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DEAR COLLEAGUES, HONORED READERS! 
The issue of the present number is dedicated to 

and certifies that our Journal has reached the first 
5-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 

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). 
Just now, 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 À. Smyntyna 

SOME WORDS TO THE READERS 
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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; 
– O.V.Palladin Institute of Biochemistry of NAS 

Ukraine; 
– Institute of Molecular Biology and Genetics 

of NAS Ukraine; 
– Òaras 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: 

Òaras 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]. 

It is shown, 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 1015 and 1017 protons/cm-2. This 
effect is connected with the increase of the effective 
adsorption area owing to irradiation [3-6]. The new 

UDC 681.586 

INVESTIGATIONS AND ACHIEVEMENTS 
IN SENSORICS AREA IN 2008 

1V. A. Smyntyna, 1Ya. I. Lepikh, 2V. F. Machulin 

1 I. I. Mechnikov Odesa National University, ndl_lepikh@onu.edu.ua 
2 V. E. Lashkarev Semiconductor Physics Institute, NÀS 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. 

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

© V. A. Smyntyna, Ya. I. Lepikh, V. F. Machulin, 2009
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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

1-x
Ge

x
 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

1-Õ 
Ge

Õ
 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

1-õ 

Sb
õ 
micro-crystals with a different ratio of the fifth 

group components (As and Sb), where õ = (0,02-
0,16) [12, 13]. 

The lattice parameters and structure of brought 
up InAs

1-X 
Sb

õ 
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 

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 γ — and β — 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 γ-radiation semiconductor 
detector and the monitoring block which contains 
the programmed processor as well as the informa-
tion preservation blocks on γ-radiation doze power 
and the signaling about the γ-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 0C 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 Òà

2
Î

5
, Ñd

2
O

3
, TiÎ

2
, Er

2
O

3 
films; 

Ta
2
O

5
-Si, Ñd

2
O

3
(TiÎ

2
, Er

2
O

3
)-SiÑ structures and 

Al(W, TiN)-Ta
2
O

5
-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 A3B5 structures and struc-
tural changes in surface layers materials subjected 
ionic and high-power electronic irradiation are 
continued [27]. 

I. 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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SENSING FORBIDDEN TRANSITIONS IN SPECTRA OF SOME HEAVY ATOMS 
AND MULTICHARGED IONS: NEW THEORETICAL SCHEME 

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

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-
tivistic approach 
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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

r r
r

PJM c PJMΨ Γ = Φ γ∑   (1) 

is obtained as the above described self-consis-
tent solutions of the Dirac–Fock type equations. 
Configuration mixing coefficients c

r
 are obtained 

through diagonalization of the Dirac Coulomb 
Hamiltonian 

 H
DC

=Σ
i
 cα

i
 p

i
 + (β

i
–1)c2 – V

c
 (r|nlj)+ 

 +V
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–V
nucl

 (r|R) + Σ
i>j

 exp(iωr
ij
)(1-α

1
α

2
)/r

ij
.

  
(2) 

In this equation the potential: 

 V(r)=V
c
 (r|nlj)+V

ex
+V

nucl
 (r|R).  (3) 

This potential includes the electrical and po-
larization potentials of the nucleus. The part exV
accounts for exchange inter-electron interaction. 
The main exchange effect are taken into account in 

ÎÏÐÅÄÅËÅÍÈÅ ÂÅÐÎßÒÍÎÑÒÅÉ ÇÀÏÐÅÙÅÍÍÛÕ ÏÅÐÅÕÎÄ²Â Â ÑÏÅÊÒÐÀÕ 
ÍÅÊÎÒÎÐÛÕ ÒßÆÅËÛÕ ÀÒÎÌÎÂ È ÌÍÎÃÎÇÀÐßÄÍÛÕ ÈÎÍÎÂ: ÍÎÂÀß 

ÒÅÎÐÅÒÈ×ÅÑÊÀß ÑÕÅÌÀ 

Ò. À. Ôëîðêî, À. Â. Ëîáîäà, À. À. Ñâèíàðåíêî 

Àííîòàöèÿ. Âûïîëíåí ðàñ÷åò âåðîÿòíîñòåé è ñèë îñöèëëÿòîðîâ çàïðåùåííûõ àòîìíûõ 
ïåðåõîäîâ â ñïåêòðàõ íåêîòîðûõ ñëîæíûõ òÿæåëûõ àòîìîâ è ìíîãîçàðÿäíûõ èîíîâ íà îñíî-
âå íîâîé ðåëÿòèâèñòñêîé ñõåìû â ðàìêàõ êàëèáðîâî÷íî-èíâàðèàíòíîé ÊÝÄ òåîðèè âîçìó-
ùåíèé. 
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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

c
) 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 ΔE (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 ImΔE 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
N

(r) + V
C
(r),  (4) 

with V
N

(r) describing the electric potential of the 
nucleus, V

C
(r), imitating the interaction of the 

quasi-particle with the core. The core potential 
V

C
(r) is related to the core electron density ρ

C
(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 ρ

C
(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 ΔE

ninv
 leads 

to the integral differential equation for the ρ
c
, that 

can be solved using one of the standard numerical 
codes. In ref. [4] authors treated the function ρ 

c
 

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 ρ 

c 
[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: 
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where 
 n fα> >

−∑  for electron and 
n fα< ≤

−∑  for vacancy. 
The potential V is as follows: 
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The separated terms of the sum in (5) represent 
the contributions of different channells and a prob-
ability of the dipole transition is: 
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б бГ V
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The corresponding oscillator strength : 
2 15/ 6.67 10

nggf α= λ ⋅ Γ ⋅ , where g is the degeneracy 
degree, λ is a wavelength in angstrems (Å). Under 
calculating the matrix elements (5) one could use 
the angle symmetry of the task and write the expan-
sion for potential sin|ω|r

12
/r

12
 on spherical functions 

as follows: 
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where J –is the Bessell function of first kind and 
(λ) = 2λ + 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: 
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1 Im 1234

V j j j j

j j
Q

m m

ω

μ
λ

λμ

= ⎡ ⎡×⎣ ⎣
λ⎛ ⎞

× − ×⎜ ⎟− μ⎝ ⎠
∑ ; 

 Qul BrQ Q Qλ λ λ= + .  (9) 

where j
i
 are the entire single electron momentums, 

ò
i
 — their projections; QulQλ is the Coulomb part of 

interaction, BrQλ - the Breit part. The Coulomb part 
QulQλ  is expressed in terms of radial integrals Rλ 

, an-
gular coefficients Sλ 

[2,5]: 

   

( ) ( ){

( ) ( ) ( ) ( )
( ) ( )}

Qul 1Re Re 1243 1243

1243 1243 1243 1243

1243 1243  .

lQ R S
Z

R S R S

R S

λ λ

λ λ λ λ

λ λ

= +

+ + +

+

� � � � � � � �

� � � � � � � �   (10) 

As a result, the Auger decay probability is ex-



13

pressed in terms of ReQλ(1243) matrix elements 
[9]: 

 

( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

2 2
1 1 2 1 1 3 1

1 1
2 2 4 2

Re 1243

.

R dr r r f r f r

f r f r Z r Z r

λ

λ < λ >

= ×

×

∫∫
  (11) 

where f is the large component of radial part of sin-
gle electron state Dirac function and function Z is 
[5]: 

 ( )
( )
( )

1
2 1 131 2

13

2
3

2

J r
Z

Z r

λ+
λ+

λ λ

α ω⎡ ⎤
= ⎢ ⎥

ω α⎢ ⎥ Γ λ +⎣ ⎦
.  (12) 

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

i
 is to be 

changed by the small g
i 
one and the moment l

i
 is 

to be changed by 1i il l= −�  for Dirac number æ
1
> 0 

and l
i
+1 for æ

i
<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: 

 Br Br Br Br
, 1 , , 1Q Q Q Qλ λ λ− λ λ λ λ+= + + ,  (13) 

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

   

( ) ( ){
( ) ( ) ( ) ( )

( ) ( )}

Br 1 Re 1243 1243

1243 1243 1243 1243

1243 1243  .

l

l l
l

l
l

Q R S
Z

R S R S

R S

λ λ λ

λ λ λ

λ

= +

+ + +

+

� � � �

� � � � � �

� � � �   (14) 

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]. 

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 5d96s2(D

5/

2
,D

3/2
)- 5d106s (S

1/2
) 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 4s2(1S

0
 )- 4s4p (1P0

1
) 

transition in the Zn-like multicharged ions. The 
same calculation was carried out for Ne-like ions 
(Z=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 5d96s2(D

5/2
,D

3/2
)- 5d106s (S

1/2
) tran-

sition in Hg+ (in Ry) 

Method E
6s

D
3/2

- S
1/2

D
5/2

- S
1/2

HF 
DF 

This work 
Experiment

-1.07 
–1.277 
–1.377 
–1.378

0.863 
0.608 
0.462 
0.461

0.863 
0.460 
0.325 
0.324

Table 2 
The E2 probabilities of the 5d96s2(D

5/2
,D

3/2
)- 5d106s 

(S
1/2

) transition in Hg+ (in s-1) 

Method D
3/2

- S
1/2

D
5/2

- S
1/2

HF 
DF 

DF (exp. E) 
This work 

Experiment

1360 
257.0 
63.9 

54.53 
53.5±2.0

1360 
77.4 
13.3 

11.84 
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, 

T. A. Florko, A. V. Loboda, A. A. Svinarenko
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effects of the interelectron polarization interaction 
and mutual screening. 

Table 3 
The oscillator strengths of 4s2(1S

0
 )- 4s4p ( 1P0

1
 ) transi-

tion in the Zn-like ions 

Ion Method
Lf Vf

 
Ga+

DF 1.89 1.98
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

 
3As +  

DF 1.87 1.86
Our 1.575 1.574
Exp. 1.56 ±  0.23 1.56 ±  0.23

6Kr + DF 1.75 1.71
34Gd + DF 1.12 1.10

40Yb + DF 1.12 1.10
40Au + DF 1.18 1.15
52Pb + DF 1.21 1.18

 
62U +

DF 1.37 1.31
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: (a) ( ) ( )3 0 3 0
2 14 4 4 4s p P s p P→ ; (b) 

( ) ( )1 0 3 0
1 24 4 4 4s p P s p P→  (our data)

Trans. M1 (a) E2 (a) M1 (b) E2 (b)
6Kr + 0.072(1) 0.034(-2) 0.033(2) 0.041(1)
18Cd + 0.048(4) 0.132(1) 0.055(4) 0.034(3)
24Xe + 0.042(5) 0.025(3) 0.034(5) 0.232(3)
34Gd + 0.081(6) 0.118(4) 0.047(6) 0.047(5)

40Yb + 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)
52Pb + 0.047(8) 0.067(7) 0.215(7) 0.058(7)

62U + 0.036(9) 0.059(8) 0.128(8) 0.101(8)
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SENSING STRONG INTERACTION EFFECTS IN SPECTROSCOPY OF HADRONIC ATOMS 
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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. 

Keywords: strong interaction effects, spectroscopy, kaonic atoms 

ÄÅÒÅÊÒÓÂÀÍÍß ÅÔÅÊÒ²Â ÑÈËÜÍÎ¯ ÂÇÀªÌÎÄ²¯ Ó ÑÏÅÊÒÐÎÑÊÎÏ²¯ ÀÄÐÎÍÍÈÕ ÀÒÎÌ²Â 

Î. Þ. Õåöåë³óñ, Ä. ª. Ñóõàðåâ, Þ. Â. Äóáðîâñüêà 

Àíîòàö³ÿ. Âèêîíàíî òåîðåòè÷íó îö³íêó çñóâ³â ³ øèðèí ð³âí³â, ÿê³ îáóìîâëåí³ åôåêòà-
ìè ñèëüíî¿ âçàºìîä³¿, â ìåæàõ ðåíòãåí³âñüêî¿ ñïåêòðîñêîï³¿ êàîííèõ àòîì³â. Äåòåêòóâàííÿ 
åôåêò³â ñèëüíî¿ âçàºìîä³¿ ³ òåîðåòè÷íà îö³íêà ñïåêòð³â êàîííèõ àòîì³â º îäíèì ç íîâèõ ï³ä-
õîä³â äî âèçíà÷åííÿ ÿäåðíî¿ ñòðóêòóðè ³ ïàðàìåòð³â ñèëüíî¿ êàîí- ÿäåðíî¿ âçàºìîä³¿. 

Êëþ÷îâ³ ñëîâà: åôåêòè ñèëüíî¿ âçàºìîä³¿, ñïåêòðîñêîï³ÿ, êàîíí³ àòîìè 

ÄÅÒÅÊÒÈÐÎÂÀÍÈÅ ÝÔÔÅÊÒÎÂ ÑÈËÜÍÎÃÎ ÂÇÀÈÌÎÄÅÉÑÒÂÈß 
Â ÑÏÅÊÒÐÎÑÊÎÏÈÈ ÀÄÐÎÍÍÛÕ ÀÒÎÌÎÂ 

Î. Þ. Õåöåëèóñ, Ä. Å. Ñóõàðåâ, Þ. Â. Äóáðîâñêàÿ 

Àííîòàöèÿ. Âûïîëíåíà òåîðåòè÷åñêàÿ îöåíêà ñäâèãîâ è øèðèí óðîâíåé, îáóñëîâëåííûõ 
ýôôåêòàìè ñèëüíîãî âçàèìîäåéñòâèÿ, â ðàìêàõ ðåíòãåíîâñêîé ñïåêòðîñêîïèè êàîííûõ 
àòîìîâ. Äåòåêòèðîâàíèå ýôôåêòîâ ñèëüíîãî âçàèìîäåéñòâèÿ è îöåíêà ñïåêòðîâ êàîííûõ 
àòîìîâ ÿâëÿþòñÿ îäíèì èç íîâûõ ïîäõîäîâ ê îïðåäåëåíèþ ÿäåðíîé ñòðóêòóðû è ïàðàìåòðîâ 
ñèëüíîãî êàîí-ÿäåðíîãî âçàèìîäåéñòâèÿ. 

Êëþ÷åâûå ñëîâà: ýôôåêòû ñèëüíîãî âçàèìîäåéñòâèÿ, ñïåêòðîñêîïèÿ, êàîííûå àòîìû 

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 
deõne new low-energy X-ray standards [1] and to 
evaluate the kaon (pion) mass using high accuracy 
X-ray spectroscopy. The collaborators of the E570 
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 naïve 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 q=–e and 
the nucleus can be taken into account introducing 
the nuclear potential Aν in the KG equation via the 
minimal coupling pν→ pν– qAν. The wave functions 
of the zeroth approximation for kaonic atoms are 
found from the Klein-Gordon equation [5]: 

   2 2 2 2 2
02

1( ) { [ ( )] } ( )tm c x i eV r x
c

Ψ = ∂ + + ∇ Ψ= = ,  (1) 

where h is the Planck constant, c the velocity of the 
light and the scalar wavefunction Ψ

0
(x) depends on 

the space-time coordinate x = (ct,r). Here it is con-
sidered a case of a central Coulomb potential (V

0
(r), 

0). A usually, We consider here the stationary solu-
tion of Eq. (1). In this case, we can write: 

  (x)  exp(-iEt xΨ = /  )φ( )=   (2) 

and Eq. (1) becomes: 

 2 2 2 2 2
02

1{ [ ( )] } ( ) 0E eV r m c x
c

+ + ∇ − φ ==   (3) 

where E is the total energy of the system (sum of the 
mass energy mc2 and binding energy ε

0
). In prin-
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ciple, the central potential V
0
 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 ( )rρ  (c.f.[21]): 

 0( ) / {1 exp[( ) / )]}с r с r c a= + −   (4) 

where the parameter a=0.523 fm, the parameter ñ 
is chosen by such a way that it is true the follow-
ing condition for average-squared radius: <r2>1/2=
=(0.836⋅A1/3+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]: 
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r
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W r R W r dr r r R
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∞
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+ ρ

∫

∫   (5) 

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 ( )r Rρ  is: 
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∞

= − ρ +
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∫

∫   (6) 

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

( ) ( ) ( ) ( ) ( )' 2 ' '2 ' 2

0

, 1 , 1 ,
r

V nucl r R r dr r r R r y r R= ρ ≡∫  

 ( ) ( )2' , ,y r R r r R= ρ   (7) 

 2
0'( ) ( / )exp[( ) / ]{1 exp[( ) / )]}с r с a r c a r c a= − + −  

with the boundary conditions: 

 ( ) ( )0, 4nuclV R r= − π  
  ( )0, 0y R = , (8) 

 0(0) / {1 exp[ / ]}с с c a= + −  

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: 
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2 exp 2
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1 21 1 2 ,
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U r dt rt Z
r

tt C g
t r

∞α
= − − α ×

π

− α
× + ≡ −

π

∫

  (9) 

where 
rg
Z

=
α

. In our calculation we usually use 

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]: 

 
2 [1 ][ ( ) ( )]K

N Kp p Kn n
N

MV A r A r
M

π
= − + ρ + ρ

μ
,  (10) 

where μ is the kaon-nucleus reduced mass, M
K
 and 

M
N
 are the kaon and nucleon masses, ( ), ( )p nr rρ ρ  

are the proton and neutron densities in the nucleus 
and ,Kp KnA A 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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2 [1 ][ ( )]K

N
N

MV a r
M

π
= − + ρ

μ
, 

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 
length is as follows [4]: 

 a=[(0.34±0.03)+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

i
) and final (n

f
 ) quantum num-

bers. The calculated values of transition energies are 
compared with available measured (E

m
) and other 

calculated (E
c
) 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

c
 ) and measured (E

m
) kaonic atoms X-ray energies (in keV)

Nucl. Transition  E
c
,our theor  E

c
, [4] E

c
 [6] E

c
 [7] E

m

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 ΔE 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 

O. Yu. Khetselius, D. E. Sukharev, Yu. V. Dubrovskaya
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subtracting the electromagnetic widths of the upper 
and lower level from the measured value. The shift 
ΔE is defined as difference between the measured 
E

M
 and calculated E

EM
 (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 ΔE 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]); c — the shift by Batty et al [4]; d — this work; 

Nucl  ΔE
C
 (d) G

C
 (d)  ΔE

C
 ( c) G

C
 ( c)  ΔE

M
 G

M
 

W, 8-7 0.038 0.072 -0.003 0.065 0.079c 

0.052d
0.070 (15)

W, 7-6 -0.294 3.85 -0.967 4.187 -0.353c 

–0.250d
3.72 (35)

Pb, 8-7 0.035 0.281 -0.023 0.271 0.072c 

0.047d
0.284 (14) 

0.370 (150)a

U, 8-7 -0.205 2.620 -0.189 2.531 0.120a 

0.032b 

–0.40c 

–0.213d

2.67(10) 
1.50 (75)a

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 LNF, respectively (look, for 
example, refs. [1,8]). 
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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. 
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Àíîòàö³ÿ. Íàâåäåíî ðåçóëüòàòè äîñë³äæåíü çàëåæíîñòåé âèõ³äíèõ ïàðàìåòð³â áàãàòîïå-
ðåõ³äíèõ êðåìí³ºâèõ ôîòîåëåêòðè÷íèõ ïåðåòâîðþâà÷³â (ÔÅÏ) â³ä êóòà ïàä³ííÿ ñîíÿ÷íîãî 
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ö³¿ âèçíà÷åííÿ íàïðÿìó ðîçïîâñþäæåííÿ âèïðîì³íþâàííÿ äîö³ëüíèì º ïðèìóñîâå çíèæåí-
íÿ öèõ âåëè÷èí. 
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Introduction 

The short circuit current density SCJ  and open 
circuit voltage OCU  of photovoltaic converters 
(PVC) are increased with the intensity growth of il-
lumination flux penetrating into the semiconductor 
base. It causes the expediency of concentrated solar 
radiation (CSR) using for increasing of such devices 
efficacy η , since SC OCJ Uη ∼  and 0ln( / )OC SCU J J∼ , 
where 0J  — 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 μm) 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-
der the angle 0α >  to it normal [5]. Therefore, SCJ , 

OCU  and efficacy should depend on α , as far as 
the irradiance E  of PVC receiving surface changes 
with α  according to the law 0 cosE E= α , where 

0E E=  at 0α =  [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 

SCJ  and OCU  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 SCJ  
and OCU  dependence upon α  was investigated in 
connection with practical importance of two above 
mentioned problems. Concerning to both problems 
simultaneously the greatest interest represents the 

( )OCU α  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 cm2 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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ðåõîäíûõ ÔÝÏ â ñèñòåìàõ îïòè÷åñêîé ëîêàöèè öåëåñîîáðàçíûì ÿâëÿåòñÿ ïðèíóäèòåëüíîå 
ñíèæåíèå ýòèõ âåëè÷èí. 

Êëþ÷åâûå ñëîâà: ôîòîïðåîáðàçîâàòåëü, ôîòîâîëüò, óãîë ïàäåíèÿ ñâåòà, êîýôôèöèåíò îò-
ðàæåíèÿ, ïàðàìåòðû 
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image of the samples is presented at Fig 1. Devices 
had overall dimensions 33 mm × 6 mm × 1 mm and 
consisted from 35 elementary diode cells by thick-
ness 150 μm everyone with n+-p-p+-structure which 
were connected in-series through the metal inter-
layers by thickness about 10 μm. 

 

Fig. 1. Schematic image of “photovolt” type multi-junc-
tion Si-PVC cross–section: 1 — metal layer by thickness 
t

m
 ≈ 10 μm; 2 — layer of n+-type conductivity silicon; 

3 — layer of ð-type conductivity silicon; 4 — layer of p+-
type conductivity silicon; 5 — solid metal electrode. 

Determination of SCJ  and OCU  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/m2, that corresponds 
to the degree of AM0 irradiation concentration 
equal to 4.2. 

For light incidence angle α  change on its sur-
face the investigated Si-PVC was fixed on goni-
ometer device allowing varying the angle α  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 α : 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°, 85o and 90°. Temperature of samples 
25 °Ñ 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 angular dependences of open cir-
cuit voltage ( )norm

OCU α  (curve 1) and short circuit cur-
rent ( )norm

SCJ α  (curve 2), calculated according to the 

experimental values of the corresponding magnitudes 

in the following way: ( )( ) ( 0)
norm SC
SC

SC

JJ J
αα = α = , 

( )( ) ( 0)
norm OC
OC

OC

UU U
αα = α =

, are presented 

on the Figure 2. Earlier [9] it was shown that 
in the range of α  values from 40o up to the 
Brewster angle Bϕ  (74.5o for silicon) trend of 

( )norm
OCU α  dependence is well described by the 

ratio ( )
( )
( )2 1

ln , cos
1

2.3
norm
OC

f R
U

⎡ α α⎤⎣ ⎦α ≈ +
ξ − ξ

, where 

0 ( , ) 1f R≤ α ≤  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 1ξ  < 2ξ  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 ( )norm

OCU α  dependence it has been estab-
lished that, varying parameters R  and Δξ = 2ξ –
– 1ξ  it is possible to purposefully effect on its char-
acter. So, for example, it is necessary to maximally 
increase parameters R and Δξ  for minimization of 

( )norm
OCU α  angular dependence with the purpose of 

“photovolt” type Si-PVC efficiency rising. 

 

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 α  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 ( )norm

OCU α  dependence in the range of 
light incidence angles on their receiving surface 
from 0 up to 74o. However, the results of work [9] let 
to suppose that varying parameters R  and Δξ  will 
allow to provide the strikingly expressed character 
of ( )norm

OCU α dependence. 
Therefore, we carried out the numerical simu-

lation of ( )
( )ln , cos

1
2.3

norm
OC

f R
U

⎡ α α⎤⎣ ⎦α ≈ +
Δξ

 depen-

dence at 40î ≤ α  ≤ 70î for different values of R  
and Δξ . Results of the simulation as a family of 

( ),norm
OCU α Δξ  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 ( )norm
OCU∂ α

∂α  — speed of 

change norm
OCU  from α , but provides the change of 

norm
OCU  absolute value, i.e. this magnitude growth 

with R  growing. 

  

Fig. 3. Theoretical norm
OCU  values versus α  and Δξ  for 

considered Si-PVC of “photovolt” type at the light re-
flection coefficients from metal/silicon boundaries: 1 — 

1.0R = ; 2 — 0.6R = ; 3 — 0.2R = . 

 At the same time, as it evidently from Figure 

3, the determining influence on the ( )norm
OCU∂ α

∂α  

renders Δξ  parameter, being the difference of SCJ  
and 0J  orders values. Really, from stated Figure 
evidently that by realization of situation, charac-
teristic for concerned “photovolt” type Si-PVC, 

when 7 8Δξ ≈ − , the value ( ) 0
norm
OCU∂ α →∂α  as 

well as on Figure 2 at 74α < ° . However at decrease 
of difference between SCJ  and 0J , that corresponds 
to Δξ  decrease, dependence of ( )norm

OCU α  suffers 
substantial changes and at 1 2Δξ = −  obtains prac-
tically linear character in the concerned range of α  

angles with sufficiently large value ( )norm
OCU∂ α

∂α  ≈ 
-(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 OCU  sensitivity of such 
sensors to the light incidence angle on their receiving 
surface increased with decreasing of difference be-
tween SCJ  and 0J , characterized by parameter Δξ . 
Value of the registered parameter OCU  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 1R→  achievement in 
the conditions of Ukrainian Si-PVC production, 
and, also, that, as it evidently from Figure 3, the 
value of norm

OCU  less than at 1R =  only on 5% is pro-
vide at 0.6R = . 

Therefore for using “photovolt” type Si-PVC as 
sensor in the optical location systems optimum is 
the next combination of parameters influencing on 

( )norm
OCU α  dependence: 1 2Δξ = −  and 0.6R = . 
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 SCJ  and 0J , 
and consequently Δξ , substantially depends from 
minority charge carriers lifetime ,n pτ  in PVC base 
crystals. Therefore, the required value of Δξ  at us-
ing such PVC as sensors, it is possible to achieve by 
a purposeful decrease of ,n pτ  values in base crystals 
bulk. Since 1

,n p rN
−τ ∼ , where rN  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 ,n pτ 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 ,n pτ  
values due to high doping level. 

M. V. Kirichenko, V. R. Kopach, R. V. Zaitsev, S. A. Bondarenko
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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 ( )OCU α  dependence for 
multi-junction “photovolt” type Si-PVC consider-
able depends on the minority charge carriers life-
time ,n pτ  value in the PVC base crystal, while re-
flection coefficient R  from metal/Si boundaries 
into PVC effects on absolute value of OCU . 

2. It has been shown that purposeful decrease 
of ,n pτ  value and increase of R  value will allow 
tocreate the PVC with practically linear and easily 
registered ( )OCU α  dependence. Such character of 

( )OCU α  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, I. I. Sakalosh, J. J. Ramsden, 
M. Y. Sichka, I. 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 
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É. Ï. Øàðêàíü, Ì. Á. Æèòîâ, ². ². Ñàêàëîø, Äæ. Äæ. Ðàìñäåí, 
Ì. Þ. Ñ³÷êà, ². ². Ïîïîâè÷, Ñ.Î. Êîðïîø 

Àíîòàö³ÿ. Íà ïðèêëàä³ âîäíî-ñïèðòîâèõ ðîç÷èí³â çàïðîïîíîâàíà âîëîêîííî-îïòè÷íà 
ñåíñîðíà ñèñòåìà îö³íêè êîíöåíòðàö³¿ ð³äêèõ ðîç÷èí³â ç â³äîìèì ÿê³ñíèì ñêëàäîì. Íàíå-
ñåííÿ òîíêîïë³âêîâîãî õàëüêîãåí³äíîãî øàðó ç âèñîêèì ïîêàçíèêîì çàëîìëåííÿ äîçâîëèëî 
íà ïîðÿäîê ï³äâèùèòè òî÷í³ñòü âèì³ðþâàííÿ ïîêàçíèêà çàëîìëåííÿ âîäíèõ ðîç÷èí³â äëÿ 
Y-ïîä³áíîãî êâàðöîâîãî ðîçãàëóäæóâà÷à. Çàïðîïîíîâàíî òà âèïðîáóâàíî ìåòîä âèçíà÷åííÿ 
êîíöåíòðàö³¿ âîäíèõ ðîç÷èí³â øëÿõîì âèçíà÷åííÿ ïîâíîãî ÷àñó âèñèõàííÿ ïë³âêè ðîç÷èíó 
íà òîðö³ âîëîêíà, à òàêîæ âèì³ðþâàííÿì çì³í ³íòåðôåðåíö³éíîãî ñèãíàëó, ùî âèíèêàº íà 
ïë³âö³ â ïðîöåñ³ âèñèõàííÿ. 
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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]. 

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

f m

f m

n n
R

n n
⎛ ⎞−

= ⎜ ⎟⎜ ⎟+⎝ ⎠
,  (1) 

where n
f 
— the refraction coefficient of quartz core 

of the single-mode fiber; n
m
 — 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-

ÂÎËÎÊÎÍÍÎ-ÎÏÒÈ×ÅÑÊÈÉ ÑÅÍÑÎÐ ÝÊÑÏÐÅÑÑÍÎÃÎ ÊÎÍÒÐÎËß ÕÈÌÈ×ÅÑÊÎÃÎ 
ÑÎÑÒÀÂÀ ÂÎÄÍÛÕ ÐÀÑÒÂÎÐÎÂ 

È. Ï. Øàðêàíü, Í. Á. Æèòîâ, È. È. Ñàêàëîø, Äæ. Äæ. Ðàìñäåí, 
Ì. Þ. Ñè÷êà, È. È. Ïîïîâè÷, Ñ. À. Êîðïîø 

Àííîòàöèÿ. Íà ïðèìåðå âîäíî-ñïèðòîâûõ ðàñòâîðîâ ïðåäëîæåíà âîëîêîííî-îïòè÷åñêàÿ 
ñåíñîðíàÿ ñèñòåìà îöåíêè êîíöåíòðàöèè æèäêèõ ðàñòâîðîâ ñ èçâåñòíûì êà÷åñòâåííûì ñî-
ñòàâîì. Íàíåñåíèå òîíêîïëåíî÷íîãî õàëüêîãåíèäíîãî ñëîÿ ñ âûñîêèì ïîêàçàòåëåì ïðåëîì-
ëåíèÿ ïîçâîëèëî íà ïîðÿäîê ïîâûñèòü òî÷íîñòü èçìåðåíèÿ ïîêàçàòåëÿ ïðåëîìëåíèÿ âîäíûõ 
ðàñòâîðîâ äëÿ Y-îáðàçíîãî êâàðöåâîãî ðàçâåòâëèòåëÿ. Ïðåäëîæåíî è èñïûòàíî ìåòîä îïðå-
äåëåíèÿ êîíöåíòðàöèè âîäíûõ ðàñòâîðîâ ïóòåì îïðåäåëåíèÿ ïîëíîãî âðåìåíè âûñûõàíèÿ 
ïëåíêè ðàñòâîðà íà òîðöå âîëîêíà, à òàêæå èçìåðåíèåì èçìåíåíèé èíòåðôåðåíöèîííîãî 
ñèãíàëà, êîòîðûé âîçíèêàåò íà ïëåíêå â ïðîöåññå âûñûõàíèÿ. 

Êëþ÷åâûå ñëîâà: Âîëîêîííî-îïòè÷åñêèé äàò÷èê, èíòåðôåðîìåòð Ôàáðè-Ïåðî, êîíöåíò-
ðàöèÿ âîäíûõ ðàñòâîðîâ, ïðîöåññ âûñûõàíèÿ ïëåíêè ðàñòâîðà 



29

nal is amplified and sent through an ADC to reach 
a computer for information processing. 

 

Fig. 1. Scheme of the mono-fiber optical sensor: 1 — 
light source (λ=0.95 μm 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 μm, 
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

f
. 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

2
 with the refractive index 2.05. 

 

Fig 2. Calculated dependences of fiber end reflection 
from the investigated medium for a quartz fiber n

f
=1.45 

(curve 1), and for a chalcogenide fiber n
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: 
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where k is a proportionality coefficient; U — the 
signal amplitude output of the photodiode, 12r  and 

23r  — reflection coefficients on the boundary quartz 
single-mode fiber — thin film chalcogenide layer — the 
investigating medium correspondingly, δ  — phase 
shift at the light passing at wavelength λ  through 
the thin film chalcogenide layer with thickness d , 

fn  — the refractive index of the core of the optic 
single-mode fiber, ln  — the refractive index of the 
thin film chalcogenide layer, mn  — 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. 

 

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). 

 

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 10-3. 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 

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 oC 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. 

 

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 1st region corresponds to the fiber end-air 
interface; the 2nd region to the fiber end-investigated 
medium interface; the 3rd 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 4th 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. 

 

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 Ñ=Ñ(t) is 
plotted at Fig. 7. 

 

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 μm 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. 

 

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, 
it is possible to assess only the optical thickness mn 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: 

 2 1

2 1

2 mn d
λ − λ

=
λ λ

  (4) 

where λ
1 
and λ

2
 are the wavelengths corresponding 

to the positions of two neighbor interference peaks; 

mn  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 

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. 

 

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. 

 

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 
( mn 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, c). 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). 

 

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.

Ò, s
Number 
of period H

2
O C

2
H

5
OH 

— 50 %
C

2
H

5
OH 

— 80 %
C

2
H

5
OH 

— 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. 

 

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. 
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SPECTRAL DEPENDENCE 
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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 

ÂÈÇÍÀ×ÅÍÍß ÑÏÅÊÒÐÀËÜÍÎ¯ ÇÀËÅÆÍÎÑÒ² ÂÅËÈ×ÈÍÈ ÂÈÏÐÎÌ²ÍÞÂÀËÜÍÎ¯ 
ÇÄÀÒÍÎÑÒ² ÔÀÊÅËÀ ÒÂÅÐÄÎ¯ ÑÓÌ²ØÍÎ¯ ÑÈÑÒÅÌÈ 

Ì. Þ. Òðîôèìåíêî, Þ. À. Í³öóê, Ò. Ô. Ñìàãëåíêî, Ë. ². Ðÿá÷óê 

Àíîòàö³ÿ. Îïèñàíî áàãàòîêàíàëüíèé îïòè÷íèé ï³ðîìåòð, ÿêèé âèãîòîâëåíî àâòîðàìè, ³ 
ìåòîäèêè âèçíà÷åííÿ ç éîãî äîïîìîãîþ òåìïåðàòóðè òà âèïðîì³íþâàëüíî¿ çäàòíîñò³ íà ð³ç-
íèõ äîâæèíàõ õâèëü ïîëóì’ÿ. Çâåðòàºòüñÿ óâàãà íà ðîëü êîíöåíòðàö³¿ äèñïåðñíî¿ ôàçè çîâ-
í³øí³õ øàð³â ôàêåëà ïðè âèçíà÷åíí³ òåìïåðàòóðè ³ âèïðîì³íþâàëüíî¿ çäàòíîñò³ ïîëóì’ÿ. 

Êëþ÷îâ³ ñëîâà: ãîð³ííÿ, âèïðîì³íþâàëüíà çäàòí³ñòü, òåìïåðàòóðà, êîíäåíñîâàíà ôàçà, 
ïîëóì’ÿ 

ÎÏÐÅÄÅËÅÍÈÅ ÑÏÅÊÒÐÀËÜÍÎÉ ÇÀÂÈÑÈÌÎÑÒÈ ÂÅËÈ×ÈÍÛ ÈÇËÓ×ÀÒÅËÜÍÎÉ 
ÑÏÎÑÎÁÍÎÑÒÈ ÔÀÊÅËÀ ÒÂÅÐÄÎÉ ÑÌÅÑÅÂÎÉ ÑÈÑÒÅÌÛ 

Ì. Þ. Òðîôèìåíêî, Þ. À. Íèöóê, Ò. Ô. Ñìàãëåíêî, Ë. È. Ðÿá÷óê 

Àííîòàöèÿ. Îïèñàí ìíîãîêàíàëüíèé îïòè÷åñêèé ïèðîìåòð, êîòîðûé èçãîòîâëåí àâòî-
ðàìè, è ìåòîäèêè îïðåäåëåíèÿ ñ åãî ïîìîùüþ òåìïåðàòóðû è èçëó÷àòåëüíîé ñïîñîáíîñòè 
ïëàìåíè íà ðàçíûõ äëèíàõ âîëí. Ïîêàçàíà ðîëü êîíöåíòðàöèè äèñïåðñíîé ôàçû âíåøíèõ 
ñëîåâ ôàêåëà ïðè îïðåäåëåíèè òåìïåðàòóðû è èçëó÷àòåëüíîé ñïîñîáíîñòè ôàêåëà. 

Êëþ÷åâûå ñëîâà: ãîðåíèå, èçëó÷àòåëüíàÿ ñïîñîáíîñòü, òåìïåðàòóðà, êîíäåíñèðîâàííàÿ 
ôàçà, ïëàìÿ 

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 

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

© M. Yu. Trofimenko, Yu. A. Nitsuk, T. F. Smaglenko, L. I. Riabchuk, 2009



36

Sensor Electronics and Microsystem Technologies. 3/2009

flame irradiation ability ε 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 ε values were detected 
for local fields of torch experimentally (2∙0.3)mm2 
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 
ε 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 Ê. The 
major part of emitted energy of the torch is placed 
in the wave region of less then 1 μm. 

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 (Ê-
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 (ε = 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 ε, 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 ε 
of extended parts of optically solid torch. (Optical 
solid torch contains the “K-phaze” in a quantity 

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)∙103 Ê. Maxima of energy are placed 
in (0.8÷1.5) μm according to Wien displacement 
law. Moreover, the interesting spectra region of 
(0.4-0.8) μm because of methodologic error while 
measuring the brightness temperature is low that in 
the region of (0.8-1.5) μm. 

We produced the 7-channel optical pyrometer 
with scope of ≈8°. Working wavelengths for registra-
tion are determined by changeable interference fil-
ters of λ

1 
= 0.589 μm, λ

2 
= 0.621 μm, λ

3
=0.766 μm, 

λ
4
=1.165 μm, λ

5 
= 1.37 μm, λ

6 
= 1.55 μm, λ

7 
=1.8 

μm. 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 ε 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 ΔÒ

ÿ
/Ò

ÿ
∙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 
ÀSD — 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 ln bλ∙λ

5=f(1⁄λ) 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 
λ

2 
= 0.621μm and λ

3 
= 0.766 μm, accordingly. Val-

ues ε 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 ε 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 (Ò

col
=2250 Ê; Ò

b
=2205 Ê). 

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 ε for wavelength λ is shown below: 
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1

1

i

b

c
T

с
Т

e

е

λ

λ

−
ε =

−

, 

here ñ
2
 = 1.4388∙104 μm∙Ê — second constant of 

irradiation at Plank’s law, Ò
b
–brightness tempera-

ture for wavelength λ, Ò
i
 is Ò

col 
detected for accord-

ing local-extended parts of the flame. 
Measurement of ε 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 ε 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 (ελ) 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 ε (1÷4)∙10-1 and 
motion of dependence ελ 

at a change λ, characteris-
tic as for Ð = 0.6 MPa, so for Ð = 0.1 MPa. Advanc-
ing pressure up to Ð = 1.4 MPa type of dependence 
ε from λ 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 ε (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 ε for the STS-flame at 
pressure Ð = 0.6 MPa. 

Numbers of curves are growing accordingly to the 
distance between the object and sample’s flat end. 
1 — Ò = 2220 Ê; 2 — Ò = 2250 Ê; 3 — Ò = 2914 Ê; 
4 — Ò = 2742 Ê; 5 — Ò = 2417 Ê. 

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 Ê — phase particles on 
the form of distribution ε on wave-lengths can be 
deciding, and a change dispersion of particles of Ê-
phase change ε 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 ≈ λ, the ε depends on a 
change λ 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 ε conducted at pressure of 
Ð = 4 MPa and 6 MPa and the present work (Ð = 
0.6 MPa and 1.4 MPa), it is necessary to mark as the 
general conformities of ε 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 ε 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 ε 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 Ð = 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 ε 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 ε 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 

the absolute values ε and distribution ε 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 ε 
depends on a concentration and dispersion of K-
phase and area of maximal change ε 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 
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Ë. Â. Ìèõàéëîâñüêà, À. Ñ. Ìèõàéëîâñüêà 

Àíîòàö³ÿ. Ïðîâåäåíî òåîðåòè÷íèé àíàë³ç äèôðàêö³éíîãî ñïåêòðó ó âèïàäêó îðòîãîíàëü-
íîãî ïàä³ííÿ ïëîñêî¿ ñâ³òîâî¿ õâèë³ íà çâóêîâó õâèëþ â ³çîòðîïíîìó ñåðåäîâèùó. Ïðè öüîìó 
â ðàìêàõ ìîäåë³ çâ’ÿçàíèõ õâèëü äîñë³äæóºòüñÿ ïîâåä³íêà äèôðàêö³éíîãî ñïåêòðó ïðè çì³-
íåí³ ïàðàìåòð³â çâóêîâî¿ õâèë³, çîêðåìà, øèðèíè òà ³íòåíñèâíîñò³ çâóêîâî¿ õâèë³. Ïîêàçàíî, 
ùî ïðè çá³ëüøåíí³ òîâùèíè ïðîøàðêó àêóñòîîïòè÷íî¿ âçàºìîä³¿ ïîâåä³íêà ³íòåíñèâíîñò³ 
ñâ³òëà â äèôðàêö³éíèõ ìàêñèìóìàõ â çàëåæíîñò³ â³ä ³íòåíñèâíîñò³ çâóêà ñóòòºâî çì³íþºòüñÿ 
íàâ³òü ïðè îðòîãîíàëüí³é îð³ºíòàö³¿ âçàºìîä³þ÷èõ ïîë³â. 

Êëþ÷îâ³ ñëîâà: àêóñòîîïòè÷íèé åôåêò, äèôðàêö³ÿ Ðàìàíà-Íàòà, äèôðàêö³ÿ Áðåãà 
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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 ( )0 0 0 0exp y zE E j k y k z t⎡ ⎤= + − ω⎣ ⎦  falls 

on the plane 0z =  at the angle 0θ  to axis z . A 
plane acoustic wave propagates along y  axis be-
tween the planes 0z =  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 

( )
2 2 2

2 2 2 2

1E E E
y z c t

∂ ∂ ∂
+ = ε ⋅

∂ ∂ ∂
. Here perturbed by 

sound the dielectric permeability of the medium has 
form ( ) ( )2 2

0 0 02 cos sy n n n n k y tε = ≈ − Δ − Ω , where 

0n  — the refractive index in the absence of sound, 

0 0.5 sn M IΔ = ⋅ ⋅  — amplitude of modulation of 
the refractive index by sound wave, M  — acousto-
optic quality factor, sI  — intensity of sound wave, 

2
sk

π
=

Λ
, Λ , Ω  — 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 1θ �  and 
λ Λ�  (or sk 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] 

( ) (

) ( ) ( )

0

0 0

, , exp sin

cos exp .m s

E y z t j k y

k z t V z jm k y t
∞

−∞

= ⎡ θ ⋅ +⎣

+ θ ⋅ − ω ⎤ ⎡ − Ω ⎤⎦ ⎣ ⎦∑  (1) 

In accordance with choice of such series expan-
sion the incident light beam breaks up into series of 
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Àííîòàöèÿ. Ïðîâåäåí òåîðåòè÷åñêèé àíàëèç äèôðàêöèîííîãî ñïåêòðà â ñëó÷àå îðòîãî-
íàëüíîãî ïàäåíèÿ ïëîñêîé ñâåòîâîé âîëíû íà çâóêîâóþ âîëíó â èçîòðîïíîé ñðåäå. Ïðè ýòîì 
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plane waves. These waves propagate at small angles 

mθ  relative to the direction of the incident light 
beam. The following relations define values of these 

angles 0
0 0

0

sin sin sins
m

km m
k n

λ
θ = θ + = θ +

Λ
. Here 

0, 1, 2,...m = ± ±  — diffraction orders. 
Substitution of the expansion (1) into wave equa-

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

 ( )1 12
m

m m m m
dV qj V j V V
dz + −+ μ = + . (2) 

Here ( )0

0

2 sin
2 cos

s s
m

mk k mk
k

θ +
μ = =

θ

0
0

0 0

2 sin
cos 2
m m

n
⎛ ⎞λπ

= θ +⎜ ⎟Λ θ Λ⎝ ⎠
, 

0 0

0 0 0 0

2
cos cos
k n nq
n

Δ πΔ
= =

θ λ θ
. 

This system of equations (2) must be solved with 
boundary conditions ( )0 00V E=  and ( )0 0mV =  for 
all 0m ≠ . The relation m m mI 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 ,m m−μ μ  

take the following forms 2 0
2

0
m m m

n−

πλ
μ = μ =

Λ
. The 

energy of the incidence radiation disperses between 
set of the diffraction orders symmetrically relative 
to transmitted light, i.e. (that is) m mV V−= . The sys-
tem of equations (2) becomes simpler and takes on 
form 

 ( )
0 1

1 1

,
0.5 , 1,2,3...

m m m

m m

V jqV V j V
jq V V m− +

′ ′= + μ =

= + =  (2à) 

The intensity of incident radiation is defined by 

expression ( ) ( )2
0 0

1
2
m

i mI E I z I z= = + ∑ . 

Under the condition 
2

0
2

0

2 2skQ L L
k n

πλ
= = π

Λ
�  

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 ( )2

mB i mI I J qL= ⋅ . 

Here 0

0

2 nqL LπΔ
=

λ
 — dimensionless Raman-Nath 

parameter. (It should be noted that Raman-Nath 
approximation follow from (2) if all parameters

0mμ = ). In accordance with these expressions an 
increase of the modulation amplitude of the refrac-
tive index 0nΔ  (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 ( ) ( )2 2
0

1
2 1
m

mJ qL J qL+ =∑ . It is 

easily to make sure by direct calculation that equal-

ity ( ) ( )2 2
0

1
2 1
m

mJ qL J qL+ ∑ �  is satisfied sufficiently 

exactly if qL m≤ . For example, for 3qL =  it is easy 
to calculate sum ( )2 2 2 2

0 1 2 32 0.9613J J J J+ ⋅ + + = . So 
it may be expect that the number of the observable 
diffraction maximums in each concrete case do not 
exceed considerably the magnitude m qL= . 

In present paper the condition of smallness of 
the sound beam width that necessary to satisfy con-
dition 2Q π�  does not use. The system of equa-
tions (2a) was solved successively for three cases: 
1) 0, 1m = . 2) 0, 1, 2m = . 3) 0, 1, 2,3m = . There-
by we neglect by diffraction in more high orders 
1)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 1m +  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 

 0 1

1 1 1 00.5 .

V jqV

V j V jqV

⎧ ′ =⎪
⎨

′⎪ + μ =⎩
 (3) 

With accounting of boundary conditions 
( )0 00V E= , ( )1 0 0V =  the following solutions for 

amplitudes of the diffraction maximums were ob-
tained 
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acteristic equation 2 2
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For phase ( )0 zϕ  following expression is true 

( )2 21
0 12 2

1

0.5 2
2

tg tg q z
q

μ
ϕ = μ +

μ +
. In this writ-

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 
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  (4) 

Results of calculations and these discussions 

The numerical calculations were made 
for diffraction of light beam wave length 

0 0.6328 mλ = μ  on propagating in water ultra-
sonic wave with sound wave length 150 mΛ = μ . 
In this case system parameters are refractive in-

dex of medium 0 1.33n = , value 0
1 2

0

0.66
n
πλ

μ = =
Λ

, 

parameter 50
0

0

2 1.0 10nq nπΔ
= = ⋅ ⋅ Δ

λ
, wave param-

eter 12 1.32Q L L= μ = ⋅ , the direction of diffrac-
tion maximums are defined by following angles 

4sin 32 10 11m m rad m− ′θ = ⋅ ⋅ = ⋅ . 
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 12Q L= μ  enters 
also. On fig.1 the dimensionless intensities 0mI I  
are plotted as a function of dimensionless Raman-
Nath parameter qL . Here 2

0 0I E=  — intensity of 
incident radiation, mI  — 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. 0 ,n const q constΔ = = , 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 1qL ≤  
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 qL>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 qL . 

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 0, 1, 2m =  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 0, 1, 2m =  the coincidence with Ra-
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man-Nath approximation of first two maximums 
0m =  (transmitted radiation) and 1m =  (first or-

der) is more exact (better) than in case of calcu-
lations with account only 0, 1m =  over the same 
range of changes values of parameter (product) qL . 
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. 

Fig. 1. Dependences of intensities of zero (0) and first (1) 
diffraction maximums on parameter qL, calculated by 
formula (4).  Dashed lines– L=0.1 cm, Δn=(0 – 5.10–4). 
Dotted lines – Δn=10–5, L=(0 – 5) cm. Solid lines – Ra-
man-Nath approximation   

Numerical calculations was done with account of 
diffraction maximums 0, 1, 2, 3m =  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 
( ) ( )( )2 3

0m m mI I I IΔ = −  ( ( )2
mI  — light intensity in m 

diffraction maximum calculated by approximation 
m = 0,1,2 and ( )3

mI  — light intensity in m diffrac-
tion maximum calculated in next approximation 
m = 0,1,2,3) are presented in fig. 3 and 4. It is seen 
that in one and the same range of values of dimen-
sionless parameter qL the dependences of intensity 
of zero, first, second orders on sound layer size do 
not differ for given approximations. However for 
dependences on parameter q there is considerable 
difference especially for thin layers. 

Fig. 2. Dependences of intensities of zero (0), first (1) 
and second (2) diffraction maximums on parameter 
qL.  Dashed lines– L=0.1 cm, Δn=(0 – 5.10–4). Dotted 
lines – Δn=10–5, L=(0 – 5) cm. Solid lines – Raman-
Nath approximat ion  

Im

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

The dependences of the difference 
( )3 2

0m m mI I I JΔ = −  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. 

Im

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– Δn=10–5, dashed lines – 
Δn=1.2.10-5. 

ΔIm

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 q (intensity of sound wave).  
Solid lines– L=0.1 cm,  dashed lines –L=0.5 cm. 

ΔIm

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– 
Δn=10–5, dashed lines – Δn=1.2.10–5. 

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 

1Q ≈  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 ñì, Q=2.3206. It is 
seen that for some values of 0nΔ  only transmitted 
beam m = 0 and two symmetrical diffraction maxi-
mums first order m = 1 è 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 0nΔ  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. 

Fig.7. Computed dependences of light intensity in dif-
fraction maximums on value q (intensity of sound wave). 
Solid lines  –   Q=2.66, L=2 cm,  dashed lines – Q=5.32, 
L=4 cm. 

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

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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Àíîòàö³ÿ. Ðîçãëÿíóòî ïðîáëåìè ðåàë³çàö³¿ âèñîêî÷óòëèâèõ ³ òî÷íèõ êîíäóêòîìåòðè÷íèõ 
á³îñåíñîðíèõ ñèñòåì. Íàâåäåíî ñêëàä, ñòðóêòóðí³ ñõåìè, ôóíêö³¿ ïðîãðàìíîãî çàáåçïå÷åííÿ 
òà çîâí³øí³é âèãëÿä ìóëüòèñåíñîðíîãî àíàë³çàòîðà ñàõàðèä³â. Ïîïåðeäí³ åêñïåðèìåíòàëüí³ 
äîñë³äæåííÿ ñâ³ä÷àòü, ùî ðîçðîáëåíà ñèñòåìà äîçâîëÿº âèçíà÷àòè ðîçä³ëüíî êîíöåíòðàö³¿ 
öóêðîçè, ãëþêîçè, ëàêòîçè òà ìàëüòîçè ç íåîáõ³äíîþ äëÿ ïðîìèñëîâîñò³ ÷óòëèâ³ñòþ i ìîæå 
áóòè îñíîâîþ äëÿ ñòâîðåííÿ ñó÷àñíîãî àíàë³òè÷íîãî îáëàäíàííÿ äëÿ îäíî÷àñíîãî îïåðà-
òèâíîãî âèçíà÷åííÿ êîíöåíòðàö³¿ äåê³ëüêîõ ñàõàðèä³â â õàð÷îâ³é ïðîìèñëîâîñò³. 
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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 

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 out in a 
buffer solution with ion conductivity. CBS consists 
of a selective biochemical transducer in the form 
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öèè ïðîãðàììíîãî îáåñïå÷åíèÿ è âíåøíèé âèä ìóëüòèñåíñîðíîãî àíàëèçàòîðà ñàõàðèäîâ. 
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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 %/ °Ñ) 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 IΔ �  to active con-
ductivity change GΔ ) at fixed applied voltage ГU�  
strongly depends on the ratio between active and 
reactive components of the CT impedance (phase 
angle tangent tgφ ). This dependence is described 
by the expression: 

 2

1
1 2ГI U G
tg j tg

Δ = Δ
− ϕ − ϕ

� � . 

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 × 20 μm 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. 

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]. 

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]. 

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. 

Z4
ST4

IB

ST

D1
Z1

D2

G

2

ST1

BMCM

ADC

1

MC
ST2

Z2

RS-232

Z3
ST3

KB

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 pictograms; 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. 

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. 

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, β-galactosidase 
and α-glucosidase decompose their substrates: 
saccharose, lactose and maltose to α-D-glucose. 
The latter is decomposed upon mutarotase action 
to β-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 

semi-processed goods, in final production and in 
technological media. 

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 FILM OF TRET-BYTYLCALIX[N]ARENES AS SENSITIVE MATERIALS FOR GAS 
SENSORS TO THE ORGANIC CHEMICAL COMPOUNDS 

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

ÒÎÍÊ² ÏË²ÂÊÈ ÒÐÅÒ-ÁÓÒÈË ÊÀË²ÊÑÀÐÅÍ²Â ßÊ ×ÓÒËÈÂ² ÌÀÒÅÐ²ÀËÈ ÄËß ÑÅÍÑÎÐ²Â 
ÄÎ ÎÐÃÀÍ²×ÍÈÕ ÑÏÎËÓÊ 

Î. Ë. Êóêëà, Î. À. Âàõóëà, ². Â. Êðóãëåíêî, Â. Þ. Õîðóæåíêî, ². Î. Ñàìîéëîâà 

Àíîòàö³ÿ. Äîñë³äæåí³ àäñîðáö³éí³ õàðàêòåðèñòèêè òîíêèõ íàíîñòðóêòóðîâàíèõ ïë³âîê 
òðåò-áóòèëêàë³êñ[n]àðåí³â (n=3, 4, 5, 6, 8) òîâùèíîþ áëèçüêî 200 íì äî ïàð³â ð³çíîìàí³òíèõ 
îðãàí³÷íèõ ðå÷îâèí. Âèì³ðþâàííÿ àäñîðáö³¿ êàë³êñàðåíîâèõ øàð³â ïðîâåäåíî äâîìà ñïî-
ñîáàìè — çà äîïîìîãîþ ìàñ-÷óòëèâîãî êâàðöîâîãî ì³êðîáàëàíñó òà øëÿõîì ³íòåðôåðåí-
ö³éíèõ êîëîðèìåòðè÷íèõ âèì³ðþâàíü. Âèçíà÷åíî ãàçî÷óòëèâ³, ñåëåêòèâí³ òà ðåãåíåðàòèâí³ 
ïàðàìåòðè äîñë³äæåíèõ ïë³âîê ÿê ÷óòëèâèõ ìàòåð³àë³â äëÿ õ³ì³÷íèõ ñåíñîð³â. Ïîêàçàíî, ùî 
äëÿ äåòåêòóâàííÿ õëîðâì³ñíèõ ñïîëóê íàéá³ëüø ÷óòëèâèìè º øàðè íà îñíîâ³ êàë³êñàðåíó 
Ñ[5]A. Ïðîâåäåíî ïîð³âíÿëüíèé àíàë³ç â³äãóê³â êâàðöîâèõ êðèñòàë³÷íèõ òà îïòè÷íèõ ñåí-
ñîðíèõ åëåìåíò³â äëÿ êîæíî¿ ³ç äîñë³äæåíèõ ÷óòëèâèõ ïë³âîê. 

Êëþ÷îâ³ ñëîâà: QCM ñåíñîð, RGB-êîëîðèìåòð³ÿ, êàë³êñ[n]àðåíè 
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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-
lytes. 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, C[8]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 5×10-4 Pa) and deposition onto the metal 
electrodes of piezoelectric transducers [22], or onto 

ÒÎÍÊÈÅ ÏËÅÍÊÈ ÒÐÅÒ-ÁÓÒÈË ÊÀËÈÊÑÀÐÅÍÎÂ ÊÀÊ ×ÓÂÑÒÂÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ 
ÄËß ÑÅÍÑÎÐÎÂ Ê ÎÐÃÀÍÈ×ÅÑÊÈÌ ÂÅÙÅÑÒÂÀÌ 

À. Ë. Êóêëà, À. À. Âàõóëà, È. Â. Êðóãëåíêî, Â. Þ. Õîðóæåíêî, È. À. Ñàìîéëîâà 

Àííîòàöèÿ. Èññëåäîâàíû àäñîðáöèîííûå õàðàêòåðèñòèêè òîíêèõ íàíîñòðóêòóðèðîâàí-
íûõ ïëåíîê òðåò-áóòèëêàëèêñ[n]àðåíîâ (n=3, 4, 5, 6, 8) òîëùèíîé îêîëî 200 íì ê ïàðàì ðàç-
ëè÷íûõ îðãàíè÷åñêèõ âåùåñòâ. Èçìåðåíèÿ àäñîðáöèè êàëèêñàðåíîâûõ ñëîåâ ïðîâîäèëèñü 
äâóìÿ ìåòîäàìè — ñ ïîìîùüþ ìàññ-÷óâñòâèòåëüíîãî êâàðöåâîãî ìèêðîáàëàíñà è ïóòåì èí-
òåðôåðåíöèîííûõ êîëîðèìåòðè÷åñêèõ èçìåðåíèé. Îïðåäåëåíû ãàçî÷óâñòâèòåëüíûå, ñåëåê-
òèâíûå è ðåãåíåðàòèâíûå ïàðàìåòðû èññëåäóåìûõ ïëåíîê êàê ÷óâñòâèòåëüíûõ ìàòåðèàëîâ 
äëÿ õèìè÷åñêèõ ñåíñîðîâ. Ïîêàçàíî, ÷òî äëÿ äåòåêòèðîâàíèÿ õëîðñîäåðæàùèõ ñîåäèíåíèé 
íàèáîëåå ÷óâñòâèòåëüíûìè ÿâëÿþòñÿ ñëîè íà îñíîâå êàëèêñàðåíà Ñ[5]A. Ïðîâåäåí ñðàâíè-
òåëüíûé àíàëèç îòêëèêîâ êâàðöåâûõ êðèñòàëëè÷åñêèõ è îïòè÷åñêèõ ñåíñîðíûõ ýëåìåíòîâ 
äëÿ êàæäîé èç èññëåäîâàííûõ ÷óâñòâèòåëüíûõ ïëåíîê. 
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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 îK). The average deposition rate 
was about 10 nm∙min-1. 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

02

q q

ff m
A

Δ = − Δ
ρ μ

 (1) 

where Δf is the change in crystal oscillation frequen-
cy in Hz, f

0
 is the piezoquartz frequency in MHz, 

Δm is the mass adsorbed on the sensitive film, g, A is 
the electrode surface area in cm2, ρ

q
 = 2.648 g∙cm-3 

(the quartz density), μ
q
 = 2.947×1011 g∙cm-1∙s-2 (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-
lyte 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 

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

vector components, 2 2 2L 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: 

 610s s

atm

P VC
P V

=  (3) 

where C is the analyte concentration in ppm, P
s
 is 

the analyte saturated vapor pressure, P
atm

 is the nor-
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mal atmospheric pressure (766 mm Hg), V
s
 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. 

Analyte

Saturat-
ed vapor 
pressure 
at 23 îÑ, 
mm Hg

Mini-
mum 

concen-
tration, 

ppm

Maxi-
mum 

concen-
tration, 

ppm

Con-
centra-

tion 
change 

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 îÑ 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 Ð

í
/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 C[6]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 Ñ[6]A layer (ap-
proximately by factor of two) and the least sensi-

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 
range; on the contrary, sensors based on the C[4]A 

film demonstrate weak reaction to all analytes at 
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 (Ð

s 
= 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 Ñ[3]A, C[4]A, C[5]A, 
C[6]À, C[8]À to the vapors of all investigated analytes at 
fixed concentration of Ð

s
/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 

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 
Ñ[5]À 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-
lytes. 

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 

various data sets, namely (a) by the whole totality 
of collected responses, (b) separately by each fixed 
concentration for all analytes and (c) separately by 
each analyte for all its concentrations. 
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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 

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]A C[5]A C[6]A C[8]A Calculation method
Correlation co-
efficient r(S

RGB
, 

S
QM

)

0.726 0.637 0.935 0.862 0.709 Over entire data set
0.773 0.374 0.910 0.823 0.681 Averaging by concentrations
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 n 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 C[6]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]À 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 
of the 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).

A. L. Kukla, A. A. Vakhula, I. V. Kruglenko, V. Yu. Khorouzhenko, I. A. Samoylova
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IMPACT OF PRE-IRRADIATION ON THE MAGNETIC SUSCEPTIBILITY 
OF Cz-Si THERMALLY TREATED AT 700-1000 °Ñ 

V. M. Tsmots, P. G. Litovchenko, Yu. V. Pavlovskyy, Î. P. Litovchenko, 
I. 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 îÑ 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 1018 fn/cm2 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 

ÂÏËÈÂ ÏÎÏÅÐÅÄÍÜÎÃÎ ÎÏÐÎÌ²ÍÅÍÍß ÍÀ ÌÀÃÍ²ÒÍÓ ÑÏÐÈÉÍßÒËÈÂ²ÑÒÜ Cz-Si, 
ÒÅÐÌÎÎÁÐÎÁËÅÍÎÃÎ ÏÐÈ 700-1000 °Ñ 

Â. Ì. Öìîöü, Ï. Ã. Ëèòîâ÷åíêî, Þ. Â. Ïàâëîâñüêèé, Î. Ï. Ëèòîâ÷åíêî, 
². Ñ. Ïàíüê³â, Ì. Ì. Ëó÷êåâè÷ 

Àíîòàö³ÿ. Äîñë³äæåíî çàëåæíîñò³ ïàðàìàãí³òíî¿ ñêëàäîâî¿ ìàãí³òíî¿ ñïðèéíÿòëèâîñò³ 
(ÌÑ) êðåìí³þ â³ä äîçè ïîïåðåäíüî îïðîì³íåííÿ øâèäêèìè íåéòðîíàìè (fn), ï³ñëÿ ïîñë³-
äóþ÷î¿ òåðìîîáðîáêè çðàçê³â ïðè 700-1000îÑ. Íà îñíîâ³ ðåçóëüòàò³â âèì³ðþâàííÿ ìàãí³òíî¿ 
ñïðèéíÿòëèâîñò³ ïîêàçàíî, ùî íà âåëè÷èíó ïàðàìàãí³òíî¿ ñêëàäîâî¿, ÿêà âèíèêàº ï³ñëÿ çà-
çíà÷åíèõ òåðìîîáðîáîê êðåìí³þ, ñóòòºâî âïëèâàº ïîïåðåäíº îïðîì³íåííÿ äîçàìè äî âåëè-
÷èíè ïîðÿäêó 1018 fn/ñì2. Ïðè ïîäàëüøîìó çá³ëüøåíí³ äîçè îïðîì³íåííÿ öåé âïëèâ çíà÷íî 
ïîñëàáëþºòüñÿ. Ðîçãëÿíóòî ³ìîâ³ðí³ ìåõàí³çìè äåôåêòîóòâîðåííÿ, ÿê³ ïîÿñíþþòü âèÿâëåí³ 
îñîáëèâîñò³. 

Êëþ÷îâ³ ñëîâà: êðåìí³é, êèñåíü, ìàãí³òíà ñïðèéíÿòëèâ³ñòü, îïðîì³íåííÿ, òåðìîîá-
ðîáêà 
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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. 

Experimental results and discussion 

For the experiment the Cz-Si monocrystals 
grown in the <100> direction with dissolved oxy-
gen concentration of 8∙1017 cm–3, specific resistance 
~10 Ohm∙cm were used. S³ samples were irradiated 
by fast neutrons on a VVR-Ì reactor at the temper-
ature under 70 îÑ by fluencies of 1015, 5∙1016, 1018 
and 2⋅1019 fn/cm2. 

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 îÑ. 

Fig. 1 shows the magnetic susceptibility vs. mag-
netic field intensity (χ(Í)) of the samples thermally 
treated at 700-1000 îÑ and pre-irradiated by dif-
ferent doses of fast neutrons. A shift of χ(Í) de-
pendences towards the decrease of diamagnetism 
is evident as compared with the original sample 
(χ

Si 
= –11.6⋅10-8 cm3/g), which is attributed to the 

appearance of the MS paramagnetic component, 
and in the samples with maximum shift (annealed at 
850 and 900îÑ) non-linearity of χ(Í) 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). 

ÂËÈßÍÈÅ ÏÐÅÄÂÀÐÈÒÅËÜÍÎÃÎ ÎÁËÓ×ÅÍÈß ÍÀ ÌÀÃÍÈÒÍÓÞ ÂÎÑÏÐÈÈÌ×ÈÂÎÑÒÜ 
Cz-Si, ÒÅÐÌÎÎÁÐÀÁÎÒÀÍÍÎÃÎ ÏÐÈ 700-1000 °Ñ 

Â. Ì. Öìîöü, Ï. Ã. Ëèòîâ÷åíêî, Þ. Â. Ïàâëîâñêèé, Î. Ï. Ëèòîâ÷åíêî, 
². Ñ. Ïàíüêèâ, Ì. Ì. Ëó÷êåâè÷ 

Àííîòàöèÿ. Èññëåäîâàíî çàâèñèìîñòè ïàðàìàãíèòíîé ñîñòàâëÿþùåé ìàãíèòíîé âîñ-
ïðèèì÷èâîñòè êðåìíèÿ îò äîçû ïðåäâàðèòåëüíîãî îáëó÷åíèÿ áûñòðûìè íåéòðîíàìè (áí), 
ïîñëå ïîñëåäóþùåé òåðìîîáðàáîòêè îáðàçöîâ ïðè 700-1000îÑ. Íà îñíîâàíèè ðåçóëüòàòîâ 
èçìåðåíèÿ ìàãíèòíîé âîñïðèèì÷èâîñòè ïîêàçàíî, ÷òî íà âåëè÷èíó ïàðàìàãíèòíîé ñîñòàâ-
ëÿþùåé, êîòîðàÿ ïîÿâëÿåòñÿ ïîñëå óêàçàííûõ òåðìîîáðàáîòîê êðåìíèÿ, ñóùåñòâåííî âëè-
ÿåò ïðåäâàðèòåëüíîå îáëó÷åíèå äîçàìè äî âåëè÷èíû ïîðÿäêà 1018 áí/ñì2. Ïðè äàëüíåéøåì 
óâåëè÷åíèè äîçû îáëó÷åíèÿ ýòî âëèÿíèå çíà÷èòåëüíî îñëàáåâàåò. Ðàññìîòðåíî âåðîÿòíûå 
ìåõàíèçìû äåôåêòîîáðàçîâàíèÿ, êîòîðûå îáúÿñíÿþò âûÿâëåííûå îñîáåííîñòè. 

Êëþ÷åâûå ñëîâà: êðåìíèé, êèñëîðîä, ìàãíèòíàÿ âîñïðèèì÷èâîñòü, îáëó÷åíèå, òåðìîîá-
ðàáîòêà 
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Fig. 1. Magnetic susceptibility vs. magnetic field intensity 
of the annealed silicon samples pre-irradiated by different 
fast neutron doses: à) Ô = 1015 fn/cm2; b) Ô = 5∙1016 fn/
cm2; c) Ô = 1018 fn/cm2; d) Ô = 2⋅1019 fn/cm2 

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 îÑ range. It leads to the conclusion 
that the pre-irradiation by fast neutrons causes the 
acceleration of thermal defect generation. 

Fig. 2. Magnetic susceptibility (in 4 kOe field) vs. sample 
annealing temperature with pre-irradiation by different 
fast neutron doses: 1 — no irradiation; 2 – Ô = 1015 fn/
cm2; 3 – Ô = 5∙1016 fn/cm2; 4 — Ô = 1018 fn/cm2; 5 — 
Ô = 2⋅1019 fn/cm2 

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 1016 fn/cm2 the vacancy type defects 
prevail, while with the flow over 5⋅1016 fn/cm2 inter-
stitial type defects begin to actively form. 

It is known [5], 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 1018 
fn/cm2 (observed at Fig. 3) could be explained by 
the inherent interstitial atoms participation in the 
oxygen precipitation process. 

Fig. 3. Dependence of the paramagnetic component of 
samples after thermal treatment at 900îÑ on the pre-ir-
radiation dose 

If this effect does have place, with an increase of 
the neutron radiation flow from 1016 cm-2 to 2⋅1019 
cm-2 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 îÑ temperature range. 

2. The effect is significant at the irradiation doses 
of the order 1018 fn/cm2. 

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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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 

ÑÅÍÑÎÐÍÀß ÑÈÑÒÅÌÀ ÄËß ÀÂÒÎÌÀÒÈ×ÅÑÊÎÃÎ ÎÏÐÅÄÅËÅÍÈß ÒÎËÙÈÍÛ ÁÓÌÀÃÈ 
ÍÀ ÁÀÇÅ ÓÍÈÂÅÐÑÀËÜÍÎÃÎ ÑÅÍÑÎÐÍÎÃÎ ÈÍÒÅÐÔÅÉÑÀ 

Ñ. Þ. Þðèø 

Àííîòàöèÿ: â ñòàòüå îïèñàíà íåäîðîãàÿ àâòîìàòè÷åñêàÿ ñåíñîðíàÿ ñèñòåìà ïîâûøåííîé 
íàäåæíîñòè è áûñòðîäåéñòâèÿ (∼ 15 ìñ) äëÿ îïðåäåëåíèÿ òîëùèíû áóìàãè. Ñåíñîðíàÿ ñèñ-
òåìà ñîäåðæèò íåäîðîãîé ïðåîáðàçîâàòåëü îñâåùåííîñòè â ÷àñòîòó è èíòåãðàëüíóþ ìèê-
ðîñõåìó óíèâåðñàëüíîãî ñåíñîðíîãî èíòåðôåéñà. Ðàçðàáîòàííàÿ ñåíñîðíàÿ ñèñòåìà èìååò 
øèðîêèé äèíàìè÷åñêèé äèàïàçîí 5 000 000 : 1, âûñîêóþ ïîìåõîóñòîé÷èâîñòü è ðàçðåøàþ-
ùóþ ñïîñîáíîñòü, à òàêæå ìèíèìàëüíûå àïïàðàòóðíûå çàòðàòû. Áëàãîäàðÿ íåâûñîêîé öåíå 
è ìèíèìàëüíîìó ÷èñëó ýëåêòðîííûõ êîìïîíåíòîâ, òàêàÿ ñåíñîðíàÿ ñèñòåìà ìîæåò èñïîëü-
çîâàòüñÿ íå òîëüêî â ôîòîïðèíòåðàõ, íî è â îôèñíûõ ëàçåðíûõ è ñòðóéíûõ ïðèíòåðàõ. 

Êëþ÷åâûå ñëîâà: îïòè÷åñêèé äàò÷èê òîëùèíû áóìàãè, ïðåîáðàçîâàòåëü îñâåùåííîñòü-
÷àñòîòà, óíèâåðñàëüíûé ñåíñîðíûé èíòåðôåéñ 
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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 (μA), 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 

CÅÍÑÎÐÍÀ ÑÈÑÒÅÌÀ ÄËß ÀÂÒÎÌÀÒÈ×ÍÎÃÎ ÂÈÇÍÀ×ÅÍÍß ÒÎÂÙÈÍÈ ÏÀÏÅÐÓ 
ÍÀ ÁÀÇ² ÓÍ²ÂÅÐÑÀËÜÍÎÃÎ ÑÅÍÑÎÐÍÎÃÎ ²ÍÒÅÐÔÅÉÑÓ 

Ñ. Þ. Þðèø 

Àíîòàö³ÿ: ó ñòàòò³ îïèñàíà íåäîðîãà àâòîìàòè÷íà ñåíñîðíà ñèñòåìà ï³äâèùåíî¿ íàä³é-
íîñò³ òà øâèäêîä³¿ (∼ 15 ìñ) äëÿ âèçíà÷åííÿ òîâùèíè ïàðïåðó. Ñåíñîðíà ñèñòåìà ì³ñòèòü 
íåäîðîãèé ïåðåòâîðþâà÷ îñâ³òëåíîñò³ â ÷àñòîòó é ³íòåãðàëüíó ì³êðîñõåìó óí³âåðñàëüíîãî 
ñåíñîðíîãî ³íòåðôåéñó. Ðîçðîáëåíà ñåíñîðíà ñèñòåìà ìàº øèðîêèé äèíàì³÷íèé ä³àïàçîí 5 
000 000 : 1, âèñîêó çàâàäîñò³éê³ñòü ³ ðîçä³ëü÷ó çäàòí³ñòü, à òàêîæ ì³í³ìàëüí³ àïàðàòóðí³ âèò-
ðàòè. Çàâäÿêè íåâèñîê³é ö³í³ é ì³í³ìàëüíîìó ÷èñëó åëåêòðîííèõ êîìïîíåíò³â, òàêà ñåíñîð-
íà ñèñòåìà ìîæå âèêîðèñòîâóâàòèñÿ íå ò³ëüêè ó ôîòîïðèíòåðàõ, àëå é â îô³ñíèõ ëàçåðíèõ ³ 
ñòðóìèííèõ ïðèíòåðàõ. 

Êëþ÷îâ³ ñëîâà: îïòè÷íèé ñåíñîð òîâùèíè ïàïåðó, ïåðåòâîðþâà÷ îñâ³òëåí³ñòü-÷àñòîòà, 
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S. Yu. Yurish



72

Sensor Electronics and Microsystem Technologies. 3/2009

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]. 

 

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: 

 ( ) ( )O D e ef f R E= + ⋅ , (1)

where f
O
 is the output frequency; f

D
 is the output fre-

quency for dark condition (E
e
 = 0); R

e
 is the device 

responsivity for a given wavelength of light given 
in kHz/(μW/cm2); E

e 
is the incident irradiance in 

μW/cm2. 
The dark frequency f

D
 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 

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 
USTI 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, I2C and RS-232. 
The designed sensor system is shown in Fig.2 and its 
main components — in Fig. 3. 

 

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

3 1

2

 

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 μF to 0.1 μF 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 USTI 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 USTI 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 1st channel δ = 0.1 % 
>M00  ; Choose the frequency measuring mode in the 1st channel
>S   ; Start measurement 
>R   ; Read result in Hz 
100000.0254
>A03  ; Set the relative error for the 2nd channel δ = 0.1 % 
>M0E  ; Choose the frequency measuring mode in the 2nd channel
>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: 

 det ection conv comm calcT t t t= + + , (2)

where t
conv

 is the frequency-to-digital conversion 
time; t

comm
 is the communication time; t

calc
 is the 

calculation time. 
The conversion time for the USTI can be calcu-

lated according to the following equation: 

 0

0 0

1

(0 ) ,

conv x
x

conv x x

Nt if T
f f
N Nt T if T
f f

δ

δ δ

⎧ =⎪⎪
⎨
⎪ = + ÷ ≥
⎪⎩

≺
 (3)

where NΔ =1/Δ is the number proportional to the 
required programmable relative error Δ; T

x
=1/f

x
 is 

the period of converted frequency; f
0
 = 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: 

 10comm bitt n t= ⋅ ⋅ , (4)

where t
bit 

= 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; n 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 t

comm 
≤ t

conv.
 For example, 

the communication time at 38400 baud rate will be 
t

comm 
= (0.0034 ÷ 0.00625) s. 

The communication time for SPI interface 
should be calculated as: 

 
18comm
SCLK

t n
f

= ⋅ ⋅ , (5)

where f
SCLK 

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 n 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: 

 
18comm
SCL

t n
f

= ⋅ ⋅ , (6)

where f
SCL 

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). 
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The calculation time depends on operands and 
is as usually t

calc
 ≤ 4.5 ms. 

As it visible from (3) the conversion time is main-
ly determined by the programmable relative error Δ. 
The dependence of conversion time on relative er-
ror is shown in Figure 5. 
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Fig. 5. Dependence of conversion time t
conv

 on relative 
error Δ. 

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 1st USTI’s channel and 
other light sensor of transmissive type (for example) 
can be connected to the 2nd 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, TSL245 
(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 

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)

δ %

2

1

3

 

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/mm2 
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 USTI’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 
USTI is capable to distinguish such changes due to 
a high resolution and low absolute error (± 2 Hz at 
f

x
=2000 Hz) at relative error 0.1 %. 

 

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

x max
 ≈ 520 kHz 

(paper absent status) and the minimum possible 
sensor output frequency f

x min
 ≈ 0.27 Hz (low dark 

frequency f
O
 =f

D
) 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 Δ ≤ 0.1 %, 
therefore it can be negleted in comparison with the 
light sensor’s error Statistical characteristics are 
adduced in Table 1. 

  
a) 

 
b) 

Fig. 8. Sensor output signals at 0.086 mm (a) and 0.217 
mm (b) paper sheet thickness. 
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Fig. 9. Sensor output vs. paper thickness. 

The χ2-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 

S. Yu. Yurish
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a probability P = 97 %, according to the χ2–test, 
S < χ2

max
, where S = 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; χ2
max

 = 7.0 is the 
maximal possible argument of the χ2 distribution. 
Hence, the hypothesis of Gaussian (normal) distri-
bution can be accepted in both cases. 
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N 1 2 3 4 5 6 7 8 9 10
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x
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f

x
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Fig. 10. Sensor output vs. sheets number (at 0.095 mm thickness). 
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Fig. 11. Measurement results for f
x max

 ≈ 520 kHz and 
f

x min
 ≈ 0.27 Hz. 

The distribution functions changes are shown in 
Fig. 12 (a, b) and χ2-test results in table 2. 
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Fig. 12. Distribution functions w[i] changes. 
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Due to low cost and minimum hardware the de-
signed paper thickness sensor system can be used in 
high quality modern photo- as well as in 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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 Table 1 
Statistical characteristics 

Parameter f
x max

f
x min

Number of measurements, N 60 60
Minimum f

x
 (min), Hz 519114.393 0.2755

Maximum f
x
 (max), Hz 523594.121 0.2799

Sampling Range, f
x
 (max) — f

x
 (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

x 
≤ 521230.777 0.2774 ≤ f

x 
≤ 0.278

Relative error, % 0.07 0.1

Table 2 
χ2-test results: for f

xmax
 (a) and f

xmin
 (b) 

Classes Observed inci-
dence b[i]

Distribution function 
changes w[i]

Expected inci-
dence 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 incidence 

b[i]
Distribution function changes 

w[i]
Expected incidence 

c [i]
Deviation A[i]

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) 

S. Yu. Yurish
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CORRELATIVE PROCESSING OF INFORMATION IN BIOSENSORS 
BY SURFACE PLASMON RESONANCE 

I. Voitovych, I. 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 0 0

min ~ 0,01 0,0003 .Δθ −  

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

ÊÎÐÅËßÖ²ÉÍÀ ÎÁÐÎÁÊÀ ²ÍÔÎÐÌÀÖ²¯ Â Á²ÎÑÅÍÑÎÐÀÕ 
ÍÀ ÎÑÍÎÂ² ÏÎÂÅÐÕÍÅÂÎÃÎ ÏËÀÇÌÎÍÍÎÃÎ ÐÅÇÎÍÀÍÑÓ 

². Ä. Âîéòîâè÷, ². Î. ßâîðñüêèé 

Àíîòàö³ÿ. Ðîçãëÿíóòà ìîæëèâ³ñòü âèêîðèñòàííÿ àíòèøóìîâîãî êîðåëÿö³éíîãî ìåòîäó îá-
ðîáêè ñèãíàë³â â á³îñåíñîðàõ íà îñíîâ³ ïîâåðõíåâîãî ïëàçìîííîãî ðåçîíàíñó (ÏÏÐ-ñåí-
ñîðàõ). Îáãðóíòîâàíå çàñòîñóâàííÿ âêàçàíîãî ìåòîäó äëÿ âèçíà÷åííÿ êîîðäèíàòíîãî çñóâó 
ðåçîíàíñíî¿ õàðàêòåðèñòèêè, ÿêèé º ïîêàçíèêîì íàÿâíîñò³ àíàë³òó â äîñë³äæóâàí³é ïðîá³. 
Íàâåäåíî ïðèêëàä àíàë³òè÷íîãî ðîçðàõóíêó êîðåëÿö³éíîãî ñèãíàëó äëÿ ãàóñ³âñüêîãî ðîç-
ïîä³ëó ³íòåíñèâíîñò³ ³íôîðìàö³éíîãî ñâ³òëîâîãî ïîòîêó. Ïîêàçàíî, ùî êîðåëÿö³éíèé ìå-
òîä, â çàëåæíîñò³ â³ä êîíêðåòíîãî ïðèçíà÷åííÿ ³ âàðòîñò³ ñåíñîðà, ìîæå çàáåçïå÷èòè êóòîâó 
ðîçä³ëüíó çäàòí³ñòü 0 0

min ~ 0,01 0,0003 .Δθ −  

Êëþ÷îâ³ ñëîâà: ïîâåðõíåâèé ïëàçìîííèé ðåçîíàíñ, ÏÏÐ-ñåíñîð, êîðåëÿö³éíèé ìåòîä, 
ðîçä³ëüíà çäàòí³ñòü 

I. Voitovych, I. Yavorsky
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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 ~ 00,01  of the turning angle of a prism makes 
an angular separate capacity 0

min ~ 0,3Δθ . Sensor 
Spreeta by Texas Instruments, on the other hand, 
employing the luminodiode with the emitting area 
of ~ 200mcm , wave length ~ 830nmλ  and mono-
chromaticity ~ 15nmΔλ  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 

0
min ~ 2,3Δθ  [1,3]. All this can be explained by an 

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 I x S x= − δ + ,  (1) 

where ( )I x − δ  — an information component of 
the distribution, x — coordinate along the CCD 
range, δ  — ambiguity (fault) of the information 
component position due to instability factors 
( δ  can be preceded with different signs), ( )S x  — 
noise component. Expression (1) will designate a 
etalon signal. 

ÊÎÐÅËËßÖÈÎÍÍÀß ÎÁÐÀÁÎÒÊÀ ÈÍÔÎÐÌÀÖÈÈ Â ÁÈÎÑÅÍÑÎÐÀÕ 
ÍÀ ÎÑÍÎÂÅ ÏÎÂÅÐÕÍÎÑÒÍÎÃÎ ÏËÀÇÌÎÍÍÎÃÎ ÐÅÇÎÍÀÍÑÀ 

È. Ä. Âîéòîâè÷, È. À. ßâîðñêèé 

Àííîòàöèÿ. Ðàññìîòðåíà âîçìîæíîñòü èñïîëüçîâàíèÿ àíòèøóìîâîãî êîðåëëÿöèîííîãî 
ìåòîäà îáðàáîòêè ñèãíàëîâ â áèîñåíñîðàõ íà îñíîâå ïîâåðõíîñòíîãî ïëàçìîííîãî ðåçî-
íàíñà (ÏÏÐ-ñåíñîðàõ). Îáîñíîâàíî ïðèìåíåíèå óêàçàííîãî ìåòîäà äëÿ îïðåäåëåíèÿ êî-
îðäèíàòíîãî ñäâèãà ðåçîíàíñíîé õàðàêòåðèñòèêè, ÿâëÿþùåãîñÿ ïîêàçàòåëåì ïðèñóòñòâèÿ 
àíàëèòà â èññëåäóåìîé ïðîáå. Ïðèâåäåí ïðèìåð àíàëèòè÷åñêîãî ðàñ÷¸òà êîðåëëÿöèîííîãî 
ñèãíàëà äëÿ ãàóññîâñêîãî ðàñïðåäåëåíèÿ èíòåíñèâíîñòè èíôîðìàöèîííîãî ñâåòîâîãî ïî-
òîêà. Ïîêàçàíî, ÷òî êîðåëëÿöèîííûé ìåòîä, â çàâèñèìîñòè îò êîíêðåòíîãî íàçíà÷åíèÿ è 
ñòîèìîòè ñåíñîðà, ìîæåò îáåñïå÷èòü óãëîâîå ðàçðåøåíèå 0 0

min ~ 0,01 0,0003 .Δθ −  

Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíûé ïëàçìîííûé ðåçîíàíñ, ÏÏÐ-ñåíñîð, êîðåëëÿöèîííûé 
ìåòîä, ðàçðåøàþùàÿ ñïîñîáîñòü 
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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 I x S x= − δ + �� � .  (2) 

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-
lyte can be shifted against each other by the x axis 
by the value ξ  which is an amount of analyte avail-
able in the sample. Such functions are defined in 

the range 
2 2
L Lx− ≤ ≤ + , 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 0θ  and e.g. with 

0
0 64,5 3θ = ±  it makes ~1cm . General look of the 

functions ( )F x , ( )F x� , ( )I x − δ , ( )I x − δ� , which 
provides their qualitative characteristic is shown 
on fig. 1. 

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 ( )I x − δ  ³ ( )I x − δ� . 

The correlation technique is to ensure finding 
of the value of the coordinate shift 0ξ = ξ , 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 ( )ψ ξ  

as follows: 

 
2

2

( ) ( ) ( )

L

L

F x F x dx
+

− +ξ

ψ ξ = − ξ =∫   (3) 
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∫
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For the 1st integral in (3) having replaced the 
variable the following can be constructed: 

 

2

2

2 2

2 2

( ) ( )

( ) ( ) ( ) ( )

L

l

L L

L L
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+ −δ +
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= − ξ = − ξ

∫

∫ ∫  +

 + ( )δΔψ ,  (4) 

where 

( )
2 2 2 2

2 2 2 2

L LI I

L LI I

δ

⎡ δ δ⎛ ⎞ ⎛ ⎞Δψ = δ ⋅ − + ξ − ⋅ − − −⎜ ⎟ ⎜ ⎟⎢ ⎝ ⎠ ⎝ ⎠⎣
⎤δ δ⎛ ⎞ ⎛ ⎞− − ξ − ⋅ −⎜ ⎟ ⎜ ⎟⎥⎝ ⎠ ⎝ ⎠⎦

. 

With 
2 2

Lδ
<<  the value 

( ) (1 2)
2 2 2
L L LI I Iδ

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞Δψ ≈ ÷ δ ⋅ ⋅ − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
. Removal 

of the δ  effect can be done provided 
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when ( ) 0δΔψ ≈ . This requires in its turn 

2 2
L LI I⎛ ⎞ ⎛ ⎞− =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
, 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 δ  will 
be gone. 

Three last integrals in expression (3) with the 
precision up to the value of the 2nd infinitesimal 
order ( )sΔψ  equal to “0”, as wideband statistical 
noises ( )S x  ³ ( )S x − ξ  do not correlate with the 
functions ( )I x − δ  ³ ( )I x − δ − ξ  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 ( ) ( ) 0sΣ δΔψ = Δψ + Δψ ≈  will look as follows: 

 
2

2

( ) ( ) ( )

L

L

I x I x dx
+

− +ξ

ψ ξ = − ξ∫  ±  ΣΔψ .  (6) 

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 0ΣΔψ = . 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 

0( )ψ ξ  of the mutual correlation function for ( )F x  
and ( )F x� : 

 
2

0

2

( ) ( ) ( )

L

L

F x F x dx
+

−

ψ ξ = ∫ � .  (7) 

Accounting for the mentioned above filtration, 
one has: 

 
2

0

2

( ) ( ) ( )

L

L

I x I x dx
+

−

ψ ξ ≈ ∫ � .  (8) 

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. 

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 xΔ , such as 

 0
0

( ) ( ) ( )
2 2

N

j

L LF j x F j x x
=

ψ ξ = − + Δ ⋅ − + Δ ⋅ Δ∑ � .  (9) 

To provide the higher precision level of the cal-
culations, the interval lengths xΔ  are not to be ex-

tended 4( ~ 10 10 )x −Δ ⋅ cm , and number 
LN
x

=
Δ

 is 

to be substantial ( ~ 1000N ). 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]. 

FIg. 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’ auto-correlation 
function ( )ψ ξ 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 0ξ ). Further on, 

( )F x  and ( )F x�  are used to calculate in the MC 
the concrete value of the inter-correlation func-
tion 0( )ψ ξ , which is also being registered. Given 
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the latter value, with the “etalon” correlation ( )ψ ξ  
stored inside the MC, the corresponding value 0ξ  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 auto-
correlation function ( )ψ ξ  for an instance approxi-
mated to the real conditions (Fig.1), when 

 
2( )

0( ) (1 )xI x I e const−α −δ− δ = − + ,  

 
1

( ) sin( )
n

i i i
i

S x a x
=

= ω + φ∑ ,  (10) 

where ia , iω  , iφ  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 ( )I x − δ  is to be 
simplified by taking out the constant component 
I

0
 + const, hence, the intensity distribution of the 

reflected light becomes similar to the gauss format: 

 
2( )

0( ) xI x I e−α −δ− δ = − .  (11) 

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

 
( )22

2

1

2

2 2 22 2 2
0

2

( ) ( )

.

L

L

L

x

L

J I x I x dx

I e e dx

+

− +ξ

+
α α

− ξ − − δ−ξ

− +ξ

= − δ − δ − ξ =

=

∫

∫   (12) 

The second integral in (3) becomes 

 
2

2
1

2

( ) sin( )

L
n

i i i
i L

J I x a x dx
+

=
− +ξ

= − ξ ⋅ ω + φ∑ ∫ .  (13) 

Next, in compliance with integration rules for ac-
celerated oscillating functions [6] 
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2

L
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⎝ ⎠

⎫⎡ ⎤⎪⎛ ⎞− ω − + ξ + φ ⎬⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦⎪⎭
  (14) 

It is obvious that with the high values of the circular 
frequencies iω , integral 2 0J ≈ , i.e. the noise is be-
ing filtered. The 3rd integral in (3) is approximated 
to 0 in the similar manner. 

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

 

2
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1

2
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sin[ ( ) ] .

L
n

i i i
iL

n

i i i
i

J a x

a x dx

+

=
− +ξ

=

= ω + φ ×

× ω − ξ + φ

∑∫

∑   (15) 

The sub-integral total values in (15) can be replaced 
with their mean values: 

2 2
4 sin( ) sin[ ( ) ] ( )J n a x x L≈ ω + φ ⋅ ω − ξ + φ ⋅ − ξ . (16) 

As sin( )xω + φ 0= , then 4 0J ≈ . 
As was intended by substantiation (4) — (5), 

integration (12) leads to eliminating of the impact 
from coordination shift δ , 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 

1( ) Jψ ξ ≈ , and corresponding standardized func-
tion ( )ψ ξ  becomes: 

 ( )ψ ξ  = 2
0

( )
I

ψ ξ
 ≈ ( )

2

2

2
e t

α
− ξπ

Φ
α

,  (17) 

where ( )Ф t is credibility integral, ( )t L= α − ξ  [6]. 
To determine 0ξ , the value of inter-correlative 

function 0( )ψ ξ  (such as from (8)) is to be intro-
duced in equation (17), which is next resolved rela-
tive to ξ . This can be done with numerical meth-
ods only, as ξ  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 ( )I x  and corresponding auto-corre-
lation function ( )ψ ξ , both calculated analytically. 
As the value of the correlation function is related 
to shift ξ  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 4

min max0,001 1,5 10 cm−Δψ = ⋅ ψ ≈ ⋅ , 
that can equal the total value of the inconsistency 
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and noise ΣΔψ , the minimum shift (linear distribu-
tive capacity) is 4

min 35 10 cm−ξ ≈ ⋅ . In an inexpen-
sive portable SPR sensor, with the standard distance 
between the radiation source point and the optical 
receiver line of ~10 15 cm− , this would correspond 
to angular distributive capacity 0

min ~ 0,01Δθ . 

Fig. 3. Standardized gauss distribution of the reflected 
light intensity distribution ( )I x =

275xe−−  (à) and its au-
tocorrelation function ( )ψ ξ  (á). 

Linear distributive capacity minξ  (the corre-
sponding angular distributive capacity is minΔθ ) 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 minΔψ , that can be 
whatsoever registered. For the suggested instance of 
a gauss distribution the linear distributive capacity 
is described with the expression: 

 ( )

min

1
42min

min min
2

ξ=ξ

Δψ ⎡ ⎤ξ = ≈ Δψ⎢ ⎥πα∂ψ ⎣ ⎦
∂ξ

.  (18) 

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

the sensitivity of registering devices (by decreasing 

minΔψ ) and by increasing the ratio of the correla-

tion function 
minξ=ξ

∂ψ
∂ξ

. For the same gauss distri-

bution with 6 7
min max1 10 1,5 10− −Δψ = ⋅ ψ = ⋅ cm  one 

can obtain 4
min 1 10 cm−ξ = ⋅  and correspondingly 
0

min 0,0003Δθ = . For this, the sensor should have 
an ADC with the order level of 20N =  (it is deter-

mined with the expression max

min

2Nψ
=

Δψ
). 

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 10-4 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 0

min ~ 0,0001Δθ  (0,1 deg )milli ree  is of 
particular interest, although no particular methods, 
their complexity or cost are being specified. 

The achieved range of the angular distributive ca-
pacity 0 0

min ~ 0,01 0,0003Δθ −  is the evidence of the 
vast application potential of the correlation method. 
For instance, value 0

min ~ 0,01Δθ  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 5~ 0,1 10n −Δ ⋅  [10], 
which is higher than the relative values of the re-
nowned sensor BIACORE  2000  (its sensitivity is 

5~ 1 10n −Δ ⋅ ). The similar order of the calculation 
value (not physical property) of the calculated dis-
tributive capacity ( 0~ 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 0

min ~ 0,0003Δθ , 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 δ  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 0ξ  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 inter-correlation function 0( )ψ ξ  accumulates 
inside it the data from 2 ~ 2000N  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 0ξ . 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 0 0

min ~ 0,01 0,0003Δθ − . 

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. 
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Æóðíàë “Ñåíñîðíà åëåêòðîí³êà ³ ì³êðîñèñ-
òåìí³ òåõíîëîã³¿” ïóáë³êóº ñòàòò³, êîðîòê³ ïîâ³-
äîìëåííÿ, ëèñòè äî Ðåäàêö³¿, à òàêîæ êîìåí-
òàð³, ùî ì³ñòÿòü ðåçóëüòàòè ôóíäàìåíòàëüíèõ 
³ ïðèêëàäíèõ äîñë³äæåíü, çà íàñòóïíèìè íà-
ïðÿìêàìè:

1. Ô³çè÷í³, õ³ì³÷í³ òà ³íø³ ÿâèùà, íà îñíîâ³ 
ÿêèõ ìîæóòü áóòè ñòâîðåí³ ñåíñîðè

2. Ïðîåêòóâàííÿ ³ ìàòåìàòè÷íå ìîäåëþâàí-
íÿ ñåíñîð³â

3. Ñåíñîðè ô³çè÷íèõ âåëè÷èí
4. Îïòè÷í³, îïòîåëåêòðîíí³ ³ ðàä³àö³éí³ ñåí-

ñîðè
5. Àêóñòîåëåêòðîíí³ ñåíñîðè
6. Õ³ì³÷í³ ñåíñîðè
7. Á³îñåíñîðè
8. Íàíîñåíñîðè (ô³çèêà, ìàòåð³àëè, òåõíî-

ëîã³ÿ)
9. Ìàòåð³àëè äëÿ ñåíñîð³â
10. Òåõíîëîã³ÿ âèðîáíèöòâà ñåíñîð³â
11. Ñåíñîðè òà ³íôîðìàö³éí³ ñèñòåìè
12. Ì³êðîñèñòåìí³ òà íàíî- òåõíîëîã³¿ (MST, 

L²GA-òåõíîëîã³ÿ, àêòþàòîðè òà ³í.)
13. Äåãðàäàö³ÿ, ìåòðîëîã³ÿ ³ ñåðòèô³êàö³ÿ 

ñåíñîð³â
Æóðíàë ïóáë³êóº òàêîæ çàìîâëåí³ îãëÿäè ç 

àêòóàëüíèõ ïèòàíü, ùî â³äïîâ³äàþòü éîãî òå-
ìàòèö³, ïîòî÷íó ³íôîðìàö³þ — õðîí³êó, ïåð-
ñîíàë³¿, ïëàòí³ ðåêëàìí³ ïîâ³äîìëåííÿ, îãîëî-
øåííÿ ùîäî êîíôåðåíö³é.

Ìàòåð³àëè, ùî íàäñèëàþòüñÿ äî Ðåäàêö³¿, 
ïîâèíí³ áóòè íàïèñàí³ ç ìàêñèìàëüíîþ ÿñ-
í³ñòþ ³ ÷³òê³ñòþ âèêëàäó òåêñòó. Ó ïîäàíîìó 
ðóêîïèñ³ ïîâèííà áóòè îá´ðóíòîâàíà àêòó-

àëüí³ñòü ðîçâ’ÿçóâàíî¿ çàäà÷³, ñôîðìóëüîâàíà 
ìåòà äîñë³äæåííÿ, ì³ñòèòèñÿ îðèã³íàëüíà ÷àñ-
òèíà ³ âèñíîâêè, ùî çàáåçïå÷óþòü ðîçóì³ííÿ 
ñóò³ îòðèìàíèõ ðåçóëüòàò³â ³ ¿õ íîâèçíó. Àâòîðè 
ïîâèíí³ óíèêàòè íåîá´ðóíòîâàíîãî ââåäåííÿ 
íîâèõ òåðì³í³â ³ âóçüêîïðîô³ëüíèõ æàðãîííèõ 
âèñëîâ³â.

Ðåäàêö³ÿ æóðíàëó ïðîñèòü àâòîð³â ïðè íà-
ïðàâëåí³ ñòàòåé äî äðóêó êåðóâàòèñÿ íàñòóïíè-
ìè ïðàâèëàìè:

1. Ðóêîïèñè ïîâèíí³ íàäñèëàòèñÿ ó äâîõ 
ïðèì³ðíèêàõ óêðà¿íñüêîþ àáî ðîñ³éñüêîþ ³ àíã-
ë³éñüêîþ ìîâàìè ³ ñóïðîâîäæóâàòèñÿ ôàéëàìè 
òåêñòó ³ ìàëþíê³â íà äèñêåò³. Åëåêòðîííà êîï³ÿ 
ìîæå áóòè íàä³ñëàíà åëåêòðîííîþ ïîøòîþ.

2. Ïðèéíÿòí³ ôîðìàòè òåêñòó: Mult³Ed³t (txt), 
WordPerfect, MS Word (rtf, doc).

3. Ïðèéíÿòí³ ãðàô³÷í³ ôîðìàòè äëÿ ðèñóí-
ê³â: EPS, T²FF, BMP, PCX, WMF, MS Word ³ MS 
Graf, JPEG. Ðèñóíêè ñòâîðåí³ çà äîïîìîãîþ 
ïðîãðàìíîãî çàáåçïå÷åííÿ äëÿ ìàòåìàòè÷íèõ 
³ ñòàòèñòè÷íèõ îá÷èñëåíü, ïîâèíí³ áóòè ïåðå-
òâîðåí³ äî îäíîãî ç öèõ ôîðìàò³â.
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ÂÈÌÎÃÈ ÄÎ ÎÔÎÐÌËÅÍÍß ÑÒÀÒÅÉ Ó ÆÓÐÍÀË
²ÍÔÎÐÌÀÖ²ß ÄËß ÀÂÒÎÐ²Â

Ïðàâèëà ï³äãîòîâêè ðóêîïèñó:

Ðóêîïèñè ïîâèíí³ ñóïðîâîäæóâàòèñÿ 
îô³ö³éíèì ëèñòîì, ï³äïèñàíèì êåð³âíèêîì óñ-
òàíîâè, äå áóëà âèêîíàíà ðîáîòà. Öå ïðàâèëî 
íå ñòîñóºòüñÿ ðîá³ò ïðåäñòàâëåíèõ ì³æíàðîä-
íèìè ãðóïàìè àâòîð³â.

Àâòîðñüêå ïðàâî ïåðåõîäèòü Âèäàâöþ. 
Òèòóëüíèé àðêóø:
1. PACS ³ Óí³âåðñàëüíèé Äåñÿòêîâèé Êîä 

Êëàñèô³êàö³¿ (ÓÄÊ) (äëÿ àâòîð³â ³ç êðà¿í 
ÑÍÄ) — ó âåðõíüîìó ë³âîìó êóò³. Äîïóñ-
êàºòüñÿ äåê³ëüêà â³ää³ëåíèõ êîìàìè êîä³â. 
ßêùî í³ÿê³ êîäè êëàñèô³êàö³¿ íå ïîçíà÷åí³, 

êîä(è) áóäå(-óòü) âèçíà÷åíî Ðåäàêö³éíîþ 
Êîëåã³ºþ.

2. Íàçâà ðîáîòè (ïî öåíòðó, ïðîïèñíèìè ë³-
òåðàìè, øðèôò 14pt, æèðíî, óêð., ðîñ., àíãë. 
ìîâàìè).

3. Ïð³çâèùå (-à) àâòîðà(-³â) (ïî öåíòðó, øðèôò 
12pt, óêð., ðîñ., àíãë. ìîâàìè).

4. Íàçâà óñòàíîâè, ïîâíà àäðåñà, òåëåôîíè ³ 
ôàêñè, e-ma³l äëÿ êîæíîãî àâòîðà, íèæ÷å, ÷å-
ðåç îäèí ³íòåðâàë, îêðåìèì ðÿäêîì (ïî öåíòðó, 
øðèôò 12pt).

Àíîòàö³ÿ: äî 200 ñë³â óêðà¿íñüêîþ, àíãë³éñü-
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êîþ ³ ðîñ³éñüêîþ ìîâàìè. Ïåðåä òåêñòîì àíî-
òàö³¿ ïîòð³áíî âêàçàòè íà ò³é æå ìîâ³: íàçâó ðî-
áîòè, ïð³çâèùà ³ ³í³ö³àëè âñ³õ àâòîð³â.

Äëÿ àâòîð³â ç çàêîðäîíó, ÿê³ íå çíàþòü óê-
ðà¿íñüêî¿ àáî ðîñ³éñüêî¿ ìîâè, äîñòàòíüî àíî-
òàö³¿ ³ ïð³çâèùà àíãë³éñüêîþ.

Êëþ÷îâ³ ñëîâà: ¿õíÿ ê³ëüê³ñòü íå ïîâèííà ïå-
ðåâèùóâàòè â³ñüìè ñë³â. Â îñîáëèâèõ âèïàäêàõ 
ìîæíà âèêîðèñòîâóâàòè òåðì³íè ç äâîìà — ÷è 
òðüîìà ñëîâàìè. Ö³ ñëîâà ïîâèíí³ áóòè ðîç-
ì³ùåí³ ï³ä àíîòàö³ºþ ³ íàïèñàí³ ò³ºþ ñàìîþ 
ìîâîþ.

Òåêñò ïîâèíåí áóòè íàäðóêîâàíèé ÷åðåç 1,5 
³íòåðâàëè, íà á³ëîìó ïàïåð³ ôîðìàòó A4. Ïîëÿ: 
çë³âà — 3ñì, ñïðàâà — 1,5ñì, ââåðõó ³ çíèçó — 
2,5ñì. Øðèôò 12pt. Ï³äçàãîëîâêè, ÿêùî âîíè º, 
ïîâèíí³ áóòè íàäðóêîâàí³ ïðîïèñíèìè ë³òåðà-
ìè, æèðíî.

Ð³âíÿííÿ ïîâèíí³ áóòè ââåäåí³, âèêîðèñ-
òîâóþ÷è MS Equat³on Ed³tor àáî MathType. 
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Amsterdam.: ed. by D.F. Brewer, 1986. —  248 p.

5. Ãðîìîâ Ê.Ä., Ëàíäñáåðã Ì.Ý., Îïòèìàëü-
íîå íàçíà÷åíèå ïðèîðèòåòîâ //Òðóäû ìåæ-
äóíàð. êîíô. “Ëîêàëüíûå âû÷èñëèòåëüíûå 
ñåòè”(ËÎÊÑÅÒÜ 88). — Òîì 1. — Ðèãà:ÈÝÂÒ 
ÀÍ Ëàòâèè. — 1988. — Ñ.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. Øàëèìîâà À.Í., Ãàê³â À.Ñ. Äîñë³äæåííÿ 
îïòè÷íèõ ñåíñîð³â. —  Ê: 1976. — 37 ñ. (Ïðåïð. 
/ÀÍ Óêðà¿íè. ²í-ò ê³áåðíåòèêè; 76-76). 

8. Âàñèëüºâ Í.Â. Îïòè÷í³ ñåíñîðè íà ïë³â-
êàõ À
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Ê.,1993. —  212 ñ.
Ï³äïèñè äî ðèñóíê³â ³ òàáëèöü ïîâèíí³ áóòè 

íàäðóêîâàí³ â ðóêîïèñ³ ç äâîìà ïðîá³ëàìè ï³ñ-
ëÿ ñïèñêó ë³òåðàòóðè.

Âèíîñîê, ÿêùî ìîæëèâî, áàæàíî óíèêàòè.
Ðèñóíêè áóäóòü ñêàíîâàí³ äëÿ öèôðîâîãî 

â³äòâîðåííÿ. Òîìó ïðèéìàþòüñÿ ò³ëüêè âèñî-
êîÿê³ñí³ ðèñóíêè.

Íàïèñè ³ ñèìâîëè ïîâèíí³ áóòè íàäðóêîâàí³ 
óñåðåäèí³ ðèñóíêó. Íåãàòèâè, ñëàéäè, ³ ä³àïîçè-
òèâè íå ïðèéìàþòüñÿ.

Êîæåí ðèñóíîê ïîâèíåí áóòè íàäðóêîâàíèé 
íà îêðåìîìó àðêóø³ ³ ìàòè ðîçì³ð, ùî íå ïåðå-
âèùóº 160õ200 ìì. Äëÿ òåêñòó íà ðèñóíêàõ âè-
êîðèñòîâóéòå øðèôò 10pt. Îäèíèö³ âèì³ðó ïî-
âèíí³ áóòè ïîçíà÷åí³ ï³ñëÿ êîìè (íå â êðóãëèõ 
äóæêàõ). Óñ³ ðèñóíêè ïîâèíí³ áóòè ïðîíóìåðî-
âàí³ â ïîðÿäêó ¿õ ïîÿâè â òåêñò³, ç ÷àñòèíàìè 
ïîçíà÷åíèìè ÿê (a), (á), ³ ò.ä. Ðîçì³ùåííÿ íî-
ìåð³â ðèñóíê³â ³ íàïèñó óñåðåäèí³ ìàëþíê³â íå 
äîçâîëÿþòüñÿ. Ç³ çâîðîòíüî¿ ñòîðîíè, íàïèø³òü 
îë³âöåì íàçâó, ïð³çâèùå(à) àâòîðà(-³â), íîìåð 
ìàëþíêà ³ ïîçíà÷òå âåðõ ñòð³ëêîþ.

Ôîòîãðàô³¿ ïîâèíí³ áóòè îðèã³íàëüíèìè.
Êîëüîðîâèé äðóê ìîæëèâèé, ÿêùî éîãî 

âàðò³ñòü ñïëà÷óºòüñÿ àâòîðàìè ÷è ¿õ ñïîíñî-
ðàìè.
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