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STRUCTURE AND CORROSION OF QUASICRYSTALLINE CAST
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In this work the structure and corrosion behavior of quasicrystalline cast AleoCo21Niio and Al72Fe15Nii3 alloys in 5-% sodium chloride
solution (pH 6.9-7.1) were investigated. The alloys were cooled at 5 K/s. The structure of the samples was studied by methods of
quantitative metallography, X-ray analysis, and scanning electron microscopy. Corrosion properties were determined by
potentiodynamic method. Stationary potential values were measured by means of long-term registration of (E,t)—curves using ITI-50-1
potentiostat and I[TP—8 programmer with three-electrode electrolytic cell. A platinum electrode served as counter electrode and silver
chloride — as reference electrode. The made investigations confirm the formation of stable quasicrystalline decagonal D-phase in the
structure of AlewCo21Nio and AlnFeisNiis3 alloys. In AleCo21Niio alloy, at room temperature D-phase coexists with crystalline
Aly(Co,Ni)2 phase, and in Alz;2FeisNii3 alloy — with AlsFeNi phase. Comparison of Vickers hardness of these phases exhibits the
following sequence: H(D-AICoNi)>H(D-AlFeNi)>H(AlsFeNi)>H(Aly(Co,Ni)2). In 5 % sodium chloride solution, the investigated
alloys corrode under electrochemical mechanisms with oxygen depolarization. Compared with Al72FeisNii3 alloy, AlesCo21Niio alloy
has less negative value of stationary potential (—0,48 V and —0,40 V, respectively), and its electrochemical passivity region extends due
to the inhibition of anodic processes. For both alloys, transition to passive state in the saline solution is observed. A corrosion current
density, calculated from (E,lgi)-curve, for AlgoCo2iNiio alloy amounts to 0.12 mA/cm? and for Alz2FeisNiis alloy — to 0.14 mA/cm?,
After immersion in the saline solution for 8 days, pits are revealed on the surface of the alloys in areas, mainly where the phase
boundaries and flaws are located. The number and size of pits are smaller on the surface of AleoCo21Niio alloy as compared with those
on the surface of Al2FeisNii3 alloy. The lower corrosion resistance of Alz2FeisNii3 alloy may be explained by the presence of iron-
containing phases in its structure. Based on obtained results, the AlesCo21Niio alloy has been recommended as coating material for
rocket-and-space equipment working in marine climate.

KEYWORDS: decagonal quasicrystals, structure, Vickers hardness, electrochemical polarization, pitting corrosion.

The ternary Al-Co—Ni and Al-Fe-Ni alloys are the most interesting stable quasicrystalline materials having
decagonal rotation symmetry [1-8]. Decagonal quasicrystals combine two different types of order, periodicity along the
rotational axis and non-periodic order perpendicular to it. This property sets decagonal phases apart from periodic crystals,
as well as from icosahedral quasicrystals. The interest also is prompted due to the finding of quasicrystalline phases of
the above alloys when they are cast under conventional solidification techniques. Quasicrystals have many attractive
properties, such as high hardness, low electrical and thermal conductivities, low surface energy, accompanied by a low
coefficient of friction, reasonable oxidation and strong corrosion resistance, and unusual optical properties which have
not been observed for crystalline alloys [9-13]. These properties can only be used for technological applications in the
form of thin film coatings [14-18] or reinforcement particles in metal matrix composites [19-23] in order to circumvent
their intrinsic brittleness. In the course of their operation, Al-Co—Ni and Al-Fe—Ni alloys are often subjected to the action
of corrosive media, but very little information is available on how such alloys behave in corrosion media.

For many applications of quasicrystalline coatings, e.g. for equipment of mobile platforms for equatorial launches
of loads on specialized Zenit-3SL rockets, corrosion resistance under conditions of marine climate is of utmost
importance. Therefore, aim of this paper is to investigate structure of quasicrystalline and crystalline phases observed in
the cast AI-Co—Ni and Al-Fe—Ni alloys and compare their corrosion characteristics in aqueous sodium chloride solution.

MATERIALS AND METHODS

The quasicrystalline AlggCo021Nijo and Aly,FeisNi;s alloys were prepared by melting of chemically pure components
(<99.99 wt. pct.) in a graphite crucible in a Tamman furnace. The samples were cooled at a rate of 5 K/s. The compositions
of the alloys were set close to the compositional range where the decagonal phase had been firstly obtained [2,7]. The
average chemical composition of the alloys was studied by atomic absorption spectroscopy method. The relative precision
of the measurements was better than £ 1 at. pct. The alloys were examined by Neophot light-optical microscope (OM).
Quantitative metallography was carried out with structural analyzer Epiquant. X-ray diffraction analysis (XRD) was done
to identify the existing phases in produced samples on an X-ray diffractometer /POH-YM with CuK. source. The local
phase compositions were determined in a scanning electron microscope POMMA 102-02 by energy-dispersive
spectroscopy (EDS) on polished unetched cross-sections.

Corrosion behavior was investigated in 5-% NaCl aqueous solution (pH 6.9-7.1) at the temperature of 29342 K.
Electrochemical measurements were performed using a computer-controlled system including 77/-50-1 potentiostat and
I1P-8 programmer using three-electrode electrolytic cell. The investigated sample was used as working electrode, a

© 0.V. Sukhova, V. A. Polonskyy, 2020
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platinum plate — as counter electrode, and silver chloride electrode — as reference electrode. A surface of 1 cm? was
exposed to the solution for all electrochemical experiments. To avoid contamination of the solution by chloride ions, the
reference electrode was in contact with the working electrode through an electrolyte bridge. The Luggin capillary filled
with the test solution had a porous ceramic membrane at the end to further delay diffusion of species in the solution. The
Luggin capillary tip was placed very close to the electrode surface to minimize the ohmic drop of the solution. Saline
solution was freshly prepared from distilled water and pure grade chemicals. The electrolyte was exchanged after each
measurement in order to avoid contamination of soluble species. Potentiodynamic measurements were carried out by
sweeping the potential in the positive or negative direction with a sweep rate of 1 mV/s until a current limit in the mA
range is reached.

Model corrosion tests for 1, 2, 3, 4, 8 days in a 5-% NaCl solution at 293+£2 K were carried out with specimens
3.0x0.5 cm in size. The specimens were fully immersed in the saline solution. Testing under these conditions was assumed
to be equivalent to a 5-years application in marine atmosphere. The surface morphology was examined using a scanning
electron microscope (SEM).

RESULTS AND DISCUSSION
The results of metallographic and XRD analyses of the AlgCo021Nijo alloy are summarized in Fig. 1. Two ternary
compounds are found in the structure: the crystalline Alo(Co,Ni), phase and decagonal quasicrystalline (D) phase with
the composition Al7,Coo sNiigs, as EDS measurements show. As the D-phase is observed at room temperature the stability
of this phase with respect to decomposition into its neighboring phases is clearly confirmed. The average volume fraction
of D-quasicrystals is about 59 vol.% of the total alloy volume [24]. Their sizes range from 50 to 80 pm.

100 -

& D-phase
) X Alg(Co,Ni),
80 -

I * I ) I > I = 1 = . P
30 40 50 60 70 20 (degrees)
a b
Figure 1. The AlsoCo21Niio alloy: a — OM image, where D-phase (1) and Alo(Co,Ni)2 (2); b — XRD pattern

The AlnFesNiis alloy exhibits two-phase structure (Fig. 2a). From the XRD, the cast alloy consists of primary
AlsFeNi crystals separated by secondary quasicrystalline decagonal D-phase (Fig. 2b). The estimation of D-phase
composition by EDS method gives Al sNijzFejos. The volume fraction of D-phase reaches 30 vol. % of a total alloy
volume [25].

100 A
A D-phase
X Al,FeNi
80 -
3 60 —
=2
= 40 4
20 -
0 . s —
30 40 50 60 70 20 (degrees)
a b

Figure 2. The Aln2FeisNiis alloy: a — OM image, where AlsFeNi (1) and D-phase (2); b — XRD pattern
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Measurements show that the decagonal D-quasicrystals of AlesCo21Nijo and AlnFeisNijs alloys possess a Vickers
hardness of about 8.6-10.1 GPa, which is much higher than that for coexisting crystalline phases. Comparison with the
intermetallic compounds in the investigated alloys exhibits the following sequence: H(D-AlCoNi)>H(D-
AlFeNi)>H(AlsFeNi)>H(Aly(Co,Ni),).

The studied alloys do not noticeably corrode in 5-% aqueous NaCl solution. Their color and mass do not essentially
change. Due to presence of aluminum, both the AlgCo2Nijg and AlnFesNiis alloys exposed to atmosphere after
polishing are spontaneously covered with an oxide film. This thin surface film consists predominately of aluminum oxides
with also a small contribution of iron, cobalt or nickel oxides. As soon as samples are immersed in 5-% NaCl solution of
pH 7.0, the process of the oxide layer stabilization begins. Fig. 3 shows the change of stationary potentials (E) of
AlgsCo21Nij and Al,FeisNii3 alloys during 45 min. The recorded results reveal that the stationary potentials of the alloys
increase very fast towards more positive values during first 300-500 seconds indicating that the major changes in the
passive film occur during this time. Afterwards the potential stabilizes reaching a steady value. The result could be
attributed to the stabilization of passive oxide film. The stationary potentials amount to —0.48 V and —0.40 V for
AlpFesNijs and AlgCo21Nijg alloy, respectively. The AlseCo,1Nijg alloy has a slightly nobler potential which indicates
more passive state of its surface.

-0.5 — /l

I L I : |
0 1000 2000 3000
T, S€C

Figure 3. (E,t)-curves recorded in 5-% NaCl solution (pH=7.0) for Al72Fe15sNii3 (1) and AleyCo21Niio (2) alloys

Fig. 4 illustrates the voltammograms recorded for the Als;FesNij3 and AlgCo2iNijg alloys by cyclic
potentiodynamic polarization method with periodic sweeping the potential in the opposite directions. As the potential is
changed from Ey towards more positive values, the anodic current density rises gradually. At potential of ~(—0.3) V, a
sharp increase in anodic current is observed which may relate to active dissolution of alloys components. When direction
of potential sweep is switched back, the null value of current density is reached at potential of (—0.88) V for the
Al FeisNiys alloy (Fig. 4a) and (—0.86) V for the AlggCo21Nij alloy (Fig. 4b). At potentials more negative than (—1.0) V,
a cathodic current density increases which indicates that depolarizer restoration begins. At the next cycle of a potential
sweep, the electrochemical passivity regions may be determined. They have close sizes from —1.0 V to —0.5 V for the
AlpFeisNijs alloy and from —1.0 V to —0.4 V for the AlgCo21Nijo alloy. No active dissolution region is observed, thus
indicating that the surface of the alloys is covered with passive oxide layer. This may be explained by the transition of
the alloys to passive state due to cobalt and/or nickel present in their composition.

154 15 -
i mA/em? | 1, mA/em’

10 4 10

Figure 4. Cyclic voltammogram showing both a positive- and negative-going sweep obtained in 5-% NaCl solution (pH=6.9) for the
alloys: a — AlnFe1sNiiz; b — AleoCo21Nijo.
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For both alloys, corrosion in the neutral sodium chloride solution proceeds with oxygen depolarization which gives
rise to the close values of the passivity region limit in the negative area of potentials. The extension of electrochemical
passivity region towards more positive value of potential for the AlgoCo21Nijo alloy may relate to the inhibition of anodic
processes. Therefore, the Al,xFe;sNi3 alloy has a slightly larger tendency to corrode although the stationary potentials
for the investigated alloys follow a similar trend. The (E,lgi)-curves recorded in 5-% NaCl solution are shown in Fig. 5.
The intersection point of two plot branches corresponds to a logarithm of corrosion current density (icor). The value of
icorr determined for the Al,FeisNiis alloy equals to 0.14 mA/cm? (Fig. 5a), and that for the AlgoCo,1Nij alloy is
0.12 mA/cm? (Fig. 5b).

Analysis of the solution left after electrochemical corrosion of the AlggC021Nijp and Als,Fe sNijs alloys in the saline
media reveals very little Co and/or Ni in solution, implying that the remaining solid surface would be Co- and/or Ni-rich.
Hence, the general trend seems to be that the noblest metals remain at the surface during corrosion, while the other
components, such as Fe and/or Al, dissolve.

-39 B
lgi, mA/em’ lgi, mA /em”
-24 -2 1
=1 -14
0 T T T T T 0 T T ) T
-0.8 -0,6 -0.4 E.V -0.8 -0,6 -0.4 EV
a b

Figure 5. (E,lgi)-curves recorded in 5-% NaCl solution (pH=7.0) for Al72Fe15Nii3 (a) and AleyCo21Ni1o (b) alloys

After the 8-day immersion test in 5-% NaCl solution, small pits are observed on the surface of the Al;,Fe;sNi;s alloy
(Fig. 6). Pits sites, sized from 5 to 20 pm, are non-uniformly distributed on the surface. The crystalline AlsFeNi phase
and boundaries between the D-phase and AlsFeNi phase are preferentially dissolved. On the surface of AlsyCo21Nij alloy,
pits about 10 pm in size located mainly in the vicinity of defects are revealed as well (Fig. 7). In addition to pitting,
preferential dissolution of the interphase boundaries also occurs.

Figure 6. SEM-images of the surface of Al72FeisNii3 alloy after 8-day immersion test in 5-% NaCl solution (pH=7.0).

Thus, from the electrochemical point of view, the AlgoCo21Niio and Al,>FesNij; alloys behave quite similarly in the
aqueous sodium chloride solution, but immersion tests show that on the surface of Al;,FeisNi;; alloy visually more pits
appear. So, a first order assessment would suggest that the Al;,Fe;sNij; alloy has lower resistance to pitting than the
AlgCo,1Nij alloy. The reason is that iron-rich phases and their boundaries in the structure of Al;;Fe;sNi;3 alloy are more
susceptible to attack by saline solution. The pits on the surface of Al;;,Fe sNi; alloy are Ni-rich, apparently forming by
dissolution of Al and Fe, and those on the surface of AlssCo21Nijg alloy are Co- and Ni-rich due to preferential dissolution
of Al. Corrosion is controlled mainly by chemical composition of the investigated alloys rather than the specific atomic
structure of decagonal quasicrystalline D-phase present in their structure.
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Figure 7. SEM-images of the surface of AleeCo21Niio alloy after 8-day immersion test in 5-% NaCl solution (pH=7.0).

CONCLUSIONS

The investigations conducted on conventionally solidified AlssCo,1Nijp and AlnFeisNijs alloys cooled at 5 K/s
confirm that both alloys form stable decagonal quasicrystalline D-phase. In AlssCo2:Nijg alloy, the primarily solidified
phase is D-phase but, in Al;;Fe;sNij; alloy, the AlsFeNi phase. The quasicrystalline D-phase of AlgoCo21Nijo alloy coexists
with peritectic Alg(Co,Ni), phase. The corrosion of the investigated alloys in 5-% NaCl aqueous solution (pH 6.9-7.0)
occurs near the phase boundaries and flawed regions by the electrochemical mechanism. The alloys show an initial stage
of dissolution followed by the formation of corrosion layer that blocks further dissolution in the saline solution. The
stationary potential for AlegC02:Nijo alloy has more negative value as compared with that for Al,xFesNis alloy. The
electrochemical passivity region for AlgCo,1Nijo alloy extends due to the inhibition of anodic processes and, therefore,
this alloy negligibly corrodes in NaCl solution. As a result, on the surface of the alloy, scarcer and smaller pits are
observed. The pits are apparently Ni- or Co-rich, forming by dissolution of Al. The Al;;Fe;sNij; alloy has relatively poor
corrosion resistance due to preferential dissolution of iron-rich phases in its structure. Therefore, the AlsoCo,1Nijo alloy
shows promise as a coating material to protect rocket-and-space equipment working in marine atmosphere.

The work was performed within the framework of research project No. 0118U003304 “Investigation of the processes
of super-rapid quenching from melts and vapor of metal alloys and dielectric compounds* (2018-2020).
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CTPYKTYPA TA KOPO3I KBA3IKPUCTAJIYHUX JIUTUX CIIJIABIB
Al-Co-Ni TA Al-Fe-Ni Y BOJHOMY PO3YHHI NaCl
Ouiena B. CyxoBa, Borogumup A. Iononcbkuii
Jninposcokuti nayionanvHuil yuigepcumem imerni Onecs I onuapa
49010, Yxpaina, m. /[ninpo, npocn. I'acapina, 72

B po6orti 1ocikeHo CTPYKTYpY 1 OCOOTUBOCTI KOpO3ii KBa3ikpucTamiqHuX TUTUX ciiaBiB AleoCo21Niio 1 Al72FersNiis B 5 % po3unni
Hatpiit xsnopuny (pH 6,9-7,1). IlIBunkicTs oxoomkeHHs caBiB ckiafgana 5 K/c. CTpykTypy cIIaBiB BUBYAIN METOJIAMHU KiJIbKiCHOT
MeTanorpadii, peHTICHOCTPYKTYPHOrO aHami3y, pacTpoBOi eIeKTpOHHOI Mikpockomii. KoposiiiHi BJIACTHBOCTI JOCIHIIKYBaIn
MOTCHI[IOUHAMIYHAM ~METO/IOM. Benu4yMHM CTalliOHAPHMX MOTEHILIaliB BU3HAYAIM MUIIXOM JIOBIOTPUBAJOl peecTpamii
(E,7)-3anexnocreii 3a monomororo morenuiocrata [1M-50-1 ta mporpamatopa ITP-8 3 BUKOpHUCTaHHSIM TPHENEKTPOIHOI KOMIPKH.
JIOMOMIXKHUM €JICKTPOJIOM CIIyTyBaB IUIATHHOBHI €JIEKTPOJ, eIEKTPOJOM MOPIBHIHHS — XJIOpuaAcpiOuuid. [IpoBeaeHi DoCiiHKeHHs
MiATBEPDKYIOTh YTBOPEHHS KBa3iKpHCTaIiyHOl AekaroHanbHoi D-¢a3u B ctpykrypi cmiaiB AleCo21Niio i Al72FeisNiis. ¥V crumasi
AlgyCo21Niio 3a kiMHaTHOI TemmepaTypu D-dasa cmiBicaye 3 kpucramigaoro ¢azoo Alo(Co,Ni), a B crutasi AlnFe1sNiiz — 3 ¢dasoro
AlsFeNi. YV mopsaky 3pocTaHHS —~ MIKpOTBepAocTi 1mi  (asm MOXKHa  pO3TallyBaTH B Takii  IOCHIITOBHOCTI:
H(D-AICoNi)>H(D-AlFeNi)>H(AlsFeNi)>H(Alo(Co,Ni)2). V 5% po3umni HaTpiil XIOpUIY MOCHIIKEHI CIUIaBH KOPOAYIOTH 3a
SJICKTPOXIMIYHAM MEXaHI3MOM 3 KHCHEBOIO Jenoistpu3anieto. ITopiBasHO 3i cumaBoM AlnFeisNiis, cmnas AleoCo21Nilo Mae MeHII
BiZ’€MHI 3Ha4EHHS CTaIlllOHAPHOTO eNleKTpoximidnoro moreHmiamy (—0,48 B i —0,40 B BixnoBinHO), a Horo 30Ha eIEKTPOXIMIUHOT
IHEpPTHOCTI PO3IIMPIOETHCS 38 PaXyHOK rajJbMyBaHHS aHOAHHX nporeciB. OGHIBa TOCHIIKEH] CIJIaBU NEPEXOASATh Y TACUBHUH CTaH y
COIBLOBOMY pO34MHi. Benmunna ctpyMy koposii, pospaxosana 3 (E,lgi)-3anexnocreit, 1 crnasy AleoCo21Nio cknagae 0,12 MA/cm?,
a s crmaBy AlpFeisNiz — 0,14 mA/em?. Tlicns nepebGyBaHHsA B CONBOBOMY PO3YMHI Ha TMOBEPXHI CIUIABIB BUSBJEHI MiTiHIH
MePeBaKHO B MICIAX PO3TAIIyBaHHs MiK(a3HUX IpaHulb HoALTY i AedekTiB. KiabKiCTh Ta po3MipH MITiHMB Ha MOBEPXHi CIUIaBY
Alg9Co21Niio 3HaUHO MeHIIi, HiX Ha HoBepxHi craBy Al7pFeisNiis. Binblm HU3BEKY KOposiliHy TpuBKicTh criaBy AlzFeisNiis
MOSICHEHO TPHUCYTHICTIO B HOTO CTPYKTypi 3ami3oBMicTHHX (pa3. [TociyroByrounch OTpMMaHUMH pe3ybTaTaMu, IS CTBOPEHHS
MOKPHUTTIB HA JETaNsAX PAaKECTHO-KOCMIYHOI TEXHIKHM, LIO MHPALIOIOTh B YMOBaX MOPCHKOTO KIIiMaTy, PEKOMEHIOBAHO CILUIaB
AlsoCo21Niio.

KJIFOUOBI CJIOBA: nexaroHaibHi KBa3iKpHCTalIU, CTPYKTYpa, MiKPOTBEPiCTh, €IEKTPOXiMiYHa MOJISIpU3aLlis, ITIHIOBa KOPO3isl.

CTPYKTYPA U KOPPO3UA KBABUKPUCTAJUVIMYECKHUX JIMTHIX CIINIABOB
Al-Co-Ni 1 Al-Fe-Ni B BOJJHOM PACTBOPE NaCl
Euena B. CyxoBa, Biagumup A. Ilosionckuii
Hnunposckuil nayuonanvnuiii ynueepcumem umenu Onecsa I onuapa
49010, Yxpauna, e. [Jnunpo, npocn. I'acapuna, 72

B pabote uccnenoBanu CTpyKTypy ¥ 0COOEHHOCTH KOPPO3UH KBAa3HUKPHCTAUIMIECKHUX JUTHIX ciutaBoB AleoCo21Niio 1 Al2FeisNiis B
5 % pactBope xiopuga Hatpust (pH 6,9-7,1). CkopocTs oxytakaeHHs! cmuiaBoB coctaBisuia 5 K/c. CTpykTypy CIDIaBOB H3ydaln
METOJaMH KOJMYECTBEHHOW MeTauiorpauy, pEeHTIeHOCTPYKTYpPHOIO —aHaln3a, pacTpPOBOW OJJIEKTPOHHOW MHKPOCKOIHU.
Koppo3noHHbIe CBOMCTBA HCCIIEOBAIM MTOTCHIIMOIUHAMUYECKHM METOJIOM. BEeJIMUMHBI CTAl[MOHAPHBIX MOTEHINAIOB OIPEIeIIsUIN
myteM anurensHod perucrpanuu  (E,t)-3aBucumocteit ¢ momomipto motenmuocrata IIM-50-1 u mporpammatopa [IP-8 ¢
HCTIONBb30BAHUEM TPEXINNEKTPOAHOH stueliki. BcrmoMoraTenbHBIM 3IEKTPOJOM CIYKHJ IIJTATHHOBBIN 3EKTPOA, 3IEKTPOIOM
cpaBHEHHs — xyopuicepeOpsaHbiid. IIpoBegeHHBIE HCCIEAOBAaHWSA MOATBEPXKAAIOT  00pa3oBaHHE  KBA3HUKPHCTATIMIECKOI
nexaroHansHoO D-¢a3sl B ctpykType crmaBoB AlesCo21Niio 1 Al2FeisNiis. B cmmaBe AleoCo21Nilo mpr KOMHATHOH TeMImepaType
D-¢aza cocymectByer ¢ kpuctammmdaeckoi gazoit Alo(Co,Ni)2, a B crmaBe Al7zFeisNiiz — ¢ da3oit AlsFeNi. B nopsaxe yBennaenus
MHUKPOTBEPIOCTH 9TH tassr MOKHO PacIoIoXHUTh B TaKou TOCTIeIOBAaTEILHOCTH: H(D-AlCoNi)>H(D-
AlFeNi)>H(AlsFeNi)>H(Aly(Co,Ni)2). B 5% pactBope xiopuma HaTpus HCCICIOBaHHBIE CIUIABE KOPPOAMPYIOT —IIO
UIEKTPOXUMUIECKOMY MEXaHH3MY C KHUCIOpoaHOH nenoispusanueil. [To cpaBHenuro co crmaBoM AlnFeisNiis, cmaB AleoCo21Niio
AMEEeT MEHee OTpHUIAaTeIbHBIC 3HAueHHs cTanuoHapHoro mnoteHimana (—0,48 B m —0,40 B cooTBeTcTBeHHO), a €ro 30Ha
IEKTPOXUMUYECKOH NMACCUBHOCTH PACHIMPSETCS 32 CUET TOPMOXKEHHS aHOIHBIX mporeccoB. Oba clulaBa MepexomsiT B MACCHBHOE
COCTOSIHHE B COJICBOM pacTBope. Benmuumna Toka kopposuu, paccuutanHas mo (E,lgi)-3aBucumoctsm, mis crmaBa AlseCo21Niio
cocrasiser 0,12 MA/cM?, a st ciimasa Al72Fe1sNiis — 0,14 mA/cm?. Tlocrie mpeGbIBaHuS B CONIEBOM PACTBOPE HA MOBEPXHOCTH CILTABOB
BBISIBJICHBI NUTTHHIH NPEHMYILIECTBEHHO B MECTaX PAcIOJOKeHHs Mex(pasHbIX IpaHull M JedexToB. Ha moBepxXHOCTH cIuiaBa
Ale9Co21Ni10 MUTTUHTH 00pa3yIOTCS B MEHBIIIEM KOJMYECTBE U MIMEIOT MEHBIIINE Pa3Mephl, 4eM Ha MoBepXHOCTH ciuiaBa Al7z2FeisNiis.
Bornee HU3KyI0 KOPPO3MOHHYIO CTOWKOCTH ciraBa Al72FeisNiiz 00bSCHEHO IPUCYTCTBHEM B €T0 CTPYKTYPE JKele30coIepkamux das.
C y4eToM MOoTyYeHHBIX Pe3yIbTaToB, IS CO3MaHMs OKPBITHH Ha AETAIIX PAaKEeTHO-KOCMHYECKON TEXHUKH, Pa0OTAIOIINX B YCIOBHSIX
MOPCKOTO KJIMMaTa, pekoMeHoBaH ciuiaB AleoCo21Niio.

K/IIOYEBBIE CJIOBA: nexaroHanbHble KBa3UKpUCTAIbI, CTPYKTYpa, MHUKPOTBEPAOCTb, IEKTPOXUMMYECKAs MOJSApU3ALUS,
MTUTTHHTOBasi KOPPO3HSI.
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Radiochromic film dosimetry has been commonly used for determination of dose measurement in radiotherapy for many years because
of their high spatial resolution, low energy dependence and its approximate tissue equivalent. Additionally, it has other practical
advantages, e.g.it is suitable for therapy range beam qualities, a water resistance material, a relatively insensitive to visible light, and
does not need to make bathing process to obtain dose information. They are also independent to dose rate. Hence, they are very useful
and practical for clinical applications such as brachytherapy, electron therapy, skin dose measurements and stereotactic radiotherapy.
Among them, the dynamic dose range of EBT3 radiochromic films are generally recommended for the dose range of 0.1 to 20 Gy.
However, in this study, it is aimed to observe the behavior of EBT3 films in high dose range of up to 90 Gy under the irradiations. For
this aim, the net optical densities were obtained with increasing dose values under photon and electron beams by employing three color
scanning channels (red-green-blue). Thus, for making calibration curves, it was decided which color channel for EBT3 radiochromic
film would be the most suitable one in different dose ranges. In experimental setup, the reference circumstances were first established
and dose calibration procedure was carried out in RW3 phantom. Then the irradiated films were cut carefully into 2x2.5 cm? pieces,
and they were grouped into 2 as irradiation and control groups. The control group was waited for background, i.e. they are not irradiated.
Before the irradiation, two groups of films have been scanned in flatbed scanner for three channels. After that, the irradiation group
films were placed to align the exact place of effective point of ionization chamber under the reference condition. Later, they were
irradiated one by one to up to 90 Gy with using 6 MV and 6 MeV beam qualities, respectively. Subsequently, both of film groups were
again scanned in flatbed scanner for three —color channels. Optical densities and their standard deviations corresponding to the chosen
dose values were obtained from the scanned films. Thus, calibration curves were plotted for all three colors channel according to two
different beam conditions. The results obtained for 6 MV beam quality showed that if red color channel is selected for 0.9 Gy-7.3 Gy
dose range, and green color channel is selected for 7.3 Gy-42.8 Gy dose range, and blue color channel is selected for 42.8 Gy-90.0 Gy
dose range, the percentage uncertainty values in the obtained results are minimal. For the 6 MeV beam quality, if red color channel is
selected for 0.9 Gy-7.7 Gy dose range, and green color channel is selected for 7.7 Gy-45.3 Gy dose range, and blue color channel is
selected for 45.3 Gy-90.0 Gy dose range, the percentage uncertainty values in the obtained results are minimal. In conclusion, the
percentage uncertainty values for the obtained results were evaluated for 6 MV photon and 6 MeV electron energies by using different
scanning channels of EBT3 radiochromic film. It has been found that measurements having low percentage uncertainty values can be
achieved by changing the scanning channel by deciding proper combinations with increasing doses for both energies (6MV photon and
6 MeV electron). The study also shows that EBT3 radiochromic films can be used at lower percentage uncertainty values at doses
higher than the recommended dose range values.

KEYWORDS: Radiochromic Film, Uncertainty, High Dose Range, Radiotherapy, Flatbed Scanner

Radiochromic films are very useful two-dimensional (2D) dosimetric systems well known for many advantages,
such as high spatial resolution [1-5], low energy dependence at a wide energy range of energies greater than 100 keV [6],
approximating tissue equivalence at radiotherapy energies [6], water resistance [4,7,8], relative insensitivity to visible
light, which allows the processing and handling of the film in room light [4,9,10], minimal self-spontaneous darkening
after film irradiation, thus eliminating the need for any post-irradiation bathing procedure to reveal darkening in contrast
to conventional radiography films. Compared with other 2D dosimetric systems, radiochromic films, with their specific
suitable properties [2,11], are considered to be highly effective 2D detectors [5]. They provide a highly detailed dose map
in a 2D plane and can also be used for a three-dimensional (3D) volumetric analysis when curled or coiled [9]. For almost
30 years (by the mid 1980°s) [1], these films have been used for both clinical and research purposes, including
brachytherapy, electron therapy, total skin electron therapy, skin dose measurements, whole-body irradiation, stereotactic
radiotherapy, dosimetric characterization of proton therapy, and dose verification during cell irradiation in radiobiological
experiments [2,3].

Following the launch in 2004 of the EBT GAFChromic film in the medical market, EBT2 GAFChromic film was
introduced in 2008. It has the same sensitive layer as in the first version, but the non-homogeneity of the sensitive layer
was corrected through the addition of a yellow marker dye. In 2011, the EBT3 GAFChromic film entered the medical
market, and this improved version eliminates the artifacts produced by the EBT2 film, such as Newton’s rings [5].

Light intensity measurements are conducted to determine the radiochromic film response using transmission,
reflection, or both depending on the scanner type and function. Since radiochromic films generally have a wide optical
absorption spectrum, the frequency or bandwidth of the light source to be used in the scanner must be specified in
© K. Duruer, D. Etiz, H. Yiicel, 2020
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advance [10]. Two main absorption bands lying in 636 + 3 nm and 585 + 2 nm have been shown in the optical absorption
spectra of EBT, EBT2 and EBT3 radiochromic films, some researchers suggested the presence of a third absorption band
with a lower center lying in 560 + 6 nm [8]. For EBT3 radiochromic films, the manufacturer recommends the use of the
red channel for irradiation up to 8 Gy and the green channel for irradiation at doses from 8 to 40 Gy [12,13].

In this study, the commercially available EBT3 GAFChromic™ (Ashland Specialty Ingredients, Bridgewater, NJ,
USA) was selected as a radiochromic film frequently examined by other researchers [1,2,4,5,13-15]. The manufacturer
of this radiochromic film recommends the use of a dose range of 0.01-30 Gy [2]. However, with the use of high doses in
radiotherapy (e.g. stereotactic radiosurgery (SRS) and stereotactic body radiation therapy (SBRT)) [16], the use of
radiochromic films in these high doses is increasing. It should also be noted that there are few research findings for a
higher dose range; for example, from 40 Gy up to 90 Gy [3,17] for radiochromic film irradiations. Thus, the aim of this
study was to investigate the response behavior of EBT3 radiochromic films for 6 MV photon and 6 MeV electron beams.
For an accurate calibration of the films, the present study covered the dose range recommended by the manufacturer and
further higher doses outside this range (90 Gy) for three different scanning channels (red, green, and blue) in a flatbed
scanner. For 6 MV photon and 6 MeV electron beams, it is important to determine the optimal scanning channel for a
wide dose range by scanning the RGB channels. To do this, the percentage uncertainty values will be calculated from
these calibration curves for the comparison and decision for proper scanning channel. This study also aimed at
investigating the ideal scanning time for the EBT3 films for different scanning channels in terms of polymerization [2],
which continues after irradiation and actually never stops.

MATERIAL AND METHOD
Radiochromic films can be used as reference dosimetric systems and are therefore utilized in absolute dose
measurements, as well as in other dosimetric systems (e.g., ion chambers) [2]. The main principle of dose measurements
by reference dosimetric systems using films is that they are based on the calibration curve obtained under reference
conditions. Thus, the reference dose values must be measured under reference conditions prior to the calibration process.
For this purpose, in this study, the TRS 398 protocol [18] was selected as reference measurement conditions.

Calibration of radiochromic film (dosimeter)

The calibration process of the radiochromic films was carried out at 6 MV photon and 6 MeV electron beam qualities
using the Elekta Precise model linear accelerator (Elekta AB, Stockholm, Sweden) at the Radiation Oncology Department
of Eskisehir Osmangazi University Medical Faculty Hospital. In the calibration process, first, the output (dose) values
were measured and calibrated [18]. For this purpose, the experimental setup was established by using 30x30 cm? water-
equivalent solid phantoms (RW3 Slab Phantom, PTW-Freiburg, Freiburg, Germany). A 0.6 cc PTW Farmer cylindrical
ion chamber (PTW-Freiburg, Freiburg, Germany) was utilized for the 6 MV photon beam quality and a 0.02 cc PTW
Marcus-type parallel plate ion chamber (PTW-Freiburg, Freiburg, Germany) for the 6 MeV electron beam quality. These
ion chambers were calibrated at SSDL (Secondary Standard Laboratory) of the Turkish Atomic Energy Authority. To
ensure that the measurements were performed under reference conditions, the effective point of the ion chamber was
placed at a depth of 10 cm for the 6 MV photon beam quality and the dmax depth (measured with water phantom
measurement and the measurement result was 1.2 cm) for the 6 MeV electron beam. A 20 cm solid phantom was placed
under the ion chambers at all energies to capture backscatter radiation. With the gantry set to 0° angle, the source detector
distance was adjusted to 100 cm and the field size to 10x10 cm?. Before the irradiation process, the electrometer was
turned on and allowed to warm up for approximately 20 minutes without any irradiation. Irradiations were performed at
10, 20, 30, 50, 100, 200, 400 and 1000 MU, respectively, and these measurements were repeated three times, in which
one monitor unit (MU) equals approximately to the 0.01Gy absorbed dose value.

In this study, at the times when the films were not being irradiated or scanned, they were always stored in dark in a
temperature-controlled environment at room temperature. The available EBT3 films from lot number 05171701 was used
and they had not expired. The films were handled in accordance with the protocol AAPM Task Group55 [19]. While
handling with the films, gloves were always worn to prevent artifact formation on their surfaces during all procedures,
such as cutting and placing the films in the scanner. Clean sharp scissors were used to cut the films in order to minimize
damage to their layers [10].

The sensitive layer in the radiochromic film changes color when exposed to radiation due to polymerization. The
absorption of the measurement light by the film results in the film itself acting as a polarizer. Thus, rotating the film in
the scanner would produce different results even in the same region of interest (ROI) @. In addition, reverse-reading of
the irradiation side, which is a problem encountered in the previous-generation EBT2 film (the active layer of EBT2
radiochromic films is not completely centered [2]), is not seen in new-generation EBT3 radiochromic films due to the
sensitive layer being located right in the center, allowing for the separation of the irradiation and reading surfaces.

According to the calibration procedure described by Devic et al. [2], the films for which the calibration curves are
to be obtained are divided into two groups: those to be irradiated and the non-irradiated control films that are used to
eliminate the effect of natural radiation caused by light and radiation in the environment on the measurements. These two
batches of films were scanned both before and after the irradiation process. Before scanning, empty scans were performed
after waiting for 15 min to warm up the scanner.
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The films were cut into rectangles of 2.0x2.5 cm? pieces and placed in the scanner in the same direction. After
radiochromic films are irradiated by ionizing radiation, the color components are separated when the films are digitized
with white light. When radiochromic films were used, multi-channel scanners would offer good results due to their high
sensitivity resulting from their high selectivity to the red channel in the low-dose region and similar sensitivity in high-
dose areas for the green and blue channels [15]. In flatbed scanners, the most optimal scanning mode is RGB, resulting
in less noise and higher sensitivity; therefore, we chose the 48-bit mode; i.e., 16-bit depth for each color [2]. The scanner
used in the research was a multi-channel Epson Expression 11000XL Flatbed scanner (Epson Seiko Corporation, Nagano,
Japan).

The films to be irradiated and the control films were placed flat in order to eliminate any rotational effect and at the
center of the scanner in the same direction to eliminate any lateral scattering effect [5]. Scanning was performed twice at
72 dPi (dots per inch) scan resolution in the transmission mode and horizontal orientation. Four films were scanned at a
time (lateral scanning length of about 10 cm). The results obtained were evaluated by taking the average of the two scans.

During the scanning process, a signal may be generated in the detector even if there is no transmission, which is due
to the thermal noise caused by the Charge Coupled Device (CCD) detector [2]. In order to prevent this signal from
affecting the measurement results, pieces of thin black cardboard thick enough were used to prevent the passage of
scanning light, and these results were recorded as ‘background signal’ and subtracted from the pixel values of the
irradiated and control group films during the calculation.

After performing the pre-irradiation scanning process, the EBT3 radiochromic films were irradiated by dose-
calibrated 6 MV photon and 6 MeV electron beam qualities with 0-90 Gy dose range. The small pieces of the films were
irradiated one by one under the same geometrical and dosimetric conditions described as the reference conditions, as
shown in Figure 1, in which the films are placed in a water-equivalent solid phantom at a depth corresponding to the
effective point of an ion chamber. In addition, considering that polymerization continues after irradiation, in order to
determine the changes in polymer behavior over time for different scanning channels, one film was irradiated up to 10 Gy
at the 6 MV photon energy and scanned immediately after irradiation while the others were scanned at post-irradiation
hours 0, 1, 2, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 12, 24, 48 and 120. The obtained results were evaluated separately for each
channel in terms of the variation in optical density by scanning time. In this procedure, the scanning performed
immediately after irradiation was adopted as “reference scanning” for all three channels to evaluate the % differences in
other scan times in term of optical density. Here, it should be noted that in accordance with the result obtained from this
part of the study, all the remaining scans were carried out approximately 48 hours after irradiation to minimize the effect
of radiation-induced continuous polymer behavior [2,10,16,20,21].

Figure 1. Experimental setup of beam and radiochromic film calibration

The images of the films that were scanned were saved in the “*.tiff “(tagged image file format) format and opened
in Image J image-processing software (National Institutes of Health, 1997). Since the beams used in the calibration
process are assumed to be homogeneous and most radiochromic films and 2D detector systems slightly deviate from
homogeneity by nature; therefore, five ROIs were determined and their pixel values were then combined in weighted
averages. The weighted average values were evaluated to achieve more homogeneous results in these measurements. The
images of each film were measured individually for the RGB channels. The measurement results were calculated
separately using Equations which are described by Devic et al. [2]. The optical density and its standard deviation were
determined for each energy, as well as for the three different channels.

RESULTS AND DISCUSSION
Figure 2 shows the percentage change of optical density in the films for the RGB channels with the increasing
reading time (i.e., time of scanning). This indicates that the optical densities in the RGB channels were strongly related
to the time of scanning when we changed it from 0 to 120 hours under reference irradiation conditions. A remarkable
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increase in optical density was observed with the delay in scanning time for all three channels, and after a certain period,
the percentage of increase began to gradually decrease. The percentage difference at hour 120 was 6.02% for the red
channel, 7.72% for green, and 15.97% for blue. For all three channels, the increase after hour 24 was reduced compared
to the increase within the first 24 hours, and the difference between hours 24 and 48 hours was 0.71% for the red channel,
1.24% for green, and 1.72% for blue. The differences in optical density between hours 48 and 120 were 0.83%, 0.56%
and 0.26% for the red, green and blue channels, respectively. In particular, there was a remarkable increase in optical
density for all three channels within the first 12 hours. Although the results of the 12th hour significantly differed from
that of the 24th-hour reading, which is a widely used protocol [2], the results mentioned above support the idea that
performing reading after 48 hours of radiation exposure provides more accuracy in the evaluation of the measurement
results when EBT3 films are used.
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Figure 2. Percentage Difference of Optical Density of EBT3 Radiochromic Film in different scanning channels
when post-irradiation time was selected as reference time

Considering that the differences that occurred within 72 hours from hour 48 to hour 120 was very low for all three
channels while the 24-hour differences from hours 24 to 48 were greater compared to the 72-hour differences and that
polymerization never stops. From these findings, the optimum scanning time for the EBT3 radiochromic film was
determined as 48 hours. In the literature, Borca et al. [17] irradiated EBT3 radiochromic films at different doses from
0.3 Gy to 4 Gy and compared the scan results (in terms of optical density) obtained at different hours from 30 minutes to
6 hours with the 24-hour measurement results. The authors calculated the difference in optical density between the second-
and 24th- hour scan results to be less than 2.5%, which was similar 2.48% for the red channel at 10 Gy in our study. In
addition, among the three channels, the highest percentage deviation from the reference optical density values obtained
immediately after irradiation was observed in the blue channel and the lowest in the red channel. The % difference in
optical density for hour 24 was 4.48% for the red channel, 5.91% for the green channel, and 13.99% for the blue channel.
From this perspective, if the blue channel is to be used, it is important to wait for 48 hours before reading in order to
achieve measurement results with lower uncertainties.
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Figure 3. The calibration curves of EBT3 radiochromic film for = Figure 4. The calibration curves of EBT3 radiochromic film for
the three channels at 6 MV photon beam quality the three channels at 6 MeV electron beam quality

The calibration curves are shown in Figures 3 and 4 with polynomial fit function for the EBT3 radiochromic film
for the three channels at 6 MV photon and 6 MeV electron beam qualities, respectively. The results obtained for the 6 MV
photon and 6 MeV electron beam qualities revealed similar trends in the reading values. The curves obtained for the red
and green channels showed an increasing tendency in optical density with a greater slope in the low- and medium-dose
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regions (up to 20 Gy) while the slope of this increase began to decrease after about 20 Gy, with a considerable decrease
seen in the range of about 40-50 Gy. For the blue channel, there was a continuous increase with a lower slope across all
dose regions. This behavior of the three channels is consistent with the reported results in the literature [3,17]. We
observed that the considerable decrease in the slope after about 40-50 Gy for the red and green channels, but not for the
blue channel can be explained by the absorption spectrum of the EBT3 radiochromic film. In these films, the absorption
rate is higher for the red and green channels than in the blue channel, in which saturation is only observed after 40-50 Gy,
this result explains why there was a remarkable decrease in the rate of increase in optical density in this dose region [3].

The % uncertainty being low in the low-dose region (0-8 Gy) for the red channel, medium-dose region (8-40 Gy)
for the green channel, and high-dose region (>40 Gy) for the blue channel at both beam qualities can be explained by the
behavior of the EBT3 radiochromic film toward these three colors in the absorption spectrum. Marroquin [8] investigated
the absorption spectrum of the EBT3 radiochromic film and observed that the highest absorption occurred in the red
region. Therefore, when the low-dose region is examined, the % uncertainty value in the red channel with the highest
absorption is expected to be low. Accordingly, in the high-dose region, the uncertainty in the blue channel with an
absorption rate lower than the other two-color channels (red-green) would be lower due to not having yet reached
saturation. The uncertainty percentages obtained in this study for two different beam qualities were similar to those
reported by Marroquin [3] for the 6 MV photon energy up to 120 Gy. Figures 5 and 6 show the % uncertainty values for
three channels and Figures 7 and 8 show the most optimal scanning channels for the 6 MV photon and 6 MeV electron
beam qualities, which should be used in terms of % uncertainty in a dose region of approximately 90 Gy. According to
the graph obtained for the 6 MV photon beam quality, the % uncertainty would be lower for the values acquired using
the red channel at doses up to 7.3 Gy, green channel at 7.3 Gy to 42.8 Gy, and blue channel at 42.8 Gy to 90.0 Gy,
compared to the cases in which these channels are used at different doses. The graph obtained for the 6 MeV electron
energy revealed that the uncertainty rate would be lower if the red channel is used at doses up to 7.7 Gy, green channel at
7.7 Gy to 45.3 Gy, and blue channel at 45.3 Gy to 90.0 Gy. These findings are in agreement with the manufacturer’s
recommendations and the results reported by Marroquin [3].
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CONCLUSION

In this study, the calibration curves of EBT3 radiochromic films were obtained using higher dose values of up to
90 Gy for the 6 MV photon and 6 MeV electron beam qualities to determine the best scanning channel at different doses
in terms of minimum % uncertainty values for each beam quality. Therefore, this study would be useful for users who
will work with EBT3 radiochromic film and multi-channel scanner at doses up to 90 Gy for the 6 MV photon and 6 MeV
electron beam qualities. In addition, when EBT3 radiochromic films are used in a multi-channel scanner at either 6 MV
photon or 6 MeV electron beam quality, the scanning channel should be selected as red for the dose ranges of conventional
radiotherapy applications (3D CRT and IMRT). However, it is clear that the green channel requires even higher doses,
such as in SBRT applications, and the blue channel can be used in any application involving a dose higher than about
40 Gy in order to achieve lower % uncertainty values in the measured dose values when using a three-color flatbed
scanner.

Also, in the time interval up to 120 hours, the optimal scanning time has been determined in this study. This would
be very beneficial for the users in deciding on the optimum scan time when a multi-channel scanner is used because of
the polymerization behavior of EBT3 radiochromic films that continues after the irradiation process. The results revealed
that for the EBT3 radiochromic film, it would be more appropriate for both higher practicality and accuracy to perform
reading at hour 48. In future work, we aim to investigate the response behavior of radiochromic films to beta sources used
in brachytherapy using a three-color flatbed scanner.
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JOCIIKEHHA PEAKIIT PAIIOXPOMHOI IUVITBKA EBT3
TP BUCOKHUX TO3AX 6 MeB ®OTOHHUX TA 6 MeB EJIEKTPOHHUX ITYYKIB
3 BUKOPUCTAHHSM TPUKOJITPHOT'O TNIAHITETHOI'O CKAHEPA
Kepem Jdypyep®*, Lypmym Etiz?, Xanyk IOcenn”
Vuisepcumem Eckiwexip Ocmaneasi, meouunuii (paxynvmem, kagpeopa padiayitinoi onxkonoeii
26010, Ooynnaszapi, dcxiwexip, Typyia
Incmumym sdepnux nayx, Yuieepcumem Anxapu
06500, bewesnep, Aukapa, Typyis

PamioxpomHa ITiBKOBa JO3UMETPIisS 3a3BHYAil BUKOPUCTOBYETHCS U1l BU3HAYCHHS JO3U B pafioTeparnii mpoTsAroM 0araTboX pOKiB
yepe3 ii BUCOKOTO IPOCTOPOBY 3MATHICTh, HU3BKY CHEPreTHUHY 3aJeXKHICTh Ta HMPUONM3HO TKaHMHO-eKBiBaJleHTHa. Kpim Toro,
IUTIBKOBA JO3MMETPisl Ma€ i iHIII NPAaKTHYHI epeBart, HapUKIaL, MiIXOAUTh I IPOMEHEBHX XapaKTEPUCTHK B TEPAIICBTUYHOMY
JianasoHi, BOXOCTIMKa, BIIHOCHO HEYyTJIHMBA JIO BHIMMOTO CBIiTJa i HE BHMAarae MpPOBEACHHS BOJIHOTO IIPOIECY Ul OTPHMaHHSI
indopmarii npo no3y. ITmiBkM TakoX He 3alexaTh BiJ MOTY)XHOCTI 103u. OT)Xe, BOHM JIy)Ke KOPHCHI i MPaKTHYHI JUIsl KITIHIYHHX
3acTOCyBaHb, TaKHX SIK OpaxiTeparii, eJeKTpOHHOI Tepamis, BUMIpy 1034 Ha IIKipi i cTrepeoTakcuyHol pagiorepamii. Cepern iHIIOrO
JUHAMIYHUI Tiana3oH 103 pagioxpomuux miiBok EBT3 3a3Buuait pexomenayerses B aianasoni 103 Bin 0,1 1o 20 I'p. Ognak B ibomy
JOCIIKEHHI ependavaeTbesl JOCHipKeHH moBeainkn wiiBok EBT3 npu onpomineHHi B aiama3zoHi BHCOKHX 103 10 90 I'p. 3 miero
MeTOI0 OyiaM OTpHWMaHi KiHIIEBI ONTHYHI HIUIBHOCTI MpH 30UIBIICHHI 3HAY€Hb JO3U IMiJ MydKamMd (POTOHIB 1 EIIEKTPOHIB 3
BUKOPHCTAHHSIM TPbOX KOJBbOPOBUX KaHAIIiB MPH CKaHyBaHHI (4epBOHHMil-3eieHuii-cuHiil). TakuMm dYuHOM, I [OOYIOBU
KaniOpyBaJIbHUX KPHBHX OYyJI0 BUIIICHO, KM KOJIpHUIT KaHan i paxioxpomHoi miiskn EBT3 Oyne HaitOLnbIm BigIOBITHAM 10
pi3HMX Iiama3oHiB 103. B excriepuMeHTalbHIll yCTaHOBLI CIoYaTKy Oy/in BCTAHOBJICHI €TANOHHI YMOBH, 1 poleypa KaniopyBaHHs
no3u npooauiacs Ha dauromi RW3. TloriM onpomineni ik OyiiM akypaTHO pO3pi3aHi Ha MIMATOYKU po3MipoM 2x2,5¢m? i
3rpymnoBaHi B 2 Tpynu — OnpoMiHeHHs i koHTposro. KontposbHi rpynu 6ynu ¢poHOBUMHE, TOOTO BOHH He onpomiHtoBanucs. [lepen
ONPOMIHEHHSIM JIBi IPYIIH IUTIBOK CKaHYBAJIKCS B IUTAHILIETHOMY CKaHepi IUisi TphoX KaHauiB. [Ticist [bOro MITiBKU IPYIH OIPOMIHEHHS
po3Mimiany Tak, m00 BHPIBHATH TOYHE Micle e(eKTHBHOI TOYKH 10HI3amiiHOI KaMepu MpH CTaHAapTHUX yMmoBax. [lizHime ix
ompoMiHIOBalM 1o oxHOMY 10 90 I'p 3 BuKOpucTaHHAM npoMeHiB 6 MeB i 6 MeB BinnosigHo. 3rogoM o0HIBI IpyIH IUTIBOK Oynn
3HOBY CKaHYBAJINCh Y TPHOX-KOJTIPHOMY IUIAHIIETHOMY CKaHepi. 31 CKaHOBaHMX IUIIBOK OynM OTpHMaHi ONTHYHI IIUIBHOCTI 1 X
CTaHJapTHI BIAXHMIIEHHS, SIKi BiJIITOBIAIOTh OOPAHUM 3HAUCHHM J1031. TakuM uuHOM Oy 1oOynoBaHi KaniOpyBanbHi KPUBI AT BCIX
TPHOX KOJIbOPOBUX KaHAJIIB BiJIITOBIJIHO 10 JBOX Pi3HMX YMOB ONPOMiHEHHs. Pe3ysbraTi, oTpuMaHi 1t npoMeHto 6 MeB, nokasany,
0 SKIIO KaHaJ YePBOHOTO KOJILOPY 00panuii mis fianaszony nos3u 0,9 I'p-7,3 I'p, kaHa 3el1€HOr0 KOJIbOPY OOpaHUil sl Aiana3oHy
no3u 7,3 T'p-42,8 I'p, a kaHan cuHBOro KoJIbopy 0bpanuii s 42,8 I'p - 90,0 I'p, npoueHTHI 3HaUYSHHS HEBH3HAUYSHOCTI B OTPUMAHHX
pe3ynbraTax MiHiManeHi. st npomeHto 6 MeB, sikiiio kaHan 4epBOHOT0 KoJbopy obpanuit s gianasony no3u 0,9 I'p-7,7 I'p, i kanan
3€JIEHOTO KOJIbOpY 00paHuii s mianaszony no3u 7,7 I'p-45,3 I'p, a kanan cuHBOro Konbopy obpauuii amst nosu 45, 3 I'p-90,0 I'p,
MIPOIICHTHI 3HAUYEHHS HEBU3HAYEHOCTI B OTPUMAHUX pe3ybTaTax MiHIMaJbHi. Y MACYMKY, OyJIH OLiHEeHI 3HAUCHHSI HEBU3HAUEHOCTI B
MPOIICHTAaX JJIsI OTPUMAaHUX PE3YNbTaTiB Uil eHepridi ¢poToHiB 6 MeB i enekrpoHiB 6 MeB 3 BUKOpPHCTaHHSAM pi3HHX KaHAIiB
CKaHyBaHHS paxioxpomuoil miiBkn EBT3. Byno BuUsBICHO, II0 BHMIPIOBaHHS, $Ki MalOTh HH3bKI 3HAYCHHS IPOLIEHTHOI
HEBH3HAUCHOCTI, MOXKYTb OyTH IOCSTHYTI 3MiHOIO KaHATy CKaHyBaHHS IIJIIXOM BHOOPY IPaBIIIBHUX KOMOIHAIIIH 31 301IbIIEHHSIM 103
Juist 000x eHepriit (potoniB 6 MeB i enextponiB 6 MeB). locnimpkeHHs Takox IoKasye, mo paaioxpomui mwiiBku EBT3 MoxyTh
BUKOPUCTOBYBATHCS IIPH OLIBII HU3BKUX 3HAYEHHSX IPOIEHTHOI HEBH3HAUCHOCTI IPH J03aX, L0 MEPEeBHUILYIOTh PEKOMEHIOBaHi
3HAUCHHSI Jiana3oHy 103.

KJIFOUYOBI CJIOBA: pagioxpoMHa IUTiBKa, HEBU3HAYCHICTh, BUCOKA /103, paioTeparis, IIaHIIeTHI CKaHep.

HCCJEJIOBAHUE PEAKIIMU PAAOXPOMMYECKOM IVIEHKH EBT3
IIPY BLICOKOM T03E 6 M>B ®OTOHHEBIX U 6 M>B SJEKTPOHHBIX ITYUKOB
C UCHIOJIB30BAHUEM TPEXIIBETHOI'O IINTOCKOI'O CKAHEPA
Kepem Hdypyep **, Iypmym I1u3z?, Xaayk FOcenn’
“Vuusepcumem Dckuwexup Ocmaneaszu, Meduyunckui gpaxynomem, Kageopa paouayuonnoii onkonozuu
26010, Ooyunasapu, Sckuwexup, Typyus
bUncmumym sdepuvix nayx, Ynusepcumem Anxapoi
06500, bewesnep, Auxapa, Typyus
PagmoxpomHast IIeHOYHAS JO3UMETPHS OOBITHO HCIONIB3YETCs ISl ONPEAENICHNS O3Bl B PAANOTEPAITNY B TEUCHHE MHOTHX JIET H3-3a
€e BBICOKOTO MPOCTPAHCTBCHHOTO pa3pelIeHNs, HHU3KOH JHEpreTHYeCKOH 3aBHCHMOCTH U €€ NPUOIU3UTEIBHOIO TKAHEBOTO
sKkBHBaneHTa. KpoMe Toro, oHa UMeeT U Apyrue NpakTUUSCKUE PEHMYIIECTBa, HaPIMep, MOAXOAUT JJIS JTy4EeBEIX XapaKTePUCTUK B
TepaneBTUYECKOM JIHana30He, BOAOCTONKOCTH, OTHOCUTENbHON HEYYBCTBUTEILHOCTH K BHIMMOMY CBETY M He TpeOyeT NpOBEICHHUS
BOJIHOTO IIpolecca Juisl noiydeHus: nadopmarmu o no3e. OHU TakKe He 3aBHCSAT OT MOIIHOCTH J103bl. ClieJoBaTelIbHO, OHH OYEHb
TOJIE3HbI U MPAKTUYHA AT KINHUYECKUX PUMEHEHU, TaKuX Kak OpaXxuTepanus, 3JIeKTPOHHAs Tepanus, H3MEepeHUe 103bI Ha KOXKe U
cTepeoTakcuueckass paguoTepanus. Cpenu Mpodero OUHAMHYECKMH [AWama3oH 103 pPaauoXpoMHbIX IuieHOK EBT3 oOpranO
pexomMennyercs B auanazoHe 103 ot 0,1 go 20 I'p. OxHaKo B 3TOM HCCIECAOBAHHH MPEATIONAraeTcs CCIeI0BaHIE OBEACHUS IIEHOK
EBT3 npu o6nydeHnn B 1uama3oHe BHICOKHX 103 10 90 ['p. Jlist 9TO# 1enn ObUTH HOTyYeHBl KOHEUHBIE ONTHYECKHE TNIOTHOCTH MPU
YBEIMYEHUU 3HAYEHMH J103BI MOA Iy4YKaMH ()OTOHOB M 3JIEKTPOHOB C HCHOJIB30BAaHHEM TPEX KAaHAJIOB I[BETHOTO CKAHMUPOBAHUS
(xpacHblii-3eneHbIi-cuanit). TakuM 00pa3oM, Ul MOCTPOCHUS KATMOPOBOYHBIX KPUBBIX OBLIO PEIICHO, KAKOH IBETOBOH KaHAJ IS
pamuoxpomHoii mieHkn EBT3 Oyaer Hauboniee MOAXOSIIMM B Pa3iMYHBIX JHAMa30HAX J103. B 3KCIIEpUMEHTABHON yCTaHOBKE
CHayasa ObUTH YCTAHOBJICHBI 3TAIOHHBIC YCIOBUSI, U MTPOIICYPa KATMOPOBKH J103bI TPpOoBOAMIAck B panTtome RW3. 3atem 06mydeHHbIC
IUIEHKH OBUIM aKKyPaTHO Pa3pe3aHbl HA KyCOUKH PasMepoM 2x2,5 cM? W CrpyNIMPOBaHbl B 2 TPYIIILI OONYYEHUS W KOHTPOJISL.
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KOHTpOJIbHBIE IPYIITBI SBIISUIIUCH (POHOBBIMH, TO €CTh OHU He 00urydaiuch. [lepen oOmydeHneM JBe rpymibl INICHOK CKAaHUPOBAIUCH B
IUIAHIIETHOM CKaHepe s TpeX kKaHanos. ITocie sToro rmieHkn o6ydaronielt rpymiis HOMEIAid Tak, YTOOB! BBIPOBHATh TOYHOE MECTO
3¢ }eKTUBHON TOYKM HOHHM3AIMOHHOM KaMephl MpU CTaHAApPTHHIX ycinoBusx. IlozaHee mx obmydanu mo oguomy 10 90Ip ¢
HCTONb30BaHueM nydeid 6 MaB u 6 MaB cooTtBercTBeHHO. Brocneacteunm obe rpymnmbl IJIEHOK OBUTH CHOBA OTCKaHHPOBAHBI B
IUTAHIIETHOM CKaHepe Ul TPEXIBETHBIX KaHaIOB. M3 OTCKaHMPOBAaHHBIX IUIEHOK OBLTH ITOMYYEHBI ONTHYECKHE IUIOTHOCTH M UX
CTaHJapTHBIC OTKJIOHCHUS, KOTOPBIE COOTBETCTBYIOIIME BBHIOPAaHHBIM 3HAUCHUSM JIO3BL. TakuM 00pa3oM OBUIM ITOCTPOCHEI
KaInOpPOBOYHBIE KPHBBIE JJISI BCEX TPEX IBETOB KaHAJa B COOTBETCTBHM C JBYMS pa3IMYHBEIMHU YCIOBHSMH Jyda. Pe3ynbrarhl,
MoJydeHHBIE 1711 JTyda 6 MaB, mokasanu, 4To eciii KaHa KpaCHOTO IIBeTa BBIOpaH Jyis quana3ona 10361 0,9 'p-7,3 I'p, kaHan 3eseHoro
1BeTa BBIOpaH Ui auanaszoHa no3sl 7,3 I'p-42,8 I'p, a xanan cunero 1seta BoiOpan s 42,8 I'p - 90,0 I'p, npolieHTHEIE 3HAUYSHUS
HEONpPEeeTIEHHOCTH B MOTyYEHHBIX pe3yIbTaTax MUHUMAIbHBL. {714 Tyda 6 MaB, eciau kaHam KpacHOTO 1IBETa BBIOpaH JUIs JUaa3oHa
no3b1 0,9 I'p-7,7 I'p, 1 kaHan 3eseHOrO 11BeTa BHIOpAH A1 AuamnazoHa 1no3el 7,7 I'p-45,3 I'p, a kaHa! cCHHEro 1BeTa BBIOpaH IS 10361
45,3 I'p-90,0 I'p, mpomeHTHBIE 3HAYEHUS HEONPEACICHHOCTH B TOJNyYCHHBIX pe3yJbTaTaX MHUHUMAJBHEL. B nTOre, OBUTH OICHEHBI
3HA4YEeHHUS HEONPEIESNICHHOCTH B MPOLEHTAX Ul MOIXYyYeHHBIX Pe3yNIbTaToOB Ui dHepruil GpoToHOB 6 MaB m smektponoB 6 MaB ¢
HCTIOJIE30BaHUAEM PA3JIMIHBIX KAHAIOB CKaHUPOBaHUs pagnoxpoMHoi mienkn EBT3. Beuto 00Hapy)eHO, 9YTO H3MEPEHHSI, UMCIOIIHE
HU3KHE 3HAUCHNUS IPOIIEHTHON HEOIIPEIeIeHHOCTH, MOTYT OBITh JOCTUTHYTHI ITyTeM H3MEHEHHs KaHala CKaHHPOBAHMUS ITyTeM BEIOOpa
MPaBUILHBIX KOMOWHAIMI ¢ yBEIHMUYCHUEM J103 JUis oOeux sHepruii (¢potoH 6 MaB u smektpon 6 MaB). HccnenoBanue Takke
NOKa3bIBaeT, 4YTO paanoxpomuele IuieHkn EBT3 wmoryr wucnosnp3oBathecss mnpu Oonee HHM3KMX 3HAYEHMSX IPOLICHTHOM
HEOTIPEIENEHHOCTH TIPH J103aX, MPEBBIMIAIONINX PEKOMEHIYEMbIE 3HAUCHUSI IUaMa30Ha J03.

KJIFOYEBBIE CJIOBA: pannoxpoMHasi IUIEHKa, HEONPEAEIeHHOCTh, BBICOKAs /103a, PAAUOTEPaIIHsl, INIAaHIIETHBIN CKaHep.
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Relaxation of the electron energy and momentum densities is investigated in spatially uniform states of completely ionized plasma in
the presence of small constant and spatially homogeneous external electric field. The plasma is considered in a generalized Lorentz
model which contrary to standard one assumes that ions form an equilibrium system. Following to Lorentz it is neglected by
electron-electron and ion-ion interactions. The investigation is based on linear kinetic equation obtained by us early from the Landau
kinetic equation. Therefore long-range electron-ion Coulomb interaction is consequentially described. The research of the model is
based on spectral theory of the collision integral operator. This operator is symmetric and positively defined one. Its eigenvectors are
chosen in the form of symmetric irreducible tensors which describe kinetic modes of the system. The corresponding eigenvalues are
relaxation coefficients and define the relaxation times of the system. It is established that scalar and vector eigenfunctions describe
evolution of electron energy and momentum densities (vector and scalar system modes). By this way in the present paper exact close
set of equations for the densities valid for all times is obtained. Further, it is assumed that their relaxation times are much more than
relaxation times of all other modes. In this case there exists a characteristic time such, that at corresponding larger times the evolution
of the system is reduced described by asymptotic values of the densities. At the reduced description electron distribution function
depends on time only through asymptotic densities and they satisfy a closed set of equations. In our previous paper this result was
proved in the absence of an external electric field and exact nonequilibrium distribution function was found. Here it is proved that
this reduced description takes also place for small homogeneous external electric field. This can be considered as a justification of the
Bogolyubov idea of the functional hypothesis for the relaxation processes in the plasma. The proof is done in the first approximation
of the perturbation theory in the field. However, its idea is true in all orders in the field. Electron mobility in the plasma, its
conductivity and phenomenon of equilibrium temperature difference of electrons and ions are discussed in exact theory and
approximately analyzed. With this end in view, following our previous paper, approximate solution of the spectral problem is
discussed by the method of truncated expansion of the eigenfunctions in series of the Sonine polynomials. In one-polynomial
approximation it is shown that nonequilibrium electron distribution function at the end of relaxation processes can be approximated
by the Maxwell distribution function. This result is a justification of the Lorentz-Landau assumption in their theory of
nonequilibrium processes in plasma. The temperature and velocity relaxation coefficients were calculated by us early in one- and
two-polynomial approximation.

KEYWORDS: plasma, generalized Lorentz model, relaxation coefficients, collision integral operator, spectral theory, one-
polynomial approximations, functional hypothesis.

INTRODUCTION

This paper is devoted to the investigation of relaxation processes in completely ionized plasma. It is meant
nonequilibrium processes that can be observed in spatially homogenous states of a system. Near the equilibrium they
describe the so-called kinetic modes of the considered system. Taking into account relaxation processes in theory of
spatially non-uniform states is the next step after their investigation for spatially uniform nonequilibrium states. From a
different point of view taking into account relaxation processes is extension of set of parameters that describe
nonequilibrium state (reduced description parameters). This is the main trend in theory of nonequilibrium processes.
Some important examples are given by the extended irreversible thermodynamics [1], a theory with nonequilibrium
correlations of the standard reduced description parameters as additional independent ones (see, for example, [2]), a
theory of nonequilibrium states in the vicinity of the standard ones (see, for example, [3]).

In the present paper plasma is considered in the generalized Lorentz model, in which electron-electron interaction
is neglected and the ion subsystem is assumed to be an equilibrium ideal gas. In the standard Lorentz model [4] the ion
subsystem is a system of hard spheres in the rest. The generalized Lorentz model is based on the Landau kinetic
equation [5] (see also in [6]) and, therefore, takes into account peculiarities of the Coulomb interaction. It was
introduced in our paper [7]. The same model is discussed in [8] on the base of the Boltzmann kinetic equation.

In plasma states with different component temperatures their relaxation is observed. For the first time the problem
of equalizing the electron and ion component temperatures in plasma was investigated by Landau [5] (the component
velocity relaxation is considered analogously in [9]). His research was based on the mentioned kinetic equation [5] and
shows that temperature relaxation process is slow one because big difference electron and ion masses. In his
investigations (see additional examples in [10]) he assumed without proof that the plasma components quickly become
equilibrium and are described by the Maxwell distribution functions. This assumption belongs to Lorentz and was
introduced by him in his theory of transport phenomena in metals [4]. Fundamental investigation of the plasma
hydrodynamics on the same basis belongs to Braginsky [11]. Similar problem for electron-phonon two-component
system was discussed by Bogolyubov and Bogolyubov (Jr.) in their research [12] on the polaron theory. They
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https://doi.org/10.26565/2312-4334-2020-3-03
https://orcid.org/0000-0001-7988-6753
https://orcid.org/0000-0001-6772-647X
https://orcid.org/0000-0002-5620-3523

20
EEJP. 3 (2020) Alexander I. Sokolovsky, Sergey A. Sokolovsky, et al

considered solution of the kinetic equation for polarons interacting with equilibrium phonon system using the Maxwell
distribution with macroscopic velocity as a good approximation for the polaron distribution function.

In fact the mentioned assumption is unfair because the Maxwell distributions for electrons and ions with different
temperatures and macroscopic velocities are not solution of kinetic equations for all models of the plasma dynamics.
Therefore, the main problem of the theory is to find the main approximation for electron and ion distribution functions
of plasma with two component temperatures and velocities. This problem is related to the absence of a small parameter
in the theory of relaxation. An approach to solution of this problem was proposed by us with the idea to investigate
relaxation processes in the vicinity of standard described nonequilibrium processes (equilibrium states included) [3]. An
important example is our investigation of the two-fluid plasma hydrodynamics in the vicinity to one-fluid one [13] (see
also a review [14]).

Our previous investigations of nonequilibrium processes in plasma (for example, in [13-15, 16]) are primarily
based on the Bogolyubov idea of the functional hypothesis (its consistent and complete discussion see in [6]).

According this one plasma component distribution functions fap(x,t) (a 1is component number) after some

characteristic time 7, depend on time only through the asymptotic values ﬁf;’) (x,2) of some parameters &, (x,7) (u
is parameter number)
f,)——f 0, & xD——E(x0), £ (x,0) =1, (x, (1)), (1)

t>>7 t>>7,

which are called the reduced description parameters. Here f,,(x,&)is some functional of the functions&,(x).
Asymptotic distribution function fé; )(x,f) is exact (as well f,,(x,2)) solution of kinetic equation which describes

evolution of the plasma. Parameters §fl+) (x,t) describe states of the plasma and satisfy a closed set of equations of the

form

0,00 (x,t) = L, (x,EM (1)) )

where L, (x,&) is some functionals of the functions &, (x) . The Bogolyubov idea of the functional hypothesis is basis

of his method of the reduced description of nonequilibrium systems. In these terms according above discussion the main
problem of the relaxation phenomena in plasma investigation is to find the distribution function fap (x,&) in spatially

uniform states.

Contrary to our mentioned papers [13-16], which are based on the Bogolyubov method of the reduced description
on nonequilibrium states, the present paper develops kinetics of the system through elaborating the spectral theory of
the collision integral operator without assumption that relaxation processes are considered at its completion. This is
possible because the plasma is considered in the generalized Lorentz model [7] in which kinetic equation for electrons
is a linear one and ions form an equilibrium system. In this approach the relaxation phenomena in plasma are discussed
for spatially uniform states in our papers [17, 18] and exact distribution function is found in the terms of scalar and

vector eigenfunction A > Bp P, of the collision integral operator. These eigenfunction are calculated by the method of

truncated expansion in the Sonine polynomial series. The paper [17] discusses this problem for the case of the presence
constant small spatially homogeneous external electric field with some simplifying assumptions.

The presented paper provides a consequence investigation of the relaxation processes in plasma at small electric
field. Spectral theory of the collision integral operator is discussed in the terms of eigenfunctions that are irreducible
tensors.

The paper is constructed as it follows. In the section "Basic equations of the theory" the generalized Lorentz
model is formulated following to [7] and basics of spectral theory of the collision integral operator are presented. The
section "Evolution of energy and momentum densities of the electron system" discusses dynamics of the densities. The
next section "Reduced description of the system by energy and momentum densities" investigates long time evolution
of the system and predicts equilibrium state of the system. The section "Approximate calculation of the main quantities
of the theory" discusses approximate solution of the spectral problem for the collision integral operator.

BASIC EQUATIONS OF THE THEORY
This paper is devoted to the study of relaxation processes in spatially homogeneous completely ionized plasma in
the presence of small external electric field. The plasma is considered in the generalized Lorentz model in which the ion
subsystem is assumed to be in equilibrium and in the state of the macroscopic rest with the temperature 7, . The model

is based on the Landau kinetic equation [5] and was introduced in our paper [7]. The electron kinetic equation of the
model has the form

of (¢
6tfp(t)=—]?;#()+]p(fp,(t)), (F,=—ek , Id3pfp(t)=n) 3)

n



21
On Relaxation Processes in A Completely Ionized Plasma EEJP. 3 (2020)

with collision integral given by the formula

I (f Y=—/I| D L4 £ f
() ap{ nl(p>[apl+m% ﬂ “

n

where function D, (p) is defined by expressions

4 2 3 p p 2 3
D,/(p)=2re’z Ljd PWySy (;—Hj, Su(w) = W0, —u,u)/u. ®)
Here L is the Coulomb logarithm, —e is charge of an electron, ze is charge of an ion, £, is homogeneous constant
electric field. Hereafter electron and ion equilibrium distribution functions are written as

pZ p2

ComT, _ n, CoMT,
e o, I (w,)=0; W, =E—————5¢€ 0 (6)
o (%) P QaM T,)Y?

n

W =———>
p (Zﬂ_mTO)3/2

(n, n, are electron and ion component number of particles densities; m , M are electron and ion masses).

It is convenient to conduct the research of the considered system using the collision integral operatorl% given by
the formulas [7]

Ka,=w'I (w.a Ka, =- o _»n D,/( )% 7
p = Wp Lp\Wpdp)s P ap, mI, "lpap, (7

(hereafter arbitrary real functions are defined by a,,, b > ---)- In the term of scalar product
(a,.b,)= Id3pwpapbp =(a,b,) ((a,)= Jd3pwpap ) (3

linear operator K is a symmetric and positively defined one. Therefore, its eigenfunctions g;, and eigenvalues A

. 9
Kgip = ﬂ'igip ( )
have the properties
li >07 (gi’gi’)zbié‘ii" <glp>:0 (10)

(b, are normalization constants). In this paper eigenfunctions g;, are chosen in the form of symmetric irreducible

tensors multiplied by a function of the momentum modulus. The simplest of them are given by expressions

1
Clp)=4,. CP)=B,p1, Cu(P)=Cy (PP =3P 0p)s oo €y (P) e (11)

Convolution of arbitrary two indices of each tensor Cll...l (p)(s=2)is equal to zero.

Instead of distribution function f , itis convenient to introduce new one g, and rewrite the kinetic equation (3) in
its terms
ow (1+g)
P P
F,

1 it
o, w, +Kg, (12)

f,=w,(+g,), 0Jg,=-

to simplify investigation of the small electric field case. Solution of this equation can be sought, following to our paper

[17], in the form of a series in eigenfunctions g, of the operator K

g,(=2.¢(g, (13)
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In the absence of the electric field this solution is given by relation

gLO) = zci()gipeitﬂf > 4 =1/7, (14)
where the coefficients ¢, are defined by initial value of the distribution function f,(z=0). Each term in this formula

describes a relaxation (kinetic) mode of the system (hereafter a'® denotes contribution to a quantity a in the absence
of the electric field). Eigenvalues A, are called the relaxation coefficients and define the relaxation times 7, of the

system.

EVOLUTION OF ENERGY AND MOMENTUM DENSITIES OF THE ELECTRON SYSTEM
In this paper relaxation processes are investigated which related to electron subsystem energy & and momentum
7, densities that are defined by the formulas
2
_[ 3 _ _[ s _ _pP _3
8=Id pef,=(£,8,)+&, 7r,=fd rf,p,={pg,) (SP=E,€O=§HTO )- (15)
In this connection scalar Ap and vector B , P, eigenvalues and the corresponding eigenvalues Ay, A, are most

important

A

KA, =2;4,, KB,p,=4,8,p, ((4,)=0).

(16)

To these relations the normalization conditions should be added which for the further convenience are chosen in the
form

(A,e,y=3n12, (B,e,)=3n/2. 17)

According to (13), (16) function g, can be written in more concrete form

g,=cd,+¢,B,p + D ag, (18)
i#T ,u;
with understandable notations for the coefficients c¢,. Now expressions (15) for electron energy ¢ and momentum
7, densities give

ﬂl =CT<plAp>+cun<pprpn>+ z c[<plgip>ﬂ 8:80+CT<gpAp>+cun<ngppn>+ Z ci<‘9pgip> (19)

i#Tu; i#T Uy

Taking into account the rotational invariance considerations and conditions (17) gives

3n
7 =mnc,, E=¢, +70T (20)

because
<plgip>=0a <‘9pg[p>:0 (l;éT,l/l) (21)

Note, to explain these identities that tensors (p,g;,) and (&,g;,) with i#T,u are expressed only through sums of

the Kronecker delta of the type d,, products. Convolution of arbitrary two indices of each irreducible tensor is equal to
zero and therefore averages in (21) are equal to zero.
Let us derive time equations for the densities & , 7, . Kinetic equation (3) and definitions (9), (12), (15), (16), (18)
after integration by parts give the next time equations for the momentum density 7,
0,m =nF,—(pKg,) = nF, —c;(pKA,) —c, (pKB,p,) + D c(pKg,)=

T u;

=nk)—c Ar <plAp> —Cy, Ay <pprpn> + z ci/li<p1gip> >

=T Uy

(22)
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and for the energy density &

1 g 1 A A A
0,6= ;;le, —(¢,Kg,) = ;ﬂ'lF] —cy(e,KA,)—c, (¢,KB,p)+ Y c(&,Kg,) =
iTu;

(23)
1
=;;le, —cpA(e,A4,)—¢, A,(&,B,p,)+ > cA(€,8,) -

i#T u;

are obtained. The rotational invariance considerations, formulas (16), (17), expressions (20) and identities (21) give
final form of these equations

1
atﬂ-l :nlrl_ﬂuﬂ.l’ Gtg:;ﬁlﬂ_/lT(g_gO)' (24)

The obtained equations are valid for all times and without assumption that electric field is small.

REDUCED DESCRIPTION STATE OF THE SYSTEM BY ENERGY AND MOMENTUM DENSITIES
Let us discuss state of the system at long times. Here and in our paper [17] it is assumed that characteristic time 7,

with the property
7,7, >>1,>>1, (i#T,u) (25)
exists. Let us prove that at long times the following relation
g, (=g, 0.7 (1) (26)
is true, where gif)(t) , (), 7Y (t) are asymptotic values of the quantities g L), @), m(t):
ety = e, m@o = 00, g0 = “(t) 27)
>>7, >>7, >>

and g, (&,7) is some function. In the situation described by relations (26), (27) the system would be completely

described at ¢ >>7, by parameters e, 7[1(+) (t) because the electron distribution function (12) is expressed at

t >> 7, through parameters e @), 7[1(+) ()
= (+) (+)
fp (t) t>:ro Wp[l + gp (8 (t), T (t))] ) o8)

Parameters ' (¢) 7[,”) (t) according to (22) satisfy exact close equations

1
atﬂ./(Jr) = I’ZE - ;i’uﬂl(+) H atg(ﬂ = Zﬂ/F} - ﬂ’T (g(+) - 50) (29)

According (1), (2), if (26) is true, in the system the reduced description by parameters & (¢) 7[,”) (t) is observed and

the statement (26) expresses the Bogolyubov idea of the functional hypothesis.
In our paper [17] under assumption (25) it was proved that in the absence of external electric field function

g,(&,7) is given by exact expression
(0)(8 m)=(e-¢&))A,2/3n+mB,p, /mn. (30)

In order to investigate possibility of the reduced description in the presence of electric field let us restrict ourselves by
small field. Exact electron distribution function is sought in a series in powers of the field E,

- (0) O 2y .
f,=w,(+g,), g,=g, +8, +0(E"); (31)
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1 1 1 1 1
g _zc( >glp =4, +cBp+ Y C()g,p
i#T u
(1) WD ™ ; : . (0) ) . .
where ¢, w > Ciooare functions of time and have to be found. Functionsg,”, g,” according to (12) satisty

equations

aw ,(1+g)
op,

First of these equations is due to (16), (31) true. The main contribution gfuo) to function g, with arbitrary

0 & (0 1 71 1
0,8 =—Kg, 0,8 = ~Kg. (32)
coefficients ¢, ¢; is chosen in the form (31) that is enough for investigation of the system at ¢ >> 7,, because
A;>> A0, A, (i#T,u) (33)

(see (14), (25)). The second equation (32) with account for normalization condition (10) give set of equations for
' =(g\g,)/b; from (31)

1 —tA ~t A, 1
atcf) =Fi(ase " +bye 4 +cil)_ﬂ'ici( .

functions ¢;

(34)
Here according to (31) after integration by parts the time independent coefficients a;, , b, , ¢,
1o 5 0w, (l+g)) ; og, 1(,0g 9,
——|d p d 1+ (0) p _ L VAN 0) “Sipy | _
; | P g j (1) 2= | (e 2
- a,-le‘”f bhye ey (35)
0, 0, 0,
a,=c(A, g"”)/b by=c,(B,p, g1p>/b e =By
op
are introduced (in [17] this expression wrongly assumed to be constant). Solution of equations (34) has the form
¢V =cVe b a, Fe T —eH) (A= Ap) + by F(e P —eRY (A, = A,) +c,(1—e ) [ 4, (36)

Initial conditions c(l) = c(l)(t =0) for c(l) are not related to the external field and further will be replaced by zero.
According to (25), (33) expression (36) gives

¢V = a,Fe T I (A= Ap)+byFe /(A A v e F LA (i T,

1

>>7,
_ _ —tA
Cg);, —famF,+an,(e e (A, = )+ e (=e T Ay (37)
&) = a, F(e Y Y (g = A) b, B+ F(1-e )] A,
’”t>>

Entering here coefficients are defined by (35). The rotational invariance considerations give

8 8 o,
a; = c(d, g"”)/b —0, by = ¢,(B,p, gzp>/b 20, ¢, = (Zy/p =0;
i#T u p i#Tu p i#Tu ap[
oA oA o4 38
aTlEC<Apa_pj>/bT:O’ bTIECm<Bppma_p>/bT¢0’ CTIE<a_pj>/bT:0; (8)
0B oB 0B
a,, =4, 2y b 20, b, =c,(B,p, ”p”}/b =0, o, =Py /p, 20

P op, P
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(see remark after relations (21)). Therefore, formulas (37) receive the form

oV = bFe M I(A=4)  (i#Tu), o = bRt e ) (4, -2,

1
>> >>

- - (39)
A = a,FieT =) (A =AY+, F-e ) 4,
T >>1 n n
Finally, according to (27), (31) the electron distribution function g, at long times is given by the formulas
gi;f) = c§+)Ap + cl(lj)Bpp, + Z cf”gip ;
i#T,u;
& =ce T by F(e e ) (4, ~ p). o =byFe (A= 4,). (40)

. ~thy - e
Cz(l:) —c e +a, Fe “r_, ’/1:4)/(,1T—,1u)+cun,ﬂ(l—e Y1) 4,

with the accuracy up to the first order in the electric field contributions included. It is interesting to note that here
secular terms grooving with the time are absents. Relations (37) show that without identities (38) they may be present.

Asymptotic distribution function g;” according (20), (40) takes the form

2 1
g;*) :3—n(g(+) —&)4, +%”1(+)Bpp1 + Z Cl'(+)gzp . (41)

i#T,u;

Also due to (20), (40) asymptotic values of energy and momentum densities are written as

%(g(ﬂ - 50) = C€7MT _’_leF}(e_Mu - eimr )/ (ﬂ’u - 2’I") >
- )

L a0 e etra Fe T e Y (A~ ) be, Fi(l—e TV A
mn n n

. . . —tA —tA . . .
These formulas can be considered as a set of equations for functionse ', e "™ . These equations are obtained here in

the first in the electric field approximation. However, in all approximations relations of this type can by used to express

. 1A - . . . : .
functionse 7, e through asymptotic densitiess'”, 7. In all approximations in the field coefficients

12 -
¢ (i#T,u) are expressed through exponentse ' ", e ™ and, therefore, always they expressed through

', 7" So, in all in the field approximations distribution function g'” is a function of &, 7" .

In our case ¢ ™ as a function of 8(+), 7Z'l(+) should be substituted in expression for ™ given by (40) and

Ay

densities £

calculated in the main approximation in electric field. Therefore, quantity € * as a function of g™ , 7[,”) should be

found from (42) only at F, =0 that gives

efllu — Cl’l 7Z.(+) ,

+) _ () bc
S g ¢ =Fx i
c mn

- s’ 2 =
1’"n szn(ﬂ,i —/Iu) (C cncn ) (43)

So, asymptotic electron distribution function g, (&,7) according (26), (40), (43) has the form

2 1 c b,
enm)=—(-¢)A,+—r,| B,p, + F,—~ . 44
gp( ) 3}1( 0) 14 mn pp I 2 i%llgp /’{,l—ﬂ,u ( )

In the method of reduced description, elaborated by Bogolyubov, this result with definitions (26), (27) expresses his
idea of the functional hypothesis (see general definitions in (1), (2)). It means: after some time 7, distribution function

g,(t) depends on time ¢ only trough asymptotic values (), ﬂ,(+)(t) of parameters &(t), 7,(¢t) and the



26
EEJP. 3 (2020) Alexander I. Sokolovsky, Sergey A. Sokolovsky, et al

quantities &7 (¢), 7[1(+) (¢) satisfy closed set of equations (31). Therefore, in this paper the functional hypothesis is
proved in the presence of small electric field. For the case of the absence of the field it was proved in our paper [17].
Reduced description of the system by average densities ™ (¢) ﬂ,(,+) (¢) can be discussed in the terms of electron

component temperature 7(f) and macroscopic velocity u,(¢) defined by formulas
e =GnT+mmu®) /2, 7' =mnu,. (45)
Exact evolution equations (29) gives exact nonlinear dynamic equations describing the system by variables 7" and u,,
1
ou, =-Au,+—F,, 0T =-A,(T-T,)+ (24, —ﬂ,[)mu2 /3 (46)
m

the second of which does not contain the field. The Cauchy problem for these equations can be easily solved.
Equilibrium state of the system is described by relations

u,(t) = w!', u!=-vE, =<
t>>1'T,T“ mi
22, -2 “n
T = T, T9=T,+AT, AT=2""2"71) « f) g2
t>>77,7, 3I71/1 Z

(F, =—eE,). Of course, equilibrium quantitiesu? , 7/ coincide with onesu.', T* in the steady state of the system.
Coefficient v is called the electron mobility and the developed here theory gives an exact expression for him. Our

theory predicts difference AT of equilibrium electron and ion temperatures in the presence of external electric field
which also is an exact result.

APPROXIMATE CALCULATION OF THE MAIN QUANTITIES OF THE THEORY
Obtained results show that the main next problem is solving of the spectral problem for the collision integral

operatorle . In our paper [17] calculation of the eigenfunctions Ap , B , P, and corresponding  eigenvalues Ars A,

from equations (16), (17) is proposed to conduct by the method of truncated expansion in the Sonine polynomials

Sy (x) (¢=0,1,2,..., @ is a real number)

A,=Ya,S*(Be,), B, Zb S%(pe,) (B=T;"). (48)
q=0

An example of this approach is given in our paper [19], where relaxation processes in polaron subsystem of
semiconductors are investigated on the basis of equations (16), (17) but with different operator[& and with functions
Ap, Bp D, » which describe relaxation processes close to the equilibrium. The choice of polynomials is suggested by

normalization condition

al/2 ea « n 2I'(g+a+1
(57285 (B S, ) =y

P (49)
which contains the average with the electron Maxwell distribution w, (4). Formulas (48), (49) and normalization

conditions (17) give first coefficients in expansions (48)
a4y=0, a=-4, b=p. (50)

In the s -polynomial approximation it is assumed that only s coefficients in (48) are not equal to zero. The convergence
rate of this procedure cannot be estimated because the considered spectral problem does not related to a small
parameter.

The further calculations are similar to ones in quantum-mechanical perturbation theory. Equations (16) take the
form

Z;Aqq'aq'z/lTaqxq’ z qq' q _;tubqu’ (51)
q=
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where Aqq , B , are matrix elements of the collision integral operator K and some coefficients X, Yy,

Ay = {S;/z(ng)’S}f (Be,)is B,y = {p/S;/z(ﬂgp)’p/S;’/z(ﬂgp)} ;
5 T(qg+3/2) _4mnT(q+5/2) (52)
Y = 2nT ’ 7= 2
q! B q!

are introduced. Here standard in kinetic theory notation for the matrix elements of the operator K is used and related
quantities are called the integral brackets

{a,.b,}=(a,Kb,) (53)

(according to (8) (a,b,) is the scalar product of functions a,,b,).

In one-polynomial approximation relations (50) - (52) give [7]

3 2
AB]Z_ﬂ[E_ﬂgpj’ A= ﬂ{ep,g} BY'=p, /1151]:%{1)[’]?[} (54)

(a quantity a in s-polynomial approximation is denoted by al* ) Entering here brackets can be calculated exactly [7]

1/2# e4zan0 2442 i

52 12 72
27 2

4_2
e z Lno [ _
3(1_‘_# )1/2 1/2T3/2 T

m_ (u=(m/M)") (55)

In paper [13] these values were calculated in the main approximation in the parameter ¢ which is a small one because
p<(m,/m,)"? ~2,34-107 (56)

(here m,, m, are electron and proton masses). As a result our expression for A, coincides with one from [13] but our

e’
expression for A, gives one from [13] after the replacement n, — n,(z +1) . This result is expected because in [13] the
dynamics of ions was more fully taken into account.

Starting from Landau investigation on the temperature relaxation in the completely ionized plasma [5] it is

assumed that electron distribution function in spatially uniform states coincides in the main approximation with the
Maxwell one (analogous assumption is made in the velocity relaxation theory [9]). In the terms of our consideration it is

confirmed only in one-polynomial approximation at small temperature difference 7' —7;, and small velocity u,, . Really,
according to (4), (50) the Maxwell distribution for electron system with temperature 7' and macroscopic velocity u,
can be rewritten as

1(¢, 3 1
_ =w{1+F[7p—§](T—TO)+Fpnun+..1=wp[1+A£}](T—TO)+B£}]pnuu +...]=
0 0 0

w

p—mu

(57)

_ 2 m 1 o
_Wp|:1+§Ap (8—50)4'%317 pnﬂ'u‘l‘...

This expression should be compared with nonequilibrium distribution function given by formulas (12), (30). This
remark shows, why Landau relaxation theory [5] gives relaxation coefficient A, which coincides with one in one-
polynomial approximation /1[T1] from (55) taken in the small g limit.

Our general expression (47) for the mobility of electron in plasma can be concretize in one-polynomial
approximation with the velocity relaxation coefficient 4, from (55) that in the main in small g approximation gives

32
37,
T 952 23,1 2
2 Lno

(58)
' e’m

Electron mobility defines electron current j, of the plasma in the steady state
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J, =—neu, , u' =-vE, (59)

and therefore gives the plasma conductivity o
J' =0k, g =env=—— (60)

(see (47)). This formula for o is exact one. It in the one-polynomial approximation and in the main order in the
parameter 4 according to expression (58) gives

3T3/2
0

C=—fi—nt———.
52 12 2 12
27 e m “zL

(61)

Here the plasma neutrality condition 7,z = n is taken into account (7, n, are electron and ion component densities).

Note, that this formula differs by numerical coefficient from one obtained for the Lorentz plasma in [10] where
approximate expression for the collision integral of the form

Arzze* nmL
Ip(f)z—v(p)é'fp, v(p)zT (fpzwp+§fp, Ip(w)=0) (62)

is used.
Our formula (47) gives exact expression for the electron and ion component temperature difference in equilibrium

or steady state of the plasma. In one-polynomial approximation (55) for relaxation coefficients A, 4, it can be
expressed through the electron mobility v by the formula

sz

3

This formula was derived also in [8] but without control of its accuracy.

AT = E?. (63)

DISCUSSION

In the present paper the investigation of completely ionized plasma based on our generalization of the Lorentz
model is conducted in the presence of constant and spatially uniform electric field. The generalization is based on the
Landau kinetic equation and takes into account features of the Coulomb interaction. Contrary to Lorentz it is assumed
that ions form equilibrium system. Kinetic equation for the model is linear one and for investigation of nonequilibrium
processes a spectral theory of the collision integral operator is used. This operator is rotationally invariant, symmetric
and positively defined one. Therefore quantum-mechanical approaches for approximate investigation of nonequilibrium
processes in the system are applied here. Eigenfunctions of the collision integral operator describe kinetic modes of the
system. In the paper irreducible symmetric tensors as eigenfunction of this operator are used. This very simplifies using
rotationally invariance ideas in the calculations. On this base it is proved that energy and momentum densities of the

electrons &, 7, are described only by scalar Ap and vector B,p, ecigenfunctions correspondently. Moreover, this

allows proving that for the mentioned densities exact closed linear evolution equations are valid which are true for all
times.

Relaxation processes in the electron component can be described instead of densities&, 7, by corresponding
temperature 7 and macroscopic velocity u, . The obtained exact evolution equation for the velocity is a linear one but
exact evolution equation for the temperature is quadratic in the velocity. These equations contain the temperature and
velocity relaxation coefficients A, A, as eigenvalues of the collision integral operator corresponding to eigenfunctions

A s B » P, - In these terms steady (equilibrium) states of the system are discussed and exact expressions for the electron

mobility and conductivity are obtained. The equilibrium phenomenon of electron 7" and ion 7, temperature difference

is predicted and is described by an exact expression. This effect was discussed in the literature early [8] but with an
indefinite accuracy.
Important part of the paper discusses long time behavior of the plasma in the presence of a small constant and

spatially uniform electric field. A characteristic time 7, is introduced so, that at ¢ >> 7, only vector and scalar modes of

the system evolve. The mentioned exact relaxation equations are also true for the asymptotic values e™ , ﬂ,(,+) of the

quantities & , 7, . At these times electron distribution function is investigated. In the straightforward perturbation theory
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in electric field it is shown that this function at ¢ >> 7, (asymptotic distribution function) depends on time only through

()

the quantities&*", 71',(l+) . This result expresses the Bogolyubov idea of the functional hypothesis that is basis of his

method of reduced description of nonequilibrium states.

Further discussion of relaxation phenomena in the system needs of approximate expressions for the relaxation
coefficients as eigenvalues of the collision integral operator and corresponding eigenfunctions. However, the related
spectral problem can be solved only approximately. With this end in view in the paper the method of truncated
expansion in the Sonine polynomials is used. As a result, relaxation coefficients are written in the one-polynomial

approximation but exactly in small electron-to-ion mass ratio ,u2 . Details of these calculations with consideration of the

two-polynomial approximation are discussed in our paper [18]. These results show that commonly used the Maxwell
distribution function with electron component temperature and velocity as the electron distribution function in the

presence of relaxation processes (see [5, 9, 10, 12]) is true only in one-polynomial approximation and for small u, and
T —T,, . This explains why our temperature relaxation coefficient A, in one-polynomial approximation coincides with

the Landau one [5].

On the base of the obtained here results spatially nonuniform states of plasma in the presence of relaxation
processes will be investigated in a subsequent paper.

Note finally, that developed here theory can be applied for investigation of relaxation phenomena in theory of
polarons in the Frohlich model (see, for example, [12]).

ORCID IDs
Alexander I. Sokolovsky, https://orcid.org/0000-0001-7988-6753; (~’Sergey A. Sokolovsky, https://orcid.org/0000-0001-6772-647X
Oleh A. Hrinishyn, https://orcid.org/0000-0002-5620-3523

REFERENCES

[1] D.Jou, J. Casas-Vazques, and G. Lebon, Extended Irreversible Thermodynamics, (Springer, 2010).

[2] S.V. Peletminskii, Yu.V. Slyusarenko, and A.l. Sokolovsky, Physica A. 326(3-4), 412-429 (2003),
https://doi.org/10.1016/S0378-4371(03)00255-3.

[31 V.N. Gorev, A.L. Sokolovsky, in: Actual Problems of Mathematical Physics and its Applications. Proceedings of Institute of

Mathematics NASU, 11(1), (IM, Kyiv, 2014), pp. 67-92.

1 H.A. Lorentz, Proc. Acad. Sci. Amsterdam, 7, 438, 585 (1905).

] L.D. Landau, ZhETF, 7,203-209 (1936). (in Russian).

[6] A.L Akhiezer, S.V. Peletminsky, Methods of Statistical Physics, (Pergamon Press, Oxford, 1981).

] S.A. Sokolovsky, A.L. Sokolovsky, I.S. Kravchuk, and O.A. Grinishin, Journal of Physics and Electronics, 26(2), 17-28 (2018),

https://doi.org/10.15421/331818.

[8] B.M. Smirnov, UFN, 172(12), 1411-1445 (2002). (in Russian).

[91 A.F. Aleksandrov, L.S. Bogdankevich, and A.A. Rukhadze, Principles of Plasma Electrodynamics, (URSS, Moscow, 2013),
pp. 504.

[10] E.M. Lifshitz, and L.P. Pitaevskii, Physical kinetics, (Pergamon Press, Oxford, 1981).

[11] LS. Braginsky, ZhETF, 33, 459 (1957).

[12] N.N. Bogolyubov, and N.N. Bogolyubov (Jr.), Acnexmur meopuu nonspona [Aspects of polaron theory], (Fizmatlit, Moscow,
2004), pp. 175. (in Russian).

[13] V.N. Gorev, and A.I. Sokolovsky, Ukr. J. Phys. 60(3), 232-246 (2015), https://doi.org/10.15407/ujpe60.03.0232.

[14] V.N. Gorev, S.A. Sokolovsky, and A.I. Sokolovsky, Visnik Dnipropetrovs’kogo universitetu. Seria Fizika, radioelektronika,
24(23/2), 83-93 (2016).

[15] S.A. Sokolovsky, A.L. Sokolovsky, I.S. Kravchuk, O.A. Grinishin, Journal of Physics and Electronics, 26(2), 17-28 (2018),
https://doi.org/10.15421/331818.

[16] S.A. Sokolovsky, A.I. Sokolovsky, LS. Kravchuk, O.A. Grinishin, in: Proceedings of IEEE 40" International Conference on
Electronics and Nanotechnology (ELNANO-2020), ISBN: 978-1-7281-9712-8, (Kyiv, Ukraine, 2020), pp. 284-287.

[17] S.A. Sokolovsky, and A.L Sokolovsky, in: Proceedings of IEEE 2nd Ukraine Conference on Electrical and Computer
Engineering, (UKRCON-2019), ISBN: 978-1-7281-3882-4, (Lviv, Ukraine, 2019), pp. 783-787.

[18] S.A. Sokolovsky, A.I. Sokolovsky, I.S. Kravchuk, and O.A. Grinishin, Journal of Physics and Electronics, 27(2), 29-36 (2019),
https://doi.org/10.15421/3919/9.

[19] S.A. Sokolovsky, Theoretical and Mathematical Physics, 168(2), 1150-1164 (2011), https://doi.org/10.1007/s11232-011-0093-z.

1O PEJJIAKCALIAHUAX MMPOLECIB Y IOBHO IOHI3OBAHIM IJIA3MI
0.11. CokooBebknii?, C.0. CokosoBebkuii®, O.A. T pinimme?
4/[ninposcokuii HayionaneHull ynigepcumem imeni Onecst 'onuapa, kagedpa meopemuunoi gizuxu npocnexkm I aeapina, 72, Jninpo
bIIpuoninposcvra depocasna axademis 6ydienuymea ma apximexmypu, kagedpa Qizuxu
syn. Yepnuwescokoco, 244, JJninpo
Penakcariss TycTHH eHeprii Ta IMIyJIbCy ENEKTPOHIB JOCIHIKYETHCS B IPOCTOPOBO-OJHOPIAHMX CTAHAX IIOBHICTIO 10HI30BAaHOI
IUTa3MH 3a HAassBHOCTI MaJIoOro IOCTIHHOTO i IPOCTOPOBO-OAHOPITHOTO 30BHIIIHBOTO €JIEKTPUYHOro nmois. I[lnasma po3risigaerscs B
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y3arajbHeHiit mogeni JlopeHia, sika Ha BiIMiHy BiJ CTaHZApTHOI Mojeli mependadae, M0 iOHH YTBOPIOIOTH PIBHOBAXKHY CHCTEMY.
Jotpumytouncs JlopeHlla, HEXTYEMO €NEKTPOH-CJICKTPOHHUMH Ta 1OH-IOHHUMH B3aeMOZiAMH. JIOCHIDKEHHS 3aCHOBaHE Ha
NiHIHHOMY KiHETMYHOMY DIBHSHHI, OTPMMaHOMY HaMH paHiuie 3 KiHetmyHoro piBHsHHS Jlanmay. Tomy B HbOMY nanekoiiiHa
CIICKTPOH-IOHHA KYJIOHIBCbKAa B3a€MOJisl ONMUCYETHCS MOCTIAOBHO. JOCHIIDKEHHS MOJETi IPYHTYEThCS Ha CIEKTPaIbHOI Teopil
omepaTopa iHTerpana 3iTkHeHb. Lleil onepaTop CHMETPHYHHIL i IO3MTHBHO BU3HAYEHO. MOro BIACHI BEKTOPH OGHPAEMO y BT
CHMETPHYHUX HE3BITHUX TEH30DIB, sKi ONMMCYIOTh KIHETHYHI MOAU cUCTeMH. BinmoBinHi BacHi 3HaYeHHS € KOS(ILiEHTH penakcarii
1 BU3HAYAIOTh YacH peJakcamii CHCTeMH. BCTaHOBIOEThCS, IO CKAISIPHI 1 BEKTOPHI BIAaCHI (YHKII] ONMUCYIOTH €BOJIOLIIO I'YCTUH
eHeprii Ta IMITyJIbCy eNeKTPOHIB (BEKTOPHY 1 CKasIpHY Moxau cuctemu). Ha 1iif OCHOBI HAMHU BUBOAUTHCS TOYHA CHCTEMa PiBHSIHB
Ul BKa3aHHX TYCTHH, sIKI CIpaBeUuBi [yl Beix uaciB. [lanmi mepenbauaerbesi, mo iX vacu penakcaiii HabGararo Oinmblii yacis
penakcauii BCiX iHIIMX MOA. Y IIbOMY BHIIQIKy iCHY€ TaKuil XapakTepHHI 4ac, [0 NPH BiAMNOBIIHUX BEIMKHUX Yacax CBOJIOLISL
CHCTEMHU CKOPOHYCHO OINKCYETHCSA aCHMITOTHMYHMMM 3HAYEHHSAMH TYCTHH €Heprii Ta immynscy. IIpu ckopoueHoMy omuci (yHKIis
PO3MOAITY eJICKTPOHIB 3aJI€XKUTh Bijl 4aCy TUIbKM 4epe3 aCHMITOTUYHI T'YCTHHHM i BOHH 3a/I0BOJIBHSIOTH 3aMKHYTIH CHCTEMI piBHSHb.
VY mamiit momepenHiii po6oTi el pesynbrar OyB NOBEJSHHUH 3a BIICYTHOCTI 30BHINIHBOTO €JICKTPHYHOTO MO i Oyina 3HaiineHa
TOYHA HEpiBHOBaKHA (YHKIIs po3noxiry. Hamm noBoauThest, IO 1eH CKOpPOYESHWH OIMHC Ma€ Micle 1 Ui Majoro OIHOPiTHOTO
30BHIIMIHBOTO €JIEeKTPHYHOro mons. lle MokHa posrisimaté sk oOrpyHTyBaHHS inei ¢yHKmioHanbHOI rimore3u BoromoGoBa mis
penakcanifHuX mpoueciB B Ia3Mi. J[oka3 ImpoBOIMThCS B meprioMy HaOmmkeHHI Teopii 30ypeHs 3a moseM. OmHak Horo ines
npaBWIbHA y BCIX IOPsAKaxX 3a IOJeM. PyXJMBICTh €JEKTPOHIB B Iuia3mi, il MPOBIAHICTH 1 sIBUILE BiIMIHHOCTI B pPiBHOBa3i
CJICKTPOHHOI Ta IOHHOI TeMIepaTyp AOCITIKYIOThCS HAaMH B TOYHOI Teopii i HaOIMKEHO aHAi3YIOThCs. 3 L€ METOI0, CIIiIyIun
Hauli nonepeaHiit poboTi, 06roBOpPrOEThHCST HAOIMKEHE PIIICHHs CIIEKTPalIbHOI 3aa4i METOIOM YCIYeHOro PO3KIaJaHHs BIACHHUX
¢byukuid B psaun moninoMiB CoHina. Y HaOMMKEHHI OJHOTO MOJIIHOMAa IOKA3yeThCs, IO HepiBHOBakKHa (YHKIlS PO3HOALTY
€JICKTPOHIB B OKOJIMII 3aBEPIICHHS pelakcaliifHuX mHpoleciB Moxke OyTH ampokcuMoBaHa (yHKIi€I0 posnofiny Makcsemra. Lleit
pe3ynsTaT € oOrpyHTyBaHHSM mpunymeHHs Jlopenna—Jlangay B ix Teopii HepiBHOBakHHMX mporeciB B mia3Mi. Koedimientn
pernakcanii TemMIepaTypH i MBUAKOCTI PO3paXxOBYBAJIHC HAMU paHille B HAOMKCHHSIX OTHOTO i IBOX MOJIHOMIB.

KJIFOYOBI CJIOBA: mra3Mma, y3arairsHeHa Mozens JlopeHma, koedilieHTH peakcarlii, orepaTop iHTerpaia 3iTKHEeHb, CIIeKTpabHa
Teopist, HAOMKEHHsI OHOTO, MoJIiHOMA, QYHKIIOHAIbHA TioTe3a

K PEJTAKCALIMOHHBIM ITPOIECCAM B IIOJTHOCTHIO HOHU3UPOBAHHOM IIJIASME
AJM. CokonoBckunii®, C.A. CokosoBekuii,” O.A. T PMHMIINH?
“/[nenposckuti HayuonanvHwlll ynusepcumem umenu Onecs I'onyapa, kagedpa meopemuueckoii usuxu
npocnexkm I acapuna, 72, /[nunpo
bIIpuonenposcras 2ocydapcmeennas axademus. CmpoumensCmed u apxXumexmypbl, Kageopa gusuxu
syn. Yepnuwescvkozco, 244, J{nunpo

Penaxcarus mIoTHOCTE!N HEPTUH U UMITYJIbCA SJIEKTPOHOB UCCIEAYETCS B MPOCTPAHCTBEHHO- OJAHOPOIHBIX COCTOSHUSAX MOIHOCTHIO
HMOHHM30BAHHOM TJIa3MBbl NPU HAJIMYMU MAJIOr0 MOCTOSHHOTO M MPOCTPAHCTBEHHO-OJHOPOJHOTO BHEIIHETO 3JIEKTPUYECKOTO MOJIS.
[Inasma paccmarpuBaercst B 00001eHHON Moaenu JIopeHia, KOTopas B OTJIMYKE OT CTAaHAAPTHOM MOJAENHU IMPENoJaraeT, YTo HOHBI
00pa3yloT paBHOBecHYI0 cucteMy. Crenys JlopeHiy, mpenebperaeM 31eKTpOH-3JIEKTPOHHBIMH U HOH-NOHHBIMHU B3aUMOAEHCTBUSMH.
HccnenoaHne 0CHOBaHO Ha TMHEHHOM KMHETUYECKOM ypPaBHEHHUH, TTOMYYEHHOM HaMM paHee U3 KMHETHYECKOTro ypaBHeHus Jlannaay.
IlosToMy B HeM gdanbHOJCHCTBYIOLIEE OJIIEKTPOH-MOHHOE KYJIOHOBCKOE B3aUMOJCHUCTBHE OINUCHIBACTCS IIOCJIEAOBATENIBHO.
HccnenoBanue MoJEIU OCHOBBIBACTCS Ha CIEKTPaNbHOM TeOpUM oOIepaTopa HHTErpana CTOJKHOBEHUH. ITOT omepaTop
CHMMETPHYEH M IIOJIOKHTENBHO ompereneH. Ero coOCTBeHHBIC BEKTOpPHI BHIOMpacM B BHJE CHMMETPUYHBIX HETPHUBOIAMMBIX
TEH30pOB, KOTOpHIC OMNHCHIBAIOT KHHETHYECKHE MOIBI cHcTeMBl. (COOTBETCTBYIONIME COOCTBEHHBIE 3HAUCHHS SIBITIOTCS
k03 ULIHEHTaMI pENaKCalluK M OIPEACIIIOT BPEMEHAa PENIAKCALMH CHUCTEMbl. YCTaHOBICHO, YTO CKAPHbIE W BEKTOPHbIE
cOOCTBEHHbIE (DYHKLMU ONMMCHIBAIOT JBOJIIOLHMIO INIOTHOCTEH SHEPIUM M UMILYJIbCA 3JIEKTPOHOB (BEKTOPHYIO U CKAISAPHYIO MOIBI
cuctemsl). Ha 3Tolf 0CHOBE HaMH BBIBOAMTCSI TOUHAs CHCTEMAa yPaBHEHUH Ul yKa3aHHBIX IUIOTHOCTEH, CIIpaBelIuBas Ul BCEX
BpeMeH. [lanee mpenonaraeTcs, 4To UX BpEMEHa peakcallud HAMHOTO OOoJIbllle, 4YeM BPEMEHA PENlaKCalli BCEX OCTANbHBIX MoA. B
9TOM CJyd4ae CYIIECTBYEeT TaKOe€ XapaKTepPHOE BPEMsl, YTO IPH COOTBETCTBYIOIIMX OOJIBIIMX BpPEMEHAX JBOJIOLUS CHCTEMBI
COKpAIIIEHHO OIMCHIBACTCS aCHMITOTHYECKHMH 3HAUCHUSIMHU IUIOTHOCTEH. [IpH cokpameHHOM omucaHny (QyHKIMS pacIipeesICHUs
JJIEKTPOHOB 3aBUCUT OT BPEMEHH TOJIBKO Ye€pe3 AaCUMITOTUYECKUE IUIOTHOCTH, M OHHU YAOBICTBOPSAIOT 3aMKHYTOH cHcTeMe
ypaBHeHui. B Hamreli nmpenpinymmeil paboTe 3TOT pe3yibTaT ObUI OKa3aH B OTCYTCTBHE BHEIIHETO HJIEKTPUYECKOTO IOJSL M ObLIa
HaiiJleHa TOYHas HepaBHOBECHAs (yHKUMsS pacnpeneneHus. 3/ech TO0Ka3bIBaeTCs, YTO 3TO COKPAILEHHOE ONMCAHUEe MMEET MECTO U
JUISL MAJIOTO OJJHOPOAHOIO BHEIIHETO IEKTPUIECKOTO MOJIs. DTO MOXKHO paccMaTpuBaTh Kak 000CHOBaHHE HeU (QYHKIMOHAIBHON
runoTe3sl boromo0oBa 1JIsl penakcalOHHBIX MPONECCOB B MuiazMe. Jloka3aTeabCTBO MPOBOJUTCS B MEPBOM MPUONMKEHUH TEOPUU
BO3MYyIIEHHH 110 nomto. OHAKO €ro ujest BEpHa BO BCEX MOPSIIKAX MO Moo. IIoABIKHOCTD JNIEKTPOHOB B IIa3Me, €€ IPOBOANMOCTh
U SIBJICHUE Pa3NIM4Ms B PAaBHOBECHHU DJIEKTPOHHON M MOHHOII TeMIiepaTyp HCCIeIyIOTCsS HaMH B TOYHON TEOPHH M NPHOIMKEHHO
ananmm3upytotcs. C 3Toif nenslo, ciaemys Hamel npeasyineil pabote, 006CykaaeTcs IPHOIIDKEHHOE PEIIeHHe CIEKTPAIBHON 33191
METOJIOM YCEUCHHOTO DPAa3JIOKCHUs COOCTBEHHBIX (YHKIMH B psasl moiauHoMoB CoHmHa. B mpuOmmkeHHM OIHOTO HONMHOMA
MOKAa3bIBAETCS, YTO HEpaBHOBeCHast (DyHKIUS pacIpeeeHns SJICKTPOHOB B OKPECTHOCTH 3aBEPIICHNS PEJIaKCAIIMOHHBIX IPOIECCOB
MOXeT OBITh alIIPOKCUMHpPOBaHa QYHKIMEH pacnpeneneHus Makcsemna. DTOT pe3ybTaT sBISETCS 000CHOBAHUEM MPETIOI0KEHUS
Jlopenua—Jlanzay B MX TEOpHM HEPAaBHOBECHBIX IpOLECCOB B miasMe. KoadduuueHTs! perakcalyy TeMIiepaTypbl U CKOPOCTH
PacCUUTHIBAIICH HAMU paHee B MPUOIMKEHHUAX OJHOTO U ABYX MOIUHOMOB.

KIFOYEBBIE CJIOBA: mna3ma, o6obmieHnass monenp Jlopenna, KkoddQuIMeHTs penakcalyy, OIepaTtop HHTerpajia
CTOJIKHOBEHUH, CHEKTPAJIbHASL TEOPHUs], IPUOIIIDKEHIE OHOTO MTOJIMHOMA, (DyHKIIMOHAIBHAS THIIOTE3a
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We calculated the mass spectra of charmonium meson by using matrix method to make the predictions of ground and radially excited
states of charmonium mesons via non-relativistic potential model. We compared our results with other theoretical approaches and
recently published experimental data. The predictions are found to be in a good accordance with the latest experimental results of
Particle data group and with the results of other theoretical approaches. Besides, we calculated the momentum width coefficients  of
charmonium meson. Since, there are no experimental data for the momentum width coefficients f of charmonium meson yet.
Consequently, our calculated coefficients § are compared with other theoretical studies and it is found to be in a good agreement with
our results. The obtained results of coefficients B have implications for decay constants, decay widths and differential cross sections
for charmonium system and generally for heavy mesons system. Our study is considered as theoretical calculation of some properties
of charmonium meson.

KEYWORDS: heavy mesons, matrix method, charmonium, momentum width

Charmonium is a group of fundamental particles that are held to consist of a charmed quark-antiquark pair. The
lowest bound state of a charm and anti-charm quark is called the J/ip, whose mass is about 3.5 times greater than the
proton mass. The c¢C meson presents itself as an ideal system to test assumptions of QCD. By making precise
measurement of the masses, widths, and branching ratios of charmonium states important information about the
dynamics of quark anti-quark interaction can be extracted [1]. The charmonium systems may provide unique signs to
the non-perturbative behavior of QCD in the low-energy regime and have attracted a great deal of care from the
quarkonium physics community [2]. In 2007, the Belle Collaboration [3] reported the Y (4660) resonance, as the
heaviest state among the charmonium-like states at present for the first time. Its mass was determined to be M = (4664 +
16) MeV. In the past decade, the properties of the charmonium states were widely explored with various theoretical
methods. Reliable perturbative approaches, like lattice QCD [4], heavy quark effective field theory [5] and potential
models are trying to explain the phenomena of quark confinement and dynamics of QCD. Charmonium is produced in
various reactions, and subsequently decays into other particles. Studying its production mechanism will give a prolific
testing for the QCD. There are many potential models commonly used to study heavy quarkonium spectra [6-9]. One of
the most successful potential for such systems is the non-relativistic potential model [10-13]. We adopt the Cornell plus
hyperfine correction plus spin-dependent terms model [14] to accurately obtain the c¢ spectrum of quark interactions
for S and P states. Then, we compare our present work to other theoretical approaches [15, 16] and experimental results
[17] to stress the success of our model. On the other hand, the main motivation is to calculate the numerical values of
coefficient P that is related to the root-mean-square radius of quarkonium for different states of c¢ meson. Momentum
width parameter 3 can be used to calculate the decay widths [18], and differential cross sections [19] for quarkonium
states. The produced calculations of the momentum width parameter B are compared with published theoretical
calculations from [20, 21]. The main aim of this research is to study the spectrum of charmonium meson using the
matrix method [22]. Moreover, we compute the numerical values of coefficient p for conventional charmonium mesons
and compare the obtained results with recently published calculations. The chief advantage of our perspective method is
that all the computational process, requires a remarkably little time. Our method is overwhelmingly easy and fast, and it
gives very accurate results.

This article is organized as follows. In Section 1 we present some characteristics properties of charmonium
mesons which in turn depend on the potential model, details of the used methods in our present work are given in
Section 2. Results and discussion are given in Section 3. Finally, in the last section, we summarize our main results and
conclusions.

1. Characteristics of charmonium mesons
1.1 The constituent potential model

One of the most successful ways of describing the mesonic system is to solve the non-relativistic Schrodinger
equation for these quark-anti quark states with an appropriate potential model. In a non-relativistic constituent quark
model, the non-relativistic description with the Schrédinger equation gives acceptable results. We used the standard
color Coulomb plus linear scalar form, and also include contact hyperfine interaction then We treated the remaining
spin-dependent terms as mass shifts using leading-order perturbation theory. Thus, the potential model used here can be
written as [1]:

© T.A. Nahool, A.M. Yasser, M. Anwar, G.A. Yahya, 2020
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and u is the reduced mass of the quark and anti-quark
= ©

Here a; is the quark-gluon coupling, ( _?4 ) is the appropriate color factor and (b) is the parameter of the string tension,

and (r) is the distance between the quarks; m, is the mass of the charm quark, and the last term is for the spin-orbit
potential with where s is the total spin quantum number of the meson [24] and

= o _ S(s+1) 3
Se-Se="—-7 4)
The last term is for the spin-orbit potential with
(Zf) — U(]+1)-(L(L+1)-5(5+1))]' (5)

2

The spin-orbit operator is diagonal in a |], L, S > basis with the matrix elements. The tensor operator T [25] has non
vanishing diagonal matrix elements only between L > 0 spin-triplet states, which are

L

_6(2L+3)J=L+1

T = +=)=L . (6)
L0 My iy
k 6(2L-1)"

For the charmonium mesons, the parameters a,, b, 6, and m, are taken from [26] to be 0.4942, 0.1446 GeV?, 1.1412
GeV and 1.4619 GeV, respectively.

1.2 The Radial Wave Functions of Charmonium Mesons
Charmonium mesons can be described by the wave function of the bound state of quark-antiquark. This wave
function ¥(r) = r R(r)can be found by solving the time independent Schrédinger equation for a particle of reduced
mass (4 moving in a spherically symmetric potential with a position vector r ~ and it is can be expressed as:

[— %A + V(r)] Y(#,0,9) = EY(#,6,0). ™

In spherical coordinates the Schrodinger equation takes the form

[ —Eid—zﬁiiﬁ) +V(r)]zp(f’ 0,9) = EY(7,6,¢) ®)
2urdr? 2ur? 0,9 ,0,9),

where L is orbital angular momentum and (r) is the distance between the quarks.

Dividing the last equation into two parts, the first part is the radial kinetic energy and the second term is the potential
energy.
The radial part can be written as

Then
Y(r) =rR(r) (10)

The matrix method [27] is used to solve Schrédinger to get the spectrum of charmonium, the details of this method
could be found in the following section.
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1.3 The momentum width coefficient f§
The meson wave function is characterized by a momentum width parameter B that is depending upon the angular
momentum quantum numbers and related to the root mean square radius quark-anti quark separation 1,5 of the meson
by [28].

B=\/2(n—1)+(L)+§ i . (11)
Since, the root mean square radius 7;,; depends on the wave functions i (r), which results from solving
Schrodinger equation by using our method, it is expected that, the  values will be very accurate.

2. Matrix method for solving Schrodinger equation
Matrix method is a numerical approach for solving the Schrodinger Equation where the eigenvalues of a matrix
gives the total energies of the particle (spectra) and the Eigen functions are the corresponding wave functions. Let us re
write the Schrodinger equation in Eq. (9) using natural units.
Then it will be expressed as:

1 d%y 1(1+1)
— = v + 52w = By (12)
Next, the second derivate of 1 (r)function takes the form
d2P(r) _ Pr+h)—29p(r)+P(r—h) 2
= 2 + 0(h?), (13)

here,

_ Rmax—Rmin
h = — (14)
where h is our step between two points, R,,;, and R,,,,, are minimum and maximum values for the variable (r)
respectively with a given number of steps (N) all over the range.

We can rewrite the Schrodinger equation in Eq. (12) for r; as follow:

Y(ri+h) =29 )+ (ri—h) 1(1+1) _
- WY + [V(Ti) + Zuriz]lp(ri) = Eyp(ry), (15)
where, 1; = Ryyip +ih, i =1,2, ... ... ,N—1
Let us use a compact way of writing the previous equation as:
Yy =20+ 1(1+1)
LB 1 V() + 52 v = Bwy (16)
where, Y; = Y1), Y1 = YO+ ), P = P — h)
The last equation could be written as:
CiYYivr +dip; + cipiy = EVY; (17)
Where
1 1(1+1) 1
di= [5+VeD+53], a=-5m (18)

Where d; and c; represent the diagonal and non-diagonal elements, respectively.
Eq. (17) could be transformed into a matrix form. Thus, we can rewrite it as a group of linear equations as follows:

1Y, + diy + 1Y = EY,

CY3 + dyyp, + o0 = Ey,

C3y +  dsyp; + e3P, = Ey; (19)
cNUner + dydy + onn-r = Eyy
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Then the matrix takes the diagonal form as:

d ¢, 0 0 .. 0 Wy Wy

Cq1 dz C3 0 0 1/)2 1/)2

0 C2 d3 C4 lp3 — E lp3 (20)
dyo1 Ot e [\ WNe2 Yy-_z
Cn-1 dn-1 Cn Yn-1 Yn_1

This is a tridiagonal matrix of dimension (N — 1)x (N — 1), then this matrix can be solved as an eigenvalue
problem and yields (N — 1) eigenvalues. We implemented our method to solve eigenvalue problems.

3. Results and discussion

In this article we have calculated the spectra of S and P wave states of charmonium meson by solving the
Schrédinger equation numerically using matrix method. Coulomb plus linear plus hyperfine plus spin-dependent terms
potential model are considered. By taking N = 200, R, = 20 fin , as(c) =0.4942, b = 0.1497 GeV2, 0 =
1.1412 GeV and the charm quark mass = 1.4619 GeV for S-states and for P-states, the spectra were summarized in
Tables (1, 2). We predict the masses of the twenty states of cC meson where we compared our theoretical predictions
with those from [15, 16, 17]. By comparing present work with the recently published experimental data, we found that
the maximum errors are 0.03 GeV for S-states and the maximum errors for P-states are 0.044 GeV. Similarly, we found
that the maximum errors between our work and [15] are 0.03 GeV for S-states and P-states. In the same way, we
calculate the maximum errors between our work and [16] and it was 0.02 GeV for S-states and 0.03 GeV for P-states.
Hence, it can be seen that our calculated spectra are in close accordance with the PDG results and with the results of
other theoretical studies, thus it can be concluded that this method gives satisfying results for predicting charmonium
spectra. The normalized radial wave functions for charmonium mesons are graphically represented in Figures (1) and
(2) respectively.

—— 1S wave
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@05 F =287 ¥ &= 0 Ll 4S wave
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Figure 1. Charmonium S-states reduced radial wave functions.
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Figure 2. Charmonium P-states reduced radial wave functions.
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In Figure (3), the present potential has been plotted for S and P states of charmonium. The predictions about the
values of momentum width (Coefficient B) for charmonium S and P States in comparison between our results and those
obtained in previous calculations [20, 21] are reported in Tables (3, 4) respectively.
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Figure 3. The present potential of charmonium meson for S and P States.
(a) - The present potential of charmonium meson for S States, (b) — The present potential of charmonium meson for P States
Table 1.
Mass spectrum for cc meson of S- states (in GeV) using matrix method.
State Matri
atrix
method [15] [16] PDG [17]
n L S J JPe Meson
1'So 0 0 0 0 n:(1s) 3.017 2.9816 3.004 2.9810+0.0011
13S, 0 1 1 1~ Iy 3.113 3.0900 3.086 3.096916 + 0.000011
218, 0 0 0 0 n:(2s) 3.637 3.6303 3.645 3.6389 +£0.0013
23S, 0 1 1 1~ y(2S) 3.678 3.6718 3.708 3.6861+ 0.000012
3'So 0 0 0 0~ 1:(3s) 4.047 4.0432 4.124
33S, 0 1 1 1~ v (4040) 4.076 4.0716 4.147 4.040 £ 10
4'S, 0 0 0 0~ Nc:(4s) 4.388 4.3837 4.534
43S, 0 1 1 17" v (4415) 4411 4.4061 4.579 4415+6




36

EEJP. 3 (2020)

Tarek A. Nahool, A.M. Yasser, et al

Mass spectrum of radially excited states (P-States) of cC meson (in GeV) using matrix method. fable 2
State Matrix method | [15] [16] PDG [17]
n L S J JPe Meson
1'Py 1 0 1 1 £, (1P) 3.545 3.5156 | 3.496 | 3.52541+0.00016
1°P, 1 1 1 | X1 (1P) 3.524 3.5054 | 3.492 | 3.51066 + 0.00007
1°P, |1 1 2 AN Xe2(1P) 3.543 3.5490 | 3.511 3.556 +0.009
2Py | 1 0 1 | Z,(3900) 3.958 3.9336 | 3.991
2P |1 1 1 I xc1(3872) 3.94 3.9249 | 3.984
2P, |1 1 2 AN Xc2(3990) 3.959 3.9648 | 4.007 3.927 £0.026
3Py | 1 0 1 ) X(4020) 4.303 42793 | 4410
3P |1 1 1 | Xc1(4140) 4.285 42707 | 4.401
3P, |1 1 2 AR Xc2(3P) 4.306 43093 | 4.427 4.350 +0.007
4'p, 1 0 1 | Z,(4430) 4.61 45851 | 4.784
4P |1 1 1 | Xc1(4274) 4.592 45762 | 4.771
4P, |1 1 2 AN Xc2(4P) 4.613 4.6141 | 4.802
Table 3.
Momentum width (Coefficient ) of ground states of charmonium mesons using matrix method.
State Our work [20] [21]
n L S J Jee Meson
1'Sy 0 0 0 (I nc(1s) 0.633 0.615 0.6642
1°S, 0 1 1 1 Iy 0.562 0.596 0.5666
2'Sy 0 0 0 0 N:(2s) 0.436 0.435 0.4456
23S, 0 1 1 1 y(2S) 0.421 0.431 0.4249
3'Sy 0 0 0 0 1:(3s) 0.38 0.38 0.3858
33S, 0 1 1 1 v (4040) 0.373 0.378 0.3763
4'S 0 0 0 ([ N (4s) 0.351 0.351 0.3555
48, 0 1 1 1 v (4415) 0.347 0.35 0.3499
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Table 4.
Momentum width (Coefficient ) of radially excited states of charmonium mesons using matrix method.
State
Our work [20] [21]
n L S I e Meson
1'P, 1 0 1 1 £, (1P) 0.437 0.458 0.3487
1°P, 1 1 1 1 X1 (1P) 0.455 0.471 0.3487
1°P, 1 1 2 2" Xe2(1P) 0.432 0.439 0.3487
21P; 1 0 1 1"~ Z,(3900) 0.379 0.389
23p, 1 1 1 1 Xc1(3872) 0.387 0.394
23P, 1 1 2 AN Xc2(3990) 0.376 0.38
3'Py 1 0 1 1~ X(4020) 0.35 0.356
3’P, 1 1 1 1 Xc1(4140) 0.356 0.359
3°P, 1 1 2 2 Xc2(3P) 0.348 0.351
4'p, 1 0 1 1 Z.(4430) 0.331
43P, 1 1 1 1+ Xc1(4274) 0.336
43P2 1 l 2 2+ + XCZ (4?) 033

4. Conclusion

The non-relativistic quark model is one of the most powerful frameworks to investigate the heavy meson spectra.
The mass spectra of ¢ mesons were calculated in that framework based on the matrix method. Predictions from our
method are found to be in good agreement with the PDG results and available theoretical results. Our results in
comparison with the experimental data and other theoretical approaches results are reported in Tables (1, 2). It can be
noticed that our calculated mass spectra are in close resemblance with the latest PDG results and also with the results of
other theoretical studies, thus it can be concluded that this method gives satisfying results for S and P wave
spectroscopy. On the other hand, we used the matrix method to obtain the radial wave functions of charmonium meson
to calculate the coefficient B. Then, we compare our results with available published results which obtained from other
studies and it was nearly commensurate. Our calculated coefficient f in comparison with other theoretical studies are
reported in Tables (3, 4). As a remarkable result, we can point out that it is recommended to use the obtained values of
coefficient B to calculate the decay widths and differential cross sections for charmonium system. Overall, the obtained
results from the present study are reasonable when compared with the latest experimental results and available
theoretical results which obtained from other approaches for the mass spectra of c¢ meson.
Finally, we may notice that the calculated values of coefficient B are the newer outputs where we did not find
experimental data for comparison. So, we are looking forward to taking these data in consideration by other
experimental and theoretical researchers.
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BJACTHUBOCTI YAPMOHIIO
Tapek A. Harya?, A.M. Slcep®, Moxamman Ausap?, Famannb A. SIxbs?
“Jlenapmamenm ¢pizuxu, Hayxosuii ¢haxynemem, Acyancokuil ynisepcumem, €zcunem
bTenapmamenm ¢hisuxu, Hayxkosuti paxyromem Kenu, Ynisepcumem ITieoennoi donunu, €Caunem

Mu po3spaxyBain Mac-CHEKTPH ME30Ha YapMOHIIO 32 JJOIOMOIOI0 MaTPUYHOTO METOAY, 100 3poOuTH mependadeHHs OCHOBHOTO i
pazianbHO 30YIKEHOTO CTaHIB ME30HIB YapMOHIIO 32 JONOMOTOI0 HEPEIATHUBICTCHKOI MOTEHIitHOT Moaeni. Mu MOpIBHSIM HarIi
pe3yAbTaTH 3 IHIIUMH TCOPETHYHHMH IIIXOJaMH 1 HEIaBHO OMyOJIKOBAaHMMH CKCIIEPUMECHTAIBPHHMHU NaHUMH. BuUsBIEHO, 10
nepe10aueHHS 3HAXOAATHCSI B XOPOIIOMY BiJIIOBITHO 0 OCTAQHHIX €KCIIEPUMEHTAIBHUMH pe3yJIbTaTaMH IPYITH JaHUX YaCTHHOK i 3
pe3yJIbTaTaMy HIUX TeOpeTHYHMX HigxofiB. Kpim Toro, Oynm po3paxoBaHi Koe(illieHTH NIMPUHM IMITYJIECY 3 ME30HA YapMOHIIO.
OCKiJIbKM E€KCHEePUMEHTAJIbHUX IaHUX Ul KOe(illi€HTIB NIMPUHM IMIOyJNbCy [} Me30Ha YapMOHIIO IIOKM HEMae, TOMY Hami
po3paxoBaHi KOeQilieHTH [3 MOPIBHIOIOTHCS 3 IHIIUMH TEOPETHUYHUMH JTOCIIKCHHSIMH, 1 TOKa3aHO, 1110 BOHH JA00pE y3TOKYIOThCS 3
HamuMH pe3yibrataMu. OTpuMaHi pe3ynbTaTé 3a KoedilieHTaMu B MaloTh 3HAYSHHS IJIsi KOHCTaHT PO3Maiy, LIMPUH po3many i
nudepeHIiaIbHIX Tepepi3iB IUIsl CHCTEMH YapMOHIIO 1 B IIJIOMY AJIs CHCTEMH BaKKHX Me30HIB. Hale 1ociiiKeHHs po3risaacTbest
SIK TEOPETUYHUH PO3PaxyHOK AESKUX BIACTHBOCTEIl ME30HA YaPMOHIIO.

KJIFOYOBI CJIOBA: BaxkKi Me30HH, MaTPUIHUI MeTO, YapMOH, IIUpHHA IMITYIECY

CBOICTBA YAPMOHUS
Tapek A. Harya?, A.M. Slcep®, Myxamman Ausap?, Famaiub A. SIxbs?
“Jlenapmamenm Qusuxu Hayunwiii paxynomem, Acyanckuil ynusepcumem, Ecunem
b lenapmamenm ¢pusuxu, Hayunwiii paxyromem Kenu, Yuusepcumem IOoucnoii Oonunvl, E2unem

MpI paccuuTany Macc-CIeKTPhl ME€30HA YapMOHHUS C ITOMOIIBI0 MaTPHYHOTO METOZA, YTOOBI CAENaTh MpeJICKa3aHus OCHOBHOTO U
paguanbHO BO30YKICHHOTO COCTOSTHUI ME30HOB YapMOHUSI C TIOMOIIBIO HEPEIATHBUCTCKOMN MOTEHIIMAILHON Moaenu. MBI cpaBHHIN
Hallli Pe3yJbTaThl C APYTUMU TEOPETHYECKMMH ITOJXOAaMH U HENAaBHO OIyOJIMKOBAaHHBIMH OSKCIIEPUMEHTAILHBIMHU JaHHBIMU.
OO0HapyXeHO, 4TO NpeACcKa3aHusl HaXOAATCS B XOPOILIEM COOTBETCTBUY C ITOCIIEAHIMH SKCIICPIMEHTAILHBIMY Pe3yIbTaTaMU TPYIIIBI
JaHHBIX YacTUIl M C pe3yJIbTaTaMH JAPYTHX TEOPETHYECKUX MOoAxoaoB. Kpome Toro, ObUIM paccUuTaHbl KOI(MPUIMEHTHI IIMPUHBI
umIyibca B Me30Ha 4apMOHHs. ITOCKONIBKY SKCIIEPUMEHTAIBHBIX AAHHBIX JUIT KO3((GHLIUEHTOB IIMPUHBI MMITylbca [} Me30Ha
YapMOHUS I1I0Ka HET, O3TOMY HAlllM pacCUMTaHHbIC KOA()(HIMEHTBI B CPABHUBAIOTCS € APYTUMH TEOPETUUECKUMH HCCIICA0BAHUSIMH,
U NOKa3aHO, YTO OHM XOPOIIO COIVIACYIOTCSA C HALIMMHU pe3yibTaTamu. IlodyuyeHHbIE pe3ynbTaThl M0 KO3(QUIHMEHTaM 3 MMEIoT
3HaUEHHUE I KOHCTAHT paclaja, MIMPUH pacnana u JuddepeHuanbHbIX CeIeHNH U CUCTEMbl YapMOHUS U B LIEJIOM JUISL CHCTEMBI
TSDKENBIX Me30HOB. Hame nccnenoBanne paccMaTpuBaeTcsi Kak TEOPETHIESCKHH pacdeT HEKOTOPBIX CBOMCTB ME30HA YAPMOHUSL.
KJ/IFOYEBBIE CJIOBA: Tsxeinble ME30HbBI, MATPUYHBIN METO, YAPMOHUM, IIUPUHA UMITYJIbCA
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The process of producing high-purity Cd crystals by the vertical directed crystallization (VDC) from a melt according to the
Bridgman method is investigated. Single crystals with the preferred growth direction [11.2] and [10.3] were produced. The angles
of deviation of the growth direction relative to the axis of the samples are o = 27.2° and a = 0.5°. The crystal perfection,
microstructure and microhardness of the grown crystals are determined. As shown by x-ray diffraction analysis, in this VDC variant
of high-purity cadmium, a perfect single-crystal structure is not reached. In the start section there are separate grains with different
orientations, the amount of which decreases in the end section of the single crystal. This results in the formation of a more perfect
single-crystal structure with a preferred orientation, which occupies the entire cross section of the crystal. The microhardness of the
upper and lower sections of single crystals was determined. The more contaminated end sections of the crystals have lower
microhardness than the initial parts. The impurity composition of the start and end sections of single crystals produced from cadmium
of various grades purity was studied. The efficiency of impurity elements redistribution along single crystals is the same for different
grades of cadmium. The developed VDC process can be used for growing single crystals of low-melting metals, such as Zn, Pb, Te,
In, Bi, Sn, etc.

KEY WORDS: cadmium, vertical directed crystallization, single crystals, growth direction, microstructure, microhardness, impurity
composition

Recently, the need for single crystals of metals for practical and research purposes has been increasing. For this
reason, a new industry has increased - single crystal growing. Single crystals of metals and semiconductors are
produced by growing from a melt mainly in three ways: vertical directed crystallization (VDC) — the Bridgman
method [1]; pulling from a melt onto a seed — the Czochralski method [2, 3] and crucibleless melting — the Pfann
method [4].

The history of the development of technique for single crystals growing by the VDC method totals about 100 years.
The first papers on the growth of VDC crystals were those of Tamman (1923) [5]. In 1924, L.V. Obreimov and L.V.
Shubnikov implemented the VDC method in which single crystals were grown in a vertical fixed tubular container
cooled by compressed air [6]. P. Bridgman in 1925 made constructive changes to the proposed VDC method. In this
method the container became movable. D. Stockbarger in 1937 introduced additional design changes to the Bridgman
VDC process. A two-section heater with a diaphragm in its middle was proposed here to provide a larger temperature
gradient at the crystallization front. In 1925, Bridgman prepared single crystals of Sn, Cd, Zn, Sb, Bi, and Te by the
VDC method. Since then, researchers have been working both on improving technological methods for growing single
crystals, and on achieving a perfect structure and quality of the producing single crystals.

The advantage of the VDC method is that it allows one to grow large sizes single crystals of square, rectangular or
round cross sections. The cross section of a single crystal is determined by the shape of the container. A significant
drawback of this method is that the crystallization front is not visible during solidification process. This drawback can
be partially overcome by installing thermocouples in a container for measuring temperatures and thus determining the
position of the crystallization front and the temperature gradient at the crystallization front.

Goals of article is to study the process of producing high-purity bulk cadmium single crystals by the VDC method
without use of seed.

MATERIALS AND METHODS

Two grades of metal were used as the initial material for producing high-purity cadmium single crystals by the
VDC method: cadmium of initial purity > 99.99%, which corresponds to the technical grade CdOA, and cadmium of
high-purity > 99.999%, which corresponds to a cadmium grade of Cd0O high-purity. High-purity cadmium was
produced by the complex method of distillation in vacuum [7, 8]. The directions of growth orientation were determined
for the produced Cd single crystals, their structural perfection was studied, changes in the microhardness and impurity
composition of the start and end parts of single crystals were determined.

Diffractometric studies of the samples were carried out on a DRON-2.0 X-ray diffractometer with cobalt Co-Ka
radiation applying a Fe selectively absorbing filter. Diffracted radiation was detected by a scintillation detector.

© A.P. Shcherban, G.P. Kovtun, D.A. Solopikhin, Y.V. Gorbenko, I.V. Kolodiy, V.D. Virich, 2020
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Analysis of crystallographic orientation (CGO) and crystal perfection was carried out from the butt-end of the rods by
the rotating crystal method. Samples for X-ray and microstructural studies were cut by electrospark cutting
perpendicular to the axis of the rods (see Fig. 1). The surfaces of samples were prepared by grinding and polishing
according to a standard technique followed by etching in a reagent of the following composition: chromic anhydride —
10 g; hydrochloric acid — 1 ml; water — 100 ml.

Microhardness was measured according to the Vickers method on a PMT-3 instrument with a load of 10 g. The
microstructure was studied using an MMP-4 light microscope.

The impurity composition of single crystals was determined by laser mass spectrometry using the EMAL-2 type
mass spectrometer.

EXPERIMENTAL SECTION

The process of growing single crystals by the Bridgman VDC method is carried out in special facilities in vacuum,
inert atmosphere, hydrogen and in air. The Bridgman method is suitable for metals with a relatively low melting point
and small chemical activity. These limitations arise due to the difficulty in selecting the material of the crucible-
container. Typically, crucibles made of graphite, quartz, aluminum oxide are used.

The study of the process of producing cadmium single crystals was carried out in a facility, the heat unit and
mounting of which were modernized for the process of single crystals growth by the vertical Bridgman method. A
special device was manufactured, the scheme of which is given in paper [9]. A container with molten cadmium was
pulled down from the heater to a cold region, where, as it was pulled, a single-crystal structure of arbitrary orientation
was formed.

To carry out the processes of cadmium directed crystallization, a special container was made of high-purity dense
graphite of MPG-7 grade. The impurity composition of such graphite is given in paper [10]. The container had a conical
shape at the bottom with an apex angle of 40°. Before use, the container was annealed at ~ 1000 °C in a vacuum of
1 ... 3 Pa for half an hour. The crystals were grown with a crystallization rate of 0.37 to 0.24 mm/min under a pressure
in the facility chamber within 1.7...1.9 atm of pure argon. The temperature gradient at the crystallization front ranged
from 14.4 to 15.0 °C/cm.

RESULTS AND DISCUSSION
Figure 1 shows the external view of A and B cadmium single crystals produced by the described above method of
vertical directed crystallization.

Figure 1. External view of single crystals of cadmium A and B with marked places of cutting samples for research

Figure 2 shows the diffraction patterns of the start a) and end b) sections of the single crystal A, recorded according
to the «8-20» scanning scheme. It can be seen that low-intensity diffraction lines are present on the diffraction patterns.
The lines (11.2) are with the maximum intensity, that is, the crystallographic planes (11.2)are oriented parallel to the

plane of the end face of the crystal. The presence of other lines in the diffractogram indicates the presence of grains in
the sample with a different orientation.

An analysis of the crystallographic orientation (CGO) and the degree of perfection of the single crystal (Figure 3)
showed that the deviation of the crystallographic direction from the normal to the butt-end part is a = 27°. Also, from
the start side a) the presence of a block with a misorientation angle Ao = 0.5° from the main maximum was revealed. In
addition to the main maximum, additional maximums were also revealed at the angles of 3.3° and 0.6° with the start
side a) (indicated by the arrow) and 3.0° with the end side, which also indicates the presence of grains with a different
orientation.
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Figure 2. Diffraction patterns of the start a) and end b) sections of single crystal A
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Figure 3. The plot of the diffraction pattern of sample A (determination of orientation)

Figure 2, 3 shows that the main direction of orientation of the lower and upper parts of the single crystal is retained,

and hence it is hold over the entire length of the sample.

Similarly X-ray diffraction analysis was performed for single crystal B. The diffraction patterns of the starting
a) and end b) part of the single crystal B are shown on Figure 4.
It can be seen that the lines (10.3) have the maximum intensity, i.e., the crystallographic planes (10.3) are

oriented parallel to the plane of the crystal butt-end.
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Figure 4. Diffraction patterns of the starting a) and end b) part of the single crystal B

The presence of other low-intensity lines in the diffractogram indicates the presence of grains with a different
orientation. The determination of CGO and the analysis of the degree of perfection of single crystal B were performed
by the upper part of the single crystal. Diffractometric studies showed that the deviation of the crystallographic
direction from the normal to the end part is o = 0.5°. The presence of a block with a misorientation angle of 0.8° relative
to the main maximum was revealed. Thus, the studied crystals A and B are the single crystals with an imperfect
structure. The development of grains with a different orientation in the initial stage of growth is a characteristic feature
in seedless directed crystallization of low-melting metals [11].

During growth process, due to the preferential orientation of the crystal, the fine grains disappear, which leads to
the formation of a more perfect single-crystal structure which occupies the entire cross section of the crystal. In the
above variant of VDC of the high purity cadmium, as X-ray diffraction analysis shows, the complete disappearance of
small grains does not occur nevertheless. The reason for this may be possibly a low gradient at the crystallization front.
Metallography does not reveal the presence of grains in the upper section of the grown crystals (Figure 5).

Table 1 shows the microhardness of the starting and end section of cadmium single crystals A and B. The
measurements were performed at the indenter load of 10 g. The Table 1 shows that the microhardness of cadmium
crystals in the end section decreases compared with the starting section for both crystals, which does not correlate with
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the overall purity of these parts. Reference data on microhardness values are H, = 29+1 kg/mm? [12]. Microhardness
measurements were performed on polycrystalline cadmium of the 99.8 % purity at a load of 10 g, as in our case.
SOV
X 'y\'._

L 100Mkm
p——— ) ‘.\\' 3 N

Figure 5. The microstructure of a high-purity cadmium single crystal B

Table 1
The microhardness of cadmium crystals H,, kg/mm? and their degree of purity, %
Crystal A Crystal B
start section end section start section end section
24+ 1 21+£2 21+£3 18,5+2
>99.995 >99.98 >99.999 >99.998

Table 2 shows the impurity composition of the start and end sections of cadmium single crystals A and B produced
from a metal of various initial purities.

Table 2
The impurity composition of cadmium single crystals, x 10 wt. %
Crystal A Crystal B
Element start section end section start section end section

Na 0.08 0.1 0.05 0.2
Mg 0.2 0.05 0.1 0.04

Al <0.01 0.05 0.02 0.05

Si <0.1 <0.1 <0.1 <0.1

S 0.1 0.5 0.2 04

Cl 0.03 04 0.08 0.2

K 0.05 0.04 0.1 0.1
Ca 0.4 0.5 0.2 0.4

Fe <0.1 <0.1 <0.1 <0.1
Cu 30 80 3 7
Zn 1 3 0.7 2
Ag 7 6 <0.2 <0.2
Te 4 4 <0.3 <0.3

Pb 5 80 <0.6 7.5

Cd, % >99.995 > 9998 > 99,999 > 99,998

The content of the remaining 58 impurities from Li to U is below the detection limit of laser mass
spectrometry - < (0.7...0.07)-10"* wt. %.

The Table 2 shows that there is a slight redistribution of impurities along the crystals in accordance with the
equilibrium distribution coefficients of impurities in cadmium. Most of the analyzed impurity elements in cadmium
have equilibrium distribution coefficients ko < 1 and they displace to the end of the ingot. The exception is Mg and Ag
impurities for which ko > 1: Komg = 1.9 1 Koag = 2.73 [13]. Therefore, redistribution of impurities to the start and end part
of single crystals should occur, depending on the sign of ko, which is confirmed by the data in Table 2. The cleanest part
of the crystals will be the middle those. The degree of distribution of impurity elements along the length of the crystals,
with the exception of Pb, is insignificant.
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In continuation of this work, it is proposed to develop and manufacture a device for growing more perfect and
oriented single crystals of cadmium and other low-melting metals.

CONCLUSIONS
1. The process of production of high-purity Cd single crystals by the VDC method from a melt without using
monocrystalline seeds was investigated. As the crystal grows, an increase the perfection of the single-crystal structure is
observed.
2. By the X-ray diffraction method the orientations of the studied Cd single crystals were determined, the growth
direction of which is [11.2] and [10.3] The angles of deviation of the growth direction relative to the axis of the

samples are o= 27.2° and o = 0.5°.

3. The microstructure and microhardness of the start and end parts of the grown crystals were determined. The
microhardness of the end part is lower compared to the microhardness of the start cleaner part of the crystal.

4. The content of impurities in the start and end parts of the grown cadmium single crystals of various degrees of
purity was determined. It was revealed that the redistribution of impurity elements at VDC is insignificant along the
length of the grown cadmium single crystals.
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OTPUMAHHS BUCOKOUYUCTUX MOHOKPHUCTAJIIB KAJIMIIO METOAOM
BEPTUKAJILHOI CIIPSIMOBAHOI KPUCTAJII3ALIIT
O.IL. Llllep6anw?, T'.I1. KosTyn®?, 1.0. Cosonixin®, ¥0.B. F'op6enko?, I.B. Kosonii?, B.. Bipuu?
“Hayionanenuil Haykosuti yenmp XapKisCoKuil Qizuxo-mexHiunuLl iHCmumym
eyn. Akademiuna, 1, 61108, Xapkis, Ykpaina
bXapxiscoxiii nayionanvnuii ynieepcumem iv. B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
Jocnimkennii mporec OTpUMaHH BUCOKOUYUCTHX CIIPAMOBaHUX KpucTaiiB Cd BepTHKAIBHOIO CIPSIMOBaHOIO KpucTtamizaniero (BCK)
o Metoay bpumkmena 3 po3mwiaBy. OTpUMaHO MOHOKPHCTANH 3 epeBaxHuM Harpsimkom pocty [11.2] i [10.3]. Kyru Bimxunenus

HaTpsIMKY POCTY BiTHOCHO OCi 3pa3KiB CKIamatoTh o = 27,2° 1 o = 0,5°. BuzHaueHO KpUCTAIIYHy JOCKOHAIICTH, MIKPOCTPYKTYpPY i
MIKpPOTBEpAICTh BHPOIIEHUX MOHOKPHCTAIIB. SIK MOKa3ye peHTIeHOCTPYKTypHHI aHami3, B AaHoMmy BapianTi BCK BHcokoumcToro
KaaMiro, JOCKOHAIAa MOHOKPHCTANiYHA CTPYKTYpa HE JOCATae€ThcsA. Y TOYATKOBiM YaCTWHI NPHCYTHI OKpeMi 3epHa 3 Pi3HOI0
Opi€HTAaIi€I0, KIIBKICTD SIKMX 3MEHIIYEThCS B KIiHIIEBil 4acTHHI MOHOKpHUCcTana. L{e mpu3BoauTh 10 GopMyBaHHS OLIBII JOCKOHAIOL
MOHOKPHCTAJIIYHOI CTPYKTYpH 3 TIEPEBaKHOIO Opi€HTAIli€l0, siIka 3aliMae Bech Iepepi3 KpHcTanta. Bu3HaueHa MIKpOTBEPIICTh
BEPXHBOI 1 HIDKHBOI YaCTHH MOHOKpHCTaNIB. Bijbl 3a0py/HEHI KIHIEBI YaCTHHH KPUCTAIIB MAIOTh OLIBII HU3bKY MIKPOTBEPIICTh,
HIDK TI0YaTKOBI 4acTWHH. J[OCTIMIKEHO MOMIIIKOBHN CKJaJl MOYATKOBOI i KiHIIEBOI YaCTHH MOHOKPHUCTATIB, OTPUMAHUX 3 KaaMii0
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pi3Hoi umctoTH. E(EKTHBHICTD MEepepo3mnoiny MOMIIIKOBUX EJIEMEHTIB B3/I0BXX MOHOKPHCTANIIB OJHAKOBA [UIS PI3HUX MAapok
kaaMito. Po3pobiennii mpouec BCK moxke OyTH BUKOPUCTaHU#T 1Sl BUPOLIYBaHHS MOHOKPUCTAIIIB JICTKOIUIABKUX METAJIB, TAKUX SIK
Zn, Pb, Te, In, Bi, Sn Ta iH.

KJIFOYOBI CJIOBA: kanmiif, BepTUKaJbHa CIPSIMOBAaHA KPHCTAJi3alis, MOHOKDHCTAIM, HAMPAMOK pOCTY, MIKpPOCTPYKTYpa,
MiKpPOTBEPAiCTh, JOMIIIKOBHI CKIIaJl

MNOJYYEHUE BBICOKOUUCTbBIX MOHOKPUCTAJJIOB KAIMUSA METOJAOM
BEPTHKAJIbHOW HATIPABJIEHHOM KPUCTAJIAZALIAA
A.IL Illep6ann?, I.I1. KopTyn®P?, JI.A. Cononuxun?, }0.B. I'opoenko?, U.B. Koaxoanii®, B.JI. Bupuu?®
“Hayuonanvwiil Hayunwlll yenmp XapoKoecKuil usuKo-mexHuyecKuil uHCmumym
ya. Akademuueckas, 1, 61108, Xapvkos, Yxpauna
b Xapvrosckuii nayuonanonwiii ynusepcumem um. B.H. Kapasuna
n1. Ceo600wi, 4, Xapvkos, Ykpauna
HccnenoBan mpomnecc IMOIy4eHHs! BRICOKOUUCTHIX MOHOKpHCTaIOB Cd BepTHKaIBHON HampasieHHOH kpuctamum3anueid (BHK) mo
merony bpumxmMena n3 pacmiaBa. [lodyueHbl MOHOKPHCTAILIB ¢ IPEMMYIIECTBEHHBIM HanpasienueM pocta [11.2]u [10.3]. Yrasr

OTKJIOHCHHS HANPABICHHUS POCTa OTHOCUTEIBHO OCH 00pa3loB cocTaBILOT o = 27,2° u o = 0,5°. OnpenerneHbl KpHCTAUINIECKOES
COBEPUICHCTBO, MHUKPOCTPYKTYpPa M MHKPOTBEPAOCTh BBIPAIIEHHBIX MOHOKpHCTaIOB. Kak moka3piBaeT pPEHTTEHOCTPYKTYPHBIH
aHayu3, B gaHHoM Bapuante BHK BbICOKOUMCTOro Kajamusi, COBEpIICHHAsh MOHOKPUCTAJIMUECKasi CTPYKTypa He jpocturaercs. B
HAYaJbHOW YaCTH IPUCYTCTBYIOT OTJIEJIbHBIC 3€pHA C PA3JIMYHON OpUEHTAlMEeH, KOJIMYECTBO KOTOPBIX YMEHbBIIAETCS B KOHEYHOH
YacTH MOHOKpHUCTa/UIa. OTO TPHUBOAUT K (HOPMHPOBAaHHMIO Oojee COBEPLICHHOH MOHOKPHCTAJUINYECKOH CTPYKTYpHl C
MPEeUMYILECTBEHHON OpueHTaIMel, KOTopas 3aHMMaeT Bce cedeHue Kpucramia. OmnpeneneHa MUKPOTBEPIOCTh BEPXHEH U HIKHEH
yacTeil MOHOKpHCTAIIOB. boylee 3arps3HEHHbIE KOHEYHBIE YacCTH KPHCTAJUIOB HUMEIOT Oojiee HU3KYID MHKPOTBEPIOCTb, YEM
HavanpHble 4yacTd. MccienoBaH MPUMECHBIH COCTaB HAYaJbHOW M KOHEYHOM yacTed MOHOKPHUCTAUIOB, MOJYYEHHBIX U3 KaIMUs
pa3iu4HOi YUCTOTHL. D()HEKTUBHOCTH HepepacipeeieHUs] IPHMECHBIX 3JIECMECHTOB BJIIOJb KPUCTAILIOB OAMHAKOBA JJISI Pa3TUYHBIX
Mapok kagmus. PaspaGorannbiii mpomecc BHK MokeT OBITH HCHONB30BaH U BBHIPAIIMBAHHS MOHOKPHCTAJUIOB JICTKOTLIABKHIX
METAaJJIOB, TakuX Kak Zn, Pb, Te, In, Bi, Sn u np.

K/IIOYEBBIE CJIOBA: xanmuii, BepTUKaJbHas HalpaBleHHas KPUCTAIM3aLlUs, MOHOKDUCTAJIbI, HAlpaBJICHUE pPOCTa,
MHUKPOCTPYKTYpPa, MUKPOTBEPAOCTh, IPUMECHBIN COCTaB
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The article presents the results of the development of a system for measuring emittance characteristics of ion sources studied at the
IAP NAS of Ukraine with the aim of obtaining the ion beams with a high brightness. The emittance measurement system is based on
the scheme of an electrostatic scanner and consists of two main parts: the scanner, which moves in the direction perpendicular to the
beam axis using a stepper motor, and the electronic system of control, processing and data acquisition. The electronic system
contains a Raspberry pi 3B microcomputer, precision DAC/ADCs, the high-voltage amplifier of a scanning voltage up to +500 V on
deflection plates of the scanner and a wide range current integrator. The determination of the emittance consists in measuring the ion
beam intensity distribution when the scanner moves along the x-coordinate and the electrostatic scanning along the x” angle. The
obtained two-dimensional data array allows determining the main characteristics of ion beam: geometric 90% emittance, the root
mean square (rms) emittance, the Twiss parameters and phase ellipse of rms emittance, the beam current profile and the angle current
density distribution. To test the performance and functionality of the system, the emittance characteristics of the penning type ion
source were measured. The working gas was helium, and the beam energy varied within 7—-15 keV. At 13 keV of beam energy the
following emittances of the He"™ ions beam was obtained: 90% emittance is 30 ='mm-mrad, rms emittance is 8.4 mm-mrad, and the
normalized rms emittance is equal to 0.022 mm-mrad. The developed system for measuring the emittance of the ion beams is
characterized by a short measurement time of 10-15 minutes.

KEYWORDS: ion beam, electrostatic scanner, Gaussian distribution function, RMS emittance, normalized emittance, Twiss
parameters, Penning ion source.

One of the main tools for conducting elemental analysis of various materials is accelerator machines that use
focused ion beams (FIB). Accelerator FIB-machines are widely used in semiconductor industry, materials science and
lithography. For many years the IAP NAS of Ukraine has successfully operated a FIB ion microprobe installation which
is part of the Analytical Accelerator Complex based on an electrostatic accelerator with a maximum voltage at a high-
voltage terminal of 2 MV [1]. The spatial resolution of the microprobe is about 2 um. To increase the spatial resolution
and make a transition to the submicron field of investigation, it is necessary to use ion beams with high brightness and,
therefore, with the possibly small transverse emittance at a fixed beam current.

In the aim of obtaining high brightness ion beams the research of various ion sources is being conducted at the
IAP NAS of Ukraine. A number of high frequency ion sources have been studied: an inductive, a helicon and a
multicusp ion source [2], as well as a gas field ion source [3]. One of the important parameters of the ion source is
the emittance of an ion beam because it describes the ability of a beam to focus, transport and accelerate. The
concept of the phase space of the ion beam and its emittance is widely used in accelerator physics to describe the
dynamics of the ion beam.

To measure the emittance of ion sources being studied at the IAP NAS of Ukraine, a new system for measuring
the emittance characteristics of ion sources has been designed and manufactured. The system operation is based on the
principle of electrostatic sweep scanner [4]. In comparison with other methods of the emittance measurement [5, 6] such
a scheme allows to develop a more compact measuring system, to perform measurements in a shorter time, and as well
to provide better conditions for automation of the process of measuring the beam emittance characteristics. To test the
performance of the system and check the functionality of its units, emittance measurements of a penning ion source
were carried out.

This paper presents description of the developed emittance measurement system, provides the procedure for
calculating the ion beam emittance, and presents the results of emittance measurement of the penning ion source.

ION BEAM EMITTANCE DEFINITION
The parameters of the ion beam can be well described in terms of the phase space [7-9]. To describe the beam
geometry, an orthogonal system of x, y, z coordinates is used in which transverse axes x and y are perpendicular to the
beam propagation direction (longitudinal axis z). Each particle in a beam has six degrees of freedom: three spatial
coordinates of the particle’s position (x, y, z) and three momentum coordinates (px, p,, p-). With a large number of
particles N, the state of the beam at a certain point in time can be represented by many points with phase density
f,p,z,p,, Dy» P.,t), which is often approximated by Gauss function. The N particles of a beam in 6-dimensional

phase space occupy a certain phase volume which, according to Liouville’s theorem, remains constant when the beam
© V.I. Voznyi, M.O. Sayko, A.G. Ponomareyv, S.O. Sadovyi, O.V. Alexenko, R.O. Shulipa, 2020
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particles move under the action of conservative forces. If longitudinal motion of the particles is not coupled to
transverse motion, the 6-dimensional phase volume can be separated into 2-dimensional longitudinal volume and 4-
dimensional transverse phase volume. In the case when the longitudinal momentum p: is constant and much larger than
the transverse momentum, the ratio p./p- (or p,/p:) is equal to the angular divergence x '=dx/dz (or y ‘=dy/dz). And since
p- 1s a constant value, p., p, can be replaced by x " and x " respectively, i.e. by the quantities that can be directly observed.
If there is no coupling between transverse movements in xz and yz planes, the beam can be described by the distribution
of points in two independent planes of the trace space (x, x") and (y, ¥"). In this case the 4-dimensional phase volume
can be separated into its components which form two 2-dimensional phase volumes £, and Q, in trace space (x, x") and
(y, ¥"), respectively.

The emittance in the x-direction is the projection area A.¢ of the phase volume .y, containing 90% of all
representative beam particles, divided by m«:

Ay
Frgo =2 = L1 g (1)

v T o

x.90

An analogous definition holds for the emittance in the y-direction. For axisymmetric beams: e.=¢,=¢ [10].

The emittance is a constant of the beam motion if the longitudinal velocity of the beam does not change along the
optical axis. As the beam accelerates its emittance decreases because the transverse momentum of the particles remains
unchanged while the longitudinal momentum increases, resulting in a reduction of x". The quantity which remains
constant at beam acceleration is the normalized emittance formed by multiplying the emittance by dimensionless
relativistic relations § and y, where g = v/ ¢, ¥ =(1—/*)"2. Here v is a particle velocity and c is a light velocity. In

the case of non-relativistic beams we get the expression for calculating of the normalized emittance:
ey =Pre=5-4,610°JE/ 4, Q)

where E is the kinetic energy of the beam, eV, 4- mass number of an ion.

Along with the geometric interpretation of the emittance as the contour area containing 90% of all beam particles,
there is a statistical approach in which the beam is considered as a statistical array of points in 2-dimensional trace
space with the distribution function f'(x, x") [9, 11, 12]. The particles inside the trace space (x, x ") can be considered as a

statistical distribution with average values <x> and(x’) . In this case the root mean square (rms) emittance &qms is
determined as standard deviations from these average values. The equation of the phase ellipse of rms emittance has the
form: yx* +200x' + fx” =¢,

ms >

where a, f and y are the Twiss parameters (the Twiss parameters S and y are not to be
confused with the relativistic relations). At that projections of the equivalent ellipse on the x and x " axis are equal to the
standard deviations o, and O : O, =B, » Ou =~lVEpms » O =—0QE,,, Where o = <x2> , Ob= <x'2> and

X

O, = <xx'> are the second-order moments of the phase distribution function. The Twiss parameters are connected by

the relation: 0 —a’ =1, By substituting the Twiss parameters into this equation, we obtain the expression for
determining the rms emittance:

Es = \/<x2><x'2 > - <xx’>2 =\olol—ol . 3

EMITTANCE MEASUREMENT SYSTEM

The work of the emittance measurement system is based on the principle of operation of an electrostatic
scanner [4], which is a variation of emittance measurement by two slits method [5]. The system of emittance
measurement consists of two main parts: the scanner, which moves in the direction perpendicular to the axis of the
beam, and the electronic system of control, processing and data acquisition. The movement of only one entrance slit
determines the compactness of the measuring system and the speed of measurements.

The scanner (Fig. 1a) contains the entrance (1) and exit (3) slits extended along the horizontal y-axis, two
deflecting plates (2), which are supplied with a saw-tooth electric voltage V, a Faraday cup (8) for measuring the ion
current passed through both the slits. In front of the Faraday cup there is a ring suppressor (4) to inhibit secondary
electrons. The scanner is surrounded by a grounded electrostatic shield and moves in the vertical x-direction using a
stepper motor.

Fig. 1b shows a photo of the scanner without an electrostatic shield. The entrance slit (1) and deflecting plates (2)
are shown in the figure. The total length of the scanner is 145 mm. The Faraday cup is 10 mm in inner diameter and
12 mm in length.
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Figure 1. a — schematic of the electrostatic scanner: 1 — entrance slit, 2 — deflecting plates, 3 — exit slit, 4 — suppressor, 5 —electrostatic
shield, 6 — saw-tooth voltage, 7 — stepper motor, 8 — Faraday cup; b — picture of the scanner (without electrostatic shield), the
entrance slit (1) and the deflecting plates (2) are shown.

The determination of the emittance is concluded in measuring the distribution of ion current intensity Z(x, x ) over
the x-coordinate and x’ angle. At each x-coordinate the ion current passing through both slits is measured with
simultaneous linear change in voltage /" between the deflecting plates. Thus the distribution of the current intensity over
the angle x " is determined. Repeating the measurements with a different value of x-coordinate, we obtain the complete
distribution of the current intensity Z(x, x ).

The relationship between the angle x " and the deflecting voltage ¥ is determined by the condition under which an
ion with charge g and energy qU passing through the entrance slit at the x " angle is deflected and enters the exit slit. In
this case angle x " is determined by the ratio [2]:

x'=V(D-25)/4Ug, 4

where V is the potential difference between the deflecting plates, U is the potential difference that the beam passed
during acceleration, D is the distance between the slits, J is the distance between the deflecting plates and the slits, g is
the distance between the deflecting plates. In this design D=120 mm, =10 mm, g=10 mm, the width of the entrance
and exit slits is s=200 pm. The length of the slits in y-direction is 12 mm.

The electrostatic scanner which contains both the slits and deflecting plates moves in a vertical plane along the
precision guide axes with the help of a stepper motor and ball screw pair passing through the vacuum seal.

In Fig. 2 is shown the control and data acquisition system. The system consists of a microcomputer Raspberry pi
3B (1) by Raspberry Pi Foundation, precision DAC/ADCs, expansion board for Raspberry pi by Waveshare (2), stepper
motor driver (3), wide range current integrator (5), high voltage amplifier for generating sweep voltage on deflecting
plates (6), stepper motor (8), scanner position switches (9), computer with installed user interface software.

4
|
I—P M 7 6
g 1
3 AB AB
9 5
| !
2
!
1 Raspberry pi 3B -

Figure 2. Block diagram of the control and data acquisition system. 1 — microcomputer Raspberry pi 3B, 2 — precision DAC/ADCs,
3 — opto-coupled stepper motor driver, 4 — vacuum chamber, 5 — current integrator, 6 — high voltage amplifier, 7 - electrostatic
scanner, 8 — stepper motor, 9 — scanner position switches.
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The microcomputer Raspberry pi 3B has free software installed: Linux based Jessie operating system; Hostapd;
wi-fi access point DNSMASQ); server DHCP+DNS; Samba; free implementation of the network protocol SMB/CIFS;
Empi program of own development in the high-level language C*.

To form a sweep sawtooth voltage on the deflecting plates a specially developed two-channel high-voltage
amplifier (6) is used. Parameters of the voltage amplifier: the gain is 100, the frequency is 0-1 kHz. Each of the
amplifier channels converts the input signal in the range of 0-2.5 V, which is supplied from the DAC, into the output
voltage from zero to + 250 V. At that voltage on the plates at each moment of time is supported symmetrically opposite
to zero. Thus, the potential difference between the plates is adjustable in the range of =500 V.

The electrostatic scanner moves along the guides using a stepper motor (8). For positioning the scanner, two limit
switches of upper and lower positions and a precision zero-position photosensor (9) are used.

The resolution of the scanner along x-coordinate is determined by a minimum movement step, which is 4.8 um.
Typically the movement step is set to 48 or 96 pm. The range of movement is 0—20 mm.

The angular resolution of the scanner is 1.7 mrad. The ratio between the angle x " and the scanning voltage V is
determined from equation (4) and has the form: x'=2.5V/U . At the maximum value of deflecting voltage V=500 V

and the beam energy U=10 kV we obtain the maximum value of the angle x '=+125 mrad.

EMITTANCE MEASUREMENT PROCEDURE

The measured two-dimensional array of ion beam intensity values Z(x, x") is the distribution of the ion beam
current density in the x-x" phase plane. The number of cells of the matrix Z(x, x") can vary, and is usually equal to
153%201 with cell size 4x=0.098 mm in x-coordinate and 4x =0.385 mrad in x " angle. The unit of measurement of the
array elements Z(x, x ") is nA/(mm-mrad).

The measured array of intensity Z(x, x’) enables to determine the main characteristics of the ion beam: the
geometric emittance gy, the rms emittance &.n5, the Twiss parameters and the phase ellipse of rms emittance, the
distribution of current density over the x-coordinate (a beam current profile) and the current density distribution over the
angle. The total beam current / is proportional to the sum of array values Z (x, x") over all the coordinates x and angles

Xt [ ZZZ(x,x’).

Geometric emittance g9. The projection of a distribution Z(x, x ") on the plane x- x” at a certain threshold value Z,
gives emittance diagram, the area of which divided by m is the emittance of a beam. The threshold value Zj is
determined as follows: a certain value of Z;, is set and the elements of matrix Z(x, x ) whose values are less than Z;, are
zeroed. As a result matrix M(x,x") is obtained. In the process the condition is checked to ensure that:
Y M(x,x')=0,9-2% Z(x,x") . In the result the projection of the matrix M(x, x") onto the x-x " plane forms a contour

containing 90% of all beam particles. The area of this contour divided by m is the emittance &9. The unit of
measurement of the emittance is m-rad or usually mm-mrad. The symbol & is included in the emittance unit of
measurement to indicate that the emittance was defined as the area divided by =.

RMS emittance &ms. The rms emittance is determined from the expression (3). The first order moments(x}, (x')

and the second order moments Gf , ol and o, are calculated from the relations:

SYezes)  LZHzex) | SE(e{)) Z(xx)
i ZZZ(x,xv’(x)_ EXZ(x.x) =)= XXZ(xx)
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Oy ={X")= ZZZ(X’X') ) O = xx>— ZZZ(x,x’) . ®)]

2 2
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Erms Erms Erms

They define the phase ellipse equation, which taking into account the average values (x) and (x') has the form:

= (x)? +2a(x = () ~(¥D+ & ~(x) =&, - (7)

Beam current profile. The distribution of current density over x-coordinate is obtained by summing the elements
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of the array Z(x, x") over all the values of the x" angle for each x coordinate:

Z(x)= Z Z(x,x"), nA/mm. (3

The distribution of current density over the angle. A similar way can be done in determining the current
density distribution of the ion beam over the angle. Summing up the elements of the array Z(x, x") over all the values of
the x-coordinate for each value of x " angle we obtain:

Z(x")=XZ(x,x"), nA/mrad. 9

RESULTS OF MEASUREMENTS

To test the performance and functionality of the emittance measurement system, the emittance characteristics of the
penning ion source were measured. The ion source is a penning type ion source with a cold cathode [13]. It is an
economical ion source and it does not create electromagnetic interference disturbing the operation of electronic
equipment. The power consumption of the source is about 5 W, the full ion current is 5-20 pA. The source consists of a
cylindrical anode, a cathode with an aperture for beam extraction and an anticathode. The inner diameter of the anode is
25 mm, the distance between a cathode and anticathode is 43 mm and the diameter of the extraction aperture is 0.8 mm.
A magnetic system consisting of 4 ring ferrite magnets is located coaxial to the anode. The longitudinal component of
magnetic induction on the discharge axis is equal to 0.085-0.09 T, the voltage between an anode and cathode is 5 kV,
the discharge current is 7;=0.22 mA.

The emittance of the penning ion source was measured at a stand for studying the ion sources parameters. The
scheme of the experimental setup is shown in Fig. 3.

Extraction voltage Ud Emittancenetsr

; id
Acceleration voltage U + = i Control and data
: ‘ I ‘ acquisition system
L

4}'

Picoammeter

AL

Computer

Penning ion
€ chamber

source

Turbo
pump

He H2 Ar

Figure 3. Experimental setup for emittance measurement of a penning ion source.

The ion beam energy varied within E=7-15 keV, the working gas was helium. While measuring the emittancemeter
was located at a distance of 40 mm from the base of the accelerating electrode of the source.

In Fig. 4a is shown a 3-dimensional surface of the current intensity distribution Z(x, x") at the energy £=13 keV.
By its form the current intensity distribution Z(x, x") is close to Gaussian distribution function. In Fig. 4b the 2-
dimensional emittance diagram is presented which is a projection of the Z(x, x") array on x-x' plane. The emittance
diagram depicts the contour of the geometric emittance which contains 90% of all the beam particles. At the beam
energy of £=13 keV the geometrical emittance equals £9y=30 m-:mm-mrad.

The rms emittance is determined from equation (3). With increasing beam energy in the range £=9-15 keV rms
emittance decreases from 10 mm-mrad to 8.3 mm-mrad. At the energy of E=13 keV rms emittance is equal to
&ms=8.4 mm-mrad.

Normalized rms emittance is determined from equation (2) and equals &y, yms =0.022 mm-'mrad. This value of
emittance is conserved when the beam energy changes.

The moments of the first and second orders as well as the Twiss parameters for ion beam with energy £=13 keV

have the following values: (x)=8.4mm, (x')=14.5mrad, o,=19mm, o©,=154mrad, o, =28.2 mmmrad,

y=28.4 mrad/mm, a = -3.35, B =0.43 mm/mrad. These parameters define equation (7) of the phase ellipse of rms
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emittance which has the form:28.4(x —8.4)> —6.7(x —8.4)(x' —14.5)+ 0.43(x' —14.5)* =8.4. The graph of the phase
ellipse is shown in Fig. 5a.

60 401
50
B 40 8
<E A
% E 30 £
N E
T 20
=
ot
10
0 -
20 .
2 4 6 8 10 12 14
X, mm
a b

Figure 4. a— 3D surface of the current intensity distribution Z(x, x ") of He* ion beam with energy £=13 keV, b — diagram of the
geometric 90% emittance of helium ion beam in the x-x " plane.

20,
The inclination angle # of the phase ellipse to axis x is given by the expression [7]: 1g20 = %. Considering

x x'

the scale of Fig. 5a this ratio looks like: 1g26 = 20'xx,/mn(0'f Jm—c? /n), where m=12 mm, n=80 mrad. If 0 <0 then

angle 90° must be added to its value. As a result the inclination angle is equal to 6=51".

The position and shape of the ellipse of rms emittance &, in Fig. 5a coincides well with the graph of the geometric
emittance 99 (Fig. 4b). This indicates that calculations of the emittance by geometric and statistical methods are in good
agreement.

In Fig. 5b shows the ion beam current profile calculated from expression (8).
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Figure 5. a — phase ellipse of rms emittance, b — ion beam current profile.

Since the Twiss parameter a< 0, the beam is diverging. The divergence angle is equal to 20,’ =30.8 mrad, and the
beam envelope width (beam diameter) is 20, =3.8 mm.

CONCLUSION

The study of ion sources is being conducted at the IAP NAS of Ukraine in order to obtain the high brightness ion
beams. High brightness beams of charged particles are necessary for use in various FIB-accelerator machines, in
nanotechnology, and ion nanolithography. To measure the emittance of ion beams, a system for measuring emittance
characteristics of ion sources has been designed and manufactured.

The measuring system consists of the electrostatic scanner moving in the direction perpendicular to the beam axis,
and the electronic system of control and data acquisition, which contains a Raspberry microcomputer, precision
DAC/ADCs, a high-voltage amplifier for a scanning saw-tooth voltage up to £500 V, and a wide-band current
integrator.
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The performance of measurement system was checked when measuring the emittance of a penning ion source. The
working gas was helium, the energy of the ion beam varied within 7-15 keV. The beam emittance was determined both
geometrically, measuring the emittance g9 of the phase contour containing 90% of beam particles, and statistically,
determining the rms emittance &.xs. At the beam energy £=13 keV the following values of the emittance are obtained:
£90=30 mmm-mrad, &.,=8.4 mm-'mrad, the normalized rms emittance is equal to &y,m=0.022 mm-mrad. The Twiss
parameters that describe the phase ellipse of rms emittance are determined, and the ion beam profile, the divergence

angle and the beam envelope width are measured. The first moments (x) and <x’> determine the position and direction

of the ion beam propagation. These data can be used to correct the position of the beam during its transportation.

The obtained emittance of 30 m-mm'mrad (or 3.4 m'mm-mrad-(MeV)"? in terms of the ion beam energy) has a
value typical for penning’s ion sources with cold cathode. In particular the penning ion source with cold cathode from
High Voltage Engineering Europa B.V. (HSEE) has the emittance of 3 :mm-mrad-(MeV)"? [14].

This emittance measurement system is characterized by relatively small dimensions and short measurement time
of 10-15 min., which are due to the movement of only one entrance slit and the control of one stepper motor. It
distinguishes the developed system favorably from emittancemeters that use the movement of two slits.

The system for measuring emittance characteristics is designed for the stand researches of ion sources with the
beam energy of tens keV. At the same time, the measuring system can be used in the studies on optimization of beam
transport systems at the output of the small- sized electrostatic accelerators used for elemental analysis of materials with
ion beams.

This work was carried out within the framework of the project No. 0118U004435 of the Scientific Instrument
Engineering Program of NAS of Ukraine for 2017-2019 "Automated emittancemeter for measuring the ion beam
brightness".
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CUCTEMA BUMIPIOBAHHSA EMITTAHCHUX XAPAKTEPUCTHK IOHHUX J’KEPEJI
B.I. Bo3uuii, M.O. Caiixo, O.I'. [lonomapsoB, C.O. Canosuii, O.B. Anekcenxo, P.O. Illyxina
Incmumym npuknaonoi gizuxu HAH Yrpainu
58, eyn. Ilemponasniecoka, 40000 Cymu, Yrpaina

V crarTi npeacTaBiIeHi pe3ysbTaTH PO3POOKH CHCTEMH BUMIPIOBAHHS €MITTAHCHUX XapaKTEPUCTUK 10HHUX JUKEPEJI, TOCIHiKYBaHIX
B I[1® HAH Vkpainu 3 MeToro OTpuMaHHs i0HHUX ITy4KiB 3 BUCOKOIO SICKpaBicTI0. CHCTeMa BUMIpPIOBAHHS €MITTaHCAa BUKOHAHA 3a
CXEMOIO €JEeKTPOCTaTHIHOTO CKaHepa 1 CKJIAJaeThesl 3 ABOX OCHOBHHMX YAacTHH: CKaHepa, SIKMH IepeMIIaeThCsl B HANpPSMKY,
MEePIEeHINKYISIPHOMY OCi Iy4Ka 3a AOMOMOTOI0 KPOKOBOTO JIBUTYHA, 1 €JIEKTPOHHOI CHCTEMH YMpPAaBIiHHS, 300py i 00pOOKH IaHHUX.
Cucrema ynpaBiiHHS Ta 0OpoOKH JaHUX MICTHTh Mikpokomm'totep Raspberry pi 3B, npeuusiitni LIATI/ALII, BHCOKOBOJIBTHHIA
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miJICUITIoBay Ul reHepyBaHHsA Hanpyru £500 B Ha BigxwmisfioyMx IUIACTMHAX CKaHEpa, LIMPOKOIMAINa30HHMII IHTErpaTop CTpyMmy.
BusHadeHHs1 eMiTTaHca MOJArae y BUMIPIOBaHHI PO3MOILTY iIHTEHCMBHOCTI iI0HHOTO ITy4Ka MPH MepeMillleHH] cKaHepa 110 KOOPAWHATI
X 1 eNeKTPOCTaTHYHOMY CKaHyBaHHI 1o KyTy x'. OTpUMaHuii [BOBUMIPHUI MAacCHB JaHUX I03BOJISIE BU3HAYMTH OCHOBHI €MITTaHCHI
XapaKTEePUCTUKK 10HHOTO Iyuka: reoMerpudHuil 90% emiTTaHC, cepelHbOKBaJPaTHYHUI eMITTaHC, napaMerpu TBicca i piBHSAHHA
(a3oBoro eminca cepeIHbOKBAAPATUIHOTO €MiTTaHca, HPOQUIL CTpyMy IIydKa 1 pO3NOMIN WIUIBHOCTI CTPpyMy Mo KyTy. Jlis
MepeBIpKH Mpane3faTHOCTI 1 (QYHKIIOHAIBHOCTI BY3JiB CHCTEMH OYJIM INIPOBEIEHI BHMIPIOBaHHS EMITTAHCHUX XapaKTEPUCTHUK
I0HHOTO JKeperna MeHHIHroBckoro Tuiy. Pobounm razom OyB reniii, eHepris mydka 3MiHIoBanacs B Mexxax 7-15 xeB. Ipu eneprii
nydka 13 keB orpuMaHi HacTynmHi BeJIMYMHH eMiTTaHca Imyuka iowiB He™: 90% ewmirranc pnopiBHioe 30 m-MM-Mpa,
CepeHbOKBAAPATUYHUI eMITTaHC JOpiBHIOE 8,4 MM'Mpaj, BelMYHHA HOPMaji30BaHOIO CEPEIHBOKBAIPATHYHOIO EMITTaHCa
craHoButh 0,022 Mm-Mpaa. JlaHa crcteMa BHMIpIOBaHHsS €MITTaHCa IOHHHX IMYyYKiB XapaKTePU3YEThCS MM 4acOM HPOBEICHHS
BUMIpPIOBaHHS, 110 CTaHOBUTH 10-15 xB.

KJIFOYOBI CJIOBA: ioHHHii ITy4OK, €JIEKTPOCTaTHYHUIA cKkaHep, QyHKUis po3moainy [aycca, cepeaHbOKBagpaTHUHHUI €MITTaHC,
HOPMAaJIi30BaHUI eMiTTaHC, mapamMeTpy TBicca, IEHHIHTOBCKE JHKEPEJIO 10HIB.

CUCTEMA U3MEPEHUSA DOMUTTAHCHBIX XAPAKTEPUCTUK HOHHbBIX UCTOYHUKOB
B.N. Bo3uslii, H.A. Caiixo, A.I'. [lonomapes, C.A. CanoBoii, O.B. Anexcenko, P.A. lyauna.
Hucmumym npuxnaonoii pusuxu HAH Ykpaunwvl
58, yn. Ilemponasnosckas, 40000 Cymei, Yrpauna

B craTtbe mpexacTaBieHbl pe3ynbTaThl Pa3pabOTKU CHUCTEMbl H3MEPEHMS SMHUTTAHCHBIX XapaKTEPHUCTHK HOHHBIX HCTOYHHUKOB,
uccnenyemsix B UIId HAH YxkpauHsl ¢ 1esbl0 MOTy4YeHUsI HOHHBIX ITyYKOB C BBICOKOW SpKOCThIO. CHcTeMa U3MEpEeHHs 3MUTTaHCa
BBINOJIHEHA 10 CXEME IEKTPOCTATUYECKOr0 CKaHEpa U COCTOUT U3 JABYX OCHOBHBIX uYacTeil: CKaHepa, KOTOpBIA mepeMelacTcs B
HAaIpaBJICHUH, NEPIEHIUKYJIIPHOM OCH IyYKa C ITOMOIIBIO IIArOBOTO ABUTATEINs, M IEKTPOHHON CHCTEMBI YIpaBieHHs, cOopa 1
o0pabotky maHHBIX. CHcTeMa ynpasieHHS W 00pabOTKM TaHHBIX COJEPKHT MHUKpokoMmbiotep Raspberry pi 3B, mpenmsmonHbe
LIAIT/ALIII, BBICOKOBOJIBTHBIM YCHJINTENb CKaHUPYIOMEro HanpspkeHuss 1o +500 B Ha OTKIOHSIONMX IDIACTHHAX CKaHepa,
MIMPOKOANANIA30HHBINH HHTErpaTop Toka. OnpeneneHne 3MUTTAHCA COCTOUT B U3MEPEHHHU PACMIPEEIeHNUs] HHTEHCHBHOCTH HOHHOTO
My4Ka MpU NMepeMEIeHNH CKaHepa M0 KOOPJMHATE X U 3JIEKTPOCTATUUECKOM CKaHMPOBAHHUM 1O yriry x . IlomydeHHBIN qByMepHBIi
MacCHB JaHHBIX MO3BOJIAET ONPEAEIUTH OCHOBHBIE SMUTTAHCHBIE XapaKTEPUCTUKH HOHHOTO ITyuKa: reoMmeTpudeckuit 90% smutraHc,
CpeHEKBaAPATHYHBINA SMUTTAHC, MapaMeTpsl TBHCca U ypaBHEHUE (a30BOTO 3IUIMIICA CPEAHEKBAAPATUUHOTO SMUTTAHCA, MPOGUITH
TOKa ITy4Ka ¥ paclpe/eseHre INIOTHOCTH ToKa 110 yriy. s nmpoBepku paboToCOCOOHOCTH U ()YHKIMOHATIEHOCTH y3JIOB CUCTEMBI
MIPOBEACHBI M3MEPEHHST SMUTTAHCHBIX XapaKTEePHCTHK HOHHOTO MCTOYHHUKA IIEHHUHTOBCKOTO THHA. PabounM ra3oM SIBISUICS TelHH,
SHEprus IMydka U3MEHsUIach B mpenenax 7-15 kaB. Ilpu sHepruu nmyuka 13 xoB noiydeHsl cnefyromuye BeIMYUHBI SMUTTAHCA IIy4dKa
nonoB He™: 90% omurranc paseH 30 m-MM'Mpaj], CpEJHCKBAJPAaTUYHBI SMHTTAHC paBeH 8,4 MM-Mpaj, HOPMaIM30BaHHbIN
CpeqHeKBaApaTU4HbId sMuTTaHc cocraBmsier 0,022 mm-Mpan. JlaHHas cucTeMa UW3MEPEHHS OMUTTAHCA HOHHBIX IYYKOB
XapakTepHu3yeTcs MajbIM BPEMEHEM IPOBEICHUS U3MepeHHs, cocTaBisaomuM 10-15 Mun.

KJIIOUYEBBIE CJIOBA: noHHBIIT My40K, 3JI€KTPOCTATHYSCKHI CKaHep, pyHKUUs pacnpeneneHus [aycca, cpeqHeKBaApaTHIHBIN
SMUTTAHC, HOPMAIIM30BaHHbIA 3MUTTAHC, MapaMeTprl TBUCCA, TEHHUHTOBCKUI HCTOUHUK HOHOB.
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This research related to registration of the fast neutrons with a detector based on the inorganic KDP: TL* mono crystal (KH2PO4
potassium dihydrogen phosphate) and plastic UPS-923A. The crystal of the KDP: TL* detector grown from a water solution by the
method of lowering the temperature. The high concentration of hydrogen nuclei in the KDP: TL* crystal grid makes it possible to detect
neutron radiation with an efficiency comparable to polystyrene scintillators. KDP: TL" crystals have a high radiation resistance (up to
10'° neutrons/cm?), which significantly expands the spectrum of their application in high-energy physics applications, intense neutron
fields. In this work, we used a technique for recording the detector response in the photon counting mode and pulse filtering mode.
Since the detector operates on the principle of detecting gamma quanta from the reactions (n, n 'y), (n, n' Y)res, (1, ¥)cap and others, this
makes it possible (in a filtering mode) to isolate the mechanisms of cascade generation processes in the volume of the detector caused
by secondary gamma quanta from excited states of compound nuclei. The gamma quanta of the elastic scattering reaction (n, n' y) for
the KDP: TL" scintillator nuclei are the start of the cascade process of the discharge of excited isomeric states of the input, intermediate,
and final nuclei. Measurements of the detection efficiency of fast neutrons were carried out with a KDP: TL* crystal of size 18x18x42
mm in spherical geometry. The obtained detector reviews in units of impulse / particle for sources and 2*Pu-Be and '*’Cs were 3.57
and 1.44. In this case, a broadband path with a speed of 7 ns was used. In addition, the counting efficiency of the narrow-band tract
measured simultaneously with a processing time of 1 us and 6.4 ps. The received response from the KDP: TL* detector (in units of
impulse/particle) for both sources 23*Pu-Be and *’Cs was 0.09 and 0.00029. The n/y ratio coefficient was 310. The given measurements
of a polystyrene-based scintillator size of 40x40x40 mm. The received response in a single photon-counting mode from the plastic
detector (in units of impulse/particle) for both sources 2*°Pu-Be and *’Cs was 19.4 and 3.9. The n/y ratio coefficients for detectors are
also given: KDP: TL* - 2.47 and UPS-923A - 4.97 in the 7 ns mode. The statistical error in measurements of the neutron detection
efficiency was about ~ 5%.

KEY WORDS: neutron, detector, fast neutron, KDP: TL* crystals, detection efficiency, registration threshold, PX-5, counting rate,
radiation monitor

In the previous works [1, 2] are shown that mechanism of inelastic scattering could be useful for the fast neutron
registration. In these detectors, fast neutrons could be detected by counting impulses from the secondary gamma-quanta,
inside the detector volume. Since a spectrometric path with an integration time of ~ 1 us and 6 ps was used in our studies
for registration purposes, this ensured almost complete suppression of the registration of cascade processes in the detector.
If a neutron detector uses only the one mechanism of inelastic scattering, in which one the secondary gamma-quanta are
generated due to the discharge of single-particle excitations of nuclei, this allows the use of a narrow-band detection path
(1 ps). In this case, the counted efficiency coincides with the energy of the registration efficiency, which cannot exceed
one. The mechanism of inelastic scattering of fast neutrons is a starting process that can be as a trigger for the process of
resonant scattering, radiation capture and secondary nuclear reactions. In this case, excited states in the nuclei of the
crystals under study generate cascades of gamma rays with energies ranging from E ~ 2-3 MeV to units of keV. Note that
the energy of the secondary neutron n' from the reaction (n, n"y).s can exceed the energy of the incident neutron from the
reaction (n, n"y) due to the binding energy, so the channel (n, n'y).s is also an effective source of secondary gamma rays.
Secondary neutrons can subsequently be captured by nuclei in the radiation capture reaction (n, y)cp. For applications,
secondary gamma rays are of interest, the emission times of which are in the range of ~ 1 ns - 100 ps. Also in this interval
are the collision times of secondary neutrons from these reactions with scintillator nuclei. Therefore, secondary neutrons
can participate in reactions (n, n'y)ws and thereby increase the number of cascade gamma rays. Note that the nuclear
composition of oxide scintillators significantly affects the intensity of the gamma-ray cascades of the discharge of excited
nuclear states, and hence the detector counting efficiency [2]. Earlier [1-2], for the purpose of recording efficiency, a
counting path operating in the spectrometric mode (t =1 ps and 6 ps) was used. As long as the lifetimes of highly excited
states of compound nuclei, which could be also excited in the fast neutron reactions, are stay in the range from a few
nanoseconds to hundreds of microseconds. To increase the contribution of various mechanisms that are possible when
the neutron is slowed down in the detector the single-photon detection mode [1] was used in this work and have a
significantly lower registration threshold. In view of the increased radiation resistance (~ 10'° neutron/cm?) of the obtained
new crystals, an urgent task is to study the interaction of neutron radiation with the substance of KDP: TL". As shown in
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our previous works [1-10], neutron radiation can be detected using scintillation crystals of potassium dihydrogen
phosphate KH,PO, (KDP), which are doped with thallium ions T1" [5]. This paper presents the experimental results of a
study of the efficiency of fast neutron detection in water-soluble crystals in the photon-counting mode and pulse time-
filtering mode. The purpose of the work is to study the scintillation properties, efficiencies of detecting fast neutron and
gamma fluxes and n/y coefficients by the new KDP crystal and UPS-923 A scintillator.

RESEARCH AND METHODS
Inorganic crystals of KDP: TL" are grown by the method of the temperature lowering. The crystals have a wide
optical transparency band, low dislocation density <10? cm™, and high radiation resistance when exposed to fast neutron
fluxes of ~ 10'° neutrons/cm?. The presence of hydrogen bonds in the KDP lattice provides the possibility of doping with
additives [5]. In Figure 1 shows KDP: TL" crystals grown on a seed of orientation (101), in the form of 18x18%42 mm
plate. The concentration of thallium additives is 0.1%.

Figure 1. The KDP: TL* crystal sample was grown from water solution.

The physical parameters of measured crystals are shown in the Table 1.

Table 1.
Parameters comparison table of hydrogen based organic UPS-923A and inorganic KDP scintillators.
L Density, Hydrogen nuclei density, Neutron
Scintillator Zetr o/om’ em3 run-length / , cm
Plastic UPS-9234, 57 1.04 4.82x102 3.30
4x4x4 cm
KDP: TI" (0.1 wt.% TI), 22
1.8%1.8%4.2 om? 14.3 2.34 2.07x10 3.93

The neutron energy from radioactive sources during slowing in the detector to a complete stop changes more than
108 times - from 10 MeV to 0.025 eV. This energy region can be conditionally divided into three specific regions, which
differ in the interaction mechanisms and cross sectional values: the inelastic scattering region (n, n'y) from 10 to 0.1 MeV,
the resonant scattering region (n, n' y)rs from 0.1 to 0.001 MeV and the radiation capture region (n, y)cap from 1 keV to
0.025 eV. Currently, the most common fast neutron detectors using one specific energy conversion mechanism - either a
reaction with the formation of recoil protons, or a deceleration method using a radiation capture reaction. Both of these
methods have disadvantages - either the low efficiency of neutron flux conversion during deceleration, or the complex
electronic for the neutron/gamma separation systems.

In the present work, it is proposed to register cascade signals as from the reaction of inelastic scattering, resonance
scattering, and radiation capture. For this purpose, a technique was developed that is a further improvement of the
technique used in our works [2, 3]. The detection efficiency of fast neutrons and gamma rays by KDP: TL" crystals and
UPS-923A polystyrene was measured by the following method. The block diagram of the experiment is shown in Fig. 2.
The KDP: TL* crystal with dimensions 18x18x42 mm® was wrapped with a PTFE tape reflector. The UPS-923A
40x40x40 mm?> with polished edges was wrapped with a PTFE tape reflector also. A >**Pu-Be source was used as a
neutron source (neutron energies from 0.1 to 10 MeV, average neutron energy E, = 4.2 MeV, 4x103 neutrons per second).
The source is placed in a lead spherical shield to attenuate the accompanying gamma radiation (photons with E, ~ 59 keV
from 2*' Am impurity arising from 2*°Pu decay products, as well as high-energy gamma rays with E, ~ 0.1- 4.43 MeV
from the accompanying reactions in the source). The distance between the center of the neutron source and the detector
window was in range of 20 - 50 cm.

As the photodetector, the PMT Hamamatsu R1307 was used [12]. The voltage of the PMT was 1250 V. The lower
threshold of the pulse counter in the fast channel was obtained using an Amptek DPP PX-5 [13] digital analyzer and
monitored with GDS-3504 GW Instek oscilloscope (5S00MHz bandwidth). The lifetimes of isomeric states excited in
reactions with fast neutrons are in the range [3] from a few nanoseconds to hundreds of microseconds. Therefore, the
measuring path includes a fast preamplifier [4] with a gain of 70 dB and an intrinsic rise time of ~ 1.5 ns. The preamplifier
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is used to register signals in the photon-counting mode. The application of this mode is due to the need to register signals
of small amplitudes and durations resulting from the discharge of excited states in the compound nuclei, the need for
separate registration of signals caused by slowed neutron collisions in a crystal. The amplitude of the single-photon
response signal was ~ 1.5 V.

.’_L:_/_/
KDP
. detector
@ _____________ GW INSTEK
GDS-3504
source inside PULSE MONITOR
shield 500 MHz

1200V G: 2000 1 GHz
7ns

IMPULSE
HV AMPLIFIER COUNTER m

DPP AMPTEK valley
PX-5 J
Q‘sg 50 ns

Figure 2. The experimental setup diagram
Figure 3 represents the signal from the preamplifier output during neutron registration with the KDP: TL* scintillator.

The pulse width at the half maximum is about 20 ns, the pulse amplitude is ~ 1.5 V, and the background pulse load
is ~200 s,
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Figure 3. The shape of pulses reached from KDP: TL* under fast neutron radiation of 23°Pu-Be source
Y -1V, X-25ns.

Figure 4 shows the hardware spectrum of the investigated scintillator sample upon irradiation with a neutron source;
the maximum height of a single-photon peak is in the 1600 channel. The rise time of the signal from the PMT output
is ~ 8 ns. The time for collecting statistics in one exposure was 20 minutes, the time for collecting background radiation
was 20 minutes, and the number of exposures was 5.

As discussed earlier [2, 3], the response of the detectors is formed by registering cascades of gamma-quanta. The
primary gamma-quantum arises from the inelastic scattering reaction. Since the crystal dimensions are comparable with
the mean run length of neutrons before moderation, therefore, other than inelastic scattering, other mechanisms leading
to the formation of compound nuclei with subsequent removal of excitation by emission of cascades of gamma quanta,
such as resonance capture (n, n' y)s, radiation capture of the neutrons (n, y)cap. Secondary “daughter” gamma-quanta can
also arise as a result of a slowdown in the elastic scattering reaction and neutron capture on hydrogen (E = 2223.2 keV).

Thus, the effective registration of signals generated by the scintillator nuclear subsystem is explained when
considering the parameters of the nuclei that make up the scintillators. The most significant parameters of scintillator
nuclei are cross sections in the region of inelastic scattering, resonance capture, the density of nuclear levels in the
resonance region, and the magnitude of the upper boundary of the energies of the resonance region. The cross section of
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the resonance region has an effect only if it has a region width of ~ 100 keV or more [2]. Figure 5 shows neutron cross
sections in the energy range 0.01 MeV - 10 MeV for the nuclei of a natural mixture of potassium, phosphorus, carbon and
hydrogen that are part of KDP and polystyrene.

Figure 4. The amplitude
spectrum in a photon
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Figure 5. The neutron cross sections for: 'H (a), '2C (b), ¥K (c), *'P (d) in a region of inelastic scattering region, resonant region
and radiation capture area [14, 16].

Table 2 [15, 16] shows the parameters of the cross sections for the interaction of neutrons with nuclei for a natural
mixture of isotopes of KDP: TL* scintillator nuclei and polystyrene.

In the range of neutron energies E, ~ 0.1-10 MeV on hydrogen, reaction (n, p) is observed with the formation of
recoil protons (¢ ~ 2 b), which can contribute to the detector response if the proton moderation volume is a scintillator.
When a neutron is slowed down, a reaction of elastic neutron scattering on hydrogen (o ~ 30 b) (n, n) is significant,
which one leads to a slowdown of neutrons to an energy of 0.025 eV and radiation capture by protons, with the formation
of a deuteron and an emission of gamma rays with an energy of E, = 2.223 MeV (energy deuteron coupling).



58
EEJP. 3 (2020) Gennadiy Onyshchenko, lvan Yakymenko, et al

Table 2.
The parameters of neutron cross sections o, barn, quantity of Ny output and energy E, of gamma-quanta from reactions
with neutrons from 2°Pu-Be (E, ~ 0.1- 10 MeV)

for the G (1, Y)ecap Gel 6 (n, n' V)res, o (n, n' ¥)inel, Gel Ny, Ny,
natural = En~ En ~ En~ En ~ Emitted Emitted
abundan 0.0253 eV 0.0253 eV 0.5eV—-10MeV 0.1 -10 MeV 4.5 MeV gamma gamma
ce of from from
KDP: capture inelastic
TL*
isotopes
mixture
and
UPS-
923A.
H-1 0.3320 30.27 0.1492 - ~2 1 p recoil
ZH, Ey =
2.2232 MeV
12-C-6 0.00386 0.001885 0.34 ~2.4 6+6 1
13-C,Ey = 13-C,Ey = En~
0.595, 0.595, 10 MeV
1.2618, 1.2618,
1.8567, 1.8567, 12C,
3.0891, 3.0891, Ey=
3.6839, 3.6839, 4.438 MeV
4.9453 4.9453
MeV MeV
6 gamma quants 6 gamma quants
13-C-6 ~0.0045 4.922 0.00162 0.803 7+7 1
14-C,Ey= 14-C,E, = - En ~
0.4957, 0.4957, 14 MeV
1.5869, 1.5869,
6.0925 6.0925
MeV MeV
31-P-15 0.1662 3.186 0.08079 0.0539 ~2 158+158 14
32-P,Ey = 32-P,Ey = En ~ 14 MeV En~4.5
0.0781, 0.0781, 31-P,Ey = MeV
0.5126, 0.5126, 1.266,
0.6367, 0.6367, 2.028,
1.0713, 1.0713, 2.148
2.1145 MeV 2.1145 MeV
MeV
158 gamma 158 gamma quants | 14 gamma
quants quants
39-K-19 2,098 2.089 1,081 0,25 ~2 308+308 15
39-K, Ey= 39-K,Ey = En~4.5 MeV En ~
0.0298, 0.0298, 39-K, E, = 4.5
0.7703, 0.7703, 0.3469, MeV
1.1589, 1.1589, 0.7837,
1.2472, 1.2472, 0.9233,
1.3035 1.3035 MeV
MeV MeV
308 gamma 308 gamma quants 15 gamma
quants quants

In the resonance energy region E, ~ 0.5 eV - 10 MeV), due to the absence of excited states at the deuteron itself,
gamma-ray emission is not observed. Thus, on the nuclei of hydrogen from one incident neutron there is 1 gamma
quantum response, in addition, signals from recoil protons will be observed. On carbon nuclei with neutron energies above
E, = 4.812 MeV, an inelastic scattering reaction is observed with excitation of the first !2C level and emission of gamma
rays with an energy of E, = 4.438 MeV. In the resonance region (E, ~ 0.5 eV - 10 MeV), up to 6 response gamma rays
can occur. If the secondary neutron after deceleration is again captured in the scintillator by a carbon nucleus in the
radiation capture reaction, then another 6 gamma rays can be excited. Thus, up to 13 responses of gamma-quanta arise
from one incident neutron on carbon nuclei. Similarly, on potassium nuclei (see Table 2), a noticeable amount of gamma
quanta is emitted from resonance and radiation capture reactions, which is confirmed by noticeable reaction cross sections



59

Counting Efficiency and Neutron/Gamma Ratio for KDP: T1" and UPS-923A Scintillators... EEJP. 3 (2020)

reaching 2.098 bar (radiation capture reaction) and 1.8 bar (resonance capture) for '’K. It should be noted that the energy
of the upper boundary of the resonance region for ’K is ~ 200 keV. In combination with a sufficiently high density of
levels of the °K nucleus, this explains a significant amount (more than 300) of emitted gamma rays during neutron
moderation in KDP: TL*. For the '°P nuclei the cross section of inelastic and resonance scattering is significantly low, so
the obtained impulse response formed mainly by °K nuclei.

RESULTS
The measurement results of the counting efficiency of the KDP: TL" scintillator in mode of counting single photons
(mode 7 ns, i.e., registration of single-photon signals in the interval of rise times about 7 ns) are shown in Table 3.

Table 3.
Registration efficiency of the fast neutrons and y-quanta
by KDP: TL* and UPS-923A scintillators in a different filtration time

# Scintillator Size, mm Mode En> &> g, / g,
imp/n imp/y
Plastic UPS-923A 40x40%40 6.4 us 0.24 0.071 342
1 Plastic UPS-923A 40x40%40 1.0 us 0.95 0.26 3.65
KDP: TI' (0.1 wt.% TI) 18x18x42 6.4 us 0.037 | 0.00024 154
KDP: TI* (0.1 wt.% TI) 18x18x42 1.0 ps 0.09 0.00029 310
) Plastic UPS-923A 40x40%40 7 ns 19.4 3.9 4.97
KDP: TI* (0.1 wt.% TI) 18x18x42 7 ns 3.57 1.44 247
Plastic UPS-923A D16%9 6 us 0.30 0.071 4.2
3 | KDP: TI* (0.1 wt.% TI) 10x10x10 6 us 0.124 0.004 31
KDP: Ce** (0.01 wt.% Ce) 10x10x10 6 us 0.162 0.006 27

For comparison purposes, the results of measuring the counting efficiency of the scintillator are given based on
UPS-923A. In addition, all measurement results were obtained in the spectrometric signal counting mode with an
integration time of 1 - 6.4 ps. It can be seen that the calculated efficiency for KDP upon transition from 6 ps to 7 ns
(single-photon mode) increases by 3.57 / 0.09 = 40 times, i.c. In the photon counting mode, not only inelastic scattering
is realized, but also resonance and radiation captures. A similar effect of an increase in the counted efficiency is also
observed for UPS-923A -the counting efficiency increases from 1 ps to 7 ns (single-photon mode) by
19.4/0.95 = 20.4 times.

The measurement results of the KDP: TL" scintillator of small sizes (10x10x10 mm) [5] in the T = 6 ps mode are
consistent with the results of the KDP: TL" scintillator with dimensions of 18x18x42 mm in the T = 6.4 us mode adjusted
for the size effect.

In this work, for the KDP: TL" and UPS-923A scintillators, the n/y ratio was also determined (Table 3). It can be
seen that the n/y ratio for the KDP: T1" of 10x10x10 mm size crystal measured in [5] is ~ 30, which is explained by the
small crystal size. The registration in the photon counting mode with filtering time 7 ns provide 2.47 value for n/y ratio
of KDP: TI". The registration in the filtration mode with filtering time 1 ps provide 310 value for n/y ratio of KDP: TI".
In the present work, the path threshold selected at 1 ps that was about 25 keV energy region, which provide n/y ratio
of ~3.57. The efficiency of the UPS-923A scintillator measured in this work in the photon counting mode, was
19.4 pulses/neutron, and the n/y ratio ~ 5.

Figure 6 shown bar diagram of counting efficiencies for KDP: TL" (a) and Plastic UPS-923A (b), obtained for 2**Pu-
Be and *’Cs sources for filtration times 7 ns and 1 ps.

KDP: TL* ml";fe Plastic
20

6
5 15 Figure 6. The counting efficiency for
. KDP: TL" and Plastic UPS-923A
, 10 scintillators, obtained for 2*Pu-Be and

i e 137Cs sources for filtration modes 7 ns
2 1.44 5 | p,.pe g 33 and 1 LS.
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Figure 7 shows the n/y ratio in bars representation for KDP: TL" and UPS-923A. Results are obtained for °Pu-Be
and '3’Cs sources for 7 ns and 1.0 us filtration modes.
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CONCLUSIONS

In this work, we calculated the counting efficiencies and n/y ratios of KDP: TL*' crystals and UPS-923A
polystyrene when irradiated with fast neutrons and gamma rays from 2°Pu-Be and '3’Cs sources using a single-photon
detection mode. The obtained efficiency values could be explained by the mechanism of inelastic scattering of fast
neutrons (as the primary starting process), which, under certain conditions, can trigger for the process of resonance
scattering and radiation capturing. In this case, excited states in the crystal nuclei generate cascades of gamma quanta
with an energy in the range from high-energy values etc. E ~ 2-3 MeV and higher, to low-energy values, with an energy
of few keV. Accordingly, three types of neutron interaction mechanisms contribute to the efficiency: inelastic
scattering (n, n 'y), resonant scattering (n, n' y).s, and radiation capture (n, y)cap. The counted detection efficiency of
fast neutrons for KDP scintillation crystals with a thickness of 40 mm was about 3.57 pulse/particle in a photon
counting mode. The ratio for neutrons and gamma reaches ~ 2.47. The counting efficiency of fast neutron registration
for Plastic UPS-923A with a thickness of 40 mm was about 19.4 pulse/neutron. The ratio of the efficiencies for
neutrons and gamma reaches ~ 4.97. The calculated statistical error with [17] approach for measurements of the neutron
detection efficiency was about ~ 5%.

The obtained result of n/y for KDP: TL" in a filtration mode with 1 us time filtration was about 310. That is mean
that filtration registration mode can be used for the efficient detection of fast neutrons by the small size KDP: TL*
scintillators with high n/y ratio.
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JITYAJIbHA E®EKTUBHICTH TA TAMMA/HEVTPOHHE BIZTHOINEHHSI JISI KDP: TL* TA UPS-923A
CIMHTUJISAATOPIB B OTHO®OTOHHOMY PEXKUMI JETEKTYBAHHSA
Tenagiii Onumenko™®, Isan Axumenko®, Gopuc I'punbos?, Boaogumup Puxukos?, Oaekciii Boponos?, Cepriii Haiinenos?
“Incmumym cyunmunayitinux mamepianie, HTL] «Incmumym monokpucmaniey HAH Yxpainu
Ip. Hayxu 60, 61001 Xapkis, Ykpaina
bXapuvroscruii nayuonanvuwiii ynusepcumem umenu B.H. Kapasuna,
nn. Ceoboou, 4, Xapxis, 61022, Vkpaina

Mertoro naHoi poGOTH € peecTpallis IBUAKUX HEHTPOHIB IETEKTOPOM Ha OCHOBI HeopraHigyHoro Morokpucraia KDP: TL" (KH2PO4
aurigpodocdat kainiro) ta mwiactuky UPS-923A. Kpucran gerekropa KDP: TL* BUpOIIEHO 3 BOAHOTO PO3YHHY METOIOM 3HMKCHHS
Temieparypu. Bucoka koHUeHTpauis siiep BoaHo B rparui KDP: TL' nae 3mory peectpyBaTé HEHTpPOHHE BHIIPOMIHEHHS 3
e(eKTHBHICTIO, MOPIBHAHOIO 3 moiicTHponbHuME ciuHTHIsTOpamu. Kpucramun KDP: TL* maioTe BHCOKY pajiamiiiHy CTIifKicTh
(10" meiiTpon/cm?), IO CYTTEBO PO3LIMPIOE CIIEKTP iX 3aCTOCYBAaHHA B (i3HIli BACOKUX €HEPTili, INTEHCUBHUX HEHTPOHHUX NONAX. B
po0OTi BHKOpHCTaHA METOAMKA peecTpamii BIATYKY HETEKTOpa B PEKUMIi JiUeHHS (OTOHIB Ta IMIyJIBCHOMY DPEXHMi YacoBOL
¢inprparii. OCKiIbKY AETEKTOP MPALOE 33 MPUHIIMIIOM PEECTpaLlil raMMa KBaHTIB 3 peakiuiid (n, n' y), (n, n' Y)res, (0, ¥) Ta iHIIUX, [E
JIa€ 3MOTY, TIPH IEBHOMY BHOODI MMOPOTY peecTparii B pexxuMi GiibTpamii, BUTUTUTH CKIaJ0Bi YaCTUHH KaCKaIHUX MPOLECiB TeHeparii
B 00’eMi IeTeKTopa BTOPHHHUX raMMa KBaHTIB 13 30yKEHUX CTaHIB KOMIayHA-aaep. ['aMMa-KBaHTH peakxiii Hempy»KHOTO PO3CIsTHHS
(n, n'y) s simep cumaTIwiTopa KDP: TL' € crapToM KackagHOro MPOLECY PO3psAKd 30y[HKEHHX I30MEpHHX CTaHiB BXIIHHX,
MPOMIKHUX 1 KIHIEBHUX siep. Bumipn eekTHBHOCTI peecTpalil MBUIKAX HEUTPOHIB 3ailicHIoBanucs kpuctaiom KDP po3mipamu
18x18x42 MM B chepuuHiii reomeTpii. OTpuMaHi BIATYKH JeTEKTOpPa B OAHOGOTOHHOMY PEKHMIi, B OAMHHILIX IMITYJIbC/4aCTHHKA IS
mxepen ta 23°Pu-Be ta 137Cs cknanu 3.57 ta 1.44. ITpu npoMy OyB BUKOPUCTaHMI IMMPOKONOJIOCHUH TPAKT 3 INBUAKOMICKO 7 He. Takoxk
OJTHOYACHO MPOBOIMINCS BUMIPH JIIYMIIBHOT €()EKTHBHOCTI BY3bKOIIOJIOCHUM TPAKTOM 3 yacoM 00pobku 1 Mkc Ta 6.4 mkc. Otpumani
Binryku KDP: TL" nerexktopa B pexumi 1 Mkc (B OAMHMUAX iMIIysbc/qacTuHKa) 1 mkepen 1a 2?Pu-Be Ta 13’Cs cxnamu 0.09 Ta
0.00029. Ilpu upomy BimHomeHHs n/y cknano 310. Jlns NOpiBHSHHS HaBeleHI pe3yNbTaTH BHUMIpPIB CLHUHTWIATOpAa Ha OCHOBI
noiictupony po3mipom 40x40x40 mm. OrpumaHi BIATYKH MHONICTUPOJBHOrO AeTeKTopa (B OJMHHIIX IMIYJbC/4acTHHKA) B
onnopoToHHOMY peskumi as mkepen ta 23Pu-Be ta '37Cs cknamu 19.4 ta 3.9. Takox HaBeaeHi koeQilieHTH n/y BiIHOLIEHHS IUIs
KDP: TL* —2.47 i UPS-923A — 4.97. Craructiuuna nmoxubka BUMIpiB epeKTMBHOCTI peecTpaliii HeUTpoHiB ckiiana ~ 5 %.
KJIFOUYOBI CJIOBA: HeiiTpoH, aerekrop, mBuiaki Heiitponu, KDP: TL" kpucrai, edekTHBHICTb peecTpallii, nopir peectparii, PX-
S, WIBMAKICTB JIIYE€HHS, paialifHuii MOHITOp

CUETHASI EOOEKTUBHOCTH U TAMMA/HEMTPOHHOE OTHOIIEHME JIJISI KDP: TL* AND UPS-923A
CIMHTHJJISITOPOB B OJTHO®OTOHHOM PEKUME PETUCTPALIUN
Tennagmii Onnmenko™’, Usan SAxumenko®, Bopuc I'punbos?, Biagumup Puxnkos?, Anexceii Boponos?, Cepreii Haiinenos?
“Uncmumym cyunmuniayuonuvix mamepuanos, HTL] « Uncmumym monoxpucmannoey, HAH Ykpaunut
np-m Hayxu 60, 61001 Xapvros, Yxkpauna
bXapvrosckuil nayuonanvuwiii yuueepcumem umenu B.H. Kapasuna
matioan Ceob600w, 4, 61022, Xapvkos, Ykpauna

Lenpro maHHOM PabOTHI SABISAETCS PEruCTpaIysl OBICTPHIX HEHTPOHOB AETEKTOPOM HAa OCHOBE HEOPTaHWYECKOTO MOHOKpHCTaLIa
KDP: TL* (KH2PO4 qurunpodocdar kanus) u miactiuka UPS-923A. Kpucran 1etekropa BRIPAIICHO U3 BOJHOIO PACTBOPA METOJIOM
CHIDKEHHSI TeMIlepaTypsl. Bricokas koHmeHTpamus siiep Bogopona B pemerke KDP mosBomsieT peructpupoBaTh HEHTPOHHOE
H3ITydeHUs! ¢ S(PPEeKTHBHOCTHIO, CONOCTAaBUMOH € TTOMMCTHPOILHEIME ciuHTIILIATOpaMy. Kprctamisr KDP: TL+ uMeroT BBICOKYIO
pamManuoHHyI0 cToiikocTh (10'° HeliTpor/cM?), UTO CYLIECTBEHHO PACILMPSET CIEKTP MX IIPMMEHEHHUS B (PU3UKE BBICOKMX DHEPIHUIA,
HMHTEHCUBHBIX HEHTPOHHBIX MONsAX. B paboTe mcmonp30BaHa METOMMKA PETHCTPALINH OTKIMKA AETEKTOPa B peXXnMe cdeTa (JOTOHOB.
TToCKOMBKY JETEKTOp paboTaeT 1Mo MPHUHIKIY PErUCTPALMU FaMMa KBaHTOB M3 peakuuid (n, n' y), (n, n' y)es, (0, Y)cap ¥ APYTHX, ITO
MO3BOJISIET BBIACNUTH COCTABHBIE YACTH KACKAJHBIX MPOIECCOB T€HEpalu B 00beMe JETEeKTOpa BTOPHYHBIX raMMa KBaHTOB C
BO30YX/JCHHBIX COCTOSIHMH KOMIAayHA-saep. |'aMMa-KBaHTBI Peaknuyu YIPYroro paccestHus (n, n' y) AnA saep CHUHTWIIATOpPA
KDP: TL* sBAsIIOTCSt CTAPTOM KACKaJHOTO MPOLecca Pa3psaKe BO30YKACHHBIX H30MEPHBIX COCTOSIHHI BXOIHBIX, IIPOMEKYTOIHBIX U
KOHEYHBIX siaep. M3mepenust 3pheKTHBHOCTH perucTpanuu ObICTPBIX HEUTPOHOB ocymiecTBIsumch Kpuctamuiom KDP: TL* pazmepom
18x18x42 MM B chepuyeckoii reomerpun. [lodyueHHbIE OT3BIBBI ACTEKTOPa B €AMHHIAX MMIYJIbC / 4acTUIA ISl UCTOYHHKOB U
29pu-Be u '3’Cs cocrawiu 3.6 u 1.44. Tlpu 5ToM ObLI MCNOJB30BaH LIMPOKOIOJNOCHBIH TpakT ¢ OpicTponeiictBueM 7 He. Takxke
OTHOBPEMEHHO [IPOBOIMINCH HU3MEPEHHUS CUeTHOI 3 (PEKTHBHOCTH y3KOIOJIOCHBIX TPAKTOM CO BpeMeHeM 00paboTku 1 MKc 1 6.4 MKC.
Tonyuens! otk KDP: TL' netexropa B pesxume 1 MKc (B €IMHUIIAX MMITYJIEC/9aCTHIA) JUIs UCTOUHMKOB 23Pu-Be n '¥’Cs cocrasun
0.09 u 0.00029. ITpu s3Tom oTHomeHHe n/y cocraBwio 310. i cpaBHEHUS NPHUBENCHBI PE3YJIbTAThl H3MEPEHUN CLUHTUIATOPA Ha
ocHoBe nonuctuposna pazmepom 40x40x40 mm. [TomydeHHbIH OTKIMK MOIUCTUPOIBHOTO JETEKTOpa (B AMHHLIAX UMITYJIbC/4aCcTHLA) B
01HO(POTOHHOM pexuMe st ueTouHukoB 23°Pu-Be u 37Cs cocrasun 19.4 u 3.9. Taxoke npuBeaeHsl Ko3Q(UIUEHTHI /Y OTHOLIEHHS
st KDP: TL* — 2.47 i UPS-923A — 4.97. CrartucTryeckas MOIPENIHOCTh U3MEPEHH d(PEKTUBHOCTH PErUCTPALMd HEUTPOHOB
cocrasuia ~ 5%.

KJIFOUYEBBIE CJIOBA: HeiitpoH, aetektop, Obictpbie HelTponsl, KDP: TL* kpucrasmi, 3¢QeKTHBHOCTh pEruCcTpamiu, HOpOr
peructpauuu, PX-5, ckopocTs cuerta, palualluOHHbII MOHUTOD
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After two major nuclear power plant accidents in Chernobyl (1986) and Fukushima (2011), one of the main requirements for the
nuclear power engineering is the safety of the nuclear reactors in operation, as well as new nuclear power plants of the fourth
generation, which are being developed now. One of such requirements is presence of the so-called “inherent safety” mechanism,
which renders the uncontrolled reactor runaway impossible under any conditions, moreover, the implementation of such a
mechanism should be ensured on the level of physical principles embedded in the reactor design. Another important problem of the
nuclear power engineering is the need of the transition to the large-scale use of the fast-neutron breeder reactors, with which it would
be possible to set up expanded reproduction of the nuclear fuel and by that means solve the problem of supplying humanity with
relatively cheap energy for thousands of years. Moreover, at present an unresolved problem is the disposal of spent nuclear fuel
containing radioactive nuclides with long half-lives, which presents a long-term danger to the ecology. One of the promising
conceptions of the fast-neutron breeder reactor, which can, in the case of successful implementation, partially or even entirely solve
the problems of the nuclear power engineering mentioned above, is the reactor that operates in the nuclear burning wave mode,
which is also known as “Traveling wave reactor”, CANDLE and by some other names. This paper presents a short review of the
main theoretical approaches used for description of such a physical phenomenon as slow nuclear burning (deflagration) wave in the
neutron multiplication medium initially composed of the fertile material 233U or 2*?Th. A comparative analysis of the possibilities of
different mathematical models for describing this phenomenon is performed, both for those based on the deterministic approach (i.e.
solving neutron transport equations) and for models that use Monte Carlo methods. The main merits of the fast breeder reactor,
working in the nuclear burning wave mode, and problems related to the practical realization of the considered concept are discussed.
KEY WORDS: nuclear power, fast reactor, breed and burn, nuclear burning wave, traveling wave reactor

The fast growth of the planet population along with the general striving for more comfortable life leads to the
rapid increase of the world energy consumption. As a matter of fact, with the doubling of the human population over the
past 50 years, the total global energy consumption has increased three times. In the face of the limited Earth resources
of conventional energy sources, such as coal, oil, gas, there arises more urgently a problem of searching for new
alternative energy sources. Moreover, the widespread use of the combustible carbon-based fuel in the industry, transport
and in everyday life leads to the catastrophic environment pollution with carbon dioxide (CO; problem) and other toxic
emissions. Apart from the direct influence on the people’s health and environment, this leads to the greenhouse effect,
which is probably one of the causes of global climate change. All of this urges scientists to look for new reliable, clean,
preferably renewable energy sources that can support sustainable development of humanity for a long time.

As far back as the middle of the previous century the mankind discovered an absolutely novel source of energy
with the incomparable power, namely, the energy of atomic nucleus. By the colossal efforts of leading scientists of
several countries, in a quite short period not only the problem of releasing this energy was solved but also the possibility
was found to use it as a controlled process in nuclear power plants and other installations. However, despite the high
efficiency, the nuclear energy has not become the primary energy source of humanity. At present, its share is less than
5% in the total energy production and slightly more than 10% in the production of electricity.

The main reason behind the rather meager usage of the nuclear energy in the world, as well as the complete
rejection of its usage in some countries, is not technological problems, but rather problems of psychological nature,
caused by radiophobia, which swept the world after two major accidents of nuclear power plants: Chernobyl (1986) and
Fukushima (2011). Analysis of the causes of those accidents has shown that, with responsible approach to the designing
and operation of the nuclear power plants and training of the staff, this type of accidents should not be possible. The
result of this analysis was a considerable increase in the requirements for the safety of the nuclear reactors in operation,
as well as new nuclear power plants of the fourth generation that are being developed now. One of such requirements is
the presence of the so-called “inherent safety” mechanism, which renders the uncontrolled reactor runaway impossible
under any conditions, moreover, the implementation of this mechanism should be performed on the level of physical
principles, which should be laid down in the reactor construction.

From the physics point of view, the most concentrated energy source, which can be practically utilized, is the
binding energy of nucleons in the atom and its nature is due to the strong interaction. For one act of the nucleus fission
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the energy released equals to approximately two hundred millions of electron-volts. For comparison, the energy
released in the process of carbon oxidation, C+ O,=CO,, is equal to several electron-volts. The carbon oxidation
process or “chemical burning”, which is the essence of the “combustion energy”, has its origins in the electromagnetic
interaction between electron shells of the atoms. As can be seen, the difference of the energy release per atom between
nuclear and chemical reactions is almost eight orders in favour of the nuclear ones.

Recently, the so-called renewable energy sources, which include hydropower, wind power, solar power, and
biofuel, have been growing in popularity. The highest share of the renewables in the total energy balance belongs to
hydropower (approximately 7%). The hydropower is based on the mechanical energy of water falling in the
gravitational field. It is well known that the gravitational constant is rather small, therefore a large amount of the
“working medium” (water) is required to get considerable quantities of energy. The same goes for the wind power
generators.

Let us compare the efficiency of different kinds of energy sources in terms of the concentrations of stored energy
that can be utilized by human. From 1 ¢cm? of the pure 2**U, theoretically, i.e. by the fission of all the nuclei present in
this volume, the energy of 5-105 kW-h can be released, which is equivalent of the energy released by the combustion of
100 m? of anthracite coal or by dropping 100 millions of m3 of water from the height of 25 m.

Thus, theoretically, the nuclear power should undoubtedly be leading in terms of efficiency among other types of
Earth resources. However, the high density of the energy release of the nuclear chain reaction requires a high
technological culture of controlling such processes. The principal possibilities and main technical solutions of the
problems, related to the nuclear reactor control, were discovered as far back as middle of the past century. However, the
accumulated world experience in the operation of nuclear power plants, both positive and negative, indicates the need to
revise priorities in this area from maximum economy to the safety.

The history of nuclear power goes back a little over 70 years. In many countries, this is an important component in
energy production, and in several of them, such as France, Ukraine, Belgium, Hungary, Slovakia, it plays the decisive
role. Some of the rapidly developing countries, such as China, India, Russia, South Korea, have plans of accelerated
construction of new nuclear power plants. At the same time, some developed countries, such as Belgium, Germany,
Spain, Italy, Switzerland, Sweden, have decided to gradually remove the use of nuclear power. The last-mentioned fact
is caused by the wave of radiophobia which swept the world after three major nuclear power plants accidents: Three
Mile Island (1979), Chernobyl (1986), and Fukushima (2011), especially due to the last two. An important lesson
learned from those accidents was the radical revision of the safety requirements for the nuclear systems. In particular,
TAEA has formulated general requirements for the nuclear power plants of new generation, where one of the most
important requirements is to ensure the so-called “inherent safety” property, which would exclude the possibility of
uncontrolled reactor runaway owing to any of the internal or external influences, including operator’s mistake.

Another important problem in the nuclear energy is the limited natural resources of 2*°U, which is the main
component of nuclear fuel of the thermal nuclear reactors, which are a majority among the 449 working power plants
and those 54 that are being built. The solution of this problem lies in the need of a large-scale transition to the fast
neutron breeder reactors, in which, in addition to the energy production, artificial fissile products, such as >**Pu and
23U, can also be produced from the natural 23U and 232Th, respectively. In this way, by means of the production of fuel
for new reactors in the fast-neutron breeder reactors, the nuclear power could be considered as a renewable energy
source in the future.

Another not yet resolved problem in nuclear energy is the recycling of the spent nuclear fuel. Certainly, the
volumes of the nuclear waste are by orders smaller than waste volumes of usual “combustion” energy. However, some
of the radioactive components of a spent nuclear fuel, mainly the transuranium elements (minor actinides, MAs), have
quite large half-times (thousands of years) and present a certain danger to the future generations if stored in large
quantities. In this connection, an important direction of studies in the nuclear energy field is the problem of disposal of
the long-lived radioactive isotopes.

The focus of this paper is on one of the promising concepts of a fast-neutron breeder reactor (FR) that works in the
nuclear burning wave (NBW) mode, which, if successfully implemented, will solve partly or even entirely the problems
of the nuclear energy discussed above. The purpose of this paper is to concisely describe the physical basis of the
considered concept and to perform a comparative analysis of different mathematical models used for describing this
NBW phenomenon, both those based on the deterministic approach (i.e. solving the neutron transport equations) and the
models using Monte Carlo methods. Different theoretical approaches are presented in this paper in the chronological
order. The main merits of the NBW reactor and problems related to its implementation are discussed.

NUCLEAR BURNING WAVE CONCEPT
The idea of a fast breeder reactor in which the process of production and burnup of fissile nuclides takes place
with the continuous supply of fertile 2**U fuel and withdrawal of fission products was mentioned for the first time by the
Soviet academician S.M. Feinberg during discussing the reports on the fast reactors at the II International UN
conference dedicated to the peaceful usage of the atomic energy (September 1958, Geneva, Switzerland) [1]. The
criticality of such reactor is maintained by means of plutonium accumulation in the reactor. However, as was noted by
S.M. Feinberg, lack of knowledge about the precise dependence of the cross-section values on the energy for the fast
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neutrons did not allow accurate calculations of such a reactor. Furthermore, the fuel elements, being able to withstand a
sufficiently large fuel burnup, which could reach up to 30% by the theoretical estimations of E.P. Kunegin [1], were not
available at that time.

In search of the concept of safe nuclear reactor after the Chernobyl accident, another soviet academician
L.P. Feoktistov [2, 3] considered the possibility of a self-sustaining and self-controlled mode of propagation of a
nuclear chain reaction in a medium filled with fertile material (for example, 238U) in the form of a traveling wave. He
called this phenomenon as the neutron-fission wave. The phenomenon consists in the gradual movement of the reactor
core area, in which the chain reaction takes place, into the breeding zone, in which, under the neutron irradiation, the
production and accumulation of fissile nuclides (plutonium in such a case) occurs. When the concentration of plutonium
in the breeding region reaches a critical value, the conditions for the development of nuclear chain reaction are realized
in it, and the nuclear burning process also captures this region. At the same time, at the site of the previous active zone,
the chain reaction gradually extinguishes as a result of depletion of fertile material and the accumulation of a large
number of fission products that intensively absorb neutrons and thereby suppress the chain reaction in this region. The
physical picture of the nuclear burning wave (NBW) propagation through the medium filled with initially pure 2*%U is
represented in Figure.

f“
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Figure. The nuclear burning wave propagation from left to right in the pure 233U medium. f denotes the volume
fractions of fuel components: pure 2*¥U (area filled with lines), plutonium (area filled with dots) and the fission
products (white area). The bold solid curve is the neutron flux distribution. All curves are the result of
calculations.

THEORETICAL APPROACHES FOR NBW DESCRIPTION
Feoktistov’s analytical approach and criterion of the NBW existence

The problem that Feoktistov set himself was to find out whether such a self-sustaining regime is possible and, if
so, to determine the conditions for its existence. In an attempt to solve this problem analytically, Feoktistov was forced
to simplify his mathematical model as much as possible, highlighting the main factors and omitting the secondary ones.

He first considered the processes in a semi-infinite fuel region, consisting of pure 23U and irradiated from the
open border with neutrons. As a result of the (n,y) reaction, the nuclide 2*°U is produced, and after two beta decays it
turns into 2*°Pu via an intermediate nuclide °Np:

238 239 239 239
U+n—"U—F—"Np—;—"Pu. (1)

In this case, the concentration of ?**Pu in the medium N, is determined by two opposite processes: production

U

and burnup, and can be described by the following equation:

dN
Pu __
dr =nv, (0-118N8_(6a+6f )Pu NPZ!)’ (2)
where n and v, are the concentration and velocity of neutrons, o, is the neutron absorption cross-section for U,
N is the concentration of 2*U nuclei, o, , are the absorption and fission cross-sections for >**Pu nuclei and N, is the

2%Pu concentration. Basing on this equation, Feoktistov introduced a parameter of the equilibrium plutonium
concentration N, , assuming the change of the **’Pu concentration in (2) to be zero:
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The physical meaning of this parameter is quite simple: it is such a concentration of plutonium to which the
system approaches when it is left to itself under a persistent neutron irradiation.
Another important parameter of the problem is the critical concentration of »°Pu in this medium N,, which

provides a constant value of the neutron concentration in the system or, in other words, this means that the so-called
neutron multiplication coefficient k is equal to unity. This parameter can be obtained from the neutron balance

equation:

dn

E:nvn ((V_I)Gﬂ’uNPu_zGaiNiJ’ (4)

by equating the derivative dn/dt to zero. Here, v is the number of fission neutrons. Thus, the expression for the critical

concentration of plutonium N, is

_ zio-aiNi

N
(v-1)op,

c

)

If N, =N,, it means that the system stays in the exact critical state with constant neutron concentration and

energy production as well. If N,, > N_ , then the system will be above-critical ( k,; >1) and the chain reaction will

occur, while the neutron concentration will increase exponentially. Otherwise, at N, <N_, the system will be

subcritical and the neutron flux will decrease quickly without an external neutron source.
Since expressions (3) and (5) for the parameters N », and N_ show different dependences on the cross sections
and nuclide concentrations, in principle, various realizations of the relation between these two parameters are possible.
If N,, <N.is fulfilled, that takes place, in particular, for the nuclear system with the thermal neutron spectrum

[2, 3], then the critical state cannot be achieved without an external neutron source, and a self-sustained nuclear burning
process is impossible.

In case of the fast neutrons, we have N,, > N, , which creates conditions for the chain reaction being sustained. In

a literal sense, it means that the plutonium concentration tends to its equilibrium value exceeding the critical one. This
fact looks dangerous as it means that the reactor might go into an explosive chain reaction. But at the same time a
neutron lifetime in the core (r =1/v, ~10%s) is much smaller than the time of plutonium creation (2.4 days), thus an

entire excess plutonium will be burned out before the reactor goes into an “explosive” state. It is just this property
which is usually referred to as an intrinsic safety.

Further in his articles, Feoktistov considers equations of the neutron diffusion and fuel burn-up describing the
simplest variant of reactor which consists of 2°Pu, 2*8U, and only one intermediate nuclide 2*°U, which effectively
represents the two intermediate nuclides in (1). This set of equations is considered in the one-dimensional geometry and
in the one neutron-energy group approximation under the assumption that the absorption cross-section values are equal
for all involved nuclides, including the fission products, which made it possible to reduce all needed neutron reaction

cross-sections to only two material constants, namely, to N » and N_. Then, assuming that the NBW mode exists, and

making the corresponding Galilean transformation (x'=x+V¢), i.e., passing into the co-moving frame of reference
moving with the wave velocity V', these equations were solved for the case of the steady-state nuclear burning wave
moving along the considered infinite *®U medium with a constant velocity. This allowed Feoktistov to find the solution
in a self-similar form depending only on the space variable x'in the co-moving frame. From this consideration,
Feoktistov described the main features of the steady-state NBW regime, and one of the largest achievements of this
work was the formulation of a simple criterion N 7. > N_, which provides the feasibility of functioning of a NBW

reactor.

Further it was pointed out that it could be also possible to implement such a reactor for the 22Th — 233U fuel cycle.
The problems of the huge thermal energy release that were mentioned by Feoktistov are still actual.

In the context of discussing the Feoktistov approach, it is worth to mention the work [4] by V. Pilipenko et al., in
which the NBW mode was studied in the framework of the Feoktistov model on the basis of both the analytical analysis
in the steady-state-solution approach, which was described in detail, and of the simulation of the initiation and evolution
of the NBW by numerically solving the non-stationary problem for the set of Feoktistov’s equations. In particular, a
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consideration was given to the NBW realization with the use of an external neutron source, accompanying and
irradiating the moving nuclear burning area, under the conditions when the NBW mode would be impossible without
this source.

Goldin’s and Anistratov’s approach for numerical calculations

Goldin and Anistratov [5, 6] further developed Feoktistov’s approach trying to solve numerically an evolutionary
problem. In their work, they used 16 fissile isotopes and three groups of fission products. They also take into account
the presence of coolant and structural materials in the fast reactor core. To describe the neutron processes in the reactor
they used the neutron transport, neutron kinetics and fuel-burnup equations. In their approach, the non-stationary
equation of neutron transport was considered in the one-group diffusion approximation. The one-group constants were
calculated using an averaging spectrum function derived from solving the multi-group homogenous model for initial
stationary reactor assembly.

To describe the reactor criticality, it is convenient to use the reactivity p = (k,,

parameter A . The parameter A is introduced into the equations by assuming the exponential dependence of the fluxes
on time:

—1)/k,, or the reactor time

¢(7,t) = p(r)e” (6)

By using this expression in the non-stationary multi-group and effective one-group set of diffusion equations,
while taking into account the delayed neutrons, it is possible to get equations for the determination of A, group scalar
and vector fluxes. It is also possible to get the reactor time constant from solving the non-stationary transport and

kinetics equations:
d -
A=—|1In dr ||, 7
2le{jv) ”
here G is the solution region of the problem.

Goldin and Anistratov solved the above-mentioned equations using numerical calculations. The results show, that
such a type of reactor is stable against considerable perturbations. According to the claim of the authors, the wave will
be propagating during one year, after which the wave will start to decay. It should be mentioned, that these results were
obtained without recalculating the averaged one-group cross-sections with the change of the space-energy distribution
of the neutron flux.

Teller’s Monte Carlo simulations calculations

Edward Teller [7, 8] with his team used Monte-Carlo-method based calculations to simulate the neutron-induced
reactions and neutron transport in the fast reactor operating in the mode they called as a nuclear deflagration wave in
their work. In their work, they used TART95 program package for modeling processes occurring in this reactor. In the
initial assembly, the fuel in the main region of the reactor core was composed of 2*2Th, while in the ignition region,
where the nuclear burning was initiated, it was 10% enriched by 2°U. For the simulation, the TART95 mode with 175
neutron-energy groups was used. In the calculations, the presence of several other nuclides was also taken into account,
representing actinides, construction materials, coolant, fission products and neutronic poisons.

The authors of the paper claimed some results based on their simulation. It was found that the 2*?Th fuel burned
well with possible generation of power around 1 GW in the case of the fuel cylinder of diameter less than 1 meter. The
fuel burnup can be achieved in the range from 10% to 50% (which confirms Feoktistov’s predictions). There is
possibility to make NBW-reactor thermostatic by internal physics. They proposed also a scheme of automatic
thermostatic and reactor power control by using °Li as a neutron absorber in the core. Their simulation predicts a
relatively small total mass (< 0.1 ton) of the fissile material in the ignition zone.

In general, their work showed quite promising results for the considered NBW-reactor.

Sekimoto’s CANDLE burnup strategy

The work performed in the Tokyo Institute of Technology by Hiroshi Sekimoto and his team [9, 10] is directed
toward study of the NBW reactor. In their works it is called CANDLE as the acronym standing for "Constant Axial
shape of Neutron flux, nuclide densities and power shape During Life of Energy production". Like Feoktistov, the
Sekimoto group used the Galilean transformation z'=z+V# to the accompanying co-moving frame to consider steady-
state solutions in the form of the NBW for the stationary neutron balance (diffusion) equation and the set of nuclide
balance equations, describing the system under consideration. For solving these equations, an iteration procedure was
proposed. To find the optimal velocity V' of movement of the nuclear burning region, in the course of these iterations
Sekimoto used the following iteration formula:
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Here, Az =z —zU™ is the shift of the neutron flux distribution center during successive iterations. This scheme

required a good initial guess of the ¥ and V'® values. The iterations were performed until the distributions of the
calculated neutron flux and nuclide densities stopped to move along z-axis.

The numerical calculations for solving the obtained equations were performed using 21-group approximation. The
needed cross-sections were taken from the JENDL-3.2 library. The nuclide transformation chains comprised 20 fissile
nuclides and 66 fission products nuclides. The fertile fuel in this reactor was 2*3U and the reactor had the cylindrical
geometry with 8 meters in length and with the radius of 2 meters. The found neutron flux was normalized to have 3 GW
power output.

As a result of the simulations, a steady-state self-similar neutron distribution was shown to be moving at the
velocity of 4 cm/yr. The burnup depth in the spent fuel behind the NBW was around 40%, which is much higher than in
traditional reactors. This work is important since it showed the possibility of the NBW implementation in the 233U fuel
basing on the fairly realistic theoretical model. It is also important to note that the Tokyo group used two-dimensional
models and wide range of nuclides.

In a large number of subsequent works based on the approach described above, Sekimoto with co-authors
considered the possibility of various options for implementing the CANDLE burnup strategy by varying the use of
different coolants (Na, Pb, Pb-Bi eutectic, gas), sizes and compositions of the core, reactor power, and other parameters.
However, since the calculation scheme which they use in these works is based on the self-similar solution to the
problem, it is impossible to study transient processes in such a reactor and to study the stability of the NBW mode
within the framework of this mathematical approach.

Hugo van Dam analytical considerations and its modifying by Chen and Maschek
An original model of the NBW reactor was developed by Hugo van Dam in papers [11, 12], where he called this
mode as the criticality wave. In his work, the set of several fuel burnup equations was replaced by the effective burnup
function k() and the feedback coefficient y as an arbitrary parameter. These substitutions are then included in the
neutron balance equation. To get analytical solutions, Hugo van Dam also considered a quasistatic approximation,
which is possible due to the fact that the neutron diffusion occurs much faster than the process of propagation of the
criticality wave. Using the Galilean transformation of coordinates & = x + V¢ , he obtains the following equation for the

scalar neutron flux ¢(&) :

d’¢
dé

) +[k, (v)-1+7$]p=0 )

where y is the neutron fluence and L, is the diffusion length.

By selecting the burnup function in a simple (parabolic) form, which is close to the real one, and certain feedback
coefficient values, it is possible to obtain analytical solutions of the neutron balance equation. Despite the seeming
simplicity of this model, it was able to predict some characteristics of the behavior of the NBW reactor.

Results of the analytical model solution show that the burning wave can exist only in the case of a negative
feedback coefficient and when the following ignition condition is fulfilled:

2k, +ky >3 (10)

Here kma

. and k; are the maximum and initial values of the chosen burnup function. The velocity of such a wave is
proportional to the maximum neutron flux density which is determined through the feedback coefficient and burnup
function.

Hugo van Dam also performed numerical calculations for the developed model. This part of the work was done to
determine the burning wave ignition characteristics and to consider possibility of a power control in such a reactor. It
was shown that an external neutron source should have certain optimal strength and duration to initiate a self-sustained
wave propagation. The power control is possible by changing the feedback coefficient value. Choosing different burnup
function gives different results for the total fuel burnout and wave velocity.

In the work of X.-N. Chen and W. Maschek [13] this approach was modified by means of using an original
perturbation method and the radial buckling approximation, that gave them an opportunity to reduce the initially three-
dimensional problem to a one-dimensional one taking into account a transverse neutron leakage. Later in [14] they used
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this calculation scheme for description of the pebble-bed type reactor, in which, de facto, the fuel moves with the NBW
velocity through a stationary reactor (see also Sekimoto's book [10]). Such a concept of "standing burning wave" is a
full analogue of the "running" NBW from the physical point of view, but may have some constructive advantages for its
practical realization.

Khotyayintsev et al. NBW velocity study
In works [15, 16] by Khotyayintsev et. al., behaviour of the NBW velocity, as an important characteristic of the
NBW mode, was studied depending on a number of parameters of the reactor model in the framework of a planar one-
dimensional model, basing on the neutron diffusion equation together with the equations of burn-up of the U-Pu fuel
components including 9 nuclides as well as the fission products in the one-group approximation. A possibility of
burning out of a part of the fission products was also admitted. The authors also studied the influence of a temperature
feedback of not specified origin in the simplest model form by including a corresponding term with an arbitrary thermal
feedback coefficient in the diffusion equation. Analogously to the Feoktistov approach, the solution of this set of
equations was sought in the form of a steady-state wave moving with a constant velocity along a reactor of infinite
length.
According to the aforesaid, the authors presented the neutron diffusion equation in the following general
dimensionless form:
d2¢+g-¢=0 gch.N—p+7w¢[Zc .N‘+pj (11)
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Here N, are the dimensionless nuclear densities that obey the fuel burn-up equations, ¢, and ¢, are the

dimensionless coefficients that depend on the corresponding microscopic absorption and fission cross sections, W is
the dimensionless NBW velocity, p is the effective absorber density which includes the absorption by non-fuel

nuclides and, if allowed for, the effect of transverse neutron leakage,  is the phenomenological thermal feedback

parameter. By integrating the Eq. (11), the authors studied the conditions for existence of a stationary NBW solution.
Numerical calculations with certain values of the problem parameters, allowed authors to solve the diffusion equation
along with the burn-up equations and get distributions of the flux and nuclide concentrations in the wave. The authors
also proposed and used an analytical approach for obtaining the solutions of the steady-state NBW type basing on the
method of successive approximations in which the wave velocity W was considered as a small parameter. This
approach allowed them to derive analytical expressions for the dependence of the NBW velocity on the problem
parameters, including the arbitrary parameters p and .

From the obtained calculation results, the authors performed a comparison between feedback parameters caused by
the thermal and fuel burn-up effects. An interesting result was derived at low NBW velocity values, where authors’
calculations showed a bifurcation of the velocity dependence at the same control parameter, which authors attributed to
the effect of 2*'Pu instability. However, only the upper branch of the velocity dependence turned out to have a physical
meaning, which indicated existence of a small but finite minimum value of the velocity.

Fomin et al. non-stationary solution of the NBW problem

The work performed by the Kharkiv group [17-25] was aimed at the study of non-stationary processes occurring in
the fast reactor of cylindrical form with two initial homogeneous axial zones (the ignition and breeding ones) at the
stages of the NBW initiation and its propagation along the reactor axis in the framework of an original deterministic
approach, developed by the authors. This approach is based on numerically solving the non-stationary equations of
neutron diffusion in the reactor medium together with the burnup equations for fuel components, which include 10
nuclides, and with the nuclear kinetics equations for the delayed neutron precursors with using realistic nuclear
constants and cross sections. The authors have developed original packages of computer programs to perform numerical
calculations for solving this non-stationary evolution problem. The needed realistic nuclear data were obtained from the
BNAB Nuclear Data Library [26, 27] in the 26 neutron-energy group approximation. The fuel in the breeding zone is
composed of the fertile 238U (the variants with 23>Th fuel and the mixed of U-Th fuel were also considered), the fuel in
the ignition zone consists of 28U enriched by 10% of 2**Pu.

First the authors used a simplified model [17-20], where the transverse neutron leakage was ecither neglected
[17, 18] or it was described by employing the radial buckling approximation [19,20]. These calculations were
performed in the so-called effective multigroup diffusion approximation, where the problem was reduced to a non-
stationary one-group problem with making use of effective neutron-nucleus cross-sections averaged by the local
neutron spectra found from the corresponding stationary multigroup criticality problem for the current time moment,
which allows one to effectively take into account the changes in the cross sections according to variations of the energy-
space distribution of the neutron flux. According to this approach, it is possible to write down the one-group non-
stationary diffusion equation using the radial buckling concept taking into account delayed neutrons in the following
form:
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n

where v, is the neutron velocity, @ is the scalar neutron flux, £ and X, are effective macroscopic absorption and
fission cross-sections, D =1/3Z is the diffusion coefficient, v, is the mean number of neutrons produced per nucleus

fission, £ is the effective fraction of delayed neutrons, C/ and A/ are the concentration and decay constant of

precursor nuclei of the i-th group for the /-th fissile nuclide.

The important results of these studies are that they proved the feasibility of initiating and using the NBW mode in
the nuclear reactor with the fuel of the U-Pu cycle, as well as revealed a number of essential details of the NBW
evolution course, in particular the dependence of the NBW velocity on the radius of the reactor core was studied and a
critical radius at which the wave cannot propagate was found. However, the results obtained for the reactor based on the
232Th fuel showed serious difficulties in implementing the NBW mode, which had suggested appropriateness of further
consideration of variants of the NBW reactor with mixed fuel composed of both with 233U and ?3?Th at roughly equal
concentrations.

The shortcomings of using the radial buckling is that it gives an approximate allowance for the radial neutron
leakage and ignores the effects of radial non-uniformity of the burnup of fuel components. Moreover, it does not allow
one to describe reactor systems with any radial inhomogeneity, for example, in the presence of the radial neutron
reflector, and in these cases it is necessary to consider the exact two-dimensional (2D) cylindrical problem of neutron
transport in the reactor under discussion. Such a 2D problem with using the exact 26 neutron-energy groups approach
has been further considered by the authors [21] for a simple cylindrical reactor model with a single radial zone without
the radial reflector. The comparison between the results of calculations in these two approaches [16, 17] and [18] has
shown that the simplified calculations with the radial buckling and effective multigroup approximation give a
reasonable qualitative description of the NBW evolution but with some quantitative discrepancies with the exact 2D
multigroup approach [21]. However, the calculations in the exact approach [21] are rather time-consuming and require
much more computational resources. For this reason, in the works [22-25] the authors used the simplified approach,
similar to that of papers [19, 20], for further studying different issues concerning the NBW initiation and propagation in
the cylindrical reactor variants with the metal fuel of both U-Pu and mixed Th-U-Pu fuel cycle. In these works, they
analyzed different transient processes in the NBW reactor and investigated the NBW mode stability (see [24]). The used
non-stationary approach allowed Fomin’s group to study the startup behaviour of the NBW reactor and the conditions
for realizing a “smooth” startup with parameters acceptable from the practical point of view [23, 25], which is an
important problem. Besides, the authors studied the features of processes of the forced temporary shutdown of the NBW
reactor and further restarting the NBW mode [25].

Study of standing NBW by Yu. Leleko, V. Gann, and A. Gann

In the papers of Yu. Leleko, V. Gann, A. Gann [28, 29] the concept of the nuclear burning standing wave (NBSW) in
the neutron multiplication medium is considered. From the point of view of the physics of neutron-nucleus processes,
this concept is analogous to Feoktistov’s nuclear burning wave, in which instead of the self-sustained process of the
NBW propagation in the stationary neutron-multiplication medium (fertile 238U), the fertile material is considered to be
moving with the NBW propagation velocity, so that the active burning area were not moving relative to the reactor
vessel. From the mathematical point of view, the only difference is in the transition from the rest frame to the frame
which moves with the NBW velocity. In the judgment of the authors of those papers, such a change can essentially
simplify the design of reactor as compared to the case of the moving active area in the classical NBW approach.
Additionally, it is assumed that slightly changing the velocity of the “fresh” fuel movement, it could be possible to
regulate the fuel burnup depth.

A significant difference between the NBSW concept considered in the papers [28, 29] and the self-sustained NBW
propagation process, where the need of external control of the reactor reactivity is absent, is the fundamental need for
such control in the case of NBSW.

In the papers [28, 29] the implementation of the NBSW concept is considered in both cylindrical and spherical
reactors. In the first case, the NBW should “move” in the radial direction from the cylinder axis, and the fuel (***U)
moves in the opposite direction, i.e. to the cylinder center, where the spent fuel is continuously being removed from
reactor [28]. In the case of spherical geometry, the NBW is to be moving from the center of the sphere to the outside,
and the fuel moves from periphery to the center of the spherical reactor, where it is being continuously removed [29]. If
the speed of the fuel movement to the center is precisely equal to the velocity of the NBW propagation, we have the
NBSW.

In its cylindrical variant, this concept is close to the “standing wave” concept with periodical “shuffling” of fuel
assemblies, which was proposed by “Terra Power” [30]. The main difference between them is that in the variant of the
reactor from [28] the supply of the fuel is considered to be continuous, while in [30] to shuffle the fuel assemblies the
reactor must be stopped.
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The mathematical calculation model that was used in the works [28, 29] is based on the solving of the one-
dimensional diffusion equation together with a maximally simplified set of the burnup equations for the fuel
components (only four ones: 28U, 2*Np, 2**Pu, and fission products). The transition from the variables of coordinate
(radius) and time to the integral variable of fluence, allowed the authors of those papers to obtain an analytical
expressions for the stationary approximation of the NBW, which can be used to analyze the dependence of the radial
neutron distribution on the problem parameters. The performed analysis showed the possibility of the existence of the
radial and cylindrical standing waves of nuclear burning for some parameters of considered systems.

In those papers, a comparison between results calculated with the analytical expressions and by numerical
calculations of such a reactor with the MCNPX code was performed, which showed their quite good agreement. Such a
powerful computation instrument as the MCNPX code, which is based on the Monte-Carlo method for the simulation of
neutron-nucleus processes simulation in the three-dimensional geometry, has wide possibilities for taking into account
the complex nuclide composition of the reactor core, including not only the extended nuclear transformation chain of
fuel components, but also the presence of the coolant and construction materials in the core of the reactor.
Unfortunately, in those papers there is no data about calculations for more realistic component compositions, which
may sufficiently influence not only the numerical results, but also some of the conclusions of those papers.

In addition, we should mention one more feature of using the MCNPX code, which has been developed for
modeling processes in reactors of the conventional type with the external reactivity control that is realized by using
control rods. The matter is that when simulating with MCNPX, the reactor power is a parameter that is set externally
and is kept constant automatically. At the same time, the power of the reactor operating in the steady-state NBW mode
is an internal self-consistent parameter of the system, which is determined only by the initial composition of the system
and its size.

CONCLUSIONS

This article provides an overview of a number of the most significant works on the problem of a nuclear burning
wave reactor. Using various approaches and calculation models, in general, the authors of these studies have proven the
fundamental possibility of implementing the NBW mode. The considered papers also investigate the most important
characteristics of a nuclear burning wave, such as the propagation velocity, energy density, the power dependence on
various parameters of the reactor, the problems of start-up, forced shutdown and restart of the reactor.

The reactor operating in the NBW mode has very attractive features, such as:

- the absence of the need for operational control of reactivity, which significantly reduces the role of the "human
factor" in the reactor control;

- the property of "intrinsic safety", provided by the presence of a specific mechanism of negative reactivity
feedback;

- the possibility of using natural or depleted uranium and thorium as the main fuel, capable of solving the problem of
providing the Mankind with relatively cheap energy resources for thousands of years;

- the possibility of using the spent fuel of other reactors, which can help to solve the environmental problem of
nuclear waste disposal;

- the absence of the need to reload the fuel throughout the entire reactor campaign reduces the risks of a theft of
fissile materials during their transportation, helping to solve the problems of non-proliferation and prevention of nuclear
terrorism;

- high fuel burnup depth, and, therefore, high efficiency of its use, will allow abandoning the organization of a
closed fuel cycle and, thereby, significantly reduce the cost of nuclear energy of the future.

Therefore, if the NBW reactor is implemented, it will be a good candidate for a new generation of nuclear reactors.

However, there are also a number of unsolved problems that impede the speedy implementation of this concept. The
main one among them is a high level of radiation damage in the fuel (swelling problem) and cladding materials.
According to estimates, they significantly exceed the values that the present-day materials can withstand.

Nevertheless, the continuous progress in the development of new types of nuclear fuel and structural materials,
which has been observed in recent years, as well as the search for unconventional constructive solutions (see, for
example [30]) inspire confidence that the NBW reactor can become one of the main solutions to the growing world
energy needs.

ORCID IDs
Maksym S. Malovytsia, https://orcid.org/0000-0002-8652-5806; " Alex S. Fomin, https://orcid.org/0000-0002-3631-0604
Sergii P. Fomin, https://orcid.org/0000-0002-1495-0512

REFERENCES
[1]. S]M. Feinberg, in Record of Proceedings: Session B-10, Int. Conf. on the Peaceful Uses for Atomic Energy. (Geneva,
Switzerland: United Nations, 1958), 9(2), 447.
[2]. L.P. Feoktistov, Preprint IAE-4605/4. IAE, Moscow, (1988).
[3]. L.P. Feoktistov, Dokl. Akad. Nauk SSSR, 309, 864 (1989).
[4]. V. Pilipenko, D. Belozorov, L. Davydov, N. Shul'ga, in CD: Proceedings of ICAPP 03, (Cordoba, Spain, May 4-7, 2003),
Paper 3169.
[5]. E. Teller, M. Ishikawa, L. Wood, et al. In: Int. Conf. on Emerging Nuclear Energy Systems, 1 (1996).



71
Nuclear Burning Wave Concept and Theoretical Approaches for its Description EEJP. 3 (2020)

.E. Teller, Preprint UCRL-JC-129547, LLNL, Livermore, CA, USA (1997).

. H. Sekimoto, K. Ryu, Y. Yoshimura, Nuclear Science and Engineering. 139, 306-317 (2001), https://doi.org/10.13182/NSE01-01.

.H. Sekimoto, Light a CANDLE: New Burnup Strategy, (Tokyo Institute of Technology, Tokyo, 2005).

.V.Ya. Goldin and D. Yu. Anistratov, Mathematical Modelling, 7, 12 (1995).

]. V.Ya. Goldin, N.V. Sosnin, Yu.V. Troshchiev, Dokl. Ros. Acad. Nauk., 358, 747-748 (1998). (in Russian).

]. Hugo van Dam, Annals of Nuclear Energy, 27, 1505 (2000), https://doi. org/IO 1016/50306-4549(00)00035-9.

2]. Hugo van Dam, Annals of Nuclear Energy, 30, 1495-1504 (2003), https://doi.org/10.1016/S0306-4549(03)00098-7.

13]. X.-N. Chen, and W. Maschek, Annals of Nuclear Energy, 32, 1377-1390 (2005). https://doi.org/10.1016/j.anucene.2005.01.012.

14]. X.-N.  Chen, E. Kiethaber, and W. Maschek, Progress in Nuclear Energy. 50, 219-224 (2008).
https://doi.org/10.1016/j.pnucene.2007.11.064.

[15]. V.M. Khotyayintsev, V.M. Pavlovych, and O.M. Khotyayintseva, In: Proceeding of Int. Conf. "Advances in Reactor Physics to
Power the Nuclear Renaissance" (PHYSOR 2010), (Pittsburgh, PA, USA, 9-14 May 2010).

[16]. V.M. Khotyayintsev, A.V. Aksonov, O.M. Khotyayintseva, V.M. Pavlovych. V. Gulik, and A.H. Tkaczyk, Annals of Nuclear
Energy. 85C, 337 — 345 (2015). https://doi.org/10.1016/j.anucene.2015.04.044.

[17]. S. Fomin, Yu. Mel’nik, V. Pilipenko, and N. Shul’ga, Annals of Nuclear Energy. 32, 1435 (2005).
https://doi.org/10.1016/j.anucene.2005.04.001.

[18]. S. Fomin, Yu. Mel’nik, V. Pilipenko and N. Shul’ga, In: Nuclear Science and Safety in Europe, p. 239, Springer, the
Netherlands (2006), https://doi.org/10.1007/978-1-4020-4965-1_20.

[19]. S. Fomin, Yu. Mel’nik, V. Pilipenko and N. Shul’ga, Problems of Atomic Science and Technology. Series: Nuclear Physics
Investigations. 3, 156 (2007), https://vant.kipt.kharkov.ua/TABFRAME poisk c.html

[20]. S. Fomin, Yu. Mel’'nik, V.Pilipenko and N.Shul’ga, Progress in Nuclear Energy. 50, 163 (2008),
https://doi.org/10.1016/j.pnucene.2007.10.020.

[21]. S.P. Fomin, A.S. Fomin, Yu.P. Mel’nik, V.V. Pilipenko, N.F. Shul’ga, In CD: Proc. of Ist Int. Conf. “Global 2009 (Paris,
France, 2009), Paper 9456.

[22]. S.P. Fomin, O.S Fomin., Yu.P. Mel’nik, V.V. Pilipenko, N.F. Shul’ga, Progress in Nuclear Energy. 53, 800-805 (2011).
https://doi.org/10.1016/j.pnucene.2011.05.004.

[23]. O.S. Fomin, S.P. Fomin, Yu.P. Mel’nik, V.V. Pilipenko, and N.F. Shul’ga, Journal of Kharkiv National University, physical
series «Nuclei, Particles, Fields», 58(2), 49-56 (2013), https://periodicals.karazin.ua/eejp/article/view/13512.

[24]. S.P. Fomin, A.S. Fomin, Yu.P. Mel’nik, V.V. Pilipenko, N.F. Shul’ga, in: Topical Issues in Fast Reactors and Related Fuel
Cycles, (Proc. Conf. FR-13, Paris, 2013), IAEA, Vienna, 2014, Contributed Paper IAEA-CN-199-457, 10 p., http://www-
pub.iaea.org/MTCD/Publications/PDF/SupplementaryMaterials/P1665CD/Track3_Safety.pdf.

[25]. O.S. Fomin, S.P. Fomin, Yu.P. Mel’nik, V.V. Pilipenko, N.F. Shul’ga, in: Proc. of Int. Conf. “Global 2015 (Paris, France,
2015), Paper 5254.

[26]. L.P. Abagyan, N.O. Bazazjanc, 1.I. Bondarenko, and M.N. Nikolaev, Group Constants for Calculations of Reactor and
Shielding, (Energoizdat, Moscow, 1981) pp. 231. (in Russian).

27]. L1. Bondarenko, et al. Group Constants for Nuclear Reactor Calculations. (Consultants Bureau Inc., New York, 1964).

28]. Yu.Y. Leleko, V.V. Gann, A.V. Gann, Problems of Atomic Science and Technology. 2 (108), 138-143 (2017).

29]. Yu.Y. Leleko, V.V. Gann, A.V. Gann, Problems of Atomic Science and Technology. 5 (123), 18-24 (2019).

30]. J. Gilleland, R. Petroski, and K. Weaver, Engineering, 2, 88-96 (2016), https://doi.org/10.1016/J.ENG.2016.01.024.

—r—_——

KOHIENLIA PEAKTOPY 3 XBUJIEIO AJEPHOI'O 'OPIHHA
TA TEOPETHUYHI IIIXOH, AKI if ONUCYIOTh
Maxcum C. Manosuus?, O.C. ®omin®, Cepriii I1. ®omin®®
“Xapxkiecvkuii Hayionanvhuu yHisepcumem imeni B.H. Kapasina
m-1 Ceobo0u 4, Xapxis, Vkpaina, 61022
bHayionanonuii nayrosuii yenump «Xapxiscokutl (hisuxo-mexuiunuti incmuntymy
eyn. Axademiuna 1, Xapxis, Yrpaina, 61108

[Micnst nBOX BeNMMKUX aBapiif Ha aTOMHMX enekTpocTaHnisx y YopuoOmri (1986) ta ®Pykycimi (2011) oxHiero 3 TOJOBHUX BHMOT 10
SIepHOI EHEePreTHKH CTaJIo 3a0e3MeueHHs Oe3NeKH SIK JII0YMX, TaK i HOBHX PEaKTOPIB YETBEPTOTrO ITOKOJIHHS, IO PO3POOIIIOIOTHCS
3apa3. O[HI€I0 3 TaKMX BUMOT € HAsIBHICTH MEXaHI3My «BHYTPILIHBOI O€3MeKn», SIKMil pOOUTH HEKOHTPOJBOBAHUH PO3TiH peakropa
HEMOXKIMBUM Hi TPU SIKUX OOCTaBMHAX, NPHUYOMY, BTUICHHS TaKOro MeXaHi3My IOBHHHO OyTu 3abe3reyeHe Ha piBHI (i3UUHHX
MPUHIMIB, SKi 3aKIafeHi B KOHCTPYKLiO peakropa. HacTymHOIO BaJIMBOIO MPOOJIEMOIO SICPHOI €HEepreTHKH € HeoOXiTHICTh
Mepexofy Ha IIMPOKOMAcIITaOHE BUKOPHUCTaHHS PEAKTOPIB-OpHIEpiB Ha IIBHAKHX HEWTPOHAX, 3a JOMOMOTOI SKUX MOXKIUBO
HaJIAITyBaTH PO3MIMpPEeHe BUPOOHHITBO SACPHOTO MANMBa i, TAKUM YWHOM, BHPIIIUTH MpoOieMy 3a0e3NeyeHHs JIIOACTBA BiTHOCHO
JICIICBOIO SHEepri€lo Ha Tucsdi pokiB. KpiM Toro, He BHPIMICHOIO HAa CHOTOJHI IPOOJIEMOIO € YTHIIi3amis BiJIIPanbOBAHOTO SIACPHOTO
NajyBa, B CKJIAJl SKOTO € PAMiOHYKIiIW 3 BEIUKHM IEepiojoM HamiBpo3Majy, IO CTAHOBHTH IOBIOCTPOKOBY €KOJIOTIYHY 3arpo3y.
OpHi€ro 3 MepCcHeKTHBHUX KOHIENLIH peakTopa-Opuepa Ha MBUAKUX HEWTPOHAX, SIKWH 3/1aTeH, y BUIAAKY peanizamil, 4acTKOBO abo
HaBITb ITOBHICTIO BUPIIIHUTH IPOOJIEMH SIICPHOT EHEPIeTUKH, SIKi OyJIM HaBe/IeHI BUIIE, € PEaKTOp, IO MPALIOE B PEKUMI XBUIII SACPHOTO
rOpiHHS, TaKOX Bimomuil mix HasBamu «Peaktop Ha pyxomiit xBuii», CANDLE i meskumu inmmmu. Y 1iii po6oTi npeacTaBieHHi
KOPOTKHIA OIJIsII OCHOBHHX TEOPETUYHHX IiJXO/IB, SIKi BUKOPHCTOBYIOTHCS JUIsl OMHCY TaKOro (Hi3MYHOrO SBHILA, SIK XBUJIS TOBUIBHOTO
SIIEPHOTO TOPiHHSA (Iedrarpamnisi) y CepeIoBHIL, IO MYJIBTUILIIKYE HEHTPOHH, SIKE TOYaTKOBO CKIAIAETHCS 3 (DePTHIIHHOTO MaTepiary
ypany-238 abo Topito-232. [IpoBeneHnii MOpiBHUIFHAIN aHATI3 MOKIMBOCTEH PISHOMAHITHUX MaTeMaTHIHHX MOZENEH IS OMUCY LIOTO
SIBUIIA, SIKI MTOOYIOBaHI SIK HA AETEPMIHICTHYHOMY MiAXO[i (TOOTO pO3B’sS3aHHI PIBHSAHHS TPAHCIIOPTY HEHTPOHIB), Tak i Moxenel 3
BUKOpHCTaHHIM MeTona Monre-Kapiro. O6roBoproloThCsl OCHOBHI IIepeBart MIBHKOTO peakTopa-Opuaepa, Mo MpaIoe B PEeKHMI XBUIIL
SIIEPHOTO TOPIHHS, @ TAKOXK MPOOIIEMH, SIKi ITOB’3aHi 3 IPAKTUYHUM BTUICHHSIM KOHIIEHIT, IKa PO3TIISIa€ThCS.

KJIIOYOBI CJIOBA: sinepHa eHepreTrka, LIBUAKUI pPeakTop, HANPAIFOBaHHS Ta CIIAIIOBAHHS, XBUJIS SIEPHOTO TOPiHHS, PEAKTOp
pyxomoi XBuii
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KOHIIEIIASI PEAKTOPA C BOJIHOM SIIEPHOI'O TOPEHU S
U TEOPETHYECKME IMOAXO0/bl, KOTOPBIE Ei OIMCHIBAIOT
Makcum C. Manosuna?, A.C. ®omun®, Cepreii I1. ®omun®P
“Xapwvkoeckuil HayuoHanvHbll yHusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, Yxpauna, 61022
bHayuonanvuwiii nayunvui yenmp «Xapoko6ckuii (puzuKo-mexnuueckuii uHCmumymy»
yn. Akademuunas 1, Xapvkos, Ykpauna, 61108

ITocne nBYX KpymHBIX aBapHii Ha aTOMHBIX JyekTpocTaHuusx B UepHoObuie (1986) u dykycume (2011) ogHUM M3 TIIABHBIX
TpeOOBaHUH K SCPHON SHEPreTUKe sIBIsIeTCsl obecriedeHne 0e30MacHOCTH KaK AEHCTBYIOIINX, TaK U pa3padaThIBaeMbIX B HACTOSIIECE
BpeMsI HOBBIX PEAaKTOPOB YETBEPTOrO MOKOJeHHA. ONHMM U3 TakMX TPeOOBAHHN SBIAETCS HAIMYME MEXaHM3Ma TaK Ha3bIBAEMOI
«BHYTpEHHEH O€30MacHOCTH», KOTOPBIH JAenaeT HEKOHTPONUPYEMbIH pasrOH peakTopa HEBO3MOXHBIM HH TIPU  KaKHX
00CTOATENBCTBAX, MPHUIEM, OCYIIECTBICHHE TAKOTO MEXaHHW3Ma IOJDKHO OOeCIeuMBaThCS HA YPOBHE (PM3NYECKHUX IPHHIIHIOB,
3aJI0’KEHHBIX B KOHCTPYKIHIO peakTopa. Creayromel BayKHOW TPoOIeMOoil SaepHON SHEPTeTHUKH SBIISETCS HEOOXOIUMOCTh IIepexoia
Ha MIMPOKOMAcCIITaOHOE HCIIONb30BaHUE PEaKTOPOB-OPHIEPOB HA OBICTPHIX HEHTPOHAX, C IOMOINBIO0 KOTOPBHIX MOXKHO HAJIAIUTh
pacImpeHHOe BOCIIPOU3BO/ICTBO SIICPHOTO TOILIMBA M, TEM CaMbIM, PEHIUTh IPOOIeMy OOECIIeUeHHUs YeIOBEUeCTBA OTHOCHTEIEHO
JIeLIeBON dHepruei Ha ThIcsA4M JieT. Kpome TOro, HepelieHHOW Ha CerofHs HpoOJIeMOW SIBISIETCS YTHIM3AlMs OTpaboTaBLIEro
SZIEPHOTO TOIUINBA, B COCTaBE KOTOPOTO €CTh PaAMOHYKIMABI C OOJBIIMM IEPHOJOM IOJypachajia, HpeJCTaBIIone co0oi
JOJTOBPEMEHHYIO 3KOJIOTHYECKYI0 yrpo3y. OnHON M3 MHOroo0eIaromux KOHIENIUi peakTopa-oOpuaepa Ha ObICTPhIX HEHTpOHAX,
CIOCOOHOTO B CIIy4ae pealn3alii YaCTUYHO MM JaKe TMOJHOCTBIO PEIIUTh IePEeUUCIICHHbIE BBIIIE MTPOOIIEMBI SAEPHOI SHEPTeTHKHY,
SIBISIETCA PEaKTop, paboTarolmMii B PEXHMME BOJHBI SAEPHOTO TOPEHHWS, W3BECTHBIH Takke MOJ HazBaHMsAMH «Peaktop Oerymiei
BomHb, CANDLE u HekoTopeiMu ApyruMu. B Hacrosmielf paboTe mpencraBieH KpaTKWi 0030p OCHOBHBIX TEOPETUYECKUX
TIOJIXOI0B, UCTIONIB3YEMBIX JUISl OIMHCAHUS TAKOTO (DH3HUIECKOro SIBJICHUS, KaK BOJHA MEJICHHOTO SIIEPHOTO TOpeHus (nedIarpariis)
B HEHTPOHO-MYJIBTHIUIMIMPYIOMEH cpexe, W3HAYaNbHO cocTosmed u3 (epTHIbHOrO Marepuana ypaHa-238 wmm Topus-232.
IIpoBesneH cpaBHUTENBbHBIM aHAIU3 BO3MOXKHOCTEH pa3IUUHBIX MAaTEMaTHYECKUX MOJENeH sl ONMCaHHUA JTOrO SIBJICHHUSA,
OCHOBAaHHBIX KaK Ha JETePMHHHCTCKOM I0OaXoje (T.e. PELICHHH YypaBHEHWs TPAHCIOPTa HEHTPOHOB), TaK M MOJENCH C
ucnons3oBanueM Merona Monte Kapmo. O6cyxmaioTcsi OCHOBHBIE JOCTOMHCTBA OBICTPOro peakTopa-Opuaepa, paboTaromero B
PEKHME BOJIHBI SIIEPHOTO TOPEHUS, a TAKXKe MPOOIIEMBI, CBA3aHHBIE C IPAKTHYECKON peanu3anueil paccMaTpHBaeMON KOHLIETIIUH.
KJIFOYEBBIE CJIOBA: simepHas sHepreTuka, OBICTPBIN peakTop, HapaOOTKa M BBITOpAaHHE, BOJHA SIIEPHOTO TOPEHUSI, PEaKTop
OeryIieii BOJIHBI
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The response simulation of an ideal KOPIO-type electromagnetic sampling calorimeter was carried out in the energy range of
50 MeV — 16 GeV using Geant4-10.6.0 toolkit. In this work, we obtained energy resolution parameters for prototypes of Shashlyk
calorimeter modules (ECAL SPD) of the NICA collider SPD setup for different thicknesses of a lead absorber with different numbers
of layers. The NICA scientific experiment provides a unique opportunity to study parton distributions and correlations in hadron
structure when working with high-intensity polarized relativistic ion beams. The ECAL electromagnetic calorimeter is one of the key
detectors of the SPD device. There are some preliminary requirements for an electromagnetic calorimeter, in particular, for energy
resolution in the energy range from 50 MeV to 16 GeV. It has been shown in detail that a more accurate obtaining of stochastic as
well as permanent coefficients acting as parameters of the energy resolution parameterization formula is possible when longitudinal
energy leakages from the calorimeter tower are taken into account. Such leakages are always present even in small amounts. Thus,

the energy resolution parameterization of an ideal sampling calorimeter with a good y*/ndf value is fitted with function of the

type: % = LE ®hd ( py-In'E+p, - E+p, - In°E ) , where the logarithm InE means ln% , where E, is the effective

N3

critical energy. Based on the results of detailed modeling, the dependence of these parameters on the number of calorimeter plates
and absorber thicknesses was found. The approach is based on careful selection and analysis of the energy spectra obtained by
modeling according to the y -square criterion and an adequate choice of the approximation functions of the energy resolution. The

methods proposed in this paper can be easily extended to other combinations of absorber-scintillator thicknesses.
KEY WORDS: sampling calorimeter, Shashlyk detector, electromagnetic calorimeter, Geant4 simulation

The NICA SPD experiment [1] provides a unique opportunity to study parton distributions and correlations in the
structure of hadrons when working in beams of high-intensity polarized relativistic ions.

One of the key detectors of the SPD project is the 4-x electromagnetic calorimeter (ECAL), which consists of the
central barrel part and two end-cap. The total weight of the electromagnetic calorimeter is about 120 tons. is that The
energy resolution in the 50 MeV-16 GeV energy range should be at the level 5%/ E(GeV) . It is the main

preliminary requirement for the ECAL SPD. As known [2], the electromagnetic calorimeter energy resolution depends
on several factors [2], which can be varied and evaluated by the Monte Carlo method with the aim of further
optimization:
e sampling fluctuation;
e longitudinal and lateral energy leakage due to limited module size;
o the effect of heterogeneity of the calorimeter module medium due the design features: holes for fibers, steel
studs for coupler module, fibers etc;
e fiber attenuation length;
e inhomogeneous light collection in scintillator layer;
e inaccuracies in the dimensions of calorimeter parts due the manufacturing technological features in mass
production;
e photo statistics;
e electronic noise.

The total energy resolution of the ideal electromagnetic calorimeter is usually parameterized by the (in quadrature)
sum of the stochastic terma , due to fluctuations of the Poisson type, and constant term b , associated with systematic
effects:

Ok

Ze _ 4 gp 1
E B (1

The parameter a =./a; +a; has statistical nature and represents a combination fluctuation sampling effects (a,)

and photo statistics fluctuations (a, ). In this paper we considered for the ideal calorimeter when fluctuationsa, =0.
© O.P. Gavrishchuk, V.E. Kovtun, T.V. Malykhina, 2020
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The parameter b is associated with heterogeneous effects in medium of ECAL module which begins to dominate at
high energies. Therefore, at high energies, the energy resolution is determined only by the magnitude of the constant
term. The term b must be zero if we take into account only sampling of fluctuations. This is clearly insufficient and
uninformative to study the features of even an ideal electromagnetic calorimeter.

The purpose of this work is the correct determination the parameter » for all energy range for Shashlyk ideal

calorimeter. The good agreement on the y~ criterion will be after added (in quadrature) the energy leakage terms. In

this case, the correct definition of the constant term is obtained for the prototypes of ECAL SPD modules. The
dependence of the a, bterms from various combinations of absorber thicknesses Pb and number of plates L was
obtained from the Monte-Carlo calorimeter simulation.

ECAL KOPIO MODULE CHARACTERISTICS
Proposed for as a prototype ECAL SPD [1] Shashlyk calorimeter based on the experience of various developments
of the installation KOPIO [3] calorimeter module. This calorimeter is a lead-scintillator-type sandwich structure with a
wavelength shifter (WLS) fiber. At first module KOPIO was designed and manufactured in Institute for Nuclear
Research (Moscow) in 1991 for KOPIO (E865, BNL) [3, 4] experiment.

The module had experimental energy resolution 8%/ JE(GeV) . The calorimeter worked for a long time in the

experiment and showed good stability of the parameters. Good physical characteristics with low cost and
understandable design made it attractive for many other experiments. In the future, similar calorimeters were used in

PHENIX (RHIC, BNL) [5], HERA-B (DESY) [6] and other installations.
Subsequently for the purposes of the KOPIO experiment resolution improvement was required to 3%/ JVE(GeV) .

This requirement led to the creation and development of new prototypes, testing in particle beams, the detailed Monte
Carlo simulation. The new module prototype [7] in the 3 x 3 assembly tested on positrons and pions beam AGS BNL
accelerator in the range 0.5+2 GeV /c.

Monte Carlo simulations the optimal energy resolutions of the prototype KOPIO module and results of testing in
particle beams are shown in Figure 1 [7, 8].

2
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Figure 1. Test results KOPIO module prototypes: in particle beams (a) and computer simulation (b) by Geant3

An improved module prototype was developed and studied in detail in [8]. The final calorimeter energy resolution
was obtained in the new design with best optical fibers and scintillator on the photon beam in the range of
50 - 1000 MeV.

o, (2.74£0.05%

E JE

Relatively large constant term (~2%) authors explained of the small radiation length equal to 15.9.X,, when X, —

®(1.96+0.1)% ©)

effective radiation length. Further it was supposed to improve the energy resolution by increasing the length of the
module.

In works on improving the electromagnetic calorimeter parameters, the authors [7, 8], drew attention to the
dependence of the constant term on energy. Using Geant3 computer simulation of the module parameters with 6000
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layers showed the “ideal” resolution of the calorimeter (see Fig. 1.), which depended only the calorimeter sampling
structure. The final module design had next parameters: Dpy=0.275 mm, Ds=1.5 mm, L=300. Thus, it was not possible
to improve the resolution due to the improvement of the calorimeter structure and the choice of fibers and scintillator
with better parameters. In reality, the energy resolution was obtained ~ 5%/ JE(GeV) on the beam.

In our opinion, formula (1), which was used by the developers of the KOPIO calorimeter, is not quite accurate,
because the constant term, as we will show below, depends on energy. Formula (1) gives a good approximation of the
energy resolution for small energy leakage from the module. Therefore, in real designs of calorimeters, the analysis of
experimental data was not very accurate, and the desired resolution was not achieved. We illustrate (Fig.2) the
incorrectness of formula (1) in the following example. Take a very large number of layers L = 3000 . Then, in this case,

formula (1) gives good agreement with the simulation results ( 7° / ndf =1.2). In the practical case of a small number

of layers with L =140 we have: y°/ndf =42.7 and the application of formula (1) is incorrect. For comparison, the
approximation of the same data is given by our refined formula (4).

Dp,=0.4mm, L =140 Dpy=0.4mm, L = 3000
Z F 32 Indf 1111726 £ 12 : : ¥ I ndf 37.06 /31
w q14F a 2.9 £0.03046 W a 3643 £ 0.007279
= E b _4.268 4 0.02284 e | b 0.1006 + 0.0384
= : 10—
10E- 2 ndf 48.28/ 24 L indi  36.85/28 |
5 U N SO S a 3.447 £ 003354 A : a 3,642 + 0007806
E: i i b 3.119 £ 0.06939 L b 0.08246 + 0.08305
E : : p2 0.9759 £ 0.3213 ! p2 0.06605 + 0.1366
8E p3 0.3628 + 0.266 E p3 0011514 0.1026
F pd  -002819 +0.05072 o : : P4 -0.01155 £ 0.02551
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TR S L1 L 0 2 4 3] 8 10 12 14

16
E [GeV]

Figure 2. The approximations of the energy resolution curve for modules with L=140 (large leakage) and L=3000 (minor leakage)

For the purposes of solving physical problems at the SPD, it is desirable that ECAL have a high resolution in a
wider energy range of 0.05 - 10 GeV than at the KOPIO. The addition of terms to formula (1) that describe explicitly
longitudinal energy leakages allows making correct parameter estimates also in a wide energy range. The energy
dependence associated with energy leakage is transferred to these additional terms and the constant term is really
independent of energy. The chi-square test also performs well over a wide range of energies.

SIMULATION OF THE ELECTROMAGNETIC SAMPLING CALORIMETER

Computer simulation of the deposit energy in the Shashlyk calorimeter modules was performed using the Monte
Carlo method using C++ and the Geant4 class library [9] version 10.6 (December 6, 2019) in the Linux Ubuntu
operating system 18.04. The ROOT6 framework [10] was used to process large amounts of modeling data.

For computer simulation of absorbed energy in sandwich-calorimeter modules, the most suitable model of
physical processes is QGSP_BERT [11, 12] for primary electrons with energies in the range from 50 MeV to 20 GeV.

The Monte Carlo counting speed and the accuracy of the results are significantly affected by simulation
parameters that require a certain setting. One of them in the PhysicsList from Geant4 class library is cutting energy E_, .

If the particle energy value is lower than the threshold energy value, then the particle is considered stopped and is not
monitored programmatically for most processes. In the PhysicsList Geant4 class, the threshold value is specified in
units of length, and is converted into values in energy units for each particle and for each material included in the
simulated instrument and described in the DetectorConstruction class.

The dependence of the simulated energy resolution of the Shashlyk calorimeter from E

cut

parameter (length units)
is shown in Fig. 3. The following module design was used: D,, = 0.3 mm, Dy =1.5 mm, L =220 .

Thus, when the parameter £, changing from 10 um to 1000 um calorimeter response varies within 1%. We used
the value E

cut

=100 um in the simulation.

In this work, the so-called ideal calorimeter is studied in detail. That is, only sampling and longitudinal leaks are
taken into account. Transverse leakage were excluded by the appropriate choice of module dimensions
(YZ =300 mm ).The response of the calorimeter during the passage of an electron along the X axis is proportional the

total energy loss in all L layers of the scintillator.



76

EEJP. 3 (2020) Oleg P. Gavrishchuk, Vladimir E. Kovtun, et al

400

%2/ ndf 362.9/98

Eg 0.3533 + 0.0002

350 maxg 2618135

S5 0.01446 + 0.00012

klLg 4.918 +0.000

190 / 183

300 0.3587 + 0.0002

2023 +3.9

0.01209 + 0.00016

550 0.9102 + 0.0245

178.4 1 162

0.3608 + 0.0002

3001+ 4.0
0.01155 + 0.00016
0.8451 & 0.0221

200

157.3 /152
150 0.3634 + 0.0002
2953 + 3.9
0.01202 + 0.00016
0.913 + 0.026
100
50
%. 0.42 0.44
Energy, GeV

Figure 3. The calorimeter response depending on the Geant4 cus parameter. The beam energy Eo=1000 MeV.
m-10000 pm, A-1000 pm, @ -100 pm, V-10 pm.

For each energy point (beam energy E, ), the same number of events N =10* was simulated.

OBTAINING PARAMETERS E5 , o, FROM ENERGY SPECTRUM
In the first step calorimeter response was simulated for a fixed incoming beam energy E,(i)[i =1-60] . for The
beam energy points i unevenly distributed throughout the energy range from 50 MeV to 16 GeV. From the energy
spectrum of the response calorimeter module by the ROOT the average energy Es (i) and standard deviation o (i)

values was obtained (index S means that the values refer to the scintillator). This procedure was equally performed for a
different number of layers pairs: L=30, 100, 120, 140, 160, 180, 200, 220, 240, 300, 500, 600, and 3000. A similar

calculation of the calorimeter was made and a new set of pairs of points was obtained Es (i,L) andog(i,L) . These
values used to obtain a detailed dependence on the calorimeter energy resolution o, / E from the beam energy £, (7) .

Usually the calorimeter response in high-energy physics is approximated using the CBF function, first used
Crystal Ball Collaboration [13, 14]. It has the following disadvantages: poor convergence and dependence on the
obtained parameters from statistics. Therefore, the approximation was carried out by the same type function (3)

proposed in [15], but with better convergence in the entire energy range and the independence of the obtained values
from statistics and a smaller number of parameters.

%+kLS~ E-Es E—E_
e’ [ s ], for ——S <kl
Oy
o ,1.[@]2 E-E.
f(E;Eg, 00, kL, kH)=1e " ™/ | for —kLg < <kH; (3)
N
ks _ Hg EiEiS __
e’ [ % ], for  kHg < E-E
Oy

The parameter values in function (3) have a clear meaning. Parameters kL, and kHg show the boundary values at

which the “cross linking” of the Gaussian peak with exponential “tails” occurs. Data sampling Es and o, produced
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in the range y>/NDF [0.8+1.5]. Those energy points for which the value y*/ndf went beyond the specified range, did
not participate in further consideration.

E(e)=200 MeV E(e)=12000 MeV
1400 72 I ndf 31.86 /31 60 2 I ndf 910.5/ 855
1200 B, 0.07407 £0.00005 50 e 4.219 £ 0.003
1000 max 1120 £ 145 40 maxg 41.37 £ 061
800 Os  0.004663 + 0.000044 30 os 0.08026 + 0.00190
600 KLs 1,578 + 0.060 kLs 0.4529 + 0.0160
400 20

kRs 3.237 £0.734 kR 2.353 £0.303
200 10

0%006 008 01 012 014 035 35 4 45 5 5506 65 7

Energy, GeV Energy, GeV

Figure 4. Examples of approximating the energy response of a calorimeter by function (3)

The approximation is performed on channels with filled bins in the all channel range from 0.0 to 16.0 GeV.
Examples of good approximation results are shown in Fig. 4. In the entire range of energies of primary particles

function (3) gives good convergence for y*. Sometimes the peak parameters are not determined (nan) during automated

processing of a large number of spectra by ROOT. Such energy points do not take part in further analysis, but there are
no more 10 %.

After simulation calorimeter responses the values Es and o, are founded and energy resolution curves of an
ideal calorimeter are built.

DETERMINATION ENERGY RESOLUTION COEFFICIENTS
FOR THE APPROXIMATION FUNCTION
For small number of plates the approximation function of the energy resolution of an ideal calorimeter has poor
convergence according to the criterion y%, especially for modules with few plates. Also the poor convergence may occur
in the following cases: a small number significant energy points E (i), a narrow energy range. Accordingly, the
constant term will also have different values depending on the energy range and the number of energy points E, (i) .

We take into account longitudinal leakage in the energy resolution by adding additional terms to the quadratic sum
of formula (1). The form these terms is proposed for leakage in [16].
The final formula that we will use to approximate the energy resolution of the calorimeter will take the form:

O-—Efzi(-Bb(-B(pl'lnlEerz~ln2E+p2'ln3E) “4)

JE

The designation In £ implies that the quantity In% - dimensionless, when E, — effective critical energy.
Table 1 shows the values y°/ndf for approximated functions of energy resolution according to formula (4) with

longitudinal energy leakage from module. Families of energy resolution dependency curves o-% from beam energy

E, shown in Fig. 57 for different absorber thicknesses D,, . Only the selected energy points according to the
criterion y° were used.

Data analysis (Table) shows that formula (4) works well in a wide range of layers numbers. In those rare cases,
when y*/ndf is relatively large, the situation can be improved by increasing the number of simulated energy points

Es (i) and narrowing the energy range. Very big z°/ndf =17.5 for L =100 means that necessary next logarithmic

terms of a higher order to add in the formula (4). This indicates a very large energy leakage from the calorimeter
module. From a physical point of view, we can assume that the calorimeter at such small radiation lengths ceases to
work as a calorimeter. Most of the energy of an electromagnetic shower goes away in the form of leaks.

From a consideration on Fig. 5 families of curves, it can be seen that approximation (4) also well describes the
energy resolution data for different Dp, and L. It is important to note that in this approach, the constant term b will
really not depend from energy of an ideal calorimeter.
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Table.
Values y°/ndf for approximated energy resolution functions
L D,,=0.3 mm Dp, = 0.4 mm D,, = 0.5 mm
100 17.5 1.37 2.20
120 4.00 2.30 1.61
140 3.18 2.01 1.14
160 2.33 1.54 0.89
180 1.29 0.53 2.07
200 1.71 1.23 1.61
220 1.66 0.85 2.65
240 1.18 1.64 3.37
300 1.69 1.27 1.23
500 2.09 1.94 2.55
600 2.04 2.18 0.98
3000 1.96 1.05 1.32
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Figure 5. Energy resolution of Shashlyk calorimeter depending of the layers number at different absorber thicknesses Dpsy

GETTING DEPENDENCE OF ECAL PARAMETERS FROM THE NUMBER
OF PLATES AND THEIR THICKNESS
From the families of energy resolution curves, we can obtain (Fig. 6) the dependences of the stochastic and
constant terms from the number of plates and different absorber thicknesses. The family of curves of the stochastic term
a was approximated by a linear function. The family of curves of the constant term » was approximated by a power
function.
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Figure 6. The dependences of the stochastic coefficient a (on left) and constant coefficient b (on right)
ideal calorimeter on the number of plates at different absorber thicknesses.
The curves designations: A- Dpy = (0.3 mm; m - Dpy = 0.4 mm; ® - Dpp = 0.5 mm.

With a small number of plates, their deviation from the linear function can be explained by the small number of
energy points in the region 50 MeV — ~1 GeV after selecting pairs of points Es(i,L) and o,(i,L) according to

selection criteria y” /ndf and the inapplicability of the formula with such a small amount of substance.
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Based on the results presented in Fig. 6, let’s consider an improved prototype ECAL KOPIO [8] with module
parameters: D, =0.275mm ,Dg =1.5 mm, L =300. We got the limiting estimates: a =2.5-GeV % , b=0.75% from

the figures for an ideal KOPIO calorimeter. Thus, a resolution of 3% at 1 GeV cannot be reached. Our approach shows
that longitudinal leakage with such a large number of plates do not lead to a decrease the constant term, and the
magnitude b =~ 2% refers to other reasons indicated above (in particular, the dependence on energy).

Similar estimates can be made for the module ECAL SPD [1]: D,, =03mm , D, =1.5mm, L =220. We have:

a=2.5GeV %, b=1.75% and the limit resolution at 1 GeV is value about 4.25%.

CONCLUSIONS
This paper shows that it is possible to obtain an ideal sampling calorimeter with a constant term which
independent of energy by a computer simulation. The physical basis for this fact is the explicit accounting of

calorimeter leakage. It was also shown that poor convergence y”can be associated with an insufficient number of

energy points and/or a narrow region of approximation of the energy resolution.
The basis of the used approach is a rigorous selection of electromagnetic showers obtained by the Monte Carlo

method in a narrow range of y°/ndf values. The approximation function (3) was used for these purposes, which
describes the asymmetric shape of the spectrum peak with account for leakage much better than the CBF function. The
curve of energy resolution depends on energy is built on the basis of a set of selected pairs of points Es and oy . The

correct values of the stochastic and constant terms are obtained from approximation this curve by the new formula (4)
with a good convergence. Families of curves are obtained for stochastic and constant terms for lead absorber
thicknesses D,, = 0.3, 0.4, 0.5 mm. It is possible to make estimates of a, b parameters for almost any sampling and the

number of calorimeter module layers based on the analysis of these curves. ECAL SPD calorimeter parameters are
obtained in comparison with its prototype KOPIO of the Shashlyk type calorimeter.
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MOJIEJTIOBAHHS EHEPTETHYHOI PO3IJILHOI 3IATHOCTI SHASHLYK-KAJIOPUMETPY ITPA PI3HUX
KOMBIHAIIAX KIVIBKOCTI IVIACTHH TA TOBIIHWH ITOI'JINHAYA
O.I1. Taspumyk?, B.€. Kosryn®, T.B. Maauxina®
406’ eonanuil iHcmumym si0epHux 00cioHCceHsb
eyn. JKonuo-Krwopu, 6, 141980, m. [Jybna, Mockoscvka 06a., Pocis
bXapriscoruii nayionanvnuil ynisepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
MopenoBaHHs BIATYKY 1J€albHOr0 €JIeKTPOMArHiTHOro ceMmiutinr-kanopumerpy tumy KOPIO mpoBeneno y niama3oni eHepriit
50 MeB — 16 I'eB i3 Bukopucrannsm 0Oibmiorekn kmaciB Geant4 Bepcii 10.6.0. B poGoTi oTpuMaHi mapaMeTpu €HEpreTHYHOI
po3ninbHOi 37aTHOCTI It mpoToTumiB MoayiiB Shashlyk-kanopumerp (ECAL SPD) ycranoku SPD kxomnaitnepa NICA mns pizHoi
TOBIIMHM CBHHIIEBOTO abcopOepa mpu pi3HUX KibKkocTsix miactuH. Haykouii excriepument NICA Hanmae yHiKambHY MOXKIIHMBICTH
JUISL BUBYEHHS ITAPTOHHUX PO3IOIUIIB 1 KOPEJSIIH B CTPYKTYpi aApOHIB IPH poOOTi 3 MydIKaMH BHCOKOIHTCHCHBHHX MOISIPH30BAHUX
pensTuBicTCHKUX 10HIB. OHUM 3 KIFOYOBHX JeTeKTopiB ycTaHOBKH SPD e enekrpomarnitHuii kanopumerp ECAL. IcHyroTh neBHi
NIONIepeJHI BUMOTH JI0 €JIEKTPOMArHiTHOTO KaJOPHUMETPY, 30KpeMa, 10 €HepreTHYHOI POo3AUILHOT 3AaTHOCT] Y Jiana3oHi eHeprii Bif
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50 MeB no 16T'eB. ¥V poboti neranbHO OOBENCHO, LIO OLNBII TOYHE OTPUMAHHS CTOXAaCTHYHOTO, a OCOOJHMBO, KOHCTAHTHOTO
Koe(illieHTiB y AKOCTI mapamerpiB (GOpMyNIH MapamMeTpu3aiil eHepreTHYHO! PO3JiIbHOI 3AaTHOCTI MOXIIMBO IIPH BpaxyBaHHI
MO3J0BXKHIX BHUTOKIB €HEprii 3 KaJopuMeTpy, sIKi 3aBXIH HPHCYTHI HaBiTh y Maioi KiUIbKOCTi. TakuMm 4vHOM, (opmyna s
aNpoKCUMAllii €HEepreTHYHOi PO3iIBHOI 31aTHOCTI i€abHOTO CEMILTiHT-KAJOPUMETPY 3 TPHAHATHUM 3HAUYeHHAM y° / ndf

Habupae BUTTIAY: % - Laore ( p-I'E+p,-n*E+p, -’ E ) , JIe Tij 3HaKoM jorapudma InE MaeThcs Ha yBasi BENMUMHA

JE

In % ,Je E_ - ebexTHBHA KpUTHYHA €HEPrist 3a pe3ysbTaTaMM JeTaJbHOTO MOJICIIOBAHHS 3Hai[IeHa 3aIeXKHICTD LIMX NapaMeTpiB
c

BiJI YMCla IUIACTHH KaJOpUMeETpy 1 ToBIMHM abcopOepa. Ilinxin 3acHoBaHWMI Ha peTENbHOMY BimOOpi 1 aHANI3i OTPUMAHUX IPU
MOJICTIOBAHHI CIIEKTPIB €Hepril 3TiHO 3 KPHTEpieM y -KBajpaT Ta aJeKBaTHOMY BHOOpI (GYHKHiH anpokcumarii eHepreTHaHOl
po3ninbHOi 3naTHOCTI. MeTop erko Moyke OyTH PO3MIMPEHUH Ha iHIII KOMOiHAI1 TOBIIHMHU abcOpOep-CHUHTHIIATOD.

KJIFOYOBI CJIOBA: cemminr-kanopumetp, Shashlyk-nerextop, enekrpoMarHiTuil kanopumerp, Geant4 MOaeTIOBaHHS

MOJAEJIUPOBAHUE DQHEPTETUYECKOI'O PASPEIHIEHUSA DJIEKTPOMATHUTHOI'O
SHASHLYK-KAJTIOPUMETPA TIPU PA3JIMYHBIX KOMBUHAINUAX KOJTUYECTBA IIJIACTUH
U TOJIIIUH NOT'JIOTUTEJISA
O.I1. Tagpumyk?, B.E. Kosryn®, T.B. Maabixuna®
106veOUHeHHbII UHCIMUMYM SIOePHbIX UCCTEO08AHUL
ya. XKonuo-Kiopu, 6, 141980, 2. /[ybua, Mockosckas o6x., Poccus
bXaporoeckuii nayuonansuwii ynusepcumem umenu B.H. Kapasuna
matioan Ceo600w, 4, 61022, Xapvkos, Ykpauna
MogenupoBaHHe OTKINKA HACATBHOTO IEKTPOMATHUTHOTO COMIUTHHT-KajnopuMmerpa Tuia KOPIO mpoBeneHo B auana3oHe SHEPruit
50 MaB -16 3B ¢ ucnone3oBannem 6ubnnoreku kinaccoB Geant4 sepcuu 10.6.0. B pabote moirydeHs! mapaMeTpbl SHEPTeTHYECKOTO
paspemnienus st nporoturioB Moxyieit Shashlyk-xanopumerpa (ECAL SPD) ycranoBku SPD xommaiinepa NICA [1] s pasHbIx
TOJIIMH CBHHIIOBOTO abcopOepa mpu pasHbIX KonmdecTBax miacTuH. Hayunsnid sxcriepument NICA mpenocraBisieT yHUKaJIbHYIO
BO3MOXKHOCTh JUIS M3YUYSHHUs] IApPTOHHBIX pacHpeleNieHu H KOppeisluid B CTPYKType aIpOHOB IIpH padoTe ¢ Iy4YKaMH
BBICOKOMHTEHCHBHBIX MOJIIPU30BAHHBIX PENISTUBUCTCKUX HOHOB. OJHHMM U3 KIIIOUEBBIX JIETEKTOPOB ycTaHOBKM SPD sBisercs
anexTpomMarHuTHeii kamopumerp ECAL. CymecTByloT ompeseneHHbIE MpeaBapHTeNbHbIE TPeOOBaHMS K 3IEKTPOMArHUTHOMY
KaJIOPUMETPY, B YACTHOCTH, K SJHEPTeTUUECKOMY Pa3pelIeHuI0 B Auanazone suepruii ot 50 MaB o 16 I'3B. B pabote nokasano, 4to
Ooyiee TOYHOE IMONYYCHHE CTOXACTHYECKOTO, a OCOOCHHO, KOHCTAaHTHOTO KO3()(HUIMEHTOB B KadyecTBE MapaMeTpoB (opMyIibl
rapaMeTpH3alii SHEPreTHYECKOro pa3pelieHuss BO3MOXKHO IIPH Y4€Te IPOAOIBHBIX yTeUeK SHEPIHH U3 KaJOpUMETpa, KOTOphIe
BCeT/la IPUCYTCTBYIOT AaXkKe B MaJIbIX KoJIM4YecTBaxX. Takum oOpazoM, GopMyna IIs anIpoKCHUMALUH SHEPreTHIECKOT0 Pa3peIleHUs

nacajibHOIO COMIUIUHT-KaJIOPpUMETPa C IMIPpUEMJIEMbIM 3HaYCHUCM Zz / ndf NpUHUMACT BH:

O, _a

E JE
3(1)(1)6KTI/IBH8.$I KpI/ITI/I‘leCKaﬂ 3Hepr1/151. HO pe3yJ’II>TaTaM JACTAJIBHOI'O MOZ[eHI/IpOBaHI/ISI HaﬁIIEHa 3aBUCUMOCTBh 3THUX napaMeTpOB oT
qucJia IINIaCTUH KaIIOpI/IMETpa U TOJIIIUH a6c0p6epa. HOZ[XOII OCHOBAaH Ha THIAaTCJIBHOM 0T6ope U aHaJIn3¢c HOJ’Iy'{aeMLIX l'[pI/I
MO,Z[CJ'II/IpOBaHI/II/I CHeKTpOB 3HepFI/II/I COorjaCHO KpI/ITepI/IIO ;{—KBaIIpaT U aJICKBAaTHOM BBI60pe (1)yHKIII/II\/‘I aHHpOKCI/IMaHI/II/I

@bL® ( p'n'E+p, W E+p, - In°E ) , TJIe TI0J] 3HAaKOM Jiorapudma In £ mozppasymeBaeTcs BeIHIHHA ln% ,rae E -

SHEPreTHYECKOT0 pa3penieHus. MeTox JIeTKo MOXKeT ObITh PAaCIINpeH Ha IpyrHe KOMOMHAINH TOMIIUH abcopOep-CIMHTHILITOP.
KJIIOYEBBIE CJIOBA: commuar Kanopumetp, Shashlyk-ngerekrop, anekrpomarauTHslil kanopumerp, Geant4 MonennpoBaHue
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By the method of quenching from the liquid state (splat-quenching), it is first revealed the formation of mixture of metastable
supersaturated substitutional solid solutions in the eutectic alloy Be-33at.% Si. Cast samples are obtained by pouring melt into a copper
mold. High cooling rates during liquid quenching are achieved throw the well-known splat-cooling technique by spreading a drop of melt
on the inner surface of a rapidly rotating, heat-conducting copper cylinder. The maximum cooling rates are estimated by the foil
thickness. The melt cooling rates (up to 108K/s), used in the work, are sufficient to form amorphous phases in some eutectic alloys with
similar phase diagrams, but it is found those rates are insufficient to obtain them in the Be-Si eutectic alloy. The X-ray diffraction
analysis is carried out on a diffractometer in filtered Cobalt K¢ radiation. Microhardness is measured on a micro-durometer at a load of
50 g. The electrical properties, namely the temperature dependences of relative electrical resistance, are studied by the traditional 4-probe
method of heating in vacuum. The accuracy of determining the crystal lattice period of the alloy, taking into account extrapolation of the
reflection angle by 90, is & 3-10 nm. It is found that even at extremely high rate of quenching from the melt, instead of the amorphous
phase formation, the occurrence of two supersaturated substitutional solid solutions, based on Beryllium and Silicon, is revealed. This
fact is established by the obtained dependences of their lattice periods values on the alloying element content. So, during the formation of
metastable eutectic structure, a supersaturated with Beryllium solid solution of Silicon has period a = 0.5416 nm, and a supersaturated
with Silicon solid solution of low-temperature hexagonal Beryllium has periods a = 0.2298 nm, ¢ = 0.3631 nm. The positive role of the
liquid quenching method in increasing the level of mechanical characteristics (microhardness and microstresses) in rapidly cooled Be-Si
films is shown. It has been demonstrated that the difference in the atomic radii of the elements significantly affects the distortion of
crystal lattices of the formed supersaturated solid solutions, and a significant value of microstresses (second-order stresses) in the Silicon
lattice supersaturated with Beryllium is estimated, which, of course, leads to a significant increase in the microhardness, namely: there is
an increase in microhardness in the Be-Si alloy under the conditions of applied method of quenching from the liquid state by more than
1.7 times compared to cast eutectic alloy and more than 6 times higher in comparison with the eutectoid cast Iron-Carbon alloy. The
obtained polytherm of electrical resistance of the alloy under conditions of continuous heating in vacuum confirms the metastable nature
of obtained new phases during quenching from the liquid state.

KEYWORDS: Splat-quenching, eutectic, highly supersaturated solid solution, microhardness, microstresses, temperature coefficient
of resistance

Currently, the following approaches are used to obtain new metallic materials with improved characteristics:

1) applying of modern methods of fast crystallization with cooling rates from 10% K/s (liquid quenching) to 102 K/s
(vapor quenching) [1-4]; 2) evaluation of properties of the crystal lattices at the atomic level [5,6]; 3) the development
of multicomponent high-entropy alloys [7,8]; 4) the use of practical experience in quenching methods improving [9].

The application of liquid quenching (LQ) method with cooling rates of up to 10% K/s allows one to obtain new
metastable states in alloys, including highly supersaturated solid solutions (HSSS) and intermediate metastable phases, in
particular, a solid amorphous state, with improved physical characteristics. When considering the effects that occur during
the LQ, it is necessary to take into account the type of state diagrams of alloys. Alloys of the Be-Si system have so far been
studied in the entire concentration range under standard crystallization conditions. The phase diagram of the Be-Si system
is characterized by the presence of simple eutectic at 33 at.% Silicon, with eutectic temperature 1090°C, and practically
zero mutual solubility of elements in the solid state [10-12] at room temperature. A feature of cast Be-Si alloys is their
significant brittleness, even with a small Silicon content in the alloy [10]. It should be noted that Beryllium alloys are
currently receiving special attention since Beryllium has a promising combination of many physical characteristics: high
specific strength, corrosion resistance, and low density. Therefore, Be-Si alloys in the form of thin films can be used in
some modern branches of technology: for example, in X-ray technology as strong foils due to the presence of phases based
on Beryllium and Silicon with distorted crystal lattices in the eutectic structure of the alloy due to supersaturation of solid
solutions. Beryllium-based alloys are widely used as Beryllium windows in X-ray tubes, allowing to pass the X-rays
coming out of the tube with a small loss in intensity and at the same time, due to its strength characteristics, maintain the
necessary high vacuum in the X-ray tube. Therefore, the improved strength characteristics of the Be-Si LQ-alloy can
contribute to a decrease in the thickness of protective foil with a simultaneous increase in the intensity of the rays emerging
from the X-ray tube, and, consequently, to an increase in its working power.

In this work, we investigate the influence of the phase diagram type and the method of rapid quenching from melt
on the features of the formation of metastable states and on the improvement of some physical properties, in particular,
the microhardness of eutectic Be-Si alloy.

© V.E. Bashev, S.I. Ryabtsev, O.I. Kushnerov, N.A. Kutseva, S.N. Antropov, 2020
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The Be—Si phase diagram is identical in appearance to a simple eutectic Au—Si phase diagram, in which the mutual
solubility of elements at room temperature is also practically absent, however, the eutectic temperature is 720 K lower
than the eutectic temperature in the Be—Si alloy.It should be noted that in the Au-Si eutectic alloy, along with the Pd—Si
system, amorphous phases were first obtained by quenching from the liquid state [13]. Therefore, it is of scientific and
practical interest to study also the influence of features of the eutectic-type state diagram on the propensity of alloys to
form metastable states in them under the conditions of LQ.

MATERIALS AND METHODS

High cooling rates during LQ were achieved by the well-known splat-cooling technique by spreading a drop of
melt on the inner surface of a rapidly rotating, heat-conducting copper cylinder. The maximum cooling rates estimated
by the foil thickness were ~10% K/s [13,14]. The as-cast samples were obtained by pouring the melt into a copper mold.
X-ray diffraction analysis (XRD) was carried out on a URS-2.0 diffractometer in filtered cobalt Ko radiation.
Microhardness was measured on a PMT-3 microhardness meter at a load of 50 g. The electrical properties, namely the
temperature coefficient of electrical resistance and the temperature dependence of electrical resistance were studied by
the traditional 4-probe method of heating in vacuum. The accuracy of determining the period of the crystal lattice of the
alloy, taking into account extrapolation of the reflection angle by 90°, was + 310 nm.

RESULTS AND DISCUSSION

As a result of studying the effect of the LQ method on the tendency to form metastable states in a Be-Si eutectic
alloy, it was found that even at extremely high (up to 108K/s) rate of quenching from the melt, in contrast to the Au-Si
system, instead of the amorphous phase formation, the occurrence of two supersaturated substitutional solid solutions
based on Beryllium and Silicon was recorded. This fact was established by the obtained dependences of the values of
their lattice periods on the content of the alloying element. So, during the formation of a metastable eutectic structure, a
supersaturated with Beryllium solid solution of Silicon has a period @ = 0.5416 nm (the tabular value of the Silicon
lattice period is a = 0.5431 nm), and a supersaturated with Silicon solid solution of low-temperature hexagonal
Beryllium has periods a = 0.2298 nm, ¢ = 0.3631 nm (tabular values of the periods of the Beryllium lattice [15] are
respectively: a = 0.2287 nm and ¢ = 0.3583 nm). Due to the absence in the literature of the established dependences on
the influence of alloying elements on the periods of the crystal lattices of solid solutions of the substitution type in the
Be-Si system, it is difficult to evaluate the composition of supersaturated solid solutions obtained during liquid crystal
cooling.

Previously, numerous experiments have established criteria that contribute to the formation at LQ of amorphous
phases in eutectic alloys, which, in particular, include the temperature criterion: the criterion of “deep eutectic”. An
analysis of this criterion showed that if for an Au-Si eutectic alloy, a drop in the liquidus temperature by 1 at.% of
the alloying element for the left (on the Gold side) and right (on the Silicon side) branches of the phase diagram is
23K/at.% and 15 K/at.% respectively, then for the studied Be—Si eutectic alloy, this drop is respectively 6 K/at.%
(from the Beryllium side) and 5 K /at.% (from the Silicon side). The lower slope of the liquidus lines for the Be-Si
alloy and the higher temperature of eutectic reaction naturally lead to the realization of lower value of supercooling
of this melt achieved at LQ, which, in turn, does not allow, due to the relatively high viscosity under the indicated
temperature conditions of supercooled melt, transfer the Be-Si melt to a solid amorphous state at LQ. At the same
time, the level of supercooling achieved was sufficient for the formation of a Be-Si eutectic alloy in the structure due
to a change in the corresponding distribution coefficients at the crystallization front of two supersaturated
substitutional solid solutions based on Silicon and Beryllium (the atomic radii of Silicon and Beryllium are
respectively: a = 0.117 nm and @ = 0.113 nm). The indicated difference in the atomic radii of elements, as it's turned
out, significantly affects the distortion of crystal lattices of the formed supersaturated solids, for example, the
magnitude of microstresses Aa/a (second-order stresses) in the Silicon lattice supersaturated with Beryllium,
estimated according to the proposed expression in the approximation method [16] (Aa/a = B / 4-tg®, where B — is the
integral half-width of diffraction line; ® — is the angle of reflection from the line (531)), has a significant value
which is equal to Aa/a = 3.45-103.This fact, of course, naturally leads to a significant increase in the microhardness
(Hy), so if for a cast eutectic alloy the value Hy = 4100 MPa, then for the Be-Si LQ-alloy this value already averages
6900 MPa, i.e. an increase in microhardness in this alloy is observed under the conditions of the applied LQ method
by more than 1.7 (Fig.1). This makes it possible to classify the Be-Si LQ-alloy within the reduced microhardness
Hy/p (p — is the alloy density) to very hard metal alloys: for example, in a eutectoid cast Iron-Carbon alloy, such
microhardness is more than 6 times lower.

The metastable nature of supersaturated solid solutions obtained is also confirmed by the results of the heat
treatment when heated to 973 K, namely: the crystal lattice period of a supersaturated Silicon-based solid solution
increases to 0.5422 nm due to its decay and, therefore, less supersaturation of Silicon lattice with Beryllium, and with a
corresponding reduction in the degree of tension of Silicon lattice up to Aa/a = 2.79-107. Unfortunately, it is very
difficult to obtain experimentally such dependencies of microstresses at large reflection angles for the lattice of a
supersaturated solid solution based on Beryllium due to the low reflectivity of X-rays from Beryllium and “shading” of
adjacent reflection lines from the Silicon lattice on the X-ray diffraction pattern.
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Figure 1. The dependence of microhardness value Hy on
magnitude of microstresses Aa/a

Additional confirmation of the metastable nature of phases obtained at LQ is the received temperature dependence
of electrical resistance of the alloy under conditions of continuous heating in a vacuum (Fig.2). It can be seen that only
at a temperature of 860 K, an inflection is observed, associated with the decomposition of a supersaturated Silicon-
based solid solution, indicating a high temperature stability of the metastable state of the Be-Si alloy that appeared
during the LQ. It should be noted that the temperature coefficient of resistance (TCR) of eutectic Be-Si LQ-alloy is
characterized by a significant decrease: for example, if for cast Beryllium and Silicon samples it is 6.6:103 K*!' and
(-1,8)-107 K'! respectively, then for the Be-Si LQ-alloy after annealing, the TCR is in the range of ~2-10° K-'. It
should be noted that, in comparison with the cast state, the metastable structure of eutectic Be-Si LQ-alloy is
characterized by a slight increase in its ductility, which is expressed in the possibility of plastic deformation of LQ-foils.

CONCLUSIONS

It is established that, as a result of quenching from a liquid state of eutectic Be-Si alloy, the spectrum of obtained
metastable states expands in comparison with the traditional method for producing cast alloys.

The values of crystal lattice periods of supersaturated substitutional solid solutions based on Beryllium and Silicon
are determined. The essential role of the temperature criterion of “deep eutectics” on the tendency of simple eutectic
alloys to form a solid amorphous or nanocrystalline state in them is confirmed. The positive role of the stressed state of
crystal lattices of solid solutions due to the difference in the atomic radii of Beryllium and Silicon by a significant
increase in the level of microstresses and microhardness in the Be-Si LQ- alloy, as well as some improvement in its
plastic characteristics, is noted.
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BILIAB 3ATAPTYBAHHA 3 PITKOI'O CTAHY HA ®A30BUI1 CKJAJ I BIACTUBOCTI
EBTEKTUYHOI'O CIIJIABY Be-Si
B.®. bames, C.I. Paoues, O.1. Kymnepnos, H.A. Kynesa, C.M. AuTponos
Kageopa excnepumenmanvnoi izuxu, /[ninposcokuii nayionansuuil ynieepcumem imeni Onecs I'onuapa
72 np. I'aeapina, [Juinpo, 49010 Yxpaina

MertozmoM rapty 3 piIkoro crany (splat-3arapTyBaHHs) BIIEpILE BUSBICHO yTBOPEHHS CyMillll MeTacTaOlIbHIX IEPECHIEHUX TBEPIUX
PO34YMHIB 3aMilllEHHs B eBTEKTHUHOMY ciuiaBi Be-33at.% Si. JIuti 3pasku oTpUMYIOTH LIIAXOM 3QJIMBKH PO3IUIABY B MiZHY (opmy.
Bucoki mIBUAKOCTI OXOJOMKEHHs IMiJ 4ac PiAMHHOTO 3arapTyBaHHsS [OCSTAIOTBCS 3aBISKH BiIOMiH TexHiui splat-0XoyiopKeHHs,
KOJIM KpaIulsl PO3IUIaBy pO3MOIUISETHCS HA BHYTPILIHIM MOBEpXHI LIBHAKO OOEPTOBOTO TEIUIONPOBITHOTO MITHOTO IMJIiHAPA.
MakcuMalibHi MIBUAKOCTI OXOJIO/KEHHS OLIIHIOIOTHCSI MO TOBLIMHI (osibri. BukopucroByBaHi B poOOTi MIBUIKOCTI OXOJIOHKEHHS
posmwiay (mo 10% K/s) mocrarmi mis yreopenss amopduux (as B J€IKMX €BTEKTHYHHMX CIUIABAX 3 aHAJIOrIYHUMH (a3oBUMU
niarpamMamy, aje BCTaHOBJIEHO, IO I IIBHAKOCTI HENOCTATHI A OTPUMAHHSA Takux (a3 B eBTEKTHYHOMY cImiaBi Be-Si.
PeHTreHOCTpYKTypHUH aHami3 TPOBOAWTHECS Ha AUPPAKTOMETpI y BiA(IIBTPOBaHOMY BHIIPOMiHIOBaHHI KkoOaimbTy K.
MIiKpOTBEpIICTh BUMIPIOETHCS Ha MikpoTBepaoMipi mpu HaBantakeHHI 50 I'. Enexrpudni BiacTHBOCTI, a came, TeMIeparypHi
3aJIe)KHOCTI BiJJHOCHOTO EJISKTPUYHOTO OIOpPY, BHBYAIOTHCS TPAaJHIIHHUM 4-30HJOBUM METOJOM HarpiBy B BakyyMi. TOYHICTBH
nepiofly KpHCTAIIYHOI PELITKM CIUIABy 3 ypaxyBaHHAM eKCTpamolsuii Kyta BimoOpaxenns ua 90° cranours + 310 mm.
BusiBnieHo, 1110 HaBiTh NPH HAJ3BUYAMHO BHCOKIH IMIBUAKOCTI rapTy 3 poO3IUIaBy 3aMicTh yTBOpPeHHs aMop(hHOI a3y BUSBISETHCS
HAsIBHICTh JIBOX IEPECHYCHHUX TBEPAUX PO3YMHIB 3amilieHHs Ha ocHOBi bepuiito i Kpemniro. [IpogeMoHCTpoBaHO, 110 Pi3HULIS B
aTOMHHUX paJiiycax €JeMEHTIB iCTOTHO BIUIMBA€ Ha CIIOTBOPEHHS KPHCTATIYHUX PELITOK MEePEeCHYECHHX TBEPAMX PO3YHHIB, IO
(bopMyIOThCS, 1 OLiHEHAa 3HAYHA BeMMYMHA MIKpOHANpPYr (Hampyr apyroro ponxy) B pewitui KpemHito, sika nepecudena bepumiem,
110, IPUPOAHO, i 0OYMOBIIIOE CyTTEBE 3pOCTAHHS BEJIMYMHN MIKPOTBEPOCTI, a caMe: CIIOCTEPIraeThCst 301IBIIEHHST MIKPOTBEPIOCTI Y
Be-Si crmaBi B ymMOBax 3acTOCOBAaHOTO METOAY 3arapTyBaHHS 3 PIAKOTO CTaHy OuTbmI, HiX B 1,7 pa3W B IOPIBHAHHI 3 JIUTHM
€BTEKTHYHUM CIUIABOM 1 OUIbII HIX B 6 pa3iB BHUIC B HOPIBHSIHHI 3 €BTEKTOINHMM JIMTHM cIulaBoM 3aiizo-Byriens. Otpumana
MoJiTepMa €JIEeKTPOOIopy CIUIABY B yMOBaxX O€3IMepepBHOTO HarpiBy HOro B BaKyyMi MiATBEpXKYE METAcTaOLIBHHI Xapakrep
copmoBaHuX HOBHX (ha3 MPH 3arapTyBaHHI 3 PiKOTO CTaHy.

KJIIOYOBI CJIOBA: rapr 3 po3miaBy, €BTEKTHKA, MiKPOTBEPIiCTb, MEPECHUCHUI TBEPAMIl pO3YMH, MIKPOHAIPYTH,
TemreparypHuit koeQilieHT onopy

BJIMSHUE 3AKAJIKHA U3 )KAJTKOTO COCTOSHUAA HA ®A3OBBIA COCTAB U CBOMCTBA
SBTEKTUYECKOI'O CILIABA Be-Si
B.®. bames, C.H. Paoues, A.U. Kymnepes, H.A. Kynesa, C.H. AuTponos
Kageopa sxcnepumenmanvuou gpusuxu, [Juenposckuil nayuonanvhuiil ynugepcumem umenu Onecs I onuapa
72 np. I'acapuna, [nenp, 49010 Vkpauna

MetonoM 3akankd M3 OJKHUIKOTO cocTosHHSA (splat-3akanka) BHepBbIE BBIBICHO OOpa3soBaHME CMECH METAaCTaOMIbHBIX
HEePECHIICHHBIX TBEPbIX PACTBOPOB 3aMEILIECHUS B 9BTEKTHYECKOM cIuiaBe Be-33at.%Si. JIutbie 00pasibl MOTyYaloT Iy TeM 3aJIUBKH
paciaBa B MezaHyio (opmy. Bbicokue ckOpocTH OXJIaXIEHHS BO BpeMs XHMAKOCTHOTO 3aKalMBaHHUs JNOCTHIAlOTCS Ouiaromapst
W3BECTHOM TEXHUKe splat-OXJIaXIeHUs, IIyTeM pa3Ma3blBaHHMs KalUld paciilaBa Ha BHYTPEHHEH IIOBEPXHOCTH OBICTPO
BPAIIAIONIETOCs TEIUIONPOBOIIET0 MEJHOTO LHIMHAPA. MaKCHMalbHBIE CKOPOCTH OXJIAXKICHUS OLICHUBAIOTCS II0 TOJIIUHE
donsru. Ucnonssyemsie B paboTe ckopocTu oxnaxaenus pacmiasa (o 108 K/s) nocrarounst jis o6paszoBanus amopdusix Bas B
HEKOTOPBIX IBTEKTHUECKHX CIUIaBaX ¢ aHAJIOTMYHBIMH (ha30BBIMH AUAarpaMMaMy, HO YCTaHOBIICHO, YTO 3TH CKOPOCTU HEJAOCTATOYHBI
JUIL MX TOJy4eHUs B OBTCKTHYECKOM cIulaBe Be-Si. PeHTreHOCTpyKTYpHbBIH aHain3 NpoBoguTcs Ha audpakromerpe B
OT(GUIBTPOBAaHHOM U3IyueHUH KobanbTa Ko. MEKPOTBEpIOCT H3MeEpsAeTCs Ha MHUKpPOTBepaoMepe mpu Harpyske S0T.
OJeKkTpUueCcKUe CBOWCTBA, @ IMEHHO, TEMIIEPATyPHBIE 3aBUCHMOCTH OTHOCUTENILHOTO 3IEKTPHUYECKOTO COMPOTHUBIIECHHS, N3yYal0TCs
TPaAUIMOHHBIM 4-30HI0BBIM METOJOM HarpeBa B BakyyMe. TOYHOCTb ONpeeNeHHs EPHoia KPUCTAIINYECKOI PEIeTKN CIlaBa ¢
YYETOM SKCTpANoJsALMu yriaa orpaxkenus Ha 90° cocrapiaser + 3-10“ uM. OGHapy»eHO, UTO Aa)ke IIPU YPE3BLIYANHO BBHICOKOM
CKOPOCTH 3aKaJIKM U3 paciulaBa BMecTo oOpa3oBaHus aMopdHOH (a3bl 0OHapyKHBaeTCs HAIMYME JBYX IIEPECHILCHHBIX TBEPABIX
pacTBOpOB 3aMeleHust Ha ocHoBe bepmmms n Kpemuwms. IIpogeMoHCTpHpOBaHO, YTO pa3sHHIA B aTOMHBIX PaJHycax 3JICMEHTOB
CYIIECTBEHHBIM 00pa3oM BIMSACT Ha HCKAKEHHOCTh KPUCTALUINYECKHX PEIICTOK (HOPMHUPYIOMUXCS IMEPECHIEHHBIX TBEPIBIX
pacTBOpOB, M OIlCHEHAa 3HAUUTENbHAS BEIMYMHA MHUKPOHAINpPSDKEHMI (HampspDKeHHWE BTOpoOro poma) B pemerke Kpemnus,
nepecsIeHHol bepummem, 9To, eCcTeCTBEHHO, M O0YCIOBIIMBACT CYIIECTBEHHBIH POCT BEIMYMHBEI MHKPOTBEPJOCTH, 2 MMEHHO:
Ha0JI0AaeTCs yBeIMYEeHNEe MUKPOTBEPIOCTH B Be-Si criaBe B yClOBHAX NPUMEHEHHOT'O METOJA 3aKAJIKH U3 JKHIKOTO COCTOSHUS
6osee, ueM B 1,7 pa3a 10 CpaBHEHMIO C JIUTHIM 3BTEKTHYECKHM CIUTABOM M Gonee yeM B 6 pa3 BhIIIE B CPABHEHUHU C 3BTEKTOMIHBIM
muteiM crnaBoM JKeneso-Yraepoa. IlomydenHas monurepma 37I€KTPOCOMPOTHBIICHHS CIUIaBa B YCIOBHAX HEMPEPHIBHOTO HarpeBa
€ro B BaKyyMe HMOATBEPKIACT METaCTaOMIbHBIH XapakTep chOPMHUPOBAHHBIX HOBBIX (ha3 NPH 3aKAIIKE U3 )KHIKOTO COCTOSHHUSL.
K/JIIOYEBBIE CJIOBA: 3akanka M3 paclUlaBa, »5BTEKTHKA, IICPECBHILICHHBIA TBEpABIH PacTBOp, MHKPOTBEPIOCTb,
MUKPOHAIPSDKEHNS, TEMIEPATyPHBIH KO (GUIIMEHT CONPOTHUBIICHUS
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This work is devoted to the study by computer simulation of the mechanisms of the influence of radiation defects, arising under the
influence of neutron irradiation, on the changes in electrical properties: resistivity p, electron mobility ps, lifetime of nonequilibrium
electrons t, and holes 1, in Cdo9Zno.1Te and charge collection efficiency 1 of uncooled ionizing radiation detectors based on this
material. Radiation defects, which are corresponded by deep energy levels in the band gap, act as trapping centers of nonequilibrium
charge carriers, noticeably affect the degree of compensation by changing p of the detector material, the recombination processes,
decreasing 1t and 1p, and also the scattering of conduction electrons, decreasing i, that ultimately can cause degradation of the charges
collection efficiency n. The specific reasons for the deterioration of the electrophysical and detector properties of this semiconductor
under the influence of neutron irradiation were identified, and the main factors affecting the increase in the resistivity of Cdo.oZno.1Te
during its bombardment by low-energy and high-energy neutrons, leading to complete degradation of the recording ability of detectors
based on this materials, were found. The recombination of nonequilibrium charge carriers is noticeably stronger than the decrease in
L affects the degradation of detector properties, therefore, the effect of recombination processes at deep levels of radiation defects on
the degradation of T, Tp, and 1 of detectors based on Cdo.vZno.1 Te was studied. A comparative analysis of the properties of Cdo.oZno.1Te
with the previously studied CdTe:Cl was made. An attempt was made to explain the higher radiation resistance of Cdo.9Zno.1Te
compared to CdTe:Cl under neutron irradiation by the influence of the radiation self-compensation mechanism with participation of
deep donor energy levels: interstitial tellurium and tellurium at the site of cadmium. In addition, the rate of recombination at defect
levels in Cdo.9Zno.1 Te is, ceteris paribus, lower than in CdTe:Cl due to the smaller difference between the Fermi level and the levels of
radiation defects in cadmium telluride. The relationship between the band gaps of Cdo9sZno.1Te and CdTe:Cl, the concentration of
radiation defects, the Fermi level drift during irradiation, and the radiation resistance of the detectors were also noted. The important
role of purity and dopant shallow donor concentration in initial state of the detector material is indicated.

KEY WORDS: detector properties, simulation, CdTe, CdZnTe, neutron irradiation, radiation defects

The Cdo.9Zno.1 Te compound is considered to be a promising semiconductor material for room temperature detectors,
which are intended for recording x-ray and gamma radiation and can be used in astronomy, dosimetric environmental
monitoring and nuclear medicine imaging. Cdo.oZno.Te is the material of good electrophysical properties [1—4]: high
resistivity p = 10°~10"! Q-cm, high electronic mobility pu, = 11001200 cm?/(Vsec), acceptable values of the lifetimes of
nonequilibrium electrons 1, ~ 10 sec and nonequilibrium holes t, ~ 10 sec. Along with CdoeZngiTe, CdTe is often
considered as a detector material. During operation, the detectors are exposed to ionizing radiation, the effect of which
on the crystals is the subject of research, for example, irradiation with protons [5], electrons [6], gamma rays [7], and
neutrons [8] which have increased penetrating power. As a result of neutron bombardment, the radiation defects arise in
a semiconductor crystal, which correspond to energy levels in the band gap, acting as centers of capture and recombination
of nonequilibrium charge carriers generated by the detected radiation. These defects noticeably affect upon the degree of
compensation, changing p of the detector material, and upon the recombination processes, decreasing t, and 1, and also
on the scattering of conduction electrons, decreasing p,. Ultimately, the radiation defects are capable to cause complete
degradation of the charges collection efficiency 1 of detector, the specific reasons for which are not fully understood. To
increase the radiation resistance and improve the detector quality of CdooZnoiTe, it is necessary to study and try to
understand the mechanisms of the influence of radiation defects, which arise in a crystal under the neutron irradiation, on
the electrophysical and detector properties of this material. However, due to the high resistivity of Cdo.9Zno.1Te, such a
task is practically impossible to resolve only by experimental methods [8-10], therefore, it is very important to apply
additionally the numerical simulation basing on known experimental results using as initial data.

The aim of the work was to study by modeling method the mechanisms of the influence of radiation defects arising
in Cdo.9Zno1Te under the influence of neutron irradiation on the change in resistivity p, electron mobility p,, lifetimes of
nonequilibrium electrons 1,, nonequilibrium holes t,, and charge collection efficiency 1 in radiation detectors based on
this material, as well as a comparative analysis of the properties of CdyoZno1Te and cadmium telluride which was
previously studied in [11].

PHYSICAL MODELS AND MATERIAL COMPOSITION
The applied models and their testing are described in detail in [12], and the spectral characteristics of the initial and
irradiated CdTe:Cl and Cdo.oZno.Te are taken from paper [10]. First the electroneutrality equation was compiled with
including of all impurities and defects experimentally recorded in [10]. This equation was numerically solved with respect

© AL Kondrik, G.P. Kovtun, 2020
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to the Fermi level F, then the concentrations of free electrons » and holes p were determined in the approximation of
parabolic zones. The electron mobility p, was calculated using an approximation of the pulse relaxation time (tau
approximation) with taking into account scattering mechanisms at ionized and neutral centers, acoustic phonons,
piezoelectric phonons, optical phonons, as well as scattering on clusters of point defects and doping inhomogeneities. The
hole mobility p, was assumed to be unchanged and equal to 70 cm?(V-s). The specific conductivity was calculated by
the formula: e-n-p,te-p-up. The resistivity was calculated as the reciprocal of the conductivity, consisting of electronic
and hole components. The lifetime of nonequilibrium charge carriers was calculated according to the Shockley - Read -
Hall recombination model, and the detector charges collection efficiency was determined by the Hecht
equation [13, p. 489]. The distance between the detector electrodes was assumed to be equal 5 mm, and the electric field
strength - 1000 V/cm.

The changes in F, p, p, T, Tp, and 1 have been simulated depending on the content of radiation defects and doping
shallow donor, for which the aluminum, indium, bismuth and lead can be used in Cdy.9Zno ;Te. The simulation was carried
out using the following characteristics of the i-ths impurities and defects levels as the initial data, experimentally measured
and published in the technical literature: concentration N, position in the bandgap E;, and capture cross section for
nonequilibrium charge carriers c;.

The initial compositions of background impurities and defects were determined which ensured that the calculated
value p=1-10"' Q-cm for CdyZny 1 Te coincides with the value experimentally measured in [10] before neutron exposure.
A typical initial composition of the CdgoZno.iTe detector material is presented in Table. Similar composition was
described, for example, in [7, 10, 14, 15]. The specific composition of the material is taken from [10]. The Table also
show the capture cross sections for the levels oj, the order of magnitude of which was determined in [16], where the
contributions of all levels to the currents of charge carriers emitted into the corresponding zones were taken into account.
The charge state of defects is indicated by a plus sign for donors whose energy is measured relative to the conduction-
band bottom Ec, and a minus sign - for acceptor levels with energy relative to the valence band top Ev.

The notation and probable nature of some levels are taken from [7, 10, 15]. Doping impurity of shallow donor,
introduced into the matrix of the materials under study, are intended to compensate for shallow acceptors (A, Al, C, X)
and to achieve a high-resistance state necessary for the operation of the detectors. The levels of A, Al, C, X, according
to opinion of most researchers, are complexes of cadmium vacancies with various background impurities. The cadmium
vacancy appears to correspond to DX or J.

Table
Composition of CdgeZno 1 Te before irradiation with a specific resistance of 1:10'' Q-cm [10].
Defect | A~ Al- | C X DX* J z* Y- W- Tecd e
Ei, eV 0.14 0.16 0.25 0.29 0.41 0.45 0.52 0.67 0.70 0.74 1.1
ci, cm? 10 | 2:10" | 3-10°° | 108 10716 10716 107 10-7 10-7 10-3 10-1¢
Nijem= | 510" | 5-10 | 5-10" | 5-10'* | 3-10" 310" 1-10'5 | 3-105 | 3-10" | 1.45-10'° | 1-10'

The calculated electrophysical properties of unirradiated material corresponded to well-known values:
tn = 1200 cm?/(V-sec), lifetimes 1, T, ~ 10°° sec. The changes in p, pn, Tn, Tp, the position of the Fermi level F in the band
gap of CdoeZno.1Te, and variation in the charges collection efficiency n of detector based on this material have been
simulated depending on the content of radiation defects and the doping shallow donor at T =20°C — operating temperature
of the detector. It should be noted that since in paper [10] all the results, and conclusions are of a qualitative nature, the
model dependences and modeling results obtained in this paper can also be only of qualitative those.

RESULTS AND DISCUSSION

In paper [10], the studied material Cdy9Zno 1 Te was irradiated by the fluxes of low-energy neutrons (~ 10 eV) with
fluences from 10'° to 10'* N/cm? and high-energy neutrons (~ 0.5 — 1 MeV) with fluences from 10!! to 10'3 N/cm?. The
radiation donor level Z in cadmium telluride occurs already after the first stage of irradiation and it is present in the crystal
at all subsequent stages, and at the moment of complete degradation of the detector recording properties, this defect
reaches the maximum amplitude in spectrum. According to the authors of [10], tellurium interstitial Te(I) can be
considered as a defect Z which causes complete degradation of the detector properties. In Cdo.9Zno.1 Te, the same Z level
with an energy of Ec — 0.52 eV was also present, but it was often suppressed in the spectra by the peak of the acceptor
level J, the content of which noticeably correlated with the degree of radiation damage of the irradiated sample. In
addition, during irradiation of the studied materials, the amplitudes of the peaks and the concentration of defects Tecq,
Ve, and also the complex Vcg—Im (cadmium vacancy—impurity) increase significantly. It was of interest to simulate the
dynamic of change in the resistivity of CdoeZno.Te with an increase in the concentration of radiation defect Z which
causes an abrupt decrease in the charge collection efficiency and complete degradation of detector properties, while the
content of radiation defects J, Tecq, Ve is increasing. The result of simulation is shown in Fig. 1. The concentration of
the radiation defect J monotonically increases from 3-10' to 2.1:10'® cm?, and the concentration of the Tecq defect does
from 1.45-10'® to 3.2-10'% cm™. It can be seen from Figure 1, that as the concentration of defect Z increases during
irradiation, the resistivity of material increases monotonically, which was observed experimentally in [10]. However,
after higher doses of irradiation by high-energy neutrons with a fluence of 10'* N/cm? and radiation damage which can
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be associated with a concentration of N(Z) = 2-10'® cm3, the resistance of CdooZnoTe reaches almost the maximum
value p=2.12-10"" Q-cm, which corresponds to the qualitative results of paper [10]. When comparing with similar model
dependences for CdTe:Cl from [11] (Fig. 1), we can see that in Cdo.9Zno.1Te there is no sharp jump in the resistivity Ap
at N (Z) =2-10'% cm?, as in CdTe.
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Figure 1. Specific resistance of Cdo.oZno.1Te depending on the content of doping shallow donors at various concentrations of defect
Z. Z content, cm3: 1 — 1-10'%, 2 — 2-10'5, 3 — 3-10'5, 4 — 4-10%5, 5 — 5-10'5, 6 — 7-10%°, 7 — 1-10'6, 8 — 1.4:10'6, 9 — 1.6-10'S,
10 - 2-10', The vertical dashed line corresponds to the studied sample.

On the contrary, a monotonic increase in the CdooZng Te resistivity is observed, which occurs due to the gradual
drift of the Fermi level to the middle of the band gap towards the radiation level Z with increasing its concentration. This
increasing of p is also confirmed experimentally. In this case, a displacement of the F level closer to the conduction band,
observed in [11] for CdTe, does not occur due to the action of the radiative self-compensation mechanism, which appears
in an increase of the concentration of radiation defects J (Ev + 0.45 e¢V) and Tecq (Ec - 0.74 eV), that together with the
defect Z (Ec - 0.52 eV) hold F near the middle of the band gap. In addition, a pivotal role also here is that Cdo9Zno.1Te
has a larger band gap in comparison with Eg of CdTe:Cl; therefore, in order for Fermi level to reach the middle of Eg in
Cdo.9Zng.1Te, a higher content of the radiation defect Z is required than in CdTe:Cl. Fig. 2 shows the behavior of Fermi
level in Cdo.9Zno 1 Te.

Figure 2 demonstrates that in CdooZno Te there is an insignificant difference in the F position between the initial
state with N(Z)=1-10" cm™ and after irradiation with the concentration of defect Z N(Z)=2-10'® cm™, while for CdTe:Cl
in [11] this difference in position of Fermi level is significant. In other words, during irradiation, the electrophysical
properties of CdooZng 1 Te change noticeably less than the properties of cadmium telluride. This simulation result is
confirmed by the well-known fact, experimentally confirmed also in [10], of the higher radiation resistance of Cdo.oZno.; Te
in comparison with CdTe:Cl.
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Figure 2. The positions of the Fermi level in Cdo.oZno.1Te, measured from the top of valence band, depending on the content of shallow

donor at different concentrations of the radiation donor defect Z (cm™). Z concentrations in Cdo.oZno.iTe are the same as for the
numbered dependences in Fig. 1. The vertical dashed line corresponds to the studied sample.
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Neutron irradiation of Cdo 9Zno.1 Te also leads to the expansion of the region of the high-resistance state, which makes
it possible to maintain the working capacity of the detector during irradiation. Figure 3 shows the behavior of the resistivity
Cdo9Zng1Te at the concentration N(Tecq) = 1.45:10' cm™ (a) and after irradiation with high-energy neutrons at the
concentration N(Tecq) = 3.2-10'° em™ (b) depending on concentrations of radiation defects: acceptor J (Npa) and donor
Z (Npp). We see that the expansion of the high-resistance region occurs due to an increase in the concentration of the
Tecq anti-structural defect during neutron irradiation.
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Figure 3. Dependences of the decimal logarithm of the Cdo.9Zno.1 Te resistivity on the concentration Npa of the acceptor defect J and
the concentration Npp of the donor defect Z: a) the content of Teca is 1.45:10'° cm™; b) the content of Tecq is 3.2-10' cm™,

The initially measured fluences of neutron irradiation of investigated sample were 10'' N/cm? for high-energy
neutrons and 10' N/cm? for low-energy neutrons. In the process of further irradiation, the material gradually lost its
detector properties until complete degradation after bombardment by low-energy neutrons with the fluence of 10'* N/cm?.
The integrated flux of high-energy neutrons, after which the detector properties Cdo9Zno 1 Te were completely degraded,
was 10" N/cm?. Since the specific resistance of material increases after neutron irradiation, degradation of the detector
properties can occur due to a decrease in the electron mobility u, and to a decrease in the lifetimes of nonequilibrium
charge carriers 1, Tp. In earlier paper [12, Fig. 3] it was shown that a decrease of , in Cdo9Zno 1Te can be caused by the
scattering of conduction electrons by clusters of point defects, but no more than two to three times, and it is not capable
to lead to complete degradation of detector properties. Thus, a complete loss of recording properties should occur due to
a significant decrease in the lifetime of nonequilibrium charge carriers. Approximate quantitative estimates based on the
experimental results of paper [17] showed that the rate of band-to-band recombination of nonequilibrium charge carriers
is about by ten orders of magnitude lower than the rate of recombination at deep levels of defects in wide-gap
semiconductors such as CdTe and Cdo.9ZnoTe. Figure 4 shows the donor content dependence of the charges collection
efficiency n in detectors based on Cdg9Zny.iTe, calculated according to the Hecht equation for which the lifetimes of
nonequilibrium electrons and holes were calculated according to the Shockley-Read statistics describing recombination
of charge carriers at the energy levels of impurities and structural defects. Basing on a comparison of the graphs of Fig.
4 and the results of paper [10], it follows that the concentration of the radiation defect Z in the studied materials N (Z) =
(1-2)-10'¢ cm™ approximately corresponds to the content of this radiation defect after the high-energy neutrons fluence
of 10" N/em?,

The concentration of radiation defects Z, equaled to N(Z)=(1-3)-10'3 cm™, approximately corresponds to its content
in Cdo9ZnTe after irradiation by low-energy neutrons with fluences 10'>-10'3 N/cm?. Figure 4 also shows that when
the content of the radiation defect Z: N (Z) = (1-3)-10"5 cm™, the registering properties of the detectors based on
Cdo.9Zno 1 Te are partially lost, which qualitatively corresponds to the experiment of paper [10].

Quantitative studies have shown that the degradation of CdooZnoTe detector charge collection n occurs due to
capture and recombination of nonequilibrium charge carriers at the radiation level of a deep donor with an energy
E=Ec-0.52 eV, presumably Te (I), as well as at the deep level of Tecq defect with energy Ec — 0.74 eV. It was
established also that in Cdo9Zno.i Te the radiation defect of the tellurium vacancy Vre, which is dominant in the spectra in
peak amplitude [10], does not participate in compensation and does not capture nonequilibrium charge carriers due to the
large difference between the V1. energy level and the Fermi level in the semi-insulating state at room temperature.

The simulation established also that the degradation of the detector properties of the material under study occurs
mainly due to a noticeable decrease in the lifetime of nonequilibrium electrons by several tens of times. Capture and
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recombination of nonequilibrium holes at radiation levels have little effect on the degradation of charge collection in
Cdo9Zno, Te detectors during its irradiation. It can be seen from Fig. 5, where the behavior of the lifetime of
nonequilibrium electrons 1, (a) and holes 1, (b) was shown.

0,9 , .
g ] /’ 1
O 8 / 1 2
L] — — j——
] i .
T] 07 "l - .I - a9
> / - PP I
0.6 A - I
[ AT ==
051 Z ™ I —
] A = i
Pl S ,
l _I—--—‘ 6
0.3 1 ==wmmnammss==mz==22o2 7]
e v g R SR W i €
L D T e
0,1 i . . -r , 0
0,0  50x10° 1,0x10" 1,5x10"° 2,0x10"
Nd, em”

Figure 4. Charge collection efficiency of detectors based on Cdo.oZno.1Te depending on the content of doping shallow donors for
different concentrations of radiation defect Z, which are equaled to concentrations for numbered curves in Fig. 1,2. The vertical
dashed line corresponds to the studied sample.
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Figure 5. Dependences of the lifetimes of nonequilibrium electrons (a) and holes (b) in Cdo.9Zno.1Te on the concentration of doping
shallow donors for different concentrations of the radiation defect Z, which are the same as in the numbered curves in Fig. 1, 2, 4.
The vertical dashed lines correspond to the studied sample.

Figure 5 demonstrates that the lifetime of nonequilibrium electrons 1, in the studied Cdo.9Zno.1Te decreases quite
significantly compared to the lifetime of nonequilibrium holes 1, as the concentration of radiation defects, arising under
neutron irradiation, increases. The jump in 1, by an order of magnitude (Fig. 5b) in the concentration range
Ng=2-10'%-2.5-10'6 cm™3 is explained by the fact that within this interval the Fermi level passes far from the energy levels
of defects, capture and recombination centers (see Table and Fig. 2), therefore, the rate of recombination of
nonequilibrium charge carriers decreases significantly.

The results obtained in this and earlier studies can be compared with the data of [ 18], where, using the SRIM program,
the Monte Carlo method was used to simulate the effect of neutron radiation with an energy of 1-2 MeV on the formation
of radiation damage in Cdo.9Zno, 1 Te crystals. The type and number of originating radiation defects was investigated. The
calculated data were compared with the experimental results of the study of the operation of Cdo9Zno.1Te detector, both
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the initial one and the material irradiated with a 252Cf source of fast neutrons. The defect concentration was measured
using thermally stimulated current spectroscopy (TSC), and the detector spectra were recorded for 2! Am gamma radiation
source (59.5 keV). It was shown that the concentration of vacancies, anti-structural defects of cadmium substitution at
the site of tellurium, interstitial atoms, and related defects increases during neutron irradiation, which, according to the
authors of [18], caused a deterioration in the detector characteristics of Cdo.oZno.iTe. Besides, the complete degradation
of the detector occurred already after an irradiation dose of 5-10' N/cm?, while in the experiment of paper [10], the
detector degraded only after an irradiation dose of 10'3> N/cm? by fast neutrons. The position of the Fermi level in the
band gap, measured in [18], relative to the bottom of the conduction band Ec in the initial sample was equal to 0.707 eV,
and in the sample irradiated with a dose of 5-:10'° N/cm? it became Ec—0.513 eV with a decrease in resistivity from 3.49-10°
to 6.12-10% Ohm-cm.

We carried out a comparative analysis of the simulation results based on the experimental data of [10] with the
experimental results of paper [18]. As a result, it was found that the very low radiation resistance of the detector in [18]
can be explained by the fact that the as-grown Cdo9Zno.iTe crystal there turned out to be a material of lower detector
quality. Namely, in the initial state, they produced a semiconductor with a high content of interstitial Cd™ (Cd;) and
substitutional defect of cadmium in site of tellurium (Cd*re), which are defects of the donor type. Under the influence of
these electrically active deep donors, the Fermi level already in the as-grown material was above the middle of the band
gap, which determined the electronic conductivity registered in [18] using Hall measurements. The bombardment of such
a material by fast neutrons led to a further increase in the concentration of Cd; and Cdr. defects with a shift of the Fermi
level even closer to the conduction band and, as a result, a noticeable drop in resistivity, a sharp increase in the leakage
current and complete detector degradation, which required a relatively small irradiation dose - 5-10'° N/cm?. There can
be two main reasons for such a low radiation resistance of the detector described in [18]. First, the as-grown material
could be doped with an excessively large amount of indium, which immediately led to electronic conductivity, while hole
conductivity is required for the detector to operate. Therefore, a relatively small dose of radiation was required in order
to increase the concentration of deep donors and thus shift the Fermi level even closer to the conduction band, lowering
the specific resistance p. Secondly, there was a weak effect of the radiative self-compensation process of the irradiated
detector material due to a possible insufficient removal of background impurities from the as-grown crystal. Namely,
cadmium vacancies formed under the influence of neutron irradiation interacted with background impurities and In dopant
and formed A centers — neutral or with a charge increased by one with respect to initial state of double charged cadmium
vacancy (VZ]), which, in turn, prevented the stabilization of the Fermi level and led to its drift to the conduction band
decreasing resistivity p. Moreover, some of these complexes have such shallow energy levels that their registration could
not be possible at a starting temperature of 80 K in the TSC technique. And neutral complexes are not electrically active;
therefore, they are not recordable at all. The decrease in p led to an increase in noise which finally completely suppressed
the main peak of the spectrum. The much more radiation-resistant detector in paper [10] demonstrated a much different
behavior, namely it was the material which only increased the resistivity under the influence of high-energy neutron
irradiation, since there the Fermi level in the initial state located below the middle of the band gap. And degradation of
this detector material occurred for another reason: due to a decrease in the charge collection efficiency owing to capture
and recombination of nonequilibrium carriers at deep levels of radiation defects.

CONCLUSIONS

The experimentally registered gradual increase in the CdooZno 1 Te resistivity during bombardment by neutrons is
caused by a gradual increase in the concentration of interstitial tellurium Te(I) with an energy level of 0.52 eV, measured
relative to the bottom of the conduction band Ec. An increase in the content of Te(I) shifts the Fermi level to the middle
of the band gap. The resistivity of Cdo9Zno Te increases monotonically due also to an increase in the content of the anti-
structural donor defect Tecq, which increases the size of the region of the high-resistance state in the ranges of
concentration of radiation defects and also shifts Fermi level to the middle of band gap. The absence of degradation of
resistivity occurred due to the action of the radiation self-compensation mechanism with the formation of a sufficient
number of individual acceptor cadmium vacancies not creating the complexes with impurities.

The degradation of the charge collection efficiency of Cdo9Zno.iTe under neutron irradiation occurs due to capture
and recombination of nonequilibrium electrons at the radiation level of a deep donor with energy E = Ec — 0.52 eV,
presumably Te (), as well as at deep level of Tecq defect with energy Ec —0.74 eV.

The well-known fact of higher radiation resistance of Cdg.9Zng.;Te compared to CdTe:Cl under neutron irradiation
can be explained by the fact that in Cdo9Zno.1Te there is a stronger mechanism of radiation self-compensation with the
participation of deep donor levels (Te (I) and Tecq ) than in CdTe:Cl. Perhaps this is why in the Cdg.9Zno.; Te material,
unlike CdTe:Cl, there is no rearrangement of the crystal structure after neutron irradiation with ultimate fluence 10'3
N/cm? of high-energy neutrons (E ~ 10° V). In addition, due to the higher difference between the Fermi level and the
deep levels of radiation defects in CdooZng 1 Te, the rate of recombination at the levels of radiation defects, ceteris
paribus, is lower in it than in CdTe:Cl. It can also be noted that, due to the larger band gap of the Eg in CdooZno.Te,
the Fermi level drifts in this material to a larger depth than in CdTe and therefore a higher concentration of the
corresponding radiation defects is required to reach a middle of Eg and maximum of p, and therefore higher radiation
doses are needed.
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JETPAJALIS I BILINUBOM PATIANIAHUX JTEGEKTIB TETEKTOPHUAX BJACTUBOCTEM CdosZno.iTe,
OIMPOMIHEHOI'O HEATPOHAMHU
O.1. Kounpux?, [ .I1. KosTyn®"
“Hayionanenuii naykosui yenmp «Xapxiscokutl gizuxo-mexniunuii incmumymy HAHY
61108, syn. Axademiuna 1, Xapkis, Yxpaiua.
bXapxiecoruii nayionanonuii ynisepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxis, Yrpaina

IpencraBiena poOoTa HPHUCBAYCHA [OCIIHKEHHIO METOJOM KOMII'IOTEPHOIO MOJCNTIOBAHHS MEXaHi3MiB BIUIMBY paialliiHIX
Je(eKTiB, 0 BUHUKAIOTH MiJ Ji€I0 HEHTPOHHOTO ONPOMIHEHHS, Ha 3MiHYy eJIeKTPO(I3HIHNX BIACTUBOCTEH - MUTOMOTO OHOPY P,
€JIEKTPOHHOI PYXJIMBOCTI [ln, 9aCy )KHUTTS HEPIBHOBAXXHHUX €JIEKTPOHIB Tn T IIPOK Tp, B Cdo.9Zno.1Te i edexTuBHOCTI 300pYy 3apsiB
HEOXOJIOJDKYBAHOTO JIETEKTOPY IOHI3yI0UMX BHIPOMIHIOBAaHb 1| Ha OCHOBI I[bOro Marepiamy. Pamiamiiini nedexru, skuMm B
3a00pOHEHIl 30HI BiANOBINAIOTH TTIHOOKI PiBHI €Heprii, AII0Th SK IEHTPH 3aXOIUICHHS HEPIBHOBAXKHHUX HOCI{B 3apsiy, MOMITHO
BIUIMBAIOTh HA CTYIiHb KOMIICHCALlil, 3MIHIOIOYH p JETEKTOPHOTO MaTepialy, Ha MPoLeck peKoMOiHaLii, 3HIKYIOUH Tn 1 Tp, @ TAKOK
Ha PO3CIIOBAaHHS €JEKTPOHIB HMPOBIAHOCTI, 3MEHIIYIOUYH [ln, 1O 3PEIUTOIO 37aTHE BUKIMKATH JIErpajialilo eeKTUBHOCTI 300py
3apsiniB M. Bynm 3’scoBaHi KOHKpETHI NPUYMHM TOTIPUICHHS €IeKTPOQi3UYHMX Ta NETEKTOPHUX BIACTHBOCTEH MHix Ai€io
HEHTPOHHOTO ONPOMIHEHHsI Ta BCTAHOBJICHI OCHOBHI (pakTopH, sIKi BIUIMBAIOTh Ha miABHIIEeHHs nuTomoro onopy Cdo.sZno.1Te npu
OGoMOapyBaHHI TEIJIOBHMH Ta BHCOKOCHEPIeTUYHNMH HEHTpOHaMH, IO HPU3BOJATH A0 IOBHOI Jerpajanii peecTpyBaIbHOL
3JIaTHOCTI JIETEKTOPiB Ha OCHOBI IbOT0 MaTepiary. PekomOGiHamist HEpiBHOBaXXHHUX HOCIIB 3aps Iy MOMITHO CHJIBHIIIE HIXK 3HIKCHHS
In BITMBAE Ha JIETPaJanilo JeTeKTOPHUX BIACTUBOCTEH, TOMY OYB HOCIIIKEHNH BILUTUB IPOLECiB peKoMOiHaIi1 yepe3 rimOoKi piBHi
paniamiifHux fKedeKTiB Ha Aerpajialio Tn, Tp, 1| AeTeKTOpy Ha ocHOBI Cdo.vZno.1 Te. [IpoBeneHo NopiBHAIBHUIT aHATI3 BIACTUBOCTEH
Cdo.9Zno.1Te i panim pocnimkenoro CdTe:Cl. 3pobiena cnpoba mosicHeHHs OinbIn BHCOKOI pamiamiiHoi ctiitkocti Cdo.oZno.1Te y
nopiBasaHi 3 CdTe:Cl mpu HEHTPOHHOMY ONPOMIHEHHI BIUIMBOM MEXaHi3My pajiauiiiHol caMOKOMIICHCAI[l 32 y4acTio OiIbII
[IIMOOKHUX JTOHOPHHX PiBHIB €HEpril: MiXKBY3JI0BOTO TEIypy, TeIypy Ha Micii kaamiro. Kpim Toro, BHAaCIi 10K MEHIIOI Pi3HALI MiX
piBHem Depwmi i piBHAMY pamiauifiHuX AeeKTiB B Tenypuai KaaMito Temi pekomOinanii yepes piBui aedexriB B Cdo.gZno. 1 Te npu
iHIIKX piBHUX yMoBax HIK4Mi, HiX B CdTe:Cl. Takox OyB Bim3HaueHuil 38’5130k M mIUpHHOIO 3a60ponenol 30Hu Cdo.voZno.1Te i
CdZn:Cl, xonuenrpauniero panianiiianx nedekris, apeiipom piBas Pepmi B mporeci ONpoMiHEHHS Ta pamialiifHOIO CTIHKiCTIO
neTekTopiB. BkazaHo Ha BaKJIMBY POJIb YHCTOTH i KOHIIEHTPALIi JIETYI0UOT0 MIJKOTO JIOHOpA B TOYaTKOBOMY CTaHI AETEKTOPHOTO
MaTepiaiy.

KJFOYOBI CJIOBA: nerexropHi BiacTuBocTi, MoaemoBants, CdZnTe, CdTe, onpomiHeHHS HEHTpOHAMH, pamiamiiHi 1eQeKTr
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JETPATALIMA O/ BIUSTHAEM PATAALIMOHHBIX JE®EKTOB JETEKTOPHBIX CBOMCTB Cdo.sZno.iTe,
OBJYYEHHOI'O HEUTPOHAMU
AMN. Kongpux?, I'.I1. Kopryn®P
“Hayuonanvrulil Hayunslil yenmp «Xaporosckuil (pusuxo-mexuudeckuti uncmumymy» HAHY
61108, ya. Axademuuecxasn 1, Xapvkos, Yrpauna.
bXapvrosckuii nayuonanvuwiii yuueepcumem umenu B.H. Kapazuna
nn. Ce0600w1, 4, 61022, Xapvros, Yrkpauna

Jlannast paboTa IIOCBSIIICHA HCCIIEJOBAaHUIO METOJOM KOMIBIOTEPHOTO MOMENMPOBAHMS MEXAaHH3MOB BIMSHHS pPaJUAllIOHHBIX
ne()eKTOB, BO3HUKAIOLIMX I0J JCHCTBHEM HEHTPOHHOTO OOJIy4eHHs HAa M3MEHEHHE 3IEKTPO(H3MUECKHX CBOWCTB - YACIBHOIO
COMPOTHUBIIEHHS P, HNEKTPOHHON MOJBHKHOCTH |ln, BPEMEHH KHU3HH HEPABHOBECHBIX JNEKTPOHOB Tn U ABIPOK Tp, B CdovZnoiTe u
sd¢dexrTuBHOCTH cOOpa 3apsAf0B HEOXJIKAAEMbIX JETCKTOPOB HOHHM3UPYIOIIMX H3IYYEHHH 1 Ha OCHOBE 3TOr0 MarepHaia.
Panmnaronssie 1eeKThl, KOTOPHIM B 3aNPEIEHHON 30HE COOTBETCTBYIOT Ty OOKHE YPOBHH SHEPTHH, ISHCTBYIOT KaK IIEHTPHI 3aXBaTa
HEepaBHOBECHBIX HOCHTENEH 3apsi/ia, 3aMETHO BIIHSIOT HA CTETICHb KOMIICHCAINN, H3MEHSS p AETEKTOPHOTO MaTepraa, Ha IpOIecChl
PpEeKOMOHMHANNY, CHIDKAS Tn U Tp, @ TAKXKE HA PACCESHUE MICKTPOHOB NIPOBOANMOCTH, YMEHBIIAS [ln, 9TO B KOHEYHOM HTOT€ IPHBOJHUT
K gerpamanuu dddexTuBHOCTH cOOpa 3apsnoB 1). BpUIM BBISICHEHBI KOHKpPETHBIE HPHUYHHBI YXYALICHHS SNEKTPOPH3HIESCKHX U
JIETEKTOPHBIX CBOWCTB MOA IEHCTBHEM HEHTPOHHOTO OONYUYCHUS W YCTAHOBJICHBI OCHOBHBIE (haKTOPBI, BIMSIONINE HA IIOBBHINICHHE
yaensHoro conporusienus CdooZno.1Te npu 60MOGapANPOBKE TEIUIOBBIMHU U BHICOKOIHEPTETHYECKMMH HEHTPOHAMH, IIPUBOALIMX K
MOJTHON JIerpafialiuil PETHCTPUPYIOIIEH CIIOCOOHOCTH IETEKTOPOB HAa OCHOBE 3TOrO MaTepuana. PexomMOMHanus HepaBHOBECHBIX
HOCHTENe! 3apsa 3aMETHO CUIIBHEE YeM CHIDKEHHUE |n BIUSIET Ha JETpajJalliio JEeTEKTOPHBIX CBOWCTB, TO3TOMY OBIJIO HCCIIEI0BAHO
BJIMSTHUE MPOLECCOB PEKOMOMHALINY Uepe3 ITyOOKHE yPOBHU PAIUAllMOHHBIX Ae(EKTOB Ha JErpajalltio Tn, Tp, 1] IETEKTOpA HA OCHOBE
Cdo.9Zno.1Te. IlpoBenén cpasuuTenbHb aHamu3 cBoiicTB CdooZnoiTe u panee nccremoBannoro CdTe:Cl. Chenana mombiTka
oObsicHeHHs1 Oonee BbICOKOW panmanuoHHOU croiikoctd CdooZnoiTe mo cpaBHenuio ¢ CdTe:Cl mpu HellTpoHHOM 0O0ITyueHHM
BIIMSTHAEM MEXaHU3MOM paJIallHOHHOI CaMOKOMIIEHCAIMH C y9acTHEeM OoJiee IIyOOKHIX JOHOPHBIX YPOBHEH SHEPTHHU: MEXKY3eIbHOTO
TeJUTypa, Telypa Ha Mecre Kaamus. Kpome Toro, BeieAcTBHE MEHBIIEH pasHUIB MEXAy ypoBHeM PDepMu H ypoBHAMH
paJualOHHBIX 1e(eKTOB B TeJUTypuae KaaMHUs TeMIl pekoMOuHaimu yepes3 ypoBHH nedextoB B CdooZnoi1Te npu nmpoynux paBHBIX
ycaoBusix Hipke, 4ueM B CdTe:Cl. Taxxe Obu1 OoTMedeHa CBs3b MexAy wmmpuHO# 3ampewménHoit 30Hb1 Cdo.oZno1Te u CdZn:Cl,
KOHIICHTpaUUel paguauuoHHBIX aedektoB, apeiidom ypoBus dDepmu B mporecce OONydeHHS M PaAMALMOHHOW CTOHKOCTBIO
JIETEKTOPOB. YKa3aHO Ha BAXHYIO POJIb YHCTOTHI M KOHIIEHTPAIMU JIETUPYIOIIETO MEIKOro JOHOPa B HCXOJHOM COCTOSHHM
JIETEKTOPHOTO MaTepHaa.

KJIOYEBBIE CJIOBA: nerekropHble cBoiicTBa, MmonenupoBanue, CdZnTe, CdTe, obmydyeHue HeHTpoHAMH, paJuallMOHHBIC
nedexTs



93
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 3. 93-98 (2020) DOI:10.26565/2312-4334-2020-3-12

PACS: 61.80.-x
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The microstructure and radiation resistance of T91 martensitic steel were studied after thermomechanical treatment. The physical and
technological foundations of the process of creating of a nanostructured state in T91 reactor steel have been developed. This structure
was received by severe plastic deformation of T91 steel by the multiple “upsetting-extrusion” method (developed at the NSC KIPT)
in two temperature ranges of deformation: in the region of austenite existing and with a successive decrease in the deformation
temperature and an increase in cycles of “upsetting-extrusion” in the field of ferrite existence. For the further heat treatment the
particular temperature range and deformation modes were chosen to obtain optimal structure. Also, the optimum temperature of
tempering to receive the uniform structure was established. It was found that the average grain size of T91 steel decreases from 20
um in the initial state to ~ 140 nm after 5 cycles of “upsetting-extrusion” in the ferrite interval and to ~ 100 nm after 3 cycles of
deformation in the austenitic region. It was determined that with an increase in the number of cycles and a decrease in the
deformation temperature, a rise in the degree of uniformity of grain size distribution occurs. In this case, the microhardness increases
from 2090 MPa to 2850 MPa after 5 cycles of “upsetting-extrusion” in the ferritic interval. In the austenitic region, the microhardness
values increase from 3400 to 3876 MPa. The swelling of T91 steel in two structural states, martensitic and ferritic, was determined.
Thus, steel swelling at a high dose of irradiation with argon ions with an energy of 1.4 MeV (120 displacements per atom, irradiation
temperature 460 ° C) is AV / V =0.26% in the initial state (martensitic structure) and 0.65% for samples with a ferritic structure.
KEYWORDS: martensitic steel, thermomechanical treatment, microhardness, nanostructure, severe plastic deformation, radiation
resistance.

The creation of GenlV fission and fusion reactors poses new problems in materials science in terms of higher
operating temperatures, increased neutron doses, as well as ensuring the safe and efficient operation of reactors. The
problem of conventional structural materials, in particular austenitic steels, lies in the fact that they will not be able to
be operated under more severe irradiation conditions due to their low radiation resistance. Ferritic and / or martensitic
steels are considered as potential structural materials for their good resistance to irradiation, less swelling, better
ductility, etc. [1, 2]. In particular, T91 martensitic steel is considered as a promising material for future new generation
nuclear reactors [3]. However, the steels of these classes have a significant drawback - heat resistance, which limits the
maximum working temperature to ~ 500 °C. The main way of solving this problem is thermomechanical treatment,
which allows not only to qualitatively improve the mechanical characteristics, but also to increase the radiation
resistance of the material.

The standard technological scheme for the heat treatment of T91 martensitic steel consists in normalization at
temperatures of 1040—-1080 °C followed by air cooling [4]. In this case, the microstructure of quenched martensite is
formed, which leads to high strength but low ductility of steel. To increase ductility, steel is tempered at temperatures of
730-780 °C. As a result, there is a formation of a coarse-grained microstructure with inhomogeneity in grain size.
Although ductility increases considerably, the strength characteristics are reduced. A significant improvement in
mechanical properties can be expected when an ultrafine-grained or nanostructured state is produced in steel, which
usually contributes to an increase in the radiation tolerance of the material [5, 6]. The creation of such a microstructure
is possible using thermomechanical treatment using severe plastic deformation (SPD), carried out by various
methods [7 - 9].

A distinctive feature of T91 steel in comparison with other steels of the ferritic-martensitic class is the high
sensitivity of its structure to the composition and type of heat treatment, and, as a result, a large data scattering of the
swelling values for the same exposure conditions [10-12]. Optimization of the factors of the structural-phase state of
T91 steel and study of its swelling in various structural states is needed.

The excellent swelling resistance of ferritic-martensitic alloys compared to austenitic stainless steels is well
proven. The mechanisms of this phenomenon (higher self-diffusion rate, low preference factor for high dislocation
density, low rate of helium generation, strong defect capture, microstructural lamellas and subgrains, boundary
effects, etc.) are well described in the literature [13]. However, a comparison of the swelling of 9-12 wt. % Cr ferritic-
martensitic steels shows a significant data scattering [14]. The reason for this scatter may be a difference in the structure
and composition of the studied steels.

The aim of the study was to optimize the factors of the structural-phase state (grain size, parameters of secondary
phase precipitation, degree of decomposition of the solid solution) to increase operational characteristics and to
compare the level of swelling for two different structure states.
© V. Voyevodin, M. Tikhonovsky, G. Tolstolutska, H. Rostova, R. Vasilenko, N. Andrievska, O. Velikodny, 2020
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To achieve the goal of the study, the following tasks were set:
- to develop a technology for creating an ultrafine-grained structure, which can be used on an industrial scale;
- determine the optimal parameters of deformation and heat treatment to obtain a uniform and stable microstructure;
- to examine the effect of thermomechanical treatment and the type of obtained structures on the radiation tolerance
of T91 steel.

MATERIAL AND METHODS
T91 steel manufactured by INDUSTELL, Belgium (melting: 504/3, heat: 82566-4) was supplied in the form of a
40 mm thick plate obtained by hot rolling followed by heat treatment. The heat treatment includes normalization at
1040 °C for 30 minutes, followed by air cooling and then tempering at 730 °C for 60 minutes with air cooling to room
temperature (the so-called N&T state). The chemical composition of T91 steel is shown in Table 1.

Table 1.
The chemical composition of T91, (wt.%)
Fe Cr Mo Mn Si |4 Ni Nb Cu
bulk 8.76 0.862 0.597 0.317 0.186 0.099 0.073 0.054
Al C N P S Sn B Co As
0.021 0.088 0.003 0.019 0.0006 0.005 0.0001 0.019 0.007

In the present study the multi-cycle “upsetting-extrusion” method was chosen to carry out the SPD. The method was
developed in NSC KIPT and it has proved itself both in laboratory research and in the industrial production of a number of
materials with high characteristics [15, 16]. This method consists in multiple reiterations of operations of upsetting and
extrusion on a hydraulic press J1b 2432 with a force of 160 tf. The method is described in more detail in [17].

Deformation was carried out in two temperature regions: austenitic-ferritic at a temperature 870 °C and ferritic at
temperatures 750 - 575 °C. Samples with a 20 mm diameter and a 60 mm height were subjected to upsetting to a
diameter 30 mm and then again extruded to a diameter of 20 mm.

"Upsetting-extrusion" cycles in the ferritic region were carried out with a gradual decrease in the deformation
temperature from 750 °C on the first cycle to 575 °C on the last, fifth cycle. In general, the temperature regime of the
"upsetting-extrusion" cycles was as follows: 750-700-650-635-575 ° C.

To determine the stability of microstructures formed as a result of SPD, heat treatments were carried out in the
temperature range 550-750 ° C for 1-50 hours.

Understanding the evolution of the microstructure during irradiation and its effect on the decline of mechanical
properties is of a paramount importance. Neutron irradiation has several disadvantages, including high cost, residual
activity, and prolonged irradiation of samples. Furthermore, many nuclear facilities, such as FFTF, RAPSODIE, DFR,
PFR, Superfenix, EBR-II, BR-10, BN-350, etc. - are shut down.

The applying of heavy ion implantation to simulate neutron irradiation in a reactor is common practice by reason
of the high rate of achievement of relatively high levels of damage and the absence of induced radioactivity.

Samples of steel T91 in the initial state (martensitic structure) and after severe plastic deformation (ferritic
structure) were irradiated with argon ions with energy 1.4 MeV to a dose 120 dpa at a temperature 460 °C. This
irradiation temperature was chosen due to the fact that the peak of temperature swelling for steel T91 falls on ~ 460 °C.
All irradiations were carried out using the acceleration-measuring system “ESU-2” containing the Van de Graaff
accelerator. The depth distribution of Ar atoms concentration and damage was calculated by SRIM 2008 [18] (Fig. 1).
Damage calculations are based on the Kinchin-Pease model, with a displacement energy of 40 eV for Fe and Cr, as
recommended in ASTM E521-96 (2009) [19].

A
1
3804, 1 28
!
- : g &°
P 3
g 2504, . g
i [ ' 15 F
2 2004 \ =
[ =
@ I 1 @
= \ ]
g 1504! \ 10 S
= ! / \ Q
100 —
L 5
50 -
D == I‘ T T l. 0
0 200 400 600 800 1000

Depth, nm

Figure 1. Calculated profiles of damages and concentrations of 1.4 MeV Ar ions implanted in T91 steel to a dose of 5x10'7 cm™.
The area of study is marked with a dash.
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The steel structure was studied by metallography and electron microscopy using electron microscopes JEM-
100CX and JEM-2100. Microhardness was measured on a semi-automatic microindenter LM 700AT at a load 200 g.

RESULTS AND DISSCUSSION
The microstructure of T91 steel in initial state is shown in Fig. 2. The structural state of tempered martensite is
characterized by the presence of prior austenite grain boundaries. These boundaries are decorated with M23Cs carbide
precipitates. The prior austenite grain size is about 20 pm, the size (thickness) of M»3C¢ precipitates varies from about
100 to 200 nm. Inside the prior austenite grains, martensitic lamellas with a transverse size of 0.25-0.5 um are observed.

Figure 2. The microstructure of steel T91: a — in initial state, b — after 3 cycles of “upsetting-extrusion” at 8§70 °C

The finely dispersed microstructure of steel after 3 cycles of "upsetting-extrusion" at a temperature 870 °C belongs
to the martensitic-ferritic type (Fig. 2b). From a comparison of Fig. 2a and b, it can be seen that the SPD led to a
significant refinement of the martensitic structure.

The microstructure that formed after treatment in the ferritic range with a gradual decrease in temperature and the
ferrite grains size distribution are shown in Fig. 3. The average grain size was 145 nm.
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Figure 3. The microstructure of steel after 5 cycles of “upsetting-extrusion”in the ferritic range (a) and grain size distribution (b)

The results of the microhardness measuring of the samples after heat treatment in the temperature range of
550-750 °C for 1-50 hours showed that high mechanical characteristics are maintained during exposure at a temperature
of 550 °C. It was found, that, the temperature of 550 °C is the optimal regime for tempering, which allow to stabilize the
structure, since at higher temperatures there is recrystallization and, as a result, a decrease in hardness. Therefore, for
further studies, a sample that underwent heat treatment for 25 hours at a temperature of 550 °C was selected. The
average grain size for sample with a ferritic structure was 210 nm, and the microhardness was at the level of 2948 MPa.
The microstructure of the sample is shown in Fig. 4.

To compare the degree of swelling, austenitic steel SS316 was chosen which is now used as a structural material
of the current generation of reactors. Herewith, irradiation of SS316 steel was carried out under the following
conditions: dose - 80 dpa, temperature - 615 °C. The microstructure of irradiated steels is shown in Fig. 5. For three
types of samples, namely, T91 steel with martensitic and ferritic structures and steel SS316 with an austenitic structure,
the formation of a void structure is observed.
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Figure 5. The microstructure of steel T91 for samples with martensitic (a) and ferritic (b) structures, irradiated to a dose 120 dpa
(E=1,4 MeV Ar") at 460°C and austenitic steel SS316, irradiated to a dose 80 dpa at 615°C (c)
Using experimentally determined parameters of a void structure, the swelling value S was calculated by the
formula (1):

_Z_gN g3
6:-A-h <=1 "1
= +100%, (1)
1_6-A-hZN a}

i=1%i

S =

where d;-diameter of i-th void; N- the number of voids on the image; A- area of the image with which the calculations
were carried out; h- sample foil thickness.
The parameters of void structure and the magnitude of the swelling are shown in Table 2.

Table 2.
Diameter d, number density p of voids and swelling values S
Sample d, nm p, 1/m? S, %
T91 Martensitic 2,9 1x10% 0,26
T91 Ferritic 6,6 5,8x10% 0,65
SS316 Austenite 18 9,3x10%! 15,6

A comparison of the steel with a martensitic and ferritic structure (Fig. 5 a, b) showed that the level of swelling of
the sample in the martensitic state is 2.5 times lower than in the ferritic state. It should be noted that the swelling of the
ferritic structure (BCC) is 24 times less than the austenitic structure (FCC). Such a large difference in the levels of
swelling is associated with the difference in the types of crystal lattices of these materials, and as a result, with different
mechanisms of the development of radiation damage.

In [14], data on the swelling of ferritic-martensitic steels irradiated with neutrons up to a dose of 208 dpa in a
temperature range from 400 to 443 °C were compared (Fig. 6). Let’s note several key features. There is a general
tendency to swelling at a rate of ~ 0.01% / dpa, although the data are very scattered. In general, there is a large
difference in swelling between alloys (HT9 and T91), though T91 tends to swell more for a given level of damage.
Finally, the swelling of HT9 steel of the same heat of 9607R2, but of different heat treatment, differs by an order of
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magnitude (see Fig. 6). Our data - indicated by a triangle and a star in a dashed rectangle - show that the scatter may be
due to the different microstructure states that form before irradiation (ferrite (%) or martensite (4 )).
Further studies are needed to study the level of swelling at even higher radiation doses.
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Figure 6. Generalized data for steels HT9 and T91 irradiated in a reactor to a dose 208 dpa at temperatures from 400 to 443°C [14]

CONCLUSIONS

The effect of thermomechanical treatment on the type of obtained structures of T91 steel is investigated. It was
shown that the receiving of a nanostructure can be achieved by severe plastic deformation method. The factors of the
structural-phase state of T91 martensitic steel have been optimized during thermomechanical treatment by the method
of multiple "upsetting-extrusion". The optimal parameters of deformation and temperature regimes for obtaining a
uniform ultrafine-grained structure are determined.

Severe plastic deformation combined with heat treatment allows to reduce the average grain size. After 5 cycles of
multiple “upsetting-extrusion” in the ferritic range, the minimum average grain size of ~ 140 nm was achieved. The
average grain size of the initial steel (martensitic structure) is 20 pm.

A study of the development of void structure after irradiation of steel T91 in various structural states was carried
out. It was shown that after irradiation with Ar ions with an energy 1.4 MeV to a dose 120 dpa at T = 460 °C, the
swelling in the ultrafine-grained ferritic structure is 0.65% compared with 0.26% for the initial martensitic structure,
which confirms the influence of structural-phase state of steel T91 on its swelling.

The swelling of steel with an austenitic structure is ~ 15.6%, which is 24 times more than the level of swelling of
steel with a ferritic structure.
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CTPYKTYPHI OCOBJUBOCTI TA EKCILUTY ATAIIIMHI XAPAKTEPUCTHKH CTAJII T91
B.M. BoeBoain, M.A. TuxonoBcbkuii, I'.JI. Toncroayuska, I'.}O. PoctoBa, P.JI. Bacuienxo,
0.C. Kanbuenko, H.®. AngpieBebka, O.M. Beankoauuii
Hayionanenuii naykosuii yenmp «Xaprisecokuii Qhisuxo-mexniunuil incmumym»
8yn. Akaoemiuna 1, Xapxie 61108, Ykpaina

JocnimkeHo MIKpOCTPYKTypy 1 paxiauiiiny crifikicts mMaprencutHOi ctami T91 micns TepmoMexanidHoi 0OpoOku. Po3pobieHo
(bi3UKO-TEXHOJIOTT4HI OCHOBH MPOLIECY CTBOPEHHSI HAHOCTPYKTYPHOT'O CTaHy B peaktopHiit ctam T91. Is crpykrypa Oyna orpumana
B pe3yJiIbTaTi iIHTeHCHBHOI IutacTuaHO1 fedopmarii crami T91 Merogom 6araTopazoBOro «0caPKeHH-BUUABIIOBAHHSD), PO3POOIEHIM
B HHI[ X®TI, B nBOX TeMmnepaTypHHX Aialla30HaXx: B 00NacTi iCHyBaHHS ayCTEHITY 1 3 IOCHIITOBHUM 3HIKEHHSM TeMIeEpaTypu
nedopmarii i 30iTbIIEHHAM IUKIIB «OCaIKEHHS-BUYABIIOBAaHHI» B oOyiacTi icHyBaHHS ¢epury. s momansmoi TepMooOpoOKH
Oyyu oOpaHi 0cOONMBI TeMIIepaTypHHI Jiarna3oH i pexuMu Jedopmarii Aas OTpUMaHHS ONTUMAaNBHOI CTpyKTypu. Takox Oyma
3Haii/IeHa ONITUMaJIbHA TEMIIEpaTypa BiArapTOBYBAHHS U1l OTPUMAHHS OJIHOPIHOI CTPYKTYpH. byJi0 BUABICHO, 110 cepeiHiil po3Mip
3epHa ctani T91 3menuryerbes 3 20 MKM B BUXiZHOMY cTaHi 10 ~ 140 HM micis 5 UKIIB «0caIKeHHS-BUYaBIIOBaHH» B QEepUTHOMY
intepBaini i 10 ~ 100 HM micist 3 mukiiB nedopmarii B aycteHiTHIH obnacti. Bysio BcTaHOBIIEHO, IO 3i 30UIBIICHHSIM KiJIbKOCTI
LUKJIB 1 3HIKCHHSM TemIiiepatypu nedopmariii BigOyBaeThCs MiABUILECHHS CTYNEHIO OJHOPIAHOCTI PO3IOAITY 3€peH 3a PO3MipaMH.
B upomy BHIamky MikpoTBepaicTh 30iiblryethest 3 2090 MIla mo 2850 MIla micist 5 UHKIIIB «OCADKCHHS-BUYABIIOBAHHS) B
¢depurHoMy iHTepBani. B aycreniTHi oOyacTi 3Ha4eHHsS MIKpOTBepnOocTi 30umbmIyloThest 3 3400 mo 3876 MIla. Busnaueno
po3myxaHHs ctani T91 B IBOX CTPYKTYPHHMX CTaHax - MapTEHCHTHOMY Ta (eppuTHOMY. Tak, po3IyXaHHS CTali MPU BUCOKIil 1031
ONIPOMiIHEHHsI i0HaMu aproHy 3 eHeprieio 1,4 MeB (120 3cyBiB Ha atom, Temnepatypa onpomineHHs 460°C) cranoButs AV / V =
0.26% B BEXigHOMY CTaHi (MapTeHCUTHA CTPYKTYpa) 1 0,65% mist 3pa3kiB 3 GepUTHOIO CTPYKTYPOIO.

KJIIOYOBI CJIOBA: mapreHCHTHA CTajb, TepMOMEXaHiyHa 00poOKa, MIKpOTBEpAiCTh, HAHOCTPYKTYpA, IHTCHCHBHA ILIACTHYHA
nedopmartis, pagianiitHa CTIHKICTB.

CTPYKTYPHBIE OCOBEHHOCTH U OKCIINTYATAIIMOHHBIE XAPAKTEPUCTHUKHU CTAJIA TI91
B.H. BoeBoaun, M.A. Tuxonosckuii, I'./l. Toscroayukas, A.FO. PocroBa, U.E. Konanen,
P.JI. Bacunenko, A.C. Kanbuenko, H.®. AunpueBckas, A.H. Beinkoansbrii
Hayuonanvneiti nayunviii yenmp « XapbKo8ckull (pu3uKo-mexHu4eckutl UHCImumymy
ya. Akademuueckas 1, Xapvros 61108, YVrpauna

HccnenoBana MHKpPOCTPYKTypa U pagualliOHHAs CTOWKOCTh MapTeHCUTHOW cramu T91 mocne TepMoMexaHHUecKOd 0O0pabOTKH.
PazpaboTtanbl GU3UKO-TEXHOIOTHYECKHE OCHOBBI MPOIIECCAa CO3AaHUS HAHOCTPYKTYPHOTO COCTOSIHUS B peakTOpHOU ctanu T91. Dra
CTPYKTypa OblIa MONy4YeHa B pe3ybTaTe MHTEHCHBHOW IIacTuueckoil aedopmanuu cranu T91 MeTonoM MHOTOKPAaTHOH «OCaKH-
BbIIABIUBaHUAY, pazpaboranneiM B HHI[ XDTHU, B AByX TeMmepaTypHBIX AMANa30HaX: B 00JAaCTH CYIIECTBOBAHMS ayCTEHHUTA H C
MIOCJICIOBATEIbHBIM CHIDKCHHEM TEMIIepaTypsl JAeopMald ¥ yBEIWYCHHEM IMKIOB «OCAIKH-BHIJABIMBAHUSI» B 00J7acTH
cymectBoBanus (eppura. s nmanpHedmeil TepMooOpaboTKM OBUTH BBIOpaHBI OCOOBIC TEMIICpaTypHBIH IHANa30H U PEXHUMBI
nedopmary Iyt MOJydeHUs] ONTUMAIBHOM CTpyKTyphl. Taxke Obula HalijleHa ONTHMaJbHAs TEMIIepaTypa OTIYCKa IS IOJIyIeHHS
OJIHOPOHOM CTPYKTYpHI. BbuTo 00HApYXKEHO, UTO cpeaHuil pasmep 3epHa ctanu T91 ymeHbmaercs ¢ 20 MKM B MCXOJIHOM COCTOSTHHH
10 ~ 140 M mocie 5 UMKIOB «OCaAKU-BBIIABINBaHUs» B (heppuTHOM MHTepBane U 10 ~ 100 HM mocne 3 1mkiIoB aedopManuu B
ayCTCHHTHOHW oOnacT. BbUIO YCTaHOBJICHO, YTO C YBEJIMYCHHEM 4YHCIA LUKIOB M YMEHBIIEHHEM TeMIepaTypbl aedopmanuu
MPOUCXOJUT TMOBBIIEHUE CTENEHH OJHOPOIHOCTH pAaCIpeNeNieHHsl 3epeH Mo pa3MepaM. B 3ToM ciydae MHKPOTBEPIOCTh
yBennuuBaetcs ¢ 2090 MITa no 2850 MIla mocnie 5 1MKIOB «OCaaKH-BbIIABINBAaHKUD) B (eppUTHOM HHTEpBaje. B aycTeHUTHOM
obyacTi 3Ha4YeHWs MHKpOTBepAocTH ysenmumBaiorcsi ¢ 3400 mo 3876 MIla. OmpeneneHo pacmyxanme crama 191 B aByx
CTPYKTYPHBIX COCTOSIHHSIX - MAPTCHCUTHOM M (eppUTHOM. TaK, paciryxaHue CTAJIN IIPH BBICOKOH J03e 00JIydeHHsT HOHAMH aproHa ¢
sHeprueit 1,4 MaB (120 cmemenuit Ha aToM, TeMmneparypa obimyuenus 460°C) cocrasmsier AV/V = 0.26% B MCXOIXHOM COCTOSTHHU
(MapreHcuTHas ctpykrypa) 1 0,65% 1yt 06pas3nos ¢ GeppUTHON CTPYKTYPOH.

KJ/IFOYEBBIE CJIOBA: MapTeHCUTHas CTalb, TepMOMEXaHU4ecKass 00paboTka, MUKPOTBEPAOCTh, HAHOCTPYKTYpa, HHTEHCHBHAS
iacTuueckas aedopmanus, paauaoOHHas CTOWKOCTb.
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Herein, optoelectronic, elastic and magnetic properties of L2 structured Co2VZ (Z= Pb, Si, Sn) full Heusler compounds have been
investigated by two methods. One is full potential linearized augmented plane wave (FP-LAPW) method as implemented in
WIEN2k and second is pseudo potential method as implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL). All these
compounds shows zero band gap in majority spin channel in the both simulation codes and a finite band gap are 0.33 and 0.54 eV
in Co2VZ (Z= Pb, Sn) alloys (semiconducting) respectively. This is due to minority-spin channel near the Fermi level as
implemented in WIEN2k code and showing 100% spin polarization except Co2VSi (metallic) with zero band gap. These compounds
found to be perfectly half-metallic ferromagnetic (HMF). However, above mentioned compounds shows finite band gaps in ATK-
VNL code. The calculated magnetic moment of these compounds Co2VZ (Z= Pb, Si, Sn) are 3.00 and 3.00, 3.02 and 2.96, 3.00 and
3.00us in WIEN2k and ATK-VNL codes respectively. Thus, we have observed that the calculated vales by these simulation codes
and Slater-Pauling rule have nice tuning. Optical properties of these compounds like as reflectivity, refractive index, excitation
coefficient, absorption coefficient, optical conductivity and electron energy loss have been analyzed. Absorption coefficient and
electron energy - loss function values are increases as we increase the value of energy. The vales of Pugh’s ratio B/G is greater than
1.75 for all compounds and showing ductile nature with positive value of Cauchy pressure (Cp = Ci2 — Ca4) and shows metallic
behavior of Co2VZ (Z= Pb, Si, Sn) compounds.

KEYWORDS: Half-metallic ferromagnetic, band gap, Spintronics, magnetic moment, elastic constants

Half metallic ferromagnetic behavior of Heusler alloys fascinates the new researchers towards it, because
exclusive approach in Spintronics [1-3]. If either one spin channel shows band gap and other shows zero band gap
at Fermi level then the Heusler compounds exhibit 100% spin polarization [4-7]. Half metallic ferromagnetic was
first discovered by de Groot in the year of 1983 in a half Heusler compound NiMnSb [8-9]. Due to high Curie
temperature and spin magnetic moment, researchers show intensive interest in Heusler [10-11]. We are here going
to investigate the properties of Co-based full Heusler compounds Co,VZ (Z= Pb, Si, Sn). Half metallic
ferromagnetism in Co- based full Heusler compounds Co,MnSn, Co,TiAl and Co,TiSn was firstly scouted by Ishida
et al. [12] using LDA method. But they are failure to observe half metallic ferromagnetism in these compounds.
Kubler et al. [13] have resolved this complexity by analysis of formation and coupling of magnetic moment in the
compounds Co,MnSn and similarly Co-based alloys in the same year. They also represent the linear relationship
between numbers of valence electrons and spin magnetic moment. Further, this relationship is main backbone of
Slater-Pauling rule. According to this rule, if count of valence electron is equal to 24, then that compound shows
zero magnetic moment and if, count of valence electron is different to 24, and then difference between the total
number of valence electron and 24 represent the net amount of spin magnetic moment [14]. Kubler et al. [15] have
observed in Co-based compound that there exists a straightforward relationship between Curie temperature and spin
magnetic moment i.e. Curie temperature is directly proportional to the spin magnetic moment. Spintronics have vast
area of application in the fields of magnetic memory device, magnetic sensor, tunnel junction, increased data
processing speed, increased integration intensities and it also reduce the consumption of electricity [16-19].
Galanakis et al. [20] and Block et al. [21] have investigated the electronic and magnetic properties of a number of
Heusler compounds and observed that most of them are half metallic and go along with Slater-Pauling rule. we are
going to calculate the structural, electronic, optical, elastic and magnetic properties of Co,VZ (Z= Pb, Si, Sn)
compounds, by using WIEN2k code and Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) code within Generalized-
gradient approximation (GGA) for exchange correlation functions.

COMPUTATION DETAILS
The physical fundamental properties of full Heusler alloys have been performed by full-potential linearized
augmented plane wave (FP-LAPW) [22] method incorporated in Wien2k code [23]. We have chosen suitable
approximation of Perdew, Burke and Ernzerhof (PBE) [24-26] for regulate the exchange and correlation potential
energy to the optimization of parameters like RKmax, K-Point and lattice constant and optimized energy. Spin orbit
coupling effect was considered to perform all the calculations. Electronic structure calculations are accurately
calculated by WIEN2k code for solids. Core states are considered relativistic and valence states are considered as semi-
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relativistic way and energy between these two states (cut off parameter) was set -6.0Ry. In first Brillouin zone 1000
k-points have been used for this code. But we need to set the number of k-points for the calculation of optical properties
and this new value of k-points used are 10000. The size of the basis sets are controlled by convergence or cutoff
parameter, whose value is R Kmax set to 7.0. Here plane wave smallest radius of muffin-tin sphere is denoted by R
and maximum modulus for reciprocal lattice vector used in elaboration of flat wave function is denoted by Kmax. The
energy convergence criterion was taken as 0.0001Ry. To expand the spherical harmonics in the atomic sphere the value
of angular momentum maximum (Im.x) is taken as 10. In the central region the charge density and potential were
elaborated as a cheerier series with wave vector up to Gmax=10. For the each atom muffin tin sphere radii (Rur) are
tabulated in Table 1.

Table 1.
Muffin tin radius (Rmr) for Co,VZ (Z= Pb, Si, Sn).
Compounds
RMT (a.u.)
Co,VPb Co,VSi Co2VSn

Co 2.36 2.30 2.21

2.36 2.19 2.15
4 2.48 1.91 221

Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) package [27] is a Pseudo-potential method carried out in the
framework of density functional theory (DFT) [28, 29]. It is a commercially licensed tool kit. Above mentioned
properties have also investigated with the help of this tool kit. These calculations have been applied to investigate
electronic and magnetic properties of Co,VZ (Z= Pb, Si, Sn) using Pulay Mixer algorithm [30]. For investigations,
we have used double-zeta () polarized basis set for electron wave function expanding and GGA for exchange-
correlation functional. The structures are permitted to optimize until each atom achieve force convergence criteria
0.05 eV/A and maximum stress is 0.05 eV/A?. Maximum numbers of step performed are 200 for the optimization
and during this process maximum step size 0.2 A is also fixed. Convergence is achieved by deciding mesh cutoff
energy on the ground of convergence principle and for this computation 150 Ryd has been projected all over
calculation as the most favorable after several convergence tests. For spin polarization, up and down initial state
have been selected for the atoms. We used 10 x 10 x 10 Monkhorst-Pack k-mesh [31] for brillouin zone sampling
to maintain balance between computational time and results accuracy. Further, all constrain in X, y and z directions
are removed for optimization of structures.

RESULTS AND DISCUSSIONS
Structural parameters
Space group of full Heusler compound is 225 Fm-3m. The chemical formula for full Heusler is Co,VZ (Z = Pb, Si,
Sn) having L2, structure showing their composition 2:1:1. Its structure is formed by three penetrating FCC-lattices with
atomic positions at X; (1/4, 1/4, 1/4), X, (3/4, 3/4, 3/4), Y (1/2, 1/2, 1/2) and Z (0, 0, 0). Where X and Y atoms are
transition metal and Z is main group metal or semimetal [32, 33]. The equation of state given by Murnaghan [34] gives
the value of total energy and pressure as a function of volume is stated as:

_ BV 1 (Vy\PP BVo
E(V)—Eo+[B—P((BP—_1)(7) +1>_(BP—1)]
P = 2{CH% -1},

4 gy =y oyLE
av av av

In the above equations Eg is the minimum energy at T = 0K, B is the bulk modulus, By is the pressure derivative
of the bulk modulus and V, is the equilibrium volume. We perform the operation volume optimization for stable
structure and their results are shown in Figure 1. Optimized lattice constant of WIEN2k and ATK-VNL are slightly
differing from each other. Lattice constant in WIEN2k for the compounds Co,VZ (Z= Pb, Si, Sn) are slightly greater
than the lattice constant optimized in ATK-VNL. Compared values of bulk modulus by these two codes revels the
results that value of bulk modulus of compounds Co,VPb and Co,VSn are less and Value of the compound Co,VSi is
more in WIEN2k code than ATK-VNL code. The compound Co,VSi has showing largest value of bulk modulus in
comparison to the others. Calculated values of the optimized lattice parameter, equilibrium energy and pressure
derivative have been presented in Table 2.

where, Pressure (P) = —
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Table 2.
Lattice parameter, Bulk modulus, Equilibrium energy and Pressure derivative for Co,VZ (Z= Pb, Si, Sn).
Lattice Constants ao (A) Bulk modulus (GPa) e
Equilibrium Pressure
Compounds Calculated Calculated Energy (Ry) derivative
WIEN2K ATK | WIEN2k | ATK S
Co,VPb 6.125 6.073 179.50 195.74 -49329.729 6.872
Co,VSi 5.685 5.638 234.36 233.94 -8052.753 5.406
Co2VSn 6.021 5.957 186.08 206.20 -19830.786 1.851
Co2VPb Co2vsi
-49329.6500 : : . . -8052. . . : .
Murnaghan: VO,B(GPa),BPE0  + / 80526400 Mumnaghan: VO,B(GPa),BPE0  +/
.49329.6600 | 387.9429 177.8218 6.0275 -49329.729225 7 309.8995 229.1460 4.6253 -8052.752925 7L
7 8052.6600 #
-49329.6700 | /* ] /
-49329.6800 | / - -8052.6800
& 493296900 | ¥ ] é
) Vs % -8052.7000 |
@ -49329.7000 | 1@
i & 7
-49329.7100 | ] -8052.7200 + /
-49329.7200 |
N 8052.7400
-49329.7300 |
-49329.7400 . L : - : -8052.7600 : : : : :
340 360 380 400 420 440 460 48 280 300 320 340 360 380 40
Volume [au. 8] Volume [au. 3]
Co2Vsn
-19830.7660 . . , v .
\ Mumaghan: VO,B(GPa),BPE0  +
-19830.7680 | \ 368.2082 185.9344 1.9382 -19830.785609
-19830.7700 | Y
-19830.7720 |
= -19830.7740 |
&
Z  -19830.7760
E -19830.7780 |
-19830.7800 |
-19830.7820 |
-19830.7840 |
-19830.7860 : :
330 340 350 360 370 380 39

Volume [au. 3]

Figure 1. Volume optimization for the lattice parameters

Electronic and magnetic properties

Due to spin of electron magnetic moment of a material can change. This change in magnetic moment is studied from
the band structure and density of state of Heusler compounds. If that compound shows metallic behavior in one spin
channel and semiconducting or insulating behavior in other spin channel at Fermi level then that compound is known as
half metallic ferromagnetic representing 100% spin polarization. This phenomenon is known as Spin polarization. In the
present era Spintronics is very interesting area of research. The advantages of Spintronics devices are nonvolatile magnetic
memory, magnetic sensor, tunnel junction, increased data processing speed, increased integration intensities and
processing speed of data is very high. These devices reduce electric power consummation and there is decrease in heat
dissipation. Spin polarized calculations of Co,VZ (Z= Pb, Si, Sn) compounds within Generalized-gradient approximation
(GGA) full Heusler have been carried out at the optimized lattice parameters. Intrinsic spin of electron is responsible for
magnetic moment. Theoretical value of spin polarization can be calculated using the formula as given below.
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_ nT—nl
" nt+4nl

If either ny = 0 or n; = 0, then P, = 1 or -1. It means, if either up or down spin exists then the spin polarization is
100%. These types of materials are known as half metals ferromagnetic [35]. If the value of P, is vanishes then the
materials are paramagnetic or anti-ferromagnetic even below the magnetic transition temperature. The difference between
the highest energy occupied point in valence band region and the lowest unoccupied energy point in conduction band is
known as energy gap. Study of energy gap from DOS and band structure of the compounds Co,VZ (Z= Pb, Si, Sn) shows
the result that out of three compounds only Co,VSi does not show a band gap in minority spin channel through WIEN2k
code and showing 100% spin polarization. Other two listed compound (Co,VPb and Co,VSn) shows band gaps 0.33 eV
and 0.54 eV, when code executed in WIEN2k and showing semiconducting behavior. Outcome of ATK-VNL code revels
that all three compound shows band gap in down spin and there is no any band gap observed in up spin channel. Obtained
energy gap and spin polarization for the above full Heusler compound is summarized as under in Table 3. The detailed
results of band structures and density of states are shown in Figures 2-5.

Table 3.
Energy gap and spin polarization for Co,VZ (Z= Pb, Si, Sn)
Energy gap E; (eV) Spin polarization
Compounds WIEN2k ATK WIEN2k ATK
Up spin Down spin Up spin Down spin
Co,VPb 0.0 0.33 0.0 -0.51 100% 100%
Co,VSi 0.0 0.0 0.0 -0.82 P, vanishing 100%
Co2VSn 0.0 0.54 0.0 -0.97 100% 100%
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Figure 2. DOS of Co2VZ (Z= Pb, Si, Sn) using WIEN2K Code
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Figure 3. DOS of Co2VZ (Z= Pb, Si, Sn) using ATK-VNL Code.
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Figure 4. Band Structure of Co2VZ (Z= Pb, Si, Sn) using WIEN2K Code.
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Figure 5. Band Structure of Co2VZ (Z= Pb, Si, Sn) using ATK-VNL Code.
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(Continuation)

There is a linear relationship between numbers of valence electrons and spin magnetic moment. This simple
relationship is main clue of Slater-Pauling rule. J. C. Slater [36] and L. Pauling [37] derive a formula for calculating the
magnetic moment per unit cell theoretically and that formula is known as Slater-Pauling rule. According to this rule, if
count of valence electrons in full Heusler compounds is equal to 24, then that compound shows zero magnetic moment
and if, count of valence electron is different to 24, and then difference between the total number of valence electron and
24 represent the net amount of spin magnetic moment per unit cell. This theoretical method of prediction of magnetic
moment is provided by Slater-Pauling. Method for Full Heusler compound is given as-

M(:Zt—24

Where, M; denotes the total magnetic moment per unit cell and Z; denotes the total count of valence electron. Full
Heusler compounds have a straightforward relationship between Curie temperature and spin magnetic moment i.e. Curie
temperature is directly proportional to the spin magnetic moment. For the ferromagnetic half-metallic Heusler
compounds, the Curie temperature increases by ~175 K per added electron after 24. Here, the results obtained by the
codes WIEN2k and ATK-VNL are compared with results derived from theoretical method Slater-Pauling rule. For
analysis the values of magnetic moment from WIEN2k, ATK-VNL code and Slater-Pauling rule, table 4 is very helpful
for us. Total number of valence electrons for all the three compounds Co,CrZ (Z= In, Sb, Sn) is 27. So magnetic moments
per unit cell for all three compounds from Slater-Pauling rule is 3.0 pug. Now, the results derived by WIEN2k and ATK-
VNL are 3.00 and 3.00, 3.02 and 2.96, 3.00 and 3.00 respectively. These compiled values are equal to the values of
theoretical method Slater-Pauling, except slight difference between the values of Co,VSi. So, these listed compounds
have nice agreement with Slater-Pauling behavior. Investigation of results revels that Co and Cr position atom contribute
major section of magnetic moment and small amount of magnetic moment contribution is due to Z position atom. The
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calculated results for magnetic moments for Co,VZ (Z= Pb, Si, Sn) obtained using full potential linearized augmented
plane wave (FP-LAPW) method implemented in WIEN2k and pseudo-potentials method implemented in Atomistic Tool
Kit-Virtual NanoLab (ATK-VNL) within Generalized- gradient approximation (GGA) for exchange correlation functions
is tabulated in Table 4.

Table 4.
Total magnetic moments of the compounds Co,VZ (Z= Pb, Si, Sn).
Magnetic moment (Ug)
Compounds 4 WIEN2K ATK Slater-Pauling (Z, - 24)
Co,VPb 27 3.00 3.00 3.00
Co,VSi 27 3.02 2.96 3.00
Co,VSn 27 3.00 3.00 3.00
Optical properties

Before fabrication of optoelectronics devices, it is compulsory to understand the optical properties of a material
whether it can be used for it or not. For it, we need to study some optical properties like as dielectric function, optical
conductivity, reflectivity, excitation coefficient, absorption coefficient and electron energy loss as a function of photon
energy for a given material. Present section describes such optical properties of the compounds Co,VZ (Z= Pb, Si, Sn).
When an electromagnetic radiation is fall on a material then optical response of that material is described by complex
dielectric function. This complex dielectric function can be written in the form of as below.

& (m)=e1(m) + ie2(m)
Where g1(m) real represents polarization of material when electric field is applied and absorption in a material or
loss of energy into the medium is described by (e2(m)) imaginary part of complex dielectric function [38, 39]. It is

considered that the transitions exist from occupied to unoccupied bands for explain the optical spectra. Inter-band region
is chosen for studying the optical properties. The optical spectra for different optical properties are shown in Figure 6(a-h).
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Figure 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (e) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2VZ (Z= Pb, Si, Sn).

(Continued on next page)
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conductivity, (d) absorption coefficient, (¢) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2VZ (Z= Pb, Si, Sn).

(Continuation)

The main peaks of imaginary part of dielectric function are obtained in infrared region from 0.08 to 0.30eV. After
that, imaginary part of diclectric function decreases rapidly and some small peaks are observed near visible region. The
values of zero frequency real (g; (®)) and imaginary part (€2 (o)) of complex dielectric functions are 170.514 and 58.983,
192.316 and 64.438, 174.193 and 63.898 for the compounds Co,VZ (Z= Pb, Si, Sn) respectively as investigated from the
Figure 6 (a) and 6 (b). Due to electromagnetic field, value of conduction of electron is described by optical conductivity.
Figure 6(c) gives a graphical representation of optical conductivity. In this graphical view, sharp peaks are shown in
visible region and highest sharp peak is obtained at 2.48eV by Co,VSi representing more conduction of electron as
compared with other two compound. The value of absorption of photon is described by absorption coefficient means more
value of absorption coefficient more photons are absorbed by the material. As we increase the values of energy from
infrared region to ultraviolet region then value of absorption coefficient is also increases as shown in the figure 6 (d).
Maximum value of photon absorption is found at 9.26eV by Co,VSi showing highest peak out of three compounds. When
fast moving electron passes through a medium then there is loss in energy of fast-moving electron. This loss of fast-
moving electron can be calculated by electron energy-loss function graph. Like absorption coefficient, value of electron
energy — loss function is also increasing as we increase the value of energy as shown in figure 6 (e). From figure 6 (f), we
observe the values of zero frequency reflectivity which are 0.745, 0.758 and 0.749 for the compounds Co,VZ (Z= Pb, Si,
Sn) respectively. This optical property gives the values of reflection when electromagnetic radiation is fall on the surface
of a material. The region in which material substantially absorbs light and it cannot effectively reflect light in the same
span. The plasma frequency is the frequency corresponding to plasma resonance at which sharp peaks are associated. As
if the frequency is above the plasma frequency then the material showing the dielectric behavior and below which the
material shows metallic behavior. Due to wide applications of refractive index, it is most valuable to analyses; because it
determines the dispersive power of prisms, focusing power of lenses, light guiding, and critical angle for total internal
reflection etc. The values for zero frequency refractive index for the compounds Co,VZ (Z= Pb, Si, Sn) were calculated
as 13.246, 14.056 and 13.412 respectively. Figure 6(h) gives the graphical representation of extinction coefficient
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spectrum. A notable narrow peak is shown in the infrared region along the range 0.18 to 0.50eV and then value of
extinction coefficient is decreases. Near to visible region further a small broad peak is observed between 1.826 —2.65¢V
and further value is decreases in the ultraviolet region.

Elastic properties
Elastic properties are the most fundamental properties of the material calculated using first principle method. Cubic
crystal elasticity is determined by three reduced elastic constants Cij, Ci2 and Caq, out of six independent constant. These
three reduced elastic constant gives us very important information about structure stability, mechanical properties, bond
indexes and anisotropy of material. The crystal must satisfy the traditional mechanical stability condition of elastic
constant. The traditional mechanical stability condition for cubic crystal is as below [40, 41].

Cii—Ci2>0,C1>0,Cy; +2C12>0,Cs4>0,C12<B<Cpy

Structural stability is obtained by anisotropic factor, which is denoted by ‘A’ if the value of ‘A’ is equal to one then
material is isotropic and if the value of ‘A’ deviate from one then material is anisotropic. A property of material which
does not depend on the direction is known as isotropic.

Stiffness and flexibility of a material can be determined by bond index via Cauchy pressure, which is expressed as
Cp = Ci2 — Cy4. From this relation if the value is positive, then the material is metallic in nature and if value is negative,
then the material is nonmetallic. Further, positive result shows ductile nature material and negative result shows brittle
nature of material. If the value of bond index is less than 12 shows soft material and greater than 12 shows hard material
[42]. Pugh’s ratio B/G is also used for to explain the material is brittle or ductile. If the B/G ratio is less than 1.75 then
material is brittle type and if this ratio B/G is greater than 1.75 then it is ductile. Mechanical properties of the compounds
are determined by Bulk modulus (B), young modulus (E), Shear modulus (G) and Poisson ratio (v) by Voigt-Reuss-Hill
(VRH) averaging method [43-44]. Formulas for B, E, G and v by using elastic constant can be expressed as.
Cip + 2C
B= By = By = 11 12
3
_ Gy + Gg
2
Ci1— Cip + 3Cyy
5

Go = 5C44 (C11 — Cy2)
B [4Cy + 3(Cyy — Ci2)]

GV:

(V = Voigt and R = Reuss)

Young modulus is also used to determine the stiffness of material. This can be obtained in term of B and G.
_ 9BG
" 3B+G

The value of Poisson ratio can be calculated in term of B and G. The values of Poisson ratio lie between 0 - 0.5 for most
of the material.

_ 3B-26
~ 2(3B+06)

We use here Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) package using Pseudo-potential method carried out in the
framework of density functional theory (DFT). All the results carried out from this code are assembled in table 5.

v

Table 5.
Elastic constants and bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), B/G values,
Poisson’s ratio (v) and anisotropy factor (A) of Co.VZ (Z= Pb, Si, Sn) compounds.

Elastic constants (GPa) B (GPa) | G (GPa) | E (GPa) B/G v A
Cu Cn Cus
Co,VPb 228.51 179.36 85.22 195.74 51.93 70.77 3.77 0.44 3.47
Co,VSi 271.49 215.17 137.88 233.95 73.94 81.22 3.16 0.44 4.90
Co2VSn 245.91 186.36 106.81 206.21 64.24 85.22 3.21 0.43 3.59

Compound

From the Table 5, we have observed that traditional mechanical stability condition Ci; — Ci2 > 0, Ci; > 0,
Ci1+2C12> 0, Cys > 0, Ci2 < B < Cy; for all the compounds Co,VZ (Z= Pb, Si, Sn) is satisfied. Results of anisotropic
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constant ‘A’ are deviated from one for all three compounds. We have concluded that the compounds Co,VZ
(Z=Pb, Si, Sn) are anisotropic in nature. Values of Poisson are lie between zero to 0.5. Table 5 revels that, Pugh’s ratio
B/G is greater than 1.75 for all compounds recorded in table. These materials are ductile in nature. Values of Cauchy
pressure (Cp = Cy2 — C4s4) compiled from the table 5 are positive for these compounds Co,VZ (Z= Pb, Si, Sn) and shows
metallic nature.

SUMMARY AND CONCLUSIONS

We have compiled the results for Structural, electronic, optical and magnetic properties of Co2VZ (Z= Pb, Si, Sn)
compounds by two simulation codes. From this study, we have analyzed that out of three compounds, two compounds
show half metallicity and 100% spin polarization with L2; ordered stable structures except Co,VSi in full potential
linearized augmented plane wave (FP-LAPW) method. But results of pseudo- potentials method revels that all three
compounds show half metallicity and 100% spin polarization with L2, ordered stable structures. Calculated magnetic
moments per unit cell have good agreement with the Slater-Pauling behavior. Optical spectra of these compounds named
as reflectivity, refractive index, excitation coefficient, absorption coefficient, optical conductivity and electron energy
loss have been analyzed. Values of absorption coefficient and electron energy - loss function are increases as we increase
the value of energy. The predicted results shows that the compounds Co,VZ (Z= Pb, Sn) are suitable for Spintronics
applications. Compilation of elastic properties presented that the above listed compounds are ductile and metallic in
nature.
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TIUVIACTAYHA I METAJIEBA IPUPOJIA KOMIIAYH/IIB XEVCJEPA Co:VZ (Z = Pb, Si, Sn):
BA30BI NPUHIHUIIA JOCJIKEHHSA
Cyxennep?, llpasem IMpasew®, Jlagir Moxan®, Axzkaii Cinrx Bepma?
“@isuunui paxyromem, banacmxani Biovanim, banacmxani 304022, Inois
b®axynomem enexmponixu i mexuixu 36'a3xy, epyna ycmanoe KIET
Taziabao, Ymmap-Ilpaoew (Inois) 201206

V it po6oTi ONTOENEKTPOHHI, NPYXKHI 1 MarHiTHI BiractuBocTi L21 cTpykrypoBanux crnonyk Xelciepa Co2VZ (Z = Pb, Si, Sn)
Oynu ociiukeHi ieoma Metozamu. OJTHUM 3 HUX € METOJ IOBHOIIOTEHIIaNbHOT JiHeapru30BaHoi po3mupeHoi miackoi xsuii (FP-
LAPW), peanizoBanuii 8 WIEN2k, a npyrum - MeTon nceBponoreHuiany, peanizoBanuii B Atomistic Tool Kit-Virtual NanoLab
(ATK-VNL). Bci mi croiyku MoKa3yroTh HYJIbOBY LIMPHHY 3a00pOHEHOI 30HH B OCHOBHOMY CIIIHOBOMY KaHajdi B 000X KOZax
MOJICITIOBaHHA, 1 KiHIeBa 3a0opoHeHa 30Ha cTaHOBUTH 0,33 1 0,54 eB B crutaBax Co2VZ (Z = Pb, Sn) (HanmiBOpoBiZHUKOBUX)
BigmoBixHO. [IpranHa B HEBETUKOMY CIIHOBOMY KaHami nooausy piBas Pepwmi, mo peanizoBano B koai WIEN2k 3i 100% cminosoi
nojsipu3aniero, 3a BUHATKOM Co02VSi (MeTalik) 3 HyJIbOBOIO IIMPHUHOIO 3a00poHEeHOI 30HU. Lli cIOMykn BHSBHIHCS 1I€abHO
HaniBMmeraneBuMu Qepomarnerukamu (HMF). Ongnak Bumesragani croiyky IOKa3yloTh KiHIEBi 3a0opoHeHi 30HM B koai ATK-
VNL. Po3paxoBanuii MaruiTHii MOMEHT 111X 3'eiHanb Co2VZ (Z = Pb, Si, Sn) cranosuts 3,00 1 3,00, 3,02 1 2,96, 3,001 3,00 us B
konax WIEN2k i ATK-VNL BiamoBizgno. TakiuM 4HHOM, MU CIIOCTEPIraiiu, 10 00YHCIICHI 3HAUCHHS 33 IIMMU KOJIaMHU MOJICITFOBaHHS
i npaBuiiom Creiitepa-Iloninra 1o6pe HamamToByOThCS. Bysin poaHanizoBaHi ONTHYHI BIACTHBOCTI LUX CIIOJIYK, TaKi SIK Bi1OMBHA
3[IaTHICTh, MOKA3HUK 3aJOMIICHHS, Koe]ilieHT 30yKeHHs, Koe]ili€HT MOTIIMHAHHSI, ONTHYHA IPOBIIHICTh i €HEPreTHYHI BTPATH
enektpoHiB. KoediieHT nmoriauHaHHs i 3Ha4eHHS (QYHKUII eHEPreTHYHUX BTPAT CNEKTPOHIB 301MBIIYIOTHCS Y Mipy 30iTbIICHHS
eneprii. CniBeinnomenns [1''o B/G nepeBumiye 1,75 mis Beix 3'eqHaHb 1 MOKa3ye IUIACTUYHY NPUPOAY 3 TTO3UTUBHUM 3HAYCHHSIM
tucky Komri (CP = C12 - C44) i mokasye MeTtaneBy noBeminky cnoinyk Co2VZ (Z = Pb, Si, Sn).

KJIIOYOBI CJIOBA: naniBmeraneBuii peppomarseruk, 3a00poHeHa 30Ha, CHIHTPOHIKA, MAarHITHUI MOMEHT, IIPYXKHI NOCTIHHI

IJIACTHYHAS U METAJUTMYECKASI TIPUPOJIA KOMIIAYHIA XEMCJEPA Co:VZ (Z = Pb, Si, Sn):
BA3OBBIE TPUHLUITBI UCCIEJOBAHUSA
Cyxenaep?, llpasem Ipagem®, Jlaaut Moxan?, Axxkaii Cunrx Bepma?
“Qusuyeckuti paxyromem, banacmxanu Biovanum, Banacmxanu, 304022, Huous
bdaxynomem anexmponuxu u mexuuxu ceésizu, 2pynna yupescoenuti KIET
Tasuabao, Ymmap-Ilpaoew (HUuous) 201206

B aroii paboTe onTO3NEKTPOHHBIE, YIPYTUe W MarHUTHBIE cBoWcTBa L21 cTpykTypHupoBaHHEIX coenuHeHni Xeiiciaepa Co2VZ
(Z = Pb, Si, Sn) ObH HccenoBaHEI IBYMst MeTofaMH. OHUM M3 HHX SIBIISICTCS METOJ ITOJTHOIIOTEHIHATGHON JTHHEapHU30BaHHO
pacmupenHoi miockoit BoaHbl (FP-LAPW), peanuzoBanusiii B WIEN2K, a BTOpBIM - METO/ NICEBIOMOTEHIHAIA, PEATHM30BAHHBIN
B Atomistic Tool Kit-Virtual NanoLab (ATK-VNL). Bce 3tu coeanHeHns MoKa3pIBalOT HYJIEBYIO IIUPUHY 3aIlPEIIEHHOI 30HBI B
OCHOBHOM KaHaJIe CTIMHAa B 00OMX KOJaxX MOJEIMPOBAHUS, U KOHEYHas 3ampelieHHas 30Ha cocrasnsieT 0,33 u 0,54 3B B caBax
Co02VZ (Z = Pb, Sn) (momynpoBOJHUKOBBIX) COOTBETCTBEHHO. [IpnunHa B HEOOIBIIOM CIIMHOBOM KaHale 0koso ypoBHs Depmu,
gTo peanu3oBaHo B koge WIEN2k co 100% cnmHOBO# monspusaruel, 3a nckimodenneM Co2VSi (MeTaunk) ¢ HyJIeBOH MHUPHHON
3ampemeHHol 30HBl. OTH COENWHEHHS OKAa3alHCh HICAIBHO MoidyMmeramnndeckuMu (eppomarnerukamu (HMF). Omnrako
BBIIICYIIOMSIHYThIC COCAMHEHHs IOKa3blBAlOT KOHEYHbIC 3ampeuicHHble 30HbI B koge ATK-VNL. PaccuuraHHBII MarHUTHBIN
MOMEHT 3Tux coequnenuit CooVZ (Z = Pb, Si, Sn) cocrasnset 3,00 u 3,00, 3,02 u 2,96, 3,00 u 3,00 us B kogax WIEN2k u ATK-
VNL cootBercTBeHHO. TakuM 06pa3oM, Mbl HAOIIOIAIIH, YTO BEIYUCIICHHBIC 3HAYEHHS 110 3TUM KOJIaM MOJICITIUPOBAHYS U IPaBHITY
Creifrepa-IlonuHra UMerOT XOpOIIO HACTpauBarOTCs. BbulM IpoaHaIU3UPOBaHbI ONTHUECKUE CBOICTBA 3THX COCAMHEHUH, Takue
KaK OTpakaTeJbHasi CIIOCOOHOCTb, IOKa3aTellb IpeoMIeHUs, Kod(duuueHT BO30OYkIACHUS, KOIPPHUIMESHT MOTIOIICHHUS,
ONTHYECKass INPOBOAMMOCT M SHEPreTHYECKUEe MNOTEepU 3IeKTpoHOB. KoadduumeHT noriomeHus M 3Ha4YeHUS QYHKLUH
SHEPTeTHYECKHUX MOTEPh NEKTPOHOB YBEIHMUUBAIOTCS 1O Mepe yBenmdueHus sHeprun. CoorHomenue [Isio B/G npessimaer 1,75
IUTS BCEX COEIMHEHUH U TIOKA3hIBACT IIACTUYECKYIO IPUPOAY C MOJIOKUTENbHBIM 3HaueHneM naienus Komu (CP = C12 - C44) u
MOKa3bIBaCT MeTAJUTMYECKOEe oBeneHue coenuaennii Co2VZ (Z = Pb, Si, Sn).

KJIIOUYEBBIE CJIOBA: nonymeramndecknii peppoMarHeTHK, 3alpelieHHas 30Ha, CIHHTPOHUKA, MarHUTHBI MOMEHT, YIIpyTHe
MOCTOSTHHBIE
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For the investigation of structural, electronic, optical and magnetic properties of Co2CrZ (Z= In, Sb, Sn) compounds, we have used two
different methods. One is based on full potential linearized augmented plane wave (FP-LAPW) method as implemented in WIEN2k
and second is pseudo potential method as implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL). These compounds show
zero band gap in their majority-spin and minority-spin representing metallic behavior except the compound Co2CrSb, which is showing
the band gap 0.54 eV in their minority-spin near the Fermi level and viewing 100% spin polarization; which is implemented in WIEN2k
code. Further, the compound Co2CrSb has been found to be perfectly half-metallic ferromagnetic (HMF). However, above mentioned
compounds show zero band gap in ATK-VNL code. Calculations performed using WIEN2k code shows the magnetic moment of these
compounds Co2CrZ (Z=In, Sb, Sn) 3.11, 5.00 and 4.00us respectively. However, the respective magnetic moment of these compounds
is found to be 3.14, 5.05 and 4.12us in ATK-VNL code. Calculated magnetic moments have good agreement with the Slater-Pauling
behavior. Optical properties play an important role to understand the nature of material for optical phenomenon and optoelectronics
devices. Value of absorption coefficient and optical conductivity of Co2CrSb is greatest than other two compounds. From the absorption
and reflection spectra relation, observations indicate that absorption and reflectivity are inversely proportional to each other.
KEYWORDS: Half-metallic ferromagnetic, band gap, density of state, Spintronics

The history of Heusler compounds started in the year 1903 to 1912, when a German mining engineer and chemist
Friedrich Heusler discovered a ferromagnetic material at room temperature. In those days that is major finding of Heusler.
This ferromagnetic material is shaped by non magnetic element Cu, Mn and Al at room temperature [1, 2, 3]. After that
ferromagnetism is found in the materials, which are framed by Cu and Mn with Z position like Sb, Bi and Sn. But in the
recent years, there are number of Heusler compounds framed, after the ideas of Louis Neel in the year 1930-1940s of
antiferromagnetism and ferrimagnetism [4, 5]. In this paper we discuss the some properties of full Heusler compounds.
These compounds are ternary compounds showing L2, structure formed by three interpenetrating FCC-lattices. Chemical
formula for Full Heusler compound is X,YZ and their composition is representing by 2:1:1 [6-9]. Half metallic
ferromagnetic behavior of Heusler alloys was firstly predicted by de Groot in 1983 in semi-Heusler compound NiMnSb
[10-11]. Along the passage of time half metallicity turns on more curiosity due to its precious spintronic application.
Compounds exhibit 100% spin polarization, if either one spin channel shows band gap and other shows zero band gap at
Fermi level [12-15]. Ishida et al. [16] have also put their results represent that the compounds Co.MnZ (Z= Ge, Sn) are
semi metals and showing 100% spin polarization. Galanakis et al. [17] have presented that in Full Heusler compounds
X>YZ band gap occur due to the interaction in d orbital of X and Y, which generate bonding and anti bonding state by a
vent. Umetsu et al. [18] have investigated that Co,CrGa compound has a stable magnetic moment 3.01 pg at 4.2 k and
follow the Slater-Pauling rule Zt — 24 = total magnetic moment. Miura et al. [19] also studied that Co — based Full Heusler
compounds shows the behavior of half — metallic ferromagnets. Seema et al. [20] shows by their investigation of
electronic, magnetic and optical properties of Co.CrZ (Z= Al, Ga, Ge, Si) that there are three types of disorders, namely
DOs, A2 and B2. In these disorders DO3 and A2 disorder leads decrease in the spin polarization and B2 disorder retains
the spin polarization at Fermi level.

In this paper, we have investigated the structural, electronic, optical and magnetic properties of Co,CrZ (Z= In,
Sb, Sn) compounds, by using WIEN2k code and Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) code within
Generalized-gradient approximation (GGA) for exchange correlation functions.

COMPUTATION DETAILS

An investigation of structural, electronic, optical and magnetic properties have been performed by full-potential
linearized augmented plane wave (FP-LAPW) [21] method incorporated in Wien2k code [22]. For the calculation of
lattice parameter and total energy, Generalized-gradient approximation (GGA) [23] of Perdew, Burke and Ernzerhof
(PBE) [24] was approved as the exchange-correlation function. Spin orbit coupling effect was considered to perform all
the calculations. Wien2k is one of the most accurate methods for performing electronic structure calculations for solids.
Core states are considered relativistically and valence states are considered as semi-relativistic way and energy between
these two states was set -6.0Ry. In first Brillouin zone, we have used 1000 k-points for this code. But for the calculation
of optical properties we need to increase the number of k-points and this increased value of k-points used are 10000. The

© Sukhender, Pravesh Pravesh, L. Mohan, A.S. Verma, 2020
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size of the basis sets are controlled by convergence or cutoff parameter, whose value is Ryt Kmax set to 7.0. Here plane
wave radius is denoted by Ry and maximum modulus for reciprocal lattice vector is denoted by Kmax. The energy
convergence criterion was taken as 0.0001Ry. To expand the spherical harmonics in the atomic sphere the value of angular
momentum maximum (Imax) is taken as 10. In the central region the charge density and potential were elaborated as a
cheerier series with wave vector up to Gmax=10. For the each atom muffin tin sphere radii (Rmr) are tabulated in Table 1.

Table 1
Muffin tin radius (Ryr) for Co2CrZ (Z= In, Sb, Sn).
Compounds
Rur (a.u.) Co,Crln Co.CrSb Co,CrSn
Co 2.35 2.37 243
Cr 2.29 2.31 2.37
Z 2.35 2.37 243

Above mentioned properties are also investigated with the help of commercially licensed Atomistic Tool Kit-Virtual
NanoLab (ATK-VNL) package [25]. Which is a Pseudo-potential method carried out in the framework of density
functional theory (DFT) [26, 27]. First-principles calculations have been applied to investigate electronic and magnetic
properties of Co2CrZ (Z= In, Sb, Sn) using Pulay Mixer algorithm [28]. For investigations, we have used double-zeta ({)
polarized basis set for electron wave function expanding and GGA for exchange-correlation functional. The structures
are permitted to optimize until each atom achieve force convergence criteria 0.05 eV/A and maximum stress is 0.05
eV/A3. Optimization is performed in 200 maximum number of step and during this process maximum step size is also
fixed i.e. 0.2 A. Convergence is achieved by deciding mesh cutoff energy on the ground of convergence principle and for
this computation 150 Ryd has been projected all over calculation as the most favorable after several convergence test. For
spin polarization, up and down initial state have been selected for the atoms. We used 10 x 10 x 10 Monkhorst-Pack k-
mesh [29] for brillouin zone sampling to maintain balance between computational time and results accuracy. Further, all
constrain in X, y and z directions are removed for optimization of structures.

RESULTS AND DISCUSSIONS
Structural parameters
Space group of full Heusler compound is 225 Fm-3m. The chemical formula for full Heusler is X,YZ showing their
composition 2:1:1. Its structure is formed by three penetrating FCC-lattices with atomic positions at X; (1/4, 1/4, 1/4),
X, (3/4,3/4,3/4),Y (1/2,1/2,1/2) and Z (0, 0, 0). Where X and Y atoms are transition metal and Z is main group metal
or semimetal [30, 31]. The equation of state given by Murnaghan [32] gives the value of total energy & pressure as a

function of volume is stated as:
E(V)=Ey + [BV( ! (VO)BP + 1) BVo ]
O |Bp \(Bp—D\V (Bp — 1)

PW) = - {CDF — 1},
dE

where, Pressure (P) = ——, Bp = v = Vii
av av av

In the above equations Ey is the minimum energy at T = 0K, B is the bulk modulus, Bp is the pressure derivative of
the bulk modulus and V, is the equilibrium volume. For structure optimization we have used volume optimization and
their results are shown in Figure 1. There are slight differences between the optimized lattice parameter of WIEN2k and
ATK lattice parameters. Optimized lattice parameters in WIEN2k for Co,CrIn and Co,CrSn are slightly greater than the
lattice parameters optimized in ATK-VNL, where Co,CrSb has slightly less value in WIEN2k. If we compare the values
of bulk modulus by WIEN2k and ATK-VNL then results obtained by WIEN2k are greater to the ATK-VNL. The
compound Co,CrSn has showing largest value of bulk modulus in comparison to the others. Calculated values of the
optimized lattice parameter, equilibrium energy and pressure derivative have been representing in Table 2.

Table 2.
Lattice parameter, Bulk modulus, Equilibrium energy and Pressure derivative for Co,CrZ (Z= In, Sb, Sn)
Lattice Constants ag (A) Bulk modulus (GPa) L
Compound Equilibrium . Pre.s sure
Calculated Calculated Energy (Ry) derivative (GPa)
WIEN2k ATK WIEN2k ATK
CoyCrln 5.962 5.957 229.40 167.16 -19442.157 1.399
Co,CrSb 6.014 6.044 180.15 178.43 -20642.889 3.956
Co,CrSn 5.984 5.957 348.57 208.84 -20033.879 -12.017
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Figure 1. Volume optimization for the lattice parameters

Electronic and magnetic properties

In the present era Spintronics is very useful ground work, which is very innovative for future technology. The
advantages of Spintronics devices are nonvolatile memory and high processing speed of data. These devices consume
less electric power and their heat dissipation is also decrease. Half-metallic ferromagnets having 100% spin-polarized can
optimize the accomplishment of these devices. Spin polarized calculations of Co,CrZ (Z= In, Sb, Sn) compounds within
Generalized-gradient approximation (GGA) full Heusler have been carried out at the optimized lattice parameters. If band
structure shows zero band gaps in majority spin channel and a band gap in minority spin channel then the compound
shows 100% spin polarization at Fermi level. Intrinsic spin of electron is also responsible for magnetic moment.
Theoretical calculations of spin polarization can be done using the formula as given below.

_nT —nl
" nT4+nl’

If either ny = 0 or n; = 0, then P, = 1 or -1. It means, if either only one spin channel is existing then the spin
polarization is 100%. These types of materials are known as half metals ferromagnetic. If the value of P, is vanishes then
the materials are paramagnetic or anti-ferromagnetic even below the magnetic transition temperature [33]. After studying
the energy gag from DOS and band structure of the compounds Co,CrZ (Z= In, Sb, Sn), we have concluded that out of
three compounds only Co,CrSb show a band gap in minority spin with value 0.54 eV in WIEN2k code, showing 100%
spin polarization. Other two listed compounds show zero band gaps, showing metallic behavior. Outcome of ATK-VNL
code revels that all three compounds show metallic behavior. Obtained energy gap and spin polarization for the above
approximation is summarized as under in Table 3. The detailed results of band structures and density of states are shown
in Figures 2-5.
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Table 3.
Energy gap and spin polarization for Co,CrZ (Z= In, Sb, Sn).
Energy gap E; (eV) Spin polarization
Compound WIEN2k ATK
WIEN2k ATK
Up spin Down spin Up spin Down spin
Co2Crln 0.0 0.0 0.0 0.0 P, vanishing P, vanishing
Co2CrSb 0.0 0.54 0.0 0.0 100% P, vanishing
Co2CrSn 0.0 0.0 0.0 0.0 P, vanishing P, vanishing
T T f Yal T T T T T T T
8 F CoxCrin | BSR4 5| jomom 012l DOS Up —— |
6t L
4L g |
§ 0 5
a 8 2
1] 17}
3 2 & .l

-10 -8

Energy (eV)

DOS(Statesl/eV)

Figure 2. DOS of Co2CrZ (Z= In, Sb, Sn) using WIEN2K Code
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Total valence electron count can propose the result of magnetic moment per unit cell of Heusler compounds. This
theoretical method of prediction of magnetic moment is provided by Slater-Pauling. Method for Full Heusler compound

is as given by

M[ = Zt — 24,

where, M, denotes the total magnetic moment per unit cell and Z; denotes the total count of valence electron [33,34].
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Figure 4. Band Structure of Co2CrZ (Z= In, Sb, Sn) using WIEN2K Code
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Figure 5. Band Structure of Co2CrZ (Z= In, Sb, Sn) using ATK-VNL Code
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(Continiation)

Here, we have compared the values by the codes WIEN2k and ATK-VNL with derived from theoretical method
Slater-Pauling. If obtained results are equivalent to Slater-Pauling result then we can say that it follow the Slater-Pauling
behavior. From the Table 4, we can easily analysis the values of WIEN2k, ATK-VNL code and Slater-Pauling rule. Total
number of valence electron of Co,CrZ (Z= In, Sb, Sn) alloys are 27, 29 and 28 respectively. So there magnetic moments
per unit cell are 3.0, 5.0 and 4.0ug respectively from Slater-Pauling rule. Now, the results compiled by WIEN2k and
ATK-VNL are 3.11 and 3.14, 5.00 and 5.05, 4.00 and 4.12 respectively. These compiled values are equivalent to values
of theoretical method Slater-Pauling. So, these listed compounds have nice agreement with Slater-Pauling behavior.
Investigation of results revels that Co and Cr position atom contribute major section of magnetic moment and small
amount of magnetic moment contribution is due to Z position atom. It was also observed that more amount of magnetic
moment at sites Co and Cr are induces as Z atom have more valence electron. The calculated results for magnetic moments
for Co2CrZ (Z= In, Sb, Sn) obtained using full potential linearized augmented plane wave (FP-LAPW) method
implemented in WIEN2k and pseudo-potentials method implemented in Atomistic Tool Kit-Virtual NanoLab
(ATK-VNL) within Generalized- gradient approximation (GGA) for exchange correlation functions is tabulated in
Table 4.

Table 4.
Total magnetic moments of the compounds Co,CrZ (Z= In, Sb, Sn).

Magnetic moment (pig)

Compounds Zy 5 -
WIEN2K ATK Sla;tezr P;‘i;mg
-
Co,Crln 27 3.11 3.14 3.00
Co,CrSb 29 5.00 5.05 5.00
Co0,CrSn 28 4.00 4.12 4.00
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Optical properties
Optical properties play an important role to understand the nature of material; whether it can be used as
optoelectronics device. The present section describes the optical properties of the compounds Co,CrZ (Z= In, Sb, Sn).
For the optical properties, we calculate the dielectric function, optical conductivity, reflectivity, excitation coefficient,
absorption coefficient and electron energy loss as a function of photon energy for the above compounds. The complex
dielectric function describes the optical response of a material on incident electromagnetic radiation.

€ (m)=e1(m) + iez(m)

Where €;(m) real represents polarization and anomalous dispersion of medium and ig,(m) corresponds imaginary
part represents the absorption or loss of energy into the medium [35, 36]. It is considered that the transitions exists from
occupied to unoccupied bands for explain the optical spectra. Inter-band region is chosen for studying the optical
properties. The different optical spectra are shown in Figure 6.
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Figure 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (¢) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2CrZ (Z= In, Sb, Sn).

(Continued on next page)

The imaginary part of dielectric function for all three compounds shows the main peak in infrared region from 0.08
to 0.31eV. After that, imaginary part of dielectric function decreases continuously and some small peaks are observed in
infrared region, near visible region between 1.13 - 1.86eV. The zero frequency real (g; (o)) and imaginary part of complex
dielectric functions values are 283.54 and 112.766, 297.748 and 120.002, 265.679 and 86.053for the compounds Co2CrZ
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(Z= In, Sb, Sn) respectively as observed from the Figure 6 (a) and 6 (b). Optical conductivity is an important optical
parameter for conduction of electron due to an applied electromagnetic field. In the optical conductivity spectrum, sharp
peaks are observed at 0.18 to 0.50eV, 1.38 to 1.88¢V in infrared region and in ultraviolet region between 3.97 - 8.37¢V.
A sharp peak is observed at 7.39¢V by Co,CrSb showing largest conduction of electron. High absorption coefficient
means that the material absorbs more photon, which excite electron from valence band to conduction band. The values of
absorption coefficient are an increase along the values of energy is increases towards visible region to ultraviolet region
as shown in the Figure 6(d).
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Figure 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (e) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2CrZ (Z= In, Sb, Sn).

(Continuation)

Highest peaks are observed between 7.50 - 8.75¢V by all above compounds. At 7.74eV Co,CrSb showing highest
peak out of three compounds representing maximum absorption of photons. Electron energy-loss function gives the
energy loss of a fast moving electron when passing through the medium. The plasma frequency is the frequency
corresponding to plasma resonance at which sharp peaks are associated. As if the frequency is above the plasma frequency
then the material showing the dielectric behavior and below which the material shows metallic behavior. Value energy
loss of fast moving electron is increases as move from infrared to ultraviolet region. The maximum energy loss is observed
between 12 to 13eV for above these compounds as shown in Figure 6(¢e). An extinction coefficient spectrum is displayed
in Figure 6 (h). A prominent narrow peak is shown in the infrared region along the range 0.20 to 0.46eV and then value
of extinction coefficient is decreases. Near to visible region further a small peak is observed between 1.16 —2.17¢V and
further value is decreases in the ultraviolet region with small peak near 8eV. The values of zero frequency reflectivity are
0.798, 0.803 and 0.789 for the compounds Co,CrZ (Z= In, Sb, Sn) respectively as observed from Figure 6 (f). From the
absorption and reflection spectra relation, observations indicate that absorption and reflectivity are inversely proportional
to each other. Value of reflectivity first decreases showing small peak near 2eV with the increase of energy up to 5.5¢V
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and after that increases up to 8.3eV in the ultraviolet region. The region in which material substantially absorbs light and
it cannot effectively reflect light in the same span. The refractive index is the important optical property due to wide
applications because it determines the dispersive power of prisms, focusing power of lenses, light guiding, and critical
angle for total internal reflection etc. How fast light is traveling through the materials is described by refractive index.
The values for zero frequency refractive index for the compounds Co,CrZ (Z= In, Sb, Sn) are observed as 17.156, 17.589
and 16.507 respectively.

SUMMARY AND CONCLUSIONS

Here, we have investigated structural, electronic, optical and magnetic properties of Co,CrZ (Z= In, Sb, Sn). These
properties have been studied by using full potential linearized augmented plane wave (FP-LAPW) method implemented
in WIEN2k and pseudo- potentials method implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) within
Generalized-gradient approximation (GGA) for exchange-correlation functional. From study of DOS and band structure,
we have clearly mentioned that the compound Co,CrSb is half metallic and 100% spin polarization with L2, ordered
stable structures in WIEN2k code. Other two compounds show the metallic behavior with zero band gaps at Fermi level.
Calculated magnetic moments have good agreement with the Slater-Pauling behavior. For above listed compounds, the
optical properties named as reflectivity, refractive index, excitation coefficient, absorption coefficient, optical
conductivity and electron energy loss have been calculated. Also, we have analyzed their optical spectra and Inter-band
region is chosen for studying the optical properties. Value of absorption coefficient and optical conductivity of Co.CrSb
is greatest than other two compounds.
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HEPIIOOCHOBU PO3PAXYHKY EJEKTPOHHUX, ONITUYHUX I MATHITHUX BJIACTUBOCTEM
IOBHHX CIIOJIYK XENCJIEPA
Cyxxennep?, [Ipasem®, Jlaxitr Moxan?, Amxkaii Cinrx Bepma®
“Kagedpa ¢izuxu, banacmxani Biovsnimx
Banacmxani 304022, Inois
bKageopa enexmpouixu i mexnixu 36s3xy, 2pyna ycmanog KIET
T'aziabao, Ymmap-Ilpaoew, Inois, 201206

Jnst JOCHi/UKEHHST CTPYKTYpPHHX, €IEKTPOHHUX, ONTHYHHMX 1 MarHiTHUX BiactuBocted crnoiayk CoCrZ (Z = In, Sb, Sn) mu
BHUKOPUCTOBYBAJIH JBa pi3HuX MeTonu. OauH 3 HUX 0a3yeThcsi HA METO/I MOBHOI NOTEHIIHHOT JliHeapi30BaHOT PO3LUIMPEHOT MIOCKOT
xBwii (FP-LAPW), sxuii € peanizoBanum y xomai WIEN2k, a npyruii — Ha mIceBIOMOTEHIIITHOMY METO/Ii, peati3oBaHOMY B Atomistic
Tool Kit-Virtual NanoLab (ATK-VNL). i mux CroiyK € XapakTepHOIO HyJIbOBA IIMPHHA EHEPTETHYHOI MIIJIMHHU SK U1 OCHOBHOL
TaK 1 MPOTHIIEKHOI OpieHTamii CIiHy, IO MPEACTABISIOTh METAIIYHI XapaKTePUCTHKH, 3a BUHATKOM crosrykn Co2CrSb, sika mokasye
mupuHy eHeprerimunoi mimman 0,54 eB s mporuiexHoi opieHTanil cminy moGmusy piBas ®epwmi, i crioctepiraerscst 100%-Ha
CIIHOBA MOJAPH3allis; BCi Ii AaHi oTpuMaHi 3 Bukopuctanuam kogy WIEN2k. Kpim Toro, Oyno BusBieHo, 1o cronyka Co2CrSb e
ineanbHuM HamiBMeTasieBuM ¢epomarnerukoM (HMF). V toii xe vac, npu BuxopucranHi kogy ATK-VNL s BumiesazHaueHHX
CIOJIyK Ma€ Miclie HyJIbOBa eHepreTH4Ha uiinuHa. Po3paxyHku, mio Oyiau BUKOHaHI 3 BukopucTaHHsM koxy WIEN2k, nokasyiots
MarHitTHu# MoMeHT 1ux crnoiyk Co2CrZ (Z = In, Sb, Sn) 3,11, 5,00 i 4,00 us, BigmoBiguo. OxHaK, BIAMOBIAHMIA MarHiTHAI MOMEHT
ux croiyk y koxi ATK-VNL cranoButs 3,14, 5,0514,12 ps. Po3paxoBani MarHiTHi MOMEHTH 100Op€ y3TOIKYIOThCS 3 BIACTUBOCTSIMA
o Creiitep-Iloniary. OnTHYHI BIACTUBOCTI BiIITParOTh BAXKIMBY POJIb Yy PO3yMiHHI MMPUPOAU MaTepiaily, 0 BUKOPUCTOBYETHCS IS
BHBUYCHHS ONTHYHUX SIBHUI, a TAKOX BHKOPHCTOBYIOTHCS B IPUCTPOSIX ONTOEIEKTPOHIKH. 3HAUeHHS Koe(illieHTa MOITMHAHHSI Ta
onrrryHOT mpoBigHocTi It Co2CrSb € GUIBIINM, HIX JUIS IBOX IHIIUX CIIONYK. 31 CIIBBIHOIIECHHS CIEKTPIB IOTIMHAHHS 1 BIOUTTS
BUJIHO, 1110 TIOTJIMHAHHS 1 BiZIOMBHA 371aTHICTh € 00CPHEHO MPOMOPIIIHHUMHE OJIHH OJTHOMY.

KJIFOUOBI CJIOBA: HaniBmeTaseBuii ()epoMarHeTuK, MNPUHA €HEePreTUYHOT IIJIMHY, IIIbHICTh CTaHy, CIIIHOBA €JICKTPOHIKa

MEPBOOCHOBBI PACUETA JIEKTPOHHBIX, ONTHYECKAX U MATHUTHBIX CBOMCTB
MOJHBIX COENHEHWIA XENCJIEPA
Cyxkxenaep?, [Ipasem®, Jlanut Moxan?, Amkaii Cunrx Bepma?
“Kagheopa guszuku, banacmxanu Buovsanumx
Banacmxanu 304022, Unous
bKageopa snexmponuxu u mexnuxu ceszu, Ipynna yupesicoenuii KIET

Tasuabao, Ymmap-Ilpaoew (Unous) 201206
s uccienoBaHus CTPYKTYPHBIX, 3JEKTPOHHBIX, ONTHYECKUX M MAarHUTHBIX cBOHcTB coenuneHuit CoxCrZ (Z = In, Sb, Sn) msl
HCTIONB30BaIM /1Ba pa3HbIX MeToAa. OAWH U3 HUX OCHOBAH Ha METOJE IOJHOW MOTEHIMAIBHON JIMHEapU30BaHHON paCIIMpEHHON
wiockoit BoiHHI (FP-LAPW), peanmmzoBannoMm B koge WIEN2k, a BTOpoii — Ha MCEBAONOTEHIIMATEHOM METOJIE, PCATH30BaHHOM B
Atomistic Tool Kit-Virtual NanoLab (ATK-VNL). JIns 3TuX coequHEHUI XapakTepHa HyJieBas IINPHHA SHEPTETHYECKOH e Kak
IUTSL OCHOBHOM TaK M IPOTHBOIOIOKHON OPHUEHTAIMU CIIHHA, IPEICTABIAIONNX METAJUTHUECKIE XapaKTePIUCTUKH, 32 UCKITIOYEHUEM
coenuaennst Co2CrSb, KoTopoe NoKka3bIBaeT IMUPHHY SHepreTudecko menu 0,54 3B ¢ mpoTHBOMOIOKHON OpHEHTalH CITMHA BOIH3N
ypoBast @epmu, u Habmonaercs 100%-Has CIUHOBAs OJISAPHU3ALUS; BCE OTH JIAHHBIC TOJyYCHBI C UCTONb30BaHueM koja WIEN2k.
Kpowme toro, 66110 06HapyskeHo, uto coequnenne Co2CrSb sBisieTcs: naeabHbIM nodyMeTamndeckuM peppomarneruxom (HMF). B
TO xe BpeMms1, IpH ucross3oBanny koga ATK-VNL aist BRIy TOMSHYTBIX COSMHEHUH HMEET MECTO HyJIeBast SHEPreTHYECKasl Ielb.
Pacuernl, BbIONHEHHBIE ¢ Hcnoib3oBaHueM Koma WIEN2K, moka3elBaroT MarHMTHBIA MOMEHT 3TuX coeauHenuil Co2CrZ
(Z=1In, Sb, Sn) 3,11, 5,00 u 4,00 pp, coorBeTcTBEHHO. OHAKO COOTBETCTBYIOIINI MAarHUTHBIA MOMEHT 3THX COCIUHEHHUH B KOxe
ATK-VNL cocrasnser 3,14, 5,05 1 4,12 ps. PaccuntanHbsle MarHUTHBIE MOMEHTHI XOPOIIIO COTTIACYIOTCS cO cBoHcTBaMu o CnelTep-
Honuary. OnTudeckue CBOICTBA WTPAIOT BAXHYIO PO B MOHUMAaHWUM HPUPOIBl MaTepHaja, HCIIOJIB3yeMOTO Ui H3Yy4CHHS
ONTHYECKUX SIBICHMH, a TakXKe HCIIOJIb3YEMBIX B YCTPOICTBaX ONTOJIEKTPOHHMKU. 3HaueHHE KOd(D(PUIHECHTA IOIJIOMEHUS U
onrrdeckoit mposogumMoctH it Co2CrSb Gombie, 4eM A ABYX APYTUX COeIUHEHMH. VI3 COOTHOIIEHHS CIIEKTPOB ITOTJIOMIEHHS U
OTpaKEHHMs BUIHO, YTO IOTJIOIIEHUE U OTPAXKaTEIbHasl CIIOCOOHOCTH 0OPAaTHO NPONOPILHMOHAIBHEL APYT APYTY.
KJIFOYEBBIE CJIOBA: nojymetauinyeckuii heppoMarHeTiK, IMUPUHA SHEPTETUUCCKON MIEH, IUIOTHOCTh COCTOSHHUS, CITHHOBAS
3JIEKTPOHUKA
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The Half-Heusler compounds exhibit a diverse range of tuneable properties including half-metallic ferromagnetism topological
insulator, solar cells and thermoelectric converters. We have studied four half-Heusler compounds MnFeln, MnFeGa, MnNiAs and
MnNiSb. The nature and properties of half-heusler compounds can be studied on the bases of their valance electron count. In this
paper, Fe based compounds have 18 valence electrons; whereas 22 valence electrons in Ni based. The Density Functional Theory
(DFT) has been performed with WIEN2k code. Ni based compounds with Mn located at octahedral sites are half-metals as revealed
from the Density of States (DoS) and band structure calculations. In all of them, spin-up channels are conducting; whereas in
MnNiAs and MnNiSb spin-down channels have the small band gaps. MnNiAs and MnNiSb exhibit half-metallic property with
integer magnetic moments of 4 us per formula unit and half-metallic gaps of 0.15 and 0.17 eV at their equilibrium volume
respectively.

KEYWORDS: Half-heusler, Spin polarisation, Optimization, Half- metallic

INTRODUCTION

The Heusler compounds were named after its discoverer Fritz Heusler. Surprisingly, the compound is
ferromagnetic although none of its constituent elements is magnetic by itself. Half-Heusler compound is an
impressive group of unconventional semiconductors being comprised of metal and containing at least one transition
metal. Based on their properties they can be used in many applications [1-5]. The structure of Manganese based Half-
Heusler compounds is a combination of rock salt and Zinc blend type lattices. This class of compounds with a 1:1:1
stoichiometric composition and can be represented as XYZ type structure with space group F-43 m [6, 7]. The main
group elements such as As, Ga, In and Sb represents Z in our study. These compounds can be viewed as Mn and Z

form zinc blend sub lattice arranged in a primitive cell at Wyckoff positions (0,0,0) and [%%%) whereas [8,9]. We

can also mention the ordering by interchanging above said Wyckoff positions, but the preferred atomic arrangements
have dependency on size of involved atoms and the inter-atomic interaction between them. But in our case the size
dependency on arrangement of transition metal is dominating factor over inter-atomic interaction configured by
electro negativity of atoms. So, Manganese is most electropositive atom in our series of interest occupies position
(0,0,0) whereas p-block elements are most electronegative element arranged at (0.5,0.5,0.5) for such set of
configuration the transition elements having intermediate electronegativity acts like a bridge to pass on valence
electrons from electropositive to most electronegative atom. This bridge type consideration forwarded by
electronegativity difference plays important role for determination of bonding nature of materials. Also, half Heusler
compounds considered as ternary relatives of binary semiconductors with vacant tetrahedral structures [10, 11]. The
properties of these compounds depend strongly on number of valance electron in the primitive cell which determine
the band structure & physical properties of the compound. Generally, it has been observed that half Heusler
compounds with 18 valence electron having closed shell configuration shows tuneable band gap apart from this
phase compounds will show magnetic behaviour but manganese-based compounds show tuneable band gap with 22
valence electrons instead of 18 [12,13]. Such behaviour can also be seen in rare earth metal based half Heusler
compounds [14, 15].

COMPUTATIONAL DETAILS

The first principles calculations are done by using full potential Linearized Aungumated Plane Wave method
(FP-LAPW) implemented in WIEN2k simulation package to describe the interaction between atomic core and valence
electrons [16]. Considering the valance electrons, the electronic wave function is expanded. Generalized gradient
approximation (GGA) in Perdew-Burke-Ernzerhof (PBE) is used to describe the exchange correlation energy [17]. For
the geometry optimization of electronic structure; we have used the FP-LAPW method which lies within the framework
of spin-polarized Density Functional Theory (SDFT). The cut-off energy separation between core and band states is
kept -0.6 Ry for plane wave basis set in all studied materials. The energy convergence criterion was set to 0.00001 Ry
and for charge to 0.001 e". Total numbers of K - point are kept 1000 for irreducible Brillouin zones in Wien2k.

© L. Mohan, Sukhender, S. Kumar, D. Sharma, A.S. Verma, 2020
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RESULT AND DISCUSSION
In the first step, the lattice constants were determined. The total energies for mentioned compounds with half-
Heusler structure as a function of the lattice constant are calculated. The equilibrium lattice constants were derived by
minimizing the total energy.

Structural properties
For all compounds volume optimization was done based on the Murnaghan equation of state [18]. The volume vs.
energy curves are shown in Fig. 1. The optimized volume, pressure, pressure derivative and the minimum ground state
energy is calculated and tabulated in Table 1. The optimized value of the lattice constant was used for the DOS, band
structures and magnetic moment calculations to predict the electronic and magnetic properties of compounds.

Table 1.
The calculated values of the equilibrium lattice constant a,, equilibrium volume, the bulk modulus B (GPa), the
pressure derivative of bulk modulus Bp and minimum energy during optimization.

Compound Optimized Lattice Equilibrium Bulk Modulus B Ener
P
P Parameter (A") Volume (Vo) (GPa) gy
MnFeln 5.7057 341.56 140.90 3.34 -16629.13
MnFeGa 5.7048 313.22 101.56 4.58 -5348.47
MnNiAs 5.7048 305.23 141.97 7.40 -9881.19
MnNiSb 59128 348.81 102.37 6.02 -18326.23
FelnMn MnNiSb
-5348 4400 , . : ‘ , . -18326.1700 : . . : ‘ ; ; ‘
Murnaghan: VQ,B(GPa},BF.EQ + Murnaghan: V0,B(GPa},BP,EQ +
313.4280 102.0787 4.3025 -5348.473104 348.7820 100.5453 6.8606 -18326.237342
53484450 | 1 -18326.1800 |
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2 B
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w w
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Figure 1. Total energy as a function of volume per formula unit corresponding to MnFeln, MnFeGa, MnNiSb & MnNiAs alloys
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Electronic and Magnetic Properties

The electronic structure plays an important role in determining the half-metallic properties of half-Heusler
compounds, so in order to understand the electronic structure of compounds; we have calculated the total density of

states (DOS) and shown in Fig. 2.
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Figure 2. Total and atomic spin- density of states of all studied metallic (MnFeln, MnFeGa) and half metallic ferromagnetic
(MnNiSb, MnNiAs) compounds at their equilibrium lattice constant. Negative of DOS axis represents the minority spin
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It is clear from the figure for both MnFeGa and MnFeln both the majority and minority spin electrons exhibits
metallic character. For MnNiAs and MnNiSb compounds, the electronic states in the majority-spin band are metallic and
there is an energy gap at the Fermi level in minority-spin state confirms the half-metallic characteristics at their equilibrium
lattice constants. We have focused on the calculations of MnNiAs and MnNiSb compounds, and the origin of half-metallic
band gaps for these compounds has investigated. The partial DOS are also shown in the Fig. 2 for all the four compounds.
Because the half-metallic band gap is an important factor in these materials, the atomic-projected DOSs of MnNiAs and
MnNiSb compound. The states around -4.4 eV to -0.8 eV are essentially composed of Ni-d states with some admixture of
As/Sb-p and Mn-d states. The states above 0.2 eV are mainly composed of Ni and Mn-d states. The Ni-d states are mainly
located below the Fermi level, while the majority Mn-d states are mainly found around Fermi level. The ferromagnetism in
MnNiAs and MnNiSb is attributed to the strong tendency of the d electrons of Mn** (d*) to localize. The s and p states of
Arsenic and Antimony are fully occupied and hybridize with unoccupied p and s state of Nickel, forming a set of low
energy bonding a; and triple degenerated t, orbital, as well as a set of high energy anti-bonding and unoccupied orbital
forming. The coupling of sublattices [NiAs] 3 and [NiSb] % with Mn*" atom leads to the formation of bonding orbital
doubly occupied and filled with 18 valance electrons. The anti-bonding hybrid orbital occupies four valance electrons.
Mn3* with d* configuration giving rise to a magnetic moment of approximately 4 pg.

To determine the band gap, we have also calculated the band structures of Half-Heusler compounds as shown in
the Fig. 3. Both the panels for spin-up (black) channels and for the spin-down (blue) are given. Spin-down states have
the band gaps and are, therefore, semiconducting. In the minority-spin band structure of MnNiSb and MnNiAs, the
valence band maximum (VBM) is at the I'-point and the conduction band minimum (CBM) at the X-point. Thus, the
minority-spin band structure shows half-metallic behaviour with an indirect energy gap. The origin of the gap is mainly
attributed to the covalent hybridization between the d-states of the Mn and Ni atoms, leading to the formation of
bonding and anti-bonding bands with a gap in between [19]. The bonding hybrids are localized mainly at the Ni atoms
whereas the anti-bonding states are mainly at the Mn sites.
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Figure 3. Spin resolved structure of compounds in majority spin channel (left) and minority spin channel (right),
at the equilibrium lattice constant
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Figure 3. Spin resolved structure of compounds in majority spin channel (left) and minority spin channel (right),
at the equilibrium lattice constant
(Continuation)

Here, we come to the magnetic properties of these Half-Heusler compounds. The Galanakis model describes the
spin magnetic moment of half-Heusler compounds using the difference between spin-up and spin-down states [20,21].
The integral total magnetic moment, which is a typical characteristic of half metallic ferromagnetism, obeys the Slater-
Pauling rule for the half-Heusler alloys Mt = Z¢ -18; where Mt is the total magnetic moment per formula unit and Z¢ is
the total number of valence electrons [22,23]. For example, Mn, Fe, Ni, In, Ga, Sb and As atoms have 7,8,10,3,3,5 and 5
valence electrons, respectively. The total magnetic moments per formula unit for these four compounds are integral and

shown in table 2.

Table 2.
Calculated values of total magnetic moments of the compounds
uB Mn Fe/Ni X(In, Ga, Sb, As) Total
MnFeln 3.291 2.367 -0.338 532
MnFeGa 3.21 2.342 -0.42 5.132
MnNiSb 3.883 0.298 -0.181 4
MnNiAs 3.812 0.332 -0.145 3.999

For example, Mn, Fe, Ni, In, Ga, Sb and As atoms have 7,8,10,3,3,5 and 5 valence electrons, respectively. Also,
the spin polarization P is defined by the total number of valence electrons and total magnetic moment per formula unit
is shown in Table 3. It is clear that the compounds with 22 valance electrons are 100% spin polarized. The calculated

result has good agreement with theoretical value of magnetic moment.
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Table 3.
Compound parameters
Compound 7« Mt (uB) Spin Polarization
MnFeln 18 Zero Unpolarized
MnFeGa 18 Zero Unpolarized
MnNiAs 22 4 100%
MnNiSb 22 4 100%

SUMMARY AND CONCLUSIONS

Half-metallic behaviour of materials has been found and the applications in different aspects of the emerging field
of spintronics, e.g. half-metallicity produces 100% spin polarization at the Fermi level; which generates a fully spin-
polarized current. Furthermore, due to conduction of only one type of electrons, i.e. spin-up or down, they can be used
as electrical switches. These properties make half-metals suitable for applications in Spintronics. We have been
observed from theoretical calculations that Fe based half-Heusler compounds containing Mn at octahedral lattice have
metallic behaviour inspite of they having 18 valance electron, whereas Ni based 22 valance electron alloys have band
gap in their minority spin state.
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HEPIIOOCHOBU PO3PAXYHKIB HANIBXEMCJIEPOBHX CIIOJYK HA OCHOBI MAPTAHIIIO
Jlanit Moxan?, Cyxenaep?, Cynem Kymap®, Jlinak Illapma®, Axxaii Cinrx Bepma®
“Kagheopa ¢hizuxu, Banacmxani Bio sanim, banacmxani, 304022, Inois
bKaqbedpa ximii, banacmani Bioanim, banacmxani 304022, [noia
‘Kagheopa ghizuxu, insxcenepruii konedc IIMT, Benuxa Hoiioa, 201306, Inoia

HamiBxeliciiepoBi CIIOIyKH MalOTh PI3HOMAaHITHI BIACTHBOCTI 3aCTOCYBAaHHS BKJIIOYA0YM HaMiB()EPOMATHITHI TOIIOJOTIUHI 130JITOPH,
COHSYHI €JICMEHTH 1 TepMOENEeKTPUYHI IepeTBoproBadi. My IocCiiKyBany 4OTHpH HamiBxelcieposi criorykn: MnFeln, MnFeGa,
MnNiAs i MnNiSb. IIpupona i BIacTHBOCTI HamiBXEHCIEPOBUX CIONYK MO)Ke OyTH BHBUEHA Ha OCHOBI PO3paxyHKY IX BaJCHTHHUX
SJISKTPOHIB. Y Lill CTATTi CIOJXYyKH Ha OCHOBI Fe MicTsaATh 18 BaJeHTHHX €NEKTPOHIB; TOAI SK CHONYKH Ha OCHOBI Ni MicTiTh 22
BaJICHTHUX enekTpoHa. DyHkuioHanspHa Teopis miinbHOCTi (DFT) Oyna pospobnena 3 Bukopuctanusm kogy WIEN2k. Crnonyku Ha
ocHoBi Ni 3 Mn, 1110 po3TainoBaHi B OKTaeAPHUIHUX 30HAX, € HAMlIBMETaIaMH, sIK [[e BUIUIMBAE 3 PO3PaXyHKiB I'YCTHHH CTaHIB i 30HHOT
CTPYKTYpH. Y BCIX HHX KaHAJHM 3 OPIEHTALIEI0 CIIiHY Bropy € TaKUMH, IO MPOBOAATH, Toli sk B MnNiAs i MnNiSb kanamm 3
Opi€HTAIli€l0 CITIHY BHHU3 MAalOTh Majy eHepreTnuHy miimHy. MnNiAs i MnNiSb mposBisioTe HamiBMeTaJeBi BIACTHBOCTI 3
[UTOYNCETFHIMH MarHITHUIMHA MOMEHTaMH¥ B 4 s Ha (OpMyNIbHY OAWHHMINO 1 BiJIIOBIHO MaioTh HamiBMeTaneBi mpomixku 0,15 i
0,17 eB, mpu ix piBHOBa)XHOMY 00’ €Mi.
KJIFOUYOBI CJIOBA: HamiBXeHCIEpOBi CIIONYKH, CITIHOBA TOJISIPHU3aIlisl, ONTUMI3allis, HalliBMETaJICBHIA

HEPBOOCHOBBI PACYETA MOJIYXEMCJIEPOBBIX COEJUHEHUI HA OCHOBE MAPIAHIIA
Jlanum Moxan®, Cyxenoep®, Cyoew Kymap®, Junax Hlapua®, Adxcaii Cunex Bepma®
“Kageopa uzuxu, banacmxanu Buovanum, banacmxanu, 304022, Hnous
bKaqbedpa xumuu, banacmanu Buoanum, Banacmxanu 304022, Hrnous

‘Kagheopa gpuzuxu, unocenepruiil konnedsc MUMT, bonvwasn Hoiioa, 201306, Huous
[NomyxeficnepoBbl COEOWHEHUS HMEIOT pa3iIHdHBIE CBOMCTBA MPHMEHEHHs BKIIOUas ITOTy()epOMarHUTHBIE TOMOJIOTHIECKHE
H30JIATOPBI, COJHEYHBIE OJJIEMEHTHI W TEPMORJIEKTPUUECKHe IpeoOpasoBaTela. MBI HCCIENOBaIM YETHIpE IONTyXeHCIepPOBHI
coemunenns:: MnFeln, MnFeGa, MnNiAs u MnNiSb. [Ipupona u cBolicTBa MoryXeHcIepoBbIX COSUHEHUH MOXKET OBITh H3y4eHa Ha
OCHOBE pacueTa UX BaJICHTHBIX 3EKTPOHOB. B 3Toit cTaThe coennHeHns Ha ocHoBe Fe comepakar 18 BaleHTHBIX 3J€KTPOHOB; TOTAa
Kak coenuHeHus Ha ocHoBe Ni comepikar 22 BaJieHTHBIX AnekTpona. OyHkunoHanbHast Teopust wiotHocty (DFT) Gbuta paspaborana
¢ ucnons3oBanneM koma WIEN2k. Coenmuenns Ha ocHoBe Ni ¢ Mn, pacHONOXECHHBIX B OKTadIPUYECKHUX 30HAX, SBILSEOTCS
MOTyMeTaIaMH, KaK 3TO CIEAyeT U3 PAacueToB IJIOTHOCTH COCTOSHHMI M 30HHOI CTPYKTyphl. Bo Bcex HUMX KaHAJBI ¢ OpHEHTaIueit
CIHMHA BBEPX SBILIIOTCS NPOBOMIIIMMH, Torma kak B MnNiAs m MnNiSb kaHanmsl ¢ opueHTamued CIMHA BHHU3 MMEIOT Malylo
sHepretrdeckylo mienb. MnNiAs u MnNiSb mposBISIOT NONTyMeTaIMYeCKHEe CBOWCTBA C IIETOYHCICHHBIMH MarHUTHBIMH
MOMEHTaMH B 4 uB Ha GopMyIbHYIO SIUHHILY U COOTBETCTBEHHO UMEIOT MoyMeTaindeckue npomexyTku 0,15 u 0,17 3B, npu ux
pPaBHOBECHOM 00BbEMeE.
KJIFOYEBBIE CJIOBA: nonyxeiiciepoBble COEAUHEHUS, CTTHOBAs NOIAPU3ALIUS, ONTUMU3ALMS, TIOIyMeTaJUIn4eCKUH



129
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 3. 129-133 (2020) DOI:10.26565/2312-4334-2020-3-16

PACS: 67.30.hr; 68.35.bg; 68.35.bt; 68.37.Hk; 68.55.—a

SYNTHESIS AND CHARACTERIZATION OF TIO:; THIN FILM ELECTRODE BASED
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Dye-Sensitized Solar Cells (DSSCs) are prominent alternative devices to conventional p-n junction silicon based solar cells because of
their low fabrication cost and high-power conversion efficiency, good cost/efficiency ratio. In the present work, DSSC devices were
made-up with fluorine doped tin oxide (FTO) glass substrate, a TiO2 compact layer was deposited on FTO, Ruthenium (IT) dye (N719),
an iodide - triiodide electrolyte and a platinum (Pt) counter electrode. Photo anode with thin film layers of TiO2 and Pt counter electrode
(photo-cathode) were prepared. Field emission electron microscope (FESEM) was employed to investigate the surface morphology of
TiOz layers. The DSSC device efficiency was evaluated by J-V characteristics. Fabricated devices were exhibited high power
conversion efficiencies. The electrochemical impedance characteristics were analyzed by fitting the experimental results to the
corresponding electrical equivalent circuit simulated data.

KEYWORDS: Solar cell, Nanocrystalline TiO2, Surface Morphology, Performance Parameters, Ruthenium Dye, impedance
spectroscopy

State-of-the-art, the existing solar technologies are based on materials such as crystalline silicon, cadmium telluride
materials. All of these materials have different problems and issues associated with the current technology. At present
over 90% of the photovoltaic’s (PVs) are silicon-based solar cells [1]. Which offer relatively high power conversion
efficiencies (about 27%) and about of 15-20 years operational lifetime. However, none of these approaches can address
the key issue facing the PV market-the “cost to electricity output ratio” of solar generated electricity [2]. Also, the high
energy cost to produce some of these PV negates the environmental benefits that can be gained. This clearly leaves the
door ajar for a more economically viable material system to be produced to deliver the necessary infrastructure to
harvest solar energy [3].We believe that an ideal system suited to deliver such a solution is TiO» based dye-sensitized
solar cells. The combination of very low material cost, combined with solution-processable cheap production facilities
lends itself to easy fabrication methods and low environmental costs on both energy for production and green materials,
hugely support the claim that PVs offer the ideal material system to deliver a suitable mechanism for large area solar
harvesting [4,5].

DSSCs are often regarded as a third generation photovoltaic (PV) technology or an “emerging technology”, that
are promising alternative energy conversion devices for low cost energy conversion. Substantial progress has been
made in fundamental research and technological application of DSSCs during the last two decades [6]. The
combination of very low material cost, combined with solution-processable cheap production facilities lends itself to
easy fabrication methods and low environmental costs on both energy for production and green materials, hugely
support the claim that PVs offer the ideal material system to deliver a suitable mechanism for large area solar
harvesting. The long term reliability parameters can be achieved by the incorporation of suitable Nanomaterial which
provide enough mechanical strength and flexibility for roll-to-roll process of flexible device [7].

The concept of DSSCs originated from the photosynthesis phenomenon in the plants, where chlorophyll, an
organic compound, absorbs the sunlight and initiates photosynthesis process. The photovoltaic effect in DSSCs was
first demonstrated in the early 1970s, but instability was their biggest problem. Though the efficiency improved in
subsequent years but poor stability remained a big problem [8,9]. In 1991, O’Regan and Gratzel presented the modern
version of is composed of porous layer of titanium dioxide nanoparticles, covered with a molecular dye that absorbs
sunlight, like the chlorophyll in green leaves. The titanium dioxide is immersed under an electrolyte solution, above
which is a platinum- based catalyst [10]. As in a conventional alkaline battery an anode (the titanium dioxide) and a
cathode (the platinum) are placed on either side of a liquid conductor (the electrolyte). The sunlight passes through the
transparent electrode into the dye layer, where it can stimulate the electrons floating in titanium dioxide. The electrons
flow toward the transparent electrode, where they are collected to give the power to the load [11]. After flowing through
the outer circuit, they are presented again in the cell on the metal electrode on the back flowing in electrolyte [12,13].
The electrolyte then transports the electrons back to the dye molecules [14].

In this work, DSSCs were fabricated using TiO; electrode as a photoanode and Pt electrode as a Photocathode,
here photoanode was used with the TiO, paste and solar cell performance was analyzed. We have examined the
development of the device performance like short circuit current density (Jsc), open circuit voltage (Voc) and solar
energy to conversion efficiency (1). We also excluded TiO2 film morphology with the help of FESEM technique and
some electrical parameters by impedance technique.
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EXPERIMENTAL SECTION

Titanium dioxide (TiO,), Fluorine —doped tin oxide (FTO) coated glass substrate (sheet resistance ~ 8-12 Q/cm?),
Dye (N719), Platinum paste, Lithium iodide (Lil), Iodine (1), 1butyle-3methyle inidazolium iodide (BMIT), 4-tert butyl
pyridine, Acetonitrile and valeronitrile . All chemicals purchased from sigma Aldrich and used without any purification.

Synthesis of Dye precursor solution. Dye solution was prepared by dissolving 36 mg N7;9 dye in 100 ml absolute
ethanol. Shake well until the solution dissolved properly.

Synthesis of Electrolyte precursor solution. Electrolyte solution was prepared by dissolving 0.1M Lil, 0.05M
iodine, 0.6 BMIT, 0.5 4-tert butyl pyridine in (17:3) ml ratio of Acetonitrile — Valeronitrile by stirring at room temperature
until obtain uniform solution.

Device Fabrication and characterization. A Systematic DSSCs consists of several majors parts like Photoanode,
Dye, Electrolyte, and Photocathode which is mentioned in the diagrammatic structure of DSSC shown below as Figure 1.
Firstly, for the synthesis of photoanode, FTO glass substrate was cleaned with DI water acetone and iso-propanol by
ultrasonic bath process [15]. A scotch tape was paste on the conducting side of FTO then, TiO, films were applied with
the help of Doctor Blade technique.
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Figure 1. (a) Reveals the structure of device and (b) associated energy level diagram.

The deposited films were annealed at 470°C for 45 minutes in high temperature furnace. The TiO, films were
deposited immersed in a dye solution for 24 hours in dark. The Pt also deposited on FTO substrate by using doctor
blade method as a counter electrode and for 30 minutes annealed at 500°C. The TiO; films were formed as dye loaded
photoanode and counter electrode as Pt deposited substrate [16,17]. Each sandwich cell was held in place with the help
of two heavy duty clips on both opposites’ sides of electrode. Liquid electrolyte was introduced between both [18].
Along with basic electron transfer processes in DSSC prospects of a state-of-art device based on dye adsorbed on TiO,
and I/I> in the form of redox pairs electrolyte is shown in Figure 1(a). On illumination, an electron photo generated
by dye molecules as like in photosynthesis [19]. By photon (hv) absorption a dye molecule is excited whereas electron
is excited from HOMO into LUMO subsequently, the free electron is injected into the TiO, conduction band and left
the oxidized dye molecule. Then, the electron reach the Pt catalyst layer where redox reactions occur by the
recombination with holes with in the electrolyte by reducing tri iodide (I*") to iodide ion (I'). However, the negative
charge of I, in the final step, diffuses back to the dye molecules and it will react with the oxidized molecule. Thus, it
completes the electrical cycle and repeats again. Besides this process some recombination happened like recombination
of injected electron in the TiO, with either acceptors or oxidized dyes, which degrade the performance of the cell
[20,21].

RESULTS AND DISCUSSION

The surface microstructure features of the film were characterized using Field Emission Scanning Electron
Microscope (FESEM) as shown in the Figure 2. FESEM image of the TiO, film sample annealed at 470° C for 45 min.
The image reveals a film that was crack-free, uniform and smooth on the surface. It also shows that the TiO, thin film
possesses a nanocrystalline and nonporous structure which consists of nanoparticles.

The photovoltaic performance of the DSSCs based on Titanium Dioxide thin film photoanode were investigate under
a simulated solar irradiation of 100mW c¢cm (AM 1.5G) [22,23]. Figure 3(a) display the measured J-V characteristics of
solar cell based on TiO, films and 3(b) shows different efficiencies of DSSC based on wavelength. The corresponding
photovoltaic parameters short circuit current (Jg), fill factor (FF), open circuit voltage (V,), and conversion efficiency
(n) for DSSCs for the TiO; films has been calculated. We have found the values of cell parameters such as; Vo, Js, FF,
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Inaxs Vinax, Pmax and efficiency are of 0.60V, 3.337mA/cm?, 56.13%, 0.00289A, 0.4704V, 1.36 and 1.13%. The
performance of cell is considerable at low cost DSSC technology available today [24]. On other hand we have found
different values of efficiency at different range of wave length as mentioned in figure 3(b), and are continuously increase.
From all the parameters we have measured overall highest efficiency of fabricated cell is 1.5% at 900-1100 nm range of
wavelength. Photovoltaic performances are influenced by the dye adsorption solvent [25].
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Figure 2. FESEM image of TiO: thin film deposited on glass substrate

The adsorption behavior of dye is significant at this wavelength. Electrochemical impedance spectroscopy (EIS) is
a beneficial technique to investigate the internal impedance of photovoltaic device [26], such as DSSC. Electrochemical
interface of split in three parallel circuits, additionally the equivalent circuit of DSSC is related to the experimental result
of the Nyquist plot as display in Figure 4(a).
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Figure 3. (a) — The J-V curve under illumination of DSSC based on TiO: film. (b) — Efficiency performance based on different range
of wavelength.

In Nyquist plot equivalent circuit in the horizontal axis represent the serial resistance (R;) between wire and
substrate, from the impedance spectra represent resistance (R,) and (R3) at interface between electrolyte and Pt counter
electrode and as well as between electrolyte and TiO, film. On the other side at the interface C; shows the double layer
capacitance between electrolyte and Pt counter electrode and as well as between electrolyte and TiO; film [27,28]. The
values of all the parameters of Nyquist plots of DSSC based on TiO, photoanode with the equivalent circuit are
summarized in Table.
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Figure 4. (a): The Nyquist plots of DSSC based on TiO2 photoanode with the equivalent circuit of DSSC; (b) Bode plot of DSSC

based on TiO:z photoanode.
Table

The resistance and capacitance values of equivalent circuit for DSSC based on TiO, photoanode

Sample R1(Q) Ci1(mF) C2(mF) R2(Q) R3(Q)
TiO, 85.91 0.125 0.149 132.32 494.62

In the bode plot of cell based on photoanode TiO, under the solar irradiation, the frequency was shifted in higher
frequency region with the TiO, photoanode as shows in figure 4(b).According to curve recombination charge transfer
processes at the TiO,/dye/electrolyte interface is low and enhance the electron transmission [29,30]. On the other hand
illumination condition fi,x is inversely proportional to the electron transport time as ts =1/ (27tfiay ), increment in fi,x sShows
the increased rate of charge transport process in DSSC [24]. Hence, with the reduced value 1, of indicates that the electrons
reaches at FTO electrode at a faster rate, so that we can improve the performance of DSSC by further modification.

SUMMARY AND CONCLUSIONS

We have successfully fabricated and characterized Dye sensitized solar cell based on TiO, photoactive layer. Which
shows the PCE of 1.13%, Js of 3.337mA/cm?, Vo of 0.60V and FF of 56.13%, and overall highest PCE is 1.5% on 900
to1100 nm wavelength ranges. The performance of cell is good at simple laboratory condition, but we can improve
photovoltaic performance by using this methodology. The EIS analysis observes that the resistance between electrolyte and
TiO; film increase, which indicates that a larger resistance at the interface between TiO; film and electrolyte is beneficial for
suppression of charge recombination. Hence, we can achieve enhancement in performance of DSSC by modification in TiO»
(like doping and annealing etc) and Dye and electrolyte (natural sources achieved by immediate environment).
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CHUHTE3 I XAPAKTEPUCTUKH COHAYHOI'O EJIEMEHTY 3 TOHKOILIIBKOBUM TiO: EJIEKTPOAOM
CEHCUBIJII30BAHOT'O BAPBHUKOM
Bapma SIxaB, Ceari Yagaxapi, Capan Kymap I'ynra, Ampkaii Cinrx Bepma*
Kageopa ¢hisuxu, 304022 Paoscacman, Banacmani Biosinim, Inois

CencubinizoBani 6apBHuKOM coHsuHI enemeHTH (DSSC) € 3Ha4HOIO0 aNbTEepHATUBOIO 3BUYAHHUM COHSYHHM €JIEMEHTaM Ha OCHOBI
KPEMHII0 3 P-N-TIEPEX0Z0M depe3 iX HHU3bKY BapTICTh BHTOTOBJICHHS 1 BHCOKY €()EKTHBHICTh MEPETBOPEHHS €Heprii, TapHOTrO
criBBiHOIIEHH I[iHa/edexTuBHICTh. Y w1iit podoti nmpuctpoi DSSC Oynm BUroTOBIICHI 31 CKIISTHOI MiAKIAIKH, SIKA MICTUTH OKCHI
onoBa JyreroBanoro ¢gropom (FTO), xomnakrHoro mapy TiO2 manecenoro ua FTO, pyrenieBoro (II) 6apermka (N719), Homma-
TPIHOAIAHOTO eNeKTpoiiTy i miatuHoBoro (Pt) mpotuctpymuHHOrO enexrposaa. bymu minrorosieHi ¢poToaHox 3 TOHKOILUTIBKOBUMHU
mapamu 3 TiO2 1 IIIATHHOBHIT IPOTUCTPYMUHHUM enekTpox (poTokarox). [TomboBuii emiciinuii enexrponnuid mikpockon (FESEM)
BHKOPHUCTOBYBABCS 11 JocCiipkeHHs Mopdosorii nmosepxHi mapis 3 TiO2. Edexrusnicts npuctpoiB DSSC (cencubinizoani
0apBHHKOM COHSYHI €JIEMEHTH) OLiHIOBajacs 3a Xapakrepuctikamu J-V. BurorosnieHi npuctpoi mokasann BHUCOKY €()EeKTHBHICTH
MepeTBOpeHHs  eHeprii. XapaKTepUCTHKH eJIEKTPOXIMIYHOrO iMIefaHcy OyliM MpOaHANi30BaHi [UIAXOM  TPHUBEICHHS
EKCTIEPUMEHTAIBHUX PE3yJBTATIB 10 BIAMOBIIHUX JaHHUX, 3MOJICIbOBAHIX HAa OCHOBI €KBIBaJICHTHOI €JIEKTPHYHOI CXEMH.
KJIIOYOBI CJIOBA: consunmii enement, Hanokpuctanigauii TiO2, Mopdoioris moBepxHi, po0odi XapaKTepHCTHKHU, PyTeHIEBUI
0apBHIK, IMIIEJAaHCHA CHIEKTPOCKOIILsS

CHUHTE3 U XAPAKTEPUCTUKHU COJTHEYHBIX 3JIEMEHTOB C TOHKOIIJIEHOYHBIM TiO2 JIEKTPOJIOM
CEHCUBWIN3UPOBAHHOI'O KPACUTEJIEM
Bapma SInas, Ceatn Yagnxapu, Capaa Kymap 'ynra, Axxaii Cuarx Bepma *
Kagpeopa usuxu, 304022 Padoscacman, banacmanu Buosnum, Hnous

CeHcHOMIM3UPOBAaHHBIE KpacuTeneM coHeyHble 3JieMeHTHI (DSSC) sSBISIOTCS CyIeCTBEHHOM allbTEPHATHBON OOBIYHBIM COJIHEUHBIM
JJIEMEHTAaM Ha OCHOBE KPEMHHUS C DP-N-TIEPEeXOAOM H3-3a MX HH3KOH CTOMMOCTH H3TOTOBJICHHS M BBICOKOH 3ddexTHBHOCTH
npeoOpa3oBaHus SHEPrHH, XOPOIIEro COOTHOIIECHUs neHa/sddexTnBHOCT. B Hacrosmeit pabore ycrpoiictBa DSSC 6pun
M3rOTOBJICHBI M3 CTCKIITHHOM MMOJUIOKKH colepxaiieid okcua ojoBa jerupoBanHoro ¢ropom (FTO), kommaktHoro ciost TiO2
nHaneceHnoro Ha FTO, pyrenueroro (II) kpacutenst (N719), HOIUA-TPHUIHOAUIHOTO SIICKTPOINTA U IUIATHHOBOTO (Pt) MpOTHBOTOUHOTO
anekrpoza. I[ToarorosiaeHsl HOTOAHO] € TOHKOIUICHOUYHBIMY ClI0sIMH 13 TiO2 M MIATHHOBBII NPOTUBOTOYHBIH 351eKTpo] (PoTokaron).
[ToneBoit smuccroHHBIH 31eKTpoHHbIH MuKpockon (FESEM) ncrone3oBacs it ucciue1oBaHust MOp(oIOrHy HOBEPXHOCTH CIIOEB U3
TiOz2. DddextuBHOCTS yeTpoiictB DSSC onenuBanack mo xapakrepucTukam J-V. M3roToBneHHbIE yCTPOHCTBA MOKA3ald BBICOKYIO
3¢ dexTHBHOCTE TpeoOdpa3oBaHMs YHEPIUU. XapaKTEPHCTHKN IIEKTPOXUMHIECKOTO HMMITEaHca OBUTH MPOAaHATN3UPOBAHEI MyTEM
MIPUBEJCHUS JKCIICPUMEHTANIBHEIX PE3yJIbTaTOB K COOTBETCTBYIOLIMM JaHHBIM, CMOJICIHPOBAHHBIM Ha OCHOBE SKBUBAJIEHTHOMH
EKTPUIECKON CXEMBL.

KJIIOUEBBIE CJIOBA: conHe4HsIi 5ieMeHT, HaHOKpucTaumndeckuid TiO2, MOpGoorus moBepXHOCTH, pabouue XapaKTepPUCTHKH,
PYTCHHEBBIH KpacUTellb, UMIIEJaHCHAS CIIEKTPOCKOIIHS.
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The benzanthrone fluorescent dyes are known as environmentally-sensitive reporters for exploring the physicochemical properties and
structural alterations of lipid membranes. In the present work the 100-ns molecular dynamics simulation (MD) was used to characterize
the bilayer location and the nature of interactions between the benzanthrone fluorescent dye ABM and the model lipid membranes
composed of the zwitterionic lipid phosphatidylcholine (PC) and its mixtures with the anionic lipid phosphatidylglycerol (PG20) and
sterol cholesterol (Chol30). The MD simulations were performed in the CHARMM36m force field using the GROMACS package.
The ABM molecule, which was initially placed at a distance of 30 A from the midplane of the lipid bilayer, after 10 ns of simulation
was found to be completely incorporated into the membrane interior and remained within the lipid bilayer for the rest of the simulation
time. The analysis of the MD simulation results showed that the lipid bilayer location of the benzanthrone dye ABM depends on the
membrane composition, with the distance from bilayer center being gradually shifted from 0.78 nm in the neat PC bilayer to 0.95 nm
and 1.5 nm in the PG- and Chol-containing membranes, respectively. In addition, the partitioning of the ABM into the neat PC bilayer
was followed by the probe translocation from the outer membrane leaflet to the inner one. A separate series of MD simulations was
aimed at examining the ABM influence on the lipid bilayer structure. It was found that ABM partitioning into the lipid bilayers of
various composition has no significant effect on the orientation of the fatty acid chains and leads only to a small increase of the
deuterium order parameter for the carbon atoms 5-to-8 in the sn-2 acyl chains of the neat PC membranes. In addition, the interaction
of the ABM with the model lipid membranes caused the slight decrease of the surface area per lipid pointing to the slight increase of
the packing density of lipid molecules in the presence of ABM. The results obtained provide a basis for deeper understanding of the
membrane interactions of benzanthrone dyes and may be useful for the design of the novel fluorescent probes for membrane studies.
KEYWORDS: ABM, benzanthrone dye, lipid bilayer, molecular dynamics simulation.

The benzanthrone dyes, a well-known class of fluorescent probes that emit in the spectral region from yellow—green
to red—purple (depending on the dye structure), have found diverse applications in biomedical research and diagnostics
due to their favorable spectral characteristics, such as a large extinction coefficient, a marked Stokes shift; negligible
fluorescence in an aqueous phase, etc [1-10]. Specifically, it has been shown that the benzanthrone dye in combination
with the thin polylactic acid film is capable of displaying the antimicrobial activity against Gram-positive and Gram-
negative bacteria [11]. Staneva et al. also demonstrated a good antimicrobial activity against the Gram-positive B. cereus
and the yeasts C. lipolytica bacteria for the dendrimers modified with eight fluorescent benzanthrone chromophore units
[12]. A good deal of studies indicate that benzanthrone dyes can be used as effective microenvironmental sensors for
monitoring structural changes in biological systems [2-14]. In particular, the benzanthrone derivatives were employed in
DNA [8], protein [4-6] and membrane studies [7,9,10,13]. Notably, Dobretsov and Vladimirov demonstrated that one
representative of the benzanthrone class, 3-methoxybenzanthrone can be effectively used to monitor the membrane
structural changes caused by the alterations in cholesterol (Chol) level, temperature, pH, etc. [3]. Likewise, the high lipid-
associating ability was also observed for other amino- and amidinobenzanthrones [7,13]. Moreover, the spectral responses
of some benzanthrone dyes in different lipid systems have been shown to correlate with the degree of lipid bilayer
hydration [9], rendering these probes highly suitable for examining the membrane-related processes, especially those
coupled with the changes in membrane polarity [7]. The applicability of the novel benzanthrones is not limited to the
membrane studies since these dyes are extensively used in the protein research field, for instance, in the studies of a
particular class of protein aggregates, amyloid fibrils [4-7]. Specifically, it has been shown previously that
aminobenzanthrones are capable of distinguishing between the native monomeric and fibrillar protein states, surpassing
the classical amyloid marker ThT in the sensitivity to the lysozyme amyloid fibrils [3,4,6]. Moreover, it has been shown
that the benzanthrone dyes are sensitive to the distinctions in fibril morphology [4] and can be effectively used to
characterize amyloid fibrils in terms of their fractal-like dimensions [6].

Increasing evidence indicates that one representative of aminobenzanthrones, ABM, may be especially useful for
exploring the alterations of the structural and functional properties of cells during different pathologies such as lung
tuberculosis [14], gastrointestinal tract cancer [15], theumatoid arthritis [16], chronic myeloid and B-cells lymphoid
leukemia [14], as well as for the check-up of the Chernobyl clean-up workers [17]. Specifically, it was found that spectral
characteristics of the benzanthrone dye ABM correlate with a number of parameters of cellular and artificial membranes
such as physicochemical properties of a ipid bilayer, microviscosity, proliferating and lipid metabolic activities of cells,
distribution of lymphoid subsets, etc [14-17]. Despite numerous applications of ABM in the membrane studies, the
molecular details of the dye-membrane complexation, its distribution across the membrane and the depth of location in a
lipid bilayer are still unknown. To fill this gap, in the present investigation the molecular dynamics technique was used
© 0. Zhytniakivska, 2020



https://doi.org/10.26565/2312-4334-2020-3-17
https://orcid.org/0000-0001-9554-0090

135
Molecular Dynamics Simulation of the Interaction Between Benzanthrone Dye and Model... EEJP. 3 (2020)

to gain deeper insights into the nature of ABM interactions with a lipid bilayer. More specifically, the aim of our study
was twofold: 1) to uncover the molecular level details of ABM partitioning in the homogenous phosphatidylcholine bilayer
and the bilayers from PC mixtures with anionic lipid phosphatidylglycerol and sterol cholesterol; ii) to examine how the
membrane location of the probe depends on the lipid bilayer composition.

EXPERIMENTAL SECTION

The molecular dynamics simulations and analysis of the trajectories were performed using the GROMACS software
(version 5.1) with the CHARMM36m force field. The calculations were performed at a temperature of 310 K. The input
files for MD calculations were prepared using the web-based graphical interface CHARMM-GUI [18]. The .pdb-file of
ABM was created in OpenBabelGUI 2.4.1, using the structure drawn in MarvinSketch (.mrv format). The partial charges
of AMB were corrected using the RESP ESP charge Derive Server. The topology of the ABM was generated using the
CHARMM-GUI Ligand Reader and Modeler [19]. The obtained files were further used to generate the dye-lipid systems
using the Membrane Builder option [20]. The three different ABM-membrane systems were created for the simulation
with a nearly identical number of lipids. One system was composed of ABM and a lipid bilayer containing 94 PC
(palmitoyl-oleyl-phosphatidylcholine) molecules in each monolayer. The second and the third systems were represented
by the ABM and heterogencous lipid bilayers composed of PC and PG (paimitoyl-oleyl-phosphatidylglycerol) or
cholesterol (Chol), respectively. The molar ratios PC/PG and PC/Chol were 4:1 and 7:3, respectively. In order to examine
the effects of ABM on the lipid bilayer properties, the ABM-free PC, PC/PG (4:1) and PC/Chol (7:3) bilayers were also
simulated. Hereafter, the systems containing 20 mol% of PG and 30 mol% of Chol are referred to as PG20 and Chol30,
respectively. The MD simulations of ABM-lipid systems were carried out in the NPT ensemble. The ABM molecule was
translated to a distance of 30 A from the membrane midplane along the bilayer normal. The TIP3P water model was used.
To obtain a neutral total charge of the system a necessary number of counterions was added. For correct treatment of the
long-range electrostatic interactions, the Particle Mesh Ewald algorithm was utilized [21]. The bond lengths were
constrained using the LINC algorithm [22]. The pressure and temperature controls were carried out using the Berendsen
thermostat [23]. The minimization and equilibration of the system were performed during 50000 and 5000000 steps,
respectively. The time step for MD simulations was 2 fs. The whole time interval for MD calculations was 100 ns. The
GROMACS commands gmx density and gmx order, were used to calculate the mass density distribution for various
components of the lipid bilayer, density distribution of ABM across a lipid bilayer and deuterium order parameter profiles,
respectively. The analysis of the membrane thickness, membrane area and area per lipid were performed using the
FATSLIM package [24]. The molecular graphics and visualization were performed using the VMD software.

RESULTS AND DISCUSSION

During the last decades the molecular dynamics simulation has become a powerful tool in characterizing the
atomic-level details of the interaction between peptides [25,26], proteins [27], organic solvents [28,29] and drugs [30]
with lipid membranes. Moreover, MD simulation appeared to be especially useful in studying the behavior of
fluorescent membrane probes [31-34]. The increasing use of the MD techniques in the dye-membrane studies is
dictated mainly by the difficulties in the determination of the probe location by the experimental methods [*]. To
exemplify, the molecular dynamics simulation was used to characterize the partitioning and disposition of the
diphenylhexatriene probes [32], ESIPT fluorophores [31], coumarin derivatives [33], membrane polarity probes
Prodan and Laurdan [34,35], to name only a few. In the present study the 100-ns molecular dynamics simulation was
used to investigate the lipid bilayer location and interactions between the fluorescent probe ABM and the model lipid
membranes composed of zwitterionic lipid PC and its mixtures with anionic lipid PG and sterol Chol. Fig. 1 illustrates
the disposition of the benzanthrone dye with respect to the lipid/water interface at different simulation times. From a
simple visual inspection of simulation snapshots, it is apparent that ABM molecule, which was initially placed at a
distance of 30 A from the bilayer midplane, after ~10 ns of simulation was found to be fully incorporated into the
membrane and remained within the lipid bilayer for the rest of simulation time. Specifically, the probe moved to the
bilayer polar region and is positioned at the level of glycerol moiety of the upper leaflet of PC and PG20 membranes
(the distance from bilayer center ~ 1.5 nm) and at the level of PC choline nitrogen of the Chol30 lipid bilayer (the
distance from bilayer center ~ 2.0 nm). During the further time of simulation, the deeper penetration of ABM in the
membrane interior was observed coupled with the slowdown of the dye movement. The right panel of the Fig.1
demonstrates location of ABM at the 100 ns of simulations. The snapshots demonstrate that lipid bilayer partitioning
of ABM strongly depends on the membrane composition. Accordingly, ABM is localized mainly in the hydrophobic
part of the PC and PG20 lipid bilayers. In turn, in the Chol30 bilayer ABM prefers the binding sites which are closer
to the membrane surface.

Fig.2 shows the time evolution of the separation of ABM center of mass from the bilayer center for the neat PC
(black line) and the mixed PG20 (blue line) and Cho30 (red line) lipid bilayers. The bilayer center is defined as the
average position of the C316 and C218 carbons on the termini of PC tails. The analysis of the positions occupied by
ABM molecule during the molecular dynamics simulation (Fig.2.) indicates that this probe prefers the region separated
by a distance ca. 0.8 nm from the PC bilayer center. Remarkably, the obtained results are in good agreement with the
experimental measurements [7,10]. More specifically, based on the quantitative parameters of the dye-membrane
binding derived from the fluorimetric titration data and the red-edge excitation shift of the membrane-bound dyes it
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was hypothesized previously that ABM is localized in the nonpolar bilayer region near the lipid carbonyl groups [7].
Interestingly, these findings are consistent with those obtained for other benzanthrone dyes [10]. Specifically, the study
of the Forster resonance energy transfer between the anthrylvinyl-labeled phosphatidylcholine as a donor and the
newly synthesized benzanthrones as acceptors showed that benzanthrone dyes tend to penetrate into the hydrophobic
region of PC bilayer, with limiting separations from the membrane center falling in the range 0.5-1.3 nm [10]. Notably,
the diphenylhexatriene membrane probes DPH and TMA-DPH which are commonly used for the measurements of
membrane fluidity are located also at the non-polar membrane region (with the distance from bilayer center ~ 0.7 nm
and 0.9 nm for DPH and TMA-DPH, respectively) [32].

PC

@

Chol30

0 ns 10 ns

Al

&

100 ns

Figure 1. The snapshots of the partitioning of ABM into PC, PG20 and Chol30 bilayers at different simulation time points. The
ABM is depicted in red using the VDW drawing method. The lipid tails are represented as sticks in cyan, the phosphorus and
nitrogen atoms of the lipid headgroups are shown by orange and blue, respectively. For clarity, water molecules and ions are not
shown. (For the interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

It should be noted that in the PG20 and Chol30 lipid bilayers the benzanthrone dye under study tends to occupy
more polar membrane binding sites since ABM center of mass was localized at the distances ~ 0.95 nm and 1.5 nm from
the membrane midplane, respectively. The obtained results are in good agreement with the recent studies indicating that
inclusion of anionic lipids into PC bilayer induces a relocation of the benzanthrone dyes from the hydrophobic membrane
core to the lipid-water interface [10]. Moreover, taken into account the ability of cholesterol to alter the lipid packing
density of the PC bilayer [36] and a well-known Chol condensing effect [37], it seems energetically unfavorable to ABM
to penetrate deeply in the Chol30 bilayer hydrophobic region and the probe tends to locate at the level of glycerol

backbone.
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Figure 2. Time evolution of the ABM distance from the bilayer center

Another interesting observation is the translocation of the ABM molecule from the upper leaflet to the lower one of
the PC bilayer (Fig. 1, right column). Therefore, at the next step of study the ABM distribution across the lipid bilayer
was studied. Fig. 3 represents the mass density distribution of the ABM probe, the molecular groups of lipids (polar heads,
glycerols and acyl chains) and water. The position of the selected groups was averaged with respect to the bilayer normal
for all atoms over the 100 ns of the MD sampling trajectories. As can be seen, the peak of the ABM mass distribution in
the PG20 (Fig.3 B) and Chol30 (Fig. 3C) bilayers is observed at the distances 0.95 and 1.5 nm from the bilayer center.
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Figure 3. Mass density distribution of the ABM probe( green
solid) across the PC (A), PG20 (B) and Chol30 (C) bilayer. The
density distribution of water (magenta), acyl chains (blue),
glycerols (red) and polar heads (black) are ploted with respect to
the bilayer center. To improve the visualization, the mass density
of ABM was scaled by a factor of 20. Shown in the inset of panel
A is the ABM structure (For the interpretation of the references to
color in this figure legend, the reader is referred to the web version
of this article)

In turn, the ABM mass density profile in the PC bilayer is characterized by two peaks. The first low-intensive peak
is placed at 1.2 nm from the bilayer center (the region of carbonyl groups) at the outer membrane leaflet, while the second
one at ~0.75 nm is attributed to the probe location in the acyl chain region. As seen from Fig. 1., A, the ABM is able to
change its bilayer leaflet within the timescale of the simulation. It is noteworthy that the possibility of the probe
translocation between the bilayer leaflets was previously observed for DPH [32,36]. Specifically, Repakova et al.
observed the four leaflet changes for DPH in the fluid 1,2-dipalmitoyl-phosphatidylcholine bilayer during 400 ns MD
simulation [36]. The translocation of DPH was described also for the palmitoyl-oleyl-phosphatidylcholine (POPC)
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bilayers and Chol-containing membranes, with the magnitude of this effect being significantly higher for a less ordered
POPC bilayer [32].

Next, to ascertain the ABM influence on the lipid bilayer structure, the deuterium order parameter profiles
characterizing the average orientation of the fatty acid chains with respect to the bilayer normal were calculated (Fig. 4).
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Figure 4. The calculated deuterium order parameter versus carbon position for sn-7 (right panel) and sn-2 (left panel) chain for PC,
PG20 and Chol30 bilayers in the absence and presence of the ABM. Shown in the inset are lipid order parameters for the neat PC
bilayer.

The chain order parameter S, is defined through the order parameter tensor:
Sep = 1/2(3(cos’ G501
where 6., is the angle between the CD bond and the membrane normal. As seen in Fig.4, the ABM partitioning in the

PC, PG20 and Chol30 lipid bilayers does not affect the order of sn-/ and sn-2 acyl chains, except the sn-2 acyl chains of
PC membranes (the inset in Fig.4) for which a small increase of the S, value was observed for the carbon atoms 5-to-

8. These results correlate well with the previously reported observations that the low and moderate concentrations of the
probe molecules have no essential influence on the structure of lipid bilayers [31,35].

One of the macroscopic parameters describing the ordering and packing of lipid molecules is the surface area per
lipid molecule. The average values of the surface area per lipid calculated in MD simulations were equal to 63.4 + 1.0 A2,
66.3+1.0A2 552+0.9 A2, for the PC, PG20 and Chol30 lipid bilayers, respectively. These values are in good agreement
with the results from previous simulations and experiments [37,38, 39]. The ABM partitioning into the lipid membranes
caused the slight decrease of this parameter to 62.9 + 0.9 A2, 65.5 + 1.0 A2, 54.6 £ 0.9 A2 for the PC, PG20 and Chol30
lipid bilayers, respectively. The obtained results are in harmony with the previously reported findings that the binding of
some fluorescent dyes and drugs could lead to the decrease in the surface area per lipid.

CONCLUSIONS

In the present study the behavior of the benzanthrone dye ABM as a membrane probe was investigated using the
100 ns molecular dynamics simulation of this compound in the neat phosphatidylcholine and the mixed
phospatidylcholine/phosphatidylglycerol or phosphatidylcholine/cholesterol lipid bilayers. The MD simulation results
showed that the ABM molecule, which was initially placed at a distance of 30 A from the bilayer midplane, after ~10 ns
of simulation became incorporated into the membrane and remained within the lipid bilayer for the rest of the simulation
time. The analysis of the positions occupied by the ABM in the lipid bilayers of various composition revealed that this
reporter molecule enters into the depth of the neat PC membrane preferring the region separated by a distance ca. 0.8 nm
from the PC bilayer center. In turn, in the PG20 and Chol30 lipid bilayers the examined benzanthrone dye tends to occupy
more polar membrane binding sites distributing at the distances ~ 0.95 nm and 1.5 nm from the membrane midplane,
respectively. It was found that ABM does not significantly perturb the lipid bilayer structure. Overall, the outcomes of
this study may prove of importance for the structural design of the novel fluorescent probes for membrane studies.
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MOJIEKYJISIPHO-TUHAMIYHE JOCJLIKEHHS B3AEMO/IIi BEH3AHTPOHOBOI'O 30H/1Y 3 MOJAEJIbHUMHU
JIIIMIIHUMU MEMBPAHAMU
O. KuTHsAKiBCcbKa
Kadgheopa meouunoi ¢hizuxu ma 6iomeduunux Hanomexronoziu, Xapxiscokuil HayionarvHuil yHigepcumem imeni B.H. Kapasina
M. Ce0600u 4, Xapxis, 61022, Ykpaina

BeH3aHTPOHOBI 30HAM ITMPOKO BiOMI SIK YYTIMBI O 3MIiH IX MIKPOOTOYEHHS CEHCOPH JUIL JOCIIJUKEHHS (i3MKO-XIMIYHHX
BIIACTUBOCTEH Ta CTPYKTYypHHUX 3MiH JiMiZHUX MeMOpaH. B naniii po6oTi MeTOmoM MOJEKYJSIpHO-JHHAMIYHOTO MOIETIOBaHHS
JIOCJTI/DKEHO JIOKAIi3aIliio B JiMigHOMY Oiliapi Ta IpUpOLy B3aEMOi MiK OCH3aHTPOHOBHUM (IIyopecleHTHUM 30HaA0M ABM i
MOJIeTTBHUMH MeMOpaHaMu, 1110 CKJIagajncs i3 uBiTTepioHHoro niniay gocharununxomniny (OX) i ioro cymimeii 3 aHIOHHUM JIiiJOM
docharugurninepuaom (OI) i xomecrepuroMm (Xom). MoneKynsipHO-IHHAMIYHE TOCHIIKEHHS HPOBOIWINA 3 BHKOPHUCTaHHIM
CHARMM36m cunoBoro nons B nporpamaomy nakeri GROMACS. [IponemoHcTpoBaHo, mo Monekyina ABM, ska crnouyatky Oyna
posTamoBaHa Ha Biactasi 30 A Bix menTpy Gimapy, HpoHHKana B MeMOpaHy IPOTATOM HepmuX 10 HC MOIETIOBAHHS, 3aIHIIAIOYNCEH
B JimiHOMY Oimapi Ha IMPOTA3i PELITH Yacy CUMYJIMii. Pe3ynpraTi MONEKyISpHO-THHAMIYHOTO JOCHTIPKEHHS CBIYaTh Mpo Te, [0
JoKautizamis 6eH3aHTpOoHOBOTO 30HAY ABM B nimigHoMy Gimapi B 3HaUHIN Mipi 3aJIeKHUTH BiJ] CKJIaay MeMOpaHH, Ta BapiloeThCs Bil
0,78 M B unctomy X Gimapi 10 0,95 Hm 1 1,5 HM B mimigaux Oimapax , mo mictiim OI' Ta Xon, BianosigHo. Buseneno, oo npu
B3aemofii ABM 3 unctum ©X GirmapoM BiiOyBa€eThCsl Mepexi 30HAY 3 30BHIIIHBOTO MOHOIIAPY JIIMIIHOTO Gillapy Ha BHYTPIIIHIH.
JlociipkeHo BIUIMB 30HIY Ha CTPYKTYpY JinigHux Oimapi. Bymno BusBneno, mo posnonin ABM B ninigny ¢asy He Mae CyTTEBOTO
BIUIMBY Ha OpI€HTALIIO JIAHLIOTIB XXMPHHUX KUCIIOT Ta BUKJIMKAE 301IbIICHHS IeHTEPieBOro MapameTpy IMOPAAKY IS aTOMIB BYTJIEILIO
5-8 B sn- 2 amupHux nanmporie @X mimigHoro Gimrapy. Kpim Toro, B3aemoniss ABM 3 MoaenbHUMH JiMiAHUMH MeMOpaHamu
CYNPOBO/IKYBajlach HE3HAYHUM 3MEHIICHHSIM IUTOLII MOBEPXHI Ha JIMiJ, OI0 BKa3ye Ha He3HaYHE 30UTBIICHHS MIUIBHOCTI YHaKOBKU
JMIIIHIX MOJIEKyN y mpucyTHOCTi ABM. OTpuMaHi pe3ynbTaTH CTBOPIOIOTH OCHOBY UIS OUTBII TIIMOOKOTO PO3YMIHHS B3a€MOZIl
OEH3aHTPOHOBHX 30HAIB 3 MEMOpPaHAMH Ta MOXYTb OyTH KOPHCHI JUIsl pO3pPOOKH HOBHX (IIyOPECIEHTHHX 30HJIB JUIST MEMOpaHHHX
JIOCII1JKEHb.

KJIFOYOBI CJIOBA: AGEM, 6GeH3aHTPOHOBHIA 30H1, JIMTIAHUI GiCI0M, MOJICKYJISIPHO-THHAMIYHE MOJICITIOBAHHS

MOJIEKYJIIPHO-TUHAMHUYECKOE UCCJEJIOBAHUE B3AUMOJAENCTBUA BEH3AHTPOHOBOI'O 30H/IA C
MOJAEJIbHBIMHU JIMITUJHBIMH MEMBPAHAMHU
O. KutHaxoBckas
Kadgheopa meouyuncxou gpusuxu u 6UOMeOUYUHCKUX HAHOMEXHOLO02U,
Xapvroeckuii Hayuonanonviid ynusepcumem umenu B.H. Kapazuna
ni. Ceo600wt 4, Xapwvros, 61022, Yrpauna

BensanTpoHOBBIE (IIyOpECLCHTHbIE KPAaCHTENIH IIMPOKO W3BECTHHI KaK YyBCTBHUTEIBHBIE K OKPYXKAIOIICH Cpele CEHCOphI Ui
MOHHUTOPHHra ()U3UKO-XHUMHYECKHX CBOWCTB M CTPYKTYpHBIX W3MEHEHHWH JMNUAHBIX MeMOpaH. B nanHo#t pabore Meromom
MOJIEKYJISIPHO-ANHAMHYECKOTO MOJICIUPOBAHNUS UCCIIEI0BAaHA JOKAIU3aIMs 30H/a B IUIUIHOM OHCIOE U MPUPOJA B3aUMOIEHCTBUS
MeXJy OEH3aHTPOHOBBIM (IyopecueHTHbIM 30HIOM ABM M MOAENBHBIMH JIMIHAHBIME MeMOpaHaMM, COCTOSILIMMU H3
uBuTTeproHHOro JHnuaa QocoarumunxoiarHa (OX) m ero cmeceit ¢ aHHOHHBIM JHnUAOM (ocharuanmnriaunepuHom (OI) u
xonectepruHOoM (Xom). Monenmupoanue M1 npoBoamiocs B ciioBoM mojie CHARMM36m ¢ ncnonezoBannem maketa GROMACS.
ITokasano, uto Monexy1a ABM, xoTopas OblTa IIepBOHAYANBLHO pasMelieHa Ha paccTosauu 30 A o meHTpa 61ciI0s, BCTpanBanack B
MeMOpaHy B TeueHHe INepBbIX 10 HC MOAENMPOBAHHUS, OCTaBasiCh B JHIMJHOM OHCIIOE HA IPOJOJDKEHHH OCTAIBHOTO BPEMEHHU
CHUMYJSIIUH.  Pe3ynbTaThl  MOJEKYISPHO-JHHAMHUYECKOTO MOJCNUPOBAHMS  CBHAETEILCTBYIOT O TOM, YTO JIOKAIM3amuUs
OeH3aHTPOHOBOTO 30HIa ABM B JIMIIMIHOM OUCIIOC B 3HAYUTEIBHON CTETICHU 3aBUCHT OT COCTaBa MeMOpaHsbl, cBUrasich ot 0,78 HM
B uucrom ®PX Oucimoe mo0 0,95 uM u 1,5 um B OI'- u Xon-comepxammx MeMOpaHax, COOTBETCTBEHHO. OOHApyKEHO, UYTO
B3aumogeiicteie ABM ¢ uncteiMm @X GHCIOEM CONMPOBOXKAAIOCH MEPEXOJOM 30HAA M3 BHEIIHEro Iapa JIMIMIHOTO OHCIOS BO
BHyTpeHHHH. OTaenbHas cepust cumynsaiuii MD Obuta HampaBiieHa Ha u3ydeHue BIusHAS ABM Ha CTpyKTypy JTUNHUIHOTO OWCIIOS.
Beio oOHapyxeHo, uto BcTpanBaHue ABM B numuaHble OHCION Pa3IMIHOTO COCTAaBa HE OKA3bIBAeT CYIIECTBEHHOTO BIMSHUS HA
OPHEHTAIHIO IETeH XKUPHBIX KUCIOT U MIPUBOANT JIHIIb K HEOOIBIIOMY yYBEIHUSHHUIO ICHTEPHEBOTO MTapaMeTpa IMOpsIKa Ul aTOMOB
yriepona 5-8 sn- 2 anmneHbIx neneit @ X membpan. Kpome Toro, o0HapyxeHo, 9to B3auMoelcTsue ABM ¢ MOIeTbHBIME JIMITHTHEIMI
MeMOpaHaMU BEI3BIBACT HEOOIBIIOE YMEHBIICHHE TUIOMIAAN TOBEPXHOCTH HA JIMIHJ, YTO YKa3bIBaeT Ha HE3HAYUTEIHHOE YBEINICHHE
IUIOTHOCTH YIAKOBKHM MOJICKYJ JUMUAOB B mpucytcTBud ABM. IlosyueHHbIe pe3yabTaThl CO3MAIOT OCHOBY Ui OoJice TITyOOKOTro
MOHMMAHUS B3aMMOJCIHCTBHSL OCH3aHTPOHOBBIX KpacHTelled ¢ MeMOpaHaMH M MOTYT OBITh IIOJIE3HBI Uil pa3pabOTKH HOBBIX
(i1yopecleHTHBIX 30HIO0B AT HCCIIeI0BaHUs MeMOpaH.

KJIFOYEBBIE CJIOBA: ABM, GeH3aHTPOHOBBII 30H, TUMUAHBIA OUCIION, MOJIEKYJISIPHO-THHAMUYECKOE MOACIHPOBAHNE
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BINDING OF BENZANTHRONE DYE ABM TO INSULIN AMYLOID FIBRILS: MOLECULAR DOCKING
AND MOLECULAR DYNAMICS SIMULATION STUDIES
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The binding of the benzanthrone dye ABM to the model amyloid fibrils of human insulin, referred to here as vealyl (12-VEALYL-17,
insulin B-chain)), lyqlen (13-LYQLEN-18, insulin A-chain) and Insf ( 11-LVEALYL-17, B-chain) + 12-SLYQLENY-19, A-chain)
was studied by the molecular docking and molecular dynamics simulations. To obtain the relaxed structures with the enhanced
conformational stability, the model fibril structures were solvated and equilibrated in water at 300-310 K using the Gromacs simulation
package, with backbone position restraints being applied to prevent the beta-sheet disruption. It appeared that the vealyl fibril relaxation
resulted in the twisting of the two B-sheets, and only the vealyl fibril remained stable during 20 ns MD simulations of the relaxed
structures. Next, Insf, vealyl, lyqlen, and vealyl (relaxed) fibrils were used for the molecular docking studies (by SwissDock), revealing
the binding modes of ABM and standard amyloid marker Thioflavin T (ThT) to the examined fibril structures. Specifically, in the most
energetically stable complex the vealyl (relaxed) fibril binding site for ABM was located on the dry steric zipper interface, although
the dye was associated with only one twisted 3-sheet. During the 20 ns MD simulation the ABM fibril location was changed to a deeper
position in the dry interface between the two B-sheets, with the dye-interacting residues being represented by 6 LEU, 3 VAL, 2 ALA,

1 TYR and 1 GLU. The binging free energy (AG, ) for ABM complexation with vealyl (relaxed) fibril evaluated with the GMXPBSA
GROMACS tool was found to be —31.4+1.8 kJ/mol, that is in accordance with our estimates derived from the fluorescence studies for

ABM binding to the bovine insulin amyloid fibrils (AG, = -30.2 kJ/mol). The Lennard-Jones component appeared to dominate the

dye-fibril interactions, with much smaller contributions of Coulombic and nonpolar solvation terms to the total AG, = value, and

unfavorable effect of the polar solvation term. These findings indicate that a high specificity of ABM to the insulin amyloid fibrils may
arise predominantly from the dye-protein hydrophobic interactions, followed by the formation of van der Waals contacts, thus providing
additional evidence for sensitivity of the dye spectral properties to environmental polarity, suggested in our previous studies. Overall,
the obtained results provided further insights into the atomistic mechanism of the ABM binding to insulin amyloid fibrils and can be
used for development of the novel fluorescent reporters possessing high sensitivity to the amyloid assemblies.

KEYWORDS: ABM, insulin amyloid fibrils, binding free energy, molecular docking, molecular dynamics simulations, Thioflavin T.

The formation of specific protein aggregates, amyloid fibrils, is currently associated with the development of severe
human disorders, viz. Alzheimer’s and Parkinson’s diseases, systemic amyloidosis, etc. In view of this, detection and
characterization of amyloid fibrils is very important for early medical diagnostics and testing the potential anti-amyloid
drugs. Over the past decades, a great deal of effort has been invested in exploring the amyloid fibril formation at the
atomistic level using the molecular dynamics simulations [1,2]. Along with elucidating the role of environmental factors
( pH, temperature, ionic strength, etc. ), increasing attention is paid to the interactions of amyloid fibrils with potential
small molecule markers and inhibitors [3,4]. Insulin is a hormone, involved in the regulation of sugar level in blood, that
contains 51 amino acids forming two polypeptide chains — A and B, connected by the disulfide bonds. Insulin pathological
aggregation may result in the development of injection-localized amyloidosis in diabetic patients. Furthermore, the protein
easily forms amyloid fibrils under acidic pH, increased temperature and ionic strength, resulting in the problems with the
long-term storage of insulin pharmaceutical formulations. In our previous studies, we reported the applicability of the
benzanthrone fluorescent dye, referred to here as ABM, to detection and characterization of the bovine insulin amyloid
fibrils, with the advantages such as high quantum yield (ca. 0.52) and association constant (ca. 0.2 uM™!) for the dye-
protein complex, and a large shift (ca. 74 nm) of the dye emission maximum to the shorter wavelengths in the presence
of fibrillized protein [5]. The aim of the present study is to obtain an atomistically detailed picture of the ABM binding
to insulin amyloid species, using the molecular docking and MD simulations techniques, and to compare the ABM binding
mode with that of the classical amyloid marker Thioflavin T [6]. Specifically, our goals were: i) to select from the database
and to relax insulin amyloid fibril models (to enhance their stability) using the MD equilibration and the position restraints
for the protein backbone and side chains; ii) to optimize the ABM/Thioflavin T structures and to calculate the atomic
charges of the dye molecules (by RESP ESP charge Derive server) [7]; iii) to determine the ABM and ThT fibril binding
modes by molecular docking (via SwissDock server [8,9]), using the unrelaxed and relaxed fibril structures; iv) to perform
20 ns MD simulations of the most energetically favorable dye-protein complexes and free proteins, in order to refine the
stability of these complexes; v) to analyze the ABM-protein distances, protein RMSD, radius of gyration, position of the
protein binding site for ABM/ThT, the dye effect on the fibril structure during MD simulations; vi) to estimate the binding

free energy AG.  of ABM/ThT to the fibrils and the impact of the Coulombic, Lennard-Jones, polar and nonpolar

binding
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solvation components on the final AG,
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value using GMXPBSA GROMACS tool [10,11]; viii) to compare the

theoretically predicted AG, ~ values with those derived from the fluorescence studies and to reveal the predominant types

lllll ding

of ABM interactions with the insulin fibrils.

MATERIALS AND METHODS
Preparation of the dye and insulin amyloid chemical structures

Four human insulin amyloid fibril models, referred to here as Insf, lyqlen, vealyl were used in this study. Insf, lyqlen
and vealyl pdb structures were downloaded from the database provided by Sawaya M.R. [12—14]. Insf fibril is composed
of 12 B-strands 11-LVEALYL-17 (insulin B-chain) and 12 B-strands 12-SLYQLENY-19 (insulin A-chain), forming two
parallel in-register B-sheets. Lyqlen and vealyl fibril structures are composed of 12 B-strands 13-LYQLEN-18 (insulin A-
chain) and 12-VEALYL-17 (insulin B-chain), respectively, forming two anti-parallel B-strands.

The relaxation of the amyloid fibrils was performed using the GROMACS software (version 2020.2) and
CHARMM36-m force field, in order to enhance the conformational stability of the protein assemblies [15]. The input
files for MD minimization and equilibration were prepared using the web-based platform CHARMM-GUI. The energy
minimization (40 ps) of the lyglen, vealyl, Insf structures was carried out in water (0.15 M NacCl for lyqlen, vealyl and
neutralizing ions for Insf) using h-bond constraints (LINCS algorithm, lincs-order = 8) and the backbone restraints of 6
kcal/mol/A? (5 kcal/mol/A? for the Insf fibril).

MD equilibration of the lyglen and vealyl amyloid species was performed in water, at 310 K, 0.15 M NacCl, using
h-bond constraints (LINCS algorithm, lincs-order = 8). Simultaneously, position restraints for the side chains (0.1
kcal/mol/A?) coupled with backbone distance restraints of 6, 3.5, 2, 1.5, 1 kcal/mol/A? descending steps with a total of 25
ns MD equilibration, followed by 10 ns equilibration without any restraints, were used. The resulting fibril structures are
referred to here as vealyl (relaxed) and lyqlen (relaxed). The same h-bond constraints were employed for Insf MD
equilibration in water, although it was carried out at 300 K in the presence of neutralizing ions, and using backbone
distance restraints of 5, 2.5, 1, 0.5 kcal/mol/A? descending steps with a total of 20 ns MD equilibration. The resulting Insf
structure is referred to here as Insf (relaxed).

The .mol2 files of ABM and ThT were built in OpenBabelGUI, using the ligand structures drawn in MarvinSketch
and optimized in Avogadro (.mrv files).

Molecular docking studies

The insulin fibril models (.pdb files): Insf, lyqlen, vealyl, vealyl (relaxed), and ABM, ThT (.mol2 files)
structures were used for docking studies of the dye binding modes to the protein aggregates, performed by
SwissDock web server [8,9]. SwissDock is based on EADock DSS software, that generates a huge number of ligand
binding modes in the vicinity of all protein cavities (blind docking), followed by estimation the free energies of
dye-protein binding in CHARMM?22 force field. Next, ligand-protein complexes with the lowest binding energies
are ranked, taking into account the solvent effect (implicit solvent model), clustered, and the most favorable clusters
are included in the output-files of the docking studies. The performance of EADock DSS is good for the small and
relatively rigid ligands, and for the cross-docking studies (when the protein structure does not present a perfect fit
for the ligand) performance was about 40%, so the validation of the results is needed via, e.g. adding the flexibility
to the protein [8,9].

The most energetically favorable dye-protein complexes were analyzed and visualized in the UCSF Chimera
molecular viewer.

Molecular dynamics simulations of the insulin fibrils and the dye-fibril complexes

The 20 ns MD simulations were performed using the GROMACS package (version 2020.2) and the CHARMM36m
force field. The input files for MD run of Insf (relaxed), lyqlen (relaxed) and vealyl (relaxed) fibril structures, as well as
for the best energetically favorable ABM- and ThT-vealyl (relaxed) fibril complexes were prepared in CHARMM-GUI.
The .itp files of ABM and ThT were constructed from the dye .mol2 files, using the CHARMM General Force Field,
followed by replacing the ABM/ThT partial charges with those assigned by RESP ESP charge Derive Server [7]. The
fibrils and dye-fibril complexes were solvated in a rectangular box with a minimum distance of 10 A from the protein to
the box edges and 0.15 M NaCl (neutralizing ions for Insf (relaxed) fibril) were added to the systems. The temperature
was set at 310 K (300 K for the Insf (relaxed) fibril). The MD simulations were performed in the NPT ensemble. The
minimization and equilibration of the dye-protein complexes were carried out during 5000 (10 ps) and 125000 (0.5 ns)
steps, respectively. The constant temperature conditions were provided by the V-rescale thermostat. H-bonds were
constrained using LINCS algorithm (lincs-order = 8). The molecular dynamics trajectories were corrected after the MD
run, using the gmx trjconv GROMACS command and —pbc nojump option [10,11]. The commands gmx rms, gmx gyrate,
gmx distance, gmx angle, and gmx make ndx, included in GROMACS, were employed to calculate the protein backbone
root-mean-square deviation ( RMSD ), protein radius of gyration ( R, ), distances between the dye and protein centers of

geometry, dihedral angles between benzanthrone and morpholine groups of ABM or between phenyl and benzothiazole
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moieties of ThT, and to generate the index groups. Visualization of the snapshots of the MD runs and analysis of the
protein secondary structures were performed in VMD.
Binding free energy calculations
The GMXPBSA 2.1 GROMACS tool allowing to post-process a series of representative snapshots from MD
trajectories by combining explicit molecular mechanical energies and continuum (implicit) solvation models by
MM/PBSA method, was used to calculate the binding free energies of a ABM-vealyl (relaxed) fibril complex [10,11].

This approach enables a rapid estimation of the free energy of binding (AG ), exhibits a good correlation with

binding
experiment, although generally does not reproduce the absolute binding free energy values. The MM/PBSA method

expresses the free energy of binding as the difference between the free energy of the complex (G ) and the sum of

complex
free energies of the protein ( Gpmm,n ) and ligand ( Gh.gan 2
AGhinding = Gcomp/ex - (Gprotem + Gligand ) 4 (1)
where Gwmp lox 3 Gpmtem , Gh.gan ,; are free energies of the ligand-protein complex, protein and ligand, respectively. The

obtained difference is averaged over a number of trajectory snapshots.
The free energy terms for a ligand-protein complex, protein and ligand are calculated as averages of the
thermodynamically weighted ensembles of structures obtained in MD simulations:

<G> = <k, >+ <G, > -T<S§,,, >, ()
EMM = Ez’nt + Ecoul + ELJ > (3)
Gsolv = Gpolar + Gnonpolar ’ (4)

where E,comprises bond, angle and torsional angle energies; 7 is temperature (K); <S§,,, > is the entropic

contribution of the solute; £

out» 1, are the intramolecular Coulombic (electrostatic) and Lennard-Jones (van der Waals)

energies, respectively; G

oy 18 the solvation free energy term, referring to the energy required to transfer the molecule

from a continuum medium with a low dielectric constant (¢=1) to a continuum medium with the dielectric constant of
water (e=80); G .G (the

electrostatic contribution to the free energy of solvation, i.e. electrostatic free energy of the solute charge density

are polar and nonpolar contributions to G, ,

respectively. The value of G

nonpolar polar

optimized in electrolyte solution) was calculated using the linearized Poisson Boltzmann equation, and G was

nonpolar
considered to be proportional to the solvent accessible surface area (SASA ) [16,17].

The binding free energy for ABM-vealyl (relaxed) fibril complex was calculated at every 100 ps from the 20 ns MD
trajectory. Vealyl (relaxed) fibril and ABM topologies (.itp files) used for MD simulations were employed for the

AG calculations [10]. The term G, was calculated at 310 K, 0.15 NaCl using the APBS 1.4.1 suite. The £

binding solv coul

and E,, contributions were determined using the GROMACS 2020.2 tools.

RESULTS AND DISCUSSION

The relaxation of amyloid fibrils with distance restraints has been suggested in previous MD simulation studies,
because the available model structures of insulin fibrils appeared to be rather unstable in solution, that greatly complicates
MD studies of the small-molecule-protein binding [15,18]. Insf, non-relaxed Insf, lyqlen and vealyl fibril structures are
shown in Fig. 1A—C, while the relaxed ones are depicted in Fig.1D-F. The twisting of vealyl (relaxed) fibril (Fig. 1E)
with respect to the long axis, made it different from the flattened pattern of the non-relaxed configuration (Fig. 1C). The
increase in the vealyl (relaxed) curvature may be due to fibril tendency to minimize the electrostatic repulsion between
the E13 residues of the -sheets, as well as the unfavorable contacts of nonpolar amino acid residues with the solvent.
Indeed, our previous studies of lysozyme, apolipoprotein A-I and AP amyloid fibrils in water under varying twisting
angles, revealed the lowest fibril free energies for the angles ca. 15-20°, suggesting that the fibrils relaxed in solution are
likely to prefer twisted configuration [19]. Further studies showed that 10 ns MD simulations of the solvated flattened
lysozyme fibril configuration at 310 K did induce the increase of the fibril curvature [20].

It appeared that Insf (relaxed) and lyqlen (relaxed) structures were significantly destabilized (Fig. 1G,H), while the
two B-sheets of the vealyl (relaxed) fibril remained twisted with respect to the fibril long axis, after 20 ns MD simulations
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(Fig. 11I). Interestingly, high curvature of the vealyl (relaxed) fibril (Fig.1F) may enhance the fibril stability upon MD
simulation (Fig.I), as compared to that of Insf and lyqglen (Fig.G,H). In turn, strong electrostatic repulsion within Insf,
comprising the charged E13 (B-chain) and E17 (A-chain) residues, located closer to each other, than in lyqlen and vealyl,
due to the parallel in-register B-strand orientation, may explain significant structural transformations of Inf upon relaxation
(Fig.1D) and subsequent MD simulation (Fig.1G). Finally, lyqlen fibril tended to be planar after relaxation (Fig.1E) and
MD simulation (Fig.1H) steps, presumably due to the higher elastic rigidity, as compared to that of vealyl [19]. However,
some B-strands were detached from the lyqlen (relaxed) configuration (Fig.1H), suggesting that fibril stability may be
increased upon restraining terminal B-strands during the MD simulations [18].
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Figure 1. Insf (A), lyqlen (B) and wvealyl (C) fibril structures downloaded from the websites:
https://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels; https://people.mbi.ucla.edu/sawaya/jmol/xtalpept/index.html. Snapshots of
the 20 ns MD simulation of the insf (relaxed, D,G), lyqlen (relaxed, E,H), and vealyl (relaxed, F,I) fibrils relaxed in water.
D,E,F — 0 ns, G,H,I — 20 ns. Protein structure is represented as NewCartoon. Protein is colored according to the secondary structure:
yellow — extended B-sheets, cyan — B-turns, white — coil, magenta and blue — 310- and a-helices, respectively.

In view of the above, only the vealyl (relaxed) was used for further docking studies of the dye-protein binding, along
with the non-relaxed Insf, lyqlen and vealyl fibrils. Shown in Figs. 2—6 are the most energetically favorable protein-ligand
complexes (docking solutions), revealing the prevalent binding modes of ABM and ThT to the fibrils. For example,
Fig. 2A represents all the ABM poses from the best 32 clusters, the most populated of which are located on the wet surface
of the B-sheets almost perpendicular to the fibril long axis.

In the most stable ABM-Insf complex (Fig.2B) ABM interacts with 3 GLN residues of the A-chain B-sheet, as well
as with 2 GLN, 1 PHE, 1 VAL and 1 HIS residues of the B-chain coil structure (these residues are located within the

distance from the ABM molecule of ca. <5 A). The free energy of the dye-protein binding (AG,, ) calculated by
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Swissdock was ca. —28.9 kJ/mol. Thus, ABM did not prefer to locate along the fibril channels, running parallel to the
fibril long axis, as was suggested previously for lysozyme and insulin protein aggregates [5, 21,22]. However, docking
results require further verification using the MD simulation of the complex combined with weak position restraints applied
to all protein atoms [18].

Figure 2. The best docking (SwissDock) complexes between ABM and Insf amyloid fibril. A — All the dyes from 32 dye clusters,
B —representative of the dye cluster (0.0) with the lowest AG,

binding

value (—28.9 kJ/mol). Protein and ABM structures are represented

as NewCartoon/lines and sticks, respectively. The protein is colored according to the secondary structure: yellow — extended f3-
sheets, light grey — B-turns, white — coil. Dye molecules are colored by atom Name (C — cyan, O — red, N — blue), and the dye-
protein hydrogen bonds are shown as green sticks (A). Insf residues, interacting with ABM, are represented as sticks and colored in
dim grey (B).

Next, the best docking solutions for ABM-lyqlen and ABM-vealyl systems revealed the preferred dye location in
the grooves L13 Q15/L16_N18 (Fig. 3A) and L15 L17/ V12 A14 (Fig. 3B). Specifically, 5 LEU, 2 ASN, 1 GLN and
1 TYRI16 lyqglen residues, or 2 ALA, 2 VAL, 4 LEU and 1 TYRI16 vealyl residues were located in close vicinity of the
fluorophore. ABM binds almost parallel to the lyqlen and vealyl long axes, although the clusters with the second largest
population also revealed the dye association with the B-sheet edges (data not shown). Notably, AG, =~ values for ABM

complexation with lyglen (—24.4 kJ/mol) and vealyl (—24.7 kJ/mol) were ~4 kcal/mol lower than that for ABM-Insf
binding, most likely due to the greater separations of the dye from the fibril cores, resulting in the weaker van der Waals
interactions.

Figure 3. The best docking (SwissDock) complexes between ABM and lyqlen (A) and vealyl (B) model fibrils. The lowest AG,

inding
values are —24.4 (A) and —24.7 (B) kJ/mol. The protein and ABM structures are represented as NewCartoon and sticks, respectively.
Protein is colored according to the secondary structure: yellow — extended B-sheets, peach — B-turns, white — coil. Lyqlen/vealyl
residues, interacting with ABM, are represented as sticks and colored in dim grey.
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Fig. 4A represents the most stable ThT-Insf docking complex, possessing the lowest AG_ value ca. —35.2 kJ/mol.

ThT is attached parallel to the fibril long axis, to the groove L13_Q15 (4 LEU, 4 GLN residues of the A-chain), although
the clusters in which the dye molecule binds to the -sheet edges perpendicular to the fibril axis are largely populated
(data not shown). In the most favorable binding mode (Fig. 4A), S-atom of ThT also forms intermolecular H-bond with

., value as compared to that of ABM.

Figure 4. The best docking (SwissDock) complexes between ThT and Insf (A) and lyqlen (B) amyloid fibrils. The lowest AG,

values are —35.2 (A) and —25.5 (B) kJ/mol. The protein and ThT structures are represented as NewCartoon and sticks, respectively.
The protein is colored according to the secondary structure: yellow — extended B-sheets, light grey — B-turns, white — coil. Dye
molecules are colored by the atom name (C — dim grey, N — blue, S — yellow). Insf residues, interacting with ThT, are represented
as sticks and colored in dim grey. The dye-protein hydrogen bond is shown as a green stick (A).

ThT also associated with the grooves L13_Q15/L16 N18 (4 LEU, 2 ASN, 2 GLN residues) of lyqlen (Fig. 4B) and
L15 L17/V12_A14 (2 ALA, 2 VAL, 6 LEU residues forming the groove + 2 TYR16 residues outside of the groove) of
vealyl (Fig. 5A) fibrils, although in several large clusters the dye also binds to the B-sheet edges perpendicular to the fibril
axis (data not shown).

inding

Figure 5. The best docking (SwissDock) complexes between ThT and vealyl (A) and vealyl (relaxed) (B) amyloid fibrils. AG

binding
values are —25.3 (A) and —28.2 (B) kJ/mol. The protein and ThT structures are represented as NewCartoon and sticks, respectively.
The protein is colored according to the secondary structure: yellow — extended p-sheets, light grey — B-turns, white — coil. Vealyl
residues, interacting with ThT, are represented as sticks and colored in dim grey.

In the latter case, S atom of ThT forms the H-bonds with C, atoms of LEU16/ASN18 lyqlen and with the N-termini
of LEU15/TYR16/LEU17 vealyl residues, while N2 atom of ThT forms the H-bonds with GLN15/GLU17 lyqlen and

with the N-terminus of ALA14 vealyl residues. The AG_  values for ThT-lyglen and ThT-vealyl complexation were

inding

estimated to be ca. —25.5 and —25.3 kJ/mol, respectively, that is about 10 kJ/mol lower than the corresponding value for
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ThT-InsF binding, presumably due to the absence of the dye-protein H-bonds and a more remote ThT location relative to
the lyglen and vealyl fibril cores. The above data validated the commonly recognized ThT-fibril binding mode for the
studied insulin fibril structures [6]. Furthermore, half of the protein residues representing Insf, lyqlen and vealyl binding
sites for the dye were represented by LEU, that is in good agreement with the studies of Biancalana and coworkers, who
revealed a high affinity of ThT for TYR/LEU cross-strand ladders [23].

By analogy with the approach of Amdursky et al., who studied the interactions of photoacids with insulin amyloid
fibril surfaces, using the Insf fibril model, the docking of ThT and ABM was also performed with vealyl (relaxed) fibril
model. The best ThT-vealyl (relaxed) complex was characterized by the dye binding to the part of the f-sheet (2 TYR16,
1 GLU13 residues) parallel to the fibril axis (Figs. 5B,6A).
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Figure 6. A — The best docking (SwissDock) complex between ABM and vealyl (relaxed) amyloid fibril with AG, | value —27.2

kJ/mol. The protein and ABM structures are represented as NewCartoon and sticks, respectively. The protein is colored according
to the secondary structure: yellow — extended B-sheets, light grey — B-turns, white — coil. The vealyl residues interacting with ABM
are represented as sticks and colored in dim grey. B — the last frame (20 ns) of the MD simulation of the best docking complex
between ThT and vealyl (relaxed) amyloid fibril. The protein and ThT structures are represented as NewCartoon and VDW,
respectively. The protein is colored according to the secondary structure: yellow — extended f-sheets, cyan — f-turns, white — coil.

The ThT formed few contacts with vealyl (relaxed), in contrast to vealyl, most likely due to the low affinity for the
twisted fibril structures. Indeed, the dye did not bind to the highly twisted -sheets of globular proteins [3]. Furthermore,
in our previous molecular docking studies of the ThT interactions with the model twisted lysozyme fibrils, ThT preferred
to locate in the central channels of the fibrillar assemblies, where the twisting angles are minimal, and the binding free
energy values decreased with increasing the curvature of fibrillar aggregates [20]. Notably, 10 ns MD simulation of the
solvated ThT-flattened lysozyme fibril complex at 310 K resulted in the fibril twisting, accompanied by the dye moving
from the specific binding site (fibril channel) to the B-sheet edge [20].

Surprisingly, the most stable ThT-vealyl (relaxed) complex had AG, , =~ value ca. —28.2 kJ/mol, that is about 3 kJ/mol

greater than that for the ThT-vealyl complex, where more amino acid residues are located in close vicinity of the dye.
Such discrepancies may occur due to the smaller ThT distance from the vealyl (relaxed) core, resulting in the stronger
van der Waals intermolecular interactions.

Fig.6A represents the best docking solution for ABM-vealyl (relaxed) binding, revealing that the dye is attached
along the twisted fibril axis and interacts with 2 TYR, 3 LEU, 2 GLU, 1 ALA residues of the dry “steric zipper interface”,
although the ligand molecule may also be aligned perpendicular to the fibril axis and attached to the f-sheet surface and

to the B-sheet edges (data not shown). AG,  ~value for the ABM-vealyl (relaxed) complex was equal to —27.2 kJ/mol,

that is about 2 kJ/mol greater than that for the ABM-vealyl one (Fig.3B), presumably due to stronger van der Waals
contacts formed between the dye and the residues of the two B-sheets (Fig.6A).

In order to validate the stability of the docked ABM-vealyl (relaxed) and ThT-vealyl (relaxed) complexes, the 20 ns
molecular dynamics simulations were performed at 310 K, 0.15 M NaCl, which is long enough for the binding site
residues to relax, followed by the calculations of the ABM-fibril binding affinity [18]. It appeared that ThT was
completely detached from the vealyl (relaxed) binding site (Fig. 6B), similar to the ThT-lysozyme fibril complex [20].
Thus, investigation of the ThT-fibril interactions should be performed using the flattened insulin amyloid fibril models,
and position restraints could be applied to the terminal B-strands in order to increase stability of the fibril structures [18].
Notably, more dynamically stable molecular docking solutions for the ThT-vealyl (relaxed) complex can be obtained
through using the ThT .mol2 file with the corrected charges on atoms calculated by RESP ESP charge Derive server.

In contrast to ThT, ABM showed a higher affinity for vealyl (relaxed) fibril, because it remained attached to the
protein during 20 ns MD simulation (Fig.7), although the dye molecule was relocated from the initial fibril binding site
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and was buried deeper into the dry interface between the two B-sheets (Fig.7D,E). Additional evidence for the change of
ABM binding mode is provided by the time evolution of the dye-protein distance (Fig.8A): first, the distance increased
from ~0.85 to ~1.15 nm, followed by a significant drop to a final value of ca. 0.55 nm, starting from about 6 ns of the
MD simulation. The last frame (20 ns, Fig.7D,E) revealed that in the novel fibril binding site ABM axis is almost
perpendicular to the fibril axis, and 6 LEU, 3 VAL, 2 ALA, 1 TYR and 1 GLU residues are located in close vicinity of
the dye. The increased number of contacts formed between ABM molecule and vealyl (relaxed) confirms the stabilization
of the final ABM-fibril complex (Fig. 7D,E).

=

Figure 7. The snapshots of the 20 ns MD simulation of the best docking complex between ABM and vealyl (relaxed) amyloid fibril.
A-0ns,B—5ns, C—10ns, D,E — 20 ns. The protein and ABM structures are represented as NewCartoon/Bonds and VDW/Sticks,
respectively. The protein is colored according to the secondary structure: yellow — extended -sheets, cyan/peach — B-turns, white —
coil. Vealyl residues, interacting with ABM, are represented as sticks and colored in dim grey (E).

Furthermore, a deeper penetration of ABM into the dry interface between the B-sheets, as well as the increased number
of LEU and VAL residues surrounding the dye after 20 ns MD simulations, as compared to that for the ABM-vealyl
(relaxed) complex (Figs. 6A,7A), indicate that strong ABM-protein hydrophobic interactions are involved in the complex
formation and stabilization. Interestingly, the change of the ABM binding mode may be due to the fact, that the dye
molecule with the corrected charges on atoms was used for MD simulations. Notably, the dye orientation with respect to
the fibril long axis significantly differed from that of ThT (Fig. 5B), suggesting the different physico-chemical
determinants behind the ABM and ThT sensitivity to the amyloid structures. Indeed, ThT belongs to the class of molecular
rotors and parallel orientation of the dye to the fibril axis is a necessary prerequisite for the stable ThT- fibril complex,
followed by the increase of the dye planarity and significant fluorescence enhancement [23,24]. Such an orientation allows
ThT to be entrapped into the fibril grooves and to form n-stacking and hydrophobic interactions with the amino acid side
chains [6,23]. In contrast, ABM showed the increased quantum yield and ca. 77 nm shift of the fluorescence spectrum to
the shorter wavelengths upon the dye transfer from polar ethanol to nonpolar benzene [25]. Notably, ABM (0.3 uM)
binding to the insulin fibrils (12 uM) formed at pH 2, 37 °C induced the 3-fold fluorescence increase and about 70 nm
blue shift of the emission maximum, as compared to that in buffer solution (Fig. 8A). Furthermore, ABM was also
reported to possess high quantum yields in the presence of phospholipid membranes [22], suggesting that its sensitivity
to insulin amyloid structures may result from the decrease of the environmental polarity [S]. Notably, dihedral angle
between ABM benzanthrone and morpholine groups, which may rotate relative to each other, varied drastically from 0 to
150° during MD simulations, and the average torsion angle was about 90° (data not shown). Thus, unlike ThT, ABM
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molecule remains non-planar in the dynamically stable dye-fibril complex, suggesting that a high fluorescence response
of the dye to the insulin amyloid assemblies can hardly be explained by the decreased ABM torsion angle. Notably, our
quantum-chemical calculations revealed that ABM molecular volume and width were about 12% and 40% greater,
respectively, than those of ThT, and the neutral dye molecule was characterized by significantly greater lipophilicity as
compared to the positively charged ThT counterpart (Table 1) [22,24,26]. These data provide additional evidence for the
ability of ABM to form stronger hydrophobic and van der Waals contacts with biomolecules, as compared to that of ThT.
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Figure 8. A — Distance between ABM and vealyl (relaxed) fibril centers of geometry during MD simulation. B — Fluorescence
spectra of ABM (0.3 uM) in Tris-HCI buffer (10 mM, pH 7.4) and in the presence of bovine insulin (InsF) amyloid fibrils (12 uM),
formed at pH 2, 37 °C and continuous shaking for 2 days. ABM was excited at 440 nm and fluorescence spectra were recorded by
Shimadzu RF-6000 spectrofluorimeter.

Table 1.
Quantum-chemical characteristics of ABM and ThT after geometry optimization*®
Quantum-chemical parameter Dye

ABM ThT

Length, A 11.8 14.3

Width, A 7.9 5.7

Height, A 3.4 3.7
Molecular volume, A3 359 318
Lipophilicity (LogP) 4.52 -0.14

*these data were reported in our previous papers

Thus, MD simulations showed that ABM lacks specificity to the insulin amyloid fibrils structures, because only the
binding parallel the fibril long axis is a characteristic feature of the fluorescent amyloid markers. However, in contrast to
ThT, ABM is capable of associating with the twisted amyloid assemblies.

Our previous fluorescence studies revealed that ThT had stronger association constant with the insulin amyloid
fibrils (ca. 0.5 M), than ABM (ca. 0.2 uM™") [5]. Furthermore, Kuznetsova et al. reported ~40 times greater affinity of
the ThT binding to the insulin fibrils of different morphology, revealing high specificity of the dye to the fibrillar
assemblies [27]. Such disagreement between the experimental results and MD simulations can be explained by the fact
that crystal structures of the insulin fibrillar fragments obtained by X-ray structural analysis, are flattened, allowing the
formation of the specific fibril binding sites for the dyes with high affinity [13]. In turn, the vealyl (relaxed) fibril is
twisted, so the stable ThT complexes with the vealyl fibril may be obtained if the non-relaxed (flattened) vealyl structure
is used in MD simulations in combination with weak position restraints applied to the protein atoms (that should prevent
twisting of the fibril).

The backbone RMSD value for the free vealyl (relaxed) fibril, as well as for the ABM-vealyl (relaxed) complex,
did not increase significantly during the MD simulation, and attained equilibrium value ~0.25 nm in ~10 ns, suggesting
the dynamic stability of the protein structure in the last 10 ns of the simulation (Fig. 9A). It should be noted that the fibril

compactness remained unchanged for 20 ns of the simulation, because the Rg value was ~1.3 nm for both the free vealyl

(relaxed) and its complex with ABM (Fig. 9B). Thus, the ABM molecule did not induce noticeable alterations in the fibril
structure, and the dye binding mode to the vealyl (relaxed) revealed by the MD simulation should be reliable due to the
dynamic stability of the fibrillar assembly.

To further characterize the ABM binding to the vealyl (relaxed) fibril, we calculated the binding free energy (AG

binding )

and its components by analyzing the MD trajectory obtained for the most stable ABM-vealyl (relaxed) docked complex
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(Fig. 10) using the GMXPBSA GROMACS tool. The AG, , = value was equal to —31.4+1.8 kJ/mol, that is in good agreement
=-30.2 kJ/mol )

[5]. Furthermore, the Lennard-Jones component showing the strongest favorable contribution was increased, while the
Coulombic and nonpolar solvation terms showing the weak favorable contributions remained unchanged during the 20 ns
MD simulation, and the polar solvation term that strongly unfavored the ABM-vealyl complex formation was decreased
(Fig. 10A).

with the results obtained for ABM association with bovine insulin amyloid fibrils at 25°C, pH 7.4 (AG

binding
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Figure 9. A — Time evolution of vealyl (relaxed) fibril RMSD (backbone) (A) and radius of gyration (R, ) (B) at 310.15 K during

MD simulation in the absence and in the presence of ABM.
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Figure 10. A — Free energy terms for the ABM-vealyl fibril (relaxed in water) during MD simulation, determined using the
GMXPBSA program (v 2.1.2), the Gromacs tool for calculating the binding free energies of a protein-ligand complex by MM/PBSA

method [10]. AG, -~ — binding free energy. Nonpolar solvation energy component is reduced during the simulation, and the

Lennard-Jones energy is increased (by module). AG, - calculations were performed at 310.15 K, 0.15 M NaCl, using the protein

dielectric constant of ca. 2, cutoff-scheme Verlet and constraints for H-bonds. The Coulombic energy terms were calculated in
Gromacs 2020.2. The polar and nonpolar solvation energy values were determined using the APBS suite 1.4.1. B — Final values of
the ABM- fibril (relaxed in water) binding energy and its components, averaged over 20 ns MD trajectory.

The obtained energy contributions are the quantitative characteristics of the processes occurring during the MD
simulations: i) the decrease of ABM-vealyl distance (Fig.8A), indicating the strengthening of the van der Waals dye-
protein interactions; ii) ABM penetration in the dry interface between the two B-sheets, resulting in the weakening of
destabilizing dye-solvent interactions; iii) reduced number of GLU residues in close vicinity of the uncharged dye, leading

to the decrease of the unfavorable dye-protein electrostatic interactions. The values of AG,  ~and its constituents are
presented in Fig. 10B and Table 2.
Interestingly, the obtained overall AG,  —value was about 3.5 times lower than that for the binding of the Morin

hydrate to the native insulin molecule [28], similar to that reported for the Tacrine, flavonoid quercetin hybride inhibitor
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of AB pathogenic aggregation [29], and about 2.5 times greater than that for ThT complexation with the amyloid-B(1-42)
fibril [18], revealed by GMXPBSA. Remarkably, in the latter study ThT was located on the dry steric zipper interface
between the two B-sheets of the amyloid-f(1—42) fibrillar assembly, and associated with the groove formed by LEU and
PHE residues.
Table 2.
Free energy of ABM binding to vealyl (relaxed) fibril averaged over 20 ns MD trajectory,
calculated by GMXPBSA GROMACS tool

Binding free energy terms AG,, i . kJ/mol

Coulombic (E_ ;) -11.5+1.3

Lennard-Jones (£, ) -115.1+1.4

Polar solvation (G olar ) 111.0£1.5

Nonpolar solvation (G4 ) ~15.8+0.2

Polar contribution (G, + E,,,;) 99.5

Non-polar contribution (G, + E,;) -130.8

Binding free energy (AG,, ;.. ) —31.4+1.8

Binding free energy revealed by

fluorescence studies (AG;;ZZ;’M"M )* —302

* ABM association constant ( K ) with insulin fibrils at pH 7.4, 25 °C determined previously from the fluorescence studies

exp erimental

is equal to 0.2 uM™! (AG =-RTInK )[5]

binding

CONCLUSIONS

In conclusion, the molecular docking and molecular dynamics simulations studies revealed two typical binding
modes of the benzanthrone dye ABM and the standard amyloid marker Thioflavin T to the model insulin amyloid fibrils,
i.e. the binding to the B-sheet surface and to the p-sheet edges. The former was predominant for both dyes, forming
hydrophobic and van der Waals contacts with the neutral amino acids LEU, VAL, TYR, ALA, ASN and GLN, although
ABM and ThT were oriented perpendicular and parallel to the fibril long axis, respectively. The binding free energy of
ABM to the fibrillar insulin was similar to that derived from the fluorescence studies. The Lennard-Jones, Coulombic and
nonpolar solvation terms contributed positively to the overall binding free energy, revealing that high affinity of the ABM
molecule to the amyloid fibrils results from the dye binding to the hydrophobic interface between the insulin B-sheets.
Overall, the ABM sensitivity to the environmental polarity is likely to be the key factor in the dye fluorescence response
to the presence of insulin fibrillar assemblies. Further studies should be carried out for the insulin fibrillar structures with
the enhanced dynamic stability, in order to keep the protein binding sites for the small ligands intact during the MD
simulation and thus, to provide greater accuracy for the atomistic mechanism of the dye-protein interactions, that is
important for sensible design of the novel amyloid markers and anti-amyloid agents.
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JTOCIKEHHA 3B’ I3YBAHHA BEH3AHTPOHOBOI'O 30HJIA ABM 3 AMUIOITHUMHA ®IEPHIIAMNA
IHCYJIHY METOJAMHU MOJIEKYJISIPHOT'O JOKIHI'Y TA MOJIEKYJIAPHO-TUHAMIYHOTI'O
MOJEJIFOBAHHSA
K. Byc
Kageopa meouunoi ghizuxu ma 6iomeduunux nanomexnonozii, Xapkiecokui nayionanvnuil ynieepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xaprie, 61022, Vrpaina
3a JOMOMOror MOJEKYISPHOTO MJOKIHTY Ta MOJEKYJSIpHO-AMHAMiYHOTO MojemoBanHsa (MD) nocmimkeHO 3B’S3yBaHHSA
OenzaHTpoHOBOro 30HA2 ABM 3 aminoimanmu ¢iOpminaMu iHCYJiHY JIOAWHH, SKi MO3HadeHO TyT sk vealyl, lyqlen ta Insf, mo
cximananucs i3 amiHokuciotHux 3amumkiB 12-VEALYL-17 (B-manmor incyniny), 13-LYQLEN-18 (A-manmor incyminy), 11-
LVEALYL-17 (B-nanmtor incymniny) + 12-SLYQLENY-19 (A-nanmror incyniny), Biamosigno. Ha nepmomy eramni po6otu aminoinHi
CTPYKTYpH iHCYIiHy OyJio coibBaTOBaHO Ta mposeaeHo MD eksiniOpauito mpu temneparypax 300-310 K (y makeri TPOMAKC) 3
BHUKOPHCTAHHSAM NO3ULIHHNX 0OMEXEHb PyXy aTOMIB OIIKOBOTO OCTOBA, ISl HONEPEIKEeHHs pyHHyBaHHs B-1HCTiB. BusiBiieno, mo
penakcais ¢ibpun vealyl npu3Bena 1o 3akpy4eHHs ABOX [-IHCTIB BiJHOCHO AOBroi oci GiOpuii, NpuyoMy TiIbKK Lel Tum Gibpun
3aNUIUBCs CcTabitbHUM yrponoBx 20 He MD-cumysiiii penakcoBanux cTpyktyp. Ha nactynHomy erami pobotH, ¢ibpunu Insf,
vealyl, lyqlen, Ta vealyl (penakcoBana) Oyyi0 BUKOPHCTaHO sl MOJIEKYJISIPHOTO AOKIHTY (32 rormomoror SwissDock), mo mo3Bommio
BH3HAUUTH THUIHU CalTiB 3B’s3yBanHi ABM Ta cranmaptHOro aminoigaoro Mmapkepy tiodnainy T (ThT) 3 mocmimkyBaHUMH
aMITOITHUMH CTPYKTypaMH. 30KpeMa, y HaWOUIbII eHepreTWyHo BUTimHOMY KoMmmuiekci (iOpmiam vealyl (pemakcoBana) caiT
3B’s13yBaHHA 11 ABM OyB po3ramoBannii Ha Tigpo¢oOHiil moBepxHi oxHOro 3 1BOX B-mHcTiB. MD-cumymsimist npotsrom 20 HC
Mpu3Besa 10 3MiHU mojoxeHHs: ABM Ha ¢iOpuii iHCYJTiHY — 30H] CTaB INIKMONIE 3aHypeHUM Y TipohoOHy 001acTh MiXk ABOMA [3-
JIUCTaMH, [0 CYIPOBOIKYBAIOCS B3a€MOJIIEI0 3 TAKUMH aMiHOKUCIOTHUMH 3aiuiikamu: 6 LEU, 3 VAL, 2 ALA, 1 TYR ta 1 GLU.
3Ha4eHHs BUIbHOI eHeprii 3B’ a3yBaHHs (AGhinding) ABM 3 dibpuiioro vealyl (penakcoBana), 1o oTpuMano 3a gonomororo GROMACS
inctpymenty GMXPBSA, ckmamano —31.4+1.8 kJDx/Moib, W0 Y3rODKYETHCS 3 OLIHKOIO, OTPUMAHOIO 3a JIONMOMOTIO0
(diyopeceHTHHX JocHipkeHb acomianii ABM 3 aminoimumm  ¢ibpunamu  iHcynmiHy mnpm Temmepatypi 25°C, pH 7.4
(AGbinding= - 30.2 xJ]x/monb). Kommonenra Jlennapaa-/I>xoHca 1oMiHyBana y B3aeMOAil MiX 30HZOM Ta (iOpuioio, KyJIOHIBCHKUI

KOMITOHCHT Ta KOMIIOHCHT HeHOIISIpHO-f COIILBaTaIIﬁ Maju ciaabKi BKJIaIW Yy CyMapHE€ 3HA4YCHHS AG a KOMIIOHEHT HOHSIpHO-f

binding *
coribBaTalii MaB HecHpUATIMBHN edekT Ha (opMyBaHHS KoMIUIekcy Mix ABM Ta ¢ibpmioto vealyl (pemakcoBana). Otrpumani
Ppe3yNIbTaTH CBIIYATh PO Te, 10 3HauHa crenudidaicts ABM no aminoigaux ¢iOpui iHCYyTiHY, CIIOCTEPIraeThCs, MEPEeBaXKHO, 3aBIISIKH
CHJIBHHUM Tiipo(oOHMM B3a€EMOJISIM MiXK 30HIAOM Ta OLIKOM, IO CYNPOBOMKYETHCS (POPMYBAHHIM IMiABUIICHOI KUIBKOCTI BaH-Iep-
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BaanbcoBuX 3B’513KiB, 1 TAKOXK TOJATKOBO IMATBEPKYE CIIOCTEPEKyBaHy paHillle YyTJIUBICTh CHEKTpAIbHUX BiacTuBocteit ABM no
MOJIAPHOCT] OTOYEHHS. TaKuM YMHOM, OTPUMaHi pe3ybTaTH JIal0Th OUIbLI JeTalbHy KapTHHY 3B’S3yBaHHSA OCH3aHTPOHOBOIO 30H[A
ABM 3 aminoinaumu GibpunaMu iHCyJIiHy Ha aTOMHOMY piBHI, Ta MOXKYTb OyTH BUKOPHCTaHI y po3po0Iii HOBHX (IIyOPECIEHTHHX
penopTepiB, M0 MalOTh BUCOKY CIIEIM(IYHICT 1O aMIJIOiTHAX aHCaMOJIB iHCYIiHY.

KJIFOYOBI CJIOBA: ABM, awminoigai ¢iOpwnu iHCYiHY, BUTbHA €HEPTisl 3B’SI3yBaHHS, MOJEKYJISAPHHUN IOKIHT, MOJEKYISPHO-
JIMHAMIYHE MOJICITIOBaHHS, TioduasiH T.

HN3YYEHUE CBA3BIBAHUSI BEH3AHTPOHOBOI'O 30HJA ABM C AMWIOUJIHBIMHA ®UBPUITJIAMU
UHCYJHUHA METOAAMMU MOJVIEKYJISIPHOI'O JOKHUHTI'A 1 MOJIEKYJIAAPHO-IUHAMUWYECKOI'O
MOJEJINPOBAHUA
K. Byc
Kagpedpa meouyunckoil chuzuxu u 6OuoMeOUYUHCKUX HAHOMEXHONOULL
Xapvrosckuii nayuonanvhelli ynusepcumem umenu B.H. Kapazuna
na. Ceoboowr 4, Xapvros, 61022, Vrpauna
Ilpn momomM MOJNEKYIIPHOTO NOKHHTa M MOJIEKYJISIpHO-IHMHAMHUYeckoro MmojenupoBanus (MD) mnccienoBaHo CBS3BIBaHHE
OeH3aHTpOHOBOrO 30HAa ABM ¢ amuiongueiMu puOpriniaMu HHCYJIMHA YeloBeka, 0003HaueHHBIMU 371ech Kak vealyl, lyqlen u Insf,
KOTOpPbIE COCTOSUIM U3 aMHHOKUCIOTHBIX ocTaTKoB 12-VEALYL-17 (B-uens uncynuna), 13-LYQLEN-18 (A-uens nHcynuna), 11-
LVEALYL-17 (B-uenp uncynuna) + 12-SLYQLENY-19 (A-uenp uHCynuHa), cOOTBETCTBeHHO. Ha mepBoM 3Tame paOoThI
aMUJIOU/IHBIE CTPYKTYpPbI HHCYJIHMHA OBUIM COJILBATHPOBAHbI U Obl1a npoBeneHa MD-skBunnOparust mpu temneparypax 300-310 K (8
nakere [POMAKC) ¢ npuMmeHeHHEM MO3UIMOHHBIX OTPAaHWYEHHH IBIDKCHHS aTOMOB OEIKOBOI'O OCTOBA, IS MPEAOTBPAILCHHUS
paspywmenus B-muctoB. OOHapykeHo, penakcanus Gpudpuit vealyl mpuBena k 3aKpyqUBaHUIO IBYX P-THCTOB OTHOCHTEIHHO JUTHHHOM
ocy (puOPMILIEL, TPHIEM TOJBKO TOT THUI (GHOPMILI ocTaBajics cTaOWIBHEIM B TedeHne 20 HC MD-cuMymsiun peakcupOBaHHBIX
cTpykryp. Ha cnenyromem srane pa6otsl, ¢pubpmmuisr Insf, vealyl, lyglen, u vealyl (penakcupoBanHast) ObIIM HUCTIOIB30BAHBI IS
MOJICKYJIAPHOTO JOKHHTa (mpu moMomy SwissDock), 4To mo3BOHIO ONpenesuTh THITBI CAHTOB CBsi3biBaHHs ABM 1 ctanmapTHOro
ammtonnHoro mapkepa tuoguaBuHa T (ThT) ¢ wuccnenyeMblMH aMWIOWAHBIMH CTPYKTypamu. B wacTHOCTH, B Hauboiee
9HEPreTHYECKU BBITOAHOM KoMIuiekce Gubpuiibl vealyl (pemakcupoBaHHas) caldT cBsi3biBaHusi it ABM Obul pacrnonioxkeH Ha
rupohoOHON MOBEPXHOCTH OJJHOTO U3 ABYX P-1rcToB. MD-cumysiius B Tederne 20 He mpuBesia K U3MEHeHH o mojoxennss ABM na
¢ubpuiie WMHCYNHHA — 30HA TIyO)Ke MOTPY3Wwics B TUAPOPOOHYIO 00JacTh MEXAy ABYMs [(-THCTaMH, YTO CONPOBOXKIAIOCH
B3aMMOJICHCTBHEM C TAKUMH aMHHOKHCIOTHBIMU ocTatkamu: 6 LEU, 3 VAL, 2 ALA, 1 TYR u 1 GLU. 3nauenust cBOOOAHON SHEPTUU
cBs3bIBaHUA (AGbhinding) ABM ¢ ¢ubpmmnoir vealyl (pemaxcupoBannas), momydennoe npu nomomm GROMACS wmHCTpy™meHTa
GMXPBSA, cocraBmno —31.4+1.8 x/[x/Momb, 9TO coOracyercst C OIEHKOH, ITOMy4YEeHHOW NpH IOMONIM (DIyopeceHTHBIX
uccrnenoBanuii  acconmanmi  ABM ¢ ammniowmHbiMu  GuOpwiiaMM  MHCYJMHA npu  Temmeparype 25 °C, pH 7.4
(AGhinding= - 30.2 xJIx/moinb). Kommnonenra Jlennapaa-/I>xoHca JOMHHUAPOBAJAa BO B3aUMOJACHCTBUN MEXKIY 30HIOM M (HUOPHILION,
KyJIOHOBCKasi KOMIIOHEHTa M KOMIIOHEHTa HEMOJISPHON CONbBATAllMd UMENU cialbble BKIaAbl B cyMMapHoe 3HadeHHE AGbpinding, a
KOMIIOHEHTA IOJISIPHOI COJbBAaTallMM MMea HeOJIaronpusaTHOE BIMSHHE Ha oOpa3oBaHHE KOMILIeKkca Mexay ABM u ¢ubpumioin
vealyl (pemakcupoBanHasi). ITosmydeHHbIe pe3yJbTaThl CBHIETEIBCTBYIOT O TOM, YTO 3HauuTenbHas creuuduunocts ABM k
aMHJIOUIHBIM (UOpHITIAaM HHCYJIMHA, HAaONIOAaeTCs, MPEeHMYILIECTBEHHO, Onarogaps CHIBHBIM THAPO(GOOHBIM B3aUMOACHCTBUSIM
MEXTy 30HIOM M OEIKOM, CONPOBOXIaeMBIM (hOpMHpPOBaHHEM MOBEIICHHOTO YHCIIA BaH-Iep-BaalbcOBBIX KOHTAKTOB, YTO TaKKe
JIOTIOJTHUTEIIHHO TTOITBEPXKIaeT HaOII0aeMyI0 paHee TyBCTBUTEILHOCTh CHEKTPAIBHEIX CBOIicTB ABM K HOJISIPHOCTH OKpYKEHHSI.
Takum o00pa3oM, IOIy4eHHBIE pPe3yNabTaThl JAloT Ooiee AETANbHYIO KapTHHY CBS3bIBaHMS OEH3aHTpPOHOBOro 30HZa ABM c
AMIJIOMIHBIMH (GUOPHUIIAMY MHCYJIMHA Ha AaTOMHOM YPOBHE, M MOTYT OBITh UCIIOJIb30BaHBI IIPU Pa3pabOTKe HOBBIX (hIyOpPECICHTHBIX

penopTepoB, KOTOPbIE UMEIOT BHICOKYIO CHEU(PUIHOCTE K aMHIIOH/HBIM aHCaMOJISIM HHCYJIMHA.
KJIFOYEBBIE CJIOBA: ABM, amunouansle GUOpUIIBI MHCYJIMHA, CBOOOIHAs SHEPTUsl CBA3BIBAHUS, MOJICKYJISPHBIA NOKHHT,
MOJIEKYJISIPHO-TMHAMUYECKOE MOACIUPOBaHue, THO]IaBUH T.
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