 —0. 5¢* =0. These solu-
tions can be overwritten in form

w +2¢° cos @SJHI +2q z)

VO(Z):EO u +2q
xexp(—j%+jq)o (z)j

qsm(OSw/u1 +24° z) ( 'nj
exp +]— .
\“"Ll +24° 2 2

For phase ¢, (z) following expression is true

12, zu—tg@ N z) In this writ-
Vi +2¢°

ing the amplitude and phase modulations of the
transmitted and diffracted beams are separated.
Ultrasonic (ultrasound) wave generates in medium
amplitude-phase diffraction grating.

The intensities of the transmitted and diffracted
waves going out of (withdrawal from) layer with
width L of acousto-optic interaction equal

I, (L): VOV: :Eg x

2
x{l—%sinz (0.5Vk 247 -2 }
M +2¢

1

L(L)=1,(L)=WV = 4)

E?
> Oqz sin @SJMI +24° L)
q

Hl

V(2)=E,

Results of calculations and these discussions

The numerical calculations were made
for diffraction of light beam wave length
L, =0.6328um on propagating in water ultra-
sonic wave with sound wave length A =150 um .
In this case system parameters are refractive in-

“XO ~0.66 »

dex of medium p,=1.33, value =

0

2mAn, =1.0-10° - An, , Wave param-

parameter g =

0
eter Q0=2u,L=132-L, the direction of diffrac-
tion maximums are defined by following angles
sin@, =m-32-10" rad=m-11" .

As is seen from obtained expressions (4) the be-
havior of the intensities owing to changes of range
of interaction of light and sound L differ from the
behavior of the intensities owing to changes pow-
er of sound wave, that described by parameter q.
Only phase components of diffraction spectrum
intensities explicitly depend on layer width of the
acousto-optic interaction. Into these components
wave parameter of diffraction Q=2u,L enters
also. On fig.1 the dimensionless intensities 7 /I,
are plotted as a function of dimensionless Raman-
Nath parameter gL . Here [ = E; — intensity of
incident radiation, 7 — intensity of diffraction
maximums of zero and first orders. Two cases are
considered. Firstly when width of sound layer is
held fixed (L = const) and only sound intensity is
changed. Secondly when sounds intensity is kept
steadily, i.e. An, = const,q = const , but only sound
width L is varied. On these figures there are also the
dependences light intensity in diffraction rays that
was calculated in Raman-Nath approximation. It is
seen that for values Raman-Nath parameter gL <1
in both cases dependences for transmitted beam
and first diffraction maximums coincide with dis-
tribution of Raman-Nath accordingly Bessell func-
tion. However, with increasing gL>1 the deviation
of dependences from Bessell function are observed.
At that these deviations are different for this two
analyzing cases in the same region of changes of
parameter gL .

The increase of the number of diffraction maxi-
mums brings to necessity solving system of linear
homogeneous differential equations of first order
with large number of equations. The results of nu-
merical calculations for orders m =0, 1, 2 for just
the same values of width of sound beam and index
refractive that on fig.1 are shown on fig.2. It is seen,
that in case of more accurate calculation with tak-
ing account of m =0, 1, 2 the coincidence with Ra-
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man-Nath approximation of first two maximums
m=0 (transmitted radiation) and m =1 (first or-
der) is more exact (better) than in case of calcu-
lations with account only m=0,1 over the same
range of changes values of parameter (product) gL .
And that with variation of sound beam width the
difference from Bessell distribution is much (rather)
more than at change intensity of sound wave when
width of layer of acousto-optic interaction is fixed.
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Fig. 1. Dependences of intensities of zero (0) and first (1)
diffraction maximums on parameter gL, calculated by
formula (4). Dashed lines— L=0.1 cm, An=(0 — 5107*).
Dotted lines — An=1073, L=(0 — 5) cm. Solid lines — Ra-
man-Nath approximation

Numerical calculations was done with account of
diffraction maximums m =0, 1, 2, 3 and showed that
the values of amplitudes of diffraction maximums
which was derived with using of lowest degree of ap-
proximations only these are defined more exactly
with using of more high degrees of approximations.

The dependencies of the difference
AL, = (19 =19 )1, (1 — light intensity in m
diffraction maximum calculated by approximation
m = 0,1,2 and IS) — light intensity in m diffrac-
tion maximum calculated in next approximation
m=10,1,2,3) are presented in fig. 3 and 4. It is seen
that in one and the same range of values of dimen-
sionless parameter gL the dependences of intensity
of zero, first, second orders on sound layer size do
not differ for given approximations. However for
dependences on parameter g there is considerable
difference especially for thin layers.
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Fig. 2. Dependences of intensities of zero (0), first (1)
and second (2) diffraction maximums on parameter
gL. Dashed lines— L=0.1 cm, An=(0 — 5:10~*). Dotted
lines — An=10-3, L=(0 — 5) cm. Solid lines — Raman-
Nath approximat ion

Al

Fig. 3. Dependences of difference between solutions re-
ceived by different approximations for zero (0), first (1)
and second (2) diffraction maximums on value g (in-
tensity of sound wave). Solid lines— L=0.1 cm, dashed
lines —L=0.5 cm.

The  dependences of the  difference
Al =19/1,~J? on sound intensity with its con-
stant width and on width of sound beam with con-
stant its intensity are shown in fig.5 and 6. It is seen
that behavior of diffraction spectra depending on
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intensity of sound wave for taken widths of inter-
action coincides with Raman-Nath approximation.
However with increase of width sound beam even
for small (not great) sound intensity the behavior
of the intensity of diffraction maximums is distin-
guished from Bessell function.

ALy
001

0.005

2

Fig. 4. Dependences of difference between solutions
received by different approximations for zero (0), first
(1) and second (2) diffraction maximums on width of
sound layer L. Solid lines— An=10-°, dashed lines —
An=1.2-10",
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Fig. 5. Dependences of difference between Raman-
Nath solution and solution received by approximation
m=0,1,2,3 for zero (0), first (1) and second (2) diffrac-
tion maximums on value ¢ (intensity of sound wave).
Solid lines— L=0.1 cm, dashed lines —L=0.5 cm.

04

Fig. 6. Dependences of difference between Raman-
Nath solution and solution received by approximation
m=0,1,2,3 for zero (0), first (1) and second (2) diffrac-
tion maximums on width of sound layer L. Solid lines—
An=1073, dashed lines — An=1.2-10-.

In present paper modifications of diffraction
spectra with charge of sound beam width are inves-
tigated. The calculating dependences of light in-
tensity in diffraction maximums zero (transmitted
without angular deflection), first, second and third
orders on amplitude of index refraction (sound in-
tensity) with increase of sound beam width are pre-
sented in fig.7,8. It is seen that with moderate width
of acousto-optic interaction when wave parameter
0 ~1 the light intensity distribution in diffraction
maximums there is far from Bessell function. The
increase of width L produces to growth of light in-
tensity oscillations with increase of sound intensity .
At that even for examining orthogonal alignment
of the interacting fields with increase of width of
sound field the decreases of amplitudes of diffrac-
tion maximums of second and third orders are ob-
served. The calculating dependences of light inten-
sity in diffraction maximums are presented in fig.8
for width of sound field L=0.6 cm, 0=2.3206. It is
seen that for some values of Apn, only transmitted
beam m = 0 and two symmetrical diffraction maxi-
mums first order m = 1 u m = —1 are remained in
diffraction spectrum. At that, light intensities in
diffraction maximums of second order and, partic-
ularly, third in this range of changes An, are neglect
small. Besides, for some value of amplitude of index
refraction the intensity of the transmitted light ray
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coincides with intensity of two refractive and equal
one third of intensity of incidence light.

06

04

QR

Fig.7. Computed dependences of light intensity in dif-
fraction maximums on value g (intensity of sound wave).
Solid lines — Q=2.66, L=2 cm, dashed lines — 0=5.32,

gt

Fig. 8. Calculated dependences of light intensity in dif-
fraction maximums on value ¢ for different approxima-
tions. Solid lines— m=0,1,2,3; 0=4.26, L=3.21 cm, dot
lines — m=0,1; 0=3.92, L=2.95 cm.

Conclusion

In present paper the theoretical analysis and
calculation of the acousto-optic interaction was
done for case of orthogonal orientation of interac-
tion plane light and sound fields. At the same time
dependences of diffraction spectra on both inten-
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sity of sound beam and its width are presented.
The comparison of received results by numerical
calculations with solutions received by Raman-
Nath approximation was made. It was shown
the behavior of diffraction spectra with changes
of sound wave intensity substantially depend on
sound beam width. Particularly, even with perpen-
dicular incidence of light ray onto acoustic grating
one can split light ray into three light ray with equal
intensity propagated at small (not great) angles.
In addition, investigation of behavior of diffrac-
tion spectra makes it possible to estimate intensity
sound wave and connected with its parameters of
medium.
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V. G. Melnik, A. A. Mikhal, L. N. Semenycheva, M. P. Rubanchuk

Abstract. The problems of realization of highly sensitive and precise conductometric biosensor
systems are considered. Composition, structural schemes, software functions of multisensor analyz-
er of saccharides are described, general view is presented. Preliminary experimental research testifies
that the system suggested allows separate determination of concentrations of saccharose, glucose,
lactose and maltose with commercially necessary sensitivity. It can be a basis for development of
modern analytical equipment for efficient concurrent measurement of concentrations of several sac-

charides in food industry.

Keywords: Biosensor, analyzer, measuring system, saccharides

YOTUPHLOXKAHAJILHU BIOCEHCOPHUI AHAJII3ATOP CAXAPU/IIB

C. B. /[3aoesuu, O. II. Coadamkin, O. O. Coadamxin, B. M. Ilewrosa, O. JI. Bacuaenrxo,
B. I Meavnux, 0. O. Mixaas, JI. M. Cemenuueea, M. Il. Pybanuyx

Anotania. Po3mistHyTO mpobiieMu peaitizallii BACOKOYYTIMBUX i TOYHMX KOHIYKTOMETPUIHHIX
bioceHcopHMX cucteM. HaBemeHo ckitam, CTpyKTYpHi cxeMt, GYHKIIIT ITporpaMHOTO 3a0e3ITeue HHS
Ta 30BHIIIIHINA BUTJISIA MYJIBTUCEHCOPHOTIO aHai3aTopa caxapuiiB. [TonepenHi ekcnepuMeHTalbHi
JOCHiIXeHHsI CBiIyaTh, 1110 po3pobJieHa CUCTeMa J03BOJISIE BU3HAYATU PO3ALTLHO KOHLIEHTPALIil
LYKPO3H, [NIFOKO3H, JJAKTO3H Ta MAJIBTO3H 3 HEOOXiTHOO IS IIPOMMCIOBOCTI YYTIMBICTIO i MOXe
OyTH OCHOBOIO IJISI CTBOPEHHSI CYYaCHOTO aHAJiTUYHOIO OOJIAaTHAHHS UISI OMHOYACHOTO OIlepa-
TUBHOI'O BU3HAUYEHHSI KOHLIEHTPALIil 1eKiJIbKOX caXxapuIiB B Xap4yOBiii IPOMUCIOBOCTI.

Kmouosi ciioBa: bioceHcop, aHamizaTop, BUMipioBajbHa CUCTEMa, caXapuaun
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YETBIPEXKAHAJIbHBIYI BUOCEHCOPHBIN AHAJIM3ATOP CAXAPU/I0B

C. B. /[3aoeeuu, A. II. Coardamxun, A. A. Coadamrun, B. H. Ilewmrosa, A. JI. Bacuaenxo,
B. I. Meavnux, A. A. Muxaan, JI. H. Cemenviuesa, M. II. Pybanuyx

AnHoTtamus. PaccMoTpeHBl npo0OieMbl peaji3aliMi BhICOKOYYBCTBUTEIBHBIX U TOUHBIX KOH-
JYKTOMETPUUECKUX OMOCEHCOPHBIX cucTeM. [IpuBemeHbl cocTaB, CTPYKTYpHbIE CXEMbI, (YHK-
LIMY MPOTPAMMHOI0 O0ECIIeYeHNST U BHEITHUM BUJ MYJBTUCEHCOPHOIO aHaIM3aTopa caxapuiaoB.
[IpenBapuTenbHble 3KCTIEPUMEHTAbHBIC UCCIEIOBaHNS CBUAETEILCTBYIOT, YTO pa3paboTaHHasI
cucTeMa Mo3BOJISIET OTPeNeNISITh Pa3aeJbHO KOHLIEHTPALIMU Caxapo3bl, IIOKO3bI, TAKTO3bI U MaJlb-
TO3bI C HEOOXOAUMOIA IS TPOMBIIIUIEHHOCTH YYBCTBUTEJIBHOCTBIO M MOXKET CIIY>KMTh OCHOBOM ISt
CO3/1aHUsI COBPEMEHHOI0 aHAIMTUYECKOTO 000PYI0BaHUS ISl OMHOBPEMEHHOI'O OMEepPaTUBHOIO
onpeneeHU KOHLIEHTPALIMU HECKOJIBKUX CaXapyuI0B B MUILEBOM MPOMBIILICHHOCTH.

Knrouesie ciioBa: buoceHcop, aHamu3aTop, U3MepUTEIbHAS CHUCTeMa, CaXapUIbl

Introduction

Permanent control of saccharides concentra-
tion is vital in various branches of food industry and
farming production. In biotechnology, saccharides
monitoring is necessary for fundamental compre-
hension of processes of cultivation and fermenta-
tion, their optimization and regulation.

Determination of saccharose concentration is
essential at all stages of sugar production — from
its monitoring in white-beet roots during growing
and storage and throughout the whole technologi-
cal cycle of complete processing to the final prod-
uct [1]. Lactose is intensively used in production of
baby foods (along with saccharose), human milk
substitutes, medicinal substances, antibiotics and
food additives [2]. At present, maltose assumes ever
greater importance in food production. Syrup con-
taining maltose as a basic component is featured by
high thermo-stability, low hydro-scopics also being
less allergenic and viscous, it has sweet taste and
do not crystallize at storage [3]. Maltose is used, in
particular, in baby foods production as a saccharose
constituent since its allergenic effect is essentially
lower than that of the saccharose.

In sugar production technology, boiling water
should be strictly controlled regarding the presence
of invert (glucose and fructose) which causes pipe-
line corrosion and boiler failure and, as a result, de-
fect and accidental additional cost.

Currently, saccharides concentration is regularly
measured by analytical methods. Most traditional
methods (liquid- and gas chromatography, chemi-
cal and optical methods) need expensive and com-
plicated equipment and highly skilled personnel
for its operation and maintenance, samples should
be pretreated in a rather complex way [4, 5]. For
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instance, the refractometry is used for saccharose
analysis in beet pulp; this method is experienced la-
bour- and time-consuming because of the require-
ment of samples pretreatment with harmful reagents
(e.g., lead acetate) for over than 40 min.

Nowadays, the application of conductometric
biosensors is a promising approach in develop-
ment of apparatus for determination of saccharide
concentration. Conductometric methods are suffi-
ciently simple, easy-to-use and precise in terms of
application for both research and commercial pur-
poses. Conductometric transducers are advanta-
geous as compared with electrochemical transduc-
ers of other types by following characteristics:

— absence of technologically complex and large-
sized reference electrode;

— application of low-amplitude alternative cur-
rent (which allows to avoid Faraday effect on elec-
trodes);

— light insensitivity (in contrast to ion-selective
field-effect transistors);

— a potential of miniaturization and high-rate
integration assuming usage of inexpensive thin-film
technology;

— low costs at mass production [6].

The four-channel biosensor analyzer of sac-
charides, described in this article, is suggested for
determination of glucose, saccharose, lactose and
maltose in aqueous solutions.

Design of conductometric biosensor analyzer and
principles of operation

Measurement of tested analytes concentration by
conductometric biosensors (CBS) is carried outin a
buffer solution with ion conductivity. CBS consists
of a selective biochemical transducer in the form
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of a thin membrane deposited on planar electrodes
placed on a thin plate. CBS is immersed in the buf-
fer solution. The tested substrate being added in
buffer solution, penetrates the selective membrane
and the chemical reaction takes place resulting in
change of ion concentrations. Consequent change
in specific electric conductivity is proportional to
the tested substrate concentration.

The system of planar electrodes transforms the
changes of solution conductivity into a CBS output
informational parameter — changes of active con-
ductivity. However, along with this useful compo-
nent, there are non-informative components in the
CBS output signal: considerable background tem-
perature-dependent (2 %/ °C) active conductivity
of buffer solution and reactive conductivity con-
nected with the processes at electrode/electrolyte
interface.

To suppress non-informative components and
ensure required measurement stability, a differen-
tial sensor is used which consists of two conducto-
metric transducers (CT) included in a compensa-
tion-bridge circuit of a secondary transducer (ST).
Considering difference in electric properties of CT
and membranes to be negligible, the circuit can
be taken as balanced. Both CT are geometrically
identical, each CT consists of a pair of thin-film
interdigital electrodes on an insulating support.
Addition of the tested solution into buffer solution
causes changes in specific conductivity of the active
membrane while that of passive membrane remains
the same. It causes the bridge circuit disbalance and
the constituent of ST output voltage occurs which is
proportional to the tested solution concentration.

Though the above-stated principles of conduc-
tometric biosensor systems are well-known, simple
and metrologically reliable apparatuses are as yet
far from realization. As the authors established, the
main cause is that an effect of non-informative re-
active component of differential CBS impedance
on the transformation function of bridge circuit is
more complicated than it has been assumed. Thus,
as shown in [7, 8], the bridge sensitivity (i.e. the
ratio of output signal increment A/ to active con-
ductivity change AG ) at fixed applied voltage U r
strongly depends on the ratio between active and
reactive components of the CT impedance (phase
angle tangent tg¢). This dependence is described
by the expression:

1

Al =U AG——F———.
1-tg°p— j2igp

On the other hand, the dependencies of CT
equivalent circuit parameters on electrode circuit
geometry, electrodes material, frequency of bridge
applied voltage, concentration of buffer solution
have been shown. The tangent of the phase angle
can range from several tenths to one. At increase of
frequency till 20 — 30 kHz, the tangent value drops
(that is characteristic for the series equivalent cir-
cuit) while at higher frequencies, either stabiliza-
tion, slight decrease or increase of this parameter is
revealed. The frequency characteristics of the phase
angle tangents for 6 pairs (firm lines and dashed
lines, respectively) of planar conductometric trans-
ducers with 20 x 20 um inter-digital topology of
gold electrodes are presented at Fig. 1. The data
obtained testify the complication of the equivalent
circuit and failure to improve characteristics via in-
creasing frequency.
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Fig. 1. Frequency characteristics of phase angle tangent

An influence of non-informative parameters of
measuring transducers is especially challenging at
development of multi-channel (multi-sensor) sys-
tems since these effects are to be taken into account
and corrections have to be done for each channel
separately. In the course of the research, causes and
characteristics of the reported dependencies were
studied; novel methods and means of transforma-
tion of differential CBS impedance parameters
were suggested to ensure required stability of the
transformation coefficient of measuring circuit as
regards to the effect of non-informative parameters
of the circuit elements [9, 10].

Basically, new measuring methods suggested
distinguishing of the compensation (equilibration)
of the voltage drop on the capacitive (non-infor-
mative) component of CT impedance which al-
lows the normalization of test voltage on the active
(informative) component at working frequencies
of 20 — 30 kHz for CT of any kind. As a result are
attained:
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— the considerable increase in measuring chan-
nel sensitivity;

— decrease of its variation range;

— stability of transformation coefficient are at-
tained.

Further sensitivity increase and stabilization
can be obtained by complete equilibration of the
bridge circuit and use of its output signal module
as an informative parameter. Main transformation
methods and functional schemes of some ST with
compensation-bridge circuits have been reported in
[9, 10].

Below the hardware and software packages are
considered as a basis for realization of four-chan-
nel biosensor analyzer of saccharides composition
in food production and allied industries.

At Fig. 2 the analyzer composition and interac-
tion of its modules and units are shown. The sensor
block consists of a stand with fixed block of holders
(BH) containing four conductometric biosensors
(CBS) with membranes, each of which is selective
to either glucose, saccharose, lactose or maltose.
CBS are immersed into a vessel filled with buffer
solution; the sample solution is added in order to be
measured. A magnetic stirrer (MS) ensures solution
homogeneity throughout the measurement proce-
dure. An electronic measuring block consists of two
modules:

— the module of secondary transducers (MST);

— the basic measurement-control module
(BMCM) [11].
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| | so ation R
e | e ) o o
_—__ o o
o o °o o
———1 s
| | MST BMCM

Fig. 2. Scheme of measuring conductometric system

Both of them are supplied with power unit. A
personal computer (PC) with specific software sup-
port is also an integral part of the measuring block.
It is noteworthy that BMCM is a unified block
which allows realization of wide range of measuring
devices at low costs of elaboration [12].
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A structural diagram of the measuring chan-
nel is presented at Fig. 3. MST module consists of
four secondary transducers ST1 — ST4; each has
a compensation-bridge circuit [9]. Output imped-
ances (Z) of each CT pair are connected into the
loops of certain ST. The sensors are supplied with
sinusoidal potential, frequency of 20 — 30 kHz and
amplitude of 10 mV, generated by the generator G.
The output potential of each ST is proportional to
CT impedance difference of the particular CBS.
Output potentials of ST are connected in turn into
BMCM module input by means of an electronic
switch K1. There are two synchronous detectors
CD1 and CD2 intended for separation of ST output
signal into two components, synchronous and me-
ander, relative to G potential. These components in
turn, via electronic switch K2, enter the input of the
integrating analogue-digital converter (ADC), and
then are connected, as the digital code, into the mi-
crocontroller (MC) for subsequent processing. MC
is regulated with the software at lower level which
guarantees the data exchange with ADC and PC,
and control over G and switches K1- K2 opera-
tion. BMCM is provided with keyboard (KB) and
indication block (IB) for autonomous (without PC)
work of the analyzer.

RS-232

IB

BMCM

MST

Fig. 3. Structural circuit of measuring channel of con-
ductometric system

The operational algorithm consists of two stages:
preliminary balancing of bridge circuit and deter-
mination of results of biochemical reaction.

At the first stage, CBS is placed into buffer solu-
tion without tested substrate. By means of regula-
tion elements, the bridge circuits of ST1 — ST4 are
in turn balanced with respect to two components
(in-phase and meander) of the output potential.
The results of output signals measurement from
ST1 — ST4 are processed and displayed at the indi-
cator (I) and are used as a balanced parameter.

At the second stage, the solution under test,
containing saccharides of certain concentration, is
added into the buffer solution. The biochemical re-
actions in selective membranes result in generation
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of the unbalance potentials on ST outputs. Their
in-phase components proportional to the concen-
tration of particular saccharide are transformed
into digital codes which enter PC via interface port
RS-232C; they are displayed on digital indicator in
an autonomous mode.

The personal computer with software of higher
level (SHL) performs automatic control of the mea-
suring complex, and complete processing, accumu-
lation and plotting of the measurement results. The
software consists of two modules. The basic one
(BSHL) is a unified module which could be used
for multi-channel measuring systems with rather
wide range of regular functions. Another module
takes into account the peculiarities of actual mea-
suring complex intended for specific task.

SHL is featured in following functions:

— compensation of the voltage drop on a capaci-
tive component of CT impedance and coarse bal-
ance of bridge circuit by in-phase components of a
disbalance signal; accurate bridge balancing by me-
ander components of a disbalance signal (for mea-
surements with the equilibrium method);

— realization of multi-channel mode of mea-
surement;

— calibration of measuring channels for correc-
tion of transfer functions and determination of sac-
charides concentration;

— regulation of the equivalent noise transmis-
sion band by the data averaging.

For realization of specific functions of a multi-
channel biosensor analyzer, the BSHL is supple-
mented with:

— the software ensuring interface with a user of
the analyzer;

— generation and transmission of the commands
to equilibrium;

— BMCM and MST control;

— obtaining and specific processing of informa-
tion.

Besides, the tracer programs are available for ex-
perimental investigation of apparatus and software
of the conductometric complex.

Basic software is a set of various functional pro-
grams started by the operator via a system of multi-
level menus. BSHL is a Windows applications with
the menu and pictogrames; it gives to users the wide
scope of facilities for processing electric informative
characteristics (U, I, R, etc.) obtained by transduc-
ers of various kinds as well as for computation of the
parameters to be determined (solution concentra-
tion, specific conductivity, temperature, humidity,

mass, pressure, etc.) with the fourth power polyno-
mial or specific formula.

BSHL functions are similar to those of other
measuring systems:

— tuning for required number of channels (1
to 32);

— data exchange with the measuring block via
interface RS-232C;

— summarizing measured and computed val-
ues of the parameters and other information (date,
time, experiment number, notes) in the Excel tables
with regard to the time of tabulation;

— saving information in a file in the text format
convenient for other applets (Excel, Word, etc.);

— realization of different modes of measurement
(single, continuous, cyclic).

BSHL allows performing the routine procedures
of processing measurement information:

— accounting of the initial parameters;

— comparison with threshold values;

— calibration by external factors;

— determination of sum (difference) of the val-
ues obtained on various channels;

— plotting the results of measurement and cal-
culation.

It provides the output of an arbitrary combina-
tion of measured or computed values to one or two
axes, scaling of indicated values (by the user or au-
tomatic), viewing the data on horizontal and verti-
cal axes with the possibility of selecting and scaling
of a part of the graph.

The view of the main window of the developed
BSHL on the PC display is presented at Fig. 4.

== VIBMEPUTETb 0 - D:\Lud_VB\1\Mihal\pr1_250608.dat
Qaiin HacTpoiti MokasaT Yrpaen LAMI=TRUE  Ycpes - BHyTpM Lkna

2 4|5(6|7(8
:
MW Pl

[etemne cro |r T r r r r r |

MR EEEEER
DuanazoHel
a2

25062008 1356154654 |
25062008 1355154653 2355 131 % 5
25062008 1354 154653 2365 127 E 56 =
- 10
S0 - e
B VA SN OV NUVVAVASY I AW ¥ ARy v Y WA N PRV P I
S0 4
B ST Lo
- HED H Ho £
Lo | Ay Mt A MM A A A A A AL 5
- 150 1 Fa -
- 100 6
150 8
= 10
5062008 [ g2) a0 g0 60 900 %0 940 %0 90 1000 1020 fodo | 16102008 4|
) 180134 [1501:34 150142 150150 150158 150208 150214 150222 150230 150238 150246 150255 150303 | 100702
T bl ral [ Lo

Fig. 4. View of main window of basic program
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Results

The system was tested regarding determina-
tion of the saccharides such as saccharose, lactose,
maltose, glucose. The basic enzymatic reactions are
presented at Fig. 5.

Invertase p-Galactosidase ¢-Glucosidase

stcrose +H,0 = lactose +H.0 — maltose + HyO —
B-D-fructose + | a-D-glucose || | galactose+[ o-D-glucose | [[@-D-glucose + o-D-glucose|

N l /

Mutarotase
o-D-glucose -'| f-D-glucose|

Glucose oxidase

f-D-glucose + 0, = D-gluconolactone + H;0,

u
D-glucenic acid + H,O 5 acid residuum + H*

Fig. 5. Basic enzymatic reaction of conductometric ana-
lyzer of saccharides

Three enzymes are required for measurement
of saccharose, lactose and maltose, whereas only
glucose oxidase is necessary for glucose determi-
nation. The enzymes invertase, [-galactosidase
and oa-glucosidase decompose their substrates:
saccharose, lactose and maltose to a-D-glucose.
The latter is decomposed upon mutarotase action
to B-D-glucose, then by glucose oxidase — to hy-
drogen peroxidase and D-gluconolactone which
is spontaneously hydrolyzed to gluconic acid with
subsequent dissociation into acid residue and pro-
ton generation. Therefore, the solution conduc-
tivity changes which can be registered by conduc-
tometric transducer.

Calibration curves obtained by the developed
conductometric saccharides analyzer (Fig. 6) could
be used for efficient concurrent measurement of
concentrations of four saccharides, i.e. saccharose,
lactose, maltose, and glucose.

The general view of the analyzer is presented at
Fig. 7.

Conclusions

As the result of the experimental results discus-
sion we could state the following:

1. The conductometric biosensor system using
novel methods and measuring means is an exam-
ple of convenient advanced analytical equipment
for concurrent efficient determination of concen-
tration of several saccharides in raw materials and
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semi-processed goods, in final production and in
technological media.
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Fig. 6. Calibration curves of responses dependence for
glucose, saccharose, maltose and lactose sensors on con-
centrations of glucose, saccharose, maltose and lactose,
respectively

Fig. 7. General view of conductometric analyzer of sac-
charides

2. The preliminary experimental research pre-
sented testifies that the system ensures separate
determination of concentration of saccharose, lac-
tose, maltose and glucose with commercially avail-
able sensitivity.

3. The soft hardware applied provides high tech-
nical and economic parameters of the developed
analyzer and could be used for solution of various
tasks.

The work has been financially supported by Na-
tional Academy of Sciences of Ukraine in the frame
of complex scientific-technical program “Sensor
systems for medical-ecological and industrial-tech-
nological needs”.
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THIN FILMS OF TRET-BUTYL CALIXARENE AS SENSITIVE
MATERIALS FOR ORGANIC COMPOUND DETECTORS

A. L. Kukla, A. A. Vakhula, I. V. Kruglenko,
V. Yu. Khorouzhenko, I. A. Samoylova

V.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine
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THIN FILM OF TRET-BYTYLCALIX[N]JARENES AS SENSITIVE MATERIALS FOR GAS
SENSORS TO THE ORGANIC CHEMICAL COMPOUNDS

A. L. Kukla, A. A. Vakhula, 1. V. Kruglenko, V. Yu. Khorouzhenko, 1. A. Samoylova

Abstract. Adsorption properties of thin nanostructured films of tret-bytylcalix[n]arenes (n=3,
4, 5, 6, 8) with thickness of about 200 nm to vapors of different organic solvents are investigated.
Two methods were used for adsorption measurements — mass-sensitive quartz microbalance and
interference colorimetry. Gas sensitive, selective and regenerative parameters of the used calixarene
films as sensitive materials for chemical sensors were investigated. It is shown that the calix[5]arene
films are most sensitive for detection of chlorine organic compounds. The comparative analysis of
responses of quartz microbalance and optical sensor elements for each of the explored sensitive films
have been carried out.

Keywords: QCM sensors, RGB-colorimetry, calix|n]arenes

TOHKI IIIIBK TPET-BYTIJ KAJIIKCAPEHIB AK YYTIMBI MATEPIAJIN J1JII CEHCOPIB
J0 OPTAHIYHUX CIIOJYK

0. JI. Kykaa, O. A. Baxyaa, 1. B. Kpyzaenxo, B. FO. Xopyxcenko, 1. O. Camoiirosa

Anorania. JocmimkeHi amcopOLiiiHi XapaKTepUCTUKMA TOHKUX HAHOCTPYKTYPOBAaHUX ILIiBOK
TpeT-OyTrnkanikc[nlapenis (n=3, 4, 5, 6, 8) ToBIIMHOIO 6J13bKO 200 HM 0 MapiB pi3HOMAHITHUX
OpraHiyHMX pe4yoBMH. BuMiproBaHHS afcopOlLii KajiKcapeHOBUX 11apiB MPOBEAESHO JIBOMA CIIO-
cobaMM — 3a JTOIOMOIOI0 MAac-4YyTJIMBOTO KBapIIOBOIO0 MiKpoOalaHCy Ta IIUISIXOM iHTepdhepeH-
LiMHUX KOJIOPMMETPUUYHUX BUMipIOBaHb. BU3HAaYeHO ra3ouyTiunBi, CeJIEKTUBHI Ta pereHepaTuBHi
napaMeTpHu JOCHiIKeHUX IUTiBOK K YYTJIMBUX MaTepiaiiB AJisl XiMiuHuxX ceHcopiB. IToka3aHo, 1110
JUISL J@TEKTYBaHHS XJIOPBMICHUX CHOJYK HAWMOiNbII YYTJIMBMMU € IIapU HAa OCHOBIi KaJliKCapeHY
C[5]A. IIpoBeneHo MOPIBHSUTLHII aHaIi3 BiITyKiB KBapIIOBMX KPUCTAIYHUX Ta ONTUYHNX CEH-
COPHUX €JIEMEHTIB JJIsl KOXKHOI i3 JOCiI)KeHUX YyTIUBUX IUTiBOK.

Kmouosi cioBa: QCM ceHcop, RGB-konopumerpis, kanikc[n]apeHu
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TOHKHUE IIVIEHKU TPET-BYTWJI KAJIMKCAPEHOB KAK YYBCTBUTE/IbHBIE MATEPUAJIbI
JAJI1 CEHCOPOB K OPTAHUYECKHUM BEIIECTBAM

A. JI. Kykaa, A. A. Baxyaa, H. B. Kpyeaeuxo, B. IO. Xopycenxo, H. A. Camoiirosa

Annoramus. MccnenoBaHbl ancopOLMOHHBIE XapaKTEPUCTUKM TOHKMX HAHOCTPYKTYPUPOBAH-
HBIX IJICHOK TpeT-OyTUiIKaIuKc[n]apeHoB (n=3, 4, 5, 6, 8) TonmHoi okoJio 200 HM K mapam pas-
JIUYHBIX OPraHWYECKUX BellecTB. M3amepeHus aacopOLUMmM KaauKCapeHOBBIX CJI0EB MPOBOAMINCH
JBYMSI METOJAMU — C TIOMOIIIbIO MaCC-4yBCTBUTEJIBHOTO KBaplIeBOTO MUKpOOaiaHca U IyTeM MH-
TepdepeHIIMOHHBIX KOJIOPUMETPUUECKUX U3MepeHMnit. OnpeesieHbl Ta304yBCTBUTENIbHBIC, CEIEeK-
TUBHbIE U pEreHepaTUBHbIE MTapaMeTPhbl UCCIIEAYEMbIX TUIEHOK KaK YyBCTBUTEIbHBIX MAaTEPUAJIOB
JUTSL XMUMUYECKHMX ceHCOpoB. [TokazaHo, UTO 11l IETEKTUPOBAHMS XJIOPCOAEPXKAIIUX COSTUHEHU I
HauboJiee YyBCTBUTEJIbHBIMMU SIBJITIOTCS CJIOM Ha ocHOBe KanukcapeHa C[5]A. ITpoBeneH cpaBHU-
TeJIbHBII aHAJIU3 OTKIMKOB KBapLEBbIX KPUCTAUIMYECKUX U ONITUYECKUX CEHCOPHBIX 2JIEMEHTOB
JUTSL K&KI0M M3 UCCIIEIOBAHHBIX YyBCTBUTEIbHBIX TUICHOK.

Kmouessie ciioBa: QCM cencop, RGB-konmopumerpust, Kaaukce|[n]apeHb

Introduction

Chemical sensors are the rapidly evolving fields
of the modern sensor science. Majority of investiga-
tions in this area is concentrated towards diminish-
ing the sensor overall dimensions, achieving higher
sensitivity and lower reaction times, and also search
for new highly selective materials for various analyt-
es detection. Chemical sensors are widely applied in
medical diagnostics [1] and biomedical analysis [2,
3], in environmental monitoring (continuous and
long-term monitoring of detrimental compounds)
[4, 5], in food industry [6-8] and pharmacology [9-
11], cosmetics production etc.

The necessity of characterization and identifica-
tion of multicomponent mixtures has lead to devel-
opment of the multisensor arrays. The question of
sensitive layers selectivity to specific gaseous mix-
tures is essential for creation of intelligent systems
for taste and odor discrimination based on such
Sensors.

Taking into account the ability of organic mate-
rials to form various types of molecular interactions
and their variety, the organic sensitive layers are
most attractive as to their use in the new generation
of sensor arrays. Ability of volatile compounds to be
adsorbed into molecular capsules of different forms
and sizes provides the increased selectivity, good af-
finity and high sensitivity of such layers toward ana-
Iytes. These properties are well pronounced in the
volumetrically porous organic materials consisting
of the complex multiatom molecules (macrocycles,
calixarenes, polymers) which are able to bind vari-
ous organic substances and gases due to the pres-
ence of molecular cavities.

Use of the molecular organic crystals opens wide
possibilities for formation of sensitive architectures
with predefined chemical functionality. Charac-
teristic examples of this approach are given by the
use of various cavitands, first of all calixarenes [12-
14], which are very promising materials considering
the possibility of optimization of their structure to
match the analyte molecules’ one [15-20]. These
peculiarities of the molecular structure (presence of
the nanocavities) and also the ability of molecular
recognition of the organic compounds allow to uti-
lize the calixarenes for creation of the gas sensors
sensitive layers [21].

The aim of the present work is investigation of the
sensitivity and selectivity of sensitive layers formed
with thin films of tret-butylcalixarenes in chemi-
cal and gas sensors for detection of various organic
substances, and also conduction of the compara-
tive analysis of responses of the quartz crystal and
optical sensor elements as related to correlation
between the adsorbed molecular mass and corre-
sponding change in optical parameters for each of
the sensitive films under consideration.

Materials and methods

In this work thin films of C[3]A, C[4]A, C[5]A,
C[6]A, CJ8]A tret-butylcalixarenes were used as
sensitive layers. Materials in powder form were syn-
thesized at the Institute of Organic Chemistry of
NASU and kindly provided by prof. V.I. Kalchen-
ko. The films were obtained by thermal evaporation
in vacuum (with the VUP-5M setup, residual pres-
sure of 5x10* Pa) and deposition onto the metal
electrodes of piezoelectric transducers [22], or onto
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the polished silicon substrate 20x20 mm in size for
optical transducers [23], in both cases at room tem-
perature (297+2 °K). The average deposition rate
was about 10 nm'min'. The films thickness was
monitored during deposition by means of quartz
thickness measuring device; the final thickness ob-
tained for all cases was about 200 nm.

The following groups of organic compounds
were used as analytes: chlorinated compounds
(chloroform, dichlorethane), aromatic compounds
(toluene, xylene), ketones (acetone), ethers (bu-
tylacetate) and alcohols (ethyl, isopropyl and butyl
alcohol).

Experimental setup and measurement principles

In this work for direct experimental evaluation of
organic compounds vapor adsorption onto the ca-
lixarene coatings, the 5-channel multisensor system
based on AT-cut quartz resonators (with resonance
frequency of 10 MHz) was used [22]. Upon adsorp-
tion of the analyte molecules on sensitive layer the
working frequency of quartz resonator decreases.
Basic equation describing the relation between the
change in resonance frequency of AT-cut quartz
crystal and the mass adsorbed on the crystal surface
is according to [24, 25]

2
APH,

where Afis the change in crystal oscillation frequen-
cy in Hz, f, is the piezoquartz frequency in MHz,
Am is the mass adsorbed on the sensitive film, g, A is
the electrode surface area in cm?, p_ =2.648 g-cm”
(the quartz density), ", = 2.947x10" g-em™-s2 (the
AT-cut quartz shear modulus).

For additional investigation of vapor adsorption
onto the calixarene layers we used the optoelectron-
ic interference multisensors with digital response
registration in form of change in the color compo-
nents (red, green and blue) of the interference-col-
ored calixarene layers upon the adsorption of ana-
Iyte molecules [23]. The sensor system included the
white light source, device for image capturing (web
camera) and the flow-type cell with the sensor array
[26]. It was shown earlier, that the calixarene films
can be used as sensitive layers in colorimetric gas
sensor for detection of alcohol molecules of several
types [27], chlororganic and aromatic compounds
[28]. Interference coloration of the thin layer of
sensitive coating deposited on reflective substrate

Af = Am (1)
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changes upon interaction with gas molecules due
to change in refraction index and thickness of the
film. Usually a change of the color vector length in
the R, G, B values space is used as response of such
colorimetric sensor [26]. However, as numerous ex-
periments have shown, the calculation of angular
coordinates of the color vector in above mentioned
space provides more accurate representation of the
colorimetric image of the film; this is achieved due
to compensation of instability caused by fluctua-
tions of the light source intensity and by noise in the
data transmission channel [29]. Thus, we will de-
fine the response of interference colorimetric sen-
sor upon the influence of analyte vapor as deviation
of angular position of the color vector from its pre-
vious state [28]:

2 2 2
AS = & — & + i — ﬁ + ﬁ — & (2)
Ll LO Ll LO Ll LO

where R, G, B are the measured values of the color

vector components, L =+ R* + G + B> is the abso-
lute length of the color vector in R, G, B space and
indices 0 and 1 define the initial and subsequent
states of the film (before and after its exposure to
analyte vapor) respectively.

Methods of measurement
The colorimetric RGB-measurement method

The analyzed organic compound vapors with
different concentrations were prepared by dilut-
ing the initial saturated vapors with dry air to the
defined amount of dilution. Then the mixture was
transported through the sampling cell with volume
of 2 ml, where the sensor array with calixarene
layers was installed. Table 1 shows concentration
ranges for all used analytes as well as concentration
change step value. Let us note that the maximum
concentration listed in the table corresponds to 50
% dilution and the minimum concentration cor-
responds to 95 % dilution. The step at which the
analyte concentration was increased corresponded
to the 5 % change in analyte amount. The con-
centration value was calculated according to the
following formula:

_R

C= —10° 3
PV ©)

atm

where C is the analyte concentration in ppm, P is
the analyte saturated vapor pressure, P is the nor-
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mal atmospheric pressure (766 mm Hg), V. is the
volume of a saturated vapor sample, V'is the volume
at which the dilution was performed (a 20 ml sy-
ringe).

Table 1

Minimum and maximum concentration values for the

investigated analytes vapor supplied to the sensor cell,

and the step of concentration change during the concen-
tration dependencies measurement.

Saturat-| Mini- | Maxi- | SO0
centra-
ed vapor| mum mum .
tion
Analyte pressure | concen- | concen- | oo
at 23 °C, | tration, | tration, g
mm Hg | ppm ppm step,
ppm
Acetone 202 13185 | 131850 | 13185
Butanol 5 290 2900 290
Butylacetate 18 1174 11740 1174
Chloroform 177 11553 | 115530 | 11553
Dichlorethane 75 4895 48950 4895
Ethanol 50.5 3296 32960 3296
Isopropanol 39 2545 25450 2545
Toluene 25.5 1664 16640 1664
Xylene 6 392 3920 392

Registration of the colored image of investigated
sample was performed at room temperature, first
for the initial state of the sample, then every second
during ten seconds after the exposure to analyte va-
pors and then at the point 2 minutes after purging
the sample with dry air. In all cases the coloration
state after 10 seconds from the start of analyte vapor
supply was taken as the response signal for further
processing.

The quartz microbalance (QM) method

The necessary conditions for gas mixtures analy-
sis is the consistency of their composition and con-
centration during the entire period of experiment.
For each of the investigated samples, the concen-
tration was calculated according to the values listed
in Table 1; the sample then was injected into the 110
ml cell through the inlet. The analyte vapor filling
the cell contacted the sensor array. With the help of
multisensor system the quartz elements response
kinetics was simultaneously recorded for all calix-
arene layers, sequentially for each analyte at the
given concentration. Response was registered dur-
ing 10 minutes, however in all cases the maximum
response value was taken as informative parameter,
that is, the maximum deviation of the resonator os-
cillation frequency from its initial value. The tem-
perature during the measurement was maintained
at 20 °C by means of thermostat [22]. To ensure the

equal measurement conditions and eliminate the
influence of previous experiments after each mea-
surement the cell was cleaned by blowing with car-
rier-gas (argon), which always lead to restoration of
the sensors working characteristics.

Results and discussion

Using both the above described measurement
methods, the responses for five types of calixarene
films to the vapor of nine organic analytes in wide
range of concentrations were obtained.

Fig.1 shows the calculated from formula (1)
mass of adsorbed molecules for each of the inves-
tigated analytes depending on its concentration for
QM -sensors based on respective calixarene layers.

Fig.2 shows the concentration dependencies
for responses of optical RGB-sensors based on the
same sensitive layers, calculated from formula (2).
Let us note that the concentrations scale for each
analyte for all presented curves is identical and cor-
responds to the data in Table 1.

As it could be seen from the presented curves,
the responses of all investigated QM-sensors
(which are proportional to the adsorbed molecules
mass) show monotonous growth upon the increase
of analyte concentration, and the mass increase
rate varies depending on the analyte type. At the
same time behavior of concentration dependen-
cies for majority of RGB-sensors responses is
somewhat different: with concentration increase
the responses change insignificantly, and only af-
ter some threshold concentration the response val-
ue starts to increase quite rapidly. Such response
behavior is typical for C[3]A, C[6]A and C[8]A
films. Only the C[5]A calixarene demonstrates re-
sponses close to linear.

For more intuitive juxtaposition of QM and
RGB-sensors sensitivity and selectivity Fig.3 shows
normalized responses to investigated analytes at
fixed concentration equal to P /2.

Reasoning from the present data, we may out-
line the following characteristic features of ca-
lixarene layers as sensitive materials that were
equivalently evidenced in both types of sensors.
First, all films appeared to be least sensitive to al-
cohol, especially in RGB-measurements. Second,
the largest responses were observed for chlorinated
analytes (chloroform, dichlorethane). Most sen-
sitive in respect to all considered analytes are the
C[5]A and CJ6]A films, and the least sensitive is
C[4]A.
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Fig. 1. Concentration dependencies for the mass adsorbed on calixarene layers of specified types for the entire set
of investigated analytes: (a) C[3]A, (b) C[4]A, (c) C[5]A, (d) C[6]A, (e) C[8]A; concentration range for each of the

given analytes are listed in Table 1.

To specific differences in responses of QM
and RGB-sensors we may attribute the following:
among the QM-sensors maximum absolute sensi-
tivity to the majority of used analytes is observed for
sensors with the C[5]A sensitive layer (see Fig.3,a).
Less sensitive are the sensors with C[6]A layer (ap-
proximately by factor of two) and the least sensi-
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tive are sensors with C[3]A, C[4]A, C[8]A layers (by
factor of 4-5). At the same time RGB-sensors with
different calixarene layers differ from each other
not as much by sensitivity but more by dynamics of
the sensitivity change depending on concentration.
However, the sensors with C[5]A sensitive layer also
stand out here demonstrating nearly linear dynam-
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ic range of responses in considered concentrations film demonstrate weak reaction to all analytes at
range; on the contrary, sensors based on the C[4]A  any concentrations.
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Fig. 2. Concentration dependencies for responses of the RGB-sensors with sensitive layers formed with calixarenes
of five types to the vapor of specified analytes: (a) C[3]A, (b) C[4]A, (c) C[5]A, (d) C[6]A, (e) C[8]A; concentration

range of the analytes are listed in Table 1.

When analyzing the obtained responses, one has
to keep in mind that variation of concentration in
experiments was achieved by dilution of saturated
vapor, and since the saturated vapor pressure for
considered analytes significantly varies (see Ta-

ble 1), the concentration scale is actually different
for different analytes.

However, from the diagrams in Fig.3, one may
notice that the magnitude of response to various
analytes is not proportional to their concentration
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and even not correlate with it. E.g. responses to
the acetone vapor (P,=202 mm Hg) are equal to
responses to butyl acetate (18 mm Hg) and xylene
(6 mm Hg) and approximately 2 times lower than
responses to dichlorethane (75 mm Hg) and chlo-
roform (177 mm Hg).
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Fig. 3. Relative responses of QM-sensors (a) and RGB-
sensors (b) with sensitive layers of C[3]A, C[4]A, C[5]A,
C[6]A, C|[8]A to the vapors of all investigated analytes at
fixed concentration of P /2.

Obviously, the individual selective properties of
the “analyte — sensitive layer” system play more
important role than the analyte concentration.

Regenerative properties of calixarene sensitive
layers upon the influence of organic compounds
vapor were also investigated. Fig.4 shows (by the
example of sensor with C[5]A layer) the RGB-sen-
sor regeneration curves (that is, the return to initial
baseline after exposure to the analyte vapor at vari-
ous concentrations and subsequent purging with
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dry air). The results indicate high reproducibility
of responses in a wide range of concentrations (300
through 100000 ppm, depending on analyte). Simi-
lar data were also obtained for sensors with sensitive
layers of other types.
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Fig. 4. Regeneration curves for RGB-sensor with the
C[5]A sensitive layer, characterizing the return of the
film color to its initial state after the exposure to acetone
(a) and chloroform (b) vapor in various concentrations
and subsequent purging with dry air.

It has to be mentioned that in both types of mea-
surement that was conducted at room temperature
after purging and regeneration of sensor element
the informative parameter magnitude (the film col-
or or quartz resonator frequency) practically always
returned to its initial value, which indicates the
absence of strong chemical bonding of molecules
within the calixarene films, that is the interaction
is characterized by rather weak (coordination, van
der Waals) bounds.

As could be seen from the responses of QM and
RGB-sensors (see Fig.3), the different calixarene
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layers has overlapping but at the same time quanti-
tatively different sensitivity to investigated analytes.
This fact could be put to the base of development
of the multielement multiparametric sensor for or-
ganic substances based on the sensitive films of vari-
ous calixarenes, when the output signals from each
separate sensor element are being registered and
form the multidimensional response, which is then
to be processed with the help of statistical pattern
recognition techniques.

Each analyte or mixture forms its own unique
chemical image, which can be mathematically rep-
resented, transformed and compared to other im-
ages. Fig.5 shows the result of processing the ob-
tained 5-dimensional response vectors from the
array of five QM-sensors and five RGB-sensors re-
spectively, by means of principal component analy-
sis [30]. This method allows do reduce the dimen-
sionality of the initial data to two dimensions and
visualize it with convenient graphical representa-
tion on the principal coordinates plane. Each point
on the plane corresponds to one of the analytes at
specific concentration and the series of one-kind
points corresponding to different concentrations
forms certain chemical image of the given analyte
occupying a certain region. Absence of overlapping
regions would indicate the high selectivity of the
sensor array.

As could be seen, in our case reliable discrimi-
nation is possible for chlororganic compound and
acetone for both sensor arrays, other analytes are
more difficult to discriminate, especially at small
concentrations. The better selectivity results are
demonstrated by the QM-sensors array, probably
due to wider range of sensitivity to various ana-
Iytes.

Comparative analysis of QM and RGB-sensor
responses

If one compare the diagrams of the sensor re-
sponses for QM and RGB-sensors to the entire set
of used analytes (see Fig.3,a,b), one could notice
a certain similarity at least in general tendency of
change that’s why we may suppose that there ex-
ists a correlation between the magnitudes of these
responses. The reason for this assumption is that the
both sensor types used the same calixarene films as
sensitive layers, of the same thickness and obtained
with identical technology. Besides, the measure-
ment conditions for quartz and optical sensors
were also chosen to be identical. The physical and

chemical processes taking place upon adsorption of
the analyte vapor onto the sensitive layer are also
identical.
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Fig. 5. Disposition of the investigated analytes images on
the principal coordinates plane for the five QM sensors
array (a) and five RGB-sensors array (b); as the source
statistic for calculation all available response values
shown in Fig.1 and 2 were used.

Thus, it would be interesting to compare the re-
sponses of two types of sensors to find out the grade
of similarity in responses caused by identical pro-
cesses, that is to find out if there exists correlation
between the adsorbed molecular mass and corre-
sponding change in optical parameters for each of
the investigated sensitive films.

Using all the available response values for QM
and RGB-sensors obtained in the experiments, the
two-dimensional response diagrams were built for
all investigated calixarene films used as sensitive lay-
ers for respective sensors (Fig.6). As can be seen, the
registered distribution statistics shows general ten-
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dency of simultaneous increase on both axes, that is
the positive correlation between the QM and RGB-
responses. Table 2 lists the calculated correlation
coefficients for each type of calixarene film over the
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Fig. 6. Correlation diagrams for QM and RGB-sensor responses for five types of the investigated sensitive calixarene
films; straight lines show the least squares linear approximation of the obtained data.

For further analysis let us denote the follow-
ing. Used calixarenes, being the volumetrically
porous organic materials, are composed of cyclic
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macromolecules having a cup-like shape and the
nanocavities between them. The volatile analyte
molecules easily penetrate to the bulk of the film.
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Basing on the concept that this leads either to the
film material the density increase due to the in-
creasing number of particles per unit of volume,
when the analyte molecules are being bound with-
in the film, or the organic film swells as a result of
adjacent film fragments being pushed aside by the
embedding analyte molecules [26-28], we could
assume that in the first case such interaction leads

to increase of the refraction index of the film and
in the second case to increase of the film thick-
ness. This model is confirmed by the papers [31,
32], where it is shown that the contact of calixarene
films with saturated vapor of benzene, toluene and
chloroform may lead to the increase of film thick-
ness by 10-20 % and/or increase of its refraction
index by 0.01-0.1.

Table 2

Correlation coefficients for QM and RGB-sensor responses calculated for each type of calixarene film over the fol-
lowing data sets: whole totality of the obtained responses, by every fixed concentration for all analytes, and by every
analyte for all its concentrations.

Calixarene C[3]A C[4]1A C[5]A C[6]A C[8]JA Calculation method
Correlation co- 0.726 0.637 0.935 0.862 0.709 Over entire data set
efficient (S, 0.773 0.374 0.910 0.823 0.681 Averaging by concentrations

Son) 0.616 0.497 0.924 0.778 0.821 Averaging by analytes

Now we need to relate the magnitude of RGB-
sensor response calculated from (2) to a change of
optical parameters of the thin film — thickness d,
refraction index # and their product nd. Simulation
of the response for three-layer thin film system with
Frenel equations with varying optical parameters of
the film [33] in vicinity of the used calixarene films
parameters n = 1.5 and d = 200 nm shows that with
the increase of parameters by the above mentioned
relatively small deviations of thickness and refrac-
tion index the colorimetric response magnitude in-
creases monotonically with the change of nd prod-
uct. This means that we can unambiguously relate
the RGB-sensor response to the change in the film
optical parameters.

Returning to the two-dimensional response dia-
grams for QM and RGB-sensors (see Fig.6), we may
state the positive correlation between the changes in
optical parameters and adsorbed mass in general for
all considered calixarene films. However, from the
Table 2, it follows that the correlation strength sig-
nificantly differs for different films: it is profoundly
maximal for C[5]A layers independently of calcula-
tion method, a little lower for C[6]A, intermediate
correlation is observed for C[3]A and C[8]A layers,
and the minimum correlation in all cases is charac-
teristic for C[4]A layers.

We may suppose that the presence of strong cor-
relation between QM and RGB-responses, that is
the synchronous change in adsorbed mass and the
nd parameter of the film, indicates that the whole
bulk of the film is involved into adsorption process,
being uniformly filled with the analyte molecules.
This effect is most pronounced for the C[5]A films.

If the correlation is weak, it is logical to assume that
molecules mostly accumulate on the surface of the
film and do not penetrate into the bulk. This effect,
as we can see, is mostly characteristic for the C[4]A
films. Considering the C|[3]A, C[6]A and C[8]A
films, we may assume that both adsorption types
may take place.

Conclusion

Obtained results allow to predict which of the in-
vestigated sensitive materials may be promising for
use in the sensory systems for specific applications.
It is shown that the most sensitive type of calixarene
layers for all considered analytes appear to be the
C[5]A and CJ6]A films, and the least sensitive is
C[4]A. At this, for classification of the chlorinated
chemical compounds most sensitive and promising
are the layers based on the C[5]A calixarene.

It is shown that with the increase of concentra-
tion of the analytes the mass of adsorbed molecules
for all investigated calixarene films gradually aggre-
gates on the films however for different films at a
different rate. At the same time optical parameters
ofthe C[3]A, C[4]A, C[6]A and C[8]A films change
insignificantly and only start to rapidly increase af-
ter the exceeding of a certain concentration thresh-
old, which varies depending on both calixarene and
analyte types.

For the C[5]A layers optical parameters change
quite synchronously with the growth of adsorbed
mass. The positive correlation between the change
of these parameters is strongest for the C[5]A layers
(0.93) and weakest for the C[4]A layers (0.63).
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IMPACT OF PRE-IRRADIATION ON THE MAGNETIC SUSCEPTIBILITY
OF Cz-Si THERMALLY TREATED AT 700-1000 °C

V. M. Tsmots, P. G. Litovchenko, Yu. V. Pavlovskyy, O. P. Litovchenko,
1. S. Pankiv, M. M. Luchkevych

Abstract. Dependence of paramagnetic component of silicon magnetic susceptibility on pre-irra-
diation by fast neutrons (fn) after subsequent thermal treatment of samples at 700-1000 °C has been
studied. It has been shown based on the measurements of magnetic susceptibility that the value of
the paramagnetic component arising after the said thermal treatment of silicon is influenced by up
to 10" fn/cm?pre-irradiation. With the increase of the irradiation rate this impact decreases signifi-
cantly. Probable mechanisms of defect creation explaining the discovered peculiarity are discussed.

Keywords: silicon, oxygen, magnetic susceptibility, irradiation, thermal treatment

BILIVB IIOIEPEIHBOIO OIIPOMIHEHHS HA MATHITHY COPUNHATIUBICTD Cz-Si,
TEPMOOBPOBJIEHOI'O ITPU 700-1000 °C

B. M. I[moup, I1. I. /lumoeuenxo, IFO. B. Ilasaoscokuii, O. II. /lumosuenxo,
I C. Hanoxie, M. M. /lyuxesuu

Anorania. JIocmimIKeHO 3aJIeXXHOCTI IMapaMarHiTHOI CKJIAZ0BOI MAarHiTHOI CIIPUHAHSTINBOCTI
(MC) kpeMHiIO Bif D03M IIONEPEIHbO OIIPOMIHEHHS IIBUAKUMHY HelitpoHamu (fn), ImiciIss moci-
Iyr040i TepMooopodKm 3paskiB mpu 700-1000°C. Ha ocHOBI pe3yIbraTtiB BUMipIOBaHHS MarHITHOI
CIIPUMHATIMBOCTI II0Ka3aHO, 110 Ha BeJIMYMHY MapaMarHiTHOI CKJIAIOBOi, SIKa BUHUKAE TIiCI 3a-
3HAYCHUX TEPMOOOPOOOK KPEMHII0, CYTTEBO BILIMBAE IIONIEPEIHE OIIPOMiIHEHHS T03aMHM 10 BEJIM-
yyHU nopsaaky 10" fn/cm?. [lpu moganbiioMy 30iIbIIEHHI 1031 OIPOMiHEHHS 1Iei BIUIMB 3HAYHO
nocaabaoeTbes. Po3rIsIHYTO iMOBipHi MeXaHi3MM 1e(DEKTOYTBOPEHHS, SIKi MMOSICHIOIOTb BUSIBJICHI
0COOJIUBOCTI.

KiiouoBi cioBa: KpeMHiit, KuUCeHb, MarHiTHA CIIPUNAHATINBICTh, OIMPOMiHEHHS, TEPMOOOD-
pobka
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BIIMAHUE ITPEABAPUTE/IBHOI'O OBJIYYEHUA HA MATHUTHYIO BOCITPUMMYUNBOCTD
Cz-Si, TEPMOOBPABOTAHHOI'O ITPHU 700-1000 °C

B. M. IImoup, II. I. ;lumoeuenxo, 10. B. Ilasaoeckuii, O. I1I. /lumosuenko,
1. C. Ilanvkue, M. M. Jlyuxeeuu

Annotamusa. MccinenoBaHO 3aBUCHMOCTM TTapaMarHUTHOM COCTaBJISIONIE MarHUTHOM BOC-
MPUAMYMBOCTU KPEMHUS OT J03bI MIPEABAPUTEIBHOIO 00 TyYeHUsT OBICTPBIMU HEWTPpOHAMHU (OH),
nocJje rnociaenyolleii Tepmooopadotku odpasuos npu 700-1000°C. Ha ocHoBaHUU pe3ysibTaTOB
U3MEPEeHUSI MAarHUTHOU BOCITIPUMMYMBOCTHU MOKa3aHO, YTO Ha BEJIMYMHY TapaMarHUTHOM COCTaB-
JISIO1Ie, KOTOpast TOSIBIIETCS MOCJIe YKa3aHHBIX TEPMOOOPAOOTOK KPEMHUS, CYIIECTBEHHO BJIM-
sieT TpeIBapuTeIbHOE 00 TydeHe 103aMu 0 BeIndrHbl nopsiaka 10" 6H/cm?. [lpu nanbHeiiineM
YBEJIMYEHUU T03bl OOJydeHUS 3TO BJIMSIHWAE 3HAYUTEJbHO ocjlabeBaeT. PaccMOTpeHO BEpOSITHBIE
MeXaHU3MbI 1e(heKTO00pa30BaHMsI, KOTOPbIE OOBSCHSIOT BHISIBIEHHBIE OCOOCHHOCTH.

KnoueBsie c10Ba: KpeMHMIA, KMCIOPOI, MATHUTHASI BOCIIPUMMYHUBOCTD, OOJIyIeHHE, TEPMOOO-

paboTka

Introduction

Silicon remains the most convenient and best
developed semiconductor to be used in physical
sensors and planar structures. The major techno-
logical impurity in Cz-Si is oxygen, which exists in
oversaturated state in the crystals. During thermal
treatment of silicon samples the oxygen precipita-
tion in the nucleus centers takes place. Newly-cre-
ated precipitates could serve as the impurity and
point defects sinks. In this case they act as getters
and clear the crystal of impurities (e.g. doping me-
tallic atoms).

During the irradiation of silicon by neutrons
disordering areas and point defects are generated in
it, which could be the centers of precipitate genera-
tion. Pre-irradiation by neutrons allows not only to
decrease the temperature and duration of thermal
treatment, but also to control the precipitate con-
centration and to change their properties. The pre-
irradiation of silicon is also known to accelerate the
oxygen precipitation at subsequent thermal treat-
ments [1]. Therefore, the study of irradiation and
thermal treatment effect on oxygen precipitation is
topical for a wide range of tasks, both scientific and
practical ones.

We had established a correlation between the ox-
ygen precipitation process and change of magnetic
susceptibility [2]. The effect of pre-irradiation by
various fast neutron doses on the thermal formation
of defects in silicon and respectively on the change
of its magnetic properties is discussed.

© V. M. Tsmots, P. G. Litovchenko, Yu. V. Pavlovskyy,

Experimental results and discussion

For the experiment the Cz-Si monocrystals
grown in the <100> direction with dissolved oxy-
gen concentration of 8:10'7 cm=3, specific resistance
~10 Ohm-cm were used. Si samples were irradiated
by fast neutrons on a VVR-M reactor at the temper-
ature under 70 °C by fluencies of 10%°, 5-10', 108
and 2-10" fn/cm?.

Samples were produced from the same 5 mm
thick silicon plate, cut perpendicularly to the ingot
growth axis.

Before measurements the sample surface was
mechanically and chemically treated. Subsequently
the crystals were rinsed in distilled water.

The samples were annealed in tube heater in the
air, the annealing temperature control accuracy be-
ing £2 °C.

Fig. 1 shows the magnetic susceptibility vs. mag-
netic field intensity (y(H)) of the samples thermally
treated at 700-1000 °C and pre-irradiated by dif-
ferent doses of fast neutrons. A shift of y(H) de-
pendences towards the decrease of diamagnetism
is evident as compared with the original sample
(= —11.6-10"* cm’/g), which is attributed to the
appearance of the MS paramagnetic component,
and in the samples with maximum shift (annealed at
850 and 900°C) non-linearity of y(H) dependences
is observed. The effect is enhanced with the increase
of the sample pre-irradiation dose (Fig. 1, b-d).

Fig. 2 (curves 2-5) shows the magnetic suscep-
tibility in 4 kOe field (when MS approaches satu-
ration) vs. the annealing temperature. Obviously
these dependences a similar to those obtained on
the non-irradiated samples (Fig. 2, curve 1).
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Fig. 1. Magnetic susceptibility vs. magnetic field intensity
ofthe annealed silicon samples pre-irradiated by different
fast neutron doses: a) @ = 10" fn/cm?; b) ® = 5-10'¢ fn/
cm?; ¢) @ = 10" fn/cm?; d) ® = 2-10" fn/cm?

Comparing them we can see that the paramag-
netic component of the magnetic susceptibility of
the samples irradiated by fast neutrons increases
with the increase of the radiation dose, especially
in the 850-900 °C range. It leads to the conclusion
that the pre-irradiation by fast neutrons causes the
acceleration of thermal defect generation.
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Fig. 2. Magnetic susceptibility (in 4 kOe field) vs. sample
annealing temperature with pre-irradiation by different
fast neutron doses: 1 — no irradiation; 2 — ® = 10" fn/
cm?; 3— ®=510"%fn/cm?, 4 — ®=10"%fn/cm?;, 5 —
® =2-10" fn/cm?

In papers [3, 4], the measurements of IR-absorp-
tion of neutron-irradiated silicon show that the ratio
of defect concentrations of vacancy and interstitial
types is defined by the neutron flow. Thus, with the
flow of up to 10'° fn/cm? the vacancy type defects
prevail, while with the flow over 5-10'¢ fn/cm? inter-
stitial type defects begin to actively form.

It is known [35], that with the excessive concen-
tration of thermal point defects in silicon the pro-
cess of oxygen precipitation significantly changes.
The data on the role of inherent interstitial silicon
atoms in this process are contradictory. It has been
established that with the excessive concentration of
inherent interstitial atoms formed in the process of
silicon ingot growth preventing their condensation
into A-defects the precipitate nucleus concentra-
tion increases.

Meanwhile, the oversaturation of silicon lattice
with inherent interstitial atoms under the condi-
tion of silicon oxidation [6], caused deceleration of
oxygen precipitation attributed to the destruction of
precipitate nuclei by these defects.

The role of vacancies accelerating precipitation
of the excessive oxygen is in the opinion of [5] au-
thors the opposite — stabilization of nuclei by form-
ing complexes similar by their structure to donors in
silicon [7].

Since the main components of radiation defects
in the silicon irradiated by high-energy particles are
the vacancies, the acceleration of oxygen precipita-
tion observed in crystals irradiated by fast neutrons
could be attributed to the participation of these de-
fects and their complexes in formation and stabili-
zation of precipitation nuclei.
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Besides, due to increase of probability of oxygen
atoms being built into precipitate through creating
bonds with vacancies [6], the surface energy on the
silicon-precipitate matrix boundary could decrease.
Decrease of the precipitate surface energy by sever-
al per cent may cause a several times increase of the
precipitation rate.

Thus, deceleration of the increase of MS para-
magnetic component in irradiated silicon with the
increase of neutron radiation flow exceeding 10"
fn/cm? (observed at Fig. 3) could be explained by
the inherent interstitial atoms participation in the
oxygen precipitation process.
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Fig. 3. Dependence of the paramagnetic component of
samples after thermal treatment at 900°C on the pre-ir-
radiation dose

If this effect does have place, with an increase of
the neutron radiation flow from 10'® cm2 to 2-10"
cm? together whose vacancy type defects, which
concentration is growing and which accelerate oxy-
gen precipitation in silicon the contribution of in-
terstitial type defects decelerating the precipitation
becomes significant.

Superimposition of these two processes will lead
to the fact that the value of the paramagnetic com-
ponent correlating (as established in [2]) with the
excessive oxygen precipitation rate will change little
with the increase of the irradiation flow, which has
been proved experimentally.

Conclusions

As the result of the experimental data discussion,
it was shown:

1. The pre-irradiation of silicon samples with
fast neutrons leads to acceleration of paramagnetic

center generation in the process of thermal treat-
ment in the 700-1000 °C temperature range.

2. The effect is significant at the irradiation doses
of the order 10'® fn/cm?.

3. Further increase of the pre-irradiation dose
does not lead to drastic changes of the magnetic
susceptibility paramagnetic component with subse-
quent thermal treatment.

4. This is attributed to the fact that together with
vacancy type defects accelerating the oxygen pre-
cipitation in silicon and respectively, as had been
established previously in [2], the increase of para-
magnetic component, the contribution of intersti-
tial type defects decelerating the precipitation be-
comes significant.
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SENSOR SYSTEM FOR AUTOMATIC PAPER THICKNESS DETECTION BASED ON UNIVERSAL
SENSORS AND TRANSDUCERS INTERFACE

S. Yu. Yurish

Abstract: A low cost, automatic, transmissive paper thickness sensor system with increased reli-
ability and a short detection time (~ 15 ms) is described in the paper. The sensor system is based
on a cheap light-to-frequency converter and universal sensors and transducers interfacing IC. The
designed automotive paper thickness sensor system has a wide dynamic range of 5 000 000 : 1, im-
munity against high noises, high resolution and minimum component interface. Due to low price,
minimum possible conditioning and interfacing hardware such sensor system can be used not only
in photo- but also in office laser and ink printers.

Keywords: Paper thickness optical sensor, Light-to-frequency converter, Universal sensors and
transducers interface

CEHCOPHAA CUCTEMA JUIA ABTOMATUYECKOI'O OIIPEJEJNEHUA TOJIIWHBI BYMAT'N
HA BA3E YHUBEPCAJIbHOTO CEHCOPHOTI'O MHTEP®ENCA

C. 0. Opuu

AHHOTAIMA: B CTaThe OIMMCAaHAa HeIOpOras aBTOMaTUYeCKasl CCHCOPHAs CUCTeMa ITOBBIIIEHHOM
HaIEXXHOCTU U ObICTpOIeicTBuUs (~ 15 MC) I onpeaeneHus TonuHbl oymarn. CeHCopHast Cuc-
TeMa COAEPKUT HEeIOPOroil mpeobpa3oBareiib OCBEIICHHOCTH B YACTOTY M MHTErPAIbHYI0 MUK-
pocxeMy YHUBEPCAIBHOTO CEHCOpHOro uHTepdeliica. Pa3zpaboraHHass ceHCOpHAsl CUCTEMa UMEET
mmpoknii nmHamMmdeckuii nrana3oH 5 000 000 : 1, BEICOKYIO TTOMEXOYCTOMYMBOCTD M pa3pelraio-
IIYIO CITOCOOHOCTD, a TAKXKe MUHUMAJIbHBIC allllapaTypHbIe 3aTpaThl. biiarogaps HeBBICOKOII LieHe
¥ MUHVMAJIBHOMY YUCITY 3JIEKTPOHHBIX KOMIIOHEHTOB, TaKasi CEHCOPHAs CUCTEMA MOXKET UCIIOJIb-
30BaThCSI HE TOJIBKO B (POTOMPUHTEPAX, HO ¥ B O(DUCHBIX JIA3€PHBIX U CTPYMHBIX IIPUHTEPAX.

KiroueBbie cioBa: onTUYECKUI AATYMK TOJIIMHEI OymMaru, mpeoopa3oBaTeb OCBEIIEHHOCTh-
4acToTa, YHUBEPCAJIbHBIN CEHCOPHBIN MHTepdelic
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CEHCOPHA CUCTEMA JJI1 ABTOMATUYHOI'O BU3HAYEHHSA TOBIIIUHU ITAITEPY
HA BA3I YHIBEPCAJIbHOTO CEHCOPHOTI'O IHTEP®EHNCY

C. IO. Opuu

AHOTanifA: y CTaTTi omucaHa Hemopora aBTOMaTW4YHAa CEHCOpHA CHUCTeMa MiABUIIEHOI Haiii-
HOCTi Ta BUAKOMII (~ 15 MC) 1151 BUBHAUeHHS TOBIIMHU Maprepy. CeHcopHa cucTeMa MiCTUTh
HEIOPOTMii MePEeTBOPIOBAY OCBITJIEHOCTI B YACTOTY ¢ iHTerpajibHy MiKpOCXeMY YHiBepCaJbHOIO
ceHcopHoro iHTepdericy. Po3pobiieHa ceHCcopHa CUCTEMa Ma€ IIMPOKUI AMHAMIYHUIA diarma3oH 5
000 000 : 1, BUCOKY 3aBalOCTiMKIiCTb i pO31iab4y 30aTHICTh, a TAKOX MiHIMaJIbHI armapaTypHi BUT-
patu. 3aBASKM HEBUCOKIH 1IiHi I MiHIMaTbHOMY YMCJTy €JIEKTPOHHUX KOMITOHEHTIB, TaKa CEHCOP-
Ha CUCTeMa MOXe BUKOPUCTOBYBATUCS HE TiUIbKKU Y (POTONIPUHTEPAX, ajie i B 0DiCHUX Ja3epHUX i

CTPYMUHHMUX MMPUHTEPAX.

Ki0yoBi ciioBa: onTMYHMIA CEHCOP TOBLIMHM TTamnepy, MepeTBOPIOBAY OCBITJIEHICTh-4acTOTA,

YHiBepCaJbHUI CEHCOpHUIA iHTepdeiic

1. Introduction

Modern photo printers have automatic paper-type
optical sensors that detect a type and thickness of pa-
per. These sensors are able to recognize plain paper,
coated paper, glossy/photo paper and transparencies
in the in-tray. Whether using plain paper or specialty
papers such as photo papers or transparencies, the
paper type will be detected and the printer will au-
tomatically make the appropriate driver settings to
produce a high quality print. This detection is not
always a perfect process — the sensor nearly always
reads “plain paper” when it shouldn’t. For instance,
it will misread paper that is marked, scratched, or
wrinkled; paper that has letterhead or markings at the
top; and paper that is dark (or that contains metallic
filaments). Photo printers will print in lower qual-
ity (or “draft mode”) for plain paper, because they
cannot handle the resolution and ink quantity that is
needed for a real photo-quality image. In addition,
reflective configuration type sensors give an oppor-
tunity to recognize only photo paper, plain paper
or transparencies but not its real thickness; and the
sensing process adds up to 5 s to the print process.

In order to eliminate the mentioned problems a
new, low cost, automatic, transmissive configura-
tion paper thickness sensor system with an increased
reliability and short detection time was design.

2. Sensor System Design

The proposed sensor system consists of visible
light source (red light emitting diode (LED)), low-
cost light-to-frequency converter (LFC) TSL237
(TAOS, Inc., USA) [1], and universal sensors and
transducers interface (USTI) IC [2].

The LED is an ideal monochromatic light
source for such application because of its high en-
ergy efficiency, small size, low operating voltage
and cost [3].

A traditional automatic paper-type reflective
sensor configuration is shown in Fig. 1 (a); but
in order to be able detect a paper’s thickness and
count the number of paper sheets in in-tray it is ex-
pediently to use a proposed transmissive type sen-
sor with a configuration shown in Fig.1 (b). The
automatic paper-type sensor works by the following
way. An LED shines onto the surface of the paper.
The transmissive through the paper light is captured
and recognized. This gives the printer information
about the paper thickness and characteristics for the
particular paper. This information is compared to a
reference table of paper types that the printer has
stored internally. Then, based on the information,
the printer determines color mapping, half-toning,
and number of print passes to produce the best out-
put for the paper being used.

Nevertheless analog photodiodes or light-to-
voltage converters can be used as a sensing element
in such sensor systems, an output informative pa-
rameter as frequency on light-to-frequency con-
verter’s output has many advantages in comparison
with analog output of sensing elements, namely:
high noise immunity, power of signal and reference
accuracy; wide dynamic range; multiparametricity;
simple interfacing, integration and coding [4].

In the traditional solution, the current from a
photodiode is very small (uA), making it susceptible
to picking up noise, particularly if the transimped-
ance amplifier is separated from the photodiode by
a considerable distance. In some applications, it is
necessary to add shielding around the photodiode
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to keep electromagnetic interference and radio fre-
quency interference from interfering with the signal.
However, additional shielding is not needed with a
light-to-frequency converter as long as adequate
power supply is provided [5].

Source of
light Light
receiver
Sheet of paper
a)
Source of
light
Sheet of paper
Light
receiver b)

Fig. 1. Automatic paper-type sensor configurations: (a)
tradition reflective type sensor; (b) proposed transmis-
sive type sensor.

The TSL237 light-to-frequency converter com-
bines a silicon photodiode and a current-to-fre-
quency converter on a single monolithic CMOS
integrated circuit. Output is a square wave (50 %
duty cycle) with frequency directly proportional to
light intensity (irradiance) on the photodiode. The
digital output allows direct interface to a microcon-
troller or other logic circuitry. The device has been
temperature compensated for the ultraviolet-to-vis-
ible light range of 320 nm to 700 nm and responds
over the light range of 320 nm to 1050 nm [1]. The
frequency at the output pin (OUT) is given by:

fo=1o+(R.)(E,), (1)
where f,, is the output frequency; f, is the output fre-
quency for dark condition (E, = 0); R is the device
responsivity for a given wavelength of light given
in kHz/(uW/cm?); E | is the incident irradiance in
uW/cm?,

The dark frequency f) is a constant error term
in the output frequency calculation resulting from
leakage currents, and is independent of light in-
tensity. The TSL237 die is trimmed to minimize
the magnitude of this dark frequency component
so that it can be neglected in the transfer function
calculation. In many applications, measurement of
the actual dark frequency may be impractical due to
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measurement times ranging from several seconds to
several minutes, and the fact that some devices may
never transition (zero dark frequency).

The output of the device can be changed in a wide
frequency range from 0.1 Hz to 2 Hz (dark frequen-
cy typical range) and from 0.5 to 1 MHz (maximum
output frequency) and is designed to drive a CMOS
logic input over short distances. Due to a wide dy-
namic range of ~120 dB this device is well suited for
this paper thickness sensor system application.

The choice of interface and measurement tech-
nique depends on the desired resolution and data-
acquisition rate. Maximum resolution, conversion
speed and accuracy will be obtained by using the
USTTI especially designed for such kind of sensors ap-
plications. The IC can measure frequency in a wide
range from 0.05 Hz to 9 MHz without prescalling;
with constant programmable relative error (from 1
to 0.0005 %) in the whole frequency range, scalable
resolution and non-redundant conversion time [2].
The USTI is based on the patented modified method
of the dependent count [6]. It allows a high-resolu-
tion direct interface to these types of light sensors
and its digital output also allows a simple interface to
popular sensors serial buses as SPI, I?C and RS-232.
The designed sensor system is shown in Fig.2 and its
main components — in Fig. 3.

S01 20 MHz
G})LED lj||:||
\‘a r - r--"-=-= - :l_ =1
Y | ] 10 I
-l:y—l Voo RS-232
I |
UsTI
el 'I: 2 oL C:t} SR
= | T3 4,6 I

Fig. 2. Automatic paper thickness sensor system circuit
diagram.

Fig. 3. Main sensor system components: light sensor
TSL237 (1); LED (2); USTI (3).
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Power-supply lines of TSL237 must be decou-
pled by a 0.01 pF to 0.1 uF capacitor with short
leads placed close to the TSL237 (Fig. 2). A low-
noise power supply is required to minimize jitter on
output pulse.

Taking into account that the USTT has two iden-
tical channels, another light sensor TSL237 can be
connected to the second measuring channel (for ex-
ample, in the reflective type configuration working
with the same LED) or color sensor with frequency
output, for example, TCS230. Such advanced mul-

tisensors system configuration lets improve signifi-
cantly reliability for paper-type recognition and
make possible to control a paper quality at paper
manufacturing processes and real-time measure-
ment of paper sheet content at paper sorting and
recycling.

The commands and appropriate comments for
the USTT working with the RS232 interface (slave
mode) in two-channel configuration for paper type
and thickness determination are shown in Fig-
ure 4.

>A03 ; Set the relative error for the 1°° channel & = 0.1 %
>M0O0 ; Choose the frequency measuring mode in the 1°° channe
>S ; Start measurement

>R ; Read result in Hz

100000.0254

>A03 ; Set the relative error for the 274 channel 6 = 0.1 %
>MOE ; Choose the frequency measuring mode in the 2°® channe
>S ; Start measurement

>R ; Read result in Hz

70128.966

Fig. 4. Commands for USTI working with the RS232 interface (slave mode) in two-channel configuration.

It is also expediently to use the additional com-
mand “C” between “S” and “R” commands to
check the measurement status. It returns “r” if the
result is ready and “b” if the measurement is in a
progress. It is especially important at measurements
in low frequency range.

The detection time should be calculated accord-
ing to the following equation:

T;ictection = tconv + tcomm + tcalc ’ (2)
where 7 is the frequency-to-digital conversion
time; twmm is the communication time; ¢ is the

calculation time.
The conversion time for the USTI can be calcu-
lated according to the following equation:

1

CO}’IV = l..f
/e fo
N,

t _f+(0 T) if =2

(3)

conv

0
where N, =I/A is the number proportional to the
required programmable relative error A; T =1/f is
the period of converted frequency; f, = 600 kHz is
the internal reference frequency for USTI.

The communication time for a slave communi-
cation mode (RS232 interface) can be calculated
according to the following equation:

=10-n-1,,, “4)

80”1”1

where 7, = 1/300, 1/600, 1/1200, 1/2400, 1/4800,
1/9600, 1/14400, 1/19200, 1/28800 or 1/38400 is
the time for one bit transmitting; # is the number
of bytes (n=13+24 for ASCII format). As usually, at
the right chosen of baud rate (maximum possible for
a certain application) the 7 <t  For example,
the communication time at 38400 baud rate will be
tm = (0.0034 +0.00625) s.

The communication time for SPI interface

should be calculated as:

1

fSCLK ’
where f, . is the serial clock frequency, which
should be chosen for the USTI in the range from
100 to 500 kHz; n=12+13 is the number of bytes.
The number » is dependent on measurement result
format: BCD (#n=13) or binary (n=12).
The communication standard mode speed for
I2C interfaces can be determined according to the

following equation:

t =8-n

comm

)

1

fSCL ,
where f( ., is the serial clock frequency, which should
be equals to 100 kHz for the USTI; n=12+13 is the
number of bytes for measurement result: BCD

(n=13) or binary (n=12).

t =8-n

comm

(6)

73



Sensor Electronics and Microsystem Technologies. 3/2009

The calculation time depends on operands and
isasusually 7, <4.5 ms.

Asit visible from (3) the conversion time is main-
ly determined by the programmable relative error A.
The dependence of conversion time on relative er-
ror is shown in Figure 5.

tconv, s

i
.\ Relative error, § ¢
|

0,0005 0,001 0,0025 0,005 0,01 0,025 0,05 0,1 0,25 0,5 1

Fig. 5. Dependence of conversion time ¢ on relative

conv
error A.

The USTI is also suitable for working with
multiparametric optical sensors in which the out-
put frequency is proportional to the light intensity
(luminance) and duty-cycle at the same sensor’s
output is proportional to the spectral distribution
(chrominance), for example, described in [7]. The
colour information is obtained using the wavelength
dependence of the absorption coefficient in the sili-
con in the optical part of the spectrum, so no filters
are required [8]. At the use of such optical sensors,
one mentioned multiparametric reflective type sen-
sors can be connected to the 1% USTI’s channel and
other light sensor of transmissive type (for example)
can be connected to the 2" USTI’s channel.

The similar sensor systems can be designed also
based on any frequency output light or infrared sen-
sors such as TSL230, TSL235, TSL238, TSL.245
(TAOS, Inc., USA), S9705 (Hamamatsu Corp., Ja-
pan) and MLX75304 (Melexis, Belgium) |9]. These
low-cost sensors have become attractive for such
application, combining with the high-performance
frequency-to-digital conversion based on the USTI
to achieve the required accuracy and reduced con-
version time at a lower overall system cost.

3. Experimental Results

The measurement set up that was used in experi-
mental investigations is based on the light-to-fre-
quency evaluation module from TAOS, Inc. [10]. A
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motherboard with an appropriate device-specific
daughterboard, which were used in experiments is
shown in Fig. 6. The mother board was connected
via USB port to a host PC running the Windows
compatible host software application, which was
used mainly for the ambient light subtraction in
order to get rid of the effect of ambient light, and
strobe LED control during all measurements. Ac-
cording to the algorithm, each time the sensor is
measured, and extra measurement is made with the
LED off. The value “Ambient” is then subtracted
from the actual frequency measurement. The cal-
culation used is a follows:

Reading = (Signal + Ambient) — Ambient,  (7)

Fig. 6. Evaluation module’s motherboard (1) with
TSL237 daughterboard (2) and USB connector (3).

The sensor’s output was directly interfaced to
the first USTI’s channel working in a frequency
measurement mode with programmable constant
relative error 0.1 % in the whole frequency range.
Taking into account the sensor’s error, this frequen-
cy-to-digital conversion error can be neglected at
sensor system accuracy evaluation. The USTI was
connected via RS-232 to the same host PC running
the Terminal V1.9b software. The measurement set
up for automatic paper thickness sensor system in-
vestigation is shown in Figure 7.

During experiments 8 paper patterns with dif-
ferent thickness from 0.086 to 0.217 mm includ-
ing standard office types of paper 70 and 80 g/mm?
were investigate. The oscillograms at sensors out-
put correspond to paper sheets with maximal and
minimal thickness are shown in Fig. 8. The depen-
dence of sensor output on paper thickness is shown
in Fig. 9.

A reference table of paper types can be stored in
the USTTI’s or printer’s memory.

In addition to the paper thickness the devel-
oped sensor can detect the number of paper sheets
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of the same thickness, for example, office paper
with 0.095 mm thickness (Fig. 10). The maximum
counted number of sheets is N=24 for 0.086 mm
thickness and N=20 for 0.095 mm thickness at the
distance between LED and LFC in 15 mm. This
number can be increased by decreasing the distance
between light source and sensing element. In spite
of the fact that at N > 8 the dependence of frequen-
cy on number of sheets is not so well expressed, the
USTT is capable to distinguish such changes due to
a high resolution and low absolute error (+ 2 Hz at
£,=2000 Hz) at relative error 0.1 %.

oD-571

Digital Oscillosmpal UsB

Power supply

Promax
FAC 3638

[
(7]
m

f

and TSL23T sensor

Terminal \V1.9b
and EVM
Universal Frequency applicatoin
Counter Agilent software
531324

Fig. 7. Measurement set-up for automatic paper thick-
ness sensor system investigation.

The detection time in both experiments together
with communication time does not exceed 15 ms at
0.1 % error for frequency-to-digital conversion.

The designed sensor can be also used for detec-
tion of paper sheets sticking in order to eliminate
two leafs feeding at he same time.

In order to validate a high accuracy for fre-
quency-to-digital conversion in a wide frequency
range the frequency measurements for maximum
possible sensor output frequency f,, ~ 520 kHz
(paper absent status) and the minimum possible
sensor output frequency /. =~ 0.27 Hz (low dark
frequency f, =f,,) for the light sensor were taken
every second by the USTI and high precision cali-
brated counter (Agilent 53132A) until totaling 60
measurements. The measuring results are shown
in Figure 11 (a, b). The measurements errors were
evaluated from histograms and appropriate statis-
tical characteristics. In both cases it does not ex-
ceed the programmable relative error A < 0.1 %,
therefore it can be negleted in comparison with the
light sensor’s error Statistical characteristics are
adduced in Table 1.

b e

0. Gehs 233, 526kHz
THI = |I:H2: 1vams;s| FATH |TRIG: ECGE | ACO | USE
zaa) | 10 | 2.5us CH1 | AUTD |SAMPLE

BEs 145. 688kH=

B,
CHl = |I3H2z 1|ar'15;s| MATH |TRI —| ELGE | ACE | Usk
2@l i 2.50us CH1 7| AUTO |SAMPLE

b)

Fig. 8. Sensor output signals at 0.086 mm (a) and 0.217
mm (b) paper sheet thickness.

200000
180000 -
160000 -
140000 -
120000 -
100000 H
80000 -

60000 H

40000 -

20000 -

0

Output frequency, Hz

0,103

Paper thickness, mm

Fig. 9. Sensor output vs. paper thickness.

The y*-test for goodness of fit was applied to
investigate the significance of differences between
observed data in histograms and the theoreti-
cal frequency distribution for data from a normal
population. At five equidistant classes (k=5) and
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a probability P = 97 %, according to the y’—test,
S <y’ . Where § = 6.1584 and 1.1586 is the sum
of deviations between the data set and the assumed
distribution for mimimum and maximum fre-

quency measurement accordingly; x*, = 7.0is the
maximal possible argument of the y? distribution.
Hence, the hypothesis of Gaussian (normal) distri-
bution can be accepted in both cases.

600000 T T T
| | | |
500000 | {4 e b S
N | | | | |
T I I [ I
& 400000 - ! ! b
c | | [ |
[ I I [ I
& 300000 - | | b
‘g I I [ I
5 200000 - S P R
- | | | |
= | | | |
© 100000 | | I
| | | |
0 L TV 0040000000009
0 2 4 6 8 10 12 14 16 18 20
N (sheets number)
Data Table:
N 1 2 3 4 5 6 7 8 9 10
f,Hz | 143000 | 81100 55500 39400 29500 22400 17350 12600 10350 8300
N 11 12 13 14 15 16 17 18 19 20
f, Hz 6900 5800 4600 3980 3400 2850 2510 2150 2000 1900
Fig. 10. Sensor output vs. sheets number (at 0.095 mm thickness).
524000 - o , ‘ ‘ o 0,3-
ano [Nl DL L
oo | T L 0.25
0000 T e 0,21
§ 520000 4 oo | Lo | | vy |1
Fool Ll T ) 0,15
B18000 | 1Ll
BI7000 4 0L 0,11
516000 +r-rrrrHrr e e e
1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 0’05-
N 04 :
a) 520010 520906 521802 522698 523594
fx max, Hz
0,35+
0,3
0,25+
, 0,2
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 0!15-
N 0,1-
b) 0,054
Fig. 11. Measurement results for f, —~~ 520 kHz and o4 !
Jomin= 027 Hz. 0,27638 0,27726 0,27813 0,27901 0,27989
The distribution functions changes are shown in :)( min, Hz

Fig. 12 (a, b) and y*-test results in table 2.
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Table 1
Statistical characteristics
Parameter o -
Number of measurements, N 60 60
Minimum £, (min), Hz 519114.393 0.2755
Maximum /. (max), Hz 523594.121 0.2799
Sampling Range, /. (max) — /. (min), Hz 4479.7277 0.0044
Median 0 0
Arithmetic Mean, Hz 520887.935 0.2777
Variance 1497556.04 1.2E-0006
Standard Deviation 1223.7467 0.0011
Coefficient of Variation 425.6501 251.5468
Confidence interval for arithmetic mean at P=97 % 520545.093 < f.< 521230.777 0.2774 <f.<0.278
Relative error, % 0.07 0.1
Table 2
x’-test results: forf, (a)andf,  (b)
Observed inci- Distribution function Expected inci- .. .
Classes dence b[i] changes w[i] dI::nce c [i] Deviation A[i]
1. 520010.33931 18 0.236644 14.20 1.018
2.520906.28486 15 0.269337 16.16 0.083
3.521802.2304 12 0.266525 15.99 0.996
4.522698.17595 9 0.157958 9.48 0.024
5.523594.12149 6 0.056031 3.36 2.070
a)
Classes Observed ?ncidence Distribution ful}ction changes Expected i.ncidence Deviation A[i]
bli] wli] c il
1.0.27638 7 0.116967 7.02 0
2.0.27726 14 0.22875 13.72 0.006
3.0.27813 17 0.308403 18.50 0.122
4.0.27901 14 0.228827 13.73 0.005
5.0.27989 8 0.093383 5.60 1.025
b)

Due to low costand minimum hardware the de-
signed paperthicknesssensorsystem canbeusedin
high quality modern photo-aswell asin office bud-
get laser or ink jet printers. A short detection time
(~ 15 ms) do not introduce an additional signifi-
cant time to the print process in comparison with
traditional automotive paper thickness sensor
system.

4. Conclusions

The designed automotive paper thickness sensor
system has a wide dynamic range of 5 000 000 : 1,
immunity against high noises, high resolution and
minimum component interface. Due to low price,
minimum possible conditioning and interfacing
hardware such sensor can be used not only in pho-
to- but also in office laser and ink printers. In turn,

low-cost light- and color-to-frequency converters
have become attractive for different applications,
combining with high-performance frequency-to-
digital conversion based on the USTI to achieve the
required accuracy, true digital output according to
three popular serial sensors buses at a lower overall
system cost.

Further research aims towards a fully integrated
light-, color-to-frequency converters and USTI in
CMOS technology as well as creation multisensor
systems for different applications on its basis.
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CORRELATIVE PROCESSING OF INFORMATION IN BIOSENSORS
BY SURFACE PLASMON RESONANCE

1. Voitovych, 1. Yavorsky

Abstract. The paper considers the possibility of using the anti-noise correlation technique of sig-
nal processing in biosensors based on surface plasmon resonance (SPR sensors). Application of the
said technique is rationalized to define the coordinate shift of resonance parameter which indicates
analyte available in the sample under investigation. The example of analytic calculation of correla-
tion signal is presented for Gauss distribution of information luminous flux intensity. It is shown
that the correlation technique being dependant on the specific purpose and the cost of a sensor can
provide angular resolution A, ~0,01°—0,0003".

Keywords: surface plasmon resonance, SPR sensor, correlation technique, resolution capacity

KOPEJIALIITHA OBPOBKA TH®OPMAIIII B BIOCEHCOPAX
HA OCHOBI TOBEPXHEBOTO TUIA3BMOHHOTO PE3OHAHCY

L JI. Boiimoeuu, I. O. Seopcovxuii

Anotaunis. Po3risHyTa MOXJIUBICTh BUKOPUCTAHHS aHTUIITYMOBOT'O KOPEJISIIIITHOTO METOMy 00-
pPOOKM CHTHaJIiB B 6ioC€HCOpax Ha OCHOBi MTOBEPXHEBOTO Ma3MOHHOro pezoHaHcy (ITITP-ceH-
copax). OOGrpyHTOBaHe 3aCTOCYBaHHS BKa3aHOI'0 METOMIY JJIS BU3HAYEHHSI KOOPAMHATHOIO 3CYBY
PE30HAHCHOI XapaKTepUCTUKU, SIKUI € TIOKA3HUKOM HasBHOCTI aHaJTy B JOCHIiIXyBaHiil mpooi.
HaBeneHo mpukian aHaATiTUMHOTO PO3PaxyHKY KOpEJSLiAHOrO CUTHay IJISl rayCiBCbKOro po3-
MNoAiMy iHTEHCUBHOCTI iH(popMaliifHOTro CBIiTJI0BOTO MOTOKY. ITokazaHo, 110 KOpeasiuiiHuil Me-
TOJ, B 3aJI€3KHOCTI BiJl KOHKPETHOrO MPpU3HAYEHHS i BAPTOCTi CEHCOpPa, MOXe 3a0e3MeYUTH KyTOBY
pO3MiIBbHY 31aTHICTE AO_ ~ 0,01° —0,0003°.

KirouoBi ciioBa: nmosepxHeBUii IJ1a3MOHHUI pe3oHaHc, TTTTP-ceHcop, KopeasiiiHuii MeTo,
pO3aiJibHA 30aTHICTh
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KOPEJIAINOHHAA OBPABOTKA UHO®OPMAIINN B BUOCEHCOPAX
HA OCHOBE IIOBEPXHOCTHOI'O INIASMOHHOI'O PEBOHAHCA

H. JI. Boiimoeuu, U. A. Sleopckuii

Annoramusa. PaccMoTpeHa BO3MOXKHOCTb MCITOJIb30BaHUS aHTUIIIYMOBOTO KOPEJUISIIIMOHHOTO
MeTo/la 00pabOTKM CUTHAJIOB B OMOCEHCOpaX Ha OCHOBE MOBEPXHOCTHOIO IJIA3MOHHOTO Pe30-
HaHca (ITITP-ceHcopax). OO60CHOBAHO MPUMEHEHWE YKAa3aHHOTO MeTojAa JJISl OMNpeaeieHus KO-
OPIMHATHOIO CABMIA PE30HAHCHOM XapaKTEPUCTUKU, SIBJISIOIIETOCS ITOKa3aTeJIeM IPUCYTCTBUS
aHaJMTa B UccaeayeMoit nmpobe. [IpuBeneH npuMep aHAIMTUYECKOTO pacyéTa KOPeJJISILIMOHHOTO
CHUTHaJIa JIJIsI TayCCOBCKOIO pacrpenesieHs] MTHTEHCMBHOCTA MH(MOPMAIlMOHHOTO CBETOBOIO I10-
toka. [Toka3zaHo, 4YTO KOPEJUIILIMOHHBINA METOM, B 3aBUCUMOCTH OT KOHKPETHOI'O Ha3HAYECHUS U
CTOMMOTH CEHCOPA, MOXET 0OECTIEYNTD yIIIOBOE pasperuenue A . ~0,01° —0,0003°.

KnoueBblie clioBa: MOBEpXHOCTHBIN IJIa3MOHHBIN pe3oHaHC, ITIT1P-ceHcop, KOpeUISLMOHHEIH

METO[I, pa3pellaolas Criocodb0CTh

Introduction

For the SPR sensor to be operated efficiently, it
is essential to determine correctly the coordinates
of the angular distribution intensity of the lumi-
nous flux reflected from the sensitive receiver chip.
The resonance curve of the sensor corresponding to
the above distribution is usually noise-affected and
has no designated minimum. Therefore, it is rather
difficult to define with sufficient precision its shift
from a reference curve which characterizes the ex-
amined sample in quantitative terms, e.g. indicating
the analyte available.

Parasitic optical reflections in an optoelec-
tronic channel and that of receiving chip are the
sources of the SPR sensor noise. In addition, the
SPR sensors are affected by the factors related to
the ultimate dimensions of the radiation source and
photosensitive elements, production flaws and ad-
justment precision of the optical elements, mono-
chromic radiation etc. This results in the limitation
of physical angular separate capacity of the sensor
(if there is no or insufficient designated program
algorithmic processing of the information signals)
by the values of several tenth of a degree [1]. For
instance, in the sensor described in [2], the preci-
sion of ~0,01° of the turning angle of a prism makes
an angular separate capacity A0_. ~0,3". Sensor
Spreeta by Texas Instruments, on the other hand,
employing the luminodiode with the emitting area
of ~200mcm , wave length A ~830nm and mono-
chromaticity A\ ~15xnm and discreet photo detect-
ing line of 128 pixels with basic distance between
the radiation source and photodetector ~5—"7cm
the physical angular separate capacity makes mere
AO_. ~2,3" [1,3]. All this can be explained by an
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ambiguity (fault) of the angular position of a reso-
nance parameter as resulting from the instability
factors described above in action.

Traditional approaches (design improvements,
installation of diaphragms, coating of the optics,
application of various absorbing coatings as well as
band pass electric filters on the signal’s way etc.)
unfortunately allow only partial decrease of noises
and interferences. The only radical solution in our
view is to employ electronic devices of filtration
and processing of information signals [1,4]. For this
purpose it is feasible to apply correlation technique
in the SPR sensor [5]. It uses integral properties of a
data array defining the whole resonance parameter
of the sensor.

Phenomena model

Let us consider the SPR sensor, in which the an-
gular scanning of light on a receiving chip is made
by means of a luminous flux with an angular dis-
tinction. Let the intensity distribution of a reflected
luminous flux (resonance parameter) on the surface
of a photo detector (photosensitive CCD range)
corresponding to the clean (analyte-free) sample
under examination looks as follows:

F(x)=1(x-3)+S(x), (1)

where /(x—98) — an information component of
the distribution, x — coordinate along the CCD
range, & — ambiguity (fault) of the information
component position due to instability factors
(0 can be preceded with different signs), S(x) —
noise component. Expression (1) will designate a
etalon signal.
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Light intensity distribution which corresponds
to the sample with analyte also contains informa-
tion and noise components and looks as follows:

F(x)=I1(x-8)+S(x). ()

Expression (2) will define the operating signal.

It is worth mentioning that functions (1) and
(2) are not identical as the resonance parameters
for the clean samples and the sample with an ana-
Iyte can be shifted against each other by the x axis
by the value & which is an amount of analyte avail-
able in the sample. Such functions are defined in

L L
the range 5 <x< +5 , where L — value of pho-

tosensitive area of the CCD range on which reso-
nance parameters are registered. Such amount is
defined by the expected range of the shifts of the
resonance angles of the SPR 6, and e.g. with
0, =64,5+3° it makes ~ lcm . General look of the
functions F(x), F(x), I(x-38), I(x—38), which
provides their qualitative characteristic is shown
on fig. 1.

LW
Flv) Flx)
X
L 0 oL
) )
1(55)
L L
2 2

Fig. 1. The overall qualitative appearance of the function
of the reflected light intensity distribution for the net
sample F'(x) and the sample with analyte F(x) along
with their data components /(x—0) i /(x—9).

The correlation technique is to ensure finding
of the value of the coordinate shift £=¢,, which
occurs between the reference and operation signals
with the analyte available in a sample under inves-

tigation. To this end firstly for the reference signal
F(x) we develop its autocorrelation function (&)
as follows:

v©)= [ FF(x-E)dx= 3)
L
=f1u—&xp@—@w+
L
+ J.Z I(x-3-8&)S(x)dx+
L
+ J.Z I(x—-38)S(x—§&)dx+ f S(x)S(x—&)dx.

Lag e
For the 1% integral in (3) having replaced the
variable the following can be constructed:

L
+=
2

jzu—&uwﬁ—@w=

= ]. 1(z)[(z-8)dz = J.z 1(2)[(z—-§&)dz +
—§+§—6 —£+F,
+ (Ay); , C))
where

L ) L 3
el ({45

et

With ‘6 << %‘ the value

2

(Ay); ~(1+2)8- I(éj . {I(—%j - [(éﬂ .Removal

of the & effect can be done provided

f I(x—08)[(x—0—-E&)dx =
L
zfzcﬂ@—aﬁzfluﬂu—Qw,(ﬁ

L L
-+ ——+
2 s 2 s
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when (Ay),=0. This requires in its turn

1 (—%) =7 (%) , i.e. on the limits of integration the
information component is to have similar values. It
results in that the value of the said integral (from
mathematical standpoint the area limited with sub-
integral function and x-axis) will not depend on the
shift of the information component along the axis
and the impact of the coordinate ambiguity & will
be gone.

Three last integrals in expression (3) with the
precision up to the value of the 2" infinitesimal
order (Ay), equal to “0”, as wideband statistical
noises S(x) i S(x—£&) do not correlate with the
functions /(x—-0) i /(x—06—E) and between each
other. This conclusion is true for the integration of
functions oscillating rapidly (noises correlate with
the similar oscillations) [6].

Filtration properties of the correlation technique
but ensure removal of the instabilities and noises.
After the filtration expression (3) with the precision
up to Ay, =(Ay); + (Ay), =0 will look as follows:

L
+=
2

y©= [ I0I(x-8)dx + Ay,.  (6)

L
— =+
75

Theoretically, while the correlation technique is
applied the effect of the coordination shift and nois-
es can be reduced to zero so as the annex connected
therewith Ay, =0. However separate capacity will
be then defined not by the destabilization factors
depicted above but by the threshold of the response
of a registering device and digit capacity of its AD
converter.

Next step is to calculate the specific value
y(&,) of the mutual correlation function for F(x)
and F(x):

L

v(&) = [ FO)F (x)dx . (7)

2
Accounting for the mentioned above filtration,
one has:

L
+=
2

W&~ [ 1) (x)dx. (8)

L

2
It is clear, that in practice it is necessary to ap-
ply numeric techniques of finding autocorrelation
and mutual correlation functions as the distribu-
tions F(x) and F(x) are assigned experimentally.
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For numeric calculations the popular rule applies,
that is, for instance, the integral value in (7) can be
obtained by adding the discrete values of coupled
products of signals F(x)- F(x) , multiplied by inter-
vals Ax , such as

u L . ~ L
v(&,) = ZF(—EHAX)-F(—EHM)-AX- )
j=0
To provide the higher precision level of the cal-
culations, the interval lengths Ax are not to be ex-

tended (Ax~10-10"cm), and number N :i is

to be substantial ( N ~1000 ). The total calculation
duration for the correlation function inside the mi-
crocomputer (inclusive of the time needed for con-
verting signals into the digital format) is < 1s, which
is an acceptable value.

Fig. 2 presents the configuration of the device
intended for processing of SPR signals with the cor-
relation method. This configuration differs from the
layouts traditionally employed for similar purposes
only by its software algorithm [7].

]

OF

CM

£

Flg. 2. The configuration scheme of the device for the
correlation data processing: RCh — receiver chip, OP-
optical receiver, MC — microcomputer, MT — monitor,
CnM — control module, CM — communication mod-
ule, IF - interface, PS — power supply module.

At first, the optical receiver OP registers and
stores, inside the microcomputer MC, the light in-
tensity distribution value F(x) obtained from the
“etalon” sample located at the receiver chip RCh.
Next, the corresponding ‘etalon’ aufo-correlation
function wy(&)is being calculated (including the
numerical integration) and is stored inside MC.
After that, the light intensity distribution from the
analyte F(x) is registered and stored (this distribu-
tion comprises the data on shift &,). Further on,
F(x) and F(x) are used to calculate in the MC
the concrete value of the inter-correlation func-
tion y(&,), which is also being registered. Given
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the latter value, with the “etalon” correlation (&)
stored inside the MC, the corresponding value &, is
obtained. The outcomes are shown at the monitor
MT and could be transmitted further, via the inter-
face IF, on to the external personal computer PC
for further data processing and accumulation. The
change in the conditions of the analysis (the change
of an individual under examination, relocation and
replacements of receiver chips, etc.) is performed
via communication module CnM. The control of
the device is performed by control module CM, and
power supply is provided by module PS.

Below is the analytical calculation of an aufo-
correlation function (&) for an instance approxi-
mated to the real conditions (Fig.1), when

I(x-0)=1,(1— e u’ )+ const ,
S(x)=Y a;sin(wx+9¢,), (10)
i=1

where a,, o, , ¢, is the amplitude, circular fre-
quency and the phase of the corresponding noise
components (such as sinusoidal). Number »n of
the such components can be rather extended, as
the noise is multi-band. Primarily, for the reasons
of convenience, the expression for /(x—293) is to be
simplified by taking out the constant component
1, + const, hence, the intensity distribution of the
reflected light becomes similar to the gauss format:

an

Then, for the first integral in (3) the following
is true:

[(x—8)=—I,e "

L
o
= [ I-9)I(x-5-8)dx =
248
WL
G2 2 O e ey
o (12)

L
—5+é
The second integral in (3) becomes

+

[ 1G:-8)-asin(@x+¢)dx. (13)

L
2

J, =

Next, in compliance with integration rules for ac-
celerated oscillating functions [6]

n

N
Jzzz:ﬁ e [2 éj cos(mi§+¢ij—

i=1 i

_e_a(éj cos|:(ol. (—%—i—é]-ﬂbl} . (14)

It is obvious that with the high values of the circular
frequencies o, , integral J, =0, i.e. the noise is be-
ing filtered. The 3" integral in (3) is approximated
to 0 in the similar manner.

The next step is to show that the 4" interval in
(3) is also close to 0. The expression for this is:

L
+E ;
J, = I Zai sin(o,x + ¢, ) x
i=1
L
xY " a,sin[o,(x— &)+ ¢, Jdx. (15)
i=1
The sub-integral total values in (15) can be replaced
with their mean values:

J, =n’@’sin(ox + ¢) -sinfo(x — &)+ ¢]- (L -E) . (16)

As sin(ox+¢) =0, then J, =0.

As was intended by substantiation (4) — (5),
integration (12) leads to eliminating of the impact
from coordination shift &, as irrelevant to the lat-
ter shift, the sub-integral exponent at the integra-
tion margins is characterized by practically iden-
tical values. As the result, autocorrelation function
y(&)~J,, and corresponding standardized func-
tion y(&) becomes:

V() = %@) ~ Jge‘zézop(z), (17)

where @(¢)is credibility integral, ¢ = Jo (L-=¢€) [6].

To determine &, the value of inter-correlative
function y(§,) (such as from (8)) is to be intro-
duced in equation (17), which is next resolved rela-
tive to &. This can be done with numerical meth-
ods only, as & is not a direct component of (17).
An essentially similar operation is performed inside
our microcomputer MC by means of comparing
the values of auto-correlation and inter-correlation
functions.

Fig.3 shows standardized gauss light intensity
distribution 7 (x) and corresponding auto-corre-
lation function (&), both calculated analytically.
As the value of the correlation function is related
to shift & between the signals generating it, this en-
ables to determine the above shift in each particular
instance. For instance, with the change of corre-
lation function Ay, =0,001-y, ~15-10"cm,
that can equal the total value of the inconsistency
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and noise Ay, , the minimum shift (linear distribu-
tive capacity) is & . ~35-10"cm . In an inexpen-
sive portable SPR sensor, with the standard distance
between the radiation source point and the optical
receiver line of ~10—15 ¢m , this would correspond
to angular distributive capacity A9_. ~0,01°.

)

_L WL
2 04 "2
— — X,cm
(a)
1T1~102, cm
{ —=||— & min
Ay min T
1.0F
(@)
¥ max+10°
L L
"7 3,
{ . ; : : £.cm
0 0,2 0.4

Fig. 3. Standardized gauss distribution of the reflected
light intensity distribution 7 (x) =—e " (a) and its au-
tocorrelation function (&) (0).

Linear distributive capacity & . (the corre-
sponding angular distributive capacity is A0, ) is
an important parameter in the correlation method.
As was observed earlier, ideally, in case of complete
elimination of the impact from the inconsistencies
and the noise, it is determined by the minimum
shift in the correlation signal Ay, , that can be
whatsoever registered. For the suggested instance of
a gauss distribution the linear distributive capacity
is described with the expression:

1

2 a5 7] 18
~ I:E (AWmin ) i| . ( )

Ay
<t3min = | Wmm

N
G

It is clear that the distributive capacity can be
increased (§ . can be decreased) by increasing

§=Eumin

min
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the sensitivity of registering devices (by decreasing
Ay . ) and by increasing the ratio of the correla-

v

tion function . For the same gauss distri-
E=Eumin

bution with Ay, =1-10°y, . =15-10"cm one
can obtain & . =1-10"cm and correspondingly
AO,,, =0,0003". For this, the sensor should have

an ADC with the order level of N =20 (it is deter-

mined with the expression @ =2M).

In existing sensors, depending on their configu-
ration, application and cost, the distributive capac-
ity can vary within a wide range — from several 0.1
[2] up to several 10 degrees [8]. Increase in dis-
tributive capacity is typically achieved by multiple
measurements of data signals (in order to average
the results and increase the “signal-noise* ratio), by
selecting adequate registering devices and software
applications, and also by performance configura-
tion of the optic electronic channel. In this connec-
tion, findings [9] of achieving angular distributive
capacity A0 _. ~0,0001° (0,1 millidegree) is of
particular interest, although no particular methods,
their complexity or cost are being specified.

The achieved range of the angular distributive ca-
pacity A, ~0,01° —0,0003° is the evidence of the
vast application potential of the correlation method.
For instance, value A0, ~0,01° is applicable for
inexpensive portable SPR sensors intended to oper-
ate in field conditions. In SPR refractometers this
value corresponds to the difference of the examined
substance refraction parameter An~0,1-107 [10],
which is higher than the relative values of the re-
nowned sensor BIACORE 2000 (its sensitivity is
An~1-10"). The similar order of the calculation
value (not physical property) of the calculated dis-
tributive capacity (~ 0,03") is achieved in the men-
tioned above sensor Spreeta [3], yet this sensor is
rather a lab device and the data are processes with
the external computer and complex software ap-
plication. As for the value A8_. ~ 0,0003°, there is
a particular need in SPR sensors characterized by
such distributive capacity, as, to achieve this, the
existing limitations are to be surpassed in terms of
specifications for registering and processing of the
data (sensitivity, numerical order ADC, etc.) and
the incurred costs. Increased distributive capacity
also demands optimization of formatting methods,
in particular, registration and processing procedures
for the sensor data signals, as well as introduction of
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the complementary methods, such as optical pha-
sometry techniques, etc. [9, 11].

It is worth mentioning, that though eliminat-
ing the impact from coordinate ambiguity & noise
filtering are important properties of the correlation
method, these are not its only advantages. Both
the “etalon” and the “operational” signals of the
SPR sensor can have insignificant minimum val-
ues. Hence, if identifying the shift &, between these
signals with direct methods (such as with the signal
minimums), it is difficult to select a reference point.
Even in case of complete noise elimination it would
be difficult to achieve the needed precision of the
measurements. As was mentioned above, the cor-
relation method employs the vast data base to de-
termine the shift value (thousands of gauge results
from the signal, including registries from its side
beams). For instance, according to (9) each value
of the infer-correlation function y(§,) accumulates
inside it the data from 2N ~ 2000 values of the “et-
alon” and “operational” signals. That is why apply-
ing the correlation method means high levels of the
data averaging and hence high precision of mea-
surements, there is no longer need to determine the
measurement reference points.

There is also a possibility of instances when the
“etalon” and the “operational” signals are shifted
between themselves to the extent that they are not
overlaid at any point. Then the relevant value of
the inter-correlation function equals 0. This in turn
means that the correlation method cannot deter-
mine shift &; . Yet, in this particular case, there is no
need to apply the former method and one can refer
to the above-mentioned simpler approaches. For
this, the software can be furnished, for example, by
sub-programs to determine the shift with the points
of changing the polarity of the derivatives at signal
minimums or by the method of “moments” [3].

Conclusions

1. It was shown that with the help of the corre-
lation method in SPR sensors there can be elimi-
nated the coordinate ambiguity of the resonance pa-
rameter related to the finite dimensions of the light
source, optically sensitive elements, faults in the
configuration, the precision limits of adjustment and
the monochromatic property of the radiation, as well
as the noise, also there could be achieved the angular
distributive capacity A0_. ~0,01° —0,0003".

2. The further increase of the distributive capac-
ity is related to the updating of the existing format-
ting methods, methods of registering and process-
ing of the information signals and their back-up
with alternative approaches.

References

1. botwoH B. I1., BoittoBuu I. JI. Ta iH. CeHCOpHUIL TpH-
crpiit // Tat. Yxpainu No78998. MITK GO1 N21/55.
3agsin. 27. 12. 2004, ony6s. 10. 05. 2007. — broa.
Ne6.

2. Hwupmos KO. M., Berrep €. ®. ta in. Cnocid me-
TeKTyBaHHSI Ta BU3HAYE€HHSI KOHILEHTpalii 6iomMo-
JIEKYJT Ta MOJIEKYJISIDHUX KOMIUIEKCIB Ta MPUCTPilA
It ioro 3maiiicHeHHst // Ilat. Ykpainu Ne46018.
MIIK GO1 N21/55. 3agsn. 22. 10. 1997, omy6:.
15.05.2002. — Brom Nos.

3. Suzuki M., Ozawa E, Sugimoto W., Aso S. Minia-
turization of SPR Immunosensors // Analytical Sci-
ences. — 2001. — V. 17. — P. 1265-1267; www. ti.
com/spreeta; www. aigproducts. com/surface plas-
mon resonance/spr curve analusis. htm.

4. Botmitouu W. ., Kopcynckuit B. M., Koco-
rop A. H., Crapony6 H. ®., ABopckuii U. A. Tlep-
CITEKTUBBI CO3[aHUSI TIOPTATUBHBIX OMOCEHCOPOB Ha
OCHOBE TOBEPXHOCTHOTO TJIA3MOHHOTO pE30HaHCa
// CeHcopHasl 3JeKTpOHMKA W MHKPOCHCTEMHBIC
texHosorun. — 2005. — Ne. 3. — C. 56 — 65.

5. Tongman C. Teopusi uHdpopmauuu. — M.:HU. JI.,
1957. — C. 325 — 331.

6. 3enpmosuy . b., Mbrukuc A. /1. DieMeHTbI TIpH-
ki1anHoW wmarteMatuku. — M.:Hayka, 1972. —
C.79 — 82, 510.

7. Boittouu 1. 1., KopcyHcbkuit B. M. [HTenekTyanb-
Hi ceHcopu. — Kuis: IK HAHY, 2007. — C. 5 — 67.

8. Mupmos 0. M., Camoiinos A. B. u ap. AHaim3 u
yucieHHoe monaenupoBanue [ITIP-cnekTpomeTrpos
C MEXaHUYeCKOM pa3BEPTKO MO yTITy: aJITOPUTM OII-
peneyieHusl YII0BOM mo3uyu MUHUMyMa // Peect-
pauis, 30epiraHHs i oOpoOka maHux. — 2004. —
T. 6. — Ne3. — C. 3-18.

9. Handbook of Surface Plasmon Resonance (Edit.
by R. B. M. Schasfoort and Anna J. Tudos, Nether-
lands). — 2008. — P. 22 — 23, 59.

10. Stemmler 1., Brecht A., Gauglitz G. Compact sur-
face plasmon resonance-transducers with spectral
readout for biosensing applications // Sensors and
Actuators. — B. 54. — 1999. —P. 98 -105.

11. Kabamun A. B., Hukutun I1. 1. UaTepdepomerp
C UCITOJIb30BAaHUEM TTOBEPXHOCTHOTO TJIA3MOHHOTO
pe3oHaHca I CEHCOPHBIX u3MepeHuit // KBaH-
ToBasl 3JeKTpoHUKA. — 1997. — T. 24. — Ne7. —
C.671 —672.

85



Sensor Electronics and Microsystem Technologies. 3/2009

BUMOTI' 10 O®OPMJIEHHS CTATEM Y XYPHAJ
THOOPMALIA 14 ABTOPIB

XKypuan “CencopHa ejekTponika i mikpocuc-
TEeMHi TeXHOJI0rii” Iy0JIiKye CTaTTi, KOPOTKi IMOBi-
JOMIIEHHSI, TUCTU A0 Pemakiiii, a TaKOX KOMEH-
Tapi, MO MIiCTATh pe3yabTaTh QyHIAMEHTAIBHUX
1 IpUKJIagHUX OOCiIXeHb, 32 HACTYITHUMU Ha-
MPSIMKaMU:

1. ®i3nuHi, XiMiYHi Ta iHII IBAIIA, HA OCHOBI
SIKMX MOXYTb OyTH CTBOPEHi CeHCOopU

2. IIpoextyBaHHS i MaTeMaTUYHEe MOJECITIOBAH-
HSI CEHCOPiB

3. Cencopu (i3MYHNX BETUINH

4. OnTUYHI, ONTOSJIEKTPOHHI 1 pamialliitHi ceH-
copu

5. AKyCTOeJIeKTpOHHi CeHCopu

6. XiMiuHi ceHCcOpU

7. BioceHcopu

8. Hanocencopu (¢ismka, MaTtepiaam, TEeXHO-
JIOTisT)

9. Marepianu 11l ceHCOPiB

10. TexHoJorist BUpOOHUIITBA CEHCOPIB

11. Cencopu Ta iHpopMaliliHi CHCTeMH

12. MikpocucreMHi Ta HaHO- TexHoJoril (MST,
LIGA-TexHom0Tis1, aKTIOATOPH Ta iH.)

13. Jlerpanmairisi, MeTpoJioTisT i cepTudiKallis
CEHCOpiB

KypHan ny0JiKye TakoxX 3aMOBJICHI OIJISIIU 3
aKTyaJIbHUX TMTaHb, 110 BiAIOBigalOTh MOro Te-
MaTulli, TTOTOYHY iH(POpMALlil0 — XPOHiKYy, Iep-
COHAaJIil, MJaTHI peKJIaMHi MOBiZOMJIEHHS, OroJ0-
IIeHHS 100 KOH(EpeHIIilA.

Marepianu, 1o HajacuiamThes A0 Pepaxiiii,
NOBUHHI OyTM HamucaHi 3 MaKCUMaJbHOIO $IC-
HICTIO 1 YITKIiCTIO BUKJIAAy TEKCTy. ¥ MOJAaHOMY
pykonuci ToBMHHA OyTM OOIrpyHTOBaHa aKTy-

aJIbHICTh pO3B’sI3yBaHoOI 3a7aui, cpopmMyaboBaHa
MeTa IOCHiIXKEHHS, MiCTUTUCS OpUTiHaJIbHA Yac-
THMHA 1 BUCHOBKM, 110 3a0e3IeUyl0Th PO3YMiHHSI
CyTi OTpMMaHUX PE3YIbTaTiB i iX HOBU3HY. ABTOpU
MOBUHHiI YHMKATU HEOOI'PYHTOBAHOI'O BBEACHHS
HOBUX TE€PMiHiB i By3bKOIPOiTbHUX KapTOHHUX
BUCJIOBIB.

Penakuis XypHany mpocuTh aBTOpPiB MpU Ha-
MpaBJieHi cTaTeil 10 IPYyKY KepyBaTUCS HACTYITHU-
MU TIpaBUIAMMU:

1. Pykonucu NOBUHHiI HaACUJIATUCS Yy IBOX
MPUMipHUKAaX YKpaiHCHKOIO 200 pOCiiiCHhKOIO0 i aHT-
JIIAChKOIO MOBAMM i CyIpOBOIKYBaTUC (paitnaMu
TEKCTY i MaJIIOHKiB Ha AucKeTi. EnekTpoHHa Korist
MoOXe OyTU HadicaaHa eJeKTPOHHOIO IOIUTOIO.

2. IMpuitHatHi popmatu Tekcty: MultiEdit (txt),
WordPerfect, MS Word (rtf, doc).

3. IlpuitHATHI rpadiuHi ¢opMaTH MJISI PUCYH-
kiB: EPS, TIFE, BMP, PCX, WME, MS Word i MS
Graf, JPEG. PucyHKkM CTBOpeHi 3a JOMNOMOIOIO
MPOTrpaMHOro 3abe3reueHHs s MaTeMaTUYHUX
1 CTAaTUCTUYHUX OOYMCIIeHb, TOBUHHI OyTU Tiepe-
TBOPEHI JO OAHOIO 3 LIMX (POPMAaTiB.

Pykonucu HascuaaTH 3a aipecolo:

Jlenix fIpocaas Laiu, 3am. roa. Penakropa,
Onecbkuii HALliOHAJIbHUH YHIBepcHTET iMeHi
I. I. Meunukosa, MHH®TII (H/JI-3),
By.1. J/IBopaHceka, 2, Oneca, 65082, Vkpaina.
Tenedon / pakc +38(048) 723-34-61,
Tea. +38(048) 726-63-56.
E-mail: semst-journal@onu.edu.ua,
semst-journal@ukr.net
http://www.semst.onu.edu.ua

IIpaBuna NiAroTOBKU PYKOMUCY:

Pyxkonucu MOBUHHI CYIIPOBOJIXKYBATUCS
OoMiLiTHUM JTUCTOM, MiAITMCAHUM KePiBHUKOM YC-
TaHOBM, A¢ OyJia BUKOHaHa poborta. Lle mpaBuio
He CTOCYETBCS POOIT TpeAcTaBISHUX MiXKHApPO/I-
HUMMU IpyHaMU aBTOPIB.

ABTOpCBHKE TIpaBo nepexoauTs Buagasiio.

TutyabHWiA apKym:

1. PACS i YnuiBepcanpuuii Jdecarkosuit Kon
Knacudikanii (YIAK) (mns aBTOpiB i3 KpaiH
CHJ/I) — y BepxHboMmy JiBoMy KyTi. [omyc-
Ka€eTbCs OeKiIbKa BiAAUIEHMX KOMaMH KOIiB.
Axmo Higki konu Kiaacudikallii He TTO3HaA4YeHi,
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kon(u) Oyme(-yThb) BM3HaueHo PenmakiiiiHoro
Kouneriero.

2. Ha3Ba poootu (110 LIEHTPY, TPOITMCHUMM JIi-
Tepamu, mpudrt 14pt, KUpHO, YKp., POC., aHIIL.
MOBaMH).

3. IIpizBume (-a) aBropa(-iB) (110 LIeHTpPY, IIPUPT
12pt, yKp., poc., aHTJI. MOBaMH).

4. Ha3a ycraHoBH, ITOBHA aapeca, TeaedoHH i
daxcu, e-mail mIsg KOXHOrO aBTOpa, HIKYE, Ye-
pe3 OUH iHTepBaJl, OKPEMUM PSIIKOM (IO LIEHTPY,
mwpudt 12pt).

Anotamis: 10 200 ciriB yKpaiHCBKOIO, aHTJIHCh-
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KoI0 i pociiicbkoro MoBamu. Ilepen TekcToM aHO-
Talil MOoTpPiOHO BKa3aTH Ha Tiil XXKe MOBi: Ha3BYy poO-
00TH, Mpi3BUIIIA i iHilliaaX BCiX aBTOPiB.

st aBTOpiB 3 3aKOPIOHY, SIKi HE 3HAIOTh YK-
paiHCBbKOiI ab0 POCiiiChbKOI MOBU, JOCTAaTHHO aHO-
Talii i Mpi3BUILIA AaHITiCHKOIO.

KiouoBi ciioBa: ixHs KiIbKiCTh HE TTOBMHHA TTe-
peBUIIYBaTH BicbMHM CJiiB. B ocobinBux BUMmaakax
MOXXHa BUKOPUCTOBYBATU TEPMiHU 3 ABOMA — UM
TpboMa cjaoBaMu. Ili cioBa MOBUHHI OyTH pO3-
MillleHi i aHOTali€l0 i HamucaHi Ti€E0 camMol0
MOBOIO.

TekcT moBUHEH OyTHM HampyKoBaHMI depe3 1,5
iHTepBaiu, Ha 6inomy nanepi ¢opmaty A4. Ilons:
31iBa — 3cM, crpaBa — 1,5cM, BBepXy i 3HU3Y —
2,5cMm. Ipudt 12pt. ITig3aronoBKH, SKILO BOHU €,
TMOBUHHI OYyTH HaApyKOBaHi MPOMUCHUMU JIiTepa-
MU, XKUPHO.

PiBHgHHs MOBWHHI OyTWM BBEIEHi, BUKOPUC-
toBytoun MS Equation Editor a6o MathType.
Po6oTH 3 pyKONUCHUMM BCTaBKaMU He MpUiiMa-
IOThCSI.

Tabamni moBMHHI OyTY TIpenCcTaBeHi Ha OKpe-
MUX apKyliax y ¢opMati BiAOBiZAHMUX TEKCTOBUX
¢dopmariB (ouB. BUllEe), Y4 y GopmaTi TeKCTy (3
KOJIOHKaMU, BilileHUMHU iHTepBaJlaMU, KOMaMHU,
Kparnkam 3 KOMOIO, UM 3HaKaMM TaOyII0OBaHHS).

Cnucok JiTepaTypu TOBUHEH OyTH HaJApyKoBa-
HuUit yepes 1,5 iHTepBanu, 3 JiTepaTypolo, MPOHY-
MEPOBAHOIO B MOPSAKY ii IMOSIBU B TEKCTi.

ITopsimok ogopMIleHHs JiTepaTypu ITOBUHEH
Bigmosimatu BuMoram BAK VYkpainu, Hanmpukiaz,

1. bepecroBckuit B.b., JIudpmwuu E.M., ITuta-
eBckuit JI.I1., KBaHTOBas1 3JeKTpoAMHAMUKA. —
M.: Hayka, 1984. — 430 c.

2. Cepruenko A.M., Yepnora PUN., CeprueH-
ko A.S., Ontumuzanms nugposoii cetn //DTT. —
1992. — T.7, Ne6. — C. 34-38.

3. Bramley R., Faber J.M., Nelson C.N. et
al., Gas sensor research // Phys. Rev. — 1978. —
No6. — P. 34-38.

4. Stirling A.N. and Watson D. Progress in

Low Temperature Physics. — North Holland,
Amsterdam.: ed. by D.F. Brewer, 1986. — 248 p.

5. Ipomos K. ., JTanacoepr M.D., Ontumanib-
HOe Ha3HaueHuWe mnpuopurteroB //Tpymbl Mex-
ayHap. KoHd. “JIokajqbHbIE BBIYMCIUTEIbHBIC
cetu”(JIOKCETD 88). — Tom 1. — Pura:MUBBT
AH JlatBun. — 1988. — C.149-153.

6. Elliot M.P,, Rumford V. and Smith A.A. The
research of the optical sensors. — NY. 1976. —
37 p.(reprint./ TH 4302-CERN).

7. Ilanumona A.H., TakiB A.C. JlocaimKkeHHs
ontUyHuX ceHcopiB. — K: 1976. — 37 c. (Ilpemnp.
/AH Yxpainu. IH-1 KibepHeTuKH; 76-76).

8. Bacunbes H.B. OntuyHi ceHcopu Ha ILIiB-
kax A B : /luc. kaH.(i3. — mat. Hayk, 05.05.04. —
K.,1993. — 212c.

Iligmucu 1o pucyHKIB i TAOMIL TTOBMHHI OyTH
HaJApYKOBaHi B PYKOIMKCi 3 ABOMa MpobitaMu mic-
JIST CITUCKY JIiTepaTypu.

BuHoCOK, SIKI1I0 MOXJIMBO, OaXkaHO YHUKATHU.

Pucynkun OyayTh CKaHOBaHi JJi1 LM(POBOTo
BinTBOpeHHs. ToMy MpUIIMAalOThCS TiIbKA BMCO-
KOSIKiCHi pUCYHKH.

Hamnucwy i cumMBoM MOBWHHI OyTH HaIPYyKOBaHi
ycepeauHi pucyHKy. HeratuBu, cinaiiau, i gianosu-
TUBU HE IPUIMAIOThCSI.

KoxeH prcyHOK MOBUHEH OYTH HaapyKOBaHUA
Ha OKPEeMOMY apKyIlli i MaTH po3Mip, 110 He Hepe-
puiye 160x200 mM. 11 TEKCTY Ha pUCYHKaX BU-
KopucToByiite WipudT 10pt. OnMHULI BUMipy TTO-
BUHHi OYTM MO3HAYeHi MicJas KOMU (HE B KPYTJIUX
JTy>XKax). Yci pUCyHKH MOBUHHi OYyTU TPOHYMEPO-
BaHi B MOPSAKY iX MOSBU B TEKCTi, 3 YaCTUHAMMU
MO3HaYeHUMU SK (a), (0), i T.A. Po3MimeHHS HO-
MEpiB PUCYHKIB i HAMUCY ycepeaIuHi MaTIOHKIB He
JIO3BOJISIIOTHCS. 3i 3BOPOTHBO1 CTOPOHU, HAMUILIITh
OJIiBLIEM Ha3By, MNpi3Buile(a) aBropa(-iB), HOMep
MaJTIOHKA i TTO3HAYTE BEPX CTPIIKOIO.

®ororpadii noBUHHI OyTH OpUTiHATLHUMH.

KonbopoBuit ApyK MOXJIMBUIA, SIKILIO MHOro
BapTiCTh CILUIAUYETHCS aBTOPaAMU YU iX CIIOHCO-
pamu.
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