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Nonlinear traveling waves of the Klein-Gordon equation with cubic nonlinearity are considered. These waves are described by the
nonlinear ordinary differential equation of the second order having the energy integral. Linearized equation for variation obtained for
such waves is transformed to the ordinary one using separation of variables. Then so-called algebraization by Ince is used. Namely, a
new independent variable associated with the solution under consideration is introduced to the equation in variations. Integral of
energy for the stationary waves is used in this transformation. An advantage of this approach is that an analysis of the stability
problem does no need to use the specific form of the solution under consideration. As a result of the algebraization, the equation in
variations with variable in time coefficients is transformed to equation with singular points. Indices of the singularities are found.
Necessary conditions of the waves stability are obtained. Solutions of the variational equation, corresponding to boundaries of the
stability/instability regions in the system parameter space, are constructed in power series by the new independent variable. Infinite
recurrent systems of linear homogeneous algebraic equations to determine coefficients of the series can be written. Non-trivial
solutions of these systems can be obtained if their determinants are equal to zero. These determinants are calculated up to the fifth
order inclusively, then relations connecting the system parameters and corresponding to boundaries of the stability/ instability regions
in the system parameter place are obtained. Namely, the relation between parameters of anharmonicity and energy of the waves are
constructed. Analytical results are illustrated by numerical simulation by using the Runge-Kutta procedure for some chosen
parameters of the system. A correspondence of the numerical and analytical results is observed.

KEY WORDS: the Klein-Gordon equation, stationary waves stability, Ince algebraization

The nonlinear Klein-Gordon equation appears in different physical problems, namely, in problems of wave
propagation through a region of weak superconductivity so-called Jefferson transition), motion of dislocations in
crystals, propagation of waves in ferromagnetic materials, propagation of laser pulses in a two-phase medium, studying
surfaces with negative Gaussian curvature, relativistic effects etc. [1-4]. Besides, it can be considered as useful
mathematical model to describe a behavior of various types of traveling waves. Among the articles on the stability of
nonlinear traveling waves, we highlight the paper [5], where the stability of traveling waves in some general distributed
nonlinear system is considered, and the paper [6], where the stability of traveling waves in some nonlinear chain is
analyzed. A variety of analytical, numerical and hybrid techniques are used to study travelling waves and their
properties in [7]. In the presented paper the Klein-Gordon equation with cubic nonlinearity is used to represent new
method for studying the stability of traveling waves. Namely, the so-called Ince algebraization [8] is used. Note that this
approach was successfully used earlier in study of the stability of nonlinear normal vibration modes in nonlinear
systems with a finite number of degrees of freedom [9-11]. Besides, this procedure is similar to one proposed in the
paper [5] for the stability of traveling waves problem, but results on such stability problem for concrete systems are not
presented in this publication. The Ince algebraization is based on a choice of the new independent variable, determining
the traveling wave under consideration. An advantage of the proposed approach is that we do not need to use a specific
form of the solution under consideration in analysis of the stability problem.

The present paper aims at contributing of the Ince algebraization to the problem of nonlinear wave stability. Our
task is to use the proposed approach in regard of the equations in variations for the traveling waves of the nonlinear
Klein-Gordon equation. Numerical simulation illustrates obtained theoretical results.

THE GENERAL MODEL. STATIONARY TRAVELING WAVES
One considers the Klein-Gordon equation with cubic nonlinearity:
Pu_ 0%
atz 0 gx2
Stationary traveling waves are presented in the following form:

+ wo?u = —qud (1)

u = ®(p): where ¢ = kx — wt 2)

where ¢ is the wave phase. Substituting (2) into equation (1), we obtain the following ordinary differential equation for
describing traveling waves:

2
Z—;(wz — o?k?) + we?® + qP3 =0 (3)

© Nataliia Goloskubova, Yuri Mikhlin, 2019
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The energy integral here is written as follows:

1 (do\? @2 ot

1) @ -tk + w? S+ q T = h, (4)
In addition, from equation (3) we can obtain the following relation, which will be used later in analysis of the traveling
wave stability:

a2 —weld—qd3

10? = Twrcrkr ®)
Besides, from the equation (4) we get the following relation which will be also used later:
ae\? _ 2(’1‘“’02‘1’72“7%4) 6
(E) - w?-cy2k2 ©)
EQUATION IN VARIATIONS

To study the stability of stationary waves, we write out, first of all, the linearized equation in variations V (t, x)
obtained for the solution (2). One has from the equation (3) the following:

a%v 2 0%V

ﬁ =Cy 9x2 - V(woz + chpz)a (7)
where the function @ (¢) is determined by the equation (3).

As the first step, we now introduce the independent variables ¢, t instead of the variables x, ¢. The variational
equation (7) in the new variables is rewritten as follows:

2%y a%v
dpat ~ at?

2
Z—q)‘; (w? — cy?k?) — 2w = —V(wy? + 3qP2). 8)

Then we use the separation of variables as V=e*t Z(¢) and the additional transformation:

2(p) = e®*W, (€))

S

where A = szkz As a result, instead of the equation (8) we get the following ODE in variations:
—Cto

ZZTVZV(wz —¢o%k?) = =W (B — wy? — 3q®?), (10

52

where B = ————.
Co2kZ—w?

Note that since the parameter s? is presented in equation (10), in the case of real values of the parameter s, they
can be both positive and negative. In view of the transformation (9), this leads to increase of the variations, that is, to
instability. Thus, stability can be observed only under the condition that s> < 0. One has from here that for the stability
there should be the following inequalities:

B>0,ifcy?k? — w? < 0and B<0,if cy?k? — w? > 0. (11)
Then, as a new independent variable, instead of ¢, the variable @, determining the traveling wave under
consideration, is chosen. Now, after some transformations, the equation of variations can be presented as,

d*w
do?

2 4
2 @ @

daw
2 (h — w22 - qT) — 2 (o?® + 3qD%) + W(B — wy? — 3q?) = 0, (12)

whose singular points are obtained when coefficient near the second derivative is equal to zero. One has the following:

@2 %
h— a)(z) ——q— = (® — D,)G(D, Dy)=0, (13)

2 4

where @, is a root of this equation.
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The transformation to the equation in variations to the form of equation with singular points (12) is the so-called
algebraization by Ince of the stability problem which was first presented in [8]. An advantage of this approach is that an
analysis of the stability problem does no need to use the specific form of the solution @(p).

CONSTRUCTION OF BOUNDARIES OF THE STABILITY/INSTABILITY REGIONS
It is shown in [8] that boundaries of the stability/instability regions in the parameter space of the variational
equation with singular points are determined by solutions presented in the following series:

W=z"(ag+a.z+). (14)

Here r is one of two indices of the variational equation singularity [12], and z = (& — @;). To determine the
indices of the singular point @, we introduce the series (14) into equation (12). Collecting the terms with the lowest
degree of z, we obtain the following equation to determine these indices:

r(r = D(—wo’®y — qP3) — 1(we’®o + 3qP5) = 0. (15)

It follows that
2qd3
wo2+qd3’ (16)
Substituting now the series (14) corresponding to the zero index to the equation in variations (12) and equating the
coefficients with the same degrees by z, we get the following infinite recurrent system (17) of linear homogeneous
algebraic equations to determine coefficients of the series:

2 4a, [h — wid,? — %(%4] — a,(Powd + qPy° — B + wd + 3q®,°) — a, (—B + w§ + 3qP,* + 34)04) =0

=0 and r,=-

2
z": 12as4 (h — %CDOZ - %<D04) — ay(4®owE + 4qPy° + 203 + 6qP,°) + a,(B — 2wk — 6qP,*) — 6ayqP, = 0
7% -15a3(Powd + Po3q) + ay(B — 5wd — 12q®,*) — 9a,q®, — 3a0q = 0, (17)

etc.

The system (17) has a non-trivial solution if its determinant is equal to zero. This determinant was calculated up to
the fifth order inclusively, and, thus, the relation connecting the system parameters was obtained; as a result, boundaries
of the stability/ instability regions in the system parameter space can be constructed. Note that boundaries obtained by
calculation of determinants of the fourth and fifth orders are close, so, we did not calculate determinants of the highest
order than five.

Substituting the series (14) corresponding to the root 7, into the equation in variations (12) and equating the
coefficients with the same degrees by z, we obtain the infinite recurrent system of linear algebraic homogeneous
equations for determining the expansion coefficients. Due to bulkiness of these algebraic equations, we present here
only two first ones of them by equations (18):

421 2[h wz% _qq’_o4 { 299§ [ 2993 _1]+ 299§ 2}a1—20lo 299§ [ 2994 _1] [(w2d, + qd,)] -

4 wo2+q®3 lwo2+qd3 wo2+qd3 wo2+q®3 lwo2+qd3
2q<1>0
wo2+q@d

ao(woq)o + 3q¢03) = 0
4
z"2:ay 6qPo(wWEPy + qP,°) [h w3 =2 % q—] + ag3q®,(2 + 2wid, + 2qP,°®) [h w2¢—° — ¢T°]+a02(w(2) +

Sq(DOZ) [h w3~ (1:-0 qq{)—0 — ZaO(wg + 3qd>02) + ao[—wgqbo qP, ](wo + 3qd>02)(2 + 2w3®, +

2q®,%)+a, —“’—‘2) — g2 ] (W3 @ + qD,%) (2 + 203®, + 2D¢°) + a; [-wi®, — qPy°| (03P, + qPo°) (2 +
203Py + 2qD,%) + a; —ﬂ — g ] [(2 + 403®, + 4P, (W5 + 39,2q)] + a,(2 + 203d, + 2D, %) (wWid, +
qP,°) + @ [40F + 1202 [ - wz"l— ]+ ay[~whdy — q0o*](4 + 403D, + 4qdy* ) +4a; [h — wf 2 ‘l"’

q¢TO] - ao[(l)o + 3¢0 q][w q)o + qq)o ] - al(woq)o + qq)og)[(l) d)o + qd)o ] - ao(l + w q)o + qq)o )[(J)O
30,%q] + ag[B — w3 — 3q®,*] = 0. (18)

The resulting system has a nontrivial solution if its determinant is equal to zero. This determinant was calculated
up to the fourth order inclusive, and, thus, the relation connecting the system parameters was obtained; so, boundaries
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of the stability/ instability regions in the system parameter space are constructed. Note that boundaries obtained by
calculation of determinants of the fourth and fifth orders are also close in this case.

Boundaries of the stability/ instability regions in some places of the system parameters are presented in Figs. 1,2.
Here we fix the traveling wave amplitude, namely, it is assumed that @, = 1; the frequency w = 1.5; ¢co = 1; k = 0.1.
The boundaries in the place of the parameters B, / for index r; are chosen in Fig. 1, where the parameter B varies in the
interval [2.9....3.2]; the system energy / varies in the interval [0..0.1]. Here and further the dimensionless parameter of

3.2

0.1
3.1+ 0.08
B h 0.06
T3t 0.04
0.02

2.9 I B TR ! ! ! L

0 0.020.040.06 0.080.1

58 60 62 64 66
h B

Fig. 1. The boundary between stability/ instability regions
in the place (B, 4) for index r1.

Fig. 2. The boundary between stability/ instability regions
in the place (B, &) for index r2.

anharmonicity ¢ is calculated from the equation (13); cy2k? — w? = —2.24. The boundaries in the place of the
parameters B, h for index r; are presented in Fig. 2, where the parameter B varies in the interval [58....66.5]; the system
energy h varies in the interval [0..0.1]. In Figs. 1,2 regions of stability are situated on the left side of the obtained
boundaries. In Fig.3 the system parameters are chosen as @, = 1; w = 0.5; ¢y = 1; k£ = 0.6. The boundaries in the place
of the parameters (B, &) for index r, are chosen in Fig. 3, where the parameter B varies in the interval [-5...0]; the system
energy & varies in the interval [0...0.1]; the parameter ¢ is calculated from the equation (12); c¢o?k? — w? = 0.11.
Region of stability is disposed above the boundary showed in Fig. 3.

0 T T T T
-1r .
2 —
B
—_3f i
-4 -
S 1 1 1 1
0.02 0.04 b 0.06 0.08 0.1

Fig. 3. The boundary between stability/ instability regions in the place (B, /) for index r».

The Runge-Kutta test for the equation in variations (10) shows limited/ unlimited solutions when parameters are
chosen from the stability/ instability regions obtained earlier. The same fixed parameters as were used above are used in
the calculations. In Fig. 4 the limited solutions of the variational equation are shown. These solutions are chosen in the
stability region in the place (B, /) presented in Fig.1. Namely, the system energy /2 = 0.05, the dimensionless parameter
B =3.1, the dimensionless parameter ¢ = - 4.43 are used for Fig. 4a. Fig. 4b is obtained for #=0.04, B = 60, ¢ = -4.34.

5 10
11103 . . T 2x10 Y T Y
& 1
p W 0 ~—
W -1x10 | {1 — N
— 2x10 F .
2x10[ . o
_ S 1 1 1 -4x10 L 1 1
3x10 =70 15 20 0 5 10 15 20
D D
a b

Fig. 4. Limited solutions of the equation in variations chosen in region of stability.
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Calculations are made for 2 =0.05, B = 3.1 (a) and for #=0.04, B = 60 (b). Other parameters correspond to ones used for Fig. 1.

3
5x10
0.0l ————— 3 ' '
4XIOj 00(1) i 51100
W 3x10 -0.02
—_ - w -0. W -3 4
ZXIO\3 w -0.03 —-5x10
1x10° -0.04 -0.01. iy
0 0 2 46 810 -0.015 3
D
a b c

Fig. 5. Unimited solutions of the equation in variations chosen in regions of instability.
Calculations are made for #=0.08, B = 3.18 (a), for 2 = 0.06, B = 3.15 (b), and for 2 = 0.09, B = 66 (c). Other parameters correspond
to ones used for Fig. 1,2.

Increasing solutions of the equation in variations are presented in Fig. 5. Namely, the solution presented in Fig. 5a
is chosen in the instability region showed in Fig. 1; here 4=0.08, B = 3.18, ¢ = -4.18. The solution presented in Fig. 5b is
also chosen in this instability region; here #=0.06, B = 3.15, ¢ = -4.26. The solution presented in Fig. 5c is chosen in the
instability region showed in Fig. 2 when 4=0.09, B = 66, g = -4.1.

Then the limited and unlimited solutions of the variational equation obtained by the Runge-Kutta test are shown in
Fig. 6 for regions of stability/ instability presented in Fig. 3. Parameters used in numerical calculations are the same.
Namely, the limited solution from the region of stability is presented in Fig. 6a for #=0.01, B = -1, ¢ = - 0.42. The
unlimited solution from the region of instability is shown in Fig. 6b for #~=0.04, B = -4, g = -0.26.

1x108 . : : . T T T T
0.5- 7
w0
LA W oo :
_13108 _0.5_ -
-2x10 1 ] ! 1 -1 1 ! ! 1
0 20 40 60 80 100 0 2 4 6 8 10
i) D
a b

Fig. 6. Limited solution (a) and unlimited solution (b) of the equation in variations.
Calculations are made for #=0.01, B =-1 (a) and for #=0.04, B = -4 (b). Other parameters correspond to ones used for Fig. 3.

CONCLUSION

We can conclude that the Ince algebraization can be successfully used to analyze stability of nonlinear traveling
waves of the Klein-Gordon equation with cubic nonlinearity. Boundaries of the stability/ instability regions in place of
the system parameters are obtained by analysis of the linearized equation in variations which is transformed to equation
with singular points when the variable connected with solution under consideration is chosen as a new independent
variable. Solutions corresponding to these boundaries are constructed in power series. Numerical simulation illustrates
this analysis of the traveling wave stability. It seems that the method of algebraization can be used in the stability
analysis of other types of nonlinear traveling and standing waves.
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AJITEBPAIBAIIS B 3AJAYUI CTIMKICTI CTAIIIOHAPHUX XBU.JIb PIBHSIHHSI KJIEMHA-TOPJIOHA
H.C. TI'onocky6oBa, F0.B. MixJin
Hayionanvruti mexuiunuil ynigepcumem ““Xapxiecvkuil nosimexuiunuu incmumym *,
61002, Yxpaina, m.Xapxie, eya. Kupnuueea 2
Po3risinyTo HemiHidHI Oiryui xBmimi piBHsHHA Kieiitna-T'opmona 3 xy6idnoro HemiHiiHicTro. L{i XBmII ONMUCYIOTBCS 3BHYAHHHM
JudepeHIiaIbHIM PIBHSHHAM JPYTrOro IMOpsIKyY, 10 Mae iHTerpan eHeprii. JlineapizoBaHe piBHSHHS y BapialisxX Ui TAKMX XBHIIb
TpaHcHOpMyeThCs y 3BHYaliHe audepeHniabHe PiBHAHHS 33 JIONOMOIOI0 PO3NOAIICHHS 3MiHHUX. [10TIM BHKOPHCTOBYETBCS TaK
3BaHa anreOpaizauis 3a AifHCOM. A came, y PIBHSHHS B BapiallisXx BBOAWTHCS HOBA HE3aJe)KHA 3MIHHA, L0 MOB’s3aHa 3 PilLICHHSM,
sike po3risaaeTsest. [1ix yac Takoi TpaHchopMarii BUKOPUCTOBYEThCS IHTEIPajl SHeprii Juis CTallioHapHUX XBUIIb. [lepeBara Takoro
MiAXOMy 3B’s3aHa 3 THM, L0 JUIA aHaJi3y mpoOiieMH CTIMKOCTI He Tpeda BUKOPHCTOBYBATU CIEHU(DIYHWN BHUIIIAN PIMICHHS, L0
posrisanaeThesa. B pesynpraTi Takoi anreOpaizamii piBHSHHS y Bapiamifx 31 3MiHHHMH 32 9acOM KOe(ii€eHTaMH MEPEeTBOPIOETHCS Y
PIBHSHHS 3 OCOOJNMBUMHM TOYKAaMH. 3HAHCHO iHAEKCH 0coOMMBUX TOUOK. OTpHMaHO HEOOXiAHI YMOBH CTIHKOCTI XBHIb. PimreHHs
PIBHSIHB y Bapiallisix, IO BiJIIOBIJalOTh MEXaM PEriOHIB CTIHKOCTI / HECTIMKOCTI B NMPOCTOpI MapaMeTpiB CHCTEMH MOOYHOBaHO Y
BUIII CTCNICHEBHX PsAIB 32 HOBOIO HE3IEKHOI 3MIiHHOIW. MOXyTh OyTH BHMIHMCaHI HECKiHYCHHI PEKYPEHTHI CHCTEMH
anreOpaiyHUX PIBHSAHB JUIS PO3paxyHKy KoediuieHTiB mux psuiB. HeTpuBiaiabHi po3B’sI3KHM TaKUX CHCTEM MOXYTh OyTH OTpHUMaHi,
SKIO TX BU3HAYHMKH JOPIiBHIOIOTH HyJ0. L{i BUSHAYHUKM PO3Pax0OBaHO /IO I’ATOTO MOPAAKY BKIIOYHO, @ IMOTIM OTPUMAHO 3B SI3KH
MDK [apaMeTpaMH CHCTEMH 1 BiJIOBIJHI MeXi PErioHiB CTIMKOCTI/ HECTIHKOCTI B IUIONIMHI HapaMeTpiB CHCTEeMH. A caMme,
BCTaHOBJICHO 3B’S3KM MDK IapaMeTpaMH aHTapMOHI3MY Ta €Heprii XBHJIi. AHAJIITHYHI pe3ylbTaTH MPOUTIOCTPOBAHO HYHUCEITHHUM
MOJICITIOBaHHAM 3a JTomoMororo npoueaypu Pyrre-Kyrtu. Crioctepiraerbes BiIMOBIAHICTh YHCENBHUX Ta aHATITHIHUX PE3yJIbTATIB.
KJIIOYOBI CJIOBA: piusuns Kieitna-I'opnona, CTifiKicTh CTaIllioOHapHUX XBHIIb, anredpaizaris 3a AifHcoM

AJITEBPAM3AIINA B 3AJJAUE YCTOMUNBOCTH CTAIIMOHAPHBIX BOJIH YPABHEHUS KJAEMHA-TOPIOHA
C KYBUYECKON HEJTUHEMHOCTbIO
H.C. I'osnocky6oBa, F0.B. Muxaiun
Hayuonanvnviii mexnuyeckuii ynusepcumem ‘“Xapoko8cKuil NoAUMexHu4ecKuil uncmumym *
61002, Yxpauna, 2. Xapvkos, yn. Kupnuyeea 2

PaccMmoTpensl HenuHeliHBIe Oerymue BOJNHBI ypaBHeHus KiefiHa-I'opmoHa ¢ KyOWuYecKoW HEIMHEHHOCTBIO. OTH  BOJHBI
OIUCHIBAIOTCS OOBIKHOBEHHBIM AW (EpeHINaTbHEIM YPaBHEHHEM BTOPOTO IMOPAAKA, KOTOpOE HMEeT HWHTEerpal SHEprHH.
JIuHeapu30BaHHOE ypaBHCHUE B BapHAIlMIX AN TAKUX BOJH Ipeobpasyercs: B 0OBIKHOBEHHOE AU depeHINaIbHOE YPaBHEHHE IPU
TIOMOIIY pa3elIeHus IIePEMEHHBIX. 3aTeM HCIIONB3YeTCs Tak Ha3bIBaeMasl aiareOpamn3arus o AHHCY. A HIMEHHO, HOBas He3aBUCHUMAast
IIepEeMEHHasi, KOTOpas CBs3aHa C pEIICHHEM, KOTOpOe paccMaTpUBAeTCs, BBOAUTCS B ypaBHEHUE B Bapuauusx. llpum stom
UCIIOJIb3YETCsl MHTErpaJl SHEPruM Ui CTalMOHApHBIX BOJH. IIpeMMyInecTBO Takoro mnojaxojia COCTOMT B TOM, YTO JUIsl aHailu3a
npo6IeMbl YCTOHYNBOCTU HE HYXKHO HCIIOJIb30BaHUE Creru(puueckoi GpopMbl peleHHs, KOTopoe paccMaTpuBaercsi. B pesynbrare
H0I00HOH anredpau3auny ypaBHEHHE B BapUALMAX C HEPEMEHHBIMHU 110 BpeMeHH KoddduuueHTaMu npeodpasyercst B ypaBHEHHE ©
0coOpIMH TOYKaMHU. HaliZIeHbl HHAEGKCH OCOOBIX TOYEK. PeleHns ypaBHEHHUH B BapHaNUsiX, KOTOPbIE OTBEYAIOT TPpaHULAM 00JIacTei
YCTOMYMBOCTU/HEYCTOMYMBOCTH, TOCTPOCHBI B BHJIE CTCIEHHBIX PSIOB IO HOBOH HE3aBUCHMOW MepeMeHHOH. MoryT ObITh
BEIITICAHbI OSCKOHEUHbIE PEKYpPPEHTHBIE CHCTEMBI alreOpandecKuX YpaBHEHHI Ul ompeneNieHus Ko3()(GHIUEHTOB STHX PSJIOB.
HerpuBnanbHble pelleHHs TaKUX CHCTEM MOTYT OBITH IIOJIy4eHBI, €CIIH WX ONPENCNHTCNIN PaBHBI HYIIO. JTH OIpPEASIIUTENN
BBIUMCIIIFOTCA JI0 MATOrO IOpPsJKa BKJIIOUUTEIBHO, 3aT€M 3aBUCHUMOCTH MEXIy IapaMeTpaMH CUCTEMbl U COOTBETCTBYIOILUE
rpaHunbl 00JacTel yCTONYMBOCTH/HEYCTOWYMBOCTH OBUTM IOJNy4eHBl. A MMEHHO, YCTaHOBJICHBI CBSI3M MEXIy IapamMeTpaMu
AQHIaPMOHU3MY M €HEPruM BOJHBL. AHAIUTHYECKHE PEe3yIbTaThl MIUTIOCTPUPYIOTCS YHCIEHHBIM MOJAEIHUPOBAHUEM IPU IOMOLIH
npouenypsl Pynre-Kytrel. HabmronaeTcs: cOoTBETCTBHE YHCIEHHBIX M AHATUTHYECKHUX PE3yIIbTaTOB.

KJIFOYEBBIE CJIOBA: ypaBHenus Kneitna-I'opaoHa, ycTOHYHBOCT CTAIMOHAPHBIX BOJH, allreOpan3anus mo AnHCy
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DETECTORS RESPONSE UNDER IRRADIATION BY FAST NEUTRONS

Volodymyr Ryzhikov!, ©’ Gennadiy Onyshchenko!?*, ‘“'ITvan Yakymenko?,

Sergei Naydenov'?, Alexandr Opolonin', Sergei Makhota'
!Institute for Scintillation Materials, STC “Institute for Single Crystals”, National Academy of Sciences of Ukraine
60 Nauky Ave., 61001 Kharkiv, Ukraine
2V.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine
3Institute for Single Crystals, STC “Institute for Single Crystals”, National Academy of Sciences of Ukraine
60 Nauky Ave., 61001 Kharkiv, Ukraine
*F-mail: gennadiv.m.onyshchenko@karazin.ua
Received April 15, 2019; revised May 20, 2019; accepted June 3, 2019

The object of this work was to study the response of the detectors based on the oxide scintillators under irradiation by a flux of fast
neutrons from 23°Pu-Be source by counting photomultiplier tube pulses. In the process of the research the counting efficiency of the
detectors was measured in units of (pulsexs'xcm2)/(neutronxs™'xem?) for single-crystal and multilayer composite detectors ZWO
(ZnWO4), CWO (CdWO4), BGO (Bi4Ge3012, composite). The measured response for ZWO detector was ~ 64 pulse/neutron, for
CWO ~ 36 pulse/neutron, for BGO ~ 0.44 pulse/neutron. The detectors response was registered by a fast preamplifier with the
operation speed of up to 500 MHz, based on high-speed operational amplifiers with voltage feedback. The statistical error of
measurement for the neutron registration efficiency by the broadband channel made 7% for the detectors with the effective thickness
of ~ 40-50 mm, which is due to the spherical geometry of the experiment. The formation of the detector response is affected by the
following parameters of neutron reactions: cross section of inelastic and resonant scattering of scintillator nuclei, density of
composite nuclei levels, resonance region width, lifetimes of long-lived states and their number. The measured values of the counting
efficiency of fast neutrons registration are accounted for the fact that the inelastic scattering reaction for some nuclei is the starting
point that triggers the cascade process of the nuclear states discharge. The registration of the cascade of the discharge gamma-quanta,
ranging from nanoseconds to a few microseconds, causes an increase in the detector counting efficiency and, as a consequence, an
increase in the detector sensitivity to neutron detection. The observed increase in the counting efficiency of secondary gamma quanta
is realized when the neutrons are slowed down in the detectors having sufficiently noticeable thickness and appropriate isotopic
composition.

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

Creation of highly sensitive detectors for the neutron and gamma-neutron radiation monitoring systems is the issue
of the day. The objective of this work is studying the response of single-crystal and multilayer composite detectors
under their irradiation by fast neutrons, aimed at creation of compact and efficient detectors of neutron and gamma-
neutron radiation intended for control of the illegal transportation of fissile and radioactive materials. In [1, 2] it was
shown that the mechanism of inelastic scattering (n, n'y) can be used for registration of the fast neutrons by detector, in
which heavy oxide scintillators are utilized as the working material [3-5]. Fast neutrons in this detector are registered by
counting pulses induced by the secondary gamma quanta.

In the process of slowing down the fast neutrons in oxide detectors with the thickness of 4-5 cm and above, the
resonance region energies (~ 1-100 keV) are achieved. In the case of elastic resonant scattering, the nuclei emit prompt
gamma quanta, since the lifetime of the composite nucleus is short. At the inelastic resonance scattering (n, n'y).es the
escaped neutron has a small energy and, consequently, a highly probability to be captured by the nuclei in (n, y)
reaction. Daughter compound nuclei with a short and mean lifetime of the states are excited. Thus, in the process of
slowing down, the fast neutrons excite a chain of genetically bound nuclear states and generate gamma rays from
(n, n'y) and (n, n'y).s reactions [6, 7].

Thus, the inelastic scattering reaction (n, n'y) is the starting point that triggers the cascade process of formation and
decay of the excited nuclei states in the crystals under study.

If the lifetimes of nuclear states are in the range from nanoseconds to tens of microseconds, then the detector
response registration causes an increase in the detector counting efficiency and, as a result, an increase in its sensitivity
to gamma-neutron flux.

This paper presents the measurement data and the analysis of contributions of the conversion mechanisms during
the fast neutrons slowing down to the genetically bound cascades of gamma-quanta from inelastic and resonant inelastic
scattering of fast neutrons on the nuclei of single-crystal and multilayer oxide ZWO, BGO, CWO detectors.

RESEARCH METHODS
The fast neutrons response in the detectors under study is formed by gamma quanta scattered in the detector, and it
should be noted, that the spectrum has no evident peculiarities and, in general, is a superposition of several exponents.
In this case, it is very important to correctly determine the lower registration threshold of the detector under study.
To estimate the registration efficiency we used the parameter “counting” efficiency or “pulse/particle” i.e. the ratio
of the detector counting rate from 1 ¢m? to the number of particles captured by the detector on the area of 1 cm? per 1 s,
© Volodymyr Ryzhikov, Gennadiy Onyshchenko, Ivan Yakymenko, Sergei Naydenov, Alexandr Opolonin,

Sergei Makhota, 2019
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i.e. pulsexs’'xcm?/neutronxs'xcm?. The choice of this parameter allows correct estimation of the sensitivity to
neutrons of the detectors operating on the principle of registration of the secondary products, which are different from
the incident particle.

In the process of scattering and slowing down in the detector material having linear dimensions ~ 3-5 cm the
energy of the fast neutrons decreases from 10 MeV to several keV or less. This makes it possible to use for the detection
purposes the mechanisms, which are specific for low-energy regions, and have high interaction cross sections and level
densities, for example, resonant inelastic scattering, and which, ultimately produce the chains of gamma quanta.

The nuclear reaction analysis based on thermodynamic model [8] allows approximately estimating the average
energy of the emitted neutron, the average excitation energy of the compound, and that of the daughter nuclei, which is
equal to ~ 1.5-3 MeV. This energy is quite sufficient to excite at least one lower energy level in the nuclei of medium
and large atomic weight scintillators (for example, W, Zn, Cd, Bi), whose decay causes gamma quanta emission.

With the decay of nuclear states excited in reactions with neutrons, in addition to the prompt gamma quanta from
(n, n'y) reaction, the emission of the delayed gamma quanta from the compound nucleus (A + 1, Z), the daughter
nucleus (A, Z) and secondary neutrons capable to re-capture are possible [11].

The quanta in the lifetime range for the excited states from nanoseconds to tens of microseconds are of practical
interest. It is the combination of the prompt and delayed quanta that forms genetically bound chains, which efficiently
enhance the events statistics.

Radiometric characteristics of the single-crystal detectors ZWO, CWO and multi-layer composite detector BGO,
irradiated by fast neutrons from ***Pu-Be source were measured using a broadband (Af = 500 MHz) counting channel.

The broadband channel efficiently registers the signals with the duration of ~0.7 ns — 1000 ns and amplitude
of >2 mV. The total dark noise of the photomultiplier tube (PMT) and the noise of electronics are ~ 10 mV.

In this time domain the prompt gamma-quanta signals, arising in inelastic and resonant inelastic reactions of the
neutron scattering, and signals of the nuclei long-lived nuclear states decay may be observed.

The structural scheme of the experiment in spherical geometry is shown in Fig. 1.

Fig. 1. Structural scheme for measuring the efficiency of fast neutrons registration in spherical geometry:
1 — 5 mm thick lead shield to attenuate the noise background in the low-energy region; 2 — photomultiplier R1307; 3 — scintillator
under study; 4 — neutron source 29py-Be; 5 — @100 mm lead ball, with @20x50 mm well; detector - source distance - 1000 mm.

In this work the "spherical" geometry was used (Fig. 2) [9]. In case the isotropic neutron source is surrounded by a
thick spherically symmetric layer of the matter, that can only scatter the neutrons (elastically and inelastically), but not
absorb them, the number of neutrons, emitted into outer space, will not change. Scattering in the beam directed to the
detector (front hemisphere) is compensated for by scattering into the detector from other points of the ball (rear
hemisphere). Due to the spherical symmetry of the entire device, the number of neutrons passing through every square
centimeter of the spherical surface will also remain unchanged.

Lead spherical shield has practically no effect on the number of elastically and inelastically scattered neutrons,
with the exception of neutrons absorbed in the lead ball due to the reaction of radiation capture (n, y). Thus, the
scattering ball does not change the neutron counting rate in the detector, and the spherical shield ball performs the
function of attenuation of only gamma quanta, but not of the neutron flux, what, in fact, is necessary for the efficiency
measurement technique.
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We can say that the scattering in the shield ball is compensated for by the experiment geometry. The compensation
is carried out by the entire volume of the ball, especially, if the absorber thickness is insignificant, as compared to the
distance between the source and the detector, and the ball shape is close to ideal.

Inelastic 1
Elastic 1

Inelastic 2

Elastic 2

; Detector
Reaction

Fig. 2. Processes of fast neutrons scattering (—) and absorption ( © ) in "spherical" geometry

One of the disadvantages of spherical geometry is an increase in the effective size of the neutron source and, as a
result, the need to perform measurements at large distances (~ 1 m) as compared to the “narrow” geometry, what also
requires a more intensive source. The deviation from the law of inverse squares for the neutron source in the range of
1-1.2 m does not exceed 3%, for the distance of 0.5 m, the error increases to 30%. Besides, the shape of the neutron
spectrum undergoes some distortion.

Note, that if the counting rate is measured both with a ball and without it, then it is possible to determine the cross
section for radiation capture reaction in the matter of the spherical sample. The coefficient of the neutron absorption in
the shield sphere sample was measured for the concrete type of the neutron source and shield sphere ball of a certain
diameter and chemical composition, the determined attenuation coefficient was used further in studies of scintillators of
any size. The constancy of the absorption coefficient correction turns out to be the determining factor, if it is necessary
to carry out accurate measurements with a large number of detectors of different size, for which it is difficult to take
into account the attenuation factor in shadow geometry due to the significant effect of the accumulation factor. In
addition to improving the measurement accuracy by eliminating the influence of the neutron accumulation factor, the
spherical geometry also allowed to reduce the effect of the scattered gamma quanta excited by a neutron source in the
walls of the laboratory room. As a source of neutrons the ***Pu-Be source with the neutron flux of 0.95x10’neutronxs™
was used. The source was placed inside @100 mm lead ball, with @20 mm well. The size of the source: @ 20x30 mm.
The lead ball, besides the main task to reduce the effect of the accumulation factor in the material of the ball, at the
same time attenuates the accompanying gamma radiation from **Pu-Be source. In the neutron source there is an
accompanying high-energy gamma radiation from the reactions: ‘He+’Be -> "“C* -> "“C* +n -> "“C+nty
(E,~4.43 MeV), "C*-> "C+y (E,= 3.68 MeV).

The correction to the efficiency of fast neutrons detection by registering gamma rays with the energy
E,=4.43 MeV for the ZWO oxide scintillator with a size @56x40 mm made ~ 0.08. In this case, the y/n ratio for
29py-Be source was taken equal to 0.71 [10], the absorption of gamma quanta with the energy of 4.43 MeV in 40 mm
thick lead was ~0.15, the absorption efficiency of gamma quanta with the energy of 4.43 MeV in ZWO with a thickness
of 50 mm was ~0.8.

The correction to the fast neutrons absorption in the shield lead ball subject to the radiative capture reaction (n, v)
was determined experimentally using °Lil(Eu) detector and made ~ 2.5%. The size of °Lil(Eu) scintillator was:
@15x10 mm, °Li enrichment was 96%. The thermal peak (o + t) for *Lil(Eu) had the gamma equivalent of 3.98 MeV,
fast neutrons were registered in the energy range of 3.98 MeV + 10 MeV. The correction for the gamma quanta with
energy E =4.43 MeV was taken into account.

The contribution of the scattered fast neutrons from the walls of the laboratory room did not exceed 3%. The
correction was determined using °Lil(Eu) detector by measuring the deviation from the law if inverse squares when
registering the fast neutrons. The contribution of the scattered gamma radiation in the range of “source-detector”
distance R = 1+2 m did not exceed ~ 1%. The correction was determined by measuring the deviation from the law of
inverse squares when registering *’Cs quanta.

An additional lead shield, 5 mm thick, served as a shield against the background gamma radiation. The coefficient
of the background attenuation by 5 mm thick lead in the range of 10 keV-150 keV was ~ 3.

Multilayer composite detectors (Fig. 3) are of particular interest for detection of fast neutrons [12-14]. The energy
registration efficiency (measured at the output pulse time t=1 ps) for the fast neutrons, detected by composite detectors
100x100x40 mm in size, turned out to be comparable with that for the single-crystal detectors ~ 10x10%10 mm in
size [5], what allows using them to create large-size neutron detectors.
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Fig. 3. The structure of the composite multilayer detector
1 — reflector; 2 — solution of scintillation granules (@ ~ 300 microns) in optical rubber; 3 — light guide, @5 mm;
4 — photomultiplier tube window.

The statistical error of the neutron detection efficiency measurement by the broadband channel was 7% for the
detectors with an effective thickness of ~ 40 mm. The time of the data accumulation was 5 exposures 20 minutes each at
the source irradiation and the same values for the background accumulation.

Fig. 4 shows a block diagram of the measuring channels, which comprises Hamamatsu R1307 photomultiplier
with the channel baseline noise level of 5 mV at the photomultiplier voltage of 1100 V and a low-noise broadband
amplifier [6, 7]. As the major recorder a pulse counter with bandwidth Af ~ 200 MHz was used. The linear
spectrometric amplifier with the output pulse time 1=1 ps and Wilkinson analog-digital converter (ADC) with 2048
channels present an auxiliary channel, which serves to control the registration threshold.

SOURCE
DETECTOR
SHAPER-PREAMPLIFIER ——  apc
PMT
t ~ 1mks

AN

t ~ 0.7ns

PREAMPLIFIER

Fig. 4. Structural diagram of the measuring channels

Fig. 5 shows the circuit of the broadband pulse amplifier used to amplify the response signals from the detector.
The proper rise time of the amplifier is 0.7 ns (Af ~ 500 MHz), the first stage is made according to the transimpedance
amplifier circuit (current-to-voltage converter), the total amplification factor for the next 5 stages makes at least 32, the
baseline noise in the absence of PMT is 5 mV, the baseline noise with the connected photomultiplier is 10 mV, active
elements “Analog Devices 4817” are used.

Fig. 6 shows the signal shapes in the broadband (t = 7 ns, with PMT taken into account, the upper figure) and in
the narrowband (T = 1 ps, the lower figure) channels when the fast neutrons are detected by ZWO.

Fig. 7 shows the counting characteristic of the broadband channel (t = 7 ns) as a function of the registration
threshold. The operating point of the measurements corresponded to the registration threshold of ~ 10 mV.
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Fig. 5. Circuit of the broadband pulse amplifier.
Op1-Op6 — Analog Devices 4817. The value of the input resistors Op2-Op6 in the circuits of inverted inputs is 150 Ohms.

Fig. 8 represents on a logarithmic scale the hardware spectrum, which is registered by a narrow-band channel
(t=1 ps) in the process of interaction of the fast neutrons from **Pu-Be source with ZWO detector. In the left part of
the figure we can see the right-hand slope of the PMT noise distribution (exponent 1), which gradually passes into the
region of the detector desired signal (exponent 2).

The starting-point of the desired signal area is in the 160-th channel, what corresponds to ~ 10 mV. The peak
observed at the beginning of the scale is the right-hand slope of the PMT dark pulses distribution.

0 20 40 60 30

Fig. 6. Wave shapes for ZWO detector in the broadband (t = 7 ns, the upper figure) and narrowband (t =1 ps, the lower figure)
channel. X axis — time, ps.
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Fig. 7. The counting characteristic of the broadband channel as a function of the registration threshold.
X axis is the registration threshold in relative units, Y axis is the counting rate, pulse/sec.
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Fig. 8. The hardware spectrum on a logarithmic scale, which is registered in the narrowband channel (t = 1 ps) at the interaction of
fast neutrons from **’Pu-Be source with ZWO detector. The scintillator size is @56x40 mm’. The position of the vertical arrow
corresponds to the threshold ~ 10 mV. X axis is the channel number. Y axis is the number of pulses.

THE RESULTS
In this work the experimental values of the response to the fast neutrons of *’Pu-Be source for the detectors: BGO
(multilayer) — 0.44 pulse/neutron, ZWO (single-crystal) — 64 pulse/neutron, CWO (single-crystal) — 36 pulse/neutron
are obtained (Fig. 9). The data are represented in units “pulse/neutron” (pulsexs”xcm™)/(neutronxs” xcm™?), counting
efficiency), i.e. as a ratio of the rate of counting, taken from 1 cm? of the detector input window, to the neutron flux

density.

Counting efficiency

100

10

0.44

o1 L

BGO ZWO CwoO

MY

Pulse/Neutron
=

Fig. 9. Response to fast neutrons for the detectors: BGO (multilayer) — 0.44 pulse/neutron, ZWO (single-crystal) — 64 pulse/neutron,
CWO (single-crystal) — 36 pulse/neutron. The ordinate axis is the ratio of the rate of counting, taken from 1 cm? of the detector input
window, to the neutron flux density (pulse/neutron).

The obtained results for the counting efficiency of fast neutrons registration can be explained, firstly, by
registration of prompt gamma quanta from the reactions of inelastic scattering (n, n'y);,, elastic and inelastic resonant
scattering, and, secondly, by registration of genetically bound decay quanta of mean- and long-lived states of excitation
nuclei from the reactions of inelastic scattering, elastic and inelastic resonant scattering and resonant radiation capture.
This is contributed to by the use, as a fast preamplifier, the current-to-voltage converter with the operating frequency of

500 MHz (1 = 0.7 ns).



17
Research of the Syngle Crystal and Multilayer Composite Detectors Response Under Irradiation... EEJP 22019

It should be noted that the registration efficiency of the composite detectors in the counting mode proved to be
comparable with that of single-crystal detectors when operating in the spectrometric mode [5]. This indicates to the
possibility of creating fast neutron composite detectors of considerable size and high sensitivity as an alternative to
He-3 counters.

CONCLUSION

In this work the experimental values of the response to the fast neutrons from ***Pu-Be source for BGO, ZWO and
CWO detectors were obtained. A significant increase in the counting efficiency of fast neutrons registration for ZWO
and CWO detectors was found out. At that, the efficiency of fast neutrons detection by the multilayer composite
detector BGO turned out to be comparable with that of the single-crystal detectors, when operating in the spectrometric
mode [5].

The experimental results can be explained by registration of a significant number of cascade gamma-quanta
induced by the neutron reactions with scintillator nuclei during the neutrons slowing-down in the detector material. In
reactions with neutrons the cascades of secondary gamma quanta, which are genetically bound with the primary
inelastic scattering neutron, emitted during the decay of the excited nuclear states, may be produced.

The parameters affecting the increase of the efficiency of fast neutrons detection during their slowing down in the
matter of the detectors under study are as follows: inelastic scattering cross section, cross sections in the resonance
region, width of the resonance region, density of nuclear levels of compound nuclei [11], lifetime and energy of the
excited levels and their number.

It was the use of the fast operation channel, that increased the counting efficiency by about two orders of
magnitude for gamma quanta of the short-lived nuclear states (~ 1-100 ns) by ZWO, CWO single-crystal detectors, as
compared to the registration method, which utilizes the spectrometric registration mode, in which a significant
suppression of response pulses from the short-lived nuclear states is observed.

Thus, the application of the counting mode for registration of the response of the oxide scintillators allows creating
the detectors alternative to the existing *He counters for the radiation fields monitoring.
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JOCJIKEHHSA BIAI'YKY MOHOKPUCTAJITYHUX TA BAATOIIAPOBUX JETEKTOPIB HA OITPOMIHEHHA
IBAUAKUMHA HEMTPOHAMUA
B.J. Puxuxos!, .M. Oaumenko'?, LI. SIkumenxo?, C.B. Haiinenos>!, O.1. Onosonin', C.B. Maxora!
nemumym Cyunmunayitinuxux Mamepianie, HTL] “Incmumym Monoxpucmanie” HAH Ykpainu
np. Hayku, 60, 61001, Xapxie, Yxpaina
?Xapxiecoxuii Hayionanvnuii Yuieepcumem imeni B. H. Kapasina
nn. Ceoboou, 4, Xapxis, 61022, Vkpaina
3Inemumym Monokpucmanie, HTL] “Incmumym Monoxpucmanie”, HAH Ykpainu

np. Hayku, 60, 61001, Xapxie, Yxpaina
Meroto 1i€i poboTu Oyi10 BUBYEHHS BIATYKY JIETEKTOPIB HA OCHOBI OKCHJHHX CIHHTHIIATOPIB P OINPOMIHEHHI MHOTOKOM IIBHIKUX
Helftponis mkepena 2*°Pu-Be muisaxom peectpauii immynbeis GEIL. Y npoueci mociiakeHb BUMiproBanacs IiYuIbHa epEeKTUBHICTh
JETEKTOPIB B OMMHULAX (iMITysbexc ! xem2)/(HelTporxc ' xem?) 1y11 MOHOKPUCTATIYHMX 1 6araTomapoBUX KOMIIO3UTHUX JETEKTOPIB
ZWO (ZnWO4), CWO (CdWOs), BGO (BisGe3O12). Bumipsanit Bigryk mms merekropa ZWO ckmaB ~ 64 iMITyIbC/HEHTpPOH,
st CWO ~ 36 immynsc/melitpon, must BGO ~ 0.44 immynbec/HeiiTpoH. Binryk nerekTtopiB peecTpyBaBCcs IIMPOKOCMYTOBHM
nepeamnicuoBaueM 3 mBuakoaiero 10 500 MI', BUKOHAHUM i3 3aCTOCYBaHHSM IIBUAKOMIFOYMX OMEPAIifHUX IiICHIIOBAYIB 31
3BOPOTHAM 3B'si3koOM Mo Hampy3i. CrartucThyHa mNOXMOKAa BHMIPIOBaHb 3Ha4YeHHs e(EKTUBHOCTI peecTpauii HEeHTpOHIB
IIIPOKOCMYTOBHM TPAKTOM CTAaHOBHJIA 7% MO JETeKTOpiB 3 e(eKTHBHOIO TOBMHMHOIO ~ 40-50 MM, mo 0O0yMOBIIOETHCS
BHUKOPHUCTaHHSAIM cepudyHoi reomerpii excnepuMeHTy. Ha QopMyBaHHS BIATYKY AETEKTOpa BIUIMBAIOTH HACTYIHI HapaMeTpu
HEUTPOHHMX peakiil: mepepi3u HeMmpyKHOTO i PE30HAHCHOTO PO3CIIOBAHHS SACP CLHUHTUIISATOPIB, HIITBHICTh PIBHIB CKIAICHUX sIIep,
[IMPHHA PE30HAHCHOI 00IacTi, Yac KUTTS SIEPHUX CTaHIB i IX KUMBKiCTh. BUMipsHi 3HaYeHHS JYMIBHOI €(EKTUBHOCTI peecTparii
IIBAAKAX HEUTPOHIB IMOSCHIOIOTHCS THM, IO PEAKIis HEMpPYXXHOTO PO3CIIOBAHHS IS JIESIKHX SIAEP € BIJIPABHOIO TOYKOIO, IO
IHILIIOE KACKaIHUI MPOLeC CTBOPEHHS Ta PO3PSIKM SIEpHHUX CTaHIB. PeecTpalis kackamy po3psaHMX raMMa-KBaHTIB, IOYMHAIOYH
BiJl HAHOCEKYH]I 10 OIMHHIB MIKPOCEKYH]I, BUKIMKAE 301IbIICHHA €()eKTUBHOCTI peecTpalii AeTeKTopa i, sSIK HaCIiI0K, 301IbIICHHS
YYyTJIMBOCTI JIETEKTOpa IO JETCKTyBaHHS HEHTpOHIB. CrocTepekyBaHe 30UIbIICHHS JIYMIBHOI €(EKTHBHOCTI BTOPUHHUX I'aMMa-
KBaHTIB peai3yeThes IPH YIOBUILHEHHI HEHTPOHIB B IETEKTOPAX JOCUTH IIOMITHOIO TOBIMHH 1 BiJIIOBIJHOTO 130TOITHOTO CKJIaMy.
KJIFOUYOBI CJIOBA: nerektop, WBHIKI HEUTPOHH, 30y/KeHI CTaHH, JTiYWIbHA eEeKTHBHICTD, IUIBHICTD SIICPHUX PIBHIB

HCCJEJIOBAHUAE OTKJIMKA MOHOKPUCTAJUIMYECKUX U MHOI'OCJIOMHBIX KOMIIO3ATHBIX
JETEKTOPOB ITPU OBJIYYEHUM BbICTPBIMU HEUTPOHAMM
B.JI. Poikukos!, .M. Onnmenko?, U.H. Axumenxo?, C.B. Haiinenos>!, A.Jl. Onosonun', C.B. Maxora!
TAnemumym Cyunmunaayuonunvix Mamepuanos, HTL] “Hucmumym Monoxpucmannoe” HAH Yipaunol
np. Hayxu, 60, 61001, Xapvxos, Ykpauna
?Xapvrosckuti Hayuonanonoui Ynueepcumem umenu B.H. Kapaszuna
nn. Ceo600wi, 4, Xapvros, 61022, Vkpauna
SUncmumym Monoxpucmannos, HTL “Hncmumym Monoxpucmannos”, HAH Vipaunv

np. Hayxu, 60, 61001, Xapvkos, Ykpauna
Lenpto HacTosmel pabOTHI SIBISIOCH UCCIIEA0BAHNE OTKIMKA AETEKTOPOB HA OCHOBE OKCHUAHBIX CUMHTHILUIATOPOB MPH OOIydeHUH
HOTOKOM OBICTPHIX HEHTPOHOB MCTOYHMKA 2*Pu-Be myTem perucrpanuu ummyiascos @Y. B npoluecce ucciien0BaHuii u3mepsiach
cuerHas S(PEKTUBHOCTL JIETEKTOPOB B eauHUIAX (uMiynbexc'xem?)/  (HedTponxc!xem?) i MOHOKPUCTAILIMYECKHX
¥ MHOTOCJIOMHBIX KOMITO3UTHBIX JeTekTopoB ZWO (ZnWOs), CWO (CdWOs), BGO (BisGes3O12). M3MepeHHbIH OTKIUK s
nerekropa ZWO cocraBun ~ 64 umnynbsc/ueittpon, aist CWO ~ 36 ummysnbsc/ueitrpon, amst BGO ~ 0.44 ummynbc/HeitpoH. OTKINK
JIETEKTOPOB PETHCTPUPOBAJICS MIMPOKOIIOIOCHBIM NPEABAPUTENBHBIM yCHIIUTeNeM ¢ OsicTponeiicTereM 10 500 MI'w, BEITOTHEHHBIM
Ha OBICTPOAEHCTBYIOIIMX OIEPAllMOHHBIX YCHIHTENSIX C OOpaTHOH CBs3pI0 MO HampspkeHHio. CraTHcTHYecKas IOTPeIrHOCTh
H3MepeHui 3HauyeHHs: d(PQPEKTUBHOCTH PETHCTPAlMM HEHTPOHOB IIMPOKOIOJIOCHBIM TPaKTOM cocTaBisuia 7 % IJIsl IeTEeKTOPOB
¢ 3¢ dexruBHol ToMIMHON ~ 40-50 MM, uTO 0OYCIaBIMBAeTCsl MCIOIb30BaHHEM CEpPHUUECKOil reoMeTpuH sKcrepuMeHnTta. Ha
(dopMHpOBaHHE OTKJIMKA IETEKTOpPa OKa3bIBAIOT BIMSHHME TaKWe INapaMeTphl peakiuil ¢ HeHTpOHaMH, KaK BEIHYNHBI CEUCHHS
HEYIPYroro | Pe30HAHCHOTO pacCesiHUsl sAep CUMHTWUIATOPOB, IUIOTHOCTH SJIEPHBIX YPOBHEH COCTaBHBIX sjep, IIUpPHHA
PE30HAHCHOI 0071acTH, BpeMEHa JKM3HH M30MEPHBIX COCTOSHHMIl, MX KOIMYECTBO. MI3MepeHHbIe 3HaYeHUs CUeTHON 3 ()EKTHBHOCTH
perucTpanuu OBICTPBIX HEWTPOHOB OOBACHSIOTCS TeM (AKTOPOM, UYTO PEAKIHs HEYNPYroro pacCesHHs SBISETCS CTapTOBBIM
IIPOLIECCOM, KOTOPBIM 3aIlyCKaeT KacKaJHbBIH MpOoLecC paspsiKy sSAEpPHBIX M30MEPHBIX COCTOSHHMI. Permcrpamus kxackaga ramma-
KBAHTOB pas3psAaKu B HMHTCpPBAJIC OT CAWMHHUL] HAHOCCKYH/J A0 €AMHUL MHUKPOCCKYHJ MNPUBOAUT K YBCIWYCHUIO CUYETHOMU
3¢ (eKTHBHOCTH JeTeKTopa M, KaK CIEJICTBHE, K MOBBILCHUIO YyBCTBUTEIBHOCTH JETEKTOpa K OOHApYKEHHIO HEHTPOHOB.
HaGmonaemoe yBennueHne cueTHOH 3((GEKTUBHOCTH BTOPHYHBIX TaMMa-KBaHTOB pPEAM3YeTCsl IIPH 3aMEATICHHN HEHTPOHOB
B IETEKTOPAX JIOCTATOYHO 3aMETHOH TOJIINHEI U MOJXOASIIEr0 H30TOITHOTO COCTABA.
KJIFOUYEBBIE CJIOBA: perekTop, OBICTpble HEHTPOHBI, BO30Y)KIACHHBIC COCTOSHHA, CUYETHAs 3(PQPEKTUBHOCTH, IIOTHOCTH
SIIEPHBIX yPOBHEH
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NOVEL PHOSPHONIUM DYE TDV1 AS A POTENTIAL FLUORESCENT PROBE
TO MONITOR DNA INTERACTIONS WITH LYSOZYME AMYLOID FIBRILS
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The applicability of the novel cationic phosphonium dye TDV1 to monitor the complexation between DNA and pathologically
aggregated proteins, amyloid fibrils, was tested using the optical spectroscopy and molecular docking techniques. TDV1 has been
found to be highly emissive in buffer solution and is characterized by one well-defined fluorescence peak attributed to the dye
monomers. The association of the dye with the double stranded DNA was followed by the enhancement of monomer fluorescence
coupled with a bathochromic shift of the emission maximum. The addition of fibrillar lysozyme (LzF) to TDV1-DNA mixture led to
the further enhancement of fluorescence intensity of the monomeric dye form coupled with a hypsochromic shift of the emission
maximum and an appearance of a second long-wavelength peak. An assumption has been made that the fluorescence enhancement
augmenting with increasing the protein concentration in the TDV1/DNA system is produced by the interaction of the free TDV1
monomers with lysozyme fibrils as well as by the LzF-induced conformational alterations of DNA. The long-wavelength peak
emerging in the presence of LzF is presumably a consequence of the J-aggregate formation upon the TDV1 association with
lysozyme fibrils. The molecular docking studies showed that TDV1 monomers are incorporated into the fibril grooves associating
with 7 B-strands in such a way that the dye long axis is parallel to the fibril axis. The most energetically favorable position of TDV1
is the S60-W62/G54-L56 groove in the lysozyme fibril core. In contrast, the TDV1 dimers seem to associate with the more
hydrophilic side of the model B-sheet. Cumulatively, the results from the absorption and fluorescence measurements, together with
the molecular docking analysis are consistent with the minor groove mode of the TDV1 binding to dsDNA. The electrostatic
interactions seem to play a predominant role in the TDV1 complexation with the double stranded DNA, while the hydrophobic
interactions and steric hindrances are supposed to be influential in the association of TDV1 with fibrillar lysozyme.

KEYWORDS: Phosphonium dye, fibrillar lysozyme, DNA, J-aggregates

Over the past decade the phenomenon of protein self-assembly into supramolecular aggregates, amyloid fibrils,
attracts ever grooving interest due to its involvement in the molecular etiology of a number of debilitating disorders
including Parkinson’s, Alzheimer’s, Huntington’s, Creutzfeld-Jakob diseases, type Il diabetes, etc. Although a
consensus about the origin of such pathologies has been reached and is presented by the amyloid cascade hypothesis,
the initial molecular events underlying fibril formation remain unclear [1]. The factors, such as the abnormal partial
unfolding or folding of the proteins arising from the mutations, oxidative or heat stress or destabilization of the protein
structure at the lipid-water interfaces are supposed to play essential role in amyloid growth [2,3]. Furthermore, a series
of recent investigations provide evidence for the potential involvement of non-proteinaceous cofactors in the formation
of amyloid deposits [4-7]. For instance, heparan sulfate, is reported to be linked with the amyloid disorders [4-5].
Likewise, the analysis of the brain tissues from victims of Alzheimer’s disease revealed the presence of nucleic acids in
the neurofibrillary tangles, intracellular inclusions composed of the tau protein and in the senile plaques consisting of
the AP peptides [7]. Despite an undeniable evidence for the presence of polyanions in amyloid deposits, the questions
whether and how they affect fibrillogenesis, are still unclear. It has been demonstrated that RNA stimulates the prion
protein conversion in vitro [8]. Kampers and co-workers have uncovered the ability RNA to provoke the aggregation of
the microtubule-associated protein tau into Alzheimer-like paired helical filaments [9,10]. Moreover, the double-
stranded DNA has been found to promote the fibrillation of a-synuclein [11,12]. Remarkably, DNA is capable of strong
associating with the mature fibrils of human muscle acylphosphatase, human lysozyme and hen egg white
lysozyme [13,14]. There is also evidence that the cytotoxic action of soluble protein oligomers can be limited by the
nucleic acids [15]. Despite great advances in the understanding the mechanisms behind the interactions of
glycosaminoglycans and nucleic acids with fibrillar protein aggregates, little is known about the molecular scale details
of this process. However, several studies have demonstrated that electrostatic interactions prevail in the polyelectrolyte-
amyloid fibril complexes [13,14]. A variety of powerful techniques, including an agarose gel based assay, circular
dichroism, fluorescence and absorption spectroscopy, small-angle x-ray scattering, electron microscopy are currently
used to monitor the DNA binding to amyloid fibrils. The complex nature of the interactions between the amyloid fibrils
and polyanions like nucleic acids requires the development of sophisticated, although simple approaches, one of which
involves the application of the extrinsic fluorescent dyes.

Among a variety of fluorescent compounds currently used in the DNA and amyloid fibrils studies an important
place belongs to the dyes of cyanine family [16-20]. To exemplify, the oxazole yellow homodimer, which has
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previously been employed mainly as a DNA-intercalating probe, appeared to be suitable for in vitro amyloid
sensing [16]. The ability to detect the protein fibrillar aggregates and to stain the double stranded DNA has been also
shown for the mono-, tri-, penta- and heptamethine cyanine dye [17-20], styryl cyanine dyes [21,22],
merocyanines [23], to name only a few. An extensive application of cyanines in the studies of amyloid fibrils and DNA
is dictated by their favorable spectral properties, such as, particularly, high extinction coefficients, intensive absorption
in a wide spectral region, from UV to NIR, high fluorescence intensity and quantum yield increase upon the dye
binding to nucleic acids or proteins, etc. Another interesting property of the cyanines is their ability to form the self-
associates stabilized by the van-der Waals, H-bonding, electrostatic, steric, hydrophobic and stacking
interactions [24,25]. Dictated by the geometry of the molecules within the aggregate, both the H- and J-aggregates have
been observed. The aggregate type depends on the spatial arrangement of the transition dipoles of individual dye
molecules and can be easily identified by the spectroscopic means [26]. Kasha has long proposed that the interaction
between the transition dipoles of tightly packed molecules generates a splitting of the excited states into exciton
levels [26]. For the J-aggregates, the lower exciton is allowed, thus resulting in a bathochromically shifted absorption,
whereas for the card-pack H-arrangements only the upper state transition is allowed, giving rise to the hypsochromic
shift of the absorption spectra. Importantly, DNA and amyloid proteins have been shown to have a significant impact on
the aggregation properties of cyanines [19,27,28]. The remarkable ability of cyanines to interact both with nucleic acids
and fibrillar protein assemblies with accompanying changes of the dye spectral properties gives the impetus for their use as
effective reporters in tracing the DNA interaction with amyloid fibrils.

In view of this, the aim of the present study was the investigation of the ability of the novel phosphonium cyanine dye TDV1 to
monitor the DNA-amyloid protein interactions.

EXPERIMENTAL SECTION
Materials
Hen egg white lysozyme, calf thymus DNA were from Sigma (Sigma, St. Louis, MO, USA). The phosphonium
dye TDV1 was provided by Professor Todor Deligeorgiev, University of Sofia, Bulgaria. All other materials and
solvents were commercial products of analytical grade and were used without further purification.

Preparation of working solutions
The stock solution of TDV1 was prepared by dissolving the dye in 5 mM sodium phosphate buffer (pH 7.4). The
concentration of TDV1 was determined spectrophotometrically, using the extinction coefficient

450 = 2.1x10° M 'em™! The stock solution of calf thymus DNA was prepared in 10 mM Tris-HCl, 0.5 mM EDTA

buffer (pH 7.4) at room temperature with occasional stirring to ensure the formation of a homogenous solution. The
concentration of the DNA was determined spectrophotometrically using the extinction coefficient

Exg0 = 6.6x10°M'em™ . The lysozyme amyloid fibrils (Fig.1) were grown by the incubation of the protein solution

(10 mg/ml) in 10 mM glycine buffer (pH 2) at 60 °C for 14 days. The working solution of fibrillar lysozyme was
prepared in 5 mM Na-phosphate buffer (pH 7.4). Fibril formation was assessed by the transmission electron
microscopy. A 10 ul drop of the protein solution was applied to a carbon-coated grid and blotted after 1 min. A 10 pl
drop of 1.5% (w/v) phosphotungstic acid solution was placed on the grid, blotted after 30 s, and then washed 2 times by
deionized water and air dried. The resulting grids were viewed by the EM-125 electron microscope (Selmi, Ukraine).

TEM 75 kV  x10000 1000 nm

Fig. 1. Transmission electron microscopy image of lysozyme amyloid fibrils. Scale bar is 1000 nm.
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Spectroscopic measurements
The absorption spectra of TDV1 were recorded with the spectrophotometer Shimadzu UV-2600 (Japan) at 25 °C.
The steady-state fluorescence spectra were recorded with RF6000 spectrofluorimeter (Shimadzu, Japan). The
fluorescence measurements were performed at 20 °C using 10 mm pathlength quartz cuvettes. The fluorescence spectra
of cyanine dyes were recorded in the range of 500 to 750 nm with the excitation wavelength 480 nm.

Molecular docking study

The molecular docking was performed to identify the possible sites for the TDV1 binding to lysozyme fibrils and
to elucidate the nature of the interactions between the dye and fibrillar protein aggregates. The crystal structure of hen
egg white lysozyme (PDB ID: 3A8Z) was taken from the Protein Data Bank. The B-structured core of the lysozyme
fibril was built from the K-peptide, GILQINSRW (the residues 54-62 of the wild type protein), using the CreateFibril
tool as described previously [29] The structure of TDV1 was built and optimized in Avogadro [30]. The docking
models of the dye dimers and the complexes between the dye monomer (or dimer) and fibrillar lysozyme were obtained
using the PatchDock algorithm, that is a user-friendly tool for calculation of the optimal structures of the protein-drug
and protein-protein complexes. The online-available program searches the transformations of the two interacting
molecules (assuming the proteins to be rigid bodies), revealing the maximized surface shape complementarity and
minimized number of steric clashes. The top 10 of the obtained conformations were then refined by the FireDock
algorithm, that calculates the optimal rearrangement of the side chains in the protein-ligand complex by the Monte
Carlo minimization of the binding score function that is essentially determined by the energy of ligand-protein van der
Waals interactions and the desolvation free energy.

An interacti examined phosphonium dye TDV1 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 the 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.

RESULTS AND DISCUSSION
A widespread approach to monitoring the interactions of small ligands (dyes, drugs, etc.) with biological
macromolecules is based on the use of UV-visible absorption spectroscopy. The magnitude of the changes in absorption
intensity and other characteristics of the spectral band are usually correlated with the strength of interaction. Therefore,
at the first step of study, to assess the sensitivity of the TDV1 to DNA-amyloid protein interactions, the absorption
spectroscopy technique was utilized. As shown in Fig. 2, the absorption spectrum of TDV in buffer solution is
characterized by one well-defined peak at ~ 470 nm.
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In the presence of double stranded DNA significant changes in the dye absorption spectra have been observed
pointing to the strong association of TDV1 with the nucleic acid. The addition of DNA was accompanied by a small
hyperchromism, ~10 nm bathochromic shift of the absorption maximum coupled with a broadening of the absorption
spectra due to appearance of a red-shifted shoulder at 540 nm. A detailed analysis of the available literature on the dye-
nucleic acid interactions indicates that hyperchromism is a spectral feature reflecting the non-covalent interactions,
particularly the electrostatic and minor groove binding motifs [22,31]. More interesting is the fact of broadening of the
absorption spectrum, which can be attributed to the dye aggregation on the DNA template [27]. Generally, the cyanine
dyes interact with the DNA minor grooves forming the plane-to-plane H dimers that can be identified easily through the
appearance of a new absorption band hypsochromically shifted with respect to the monomer band [20,32,33]. However,
for some cyanine dyes the end-to-end aggregation in a minor groove of DNA was observed resulting in the emergence
of a new bathochromically shifted absorption band [28,34,35]. It should be noted, that the H-aggregates in the weak
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coupling regime possess an absorption band red-shifted relative to the monomeric band [36,37]. The existence of H-
aggregates in the weak excitonic coupling regime was firstly proposed by Spano, who described the absorption and

emission spectra of the linear H- and J-aggregates with the nearest-neighbor-only coupling (J,,) as a function of the

coupling strength [37]. Accordingly, a question arises, whether the aggregates formed on the DNA template are weakly
coupled because of the plane-to-plane or end-to-end molecular arrangements? Taken into account that the width of the
minor groove does not exceed 1.2 nm, and the TDV1 is a relatively large dye (its length, width and height are 2.26 nm,
0.99 nm and 0.99 nm, respectively), the aggregation of the dye into the face-to-face molecular assemblies (even weakly
coupled H-dimers) is blocked by the walls of the minor groove. Therefore, the observed red-shifted shoulder
presumably corresponds to the dye head-to-tail dimers formed in the DNA minor groove. The addition of fibrillar
lysozyme to the dye-DNA system has been accompanied by a slight increase of the monomer absorption along with a
small broadening of the absorption spectrum. However, the observed changes in the absorption spectra in the presence
of aggregated protein are too weak to give any realistic explanation since they can be attributed to the dye-LzF
interactions as well as to the influence of lysozyme fibrils on the DNA structure.

In view of this, at the next step of the study, to assess the sensitivity of TDV1 to the DNA - amyloid protein
interactions, the fluorescence spectra of the dye were recorded in the buffer solution, in the presence of double stranded
DNA (Fig. 3) and in the combined dsDNA/LzF systems (Fig. 4). TDV1 appeared to be highly emissive in buffer
solution (Fig. 3a). The DNA addition resulted in a significant increase of the fluorescence intensity coupled with a red
shift of the emission maximum up to 9 nm (Fig. 3a). The observed fluorescence enhancement is most likely to arise
from the rigidification of the fluorophore. Importantly, the absorption spectroscopy data point to the J-dimerization of
the cyanine dyes on the DNA template. The end-to-end aggregates are commonly highly fluorescent. However, as can
be seen from the TDV1 fluorescence spectra in the presence of DNA, only the fluorescence of monomers takes place.
The above discrepancy between the absorption and fluorescent data is most likely to result from the different phosphate-
to-dye ratios (P/D). The absorption and fluorescence spectra were measured at the low (ca. 2.8) and high (ca. 134) P/D
ratios, respectively. Generally, when the dye is in excess, cyanines tend to self-associate on the DNA template with the
formation of the dye dimers in the minor groove, a tendency well described, in particular, for thiazole orange, Cyan 2
and Hoechst 33258 [34,38]. Further increase of the DNA concentration led to the binding of these dyes predominantly
in the monomeric form. It should be noted that similar behavior was observed for acridine orange in the presence of the
double stranded DNA [39]. At the high dye/DNA ratios, when the dye is in excess, its dimers bind electrostatically to
the phosphate groups, whereas under the conditions of DNA excess strong intercalation is observed [39]. Due to the
extended structure of the phosphonium dye under study, the exclusively intercalative binding mode for the TDV1
monomers seems unrealistic. However, the possibility of the “half intercalation” mode of the dye-DNA complexation
cannot be ruled out [40]. In this case, the heterocycle with a high basicity accomodates in a more nucleophilic groove
whereas heterocycle with a low basicity intercalates into a more electrophilic inter-base space [40].
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Fig. 3. Fluorescence spectra of TDV1 in buffer solution and in the presence of DNA. TDV1 concentration was 0.32 uM. DNA
concentration was 42.8 uM (a). Schematic representation of the energetically most favourable dye complex with the double stranded
DNA (b). A NewCartoon drawing method (VMD) is employed to represent the DNA structure, and TDV1 is depicted by Bonds:

In an attempt to ascertain the mode of the dye-DNA binding, the molecular docking studies were performed. A
double-stranded DNA dodecamer [d(CGCGAATTCGCG)2, PDB ID 1BNA] and TDVI1 were taken as the input
structures. Generally, to predict the best orientation of the ligand molecule within the double stranded DNA helix, the
ligands are made flexible to attain different conformations. Therefore, in our docking studies the DNA structure was
kept rigid, while the structure of TDV1 was made flexible to provide an energetically favorable docked pose. The
molecular docking studies showed that TDV interacts with the minor groove of DNA (Fig. 3b).

The addition of fibrillar lysozyme to the TDV1-DNA mixture led to the 1.3-fold enhancement of the fluorescence
intensity of the monomeric dye form coupled with a blue shift of the emission maximum up to 6 nm (Fig. 4a). In
addition, a second well-defined peak at 703 nm was appeared. The enhancement of TDV1 fluorescence intensity at



23
Novel Phosphonium Dye TDV1 as a Potential Fluorescent Probe to Monitor DNA Interactions... EEJP 22019

618 nm can be interpreted in terms of the interaction of the free dye monomers with lysozyme fibrils as has been
previously observed for the monomethine and trimethine cyanines [18]. However, we cannot rule out that the
fluorescence intensity increase is caused by the LzF-induced alterations in the DNA structural state [13, 14]. The
observed long-wavelength peak augmenting with the fibrillar lysozyme concentration presumably reflects the J-
aggregate formation upon the TDV1 association with fibrils in the presence of DNA. Remarkably, the ability of
rhodamine 6G to aggregate on the amyloid fibril template was reported by Hanczyc et al. [41], who demonstrated that
the structural differences between the lysozyme and insulin amyloid fibrils promote the formation of the J-type and H-
type molecular arrangements of the dye, respectively. The enhanced aggregation of the cyanine dye 7514 in the
presence of fibrils was reported also by Volkova et al. [42] who ascribed the band shifted to the long-wavelength region
relative to the monomer band to the formation of the J-aggregates. Presumably, the hydrophobic, electrostatic, and van
der Waals interactions between the dye and the fibrillar proteins promote the formation of the dye J-aggregates.
Notably, typical fibril binding sites for the small organic molecules are represented by the long surface grooves running
parallel to the fibril axis, which may induce the end-by-end stacking of the fibril-bound TDV1 molecules, followed by
the dye dimerization [43]. The simple docking studies were performed to assess the potential binding sites for TDV1
within the fibril core. As can be seen in Fig. 4 (panels “b” and “c”), the binding sites for TDV1 are represented by
grooves formed by the polar and nonpolar amino acid residues. It appeared that TDV1 monomers are incorporated to
the fibril grooves similarly to the classical amyloid marker Thioflavin T [44], associating with seven B-strands in such a
way that the dye long axis is parallel to the fibril axis (Fig. 4b). The most energetically favorable positioning of TDV1
is provided by the groove S60-W62/G54-L56 of the lysozyme fibril core. In turn, TDV1 dimers seem to associate with
a more hydrophilic surface of the lysozyme fibrils that is sterically more accessible for the dyes than the dry “steric
zipper” interface [45]. Presumably, the dye-fibril hydrophobic interactions and steric hindrances have the predominant
influence on the association of TDV1 with fibrillar lysozyme.
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Fig. 4. Fluorescence spectra of TDV1 in buffer solution and in the presence of DNA. TDV1 concentration was 0.32 pM. DNA
concentration was 42.8 pM. The most energetically favorable TDV1 monomer (b) and dimer (c) complexes with the fibrillar
lysozyme, obtained using the molecular docking. Ligand and protein are represented via VDW and New Cartoon/CPK methods,
respectively. Panel (d) represents the effect of sodium chloride on the fluorescence spectra of TDV1 in the combined DNA/LzF
system. TDV1, DNA and LzF concentrations were 0.3 uM, 42 uM and 3.7 uM, respectively.



24
EEJP 22019 Olga Zhytniakivska, Uliana Tarabara et al.

It is crucial to note that the binding of free TDV1 monomers to lysozyme fibrils is not the only reason for the
described above enhancement of the fluorescence intensity augmenting with increasing the protein concentration in the
TDVI1/DNA system (Fig. 4a). Probably, the observed fluorescence increase is produced by the LzF-induced
conformational changes of the DNA molecule. Recent studies indicate that the nucleic acid binding to the lysozyme
fibrils is nonspecific in nature and occurs presumably through electrostatic interactions [13,14]. The hydrophobicity
negatively affects the strength of interactions between the oppositely charged DNA and fibrils since the stronger
binding with the negatively charged nucleic acids is peculiar to the native lysozyme in comparison with the fibrillar Lz
possessing the exposed hydrophobic regions [13]. The circular dichroism measurements indicate that both the native
and fibrillar lysozyme can cause a deformation of the DNA helical structure [14]. Moreovere, the hydration pattern near
the phosphate groups and ribose rings of DNA helix has been affected by proteins [14]. In view of the above, it is
highly probable that fibrillar lysozyme affects the DNA structure in such a manner that the DNA minor grooves
(putative TDV1 binding sites) become more accessible to the free dye molecules. An additional argument in favor of
our hypothesis that TDV1 fluorescence enhancement at 618 nm to is largely determined by the LzF-induced
conformational alterations of the DNA rather than by the interaction of the dye monomers with fibrils, comes from the
ionic strength effect studies (Fig. 4d). The addition of 150 mM sodium chloride to the TDV1/DNA/LzF mixture
resulted in ~ 6-fold decrease in the monomer fluorescence intensity and 2-fold fluorescence reduction of the dimeric
dye form at 703 nm. Owing to the cationic nature of TDV1 and the negative polyphosphate skeleton of DNA, the
electrostatic interactions seem to play a predominant role in the dye-nucleic acid complexation. It is generally known
that in the presence of DNA, Na' ions partly neutralize the negative charges of the DNA phosphate backbone. As a
result, the electrostatic attraction between the small molecules and DNA surface is weakened leading to the release of
the TDV1 from the DNA minor grooves and concomitant decrease in the monomer fluorescence intensity. The 2-fold
fluorescence reduction of the dimeric dye form at 703 nm is probably associated with the formation of atmosphere of
CI' counter-ions around the dye molecules, disrupting in such a way the cyanine dimers by sterical blocking of the end-
to-end contacts [46].

CONCLUSIONS

To summarize, the present study was focused on the investigation of the ability of the novel phosphonium cyanine
dye TDV1 to monitor the DNA-amyloid protein interactions. The analysis of the fluorescence spectra of TDV1 in the
presence of DNA and in the combined DNA/fibrillar lysozyme systems provides evidence for the binding of TDV1
monomers to the DNA minor groove and the association of the dye dimers with the hydrophilic surface of the lysozyme
fibril core. The electrostatic interactions seem to be prevalent in the TDV1 complexation with the double stranded
DNA. At the same time, the dye-fibril hydrophobic interactions and steric hindrances are supposed to dominate in the
TDV1 binding to fibrillar lysozyme. The results obtained suggest that the novel phosphonium dye TDV1 may prove of
value in elucidating the mechanisms of DNA interactions with pathogenic protein aggregates associated with the
amyloid diseases.
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HOBHM ®OCP®OHIEBUM BAPBHUK SIK HIOTEHIINHUN ®JIYOPECIHIEHTHHMN 30HI JJISI JOCJIALIKEHHA
B3AEMO/II THK 3 AMUJIOITHUMHA ®IEPHIIAMU JI30IIAMY
O. Kurnskiscbkal, Y. Tapa6apal, K. Bycl, B. Tpycosal, I. T'op6enko!, H. F'amxen?, T. denireopries?
TKagheopa s0epnoi ma meduunoi izuxu, Xapxiecoxuii nayionarsnuii ynisepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vrpaina
2Daxynomem ximii | papmayii, Cogpiticoxuti ynisepcumem, Coqis, 1164, Borzapis
3a JOMOMOroK METO/IB ONTHYHOI CIIEKTPOCKOIIT i MOJIEKYJIIPHOTO JOKIHTY NMPOBEICHA OIiHKAa MOXKJIMBOCTI BUKOPHUCTAHHSI HOBOTO
kationHoro ¢ocgonieBoro 6apsuuka TDVI mns pocmimkenHs komiuiekcoyrBopeHus mix JIHK i maroreHHuME OiKOBHMH
arperatamu, amioigHuMH (idpunamu. Busineno, mo 1t MmoHomepiB TDV1 xapakTepHa BHCOKa iHTEHCHBHICTD (IyOpecIeHII] y
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OydpepHomy posumni. [Ipu B3aemonii OapBHukKa 3 moaeiiHOK0 croipawmro JHK cmoctepiranock 3pocTaHHS I1HTEHCHBHOCTI
(hayopeciieHIii MOHOMEpIB Ta BiOyBaBCcs OATOXPOMHHUIT 3CYB MakCUMyMy ¢uiyopecuenitii. [Ipu nomaBanHi GiOpHISPHOTO JTi30LHMY
(LzF) no cymimi TDV1-JJHK, mopsin 3 moganboiuM MiIBUIIEHHSIM iHTEHCHBHOCTI (iryopecueHIii MOHOMEepHOi (hopMu OapBHUKA 1
rilICOXPOMHUM 3CYBOM MaKCHMyMy BHIIPOMIHIOBAaHHS, CIIOCTEpirajach MOsBa JOJATKOBOIO, JOBrOXBHJIBOBOTO IiKy. 3po0ieHO
MPUIYIIEHHS, 10 3pOCTaHHs IHTEHCHBHOCTI (hJIyOpecLeHIii 31 30iIbIIeHHIM KOHIeHTpalii Oinka B cucremi TDV 1//ITHK 3ymoBiiene
SK B3a€EMOJI€I0 BUTbHHX MoOHOMepiB TDVI1 3 ¢ibpmnamu mizomumy, Tak i koH(opmamiinumu 3miHamu JIHK, Bukimkanumm
¢biopunamu mizonumy. [losiBa TOBrOXBHIBOBOTO MiKY, HMOBIpHO, € pe3ynbraTtoM J-arperarnii TDV1 y nmpucytHOCTI BiOpHIsIpHOTO
Oinka. 3 BHKOPHCTaHHAM METOJIY MOJICKYJIIPHOTO JIOKIHTY MHOKa3aHO, o MoHoMepu TDV1 3B’s3yroThcs 3 ciMOMa JIaHIIOTaMH
6opo3eHkr GiOPUIT Ti301MMY TAKUM YHHOM, L0 1X MO3JO0BXHS Bich mapajeibHa oci Gpiopuan. [TokazaHo, 1110 HAWOIIbII SHEPIETHIHO
BHTITHAM LEHTPOM 3B’sI3yBaHHA € OOpO3eHKa, C(OPMOBAHA AMIHOKMCIOTHHMH 3anumkamMu S60-W62/G54-L56. B Toit xe gac,
muMepu OapBHUKA YTBOPIOIOTH CTaOUIbHI KOMIUIEKCH 3 OUTBII TigpodiJbHOIO CTOPOHOIO MOAEIBHOTO [ -nucra. PesynpraTw,
oTpuUMaHi MeToaMu (uIyopecleHTHOI, abcopOLiitHOT CHEKTPOCKOIIiT i MOJIEKYJIIPHOTO JOKIHTY CBim4aTh mpo B3aemoniro TDVI 3
manoro Ooposenkoro JIHK. Enexkrpocratmuni B3aemonii, BOYEBHIb, € [IOMIHYIOUYMMH IpH KoMIUIekcoyTBopenHi TDVI 3
neonaniroropoto JIHK, tomi sk rimpodoOHI B3aemomii Ta cTepHYHI YMHHWKH € BH3HAYaJbHUMH IIPH acollialii OapBHHKA 3
(biOpHUIIPHIM JII30IIMOM.

KJIIOUEBBIE CJIOBA: ©ocdonieBuii 6apsuuK, Qidprspuuii aizommm, JJHK, J-arperaru

HOBBI ®OCPOHUEBBII KPACUTEJIb KAK TOTEHIUAJIbHBINA ®J1YOPECHEHTHBIW 30H]I 115
UCCJEJIOBAHUS B3AUMOJIEACTBUS JHK C AMUJIOUIHBIMA ®UBPUILIIAMM JIM3O0LUMA
0. Kurnsikosckas', Y. Tapadapa', K. Byc!, B. Tpycosa', I'. Top6enko', H. F'amxen?, T. lenureoprues’
Kageopa sidepnoii u meduyunckoii usuxu, Xapokosckuii nayuonanbuwiii yuueepcumem umenu B.H. Kapaszuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
2@axynomem xumuu u gpapmayuu, Couiickuti ynueepcumem, Cogpus, 1164, Boneapus

C HOMOIIBI0O METOJIOB ONTHYECKOH CHEKTPOCKONNH U MOJICKYJISIPHOTO JIOKHHTa MPOBEIEHa OIEHKAa BO3MOXXHOCTH HCIIOJIb30BAHUS
HOBOTO KaTHOHHOTO (ocdonueBoro kpacurens TDV1 mis usydenus komriuiekcooOpazoBanus Mexnay JHK wu maroreHHbIMU
OENKOBBIMM arperataMmy, ammwiIongHbIMu ¢uopmwuiamu. OOHapyxkeHo, 4yro TDV1 oGnamaer BBICOKOW HMHTEHCHBHOCTBIO
(yopecieHII MOHOMEPOB B OydepHOM pacTBope. Acconnanus kpacutens ¢ apyxuenodeqnoit JJHK conpoBosknanaces ycunenunem
(iryopectieHIM MOHOMEpPOB B COYETaHWH C OaTOXpPOMHBIM CIBHIOM MaKCHMyMa HCIyckaHus. JloOaBieHune (QpUOPHMILIIPHOTO
mmonuma (LzF) x emecu TDV1-IHK, Hapsgy ¢ manpHeHIINM yBelIHUeHHEM HHTEHCHBHOCTH (IIyOpECIeHINH MOHOMEPHOH (hOpMBI
KpacuTellsl ¥ THIICOXPOMHBIM CIIBUTOM MaKCHMyMa H3JIyYeHHs] MOHOMEPOB, NPHUBOJMIO TAKXKE K IMOSBICHHIO JIOMOJHHUTEIBHOTO,
JUTHHHOBOJIHOBOTO THKa. CrenaHo MNpeAnojoKeHHe, 4YTO YBEIWYEeHHE HWHTEHCHBHOCTH (IIYOPECHEHIMH C YBEIHYCHHEM
koHueHTpanuu Oenka B cucreme TDV1/JJHK oOycioBieHO kak B3aumopeicTBreM cBoOOIHBIX MOoHOMepoB TDV1 ¢ ¢pubpuimmamu
JU30IIMMA, TAaK W BBI3BAHHBIMHA (QHOPWUIIPHBIM JH30LMMOM KoH(popMannoHHbEIME w3MeHeHnsimu JIHK. HaOmomaemsrit
JUIMHHOBOJIHOBBIM IIHMK, HPEANOJIOXKHUTENbHO, SBIAETCS pe3ylbTaToM oOpa3oBanusa J-arperatoB mpu acconuamuu TDV1 ¢
¢ubputamu nusonuma. C HCMONB30BAHHEM METOa MOJICKYJISIPHOTO JAOKHHTa MOKa3aHo, yTo MoHOMepbl TDV1 cBs3biBaroTCsS C
ceMbio B-Tspkamu O0opo3aku GuOpHLT TakuM 00pa3oM, YTO WX JJMHHAS OCh MapaienbHa ocu ¢pudpw. Hanbomnee sHepreTuyecku
BBITOJTHBIM IIeHTpoM cBsizbiBaHust TDV1 sBisiercst 6oposnka S60-W62/G54-L56. B 1o xe Bpems, numepsl TDV1, mo-Buaumomy,
00pa3yloT cTabWIbHBIE KOMIUIEKCHI ¢ Ooiee THAPO(MIBHON MOBEPXHOCTHIO MOJIEIBHOTO f-micTa. B COBOKYMHOCTH, pe3yibTarThl,
HOJy4eHHbIE MeToAaMH (IIyOpecleHTHOH H aOCOPOLMOHHOW CIEKTPOCKONUH, a TaKKe JaHHbIE MOJIEKYJIIPHOTO JIOKHHTra
CBUAETENBCTBYIOT O cBsi3biBaHUH TDV1 ¢ mManoit 6opo3akoit JJHK. DnekrpocraTnyeckne B3anMOICHCTBUS, IO-BHANMOMY, SBIISFOTCS
npeobnagaomuMu B cBszeiBanuu TDV1 ¢ aByxmenoueunoit JIHK, torma xak ruzppodoOHBIE B3aMMOIEHCTBHS M CTEPUUECKHE
(aKTOpHI ONPEAEISIOT ACCOLHALMIO KPAaCUTENs ¢ GUOPHILIIPHBIM JIN30LMMOM.

KJIIOUYEBBIE CJIOBA: ®ochonuesslii kpacurteis, GuoOprusipHblii tusoum, JJHK, J-arperatst.
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The scientific interest in the investigation of nitride composites as protecting materials in tool and machining industries intensively
increases. The good oxidation resistance of CrN single-layer films and high melting point, good chemical and thermal resistance of
ZrN compound are motive factors for designing of multilayer composites composed of these metal nitrides. The suggested
advantages of ZrN/CrN multilayer coatings as structural materials are the high-temperature resistance, high density and extreme
hardness compared to the metal-nitride systems. Experimental ZrN/CrN multilayer coatings were deposited on AISI 321 steel
substrates by using a cathodic arc evaporation device equipped with two high-purity metal Cr and Zr targets. Structural, chemical and
morphological characteristics together with mechanical properties of multilayer composites were analyzed by X-ray diffraction,
scanning electron microscopy, energy-dispersive X-ray spectroscopy and Vickers hardness tester. SEM analysis revealed an increase
of roughness and concentration of the droplets on the surface of the coatings when negative bias potential decreased to -70 V. The
results of data obtained from the X-ray analysis showed (200) and (111) plane for ZrN and Cr2N phases as the most intense. The peak
positions of ZrN were shifted towards lower diffraction angles comparing with bulk values and indicated a decrease of the inter-
planar distance and formation of compressive stresses. The calculated lattice strain values in the ZrN were higher than those of the
CrN, indicated a greater presence of dislocations and defects in the lattice of ZrN. The averaged crystallite sizes in ZrN and CrN
layers were 11-14 and 7-12 nm, respectively. The maximum value of the Vickers microhardness was found to be 6600HV0.01 that is
2.1 and 1.8 times greater than the corresponding values of binary CrN and ZrN coatings.

KEYWORDS: nitrides, cathodic arc deposition, microstructure, elemental composition, structural-phase state.

The extension of the operational life of industrial equipment, components of installations, cutting, drilling and
other machining tools stays a relevant task of science and technology of materials engineering till present. Moreover,
nowadays at the stage of an enhanced economy of resources and in going to energy-saving technologies, this issue
becomes even more acute. While functioning, the product surface layers undergo the strongest loading, physical,
chemical and thermal effects. One of the ways to protect and improve various material properties is to modify it due to
deposition of nanostructured thin coatings on its surface.

Cathodic-arc technique is a multipurpose method of coating deposition since the resulted products gain wide
industrial distribution because of their suitability for various functional purposes [1, 2]. Transition metal nitride coatings
with a thickness of a few microns are one of the most studied and widely used materials. Unfortunately, the possibilities
of increasing the hardness and plasticity of the surface layer during the deposition of simple nitrides are practically
depleted, since at mid-temperature range mononitrides initiated to be thermally unstable [3-5].

Recently, nanoscale coatings of a complex elemental and phase composition realized through the multilayer
coating concept are of considerable interest, since combinations of various elements make it possible to use the best
properties of two or several metals and their nitrides [6, 7].

This paper describes the effect of deposition parameters on the structure, elemental and phase composition of
multilayer coatings ZrN/CrN, as well as their mechanical characteristics.

EXPERIMENTAL DETAILS

The ZrN/CrN multilayers were fabricated by the cathodic-arc method in a Bulat 6 deposition system [8], which
composed of a vacuum chamber, vacuum pumping system, nitrogen supply system that worked at pressure between 1073
to 1072 Pa, arc power supplies that produced the current from 50 to 200 A, substrate power supply that ensured constant
negative bias voltage and automatic rotation system for substrate holder. Within the working chamber, there was an
electrode formed by an anode, where the steel substrates were placed, and cathodes with the Zr and Cr targets. Metal
targets were in the opposite positions and the substrates were mounted on two sides of a rotating substrate holder
between the two targets. Experimental coatings were deposited by alternately rotating the substrates between Cr and Zr
targets. The arc current of 100 A was constantly applied for all samples. When the first multilayer ZrN/CrN film started
to produce, the chamber was filled with nitrogen at a pressure of 0.03 Pa. For other samples of the coatings, it changed

© Olga Maksakova, Alexander Pogrebnjak, Vyacheslav Beresnev, Vyacheslav Stolbovoy, Sénia Simoes,
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as the goal of this investigation was to evaluate the influence of deposition conditions on morphology, phase state and
mechanical properties of multilayer condensates. Specific details of the deposition process of the multilayer coatings
were summarized in Table 1.

The surface and cross-section structure, as well as the chemical composition of the coatings, were analyzed by
scanning electron microscopy with energy dispersive X-ray spectroscopy facilities (SEM-EDS) in a FEI Quanta 400
FEG ESEM/EDAX Genesis X4M. For the XRD characterization technique, we used a Panalytical X Pert Pro MPD
diffractometer. Phase identification was realized through the ICDD data. Mechanical properties were evaluated by
Vickers microhardness tests in a Struers Duramin-5 using a load of 98 mN (HVO0.01).

Table 1.
Deposition conditions of multilayer ZrN/CrN coatings.
Arc Bias Substrate Nitrogen | Exposing time ¢, s Total Deposition | Number
Sample ..
number current | voltage | temperature | pressure deposition | rate Rq, nm/s | of layers
I, A Us, V Ts, °C Py, Pa time, h
; o
100 250 - ZrN:10/CrN:10 1 - 354
3 150 0.16 4.5
4 . 0.03 2.65
RESULTS AND DISCUSSION
Morphologic study

The morphology of the PVD-coatings is basically controlled by the process characteristics, i.e. substrate temperature
(Ts), working gas pressure (Py), the negative bias voltage applied to the substrate (Us) and an arc current (1) [9, 10].
During the surface analysis of experimental coatings, it is revealed that micro-relief of the surface is expressed by
numerous shallow different-sized depressions due to the growth of crystallites of different sizes. The formation of the
droplets with a particle diameter averaged from 2 to 5 microns is observed for all the coatings. Increasing the nitrogen
pressure up to 0.43 Pa while the deposition does not introduce any special changes in the surface morphology.
However, increasing the energy of the precipitated flow through the bias potential to -200 V significantly reduces the
concentration of the droplets on the surface. Probably, with the increase of the substrate bias value, the energetic
particles bombardment becomes more intensive and activates the process of cleaning the surface from smaller fractions.
Fig. 1a shows the cross-sectional SEM image of the multilayer sample number 4. The heterophase interfaces between
ZrN and CrN layers are rather straight and immiscible. The dark contrast layers correspond to the CrN, while lighter
ones indicate the binary ZrN. The structure of layers is dense, no boundary porosity or other defects exist.

~[Counts 7r

Cr

Cr
keV

3.00 4.00 5.00 6.00

Fig. 1. Cross-sectional SEM image (a) and EDS spectrum (b) of multilayer ZrN/CrN coating number 4

Shown in Fig. 1b EDS spectrum is composed of Zr, Cr and N peaks, that confirms the purity of elemental
composition of the coating number 4. The chemical compositions of multilayer ZrN/CrN coatings are generalized in
Table 2 together with the total and bilayer thicknesses extracted from SEM images using ImagelJ software.

It is seen from data collected via SEM and EDS that obtained coatings have the nanoscale bilayer thickness within
the range from 53 to 70 nm and near-stoichiometric or stoichiometric composition as an atomic percentage of nitrogen



29

EEJP 22019 Olga Maksakova, Alexander Pogrebnjak, et al.

changes from 46 to 51. It is obvious, that for experimental coatings there is a tendency to decrease the concentration of
metal elements with increasing nitrogen pressure. The lower chromium concentration in comparison with the zirconium
concentration is due to the fact that chromium has a lower atomic mass (Cr = 51.99 g/mol vs. Zr = 91.22 g/ mol), that is,
it is a lighter element. The fact is that in the process of coating deposition, when the plasma energy and, accordingly, the
intensity of deposition increases, with an increase in Py, lighter atoms may escape from the surface coating layer, which
leads to an increase of another element concentration in the coating.

Table 2.
Characteristics of multilayer ZrN/CrN coatings: average coating thickness, bilayer period and chemical composition.
Coating Bilayer period 4 Chemical composition, at.%
Sample number . ’
thickness D, pm nm N 7r Cr
1 11.5 65 46 30 24
2 12.4 70 50 27 23
3 16.0 90 51 29 20
4 9.4 53 47 35 18

Structural characterization
X-ray diffraction patterns of multilayer ZrN/CrN composites are shown in Fig. 2. As seen in this figure, at all
values range of nitrogen pressure there is a clear (200) preferred orientation for ZrN layers and (111) preferred
orientation for CrN layers (non-isostructured multilayers). For the coatings deposited at low bias potential, the texture
of the ZrN layer with orientation (111) appears at the patterns. This behavior suggests the prerequisites for the cube-on-
cube epitaxial growth. Some small contributions of ZrN(220) reflection are identified for samples number 1 and 2, but it

disappears for larger values of Us.
The texture coefficient T¢ of (200) plane with respect of (111) plane for ZrN phase and T¢ of (111) plane of Cr,N

phase with respect of (111) plane of CrN phase (samples 1 and 2) was calculated by the equation [11]:

I(hkl)/ I, (hkl)
(IUN) [Z, I(hkD)/ 1, (hKI))®

T, (hkl) = (M

where I(hkl) is the integrated intensity of the diffraction plane calculated using an approximation of the pseudo-Voight
function, Iy(hkl) is the relative intensity of the corresponding plane given in ICDD, and N is the number of reflections.
The evolution of the crystallography texture coefficient in the function of the working gas pressure is clearly
observed in Table 3. For the low values of Py, the texture coefficient values are 2.35 and 1.12 for the ZrN and the Cr;N,
respectively. As the nitrogen pressure increases, the coefficient for both phases lightly and respectively diminishes

going to values between 1.51 for the ZrN and 1.07 for the Cr,N.
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Fig. 2. X-ray diffraction data obtained from multilayer ZrN/CrN coatings

The X-ray method for determining internal stresses is based on the fact that the elastic deformation of the crystal
lattice is expressed by the changes in inter-planar distance and diffraction angle in the X-ray patterns. It is necessary to
point out one feature of the X-ray method for measuring residual stresses. The X-ray diffraction line is formed as a
result of the total reflection from those crystallographic planes for which the Wulff-Bragg condition is satisfied. Thus,
all calculations carried out on the basis of measuring the angular positions of X-ray lines provide information on the
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stress state of only certain oriented grains of a polycrystalline sample. In this study, the lattice strains € of ZrN and CrN
were calculated according to the following equation based on (200)ZrN and (111)Cr,N planes [12]:

_d-d,
d

£

) @

0

where dj is the inter-planar distance of distinct (2kl) planes of the residual stress-free lattice and d is the inter-planar
distance of the same planes influenced by residual stress. It is obvious from the Table 3 that the strains of the ZrN is
greater than those of the CrN, indicating a larger formation of dislocations and defects in ZrN lattice. These dislocations
cause the subdivision of the original crystallites of larger size into domains (small crystallites), producing tensile and
compressive strains within diminished crystallites [13].

Table 3.
Values of strain-size parameters calculated from X-ray patterns of ZrN/CrN coatings

Investigated | Experimental Standard | Experimental Standard Lattice

Sample | phase and diffraction diffraction inter-planar | inter-planar | Crystallite Textqre strain
number plane angle 26, deg | angle 26,, deg | distance d, distance dy, |size L, nm coef?ment &, %

nm nm ¢

J ZrN (200) 39.10 39.13 0.2305 0.2309 11 2.35 -0.17
CroN(111) 42.77 42.72 0.2111 0.2114 7 1.12 -0.14

) ZrN(200) 39.12 39.13 0.2302 0.2309 12 1.51 -0.30
CroN(111) 42.77 42.72 0.2112 0.2114 10 1.07 -0.09

3 ZrN(200) 39.10 39.13 0.2305 0.2309 14 2.05 -0.17
CroN(111) 42.79 42.72 0.2112 0.2114 12 - -0.09
4 ZrN(200) 39.12 39.13 0.2306 0.2309 13 2.67 -0.13
CroN(111) 42.78 42.72 0.2110 0.2114 11 - -0.18

Peaks obtained from ZrN demonstrate the shift toward lower angles (20 ranged from 39.10 to 39.12°), that
signifies the existence of compressive stresses in ZrN layers. A significant movement of the Cr,N peaks towards higher
angles (20 =42.77 and 42.79°) in relation to standard values (260 = 42.72°) shows the presence of tensile stresses in CrN
layers.

Mechanical properties
Hardness values of the multilayer ZrN/CrN coatings measured using the Vickers tip, which is a four-sided
pyramid, are presented in Fig. 3. All samples acquire the hardness that overperforms the corresponding value of
individual coatings, i.e., CtN and ZrN monolayers. It is observed a hardness-increasing trend as the nitrogen pressure in
the vacuum chamber decreases. The highest hardness of 6600HV0.01 is obtained for sample number 2 with
stoichiometric composition of 50 at.% N and bilayer period of 70 nm, that is on 51 % and 47 % greater than referent
value from ZrN and CrN coatings, respectively.
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Fig. 3. Variation of microhardness with nitrogen pressure values for the multilayer ZrN/CrN coatings
and binary ZrN and CrN coatings.

In general, the increase of the mechanical properties of multilayer coating lies in application of the multilayer
concept that possess the following conditions: (i) the presence of many interfaces that blocks the dislocation movement
across the interface between ZrN and CrN layers: (ii) coherency strains cause periodical strain-stress fields due to the
lattice-mismatch in the multilayer coating; (iii) the formation of the discrete layers in the multilayer system, which
observed in the SEM results; (iv) the formation of partial correlation within (111) crystallography direction between
ZrN and CrN layers.
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CONCLUSIONS

In summary, the morphological and structural-phase characteristics, as well as mechanical properties of multilayer
ZrN/CrN coatings grown on stainless steel substrates by the cathodic arc deposition were studied.

It was shown that the surface of the multilayer composited contained droplet particles, which concentration
depended on negative bias potential applied to the steel substrate. The total thickness of the obtained films ranged from
9.4 to 16.0 um, while the bilayer period varied from 53 to 90 nm. The elemental composition of cathodic arc coatings
depended on working gas pressure, hence, at high values of Py formed coatings had the stoichiometric composition
(50-51 at.%).

Additionally, different deposition conditions, i.e. nitrogen pressure and substrate bias, promoted the preferred
formation of two phases ZrN(200) and Cr;N(111), but at Us=-70 V the intensive peak of ZrN(111) and reflex of
CrN(111) were found on diffraction patterns.

The enhancement in microhardness of multilayer ZrN/CrN coatings was observed for all experimental samples.
The maximum value 6600HV0.01 was found for the sample number 2 of stoichiometric composition (51 at.% N)
obtained at Py = 0.43 Pa, Us=-70 V. Presented findings prove that multilayer ZrN/CrN coatings are appropriate for use
as protective materials due to high hardness. However, the tribological, thermal and oxidation experiments of multilayer
ZrN/CrN systems need to be done in order to find out their potential and extend the range of possible applications.
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HaykoBuii iHTepec 10 MOCITIPKCHHS HITPUIHMX KOMIIO3HMTIB B SKOCTI 3aXHCHHX MarepiajiB B iHCTpYMEHTAJbHIH Ta 0OpOOHIi
MIPOMUCJIOBOCTSIX IHTEHCHBHO 3pocTae. Xopolla CTiiiKicTh 10 okucieHHs oxnomapoBux mmiiBok CrN i Bucoka TemmepaTypa
IUIABJICHHS, XOpoIIa XiMiuHa i TepMiuHa cTiikicTs ZrN e pyuriiHumMu (akTopamu Ajis CTBOPEHHs 6araToriapoBUX KOMIO3UTIB, B
SIKUX BHKOPUCTOBYIOThCA HITPHIAM IHMX MepexigHuX MertamiB. [lepenbadyBani mepeBarn OaraTomIapoBHX IOKPUTTIB B SKOCTI
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KOHCTPYKIIMHUX MartepiajiB — Lie BUCOKA TEPMOCTIHKiCTh, BUCOKA IMUIBHICTD 1X CTPYKTYPH 1 MOKpallleHa TBEPAICTh y MOPIBHSIHHI 3
cucrteMamu HiTpua-meran. baratomaposi mokputts ZrN/CrN ocamkyBamucs Ha craiesi migknagku AISI 321 3a momomororo
BaKyyMHO-IyTOBOTO MPUCTPOIO, OCHAIICHOro ABOMa MeTaneBuMu MimeHsMu Cr i Zr Bucokoi uucToTd. CTPYKTYpHI, XiMiuHI Ta
MOP(}OJIOTIYHI XapaKTEePUCTUKH, a TAKOK MEXaHIUHI BIaCTHBOCTI 0araTomapoBUX KOMITO3HTIB OyJIH MPOaHaTi30BaHi 3a JONOMOTOI0
PEHTTeHIBCHKOI TU(paKIii, pacTpOBOi €IEKTPOHHOT MiKPOCKOITil, eHEProAUCIePCiifHOI pEHTIeHIBCHKOI CIIEKTPOCKOMII 1 TBepAoMipa,
ocHamieHoro mpaminkoro Bikkepca. PEM-anani3 BusSBHB 30UIBIICHHS IMOPCTKOCTI 1 KOHIIGHTpaNii Kpaneib Ha IIOBEPXHi MOKPHTTIB,
KOJI HETaTHBHUH ITOTEHI[ia] 3CYBY 3HIDKYBaBCs 10 3HaueHHS B -70 B. Pesynpratn nanmx, oTpUMaHHX Bil peHTTEHOCTPYKTYPHOTO
aHayi3y, MoKa3ayy, uio Haioubi iHTeHcuBHUMH € moiomuHu (200) i (111) amsa ZrN i Cr2N ¢asu, Bignosiano. [Tonoxenns mikis ZrN
Oy 3MinieHi B OiKk MEHIINX KyTiB Audpakxuii B MOPiBHAHHI 3 00'€MHUMH 3HAYCHHSIMH 1 BKa3yBaJIM Ha 3MEHIICHHS MIKIUIOIIMHHOL
BificTaHi 1 GopMyBaHHsS CTHCKAIOYMX HANpyXeHb. Po3paxoBaHi 3HaueHHsl HamnpyxeHHs pemritku B ZrN Buie, Hik y CrN, mo
CBiTYMThH Mpo Oinbiry HasBHOCTI Auciokamiid i nedekriB B pemritui ZrN. Ycepenuneni po3mipu kpucranitiB B mapax ZrN i CrN
cranoBwin 11-14 1 7-12 am BinnosigHo. Byno BcTaHOBIEHO, 10 MaKCHMajbHE 3HAUCHHS MIKPOTBEPHOCTI MO Bikkepcy CTaHOBUTH
6600HV0.01, mo B 2,1 i 1,8 pa3u Oinpmie, HiX BiINOBiAHI 3HaUYeHHS OiHapHUX MOKpUTTIB CrN i ZrN.

KJIIOYOBI CJIOBA: HiTpHan, BakyyMHO-IyTOBE OCAIKCHHS, MIKPOCTPYKTYpa, €IIEMEHTHHH CKJIaJ, CTPyKTypHO-()a30BHii CTaH.
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Hayunbplif wuHTEpec K HCCIIEIOBAaHUIO HUTPHIHBIX KOMIIO3UTOB KaK 3alllUTHBIX MaTepHalloB B HMHCTPYMEHTAbHOW U
oOpabatpiBaroliell MPOMBIIUIEHHOCTH WHTEHCHBHO BO3pAacTaeT. XOpomias CTOMKOCTh K OKHCIEHUIO OJHOCIOWHBIX TeHOK CrN u
BBICOKasl TEMIIepaTypa IUIABICHHS, XOPOIIass XUMHUIECKass U TepMHIecKass CTOMKOCTh ZrN SBISIOTCSA ABVDKYIIMMH (HaKTOPAMH IS
CO3JaHUsI MHOTOCIOMHBIX KOMIIO3MTOB, B KOTOPBHIX HCHONB3YIOTCS HUTPHIBI 3THX HEpeXoxHbIX MerayuioB. [Ipenmonaraemsie
MIPEHMYIIECTBA MHOTOCIIONHBIX ITOKPHITHI B KauecTBE KOHCTPYKIMOHHBIX MAaTEpPHANOB — 3TO BBICOKAsl TEPMOCTOMKOCTH, BEICOKAs
IUIOTHOCTh UX CTPYKTYPHI M 4pe3BbIYaliHas TBEPAOCTh IO CPABHEHHIO C CHCTEMaMHM HHUTPHI-MeTaJUl. MHOTOCIOHHBIE MOKPBITUS
ZrN/CrN HaHocwinch Ha ctanbHble HomIoKku AISI 321 ¢ mcnone3oBaHHeM BaKyyMHO-IYTOBOTO YCTPOWMCTBA, OCHAILIEHHOTO JIBYMS
MeTalnueckuMu MuIIeHsIMUA Cr ¥ Zr BBICOKOH 4YHCTOTHI. CTPYKTYpHBIE, XUMHYECKHE M MOP(HOIOTHUECKUE XapPaKTEPUCTUKH, a
TaKKe MEXaHMYECKHE CBOMCTBA MHOTOCIOIHBIX KOMIIO3UTOB OBLIM MPOAHAIM3MPOBAHBI C IMOMOIIBIO PEHTTEHOBCKOH AU(paKiu,
pacTpoBOW 3JEKTPOHHON MHUKPOCKOIMH, 3HEProJMCIEPCUOHHOM PEHTI€HOBCKOM CIIEKTPOCKONMM M TBEPAOMEpA, OCHAILEHHOIO
nupamMukoil Bukkepca. PEM-ananu3 BbISBUIJI yBEIMYEHHE LIEPOXOBATOCTH M KOHLEHTPALMHU Kaleslb Ha MOBEPXHOCTH MOKPBITHH,
KOTa OTPHUIATENbHBI MOTEHIMAN CMEIIEHHS CHIKaics m0 3HadeHHs B -70 B. Pesynprartsl JaHHBIX, MOMYYEHHBIX OT
PEHTTEHOCTPYKTYPHOTO aHallu3a, MOKa3aJid, YTO HanOoJiee MHTCHCHBHBIMU sBIstOTCS Tuiockoctd (200) u (111) mns ZrN u Cr2N
(a3, coorBeTcTBeHHO. IlomoxeHus nukoB ZrN OBIIM CMEIIEHB B CTOPOHY MEHBIIMX YIJIOB IU(PAKIMKM IO CPaBHEHUIO C
00BEMHBIMH 3HAYEHHSIMH U yKa3bIBaJId Ha YMEHBILICHHE MEKIZIOCKOCTHOTO PACCTOSHUS U MPUCYTCTBUE CKMMAIOIINX HANpPsKEHHUH.
Paccuutannble 3HaueHus HanpsokeHui pererku B ZrN Beiile, yeM y CrN, 4To CBUIETEIbCTBYET O OOJIbIIEM HAJIMYUY JUCIOKALMHA U
nedexroB B perterke ZrN. YcepenHeHHsle pa3mepbl KpuctamanToB B ciiosx ZrN u CrN cocraBisiim 11-14 u 7-12 HM COOTBETCTBEHHO.
Bbuto ycTaHOBIEHO, YTO MaKCUMAaJbHOE 3HaU€HHE MUKPOTBEpAOCTH 1o Bukkepcy cocrasiser 6600HVO0.01, uto B 2,1 u 1,8 paza
OoJtbIlle, 4eM COOTBETCTBYIOIINE 3HAUeHHU OMHAPHBIX TOKPBITHI CrN 1 ZrN.

KJIFOYEBBIE CJIOBA: HUTpHIBI, BAKYyMHO-IyTOBOE OCaXIEHHE, MUKPOCTPYKTYpa, JIIEMEHTHBIH COCTaB, CTPYKTYypHO-(pa3oBoe
COCTOSIHUE.
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The paper presents the results of studies of the effect of silicon surface treatment on the electrical and photoelectric properties of
nanostructured MoOx/n-Si heterojunctions. The nanostructured heterojunctions MoOx/n-Si, were prepared by deposition of thin films
of molybdenum oxide (n-type conductivity) by reactive magnetron sputtering in the universal vacuum system Leybold Heraeus L560
on the nanostructured silicon substrates (n-type conductivity), which were made by chemical etching with the assistance of silver
nanoparticles. Dark and light volt-ampere (I — V) characteristics of the heterojunctions under study were measured, the value of the
potential barrier height, the values of the serial Rs and the shunt Rsn resistance at room temperature were determined. It was
established that the silicon surface treatment does not affect the potential barrier height, but significantly affects the values of serial
Rs and shunt Rsh resistance. The electrical and photoelectric properties of the obtained structures were investigated, the dominant
mechanisms of current transfer through the heterostructures under forward bias are well described in the framework of emission-
recombination and tunneling models with the presence of interface states. The main mechanism for the charge carrier transport
through heterojunctions with the reverse bias is the Frenkel-Pool emission. Investigation of photoelectric properties of
heterojunctions MoOx/n-Si was carried out at illumination by white light with intensity Pop: = 80 mW/cm?. It was established that the
heterostructure No.5 MoOx/n-Si with grown nanowires and etched silver nanoparticles has a maximum open-circuit voltage
Voc=0.17 V, short-circuit current density I« = 10 mA/cm?. The possibilities of using the obtained heterostructures as photodiodes
were analyzed.

KEY WORDS: surface treatment, series resistance, current transfer mechanisms, molybdenum oxide, silicon.

In recent years the interest to the research of semiconductor heterojunctions created on the basis of thin films of
transition metal oxides has considerably grown up. Molybdenum oxide (MoOy) has found practical application in
electronics and in photovoltaic devices long ago due to high work function of electron and good physical properties: it
has a high transmission factor in the visible part of the spectrum [1], a low electrical resistivity [2], the band gap width
E;> 3 eV [3, 4]. In our previous work [5] we showed the possibility to form planar photosensitive heterostructures
based on silicon and molybdenum oxide. It is known that the expansion of the scope of such heterostructures
application is possible by creating nanostructured surfaces of the base material.

The silicon-based nanostructures are attribute components of the up-to-date instrument engineering in the field of
electronics, optoelectronics, chemical sensors, as well as for the conversion and accumulation of solar energy. The
silicon surface, which is modified by arrays of nanowires, has a low reflection coefficient and a large active area, what
allows its successful practical application [6]. Judging by the aforesaid, the creation and study of nanostructured
MoOx/Si heterojunctions is of considerable scientific and practical interest.

The objective of the work is to study the effect of silicon surface treatment on the electrical and photoelectric
properties of nanostructured MoOy/n-Si heterojunctions.

EXPERIMENTAL PART

To grow nanowires the monocrystalline silicon of n-type conductance with surface orientation (100) and thickness
of 330 um was used. The resistivity and concentration of the crystals charge carriers at the temperature (295 K) made:
p= 6 Ohmecm and n = 7.4-10" cm?, respectively. The depth of the burial level - Fermi for the base material
(E.-EF=0.27¢V) was determined from the expression for the concentration of equilibrium electrons:
n = 2QmmkT/h?)>*exp(— (Ec—Er)/kT).

To remove the native oxide and to purify the surface from the contaminants the silicon plates were chemically
etched in 5% solution of hydrofluoric acid (HF) in bi-distilled water for 5 minutes. At the start of the nanowires
growing the silicon substrates were washed in an ultrasonic bath in bi-distilled water and in acetone, after washing the
substrates were etched in a solution of sulfuric acid and 30% of hydrogen peroxide (H,O,) in the appropriate ratio (3:1)
to remove the organic contaminants. After purification our samples were immersed in pre-prepared aqueous solutions of
0.02M AgNO; and of 5M HF in the ratio (1:1) for 5-10 seconds in order to deposit silver nanoparticles on the
substrates [5-6].

After deposition of silver nanoparticles some part of the substrates were taken to create heterostructures, and the
others for the next steps to create nanowires. The next step to create nanowires was etching of silicon substrates with
silver nanoparticles in the solution of SM HF and 30% H,O, in the ratio (10:1). Also, after creating nanowires on the
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silicon substrate with intercalated silver nanoparticles, some part of the substrates was taken to create heterostructures.
The final procedure was etching silver nanoparticles from the substrate itself using nitric acid.

Thin MoOy films were deposited on the surface of nanostructured monocrystalline Si (size 5x5x0.36 mm) with
orientation (100) in the universal vacuum device Leybold Heraeus L560 by reactive magnetron sputtering of a pure
molybdenum target in the atmosphere of argon and oxygen mixture under the forward-current voltage. Before starting
the spraying process the vacuum chamber was pumped out to the residual pressure of 5-10-3 Pa. The partial pressures of
argon and oxygen were 0.24 Pa and 0.034 Pa, respectively, at the constant magnetron power of 30 W. In the course of
spraying process the substrate temperature is maintained at 573 K. The spraying process lasted for 3 minutes.

After finishing the process of deposition of the MoOy thin films the vacuum chamber was gradually cooled to
room temperature and then was opened to replace the molybdenum target with ITO target (In,O3-SnO; 90:10 by mass).
The deposition of ITO thin 0.15 pm-thick films, which were used as an antireflection coating, was carried out by the
method of magnetron sputtering of the ITO target in the Argon atmosphere under the direct-current voltage.

During the process of deposition the argon pressure in the vacuum chamber was ~ 0.4 Pa. The installed power of
the magnetron was ~ 30 W. The deposition process lasted for ~ 5 min. at the substrate temperature of ~ 420 K. To
provide the frontal electric contact with the thin MoOx film the conducting paste was used. To avoid recombination on
the rear side of silicon and to ensure a good set of photogenerated charge carriers, we used substrates that previously
had rear contact with the built-in internal field. The contact was created by sputtering a layer of the intrinsic
hydrogenated amorphous silicon (a-Si:H) with the thickness of ~ 10 nm to passivate the substrate surface, the next layer
of hydrogenated amorphous silicon n* (a-Si:H) with the thickness of ~ 20 nm, which was heavily doped with
phosphorus, to create isotype junction with the barrier height of ~ 0.1 eV on the rear side of Si, and the last layer of Al
was deposited by thermal evaporation (the block diagram is shown in the inset of Fig. 1).

RESULTS AND DISCUSSION
ELECTRICAL PROPERTIES OF NANOSTRUCTURED HETEROJUNCTIONS MoOy/n-Si
The MoOy/n-Si heterostructures were prepared using the method of reactive magnetron sputtering of molybdenum
oxide thin films on the single-crystal n-Si substrates with different surface treatment (Table 1).
Table 1.
Conditions for MoOx/n-Si heterostructures preparation

Sample | The MoOx/n-Si heterostructure was prepared without chemical

No. 1 treatment of the substrates.

Sample | The MoOx/n-Si heterostructure: Si substrates were etched in 5%

No.2 | aqueous solution of HF.

Sample | The MoOx/n-Si heterostructure: silver nanoparticles were deposited on
No. 3 Si substrates.

Sample | The MoOx/n-Si heterostructure: nanowires with intercalated silver
No.4 | nanoparticles were grown on Si substrates.

Sample | The MoOx/n-Si heterostructure: nanowires were grown on Si substrates
No. 5 and silver nanoparticles were etched.

Fig. 1 shows the volt-ampere characteristics and dependences of the differential resistance [7] on the applied bias
for the MoOy/n-Si heterojunctions with different treatment of Si surface, listed in Table 1.

o4 D oo
;oA W =

-2 -1

0
V,B

Fig. 1. I-V characteristics of MoOx/n-Si heterojunctions.
The inset shows the dependence of the differential resistance of MoOx/n-Si heterojunctions
on the applied voltage (at room temperature)
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Table 2 presents the major parameters of heterojunctions subject to the volt-ampere characteristics: heterojunction
rectification factor k, the value of the potential barrier height ¢y, and the value of the series and shunt resistance of
heterojunctions.

Table 2.
Parameters of MoOy/n-Si heterojunctions
Sample katV=0,7V ©o, €V Rs, Q R, Q
1 2.3x103 0.49 30 6.1x10°
2 5.2x10? 0.49 20 1.3x10°
3 1.3x10° 0.49 42 6.7x10°
4 2.6x102 0.49 59 7.4x10*
5 6.3x103 0.49 13 7.5%10°

As Fig. 1 and Table 2 show, that the Si surface treatment does not affect the height of the potential barrier since its
value depends on the difference in the work function of the heterojunction components, and its value can be affected by
the electric charge localized on the surface energy states. However, the surface treatment significantly affects the value
of the series resistance R,. Table 2 shows that the substrate surface treatment in HF (sample 2) causes a decrease in the
series resistance due to the removal of the native oxide (SiO,) from the substrate surface, but to determine more
precisely the reasons for the series resistance growth an additional research is required. The lowest value of the series
resistance for sample No. 5 is stipulated by an increase in the active area of the developed heterojunction surface and by
a decrease in the effective length of the base material [8], while the highest values of the rectification factor and shunt
resistance indicate that heterostructure No. 5 is the best among all the above-listed ones.

MECHANISMS OF CURRENT TRANSFER IN THE NANOSTRUCTURED MoOx/n-Si
HETEROJUNCTIONS
Forward biases

The analysis of the forward branches of I-V characteristics of MoOy/n-Si structures built in a semi-log scale
(Fig. 2), with the influence of series and shunt resistances taken into account, showed that the dependence
In[I-(V-IRy)/Rs1] = f(V-IRs) comprises two straight portions, what indicates to the exponential dependence of the current
on the voltage and to the presence of two dominant mechanisms of charge transfer in the voltage range under study. The
values of the nonideality factor according to A In[I-(V-IR;)/R.]/A(V-IR;)=e/nkT, where n is the nonideality factor,
determined for the both voltage portions are given in Table 3.

A small value of the potential barrier height gy = 0.49 eV, as a rule, leads to the flow of the over-barrier current. In
the voltage range (3kT/e < V < 0.2 V) the dependence (V) is well described by the expression for the emission-
recombination mechanism of current transfer with the influence of the series and shunt resistances taken into account
(direct recombination of charge carriers through the energy states on the interface, which is determined by the potential
barrier height) [9, 5]:

I exp(q(V—IRx(T))j_l VIR,
y nkT Rsh (1)

where

I, =B, exp(— ?}E]T")j

, )

By is the coefficient that depends weakly on the temperature, the coefficient n, as a rule, varies from 1 to 2, what
correlates well with experimentally obtained values (Table 3).

Table 3.
MoOy/n-Si heterojunction parameters
S 1 n n

ample GkT/e<V<02V) | (0.2<V<04V) a, B!
1.58 3.64 10.76

2 1.80 5.49 7.68
1.66 3.64 10.76

1.65 3.77 10.40

5 1.50 2.97 13.20

When the emission-recombination mechanism is dominant, it is considered that the recombination centers are
uniformly distributed by energy and are concentrated in a narrow region near the interface.
Taking the logarithm of expression (1) we obtain:
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V—IRX(T))ZI +q(V—IRS(T))

In(1 — .
R, nkT

€)

From the last expression it is evident that the dependences In(I-/V-IR,J/Rs,)= f(V-IR;) should be approximated by
straight lines with a slope, what is really observed (Fig. 2).

1
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Fig. 2. Forward branches of /-V characteristics of MoOx/n-Si heterojunctions in a semi-log scale, with the influence of series and
shunt resistances taken into account
The inset shows the dependences described by the Frenkel-Poole emission through MoOx/n-Si heterojunctions at reverse bias.

In the voltage range 0.2 <V < 0.4 V a small constant slope (a large value of the nonideality factor »n > 2) of the
experimental dependences In(/) = f (V) at different temperatures can be considered as an evidence of the tunneling
nature of the current transfer mechanism [10]. Straight portions of /-V characteristics with identical slopes occur at
sufficiently large biases, where the space charge region is sufficiently thin for direct tunnel effect, which is described by
Newman formula for the tunneling mechanism of current transfer with the effect of series resistance taken into
account [9, 10]:

I =1 exp(BT)- explo(V —IR,)]. @

1), o, B are constants. The experimental value of a was determined from the dependence In (/) = f (V-IR;) and is shown
in Table 3.

Reverse biases

The dependence I, (V) is well described in the framework of the model based on the Frenkel-Poole emission. The
essence of the corresponding processes is the thermal excitation of charge carriers, captured by surface traps, facilitated
by electric field [11].

The dependence of the electric field strength on the reverse voltage E(V) in the space charge region of the
asymmetric heterojunction was estimated by the formula taken from [5].

The dependence of the reverse current on the voltage (0.12 < | V| < 2 V), plotted in coordinates In(l»,) =f| V' |'? is
shown in the inset of Fig. 2 and is well approximated by straight lines, what confirms the validity of the proposed
mechanism of the current transfer. Curve 4 (for the sample with the intercalated silver nanoparticles) deviates from the
others, what is due to formation of silver oxide or silver-containing compounds with dielectric properties in this
heterostructure, and as a result some additional traps or recombination centers are formed that affect the current flow.

PHOTOELECTRIC PROPERTIES OF NANOSTRUCTURED MoOx/n-Si HETEROJUNCTIONS
Figure 3 presents the dark and light /- characteristics of MoOx/n-Si heterostructures.
As Fig. 3 shows, at illumination with white light with the intensity of 80 mW/cm? the forward and reverse current

Liign: increases as compared to their values in the dark zone /.« The heterostructure parameters determined from the
dependence /=f'(V) had the following values (Table 4).
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Table 4.
Photoelectric parameters of MoOx/n-Si heterojunctions
Sample Voe, V Ise, mA/cm?
1 0,167 8,56
2 0,113 9,56
3 0,117 2
4 0,11 1,87
5 0,17 10

A large ratio between the photocurrent and the dark reverse current 7./, shows that the heterostructures under
study can be used as photodiodes (Fig. 4). At the same time, Fig. 4 shows that for sample 4 (with intercalated silver
nanoparticles) the photoelectric parameters are the lowest. Due to the negative effect of the intercalated silver
nanoparticles on the current transfer mechanisms, as well as the barrier and photoelectric parameters of the obtained
structures, these silver nanoparticles are to be etched in nitric acid when growing nanowires on silicon by the above
described method.

Table 4 shows that heterostructure No. 5 has the highest photoelectric parameters among the heterostructures
under study, and after their refinement by introducing intermediate layers and high-quality passivation of dangling
bonds in silicon they can be used as solar cells.

CONCLUSION

The effect of surface treatment of Si substrates on the electrical and photoelectric properties of MoOy/n-Si
heterostructures was studied.

Photosensitive MoOy/n-Si heterojunctions were obtained by the method of reactive magnetron sputtering.

The I-V characteristics were measured. The electrical properties and barrier parameters of the obtained
heterostructures were investigated.

The studies have shown that the mechanisms of current transfer through the heterostructures under forward bias
are well described in the framework of emission-recombination and tunnel models with the presence of interface states.
The basic mechanism for the charge carrier transfer through the heterojunctions at reverse bias is Frenkel-Poole
emission.

The authors have found that the heterostructures are photosensitive and can be used as photodiodes.
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BIIJIMB OBPOBKH IMOBEPXHI KPEMHIIO HA EJIEKTPUYHI I ®OTOEJEKTPUYHI BJIACTUBOCTI
HAHOCTPYKTYPOBAHUX 'ETEPOIIEPEXO/IIB MoOx/n-Si
M.M. Conosan, T.T. KoBaaiok, I1./I. Map’siHuyk
Yepuiseyvruii nayionanvhuil ynisepcumem imeni FOpis ®edvrosuua
eyn. Koyrobuncvroeo 2, 58012 Yepnisyi, Yrkpaina

VY poboTi mpencTaBiIeHO pe3yNbTaTH JOCHIIKEHb BIUIMBY OOpOOKM MOBEpXHI KPEMHil0 Ha €JIeKTPUYHI Ta (OTOETSKTPUYHI
BJIACTHBOCTI HAHOCTPYKTYypOBaHHMX rereponepexoniB MoOx/n-Si. HanoctpykrypoBani rereponepexonu MoOx/n-Si, cTBOpeHO
LIUIIXOM HAaHECEHHS TOHKMX IUTIBOK OKCHJYy MOJiOJeHy (#-THIly IIPOBIAHOCTI) METOIOM PEAKTUBHOIO MarHETPOHHOI'O PO3MMWICHHS B
yHiBepcanbHii BakyyMmHill yctanoBi Leybold Heraeus L560 Ha HaHOCTPYKTYpOBaHi MiAKIAIKHA KPEMHIiIO (7-TUITy IPOBiTHOCTI), SIKi
BHTOTOBJIUIM HUISIXOM XIMIYHOTO TpABJIECHHS 3a Yy4YacTI0O HAaHOYACTOK cpiOia. BumipsHi TeMHOBI Ta CBITJIOBI BOJBT-aMIIEPHI
xapakrepuctuku (BAX) mocnmijpkyBaHHX TeTepoIepexojiB, BH3HAUCHO 3HAYCHHS BUCOTH IOTEHINANBHOTO Oap'epy, 3HAUCHHS
MIOCJILTOBHOTO R 1 HIyHTYI0UOTO Rsh ONOPIB IIPH KIMHATHIHN TeMIieparypi. BcranosieHo, mo 00po6ka OBEpXHi KPEMHIIO HE BIUIUBAE
Ha BUCOTY IIOTEHIiaJIbHOTO 0ap’epy, ajie CyTTEBO BILUIMBA€E HA BEIMYUHY MOCIIJOBHOIO Rs Ta LIYHTYIOHOro Rsh onopis. JlociiukeHo
CJIEKTPHUYHI 1 (POTOSNEKTPUYHI BIACTUBOCTI OTPUMAHHX CTPYKTYP, JOMIHYIOHi MEXaHI3MH CTPYMOIIEPEHOCY Yepe3 reTepOCTPyKTypH
IIPU IIPSIMOMY 3MiILIeHHI 100pe OMUCYIOTHCS B paMKax eMiCiiHO — peKOMOIHAIIIHOT Ta TYHENbHOT MOJIeNiel 3a Y4acTIO TIOBEPXHEBHX
cradiB. OCHOBHMM MEXaHi3MOM IIEPEHOCY HOCIiB 3apsay depe3 reTeporepexor MpU 3BOPOTHOMY 3MillieHHI € emicis Dpenkens-
ITyna. JJocmimxeHHS (HOTOSNEKTPUIHHUX BIACTHBOCTEH rerepomnepexofiB MoOx/n-Si MpoBOAMIN TPH ONPOMIHEHHI OLMMM CBITIOM
inTeHcuBHicTIO Popt = 80 MBt/cm?. BcranoBieHo, mo rerepoctpykrypa NeS MoOx/n-Si 3 BMpPOLIEHHMMH HAaHOIPOTAMM i
BUTPABICHIMH HAHOYACTKaMH Cpibna Mae MakCHMalbHY Hampyry xosocroro xomy Vo= 0,17 B, ryctuny cTpyMy KOpOTKOTO
samukanns Iye = 10 MA/cm?. TIpoananizoBaHo MOMKIMBOCTI 3aCTOCYBAHHS OTPHMAHKX [ETEPOCTPYKTYD B SKOCTI GOTOMIONIB.
KJIFOUYOBI CJIOBA: 06po0ka roBepxHi, HOCIiIOBHHUH OIIip, MEXaHi3MHU CTPYMOIIEPEHOCY, OKCHJ] MOJTi0IeHa, KpEMHIH.

BJIMSAHUE OBPABOTKH NIOBEPXHOCTHU KPEMHMUS HA QJIEKTPUYECKHUE U ®OTOSJIEKTPUYECKUE
CBOMCTBA HAHOCTPYKTYPHPOBAHHBIX TETEPOITEPEXO/IOB MoOy/n-Si
M.H. Coaogan, T.T. Kosanwok, I1./I. MapbsHuyk
Yeprosuyxuii HayuonaroHulil ynusepcumem umenu FOpus dedvkosuua
ya. Koyroburnckoeo 2, 58012 Yepnosyvi, Yxkpauna

B pabore mpencraBiaeHB! pe3ynbTaThl HCCICIOBAaHWH BIUSAHUS OOpPaOOTKM IOBEPXHOCTH KPEMHHS Ha ODIEKTPUYECKHE U
(boToaNIEeKTpHYECKHEe CBOHCTBA HAHOCTPYKTYPHUPOBAHHBIX rerepornepexonos MoOx/n-Si. HaHOCTpyKTypupoBaHHbIE T€TEPOIEPEX0IbI
MoOx/n-Si, co3maHbl IyTeM HAHECCHUs TOHKUX IUICHOK OKCHIAa MOJHMOIEHA (n-THIIA IIPOBOAMMOCTH) METOJOM PEaKTHBHOTO
MarHeTpOHHOI'O pAcCHbUICHHS B YHHMBEpCAIbHOH BakyyMHO#H ycraHoBke Leybold Heraeus L560 Ha HaHOCTPYKTYpHUpOBaHHBIE
MOJVIOKKN KPEeMHUs! (N-THIIa IPOBOAMMOCTH), KOTOPHIE M3TOTABIMBAIM ITyTEM XHMMHUYECKOTO TPABJICHUSI C Y4acTHEM HAHOYACTHI]
cepebpa. 3MepeHbl TeMHOBBIE M CBETIIOBBIE BOJIBT-aMIIepHble XapakTepucTuku (BAX) u3ydaeMbIx reTeponepexooB, ONpereieHo
3HAQUEHUE BBICOTHI IOTEHLIMAIBHOIO Oapbepa, 3HAYEHHE IOCIEAOBATETBHOTO Rs M IIYHTUPYIOIIETO Rsh CONPOTHBIEHHH MpHU
KOMHATHOH TemIieparype. Y CTaHOBJIEHO, YTO 00paboTKa MOBEPXHOCTH KPEMHUSI HE BIHMSET Ha BEICOTY NOTEHIMAIBHOTO Oapsepa, HO
CYIIECTBEHHO BIMSCT HA BEJIMUHHY ITOCIEAOBATETBHOTO Rs M NIYHTHUPYIOIIETO Rsh COMPOTUBICHUH. McCeoBaHO 2MEKTPHIECKUE
(oTodIEKTpHUECKNE CBOICTBA MONYYEHHBIX CTPYKTYP, JOMUHHPYIOIIME MEXaHH3MBI TOKOIIEPEHOCA Yepe3 TeTepOCTPYKTYPHI IPH
IIPSIMOM CMEIIEHHH XOPOIIO OINHUCHIBAIOTCS B pPaMKaX SMHCCHOHHO-PEKOMOMHAIIMOHHON M TYHHENBHOM MoJened C ydacTHeM
MIOBEPXHOCTHBIX COCTOSTHHH. JIOMHHHPYIOIINM MEXaHH3MOM IIepeHOca HOCHTENEH 3apsjia depe3 reTepolepexoisl MpH 00paTHOM
cMmemtennn  siBisercss omuccus @Openkens-Ilyna. VccnenoBanue (GOTOINEKTPHUECKUX CBOKWCTB rereponepexoqoB MoOx/n-Si
NPOBOJMIM TIPU OONyYEeHHH OENIbIM CBETOM HMHTEHCHBHOCTBIO Popt = 80 MBT1/cM2. YcTaHOBIEHO, 4To reTepocTpykrypa NeS
MoOx/n-Si ¢ BbIpallleHHBIMH HAHOIPOBOJAMH M BBITPABICHHBIMH HAHOYACTHLAMH cepedpa MMeeT MaKCUMalbHOE HalpshKCHUE
xonoctoro xoma Voc=0.17 B, IUIOTHOCTh TOKAa KOPOTKOro 3ambikaHus Isc = 10 MA/cm?. TIpoaHaIM3UpOBAaHBl BO3MOXKHOCTH
MIPUMEHEHHS Oy YeHHBIX TeTEPOCTPYKTYpP B KaueCTBE (POTOIHOIOB.

KJIIFOYEBBIE CJIOBA: 00pa0oTka MOBEPXHOCTH, IIOCIEIOBATENFHOE COMPOTHBICHAE, MEXAaHM3MBI TOKOIEPEHOCA, OKCHI
Monb/eHa, KPeMHUH.
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AT COLD ROLLING OF Zr-2.5%Nb ALLOY

Viktor Grytsyna, ““’ Dmitry Malykhin*, ““ Tetiana Yurkova, ““Kostiantyn Kovtun,
Tetiana Chernyayeva, ©’Gennadiy Kovtun, [Vira Kornyeyeva, Olena Slabospitskaya,

Irina Tantsura, Viktor Voyevodin
NSC “Kharkiv Institute of Physics and Technology” NASU
Kharkiv, 61108, st. Akamemicheskaya 1, Ukraine
*E-mail: dmitr.malykhin@gmail.com
Received April 15, 2019; revised May 13, 2019; accepted May 16, 2019

X-ray studies of the changes in characteristics of crystallographic texture with cold deformation of Zr-2.5%Nb alloy plates by
longitudinal and cross rolling up to 56% at the speed of 5...10 sec’! were carried out. The original plates were made from
longitudinal fragments and rings cut from &15.0x1.5 mm? tube, and were then annealed at 580 °C. Texture of the plates was studied
by the method of inverse pole figures with calculation of the Kearns texture coefficient along the normal to the plate plane.
Dependences of the texture coefficient on degrees of deformation of the plates are built. A discrepancy was found between texture
coefficient values measured on different sides of the plates, which is associated with the straightening of the original tube fragments
and invariance of “c”-axes distribution after subsequent annealing of the initial plates. By introducing corrections to the degree of
deformation calculated from the parameters of the cross section of the original tube, such discrepancies were eliminated for the data
on cross-rolling of the material. As a result, for both deformation schemes, two stages of changes in the texture coefficient with alloy
deformation were revealed: the initial stage of its growth and the subsequent stage of minor changes. Both stages are mainly linear
and have the boundary value of the texture coefficient equal to 0.65...0.68. To study the structural mechanisms of changes in the
texture of the alloy, an original technique of comparative analysis of changes in the texture coefficient of the material and in the
distribution of crystallographic orientations is applied. It is established that at the initial stage of changes in the texture coefficient
with deformation in both schemes, the rotation of the crystallographic “c” axes of the material occurs abruptly, and it does at angles
of more than 60°. This confirms the essential role of twinning in the texture changes of the alloy. In particular, we have shown that
the initial stage is significantly dominated by the {1012}(1011) system of tensile twins. Connection of twinning with differences in
texture changes at the longitudinal and cross rolling of the alloy is discussed.

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

Investigation of crystallographic texture of materials is one of the applied and fundamental problems of materials
science. Based on the texture data, one can either calculate or predict a large number of tensor characteristics of
products made of materials with low symmetry crystal lattices: coefficient of thermal expansion [1, 2], precipitate
orientations [3], mechanical characteristics [4], as well as coefficients of thermal or electrical conductivity, and other
characteristics. Products designed for use in nuclear reactors and made from materials with crystallographic anisotropy
have a radiation growth, the rate of which also depends on their texture coefficients. This phenomenon is one of the
main problems of reactor materials science [5-8].

In contrast to the method of direct pole figures widely used in recent
times for texture studies, its prototype — the X-ray method of inverse pole
figures (IPFs) [9-11] — has retained its principal advantages of simplicity and
accuracy of defining the texture characteristics of materials that have biaxial
crystallographic anisotropy and show quantitative relationship with the
above characteristics of products. This applies to tubes made of zirconium
alloys used in fuel assemblies of reactors on thermal neutrons.

The main characteristic for such analyses is the Kearns texture
coefficient (f), introduced for investigation of zirconium alloys [1]. This is a
numerical characteristic of directionality of hcp-lattice basal normals of

[

grains in materials — their “c” axes (Fig. 1) — along a given certain direction
of the product: f; = (cos?0;;), where a;; are the angles between the “c” axes
(from the i-th orientations plurality) and this direction (j). In cases of biaxial
crystallographic anisotropy of the above characteristics, for example, for hcp

Fig. 1. Crystalline hcp sell and its axes metals, this can be expressed by the following formula [2]:

q,=(q.-4,)f,+4, (1)

where ¢; can be one of these characteristics with respect to the j-th direction, and could be represented by its basic

values (¢q, gc). In particular, the radiation growth factor in a given direction of the product — the so-called texture

coefficient of radiation growth — can be unambiguously determined by its texture coefficient:
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G,=1-3f,. )

This coefficient is an important characteristic, which is used to control and predict the radiation resistance of products
made of nuclear materials with hcp lattice.

In this work, changes in the texture and texture coefficient of cold-rolled plates of Zr-2.5%Nb alloy are studied.
This material is used as a structural material of the central tubes of fuel assemblies and of the pressure tubes in the
RBMK reactors. From a fundamental standpoint, the task is to study principles of texture changing of the material and
the structural mechanisms accompanying it.

This study is associated with one of the elementary deformation schemes. It is expected that a set of such studies
can help improve the texture prediction techniques, texture control criteria and related performance parameters, in
particular, the radiation growth parameters of products made of hcp metals — zirconium alloy tubes used in nuclear
reactor industry.

The task to precise the regularities obtained in [12], with especial experimental conditions of that, was also
envisaged.

EXPERIMENTAL
Preparation of samples
For the research, the material of @15.0x1.5 mm? tube of Zr-2.5%Nb alloy (finish annealing at 580 °C, 3 hrs.) was
used. Table 1 shows the chemical composition of the material.

Table.
Chemical composition of the Zr-2.5%Nb alloy
Elements Zr Nb Fe Hf Cr Sn o C N Si H
wt. % 97.4 243 0.04 0.01 0.004 - 0.092 | 0.012 | 0.0036 | 0.0025 | 0.0017

For investigations, longitudinal fragments, obtained by cutting the tube by its by-diameter plane, and rings of the
tube were used after their straightening up to the plate shape and subsequent annealing in 1.5-10° Pa vacuum at 580 °C
for 24 hours.

The investigated surfaces of the samples were pretreated by chemical etching using a reagent with a volumetric
combination of water, nitric acid, and hydrofluoric acid in ratio of 9: 5:1.5. The surfaces of the plates were etched up to
65 um. This is the initial state of the plates. According to preliminary XRD measurements, it is this etching that
eliminated the effects of near-surface non-uniformity of texture characteristics.

Further, the samples were deformed in a rolling mill DUO260x200 at room temperature from 6 to 56% on the
whole (5...7% per pass) without intermediate annealing. The rate of deformation was 5...10 s”!. Plates made of rings
were rolled in the circumferential direction of the tube.

In view of the revealed differences between the texture coefficient values, texture measurements were carried out
on both sides of the plates, and due to it, the corresponding designations of the sides were adopted: “outer” and “inner”.
For plates made of rings, changes in the texture coefficient were presented in the coordinates of the deformation of the
pre-surface regions, taking into account the preliminary straightening of the tube fragments. The parameters of the tube
section were used to calculate an additive correction to the degree of deformation of these areas, which in this case was
added with the corresponding sign to the degree of deformation of the plate. This technique was considered permissible
due to the identical geometry of the deformation of the pre-surface regions during both straightening and rolling. This
guaranteed an absolute error of 0.5% for the aggregated deformation [12].

On the IPFs method
According to the principles of the texture method, the pole density P;; for each i reflection is calculated from the
set of integrated intensities /; of X-ray reflections obtained by ordinary measurement in a given direction (j) [11]:

o (3 §
P=—2 |R =4
"R, / Z

where /y; are the reflection intensities for the material in isotropic (non-textured) state; 4; are the statistical weights of
the i-th reflection [11] (Z4; =Z4:P;i = 1).

To improve accuracy of the method, precise 4; and I; values were determined. The 4; values were mathematically
calculated using the principle of construction of Wigner-Seitz cells [11] on the sphere of crystallographic orientations
(hkil) of crystal reflections. The set of /) values for a given alloy was obtained by synthesis of the calculated and
experimental data. The latter were obtained on the basis of a series of studies on texture destruction of the given alloy
by microwave heat treatment [13].

The set of P;; values obtained for the selected measurement directions was used to plot IPFs and to determine the
texture coefficient for the selected measuring direction (), using the statistical summation technique [11]:

I,
Ly
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f; :<cos2 al.>j = ZAiP/'i cos’ ¢, 4

According to the results of testing of this method with the adjusted set of initial characteristics, the random error in
determining the texture coefficients for the material is about +0.003.

We assume a possibility in principle to analyze the structural mechanisms leading to changes in the texture
coefficient of the material and in “c”-axes distributions.

Texture measurements were carried out on the DRON4-07 X-ray diffractometer using the radiation CuK,. To
reduce the vertical divergence of X-ray beam in this scheme, the pair of the Soller slits was used.

RESULTS
Figure 2 shows the IPFs plotted according to the results of texture measurements on the original Zr-2.5%Nb tube
along its radial, axial, and tangential directions. In the coordinates of longitudinal plate rolling, it corresponds to the
normal direction (ND), the rolling direction (RD) and the transverse direction (TD), respectively. The density values of
the basal (0002) and prismatic poles (%ki0) are marked here and below, and a tone scale of Pji values is given.

As Figure 2 shows, the initial tube texture has a basic similarity with the ordinary texture of the plates after rolling
in the same direction. We mean a fan-like distribution of the basal normals of the hcp lattice (the “c” axes) in the cross-
section plane. For the original sample, data of an X-ray scanning in the neighborhood of the ND have confirmed this,
and have shown that, in the coordinates of axial section of the tube, the angular distribution of “c” axes is localized
within £25° around ND. Thus, for plates made from longitudinal fragments of the tube and from its rings, the
subsequent deformation can be defined, respectively, as longitudinal and transverse rolling.

2,6 § (0002) 0,2% (0002) 22§ (0002)
ND RD TD

WIN=O

0,6 2,3 0,8

1120 1120 1120
0.9 (1120) 3.2 (1120) 0.8 (1120)

(1010) (1010) (1010)

v
=

Fig. 2. IPFs of the tube in its three directions, given to the coordinates of longitudinal rolling plate [12]. The values of prismatic
and basal pole densities are marked.
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Fig. 3. Changes in the texture coefficient with the degree of plate deformation by longitudinal rolling (a) and of near-surface
regions of the cross-rolled plates (b). Data from the plate sides which corresponding to the outer () and inner (o) surface of the tube.

According to the metallographic examination, in the original samples (ann. 580 °C, 24 hrs.), the 20 pm grains were
observed. Numerous 0.5 um B-Nb phase precipitates aligned along the rolling direction were also observed. According
to the diffractometer data, the sizes of the mosaic blocks in the material are 150 nm and above, and the strains are
0.7-107.

Figure 3a shows graphs of changes in the texture parameter on the “outer” and “inner” surfaces of the plates with
the degree of deformation of the plates by longitudinal rolling. Figure 3b presents similar data for the cross rolling of
the plates, characterized in that the abscissa axis, according to the above, shows the actual degree of deformation of the
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near-surface regions of the plates associated with their preliminary straightening and obtained by addition the
corrections to degree of deformation of plate.

DISCUSSION

Features of X-ray measurements of samples are associated with the thickness of the analyzed near-surface layer.
For X-ray measurement of zirconium and its alloys in CuK, radiation, the thickness of such a layer is several microns.
The effect of pre-straightening of the tube fragments, as it was meant, leads to differences in X-ray texture data on the
different sides of the plates, due to their deformations of different signs. In this case, annealing of the alloy in the single-
phase region (below 600 °C), as is known, does not change its texture in terms of “c”-axes distribution. Thus, in the
prehistory of the samples, an effect of preliminary deformation of the surfaces remains, equivalent for the cross rolling
of the plates in the tube coordinates.

In this regard, the main differences in the data on changes in the texture coefficient for the two differing
deformation schemes is that the total effect of the deformation of the surface regions of different sides of the plates can
be brought together only for cross rolling. This is shown in Figure 3b and can be regarded as a result of the deformation
of continuum of the material. For Figure 3a, data cannot be unambiguously merged, and each of its graphs should be
considered separately.

Despite such difficulties, the material of tubes made from zirconium-niobium alloys remains an exceptional
subject for textural studies, since it differs from plates, with their usual prehistory, by a more moderate initial texture, —
since, according to the analysis of subsequent data, under normal conditions for plate treatment, this alloy will lose the
exceptionality after rolling by 60% or more.

Graphical regularities

Despite the above remarks, the moderate character of the initial texture on the “outer” sides of the plates leads to
existence of the initial stage, which is characterized by significant changes in the texture coefficient with a degree of
deformation (Fig. 3a,b). The texture coefficient is meant is calculated for the direction of the normal to the rolling plane.
The subsequent (second) stages (round icons on the graphs) begin at /'~ 0.65...0.68 and are characterized by small linear
changes.

It should be noted that for cross rolling of the alloy plates, the boundaries between the stages in these studies
(Fig. 3b) and in [12] coincide. At the same time, the second stage in this figure is lower than the previous results by
about 0.07. Some differences also occur at the initial stage. In general, such differences are associated with the specifics
of the experimental conditions in previous work.

Taking into account the qualitative results of the work [12] and data from other preliminary studies gives grounds
to assume that the initial stages of changes in the texture coefficient with the deformation of the plates (Fig. 3) are also
mostly linear. Such signs are also shown by the initial stage in Figure 3b. However, with the first acts of deformation
(<5...10%) deviations from linearity may exist. For example, the data of similar studies on hafnium can be regarded in
such aspect (deformation up to 5%; [14]). Such deviation was also noticed by us on this alloy after SHF (microwave)
quenching and the subsequent initial rolling act by 7%. We associate this effect with the details of the prehistory of the
samples. In particular, the last example could be reasonably interpreted as a manifestation of the effect of stress
relaxation [12]. Such examples are probably in Figure 3b.

If so, then the rate of change of the texture coefficient with the degree of cross rolling of the plates on the initial
stage (Fig. 3b) is significantly lower than in the previous results. In this case, according to the analysis of the results
(Fig. 3a,b), the rates of all changes at cross rolling should be about two times higher than at longitudinal rolling.

On mechanisms of texture changes
To study the mechanisms of texture changes, an original technique was used to analyze the character of the

[TPRL)

correlation of the texture coefficient with the volume fraction of grains, whose “c” axes are oriented within 0...30° with
the rolling plane. This fraction of grains gives “prismatic” reflections (1010), (112 0), (2130), and other ones, which

close to them by crystallographic orientation. On the basis of the obtained data, we determined their portion in the
samples (c,) using the following formula:

c, :Z AP. (%

The values of 4% (5) represent the portions of the space of reflecting orientations that completely or partially falls within
the assigned angular limits: 0 < A4 < 4;. Figure 4 presents graphical comparing of the f'and ¢, values in the near-surface
regions of the “outer” and “inner” sides of the plates for the longitudinal and cross rolling.

Despite the fact that the graphs in Figures 3a and 3b have qualitative and quantitative differences, the graphs of the
comparison of the data in Figures 4a,b demonstrate a similarity. The figures show that at the initial stage of changes in

[T L)

the texture coefficient, its linear correlation is observed with the fraction of grains, whose “c” axes are deflected more
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than 60° from the normal direction of the plates. At that, in the process of deformation, the texture of the plates is
formed by orienting the axes along the normal direction, and this is done at angles of 60...90°. In this case, in view of
the strong correlation, such acts occur abruptly, without intermediate positions.

It should be noted that the value of the derivative in the correlation graphs is approximately minus one. This fits
into a simplified scheme of “c”-axes directing. According to this scheme, with the rotation of the axes from the rolling
plane into the normal direction, the texture coefficient of the reoriented grain fraction varies from zero to one. Totally
for the plate, it does by the numerical portion value of these grains. This is possible due to the exclusive activity of
twinning with rotations through an angle of = 90°.

In this regard, it is known that in hcp metals there are systems of compression and tensile twins [15, 16]. Among
the last ones, the twins of the system {1012}(1011), turning the “c” axes of grains by 85°, are considered as the most
active mechanism of texture formation at deformation. It is also considered that these twins, as well as other twinning
systems, play an essential role in deformation texture of zirconium and its alloys [16, 17].
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Fig. 4. Matching of the texture coefficient values (Fig. 3) with the numerical part of “c” axes orientations within 0...30° from
the rolling plane for longitudinal (a) and cross (b) rolling of the plates. Marking of points is the same.

The obtained results confirm this conclusion regarding metals of the titanium subgroup, including zirconium and
its alloys. According to our results, the system {1012}(1011) of tensile twins is the main factor for changes in the
texture coefficient at the initial stage of deformation.

As noted, such an initial stage exists when the initial values of the texture coefficient (measured in ND) are below
0.65, especially if there is a fraction of orientations of the “c” axes in the neighborhood of directions lying in the rolling
plane. The dominant activity of such a system was identified, in particular, in zirconium plates, however, under special
conditions of deformation [18]. In the studies of this kind, should such initial stage be practically absent, a conclusion
might differ [19].

According to preliminary estimates, the results obtained fit into simple geometric schemes of texture coefficient
changes at the initial stage of longitudinal and cross rolling of this alloy. This aspect is discussed.

Effect of non-uniformity of deformation of the plates, what could arise along their thickness at rolling process, on
their texture will also studied further.

CONCLUSIONS

Using the method of inverse pole figures (IPFs) with X-ray measurements as the basis, we have investigated the
crystallographic texture of the Zr-2.5%Nb plates, which were made of straightened segments of the &J15.0x1.5 mm?
tube, annealed for 24 hours at 580 °C and were cold-worked from 6 to 56% by longitudinal and cross rolling.
Calculations of the Kearns texture coefficients for the direction perpendicular to the rolling plane of samples have been
carried out. Effects of both near-surface and bulk non-uniformities were taken into account at preparation of the
samples and at processing of the results.

The principal character of texture coefficient changes of the material with deformation in both schemes of rolling
has been established. In both cases, this involves the existence of an initial stage of significant increase of texture
coefficient up to ~ 0.7, and the subsequent stage of minor changes. It is noted that changes in the texture coefficient at
each stage are mainly linear. Rates of the changes have been estimated. Existence conditions for the initial stages are
clarified.

The original method of studying the mechanisms of deformation of the alloy in a comparative analysis of changes
in the texture coefficient of the material and in its distribution of crystallographic orientations was used. Correlations of
the characteristics of the initial stage with the features of the distributions of the “c” axes of the hcp lattice in the alloy
are established.
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It is noted that more than 90% of quantitative changes of the texture coefficient in the initial stage of plate
deformation is related to abrupt turns of crystalline fragments through wide angles to the normal direction involved with
rolling. This confirms the fact that the texture formation by rolling of Zr-2.5%ND plates is caused by a dominant role of

twinning, especially, at the initial stage. An exclusive activity of the {1012}(1011) system of tensile twins at the initial
stage of growth of the texture coefficient has been revealed.
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3AKOHOMIPHOCTI 3MIH TEKCTYPHOI'O TAPAMETPA KEPHCA
IPHA XOJIOIHIA IPOKATIII CILUIABY Zr-2.5%Nb
I'punnnaa B.M., Maauxiu /I.I'., FOpkosa T.C., KostyHn I'.Il., KoBTyH K.B.,
, Caabocnuubka O.A., Tanuiopa LT'., Yepnsiesa T.I1., Boesonin B.M.
Hayionanenuu Haykoeuti Llenmp «Xapkigcokuti Qizuko-mexnivnuii incmumymy
61108, Xapxis, éyn. Axademiyna, 1
[IpoBeneHO pEHTreHIBCHKI JOCIIDKEHHS 3aKOHOMIPHOCTEH 3MiH XapaKTepPUCTUK KpHCTanorpadiqHoi TEKCTypH INpH XOJIOJHIN
nedopMariii miacTuH 3i craBy Zr-2,5% Nb OUIIXOM MO3I0BXKHBOT 1 MOMEPEeYHOl MPOKATKH 10 56% 31 MIBHIKICTIO MPUOIH3HO
5...10 cex’'. Buxigni nuactunu GyJi0 BUTOTOBJIEHO 3 HO3I0BXKHIX ()ParMEHTIB i Kijellb, BUpizanux 3 Tpy6u &15,0x1,5 MM, i notim
Bignaneno mpu 580 °C. TekcTypy MJIaCTHH AOCTIIKEHO 32 METOAOM 3BOPOTHUX HONIOCHHX (Iiryp 3 po3paxyHKOM TEKCTYpHOTO
napamerpa KepHca y3[0BXK HOpMali A0 IUIOIMHM IUIACTUH. [I00ynOBaHO 3aJ€XHOCTI TEKCTypHOrO Mapamerpy BiJl CTyIeHs
nedopmarii mactuH. BusiBieHo po30iKHICTH 3HAYCHb TEKCTYpPHOTO MapamMeTpy, BUMIPSHOTO Ha Pi3HMX CTOPOHAX IUIACTHH, LIO
3B'S3y€THCS 3 BUIIPSMIICHHSM BUXITHUX 3arOTiBOK TPyOH i HE3MIHHICTIO PO3MOIiLY KpHUCTanorpadidHuX ocell «c» Micis HaCTYITHOTO
Bifmayry BUXiAHUX IuacTUH. IIIIgXoM BBEICHHS IONPABOK MO CTyNEHIB aedopmamnii, po3paxoBaHHX 3a IapaMeTpaMU IEPeTHHY
BUXiTHOI TpyOu, Taki po30iKHOCTI OyJI0 YCYHYTO ISl JaHHMX 3 IIONEpeYHOI NMPOKATKH Marepiaxy. B pesymbraTi mist 000X cxem
nedopMariii BUSBIIEHO [IBi cTajii 3MiH TEKCTYpHOTo mapamerpa 3 AedopMaii€cro CIUlaBy: IOYAaTKOBY CTail0 3pOCTaHHS 1 MOAAIBILY
cTanio He3HayHuX 3MiH. OOUABI cTaail MalOTh, B OCHOBHOMY, JIIHIHUII XapakTep 3 TPaHUYHUM 3HaYCHHSIM TEKCTYPHOTO Mapamerpa
0,65 .. 0,68. [lns nOCHDKEHHS CTPYKTYDHHX MEXaHi3MiB 3MiH TEKCTYypU CIUIaBy 3aCTOCOBAHO OpHIiHAIBHMI IpHHOM
HOPIBHAJIBHOTO aHAJI3y 3MiH TEKCTYPHOTO IapameTpa MaTepianxy Ta po3moailny KpucTanorpadidHux opieHTauiil. BeraHoBneHo, mo
Ha TIOYATKOBIM cTaii 3MiH TEKCTYPHOTO MapaMeTpy 3 JedopMaliiero 3a 000Ma cxeMaMy MOBOPOTH KPUCTAIOrpadiuHUX OCeH «C»
Marepiany BinOyBaroThCcs cTpHOKONOAiOHO Ha KyTn Oinbmr 3a 60°. Lle miaTBepIrKYe CyTTEBY POJb IBIHUKYBAHHS Y TEKCTYPHHX

3MiHax cIulaBy. 30KpeMa, HaMH [OKa3aHO, IO Ha ITOYATKOBiM cranii 3HauHO momiHye cucrema {1012}(1011) nBiitHUKIB
posrsaryBaHHs. OGroBOPIOETHCS 3B'SI30K JBIHHUKYBAHHS 3 OCOOIMBOCTSIMH TEKCTYPHHX 3MIiH IPH MO3IOBXKHIN 1 MonepedHiil mpokaTii
CILIaBY.

KJIFOYOBI CJIOBA: criaBu HUPKOHIIO, TPOKAaTKa, peHTreHorpadis, TeKCTypa, ABIHHUKYBaHHS
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3AKOHOMEPHOCTH U3MEHEHUI TEKCTYPHOI'O IAPAMETPA KEPHCA
TP XOJOJHOM MPOKATKE CILJTABA Zr-2.5%Nb
I'pununa B.M., Maabixun /I.I'., FOpkoBa T.C., Kostys I'.Il., KoBTyH K.B.,
, Caabocnuukas E.A., Tanuiopa W.I'., Yepnsiepa T.I1., Boesoaun B.H.
Hayuonanenwiti Hayunouii Llenmp «Xapbko6ckuii pusuxo-mexnHuteckuli UHCmumymy
61108, Xapwvkos, yn. Akademuyeckas, 1

ITpoBeneHbl PEHTIEHOBCKHE UCCICIOBAHUS 3aKOHOMEPHOCTEH M3MEHEHHH XapaKTEePHCTUK KpUCTaIorpaduyeckoil TeKCTypsl Ipu
XOJIOAHOK AedopManuy IIacTHH U3 cmmaBa Zr-2,5%Nb myTéM mpomoiabHON M HOMEpedHOH MPOKaTkh 10 56% €O CKOPOCTBHIO
npumMepHo 5...10 cex’!. McXoanble MIaCTHHBI ObUIA H3TOTOBJIEHBI U3 HPOJOJIBHBIX (PPArMEHTOB U KOJEL, BEIPE3aHHBIX U3 TPYOBI
15,0x1,5 mm?, u 3arem oroxokensl npu 580 °C. TekcTypa IUIACTHH HCCIEIOBAHA METOIOM OOPATHBIX IOJIOCHBIX (GUTYp C
pacuéToM TekcTypHOro mapaMerpa KepHca BIONs HOpMamMm K IUIOCKOCTH IUIacTHH. ITOoCTpOeHBI 3aBHCHMOCTH TEKCTYPHOTO
rapaMeTpa OT CTeHNeHH nedopManuy IUIACTHH. BEIABIEHO pacxoIeHWe 3HAYCHUH TEKCTypHOTO IapamMerpa, M3MEPEeHHOro Ha
pa3HBIX CTOpPOHAX ILIACTHH, YTO CBS3BIBACTCS C BBINPSIMIICHHEM HMCXOJHBIX 3arOTOBOK TPYObI M HEU3MEHHOCTBIO pacIpe/ielICHUs
KPHCTAIIOrpaMYecKUX Oceil «c» Iocie IMOCIEAYIONIero OT)KUra MCXOAHBIX IUTacTHH. [lyTéM BBEIEHHs IMONPaBOK K CTEHNCHU
nedopMalvy, pacCUMTAaHHBIX 110 TMapaMeTpaM CEUeHHs] UCXOAHOM TpyObl, Takue pacXo)kAeHHs OBUIM YCTPAHEHBI [UIS AAHHBIX IO
MOIIEPeYHON HpOKaTKe Marepuana. B pesynbrare juis o0enx cxeM jaedopManyiy BBISBICHO JIBE CTaJMH M3MEHEHMIl TEKCTYPHOrO
napaMeTpa ¢ aedopmariyeii ciuiaBa: HaqalbHyIO CTaJHI0 POCTa U IMOCIEAYIONIYIO CTa U0 He3HAUUTENbHBIX n3MeHeHnid. O0e cragnu
MMEIOT, B OCHOBHOM, JIMHEHHBIH XapakTep ¢ TPaHHYHBIM 3HA4eHHEM TeKCcTypHoro mapamerpa 0,65...0,68. [lns wccremoBaHms
CTPYKTYpPHBIX MEXaHH3MOB M3MEHCHHUI TEKCTypHI CIIaBa INPUMCHEH OPUTHHAIBHBIA MPUEM CPaBHUTENHHOTO aHAIM3a W3MEHEHUM
TEKCTYpPHOTO TapaMeTpa MaTephaja W paclpeleleHus KPUCTALIOrpaduIecKUX OpHEHTalWil. YCTaHOBIEHO, YTO Ha HavyalbHOI
CTanH W3MEHEHHH TEeKCTYpHOTO HapaMerpa ¢ Jaedopmarpeil mo obemM cxeMaM MOBOPOTHI KpHCTa/UIOrpaduueckux oced «co»
MaTepuaja MpPOUCXOAAT CKayKooOpa3Ho Ha yribl Ooinee 60°. DTO MOATBEPIKIAET CYIIECTBEHHYIO pOJb JBOHHUKOBAHUS B
TEKCTYPHBIX M3MEHEHMsX CIUIaBa. B YacTHOCTH, HaMH IMOKa3aHO, YTO HAa HAYAIBHOHW CTaJuM 3HAYUTENHHO IOMHUHHMPYET CHCTeMa
{1012}(1011) nBoinukoB pacTshkeHns. OOCyKmaeTcst CBS3b JIBOHHMKOBAHMS C Pa3IMYMSIMU TEKCTYPHBIX HM3MEHEHUI IIpH
MPOJOJIBHOMN M MONEPEYHO MPOKATKe CIUIaBA.

KJIFOYEBBIE CJIOBA: crnaBsl IUPKOHHS, IPOKATKA, PEHTTeHOTpadus, TEKCTypa, ABOHHUKOBaHNE
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In the paper we obtained the expression of cementite free energy and determined the solubility of manganese and silicon in FesC
cementite depending on the temperature. Investigation was carried out for alloys with carbon content of 0.55-0.60 % (wt.), silicon
content of 0.95-1.0 % (wt.), manganese content of 0.8-0.9% (wt.), the rest was iron. The smelting of Fe-Mn-Si-C system alloys was
carried out in the alundum crucible furnace in argon atmosphere. The cooling rate of alloys after casting was 10 K/s. Microstructure
analysis along with X-ray diffraction analysis was used to determine the structural state of the alloys. In addition, the physical
characteristics of the alloys studied in this paper were determined, such as alloy chemical dependence of ultimate strength, extension
and contraction ratio, impact toughness and hardness. The results obtained in this paper showed that the iron-based alloy with the
content of carbon of 0.57 % (wt.), silicon of 0.97 % (wt.) and manganese of 0.85 % (wt.)) had the superior microstructure and
physical properties. The microstructure of alloys studied in the paper is represented by pearlite, which makes up to 95 % of the
volume. In the alloys we revealed the highly dispersed inclusions of Fe27Mno3C, Feo2sMn1.4Cos and FeoSiCos carbides, whose
volume ratio was up to 1.5 %, the rest was ferrite. As it is known, the structural constituent of pearlite is cementite. The cementite has
a significant effect on the physical properties of alloys. Application of quasi-chemical method enables to calculate the free energy of
silicon and manganese doped with cementite and to determine the temperature dependence of silicon and manganese content in
cementite. It is ascertained that there is a slight increase of carbon content in cementite (up to 28.79 % (atoms). Manganese can
replace up to 12 % of iron atoms, and silicon can replace up to 4.5 % of iron atoms, depending on temperature. The calculated data
obtained in this paper are in good agreement with those found experimentally by other authors.

KEYWORDS: Fe-Mn-Si-C alloys, cementite, free energy of cementite, solubility of manganese and silicon in cementite

The up-to-date working conditions of railway wheels require the development of new steels, whose chemical
composition, along with the heat treatment, provide increased strength and hardness of metal for wheels with a view to
increase their operational properties (wear resistance, resistance to the formation of shelled tread, maximum load on the
axle). At the formation of the complex of mechanical properties of railway wheels an important role is played by the
morphology and chemical composition of Fe;C cementite, which is formed in steel during crystallization and thermal
treatment of these products. The formation of Fe;C cementite is known to occur in iron steels and alloys with carbon
content of more than 0.01% (wt.) [1]. Cementite has a complex crystal lattice and contains 6.67% (wt.) of carbon.
Doping of Fe;C cementite by metal atoms affects the physical properties of steels and alloys. In the process of doping
steels by manganese (regardless of its amount), by chromium (up to 2%), or by stronger carbide-forming elements
(tungsten, molybdenum), they dissolve in cementite, partially replacing the atoms of iron in its crystalline lattice. Here,
some doped cementite, for example (Fe, Cr);C or (Fe, Mn);C, is formed, which differs as to its physical properties from
the ordinary non-doped cementite Fe;C. Nickel and silicon are referred to graphite-forming elements that affect
decomposition of Fes;C carbide resulting in the release of free-state carbon, i.e. graphite [1].

The most promising for the railway wheels is doping of steel with such inexpensive basic chemical elements as
manganese and silicon. At doping of this kind, the formation of phases (Fe1Si1)Cs and (Fe;1Mn)Ca, Fe; 7Mng3C [2-4], as
well as of cementite Fe;C doped with manganese and silicon is possible.

The object of this work was to determine the phase composition of the iron-based alloys doped with manganese
and silicon, as well as solubility of these elements in cementites depending on the temperature.

MATERIALS AND RESEARCH TECHNIQUES

The research was carried out on the samples of steels with content of carbon of 0.55-0.60% (wt.), silicon
0,95-1,0% (wt.), manganese 0,8-0,9% (wt.), the rest was iron. Melting of the experimental steels and manufacture of the
railway wheels from them was carried out under industrial conditions at the enterprises of “INTERPIPE-Ukraine”
Company. Fe-Mn-Si-C alloys were molten in the alundum crucible furnace in the argon atmosphere. The rate of cooling
of castings was 10 K/s. The samples after moulding had a cylindrical shape and the following dimensions: diameter —
15 mm and height - 30 mm. To determine the chemical composition of the alloy the chemical and spectral analysis was
used [5]. The phase composition of the alloys was determined using an optical microscope “Neofot-21”. The main
results of the X-ray micro-spectral analysis were obtained using an electron microscope JSM-6490 with scanner ASID-
4D and a programmable energy-dispersive X-ray microanalyser “LinkSystems 860”. The research of mechanical
characteristics was performed on the device of SMC-2 model. The wear resistance tests were performed at the load of
© Natalia Filonenko, Alexander Babachenko, Ganna Kononenko, 2019
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700 N, the slip factor made 10% under conditions of dry friction. The rate of the lower spindle rotation was 300 turns
per minute. The X-ray diffraction analysis was performed on the DRON-3 diffractometer in monochromatic Fe-K,
radiation. The theoretical calculation of the phases diffraction patterns was performed utilizing the program “CaRIne
v. 3.1

RESULTS AND DISCUSSION

The microstructure of the alloy containing carbon (0.57% (wt.)), silicon (0.97% (wt.)) and manganese
(0.85% (wt.)) in the molten state is represented by ferrite and grains of pearlite (Fig. 1a,b).

Pearlite in the alloy had dispersion morphology (Fig. 1¢). High-dispersion inclusions with a bulk fraction of up to
1.5% were found in the alloy structure. As it is known, at doping the iron alloys with manganese and silicon, any pure
carbides of manganese and silicon do not exist, but there are complex carbides [6]. In this alloy the carbides
Fe,7Mng3C, FegasMn; 4Cos and FeoSiCo4 were found (Fig. 1b). The results of the micro-spectral analysis showed that
the manganese content in the pearlite of the alloy made 0.75% (wt.) and that of silicon - 0.65% (wt.) (Fig. 1d).
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Fig. 1. Iron-based alloy containing carbon (0.57% (wt.)), silicon ( 0.97% (wt.)) and manganese (0.85% (wt.)) in the molten state: a)
alloy microstructure, b) alloy diffractogram c) pearlite microstructure, d) spectrogram

In the alloy containing carbon (0.58% (wt.)), silicon (0.40% (wt.)) and manganese (0.70% (wt.)) the
microstructure was heterogeneous, that is, pearlite had both dispersed and highly dispersed structure (Fig. 2a). With
content of carbon of 0.65% (wt.), silicon of 0.6% (wt.) and manganese of 0.75% (wt), the microstructure of the alloy is
represented by pearlite having a non-uniform morphology, while manganese and silicon segregation was observed in
the alloy microstructure along the boundaries of pearlite grains (Fig. 2b).

The alloys under study have practical application in the railway transport, so special attention in this work is paid
to their physical properties.

As Table 1 shows, the characteristics of strength and hardness for all the alloys are high, and for the alloy
containing carbon — 0.57% (wt.), silicon — 0.97% (wt.) and manganese — 0.95% (wt.), plasticity and fracture toughness
are higher as compared to those for the other alloys that are used in the manufacture of railway wheels.
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Fig. 2. The microstructure of the alloy containing: a) carbon — 0.58% (wt.), silicon — 0.40% (wt.) and manganese — 0.70% (wt.);
b) carbon — 0.65% (wt.) , silicon — 0.6% (wt.) and manganese — 0.75% (wt.), x 500

Table 1.
Dependence of the strength limit, extension and contraction ratio, impact toughness and hardness on the chemical
composition
Content of chemical elements in Thelisrt;ingth Relative Relative Impact toughness, Hargﬁess,
alloys, % (wt.) >, extension n, 8, % contraction_y,% KCUobed, J/cm?
oy, N/mm

C=0.57;Si=0.97; Mn=0.85 1160 12.5 31 27 326
C=0.65; Si=0.6; Mn=0.75 >1020 9 16 18 >320
C=0.58; Si=0.40; Mn=0.7 960 8 14 20 >255

The microstructure of alloys studied in this paper was represented by pearlite, whose bulk fraction was up to 95%.
Cementite is the structural component of pearlite, which affects the alloys mechanical properties.

Cementite has a complex structure [4]. The authors of the work gave a definition of the cementite structure and
pointed to the peculiarity of the structure of cementite, which consists in the fact that the atoms of iron and carbon form
Z-shape chains [7].

Each elementary cell contains 12 iron atoms, 4 of which are located in the Fel (4c) position and 8 — in the Fell (8d)
position. In the crystal lattice of carbide Fe;C the carbon atoms are located in the middle of the prisms.

By the results presented in the paper the crystallographic program “CaRlIne v.3.1° was utilized to form the carbide
crystal structure.

According to the results of the crystal lattice
formation the distance between the iron and carbon
atoms in the trigonal prism is 1.906 A, 2.041 A,
2.064 A and 2.11 A, what corresponds to the results
given in [3]. The distance between the nearest one
to another carbon atoms is 3.12 A.

To obtain the calculation results of the limit of
carbon atoms solubility in the carbide lattice a
quasi-chemical method was used [8]. The carbon
atoms in the carbide can be conventionally located
in two sublattices. The first sublattice (location)
consists of carbon atoms containing six nearest iron
atoms, two of which belong to the position of iron
atoms Fell, and are located at the distance of
2.11 A, and four — to the position Fel, two of them
are located at the distance of 2.04 A, and two — at
the distance of 1.91 A. The other sublattice consists
of two closest carbon atoms, interacting with each
other, which are located at the distance of 3.12 A
(Fig. 3).

The interaction of the Fe-C, M-C, and C-C
atoms can be considered as follows: the interaction
energy of the pairs of atoms: for the first sublattice

Fig. 3. The structure of Fe;C carbide

for the iron atoms position Fell — v ;~, V¢ » for
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the position Fel — v Mi,c > VEerc» and for two atoms of iron and manganese located at the distance of 1, 91 A from the

carbon atoms — v, ., Vp,; - For two carbon atoms, located at the distance of 3.12 A~V . For the numerical values
of the energy of interaction of the pairs of atoms the results given in [9] were used.

The free energy of carbide can be determined by the formula: F' = E — kT InW , where E is the internal
energy of Fe;C phase, W is the thermodynamic probability of the atoms location in the sites of the carbide crystal

lattice, £ =1.38-107, J/K is Boltzmann constant, 7 is absolute temperature.
Thus, the free energy of carbide is determined as follows:

2 2
F= _z (NN Ve + NoiN ciVase ) — z (N FeIliN ciVraic T N MIliN cYumic ) -

2 =l ) i=l
- Zl (N FeIZiN Ve T N, M[ZiN cVui,c )_ le NeNeVee =
—kT((Npoyr + Ny ) In((N gy + Ny ) =D = Ny In(N oy =1 = Ny In(N,, =D +
+ (N, + Ny )In(Np,, + Ny ) =) = Npy In(Np,, =)= N, In(N,, —1) + (1
+ (NFeI2 + NM]2 )ln((NFeIZ + NM[2 )—-D-— NFeI2 ln(NFeI2 -D- NMIZ ln(NMI2 -D+
+(N-=N,, )In((N-N,,)-1)-N.In(N,. -1),
where N, =N, +N,, +N e, T N v, T N, L +N 1, > N is the number of carbon atoms, N is the total

number of sites in the lattice, respectively.
To calculate the solubility of carbon in cementite the solution of the system of equations should be found:

oF _o. oF 0. oF vy oF 0. oF 0. oF :OTaa—FZO. @
ON oN, Ml oN, Fel, oN, M, oN, Fel, oN, M, ON

The resulting system of equations (2) is transcendental. Usually the solution of such equations can be obtained
graphically or numerically. But in the framework of this problem it is expedient to consider an asymptotic solution of

the equations. For this we present the logarithm included in each of the equations of the system (2) in the form of Taylor
series (this is acceptable in case of its convergence):
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To obtain an asymptotic estimate of system (3) solution it is sufficient to consider the first two terms of expansion
in the logarithm expanding.

The results of the equations solution are shown in Fig. 3. With the growth of the temperature, the content of
manganese and silicon in carbide Fe;C increases (Fig. 3).

The analysis of the results allowed determining the solubility of carbon, manganese and silicon in Fe;C carbide,
i.e. it was found that there is a slight increase in carbon content in cementite (up to 28.79% (atoms)). Manganese can
replace up to 12% of iron atoms, and silicon — up to 4.5% of iron atoms, subject to the temperature, what is in a good
agreement with the experimental data.
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Fig. 3. Dependence of the content of manganese and silicon in FesC carbide on the temperature

CONCLUSION

The research was carried out on the alloys containing carbon (0.55-0.60% (wt.), silicon (0.95-1.0% (wt.),
manganese 0.8-0.9% (wt.)), the rest was iron. To determine the structural state of the alloys the microstructure and X-
ray diffraction analyzes were performed. For the first time it was shown experimentally that the alloys of the Fe-Mn-Si-
C system containing carbon (0.57% (wt.), silicon (0.97% (wt.)), manganese (0.85% (wt.)) have better mechanical
characteristics, namely, higher numerical value of strength and hardness, as well as of plasticity and fracture toughness,
as compared to the alloys with a different content of carbon, manganese and silicon. Thus, the results obtained in this
paper show that to improve the mechanical properties of the wheels to be used in the railway transport, the alloys
containing carbon (0.57% (wt.), silicon (0.97 % (wt.)), manganese (0.85% (wt.)) can be used. The microstructure of this
alloy contains up to 95% of the bulk fraction of pearlite, whose constituent is cementite. Therefore, to explain the good
mechanical properties of the alloy the solubility limit of carbon, manganese and silicon in cementite FesC was
determined using the quasi-chemical method. For the first time the expression for free energy of Fe;C cementite doped
with manganese and silicon was obtained, and the limit of solubility of carbon, silicon and manganese in this phase was
determined. It is ascertained that there is a slight increase in carbon content in cementite (up to 28.79% (atoms)), the
manganese can replace up to 12% of iron atoms, and silicon — up to 4.5% of iron atoms, subject to the temperature.

The work was carried out within the framework of the project “Resurs” KC063.18 “Expansion of chemical
composition and technology solutions for manufacture of railway wheels for different application and their
maintainability” NAS in Ukraine.
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JOCJTIKEHHSA PO3YMHHOCTI CUJIIIIIO TA MAHI'AHY B HEMEHTHUTI CIVIABIBHA OCHOBI 3AJII3A
H.IO. ®inonenxo’ 2, O.1. Badauenxo?, I'.A. KoHoHenko?
13 «qninponemposcvia depaicasna meduuna akademis MO3 Vipainuy
49044, Yxpaina, m. Auinpo, éya. Borooumupa Beprnaocvkoeo, 9
2Incmumym uoproi memanypeii im. 3. 1. Hexpacosa HAH Yxpainu (IYM HAHY)
49107, Yrpaina, m. /[uinpo, ni. Axk. Cmapooybosa K.@., 1

VY poboTi oTprMaHO BUpa3 Ul BUIEHOI €HEprii eMEHTHTY Ta BH3Ha4YeHa PO3YMHHICTh MaHTaHy Ta cuiinito B remeHTtuti FesC B
3aJIeXKHOCTI Bif TemnepaTypu. JlocmipKkeHHs POBOIMIM Ha CIUIaBax 3 BMicToM kapOony 0,55-0,60 % (mac.), cuminito 0,95-1,0 %
(mac.), manrany 0,8-0,9% (mac.), pemra — 3ani30. Bumnaeky crutasis cuctemu Fe-Mn-Si-C npoBoauiy B medi B aIyHAOBUX THTIISIX B
atMocdepi aprony. IIBuakicts oxonmomxeHHs BuiuBku cknagana 10 K/c. Jlns Bu3Ha4YeHHS CTPYKTYpHOIO CTaHy CIUIaBiB
BUKOPUCTOBYBAaJIM MiKPOCTPYKTYPHHUII Ta PEHTICHOCTPYKTypHMi aHamizu. OKkpiM Iboro, B poOoTi Oynu BH3HAUCHI MeXaHiuHi
XapaKTePUCTUKH CIUIABIB, 10 JOCII/DKYBadM B JaHid poOOTi, a came, 3aJeXKHICTh TPAHUIN MII[HOCTI, BITHOCHOTO BHJIOBXKCHHS,
BIZITHOCHOTO 3BY)KEHHS, YJapHOI B’S3KOCTI Ta TBEpPAOCTI BiJ XiMiuHOro ckiamy crutaBy. OTpumaHi B maHii poOOTI pe3yibTaTé
TOKa3aJIy, 10 HalKpamli MiKpOCTPYKTYpHI Ta MEXaHIUHI XapaKTepHCTHKU Ma€ CIUIaB HA OCHOBI 3ajli3a 3 BMicToM kap6ony 0,57 %
(mac.), cuminito 0,97 % (mac.), manrany 0,85 % (mac.). OCHOBHOIO CTPYKTYpPHOIO CKJIaJOBOIO BCIiX CIUIABIB, SIKi JOCIIDKyBaIU €
nepiit (1o 95 % 06’emHoi yacTku). Y ciutaBax Oyiu BUsIBIICHI OpiOHOAMCIIEPCHI BKIIOUeHHS Kap0OiniB Fea,7Mno3C ta Feo,2sMni,4Coe
ta FeySiCo4, 00’eMHa yacTka skux cknanma 1o 1,5 %, inme — ¢eput. LleMeHTHT Mae BenWKHMi BIUIMB Ha (Pi3MKO-MEXaHidHi
XapaKTepUCTHKU CIUIaBiB. 3a JOMOMOrOI0 KBa3iXiMiyHOro MeToay Oyjia BU3HAuYeHa BilbHA EHEPrisl LEMEHTHTY, JETOBAHOIO
MaHI'AaHOM Ta CHJIILIEM, a TAKOXK OyJia OTpUMaHa 3aJISKHICTh TPAHUYHOIO BMICTY KPEMHIIO i MapraHillo B IEMEHTHTI B 3QJISKHOCTI
BiJl TeMmmeparypu. BcTaHOBIEHO, 110 Mae Miclle MiJBUIICHHI BMIiCT kapOoHy B HemeHTHTI (10 28,79% (atr.)). Manran moxe
3amimara g0 12% aromiB 3amiza, a cwiinid 1o 4,5% aroMiB 3amiza B 3anexHOCTi Bix Temmeparypu. OTpumani B poOOTi
PO3paxyHKOBI faHi 100pe y3TroKYIOThCS 3 eKCIIePIMEHTAIbHUMH JaHUMH 1HIIINX aBTOPIB.

KJIFOYOBI CJIOBA: cmiaBu cuctemu Fe-Mn-Si-C, neMeHTHT, BilbHa €HEpris HEMEHTUTY, PO3YMHHICTh MaHTaHy Ta CHIILII0 B
LIEMEHTHUTI

HUCCIENOBAHUE PACTBOPUMOCTU KPEMHUA U MAPT'AHIIA B IEMEHTUTE CIIJIABOB HA OCHOBE
KEJE3A
H.IO. ®unonenko’ 2, A.W. Badauenko, A.A. Kononenko?
'T'Y «/[nenponemposckas zocyoapcmeennas meduyunckas akademus MO3 Yrpaurvly
49044, Yxpauna, 2. Juenp, yn. Baaoumupa Bepnaockoeo, 9
2Hucmumym uepnoii memannypeuu um. 3. M. Hexpacoea HAH Yipaunvr (M4IM HAHY)
49107, Yxpauna, 2. [{nenp, yn. Ax. Cmapooybosa K.®., 1

B pabote noiyueHO ypaBHEHHE CBOOOJHON YHEPTHH LIEMEHTUTA U OIpPEAENICHa PaCTBOPUMOCTh MapraHiia U KPEMHHs B LIEMCHTUTE
FesC B 3aBucumocTtu oT Temnepatypsl. MccnenoBanus NpoBOJWINCH Ha CIUIaBax ¢ cojepxanueM yriepona 0,55-0,60 % (mac.),
kpemuus 0,95-1,0 % (mac.), mapranna 0,8-0,9 % (mac.), ocraiabpHOe — xelne30. Beimuiaky criaBo cuctems! Fe-Mn-Si-C npoBoamin
B IeYd B alyHJOBUX TUINISAX B arMocdepe aproHa. CKOpocTh OXJaXKAeHHS OTIMBKM cocraBimsiia 10 K/c. ns ompeneneHus
CTPYKTYpPHOT'O COCTOSIHHSI CIUIABOB HCIIOJIB30BAIM MHKPOCTPYKTYPHBEIH M PEHTI€HOCTPYKTYPHBIN aHainu3el. Kpome atoro, B pabote
ObUIM OIPEACNICHBl MEXaHHYEeCKHE XapaKTEPUCTHKH CIUIABOB, & MMEHHO, 3aBHCHMOCTb Ipejeia MPOYHOCTH, OTHOCHTEIBHOIO
YIUIMHEHHS, OTHOCHTEIBHOTO CYXXEHHS, YAAPHOW BS3KOCTH M TBEPIJOCTH OT XUMHYECKOrO cOcTaBa. IIOJNy4YEHHBIC PE3YJIbTaThl
[IOKa3aJly, 4TO ONTHUMAJbHYI MHKPOCTPYKTYpY M OoJice BBICOKHE MEXaHMYECKHE CBOICTBAa MMEET CIUIAB Ha OCHOBE JKelesa ¢
cozpepxanueM yriepozaa 0,57 % (mac.), kpemuus 0,97 % (mac.), mapranna 0,85 % (mac.). OcHOBHas! CTPYKTYpHas COCTABIISIONIAs BO
BCEX HCCIJICIOBAHHBIX CIUIaBax — MepiuT (1o 95 % oOowéMHo noim). B crutaBax 6putM 0OHApYKEHBI MEKPOIUCIEPCHBIE BKIIIOYEHHUS
kapoumoB Fe27Mno3C ta Feo2sMni4Cos Ta FeoSiCos, 0OBeMHas 10N KOTOPBIX cocTaBmia 1o 1,5 %, octampHoe — (epput. Kak
H3BECTHO, CTPYKTYPHOH COCTABIIIOIIECH INEpPIIUTA SIBISICTCS IEMCHTHT. LleMEHTHT OKa3blBaeT 3HAUMTEIILHOE BIMSHHE Ha (U3MKO-
MexaHu4eckue cBoiictBa cTaneid. C NOMOLIBIO KBa3HMXHMHYECKOTO METOAa Oblia orpejeieHa cBOOOIHAs SHEPrusl LEMEHTHTa,
JIETHPOBAaHHOTO KPEMHHMEM U MapraHLeM, a Takke OblIa MOoJy4eHa 3aBUCHMOCTb MPEJIEIbHOTO COACPIKaHMs KPEMHHS U MapraHia B
LIEMEHTHUTE B 3aBUCHUMOCTH OT TEMIIEpaTypbl. Y CTAHOBIICHO, YTO MMEET MECTO HOBBILICHHOE COZIEPIKaHUs YIJIeposia B LIEMEHTHTE (J10
28,79 % (at.)). Mapranen Moxet 3amemiatb 10 12 % aTomoB xene3a, a KpeMHuil — 10 4,5 % aToMoB ’kese3a B 3aBUCHMOCTH OT
Temneparypbl. [lomydeHHble B paboTe pacyeTHBIE JAHHBIE XOPOIIO COTJIACYIOTCS C JKCHEPUMEHTAJIbHBIMHM JaHHBIMH JAPYTHX
aBTOPOB.

KJIFOUEBBIE CJIOBA: cmnaBsl cucrembl Fe-Mn-Si-C, mieMeHTHT, CBOOOIHAST YHEPTHUS IIEMEHTHUTA, PACTBOPUMOCTh
MapraHua v KpEMHHMs B IEMEHTUTE
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Investigation was carried out for Fe-B-C alloys with carbon content of 0.0001-0.01 % (wt.) and boron content of 0.0001-0.01 %
(wt.), the rest is iron. To determine the structural state of alloys we use the microstructure analysis, X-ray microanalysis and X-ray
structure analysis. The level of microstraines, dislocation density and the coercive force of ferrite is determined, and it is shown that
structure imperfection grows with boron content increase in the alloy. The obtained results enable to suggest that boron atoms in a
solid solution of a-iron occupy substitutional-interstitial positions depending on boron content. In the paper it is shown
experimentally, that at room temperature solubility limit of boron and carbon in the ferrite is 0.00012 % (wt.) and 0.006 % (wt.).
When boron and carbon content increases further, the following phases are formed: Fe:B, Fes(CB) and Fe23(CB)e. In this paper by
means of quasi-chemical method we obtain for the first time temperature dependence of the free energy for a-iron solid solution, as
well as solubility limit of carbon and boron. Maximum mass fraction of carbon may be up to 0.016 % (wt.), and maximum boron
mass fraction — up to 0.00025 % (wt.). At room temperature the boron solubility limit in ferrite is 0.0001 % (wt.), and carbon one is
0.004 % (wt.). The calculated numerical values of the solubility of boron and carbon in ferrite of the Fe-B-C system alloys are less
than that of the experimental results. This can be explained by the fact that boron atoms interact more actively with structure
imperfections than carbon atoms. At high temperatures the solubility of carbon and boron in given phase increases.

KEYWORDS: ferrite, solubility of boron and carbon, Fe-B-C system alloys

It is known that boron has a low solubility in iron-based solid solutions [1-2], but authors suggest different values
for boron solubility in a-iron solid solution of the Fe-B system. Thus, authors of work [1] indicate that boron solubility
in solid solution of a-iron in the Fe-B system is 0.004 % (wt.) at 983 K, and 0.08 % (wt.) at 1179 K. The authors of [2]
note that the maximum solubility of boron in ferrite is 0.002 % (wt.) at the temperature of 1184 K. The other solubility
of boron is pointed out by the authors of Ref. [3]: from 0.0035 % (wt.) to 0.00000038 % (wt.) when the temperature
decreases from 1179 K to 983 K. In [4] the boron solubility is 0.0003-0.0067% (wt). The authors of [5] report the
numerical value of boron solubility is 0.0019 % (wt.) at the temperature of 773 K.

According to [2], the boron solubility in é-iron is 0.15 % (wt.), and according to [3] - 0.16 % (wt).

It is known that maximum solubility of carbon in the Fe-C system in 6-iron is 0.1 % (wt.) at 1772 K, and in a-
iron— 0.02 % at 973 K, and 0.01 % (wt.) at room temperature [6-7], whilst the authors of work [3] note the value
0.025 % (wt.) at the temperature of 996 K.

At the moment, there is no information in the literature on the solubility limits of boron and carbon in a-iron of the
Fe-B-C alloys.

The objective of this paper is to determine the solubility limits of boron and carbon in ferrite of the Fe-B-C system
alloys.

MATERIALS AND METHODS

Investigation was carried out for the specimens with carbon content of 0.0001-0.01 % (wt.) and boron content of
0.0001-0.01% (wt.), the rest is iron. The following components were used to obtain the Fe-B-C system alloys: carbonyl
iron (with iron content of 99.95 % (wt.)), amorphous boron (with boron content of 97.50 % (wt.)), graphite (with carbon
content of 99.96 % (wt.)). Smelting of specimens was performed in a Taman furnace with in alundum crucibles in argon
atmosphere. The cooling rate of alloys was 10 K/s. To determine the chemical composition of alloys, chemical and
spectral analysis was used [8]. Microhardness was measured by PMT-3 device.

The phase composition of alloys was determined by X-ray microanalysis by means of JSM-6490 microscope with
ASID-4D scanning head and “Link Systems 860 software energy-dispersive X-ray microanalyser, as well as by means
of optical microscope “Neophot-21”. X-ray electron probe analysis was carried out using internal standards. The X-ray
and X-ray diffraction analysis was performed with DRON-3 diffractometer in monochromated Fe-K, radiation.

RESULTS AND DISCUSSION
The study of boron and carbon content in the Fe-B-C system alloys shows that boron and carbon maximum
content in a-iron solid solution at room temperature can take such numeric values: 0.000 12% (wt.) and 0.006 % (wt.).
At this boron and carbon content there is no formation of boron- and carbon-bearing phases except for ferrite (Fig. 1).

© Natalia Filonenko, 2019
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With boron content increase in alloy there boride are formed on the boundaries of ferrite grains, and with carbon
content increase in alloy the formation of pearlite on the boundaries of ferrite grains occurs (Fig. 2).

If the content of boron or carbon in the alloy is greater than 0.0012 wt. % (boron) 0.004 wt. % (carbon), then the
Fe,B, Fe3(CB), Fex3(CB)s phases are formed in the alloy [9].

It is known that the lattice parameter of bce iron at room temperature is 2.862 A [6]. Under boron and carbon
doping of alloys the change in the lattice parameter of ferrite is observed (Table 1).

The results shown in Table enable to qualitatively evaluate the structure imperfection of ferrite depending on
content of boron and carbon in the alloy. As boron content increases in the alloy, the microstrain degree, the density of
dislocations in ferrite and the coercive force grows.

An increase in the coercive force for alloys containing higher content of boron and carbon can be explained by
change in the density of dislocations and decrease in the size of the crystallites. The results (Table 1) show unique
correlation relationship between the characteristics of the H, on the one hand, and the microstrain degree and density of
dislocations, on the other hand, in all the specimens examined.

In addition, the results represented in Table 1 show that doping of ferrite only with boron leads to increase in the
size of crystallites L, the density of dislocations p, the microstrain degree and the coercive force H. compared with
carbon doping. The obtained results can be explained by the fact that boron atoms in a-iron solid solution occupy
substitutional-interstitial positions depending on boron content, which is in line with the results of other authors [10-11].

The structure of ferrite represents as body-centered lattice and pertains to the space group 027 Im3m with eight

atoms in the first coordination shell [12]. For each atom of the bcc lattice there are six tetrahedral and three octahedral
pores. Two of the six atoms surrounding the octahedral pore, are closest compared to others [13]. The arrangement of
carbon atoms in the bcc lattice can be described as the arrangement of the atoms of carbon or boron in the octahedral
pore, which have four nearest metal atoms at a distance of 2.02 A and two at the distance of 1.43 A, each metal atom
has eight neighbors located at the distance of 2.48 A from each other (Fig. 3).
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Fig. 1. Iron-based alloy with boron content of 0.0012 % (wt.) and carbon content of 0.004 % (wt.): a) microstructure, x800,
b) microspectrum analysis curve, ¢) diffractogram
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Fig. 2. Microstructure of alloys with: a) 0.005 % (wt.) boron and 0.004 % (wt.) carbon, b) 0.0012 % (wt.) boron
and 0.04 % (wt.) carbon, X500

Table 1
Dependence of lattice parameter of ferrite a, crystallite size L, density of dislocations p, microstrain degree and coercive
force H. in ferrite on the boron and carbon content in alloy

Content, % (wt.) a, A H, A/cm LA Microstrain p, cm2
degree of ferrite
Boron Carbon
0.0001 0.001 2.8614 4.6 1006 4.84-107* 6.91-10'°
0.0001 0.005 2.8610 5.8 1097 498104 7.52-10'0
0.001 0.001 2.8623 6.9 1114 5.62:10* 4.77-10'°
0.001 0.005 2.8629 7.54 1230 5.23-10* 9.82-10'0
0.005 0.001 2.8633 8.21 1098 6.45-10° 10.1-10'°
0.005 0.01 2.8642 8.97 1087 7.62:1073 10.48-10"°
0.0001 - 2.8650 42 1123 2.5-107 7.2:101°
- 0.001 2.8616 3.9 1056 1.11-10°3 2.3-10"

To calculate the solubility limit of carbon and boron atoms in
the ferrite lattice, we use the quasi-chemical method with
accounting for data on the boron and carbon position in a-iron
solid solution [14].

The interaction of Fe-Fe, Fe-C, Fe-B and Fe-V atoms (where
V is vacancy) can be taken into consideration as follows: the
energy of interaction between eight atoms at the distance of

248 A is vFeFe’VFeBl , Ve » between atoms at the distance of

2.02A - Viee> Vren, Vrer, and for two carbon or boron atoms
s

located at the distance of 1.43 A — v}ec s Veer, and VEes, - For the

values of the interaction energy of the atomic pairs, we use the

Fig. 3. Structure of ferrite results given in [9].
The free energy of ferrite can be determined by the formula

F=FE—-kTInW , where E is the internal, W is the thermodynamic probability of the atom location in the sites of the
ferrite crystal lattice, 4=1.38-1023 J/K is Boltzmann constant, T is absolute temperature.
Thus, the free energy of ferrite is found as:

8 4
F= _Z:(NFeNB1 Ve, T NeNeVeope t NyNe Vi ) — Z(NFeNC Viee NFeN82 VFes, + NFeNVl Vrey )_
i=1 i=1

2
- Z (NFeNCvFeC + NFeNBz Vees, T NFeNV, VEer, )_

i=1
—kT((Ny + N, +Ny)(In(N,+N,,+N;)-1)- N, (InN,,-1)+ N, (In(N, —=1)—
=Ny (In N, =D)+(N,, + No + N, )JAn(N, + No + Ny )-1)=N.(In N, -1)-
- Ny (InNy =) -N, (In(N,, —1)),

where N, = N 5 T N 5, is the number of boron atoms.
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To calculate the solubility of carbon and boron in ferrite, we should find the solution of set of equations:

oF ~0. oF 0. oF —0. oF 0. oF ~ 0 and oF
ON,, ON, c oN B, oN B, oN,, v,

The obtained set of equations (1) is transcendental. Usually the solution of such equations can be obtained
graphically or numerically. But within this problem there is a good reason to consider an asymptotic solution of the
equations. For this we write the logarithm appeared in each equation of the system (1) as Taylor expansion (this is
admissible in accordance with its convergence conditions):

=0 (1)

a?\f = _Zgl‘, NBvFeBl + ZNFevFeFe - i (NCVFeC +NyVey )_

_ _ (LVVNn) (=1 (Np )" CVNe 2"y,
Z( N + Ny Vi, )T ( Z(N oY ),,H(HU 21 . )=0;
F _ 3 2 (~'(N)" % (=D)"(N )™

+i(—1)”(27c—1)"):0 )

8 4

2 ’ = (<1)'(N, —1)"
Z(NFevFeBl Z(NFeVFeBZ)_Z(NFeV FeBz)—kT(Z( ) (n ! ) =0;

i=1 i=1 i=1
24:(1\’ Vi, ) (-1)" 1(NBZ)" i (—1)"(N, )"
Br = (N, +N.)"'(n+1)

1

> (N, vk, )= KT(

MN

8N2 <
S (=1)"(Ng, =1)"
2

)=0.
o n
8 _ o ()TN (-1)"(N, -1)"" (VN =)
- SNFe FelV kT( n nzl( +NB)n+l(n+1)+; n ) O
: (-1)"(N, )" & (-)'(N, -1)"
a = 4N Vpy = 2NV, —kT( . +;(NC+NBZ T ntl)

-1y, V',
n

To obtain an asymptotic estimate of the system (2) solution, it is quite sufficient to consider the first two terms of
the logarithm expansion.
The results of solving of the set of equations are presented in Fig. 4.
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Fig. 4. Content of boron (a), carbon(b) in a-iron solid solution

The solubility of carbon in d-iron is estimated to be 0.062 % (wt.) and boron solubility is 0.15 % (wt.). The
analysis of the results enables to determine the solubility of carbon and boron in ferrite: it was revealed that up to
0.016 % (wt.) of carbon atoms can get into the pores in the ferrite lattice depending on temperature. According to the
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calculations, the maximum content of boron in ferrite can be up to 0.00025 % (wt.). At room temperature the boron
solubility in ferrite is 0.0001 % (wt.), and the carbon one is 0.004 % (wt.). The obtained results can be explained by the
fact that boron doping of the iron-based alloys leads to displacement of the eutectoid point to the left in the state
diagram of Fe-C and to the increase in the pearlite volume ratio, meaning, the carbon atom more likely to be located
surrounded by iron atoms than by boron atoms [10-11]. Besides, boron atoms in the position of interstitial into the
crystal lattice of a-iron have a greater binding energy with iron atoms than that with carbon atoms [10-11]. The effect of
boron atoms in the position of interstitial in a-iron solid-solution on carbon atoms promotes the formation around the
boron atoms of carbon-depleted zones [10-11]. The resulting values of the solubility of boron and carbon in ferrite of
the Fe-B-C system alloys are less than those of other authors. This can be explained by the fact that boron is a
horophilic element and interacting more actively with dislocations than carbon atoms [15]. Therefore, according to the
results of experimental studies, the values of carbon and boron content is slightly higher.

CONCLUSION

It was shown that the solubility limit of boron and carbon in a-iron solid solution according to experimental data is
0.00012 % (wt.) and 0.006 % (wt.) at room temperature. As boron and carbon content grows, the formation of Fe,B,
Fe3(CB), Fe3(CB)s phases occurs.

In the paper, using the quasi-chemical method, the temperature dependence of the free energy of a-iron solid
solution is determined for the first time, as well as the solubility limit of carbon and boron in ferrite is calculated. The
ferrite can contain up to 0.016 % (wt.) of carbon, and up to 0.00025 % (wt.) of boron, depending on the temperature. At
high temperatures the solubility of carbon and boron in this phase increases.

The work was performed within the specific project “Resurs” KC063.18 “Development of chemical composition
and technological decisions for the manufacture of railway wheels for different application and their maintainability” of
the NAS of Ukraine.
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PO3YNHHICTH BOPY TA KAPBOHY B ®EPUTI CIIJIABIB CUCTEMM Fe-B-C
H.IO. ®inonenxo’ 2
1113 « uinponempoecovka depoicasna meduuna axademis MO3 YVipainuy
49044, Yxpaina, m. [ninpo, eya. Borooumupa Bepradcvkoeo, 9
2Inemumym vopnoi memanypeii im. 3.1. Hexpacosa HAH Vkpainu (IYM HAHY)
49107, Yrpaina, m. [ninpo, na. Ax. Cmapooybosa K.®., 1
JocnipkeHHss mpoBoawin Ha criaBax cucrtemu Fe-B-C 3 Bmictom kap6ony 0,0001-0,01 % (mac.) i 6opy 0,0001-0,01 % (mac.),
iHIIe — 3a1i30. [ly1sl BU3HAUCHHS CTPYKTYPHOT'O CTaHy CIUIaBiB BUKOPHCTOBYBAJIHM MiKPOCTPYKTYPHHH, MIKPOPEHTI €HOCTIEKTPaIbHUIM
Ta PEHTTCHOCTPYKTYPHUI aHani3u. Bu3Ha4ueHO piBeHb MiKpOHANPYXKEHb, MIUIbHICTh JUCIOKALiH Ta KOSPUUTUBHA cuia (epury Ta
MOKa3aHo, 110 3i 301IbIIEHHIM BMicTy 60py B cIuiaBi JedeKTHICTh CTPYKTYpu 3pocTae. OTpuMaHi pe3yabTaTd JO3BOJISIOTh BUCYHYTH
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MPUITYLICHHsI, 1[0 aTOMH 0Opy B TBEpAOMY PO34YMHI (-3aJli3a B 3aJIEKHOCTI BiJ BMICTy 0opy 3aiiMaroTh Mo3uLil MPOHUKHEHHS-
3aminieHss. B maniit poGOTi eKcriepHMeHTaIbHO MMOKa3aHo, 110 MPY KIMHATHIN TeMIepaTypi Mexa po3drHHOCTI 60py Ta KapOoHY B
dbeputi cxnagae 0,00012 % (mac.) ta 0,006 % (mac.). Ilpu moganeiomy 30inblIeHHI BMiCTYy Oopy Ta KapOOHY BinOyBaeThcs
yrBopenHs HacTymHuX (a3 Fe:B, Fe3(CB), Fe23(CB)s. B poboti Bmepmie 3 3acTOCYBaHHSIM KBa3iXiMIYHOTO METOXY OTPHMAHO
3aJIeKHICTh BUTBHOT €HEprii TBEpAOTro PO3UMHY Ha OCHOBI (i-3a)1i3a BiJ TEMIIEpaTypd Ta BH3HAYEHO MEXY PO3UMHHOCTI KapOOHY Ta
6opy. MakcumanbHa MacoBa 4acTka kapOoHy Moske ckiamara no 0,016 % (mac.), a 6opy mo 0,00025 % (mac.). Ilpu kimHaTHIH
TEMITepaTypi Mexxa po3uuHHOCTI 6opy B pepuri cknagae 0,0001 % (mac.), a kapoony 0,004 % (mac.). Po3paxoBaHi 4iCIOBI 3HAUCHHS
PO3YHHHOCTI 6opy Ta kKapOoHy B ¢epurti criaBiB cucremu Fe-B-C MaroTh MEHIIN YHUCIIOBI 3HAYCHHS HIXK 33 CKCIICPUMEHTAIbHIUMU
pesyabratamu. 1le MOXKHa MOSCHUTH THM, IO aTOMH 6Opy OLIbII aKTHBHO B3a€MOJi€ 3 Ae(eKTaMu CTPYKTYPH HIXK aTOMH KapOoHy.
3i 30ibLICHHSIM TEMIIEpaTypy PO3YMHHICTh KapOoHy Ta Oopy B AaHiii ¢asi 3pocTae.

KJIKFOUYOBI CJIOBA: deput, po3unHHICTh O0py Ta KapOoHy, ciutaBu cuctemu Fe-B-C.

PACTBOPUMOCTD BOPA " YTJIEPOJA B ®EPPUTE CIINTABOB CUCTEMBI Fe-B-C
H.IO. ®uionenko'?
'T'Y «/[nenponemposckas zocyoapcmeennas meduyunckas akademus MO3 Yrpaurvly
49044, Ykpauna, 2. [{nenp, yn. Braoumupa Bepnadckoeo, 9
2Uncmumym uepnoii memannypeuu um. 3.4. Hexpacoea HAH Yxpaunor (M4M HAHY)
49107, Yxpauna, e. qnenp, yn. Ax. Cmapooybosa K. ®., 1

HccnenoBanus mnpoBoauiuch Ha cruiaBax cuctemsl Fe-B-C ¢ comepxanumem yrmepoma 0,0001-0,01% (mac.), 6opa 0,0001-
0,01% (mac.), octampHOe —xene30. s ompeneneHus CTPYKTYPHOTO COCTOSHHS CIUIABOB HCIOJIB30BAIM MHKPOCTPYKTYPHBIH,
MHUKpPOPEHTT€HOCTIEKTPAIbHBII M PEHTTeHOCTPYKTYPHBIH aHamu3bl. OmpeneneH ypOBEeHb MUKPOHAINPSHKEHHH, IIIOTHOCTH
JUCIIOKAINH ¥ KOAPIUTHBHAS CHiIa (eppHTa U MOKA3aHO, YTO C YBEJINUCHUEM COAEPKAHMS Oopa B CIUIaBe Ne(EKTHOCTh CTPYKTYPHI
yBennuuBaeTcs. [lodydeHHbIe pe3yIbTaThl TO3BOJISIIOT BEIABHHYTH IPEIIIONI0KEHHE, YTO aTOMBI 60pa B TBEPAOM PacTBOpE O-XKee3a
B 3aBUCHMOCTH OT COZIEP)KAaHMS 3aHUMAIOT IO3HLUH ITPOHNKHOBEHUsI-3aMelleHns. B paboTe skcrnepuMeHTanbHO OKa3aHo, YTO PU
KOMHATHOM TeMIiepaType mpeaeibHOe coepKannue 6opa U yrieponaa B TBEpAOM pacTBope deppura cocrasiset 0,00012 % (mac.) u
0,006 % (mac.). IIpu nanbHeifieM MOBBIIIEHUH COAEpKaHUs Oopa U yrieponga obpasyrorcs cnemyromue ¢assl: Fe:B, Fes(CB),
Fe23(CB)6. B paboTe BnepBble ¢ MPUMEHEHHEM KBa3MXUMHYECKOTO METOJA MONYYHIN 3aBUCHMOCTb CBOOOJHOM SHEPTUH TBEPIOTO
pacTBopa Ha OCHOBE O-)KeJe3a OT TEMIIEPaTypsl U ONPEAeIHIN Ipeell PACTBOPUMOCTH yriaepoja u 6opa. MakcHManbsHOE MaccoBOe
coJiepKaHUe yriepoja NMpH KOMHATHOW Temmeparype MoxkeT coctaBiste g0 0,016 % (mac.), a 6op mo 0,00025 % (mac.). Ilpu
KOMHATHOH TeMmIlepaTtype npeznen pactBopumoctu 6opa B deppute cocraBmser 0,0001 % (mac.), a yrmepoma 0,004 % (mac.).
PaccunTanHbIe 3HaUCHUS PACTBOPUMOCTH Oopa M yriepona B ¢eppure ciuiaBoB cucteMsl Fe-B-C mmeroT MeHblme dmcioBoe
3HAUEHHUE, YeM 110 pe3yJbTaTaM IKCIEPHUMEHTa. DTO MOXKHO OOBSCHUTH TE€M, YTO aTOMbI Oopa 0oJjiee aKTUBHO B3aHMMOJCHCTBYIOT C
nedexTaMu CTPYKTYpbl, 4eM aTtoMbl yriepona. C HMOBBILICHHEM TEMIIEpaTypbl PacTBOPHMOCTH yriepola M Oopa B JaHHOH (ase
YBEINYUBAETCS.

KJIIOUEBBIE CJIOBA: deppur, pactBopuMocTh 6opa U yrieposa, ciuiaBbl ciuctembl Fe-B-C
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The proposed work demonstrates the results of creating and investigating the mathematical model of the source of fast neutrons.
Computer modeling of the energy spectrum of fast neutrons was carried out for 2?PuBe neutron source. The model of the source of
fast neutrons has been developed. Neutrons in this model have an energy spectrum from 100 keV to 11 MeV with 100 keV step.
Simulation is performed by the Monte-Carlo method. The model carrier is a computer program developed in the C++ programming
language in the Linux operating system environment, using the Geant4 toolkit. All necessary classes describing low-energy models
were used for the simulation of the passage of neutrons through materials of detectors. Those take into account the elastic scattering,
inelastic scattering, radiative capture and fission. We consider these processes because models of processes implemented in our
software will be also used for other problems of neutrons transport, for example, for passing neutrons through various substances,
and for conducting virtual laboratory works. The PhysicsList class of our program contains classes G4NeutronHPElastic,
G4NeutronHPElasticData, G4NeutronHPInelastic, G4NeutronHPInelasticData, G4NeutronHPCapture, G4NeutronHPCaptureData,
etc. based on the NeutronHP model for neutron interactions at low energy, as well as the neutron data library G4ANDLA4.5. Diagrams
containing energy spectra of a source of fast neutrons modeled in two ways are presented in the paper. The analysis of the obtained
energy spectra is carried out. Virtual nuclear physics experiments are carried out with the aim of testing the elaborated neutron-matter
interaction model. The processes occurring in scintillator substances during the passage of fast neutrons through them, have been
studied. 10° neutrons were used as primary particles emitted isotropically, and we used our simulation results of 2*°PuBe neutron
source to describe the initial energy spectrum. The created model of *’PuBe neutron source can be used for the investigation of
scintillation detectors BisGe3O12, CdWOs, Gd2SiOs and others, as well as studying their characteristics. Processes in heavy oxide
scintillators substance during the registration of fast neutrons can be studied using the developed model. It is shown that for
registration of the flow of neutrons from 2*PuBe neutron source, using Bi4Ge3O12 or CdWO4 scintillators is more preferable. Results
of the virtual nuclear physical experiments satisfy the published experimental data.

KEY WORDS: 2*°PuBe neutrons source, scintillation detectors, fast neutrons registration

With the aim of environmental monitoring and control of radiation hazard facilities, the devices for neutrons
detection are developed by leading research centers [1]. Various classic methods are applied for registration of neutrons
depending on neutrons energy. If neutrons energies exceed 10 MeV, its registration is based on the usage of compound
with carbon and the study of interactions of neutrons with carbon nuclei [2]. Registration of neutrons with energies from
100 keV to 10 MeV is performed by scattering them on hydrogen-containing substances, and consequent registration of
recoil protons.

The possibilities of detection of fast neutrons flux by heavy inorganic scintillators are investigated by scientists of
V.N. Karazin Kharkiv National University in collaboration with scientists from Kharkiv Institute of Scintillation
Materials [1].

In developing of devices for radiation detection, the usage of mathematical modeling allows to conduct a model
experiment, and investigate the characteristics of developed detectors. The laboratory detector’s experiments are carried
out in harmful and dangerous working conditions due to the ionizing radiation. Computer simulation allows us to
evaluate some technical parameters of the device being developed. Therefore, computer simulation is an important stage
of detectors developing.

FORMULATION OF THE PROBLEM

The possibility of practical usage of heavy inorganic scintillators for neutron detection is investigated in the
work [1]. However, for practical use of detectors it is necessary to estimate contributions of various mechanisms and
processes that occur in the matter of these scintillators. This task can be solved using mathematical modeling and
analysing its results.

The laboratory experiments were carried out with 2’PuBe neutron source; therefore an important phase of
investigations is the development of mathematical model of the neutron radiation source. The goal of our work is
computer simulation of the energy spectrum of 2**PuBe neutron source that will be used in programs for simulation of
the passage of fast neutrons through matter.

© Viktoriia Lisovska, Tetiana Malykhina, Valentina Shpagina, Ruslan Timchenko, 2019


https://orcid.org/0000-0003-1237-7959
https://orcid.org/0000-0003-0035-2367
https://orcid.org/0000-0002-6202-7474
https://orcid.org/0000-0003-4983-9168
https://doi.org/10.26565/2312-4334-2019-2-09

59
EEJP 22019 Viktoriia Lisovska, Tetiana Malykhina, et al.

There are published articles [3, 4] where one can see the experimental energy spectra of 2°PuBe neutron sources.
However, these data have the too wide energy step and therefore can cause significant systematic errors in virtual
experiment, which use them without preliminary processing.

DEVELOPING OF THE MODEL FOR FAST NEUTRONS TRANSPORT

For study of the processes in components of the experimental facility used for fast neutrons detection, the
mathematical modeling of fast neutrons passage through matter was carried out. The modeling was carried out using the
Monte Carlo method.

The mathematical model is a computer program developed by our team for the simulation of passage of neutrons
from 2*°PuBe neutron source through various substances. The program developed in C++ language with using Geant4
toolkit [5]. Description of the model includes physical and chemical properties of the materials of various facility
components, its location and relative position as well as neutron source parameters. The special module contains
description of neutron source. For developing of neutron source model the neutron source energy spectra from articles
[3, 4] were digitized. Spectra in these works have the form of a histogram with wide (data from [3]) and non-uniform
(data from [4]) step of energy.

For the purpose of obtaining a uniform energy step, the data was interpolated by Lagrange polynomials [6] after

digitizing. Lagrange polynomial interpolation is a convenient method for such problems. The interpolation was carried
out consistently with quantity of nodes from 5 to 7. The fragmentation into smaller segments is necessary to avoid
accumulation of errors in the process of interpolation [6]. The obtained data was used as input for G4PrimaryGenerator
class [7], which is mandatory in each computer program based on Geant4 toolkit.
Figure 1 illustrates neutron source energy spectra
modeled from two data sets [3, 4]. Energy spectra in
Figure 1 were obtained as a result of the
implementation of the G4PrimaryGenerator module
as well as the G4GeneralParticleSource module,
which uses two data sets [3, 4] as input data.

The G4GeneralParticleSource class [7] was
applied for high-energy neutrons transport. This
class allows specifying the spectral, spatial and
) angular distributions of primary neutrons. The flux
! of 107 primary neutrons was simulated with

T T T T T

Counts

N i‘ﬂ_ﬂ‘ interpolated energy spectra in order to obtain a
LY suitable  statistics. Neutrons were radiated

0 . . s . : : : . : N isotropically in this model experiment.

0 1 2 3 4 5 6 7 8 9 10 11

Energy spectra of primary neutrons (Fig. 1) are
results of work of G4PrimaryGenerator module, and
were written in steps of 100 keV for each sets of

initial data, obtained as a result of interpolation
Fig. 1. The result of the G4PrimaryGenerator module: simulated neutron [3,4]. Thus, obtained data is given to a form

source spectra obtained from data [3] (light line in the chart) and [4]

convenient for further use by modules of our
(dark line in the chart). v “ use by modu u

programs.

It should be noted that spectrum of primary neutrons based on data from work [4] is more preferable for further
calculations because it contains energy data of primary neutrons in the energy range from 100 keV to 11 MeV. Unlike
this energy spectrum, the spectrum based on [3] does not contain data from 100 to 1000 keV.

Our program has a user-friendly interactive mode. We have provided a number of keywords in the program, using
which one can “turn on” or “turn off” some processes (previously specified in our program). For example, the command
/process/inactivate/inelastic entered by the user in an interactive mode allows one “turns off” from
consideration the processes of inelastic scattering.

BRIEF DESCRIPTION OF PHYSICAL PROCESS MODELS AND CLASSES
FOR LOW ENERGY NEUTRON TRANSPORT USED IN OUR PROGRAM
The high-precision low energy neutron transport is implemented in corresponding classes of the Geant4 toolkit,
namely, G4NeutronHPElastic, G4NeutronHPCapture, G4NeutronHPFission, G4NeutronHPInelastic. According to [7],
the cross section data for low energy neutron transport are organized in a set of files that are read in by the
corresponding data set classes. The classes accessing the total cross section of the individual processes, i.e., the cross
section data for high-precision low energy neutron transport, are G4NeutronHPElasticData, G4NeutronHPCaptureData,
G4NeutronHPFissionData, and G4NeutronHPInelasticData [8].
The NeutronHP package in Geant4 describes high-precision neutron interactions [8] and contains information
about cross sections, angular distribution of the emitted particles, energy spectra of the emitted particles, number of
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neutrons per fission, fission product yields etc., this data is placed in G4NDLA4.5 files which represent Geant4 Nuclear
Data Files. A detailed description of the models of these physical processes is given in [7, 8].

SERIES OF VIRTUAL EXPERIMENTS

In further model experiments, the opportunity of signal recording of 2?PuBe neutron source from distance
1000 mm was investigated. Initially, in real-life experiments the lead shielding was used for protection against gamma
rays emitted from the *°PuBe neutron source (besides neutrons). A center of this lead screen was situated at half
distance to the detector, and had thickness 50 mm. The transverse size of lead shielding was 65 mm X 65 mm.

Figure 2 schematically demonstrates the arrangement scheme of facility elements. The proportions of the detector
are 20 mm X 20 mm X 20 mm.

The first series of the virtual experiment simulated the conditions in which these practical experiments were
carried out. The main aim of this virtual experiment is studying how the initial spectrum changes after passage through
the lead shielding. The resulting neutrons spectrum at the distance of 1000 mm from 2*PuBe neutron source, as well as
the initial spectrum, are shown in Figure 3.

2 Geant4 10.3 simulation

+ primary neutrons: puBe 5 Nn:log

&~
C P

0 1 2 =1 6 7 8 9 10 11
En, MeV
Fig.2. Arrangement scheme of facility elements in the Fig. 3. Comparison of the initial neutrons spectrum (with using a
first series of virtual experiments: protective Pb screen) and the result neutrons spectrum. Light line with

1 is neutron source; 2 is protective screen; 3 is detector  empty circles is the initial spectrum; straight line is the result spectrum at
the distance of 1000 mm from >**PuBe neutron source

It can be seen (Fig. 3) that the general view of neutrons spectrum has been changed in energy range from 2 MeV
to 5 MeV, however the quantity of neutrons before the detector (at the distance of 1000 mm from the source)
significantly decreased. As a result of analysis of the virtual experiment for Nn=10° primary neutrons emitted from
2%PuBe neutron source, 31763 neutrons were observed before the detector without Pb shielding, and 11825 neutrons in
case of using Pb shielding, this difference is explained by inelastic scattering.

The next series of virtual experiments was necessary for the development of a methodology for conducting real
experiments, in which the number of neutrons detected at a distance of 1000 mm must be constant. Figure 4
schematically demonstrates the arrangement scheme of facility elements in the second series of virtual experiments.
23%puBe neutron source is placed into a lead sphere. The radius of the sphere is 52 mm. The distance from the neutron
source to the detector is 1000 mm.

Geant4 10.3 simulation
T T T T T T T T T T

1000 - S 5 4
primary neutrons: = "PuBe, N =10

1 800 - i
2 3
2600 )
=}
o
O
400 1
200 F .
o 1 2 3 4 5 6 7 8 9 10 Il
E ., MeV
Fig.4. Arrangement scheme of facility elements in the Fig. 5. Comparison of the initial neutrons spectrum (>*PuBe source is
second series of virtual experiments: into Pb sphere) and the result neutrons spectrum. Light line with empty
1 is neutron source; 2 is a lead sphere; 3 is detector circles is the initial spectrum; dark straight line is the result spectrum at

the distance of 1000 mm from 23PuBe neutron source
It can be seen (Fig. 5) that the general view of the result neutrons spectrum has been changed significantly in the
energy range from 0.5 MeV to 5 MeV, especially in the energy range 0.5-2 MeV. As a result of analysis of the second
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series of virtual experiments for N,=10° primary neutrons emitted isotropically from 2**PuBe neutron source, 31763
neutrons were observed before the detector without the lead sphere, and 31694 neutrons in case of using the lead sphere
surrounding the neutrons source.
ESTIMATION OF SECONDARY GAMMA QUANTA QUANTITY

The energy spectra of all secondary gamma quanta arising from the model experiment are shown in Fig. 6 (a).

Analyzing the simulation data, we found out that only negligible number of gamma quanta were registered by the
Lil detector. It cannot affect the quality of detection of fast neutron flux. Figure 6 (b) illustrates the energy spectra of
gamma quanta incoming in the detector.

T T T T T T T T T T 30 T T T T
) Geantd-tSmuI?g%n S Geant4 Simulation
105 primary neutrons: uce, N = 251 primary neutrons: 2*PuBe, N“gma o
10 20 1
.g 10° £ 15 1
<] o

Rt w0 |
10' i |
0k -

10° b I I 1 I 1 I 1 I L o 1 1 ] I
01 2 3 4 5 6 7 & 9 10 11 0 1 2 3 4 5

Ey, MeV a Ey, MeV b

Fig. 6. Spectra of modeled secondary gamma quanta:
(a) is spectrum for all gamma quanta; (b) is spectrum for incoming in detector gamma quanta

The total number of secondary gamma quanta produced in the process of model experiment is about 1.5x107,
while the number of gamma quanta registered by detector is 79.

The further laboratory tests confirmed the opportunity of applying heavy inorganic scintillators of small size for
fast neutron flux registration from 2*’PuBe neutron source.

COMPARISON OF RESULTS WITH PUBLISHED DATA

Experimental measurements and analysis of detection efficiency were carried out for fast neutrons from 2PuBe
neutron source using oxide scintillators: BisGe3O1, , CdWO4, Gd»SiOs as well as  CsI(T1), Nal(T1), Lil(Eu) [9]. Fast
neutrons registration efficiencies obtained experimentally [9] by heavy inorganic oxide scintillators (Z>50) that have
the same size, reach values from 42 to 48 percent and presented in Table 1. Results of measurements of the neutron
fluxes registration efficiency by different scintillators in the equivalent energy range for electrons (gamma-quanta) of
20-300 keV [9] are presented in the right column of the Table 1.

Inelastic scattering reaction (n, n’y) is a one of reliable mechanisms providing a high efficiency of fast neutron
detection [7] by oxide scintillators. Figure 7 demonstrates modeled values of deposited energy in detectors.

Table 1. 25000 i : : : : :
Efficiency of fast neutron registration, % [9] Primary neutrons:  PuBe
Scintillator Efficiency of fast 20000 L1 N=10 |
(monocrystalline Zesr neutron registration,
solid) %
reaction (n, n’y) " 15006 “ |
BGO 75 48 E | 20mm x 20mm x 20mm
GSO 59 46 G 10000 | —e—BGO .
CWO 66 42 v— GSO
CsI(TD 54 20 5000 o Csl .
Nal(Tl) 51 B %,
SLil(Eu) 52 25 vt T 500000 "~

0
0.00 0.05 0.10 0.15 0.20 0.

AE, MeV

25 0.30 0.35 0.40

Fig. 7. Modelled values of absorbed energy in detectors for

BGO, GSO, and Csl.

Small peaks are visible at AE=0.05 MeV for BGO and GSO scintillators. As a result of this analysis, the maximum
peak value is 3830, therefore the statistical uncertainty of the Monte Carlo method is 1/4/3830 ~0.016 . This statistical

uncertainty is acceptable for preliminary and estimational calculations.
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Using preliminary virtual experiments, one can study mechanisms and reactions occurring in matter of scintillators
during the registration of fast neutrons.

CONCLUSION

As a result of this work, the characteristics of the neutron source have been modeled and used for the study of
response of scintillator detectors to neutron flux of 2?PuBe neutron source.

The convenient form of representation of fast neutrons energy spectrum from 2*PuBe neutron source has been
obtained for use in computer programs for analyzing the characteristics of scintillators.

It is shown that the model based on data [4] is more preferable for further usage, because it contains neutrons with
energies below 1 MeV in the initial spectrum. This is significant for neutron flux detection by heavy inorganic
scintillators (BisGes;O12, CAWO4, Gd,Si0s and others).

It is proposed to improve the methodology for conducting experiments for studying the response of heavy oxide
scintillators by providing preliminary virtual experiments.

Based on conducted research, it can be concluded that heavy oxide scintillators, which at the same time are
efficient gamma-detectors [9], allow to create highly efficient gamma-neutron detectors that provide high efficiency of
fissile radioactive materials detection.
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GEANT4-MOJIEJTIOBAHHA EHEPTETUYHOI'O CHEKTPY UKEPEJIA IIBUJIKUX HEATPOHIB JIJIs
HAIIPAIHIOBAHHA METOJUKHU JOCJIAKEHHS BAJXKKUX CHUHTHJISITOPIB
B.B.JlicoBcbkal, T.B. Masuxina!, B.O. llInarinaZ, P.M. Tumuenko!
I Xapriscoxuti nayionanvnuii ynisepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
’Hayionanvnuii naykosuii yenmp XapKiecoKutl (DisuKo-mexuivnutl incmumym

syn. Axademiuna, 1, 61108, Xapxis, Yxpaina
B pobori mnpexcraBieHi OCHI/UKEHHsS MaTeMaTWYHOI MOJENi JpKepena IIBUAKAX HEWUTpoHiB. IIpoBeneHO KoMII'IOTEpHE
MO/ICIIIOBAHHSI €HEPTETUYHOTO CIIEKTPY IIBHMAKMX HEHTpPoHiB Bin pkepena 2°PuBe. Po3po6ieHo Mojenb JoKepesa, 10 Mae
CHEPreTHYHUI CreKTp HeWTpoHiB 3 kpokoMm 100 keB y miamasoni enepriit Bix 100 xeB mo 11 MeB. MopnentoBants npoBeneHO
merogqoM Momnre-Kapio. Hociem mopeni € koMm'rorepHa mporpama, po3po0sieHa MoBO mporpamyBanHs C++ B cepenoBuIi
omepauiiftHoi cucremu Linux 3 BukopucTaHHsAM 0i0miorexkn kiaciB Geant4d. [Ipu MomemoBaHHI NMPOXOKEHHS HEUTPOHIB yepe3
PEYOBHHU IETEKTOPiB BUKOPHCTOBYBAJHCS BCl HEOOXiOHI KIIACH, IO MICTATh MOJAENI HU3BKUX €HEPTiH, i BPaXOBYBAJIHCS HPOLIECH
panianiifHOro 3axXOIUICHHS, NPY>KHOTO PO3CIIOBAHHS, NOJLTY, HEHNPYXHOTO PO3CIIOBAaHHS, TOMY IO IPOTPaMHO OIMCAaHI MOAENi
IIPOLECiB Iepe0avyacThCs BUKOPHCTOBYBATH 1 IS IHIIMX 3aBJaHb, HANPHUKIAM, IPOXOMKEHHS HEHTPOHIB Yepe3 pi3Hi peUOBHHU, a
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TaKOXX ISl TIPOBEICHHS BipTyalbHUX JabopartopHux pabit. Ilpu omwmci ¢ismunux mporeciB y moxayii PhysicsList po3pobienoi
nmporpamMu BHKopHcTOBYBaucst kinacu 6i6miotekn Geantd G4NeutronHPElastic, G4NeutronHPElasticData, G4NeutronHPInelastic,
G4NeutronHPInelasticData, G4NeutronHPCapture, G4NeutronHPCaptureData To1io, siki 3aCHOBaHi Ha MOAYJISIX y CKJIaji MaKeTy
NeutronHP, i1 6i6mioTexn HelitporHux nanux G4NDLA4.5. [IpeacraBneni rpadiku, mo MICTATh 3MOJCIBOBAHI JIBOMa CIIOCOOaMH
€HEPreTHYHi CIEKTPH JUKepeia WBMAKMX HelTpois 2*’PuBe. IIpoBeneHO aHali3 OTPUMAHHX €HEPreTUYHMX CHEKTpiB. Jlis
TECTYBaHHS MOJENI B3a€MOJii HEHTPOHIB 3 PEUOBHMHOIO IIPOBENCHI BipTyalbHi SEpHO-(I3HYHI E€KCIHEPUMEHTH 1 JOCHiIKeHi
MPOLIECH, IO BiJAOYBAIOTHCS Y PEYOBHHAX CLUHTHIISATOPIB MPU MPOXOPKEHHI 4Yepe3 HHX IOTOKY IIBHUAKHUX HEHTPOHIB. Y SKOCTI
NEPBUHHUX YACTMHOK BUKOPUCTOBYBaiucs 10° HEHTPOHIB 3 €HEPreTMUHMM CIIEKTPOM, OTPUMAHHUM B PE3YJILTATI MOJETIOBAHHS
2%PuBe mKepena HEHTPOHIB, i BUIPOMIHIOBAHHX i30TpONHO. Po3pobiena mozens >*PuBe mkepena HEWTPOHIB MpU3HAyYeHa JUIs
JOCHIIKEHHS BIATYKY CUMHTHILIHHUX aeTekTopiB BisGezO12, CdWOs4, Gd2SiOs, Csl Ta iH. Ha NOTIK IIBUAKUX HEHTPOHIB, a TAKOX
JOCIIZKEHHS BOXK/IMBHX XapaKTEPUCTHK JIETEKTOPIB. Y pe3yibTaTi NMPOBENCHHS BIPTYyalbHUX SNEPHO-(DI3HYHUX EKCIIEPHMEHTIB
HOKa3aHO, L0 U PEECTpalii NOTOKy HEHTpoHiB Bin mkepena 2*°PuBe OilbIl NEPCIEKTUBHUM € BUKOPUCTAHHS CIMHTHJISATOPIB
BisGe3O12 abo Gd2SiOs. PesympraT BipTyanbHHX SIEpHO-(I3MYHHX EKCIIEPUMEHTIB 3HAXOAATHCS Y BIANOBIAHOCTI 10
OIyOJIiKOBaHHX EKCIEPUMCHTAIBHUX JaHHX.

KJIFOYOBI CJIOBA: 23°PuBe jukepeno HEHTPOHIB, CUUHTWIALINHI I€TEKTOPH, PEECTPALis IIBUIKUX HEUTPOHIB

GEANT4-MO/JIEJIMPOBAHME SHEPTETUYECKOI'O CIIEKTPA UICTOYHUKA BBICTPBIX HEMTPOHOB J1JI51
HAPABOTKHN METOJUKHA UCCJIEJOBAHMSI TAKEJBIX CHUHTUWIIISITOPOB
B.B. JIucosckas', T.B. Maapixuna', B.O. Illnaruna?, P.M. Tum4enko'
! Xapuvrosckuii nayuonansuwiti ynusepcumem umenu B.H. Kapasuna
matioan Ceo600w1, 4, 61022, Xapvkos, Ykpauna
’Hayuonanoiwtii Hayunslii yenmp XapoKoeckutl (uzuKo-mexnuueckuti UHCmuntym
ya. Akademuueckas, 1, 61108, Xapvkos, Yxpauna

B pabore mpexncTaBieHbl HCCIENOBAHUS MaTEeMaTHYECKOH MOAENN HCTOYHHMKA OBICTPHIX HEHTpOHOB. [IpoBemeHO KOMIBIOTEpHOE
MO/IC/IMPOBAHKE YHEPTETUIECKOTO CIIEKTPA OBICTPBIX HEUTPOHOB OT ucTouHMKa >*PuBe. Paspaborana MOJIENb HCTOUHUKA, UMEIOLIAs
SHepreTHYeckuil crekTp HelitpoHoB ¢ marom 100 k3B B nuanazone sxepruit ot 100 k3B 1o 11 M3B. MoaenupoBanue npoBeieHO
merogoM Mownre-Kapio. Hocutenem monenu siBisieTcsi KOMIIBIOTEpHAsI IIporpaMma, pa3paboTaHHasi Ha sI3bIKE NTPOrPaMMHPOBAHHUS
C++ B cpene oneparoHHO# cucteMbl Linux ¢ ucrons3oBanneM oubnuorexu kiaccoB Geant4. I[Ipy MonenMpoBaHUH TPOXOXKICHHS
HEHTPOHOB uepe3 BEIIeCTBA JIETEKTOPOB MCIIONB30BAIMCh BCE HEOOXOAMMBIC KIIACCHI, COJIEPIKAIIME MOJENN HU3KUX SHEPIuid, u
YUYHUTHIBAIHCH IPOLECCHl PAJHALIMOHHOTO 3aXBaTa, YIPYroro paccesHUs, ICNCHHs, HEYNpPYroro paccesHus, TaKk Kak IPOrpaMMHO
OIMCaHHbIC MOJIEIH IPOLECCOB IPEANOJIaraeTCsl CIIONb30BaTh U AN APYTHX 3a1ad, HAPUMEpP, MPOXOXKICHHS HEHTPOHOB uepes
pa3IMYHbIEe BEIIECTBA, a TAaKXKe JUIS MPOBEACHMS BHPTYAIBHBIX J1a00opaTOpHBIX paboT. IIpu ommcaHum (QU3MUECKHX IPOIECCOB B
moxyne PhysicsList pa3paboraHHO#l mporpaMMBl HCIONB30BAIHCH Kiacchl Oubmmorekn Geantd G4NeutronHPElastic,
G4NeutronHPElasticData, G4NeutronHPInelastic, G4NeutronHPInelasticData, G4NeutronHPCapture, G4NeutronHPCaptureData u
JIp., OCHOBaHHbIC Ha MOAyJsX B coctaBe makera NeutronHP, u O6uGnuoreku HelTpoHHbIX maHHbIXx G4NDL4.5. TIpencrasiens
rpaduKy, CONEPIKAIINE CMOJIETUPOBAHHBIE BYMS CIIOCOOAMHM SHEPTETUYECKUE CIIEKTPHI UCTOYHUKA OBICTPHIX HeHTpoHOB 2*PuBe.
ITpoBeneH aHaIM3 MOTYyUYESHHBIX HEPreTHYECKUX CIEKTPOB. [l TECTUPOBAaHUS MOJEIH B3aHMOJACHCTBYSA HEHTPOHOB C BEIIECTBOM
NPOBEJCHbI BHPTYAJIbHBIC S/ICPHO-(PU3MYECKUE OKCIEPUMEHTBI M HCCIIEJOBAaHbI MPOLECCH, HPOMCXOASAIIME B BEIIECTBAX
CUMHTHJUIATOPOB IPH IPOXOXKACHUM 4Yepe3 HUX IMOTOKAa OBICTPHIX HEHTPOHOB. B KauecTBe MEPBHYHBIX YaCTHI[ HUCHOJIB30BAIUCH
10° HEHTPOHOB C JHEPreTHUYECKUM CIEKTPOM, MOJIYYEHHBIM B Pe3yjibrare MOjeiupoBanus 2PuBe MCTOYHMKA, M M3IIyYaeMbIX
usorponno. PaspaGorannas mojens wucrounuka 2°PuBe mpeaHasHaueHa Ui MCCIEIOBAHUS OTKIMKA CUUHTHUIALMOHHBIX
nerektopoB BisGe3;O12, CdWOs, Gd2SiOs, Csl m ap. Ha HOTOK OBICTPHIX HEWTPOHOB, a TAaKKE HCCIEHAOBAHMS Pa3IMYHBIX
XapaKTepUCTHK NETEKTOPOB. B pe3ynbrare NpoBeNeHHs BHUPTYAIBHBIX SIEPHO-(QU3HYECKUX DKCICPHUMEHTOB IMOKA3aHO, 4TO JUIS
PETUCTPAIMA TOTOKA HEHTPOHOB OT mMcTOUHHMKA 2°PuBe GoJee MPENNOYTUTENHHBIM SBISETCSA HCMONB30BAHME CLUUHTHILIATOPOB
BisGe3O12 wim Gd2SiOs. PesynbTaThl BUPTYaJIbHBIX SICPHO-(PU3MYECKUX 3KCIEPUMEHTOB HaXOMATCS B XOPOLIEM COOTBETCTBHH C
OIyOIMKOBAHHBIMU SKCTIEPUMEHTAIbHBIMH JaHHBIMH.

KJIOYEBBIE CJIOBA: *°PuBe UCTOYHUK HEHTPOHOB, CUMHTUJIALMOHHBIE JIETEKTOPHI, PETUCTPALKS OBICTPHIX HEHTPOHOB
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The accelerating gradients in conventional linear accelerators are currently limited to ~100 MV/m. Plasma-based accelerators have
the ability to sustain accelerating gradients which are several orders of magnitude greater than that obtained in conventional
accelerators. Due to the rapid development of laser technology the laser-plasma-based accelerators are of great interest now. Over
the past decade, successful experiments on laser wakefield acceleration of electrons in the plasma have confirmed the relevance of
this acceleration. Evidently, the large accelerating gradients in the laser plasma accelerators allow to reduce the size and to cut the
cost of accelerators. Another important advantage of the laser-plasma accelerators is that they can produce short electron bunches
with high energy. The formation of electron bunches with small energy spread was demonstrated at intense laser—plasma
interactions. Electron self-injection in the wake-bubble, generated by an intense laser pulse in underdense plasma, has been studied.
With newly available compact laser technology one can produce 100 PW-class laser pulses with a single-cycle duration on the
femtosecond timescale. With a fs intense laser one can produce a coherent X-ray pulse. Prof. T. Tajima suggested utilizing these
coherent X-rays to drive the acceleration of particles. When such X-rays are injected into a crystal they interact with a metallic-
density electron plasma and ideally suit for laser wakefield acceleration. In numerical simulation of authors, performed according to
idea of Prof. T.Tajima, on wakefield excitation by a X-ray laser pulse in a metallic-density electron plasma the accelerating gradient
of several TV/m has been obtained. It is important to form bunch with small energy spread and small size. The purpose of this paper
is to show by the numerical simulation that some precursor-laser-pulse, moved before the main laser pulse, controls properties of the
self-injected electron bunch and provides at certain conditions small energy spread and small size of self-injected and accelerated
electron bunch.

KEYWORDS: short laser pulse, plasma wakefield, electron acceleration, numerical simulation, self-injection of electron bunch

The accelerating electric fields in metal cavities of conventional accelerators are not more than ~100 MV/m for
technical reasons, partly due to breakdown. Plasma can provide much more accelerating electric field which is
approximately in 10° times larger than possible in metal cavities of conventional accelerators [1]. As plasma in
experiment is inhomogeneous and nonstationary and properties of wakefield changes at increase of its amplitude it is
difficult to excite wakefield resonantly by a long sequence of electron bunches [2, 3], to focus sequence [4-8], to
prepare sequence from long beam [9-11] and to provide large transformer ratio [13-18]. In [4] the mechanism has been
found and in [19-22] investigated of resonant plasma wakefield excitation by a nonresonant sequence of short electron
bunches. Owing to successful development of laser physics [1, 23] the method of electron acceleration by short laser
pulse in plasma is very perspective now. During last years, promising results have measured in experiments on electron
acceleration by wakefield, excited by laser pulse in plasma [23]. The large accelerating wakefield, excited by laser
pulse in plasma, provides possibility to decrease the dimensions and to cut the cost of accelerators. Important property
of the accelerators, based on the laser-plasma interaction, is that short electron bunches can be self-injected and
accelerated to high energy [23]. The electron bunch acceleration with small energy spread was observed at interaction
of intense laser pulse with plasma.

The problem at laser wakefield acceleration is that laser pulse quickly destroyed because of its expansion. One
way to solve this problem is the use of a capillary as a waveguide for laser pulse. The second way to solve this problem
is to transfer its energy to the electron bunches which as drivers accelerate witness. A transition from a laser wakefield
accelerator to plasma wakefield accelerator can occur in some cases at laser-plasma interaction [24].

Developed technology of compact intense lasers, which was awarded the Nobel Prize 2018, one can provide
100 PW laser pulses of a very small duration on the fs-timescale. Prof. T.Tajima concluded [25] that using this a
femtosecond intense laser one can generate a coherent X-ray pulse. He also proposed [25] using these coherent X-rays
to accelerate electrons. This X-ray, at injection into a crystal, can excite wakefield in a metallic-density electron plasma
and ideally correspond for laser wakefield acceleration [25].

In [24, 26-28] it has shown that at certain conditions the laser wakefield acceleration is added by a beam-plasma
wakefield acceleration.
© Vasyl Maslov, Denys Bondar, Iryna Levchuk, Ivan Onishchenko, 2019
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At the laser acceleration of self-injected electron bunch by plasma wakefield the accelerating gradient about
50 GV/m has been obtained in experiments [23]. In numerical simulation [28], performed according to idea of Prof.
T. Tajima [25, 29], on wakefield excitation by a X-ray laser pulse in a metallic-density electron plasma the accelerating
gradient of several TV/m has been obtained. To solve the problem of laser pulse expansion, one can use a capillary
discharge. The second method [23, 24, 26, 27] of solving this problem is fast energy transfer of driver laser pulse to
self-injected electron bunch. This bunch becomes driver-bunch and accelerates next self-injected electron bunch up to
larger energy.

It is important to form bunch with small energy spread and small size. We propose for the first time to use a laser
pulse-precursor, moving directly in front of the main pulse, to control the parameters of a self-injected and accelerated
electron bunch. Previously, no one used a precursor to control the parameters of a self-injected and accelerated electron
bunch.

The purpose of this paper is to show by the numerical simulation that some precursor-laser-pulse, moved directly
before the main laser pulse, controls properties of the self-injected electron bunch and provides at certain conditions
small energy spread and small size of self-injected and accelerated electron bunch.

PARAMETERS OF SIMULATION

Fully relativistic particle—in—cell simulation was carried out by UMKA 2D3V code [30]. A computational domain
(X, y) has a rectangular shape. A is the laser pulse wavelength. The computational time interval is T = 0.05, the number
of particles per cell is 8 and the total number of particles is 15.96x10°. The simulation of considered case was carried
out up to 800 laser periods. The period of the laser pulse is 7 = 2n/wo. The s-polarized laser pulse enters into uniform
plasma. In y direction, the boundary conditions for particles, electric and magnetic fields are periodic. The critical
plasma density n. = m.wo*/(4me?). The laser pulse is defined with a "cos?" distribution in longitudinal direction. The
pulse has a Gaussian profile in the transverse direction. The longitudinal and transverse dimensions of the laser pulse
are selected to be shorter than the plasma wavelength. Directly in front of the main pulse a laser pulse-precursor moves.
Pulse-precursor has a lower intensity and smaller radius compared to the intensity and radius of the main pulse (see
Fig. 1). Pulse-precursor consists of two pulses of different intensities and radii, so that the intensity and radius of the
whole pulse grow along the pulse from first its front. Full length at half maximum of the main laser pulse equals A and
full width at half maximum equals 3. ap=eE.o/(m.cwo) =2.236; E¢ is the electric field amplitude. Full length at half
maximum of the first pulse of the precursor equals 4A and full width at half maximum equals A, ap1=eE-o1/(m.cmo) = 1.
Full length at half maximum of the second pulse of the precursor equals 2\ and full width at half maximum equals 24,
ap=ekE.p/(mecwo) = 1.732. Coordinates x and y, time ¢, electric field amplitude E, and electron plasma density no are
given in dimensionless form in units of A, 21/mo, m.coo/(2ne), m.wo*/(16me?).

RESULTS OF SIMULATION
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Fig. 1. Wake perturbation of plasma electron density ne excited by laser pulse near the boundary of injection

We consider the wakefield excitation by laser pulse, shaped on intensity and radius. The intensity and radius grow
from the first front of the pulse and then abruptly break off. Let us show that one can control the wakefield using a
precursor. Namely, stochastization of the wakefield is suppressed due to the adiabatic growth of intensity and radius of
the pulse. Also one can control quality of the bunch. Namely, a point-kind bunch is formed.

From Fig.1 one can see that due to selected spatial distribution of intensity and radius of laser pulse near the
boundary of injection the adiabatic structure, suitable for good self-injection, is formed.
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Fig. 2. Electron bunch self-injection at plasma wakefield  Fig. 3. Self-injected electron bunch acceleration by wakefield
excitation by laser pulse bubble, excited in plasma by laser pulse

It is seen from Fig. 2 that short electron bunch is self-injected. Fig. 3 demonstrates that point-kind electron bunch
is accelerated.

Stochastization of the wakefield is suppressed due to the adiabatic growth of intensity and radius of the laser pulse
(Fig. 4).

ne
1 200 400 600 800 1o
501 501 0.01
400
300
=
200
100
1
X
1.95

Fig. 4. Wakefield excitation and self-injected electron bunch acceleration in plasma by laser pulse

CONCLUSION
Thus, the authors for the first time used a laser pulse-precursor, moving directly in front of the main pulse, to
control the parameters of a self-injected and accelerated electron bunch. Previously, no one used a precursor to control
the parameters of a self-injected and accelerated electron bunch. It has been shown by the numerical simulation that
some precursor-laser-pulse, moved directly before the main laser pulse, controls properties of the self-injected electron

bunch and provides at certain conditions small energy spread and small size of self-injected and accelerated electron
bunch.

ORCID IDs
Vasyl Maslov©https://orcid.org/0000-0002-4370-7685, Denys Bondar & https://orcid.org/0000-0002-7358-4305,
Iryna Levchuk ®https://orcid.org/0000-0003-0542-0410, Tvan Onishchenko @ http://orcid.org/0000-0002-8025-5825

REFERENCES
[1]. A. Pukhov and J. Meyer-ter-Vehn, Apl. Phys. B., 74, 355-361 (2002), doi: 10.1007/s003400200795.
[2]. K.V.Lotov, V.I. Maslov, I.N. Onishchenko and E.N. Svistun, Problems of Atomic Science and Technology, 6, 114-116 (2008).
[3]. K.V. Lotov, V.I. Maslov, I.N. Onishchenko and E.N. Svistun, Plasma Phys. Cont. Fus. 52, 065009 (2010), doi: 10.1088/0741-
3335/52/6/065009.

]. K.V. Lotov, V.I. Maslov, I.N. Onishchenko and E.N. Svistun, Problems of Atomic Science and Technology. 3, 159-163 (2012).
5]. V.I. Maslov, LN. Onishchenko and I.P. Yarovaya, Problems of Atomic Science and Technology. 1, 134-136 (2013).
6]. V.I. Maslov, LLN. Onishchenko and I.P. Yarovaya, East European Journal of Physics. 1(2), 92-95 (2014).

1. LP. Levchuk, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 4, 120-123 (2015).



67
EEJP22019 Vasyl Maslov, Denys Bondar, et al.

[8]. LP.Levchuk, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 3, 62-65 (2016).

[9]. K.V. Lotov, V.I. Maslov and I.N. Onishchenko and M.S. Vesnovskaya, Problems of Atomic Science and Technology. 4, 12-16
(2010).

[10]. K.V. Lotov, V.I. Maslov, I.N. Onishchenko and M.S. Vesnovskaya, Problems of Atomic Science and Technology. 1, 83-85
(2011).

[11]. V.A. Balakirev, I.N. Onishchenko and V.I. Maslov, Problems of Atomic Science and Technology. 3, 92-95. (2011).

[12]. K.V. Lotov, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 4, 85-89. (2010).

[13]. K.V. Lotov, V.I. Maslov, I.N. Onishchenko and I.P. Yarovaya, Problems of Atomic Science and Technology. 3, 87-91 (2011).

[14]. V.I. Maslov, L.N. Onishchenko and I.P. Yarovaya, Problems of Atomic Science and Technology. 4, 128-130 (2012).

[15]. V.I. Maslov, IN. Onishchenko and I.P. Yarovaya, Problems of Atomic Science and Technology. 6, 161 —163 (2012).

[16]. I.P. Levchuk, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 6, 37 —41 (2015).

[17]. LP. Levchuk, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 6, 43 —46 (2017).

[18]. D.S. Bondar, I.P. Levchuk, V.I. Maslov and I.N. Onishchenko, East Eur. J. Phys. 5(2), 72 =77 (2018).

[19]. K.V. Lotov, V.I. Maslov, I.N. Onishchenko and E.N. Svistun, Problems of Atomic Science and Technology. 2, 122-124 (2010).

[20]. V. Lotov, V.I. Maslov, I.N. Onishchenko, E.N. Svistun and M.S. Vesnovskaya, Problems of Atomic Science and Technology.
6, 114-116 (2010).

[21]. K.V. Lotov, V.I. Maslov and I.N. Onishchenko, Problems of Atomic Science and Technology. 6, 103 —107 (2010).

[22]. K. V. Lotov, V.I. Maslov, I.N. Onishchenko and I.P. Yarovaya, Problems of Atomic Science and Technology. 4,73 =76 (2013).

[23]. W.P. Leemans, A.J. Gonsalves, H.-S. Mao, K. Nakamura, C. Benedetti, C.B. Schroeder, Cs. Toéth, J. Daniels,
D. E. Mittelberger, S.S. Bulanov, J.-L. Vay, C.G.R. Geddes, and E. Esarey, Phys. Rev. Lett. 113, 245002 (2014),
doi: 10.1103/PhysRevLett.113.245002.

[24]. T. Tajima, Eur. Phys. J. Spec. Top. 223, 1037-1044 (2014), doi: 10.1140/epjst/e2014-02154-6.

[25]. V.I. Maslov, O.M. Svystun, I.N. Onishchenko and V.I. Tkachenko, Nuclear Instruments and Methods in Physics Research A.
829, 422-425 (2016), doi: 10.1016/j.nima.2016.04.018.

[26]. V.I. Maslov, O.M. Svystun, I.N. Onishchenko and A.M. Egorov, Problems of Atomic Science and Technology. 6, 144-147
(2016).

[27]. D.S. Bondar, I.P. Levchuk, V.I. Maslov, S. Nikonova and I.N. Onishchenko, Problems of Atomic Science and Technology. 6,
76-79 (2017).

[28]. D.S. Bondar, V.I. Maslov, I.P. Levchuk and I.N. Onishchenko, Problems of Atomic Science and Technology. 6, 156 —159
(2018).

[29]. S. Hakimi, T. Nguyen, D. Farinella, C.K. Lau, H.-Yu. Wang, P. Taborek, F. Dollar and T. Tajima, Plas. Phys. 25, 023112
(2018), doi: 10.1063/1.5016445.

[30]. G.I. Dudnikova, T.V. Liseykina, V.Yu. Bychenkov, Comp. Techn. 10(1), 37 (2005).

HOJIMIIEHHSA BJIACTABOCTEN CAMOIHKEKTOBAHHOI'O I IPUCKOPEHOI'O EJIEKTPOHHOI'O 3T'YCTKY
JIABEPHUM IMITYJIbCOM B IIJIA3MI BUKOPUCTAHHSAM INEPEJIBICHUKA
B.I. Macaos!?, I.C. Bounap?, LIL Jlepuyk!, LM. Onnmenko’
! Hayionanvnuii Hayxosuti Llenmp «Xapxiecokuii (hizuxo-mexuivnuii incmumym»
61108, Xapxis, éyn. Akaoemiuna, 1
2 Xapxiscvkuil nayionanvuuii ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vxpaina

3apa3 MPUCKOPIOIOYi MOJS B 3BHYAMHUX JHIMHUX MpucKoproBadax oOmexeHi ~100 MB/m. [IpuckopenHs B mia3mi 3abesmnedye
MIPUCKOPIOIOYI TOJIA, SKi Ha KiJbKa NOPAAKiB Oinblie, HiX B 3BHYAHMX NPHCKOPIOBadax. Y 3B'A3KYy 3 YCIHIIIHUM PO3BUTKOM
Ja3epHUX TEXHOJIOTiH, JIa3epHO-TIa3MOBI IMPUCKOPIOBAYl 3apa3 BHUKIMKAIOTH BEJIUKHUII iHTepec. 3a MHUHYJE NECATHIITTA YCIIiIIHI
EKCTIIEPIMEHTH TI0 JIa3¢PHOMY MPUCKOPECHHIO €IEKTPOHIB B IUIa3Mi KUTbBATEPHUM IIOJIEM MiATBEPIMIIN IEPCIEKTHBHICTh IIHOTO
npuckopeHHs. O4eBUAHO, IO BEJIMKI MPUCKOPIOIOYI MOJS B JIA3€PHO-TIA3MOBUX IPHCKOPIOBAYaX AO3BOJSIOTH 3MEHIIUTH PO3MIp i
3HU3UTH BapTiCTh MPUCKOPIOBaUiB. [HIIA BaXkIIMBa IepeBara Ja3epHO-TIa3MOBUX IIPUCKOPIOBAUIB MOJISTae B TOMY, [0 BOHH MOXYTh
CTBOPIOBATH KOPOTKi €JEKTPOHHI 3TyCTKU BENUKOi eHeprii. By mpoxeMoHCTpoBaHi elIeKTPOHHI 3TYCTKH 3 HEBEIUKHUM PO3KHIOM
10 eHeprii Mpy B3a€MOii IHTCHCUBHUX JIA3epHUX IMITYJIBCIB 3 IIa3Mor0. Takox OyJia BHUBYCHA CAMOIHKEKIIiS €IEKTPOHHUX 3TYCTKIB
B KiJIbBAaTEpHIll MOPOXHWHI, SKa TEHEPYEThCA IHTEHCHBHUM JIa3epHHM IMITyJIBCOM Y IMUIBHIM IU1a3Mi. 3aBISKM HEIIONABHO
PO3BHHEHI KOMIAKTHill Na3epHiil TexHomorii MoxkHa reHepyBatu 100-IIBT nazepni oxHo-mepioaHi heMTOCeKyHIHI iMITyIbcH. 3a
JOTIOMOTOI0 TOTY’KHOTO (DEeMTOCEKYyHIHOTO JIa3€pHOTO IMIyIbCYy MOXHA TE€HEepyBaTH KOTEPEHTHHH PEHTTEHIBCHKMII IMITyIbC.
Ipodecop T.Tanzima 3anpornoHyBaB BUKOPUCTOBYBATH IIi KOT€PEHTHI PEHTTCHIBCHKI IMITYJIECH AJISl TPUCKOPEHHS YacTHHOK. Ko
TaKUil pEHTICHIBCHKUH IMITYJIEC 1HKEKTYETBCS B KPUCTAJ, BiH B3a€EMOJII€ 3 €IEKTPOHHOIO IJIa3MOI0 METaIeBOI IUIBHOCTI 1 ieasHO
MiAXOOUTh U JIA3EPHOTO KiNbBAaTEPHOTO MpUCKOpeHHs. [Ipu 4ymcioBoMy MOIENOBaHHI aBTOpIB, BUKOHAHOMY Ha OCHOBI ijei
mpodecopa T.Tang3imm, mpu 30yMKEHHI KUTBBATEPHOTO MO PEHTTCHIBCBKUM JIA3€pHHM IMITYJIBCOM B CIEKTPOHHIA IUIa3Mi
MeTaJIeBOl TyCTUHH OyJI0 OTpHMaHO MPUCKOpIoroUe moie Kinbka TB/M. [Ipu mazepHOMYy IPHCKOpEHHI caMOiH)XKEKTOBaHHOT'O 3TyCTKY
CJIEKTPOHIB KIUJIbBATEPHUM IOJIEM B IUIa3Mi BaXJIMBO CHOPMYBATH 3TYCTOK 3 HEBEIMKHM PO3KHIOM MO E€HEPrii 1 HEBEIUKUM
po3mipoM. Y miif poOOTi YUCTOBUM MOJEIIOBAHHAM IOKA3aHO, IO TMEBHUH IMITYJIbC-TIEPEABICHUK, IO PyXa€ThCS Mepel OCHOBHIM
Ja3epHUM IMITYJIbCOM, KOHTPOJIIOE BIACTHBOCTI CAMOIH)KEKTOBAHHOTO 3TYCTKY 1 3a0e3ledye 3a IMEeBHUX YMOB MallUi PO3KHI IO
eHeprii 1 Manuii po3Mip caMOiH)KEKTOBAHOTO 1 MPUCKOPEHOTO EIEKTPOHHOTO 3TYCTKY.

KJIOUOBI CJIOBA: KOpOTKHMif Ja3epHHI IMIyJbC, KiIbBaTepHE IMOJE B IUIa3Mi, MPUCKOPEHHS EJICKTPOHIB, YHCIIOBE
MOJICITIOBAaHHS, CAMOIH)KEKIIisl eICKTPOHHHX 3TYCTKIB
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VJIYUYIIEHAE CBOMCTB CAMOUHKEKTUPOBAHHOI'O 1 YCKOPEHHOI'O SJIEKTPOHHOI'O CT'YCTKA
JIABEPHBIM UMITYJIbCOM B IIVIABME UCIIOJIb30BAHUEM INIPEJIBECTHUKA
B.HA. Macaos'?, JI.C. Bonaaps? U.II. Jesuyk!, U.H. Onumenko!
! Hayuonanonoiii Hayunotii Llenmp «XapoKo8ckutl ousuKo-mexHudeckuti uHCmumymy
61108, Xapvkos, yn. Akademuueckas, 1
2 Xaporosckuitl nayuonanvhotii ynusepcumem umenu B.H. Kapasuna
ni. Ceob00vt 4, Xapvkos, 61022, Vkpauna

B nacrosmee BpeMs yCKOPSIOLIME IOJS B OOBIYHBIX JMHEHHBIX YyCKOpHTENsAX orpanudeHsl ~100 MB/m. Yckopenue B mia3me
o0ecreyrBaeT yCKOPSIOUINE MOJIsI, KOTOPbIe Ha HECKOJBKO MOPSIIKOB OOJbIIe, YeM B OOBIUHBIX YCKOPUTENAX. B cBa3u ¢ OypHBIM
Pa3BUTHEM Ja3epHBIX TEXHOJOTHUH, Ja3epHO-TIa3MEHHBIE YCKOPUTEIN B HACTOSIIIIEE BPeMs MPEJCTaBISIIOT OONBIION MHTEpec. 3a
MpoLIeee AECATUNETHE YCIIEIIHbIe SKCIEPUMEHTHl IO J1a3ePHOMY YCKOPEHHIO JJIEKTPOHOB B INa3Me KHJIbBATEPHBIM IOJTEM
MOATBEPANIN TIEPCIEKTUBHOCT 3TOr0 ycKopeHHs. OdYeBHIHO, YTO OOJNBIINE YCKOPSIOMIME MO B J1a3epHO-IUIA3MEHHBIX
YCKOPHTEISX TO3BOJSAIOT yMEHBIINTh Pa3Mep M CHHU3UTh CTOMMOCTb yCKOpHTeneH. JIpyroe BakHOE MPEHMYIIECTBO Ja3€pHO-
IUIa3MEHHBIX YCKOpPHUTENEH 3aKJIF0uaeTcss B TOM, YTO OHH MOTYT CO3/aBaTh KOPOTKHE 3JIE€KTPOHHBIE CTYCTKM OONBIION SHEPruu.
bbimM poaeMOHCTPHPOBAHbI AIEKTPOHHBIE CIYCTKH € HEOONBIIMM pa30pocoM IO SHEPIHU NPU B3aUMOAEHCTBUM MHTEHCHUBHBIX
Ja3epHBIX MMITYyJIbCOB C MiazMmoil. Taxke Obula M3ydyeHa CaMOMHMKEKIHUS 3JEKTPOHHBIX CTYCTKOB B KHIIBBATEPHOW MOJOCTH,
TreHepUpPyeMON MHTEHCUBHBIM JIa36pHBIM HMMIYJbCOM B IUIOTHOHM mua3Me. biaromapst HEaBHO pa3BUTOM KOMIIAKTHOM Jla3epHOM
TEXHOJIOTMU MOXHO reHepupoBatb 100-IIBt nasepHble oqHO-TIEpHOAHBIC (EMTOCEKYHIHbIE MMITYJIbchl. C MOMOLIBIO MOIIHOTO
(eMTOCeKYyHJHOTO JIa3epPHOTO HMITyJIbCa MOXKHO T'€HEpPHPOBAaTh KOT€PEHTHBIH PEeHTreHOBCKui mmmyibc. [Ipodeccop T.Tam3uma
MIPEUTOKHUI UCIIONb30BaTh 3TH KOTE€PEHTHBIE PEHTI€HOBCKUE HMITYJbCHI ATl ycKopeHMs vacTun. Korma takoil peHTreHoBckumit
HMITyJIbC WHXKEKTUPYETCS B KPHCTAUI, OH B3aUMOJAEHCTBYET C SJEKTPOHHON IIa3MON METaJUIMUECKOH IUIOTHOCTH M HIEABHO
MOAXOAUT JUIS JIA3€PHOTO KUIIbBATEPHOTO yCKOpeHHs. IIpu ducIieHHOM MOJETMPOBAHUM aBTOPOB, BHINOJHEHHOM Ha OCHOBE MIEH
npodeccopa T.Tax3umbl, npu BO30YKICHUN KHIBBATEPHOTO MOJISI PEHTTCHOBCKHM JIa3€PHBIM MMITYJIbCOM B 3JIEKTPOHHOM IIIa3Me
METAJUIMYECKOil  IUIOTHOCTH  ObUIO  TONYYeHO YyCKopsmoimiee mone Heckonbko TB/M. Ilpu  nasepHoM — yckopeHHH
CaMOMH)XEKTUPOBAHHOTO CTYCTKA 3JICKTPOHOB KHJIBBAaTEPHBIM IOJIEM B IUIa3Me BaXHO c(OPMHPOBATH CTyCTOK C HEOOJBIIUM
pa3bpocoM MO SHEPruM M HEOONBUIMM pa3MepoM. B 3Toif paboTe 4HCIEHHBIM MOJECTHPOBAHHEM IIOKa3aHO, UTO HEKOTOPBIH
HMITyJIbC-TIPEABECTHHK, ABIKYLIUICS Mepe]] OCHOBHBIM Ja3epHBIM UMITYJIbCOM, KOHTPOIUPYET CBOMCTBA CAMOMHXKEKTHPOBAHHOTO
CTyCTKa M 00ecleYnBaeT HPH OIPEAENICHHBIX YCIOBUAX MaJblii pa3dpoc 10 SHEPTUU M Mallblil pa3Mep CaMOMHXEKTUPOBAHHOTO U
YCKOPEHHOT'O JJIEKTPOHHOTO CTyCTKA.

K/IIOYEBBIE CJIOBA: KopoTKuif J1a3epHbI HMIIyJIbC, KMIbBATEPHOE IOJE B IUIa3Me, YCKOPEHHUE 3JIEKTPOHOB, UMCIECHHOE
MOJICJIUPOBAHUE, CAMOMHKEKIIUS 3JIEKTPOHHBIX CT'yCTKOB
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Plasma-based accelerators sustain accelerating gradients which are several orders greater than obtained in conventional accelerators.
Focusing of electron and positron beams by wakefield, excited in plasma, in electron-positron collider is very important. The
focusing mechanism in the plasma, in which all electron bunches of a sequence are focused identically, has been proposed by
authors earlier. The mechanism of focusing of a sequence of relativistic positron bunches in plasma, in which all positron bunches of
sequence are focused identically and uniformly, has been investigated in this paper by numerical simulation by 2.5D code LCODE.
Mechanism of this identical and uniform focusing involves the use of wave-length A, which coinciding with double longitudinal
dimension of bunches A=2Aw, the first bunch current is in two times smaller than the current of the following bunches of sequence
and the distance between bunches equals to one and a half of wavelength 1.5A. We numerically simulate the self-consistent radial
dynamics of lengthy positron bunches in homogeneous plasma. In simulation we use the hydrodynamic description of plasma. In
other words the plasma is considered to be cold electron liquid, and positron bunches are aggregate of macroparticles. Positron
bunches are considered to be homogeneous cylinders in the longitudinal direction. Positrons in bunches are distributed in radial
direction according to Gaussian distribution. It is shown that in this case only first bunch is in the finite longitudinal electrical
wakefield E-#0. Other bunches are in zero longitudinal electrical wakefield E.=0. Between bunches of this sequence longitudinal
electrical wakefield and radial force are not zero E.#0, F:#0. The focusing radial force in regions, occupied by bunches, is constant
along each bunch Fr=const. Between bunches the radial force is inhomogeneous Fr#const. All positron bunches of sequence are
focused identically and uniformly.

KEYWORDS: clectron bunch focusing, positron bunch focusing, plasma wakefield lens, particle acceleration, numerical
simulation.

Plasma-based accelerators sustain accelerating gradients which are several orders greater than obtained in
conventional accelerators [1-3]. Accelerating wakefield can be excited by single electron bunch [4, 5]. As plasma is
inhomogeneous and nonstationary it is difficult to excite wakefield resonantly by a long sequence of electron bunches
[6, 7], to focus sequence [8-12], to prepare sequence from long beam [13-15] and to provide large transformer ratio
[16-22]. In [7] the mechanism has been found and in [23-26] investigated of resonant plasma wakefield excitation by a
nonresonant sequence of short electron bunches.

Focusing of electron and positron beams by wakefield, excited in plasma, in electron-positron collider is very
important [8-10, 27-30]. The focusing mechanism in the plasma, in which all electron bunches of a sequence are
focused identically, has been proposed in [8-10]. However, investigations show that in a strongly nonlinear regime the
value and spatial distribution of wakefield, excited by sequence of positron bunches, are different in comparison with
the value and spatial distribution of wakefield, excited by sequence of electron bunches. Therefore this lens for
relativistic positron bunches is researched in this paper by numerical simulation by 2.5D code LCODE [31]. Code
LCODE treats plasma as a cold electron fluid and the bunches as ensembles of macro-particles. Electron beam is
represented by a sequence of 4 and 10 electron bunches.

The article deals only with the focusing process. This regime can take place in the following cases:

-before the meeting point of colliding beams;

- during beam transport;

-in conditions with spatially separated processes of acceleration and focusing.

We use the cylindrical coordinate system (7, z) and plot wakefields, plasma and beam densities at some z as
functions of the dimensionless value £=(z-Vt), Vb is the velocity of bunches.

Wakefield is normalized on Eq=cmm,/e, where m is the electron mass, e is the elementary charge, c is the speed of
light, and @,=(4mnee?/m)"? is the plasma frequency. Time t is normalized on w,."', longitudinal momentum of bunches
P, — on mey, radius of bunches on ¢/, beam current I, — on mc*/e, emittance of bunches © - on ¢*®,; plasma electron
density n. and bunch density n, are normalized on unperturbed plasma electron density no, radial r and longitudinal z
coordinates - on c/wy.

All bunches of sequence are focused identically and uniformly. By code LCODE we simulate the behavior of
positron bunches of finite dimension in uniform plasma. The code simulate plasma electrons, using the hydrodynamic

© Vasyl Maslov, Denys Bondar, Iryna Levchuk, Sofiia Nikonova, Ivan Onishchenko, 2019
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equations. In other words the plasma electrons are considered to be cold electron liquid, and bunches are aggregate of
macroparticles.

Aim of paper is to show that all relativistic positron bunches of sequence can be focused identically and uniformly
and to derive conditions for achievement of identical and uniform focusing of relativistic positron bunches of sequence.

RESULTS OF SIMULATION
Let us study focusing of positron bunches of sequence by wave, which wave-length coinciding with double
longitudinal dimension of bunches. This case is interesting, since at growth of bunch longitudinal dimension at fixed its
current the amplitude of wakefield reaches highest value at A=2A,. We apply the first bunch current is in two times
smaller than the current of the following bunches of sequence [,=1/2, I;=I, i=2, 3, 4 ..., spatial dimension from one
bunch to another coincides with 1.5A, A is used wave-length of wakefield. In this case the distribution of excited
longitudinal wakefield E,, radial wake force F; and magnetic field He are of the form, shown in Fig. 1 for four bunches.
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Fig. 1. Off-axis longitudinal wakefield E: (- - -), off-axis radial wake force F: (----)=E:-VpHe/c and off-axis magnetic field He (*****)
for z=3, yv=5, [=0.3x1073, 1=0.1, v is the relativistic factor of bunches, I is the maximal beam current. E., Fr, He have been
calculated for radius r=rp

In Fig. 1 one can see positions of bunches by positions He, because magnetic field is created by beam current. From
Fig. 1 it is evidently, that first bunch is in E#0 and it excites wakefield. All following bunches are in E,=0 and they do
not excite wakefield. Hence wakefield does not change from one bunch to another. However the sequence is focused
since amplitude of transversal wake force is finite F,#0 in areas of bunches.

It is necessary to list the distinctive characteristics of the lens of this mechanism:

1) radial wake force F; does not approximately depend on coordinate in regions, occupied by bunches (with the
exception of first bunch), Fi~const, i.e. lengthy bunches are focused identically;
2) only first bunch is decelerated;

3) identical focusing force effects on all bunches (with the exception of first bunch);
4) longitudinal wakefield equal zero E,=0 in regions, occupied by bunches (with the exception of first bunch).
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Fig. 2. On-axis plasma electron density ne (""" ) in wakefield, emittance of bunches & (------ ), on-axis longitudinal wakefield E: (- -
-) and <E;>=[dr r E.nv/[dr 1 (------ ) coupling rate of bunch with wakefield E, for z=3, yv=5, [,=0.3x1073, 1,=0.1

Such ideal focusing (Fig. 3) is realized due to formation of flat elevations of plasma electron density n. in areas of
bunches (Fig. 2). These flat elevations compensate charges of bunches but magnetic field of current of bunches focuses
them. In first bunch area (Fig. 2), the excited elevation of plasma electron density n. is not uniform. As a result first
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bunch nonuniform focusing is developed (Fig. 3). It is evidently from Fig. 2 that perturbation of density of plasma
electrons n. is periodic but non-sinusoidal: long elevations of n. (as opposed to area of first bunch) are alternated by
short decreases of n.. The bunches are located in the regions of the elevations of ne.

1
) i i i
0 : : : —
0 10 20 £ 30 40

Fig. 3. The spatial (r, &) distribution of electron density n» of bunches before focusing (near the boundary of beam injection,
z=3) and after focusing (into the plasma on the distance z=20 from the boundary of beam injection) for yv=5, Iv=0.3x1073, 1,=0.1.
Black corresponds to the maximum density, and gray— to zero

In linear approximation relation E,~0,E, for transversal and longitudinal wakefields is known. But in our case it is
erroneous (One can see Fig. 1). It is obviously from Figs. 1-2 that positive and negative perturbations of E, are
alternated, compensating each other. The latter leads to observed fact that along the final areas of dimension A/2 of
positions of bunches the longitudinal wakefield E, is compensated. But in these areas of positions of bunches the
transversal force F; is finite F,#0.

Fig. 4. The spatial distribution of electron density n» of ten bunches before focusing for z=3, y,=1000, 1,=0.3x10", r,=0.1. Black
corresponds to the maximum density, and gray — to zero

Fig. 5. Plasma electron density ne in wakefield, excited by ten bunches for z=3, ys=1000, [,=0.3x103, 1,=0.1
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Fig. 6. Change of longitudinal momentum of bunches P, at wakefield excitation for z=80, y=1000, [,=0.3x103, 1,=0.1, p~=P.-1

Let us show that similar behavior and dependencies are observed for another number of bunches. In particular, we
simulate the case of ten bunches (one can see Fig. 4). Similar to the case of four bunches, the first bunch current is in
two times smaller than the current of the following bunches of sequence 1,=1/2, I;=I, i=2, 3, 4 ..., spatial dimension
from one bunch to another coincides with 1.5A. One can see the plasma electron density n. perturbation, excited
longitudinal wakefield E,, radial wake force F,, magnetic field He, average wakefield <E,>, momentum of bunches P, in
Figs. 4-8. One can see that behavior and dependencies are identical to the case of four bunches. Namely, Fig. 7
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demonstrates that in the case of ten bunches also <E,> for only bunch on front of sequence is finite and hence only
bunch on front of sequence is decelerated (Fig. 6).
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Fig. 7. On-axis plasma electron density ne (==---- , emittance of bunches ¢ (=" , on-axis longitudinal wakefield E (- - -) and
g p y g

<Ez> (------) coupling rate of bunch with wakefield E; for z=3, yv=1000, [,=0.3x1073, r,=0.1
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Fig. 8. Off-axis longitudinal wakefield E: (- - -), off-axis radial wake force F: (----) and off-axis magnetic field He (*****) for z=3,
y=1000, I,=0.3x10, 1,=0.1. E., Fr, Ho have been calculated for radius r=rs

Again one can see (Fig. 8) that only 1-st bunch is in finite E;#0. Other bunches are in zero longitudinal electrical
wakefield E,~0. Radial wake force F; in regions, occupied by bunches, is finite (Fig. 8).

CONCLUSION

It has been shown that in considered conditions all relativistic positron bunches unlike a bunch at the front of
sequence are focused equally and homogeneously (Fig. 3) similar to electron bunches. For this it is necessary that
wave-length coinciding with double longitudinal dimension of bunches, the first bunch current is in two times smaller
than the current of the following bunches of sequence, spatial dimension from one bunch to another coincides with
1.5A. From results of simulations one can conclude that only bunch on the front of sequence interacts with wakefield.
All next bunches are in areas, where longitudinal wakefield equals zero. Therefor only bunch on the front of sequence
excites wakefield. The next bunches do not excite wakefield. Hence value of wakefield does not increase along
sequence. Transversal force in areas of bunches is the same and homogeneous along bunches.
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OJHOPIJHE ®OKYCYBAHHS NOCJIIJOBHOCTI PEJATUBICTCBKUX MO3UTPOHHUX 3I'YCTKIB VY IIITA3MI
B.I. Macaos, [1.C. Bouaaps, LII. Jlepuyk, C.A. HikonoBa, .M. OHuIIIEHKO
! Hayionanonuti Haykoeuti Llenmp «Xapxiecokuii ¢izuxo-mexuiunuti incmumymy
61108, Xapxie,eyn. Akademiuna, 1
2 Xapxiscokuil nayionanonuti ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vrpaina

[Tna3moBi nmpuckoproBadi 3a0e3MeuyIoTh MPUCKOPIOIOYH OIS, SIKi Ha KilbKa ITOPSIKIB OLIbIIe, HIK Y 3BUYaiHUX IMPHCKOpIoBayax. B
CNICKTPOH-TIO3UTPOHHKUX KOJUIaiiiepax Iy’ke BaxiuBe (OKyCyBaHHS CJICKTPOHHUX 1 IIO3UTPOHHHMX IIy4yKiB 3a OMOMOTOIO
KIUJIbBaTEPHOTO MOJIs, 30y/IKEHOro B riasmi. MexaHi3m (GoKyCyBaHHS B IUIa3Mi, IPU SKOMY BCI €IEKTPOHHI 3TYCTKH MOCTiZOBHOCTI
(OKYCYIOThCS OHAKOBO, OyB 3ampoOIOHOBaHW aBTOpaMH paHimie. MexaHi3M (DOKYCYBaHHS MOCHTIOBHOCTI PEISTHBICTCHKHUX
MO3UTPOHHUX 3TYCTKIB B IUIa3Mi, NpH SIKOMY BCi NO3MTPOHHI 3TYCTKH IIOCITIJJOBHOCTI (POKYCYIOTHCS OIHAKOBO 1 OIHOpIiJHE,
JOCHIKY€ETHCS B JaHIl poOOTi IIISIXOM YHCIOBOTO MOJIENFOBAaHHA 3 BUKopucTaHHaM 2.5D xoxy LCODE. V miii cxemi GpokycyBaHHS
HEeOoOXiHO, MI00 JOBXHHA KOXKHOTO 3TYCTKY JOPIBHIOBala MOJOBHHI JAOBXHHH XBWII E=A/2, 3apsil MEPLIOTO 3TYCTKY IOPiBHIOE
TIOJIOBHHI 3apsiy IHIIMX 3TYCTKIB MOCIIZIOBHOCTI, @ BiICTAHb MiX 3I'YCTKaMH JOPIBHIOE IiBTOPH NOBXHUHU XBHIi 1.5A. YucnoBum
MOJIETIOBAHHSAM JIOCHIIKYETBCSI CaMOY3ro/DKeHa pajiajbHa JAWHAMIKa JIOBTUX 3TYCTKIB ITO3UTPOHIB B OJHOpPimHINA rmasmi. [pm
MOJIC/IIOBaHHI MM BHKOPHCTOBYEMO TiAPOJMHAMIYHMH ONMKMC IUIa3MH. [HIIMMH CJIOBaMH, IUIa3Ma BBAaXAEThCSA XOJOIHOIO
eJICKTPOHHOIO PiZINHOIO, @ MO3UTPOHHI 3TYCTKH SIBIAIOTH COOOI0 CYKYNHICTh MaKpOYaCTHHOK. 3TYCTKU MO3UTPOHIB PO3IIISAIA0THCS
OJTHOPITHMMH B MO3JJOBXHHOMY HANpSMKY LUTIHApaMU. [103UTPOHU B 3TyCTKaxX pO3MOAIISIOTHCS B palialIbLHOMY HANpsIMKY 3TiTHO
raycciBcbkoMy posmofiny. ITokasaHo, o B I[bOMY BHUIIAQAKY TUIBKH MEPIINH 3TYCTOK 3HAXOAUTHCS B KIiHIIEBOMY IO3[JOBXXHBOMY
enextpuyHomy noni E;#0. Pemra 3rycTkiB 3HaXOAWUTHCS B HYJHOBOMY IO30BXXHBEOMY €JIEKTPHYHOMY KiigbBaTepHOMy mouti E,=0.
Misk 3rycTKaMu Li€i MOCIiIOBHOCTI T03/I0BXHE EIEKTPHYHE KiTbBATEPHUX TI0JIE 1 pajiajibHa cuiia He JopiBHIOI0Th Hymo E.#0, Fi0.
doxkycyroua pagiajgbHa CHIa B 00JIACTAX, 3aHATUX 3TYCTKaMH, € MOCTIHHOIO y3OBXK KOXKHOTO 3rycTKy Frconst. Mixk 3rycTkamu
panianbHa cuiia HeoaHOpiAHA. Bei HO3UTPOHHI 3TYCTKH MOCTiJOBHOCTI (OKYCYIOTHCS OTHAKOBO i OXHOPIJHO.

KJIIOUYOBI CJIOBA: ¢okycyBaHHS 3TyCTKIB €JIEKTPOHIB, (pOKyCyBaHHS 3IyCTKIB IIO3HTPOHIB, IIa3MOBa KilbBaTepHa JIiH3a,
MPUCKOPEHHS YaCTHHOK, YHCEbHE MOJICTIOBaHHS.
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OJHOPOAHAS ®OKYCHUPOBKA IHEITOYKH PEJIATUBUCTCKHUX ITO3UTPOHHBIX CI'YCTKOB B IIVIA3BME
B.A. Macaos, 1.C. bounaps, UL.IIL. JleBuyk, C.A. HukonoBa, U.H. OHuienko
! Hayuonanvuoiii Hayunwiii Lenmp «Xapbko6ckutl pusuko-mexHudeckuti uHCmuntymy
61108, Xapwvkos, yn. Akademuueckas, 1
2 Xapvkoseckuii nayuonanvwiii yuueepcumem umenu B.H. Kapasuna
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[Ina3meHHbIe yCKOpUTENH OOECHEeYMBAIOT YCKOPSIOMIME IO, KOTOphIe HAa HECKOIBKO MOPSAAKOB OOIbIIe, YeM y OOBIYHBIX
ycKkopuTenei. B 3IeKTpOH-NO3UTPOHHBIX KONJIaiiiepax O4YeHb BaXKHA (POKYCHPOBKA 3JIEKTPOHHBIX M IMO3UTPOHHBIX ITyYKOB C
TIOMOIIBIO KMJIBBATEPHOTO TOJIS, BO30YKAEHHOIO B I1a3Me. MexaHu3M (OKyCHPOBKH B IIa3Me, IPH KOTOPOM BCE DIICKTPOHHBIE
CTYCTKH TIIOCIIENOBATEIBHOCTH (OKYCHUPYIOTCS OJMHAKOBO, OBLT TpPEMJIOKSH aBTOpaMH paHee. MexaHM3M (OKYCHPOBKH
MIOCJICIOBATEIbHOCTH  PEATHUBUCTCKUX IIO3UTPOHHBIX CTYCTKOB B IUIa3Me, MpPH KOTOPOM BCE IIO3UTPOHHBIE CryCTKH
IIOCJIEZI0BATEILHOCTU (POKYCUPYIOTCS OIMHAKOBO U OJHOPOJHO, UCCIIELYEeTCs B JAHHOH paboTe IyTeM YMCICHHOTO MOJCIUPOBAHUS
¢ ucnonp3oBanueM 2.5D xoma LCODE. B astoii cxeme (OKyCHPOBKHM HEOOXOAMMO, YTOOBI JJIMHA Ka)XIOr0 CryCTKa ObUla paBHA
TIOJIOBHHE JUIMHBI BOJHBI &=MA/2, 3aps] MEepBOTO CTYCTKa paBeH IOJOBHHE 3apsia OCTAJBHBIX CTYCTKOB IIOCIIEIOBATEIBHOCTH, a
pacCTOSIHHE MEXAy CryCTKaMH paBHO IIONyTOpa MIMHBI BONHBL 1.5A. UHCIEHHBIM MOJEIHMPOBAHUEM HCCIEIyeTCs
€aMOCOTJIaCOBaHHAs pajuaibHasl AWHAMHKA JUTHHHBIX CTYCTKOB IO3UTPOHOB B OJHOPOAHOM miasme. Ilpu MomennpoBaHMU MBI
HCIOJB3YyeM THIPOANHAMUYECKOE ONUCAHUE MJIa3Mbl. Jpyrumu cinoBaMy, IIa3Ma CYUTAETCS XOJIOAHOM JIEKTPOHHON XKUIKOCTHIO, &
TIO3UTPOHHBIE CI'yCTKH MPEJICTABIISIOT COO0H COBOKYMHOCTh MakpodacTHll. CryCTKH HO3UTPOHOB PacCMAaTPUBAIOTCS OJXHOPOJHBEIMHU
B IPOJOJHFHOM HANpaBIeHWH NWIHHApPaMHU. [I03UTPOHBI B CryCcTKax paclpemensioTcs B pPaAnaIbHOM HANpaBICHUH COTIACHO
rayccoBCKoMy pacmpenenenuo. IlokazaHo, 9To B 3TOM cIydae TOJBKO IEPBBIA CTyCTOK HAXOAUTCS B KOHEUHOM IPOAOTBHOM
anexrpudeckoM mnone Ez#0. OcranpHble CTYCTKH HAaXOIATCS B HYJIEBOM IIPOJOIBHOM 3JIEKTPUYECKOM KHibBaTepHOM mone E.~0.
Mexy cTycTKaMH 3TOi MOC/Ie10BaTENbHOCTHU MPOJOTBHOE NEKTPHUECKOE KIMIIBBATEPHOE TIOJIE U PaJNAIbHAS CUJIAa HE PABHBI HYITIO
E-#0, Fi#0. ®oxycupyromas paguaibHas CHia B 00NacTsX, 3aHATHIX CTYCTKaMHM, SIBIISICTCSI IIOCTOSHHON BIONIb Ka)KAOTO CIyCTKa
Fr#const. Mexnmy crycrkamu paguaibHasi cila HEOZHOPOIHA. Bce MO3UTPOHHBIE CTYCTKH HOCIENOBATENBFHOCTH (DOKYCHPYIOTCS
OJIMHAKOBO M OJJHOPOJHO.

KJIIOUEBBIE CJIOBA: ¢okxycupoBKa CryCTKOB 3JEKTPOHOB, (DOKYCHPOBKA CTYCTKOB MO3HUTPOHOB, IJIa3MEHHAsl KUIbBAaTepHAs
JIMH3a, YyCKOPEHHE YacTHUL, YHCICHHOE MOAEIUPOBaHHUE.
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Theoretical physics has attained stage when new methodological approaches should be taken into con-
siderations. In particular they should introduce larger discipline in theoretical speculations. In this
paper one introduces concept of cognition manifold as methodological framework for development of
description of reality by theoretical physics with the aid of theoretical speculations. One assumes that
this is a way for constructing fundamental and universal physical theories. The cognition manifold is
composed of basis which represents models of our space as a medium and fibres representing models
of processes in corresponding space. Models are based on accessible experimental results and also on
new assumptions and hypotheses obtained by theoretical speculations. In order to maintain dyscipline
in these speculations one considers status of assumptions and theories spanned on cognition manifold
as a function defined on elements of fibres. One accentuates importance of selforganizing reasoning as
more appropriate for recognition of reality in comparison with precise pure mathematical proof. One
considers also proof with respect to reality. This paper is considered as an attempt to formalization
of cognition process what is manifested by three main components: cognition manifold, status of as-
sumptions and theories and concept of selforganizing reasoning.

KEYWORDS: methodology of constructing universal physical theories, cognition manifold, formal-
ization of cognition process

1 Introduction

Contemporary theoretical physics manifests various attempts to description of reality. However, no
clear methodology for doing this is elaborated. On the one hand one applies mathematics with precise
proofs neglecting analysis to what degree this mathematics reflects reality. On the other hand one
constructs many simplified models which reflect directly experimental results.

In both cases we should not be satisfied. Mathematics is a system placed on the inside of our
brain and as such is not associated directly with reality. Simplified models which are constructed in
accordance with chosen set of experimental results lead to theories which are not universal.

We try in theoretical physics to construct fundamental and universal theory as far as it is possible.
This is so since universal theory is real success for our civilization. By means of universal theory we
can predict many phenomena as well as to develop various applications.

One suggests that theoretical physics should consider two aspects: the first one is related to correct
application of mathematics within physical theory and the second one is related to quality of fitting of
the applied mathematical theory to reality.

Various methodologies are suggested within philosophy of physics. Let us mention rejection of
theories by falsification [3]. This method is usually too radical since approximation of reality by theory
is usually not entirely perfect. Then corresponding rejection could be associated with loss of context for
further development of theoretical description. As a result of this development of theoretical physics
could be stopped.

On the other hand introduction of a paradigm [4] allows us to continue development until more
complete recognition of theory within this paradigm is obtained. Then, development of theoretical
physics is more fluent. However rejection of paradigm with time seems also be too radical since
© Jaroslaw Kaczmarek, 2019
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correctnees of approximation of reality by theories are not usually entirely investigated. Let us mention
range of validity of theory with respect to correctness of approximation of reality. This aspect is usually
not investigated. We would say that each theory which had partial success approximates reality to
some degree. Therefore such a theory should not be entirely rejected. Instead of this placement of
theory with respect to its quality should be better determined taking into account especially its range
of validity.

Let us note that fitting of theory to reality is usually estimated by accordance of theoretical results
with experimental results. However, when we come to more fundamental theories usually related to
smaller scales then conjugation of interpretation of experimental results and theory increases. We are
not able to carry our precisely experiments in small scale and related to chosen particular phenomenon.
We are usually forced to decipher obtained experimental results from more complex processes modelled
within a given theory. Thereby, accordance of theoretical results and experimental results as well as
interpretation of obtained experimental results depend on theory applied.

Let us consider an example. We observe that system of cosmological objects expands. It means
that in the past all they should be close one to another. This leads to concept of Big Bang. Something
small exploded and as a result of this we have to do with expanding system of astronomical objects.
One assumes in theories that this explosion was associated with explosion of space and corresponding
inflation associated with creation of pairs of particles and antiparticles. These particles, owing to
unknown asymmetry, create contemporary matter.

On the other hand we can assume that we can admit explosion of space in very dense matter on the
inside of giant black hole. Then we have to explain why such explosion of space could happen. This
is possible when we neglect model of point-like particle. Then annihilation of electron and positron is
associated with emission of electromagnetic radiation and also joining of components of electron and
positron what leads to explosion of space in place of annihilation. Such a model of explosion of space
and corresponding Big Bang model is based on three-positron structure of proton and is discussed in
[16]. Within this model we understand what was exploded and why.

We frequently encounter interpretation of experimental results by one chosen theory. Let us mention
that one suggests that neutrina have mass. This is interpretation obtained with the aid of the standard
model and related to experimental observation that neutrina change their type with time during their
motion. However we can admit the situation when neutrina can change their type and have mass equal
to zero when we apply the vacuum medium mechanics [17].

We see that the same experimenal results on expansion of system of astronomical objects and
evolution of type of neutrina can lead to entirely different theoretical interpretations. Therefore we
have to consider whether our methodology of modelling of reality is appropriate and whether we can
improve this methodology.

By above comments we see that theoretical speculations in relation to physical reality have too large
freedom. This is manifested by fact that considerable number of theories can leed to the same results as
experimental observations having in mind also quantitative accordance of these results with teoretical
prediction. The question is how we can reduce this excessive freedom in creation of theoretical models.

It seems that development of theoretical physics should be supported by formalization of cognition
process. This is so since theoretical physics acts on front of cognition in order to recognize reality
better. However our possibilities of recognition of reality are connected with our biology. In particular
our brain is created in order to improve our cognition. On the other hand, it is not clear to what
degree our brain is the only tool for recognition of reality by formal theories. Perhaps we are not
able to identify other kinds of perception which take part in supporting of power of our cognition.
Perhaps our emotions considered as a driven force for cognition process can be associated with not
well understood forms of perception and will be difficult to formalization within a theory.

However taking into account all possible sources of cognition we cannot accept attitude associated
with relinquishment of formalization of cognition process. This formalization should be continued as
far as it is possible and should lead to placing of other possible mechanisms of cognition more precisely.

In order to provide context for discussion of quality of description of reality by theory one discusses
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in [1], [2] ways describing how theory could appear in our world. To this end one introduces there
evolving dynamical system within which logic and mathematics could appear as a result of interactions
with external world. Important aspect of this approach is associated with interpretation of implication
as related to action of the dynamical system in environment. As a result of this one introduces the
notion ”status” of assumptions applied to construction of theory and ”status” of theory as property
which is responsible for quality of approximation of reality by this theory. Consequently the notion of
status joins our mathematics considered as internal system in our brain with external world. This in
turn allow us to estimate criteria for determination which assumptions and theories are better fitting
to reality in comparison with other ones.

Whole methodology based on formalization of cognition process was elaborated during formulation
of vacuum medium mechanics. This theory is aimed at satisfying contemporary requirements for
fundamental and universal theory. These requirements are related especially to description of dynamics
for the smallest scale applied in modelling. This in turn is of key importance for determination of
mechanisms of biological evolution or source of precission for theoretical nanotechnology.

Contemporary theories are based predominantly of geometry and symmetries and dynamics of pro-
cesses on the smallest scales are seen as secondary importance. Furtheremore scale of averaging applied
in these theories are not well formalized. As a result of this various interpretations of experimental
results are done for reality which is not seen by corresponding theories. Let us mention in this place
the Higgs particle. Existence of particle in this place is really detected. However, this elementary
particle is not observed directly. Instead of this one observes products of its decay. On the other hand
this particle is produced during collisions of protons. It means that it is created directly near particles.
However the standard model as quantum theory which replaces elementary particles by waves does
not see processes directly near particles. Therefore the standard model is not appropriate theory for
interpretation whether detected paricle is the Higgs boson with complicated functions assignet to it.

We see in this place overinterpretation obtained with the aid of the standard model. All this
justifies necessity of formalization of cognition process which should be seen as supporting construction
of fundamental and universal theories.

2 A framework for formalization of cognition process based
on dynamical systems

2.1 On emerging of mathematics within evolving dynamical systems

We discuss here some results from [1], [2] in order to provide sufficiently large context for discussion
of formalization of cognition process.

We assume that our brain and whole biological organism is a dynamical system which can evolve.
Thereby, we should look for context for discussion of quality of cognition process by theory based on
dynamical systems.

We introduce here dynamical system which can undergo evolution and is able to generate cognition
process. Let us assume namely that our dynamical system contains the following subsystems: the
neural network dynamical system (N), motor system (M), sensor system (S), environmental dynamical
system (E) and the main dynamical system (M).

All introduced subsystems interact by assumption. Source of activity follows from the main dy-
namical system. It can interact with environmental dynamical system immediately or by means of
neural network, motor and sensor systems.

We distinguish the following groups of variables of our dynamical system: xg, zn, Trr, TS, TAL-
In particular, for description of interactions we distinguish subgroups of variables which take part in
these interactions directly. They are specified within the following dynamical systems

tp = Ap(TE, TEM, TES, TEM; TME, TSE, TME) (1)
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iy = Am(Ty, TME, TMN; TEM, TNM) (2)

is = As(Zs, TsE, TSN TES, TNS) (3)

in = AN(ZN, TNM, TNS: TNM; TMN, TSN, TMN) 5 (4)

Epm = Am(TM: TME, TMN; TEM; TNM) - (5)

Particular groups of variables specify parts of subsystems interacting. We discuss the notation for
the first subsystem as example, where zp = {Zg, gy, Tps, Em}. Variables { gy, Trs, Tem}
are designed to describe interaction with other subsystems. On the other hand xy g, Tsp, TmE
represent subgroups of variables of remaining subsystems within the first one also in order to describe
corresponding interactions.

We do not specify here how such a dynamical system evolves. This is not necessary for our consider-
ations at this moment. However we accentuate this fact since it is important for future investigations
on this line as well as for further discussion. Consequently, we introduce here an abstraction level
for our considerations. Particular determination of the dynamical system could be seen as entirely
separate problem and perhaps even branch of knowledge. This could be asociated with considera-
tions related to biology. However, corresponding determination of the dynamical system can also have
entirely abstract form and can be considered within pure mathematics.

Subsystems are designed to describe particular properties of the whole system. Consequently,
the external dynamical system describes behaviour of an environment in which the sybsystem Sy =
SmUSNy USy USg acts. Driven force for such an action is generated by the subsystem Syq. It can
interact with the environment directly or realize an action by means of neural network system and
motor and sensory system.

Concept of subsystems suggest that S represents the highest level of complexity of an autonomous
system which can be interpreted as a living organism for instance. It has to survive in the environment.
Therefore this system generates an action. In particular this action is associated with an attractor
defined within the main dynamical system.

Whole system Sp = Sg U Sy U Sy USy USg is called here the total system. Then, Sg stand for
environment dynamical system and Sy is called here the autonomic dynamical system.

Introduced above dynamical system is intended to describe a kind of brain surrounded with some
functional subsystems in an abstract form. In particular, having in mind such a concept, the neural
network system is introduced.

Logic appears when we have at our disposal a system of formulas and ability to determination of
the true. In order to construct the system of formulas we have first to define terms [22].

Terms have to be considered here within the neural network system. We assume that they are
associated with action of motor and sensor systems by means of the functions mgy and wp;n. They
transform the set of variables of the sensory system Vg and motor system V), into set of variables of
the neural network system V. Thus we have gy : Vg — Vi and wpn @ Vir — V. Both functions
are determined by means of previously introduced dynamical system (1)-(5).

The set of terms induced by dynamical systems Sys, Sg is defined by

T = TFMN(VM) U WSN(VS) . (6)

The set T' contains variables associated with motor and sensor systems expressed within the neural
network system.

When we construct theory then the set of terms 7' is contained in the set of formulas F' [22].
Consequently, the question is how we define next elements of the set F. In order to do it we should
have at our disposal relations as well as possibility of taking conjunction, alternative, negation and
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implication. They should be expressed within the neural network. Therefore we should discuss a way
on which such notions could happen in the neural network.

Let us notice that conjunction, alternative and negation seem to be relatively simple in order
to express them in the neural network. The word "and” is easily understand as a primary notion.
Negation appears also in a natural way as opposition to ”satisfying a relation”. Alternative has a
similar level of complexity.

Implication seems to be more complicated and also more important for logic. Its role in proving of
the true is crucial. Furthermore, it is not evident directly how to introduce implication. In classical
logic the implication is introduced formally by assumed way of valuation. However, intuition associated
with implication suggests a causality. This in turn suggests that implication is not entirely internal
notion related to the neural network system. It should be associated with processes in the environment
induced by the dynamical system S4 in order to reflect the causality. In this case environment play
role of real world. Thereby, we should postulate a way for introduction of implication in our dynamical
system.

We admit in general evolution of introduced subsystems. In particular this is the case for the
neural network dynamical system. At this moment we do not discuss particular mechanisms of such
an evolution. We expect in general that development attained by this evolution leads to possibility of
generation of relations, formulas and methods of valuation of sentences. In particular relations could
appear as a result of action of the main dynamical system which will be discussed below.

We decide which mechanism of evolution is admitted into considerations. Thereby, we discuss then
an abstract system which could generate logic and a kind of thinking. Consequently, using such a
way of modelling we should be motivated by concepts of phenomena which we would like to obtain as
properties of our dynamical system. Let us discuss some properties related to logic which could appear
during modelling of a reality.

Let A7 be an attractor within the total system Sp defined predominantly by Sxq and let xp =
{zg, N, Ty, ©s, Tr} belongs to the set of attraction of this attractor. Then evolution of zp
represents various processes undergoing selforganization.

Let us define the external process with respect to the main dynamical system as described by

mapping eyt (z7(t)) = {zg, zN, zr, xs}(t) following from (1)-(5).

DEFINITION 2.1: Induction of an external state process with respect to the main dynamical
system by a process of the main dynamical system x(t) immersed in the total state process zp(t) is
called action of the main dynamical system.

Action is manifested by direct interaction of the main dynamical system with environment or by
induction of processes in the neural network system and by this induction of action of the motor
dynamical system in environment. In the second case we have to do with induction of a process in
environment by Sj; and next detection of changes in this environment by the sensor dynamical system.

We expect that actions of Sy are frequent sufficiently in order to provide considerable amount
of data related to properties of environment. Then, results of each action are remembered within
the neural network. When some properties of environment would happen repeatedly, then our model
having by assumption property of optimization of energy consuming should manifest more strong
remembering of effects corresponding to these properties. By this we expect generation of relations
between state of variables which are present on the input of the motor system and output of the sensor
system. Consequently we suggest generation of relations reflecting properties of the environment,
within neural network system. Such relations can be applied for extension of the set of formulas F'.

Let us introduce here implication by means of the action of the main dynamical system defined
above. Thus we obtain

(xnm) 4= (zns) (7)

where znpr, g € T and the symbol 4 = stands for operation of induction of action A of the system
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Sy by means of states W]T/[lN(.INM) and appearing of the response msy(xsy) = xng from the system
Ss. Let us note that action A has to be considered beyond the neural network dynamical system.

Let us notice that our implication is indexed by kind of action A. Therefore we have to do here
with a family of implications in fact. We can introduce more universal implication as

(xnpmy NA) = (zNns), (8)

In this case we have to do with two sentences on the left side of implication. The first one states that
rn) takes a value and the second one states that action have a determined kind. Then, implication
follows the sentence that zyg takes a determined value which can be written more formally using
sentences

(enm =a) N (A= Ag)) = (zns=1D) 9)

which is shortly written by (8).
Let us notice that we can also consider action of S which happen in neural network only. To this
end we can distinguish subsystems within Sy . Then, let

Sy = J(Snari U Sni U Snsi) U Sk (10)

7

where Sy is i-th motor subsystem within the neural network, Sy; is i-th part of the neural network
system, Syg; is ¢-th sensory subsystem within the neural network. The Sy stands for a part of the
neural network able to analyse information obtained by means of Syg; following from action within
the system Sp;. The system Sy also generates action in Sy;. Distinguishing of the subsystems enables
us to discuss realization of action of the main dynamical system which is closed within part of the
neural network.

Discussed above division of neural network into subsystems enables us to discuss implication similar
to that one given by (7) which happens on the interior of the neural network only. We can consider
the set of terms in relation to i-th subsystem by T;. We assume as previously that they are associated
with action of motor and sensor systems Syasi, Snsi by means of the functions wgy; and myn;. They
transform the set of variables of the sensory system Vg; and motor system Vjy; into set of variables Vi
of the part Sy of the neural network system. Thus we have wgn; : Vg; — Vi and myrni - Vs — V.

The set of terms induced by dynamical systems Sy, Sns; is defined by

Ti = mpni(Viri) Usni(Vsi) - (11)

The set T; contains variables associated with motor and sensor systems Sy, Sygi expressed within
the subsystem Sg.

Consequently, the implication followed by action within the neural network system can be expressed
as

(xnmi ANANN) = (ZNsi) (12)

where Anpn represents a kind of action of Sy in the Sy;.

Let us note that Sy represents a system which is able to analyse results of action and transfer of
input into Syar;. However, the action is induced in fact by the main dynamical system governing the
St

Having at our disposal action in neural network system we have also an opportunity to comparison
of the action A from (9) with an action of type Ayny created within the neural network system. Then,
a model of reality represented by Ay is produced in case when effects of both actions are the same
or similar within the neural network.

We have determined how implication appears within evolving dynamical system. By this we can
imagine how proof of a theorem could happen. However, we see also that each step of the proof is
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associated with an action of dynamical system. In case when this action happens in neural network
system we have the problem to what degree each step of the proof fits to reality. Each step is associated
with an approximation of reality. Thereby increasing of length of the proof should lower status of
formula obtained by this proof.

2.2 Consequences of dynamical system approach for estimation of status
of assumptions and theories

Having at our disposal context provided by dynamical systems as in [1], [2] we can discuss status of
assumptions in relation to formulas induced by dynamical system as well as in relation to length of
proof applied in infering on form of these assumptions. We discuss also factors which decide on status
of whole theory.

Let us discuss concisely some remarks obtained in [1] in order to illustrate how the term ”status”
can be usefull.

REMARK 2.1: Fundamental notions of theory describing reality should be related to maximum
engagement by action of the dynamical system and its sensory system in order to obtain results which
next can be interpreted as the simplest information by neural network system. Then, status of such a
fundamental notion is viewed as high.

REMARK 2.2: Status of assumptions introduced into theory by means of proofs based on ob-
served properties depends on length of the proof. The longer proof the lower status of assumption.
This status could be increased when sevaral independent proofs starting from independent facts would
lead to the same conclusion inducing just this assumption.

Above remark follows from fact that implication is considered here differently from conjunction, al-
ternative and negation. Implication is related to action of the dynamical system what shed light on
role of proof in relation to reality. The length of the proof characterizes amount of action which when
increases gradually decreases correctnees of approximation of reality. It means that recognition of
reality is then less direct.

Frequently we obtain representation of a function describing a physical phenomenon as expansion
in a series. Then, particular terms can be associated with a physical interpretation. This can be useful
for introduction of fundamental assumptions into theory. However, expansion into series depends in
general on option of a basis and this option can be in fact rather arbitrary. Therefore, physical inter-
pretation is rather risky in this case. Consequently we come to the following remark:

REMARK 2.3: Fundamental notions obtained with the aid of expansion of a function into se-
ries have low status since this expansion depends on arbitrary option of a basis. This status could
be higher in case when corresponding basis would have appropriate physical interpretation. However,
in general, infinite series should not have good physical interpretation since there is small chance to
assign appropriate interpretation to each term. Cutting of such a series to finite number of terms is
also an arbitrary option with respect to physical interpretation.

Above remark suggests that we should avoid to construct physical theory with the aid of fundamental
assumptions based on expansion of a function into a series. We have also remark related to status of
whole theory as follows:

REMARK 2.4: We would say that status of theory depends on number of assumptions applied
to construction of this theory, status of each assumption with respect to criteria discussed previously,

range of validity associated with universality of theory and with status of logic.

Above remarks are useful for constructing universal and fundamental theories of our reality by pos-
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sibility of estimation how theory fits to reality [1]. However, this methodology is not finished yet.
Further ideas are expected. In this paper one introduces concept of cognition manifold which has
several tasks. The first task is related to obtaining increasing of possibility of inference in relation to
reality by making more clear whole methodology. The second task is related to creation of possibility of
generation of context for description of reality. This context indicates how theories should evolve. Next
task is associated with form of gathering of whole information on the subject how hitherto developed
descriptions have been evolved. This task also supports development of the context.

Let us note that the term ”status” is not entirely precisely determined. This is so since it estimates
relation between internal theoretical system and external world. However we have at our disposal
internal theoretical system only. By model of interactions of dynamical system with external world
we can estimate what is better for recognition of reality. Consequently model of evolving dynamical
system interacting with an environment allows us to understand better how the cognition process is
continued. Such an understanding allows us in turn to estimate which ways of cognition are better
and which are worse. This is manifested just by the term ”status”. Thereby we should not expect very
precise definition of status. We expect rather possibility of estimation which status of assumption is
higher and which is lower by inequality relation and some ordering.

We can see that obtaining of any criterion for estimation of status is success on way towards
formalization of cognition process.

3 On inductive reasoning for theoretical descriptions of reality

Inductive reasoning is applied frequently to creation of various generalizations based on a set of exper-
imental results. This kind of reasoning is important and frequently applied in pure theoretical physics.
We would like to place this methodology within concept of cognition manifold as important method
of reasoning.

Inductive thinking in relation to theoretical description is associated usually with property con-
nected with an integer number and leads to a generalization of previous theory. Let us mention for
instance inductive thinking, frequently applied in physics, on dimension of our space.

It would be convenient to have at our disposal more formal approach to this procedure as well as
plecament of this procedure in methodology of whole description of reality.

Let ¢5, be a notion within a theory Th, which is associated with an integer number n. Then
generalization of theory Th, to theory Th,41 is associated with transformation of notion ¢y, to the
notion ¢r(,41) and next development of theory T'h,+1 which should contain ¢r(,41). However this
development of new theory is not arbitrary.

Theory Th, is usually constructed taking into account a set of experimental results. Therefore
the new theory also should be in accordance with this set of experimental results. We can express
this fact by means of a mapping Py, : Thpy1 — Thy. Mapping Pr, should express the property that
approximation of reality corresponding to processes associated with property ¢, by theory Thy,41
is sufficiently well. In other words image of mapping P, considered as a theory describes reality
sufficiently well in sector where Th,, acts satisfactorily.

Consequently, we can illustrate scheme of inductive thinking placed within methodology of gener-
ating of new theories in the following general form

n—+1

! !

Gpn — ¢I(n+1)

! !

Thy Thny1)

n

(13)
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Within above scheme horizontal arrows are associated with sequential inductive steps. Vertical arrows
are associated with assignation of notion undergoing induction for a given theory and also assignation
of number representing step of induction for notion undergoing induction.

Let us discuss some examples of inductive reasoning. We can consider ¢, = U, (X,,), where U, is
an neighbourhood of a chosen point of space X,,. Then, we can extend our theory to larger space by
adding new set ¢r(;4.1) = Un+1(Xp41). Then our space is expressed by

n+1
X=X = | Ui(Xp) (14)
i=1
and theories describing behavior of our space have the same form. It means that the mapping Py,
represents cutting of theory from the set X, 11 to the set X,,. This kind of induction could be named
transitive since definition of the mapping Pr, and construction of theory T, 1) is direct and evident.
On this way we extend our theory into whole space which has regions not attainable for us.

Another example can be associated with scale of averaging applied in modelling. Let ¢7, = d,
be a distance which determines a volume on which properties of the medium are averaged. Then
transition to next ¢r(,41) = dn+1, where dp11 < dp is not so direct as in previous case where theory
was unchanged. Within smaller scale we see new phenomena. Then, mapping Pry, : Thyy1 — Thy, can
be considered for instance as as Pr, = DR, where DR is dimensional reduction procedure considered
in [5] where multiscale modelling is discussed.

In this last case we see necessity of stopping of this inductive thinking for some n = N associated
with length dy. Indeed our notion of a distance follows from possibility of recognition of this distance
in our space by various phenomena including electromagnetic waves. The question is to what degree
our space is three-dimensional with possibility of considering a distance in this space. In other words
we have the problem how small distances we can consider at all in theoretical description.

Perhaps, for sufficiently small distances we have to activate another kind of inductive thinking. In
particular this can be dimension of space. Then, ¢, = dimX, and Py, will represent projection of
space from larger dimension space to smaller dimension space having in mind all processes expressed
in theory Thy11. Then, we expect that image of mapping Pr, should approximate processes described
by theory Th,, appropriately.

Problem of stopping of inductive thinking is important. In last two cases generated theories in
each step of inductive reasoning are not similar. Therefore such an induction is not direct. We should
analyse which notions applied in theory have inductive character.

Let us consider notion of deformation applied in continuum mechanics. We consider there deforma-
tion function x(X, t), where X is a reference configuration. When we diminish scale then we should
interpret medium together with corresponding reference configuration. We obtain relative motion of
something with respect to something else. Usually in smaller scale we will interpret and model this
background. However, when we introduce again the deformation function for this smaller scale then
we should interpret again new background for still smaller scale. Thereby, so important notion for
modelling of physical processes as deformation function provokes infinite step inductive thinking. Evi-
dently we have to pose the question how to stop such an inductive thinking. We see that some notions
are open with respect to inductive reasoning.

It seems that stopping of inductive reasoning needs deep analysis of notions which are fundamental
for this induction. Let us mention for instance ”distance” and ”direction” as fundamental for inductive
diminishing of scale. We could describe theoreticaly where from such notions appear in relation to
processes which are entangled in corresponding notions. Let us mention stright propagation of light or
motion of single elementary particles. All they are responsible for our understanding of our geometry.
Then we should organize hypotheses more fundamental than direct description of these processes and
by this estimate to what degree notions associated with our induction could be changed. This in turn
could provide premises for stopping this kind of induction.
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4 Concept of cognition manifold as theoretical environment
for evolution of universal and fundamental physical theories

By means of theoretical physics we try to introduce an universal description of reality taking into
account a set of observed properties or phenomena. We assume that this set should be large as far
as it is possible. We try to construct models describing corresponding properties and phenomena in
an unified manner. Methodology corresponding to this unified manner of description is not entirely
clear and needs development. We are forced frequently to introduce various hypotheses which perhaps
are not entirely verified by experimental results. Consequently, we would like to have at our disposal
methods of estimation to what degree such hypotheses are appropriate in this unified description.

Methods of modelling need possibility of expression of particular observed property or phenomenon
by means of theory based on a system of fundamental notions. Thereby, we should have at our
disposal sufficiently complex theoretical environment for description of mentioned above properties
and phenomena in order to express them correctly.

To this end, at first stage of our considerations, we introduce the set B = {{X,, \,}} of models
of our space, where Xp is a geometrical space composed of points and A\, = {\,;} is a set of variables
which determines fundamental states of our space considered as fields {\,;(X)}, X € X, on the domain
Xp. Consequently we use here the term ”space” in various context. This should be commented more
precisely.

We have not introduced time yet. Our variables which determine fundamental states correspond
with admissible configurations which can be attained within Xp. Consequently fundamental notion is
connected here with the change of state of our medium. Then various variables can represent changes
of various states. They can be compared. This leads to definition of time.

Time can be defined as parameter which measures relative rate for changes of one state with respect
to another one. By this we can introduce processes. Consequently time is not fundamental notion.
Time appears in this case as parameter related to rate of one process with respect to another which
can be considered as a reference process.

Time can be rescaled in theoretical considerations. The question is whether time is changed or
rate of process is changed. These problems are not equivalent. In case when we assume that time
is changed then we assume in fact that all rates of processes which can be considered as reference
processes for time measurement undergo the same change. This is very strong assumption which needs
experimental confirmation. Fulfilling of such a condition by reality seems to be rather improbable.
Therefore, it seems more reasonable to consider time classically. Change of this point of view could be
based on more carefull experiments related to rate of processes.

We consider mathematical context for modelling of various phenomena which is created in our brain.
Then we have at our disposal various mathematical objects. In particular we can consider a point of
three-dimensional space. On the other hand we consider context related to reality which is described
by a mathematical theory. In accordance with previous discussion on status of mathematical notions
and theories we see necessity of considering connections beteen reality and mathematical desciption.
We have stated there that theory approximates reality.

Let us note that point is important object for mathematics. However in reality point is nothing.
Mathematical point is applied to approximation of reality. We observe that our vacuum has various
states manifested among others by electric field for instance. Thereby our space cannot be identified
with an Euclidean three-dimensional space directly since such a space has no states. Therefore real
space has to be identified with a medium which is associated with a geometrical space.

Consequently our Euclidean three-dimensional space is considered as domain of fields in vacuum
medium and represents an element of mathematical approximation of reality considered as a medium.
Then role of single point is assigned to possibility of expression of properties of this medium within
assumed method of approximation.

Frequently, in theoretical physics one considers the problem whether our space is continuous or
discrete. This is not well posed question. The question is how we approximate our space. Our brain
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uses finite-dimensional neural network. Threfore we see better discrete objects by theory. Continuum
description is a kind of approximation of reality. In particular we should apply continuum with finite-
dimensional fields for correct approximation of reality [5], [10], where scale of averaging applied to
modelling is introduced in formal way.

In general methods of approximation are associated with formalization of scale of averaging applied
during modelling of processes. In large scale geometry is detected by our organism by determination of
direction and a distance. In smaller scale we recognize these quantities by motion of particles and also
by propagation of electromagnetic waves. Therefore we consider three-dimensional space as domain
for our medium.

The question is whether we can violate assumption on this dimension. This has been discussed
in context of inductive thinking. We should have at our disposal hypotheses creating foundations for
changing dimension of domain of vacuum medium in relation to sufficienly small scale and also mapping
Pr,, which joins the smaller scale models with larger scale models. Let us note that corresponding scale
should be smaller than particles which determine direction by their motion. This scale should be smaller
also than processes governing propagation of electromagnetic waves. However then we encounter new
problem how to measure a distance. Some attempts in this direction have been done in [9].

Let us note that understanding of empty space is much more difficult than understanding of space
considered as a medium. Therefore we have assumed that our space has to be considered as a medium.

At this moment of our considerations we do not introduce energy yet. Variables within A\, determine
all configurations of the vacuum medium and are rather of kinematical type. Energy can be expressed
by means of these variables in what follows.

Let us consider a set of phenomena observed in reality and expressed as properties ¢, k € Iy =
{1,2,..., N}. We assume that corresponding properties and phenomena are characterized by evolution
of variables A,; for a given p corresponding to p-th model. We introduce now, as a first stage, quali-
tative modelling what means that we do not determine of all constants within the model but we are
concentrated on fact that the model is able to describe qualitatively the chosen property ¢.

Let us mention for instance waving of components within vacuum medium [6], [7] or precession of
electron [8] as separate phenomena for modelling. Models of these phenomena are introduced with the
aid of accessible premises. It is difficult to determine immediately all properties of vacuum medium
responsible for so important phenomena as evolution of wave function of electron or mechanisms of
precession of electron. We try to introduce some qualitative models as first stage of description.
Thereby introduced models are considered as starting point for modification of corresponding models
as well as looking for opportunity for determination of constants of these models necessary in future
development of whole theory of interacting phenomena.

Let us consider the phenomenon considered in reality and expressed by ¢;. Then various models
which describe this phenomenon we denote by mg, ;. Consequently they are equivalent with respect to
property ¢ since they describe the same property. This can be expressed by the formula

Meyi Zp, Meyj - (15)

Then whole equivalence class of corresponding models associated with the property ¢ is denoted by
My, . Consequently we introduce the set

Mg =My, . (16)
k

The set M represents all models considered by theory for various phenomena observed. The question
is how we should tend towards universal theory with the aid of models contained within the set M.

One suggests to consider the cognition manifold as composed of the set B as basis on which
some fibres represented by elements of My are determined. To each model we can assign its status.
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Consequently, status of elements of fibres is a function which next is useful for characterization of
status of whole theory constructed.

We should have better characterization of sets My, and also B. Let us discuss structure of the set
B in more details. Let us assume that we have several concepts of our space expressed by {X’p, Apt-
To each Xp we can apply inductive generalizations having a number of steps.

Let us introduce set of multiindexes denoted by I = Ty x Tp X ... x Ir,, Tj = {1, N}, l=1,...,L,
where [ represents kind of induction applied, N; represents number of inductive step of the same [-th
kind. Particular multiindexes are denoted by I; € Ir. Thereby we have then that for each p we have
X1, {\ri}}: I € I} The multiindex {p, I;} belongs to Iz. Then our B takes the form

B = U {XPIH )‘pfz} : (17)
{p,[[}EIB

Consequently we admit several inductive steps of one kind and next several inductive steps of another
kind indexed by [ applied to one element of basis in order to generate next elements of this basis.

The aim of introducing of fibres My, is to describe processes described in elements of B taking
into account various ways of modelling of these processes. In particular we should obtain possibility
of estimation of status of introduced notions and hypotheses in models which appear in fibres.

Our models should have connections with reality. Thereby we should have at our disposal exper-
imental results. We assume that we have at our disposal the set of sentences & = {ey, ..., &, }, which
expresses just experimental results. Then, we can apply to the sentences e; inferring based on an
assumed logic. We can create by this inferring a mathematical minimal representation of phenomena
expressed with the aid of e;. It means that we introduce the most simple formulas to description of
them without any additional postulates.

Minimal mathematical representation provides a system of assumptions which have high status.
They are considered as starting point for formulation of various models of corresponding phenomena
with the aid of additional asumptions having lower status.

We construct fibre on basis B in relation to a chosen property ¢i. The fibre is indexed among
others just by ¢ and is composed of models which have gradually increasing number of assumptions
with increasing distance from basis.

We construct first the model mgy, for property ¢; with the aid of deductive skeleton expressed by
a minimal representation of ¢ interpreted within £. Within this skeleton we develop more detailed
models mg, ; by means of additional hypotheses by application of new assumptions, inductive reasoning
or abduction. We try to estimate status of introduced hypotheses which should gradually become lower
when we go away from basis along fibres.

On this level of constructing of theories we have to do with speculative thinking. Let us mention a
remark from [1] on this kind of reasoning. Let St(A;) < St(A2) means that status of assumption As
is higher than status of A;. Let us consider the following remark:

REMARK 4.1: Speculative thinking needs changing of assumptions within the same theory. We
should introduce hierarchy of assumptions by estimation of their status. Consequently, let St(A;) <
St(Az) < ... < St(An) be set of assumptions of a given theory ordered with respect to their status.
Then, we should first change assumptions of the lowest status during speculations and gradually do it
going towards the largest status assumption Ay. Consequently, Ay should be the most stable during
the speculative thinking. It means also that introduction of extra assumptions which makes construct-
ing of theory more simple is interpreted as lack of discipline. We can admit sometimes corresponding
extra assumptions. However, we should assign to them sufficiently low status.

Above remark manifests the fact that even in speculative thinking we are able to maintain a dis-
cipline and responsibility.
Let us introduce multiindex My, € My = {{Ms_1, Js}, s € N, My = J;, Jo ={q¢: q €
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{1,2,..., N} }. Consequently, we denote model my, by mge, ar,. It means that on the first level we can
introduce N; models based on minimal representation corresponding to ¢. Perhaps the number N;
should be equal to 1. This is so since perhaps minimal representation should be the only one.

Within the minimal mathematical representation we introduce additional hypotheses and assump-
tions in order to create new models indexed by mg, pr,. We do this since our theories are usually not
complete with respect to their ability to description of reality. Experimental results cannot be related
to all aspects of reality. Therefore within minimal mathematical representation which has just direct
relation to experimental results we carry out theoretical speculations which seem to have connections
with reality with some probability. We use to this end among others intuition in order to extend
context for reasoning.

As a result of this activity we obtain the relation mg, pr,_, <am Mg, m,. The relation <4y means
that the model mgy, s, is obtained directly from the model my, a7, , by adding to the last model
additional assumptions. Adding of new set of assumptions can be continued on various ways. Each
way is represented then by element of the set Js.

Let us explain this more precisely. Consequently, J; represents set of theories {Th;, i € J;} each of
them is constructed with the aid of set of assumptions T A;, i € J;. Adding new assumptions modifies
theories T'h; into Th;;, where j € Ja, which are based on set of assumptions T'A;;, i € Ji, j € J2
and so on. We asume furtheremore that no assumptions is added when 5 = 1. In other words theory
Thi11.11 is identified with Thy as well as Thy11.51 is identified with Thi11. 5 for instance. The last
step allows us application of introduced multiindexes also for not modified theories. We identify all
our models myg, p7, With such theories assuming the same method of application of indexes.

By means of the method of indexing by multiindexes M, we can characterize a group of subfi-
bres assigned to the property ¢,. We define fibre associated with ¢ as set of models Mg, pn,..n, =
{meinis s Megny.ms = N1 € Ji,...,ns € Js}. Then each subfibre is represented by set of multindexes
{n1,...,{n1,...,ns}} which in turn represents models with increasing complexity. When model for a
given n; is not modified with increasing s then we endow the same model with additional index equal
to 1. Thereby some subfibres can be indexed by multiindex contaning several numbers equal to 1. The
model Mg, ,..n, represents end of subfibre.

Consequently, the model my,,,, obtained at first stage of modelling when s = 1 has assumptions
with the highest status since they are based on minimal mathematical representation. However, this
model is usually not sufficiently complex in order to satisfy our expectations in modelling. Therefore
we create additional new assumptions. Next models are then obtained by additional assumptions based
on hypotheses, inductive thinking or abduction. Corresponding assumptions have gradually lower and
lower status with increasing of number s. However status of whole models as theories increases since
they describe reality better owing to their larger complexity

Lack of appropriate complexity in first constructed models follows from fact that assumptions
based on minimal mathematical representation indicate new ways for modelling of more complex un-
known world. Let us mention an example from [9]. Observed magnetic properties of electron discussed
there leads to introduction of variables which characterize state of deep structure of vacuum medium.
Properties associated with corresponding variables are considered just as minimal mathematical rep-
resentation. This is so since the only premises which are taken into account follow from experimental
results. We need then aditional hypotheses in order to introduce more complete description.

On basis of the minimal representation we introduce in [9] deep structure of vacuum medium with
states represented by magnetic field and two-ring field. Within this medium interacting magnetic
monopoles can be considered. In particular network of bounded monopole-antimonopole pairs creates
our space seen on more averaged level as homogeneous.

Let us assume that we have a set of properties ¢x(p, I;). We assume that the index k is related to
kind of property denoted by ¢;. Remaining indexes stand for indication of element of basis in which
the property or phenomenon is expressed. We introduce our concept of cognition manifold by the
following definition:
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DEFINITION 4.1: By cognition manifold we understand the following object

MCOGN :{ U m¢k({p,fl}Ms)7 g, S} = {Mv ga 8} ) (18)
k?{pv-[l}vMs
where S represents function which assigns status to each model.

Let us note that the function S assigns status to each model considered as a theory of a given phe-
nomenon. However we have introduced previously also status of assumptions. Status of a model m;
denoted by S(m;) depends in general on status of assumptions St(A;;) applied to formulation of this
theory. Thereby we have assumed that S(m;) = ®({St(A4;;)}), where {4;;} is set of assumptions for
i-th model.

Let us assume that we have estimated status of each model describing a given phenomenon
oe({p, Ii}) as S(mg, ((p,1,3m,))- We define cross-section within the set Mcogn as follows

C(Mcoan) = Mg, (tp.0}) * Mep((p.n}) ¢ MmazaS(me(gpnym), v Ly € Isy, - (19)
where < means operation of option of the model having the highest status within set of models placed
at the end of each subfibre. The end of subfibre means that s stands for largest number attained
during modelling. By taking the cross-section we chose one element within whole group of subfibres
indexed by M, and related to a given fibre indexed by ¢;. The option is based on estimation of status
of the model and its comparison with status of other models within group of last elements of subfibres
indexed by M, and defined by application of the relation <p. In other words we assign one, the best
model of a given phenomenon ¢, to a given fibre within our way of speculation. We do it for each
phenomenon considered during description.

The set C(Mcoan) can be decomposed into the sets

CMoeoan) = U Cpay = U {monpan} - (20)
{p.11} {p.Ii}

The set Cy,, 1,3 represents models which together describe all chosen properties of reality acssociated
with element of basis B indexed by multiindex {p, I;}. However, in order to construct model of all
considered phenomena which can interact, we should join selected models. Consequently, by theory of
reality composed of all models within Cy, 7,3 we understand

Cip.ny = {Cp.1y> IPrOCY 5 (21)
where Jproc means procedure of joining of models from Cy, 7,3. This procedure can be associated
for instance with division of space represented by vacuum medium determined in basis B into parts
V =U,, Vimn- Then joining of models can be realized by means of boundary conditions determined on
OV The procedure can be also associated with introduction of additional postulates for variables of
joined models related to energy for instance and various forms of constitutive equations.

Our method of modelling by theoretical speculations rests on modelling of separate phenomena
on speculative way and joining of corresponding models into one more universal theory. However we
do our speculations on one plane determined by basis element of cognition manifold. Procedure of
defining cross-section within cognition manifold is not simple. We have to take into account status of
speculative theories. This should be done considering many sources for estimation of this status. Let
us mention accordance with experimental results, status of mathematical theories applied, including
status of logic, and methodology of introducing of assumptions. We should admit also the case when
methods of joining of models corresponding to one element of basis can have impact on option of form
of cross-section. Several comments on this subject will be done in what follows.

Summarizing we have introduced concept of cognition manifold which provides environment for
introduction of new theories, their evolution and estimation of their relations with reality. We have
to do here with set of theories indexed by elements of basis B. The most universal and fundamental
theory have to be selected just from this set.
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5 Cognition manifold as manifestation of qualitative reasoning
towards recognition of reality

By introduction of cognition manifold we accentuate role of qualitative reasoning. We do it by con-
struction of qualitative models and corresponding equivalence classes for models describing the same
phenomenon. The question is what for such a qualitative approach to description of reality is intro-
duced.

In order to catch large set of phenomena within one theory we develop a strategy. This strategy
rests on constructing a network of fundamental notions and models which would be large sufficiently
in order to describe all phenomena. In this place we see tendency to construction of universal theory.

Evidently we are not able to carry out all experimental results in relation to whole reality. Therefore
role of hypotheses is important on our way. On the other hand we cannot develop too precise models
of particular phenomena since flexibility of modelling corresponding to larger context will be smaller.

Thereby having sufficiently large network of qualitative models we continue our strategy by going
to next step which consists in shrinking of our network. We do it by various cross-cections within
cognition manifold. Then we obtain more consistent and universal theories. When we are sufficiently
satisfied having in mind consistency of our qualitative theory we go to the next step. This step rests
on identification of constants in order to obtain fundamental and universal quantitative theory.

We would like to accentuate fact that reasoning based on qualitative properties can be entirely
precise from formal point of view. This reasoning is based on appropriate definition of corresponding
equivalence classes. These classes need not contain finished models. However, we should have evidence
that corresponding models are realizable. Then, we have not to consider too large number of details
within initial formulation of our theories. This in turn gives us opportunity for manipulation of larger
network of theoretical models for recognition of reality.

When we try to describe reality in an unified manner we encounter obstacles. One of them is
associated with very complex mathematics which represents precise reasoning with large number of
details. The second one is related to option which way of description is appropriate having in mind
considerable large number of possible descriptions and necessity of doing speculative hypotheses.

Above obstacles have opposite character. On the one hand we need precission in details. On
the other hand we would like to find optimal way in this environment by manipulation of introduced
descriptions. Therefore we are forced to find a compromise. Qualitative reasoning seems to be just
such a compromise. It provides us considerable flexibility in modelling. When we obtain satisfactory
qualitative description we can continue development of our description. We go then towards tak-
ing into account larger number of details within chosen representatives of corresponding equivalence
classes representing qualitative properties. Finally we should obtain on this way precise mathematical
description of whole reality.

Let us note that we frequently encounter in theoretical physics comments which suggest that
qualitative reasoning is a preliminary stage in construction of physical theory. This in turn means that
quantitative theory is more important as directly confirmed by experimental investigations and is seen
then as serious achievement. Perhaps we should change this point of view.

Quantitative theory can be successful in some range of validity. However some phenomena do not
exist within such a theory. It means that this theory has loss of quality in this region of description. In
other words this theory is not universal. The question is what is more important for theoretical physics
qualitative theory which describes all phenomena observed or quantitative theory which describes a
part of phenomena only. Within this work one suggests that qualitative universal theory is more
important against currently dominant point of view that quantitative theories are more important.
This is so since qualitative universal theory is appropriate stage in development of theoretical physics
leading to indeed universal theory.

Consequently qualitative reasoning can lead to preliminary stage of theoretical description. How-
ever such a reasoning can also be associated with very complex and by this advanced qualitative theory
expressed within cognition manifold for instance.
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Above discussion shows that we develop theoretical physics with the aid of mathematics. However
larger efforts are done within this methodology in order to introduce flexibility in making asumptions.
Role of this flexibility will be seen especially in next sections where proof with respect to reality is
discussed. This situation differs from traditional mathematical physics where we consider rather stable
set of assumptions. Then, in mathematical physics, we are interested in precise formulation of theory
and formulation of various theorems precisely proved.

REMARK 5.1: Formalization of cognition process changes methodological situation for mathemati-
cal physics. One shifts accent from precise mathematical reasoning by theorems towards introduction
of more flexible systems of assumptions leading in fact to larger number of theories. Then qualitative
reasoning allows us to discuss simultaneously this larger number of theories and manipulate them in
order to fit description to reality better. However finally, after stage of specualtions, we will be inter-
ested in precise mathematical formulations of various theorems within the best theory selected.

6 An example of constructing of cognition manifold

6.1 Elements of cognition manifold characterized for vacuum medium related to
scale Sy,

We discuss here a general framework for speculations within cognition manifold leading to vacuum
medium mechanics. Within this section we try to show how process of modelling based on speculations
is initiated. Considerations carried out here are related to scale of averaging Sy s smaller then size
of stable elementary particles. Therefore such particles are considered as extended particles and are
manifested by processes within vacuum medium. Then components of corresponding particles are
represented by their densities.

In order to characterize methods of speculations related to vacuum medium carried out within
cognition manifold we should introduce elements of basis of cognition manifold as first step.

Various cosmological investigations indicate that the space of the Universe is flat. Furthermore,
investigations of background radiation show existence of a resting reference frame with respect to
radiation in our space. In particular we are able to determine velocity of Earth with respect to this
reference frame. Above observations suggests that vacuum medium is similar to solids. Just such a
medium is able to maintain the reference configuration and corresponding reference frame. In case
when vacuum medium would be similar to a fluid we could expect varying physical laws going from
one point of space to another.

Our space is rather not empty. We can detect existence of electric field for instance what represents
a state of our space. This means that we have to consider our space as a medium associated with
geometrical space. Our physical laws seem to be the same in all points of space or in all neighbourhoods
of corresponding points.

Creation of electron positron pair suggests that this process is associated with separation of some
components. Possibility of annihilation of these particles supports this point of view since correspond-
ing components can also be joined again. Consequently we should assume that our space is identified
with a vacuum medium similar to solids, composed of various components which could be separated
when higher energy is provided to this medium.

Having in mind above remarks we consider our vacuum medium as similar to solids for low energy
with distinguished reference configuration corresponding to three-dimensional space E3, where we can
introduce a Cartesian coordinate system.

The vacuum medium is considered as a mixture of four components [15] joined within an elementary
unit identified at this moment with a point of space. Consequently elementary units have stable
positions within our model of vacuum medium what reflects fact that we have intention to consider



91
EEJP 22019 Jaroslaw Kaczmarek

the vacuum medium as similar to solids for low energy state.

Motivations for assuming four components follows from observation that the Maxwell equations
exhibit a symmetry with respect to electric and magnetic field. This induces considering at least two
components. However, creation of electron-positron pair indicates that a separation of components is
associated with electric field only. Therefore, two components are assigned to electric field. By analogy
to observed symmetry between electric and magnetic fields two other components are also assigned to
the magnetic field.

We have assumed here that these components constitute four-component elementary units which
create a stable medium for low energy states. In the continuum description applied here the elementary
units correspond to points of space. However, in particular cases we can also assume that elementary
units have a finite size which is more natural and convenient in our considerations.

We introduce densities which represent an amount of component related to a volume which can
be discussed owing to the introduced coordinate system. Thus, we assume that 0,, 0z, 0w, 0p and o
stand for densities of the components and the density of the united media, respectively. We have then

Ov+ 05+ 0w+ 0w =20- (22)

State of each elementary unit is described by displacements or a kind of polarization of discussed
components within units. They are represented by vectors v, v, w, w. We assume that two pairs of
the components are discriminated by special interactions. Components within each pair are able to
move with respect to each other. As a result, we can reduce in some cases the number of variables
by introducing the new ones: u = v — v and q = w — w. At this moment it is also assumed that
V=-V, W=—W.

The variables u and q are identified with the vector of the electric field intensity E and the magnetic
induction vector B, respectively. Propagation of u and q through the vacuum medium is interpreted
as electromagnetic wave.

In the paper [15] we have assumed that the medium p can be decomposed into the sum o =a +b
for higher energy, where

1
a= 0y + i(Qw + 0w) (23)
and
1
b= o5+ E(Qw + 0w) - (24)

This decomposition appears as a result of attaining by u a critical value u* characteristic for the
discussed medium.

These relations have symbolic character which accentuates that an internal structure is associated
with such a decomposition process. Symbolic character means that we are not able to interpret this
decomposion entirely. Some efforts on this way are done in next subsection where we discuss approach
to modelling related to still smaller scale.

Components a and b create medium of electron and positron respectively when they rotate. In
such a case the components are separated from the remaining part of the medium by a discontinuity
surface. Then, motion of this surface determines of motion of electron or positron.

Deformation of the whole g-medium is also considered. We describe this deformation by means of
variable h.

We also admit rotation of a part of the p-medium separated by a discontinuity surface from remain-
ing part of stable p-medium. Such a state is identified with neutrino and motion of the discontinuity
surface describes motion of the neutrino.

We have discussed concisely some assumptions related to vacuum medium what allows us to charac-
terize states of this medium. Consequently we are able to characterize an element of basis of cognition

manifold B = {B,} = {{X,, \p}}-
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We can consider several elements of basis at this stage of considerations. Option of variant will
depend on further steps of development of description of processes.

Let us introduce first element of basis B;. We have introduced four-component vacuum medium
similar to solids with geometry expressed by X, = E3 and states \; = {a, b, 0, u, q}.

When we take into account gravitation then we should consider various additional variants. They
can be associated with existence of fifth component of vacuum medium or additional state of four-
component vacuum medium. Then By can be extended from B; by adding new component and also by
adding new state corresponding to displacement h. We can also consider new state corresponding to
displacement h without assumption on existence of aditional component. Then h is interpreted within
existing components what leads to element Bg of basis of cognition manifold.

We see that various elements of basis can be determined at the same scale of averaging related to
description of vacuum medium. More precise option of elements of basis should be carried out during
modelling of processes.

We have introduced several elements of basis of cognition manifold. Next step consists in determi-
nation of fibres. They are based on division of space of states of vacuum medium into sectors. Let us
discuss concisely various processes in vacuum medium.

We assume that each component g,, 03, 0w, 0w considered separately attracts its own elements.
Components a and b have the same property. Attraction between various kinds of components takes
place for sufficiently small energy what leads to formation of the elementary units. Components a
and b after separation also exhibit attraction which can lead, for some conditions, to recovering of the
elementary units and thereby the four-component vacuum medium structure.

We could consider several energetic levels with different kinematics. The lowest energy is connected
with displacements u and q only, which are considered as small. Higher energy levels are associated
with elementary particles. Consequently, electron and positron are viewed as rotating a and b-media
separated from o by a discontinuity surface. Interactions between particles and electromagnetic field
are determined with the help of boundary conditions given on the discontinuity surface.

One also admits coexistence of components a, b and p in the same point of space. Such a state is
considered as a nonequilibrium state of the vacuum medium and has to relax to a lower energy level.
In particular when electron moves then motion of the separation surface is associated with production
of an excess of b before the particle and transfering of a into the particle as well as stopping part of a
behind the electron. This induces just nonequilibrium distribution of components around the particle.
Consequently {a, b, 0}(X) associated with moving particle is interpreted as the wave function.

Fibres of cognition manifold contain models related to distinguished processes denoted by ¢. Let
us note that we use the term processes. It means that time is introduced into considerations. This
is done in way discussed in section where the cognition manifold is introduced and time is defined.
Thereby within fibres we use all notions admissible for creation of theory since fibres are composed of
models. In particular energy conservation law can be formulated and introduced in context of states
corresponding to basis and defined next processes.

Let ¢1 be related to low energy processes without any separation of components. Then states are
considered as {u, q} and lead to description of electromagnetic waves and static fields.

When we admit separation of components then ¢9 can be associated with dynamics of separated
component a for instance. However dynamics can be associated with relaxation of this excessive
amount of component or with integration of it into electron. Then ¢2 could be divided and replaced
by ¢2 and ¢3. Then ¢3 represents states corresponding to internal dynamics of components within
electron.

Let us mention that stable vacuum medium can be forced into rotation. Such a process can lead
to creation of neutrino. Then ¢4 can be associated with state of vacuum medium corresponding to
relative displacements of one part of p-medium with respect to another and dynamics of a slip on
discontinuity surface. Let us mention that we have to do here with additional variables corresponding
to displacemens. This suggests in turn that we have to do with next element of basis of cognition
manifold.



93
EEJP 22019 Jaroslaw Kaczmarek

We have shown above methods of option of fibres. Development of fibres is associated with creation
of additional assumptions and models corresponding to various ¢g.

Whole theory of vacuum medium should consider a set of ¢ which represents all admissible states
and processes within this medium. Let us note that assumptions related to form of energy conservation
law for instance appear just during constructing fibres. In this place various forms of consitutive
equations can be considered.

Let us discuss several examples from literature which can be represented by various ¢y. In [18] we
consider behavior of static electric field in vicinity of electron considered as extended particle. One
shows that such a field should be flat in some region and should take form of Coulomb field at larger
distances from electron. In [8] one consideres model of precssion of electron with dominant mechanisms
called there surface superfluidity property expressed by properties of the vacuum medium. Waving
associated with nonequilibrium distribution of components within stable vacuum medium is discussed
in [6]. Models of neutrina and their interactions are discussed in [17]. Processes on the inside of black
holes are discussed in [16].

All above models discussed in literature and considered separately can be seen as interesting con-
cepts having perhaps not too much with reality common. In traditional approach physicists should
expect necessity of experimental confirmation of such hypotheses. However when we consider all above
examples within methodology manifested by the cognition manifold then all they appear as consistent
action towards recognition of reality. In case when we introduce estimation of stataus of assumptions
and theories then such speculations are joined with a reality not necessarily by experimental observa-
tions. Furtheremore such speculations can lead to seeing of entirely new reality within well known set
of experimental results which is at disposal of physics.

Let us mention surface superfluidity property [8] as property of vacuum medium responsible for
precession of electron. We assume that volume of component a in electron is considerably smaller
than the same amount of a in p. This is property with high status. Then interactions between a
and a from ¢ have nonhomogeneous character owing to transition of attractive interactions through
the discontinuity surface. Then we can expect dynamics leading to stationarization of corresponding
interactions generating tangent to the surface forces. This in turn should be manifested by evolution
of motion of a towards a constant slip velocity on border between a and p. Status of such a point of
view is relatively high owing to direct reasoning. This means that concept of surface fluidity property
is justified even in case when we are not able to carry out experimental investigations.

Interpretations leading to description of entirely new reality happen just in development of vacuum
medium mechanics. Within existing set of experimental results vacuum medium mechanics sees that
proton is composed of three positrons [19], [9]. Neutrina can create unstable bounded states with
charged particles [17]. All this leads to entirely new classification of elementary particles [9]. There are
no quarks. Boson Z is not carrier of electroweak interactions in direct interactions between electron
and neutrino. Big Bang model is considered as explosion of space on the inside of giant black hole [16]
and leads to processes which are in accordance with astrophysical observations.

Estimation of status of various assumptions applied will be considered in discussion related to
proofs with respect of reality in what follows.

6.2 Elements of cognition manifold characterized for vacuum medium related to
scale SDVM < SVM

Various considerations related to dynamics of processes, especially related to biology, suggest that
dynamics of wave function is of key importance for selforganization process [11], [10], [7]. Thereby
dynamics of this function can be associated with driven force for biological evolution. Within vac-
uum medium model related to scale Sy wave function is represented by {a, b, 0}(X). Thereby
understanding of physics of components in more detail seems to be important task.

In order to do it we should carry out inductive step to scale Spyar < Sya- Then we can have a
hope to see structure of the wave function. We should look for premises for modelling of processes in
so small scale.
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Let us note that electron is considered as electric monopole since it generates electric field perpen-
dicular to its surface. On the other hand we do not observe magnetic monopoles. However electron
has magnetic properties. The question is where from such properties follow. We can introduce con-
cept that magnetic monopoles are on the inside of electron and therefore they are responsible for its
magnetic properties. However then electron should generate magnetic field in perpendicular to its
surface direction. Such a point of view suggests that an anisotropy in vacuum medium could happen.
Such anisotropy should be caused by states of vacuum medium related to additional components in
comparison with introduced previously magnetic ones in structure of vacuum medium. Consequently
we have to do here with reasoning related to smaller scale than Sy s since we try to see elements of
vacuum medium within component a and also new components related to smaller scale and responsible
for mentioned anisotropy.

By means of above reasoning we obtain a premise for assumption that perhaps electron is composed
of magnetic monopoles as main elements of component a. Positron could be composed of antimonopoles
as main elements of component b. Then stable vacuum medium should be composed of network of
systems composed of monopole and antimonopole in bounded state. Consequently network of such
systems has structure similar to solids. However we have to introduce description which ensures that
propagation of external magnetic field from monopole is not continued in perpendicular to its surface
direction. This is necessary since electron has not magnetic field with components perpendicular to
its surface direction.

Mnopole-antimonopole system moving approximately on a sphere without any polarization would
be considered as an atom of p-medium. Polarization of their motion on the sphere would lead to electric
field. The polarization can be manifested by motion of monopoles around poles of sphere determined
by an axis represented direction of electric field. Such an interpretation of electric field is justified by
fact that electric field is associated with separation of components. Consequently, sufficiently strong
polarization of monopole-antimonopole system leads to separation of them and providing monopole
to electron in case of its motion. Thereby within deep structure of vacuum medium related to scale
Spv i electric field is not defined between monopoles.

Various concepts of state of deep structure of vacuum medium leading to creation of monopole are
admissible. Let us assume that our monopole is produced as a result of separation of components oy
and gw owing to incresing of magnetic field w and w from

Oq = Ow + ow (25)

considered as a part of the whole vacuum medium representing the background neglecting at this
moment additional components. Background vacuum medium is understood here as vacuum medium
without any monopoles.

We assume that the monopole is created after separation of its component and undergoes rotation
taking shape similar to a sphere. This happens owing to nonlocal attracting forces within each com-
ponent of the medium and forces which act on the surface of particle. This happens in similar way as
for electron but forces considered here can have another character.

Consequently, we consider a monopole composed of gy separated from pq by a discontinuity surface
Sw. Then, motion of this surface corresponds to motion of the monopole.

The surface Sy, is considered as a discontinuity surface for various fields describing state of the
medium. In particular densities of components are changing on Sy, in a discontinuous way. Thereby,
in order to analyze motion of our particle we should consider various balance equations taking into
account discontinuity surface within assumed continuum description.

In order to prevent efficient propagation of magnetic field in perpendicular direction to surface of
monopole we assume that additional components take part in near-to-surface of monopole processes.
Such processes govern motion of surfaces of monopoles and propagation of magnetic field. Manifesta-
tion of the additional components is realized by the two-ring field.

We have discussed above some aspects of existence of magnetic components only. However we have
postulated existence of components responsible for anisotropy of magnetic field near monopole. Let us
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denote them by ¢y and c. Two additional components are introduced since we accept symmetry re-
lated to behavior of monopoles and antimonopoles. We should characterize states of these components
which should lead to discussed previously anisotropy.

Let us introduce the vector n, which can be interpreted as normal to surface of monopole. This
vector determines plane tangent to surface of monopole. On this surface the two rings appear. On
the other hand we consider each ring of the two-ring field as having radius denoted by 7. and 7;
correspondingly. We introduce the variable n as follows

my, = (Ne — 1;)Ny. (26)

Motivation for introduction of the two ring field are as folows: (a) the fact that the variable n
should have opposite sign on surfaces of opposite monopoles what leads to two rings and (b) the fact
that propagation of magnetic field in tangent to the surface of monopole direction should differ from
propagation in normal to the surface direction which discriminates tangent plane. Thereby variables
ne and 7; are interpreted as states related to components ¢y, and cw correspondingly.

The property (a) is introduced in order to obtain possibility of modelling of explosion of space after
creation of bounded state of monopoles based on repulsion following from properties of the two-ring
field. Then after separation of components volume of dense component a in electron is considerably
smaller than volume of network of bounded monopole and antimonopole systems with the same amount
of a. Then component a within electron is considered as dense fluid composed of the same type of
monopoles. For more detailed discussion see [9].

Let us note that variables in (26) are introduced as a minimal mathematical representation of
properties (a) and (b). It means that existence of corresponding fields has relatively high status. This
is so since properties (a) and (b) are closely related to observed properties and minimal mathematical
representation, in similar way as in Remark 2.1, introduces the simplest relation without any additional
assumptions. Consequently variables introduced by (26) are apropriate starting point for further
speculations.

Having at our disposal description of states of vacuum medium related to scale Spy s we can
characterize an element of basis of cognition manifold Bpyy = {Bpyvmp} = {{f( DV Mp, ADVMp}}-

We have that element Bpy s is characterized by )~(1 = FE? as medium corresponding to space
between monopoles. States of such a medium can be represented by Apy i = {w, w, n}.

Element Bpy s is seen as the simples one. It seems that Bpy o should be related to Apy s =
{w, W, ne, m;, £}, where £ represents groups of variables which characterizes state of components ¢y
and cw.

Let us note that we have to distinguish four-component deep structur of vacuum medium. This is
obtained by means of premises elaborated and expressed within minimal mathematical representation
from (26). One suggests furtheremore that components ¢y, and cw are responsible for solids like
structure of vacuum medium in small scale to largest degree. Thereby our speculations subordinated
to a discipline following from cognition manifold methodology lead in fact to a discovery. This discovery
has rather low status however allows us to continue cognition process.

On the other hand we encounter necessity of stopping of inductive reasoning. In case when
monopoles appear as a result of separation of components from pq and corresponding rotation we
have to do with relative motion and perhaps necessity of considering new background vacuum medium
related to smaller scale than Spy .

In order to stop this process of inductive decreasing of scale perhaps we could admit the case
when four components {ow, 0w Cw, Cw} create solids like structure with various polarizations or small
displacements. Then within such a medium we could admit structural phase transformations leading
to various forms of reorganization of components and interactions between them. In this place we see
role of fibres which need determination of energy for description of structural transformations perhaps
admitted in various variants.

Consequently, monopole would correspond with state obtained after exceeding of a critical value
for magnetic field. Furtheremore transition to monopole would be associated with transformations
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in components {cw, ¢w} leading to discussed previously anisotropy in neighbourhood of surface of
monopole. In this case we avoid separation of magnetic components and its motion in a background.
Thereby inductive reasoning is to some degree stopped since we do not consider new background
medium.

All this provides premises for speculations on form of elements of basis of cognition manifold related
to scale Spy s and development of new models. Let us note that owing to introduction of iductive step
towards smaller scale we have also imposed limitations on freedom in speculations by mapping Pr,. By
means of this mapping transition to scale Sy j is continued. It means that properties observed for scale
Sy y have to be expressible in scale Spyjs. Let us mention for instance modelling of electromagnetic
waves for scale Spy s and verification of such a model for scale Sy after averaging.

Let us notice that relations (23), (24) can be reinterpreted. Components g, oy represent in fact
magnetic monopoles in averaged way and therefore they are related to scale Sy ;. Components gy,
ow are related to background vacuum medium and by this to scale Spyas. However they can be
formally expressed also directly in scale Sy ;. This explains why Maxwell equations are not entirely
symmetrical with respect to electric and magnetic field.

7 Selforganizing inference as important for recognition of physical
reality towards better theory

Concept of cognition manifold expresses fact that we are frequently present in theoretical environment
generated by various hypotheses not necessarily well associated with direct experiment. Furtheremore
we should tend towards improvement of models by increasing of their status. We are accustomed to
carry out precise mathematical proofs and consider obtained consequences as appropriate for descrip-
tion of reality. This follows from our traditional interpretations of mathematics as precise tool for
reasoning. However, physical reality is approximated by precise mathematical theory only. In order
to reflect this fact status of theory as well as various assumptions are introduced. The question is how
we should follow going towards increasing of status of theory.

It seems that construction of more appropriate theory, having higher status, should be preluded
by various theories of lower status. Theories of low status are then associated with hypotheses and
their verification provides extension of context for determination of better theory. We would say that
evolution towards theory better fitting to reality Thr is seen as a selforganization process

Thy —C; Tho —Cy -+ ~7Cp_1 Thr =Thpg, (27)

where Thq is theory considered as starting point for this process. This process should be sufficiently
long in order to obtain a theory Thr as the most close to reality.

The question is what circumstances induce transition Thy, —¢, T'hi41. The answer to this question
discussed in [1] states that each step of transition to better theory is associated with context Cy which
provides premises for such a step.

Let us introduce mapping Igx : £ — M which assign interpretation of the sentence e € £ within
models contained in M. By interpretation we understand description of process within a given model
which leads to result expressed by the sentence e. Consequently, we obtain the possibility of estimation
of accordance of corresponding model with experimental observations.

We can consider the situation when Igpx(£) C M and Dpx = M — Igx(E) # 0. It means that
some models have no connection with obtained set of experimental observations.

We can identify our theory T'hy with an Cjyp 13- Then, we can identify all constants of the theory
by means of experimental results in case when Cy), 1,3 C Igpx(€). Consequently, we would say that we
can estimate status of our theory by direct identification path associated with mapping Igx. Then
development of context consists in formulation of new hypotheses which would be able to improve
accordance with experimental results on qualitative and quantitative way.
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However, we can also have to do with the case when Cjy, 1,; C Dpx. This can be the case when our
models are related to very small scale when direct experiments cannot be carried out. However, then
we can go along identification path associated with mappings Py, introduced in (13) towards regions
belonging to the set Igx(€). Then in order to make this procedure more systematic the mapping P,
should be extented to mapping ij. The mapping Py, realizes transition of a one model into larger
scale model for instance, where experimental results can be expressed. The mapping pjk should realize
transition form all models obtained in speculatve way into model where experimental results can be
attained. In other words P[k represents a family of mappings of Py, type.

Having at our disposal such mappings we can discuss incompatibility with experimental results
since they can be tranferred by means of mappings ﬁfk Linto appropriate level of modelling creating
just context Cp for our theory Thy. By this step we can analyse character of incompatibilities and
possible methods of improvement of this situation. Let us note that the mapping ij is usually not
one-to-one. Therefore ZBI_k ! can create new space for theoretical speculations.

We see in this place important role of mapping Py, . It is important to construct whole cognition
manifold in way where each element of basis B can be connected by corresponding mapping with
element where current experimental results can be interpreted.

We can summarize this situation as follows. The mapping Igx(€) provides a projection of experi-
mental results on cognition manifold. Then, theories which are placed on the outside of this projection
can be joined with experimental results by an identification path associated with appropriate mappings
within the cognition manifold. Then, confrontation of theory with experimental results by means of
these mappings extends context of this theory.

Let us comment role of context in this case. We consider various aspects of fitting of theory
to experimental results. We can analyse direct deviation of theoretical results from possible large
spectrum of experimental results. However we can discuss also quality of accordance betwen theory
and experiment. In other words we discuss whether all observed phenomena are represented within
theory. Then context is associated with all points of view on questions where from deviations could
follow or why some effects are present within theory or not. This in turn can be starting point for
creation of new hypotheses.

The context C; can be developed also by all possible ways and additional concepts relating to more
general points of views. Corresponding discussion can lead to reformulation of hypotheses which would
have at this moment higher status since they take into account additional information. All this leads
to determination of new theory Tho which is starting point for development of the context Cs.

We can also try to extend the set £ by extension of experimental investigations. However this task
becomes more and more difficult for more fine processes where experimental investigations are more
strongly conjugated with theoretical investigations. This elucidates role of mapping I x (€) which join
experimental results with currently developed models. Thereby interpretation of experimental results
depends on models introduced. This in turn can suggests new kinds of experiments.

Summarizing we see that selforganizing inference on properties of reality, manifested by starting
point theory and development of context for generation of new theory with better status, is an al-
ternative to traditional inference based on precise mathematical proof what is frequently applied in
theoretical physics. We would like to accentuate by this comment that changing of theory by in-
troduction of new assumptions perhaps, in many cases, is more appropriate than obtaining of pure
mathematical consequences with the aid of a long proof. Role of long mathematical proof in description
of reality will be discussed also in connection with proof with respect of reality in what follows.

The question is why we discuss the term ”selforganizing reasoning”. This name follows from fact
that we start from a chosen theory. Then modification of this theory towards new theory follows from
a context elaborated on various ways including estimation of status. Obtained sequence of theories
should go towards theory corresponding to the best approximation of reality. Thereby, changing of
such a final theory will be very difficult. This is a kind of a fixed point.

Cognition manifold creates a methodological environment for selforganizing reasoning towards bet-
ter recognition of reality by theory. Within this theoretical environment we can create new hypotheses
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for changing of theories, estimate accordance of theories with experimental results and estimate status
of theories which can be applied to defining a kind of distance from appropriate approximation of reality.

REMARK 7.1: We accentuate the term ”selforganizing reasoning” since we have to do here with
evolution of theories towards a theory corrsponding to a fixed point. We can consider also a kind of
distance from this fixed point and expressed with the aid of status of theory.

8 Remarks on connections between measurement theory
and creative reasoning

Mesurement theory describes our possibility in measurement of various quantities. Then, obtained re-
sults have to be interpreted with the aid of description of measurement applied. The most known result
of measurement theory within theoretical physics is represented by Heisenberg uncertainty principle.

We encounter frequently in theoretical physics very strong connection between creation of hypothe-
ses and the uncertainty principle. Frequently this principle is applied to proof of various theorems or
justification of new hypotheses. In case of uncertainty principle we manipulate various type waves
for measuremet of quantities. In other words, in theoretical physics, we have to do with constraints
imposed on thinking following from the uncertainty principle.

Let us note however that our measurement depends on current technical capabilities. On the other
hand new hypotheses can be related to reality which perhaps is not accesssible for our measuremet
directly. Perhaps our possiblities in measurement in a future can be based on entirely new phenomena
and can be much more precise. Let us mention in this case properties of neutrina described within
vacuum medium mechanics [17]. Neutrino described within vacuum medium mechanics has no wave
function. This follows from considerably larger system of fundamental notions than that one applied
to formulation of the quantum mechanics. Thereby uncertainty principle should not be taken into
account in interactions of neutrina with other elementary particles. As a result of this we come
to various conclusions on radius of various charged elementary particles when we apply scattering
experiments of these particles with neutrina or scattering with electrons for instance.

It seems that measurement theory should be devoted to description of a system of interacting
objects. One of them represents measurement apparatus which has various states and we are able to
manipulate part of these states. The second one is a system which has also various states. These states
can be measured quantitatively when both objects interact and we can decipher corresponding values
owing to description which is at our disposal.

We see in this place that our measurement depends on description of corresponding interacting
objects. We can obtain relation between various states of this system. Let it be Ry/(Z1, ..., Zn),
where Z1, ..., Zn are quantities which can be measured. The relation Rj; determines a set to which
quantities Z1, ..., Zy belong.

Let us notice that we can introduce to description of our system new quality associated with new
hypotheses where we apply quantities which cannot be measured at this moment. This can mean that
we are able to indicate a subsystem within R/(Z1, ..., Zn). However we are not able to manipulate
new introduced variables. Thereby precission of our measurement is determinad as previously by the
relation Rps(Z1, ..., Zn). Our technical possibilities are not improved. However we come to the con-
clusion that values Zi, ..., Zy which appear within the set Ry;(Z1, ..., Zn) do not take all admissible
values which are present there. It means that we cannot infer directly from measurement theory which
values can be attained by real states. Consequently we come to the following remark:

REMARK 8.1: Measurement theory should not create constraints on creation of new hypothe-
ses related to reality or in other words on our reasoning. Measuremet theory should be cosidered as
separate theory which allow us estimate to what degree we are able to measure various quantities in
relation to recognized reality. Consequently this theory can be helpful in identification of constants
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which appear in theories. However, application to inferring in direction to new description is not appro-
priate since such an inferring should not depend on our current technical capabilities for measurement.

9 Remarks on reductionism and emergence

Reductionism and emergence are notions which are frequently applied in philosophy of physics and
philosophy in general [12], [13]. In particular one estimates that contemporary theoretical physics has
success based on methodological reductionism. It means the attempt to reduce explanations to smaller
constituents and to explain phenomena completely in terms of interactions between fundamental enti-
ties [13]. Theoretical reductionism is considered within the methodological reductionism, wherein one
theory with limited predictive power can be obtained as a limiting case of another theory [13].

Emergence is understood as involving new, sometimes novel properties of a whole that are not
shared by its isolated parts [13]. Problems of emergence in physics are discussed frequently in literature.
Let us mention [14] for instance. One suggests that complexity leads sometimes to entirely new quality
which cannot be derived form more elementary level.

It seems that both reductionism and emergence are notions which are not entirely clear. It fol-
lows from fact that they are placed on border of formal cognition. Within this work we do efforts
towards formalization of cognition process as far as it would be possible. Therefore some comments
on reductionism and emergence are justified.

By this paper we promote reductionistic approach to theoretical physics including also description
of complex systems. This is manifested especially by concept of construction of fundamental theory.
We asssume namely necessity of determination of form of space considered as a medium. It means
that we wuold like to have at our disposal states of this medium expressed with the aid of variables.

Introduction of corresponding variables is associated with determination of set of fundamental
notions where we estimate status. Attaining high status of assumptions is easier in this place since
we have to do with simpler objects. Summarizing promotion of reductionism is expressed here by
starting first from determination of variables. Then, relations appear as next stage of modelling what
is manifested by notion of cognition manifold.

Emergence in this context should be understood as construction of physical theory starting from
relations at first stage, neglecting at this moment determination of precise role of corresponding vari-
ables at the fundamental level. In particular corresponding relations can use variables related to larger
scale. This approach is justified in complex systems. We observe some properties and try to describe
them directly by relations. As a result of this we obtain a theory. However this theory is usually not
fundamental. Furtheremore, we should not expect that such a theory will have sufficiently large range
of validity.

Let us note that cognition process can lead to situation when it is difficult to introduce new variables
directly on the most fundamental level. It would be the case when our modelling of reality is advanced
and new concepts are difficult to obtaining however some relations could be observed and introduced
into description as difficult to understanding. We can accept such a situation temporarily.

It seems that cognition process should be continued in spite of all towards finding fundamental
assumptions as far as it is possible and constructing of theory with the aid of these assumptions.
Perhaps we attain then new situation when we would have to do with necessity of considering very
large number of assumptions. Perhaps we would be forced in this case to decipher chaotic phenomena
for instance.

Efforts of this kind are done in [11] where the term precursor of evolutionary property is intro-
duced. The term precursor of evolutionary property means processes in molecular system, described
by fundamental laws and involved in biological evolution process, which are responsible for appearing
of this particular property when biological evolution attains an assumed level of complexity where the
property can be manifested.

Finding of precursors is task associated with creation of hypotheses related to fundamental level in
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order to modify the fundamental theory. It means that the term precursor manifests using additional
context following from more complex processes, for obtaining new premises for making assumptions.
In this case more complex processes are considered as experiments which have additional quality in
comparison with experiments related to the simplest processes.

CONCLUSION 9.1: Emergence is understood here as generation of theories by construction of
relations based on observed properties. Corresponding relations can have variables which represnt
various scale states. These states can be difficult to understanding. One suggests to consider cor-
responding relations as placed in zone represented by image of a mapping ]51,C related to a smaller
scale. Then ﬁfk ! represents area where pressure towards deciphering fundamental assumptions can
be generated. This in turn could lead to obtaining finally theoretical speculations within structure
corresponding to cognition manifold.

This kind of pressure on development of theories can create premises and hypotheses leading to perhaps
unexpected consequences. Introduction of precursors manifest just this approach. It is also admissible
that we attain the stage of description where further recognition of reality will not be possible.

Let us comment here role of mappings P[k. They are introduced in discussion on inductive reason-
ing. When this induction is related to diminishing of scale then we have to do with mapping which
represents averaging procedure. Such an approach is elaborated in case when we consider formalization
of scale of averaging applied to modelling of physical reality [5], [10]. Then theoretical reductionism is
not necessarily associated with obtaining another more general theory which leads, as a limiting case,
to that previous one.

We apply averaging procedure going from theory having entirely new set of assumptions and vari-
ables not directly related to previous one which is modified. It means that we admit the case when we
do a jump to entirely new assumptions without modification of previous theory. Then range of validity
of previous theory becomes smaller and evolution of theory is not seen as continuous process. We ex-
press this possibility by considering various elements of basis of cognition manifold. Above comments
extend in fact notion of theoretical reductionism and provide to it new context.

We have to do in theoretical physics with tendency to modification of existing theories in a contin-
uous way. We understand by this modification of separate assumptions or adding new ones to existing
assumptions within modified theory. This tendency is justified by fact that physicists try to maintain
hitherto attained success in modelling of obtained experimental results. However, jump to new set of
assumptions gives better chance for introduction of new qualty. Let us mention concept of vacuum
medium mechanics [15], [10] which is a jump from widely accepted quantum theories towards entirely
new set of assumptions. As a result of this entirely new quality appears. This new quality is manifested
in description of internal structure of proton as composed of three positrons [9], [10] or possibility of
expression of mechanism of biological evolution on the most fundamental elementary particle level [10].

Emergence is seen within our approach as incapacity in our reasoning which we frequently have
to accept. Therefore one suggests to give pressure towards changing this situation in accordance with
Conclusion 9.1.

10 On proof with respect to reality

We use in theoretical physics mathematical theories which are designed to description of reality. Then,
within corresponding theories we can carry out proof and by this we create theorems. The question
is whether we are able to estimate status of theorems. In other words we should try to distinguish
mathematical proof from proof with respect to reality.

Mathematical proof is understood in the same way as this is done in pure mathematics. However,
each step of proof is associated with an action of dynamical system for recognition of reality. It means
that increasing length of proof should lead to more complex action of dynamical system and therefore
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approximation of reality becomes then less direct. Consequently status of obtained consequence should
be lowered.

In order to estimate status of consequence we should discuss status of assumptions applied to
proof. Let us note that in [1] one discusses properties of equivalenc laws frequently applied in theo-
retical physics with respect to resolution of seeing of reality by theory. We have obtained there the
following remark:

REMARK 10.1: Equivalence laws applied in physics reduce number of degree of freedom in theo-
retical description of reality. This follows from the fact that corresponding to this situation mapping
which joins theoretical description with reality becomes then less similar to one-to-one mapping. It
means that approximation of reality by theory is worse in case of application of equivalence laws what
means lowering status of this description.

This remark provides an example of assumption which can be applied in a proof. When this is
the case it makes status of a consequence lower. Taking into account previously discussed creteria for
estimation of status of assumptions we should formulate the following remark in relation to status of
consequences obtained with the aid of a mathematical proof:

REMARK 10.2: Status of a consequence obtained with the aid of mathematical proof within a
physical theory should be lower than the lowest status of assumption considered in set of assumptions
applied to obtaining of this consequence. Furtheremore, the larger number of assumptions applied in
various steps of proof the lower status of the consequence. It means also that longer proof leads to
worse approximation of reality by obtained consequence.

Above discussion follows from fact that we try to formalize cognition process. Thereby a new quality
in reasoning appears. Now we have to do with proofs with respect to reality as additional aspect of
theoretical physics in comparison with mathematical proof hitherto applied.

Proof with respect to reality means that we carry our usual mathematical proof which is accom-
panied by additional process of estimation of status of each step of the proof. In case when status of
consequence is very low we have to interpret this fact as premise for modification of assumptions of
whole theory in order to obtain better description of reality.

Proof with respect to reality provides additional aspect of estimation of content of physical theory.
Let us consider a set of assumptions T'A. Then we can attain set of all consequences C(T'A) starting
from the set T'A by carrying out pure mathematical proofs in order to obtain the theory Th = C(T A).
However, taking into account proofs with respect to reality we admit a subset Cpg of all consequences
C(TA) only. This means that our theory describing reality Thpg is smaller than Th.

In order to make theory Thpg larger we should introduce new hypotheses. All this elucidates var-
ious aspects of methodology of construction of cognition manifold as well as methodology of obtaining
cross-section within cognition manifold.

11 Examples of proof with respect to reality

11.1 On status of existence of virtual particles

Let us carry out an example of proof with respect to reality. We encounter in theoretical physics
concept of virtual particles. Consequently we should estimate status for existence of such particles.
We can distinguish two aspects of existence of virtual particles. The first one is related to all
assumptions which create environment for this concept. The second one is related to direct reasoning
leading to justification of virtual particles.
Assumptions which create environment for this concept are associated with the Dirac equation.
Let us discuss content of the Dirac equation with respect to its ability to description of reality. We
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consider in this equation point-like particle which has charge and mass by assumption. Furthermore
we accept wave particle duality what means that evolution of wave function entirely describes motion
of this particle. The last aspect makes lower status of this description in accordance with Remark
10.1. Acceptance of wave particle duality means that we have decided to diminish resolution of our
thinking to level where particles and waves are not distinguishable.

At this moment we are aware what degree of averaging of physical effects is assumed. Point-like
particle means that all effects are averaged on whole particle. No internal dynamics is considered and
no mechanisms of motion is introduced. Having such assumptions we are aware at this moment that
resolution of this description is above internal properties of particle.

Derivation of discussed equation is based on quadratic relativistic relation between energy, mass
and momentum as well as on acceptance of probabilistic interpretation of quantum mechanics.

The quadratic relativistic relation leads to situation when particles and antiparticles appear owing
to taking roots of quadratic equation. Thereby, existence of particle-antiparticle pair is considered as
assumption rather than consequence of this equation. In case when we would apply power of fourth
order for relativistic relation between energy, mass and momentum then we have to do with four type
particles.

Let us note that acceptance of probabilistic interpretation and introduction by this the probabilistic
density also means that resolution of this theory is rather low and takes the level similar to level of
measurability.

Joining of probabilistic density and quadratic relativistic relation is in fact risky. We impose
stochasticity on perhaps unknown number of particles (particle-antiparticle system) with various prop-
erties including their interactions. At this moment we have no premises on such interactions. Then,
we can expect difficulties with merging of two theoretical aspects leading to unknown and also perhaps
unwanted effects. In other words we can have difficulties with interpretation of details related to reality
by the Dirac equation. The Klein paradox can be interpreted just us such a dificulty.

Let us note that appearing of spin in the Dirac equation is rather strange. This follows from fact
that no internal structure of particle or internal mechanisms of motion are assumed in accordance with
above discussion. We can interpret this fact as introduction of spin in a phenomenological way by
extra assumptions related to number of terms in development of the probability density expression.
Freedom in this approach rests on fact that in case of application of larger number of terms we could
obtain additional spins within this interpretation. Furtheremore no justification is introduced on form
of this development. See Remark 2.3 on status of assumptions introduced by development into series.

This in turn means that no serious efforts have been done in this place in order to describe such a
really important phenomenon as spin. This also means that there is no chance for detailed description
of spin phenomenon within the Dirac equation without essential extension of this approach.

At this moment we should decide whether we accept the Dirac equation as such or we should
improve or better justify them. We have to do in theoretical physics with the second way. The Klein
paradox leads to the conclusion that the Dirac equation can be treated in fact as a multiparticle
equation, where virtual particles could appear and decay during a short time. This in turn justifies
application of the quanum field theory description.

Summarizing status of the Dirac equation is rather low taking into account all assumptions applied
in derivation of this equation. It does not mean that many experimental results should not fit quan-
titatively to predictions obtained by the Dirac equation. Accordance with large set of experimental
results takes place since the Dirac equation provides large number of degree of freedom and by this
allows us to fit this equation to reality in an area. However we should expect difficulties when we
extend range of validity of such a theory. Indeed we have to do in theoretical physics with difficulties
with spin of proton for instance. It means that when we apply the Dirac equation which describes just
spin to this reality then it loses in this new environment whole quality. It justifies just low status of
the Dirac equation.

Formally, existence of virtual particles is based on two steps. The first one applies indeterminacy
principle which states that energy fluctuation can be considerable in sufficiently short time. This step
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is in fact not admissible. We cannot infer that energy can have arbitrary value in sufficiently short
time since this consequence is obtained by means of measurement theory which should not be applied
to reasoning of this kind in accordance with previous discussion and Remark 8.1. Thereby this step of
proof has very low status.

The second step is based on equivalence of mass and energy. This assumption allows us to change
the fluctuating energy into massive virtual particles. However application of equivalence law means
that this step of proof has low status in accordance with Remark 10.1.

Application of two successive steps of proof with very low status means that corresponding con-
sequence has very low status. If we take into account additionally that assumptions which generate
environment for concept of virtual particles have also not too high statatus then we come to the
conclusion that status of existence of virtual particles is so low that we should entirely reject this
concept.

11.2 On status of charge conservation law

In elementary particle physics we apply charge conservation law as law with rather high status. This
status follows from accessible observations where this law is always satisfied. Our discussion in intro-
duction suggests that we can discuss status of charge conservation law taking into account fitting of
theory to reality based on experimental results and also additionally on methodology following from
formalization of cognition process.

Let us discuss first status of notion of charge. This notion appears as a result of observations of
electric field in vicinity of systems of charged particles interpreted within properties of Coulomb field.
It has been noticed than an elementary state of electric field around single particle such as electron
for instance can be seen as Coulomb field with constant e. This constant is interpreted as elementary
charge.

Let us remark that notion of charge appears as a result of considerations related to state of environ-
ment of elementary particle and as such is assigned to elementary particle only. Considered elementary
particle is seen as point-like particle. Consequently notion of charge does not represent deeper prop-
erties of elementary particle. We would say in accordance with Remark 2.1 that this notion is not
interpreted as related to maximum engagement by action of the dynamical system and its sensory
system in order to obtain results which next can be interpreted as the simplest information by neural
network system.

We have to do in this case with rather low engagement by action of the dynamical system which
represents our brain and experimental systems. This is so since experiments are relatively simple and
theoretical description is also not too advanced especially in relation to smaller scales.

We can state that notion of charge is to some degree accidental and is asigned then to point-like
particles. This notion is related to relatively large scale applied in modelling since analysis of electric
field of elementary particles is carried out on larger distances from these particles.

Above analysis of status of notion of charge suggests that status of charge conservation law is
perhaps low especially in relation to smaller scales.

We can also observe that charge conservation law can be seen as emergent property in system of
elementary particles. Such a point of view is justified by fact that element of basis of cognition manifold
corresponding to theoretical environment where this relation appears, is not determined sufficiently
well. We have to do in this case with vacuum which is determined rather as geometrical space not
interpreted directly as a medium. Various states are present in this geometrical space however without
direct relation to properties of the medium and scale of averaging applied in modelling of processes
in such a space is not formalized. Consequently we have difficulties with determination of mappings
ﬁfk Lin accordance with Conclusion 9.1 and deciphering fundamental states related perhaps to smaller
scale.

The question is whether we could determine a fundamental notion with higher status than notion
of charge which would be more appropriate for expression and discussion of charge conservation law.
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We have discovered creation of pair of electron and positron by application of complex experimental
systems what can be interpreted as ”maximum engagement by action of the dynamical system”. The
simplest interpretation within our neuron network system states than some components are separated.
Observation of annihilation of electron and positron suggests that some components are joined again
in order to recover state of vacuum medium before creation of this pair. The simplest interpretation
means that we do not understand particular properties of these components and we state existence of
them only.

Consequently concept that our vacuum can be interpreted as multicomponent vacuum medium has
high status in accordance with Remark 2.1. Separation of components is induced predominantly by
electric field. Such point of view is justified by fact that electron and positron generate static electric
field. Let us assume that one exists a critical value of intensity of electric field which is necessary for
separation of components. Introduced assumption can be seen as direct consequence of existence of
components. Thereby it is introduced by direct and short proof what means, in accordance with the
Remark 2.2, that status of such an assumption is high.

Summarizing we introduce as fundamental assumption within vacuum medium mechanics [15], [18]
the following relation

uX)=u", XeS, (28)

where u(X) represents electric field intensity for points X which belong to surface S, of electron
described within vacuum medium mechanics and u* is vector which has length corresponding to the
largest value of this quantity admissible within the vacuum medium. Exceeding of this value induces
separation of components. Electron is seen within vacuum medium mechanics as extended particle.
Thereby on whole surface of this extended particles we have to do with the condition (28).

Consequently external electric field of elementary particle is determined by the condition (28)
which has high status. Furtheremore this condition is appropriately placed within whole theory by
determination of basis of element of cognition manifold defined as four component vacuum medium
[15] with well defined states. Scale of averaging applied in modelling is smaller than size of elementary
particle. Therefore elementary particles are then extended objects with surfaces considered as a border
between separated component and equilibrium vacuum medium.

Within context provided by vacuum medium mechanics charge conservation law can be derived.
We can notice that this law can be violated when several charged particles can be so close that surface
of whole such a system can be interpreted as one separation surface. Behavior of electric field in
vicinity of such a surface is discussed in [18]. Such a field is flat at small distances from elementary
particle and becomes Coulomb type field at larger distances. This property follows from the condition
(28) and properties of components of vacuum medium.

We can state that charge conservation law can have low status especially for smaller scales. In
particular within vacuum medium mechanics one assumes that proton has three-positron structure.
Consequently disintegration of proton should be continued with breaking of charge conservation law.
Status of such a model of proton is high and is discussed in [19], [9], [10].

11.3 On status of existence of quarks

Existence of quarks is inferred from experments where various symmetries are observed in elementary
particles. Furtheremore one observes within experiments of scattering of electrons on protons and
also neutrina on protons that proton has structure with three centers. These canters has been named
partons and next identified with quarks.

Symmetries associated with properties of various type hadrons are determined by Gell-Mann Nishy-
ijima relation

Q=clls+5(B+s+e+bi), (29)



105
EEJP 22019 Jaroslaw Kaczmarek

where @ is charge, e electron charge, I is isospin, B is barion number, and s, c,b,t are addiitional
numbers called strange, charm, bottom and top.

Consequently we should estimate status of this relation as starting point for inferring existence of
quarks. Let us notice that this relation is in similar situation as charge conservation law. It happens
rather as emergent property since status of element of basis within cognition manifold is not sufficiently
well determined. We have to do here with space introduced by geometry. Sometimes one suggests that
this is a medium. Let us mention interpretation electron or positron by the Dirac equation as holes
what suggests that vacuum is a kind of medium. On the other hand one considers fluctuation of
vacuum. However the last concept is associated with existence of virtual particles. Existence of virtual
particles should be rejected in accordance with previous discussion since they have very low status.

Summarizing determination of element of basis of cognition manifold as a medium which has well
defined states is not clear as theoretical environment for the relation (29). Then we have to consider
the relation (29) as emergent property and try to extend context for this relation taking into account
mappings lf’[; 1in accordance with Conclusion 9.1.

Let us note that scale of averaging applied to modelling in relation to formula (29) is rather
large. We have to do with point-like particles what means that averaging is carried out over whole
particle and charge conservation law is maintained. Furtheremore the relation (29) is satisfied only
approximately. We encounter deviation of masses of particles from masses predicted by corresponding
symmetries. Summarizing status of the relation (29) seems sufficiently large for larger scales above size
of elementary particles. However problem with masses of particles suggests that status of this relation
as fundamental assumption is considerably lowered.

Inferring on existence of quarks is based on rather long proof. First we should find representations
of corresponding symmetry group in relation to existence of potentials. Next we have to find generators
of corresponding symmetry group.

Let us also note that this inferring is continued towards lower scales. Indeed quarks have to be
constituents of proton for instance. However the relation (29) considers point-like particles. It means
that we should extend context by introduction of mappings 15[; ! towards still smaller scale. Then
however maintaining of charge conservation law is difficult in acordance with discussion from previous
subsection. Necessity of assignation of fractional charges for quarks is important manifestation of these
difficulties.

Summarizing status of existence of quarks is rather low owing to not too large status of the formula
(29) in context related to various scales. Furtheremore this relation is satisfied approximately only
even for scale where it is directly formulated owing to not precisely fitting masses. Quarks appear as
rather long proof continued towards lower scale where formal description is in fact not constructed
what additionally lowers status of their existence.

11.4 On status of existence of bounded state of charged particle and neutrino

Existence of bounded state of charged particle and neutrino is not considered within current theoretical
physics represented by the standard model. However we observe that muon p~ decays into electron and
two neutrina. The meson 7w~ decays into electron and three neutrina. Lepton 7~ decays into electron
and four neutrina. Therefore it is difficult to avoid the question on better description of interactions
of charged particles and neutrina.

This question is difficult to discussion since system of fundamental notions of the standard model
is rather poor. In particular owing to application of wave particle duality elementary particles are
represented within the standard model by waves. This leads in turn to avoidance of defining of
elementary particles. In order to improve this situation vacuum medium mechanics is formulated on
basis of larger set of fundamental notions [15], [6], [7], [8], [9], [16], [17], [18], [19].

In the Subsection 11.2 we have estimated status of existence of components of electron and positron
as high. These components, when they are joined, create stable vacuum medium. Then separation of
components of vacuum medium leads to creation of electron and positron as stable particles. However
we can admit also additional method of creation of particles. Part of vacuum medium considered
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as medium similar to solids can be forced to rotate without any separation of components. Such a
rotation is possible since elementary particle is not point-like. Then elementary particle of this kind
identified here with neutrino has no charge. Neutrino is in this case an extended elementary particle
with border represented by discontinuity surface between rotating and stable vacuum medium. Model
of neutrino within vacuum medium mechanics is discussed in [17].

Let us note that above considerations are simple and direct consequence of assumption that we
have to do with multicomponent vacuum medium similar to solids. This assumption has high status
what leads also to high status of neutrina introduced on this way.

When neutrino rotates near charged particle then static electric field of the charged particle is
disturbed owing to this dynamics. This is so since propagating electric field within resting vacuum
edium encounters rotating vacuum medium and gains by this its own dynamics. Thereby it is natural
to expect that electromagnetic force can appear between charged particle and neutrino at small dis-
tances what can lead to unstable bounded state of these particles. More detailed description of this
phenomenon is given in [17].

Thereby we have obtained possibility of existence of corresponding bounded state as direct and
short proof. It means that such a possibility has sufficiently high status. Let us note that we have
to do with muon g~ having two neutrina and mass My = 105MeV in accordance with its dacay,
meson 7~ with three neutrina and mass M3 = 139MeV, lepton 7~ having four neutrina and mass
My = 1776 MeV. On the other hand free electron has mass My = 0.5MeV. It means that we have
not at our disposal bonded electron and one neutrino. Masses of corresponding particles increase
with increasing number of neutrina. This is justified by mechanism of motion of extended particle
within vacuum medium emchanics [9]. Increasing number of neutrina shields more and more efficiently
external electric field and by this makes acceleration of electron more difficult. It means that we predict
existence of elementary particle representing bounded state of electron and neutrino with mass M;
placed between My = 0.5MeV and My = 105MeV.

Let us note that in papers [20] and [21] physicists have reported discovery of a new boson FE(38)
with mass 38 M eV which is not predicted by the standard model. Such a mass fits to our prediction.
Therefore we could suppose that it could be electron with one neutrino.

Summarizing existence of bounded state of electron and neutrino is obtained by reasoning based
on high status asumptions and direct and short proof. Furtheremore experimental confirmation of
existence of boson E(38) additionally increases status of this point of view. All this suggests that
unstable elementary particles should be composed of charged particles and neutrina [9] and this point
of view has high status.

REMARK 11.1: Discovery of boson E(38) is important manifestation of efficiency of presented here
methodology based on formalization of cognition process. Prediction is carried out within vacuum
medium mechanics for qualitative mathematical model of neutrina. Importance of this manifestation
rests on fact that other fundamental physical theories do not predict this particle.

Above discussion is aimed at accentuating fact that discussed in this paper methodology of recog-
nition of reality leads to qualitative theories which are predictive. Therefore methodology based on
formalization of cognition process can lead to considerable advances in theoretical physics.

12 Final remarks

12.1 General summary

Formalization of cognition process is introduced here by several components. Let us mention them as
follows:

1. Introduction of the term ”status” of assumptions and theories. This is consequence of considering
in [1] implication as associated with action of dynamical system in which mathematics is generated.
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2. Formulation of notion of the cognition manifold which is aimed at introduction of methodological
environment for generation of new theories describing physical reality.

3. Promotion of selforganizing reasoning based on development of context which contains fighting
about recognition of premises from various sources, as appropriate for theoretical speculations and
approaching by this to better recognition of reality.

Development of theoretical description can be continued by increasing of number s in creation of
models mg, ps, for a given element of basis B within cognition manifold. Such a development is asso-
ciated with speculations on the same level of understanding of our space by adding new assumptions
and hypotheses related to evolution of processes. However we can also modify our understanding
of space by inductive reasoning creating new elements of basis B. We can go for instance towards
smaller scale models of our space considered as a medium. Then by means of mapping Pr, we can
explain postulated models my, 37, related to previous element of basis. Option of way of development
depends on our possibility of recognition of new premises. In the first case we have to do with simpler
speculations. Transition to new element of basis B needs usually more deep concepts and is usually
more complicated. Cooperation of both ways simultaneously can considerably develop contex related
to modelling of reality.

Let us mention that cognition manifold should be applied also to gathering of information on
previously introduced theories which become less important. Such a history supports development of
context for new theories. In particular with the aid of obtained context we can select more optimal
paths for continuation of development since we need not repeat the same ways.

The question is where from such a large necessity for theoretical speculations follows. It seems
that in current theoretical physics we tend predominantly to physics associated with higher and higher
energy. This is manifested by various facilities which are able to carry out experiments for high energy
physics. However, low energy physics is very important. Let us mention physical foundations for
theoretical biology or nanotechnology. In the paper [10] one indicates important role of attractor
defined at the elementary particle level and governing selforganization manifested at the molecular
level. This attractor is responsible for precision of nanotechnological processes as well as for biological
evolution. Thereby we are able to express mechanism of biological evolution on the most fundamental
elementary particle level.

Foundations for mechanism of this selforganization can be associated with high energy physics
and low energy physics. Explanation of corresponding selforganization can be based on theoretical
speculations and needs more subtle experimental results related to low energy physics. Experiments
related to various states of vacuum medium associated with elementary particles are not carried out
yet. Let us mention here for instance experimental investigations related to evolution of components
responsible for state of corresponding wave function. Such experiments are difficult since theory
and experiment are strongly conjugated for more subtle processes. Therefore they need more clear
theoretical foundations frequently obtained with the aid of various hypotheses. We can expect that
perhaps larger set of experiments can be necessary for extraction from them confirmation of formulated
previously hypotheses. Then theoretical description has to be sufficiently complex in order to see this
fine reality.

The title of this paper accentuates role of speculations in theoretical physics. We come to the
conclusion that role of theory increases when we develop investigations towards more fundamental
level. Indeed experiments are then less clear and need interpretation by theories which use hypotheses.
All this elucidates the problem what is important in development of current theoretical physics.

The term qualitative theory is considered frequently as equivalent to preliminary stage of devel-
opment of theory. Then, any theory which provides quantitative results is seen as more serious and
advanced. However such a point of view is now not sufficienly justified. We should decide what is more
important quantitative theory which is not universal or qualitative theory which can be universal in a
future.

The first theory can be applied in some range of validity. The second theory gives us a hope for
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description of all observed phenomena and perhaps to predict some new ones. Furtheremore transition
with time from qualitative to quantitative theory should be relatively easy. This step needs determina-
tion of constants which are provided by qualitative models only. Thereby, main efforts for construction
of theory with large range of validity are done within qualitative speculations where we have to track
down premises for making assumptions. This task seems to be the most difficult when we construct
fundamental theory. Qualitative theory can be complex since it can be based on large number of
equivalece classes corresponding to various partial phenomena. Let us also note that estimation of
status of asumptions introduced can be difficult. Consequently it seems that the second aim related to
formulation of qualitative theory is much more important for development of theoretical physics. We
come to the following conclusion:

CONCLUSION 12.1: Construction of qualititative theory on way towards universal theory is much
more important for development of theoretical physics than quantitative theories which fit to exper-
imental results in some range of validity only. Therefore the main task for theoretical physics is to
create activity by systematic speculations considered as method of recognition of reality. The term
”systematic” means that speculations should be well placed within cognition manifold and selforga-
nizing reasoning. Thereby the term qualitative theory can be associated with advanced theory and
should not be identified with preliminary stage of development.

This paper expresses tendency towards formalization of cognition process as additional aspect of
modelling in comparison with application of precise mathematics to description of reality only. In
theoretical physics the cognition process is not formalized yet. Premises for application of mathe-
matics follow in current theoretical physics from philosophy of physics and philosophy of sciences in
general. This means that within this paper partial formalization of some aspects of philosophy of
physics is carried out. I suggest necessity of shifting this formalization as far as it is possible ahead.
This in turn should be helpful in determination of resolution of seeing of reality by theory, thereby
also by our brain, so precisely as it would be possible.

Consequently one suggests to carry out formalization of cognition process in order to obtain better
comprehension of theoretical description in relation to reality. It seems that space for more systematic
theoretical speculations should be enlarged maintaining discipline as far as it is possible just owing to
introduced formalization.

12.2 New possibilities for development of theoretical physics

Let us remark that elaborated here methodology was applied to formulation of vacuum medium me-
chanics. This creates new situation for development of theoretical physics. Vacuum medium mechanics
sees reality within current set of experimental results which differs from reality described by other fun-
damental theories including the standard model.

The vacuum medium mechanics sees proton as composed of three positrons [19], [9]. Neutrina
can create unstable bounded states with charged particles [17] what changes point of view on weak
interactions. Now such interactions have electromagnetic character induced by rotation of neutrino
within static electric field of charged particle. All this leads to entirely new classification of elemen-
tary particles [9]. There are no quarks. Boson Z is not carrier of electroweak interactions in direct
interactions between electron and neutrino. Big Bang model is considered as explosion of space on the
inside of giant black hole [16] and leads to processes which are in accordance with astrophysical obser-
vations. Gravitational field can be interpreted as phenomenon on the most fundamental level having
clear influence on motion of particles. Dark energy is interpreted directly as energy of gravitational
field generated by external black hole wall created after the Big Bang. Then accelerated expansion
of universe is interpreted as attraction of visible matter by mass of external black hole wall and no
inflation is considered. Unification of all elementary particle interactions is obtained directly.

We have also to do with entirely new quality within vacuum medium description. Annihilation
of electron and positron produces electromagnetic radiation and additionally also explosion of space.
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This property is not manifested in current fundamental theories since particles are considered there
predominantly as point-like. Another new quality is related to concept of chain state of particles
with the same charge [6], [7] which has high status. This leads to electronic interactions which are
not described by quantum theories. Consequences are serious. We are able to suggest mechanism of
biological evolution considered on the most fundamental physical level [11], [10], [7]. Furtheremore
such processes allow us to discuss source of precission for molecular nanotechnology [10].

New opportunity for further investigations is also associated with possibility of continuation of
cognition process by considering deep structure of vacuum medium related to scale Spyy < Svu
with a hope of better understanding of mechanisms of evolution of wave function as well as better
understanding of whole vacuum medium.

Let us notice that traditional point of view on development of theoretical physics suggests that we
need new experiments for confirmation of various phenomena seen within vacuum medium mechanics.
This situation differs from situation of the standard model where we have at our disposal large number
of such experiments.

Indeed some additional experiments for vacuum medium mechanics could be useful especially in
relation to disintegration of proton. Some of them are done or can be reinterpreted. Let us mention
here discussion on arguments supporting model of three-positron structure of the proton [19]. Entirely
new experiment gives evidence for existence of boson E(38) what supports directly the vacuum medium
mechanics. However we encounter entirely new circumstances discussing experimental confirmation
of vacuum medium mechanics. At this moment existing experments support to larger degree vacuum
medium mechanics than the standard model.

Let us mention in this place dacay of pion for instance. Products of this decay suggests directly
that pion is composed of electron and three neutrina. The standard model states that it is composed
of two quarks what has a justification within this theory. However direct observation having larger
status is removed by the standard model as less important. Similar situation happens in interpretation
of neutrina. The standard model treats neutrino traditionally by wave particle duality as a wave.
However no wave properies of neutrina is confirmed directly by experiment in similar way as this is
done for electron for instance. It suggests directly that resolution of seeing of reality by the standard
model is low and is not based on assumptions related to clear observations.

Introduction of larger system of fundamental notions within vacuum medium mechanics allows us
interpret neutrino better [17], [9]. This in turn allows us to interpret decay of pion as confirmation of
existence of bounded state of electron and three neutrina. Similar sitation is related to neutron, its
dacay and interpretation of its composition as bounded state of proton, electron and neutrino within
vacuum medium mechanics [9].

Above concise discussion states that improved methodology enables us to take over existing ex-
perimental results of physics in order to justify vacuum medium mechanics to larger degree than the
standard model. We see in this place also increasing role of conjugation of theory and experimental
results in interpretation of reality.

Consequently new possibilities for development of theoretical physics rest on development of various
speculation lines in accordance with assumed methodology which takes into account estimation of
status of assumptions and theories. Development of vacuum medium mechanics is an example of such
a way. Furtheremore new possibilities for development rest also on develpment of methodology which
would elucidate better essence of conjugation of theory and experimental results. Continuation of
development in this direction should improve our interpretation of experimental results.

12.3 New possibilities for development of philosophy of science

This paper creates a new quality also for philosophy of physics. We observe in literature various
attempts for elaboration of methodology for construction of physical theories, let us mention [23], [24]
for instance. We observe there structuralist approach which perhaps is the most close to that one
presented in this work. However we can indicate important difference.
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Structuralist approach formalizes theoretical description of reality. However methods of changing
of theories in order to reflect reality better are not entirely clear. Neverhtheless some comments on this
matter are done. This is so since cognition process is not formalized. As a result of this methodology
discussed in [23], [24] is referred to examples of existing theories and does not provide pressure on
direct development of theoretical physics.

We would say that this work provides new opportunity for development of philosophy of physics
which consists in formalization of cognition process. Cognition theory is a part of philosophy of science.
Thereby formalization of this process is an important task for philosophy. Let us mention that we
should have attitude which force us to formalization of all what is possible. Then ”metatheoretical”
reasoning should be continued beyond border determined by area of this formalization. It means that
we should avoid ”metatheoretical” reasoning in area which could be formalized.

The term cognition is related also to cognitive psychology. On the other hand theory of knowledge
called epistemology is applied in philosophy. We have to do in this paper with mixing of both terms.
Cognition considered here happens owing to action of a dynamical system in an environment. The
term ”status of assumptions” is associated to some degree with perception. This perception happens
owing to motor and sensory system of our dynamical system. However it also happens on the inside of
neural network system between its subsystems [1]. This in turn can lead to interpretation of various
aspects of mathematics created there.

We would say that we try to introduce point of view that mathematics is considered here as a kind
of sense for recognition of reality. By direct connections of mathematics with dynamical system we
obtain a hope for physical interpretation of mathematics. This could be done when the dynamical
system would be derived as a physical system. Then perception by mathematics could be perhaps
better explained.

Formalization of cognition process discriminates two kinds of thinking. The first one is based on
information processing and is related to larger degree to pure mathematics and power of brain. The
second one is based on perception and is related to fitting of mathematical description to reality and
to larger degree to sensitivity of brain. The last kind of thinking is perhaps more close to philosophy
of science.

Within this context we come also to the conclusion that formalization of cognition process tends
to improvement of resolution of seeing of reality by theory what is manifested just on way how math-
ematics is applied. In particular criteria for estimation of status of assumptions and theories should
lead to improvement of this resolution.

Let us also note that owing to discussed above methodology we have a hope to formalize axiology
in a future. This is so since owing to vacuum medium mechanics obtained with the aid of introduced
methodology we can discuss formulation of theoretical biophysics which contains mechanisms of bi-
ological evolution based on the most fundamental physical processes [11]. Such a possibility can be
discussed since we are able to define an attractor within molecualr system and based on electronic
processes which governs selforganization of biological molecules. This in turn gives foundations for
defining a dynamical system which would realize cognition process associated with evolution on way
discussed within this work. Then system of values within this dynamical system can be considered.
Positive value is associated with action of this dynamical system which is in accordance with appropri-
ate direction for evolution of a given organism. This in turn can be seen as opportunity for fundamental
description of emotions as associated with created system of values.

We obtain also new situation related to general view on development of theoretical physics based
on philosophy of physics. In accordance with [4] we have to do in theoretical physics with paradigms.
Within paradigms evolution of theory is continued until it attains an appropriate stage. This stage
of development indicates whether the theory can be removed or can become dominant as a result of
comparison with other theories within other paradigms.

Paradigm approach has some deficiencies. It favors to larger degree organisation of groups of scien-
tists. Progress in theoretical physics can be seen in such a case as of secondary importance since works
within paradigms are preferred. Perhaps persons which try to introduce entirely new point of view
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will not be accepted as not fitting to current paradigms and by this to organised groups of scientists.
Consequently, paradigm approach stabilizes theoretical physics on current level of development. Pressure on
cognition process associated with development of theoretical physics within this approach is in fact stopped
owing to lack of appropriate mechanisms leading to development beyond the paradigms. This in fact has
important consequences since estimation of quality of scientific work is not associated with fighting on new
quality in theoretical physics.

The question is why such a situation appears. It seems that Kuhn did not see directly how new quality in
theoretical physics appears by efforts of scientific workers. Instead of this various final steps have been
analysed. Let us note that just each final step has its own history which is not seen directly, and is based on
way how theoretical physicist is fighting and generates by this pressure on development. In particular new
results appear with the aid of attained stage of scientific development of theoretical physicist and this
development can take very large part of his scientific life. Thereby efficiency of scientific development has to
be seen as important part of scientific work since just this development determines starting point for fighting
on new results.

Summarizing this discussion, we see that paradigm approach is not introduced with the aid of analysis of
methods of work of theoretical physicists taking into account all aspects of this work. This leads also to
avoiding of introduction of systems of opinions which take into account methods of scientific work and real
efforts related to doing progress. All this stabilizes current stage of development of theoretical physics and in
fact acts against development. By this discussion one suggests also that philosophers of physics should to lager
degree analyse scientific results considered as intermediate steps which lead to final important result instead
of final results only what is done predominantly by historical analysis. Such an attitude makes better
understanding how real progress is made. Formalization of cognition process seems support just such an
approach.

This work suggests that we could consider speculation line placed within cognition manifold instead of
paradigm. Then development of new line is natural and is not in contradiction with other speculation lines.
Furtheremore, even in case of rejection of a theory which is developed with the aid of speculative reasoning,
corresponding speculation line is justified as separate tasks which should be finished with appropriate
conclusions. All this is considerably better for scientific workers which create theories which perhaps will be
rejected since they provide notwithstanding recognition of reality by extension of context with the aid of
investigated speculation line.

It seems that speculation lines allow us to make better observations how development is continued by
efforts of theoretical physicists and estimate amount of these efforts.

Above discussion indicates that development of context can be additional and important aim of
investigations. With the aid of extended context, we could obtain perhaps new premises, which was not seen
previously without this context. Struggle for obtaining of new premises is fundamental for creation of new
speculation lines and estimation of status of assumptions and theories.
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DOOPMAJIIBAIIA ITPOLECY MIBHAHHSA SIK TOJATKOBOI'O KOMITIOHEHTA, BIAITOBIJAJIBHOT'O
3A PO3BUTOK TEOPETUYHOI ®I3UKH
SApocias Kaumapek
Institute of Fluid-Flow Machinery, Polish Academy of Sciences
80-231 Gdansk, ul. J. Fiszera 14, Poland

TeopernuHa Qi3uka Jocsria eramy, KOJHM CIIiJl BpaxOByBaTH HOBI METOAMYHI mimxoau. 30Kpema, BOHH ITOBHHHI BIPOBAIKYBaTH
OUTBIy AWCHMIUTIHY B TEOPETHYHHX CHEKYJHLisfX. Y Wil CTaTTi NpPEACTaBICHO KOHLEMIiI0 0araTo3HAYHOTO Mi3HAHHA SIK
METOOJIOTIYHOI OCHOBH JUISl PO3BUTKY OIUCY PEATBHOCTI TEOPETHYHOIO (Pi3HKOIO 3a JIOTOMOTOI0 TCOPETHYHUX MipKyBaHb. MoxHa
TIPUITYCTHUTH, IO 1€ CIOCi0 moOynoBU GyHIaMEHTAIBHNX 1 yHIBepcaTbHUX (i3ndHUX Teopiil. bararo3nauHe mi3sHaHHS CKIIAA€ThCS 3
OCHOBH, SIKa TIPEJCTaBIsIE MOJEI HAIIOr0 IPOCTOPY SIK CEPENOBHINA, i MPEACTABISIE MOJEII IPOLECIB y BiIIOBIJHOMY IIPOCTOPI.
Mopeni 3acHOBaHI Ha JOCTYIHUX €KCIIEPUMEHTAIBHUX pe3yJsbTaTax, a TaKo)K Ha HOBHMX INPHIYIICHHSX Ta TiloTe3ax, OTPUMaHUX
TEOPETHYHHUMH MiPKYBaHHSIMH. 3 METOIO i ATPUMaHHS JUCIUIUTIHK B IMX MipKyBaHHSX PO3IJISAAETHCSA CTaH MPHITYIICHB 1 TEOPil, 1110
OXOIUIIOIOThCS 0araTo3HauHMM ITi3HAHHAM K (QYHKLIS, BM3HAY€HAa Ha eJIEMEHTax BOJOKOH. Harosomryerbcss BaIMBICTBH
caMmooprasizaiii MipKyBaHb SIK TaKy, WO OUIbIIE MiAXOAWTH Uil PO3Ii3HABAHHS JAIHCHOCTI MOPIBHSHO 3 TOYHUM YHCTHUM
MaTeMaTHYHUM J0Ka30M. PO3IIsiIaeThCcs TakoX JOKa3M IO BIJHOIICHHI 10 peanbHOCTi. Il CTaTTs po3rismaerbes siK crnpoba
(dopmarizamii mporecy mi3HaHHS, sIKa XapaKTePU3YEThCSA TPHOMa OCHOBHUMH KOMIIOHEHTaMH: 0araTO3HAYHUM Mi3HAHHSAM, CTaTyCOM
MIPUITYIIEHb Teopil Ta KOHIIEIII€I0 caMOOpraHizarii MipKyBaHb.

KJIOYOBI CJIOBA: metonosoriss moOyIoBH yHIBepcaIbHHX (i3WYHHX Teopid, Mi3HaBaJbHA PI3HOMAHITHICTB, (hopMarizamis
npoLecy Mi3HaHHS
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Anna TanbmnHa
K 100-nemnemy woéunero HAH Yrpaunvr & 90-200068wune ocnosanua HHL] «XDOTU»

... B XappkoBe Obl1a co3/1aHa MOIIIHAS IITKOJIA COBPEMEHHON TEOPEeTHIECKON (HU3UKH.
Axademux B.E. I[Tamon, npesuoenm HAH YVkpaunwei

HHCTUTYT TEOPETUYECKOM ®U3UKU UMEHU A.U. AXUE3EPA
Ilpooonxcenue. Hauano ¢ Ne4 (2018) — Nel (2019)

Ctparerus pa3BuTus

Crparerus passurus UHcTuTyTa Teopernyeckoit ¢pm3uku nmeHn A.M. Axmesepa (manee — UT®D) taxke mpormmia
MIPOBEPKY BPEMEHEM: HHCTHUTYTY YAAIOCh COXPAaHWTh AaKTyaJbHbIC HAYYHBIC HANpaBlICHUS W IPEEMCTBEHHOCTH
BenyIux Hay4dHbIX Ko YOTU — XOTHU.

Koneuno, 6pum u ecth mpobOiiemsl. Ho cepbé3Hblii MexmyHapomHbii peiituar UT® momor emy ycTosTh U B
HETIPOCTYIO TIOCTCOBETCKYIO 3I0XY, ¥ B HBIHEITHIE BPEMEHA.

B «dokyce» ceromusimuero aus UT® — paspaboTka axkTyajbHBIX M II€PEIOBBIX pyOexel COBPEMEHHOW
¢usnueckoit Hayku. CTpPyKTypHBIE TMOJpPAa3JelIeHUs] MHCTUTYTA SIBJISIOTCS HAIJISJHBIM TOKa3aTejleM ero Hay4HOro
MOTEHIMAaNA:
®  OTJEJ CTAaTUCTUYECKOH (PU3MKHU U KBAaHTOBOW TEOPUH TOJIS;
otaen quddy3HOHHBIX U 3JEKTPOHHBIX SBICHUH B TBEPbIX TEaX;

OTJET KBAHTOBO-3JIEKTPOANHAMUYECKHX SIBJICHUH U JJIEKTPOIMHAMUKH aJIPOHOB,;

OTJIeJI TEOPUU KOHJCHCUPOBAHHBIX CPell U SAEPHOI MaTepuy;

OTJE TEOPETHKO-TPYIIIOBBIX CBOWCTB 3JIEMEHTAPHBIX YACTHIL, TEOPHUU SApa U HEIMHEHHON TMHAMUKHY;

OTJET MIEKTPOJMHAMHUKH BBICOKUX YHEPIHH B BEIIECTBE.

Ho uro camoe BaxnHoe — Bce HayuHble oraensl VTP umMeroT B cBOeM IITaTe TalaHTIMBBIX (M BechbMa
I/IHI/IHI/IaTI/IBHLIX) MOJOJbIX y‘-IéHI)IX, HECMOTpPA Ha TO, YTO MPOIICAINHNE I'0Jibl HE CIMIIKOM-TO 6J'IaFOHpI/IHTCTBOBaJ'II/I
MIPUTOKY MOJIOAEXH B HayKy. bomee TOro — mx TBOpYECKHE NOCTHIKEHHS OTMEUEHbl HAYYHBIMH HarpajaMmu Kak
OTEYECTBEHHOT'0, TAK U MEXAyHAPOJHOTO YPOBHSI.

Hctuna, xotopyto ucnosenytor B UTD: rnmaBHoe He MpOCTO HAKOMWUTh 3HAHUS U OMbBIT, HO U MEpeaaTh UX
JIOCTOMHOI CMEHE.

OueHb 310pOBO MOMOraeT M TOT (aKT, YTO OTHOIIEHHS B KOJUICKTHBE BBICTPOCHBI I10-YEIOBEYECKU
JO0OpO’KETaTeNbHO U IEMOKPATHYHO.

N yxe oueBuaHo: UT® BelIepkan KOHKYPEHLHIO Ha IOCTCOBETCKOM IPOCTPAHCTBE M HAKOMMJI COJMIHBIN
Hay4HbII OTEHIUAIL.

Ha cerognsiminuii nens HayuHas uneosiorusa UT® — 310 u ero tpaguuu. 1 BOT Uilib HEKOTOPBIE U3 HUX:

e  pabota Ha MEPeHOBHIX pyOekax HAYKH (a 3mu pydexcu Heodxooumo sHamv!);
®  YBQXHUTEIHHOE OTHOIICHHE K IKCIIEPUMEHTY;

o Y4acCcTUEC B aKTYaJIbHBIX HAYYHO-TEXHUYCCKUX MMPOCKTAX praI/leI " Mupa,

®  [pOBeACHUE OOUIEMHCTUTYTCKUX U OOIIETOPOJICKUX HAyYHBIX CEMHHAPOB;

e  BOCIHTAaHHE HAYYHOH CMEHBI;

[ ]

negarorndcckasa 1€ATCiIbHOCTh.

MexnyHapoaHoe Hay4Hoe coTpyaHu4ecTBo UTD
Ha npoTspkeHn# nocineaHnx et ObIIM He TOJBKO HaJlayKeHBI HaydHbIE MEXTyHapoaHblie cBsi3u T, yrpaueHHbie
¢ pacriatoM CCCP, HO ¥ 3HAUUTEJIBHO pacIlupeHa reorpadus ero HayqYHOTO COTPYIHUYECTBA.
Iupokoil MexIyHApOJHOH KOOMepanuy CHOCOOCTBYIOT M y)KE€ CTaBIIHE TPaJULIMOHHBIMU Hay4HbIe (OpyMbI
UT®. (K nmpumepy: ¢ 1997 romga mpoBoasTcss MexIyHapoaHble KoHpepeHmnn «CymepcuMMETpHs B KBAaHTOBAs TEOPHUS

nois» (SUSY), a ¢ 2001 — MexxnyHapoansle KoH(pepeHnnu «KBaHTOBas 3JIEKTPOANHAMUKA M CTaTUCTHYECKast (Pr3mKay
(QEDSP).)

Hay4nblii cemunap UT®
Mo cpenam, B OIOBUHE OJMHHAAATOTO. ..
Emé B coBeTckue BpeMeHa, IO HETJIACHOW TpagulnH, anpoOamys HAaydHBIX PE3yJIbTaTOB HAa TEOPCEMHHApax
X®TU Oba noBosnbHO Becomol. Takxke u monbiHe W T® OTKpHIT i pa3yMHOTO COTPYIHHYECTBA M JMajora ¢
Hay4HBIM MUPOBBIM COOOILECTBOM.
U Bot TunmuHbIM npumep. « O0Hadcowl, — kak pacckasbBaeT HO.I1. CTenmaHOBCKHUN, — Ha ceMuHape 8biCMynal Mo
00HOKYpCHUK, npuexaswuii uz /Jyonvl. EMy 3a0asanu MHO20, KaK MHe KA3A10Chb, KAep3HbIX 60npocos. [locne cemunapa

© Alla Tanshina, 2019
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5 Xomen U3BUHUMbCA Neped HUM 3d MO, 4MO e20 HeMHO20 NOMPendiu CIUWKOM Ar0003HAmMeNbHble VYACHHUKU
cemunapa. Ho ne ycnen.
“Tol 3naewnv, 1 mebe max 3aeudyio. Taxozo OnazosceramenvHozo™ omuowenus K cebe s ewé He pazy He

’

ucnvimeigan’”’, — ckazan mue Mot ooHoxkypcHuxy [1, ¢.301]. [TommeueHo, NEeHCTBUTENEHO, OYSHD TOYHO U O€3 armioMoa.

Oowmeropoackoii pusuyeckuii cemunap UTD
OOBsICHU HaM 3TO MO-TIPOCTOMY, M0-pab0Ue—KPECThSHCKH. . .
Axademux A. 1. Axuesep

ITo nannmaruee UT® c 2004 rona B XapbkoBe Hayal (yHKIMOHUPOBATH OOIIETOPOACKON PU3NIECKUI ceMHHAD
«Cogpemennvie npodaemuvl pusuxuy. Janee co cnoB B.JI. XomycoBa, npodeccopa XapbKOBCKOTO HalHMOHAIBHOTO
ynusepcureta umenu B. H. Kapasuna:

«B 2004 200y no wunuyuamuse H.D. [lymveu Ha Qusuko-mexnuueckom dakyrvmeme XapbKo8cKko2o
Hayuonaneno2o ynugepcumema umenu B.H. Kapaszuna nauan pabomams obwegusuueckuti cemunap “Cospemennvie
npobnemvl Pusuxu”. E2o yenvb — npedocmasums MOLOObIM YYEHbIM, U Npedcoe 6ce20 CMYOeHmam, 603MONCHOCHIb
oduenUs ¢ 8e0VWUMU YUEHbIMU, YMOObL OHU MO2U OWYMUMb NYAbC CO8peMeHHOU Hayku. Heobxooumocmv makoco
ceMUuHapa owywanacs yiice 0a6HO MHOSUMU YUeHbIMU XapbKoed, NOMoMy 4mo Obiia NompeOHOCMb 8 HeQOPMALLHOM
o0bwenuu Ha odwepu3uUecKom yposHe U KHceranue He MoabKO NOOETUMbCA CEOUMU OOCMUNCEHUAMU, HO U Y3HAMb, YO
denarom opyaue.

Panvuwe maxue cemunapol nposoounuce 6 Xapvkose. B pasnoe epems umu pykogoounu axademuxu A.M. Axuesep u
UM Jlugpuwuy. Ho 6 90-x 200ax onu ysice He npo8oOUIUCS.

B ¢espane 2004 2. cemunap omkpulica crosa. Ilepsviii 0oknad coenan H.@. Ilynvea. Cemunap npesszowen ece
oxcudanus. Ayoumopus 6vlia nepenoinena cmyOeHmamu 6cex Kypcos He monbKo usuUKo-mexHuiecko20, Ho u Opyeux
gaxynomemos ynusepcumema. Taxowce npuwiiu uzeecmuvle QUUKU U MOIOOblE HAYUHbIE COMPYOHUKU U3 MHOSUX
Qusuueckux uncmumymos Xapvkosa. B ayoumopuu Ovino Oonee cma uenogex, HeKOmMopwvle Oadce cuoeiu Hd
CMYNEeHbKaXx.

Tenepob yotrce MONCHO CKA3aMb — CEMUHAP YOAICA U CIMAN NO-HACMOAWeMy 00Ue20pOOCKUM.

U 6 smom 6onvwas 3acnyea axademuxa HAH Yrkpaunor H.@. [llynveu, komopsiti He MONbKO HCUBO, HO U C
006podicenamenvHulM 10MOpPOM e20 8edém. IlpuamHo caviuams om CMyOeHmo8 8ONpoCbl O MoM, Koz20a 6yoem
cnedyouee 3acedanue u npo 4mo umeHHo. 3nauum, um unmepecto. Cemunap, KCmamu, npOGOOUMCA 08AXCObL &
mecayy.

Cemunap mosoasix yueHbix UT®

BHoBb co3nannblii B creHax UT® cemMuHap MOJOABIX YUEHBIX YK€ 3apeKOMEHAOBall ceOs Kak HeopMalibHas
IIKOJIa Hay4YHOro MacrepcTBa. IloCKOJBKY 3TO peanbHBIM Mactep-kinacc aiust mononéxku MTd: Ha paBHBIX,
JIEMOKpaTU9IHO 1 Oe3 magoca.

U BOT 4TO paccka3alii caMy yYaCTHUKH 3THX CEMHUHAPOB.

JOmurtpuii TroTioHHUK: «HO0ero makux cemunapos nodan H.@D. Lllyrvea, u mul ee cpazy nooxsamunu. CemuHapbol
MONOOBIX YUEHBIX Peutunu cOenams Makumu dce mpaouyuoHHbIMU, KAK OOWeUHCIUMymcKue, Ho npogooumys ux no
yemeepaam, 8 00UHHAOYAMb. 30eCb MON0Oble COMPYOHUKU MAKHCe UMEIOm NOHYIO 80000V HAYUHBIX meM Ois
00K1a008 U 8vickazvieanull. Beoém cemunap npogpeccop FO.B. Cniocapenxo.

Hna nauwana mel pewunu 0010dcumv Haubolee OOCMYNHO COOCMEeHHble HayuHble pe3yibmamvl. IMo oyeHdb
8AJICHO, M. K. YACMO OOUH COMPYOHUK He 3Haem OOCMAMOYHO XOpOwlo mo, dem 3anumaemcs opyzou. Cnucox mem
00KNIA008 NOAYUUNCS OOCMAMOYHO pA3HO0OpasHvim. Bom auwb Hexomopvie u3z nux: “llpumenenue pepmu-
HCUOKOCMHO20 NOOX00A OISl U3YHEHUS] CEPXMEKYUUX COCMOSHUL pasHou cummempuu’ (Ooxnaduux Cepeeti [lynvea),
“Koeepenmmuvie s¢hghexmvl 6 uznyyeHuu npu paccesHuu NY4YK08 3apsidceHuvlx uacmuy’ (Ooxkaaduux Jmumpuii
Tromionuuk), “Macconepenoc u ecemepocennvie peakyuu 6 a3’PO30AbHLIX cucmemax’ —(Ooknaduux JImumpuil.
Koneuiuenxo) u m.o.

Ha xasicoom cemunape 36yuum 00CcmamoyHo MHO20 UHMEPECHBIX BONPOCOS, YMO NOMO2Aen CAMOMY OOKIAOYUKY
Ayuuie NOHAMb C60U Mamepual. B Hacmosujee @pems Xxapakmep CeMUHAPO8 HEMHO20 usMeHuiaci. Mvl menepb

* HeBOJIbHO HANPAIMBAKOTCS UCTOPUYECKUE Mapayuiean U3 Bociomunanuii [1.A.M. /Tupaka:

«Xouy emé pacckazaTh Koe-4To 0 Husbce Bope. Bo BpeMs Hamux ¢ HUM JAMCKYCCHH s y3HAII O TOM, KaKoe HeJIopa3yMeHHe
MIPOU30IIJIO0 Koraa-To Mexxay bopom u Tomconom. bop ckazan MHe, 4TO OBLT TOPSIYUM NMOKIOHHUKOM TOMCOHA U MEHBLIE BCEro
coOupancsi KpUTUKOBAaTh €ro MM o0kaTh. bopy XxoTenoch MoaydnuTh JalbHEHIINE Pa3bACHEHUS 1O MOBOLY aTOMHBIX Mojeieit
ToMcoHa, HO OH IUIOXO 3HAJ AHINIMMCKUH A3BIK U HE MOT 3aJaTh CBOU BOIIPOCH! CTOJIb BEXKIHMBO, CKOJb XOTel. B pesynbraTe
ToMcoH MOHSIT 3TH BONPOCH! HeMpaBWIbHO. OH PEIINI, 9TO €T0 KPUTUKYIOT, U Pa303IUiICs.

[Mponcmenmuii HHOUAEGHT CHIBHO U Hamonro oropumi bopa. MHe kaxkeTcs, 4TO OH BCIO JKU3Hb PACCTPAUBAJICS M3-3a 3TOH UCTOPUHU
1 B JainbHeHIIeM Bcerpa 0osuics, kKak Obl OHa He moBTOpHiack. Korma OBl OH HM paccIipaliBai o4epeJHOrO aBTopa O ero padore,
OH HEU3MEHHO TOBTOPSUT: “A 606ce ne cobupaiocy kpumuxosams Bac, 5 npocmo xouy 3wamv”. 10 BeIpaxenue: “This is not to
criticize but only to learn” — ctano B Komenrarene kpbsutateiM» [2, c.33]. HeGe3biHTepeceH TakKe UCTOPUYECKHH HIOAHC W3
BocriOMUHaHUH akajgemuka AWM. Axuesepa: «/upax Ovin uzbpan nouemuvim unenom yuenozo cosema YDTU, Kanuya u I'amos
ABNANUCH HAYYHBIMU KOHCYIMAHMAMU UHCIUMYIAY.
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NIAHUpYeM CO0OWamp HA CEMUHAPAX HOBOCMU HAYKU, OOKIAObIEAMb U pa30Upames HeKOmMopble UHMePecHble 60NPOChL
meopghuzuxu. B nnanax na Oyoywee makce Heopmanvbhvle AeKYul no U3OPAHHLIM 21A6AM Meop- U MAam@usuku,
kacarowuxca K3H u op.».

Jenuc Komneituenko: «Muoecue uz nac Ovliu 3Hakomvl Opye ¢ Opy2oMm ewje 60 8pemsi yueOvl HA Qusmexe.
Yempouswucs na pabomy ¢ Uncmumym meopemuueckorl (huzuxu, 6ce pasouiucs no pasHvimM 0moenam U 3aHUMaimes
ceoeti memamuxou. Cemunap sice no3eosem Y3Hamy.: KaKue pe3yabmamsi 8 NOCieOHee peMsi NOJYYeHbl OCMAIbHbIMUL.
A 6 danvHeliuiem, B03MOICHO, NOMOICEM HALMU 0OWUe MeMbl 0I5l COBMECHHBIX UCCIeO08AHULLY.

Urope Tanatapos: «Cemunapvl MOI0ObIX YHUEHbIX — XOPOWUL WAHC 0I5l HAC, MOLOObIX COMPYOHUKOS, COOpaAmuCs,
V3HAMb YMO-MO HOB0e U3 mex o0aacmell, 6 KOMopvlx pabomarom opyaue, U C60000HO NOOOWAMbCS NO PA3HLIM
sonpocam 6 gusuke (u He MONbKO). Bnpouem, cemunapvl smu 0Kaz3anucy UHMEPECHbL He MOAbKO OISl HAC — MAK, U MOU
0eoyuiKa Xxooum ux nocayuams, u opyeue cmapuwue compyonuxu. Cetiuac ¢ HemepneHuem HcOEm ux nPoooIHCeHUs. 8
Gopmame nekyuil NO HEKOMOPLIM THOOONBIMHBIM BONPOCAM U3 KEAHMOBOU MEXAHUKUY.

Emé omna ocobennocts cerogusmuero g1 MTO — 3To yxe crnoKuBIIMecs HaydHble fuHacTuu. [1o cromam oTIoB
o Anexcanzap Ilemermunckuit, Anekceit Cirocapenko, Anekceit @omun, Urops Tanarapos, Cepreii MBammH n
Cepreii Llymera.

Ilenaroruyeckas AesiTeIbHOCTH
@dyHnaMeHTa bHOW IMOJArOTOBKE HAy4YHBIX KaJpOB BEChbMa CEPbE3HO CHOCOOCTBYET OOLICHHWE C AaKTUBHO
paboTaronumu yueHbiMH. M co ¢oB mpopekTopa o HayuHoi padote (1967-2013 rr.) XapbKOBCKOTO HAIHOHAILHOTO
yauBepcurera umenn B. H. Kapasuna unena-xoppecnonnenra HAH VYkpaunnst Mnbsn MBanoBnua 3amo00BCKOTO
(1930-2013), «cmyodenmor crywarom aekyuu uz ycm gedywux yuenvix Hucmumyma meopemuueckou ¢usuxu. K momy
JKce, KAK npasunio, Hauboiee meopyecKy aKmueHvle CmyOeHmbl NPUGLEKAIOMCI K AKMYANIbHbIM HAYYHbIM U3bICKAHUSIM,
YUMo He MAK YIIC U MATOBAICHO 8 CIYOECHUECKOU HCUZHUY.

Yuactue B AKTYQAJIBbHBIX HAYYHO-TCXHUYCCKHUX IPOCKTAX chpanm,l U MHpa

TecHast CBSI3b TEOPHUU U SKCIIEPUMEHTA.
B sToM Obu1a 1 ecth Benukas cuna YOTU — HHIL «XDTH».
H.®. Ulynvea,
oupexmop-opeanuzamop UTD

WUT® yuacTByer B MOCTAaHOBKE M pa3paboTke BceX KPYMHBIX Hay4yHbIX mporpamm U npoekrtoB HHII «XDTU»
HAH Vxpaunbl. Kax nomuyepkuBaer renepansnbiii aupexrop HHI[ «XDTH» B 2004-2016 rr. akagemuk IBan
MarseeBuy Hexitonos: «enasueiiwan u3 nux — paspabomka 20Cy0apCHmeeHHOl Npoepammbl (QYHOAMEHMATLHLIX U
NPUKNAOHbIX Uuccaedosanull «Mcnonv3oeanue sA0epHbLIX MAMEPUAnos, A0epHulX U PAOUAYUOHHBIX MEXHON02Ull 6
paznuunblx ompacaax sxkoHomukuy. A nockonvky HHI] «XDTU» sersemcs sdpom nosoeo omoenenus HAHY u
pewenuem Cosema HAyuoHATLHOU He30nAcHOCmU U 000pOHbl YKpauHvl onpedenen 8 Kaiecmee 20106HOU OP2aHU3AYUU
N0 HAYYHOMY CONPOBOACOCHUIO pAOOMbI AMOMHbIX NEKMPOCMAHYULL, HAM, KAK 2080PUMCS, U NPOZPAMMY COCMABIAMD,
u omeem Oepxcams... Basxcno ommemums, umo 0151 NOO20MOGKYU CMOIb CEPbE3HOL NPOSPAMMbL Y KOJLIEKMUBA ecimbs U
onvim, u Mpaouyull, U 6blCOKOKEATUPUYUPOBAHHBIE CREYUATUCTBL, U BeCbMA NepCneKkmusHvle Hapabomxuy [3].

Tak, B yacTHOCTH, K paboTaM 1o ()M3HMKE PEaKTOPOB Ha OBICTPHIX HEHTPOHAX, TaK HA3bIBAEMOTO peakTopa ¢
MEJUICHHBIM SJICPHBIM ropeHueM (Wiu peakropa @DEOKTHUCTOBA), MOAKIIOYWIACH TPYMIa TEOPETUKOB-SACPUIMKOB:
H.®. lllynsra, B.B. [Tununenxo, C.I1. ®omuHn, FO.I1. Mensauk, JI.H. JlaBb110B 1 1p.

Pa3paboTka Takoro TUIa peakTopa IpeICTaBIsIeTCS YPE3BbIYANHO BAXKHOM JUIsl SJHEPTETHKH YKPauHbI B OyAyILEeM,
TaK Kak paboTa TaKkoro peakTopa OCHOBBIBAETCS! HA UCIIOJIb30BAHNH ypaHa-238, 3amackl KOTOpPOro B YKpanHe OrpOMHBI
(pabota OOBIYHBIX TEMJIOBBIX PEAKTOPOB OCHOBBHIBAETCS Ha MCIIOJIB30BAaHMM ypaHa-235, 3amackl KOTOpPOTrO OBICTPO
YMCHBIIAIOTCS).

Kpome Toro, peakTop ¢ MeAJIeHHBIM SIEPHBIM TOPEHUEM SIBIISIETCSI O€30MAaCHBIM C TOUKH 3PEHHS MPOTEKAIOIINX B
HeM (PU3UUECKHX ITPOLIECCOB — AOEPHBLIL 63Dbl8 6 MAKOM PEAKMOPE HEGO3MOMNCEH.

IIpeacraBnsieTcsi yMECTHBIM BCIOMHHTBH TIPEIBICTOPUIO BO3HHUKHOBCHHS HHTEpECa TEOPETHKOB K 3TOMY
HaTpaBJICHUIO pa0dOT B KOHTEKCTE CTaThH HBIHEITHero reaepansHoro aupextopa HHIL « XD Ty, akagemuka-cekpeTaps
Otnenenus spepuoit ¢usuku u sHepreTukn HAH Yxpaunst Huxonas ®énoposuda Llyneru « Omkyoa wiymepul y3uanu
9MO CMAPOYKPAUHCKOe €10607», TIOCBALICHHON MaMsTH 3aMmedaresibHOro (usnka-reoperrika Hukonas AHTOHOBMYA
XWKHSKA:

«B 90-x co0ax ¢ HHI] «X®THU» npuexana epynna yuenvix, compyonuxos Josapoa Tennepa (Edward Teller) usz
Jlusepmopckoii  nabopamopuu CILIA (Lawrence Livermore National Laboratory, LLNL), ¢ npednoscenuem
NOOKIOUUMbCSL K pabomam no noO3eMHOMY A0ePHOMY PeaKmopy.

Hx bonvue unmepecosanu mamepuanogedyeckue npobiemvl maxozo peakmopa. OcHoeHas uoes npeonoiceHHo20
peakmopa 3aKaouanact 6 UCNOAb308AHUU 6 Kauecmee MONIU6d HeoDO02aujeHHO20 YpaHud, 6 KOMOpbIll JIOKANbHO
8600UMCs HeOOIbUIAS Yacmb 0bo2aweHno20 monausa (ypana-235 unu naymonus). Ilpu smom noddbuparomes yciosus,
npu KOMOpwiX 6 pe3ynbmame S0epHblX npespaujenuil no 0o6vemy Heob02aujeHno20 ypana pacnpocmpansiemcs G0IHA
NOBLIUEHHOU NIOMHOCIU HeUMPOHOE, a 3HAYUM U MeN08bl0eNeHUs.
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Ckropocmb maxotil 0Hbl cocmasisen nopsoka 00H020 Mempa 6 200. Dmo 03Hayaem, Ymo eciu Heobo2aueHHbI
ypar 6ydem HAXoOUmMbCA 8 YUIUHOpE C OUAMEMPOM OOUH Memp u OAuHou nopaoka 30 mempog (UMeHHO ¢ MmaKum
npeonodceHuemM npuexaty amepukaHcKue CReyudanrucmsl), mo 0JHA NO MAKoll cpede OyOoem pacnpoCmpaHamsvCs
30 nem, noxa ne docmuznem mopya YUAUHOpa nPOMUEONONI0NCHO20 MOPYY, 20€ HAXOOUMCSL 0002AUWEHHbIT YPAH.

CywecmeeHHbIMU 0COOCHHOCMAMU MAK020 PeaKmopa S8NI0mcs e20 6e30nacHocms u 3Hawumenvhoe (00 60%)
8bl2OpaHUe MONIUBA.

Compyonuya 3. Tennepa coerana 0oknad no Moume-Kapno modenuposanuio s0epHvlX Npoyecco8 8 peakmope,
0bpamue SHUMAHUe HA MO, YMO NOMEHYUAL CYWecmeosasuux Ha mom momenm epemenu 6 CLIA xomnwviomepos
02PAHUYUBAET BO3MONCHOCHIU MOOETUPOBAHUSL.

B amoil ceszu y mens 603HuKA UOEsL 0 MOM, YMO YRPOWEHUs: NPU ONUCAHUL NPOYECCO8 8 MAKOM PeaKkmope Mo2ym
OblMb  QOCMUSHYNbL NYMEM HEeKOMOpOo20 02PYOIeHUs 3a0aqu ¢ NOMOWbIO UCHOIb306AHUSL 2UOPOOUHAMUYECKO20
npuoOIUINCEeHUS.

C smoii uoeeii 2 npuwen k A.1. Axuezepy, Komopbiii XOmsa U He NPUCYIMCMBOBAIL HA 8CpeYe C AMEPUKAHCKUMU
VUEHbIMU, HO OTNCILEHCUBA, YO MAM NPOUCXOOUM.

Anexcandp Hnvuuy, eviciywias, o uem udem pedv, OVKEANbHO 8CKpukHya: ~Tak amo dce 3adaua Ha mMeoieHHOe
2operue — MedieHHoe sioepHoe 2operue!”

Heno 6 mom, umo cywecmsyem Ovicmpoe u medneHHoe copenue. bBvicmpoe copenue — 3mo 0emoHayusi, 83pble.
Meonennoe eopenue — 3mo, Hanpumep, K020a Mbl HOOJCU2AEM CRUYKOU AUCm Oymazu, U GOJIHA 20PEHUst MEONEHHO
PAcnpocmpanaemcs no ImMomy JuUcmy.

Ommeuy 6 smou cesnzu, umo 6 40-x ecooax A.U. Axuesep emecme ¢ U.A. [lomepanuykom mHoeo pabomanu Hao
meopueii si0epHbix peakmopos. 1o 3adanuio U.B. Kypuamosa onu 0asice nanucanu KHu2y no meopuil s-0epHuix KOmios
(max pamviie HA3bIBAIUCH PEAKMOPbL), NEPEbLIL GAPUAHM KOMOPOU, K CONCANEHUIO, HA 00a2ue 200bl Obll 3ACEKPEUEH.
3amem A.U. Axuezep ympamun unmepec K 3moil npooieme, 3aHsAGUIUC OPYSUMU 3A0AYAMU.

U 6om xax-mo cpasy nouy6cmeosanoch, ymo uoesi 0 MeOIeHHOM s10epHOM copeHuu epHyia Anexcandpa Unvuy
mem npeKpacHvim 200am, ko2oa on paboman emecme ¢ U.A. [lomepanuykom.

Anexcandp Hnvuu ckazan, umo s3moil 3adaueli o0A3amenvHo U Obicmpo HydxcHO 3anumamscs. OH makoice
ommemun, umo 6e3 Huxonas Awmomnosuua Xuoicaka Huye2o He NOAYYUMCA, U CPA3Y Jice OMNPABUL MeHs K
H.A. Xuoicusixy, komopulil HaxoOuics 8 5mo epemsi 6 OoibHUYe.

Ha cneoyrowuii oenv s yoice becedosan ¢ Huxonaem Anmornosuuem. Hoesi 0 meOneHHOM S0ePHOM 20peHUU emy
ouenv noupasunacs. M paboma «3axunenay...

30ecy Heobxooumo ommemumv, umo K dmomy @pemenu Huxonaii Ammonosuy ydce MHO20 paboman HAO
npobnemoill 6e30nacHo20 peakmopd, HO 8 HeCKOAbKO unom Hanpaeienuu. On maxoice npednazail UChOIb3068amb 6
peakmope Heobo2aujeHHOe MONIUBO, HO Nepepabamvléamsv €20 6 Menno NIAHUPOBAIOCL C NOMOWbIO YCKOPUMESL.
Ceuinac 3ma udes unmerncugHo pazeusaemcs Hobenesckum naypeamom, oviguwum oupexkmopom L[EPHa K. Pyobua
(Carlo Rubbia).

Paboma, oouaxo, enauane pazeopauusanach He O4eHb ObICMPO, UMO ObLIO CEA3AHO U C OMCYMCMEUeM
Gunancuposanus, u ¢ He0OOX0OUMOCMbIO 0C80EHUSI HOBOU 0DAACMU UCCIEO08AHUL, U C OMCYMCIMBUEM HEODXOOUMbIX
BLIUUCTUMENbHBIX MOWHOCMelU (Komnviomepvl ¢ XOTH mozda monbko nosigsiiucy).

3uauumenvuvie npodsudicenus npouzowiu nocie noayyenus epanma YHTI] no smoi meme u nooxknioyenus 6
Pamkax epanma K npobreme meopemuKos U IKCHEPUMEHMAMOPO8, UMEIOWUX onvlm pabomvl 8 obracmu 10epHol u
paouayuonnou gusuxu (FO.I1. Menvnuka, b.A. Hemawxano, C.I1. @omuna, JI.H. Jasvioosa, /[.I1. benozeposa u op.).

K coorcanenuio, nepeod nauanom ¢unancuposanus epanma yuien uz scusuu Anexcanop Hnvuu Axuesep, a nocne
nepsoeo 2o0a pabomul no epaumy ymep Huxonau Anmonosuu XudicHsax, xomopwvie OvLiu O08UNCYWel CUNIOU MOS0
npoekma.

Huxonai Aumonoeuy ouenvb xomeiu, 4mobvl no >3moiu meme Obila OnyOIUKOBAHA HAUWA COBMECHHAL CMAMbsL.
Takas cmamusi NOSBUNACH, HO Yoice nocie cmepmu Hukonas Aumonosuua:

AU. Axuesep, HA. Xuxcnax, H.®. [llynvea, B.B. Iununenxo, JL.H. /Jlagvidos. Mednennoe copenue // Bonpocwl
amomuou Hayku u mexuuxu. — 2001, — Ne6(2), — c.272-276y. [4, c.62].
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