ISSN 2312-4334

MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE

East European
Journal of Physics

No 3. 2019

2019



East European Journal of Physics

EEJP is an international peer-reviewed journal devoted to experimental and theoretical research on the nuclear physics, cosmic rays and
particles, high-energy physics, solid state physics, plasma physics, physics of charged particle beams, plasma electronics, radiation
materials science, physics of thin films, condensed matter physics, functional materials and coatings, medical physics and physical
technologies in an interdisciplinary context.

Published quarterly in hard copy and online by V.N. Karazin Kharkiv National University Publishing.

ISSN 2312-4334 (Print), ISSN 2312-4539 (Online)

The editorial policy is to maintain the quality of published papers at the highest level by strict peer review.

Approved for publication by the Academic Council of the V.N. Karazin Kharkiv National University (September 30, 2019, Protocol No. 9).
EEJP registered by the order of Ministry of Education and Science of Ukraine Ne 747 of 13.07.2015, and included in the list of scientific
specialized editions of Ukraine, which can be published results of dissertations for the Ph.D. and Dr.Sci. degree in physical and
mathematical sciences.

Editor-in-Chief

Azarenkov N.A., V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
Deputy editor

Girka 1.O., V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
Executive Secretary

Hirnyk S.A., V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

Editorial Board

Adamenko I.N., V.N. Karazin Kharkiv National University, Ukraine

Akulov V.P., City University of New York, USA

Antonov A.N., Institute of Nuclear Research and Nuclear Energy, Sofia, Bulgaria
Barannik E.A., V.N. Karazin Kharkiv National University, Ukraine

Beresnev V.M., V.N. Karazin Kharkiv National University, Ukraine

Berezhnoy Yu.A., V.N. Karazin Kharkiv National University, Ukraine

Bizyukov A.A., V.N. Karazin Kharkiv National University, Ukraine

Bragina L.L. STU Kharkiv Polytechnical Institute, Ukraine

Broda B., University of Lodz, Poland

Budagov Yu.A., Joint Institute of Nuclear Research, Dubna, Russia

Dovbnya A.M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Dragovich B.G., University of Belgrade, Serbia

Duplij S.A., Center for Information Technology (ZIV), Westfalische Wilhelms-Universitit Miinster, Miinster, Germany
Garkusha L.E., NSC Kharkiv Institute of Physics and Technology, Ukraine
Gofman Yu., Jerusalem College of Technology, Israel

Grekov D.L., NSC Kharkiv Institute of Physics and Technology, Ukraine
Karnaukhov .M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Khodusov V.D., V.N. Karazin Kharkiv National University, Ukraine
Kondratenko A.N., V.N. Karazin Kharkiv National University, Ukraine

Korchin A.Yu., NSC Kharkiv Institute of Physics and Technology, Ukraine
Krivoruchenko M.L., Institute for Theoretical and Experimental Physics, Moscow, Russia
Lazurik V.T., V.N. Karazin Kharkiv National University, Ukraine

Mel'nik V.N., Institute of Radio Astronomy, Kharkiv, Ukraine

Merenkov N.P., NSC Kharkiv Institute of Physics and Technology, Ukraine
Neklyudov .M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Noterdaeme J.-M., Max Planck Institute for Plasma Physics, Garching, Germany
Nurmagambetov A.Yu., NSC Kharkiv Institute of Physics and Technology, Ukraine
Onyschenko .M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Ostrikov K.N., Plasma Nanoscience Centre Australia, Clayton, Australia
Peletminsky S.V., NSC Kharkiv Institute of Physics and Technology, Ukraine
Pilipenko N.N., NSC Kharkiv Institute of Physics and Technology, Ukraine
Radinschi I., Gheorghe Asachi Technical University, lasi, Romania

Slyusarenko Yu.V., NSC Kharkiv Institute of Physics and Technology, Ukraine
Smolyakov A.IL., University of Saskatchewan, Saskatoon, Canada

Shul'ga N.F., NSC Kharkiv Institute of Physics and Technology, Ukraine
Tkachenko V.I., NSC Kharkiv Institute of Physics and Technology, Ukraine
Voyevodin V.M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Yegorov O.M., NSC Kharkiv Institute of Physics and Technology, Ukraine

Editorial office

Department of Physics and Technologies, V.N. Karazin Kharkiv National University
Kurchatov av., 31, office 402, Kharkiv, 61108, Ukraine

Tel: +38-057-335-18-33,

E-mail: eejp@karazin.ua,

Web-pages: http://periodicals.karazin.ua/eejp (Open Journal System)

Certificate of State registration No0.20644-10464P, 21.02.2014

© V.N. Karazin Kharkiv National University, 2019



East European Journal of Physics

No 3 2019

ORIGINAL PAPERS

Long-Lived Banana Orbit Formation of Suprathermal Electrons During MHD Spikes
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The secondary runaway electrons generation is the process in which already existing high energy runaway electrons knock out
thermal plasma electrons directly into the runaway region by close Coulomb collisions. Such knocked-on electrons are immediately
accelerated to ultrarelativistic velocities, since in the runaway region the toroidal electric field force overcomes the collisional friction
force with thermal plasma particles. The avalanche of runaway electrons with mega-electron-volt energy emerges, hit of which with
the construction elements of large-scale tokamaks and future international tokamak ITER can lead to catastrophic consequences. Due
to its importance, this phenomenon is being actively studied both theoretically and experimentally in leading thermonuclear fusion
centers. It is known that during secondary generation, the value of the transversal component of knocked-on electrons momentum
with respect to the confining magnetic field may be significantly higher than the longitudinal one: p. >> py. Thus, conditions for
knocked-on electron trapping in a non-uniform tokamak magnetic field occur (banana orbits). Such electrons can no longer be
accelerated by the inducted toroidal electric field to high energies, avalanche formation is partially suppressed. The question is how
long this population of knocked-on and trapped electrons exists. In the presented paper, it is shown the additional possibility of
formation and existence of such long-lived banana orbits of suprathermal electrons under conditions of plasma MHD activity when
MHD instability spikes induced the strong burst of the toroidal electric field that results in the abrupt growth in these knocked-on and
trapped electrons. This phenomenon is considered for the recent low-density EAST (Institute of Plasma Physics, Chinese Academy of
Sciences, Hefei, China) tokamak quasistationary runaway discharges. Long-lived trapped electrons (p1 >> py) also have an influence
on the intensity of ECE emission. The considered phenomenon is important for correct interpretation of the runaway experiments on
present-day tokamaks.

KEYWORDS: tokamak, runaway electrons, suprathermal electrons, banana orbits, electron cyclotron emission (ECE)

The runaway electrons during major disruptions can cause serious damage to plasma-facing-component surfaces in
large tokamaks like ITER [1, 2]. The strong electric fields induced during the tokamak disruptions can generate many
runaways (REs). The energy of these REs can reach as high as tens of MeV. Due to close Coulomb collisions of these
REs with the electrons of the background plasma, the effect of avalanche occurs (secondary runaway generation) [3].

The knocked-on secondary electrons may have significant transverse momentum, pi>>py (pi and p. are
longitudinal and transversal components of momentum with respect to the confining magnetic field, correspondingly).
In tokamaks, electrons trapped in a non-uniform tokamak magnetic field may appear in this case [4]. As the result of
close collisions, the formation of long-lived trapped suprathermal electron population under conditions of working gas
(deuterium) puffing during runaway tokamak discharges (DIII-D runaway experiments under quiescent conditions [5])
was investigated in [6, 7].

In the present paper, it is shown the additional possibility of long-lived banana orbit formation of suprathermal
electrons during MHD spikes in runaway tokamak discharges (EAST experiments [8-10]). This is the objective of this
investigation.

RUNAWAY EAST DISCHARGE WITH THE STEPWISE JUMP INCREASES OF THE NON-THERMAL
ECE SIGNAL DURING MHD BURSTS

During EAST experiments with runaway electrons [8-10], peculiar events have been investigated: rapid changes in
the synchrotron spot shape and its intensity that coincided with step-like jumps in the electron cyclotron emission (ECE)
signal (cyclotron radiation of suprathermal electrons) and the MHD (m/n=2/1) Mirnov signal spikes (m and n are the
poloidal and toroidal mode numbers, respectively). These phenomena were initially observed in TEXTOR (Tokamak
Experiment for Technology Oriented Research), where these events only occurred in the current decay phase or in
discharges with thin stable runaway beams at the ¢ = 1 drift surface [11] (g is the safety factor).

The runaway ohmic discharge #28957 in EAST was performed in the limiter configuration with the toroidal
magnetic field Bo=2T, the plasma current 7,=250kA, the inductive equilibrium electric field
Ei = Vieop/2wRo = Eg = 0.1 V/m, the central line-averaged density <n.>=2.210Ym3, the plasma major radius
Ro=1.86 m and the minor radius a = 0.45 m [8-10]. At the plasma center, the electron temperature 7. = 0.55 keV was
obtained using a soft x-ray pulse height analysis (PHA) system during the plasma current flat-top phase (duration of
impulse was 5 s). MHD modes m/n=1/1 (the soft x-ray signal) and m/n=2/1 (the Mirnov coil signals) existed in the
plasma. Runaway electrons were created by the ohmic coil during the start-up phase of the discharge, the runaway

© Igor Pankratov, Volodymyr Bochko, 2019
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current was significant. The runaway electrons were located near the ¢ = 2 rational magnetic surface at » = (20-30) cm
(ring-like runaway electron beam).

In shot #28957 three types of events were observed with the stepwise jump increases of the non-thermal ECE
signal that are described and discussed in details in Refs. [8-10]. Here, we give only a short summary of these papers
results:

1. The MHD (m/n=2/1) small amplitude spikes (type I events, small non-thermal ECE jumps) emerged
approximately every 0.02 s and coincided with sawtooth m/n=1/1 peaks.

2. Huge MHD spikes (type II events) emerged approximately every 0.5 s.

3. Larger amplitude MHD (m/n=2/1) spikes (type III events) were observed approximately every 0.3 s after each
huge MHD spike (type II events).

In cases II-III types events the MHD (m/n=2/1) spikes of the non-thermal ECE jumps were not small. In these
cases, MHD spikes were not correlated with the m/n=1/1 sawtooth oscillations peaks.

These ECE jumps were visible in the ECE channels, which should receive the second harmonic X-mode emission
of the thermal electrons from the tokamak low-field-side (Ifs).

Due to the local runaway generation processes, local changes in the plasma current density profile should occur
(around the g =2 rational magnetic surface, where the runaway electrons are located). In [10] it has been shown that
these local changes in the current density profile are a possible trigger for enhancement of magnetohydrodynamic
(MHD) tearing mode activity and fast changes in runaway beam behavior. For these shots, the MHD m/n=2/1 bursts
were resulted from tearing mode instability with induced bursts of the strong electric field during magnetic
reconnections.

In low-density plasma (n.~ 10" m™), the occurrence of runaway electrons is connected to their continuous
acceleration by the tokamak toroidal equilibrium electric field £y = Ey = 0.1 V/m. The runaway energy Enn ~ 30 MeV
was deduced from a joint analysis of the synchrotron radiation spectra and the synchrotron radiation spot shape in
EAST discharge #28957 [9]. This means that in EAST discharge #28957, the secondary runaway generation process
should take place (runaway avalanche).

2D MOMENTUM-SPACE ANALYSIS OF SUPRATHERMAL ELECTRON GENERATION
The generation of both high-energy runaway and suprathermal electrons should be enhanced abruptly during these
MHD spikes. Because of the fast changes in the magnetic flux (squeezing and reconnection of the magnetic field lines)
the bursts of induced electric fields, Ey(f), occurred [12]. The value of Ej(f) may reach values of an order of ten V/m.
During these bursts of the induced electric field Ey(f), the avalanche process was enhanced with corresponding
avalanching time [13]

t, =N12mcL(2+Z,,)/ 9eE,(t) - (1)

The electron runaway region increased very fast because of the value of parameter (this key parameter determines
boundaries of runaway region)

po(E, () =¢e'm,n,L/4re, E, (1) 2)

dropped during the burst of Ey(¢) (Fig. 1), e, m. are the charge and rest mass of electron, respectively, L is the Coulomb
logarithm.

3.
r = 20cm

2.5¢ PL =/ (Qmec/pcr())pH

ol \ T = 30cm

Sa(Eo)
15
1 S, (Ey)
05} S.(Ey + E,
0 S’!‘(EO + Em) ) )
0 0.5 1 1.5
b

Fig. 1. The evolution of runaway region in 2D plane (py, p1) during MHD burst.

The abrupt growth in the suprathermal electron population occurred during these bursts of Ej. In [10, 14]
conclusion was made that the step-like non-thermal ECE jumps may be explained by the abrupt growth in the
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suprathermal electron generation (number of runaways) during MHD m/n=2/1 spikes. In Fig. 1 the evolution of
runaway region in 2D plane (py, p1) is shown. Normalized variables are used:

E (t)> E (t)/ Ey, p. = P/ P (Ey), t>t/T,, . 3)

Here S(Eo, EotEwm) and Sa(Eo, EotEn) are separatrixes (compare with [13, 15]) for plasma parameters at £y and Eot+Em,
where Ey, is the maximum amplitude of the toroidal electric field during MHD spike, zr ~ 1ms is the time during which
the value of electric field changes from Ej to Eo+Em.This analysis is based on the equations (compare with [13, 15]):

d E (0
@ _, 0 E(1)-(z,+2)—2— |, @)
dt br I eff N 2\3/2
pcrO (p” +pJ_)
dp? eE, (0) 1 ( pnz ]
=2, S0 (7 42 1. 5)
& P

The first term in expression (4) describes the test electron’s acceleration by E)(f), and the second one describes the
frictional force due to collisions of this electron with thermal particles. The total momentum (kinetic energy) of the test
electron also changes due to eEv term and collisions that leads to change of transversal component of momentum:
expression (5). The runaway region lies just above the separatrix S;. Electrons situated above S; lie on trajectories
aiming asymptotically outward along S, and therefore run away. In Fig. 1 Ey=0.1 V/m, as example the value
En=5V/m is used. Note, the value £, =12 V/m of the induced electric field was found during a series of minor
disruptions in the T-10 tokamak [16].

Note that in accordance with the conservation laws of energy and momentum, the knocked-on electrons of
secondary generation are arranged on elongated ellipses, the major axes of which are equal to the momentum of the
incident mega-electron-volt electrons. Secondary runaway region in the phase space (py, p1) is filled by these ellipses. In
case of EAST shot #28957 the ring-like runaway beam contained high energy electrons with energy more than 20 MeV
and pi/pi ~ 0.15 (p1 >> p1) [8, 9]. The bulk electrons knocked out in runaway region by these very high energy

electrons are born near the parabola [4]:
P =4 (2meC/pcr0)pH . (6)

This curve (6) is shown in Fig. 1, the locus of the knocked-on electrons lies below this curve. The suprathermal electron
population with p1 > py occurs. These electrons may be trapped in a non-uniform tokamak magnetic field (¢ = r/Ro)

B,

B(r,0)=——2— 7
(.6) l1-¢£cos@ 2
if the inequality

p./p >1/\2e (8)

holds at poloidal angle § = z. In Fig. 1, straight lines
p,/p =1/2¢ ©)

are shown for the values of » =20cm and » = 30cm. The entire range of locus of the knocked-on electrons in 2D plane
(p1, p1) lies above straight lines of Eq. (9). It is necessary to distinguish situation on the outer (Ifs) and inner sides of the
tokamak discharge. The trapped suprathermal electrons may appear in the Ifs region, only.

In Fig. 2 narrow banana orbits of the trapped suprathermal electrons are shown for the radii »=20cm and
r=30cm. Recall, the ring-like runaway electron beam were located near the ¢ = 2 value at these » = (20-30) cm [8, 9].

The calculations were carried out on the base of the well-known equations of motion of a charged particle in
nonuniform tokamak magnetic field (see, e.g. [17], ws=eBo/m.):

dr _ vH2 +0.5v7 Ging . (10)

dt  |w,|R,

r vH2 +0.5v]

r—=y, +
dt qR,(1-£cosB)  |wy|R,

cosf . (11

More strong losses of these trapped electrons may occur from the plasma region where these electrons are located
(outer part of discharge). It is even possible formation of supertrapped electrons (on the ripples of a toroidal magnetic
field) which immediately escape from the plasma owing to toroidal drift.
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For considered energy of suprathermal electrons, the time-scale for pitch-angle equilibration (isotropization
process) is much shorter than the momentum evolution time-scale [18]. The time-scale during which banana orbits may
exist is much shorter in comparison with the isotropization time zco.

The pitch angle that corresponds to banana orbits existence, Eq. (8), was taken into account in the estimation of the
value of Teffcoll

Tef/&'{)]l

=72/ (1+2¢) (12)
and well-known expression for 7., is used:

-1

T =¢e'nmL/Are; (pl +p/)"*. (13)

Note that the value of ion effective charge Z.+ was not high in shot #28957.

—TTT— T
T ] [

1f 212 ] 1 ]
0.5F 4 0.5_— .
2 I ] g2 I
N O 20c,O N Df ]
30em [
-0.5¢ 4 -0.5} -
I © B, ] I
» @ I.‘J [
S0 ] . ]
1 1.5 2 2.5 1
R,m R,m

Fig. 2. Narrow banana orbits of suprathermal electrons
a) banana width (1.0-1.4) cm, energy ~230 keV; b) banana width (0.5-0.7) cm, energy ~ 100 keV. The values of p1 and pj
corresponds to point at 0 = 7. Directions of the toroidal magnetic field and plasma current are shown.

In Fig. 3, comparison of the bounce period of trapped suprathermal electrons (7 < 1ps) with the effective collision
time shows that 7i, << 7emeon. The long-lived banana orbits of suprathermal electrons have arisen. Ratio zereon / 7 can
reach about five orders of magnitude. However, for p < 0.1 the value of teseon decreases fast and zesreon — 7. In this
region, the possibility of long-lived banana orbit formation is lower. The energy of suprathermal electrons
corresponding to p; = 0.1 is about 20 keV. For calculation of 7., the values of p, were chosen close (but below) to the
parabola of Eq. (6).

wef T T I ;
) : - ;
= F ~Toffeolls T = 30cm 3
:’g 10~ E/ - Teffeoll, T = 20cm 3
.S: - . 11])’ T = 2OCm 3
= E ~Ty, 7 =30em I
10*5 e, . T TR 3
El A B II ,,,,,, S I.-l.-:.;‘;a

0 0.2 04 p; 0.6 0.8 1

Fig. 3. The bounce period, 7b, of trapped suprathermal electrons and the effective collision time, eficol.
In the EAST case, trapped knock-on secondary electrons were created far enough from the magnetic axis. These
trapped electrons drift radially inwards due to the Ware pinch effect [19]

dr __E®
dt B,

; (14)
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here By is the poloidal magnetic field. They may be detrapped and run away (compare with [20]). Because of a very
short time of the MHD spikes, the linear time dependence of changes of the bursting electric field Ej(7) was taken for
integration of Eq. (14).

For analysis of the time Atw, required for a trapped electron to become passing (during the MHD burst), we obtain

the next equation:
2
At E, t At A
D) o Loy o | 2w | o Dw g, (15)
Tbr Em Tbr Tbr TbrE m / B 9

where Arw ~ (5 — 10) cm is the required radial displacement for detrapping process, o ~ 1ms, fy = toro — fho, here fio
corresponds to the start of the burst, fy is the time when the banana was born, By~ 0.1T. Even for the value of
Enm=10 V/m from Eq. (9) we get Atw ~ 1ms, that means Aty >> T,

CONCLUSIONS

The formation of long-lived knocked-on and trapped suprathermal electrons (long-lived banana orbits) in non-
uniform magnetic field during MHD spikes in tokamak runaway discharges is shown, because of the effective collision
frequency of these trapped electrons with background plasma particles is much smaller in comparison with the
oscillation frequency of the bounce motion of trapped suprathermal electrons. The MHD spikes acted as a trigger for the
enhancement of additional suprathermal electron generation (because of bursts of the toroidal electric field) during
magnetic reconnections.

Such electrons can no longer be accelerated by the inducted toroidal electric field to high energies. The
avalanching (secondary runaway generation) process may be suppressed in part.

The observed stepwise increases in the non-thermal electron cyclotron emission (ECE) signal coincided with the
spikes of the MHD activity confirm abrupt growth of suprathermal electrons, and stepwise form of this signal may be
explained by the existence of these long-lived knocked-on and trapped electrons population. The intensity of ECE
signal must be strongly enhanced due to the existence of the long-lived suprathermal electron population with a high
value of transversal momentum (p1 > pi).

The energy domain of these suprathermal electrons is shifted to more high values; in considered case, it is higher
than 20 keV. The RE distribution function changes in this region of energies may be expected.

The considered phenomenon is important for correct interpretation of the runaway experiments.
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OBPA30BAHHME JOJITOXKHUBYIIUX BAHAHOBBIX OPBUT HAATENJIOBBIX 3JIEKTPOHOB BO BPEMS
BCHBIIIEK MI'I AKTUBHOCTH B PA3PAJAX TOKAMAKA C YBEI'AIOIIUMHU 3JIEKTPOHAMMU
U.M. MMaukparos'?, B.IO. Bouxo!
! @usuxo- mexnuueckuti paxyromem, Xapbkosckuii Hayuonaibhblil ynueepcumem umenu B.H. Kapasuna
nn. Ceo6oowi 4, 61022 Xapvkos, Yrpauna
2Hncmumym ¢usuxu nrazmor, HHI] “Xapokosckutl usuxo- mexnuueckuii uncmumym”’
ya. Akademuyeckas 1, 61108 Xapvros, Ykpauna

Bropuunas remepanust yOerarompx >JIEKTPOHOB — 3TO IIPOLECC, IPH KOTOPOM YXKe CYIIECTBYIOIIME BBICOKOPHEPTEeTHUECKHE
yOeraromue >JIeKTPOHBI BEIOMBAIOT TEIUIOBBIE JIEKTPOHBI IUIA3MBI HEIIOCPEICTBEHHO B 0o0JacTh yOeraHus B pe3ysbTaTe OJIU3KHX
KYJIOHOBCKHX CTOJIKHOBeHMH. Takue BBIOWTHIE OJJIEKTPOHBI MIHOBEHHO YCKOPSIOTCS 10 YJIBTPApelSITUBHCTCKUX CKOPOCTEH
MIOCKOJIbKY, B 00JIaCTH yOeraHusi CHja CO CTOPOHBI TOPOUAAIBHOTO JIEKTPHYECKOT0 MOJIS 3HAYNTENBEHO MIPEBOCXOANUT CHIIY TPEHHUS
00YCIIOBJIEHHYIO KyJIOHOBCKMMH CTOJIKHOBEHUSIMU C TEIJIOBBIMU YacTHLAMHU IUIa3Mbl. BO3HHKaeT JaBMHA METra’ieKTPOHBOJIBTHBIX
yOeraromux 3JeKTPOHOB, MOMaJaHHe KOTOPHIX HA 3JIEMEHTHl KOHCTPYKIMM COBPEMEHHBIX OONBIINX TOKAMaKOB M CTPOSAIIETOCS
MEXIYHapOJHOTO ToKaMmaka-peakropa MTOP MokeT nmpuBecTH K KaTacTpopHUECKUM HOCIEACTBISIM. B cHiTy cBOEi akTyanbHOCTH, B
HACTOSIIEEe BpEMs 3TO SABIECHHE MIMPOKO H3ydaeTcs KaK TEOPETHYECKH, TaK M SKCIHEPHMEHTATHHO B BEIYIIUX TEPMOSICPHBIX
LeHTpax. 3BeCTHO, 4TO NpH BTOPUYHON TEHEpalMH Yy BHIOMTHIX OSJIEKTPOHOB BEIMYHMHA IIEPHEHANKYJSIPHOTO HMITYJbca IIO
OTHOIICHNIO K MATHUTHOMY ITOJTIO TOKaMaKa MOXKET CYIIECTBEHHO IIPEBBIMATh POAOIBHYI0 KOMIIOHEHTY: p1 >> pj. Takum oOpazom
BO3HUKAIOT YCJIOBUSI 3aXBaTa BBIOMTHIX O3JIEKTPOHOB HEOJHOPOAHBIM MarHUTHBEIM IIOJIEM TOKaMmaka (OaHaHOBBIC OpPOWTEI).
3axBadyeHHbIC JIEKTPOHBI YK€ HE MOTYT YCKOPSTCS MHAYKIMOHHBIM TOPOMIAJIBHBIM JIEKTPHYESCKHM IIOJIEM JI0 BBICOKHX JHEPTHH,
JIaBUHOOOpa3oBaHKe yOeramux JeKTPOHOB YaCTHYHO MoJaBisieTcs. Bo3HUKaeT BOIPOC, Kak JOJITO Takasl MOMYJISALHs BEIOUTBIX U
3aXBaUYCHHBIX HAJTEIUIOBBIX DJEKTPOHOB CyllecTByeT. B naHHOW paboTe mOKa3aHa JONOJHHUTENIbHAs BO3MOXHOCTb IUIS
(OpMHpOBaHUS M CYIIECTBOBAHHS ONTOKUBYIIUX OaHAHOBBIX OPOMT HAATENIIOBBIX EKTPOHOB B ycnosuss MI'Jl axTuBHOCTH
I1a3Mbl, Koraa Bo Bpems Bembimiek MI'Jl HeycTOWYMBOCTH MHAYLUpYETCsS CHIBHOE TOPOMAANBHOE JNIEKTPUYECKOE IOJe 4TO U
MIPUBOAUT K PE3KOMY POCTY TaKUX BBIOUTHIX M 3aXBAYCHHBIX IEKTPOHOB. JTO SIBICHUE PACCMOTPEHO IJISI HEJABHUX 3KCIEPUMEHTOB
¢ yOeratomumu snekTpoHamMu Ha Tokamake EAST (Muctutyr oOmsmkm mnasmel, Xededl, Axagemuss Hayk Kwuras) B
KBAa3KMCTALIMOHAPHBIX Pa3psiaXx ¢ HU3KOW IUIOTHOCTBIO. JIOJrOXKHBYLIME 3aXBauCHHBIC JJIEKTPOHBI (p1>>pj) TaKXkKe OKa3bIBAIOT
BiusiHre Ha nHTeHCHBHOCTE ECE m3mydenus. PaccMoTpeHHOE sIBIEHHE BaXKHO IS MPABIIIBHOM MHTEPIIPETANN SKCIIEPUMEHTOB C
yOeraromumMu 3J7eKTpOHAMU Ha COBPEMEHHBIX TOKaMaKax.

K/IIOYEBBIE CJIOBA: Tokamak, yOeraiompe 5JE€KTPOHBI, HAATEIUIOBHIE JJICKTPOHBI, OaHAHOBBIE OPOUTEI, 3IEKTPOHHOE
mukiotponHoe u3nyuenue (ECE)

®OPMYBAHHJ JOBI'O)KUBYUNX BAHAHOBHUX OPBIT HAATEIIVIOBUX EJIEKTPOHIB ITIJ{ YAC CITAJIAXIB
MI'T AKTUBHOCTI B PO3PAJAX TOKAMAKA 3 EJEKTPOHAMUA-BTIKAYAMU
I.M. Iaukparos'2, B.IO. Bouko!
I Disuro- mexniunuii paxyromem, Xapxiecokuii nayionanonuil ynicepcumem imeni B.H. Kapasina
m. Ceoboou 4, 61022 Xapxis, Vkpaina
2Incmumym izuxu naazmu, HHL] “Xapkiscokuii (hisuxo-mexniunuti incmumym”’
6yn. Axademiuna 1, 61108 Xapxis, Yrpaina

BropunHa reHepailisi eIEKTPOHIB-BTiKaUiB — I1€ MPOILIEC, i/ 9ac SKOr0 iCHYr0Ui BHCOKOCHEPTETHYHI BTiKar04i eICKTPOHU BUOHBAIOThH
TEIJIOBI €JIEKTPOHH IITa3MH Oe3MocepesHb0 B 00JIaCTh BTIKAHHS B Pe3yibTaTi ONU3BKHX KYJIOHIBCHKHX 3iTKHEHb. Taki BHOWTI
€JICKTPOHU MUTTEBO NMPHCKOPIOIOTHCS IO YJIBTPAPEIATUBICTCHKUX IMIBUAKOCTEH, TOMY LIO B 00OJNAcTi BTIKaHHS CHJIA TPUCKOPEHHS
TOPOIfAJIbHUM €JIEKTPUYHUM MOJIEM 3HAYHO MEPEBMILYE CHIIy TePTS BHACIIJOK KyJOHIBCBKHX 3iTKHEHb 3 TEIUIOBUMH YaCTHHKAMU
u1a3Mu. BHHUKae JTaBHHA METaeleKTPOHBOJIBTHUX CJICKTPOHIB-BTiKaYiB, IOTPAIUITHHS SKUX Ha KOHCTPYKI[IHHI €IeMEHTH Cy4YacHHX
BEJIMKOMAcIITAOHUX TOKaMaKiB i MKHApOIHOTO CIOPYIKYBaHOTO Tokamaka-peaktopa ITEP moxke mpu3BecTn 10 KaTtacTpogigHUX
HacHigkiB. BHacmimok cBoei akTyalpHOCTI, y TeNepiliHii dYac JaHe SBUINE AKTUBHO MOCTIPKYETHCS SIK TEOPETHYHO, TaK i
SKCTICpUMEHTAJIFHO Y MPOBITHAX TEPMOSAEPHHUX IIeHTpax. Binomo, mo npu BTOpUHHIN reHepanii y BUOUTHX eIeKTPOHIB BeTMYHHA
MePIEHIMKYISIPHOT KOMIOHEHTH IMITyJbCy II0 BiJHOIICHHIO JIO MAarHiTHOTO IOJsI TOKaMaka MOXKE 3HAYyHO IEepeBHUIIYBaTH
TIOB3/IOBKHIO KOMIIOHEHTY: p1 >> p|. TakuM YMHOM, BUHHKAIOTh YMOBH 3aXOIUICHHS] BHOUTHX €JIEKTPOHIB HEOTHOPITHUM MarHiTHUM
nosieM Tokamaka (0aHaHOBI OpOiTH). 3aXOIUICH]I eJICKTPOHM OiNbIlIe He MOXKYTh IPUCKOPIOBATUCS 1HIYKOBAaHUM €IEKTPHYHUM I10JIeM
JO BHCOKMX €HEpriif, JJaBUHOIOMAIOHE yTBOPEHHs CJCKTPOHIB-BTiKa4yiB YAaCTKOBO MPUTHIUYEThCs. BHHUKAae MUTaHHS, SK JOBrO
HOIMyJIsilliss BUOUTHX 1 3aXOIUICHMX HAATEIUIOBUX CJEKTPOHIB icHye. Y pnaHiii poOOTi Moka3aHa [0JaTKOBAa MOXIIMBICTH IJIst
(opMyBaHHS Ta iICHyBaHHS JOBTOXHUBYYHX OaHAHOBUX OpOIT HAATEIJIOBUX ENEKTPOHIB B yMoBax MI'J] akTHBHOCTI M1a3Mu, KOJIHU [
yac cnanaxiB MI'Jl HecTiHKOCTI iHIYKYEThCS CHIIBHE TOpOidajibHE ENEKTPUYHE IOJie, IO MPU3BOAUTH JO PI3KOTO 3POCTaHHS
KIJIBKOCTI TaKMX BHOMTHX 1 3aXOIUICHHX €JeKTpOHIB. JlaHe sBHINE PO3IISHYTO IS HEMIOJABHIX €KCIEPHMEHTIB 3 eJICKTPOHAMH-
BrikadamMu Ha Tokamami EAST (Imctutyr ¢ismkm mmasmm, Xedei, Axamemis Hayk Kwuraio) B KBasicTarioHapHHX po3psaax 3
HU3BKOIO IIIIBHICTIO IDIa3MH. JIOBrOJKHBYYI 3aXOIUIEHI €JIEeKTPOHH (p1>>p|) TaKoX BIUIMBAIOTH Ha iHTeHcHBHICTE ECE
BUTIPOMIHIOBAaHHS. PO3risHyTe sBHIE BaXJIMBE JUIS HPaBHJIBHOI iHTeprperamii eKCIEPHMEHTIB 3 eJIeKTpOHAMHU-BTiKadyaMH Ha
Cy4acHUX TOKaMaKax.

KJIFOYOBI CJIOBA: Tokamak, eJIeKTPOHH-BTiKaui, HAATEIUIOBI €JIEKTPOHH, OaHAHOBI OpOITH, EIEKTPOHHE IHUKIOTPOHHE
sunpomintoBanus (ECE)
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Collision of particles at high energies at accelerators is the main source of data used to obtain deeper understanding of the fundamental
interactions and the structure of the matter. Processes of isolated photon production have provided many tests of theoretical descriptions
of the universe on scales smaller than the proton. This work is dedicated to the analysis of the large amount of collision data that has
been accumulated at ZEUS in 2004-2007 period and new methods of processing isolated photons that have been proposed. The authors
develop software algorithms that allow obtaining the signal of isolated photons from the data collected on the ZEUS detector at
electron-proton collider HERA, calculating the differential cross sections, and comparing the measured data with PYTHIA Monte
Carlo predictions. Taking into account the features of the ZEUS detector, the photon signal is separated from the background events
and the number of isolated photons is calculated. Computational mathematical and numerical methods have been used to simulate the
interaction of particles in the detector. Monte Carlo predictions for differential cross sections as functions of the pseudorapidity and
transverse energy of the photon 57 E77 and the jet ¢, EF¥, and the fraction of the photon momentum x;"¢% carried by the interacting
parton have been calculated and compared with the experimental data. The results of the study are compared with the previous studies
and show for the first time that all isolated photon HERA measurements are consistent with each other. New results show improved
uncertainties. The formation of isolated inclusive photons and photons with the accompanying jet was measured in photoproduction
with ZEUS detector at HERA collider using the integrated luminosity of 374 = 7 pb™!. For the first time, more complex Monte-Carlo
simulation models of isolated photons for ZEUS detector were generated and applied, and the description of the photon signal was
improved. It has been found that PYTHIA describes the shape of the cross section as a function of #7 well enough, but does not fully
reproduce the shape of E77, EF?, and the middle region of x"**, while #* is described not very well. The reason for this discrepancy
can be the lack of corrections of higher orders in the predictions for cross sections of direct photons. Scaling of the cross sections
obtained with PYTHIA improves the description of £77and »”. The unsatisfactory description of /¢ indicates that further studies are
required.

KEYWORDS: isolated photons, photoproduction, jet, Monte Carlo, PYTHIA, the electron-proton collision

Recently, high-energy particle collisions at accelerators have been the main source of experimental data used to gain
a deeper understanding of the properties of fundamental interactions and to reveal the structure of matter. There are many
different facilities for conducting such studies. Among them are ring and linear accelerators. Some experiments study the
frontal collision of particles (colliders), but there are some that consider the collision of particles with a fixed target. In
particular, HERA electron-proton ring collider (Hadron-Elektron-Ringanlage) is a great place to test many aspects of
quantum chromodynamics (QCD), a fairly successful field theory describing interactions between fundamental
components. Protons were accelerated to an energy of 920 GeV and electrons (positrons) to 27.5 GeV, corresponding to
the centre of mass energy of 318 GeV. This paper is devoted to the study of data collected during the ZEUS experiment
at the HERA collider.

The results of the fundamental interaction between subatomic particles that occur over a very short period of time
in a well-localized region of space (so-called events) can be classified by measuring the particles that appear in the final
state. One such event category is isolated photon events [1]. Some of Feynman diagrams for the formation of isolated
photons are shown in Fig. 1. Circles indicate that the target has a structure, for example, a quark from a proton interacts,
while the remnant of the proton is shown at a broad arrow. Similarly, for the photon.

In the kinematic region at HERA, the direct non-fragmentation process for the formation of isolated photons is
mainly the QCD Compton process [2] (Fig. 1 (a)) yqP — yq, where ¢” denotes the quark structure of the proton. The
input photon interacts with the quark in the proton. In the final state observed, there is a photon with a large transverse
momentum and a jet with a large transverse momentum. The contribution of this process to the cross section is of an order
of 0(a?,), where a2, is the electromagnetic coupling constant.

Resolved non-fragmentation process has three processes (Fig. 1 (b)):

q'9* »vq, q'q° ->vg, g'q"® - vq,

where q¥ denotes the quark composition of the photon.

In principle, resolved isolated photon processes are able to show the distribution of not only quarks, but also gluons
in the photon. However, the kinematic coverage available in this analysis has less sensitivity to the distribution of gluons
in the photon. The magnitude of the hard scatter is of the order O (a2, a,), where a is the constant of the strong coupling.
© Andrii Iudin, Sergey Voronov, 2019
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But after taking into account the factor O(a,,,/a;) for the structure of the photon, the cross section is of the order of
0(a?,,), similarly as for the direct process.

e’ - e’
N\ q \,’
{ a/ i
] Cl
q g

a) b)

C) d)

Fig. 1. Basic leading order QCD diagrams for isolated photons:
a) direct non-fragmentation; b) resolved non-fragmentation; c) direct fragmentation; d) resolved fragmentation

An isolated photon may also emerge from jet fragmentation. Thus, the diagrams that are contributing to the cross
section are the same as for the two-jet process. Direct and resolved fragmentation processes: yq? = qg, q¥g° — qg are
shown in Fig. 1 (c, d). The next factor for photon fragmentation is given as O (a,,,/as). After taking into account the
fragmentation factor and the photonic structure, the cross section is O(aZ2,,) for direct and resolved fragmentation
processes. Since cross section of fragmentation processes depends on fragmentation functions, its contribution decreases
sensitivity to the measured distribution of partons in the photon. If such a photon takes almost all of the energy of the
initial quark, then the event may be experimentally similar to that of the non-fragmentation process. After taking into
account the isolation criterion, events of this nature will be referred to as isolated photon fragmentation events. The
requirement of isolation reduces their contribution to the measured cross-section [3].

Despite the relatively low frequency of isolated photon events, background events that give distortion in the
measured spectra can also occur. The main background is provided by neutral mesons with high transverse momentum,
such as 7’, 7 mesons, which can decay into two photons formed in the process of jet fragmentation. In order to reduce the
proportion of such background events, the isolation cone around the isolated photon in the coordinates (7, ¢) is used in
the experimental data. But even after using isolation, there is still a fraction of background events in the data. Due to the
large cross section of jet formation, the fraction of background from neutral mesons is approximately equal to the fraction
of signal — true isolated photons. This part of the background events is subtracted by statistical methods.

The research of photons has one significant advantage compared to many other studies of high-energy particles that
are born in collisions, the photons are stable and so are measured in the detector unchanged since they were emitted from
the colliding particles. Thus, the photon carries information directly from the collision, regardless of other processes.
Other elemental particles that can be released by collisions may not exist in isolation. Instead, they undergo a
fragmentation process in which other particles are formed, which also fragment until the resulting particles are able to
form stable bound states. These stable particles are then observed in the detector. The existence and properties of the
original particle are derived from these particle decays. This can increase uncertainties.

The study of isolated photon events is useful for testing theoretical understanding of the structure of matter on a
scale smaller than a proton in experiments with a fixed target and colliding beams at HERA and others. Experiment
ZEUS published results of first observations of isolated photons with accompanying jets at high transverse momenta
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conducted at luminosity of 6.4 pb'1 [1]. ZEUS collaboration also published work on measuring the production of isolated
photons in deep inelastic ep scattering [4]. Isolated photons in deep inelastic ep scattering were measured using the ZEUS
detector at HERA using an integrated luminosity of 320 pb™'. Measurements were made in ranges of the transverse energy
and the pseudo-rapidity of the isolated photon -4 < E7” < 15 GeV and -0,7 <#” < 0.9 for the virtuality of the exchanged
photons, @, in the range 10 < 0% < 350 GeV? and invariant masses of the hadron system Wy > 5 GeV. Parton showers
that were simulated with Monte Carlo methods, gave quite a good description of the data on most of the kinematic range.
Predictions of Gehrmann-De Ridder et al. [5-7] of order o reproduced the shapes of the experimental results as functions
of the transverse energy and the pseudorapidity, but lay lower than the measurements at low O and low x. The predictions
of Martin et al. [8] are mainly below the cross sections that are measured, but close in kinematic regions where lepton
radiation is expected to be dominant. Improved data description can be obtained by combining the two corresponding
predictions, which raised questions about the need for further calculations fully using the potential measurements. Work
of H1 collaboration investigated prompt photons without and with a requirement of an accompanying jets in
photoproduction at HERA [9]. The processes of ep collisions with the energy of the centre of mass 319 GeV on the
detector H1 at HERA with the corresponding integrated luminosity of 340 pb™! were studied. Cross sections were
measured for photon and jet transverse energies greater than 6 GeV and less than 15 GeV and a pseudorapidity between
-1.0 and 2.4. The differential cross sections were reconstructed as functions of the transverse energy, the pseudorapidity,
x, and x,. The correlation between the jet and the photon was also investigated. The results are compared with the
predictions of theory, based on the collinear approach and the kr-factorization approach. The predicted cross sections are
usually underestimating the data by 20%. Both predictions underestimate measurements at low Er’. Form of the cross
section as a function of pseudorapidity of photons is best described with the kr-factorization approach and as functions
of other studied variables are fairly well described within the error. However, theorists still had the task of improving the
description. Recently it was established that kr-factorization model and leading order QCD describe well isolated photons
in deep inelastic scattering [10, 11]. The comparison of the experimental data with theoretical models was also conducted
without trying to correct the predictions generated in PYTHIA to results at the level of partons [12].

FORMULATION OF THE PROBLEM
The purpose of this work is to develop algorithms for obtaining with a high precision the signal of isolated photons
from the sample of data collected by the ZEUS detector at the electron-proton collider HERA during 2004-2007 period
[13, 14], calculate the differential cross sections using this signal and compare them with predictions of Monte Carlo
simulations (MC).

EXPERIMENT AND KINEMATIC SPACE

Investigated data were collected with the ZEUS detector [15] and correspond to the integrated luminosity of 374 pb
1113, 14]. The high-precision uranium calorimeter of the ZEUS detector made it possible to perform measurements within
the pseudorapidity between -0.74 and 1.01. The smallest unit that can independently read in the calorimeter is called a
cell. The cells are organized into layers and towers. The cells of the inner layer of each section are called cells of the
electromagnetic calorimeter. They have the fine detail required to separate electromagnetic charges and extract prompt
photon signal.

Differential cross sections as a function of several variables were measured in the kinematic region determined in
the laboratory system of reference as: virtuality of the exchange photon 0° < 1 GeV?, inelasticity of the interaction 0.2 <
v8 < 0.7, pseudorapidity of the photon -0.7 <#” < 0.9, transverse energy of the photon 6 < Er” < 15 GeV, and, when a jet
was required, transverse energy of the jet 4 < Er/ < 15 GeV and pseudorapidity of the jet -1.5 < ¥ < 1.8.

MONTE CARLO EVENT GENERATION

The generation of MC events for the case of ep scattering for models and methods used in this paper divides into a
set of sequential steps:

» Hard scattering. The interaction between particles is described by matrix elements calculated in accordance with
Feynman rules. This perturbative step defines the main characteristics of the event. The proton parton is selected
according to the parton distribution function (PDF), which describes the probability of finding the parton in the proton by
the values of O and the variable Bjorken x. Photon PDF is used to select the parton of the photon in the case of a resolved
event.

* Radiation of the initial and final states. The presence of charged or colored objects before or after hard interaction
can lead to large corrections related to photonic or gluon radiation. The electromagnetic radiation is modelled according
to the theory of quantum electrodynamics. The quantum chromodynamics corrections can be modelled with the so-called
model of parton showers (PS) [16] that describes the parton cascade by splitting one parton into two. Possible transitions
q—qg,2— qq, g — gg. The PS model can be used for the the initial and final state radiation and, therefore, the particle
that takes part in the hard interaction may already be derived from the separation of the partons.

An alternative to the PS model is the color dipole model [17], where each pair of colored objects is treated as gluons
emitting colored dipoles. The radiation leads to additional radiating dipole gluons as a result of the parton cascade. In the
case of ep-scattering, the cascade is initiated by a dipole built up by the quark that is struck and the proton residue.
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* Fragmentation. After the radiation step, as the distances between partons increase, the QCD becomes strongly
interacting — and the perturbation theory is broken. Colored partons are combined into colorless hadrons in the
fragmentation process. Since the fragmentation region is not perturbative, some phenomenological models are used.

In the Lund string model [18, 19] two color-charged objects are linked together to form a string. As the two particles
move away from each other, the potential energy of the string increases until enough energy is accumulated to produce a
quark-antiquark pair due to the rupture of the string. The newly created quarks are connected to the free ends of the
outgoing string and the process continues until there are stable hadrons.

Alternative to the Lund string models is provided by the model of fragmentation of cluster decay [20]. With this
approach, all the gluons in the parton shower break into quark-antiquark pairs. Colorless qgq pairs form clusters that then
break up into hadrons in the final state.

* Detector simulation. In the last step, the particles in the final state are passed through the detector simulation to
allow the simulation of the detector response. Detector modelling for ZEUS is performed in MOZART (MC for ZEUS
analysis, reconstruction and triggers) [21], based on the GEANT program [22] developed by CERN. The properties of
the event can be investigated with the help of partons, hadrons or objects of the detector, i.e., particles can be viewed at
three levels: parton, hadron and detector.

The parton (generator) level takes into account all particles after the fragmentation step. The hadron level uses all
stable particles in the final state formed in the fragmentation step, as well as stable particles that do not undergo
hadronisation. In this work, we used a model with the generation of a jet that fragmented into a photon and a jet, and with
the generation of particles such as 7’ and 5 mesons that are forming photons. Finally, the experimentally measured
detector level uses all objects obtained after the reconstruction stage, such as tracks and clusters. A direct comparison
between data and theory is only possible at one, as a rule, hadron level. As the MC should be represented at all three
levels, it can be in used for comparison of calculations on different levels [13,14].

MONTE CARLO SAMPLES

Ten MC samples were obtained for the specified particular purposes in this analysis. For the generation of MC
samples, the generator PYTHIA [23, 24] (version 6.221 and 6.416) was used. The formation of events is based on the
elements of the scattering matrix for the processes listed in Tables 1 and 2. The choice of these processes is based on the
fact that they correspond to the photoproduction of isolated photons studied in this work. PYTHIA calculates parton
showers and uses JETSET [25] to simulate the fragmentation of Lund strings. Multiparton interaction is realized by
adding interaction between parton-observers in the same event. Generated sample consisted of 951.03 pb™! direct events
and 3525.06 pb™! resolved. When choosing PDF in this work it was necessary to take into account the particularities of
ZEUS detector and the existing software for the simulation of events measuring with this detector (MOZART, CZAR -
Complete ZGANA Analysis Routine, ZEPHYR - ZEUS physics analysis, EAZE - Easy Analysis of ZEUS Events) [21,
26]. Therefore, in both cases, the proton PDF is CTEQ4M [27] and the photon is GRVHO [28, 29].

To get the signal from the measured data most of MC events were generated in PYTHIA that worked in the channel
of prompt photon with codes of direct and resolved subprocesses (ISUB) as shown in the Table 1. In addition, the radiated
photons, both in the direct and resolved mode, are selected from the two-jet MC sample obtained with the subprocesses
shown in Table 2 with hard photon emission in the final state. Namely, these are the processes of photon-lepton - Compton
scattering, prompt photons, point photons in the photoproduction and QCD jet. Here f; means a fundamental fermion of
flavor i, q; — quark, g — gluon and y — photon. In hadron colliders, the ISUB = 14 and 29 processes provide the main
source for the formation of single photons. According to Fig. 1 (a) for ISUB = 34 we have a reaction between the quark
(f;) from the proton and the photon (y) from the positron that creates quark (f;) and photon (y). In the same way we have,
for example, in Fig. 1 (b) ISUB = 29 where gluon and quark form a photon and quark. Similarly, Table. 2 lists the
processes depicted in Fig. 1 (c, d).

Table 1

The processes included in the generation of non-fragmentation signal PYTHIA MC

Direct Resolved
ISUB process ISUB process
34 fiy = fiy 14 fif, = gy
18 fifi~vy
29 qig-aqv

EAZE [30] is the basis for code analysis and provides a standard format that simplifies the process of writing code.
There are two important parts to the design from a user perspective. The first one is the control card file. This file can
make various preliminary calls to select the data to be processed by making changes to the standard control charts. This
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allows general code guidance. The second part of the user code is called in three stages. Initially, the code is customized,
and all the necessary statements are made. Then begins the second part, which runs on each of the data selections.

The processes included in the generation of fragmentation signal and background PYTHIA MC fable
Direct Resolved
ISUB process ISUB process
33 fr—fg 1 fifi = fif
54 gy - fifk 12 fif, = fify
13 fif,~ 99
28 fig - fig
53 99~ fif,
68 gg-99

Most cuts and the preliminary analysis are performed at this point. In the end some final requirements are applied.
ORANGE — ROOT [31] for analysis [30] is a program that works within EAZE. ORANGE does, however, have a more
detailed set of control charts that use standard code and code that is centrally supported to get started analysing the
information. This significantly reduces the amount of time it takes to generate the analysis code, and because the code is
centrally maintained, it increases the reliability of the code used.

In this analysis, ORANGE was used to perform pre-selection events and reject deliberately bad events.

SIGNAL EXTRACTION

After the pre-selection provided by ZEUS, there are still some non-ep and other background events that are removed
by the following conditions:

- -40 cm < Zyerrer < 40 cm — the vertex of interaction along the 0Z axis (i.e., along the proton direction) should be in
a well-understood region.

- Barrel calorimeter (BCAL) [15] timing less than 10 ns rejects events of sparks of photo-electron multipliers (PEM).

- The transverse momentum Pr must be at least 10 GeV.

BCAL timing is a useful tool for deleting spark and cosmic events. If the time registered in BCAL is very far from
the time of the event, then it can be assumed that the energy deposit is not associated with ep collision. A timing of 10 ns
was chosen after modelling the PYTHIA Monte Carlo program in the previous ZEUS analysis.

Cosmic events, for example, often have a large amount of missing Pr, so that they do not occur from the colliding
beams and they are found mainly in the up-down direction (i.e., the axis 0Y).

Events, generated by PEM sparks or charged flux events, where neutrino takes the place of the scattered electron,
are also rejected with a cut on the missing Pr. False positive events, which are generated by PEM sparks and background
beam gas are also reduced by the BCAL timing cut.

The following cuts were used to obtain a clean sample of photoproduction events:

- If an event has a candidate for deep inelastic scattering (DIS) electron in SINISTRA [32, 33] with a probability of
more than 90% and y.; < 0.7, then such event is removed from the final stack of candidate events for photon.

-0.2 <ym< 0.7

A method that has been well established in other ZEUS publications [34-36] has been used here as well. The lower
boundary y,z discards any proton gas residues and other background events, such as cosmic events. The upper limit
removes DIS events as well as events that include a lepton that was mistakenly identified as a prompt photon.

For photon finding the use of the so-called free procedure of clustering is recommended, such as k7 clustering
algorithm [3, 37] to identify isolated photons. Past ZEUS collaboration articles on isolated photons [4] have applied a kr
clustering algorithm to ZUFO (ZEUS Unidentified Flying Object) [38] to reconstruct candidates for isolated photons as
a kr jet. Therefore, in this analysis the selection of photon signal is carried out by means of reconstruction of candidate
for photon by k7 clustering isolation of ZUFO. The ZUFO method defined the photon as the only ZUFO. Isolation was
performed according to the requirements so that ZUFO candidate for the photon had at least 90% energy of krjet in which
he was clustered.

- Pseudorapidity of the candidate is requires such that it was in the acceptance of ZEUS BCAL, where shower shapes
are well understood: 0.7 <#7<0.9.

- The upper bound on E77is motivated by the level of understanding of the shower shapes and the decrease of the
signal at high transverse energies. The lower limit is set due to poor energy resolution at low energies: 6 < Er7< 15 GeV.

- By requiring that at least 90% of the energy of a candidate for the photon is stored in electromagnetic calorimeter
layer, we reduce the hadron background: Fryvec = Eemc / Ewr > 0.9 , where Eryc — the energy in the electromagnetic
calorimeter layer, £, — the total measured energy.
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Isolation is performed using the variable Zxr, which is defined as:
Zyr = Ey/Ejets
where E,, is the ZUFO energy of the photon candidate and Ej,, is the energy of the kr jet in which the candidate was
clustered. A study of the Frixione isolation [39] and its subsection — conical isolation was also carried out.

Cone isolations is determined by using a variable Z_,,., that is the candidate energy £ divided by E,, . - the total

energy in the 7 - ¢ cone with a radius of 1.0 around the candidate (including the energy of the candidate itself), i.e.,
Zcone = Ey/Econe

- For the study of different isolations, the following cut was used: Z_,,, > 0.9.

Stephano Frixione proposed a form of isolation that, as he claims, would remove fragmentation events. The idea is
to use not only one cone, but concentric series of cones with radius p < py such that inside such cone, total Er is less than
function y(p) = E, €,((1 — cos(p))/(1 — cos(p,)))™. The simple cone algorithm considers one cone py = 1 and €, =
0.1. A satisfactory discrepancy within the error range between the results of using different isolations was found. Due to
the fact, that in this analysis Frixione method and simple cone isolation does not provide a significant benefits we use the
following cut: Z 7> 0.9.

- Also, the requirement that there was no track in 0.2 units in 7 — ¢ was used: ARtrack > 0.2,

where ARtrack = \/ (Uy - ntrack)z + ((Py - (Ptrack)z

- The tracks had to have a transverse momentum p > 250 MeV. This reduction also discards electrons and other
charged background.

The jets are clustered with the k7 algorithm [3]. Preliminary analysis of the prompt photons in ZEUS uses cone
algorithm grounded on the definition of jets in which the jet made up of all the particles, which are inside the cone in 7 —
@. However, this algorithm is not infrared safe (i.e., the observables depend on the physics of low-energy/large distances),
and therefore, in case if the particles in the jets emit a large amount of soft (i.e., with low E7) particles, the number of
found jets and their properties will be different.

Prompt photon events can be viewed in an inclusive form and with an accompanying jet requirement. In the latter
case, the jets must undergo a selection of cuts of 4 < Er/¥ <35 GeV and -1.5 <7/“ < 1.8.

To further separate the photon signal from the background of neutral mesons #’ and # a variable <6Z> is used,
which is defined as:

<OZ > =27 — Zepuster|/ Ween 2 E),

where Z; is the Z position of the center of cell i, Z.user - the cluster center, we.; - the width of the cell in Z direction, E;
energy recorded in the cell and the sum is done by all cells in the cluster. The distributions <6Z> for MC photons and
background 7’ and # mesons, as defined in the selection procedure, are shown in Fig. 2. Here, the solid line denotes the
photon signal and the dotted line is the background of the neutral mesons 7’ and 7.

There is a noticeable peak in photon distribution at about ~ 0.1, which corresponds mainly to the showers contained
in a single cell. Then there is a "shoulder" up to ~ 0.6, where the photon falls close to the center of the cell and splits its
energy into two cells, or the photon undergoes early pair formation (preshower). Next, note the small peak at ~ 0.5, where
the photon hits the boundaries of the cells and spreads its energy evenly to two adjacent in Z cells or where e*e” from the
conversion of the photon hit adjacent in Z cells.
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Fig. 2. Comparison of the <§Z> distribution in MC for signal of photoproduction
of resolved and direct photon with background from neutral mesons 7z’ and 7
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The background curve has a small peak in the region 0.1 < <dZ> < (0.2 with a further noticeable peak centered at
< 6Z > =0.5. The first peak is the result of 7’ decay with an angle close to the minimum that will hit the calorimeter with
similar values of Z, thus giving a narrow width in Z. The peak at 0.5 is a geometric effect in which two photons from z°
decay strike cells adjacent to Z, distributing their energies equally between the two cells, giving a width of 0.5. At large
<0Z> the tail disappears shortly after 0.5 (by analogy with the distribution of photons), because if the decay photons fall
on non-adjacent cells, they will be reconstructed as two separate objects.

Thus, applying the least squares method to the distribution of <dZ> by statistical subtraction of the background we
can derive from the data Ny — the number of signal events.

CALCULATION OF CROSS SECTIONS
The full cross section is calculated by the equation:

o = 1/L*NSIG/A3

where o is the cross section, L is the integrated luminosity, and N, is the number of signal events observed at the detector
level, which is modified to account for the detector loss using the MC-based evaluation of the acceptance factor, which
gives the total number of signal events.

Cross sections are presented differentiated in bins (i.e., subintervals) of transverse energy and pseudorapidity of the
photon Er”and n” and the jet E7/¢, 7/, and the fraction of the momentum of the photon x;"** which is being carried by
the interacting parton
EY+EJet—pl- péet

Ea‘”—pg’”

x}/mea: —

where E?, EJ¢t — photon and jet energies, p, — the corresponding longitudinal momentum, "all" denotes all particles
measured in the event in the final state.

For any bin AY variable Y (it could be E; and n?, E%et, n’et or x;1¢*%) the differential cross section with respect to
the ¥, do /dY, is given as

do/dY = 1/AY =« 1/L * Ng;; * C,
where Ng;¢ and L are calculated for events in the range AY , and C is the factor of acceptance correction:

C=1/A

COMPARISONS WITH PREVIOUS MEASUREMENTS

The differential cross sections as a function of #7, measured in a defined phase space, are shown in Fig. 3. The ZEUS
data of this work are shown in black squares, the previous ZEUS results [40] are blue and H1 results [9] are red. The
measured phase spaces are not identical to the ZEUS HERA-I measurements and the HI HERA-II publication; the current
ZEUS measurement has a cut of -0.7 < #7<0 .9, while the Hl measurement has a cutoff of -1.0 < #7< 2.4 . Previous
ZEUS measurements use cone-based isolation and have a lower cut-off at E77> 4 GeV, whereas H1 and current ZEUS
measurements are 6 GeV. For all given points, the internal error lines are statistical uncertainties, and the outer error lines
represent statistical and systematic squared errors. ZEUS points are offset for clarity of comparison of form dependency.
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Fig. 3. Differential inclusive cross section of isolated photons as a function of #” within a defined kinematic region in comparison
with previous HERA measurements.
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It is clear that all HERA measurements show a decrease in cross section with increasing pseudorapidity, and all
measurements agree with one another within errors and taking into account different binning and slightly different
kinematic regions. The new ZEUS results presented here demonstrate significantly improved uncertainties. Both
statistical and systematic errors were smaller than in the previous ZEUS results compared to the H1 uncertainties,
especially given the broader H1 bins.

COMPARISONS WITH THE MONTE CARLO MODEL

Differential cross sections using full phase space are shown for inclusive photons for #”and E77in Fig. 4 and for
photons with the requirement of an accompanying jet for 5% Er? /¢, Er/* and x/** in Fig. 5. As before, the measured
ZEUS cross sections are shown in black squares and the internal error lines show statistical uncertainty and the outer error
lines are statistical and systematic errors squared. In addition, MC model predictions are shown. Uncertainty of results of
the modelling originating from dependence of cross sections of events, which are calculated in the generator PYTHIA,
on scales of renormalisation and factorization have been found sufficiently small to be neglected. PDFs were not varied
due to the specifications of the modelling of the ZEUS system in MOZART, CZAR and others. That is, this study follows
the established practice regarding the uncertainties of MC [41, 42].
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Fig. 4. Differential inclusive cross sections of isolated photons as a functions of 77 (a) and E7? (b), compared with MC predictions
(for the legend see the text)

The prediction for cross sections of production of resolved photons, which is obtained from PYTHIA 6.416, is
shown as blue histogram. Contribution of a direct photon (green histogram) is also estimated with PYTHIA 6.416. As
can be seen from previous results [43], the simple sum of PYTHIA predictions for direct photons with the MC prediction
for resolved photons is significantly underestimating the measured data. Thus, the PYTHIA predictions are normalized
to the overall normalization of the MC in a way to fit the data. This overall MC prediction (resolved plus direct) is shown
as a solid red line.

Fig. 4 depicts distributions for an inclusive isolated photon. In Fig. 4 (a) a slowly falling cross section with increasing
pseudorapidity of the photon is shown, which is described reasonably good by the combined MC prediction. For ZEUS
data, the differential cross section shown in Fig. 4 (b) depends on the transverse energy approximately as:

do/dE] = 3797.48 « (E})~318

This is well modelled by MC, although the prediction of MC a bit underestimates Ej..

Fig. 5 depicts distributions for an isolated photon with the requirement of an accompanying jet. In Fig. 5 (a) we see
again a slowly declining cross section with an increase in the pseudorapidity of a photon, which is well described by the
combined prediction of MC. The differential cross section as a function of E7”is shown in Fig. 5 (b). It shows a dependence
of form similar to that in Fig. 4 (b). Both the E7” and 57 distributions in the case of an accompanying jet are described by
the MC better than in the case of an inclusive photon. In Fig. 5 (c) shows the cross section as a function of the
pseudorapidity of the jet, which is not well described by the combined prediction of MC for small and large 7. The
differential cross section as a function of the energy of the jet E#* for ZEUS is shown in Fig. 5 (d) and is described by
the MC as well as in the case of E7”. In Fig. 5 (e) a steeply rising cross section with increasing x;"** is shown, which is
very well described by a combined prediction. The theoretical calculations are influenced by the parton processes that
contain contributions of perturbation theory of QCD beyond the leading order. Discussion of these uncertainties, as well
as the contributions of processes higher than the leading order in the perturbation theory of QCD in the study of the phase
space specified in this work was carried out earlier [13, 14].
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CONCLUSIONS

The inclusive isolated photons and photons with

an accompanying jet were measured in photoproduction with the

ZEUS detector at HERA accelerator using the integrated luminosity of 374 + 7 pb™'. These results improved past ZEUS
results that were made with lower integrated luminosity. Past publication by ZEUS group dedicated to prompt photons in
photoproduction used the data measured with the ZEUS detector at HERA accelerator during 1999-2000. These data
corresponded to the integrated luminosity of 77 pb™! [44].

More sophisticated MC simulation samples were generated and applied, unlike in previous studies, where samples
were generated for only one particle. The description of the photon signal has been improved. MC predictions
underestimate the measured cross sections by a significant amount. One of the reasons for this discrepancy may be the

absence in the calculation of contributions of higher

orders in perturbation theory of QCD. Uncertainties of results of
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modelling that originate from dependency of cross sections, which are calculated in the PYTHIA events generator, on
scales of renormalisation and factorization and variations of PDFs are not considered.

Scaling the prediction from the PYTHIA MC generator by a factor of 1.8 is required to normalize the MC to the
measured cross sections. After such scaling, the shapes of differential cross sections for variables of the scattered photons,
E7”and n?, are well described. Also, within the error the shapes of the differential cross sections as functions of variables
for events with a jet E7%, #/* and x;"** are described by MC program, except for large values of #*, which indicates that
further investigation is required.

In the field of isolated photons in ep-scattering many possibilities for further studies remain, both in theory and in
experiment. These results will be useful for conducting and preparing experiments at future accelerators. The next step
may be to improve the existing software system ZEUS (MOZART , ZEPHYR , EAZE etc.) with the latest PDFs such as
CT14 [45].
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AHAJII3 I30JIbOBAHUX ®OTOHIB Y ®OTOHAPOIKEHHI B PYTHIA
A.C. IOgin!, C.O. Boponos?
!European Molecular Biology Laboratory, European Bioinformatics Institute
Xinkemown, Kembpuoosc, Benuxa bpumania
> Hayionanvuuti mexuiunuii ynieepcumem Yxpainu «Kuiscoxuti nonimexuiunuii incmumym imeni Izops Cikopcoko2o»
syn. [lonimexniuna, m. Kuis, Yxpaina

3iTKHEHHsS] YaCTHHOK IpPH BUCOKHX EHEprisX Ha MNPHCKOPIOBaYaX € OCHOBHUM IDKEPEIOM MAaHHX, IO BHKOPHCTOBYIOTHCS IS
OTpHUMaHHs OLTBII MTMOOKOro po3yMiHHS (yHIAMEHTAIBHUX B3Aa€MOIIN 1 CTPYKTypH pedoBuHH. JlaHa poOoTa MpUCBSYEHa aHAIII3Y
BEJIMKOI KUJIBKOCTI JaHWX 3iTKHeHb, HakonnueHnx Ha ZEUS y 2004-2007 pokax, Ta 3alpoIIOHOBAaHMM HOBHM METOJaM PO3PaxXyHKY
i3071b0BaHUX (DOTOHIB. ABTOpH PO3pOOMIN MIPOrpaMHi alTOPUTMH, IO AO3BOJISIIOTH OTPUMYBATH CHTHAN 130JIbOBaHUX (OTOHIB 3
naHux, 3i0panux Ha gerekropi ZEUS Ha enextpoHHO-npoToHHOMY Koutaiiaepi HERA, obuncnutn audepeHuianbHi mepepizu Ta
nopiBHATH BUMipsHi 1aHi 3 MonTe Kapino nepen6auennsmu PY THIA. Bpaxosyroun ocobnmocti gerekropa ZEUS, ¢poToHHMI curaan
BiIOKPEMJIIOETHCS BiZl (DOHOBHX MOJii i OOUMCIIOETHCS KUIBKICTh 1307p0BaHMX (HOTOHIB. [l MO/ETIOBaHHS B3a€MOMIi YaCTHHOK y
JETEKTOpPl  BHKOPHCTOBYBAJMCS OOUYHMCIIOBAIBHI MaTeMaTH4YHI Ta YHCENbHI Meronu. Po3paxoBaHO Ta TIOpIBHAHO 3
EKCIIepUMEHTAIPHUMH JaHuMH nepenbadenns Monre Kapio moneni nudepenmianbuux mnepepisiB sk (QyHKIT MceBTOONCTPOTH Ta
nonepedroi eneprii Gortony 7% Er’ Ta cTpymens 7%, EY Ta 4acTKH iMIyIbcy (GOTOHA X/"°* 5Ky Hece MApTOH, IO B3AEMOIIE.
Pe3ysibraté JOCHIIKEHHS MOPIBHIOIOTHCS 3 IONEPEIHIMU JOCITIDKEHHSIMH 1 Brepuie nokasyioTs, mo Bci HERA BumiproBanHs
Y3TODKYIOTBCSL OfiHe 3 ogHuUM. HOBI pe3yibTaTé MOKasylOTh MOKpAllleHy HEeBH3HAYCHICTh. Y TBOPEHHS i30J1bOBaHHMX IHKIIO3UBHUX
(doToHiB i (HOTOHIB i3 CYIPOBOKYIOUNM CTpyMeHeM Oyiio BumipsiHe B poToHapopkeHHi aerekropom ZEUS Ha npuckoproBaui HERA
3 BUKOPUCTaHHAM iHTErpaibHOi cBiTHOCTI 37447 n6!. Brepiue 6yno 3reHEpPOBAaHO Ta 3aCTOCOBAHO OLNBII CKIaaHi 3pasku MoHTE
Kapio cumymsinii i3ompoBanux ¢ortoniB s gerekropa ZEUS Ta mokpamieHo onuc curnany ¢otonis. Beranosieno, mo PYTHIA
IOCHTB 100pe onmcye GopMy mepepisy sk QyHKIIIIO 77, aje He MOBHICTIO BinTBOproe Gpopmy Er%, E¥F i Ta cepemniil NpoMiKOK x;"¢%,
Tomi AK /¢ omucyeThesa He ayke moOpe. IIpuumHO0 Takoi po30LKHOCTI MOXKe OyTH BiICYTHICTH BHIpPABIEHb BHINMX IOPSAIKIB y
nependaveHHX HepepiziB npsmMux (oToHiB. MacurrabyBaHHs nepepisiB, oTpuManux 3a gonomoroto PYTHIA, nokpautye onuc Er?'i
7”. He3aoBibHMIA OMKC 7% CBIIMTH PO HEOOXIAHICTD MOAAIBIINX JOCIIKEHD.

KJIFOYOBI CJIOBA: i30:150BaHi (poTOHH, (POTOHAPOKEHHSI, CTpyMiHb, MoHTe Kapmo, PYTHIA, enekTpoH-IPOTOHHE 3ITKHEHHS

AHAJIN3 U30JIMPOBAHHBIX ®OTOHOB B ®OTOPOXIEHUU B PYTHIA
A.C.IOaun!, C.A. Boponog?
!European Molecular Biology Laboratory, European Bioinformatics Institute
Xunxemon, Kembpuoose, Benuxobpumanus
’Hayuonanenoiti mexnuyeckuil ynugepcumem Yxpaunwl «Kuesckuii nonumexnuueckuti uncmumym umenu Hzops Cukopckozoy
ya. Honumexnuueckas, 6 2. Kues, Ykpauna

CTONKHOBEHUS YaCTHI] IIPH BEICOKUX YHEPTUSIX HAa yCKOPHUTEISIX SIBISIOTCS OCHOBHBIM HCTOYHUKOM JAHHBIX, HCIIOIB3YEMBIX JUIs Ooliee
IITyOOKOro MOHUMaHuUs (yHIaMEHTAIbHBIX B3aUMOJICHCTBUI M CTPYKTYpHI BemecTsa. IIporieccsl pokIeHHS N30IUPOBAHHEIX ()OTOHOB
obecreyri MHOXKECTBO TECTOB TEOPETHUECKOTO ONICAHNs BCEIEHHON Ha MacmTabax MEHBIINX, YeM IPOTOH. JTa paboTa MOCBSIIeHa
aHanu3y OOJBIIOTO KOJIMYECTBA JAHHBIX CTOIKHOBEHHUH, HakomieHHEIX Ha ZEUS B nepron 2004-2007 TT. ¥ HOBBIM IPEUIOKEHHBIM
METOJaM pPacyéTOB HM30JIMPOBAHHBIX (POTOHOB. ABTOPHI Pa3paboTall MPOrpaMMHBIE aJrOPUTMBI, KOTOPBIE MO3BOJIIOT IIOJIYyYaTh
CUT'HAJI M30JMPOBAaHHBIX ()OTOHOB U3 IaHHBIX, coOpaHHBIX Ha jaerektope ZEUS Ha snexrpon-nporoHHOM koiiaiaepe HERA,
BBIYUCILITH A (epeHIMabHbIe CeUeHNUS M CPABHUBATH H3MepeHHbIe fanHble ¢ MonTe Kapio npeackasanusmu PYTHIA. IMpunumas
BO BHHMaHue ocobenHoctu aerekropa ZEUS, GpoTOHHBIA cUrHam oTaenseTcs: OT (OHOBBIX COOBITHI U PAaCCUUTHIBACTCSI KOJIMYECTBO
H30JMPOBAHHBIX (OTOHOB. JIJIT MOAENMPOBAHMS B3aMMOJCHCTBHUS UYACTHI[ B JETEKTOpE ObLIM HCIIOIb30BAHBI BBIUHCINUTEIBHBIC
MaTeMaTHIEeCKHE M YHCICHHBIE METOABL. PaccuMTaHO M CPaBHUTENBHO C SKCIEPUMEHTANBHBIMU JaHHBIMU TIpeAcKa3aHus MoHTe
Kapino monenu nuddepeHunanbHpX ceueHuil Kak QyHKIMM MCeBIOOBICTPOTH U MONEPEYHOl sHeprun portona 1%, Er’ u crpyu n/®,
E7*, u nomu umirynbca GOTOHA X%, KOTOPYIO HeceT B3aMMOACHCTBYIOIIMI MapToH. Pe3ysibTaThl HCCICIOBAHMS CPAaBHUBAIOTCS C
TIPeABIIY MU UCCIIEA0BAHUSAMH H BIIEPBBIC MOKA3bIBAIOT, 4TO Bee m3Mepernst HERA m30mmpoBaHHBIX (POTOHOB COTIIACYIOTCSI APYT C
npyrom. HoBere pe3ynibTaTsl MOKa3bIBAIOT YIIydIIeHHe HeonpeneneHHocTH. O6pa3oBaHue H30IMPOBAHHBIX HHKITIO3UBHEBIX (JOTOHOB H
(hOTOHOB € COMYTCTBYIOLICH CTpyeil OBUIO M3MEpEHO B (QOTOpOKACHUM ¢ momolnbsio aerekropa ZEUS Ha kommaiinepe HERA c
UCIIONIb30BAHUEM UHTErPaNbHOM cBeTuMocTd 374 + 7 167!, BriepBrie GbUtM CO3MaHBI M IPUMEHEHBI GoJiee cioKHbIe 00pasisl MonTen
Kapio cumynsumit n3onupoBaHHbIx (oronoB mius nerekropa ZEUS, a rtawke yinydineHo omucaHue (OTOHHOTO curHaia. bwuio
ycranosieHo, uto PYTHIA nocrarouno xopomro onucsiBaeT (GopMy MONEPEYHOr0 CEUCHUSI KaK (YHKIHUIO OT 47, HO HE ITOJIHOCTHIO
BoCTpor3BOAUT (Gopmy Er?, E¥* w cpenHioo o0NacTb xy"“*, Torma Kak 7/ omuchIBaeTCS HE OYEHb XOpOIIo. [IpwduHO# Takoro
HECOOTBETCTBHSI MOXKET OBITh OTCYTCTBUE IIOIPABOK 00jee BBHICOKHMX IMOPSIKOB B NMPEACKA3aHUSX JUISL CEYCHHH NPSIMBIX (DOTOHOB.
MacmrabupoBaHue cedeHuH, moy4eHHbIX ¢ nomoinsio PYTHIA, yiyumaer onucanue E77n 17, HeynoBneTBopuTensHOE ONHCaHUe
7/¢ yKa3bIBaeT HAa HEOOXOAUMOCTD JAIBHEHIINX UCCIEN0BAHMIA.

KJIOUEBBIE CJIOBA: wusonupoBanHble (OTOHBL, (oTopoxkieHue, crpys, Moure Kapno, PYTHIA, asiexktpoH-ipoToHHOE
CTOJIKHOBEHHE
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FIXED POINTS FEATURES IN N-POINT GRAVITATIONAL LENSES

Volodymyr Shablenko
V.N. Karazin Kharkiv National University
4, Svobody sq., 61022, Kharkiv, Ukraine
E-mail: Shablenkov@gmail.com
Received 15 July 2019; revised August 5, 2019; accepted August 30, 2019

A set of fixed points in N-point gravitational lenses is studied in the paper. We use complex form of lens mapping to study fixed points.
There are some merits of using a complex form over coordinate. In coordinate form gravitational lens is described by a system of two
equations and in complex form is described by one equation. We transform complex equation of N-point gravitational lens into
polynomial equation. It is convenient to study polynomial equation. Lens mapping presented as a linear combination of two mappings:
complex analytical and identity. Analytical mapping is specified by deflection function. Fixed points are roots of deflection function.
We show, that all fixed points of lens mapping appertain to the minimal convex polygon. Vertices of the polygon are points into which
dimensionless point masses are. Method of construction of fixed points in N-point gravitational lens is shown. There are no fixed points
in 1-point gravitational lens. We study properties of fixed points and their relation to the center of mass of the system. We obtained
dependence of distribution of fixed points on center of mass. We analyzed different possibilities of distribution in N-point gravitational
lens. Some cases, when fixed points merge with the center of mass are shown. We show a linear dependence of fixed point on center
of mass in 2-point gravitational lens and we have built a model of this dependence. We obtained dependence of fixed point to center
of mass in 3-point lens in case when masses form a triangle or line. In case of triangle, there are examples when fixed points merges.
We study conditions, when there are no one-valued dependence of distribution of fixed points in case of 3-points gravitational lens and
more complicated lens.

KEY WORDS: gravitational lensing, fixed points, deflection function, lens mapping

Effect of gravitational lensing has evolved from a method of verification of general relativity to separate field over
the years. Using gravitational lenses, stars, stars system and even planets can be found.

Often numerical methods were used to analyze gravitational lenses and analytically were described only special
symmetrical systems [1,2]. But these days, gravitational lenses are studied using analytical methods, particularly using
methods of algebraic geometry [3-6]. With algebraic geometry methods we were able to study an Einstein ring — an
important object in gravitational lensing — and prove that it is the only extended image in N-point gravitational lenses [4].

Circle source in N-point gravitational lens of any configurations was built using methods of algebraic geometry [7].

It is important to study fixed points in the theory of gravitational lenses [8]. Fixed points were researched before [9].
In paper [9] were shown examples of fixed points.

This paper proposes methods to study the distribution of fixed points. We show the distribution of fixed points and
study its properties in N-point gravitational lenses.

The goal of this work is studying of a set of fixed points in N-point gravitational lenses using analytical methods,
finding features of fixed points.

FORMULATION OF THE PROBLEM
N-point gravitational lens can be described by following equation

o~y

L -1,
y=x—Zmn|)_c._ = (M

~

where M1, - are dimensionless masses whose position in the plane of the lens is determined by normalized radius-vectors

L, >m =1
Equation (1) specifies single-valued mapping from linear vector space Rj (source plane) into linear vector space

sz (image plane):
L :(RI\A)—>R;, ()

where A={/,|i=1,2,..., N} -is a set of radius-vectors Z .
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Unification of source plane and image plane is referred as picture plane.
Mapping (2) can be described by system of equations:

N X —a,
m ——
n=1"" (x—a, )2+(x2—bn )2

— _\N x,=b,
Yy =Xy = 2t (4=a,)*+(x,=b,)

n=x-X
(3)

where (a bn) are coordinates of point Cn in plane Rf.

no

LENS MAPPING COMPLEXIFICATION

It is more convenient to use complex form of lens mapping in order to find fixed points [8]. We introduce new
complex variables:

Rez=x,Imz=x,Re{=y,Im{=y,.

New variables are related to old ones as:

%

|
[

’ +
x =z y, =
1 1 2
{ ’_and

X, =55 =
2 V2 2

[\S]

Using new variables, mapping can be described by following equation:

§=z—imn 1 , )

n=1 Z_A

where ij:lmn =1 and A, =a, +ib, are lenses coordinates; n=1,2,...,N .

Deflection function was introduced in [8]:

il 1
w=Ym ®)

n— T
n=1 zZ— A,,,

And function is complex conjugated to @ and defined:

w=>Ym, — (6)

It is convenient to use W and @ to find fixed points of lens mapping, except that it is more convenient to use W .
We use properties of complex mapping that were studied in [8]. It is known [8,11] that deflection function
w=w(z) is analytical.
There are some theorems.
Theorem 1. Deflection function W can be represented
0'(2)
a) w=—=——= @)

0(z)
where Q(z) = ﬁ[l(z -4, )m” ;
oL P&
deg P(z) P(z)

b) ®)

where P(z) - is polynomial;



23
Fixed Points Features In N-Point Gravitational Lenses EEJP. 3 (2019)

Theorem 2. (About number). Let 7, be a number of fixed points of mapping L : (C ¥ \A) %CY , therefore
ny: 1<n, <N-1.

Theorem 3. (About distribution). Fixed points of mapping L belong to the convex polygon that consists of point
masses.

N-POINT LENSES

Consider N-point gravitational lens.

We change masses of point lenses and their positions are set to constant. Hence, fixed points depend on N parameters
(masses of lenses). Besides, point masses are bounded by masses normalization equation. There is a necessary condition
to find the parameters of fixed points distribution parameters. We need the same number of free parameters as number of
equations. Therefore, we need either to decrease the number of parameters or to increase the number of equations.

To decrease number of equations we can express masses in terms of masses center of point masses system. It is
convenient to describe 2- or 3- points gravitational lenses accordingly to this method. But we need to introduce new
additional conditions to describe more complicated systems.

Deflection function of 1-point lens is:

w=>ym = : ©)

where m, =1, A =0. There are no fixed points in 1-point gravitational lens.

Deflection function of 2-points lens is:

N
m m m
w=) —t—=—l 21, (10)
mz—A  z—A z—A4,
where m, +m, =1.
Fixed point is given by:
z,, = Am, + A,m, (11)

To find fixed point, we can parameterize point masses in such way m, =s,m, =1—s,5€[0,1], then
z, =4 +(4,—4)s (12)

We can also use equation for center of mass: z, =m, A4, +m, 4, .

If we express fixed point using the center of mass, we obtain:
z,=A+4,-z,. (13)

Thus, we obtained equation for fixed point in 2-point gravitational lens. The equation is linear. Masses are located
symmetrically in relation to the geometrical center of the system. Fixed point and center of mass can coincide only when
there are 2 identical masses. In this case, fixed point and center of masses are located in the geometrical center of the line
segment that is connecting 2 masses.

Deflection function of 3-point gravitational lens is:

m m, m,
w= + + (14)
z—A z—-A4, z—-A4,
We have an equation for fixed points:
22+ A, Am, + A Am, + A Aym, — 15)
15

—(142ml + A;m, + Am, + A;m, + Am, +A2m3)z =0
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We can set different parameterization for point masses in this case. There are some different mass parameterizations
in 3-point gravitational lenses on (fig.1-4). There are gravitational lenses with masses that form triangle on (fig.1-2) and
line in (fig. 3-4).

L 7115

-1.@ms

Fig. 1. 3-point lens with Fig. 2. 3-point lens with
_ _ s _ s _ _ _ _ _2s _ s _ _ —
my —l—s,m2 —A,m3 _A’Al —1,A2 —l,A3 =—i my —l—s,m2 = A,m:; _4"41 —1,A2 —z,A3 =—i
1.0 -
i my
05
m, ny ms

-0.5

ny
-10 -0.5 0.5 10
-1.0
@ m
Fig. 3. 3-point lens with Fig. 4. 3-point lens with

—1_ _ S _ S - _ — — —1_ _ S _ S - — Y
ml—l s,mz—A,m3—A,Al— I,AZ—O,A3—1 ml—l s,m2—4,m3—A,Al— l,A2—0,A3—3l

We can describe a fixed point using the center of mass:
z, =X, +iy, =mA +mA, +m A, (16)

If point masses form a triangle, we can obtain one-valued dependence of fixed points on center of mass. There is
only 1 pair of fixed points per each center of mass. We put point masses in positions with A1 =al, A2 =a,, A3 =a, .

We obtain equation on fixed points:
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|
Z1p = (4 + 44, + 44, —Ax, - Ay *
24, (17)

i\/(Al2 +AA+AA —Ax, — Ay +4A (A (A + A4, —x)+y (A4, + A4 — 4, 4,)]

Using technical computing system, Wolfram Mathematica, we built mathematical model that shows the distribution
of fixed points. A parameter in the model is the center of mass. To build a more general picture, we set simultaneously
horizontal line of the possible center of mass. Thus, we can see 1 line of the center of mass and 2 curves of fixed points
that match centers of masses.

Using our model, we obtain when 3-point lens forms equilateral triangle we have 2 fixed points that merge (Fig.5-6).
In case when the center of mass of the triangle is geometrical center of the triangle, fixed points are located in 1 point.
Situation, when masses are almost equal is shown on (Fig. 5) and equal masses are shown on (Fig.6).

Fig. 5. Equilateral triangle with center of mass near Fig. 6. Equilateral triangle with center of mass
to geometrical center in geometrical center

Consider scalene triangle. There was an assumption in [8] that fixed points can merge only in case when point
masses form regular polygon. But in case of scalene triangle we have found cases of merging of fixed points. There is a
configuration of 3-point gravitational lens when in a forms scalene triangle with the merging of fixed points on (Fig.7-8).
A mass configuration with two separate fixed points is shown in (Fig. 7) and configuration with merged fixed points is
shown on (Fig. 8).

Fig. 7. Scalene triangle with 2 separate fixed points Fig. 8. Scalene triangle with merged fixed points

Fixed points in 3-point gravitational lens can coincide only in case either equilateral triangle or when the system is
reduced to 2-point gravitational lens.

If point masses are located along line, number of equations, that are used to describe masses, decreases by 1. In this
case we need to introduce 1 additional parameter. The same center of mass can describe different distribution of masses.
Considering this feature, we can obtain different fixed points for the same center of mass. We introduce additional

parameter, for example, 1 —m1, = . Thus, changing a, we can obtain different combinations of masses for the same
center of mass. And besides, this parameter limits the position of center of mass. For example, when we have 3-point lens
with masses in (—0.5,0),(0,0),(0.7,0), position of center of mass is limited by X, € (=0.5¢50.7¢) .

There is a distribution of fixed points with different o on (Fig. 9). Lenses are located in (-0.5;0), (0,0) and (0.7;0),
centers of mass are in (0.1;0). On left image @ =0.26, on right image a =0.92.



26
EEJP. 3 (2019) Volodymyr Shablenko

Deflection function of 4-point gravitational lens:

m m m
— R 2 4 3
z—A z—A, z-A4

3

m,
z—A

4

w +

(18)

Fig. 9. 3-point lens with masses on a line with different parameter o

Using parameterization, different distributions of fixed points can be obtained. Examples of different
parametrization in 4-point gravitational lenses are shown in (Fig.10-12). Triangle consists of 4 masses is shown on (Fig.
10), the square is shown in (Fig. 11) and triangle with 1 internal mass is shown in (Fig. 12).

We need to introduce more additional parameters to study gravitational lenses with 3 or more-point masses. Thus,
it is more complicated to apply this method and it is only convenient to study 2- and 3- point gravitational lenses.

1.2

ms
ot ol
-0 -0.5

ny

m

)

02
Fig. 10. 4-point lens with m, =1—s,m2 = S3 NI =V,m4 Z%Al =0,A2 =1,A3 =—1,A4 =i

ms

Fig. 11. 4-point lens with 1, =1—s,m2 :y,m3 :y,m4 Z%Al =1,A2 =—1,A3 =i,A4 =—i
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Fig. 12. 4-point lens with m, :1—s,m2 zy,m3 zy,m4 I%Al =2,A2 =—1,A3 =2i,A4 =i

CONCLUSIONS
Method of obtaining of fixed points distribution in N-point gravitational lenses is shown in this study paper. We
show a linear dependence of the fixed point location on center of mass in 2-point gravitational lens. Distribution of
fixed points in 3-point gravitational lens is obtained using the center of mass of the system. We show that fixed points
in 3-point gravitational lenses can merge. There are examples of distribution of fixed points in 4-point gravitational
lens.
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OCOBJIMBOCTI HEPYXOMHMX TOYOK B N-TOUKOBHUX I'PABITALIAHUAX JITH3AX
B.1O. lllad1enko
Xapkiscokuti nayionanvnuil ynieepcumem imeni B.H. Kapa3zina
Maitioan Ceo600u, 4, 61022, Xapxie, Yrpaina
B po6orti npoBeneHe A0CiIKEHHSI MHO)KHHH HEPYXOMHUX TOYOK B N-TOUKOBHX rpaBiTallifiHuX JiH3ax. s 1poro Oyia BUKOpHUCTaHA
KOMIUIEKCHA (hopMa JIiH30BOro BioOpaxkeHHs. KoMiuiekcHa opma Mae repeBary HaJi KOOPIMHATHOIO: B KOOpAMHATHHI dopmu N-
TOYKOBA I'PaBiTaILliliHAa JIiH3a 3aIa€THCSI CHCTEMOIO 3 IBOX PiBHSIHB, @ B KOMIUICKCHOMY BUIJISII TOCHTh OJHOTO piBHsHHS. Lle piBHSHHS
JIETKO TIEPETBOPUTHCS B MOJTIHOMIaIbHE PIBHSHHS, sSIKE 3pydYHEe Ui AOCHTipKeHHs. B poboTi JiH30Be BiZoOpakeHHS NPEICTABICHO Y
BUTJISAI JIiHIMHOI KOMOiHamii IBOX BiZOOpa)keHb: KOMIUICKCHO-aHATITHYHOTO 1 TOTOXXKHOTO. AHAJTITUYHE BiZOOpaXKCHHS 3aaae
aHamiTrnuHa QyHKUiA (QyHKUiA BinxmwieHHs). HepyxomuMu ToukaMu € KopeHi ¢yHKIT BigxuneHHs. [lokazaHo, 110 Bci HEPyXOMi TOUKH
JIIH30BOTO BifoOpaskeHHs HaJleXKaTh MiHIMAJIbHOMY OIyKJIOMY 0araToKyTHHKY. BepimmHamMy MiHIMaJIBHOTO OIyKJIOTO 6araToKyTHHKA
€ TOYKH, B SIKMX 3HAXOIAThCs 0€3p03MipHi TOUKOBI Macu. B poGoTi po3riisiHyTHIT MeTO/ T00YI0BH HEPYXOMHUX TOYOK B N-TOYKOBHX
rpaBiTalidHuX JiH3aX. byno mokasaHo, Mo HEPYXOMHX TOYOK B OJTHOTOYKOBIH JIiH31 HE icHYe. J[oCHiKeH] BIACTHBOCTI HEPYXOMHUX
TOYOK i iX 3B’30K 3 IEHTPOM Mac CHCTeMH JIiH3. OTpHMaHi 3aJIe)KHOCTI PO3MOJIiLy HEpYyXOMHUX TOYOK Bijt LieHTpa Mac. [IpoanasizoBaHi
pi3Hi MOXJMBI BUMAAKU po3mofiny B N-TOYKOBHX rpaBiTaumidHuX jiH3ax. [lokazaHo, IO y JASSIKHX BHIAJKaX HEPYXOMi TOYKH
36iraroThCst 3 LEHTPOM Mac CHCTeMH. Byio oTpuMaHo JiHINHY 3a/IeKHICTh MK HEPYXOMOIO TOYKOIO B JIBOTOUYKOBIil rpaBiTaiiitHii
JIiH31 Ta IEHTPOM Mac Ta OOy AyBaiIl MoJenb. OTpUMaH 3aJIC)KHICTh HEPYXOMHX TOYOK Bifl IEHTPY Mac B 3-TOUKOBiH rpaBiTaliifHii
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JH31 B BUIIQJIKY KOJM JiH3a yTBOPIOE TPUKYTHHK Ta npsMmy. ITokaszanu, 10 B BUNAAKY TPUKYTHHKA iCHYIOTb HPHKIAIH, KOJIU
36iraroTecst HepyxoMi Touku. JlocmipKeHi yMOBH, KOJIH HEMOXKIMBO OJHO3HAYHO OTPUMATH 3QJISIKHICTD PO3IMOAITY HEPYXOMHUX TOYOK
BiJl LIGHTPY Mac y BHITAJKy 3-TOYKOBOI rpaBiTaIliiHOT JiH3U Ta y OLIbLI CKIAJHUX BUMAIKAX.

KJIFOYOBI CJIOBA: rpaBiTaniiiHe TiH3yBaHHS, HEPYXOMi TOUKH, (QYHKIIS BiAXUICHHS, JTIH30BE BiIOOpaKEHHS

OCOBEHHOCTU HENMOABUKHBIX TOYEK B N-TOUEYHBIX TPABUTAITMOHHBIX JINH3AX
B.1O. 1l1a6enko
Xapvkroscokuil nayuonanvhvill ynusepcumem umenu B.H. Kapasuna
ITrowaos Ceoboowl, 4, 61022, Xapvros, Yrkpauna

B paboTe mpoBeieHO HCCIeJOBAaHHE MHO)KECTBA HEMOJBIKHBIX TOYEK B N-TOUYCUYHBIX TPaBHTALMOHHBIX JHH3ax. st oToro Gbuia
HCIIOIb30BaHA KOMIUIEKCHAsT (opMa JMH30BOr0 OTOOpaxkeHHs. KOMIUIEKCHBIH BHI MMEET MPEUMYIIECTBO Ha KOOPIMHATHBIM: B
KoopArHATHOM Brjie N-TOUeuHast [PaBUTAMOHHAS JIMH3A 33/1a€TCSI CHCTEMOM M3 IBYX YPaBHEHHUI, 8 B KOMILUICKCHOM BH/IE JOCTATOYHO
OJIHOTO YpaBHEHHs. DTO ypaBHEHHE JIErKO MPEBPAIAETCs B MOJHHOMHAIRHOE ypaBHEHHE, KOTOpOe YI0OHO /Ut uccienoBanus. B
paboTe TMH30BOE OTOOpaXKeHHe IPEICTAaBICHO B BUJIE JINHEIHONH KOMOMHAIIMN ABYX OTOOPaKEHMI: KOMIUIEKCHO-aHAIUTHIECKOTO 1
TOXECTBEHHOT0. AHAIUTHIECKOE 0TOOpaKeHNE 3a/1aeT aHaIuTHIecKast QyHKIus (PyHKIMS OTKIOHeHHs). Hermo B KHEIMY TOUKaMuU
SBJIIOTCS KOpPHU (YHKIMH OTKJIOHEHHs. Iloka3aHo, YTO BCe HEMOJBIIKHBIC TOYKH JIMH30BOTO OTOOPAXSHHWS MpPUHAIJIEKAT
MHHUMAJIBFHOMY BBIITYKJIOMY MHOTOYTOJIBHHKY. BepuniMHaMH MHHHUMAalbHOTO BBITYKJIOIO MHOTOYTOJIBHHMKA SIBJSIIOTCS TOYKH, B
KOTOpBIX HaxomiTcsi Ge3pa3MepHble TOYedHbIe Macchl. B paboTe paccMaTpuBaeTCsi METOJ| MOCTPOCHHUSI HETOJBHIKHBIX TOYEK N-
TOYEYHBIX I'PABUTAIIMOHHBIX JIMH3aX. BBUIO MOKa3aHO, YTO HEMOABMKHBIX TOYEK B OJAHOTOYEYHOM JIMH3E HE CYLIECTBYET. Bpuin
HCCIIeZIOBAHBI CBOMCTBA HETOABIIKHBIX TOUEK U MX CBS3b C IEHTPOM Macc CHCTeMbI JUH3. [10TydeHbl 3aBUCHMOCTH PacIipe/IeICHuUs
HETOJBIDKHBIX TOYEK OT LEHTpa Macc. lIpoaHamM3WpOBaHBI Pa3IWYHBIC BO3MOXHBIE CIydad pacmpeieieHus B N-TOYSUHBIX
IPaBUTALOHHBIX JHH3aX. [loka3aHo, YTO B HEKOTOPHIX CIIydasX HEIIOJBIDKHBIE TOUYKH COBMAJAIOT C IIEHTPOM Macc CHCTeMBI. bruia
MOJTydeHa JIMHeHHAast 3aBHCHMOCTD MEX/[y HEHO/BIDKHOH TOUKOH B IBYXTOYEYHOH I'PaBUTAI[MOHHOI JTHH3€ U IEHTPOM MAacC CHCTEMBI
1 ObUIa TOCTPOEHA MOAENb. MBI TOJIy4YHIIN 3aBUCHMOCTB HETIOJ[BIDKHBIX TOUEK OT LIEHTPA MaccC B 3-TOYCYHOW rPaBUTALMOHHON JIMH3E
B CIIydae, KOIJa JIMH3a 00pa30BhIBAET TPEYTOJNBHUK 1 NpsiMyto. [Tokasanu, 4To B ciryyae TpeyroybHUKa CYIIECTBYIOT IPUMEPHI, KOria
HETIOJBIDKHBIC TOUKU COBMANaioT. VccineoBaHbl yCIOBUsI, KOT/Ia HEBO3MOXKHO O/IHO3HAYHO MOJYYUTh 3aBUCHMOCTh PacIpe/Ie/iCHHUs
HETOBIKHBIX TOUEK OT [IEHTPA MacC CHCTEMBI B CIy4ae 3-TOUeYHOM IpaBUTALIMOHHON JIMH3BI U B 00JI€€ CIIOMKHBIX CIIydasiX.
KJIFOYEBBIE CJIOBA: rpaBuTalMiOHHOE JIMH3UPOBAHHE, HEMIOABIDKHBIC TOUKH, (YHKIHS OTKJIOHEHHUS, TMH30BOE OTOOpaKeHHE
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The results on investigations of mechanical properties of high-purity titanium with grains ranging from tens of nanometers up to a
few micrometers subjected to uniaxial tension, compression and microindenting are presented. Different structural states in high-
purity titanium were formed by severe plastic deformation according to the scheme «upsetting — extrusion — drawing» in combination
with annealing at temperatures of 250-550° C and quasi-hydrostatic extrusion at room and liquid nitrogen temperatures. The values
of yield strengths and microhardness for samples of high-purity titanium with grains of different sizes are determined. It was shown
that the combination of severe plastic deformation with cryogenic quasi-hydrostatic extrusion allowed to create high-purity
nanocrystalline titanium with high mechanical properties. The obtained experimental data were analyzed for the implementation of
the Hall-Petch relation and discrepancy between the values of yield strengths in tension and compression (strength differential or S-D
effect). Satisfactory fulfillment of the Hall-Petch relation for high-purity titanium in the whole range of the studied grain size values
was shown and a noticeable difference in the yield values for compression and tension was found. The values of the coefficients in
the Hall-Petch equation for deformation by tension, compression and microindenting were determined. These coefficients are
noticeably lower than the corresponding values for the industrial grades of titanium, i.e. in high-purity titanium, the grain boundaries
are weaker barriers for moving dislocations than in the industrial titanium, whose boundaries are enriched with impurities. The
features of the acoustic waves emission during compression of samples in various structural states were studied. It was concluded
that the deformation of titanium in all the investigated structural states was carried out by dislocation slip.

KEY WORDS: high-purity titanium, nanostructure, tension and compression, Hall-Petch relation, acoustic emission

Titanium and its alloys are important materials for both commercial and medical purposes [1,2]. In particular,
high-purity titanium and commercial grade titanium meet virtually all the requirements for the materials of medical
implants according to the criteria of biocompatibility, corrosion resistance, hypoallergenicity, and absence (especially in
high-purity titanium) of toxic elements [3]. However, the strength level of high alloys seems hardly achievable in pure
metals (including titanium). Currently, the only way to increase the strength properties of pure titanium is to create
fundamentally new structural states in it, which can be realized using the technology of extreme effects on solids [4].
Such effects include severe plastic deformation (SPD) and deformation at low (cryogenic) temperatures, or
cryodeformation (CD) [4]. To obtain ultra-fine grains and extremely high strength characteristics, it seems natural to
combine both considered methods of extreme impact on the material (SPD and CD) in the same technological chain [4].
Many schemes for the implementation of SPD [5-10] and CD [11-15] have been proposed. In the case of titanium, such
a combination was realized in [12—14]. The SPD application by the method of «upsetting—extrusion—drawing» with
subsequent additional drawing at liquid nitrogen temperature [13] allowed to obtain a wire from iodide titanium with
the ultimate tensile strength of 1250 MPa, which is, apparently, one of the highest values for the material of a given
purity. This strength is conditioned by small grain size, high uniformity of the grain structure and presence of high-
angle boundaries. In [16] the role of the initial grain size of high-purity titanium samples, obtained by the SPD method
and subsequent annealing, was studied in the evolution of their structure and variation of their properties under the
impact of CD by the quasi-hydrostatic extrusion (QHE) method at liquid nitrogen temperature. Such a low-temperature
deformation resulted in grains refinement in the high-purity sub-microcrystalline titanium up to nanolevel, i.e. to the
size of grains less than 100 nm.

At the same time, the information about the regularities of the variations in the properties of titanium subject to the
grain size, and about the mechanisms of metal deformation in the region of ultra-small grains is contradictory. It is
known that the yield strength of many metals and alloys increases with the decrease in the grain size according to the
known Hall-Petch relation o=co+kd"""> [17]. In some works the classical linear dependence o(d""?) was found, in the
others some facts about the absence of ¢ dependence on the grain size were noted, as well as the presence of the grain
size interval, where a decrease in the yield strength with the decrease in the grain size was observed (the so-called
“inverse” or “anomalous” Hall-Petch relation) [18]. Violation of the Hall-Petch law may be caused by a change in the
basic mechanism of the material deformation. In this regard, it is of interest to study the mechanical properties of high-
purity titanium when varying the grain size from tens of nanometers to several micrometers.

Besides, it is known [19, 20] that in some materials in the process of deformation the so-called S-D effect is
observed, which lies in the different yield strengths when they are tested in uniaxial tension and uniaxial compression.
We have no reference data about the influence of the grain size on the amount of this effect in the high-purity titanium.
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Particular data on the mechanisms of metals and alloys deformation is given by acoustic emission (AE). The
acoustic emission waves emitted in the course of the material deformation represent the processes of its dynamic
adjustment and are determined by both characteristics of the material itself (structure, chemical and phase composition,
etc.) and the conditions of its loading. However, the acoustic emission in the process of titanium deformation was
studied, mainly, using the commercial grade VT1-0 titanium [21-23] in the standard coarse-grained state [24-26].

The objective of this work was to study the influence of the structural state of high-purity titanium, obtained by
various methods (SPD, CD, annealing), on its mechanical properties in tension, compression and microindentation tests,
as well as to study the characteristics of the acoustic emission in the process of the samples compression at room
temperature.

MATERIALS AND RESEARCH METHODS
For the research iodide titanium was used, whose impurities content, according to the certificate, was as follows
(wt.%): O — 0.01, N — 0.01, C — 0.01, Si — 0.009, Fe — 0.005, Ni — 0.005, Mg — 0.004, Mn — 0.004, Al — 0.005, Cr —
0.005. After double electron beam remelting in high (1.3-107* Pa) vacuum, the hardness of the obtained ingot was
Hgp~1.13 GPa. The ratio of the electrical resistances at temperatures 293K and 77K was R293/R77=9.62. The severe
plastic deformation was realized in two stages. At the first stage the upsetting-extrusion of the initial ingot and its

subsequent drawing into the wire rod were carried out [27]. In this case the ingot was upset from @43 mm

t0J48.5 mm at room temperature (true, or logarithmic, deformation e¢,=0.24). Then, the obtained sample was placed
into the preheated muffle furnace, heated to temperature T=600°C (the heating process took 20-25 minutes),

transported to the extrusion container, preheated to 250°C, and extruded to ©28 mm (e;=1.10). One more extrusion to
@10 mm (e5=2.20) was performed in the same way as the first one, with the only difference, that the sample was heated

up to 550°C. The obtained wire rod with J10 mm was drawn to &5 mm at room temperature (e,=1.39). The total true
deformation was espp=e;terteste;~4.93.

The obtained rod with @5 mm was taken as the basis for the manufacture of the experimental samples: it was cut
into samples 25 mm long, some of which were annealed in vacuum 1.3-10"! Pa at temperatures T,,,,= 250, 300, 350, 450,
550°C for one hour to achieve different structural states. Then the samples in the initial and annealed states were used
both to study the microstructure and mechanical properties and to implement an additional stage of QHE deformation at
liquid nitrogen and room temperatures (the QHE technique was described in [28, 29]). The degree of QHE deformation
for all the samples was the same and made about 45% (the true deformation e5~0.6). The total degree of deformation of
the material, which was not subjected to the intermediate annealing, with QHE taken into account, made e;/=5.53.

The samples obtained according to the “upsetting — extrusion — drawing up to &5 mm” scheme will be referred
to as “SPD”-titanium, with the state specification (un-annealed, i.e., in the initial state, or annealed at the specific
temperature 7T,.,), the processes of quasi-hydrostatic extrusion and their results will be indicated as "QHE300" and
"QHE77", according to the extrusion temperatures in Kelvins.

The samples microstructure was investigated by transmission electron microscopy method (electron microscope
JEM-100 CX).

The microhardness H, of the samples was measured on the transverse sections using a PMT-3 microhardness
tester with the load of 0.5 N. The mechanical tests in compression and tension were carried out at room temperature on
the universal 1958-U10-1 testing machine with the deformation rate of 2-10* s™!. The samples for tension tests had a
standard shape of dumbbells with the gage section diameter of 2 mm and length of 15 mm; here the cylindrical samples
with the diameter of 3 mm and height of about 4 mm were compressed.

In the process of the samples compression, the resulting acoustic emission (AE) was investigated. To record AE
signals the eight-channel acoustic complex M400, developed at the Institute of Mechanical Engineering Problems of the
National Academy of Sciences of Ukraine, was used, which allowed recording pulses of different amplitudes [30]. ZTP-
19 ceramic piezoelectric transducer (180 kHz resonance frequency) was pressed with a special holder with a constant
force through a lubricant layer, which improved the acoustic contact, to the lower side of the sample-bearing platform.
When testing samples, after a certain time interval (from 1 to 5 s), the deformation parameters (applied load, grip
displacement) and the number of AE pulses, which were received by each of the eight amplitude counters-
discriminators of the acoustic complex, were synchronously recorded. Collection, processing and analysis of
experimental results were performed using a computer.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION
Microstructure

Electron-microscopic studies of cross sections of deformed rods &5 mm showed (Fig. 1a) that the SPD scheme
application resulted in formation of the submicrocrystalline state, characterized by an average grain size (subgrain) of
about 150 nm (while in the process of warm deformation the grains were refined to 225 nm, the follow-up refinement
was caused by drawing them at room temperature). In cross-section the grains have a non-equiaxial shape, and between
them a low-angle misorientation prevails. In the longitudinal section of the rod the grains are strongly elongated in the
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direction of drawing, and their average size is 2-3 times larger than that in the cross section. In the body of grains a
rather high dislocation density is observed.

The samples, cut from the rod, were annealed isochronically for one hour in the temperature range of 250-550°C.
Annealing at temperatures up to 300°C does not cause a noticeable change in the grain size, but leads to formation of
clearer grain boundaries, the dislocation density in them decreases (Fig. 1b). In this case, predominantly small-angle
grain misorientation is preserved.

- ‘_,'kinmf L~
Fig.1. Microstructure of high-purity titanium after SPD, annealing at different temperatures and QHE at room and at liquid-nitrogen
temperatures: (a) — SPD; (b) — SPD+annealing at 300°C; (c) — SPD+annealing at 350°C; (d) — SPD+annealing at 550°C, (e) —
SPD+QHE300; (f) - SPD+QHE77.

An increase in the annealing temperature to 350°C leads to the onset of the recrystallization process and formation
of a bimodal structure with the average grains size of 150 nm and 0.6 pm (Fig.1c). Further annealings at 450° and
550°C (Fig.1d) lead to an intensification of the recrystallization process: the developed grains, having large
misorientation and clear thin boundaries, are of the average size of 4 and 9 pm in these samples, respectively.

The microstructure transformation by QHE was studied on the SPD-titanium samples with the initial average grain
size of 150 nm (Fig.1a) and on the SPD+annealing samples. The electron-microscopic studies have shown that QHE
causes refinement of the grain, but the degree of this refinement substantially depends on the treatment temperature. So,
after QHE300 the structure of high-purity SPD-titanium changed a little as compared to that in the initial state: the
average grain size made 130 nm (Fig.1e). An increased dislocation density was observed inside the grains. At the same
time, QHE77 resulted in a significant refinement of the structure, the average grain size decreased by half and made
75 nm (Fig.1f). In this case the grains in the cross section of the sample became more equiaxial. The high density of
point reflections in the micro-diffraction pattern also indicates to a significant refinement of the grains.

Mechanical properties

Figure 2 presents the obtained data on yield strength value oy, of the samples in the tension and compression
studies. The behavior of the dependences turned out to be identical: the oy, value in samples of the “SPD-+annealing”
series dropped under compression as sharply as under tension (Fig. 2, curves 1). Quasi-hydrostatic extrusion
significantly reduces the role of the preliminary annealing temperature, and this reduction is much more clearly marked
at QHE77 (curves 3) than at QHE300 (curves 2). In this case, as can be seen, titanium, which has been treated according
to the “SPD+QHE77” scheme, gives the highest value of the yield strength under compression 0y ,~810 MPa.

The hatched areas in Fig. 2 visually demonstrate the above mentioned S-D effect: it can be seen, that in all states
of the high-purity titanium under study the yield strength values under compression are higher than those under tension.
The observed difference in the values of yield strengths under uniaxial compression (oy.2.) and tension (oy.>;) determines
the value of relative S-D effect 4. It was calculated by the formula [20]:

_ 2(0'0_20 _0-0.2:) .100% - (1)
0-0.20 + 0-0.21
The 4 values calculated by formula (1) are presented in Fig.3. As can be seen, the nature and value of the S-D
effect depend on the structural state of the material. In the initial SPD samples and SPD+(350, 450)°C samples, the
value of 4 is approximately constant and makes about 10%, and then it grows sharply to =21% for the SPD+550°C
samples. The QHE300 treatment results in a more uniform, but inverse change in the value of the effect: from

A



32
EEJP. 3 (2019) Kseniya Kutniy, Igor Kislyak et al.

maximum 4~22% for the samples SPD+QHE300 to 4=5% for the samples SPD+550°C+QHE300. And finally, the
QHE77 treatment results in the loss of any significant dependence of 4 on the previous history of the samples: the effect
is almost constant, within the level of <10%.

24 1 1 1 1 1 1
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Fig.2. Dependences of the titanium samples yield strengths in  Fig.3. Dependences of the relative value of S-D effect on the
compression and tension on the annealing temperature and annealing temperature and processing scheme: 1 -
processing  scheme: 1 - SPD+annealing; 2 - SPD+annealing; 2 - SPD+annealingtQHE300; 3 —
SPD+annealing+QHE300; 3 — SPD+annealing+QHE77. SPD+annealing+QHE77.

The authors [31] reported on the observation of the S-D effect in commercially pure titanium, where its maximum
value corresponded to a coarse-grained state (the average grain size was about 15 um) and made 4=32%. Here, the
value of 4 decreased with grain size decreasing. Apparently, such a high value of 4 may be due to the increased oxygen
content in their material (up to 0.34 wt.%, in contrast to 0.01 wt.% in our titanium). As is known, oxygen strongly
affects the titanium mechanical properties: it increases strength, reduces ductility, and increases the value of S-D effect
[32]. In our samples a high 4=21% value was observed for the samples annealed at 550°C and having a fully
recrystallized structure and the grain size of 9 pm. At the same time, however, approximately the same 4~22% value
was determined for the SPD+QHE300 samples having the small grain size of =130 nm. This may mean that the grain
size is not the only parameter that determines the value of 4. In [16] it was shown that despite the fact, that the quasi-
hydrostatic extrusion of SPD samples at 300 K (SPD+QHE300) results in some grain refinement (130 nm as compared
to 150 nm for the SPD samples), the yield strength oy decreases. It was suggested that one of the reasons for this
anomalous effect could be a change in the stressed state and density of dislocations. Perhaps these factors also affect the
value of the S-D effect.

The obtained data on the mechanical characteristics and grain size in the studied samples of high-purity titanium
allowed representing the relationships between them in the Hall-Petch coordinates for the yield strengths in tension
(Fig.4a), in compression (Fig.4b) and for microhardness (Fig.5).
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Fig.4. Dependencies of yield strengths in tension (a) and compression (b) on the grain size of the high-purity SPD-titanium after
various heat treatments and quasi-hydrostatic extrusion at room temperature and liquid nitrogen temperature.

The presented graphs show that, despite the available scatter of data, in general the Hall-Petch ratio in the case of
high-purity titanium is satisfactorily performed over the entire range of grain sizes from 75 nm (SPD+QHE77) to 9 um
(SPD+annealing at 550°C). This means that the most likely mechanism of deformation in the entire specified region is
dislocation slip [33].
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Fig.5. Dependence of microhardness on the grain size of high-purity SPD-titanium after various heat treatments and quasi-hydrostatic
extrusion at room temperature and liquid nitrogen temperature.

Note, that the coefficients in the Hall-Petch equation for the yield strength in tension oco2=co+k d'"?
(k=0.155 MPa-m"?), in compression 6o2=0octk.-d"? (k~=0.178 MPa-m'?) and for microhardness H,=Hotk; d'">
(k=0.375 MPa-m'?) turned out to be much lower than the reference data obtained for the commercial grades of
titanium (k, makes 0.53 MPa-m'?[18] and 0.21 MPa-m'?[33] for titanium VT1-00, k;, for this grade of titanium makes
0.65 MPa-m'*? [33], and for titanium VT1-0 &, makes 0.4 MPa-m'? [34], 0.7 MPa-m'? [35] and 0.4 MPa-m'? [36]). As
long as these coefficients characterize the "ease" of plastic deformation propagation through the grain boundaries, i.e.
“transparency” of the grain boundaries for the dislocations transition from grain to grain, this result indicates to the fact,
that in high-purity titanium the “transparency” of boundaries is higher than in the commercial titanium, in which the
boundaries are enriched with impurities.

The values of oo, ooc and Hy in the Hall-Petch equations characterize the resistance (friction) stress of the crystal
lattice to the dislocation slip. For the studied titanium these values are o=200 MPa, 6o=250 MPa and Hy=1200 MPa.
These parameters turned out also lower than those for the commercial grades of titanium. Thus, according to the data by
different authors, for VT1-00 oo makes 290 MPa [33], for VT1-0, the values of Hy are 1840 MPa [33], 1500 MPa [34],
1550 MPa) [35] and 1500 MPa [36]. The lower values of these parameters in our titanium are due to the lower
concentration of the impurity atoms in the crystal lattice, which make additional obstacles to the dislocations motion.

Acoustic emission

AE signal recording has shown, that the activity, the total amount of the recorded signals and the amplitude
distribution of the signals depend on the structural state of titanium.

Figure 6 shows the AE activity curves of the titanium samples after severe plastic deformation and subsequent
annealing at temperatures of 350 and 550°C. A significant difference between these curves is observed. Thus, the AE
activity of the SPD-titanium samples after a small growth in the initial part of the loading remains very low at further
deformation.

The dependences of the AE activity after annealing of SPD-samples at temperatures of 350 and 550°C have quite a
different character. In the stage of plastic deformation, the AE activity of these samples sharply grows, and maxima are
observed on the AE curves; the absolute values of AE activity increase by an order of magnitude relative to the values
at the elastic stress section. It can be seen, that the rise of AE activity in samples annealed at 350°C starts a little later
than in the samples with 7,,,~=550°C. It should also be noted, that AE both in the initial SPD-samples and in the
annealed samples starts immediately after the deformation onset in the stage of elastic deformations.

Fig. 7 shows graphs (in absolute values) and histograms (in relative values) of the number of pulses, which were
recorded by 8 counters. Each of the counters (channels) was adjusted to record the AE signal of certain amplitude. The
upper and lower amplitudes of each counter (adjusted to the preamplifier input) were 10-20, 20-30, 30-40, 40-50, 50-60,
60-70, 70-80, and >80 uV.

The analysis showed that histograms of the AE signals distribution in amplitudes had features related to the type of
amplitude distribution and the quantitative ratio of high-amplitude AE signals to low-amplitude ones. Usually, in the
case of plastic fracture of metals the amplitude distribution has an exponential form, and the number of low-amplitude
signals always exceeds the number of high-amplitude ones. Violation of this rule in the process of material deformation
is usually associated with a change in the deformation mechanism or the onset of the formation and propagation of
cracks. In the tested SPD-titanium the amplitude distribution spectrum contains signals of both low and high amplitudes,
but the number of low-amplitude signals is greater than that of the high-amplitude ones (see Fig. 7b). But for the
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samples SPD+annealing at 350°C, the number of high-amplitude signals in the spectrum was significantly greater as
compared to the number of low-amplitude AE signals. For the samples SPD+annealing at 550°C a sharp increase in the
low-amplitude AE signals is observed in the spectrum, and the amplitude distribution is of exponential character (see
Fig. 7a).
900 -
800-
700-
600
500
400
300+
200+
1001
0

AFE activity, impulse/sec

0 100 200 300 400 500
Time, sec
Fig.6. Dependence of AE activity on the titanium samples state: 1 — SPD; 2 — SPD+annealing at 350°C; 3 — SPD-+annealing at 550°C.
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Fig.7. Dependencies of the number of recorded AE signals on their amplitude in absolute (a) and relative (b) units in titanium
samples after treatment: (1) — SPD, (2) — SPD+annealing at 350°C, (3) — SPD+annealing at 550°C.
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The specific features of the AE activity dependence on the deformation of titanium samples during their loading
(Fig. 6) are determined by the structural state of the tested samples. Let us analyze these characteristic properties.

As noted above, in the process of SPD a submicrocrystalline state of titanium is formed with an average grain
(subgrain) size of about 150 nm. Annealing at 350°C leads to the onset of the recrystallization process and to the
formation of a bimodal structure with an average grain size of 150 nm and 0.6 pm; annealing at the temperature of
550°C leads to recrystallization and formation of grains of 9 um in size. The microhardness of the SPD titanium
samples makes H,=2.3 GPa, and, after annealing at 350 and 550°C, it is 1.7 and 1.36 GPa, respectively. Thus, the heat
treatment of SPD titanium samples results in an increase in the grain size and a decrease in the hardening (hardness) of
the metal.

Numerous experiments have shown, that the acoustic emission depends on the grain size in the metal: with the
decrease of the grain size the AE signals generation also decreases [37]. This is due to the fact that, as the grain size
decreases, the number of obstacles to dislocation slip, in the form of the grain boundaries, grows. A short distance of the
dislocations sliding and an increase in the number of obstacles to their movement result in the decrease in the rate (and,
hence, the energy) of the emitted AE pulses. This leads to a lower probability to detect the AE source when the grain
size decreases. For the metals with very fine grains, the energy of the emitted pulses may be below the threshold of the
equipment sensitivity, and the acoustic emission will not be observed until the sample is destroyed.

Hardening of titanium in the process of SPD and quasi-hydrostatic extrusion also results in a decrease in the AE
activity. The effect of hardening on the activity of titanium AE is described in detail in [38].



35
Structural State Effect on Mechanical Properties and Acoustic Emission of High-Purity... EEJP. 3 (2019)

Thus, the specific features of the AE activity curves for the SPD and SPD+annealing samples at temperatures of
350 and 550°C are determined by the grain size and the value of titanium hardening (hardness). Larger grain size and
lower microhardness lead to the fact, that in the samples SPD+annealing at 550°C the plastic deformation starts at lower
stress than in the SPD+annealing at 350°C samples (Fig. 6, curves 2 and 3).

The probable cause for the occurrence of specific amplitude distribution of AE in titanium samples
SPD-+annealing at 350°C, which have a bimodal structure, can be shear bands. Usually, the high-amplitude pulses are
attributed to propagation of twins, the number and "power" of which increase with the grain size rise. SPD-titanium is
characterized by submicron size grains, in which twinning is completely absent. Probably, the high level of the internal
stresses, which is inherent in SPD-titanium, is summed up with the applied external stresses, what results in the
formation of a large number of shear bands at the stage of the developed plastic deformation [39]. Elimination of these
stresses by annealing (in our case it is annealing of SPD-titanium at 550°C) prevents the occurrence of shear bands,
while the grain growth leads to the fact, that the character of the change in the AE low-amplitude component of the
titanium, annealed at 550°C (Fig. 6, curve 3), is similar to the change in the activity that was observed when studying
the acoustic emission of industrial sheet titanium in the process of its deformation [39]. It is determined by the
dislocation mechanism of deformation and the structural features: the distribution of impurities and the degree of
dislocations pinning.

To gain a more complete understanding of the detected specific features of AE signals amplitude distribution in
titanium samples after SPD and subsequent annealing, further studies are required.

CONCLUSIONS

1. Mechanical tests on uniaxial tension, compression and microindentation of high-purity titanium samples in
different structural states, formed by severe plastic deformation in combination with annealing and quasi-hydrostatic
extrusion at room and liquid nitrogen temperatures, were carried out. The microstructure of the samples is characterized
by an average grain size, which varies from 9 microns to 75 nm. The values of the yield strengths and the micro-
hardness values for the samples with different grain sizes were determined.

2. In the obtained samples a noticeable difference was found in the values of the yield strength in compression and
tension, the so-called S-D effect. The relative value of the S-D effect, 4, depends on the structural state of the material
and varies from about 10% to 21-22%. At the same time, there is no unambiguous relation between the grain size and
the value of 4.

3. Satisfactory performance of the Hall-Petch relation for the high-purity titanium in the whole range of the studied
grain size values was shown. This fact indicates that deformation at the initial stage is realized by one mechanism —
dislocations glide. The values of the coefficients in the Hall-Petch equation for tension deformation
(k=0.155 MPa-m!"?), compression (k=0.178 MPa-m"?) and for microindentation (k,=0.375 MPa-m'?) were determined.
These coefficients are noticeably lower, than the corresponding values for the commercial grades of titanium, i.e., in
high-purity titanium grain boundaries are weaker barriers for moving dislocations. Also, the values of parameters oy and
Hy, which characterize the lattice resistance to the dislocation glide, turned out to be lower.

4 Acoustic emission of the high-purity titanium samples in various structural states was studied in the process of
deformation by uniaxial compression. The analysis of the AE activity dependence on the degree of deformation and the
nature of the amplitude distribution confirms the dislocation mechanism of plastic deformation of nano- and
submicrocrystalline titanium samples. In this case, the presence of a significant number of high-amplitude AE signals in
the samples with a bimodal microstructure, obtained by severe plastic deformation and annealing at 350°C, may be due
to the formation of shear bands.
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BIIJIUB CTPYKTYPHOI'O CTAHY HA MEXAHIYHI BJIACTUBOCTI TA AKYCTUYHY EMICIIO
BHCOKOYHUCTOT'O TUTAHY 3A PI3HUX BUIIB JE®OPMAIIIT
K.B. KyTtniii, LII. Kicask, O.C. Kaabuenko, I1.I. CtoeB, M.A. TuxonoBcbkuid, I1.0O. XaiimoBuu
Hayionanvruii nayxosuti yenmp «Xaprigcokuil izuxo-mexHiunull iHCImumymy»
eyn. Axademiuna 1, 61108, m. Xapxie, Yrpaina
IpencraBneni pe3yjbTaTd IOCHIKEHHS MEXaHIYHHX BJIACTUBOCTEH BHCOKOYHCTOrO TUTAaHYy 3 pO3MipaMu 3€peH BiI JAECATKIB
HAHOMETPIB 10 KiJIbKOX MIKPOMETPIB 32 OJJHOOCHOTO PO3TSATHEHHSI, OMTHOOCHOIO CTUCKAHHS 1 MIKPOIHACHTYBaHHs. Pi3Hi cTpyKTypHI
CTaHH B BUCOKOYUCTOMY THTaHI Oyim cpOpMOBaHI HUITXOM iHTEHCHBHOI IUIACTUYHOI Aedopmarii 3a CXEMOI «OCaIKyBaHHI-
BHIABIIIOBAHHSA-BOJIOUiHHA» B TOEJHAHHI 3 Bigmamamu npu Temmeparypax 250-550°C 1 KBa3iriIpoekcTpy3i€ro mpHu KiMHATHIN
TeMIeparypi Ta TeMIepaTypi piIKoro a3oTy. Bu3HaueHO 3HAUCHHS MEX IDIMHHOCTI i BEJIMYMHM MIKPOTBEPHOCTI UIS 3pa3KiB
BHCOKOYHCTOTO TUTaHy 3 Pi3HHM po3MipoM 3epHa. [lokazaHo, 10 NMO€JHAHHS IHTEHCHBHOI ITacTHYHOI Aedopmamnii Ta KpioreHHOT
KBa3iripoeKcTpy3ii JO3BOJIMIO CTBOPUTH BUCOKOUNCTHI HAHOKPUCTAIIIYHHUI TUTAH 3 BUCOKMUMH MEXaHIYHUMHM BilacTHBOCTAMU. JlaHi
EKCIIEPUMEHTIB MIPpOaHajIi30BaHi 110/I0 BUKOHAHHS CIiBBiaHOIIEHHsT Xona-Iletya Ta po30DKHOCTEH BEIMYMH MEX IUIMHHOCTI HPH
ctrckanHi Ta po3rsarnenti (S-D edexr). [Toka3aHo 3a10BiIbHE BUKOHAHHS CIiBBigHOUIEHHs Xona-TleTya 1/isi BACOKOYMCTOrO THTAHY
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B ycii 00yacTi JOCHi/UKEHHX 3HAYeHb PO3MIpPy 3€pHA i BCTAHOBICHO IIOMITHE PO3XOMKEHHS y BEIMYMHAX MEX IUIMHHOCTI Ha
CTHCHEHHS 1 po3TsirHeHHs. BusHaueno 3HaueHHs koedinieHTiB B piBHsHHI Xona-Iletua s gedopmanii po3TArHEHHSM, CTUCHEHHSIM
i s MmikpoinneHTyBaHHs. L[i koe(illieHTH TOMITHO HIKYE BIAMOBIJHHX 3HAYEHb Ul TEXHIYHHUX COPTIB THTaHy, TOOTO B
BHCOKOYHCTOMY THTaHI TpaHUII 3€peH € clabmmmu Oap'epaMu Ui PyXOMHX AWCIOKAlid, HDK B TEXHIYHOMY THTaHi, y SKOTO
rpaHuii 30aradeHi gomimkamu. 3’sCOBaHI O0COONMBOCTI eMicii aKyCTHYHHX XBWJIb 32 CTHUCKYBaHHS 3pa3KiB, IO MArOTh Pi3HHA
CTPYKTYpHHH cTaH. 3po0JICHO BHCHOBOK, IO JedopMallist THTaHy B YCIiX JOCITIPKEHUX CTPYKTYPHHX CTaHAX BiIOYBa€ThCs MIIIXOM
JIACIIOKAIIfHOTO KOB3aHHS.

KJIOUOBI CJIOBA: BHCOKOYMCTHII THTaH, HAHOCTPYKTYpa, CTHCKaHHS Ta pO3TATHEHHs, criBBinHOmeHHS Xomna-[lerya,
aKyCTHYHA eMicis

BJUSHUE CTPYKTYPHOI'O COCTOSTHASI HA MEXAHUYECKHUE CBOMCTBA U AKYCTUYECKYIO
SMUCCHIO BBICOKOYUCTOI'O TUTAHA ITPU PA3JIMYHBIX BUJTAX JTEPOPMAIIUN
K.B. KytHunii, 1.®. Kucask, A.C. Kaasuenko, I1.A. CtoeB, M.A. Tuxonosckuii, I.A. XaiimoBuu
Hayuonanenwiii nayuneiii yenmp «Xapvko6ckuil pu3uKo-mexHuuecKuil UHCMumymy
yn. Akademuuecxas 1, 61108, 2. Xapvkos, Ykpauna

IIpencraBneHsl pe3yiabTaThl UCCICNOBAHUS MEXaHMYECKUX CBONCTB BBICOKOYHCTOIO THTaHa C pa3MepaMU 3€peH OT JECSTKOB
HAaHOMETPOB JI0 HECKOJbKMX MHUKPOMETPOB IPH OJHOOCHOM DACTSDKCHHH, OJHOOCHOM CXKaTUM M MUKPOMHIEHTUPOBAHUM.
Pa3nuuHble CTPYKTYypHBIE COCTOSIHMS B BBICOKOYHMCTOM THTaHE ObUIM C(HOPMHUPOBAHBI IIyTEM HHTEHCHBHOH IIACTHYECKON
JegopManuu MO CXeMe «O0caJKa—BbIJABIMBAHHE BOJIOUYEHHE» B COYETAHHM C OTXHraMd mpu Temmeparypax 250-550°C u
KBa3UTHIPOIKCTPY3HEi IPH KOMHATHOH TeMIlepaType u TeMIepaType *KUAKOro azora. OmnpeeneHsl 3HaUeHHS IPEAEIOB TeKyIeCTH
1 BEMYMHBI MHKPOTBEPJOCTH I 0Opa3oB BHICOKOYHCTOTO THTaHA C Pa3MYHBIM pa3MepoM 3epHa. IlokazaHo, 94TO coueTaHne
WHTCHCHUBHOW IIACTHYECKOH JnedopMamuy ¢ KPHOTEHHOH KBa3UTHAPOIKCTPY3WEH IO3BOJIMIIO CO3/aTh  BBICOKOYHCTBIM
HaHOKPHCTAJUIMIECKUH THTaH ¢ BEICOKUMH MEXaHMYECKUMH CBOICTBaMU. [laHHBIE SKCIIEPHMEHTOB MPOAHAIN3UPOBAHEI HA TIPEIMET
BBINIOJIHEHUsT cooTHOLIeHHs Xoiuta-IleTya u HeCOBIaACHNs BEJIMYMH NPEJIENIOB TEKYYECTH MPU CXKATHU U pacTsvkeHud (S-D addexr).
[Toka3zaHO yZOBJIETBOPUTENBHOE BBINOJHEHHE COOTHOLIEHHs Xojuia-IleTya Uit BBICOKOYHMCTOTO THTaHa BO Bceil oOmactu
HCCIIE0BAHHBIX 3HAUEHMI pa3Mepa 3epHa M yCTaHOBJIEHO 3aMETHOE pa3iM4Me B BEJMUMHAX TPEETIOB TEKy4eCTH Ha C)KaTHE U
pactspkenue. OnpeneneHsl 3Ha4eHNsT K03GGUIMEHTOB B ypaBHeHHH Xouta—lleTua ans nedhopManuy pacTsbKEHHEM, CKATHEM H JUIS
MHUKPOUHJCHTUPOBAHHSA. DTH KO3 (HIUESHTH 3aMETHO HIMKE COOTBETCTBYIOIINX 3HAUCHUI I TEXHUIECKHX COPTOB THTaHA, T.€. B
BBICOKOYHCTOM THTaHE TPAHUIBI 3€PEH SBILSTIOTCA Ooiee crabbiMu OGapbepaMul ISl ABIOKYIIMXCS JHUCIOKAIMIM, 9YeM B TEXHHIECKOM
THTaHE, y KOTOPOTO I'paHULBI oOoramieHHble npumecsiMu. OrnpeneneHbl 0COOEHHOCTH SMHUCCHU aKyCTHYECKHX BOJH IIPU CHKATHU
00pasIoB, IMEIOINX PA3IUIHOE CTPYKTypHOE cocTostHue. ClenaH BEIBOA O TOM, 4TO AehopManus TUTaHa BO BCEX MCCIEIOBAHHBIX
CTPYKTYPHBIX COCTOSHUSIX OCYILECTBIISETCS TUCIOKAIIOHHBIM CKOJIbKCHUEM.

K/IFIOYEBBIE CJIOBA: BbICOKOYMCTBII THUTaH, HAHOCTPYKTypa, CXaTHE€ M pacTshkeHHe, cooTHoueHue Xoia-Ilerya,
aKyCTHYEeCKasi SMHUCCHS
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Using X-ray structural analysis, features of changes in characteristics of crystallographic texture during cold working of Zr-2.5%Nb
alloy plates by longitudinal and cross rolling has been investigated. To make original plates, longitudinal fragments and rings of
J15.0x1.5 mm? tube annealed at 580 °C were used. The plates were rolled at room temperature to the degrees in the range from 6 to
56% with 5...7% per pass and the rate of 5...10s™. Using the method of inverse pole figures with measuring by the Bragg-Brentano
optical scheme, densities of reflections along normal to plane of the plates (pole densities) was determined. Based on this, distribu-
tions of orientations of c-axes of hcp lattice of the material have been analyzed. Local features of the distributions, which were at-
tributed to signs of twinning effects in texture changes in the alloy, are revealed. At subsequent analysis, an effect of strain non-
uniformity associated with prehistory of the plates was taken into account. It is established that the second stage of (moderate)
changes in Kearns textural coefficient of the plates with the deformation degrees differs from the initial stage of accelerated changes
by activation of compression twins. By the method of tilt scanning (of rocking curves) around the Bragg-Brentano position at regis-
tration of (0004) reflection intensities, changes in orientation distributions of c-axes in longitudinal and cross section of the plates for
both parties were investigated. It is noted that the main textural changes in process of deformation of the plates occur in the cross-
sectional plane of the original tube and are most expressed on the cross-rolling plates. The doublet in the distributions of c-axes,
characteristic for rolling texture of hcp metals of titanium subgroup, was noted just at the second stage of the texture changes in the
material. Its directionality is mainly associated with the plane of cross-section of the original tube. A connection is revealed between
features of the pole density distributions and expression degree of the textural doublet on the rocking curves. According to the results
obtained and analysis of other publications, twinning nature of the textural doublet was confirmed and a schematic sequence of its
formation was proposed with participation of compression twins of {112 2}(1123) system and tensile twins of {1012}(1011) and
{112 1}(1126) systems.

KEYWORDS: zirconium alloys, rolling, XRD, texture, twinning.

This work is a continuation of studies of regularities and mechanisms of texture changes during plastic defor-
mation of the Zr-2.5%Nb alloy widely used in nuclear industry [1]. Texture of products with hcp lattice of material, in
particular, of zirconium alloys, is a factor of anisotropy of the materials and many of its properties. They are mechani-
cal, electrical and thermal characteristics, etc. Effect of radiation growth of tubes made of zirconium alloys in the reac-
tor core is closely related to crystallographic texture.

A special feature of the work is a study of material with a lowered initial texture and, herewith, the use the method
of inverse pole figures (IPFs) with sample scanning by the usual diffractometric scheme. From the textural method of
direct pole figures, widely used recently, this method differs by its significant simplicity. In addition, this method has
advantages in accuracy of determining of certain texture parameters of the materials directly related to the listed charac-
teristics of products. All this as a whole gives the possibility to study quantitative regularities of changes in texture
characteristics depending on physical and technological factors.

The main such parameter, which was proposed for studies of samples of zirconium alloys, is Kearns textural coef-
ficient [2]. This is a characteristic expressing degree of directionality of c-axes of crystalline hep cell of grains in poly-
crystalline material along a given geometric direction in a product:

fi=(cos’ ). M

where oy are the angles between a given direction (k) and orientations (i) of c-axes.

Most of the listed product characteristics, dependent on crystallographic anisotropy of zirconium alloys, are asso-
ciated with the f coefficient linear dependence. In particular, the textural coefficient of radiation growth of zirconium
elements of reactor core and fuel assembly components is unambiguously connected with it: G =1 — 3f[3].

In the previous work [4], studies were carried out on regularities of changes in the textural coefficient depending
on degrees of deformation by longitudinal and cross rolling of plates made from fragments of a tube of this alloy. Exist-
ence of two stages was revealed: the initial stage of an increased rate of growth of the coefficient and the subsequent
moderate stage. By analyzing dynamic of c-axes distributions with deformation degrees of the alloy, the leading role of
twinning in the changes on the initial stage of deformation was established.
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The purpose of this work is to continue the studies of role of structural mechanisms in regularities of changes in
crystallographic texture of this alloy at longitudinal and cross rolling. This is envisaged by implementation additional
studies with detailed analysis of texture of samples made and investigated at the previous stage of work. In this regard,
we use additional techniques and approaches to X-ray analysis of texture.

EXPERIMENTAL

On material [4]. For making samples of Zr-2.5%Nb alloy, the original material was a tube &15.0x1,5 mm? of
RBMK reactor fuel assemblies with final annealing at 580 °C for 3 h.

Samples in the form of plates were made of longitudinal fragments and rings of the tube, 4020 mm? and
20x10 mm? of size, respectively. The plates were annealed at 580 °C for 24 h in 1.5-103 Pa vacuum, and then etched up
to 65 um.

The plates were rolled at room temperature from 6 to 55% on the whole with a step of 5...7% per pass and a speed
of 5...10s™! without intermediate annealing. According to the nature of texture of the original tube [4], the rolling was
considered as an analogue of longitudinal (for plates of longitudinal fragments) and cross rolling (for plates of rings).

Methods. The IPF method with the principle of calculating the textural coefficient is described in [4].

At this stage, as one of the research approach, we analyzed the distribution of orientation of c-axes along the nor-
mal to surface of the samples — density of c-axes distribution by the angle of their deviation from the normal direction
(ND), regardless of other coordinate angles. As an analogue of such a distribution, the pole density values (Pun) were
used. In this case, only pyramidal planes of the first kind — (40 4 [) — were taken into account. Such a group represents
the densest sequence of Py values, where the result of the changes may be most noticeable.

As a second additional method of analysis, the technique of tilt scanning of plates (rocking curve measurements)
was used. This is aimed at analyzing c-axes distribution within the planes of orthogonal plate section. The distributions
of (0004) X-ray intensities were analyzed when the shooting direction deviated from the normal to the plate plane (ND)
towards the rolling direction (RD) and towards the transverse direction (TD) associated with the rolling geometry.

To eliminate the effects associated with misalignment of the optimal X-ray optic scheme, a wide receiving slit of
the counter was used, and the intensity measured was averaged over two opposite tilts.

RESULTS END DISCUSSION
Graphical regularities
Fig. 1,2 show the pole density distribution (Pyun; c-axes distributions) for (40 ) reflections in the ND direction

of plates, including (0002) and (1010) reflections. Distributions are presented in cos?a coordinates for the initial and
deformed state of samples after longitudinal (Fig. 1) and cross rolling (Fig. 2). The graphs, presented in common-
logarithmic scale, are located with deformation degrees above each other through the single-unit interval of the ordinate
grid.
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Fig. 1. C-axes distributions at (0 / [)-reflecting positions of grains in ND direction of longitudinally-rolled Zr-2.5%Nb plates on tex-
ture measurements on the inside (a) and outside (b) of original tube.
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Fig. 2. C-axes distributions at (%0 /; [)-reflecting positions of grains in ND direction of cross-rolled Zr-2.5%Nb plates in presentation of
texture data measured on the inside (a) and outside (b) of original tube.

The most characteristic regularities should be noted on the data obtained from the surface of the plates on the in-
side of the original tube (Fig. 1a, 2a). The main course of the graphs in logarithmic representation of data is linear and
uniform for all states and for each of two batches. This corresponds to the second stage of the change of the textural
coefficient (f) with the plate deformation — to the stage of moderate changes [4]. These data are represented by graphs
with light circles in Fig. 3a,b. They indicate that for the texture of the inner surface areas of the tube, its blanks, it is
sufficient to reach the second stage by straightening the blanks, which for these areas is similar to rolling by 10% re-
gardless of the subsequent preliminary annealing the samples in the a-phase.
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Fig. 3. Change in textural coefficient with degrees of deformation of plates during longitudinal (a) and cross rolling (b) [4]. Data
from plate surfaces on the outside () and inside (o) of original tube.

The second characteristic feature of Fig. 2 and, especially, Fig. 1 is the existence of an upper limit of linearity of
graphs (A4 position; o = 20...25°) and a narrow area in B position (o = 55...65°) with exceeding its linear changes, which
refers to neighborhood of the (1011) reflection line. According to Fig. 3a,b, the evolution of B position and the for-
mation of 4 position as a maximum of the distribution are clearly observed in the second stage of texture changes with
deformation. It is also meant that at the cross rolling of plates, for their near-surface areas — on the outside of the origi-
nal tube, — the second stage begins approximately from 20% deformation (Fig. 3b; black squares). At the same time, it
is necessary to especially note the obvious connection between expression degree of A and B positions (Fig. 1,2).

Associated with the second stage for deformed medium of the material, the noted features which including the lin-
earity of logarithmic graphs are similar to the results of such investigation of pure zirconium and hafnium [5].
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Analysis of tilt scanning data

As noted above, in these studies another technique was used to analyze evolution of c-axes distributions in process
of plate deformation.

Fig. 4 shows diagrams of tilt scanning (rocking curve measurements) of the original and deformed samples of both
parties in (0004) reflection from the inner side of the original tube. Angular scanning was carried out in the plane of the
transverse and longitudinal section of the samples (respectively, N-T and N-R scan) and represents c-axes angular dis-
tributions in these planes relative to ND. The graphs are located above each other by the single-unit interval of the ordi-
nate grid. Scale parameters are identical for all fragments of the figure. The data, as noted above (Fig. 3), actually refer
to the second stage of texture changes of the alloy with deformation.
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Fig. 4. Distributions of c-axes along cross (a, ¢) and longitudinal (b, d) sections of longitudinally- (a, b) and cross-rolled plates (c, d). Data
from surfaces which corresponding to inner side of original tube; arbitrary units. Deformation degrees are indicated.

The double peak of the distributions (Fig. 4a,d) — a textural doublet with £20...25° maxima deviations from ND —
is unambiguously combined with the expression degree of the maximum of distributions in Fig. 1,2 (4 position;
o = 20...25°). Data on longitudinal rolling (Fig. 4a,b) represent evolution of the typical rolling texture of metals of the
titanium subgroup with orientation of the doublet in the cross-sectional plane of the plates (N-T; perpendicular to RD).
Data on cross rolling of the plates reflect an unusual situation with the direction of the doublet in the longitudinal sec-
tion of the plates (perpendicular to TD; Fig. 4d), but a tendency to form such a doublet according to the typical scheme
in the N-T plane also exists (Fig. 4c).

Fig. 5 presented in the same format, shows data of tilt scanning from the “outer” side of the plates. Fig. 5 actually
reflects evolution of the textural features of Fig. 4, which should be considered characteristic of lower degrees of de-
formation, mainly for the initial stage of accelerated textural changes [4]. Here, this process shows some signs of insta-
bility, although this is practically not reflected in change regularity of the textural coefficient (Fig. 3). In the same time,
these data confirm that the process of formation of the textural doublet occurs in the second stage. This follows, for ex-
ample, from the scanning results for samples after their rolling with degrees above the order of 20%. This is most ex-
pressed after cross rolling, especially in the N-R scan (Fig. 5d).

In general, the results indicate that the most characteristic textural changes occur along the cross-sectional plane of
the original tube and at cross rolling of plates.
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On twinning schemes of forming the texture at longitudinal and cross rolling of alloy

As was established [4], the reason of the accelerated rate of textural changes at the initial deformation stage of the
alloy is activity of tensile twins of {1012}[1011] system. This system rotates c-axes of grains by 85° [6]. The end of the
initial stage was associated with significant reduction of the twinning substrate — a fraction of grains with a crystallo-
graphic orientation favorable for their subsequent twinning by this system.

From simple considerations, a decrease in activity of this twinning system at the end of the initial stage is further
compensated by activity of other deformation systems. Thus, appearance of irregularity of the distributions (Fig. 1,2) in
B position (o =55...65°), mainly in the second stage, can be associated with activity of compression twins systems.
These systems rotate c-axes through an angle of 60 £ 5° [6]. {1011} reflection in B position can be caused either by
rotation of the axes from the ND direction by {1011}[1012] twin system or by rotation of the grains in this position
around its own c-axes in result of action of prismatic slip systems.

In the non-ambiguity of the combination of 4 (o = 20...25°) and B positions (Fig. 1,2), what was noted above, a
reason can be seen. So, if the real 4 and B positions were oriented in opposite directions from the ND normal (Fig. 6),
then Aa interval between them would be 85°. This could be a sign of axes rotation from B position (By, Fig. 6) to 4 po-
sition directly by {1012}[1011] tensile twins system. In this case, 4 position would be at an angle 28°.

Since A position is associated with the textural doublet, such a scheme would represent the N-T plane for longitu-
dinal rolling and the N-R plane for cross rolling of the plates as the plane of turns. By (Fig. 6) displays B position in
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these planes. However, as a result of additional measurements of the plates in the RD and TD directions, signs of By
position were not detected. In particular, the absence of such signs was noted from results of measurements of cross-
rolled plates in RD direction (rolling up to 49%, Fig. 7; area of cos?a = 0.75...0.85). In part, this was due to the ex-
tremely low ability of By position to appear in principle in RD and TD. This does not give grounds either to confirm or

to disprove the ability of the sequence of {1011}[1012] and {1012}[1011] twinning systems to form A4 position.

ND 1
A 0
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Bo \
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0 0.2 0.4 0.6 0.8
2
cos O
Fig. 6. Variant of location of 4 and B positions (Fig. 2.3). View  Fig. 7. Distribution of c-axes deviations from cross-rolling direc-
in plane of longitudinal section of cross-rolled plates (N-R). tion for (k0 / I)-reflecting positions. Common-logarithmic scale.

Thus, B position remains only a sign of activity of the main systems of compression twins [6]. {1122}[1123] sys-
tem is the most active of these systems [7-9]. Its twins rotate c-axes of grains from the ND limits (measurement direc-
tion) to the angular position B. However, these grains take another foreshortening and are oriented in the ND direction
by the normal of planes of the {hh 241} group corresponding to the “pyramid” of the second kind. Actually, that plane
does not fall within the X-ray reflections area and does not appear in B positions, although it gives orientation of c-axes
in limits of this position (o = 64.2°) [6].

Fig. 8. Scheme of forming textural doublet by sequence of c-axis rotations. Cross-rolled samples.

As noted in [7-9], at deformation of zirconium and its alloys, such compression twins (of {1122}[1123] system)
initiate {1012}[1011] system — the main system of tensile twins — as a second generation. However, their {1120}-plane
of turns (of twinning shears) deviates by 30° from the {1100}-plane of the primary turns. It was noted [8] that
{1121}[1126] system of tensile twins is accompanied with activity of {1012}[1011] secondary twins. According to
analysis of Fig. 4,5, and to formal concepts, it remains to conclude that these twins (first ones), participate in rotations
the axes at an angle of 34.8° [6], transfer them, from the plane of the previous turns, to A position limits
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(30°-34.8°; Fig. 8). The resulting rotation from B position reaches an angle of 86°, and the final orientation (4 position)
is expected at an angle of 22°.

Such a scheme of formation of the textural doublet is most consistent with Fig. 4a,d and 5a,d. The probable traces
of twinning by the previous scheme can be observed only at the beginning of the second textural stage in the cross roll-
ing process (Fig. 5d; 24% deformation). In [7-9], no such signs were found.

On the example of pure zirconium, a noticeable slip contribution to texture changes with formation of the textural
doublet is not expected [8].

This conclusion is done in relation to research data, mainly of cross-rolling samples. However, such conclusions
formally apply to longitudinal rolling of this alloy.

SUMMARY

X-ray studies of effect of longitudinal and cross rolling on features of texture of plates made from blanks of the
fuel assembly central tube of Zr-2.5%Nb alloy used in RBMK reactor were carried out on the basis of the tilt scanning
technique (rocking curve measurements) and an analysis of pole density distributions. As a result, the following has
been established:

Most characteristic texture changes with longitudinal and cross rolling of plates up to 50% occur within the cross-
sectional plane of original tube and at cross rolling of plates.

In contrast to the initial stage of an increased rate of changes in Kearns textural coefficient, the subsequent stage of
moderate changes is characterized by activity of compression twins and by process of formation of the textural doublet
in distributions of c-axes of grains, that is more expressive along the cross-section plane of tube and at cross rolling of
plates.

Probability of twinning schemes of formation of the textural doublet in process of alloy rolling was analyzed. The
main schematic sequence of it is proposed:

— twinning by {1122}[1123] system of compression twins rotating c-axes by 64° from the normal to plate plane
within the main plane of turns (cross section of the tube);

— twinning by {1012}[1011] system of tensile twins rotating these c-axes at an angle of 85° in the nearly opposite
direction;

— participation of tensile twins of {112 1}[1126] system with rotations these c-axes to the main plane of turns
(cross section of the tube).
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MeToioM PEHTIEHOCTPYKTYPHOT'O aHANI3Y JOCIIIKEHO OCOOIMBOCTI 3MiH XapaKTEPUCTUK KpHCTAIOrpadiuHOi TEKCTYpH MPH XOJIOI-
Hil nedopmanii miacTul 3i crnaBy Zr-2,5% Nb no3noBxHbOi 1 nonepeyHoi npokaTku. MatepiaaoM Juisi BUTOTOBJIECHHS BUXIIHUX
iacTuH OyJM 1Mo3J0BXKHI GparMeHTH i Kinbus Tpyou &15,0x1,5 mm2, Biananeni npu 580 °C. TIpokaTka miacTHH 3IiCHIOBaNACS
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NpY KiIMHATHIl TeMIeparypi B iHTepBai Bix 6 10 56% y cTymiH4acToMy pexuMi 3 KpokoM 5...7% i meuakictio 5...10 cex™'. Ha oc-
HOBI METOJly 3BOPOTHHX MOJIOCHHX (iryp 3 qud)pakTOMETPiuHOIO 3HOMKOIO 332 ONTHYHOIO cxeMoio Bbpera-BpeHrano Bu3Hauanach
TYCTHHA BIIOWTTS B3[0BXK HOPMai A0 IUIOLIMHH IUIACTUH CIUIaBy (ILIBHICTH MOMIOCIB). 3a HIMMHU AaHUMH MPOBEACHO aHalli3 pO3Io-
Iry opieHTalii kpucranorpadiganx oceit «c» 'Y -pemritkn marepiany. BusBieHo nokansHI 0COOIMBOCTI PO3NOALNIB, SKi OyJ0
BiTHECEHO [I0 O3HAK IMPOSBH ABIHHUKYBaHUS B 3MiHAX TEKCTYpH IuacTuH. [Ipn momanpmomy aHamizi Oysio BpaxoBaHO €(EeKT HEO-
HOpigHOCTI AedopMarii, HOB'sI3aHUH 3 MepeicTopiero IIacTHH. BeranoBieHo, mo apyra crafis (OMIpHHX) 3MiH TEKCTYpHOTO Ia-
pametpy KepHca 31 cryneneM nedopmariii InacTHH BiIPi3HAETHCS Bl TOYaTKOBOI CTaii IPUCKOPEHHUX 3MiH aKTUBI3aMi€ro ABIHHUKIB
CTUCHEHHS. MeTo/IoM 3MOMOK KPMBHMX XHUTaHHS 3 pericTparicio iHTeHcuBHOcTed BinOuTTs (0004) HaBKONO LEHTPATBHOI MO3UIT
JOCIIIDKEHO 3MIHH PO3MOLIIB OpiEHTAIT OCel «c» B MO3I0BKHBOMY 1 IIOIEpPEeYHOMY MEpeTHHI IUIACTHH CIUIaBy 000X mapTid. Bin-
3HAYCHO, 1110 OCHOBHI TEKCTYpPHI 3MiHK B TIporieci AedopMartil MIacTuH 31 iCHIOIOTECS B IUIOIIMHI [TOMEPEYHOr0 ePEeTHHY BUXiITHOT
TpyOH i HafOIMBII BUpaXKeHI Ha MIACTUHAX IOMEPevHOi nmpokaTky. Jy6ner B po3monini oceil «c», M0 XapakTepHUil sl TEKCTYPH
npokaTtku ['lI[Y-meTaniB THTaHOBOI MiATPYNH, Bi3HAYCHO HA APYTil cTalii TEKCTYpHUX 3MiH y Marepiaii, 30KpeMa — 3 HOro crpsi-
MOBAHICTIO y3/I0BK IUTOUIMHH TIOTIEPEYHOTO MEPEeTHHY BUXIOHOI TpyOH. BusBIEHO 3B'S130K 0COOJIMBOCTEH pO3MOMLNIB MITBHOCTI
TIOJIOCIB 31 CTYIEHEM BHPAaXEHOCTI TEKCTYpHOro AyOJeTy Ha KPHBUX XUTAHHS. 3TiJHO 3 OTPHMAaHUMHM pe3yJbTaTaMU Ta aHaJi30M
IHINMX MyOriKaniil miATBep/PKEHO NBIHHUKOBY NPHUPOIY TEKCTYpHOTO JyONeTy i 3alpOIIOHOBAHO CXEMAaTHUHY ITOCITIJOBHICTH HOTO
dopMyBaHHS 3a yuacTio NBiHHHKiB cTHCHeHHs cuctemu {1122}(1123) i npilinukis posrsrysamms cuctem {1012}(1011) Ta
{112 1}(1126).

KJIFOUYOBI CJIOBA: crnaBu IUPKOHIiIO, TPOKATKa, peHTreHorpadist, TEKCTypa, ABIfHUKYBaHHSL.

O CTPYKTYPHBIX ACHEKTAX TEKCTYPHbBIX U3MEHEHUIA ITPH TIPOKATKE CIJIABA Zr-2.5%Nb
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MeTonoM PEeHTIeHOCTPYKTYpPHOTO aHaIn3a MCCIe0BaHbl 0OCOOEHHOCTH NU3MEHEHUH XapaKTePUCTUK KpUcTautorpaduieckoil TekcTy-
PBI TIpH XOJIOAHON AeOpManiy IUIACTHH U3 ciuiaBa Zr-2,5%Nb mpoJoisHON 1 IonepedHoi mpokaTkoil. MarepranoM AJst H3rOTOB-
JICHUSI HCXOAHBIX IUIACTHH OBbLIM MPOAOJbHBIE (parMeHTsl U KodbLa TpyOsl J15,0x1,5 mm?, oroxoxénusie npu 580 °C. IpokaTka
IUTACTHH OCYINECTBIISUIACh MPH KOMHATHON TeMIepaType B HHTepBajie OT 6 10 56% B CTymeHJaToM pexume c marom 5...7% u co
ckopocThio 5...10 cex’!. Ha ocHOBE MeTOna OOPATHBIX MOMIOCHBIX GUIyp ¢ AM(PPAKTOMETPHIECKON CHEMKOM IO ONTUYECKON CXEME
Bparra-bpenrano ompezensuiachk INIOTHOCTh OTPAKEHUI BJJOJIb HOPMAIU K INIOCKOCTH IUIACTHH CIDIaBa (IUIOTHOCTH HOMIOCOB). ITo
9THM JAaHHBIM INIPOBEJCH aHAJM3 paclpeleNICHUs] OpHEeHTanuil Kpuctautorpaguaeckux ocei «e» I'TIY-pemérkn mMarepuana. Borss-
JICHBI JIOKAJIbHBIE 0COOCHHOCTH PacIpe/ielIeHHH, KOTOPbIe ObLIM OTHECEHBI K MPHU3HAKaM MTPOSIBICHHS IBOWHUKOBAHHS B M3MEHEHHUSIX
TeKCTypH! tiactiH. [Ipy nocnenyromemM ananuse yu4TéH 3G GeKkT HeoAHOPOJHOCTH AehOopMaLiy, CBI3aHHBII C IpeIbICTOpHeil ma-
CTHH. YCTaHOBJIECHO, YTO BTOpas cTaaus (YMEpEeHHbIX) U3MEHEHUI TeKCTypHOro napamerpa KepHca co crenensio aedopmanum mia-
CTUH OTJIMYAETCA OT HAyalbHOM CTAaJUM YCKOPEHHBIX M3MEHEHHH aKTUBH3aLMEN IBOMHMKOB CXaTHsi. MeETOIOM ChEMOK KpPHUBBIX
KayaHus ¢ peructpanreil nHreHcuBHOCTH oTpaxxeHus (0004) mcciemoBaHbl MU3MEHEHHS PACTpeNesieHHH OpPUEHTAIlMH OCeH «C» B
MIPOJONBFHOM U TIOTIEPEYHOM CEUCHUH IUIACTHH CIUTaBa s o6enx mapTuii. OTMEYeHO, YTO OCHOBHBIE TEKCTYPHBIC H3MEHEHUS B IPO-
necce AeopMaIyy INIACTHH OCYIIECTBISIIOTCS B IDIOCKOCTH IIOIEPEYHOr0 CEYEHMs] MCXORHON TpyObl M Hamboiee BBIPAKEHBI Ha
IUTACTUHAX MONEePEeYHON MpokaTKH. [lyOneT B pacipesesleHn ocel «c», XapaKTepHBIi I TeKcTyphl npokatku ['TIY-meTanioB Tu-
TAQHOBOIl MOATPYNIIEL, OTMEUCH Ha BTOPOM CTAaJMU TEKCTYPHBIX U3MEHEHHH B MaTepuaie. Ero HarpaBieHHOCTb B OCHOBHOM CBSI3bIBA-
€TCsl C INIOCKOCTBIO MOIEPEYHOr0 CEYCHHs UCXOAHOU TpyObl. BhIsABICHA CBSI3b OCOOCHHOCTEH pacrpeaeeHnil INOTHOCTH MOJIF0COB
CO CTETEHbIO0 BBIPAKEHHOCTU TEKCTYpPHOTO AyOieTa Ha KPUBBIX KauaHMs. COINIaCHO TOMYYEHHBIM PE3yNbTaTaM M aHAIU3Y APYTHX
my6IMKauii MOATBEPIKAEHA JBOMHUKOBAs MPUPOJA TEKCTYPHOro TyOieTa U NMpeaokeHa cXxeMaTHdecKasl MoCiIe0BaTeIbHOCTb €ro
(opMHpOBaHHs C ydacTHEM NBOMHHKOB cxkaTus cucTeMbl {1122}(1123) u aBoiiHuKOB pacTskenus cuctem {1012}(1011) Ta
{1121}(1126).

KJIFOYEBBIE CJIOBA: crinaBsl IMPKOHHSA, IPOKATKA, PEHTTEeHOTpadus, TEKCTypa, IBOHHUKOBAHHUE.



46
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 3.46-53 (2019) DOI:10.26565/2312-4334-2019-3-06

PACS: 03.65.Sq

ENERGY EXCHANGE BETWEEN THE FIELD AND THE ACTIVE MEDIUM
OF THE WAVEGUIDE

Volodymyr Kuklin*, ““’Eugen Poklonskiy
V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
Svobody Sq. 4, Kharkiv, Ukraine, 61022
*E-mail: kuklinvml@gmail.com
Received July 2, 2019; revised August 2, 2019; accepted August 29, 2019

The work based on a semiclassical description, presents the results of studying the processes of absorption and radiation of a field in
the form of a standing wave in a waveguide filled with a two-level active medium. Under conditions of spatial inhomogeneity of the
field intensity, interference of quasi-periodic oscillations of population inversion occurs in different local regions of the waveguide.
A quasiperiodic change in population inversion is determined by the Rabi frequency, which is known to be associated with the
probability of induced radiation with a positive population inversion, or induced absorption with its negative value. Since the
population inversion change is accompanied by absorption or emission of field quanta, this leads to the exchange of energy between
the field and the active medium located in the waveguide. It is shown that the attenuation of a large-amplitude field to a waveguide
filled with an unexcited active medium is nonlinear. In the developed mode, this process has the character of energy exchange
between the field and the active medium. In this case, the wave attenuation is replaced by its growth, just as it happens in the well-
known case of Landau kinetic damping. Competition of the processes of radiation and absorption leads to the fact that the nature of
the oscillations (nutations) of the population inversion at different points of the waveguide space is different. The interference of
nonsynchronous spatially localized oscillations of the population inversion in the volume of the waveguide leads to changes in the
field amplitude. The paper also discusses the process of field excitation in a waveguide with a pre-inverted two-level active medium,
taking into account external mechanisms for the absorption of wave energy. Consideration of these problems is important for
understanding the processes of generation of induced radiation, which, as noted by C. Towns, is to a large extent coherent radiation.
KEYWORDS: absorption and radiation of the field, two-level active medium, Rabi frequency, interference of oscillations of
population inversion.

The quasiclassical model of the interaction of the field and the active system, in particular, a system of dipoles
with two energy levels, allowed consider these phenomena in the media [1-4]. This model combined a quantum-
mechanical approach using a density matrix to describe a system of dipoles, and the classical field representation in
limited volumes, particularly in waveguides. An important characteristic of the dynamics of a dipole system in the
presence of an external electric field is the Rabi frequency, which determines the probabilities of induced emission or
absorption of field quanta [1, 2] and describes the population inversion oscillations (nutation).

Previously, the focus was on the processes of relaxation and excitation of a quantum system in the external media
[1-2], as well as modes of oscillation generation in unbounded media with nonlinearity, dispersion and finite
temperature [3-4] (see also [5-9]). However, a consequence of the limitations of the system is the appearance of line
spectra of oscillations and standing waves, which leads to a noticeable non-uniformity of the field intensity distribution.
This can change the nature of the field interaction with the active medium placed in the waveguide, because in areas
with different field intensities the Rabi frequency and, accordingly, the nature of the oscillatory behavior of the
population inversion of the active substance will differ significantly.

Below we discuss the influence of the spatial inhomogeneity of the field on the nature of its interaction with the
active medium. Let us consider the features of the absorption and excitation of a field in a waveguide filled with an
active two-level medium. Let the field in the waveguide be a standing wave, and at each point in space, it changes only
with time. We show that the interference of quasi-periodic changes in population inversion in different areas with the
Rabi frequency, depending on the local field intensity in these areas, determines both the nature of the attenuation of a
large amplitude wave and the nature of the field generation.

The aim of the article is to present the physical mechanism of attenuation of a large-amplitude wave in a
waveguide filled with an active two-level medium, as well as to elucidate the nature of electromagnetic field excitation
at finite levels of population inversion.

RABI FREQUENCY
If the waveguide is filled with an active substance, the semiclassical theory, which was actively discussed in
particular in [2-4], describes the generation of oscillations. To simplify the description, we consider a one-dimensional
model for disturbances of the electric field E , polarization P and population inversion y that slowly varies with

time, describing the excitation of electromagnetic oscillations in a two-level active medium, whose equations can be
represented as

0°E oFE , 0°E 9’P
T o - 2 T 2
Jt Jt dx Jt
© Volodymyr Kuklin, Eugen Poklonskiy, 2019
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where the frequency of the transition between the levels corresponds to the field frequency. We are neglect the line
width in the equation for polarization and the inversion relaxation due to external causes. There are § - the decrement

of field absorption in the medium, d _, - the matrix element of the dipole moment (or rather its projection on the
direction of the electric field), the population difference y=n-(p,—p,) in the unit volume, and the relative populations

p.-p, of levels in the absence of a field, n is the density of the dipoles of the active medium. Fields are
represented by E=[E(f)-exp{—iax}+E*(t)-exp{iax}]/2 and P=[P(t)-exp{—iax}+P*(f)-exp{iax}]/2 . Wherein
<E*>=EWJ 2.

For slowly varying field amplitudes £ (#) and polarizations P () , the following equations are valid

? +0-E(t) =2inwP(t), 4
t
oP(t E(t
LD g, 7 urm 22 )
ot i
Using (3) - (5) in the absence of energy loss, you can get the ratio
o ou Y _ |d,Fd
o ou :_| ub2| _ﬂz )
ot\ 2| E| ot 4n° ot
from which the equation for population inversion follows
ou_20E|d,)
_'u = l—b,U , (7

ot 2h
the meaning of this equation is that population inversion oscillates with the Rabi frequency Q (the so-called nutation
of population inversion)

_2[Ed,|
2n

Q (¥

It can be shown [10] that equation (7) remains valid also in the case when the energy loss is significant, that is, at® # 0 .

EQUATIONS OF MODEL
Here it is useful to pay attention to the fact that population inversion is a real value. Therefore, only the real part of

the expression Reu = ( U+ ,u*) / 2 we may use. From equation (3) you can get the law of energy conservation in the

system
Re(p—y)=N,~N-8[N(t)dr ©)
0

We use the following notation:

N = iNI. N, = 2~%N~Cos2 {27zé+a} ., M;=U,; exp(i®;) - initial population inversion, N =E | /drhau,-
j=1

relative number of quanta in the system. Here the waveguide length is chosen equal to the radiation wavelength!, - the

constant phase. The spatial structure of the field, which is determined by the boundary conditions, the nature of

!'If the waveguide length is longer, but a multiple of the emission wavelength, which, generally speaking, the description will not
change qualitatively, only the value of the damping factor will be different.
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reflection and radiation, will be considered constant for fixed values and, the time scale will be determined from the

(470)"”* | o |1, |
h1/2
single population inversion value 0 < j <.5=100.

relation 7 = Qt = t, thend, =6/Q,, we divide the entire system length into segments with a

Consider the case when the field in the waveguide will attenuate in the presence of an unexcited active medium. In
this case, we choose the initial conditions

1 . '
M,(0)=M,, =—é, @ (r=0)=0, N(t=0)=N, =145, N,(T=0)=2E'No~5m2{2ﬂé}.

When this equation (7), (9) can be written as

0D,

PR A (10)
S
ZM].O Cos®, +1=N,-N . (1)

j=1
If the active medium is excited, it is possible to consider problems of field excitation in a waveguide under

conditions of different absorption levels. You can choose the initial conditions M, (0) =M, =S, ®,(r=0)=0,

1 . '
N(r=0)=N,=0.001, N;(7=0)=22-N, -sz{zf:é} ,

In this notation, the system of equations (7), (9) is written in the form

oD
= IN. 12
57 JN; (12)
S T S T
> M, Cos®,~1=N,~N=8 [dT'N(z") = N,~) N, -6, [dr'N(z"). (13)
Jj=1 0 J=1 0

RESULTS OF NUMERICAL CALCULATIONS
Absorption of a large amplitude wave in the waveguide with unexcited active medium

Each region of space of the active medium contributes to the total number of field quanta in the waveguide. The
field in the waveguide is a standing wave, so the amplitude of the field and the Rabi frequency at each point in the
waveguide space depend only on time. An increase in population inversion leads to absorption of field quanta by the
active medium, a decrease in population inversion, on the contrary, increases the number of quanta in the system. In
each region of space, the Rabi frequency is different and the total field is formed under the influence of the interference
of local oscillations (local nutation) of population inversion in the entire waveguide volume. For this case, described by
equations (10) and (11), changes in the relative number of quanta in the system N = N(7) are shown in Fig.1. The first

minimum N, =0.047 and the maximum field N =0.75 are reached at 7 = 45.47 and 7 =90.92, respectively.

1.5

‘ Z

0.5

0 50 100 150 200

t
Fig. 1. The process of field attenuation - the relative number of quanta N = N(7) in the system with time

in the absence of external losses ( 51 =0).
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Periodic changes in the number of quanta in the nonlinear mode are attenuated due to the interference of
population inversion oscillations in different segments. The behavior of the population inversion of individual segments

is presented in detail in Fig.2. The linear decrement of the field attenuation &, = (dN / NdT) in the selected time

scale at the linear stage of the process, obtained from the analysis of Fig. 1 is equal to 6, =—0.113

T =4547
o ® %o o | T T T T
¢ °
L loe
d ® 0.5 ‘ ‘ —
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Fig. 2. The behavior of the real part of the population inversion Re M ; =M ; |- Cos @ ; in each of the segments 0 < j<.S/4 in
the phase space (Cos® ;@) (left), and in the diagrams for all segments 0<j<85=100 (right) for points in time 7 = 45.47
(above) and 7 = 90.92 (below)

This type of attenuation is nonlinear attenuation and is characterized by a periodic energy exchange between the
wave and the active medium, just as it happens in the case of Landau attenuation [11].

Generation of a field in a waveguide filled with an excited active medium
The description of this process is possible within the framework of the system of equations (12) and (13). We first

consider the case of the absence of external losses in the waveguide (51 = 0). The change in the relative number of

quanta N = N(7) in the system is shown in Fig.3.

It is not difficult to see that the periodic changes in the number of quanta in the nonlinear mode are attenuated due
to the interference of the oscillations of population inversion in different segments. The behavior of the population
inversion of individual segments at 7 =72 and 7 = 94 is shown in detail in Fig.4.
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Fig. 3. The behavior of the relative number of quanta N = N(7) in the system with time

in the absence of loss (6, = 0)
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Fig.4. The behavior of the real part of the population inversionRe M, =| M ; |-Cos @, in each of the segments 0< j <§/4=25in
the phase space (Cos® ;@) (left), and in the diagrams for all segments 0<;j<§5=100
(right) for points at T="72 (above) and T =94 (below)
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Accounting for the absorption or removal of energy from the system corresponds to the case
60=00/Q))/y,=6,/y,>0, where y, =y(0=0)=(dN/Ndr),,, = 0.138 is the linear increment of instability
development in the selected time scale at the linear stage of the process, obtained from the analysis of Fig. 5. It is easy
to see that @ here the ratio of the field absorption decrement in the system in the absence of an active medium 9, to the

increment of the non-dissipative (or non-radiative) instability mode y, = (6 =0) .

In the case of radiation from a waveguide, when & # 0, better to choose N (7 =0) = 2% -N, -Sin’ {27[é+(p} , Where
<|E[>
4w
is the waveguide length, where, by our assumption, a countable number of modes fit. It is easy to see that
| E(x=0)]’=2<| E ’>Sin* ¢ and & = (2¢/b)-Sin” ¢. It is important to note that ifb=mA, where A is the wavelength,

then under conditions of a fixed attenuation value § = § = (2¢-m / b)-Sin” ¢ . The result of this does not change.

@ is an constant phase associated with § the following way. Generally speaking § ~ 4i |[E(x=0) /( b), where b
4
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Fig. 5. The behavior of the relative number of quanta in a system with absorption (radiation)
with time (6, = 0.01, or =0.073)

In this case, the behavior of the number of quanta in the system acquires a damped oscillating character. It is
useful to present the change in the linear increment of the process dN / Ndt , the maximum attainable relative field

intensity N,,,, , as well as the maximum energy flow from the system (8- N),,,, as a function of @ (Fig. 6.).

03 - 1.5

— e, N(8)

""" 0.1] \ 0.5

6

Fig. 6. The values of the linear increment of the process dN / Nd7 , the maximum attainable relative number of quanta N,y » as well

as the maximum energy flux from the system (6- N),,,, as a function of &

CONCLUSION
Above, we consider the energy exchange between the field, which is a standing wave in the waveguide and the
active medium that fills its space. In each region of the waveguide space, the amplitude of the field of a standing wave
formed due to partial or full reflection from the ends of the system is different and varies only with time. A quasi-
periodic change in population inversion is determined by the Rabi frequency, which, is associated[1, 2], with the
probability of induced radiation with a positive population inversion, or induced absorption with its negative value. An
increase in population inversion leads to absorption of field quanta by the active medium, a decrease in population
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inversion, on the contrary, increases the number of quanta in the system. The total field is formed under the action of
the interference of oscillations of population inversion of the local regions of the active medium in the entire volume of
the waveguide.

The attenuation of a field of large amplitude to a waveguide filled with an unexcited active medium is nonlinear.
In the developed mode, this process has the character of energy exchange between the field and the active medium. In
this case, the wave attenuation is replaced by its growth, just as in the well-known case of Landau kinetic damping [11].

The nature of the excitation of a field by an inverted active medium in a waveguide is also discussed. Under the
conditions of the final level of external losses, absorption or output of the radiation energy leads to a decrease in the
field intensity in the active zone. The competition of the processes of radiation and absorption leads to the fact that the
nature of oscillations (nutation) of population inversion at different points in the waveguide space is different. The
interference of asynchronous spatially localized oscillations of population inversion in the waveguide volume leads to
changes in the amplitude of the field. The change in the linear increment of the process dN / Ndt , the maximum
attainable relative field intensity N,,,, , and the maximum energy flow from the system(&-N),,,, as a function of @

which determine the level of wave energy absorption, are presented. Consideration of these problems is important for
understanding the processes of generation of induced radiation, which, as noted by Towns Ch. [12], is to a large extent
coherent radiation.
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Ob OBMEHE YHEPTMEA MEXY IIOJIEM H AKTUBHOM CPEJIOM BOJTHOBOJIA
B.M. Kykiun, E.B. Iloxknonckuii
Xapvrosckuii Hayuoranvrvlid YyHueepcumem umenu B. H. Kapasuna, Xapvxos, Ykpauna
nn. Ce0600wl 4, 2. Xapvros, Ykpauna, 61022

Pabora Ha OCHOBE MOJTYKIIACCHYECKOTO OIMCAHMS TIPEJCTAaBISIET PEe3yIbTAaThl U3YYEHHs IPOLIECCOB MOTIIOMEHNUS U H3ITyUeHHUS OIS B
¢dopMe cTosiuell BONHBI B BOJHOBOJE, 3allOIHEHHOM JBYXYPOBHEBOIl aKTHBHOI cpemod. B ycnoBHsSX NpoCTpaHCTBEHHOM
HEOJHOPOJHOCTU MHTEHCHBHOCTH I10JI1 BO3HUKAET MHTEP(EPCHINS KBA3UIIEPHOINYECKUX OCUMULILIMH HHBEPCUM HACEIEHHOCTEH B
Pa3IHYHBIX JIOKATBHBIX 00JIACTSIX BOTHOBOAA. KBasumeproandeckoe N3MEHEHHE HHBEPCHU HACENICHHOCTEH OmpeensieTcs 4acToToH
Pabu, koTopas Kak H3BECTHO, CBSI3aHA C BEPOSTHOCTHIO MHAYLHPOBAHHOTO W3IyYeHHS HPH IIOJOXKUTENbHON HHBEPCHU
HACEJICHHOCTEH, WM WHAYIUPOBAHHOTO IIOTJIOIICHUS MpPH €€ OTPUIATeNbHOM 3HaueHHMH.Tak Kak W3MEHEHHE HHBEPCHU
HACEJICHHOCTEH COMPOBOKIACTCS MOTIOMEHNEM HIH H3Iy4eHHeM KBAaHTOB TIOJISI, 3TO HPHBOIUT K OOMEHY SHEPIHEH Mex Iy HoJIeM U
aKTHBHOM cpenoi, pa3MeleHHOH B BOJIHOBOJE. [lokazaHo, 4TO 3aTyxaHHe IOJS OOJIBIION aMIUTUTYJBI BOJHOBOJE, 3all0JIHEHHOM
HEeBO30Y K/ICHHOH aKTUBHON CPEJIOif, SBIISIETCSI HEMTMHEHHBIM. B pa3sBUTOM peXMMe TOT Ipolecc HOCHT XapakTep oOMeHa SHepruei
MEXJIy TOJIeM M akTUBHOW cpemoil. IIpu 3TOM 3aTyXaHHe BOJHBI CMEHSETCSl €€ POCTOM, MOJOOHO TOMY, KaK 9TO HPOUCXOAUT B
H3BECTHOM Cllyyae KMHeTH4Yeckoro 3aryxanus Jlannay. KoHKypeHIus mporeccoB M3My4eHHs U HOTIOMCHHS IPUBOAUT K TOMY, YTO
XapakTep OCHWUIALMKA (HyTal[ui) HHBEPCUH HACENEHHOCTEH B Pa3HBIX TOYKAX MPOCTPAHCTBA BOJHOBOJA OKA3BIBACTCS PA3HUHBIM.
W B 3TOM ciydyae MMEHHO HHTep(EpEHINS HECHHXPOHHBIX HPOCTPAHCTBEHHO JIOKAJIM30BAaHHBIX OCLMJUIALMIA HHBEPCHUH
HaCeJICHHOCTeH B 00beMe BOJTHOBOJA NMPUBOAUT K M3MEHEHMSIM aMIUIUTYABI Hosis. B pabore obcyxmaercs mporece BO30yKICHUS
Mo B BOJHOBOJE IIPEIBApUTENFHO WHBEPTUPOBAHHON JBYXYpOBHEBOW AKTHBHOM CpefoH IpH ydeTe BHEIIHHX MEXaHU3MOB
TIOTJIOIICHNUS YHEPTHH KoJjebaHuid. PaccMoTpenue STHX IpobiaeM BaKHO Uil TOHMMAaHUS IPOIECCOB T'eHEepaliy HHIyTHPOBAaHHOTO
H3ITydeHus, KoTopoe kak orMeTwi1 Y. TayHzac B GOJIBIION CTENeHH SBISETCS U3IIydeHHEM KOTepEHTHBIM.

KJIIOUEBBIE CJIOBA: morinomeHnss ¥ W3IydeHHs HOJs, IBYXYpPOBHEBas aKTHBHas cpena, dactora PaOu, mHTepdepeHuuns
OCLUMIISIIUI HHBEPCUU HaCEIEeHHOCTEH.
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ITPO OBMIH EHEPI'TEIO MIK IIOJIEM TA AKTUBHUM CEPEJJOBUIIEM XBUJIEBOAY
B.M. KykiJin, €.B. [lokjioHCchKMit
Xapxiecvkuil Hayionansuutl ynieepcumem imeni B.H. Kapa3zina, Xapxis, Ykpaina
M. Ce0600u 4, m. Xapkis, Ykpaina, 61022

Pobota Ha OCHOBI HamiBKJIIACHYHOTO OMHCY MPEACTABISE PE3yIbTATH BUBUEHHS MPOLECIB IMOTIMHAHHA Ta TeHEpalil mois B Gopmi
CTOSIYIM XBHWJII B XBHIJIEBOZI, IO 3alOBHEHWI JBOPIBHEBHM aKTUBHUM CEpeIOBHUINEM. B yMoBax mpocTOpoBOoi HEOTHOPIJHOCTI
IHTEHCHUBHOCTI TIONIs1 BHHUKA€ IHTEp(EpeHIls OCHWIAMIN iHBepcil 3aceleHOCTI B PI3HMX JIOKAJIBHMX OOJIACTSX XBHIIEBOY.
KBaszinepionnuHi 3MiHa iHBepCii 3aceJIeHOCTi BU3HAYAEThCS YacToTor0 Pabi, sika sk BioMo, IOB's13aHa 3 HMOBIPHICTIO iHyKOBaHOTO
BUIIPOMIHIOBAHHS IIPH IO3UTHUBHII iHBepcii 3acelneHocTi, abo iHIYKOBaHOTO NOIVIMHAHHS IIPH i HEraTMBHOMY 3HaueHHI. Tak sk
3MiHa iHBepcii 3aceneHOCTi CYMPOBOMKYETHCS MOIJMHAHHAM a00 BUIIPOMIHIOBAHHSM KBAHTIB IOJIS, 1€ HNPH3BOAUTH IO OOMiHY
SHEPri€l0 MiX I0JIeM Ta aKTHBHHM CEPEIOBHILEM, 110 PO3MIlIeHO Y XBHIeBO i [Toka3aHo, 1110 3aTyXaHHs MOJIs BEJIMKOT aMILTITY/IU B
XBHJICBO/II, 1110 3a[IOBHEHHH aKTUBHUM CEPEIOBHIIEM, € HEMIHIHUM. Y PO3BHHEHOMY PEXHUMI LIeH MPOIeC HOCHTh XapaKkTep 0OMiHy
SHEPri€l0 MiX IMOJeM i aKTHBHUM cepeoBuiieM. [Ipu 1IbOMy 3aracaHHsi XBHIII 3MIiHIOEThCS 1i 3pOCTaHHAM, MOMIOHO O TOTO, SIK Ie
BiOyBa€ThCS y BIJOMOMY BHNAAKy KiHETHYHOTo 3aracaHHs Jlanmay. KoHKypeHIis mporieciB BUIPOMIHIOBaHHS 1 MOTJIMHAHHS
MPHU3BOUTH 10 TOTO, IO XapaKTep OCUWIALIN (HyTamiif) iHBepCii 3aCeICHOCTi B PI3HUX TOYKAX MPOCTOPY XBHJICBOIY BUSBISAETHCS
pisanM. | B boMy BHIazky came iHTepdepeHIis HECHHXPOHHHX IPOCTOPOBO JOKATi30BaHMX OCIWILALIN iHBepcii 3aceleHoCTi B
00cs131 XBUIICBOY IIPU3BOAXTEH 10 3MiH aMIUTITYAH IMOJs. Y poOOTi OOrOBOPIOETHCS TaKOX IpoIiec 30y HKEHHS OISl B XBHIJIEBOJI
MONIEPEJHFO 1HBEPTOBAHOIO JBOPIBHEBUM aKTUBHUM CEPENOBHUILIEM IPH OOJIKY 3O0BHIIIHIX MEXaHi3MIB IOTJIMHAHHS €Hepril
KOJIMBaHb. Po3risi nux mpoGiieM BaXKJIMBUI JUTs pO3YMIHHS IPOIECIB reHepalil iHIyKOBaHOTO BUIIPOMIHIOBAHHS, SIKE SIK 3a3HAYMB
Y. TayHzc B BENUKIi Mipi € BUTIPOMiHIOBAHHSM KOTE€PEHTHHM.

KJIFOYOBI CJIOBA: mornuHaHHS 1 BUIIPOMIHIOBAHHS TIOJIS, IBOPIBHEBE aKTHUBHE CepelOBHIIE, YacToTa Pabi, iHTepdepenis
OCHWIIALIH iHBEpCii 3aCETICHOCTI.
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The contributions of gamma rays from the inelastic scattering reaction and the resonant reaction in the process of
slowing down fast neutrons inside the oxide detector volume are investigated. For this the countable efficiency of the
ZnWOy4, CAWO4, BisGe3O12 oxide scintillators in terms of pulses/neutron during the registration of the fast neutrons
from a 22°Pu-Be source was measured. It is assumed that the response of detectors during neutron moderation in oxide
scintillators with an effective thickness of about 40—50 mm is formed by instantaneous gamma rays from inelastic,
resonant inelastic scattering reactions, as well as delayed gamma rays from the capture reaction of resonance neutrons.
The parameters of the nuclei, which determine the detector response — the density of the nuclear levels of the compound
nuclei being formed, the widths of the resonance regions, the lifetimes of the excited nucleus state were considered. It
was found that the registration of a cascade of gamma rays from the discharge of excited levels leads to a significant
increase in the countable efficiency of the detector and, as a consequence, an increase in the sensitivity of the detector
to fast neutrons. The measured response in terms of pulses/neutron for the ZWO detector — 64, for CWO — 36, for
BGO — 2.5. The response of the detectors was recorded by the broadband tract with a time feedback of 7~ 0.7 ns.
The measured values of the efficiency are explained by the fact that, in our case, the reaction of inelastic scattering
is the starting process, which starts the process of discharging nuclear long-lived (~ 1-1000 ns) states excited in both
inelastic scattering and in resonance capture reaction. The registration of the gamma-quanta from discharge leads to
an increase the countable efficiency of the detector. The observed increase of the countable efficiency of the secondary
gamma quanta is realized when neutrons are moderated inside the oxide detectors with a thickness of 40—50 mm or
more. The measurement error of the registration efficiency was about 7%.

KEY WORDS: detector, fast neutrons, excited states, countable efficiency, density of nuclear levels.

The creation of highly sensitive detectors for neutron and gamma-neutron radiation monitoring systems
is an important task. The study of the response of single-crystal detectors under irradiation with fast neu-
trons is being done to develop efficient neutron and gamma-neutron detectors to control the unauthorized
movement of fissile and radioactive materials. The goal of this work is to determine the countable efficiency
of ZWO (ZnWOy,), CWO (CdWOy), BGO (BigsGe3012) oxide single-crystal scintillators used in the registration
of fast neutrons from a 23°Pu-Be source. In this work, also the contributions of the mechanisms of neutron energy
conversion to secondary gamma quanta during moderation in the detector material also were studied. Earlier,
in [1, 2], it was shown that the mechanism of inelastic scattering (n,n'y);, in the energy range of 0.1-10 MeV
can be used to register fast neutrons of the 23?Pu-Be source with heavy oxide scintillators [3-5].

In this paper, it is assumed that the response from detectors during neutron moderation in oxide scin-
tillators is formed by instant gamma quanta of inelastic, resonance inelastic scattering, as well as delayed
gamma quanta of radiation capture in the resonance region emitted by excited states of both compound nu-
clei and nuclei — products reactions. When fast neutrons are moderated in detector volume with a thickness
of 4-5 cm and a resonance region of energies is £ ~ 0.1 — 100 keV, in addition to the inelastic scattering reac-
tion (n, n'7)in, inelastic resonance scattering (n, n'y)inres is possible with the emission of instantaneous gamma

© Gennadiy Onyshchenko, Volodymyr Ryzhikov, Ivan Yakymenko, Sergei Naydenov, Alexandr Opolonin,
Sergei Makhota, 2019
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quanta, since the lifetime of a compound nucleus is very short. In this reaction (n,n'v)i,, n+ A — (A+1)* —
A+ ' + yppe, the neutron emitted from the nucleus, having a significantly lower energy, is more likely to be
re-captured by the nucleus in the radiation capture reaction in the resonance region (n,¥)rad_cap.res and form
a new compound-core: n+ A — (A+ 1)* — (A 4+ 1) + ~Yge, in which long-lived states are excited with
lifetimes from some nanoseconds to some microseconds, which genetically related to quanta of the primary
reaction of inelastic (n, n'7y);, scattering [6, 7]. Thus, the inelastic scattering reaction (n,n'y);, is the “trigger”,
which starts the cascade process of creation and discharge of excited states in the nuclei of the crystals under
study. It is the inelastic (n,n'7)in_res channel of resonance scattering and radiative capture (n,7)rad_cap_res
that serves as an effective source of additional neutrons and gamma quanta capable of generating gamma
quantum cascades. If the lifetimes of the excited states are in the range of some nanoseconds and above, then
registering the detector response using the broadband setup leads to increase the detector countable efficiency
and, consequently, to increase the sensitivity to neutron and gamma radiation.

RESEARCH METHODS

To estimate the registration efficiency, we used the parameter ”countable” efficiency or pulses x s~
em ™2 /neutron * s~ * em ™2 — the ratio of the detector count rate from Syin.qet = 1 ¢m ™2 to the particle flux
density on the detector. In fact, if the detector had a window area of 1 ¢m ™2, then the number of pulses
per one input particle was measured. Note that the energy efficiency of the detector cannot exceed 1, while
the countable efficiency of the detector, in which multiple processes are possible, accompanied by the creation
of a cascade of low-energy particles, may exceed 1.

A fast neutron with an energy of E,, <10 MeV in the process of scattering and moderation in the detector
material with linear dimensions of ~ 3 — 5 cm passes the energy range from 10 MeV to a few keV or less.
This makes it possible to use, for the purposes of detection, processes that have, firstly, high cross sections
for neutron interaction and, secondly, effectively produce secondary particles, for example, gamma rays, recoil
protons. The processes generated a long-lived states exited with lifetimes ranging from some nanoseconds
to some microseconds are due to the inelastic scattering (n,n'7);,, radiation capture in the resonance region
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Fig. 1. The processes of inelastic scattering (n, n’v)n, radiation capture in the resonance region (n,v)rad_capt_res, in which

instantaneous and delayed secondary gamma quanta produce in the range of 1 ns — 1 us or more.

For the nuclei of the natural isotopic mixture the cross sections for inelastic scattering (n,n’'y);,, inelastic
resonance scattering (n,y)n_res, radiation capture (n,7)rad_cap.res With E = 14 MeV, radiation capture in the
resonance region (n,v)rad_cap_res, radiation capture in the thermal region (n,7)rqd_cap (see Table1) were used
from nuclear data bases [8,9].

Measurement of the countable efficiency of the single-crystal ZWO, CWO, BGO detectors under irradiation
of 239Pu-Be source fast neutrons was carried out in spherical geometry [10], the photomultiplier was Hamamatsu
R1307, the distance to the source detector was 1000 mm. 239Pu-Be neutron source with a neutron flux of
0.95 - 10° neutron*s~—! was used. The source was placed inside a lead ball ¥100 mm with a well ¥20 mm. The
source size is ¥20x30 mm, weight is 52 g. The lead ball, besides the main task of reducing the influence of the
accumulation factor in the material of the ball, simultaneously attenuates the accompanying gamma radiation
from the 23°Pu-Be source. In the neutron source there is a concomitant high-energy gamma radiation from
the reactions: *He+%Be — 13C* — 12C*4+n—'2C+vy+n, E, = 443 MeV, 13C* — 13C+4+, E, = 3.68 MeV.
In connection with the incomplete suppression of the accompanying high-energy gamma-quanta from the 239Pu-
Be source, an correction was add to the efficiency of detecting fast neutrons by registering gamma-quanta with
energy E., = 4.43 MeV, which was ~ 0.08 for the ZWO oxide scintillator. It is consist of the /n ratio for the
239Pu-Be source, equal to 0.71 [11], the absorption of gamma rays with an energy of 4.43 MeV in d=40 mm
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of lead, which was 0.15, the absorption efficiency of gamma quanta with an energy of 4.43 MeV in ZWO
@50 mm was ~ 0.80. The correction for the absorption of fast neutrons in a protective lead ball due to the
radiative capture reaction (n,<y) was determined experimentally using a SLil(Eu) detector and amounted to
2.5%. The size of the scintillator SLil(Eu) is ()15x10 mm, the enrichment in °Li is 96%. The thermal peak
(a+t) for SLil(Eu) had a gamma equivalent of 3.98 MeV, fast neutrons were recorded in the energy range
3.98 MeV =+ 10 MeV. The correction for gamma rays with energy E = 4.43 MeV was taken into account.
The contribution of scattered fast neutrons from the walls of the room did not exceed 3%. The correction is
determined using a SLil(Eu) detector by measuring the deviation from the inverse square law when registering
fast neutrons. The contribution of scattered gamma radiation in the source-detector distance range R = 1+2 m
did not exceed ~ 1%. The correction is determined by measuring the deviation from the inverse square law
when registering 137Cs quanta. An additional 5 mm thick lead shield served to protect the detectors from
background gamma radiation. The background attenuation coefficient in the range of 10 keV-150 keV is ~ 3.

Table 1

Cross sections of inelastic scattering reactions (n,n/vy);y, inelastic resonance scattering (n,n’y)n_res, radiation
capture (1,7)rad-cap_in, radiation capture in the resonance region (n,7)rad_cap.res, radiation capture in thermal

region (n,7)rad_cap for the nuclei of the natural isotopic mixture that made scintillators BGO, CWO, ZWO.

Isotops Reactions o, barn o, barn, (res.) o, barn E— thresh.,
mixture, nat. (E=0.0253eV) | (0.5eV-10MeV) | (E =14 MeV) keV
48Cd (n, n"y)m - - 0.4163 247.6
(n7 '7)7'ad,cap,in - - 0.8386 mb -
(’I’L, ’Y)rad,cap,v‘es - 66.59 - -
(nyY)rad-cap 2468 - - -
aW (n,n'y)in - - 0.4281 46.74
(’I’L, 'Y)Tad,cap,in - - 0.7421 mb -
(n7 V)Tad,cap,res - 355.1 - -
(na'y)rad,cap 18.15 - - -
30Zn (n,n')in - - 0.6192 94.72
(n7 ’Y)'rad,ca,p,in - - 0.924 mb -
(ny 'Y)Tad,cap,res - 2.539 - -
(0, Y)rad-cap 1.062 - - ;
s3Bi (n,n'7)in - - 0.3611 900.7
(n7 'Y)rad,cap,in - - 0.756 -
('I’L7 'Y)'ra.d,cap,res - 0.1715 - -
(7, Y)rad-cap 0.03421 - _ i
32Ge (n,n/)in - - 0.5655 -
(77,7 n/'Y)inJ'es - 3.684 - -
(n7 ’Y)'rad,ca,p,in - - - -
(M V) rad_cap_res 5.997 0.5333 mb -

(nafy)rad,cap 2.217 - _ _

The statistical error in measuring the neutron registration efficiency was 7% for detectors with an effective
thickness of d ~ 40 mm. The data accumulation time was 100 minutes for the source irradiation and the same
time for background accumulation.

The block diagram of the electronic measuring setup, which includes PMT the Hamamatsu R1307 and a low-
noise fast amplifier, is given in [12]. The signals with PMT amplitude from 2 mV (total noise of PMT and
electronics was 10 mV) were amplified by a wideband (Af~500 MHz) preamplifier. In this time domain, both
instantaneous signals from gamma quanta that occur in inelastic and resonance neutron scattering and capture
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reactions, and discharge signals from long-lived (7 ~ 1-1000 ns and more) nuclear states excited in reactions
with neutrons can be present. In Fig. 2 shows the simultaneously registered signals (pulses /1 neutron) under
the interaction of fast neutrons with the ZWO detector: the upper figure is from the broadband setup, 7 ~ 7 ns,
taking into account the PMT, the lower figure is from the narrow-band path, 7 ~ 1 us. Signals at the out-
put of the preamplifier and at the input of the ADC were recorded by counters and observed with an oscilloscope.

@ = sv = 5y 1us )

Fig. 2. Simultaneously registered signals forms (pulses /1 neutron) for the ZWO detector. The upper pattern is from
a broadband setup, the lower pattern is from a narrowband setup. X axis — time, 1 division = 1 us. Y axis — volts.
Visualisation — 500 MHz oscilloscope.

In accordance with the thermodynamic model of nuclei reactions [13] the average energy of the final prod-
ucts, temperature of nuclei in the reactions of inelastic scattering (n,n’y);, and resonance radiation capture
(N, Y)radcapres 1neutrons at nuclei that are part of the oxide scintillators, were estimated
Table 2. In calculation we supposed that the 23°Pu-Be source has an average neutron energy about 4.5 MeV
and a maximum energy about 10 MeV.

In the present work, on the basis of the energy analysis performed, a systematic analysis of the discharge pat-
terns of the states of isotopes excited in reactions with neutrons, which are part of the oxide scintillators available
to us, and also formed in compound nuclei was carried out. The suitability of the isotopic composition of the de-
tectors to generate gamma quanta from excited short-lived nuclear states is estimated. The nuclear states
excited by fast neutrons with an average energy FE, ~ 4.5 MeV are systematized, their number, the energies
of the excited levels are estimated. The density of the levels excited in compound nuclei was estimated based
on data from [14]. The results of the analysis for the natural mixture of 32W-18"W isotopes that are part
of the scintillators are presented in Table 3. A similar analysis also was performed for isotopes — 19Cd —
114Cd, 1160(17 64Zn, 66Zn7 68Zn, 209Bi_

From the Table 3 it can be seen that the most low-energy gamma-quanta emitted by excited states of the
nuclei that make up the scintillators under study have lifetimes in the range of 1-1000 ns, born in inelastic
scattering reactions (n,n'y)i,: (n+A) = (A+1)* = A*+n'+vprt = A+vaer +1' +7pre, (A is the target nuclei,
A+1 — compound nuclei). Also a slow neutrons produce gamma-quanta in the reaction of radiation capture
in the resonance region (n,%)radcapres: (M +A) = (A+1)* = (A+ 1) 4+ v4er- It can be assumed that the
response of the detector to fast neutrons is determined, firstly, by the registration of instantaneous secondary
gamma quanta from inelastic scattering, inelastic resonance scattering and radiation capture in the resonance
region. In addition, genetically related cascades of gamma-quanta of discharge of excited states of nuclei in the
range of 1-1000 ns from the listed reactions were taken into account. The model response of detectors to fast
neutrons was formed on the basis of the cross sections of the main processes, the densities of the levels of the
compound nuclei produced during scattering, the width of the resonance region, the number of excited states
were taken into account Table 4 [8, 9, 14-16]. The duration of the lifetime of radiation products of short-lived
(1-1000 ns) states of the daughter nuclei genetically related to the emitted instantaneous gamma quanta excited
in the compound nucleus as in inelastic scattering (n,n’y);, neutrons in the energy range F,, ~ 0.1+ 10 MeV,
was also taken into account inelastic resonance scattering (n,n'y)in_res the energy range E, ~ 0.1+ 150 keV
and radiation capture in the resonance region (n,7)rqd_capres- The abundance of the considered isotopes was
taken into account.
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Table 2
The esimate of the average energy, temperature of the final products in the reactions of neutron in-
elastic scattering (n,n’vy);, for En ~ 4.5 MeV, 10 MeV and inelastic radiation capture (n,v)rad_cap_res

at By ~ 0.15 MeV on nuclei of oxide scintillators. A — target nuclei, C — compaund nuclei.

(n,n')in ®Zn | W | P Zn | W (s V) rad_cap-res 5Zn | W
Neutron separation 11.1 6.2 11.1 6.2 Neutron separation 11.1 6.2
energies, B, energies, B,
T inp 4.5 4.5 10 10 T inp 0.15 0.15
Uez, mazx(C™) 15.6 10.7 21.1 16.2 Uesz, max(C™) 11.25 | 6.35
Uez, max(A") 4.5 4.5 10 10
Temperature ©, (A*) 1.5 0.7 2.2 1 Temperature ©, (C™) 2.4 0.8
Tout, 20 3 1.4 4.4 2
Ues_remain., (A¥) 1.5 3.2 5.6 8
Table 3

Parameters of energy states of W isotopes excited by fast neutrons in inelastic scattering (n, n’v);, reactions,

radiation capture in the resonance region (n,¥)rqd_cap_res-

Reactions Level Life- J Reactions Level Life- J7
energy, | time, energy, time,
keV ns keV ns
g.s. 0t g.s. 0t
B2W(n, )W | 100.1 | 1.38 | 27 BIW(n, n’)'%W | 111.1 1.29 2+
1289.1 | 1.12 | 2~ 1285 8330 57
g.s. 1/2~ g.s. 75.1d 3/2™
1B2W(n, v)"®*W | 308.5 | 53s 184W (n, v)'%*W 173.7 1.5 7/2”
453 18.5 | 7/2~ 197.4 | 1.67 min | 11/27F
243.6 19.3 7/2”
g.s. 1/27 g.s. 0"
183W(n, n')'% W | 3085 | 5.3s 186W (n, n'v)'8W | 122.6 1.04 2+
453 18.5 | 7/2 1517.2 18000 7
g.s. 0" g.s. 3/2”
183 (n, v) %W 1111 | 1.29 | 2% 186W (n, v)'8"W 350.4 5 7/27
1285 | 8330 | 5 364.2 15 9/2~
410.1 1380 11/2+
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The registration of gamma-discharge quanta in the region of lifetimes of nuclear states about 1 - 100 ns
or more was possible due to the use of the fast preamplifier based on a current — voltage converter with a speed
of ~ 500 MHz (7 ~ 0.7 ns). When using the spectrometric tract (7 ~ 1 us), the value of the countable
efficiency for ZWO and CWO decreases by approximately two orders of magnitude and is 0.6-0.7, that’s why
significant number of short-lived signals are combined (integrated). In the spectrometric mode, the key role is
played by the inelastic scattering cross section, and the secondary reaction products with neutrons are combined
into one detector response, which can be called instantaneous. Despite the fact that W and Cd have a large
capture cross section in the resonance region, o,..s(W) ~ 355 b, 0,..5(Cd) ~ 67 b, it does not manifest itself
in the spectrometric mode, since the fast detector signals are integrated. Apparently, the secondary products
of reactions with neutrons emitted by compound nuclei C = (A + 1) are concentrated in the range from
units to several hundred nanoseconds, which confirms experimentally the result of registration. The countable
efficiency for BGO during the transition to the spectrometric regime remains almost at the same level, i.e.
~2.5 pulses/neutron. This can be explained by the fact that compound nuclei formed in reactions with BGO
nuclei have practically no states with an interval of lifetimes about 1 — 10% ns. In addition, the Bi and Ge nuclei
have a small cross section for resonance scattering; therefore, the broadband setup offers no advantages over
the narrowband when using a BGO-based detector.

Table 4
Nucleus parameters weighted by the abundance in the natural mixture of isotopes of BGO, CWO,
ZWO scintillators: oy, ores cross sections, density of levels in the resonance region p(E), MeV ~1,

AF of resonance region, keV, lifetime of exited states, gap of exited levels, number of exited levels.

Nu- | Z | oin, or, p(E), | AE, | Exited Gap of Number of
clei barn | barn | dens. res. states exited excited
T, ns levels levels
AFE.;, keV in AEc;
ZWO | Zn | 30 | 0.619 | 2.539 | 230.1 150 4000 53.9 - 1910 6
W | 74 | 0.428 | 355.1 | 23825 5 20 244 - 1200 3
CWO | Cd | 48 | 0.416 | 66.6 | 14608 9 85 245 - 316 1
BGO Bi | 83 | 0.361 | 0.19 250 200 59 433 - 1500 2
Ge | 32 | 0.565 | 5.997 538 30 418 175 - 5540 3
RESULTS

In the present work, experimental values of the countable efficiency for fast neutrons of the 23°Pu-Be source
for single-crystal BGO detectors — 2.5 pulses/neutron, ZWO — 64 pulses/neutron and CWO — 36 pulses/neutron
(Fig. 3, Table 5) are obtained. The data are expressed in units of (pulses - s~1 - cm™2/neutron - s=1 - em™2),
i.e. as a ratio of the countable rate from 1 cm? of the detector input window to the neutron flux density on the
detector. In fact, this parameter gives the number of pulses from the entire detector, which are generated
by one particle falling on the detector. On the Fig. 3, the experimental data are dark columns.

64.1

35.9

Log(pulses/neutron)
=

BGO cwo ZWO0

Fig. 3. Response to fast neutrons for BGO — 2.5 pulses/neutron, ZWO — 64 pulses/neutron, CWO — 36 pulses/neutron.
Y-axis — ratio of countable rate from 1 cm? of the detector input window area to the flux density (pulses/neutron). The
experimental data — dark columns, model data — light columns.
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Also in this work, a model analysis of the most important, in terms of countable efficiency, characteristics
of the nuclear levels of the nuclei that contain the detectors under study is made. The model responce of detectors
was defined: R <= 04,,00,¢s@p(E)RAE,¢s QAE ¢ @Tey @ Ne,. The model estimate (light columns, Fig. 3) of the
response of the ZWO, CWO, BGO detectors agree quite satisfactorily with the experimental results obtained
for the detection countable efficiency of fast neutrons.

Table 5

Experimental countable efficiency and model responce for BGO, CWO and ZWO in pulses *
-1 2

571 % cm ™2 /neutron x s~ x em™2 units. Neutron source — 239Pu-Be. Experimental errors
<7%.
Scintillators | Experimental countable efficiency, | Model countable efficiency,
pulses/neutron pulses/neutron
BGO 2.5 2.4
CWO 36 35.9
ZWO 64 64.1
CONCLUSIONS

In the present work the countable efficiency of registration of fast neutrons of the 239Pu-Be source for single-
crystal detectors BGO, ZWO, CWO were measured. Also the most significant parameters of nuclei that are
part of oxide scintillators, such as ZWO, CWO and responsible for improving the efficiency of detecting fast
neutrons during their deceleration and entry into the resonance region, namely: inelastic scattering cross section,
inelastic scattering cross section and capture in the resonance region, the width of the resonance region, the
density of the nuclear levels of compound nuclei, the lifetimes of isomeric states, the energy of the excited levels,
the quontity of excited states. The significance of these parameters is experimentally confirmed by an increase
in the countable efficiency by about two orders of magnitude for gamma quanta with lifetimes 7 ~ 1-1000 ns for
ZWO and CWO single crystal detectors compared to a recording method using a spectrometric amplification
mode with 7 ~ 1 us, in which significant suppressions of response pulses from short-lived states. To effectively
register the decay quanta of short-lived states, a broadband, fast-acting setup is required.

Thus, the use of heavy oxide scintillators in the countable mode of short impulses of response can signifi-
cantly improve the registration statistics and the sensitivity of neutron detectors through the use of radiation
capture in the resonance region (n,7)rad.cap.res, it which a chain of secondary gamma-quanta emitted by
short-lived nuclear states and which are genetically related to the primary inelastic scattering reaction gamma-
quantum (n,n’y);,. Note that in this case, the increase in statistics is due to the qualitative effect due to
the genetic linkage of the mechanisms, and hence the reaction products. This will make it possible to create
neutron and gamma-neutron detectors that are significantly more compact compared to existing *He-counters
for monitoring low-intensity neutron and gamma-neutron fields.
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VNCCJIEJOBAHUE MEXAHNU3MOB PETMCTPAIIM BbICTPBIX HEMTPOHOB
B OKCUAHBIX CHNIHTUJIJISATOPAX

I'. M. Oaumenko', B. . Penkukos?, 1. . dxumenko', B. 1. Xoxycos'!, C. B. Haiinenos>?2,
A. 1. Onononnn?, C.B. Maxora?’

Xapvroscruti Hayuonarvritl yrusepcumem umeru B. H. Kapasuna, ITa. Ceobodw, 4, Xapokos, 61022, Yepauna;
2 Miemumym cuyunmuarayuornss mamepuanos, HTI[” Huemumym Monokpucmannos”,
Havyuonaavhas Axademus Hayx Yxpaurw, I[Ip. Hayxu, 60, 61001 Xapvkos, Yxpauna;

3 Unemumym Monoxpucmannos, HTI] ” Auemumym Monoxpucmanaos”

Hayuonaavnas Axademus Hayx Yxpauwes, IIp. Hayxu, 60, 61001 Xapvros, Ykpauna

Bbumm u3y4ensl BKJIa/Ibl TaMMa-KBAHTOB U3 PEAKIUU HEYIPYTOro PACCEsSIHUSI ¥ PEAKIUU PE30HAHCHOIO PACCESIHUS B IIPO-
1ecce 3aMeJJIeHnsT OBICTPBIX HEATPOHOB BHYTpH O0ObeMa OKCHIHOTO AeTekTopa. [ljs sToro mamepena cuerHas 3ddek-
TUBHOCTH OKCUAHBIX CIUHTHIATOPOB ZNnWO4, CdWOy4, BisGesO12 B TepMunax "umimyabest/Heiirpon " ipu perucrpanun
GBICTPBIX HEHTPOHOB OT McTouHHKa 20 Pu-Be. IIpemonaraercs, 9To OTKINK J€TEKTOPOB [PH 3aMe/[IeHNH HEHTPOHOB B
OKCHIHBIX CIHHTHUJIISATOPaX ¢ 3P EKTUBHOMN TommuHoi 0ko1o 40-50 MM opMHUpyeTcss MIHOBEHHBIMY FaMMa-KBaHTAMEI
W3 peakIuii Heypyroro, PE30HAHCHOI'O HEYIIPYTOr0 PACCESHUS, & TAKYKE 3a/IePXKAHHBIMU TAMMAa-KBAHTAMU U3 PEAKIMN 38~
XBaTa 3aMeJJIEHHBIX HETPOHOB B PE30HAHCHON obuiacTu. Bbuin paccMOTpeHbI TapaMeTphl siiep, ONPEeIeIIsIONue OTKIIIMK
JETEeKTOpa - IUIOTHOCTH SIZEPHBIX YPOBHEH 0Opa3yIOMIMXCs COCTABHBIX $IEp, IIMPHHA DE30HAHCHON 00JIacTH, BpEMEHA
JKU3HU BO3OYXKIEHHOTO siJPA COCTOSHUSA. DBLIO YCTAHOBJIEHO, YTO PErUCTPAIMs KACKA/a FaMMa-KBaHTOB U3 DPa3PIAIKU
BO30Y2K/IEHHBIX yPOBHEH BeJIET K 3HAYNTEIHHOMY IMOBBIIIEHUIO 3(D(MEKTUBHOCTH CUeTa JIETEKTOPa M, KaK CJeJICTBUE, [10-
BBIIIEHAIO TyBCTBUTEIHHOCTH JETEKTOPa K OBICTPBIM HEHTpoHaM. VI3MEpEHHBIH OTK/IWK B €IMHUIAX MMITYJIbC/HEHTPOH
nysa perekropa ZWO cocrasui 64, qiua CWO — 36, giua BGO — 2,5. OTKIUK AeTeKTOPOB PErnCTPUPOBAJICS ITUPOKO-
IIOJIOCHBIM TPAKTOM ¢ ObicTposeiicTBueM T ~ 0,7 He. VI3mepennble 3HaueHust c4eTHON 3P DEKTUBHOCTH O6bIICHAIOTCS TEM
dakToOpoM, ITO B HAIIEM CJIydae PEakKI(usi HEYIPYIOro PACCEesTHUs SIBJISETCSI CTAPTOBBIM IIPOIIECCOM, KOTODBIH 3aIlyCKaeT
[IPOIECC PA3PAIKH ANEPHBIX HoarokuBymumx (~1-+1000 HC) cocTosHMI, BO30YKIAEMBIX KAK B HEYIIPYTOM PACCESHUM, TAK
U B PE30HAHCHOM 3axBaTe. Perucrparysi raMMa-KBAaHTOB Pa3psiKU IPUBOJIUT K YBEJUYEHUIO CUeTHON 3hdeKTuBHOCTH
nerekropa. Habmomaemoe yBesmiaenue cueTHOR 3(MMEKTUBHOCTH BTOPUUHBIX 'aMMa-KBAHTOB DEAJIU3YETCs [IPU 3aMe]i-
JICHNV HEHTPOHOB B OKCHUAHBIX AeTekTopax Tommuaoit  40-50 mMm u 6osee. Ilorperaocts namepennit apdekTuBHOCTH
perucTpaliui HeHTPOHOB cocTaBsia 7 %.

KJIFOYEBBIE CJIOBA: gerekrop, ObICTpble HEATPOHBI, BO3OYKIEHHBIE COCTOSIHUSI, CUeTHasA 3(PPEeKTHUBHOCTD,
IUIOTHOCTD SIJIEPHBIX YPOBHEA.
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JOCJIIIXKEHHS MEXAHI3MIB PEECTPAIIIL INIBUAKUX HEMTPOHIB
B OKCJHUX CIHNMHTUNJIATOPAX

I. M. Ouumenko!, B. 1. Pumxukos?, I. 1. dkumenko!, B. JI. Xonycos!, C. B. Haiinenos??2,
0. 1. Onononin?, C. B. MaxoTa?

Xapriecorut nayionarvrul ynisepcumem imeni B. H. Kapasina, ITa. Ceobodu, 4, Xapwie, 61022, Vrpaina;
2 Incmumym. cyunmuasyitinux mamepianie, HTI "Incmumym Monokpucmanis”
Hauionaavna Axademis Hayx Yrxpainu, IIp. Hayxu, 60, 61001 Xapxis, Yxpaina;

3 Inemumym Momnoxpucmanie, HTI[ " Incmumym Monoxpucmanis”
Hauvionanrvra Axademisa Hayx Yrpainu, I[Ip. Hayxu, 60, 61001 Xapxis, Yrkpaina

Bynu nocminzkeHi BHeCKM raMMa-KBAaHTIB i3 peakIlil HEIIpYKHOI'O PO3CisIHHS 1 peakiil pe30HaHCHOr'O PO3CIAHHS y IpOoIeci
YIIOBLIBPHEHHS TIIBUIKUX HEUTPOHIB BeepeanHi 06’eMa mgeTekropa. st 11boro BuMipsiHa jidmibHa e(eKTUBHICTh OKCUIHUX
crpaTasropis ZnWOys, CAWOy, BisGesO12 y Tepminax "immynbcen/HeliTpon"upn peectparil MBUAKAX HEATPOHIB Bif
oreperta 239Pu-Be. 3po6iieHo IPUITYINEHH S, 0 BIATYK JE€TEKTOPIB IIPH yIOBIILHEHH] HEATPOHIB ¥ OKCHIHIX CIIMHTHIISI-
TOpax 3 e(peKTUBHOIO TOBIMUHOIO 0n3bK0O 40—50 MM HOPMYETHCST MUTTEBUMHU TaMMa-KBAHTAMHY 13 PEaKIlil HEMPYKHOTO,
PE30HAHCHOTO HENPYXKHOI'O PO3CISIHHSI, & TaKOXK 3aTPUMaHUMHM raMMa-KBaHTaMU 13 peakxiiil 3axBaTa yIIOBIJIbHEHUX Heil-
TPOHIB y pe3onaHcHil obsacti. Bysnu posrisHyTi napamerpu siiep, sIKi BU3HAYAIOTH BiATYK JE€TEKTOPA - IIIBHICTD s1/1ep-
HUX DiBHIB, II[0 YTBOPIOIOTHCS y CKJIAJCHUX SIAPaX, MINPUHA PE30HAHCHOI 00J1acTi, Yac KUTTA 30y/[2KEHUX CTAHIB sSapa.
Bceranosiieno, 4To peecrpallisi KackKaly raMMa-KBaHTIB i3 pO3PsiJIKH 30Y/>KEHUX CTAHIB IMPU3BOJUTDH J0 3HAYHOIO IIiJIBU-
1eHHsT e(PEKTUBHOCTI JITUEHHST JIETEKTOPA 1, SIK HACJIIOK, JI0 MiABUINEHHS Iy TIUBOCTI JETEKTOPA, 0 IIBUIKUX HEHTPOHIB.
Bumipsaanit Biaryk y ogunungx immysnben,/neiitpon s aerekropa ZWO cknas 64, s CWO — 36, mua BGO — 2,5.
Binryk nerexkTopis peecTpyBaBCs HIMPOKOIIOJIOCHUM TPAKTOM i3 mBuakojieio 7 ~ 0,7 uc. BuMipsani Besimaunnn j1iauabHOT
e(PEKTUBHOCTI MOXKHA MOSICHUTH TUM (DAKTOPOM, IO B HAIIOMY BUITAJKYy PEAKINisl HEMPYKHOTO PO3CIsIHHS € CTAPTOBUM
MIPOIECOM, KU IHINII0E TPOIeC PO3PAIKA AaepHuX H0BroxuBydnx (~1--1000 uc) cramiB anep, ski 30yIKyIOTbC K y
HENpPyKHOMY PO3CisiHHI, TaK i y pe3oHaHCHOMY 3axBaTi. PeecTpaliis raMMa-KBaHTIB PO3PSIJIKU ITPU3BOIUTH IO 3POCTAHHS
JHYIUIBHOT e(PeKTUBHOCTI serekTopa. CrocTepeKyBaHe 3pOCTAHHST JIIYUIBHOI e(beKTUBHOCTI BTOPUHHUX IaMMa-KBaHTIB
peastizyeThes Ipu yIOBITbHEHH]I HEHTPOHIB B OKCUIHUX AeTeKTopax ToBmuHOK 40-50 MM i 6isbire. [loxubka BumiproBanb
edeKTUBHOCTI peecTpalil HeATpoHiB ckiaamaia 7 %.

KJIFOYOBI CJIOBA: nerekTop, mBHAKI HEHTPOHU, 30y/2KeH] cTaHM, JiYMIbHA €(EKTUBHICTD, IIJIBHICTD sIIEPHIX

piBHiB.
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COMPETITIVE BINDING OF NOVEL CYANINE DYE AK3-5 AND EUROPIUM
COORDINATION COMPLEXES TO DNA
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The present study was undertaken to assess the applicability of the novel trimethine cyanine dye AK3-5 as a competitive ligand for
the antitumor agents, Eu(Ill) coordination complexes (EC), in the DNA-containing systems, using the displacement assay as an
analytical instrument. The analysis of fluorescence spectra revealed a strong association of AK3-5 with nucleic acids, with the
strength of interaction being higher for the double stranded DNA, compared to the single-stranded RNA. The binding parameters of
the cyanine dye have been determined in terms of the McGhee & von Hippel neighbouring site-exclusion model and a classical
Langmuir model. The AK3-5 association constant in the presence of DNA was found to be equal to 5.1x10* M-!, which is consistent
to those of the well-known DNA intercalators. In turn, the binding of the cyanine to the RNA was characterized by a significantly
lower association constant ( ~ 3.4x103 M-') indicating either the external or “partially intercalated” binding mode. The addition of the
europium complexes to the AK3-5-DNA system was followed by the fluorescence intensity decrease, with a magnitude of this effect
being dependent on the EC structure. The observed fluorescence decrease of AK3-5 in the presence of europium complexes V7 and
VO points to the competition between the cyanine dye and antitumor drugs for the DNA binding sites. The dependencies of the AK3-
5-DNA fluorescence intensity decrease vs. europium complex concentration were analyzed in terms of the Langmuir adsorption
model, giving the values of the drug association constant equal to 5.4x10* M-!and 3.9x10° M! for the europium complexes V7 and
V9, respectively. A more pronounced decrease of the AK3-5 fluorescence in the presence of V5 and V10 was interpreted in terms of
the drug-induced quenching of the dye fluorescence, accompanying the competition between AK3-5 and Eu(IIl) complexes for the
DNA binding sites. Cumulatively, the results presented here strongly suggest that AK3-5 can be effectively used in the nucleic acid
studies and in the dye-drug displacement assays.

KEYWORDS: trimethine cyanine dye, europium coordination complexes, antitumor drug, DNA, association constant

Over the past decade significant research efforts have been devoted to the investigation of the interaction between
drugs and nucleic acids, since DNA was found to serve as a prime target for various anticancer drugs and antibiotics [1-
3]. A variety of powerful techniques, including an agarose gel based assay, circular dichroism, mass spectrometry,
differential scanning calorimetry, surface plasmon resonance, electrophoresis, high-performance or thin-layer
chromatography, Raman, fluorescence and absorption spectroscopy, are currently used to monitor the drug-nucleic acid
binding. Due to advantages of rapidity and sensitivity, the fluorescence drug displacement assay seems to be an
especially promising for the investigation of mechanisms underlying the interaction between nucleic acids and drugs.
This method is based on a strong enhancement in the dye emission upon its binding to DNA or RNA, followed by the
fluorescence drop upon the dye displacement by the drug [4-7]. Among a variety of commercially available dyes,
ethidium bromide is the most widely used in the displacement experiments [7,8]. However, the applicability of ethidium
bromide, which is considered as mutagenic and carcinogenic, is complicated by some environmental concerns [9].
Recent studies revealed that cyanine dyes can be effectively used for the high throughput screening of the drug-DNA
interactions [10,11]. The applicability of this class of fluorophores is based on the fact that they display a high affinity
for nucleic acid double strands and a huge emission enhancement upon DNA binding. A sharp fluorescence increase is
supposed to originate from the loss of mobility around the methane bridge between the two heterocyclic moieties as a
result of the cyanine-nucleic acid interaction [12]. Due to their excellent staining properties, cyanine dyes are
characterized by a wide scope of applications and have been extensively used for sizing and purification of DNA
fragments [13,14], fluorescent microscopy [15], DNA damage detection [12], DNA sequencing [16], as well as for the
DNA and RNA bioanalytical assays [17,18].

Our previous studies revealed that the novel mono- and pentamethine cyanine compounds can be effectively
employed as non-covalent labels for nucleic acids [17, 19, 20]. As a next logical step, herein we directed our efforts
towards evaluating the DNA- and RNA-binding ability of the novel trimethine cyanine dye with an emphasis on its use
in the drug-displacement studies. More specifically, the aims of the present study were: i) to investigate the sensitivity
of the novel trimethine cyanine, referred to here as AK3-5, to the double stranded DNA and single stranded RNA; ii) to
estimate the parameters of the cyanine association with nucleic acids; iii) to analyze the binding mode of the novel dye;
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iv) to assess the applicability of AK3-5 as a competitive ligand for pharmacological agents, represented here by the
novel antitumor compounds, europium coordination complexes.

EXPERIMENTAL SECTION
Materials
Calf thymus DNA and yeast RNA were from Sigma (Sigma, St. Louis, MO, USA). Trimethine cyanine dye AK3-
5 [21] and Eu(Ill) coordination complexes (Fig.1) referred to here as V7, V9 and V10 were synthesized in the
University of Sofia, Bulgaria, as described previously [2]. All other materials and solvents were commercial products of
analytical grade and were used without further purification.

Preparation of working solutions
The stock solutions of AK3-5 and Eu(IIl) coordination complexes were prepared in dimethyl sulfoxide. The
concentrations of the compounds were determined spectrophotometrically using their molar extinction coefficients (& )
at absorption maxima ( 4, ), which are presented in Table 1. The solutions of calf thymus DNA and yeast RNA were
prepared in 5 mM sodium phosphate buffer (pH 7.4) at room temperature with occasional stirring to ensure the
formation of a homogenous solution. The concentrations of DNA and RNA solutions were determined using their molar
absorptivities &,;, =6.6x10°M'em™and ¢, =6.9x10°M"'cm™, respectively.

Table 1
Chemical structures and photophysical properties of
europium coordination complexes and AK3-5

v,

compound Ri R, | &M'em” | 4,,nm
V5 CeHs | CH; | 2.6x10° 266
V7 CéHs | CF; 2.6x10°* 266
V9 CsH,0 | CF; | 3.4x10* 271
V10 CeHs | GHs | 3.4x10° 167
Fig.1. Structures of the AK3-5 and EC AK3-5 1.5x10° 631

Spectroscopic measurements

The steady-state fluorescence spectra were recorded with LS-55 spectrofluorimeter (Perkin-Elmer Ltd.,
Beaconsfield, UK) at 20°C using 10 mm path-length quartz cuvettes. To measure the fluorescence spectra of the AK3-
5-DNA/RNA complexes, the appropriate amounts of the nucleic acid stock solution were added to the dye in 5 mM
sodium phosphate buffer, pH 7.4. The fluorescence spectra of AK3-5 were recorded in the range 620 - 800 nm upon
excitation at 600 nm. The fluorimetric titrations were carried out by keeping the dye concentration constant at varying
the DNA and RNA concentrations. In the case of the dye displacement studies, a solution containing AK3-5 and DNA
was titrated with the Eu(III) complexes.

Quantitative analysis of the dye-nucleic acid interactions
The thermodynamic analysis of the cyanine-nucleic acid interactions was performed in terms of the McGhee &
von Hippel excluded site model allowing the calculation of the binding constant and stoichiometry [22]:

£=KHP(1—ﬁj{ 1=(nB/ P) } 0
F P ) 1-(n-1)nB/P)

where B and F are the concentrations of the bound and free dye, respectively, P is the DNA (RNA) phosphate
concentration, K, denotes the association constant, and n represents the site exclusion parameter (i.e. the number of
base pairs excluded by the binding of a single ligand molecule). The values of K, and n were estimated using the
nonlinear least-square fitting procedure.

Quantitative analysis of the AK3-5/ EC competitive binding

In order to analyse the competitive binding of AK3-5 and EC to the nucleic acids a simplified model based on the
one-site Langmuir adsorption model was employed [23,24]. Assuming that the AK3-5 fluorescence response is
proportional to the amount of the DNA-bound fluorophore, B, the DNA-induced change in the probe fluorescence
intensity AF at the fluorescence maximum can be written as:

AF =F - FO = abaundB + aﬁ‘ee (Z - B) - a/’reeZ = (abound - a_/'ree )B =F,,B > (2)

mol
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where F, and F are the fluorescence intensities of the dye in a buffer solution and in the presence of DNA,
respectively; F

mo

, 1s a coefficient proportional to the difference of the dye quantum yields in buffer and when bound to
a macromolecule; @,,,,, and « ., are the molar fluorescences of the bound and free dye, respectively.

Given that the number of phosphates bound to one dye molecule is 7, the association constant (K, ) can be
represented as:

K - B ~ B
“ (Z-B)P/n-B) F(P/n-B)’

3

where P and Z are total phosphate and total dye concentrations, respectively.
The F,_, parameter was calculated from the fluorimetric titration of the dye with the DNA or RNA. Specifically,

mol

at high DNA/RNA concentrations, when P/#n>> B, from the combination of eqns (2) and (3) one obtains:
BRI ! L1, (4)
AF Banl Ku PZEnu[ / n ZFmoI
E. . =laZ, &)

where a is the y-intercept of the linear fit of the plot 1/AF(1/P) [23].
The parameters K, and n were estimated from the fluorimetric titration of the DNA by the dye. In this case,
when Z>>B, a combination of the eqns (2) and (3) gives:

1 1 1 1

D = + s (6)
AF BF,, K,PZF,,/n PF,, /n
n=>bPF,,, (7
K,=-c, (®)

where b and ¢ are y- and x-intercepts of the linear fit of the plot 1/AF(1/Z). When the drug binds to the AK3-5-
DNA complexes, the dye fluorescence in the absence ( F;,) and presence ( F") of the drug can be written as:
Fy = Byay,,. +(Zy, — By)a,,, ©)

F”" =Ba,,,+(Z _B))qfiw’ (10)
where B, and B, are the concentrations of the DNA-bound dye in the absence and presence of a drug, respectively.
From the eqns. (9) and (10) one obtains:

AFcaI

c

=E =" =B =B Xt~ ) - (11)

The association constants of the dye (K,

) and drug (K,

rug

) binding to the DNA were recovered from the numerical

solution of the set of equations under the following conditions: B, , < Z,.; B, < Zosug > By >0 By >0

B,. <N -B,,, (the total number of binding sites N = P /n is greater than the sum of concentrations of bound dye
and drug):
B
K, = , (12)
(ZOdyﬁ - de@ )(N - dee - Bdrug)
B
K iy = Ao , (13)
(Z()drug - Bdrug )(N - dee - Bdrug)
where B,, and B, are the concentrations of the DNA-bound dye and drug, respectively.

Molecular docking

An interactive molecular graphics program, Hex 8.0.0 was used to study the interaction between the examined
europium complexes and the double stranded DNA. The program performs docking using the spherical polar Fourier
correlations with the inputs of ligand and receptor in PDB format. The structure of the B-DNA dodecamer
d(CGCGAATTCGCG), (PDB ID: 1BNA) was downloaded from the Protein Data Bank (http://www.rcsb.org./pdb).
The parameters used for molecular docking include: FFT mode — 3D, correlation type — shape only, grid dimension —
0.6, ligand range — 180, receptor range — 180, distance range — 40, and twist range — 360. The docked complexes were
visualized by the Visual Molecular Dynamics (VMD) software.
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RESULTS AND DISCUSSION

At the first step of the study the AK3-5-nucleic acid binding was characterized using the fluorescence
spectroscopy technique. The spectra of AK3-5 in the presence of the double stranded DNA or single stranded RNA are
presented in Fig.2. The AK3-5 was found to have a negligible fluorescence in a buffer solution with the emission
maximum at 640 nm. In turn, the fluorescence intensity drastically increased upon the dye transfer from the aqueous
phase to the dsDNA or RNA environment, with the magnitude of this effect being more pronounced for the dye-DNA
complex. Moreover, AK3-5 binding to the RNA caused a 10 nm bathochromic shift in the emission maxima position,
whereas no significant change of this parameter was observed in the dye-DNA system. The comparison of the extents of
fluorescence enhancement in the presence of the dsDNA (ca. ~42.3) and the RNA (ca. ~4.3) at the same experimental
conditions indicates that the affinity of the AK3-5 to double stranded nucleic acids is higher than that of single stranded
one. The difference in the position of the fluorescence maxima in the presence of nucleic acids, as well as different
affinities for the RNA and DNA were also reported previously for other dyes of cyanine family [25], and can be used to
distinguish between the double and single stranded nucleic acids in solution. Moreover, the 10 nm shift of the AK3-5
fluorescence maximum position in the presence of the RNA with respect to that in the DNA-containing system probably
reflects a more polar environment of the dye in a single stranded nucleic acid. This finding is suggestive of the different
binding modes of AK3-5 to the single and double stranded nucleic acids.

It is well-known that cyanine dyes can interact with the nucleic acids in the three basic modes: i) electrostatic
attraction between the cationic dyes and the anionic phosphodiester groups of DNA/RNA backbone; ii) intercalation
between adjacent base pairs, iii) minor groove binding. Intercalation is typically observed for the cationic molecules
(with the positive charge preferably located on the ring system) possessing a planar aromatic structure, while the minor
groove binders should have at least limited flexibility to be able to adjust to the groove [12]. The structural and
physicochemical properties of a fluorophore, a nucleic acid sequence, as well as the phosphate to dye ratio (P/D) were
found to determine the molecular mechanism of cyanine complexation with nucleic acid [26,27].
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Fig. 2. Fluorescence spectra of the cyanine dye AK3-5 in the presence of increasing concentration of the double stranded DNA (left)
and the single stranded RNA (right). Dye concentration was 0.25 uM. DNA concentrations from bottom to top were 0 uM, 4.9 uM,
9.8 uM, 14.7 uM, 19.6 uM, 24.4 uM, 29.3 uM, 34.2 uM, and 39.1 uM, respectively. RNA concentrations from bottom to top were 0
uM, 13.1 uM, 26.2 uM, 39.2 uM, 52.3 uM, 65.4 uM, 78.3 uM, 91.5 uM, and 104.6 uM, respectively. The insets show the isotherms
of the dye binding to the DNA or RNA. The experimental data were fitted with the McGhee-von Hippel model.

In order to gain further insight into the binding mode between the AK3-5 and nucleic acids, as well as to calculate
the parameters characterizing the stability of the cyanine-nucleic acid complexes, the experimental dependencies of the
dye fluorescence increase (A/) on the DNA/RNA concentration (insets in Fig. 2) were analyzed in terms of the non-
cooperative McGhee & von Hippel model (Eq. (1)) [22]. The results obtained are summarized in Table 2.

Table 2.
The thermodynamic parameters of the AK3-5 binding to nucleic acid
4 -1
Nucleic acid K, x100 M n F ,,uM
DNA 51+09 2 264.3+£52.8
RNA 0.34+0.06 2 142.6+29.6

The association constant for the AK3-5-DNA complex was found to be 5.1x10* M-!. This value is identical to the
association constant observed for the classical intercalating dye, acridine orange [28]. The association constants for
other fluorophores possessing intercalating binding mode such as ethidium bromide (~ 1.5x103 M!) [29], EvaGreen
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(~3.6x10° M) [30], asymmetric thiazole orange derivatives (0.7 — 7.6x10° M™!) [17] and monomethine cyanine dyes
[19] do not exceed 10° M. In view of this, we can suppose that AK3-5 also intercalates between the base pairs of the
double stranded DNA. An additional argument in favor of the above assumption comes from the fact that the site
exclusion parameter (number of DNA units excluded by the cyanine molecule, n) is equal to 2, that is in a good
agreement with the principle of the nearest neighbor exclusion, indicating that the binding of one intercalating molecule
between two base pairs hinders an access of the next binding site to another intercalator, so the highest possible dye-
base pair ratio for intercalation is 1:2 [12]. As seen in Table 2, the value of association constant for the AK3-5/RNA
complex was smaller by an order of magnitude, while the site exclusion parameter was also equal to two. These
parameters allowed us to rule out the possibility of AK3-5 binding to the minor groove of RNA and, therefore, we
supposed that the AK3-5 binding to the single stranded RNA is presumably driven by the electrostatic attraction
between the positively charged group of the dye and negatively charged phosphate backbone. Nevertheless, the
possibility of a “partial” intercalation of the AK3-5 between the RNA bases cannot be ruled out. Such a binding mode
was previously observed for acridine orange in the presence of ss-nucleic acids [28]. Similarly, the alkaloids berberine
and palmatine, which are capable of intercalating between the base pairs of dsDNA, changed their binding mode to the
partially intercalating in the presence of tRNA [31].

At the next step of the study an attempt has been made to assess the applicability of the trimethine cyanine dye
AK3-5 as a competitive ligand for the potential pharmacological agents Eu(IIl) tris-B-diketonato coordination
complexes. Notably, due to a significantly smaller binding affinity of the AK3-5 to the single stranded RNA, the dye
displacement data were quantitatively interpreted only for AK3-5-DNA systems. It is generally accepted that in the
competitive displacement assays drug molecules that displace the DNA-bound dye, interact with the DNA in a fashion
similar to that of the dye [32]. Such a competition between dye and drug usually manifests itself in a fluorescence
intensity decrease of the dye-DNA complex. Recently it has been demonstrated that a series of europium coordination
complexes are capable of exerting significant antineoplastic effect, with the abundance of DNA-intercalating motif
being the major determinant of cytotoxicity [2]. To confirm that Eu(III) compounds under investigation are capable of
intercalating within the DNA helix, the molecular docking studies were performed. A double-stranded DNA dodecamer
[PDB ID 1BNA] and the examined drugs were taken as the input structures. The molecular docking indicates that a
more energetically favorable binding mode for the EC is a “partial intercalation” (Fig. 3). The 1,10-phenanthroline or
2,2'bipyridine part of the Eu(III) molecule tends to reside between the DNA-bases, while the rest of the complex is
placed in the minor groove of the DNA.

Fig. 3. Schematic representation of the energetically most favourable EC complexes with the double stranded DNA.

Thus, it might be expected that EC as intercalating molecules would replace the AK3-5 from the DNA helix.
Fig. 4 shows the emission spectra of the DNA-bound AK3-5 in the absence and presence of europium coordination
complexes. As can be seen, increase of the EC concentration was followed by a gradual reduction in the AK3-5
fluorescence intensity, indicating that europium compounds are capable of displacing the AK3-5 from the DNA helix.
Notably, the magnitude of the fluorescence intensity decrease was more pronounced for V5 and V10 complexes in
comparison to V7 and V9. The most probable explanation for this observation is the different binding affinities of the
europium complexes. Similarly, the metal complexes of Cu, Zn and Ni have been reported to possess the distinct DNA
binding affinities [5]. Interestingly, V5 and V10 are more bulky in comparison to V7 and V9. So we cannot exclude the
possibility of the EC- induced conformational changes in the double stranded DNA. A good wealth of reports indicates
that the drug binding to the right-handed B-DNA can produce its conversion to the left-handed Z-DNA [11].

Pursuing a comprehensive picture of the competition between AK3-5 and Eu(IlI) compounds for the DNA binding
sites, our experimental strategy involved collecting the multiple data sets. More specifically, the AK3-5 fluorescence
intensity decrease was measured as a function of EC concentration upon simultaneous varying the DNA concentrations.
The plots of the fluorescence intensity decrease vs EC concentration are presented in Fig.5.

The above dependencies were analyzed in terms of the simplified competition model (Egs. 2-13) to calculate the
association constants of the drug (X, ) binding to the DNA in the presence of AK3-5. The calculated K, values

dru, g
were equal to 5.4x10* M 'and 3.9x10° M"! for V7 and V9, respectively. Moreover, the association constants of the drug
were found to be independent of the DNA concentration in the tested sample.
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Fig. 4. Competitive displacement assays between the AK3-5 and V5(A), V7(B), V9(C) and V10 (D) in the presence of DNA.
Dye concentration was 0.25 uM. DNA concentration was 9.3 uM.
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Fig.5. The fluorescence intensity decreases of AK3-5-DNA complexes in the presence of the increasing concentrations of V7
(A), V9 (B), V10 (C) and V5 (D). The concentrations of the DNA were (a) 9.3 uM, (b) 27.9 uM, (c) 37.6 uM, (d) 46.5 uM,
respectively.

However, we failed to obtain the realistic value of the association constant K,
and V10. Moreover, the theoretically calculated AF values (eq. 11) were significantly greater than those obtained from
the experiment. Most likely, the competition between AK3/5 and Eu(IIl) complexes for the DNA binding sites is not the
only reason for the observed fluorescence decrease in the presence of V5 and V10. In this respect, it seems of interest to
draw attention to the shapes of the dependencies of AF on the EC concentration: being linear for the V7 and V9, it is
almost hyperbolic for V5 and V10. The most probable reason for such a behavior is that besides the competition

for the europium complexes V5
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between AK3/5 and EC for the DNA binding sites, V5 and V10 are capable of quenching the AK3-5 fluorescence. A
more hydrophobic nature of V5 and V10 in comparison to V7 and V9 seems to account for a pronounced drop in the
AKS3-5 fluorescence intensity in the combined AK3-5/DNA/EC systems [33].

CONCLUSIONS

In conclusion, the present study was focused on the possible application of the novel trimethine cyanine dye AK3-
5 in the displacement assay using the potential antitumor agents, europium coordination complexes as competitive
ligands. The AK3-5-DNA/RNA binding studies provided evidence for the strong association of the fluorophore to
nucleic acids, with the binding affinity being higher for the double-stranded DNA, in comparison with the single-
stranded RNA. Upon addition of increasing concentrations of europium complexes, a gradual reduction in the
fluorescence intensity of the dye was observed, indicating that EC are capable of displacing the AK3-5 from the DNA
helix. The magnitude of the fluorescence intensity decrease was found to be more pronounced for V5 and V10
compared to V7 and V9. The observed effects were interpreted in terms of the different binding affinities of the
europium complexes to the DNA. The assumption was made, that a more pronounced fluorescence intensity decrease of
in the presence of V5 and V10 results from the EC ability to quench the AK3-5 fluorescence, along with the
competition between AK3/5 and Eu(Ill) complexes for the DNA binding sites. Cumulatively, the results presented here
strongly suggest that AK3-5 can be effectively used for the sensitive detection of the nucleic acids, as well as for the
drug displacement assays.
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KOHKYPEHTHE 3B’SI3YBAHHSI HOBOT'O IIIAHTHOBOT'O BAPBHUKA AK3-5 TA KOOPIMHALIMHUX
KOMIIJIEKCIB €BPOIIIIO 3 THK
O. Kurnskiscbkal, A. 3a6pyacekal, Y. Tapa6apal, K. Bycl, B. Tpycosal, I'. T'opoenko!, A. Kypyroc?, T. Jleaireoprics?
TKagheopa s0epnoi ma meduunoi izuxu, Xapxiecoxuii nayionansnuii ynisepcumem imeni B.H. Kapasina
M. Ceob0o0u 4, Xapxis, 61022, Ykpaina
2Inemumym opzaniunoi ximii ma Gioximii pociun, Borzapcvka akademis nayk
Coqia, 1113, boneapis
3®axynomem ximii i papmayii, Coghiticoruii ynicepcumem « Ceamuti Knimenm Oxpuocokutiy
Codghin, 1164, Foneapis
V naniii po60Ti MPOBEIECHO OLIHKY MOMIIMBOCTI BUKOPUCTaHHS HOBOTO TpUMeTHHOBOro GapBHHKa AK3-5 B SKOCTI KOHKYPEHTHOTO
Jirany Juisl OPOTHITYXJIMHHHX TIperapariB, koopauHariiaux komiuiekciB esporito (KKE), y cucremax, mo mictunu JJHK. Ananis
CHEKTPiB (UIyOpecIeHIil moka3aB BUCOKY cropinHeHicTh AK3-5 10 HyKkiIeiHOBUX KHCIIOT, IPUIOMY CTYMiHb B3a€MOIi 3 MTOABIHHOIO
crmipawmro JJHK OyB Bummit, Hixk 3 onnomaHmoroBoro PHK. 3a momomororo momemi Mak-I1 1 ¢on Ximmens Bu3HAu€HO
TEepPMOANHAMIYHI ITapaMeTpH 3B’s3yBaHHS IiaHIHOBOrO OapBHUKA 3 HykJIeiHOBHMH kucinotamu. Koncranra acomiamii AK3-5 3 THK
nopisioBana 5.1x10* M'! | w0 Bignosimae 3HaueHHIO 1BOro Tapametpy s Bimomux JIHK inTepkansTopis. 3B’s3yBaHHS
nianinosoro 3ou1a 3 PHK, y cBOI uepry, XapakTepu3yBajaoch 3Ha4HO MEHIIOKW KOHCTaHTO acouianii ~ 3.4x10° M, o Bkasye Ha
CJICKTPOCTAaTUYHE 3B’S3yBaHHS a00 «JacTKOBY IHTEPKAIALIIO» SK MOXJIMBUHM MEXaHi3M KOMIUIEKCOyTBOpeHHs. J[lojaBaHHS
KoMmIutekciB eBporito g0 cucremu AK3-5 — THK cynpoBomkyBanocs MaiHHIM iHTEHCHBHOCTI (IIyOpeCeHIIii, NPHYOMY BETHYHHA
uporo edekry 3anexana Bin crpykrypu KKE. 3menmenns dayopecuenuii AK3-5, mo crocrepiraiioch y IpHCyTHOCTI KOMIUIEKCIB
eBpomito V7 1 V9, HalliMOBipHilIe, BKa3ye Ha KOHKYPEHII0 MK I[iaHIHOBUM OapBHHKOM 1 NPOTUIYXJIMHHUMH TperapaTaMmy 3a
caiitu 3B’ s3yBanHs 3 JJHK. KoHneHTpaiifHi 3a1eXHOCTI 3MiH iHTEHCUBHOCTI (IyOpecIeH il Oyu mpoaHani3oBaHi B paMKaxX MOZeTi
JlenrMiopa, 10 JO3BOJNMJIO OTPMMATH KOHCTaHTH 3B’s3yBaHHs 5.4x10* M ta 3.9x10° M mns xommnekcis espomito V7 i V9,
BimoBigHO. Binbmn BupaxxeHe MamiHHS IHTEHCHBHOCTI (iryopecueHnii 6apBHUKa y npucyTHocTi V5 i V10, iMOBIpHO, CBITYUTE 1IpO
racinns QuyopecueHuii AK3-5 komruiekcamu eBpomniro, okpiM KOHKypeHuii Mix 6apBHukoMm ta KKE 3a caiitu 38’s13yBanns Ha JTHK,
B wminomy, oTpuMaHi pe3ysbTaTH CTBOPIOIOTH IepeayMoBH edekTrBHOro BHKopucTaHHs AK3-5 y nociikeHHSX HYKIETHOBHX
KHCIIOT Ta KOHKYPEHTHHUX B3aEMOJii (hapmakosoriuHux arenris i 0apsaukis 3 JTHK.
KJIIOUYOBI CJIOBA: TpuMeTnHOBH LiaHIHOBHI OapBHUK, KOOPAMHALIHHI KOMIUIEKCH €BPOIIiI0, IPOTUITYXJIMHHHHN Mpernapar,
JTHK, xoHcTaHTa acorarii

KOHKYPEHTHOE CBA3BIBAHUE HOBOT'O HUAHHHOBOI'O 30HJIA AK3-5 1 KOOPJJUHAIIMOHHBIX
KOMIIJIEKCOB EBPOIIHUA C JHK
0. Kurnsikopekas', A. 3a0pyuackasn', ¥. Tapa6éapal, K. Byc!, B. Tpycosa!, I. Fopoenxo’, A. Kypyroc?, T. leaureoprues?
Kageopa sidepnoii u meduyunckoii usuxu, Xapokosckuii nayuonanbuwiii yuueepcumem umenu B.H. Kapaszuna
ni. Ceoboowr 4, Xapwvros, 61022, Yrpauna
2Uncmumym opzanuueckoti xumuy u 6uoxumuu pacmenuii, Boreapckas akademus nayx
Cogpus, 1113, Boreapus
SDaxynomem xumuu u papmayuu, Copuiickuii ynusepcumem «Cesamoii Knumenm Oxpuockuii»
Coghusa, 1164, boreapus

B nmanHO# pabore mpoBeneHa OIEHKA BO3MOXHOCTH HCIIONB30BAHUS HOBOTO TpHMeTHHOBOro kpacurenst AK3-5 B kauectse
KOHKYpPEHTHOTO JIMTaHJa ISl NPOTHBOOITYXOJEBHIX IIPENapaToB, KOOpAMHAIMOHHBIX KomiurekcoB espomust (KKE), B JIHK-
coliepKaluX cucTeMax. AHanu3 (IIyOpecHeHTHBIX CIEKTPOB TOKa3an BhICOKOe cpoicTBO AK3-5 K HyKJICHHOBBIM KHCIOTaM,
MpUYEM CTENeHb B3aumoaeicTBus ¢ apyxienodeunoit JIHK Owina Boime, yem ¢ oxHorenoueuHoit PHK. C momormso Mogenu Mak-
I'm u ¢on Xunmens onpenesieHsl TEPMOANHAMHUYECKHE NApaMETPhl CBA3BIBAHMS LIMAHMHOBOTO KPACHTENs C HYKJICHHOBBIMU
kucnoramu. Koncranta accounanuu AK3-5 ¢ IHK Gbuta pasna 5.1x10* M1, 4T0 COOTBETCTBYET 3HAYEHHIO 3TOrO MapameTpa JUls
m3BecTHBIX JIHK mHTepKamaropoB. Cesa3piBanue muaHuHoBoro 30HAa ¢ PHK, B cBoio ouepenp, XapakTepu30BaIOCh 3HAYUTEIHEHO
MeHbLIEH KOHCTaHTOH accoumanuu (~ 3.4x10° M), ykaselBasg Ha 3JIEKTPOCTATHYECKOE CBS3bIBAHHE JIMOO «YAaCTHUHYIO
HMHTEPKASINIO» KaK BO3MOXHBIH MEXaHI3M KOMILIEKCooOpazoBaHus. JlobaBieHne koMIulekcoB eBponus k cucreme AK3-5 — THK
COIPOBOXKIAJIOCH CHIDKEHHEM HMHTCHCHBHOCTH (DIIyOpeCcIeHIUH, IpHIeM BelHunHa 3Toro dddekra 3aBucena ot crpykrypsl KKE.
Habnromaemoe ymenbiienue ¢ayopecuenuun AK3-5 B mpucyTcTBUH KOMIUIEKCOB eBpornus V7 u V9, Haubonee BEpOSITHO,
yKa3blBaeT Ha KOHKYPEHIMIO MEXIy KpacuTeleM M IPOTHBOOIYXOJEBBIMH IIperapatamu 3a caiitel cBs3siBanus ¢ JIHK.
KoHLeHTpalMOHHbIE 3aBUCUMOCTH HM3MEHEHWS WHTEHCUBHOCTH (IyOpecLeHLMH ObUIM INPOAaHANIU3MPOBAHbl B PaMKax MOJEIH
JleHrMIopa, YTO IO3BOJIMIIO MOIYy4YUTh KOHCTaHTHI CBs3biBanua 5.4x10* M u 3.9x10° M! mns xommekcos esporuss V7 u V9,
COOTBETCTBEHHO. boiee BbIpaskeHHOE MajieHHe MHTEHCUBHOCTH (DIyOpecleHIH TPUMETHHOBOTO KpacUTeNsl B MPHUCYTCTBHH V5 U
V10, mpeamonokuTenpHo, o0ycioBiaeHo TymieHueM ¢uryopecuennn AK3-5 komiuiekcamu eBpommus, Hapsigy C KOHKYPEHIHen
mexay kpacurenem u KKE 3a caiitel cBszbiBanust Ha JIHK. B nenom, npeacraBieHHble pe3ysbTaThl CO3AIOT MPEINOCHUIKH IS
s¢dexTuBHOrO Hcmonb3oBaHus AK3-5 Kak s nCclenoBaHMS HYKIEHHOBBIX KHCIOT M KOHKYPEHTHOTO — CBSI3BIBAHUS
(apmakonorndeckux areHToB u kpacureieii ¢ JJTHK.

KJ/IFOYEBBIE CJIOBA: TpuMEeTHHOBBIN IUAHUHOBBIN KpacuTesb, KOOPIUHALMOHHbBIE KOMIUICKCHI €BPOIIUS, IPOTUBOOILYXOJIEBBIN
npenapat, JJHK, koHCTaHTa CBsI3BIBaHUA
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The study aimed at the investigation and application of SnS thin film semiconductor as a channel layer semiconductor in the assembly
of an electric double layer field effect transistor which is important for the achievement and development of novel device concepts,
applications and tuning of physical properties of materials since the reported EDLFET and the modulation of electronic states have so
far been realised on oxides, nitrides, carbon nanotubes and organic semiconductor but has been rarely reported for the chalcogenides.
Honey was used as a gel like electrolytic gate dielectric to generate an enhanced electric field response over SnS semiconductor channel
layer and due to its ability to produces high on-current and low voltage operation while forming an ionic gel-like solution similar to
ionic gels which consist of ionic liguids. SnS gated honey Electric double layer field effect transistor was assembled using tin sulphide
(SnS) thin film as semiconductor channel layer and honey as gate dielectric. The measured gate capacitance of honey using LCR meter
was measured as 2.15 uF/ cm? while the dielectric constant is 20.50. The semiconductor layer was deposited using Aerosol assisted
chemical vapour deposition and annealed in open air at 250°C on an etched region about the middle of a 4x4 mm FTO glass substrate
with the source and drain electrode region defined by the etching and masking at the two ends of the substrate. Iridium was used as the
gate electrode while a copper wire was masked to the source and drain region to create electrode contact. The Profilometry, X-ray
diffraction, Scanning electron microscope, Energy dispersive X-ray spectroscopy, Hall Effect measurement and digital multimeters
were used to characterise the device. The SnS thin film was found to be polycrystalline consisting of Sn and S elements with define
grains, an optical band of 1.42 eV and of 0.4 um thickness. The transistor operated with a p type channel conductivity in a depletion
mode with a field effect mobility of 16.67 cm?/Vs, cut-off voltage of 1.6 V, Drain saturation current of1.35uA, a transconductance of
-809.61 nA/V and a sub threshold slope of -1.6 Vdec! which is comparable to standard specifications in Electronics Data sheets.
Positive gate bias results in a shift in the cut off voltage due to charge trapping in the channel/dielectric interface.

KEY WORDS: SnS thin film; Field effect transistor; Honey; Electric double layer; semiconductor

A transistor is a three terminal semiconductor solid state device used for the amplification and switching of electronic
signals. Transistors are classified into bipolar junction transistors (BJT) and the field effect transistors (FET) [1]. The
field effect transistor utilises only the majority charge carriers for electrical conduction. The FET consist of a source
electrode, drain electrode, gate electrodes and a semiconductor active channel region such that an applied electric field
via the gate voltage is used in controlling the channel conductivity with a flow of charge carriers from the source electrode
to the drain electrode [2].

An electric double layer may be defined as a nano gap capacitor with a large specific capacitance which on
application of low gate voltage can electrostatically modulate the semiconductor channel layer of a field effect transistor
by the accumulation of electric charge carriers at the interface between the semiconductor layer and the gate dielectric [3].
An electric double layer field effect transistor (EDLFET) with an advantage of reduce operational voltage due to such a
large specific capacitance could be formed from the nano gap electric double layer capacitor by the replaced of one of the
capacitor’s electrode with a semiconductor material alongside the other electrodes in the capacitors configuration [4].

Electric double layer field effect transistors are of emerging interest in the mimicking of biological synaptic
functions, electric control of ferromagnetism, signal processing and sensing in medical physics which requires a low
operational voltage and high charge carrier concentrations [5]. The operation of a field effect transistor with a low
operating voltage and higher carrier concentration is essentially dependent on the choice of semiconductor channel layer
material and the gate dielectric among other parameters since the threshold voltage (Vi), which is the voltage required in
switching a transistor is dependent on the semiconductor material [3] and also the minimum gate to source voltage
differential that is needed to create a charge carrier conducting path between the source and drain is dependent on the
semiconductor channel layer in an EDLFET.

However, the reported EDLFET and the modulation of electronic states have been so far realised only on oxides,
nitrides, carbon nanotubes and organic semiconductor. Therefore, the application of the electric double layer field effect
transistor technique to other semiconductor materials has become one of the emerging interests for novel electronic
phenomena. This trend is increasingly important for the achievement and development of novel device concepts,
applications and tuning of physical properties of materials [5].

Metal chalcogenides (MX-where M denote metal (usually transition metal) and X denote chalcogen) such as Tin(II)
sulphide (SnS) and metal dichalcogenides (MX,, where M and X denote metal and chalcogen respectively) such as

© Thomas Daniel, Uno Uno, Kasim Isah, Umaru Ahmadu, 2019
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Tin(IV) sulphide (SnS,) are of interest as potential candidates for the transport channel of EDLFET. Chalcogenides are
materials containing a transition element and one or more chalcogen elements (Silicon, Selenium,
Polonium and Tellunum). They found vital applications in solar cells, photoconductive

materials, thermoelectric materials, rewritable memory, studying of dopant induced superconductivity, charge density
formation and transistors. SnS is abundance in the earth’s crust, SnS is one of the Tin chalcogenides semiconductors, it
possess the an orthorhombic crystal structure, it has good air stability, the constituent elements are abundant in nature and
not expensive [6], it is not toxic; it is a mostly a p type semiconducting material with carrier concentration on the order
of 10'%em3, hole mobility of 1.4 cm?>V-'s! and low resistivity [7]. The SnS is relatively unexplored for application in
electric double layer thin film field effect transistor, as existing literatures on the application of SnS thin film as
semiconductor channel of an electric double layer field effect transistor is relatively scanty or not available. Hence the
SnS thin film is a potential semiconductor to test the feasibility of the chalcogenides as a semiconductor channel layer for
application in an electric double layer field effect transistor.

Consequently, the article focuses on the use of SnS as a channel layer in an EDLFET and honey as the gate dielectric.
Honey was reported to possess the ability to produces high on-current and low voltage operation while forming an ionic
gel-like solution similar to ionic gels which consist of ionic liguids. It has recently shown ideal transistor performance as
a electrolytic gate dielectrics in Graphene field effect transistors using liquid metal interconnects [8].

MATERIALS AND METHOD

For the assembling of SnS EDLFET, FTO glass substrate was cleaned using the cleaning methods described as
follows: a. the substrates were washed in sodium lauryl sulphate (SLS) solution to remove oil and protein. b. To remove
the organic contaminants, the substrates were immersed in piranha solution (H>SO4: H>O, (3:1)) for 30 minutes. ¢. The
substrates were then ultrasonically cleaned in distilled water using a sonicator and kept in methanol until it is ready to be
used. d. Finally, to use the substrate for deposition process, the substrate were taken from the methanol and dried in air at
150°C after which it was used for the assembling of the SnS EDLFET. A 4x4 mm FTO glass was masked (from both ends
to create the drain and source contact respectively) and then etch about the middle using Zinc powder and Hydrochloric
acid as the etchant in order to create the semiconductor channel region. A 0.40 pum SnS thin film was deposited on the
etch region with a channel length of 70 um and channel width of 4000 um by AACVD to serve as the semiconductor
channel layer. The SnS semiconductor channel layer was deposited using 0.1 M Tin chloride dehydrates (BDH) and 0.2 M
of Thiourea (BDH) which was weighed in stoichiometric proportion and dissolve in ethanol solvent. The two solutions
were mixed and stirred for 1 hour using a magnetic stirrer at room temperature, after which the resulting solution was
filtered through a 0.22 pm syringe filter and then deposited on the substrate by aerosol assisted chemical vapour deposition
(AACVD) at a constant substrate temperature of 258 °C, nozzle distance of 6.8 mm, substrate to nozzle distance of 3 cm,
spray volume of 0.2 mL and spray rate of 0.04 ml/min. With the Drain and Source region still masked, the deposited SnS
thin film semiconductor channel layer was annealed in open air at annealing temperature of 250°C for one hour after

which it was allowed to cool to room temperature before undergoing characterisation.
ol Ves The FTO drain and source contacts
|! — were bonded with a thin copper wire after
which Honey which was commercially
acquired was dispensed from a plastic
Iridium gate electrode dropper at a volume of 150.59 mm® and
136.90 mm? surface area of the SnS thin
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Fig. 1. A schematic diagram of the SnS EDLFET ﬁtllttiﬁzttzrrs SSEYD,}%% 0 5820(:% gig:z{

Multimeter). The Vg applied to the Ir

electrode was scanned from 0 to 1 V by 0.2 V step. The quality of the EDLFET was determined by measuring the gate
current Ig for a gate voltage Vg. A schematic of the SnS EDLFET is shown in Fig. 1.
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CHARACTERISATION TECHNIQUES FOR THE DEPOSITED SNS THIN FILM

The crystal phase analysis was carried out at room temperature using an X-ray diffractrometer (D8 Advance, Bruker
AXS, 40Kv, 40 mA) with monochromatic CuKa (A=1.540598 A) over a scan mode of step size 0.034° and counts
accumulated for 192.1 s at each step for 20 ranging from 20° to 80°. The XRD diffractogram was obtained using Origin
Pro 2018 software with the FWHM for the peaks estimated using a Gaussian function. Results was analysed with the
scientific graphing analysis software and phase identification was done using the inorganic crystal structure data (ICSD)
pattern [9].

The lattice parameters a, b and c value for the orthorhombic crystallographic system of Tin (II) sulphide thin film
was calculated from the observed values of 26 using d values (interplaner spacing) for the orthorhombic structure [10]:

2 2 2
1/d2 =h a2+k /b2+l /C2~ (1

XRD pattern of the film was first indexed after which three peaks whose (hkl) is known were selected and resolved for a,

b and c lattice constants of the SnS thin film which is also equivalent to:
a=—= bcsma; =_1 — acsing ;€= L= Y \where V (unit cell volume)=abc (for orthorhombic), d is the
dio1 v doso 4 doo2 v

space between lattice planes, h k 1 are the miller indices while «, 3, y are the diffraction angles.

hkl

The inter atomic spacing d was calculated from the Bragg’s equation [11]:

2d sin 0 = n4, 2)
y!

d= 3)

= 2sin6’

Where n=1, A=1.5406A°

The average crystallite size of the film was calculated using Debye Scherer’s formula [11] assuming spherical
K24

3Cos0 which can also be written as

crystallite: Crystallite size =

092
" Bcosd’ “4)

Where B = full width at half maximum (FWHM), 6 = diffraction angle, k = Shape factor and A = wavelength of the X-
rays (1.5406 A) and D= grain size respectively.
Dislocation density & was calculated using the equation [12]:

1

Where D is the grain size of the film. The micro-strain € was estimated using the equation [13]:
__B
&= 4tan’ (©)

Quantitative information about the preferential crystallite orientation of the SnS thin films was obtained from the
texture coefficient (TC) which represents the preferential growth of certain planes compared to randomly oriented
crystallites and was determined from the relation [14-15]:

/1o
Te (Yn) ZN<I/IO). @
Where: I is the measured intensity of the intense peak in the XRD spectrum, I, is the intensity for completely random
sample or the standard intensity of the hkl plane taken from the JCPDS 00-039-0354 card and N is the number of
reflections considered in the analysis.

The morphology and the microstructure of the SnS thin film was characterized using High Resolution Scanning
Electron Microscopy (HR-SEM, Zeiss) while the elemental composition of the films were determined by an Energy
dispersive X-ray spectroscopy (EDS; Oxford instrument) attached to the SEM . The instrument was operated at a voltage
of 20 kV while the images were captured at 5 kV. A Profilometry (VEECO DEKTAK 150) was used to carry out
measurement of the thickness of the deposited films.

Electrical Characterisation
The carrier density, carrier mobility and carrier type were determined by an ECOPIA Hall Effect measurement
system (HMS 3000 Hall measurement system) based on Van der pauw configuration. Two variable power supplies
(KOOCU DC Power supply 1502DD with voltage variation of 0-15 V and ATX-650W, hp invent with voltage variation
of 0-12 V) and two Multimeter (CHY VC 890C* digital Multimeter and DT9205ACE digital Multimeter) were also used
to determine the electrical behaviour of the fabricated transistor. The temperature dependent resistance measurement of
the deposited film was carried out in the temperature range of 283 to 523 K.
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Evaluation of device performance of the fabricated EDL field effect thin film Transistor

The electrical behaviour of the SnS channel EDL field-effect transistors was evaluated by the plot of drain current
(Ip) versus the drain-source bias which is called the output characteristics and the gate-source bias (Vgs) which is called
transfer characteristics. To evaluate the device performances, electrical parameters such as field-effect mobility (urg), cut
off voltage, drain saturation current threshold voltage (Vu), transconductance and sub threshold swing (SS) were mainly
considered as follows:

The x-axis value at the intercept of the transfer curve gives the value of Gate to source cut-off voltage (Vgs (orr))
while the y-axis intercept gives the drain saturation current(Ipss). The transconductance (gm) which is simply the slope of
the transfer characteristics was calculated using [1]:

Alp

Im = 3yos )
The field effect mobility pre was also obtained from the transconductance at low Vps by:
My tom - ©)

WCiVps

Where C; is the capacitance per unit area of the gate dielectric, w is the device width while L is the device length.
The mobility is the average drift speed of carriers under the unit electric field.
The sub threshold swing (SS) which reflects the necessary Vg required to increase Ips by an order of magnitude in the sub
threshold region (Vgs < Vi) was determined as the inverse of maximum slope of the transfer curve given as:

_ (dlog(ips)\ !
ss = (*2ies) (10)
RESULTS AND DISCUSSION

Compositional analysis of the annealed SnS thin film
The thickness of the SnS thin film was measured to be 0.40 pum thickness from the profilometry result. The main
constituents’ elements and their relative concentrations are given in table 1.The annealed SnS thin film was brown in
colour, smooth, pin hole free and adheres firmly to the glass substrate surface. No significant colour change was noticed
with annealing of the firm.

Table 1
SnS thin film elemental composition (atomic percent) at varied annealing Temperatures.
Annealing Sn (at.%) S (at.%) Sn/S at %ratio SnS (Total)
Temperature (°C)
250 37.28 62.72 0.594 100

Fig. 2 gives the EDX spectrum of the SnS thin film deposited at annealing temperature of 250°C. From the figure, it
is evident that the film contained Tin (Sn) and Sulpur (S) elements. However Na, Ca, Si, Cl and Ca elements were also
observed which could be attributed to the glass substrates used. Similar observation was also made by [10,16]. The relative
concentrations of Sn and S on the samples were evaluated as given in table 3.1 and by the EDS spectrum.

: LSJ [ SAMPLEC

cps/eV

0 2 4 6 8 10 12 14 16 18 keV

Fig. 2. EDS spectrum of the SnS thin film semiconductor channel layer

XRD Analysis
Fig. 3. shows the XRD pattern of SnS thin film annealed at 250 °C annealing temperature. The XRD spectra of SnS
thin film annealed at annealing temperature of 250 °C is shown in fig 3 where the peaks which were identified using the
JCPDS card number 39-0354 data are labelled with corresponding orientations using the miller indices. All reflections
were indexed to orthorhombic SnS phase as compared with the standard JCPDS card. The X-ray diffractogram or
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spectrum of the annealed film exhibited peaks of different orientations at 20 values of approximately 29.3°, 31.7°, 45.5°
and 62.1° corresponding to (101), (040), (002) and (202) peaks. No impurities peaks of elemental sulphur, tin or other tin
sulphide phases were identified in the XRD pattern of the annealed films which buttress the formation of pure SnS phase.
The annealed SnS films were polycrystalline and showered an orthorhombic structure with calculated lattice parameters
of a=0.429 nm, b=1.123 nm and ¢=0.399 nm and an observed d spacing of 2.8194 (°A). The calculated texture coefficient
values of the SnS semiconductor channel layer is given in Table 2.
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Fig. 3: XRD pattern of the SnS thin film semiconductor channel layer
Table 2.
Texture coefficient value for the SnS semiconductor channel laye
S/N | Annealing Texture coefficient (TC)
Temperature °C TC(101) TC (040) TC(002) TC (202) TC(080)
1 250 0.46 2.52 0.50 0.51 0

The value obtained shows that the TC value of (040) plane of annealed SnS semiconductor channel layer component
are larger than 1 which reveals that the SnS thin film is polycrystalline with preferred orientation along the (040) plane
denoting that the number of crystallite and grains along this plane is more than that on the other planes [14, 15, 17]. The
peak associated with the (040) plane was used to calculate the crystallite size and other structural parameters been the
preferred orientation of the annealed SnS thin film. The calculated average crystalline size, dislocation density and micro
strain for the film is shown in Table 3.

Table 3.
Average crystalline size, dislocation density and micro strain for the SnS semiconductor channel layer
S/n Annealing Full width half 20 (°) Grain Dislocation Micro strain
Temperature (°C) maximum size density £x107*
B (©) D (nm) 8 x 10
(Lines/m?)
1 250 0.12644 31.71153 65.30 235 5.31

The large average crystallite size obtained could also be attributed to the decrease in grain boundary and reduction
in crystal system deformations which signifies increase in degree of perfection of grains with the removal of defects and
healing of pores as a result of less number of grain boundaries, decrease in defects density and decrease in donor sites
trapped at the dislocation and grain boundaries. Furthermore, crystallites ranges in size from small to large and crystallites
as a result the smallest crystallite often possess the largest surface area to volume ratio such that given the higher surface
area, they are more likely to be fragmented with annealing thereby enhancing crystal growth.

SEM analysis
The scanning electron microscopy results/micrograph at magnification of 20000 x for the semiconductor channel
layer is shown in Fig. 4.
The average grain size of the SnS thin film semiconductor channel layer was calculated using imageJ software [18]
and the histogram of the grain distribution is given in Figure 5. Otsu’s thresholding method and particle analysis [19] was
used after which statistical analysis of the data was made with histogram generated to study the grain distribution and
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average grain size determined from the average particle size assuming round particles as confirmed by the analysis. The
particle analyser was configured in a size range of 0 nm? to infinity in other to allow for coverage of smaller particles.
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Fig. 4. SEM micrograph of the SnS semiconductor channel Fig. 5. Grain size histogram plot for SnS semiconductor channel
layer layer annealed at 250 °C annealing temperature

The average grain size was found to be 137.53 nm. The histogram shows a non-uniform grain concentration and
distribution at grain size range of 0.0 to 100 nm for the samples. The grain size distribution at 0.0 to 100 nm is larger than
that of 100 to 350 nm range. There tends to be a preferred grain distribution and growth defining factor at 100 nm for all
the samples which could be related to the preferred crystal orientation earlier defined by the XRD results. The increase in
grain distribution from 0 to 100 nm range is followed by a decrease from 100 to 350 nm in all samples which could be
attributed to initialisation of grain stability and uniformity at the range of 100 to 350 nm. The closely packed nature of
the grains to each other reveals good adhesiveness of the deposited SnS thin film to the glass substrate. The larger grain
sizes could enhance reduction in grain boundaries and potential barrier there by releasing charge carriers that were trap
so as to further enhance carrier conductivity.

Temperature dependence of electrical conductivity
The temperature dependence of electrical conductivity of the deposited SnS thin film was studied by heating to a
temperature of 300 °C after which the resistivity/conductivity was measured as the temperature reduced by 5 °C intervals.
The obtained data was analysed using Arrhenius equation [20]. A plot of In (6/ay) versus (1/T) is given in Fig. 6.

In {o/5,)
n

1.6 ' 1.8 ' 20 ' 2?2 ' 2?4 ' 26 ' 28 ) 3.0
1000/T (K™)
Fig. 6: The dependence of In (a/0y) versus (1000/T) for SnS thin film

The average activation energy of the charge carriers evaluated from the slope of the curve was obtained as 0.520 eV.
The value of the activation energy could be attributed to the deep acceptor states stemming from the Sn Vacancy which
plays significant role in p type carrier conductivity of the SnS semiconductor. The excess of Sulpur which is also evident
in the elemental composition of the film, induces a proportionate Sn vacancy sites such that every anion would introduce



71

Electric Double Layer Field Effect Transistor Using SnS Thin Film as Semiconductor Channel... EEJP. 3 (2019)

two positive type (p-type) conductor which is supported by the fact that the activation energy of the SnS thin film depends
on elemental ratio, presence of crystal defect and the deposition method used. The SnS film conductance was observed
to increase with temperature which indicates the semiconducting behaviour of the thin film. The excitation of charge
carrier from valence band to conduction band could be responsible for the rise of conductivity [14].

Hall effect measurement for the SnS semiconductor channel layer
The measured electrical parameters of the SnS semiconductor channel layer from the Hall Effect measurement
are given in Table 4.

Table 4.
Hall effect electrical parameters for the SnS semiconductor channel layer
Annealing | Bulk concentration Average Carrier Resistivity Conductivity
Temperature Np (cm™) Hall mobility p (Qcm) o (Qcm)’!
(°C) coefficient | p (cm?Vs)
Ry (cm’/c)
250 3.167x10" 1.971x10" 1.619x10° 1.025x10% 9.756x107

From Table 4, the average hall coefficient of the annealed SnS semiconductor channel layer is positive which
indicates that the semiconductor channel layer is of p type carrier conduction with holes as majority carriers. Annealing
increases carrier concentration, reduce resistivity due to improvement in crystallisation, greater grain size with annealing
lead to decrease in defects density and crystal boundary which reduces resistivity hence increasing conductivity. This
could be explained by the fact that annealing leads to improved crystallisation and increase in grain size in the films which
could enhance the decrease of crystal defects and crystal bonding reduction, hence the release of trap electron and decrease
resistivity [20].

The SnS EDLFET assembly

Fig. 7. shows a picture of the assembled SnS semiconductor channel layer Electric double layer field effect transistor
with Honey gate dielectric. The measured gate capacitance of honey using LCR meter is 2.15 pF/ cm? while the dielectric
constant is 20.50. Honey was used as a gel like electrolytic gate dielectric to generate an enhanced electric field response
over SnS semiconductor channel layer. Due to the polarizability of honey, a diffusion of charge is formed at the thin layer
between SnS semiconductor channel and honey. The thin layer forms an electric double layer which is a basic
characteristics of ionic liguids contact with conductive materials and is as shown in Fig. 8.

A large charge gradient is formed on the surface of the SnS layer due to the nanoscale separation distance of the
electric double layer. Application of positive gate voltage will cause the gate electrode to be positively charged such that
when it is submerged in honey, anions accumulate at the gate/honey interface and cations at the honey/SnS interface. The
electric double layer form at the honey/SnS interface alters the SnS semiconductor channel layer conductivity. Increase
in positive Vgs will deplete the SnS channel of its free holes thereby turning it off.
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Fig. 7. SnS semiconductor channel layer Electric double
layer field effect transistor with Honey gate dielectric

Fig. 8. Representation of charge distribution in honey/ SnS layer
interface

Transfer and output characteristics of SnS EDLFET
Fig. 9. shows the transfer characteristics (Source drain current Ips as a function of gate bias V) of the SnS EDLFET
gated by honey dielectric at room temperature. While Fig. 10. Shows the output characteristics of the SnS honey gated
EDLFET. The channel length for the device is 70 um while the channel width is 4 mm.
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At all values of the Vg used the gate current [g< 10-Ids which signify that the fabricated device operates as a field
effect transistor and specifically an electric double layer field effect transistor. From Figure 9, it is evident that the SnS
EDLFET is a P channel device since the channel conductivity decreases with increasing positive gate bias. The Ipg
increased with decreased in Vs scanning which indicates a typical p-type transistor operation in the device. The device
also operates in depletion mode, i.e. appreciable drain current flows at zero gate voltage as evident from the Vgs=0V
drain current which is judged from the zero bias current in the transfer curve. The SnS EDLFET worked in a depletion
mode with a normally “ON” state (i.e conducting without the application of gate bias voltage) which could be attributed
to the maximum current flow from the source to drain when no difference in voltage exist between the gate and source
electrodes.
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Fig. 9. Transfer curve of SnS honey gated EDLFET Fig. 10. Output curve of SnS honey gated EDLFET

The drain saturation current Ipss as determined from the transfer curve at zero gate to source voltage (Vgs=0) and
an applied drain to source constant voltage of 3V is 1.35 pA. This gives the maximum limiting current that can flow
between the drain and source at Vgs=0. The drain current was observed to increase linearly then began to pinch off at the
knee of the transfer curve at Ipss. The Ipss is temperature dependent with a negative temperature coefficient of
approximately -0.5/°C. However with further application of gate voltage (positive Vgs than (Vgs (ofn), the drain source
channel could become more resistive by the changing size of the depletion region under the gate area such that the
transistor is completely shuts off due to the depletion or shutting off of the majority charge carriers in the semiconductor
channel.

From the transfer curve, the gate to source cut off voltage (Vs (ofn) was found to be 1.6 V which is the fundamental
characteristics specifying the voltage necessary to turn the transistor device off. The gate to source voltage for a p channel
device ranges from Ov for full conduction to several positive volts to turn it off. The 1.6V positive Vgs (less holes and less
current) will deplete the SnS channel of its free holes thereby turning it “off”. The low Vs (orry could enhance the choice
off circuit design parameters. Vs (o shifts with temperature and has a negative temperature coefficient of approximately
-2mV/°C.

The transconductance which gives the amplifying factor of the transistor was obtained from the slope of the transfer
characteristics as -809.61nA/V. The voltage required to increase the drain current by a factor of 10 which is also called
sub-threshold slope (S) was estimated to be -1.6 Vdec™! from the curve of Log (Ip) versus Vgs. It could be attributed to
the presence of small carrier traps in the SnS thin film which might not necessarily include the grain boundary and is
suitable for the switching of devices in active matrix flat panel displays.

The field effect mobility obtained from the transconductance is 16.67 cm?/v at low Vps. The mobility value implies
more carriers passing through the channel per unit time which is essential for a FET and has the advantage of enhancing
higher screen luminance.

Fig. 10 shows the output characteristics (In-Vps) of the SnS EDLFET transistor measured at gate voltage (Vg)of 0.2
to 0.8 V with a 0.2 v scan which also supports the field effect transistor operation. No appreciable hysteresis was observed
in the output characteristics, indicating that the channel is stable once it is formed. The Ip curves are flat at low Vps
indicating that a condition of hard saturation is achieved due to complete pinch off of the channel. No clockwise hysteresis
was observed which could be attributed to the non-availability or absence of continuous filling of traps by accumulated
channel holes as Vps is first increased from zero to a maximum of 0.8 V, then decrease back to 0 V. The fact that the Ip-
Vps characteristics curve do not show counter clockwise hysteresis indicates that ionic drift is not significant.

CONCLUSION
The Electric double layer field effect transistor was assembled using tin sulphide (SnS) thin film whose thickness
and annealing temperature were earlier optimised as semiconductor channel layer and honey as gate dielectric. The
semiconductor layer was deposited using Aerosol assisted chemical vapour deposition (AACV) and annealed in open air
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at 250°C on an etched region about the middle of a 4x4 mm FTO glass substrate with the source and drain electrode region
defined by the etching and masking at the two ends of the substrate. Iridium was used the gate electrode while a copper
wire was masked to the source and drain region to create contact. The thicknesses of the SnS layer was measured using
profilometry, X-ray diffraction was used for phase and crystalline orientation, Scanning electron microscope was used to
study the film morphology, the elemental composition of the film was determined by an Energy dispersive X-ray
spectroscopy, Hall effect measurement and digital multimeters were a used to determine the SnS conductivity type,
conductivity and the transistor characteristics. The SnS thin film was found to be polycrystalline consisting of Sn and S
elements with define grains and of 0.4 um thickness.

The SnS EDLT using honey as gate dielectric operated as p type channel in depletion mode with Ips of 1.35 pA,
Vs (o= 1.6 v, Trans conductance of -0.80961 pA/v, field effect mobility of 16.67 cm?/v and sub-threshold slope of 1.6
vdec™! which are applicable as load resistors in synaptic transistor network, biosensor, logic gate circuits and in depletion
load logic circuits. RF 9640, B15P are popular p channel depletion mode transistors in use.

Conclusively, very scanty reports have been made or exist on the study of SnS thin film applied to electronics as a
semiconductor channel layer. SnS EDLFET using honey as gate dielectric offers an opportunity for further research and
innovation into other materials that are unconventional in the expectation discovering new semiconductor and dielectric
materials that are readily available and non-toxic. To the best of our knowledge and within the limit of available literature,
no SnS based EDLFET has been reported hence making the results described here innovative to the scientific community.
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EJEKTPUYHUI IBOIIAPOBHI MOJIbOBUI TPAH3MCTOP 3 BAKOPUCTAHHSIM TOHKOI SnS IIIBKU B
AKOCTI HAIIBNPOBIJHUKOBOI'O KAHAJIY, A TAKOX JIEJIEKTPUYHOI'O 3ATBOPY 3 MEY
Tomac Jlanieas', Yo Yno?, Kacum Icax’, Ymapy Axmany*
'Kagheopa Dizuxu/I'eonozii/l eopizuru, Alex Ekwueme gedepanvruii ynisepcumem Ndufu-Alike
Ikwo, P.M.B 1010, wumam Ebonyi, Hizcepis
123844 Kageopa izuxu pedepanvrozo mexnonoziunozo ynieepcumemy Minna

Minna, P.M.B 065, wumam Hizep, Hicepis
HocmimkenHs 0yi0 crpsMOBaHe HAa BUBYCHHS 1 3aCTOCYBAHHs TOHKOI IUTIBKH SNS B SKOCTi HaMiBIPOBIAHMKOBOTO KaHAJIBHOTO LIAPY
B 30ip1i JIEKTPUYHOTO ABOIIAPOBOTO MMOJBOBOTO TPAH3UCTOPA, IO MA€ BEJMKE 3HAUCHHS [UIS YCIIIIHOI pPO3pOOKH HOBUX KOHILICHIIN
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MPUCTPOIO, 3aCTOCYBaHb 1 3MiHM (i3MYHUX BIIACTUBOCTEil MaTepianiB, ockiibku omucani Ha cborogHi EDLFET (enexkrpuunuit
JBOILIAPOBHUI MOJBOBUI TPAaH3UCTOP) 1 MOMYJIALIS EISKTPOHHUX CTaHIiB OyJIM peani3oBaHi Ha OKCHIAX, HITPHII, BYIIICHEBHX
HaHOTpyOKax i OpraHiYHUX HAMiBIPOBIJHHKAX, MPU LBOMY PIAKO 3raJyBajHCh XalbKOTeHiAn. Mea BHKOPHUCTOBYBABCS B SIKOCTI
TeNeToAi0HOT0 eIeKTPOIITHYHOTO TieIEKTPUYHOTO 3aTBOpPa AJIs MiABUIICHHS PiBHS TeHEPYBaHHS BIATYKY €JICKTPHYHOTO OIS Yepe3
[1ap HaIMiBIPOBITHUKOBOTO KaHAY SnS 3aBISKH HOTO 3aTHOCTI 3a0e3redyBaTi poOOTy P BUCOKOMY CTPYMi 1 HU3BKill Hampy3i 3a
paxyHOK (opMyBaHHS IOHHOTO TeJICTIONIOHOTO PO3YMHY, IOAIOHOTO IOHHHMM TeiisiM, sSKi MICTATh ioHHI pimuan. Enexrpuunuit
JIBOIIAPOBUH IOJNHOBHI TpaH3WcTOp OyB 3i0paHMi 3 BHKOPHCTaHHAM TOHKOI IUTBKH cyibgimy omoBa (SnS) sk mapy
HaliBIPOBIHUKOBOTO KaHAly, Ta MeIy SIK AieleKTpuka. Bumipsina 3a gormomororo LCR-BuMiproBaya €MHICTH MEIOBOTO 3aTBOPY
cknana 2,15 mx®/cm?, Tozi Ak mienekrpuuna koHctanta — 20,50. HaniBnpoBigHMKOBHI MIap HAHOCHIIM 3@ JIOMOMOIOI0 XiMi4HOTO
0ca/DKEHHs 3 MapoBoi (a3 3a JOMOMOrOK aepo30JIi0 1 BigmanoBain Ha BigkpuroMy moBitpi npu 250° C y nporpasineHiii obmacti
MpUOIN3HO Ha cepeanHi CKIsHOT minknaaku 4x4 MM 3 FTO HOKpUTTSM, IIpH 1IbOMY 00JaCTh SIEKTPO/Ia Ha [DKEPEIbHOMY 1 CTIYHOMY
SJIEKTPOJIi OOMEKyBaslacsi TPABIECHHSIM 1 MacKyBaHHSIM Ha 000X KIHLAX Hinkiaanku. Ipuaiii OyB BUKOPHCTaHHH B SKOCTI €NEKTpOIa
3aTBOPY, TOMI SK MiIHUHA ApiT OyB 3aMacKOBaHMH Y JKEpENbHIN Ta CTiUHIM 00JacTi IS CTBOPEHHS KOHTAKTY 3 eJeKTpoaoM. s
BU3HAUYCHHS XapaKTEPUCTHK IPUCTPOIO OyiM BHKOpUCTaHI MpodiloMeTpH, peHTreHiBchbka AU(PaKiis, CKaHYIOUYMil eNeKTPOHHHUN
MIKPOCKOII, METO/I €HEepProANCIIePCiHHOI PEeHTreHIBChKOI CIeKTpockomii, Bumip edexty Xomma Ta mudpoBi MyasTUMETpH. Byio
BHUSIBJICHO, 1110 TOHKA IUTiBKa SnS € MOJIIKPUCTAIIYHO0, TAKOIO, 1110 CKIIAJAEThCS 3 €JIEMEHTIB Sn i S 3 IpiOHUMU 3epHAMU, 3 ONTHIYHUM
nianmasonom 1,42 eB i ToBumHo 0,4 MkM. TpaH3HCTOp HpamioBaB y peXHMI NMPOBITHOCTI KaHAIY P-TUIy B PeXHMi 30iTHEHHS 3
MiHJIMBICTIO IONLOBOTO €ekTy - 16,67 cM?/Vs, Hanpyroo Bincikanus - 1,6 V, cTpyMOM HacH4eHHs CTOKa - 1,35 pA, koedilieHToM
TpancaykTiBHOCTI — 809,61 nA/V Ta miamoporoBum 3HaueHHsAM Haxuity — 1,6 Vdec™!, mo MoxHa MOpIiBHATH 3i CTaHIapPTHAMM
TEXHIYHUMHU XapaKTEPUCTHKAMH B eNeKTpoHuULI. [03UTHBHE 3MillEHHS 3aTBOpA IMPU3BOAUTH [0 3PYIICHHS HAIPYTH BiIKIIOUCHHS
yepe3 3aXOIUICHHS 3apsay Ha MeXi MOALTY KaHal/ JieIeKTPHK.

KJIIOYOBI CJIOBA: ToHKa miiBka SnS, NOJOBUH TPaH3UCTOP, MEJ, €IEKTPHIHUH HOABIHUH ap, HAMIBIPOBITHUK

SJEKTPUUYECKHUI IBYXCJIOMHBINA IOJIEBOM TPAH3UCTOP C UCOJB30BAHUEM TOHKOW SnS INIEHKH
B KAUYECTBE NOJYITPOBOJHUKOBOI'O KAHAJIA, A TAKXKE JU2JEKTPUYECKOI'O 3ATBOPA U3 MEJIA
1Kagheopa Qusuxu / I'eonocuu / I'eopusuru, Alex Ekwueme ghedepanvuviii ynusepcumem Ndufu-Alike
Tkwo, P.M.B 1010, wmam Ebonyi, Hueepus
1.23 &4 Kageopa ¢usuxu gpedeparvhozo mexnonozuueckozo ynusepcumema Munna
Munna, P.M.B 065, wmam Hueep, Hueepus
HccnenoBanue ObUIO0 HANpaBICHO HA M3y4YCHHE M IPUMEHEHNE TOHKOH IUICHKH SnS B KauecTBE IOIYHNPOBOJHUKOBOIO KaHAJIBHOTO
clos B cOOpKE IEKTPHIECKOTO JIBYXCIOHHOTO TIOJIEBOTO TPAH3UCTOPA, YTO MMeeT OOJbIIOe 3HAYEHHE JUIsl YCIICIIHOH pa3paboTKu
HOBBIX KOHIICIIIUN YCTPOWCTBA, MPUJIOKCHUNA W U3MCHCHHS (PU3MYECKUX CBOWMCTB, MOCKOJIbKY omucaHHbie cerogns EDLFET
(9MeKTpUYECKUi IBYXCIOHHBINH TOJICBOM TPAaH3MCTOP) M MOMAYJIILUS SJIEKTPOHHBIX COCTOSIHWI OBUIM pealn30BaHbl HA OKCHIAX,
HUTpHIE, YITICPOOHBIX HAHOTPYOKaX M OPraHMYECKUX IOIYIPOBOAHUKAX, IPU 3TOM PEOKO YHOMHHAINCH XaJbKOreHuael. Men
HCTIONIB30BAJICSI B Ka4ECTBE IesIe00Pa3HOr0 IEKTPOIUTHYECKOTO JUIIEKTPUYECKOTO 3aTBOpA ISl MOBBIIICHUS YPOBHS I'€HEpAIUU
OTKJIMKA 3JIEKTPHYECKOT0 OIS Yepe3 CIIOH MOMYIIPOBOAHUKOBOT0 KaHaa SnS 61arogaps ero cnocoOHoCTH 00ecreynBaTs padoTy mpu
BBICOKOM TOKE M HHM3KOM HANpsDKEHUH 3a c4eT (OPMHPOBAHMS HMOHHOTO T'esie00pa3HOTO PAcTBOpa, MOJOOHOTO MOHHBIM TEJIsIM,
KOTOpBIE COAEPKAaT HOHHBIEC KUIKOCTH. DJIEKTPHUIECKUH TBYXCIOWHBIH MMOJIEBOI TpaH3UCTOP OB cOOpaH ¢ UCTIONB30BaHUEM TOHKON
IUICHKH cynbduaa oyosa (SnS) Kak cJ10s MOIyNIPOBOAHMKOBOTO KaHala M Mela Kak AWdJIeKTpuKa. M3mepennas ¢ momomnipio LCR-
W3MEpHUTENsS €MKOCTh MeNOBOTO 3aTBopa cocTaBuia 2,15 Mmx®d/cM?, Torma Kak JamaneKkTpuueckas mnoctosHHas — 20,50.
[MonmynpoBOAHMKOBBIH CJI0H HAHOCKIIN C TOMOIIBI0 XUMHYECKOTO OCKACHHUS U3 MapoBoi (a3bl ¢ MOMOIIBIO a3P030JIs1 U OTXKUTIAIH Ha
OTKPBITOM Bo3ayxe mpu 250 °© C B poTpaBiIcHOMH 00JaCTH IPUMEPHO Ha CEPEMHE CTCKISTHHON MOI0KKH 4 X 4 MM ¢ FTO mokpeitHeM,
IIPU 3TOM 00JIaCTh AIIEKTPOa Ha UCXOJHOM M CTOKOBOM 3JIEKTPOJIC OIPaHUYMBAIACh TPABICHUEM M MACKUPOBKON Ha 000MX KOHIaX
MOJUTOKKH. Mpuauii Obl1 HCIIOIB30BaH B KAUECTBE JIEKTPOIa 3aTBOPA, TOT1a KaK MeIHBII POBOJ ObUT 3aMacKHPOBaH B 00JIACTH CTOKA
Y MCTOKA JJIS CO3JaHUS KOHTAKTa C 3JIEKTPOoAoM. [11ist onpeenieHnst XapaKTepUCTHK YCTPOHCTBA OBLIN UCTIONIB30BAHBI TPOMUIOMETPHL,
PeHTreHOBCKass TU(paKIus, CKaHUPYIOUIHMHA SIEKTPOHHBIH MHUKPOCKOI, 3HEPrOAMCIEPCHOHHAS PEHTTEHOBCKAs CHEKTPOCKOIIHS,
n3Mepenne dS¢dekra Xomra U HUGPOBEIE MYJIBTHMETPHL. bBbUlo 0OHapykeHO, 4YTO TOHKas IUIGHKa SnS sBiseTcs
MOJINKPUCTAJUIMYECKON, COCTOSAIICH U3 3JIEMEHTOB Sn U S ¢ MEJIKUMHU 3epHaMH, ¢ ONTHUYECKUM auana3zoHoMm 1,42 5B u TonmuHON
0,4 mxm. TpansucTop padortanm B pexuMe NPOBOJMMOCTH KaHAJIa p-THIIA B PEXHUME OOCIHEHHS C M3MEHYHBOCTBIO IOJIEBOTO
sddexra - 16,67 cm?/Vs, HanpskeHueM orcedeHns — 1,6 V, TokoM HacblmeHus cToka — 1,35 pA, kosdduuueHToM
tpancayktuBHocTH — 809,61 nA/V 1 moamoporoBsiM 3HaueHueM HakioHa — 1,6 Vdec-1, 4T0 MOXHO CpPaBHHTb CO CTaHAAPTHBIMHU
TEXHUUYECKHMMHU XapaKTePUCTHKaMU B JJeKTpoHHUKe. llomokuTenbHOE CMeEIIeHHE 3aTBOpa MPUBOIUT K CIBUTY HalpsDKEHUS

OTKJTIOUEHUS M3-3a 3aXBaTa 3apsaa Ha TPaHUIIE pa3liesia KaHal/ JUdJIeKTPUK.
KJIFOYEBBIE CJIOBA: ToHKas TuIeHKa SnS, MOJIEBOH TpaH3UCTOP, MEJI, SIEKTPUIECKUIT TBOWHOH CJI0#, IOITyIPOBOIHUK
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SUPERGRAVITY WAS DISCOVERED BY D.V. VOLKOV AND V.A. SOROKA IN 1973, WASN’T IT?

Steven Duplij
Center for Information Technology (ZIV), Westfdilische Wilhelms-Universitdit Miinster, Miinster, Germany
E-mail: douplii@uni-muenster.de

Supergravity is a remarkable theory combining supersymmetry and general relativity. While the theory has many developers from
across the globe, we wish to address the question who were the real originators of this fantastic idea.
KEYWORDS: supergravity, supersymmetry, goldstonion, Higgs effect, Poincaré group, gauge field

The idea of supergravity (without mentioning this beautiful word) was given to the western public on
December 5, 1972, in the last paragraph of the paper D.V. Volkov (47 y.o. that time, Dr. Habilitation, second degree after
Ph.D. in European countries) and his PhD student V.P. Akulov (28 y.o. that time) “Possible universal neutrino interaction”
ZhETF Pis. Red. (JETP Letters translated into English by AIP [1]) followed by the paper Physics Letters,
September 3, 1973 “Is the neutrino a Goldstone particle?” [2]. It was clearly (for professionals) written: “...the
gravitational interaction may be included by means of introduction the gauge fields for the Poincaré group. ...if the gauge
field for the transformation (3) is also introduced, then as a result of the Higgs effect the massive gauge field with spin
three-half appears and the considered Goldstone particle with spin one half disappears.”

This program was realized as a concrete model in 1973 by D.V. Volkov and his PhD student V.A. Soroka (29 y.o.
that time) in the paper “Higgs effect for Goldstone particles with spin 1/2” ZhETF Pis. Red. (JETP Letters translated into
English by AIP [3]).

Therefore, October 20, 1973, is the day of true discovery of supergravity as a physical model (in a nonlinear
realization). The later publications can be considered only as further development of the same idea, in either a different
realization or in modern terminology, which is, in general, a matter of taste.

Indeed, such a model (among numerous ones suggested later on) appeared in 1976 and contained a new “magic”
word “supergravity” which was absent in the above Volkov-Soroka paper: “Progress toward a theory of supergravity”
Physical Review D [4] by D. Z. Freedman (33 y.o. in 1972, a postdoc working on Regge poles and scattering, that time),
P. van Nieuwenhuizen (34 y.o. in 1972, a postdoc working on muon scattering, that time), and S. Ferrara (27 y.o. in 1972,
PhD working on conformal invariance, that time). Because the F-N-F paper cites the Volkov-Soroka article [3], the F-N-
F paper can be considered as “discovering” only a new word “supergravity”. In the same month (June, 1976), it was
published a paper “Consistent supergravity” Physics Letters B by S. Deser and B. Zumino [5], which cited the F-N-F
article as a preprint and also V. Akulov, D.V. Volkov, and V.A. Soroka paper of 1975 "Gauge Fields on Superspaces with
Different Holonomy Groups" [6] which contains the reference to Volkov-Soroka (1973) [3] as well.

The history of supergravity is given in the “SUSY story (narrated by its founders)” [7] and in the article
“Supergravity” [8] in the “Concise Encyclopedia of Supersymmetry” by S. Duplij, J. Bagger, W. Siegel (Eds.) [9].

The connection between the V-S and F-N-F approaches was clearly explained several times, e.g.:

1) by D.V. Volkov in the above Encyclopedia “Supergravity before and after 1976. The story of goldstonions” or
here [10] and in his talk “Supergravity before 1976 at the International Conference on the History of Original Ideas and
Basic Discoveries in Particle Physics, Erice, 1994 [11];

2) by V.A. Soroka in “The Sources of Supergravity” in “The Supersymmetric World. The Beginnings of the Theory”
G. Kane and M. Shifman (Eds.) [12] or [13] and “Starting-point of Supergravity” [14] presented at the Conference
“Supergravity at 25”, Stony Brook NY, 2001.

It is remarkable and a pity, that in the mass media articles about numerous prizes given for the “discovery of
supergravity” contain not a single word about the true discoverers of supergravity in 1973: Dmitriy Vasilievich Volkov
(1925-1996, Memorial page [15]) and Vyacheslav Alexandrovich Soroka (1944-2011, Memorial page [16]).
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