MiHiCTepCTBO OCBITH 1 HAYKHA YKpaiHU
NBH3 «Y>XropogcbKui HallilOHa/IbHUKU YHIBEPCUTET»

X >

4 =

ISE Cepis

O o B ®di3uKa

m.. E Series

- o E Physics

S2E

m S E

0O3E

!g = B C
T HUITVCK

> 8— o Iglsue 45

<z E

LB 2019

JKypHai 3acHoBaHO y 1997 potji Ta BUJA€ETHCS 3a PillIeHHAM
Pe1ak11iMHO-BUJaBHUUOI paZil Y>KIOPO/ICBKOTO HalliOHA/TbHOTO
YHIBepCUTETY

Yxropog — 2019



DOI: 10.24144/2415-8038.2019.45
VIIK 53 (08)

3acHOBHHKOM XypHasy «HaykoBuil BiCHUK Y)XropoAcbKoro yHiBepcutety. Cepia ®@isuka»
€ IBH3 «YXropoacbKuii HaljioHa/IbHUI yHiBepcuTeT», isnunuil pakynsrer
Ta 3akapnarcbke (¢izuuHe TOBAapUCTBO

JKypnan BksitoueHo B Ilepernik HaykoBUX ()axoBUX BU/laHb YKpaiHU.
Kareropis: b. Hayku: disuko-maremaruuni. CriettiansHocTi: 104 — disuka Ta acTpoHOMis,
105 — I'lpuknagHa ¢i3vka Ta HaHOMarepianu
(Hakaz MOH Big 11.07.2019 Ne 975)

Pepakuiiina KoJieris:

[Tpodecop, A.¢.-m.H. B. Pi3ak (ronoBHuii pefgaktop), mpodecop, A.¢.-m.H. I1. Tlyra (3acTynHuUK
TOJIOBHOTO peflakTopa), AoLieHT, K.¢.-M.H. H. [TonoBuu (BianoBijaapHul cekpeTap), npodgecop,
n.¢b.-M.H., unen-kop. HAH Ykpainu FO. BucouaHcbkuid, mpodecopu, A.¢.-M.H. B. Jla3yp,

I. Hebomna, O. Cnueka, 1. Ctygensik, 1. [lTadpanbor, goieHTH, K.¢.-M.H. I1. ['ypanuuy,

M. Kap6oBanenb (Y>KropoChbKH1i HallioHa/IbHUH YHiBepCUTeT), Tipodecop, A.}.-M.H., akazieMik
HAH Ykpainu O. llInenvk (IE® HAH Ykpainu, M. Ykropoza), npodecopu, A.¢.-Mm.H. FO. Banic
(BinbHIOCHKUM yHiBepcuTeT), M. 3y6ek ([ToniTexHiuHuii yHiBepcureT, [[maHChK, [Tombiia),

I1. Konuancekuid (IHCTUTYT ekcnieprMeHTanbHOI ¢isuku CnoBanpkoi AH, M. Kotine), O. derep
(InctutyT ¢i3uku, Komriupkuii yHiBepcuret iM. [lladaprika, CnoBauurHa), B. Matonin (Kapsis
yHiBepcuTeT y [1pasi, Yexist), M. KpansueH (YHiBepcuter Hopg, BapazaxiH, XopBaris),

A. Oneara (YniBepcutet Kpainu backiB, m.bins0ao, Icnanis), k.¢.-m.H. M. Bepem (InctutyT
(i3MKM TBepZOro Tijia i oNTUKY BirHepoBChKOro (i3MYHOro AOC/IIAHOIO LIeHTPY YTOPCHKOL
akazieMii Hayk, M. Bynanerur), M. atidynin (YHiBepcurtet Jladh6opo, Benvika bBputanis),
I.0OpnoB (JIynacekuit yHiBepcureT, LBertist), FO. ITirom (Tokilcekuii yHiBepcuTeT, AnoHis),
B. HoBocaj (Aprosceka HaljioHaibHa gabopatopis, CIIIA).

BignoBifanpHuit 3a BUMycK — K.¢.-M.H., goil. Py6im B.B.
Penakiiis — Py6im B.B.

Temarnka >xypHany «HaykoBuii BicHUK Y>kropozacekoro yHiBepcurety. Cepist @i3uKa» OXOIUTIOE:

¢izuxy koHOeHcosaHux cucmem, si0epHy i3uKy, amomHy ma mMoneKyAsspHy isuky, meopito noas ma isuxy
e/eMeHmMapHUx UadCmuHoK, acmpogisuky, ¢isuuHy en1ekmpoHiky, npukaaoHy izuky, ¢izuko-mexHonoziuHi npobaemu
3abe3neueHHs iHpopmayitiHoi be3neku, mixcoucyunaiHapHy i3uky ma cymidsicHi eany3i Hayku, mexHiku, icmopii
¢izuxu, XpoHiky, nepcoHanii ma 6ibnioepagito.

Pekomen/ioBaHo o ipyKy Buenoro Pasoro [IBH3 «Ykropoacbkuii HajioHa/IbHUM YHIBepCHTET»,
npotokos Ne 12 Big 19 rpyans 2019 p.

Ajapeca pegaxiyii:

@isnunmii dakynsTer YxkHY

ByJ. BonommHa, 54, Yxropoa, 88000
Ten. (daxc): (03122) 3-20-24

e-mail: visnykuzhnufizyka@gmail.com

EnexTtponHa Bepcisi: http://fizyka-visnyk.uzhnu.edu.ua/

CBiJIOLITBO TIPO JIep>KaBHY PeECTpaLlilo IPyKoBaHOTo 3acoby Macoroi iHpopmariii Cepist KB Ne 7972, Buznane
Iep>kaBHUM KOMiTeToM TejiebaueHHs i pagiomosienns Big 09.10.2003 poky
ISSN: 2415-8038

© OBH3 «Y>Kropo/icbKuii HallioHa/IbHUM yHiBepcuTeT», 2019



Ministry of Education and Science of Ukraine
State University «Uzhhorod National University»

X > =

N =

ISE Cepisd

O o B ®di3uka

m.2 E Series

< o E Physics

S2E

m S E

0O3E

=L g: = Burnyck
©

b 8— = Iglsue 45

Lz E

L>E 2019

The journal was founded in 1997 and is published by
the Publishing Council of Uzhhorod National University

Uzhhorod — 2019



DOI: 10.24144/2415-8038.2019.45
VIIK 53 (08)

The journal «Scientific Herald of Uzhhorod University. Series «Physics» is founded by Faculty of Physics,
State University «Uzhhorod National University» and Transcarpathian Physical Society

The journal is included in the List of Scientific Professional Species of Ukraine.
Category: B. Branch of Sciences: Physics and Mathematics. Specialty: 104 — Physics and Astronomy,
105 — Applied Physics and Nanomaterials

(Order of the Ministry of Education and Science of Ukraine from July 11th, 2019 No. 975)

Editorial board:

Professor Vasyl Rizak (Editor-in-Chief), Professor P. Puha (Deputy Editor-in-Chief), Associate
Professor N. Popovich (Executive Secretary), Professors Yu. Vysochanskyi , V. Lazur, I. Nebola,
O. Slyvka, I. Studeniak , I. Shafranyosh , Associate Professor P. Guranich, M. Karbovanets
(Uzhhorod National University), Academician of Ukrainian National Academy of Science,
Professor O. Shpenyk, (Institute of Electron Physics of Ukrainian National Academy of Science,
Uzhhorod), Professors J. Banys (Vilnius University), M. Zubek (Gdansk University of
Technology, Poland), P. Kopchans’kyi (Institute of Experimental Physics of Slovak Academy of
Science, KoSice), V. Matolin (Charles University, Prague, Czech Republic), A. Feher (Pavol Jozef
Safarik in Kosice, Slovak Republic), A. Oleaga (University of the Basque Country (UPV/EHU),
Bilbao, Spain), M. Kranjc¢ec (University North, Varazdin, Croatia), Associate Professor M. Veres
(Institute for Solid State Physics and Optics, Wigner Research Centre for Physics of the H.A.S.,
Budapest, Hungary), Dr. M. Gaifullin (Loughborough University, United Kingdom), Prof.

D. Orlov (Lund University, Sweden), PhD Yu. Pihosh (The University of Tokyo, Japan), Senior
Scientist V. Novosad (Argonne National Laboratory, USA).

Editorial notes by PhD V.V. Rubish

The journal «Scientific Herald of Uzhhorod University. Series «Physics» covers the topics:

condenced matter physics, nuclear physics, atomic and molecular physics, field theory and elementary-particle
physics, astrophysics, physical electronics, applied physics, interdisciplinary physics and adjacent fields of physics,
engineering, history of physics, chronicles, famous personalities and bibliography.

Recommended to publication by the Scientific Council of the SU «Uzhhorod National University»,
record No. 12 from December 19th 2019

The address of editorial board:

Faculty of Physics, Uzhhorod National University
Voloshyn Str. 54, Uzhhorod, 88000, Ukraine,
Phone. (fax): (03122) 3-20-24

e-mail: visnykuzhnufizyka@gmail.com

Electronic version: http://fizyka-visnyk.uzhnu.edu.ua/

Certificate of State Registration of Printed Mass Media, Series KV Ne 7972, issued by the State Committee of Radio

and TV, November 9th, 2003
ISSN: 2415-8038

© SU «Uzhhorod National University», 2019



3micT

A. I. ITo20diH, M. M. JIyuuneub, M. 1. ®inen, O. I1. KoxaH, I. I1. Cmydensik, I1. Kyul

CUHTE3, BUPOUIYBAHHS TA CTPYKTYPHI BJIACTUBOCTI TBEPIUX

PO3UMHIB (Cuy_,Ag,)-GeSe:=l . . . . . . e e e 7
O.B. lIIycma, ILII. I'ypaxuu, O.T". Caueka, B.C. IIIycma, P. HuranycH

[TEMIIEPATYPHA [TOBEJIHKA KPAKO ®YHJAMEHTAJIBHOT'O ITOIVJIMHAHHS

KPUCTAJIIB CuCrgsIng 7PoSd . . . . v o o o o e e e e e e e e e e s s 14
IA. I. I[To200iH, O. I1. KoxaH, O. O. SImkosull, JI. M. Cycnikos, I. II. CmydeHsi

EJIEKTPUUHI BJIACTUBOCTI KOMIIO3UTIB HA OCHOBI TBEPIX|

PO3UYMHIB CYITEPIOHHMX MPOBIJHUKIB (Cu; ,Ag,)-SiS-1 . . . .. ... ... 19
B. M. Py6iw, C. M. F'acuneusb, O. M. I'pewyk, JI. I. Makap, O. A. Muxkatino, P. IT. ITicak|

I[. M. Pizak, A. M. ConomoH, B. O. FOxumuyk, T. I. SciHkd

CTPYKTYPA CTEKOJI I KOMIIO3UTIB B CUCTEMI As,S3-SboSs-Sbl{ . . . . . . 27
B. M. Masyp, 3. M. Biean, I1. C. /lepeukeli, /1. M. Cumoukd
MOC/IIIKEHHS 3BYI)KEHHS I30MEPHOT'O CTAHY 11/2~ SI/IPA /B4
B PEAKLIIL (7. Y)™ . . . o o e e 39
[[. B. Muaunuuneus, O. O. ITapaae, B. T. Macnok, O. 1. Jlenden, M. I. Pomatiok, I. I. Mezena)

©. M. Typxoscbkull

[TBOIIAPOBI MILIEHI 1J11 POPMYBAHHSA ITYUKIB BUCOKOEHEPT'ETUUHU X

MOTOHIB HA EJIEKTPOHHOMY NPUCKOPKOBAUI — MIKPOTPOHI M-30. . . . 50
I[. A. Xomuu, T. B. KoganiHcbka, B. I. CaxHd

PAIIALIIVHI TIPOBJIEMU ®YHKIIOHAJIBHMX BUTTPOEYBAHB

OBJIATHAHHS AEC HA EJJEKTPO®I3NYHIV YCTAHOBUI 1971 HAH

......................................... 61
B. FO. J1a3yp, C. I. Muzaauna, O. K. Pelimiti, B. B. Py6iw, M. 1. Kap6osareyy

MATPUYHI ETEMEHTU OUTTIOJIb-AUTTIO/IBHOI B3AEMO/II MDK TIBOMA|

[MBOPIBHEBUMU ATOMAMU, PO3TAILIOBAHUMU HA JOBIJIbHIV

BIACTAHI OOVH BIA OJHOTQ . . . . . o o o e e e e e e e e e i e 73
. I. I'aiicak, I. I. Ialicay

CUHT'YJISPHUU PO3B’S130K PIBHAHHS IIIPEATHTEPA 119 ATOMA BOOAHK) 85
B. M. Cumyauk, T. M. 3asuy

PI3HOMAHITTY MIIXOAIB 10 MMTAHHSA ITPO BUBEJIEHHS PIBHAHHSA

TIPAKA . . o o o e e e e 92
M. 5. Eguu, M. I. KapbosaHeuy

MEPE3APAIKA Y IBIUI 35YDKEHI CTAHU ITPU TTOBIJIbHU X

[OH-MOJIEKYJIAPHUX 3ITKHEHHAX . . . . . . . . . i i i i . 104
B. M. Cumyauk, T. M. 3asuy

OINC IMO3J0BXHIX EJJEKTPOMAT'HITHUX XBWUJIb PIBHAHHAMU

MAKCBEJITAl . . . . o e e e e e 116
H. Benue, O. I. Jlenden, 3. 3. Topuy
I[\/[O,HEHI TTIOMEPOHA TTPU EHEPT'IAX BAKI ..................... 125

B. I. Kyoak, J1. C. IllakyH, B. M. Tlepie, B. €. CasaHeguy
MOPIBHAHHA TOYHOCTEU INOJOXXEHb TEOCMHXPOHHUX OB’EKTIH
PI3HUM ITPOTPAMHUM 3ABE3IIEYEHHAM . . . . . . . . . . o oo 134
0. M. Koacyxos, C. B. Puwenko, T. O. Jlemenmbes, B. I1. Eniwes, I. I. MompyHuu/
[. ®. Haiibayep, B. M. I1epie, B. I. Kydak, /1. M. Koxcyxos, O. M. ITickyH
OLIHKA CTAHY KOCMIYHUX ATTAPATIB TUITY CUBESAT 3A OITTUYHUMU
CIIOCTEPEXXEHHAMMU (HA ITPUKJIAIOI KA ARKYD6AY . . . . . . . o oo ... 141




Content

A. I. Pogodin, M. M. Luchynets, M. Y. Filep, O. P. Kokhan, I. P. Studenyak, P. Ku§

SYNTHESIS, GROWTH AND STRUCTURAL PROPERTIES OF (Cu;_,Ag,),GeSe:l

SOLID SOLUTIONS . . . . . vt e e e e e e e e s s s s 7
A. V. Shusta, P. P. Guranich, A. G. Slivka, V. S. Shusta, P. HuranycH

[TEMPERATURE BEHAVIOR OF ABSORPTION EDGE OF CuCry 3Ing 7P5Sd

LAYERED CRYSTALS . . . . . o e e e e e e e s s s s 14
IA. I. Pogodin, O. P. Kokhan, O. O. Yamkoviy, L. M. Suslikov, I. P. Studenyak

ELECTRICAL PROPERTIES OF COMPOSITES BASED ON SOLID SOLUTIONS

OF (Cu;_,Ag,)-SiS:I SUPERIONIC CONDUCTORS . . . . . ... ... ... ... 19
V. M. Rubish, S. M. Hasynets, O. M. Hreshchuk, L. I. Makar , O. A. Mykaylo, R. P. Pisak|

[. M. Rizak, A. M. Solomon, V. O. Yukhymchuk, T. I. Yasinkd

STRUCTURE OF GLASSES AND COMPOSITES IN As,S:-Sb,S2-Sbl. SYSTEM . 27
V. M. Mazur, Z. M. Bigan, P. S. Derechkei, D. M. Symochkd
INVESTIGATION OF THE 11/2~ ISOMERIC STATE EXCITATION OF THE B4
NUCLEUS IN THE (7,4 )™ REACTION . . . . . . . i i i et 39
[. V. Pylypchynets, O. O. Parlag, V. T. Masluyk, A. 1. Lengyel, M. I. Romanyuk, I. G. Megela)

O. M. Tyrchovsky

DOUBLE-LAYER TARGETS FOR FORMING THE BEAMS OF THE HIGH-ENERGY]

PHOTONS ON THE ELECTRON ACCELERATOR OF M-30 MICROTRON . . . . . 50
I[. A. Khomych, T. V. Kovalinska, V. I. Sakhno

RADIATION PROBLEMS OF FUNCTIONAL TESTING OF NUCLEAR POWER|

PLANT EQUIPMENT AT AN ELECTROPHYSICAL INSTALLATION OF THE INR|

OF NAS OF UKRAINE . . . . . . e e e s s s st 61
V. Yu. Lazur, S. I. Myhalyna, O. K. Reity, V. V. Rubish, M. 1. Karbovanets

MATRIX ELEMENTS OF THE DIPOLE-DIPOLE INTERACTION BETWEEN TWQO

[TWO-LEVEL ATOMS DISTANCED ARBITRARILY FROM EACH OTHER| . ... 73
A. I. Haysak, I. I. Haysak

ON THE SINGULAR SOLUTION OF SCHRODINGER EQUATION FOR THE

HYDROGEN ATOM . . . . o o e e e e e e e e e e e e e e s s s s s s 85
V. M. Simulik, T. M. Zajad

[THE VARIETY OF APPROACHES TO THE PROBLEM OF THE DERIVATION OF

DIRAC EQUATION . . . . o ot e e e e e e e s s s s 92
M. Ya. Yevych, M. I. Karbovanets

CHARGE-TRANSFER PROCESSES INTO DOUBLY EXCITED STATES IN A SLOW

[ON-MOLECULE COLLISIONS . . . . . o e e e e e e e e e e 104
V. M. Simulik, T. M. Zajad

DESCRIPTION OF THE LONGITUDINAL ELECTROMAGNETIC WAVES BY THE

MAXWELL EQUATIONS . . . . . o ot e e e e e s s s, 116
IN. Bence, A. I. Lengyel, Z. Z. Tarics
IPOMERON MODELS AT LHC ENERGIES ....................... 125

\V. I. Kudak, L. S. Shakun, V. M. Periqg, V. E. Savanevych
COMPARISON OF THE GEOSYNCHRONOUS OBJECTS POSITION ACCURACY|
WITH DIFFERENT SOFTWARE . . . . . . . st st 134
O. M. Kozhukhov, S. V. Rishchenko, T. A. Dementiev, V. P. Yepishev, I. I. Motrunich)
[. F. Neubauer, V. M. Perig, V. I. Kudak, D. M. Kozhukhov, O. M. Piskun
STATE IDENTIFICATION OF CUBESAT-TYPE SATELLITES BY OPTICAL|
OBSERVATIONS (ON THE EXAMPLE OF ARKYD 6A SPACECRAFT) . ... .. 141




HayxkoBwuii BicHUK YsKropogcbkoro yHiBepcutety. Cepist @isuka. Bunyck 45. — 2019

YAK  538.951, 531.7
PACS 61.43.Fs, 62.25.+g, 68.60.Bs, 81.07.-b
DOI  10.24144/2415-8038.2019.45.7-13

A.IL Tloroain!, M.M. Jlyuunenp', M.J. ®@inen!, O.IT. Koxan!, L.IT. Ctyznensik!,

I1. Ky

l'yskropogicekuit HarlioHanbHuiA yHiBepcuTeT, 88000, Yskropog, By/1. Bonomusa, 54, YkpaiHa,

e-mail: studenyak@dr.com

2yHiBepCI/ITeT iMm. KomeHcbkoro, MmHceKa fosivHa, 84248, bpariciaa, CrioBakist

CUHTE3, BUPOILIIYBAHHA TA CTPYKTYPHI
BJIACTMBOCTI TBEPINX PO3UNHIB
(Cu_,Ag,)7;GeSesl

[IpoBesieHO CMHTe3 Ta BUPOILL[yBaHHS MOHOKpHUCTamiB TBepAux po3unHiB (Cu;_,Ag,);GeSe;l. PeHTreHOCTPYKTYp-
Hi JOCJTiZPKeHHS1 TIoKa3auy, 1o y cucteMi CuyGeSes1-Ag;GeSes] yTBOPIOETHCS HellepepBHUM sl TBEPAUX PO3UMHIB
(Cuy_,Ag,)7GeSes], siki KpUCTAsTi3yIOTHCS B TPAHELIEHTPOBaHil KybiuHili KoMiplii. BcTaHOB/IEHO, 11[0 KOHI|eHTpalliii-
Ha 3MiHa IlapaMeTpa rpaTku BiJj0yBaeThCs y BiAMOBigHOCTI 10 3aKoHy Berappa.

Koro4oBi cioBa: TBep/i po3urHHU, CUHTe3, BUPOLLyBaHHs, AU(paKkTorpaMa, rapaMeTp rpaTkH.

Bctyn

Kpucramu Cu;GeSes] Ta Ag;GeSes] Hanexarb
[0 cronyk 3i cTpykTyporo apripoguta [[, 2].
Opep>KaHHIO Ta AOCTi/PKeHHIO [lessKUX (pi3uko-
xiMiuyHuX BiaactuBocTelr kpucraniB Cu;GeSsl,
Cu;GeSe;] Ta TBepAux pO3uMHIB Ha iX OCHO-
Bi Cu;Ge(S;_,Se,)s] mpucBsiueHo KibKa pobit
[B3-5]. EnekTpuuHi, enekTpoximMiuHi Ta ONTH-
YHI B/IaCTMBOCTI BUIL|e3ralaHuX KpPUCTaiB Ji0-
clipKyBamucss B pobotax [6-8]. BusiBuiocs,
mo kpucranu Cu;GeSes;] xapakTepusyrTbCs
HaWBUIIUM 3HaYEeHHSIM e/IeKTPUYHOI TIPOBiJHO-
CTi cepesl BiJOMUX MiJ€éBMiCHUX CyTePiOHHUX
nposignvkis (0.64 Cm/cm Ha wactori 10° I'g
ta nipu Temmneparypi 300 K) [7]. Kpim Toro,
B Kpucranax Cu;GeSe;l Ta TBepaux po3uu-
Hax Cu;Ge(S;_,Se,)s] BcTaHOB/IEHO 3pOCTaH-
HSl e/IeKTPUYHOI MPOBIJHOCTI 3 MiBUILEHHSIM
TeMIeparypH y BIATIOBITHOCTI 710 3aKOHY Appe-
Hiyca, 1[0 CBIAUMTH IPO i TepMOaKTUBAL|iMHY
nipupoAy. OnTUYHI A0 CTipKeHHS TT0Ka3ajy, 110
B kpucTanax Cu;GeSesl Ta TBepgux po3urHax
Cu;Ge(S;_,Se,)sI crnocrepiraeTbcst ypbOaxiB-
cbKa ¢opMa Kparo TMOIJIMHaHHS, siKa BU3HAYae-
ThCSI CUJIbHOIO e/1eKTPOH-(POHOHHOIO B3a€EMO/Ii-

€10, IPUYOMY Kpal TOIVIMHAHHS 3a3HAa€ CyTTeE-
BOT'0 BIVIMBY KOMITO3ML{iIHOTO PO3yMOpPsiAKYBa-
HHS KpUcTaniuHoi rpatku [6-8]. Haperuri, npu
aHIOHHOMY 3aMillleHHI S — Se y KpucTamax
TBepAaux po3uuHiB Cu;Ge(S;_,Se,)s] BusBe-
HO HeJTiHiliHe 306i/bIlIeHHSs e/IeKTPUYHOT IPOBij-
HOCTI GifbliI, Hi’K Ha TIOPSIZIOK, HeJliHiliHe 3MeH-
LIeHHSl IIUPUHA ONTHUYHOI ICEBJOLIIMHA Ta
XapakTepHY AJis1 TBepAUX PO3UUHIB MOBEIHKY
ypbaxiBcekoi eHeprii [6—8].

Y Bunagky kpucrana Agr;GeSesl crio-
CTepiraeTbCsi HeappeHiyCiBCbKa IOBe/liHKa eJie-
KTPOTIPOBIJHOCTI, a BeJWYMHA eJIEKTPUYHOL
MpoBiAHOCTI npu Temneparypi 298 K ckiazae
7.96 x 1072 Cm/cm [9-12]. HeappeniyciBcbka
TIOBe/liHKa eJIeKTPUYHOI TpoBifHOCTI B pobo-
Ti [10] onucyeTbCs 3a AOMOMOrO0 CIiBBiZIHO-
weHHs1 doresng-dynuepa-Tamana, TIpUUOMy it
3MiHM 3 TemIiepaTyporo B Kpucrtaii Ag;GeSe;l
OB’ A3yHOTbCS 3 HAsIBHICTIO «KBa3i-piJMHHOI»
migrpatku ioHie Agt. MeTowo faHOi poOOTH
Oy/i0 cCHHTe3 Ta BUPOILyBaHHS, pEHTTeHOCTPY-
KTYPHI JOC/iJ-KeHHs, AOCIiPKEeHHsI KOHLIeH-
TpaLiiiHOT TTOBe/iHKY MapaMeTpa rpaTKu Ta I'y-
CTUHU TBepAux po3umHiB (Cu;_,Ag,)7GeSe;l.



Uzhhorod University Scientific Herald. Series Physics. Issue 45. — 2019

MeToauKa eKCIiepuMeHTYy

MonokpucTanu TeTpapHux crnoayk Cu;GeSesl,
Ag;GeSe;] Ta TBepAMX pO3UMHIB Ha X OCHOBI
(Cu;_,Ag,);GeSesI 3 x = 0; 0.25; 0.5; 0.75;
1 BUpOLLIEHO MeToaMU CIIPSIMOBAHOI KpUCTaJli-
3auii (Cu;GeSesl, Ag;GeSesI) Ta 30HHOI Kpu-
cranizauii ((Cu;_,Ag,);GeSesl) 3 po3mnnaBy 3
BUKOPHCTaHHIM MOAU(]iIKOBaHOI METOAUKHU.

Cnermdikoro mMoaudikoBaHOT MeTOAUKHU
BUPOILYBaHHS MOHOKPHCTAJIIB Y BUNIAZIKY OZlep-
JKaHHS IHAWBIAya/lbHUX CIIO/YK, € Te, L0 B
POCTOBY aMIly/ly 3aBaHTa)XKyHOTb BUXiJHI IIPO-
cti peyoBuHU Ag (99,999%), Cu (99,999%),
Ge (99,9999%), Se (99,9999%) Ta rornepeHbLO
cunTe3oBaHui Cul (Agl) y BignosigHux cTexio-
MeTPUYHUX CIT1iBBiJJHOLLIEHHSIX, JOAATKOBO OUU-
1ieHi MeToloM BakyyMHOI guctuasii (Cul) Ta
MeTOZ,OM CIIPSIMOBAHOI KpUCTaJli3aLlii 3 po3rnia-
By (Agl). B sIKoCTi BUXiJHUX PEUOBHH JIJisi CUH-
Te3y Ta MOZAJbLIOT0 BUPOLIYBaHHS MOHOKPH-
craniB tBepaux po3unHiB (Cu;_,Ag,)7GeSesl
BHUKOPHCTOBYBAJIY [TOTIepeIHb0 CUHTEe30BaHi Te-
TpapHi crionyku Cu;GeSes;I Ta Ag;GeSesl.
CTpYKTYpHi [OCJIi)KEHHS TIPOBOJUIUCA Me-
TofJaMu AudepeHI[iiHOT0 TepMiUyHOTO aHasli3y
(Xpomesib-anroMesieBi TepMOIapH, LIBUJKICTh
HarpiBaHHs1 Ta oxonomkeHHs 700 K/rog) Ta
pentreHocdasosoro aHanizy (APOH 4-07, Bu-
npomiHtoBaHHS CuKaq, MIBUAKICTE CKAHYBaHHS
KyTa 20 — 0.02 rpag, ekcriosuuisi — 1 c). AHa-
ni3 pudpakTorpaM MOHOKPHCTAiB MPOBO/IVB-
csa 3 BUKopucTtaHHaMm nporpamu EXPO 2014
[13,14].

Pe3ynbTaTH Ta ix 00roBopeHHs

Pe>kuM cUHTe3y Ta BUPOLLyBaHHSI MOHOKPHCTa-
NiB sIK iHauBigyanbHUX crionyk Cu;GeSesl Ta
Ag;GeSe;], Tak i TBEpAXX PO3UMHIB Ha IX OCHO-
Bi (Cu;_,Ag,)7GeSesl meTomom crnpssMOBaHOI
KpUCTasi3alil i3 po3IviaBy CK/IaJaeTbCs 3 Je-
KizbKOX etaniB. Ha mepiiomy erari npoBofu-
TbCs cuHTe3 (Cuy_,Ag,)7GeSesl. Tlpu oMy
TeMneparypa MmiABullyeTbcsa A0 873 K mpots-
roM 6 roguH. Ilicsis 1pOro 3miMCHIOETBCSA 24-
rOJWHHA BUTPHMMKA, III0 TIOB’S13aHO 3 HeoOXi-
JIHICTIO TIOBHOTO 3B’si3yBaHHs cejieHy (AJ1s1 Te-
TpapHux crionyk Cu;GeSesl Ta Ag;GeSe;]), a
LIBH/KE Mi/IBUILIeHHS TeMIlepaTypy MOKe MpH-

3BeCTU [0 po3repMeTtusaii ammyau. Hamni Bif-
OyBa€eTbCs MiIBUILIEHHS TemrepaTypu TMpOTs-
roM 706U 10 MakCHMa/IbHUX 3HaueHb TeMriepa-
Typy, 1110 Ha 50 K BHllle TemriepaTyp riaB/ieHHs
Ta 24-rofvHHA BUTPUMKA, TIpU SIKil BiZiOyBae-
ThCs TI0BHA rOMoreHisaris posmiasy. Ilogans-
111e TIOHW)KEHHS [J0 TeMIlepaTypy TOMOTreHi3yto-
Yyoro Bijany, 1[0 CKIajae 2/3 BiJ TeMriepatypu
niaBsieHHs (72 rop) BigOyBaeThCs 3 MIBUAKICTIO
100 K/roa. Oxo/okeHHs 10 KiIMHaTHOI TeMrle-
paTypy TMPOBOASTh B PEXHMMi BHUKJ/IFOUEHOI Tie-
yi. 3 METOIO BCTAHOBJIEHHSI O/IM3bKKX /IO OTITH-
MaJIbHUX TeXHOJIOTIYHUX Pe)KMMiB BUPOILyBaH-
HSI MOHOKDUCTAJIIB SIK IHAWBiAyabHUX CIIOYK
Cu;GeSe;I Ta Ag;GeSe;l, Tak i TBepAUX pO3uu-
HiB Ha ix ocHOBI (Cu;_,Ag,);GeSe;1 3 x = 0;
0.25; 0.5; 0.75; 1, omep»kaHi 3pa3Ku JOCIIIKY-
BaJIMCSl METOAOM AU(epeHLiiHOr0 TePMiuHOTO
ananisy (ATA). dani ITA Ta pe>XMMu BUPOILY-
BaHHSI MOHOKPHCTAJTiB HaBe/IeHi y TaOJTHIi E], ne
Tkp — Temneparypa kpucranisaii, Ty — Tem-
nieparypa riaBsieHHsi, Tsp — Temreparypa 30-
HY po3IuiaBy, T3g — Temrieparypa 30HU Bifria-
ny. Yac BUpOIIyBaHHS iHAWBIAya/lbHUX CIIOYK

Ta TBepUX Po3uMHiB cKnazas 150 rog,.
Tabn. 1: TexHOMOTiUHI YMOBH BHUPOIIyBaHHS MOHO-

KpHUCTasiB TBepAux po3umnHiB (Cuj_,Ag,;)7GeSesl

Crkrag Tkp | T | Tsp | T3

&) | K | &) | K
Cu7GeSesl 1062| 1062| 1112| 710
(Cup.75A80.25)7GeSes1| 1067| 1083| 1133| 720
(Cug sAgo 5)7GeSesI | 1072| 1094| 1144| 730
(Cug.25A80.75)7GeSes1| 1085 1106| 1156| 735
Ag;GeSesl 1113| 1113| 1163| 745

BupoliyBaHHs MOHOKPHUCTAJIIB CK/a/iB
(Cuy_,Ag,);GeSe;1 3 z = 0, 0.25, 0.5, 0.75,
1 Bkrouae B cebe hopMyBaHHS MOHOKPHCTa-
JYHOTO «3apOoJAKy», METOZIOM 30ipHOI peKpu-
cTastizaiiii, B HWKHil KOHyCOTo/iOHil yacTuHi
POCTOBOTrO KOHTelHepy (48 rogun). IIIBUAKICTh
niepeMiltieHHs1 (POHTY KpHUCTasi3alil ckiazana
0.4 mm/rog. [lic/ia nepeMillieHHs aMITy/Iu 3 KpU-
CTaJIoM y 30HY Bifiasny 3/iliCHIOETbCS TOMOTe-
Hi3yrouunii Bifnan nmpoTsaroM 3 Aib, HeoOXiaHui
JUIsl 3HSATTS TepMiUHMX Harpyr B KpUCTasax.
Takum urHOM Oy/M Ofiep)KaHi MOHOKPHCTAJIH
cknagy (Cu;_,Ag,);GeSesI (x = 0, 0.25, 0.5,
0.75, 1) norxunoto 20 — 40 mm i giamerpom 10
— 15 mm (puc. fI)).
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1cm

Puc. 1: 300pakeHHs1 KpUCTalny TBEpPAOTO PO3UYUHY
(Cup.5Ag0.5)7GeSes1.

(Cu, ,.Ag,,),GeSe,l

WL—-—‘—ALJM___.

(Cuy;Ag, ;),GeSe,l

WM—M&M__..

(Cu,;5Ag, 5),GeSe,l

e L___LL M 1 UEJMM-——-‘-
Cu.GeSe,|
L —— l.___ ) .L_J\.Il* At N
| L 1 L 1 1 1 s
15 30 45 60
20/deg
Puc. 2: [udpaxktorpamMm TBepAuUX pO3UMHIB

(Cui_»Ag,)7GeSes] (z = 0, 0.25, 0.5, 0.75, 1).

3a pe3yabratamMM  peHTreHo()a3’0BOro
aHasii3dy MpOBeJEeHO pPO3PaxyHKH IlapaMeTpiB
esleMeHTapHOI Komipku crionyk Cu;GeSesl
i Ag;GeSe;I Ta TBepgux po3uMHIB Ha iX
ocHoBi. [ludpakrorpamu crionyk Cu;GeSe;l
1 Ag;GeSe;] mpoiHAeKCcOBaHiI B rpaHeL|eHTPO-
BaHii Ky6iuniii komipri (puc. P). Kimbkicts i
xapakTep pedyiekciB Ha JudpakTorpaMax TBep-
JUX PO3UMHIB BKasylOTb Ha Te, [0 B CUCTEMI

YTBOPIOETHCSI HETIepepPBHUM PsiJ| TBEPAUX PO3-
ynHiB. [loBHOMpoGinEHUI aHasi3 AuppakTo-
rpamMu TBepgoro po3unHy (CugsAgg.5)7GeSesl
HaBeJleHo Ha puc. .

1200
— Obsarved
Calculate:

Cal d

1000
800
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| |

400 | | |

200 MU 'Mwlw!’wi ! L,Jw i"f"i. i

a
" " I" oz nat y v b Bl " "
-200
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Puc. 3: EKCriepUMeHTalbHa, pO3paxoBaHa Ta
pisHMIleBa AudpaKTOrpaMa TBEpJOr0 PO3UMHY
(Cup.5Ag0.5)7GeSesl.

a,i\ T Y T T T Y T T T T T

11.0 - 4

108

10.6 |-

10.4 |

1 1 1 1 i 1 " 1

0.0 02 04 X 0.6 08 1.0

Puc. 4: KoHIleHTpalliiHa 3a/Ie)XHiCTh TapameTpa
rpatku TBepaux po3uuHiB (Cu;_,Ag,)7GeSesl.

Ha puc. @ HaBeJleHO KOHLIeHTpaLilHYy
3a/Ie)XHICTh MapameTpa TpaTkKu [Jisl TBepAUuX
po3uuHiB (Cu;_,Ag,);GeSesl. 3i 36imbIIIeH-
HIM BMICTy cpibsia criocTepiraeTbcs JTiHiliHe
30i/bIIeHHsT TapaMeTpa KybiuHOi rpatku. Bu-
SIB/IEHUM JIIHIMHUKA XapakTep KOHLIeHTpaLlili-
HOi 3amexxHocti (puc. M) cBigumte mpo Te,
1[0 BOHA OMNMCY€eThCA IpaBuiioM Berappa. Ha
OCHOBi OfIep>)KaHUX 3HaueHb IapameTrpa Kybi-
YyHOI TpaTku Oys0 1oOy0BaHO KOHLIEHTpaILlili-
Hy 3a/IeXKHICTh PO3PaxyHKOBOI I'yCTUHU TBeEp-
nux po3umHiB (Cuy_,Ag,);GeSesl, sika HaBe-
JeHa Ha puc. [§. BcraHoBneHo, 1o 3i 36ib-
IIeHHSIM BMICTy cpibsia B TBepAWX pPO3UMHaX
(Cu;_,Ag,)7GeSe;1 cnocTepiraeTbCsl HesliHIN-
He 30inbineHHs ix rycrund. Crifi 3a3HaumTH,
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[0 YTBOPEHHS HeIepepBHOIO psAAy TBEpAUX
po3uuHiB (3amimiennss Cut<>Ag™) Binbysae-
TbCSI B 3B’SI3KY 3 i30CTPYKTYPHICTIO CIOJYK
Ta O/JIM3bKUMM 3HAUEHHSIMH iOHHMX pajiyciB
(0,98 A pna Cut Ta 1,13 A gna Ag™) [115].

BucHoBku

[TIpoBeseHO cHMHTE3 Ta BUPOILLyBaHHS MOHOKDH-
craniB TBepux po3uuHiB (Cu;_,Ag,);GeSesl.
BupoiyBaHHSI MOHOKPUCTA/IIB TBEPAUX PO3-

p, glem®

Puc. 5: KoHnjeHTpatliliHa 3a7eKHiCTb po3paxyHKOBOI
TYCTHHU TBepAuXx po3uuHiB (Cu;_,Ag, )7 GeSesl.

[1]

[2]

[3]

[4]

[5]

[6]

[71

6.6 -

6.5 -

62 ® -

yuHiB (Cu;_,Ag,);GeSe;] npoBogunocs Kpu-
CTaji3alli€lo 3 pOo3uMHYy-pO3IlUIaBy. 3 BUKOPU-

e | cranHsaM metony [TA BcTaHOB/IeHO O/M3bKi
/ [0 ONTUMAJbHUX TEXHOJOTIUHI PeXUMH BU-
POILLyBaHHSI MOHOKDHUCTAJIIB TBEPAUX PO3UUHIB

1). 3a pesynbraramu PDA BcTaHOB/IEHO, 1110 B
cucremi Cu;GeSe;I — Ag;GeSes1 yTBOproeTbest
HeTlepepBHUM psifi TBepAUX po3urHiB. [1o6yao-
BaHO KOHILIeHTpal[iliHy 3a/Ie>KHICTh TapamMeTpy
: : : : : . rpaTky, fIKa OMMUCY€EThCS NpaBuioM Berapga. 3i
00 02 04 086 08 10 30i/IbIIEHHsIM BMiCTY cpibma criocTepiraerbes
MiHiliHe 30i/bIIeHHs MapaMeTpa KyOiuHoi rpa-
TKU Ta HeJTiHilHe 30i/bllleHHs TYCTUHU. Y TBO-
PEeHHSI HelepepBHOIO psly TBepAUX PO3UMHIB
BiZI0yBa€ThCs B 3B A3KY 3 i30CTPYKTYPHICTIO Te-

TPapHUX CIIOJYK CTPYKTYPHY apripojuTy.

/- 1 (Cu_,Ag,):GeSesI (x = 0, 0.25, 0.5, 0.75,
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CUHTES3, BIPAIIIMBAHUE N CTPYKTYPHLBIE
CBOVICTBA TBEPIBIX PACTBOPOB
(Cu;_,Ag,)7;GeSesl

IIpoBefieHbI CUHTE3 Y BhIpALLMBaHUE MOHOKPUCTAJIIIOB TBepAbIX pacTBOpoB (Cu; —, Ag, )7 GeSesl. PeHTreHOCTpPYKTYp-
HbI€ UCC/IeA0BaHUs MoKa3aaH, uto B cucteme Cur;GeSesl - Ag7GeSesI obpa3syercst HelpepbIBHUU Psifi TBEPABIX pa-
ctBopoB (Cu;_,Ag,)7GeSes], KOTOpble KPUCTAIIIU3YIOTCS B TPaHELIEHTPUPOBAHHOM KyOuueckoii siueiike. TTokasaHo,
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YTO KOHLIEHTPALMOHHOE M3MeHeHHe rapamMeTpa peleTKy MPOMCXOANUT B COOTBETCTBUH C 3aKOHOM Berapza.
KnroueBble cj10Ba: TBep/ible pacTBOPbI, CUHTE3, BhIpalllBaHue, ArdpakTorpaMmma, rapamMmeTp peleTKH.
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SYNTHESIS, GROWTH AND STRUCTURAL
PROPERTIES OF (Cu;_,Ag,);GeSesI SOLID
SOLUTIONS

Purpose. The purpose of this work was synthesis and crystal growth, X-ray diffraction studies, investigating the com-
positional behavior of the lattice parameter and the density of (Cu;_,Ag,)7GeSesI solid solutions.

Methods. Single crystals of quaternary compounds with argyrodite structure Cu;GeSesI, Ag;GeSesI and solid so-
lutions on their basis (Cu;_,Ag,.)7GeSesI with x = 0; 0.25; 0.5; 0.75; 1 were grown by direct crystallization
(CuyGeSesI, Ag7GeSes]) and zone crystallization ((Cu;—,Ag,)7GeSesI) from the melt using a modified method.
Structural studies were carried out by the methods of differential thermal analysis (chromel-alumel thermocouples,
heating and cooling speed 700 K/h) and X-ray phase analysis (DRON 4-07, CuKa radiation, scan angle speed 20 —
0.02 deg, exposure — 1 s).

Results. In order to establish near-optimal technological regimes for the growth of single crystals as both individual
compounds of Cu;GeSesI Ta Ag;GeSesl, and solid solutions on their basis (Cu;_, Ag,)7GeSesl they were investi-
gated by the method of differential thermal analysis. The diffraction patterns of Cu;GeSesI and Ag;GeSesI compounds
are indexed in a face-centered cubic lattice. The number and nature of the reflexes on diffractograms of solid solutions
indicate that a continuous series of solid solutions is formed in the system. The compositional dependence of the lattice
parameter was constructed, which is described by Vegard law. As the content of silver increases, a linear increase in
the cubic lattice parameter and a nonlinear increase in density are observed.

Conclusions. Synthesis and growth of single crystals of (Cu;_,Ag,)7GeSesI solid solutions was performed. The
growth was carried out by the methods of direct crystallization (Cu;GeSesl, Ag;GeSesI) and zone crystallization
(Cuy_,Ag,)7GeSesI from the melt using a modified method. According to the results of X-ray diffraction studies, it is
established that in Cu;GeSe5I — Ag7;GeSesI system a continuous series of solid solutions is formed. The compositional
dependences of the lattice parameter and density are constructed. It was found out that with increasing silver content, a
linear increase in the cubic lattice parameter and a nonlinear increase in density in (Cu; —,Ag, )7GeSes1 solid solutions
are observed.

Keywords: solid solutions, synthesis, growth, diffractogram, lattice parameter.
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TEMIIEPATYPHA ITIOBEJIHKA KPARO
OYHAAMEHTAJIBHOI'O ITOIVIMHAHHA
KPUCTAJIIB CuCr 3Ing 7P2S¢

JocnipkeHOo CrIeKTpU ONTUYHOIO MOIVIMHAHHSA apyBaTux kKprcTaniB CuCrg 3Ing 7P2Sg B TemneparypHomMy iHTepBaii
150 — 350 K. BusieneHo, 1110 Kpaii pyHAaMeHTaIbHOTO TIOT/TMHAHHS Ma€ eKCTIOHeHI[ia/lbHAN XapakTep i MiZKopsieTbCs
npaBwty Ypbaxa. Bu3HaueHo mapameTpu nipaBusia Ypbaxa Ta TeMriepaTypHH KoedillieHTH 3CyBY eHepreTUYHOro Mo-

JIO’KeHHsI Kparo IMOIJIMHaHHA B ,E[OCJ'[i,E[)KyBElHI/IX KpucCTa/aax.

KorouoBi c10Ba: cernetoeneKTpukHy, Gpa3oBi epexoiy, CrieKTpH MOIIMHAHHS.

Beryn

[Tapysari kpuctanuy tuny CulnP,Sg aBisit0ThCS
L[iKaBUMU 00’ €KTaMu [I/is1 eKCIiepUMeHTaTbHUX
JIOC/i/I>KeHb TaK 5K BOJIOJIiFOTh Pi3HUMH THUTIaMU
JIATIO/IbHOTO BIOPSIZIKYBaHHS i Ha (pa30BUX Aia-
rpamMax siIKux peasi3yrTbcs (a3oBi mepexoju B
CerHeTo-, CerHeTu-, aHTUCerHeTU-,HeCIiBMipHi
(a3u Ta a3y AUMOIBLHOTO CKIa.

Kpim TOro, 3pocTtaHHsi iHTepecy /10 HUX
BUK/IMKAHO pe3ysibTatamu pobit [, 2], me 6y-
JIO TIOKAa3aHo, 1110 LIapyBaTi y/IbTPaTOHKI 3pas-
k1 KpucramiB CulnP,Sg ta CuCrP2Sg MoxHa
BUKODUCTAaTU B SKOCTi HACTYIHOIO IOKOJIiH-
Hsl eHeproHe3asie>KHUX 3araM’sITOBYIOUMX MpH-
cTpoiB nam’sTi Ta pi3Hux vdW reTepoCTpyKTyp,
3aCHOBaHUX Ha 2D-cerHetoenekTpukax.

B po6orax [3, 4] moka3aHo, 1110 CerHeTH-
eJIeKTpUYHA TIO/sIpU3allisi TIpyU aTMoC(epHOMY
TUCKY Ta Temneparypi 1. = 313 K B kpucranax
CulnP,S¢ BUHMKae B pe3ynbrarti (ha3oBoro re-
pexoay (®IT) mepitioro poAy THIY «aj — 6e3-
naj», MepIeHANKY/ISIPHO I1apaM i 00ymoB/ieHa
aHTUKOJIIHeapHUMH BKJ/Ia/laMU 3a PaXyHOK BIO-
PAAKYBaHHS 10HIB Mifii i 3MillleHHs 10HIB iHAiO.
I1pu 3MiHi XIMIYHOTO CKJIaZly TBEPAUX PO3UMHIB
CuCr,In;_,P>S¢ MoXHa criocTepirat¥ TpaHC-
dopmMaliito Bif JUTOIBLHOTO YTOPSAKYBaHHS 3

14

Jla/IbHIM TOPSIJKOM B CerHeTHesleKTPUYHe ISt
kpucranis CulnP,Sg un aHTHCErHeTOeIeKTpuU-
yHe f/151 KpucTasiB CuCrP,Sg 10 cTany Aunosis-
HOTO CKJ/a 3 Bi/JJTTOBiJHOIO peJiaKCalliiHO MOo-
Be/liHKOI0, 0OYMOBJ/IEHOI) «3aMODPOKYBaHHSIM»
CerHeTOAaKTUBHHUX i0HIB B KPUCTAJTiUHIN rpaTLi.
[3oMop¢Ha 3amina atomiB In Ha atomu Cr cyT-
TEBO MOHWXKYE TeMIepaTypy CerHeTHeeKTpU-
yHoro (pa3oBoro nepexozy. 3rifgHo asosoi x,T-
nmiarpamu st kpucraniB CuCr,In; _,P2Ss BoHa
BusiBwiacs piBHow 1, = 220 Kta7, = 245K
BignosigHo st x = 0,3 Ta 0,2 mon. gon. [5].
IIpu 1pOMy B [jlaHMX KpHUCTajlax CIOoCTepirae-
TBhCS1 CyTTEBE PO3MUTTS (pa30BOro nepexozy. In-
¢dopmatiito npo DI Ta epekTr po3ynopsiAKyBa-
HH$ B KpHCTaJlax MOXKHa Oflep>KaTH i3 Temriepa-
TYPHHUX JOC/TIKEeHb Kparo ONTUYHOI0 MOIJIMHA-
HHs cBiTa. MeToto faHoi poboru 6ymno mocii-
JPKeHHsI Kparo (pyHZlaMeHTa/IbHOrO MOIJIMHAHHS
B Kpuctasiax CuCrg 3Ing 7P5S¢.

MeTtojMKa eKCIIepUMEeHTY

Kpucramu  CuCrg 3Ing 7P2S¢  BUpoIeni 3a
JIOTIOMOIOX0 MeTOAYy XIMIYHMX TpaHCIIOpT-
HUX peakuid. [lns BHUMipioBaHb BUKOPHCTO-
ByBa/IMCA 3pa3ku TOBLMHOK 40 — 80 MKM.
TemnepaTrypa 3pa3ka KOHTPOJIHOBajlaCh Mi/ib-
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KOHCTAaHTaHOBOK TepMOIaporo 3 TouHictio 0,1
K. CriekTp nomwvHaHHA [OC/IiJKyBaauCh 3a
nJoromororo  criektpomerpa USB400 ¢ipmu
«Ocean optics» 3 Aiara3o0HOM peecTpaLiii J0B-
>kuHA XBU/Ib 190 — 1100 BM.

ExcnepuMeHTa/lbHI pe3y/bTaTu

Ha puc. HaBe/leHi 300pa)keHHs1 TIO-
BEpXHi  KBa3i/JBOBUMIDHHUX MOHOKPHCTAJIiB
CuCrg 3Ing 7P3S¢ oTpumani 3a [JOMOMOrOrO
CKaHYHUOIro ejIeKTPOHHOI0 Mikpockori JSM-
7001FSEM i npoBefieHO IX TOUKOBMM aHasli3
MeTO/IOM eHeproAMCIepCiiHOI peHTreHodTyO-
pecLieHTHOI crieKTpockorii. OTpUMaHui XiMi-
YHUI aHasi3 KpUCTaliB TOKa3aB, 1110 iX CKiaj
cknagae:Cu — 15,36 monb. %; In 19,46 Mosb.
%; Cr — 3,72 monb. %; P — 15,95 monb. %; S —
46,51 monb. %, 110 ayXkKe f00pe y3romKyeTbCs
i3 TEOPETUYHUMHU PO3paxyHKaMH.

|
SpARcie
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Bprn Eleclron rnages

Spectrun
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Prc. 1: 300pakeHHS1 MMOBepXHi Ta peHTreHO(y-
opectieHTHUI1 EDX-criekTp 11apyBaTUx KpUCTasiB
CuCr0,31n0,7P286.

CriekTpasnbHi 3a/e)KHOCTi KoedillieHTa
norsmiHaHHs kKpuctaiiB CuCrg slng 7P2S¢ s

pi3HMX TeMmIliepaTyp HaBe/leHi Ha pUC. . Buss-
JIEHO, 1110 Y AOC/IiI)KYBaHOMY IHTepBasli Temrie-
paTyp Kpai MOIrJIMHaHHS Ma€ eKCIIOHeHLiaIbHY
tbopmy.

CrieKkTpasbHi 3a/ieXXHOCTi KoediljieHTa
MOTJIMHAHHS, B HaliBaorapugmiuHoMy Mac-
mrabi s pi3HUX TeMriepaTypHUX obsacTei
HaBe/eHi Ha puc. f.
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Puc. 2: CriektpanbHi 3anexxHocTi koedillieHTa 1o-
rHaHHA Kpucrana Cu(Crg 3Ing 7)P2Se npy pisHuX
TeMIieparypax.
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Puc. 3: CrekrpasbHi 3a7e)XHOCTi koediljieHTa mo-
rnuHaHHsA Kpucrtana Cu(Crg 3Ing 7)P2Se, B Hamiso-
raprdmMiyHOMy MaciTabi A1 pisHUX TeMIIepaTyp.

sk BugHO i3 puc. B B gocmimKyBaHii
o6s1acTi TemMriepaTyp BUKOHY€EThCS TIPaBUIO Yp-
6axa. I[IpaBuio Ypbaxa MO)KHa 3alMcaTH y BU-
IS

a(E,T) = ag exp [%(hy - Eo)] ,

e og i Fy mapameTtpy, 10 XapaKTepy3yHTb
Marepias i fIKi BA3HauyarOTbCSd KOOpAWHATamMu
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TOUKHM TIePeTUHY eKCTPario/ibOBaHUX JTiHIHHUX
y4acTkiB KpuBux Inoa(hv), % = W - Be-
JIMYMHA, 110 XapaKTepu3y€e HaXu/l Kparo Moru-
HaHHsI, TOOTO HOT0 CIIeKTpabHe PO3MUTTS TIPU
Temnepartypi . [Tpu ibomy o (1") onucyeThbes Bi-
JIOMUM CITiBBiJHOLLIEHHSIM:

2kT hv.
T = o0 [ 255 ) th (22
o(T) "O(hy,,)t (2kT>’

Jle 0y — TMOCTilHa, 1[0 XapaKTepu3ye BeJTMUUHY
eJIeKTPOH (eKCUTOH)-(DOHOHHOI B3aemofii, i,
— eHeprisi eeKTUBHOTO (DOHOHA, STKUM TIPUMMae
yudacTh y (hopMyBaHHi Kparo QpyHZaMeHTa bHO-
0 MOI/IMHAHHS CBiT/a.

BusHaueHi BemMuUuHU v, Ly, 0 A5 KpU-
craniB CuCrg 3Ing;P2S¢ B mapaenekTpuuHiit
obmacTi BifmoBigHO piBHi: Fy = 2,28 eB, o =
7,3 x 10°, 0y = 0, 4 Ta CerHeTueIeKTPUYHIN —
Ey=2,32eB, ag = 4,2 x 10°, 0y = 0, 27.
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Puc. 4: EHepreTriuHe MOJOXKEHHSI KparO MOIVIMHAH-

Ha kpuctanis Cu(Crg 3Ing 7)P2S¢ BU3HaueHoro s

piBHi =700 cmM~ 1.

Ha ocHOBI nipoBeieHuX JOC/TiI)KeHb Kpato
norsiMHaHHs B Kpucrtanax CuCrg 3Ing 7P2Sg BU-
3HaueHa TeMIlepaTypHa IIOBe/iHKa eHepreTu-
YHOTO TI0JIO’KEeHHSI Kparo TOIVIMHAHHSA KpHCTa-
niB CuCrg 3Ing 7P2S¢ mpuBeieHa Ha puc. @]

Crpubok, siKuii BifnoBizae hazoBomy me-
pexojy Ieplioro poAy B LIMX KpUCTaax, peali-
3yeThbCs Mpy Temneparypi 1’ = 222 K, mo go-
Ope y3rofpKyeTbes i3 pe3ysibTaramMmu poboTH [4].
I3 puc. [ BUAHO, 1110 Be/IMUMHU TeMITepaTypPHO-
0 3CYBy eHepreTUUHOTO T0JI0XKeHHs B Tlapada-
31 Ta cerHetoasi CyTTEBO He Bi/Ipi3HSIOTHCA i
CTaHOBJIATH BiZMIOBIIHO dE;I JdT = —=2,7 x
10~*eB/K Ta dEg/dT = —4,3x107* eB/K Big-
MOBiZHO /17151 Mapada3y Ta CerHeToeeKTPUYHON
¢asu. Li 3HaueHHs1 Mailke Ha MOPSAJOK MeHILi
aHaJIOriyHUX 3HaueHb A5 KpructaniB CulnPsSg

[61.

BucHoBku

HocnimpKkeHo CreKTpyU ONTUYHOTO TIOTJIMHAHHS
kpuctanie CuCrg3Ing7P2Sg B obmacti a3zo-
BUX IIepexOfiiB B TemIlepaTypHOMYy iHTepBaJi
150-350K. BusiBneHo, 1110 Kpaii pyHaMeHTab-
HOTO TIOTJIMHAHHS Ma€ eKCIOHeHL|iaTbHUM Xa-
pakrep i TigKopsieTbCs TpaBuy Ypbaxa. Bu-
3HauUeHO OCHOBHI TIapamMeTpH TipaBWIa Ypba-
xa. Pa3oBuii nepexig 1-ro poay B KpucTanax
CuCry 3Ing 7P2S¢ peanisyeTbest mpu Temmnepary-
pil, =222 K.
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TEMIIEPATYPHOE ITIOBEAEHUE KPAA
OYHAAMEHTAJIBHOI'O ITOIVJIOINEHWA
KPUCTAJIJIOB CUCFO.31H0_7PQS6

ViccnepoBaHo CrieKTpbl ONTUYECKOTO MOMIOLEeHHS CJIOUCThIX KprcTamioB CuCrg 3Ing 7P2S¢ B TemnepaTypHOM uHTep-
Basie 150 — 350 K. O6Hapy>keHO, UTO Kpai (yH/|aMeHTaIbHOTO TIOIVIOIIEHHSI UMeeT SKCTIOHEeHIUalbHbIN XapakTep U
ToAUMHSIeTC s TIpaBuiTy Ypbaxa. OrnpesienieHbI MapaMeTphl TipaBu/ia Ypbaxa U TeMrepaTypHbIi K03 GHULIMeHT c/iBUra
SHepreTUYeCKOro MoJI0KeHHs Kpasi OIVIOLeHUs] B UCC/Ie[,0BaHHbIX KPUCTa/Iax.

KiroueBble J10Ba: CErHETO3IEKTPUUECTBO, (Da30BbIe TIEPEeX0/Ibl, CITIeKTPHI MTOTJIOIeHHSI.

A.V. Shusta, P.P. Guranich, A.G. Slivka, V.S. Shusta, P. Huranych

Department of Optics, Uzhhorod National University, 88000, Uzhhorod, Voshyna Str., 54, Ukraine,
e-mail: pavlo.guranich@uzhnu.edu.ua

TEMPERATURE BEHAVIOR OF ABSORPTION
EDGE OF CuCrj 3Ing 7P»S¢ LAYERED CRYSTALS

Purpose. After authors of [[l, 2] have shown that CulnP5Sg and CuCrP5Sg crystals can be used as a next generation,
energy independent memory storage and different vdW heterostructures - we can observe a significant growth of interest
in these crustals. Besides, they are interesting objects for experimental investigations because they show different types
of dipole order and you can observe fero-, feri-, antifero-, incommensurate and dipole glass state on the phase diagrams
of these crystals.

Methods. Studied CuCr 3Ing 7P2S¢ crystals were grown by the gas transport reaction method. For the measurements
we have been using samples of 40-80 mkm size. Temperature of the sample has been controlled by an cuprum-
constantan thermocouple with an accuracy of 0,1 K. The absorption spectrum has been investigated using an «Ocean
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optics» USB 400 spectrometer with an 190 — 1000 nm wave length recording range.

Results. Spectral dependencies of the absorption coefficient of the CuCry 3Iny.7P2Sg Ccrytals have been investigated
for different temperatures. It has been determined that in the investigated temeratures range the absorption edge has
exponential form. Based on the investigations of the absorption edge the temperature behavior of the energy positioning
of the absorption edge of theCuCry 3Ing.7P2S¢ crystals has been established. The absorption edge energy jump is
related to the phase transition in this crystals occurs at the temperature 7" = 222 K.

Conclusions. Optical absorption spectrums of CuCrg 3Ing 7P2S¢ crystals in the temperature ranges of 150 - 350 K
have been investigated. It has been found that theabsorption edge has an exponential nature and obeys the Urbach rule.
All the main parameters of the Urbach law have been determined. First order phase transition of CuCrg 3Ing 7P2Sg
crystals occurs at the temperature 7, = 222 K.

Keywords: ferroelectrics, phase transitions, absorption spectra.
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EJIEKTPUYHI BJACTMBOCTI KOMITO3UTIB HA
OCHOBI TBEPIX PO3UMHIB CYTIEPIOHHUX
MMPOBIJHUKIB (Cu;_,Ag,)SiSs]

BurotossieHo rosiiMepHi KOMIO3WUTH Ha OCHOBI TBepAKX po3uuHiB (Cu;—,Ag,)7SiS51. IIpoBeseHo BUMiproBaHHS eJie-
KTPUYHOI TIPOBiIHOCTI KOMIIO3UTIB METO/,0M iMITeJaHCHOI CIIeKTPOCKOTIii B uacToTHOMY AianasoHi Big 20 'y 1o 2 x 108
I' Ta TemniepatypHoMy iHTepBani 292-338 K. OTprMaHO 4aCTOTHI 3a/1e)KHOCTI 3araabHOl eIeKTpUYHOI MPOBiJHOCTI,
no0OyzoBaHo fiarpamu HalikBicTa Ta mpoBeieHO ix aHaji3. Ha 0CHOBI KOHI[eHTpAL[ifHUX 3a/1e)KHOCTeH BUBUEHO BIUIUB
katioHHoro 3amimienns Cut — Ag™ Ha 3aranbHy eneKTponpoBiHiCTL Ta eHeprito akTUBALlil, Ha e/IeKTPOHHY Ta ioH-
Hy KOMIIOHEHTH eJIeKTPONPOBiJHOCTI KOMIT03UTiB Ha 0cHOBi (Cuy —Ag,)7SiSs51.

KirouoBi c/10Ba: TBepZi pO3uMHU, KOMIIO3UTH, e/IeKTPUUHA MPOBi/IHICTb, eHepris akTUBAllil, KOHLleHTpalliliHa 3aJe-

JKHICTB.

Bcryn

Kpucranu Cu;SiS;I Ta Ag;SiSs1 Hanexars 10
CToJyK 3i CTpyKTypoto apripoauta [/, 2]. Bo-
HU XapaKTepU3YHThbCSl BUCOKUMM 3HaYeHHSIMU
e/IeKTPUYHOI MPOBIAHOCTI Ta MaJIMMU 3HauyeH-
HAMU eHeprii aktuBaiii [3, 4]. Lle BuUkIMKae
MpaKTAYHUI iHTepec 0 3raJlaHux Marepia’ib,
TMOB’SI3aHUM 3 MOJK/IMBICTIO 1X BUKODHUCTaHHS
JU1s TIoTped TBepAOTi/IbHOI i0HIKY, HanpUK/Iaj,
y pOJIi aKyMyJIATOpiB, CylIepKOH/eHCaTopiB Ta
esleKTpoxiMiyHKX ceHcopiB [5-8].

Pesynbrat  JOCHIJpKEHHA  ONTUYHUX
B/IAaCTUBOCTeN TBEPAMX DO3UMHIB Ha OCHOBI
Cu;SiS;I HaBezmeHo B poborax [9,10]. B pob6o-
Ti [[10] moka3aHo, 1110 B KpUCTanax TBepAUX pPO3-
uyuHiB Cuy(Ge;_,Si,)Ss;I cnocrepiraetbcsi yp-
OaxiBCcbKa TIOBe/[iHKAa Kparo MOTTHHaHHS. [Ipu
kaTioHHomy 3amimjenni Ge™ — Sit™ Bussie-
HO HeJjtiHiliHe 30i/IbIIIeHHs] IITUPUHNA ONTHYHOI
TCeBJOII/IMHA Ta XapaKTepHy Ji1 TBepAUX
pO3uKrHiIB 3MiHy ypOaxiBCbKOi eHeprii.

Metoto gaHoi poboTu Oy/Io TPUTOTY-
BaHHS KOMIIO3UTIB, [OC/i/PKEHHS 4aCTOTHUX
Ta TeMIepaTypHUX 3a/leXXHOCTel eeKTPUYHOI
MPOBIJHOCTI, a TakKOXX BWUBYEHHSI KOHI[EHTpa-

LIIHOI MOBeJiHKM 3arajbHOi MPOBiAHOCTI, 10H-
HOI Ta eJIeKTPOHHOI KOMIIOHEHT MPOBiAHOCTI Ta
eHepril akTUBaL{il KOMITO3UTiB HA OCHOBI TBep-
nux posumnHiB (Cuy_,Ag,)7SiSs1.

MeToMKa eKCIIepUMEeHTY

Jl71si BUTOTOB/IEHHST KOMITO3UTIB Oy CHTe30-
BaHi criosiyku Ha ocHOBI Cu;SiS;s1, Ag;SiS;I Ta
TBepAux po3uuHiB (Cuy_,Ag,);SiSs1 (x = 0,
0.25, 0.5, 0.75, 1) 3a MeTOAMKOI, OMHUCAHOK
B po6orti [[11]. ITorim mopomku (10-50 MKM)
repeMilllyBa/IMCs 3 eTU/IeH-BiHilaleTaTHUM [10-
JliMepoM, pPO3UMHEHUM Yy eTu/aleTari y CIIiB-
BisHomenHHi: 90 mac.% (Cu;_,Ag,)7SiSsI — 10
Mac.% EBA (etwieH-BiHinauerar). [Tepemitny-
BaHHS NTPOBOIW/IOCA Ha npoTs3i 10-15 xB (3 BU-
KOPUCTaHHSAM Y/bTPa3BYKY) AJIs1 OZlep>KaHHs ro-
MOTeHHMX CYCIIeH3iH, SIKi B [10/ja/bIIOMYy BUCY-
myBany nipu temrepatypi 333 K. [IpecyBaHHs
3pa3kKiB npoBoguau rnpu Tucky 400 MIla, B pe-
3y/bTaTi 4oro Oysu ofieprKaHi 3pa3kKu KOMITO3M-
TiB y BUIVISAA1L JUCKIB ZjlaMeTpoM 8 MM, TOBLLIU-
HOIO 2.5—4 MM.

[ocnii)KeHHs1 eIeKTPOIIPOBIAHOCTI KOM-
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Mo3uTiB Ha 0CHOBI crnonyK Cu;SiS;I, Ag;SiS;1
Ta TBepAux po3uuHiB (Cu;_,Ag,);SiSs1 (z =
0, 0.25, 0.5, 0.75, 1) nmpoBOgUIMCS METO/IOM
iMrejaHcHOI criekTpockomii [[12], B 4acTOTHO-
My (20 T'm — 2 x 10° T'y) ta Temmeparyp-
HoMy (292-338K) pgiama3oHax 3 BUKOpHCTa-
HHsAM BucokoTouHOro LCR metpa Keysight
E4980A. AMmuiiTyzia 3MiHHOTO CTPyMy CKJlaJa-
na 10 mB. BumiproBaHHs TIpOBOAW/IOCS JBOX-
€JIEKTPOJJHUM METOZIOM Ha OoKyroumx (ese-
KTPOHHHMX) 30JIOTUX KOHTaKTax. 30JI0Ti KOH-
TaKTU HAHOCW/IMCSA MEeTOAOM XIMIYHOro oca-
JUKeHHS1 3 PO3YMHIB. Y poJi BUXIJHUX pO3-
yrHiB BUKoprcToByBaau 0.02M TeTpaxsiopoay-
par (IIT) Hatpis Na[AuCly] Ta po3uuH dbopma-
niny (40%CH>0+8%CH3;0H+52%H,0) (Bia-
HOBHHMK) Yy chiBBigHoweHHi 5:1. OcamkeH-
Hs1 TIPOBOZIUJIOCS TIpY TeMrieparypi He Oifbiiie
293 K. BcTraHOoB/IEeHO, 10 MiABUILEHHS TemIie-
paTypy HeraTWBHO BIUIMBAE Ha SKICTb OCa/pKe-
HOI IUIIBKM 3@ PaxyHOK 3pOCTaHHS LIBUZKOCTI
BiZJTHOBJIEHHS.

Pe3ysibTaTH Ta iX 00roBopeHHs

[ BCiX KOMIIO3UTIB HA YaCTOTHHX 3aJIeXKHO-
CTSAX 3arajibHOI eJIeKTPUYHOI TIPOBIAHOCTI CIO-
CTepiraeTbCs 3pOCTaHHs IPOBIJHOCTI 3 IMiJABU-
meHHsiM yactoty (puc. [Il), mo xapaxrepHo Ans
MarepiasiB 3 i0HHOIO MPOBIAHICTIO Y TBEPAOMY
crasi [13].
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Puc. 1: YacToTHI 3a/1e)XHOCTI 3arajbHOI eJleKTpu-
yHOI mpoBigHOCTI Tipu 293 K J/151 KOMIO3UTIB Ha

ocHOBi  TBepaux  po3uuHiB(Cuj_,Ag,)7SiSsl:
Cu7SiSsI (1),  (Cuo.75Ag0.25)7SiSsI  (2),
(Cuo5Ag805)7SiS51  (3),  (Cug.25A80.75)7SiSs51

(4), Ag7SiSs1 (5).
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Ha puc. @ HaBefleHO KOHL|eHTpaLliliHy 3a-
JIEXKHICTh 3arajbHOI eJIeKTPOIIPOBiAHOCTI IpU
yactoti 100 kI'. BcraHoBieHo, 1o 3ase-
JKHICTB 3arajibHOI TIPOBIZHOCTI BiJ XiMi4yHO-
ro CKjaZy KOMIIO3WTIiB Ha OCHOBI TBepAUX
po3uuHiB (Cu;_,Ag,)7SiS51 mae HeniHiliHUN
xapaktep (puc. [). ITpoBiHicTh KOMITO3MTY
Ha ocHoBi Cu;SiS;I nmpu 293 K ckiagae
1.7x1073 Cwm/cm, Togi ik Ag;SiSs] xapakrepu-
3y€TBHCS e1lj0 HUKUUM 3HaUeHHSIM [IPOBiHOCTI
4.1x10~* Cm/cm. KomriosuTy Ha OCHOBI TBep-
nux posuuHiB (Cuy_,Ag,);SiSs1 (x = 0.25,
0.5, 0.75) MarwTb HWKUi 3HAUeHHsI eeKTpU-
YHOI MPOBIJHOCTI, HiXK KOMIIO3UTU Ha OCHOBI
Cu;SiSsI ta Ag;SiS;s1, 1110 oueBHHO OB’ A3aHO
3 IX 3HAUHKMM KOMITO3ULIiIKHUM PO3yTOps/IKyBa-
HHSIM.

o, Cwm/cm

Ea,eB @

1.0x10°

40.6

0.0 I

Puc. 2: KoHLeHTpaLlilHi 3a/1e)KHOCTI 3arajibHOI esie-
krpuuHoi nposigHocti (1) mpu 293 K Tta 100 kI['y
Ta eHeprii akTuBawjii (2) A1 KOMIIO3UTIiB HAa OCHOBI
TBepAux po3urHiB (Cuy_,Ag,)7SiSs1.

s Ginblll AeTaJbHOTO aHasIi3y Temile-
paTypHOI TOBeiHKKA KOMITO3UTIiB Oys0 mo0y-
JIOBaHO TeMIlepaTypHi 3a/ie)KHOCTi eJIeKTpo-
MPOBIAHOCTI. BusBIeHo, 1[0 3a/ie)KHOCTI eJie-
KTPUYHOI TIPOBigHOCTI Bif 1/7 HOCATH miHiM-
HUN XapakTep Ta OMNMUCYIOThCSI 3aKOHOM Ap-
peHiyca, IO [Aaj0 3MOTy BWU3HAUUTHU €Heprii
aKTHBarlil 3aranbpHOI TpoBigHOCTI (prc. B). Sk
BUJHO 3 pUC. [, A7 KOMIO3HMTIB Ha OCHO-
Bi TBepaux po3uuHiB (Cug75A80.25)7SiSsI Ta
(Cug.5A80.5)7SiS51 3HaueHHs eHeprii akTUBaLIil
3arajibHOI TPOBIZHOCTI € MEHIIVMMH Y IOpiB-
HaHHI 31 3HaueHHsMu A Cu;SiS;I (B, =
0.590 eB) Ta Ag;SiS51 (£, = 0.807 eB).
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Puc. 3: Hiarpamu HaiikBicTa [jis1 KOMIIO3WTIB Ha
ocHoBi Cu;SiSsl (a), (Cu0.5Ag0,5)7SiS5I (6) Ta
Ag7SiS51 (B): ekcriepyMeHTasbHI AaHi (3armoBHEHI
Ki/blisT), pO3paxyHKOBi ZiaHi (He3arioBHEHi KiJIbIs)
ta EEC.

[na fetanbHUX AOC/IPKEHb YaCTOTHOI
TOBeJliHKHA €eJIeKTPOIPOBIIHOCTI, BCTAHOBJIEH-
HS BIJIOBIHOCTI €/1eKTPO-XiMiUHHX MPOLeCiB
i po3MisieHHs Ha iIOHHY Ta e/IeKTPOHHY KOMIIO-
HEHTH MPOBiHOCTI BUKOPUCTAHO CTaHJAaPTHUH
MiAXiJ 3 BAKOPDUCTAHHAM €JIeKTPOJHUX eKBiBa-
nentHux cxeM (EEC) [[12] Ta ix aHani3 Ha fia-
rpamax Haiiksicra. ITig uac aHasizy Bcix 3pa3s-
KiB BpaxOBaHa TapasvTHa IHAYKTHUBHICTb KO-
mipku (4 x 1077 T).

[Ipy aHasmi3i KOMIIO3MTIB Ha OCHOBI
Cu;SiSsI, Ag;SiSs;1 Ta TBepAuX pO3uMHIB Ha
ix ocHoBi (Cu;_,Ag,);SiSsI Bubpana EEC
(puc. B), sKa xapakTepW3yeTbCs HasBHICTIO
e/IeKTPOHHOr0 oropy R., mapanenbHO SIKOMY
BK/IIOUEHa €MHICTh TofBiliHOTO Audy3itiHoro
mapy Cy, Ta ejieMeHTIB, sKi Bi/IMOBiZal0Th 3a
ionHi npouecu: onip Ry Ta emuicts Cy;, rpa-
HML[b 3epeH, OI1ip 3epeH [, 3 apasie/bHO BK/II0-
ueHolo ix emHicTio C,. Ha giarpamax Haliksicra
/1S AOCTTipKYBaHUX Komro3uTis (puc. ) cro-
CTepiraroTbCsl ZiBa IIBKOJIA: HU3bKOUACTOTHO-
My MiBKO/y Bi/[[IOBi/Ial0Th €EMHICTb MOZABIMHOIO
mdysiiiHoro mapy Cy, omip IR, Ta €MHICTh
Cyp TPaHULB 3€peH, TOAL K BHCOKOUaCTOTHO-
My miBkosly — omip 2, Ta emHicTe C, 3epeH.
[TapasesnbHO [0 efleMeHTIB, SIKi BiJIIOBiJatOTh
ionHum niporecam, y EEC Bkitouenuti onip R,
SIKWUM BiJTIOBi/Ia€ 3a e/1eKTPOHHY CK/1aZloBY IPO-
Bi/IHOCTi i BHOCUTB CBiMl BK/Ia[] SIK Y HU3bKOUa-
CTOTHe, TaK i y BUCOKOYACTOTHE IiBKOJIO.

[IpoBeseHuMIi aHaTi3 YaCTOTHUX 3a/1€XKHO-
CTell JaB 3MOTy JOC/TiAUTA KOHLIEHTpaLilHy
TMOBEJIiHKY i0HHOI Ta e/IeKTPOHHOI KOMITOHEHT
MPOBIJHOCTI KOMIIO3WTIB Ha OCHOBI TBepAUX
po3uuHiB (Cu;_,Ag,);SiS51 (x = 0, 0.25, 0.5,
0.75, 1) (puc. fa). 3a3Haunmo, 11j0 TIPOBiAHICT
CKJIaZIa€ThCS 3 CyMU MPOBiTHOCTEN B 3epHax Ta
Ha I'PaHULIAX MK 3epHaMH BiJITTOBiZIHO.

BcTraHoB/eHO, 110 3a/€XKHICTh 10HHOT
MPOBIJIHOCTI BiJi CKAaZly, € HeJiHIMHOW 3
MiHIMYMOM Ha KOHL|EHTPAL[iMHIN 3a/Ie)KHOCTI
(puc. Ha). Tonna npoaignicte Cu;SiSsI mpu
293 K cknagae 2.90 x 10~* Cm/cm, Togi sk
Ag;SiS5] xapakTepu3y€eTbCs TPOXU BULLIMM 3Ha-
ueHHsAM i0HHOI IIpoBigHOCTI 2.96 X 10~ CM/cMm,
1110 TIOB’ 13aHO 3 Oi/IBIIIO0 PO3YTIOPSJKOBaHICTIO
PYXJ/IMBUX MO3ULIIA Ag MOPIBHIHO 3 MO3ULiISIMU
Cu y KpUcCTasiuHii rparii.
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Puc. 4: KonueHTpauiliHi 3anexxHocti ionHoi (1) Ta
e/IeKTPOHHOI KOMITOHEHT (2) e/leKTpUYHOI MpOBij-
HOCTI (a) Ta BiZiHOILIeHHS i0OHHOI TTPOBIAHOCTI 710 efe-
KTPOHHOI (0) [/1s1 KOMITO3UTIiB Ha OCHOBi TBepAUX
po3uuHiB (Cu;_,Ag,)7SiSs1.

[Tpu LIbOMY 3HaueHHs1 efeKTPOHHOI Tpo-
BiJHOCTI, fIKe [Js1 KOMIIO3UTY Ha OCHOBI
Cu;SiSsI cknmagae 1.5 x 1072 Cm/cm, B miporie-
ci karioHHoro 3amimienns Cut — Ag™ 3men-
LIY€EThCA 1 /11 KOMITO3UTY Ha OCHOBI Ag;SiS;1
cknagae 2.9 x 1075 Cm/cum (puc. fa). Ockinbku
KOMIIO3UT Ha OCHOBI Ag;SiSs;I xapakrepusye-
TbCS1 HAMHWKYUM 3HaUeHHSIM eJIeKTPOHHOI I1Po-
BiIHOCTI y [OC/Ii/PKeHil ChCTeMi, TOMy MOKHA
TIPDUITYCTUTH, 1IJ0 Ha HM3bKOUACTOTHIM AIIAHLI
(<20 '), MOXe crioCTepiraTUcs Lije OHe MiBKO-
710, siKe BifimoBizae 3a audys3iiiHi ioHHI npoijecu
B MeXKax MoJBilHOro AuQy3iliHOrO 11apy 3 na-
paJjie/IbHO BKJ/IFOUEHOIO e/IeKTPOHHORO ITPOBI/HI-
CTIO. 3a pe3y/bTaTaMy pO3paxyHKiB OTPUMaHO,
1110 eJIeKTPOHHA MPOBIiIHICTh J/11 KOMIIO3UTY Ha
ocHOBI Ag;SiS51 y TakoMy BUNaZIKy CTaHOBUTh
< 3.6 x 10~% Cm/cm (xpuBa 3 Ha puc. Ha).

Tak, fIK OJHI€H0 3 OCHOBHUX XapaKTepu-
CTHK CyNepiOHHUX MaTepiasiB € CIiBBiJHOLLe-
HHS IOHHOI 10 e/IeKTPOHHOI TIPOBIJJHOCTI, Ha

22

puc. @]6 HaBeJleHO i1 KOHLeHTpaLliliHy 3asie-
JKHICTb. BCTaHOB/I€HO, 1110 NpU Mepexofi Bif
KOMITIO3UTY Ha 0CHOBI Cu7SiS;l, a1 sikoro esie-
KTPDOHHAa KOMIIOHEHTa MPOBIJHOCTI y 5 pasiB
TepeBUILYE€ i0HHY, O KOMIIO3UTY Ha OCHOBI
AgSiS;1 criBBiHOLIEHHS 0, /0 Ma€ TEH-
JIeHLIII0 [0 3pOCTaHHs 1 [Ji1 KOMIIO3UTY Ha
ocHOBI Ag7SiS5I ioHHa nposigHicTs y 10 pasis
TlepeBMIIy€ efleKTPOHHY (kpuBa 1 Ha puc. H6), a
3 BpaXyBaHHSM MOXJIMBOI HAsIBHOCTI HU3bKOUa-
CTOTHOTO ITiBKOJIa 10HHA NPOBIJHICTb /151 KOM-
Mo3uTy Ha OCHOBi Ag;SiSsI Moxke Ginbiiie HiX
y 100 pasiB nepeBuillyBaTH eJIeKTPOHHY (KprBa
2 Ha puc. 46).

BucHoBku

[171s1 MpUroTyBaHHS KOMIIO3UTIB Oy/IM CIHTE30-
BaHl cronykd Ha ocHOBI Cu;SiSsI, Ag,;SiSsl
Ta TBepAaux po3uuHiB (Cu;_,Ag,);SiSs1 (v =
0, 0.25, 0.5, 0.75, 1). Komrosutu 6ynu BU-
TOTOBJIEHI LIJISXOM MepPeMilllyBaHHS TOPOILKIB
TBepAux po3uuHiB (Cu;_,Ag,)7SiS;1 3 eTunen-
BiHinaneraroMm y nporopuil 9:1, cymii SKkux B
N0Zla/IbIIIOMY BUCYILIyBa/Iv Ta rpecysaau. [lo-
C/iPKeHHSI eJIeKTPONPOBiIHOCTI KOMITO3UTIB Ha
ocHOBi TBepaux po3umHiB (Cu;_,Ag,)7;SiS;I
MPOBOJWINCS METOJOM iMIeJaHCHOI CeKTPOo-
CKOTIii B yaCTOTHOMY Aiana3oHi Bif 20 'y go 2 X
10° 'y Ta TemmniepaTypHoMy iHTepBati 292 — 338
K. BumiproBaHHsI NpOBOAWIOCS [BOXEJIeKTPO-
JHUM MeTOZIOM Ha OJIOKYIOUMX 30/I0TUX KOHTa-
KTax.

st BCIX KOMIIO3UTIB Ha YaCTOTHUX 3aJjie-
JKHOCTSIX 3arajlbHOI eJIeKTPUYHOI IIPOBiJHOCTI
BUSIBJIEHO 3DOCTaHHS TIPOBIJHOCTI 3 MiJBHUILe-
HHSIM 4acTOTU. BcTaHOB/IEHO, 1110 3i 306i/IbIIeH-
HSIM BMIiCTy Ag B KOMIIO3UTaX Ha OCHOBI TBep-
nux po3umHiB (Cuy_,Ag,)7SiS51 3aranbHa ene-
KTPUYHA MPOBIJHICTb HETiHIMHO 3MEHIIY€EThCS
3 TIPOTMHOM «BHU3», TOAI SIK €Heprisi akThBaLil
HeJTiHIHO 30i/IbIIYETHCS 3 IPOTUHOM «BHU3».

[TobymoBaHo Aiarpamu HalikBicTa Ta mpo-
BeJIeHO IX JeTa/JbHMM aHaji3 3a JO0MOMOrOH
eJIeKTPOJHO eKBiBa/IeHTHOI CXeMH, IKUM [J03BO-
JIMB PO3JAUIMTY BK/aJWd I0HHOI Ta eJIeKTPOH-
HOI KOMITIOHEHT B 3arajibHy eJIeKTPOIPOBiJHCTb.
BcraHoB/ieHo, 110 3a/1eXXHICTh i0HHOI TIPOBiA-
HOCTI BiJi CK/afly, € HeJliHIMHOK 3 MiHIMyMOM
Ha KOHLIeHTPaLiiHii 3a/1e)KHOCTi, TIPUUOMY BO-
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Ha € Maibke ogHakoBor st CuzSiSsI (2.90 X KOHLeHTpaLiiHO] 3a/1e)KHOCTI Bi/JHOIIIEHHS i0H-

1074

Cm/cm) Ta Ag;SiSsI(2.96 x 1074 Cm/cMm).  HOI TIPOBIZAHOCTI [0 €/IeKTPOHHOI [0Ka3aB, 110

EJIeKTPOHHA MPOBIHICTE 3i 30i/bIIeHHAM BMi-  BHAC/iZOK KaTioHHOro 3aMimends Cu™ — Ag™
CTy cpibsia HeTiIHIHO 3MEHIIY€EThCS 3 TIPOTMHOM ~ BOHO HeJTiHIHHO 3pocTae Oi/blll HiXK Ha Topsi-
«BHM3», a 1i 3HaueHHs A1 Ag;SiSsI maibke Ha  JIOK.
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SJIEKTPMYECKUE CBOVICTBA KOMITIO3UTOB
HA OCHOBE TBEP/IbIX PACTBOPOB
CYIIEPMOHHBIX ITPOBOJHMNKOB
(Cuy—,Ag;)7SiSs1

W3roToBnieHb! MoMMepHbIe KOMITO3UTHI Ha OCHOBe TBepAbiXx pactBopoB (Cu;_,Ag,)7SiS;1. IlpoBenens! uccieno-
BaHUs 5/1eKTPUUeCKO MPOBOJUMOCTH KOMIIO3UTOB METOJ0M MMITelaHCHOM CIIeKTPOCKONMY B YaCTOTHOM JMariaso-
ne or 20 T’y 1o 2 x 10° 'y u TemneparypHom unTepsane 292-338 K. ITo/yueHbl 4aCTOTHbIE 3aBUCMMOCTH 00-
el 3/1eKTpUYeCcKol IIPOBOAMMOCTH, NTOCTPOeHbl fuarpaMmbl HalikBucTa U NpoBefieH X aHaau3. Ha ocHOBe KOH-
LIeHTPALMOHHBIX 3aBUCUMOCTeH M3yueHo BIUsHHe KaTHOHHOro 3aMeiienns Cu™ — Ag™ Ha ob1iyro s1ekTponposo-
JHOCTb ¥ SHEPTUI0 aKTUBALIMY, Ha 3JIEKTPOHHYIO ¥ MOHHYIO KOMIIOHEHTHI 3/1eKTPONPOBOAHOCTH KOMIIO3UTOB Ha OCHOBE
(Cuj_,Ag,)7SiSs1.

KiroueBnble c/10Ba: TBeppble paCcTBOPBI, KOMIIO3UThI, 37IeKTpUUeCcKas IPOBOAUMOCTb, eHeprusl akTUBaljuy, KOHLeH-
TpaLMOHHAas 3aBUCUMOCTb.

A.L. Pogodin, O.P. Kokhan, O.0. Yamkoviy, L.M. Suslikov, I.P. Studenyak
Uzhhorod National University, 88000, Uzhhorod, 54, Voloshyna Str., Ukraine, e-mail: studenyak@dr.com

ELECTRICAL PROPERTIES OF COMPOSITES
BASED ON SOLID SOLUTIONS OF
(Cu;_,Ag,);SiSs1 SUPERIONIC CONDUCTORS

Purpose. The purpose of this research was to prepare composites, to study frequency and temperature dependences
of electrical conductivity, as well as to investigate the concentration behavior of the total conductivity, the ionic and
electron conductivity component, and the activation energy of composites based on (Cu; —, Ag,)7SiS51 solid solutions.
Methods. Compounds based on Cu7SiSsI, Ag;SiSsI and (Cu;_,Ag,)7SiS51 (x = 0, 0.25, 0.5, 0.75, 1) solid solutions
were synthesized for preparing the composites. Then, the powders (10 — 50 pm) were mixed with ethylene-vinyl ac-
etate polymer dissolved in ethyl acetate in the ratio: 90 wt.% of (Cu;_,Ag;)7SiS5I— 10 wt.% of EVA (ethylene-vinyl
acetate). The stirring was carried out for 10-15 minutes to obtain homogeneous suspensions which were subsequently
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dried at a temperature of 333 K. The samples were pressed at a pressure of 400 MPa, resulting in samples of com-
posites in the form of discs 8 mm in diameter and thickness of 2.5 — 4 mm. Investigation of the electrical conductivity
of composites based on Cu;SiS;I, Ag;SiSsI compounds and solid solutions of (Cu;_,Ag,)7SiS5I (x = 0, 0.25, 0.5,
0.75, 1) was carried out by the method of impedance spectroscopy, in frequency (20 Hz — 2 x 10® Hz) and tempera-
ture (292 — 338K) ranges using the high-precision LCR meter Keysight E4980A. Measurement was carried out by a
two-electrode method on blocking gold contacts, which were applied by chemical precipitation from solutions.
Results. The frequency dependences of the total electrical conductivity showed a growth of conductivity with increas-
ing frequency for all composites. It has been established that with increasing Ag content in composites based on solid
solutions of (Cu;_,Ag,)7SiSs], the total electrical conductivity decreases non-linearly with the downward-bowing,
while the activation energy increases non-linearly with the downward-bowing. Nyquist diagrams were constructed and
their detailed analysis was carried out using an electrodes-equivalent circuit. While performing the analysis of com-
posites based on Cu;SiS51, Ag;SiSsI and solid solutions based on them (Cu; _, Ag,)7SiS5], the electrodes-equivalent
circuit was chosen, which is characterized by the presence of the electronic resistance Re, parallelly to which the ca-
pacity of the double diffusion layer Cd is included. It is also characterised by the elements responsible for the ionic
processes: the resistance Rgb and the capacity of the grain boundaries Cgb, the resistance of the grains Rg with the
parallel inclusion of their capacity Cg. Using the Nyquist diagrams and the electrodes-equivalent circuit, the contri-
butions of the ionic and electron components to the total electrical conductivity were separated. It is established that
the dependence of the ionic conductivity on the composition is nonlinear with a minimum on the concentration de-
pendence, and it is almost identical for Cu7SiS5I (2.90 x 10~ S/cm) and Ag7SiS51 (2.96 x 10~ S/cm). Electronic
conductivity with an increase in the content of silver is not necessarily decreasing with the downward-bowing, and
its value for Ag;SiS5I is almost two orders smaller than forCu;SiS5I. The analysis of the compositional dependence
of the ratio of the ionic conductivity to the electronic one showed that, due to cation substitution of Cut — Ag*, it
nonlinearly increases by more than an order of magnitude.

Conclusions. Polymer composites based on solid solutions (Cu; _,Ag,)7SiS5I were prepared. Measurements of elec-
trical conductivity of composites by means of impedance spectroscopy in the frequency range from 20 Hz to 2 x 10°
Hz and in the temperature range 292 — 338 K were carried out. Frequency dependences of total electrical conductivity
were obtained, Nyquist diagrams were constructed and the dependences analysis were performed. The influence of the
cation substitution of Cu™ — Ag™ on the total electrical conductivity and activation energy, on the electronic and ionic
components of the conductivity of composites based on (Cu; _,Ag,)7SiSsI was studied on the basis of compositional
dependences.

Keywords: solid solutions, composites, electrical conductivity, activation, compositional dependence.
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CTPYKTYPA CTEKOJI I KOMIIO3UTIB B
CHUCTEMI ASQSg-Sb253-Sb13

IpuBeseHi pe3ynbTaTy MiKpopaMaHiBCbKUX, X—TIDOMEHeBHX Ta TepMorpaQiuHuX AOCTiKeHb CBi’KOIIPUTOTOBAHKX
Ta Bifilla/leHUx CTeKos B cucTeMi AssS3-SbyS3-Sbls. BeTaHoBmeHa HaHOreTeporeHHa OygoBa cTekos. Kpucramizargis
CTeKos BiiOyBaeThCs y eKiaibKa eTamiB. CTpyKTypa dasu, sika GOpPMYEThCS B CKJISIHIM MaTpHLIi TiJ] 4ac KpUcTastisaril,
Bi/IMOBIi/ja€ CTPYKTYpi KpUCTaMiuHOro Cyabdoroauay ctubito. Po3mipu KpuctaniuHux BIoueHb SbSI 3anexats Bif

TEpMOUACOBUX PEXXUMIB 0OPOOKHU CTEKOJI.

KitrouoBi c/10Ba: Xa/nbKorajoreHiiHi cTek/ia, paMaHiBChKi CIIeKTPU, CTPYKTYpa, KpUCTai3allisl, CerHeToe/IeKTPUKH.

Beryn

[IIupoKi MOX/IUBOCTI IMPAKTUYHOIO 3aCTOCY-
BaHHS (CerHeTOCHTA/M, HEJIiHIWHI [ie/IeKTpu-
KM, CEHCOpPU PpI3HOMAaHITHOTO NpPU3HAYEHHS,
enmemMeHTy mam’gti, [Y Ta HemiHiMHOI omITH-
KU) CTUMYJIIOIOTh OZiepXKaHHS Ta [OCiJpKeH-
HSl KOMITO3UTHUX MarepiasiB, HaJi/leHUuX Ce-
THETOe/IeKTPUYHUMU BIACTUBOCTAMU. B 11b0-
My IUlaHi 3HAUHUKM iHTepec MpeACTaB/IsOTh
cTekna i amop¢Hi mniBku B cuctemi As-Sb-
S-1. B paniti cucremi (mo po3pizy SbySs-
Sbl3) yTBOpIOETHCS CTEXiOMETPUUHUM CYIb(hO-
vioguy ctubiro (SbSI), skl B KpUCTa/miyHO-
My CTaHi € HaMOilbIIl SICKpaBUM Mpe/CTaB-
HUKOM IIMPOKOTO KJaCy CerHeToe/IeKTPUKIB-
Hanisnposigaukis AV BYICVH [1]].

Y cknonogioHomy Buai SbSI Ta crua-
BU (SbyS3)100-_2(Sbl),, 3a ckiagomM GIM3BKi 10
HbOTO, MOXKHA OZIep>KaTh >KOPCTKHUM rapTyBa-
HHSIM PO3I/IaBiB MPHU IIBUAKOCTIX OXOJIOZKe-
HHS ~ 150-300 K/c i B gyxe Manux KiJib-
kocTsix [2, B]. JocuiyKeHHs] CTeKOJ [1aHOI CH-
cTeMd MeTofaMHM Audpakiiii peHTreHiBChbKUX

rnpoMeHiB, [Y Ta pamaHIBCBKOI CIIEKTPOCKO-
mii mokazamu [2, 4-6], 1110 BOHM MalOThb Ha-
HoreTeporeHHy OyzoBy. Ix marpuus moGyzo-
BaHa TiJIbKK OiHADHUMHU CTPYKTYPHHUMH OJU-
HULIMU SbS3/o Ta Sblz i MiCTUTL He3HauHy
Ki/IbKiCTb MOJIEKY/ISIpHUX (PparMeHTiB 3 TOMO-
TOJIIPHUMU 3B’sI3KaMU CipKa-cipka. I1pu Harpi-
BaHHI CTEKOJI B IHTepBasi TeMIeparyp «TeM-
reparypa po3M’ siKIlIeHHs-TeMIiepaTypa KpucTra-
nizatii» Bifj0yBa€eThCs CTPYKTYpHa MepebyzoBa
(po3puB i MepeMHKaHHS XiMiuHKX 3B’s13KiB Sb-
S, Sb-I, S-S), sika 3akiHuUyeThCsi (hOpMYyBaHHSIM
B CKJ/ISIHIM MaTpUL]i TOTPiMHUX JIAHI[FO)KKOBUX
yrpymnyBaHb SbS; ;1, xapakTepHux /i1l KpUCTa-
niB SbSI [{1, 7]. Taka cTpykTypHa miepebyno-
Ba CYTIPOBO/)KY€ETHCSI aHOMaJIisIMM Ha TeMIiepa-
TYPHHUX 3aJIe)KHOCTSX [Jie/IeKTPUYHUX [1apamMe-
TpiB (¢ i tgd) mocuimpKyBaHuX marepiamiB [2].
Kpucranisanisi cTekosn CynpoBOJKY€ETbCSA Pi3-
KUM 3DOCTaHHSIM Jlie/IeKTpPUYHOI IPOHUKHOCTI.
Ha 3anexsoctsix ¢ (T) i tg 6 (T) 3akpucra-
Ji30BaHUX CTEKOJI BUsIB/IEHI 0COOIMBOCTI, ITI0
CBifjuaTh TIPO HAsIBHICTb PO3MMTOIO CErHETO-
eIeKTPUYHOTro (a3zoBoro nepexoy. Ilpu ijpomy
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XapakTep 0Cco0/MBOCTel B 3HauUHil Mipi BU3Ha-
Ya€eTbCs YMOBaMM TepMiuHOi 00poOKH 3pas3KiB.
Lle o3Hauae, 1110 Ha OCHOBI CTEKO/ cucTeMu Sb-
S-1 MoKHa oflep)KyBaTu CEerHeTOAKTUBHI KOM-
TMO3WUTH 3 MPOTHO30BaHUMU | KepOBaHMMHU Mapa-
MeTpaMH.

OpHak, MpakTAYHEe 3aCTOCYBaHHSI CKJIO-
nozibHoro SbSI i crekon cuctemu SbyS3-Sbi;
€ 00MeKeHMM uepe3 TeXHOJIOTiuHi TPYAHOII iX
opep>kaHHs. Ofiep>kaHHS K Y CKJIOMOiOHOMY
BU/I1 Xa/IbKOT'eHi/IiB Ta Xa/IbKorajoreHi/iiB apce-
Hy (Hampuknaz, As,S3, As,Ses, AsSI, AsSel)
He BUK/IMKae ocobmiBux TpyaHoiliB [8, 9]. To-
My BBefleHHs apceHy (y BUT/siAi AsySs i AsSI)
y CKiaj cruiaBiB cuctemu Sb-S-I mo3Bonmio
CYTT€BO TIiJBUIIUTH CK/IOyTBOPIOBAJbHY 3[a-
THICTb 3MilllaHUX CI/1aBiB (AS2S3)100—2(SbSI),
i (SbaS3)100—+(AsSI), Ta po3LIMPUTU KOJIO Ma-
TepiasiiB, B SKUX MOX/IUBO peaJsli3yBaTu CerHe-
TOe/IeKTpUUHY a3y B CK/SHIA MaTpULIi.

B [[10—22] 6yno moka3aHo, 110 B CTeK/Iax
i mmiBKax cuctem AsyS3-SbSI i SbyS3-AsSI 3a
MeBHUX YMOB TepMiuHOI 00po0OKU (HerepepBHe
HarpiBaHHs1 abo i30TepmiuHMi BiAmasn) Ta Jia-
3epHOT0 OTpPOMiHEHHSI (OPMYIOTbCS HaHO- Ta
MiKPOKPUCTaJIiUHi BKJIFOUEHHSI CyIb(oroauay
ctubiro. [Ipu 1jpOMYy BiMITHMO, 1[0 CTPYKTYp-
HUX yrpynyBaHb SbS, I, ski mormu 6 BUCTY-
MaTy B pOJIi KPUCTa/iYHUX 3apO/IKiB, B MaTpu-
1[i X CTeKoJ1 He Oys1o BusiBiieHo. [Ipoiec dhop-
MyBaHHS BKJtoueHb SbSI pisHoi posmipHOoCTi
CyNPOBOJKY€ETbCS CYyTTEBUMM 3MiHaMU Jiesie-
KTPUYHUX Ta ONTAYHUX NapameTpiB. B [23] nmo-
Ka3aHa MOXK/IMBICTb (hOpMyBaHHsI HAHOPO3Mip-
HUX KPUCTaJiyHUX BK/ItOUeHb SbSI B marpuiii
cTekon cuctemu As,S3-SbSI y nporieci ix cuH-
Te3y.

3 HaBe/leHUX JaHUX BUJHO, 10 Torepe-
[IHI foc/ipkeHHS TI0 ()OPMyBaHHIO KOMITO3U-
TiB, HaJ|i/IeHUX CerHeTOe/IeKTPUUHUMU BJ/IaCTH-
BOCTSIMU, MIPOBOJWUJIUCH [JI1 CTEKOJ, OJHUM i3
KOMITOHEHTIB SIKWX € MOTpiiiHa crionyka (SbSI
abo AsSI). Sk mpaBusio, SbSI i AsSI ogepxy-
I0Tb METOIOM BaKyyMHOTO IJIaB/IeHHsI BiZmo-
BifiHuX cymimieit SboS3 i Sblz Ta AsyS3 i Asls,
BiAnoBigHo [8]. A 1je J0#aTKOBUI eTar y Te-
XHOJIOTIYHOMY TIpOLIeCi Ofjep>KaHHs CTeKo/l. Y
3B’S13Ky 3 [JUM, LIiIKaBOIO BHJaJiach iZiess OMHUHY-
TH eTarn OJ|ep>KaHHs MOTPiMHOI CMOMYKH i CHUH-
Te3yBaTy CcTeksa cuctemMu As-Sb-S-1 o po3pi-
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3aM A5283-8b2 Sg-SbIg Ta ASQSg'SbQSg-ASIg.

B maHili po6oTi HaBejeHi pe3y/bTaTu Tep-
MorpagiyHux, X—TIpoMeHeBHX i MiKpopaMaHiB-
CbKHX JOC/i/PKeHb YMOB (DOPMYyBaHHS Ta TpU-
POIM KPUCTAJTIYHUX BK/TFOUEHb B MaTpulli CTe-
KOJT cucteMu AS;S3-SboS3-Sbls mipu ix Tepmi-
YHil 06poOIj.

METOAI/IKH €KCIIEpUMEHTY

Creka cuctremu As;S3-SbyS3-Sbls (cknaau -
IV) Oynu cvHTe30BaHi METOZOM BaKyyMHOTO
T/IaB/IeHHS BiAMOBIIHUX CyMilllel ronepesHb0
CUHTEe30BaHUX OiHapHUX crionyk (Tabs.1). Ma-
ca HaBaKOK ckiafsana 10 r. IIpu cuHTesi cre-
KOJI BUKOPUCTOBYBaJ/IOCh CTYITiHYAaCTe MiJBU-
IeHHs1 TemMrepaTypu. Po3miaBu mnepiogudHo
repeMillyBaiucb. ASyS; OTPUMAHO Y BUIVIA-
[l CKJ1a 0XO0JIOJKEeHHSIM T'OMOT'eHi30BaHOr0 Mpo-
TAroM 48 rog. posmiasy Bifg 780 K Ha moBi-
Tpi. SbyS3 i Sbl; oTpumani y BUrIsAL momikpu-
CTaJIiUHUX 3/IMBKIB OXOJIO[KEHHSM TI'OMOTI€Hi-
30BaHUX PO3IUIABIB Y PEXUMI BUKJ/IHOUEHO] I1e-
ui. Temnieparypu i yac roMmoresisatiii posmia-
BiB Sb,S3 i Sbl; ckmamanu 900 i 445 K ta 72
i 12 rog., BignoBigHo. CTeksa cucteMu As,Ss-
Sb,S3-Sbl; oTpumaHi 0x0/10/)KeHHSIM TOMOre-
Hi30BaHUX TPOTATOM 24-36 roj. po3IiaBiB BiJ
820-850 K y xonoaniit (273 K) Bozi.

Biaman crekos NpoOBOAWIM Y BakyyMi
npu Temneparypax 348 K (12, 24, 48 ropg.)
ta 398 K (1, 2, 5 roa.). Temneparypu Bij-
najly BUOWpaNMCh 3 ypaxyBaHHSIM pe3y/ib-
TaTiB [OCIiPKeHb Hei30TepMiuHOI KpuCTalli-
3anil crekos. HeisorepMmiuHa Kpucrasisaiyis
crekos x(As2S3)y(SbeS3)2(Sbl;) mocnimkysa-
Jlach MeTOZIOM KisbKiCHOrO AudepeHIiiiaabHO-
TepmiuHoro aHasi3y ([ITA) B iHTepBasi TeMrie-
paryp 293-700 K. JliHiliHe HarpiBaHHS 3pas-
KiB 3/1iICHIOBAJ/IOCS 3a I0NIOMOTO0 IIPOTrPaMHUX
peryssaTopis Temrieparypu P®-101. TouHicTb
BuMiproBaHHs Temrieparypu — £+ 0.5 K. Kpu-
Bi JITA 3HIManuce npu WBHUIKOCTI HarpiBaHHs
3 K/xB. 3 kpuBux [ITA BU3HaYa/MCh TemMIiepa-
TYPU MakKCUMYyMiB €K30TepMiuHUX e(eKTiB.

HocnifykeHHs1 MiKpopaMaHiBCbKUX CIie-
KTpiB 1 Judpakrorpam CBi>KOIPUTOTOBAaHUX
1 BiAmaseHuXx CTeKo/J KpPUCTaJiuHUX Mare-
piajiiB TIPOBOJW/IMCH TIPUM KiMHATHIU TeMiIie-
parypi Ha cnekrpomerpi Horiba Jobin-Yvon
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(As6. 457 HM) i peHTTeHiBCbKOMY aria-
pari JAPOH-3 3 Bukopucranusm CuK, -

BUTIPOMiHIOBaHHS (A 1,5418 A), Bigmo-

BiZiHO.

Tabsn. 1: Cknagu crekon cucteMu AsoS3-SboS3-Sbls Ta TemmnepaTypy MakCUMyMIB iX eK30TepMiUHUX ede-

KTiB.

MonspHuii BMiCT ATOMHUI BMICT e/leMeHTiB, aT. % TemnepaTypyu MakCUMyMiB
Cnag KOMITIOHEHTIB, MO. % ek30TepMiuHKX edekTiB, K
A52 53 Sb283 SbIg As Sb S I Tcml Tcmg Tcmg
I 45 27,5 27,5 18 17,875 | 43,5 20,625 | 339 395 513
II 40 30 30 16 19,5 42 22,5 341 398 530
III 35 32,5 32,5 14 21,125 | 40,5 24,375 | 345 396 531
v 30 35 35 12 22,75 39 26,25 350 403 517

Pe3y/ibTaTH Ta iX 00roBOpeHHs

Ha puc. [l HaBegeHuii paMaHIiBCHKMIA CIIEKTp
ckna 40(As2S3)30(SbyS3)30(SbSI;) (II), 3Hs-
TUW TIPU HU3bKIM TOTY)KHOCTI Jla3epHOTO BU-
TPOMiHIOBaHHS. BiH MiCTUTB iHT@HCUBHI CMyTH
3 MaKCUMyMaMu 1ipu 165 i 318 cm~ !, meHI Bu-
paxkeni cmyru ripu 205 i 480 cm ! i ocobmBicT
y BumIsi rieda npu 360-370 cv . TMoaiGHi
CIIeKTPU CIIOCTepirajvch AJjis BCiX AOCIiKe-
HUX CTEKO/I cucTeMH AsS,S3-SbyS;3-Sbls, a Ta-
KO JI7IsI cTeKouT cucteM As,S3-SbSI[114,17,19],
Sb,S3-AsSI [22]. BiamiTimo, 1110 T10/I0’KeHHS
Ko/MBHUX Moy, mipu 205, 360-370 i 480 cm !
MPaKTUYHO He 3MIHIOETLCA IIPU Bapialjii ckiazy
crekosl z(As2S3)y(SbyS3)z(Sbls). Cmyru mnipu
165 i 318 cm~! i3 36i/bLIEHHAM KOHIIEHTpaLii
cThbit0 Ta WOy y CK/IaZli CTEKOJ 3CYyBarOThCS
Y HU3bKOYACTOTHY Ji/ITHKY paMaHiBCbKOIO CIie-
KTpy. Hanpuknag, ans ckia IV MakcuMyMu Lux
CMyT 3HAXOAAThC npu 162 i 314 cm™?, Bizmo-
BiZiHO.

OCHOBHI IHTEHCUBHI CMYTW B CIIEKTpax
KOMOiHAI[iIfHOTO pO3CifOBaHHSI CBiT/Ia CKJIO-
nozibHux As,S3 i SbyS3 3HaxopATBCS TIpU
343 cm~! [[14], i 290 ecm ! [22] (293 cm~! [6]),
BifimoBiziHO. BoHu 0OyMoOB/ieHi KOMMBaHHSAMU
aToMiB As(Sb) i S B TpuroHanbHUX MipaMizax
AsS3 Ta SbS3, moB’s3aHMX MiXK C00010 ABiui
KOOPJMHOBAaHUMH aToMaMH S. 3aMmilljeHHs aTo-
MiB apceHy B As,S3 aroMamu CTHOiO TPU3BO-
[IUTh J10 3aKOHOMIipHOTO 3Mill[eHHS] Y HU3bKOYa-
CTOTHY Ji/IIHKY CIIeKTPy CMyTH mpu 343 cm—*
[14,17,22,24]. Lle no3BoJisi€ HAM CTBEP/)KYyBa-
TH, W0 cmyra rpu 318 cm~! y criekTpi cka II
00yMOBJ/IeHa KOJIMBaHHSIMH T1ap aTOMiB B 3Millia-

HUX MipaMi/lalbHAX CTPYKTYPHUX yTpyIyBaH-
HAX As(Sb)S3/s.

I, B.O.

L L I L B
100 200 300 400 500
Vv, oM’
Puc. 1: PamaHiBCbKUi CITEKTP CBI’KOTIPUTOTOBaHOTO
ckia (II).

InTeHcuBHa cmyra npu 165 cm~! mo-
ke OyTW TMpUMHMCaHa KOMWBAHHSM I1ap aro-
MiB B CTPYKTYPHUX yrpyryBaHHsix Sbls [4, 14,
17, 22]. Ha KOpMCTh [JaHOTO BUCHOBKY CBifI-
uuTh (PakT 3pocTaHHsA ii iHTeHCHUBHOCTI TpHU
30impimenHi Bmicty Sb i I y ckmazi crekon
2(As2S3)y(SboS3)z(Sbls) 3 omHOUacHUM 3Mi-
L[eHHSIM TIOJIOKEHHS MaKCUMYMY B [iJISTHKY
HWKUMX 4acToT. BigMiTMO, 1[0 AJ1s1 TIOiKPU-
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craniuHoro Sbl; mogibHa roctpa cMyra B paMa-
HiBCBKOMY CITEKTpi 3HAXOAMTLCS 1pu 157 vt
[14]. BogHoyac, iHTEHCHBHICTb CMYyTH TIIpU
205 cM ™!, OB’ A13aH0i 3 IPUCYTHICTIO B MaTPHULIi
cTekon cucteMu As;S3-SbyS3-Sbls cTpykryp-
HUX yrpynyBaHb Asls, 3MeHiyetbcsa. Ofeprka-
Hi pe3y/bTaTy CBiuaTh MpoO Te, L]0 B IpoLjecax
xiMiuyHOi B3aeMofiii e/leMeHTiB CHCTeMU Haui-
Oi/IbIII aKTUBHUM € CTHOiM. 3ayBakMMO, 1110 Y
3aJIe>KHOCTI BiJ] CITiBBIAHOIIIEHHSI KOMIIOHEHTIB,
Hoauau apceHy Ta CTHOit0 MOXKYTh BXOJUTH B
CTPYKTYPHY CITKY CKJIa SIK Y BUJ1 JUCKPETHUX
Mosiekyn Asls i Sbls, Tak i y Buzi MosieKy/sip-
Hux acoriaTiB (Asls), i (Sbls), [14,22,25]. 3Ba-
JKarouM Ha OCOOJIMBOCTi CTPYKTYPH KDHCTaJIi-
yHux Aslz i Sbl; [26], yTBopeHHs Takux J1aH-
L[FO’KKOBUX acCoL}iaTiB, Kl BIUIITAIOTbCS Y CITKY
CKJIa, y>kKe UMOBipHe.

Ocobmueite mpu  360-370 cv~! B
paMaHiBCbKUX cCrieKTpax cTekon z(AssS3)
y(SboS3)2(Sbls) BiAmoBiae CTPyKTypHUM OfiU-
HunsaM As,Sy, a crnabka cmyra ripu 480 cv !
— (parmeHTtoMm Kineup Sg [[14, 24]. B cne-
KTpax KOMOiHalliilHOrO pO3citoBaHHS CBiT/ia
CTeKOJI cucTeMu ASyS3-SbyS3-Sbls, 9K i B crie-
KTpax CTeKOJ cucTeM SbyS3-Sbls [6], AsySs-
SbSI [[14, 17] Ta SbyS3-AsSI [22], He BusBIe-
HO 0COO/MBOCTEH, sIKi MO/ O CBiZJUMTH TIPO
HasIBHICTb B MAaTpuLi LIUX CTEKOJ MOTPiMHUX
NAHLFO)KKOBUX CTPYKTYPHHUX OJMHMLL SbSs ol
(atom Sb 3B’si3aHMil 3 [JBOMa aroMamMHu S Ta
OfIHUM aTtoMoM I, a arom S 3 /JBOMa aToOMaMu
Sb), 3a momomoroto sikux MoOyZoBaHa KpUCTa-
niyHa rpaTka cynbdoroauay ctubiro [7].

HaBenmeni pgaHi  [03BOJAKOTH  3pO-
OWTM  BHUCHOBOK  TPO  HaHOTeTepOreH-
HyY («KBa3ieBTeKTHUHY») OygoBy  CTeKoJ

2(As2S3)y(SbyS3)z(Sbls). Y mobyoBi ix cTpy-
KTYPHOI CiTKM GepyTh y4acTb TibKM OiHapHi
CTPYKTYPHi yrpynyBaHHs AsSs o, SbS3 /5, Asls,
Sbl;, a Tako)K He3HaUHa Ki/IbKiCTb MOJIEKY/IsIP-
HUX (DparMeHTIiB 3 FOMOIIO/IIPHUMHU 3B’SI3KaMHU
As-As Ta S-S. Ha kopuCTb MOJIEKY/ISIPHOTO Xa-
pakTepy B3aeMOJii MK ejleMeHTaMHU «KBas3i-
eBTeKTHKW» CBiJjuaTb MOPIBHAHO HU3bKI TeM-
repaTypyu po3M’sIKILIeHHsI CTeKO/I IaHOI CHCTe-
MU [27]. HasiBHICTb [ieKiTbKOX TUIIB CTPYKTYP-
HUX YTpylyBaHb B MaTpULi CTEKOJ TPHU3BO-
[IUTh 710 IX B3aeMHOI Aedopmalii i, siIK Haci-
JIOK, 10 3Ha4yHOI HeeKBiBa/IeHTHOCTI JOBXMH i
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Ccua 3B’43KiB MK aromamu. Criif BiAMITUTH,
0 nozibHa cuTyallis XapakTepHa HaBiTb AJist
MOHOKpHCTaiB cynbdoiioguny crubito [[7, 28].
Lle 3ymMOB/ItO€ BUCOKY MOJATIUBICT CTEKOJI [0
CTPYKTYpHUX TpaHchopMalliii npy Aii 30BHi-
IIIHiX YMHHUKIB (TepMiuHa 0OpoOKa, sia3epHe
onpomiHeHHs1). Came CTPYKTYypHOIO pejakca-
uiero crekon x(AsyS3)y(SbeS3)z(Sblz) Ta Ha-
CTYITHOIO iX KPUCTasi3aLji€r0 MOXHA TTOSICHUTH
aHomaslii Ha TeMIepaTypHUX 3a/IeXKHOCTAX [i-
eJIeKTPUYHUX rapameTpiB [27].

TepmorpagiuHi AOCTiA)KeHHST TOKa3asy,
110 KpMUCTa/isalisg CTeKoa cucrteMd AsySs-
Sb,S3-Sbl; npoxoauth y Aekisibka etaniB. Ha
kpuBux [ITA crekosn (iKCyrOTbCS 10 TPH €K-
30TepMiuHi eekTH. TeMnepaTypy MakCUMyMiB
uux edextiB 1,1, Tene i T.n3 HaBedeHi B
Tabs. 1. BugHo, 1110 i3 3MiHOIO CITiBBiZHOIIIEH-
Hsl BMiCTy KOMITOHEHTIB y CKJla/li CTeKOJI 3Haue-
HHS L[UX TTapaMeTPiB 3MiHIOIOThCS c/1a0Ko. ITep-
mii epeKT 00yMOB/IEHUM YTBOPEHHSIM KPUCTa-
MYHUX 3apofKiB cymbdoioauay crubito. IIpo
MPaBOMIPHICTb JaHOTO MPUMYILEHHS CBIJYUTh
TOW (paKT, 0 pafliyCc KpPUCTaJiYHOIO 3apoj-
Ky SbSI cknagae Bcworo 0.44 um [3]. das
cknonozibHoro Sb,S; 11 BenmumHa piHa 0.64
HM [B]. Ckio As,S3 HaBiTh npu HabaraTo BU-
LUX TemrepaTypax He Kpucrtasizyerbcs [8]. To-
My MO)KHAa CTBEpPJpKyBaTH, 1[0 2-i eK30TepMi-
YyHUM e(eKT MoB’sI3aHU i3 3aKiHUeHHSIM TIpoLie-
cy ¢popmyBaHHs1 HaHOKpUcTasiB SbSI B cksiHiM
Marputii. 3-i edekT 00yMOB/I€HHI pOCTOM KpU-
CTa/lliuHUX BK/IOUEHb Cynbdoioauay ctubiro.
He Buk/toueHa MOXJIMBICTb (hOPMYyBaHHS MpH
TaKUX TeMIleparypax KpUCTaliYHUX BKJ/IFOUEHb
cynmbdigy cTubir0 3a paxyHOK YaCTKOBOI /IMCO-
1iariii HoaBMilyrounx (parmMeHTiB, siKi 6epyThb
yuacTb y Io0y0Bi CTPYKTYPHOI'O KapKacy KOM-
ro3uTiB [27,28].

[ns migTBep/KeHHs NPUITyLeHb, BU-
C/IOBJIECHUX Ha OCHOBi aHamizy kpuBux [TA,
TpoBeZieHi JocipkeHHs qudpakTorpam i pa-
MaHIBCbKUX CIIeKTPiB BiJllajleHux IpU Pi3HUX
Temneparypax 1, i 3a pi3HUX 4aciB 7, CTeKOJ
2(As2S3)y(SbyS3)z(Sbls). Temnepatypu Bijra-
ny crekon (348 i 398 K) mpubimsHo Bifro-
Bilat0Th TEMITepaTypaM MakKCUMYMIB IepIIoro i
apyroro ek3orepMmiunux edektiB (Tabn.1). Yac
Bigmany npu 7, ~ T,,,; Bubupascs 3 ypaxyBa-
HHSIM pe3y/bTaTiB JJOC/iI)KeHb MpolieciB ¢op-
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MyBaHHsSI HaHOKpucTaniB SbSI B marpuui cre-
Koyl cucteM As;S3-SbSI Ta As;Ses-SbSI npu
HU3BKUX Temrieparypax [[17].

HOudpakrorpamu Bi/iraseHUX CTEKON CH-
ctemu As,S3-SbyS3-Sbl; HaBegeHi Ha puc. .
J1711 TOpPIBHSAHHS, Ha LJbOMY X PUCYHKY (BCTaB-
Ka) HaBeZleHa Ju(pakTorpaMa IOJIiKpUCTali-
ynoro SbSI. SIk BuaHo 3 puc. P, Bigman crekon
IT i IIT mpu 348 K npu3BOAUTH [0 MOSIBU Ha -
(pakTorpamax pedJiekciB, siki 3aCBiZjUytOTh Ha-
SIBHICTb B IX MaTpULli KPUCTA/IIYHUX BKJIHOUEHb
NeBHOI Npupoay. [Ins BifnaneHoro npu Takux
)Ke ymoBax ckia IV pecdnekcu Ginbii BUpake-
Hi. [Ins1 ckna I cy1abki peduiekcu mposiB/IsIOTHCS
TiJIKY TPY TPUBaoMy Bifmani (7, > 48 rof.).

I, B.O.

30 40 50
20, rpag,

I, B.O.

10 20 30 40 50 60
20, rpag

Puc. 2: JudpakTorpamu BifinaneHuX rpu pizHux 1 i
Te CTEKOJT cUCTeMH AS9S3-SboS3-Sbls (II-1V) Ta mo-
nikpuctaniudoro SbSI (BcraBka). Tg, (7¢: 1 — 348 K|
24 rop.; 2 — 348 K, 24 rop.; 3 — 348 K, 48 rog.; 4 —
398 K, 1 rog.; 5—-398 K, 5 rog,.

Bignan crekon ripu 6isibIl BUCOKINM TeM-
repatypi (398 K) cyrnpoBopKyeTbCsl 3pOCTa-
HHSIM KilIbKOCTi Ta iHTE@HCHUBHOCTI pediekciB
(puc. [). TIpu 1pOMY iX MONOXKEHHS Ha -
(pakTorpamax He 3MiHIO€TbCSL. Lle 03Hauae, 1110
KUTBKiCTB i, 0COO/MBO, PO3MipU KPUCTaiuHUX
BK/IIOUEHb Y IIbOMY BUIIAZIKy 3HAUHO OisbIii,
HiXK TIPM HA3BKOTeMIlepaTypHOMY Bianasi. [lo-
C/I/PKeHHs [10Ka3asiy, 1110 SK i Y BUIIaJKy HU3b-

KOTeMIlepaTypHOro Bifmasny, pedekcd Ha -
(pakrorpamax Bignanenux npu 398 K crekon
CTarOTh Oi/TbILI BUpaXKeHUMH TIPY 3pOCTaHHi Ya-
cy Bigmany Ta koHueHTpaiii Sb i I y cknazi
crekon. [lopiBHSIHHS AudpakTorpam Bifmae-
HUX cTeKos x(As2S3)y(SbeS3)2(Sbls) 3 audpa-
KTOrpamor0 Tostikpucraaiuaoro SbSI (puc. 2,
BCTaBKa) []03BOJISIE CTBEP/KYBATH, 1110 CTPYKTY-
pa ¢a3u, 110 YTBOPIOETHCS B CKJISHIM MaTpHIi
Tpy BiAnasi, BIATIOBila€ CTPYKTYpi KpuCTali-
yHOTO Cynbdoiioauay ctubito. I1po e cBigunThH
JocuTb fo0pe CriBMaziHHS TIOMOXKeHb pedite-
KCiB Ha Au(pakrorpamax BiJjriaeHux CTEKOM 3
TIOJIOXKEHHSIM iHTeHCUBHUX JIiHiN Ha AUQPaKTO-
rpami nonikpucranaiyHoro SbSI.

sbl,

|, B.O.

SbSI

T T T T
150 300 450

1

I, B.O.

\ \ \ \ \
100 200 300 400 500

v,CM-1
Puc. 3: PamaHiBCBKi CrieKTpH BijinaseHoro rpu 398
K npotsirom 2 rog (1) i npu 348 K npotsirom 48 rog.
(2) ckma IV Ta mosnikpucramniB SbSI i Sbls (BcraBka).

Takuii >ke BHUCHOBOK BWIUIMBAa€E 3 pe-
3yJIbTaTIB JAOC/IiPKeHb KOJIMBHUX CIIeKTPiB Bifl-
nasieHux cTekon x(As,S3)y(SbyS3)z(Sblz). Ha
puc. [ HaBesieni pamaHiBCHKi crieKTpH Bizmane-
Horo npu 398 K npotsrom 2 rof. (kpusa 1) i
ripu 348 K miporsirom 48 rog. (kpuBa 2) ckKia
IV. [Ins iHmmx ckiafiB ofepykaHi rmoioHi pe-
3ynbratv. Ha ibomy X pUCYHKY (BCTaBKa) HaBe-
JleHi paMaHiBChbKi CIIeKTpH nosikpucraiB SbSI
ta Sbl;. CrieKTpH BizinaneHoro 3a pi3HUX YMOB
ckna I'V MiCTATh YiTKO BUpa)keHi CMyTH TpU 55,
72,113, 1391 320 cm~ !, cabki CMyTH 11ipu 362
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i 480 cm~! Ta oco6msocri rpu 150, 220-230 i
272 cm~ L. I iHIIMX CK/1a/(iB paMaHiBCbKi Crie-
KTPY MPaKTUUHO i[JeHTHUYHi, a Pi3HULIA B [10/10-
KeHHI MaKCUMYMIiB LIX CMyT ckiagae 1-2 cm?,
Bci 1i cMyr# (3a BUK/IFOUeHHSIM CMyT npy 362 i
480 cmM~! Ta ocobmBocTi mpu 220-230 cm )
BUSIB/IEHI B paMaHIBCbKUX CIIeKTpax IOJIIKpHU-
crany SbSI (56, 108, 138, 157, 272 i 318 cm™ 1)
(puc. B, BcTaBka) Ta MOHOKpHCTany SbSI, BuMi-
pstHux nipu 300 K B pi3Hux koH@irypanisx (51,
66, 107, 137, 149, 319 cm 1) [29,80]. e cBig-
YUTh PO Te, L]0 CTPYKTypa KpPUCTaIiuHOI (a-
34, fIKa (QOPMYETHCSI B MaTpHL{i CTEKOJ CUCTe-
MU As,S3-SbyS3-Sbl; ripu ix Bigmnarti, BiAnoBi-
a€ CTPYKTypi cynmbdonioguay ctubito.

AK yke Bigmivanocs, cmyra nipu 480 cm
MOB’g3aHa 3 MPUCYTHICTIO BMAaTpUL{i CTEKOJI
2(As2S3)y(SbaS3)2(Sbls) dparmenTiB Kinelb
cipku. Cmyra npu 362 cm~! Bignosizae cTpy-
KTypHUM oauHuliaM As,S, [24]. Tlpu 1ipomy
BiMITUMO, 1110 y BifimasieHuX CTeKiax 3 Oib-
UM BMICTOM AS,S3 1l IHTEHCHUBHICTh BHIIIA.
IIpo HagBHICTH B CTPYKTYypi Bifilla/leHUX CTe-
Ko/ cucTeMu AS,S3-Sby-S3-Sbls 3HauUHOI KiJib-
KOCTI CTPYKTYPHUX OZMWHMLb 3 TOMOIIOJISIPHU-
MM 3B’s13kamMu As-AsS i S-S MOXKe CBiTUATH NPU-
CYTHICTh B PaMaHiBCbKHX CIIEKTPax 0COOJMBO-
creii mpu 150 Ta 220-230 cm L. ITigTBepmKe-
HHSIM IaHOTO BUCHOBKY MOXXYTb CJIY>KUTH pe-
3y/IBTaTH AOC/iKEeHb CIIeKTPiB KOMOiHaI[iliHO-
r'0 PO3CiOBaHHS CBiT/Ia CKIOTIOAIOHOTO Cy/bdi-
Jly MULL SIKY, OZlep>KaHOTr0 YKOPCTKKM Tr'apTyBaH-
HSIM po31uiaBy [24]. B criekTpax fjaHOro marepi-
aj1y TIPOSIB/IAFOTHCA cMyrH mipy 220 i 231 cm Y,
SIKi BIZTIOBiatOTh KOJIMBAHHSAM IMap aTOMIB B
CTPYKTYpPHUX yrpynyBaHHAM Sg i As,S4, Ta
cmyra nipu 150 cM™ !, Ky MOXKHa BifHeCTH 70
KOJIUBaHb JIAHLIFOXKKIB CIDKH.

LlikaBa mpupopa CMyru Tipu 272 cm—
B PaMaHiBCbKMX CIEeKTPax BiJIajeHuX CTEKOJI
2(As2S3)y(SbaS3)2(Sbl;) (puc. B). Bona Bincy-
THS B PaMaHIBCbKUX CIIeKTpax KPUCTaJIiB i CTe-
Kol AsyS3 , a— i 3-As,S,, ofHaK criocrepira-
€ThCSI B CrieKTpax mnapiB As,S3, cybmiMoBaHUX
KPUCTaiYHUX TUTIBOK AS;S3, TIBOK ASySs,
O[lep’)KaHUX B [Jly’)Ke HepiBHOBa)XHUX YMOBax
Halu/eHHs, Ta MJIBOK AS,S3, HamWJIeHUX Ha
nigknaaku 3 xpomom [24]. Lle mo3Bossie 3po-
OUTY TIPUITYILIeHHS, 1[0 TIPU CTPYKTYpPHill me-
peOyoBi, sika MPOXOAUTH B CTEK/IaX CHUCTeMHU

1

1
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2(As2S3)y(SbeS3)2(Sbls) mpu ix HarpiBaHHi un
Bifinasi, He BUK/IFOUeHa MOX/IMBICTb YTBOPEH-
HS [1esIKOI KIJIbKOCTI MOJIeKY/ISIDHUX TPyIT AS,Ss
3 TOMOMOJISIPHUMM 3B’ si3KaMu As-As.

OpepykaHi pesysbTaTH AOC/II)KeHb KpU-
Bux [JTA, nudpaxkTorpam i pamaHiBCbKUX cIie-
KTPiB [I03BOJISIFOTh CTBEPZPKYBaTH, 110 (op-
MYyBaHHsI TOTPiMHUX JIAHL[FO)KKOBUX OWHUIL[b
SbS, /oI, XapakTepHux [l KPHMCTaliuHOIO
SbSI, B matpuiii ctekosn cucteM AssS3-SbySs-
Sbl; BinOyBaeThCsl B pe3ysibTari iX CTPyKTYPHOI
pesiakcaijil rpu po3M’sKIIeHHI, fKa CyIlpOBO-
JDKYETbCSI PO3PUBOM Ta TMepeMHKaHHSIM T'OMO-
TMO/ISIPHUX | TeTepOIo/ISIPHUX XiMIUHHKX 3B’ A3KiB
y GiHapHMX CTPYKTYPHUX YTPYITyBaHHSX, SIKH-
MU BU3Ha4ya€eThCs OyzioBa CTEKOJ JAHOI CHUCTe-
mu. [Ipu nboMy, CTpyKTypHa mepeOyznoBa Cy-
TPOBO/PKYEThCSA U(y3i€t0 aTOMIB Ha BifcTaHi
MOPSIAKY Mi’)KaTOMHUX.

OpHouacHO 3 (OpMyBaHHSIM HaHOKpU-
CTaniuyHuX Bk/IoYeHb SbSI B ck/sHiM MaTpu-
1i BiZOyBaeTbCst i CTpyKTypHa nepebygoBa ca-
Moi matpuii. [Ipo 1e cBiguarh CyTTEBI BigMiH-
HOCTIi B paMaHiBCbKHX CITEKTPaX CBI’KOMIPUTOTO-
BaHUX 1 BiAmaseHux crekos. B criektpax Bif-
MajieHUX CTEeKOJT 3’SIB/IIOTHCS C/labka 0CoOsTH-
BicTb npu 150 cM~! i posmura 0co6nMBicTL B
ainsHLi 220-230 em~! (puc. B), a ocobnusicTs
npu 360-370 cM~! y criekTpi CBiXKOnpHroro-
BaHoro ckia (puc. [l]) TpaHchopmyeTbest y f10-
BOJIi BUpaKeHy cMyry ripu 362 cm— ! (puc. f).
A yxe BigMiuanocs, iHTEHCHUBHICTb L€l CMy-
' npu 30i/blIeHHI BMiCTy cyabdiny apceHy y
CKJIaJli CTeKoJ1 3pocTae. HaBesieHi faHi 103BOJIsI-
F0Th [TPUITYCTUTH, L]0 MaTPULII Bi/jTIa/IeHUX CTe-
KOJI, B sIKili chopMOBaHi KpUCTasliuHi BK/IIOUe-
HHs1 SbSI pi3HOI po3MipHOCTi, BU3HAUAETHCS B
OCHOBHOMY CTPYKTYPHUMH OJUHULIIMU AS,S,
Ta (PparMeHTaMH JIAHL[FOXKKIB i Kisellb CipKu.
He BuUK/IOUEHA MOXXIMBICTh yuacTi y dhopmy-
BaHHI CTPYKTYPHOI CITKH i MOJIEKY/ISPHUX TPYII
AS483.

BucHoBku

BcraHoBneHo, 1o crekna cucreMud As,Ss-
Sb,S3-Sbl; MaroTh HaHOTeTeporeHHY Oy OoBY.
Ix marpuus nobynoBaHa TisbKM 6iHapHMMM
CTPYKTYPHHUMH YTPyInyBaHHAMHU AS(Sb)sz /o, Mi-
cTUTh OKpemi monekynu Asls, Sbls abo aco-
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LiaTi Ha IX OCHOBI Ta He3HAuHy KIiJIbKIiCTh
CTPYKTYPHUX (parMeHTiB 3 TOMOMO/ISIPHUMU
3B’s13kaMu As-As i S-S. Kpucranisauisi cTekos
MPOXOAWTh Y JAeKinbKa ertariB. [Ipu HarpiBan-
Hi (Bigmasi) cTekosn BigOyBa€eThCst po3puB i Tie-
peMUKaHHA XiMIYHUX 3B’A3KIB B yIPyIyBaHHSX,
sIKi BU3HAYalOTh 1X CTPYKTYpPy O/IMDKHBOTO TO-
pPAAKY, Ta (OPMYyBaHHSIM HAaHOKPUCTAJIIB CyJib-
doroguay cTrbir0. 3MIiHIOETBCS TIPU I[BOMY i

CTPYKTypa CK/IsAHOI marpuli. BoHa Bu3Hauae-
TbCsl B OCHOBHOMY CTPYKTYPHUMH yIpyIlyBaH-
HAMH As,S,, OB’ I3aHUMHU Mi>K c000I0 3a JJ0M0-
MOT010 (hparMeHTiB JIaHL[IOXKKiB ab0 Kiselpb aTo-
MiB cipku. I3 30i/IbIIeHHSIM TemIieparypH i ua-
Cy Bijnany po3Mipu KpPUCTa/lTiUHUX BKJIIOUEHb
cynbdoiioguay cTubiro B CKIIsSIHIN MaTpuLli 3po-
CTaroTh.
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CTPYKTYPA CTEKOJI 1 KOMIIO3NUTOB B
CUCTEME ASQSg-Sb253-Sb13

[IpuBeseHs! pe3yabTaThl MUKPOPaMaHOBCKUX, X-/Ty4eBbIX M TepMorpadHuecKix UCC/Ie0BaHUN CBEXKEIIPUTOTOB/IEH-
HBIX W OTOXOKEHHBIX CTEKOJ B crcTteMe AssS3-SbyS3-Sbls. YcraHoBIeHO HaHOTeTeporeHHOE CTpoeHHe cTekos. Kpu-
CTa//IM3aLiisl CTeKO/I TPOUCXOUT B HECKO/BKO 3TanoB. CTPyKTypa ¢asbl, KoTopasi GOpMUpyeTCs B MaTpHlle CTeK/a B
TIpoLiecce KPUCTAIM3aL[|K, COOTBETCTBYET CTPYKTYPe KPUCTA/UTNUeCKOTo Cy/Tbporoguia cTiousi. Pa3Mepsl Kpucran-
JIMYeCKUX BKIIoueHHi SbSI 3aBUCAT OT TEPMOYACOBBIX PEXXUMOB 00pabOTKH CTEKOII.
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STRUCTURE OF GLASSES AND COMPOSITES IN
ASQSg-Sb253-Sb13 SYSTEM

Purpose. Composites on the basis (As2S3)y(Sb2S3)2(Sbls) glasses are suitable for creation of ferroelectric glass-
ceramics, nonlinear dielectrics, memory media, elements for infrared and nonlinear optics, various sensors. This paper
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presents the results of thermal, X-ray diffraction and Raman studies of the conditions of formation and nature of
crystalline inclusions in the glass matrix of the AssS3—Sb,S3-Sbls system during their thermal treatment.

Methods. Differential thermal analysis (DTA), Raman and X-Ray diffraction spectroscopy. DTA curves were carried
out in the temperature interval of 293-700 K. Heating rate was equal 3 K/min.

Results. Danoheterogenous structure of glasses in AsyS3-SboS3-Sbls system established on the basis of Raman spectra
investigations. Their structural network is formed by only binary structural groups with heteropolar bonds (AsS35,
SbS; /25 Sbls, Asl3) and contains a certain amount molecular fragments with homopolar As-As and S-S bonds (As4S4,
Ss).

It has been established that the crystallization of glasses takes place in several stages. DTA curves of glasses recorded at
3 K/min revealed three exothermic effects. For example, for 40(As2S3)30(Sb2S3)30(Sbl;) glass temperatures maxima
of these effects are equal 341, 398 and 530 K. The first and second effects are less pronounced due to nucleus formation
and the formation of nanocrystals in glass matrix.

The structure of the phase that arises in the glass matrix at annealing (348 and 398 K) corresponds to the structure of
the crystalline SbSI. The formation of triple units SbS; /> occurs as a result of the glass structural relaxation during its
softening, which is accompanied by breaking and switching of homopolar and heteropolar chemical bonds in the binary
groups that form the structural network of glasses. This process is accompanied by the diffusion of atoms in a distances
of interatomic order. The sizes of antimony sulfoiodsde crystalline inclusions increase with annealing temperature and
annealing time. The matrixes of the annealed As;S3-SboS3-Sbls system glasses, in which crystalline SbSI inclusions
of different dimensions are formed, are determined mainly by As4S, structural groups linked together by fragments of
chains or rings of sulfur atoms.

Conclusions. DTA curves, X-ray powder diffraction patterns and Raman spectra of glasses in AsyS3-Sbo-S3-Sblg
were investigated. The nanoheterogeneous structure of glasses was established. The crystallization of glasses takes
place in several stages. The structure of the phase that arises in the glass matrix at annealing corresponds to the structure
of crystalline antimony sulfoiodide. The sizes of SbSI crystalline inclusions are dependent on the heat treatment
regimes.

Keywords: chalcohalogenide glasses, Raman spectra, structure, crystallization, ferroelectrics.
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NOC/IIKEHHSA 3BY/DKEHHS I3OMEPHOI'O
CTAHY 11/2~ AJ1PA ¥"Ba B PEAKIII (v, )™

BuKoHaHe TeopeTHYHe Ta eKCriepMMeHTaIbHe J10C/TiIKeHHS Tlepepi3y 30ypkeHHs i3oMepHoro ctady 11/2~ aapa " Ba
B peaxiii (v, y")". EKCliepuMeHTa/bHe [0CTi/PKeHH TPOBOAKM/IOCS Ha ra/lbMiBHOMY IMyuKy MikpoTpoHy M-30 B 06i1a-

CTi eHepriii 4-17 MeB.

KorouoBi csioBa: aTomMHe sipo, siflepHi peakiiil, mepepi3, riraHTCbKUM JUIOIBHUM pe30HAaHC, TalbMiBHUN raMma-

CIIEKTP, i30MepHe BiJHOLLEHHS.

Beryn

[Iporjecu po3citoBaHHS raMMa-KBaHTiB aTOMHU-
MU si[paMU 3B’s13aHi 3 OCHOBHUMM Tpobiema-
MU s/lepHOI (i3MKU: CTPYKTYpOIO sifipa i Mexa-
Hi3MaMu ¥oro 30ympkeHHs. [lumu o6cTaBuHaMu
B 3HAYHiM Mipi i BU3HAYAE€THCS MOCTIMHUM iHTe-
pec JOC/iIHUKIB fI0 faHoi Tpobiemu [[1].

Po3citoBaHHs1 (DOTOHIB aTOMHUMM SiZipaMU
€ yHiBepca/JIbHUM TIPOLIeCcOM, 1[0 BiZiOyBa€eTbCs
Ha BCiX sijpax i Mpu BCiX eHeprisx. BoHo Mmoke
BifiOyBaTHCA i3 3MiHOIO (HErpyKXHe) i 6e3 3mi-
HU eHeprii ¢oToHa (npy’kHe). [30MepHi siepHi
piBHi 30y/I)KYIOTbCSI B HETIPY>KHiX TIpoL{ecax.

B ocranHili yac moMiTHO 3pic iHTepec 10
BHBUeHHs 30y/)kKeHHs i30MepHHUX CTaHiB si/iep B
peakuisix (7,7'), SIK 3 TOUKH 30py BUBUEHHS iX
MeXxaHi3MiB 30y/pKeHHsI Ta yTOUHEeHHs Iepepi-
3iB 30ypKeHHs peakiiii (7,7')™, Tak i 3 MeTO0
iX MPUK/IaJHOTO BUKOPDUCTAHHS B T.Y. B aKTU-
BalliiHUX aHami3ax [2-4]. Bigomo, mo peaxuii
(7,7")™ #ayTh 3i 3HAYHOIO HMOBIPHICTIO TpU
eHeprisix raMMa-KBaHTiB HW)KUe Moporis (7, n)
abo (v, p) peakuil, siKi € IpKepesioM yTBOpPEeH-
HS PaZliOaKTMBHUX fi/iep 1 BIATOBIJHO 3aBaka-
104yoro ramma-gQony. Ilpy Takomy BUKOpPUCTaH-
Hi peaxiiii (y, ) 30BCiM He aKTHUBYIOTb LIIUPOKO
PO3IOBCIO/IPKEHI e/leMeHTH, SKi 3a3BhYai Mpu-
CYTHIi B JOCIAHUX 3pa3kax marpuli. Tomy BuU-
ABJISIETHCSI MOXJIMBUM [JOCSATHYTH BUCOKOI UyT-

JIMBOCTi aKTWBALIMHOTO aHasi3y, HeJUB/ISTYMCh
Ha TPUCYTHICTb 3HAUHUX JOMIIIOK CTOPOHHIX
eJIeMeHTIB.

HNana poboTa mpuCBsiueHa eKCriepyuMeH-
TaJIbHOMY i TEOPETUUHOMY AOC/iIPKEHHSIM T1e-
pepidy 30ymKeHHs i30MepHOro CTaHy sifjpa
137Ba B peakuii *"Ba(v,+/)*"™Ba B o6nacri
El-riranTrcekoro pe3oHaHCy. MeTacTabinbHuii
cran '3"Ba Mae criin-niapHicTs 11/27, eHeprito
FE = 0,661 MeB i nepiog Hanisposnazgy 7', =
2,55 xB [B].

MeToMKa eKCIIepUMEeHTY

PoboTa BHMKOHyBajiacsi Ha MyuYKy TaJbMiBHHX
ramma-KBaHTiB Mikporpony M-30 IE® HAH
Ykpaiau B obsacTti eHepriit 4 — 17 MeB. Po3-
KU/l eHeprii MpPUCKOPeHUX eeKTPOHIB CTaHO-
BuB +£(5 — 20) keB i Bu3HauaBcs (ha30BUMH KO-
JIMBaHHSIMH, aMIUTTy/a SIKUX TIPU YUC/T OpoiT
n > 3 TIpaKTUYHO He 3aJIeXKUTh Bifl iX uncna [§].

3MiHa eHepril NPUCKOPeHUX eJIeKTPOHIB
3/iliCHIOBanach /IBOMa METOaMHU: Y LIMPOKUX
MeXXaX — 3MiHOI0 urc/aa opOiT, siKi MpOXoAsATh
€JIEKTPOHH, TOOTO 3MiHOIO UHMC/Ia XBUIbOBOJ-
HUX BCTABOK i B MaJIMX Me)kax — 3MIHOI Be-
JIMYMHH TIPOBITHOTO MarHiTHOrO ToJis i BifAmo-
BiJHOIO 3MIHOK) BEJIMUMHU MPUCKOPIOBAJILHO-
ro MoTeHLjia/ny B pe3oHaropi. [HAyK1iisg MarHit-
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HOI'O I0/11 BUMipIoBasacsd MeTOZOM SIepHOIo
MarHiTHOrO pe30HaHCy, NpY L[bOMY I10XHOKa
BUMIpY He nepesuiyBana £0,1%.

Bisbin paHHi poOOTH 3 BUBUEHHS Iie-
pepi3iB peakuii (7,7')™ BUKOHyBaIMCS Ha
OetarpoHax i cuaxpoTtpoHax [7-3]. Ilpu Biz-
HOCHO MeHIUi iHTEHCUBHOCTI TaJbMiBHOTO
raMMa-Iyuka Ba’K/IMBOIO BJIACTHBICTIO i repe-
Baroro IUX eKCTIepuMeHTIB Oysia He3MiHHiCTb
HarpsMKy TMpO/bOTy raMMa-Iydka. IlepeBaroro
MIKPOTPOHY € CYTT€EBO Oisibllla iHTEHCUBHICTh
rajJibMiBHOTO FaMMa-BUIIPOMiHIOBaHHS (~ 2 10-
psiiKM). Ajie TIpY 3MiHi eHeprii NpHUCKOpeHoro
e/IeKTPOHHOI0 ITyYKa LUISIXOM 3MIiHU HarpyKe-
HOCTi TIPOBiZJHOTO MarHiTHOTO TIOJS BigOyBae-
ThCS lesKa 3MiHa HanpsSIMKY ITyuKa, 1110 BUMarae
KOHTPOJIIO 1 KOpeKLIii.

[Ty4oK IpUCKOpPeHUX eJIeKTPOHIB, 1110 BU-
BOZIMBCS 3 MPHCKOPIOBaya 1aziaB Ha TaHTaJ/IoBY
raabMiBHy MillleHb TOBL[MHOWO 0,5 mm. [ns
KOHTPOJIIO €JIEKTPOHHOTO MyYKa BUKOPHUCTOBY-
BaBCsl MOHITOp BTOPHMHHOI eMicii, po3TalloBa-
Hui1 6e3riocepeIHBO Mepe]] BIKHOM BUBOAY ITyuY-
Ka 3 MIKpOTpOHy. ['afbMiBHMII My4oK (opmy-
BaBCsl 3aJli3HUM KOJIiIMaropoM TOBIIMHOKWO 30
CcM. [l ouvlleHHs -TlyyKa BiJi eJIeKTPOHIB
BHUKOPUCTOBYBABCsI IpadiTOBUIl MOI/IMHAY TOB-
LIMHOK 7 CM. B SKOCTI NpOXifHOrO MOHITO-
pa raMma-Iyyka BUKOPUCTOBYBaJIacs ioHi3alliii-
Ha Kamepa, po3TallioBaHa Oe3mocepeHbO Tiepes
JOCTiKyBaHUM 3pa3koM. BoHa kami6GpyBanacs
TOBCTOCTiHHOIO a/TFOMiHi€BOI aOCOTFOTHORO Ka-
Meporo 3 06'eMOM Uy TIMBOI 1{iIMHA 4,38 cm?
[10, 11], anmapaTtypHa (yHKLisl SIKOi BpaXxoByBa-
Jla HasIBHICTb B My4Ky rpaciToBOro rMorauHaua.

BumiproBaHHs1 3BOAMIOCS 10 HACTYITHOL
MpoLielyph: B MOMEHT YCTaHOBKH [OC/iJHO-
ro 3paska B IIy4OK OJHOYACHO BKJIHOUYasacs
peecTpaLlisi iHTEHCUBHOCTI TaMMa-BUITPOMiHIO-
BaHHS, 1[0 MPOMIIIO Yepe3 AOCIiHY MillleHb.
[Ticnst BCTAaHOBIEHOTO Yacy OTMPOMiHEHHs 3pa-
30K [IOCTaBJ/ISIBCS TPAHCIIOPTHUM MNPUCTPOEM B
BUMIpIOBa/IbHUM O/IOK Ha TaMMa-CIIeKTPOMETP.
Bci oneparyii: ycraHOBKa 3pa3ka Ha OIpOMiHe-
HH$1, TPAHCIIOPTYBaHHS, BUMipIOBaHHS HaBeJle-
HOI aKTMBHOCTI, YaC BUMipIOBaHHS 3/lilICHIOBa-
nucs aBToMaTUuHoO. [neHTudikalis 3aceneHoc-
Ti i3omepHux piBHiB *"Ba 3zilicHioBanacs 1o
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niHiil 3 eHepriero 0,661 MeB. bl fetansHO
MeTO/[MKa eKCTIepUMeHTY MpHuBe/ieHa B poboTax
[12,13].

HocmimpkyBani MimeHi sBasyid - o600
JIUCKY TIOPOLIKOTIOAIOHOTO ByT/IEKUCTIOTO Oa-
pito BaCOj3 Baroro 2 r 3ampecoBaHi B Karpo-
70HOBI Kacetu piamerpom 30 mm. Bukopuc-
TOBYBa/IMCs i30TomiuHO 30araueHi 3pa3ku ba-
pito. Ilpy ubOMY MpU [OC/IIKEHHI peakiii
137Ba(v,~/)*"™Ba B cknag MimeHi BXogwId
(82,240,05)% izotony 3"Ba i (17,49+0,02)%
isorony '**Ba.

OCKiZIbKM B [JOCII/I)KYBaHUX 3pasKax
137Ba 6yB mpUCyTHIll B AKOCTi JOMILIKK i30-
tonn '%®Ba, To mapanespHO 3 BUMipIOBaHHAM
BUXOAY peakuii (7,7') BHIle TOpPOry peakuil
(7, n) NIPOBOAM/IOCS BUMipIOBaHHS BUXOIY pe-
akuii '**Ba(vy,n)'¥™Ba (MiueHb ckiaganacs
3 (99,8+0,05)% npoueHTis isotony **Ba), mo
JI03BOJISIJIO BHOCUTH BiJTIOBiZIHI TTOTIPABKU y BU-
Xig peakii (7y,~")™.

ExcriepyMeHTa/IbHI pe3y/ibTaTH i iX
aHasi3

ExcriepumeHTanbHa KpHBa BUMipIOBaHHS BUXO-
ay peakuii 3"Ba(v,~)*"™Ba nposoaumcs 3
kpokoM 0,5 MeB i Oyna BUKOpHCTaHa [ijist po3-
paxyHKy rniepepisy o,,(E) peakuii (y,~)™. O6-
YKC/IeHHs1 TIpoBoAusocs MetogoM [leHdonga-
Jlicca [11] 3 kpokom E = 1 MeB. Ogepxa-
Huii iepepis peaxuii 1*"Ba(v, 1) *"™Ba npuse-
JIeHWM Ha puC. ﬂ] BkasaHi Ha puc. [ﬂ TIOXUOKHU
cranzaptHi. SIk BuaHO 3 puc. [l mepepis peakuyii
137Ba(+,~)'*"™Ba B inTepsasi eHepriii ramma-
KBaHTiB 5 — 18 MeB Mae gBorop6mii xapa-
Krep. [lepiuii Mmakcumym 1ipu eHeprii 7,0 MeB
nocsirae 0,78 + 0,04 m0, Apyruil — MIMPOKUIA
MakKCUMyM I1pu eHeprii ~ 15,0 MeB craHoBuThH
0,224+0,10 m6.

3 MeTOl0 TIOPiBHSIHHS OfleP)KaHUX eKCrIe-
pUMeHTalbHUX [AaHUX 3 TEOPeTUYHUMH po3pa-
XyHKaMM HaMH 3a /I0TIOMOTOF0 IIPOTPaMHOT O T1a-
keta TALYS — 1.9 [14] po3paxoBaHuii MOBHUM
Tepepi3 po3ciroBaHHS raMma-KBaHTiB o'%, Ha
anpi 13"Ba. IMporpama TALYS — 1.9 — 3i6pa-
HUM B OIHOMY KOZi MaKeT CyyaCHUX MOZeJei,
1110 OMMCYIOTh TIPOLIeC SI/IePHUX peaKLiiid.
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Puc. 1: EkcriepuMeHTa/bHuiA Tlepepis peakuii 3" Ba(vy, )37 Ba.

ITpu po3paxyHKax [TOBHOTO Iepepi3y pea-
kuii ¥"Ba(v,~')'*"Ba BukopucToByBanach Ha-
CTyITHa CXeMa: Ha siip0-3pa3oK 3 fapameTpamu
(Z;, N;) i criin-napHictio (J;, ;) majja€ raMmMa-
KBaHT 3 eHepriero F, (F, E.) i crBO-
PIOETHCS AP0 (KOMITayH[1) i3 3HAYeHHSIM CITiHY
i mapHocti (J., 7.), a jla/i po3paxoBYy€eTbCS MOB-
HUM Tiepepi3 (OTOMOINMMHAHHS Oy, AJISI OTIH-
Cy SIKOTO BUKOPDHUCTOBYIOTBCSI OZlepyKaHi eKcIie-
pPUMeHTaJIbHI [IapaMeTpH IiraHTCbKUX pPe30HaH-
ciB [[15]. BBaxkaeTbcsi, 10 po3mnaf 30ypKeHo-
ro siipa Bij0yBa€ThbCs 3a PaxyHOK /[IBOX KaHa-
JIiB: HepiBHOBa)KHOTO miporecy [[16] i craruc-
TUYHOTO MeXaHi3My Xay3epa-®erbaxa [[17].
['ycTtyHa piBHIB po3paxoByBajiach 3a JOIOMO-
roro mozesi @epmi-rasy 3i 3Mill{eHHSIM 10 eHep-
rii [[18]. CriekTp HM3bKOpO3TalllOBaHMX DiBHIB
BpaxoByBaBcsi. [lo eHeprii 30ymkeHHs 3 MeB
Opanucs piBHi 3 6a3u ganux RIPL-3. [l pos-
paxyHKy KOHKYPEeHLii pajialjiitHOro KaHasnay i
KaHaJ/liB 3 BUILOTOM iHIIMX YaCTUHOK OOumC-

JIIOBAJIMCh TepefaTouHi Koe(il[ieHTH, 5IKi BXO-
ITh B Mofilenb Xay3epa-®Pemibaxa. Pagiariiii-
Hi cunoBi (PyHKIIiT, 11J0 BXOASTH B MepeaTouHi
koedirieaTn Opanucs s El-nepexoniB y BU-
[1 y3arajibHeHOro JiopeHL{iaHa 3arporiOHOBaHO-
ro Komerkum i Yrnewm [19], a1 iepexofiB iH-
IIMX MY/IBTUIIO/NIB BUKOPUCTOBYBaach (Gopmy-
na Akcens-bpinka [20, 21]. Pe3synbratut po3pa-
XYHKY TIOBHOTO Tiepepi3y pPO3CitOBaHHS raMMa-
KBaHTiB 0%, B peakuii *"Ba(v,~’)'3"Ba npu-
BeJleHi Ha puC. @ AK BUAHO 3 puC. @ Xapakrep
eHepreTHYHOI 3a/IeXKHOCTI repepisy o'% , peak-
wii (y,7') B 3ara/JbHUX pUcax MOBTOPIOE Ofiep-
JKaHUM HaMU eKCTiepuMeHTalbHUM repepi3 pe-
axuii "Ba(vy,v')'*"Ba (puc. [). B mosromy
repepisi po3CitOBaHHS TaKOX CIIOCTepirarThCs
JiBa MakcruMmyMa — Ipu eHeprisx 7,0 MeB i 15,0
MeB, ajne mpu LBOMY 0%, CK/Iafia€ B MaKCH-
mymi 10,3 M6 ipu £ = 7,0 MeB i 1,5 M6 nipu
E = 15,0 MeB, 1o cyTTeBo Oisbliie HiXK B pe-

akuii (v, 7)™
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E, MeB

tot

Puc. 2: TToBHuit mepepi3 po3ciroBaHHs raMMa-KBaHTIB 0%, B peakwiii (7, v').

OpepxaHni HaM{  eKCIIepUMeHTaJlb-
HUE mepepi3 peakuii (v,7')™ H03BOIsE
ofep)XaTu [/ KaHajly PO3CitOBaHHS OLIHKY
eKCITepUMEHTAIbHOTO0 130MEPHOT0 BiJIHOIIEH-
HA T = 0, /0%, | TIOPIBHATH 3 PO3paxyHKaMH.
ATipoKkcuMaljisl repepisy IOBHOI'O ITOITIMHAHHSA
ramMma-KBaHTIB iJpaMU Oy,; JIOPEHLIOBOIO KpHU-
BOIO 3a/I0BI/TbHO OTKCY€E eKCIIepUMeHTaslbHi J1a-
Hi Ha Biggasai oAHOI-ABOX IIMPHH BiJl MAKCUMY-
My riraHTceKoro E1-pe3oHaHCy, TOMy € MOX/IU-
BiCTb, BUKOPHCTOBYIOUM JIiTepaTypHi eKCIliepu-
MeHTa/IbHi IaHi 110 MOBHUM Tepepi3am (oTomno-
[JTMHaHHS (MTOBHUM (POTOHEMTPOHHUM Tiepepi-
3aM) st simep Oapiro-138 [22], o1[iHUTH eKcIie-
pUMeEHTAa/lbHe i30MepHe BiJHOIIEeHHSI PO3Cito-
BaHHS I = 0,,/0%., B 0bacTi opory peaxuyii
137Ba(v,v')'*"™Ba, ockisbku B 06/1aCTi opory
peakuil (,n) i HWKUe TIOBHUH Tepepi3 ¢poTo-
TIOIVIMHAHHS BUUEPITy€E€ThCS TTIOBHUM Mepepi3oM
poscitoBanHst ¢'% .. I3-3a BifCyTHOCTI ekcre-
PUMEHTA/ILHOTO Tiepepi3y oy, AJs Oapito-137
B SIKOCTi MOro 3HaueHb Opasucsi MOBHi mepe-
pisu s 38Ba. Tak sk agpa *"Ba i **Ba €
cycigHimMu i He ne)kaTh B nepexifgHiit obmacri,

TO 3aBISAKU C/1a0ili 3a/1e)KHOCTI TTapaMeTpiB Ti-
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TaHTCHKOI'O Pe30HAaHCY BiJl MacH si7iep , Take BU-
KOPUCTaHHS SIBMSETbCA fonycTumumM. Ozepka-
He HAMU i30MepHe BiIHOLIeHHsS I = o, /0%,
[T KaHa/ay po3CitoBaHHS /it eHeprii ¢oro-
HiB ¥ = 7,0 MeB cknamae 0,085 £+ 0,02 i
TpUBe/ieHe TOUKOI Ha puc. 3. Ha mpomy x
DUCYHKY TpHBeZleHi pe3ysbTaTd pO3paxyHKY
i30MepHUX BiJJHOIIIEHb 10 CTaTUCTUUHIA Teo-
pii ®epwmi-rasy B gyci pobotu [23]. I[Tpu 1ibomy
POOUTMICh HACTYTTHI IOTYIIEeHHS: TIOT/TMHAETbCS
JUIObHUM raMMa-KBaHT, SiJp0 MepexoAuTh B
cTaH i3 criinoM (J.., 7). 30y/pKeHHs1 yTBOPEHOTr0
JIOUipHBOTO Si/jpa 3HIMA€ETbCS KaCcKaJOM raMma-
repexo/iiB, OCTaHHil 3 AKUX (BUpillla/JibHUI) 3a-
ceJisie OCHOBHUH ab0 i30MepHMI CTaH.

IIpu pospaxyHKax CIIiHOBa YaCTHHA I'yC-
TUHU $JIepHUX PpiBHIB Opanacsa i3 dopmynu
Bete-bnoxa [24]:

p<J>:<2J+1>-exp{—”—1/2},

202

Jie 0 — rapaMeTp 0OMeKeHHsI TI0 CITiHY, STKUH Y
BignoBigHOCTI 3 [24] 06unctoeTbest 3a popmy-
noro:

o2 = 10,0889 Val - A*3,
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TYT @ — TapaMeTp T'yCTHUHU piBHiB, A — MacoBe
unciio, U — edekTrBHA eHeprisi 30ymkeHHs1. Ce-
peJIHE UMC/I0 TaMMa-TIepexo/iiB B KacKafli 06um-

rpoMiHtoBaHHs [25]:

CroBasocst 3a GOpMYJIOr /ISl AUTIOJILHOTO BU- 2
0,25 - q
0,20 - 2
d -
2 0,151 3
Lh
0,10 -
0!05 ! 1 M 1 ' 1 ' 1 ' 1 ! 1 ' 1 ' 1 4 1 '
2 4 6 8 10 12 14 16 18 20
E, MeB

Puc. 3: I3omepHe BigHomeH s peakuii >"Ba(y, v')'3"™Ba.

Binblun geranbHO OMMC pe3y/bTaTiB s
00uMCIeHHsT i130MepPHHMX BiJJHOIIEHb B Peakiiil
(v,~') npuBeneHo B pobori [26].

Ha puc. B kpuBa 1 — 1je pe3yssTar pos-
PaxyHKY 3a/Ie)KHOCTi i30MepHUX BiZJHOLIEHb I1e-
pepisiB peakuii *"Ba(vy,~')!3""Ba Big eneprii
ramMMa-KBaHTiB TIpu ikcarjii mapameTpa oome-
)KeHb CIiHy o Ha piBHi 02 = 9, KpuBa 2 — Ha
piBHi 0% = 6.25. Tpeba Big3HAUMTH, 11J0 3MEH-
LIIeHHS TTapaMeTpy o TMOKpally€ y3roJyKeHHs 3
ekcriepruMeHnToM. OOU/BI KPUBi IEMOHCTPYIOTh
CXO0XKY 3a/IeXKHICTb I BiJj eHeprii ¢oToHiB. I3 pu-
CYHKY BUJIHO, L]0 PO3PAaxXyHKU MO CTaTUCTUU-
Hill MOZieJli BKa3yOTb Ha MJIaBHUM PiCT i3omep-
HOI'O BIJJHOLLIEHHSI I' 3 POCTOM €eHeprii ramMmMa-
KBAHTiB, 1[0 3B's3aHO i3 30L/IbIIIEHHAM Kilb-
KOCTi MepexofiB B raMMa-Kackaji, 1[0 3ace-
nse i3omepHuii cran. Kpusa 3 Ha puc. § — me

BiJHODMOBaHa Ha eKCllephMeHTajlbHe i30Mep-
He BigHoweHHs npu E=7,0 MeB kpusa 2. Ta-
Ka KpHMBa 03BOJISIE 10CTaTHbO HAJ[iIMHO OL[iHU-
TH i30MepHe BiJJHOLLIeHHs Ilepepi3iB B peakujil
(7,7') Tpu GiNbLI BUCOKMUX €HEprisix ramma-
kBaHTiB (10 — 18 MeB), a BiZiroBigHO, BUKOpHC-
TOBYIOUM TEODETUYHUU TMOBHUW Tepepi3 po3-
CitOBaHHSl pO3paxyBaTh TEOPETUYHUM Tepepi3
30y/pPKeHHsT i30MepHOro CTaHy peakuii (7, )™
ans isorory *“Ba. Ha puc. § cynineHoro mi-
HIi€I0 TpUBEJIeHUM pe3y/bTaT pPO3paxyHKy Iie-
pepi3y 30ymKeHHs1 i30MepHOT0 CTaHy B peakliii
137Ba(v,7")*"™Ba. BugHo, 110 BiH 33/|0BiIEHO
Y3TOZKY€ETBCS 3 eKCIlepUMeHTaIbHUMU JaHUMU
K B iHTepBasi 5 — 8 MeB Tak i B obnacri 15 —
16 MeB, T0o6TO B 00/1aCTi MaKCUMyMy TiraHT-
CBHKOTO IUTIO/IbHOTO Pe30HaHCY.
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Puc. 4: TIopiBHSIHHS eKcriepMMeHTa/IbHOTO i TeopeTHuHOro Tepepisis B peakuii '3"Ba(vy,v')13""Ba.

BucHoBku

B pesysibTati npoBeieHUX JOC/III)KEeHb OfleprKa-
Ha 3aJ/IeXKHICTh TIepepisy 30ypKeHHsT i30MepHO-
ro crady 11/2” agpa *"Ba B peakuii (7y,~')™.
ExcrieprimeHTasibHe [OCITIIPKeHHS TIPOBOAUIIO-
C Ha rajJbMIBHOMY IIyUKy MIKpOTpPOHY M-
30 B obsnacti enepriii 5— 18 MeB. Ilepuit
MakCUMyM B Tiepepisi CriBmaZja€ 3 TOpPOroM
peakuii (v,n) Ha sapi *®Ba. Bin ¢opmye-
ThCS 3 OJHOTO OOKY 3arajlbHAM POCTOM Tiepe-
pi3y ¢otonormHanHs B 0bsacti 5—7 MeB 06-
YMOBJ/IEHU! TiraHTCbKUM JIUIIOJIbHUM pe30HaH-
COM i3 Jpyroro — CrajioM Iiepepi3y po3Cito-
BaHH# Bullle 7 MeB, BUK/IMKaHWM KOHKYDEHLIi-
€10 KaHaJIiB HeIpy>KHbOI'0 PO3CitOBaHHS ramMa-
KBaHTIB i (7, n) peakuil.

Ipyruii MakCMMyM CKOpill 3a Bce
3B'sI3aHUH 3 3araJibHUM POCTOM Tiepepi3y (hoTo-
TMOT/IMHAHHSA 0y; B 00/1aCTi MAaKCUMyMY TiraHT-
cekoro E1-pe3oHaHcy i BiATIOBIIHO 3 3arajlbHUM
POCTOM ITIOBHOI'O Iepepi3y po3CitoBaHHS raMMa-
KBaHTIB Ha aapi '3"Ba B 1jiii 06/1acTi eHepriii.

B pocnigpkyBaHOMYy iHTepBasi eHeprii
MPOBEeJ€HO PO3PaxXyHKHU Iepepi3iB pO3CitOBaHHS
ramMma-KBaHTIiB Ha isotoni '*"Ba no mporpami
TALYS-1.9, ski nornoBHUIM 0OUMC/IeHHS i30-
MEpHUX BiZJHOLLIEHb B paMKaX CTaTUCTUUHOIO
nigxoay. Ofep>KaHU po3paxyHKOBUM Tiepepi3
peakuii (7y,7')™ nmobpe y3ropKyeTbcsi 3 eKC-
repuMeHTa/IbHUMH JaHUMU. Take y3royKeHHs
CKOpILlI 3a BCe CBIJUUTH IPO JOMIHYyBaHHS CTa-
TUCTUYHOTO MeXaHi3My B [JOC/i/I>)KyBaHil peak-

wii.
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BO3BY/DKEHVE N30MEPHOI'O COCTOSIHUSA
11/2~ ALIPA '¥Ba B PEAKLIVH (v, /)™

VcrionHeHo TeopeTHUeCKOe U IKCIIEPUMEHTA/IbHOE HCC/IeA0BAHNE CeUeHHsI BO30Y)KIeH s H30MePHOro COCTOsiHusA 11 /2~
anpa 1¥Ba B peakuum (7y,7')™. DKCrepuMeHTanbHOEe HCCIeJ0BaHHe MPOBOAUIOCH HA TOPMO3HOM ITyuKe raMMa-
KBaHTOB MUKpOTpoHa M-30 B obsactu 3Hepruii 4-17 M»3B.

KroueBble c/10Ba: aTOMHOE 5i71p0, si/lepHble Peakluy, CeueHre, TUraHTCKUH JUM0JIbHbINM pe30HaHC, TOPMO3HOM ramMmma-
CIIeKTP, U30MepHOe OTHOLIeHHe.
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INVESTIGATION OF THE 11/2~ ISOMERIC STATE
EXCITATION OF THE *’Ba NUCLEUS IN THE
(v,7)™ REACTION

Purpose. To determine the (-y,~’)™ reaction cross section dependence on the gamma-quanta energy for the 1*’Ba
nucleus.

Methods.Activation analysis used for the measurement of the reaction output channels.

Results.This paper presents measurement results for the experimental determination of the '3"Ba(v,v')'3"™Ba reac-
tion cross section in the region E.,,4, = 5—18 MeV for the maximum energies of the bremsstrahlung gamma-spectra.
The work was performed on a beam of M-30 microtron electron accelerator Bremsstrahlung gamma rays. The energy
dispersion of the accelerated electrons was +(5-20) keV. The induction of the magnetic field of the accelerator and
the corresponding energy of the accelerated electrons were determined by the method of nuclear magnetic resonance,
and the measurement error did not exceed 4+-0.1%. The experimental yield curve of the reaction '3"Ba(vy,y')'3"™Ba
was measured in 0.5 MeV increments and was used to calculate the cross section o, (E) of the reaction (y,~’)™. Cal-
culations of o,,(E) were performed by the Penfold-Leiss method. The obtained experimental results were compared
with theoretical calculations performed using the TALYS—1.9 software.

Conclusion. In the obtained cross-sections a peak can be observed with a maximum of 0.8 mb at 7.0 MeV, and a
smaller peak with a maximum at 15 MeV. The observation, that the theoretical cross section closely follows the ex-
perimental data points to the domination of the statistical mechanism in the (y,~’)™ reaction.

Keywords: nuclear reaction, isomeric yield ratio, giant dipole resonance, Bremsstrahlung gamma-spectrum.
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AOBOMIAPOBI MILIEHI UUTA ®OPMYBAHHA
I[TYUKIB BUCOKOEHEPT'ETUYHNX ®OTOHIB HA
EJIEKTPOHHOMY ITPUCKOPHOBAUI —
MIKPOTPOHI M-30

TIpoBejieHi ekcriepuMeHTaTbHI AOC/TiIKeHHS TOMIMHAHHS efieKTpoHiB B ofHO-(C (7 + 46 mm), Al (8 + 48 mm), Ta
(0.1 + 1 mm)) Ta aBowmaposux (Ta (1 mm) + C (7 + 46 mm)) i Ta (1 mm) + Al (8 <+ 40 Mm)) MillleHsIX Ha elIeKTPOH-
HOMY MPUCKOpIOBaui — MikpoTpoHi M-30 asst ob6acTi eHepriii enekTpoHi 6.5 < 17.75 MeB. [TonatkoBo, poBefeHi
OCJTiZIKeHHsI TIOTVIMHAHHS BUCOKOeHepreTHUHUX (oToHIB ofHoIaposumu mimeHsmu (C (20 mm), Al (20 mm)) 3 BU-
KOPHUCTaHHSM aKTHUBAL[iliHUX JeTeKTopiB. BcraHOB/eHI onTrMabHi apameTpu AporapoBux MitieHeit (Ta + C i Ta
+ Al) anst popMyBaHHST «UMCTHX» TMYUKiB IaJIbMiBHOTO BUIIPOMiHIOBAaHHS y 3a3HaueHil 06/1acTi eHepriii.

KorouoBi cj10Ba: MiKpOTpOH, rajibMiBHEe BUIIPOMiHIOBaHHS, 3a/IMIIIKOBI e/IeKTPOHH, TIOTJIMHAHHS eJIeKTPOHIB, /IBOIIIa-

POBI MillIeHi.

Beryn

[asibMiBHe BUIIPOMIiHIOBaHHS, OTpUMaHe Ha
e/IeKTPOHHUX (JIiHIMHUX) TMPUCKOpIOBayax Yu
MIKPOTPOHaX, IIIMPOKO 3aCTOCOBYETHCS JIJIS1 €KC-
MepUMeHTa/IbHUX JOC/ipKeHb XapaKTepPUCTUK
dorosiiepHrx peakijiii (006sacTh €Heprii Ti-
FaHTCHKOTO JUMOBHOIO Pe30HAaHCYy), a TaKoX
JL7Is1 BUPillIeHHsI MPUK/IaiHUX 3ajau [[1-4].

st oTpUMaHHS MyYKiB raJlbMiBHOTO BU-
TPOMiHIOBaHHSI Ha eJIeKTPOHHUX MPUCKOPHOBa-
yax BHUKODUCTOBYHOTb KOHBepTepU (Ta/bMiBHi
MilleHi) 3 TyromiaBkux metaniB (W, Ta, Pt)
3 Be/IMKUM 3apsijoBuM uucioMm Z [4-8]. Bu-
XiJ| TaJIbMiBHOIO BUWITPOMIiHIOBAHHSI 3a/I€XKUTh
BiJ| eHeprii e/ieKTPOHIB, CTPYMY eJIeKTPOHHO-
ro Iyuka, MaTepiay MillleHi Ta fioro eeKTrB-
HOI TOBIIMHU. ONTUMasbHa TOBIIMHA KOHBEP-
Tepa (KOJIM BUXi/] raJlbMiBHOTO BUTIPOMiHKOBaH-
Hsl € MaKCcuMaibHUM) cTaHoBuTh — 0,3--0,5 Be-
JTMUMHYU TIPO6Iry eJIeKTPOHIB B pPeUOBHHI, 3 SIKOI
BiH BuroroeneHuii [6-8]. Came 1jum 0OyMOB-
JIeHa HasiBHICTb 3a/IMIIKOBUX €/IeKTPOHIB Y Iy-
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YyKaXx rajibMiBHOTO BUTIPOMiHIOBaHHS [3].

[Ipy B3aeMopil TIPUCKOPEHUX eJIeKTpo-
HiB 3 raJibMiBHOO MillIeHHO, KOHCTPYKLIIHHUMH
MaTepiaslaMy TTPUCKOPIOBaYa i MoBiTpsaM BiziOy-
BAETHCS 1X PO3CISAHHSA i TIepepo3rofis eHepre-
TUYHOIrO CriekTpy. Kpim Toro, 3auIlKOBI esie-
KTPOHU, TOTPAIUIsIOUY Ha AOCIipKyBaHI Millie-
Hi, I0[AaTKOBO IHIL|iFOIOTb B HUX e/IeKTPOsi/iepHi
Ta (poTtosiepHi peakuii [[10], ki € mpkepenoM cu-
CTeMaTUYHUX MOXUOOK eKCIIepUMeHTY Ta TpU-
3BOZSATH 10 PYHMHYBaHHS CaAMUX JPKepeJl.

Y 3B’A3KY 3 I[UM, BUHMKA€E HeOOXiHICTh
OUMCTKY MYUKIB rajibMiBHOTO BUIIPOMiHIOBaH-
HS BiJ| 3a/TMIIKOBUX €JIeKTPOHIB. [I/1s1 3MeHIlLie-
HHS YWCJIa eJIeEKTPOHIB, dKi MOMajarTh Ha J0-
CJTiPKyBaHy MillleHb, 6e3 3HaUHOTro 0C/1ab/IeHHs
IHTEHCUMBHOCTI TaJIbMiBHOIO BHWIIPOMiHIOBaH-
Hsl, BAKOPDUCTOBYIOTb MaTepiaay 3 MaiuM 3apsi-
nosuM umciiom Z (C, Al) [, 2, 11, 12]. Tomy
TpU JJOC/i/I)KeHHI XapaKTepUCTUK (oTosiiep-
HUX peaklid Ha eeKTPOHHUX MPUCKOPHOBa-
YyaxX BUHUKAE HEOOXifHICTh (hOpMyBaHHS «UH-
CTUX» IIYUKiB rajbMiBHOIO BUIIPOMIHIOBaHHS
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B MICL|i po3TalllyBaHHs J0C/IiKYBaHUX Millle-
Hel Mo ixX myiomuHi. Peani3aliisi BKa3zaHoi 3a/1a-
yi ZI0CATAETHCS IIISIXOM 3aCTOCYBaHHSI KOMOi-
HOBaHUX (BOILIAPOBUX) MillleHel, siKi BUKOPHU-
CTOBYHOTBHCA J/1s1 TeHepalLlii Iyyka raJbMiBHOIO
BUTIPOMIHIOBAHHSI Ta MO0 OYMCTKU BiJ 3a/1U-
IIIKOBHX €JIeKTPOHIB.

MeToto TipezcTaBieHoi pobOTH € BCTa-
HOBJICHHSl ONTHMAa/IbHUX I1apameTpiB JBOIla-
poBUX MilleHel A1 (GOPMYBaHHS «UHUCTUX»
MyuKiB BUCOKOEHepreTUYHUX (DOTOHIB Ha ere-
KTPOHHOMY IIPHMCKOPIOBaui — MikpoTpoHi M-30
nuist obnacti eHepriit 6.5 + 17.75 MeB.

ExcniepuMeHTa/IbHI  AOC/Ti)KeHHA
MOI/IMHAHHSA €J/IEKTPOHIB OAHO- Ta
ABOILIAPOBUMH MillleHAMH

Inst peasizargii BKa3aHoi 3az1aui Oysii poBe/e-
Hi eKCIliep¥MeHTaJ/IbHi JOC/IiI)KeHHs TT0I/IMHaH-
Hsl IPUCKOPEHUX eJIeKTPOHIB [i/Is1 MaTepiallis, 3
SIKUX BUTOTOBJ/ISIZTUCS Ta/IbMiBHA MillleHb — TaH-
tasn (Ta) i GinbTpyu A OUMCTKY TMyUyKa Bij 3a-
JIMIIKOBUX eJIeKTPOHIB — Bymiels (C, p = 1.73
r/cm?®), amominiii (Al), Ta ix kombGinauiii (Ta
+ C i Ta + Al). Y skocTi ranbMiBHOI Miliie-
Hi, 3aBASIKU KOT0 s1/IepHO-(Pi3UUYHUM XapaKTepu-
CTHKaM, BUKOPUCTOBYBaBcs TaHTas [13]. Bubip
ByI/Ielto (peakTopHoro rpadity) [[14,15] i1 anto-
MiHil0, IK MaTepianiB (ifbTPiB A/ MOTTMHAH-
HS1 3a/IMIIKOBUX €JIeKTPOHIB, 00YMOB/IEHHMM X
BUCOKUMU €HepPreTUYHUMU MOPOoramu i MaiuMu
repepizaMy B3a€MO/I1 3 TaJibMiBHUM BUIIPOMi-
HIOBAaHHSIM T10 KaHanax (oTosiiepHUX peakLii
[10], a TakoXK iX BUCOKOIO pajialfiliHOO CTiMKi-
CTIO Ta HU3BKOIO BapTicTrO. Kpim TOro, 1ji mare-
piasu NOTIMHAIOTh HU3bKOEHepreTUuHi (hOTOHU
6e3 cyTTeBoi Aedopmariii BUCOKOeHePreTHUHOI
YaCTUHU CIIEeKTPY rajibMiBHOTO BUTIPOMiHIOBaH-
Hs [1,11,[12] Ta MOXKYTb C/TyTyBaTH OTPUMaHHIO
OJJHOPiAHUX OB BUNpOMiHIOBaHHS [[10].

XapakTepuMCTHKH MillleHel

ExcriepyumeHTanbHO Koe(il[i€eHT TOTTMHAHHS
€JIEKTPOHIB B [IOC/II/IPKYBaHUX MIIIIEHSIX BA3HA-
YaBCsl METOJOM IIPOITyCKaHHSI Ha MIKPOTPOHI
M-30 nipu eHeprisix enekTpoHiB 6.4; 9.75; 12.7;
14.9; 17.75 MeB. BumMiproBaHHs BUXOJIB IIpU-
CKOPEeHHX Ta 3a/IMLIKOBUX eJIeKTPOHIB, 1110 TIPO-

WA 11ap TOIVIMHAKUOro marepiasny, TpoBO-
JIAUCST 3@ [IOMIOMOTOI0 MOHITOpa BTOPUHHOI
eMicii (MpoxiJHOO Kamepow) Ta LUIiHAPOM
®apages, BianmoBigHo. CUrHAA MOHITOpa BTO-
puyHHOI eMicii KamibpyBaBCs MO CUTHaMy -
niHapa Papages B npoueci BuMipis. Ipu mipo-
BeJleHi eKCIiepUMeHTa/IbHUX [10C/i/PKeHb BUKO-
PUCTOBYBA/IMCS JUCKU METaIiYHOTO aFOMiHit0
(miameTp — 39 MM, ToBIIMHA — 8 < 48 MM, ) i pe-
akTopHoro rpadirty (aiametp — 39 MM, TOBL[HA
— 7 <+ 46 MMm), Ta KBaZlpaTHi TaHTaJIOBI IJ1aCTU-
HU (pebpo — 30 MM, ToBIMHA — 0.1 <+ 1 MM). Y
BUMA/IKy JBOIIAPOBUX MillleHeil BUKOPHUCTOBY-
Bajiacsi KOMOiHallist TaHTaMy (TOBIIMHA — 1 MM)
Ta aroMiHito (ToBuuHA — 8 + 40 MM) abo By-
riero (ToBmmHa — 7 <+ 39 MM). 3a pe3ysbra-
TaMU eKCIIepUMEeHTAa/IbHUX [JOC/i/I)KeHb Ta MO-
JleJIFOBaHHSI 3a ZIOTIOMOT0I0 CyYaCHHX 00UYMCITIO-
Ba/IbHUX Tiporpam [6-8] Oyno BU3HaueHo, IO
ansi popMyBaHHS TYYKiB Ta/IbMiBHOTO BUITPO-
MiHIOBaHHS /719 obmacTi enepriit 6.5 + 17.75
MeB ontumaneHa ToBlMHa Ta cTaHOBUTH — 1
MM.

MeTopanka eKciepuMeHTy

ExcrniepriMeHTanbHO KOoe(illieHT TMOrIMHaHHS
e/IeKTPOHIB B JOC/IiI)KyBaHUX MILLIEHSIX BA3HAa-
YyaBCsl METOZOM MpOIYCKaHHSI Ha MiKpPOTPOHi
M-30 nipu eHeprisix enekTpoHiB 6.4; 9.75; 12.7;
14.9; 17.75 MeB. BumiproBaHHs BUXO/iB MpU-
CKOPEHHX Ta 3a/IMIIKOBUX eJIeKTPOHIB, 110 TIPO-
WIIA 11ap TOIVIMHAKUOro marepiasny, TpoBO-
JWINACSA 32 [OMOMOrOI MOHITOpa BTOPMHHOI
eMicii (MpoxiHOO Kamepow) Ta LUIiHAPOM
®apages, BianmoBigHo. CUrHAA MOHITOpa BTO-
PUHHOI eMmicii KaiOpyBaBcst TI0 CUTHAITY TWJTiH-
nipa ®apajes B rpoLieci BUMIpIB.

Koediuientn nponyckanus (7.) ta no-
rvHaHHSA (A.) BU3Hauammcs 3a hopMyiamu:

T.=Icr/Ivse, (1)
A= (1-T.)-100%, @)

ne Iysp i [op — cUrHany BiJi MOHITOpa BTOPUH-
HOI eMmicil Ta nuinapa Papazes, BiAMOBIJHO.
Ha puc. [l npeacraeneHo cxemy BuMipiB
KoedillieHTa MpOMYyCKaHHSI eJeKTPOHIB OZHO-
LIapOBMMH Ta JBOLIAPOBUMH MillleHSIMU Ha Mi-
KpotpoHi M-30, ge 1 — mikporpoH M-30, 2 —
MOHITOp BTOPUHHOI eMicil, 3 — BUXi/lHe BIKHO
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By3Jla BUBOJY, 4 — MiCLje BCTaHOBJIEHHS 0CJIi-
JDKyBaHUX MillleHeH, 5 — uuiHgp Papages, 6 —
BXiJIHe BiKHO LmtiHApa Papages, 7 i 8 — BUMi-
PIOBaJIbHI OTTOPY MOHITOpPa BTOPUHHOI eMicii Ta
uuainapa Papages, 9,10 — aHanoroBo-1[UdpoBi
[epeTBOPIOBaui CUrHaly BiJi MOHITOpa BTOPUH-
HOI emicii Ta nuninapa Papages, 11 — aganrep
iHTep@eiici, 12 — mepcoHa/bHUN KOMII’HOTep
(BipTyanbHuii myssT). Ha puc. P npuBeseHo (o-
Torpadiro eKkcriepuMeHTaNbHOI YCTaHOBKHU.

XI | Ma.pter v

A of interfaces A

ADC WAD-RS232 Ao
N\ Jonannet 1 RS485-BUS chameiz| N

1

i Virtual
control panel 12

Integrator

) [

Puc. 1: Cxema ekcCliepUMEHTaJIbHUX JOC/IiIKeHb
TMPOITyCKaHHs (TIOT/IMHAHHS) €JIEKTPOHIB OJHO Ta
JBOIIAPOBMMM MillleHAMU Ha MIKpoTpoHi M-30
rajabMiBHOI MillleHi 3 TaHTa/y TOBLLIMHOI 1 MM.

HecrabinbHicTh eHeprii eneKTpoHiB B
TpolLieci MpoBeJieHHsI eKCIIePUMEHTY He Iiepe-
BuillyBana 0,04 MeB. EdekTuBHiCcTH BUBOAY
eNIeKTpOoHiB cTtaHoBuiIa — 90+-95%.

HocnipkeHHs1 TIPOBOJW/IVCS B ILIOLLUHI,
NepreHUKY/ISpHIK 10 BiCl MyYKa eeKTPOHIB
Ha BijcTaHi 112 MM Bij BUXiJHOTO BiKHa By3J/1a
BUBO/Y ITPUCKOPEHUX eJIeKTPOHIB.

OpHO- Ta ABOILIAPOBI MillleHi BCTAHOBJTIO-
BaJ/IUCS BIIPUTYJI 40 By3/1a BUBOAY Ha BiJICTaHIi
12 MM Bif BUXiZHOrO TUTAHOBOTO BiKHa (TOB-
LIUHOIO — 25 MKM) nipyUckoproBava. I1pu mpoxo-
JDKeHHI yepe3 TUTaHOBE BIKHO eJIeKTPOHM TIy-
6156 10 30 KeB Bij mouaTkoBoi eHeprii. Po3-
MipU eJIeKTPOHHOIO ITyuYKa Ha BUXOZi BUXiJHO-
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ro BiKHa IMPUCKOproBaua ctaHoBUIU 10 <+ 12 mm
I10 TOpU30HTaJIi Ta 3 <+ 4 MM 10 BepTHKaJIi.

Puc. 2: ®ororpadis ekcriepruMeHTaNbHOT YCTaHOBKH
JOCJTiIyKeHHsI TPOIyCKaHHS (TIOT/IMHAHHS) eJIeKTPO-
HiB Ha MikpoTpoHi M-30.

Pe3ynbTaTu JOC/TiKeHb

KoedilieHTr nponyckaHHs e/leKTPOHIB BH3Ha-
wanmics 3rigHo popmymu (fll). st koxHOI oKpe-
MOI MillleHi TpoBOAUIMCA 3 cepil eKcriepuMeH-
TalbHUX BUMIDIB MpU (PiKCOBaHMX 3HAYEHHSX
eHeprii eyieKTpoHiB. CepeHs CTaTUCTUYHA T10-
XHOKa J/IsT KOXKHOI OKpeMoi cepii BUMipiB He
repeBuilyBasa 5%. 3HaueHHs 3aJIe)KHOCTI BiJi-
HOCHMX KOe(il|i€HTiB NPOMyCKaHHS e/IeKTPOHIB
OJHO- Ta /IBOLLIADOBUMU MillIeHsSIMU BiJ| eHepril
e/IeKTPOHIB MpH (iKCOBaHUX 3HAUEHHSIX X TOB-
L[VHU TIpe/CTaB/IeH] Ha PUC. E

KoedilieHTH TmOr/iMHAHHS €/IeKTPOHIB
BU3Hauamcs 3 popmymu (B).

ExcriepyumeHTanbHO  BCTAHOBJIEHO, 1110
OJHOLLIAPOBI MillleHi BUTOTOB/IEHI 3 BYIVIELIIO,
TOBIIWHU SKUX CTaHOBIATH 20 i 39 MM, 3a-
Oe3rneuyroTh TOIMHAHHA > 98% enekTpo-
HiB 3 eHeprisimu 6.4 Ta 12.7 MeB BignosizgHo,
a BUroToBseHi 3 Al, TOBIIMHM SKUX CTaHOB-
natk 12; 20; 32 i 40 mm, 3abe3meuyroTh Take
K TIOTJIMHAHHS eJIEKTPOHIB 3 eHeprisiMu 6.4;
9.75; 14.9 ta 17.75 MeB BianosigHo. Otpu-
MaHi eKCIrieprMeHTaJ/IbHI JaHi KOpeJItorTh 3 pe-
3yJIbTaTaMU MO/Ie/IOBaHHs 3a IlakeTaMM IIpO-
rpam «GEANT» [[11,116] a5 eHepriii enekTpo-
HiB > 10 MeB ta «MNCP» [[13] ansa obnacTi
eHeprii esiekTpoHiB 5510 MeB. Kpiwm Toro, 3Ha-
YeHHs TOBILVHY TOIVIMHAHHS €/IeKTPOHIB /IS
C ta Al pobpe y3roipkyrTbCs 3i 3HaUEHHSIMU
«TIpaKTUUHOTrO» [[13] npobiry enekTpoHiB 6a3u
ganux «ESTAR» [B] ansg 3a3HaueHoi obmacti
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eHepriu. /BommapoBi MillleHi, fKi CK1afanucs 3
Ta (1 mm) i C (20 i 39 MMm) 3abe3meuyrOTh TI0-
[JIMHaHHA > 98% esleKTPOHIB 3 eHeprisMu 9.75
Ta 17.75 MeB BignogigHo, a 3 Ta (1 mm) i Al

(12; 20; Ta 32 MM) 3abe3reuyrOTh Take X TI0-
[JIMHAHHS eJIeKTPOHIB 3 eHeprismu 9.75, 14.9
ta 17.75 MeB BignosigHo.
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Puc. 3: BigHocHi koediljieHT TIpOITyCcKaHHs e/IeKTPOHIB B OIHO- Ta [JBOIIIAPOBUX MillleHsx (Uucia — Bif-

CTaHb y MM).

ExcniepuMeHTa/NIbHI  OC/Ti)KeHHA
MOI/IMHAHHA BHCOKOEHePTreTHYHHX
(oToHiB 0fHOIIIAPOBUMHU MiLlIEeHAMH

[ns BU3HaUeHHs! BMICTY (TYCTHMHHU TIOTOKY [0
OAVHHLI TJIOI]i) BUCOKOEHepreTUYHUX (HOTO-
HIB y IlyyKax rajJbMiBHOIO BUIIPOMiHKOBaH-
Hsl, OTPUMaHUX Ha eJIeKTPOHHUX IIPUCKOPIO-
BayaX, BUKODHCTOBYIOTbCSI aKTHUBAlliliHi [eTe-
xtopu [17-19]. Ix 3acTocyBanns g03BoNsAE€ BU-
3HauaTy BMICT caMe TUX «KOPUCHUX» (DOTOHIB

y CHEeKTPi rajbMiBHOTO BUIIPOMIHIOBaHHS, SIKi
iHiLito0Th (oTosimepHi peakiii (To6TO, KoK
eHeprisi (oToHIB Oinblile eHeprii mopory ¢o-
TOsIlepHUX peakwii). ToMy A5l OL[iHKY TOIVIN-
HaHH{ raJibMiBHOI'O BUTIPOMIHIOBaHHS OZJHOLLIA-
POBUMU MillIeHSIMU, BUTOTOB/IEHUMH 3 a/FOMi-
Hil0 i peakTopHOro rpaity (siki Maau opfHa-
KOBI TeOMeTpUuHi po3Mmipu: fdiameTp — 39 mm,
ToBIMHA — 20 MM), Oyl BUKOPHCTaHi aKTUBa-
iliHi geTekTopy, o Mictum izotonu 7Au i
°Mn. Ix 3acTocyBaHHS [03BO/IANO BU3HAYATH
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iHTerpasbHUNA BMiCT BUCOKOEHepPreTUUHUX (o-
TOHiB, eHepris ([/,,) SKUX OXOIIIOBa/la eHep-
reTUYHUM iHTepBas Bif, mopory (7,n)-peakuin
(mna BKazaHux i3zotomiB — 8.01 i 10.23 MeB,
Bi/IMOBi/IHO) /0 MakCMMaJ/bHOI eHeprii (hoTo-
HIB y CIeKTpi Iy4ka rajbMiBHOIO BUIIPOMIHIO-
BaHHS. Koe@illieHTH NporycKaHHs raabMiBHO-
r0 BUIIPOMIHIOBaHHSI OJHOLIAPOBUMM MillleHsI-
mu (C i Al) Bu3HauanMcs 3 BiIHOIIIEHHS iHTeH-
CYBHOCTI raMma-BUIIPOMIHIOBaHHS Bij| IPOAY-
KTiB akTHBaLii gerekropis (*°Mn: E., = 834.8
keB, I, = 99.98 % rta "CAu: E, = 355.7
keB, I, = 87% [20]), onpoMiHeHUX 3 MilIeHs-
MU Ta 0e3 HUX. [1oC/TiPKeHHST TIPOBOANUIUCS Y
TOYL[i TUIOIIWHM, ISl SIKOI BU3HaYa/IMCs Koedi-
LIIEHTH TIPOIyCKAaHHS eJIeKTPOHIB OZJHO Ta [IBO-
IIapOBUMHU MillieHsiMH (TOOTO Y TOUL]i po3Tary-
BaHHJ L[eHTPY IUIOLUHU BXiJHOI'O BiKHA LIUJIiH-
npa dapages).

EkcrnieprmeHTanbHi AOCTIIKeHHS IPOBO-
JIATUCS TIDU MaKCHMMaJIbHIW eHeprii rajbMiBHO-
ro BurnpomiHioBaHHg 17.5 MeB. AktuBauiiiHi
JleTeKTOPYA BCTAHOBJIFOBAJIMCS B3[I0BXK BICI mMy-
YyKa y IJIOLMHI, MepreHJuKy/IspHii 0 Hei Ha
BifcTani 100 MM Bij TaHTa/I0BOrO KOHBepTepa
(1 mm). Yac onpoMmiHeHHS 1eTeKTOPiB MPU Ha-
SIBHOCTi Ta BiZICyTHOCTi (inbTPiB CTaHOBUB —
15 xB. s Y7Au i 30 xB. ga °Mn. Bumipu
ramma-BUIIPOMIHIOBaHHS BiJ| YTBOPEHUX pafio-
Hykaigis **Mn i %Au nposogunuca Ha cre-
KTpOMeTpUuHOMYy Komriekci «Ortec» [20, 21]]
Ha npota3i 200 roauH. Yac BUMIpIB akTUBaLlil-
HUX [1eTeKTOPiB CTAaHOBUB 25 XB. [I/1s1 KOXKHO-
IO OKPeMOro JleTeKTopa IIPOBOJU/IOCS He MeH-
e 8 BumipiB. CTaTHCTHYHA TTOXUOKA CITEKTPO-
METPHUYHUX BUMIPiB He repeBuiyBaia 3 %. Ha
puc. @ TIpYBe/ieH] 3a/1e)KHOCTI BIZJHOCHOI IHTeH-
CMBHOCTI ramMMa-BUIIPOMIHIOBaHHSI YTBOPEHUX
pagionykmizis: **Mn —a.) Ta 1% Au—6.) Biz ua-
cy ix oxonopkeHHs. EkcrieprMeHTasbHi 3Haue-
HHSI FraMMa-iHTeHCUBHOCTI aKTHUBALIiTHUX JleTe-
KTOpiB, ONPOMiHEHUX 0e3 OHOIIIAPOBUX Millle-
Hel, mo3HaueHi 5K @, 3 MiteHsiMU 5K A (C) il
(Al). [TIpuBeeHi 3HauUeHHS iHTEHCUBHOCTI Oy/n
HOPMOBaHI Ha JJ03y OIPOMiHeHHS, TI/IOLy aKTH-
BallilHUX /IeTeKTOPiB Ta UMC/IO sifiep i30TomMiB
197 Au i 5°Mn, sKi MicTuMCe y feTekTopax. Pe-
3y/bTaTU TEOPETUUHUX PO3paxyHKIB MpU 3a/a-
HUX yMOBax MpOBeJleHNX eKCIlepUMeHTaTbHUX
JOCJIiPKeHb Tpe/CTaB/ieHi CyLUIbHUMU JTiHis-
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Mu. ExcriepyMeHTanbHi pe3ysnbTaTi y3roKyo-
ThCs 3 pO3paxyHKaMu y Mexax 3 %.
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Puc. 4: 3anexHicTp BiHOCHOI iHTEHCUMBHOCTI

raMMa-BUINPOMIHIOBaHHS YTBOPEHUX PaJiOHYKIII/IIB
Bif yacy ix oxonompkeHHs: a.)>*Mn, 6.)'96Au.

3HaueHHs1 Koe(il[ieHTIB MPOIyCKaHHS
rajJbMiBHOTO BUIIPOMIHIOBaHHSI OJHOLLAPOBU-
MU MillleHsiMH, Burotosaenumu 3 C ta Al cra-
HoBwin — 0.87 £ 0.091 0,89 £ 0.09 (8.01 <
Ey, < 17.50 MeB) Ta 0.88 4= 0.09 i 0.91 &
0.09 (10.23 < £, < 17.50 MeB), BignosigHo.
CymapHa noxubKa BUMipiB He TIepeBHUIIyBaja
10%. OcHOBHMI BHECOK Y TIOXUOKY ZlaBajia He-
BU3HAYEHICTh KIUJIBKOCTI sijep i30TOIiB — ejie-
MEHTIB, SIKi BXOAWIM 10 CKJIaJy aKTHBAL[IMHAX
JleTeKTopiB 1 ckiagaB — 7%.

KoeditjieHTuy rnornvHaHHsI BUCOKOeHepre-
TAYHUX (POTOHIB OJHO-1LIADOBUMM MillleHsIMU
BH3HAYa/IMCsl aHA/IOTiuHO e/leKTPOHaM, 3a (op-
Mysioro (2). ExcriepyMeHTa/IbHO BCTAHOBJIEHO,
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1[0 OAHOIIAPOBI MillleHi, BurorossieHi 3 C Ta
Al (ToBuHa — 20 MM) NOIMIMHAIOTHL MeHIIe 9
~+ 13 % BucokoeHepreTHyHUX QoToHiB. OTpU-
MaHi eKCIiepUMeHTAaJIbHI [aHi KOPeJIroTh 3 pe-
3y/bTaTaMu MO/Ie/IFOBaHHsI TOIVIMHAHHS (OTO-
HiB 3 eHeprieto > 10 MeB, ofepxaHuMU 3 BU-
KOpYCcTaHHAM MnakeTy nporpam « GEANT» [[11].
B npoBefieHMX po3paxyHKax MOIJIMHAHHS CTa-
HOBUTb — 8 + 12 % pasis wapis C Ta Al ToBuu-
Hoto — 20 mm. ITpu ToBIMHI MiteHi 3 C ( — 39
MMm) i Al (— 40 MM) ocmabsieHHsT TIyUKa Tasib-
MiBHOTO BUITPOMiHIOBAaHHS [IJisl eHepriii Oisbiiie
10 MeB 6yge craHoButd — 17 % ta — 23 %
BigmogigHo [[11].

BuchoBku

Buxozsum 3 pe3ysnbraTiB eKcreprMeHTalbHUX
JIOC/TiPKeHb, BCTAaHOB/IEHO ONTUMaJIbHI Iapa-
MeTpy (TOBLMHM) [BOLIApOBUX MilleHel (Ta
(1mm) + C ra Ta (1 mm) + Al) g1 popmyBaHHS
«UUCTUX» (POTOHHHUX MYUKiB Ha €/IeKTPOHHOMY

TIPUCKOpIOBadi — MikKpoTpoHi M-30 asist o6macTi
eHepriut 6.5 + 17.75 MeB. [1pu BukoprcTaHHi
nBotapoBux MiteHei (Ta (1 mm) + C (20 mm))
i (Ta (1 mm) + Al (20 Mmm)) asist popmyBaHHS ITy-
YKiB BUCOKOEHEPreTUUHUX (POTOHIB TOT/IMHAE-
T 89 %1 96 % 3a/MUIKOBUX e/IeKTPOHIB Ta
9 + 13 % ¢oroniB. Ilpy BUKOpUCTaHHI JBOIIA-
poBux Mimened (Ta (1 mm) + C (39 mm)) i (Ta
(1 mm) + Al (32 Mm)) — moriuHaeTbest 98 % i
99 % 3anuimkoBuXx efnekTpoHiBTa 17 %1 19 %
¢oToHiB 3 eHeprieto Oimbie 10 MeB [[11].

BukoprcTaHHs [|BOIIAPOBUX MillleHek
Jl03BOJISIE 3iMCHIOBAaTU MpoLeAypu (popmyBa-
HHSI TYUYKiB BUCOKOEHepreTUYHUX (OTOHIB 3
rapamMeTpamH, HeoOXiZIHUMU /71T TIPOBeZeHHS
KOHKDETHUX eKCIlepUMeHTaJIbHUX JO0C/Ii/PKeHb
Ha e/IeKTPOHHUX IPUCKOpPIOBayax, L0 MiJiBU-
LIIUTh TOUHICTh Ta HaJiHICTh OTPUMYBaHHX pe-
3yJIbTaTIB.

ABTOpPU BHUCJIOB/IIOIOTh MOASKY Kylura-
Hy .M. 3a TexniuHe 3abe3reueHHsI eKCIepu-
MeHTa/IbHUX 0C/Ii/IKeHb.
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BY XCJIOMHEIE MUIIIEHUA 1715
OOPMUPOBAHNUA ITYUKOB
BBICOKOSHEPTETUYECKNUX ®OTOHOB HA
OJIEKTPOHHOM YCKOPUTEJIE — MUKPOTPOHE
M-30

[IpoBezeHB! 3KCIIepUMeHTaTbHbIE MCC/IeS0BaHMS TTOTVIOIIeHNsT 7IeKTPOHOB B 0HOC/IONHbIX (C (7 + 46 mm), Al (8 +
48 mm), Ta (0.1 = 1 mm)) u B AByxciiorHbIX (Ta (1 Mm) + C (7 + 46 mm)) 1 Ta (1 mm) + Al (8 < 40 MM)) MUIIIEHSX Ha
3/IeKTPOHHOM YCKOpHUTese — MUKpOTpoHe M-30 zy1s1 o6macty sHepruit 3mektpoHoB 6.5 <+ 17.75 MaB. [lonosmHuTeNb-
HO, TIPOBe/leHbI MCC/Ie0BaHN MOIVIOILeHNs BBICOKOSHepreTHUeCKUX (POTOHOB OAHOC/I0MHBIMU MULIeHsAMH (C (20 Mm),
Al (20 MM)) € uCIIOIb30BaHMEM aKTHBALIOHHBIX Ie€TEKTOPOB. YCTaHOB/IEHBI ONTUMa/bHBIE TTapaMeTPhl IBYXCJIOHHBIX
muieHed (Ta + C u Ta + Al) /151 GOpMHPOBaHUS «UHCTBIX» MYYKOB TOPMO3HOTO U3/TyUYeHUs B YKa3aHHOW 06/1acTH
SHEPrUH.

KroueBble c/10Ba: MUKPOTPOH, TOPMO3HOE U3/TyUeHue, 0CTaTouHble 3/1eKTPOHBI, [OIVIOL|eHNe 3/1eKTPOHOB, /1By XCJIOH-
Hble MUILIEHH.
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DOUBLE-LAYER TARGETS FOR FORMING THE
BEAMS OF THE HIGH-ENERGY PHOTONS ON
THE ELECTRON ACCELERATOR OF M-30
MICROTRON

Purpose. The bremsstrahlung received at electron accelerators is widely used to study the characteristics of pho-
tonuclear reactions and to solve a wide spectrum (series) of applied problems. Basically the output of bremsstrahlung
depends on the electron energy, the material of the target converter (Ta) and its effective thickness. The optimum thick-
ness of the converter (when the output of the bremsstrahlung is at its maximum) is significantly less than the electron
path in it. This is the reason for the presence of high-energy electrons in bremsstrahlung. Therefore, there is a need
to clean the bremsstrahlung beams from residual electrons. The aim of the work is to experimentally determine the
optimal parameters (thicknesses) of double-layer targets for obtaining separated bremsstrahlung beams for an energy
range of 6.5 + 17.75 MeV in electron accelerator M-30 microtron.

Methods. Experimental studies of the relative absorption coefficient of electrons in the investigated materials (C (re-
actor graphite), Al, Ta) were carried out on the M-30 microtron using the transmission method. The measurements
of the outputs of the electrons from the accelerator and the residuals that have passed through the layer of absorbing
material were carried out using a pass-through chamber and a Faraday cup, respectively. Studies of the absorption of
high-energy photons by single-layer targets (C (20 mm), Al (20 mm)) using activation detectors have been carried out.
Results. The electron absorption coefficients in single- (C (7 = 46 mm), Al (8 = 48 mm), Ta (0.1 =+ 1 mm)) and in
double-layer targets (Ta (1 mm) + C (7 <+ 39 mm) and Ta (1 mm) + Al (8 = 40 mm)) were measured for the electron
energy 6.5 +— 17.75 MeV. The values of the total electron absorption thickness for C, Al, and Ta are in good agree-
ment with the calculated values of the practical electron path (database «<ESTAR») for the indicated energy range. The
experimentally established values of the thicknesses of materials (C and Al at a thickness of Ta — 1 mm) of double-
layer targets, which ensure the complete absorption of electrons for the indicated energy range. The absorption of
high-energy photons by single-layer targets (C (20 mm), Al (20 mm)) for bremsstrahlung energy of 17.5 MeV was
evaluated.

Conclusions. The optimal parameters (thicknesses) of double-layer targets (Ta (1mm) + C (20 mm) and Ta (1 mm) +
Al (20 mm)) or (Ta (Imm) + C (39 mm) and Ta (1 mm) + Al (32 mm)) were established experimentally to form the
separated bremsstrahlung beams in the electron accelerator — M-30 microtron for energy region 6.5 < 17.75 MeV. The
use of two-layer targets allows us to carry out procedures to form of high-energy photon beams with the parameters
necessary for performing specific experimental studies on electronic accelerators, which will increase the accuracy and
reliability of the results.

Keywords: microtron, bremsstrahlung, residual electrons, electron absorption, double-layer targets.
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IHcTuTyT gnepuux mocnimkens HAH Ykpainu, KuiB, YkpaiHa

PAITALIIHI TTPOBJIEMU ®YHKIIOHAJIBHUX
BUITPOBYBAHD OBJIAIHAHHA AEC HA
EJTEKTPO®I3MYHIN YCTAHOBIII 1] HAH
YKPAIHU

OO6roBopIOIOTHLCST METO/IMKA i TIPOrpaMa 3axofiiB, po3pobiieHa /i BUMipiOBaHb iHTEHCUBHOCTI pajiialfiiHUX MOJiB B
TIPUMIIIIEHHSIX eKCTIepUMeHTaIbHOI ycTaHoBKY 1$1]] Ta Ha mputersiii Teputopil B peskumax reHepatlii iHTeHCUBHUX
TIOTOKIB eJIeKTPOHIB, ra/lbMiBHOTO T'aMa-BUIIPOMiHIOBaHHS, Ta 3MilllaHMX ramMa-eleKTPOHHUX pafial[iiHuX I0JIiB, Bij-

TOBiZJaAl0UMX YMOBaM TePMO30HH siIepPHUX PeaKTOpiB.

Kirouori ciioBa: kBasidikarjisi obnagnanis AEC, pagiariiiiHi moss, rabMiBHe BUTIPOMiHIOBaHHS, PajialliiHUui Mo-

HITOPUMHI, pafialjiiHUi 3aXUCT.

Beryn

AKTyasbHICTh TIPOO/IEeMH BU3HAYA€ThCS BUMO-
ramMu MiJIBULLIEHHS eKCI/lyaTaliiHOl HaJilHO-
CTi KpUTHUHUX 00’€KTiB Cy4acHOI €KOHOMiKH.
3HAUHOIO0 MiIpOIO Lie CTOCYETHCA f/IepHOI eHep-
TeTHUKH, eKCIUTyaTtallisi fKoi € BKpali HeoOXi-
[THOIO aJjie i Halbi/IbIL CK/Ia/IHOO 3a/laueto eHep-
TFeTUYHOI'0 CEeKTOPY eKOHOMiKM YKpaiHu. Oco-
61MBO 3 ypaxyBaHHsI JOBTOCTPOKOBHUX IUIaHIB
MOJAJIBIIOTO PO3BUTKY L€l Tamysi Ta mporpa-
MU MPOZOBXXeHHSI TepMiHy eKCIulyaTawlii szep-
HUX eHeproO/oKiB Ha mepiof g0 2035-To0 POKy
[[]. HaltBa>k/TMBiIIIMM 3aB/JaHHSIM € 3a0e3IeueH-
HSI MaKCHMaJIbHO BUCOKOTO piBHsI Oe3reKu eKc-
TTyaTarii sgepaux o6’ ekTie [2].

Mertoro faHuX AOCIipKeHb € CTBOPeHHS B
[0 HAH Ykpainu imitaropa, pajiarjiiHuX 1o-
JIIB B repMeTUYHUX 30HaxX PeakTOopiB /Jisi CepPTU-
¢ikariii i kBasigikarii KpuTHuHOTO 06718 JHAHHS
AEC Ha mnipegMeT NPUAATHOCTI BUKOPUCTaHHS
Ha SiZIePHUX eHepreTHUHUX 00’ €KTax, sIK 1ie BKa-
3aHO B HOPDMaTHUBHUX JIOKYMEHTax i cTaHZapTax
YKpainu Ta Mi>kHapoJHUX pekoMeHzaLisax MA-
I'ATE [3B,4].

AHaJti3 MOTOYHOT0 CTaHy NMPo0d/IeMu

BunipoOyBaHHst i KBamiikalliss KpUTHUHOTO
o0siafiHaHHS eHepreTUYHUX 00’€KTIiB € BaXK/M-
BOIO YaCTMHOIO T€XHOJIOTiUHUX 3aX0/iB 00C/Ty-
rOByBaHHSI 00’€KTIB B siZiepHili eHepreTuili, BU-
3Hayae€ X eKCruTyaraliiHy HaZilHICThb, pajia-
LiliHy i ekosoriuny Ge3mneky, co6iBapTicTh BU-
pobsieHoi eHeprii [5]. ¥qocKoHaneHHs BKa3aHUX
TeXHOJIOTi} € aKTya/IbHOI HayKOBO-TEXHIUHOI
1po6JIeEMOXO.

B IA1 HAH Ykpainu Taki J0C/iKeHHs
npoBoAATECA 3 90-X POKiB MUHYJIOTO CTOJIITTS.
Po3po61eHO HOBY KOMILIEKCHY TE€XHOJIOTi0 BU-
1poOyBaHb KPUTHUYHOTO 00/1a/[HAaHHS, KA TPYH-
TYETbCS Ha OIHOUYACHOMY (KOMIT/IEKCHOMY) BijI-
TBOpPeHHi (imiTaii) Ha criewiani3oBaHUX CTeH-
JlaX MaKCMMa/bHOTO 00’€My eKCIiTyaTarfiiHiuX
i HecripusAT/IMBUX (bakTopiB [6], B TOMy uncai i
KPU30BUX CUTYyaL|iiX. 3alipOIIoHOBaHa MeTO[H-
Ka 3a7Ty4eHHs [J0 CTBOPEHHS CTeH/TiB-iMIiTaTOPiB
TIPUCKOPIOBAUIB 3apsi/PKeHUX YaCTHUHOK, IpU
YMOBI JOYKOMIUIEKTYBaHHS X CIieLiasi30BaHu-
MU MPUCTPOMU. [loBefieHo, 1110 MepIiouepro-
BUM 3aBJIaHHSM /[ijIsl TAKOrO iMiTaTopa € pajia-
iliHi GyHKIiOHabHI BUITPOOYBaHHS €/IeKTPO-
TeXHIYHOI0 yCTaTKyBaHHS B repMO30HAax 3 CH-
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creM Bofo000poTYy B peakrtopi (kabemi, esne-
KTPOIIPUBOAH, 130/1TOPH, IPOXiAHI i30/1K010Ul
My(TU Ta iHIle, 3 MepesiKy, 3aTBepAKeHOro
HAEK). O6’ eKTUBHO, TaKWii CT€H/] MOYKHA B KO-
POTKUI TepPMiH CTBOPHUTU Ha 0a3i papiarjiiiHoi
ycranosku /] HAH Ykpainu.

TexuiuHa 0a3a /1A CTBOPEHHA iMiTa-
TOpa

Papgianivina ycraHoBka IS[] nns pagiauiiHux
JIOC/TiHKeHb 100ynoBaHa Ha TMOTY)XHOMY eJie-
KTPOHHOMY TPUCKODPIOBadi, NapameTpu sIKOTO
HaBezieHo B Tabmi [l

Tabs. 1: Tlapametpwu pagiaritiHoi ycraHoBku [T,

Ne | XapakTepuCTUKM MPUCKOPIOBaua 3HaueHHs
1 | CepepHs eHepris esieKTpoHiB, MeB 4

2 | IIlupuHa eHepreTM4HOro fianasony, MeB 1+5

3 | CtpyMm nyuka B imMmy/bci 4 MKC, (A) 1

4 | MiHiMa/ibHUN MTepepi3 Mmyyka, MM 5

5 | MakcumanbHUM niepepi3 myuka (cm) 100x100
6 | MakcuMasibHa MOTYXKHICTb, Ty4YKa, KBT 5

7 | ImmysnbcHa noTyxHicTb, MBT 5)

8 | IToTyxHicTb 1034, KI'p/c (Makc) 20

Tabs1. 2: HopMaTHBHI BUMOTH /10 YMOB KBasi(hiKarlii e/leKTpoTeXHiuHOro 06/1aiHaHHS [Tt BAKOPUCTUTAHHS

B repmo3oHi sigepHoro pekropa BBEP-1000.

Kputuunuii napametep 3HaueHHs1 KpUTH- | Tepmin pobotu B Kpu- | [IpumiTku
YHOrO MapamMeTpy | THYHUX yYMOBaX, rOWH
(makc.) (MiHIManbHUM)

[Moryxuicte go3u  (mas  rama- | 1,25x1072 16

OTIPOMiHEeHHSI), MaKCHMaJlbHa,

I'p/cex

XiMiuHMM CKJIa[, cepe/loBHULLa:

[TapoBogsiHa cymilil (Makc.) 1

[Tapo ra3zoBa cywmiiil 3 6opHOO Ku- | 160 16

cioToro (Makc.), r/am?

Tigpasun, (Makc.) r/gm> 10 16

Ionu Kaniro, (Maxc.) r/am® 100 16

Temmneparypa, (Makc.), °C 147 16

Tuck, (makc.), MIla 0,43 16

Bonoricts, (Makc.), % 100 16

YcraHoBKa [[/] 3abe3reuye BUKOHaHHS pi-
3HOMaHITHUX HAayKOBUX AOCJIi/I)KeHb, TEXHOJIO-
riuHUX PO3pOOOK Ta peasbHUX TMPOMHUCIOBUX
pafialiiHuX TexHosorii. BoHa Biapi3Hs€eTbCS
BE/IMKUM 06’€MOM peakiiiiiHoi kamepu (64 M%),
Jle MO)KHa BCTAHOBJIFOBAaTH 00’€KTH BEJIMKHX
po3MipiB i 00poOISTH iX CTaI[iOHAapHUM paji-
aLifiHAM T10/1eM BeJMKOro mepepisy (zo 1 m?).
[Toky 1m0 3a LMK TOKa3HWKaMHU YCTaHOBKHU
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aHasoriB B YKpaiHi HeMae€. A TOCTiliHe yZj0CKO-
HaJIeHHsI By3/1iB YCTaHOBKH BITPUTYJT HaOT3UIIO
1l 10 MOXX/IMBOCTI CTBOPEHHS CTeHAY-imMiTaTropa
Juis BUnpoOyBaHHs obianHadss AEC B ymoBax,
HaO/mKeHUX o peanbHUX [8, 9]. B manuii uac
pobOTH 10 CTBOPEHHIO iMiTaTopa BCTYMaKTh B
CTazito 3aBepIIEHHS.

Hns takoro imitatopa QaxiBusmu [T
po3pobsieHa KOMIUIEKCHA TeXHOJIOTis aTecTariii i
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KBastidikariii 06/1a{HaHHS [TUITXOM paJiialliiHuX
BUIPOOYBaHb CTIMKOCTI MOro QyHKIiOHATBHUX
XapaKTepUCTUKHU B poboyomy pexxuMi. [lepestik
UX (hakTopiB Oy/10 BCTAHOB/IEHO aHAJTi30M [li-
FOUMX HOPMAaTMBHUX JOKYMEHTIB /I eKCILTya-
tail BiTunsHsHux AEC [[10]. Bonu y3aranbHe-
Hi B Tabmuwi P

B pe3synbrati mmbOKoi MoepHi3ariii
OTpUMaHO HeoOXi/iHi 3HaueHHs Pi3UUHUX Mapa-
METPIB YCTaHOBKH, 1110 B 3HaUHil Mipi BiJjIOBi/I-
ar0Thb HOPMAaTWBHUM BUMOraM /ISl [IPOBeJieHHs
HOBUX TeXHOJIOTiH KBamiikarjii o06sagHaHHS
AEC (tabnuus B).

Tab1. 3: [TopiBHSHHS TeXHIYHUX TIapaMeTpiB ycTaHOBKH [$1/] 3 HOpMaTUBHUMU BUMOTaMH /10 KBasi(ikariii-

HUX BUIIPOOYBaHb.

TexHoJI0TiUHiI TTOKAa3HUKUA

HopmaruBHi BUMOTH

[TapameTpu yCTaHOBKU

O06’eM peakIiltHOI KaMepu

Bmu3bko 10 m°

IMonazg 20 m?

[HTeHCUBHICTb pa/iialliiHOro HaBaHTa-

JKeHHA

o 1 x 10° T'p/rog

Big 0,1 I'p/rog mo 14,4 x
106 Ip/rog,

[TapameTpu pajialliiHUX T0JIiB

3Milani (HasiBHi [ -, -, Ta
HEUTPOHHA KOMITOHEHTH)

peryJiroBaHHs CIIiBBiJHO-
IlIeHb YMHHUKIB pafiariii

Ilepepi3 pagiawiiiHoro nosns 1o 1 m? 10 80 x 80 x 120 cm?

OrnpoMiHIOBaHuUi 06’ eM 1-1,5m° 1o 2 m3

KonTposnb npoueciB orpomintoBanHag | o 8% JaTuvK CTPyMy IIyuKa:
25%

[o3umeTpist oripoMiHeHHs o 8% IHAWKATOpYU  TIOTJIMHYTOL
031 TepMOJIFOMiHeCL|eH-
THi: 15%

Yac onpoMiHeHHsT

Big 16 no 1000 rogux

110 8 roguH Ge3rnepBHO

HecrabinbHicTs pajiarjiliHoro moss

Ho 8%

Jpeii mMapameTpiB MNpu-
ckoproBayva: 10 20% 3a jo-
Gy

SIK BUHO 3 TabuIli E, BUPillIeHa 0CHOB-
Ha npo6siemMa 3acTocyBaHHs ycTaHOBKY [T ajist
BurnpobyBanHs obnagHanHs AEC — dopmyBa-
HHSI pafialfiiHuX TOMiB BeJIMKUX 00’eMiB (70
2 M%) 3 [IMOOKUM pery/IroBaHHAM X iHTeHCHB-
HOCTI i CK/Iajgy — y BIJTOBiAHOCTI 3 OUYiKyBa-
HUMHM TabapuTamu 00/1a[HaHHS. AHAIOTH TaKoi
TeXHiKU B YKpaiHi BiZICyTHI.

IIpoOsiemu BBeJeHHA imiTaTopa B
eKCIlJTyaTarjio

[ns Toro, mo6 CKOpUCTaTUCS BKa3aHUMU MO-
JKITMBOCTSIMH  eKCriepuMeHTanbHO1 6asu ISA/1,
HeoOXi/[HO BUPIIIUTH OCTaHHE 3 000B’SI3KOBUX
3aXOfliB CTBOpeHHs imiTaTopa — 3abe3meuu-
THA HaJilHUW pafial[iiHAW 3aXUCT MepCoHaTy
i [OBKi/UIg TIpU iMiTallii B peakiiliHiii Kame-
pi YCTaHOBKHM TOTY)XHUX pajialliiHUX TIOJIiB.
Ane ToKM 1[0 pagiarifiHi mpobnemu 37iicHe-
HHS QYHKI[iOHa/IbHUX BUTTPOOYBaHb 00/1a/IHaH-

Ha AEC Ha ycranosui [/1 nocnifkeHi MeHiie
po0/IeM TeXHIUHUX.

TexHONOrisIMM  KOMITJIEKCHUX —MeETOZiB
KBastidikarlii nepesbauaeTbCsi KOHBepCisi MOTy-
JKHUX TIOTOKIiB eJieKTpOHiB 4 — 5 MeB B enep-
rito goToHiB mikoMeTpoBoro (ioHi3yrouoro) i-
arasoHy eJIeKTPOMarHiTHUX KosvBaHb. Ha Taki
YMOBH eKCIuTyaTtaLlii MpUCKoproBaya iCHyIOunn
pafialliiHui 3axXycT He po3paxoByBaBcs. CTo-
iTh 3aB/JaHHs BUPILLIMTH MOT0 Ha eTarli 3aBepiiie-
HHS TeXHIYHUX 3aXO[iB YTBOPEHHs imiTaropa,
[UIIXOM BUMipioBaHHs JledhopMaliii pafiartiii-
HUX TIOJ/TiB B TEXHO/IOTiYHOMY OOKCi TTPUCKOPIO-
Baya Ta Ha MpuJIerii TepuTopii.

[Iporpama BHMipIOBaHb OXOIUIIOE KOH-
TPOJIb 38 JVHAMIKOI PO3MOAINYy CYIyTHIX BH-
MPOMIHIOBaHb B YCIX peKhMax eKCIlTyararjii
pafiaLiiiHOI yCTaHOBKH — OTIPOMiHEHHSI JIETKUX
MarepiaiB (TpaAMiiiiiHa), OMPOMIHEHHs eJie-
KTPOHAaMU KPYTTHUX 00’ €KTIB 3 BAKKHUX METaJliB,
nmedopmMariisi KoHpirypariii mo6iYHUX BUIIPOMi-
HIOBaHb B OOKCi MpHCKOprOBaua IMpH PoOOTi 3
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HAaITiBIIPO30PUMU Ta/IbMiBHUMH MillIeHSIMH, Ta
OTIPOMiHeHHS1 KPYITHUX 00’€KTIiB 3 Ba)KKUX Me-
TaJliB eJIeKTPOHAaMU Uepe3 «TOBCTY» rajibMiBHY
MillIeHb.

3a BUXiHUM pO3MO/IiJ paAial[iiHOro To-
15t B GOKCi TIPUCKOpIOBaYa MPUAHSTO PO3MOZT

TIpY OTIPOMiHEeHHi 00’ €KTIB 3 JIETKUX MaTepiaiiB
(1e Bumie 3amisa). Ha puc. [| HaBegena imoctpa-
1[is1 pO3MOZAiNy 1MOoOiYHUX rasbMiBHHUX BUTIPOMI-
HIOBaHb B OOKCi TIpMCKOpIOBaya IMPH OIPOMi-
HeHHi Be/IMKO rabapuTHUX TIPOMHC/IOBUX BUPO-
0iB 3 OpraHiyHMX MarepiasiB.

H=mo01 oo 1| afexm
O -mn | 303 M3nxe

EH - ED3aeT MIne
B -wg 7 oo lZu3axa
MW - Gimknss 12 M3tk

Jamariam Rl
— T SR B A
5 — Exome

£ — Bam

Puc. 1: BumipstHU po3miofiin pajialiiiHoOro MmoJis B MPHUMIll[eHHI O0KCY TIPUCKOPIOBava.

Ons uyMx peXkuMiB pafiialfiiHUM 3aXUCT
KOpIiycy ToBHicTiO Bignosigae OCII g npu-
CKOpIOBauiB enieKTpoHiB 0 100 MeB [11].

3rif[HO 3 TeOPeTUYHUMHU MOJIO)KEHHSIMU
B3a€MO/il 10Hi3y}0OUMX BUIIPOMIHIOBAHb 3 BaK-
KUMU MaTepiajlaMy Ta MOXJ/IMBI LLIsIXU Aedop-
Maljii iCHyrouOi Ha yCTaHOBI[i pajiarfiiiHoi 00-
cTaHoBKU. OUiKyeThbCs CyTTEBa Aedopmallis Ha-
BeJleHOro PO3IoALy pajialiil B MPUMIIEeHHAX
YCTaHOBKH, Ta, MOXK/IMBO, i Ha MpU/erii Te-
putopil. Uepe3 HasBHICTb L{ijI0OI HU3KU CyIy-
THUX e(eKTiB B3a€EMO/Iii eJIeKTPOHIB 3 peuoBHU-
HOIO Ta HEOJHO3HAUHICTh BU3HAYEHHS [1apamMe-
TPIB CYIIyTHHOI'O raJIbMiBHOI'O BUIIPOMiHIOBaH-
H$1 [/I1 pO3paxyHKiB HOBOTO pafiialliiHOro 3aXu-
CTYy, HepoOXiZHi 0JaTKOBI AOCTiIKeHHi i po3-
pPOOKHM 3 MeTOI CTBOpDEHHsI eKOHOMIUHO TIpH-
Bab/MMBUX KOHCTPYKI[iK 0i0/MOTiYHOTO 3aXUCTY
[12,13]. TIpu ix mpoeKTyBaHHi JOL{i/TbHO BUXO-
[IATY 3 peaslbHOrO PO3IOALTY raJbMiBHOIO BU-
MPOMIHIOBaHHS [PU MIOBHOMY IOIVIMHAHHI ere-
KTPOHHOTO ITyuKa B MillleHi, BUTOTOBJIEeHi 3 ca-
MOT'0 Ba&’KKOT'0 Marepiasy, 1[0 MOXXe BXOAUTH JIO
CK/1a[y KOHCTDPYKIIiH Tiioc/tiiHOro 06/11aHaH-
HHg AEC. Crif 3a3HauulTH, 1110 B)Ke MPU TOTY-
JKHOCTI TyuKa esieKTpOHiB 6isbiie HiX 1 KBT,
HaBiTh npu eHeprii 1 MeB, npoekTyBaHHs 3a-
XUCTY € CKJIaIHOI TeXHIYHOI MP0oOsIeMoto.
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TeopeTHuHN aHaJIi3 MPOICiB BUHHU-
KHeHHS i MoIuMpeHHsI BTOPUHHUX ()o-
TOHIB NP ONMPOMiHEHHI e/leKTPOHa-
MH KPUTHYHOTO 00/1aiHanHA AEC

ITpu npoeKTyBaHHI HOBOTO pajiialliiHOTO 3aXu-
CTy MOXKHa Oy/i0 6 CKOPUCTaTHCs CIpOLeHH-
MU eMITipUYHUMHU (OpMY/IaMH, L0 3B’A3YIOTh
anbbesio eHeprii po3CisTHOr0 BUIPOMiHIOBaHHS
3 EHEepri€r TepBUHHUX raMa-kKBaHTIB Ej, Ky-
TOM Ma/liHHSI TIEePBUHHOTO BY3bKOTO IMyuka 6,
aTOMHUM HOMEpOM /Z | LiBHICTIO p PeYOBU-
HU po3citoBava. lInsxoM po3paxyHKiB Koegi-
L[i€EHTIB TIOTJIMHAHHSA [Ji8 BUOpPAHOTO Marepia-
Jly, 1[0 [la€ MOXK/TUBICTH OTNTUMI3yBaTH reoMe-
TPit0 JOAATKOBUX 3aCc00iB pafialliHOTO 3aXUCTy
B Oyzp-sikomy miepepisi 6okcy. [lns 1poro 3a-
3BUYali BUKOPHCTOBYIOTh Tab/HIi eKCIiepuMeH-
TallbHUX JaHuX. AJie B omy0O/iKoBaHUX Tabsu-
LIfIX, Taka iHopMallisi € TiMbKY AJis i30TOIMHUX
J>Kepesl BUNIPOMIHIOBaHHSA 3 eHepriero g0 1,25
MeB [14,15].

B Haiomy BUIajKy nepBUHHE BUIIPOMI-
HIOBaHHSl € pe3y/bTaTOM KOHBepCii eHepril 4
MeB esileKTpoHIiB Ha aromax Marepianay obma-
JHaHHS. MakcuMasibHa €eHeprisi raMa-KBaHTIB
ckagae 4 MeB. BunpomiHioBaHHS Ma€ CyLILIb-
HuM crekTp (npaktuyHo 3 50 — 70 keB) 3 Besu-
KO HepiBHOMIPHICTIO i MaKCUMyMOM B Jiiara-
30Hi 1 — 2 MeB.

B pagialiitHuX TexXHOJOTisiX KBasidika-
Uil Ziie KJIaCUUHMK MeXaHi3M KOHBepCil eHeprii
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BUTPOMIHIOBAHHSI Ha aTOMaxX Ba)KKUX ejleMeH-
TiB. Hampuknaj yTBOpeHHsSIM Map ejleKTPOH-
MO3UTPOH PO3TMOUHMHAETHCS BXKe 3 eHepriii Oib-
mux 3a 1 MeB. A B obnacti 3 — 4 MeB ne-
pepi3 IX YTBOpEHHSl 3pOCTa€ Maibke IpOIIOp-
uittHo In £ i Ginbmn iHTeHCcMBHO mipy 30imb-
LIIeHHI aTOMHOr0 HOMepa MOIVIMHAaK40l peyo-
BUHU. []0 efleKTpOoTeXHIYHOro 06/1a[HaHHs MO-
JKYTb BXOJIUTHU eJIeMeHTH 3 IJIaTUHU, POAII0 Ta
ix cruiaBiB, Bo/b(pamy, 30/10Ta, CBUHIO Ta WO-
ro CIvIaBiB Ta iH. K pe3y/brar Cjij OuikyBa-
TU CYTTEBUU BK/aJ B CYNyTHE pajialiiliHe To-
Jle B peakl|iliHili Kamepi yCTaHOBKHM BTODHH-
HUX )KOPCTKUX raMa-KBaHTIB 3 eHepriero 0/113b-
ko 0,5 MeB B TOMy uucC/i i B 3aJHIO HarliB-
cdepy, YTBOPIOIOUM MOTOKM 3BOPOTHO PO3Cisi-
HOTI'O rama-BUIIPOMiHIOBaHHSl. By3HaueHHs 1mo-
TY>KHOCTI [J03U PO3CiIHOTO BUIIPOMIHIOBAHHS
€ 3a7]au0r0 OL[iIHKM IHTeHCUBHOCTI e/leKTpoMa-
THITHOTO BUIIPOMIHIOBAHHSI, IJ0 BUHMKAE SIK
pe3y/bTaT B3aeMOZil MaZilatouyux raMma-KBaHTIB
3 aToMaMM eJIeMeHTIB IIOIVIMHAKUOl MOBepX-
Hi (MarepialoM KOHCTPYKILii, O€TOHHUX CTiH,
OMPOMiHEHHMX 3pa3KiB) B TOMY UHMCJi i yacTKa
TaKUX BUIIPOMIHIOBAHb, 110 peasbHO M0CTyIIae
(xou i ocnabseHe) B OTOUyrOUe CepeiOBHIIE 3
30BHIIIHBOI TIOBepXHi CTiH OisoriyHOrO 3aXU-
CTy.

[ 1poro Teopisi peKOMeHJy€e Mepliuii
e111e/I0H 0CJ1ab/IeHHs TOOiYHOT0 BUITPOMiHIOBa-
HHSI BCTAaHOBUTHU BXKe Mo0/m3y obsacTi, fe Bif-
OyBa€eThbCs ra/IbMyBaHHS ITyUKa i, TI0 MOYK/TUBO-

CTi, MAKCUMaJIbHO CKOPOTUTH TPAeKTOPit0 PyXxy
eJIeKTPOHIB 10 MieHi. OCTaHHIO BUMOI'Y BU-
KOHaTU HEMOXX/IMBO, TOMY 11I0 Y HAIllOMy BU-
MaZIKy repenbavaeTbCst ONIPOMiHeHHs 00/1aiHa-
uua AEC Benmukux posmipi (61usbko 2 M3).
€ TiNBbKY OJUH LLISX — elle/IOHOBaHWM 3aXUCT
i po3TalllyBaHHS MepLIOro ellle/loHy pajiaLliii-
HOTO 3aXHCTy SIKOMOTa OJivKue 0 peakijiiHoi
KaMepHy yCTaHOBKU. Taka MeToJuKa KOHCTPYO-
BaHHS, 3riZiHO oryOikoBaHuX gaHux [12], 3a-
Oe3reuye 3pocTaHHs e)eKTUBHOCTI 3aXUCTy He
MeHIle HiXXK Ha 15 — 20%. OnrvmarnbHe Mi-
CLle pO3TalllyBaHHS MEePIIOro eLle/ioHy 3aXUCTy
MO)XHa BCTaHOBUTHU JIUIIIEe eKCIIepUMeHTa/IbHO
LIJIIXOM HaTypHOTO MOZEFOBaHHS paZialliii-
HUX (DyHKIIOHA/IbHUX BUTIPOOYBaHb Ha eKBiBa-
nenrax obnjanHs. [Tic/is BBefleHHS] TakKMX Mip
MO>KHa OifTbIll TOUHO KOHTPOJTFOBATH BIUIMB iH-
IIUX 0/aTKOBUX (haKTOPiB MOOiUHOrO BHIIPO-
MiHIOBaHHs. Hanpukiaz, nogaTkoBe po3CissHHS
doroHiB i ;edopmariisi ix CrieKTpiB B HepoOOUMX
npocTopax 60KCy TPUCKOPIOBava.

TepeTUUYHO iHTEHCUBHICTb Ta KOH(irypa-
Li}0 /PKepesl BUHUKHEeHHSI Ta HalpsIMKiB TIOLLIHN-
PeHHsI pO3CSTHUX BUIIPOMiHIOBaHb (Uepe3 HeBU-
3HAUEHICTh THUITy I MICLIeIIO/IOKeHHsT Marepia-
JB B OC/i/KyBaHOMY OOJIZIAHHI) MOXKHA JTH-
11ie OL[iHIOBaTU 3 BeJIMKOI0 MoXubkoro. [Tpubmum-
3HUM CMEeKTP PO3CisTHUX BUIIPOMiHIOBaHb TIPU
B3a€EMOZil raMa-KBaHTIB 3 MarepajaMu Mijjo-
ciHOro 06/1aJHaHHS MOYKHA OL[IHUTH 3 TaHUX,
HaBegeHux B Tabmuwi @ [14].

Tab:n. 4: OCHOBHI MPOLECH B3aEMO/]il raMa-BUITPOMiHIOBAHHS 3 HAMOI/IBII MOLIUPEHUMH KOHCTPYKI[iHHUMU

MaTepiasaMu (B IIOpiBHSHHI 3 OBITPsAM).

PeuoBuHa | Potoedekr | KomrnroHiBcbke Po3citoBaHHsI | Y TBOpeHHs map
Amowminint | E <50 keB 50 keB < E < 15 MeB E > 23 MeB
3asniso E <120 keB 120 keB < E < 9,5 MeB E > 15 MeB
Csunens | E <500 keB 500 xeB < E <4,7 MeB E > 4,7 MeB
[ToBiTpss | E <20 keB 20 xkeB < E <23 MeB E > 23 MeB

Ane 3 BpaxyBaHHSIM, 1110 CIIEKTP raJibMiB-
HOI'0 BUIIPOMIHIOBaHHS IIPU B3a€MO/|1 eJIeKTpo-
HiB 4 — 5 MeB 3 BaXKMMHU MaTtepiaaMu (BaXk-
YMMH 3a/1i3a) Ma€ BeMKY CK/1aloBY (DOTOHIB BU-
COKOI eHeprii, Take COpPOLLeHHsS HeJoNyCTUMe.
KopekTHUMM po3paxyHKU OyayTh /uiiie 3 ypa-
XyBaHHSM OCOOJIMBOCTEH KyTOBOTO pO3MOZi-
Jly IHT@HCUBHOCTI ramMa-BUIIPOMIHIOBaHHS I1pU

rajJilsMyBaHHI eJIeKTPOHIB MakCUMaJIbHOI eHep-
rii [13], 3MiHM CHEKTpaJbHOrO CK/afy Tasb-
MiIBHOI'O BUIIPOMIHIOBAHHS IIPY IIPOXOJKeHHI
yepe3 3axXWCT: 3aBASKU TOIVIMHAHHIO YaCcTU-
HU HH3bKOEeHepreTUUHUX (OTOHIB; raJbMiBHO-
ro BUIIPOMIHIOBaHHSI W(y3HOI YaCTUHU erle-
KTPOHIB; Iy4YKa rajJbMiBHOIO BUIIPOMiHIOBaH-
Hs1 BiJj BTODUHHUX eJIeKTPOHIB; BK/1a/ly (GOTOHIB
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BHCOKOI eHeprii B CrieKTpi mo6iuHOro BUMTPOMi-
HIOBaHHSI; PO3CisiHHS (POTOHIB Ta iX Jerpajarjis.

Cnip 3ayBakuTy, 110 B HaBe/leHUX (¢op-
MyJ/iax BpPaXOBYHOTBCS JIMIIIe OHOKPATHO Ta Oa-
raTOKpaTHO PO3CisiHi (POTOHU TIePBUHHOTO BU-
NIPOMIHIOBaHHA (1110 € pe3y/JbTaToOM rajabMyBa-
HH{ yYKa MPUCKOPEHUX e/IeKTPOHIB) y BChbO-
My Jliara3oHi eHepril, aje He Bpax0BaHO rasb-
MiBHE BUITPOMIHIOBAHHS KOMITTOHIBCBKUX eJie-
KTpOHiB. ToMy J/11 TOYHOTO pPO3paxyHKy pa-
JiarfiiiHOro 3axucTy HeoOXiJiHa JomaTkKoBa iH-
(opMaryisi {00 3BOPOTHOIO PO3CisIHHS rama-
KBAHTIB BiJ| JyKepesl BUTIPOMIHIOBaHHS, €KBiBa-
JIEHTHUX TaKWUM, IO PO3MillleHi Ha TTOBepXHi
po3citoBaya.

[lifcTaBor0 [0 3aroyaTKyBaHHS [JaHUX
JocmipkeHb OyB aHasTi3 TeOpeTUYHHX I10JI0-
JKeHb B3aeMo/ii i0Hi3yrouoi pagiauii 3 Marepi-
anamu. OILjiHKa OUiKyBaHOI iHTEHCHMBHOCTI HO-
BUX /Kepesl BUTIPOMIHIOBaHb Ta HATPSIMKIB X
TMOIIMUPEeHHS 3[iMCHIOBAIaCh 3a MOJE/SIMU 3B€-
MO/ii i0HI3yI0UMX BUIIPOMIHIOBaHb 3 MaTepie€ro.

BurnpomiHioBaHHs B pesysbTarTi IepIio-
ro aKTy B3aeMoZil (OTOHa 3 aTOMOM IO KOM-
TITOHIBCbKOMY MeXaHi3My OIliHeHO 3a jJude-
PEeHI[iHHUMY XapaKTepPUCTHKaMHU, JudepeHLiii-
HUM €HepreTHYHUM anb0efo Ta AudepeHLii-
He YMC/IoBe a/ibbesio (KyTOBHUM PO3MO/i Bigou-
TOI eHeprii, KyToBUM pPO3Mo/ii BiIOMTUX KBaH-
TiB) [13, 7], po3paxoBaHUX 3a HarliBeMITipy-
yHoto (popmysnoro Kreitna-Himman-Tamma. Ky-
TOBUM PO3MO/LI raJbMiBHOTO BUIIPOMiHKOBaH-
HS1 [/11 TIoTepeHbOI OL[iHKY ONTUMaJIbHUX T10-
Ka3HUKIB IMOTIMHAHHS MOT0 B MaTepiasi 6ioso-
riyHoro pajiial{iitHOro 3aXMCTy BU3HA4aBCS 3a
¢domymnoto JlaycoHa. [Iis1 po3paxyHKiB po3cisi-
HHSI TaMa-KBaHTIB Oi/IbIll BUCOKUX eHeprii Ayis

iumﬂigjmn

KyTiB BifjoviBanHs 0 — 85°, BUKOPUCTaHO eMITi-
puuHy (popmysy Xarremapka.

Hocnign, B TOoMy wumcai i B IA/
[18], mpoBeneHi [nnsi pi3HUX [Kepesa Tama-
BUIIPOMIHIOBaHHS, CBifj4aTh, IJ0 PO3CissHE BU-
TIPDOMIHIOBaHHSl HOCHUTH SICKPaBO BHpakKeHUM
aHI30TPOMHUIN XapakTep 3 MaKCUMYMOM iHTeH-
CUBHOCTI Ha KyTax,bmm3bkux f0 90° i cumbHO
3a/IeXKUTh BiJl TTapaMeTpiB BiZjOMBalOUMX Marte-
piaJiB.

3 ypaxyBaHHM BMICTYy y CKJIaJji eJeKTpo-
TexHiuHOro 06/1aHaHHsA AEC 3HauHUX 00’ €MiB
CBUHL[}0O B YMCTOMY BMIVISI[i i y CILlaBax, IJjia-
THHU Ta ii criaBiB, HeOOXifHO JOCTiKyBa-
TU HaCTIKA B3a€EMOJIl eJIeKTPOHIB 3 Marepia-
oM (i IX KOMITO3UI[isIMU B 00/1aIHAaHHi) OibIil
JIOK/IaZiHO. A 3 ypaxyBaHHSIM BHCOKOI CTerle-
Hi HeBU3HAYEHHJIOCTI MiCLIe3HaXO/)KeHHS | BMi-
CTy LIUX MarepiasiiB y 06/1afiHaHHi, POBeJeHHS
crierjia/JibHUX eKCIIepUMEHTATbHUX 10 CJTiIKEHb
€ 000B’S13KOBUM, i MabyTb, [/Is1 yCiX repeuncrie-
HUX B HOPMAaTWBHHUX MaTepiajiax TWIiB obma-
[HaHHA 1 ycTaTKyBaHHS. | yuitie 3 iX ypaxyBaH-
HSIM pO3pO0JIATH KOHCTPYKIT BiJ[TIOBiJHUX 3a-
XMCHUX CITOPYZ Ta MifAOUpaTH [t HUX MaTepi-
anu.

ITporpama pajianiiHuX AOC/TiPKeHb

KopucHrM pe3ynbTom rorepejHix OLIiHOK € BU-
3HauYeHHs OUYIKyBaHOIO Jjiara3oHy eHepril raib-
MIBHMX, DO3CISIHUX Ta 3BOPOTHO pPO3CiSIHUX
raMa-KBaHTIiB. 3a pe3y/lbTaTMHA TakKuUX pO3pa-
XyHKiB 0y/10 BUOpAHO IaTUMKH pajjialliiHUX I10-
JIiB, IKUMM YKOMIUIEKTOBAHO CUCTEMY pajiaLliii-
HUX BHMIpIOBaHb Ha CTBOPHOBAHOMY imiTaTopi

(puc. B).

Puc. 2: [lo3umeTpHu Aijisi BUMipIOBaHHS pajlialliiHUX MOJIiB.
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BubpaHi 03uMeTpy MaroTh JIiHilHY Xa-
PaKkTepuCTUKy Y PpO3paxoBaHOMY Jiara3oHi
eHeprii rajbMiBHUX BUIPOMIHIOBaHb, BTOPHH-
HMX, PO3CISIHUX Ta 3BOPOTHO PO3CIiSIHUX ramMa-

KBaHTiB. [Iporpama pocmifpkeHb TPYHTYETbCS
Ha cucreMi 3 40 iHTerpyrouux A03UMeTPiB M0-
[JIMHYTOI 03U PUC. .

1. g i e . 4
2, Peliou gaucpa yommmoakn ¥
3. Bwripiuiig aacpl Hdsdcie E
4, Iscuiimaliny iR Sapon 9
5 I ecpim ke

B - cramicawnni anrmes S5

Jafipurr TReRC TS

Bumasinz most
Fljpiiaceinin deir
I'engpeyap cwc
BN IR R LT IR
OYRLSN UM HET

Puc. 3: CxemMa CUCTEMU MOHITOPHHIY pajiarfiiHOl 00CTaHOBKH.

IocimkeHHs rmepegodaueHo 3/1ilCHIOBATH
B peXXUMIi MakCUMaJbHOIO CTPyMy Iiyuka 1 A
Bi/l IIpuCKoproBaua ejieKTpoHiB 4 MeB, ripu ua-
cToTI iX cigyBaHHs 250 'l 3 KOHTpoJIeM peXku-
My TPHUCKOpIOBaua IITaTHUMM 3acobaMu BUMi-
proBaHHS 3 TOXHOKor0 MeHitie 20 %.

BuchoBku

1. locni/pkeHO nepCrieKTUBHI HallpsIMKU
YA0CKOHa/IeHHs1 TeXHOJI0Til cepTuikaLii i KBa-
nidikarii kpuTnuHOrOo 006/IaJHAHHS T'epMO30H
AEC. BcraHOB/I€HO, 1[0 YMOBOK OTpPHMMAaHHSA
KOPEKTHUX pe3y/bTaTiB € BAKOPUCTaHHS CIIeLli-
asi30BaHUX pajiialliiHUX CTeH[IiB, 34aTHUX MO-
JleJIFOBaTH B KOMIUIEKCI yCi CK/Ia[IOBi eKCIlTya-
TaliiHUX (PaKTOpiB i peecTpyBaTH yBeCh repe-
JIIK TEXHIYHUX [MapaMeTpiB, 10 XapaKTepHh3y-
10Th 00’€KT foCyikeHb. TOMy aKTyaqbHUM €
CTBOPEHHS BITUM3HAHOIO JOC/IIAHULILKOIO KOM-
TIJIEKCY /151 [IPOBeZIeHHsI OIlepaTUBHUX KOMILIe-
KCHUX KBasti(hikalliiHUX BUIIPOOyBaHb 3pa3KiB

o0s1afHaHHS YKpPaTHCHKHUX eHepro0/IoKiB.

2. [loBezeHo, 1110 IIPU YMOBI MOJepHi3aLji-
il pagialjiiHOrO 3aXMCTYy, pajialliiHy yCTaHOB-
Ky 151 HAH Ykpainu 3 niHiliHUM TIPUCKOPIO-
BaueM eyieKTpoHiB 4 MeB Mo)kHa BUKOPHCTOBY-
BaTH /151 imiTalii pajialiiitHUX MOJIiB B repMo-
30HaX aTOMHUX PeakTopiB i 3xilicHioBaTH (yH-
KL[iOHa/IbHi paziariiiHi BUMPoOyBaHHS eleMeH-
TiB s1JePHUX €HepProyCTaHOBOK, PO3Mipy SIKUX
He niepeBuU1yI0Th 800 MM.

3. TeopeTUyHO [OOCTIIKEHO MeXaHi3MHU
nedopmariii pajialliiiHoOro moJsisi B MpUMillleHHi
TIPUCKOpIOBaua eyIeKTpoHiB 5 MeB, aki Mo)kHa
OYiKyBaTH TIPH ONTPOMiHeHHi KpUTUYHOTO 00s1a-
JIHaHHSI TepMO30H aTOMHUX peakTopiB. Bu3Ha-
YyeHHO MMOBIpHi 3HaUeHHsI eHeprii Ta iHTeHCUB-
HOCTi 1MOBIYHOTO CYyITyTHHOTO BUITPOMiHIOBAHHS
TpY OMPOMIHEeHHI BaXKKUX MaTepiasiB, sKi Mi-
CTATLCS B CKJIa/Ii A 0C/TiIHOTO 06/1aiHAaHHS.

4. ObrpyHToBaHa He0OXiJHICTh 37iliCHeH-
HS1 eKCIIepUMeHTa/IbHUX JOC/Ii/IKeHb pealbHUX
pajiiaLiliHuX M0JIiB B Pi3HUX peXkuMax (QyHKIIio-
Ha/IbHUX pafiialliiHuX [OC/i/KeHb 00JaiHaH-
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Hs1. Po3pobisieHa mporpama pajiiatiiiHoro MoHi-
TOPHUHI'Y 3a I0IIOMOIOI0 CUCTEMHU [103UMeTPiB B
peakliliHiii Kamepi ycraHoBku IA/], TexHO/Oi-
THUX MMPUMIIIIEHHSX Ta 1Mo3a i Mexkamu. Bubpa-
HO i OOTPYHTOBAHO OTNITHUMAJIBHI TUITH IaTUHKIiB
JUTsL TO3UMeTpii pajiariiiHoi 06CTaHOBKU B pe-
JKMMi OTIPOMiHIOBaHHSI KDUTHUHOTO 00s1a/{HaH-
Hs1 AEC.

Peanizauiss mporpamu AOC/TiyKeHb i MO-
JlepHi3aLlii pajialiiHOro 3axuCTy HaJacTb MO-
JKJIUBICTh 37iMCHIOBAaTU pajialliiiHi BUIIPOOY-
BaHb i KBami(ikalifto KpUTHUHOTO 00safHaH-
Hs AEC 3rifHOo 3 BUMOramu HOpMaTWBHUX [I0-

KyMEeHTIiB B YMOBax, 110 OyZyTh MakCHMaJbHO
HabmKeHWMU [I0 eKCIuTyaTaliiHux. B nepiy
yepry esieKTpOTeXHUHOro 061aJHaHHS 3 TepMO-
30H s1/IePHUX eHepreTUYHUX PeaKkTOpiB, BaXK/IN-
BuX 1 6e3nekn AEC, HampuK/iaz — eIeKTpPo-
nipuBiz tiny M 76341, 1110 BUKOPUCTOBYETHCA 3
apMaTypaMy CUCTeM aBapilHOrO ra3oBHJaseH-
Hs1 3 [1epLIOro KOHTYPY, 3aXUCTY I1epLIoro KOH-
TYPY BiJ| [lepeBUILleHHs TUCKY Ta CUCTeMHU JIO-
KasTi3ylourx apMmaryp, Kabesti, repMOIIpOXOAKH,
i3o5siTopH. 17151 Takoro o6safiHaHHS PO3paxyH-
KOBA HepPIBHOMIPHICTb OIIPOMiHEHHS Ha JaHOMY
eTari He nepesuiyBatume 25 %.
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Ob6cyxaeTcst METOAMKA Y ITPOrpaMMa MepOTpUSITHIA, pa3paboTaHHast AJ1s1 U3MepeHNi MHTEeHCMBHOCTH Pa/{MaLMOHHBIX
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RADIATION PROBLEMS OF FUNCTIONAL
TESTING OF NUCLEAR POWER PLANT
EQUIPMENT AT AN ELECTROPHYSICAL
INSTALLATION OF THE INR OF NAS OF UKRAINE

Purpose. The purpose of the research is the creation of a domestic research complex for operational complex qualifi-
cation tests of equipment samples of the Ukrainian power units. It is shown that it is advisable to create such a complex
on the basis of the radiation installation of the Institute of Nuclear Research of the National Academy of Sciences of
Ukraine with a powerful electron accelerator of 4 MeV, subject to the modernization of radiation protection.
Methods. The method and program of measures developed to measure the intensity of radiation fields in the premises
of the INR of NAS of Ukraine experimental installation and in adjacent territories in the generation modes of intense
electron fluxes, bremsstrahlung gamma radiation and mixed gamma electron radiation fields similar to the conditions
of nuclear reactor pressure zones are discussed. A list of associated effects affecting the radiation situation in the
premises of the facility and in the surrounding area during irradiation of critical equipment with a high content of
heavy metals has been theoretically investigated. The expected intensity and spectrum of bremsstrahlung and scat-
tered gamma radiation has been established.

Results. The necessity of carrying out experimental studies of real radiation fields in various modes of functional
radiation studies of equipment has been substantiated. A program of radio monitoring has been developed through a
dosimeter system in the reconnaissance chamber of an INR facility, technological rooms and beyond. An optimal list
of sensors for radiation monitoring dosimeters has been selected and substantiated in the mode of irradiation of critical
equipment important to NPP safety, primarily electrical engineering (for example, electric actuators of type M 76341,
cables, germprojects, insulators). The current problems of developing certification technologies and qualifying critical
equipment for pressurized nuclear power plants using specialized radiation stands capable of simulating (reproducing)
in a complex all the components of operational factors and recording the entire list of technical parameters character-
izing the object of research are investigated.

Conclusions. The perspective directions of improving the certification technology and qualification of critical equip-
ment of the nuclear power plant containment area are investigated. It has been established that the condition for
obtaining correct results is the use of specialized radiation stands capable of modeling in a complex all components
of operational factors and recording the entire list of technical parameters characterizing the object of research. It has
been proven that with the improvement of the biological radiation protection system, the installation can be used to
simulate radiation fields in the hermetic zones of nuclear reactors and carry out functional radiation tests of nuclear
power plant components, with dimensions up to 800 mm. The necessity of experimental studies of real radiation fields
in various modes of functional radiation research of equipment is substantiated.

Keywords: qualification of NPP’s equipment, radiation fields, bremsstrahlung, radiation monitoring, radiation pro-
tection.
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MATRIX ELEMENTS OF THE DIPOLE-DIPOLE
INTERACTION BETWEEN TWO TWO-LEVEL
ATOMS DISTANCED ARBITRARILY FROM EACH
OTHER

Purpose. As a standard model for describing the processes of a resonant transmission of quantum information on
arbitrary distances is the system of two identical two-level atoms, one of which is under radiation of the field of real
photons. Such a system can serve as a basis for the construction of an element basis of quantum computers. The
purpose of this paper is to study the different modes of dynamics of a system of two identical two-level atoms when
they interacts with the field of real photons.

Methods. In this paper, we propose a general approach to the description of the processes for the transfer of quantum
information from one atom-qubit to another on the arbitrary interatomic distances, which includes two types of new
physical effects: the attenuation of quantum states and the retardation of the dipole-dipole interaction.

Results. The optical properties of a system of two identical two-level atoms in collective (symmetric W and anti-
symmetric ¥,) Bell states at arbitrary interatomic distances are investigated. The closed analytical expressions for
the shifts and widths of the considered collective states are considered, taking into account the retarded dipole-dipole
interaction of atoms. In calculation of the radial matrix elements of the dipole-dipole interaction, the wave functions
of the model Fues potential are used.

Conclusions. A detailed study of the mechanisms of resonant transmission of the excitation energy at arbitrary distances
between the two-element atoms has an important practical significance for the physical realization of the logical
operator CNOT.

Keywords: quantum computer, dipole-dipole interaction, effects of retardation, Fues potential.

field of real photons. Study of various regimes
of dynamics of such a model system interacting
with the field of real photons can serve as a ba-
sis for the construction of an element basis of

Introduction

Search for physical processes performing logi-
cal operations is one of the main physical prob-

lems associated with the implementation of the
idea of the quantum computer and quantum
computing [[I]]. In the papers [2-4], the quan-
tum computer based on electric dipole transi-
tions in a spectrum of two-level atoms inter-
acting selectively with short intensive optical
pulses was proposed. As a standard model for
describing the processes of a resonant transmis-
sion of quantum information at arbitrary dis-
tances is the system of two identical two-level
atoms, one of which is under radiation of the

quantum computers. The theoretically elegant
proof of principle possibility of quantum infor-
mation transmission from one two-level atom to
another was given by A.S. Davidov [5], and also
by O.N. Gadomsky and K.K. Altunin in afore-
mentioned paper [2].

The problem of two interacting electrons
belonging to two different atoms being arbitrar-
ily apart from each other is one of key prob-
lems in understanding the processes of resonant
transmission of quantum information at arbi-
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trary distances. A large number of papers (see
[2,6-15] and references therein) are devoted to
its study. The main result of these works is
that the presence of the second atom can signifi-
cantly change the lifetime of the excited state of
the atom; this change in the lifetime depends on
the mutual orientation of the dipole moments of
the transition of the atoms and distance between
them. Despite existing numerous publications
on the resonance interaction of atoms, many as-
pects of this interaction remain weakly investi-
gated up to this day, especially for two neutral
atoms located at an arbitrary distance from each
other.

Operator of electric dipole-dipole in-
teraction of two neutral atoms loca-
ted at an arbitrary distance from each
other

The resonance interaction occurs between the
excited atom and the atom in the ground state,
if the transition energy to the excited state is
the same for both atoms (the atoms are in reso-
nance). A similar situation always takes place in
the interaction of two identical two-level atoms.

There are several reasons why the theory
of resonant interaction of atoms at arbitrary dis-
tances from each other deserves further devel-
opment. First of all, in order to realise exper-
imentally two-qubit quantum operations with
cold neutral atoms it is necessary to be able to
control the interaction between the qubites [[16].
That is why thorough theoretical study of all
possible types of atomic interactions is a key
to creating a quantum computer with qubits on
neutral atoms in optical traps. Depending on the
specific quantum states of the atoms involved
in the process of quantum information trans-
mission in the system of two qubits, this may
be either the Van der Waals interaction or the
resonant dipole-dipole interaction each of what
is characterized by different dependence on the
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interatomic distance R (R~ and R~ respec-
tively, when neglecting the retardation). The
dipole-dipole interaction of atoms is stronger in
large (relatively to their own sizes) distances,
and therefore its use is a priority for increasing
the accuracy of quantum operations with neutral
atoms.

However, the standard quantum-
mechanical calculation of the energy of the res-
onance interaction of two identical atoms (see,
for example, [5]) becomes unsuitable for too
large distances of R between them. The fact is
that this calculation takes into account only the
instantaneous Coulomb interaction of charges
(the term ~ 1/R? in the interaction operator (2)
without the retardation factor exp (i|lwg;|R/c)).
Such a consideration is only valid until the in-
teratomic distance R remains small compared
with the characteristic wavelengths )\ in the
spectra of the interacting atoms.

A consistent theory of resonance interac-
tion of atoms that correctly describes the be-
havior of the forces of the dipole interaction of
atoms on both near and far distances can be con-
structed only if in this theory, all types of atomic
electrons interaction that are manifested in dif-
ferent spatial scales are taken into account from
the outset. Therefore, in describing the reso-
nance interaction of atoms at arbitrary distances
from each other, along with the instantaneous
Coulomb interaction, it is necessary to take into
account also the retarded interaction of atoms,
which depends on the velocity of light ¢ and dis-
appears at ¢ — 0.

Such a general consideration was made
in [6, 8-11/]], where the operator VL(f) of the re-
tarded interaction of two electrons belonging to
two different hydrogen-like atoms at an arbi-
trary distance from each other. It is convenient
to write both parts of the inter-electron interac-
tion operator constructed in [, 8-11] i.e. the re-
tarded part \A/L(f)) and the Coulomb part V¢ in
the following form:
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. 2 2 JARSaN AN
. - i) e e pipa + 1(7ip1) P
VE =V 4+ VD —exp (- [wV|R +
¢ LL P c| fi | rio  2m2c? 19

7\ — 37(7ip ¢?R fip; + 7ip:

+R2p1p2 3( P1)P2 + P1 . P2 1)
79 2me 1y

Here c is the velocity of light, e = —|e| and m  dation of considered type of atoms interaction

are the charge and mass of an electron, ri; =
|{ — 73| is the distance between electrons be-
longing to atom 1 and atom 2, 77 = (7] —7%) /712,
r] and 7 are the radius-vectors of electrons 1
and 2 in an arbitrary coordinate system, ﬁl and
ps are the momentum operators of 1-st and 2-nd
atomic electrons respectively. In (fll) and there-
after, subscripts 1 and 2 differ quantities con-
nected with two different atoms; subscripts ¢ and
[ characterize the initial and final states of inter-
acting electrons; \wj(cjl)| = |w§c] L
is the resonant frequency of transition in the
spectrum of two-level atoms; ng ) and w}j ) are
the frequencies of initial and final states of j-
th electron. In (fll), the plus sign in front of
the term containing the factor R corresponds to

the case wgcl) (1), and the minus sign cor-

> w;
responds to the case w;l) < wgl). Oscillating

exponential factor (so-called retardation factor)
exp (iwgR/c) determines the role of time retar-

[18].

Let the interatomic axis £ of the diatomic
quantum system be directed along the z axis.
We will assume further that one two-level atom
is at the origin of the coordinate system (ﬁl =
0) and the other at the point R, with coordi-
nates (0,0, R). At large distances R, the opera-
tor V= describing the interaction between atoms
can be regarded as a small perturbation. Con-
sequently, we can relatively easily estimate the
energy of the resonance excitation exchange be-
tween two atoms distanced from each other on
the basis of the usual perturbation theory. As
follows from the derivation (see, for example,
[8, 10]) of the formula (fll), the operator 145
takes into account the transitions in the spectrum
of atoms of arbitrary multiplicity. In this paper,
we restrict ourselves to considering only electric
dipole transitions for which the operator V&) is
written as:

o(E) i didy — 3(7ird1) (7irda) e | dips — 3(7ird)) (W rps)
Vi = exp (EWOR) R3 * 2me R? a
pidy = 3(iapy) (firdy) | € piph — (Trpy) (iTppa) ®
R? m2c? R ’

where iy = R /R is the unit vector in the di-
rection of the inter-atomic axis 132, Wy = Wpo =
(E, — Ey)/h is the resonance frequency in the
spectrum of two-level atoms, d: = er; and
dy = iy are the operators of the electric dipole
moments of separate atoms, 7 and 7, are the
radius-vectors of electrons 1 and 2 relatively nu-
clei of atoms A(1) and A(2), respectively. This
operator is known as the generalized operator of
electric dipole-dipole interaction of two neutral
atoms located at an arbitrary distance from each
other.

The energy of resonance interaction
of atoms at arbitrary distances

Let us consider the system of two identical
atoms at an arbitrary distance R from each other.
In each atom, we will be interested in the tran-
sition between the same pair of levels, and the
other levels will not manifest themselves in the
considered process of resonant transfer of the
excitation energy from one atom to another. In
fact, in nature, there are practically no atomic
systems with only two energy levels. But if
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the interaction with the field is of pronounced
resonant character, then, as a rule, the influ-
ence of other levels can be neglected. Thus, the
two-level atom represents a certain mathemati-
cal model of qubit — a carrier of quantum infor-
mation. The existence in the atomic quantum
system of two selected internal basis states and
the principle of superposition is enough to store
one bit of quantum information — a qubit. We
characterize each atom-qubit with two levels of
energy Fy and E,, having the resonant transition
frequency wy = w}(}i) = —wﬁ) = (E, — Ey)/h
and the wave functions y(j) and ¢, (j). The
subscripts 0 and n denote the ground and ex-
cited states of the atom, respectively, and the
argumentj = (1,2) of the wave function indi-
cates a number of the electron (and a number of
the atom) to which it belongs.

Classical computers operate with bistable
transistor circuits that have a nonlinear rela-
tionship between the input and output voltages
[1]. In a quantum computer, a role of such a
bistable transistor circuit plays a two-level atom
having two orthogonal states |0) and |n), be-
tween which an electric single-electron dipole
transition with a resonant frequency wy is al-
lowed. Let the state |0) with the wave function
©o(7) and the energy Fy be a logical “0”= |0)
and the state |n) with the wave function ,,(j)
and the energy F, (£, > E;) be a logical
“1”= |n). The level-to-level dipole transitions
|0) < |n), Ey < E, with the matrix ele-
ment of the dipole moment of atom transition
(J;)no = <n]d3|0> correspond to the transitions
“0”+>“1”. As noted in [[l], a quantum bistable
element (qubit) has a new (compared with the
classical one) property of the superposition of
states: it can be in any superposition state |p) =
«|0) 4+ |n), where « and 3 are complex num-
bers satisfying the condition |a|> + |]> = 1
It is the quantum principle of states superposi-

~ ~ (4 ~ ~
< Py (1)@ 2V G0 (1) 0

tion that allows the quantum computer to pro-
vide fundamentally new possibilities.

For the system of two interacting atoms
having only one electron, the Hamiltonian H
can be represented in the form of sum of Hamil-
tonians of isolated atoms, Hy = H,(r) +
H,(7%), and operator of electric dipole-dipole
interaction between them, Vd(if):

H = Hy+ V)
= f[l(rl) + Hy(r3) + ‘A/d(i?(ﬁ,ré; R). (3)

Let E, n, = E,, + E,, and |nny) are respec-
tively the eigenvalue and eigenfunction of op-
erator of energy H, = H, + H, without in-
teratomic interaction. In accordance with the
partition (B), let us denote the wave function of
the state of the system in which both the non-
interacting atoms are in the ground state by |00),
that is,

00) = ¢o(1)po(2) exp(—iEot1/h)
x exp(—ontz/m = 5o(1)0(2). (@)

Here Ej is the energy of the initial states of the
first A(1) and second A(2) atoms, the numbers
1 and 2 correspond to the coordinates and times
for the atoms A(1) and A(2), respectively. For
neutral atoms having not constant dipole mo-
ments, the energy correction to the two-atom
system is equal to zero, because (OO|V£> |00) =
0. At the same time, the dipole-dipole interac-
tion being effective at small distances between
atoms distorts in some way the wave functions
of atomic states. Thus, in the first approxima-
tion of the perturbation theory in the interatomic
interaction ‘A/d%) (@), the perturbed wave func-
tion of the system of two identical atoms in the
ground state is of the standard form (see, for ex-
ample, [5,17]):

(2) >

Wo(1)Wo(2) = Go(1)P0(2) + Y

nin2

where summation is carried out with respect to
all possible intermediate states of atoms except
of |00). According to the representation (f),
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2Ey — B,

“E B (D5ma(2), )

a non-zero correction to the energy of the two
neutral atoms system in the ground state will
appear only in the second order of the pertur-



HayxoBwuii BicHUK Y)Xropopckkoro yHiBepcurerty. Cepisi @i3uka. Bunyck 45. — 2019

bation theory [5,17,18]. We consider the state
To(1)To(2) (see (B)) as an initial state of pair of
atoms interacting with field of real photons.
Let the final state |n0) of two reso-
nant atoms corresponds to the excited state |n)
of atom A(1) with wave function ¢,(1) =
©n(1) exp(—iE,t;/h) and energy FE,, as well as
the ground state |0) of atom A(2) with wave
function ¢g(2) = ¢o(2) exp(—iFEots/h) and en-
ergy Fy. According to the resonance condi-
tion, the state |0n) being described by the wave
function $y(1)p,(2) corresponds to the same
energy. Consequently, the unperturbed system
(two isolated identical atoms) has the additional
degeneration here associated with the possibil-
ity of permutation of states between atoms. In
the first approximation of the perturbation the-
ory, we have the energy matrix of the second or-
der. It is diagonalized when constructing sym-
metric and antisymmetric linear combinations
of the initial wave functions of individual atoms:

1

2,(1.2) = —= 2,30 + (D22,
(6)

D,(1,2) = % e (D0(2) — Go(1)@n(2)]
(7)

In the case of complex atoms A(1) and
A(2) with an arbitrary number of electrons, the
interaction between them at small distances R
plays a significant role. In this, the Hamil-
tonians H; and H, as well as the zeroth ap-
proximation functions ®, (§) and @, (f7) should
be interpreted in the approximation of the self-
consistent field for the two-center potential [[19].
In this case, %fp is the correlation interaction of
atoms with each other. The transition to the cor-
responding operator of the electric dipole-dipole
interaction Vdfp of atoms with many electrons
can be carried out by transition in () from the
momentum operator vécp, of j -th electron to
the operator of the dipole moment d; [5] and the
subsequent replacement of the operators d; and
ds by the operators of the dipole moments of the
atoms A(1) and A(2), respectively.

In order to obtain corrections to the en-
ergy of symmetrical () and antisymmetrical ([7)
states of the system of two resonant atoms in the
first order of perturbation theory one has to cal-

culate the mean values of the perturbation oper-
ator Vd(;f) (@) in these states, i.e.,

S (E
AE; = <¢)5|Vd(ip)|®5>7

AE, = (@an?;;f)yq)a). (8)

Substituting the expressions (2)), (6) and (f7) into
(B), after simple transformations with use of the
known ratio [5]

2 .MmMwo
(n[pj[0)

— i 20 m1d 10
i )0

we obtain the final expression

AE(R) = —AE,(R) = wie™™/*|(n|d|0) |
1 i ¥'(1,2)
— ®(1,2) — ———
8 [(wgﬁ’?’ cw§R2> (1,2) cwoR
Here

®(1,2) = cos 07 cos b5 + cos 6 cos 0
— 2cos 07 cos 03,
®’'(1,2) = cos 7 cos 05 + cos 07 cos 6

are the geometric factors depending on the ori-
entation of dipole transitions in both atoms, 67,
07, 67 (i = 1,2) are the angles between one of
corresponding axes and the direction of dipole
transition in ¢-th atom A(7).When writing the
expression () it is taken into account that the
atom-qubits of the considered quantum system
are identical, that is, they have identical matrix
elements of the operator of the dipole moment
between the ground |0) and excited |n) states:

[(n]d1]0)] = |(nld2]0)] = [(n|d]0)| = |(d)nol-

Note that the quantity AE; (AFE,) is com-
plex shift of energy F, (F,) of symmetrical (an-
tisymmetrical) state ¢, (P, ) of the pair of iden-
tical atoms. For further analysis, in the formulas
(@) for AE, and AE,, it is convenient to sepa-
rate explicitly real and imaginary parts:

AE, = 0E, — %E%, AE, = 6E, — %E%.
(10)
The complexity of the shifts AE, and AE,, re-
flects in the first place purely relativistic ef-
fects of retardation of the interaction (fll) of two
resonant atoms at an arbitrary distance from
each other. The appearance of imaginary terms
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—ih7,/2 and —ih7,/2 in AEyq ([L0) arising
from the retarded dipole-dipole interaction of
atoms, was first revealed in [20], and later, inde-
pendently in the more systematic approach [[14].

The first-order corrections to the energy
E, + Ey of initially degenerated collective states
(6) and () give only real parts § E, and § E, of
the complex shifts (§):

(5Es’a(R) = :EREAEAA(R)

= £*|(n|r0)[PF(1,2; R).  (11)
The dependence of the shifts 0F,)(R) on
the interatomic distance R is completely deter-
mined by the multiplier /'(1,2; R). In order to
simplify the expression ([L1), there is the nota-
tion used:

F(1,2;R) =
O [9(L,2)  wid'(1,2) woR
—{ B er |\
qu)(LQ) . UJOR
N sm( - ), (12)

where the plus and minus signs in (fLT) corre-
spond to the symmetric ®; and the antisymmet-
ric &, wave functions of the pair of identical
atoms. As can be seen in (fLI)), for the states
of different symmetries (®, (§) and ®, ()
with respect to permutations of atoms, the con-
sidered retarded dipole-dipole interaction gives
the shifts 0 F; and J F, having opposite signs:
0F, = —0F,. At the same time, with increas-
ing R moduli of the shifts 6 &/, of energy levels
of the system of dipole-dipole interacting atoms
decrease and tend to zero in the limit of sepa-
rated (R — oo) atoms as 1/ R.

Let us study the behavior of § Es(,)(R) in
the limiting cases of large and small R. Thus,
the expressions for 0 F/; and  E, can be essen-
tially simplified at wyR/c — 0, when linear
sizes of two-atom quantum system are much
smaller than characteristic wave length \y =
27c/wy in spectrum of interacting atoms (R <
Aop). In this limiting case, one can neglect
the retardation of the dipole-dipole interaction
of atoms, that makes it possible to substitute
cos(wopR/c) = 1, sin(wpR/c) = woR/c in the
expression ([L2) for F(1,2; R) and to omit terms
proportional to 1/R and 1/R?. Then, instead of
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(1)) we obtain

o2
= iﬁ
As it is expected, this expression coincides with
the known formula [5] for the energy of reso-
nant exchange of excitations between two neu-
tral atoms located closely from each other.

We now consider the opposite limiting
case woR/c > 1, when the distance between
atoms is much larger than the wavelength \y =
2mc/wo. As can be seen from (fll) and (2), only
the mostly long-range retardation term, propor-
tional to 1/R, plays the main role in the inter-
action between atoms (when R > J\g). For
this reason, in the formula ([L2) for the factor
F(1,2; R), terms decreasing with the distance
as 1/R? and 1/ R? can be neglected. As a result,
for sufficiently large R (R > 0), the expression
(1)) got the following form:

0E¢, (nfrlo)[*@(1,2).  (13)

OF, = —0FE, =
*wid’(1,2) 9 woR
= YD) ) cos (—) .
(14)

This expression is consistent with the corre-
sponding formula [20] for the energy of the res-
onance excitation exchange between two distant
(R > )\p) neutral atoms.

Let us take note of the following impor-
tant circumstance related to the difference be-
tween formulas ([L1) and (L3). The presence of
the real cos(wyR/c) and imaginary sin(wyR/c)
parts of the retardation factor exp(iwgR/c) in
various terms of the expression ([L2) indicates to
the complicated periodic dependence of the ma-
trix element of the excitation transfer § /) (R)
on the interatomic distance R. It is this property
of the oscillating behavior of 6 £, ,(R) on the
background of power decreasing (~ 1/R) with
the distance R being slower than ([L3) is the most
characteristic feature of the formula ([L1]) for the
energy of the resonant excitation exchange be-
tween two neutral atoms. The dependence of
§F,.(R) on R distinguishes from ([13) due to
the retardation part of the dipole-dipole interac-
tion of atoms.

Therefore, we see that at account of
dipole-dipole interatomic interaction (B) the
symmetrical and antisymmetrical states of the
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pair of atoms have the different energies
E,=F,+ Ey+ 0FE;
= B, + Ey + €*|(n|F|0)*F(1,2; R), (15)
E,=F,+ Ey+dE,
= B, + Ey — *[{n|F]0)|?F(1,2; R). (16)

Two collective states of the system of two res-
onant atoms: symmetric s and antisymmetric a,
initially degenerated with respect to energy, are
described by the two types of wave functions ®,
(6) and @, () which with taking into account
the corrections 0 F, 6 F, to the energy F,, + Ej
can be written as

U, = O exp(—idEqt1/h),
U, = &, exp(—idE,ty/h), 17)

where ®, and ®, are determined in (f) and (),
t1 is the local time for the atomic pair associated
with the position of the atom A(1).

As can be seen from ([L5) and ([L§), the
dipole-dipole interaction between atoms leads
to the splitting of the initially degenerate (with
respect to the energy) level Ey, + E, into two
collective energy levels F, ({L5) and E, ([L§) dis-
tanced from each other by the quantity AF =
E, — E, = 20 E,, which characterizes the pro-
cess of resonance transfer of the excitation en-
ergy from one atom to another. At the same
time, due to the resonance interaction of atoms,
the energy level E, ([L5) lies AE = 20 E, above
the level E, ([L6).

Thus, in order to calculate the energy of
symmetric F, ([15) and antisymmetric £, ([L6)
states of the system of two resonant atoms, it is
necessary to calculate the matrix elements of the
dipole transitions (n|r]0). In this case, the wave
function should take into account the influence
of the electrons of the atomic core on the non-
Coulomb additive to the potential acting on the
valence electron in the atom.

N
(rlnlj) = —5

Vol

n T2\ + 2)

Here, the standard notations for the gamma
function I'(x) and the Pochammer symbol
(@), =a-(a+1)-...-(a+n—1)[23] are used.
It is obvious that this solution satisfies the stan-
dard requirements of continuity, uniqueness and
boundedness in the entire numerical semiaxis,

Vni

2\ + 2 27\ 7
A+ 2, < zr) exp (— zT)lFl <—nr;2)\+2;

Such a modification is present, for exam-
ple, in the Fues model potential, which takes
into account simultaneously action of the po-
larization potential on states with large orbital
quantum numbers [ and the action of the Pauli
principle that “forces out” a valence electron
from the core in states with small [ [21]. The
Fues potential for the motion of an electron in
the field of an ion residue with the charge Z; has
the form

+3 Bl(E)ﬁz,

r2

(18)

where P is the projection operator on the sub-
space of states with the orbital moment /, B;(E)
is the constant that changes the centrifugal po-
tential in this subspace in such a way that the
eigenvalues F,, = —Z?%/(2v2,) of the corre-
sponding radial Schrodinger equation, which
are determined by the effective principal quan-

tum number [21], 22]

Upl = Ny +>\nl + 17
At =V ([ +1/2)2+2B)(Ey) —1/2 (19)

(A is the effective orbital moment, n, =
0, 1, 2, ... is the radial quantum number), co-
incide exactly with energies of a real atom.

The eigenfunctions of the radial Hamilto-
nian with the potential (L) normalized by the
condition

/|(r|nlj>]2r2 dr—1
0

can be written using the confluent hypergeomet-
ric function 1 F} (a; ¢; x) in the form

Uni Vni

which represents the distance from the atomic
nucleus to electron » € [0;00). Therefore, af-
ter integrating, the radial matrix element R,
in (15) and ({L6) can be represented analytically
using the generalized hypergeometric function
of two variables I3, [23,24]:
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1 A+ N +4
R, A+ XN +4)

(27 + 2)n, (2N +2),,

n,!

T 4Z \JT(2) 1 2T (2N + 2) \/

x Fy ()\ + N +4;—n;—nl; 20 + 2,2\ 4+ 2;
v

where the primed quantities refer to the final
state, and non-primed ones — to the initial state.

Summary

In this paper, on the basis of the theory of res-
onance interaction of atoms through the field of
virtual photons [6, 8-11], the influence of the
retarded dipole-dipole interaction of atoms on
the formation and decay of quasi-stationary col-
lective (symmetric ¥, and antisymmetric ¥,)
states of the quantum system consisting of two

20 A+2 2/ Ai+2
X
(y—l—u’) <1/—|—V’)

n'!
2v! v
). @)

fixed identical two-level atoms is investigated.
The closed analytic expressions for the shifts
and widths of the considered collective states W,
and ¥, are obtained taking into account the re-
tarded dipole-dipole interaction of atoms. The
theoretical analysis of the shift and splitting of
the collective energy levels of the given system
caused by interatomic interaction is carried out.
The asymptotic expansions of the real and imag-
inary parts of energy of the quasi-stationary Bell
states U and ¥, in the limit of large and small
interatomic distances are studied.
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ON THE SINGULAR SOLUTION OF
SCHRODINGER EQUATION FOR THE HYDROGEN
ATOM

Purpose. The authors of known for us textbooks on quantum mechanics pay attention only to the first regular solution
of Schroédinger equation for the hydrogen atom. To exclude the second linearly independent solution from the general
solution, different textbooks give various arguments such as invalid boundary condition in the coordinate origin, the
appearance of Dirac delta function or divergence of the kinetic energy in the origin.

Methods. Using the power series method, we obtained an exact analytic expression for the second independent solution
of Schrodinger equation for the hydrogen atom.

Results. The solution consists of a sum of two parts, one of which increases indefinitely over long distances, while the
other is limited and contains a logarithmic term. This feature is peculiar to all values of the orbital angular momentums.
Conclusions. On the example of the hydrogen atom, we demonstrated the mathematically correct algorithm of cons-
truction of the independent solutions for the power series method. In particular, this algorithm is important in the case

of quantum systems with coupled channels which are described by two or more coupled Schrédinger equations.
Keywords: hydrogen atom, regular solution, singular solution, ordinary differential equation, indicial equation

Introduction

The problem for the hydrogen atom, as one
of the few that allows an exact analytical so-
lution, is considered for methodological rea-
sons in most textbooks on quantum mechan-
ics. One of the two independent solutions of the
Schrédinger equation is square integrable and
satisfies the boundary conditions at the coordi-
nate origin (r = 0) and at infinity (» — o). For
states with orbital angular momentum [/ > 1, the
second singular solution gives the divergence of
the normalization integral at the point r = 0.
However, for the angular momentum [ =
0, the singularity of the second solution is ex-
pressed weakly and does not lead to the diver-
gence of the integral at the origin, but it is re-
jected by guiding various arguments in vari-
ous textbooks. These arguments can be classi-
fied into three groups. The first group of text-
books [1-4] indicates the unsatisfactory bound-

ary conditions of the second solution at the ori-
gin. In another group of textbooks [5-7], it
is indicated that this solution does not satisfy
the Schrodinger equation at the origin of co-
ordinates » = 0 due to the appearance of the
Dirac function (). In the practical textbook
[8], there is argued that in the singular state of
[ = 0 the mean value of the kinetic energy takes
the infinite, therefore this solution is unaccept-
able.

We tried to deal with this variety of argu-
ments also because if the singular solution for
the orbital moment [ = 0 is possible to normal-
ize, then it represents a state with limited energy
of the system but an infinite average kinetic en-
ergy (+0o0) and infinite potential energy (—o0),
that is, the sum of two infinite quantities is finite

E = (V|H|V) = (Ex) + (Ep) =
= (400) + (—00). (1)

To demonstrate our investigation about
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the singular solution we briefly repeat one of the
methods for obtaining the analytical solution of
the Schroédinger equation with the Coulomb po-
tential.

The radial Schrodinger equation

In the Schrédinger equation

HU(r) = EV(7) 2

with the Coulomb potential for the hydrogen
atom

-2 2
H=2 -2 3
20 7

where 1 is a reduced mass of the atom, one sep-
arates the variables in the spherical coordinate
system

\II<F) = \P(Ta 67 (b) - Rl(r)yim(ea ¢) =

)

(4)

where Y},,(0, ) is spherical harmonics. For ra-
dial function v;(r), we obtain the equation

I(1+1)

r2

w + (—k:2 - + ?) ~uy(r) =0, (5)

where [ is the orbital angular momentum, and
parameters k£ and A have the same dimension
and are given by expressions

I I

The normalization of the radial function u;(r)

looks as
/ ul(r) - dr = 1.
0

At large distance (r — o) equation (B) takes
the form (we will omit index /)

(6)

()

"

u —k*-u(r) =0, (8)
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and has two independent solutions e~*" and

e+, Since the normalization condition is ful-
filled for the asymptotic (r — oo) solution e =",
the radial function of equation (B) is sought in

the form

)

which leads to an equation for the unknown
function f(r)

I(1+1)

r2

=2kt —

f+¥f:0. (10)

We shall now look for solution of equation
() by the power series method

o0

f(r) =r. Zaj,rjaao # OJ

J=0

(11)

where s and a; are unknown parameters that
are determined from the substitution of function
(1)) into equation (fL0) with subsequent zeroing
of coefficients for each power of variable r. The
coefficient at the lowest power gives the equa-
tion for determining the parameter s

ap(s* —s—1>—1)=0. (12)
This equation has two solutions s; = [ + 1 and
s9 = —I. Since the roots of the indicial equation
(12) differ by an integer, according to [9,[10] two
independent solutions of the differential equa-
tion are defined in the way

o0

filry = vt Zaﬂ’jy

J=0

(13)

fQ(T) = r_l : Z bqrq + g- fl(r) ' l?’L(’l”), (14)
q=0

where unknown coefficients a;, b, and g are suc-
cessively determined by substituting the formu-
las ([L3) and ([L4)) into equation ({L0) and equating
to zero the coefficients for powers of the vari-
able 7.
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The regular solution

Substituting formula ([L3) into equation ([L0) we
obtain the following chain of equations for co-
efficients a;

aolk -1+ k—A) —ay(l+1) =0,

In the general case, starting with coefficient a,
the following are sequentially

2. (k- (I+j) - A)
TRl +1)
i=1,2,3,...

“ 51,
(16)

The only coefficient ay remains indefinite, but
it serves as a common factor and defines only
the normalization of the function ([13). The ra-
tio of the coefficients of the series ({L3) with the
growth of the index j gives the value

a; 2k
hm = -,
J=00 @j—1 J

(17)

which corresponds to the ratio of coefficients of
the Taylor series for the function ¢?*". That is,
taking into account formula (g), the radial func-
tion u(r) will behave like ¢*. However, when
the coefficients of the series ([L3) vanish, start-
ing with a; we break an infinite series and ob-
tain a polynomial as the first independent solu-
tion. The zero value of the coefficient a; can be
achieved by a special choice of the parameter k
(eigenvalue of the energy (B))

k J=1,2,3,... (18)

A
The given algorithm allows finding the eigen-
values of energy and the regular radial eigen-
function

w(r) = fi(r) - e,

where the coefficient a is determined by the
condition of normalization (7). In this case, the
function f;(r) is a polynomial with powers of
the variable from r'** up to r/+1.

(19)

The singular solution

The second independent solution of equation
([L0) is given by formula ([L4), which includes
the first solution ([L3). We note that for orbital
momentum [ > 1 the solution ([L4) is singular at
zero, which does not allow normalizing the ra-
dial function. Therefore, we consider the case
[ = 0, when the solution is regular at zero. To
simplify the calculations, we take into account
the ground state ([ = 0,J = 1,k = A) for
which the first solution has the form f;(r) =
ag - r. Then the formula for the second indepen-
dent solution ([14) will take the form

fa(r) = byt + g1 - In(r) (20)
q=0

We substitute formula (20) into equation ({L0)
and consistently vanish coefficients for every
degree of variable r (logarithmic members are
reduced autonomously). To determine un-
known coefficients we obtain a chain of equa-
tions

2Ab0 + g = O,
—2Ab2 —|— 6b3 = 0,

2b2 - 2Ag = 0,
—6Aby + 20b5 = 0, ... (21)

From these equations, one can sequentially find
g, ba, bs, by, etc. Coefficient b; remains uncer-
tain. This reflects the fact that the sum of two
independent solutions

f(r) =afi(r) + Bfa(r) (22)

is also a solution to the equation ([L0). For sim-
plicity, the coefficient b; can be set to zero. The
coefficient b, also remains as an indefinite com-
mon factor of the function f5(r). The chain of
equations (21) is not interrupted, and the rela-
tion of neighboring coefficients with the growth
of the index ¢ has the same form as formula ([L7).
Accordingly, an infinite series in (20) behaves
asymptotically as e?*”. So the second indepen-
dent solution of the radial equation () will have
a term that behaves like ¢*" as r — oo. So, the
two independent solutions of equation (§) for
the ground state are
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u(r)=ag-r-e*, (23)

us(r) = (Y _byr?) ™ +

g-r-In(r)-e . (24)
The first solution (23) is normalized (regular),
and the second solution (24) is not normalized
(singular) since the power series behaves like
ek at large distances.

Discussion and conclusion

We found the exact formula ({L4) of the second
independent solution of the Schrédinger equa-
tion for the hydrogen atom, which contains a
logarithmic term and satisfies the equation at the
origin of the coordinate » = 0. For the orbital
angular momentum [ = 0, the second indepen-
dent solution is finite at the origin but exponen-
tially increases at long distances. The exponen-
tial behavior of the second independent radial
solution at large distances is inherent for every
value of the angular momentum /. That is, one
independent solution of the radial Schrodinger
equation for hydrogen-like atoms has a regu-
lar behavior and is normalized on the interval
[0, 00), and the second independent solution is
not normalized and exponentially increases at
large values of variable 7.

The exponential rise of the second inde-
pendent solution of () can be proved by based

on general considerations. Namely, at large dis-
tances, the Schrodinger equation has two inde-
pendent solutions i, (r) ~ e *" and ty(r) ~
ek, which don’t depend on orbital angular mo-
mentum /. Atthe origin of the coordinates, inde-
pendent solutions are u; () ~ r'™! and uy(r) ~
r~!. The solution u,(r) converges to the solu-
tion u, (r) as r — oo, but the independent solu-
tion uy(r) must converge either to the solution
o (r) orto linear sum [« @y (1) + 3 to(r)] (here
B # 0) as r — oo. That is the second solution
exponentially rise at the infinite.

One can note that the Schrodinger equa-
tion for the scattering problem of an electron
on a proton differs from equation (§) only by a
sign of the parameter k? (+k? instead of —&?).
For such equation, two independent solutions
are well known - the regular F;(k, r) and irregu-
lar (logarithmic) G;(k, ) Coulomb wave func-
tions [11].

We want to emphasize that for the hy-
drogen atom with Coulomb potential and for
deuteron wave function [12], the logarithmic
term in ([L4) ensures the correct behavior of the
solution at the origin. However, for other poten-
tials, it can appear that the coefficient ¢ in equa-
tion ([L4) is zero. Such situates are realized for
mixed states of two quarks systems where mix-
ing of orbital [[13] or spin momentums [[14, 15]
can occur.
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CUHTY/IIPHOE PEIIEHUE YPABHEHUS
[IIPEAVHTEPA 1711 ATOMA BOJOPOIIA

MeTo/i0M pa3/io)keHUsl B CTelleHHOMW psif, Oy4eHO TOUYHOe aHa/UTHYeCKoe BbIpakeHHe /i/isi BTOPOro He3aBUCHMOTO
peliieHys: ypaBHeHus LllpenuHrepa f1s aroMa Bofiopofia. PelieHre cOCTOUT U3 CyMMBI IByX UacTel, 0fHa U3 KOTOPBIX
HEeOTrpaHMUeHHO BO3pacTaeT Ha OOMBIIMX PacCTOSHUSX, a BTOpasi orpaHnyeHa Ha OECKOHEUHOCTH, XOTb U COZIePKUT
COJep>XUT JIorapuMUUecKiii MHOXKUTeNb. Takasi CTPYKTypa pelleHus XapaKTepHa [/l BCeX BeJIMYMH OpOrTaIbHO-
ro MOMeHTa. B M3BeCTHBIX HaM yueGHBIM MMOCOOWSIM 110 KBAHTOBOW MeXaHWKe TIPUBOAUTCS TOJIBKO BBIpayKeHHe JJIs
TIepBOro PEry/ISIPHOrO pellieHus. [/ NCK/IFOUeHHsT BTOPOTro JIMHEMHO He3aBUCHMOTO PelleHHs B pa3HbIX yueOHHKax
TIPUBOJATCS pa3/yHble apryMeHTHI.
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KoroueBble c/10Ba: aToM BOZOPO/a, Pery/sipHOe pellleHre, CHHTY/ISIpHOe pellleHre, 00bIKHOBeHHOe inddepeHnab-
HOe ypaBHeHHe, XapaKTepHUCTHYeCKoe ypaBHeHMe.
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CUHI'YJIAPHUI PO3B’SA30K PIBHAAHHSA
HTPEATHT'EPA OJIAd ATOMA BOJHIO

MeTozi0M po3K/IaZly B CTelleHeBUM psifi, OTpUMaHO TOYHUI aHa/liTUYHUI BUpa3 [jisl iPYTOro He3asleXKHOro PO3B 3Ky
piBHsiHHA IIpexinrepa 1 aToMa BoHIO. PO3B’SI30K CK/IAZIA€ThCS 3 IBOX JIOAAHKIB, OIUH 3 SIKUX HEOOMEeXeHO 3po-
CTa€ Ha BeJIUKMX Bi/ICTaHsX, a APYrUii Ha HECKiIHYEHOCTi MPSIMY€ [0 Hy/Is, X0U i MiCTUTDb jlorapuMiuyHNI MHOXHUK.
Taka CTPYKTypa pO3B’s13Ky XapakKTepHa JJIsl BCiX BeIMUMH 0pbiTaibHOr0 MOMEHTY. Y BifIOMHMX HaM MiIpyYHHKAX T10
KBaHTOBi{ MeXaHil[i HABOAUTLCS TLTBKY BUpa3 [ijis TIEPIIIOTo Pery/spHOTOo Po3B’si3Ky. /st yCyHeHHs JpyTroro JiHiiHO
He3aJIe)KHOT'0 PO3B’s3KY B Pi3HUX MiJpyYHHUKAX HaBOZASTHCS Pi3Hi apryMeHTH.

Kio4oBi coBa: aToM BOJHIO, PeTy/IsipHUI PO3B’SI30K, CUHTY/ISIPHUN PO3B’s130K, 3BUYaliHe AvdepeHIjialbHe DiBHIH-
Hfl, XapaKTepUCTHUYHE PiBHSIHHS.
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PISHOMAHITTA IMIAXOOIB JO ITMTAHHA ITPO
BUBEJAEHHA PIBHAHHA JIPAKA

IpexncraBneHo 26 BapiaHTiB BuBOAY piBHsIHHS [lipaka, siki 6a3yt0oThCs Ha pi3HMX (i3MYHMX MPUHLMUIMAX i Marema-
THUHKUX (popmanizmax. HaBeseHO Tpu opHriHa/bHI MiJX0AX aBTOPIB [0 BHpilIeHHS L€l 3ajjaui: y3arajbHeHHsS BU-
Bogy I. Cannrodepa, orpumanHsi 6e3mMacoBoro piBHsiHHS [lipaka 3 piBHSIHb MakcBe/la y MakCUMa/lbHO CHMETpH-
yHili popwmi, BuBiz piBHSHHS [Tipaka 3 HEHY/IbOBOK MacoO) 3 PeJIITUBICTCHKOI KBAHTOBOI MeXaHiKu ybieTa ¢pepmioH-
aHTU(EepMiOH CriiHiB s = 1/2. 3anoyaTKoBaHO AeMOHCTpaLLi0 poti piBHsHH [lipaka y cyuyacHiit TeopeTHuHiH (isuri.
KirouoBi cioBa: piBHsiHHS [lipaka, CITiHOpHe T0Jie, KBAHTOBA MeXaHiKa, Teopist MoJisl.

Bctyn

PiBHsinHs [ipaka roHaz 90 pokis (1928-2018)
€ OJIHMM 3 OCHOBHMX PiBHSIHb TEOPETHUYHOI (hi-
31KM. VIoro 3acTocyBaHHSI BXKe [JaBHO BMIILIO
Jla7IeKo 3a MeXKi KBaHTOBOI MeXaHiKU, KBaHTOBOT
Teopil Mo, aToMHOI Ta sifiepHoi (i3UKH i ¢pi3u-
KUV TBEPZOIO Tija.

BiiyuHuii BUBiZ, TOTO UM iHIIIOrO PiBHSIH-
H$1 MaTeMaTUuHOi (hi3uKY € MepiIuM KPOKOM /10
HOro yCHiLlIHOTO 3aCTOCYBaHHS, aJKe KOYKeH Ta-
KUl BUBiJ| 0a3yeThCsi Ha PyHAaMeHTaTbHUX Ma-
TeMaTUYHUX TIpUHLMMAX i (Qi3MUHHUX OCHOBAX
Bi/inmoBiiHOT Mojieni ¢hi3uuHOI peasbHOCTI.

Beryn no posrnsagy piBHsaHHA [lipaka cra-
HOM Ha CbOrofiHi Hasiuye Oinsg 30 pisHOMaHi-
THUX MiJXOAIB JIMILIe A0 3a/ayi BUBOAY LbOTrO
piBHsIHHA. Hrkue MU ripeCcTaB/isieEMO OCHOBHI
TOJIOKEHHS 26 3 HUX, Y TOMY YMCJIi i TPX Halli
BJIaCHi OpUriHa/IbHI BUBOJMU.

MiniMyM HeoOXiJHMX MO3HAYeHb
Cucrema ofuHMIb h = ¢ = 1. MeTpuKa g =

(¢") = (+ — ——), a* = g"a,, N0 iHAEKCY,
1110 TIOBTOPIOETHCS ABiUi, — CYMYBaHHSI.
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PiBHaHHA [lipaka /111 BUIBHOT'O MOJIS:

(i9" 0y — m) P(x) = 0, (1)

ez € M(1,3),0, = 9/0z", n = 0,3, =
1,2,3; M(1,3) = {x = (2#) = (2° =
t, @ = (27))} — npocrip-yac MiHKOBCHKOTO,
a 4-KOMIIOHeHTHa QYHKLisl ¢ (x), B3arasi Kaxy-
UM, HaJIeXKUThb OCHallleHoMy rpoctopy I'iboep-
Ta $** C H3 C S$**. Tyr S** — mpocrip
ocHOBHMX QyHKLil I[1Bapua, a S*** — npocrip
y3aranbHeHuX (yHKuiM [lIBapiia. 3ayBakumo,
11J0 Y KBAHTOBO-MeXaHIUHUX TeopisX, /e yacoBa
3MiHHa Biflirpae posib rapameTpa, CJ1iJj BUKOpU-
cToByBatH came mnpoctip S3* C H3* C S34%,
ofHaK y ¢opmMa’ii3mi sIBHO KOBapiaHTHOI Teopil
10J1s1 OCHareHu# npocTtip 'inpbepra BubHpae-
Mo y Buragi St ¢ H* ¢ S***, Marpuni [i-
pakKa, siKi 3a7I0BOJIbHSIOTH aHTUKOMYTal[iHHUM
criBBigHOMmeHHsM anredpu Kriddopaa, Bubu-
paemo y npezcrasienHi dipaka-Ilayi

70_‘1 0' ,Yf_‘ 0 o
B ) S O T =gt 0|’

(2
C=1,2,3, A"+t = 29",

ne o — cranpaptHi Matpui [ayoi.
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Bigowmi i maoBijgomi migxoau

OueBHzHO, 1[0 hepwuull 8UBIO HAEXKUTh CaMO-
my Ilomo [ipaky. Buknagku erko 3HauTu y
cratTi [lipaka 1928 p. i fioro Mmonorpadii [[1].
Baun dep Bapden ma Cakypai, [vB., Ha-
npukiaj, [2], gonoBHuM GopmanisM BUBOLY

[ipaka BUKOPUCTaHHSAM [OAATKOBOIO CITiBBiJI-

woutenns (o - ) (0 - ) = P2 i, Kinueso,

thakTopusarieio y Bursigi (p° + @ - P)(p° —

7)) =m?

CyuacHoro BUTIAY ¢hakmopu3ayis one-
pamopa Knelina-I'opooHa HabyBae y H.H. bo-
eomoboea ma /I.B. I11upkosa [3]

—0%0, +m?,
3

Jle BUKODUCTaHO TaKOXX aHTUKOMYTalliliHi CIliB-

BigHOwweHHs anre6pu Kiiddopaa (2).

BuBig piBHsHHA [lipaka 3 eapiayiliHo-
20 npuHyuny HaiMeH1oi Aii Evnepa-Jlarpanka
TaKOXX JIETKO 3HauTu y [B].

Y monorpadii JI. Patigepa [4] (apyre Bu-
JlaHHS) laHe DiBHSIHHS OTPUMAaHO 3 SIBHO KO8d-
piaHmHux mpaHcgopmayiliHux eracmusocmeil
4-komMnoHeHMHo20 cniHopa. ABTopH [5] cTBep-
IDKYIOTb, 11]0 3yMUJIU CyTTEBO MOKPALLUTH BUBI/
JI. Paiiznepa.

Bugig piBHsHHA [lipaka 3 nepgicHux 2eo-
MempuyHuUX eaacmugocmeli npocmopy uacy i
e/1eKmpoHa pa3oM 3 IIHUPOKUM OOTrOBOPEHHSIM
reOMEeTPUYHMX TIPUHIUIIB TMOOY0BU Teopii
e/IeKTPOHA € 0CHOBHHUM 3MiCTOM MOHorpadii X.
Kennepa [6]. BukopucTaHo ifiei BUC/IOB/IEHi I1je
y 1929 p. B.O. ®okowm i [I./1. [BaHeHKo 11po reo-
MEeTPUUHUM CeHC y-MaTpulp Jlipaka.

Y paMmkKax TeopeTHMKO-IpyNoBOro MiAXo-
Iy 10 (i3UKM efleMeHTapHUX YaCTUHOK PiBHS-
HHA [ipaka cnigye 3 kaacugikayii bapemaHa-
Bienepa enemeHmdapHux 4acmMuHOK [OBITBHOL
MacH i CIliHa Ha OCHOBI He3BiJHUX IIpe/iCTaB-
nenb rpynu IlyaHkape, fuB., Harpukaag, [[7].
'amisibTOHIaH [lipaka BiAIOBiZja€ He3BiHOMY
TIpe/ICTaB/IeHHIO L€l TPYIH, sSIKe XapaKTepusy-
€TbCSI BIACHUMU 3HaueHHAMU m > 0is = 1/2
BiAnoBigHUX oneparopis Kasimipa.

Pipusas [lipaka ([) € uacmunnum eu-
naokom pieHsiHHA bapemaHa-BieHepa [8] pns
TOJIiB IOBiIBHOTO CIiHa. HecksiagHe BUMNMcCyBa-
HHSI YaCTUHHOTO BUIAJKY LIbOrO PiBHSHHSA JJI51
criiHa s=1/2 npuBOAUTE 25 - 4-KOMITOHEHTHE PiB-

(iv"0, —m) (iv"0, +m) =

HsiHHA baprmana-Birnepa 10 4-KOMIIOHEHTHOI'O
piBHAHHSA [lipaka. OfHaK Takui BUBiJ, piBHS-
HHs [ipaka € felll0 YMOBHUM, aJke PiBHSHHS
Baprmana-Biraepa 0y/10 BBeIeHO B pO3IJIsi SIK
25-4-KOMIOHEHTHe y3arajbHeHHs piBHsAHHA [i-
paka.

Y Bigomiii pobori JI. ®osngzi i C. BoyTxaii-
ceHa [9] nerko nmobauntu obepHeHy /10 Biomo-
ro OZJHOIMEHHOIO MepeTBOPEeHHS 3a/auyy — 6U-
8i0 pieHsiHHA [[ipaka 3 KAHOHIUHO2O DIiBHSHHS
dondi-BoymxaticeHa.

IHTpuryrounii BuBiJ OyB 3armporoOHOBa-
HUll Piuapoom @elinmaHom (Asis BUTIAAKY
SO(1,1) anrebpu 3 OAHMM TIPOCTOPOBUM i
OJJHUM UYaCOBHMM BHMipamH) i OyB chopMy/bo-
BaHMH fK 3a37laua y ¥oro kHu3i 3 A. I'i66com
[10]. Leit migxis ctaHOM Ha CHOTO/HI KiTbKOMa
aBTOpPaMU MPOJOBKEHO [I0 3arajJibHOrO BUMA/-
KY, KOJIU iHTerpas mno TPaeKTopii MiCTUTh y3a-
rajibHeHHs1 00pizaHoi Mofesti delinMaHa Ha 3+1
IIPOCTOPOBO-YaCOBI BUMIpHU.

HecnopiBaHi HeTpauLiiHI BUBe/IeH-
HA

MaOyTb TepmyM TYT CiJ] 3rafiaTd aBCTPil-
cbkoro BueHoro ['aHca Cannrodepa (ofHOro 3
yuHiB Epsina IllIpeginrepa), sikuii J0BIiB TBep-
IokeHHs [[11], m0 mampuuHe MHOJiCEHHS pies-
HSIHb eleKmpoouHamiku Makceena y cepedogu-
wi (6e3 cTpymiB i 3apsiaiB) Ha BekTop Ilaysi
7 = (o',0% 0°) dae 6eamacose cmayionapHe
pieHAHHA [lipaka. He 3ynUHAOUUCE Ha LIbOMY,
a B3SIBILIY CBiM pe3y/sibTar 3a OCHOBY, BiH BBIB y

po3IIsiy TpeAicTaBeHH s (TyT h # ¢ # 1)

e(T)=1—((T) —me?) [hw,
p(T) =1 (& (T) +me?) [hw,

JUIs1 e7IeKTPUYHOI i MarHiTHOT MPOHUK/IUBOCTeN
cepegopuma, ¢ (7') = —Ze?/ | 7’| — 30BHimHe
KYJIOHIBCBKe I1071e. Y IKOCTI KiHI|eBOI'O pe3yJib-
taty B [12] dopmyny 3ommepdenspa-lipaka
JUIsl TOHKOI CTPYKTYPU CIleKTpa BOJHIO Oysio
BUBEJIEHO 3 PiBHSHb MakcBesna y cepemoBUILi
(@ (Bnepe micns [lipaka 3 MPUHLIMIOBO iH-
IIOT0 piBHSIHHS i HaBiTh O3 amestoBaHHS [0
KBAaHTOBO-MeXaHiUHUX MPUHLUIIB). TakuM uu-
HOM, po6otu [[11},[12] MicTTE 3HaUHO GisTbIIIe iH-
dopmatiii, HiXk pocTo BUBIJ, piBHSIHHS [lipaka 3
piBHAHbL MakcBena.

(4)
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Y pob6ori [[13] moka3aHo, 1110 pensITUBICT-
CbKe PiBHSIHHA /11 YACTUHOK 31 criiHoM 1/2 Mo-
ke OyTH OTPUMaHO PO3LIMPEHHSIM Teopil cToxa-
CTUYHUX MPOLIECIB HA OIUH KPOK 3a MeXi Teo-
pii KoMIUIeKCHUX Mip. BBefeHo B po3misz, mpo-
LleCU Ha OCHOBi KBaTepHIOHUX Mip, a pIBHAHHA
ipaka susedeHo 3 pigHsHHSA JlaHicegeHa 0
0803HauHUXx npoyecig. TakuM UMHOM, 3aIIpPOMO-
HOBaHO TpsSIMUN BUBIiZ piBHSHHS [lipaka uepe3
KBaTepPHIOHHI MipH.

Agrtop [14] BuBoauTH piBHSIHHSA [lipaka i3
3aKoHy 36epediceHHsi cmpymy cniHa 1/2. Bumo-
ra, 1[0 Taku cTpyM criHa 1/2 36epiraerbcs,
TIPUBOJIUTD /10 OJHO3HAUHOI (pikcarii JIopeHI-
IHBapiaHTHOTO PIBHAHHSA I PEJIATUBICTCHKO-
ro rnosis criHa 1/2. fkio tak, To YyuM BUfie-
HUIA 3aKOH 30epe)keHHsI CITIHOBOTO CTPyMY Y TTO-
PiBHSIHHI 3 iHIIMMU BeTMUMHAMH, 110 30epira-
10TbCSA? JIOriyHO OYiKyBaTH yCHIIIHKUX BUBOZIB
piBHsiHHSA [lipaka i 3 iHIIUX 3aKOHIB 30epe)keH-
Hs I CriiHOpHOro novis. Haragaemo, ix icHye
10 e BHacnifok IlyaHkape-iHBapiaHTHOCTI
piBHsiHHS [lipaka, TakoX BifjoMo 6araTo rnpuxo-
BaHUX cuMeTpil [[15] Liboro piBHsHHS, i J0Aa-
TKOBHX, IPUXOBAHUX 3aKOHIB 30epexeHHs [[16],
y ToMy uucii i 6030HHUMX BenuuuH [[17], 1o
30epiraroThCs. 3MiCT HaIlIUX KOMEHTapiB eI
MIPUMEHILY€ 3HaueHHs BUKazeHoro y [14] mia-
X0zy.

Y [18] npencTaBiieHo BUBif piBHSIHHS [i-
paka 3 OCHOBHO20 piBHSIHHA npoyecy IlyaccoHa
Ha OCHOBI aHa/IITUYHOIO NPOJOBXeHHs. BUko-
HaHO y3arajibHeHHsI Ha BUIAJ0K PyXy 4aCTHH-
KU y 30BHIilIHbOMY T10J1i. [I0Ka3aHo, 1110 TaKuM
YMHOM Yy3arajibHeHe OCHOBHe PiBHSIHHS IIpOLie-
cy IlyaccoHa TicHO 3B’si3aHe 3 TPbOXBHUMipPHUM
piBHAHHAM /[lipaka y 30BHILIHBEOMY ITOJIL.

CyTb MeTOZRy, pejicTaBieHoro y [[19], no-
Jsira€ 'y BUBOZI piBHsAHHA [lipaka 3 mak 36a-
HO20 peasmugicmcbKo20o 0py2020 3akoHy Hbio-
moHa. OHaK, [Jid L[bOr0 aBTOP MPOMOHYE LTy
HHU3KY CBOIX BJIaCHHMX O3HaueHb, MOHSATH i, Ha-
BiTb, crierfia/ibHuX Mogeseid. [TobynoBaHo dop-
MaJjii3M, 110 3B’SI3y€ TaKy crieljiajbHy (hopmy
PensiTUBICTCHKOI MeXaHiKM 3 KBAHTOBOIO MeXa-
Hikoro. BuBij piBHsiHHsA [ipaka 37ilicHeHO ca-
Me y paMKax Takoro creuudiuHoro dopmarti-
3My. ABTOp BBOAUTH Y PO3IVIsAZ KOHLIETIL{IF0 I10-
7151 LLIBUJJKOCTEH, a piBHAHHA [lipaka BUBOJUTS i3
BiIMOBIJHOTO MOJILOBOTO PiBHSIHHA. OUYeBUHO,
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110 SKeCb Ba)K/IMBe [NOCATHEHHS TYT CK/aJHO
ouikyBartu. Take Bpa>keHHs, 1[0 aBTop [[19] mry-
Ka€ y3ro/pKeHHs1 CBOTO Tiiixony 3 Aobpe arpo-
6oBaHo0 Moze/uTo [lipaka.

[Ile oguH 2eomempuyHull 8uUBI0 pPIiBHSH-
Ha Jipaka 3Haxopgumo y [20]. ABTOpU pO3I/Is-
Jlat0Th YaCTUHKY 31 CIiHOM 1/2; 1110 pyXaeTbCcs
3i MIBUAKICTIO CBiT/Ia y KyOiuHii ITPOCTOPOBO-
yacoBili rpaTii. Maca 4YaCTUHKMU CIPUUYMHIOE
repeBepTaHHs 0araTOKOMITOHEHTHOI XBU/TbOBOI
¢byHKLil Ha finsgHkKax peluiTky. [TounHaroun
3 AudepeHLia/IbHOTO DPIiBHSIHHSA [JI1 BUIMAJKY
OJHOTr0 IPOCTOPOBOIO i OJHOIO0 YaCOBOI'O BU-
MipiB, aBTOPH y3arajibHIOKTh MigXi/ 40 BULLIUX
BUMIDiB. PO3I/ISTHYTO TakoX B3aEMOZil 3 30B-
HIIIHIMWA eJIeKTPOMAarHiTHUM 1 TpaBiTalliiHUM
nonsiMy. BigmiueHo, 110 ifest Takoro BUBeJeH-
HS IPDYHTYETBHCA Ha crioctepexxeHHi [lipaka, 1o
oriepaTopyd MUTTEBOI IIBUJKOCTI (pepMioHa 3i
criiHoM 1/2 MaroTh BJ/IaCHI 3HaueHHs c. 3ayBa-
JKUMO, 1110 CbOTOZHI 1ie¥l (PaKT pO3I/isfaeTbCs
K HeJOJIiK KBAaHTOBO-MeXaHIYHOi iHTepripeTa-
1jii piBHsAHHSA [lipaka, KWl IPOZ,eMOHCTPOBaHO,
TOSICHEHO i Briepiile Tiofjos1aHo y [9]. Ha reome-
TpUUHUM miaxig Poka, IBaHeHko, Kenepa [6]
aBTOPY He MOCHJ/IAKTBCS, OUEBUIHO, L0 1ie pi-
3Hi miaxomu. Heponikom miaxoay [20] € anesnto-
BaHHS [I0 TAaKUX peyeit K LIBU/IKICTb +¢ MaCUB-
HOro (hepmioHa.

Astopu [21]] nponoHyTh 8ugOOUMU piB-
HAHHA [[ipaka 3 2eo0e3uuHo20 pieHsiHHA. s
LIbOTO BUKODUCTOBYETbCSI MaTeMaTUYHUM iH-
cTpyMeHT GikBaTepHioHiB I'aminibToHa. Takwii
BUBI/] € YAaCTUHOIO pO3p00IIIOBAaHOIO aBTOPAMU
B/IACHOTO TiJXOAY, 1110 06a3yeTbCsi Ha 3aCTOCY-
BaHHi Teopil MaciTabHOI iHBapiaHTHOCTI, rTepe-
(dhopMyntoBaHHI KBAHTOBOI MeXaHIiKM Ta CreLy-
¢iuHKX ysiB/IeHb PO MPOCTip-yac.

M. EBaHc [22] 3ariporioHyBaB B/iacHe 3a-
rajibHO KOBapiaHTHe Nno/bo8e pigHAHHS 0/151 ONuU-
cy 2pasimayii ma enekmpomdzHemusmy, Tpe[-
CTaBMB WOr0 y TepMiHax CHiHOpa i OTpUMaB
piBHsiHHA [lipaka mic/s repexozy A0 IJIOCKOro
npocropy EBkiifa.

ABTop [23] crmoyaTky BU3Ha4a€ KOXKHY
B/aCHY (PyHKI[it0 3B’513aHOI YaCTKU SIK CIeLy-
(biuHy cymnepriosuiiito MI0CKUX XBUTbOBUX CTa-
HIB, 1110 38/I0BOJILHSE yCepeJHeHOMY eHepreTu-
YHOMY CIiBBifHOLIeHHIO. [Tic/ig 1boro piBHSH-
Hs1 peninrepa i [lipaka (y 30BHIlLIHBOMY TIO-
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JIi e/IeKTPOMAarHiTHOrO TOTeHLliasly) OTPUMaHO
SIK 0OOHO3HAUYHI YMO8U, 5IKI X8U/1b08A (PyHKYis no-
BUHHA 3a0080/MbHAMU 8 KOXCHIll mouyi, 11100 BU-
KOHYBAaJI0Ch BIi/ITIOBi/JHe DIBHSHHS [1Jis1 €Heprii.

Bugig piBHsHHA [lipaka rpejcTaB/ieHUM
y [24] pakmuuHo 6a3yembcs Ha pakmopu3zayii
onepamopa Kneiina-T'opdona (). o cyTi po-
GapsieHO JIMIlIe 30BHIIIIHE TpaBiTallilfiHe roe.

Y pob6oti [25] pieHsHHS [lipaka BuUBe-
JIeHO Ha OcHOo8i KoHGopmHOI OugepeHyianb-
Hol 2eomempii. BcTaHOB/IEHO, 1110 PiBHAHHSA
TamineroHa-fko6i A/ yacTKu Moxke OyTH -
Heapr30BaHO, TOYHO i B 3aMKHYTii ¢dopMi, 3a
JIOTIOMOTOF0 aH3al[HOTO PO3B’SA3KY, IKHUM MOXKHA
Ge3rocepeiHLO iHTEPIIPETYBAaTU SIK KBAaHTOBY
XBU/IbOBY (DYHKIIitO (4-CIiHOD) pillieHHsT piBHS-
HHA [lipaka. Bci KBaHTOBI O3HaKU BUHUKAOTh
B pe3y/bTaTi TOHKOI B3aeMo/jii MiXK KOH(OPM-
HOI0 KPUBHM3HOIO, L0 /i€ HA YaCTUHKY SIK I10-
TeHL[ias/, i pyXy YaCTWHKH, I1]0 BIUIMBAE Ha Ta-
Ky FeOMeTPUYHY I0TeHLia/IbHICTh, TTI0B’A3aHy 3
KOH(OPMHOI0 KpUBU3HOMO. B pe3sysnbrarti piBHS-
HHA [lipaka BuBefeHo y Bumsigi: Dy D 1y =
D_Dy v =0,Dy =~+"(i0, — eA,) £m.

HemonaBHo B [26] Oyno mipencrariie-
HO BUBEJIeHHSI DiBHSHHS [lipaka 3 npuHyunis
0b6pobKu iHgpopmayii. be3 3acTocyBaHHSI PUH-
LIUITY BiJHOCHOCTI MOKa3aHo, sK piBHAHHSA [lipa-
Ka B TPbOX IIPOCTOPOBUX BUMIipax CJiJYe€ 3 IIU-
pokoMaciTabHOI AWMHAMIKM MiHiMa/lIbHOTO He-
TPUBIAJILHOTO KBAaHTOBOTO KOMIDKOBOTO aBTO-
Mara, 110 3a/0BOJIbHSIE BUMOraM YHITapHOCTI,
JIOKaJIbHOCTI, OZHOPIJHOCTI i AUCKPEeTHOI i30-
Tporii. PiBHaHHA [lipaka Mae micLe A1 Maaux
XBUTbOBUX BEKTOPIB i iHepIiiHKX Mac, ToAi SK
JIopeHILI-KOBapiaHTHICTb 3HUKAE B y/bTpape’isi-
TUBiCTCHKIN Mexi. TakiM UMHOM, aBTOMAaT MO-
)KHa pO3IJIAZaTH sIK MOJiesib, 1110 YHi(ikye mac-
mrtabu Bif [nanka go ®epwmi.

Ham BHecoK

KopoTko po3rnsinemMo Tpu OpUWriHaabHI BUBO-
v piBHsHHA [lipaka, siki Oysi 3amporioHoBaHi
Y’KIOPOZCbKMMY BUEHUMU.

I. Y3aransHenHs BuBogy I'. Canirodepa

Y po6ori [27] iges I. Cannrodepa [[11] y3aramb-
HeHa Ha BUIIQJOK HeCTAalliOHapHOTO PiBHSAHHS

[ipaka i npejcraBieHa y paMKax LIJIKOM iHa-
KIIOro opmasiamy. OCHOBHe TBep/)KeHHS T10-
JISITa€ y HAaCTYITHOMY.

PiBHsiHHST MakcBesia y TepMiHax Harpy-
JKeHOCTeMn ﬁ, ﬁ €/IeKTPUYHOI0 Ta MarHiTHOrO
TOJIiB (TYT LUBU/JKICTh CBIT/NA C, £, [L — €JIEKTPHU-
YHa i MarHiTHa NMPOHUK/IUBOCTI Cepe/jOBHIIA) Y
BUIJISIZL

anﬁ —culH =0, divE =0,

%aoﬁ +eulE =0, divH =0,

)

C1iyroTh 3 piBHsAHHA [lipaka (m = 0), 3anuca-
HOT'O HACTYITHUM YHHOM

_ ¢el — 0

c at} ’

el 0
T (T )
(6)

_>
Y = col(i B3, i(E* +iE%), H* H' +iH?).

1o

d =",

3 (B), () oueBnaHO, 1m0 MHOXMHA PO3B’SI3KiB
piBHsHE Maxceenna (B) e migMHOKMIHOIO
po3p’s3kiB piBHsHHs [lipaxa ([) 3 m = 0. Tomy
obepHeHe TBep/>KeHHS PO Te, 1110 piBHAHHSA [li-
paxa () 3 m = 0 crnigye 3 piBHsSHL MakcBenna
(B) He € HacTinbKM Ge3nocepeHiM. OKpiM TOTO,
110 CJTiJ] TIOKIACTH € = j1 = 1, HeoOXiTHO TaKOXK
JIOTIOBHUTH 4-KOMIIOHEHTHUM BEKTOP-CTOBIELlb
¥ i3 (B), sKMii MicTUTB 6 ZJiiCHMX KOMIIOHEHT,
[0 CTaHJAapTHOTO 4-KOMIIOHEHTHOTO CIiHOpa
Hipaka, SKUi MiCTUTb 8 AIMCHMX KOMIIOHEHT.
Y [27] HaBeseHO TaKOXK TOBHMM Habip mepe-
TBOpeHb TUITy ctoBnus ¢ i3 (f), uncio Takux
TepeTBOPeHb — BICIM.

Po6orta [28] nmpucBsiueHa 3B’ 513Ky BiIbHUX
piBHsiHE Makceenna (B), ko ¢ = pu = 1,
3 6e3macoBuM piBHsAHHAM [lipaka. ¥ [28] go-
C/I/PKEHO CIIiBBiJHOIIIEHHS MK TaKMMU Xapa-
KTepUCTHMKaMHU Bi/IbHUX piBHSAHb MakcBesia Ta
Hipaka 3 m = 0, gK jarpaHxeBi MiJAXoAu, 3a-
KOHU 30epe)keHHs], cuMeTpii Ta po3B’s3ku. I.
Cannrodep [11] Ha3BaB cBiii pe3ynbTar sik M/I1
— Makcsenn-Zlipak isomopgism. HaBitek 3 Ko-
POTKOrO pO3IVISiZly BUILle, OYEBUZHO, L0 Ma-
TeMaTUYHUM i30MOpQi3M TyT He Mae€ Micle.
Mu BUKOPUCTOBYBa/IA TaKi TEPMiHM $SIK 3B’ SI3KU
MiX piBHAHHAMU MakcBessia Ta [ipaka, B3ae-
MO3B’I3KY, CITiBBiJJHOLLIEHHSI MK LIUMU PiBHS-
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HHsMU. Y orsiai X. Kennepa [29] pesynbra-
TH, nipeAcTaBneHi y [11, 27, 28], Ha3BaHO 8i0-
obpadiceHHsAM ¢opmanizmy Makceenna Ha op-
manizm Hipaka.

II. BuBij 3 piBHAHb MakcBe/yla y MaKCH-
MaJ/IbHO CUMeTpHYHIN (opmi

Harapaemo, mo /Ix. K. MakcBenn BUBIB CHU-
CTeMy pIiBHSIHb [/l OIUCY eJIeKTPOMAarHiTHUX
SIBULL] HA OCHOBI y3arajJbHeEHOro 3alucy BCiX
BiZIOMUX 3aKOHIB eyieKTpogvHamiku Papajes,
Awmriepa, Bebepa i T.71., @ TaKOXX 3 PUHIUITY CU-
MeTpii. [To aHanorii 3 izesmu Makcesina y [30]
BUKOPHMCTOBYETHCSI MOYK/IUBO HaMOisbII cUMe-
TpuuyHa ¢opma piBHSHb MakcBera, 1[0 Mae
256 BumipHy anrebpy inBapiantHocri [31]. Ca-
Me Taka ChcTeMa PiBHsIHb MakcBeslia BUSIBJISI-
€ThCsI Oe3rmocepeIHLO TIOB’sI3aHO0 3 Ge3Maco-
BUM piBHsAHHAM [lipaka [32].

CyTb HalIoro TBep/pKeHHs HaCTyIHa.

PiBHsiHHST MakcBeJiia 3 ryCTUHaMU CTPy-
MiB i 3apsiziB rpagienTHoro tuny (E°, H° - cka-
JISIPHI TI0/1S1 PO3MipHOCTI Harpy»kKeHOCTel)

803 — curlH — gradE°,
80ﬁ — _cullE — grad H°,
leﬁ = —80E0, leﬁ = —80H07

()

Ge3nocepeHbO CITiAYIOTE 3 piBHSAHHA [lipaka
() (mpu m = 0) BHacmigoK migcTaHOBKM B
iv"0,1)(z) = 0 BeKTOpa-CTOBMILIS

E? +iH°
E' +iE?
Z'H3+EO )
—H?+iH!

Y= (8)

a piBustnaa [ipaka () (3 m = 0) Ge3mnocepe-
IHBO Crifye 3 piBHsIHB Makcsesa ([) BHacsi-
0K 0bGepHEHOro TepeTBOopeHHs i 3aminu y ()
BiciMKM (hiKCOBaHMX e/IeKTPOMAarHiTHUX (yH-
KL (ﬁ, , E°, HY) Ha BiciM 10BiIbHUX fili-
CHUX KOMIOHeHT 4-criHopa [lipaka (m = 0).
Ha BigmiHy Bif ¢opmanisamy 3 mnyH-
KTy | 1bOro po3ziny, TyT MaeMO B3a€EMHO-
OJTHO3HAUHYy BIiJMOBIJHICTE MiXK PO3B’S3KamMu
piBHsiHb MaxcBenna (7) i piensians Hipaka (1)) (3
m = (), 1J0 CYyTTEBO CIPOLLY€ BUBIJ, OCTaHHbO-
ro. [Tpo Bo3e-cumeTpii 6e3MacoBOro piBHSIHHS
Hipaka Ta ®epmi-cumeTtpil piBHsIHE MakcBesuia
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(@), a Takox mpo iHmIi criopisHeHi pesynkTaTy,
nuB. [B0-32].

I11. BuBip piBHsaHHA [lipaka Ais CiHOPHO-
r'0 MOJIsl 3 Pe/IATUBICTCHKOI KBAHTOBOI MeXa-
HiKH Ay0sieTa pepmion-anTudgepmioH chiHiB
s=1/2.

PensTuBiCTCbKE KBaHTOBO-MeXaHiuHe pPiBHSH-
Hs1 pyXy AyOseta depMioH-aHTH(EPMiOH CITiHIB
s=1/2 mae BurIsAzg:

fl
2

0, (x) = Vim® — Af(z), f= jﬁ )
f4

Mogesns ¢hi3nuHO1 peanbHOCTI, sika 6a3yeThCs Ha
LIbOMY piBHSIHHI, PO3IVIilyBAHOMY Y OCHAILleHO-
my npoctopi Timebepra S*4 c H3* C S34*,
MU Ha3UBAEMO PeJIITUBICTCHKOI0 KAHOHIUHOKO
KBaHTOBOI MeXaHiKOI PO3IJIsi[yBaHOTO y0iie-
Ta, OCKIJIbKA BOHO Oe31ocepeiHbO OB’ si3aHe i3
Pe/IATUBICTCHKUM CITiBBIJHOLLIEHHAM MK eHep-
riero, iMmy/sbCcoOM Ta Macorw 4acTUHKU. Came
piusiHEs (H) Ta ioro ysaranbHeHHs Ha crii-
HOBUH Ay0/ieT yaCTUHKa-aHTHUACTUHKA JI0Bi/Tb-
HOI PO3MIpPHOCTI MU 3alpoIIOHyBa/ld Has3uBa-
TH [B3] piBHsHHAM Lpeninrepa-Ponai. OpHo-
KoMroHeHTHe piBHauEs (), AuB., HaNpUKzaz,
[B4], Ha3uBalOTh Tako)K Ge3CITiIHOBUM piBHSH-
HssM Cautriitepa abo piBHsHHsAM mpotiecy Jle-
Bi [B5]. JeranbHime npo piBHsHHS (§) Ta npo
PensTUBICTCbKY KAHOHIYHY KBAHTOBY MeXaHIKy
nuB. y [36].

Harue TBepyKeHHsI HaCTyITHe.

PiBHssHHS [ipaka 3 BiIMiHHOIO BiJ HYyJIs
Macoro 3arucase y dopmi ["amineroHa

i00(z) = (V7 - T +"m)y(x)

cninye 3 piBusiHas () y pesynbrari oneparop-
HOTO N1epeTBOPEHHS], sIKe 3a/Ja€ThCsl MIPOZIOBIKe-
HuM oneparopom Posngi-Boyrxaiicena V' pns
OI1epaTopiB y aHTUEPMITOBIH (opMi

V(0o +iw)V ™ =00 +i(7"F - T +1°m),
¢Dirac(x) — VfSr—Foldy($)’ (10)
new = v—A+m?= /7?2 + m? Oneparop

V' mae Burnsg;
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10 0 O
W' +w+m|0 1 0 0
2w(w+m) | 0 0 cC 0|
00 0 C
i 3agoBomeHsie ymoBam VV ! = V-V =

[. TyT onepaTop KOMILIEKCHOTO CIIPSPKEHHS
Cy! = ', (oneparop iHBomOLii y MpocTo-
pi T'ine6epra H*1). O6eprene a0 ([L0) neperso-
PEHHSI TAKOXK CMpaBe/lJIiBe i MepeBOAUThL PiB-
HsAHHA [lipaka [/ BIJIBHOIO CIIIHOPHOIO I10-
JI1 y PiBHSIHHS (E) PensTUBICTCHKOI KAHOHIUHOL
KBAaHTOBOI MeXaHiKu Ayia Ayonety ¢epmioH-
aHTAdepMioH criHiB s = 1/2.

BucHoBku

[IpencTaB/ieHO OpUTiHA/IBHI JOC/II)KeHHS TaKO1
BaX/IMBOI 3a/ladi CyyacHOI TeOpeTU4HOi ¢i3u-
KM 5IK BUBIJ| piBHSIHHA [lipaka. [IpomemoHcTpO-
BaHO HaMpi3HOMaHITHIiII MigXoau i arientoBa-
HHS [0 He3ajie)XKHUX MaTeMaTUuHuX ¢opmarti-
3MiB, 30KpeMa, BUBeZleHHs1 piBHAHHA [lipaka 3
npuHLMMiB 06pobku iHpopmariii, abo oTpuma-
HHSl LIbOTO PIiBHSIHHS Ha OCHOBI KOH(OPMHOI
nvdepeHLiiasibHOI reoMeTpii (BCboro 26 pi3HUX
MeTOJiB).

BizgmiueHo cyTT€BHI BHECOK Y AaHY IIPO-
OremMaTvKy BUEHMX 3 Y)Kropoja, a came: y3a-
rasibHeHHs1 BuBoAy I. Cannrodepa, abo Bia-
obpakeHHs1 dopMamisamy MakcBe/uia Ha op-
Manism [lipaka; oTpuMaHHsI 6€3MacoBOro piB-
HaHHA [lipaka 3 piBHSHb MakcBesia y Makcu-
ManbHO CUMeTpPUYHIN (hOpMi; BUBIJ, PIBHSHHS
[ipaka 3 HeHy/JIbOBOKO MaCOK 3 pe/sTHUBICT-

10 0 O

vl 01 0 0|—-ivOr+w+m
00 C 0 2w(w +m)
00 0 C

CbKOI KBAaHTOBOI MexaHiku Aybmnerta depmioH-
anTudepmioH criHiB s=1/2. HasiBHiCTb Be/IMKO1
KIIBKOCTI Pi3HUX MeTOZiB BUBOLY piBHAHHA []i-
pakKa CBiJUMTb MPO Ba’kK/IMBY POJIb L[bOTO PiBHS-
HH$ y i3ulLli CbOro/ieHHs.

BukoHaHul aHai3 /la€ MOXX/IMUBICTb MO-
PIBHATHU pi3Hi MeTOAU BUBe[eHHS PiBHAHHSA []i-
paka. Mo)X/1MBO HAWIPOCTILLUM € TpeJCcTaBIe-
HuM y [B] migxig Ha OCHOBI cTapTy 3 PiBHSIH-
Ha KreliHa-T'opioHa. Asile Takvl BUBIJ Tepe-
cTae OyTH TIPOCTUM, SIKITIO /I/1s1 [TOUaTKy 000CHO-
ByBaru came piBHsIHHSA KieitHa-I'opzona. Llika-
Billle MOPiBHIOBATH (PyH/AaMeHTabHICTh Pi3HUX
BUBO/B, iX (izuuHe Ta dinocodcrbke 3HaueH-
Ha. Togi cig 3ragatu [B3], ae piBHsiHHA [ipa-
Ka BUBE/|€HO 3 PeJISTUBICTCHKOI KAHOHIUHOI Me-
xaHiku ny6sera ¢epmioH-aHTH(EPMIiOH, sKa €
OiTBII PyHAAMEHTATBHOK MOZe/T0 (i3uuHOT
peasibHOCTI Hi>XK MoziesTb [lipaka CriiHOpHOro mo-
7. Ha KiacuuHomy piBHi. OpHak HaudyHaa-
MeHTaJIbHIINM, OecriepevHo, € BUBIi/ pPiBHSH-
He Jlipaka 3 npyHLuMNy HaiimeHIUoi Aii Eiiepa-
Jlarpanska y 3aCTOCyBaHHi /10 KJIaCUYHOTO T10JIs1
CITiHOPIB.

ABTOpPU CMIO/IBatOTHCS, 1[0 CTATTS BUKIIN-
ye iHTepeC He JIMILIe HAYKOBLiB, ajie i BUK/Ia/a-
uiB By3iB, fIKi IOTYIOTb JIeKL{ii 3 KBAHTOBOI Me-
XaHIKM Ta KBaHTOBOI TeOpii MoJist, 3HaJOOUTHCS
acripaHTaM Ta CTy[eHTaM-CTapllIOKypCHUKaM
[JJ151 TOTIMO/IeHOTO BUBUEHHSI METO/iB Cy4acHOI
TeopeTUYHOI (i3uKH.
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PASHOOLBPA3UME I1101X0O0B K BOITPOCY O
BbIBOAE YPABHEHUA JVPAKA

IpezcTaBneHo 26 BapHaHTOB BbIBOJA ypaBHeHHUsI [Jppaka, KOTOpble OCHOBBIBAIOTCSI HA Pa3HbIX (Pr3rveCKUX IIPUHLH-
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THE VARIETY OF APPROACHES TO THE
PROBLEM OF THE DERIVATION OF DIRAC
EQUATION

Purpose. The Dirac equation is one of the fundamental equations of modern theoretical physics. It is in service more
than 90 years (1928-2018). The application today is much wider than the areas of quantum mechanics, quantum field
theory, atomic and nuclear physics, solid state physics. The successful derivation of some equation of mathematical
physics is the first step to successful application. In such process the essence of the corresponding model of nature,
the mathematical principles and the physical foundations are visualized. Here we deal with the different approaches
to the problem of the Dirac equation derivation.

Methods. The quantum-mechanical, quantum field-theoretical, group-theoretical, algebraic, symmetrical, statistical,
stochastical and numerical approaches are used.

Results. The 26 different ways of the Dirac equation derivation are presented. The various physical principles and
mathematical formalisms are used. Three original approaches of the authors to the problem are given. They are (i) the
generalization of H. Sallhofer derivation, (ii) the obtaining of the massless Dirac equation from the Maxwell equations
in maximally symmetrical form, (iii) the derivation of the Dirac equation with nonzero mass from the relativistic
quantum mechanics of the fermion-antifermion spin s = 1/2 doublet. In some sense the role of the Dirac equation
today is demonstrated.

Conclusions. The original investigation of the problem of the Dirac equation derivation is presented. The different
approaches, which are based on the various mathematical and physical principles, are considered (26 methods). The
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role of the scientists from Uzhhorod is shown. The importance of place of the Dirac equation in modern theoretical
physics is discussed.
Keywords: the Dirac equation, spinor field, quantum mechanics, field theory.

REFERENCES

[1] Dirac, P.A.M. (1958), The principles of quantum mechanics. 4-th ed., Clarendon Press, Ox-
ford, 314 p.

[2] Sakurai, J. (1967), Advanced quantum mechanics. Addison-Wesley Publishing Company,
New York, 335 p.

[3] Bogoliubov, N.N., Shirkov, D.V. (1980), Introduction to the theory of quantized fields. John
Wiley and Sons Inc., New York, 620 p.

[4] Ryder, L. (1996), Quantum field theory. 2-nd ed., University Press, Cambridge, 487 p.

[5] Gaioli, F., Alvarez, E. (1995), «Some remarks about intrinsic parity in Ryder’s derivation of
the Dirac equation», American Journal of Physics, V. 63, No. 2, pp. 177-178.

[6] Keller, J. (2001), Theory of the electron. A theory of matter from Start. Kluwer Academic
Publishers, Dordrecht, 257 p.

[7] Wightman, A. (1960), «Analytic functions of several complex variables», Dispersion relations
and elementary particles, John Wiley and Sons Inc., New York, p. 159-221.

[8] Bargman, V., Wigner, E.P. (1948), «Group theoretical discussion of relativistic wave equa-
tions», Proceedings of the National Academy of Sciences of the USA, V. 34, No. 5, pp.
211-223.

[9] Foldy, L.L., Wouthuysen, S.A. (1950), «On the Dirac theory of spin 1/2 particles and its non-
relativistic limit», Physical Review, V. 78, No. 1, pp. 29-43.

[10] Feynman, R.P., Hibbs, A.R. (1965), Quantum Mechanics and Path Integrals. McGraw-Hill,
New York, 365 p.

[11] Sallhofer, H. (1986), «Elementary derivation of the Dirac equation X», Zeitschrift fiir Natur-
forschung, V. A41, No. 3, pp. 468-470.

[12] Sallhofer, H. (1990), «<Hydrogen in electrodynamics VI, The general solution», Zeitschrift fiir
Naturforschung, V. A45, No. 11-12, pp. 1361-1366.

[13] Strinivasan, S., Sudarshan, E. (1996), «A direct derivation of the Dirac equation via quater-
nion measures», Journal of Physics, V. A29, No. 16, pp. 5181-5186.

[14] Lerner, L. (1996), «Derivation of the Dirac equation from a relativistic representation of spin»,
European Journal of Physics, V. 17, No. 4, pp. 172-175.

[15] Krivsky, I.Yu., Simulik, V.M. (2010), «Fermi-Bose duality of the Dirac equation and extended
real Clifford-Dirac algebra», Condenced Matter Physics, V. 13, No. 4, pp. 43101(1-15).

[16] Simulik, V.M., Krivsky, I.Yu., Lamer, I.L. (2013), «Lagrangian for the spinor field in the
Foldy-Wouthuysen representation», International Journal of Theoretical and Mathematical
Physics, V. 3, No. 4, pp. 109-116.

101


https://doi.org/10.1017/CBO9780511813900
https://doi.org/10.1119/1.17979
https://doi.org/10.1073/pnas.34.5.211
https://doi.org/10.1073/pnas.34.5.211
https://doi.org/10.1103/PhysRev.78.29
https://doi.org/10.1515/zna-1986-0302
https://doi.org/10.1515/zna-1986-0302
https://doi.org/10.1515/zna-1990-11-1223
https://doi.org/10.1515/zna-1990-11-1223
https://doi.org/10.1088/0305-4470/29/16/034
https://doi.org/10.1088/0143-0807/17/4/004
https://doi.org/10.5923/j.ijtmp.20130304.03
https://doi.org/10.5923/j.ijtmp.20130304.03

Uzhhorod University Scientific Herald. Series Physics. Issue 45. — 2019

[17] Simulik, V.M., Krivsky, I.Yu., Lamer, I.L. (2013), «Bosonic symmetries, solutions and con-
servation laws for the Dirac equation with nonzero mass», Ukrainian Journal of Physics, V.
58, No. 6, pp. 523-533.

[18] Kubo, T., Ohba, I., Nitta, H. (2001), «A derivation of the Dirac equation in an external field
based on the Poisson process», Physics Lettets, V. A286, No. 4, pp. 227-230.

[19] Cui, H. (2001), «A method for deriving the Dirac equation from the relativistic Newton’s
second law», arXiv:quant-ph/0102114, available at: https://arxiv.org/abs/quant-ph/0102114

[20] Ng, Y.J., van Dam, H. (2003), «A geometrical derivation of the Dirac equation», Physics
Letters, V. 309, No. 5-6, 335-339.

[21] Calerier, M., Nottale, L. (2003), «A scale relativistic derivation of the Dirac equation», Elec-
tromagnetic Phenomena, V. 3, No. 1(9), pp. 70-80.

[22] Evans, M. (2004), «Derivation of Dirac’s equation from the Evans wave equation», Founda-
tion of Physics Letters, V. 17, No. 2, pp. 149-166.

[23] Efthimiades, S. (2006), «Physical meaning and derivation of Schrodinger and Dirac equa-
tions», arXiv:quant-ph/0607001, available at: https://arxiv.org/abs/quant-ph/0607001

[24] Arminjon, M. (2006), «Dirac equation from the Hamiltonian and the case with a gravitational
field», Foundation of Physics Letters, V. 19, No. 3, pp. 225-247.

[25] Santamato, E., de Martini, F. (2013), «Derivation of the Dirac equation by conformal differ-
ential geometry», Foundation of Physics, V. 43, No. 5, pp. 631-641.

[26] D’Ariano, G.M., Perinotti, P. (2014), «Derivation of the Dirac equation from principles of
information processing», Physical Review, V. A90, No. 6, pp. 062106(1-18).

[27] Simulik, V.M. (1994), «Some algebraic properties of Maxwell-Dirac isomorphism»,
Zeitschrift fiir Naturforschung, V. A49, No. 11, pp. 1074-1076.

[28] Simulik, V.M. (1991), «Connection between the symmetry properties of the Dirac and
Maxwell equations. Conservation laws», Theoretical and Mathematical Physics, V. 87, No.
1, pp. 386-393.

[29] Keller, J. (1997), «On the electron theory», Advances in Applied Clifford Algebras, V. 7, No.
Special, pp. 3—26.

[30] Simulik, V.M., Krivsky, I.Yu. (2002), «Slightly generalized Maxwell classical electrodynam-
ics can be applied to inneratomic phenomena», Annales de la Fondation Louis de Broglie, V.
27, No. 2, pp. 303-328.

[31] Simulik, V.M., Krivsky, I.Yu. (2002), «Relationship between the Maxwell and Dirac equa-
tions: symmetries, quantization, models of atom», Reports on Mathematical Physics, V. 50,
No. 3, pp. 315-328.

[32] Simulik, V.M., Krivsky, I.Yu. (2003), «Classical electrodynamical aspect of the Dirac equa-
tion», Electromagnetic Phenomena, V. 3, No. 1(9), pp. 103-114.

[33] Simulik, V.M., Krivsky, I.Yu. (2013), «Quantum-mechanical description of the fermionic
doublet and its link with the Dirac equation», Ukrainian Journal of Physics, V. 58, No. 12,
pp. 1192-1203.

102


https://doi.org/10.15407/ujpe58.06.0523
https://doi.org/10.15407/ujpe58.06.0523
https://doi.org/10.1016/S0375-9601(01)00429-7
https://arxiv.org/abs/quant-ph/0102114
https://doi.org/10.1016/S0375-9601(03)00210-X
https://doi.org/10.1016/S0375-9601(03)00210-X
https://doi.org/10.1023/B:FOPL.0000019653.48266.23
https://doi.org/10.1023/B:FOPL.0000019653.48266.23
https://arxiv.org/abs/quant-ph/0607001
https://doi.org/10.1007/s10702-006-0514-7
https://doi.org/10.1007/s10701-013-9703-y
https://doi.org/10.1103/PhysRevA.90.062106
https://doi.org/10.1515/zna-1994-1114
https://doi.org/10.1007/BF01016578
https://doi.org/10.1007/BF01016578
https://doi.org/10.1016/S0034-4877(02)80062-3
https://doi.org/10.1016/S0034-4877(02)80062-3
https://doi.org/10.15407/ujpe58.12.1192
https://doi.org/10.15407/ujpe58.12.1192

[34]

[35]

[36]

HayxkoBwuii BicHUK YsKropogcbkoro yHiBepcutety. Cepist @isuka. Bunyck 45. — 2019

Simulik, V.M. (2015) «Derivation of the Dirac and Dirac-like equations of arbitrary spin from
the corresponding relativistic canonical quantum mechanics», Ukrainian Journal of Physics,
V. 60, No. 10, pp. 985-1006.

Simulik, V.M. (2016), «Link between the relativistic canonical quantum mechanics of arbi-
trary spin and the corresponding field theory», Journal of Physics: Conference Series, V. 670,
pp. 012047(1-14).

Simulik, V.M. (2017), «Relativistic wave equations of arbitrary spin in quantum mechan-
ics and field theory, example spin s=2», Journal of Physics: Conference Series, V. 804, pp.
012040(1-10).

©Y>KropoJCbKUM HalliOHa/IbHUN YHiBEpCUTET

103


https://doi.org/10.15407/ujpe60.10.0985
https://doi.org/10.15407/ujpe60.10.0985
https://doi.org/10.1088/1742-6596/670/1/012047
https://doi.org/10.1088/1742-6596/670/1/012047
https://doi.org/10.1088/1742-6596/804/1/012040
https://doi.org/10.1088/1742-6596/804/1/012040

Uzhhorod University Scientific Herald. Series Physics. Issue 45. — 2019

YAK  539.186, 539.196

PACS 34.50.-s; 34.70.+e; 31.15.Gy; 34.80.Dp

DOI  10.24144/2415-8038.2019.45.104-115

M.A. €Buu, M.1. KapboBaHelb

YkropojceKuii HalfioHa/nbHUN yHiBepcuTeT, 88000, Y>kropo, By/. BosoiinHa, 54, YKpaiHa,

e-mail: m.karbovanets@gmail.com

ITEPE3APAIKA Y ABIYUI 3bY/IKEHI CTAHU TTPU
[TOBIVIBHMX IOH-MOJIEKYJIAPHNX
SITKHEHHAX

Y Mexkax KBa3iK/laCUUHOTO MeTOZy 00UMC/IeHO aCUMITTOTHKY (TIPY BE/TMKUX BificTaHAX R MK B3a€MO/IiFOUMMU YaCTHH-
KaMH) TIOTeHL{iay 06MiHHOI B3aeMozii fBoaToMHoI romoszepHoi Monekyma A(Ze~D+ 3 aromuum ionom B(4—1+,
110 Bi/ITTOBi/Ia€ 3a IBOEIEKTPOHHMIA TIPOLIeC OZJHOEIEKTPOHHOTO 3aXOIJIeHHs Y ABiui 30y/IyKeHi iOHHI CcTaHu.

KirouoBi cjioBa: MOBiNbHI i0H-MO/EKY/IAPHI 3iTKHEHHS, OHOEJIeKTPOHHE 3aXOTUIeHHs], IBiui 30y/pKeHi CTaHH, aChM-

NTOTUYHA Teopisl.

Beryn

OpHo- Ta GaraTtoeneKTPOHHI TPOLIeCH 3 Tiepe-
po3nofiioM (repe3apsika Ta iOHi3aLlisg) Mpu
TIOBI/ILHUX 3iTKHEeHHsIX ioHiB B%* 3 aromamu
uy Monekynamu A%e~D+ cTaHOBATH 3HAUHMIA
IHTepec SIK JIJig Teopii aTOMHUX 3ITKHEHb, TakK i
711 TIPUK/IAIHAX Tamy3eid, TakKuXx K ¢hi3uka ria-
3MH, acTpo(i3uKa Ta KBaHTOBA XiMisl (JUBH, Ha-
nipuknag, [[1,2]). EkcnepumeHTanbHO i TeopeTu-
YHO BCTAHOBJIEHO [3], 1110 TPy MauX IIBUAKO-
CTSX 3ITKHEHHS v K Uoz; /2 (vo — xapakTepHa
LIBU/JKICTh BaJIEHTHOTO €/IeKTPOHA B OCHOBHO-
My CTaHi HajliTarouoro iona B%*) gominyroun-
MU € NPOLIeCH OJJHOe/IeKTPOHHOTO 3aXOIIeHHS

BUY
A(Z“_1)+—|-BZ”+ —)AZ“+—|—B(Zb_1)+, (1)

a mpotiecu ioHi3auii MeHII WMOBIpHI (TYyT Z,
i Z, — aCUMOTOTWYHI 3apsiid BiJIMOBITHO MO-
nekynapHoro A%+ ta aromunoro B%* 3amm-
IKiB). XapaKTepHOO 0COO/IUBICTIO 1LIUX TpOLe-
CiB € Te, IIJ0 eJIeKTPOHHI Mepexoy MiXK mova-
TKOBHM i KiHIIeBUM CTaHaMH BiJ|0yBarOThCS I1e-
PEeBa)KHO TIPY BeJIMKUX BifCTaHAaX R MK B3a-
€MO/IFOYMMH YaCTUHKAMU Yy TIOPiBHSAHHI 3 IX
po3mipamu. Lls obcTaBrHa Z03BOSIE /ST PO3-
paxyHKy MaTpPUYHUX eJIeMeHTiB O/[HOe/IeKTPOH-
Hol o6MiHHOI B3aemogii AE(R), 1m0 BU3HAYa€e
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nporjec (fll), BUKOpHCTOBYBaTH aCHMITTOTHUHY
(3a Mi’sijepHOlO BiAcTaHHO R > 1 a.0.)
TeOopit0 aTOMHUX 3iTKHeHb. Tak, Ipu [AOCIi-
JDKeHHI aCUMITOTUYHUMH MeTOZaMU TPOLieciB
O[JHOEJIeKTPOHHOI'0 3axXOIUVIeHHS! Y TOBLJIBHUX
iOH-MOJIEKY/IIPHUX 3iTKHEHHsSIX Oy/I0 OTpHMa-
HO KBa3iK/JIaCU4H1 BUPAa3H Jj1s CIIOTBOPEHKUX I10-
neM BiffaneHoro 6araro3apsiiHOTO iOHa ejie-
KTPOHHUX XBU/IbOBUX (DYHKIL]ili IBOATOMHOI r'0-
MosiiepHoi (ripaui [4,5]) Ta monsipHoi (mpaui [6,
7]) Monekyn, siKi aCUMOTOTMYHO TOYHO OIH-
CYIOTh TIOBEJiHKY e/IeKTPOHA B Mif[0ap’€pHii
obnmacti v, ~ 1, ~ R/2 (r,, — BiAcTaHb
eflekTpoHa Big uactuHkM A(B)). IloTteHuianu
obmiHHOI B3aemogil AE(R) 6ymn obuncieni
B [4-7] MeTOoOM TIOBepXHeBUX iHTerparis [[1].

He3Bakatroun Ha Te, 1110 OHOEEKTPOH-
Hi Tporjecu (3okpema, mepesapsizka (fIl)), sk
MpaBWIO, HaubiMbil edeKTHBHi, MpPU TeIio-
BUX EHeprifgx 3iTKHeHHS HaCTUIbKU XK, a [e-
KO/ i OifbIll MMOBIDHUMM BUSIBJISIIOTBCS Pi-
3HOMAaHITHI /IBOEeKTPOHHI mporecu. [leski 3
HUX, TakKi K JBOEJIKTPOHHa Tepe3apsiika Ta
riepe3apsi/ika 3 OIHOUaCHUM 30y/[)KeHHsIM UH io-
Hi3alli€r0 YTBOPEHOro iOHa MillleHi, TeopeTu-
YHO BHBYEHI /I0CTAaTHbO IMOBHO, B TOMY YWCJIi
i acumnToTMyHUMH MeTofamu (auBu [8, 9]).
Y ToM e yac AJid HU3KM IHIIMX BaXKIUBHUX i
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e(heKTHBHUX [IBOE/IEKTPOHHUX TIPOL[eCiB Teopist
po3pobrieHa B 3HAUHO MeHIIili Mipi i He Mo-
’Ke MpeTeHyBaTU Ha Ki/TbKiCHUM OMUC HassBHUX
eKcrepuMeHTa/IbHUX AaHux. CkasaHe CTOCye-
ThCsI, HacCaMIIepe[, JOC/Ti/PKeHUX B JaHii pobo-

A(Za_1)+ + B(Zb—l)""(nblbmb) — AZG+ + B(Zb_2)+(n2l2m2,n1l1m1).

HeoOxizHicTh BpaxyBaHHsSI /IBOE/IEKTPOHHHX
peakuiit Bugy (B) mpu pospaxymxy nepepizis
ofHOoeneKTpoHHoi nepesapszky ([) mpogemon-
CTPYEMO Ha TPUKJIAJL MPoLeCy CeleKTUBHOIO

C(1522s) + H(1s) — C** (1s* nalomaly) + HY .

ExcrniepriMeHTanbHO BCTaHOBJIEHO, 110 OCHOB-
HUMH KaHazmamu niporiecy (B) e 3aceneHHs Ta-
KUX craHiB ioHa C?': TpUIUIETHMX CTaHiB
(253s)3S , (2s3p) 3P, (253d)3D i cunrneTHux
craniB (2s3s) 1S, (2p?)1S, (2s3p) 'P, (2p*) 'D,
(253d) 'D. ITpouecu (B) TeopeTiuno gocmimky-
Ba/IUCs paHillie pi3HUMHU MeTOAaMH, HaHOi/TbII
I'PYHTOBHHMHU 3 SIKUX € MeTOJY MOJEKY/ISPHUX
opbirarneii [10] Ta [BOLIEHTPOBUX aTOMHHUX Op-
Gitaseit [[11]. 3 Touku 30py Teopii 0CcOOIUBO 11i-
KaBUMH € [IBOEJIEKTPOHHI MPOLieCH 3aXOI/IeHHS
€JIEKTPOHA aToMa TiJ[poreHy y ABiui 30ymkeHi
cranu (2p?) 'S ta (2p?)'D iona C**, mepepi-
31 SIKUX BUSIBUIMCSI TOTO K MOPSZKY BeJUYU-
HU, 110 i AJ19 OAHOe/JIeKTPOHHUX MpoLeciB. To-
My 0a3ucHiI Habopy XBU/IbOBUX (YHKIIiH B [[10,
11] BKrOUAsIH, TIOPSI i3 OAHOE/IEKTPOHHUMH, i
JTBOEJIEKTPOHHI Op0iTaJti, 1110 /03BOJIU/IO OITH-
CaTh eKCIIepUMEeHTa/IbHO CIIOCTepe)KyBaHi Ka-
Ha/M CeJIEKTUBHOTO 3aXOIJIeHHsI e/IeKTPOHIB B
peakii (B).

ITpr po3poOblli aCUMITOTHUYHOI Teopii
npouecie (2) HeobXifHO BpaxoByBaTH HasB-
Hi CHiBBiJHOLIEHHS MK 3HaueHHSIMM €Hepriu
e/leKTpPOHA B TIOYaTKOBOMY [, i KiHLIeBoMy [
cra"ax, 10610 B Momekynm AZ«~D* ra ioni
B“=2+ Tyt moxusi asa Bunagxu: 1) enep-
rii £, i E, 6museki, E, ~ E; 2) 3HaueHHs [,
Ta Ej, CUIBHO BigpisHstoThes i |Ey| > |E,|. Ons
LMX JIBOX BUIAKiB Teopist npouecis () 6yaye-
ThCS T10-Pi3HOMY.

Tak, y mepimioMy BUMNagKy, koiu F, =
E},, OCHOBHUI BHECOK Y JBOE/IEKTPOHHY 00MiH-
Hy B3aemogito H,,(R), mwo Bianosizae 3a aBo-

Ti JBOENEeKTPOHHUX MPOLIeCiB OLHOEe/IeKTPOH-
HOTO 3axOIlIeHHs1 y /iBiui 30y/yKeHi iOHHI cTa-
HU |nglyma, nyilymy) TIPU MOBINMBHUX 3iTKHEH-
Hsx ioniB B(%»~1* 3 gBoaTomMHMMU romosizep-
HUMU Mosiekynamu A(%a—1+:

)

3aXOI/IeHHS e/IeKTPOHA Y T[IeBHI I0HHI CTaHU IIPpU
TIOBI/ILHUX 3iTKHeHHsX ioHiB C*1 3 aromamu Ti-
nporeny (muBu mpaui [10, 11] i HaBe#eHi Tam
TOCH/IaHHS):

3)

enexrponHuii nporec (), po6uts kKoH®irypa-
Llid, KOMM TYHEJIOUYUA MOJIeKY/ISIPHUN eJie-
KTDPOH 3/IiiICHIOE Tlepexisi y MiKLIeHTPOBi 06/1a-
cti (ra ~ R/2 > 1 ao.), a iHumi ene-
KTPOH — B OKOJI BiacHoro ioHa B(%—1+ (r, ~
1 a.0.). Taki kope/ibOBaHi e€KTPOHHI Mepexo-
[IY, 1[0 TIPU3BOJATH /10 3aCe/IeHHs KiHL|eBUX JBi-
ui 30y)KeHUX CTaHiB ioHa B%=2+  MoxnmBi
JIVLLIe B pe3y/bTaTi Mi’KeJIeKTPOHHOI B3a€EMOJii.
17151 06UMCIIeHHSI MAaTPUUHUX e/IEMEHTIB 0OMiH-
Hoi B3aemozii H,,(R) npu E, ~ Ej}, HeobxifHO
3HaTWU KBa3iMO/eKy/spHi XBUIbOBI QyHKIIIT Ty-
HEeJTIOIOUOT0 e/IeKTPOHA y MiXKIIeHTPOBiii 0061a-
cTi. SIK BKasyBasocsi BUIlle, Taka 3afZiadya Oysa
pO3B’si3aHa aHaJIiTUYHO B Tipalsix [4-7]. Y na-
Hili po0OTi B Me)kax KBa3iK/JIaCHYHOT'O BapiaHTy
acUMNOTOTHUHOI Teopii [4, 5] oburcieHo acum-
NITOTUKY [BOEeKTPOHHOIO MaTpHUYHOIO ejle-
meHTy H,,(R), 110 BiflIOBia€e 3a KOPeJIbOBaHy
[IBOEJIEKTPOHHY OOMiHHY B3a€MOJil0 TpH T0-
BL/IbHUX 3iTKHeHHsIX ioHiB B4~ 1+ 3 ntBoarom-
HUMU TOMOsiZilepHUMU Monekynamu A(Za—D+ j
MPU3BOAUTH [0 OJHOEJEKTPOHHOIO 3aXOIJIeH-
Hs1 y JBiui 30y/pKeHi iOHHI CTaHU B peakiiii ()
(y Bunazky £, ~ E3). Kpim 1jporo, Hamu ofep-
»KaHO HOBe aHaJIiTUuHe 300pa)keHHs [I/Is aCUM-
MITOTUKA OJHOE/IEKTPOHHOI 0OMiHHOI B3a€MO-
nii AE(R) ABOaTOMHOI TOMOSIZIEPHOI MOJIEKY-
i 3 baraTto3apsiIHUM HOHOM y TepMiHax TOB-
HUX eJINTUYHUX IHTerpasiB, L0 y3arajbHIOE
pe3y/ibTaT, OTpUMaHuii B npausix [4, 5].

Axio x eHeprii £, Ta Ej, CWIbHO BiJpi-
sHstoThCs (|Ey| > |E,|), To 0buzBa aKkTHBHI
eJIeKTPOHU 3[iMICHIOIOTh HeIpY)KHI Kope/boBa-
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Hi Iepexo/ii B OKOJTi HA/TITArouoro ioHa (7, 1, ~
1 a.0.) i Ay1a o6uMC/IeHHs ABOEIEKTPOHHOTO Ma-
TPUYHOTO efleMeHTy H,;,(R) y LjbOMy BUIQJKY
HeoOXiZIHO 3HAaTH XBUIbOBY (YHKIi0 W, (7%)
aKTHBHOI'O MOJIEKY/IIPHOTO eJIeKTPOHa B OKOJIi
yy>xoro ioHa. Takuli BUMa ok Oyzie po3I/issHyTO
y Halliil HACTYTHIN CTaTTi.

Y poboTi BUKOPUCTAaHO aTOMHY CUCTEMY
ogvHULE (€2 = h = m, = 1).

KBa3imo/ieky1sipHa XBWIbOBa (yH-
KIlisi Ta OJHOE/IEKTPOHHA 00OMiHHa
B3a€EMOJina

OpieHTyrounch Ha AOC/iHKYBaHY B JaHil mpa-
i 3ajauy, MO3HAUMMO ACUMITTOTUYHUM 3apsif
Hasitatouoro ioHa B peakuii (fil) ax (Z, — 1)
i pO3IISIHEMO 3arajibHAW BUIMAZ0K B3aeMOJil
JIBOaTOMHUX TOMOSIIepHIX Mosekyn A(Ze—D+ 3
aToMHMMH ioHamu B4~ 1+,

[Tepium HeoOXiJHUM eTaroM A0 CTipKe-
HH$1 aCUMIITOTUYHUX B/IaCTUBOCTEH KBa3ziMorie-
KynspHUx cucteM (AB)Za+%=2)+ e spaxomke-
HH$I O/IHOe/IeKTPOHHUX XBUTbOBUX (PYHKLIi¥ MO-
vatkoBoro ¥, (7,) i kiHueBoro W, (77) cTaHiB y
MiKI[eHTPOBIiH 06/1acTi KoH(iryparjiitHoro rmpo-
cTopy 14 ~ 1, ~ R/2 > 1 a.o. fIk 3a3Hauasno-
¢y Beryri, Taka 3afjaua fociipKyBasacs B Me-
’Kax aCUMITTOTUYHOI Teopil B nipaiysix [4,5]. Tam
Ke Oy710 ofiep)KaHo i MaTpUYHi efleMeHTU OfHO-
e/IeKTPOHHOI 0OMiHHOT B3a€EMO/il, 1110 Bi/TIOBi/I-
aroTh 3a MPOLieCH 3aXOIJIeHHS eJIeKTPOHA B pea-
kuii (). 3 MeTor0 y3ropKeHHs I03HaYEHb 15
MOJA/bLIOrO JOCTI)KEeHHS BapTO KOPOTKO Ha-
rajlaTd cxemy OOUMC/IeHHS OAHOEeIeKTPOHHHUX
KBa3iMONeKYyIIPHUX (PYHKIIiM B Mi>KLIEHTPOBIil
obsacTi i moTeHIialbHUM 6ap’epoM, 1110 Po3-
[ILIsi€ B3a€MO/iF0Ui YaCTHUHKMU.

EneKTpoHHMI raminbTOHIaH KBasiMoiie-
kyma (AB)ZatZ=2+ sanexurs Bif TphoX Ma-
pameTpiB: BifcTaHi R BiJ| LileHTpa Mac /IBOaTOM-
Hoi Monekymu A%a=D+ no ioga B(%~1+ Big-
cTaHi d MK OJfHAKOBUMH si/ipaMH MOJIEKY/IsIp-
Horo iona A%+* i KkyTa 3 MiX BeKTOpamMu diR
(puc. fi).

PosrmisHemo  piBHsinHs  [IIpepinrepa,
0 OMMCYE PyX TYHEJOIUOro efieKTpoHa B
aKCiaJlbHO-CUMETPUUHOMY TMoTeHLian V, io-
Ha ABoaToMHOi Mosekynu AZ+F Ta chepuuHo-
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CMMEeTPUYHOMY MOTeHLiasni 1}, aToOMHOro ioHa
BZs=1)+.

(_ % +Va(ra) + Vi) — E)‘If@ =0, 4

ne V(r,) Ta E — BianoBigHO xBUiboBa (yH-
KIlisi Ta eHeprisg akTUBHOTO e/ieKTPOHa, 7, Ta
7=7, — R— pajliyc-BeKTOpHU esleKTpOHa BiJ-
HOCHO MOJIeKy/IIpHOro ioHa A%«* Ta aromMHOroO
iona B(%~Y+ (puc. [ll). EdextusHi notenuiam
V, i V}, MatoTh HACTYITHY aCUMITTOTHYHY TTOBe-
JIHKY:

Z
Vilra) ——> 2.
Ta—>00 TU/
Zy—1
Vi (1 > — 5)
Tp—>00 ’I"b
;\(5
Sy
d | . {A
z .‘y AZ* Vs B B@ N

Puc. 1: Teometpist kBasimMonekymi (ARB)(Zat2—2)+
ans peakuii (fl).

[To3Haunmo uyepe3 [, 30ypeHi piBHi
eHeprii y BWIIQ[Ky, KOJM €JIeKTPOH Tepely-
Ba€ y 3B’s3aHOMY CTaHi [BOAaTOMHOI MoJie-
kymi AZa=D+  (kBasimomekyma AZe=D+ 4
B“=D+) 1a E,, AKI0 eNeKTPOH 3B’s3aHUil
3 atomHuM ioHom B(%~2* (kBasimonekyma
AZat +B(Zb—2)+)'

ByzeMo po3rnsgaTy BUNIAZOK, KOJIA CTaH
TYHE/TIOIOUOTO0 MOJIEKY/IIPHOTO  eJIeKTPOHA Y
noni ioHHoro 3ammuky B4 1% nesupomke-
HUH. 3HalIeMO OHOEe/IeKTPOHHY TPHLIEHTPO-
By XBWIbOBY QyHKIit0 V,(7,) y Aanekid mij-
Gap’epHiii obnacri, ge r, ~ R/2. Bubip cu-
creM KoopauHar {x,y, z} ta {z,y, 2} , 5Ki BU-
KOPHUCTOBYIOTBCSI 1pu 1o0y10Bi W (77), 1eTanbHo
orucano B npansx [4,5] i npusegero Ha puc. fl|
Bukopuctosytoun B pisasaHi () acummnroryuni
supasu () a1 norenuianis V, i V;, onepsxumo

(A Zo Zp—1
—_—F — 4+ —
2 Ta Tp

+E>\I/(a)—0, (6)
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ne B, = B — (Z,—1)/R+0(1/R?); E{"
He36ypeHa eHepris enekTpoHa B A(%«~1)+ Pip-
HsHHA () pO3B’A3yeMO 3 TaKOI0 TIPaHUYHOKO
YMOBOIO:

Jle HOpMOBaHa BriacHa (YHKLIis g He30ype-
Hoi ;BoaToMHOi Monekym A(Z«~1)+ B obnacti
1l a.0. < r, < R moxe 0yTu 300pakeHa y BU-
/ISl OAHOLIEHTPOBOI XBU/ILOBOT (PyHKLIT [4, 5]:

s+[mal

malaDZ:_nlfla‘( Bv ) S+|ma|k( aaqba)' (8)

2

—(s+|ma|)

Vo(F) ——— V7)., ()
2n2<Kro<R
\D(O) _ rZa,na ex —
“ m2<ro<R P Szojl
Tyr D! («,B,7) — dyuxuii Biraepa, m, —

TpoeKiiisi opbiTasbLHOrO MOMEHTY [, e/IeKTpoHa
Ha MOJIEKY/SpHY Bick d, n, = (—2E%)"1/2,
a 6,, ¢, — chepuuHi Kyt BeKTOpa 7, B KOOp-
JVHaTHiN cuctemi {z, y, 2 }. Koeditientu a7 !
0OUHC/TIOIOTh, TTOPiBHIOIOUM aCUMITTOTUKY XBH-

. 1 n2Z
\I]a(ra) =
ra~R/2 7 | /nap( ) 2e
s+[mal
5=0,1 k=—(s+/ma|)
TyT p(z) — KBa3iimMIysbC Mpy pyci eJleKTpoHa B
HanpsIMKy oci R:
Zy  Zp—1
2)y=2(—|E,|+ = 10
P (Z) | "" - + R— 2 ) ( )

2 — KOMIIOHEHTA BEKTOPA 7, Y3I0BXK R, p-
BigcTaHb Big oci R :r ~ z + p%/2z + .

PP =22 +yh p < Rz~ R,aTO‘-IKI/IHO-
BOPOTY 21 2 Ha MUK’ AZIepHil OCi BU3HAYalOThCA

i3 ymoBu: p(z12) = 0.

(=1)*By

NeZa 2
o p
) exp ( B

ael D0 3.0) Yk o (Gas Ba)-

nboBoi dyHkii (8) 3 TouHOIO (uKCcenBHO) erte-
KTPOHHOIO XBU/IbOBOIO (yHKLi€t0 (auBH [4,5]).
KBasiKnacuuHuii po3B’si30K piBHsHHSA ()
IJIs1 OQHOEJIeKTPOHHOI TPULIEHTPOBOI XBUJIbO-
Boi yHKuii ¥, (7, ) kBazimonekym A(Ze=D+ 4
B“=D+ y nanexiii mig6ap’ epHiit obnacti 6ymo
3HaiileHo B mipaisx [4, 5] i Mae Bursiz;

Jon(- [ o)

p(2)

©)

BuKoprCTOBYIOUM XBUJIBOBY  (DYHKLIiFO
(9), HeBaxkko ozepsKaTM Bupa3 A/ aCHMIITO-
TUKU OJHOEJIeKTPOHHOI TPULIEHTPOBOI XBU/IBO-
Boi Qymkuii W,(7,) kBasimomekymu AZet +
B%=2+ g MixueHTposi obnacti 7, ~ R/2.
Il nporo gocratHeo y Bupasi () mepeiitn
[0 rpaHuili 00’efHAaHUX aTOMIB (JBOLIEHTPO-
Ba IpaHMLsl) Ta BMKOHAaTM HACTYMHi 3aMiHU:
o — 2y —1,n, —>nb,la — lb,ma — MMy,
21— 29, 2 — 2 R—2 0, — 7 — 0,
®q — ¢p. Pe3ynbTar Mae BUTISAL;

YRz o npp(z')

exp ( / p(z")dZ”> Yiymy, (O, ).

0)y—
Tyt ny = (—2El§ )) /2 a B, — acuMmnToTH-
YHUU Koe(iL[ieHT XBU/IbOBOI (DYHKLIi1 Ba/IeHTHO-
ro enekTpoHa B ioni B4 2+ [12].

(nb(Zb —1)

v(Zp—1) 2 (1
p Pz
) emc_éf)x

2e

(11)

Ons  obuncneHHsT  OfHOeIeKTPOHHOI
obminHoi B3aemogii A F(R), 110 BU3Haua€ npo-
nec nepesapsiaku ([I]), 3actocyemo merog mo-
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BepxHeBux iHTerpaniB [[], B skomy AFE(R)
BHPA)Xa€TbCs uepe3 iHTerpas 1o JAesKil rinep-
TOBepXHi S, 1o BifokpeM/toe obnacTi yioka-
Ji3arii enekTpoHa y rodatkoBomy W, Ta KiH-

eBoMy W, CcTaHax BiJOBIZHO KBa3iMOJIeKy/l
AlZa=D+ 4 BZo—1)+ 194 AZat 4 B(Zb—2)+ .

AE(R) = / AS(V:VT, — UiVE,) (12)

Y AKOCTI NOBepXHi iHTerpyBaHHs Se ([12) 3py-
YHO BUOpaTH IUIOLMHY, siKa TepreHuKY/sp-
Ha [0 MK’ siiepHoi ocCi Ri MPOXOAUTH uepes
il cepeuHy. BUKOPUCTOBYIOUHY OfiepyKaHi BUILE
TpunieHTpoBi xBrakoBi dyHkuii (F) i (L1) Ta Bu-
konytour B ([L2) iHTerpyBaHHs y LTiHAPHYHIX
KOOpZUHAaTax, Oflep>KUMO:

S
(=1)"Bo n? Zb—l) N N
AE(R) = . 5 ( B i y
72 o
exp / ) Z a " Bl Do (0, 8, 0), (13)

21

Ae 3aripoBa>Ke€HO ITO3HAYE€HHSA:

. 1 [+ 1)1+ |m|D]?
b :2|m|m![ 2( — [m]") } 09

(—=D"By, . (n3Z
NaNp 2e
EXP{

1
B Nay/ (R — 21)22

(21 + 222)R + 2129 + 2’2

AE(R)

(R* —

Tyt K(¢), E(¢), II(v, () — noBHi eninTuuHi in-
Terpajay BiAMIOBIJHO MEpPILOro, APYroro Ta Tpe-
THOTO poAy [7], a mapametpu v Ta ( BHW3Haua-
I0ThCSl CHiBBiZIHOIIIEHHSIMU: 2= ;1 ,C =
22

3Haiinenuii Bupas ([L5) a5 acumnToTUKY
OZjHOe/IeKTPOHHOI 06MiHHOI B3aemogii AF(R)
[TBOATOMHOI TOMOsIIEPHOI MOJIeKy/u 3 OaraTo-
3apsiIHM MOHOM y3arajibHIO€E pe3ysibTart, OTpU-
MaHu B mipausx [4, 5], i mepexoauTh B 0CTaH-
HilA, SK11[0 77151 6ap’ epHOrO iHTerpany B ([L3) Bu-
KOpHUCTaTU Horo HabmwkeHWH po3skiaz i3 [1].
IIpencraBnenns ([L5) crpaBesee 3a yMOBH,
110 BiZiCTaHb [? M)XK B3a€EMO/|iFOUMMU YaCTHUHKA-
MU Habararo Oisibilia Ti€l BicTaHi Ry, PH sKii
3HUKAE TMOTeHLia/IbHUI 6ap’ep B3AOBXK OCi MiXK
YyacTUHKaMU (TOOTO, KOJIM TOUKYU [TOBOPOTY 21 2

108

a)naza (ng(Zb - 1)>nb(Zb_l) B
2e o

O6uncuBiuy Gap’epuuii inrterpan [ p(z)dz

z1
B ({3), Hagamo o6MmiHHil B3aemogii AFE(R)
OCTaTOYHOro BUIIAAY (fgeTami OoOUKMCIeHHS
Oap’epHoro inTerpany ausu B [7]):

R —[mp|—1
<2na> %

[ (_RQ + (21 +2)R — 2122) K({)+ (R—z1)zE(()+

s O} S ar B, D 0.6.0). 15)
s=|my|
36iraroThCs).

Opnepskanuii Bupas ([1§) a1 obmiHHOI
B3aemozii AF(R) He BpaxoBye edeKTiB repe-
HOCy imMmynbcy enmekTpoHa y peakuii (fIl), axi
CTalOTh 0COOJIMBO BiZJUYyTHUMM TIPU LIBU/IKO-
CTSX 3iTKHeHHs1 v > 1 a.0. BkaszaHi ede-
KTU BpaxyeMo, YBIBIIW TpPaHC/ALiNWHI (haKkTo-
pu (avBH, Harpukaaz, [4]), 10 NpuBOAUTH 10
«JMHaMi4HOro» TIOTeHIlialy 0OMiHHOI B3aeMo-
pii AE(R,v), sKMHA 1IapaMeTPUYHO 3a/IeXHUTh
Bi/I LLIBUAKOCTI 3iTKHEHHS v

AE(R,v) =
2R "
(il + 1= aB(m), 06)
ne 1Fi(a, B,2z) — BUpO)KEHa TilepreoMeTpH-

yHa (yHKIlisl, v, — TaHTeHllia/lbHa KOMITOHEHTa
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BiJTHOCHOI IIIBU/IKOCTi 3iTKHEHHS v, a 0OMiHHa
3aemoziisi A E(R) 3agaethes BupasoM ({L9).

JIBoe/leKTPOHHA OOMiHHA B3a€EMOJist
AJIsl Tepe3apsAAKU y /JBiui 30ymKeHi
CTaHU

HdocniiuMO aCUMITTOTUKY e/IeKTPOHHOI 4acTHh-
HU IBOEJIEKTPOHHOr0 0OMiHHOTO MaTpUYHOTO
enementy H,,(R), sikuii BusHauae mporec ().
KsasimMonekynspHy cuctemy (AB)ZatZ=2)+
PO3I/ISIIAEMO Y IBOE/IEKTPOHHOMY HaOJTMKEHHI.
BBakaeMo, 11[0 Mo/IeKy/IsapHuil A%« T Ta ionauii
B%* kictsaku B peakuii () MicTsath 3aMKHY-
Ti eJIeKTPOHHiI 0O0/IOHKY i He 3MiHIOIOTb CBOTO
CTaHy B npolieci 3iTkHeHHs. Tozi 3ajaua 3B0IU-
TBHCS1 10 IOC/TiI)KEeHHSI PyXY [IBOX aKTUBHUX eJie-
KTPOHIB y MOJIi ABOX iOHIB: MOJIEKYJIIPHOTO —
A%+ i atomHoro — B%* (puc. P).

Puc. 2: Teometpisi kBasimMonekymi (ARB)(Zat2=2)+
ans peaxuii (B).

Y paMKax /IBO€IeKTPOHHOTO HaOJTH>KEeHHST
e/IeKTPOHHU raMisIbTOHIaH KBa3iMOJIeKy/In BU-
3HAYa€eTbCsl BUPa3oM

N[ A, 1
H_Z{— FValra) 4 Vi) |+ —. (17)

2 r
i=1 12

ne i, (Tip) — pafiiyc-BeKTOp ¢-TO eJIeKTpOoHa Bif-
HOCHO LIeHTpy Mac A%+ (B%%) (i = 1, 2) (au-
Bu puc. f); A; — oneparop Jlannaca 3a Koopau-
HaTaMH i-T0 eJIEKTPOHa; "1 — Bi/ICTaHb MiX eJie-
KTpPOHaMH, 1[0 3[ilCHIOIOTh nepexoau. [ToTeH-
tianu V,(r;,) i Vi (ryp) B3aeMogii i-ro esiektpo-
Ha 3 ioHHUMU 3anumKamMu A%t i B%* marots
TaKy aCUMIITOTUYHY TTOBE/IiHKY:

Violr) — — 220,

T—00

(18)

OCHOBHOW 3a/jauer0 € OOuMC/IeHHST Ma-
TpUuHOTO enemeHTty H,,(R) ABOENeKTPOHHOI
0OMiHHOI B3aeMoOfii, 1[0 BU3HAYaE JBOeJIe-
krpoHuuit nponec (B). Y pamkax acUMITTOTH-
yHOI Teopii BenmuunHa H,;,(R) 3afa€eThes CriB-
BigHOmeHHsM [[1]:

Hay(R) =(Wy|H|V,)—

(W3 | W) (W, | H|W,), (19)

ne U, (r, ) i Uy(ry,72) — [BOEIeKTPOHHI
XBWIbOBI (DYyHKI[il [1OUaTKOBOIO Ta KiHL|EBOTO
craniB kBasimonekyn A%a—V+ 1 B(Z—D+ 1
A%t 4+ B(%=2)* Tlepm 3a Bce, 3HaiieMo /1Bo-
e/IeKTPOHHY XBUIbOBY GyHKIIi10 Y, 1110 onucye
eJIeKTPOHHY MiZICUCTeMY B MIOYaTKOBOMY CTaHi
kBazimonekym A%a~D+ 4 B(Z=D+ TJo3naun-
MO yepe3 S CyMapHHUI CITiHOBUM MOMEHT BUZi-
7eHoi eJleKTPOHHOI Tlapu, Mg — Oro MpoekKiiito
Ha Bicb OZ, a mq, Ta Mo, — MPOEKILii OpOiTab-
HUX MOMEHTIB aKTHBHHUX eJIeKTPOHIB Ha LIt0 XX
Bichk. Tozi ciMeTpU30BaHa /IBOeIeKTPOHHA XBU-
nboBa (yHKLisf W,, 110 OMNUCY€E eNeKTPOHHY
TMiJICUCTEMy B TIOYaTKOBOMY CTaHi, Moxe Oy-
TH 3amnucaHa y Bumisgi (y cucremi KoopguHar

{z,9,2}):
¥,

R

Jie Xsme — CIIHOBA /IBOe/IeKTPOHHA (YHKLIis,
1y, (7;1,7?2) i @y (7;1,7?2> = dy (7?1 A FQ) -
[IBOEJIeKTPOHHI KOOPJMHATHI XBU/IbOBI QyHKLIiT
TOYaTKOBOIO CTaHy.

[Mepetigemo mo mMoOyaoBU ABOEEKTPOH-
HOI XBW/ILOBOI (DYHKIIii KiHI|eBOro cTaHy W,.
[To3Hauumo uepe3 [ymq, lams OpOiTanmbHI MO-
MEHTH 1 IX MpoeKLii Ha MDKL|eHTPOBY BiCb R
e/IeKTPOHIB y KiHlleBOMY (/Biui 30ymKeHOMY)
craui iona B%~2+_ Hexait L, S — iX noBHUI
opbiTasnbHuUii i criiHOBUY MOMeHTH, a My i Mg —
Bi/ITIOBi{HI IM TIPOEKLIii Ha BiCb R. Topi xBUIBO-
Ba ¢yHKUisA U, y cxemi L.S-3B’43Ky Mae BUf, (Y
CUCTeMi KOOpJUHAT {x, ¥, 2 }):

1 LM
v, IE Z Crmy 1yms ¥

mi,ma2

[(I)la + (_1)Sq)2a] XSMg (20)

(@1 + (—1)°®a| X,

ae @y, (71, 75) 1 Doy (71, 72) = Py (71 > 72) —

[IBOEJIEKTPOHHI KOOpZAWHATHI XBW/IbOBI (PyH-
T LMy, ..

KUii KiHUeBoro crany, ¢ b, — KoedilieHTr

Knebia-T'opmoHa.

(21)
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OCKiIbKM aKTHBHI eJIeKTPOHU 3[iMCHIO-
I0Tb [1epexofid Ha BeJMKHUX BIJICTAHAX ~
R/2 > 1 a.o., IBOENEKTPOHHI XBU/IbOBI (hyH-
Kuii @y, (7, 73) i Py (71, T2 ) MOXKHA 306pasUTH
y BUIVISIZL 10OYTKY OIHOE/IeKTPOHHUX (PYHKITIH,
SKI He BpaxOBYHOTb KOpPEeJSLIMHY B3a€EMO[i0
MiX eJIeKTPOHaMHU:

Dy, (71, 7)
D1y (71, 75)
ne ¢, (71,) — XBUMBOBa (YHKL]isI TYHEJTFOHOUO-
ro enektpoHa monekyau AZe=D+ o () —

e/IeKTPOHHA XBU/IbOBA (PYHKLIisi OCHOBHOTO CTa-
. Z 71 — . —
Hy ioHa B@—1)+, o (Tw) 1 ¢y, (o) — ogHO-

Ya (T1a) i (Top) — (22)
QOfl (Flb) Sofg (FQb)7 (23)

LMy,
lymy,lams

Hab(R) = Z

mi,ma2

Hy(R) = <<Pf1 (1) @1, ()

Ho(R) =05 (Fn) 1, (7

[nsi CUHIVIETHUX [BOEJIeKTPOHHUX 10H-
HUX CTaHiB |ngloms, nqlymy) 3HaUeHHsS CriiHy
BU/Ii/IeHOI esleKTPOHHOI Tlapu S = 0, a [jis TpU-
TIeTHUX — S 1. OckinbKku XBUIBOBI (pyH-
KIii ; (7) Ta @y, (T,) OPTOrOHAMBHI SIK B/a-
cHi (yHKLiI ofHOrO i TOro X raMisbTOHiaHa,
TO B MaTpUuHUX enieMeHTax H,(R), Ho(R) He-
HY/IbOBUM BHECOK POOUTB JIMIIIe Mi>KeIeKTPOH-
Ha B3aeMo/iisi. [To3asik akTUBHI eJIeKTPOHM 3[1ili-
CHIOKOTh ITePeX0/iy Ha BEeJIMKUX BIZICTAHAX 719 =
IR — o + 7| & R/2 > 1 a.0., po3Knagemo
TOTeHLIias IX B3aeMoZii 7“1_21 B psifi 3a 00epHeHH-

R/2

Hy(R) = —4 / ds / 455 (7o) ealF
0

S

Y Bupasi (R7) mnoeepxus inTerpyan-
aa S — TJIOLMHA, SIKa MepIeHUKY/IspHa /10
MK’ siIepHOi OCi Ri [Tk 11 HaBmnii. Bopa-
HOUAC iHTerpyBaHHS 3a 3MiHHOIO 7y, B (R7) TIpo-
BOJUTBLCS TI0 BCbOMY TipocTtopy. IlozmibHe mo
(27) npencrasnenns onepxyeThes i 415 MaTpu-
uHoro enementa Hy(R) B (26).

Ilns mopanblUIMX OOUMC/IeHb HEOOXimHO
KOHKDETH3YBaTH XBUILOBI GYHKLT ¢;(75,) Ta

110
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eJIEKTPOHHI XBW/IbOBi (YHKIIii /ABiui 30ymKe-
HMX CTaHiB ioHa B(%~2)%, ®dyukuii o, (7,) Ta
@, (T15) € XBUIbOBUMU (YHKIISIME TyHeJIro-
FOUOr0 eJIeKTPOHA y TOYaTKOBOMY i KiHLIEBO-
My CTaHax, fIKi OTpPiOHO 3HAaTU y MIKLIEHTPO-
Bili obsacTi, TOOTO A/ 71, R/2.
[pu obuucnenni H,,(R) y sikocTi ¢, (T,) Ta
¢, (T15) MU Bi3bMeMoO 3HalifieHi BuIIle QyHKLIT
(@) a ([L1)). TTpu npomy B byskuii (L1]) 3amixu-
MO (ny, Iy, my) — (n1, 11, m1).

IligcraBuBm criBigHomenns (R0) —
(@3) vy Bupa3z (1Y), ans marpuuHoro enemen-
Ty ZiBO€JIEKTPOHHOI 00MiHHOI B3aeMogil H,,(R)
OJlepP’)KUMO Take Ipe/iCTaB/IeHHS:

~
~

~

Ty =~

[Hi(R) + (=1)%Hy(R)] (24)
H| ¢4(71a) %(sz)> : (25)
f{ Qpa(Fla) ‘;Oi<7?2b) > (26)

MM CTeIlleHsIMU BeJIMKOI'O ‘ﬁ — T > 1 a0,

00OMe>KUBIIMCH TTPU LIbOMY TI€PIINUM KODPeJIsLiii-
HUM UJIeHOM:

1 T95c0860

47 2b6089
7192 = -
! )]z Ta

2 ™ R2

(6 — KyT MK BEKTOpamMH 7, = R— T1q TA Tap).
BpaxoByroun cka3zaHe Ta 3arucCaBlld iHTerpasni
10 7, Y UMTIHAPUYHUX KOOP/AWHATAX, /IS Ma-
TprYHOTO enemMeHTa (R5) ogepxumo:

1

/ Aoy, (Tan) i (o) Tapc080. (27)

© 1, (7). BOHN 3a40BOMBHSAIOTH PiBHAHHS [1Ipe-
JiHrepa

_ D2
2

y SIKOMy MM 3HEXTyBa/li TIOTEHI[iaJioM B3ae-
mogii V,(ry,) BHYTPILIHBOrO eeKTpOHa ioHa
B%=2% 3 pignaneHuM MomeKy/lIspHUM iOHOM
A%t y nopisusnHi 3 Vj(ry) . B3aemogito ere-

+wvm—ag%ﬁ@w:aa&
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KTPOHa 3 i0HHMM 3a/1uIIKoM 54T onuiiemo Ta-
KUM MOJIe/IbHUM HOTeHuiaJIOM V})(rgb) (131

+ZCl’

fe P, — oreparop MpOeKTyBaHHSI Ha ITiATpo-
cTip chepruuHuX QYHKIIiM i3 3aJjaHUM 3HaueH-
HSIM opbiTanbHOro KBaHTOBOrO uucia ['. Hop-
MOBaHa XBU/IbOBAa (PyHKL]isl e7IeKTPOHA y OCHOB-
HoMYy craHi iona B%~D* nng MogensHOrO 110-
terriany (29) mae Burnsag [[14]:

_Tap
e " lbmb(92ba ¢2b>>

Vo(rap) = Pz/ (29)

pi(Fp) = Biryy (30)

. s _T2b 2r
P fa (TQb) :BQTQ?G n2 1F1 (_p7 2Sl2 + 25 n_%> YZng (02177 ¢2b)7
2

Je

2 Slb +3/2 1
B, == _—_ 31
' (nb> TL/2(2s;, + 3) 1)
(I'(z) — ramma-¢ynkuis Efinepa).
HopmoBaHa xBu/IbOBa (YHKIIisSI 30ymKe-
HOTO CTaHy ¢+, () iona B% Y+ nna mopess-
Horo rorenwiany (29) mae Burnsz [15]:

(32)

2\ %21 1
By = (_> 1/251/2
N 2712112 (2, + 2)

Tyt p = (n2 2y — 51, — 1) — Ljinie gogaTHe YMCIIO
(my1s1 ocHOBHOTO cTanHy p = 0).

[Iist 3HAXO/KEHHS 1IYKAHOTO TIPe/CTaB-
JIEHHS /ISt IBOEJIEKTPOHHOTO MAaTPUYHOTO eJie-
MeHTa [IBOe/leKTPOHHOI B3aemonii H,,(R) 06-
uncumo inTerpamn Hi(R), Hy(R) B (R3),
(26), BuKOpHCTOByIOUM 3HaiifeHi 306pakeH-

1 (2n, ™2z,
I R R mqi: | —

[F(nga + 25, + 1) 1/2
(TLQZb — S, — 1)'

HS1 1711 OHOEJIEKTPOHHUX XBUTbOBUX (DYHKIIiH
Pa(T1a)s 1 (T1s), i) Ta @, (). TlipcTa-
BuBIIM B iHTerpamu (27) supasu (9), (1), (BO)

i (2) Ta BUKOHYyIOUM iHTErpyBaHHs 3a 3MiHHU-
MU 71, (Y UATHIPUUHUX KOOPAWHATAX) Ta 7oy
(y cdepruHMX KOOpAWHATAX), /IS MATPUYHOTO
enemenTa Hi(R) onep>Kumo:

TLaZa ng(Zb _ 1) TLQ(Zb*l) X
2e

(33)

27
2e

NaTy

lb l2 . lb ZQ 1 S1g+sy,+4
\/<2lb+ 1)(2[2 + 1) (O 0 0) (mb Mo 0) (’I’Lz +nb) .

D(sy, + 51, +4) - oF1 (—nga + s, + 15y, + 81, + 45251, + 2

Hi(R) =(-1)"ByB,B,B"™ —
e p{ !
X J——
Nnay/ (R — 21)22
(R* = (21 + 220) R+ 2120 + 23)
Tyt oF («; 5;7; z) — rinepreomerpuuna ¢yH-

kuis; (G2 §) — 3j-cumeon Biruepa; s,, si, —

edeKTHBHI opOiTa/bHI KBAaHTOBI UMC/IAZIA MO-
nensHoro notenniany (R9) (ix o6uncinenns ,qe-
TaJbHO omucaHo B [9]). Bemuuwau B !

B +1|m | BU3HAYAIOTBCA (hopmynoro (@) Ma—
TPpUUHUI efieMeHT Hy(R) MOXXHA OfiepKaTy i3
Bupasy (B4) ans H,(R), BUKOHABIIM B OCTaH-

271[, )
X
N9 + Ny

[ (—R2+ (21 + 2)R — 212) K(C) + (R — 21) % E(Q)+

,3,0). (34

mala @M S'Hmlll
}} Z 05" B o P (0

=|ma|

HbOMY 3aMiHU: Nyp <> Nop; [1 <> lo; My <> M.

BucHoBku

Y crarTi po3pobsieHO KBa3iKIacHuHYy BepCiro
aCUMITTOTAYHOI Teopii A/ JOC/iIKEeHHS [IBO-
e/IeKTPOHHUX TIPOLIeCiB OJHOENeKTPOHHOI Tie-
pe3apsiZiKu 3 YTBOPEHHSIM /IBiui 30y/>KeHUX i0H-
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HUX CTaHiB IPY MOBUILHUX i0H-MOJIEKY/IPHUX
3iTKHeHHsIX. Oflep>KaHO HOBI aHa/IiTUYHI MpeJ-
cranenns (24), (B4) ans acummrotuky Ma-
TPUUHOTO eJiIeMeHTa JJBOe/IEKTPOHHOI 0OMiHHOI
B3a€EMOZIl iOHIB 3 IBOATOMHUMM T'OMOSI/IEPHU-
MU MoJTeKy/1aMu B peakuii () y Bunagky 6/1m3b-
KUX eHepriu I, Ta [, TyHeII0ruoro eleKTpoHa
y TI0YaTKOBOMY Ta KiHLIeBOMY CTaHax, TOOTO B
monekyni AZe=D+ tajoni B4 2+,

3HalileHe TIpe/CTaB/IeHHA [/I1 MaTpu-
YHOro esleMeHTa 0OMiHHOI B3aemogii H,,(R),
1110 OMMCYE /ABOeIeKTPOHHUM MPOoLieC OfHOese-

KTPOHHOTO 3aXOIUIeHHs1 Y ABiui 30ymkeHi ioHHI
cranu B peakuiax (2) (bopmym (24), (B4)), e
JIOBOJIL IPOCTUM i 3pyYHUM /151 CHCTEeMaTUYHUX
PO3paxyHKIiB MepepisiB TpoLieciB 3 mepeposno-
ainom Buzy (). Po3BMHEHHIO 3anpONOHOBAHO-
ro B L{il MpaLi NiAXoAy Ha BUIMAJ0K, KOJIA BKa-
3aHi eHeprii F, Ta E, CUIBbHO BiJ|pi3HAIOTHCS
(|E.| > |Ep]), a TakoxX 0OUKMC/IEHHIO TTOBHUX i
rnapLjiajbHUX TTepepi3iB OJHO- Ta JBOEEKTPOH-
aux nporjecis Ty (fIl) i (B) mpucesueni nami
TMOAAJIbLII JOC/Ti/IKeHHS.
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M.{. EBuy, M.U. Kap6oBaHer]

YKropo/icKuii HalfMoHaIbHBIN yHUBepcuTeT, 88000, Y>xropos, yi. BosomivHa, 54, YkparHa

I[TEPE3APAIKA B IBAKIbI BO3BY > KIEHHDBIE
COCTOAHNUA 1TP1 ME JIEHHBIX
NOH-MOJIEKYJIAPHBIX CTOJIKHOBEHUAX

B pamkax KBa3WK/IaCCHUYECKOTO METO/Ia BBIUMCIEHO aCUMOTOTHUKY (TPY OOJBIIMX PAaCCTOSIHUSAX R MEX[y CTa/lKUBa-
FOLIMMMCS YaCTHLIAMM) TIOTeHIMala 06MEHHOT0 B3aMMOZeHCTBHS IByXaTOMHO# TOMOsiIepHOi MoseKysbl A(Za—1)+
¢ aroMHBIM HoHOM B(4» 1)+ | oTBeTCTBEHHOTO 3a JIBYX3/IeKTPOHHBII TPOLIECC OJHOeTEKTPOHHOTO 3aXBaTa B BAKbI
BO30Yy>K/IEHHbIE HOHHbBIE COCTOSTHUS.

K/iroueBbie C/I0Ba: Me/|IeHHbIe HOH-MOJIEKY/ISIpHbIE CTOJIKHOBEHUsI, OJHO/IEKTPOHHbIHN 3aXBaT, BAXK/bI BO30YKeH-
HbIe COCTOSTHUSI, aCUMITTOTHYECKasi TEOPHSL.

M.Ya. Yevych, M.I. Karbovanets

Uzhhorod National University, 88000, Uzhhorod, Voloshin, 54, Ukraine

CHARGE-TRANSFER PROCESSES INTO DOUBLY
EXCITED STATES IN A SLOW ION-MOLECULE
COLLISIONS

Purpose. To construct a closed analytical expression for the two-electron exchange interaction potential, which define
the charge transfer processes into the doubly excited states in collisions of the homonuclear diatomic molecules with
multicharged ions.

Methods. The semiclassical method and the asymptotic version of the surface integral method have been used for
construction of the asymptotically correct two-center wave function and the two-electron exchange interaction.
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Results. We have constructed the semiclassical representation for the two-center electronic wave function of the
quasimolecular systems, which consist of the homonuclear diatomic molecule and atomic ion, for the region of a large
separation between heavy particles. The analytical expression (in terms of full elliptic integrals) of the asymptotic of
a two-electron exchange interaction responsible for the formation of doubly excited ionic states has been obtained.
Conclusions. An analytical study of the asymptotic properties (at large distances between interacting particles) of the
quasimolecular system that consists of an ion and a homonuclear diatomic molecule has been carried out. The new
analytical expression for the leading term of the two-electron exchange interaction responsible for capture into the
doubly excited states has been obtained in the framework of the semiclassical version of the asymptotic approach. It is
assumed that the energies of the tunneling electron before and after the recharge process are not much different. The
expressions obtained for exchange interaction can be used for the study of the two-electron transfer processes into a
doubly excited state at the collision of a homonuclear diatomic molecule with an atomic ion.

Keywords: slow ion-molecule collisions, charge transfer, doubly excited states, asymptotic theory.
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OIINC ITO3JOBXHIX EJIEKTPOMATI'HITHUX
XBWJIb PIBHAHHAMNU MAKCBEJIJTA

ITo370BXHi e/leKTpPOMarHiTHO-CKa/IAPHi XBUJIL OZiep>KaHo y IKOCTI PO3B 43Ky y3arajabHeHOl CUCTeMH piBHSHb MakcBsei-
7, sIKa € MaKCMMaJIbHO CUMETPUYHOIO ()OPMOFO X PiBHSIHE. OCOOMMBO Ba)K/IMBUM pe3y/IbTaTOM € OTPUMAaHHS I10-
3[0BXKHIX eJIEKTPUYHOI i CKa/spHOI XBW/Ib Y SIKOCTi Oe310CcepesHbOro po3B’si3Ky CTaHAAPTHOI CUCTeMH PiBHSIHb Ma-
KCBeJl/la 3 TYCTUHaMU CTPyMIB i 3apsifiiB rpagieHtHoro Ttumy. [IpefcraBieHo cTpore MaTeMaTU4YHe [JOBeZeHHs, 11O
TIO37I0BXKHI eJIeKTpYYHa i CKa/IsipHa XBWIL ICHYIOTb Y OKOJIi CTPYMIB i 3aps/iB, sKi X NOpoAXytoTb. BKa3aHo Ha Mo-
JKJTUBICTB 3aCTOCYBaHHS OTPUMaHUX pe3y/bTaTiB [0 (i3ndHOi iHTepripeTariii CyyacHUX eKCIIePUMEHTIB, y SIKMX Dee-

CTPYIOTBCS [I03[,0BXKHI e/IeKTPOMarHiTHI XBUJIL.

KirouoBi cs10Ba: piBHsHHS MakcBeJi1a, e/leKTpOMarHiTHe 110Jie, KJlaCUYHa eJIeKTPOJUHaMIKa, TT03/J0BXHi eJleKTpoMa-

THITHI XBWJIi.

Beryn

MocimpkeHHs: Tpo61eMaTHKY TT03/I0BXKHIX ele-
KTPOMAarHiTHUX XBW/Ib OepyTh moyartok Bizg Hi-
ko Tecmu. Le maibke oueBuaHO [[1], xoua 3
PI3HMX IIPUYMH CHOTOZHI CK/IaJHO BilOKpeMU-
TH nereHu nipo H. Tecny Bif oro akTUUHUX
pe3y/bTarTiB I[0A0 Mepeaadi eleKTPOMarHiTHOL
eHeprii Ha BificTaHb [2].

[Tepiia BigomMa TeopeTMuHa poboTa
MpO TO3[OBXKHI e/leKTpOMarHiTHi xBuji [3]
3’gBuacs y gasekomy 1941 p. binbiu cydyacHe
TeopeTHYHe OOIPYHTYBaHHS iCHYBaHHSI TaKHX
xBWIb [4] cnvpanock Ha 3B’5130K piBHSIHb Ma-
KcBes/ula 3 OGe3macoBuM piBHSHHAM /[lipaka, a
JJ/1s1 OCTaHHBOTO ICHYBaHHS MO3[0BKHIX KOM-
TOHEHT y 3araJlbHOMY PO3B’SI3KY € OUeBUHUM.
Crapt y [4] meBHOIO Mipol0 3aBAsUYE pe3y/ib-
tTaraMm [5], Je BHU3HAUEHO BiJIOBiAHOCTI MiXK
pO3B’si3KaMy, CUMeTpisMY, JlarpaHKiaHamMu Ta
3aKoHaMu 30epe>keHHs1 6e3MacoBOT0O CITiHOPHO-
IO IO/ Ta eJIeKTPOMarHiTHOrO I0/1sl y TepMi-
Hax Hampy>KeHOCTel efleKTpUYHOro F i MarHi-
é)HOJﬂB.

Be3rnocepeiHb0 npobsiemi icHyBaHHS T10-

THOTI'O

116

3[JOB)KHIX €JIeKTPOMAarHiTHUX XBW/Ib Oy/M TIpU-
cBsiueHa pobota [6], a Takox my6sikarii [7] i
[8]. OnHa 3 ifeit monsirana y BUKOPUCTAHHI JJis
i€l MeTW MeBHUM UMHOM Yy3arajbHEeHUX piB-
HsiHb MakcBesia [9] BBefeHUX y pO3I/isi[ Ha
OCHOBI TIPUHLIUITY MaKCUMa/IbHO MOXK/IUBOI CH-
Mmetpii [10], auB., Hanipuknaz, [11], a TakoXK Ha
OCHOBI 3B’A3Ky 3 piBHAHHAM /lipaka, siK JJ1s1 BU-
najKy, Koayu maca m 0 [9-11], Tak i mns
3arajbHOrO BUMNAJKY HeHynboBOI Macu [12] i
[13]. Haramaemo, mo Ix. K. MakcBeni BUBIB
CBOIO CUCTeMY PiBHSIHb /ISl OIKCY e/leKTpoMa-
THITHUX SIBULLl HA OCHOBI y3arajbHeHOro 3aru-
Cy BCiX Bi/IOMHX 3aKOHIB eJIeKTpoAguHaMiKu Pa-
pajes, Amriepa, Bebepa i T.1. i 3acTocyBaHHs
rpuHLuIy cuMmetpii. ITo anasorii 3 ifesmu Ma-
KcBesiia y [9—11] BUKOpuCTaHa MOK/IMBO Hali-
Oi/bIll cumeTpruHa opMa piBHSHE MakcBesI-
na, 1m0 Mae 256 BUMipHY anreOpy iHBapiaHTHO-
CTi.

Y poborax [6-8] mo3moBxHi esleKTpoMa-
THITHI XBWJII PO3IVISIZA/IMCh TaKOXK 1 Y pamKax
CTaHJApPTHUX PiBHSIHE MakcBesia, ane y [bOMY
BUTIA/IKy Oy/1a BUSIB/IEHA JIUIIIE TIO3/[OBXKHS KOM-
TOHEHTa BEKTOpa Hamnpy>XeHOCTi eeKTPUYHO-
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ro ToJist ﬁ I CKa/sgpHa XBWJ/ISl, HAIPSIMOK PO3-
TOBCIO/IPKeHHS SIKOI CITiBI1azaB i3 3raZjaHoro 10-
3[J0B)XKHBbOI) KOMITOHEHTO F'.

ChoropHi y moOpiBHsIHHI 3 uyacamu [5—
7] inTepec [0 mipobneMaTHKW TIO3[0BXHIX
e/IeKTPOMarHiTHUX XBW/Ib Ha/|3BUYalHO BUPIC.
ITepi 3a Bce csiifi BiAMITUTH peeCTpaLiito Mo-
3[J0B)KHBOI eJIeKTPUYHOI XBUJ/Il § eKCllepUMeH-
Tax 3 Jla3epHUMU NyukaMu. PajianbHO 1osis-
pU30BaHi MUKW CBiT/a peecTpyBaauch y [[14]
i [15]. ¥ pobori [[16] oTprMaHO iHTeHCHBHI TI0-
3[I0BXXHI eJIeKTPHUUHI TT0J/Is1 TeHepOBaHi 3 Tiore-
peYHUX eJIeKTPOMArHiTHUX XBWU/Ib, @ y CTarTi
[17] mocnimkeHO reHepaljito MOSpU3aLIifiHO-
HeOZHOPIAHUX MOy, y oTy>kHOMY CO,-/1a3epi.

CyuacHi TBepIKeHHSI TIPO MO3J0BXHI
e/IeKTPOMAarHiTHI XBW/1 y Tjla3Mi HaBeZleHi, Ha-
nipukaz, y [[18] i [19], y nnasmonax — y [20], y
MeTaslfiax i Ha MoBepxHi MeTaniB —y [21].

3 iHmoro 60Ky, TBepKeHHS PO iCHyBa-
HHS1 [T03/10BXXHiX e/IeKTPOMarHiTHUX XBU/Ib [1€B-
HUM UKMHOM KOH(/IIKTY€ 3 KAHOHaMU K/1aCUYHOI
esleKTpoguHaMiku MakcBesiia. OfHa 3 HalUX
LiiJIel — JOBeCTH CTPOr0 MaTeMaTU4HO, 1110 Ha-
CIIpaB/ii JKOLHOTO IPOTUPIUYS He iCHYE.

Bizomo, 1110 po3B’s30K BiJIbHUX PiBHSIHb
MakcBenia, TOOTO efleKTpOMarHiTHa XBUJISI Ha
aCUMIITOTHLIi, MiCTUTB JIUILIE TIOTIEPEYHi KOMIIO-
HEHTH BEeKTOPIB Harpy>keHOCTel eJIeKTPUYHOT0

Ta MarHiTHOro ﬁpnoniB. Arie ripy 1jbOMY 3a-

OyBaroTh, 1110, Ha BifIMiHY BiZ Bi/IbHUX PiBHSIHb
MakcBeJina, 3HaXOZPKeHHsI PO3B’S13KiB CUCTEeMU
piBHAHb MakcBesia y HEOGHOPIJHOMY Ccepezio-
BUILIi [TPY HAsIBHOCTI CTPYMIB i 3apsi/iiB € 30BCIM
IHIIIOO 1 @X HifIK He MPOCTO0 3azauero. Cboro-
JIHIi JIOC/TIJHUKY BCe YacCTille CTBEPKYIOTb, 1110
y TaKUX BUIMAa/iKax iCHyBaHHS MO3/I0BXXHIX ere-
KTPOMAarHiTHUX XBU/Ib He CyIlepeurTb KaHOHaM
esleKTpofiiHaMiki MakcBesa. 1106 y3rogutu
OCTaHHE TBEP/KEeHHsI 3 OUEeBU/IHOIO (eKCrepu-
MEHT IJIFOC Teopist) MOTMepPeuHiCTIO e/leKTpoMa-
THITHOTO M0JI HA aCUMITOTHULIL Y Cy4acHIH Jii-
TepaTrypi BCe uacTilie poOUTbCS TBEPIKEHHS,
Bizlome 111e 3 [6-8], mpo icHyBaHHs MO30BXKHiX
e/IeKTPOMarHiTHUX XBW/Ib JIULLIEe Y OKOJIi CTPY-
MiB 1 3aps/iB, fIKi € [pkepejlaMy eJIeKTpOMarHi-
THOTO TOJ1s1. SIKIII0 3aps/ BeJIMKUM, HallpUKJIas,
IylaHeta 3eMJsisl y LIJIOMY, TO TIO3[0OBXKHS eJie-
KTpOMarHiTHa xBujs (abo e ii ejleKTprUUHa
KOMITOHEHTA) LIIJIKOM MO)Xe MaTu pO3MipH, Ha-

npuKnaz, Bi micra Heto-Mopk f0 paiiony pi-
uku [TigkaminHa TyHrycka!

Agtopu pobotu [22] 3asiBUH, 1110 iM BAa-
JIOCS 3apPe€eCTPyBaTH TI03I0BXHI eJIeKTpOMarHi-
THI XBWIL. Y AUCKYCIl, fIKa 3aB’s13a/1acs, pe3y/ib-
TaT [22], 9K MpaBuio, MiJa€ThCS CyMHiBaM.
Hanpuknaa, aBrop [23] 0BOAUTS, 11]0 Y €KCIie-
pumeHTi [22] KyneroibHOI aHTeHO!O peecTpy-
Ba/MCh KjacuyHi nonepeyni TEM xBwuii, mo-
POJKeHI CTpymMaMH, IOB’3aHUMHU 3 II/IaHeTOHO
3emisl.

AKTYya/bHICTb 3aCOCYBaHHS METOJIB Ma-
TeMaTU4HOI (Di3MKU y raay3i BUBUEHHS M03/10B-
JKHIX e/IeKTPOMarHiTHUX XBW/Ib € OYEBU/HOIO.
Hwxue npezcTaBnasieMo NpOJOBXKEHHs 3arioua-
TKOBaHUX y [6-8] mocnikeHb.

MiHiMyM HeoOXiJHUX MO3HAUEHb

Cucrema omuHulb h = ¢ 1. Metpuka
g = @) = (- —--)d = ¢g"a, 1o
IHJIeKCy, 1110 MIOBTOPOETHCSA [BiUi, — CyMyBaH-
A, p = 0,3, = 1,2,3; M(1,3) = {x
(z#) = (2% = ¢, @ = (27))} — npocrip-uac
MiHkoBCbkOro. MaTemMaTuyHa KOPeKTHICTh 3a-
cTocyBaHHs MeToqy Pyphe 3abe3meuyeTbCst BU-
KOPHUCTaHHSIM OCHaIleHoro rnpoctopy ['inbbep-
ta S** C H** c S*¥*. Tyr S** — npocrip
ocHOBHMX GyHKLi# I[IBapia, a S*** — npocrip
y3arasibHeHuX ¢yHKUiM [IBapra. 3ayBakumo,
ILI0 Y KBAHTOBO-MEXaHIUHUX TEOpisx, Ae Yaco-
Ba 3MiHHA BiJlirpa€e posib Mapamerpa, CJiJi BU-
KopucTOByBatH mipoctip S** C H3* C 3%,
ofiHaK y (opMasi3Mi sIBHO KOBapiaHTHOI Teopil
1oJisi ocHalleHu npocrtip I'inb6epra Bubupae-
Mo y Bursgi S4* ¢ HY4 ¢ S,

ITo3a0B)XKHI e/leKTPOMarHiTHI XBUJIi B
y3arajbHeHHX PiBHAAHHAX MakcBeJ-
J1a.

PosmissHeMO Taky ysarajbHeHy — IIMPOKO-
CAMETPUUYHY CUCTeMYy PiBHSIHb MakcBeslia

c%E —curlH = —gradE°,
Goﬁ toulE = —gradH°,
i —OuE", divH = —8,H".

(1)

dlvﬁ
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y SKill TYCTUHU CTPYMY i 3apsany (y TOMy YMCIi
i MarHiTHi) MarOTh BUITISIZ

Tl) = —gdi(a),
7ngg _ :giad;[xoi;:% )
Pmag(T) = —OH(x).

ﬁ(x) = (Qﬂ /3k,\/7{c

A= C~€1+c’ﬁ252* + (e

A = ] /3’“\/7{c

b= |ga-gat(q

E%x) = (27T /3k\/7 Cﬁ

Hz) = (% / \/’

Y (B) BuKopuCTaHO HACTYTIHI TO3HAYEHHS:

kr = wt — kT, w= VEk2, 4
1 wk? — ik'k?
& = —wk' — k23 |,
W\/Q(klkl + k2k2) i(kﬁlkl + /{52]{2)

L, .k

& = &7, €y = — (5)
w

1

Py 2/d3x <§2+ﬁ2+E§+H§>
Bauumo, 1110 (E(a:), ﬁ(z)) — e Aii-
CHi BEKTOPY Hamnpy>KeHOCTel e/leKTPUYHOIO Ta
MarHiTHOro IIOJiB 3amyvcaHi y TepMiHaX KOM-
IUVIEKCHUX KBaHTOBO-MeXaHIYHUX iMnyJILCHo-

CriipasibHUX aMIVIiTy/, (cﬂ 2,3, ct )Bl,qnom,q-

) )
HUX eJIeKTPOMarHiTHO- CKaJ'ISIICPH’IC/IX xBub. Oue-
BU/IHO, I1J0 BeKTOpU HampykeHoctel () ere-
KTPAYHOTO E I MarHiTHOrO ﬁ TOJTiB MICTHATh
MO3/0BXKHI KOMITIOHeHTU. CKassipHi QyHKLil y
(B) Takox BU3HAuUAIOTH TIO37OBXKHI XBHII, Ha-
TPSIMOK PO3IMOBCIO/KEHHsI SIKUX 3a/la€ XBU/IbO-
BHI BEKTOp €3 = £

OCKinbKM I'yCTHHY cTpyMiB i 3apsziB y ()
331al0TbCd TUMU CaMUMU aMIUIITyAaMU, 100 i
MO3/0BXHI eJIEKTPOMAarHiTHi Ta CKaJIIpHI XBWJII
y (B), To po61MO BUCHOBOK, 1110 TaKi MO3/,0BXKHi
XBUJI iCHYI0TB Y OKO/Ti cTpyMiB i 3apsizis (B), axi
IX TIOPOKYIOTb.

1d. Series Physics. Issue 45. — 2019

Po3B’sA30K y3araipbHeHOI CHUCTeMU piB-
usHL Maxcsesa ({Il) mykaemo metogom ®ypee,
ToOTO Yy BUT/IsAi iHTerpany ®ypewe. Kinueso 1eit
PO3BSI30K MAa€ BUIVIS/L:

& + ¢ 62+(c~+c) 3] e ™+ A},

+ C ) 61 x7
61 + (C% - C%)é?g] —ike B} (3)
- Cﬂ )63 eikx

+C zk:p_|_(ci3+c )zkm}7

—(

*3
%

—1er

— )e”’”] )

K
Tyt (€, €2, €3) — BIacHi BeKTOpPU KBAHTOBO-
MEXaHIYHOro orepaTopa CIipajabHOCTI AJIs CITi-
Ha s = 1. [loBinbHUI KoedillieHT MeTony Dy-
pbe v (B) BubpaHo 3 ymoBM HOpMyBaHHs eHep-
rii eleKTpoMarHiTHoro nosisi, abo roBHOI eHep-
ril es1eKTpoOMarHiTHO-CKa/IsIpHOIO MOJIS:

= [@wo (| + 1l +af + |4F) . ©
ITo3a0BXKHI e/IeKTPUYHI XBHUJIi y CTaH-

AApPTHUX PIBHAHHAX MakcBe/uia

PosmissHeMo cTaHjapTHy cucteMy piBHsAHb Ma-
KCBeJl1a

80§ —curlH = —gradE°,
80?} + curlﬁ =0,
dive =0,

divE = —0,E°,

y Kill TYyCTUHU CTPYMY i 3apsily MaroThb BUIJISA],

()

—
J (x)
Po3B’s130K cucTeMu piBHSIHb MakcBesia
(@) mykaemo meTomom Pypre, TO6TO y BHIIA-
Al inTerpany @ypoe. KiHLeBo Lieli po3BSI30K Ma€e
BUIISIZL:

= —gradE°(z), p(v) = =0y E°(z). (8)
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g/d?’ \/7{ [ch 61+c~62+0zk63} —the 4 [01’5151*—1—0 € + ar eg}eikm},

/d3 \/7{ c 21— CF 62} e ke _ [02151* - 01’5252*} e”“’},

Mw

E°%(x)
Y (@) BI/IKopI/ICTaHO Ti 3K cami no3HauenHs (4),
(B). MoBinbHuii koedirienT metony Pypse y ()

P():

OueBUHO, 110 BEKTOpP HAalpy>KeHOCTi

enextpuuHoro monst £ (z) y (B) mictuts mo-
3[I0B)KHIO KOMIIOHEHTY, aMnniTy,ua AKOI (v,
CxansipHa ¢yukuis E°(z) y (0) mae Ty camy
aMIVLTYZy o I Takox BH3Haqa€ TM03/I0BXXHIO
XBHJIO, HATPSIMOK PO3MOBCIO/KEHHST SIKOI 3a/1a€
XBU/IbOBUM BEKTOD €3 =

OCKi/IbKY TYCTHUHU CprMy i 3apazgy y (B)
3a/]al0ThCA Ti€K0 CaMOI0 aMIVIITYA0K a, 11O i
TO3/I0BXKHI e/IeKTpUUHA Ta CKajsipHa XBUL Y
(8), To po6¥MO BHCHOBOK, 1110 e/TeKTPIYHA KOM-
noHenTa E () Ta ckanspHa xsuns E°(x) icHy-
I0Th y OKoOmi cTpyMmiB i 3apsazis (H), siki ix mo-
POKYIOTh. TaKUM UMHOM, SIKiCHY TiroTesy, 1110
T03/0B)KHS eJIeKTPUYHa XBUJISA iICHY€ Y OKOJIi 3a-
PAAIB 1 CTPYMIB, sKi 11 TIOPOKYIOTh, TYT /I0Be-
JleHO CTPOTr0 MareMaTUUHO.

Taknii caMrii BUCHOBOK CTOCY€TbCS Ta-
KOX 1 TO30BXKHIX e/IeKTPOMarHiTHUX Ta CKa-
nspaux xBuib y (B).

[TepeBipka cripaBeiJIMBOCTI OTPUMaHUX
po3e’si3kiB (B), () 3ailicHoeThes ix Gesnocepe-
nuboto migcranoekoto y pisusiHEs (1)), (), Big-
TOBi/IHO.

BucHoBku

Bax/uBo, 1[0 iCHYBaHHS I103[0BXHIX KOMIIO-
HEHT BEKTOPiB Halpy)>keHOCTel eeKTPUYHOIro

)2/ Sk\/s ak zkw+a*€zkx)

BuOpaHo 3 yMmoBU HopMyBaHHs (), a60 3 ymoBU
HOPMYBaHHs eHeprii eJleKTPOMarHiTHOro MnoJis:

%/dgx <ﬁ2 + ﬁ2> = /d3k:w (’cé!z + ‘C%‘2> )

E (x) i marHiTHOTO H («) moniB, a TakOX BifO-
BigHux ckanspuux xsuib £°(z), H(x), nanps-
MOK PO3MOBCIO/PKEHHs] SIKUX 3a/la€ XBU/IbOBUH
BEKTOp €3 = f, [0BeJleHO He Jivlle K HacJli-
JIOK y3arajabHeHOI CUCTeMH piBHAAHb MakcBesia
(fll). TTo3noBxXHIO KOMIIOHEHTY BekTOpa Harpy-
YKEHOCTI efieKTpuuHoro nosst F (x) (©) Ta Big-
TnoBiaHy ckanspHy xBumo E°(x) TyT sHaiineHo
y SIKOCTi pO3B’s13KiB CTaHAAPTHOI CUCTEMHM PiB-
Hs1Hb Maxcsesna () 3 rycTuHamu cTpyMiB i 3a-
psaziB rpagientHoro tumy (8). Ak BuaHo 3 (B) i
(9), ryctuna Taxoro 3apsiay 3ailcHioe mepioau-
YHY OCLIWIALIIO ¥ Yaci 3 4aCTOTOXO w 1 MOXKe MO-
JleJIFOBaTU eJIeKTPOHU, 10HU Ta iHILI 3apsyKeHi
YaCTUHKY T1a3Mu (abo KinbKa 3apsifiykeHnX Ja-
CTUHOK), 1110 3HaXOJATHCS y 30BHILIHBOMY eJle-
KTPOMarHiTHOMy moyii 1ji€i uacroti. OcobamBo
C/1iJ| BiAMITUTH, 110 Y eKcrepyuMeHTax [[14-17]
3 JIa3epHUMMU [TyYKaMU PeECTPYEThCS caMe I10-
3/J0BXKHSI eJIeKTPUYHA XBUJIS.

TBepAkeHHs, 1110 TTO30BXXHS eJIeKTPUUHA
XBWJ/ISL ICHY€ y OKO/l 3apsAfiB 1 CTpyMiB, fKi 1i
MOPOJPKYIOTh, TYT JOBEZIeHO CTPOTrO MareMaTu-
yHo. [IpezcraBnenuii pesynsrar Mae Gesmnoce-
peiHe BigHoIIeHHs A0 (i3WyHOI iHTeprpeTa-
1ii ekcriepyMeHTiB [[14—22] i BUKOpHCTaHUX TaM
¢bisnyHuX Mozienelt.
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DESCRIPTION OF THE LONGITUDINAL
ELECTROMAGNETIC WAVES BY THE MAXWELL
EQUATIONS

Purpose. The long time discussion on existence, or not existence, of longitudinal electromagnetic waves both in na-
ture and in Maxwell classical electrodynamics is under consideration. The modern experiments on the existence of
such waves are reviewed briefly. The link between the longitudinal electromagnetic waves and the system of Maxwell
equations is demonstrated.

Methods. Maxwell classical electrodynamics, Fourier method, Fourier transform, amplitude analysis.

Results. The longitudinal wave component of the electric field strength vector is found as an exact solution of the
standard Maxwell equations with specific currents and charges of the gradient type. The corresponded scalar wave
component, which is propagated in the same direction, is found as well. The longitudinal components of both electric
and magnetic field strengths, together with two corresponded scalar waves, are found as the exact solution of general-
ized Maxwell equations, which are characterized by the maximally high symmetry properties.

Conclusions. The analysis of found solutions demonstrates that longitudinal components are located near the corre-
sponded current and charge densities, which are the sources of such fields. It follows from the fact that current and
charge densities and the corresponded longitudinal components in the solutions are determined by the same amplitudes.
The best examples of corresponding physical reality are such big charges as the whole water area of closed sea, the
planet Earth in general, their oscillations and corresponding longitudinal electric and scalar waves.

Keywords: the Maxwell equations, electromagnetic field, classical electrodynamics, longitudinal electromagnetic
waves.
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POMERON MODELS AT LHC ENERGIES

Purpose. The existing experimental data on the elastic scattering of protons (antiprotons) by protons, including those
obtained at the Collider, are not in doubt for non-exponential behavior of differential cross-section. Our task is to
choose the most adequate analytical model that describes this behavior of the differential cross sections for elastic pp-
and pp scattering.

Methods. Pomeron alternatives for describing the non-exponential behavior of the diffraction cone in differential pp-
and pp elastic cross-section are investigated.

Results. It was shown that the pomeron amplitude with two tewrms with different t-dependences is strongly suggested
by the data.

Conclusions. The values of the slope B(s,t) and curvature parameter C'(s,t) have been calculated for different
Pomeron model within the wide s — and low ¢ — range with the allowance made for the diffraction cone shape. The
absolute values of the curvature parameter C(s, 0) is predicted to be decreasing depending on s and change of sign at

asymptotically large energies.

Keywords: elastic scattering, high energy, pomeron, slope, curvature.

Introduction

Elastic scattering at high energy and low mo-
mentum transfer is crucial to the choice of ap-
propriate pomeron model to description the data
of experiment. In this connection the knowl-
edge of such fundamental physical values of the
elastic scattering as the total oy (s, t), differen-
tial cross sections do (s, t)/dt , slope B(s,t) and
curvature parameter C'(s, t) (for brevity, simply
as curvature) is decisive in checking up the cer-
tain strong interaction model.

Recently the revealing the novel and un-
expected non-exponential behavior of the elas-
tic proton-proton differential cross-section at
LHC energies [[1, 2] have initiated the revision
of the methods of investigation [3—5]. The total
cross sections measured at LHC energies [2, 6]
indicates that the «asymptopia» (i.e. the Frois-
sart boundary) is attained.

Taking into account that at high energies
the values of 0,,(s,t), B(s,t) and C(s,t) were
determined in the same LHC experiments and

keeping in mind mentioned above, the develop-
ment of the up to date criteria of the unified ap-
proach for their determination seems to be nat-
ural.

It has been shown in [7, 8] that, starting
with the available experimental data, we are up
against a considerable precise data for the deter-
mination of the above mentioned parameters.

A modified method of determination of
the slope, curvature and phase on the basis of
the experimental data has been suggested in [9].
A critical analysis of the data /s = 19.4, 546
and 1800 GeV has been performed allowing one
to find both the slope and the curvature usually
defined as

B(s,t) = %ln (W) , D
1dB

It should be noted that despite the small
effect the curvature affects the small-t diffrac-
tion scattering values, thus it should be taken
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into account in the elastic scattering analysis
[10]. Similarly, we have also used the proce-
dure of overlapping ¢-bins [[7,[10] to reconstruct-
ing the local nuclear slopes from the experimen-
tal angular distributions as well as the curva-
ture C'(s,t) at t = 0 when the /s reaches the
Tevatron energies. It was applied the physical
threshold properties of the scattering amplitude
expressed in the nonlinear Pomeron trajectory
[11]:

alt)=1+adt+v(to—Vto—1), (3)

where ¢, 4m? the lowest threshold, m, -
pion mass. Concerning the search for asymp-
topia Block and Chan [[12] considered the curva-
ture C'(s, 0) as a sensitive indicator of the transi-
tion to asymptopia going from positive values at
the ISR energies, to be zero at the Tevatron en-
ergy. They have expected for any model, which
approaches the sharp black disc limit that the
curvature at t = 0 should become negative at
high energies. In this relation the idea arises
to revise available elastic pp- and pp-scattering
data for high energies within a wide interval of
s and low |¢| starting from the method suggested
in [9]. Due to the unified approach in calculat-
ing the characteristics B and C' we shall pre-
dict their energy behavior. The similar proce-
dure has been executed earlier for the energies
ranging up to the Tevatron energies (~ 2 TeV)
in the approximation of the unified origin of the
leading singularity for the pp- and pp-scattering
[[7]. It has been shown that the curvature for the
pp- and pp -scattering shows different behav-
ior over the energy region under study. Later
the change of sign for curvature C'(s,t = 0)
when /s exceeds the Tevatron energy was pre-
dicted in model with two-components Pomeron
and Odderon model [10]. It makes sense to re-
call the remarks on the asymptopia which was
correctly noted in [[13] long time ago: «for the
moment, the situation is such that we do not
find any evidence for new and not old-fashioned
physics in hadronic diffraction at high energies.
Odderon and threshold effects may be there, but
do not seem to be relevant for the description of
the bulk of the interactions: total cross-section,
ratio rho, differential cross section, etc.» The
time has come when you can reconsider these
predictions. Now the ideal place to search for
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the asymptopia is the LHC. In [14] among oth-
ers the investigation of the forward slope B(s)
and interaction radius connected with impact
parameter b for nucleus has been done. The au-
thors have come to the conclusion that we «are
still extremely far from the asymptopia, the re-
gion where some known asymptotic relations
should hold». There we shall study the s- and
t-behavior of B and C' within the framework of
the phenomenological model which considers
naturally the curvature as the manifestation of
a complex structure of the Pomeron in the first
cone region and at all available energies up to
Vs =13 TeV and, thus, recalculate the B(s,t)
and C'(s, 0) values. Our strategy for the investi-
gation of the shape of a non exponential behav-
ior of the diffraction cone and it consequences
will be the following:

1) First we have collect the data set of dif-
ferential cross section for pp- and pp-scattering
where the non-exponential behavior of diffrac-
tion cone is clearly present in broad area of
energy and appropriate interval of momentum
transfer to select the most suitable form of this
non-exponentiality.

2) Next we chose the best form of
Pomeron for description of selected data set,
combining the nonlinear Pomeron trajectory
and non-exponential residue contribution.

Data selection

To look for non-exponential behavior similar to
that observed in the CERN [[l, 2] we have sep-
arate those experimental data for pp- and pp-
scattering which contains the number of exper-
imental points n = 100, namely: F., = 19.4
[15]; 23.5; 30.7; 44.7; 52.8; 62.5 GeV [16];
8 [1] and 13 TeV [2] for pp-scattering and FE.,,
=546 GeV [[17] for pp -scattering. To determine
the interval of momentum transfer for the exper-
imental data, where it is necessary to carry out
the investigations, we shall use the overlapping
bin procedure (OBP) [7,10] whose idea is as fol-
lows. The whole interval over the momentum
transfer |¢| is divided into bins with a reason-
able number of experimental data point (= 10)
so that within the range of the bin the given ex-
perimental points can be approximated by the
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2
)

do(t)\ y
COR

a; and b; are free parameters. Wherein the bins
are shifted with respect to each other by one or
more measuring channel in such a manner that
they overlap so that for each investigated en-
ergy we have obtained the set of «experimental»
value of local slopes b; (see Fig. [ll) close to the
original number of true experimental points of
do /dt. The error bars Ab; shown in the figure
represent the fitting uncertainty. In the area of
interest we observe the following features of the
structure of the slope (Fig. P)):

+ sharp growth of the local slopes, when ap-
proaching the region of interference the
Coulomb and nuclear amplitudes (|¢| <
0.01GeV?);

+ slowly decreasing sequence of local val-
ues distributed along a smooth curve with
oscillation around it;

« collapse of the slope at [¢t| < 1GeV? cor-
responding to the dip in the |¢|.

Having carried out such a procedure for
all separate energy of selected data sets of the
differential cross sections pp- and pp scatter-
ing, we have to implement two cutoffs: first,
one needs to be away from the Coulomb inter-
ference region and second to be far from re-
gion, where rescatterings are important, . <
[t| < tq(GeV?) where . and t4 are the corre-
spond limit values (see Tab. [[). The remain-
ing data is the comprising rather large number
of experimental points in order to determine the
t-dependence of the slope and curvature. It is
convenient to take it with the help of the «exper-
imental» points of the slopes obtained by OPB
as the deepest point of the local bins set. This
criterion of the diffraction cone end corresponds
to the common concept of the «first diffraction
cone».

Choice of curvature shape

There we shall study the s- and ¢-behavior of
slope B and curvature C' within the framework

of the phenomenological model which consid-
ers naturally the curvature as the revelation of
the threshold behavior of the scattering ampli-
tude in the t-channel and the shape of proton
in the first cone region, thus, recalculate the
B(s,0) and C(s,0) values. Here we shall di-
vert the reader’s attention from our attempt to
account for the oscillations observed in the slope
and confine ourselves to the consideration only
the smooth component of the diffraction cone
fine structure, i.e., the curvature. To do this,
we will choose two possible non exponential be-
havior of the differential cross section within the
diffraction cone at fixed energy [7]:

do(t)

_ . 0tty/io—t
e ; 5)
or[1]
dc;it) ) — aebt+ct2 ) (6)

To visualize the quality of the fit of
do(t)/dt and the choice of a better approxima-
tion of non-linearity, we shall use two methods:
the OBP and the normalized differential cross
sections R(t). In the first case each bin con-
tains 8 experimental points. The overlap of bins
is maximal, i.e. each bin shifts to one experi-
mental point relative to the neighboring one (see
Fig. [ll). For the second the normalized experi-
mental data:

(do/dt)esp — (do/dt)mn

Re$p<t) = (dO’/dt)lm )

()

where (do/dt)eq experimental points,
(do/dt);;, — the approximation of all experi-
mental points at given fixed energy from the
selected interval of momentum transfer by a
linear exponential (4). Accordingly, the theo-
retical values Ry, (t) are calculated for (F) and
(6) with the parameters of the best fit to the
experimental data for each individual of 9 sets.

(do/dt)e, — (do/dt)im

Rth(t) - (da/dt)lm )

(8)
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ISR 19.4 GeV

Figure 1: The experimental function R.,,(t), calculated by (7) for energy /s = 19.4 GeV.Solid red line
- calculated function Ry, (t) by the formula (8) for fitted parameters by (H). Solid green line - calculated
function Rth(t) by (8) for fitted parameters by (B), bar - fitting uncertainty.

19.42 GeV [
N% 12 - % ji
(O
g:lo— Sl 7 L %DJELTL r o
g N %%@I I pﬁ NT

T T T T T T T T T T T T
0,1 0,2 0,3 0,4 0,5 0,6 0,7

-t, GeV?

Figure 2: The local slopes bi, calculated wit help the procedure OBP by (), bar - fitting uncertainty. Solid
red line - calculated by the formula () for fitted parameters by (H). Solid green line - calculated by the
formula (g) for fitted parameters by (), bar - fitting uncertainty.
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Table 1: Compilation of data. ¢.—lover and ¢4 —upper limit values of the ¢-range; n —number of experimental
points; a and b — linear fit parameters. Set No 1-6 and 8-9 — pp-scattering, set No 7 — pp - scattering.

Set | B, GeV | |te|,GeV? | |ta,GeV? | n | a,mb/GeV? | b,GeV
1 19,42 0.0206 0.6599 134 72.60 10.60
2 23.5 0.042 0.53 65 66.54 10.31
3 30.7 0.038 0.70 102 72.06 10.32
4 44.7 0.05375 0.28875 99 79.22 11.49
5 52.8 0.0308 0.396 111 85.67 11.72
6 62.5 0.0215 0.49 53 92.7 12.49
7 546 0.0325 0.3175 58 196.2 14.76
8 8000 0.0285 0.19478 30 527 19.39
9 13000 0.0207 0.166 86 633.4 20.43

From the comparison of the results of the
fit for the two models (§) and (f), we see that it
is difficult to give preference to one or another
approximation by the function R(t). Instead,
such a comparison of the results of the calcula-
tion of the slopes should definitely favor the ap-
proximation (f) as it clearly seen from Fig. P.
The same pattern is observed for all other cases
from the selected ones. The general behavior
of the curvature with increasing energy in both
cases is the same. As it was mentioned in [9]
the curvature is significantly stronger than that
found using the simple quadratic-exponential
(c=const) fits which have been traditional for
analizing experiments [[l,2]. Therefore alterna-
tively, as a non-linear rexponential factor, we
will use the approximation ().

Choice of the Pomeron

The next step is to choose the Pomeron contri-
bution to the scattering amplitude, which cor-
responds to the observed behavior (decreasing)
of the curvature C(s,0). Taking into account
the analysis performed above, we will choose a
common form of the Pomeron contribution to
the cross-symmetric scattering amplitude as

Ai(s, 1) = g5 Wef), )

where
_ .S 9
§=—1i—, 50 = 1GeV~,
S0
a,(t) —non-linear Pomeron trajectory (B). Non-

linear exponential residue function is [8,10].

o(t) = bt + f/4m2 —t — 2m,. (11)

(10)

The differential cross section for each i-set has

the form
do(t)\ =
at /, g2

i — number of set (1...9) at fixed energy (/s =
19,4; 23,5; 30.7; 44.7; 52.7; 62.5; 546; 8000;
13000 GeV). Next, we will perform an overall
(Pomeron) fit of all the above selected 9 sets of
data by (g)-([14) with (B) where g, - the normal-
ization factor for each set separately. Consider
three variants of the combination of the contri-
bution of the non-linear exponential behavior of
(t) and the nonlinear trajectory of the Pomeron
(6% p(t) [7, 8]

B#0,7#0,---(I)
B=0,7#0,---(I1I)

The curvature C'(s, t) for variants I-III re-
spectively hase the form

Ai(s, ). (12)

1ylnZ+p3
C(s,t) = I _‘t)g/g, (13)
C(s,t) = —5—(% _Bt)3/27 (14)
1 In £
C(Svt) = _éﬁv (15)
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Table 2: The parameters of the Pomeron fit for I-III variants

I II 111

Parameter | Value Error Value | Error Value Error
g1 64.48 0.18 63.52 | 0.16 58.87 0.11
92 64.40 0.34 62.53 | 0.33 58.14 0.29
g3 72.41 0.22 71.67 | 0.21 68.18 0.19
g4 73.50 0.23 73.01 | 0.22 68.15 0.17
Js 78.27 0.18 7750 | 0.17 73.27 0.13
J6 81.38 0.17 80.76 | 0.16 77.01 0.13
g7 180.5 0.8 180.7 0.8 177.7 0.7
g8 450.7 0.7 457.1 0.5 463.2 0.6
99 526.0 0.8 534.8 0.5 544.5 0.7
b, 0.8383 | 0.0494 | 1.414 | 0.018 | 3.019 0.005
o 0.4144 0.045 | 0.3518 | 0.007 | 0.2308 | 0.0029
v 0.05411 | 0.00511 - - —0.1153 | 0.0002
15} -2.149 0.048 1.619 | 0.023 - -

xX%/dof 2.98 3.20 5.77

As can be seen from Table P. fit by the
variant I with non-linear trajectory and a non-
linear exponential residue function is well con-
sistent with experiment data. This makes us
choose the variant I for the Pomeron contribu-
tion to the scattering amplitude. In this case
the relative nonlinear trajectory plays the mi-
nor role, and option III is by no means accept-
able [B]. The behavior of C'(s,0) in this case,
calculated by ([L3), has a decreasing character.

Conclusions

We have studied the phenomenology of the pp-
and pp - elastic scattering within a wide energy
range from tens of GeV to tens of TeV by us-
ing a model in which the analytical properties
of the scattering amplitude are accounted for by
the threshold singularity in the cross-channel. It
has been shown that such features reflect ade-
quately the smooth part of the t-dependence of
the slope in a form of a concave curve found
with the help of the model-independent pro-
cedure of overlapping t-bins. The calculated

values of the curvature differs from zero due
to that we have chosen the physical threshold
in the cross channel as ¢, = 4m? and non-
exponerntial residue of pomeron pole. To clar-
ify the question whether the non-linear expo-
nential behavior of the diffraction cone is due to
a nonlinear trajectory or non-linear exponential
residue function it is necessary additionally take
into account the novel LHC data. We emphasize
that the non-exponential function ¢(¢) entering
to in the Pomeron pole residue, as well as the
non-linearity of its trajectory oy,(t) is strongly
suggested by the data. As a result, one can ob-
serve that the curvature C'(s,0) has a tendency
to decrease and change the sign. It has been
shown that C(s,0) calculated with the inclu-
sion of the non-linear exponential residue func-
tion together with the non-linear Pomeron tra-
jectory decreases going into the «asymptopia»
mode. As for the energy dependence of the cur-
vature, C'(s,0) calculated with the inclusion of
above mentioned residue function together with
the non-linear Pomeron trajectory decreases, as
expected, crossing the energy axis at /s >
10* TeV.
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[TOPIBHAHHA TOUHOCTEH I10JIOKEHB
['EOCMHXPOHHMX OBb’€KTIB PISHUM
[TPOI'PAMHUM 3ABE3ITEYHEHHAM

Bu3HaueHHsSI TOUHOCTi OTPUMAHUX TMOJI0XKEHb Te0CUHXPOHHUX 00’€KTIB 3a [IOTIOMOTO0 Pi3HOTO MPOrpaMHOT0 3abe3-
neyeHHs1. MeToto OyJ10 OLIHUTH CUCTeMaTUYHI i BUIAIKOBi MOXWOKKM BUMipIOBaHb 3a I0MIOMOTOF TIPOrPaMHOro 3abe3-
neueHHst Apex 1T ta CoLiTecSat. /1151 OLIiHKM TOUHOCTi poO60TH IporpaMHoro 3abe3neuenns (I13) 6y0 BUGpaHo n’sATh
TeOCHHXPOHHUX CYIYTHHUKIB /Il IKMX MO’KHAa OTPUMaTH TOYHY KOODZAMHATHY iH(pOpMallito 3 cepBiciB Mi>KHapogHO1
Mepexi j1a3epHoi Bifanemerpii. BUkoprcTaHi acTpOMeTpUUHI MeTOAU AOC/TiKeHb 06’ €KTIB, a TaKOXX MaTeMaTHuHi
MeTozi 00poOKH pe3ynbratiB. [IopiBHSHHS pe3y/bTaTiB MPOBOAMIOCE 3a foroMororo nakety Kotlin Orbit Estimation
Library. Po3risiHyTO BiJiXU/IeHHSI B3ZOBX Ta BIIOMNEPEK OpOiTH MOIOXKEHb I’SITU CYMYTHUKIB OTPUMaHHUX 3a /I0TIOMO-
roto I13 Apex II ta CoLiTecSat. OpbiTa cynyTHUKiB Oysa oOpaxoBaHa Ha OCHOBi TOUHOI ed)eMepuIu 3 Mi>KHapOJHOT
Mepexi /a3epHoi BigganemeTpii. Buraskoei moxubky ogHoro euMiproBanHs I13 Apex IT ta CoLiTecSat Ha ripezicTaB-
JIeHOMY Marepiasi Bipi3HAIOTbCS He CyTTeBO. BiIMiHHOCTI B OL[iHKax cepeqHbO KBaApaTUuHOro BiaxuieHHs1 (CKB)
nuisi Tesieckorty BRC-250M He 103B0/Is1I0Th 3p0OUTH BUCHOBOK MPO Te, sike [13 3abe3meuye MeHIIy BUTIAIKOBY TTOMU/I-
Ky BUMIipIOBaHb.

K/1r04oBi c/10Ba: CynyTHUK, KOOPJUHATH, TIOXUOKH, edeMepuzu.

Scientific Optical Network), BoHo ripo#iiiuio fo-
CUTb JJOBTUM LIIJISIX BAOCKOHA/IEHb Ta MOAUQiKa-
Li{. 3 iHIIOI CTOPOHM TEeCTYBa/IOCS Hel|0[aBHO

Beryn

Bu3HaueHHs TOYHUX aCTPOMETPUUHUX KOOP/U-

HaT WITy4yHUX cynyTHUKIB 3emi (IIIC3), € Ba-
JKJTMBOIO 3a/jauor0 [yl 1moOynoBu opbitu Cy-
MYTHUKIB Ta KOHTPO/IO HebesreuHUXx 36su-
)keHb I[IIC3 B HaBKO/I03€MHOMY KOCMiYHOMY
npocTtopi. B cTarTi mpuBegeHO TIOPiBHS BU-
3HaueHHs TOYHOCTI eKBaTOpiaJbHUX KOOPAUHAT
reocuHxpoHHux IIC3 3a A0moMorow pi3Ho-
ro mporpaMHoro 3abe3mneueHHsi — Apex II Ta
CoLiTecSat.

I13 Apex II BUKOPHUCTOBYETHLCA B MEpeXKi
ONTUYHUX CITOCTePe>KeHb ISONT (International

Thttp://astronomer.ru/project-ison.php
Zhttp://www.neoastrosoft.com
3htt[)s://ilrs.cddis.eosdis.nas.a.gow
4http://www.igs.org/
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cTBopeHe 113 CoLiTecSAT?, 110 po3pobsieHo B
YkpaiHi.

B sikocTi 00’€KTiB AJisi CIIOCTepesKeHHS
BUOpaHi IITYYHi CYyITyTHUKH 3€MJTi, 110 SIKMM Ha-
sIBHA TOYHA KOOpIMHAaTHA iHpopMallis 3 Mi>kHa-
pOoAHOI Mepexki j1a3epHol BifaneMeTpil.

Omuc edemepup

[IpencraBneHi NOPiBHSAHHS BUMIPSHUX KOOPAU-
Hat IIIC3 3 epemepuamu, International Laser


http://astronomer.ru/project-ison.php
http://www.neoastrosoft.com
https://ilrs.cddis.eosdis.nasa.gov/
http://www.igs.org/
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Ranging Service (ILRS)? ta Global Navigation
Satellite Systems (GN SS)E. ObugBa cepBicu
ny6s1ikytoTh cBoi edeMepua B BUZi TabIMLIb
MOMEHTIB 4Yacy i BIiJINOBiAHUX IM [JeKapTo-
BUM KOOpAMHAaTaM CymyTHMKa B International
Terrestrial Reference Frame (ITRF). [Jns oTpu-
MaHHSl KOODJMHAT i IIBUAKOCTEW KOCMIiYHOIO
arnapata (KA) B moTpiOHMIT MOMEHT Yacy 1ii Ta-
6 koopguHat (edemepuan) MoTpibHO iH-
TepIOJIOBATH.

Edemepuu ILRS, ny6sikytoTbcst B hop-
Mmari Consolidated Prediction Format (CPF) [[L].
ILRS edemepruizia ripefcTassie c00010 MPOTHO3
MaiOyTHiX TI0/I0)KeHb CYTTyTHHKA T10 BiZIHOIIIeH-
HIO /10 MOMEHTY (DAKTUUHUX CIIOCTepeXXeHb Cy-
MyTHUKA i MoMmeHTYy 11 my6sikauii. Omke ILRS
edemepu/ia — Lje €KCTparosisLisi M0/I0XkKeHb Cy-
MyTHUKa B MalbyTHe. Lli edhemepuau oxoruito-
FOTh ITPOMIYKOK Yacy Bifi ofiHi€l 106w /17151 HU3KO-
opbiTa/lbHUX CYMyTHUKIB 10 7 Aib A1 BUCOKO-
opbiTanpHUX CynyTHUKIB. [Ipy LIbOMY TOYHICTB
edemMepu/Iv IBU/IKO TOTipLIYETHCS 10 Mipi BifI-
JlaneHHs Bif i mouatky. binbmicte edemepus
repeKpyBaloThCs M0 vacy. [ Bunagkis 3 KA,
1110 HaBe/leHi HKJe B Tab/IuLi @, MPOMIXKOK Ya-
Cy ofHi€l edemepyu 3HAXOJUTHCS B Jliana3oHi
Big 4 1o 6 71i6. Edbemepuau nyis nux KA, sk npa-
BUJIO, OHOBJTIOIOTBCS Pa3 3a /100y.

715t 06UMCIeHHs M0JI0XKeHHST CyTTy THHKIB
Ha BEeJIMKUX iHTepBasax vacy (6inbiie 1 mo6wm)
BUKODHUCTOBYETHCSI OCTaHHIWA MPOTHO3, L0 Ie-
peiye AAaHOMy MOMEHTY 4Yacy. TakuM 4uHOM,
3a3BMYay, [/1s1 BUHAUEHHS [T0JIOJKEHHS | IIIBU/I-
KocTi cynyTHUKa o ILRS edemepusam BuKo-
PHUCTOBYIOTBHCSI IIPOTHO3U T10JIO’KE€HHS CyITyTHH-
Ka, 1110 BiICTArOTh BiJ| TOYATKOBOI JJaTH TIPOTHO-
3y He Oisbliie HXK Ha OfHY 700Y.

Edemepuay, mio Hagatoteest GNSS i Bu-
KopucTaHi Hamu 1y0iKyroThcst B sp3 (opmari
B cuctemi koopauHat Global Reference Frame
(IGb08) [2]. Bukopucrani GNSS edemepuau
nyOJTiKyHOTBCST Uepe3 THOK/IEeHb TTiC/Is TIPOBe/eH-
Hs crioctepexkeHb. LIi GNSS edemepuu npes-
CTaBJISIIOTH COOOIO arpoKCUMaL[il0 CIioCcTepe-
JKeHb HaBiral[iiHUX CyMyTHUKIB 3 BpaXyBaHHSAM
BUMIipSIHUX TapaMmeTpiB obepranHst 3emsi. Ha-
CJTiTKOM I16OT0 € Oi/bI BUCOKa TouHicTh GINSS

edemepuiv B opiBHsAHHI 3 ILRS edemepuoro.

OpHa edemepua, 1110 My6sTiKy€eThCs cep-
Bicom GNSS, oxoruitoe npomiXKokK 23 rogvuHu
i 45 xBuMH, TyO/TiKy€eTbCS OAMH pa3 Ha Jo-
0y. Tomy, pu BukopuctanHi GNSS edemepu
YTBOPIOETHCS PO3PUB B Uaci Mix epemeprgamu
MPOTSDKHICTIO B 15 XBW/MH, 3a3BUYail B paiio-
Hi OMiBHOYI MO BCeCBiTHBOMY yacy. IIpu 1bo-
My Ha Kpasix OKpeMuXx e(peMepH/| MOXKe CIoCTe-
piratvce Aesike 3HWKEHHSI TOUHOCTI BHACTIJOK
KpaioBux e¢eKTiB iHTeprossLil.

ITopiBHAHHS B TepMiHaX B3J0BX i 10-
nepeK BUAMMOI TPAEKTOPii pyxy cy-
NMyTHUKA

Haiibinbin Bak/iiBa OCOOJMBICTD ONTHUHUX
CTIIOCTepeXXeHb CYIyTHUKIB IOB’s3aHa 3 IX BU-
COKOIO PYXJIMBiCTIO Ha 300pa’keHHi B TIOPiBHSH-
Hi 3 iHIIUMH acCTPOHOMIUHMMHU 06’€KTamu. Y
TUIOBIN CUTYyaLil BUAWMe 3MillleHHsI CYITyTHU-
Ka 3a Yac eKCro3ullil 300pa)keHHsI TIepeBHIIy€E
KyTOBi po3mipu ¢yHKLil po3citoBaHHS TOYKO-
BUX 00’€eKTiB. 1110 MPU3BOAUTE /10 BUTATYBaHHS
300pakeHHs1 CyIyTHUKA Y3I0BXK MOT0 HarpsiM-
Ky PYyXy, SIKI[O TeJIeCKOIl CYTPOBOJKY€E 3ipKH,
abo 0 BUTATYBaHHSI 300pakeHb 3ipOK, SIKITIO
TeJIeCKOIl CYIIPOBOJ)KY€ CYNyTHHK. TakuM 4u-
HOM, 11p¥ 06po611i 306pa’keHb BUHUKAE BU7ijie-
HU HampsiM, 1110 30ira€TbCsi 3 HAMPSIMKOM PYXY
CYMyTHHKA.

Kpim BUTSTYBaHHSI 300pa)keHb TOUKOBUX
00’€KTiB, BUCOKA LIBU/KICTb BHJUMOTO PYXY
[IIC3 nigBuILye BUMOTM 10 TOYHOCTI BUMIPHO-
BaHHS MOMEHTIB Yacy eKCMO3uliil 300pakeH-
Ha [IIC3 B MOpIBHSHHI 3 TUMIOBUMHW BHUMOTa-
MM, 1110 TIpeJ1’ SIBJITFOTHCS 10 aCTPOHOMIYHUX 30-
OpaxkeHs. Tak /151 HU3bKOOPOiTa/IbHUX 00’ EKTIB
BHUJMMa KyTOBa IIBHJKICTb CyIyTHUKA MOXXe
nepesuiyBatd 1000”/cex. [Iast BUMiprOBaHHS
KOOPZMHAT TaKOTo 00’ €KTa 3 TOUHICTIO MOPSAKY
0.1”, TouHiCTh BUMipIOBAHHSI YaCy MIOBHHHA T1e-
pesumyBatu 0.0001 cekyHau. IToxnbku BrMi-
prOBaHHS 4acy OyAyThb MPOSIBJSITUCS Y BUIISAI
3CYBY TOJIO’KeHHsI 00’€KTa y3/I0BX HOro BUZU-
MOI TPa€eKTOopil.
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O

Puc. 1: CucremMa KOOpAUHAT B3[J0BXK 1 BIIOMIEPEK
BUJUMOTIO LUIAXY CYNyTHHUKA. Bci BekTOpM Ha
PUCYHKY Jie)KaTb B IJIOL[UHI PUCYHKa.

ia

Ol

Puc. 2: Po3knaz BekTopa HeB’si30K Ha dR i dL
KOMITOHEHTH.

Tabsn. 1: TeorpadiuHi KoopArHaTH i XapakTeprUCTHKU Teneckorny BRC-250M

KoopauHaru XapakTepucTUKU
| 48.°563551 D 250 mm
A | 22.°453751 F 1280 mm

h 231.0

pO3Ai/bHa 3[jaTHICTh

1.46 "/pix

FOV

100°

Tabsn. 2: Tlepenik CyMyTHUKIB, ITJ0 CIIOCTEPIrainucs

Hasga cynythuka | Norad ID | Bucotu cynyTHuKa (KM)
Galileo-102 37847 23220
Galileo-203 40544 23220
Galileo-212 41860 23220
Beidou G5 38091 35800

IRNSS 1B 39635 35800

3 orisiAy Ha Ii 0cobMMBOCTI OaykaHO Po3-
IVIS171aTH HEeBSI3KY B3/I0BX 1 BIIOIepeK BUAUMOI0
PyXy CylyTHHKA. Y pasi BiJOMUX TOIOLIeHTPU-
YHMX KOODJVHAT CyIMyTHHMKA I i Ioro BeKTopa
LIBU/IKOCTI V MOXKHA BBECTU MUTTEBY CUCTEMY
KoOpMHar siK (puc. [I])

rxv

(1

r
.:—.:k 1 k:
=" k x i, X

Bekrop k nepneHAvKyIsSipHUNA TIOLMHI
PUCYHKa, i,j,k — opTu cucTtemMu KoopAuHAT
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(Bich = HampaB/ieHa B37I0BXK HarpsiMKY Ha I11C3,
BiChb Yy CriBHAZA€ 3 BUJWMHUM HarpsIMKOM py-
xy IIIC3, Bick z — nepneHAUKY/IsipHa BUAUMOMY
HanpsMKy pyxy LLIC3); r» — noBXuHa BeKTopa .
BekTop HeB’s130K As = S — S, MOXKe OyTH pO3-
K/aJieHuii Ha koopauHat (dR, dL, dN) B cucre-
Mi KoopauHar. [le s = ¥/r HanpsiM Bi3yBaHHs
Ha CYIYTHUK, a 1 - [IOB)KMHa BeKTopa .

KomrioHeHT BekTOpa HeB’ 130K dR 3aBxu
Oyzie Apyroro ropsiiKy To BeJWYMHi, TpUiimMa-
1044 /10 YBary, L0 J0BXWHA BEeKTOpa HeB’s130K
3apxu Mana (puc. ).
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Buauma KyrtoBa mBuAKicTe pyxy IIIC3
BU3HAYAETBCS SIK U5 = (V - j)/r Toxi Bia-
ctaBaHHs abo BunepemxenHs [1IC3 mo Bugumo-
MY LJISIXY B TEPMiHAX 4aCy MO)KHA OL[IHUTH SIK
dT = dL/VV,'S.

OniHKa cCHCTeMaTHYHOI i BUITAIKOBO1
NMOMWIKHU BUMipIOBaHb

HOns peasmisawiii MeTOZIB TOpPIBHSIHHSA, BUKO-
pucroByBanacs [13 Kotlin Orbit Estimation
Library (KOrbEstLib) [3]. s o11iHOK BeMuu-
HU BHUIAJKOBOI i CUCTeMaTU4HOI MOMUIKH BU-
MiprOBaHb POBOAW/IOCS ITOPIBHAHHS BUMIpPIO-
BaHb KoopauHat I1IC3 3 edemepuiamu, 1110 Ha-
nmaBamcst cay>xkbamu ILRS i GNSS. TouHicTb
ILRS py1s1 06’ €KTiB, 1[0 pO3I/IsAJalOTLCS, Kpallje
10m, a GNSS kparne 1m.

Habip marepiamny /st aHastizy MpoBOIUB-
ca Ha Teneckori BRC-250M, wmwo po3mirie-
HUM Ha cTaHLii criocTepexkeHb [lepeHiBka. ['eo-
rpadiuHi KOOpJWHATH i XapaKTePUCTUKHU TeJie-
ckony HaBezeHi B Tabn. [ll. O6po6ka 306pa-
JKeHb BHKOHYBa/acs 3a JOMOMOrOK Mporpam
CoLiTecSAT i Apex II [4]. Criucok IHIC3 anst
SIKuX Oy OTpUMaHi BUMipIOBaHHS KOODUHAT
npezcTaBeHi B Tabmi P

Y tabmurii E Tpe/iCTaB/ieHi CTaTUCTUYHI
OL|IHKM XapaKTepUCTUK HeB 30K /11 JJaHUX Cy-
MYTHUKIB. [Ins 1|eH3ypyBaHHSI rpyOUX TIOMU-
JIOK BUKOpucTOByBaBcs nopir a« = (0.001.
17151 IOpIBHSHHSA OLIIHOK CTaHAAapTHUX BiJXU-
nenb (CKB) HeB’s130K Mi>K pe3y/ibTaTaMu BUMi-
proBanb [13 Apex ITi CoLiTecSAT o6uucmoBa-
JIOCSL BiZJHOLLIEHHS:

2

g
_ Yapex 2 2
F= 2 ; AKIIO gapea: > O colitecs
O colitec
0.2
__ Ycolitec 2 2
F= 2 ; AKIIO Uapez < O colitec: (2)
apex
Hani  obuucsmoBasach  WMOBIpHICTB

P,_1m-1(F), TOTO 1110 3HaUEHHS OJHOI OLiHKH
CKB 6inbie inmmoi [5], y BiAnosigHOCTI 3 po3-
nogisiom dimmepa, fe n, m BiAMOBIJHA KiTbKICTb
BUMIpIOBaHb /151 KoykHOro [13 micsisa npouezy-
pH LIeH3ypyBaHHsI rpyOuX MoMuIoK. B Tabmmiii
NpUBeZieHa Be/IunHa ap = 1 — P, 1 (F).
KinpkicTs BuMiptroBanb s [IIC3 Galileo
— 102 (37847), Galileo - 203 (40544), Galileo

— 212 (41860), otpumanux Ha Teneckoni BRC-
250M, B KOXHiM cepii meHiiie abo ferro 6ib-
e 10 (tabmns. B). CKB ofHOrO BUMiprOBaH-
HSI CWJIBHO BapitOKTHCS BiJ| CYIyTHUKA A0 Cy-
IyTHHUKA, 1110 BUK/IMKAHO MaJIO0 Ki/IbKiCTHO BU-
MiproBaHb. [Io-nepiiie, Majia KiJIbKiCTb BUMIpPIO-
BaHb IepeIIKO/)Ka€e BUSIB/IEHHIO IPyOHX TTOMU-
NOK. A mo-zipyre, rpy0i MOMU/IKK y CBOIO Yep-
I'y MOXKYTb IIPU3BOJIUTH 10 ICTOTHO 3aBUILIEHUX
oniHok CKB.

Hnsa reocunxponHoro IIC3 IRNSS 1b
(41860) Ha Teneckorni BRC-250M 6yso oTpu-
MaHo bisbiie 20 BUMipIOBaHb, 1[0 BXe 03BO-
JIUJIO BUSIBUTHU i BiIKMHYTU s TpyOUX TIOMU-
70K BUMiproBaHb. Cepe/l BUMiprOBaHb, 110 Opa-
I y4acTb y TIOpPiBHsIHHI 3 edemepupamu, y
CoLiTecSAT 0Oyso BUsIBIEHO TpPHU TPyOMX TIO-
MWIKY, a ¥ Apex II ogna. [Ipu npomy Apex II
BiJIKMHYB Ha Of[Hy TPyOy TTOMU/IKY Oi/ibIlle Hi>K
CoLiTecSAT Ha mornepegHbOMY eTarti, 0 TO-
piBHSIHHSA 3 edemMepuielo.

Y Tabmuui B Takox npezcTaBeHi oLiHKK
CKB pans reocrationapHoro IIIC3 Beidou G5
(38091). ns Apex II 6ymno BusiBeHo 5 rpyoux
TIOMMJIOK 3 52 BUMIPIOBaHb, a Ajst CoLiTecSAT
3 TpyOUX MOMUJIKY TIPH Tili Ke KiJTbKOCTi BUMi-
pIOBaHb.

BucHoBku

Y BCiX pO3IISHYTHX BUIAJKax, KOIU BUMIipHO-
BaHHS MPOBOJUINUCA 3a fgorioMoror Apex II i
CoLiTecSAT, o1jiHKa BeJIMUMHU (/p He CTaBa-
sa meHie 0,001. Takum yrHOM, BiZMIHHOCTI B
ouinkax CKB nmo BRC-250M He [03BOJISIIOTH
3po0OUTH BUCHOBOK TIPO Te, sike [13 3abe3reuye
MEHIIly BUMNAa/IKOBY [TOMU/IKY BUMIpIOBaHb.
Ouinku CKB o0pHOTO BUMIpHOBaHHSA
y3n0BXK BuguMoro nuiaxy IIC3 3Haxogarbcs
B giamasoni Big 0.33” go 1.8”, momepeunomy
Hanpsivi — Big 0.1” mo 1.9”. Mana KinbKicTb
BUMIpIOBaHb i AocUTh BUCOKUM piBeHb CKB
OZJHOTO BHUMIDIOBAHHSI He [JO3BOJISIIOTH 3pO0OU-
TH OJJHO3HAUHWM BUCHOBOK TIPO HasiBHICTb abo
BiZICYTHICTb CHCTeMaTU4YHUX 3MillleHb MK BU-
MiproBaHHSIMU 1 e(emepuzeto. BigHocHO BuU-
cokuii piBeHb CKB moxe OyTu obymoBiieHUi
HU3bKUM DIiBHEM PO3MiJbHOCTI, OCKIJIbKH YCi
300pakeHHs1 Oyt oTprMaHi ripy GiHipyBaHHi 2,
1[0 TIPU3BOJUTH /10 OLIIHKKA KyTOBOI PO3i/IbHO-
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cti 306paxkenHs 2.9”/pix. Takum unHom CKB B MokHa 3pOOWTH BHCHOBOK, 1[0 BH-
riepepaxyHKYy /10 TIiKCe/TiB 3HaXOAUTLCS B [iiarla-  TMaJKOBi TMOXHWOKKW OAHOrO BUMiptoBaHHS [13
30Hi Bif 0.11 1o 0.66, 1o nopiBHsHO 3a Besinun-  CoLiTecSAT i Apex Il Ha nipejcTaBieHOMy Ma-
HOIO 3 pe3yJibTaTaMu [IJisl TeJIECKOITIB 3 BEJIMKOK0  TepiaJii BiJpi3HAETbCA He CYTTEBO.

KYTOBOIO PO3[1/IbHOIO 3[jaTHICTIO.
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?Hayuno-McciesoBaTeibCKHil IHCTUTYT «AcTpoHOMIYecKas o6cepBaTopus» OfjeChKOT0 HAlOHATBLHOIO
yHuBepcureta uM. .M. MeunukoBa, yi1. MapasnueBcekasi, 1B, Opeca, 65014, YkpavHa

3T'naBHas acTpoHOoMMYecKast obcepBatopust, HalpoHaneHOM akazeMun HayK YKpauHH, yil. AKazieMiKa
3abosoTHoro, 27, Kues, 03143, YkparHa

CPABHEHUE TOUHOCTEH ITOJIOKEHUU
T'EOCUHXPOHHOM OFBEKTOB PA3/TNUHBIM
[TPOT'PAMMHBIM OBECIIEUEHUEM

Oripesie/ieHNe TOYHOCTHU TIOJTYUEHHBIX MOJIOKEHUH Te0CUHXPOHHON 00BEKTOB C TOMOLIBIO Pa3/IMYHOTO POrPaMMHO-
ro obecriedeHus1. Lesiro GBIIO OLIEHUTH CHCTEMATHUeCKHe W CTy4YaiiHble TIOTPeLIHOCTH 3MePeHHH C MOMOLIBI0 TPO-
rpammMHoro obecrieuenvsi Apex II u CoLiTecSat. [l oLieHKM TOYHOCTH paboTel mporpamMmHoro obecrieuenus (I10)
6b1/710 BEIOPAHO ISITH T€OCHMHXPOHHOM CITyTHUKOB 1711 KOTOPLIX MOYKHO TIOJIyYUTh TOUHYIO KOODAHMHATHYIO MHGOpMa-
LIMII0 U3 CepPBHCOB MeXXyHapO/HO! CeTH Jla3epHOi JIoKaluy. Vcrosb30BaHb! aCTpOMeTpHUYeCKHe MeTOAbI UCCefloBa-
HUI1 0OBEKTOB, a TakKe MaTeMaTHJecKre MeTofb! 06paboTKH pe3ysbTaToB. CpaBHEHHe Pe3y/bTaToB ITPOBOAVIOCE C
nomoreto makera Kotlin Orbit Estimation Library. PaccMoTpeHbI OTK/IOHEHUsI BOJIb U TTOTepeK OpOUTHI MOT0XKeHUH
TISITA CITY THUKOB TI0/TyueHHbIX ¢ omolnkio [TO Apex 1T u CoLiTecSat. Opbura criyTHUKOB Oblla pacCUMTaHa Ha OCHO-
Be TOYHOU epeMepHrbI TI0 MEXKIYHAPOJHOMN ceTy ja3epHoi soKauy. CrydaiiHble OTPeIIHOCTH OFHOTO W3MepeHust
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I1O Apex II u CoLiTecSat Ha npe/jcTaB/IeHHOM MaTepyasie OT/IMYAI0TCS He CyILlleCTBeHHO. Pa3muus B oLleHKax cpe-
IHe kBagpatrueckoro oTkyioHeHus (CKO) ans teneckoria BRC-250M He M03BOJISIFOT CleaTh BBIBOJ, O TOM, Kakoe 10
obecrieuriBaeT MEHBILYIO C/TyYaliHYI0 OLIMOKY U3MepeHUH.

KioueBble c/10Ba: CITyTHUK KOOPAWHATHI TIOTPEIIHOCTH 3(eMepH/ibl.

V.I. Kudak!, L.S. Shakun?, V.M. Perig!, V.E. Savanevych?

Laboratory of space research, Uzhhorod national university, 2a Daleka Street, 88000 Uzhhorod, Ukraine,
e-mail: lkd.uzhgorod@gmail.com

2 Astronomical observatory of Odessa National University, 1B Marazlievskaya street,

65014 Odessa, Ukraine

3Main Astronomical Observatory of the NAS of Ukraine, 27 Akademika Zabolotnogo Street,

03143 Kyiv, Ukraine

COMPARISON OF THE GEOSYNCHRONOUS
OBJECTS POSITION ACCURACY WITH
DIFFERENT SOFTWARE

Purpose. Determinate the accuracy of the received positions of geosynchronous objects with the help of different soft-
ware. Evaluate systematic and random measurement errors using the Apex II and CoLiTecSat software. To evaluate
the accuracy of the software, five geosynchronous satellites were selected for which accurate coordinate information
can be obtained from the services of the international network of laser ranging.

Methods. Used astrometric methods of objects research, as well as mathematical methods of processing results. The
results were compared using the Kotlin Orbit Estimation Library.

Results.Deviations along and across the orbits of the positions of the five satellites obtained using the Apex II and
CoLiTecSat software are considered. Satellite orbits were calculated on the basis of exact ephemeris from the interna-
tional network of laser ranging.

Conclusions. Random errors of one measure of software Apex II and CoLiTecSat on the presented material differ
significantly. The differences in the estimation of root mean square (RMS) on BRC-250M do not allow to conclude
which software provides a smaller random measurement error.

Keywords: satellite, coordinates, errors, ephemeris.
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SHauuoHa/bHbI LieHTp yrpaB/ieHus ¥ UCTIbITaH|I KOCMUUeCcKuX cpescTs, Kues, YkpauHa

OLIEHKA COCTOAHNA KOCMNYECKNX
AIITIAPATOB TUITA CUBESAT I10 OIITTUYECKUM
HABJIFOAEHUAM (HA TTIPUMEPE KA ARKYD 6A)

doToMeTpHst HU3bKOOPOUTHAIEHUX MCKYCCTBEHHBIX CITyTHUKOB, CBePXMaJjIoro pa3Mepa Npe/iCTaB/sieT COO0H CII0KHYI0
3ajlauy, Kotopasi TpefyeT KOMILIEKCHOTO TMOAXo/a B ee perieHHH. Llenro 6bUI0 Orpesie/iiTh TapamMeTpsl COOCTBEHHO-
ro BpalleHus uckyccrBeHHoro criyTHrKa ARKYD 6A, ncxozs u3 poTomMeTpuuecKkoit ¥ acTpoMeTpUuecKoit nHpopMa-
L{MM TTOJTyYeHHOM Ha KBaHTOBO-onTh4eckol craHimu (KOC) «Caxxenb-C» LleHTpa npruema 1 00paboTKH CrieruanbHOR
VH(OPMAaLMM 1 KOHTPOJIs1 HABUTALIOHHOTO 1011 HarjoHanebHOTo 1eHTpa YIpaB/ieH!sl ¥ UCTILITaHUHA KOCMHUUeCKIX
CpelcTB. ABTOpaMH KCII0JIb30BaHbI (POTOMETPUUECKHE U aCTPOMeTPHUeCKHe MeTOIbl UCC/IeJoBaHUN 00beKTa, a Ta-
KXKe Jpyrve MeToJbl MOZIe/TPOBaHMsI U COOCTBEHHbIe METOZbI OTpeie/ieHHsl OpHeHTalui KOCMHUYeCcKOoro arrapara.
[MpuBeeHbI pe3ynbTaThl OTOMETPUUECKHUX HabmoaeHui kocmudeckoro anmnapara (KA) ARKYD 6A, koTopsie 6butn
npoBegieHb! B Mae 2018 rozia. HecMoTpsi Ha c1oKHbIe yc/10BUs HaburofieHri Ob11u rostyyeHbl TpU KpuBble 6mecka KA.
Amnanu3 KpyBBIX 1MoKa3a, uTo KA notepsin crabuny3aryu v Bparaercs. OnpeziesieHbl OpHeHTHPOBOUHBIE TTapaMeTpPhl
Bpaienust KA. TTokazaHa BO3MOXKHOCTb (POTOMETPHUYECKUX HabmoaeHni cBepxMabix KA Ha HU3KUX BBICOTax TeJle-
CKOTIaMH C MaJjIoi arlepTypoil. AHa/iu3 MOTyueHHBIX B TeUeHUH Tpex Houel HabsrofeHuni nokasan, yto KA ARKYD
6A BpalaeTcsi BOKPYT JIMHUU «3€HUT — HaJjup» C nepuosom ~ 145 c. [Ipu 3Tom ero npozo/ibHasi 0Cb OTK/IOHEHa OT
JIJaHHOM JIMHUU Ha yron 32° — 35°.

KiroueBble c/10Ba: HU3KOOpOUTa/IbHBIE KOCMUYeCKHe 00BeKThl, KoCMUUecKue arrnaparsl Tina CubeSat, poromerpu-
yeckue HabmofeHys.

¢dopm-akropom (ot 1U o 12U) u Becom oT
1 go 100 kr. Takue KA uMerOT Masible pa3me-
pbl, HO 00J1aZlal0T BLICOKOM (DYHKLIMOHATBHO-

BBeaenue

Ha ceropHsi cyiecTByeT TeHAEHLUsI MO pe3-

KOMY YBe/MUEHHUIO0 KOJMUeCTBa 3alyCKaeMbIX
Y TJIaHUPyeMbIX K 3alyCKy Ha HMU3KYH OKO-
JI03eMHYI0 OpOWTYy MasbIX KOCMUYECKHX arl-
napatoB (KA). K 2026 rogy oxupgaercs yBe-
UUeHrWe MUPOBOM OpOUTaIbHON TPYIIHPOB-
ku 10 9000 u 6osiee KA, Go/blilyt0 4acTb KO-
TOPBIX OYZyT COCTaB/SITH Masjible U CBepPXMa-
qble (MUHU-, MUKPO- M HaHOCIyTHUKH) KA, B
yactHocTu cTaHgapra CubeSat ¢ pa3muuHbIM

CTBIO, TIO3BOJISIFOLLEH 3aMeHUTb OONBIIMHCTBO
cBoux Oojiee KPYIHBIX «KoJuier». Kpome Toro,
JJAaHHasi TeXHOJIOTHUS TI03BOJISIET CPABHUTEJBHO
JIellIeBO CO3/laBaTh MHOTOCITyTHUKOBBIE OpOU-
TajbHbIe TPYIIITUPOBKY /151 0becrieueHus bec-
TpeLie/IeHTHOM OIepaTHBHOCTH TOTyUYeHus] WH-
¢dopmarm. OfHaKo, BBUY MaslbIX pPa3MepoB
Takux KA, cyiiecTByet npobsieMa KOHTPOJISI UX
COCTOSIHUSI B CJTy4ae TIOTepPU C HUMH CBSI3U WU
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BO3HUKHOBEHUSI WHBIX HEIITAaTHBIX CUTYal|Ui.
OcobeHHO aKTyajbHa TakKas 3a/iaua JJisi SKCrie-
pUMeHTa/IbHBIX KA — 1eMOHCTpPaTOpOB TeXHO-
JIOTUM.

B pamkax [aHHOTO WCCIe[OBaHUS ObLT
MpOBe/IeH SKCIIePUMEHT M0 MOHUTOPHHTY CO-
crosaus KA ARKYD 6A (MexayHapo[HbIi
Homep 18004V, crangapt CubeSat 6U) ripu no-
MOILI[ CPaBHUTELHO HeOOBIIIOr0 ONTHYeCKO-
ro UHCTPYMEHTA, OCHAILEHHOTO COBpEMEeHHbIM
CBETOTPHUEMHBIM 000pY[0BaHHEM.

MeToaHUKa MPOBeeHUs H NePBHUHOM
00paboTKu HaO/TIOeHU I

Hcnonb3lyemass anmaparypa. Habmopenus
MPOBOAWINCH IIPU IIOMOLM KaHajaa LIUpo-

KOrO I0JII MOJIePHU3MPOBAaHHOM armnaparypbl
3JIeKTPOHHOW perucTpauydyd ONTUUeCKUX Ha-
6monennii (ADPOH-M) KBaHTOBO-OIITHYE CKOM
craniuu (KOC) «Caxenb-C» lLleHTpa mpue-
Ma 1 00pabOTKH CrieranibHON HHGOPMAIUU 1
KOHTpO/s HaBurayuoHHoro nonas (LTTOCU u
KHII) HamonaneHOro 1jeHTpa ynpasieHUs U
ucrbITaHui Kocvuueckux cpeacts (HLYUKC)
['ocynapcTBeHHOr0o KOCMMUECKOrO — areHCTBa
(F'KA) Ykpaunsl. Kanan ocHaiteH KOpoT¢oKy-
CHBIM CBETOCHU/IbHBIM Tejieckoriom ADPP-M (D =
300 mm, F = 300 mm), c KMOII kamepoit ZWO
ASI-174MM-Cool (mono) [[1]. XapakTepucTu-
KH TeJlecKora ¥ KaMephl TIpuBe/ieHb! B Taby. [l u
B, cooTBeTcTBEHHO.

Tabs. 1: Xapaxkrepuctuku Teneckorna AOP-M

uameTp 00BEKTHBA, MM
®OoKyCHOe pacCTosiHUe, MM

A WNR

vamMeTp TMHEMHOTrO T10Jis1 3pEeHUs], MM

Konuenrpanys 80% cBeToBOM 5Hepruu B MUKCesie pasMepoM, MKM

300

300
He 6onee 11
He menee 52

Tabs. 2: Xapakrepuctriku KMOIT kamepst ZWO ASI-174MM-Cool (mono)

1 | CBeTOnpUeMHbIN JeTEKTOP

1/1.2" CMOS IMX174LLJ / IMX174LQJ

HBIX

2 | Pa3mepsl JeTeKTopa, MM 11,3x 7,1

3 | MakcumanbHasi — paspelaronjasi  croco- | 1936x1216
OHOCTB, ITUKCeJIeH

4 | Pasmep nukcessi, MKM 5,86

5 | /lmana3oH 3KCMO3ULUMH, C Ot 0,03 go 1000

6 | Pa3psgHocTh ALIIT, GuT 10 mmm 12

7 | NnTepdeiic ynpaBneHus: u nepepaud faH- | USB 3.0

AL

8 | CKOpOCTh perucrparum Npyu MakCMMaJlbHOM
paspelleHny U MaKCUMaJIbHOW pa3psiiHOCTU

He 6onee 128 kazspoB/c, B 3aBUCUMOCTU OT
9KCITO3HULIHH.

B mMakcrvManbHOM pa3pellieHUd TeJieCKOor
C JaHHOM KamepoW obecrieunBarOT MaciiTab
4”/muKcenb B noJie 3peHust 129°x81°.

Teneckor ycTaHOB/IEH HA MOHTUPOBKE Te-
neckoria A3T-28 KOC «CaxeHnb-C». MoHTHU-
POBKa MMeeT MaKCUMaJIbHYI0 CKOPOCTb IepeMe-
1eHus 10 2,5°/c u criocobHa conpoBoxaaTh KA
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Ha HU3KUX OpOUTax.

IIpoBeaenue HabOogeHun. Habimoze-
Husi KA TIpOBOAWINCH B PEXHWME COMPOBO-
aeHusi. HauasbHble yC/IOBUS [jisi  pacueTa
1]eJIeyKa3aHui Opasuch B BHUjI€ JBYCTPOYHBIX
snieMeHTOB (Two Line Elements — TLE) wu3
0a3pl faHHBIX OObEeJUHEHHOT0 KOCMHUECKO-
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ro komaHzoBaHuss Boopyxkenneix cun CIIA
(https://www.space-track.org).

Oneparop, NMpOBOJSAILMI ceaHC HabrO/e-
HuM, obHapyxuBan KA B mosie 3peHusi, mo-
CJIe uero HaYMHAJI 3anvCh HaOJTroIeHU. 3anuch
NIPOBOJM/IACh B BUJle NIOC/Ie[0BaTe/IbHOCTH OT-
JenbHbIX KazpoB B ¢opmare FITS (Flexible
Image Transport System). DKCMO3HULUs TIOA0U-
pasiack TakuM obpa3om, utobsl KA ObuT fOCTa-
TOYHO XOPOILIO BU/IeH OIepaTopoM.

YcnoBusi HabrOeHU ObITM CJI0XKHBIMH.
Ha HebGe Mecramu mposiB/isinack 06/a4HOCTb.
Bo BpeMs HeCKOJBKUX MPOXOXKJEHUM YacTb
Tpaekropuu KA mipoxoauna okosno JIyHel, 4To
TaK)Ke CJTY)KUJIO MPeMsiTCTBUEM [i/Isl KaueCTBeH-
HOTO MPOBeZieHrsT HaO/TroeHU. []omoTHUTe Th-
HO YCJIOXKHSUIO paboTy JpokaHre MOHTHPOBKU
B HEKOTOPBIX MOJIO)KEHUSIX, U3-3a BBICOKOW CKO-
poctu nepeMeirienrss KA. CoBOKyHOCTb JlaH-
HBIX (paKTOPOB TIpUBesa K ToMy, uto ¢ 11 ro 22

Mast 2018 ropa 6bUTH TIO/TyUeHBI KaueCTBeHHbIe
HabmMofieHrsi BCero Tpex MpoxoxaeHui (Tabi.
3), Apyrue ObiM OTOpPAaKOBaHBI Ha JTarie Tipe-
JIBapUTe/TbHOM 06pabOTKH.

IIpeaBapuTeibHaA 00paboTKa HaO/IIO-
AenuM. Ha kazipax, NpU3HaHHBIX NPUTOSHBIMU
/s fanbHeliieli o6paboTKM, TPOBOAU/IACH
Tripe/iBapyUTe/bHasl OLjeHKa MHCTPYMEeHTaIbHOr0
6necka KA metozoM ariepTypHO# (hOTOMeTpHH
nporpammoi Tangra 3.6 i} [TonyuenHas KpuBas
WHCTpyMeHTa/bHOro Oecka MIC3 mocie 3To-
0 aHa/IM3UPOBaJIach AJisi OTOPAKOBKH COOMHBIX
Y aHOMaJIbHbIX U3MepeHui. [IppuunHamu Mornu
ObITh HalMuHe ABIMKH, YMeHbIIIaBileH Osieck
KA, npoxoxx/ieHre yepe3 anepTypy sipKoi 3Be-
37Ibl, yBeJTMUeHHe yPOBHs (hOHa u3-3a O/iM30CTH
JIyubl ¥ T.I1. Ko/MyecTBO OCTaBLIMXCS I10C/Ie
[TaHHOM 0TOPAKOBKM OL|eHOK Os1ecKa /17151 KaXKz0-
T'O TIPOXOXK/IeHHUS TIPe/ICTaB/IeHo B TabyL. [3.

Tabn. 3: Pesynbrarel Habmogenuit KA ARKYD 6A

[Hara OO0rast ;yUTeNb- | DKCIO3UILIUS C OO6imee kosmue- | KomuuectBo
HOCTb Habmozie- CTBO Ka/IpoOB OLIeHOK Osiecka
HUW MUH:C

11.05.2018 3:44.8 0.20 746 677

16.05.2018 2:49.8 0.19 755 644

22.05.2018 1:39.0 0.30 324 321

OtobpaHHble cepud KaZlpoB, OlleHKaa
bnecka MIC3, a Takke HaYa/IbHbIE YCIOBUS /ISt
TOJIyueHus LiejleyKa3aHul IlepefaBalvch ISl
JanbHelIIero aHaiusa crernuamicram Jlabo-
paTtopyuy KOCMUUECKUX HWCC/Ie[0BaHUN Y)Kro-
POJICKOTO Hal[MOHabHOTO YHUBepcuteta (JIKU
YxHY).

AHa/IM3 No/TyYeHbIX
AAHHBIX

[Ons onepatuBHOM oOLeHKU mnoBefeHus KMC3
Arkyd 6A pocraTouHbIM OKa3anoch 3-X (oTo-
METPUUYECKUX 3alluceli, KOTopble IpejCTaBiie-
HbI Ha puc. [l Be3 peAyKIMu K TakK Ha3blBa-
eMbIM CTaHZApTHBIM YyCJIOBUSIM BU/HO, UTO Y

Uhttp://www.hristopavlov.net/Tangra3/

KA nHapymeHa crabuiusanysi, 1 OH Bpallae-
Tcsi. Hanbonee yauHast 3armmch 6yiecka CIyTHH-
Ka Ob11a ocymiecrsrieHa 11.05.2018 roza, o pe-
3y/bTaTaM KOTOPOM YZaaoCh JOBOJIBHO Haje-
JKHO OLIeHWUTH Mepuo/, 0OHapy>KeHHOTo Bpallje-
Hust IC3, paBHbIM BpeME@HHOMY UHTEPBaIy Me-
KAy OBYMSI OJUHAKOBBIMM IO (hOpMe U IO am-
TMTYze ogbeMamu Orecka (puc. f). U xors
3ammcH Osiecka B Ipyrue AaThl MeHee Y/lauHbl,
OHU TPaKTHUUeCKU MOATBEPAWUIN TOMy4YeHHbIN
paHee pesysbTar. Onpe/iesieHye BeJIMYUHBI I1e-
puoza BpalleHUs: IIPOBOJUIICS C UCTIO/Ib30BaHU-
em paspaboranHoro B JIKU ¥xxHY niporpamm-
Horo obecrieueHust 0CHOBaHHOTO Ha U3BECTHOM
MeTozie Jlom6a-Ckparsa [2]. B pesynbrare cpe-
[JHee ero 3HaueHHe Ha MHTepBase HabmogeHnH
6110 paBHO P = (145.0 + 1.5) cek.
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doromeTprueckas 3amuch bmnecka KA 3a
16.05.2018 ropa okasanach y[4ayHOM B HWHOM
nnaHe. Ha Heli 3adpukcupoBan B 20h12m50s
3epKa/bHbIN BCIUIeCK O7ecka Ha MOMEHT KO-
TOPOTO B JajbHelleM ObLIO BBIUMC/IEHO Ha-
rpaB/jieHre HOpMa/lu K OTpaskarollleli 3epKasib-
HO JleTa/y TIOBepXHOCTH obbekta (puc. P).
PacueT poBOAW/ICS B CITyTHUKOL|EHTPHUECKOM
cUCTeMe S5KBaTOpHajbHbIX KoopAuHaT. Coo-
TBETCTBEHHO, OB pacCUWTaHbI HAIllPaBIeHUS

16.05.2018
11.05.2018

«cnyTHUK — CorHIe», «CIyTHUK - HabOmoza-
Te/b», «CITyTHUK — LIEHTP 3eM/In», YIJIbI OCBe-
meHusi ob6bekra CosHLIEM U YIVIBI OTPaXkKeHHst
CBeTa OT ero IOBePXHOCTH, & TAKXKe YIoJl MeXAY
HanpaB/eHUsIMU «CIIyTHHUK — LIEHTP 3eM/Iu» U
HOpMaJsibl0. Bce pacueTs! BBINO/IHA/INACH C T10-
MOILbIO CTIeLjabHOTO TIPOrpaMMHOro obecrie-
yenusi «Orientation», paspaboranHoro B JIKU
YxHY [3].

2205.2018

S R

S AR

Puc. 1: Pe3ynbTarhl pe/iBapuTeibHOM 00paboTk HabmopeHnii KA ARKYD 6A — MHCTpyMeHTaIbHbIe KpU-

Bble OJiecKa /i1 TpeX MPOXOXKAeHUH.

11.05.2018
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Puic. 2: AHanu3 KpuBoi 6ecka 3a 11.05.2018.

TouHOCTH OrpefiesieHyst YIVIOB U Harpas-
JIEHUM OrlpefeisieTCs TOUHOCTBIO TMO3ULIMOH-
HBIX HabmogeHuii o6bekTa. Eciu ectb mosu-
1uoHHbIe [13C-HabmoeHus , TAe TOYHOCTh CO-
CTaB/IsIeT HECKOJIbKO YIVIOBBIX CEKyH/, TO BCe
Harpap/ieHUs] MOTYT ObIThb paCCUMTaHBI C TO-
YyHOCTBIO ~ (°.1. OfHaKo, eciu MO3ULIMOHHbIe
JlaHHble BBIYMC/IAOTCA U3 sneMeHToB TLE, TO-
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YHOCTb MOXKeT CHU3UTCS oyt 10 1°.0 . B Ha-
meM ciaydae Habop TLE ObiT 10CTaTOYHO TO-
YHBIM M TOTPELTHOCTh BBIUKC/IEHUN Obla Io-
psagka 0°.5.

Kpome Toro, mporpaMMHoe obecrieueHue
M03BOJISIeT BBIUMC/ISATH Ha 3a/laHHble MOMEHTbI
BpemMeHHU moniokeHUsi KA B a3uMyTanbHOM CU-
CTeMe KOOp/JMHAT. JTO IOMOoTaeT Hab/ioziaTe o
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OIpe/e/IUTCs, KaKylo 4acTb rnosepxHoctu MC3
OH BH/JUT B UHTepeCYOIINNCS ero MOMEHT Bpe-
MEHHU.

B HameMm ciyuae 3epKajbHbIM BCIIECK
MIpou301LIe/1 B MUHUMYyMe 0s1ecka, TO eCTh, Korjja
KA 6b11 pa3BepHYT B CTOPOHY Hab/ropaTens v
CosHLla MUHMMaJ/IbHOM TUIOIIA b0 TIOTIePeYyHO-
ro ero ceueHus. Vcxogs us mnpefocTaBieHHO-
ro u300pakeHus1 cTpoeHust JanHoro VIC3, yBe-

PEHHO MO>KHO CKa3aTh, UTO OH ObIT pa3BepPHYT K
HabJTrof1aTe 0 TOpLieBOl CBoeli uacThio, a 3ep-
KasbHbIM O6/TMK Tipou3oliiesn ot o6bekTrBa GoTo-
anrapara, pa3MeleHHOI'0 Ha 3TOM y4YaCTKe KOp-
nyca KA. Takum obpa3om, HarpaB/ieHHe HOP-
MaJii B MOMEHT 3e€pKaJIbHOTO BCIIeCKa 0ToOpa-
JKaeT HarpaBJ/ieHWe TPOJO0JIbLHOM OCU Kopmyca
MC3 mo OTHOIIEHWIO K HaOJIIofaTe 0 U OCH
«LIeHTP CITyTHUKA — LIEHTP 3eMJIn».

16.05.2018
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20:13:21

20:13:55 20:14:30 20:15:04 20:15:38

Time, UT

Puc. 3: AHanu3 KprBo# O/ecka 3a 16.05.2018.

HaripaBsieHre B MPOCTPAaHCTBe HOPMa/IH
7. K JIFOOOW OTpa’karollell MOBEPXHOCTH 3€ep-

KaJIbHOTO THITA PACCUMTLIBAETCS CJIEAYFOIAM
obpa3om:

Tn Zo + Lobs
ﬁ - UYn - [(xO + Iobs>2 + (yO + yobs)2 + (ZO + Zobs)]_1/2 : Yo + Yobs (1)
Zn 20 + Zobs
rae g = COSCOoSdy; Yo = Sin g COS dp; MopenbHbIN aHaIU3 BUAUMOTO BpalljeHUsT

29 = sindy — COOTBETCTBYIOT HAlPaB/IeHUIO U3
L[eHTpa CIyTHUKA K 1ieHTpy COJHLA, a Tops =
COS ohs COS Dobs; Yobs = SIN Aohs COS Oobs; Zobs
Sin d,ps — HAmNpaB/IEHUIO OT IIEHTpa CIyTHHUKA
K HaOJTIOaTe 0. ag U 0y, Qpps U Opps SBIISTIO-
TCsI, COOTBETCTBEHHO, KoopAauHaTamu CoHIja
¥ Habsogaresisi B 9KBaTOPUAIbHOW CITYyTHUKO-
L[EeHTPUYECKON CUCTEeMe KOOPAMHAT. (pps U Opps
BBIUMC/ISIIOTCS TI0 CUHXPOHHOMY MO3ULIMOHHO-
My HaOsoieHuI0 00beKTa U CBSI3aHbI C TOTIO-
L[eHTPUYECKUMH eT0 KOOPJUHATAMH KaK (Vpps =
ay £ 180°%; Sops = — 0.

NC3 Arkyd 6A B coueTaHuu C BUIOM 3aIliCaH-
HBIX KPUBBIX 0/1eCKa, MIOKa3as, UYTo OHO OCylije-
CTBJISLTIOCh UMEHHO BOKPYT OCH «L[€HTP CITyTHU-
Ka — L[eHTP 3eM/In».

Eciu criyTHUK BpaIljaeTcsi BOKPYT CBOeM
BEPTUKAIbHOW OCH, KOTOpasi JIE)KUT B TJIOCKO-
CTU ero OpOUTBHI, TO ee HarmpaBJIeHHE MOXXET
ObITH orpefiesieHo, Kak: avg = a £ 180°%; 0 =
—0, e «, 6 — Teol|eHTpUYeCKHe SKBaTOpHab-
HbIe KOOP/IMHATHI Ha0/TI0ZIaeMOro 00beKTa.

Pe3y/ibTarhbl BEIYKC/IEHUH HAa MOMEHT 3€ep-
KaJIbHOTO BCII/IecKa rpuBeieHsI Ha puc 4. 3xech
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yros ocBellleHus1 ciyTHUKa CO/HIIEM € paBeH
yIJIy OTpa)kKeHHusl CBeTa B CTOPOHY Habmrofiare-
JI1 ¥ ero 3HaueHUe T0 BeJMUYMHe PaBHO €
44°.3. A yron Mexxay HaripaB/ieHHeM HOpMa/u
Y OCbIO «IIeHTpP CITyTHUKA - LIeHTP 3eMJiu» pa-

Zenith

£=0Q~44,3°
a~32°—35°

) l'[?r—

Observer

) Madir

BeH ~ 32-35° (TOuHOCTb 00yC/IOB/IeHa MWpPU-
HOU U aMIT/IUTY0M 3epKanibHOro 6/11Ka). B Hu-
JKHel 4aCcTH pUCYHKa CXeMaTUYHO U300pakeHo
JIBIDKeHe B POCTPaHCTBe NpooibHoock KA
Arkyd 6A.

Puc. 4: Ananu3 Bpaienus u cief ocu Bpaienust KA ARKYD 6A Ha HebecHoti cdepe.

BbiBobI

1. KA ARKYD 6A umMeeT manyr SIpKOCTb U
BBICOKYI0 CKOPOCTb BUJUMOTO JIBW)KEHHSI, UTO
YCJIOXKHSI/IO TIPOBeJIeHHe ero Hab/mroieHui.

2. J1oTIO/THUTE/TBHBIMU CJIOXKHOCTSIMH TIPH TIPO-
BeZieHUU HabOsroieHuit O6bUTH: 00/1aUHOCTh, Me-
XaHWUeCKUW apebe3r Teseckoria, HalMuhe Ha
HeOe JIyHBbI.

3. AHanu3 NoJIyyeHHbIX B TeYeHHe TpexX Houen
HabOsromenuii mokasan, uto KA ARKYD 6A mo-

Tepsi1 CTabUIM3alvIo0 U BpalllaeTcsi BOKPYT JIU-
HUU «3eHUT-HaJup» C [IepyuoZioM puMepHo 145
c. IIpu 3TOM €ro npoz0/pHast 0Cb OTK/IOHEHA OT
JJaHHOW JIMHWY Ha yros B 32° — 35°.

4. HabsozieHus B 11€J10M TTOATBEPAUIA BO3MO-
YKHOCTD OLIEHKH COCTOSTHUSI HU3KOOPOUTATbHBIX
HaHOCIyTHUKOB Thrna CubeSat, ncrosnb3ys Te-
JIeCKOMbI C MaJIol arnepTypoil. YUuThIBasi pOCT
KoJTMuecTBa 1mosoOHbIX KA Ha opbute 3emiw,
Takasl OL|eHKa SIB/IIeTCsI BOCTPeOOBAHHOM.
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3HauionanbHuil LieHTp yrpaB/iHHA Ta BUNPobyBaHb KOCMiuHMX 3aco6iB, Kuis, Ykpaina

OLIHKA CTAHY KOCMIUHUX AITAPATIB
TUITY CUBESAT 3A OITTUYHVMMU
CIIOCTEPEXXEHHSIMU (HA TTPUKJIAJI KA
ARKYD 6A)

doToMeTpist HU3bKOOPOITHANBHUX IITYYHUX CYITyTHUKIB, HAZIMAIOro po3Mipy sB/sie€ cODO00 CKIaHy 3azauy, 1o Mo-
Tpebye KOMITJIEKCHOTO MiAXoAy v ii BupimenHi. Linto Oyso BUSHaUMTH apamMeTpy BJIaCHOr0 00epTaHHs IITYUHOTO Cy-
nytHrKa ARKYD 6A, Buxogsun 3 poTOMETPUYHOI Ta aCTPOMeTPUYHOI iHopMallii oTprMaHoi Ha KBAHTOBO-ONITUYHIH
cranuii (KOC) «CaxeHb-C» LleHTpy npuiiomy i 06pobKu crierjiabHOI iH(opMaLiil Ta KOHTPOJIIO HaBiraliiHOro mMo-
nst HarfioHansHOro LeHTpY yIpaB/iHHS Ta BUPOOYyBaHb KOCMIYHHUX 3ac00iB. ABTOpaMM BUKOPHCTaHi ()OTOMeTpHUYHi
Ta aCTPOMETPHUUHI METOJU JOCTi/PKeHb 00’ €KTa, a TAKOX iHIIII METOU MO/Ie/IFOBaHHS Ta B/IaCHI METO/W BU3HAUEHHS
opieHTaril kocMmiuHoro anapara. [IpuBezieHi pe3ynbTati (OTOMETPUYHUX CIIOCTepeXkeHb KocMiuHoro amapary (KA)
ARKYD 6A, siki 6ynu npoBesieHi y TpaBHi 2018 p. He quBasiurch Ha CK/IaZiHi YMOBH CIIOCTepeKeHb, Oy/iy oTpuMaHi
Tpu KpuBi 6/mcky KA. AHasi3 KpUBUX TMOKa3aB, 1110 KA BTpaTue ctabinizariito i ob6epraeThcs. BusHaueHi opieHTOBHI
napametpu obepranHs KA. [Toka3aHa MOX/IMBICTE (POTOMETPUUHHUX CHIOCTepeKeHb HaaManux KA Ha HU3bKUX BHUCO-
Tax TejiecKOIaMH 3 MaJIOl0 arepTyporo. AHasli3 OTPUMaHUX HarpoTsA3i TPbOX HOUeH CrocTepeXkeHb TI0Kasas, o KA
ARKYD 6A ob6epraeThCsi HABKOJIO JIiHiT «3eHIiT — Hagup» 3 nepiofgom ~ 145 c. TIpu 11boMy HOro MoB3/0BXKHA BiCh
BiixuieHa Bij gaHoi JiHil Ha KyT 32° — 35°.

Kirouogi csioBa: HU3bK0Op6iTanbHi KocMiuHi 06’ €KTH, KoCcMiuHi arapaty Tury CubeSat, poTomMeTpuuHi criocTepesxe-
HHSL.
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STATE IDENTIFICATION OF CUBESAT-TYPE
SATELLITES BY OPTICAL OBSERVATIONS
(ON THE EXAMPLE OF ARKYD 6A SPACECRAFT)
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Purpose. Determine the parameters of the own rotation of the artificial satellite ARKYD 6A, based on photometric
and astrometric information obtained at the Sazhen-S quantum-optical station (COS) at the Center for the reception
and processing of special information and control of the navigation field of the National Space Facilities Control and
Test Center.

Methods. The authors used photometric and astrometric methods of research of the object, as well as other methods
of modeling and their own methods for determining the orientation of the spacecraft.

Results. The results of photometric observations of the spacecraft ARKYD 6A carried out in May 2018. Despite the
difficult observational conditions, three light curves of the spacecraft were obtained. Analysis of the curves showed that
the spacecraft lost its stabilization and rotates. The approximate rotation parameters of the spacecraft are determined.
The possibility of photometric observations of ultra-small spacecraft at low altitudes with small aperture telescopes is
shown.

Conclusion. An analysis of observations obtained over three nights showed that the ARKYD 6A revolves around the
«zenith-nadir» line with a period ~ 145 seconds. At the same time, its longitudinal axis is discarded from this line at
an angle of 32° — 35°.

Keywords: low orbit artificial space objects, CubeSat satellites, photometrical observations.
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