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PEJAKIITHA KOJIETISI:

Muponuyk I'anuna JleoHigiBHa — 10kTOp (i3MKO-MaTeMaTHYHHX HayK, HNpoQecop, AUPEKTOp HaBYAIbHO-HAyKOBOTO (hi3HKO-
TEXHOJIOTTYHOTO iHCTUTYTY BOMMHCHKOTO HaLliOHALHOTO YHIBepcHTETY iMeHi Jleci YkpaiHku (TOIOBHUIA pelakTop);
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(bi3KKH Ta KOMIT FOTEpPHOTo MozieroBanHs YepHiBelbKOro HallioHaIbHOTO YHiBepcuteTy iMeHi IOpist denpkoBuya;

Tlonoxtok Jlapuca CrenmaniBHa — JOKTOp IENaroriyHUX Hayk, JOLEHT, 3aCTYIHUK JUPEKTOpa 3 HayKOBO-METOAMYHOI AiSUIBHOCTI
K3 «KipoBorpanacekuit 0071acHHIN IHCTUTYT MiCISTUIDIOMHOI ITeIaroriqHoi OCBITH iMeHi Bacuis CyXOMIIMHCBKOTOY;

3a6osa0oTHmii Bosoqumup ®enopoBUY — TOKTOP MEAArorivHUX HayK, npodecop, 3aBiaxyBad kadeapu (i3vKy i METOIMKY HABYAHHS
¢i3uky, acTpoHOMii BiHHNIIEKOTO Aep KaBHOTO ITearoriyHoro yHiBepcuTeTy iMeHi Muxaiina KomroOuHCBKoTO;

Kaxykayckac Baiinorac — noxrop ¢izuko-MareMaTHIHAX HayK, IPpodecop, TOIIOBHUIN HayKOBHUI CIIBPOOITHUK TPYIIH O CITi [HKEHHS
(doToenekTpuuHuX sABUILL [HCTUTYTY OTOHIKM Ta HaHOTEXHOJIOTi#H BinbHIOCKKOTO yHIBepcuTeTy, M. BinbHioc, JIutoschka Pecry6ika;

Kepmmin Amnppiii I'puropoBny — xanmupar ¢isuko-mMareMaTHYHHX HayK, JOLCHT, 3aCTYyNHHK JUPEKTOpa 3 HAyKoBOI poOOTH
HABYAJILHO-HAYKOBOTO (Pi3MKO-TEXHOJIOTIYHOTO IHCTUTYTY BONMMHCHKOTO HaIliOHAIFHOTO YHIBEpCUTETY iMeHi Jleci YkpaiHku;

Osra Karapxuna — noxrop Hayk, npodecop UeHCTOXOBCHKOTO MOJNIITEXHIYHOrO yHiBepcuTery, M. UeHcroxoBa, Pecmy0iika
IMonema;

Msiceupknii Mixan Boiinex — noktop Hayk, mpodecop ['ymaHiTapHO-PHPOZHWUYOTO yHiBepcuteTy iMeHi SHa [myroma B
Yencroxosi, M. Yencroxosa, Pecryonika [Tonbina;

Pymumn Mupon SIpociaBoBuy — xanaunar (isnko-MareMaTHYHUX HayK, JOLEHT, CTApIINi HAyKOBHH CIIBPOOITHUK Kadenapu
3aranpHO1 (i3uku JIBBIBCHKOTO HAIliOHAJIBHOTO YHiBepcHTETY iMeHi [Bana dpanka;

CaBomr Banentnn OJiekciiioBU4 — KaHIMAAT NENAroriyHMX HayK, 3aBilyBad Biaminy (i3MKO-MareMaTHYHHUX AUCUUILIIH
BonuHCBEKOTO IHCTHTYTY HICISAUIUIOMHOI EIaroriyHol OCBITH;

CaxHniok Bacuib €BreHoBnY — kaHauaaT Gpisuko-MaTeMaTHIHNX HAyK, TOLIEHT, 3aBiTyBad KaQeapu TEOPETHIHOT Ta KOMI FOTEPHOT
¢i3uku imeni A.B. CBin3uHcbkoro BonmHebKoro HarioHanbHOTo yHiBepeutety iMeHi Jleci Ykpainku;

CinbBeiicTp AHaromiii MuKoJaioBHY — JOKTOpP IEJarorivHUX HayK, npodecop, npodecop kadeapu QivKu i METOIUKN HaBYaHHS
(i3uku, acTpoHOMii BiHHHIIEKOTO AepKaBHOTO TIEIaroriyHOro yHiBepcuTeTy iMeHi Muxaiina KorroonHebKoro;

Cocaunbka Haranis JleonigiBHa — OKTOp HeAaroriyHux Hayk, mnpodecop, 3aBigyBad kadeapy BHUIOI MaTeMaTHKU i (i3ukn
TaBpilicbkoro epKaBHOTO arpOTEXHOIOTIYHOTO YHiBepcHuTeTy iMeHi JImurpa MoTopHoro;

Tpudonosa Onena MuxailsliBHA — JOKTOP IIEAATOTIYHNX HAYK, JOLEHT, JOLECHT JOLECHT KadeApH MPHUPOAHNINX HAYK Ta METOIUK
TXHBOTO HaB4YaHHs [[eHTpanbHOYKpaTHCHKOTO Jep)KaBHOTO MEAaroriyHoro yHiBepcurety iMeHi Bonogumupa Bunnudenka

Xmxkyn Ouer lOmianoBu4y — noktop (ismKo-MaTeMaTHYHMX HayK, CTApHIIMH HAayKOBHH CHIiBPOOITHHK, 3aBigyBad BiIiTy
CIIEKTPOCKOII1 TOBEpXHi HOBITHIX MarepianiB [HcTuTyTy mpobnem Marepiano3HaBcTBa iMeHi [.M. dpannesnya HarionansHoi akagemii
HayK YKpaiHu;

luropin [asno IaBmxoBuy — kaHAUAAT Pi3MKO-MaTEeMaTHYHAX HayK, JOIEHT, JOIEHT KadepH TEOPETHIHOI Ta KOMI IOTePHOI
¢izuku imeHi A.B. CBin3uHCHKOTO BOMHHCHKOTO HALliOHANBHOTO YHIBepcUTeTy iMeHi Jleci Ykpainku;

IOxumuyk Bomomumup OnexcaHapoBud — JOKTOp (i3MKO-MaTeMaTHYHUX HayK, npodecop, 3aBiAyBad BifAily ONTHKH i
CIIEKTPOCKOIIIi HAIiBIIPOBIJHUKOBHX 1 JIIeIEKTPUIHUX MaTepianiB IHCTUTYTY ¢i3ukn HamiBnpoBiaHUKiB iMeHi B.€. JlamkaproBa;

Slmok CeiTiana MukoJaiBHa — KaHIWOAT TMEAAroriyHUX HayK, OOLCHT, NeKaH (aKyabTeTy iH(GOPMAIMHUX TEXHOJOTIH 1
MaTeMaThky BonmHchKoro HanioHanbHOTO yHiBepeuTeTy iMeHi Jleci Ykpainku.
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AITPOKCUMAIIA HA JIABOPATOPHUX 3AHATTAX 3 ®I3UKHU
Y TEXHIYHUX YHIBEPCUTETAX

Y cmammi posenaoaromucs memoou anpoxcumayii eKCnepuUMenmanbHux Oauux npu npogedeHHi 1abopamopHoco
NPAKMuKymy 3 Qisuxu y mexHiuHux yuigepcumemax. AKmyanivHicms 00paHoi memu NOACHIOEMbC MUM, WO 8i0 8UOO-
Py Memoody anpoxkcumayii 3anexcums YCRiuHICMb [ RPAGUIbHICIb BU3HAYEHHS KIILbKICHUX MA SAKICHUX XAPaKmepucmux
docnidcysanux oo ’ekmig. Ilpobnema nonsieac y npasuibHomy eubopi memoody anpoxcumMayii 0si BUPiuLeHHs. KOHKPEemHUX
NPAKMUYHUX 3080AHb.

Y pobomi nposedero o2nnd Hayrkosux nyonikayitl i 00CioNceHb w000 00Paroi memu, Ha8eOeHO OCHOBHI NOHAMMSL
i susHauenHs meopii anpoxcumayii. JJano o3naveHHs 080X munie anpokcumayii: cmpoeoi mamemamuuroi i Qizuunoi
(mexniunoi) anpoxcumayii. Ilpoananizoeano memoou, KOHKPEMuU308ano ma chopmynbo8aHO 8UMOHU, WO GUCYBAIONb-
¢ 00 anpokcumayii excnepumMeHmanvHux oanux. Busnaueno 3azanvne 3ae0amnms anpoxcumayii — npasunvHuil eubip
anpokcumyiouoi Qyuxyii. Poskpumo nousmms 32na0xCcy8ants Kpugoi i memody naiumenuiux keaopamie. [lano eusna-
uenHs 6Ui8 ANPOKCUMAYIL, Wo BUKOPUCOBYIOMbCs Y Komn tomepHil npoepami MS Excel. Posensnymo mooiciugicns
BUKOPUCIANHS TIHIUHOT anpoKkcumayii Memooom HatMeHwux Keaopamie y gizuunux docrioxcenusx. Hasedeno mame-
MamuyHi opmynu, wo cmocyiomsca ybo2o memooy. Brazano na ocobaugocmi mMemoouxyu UKOHAHHA 1a60PAMOPHUX
pobim 3a 00nomoe0to Pizuunoi anpoxcumayii 01 3()06)/6611116 -NePULOKYPCHUKIB, 3 YPAXYBAHHAM iX HedOCmamHboi 06430801
MamemMamuyHoi nio2omoeKu 0N GUKOHAHHSA PO3PAXYHKiE. Ha konkpemHuomy npuxiadi noKasaHo 3acmocy8ants Memooy
HAUMEHWUX K8a0pamie, AKuil 6UKOPUCTNOBYEMbCSL Y 1abOpamopHomy npakmuxymi 3 ¢izuxu. Haeedeno 8ionosioni po3-
DAXYHKU, BUBHAYEHO nepedazi i HeOOMiKy 00pan020 Memoody, 3p0OIeHO BUCHOBOK 000 00YLIbHOCII 020 3ACMOCYBAHHSL.
Busnaueno Hanpamox nooanvui020 00CHIONCEHHS THIMUX BUOI8 ANPOKCUMAYIT 3 MEMOK iX e(heKMUBHO20 BNPOBAONCEHHS
¥ HagyanvHul npoyec 3 Qizuxu.

Kntouosi cnosa: anpoxcumayis, izuxa, exchepumenm, anpoxcumyroua Qyuxyis, Qisuuna mooens, 1abopamopuuil
NPAKMUKYM, Memoo HatiMeHuux Keaopamis.
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APPROXIMATION IN PHYSICS LABORATORY CLASSES
AT TECHNICAL UNIVERSITIES

The article discusses the methods of approximation of experimental data in the course of a laboratory practicum in
physics at technical universities. The relevance of the chosen topic is explained by the fact that the choice of an approximation
method determines the success and correctness of determining the quantitative and qualitative characteristics of the objects
under study. The problem is to choose the right approximation method to solve specific practical problems.

The paper reviews scientific publications and studies on the chosen topic, provides the basic concepts and definitions
of the approximation theory. Two types of approximation are defined: strict mathematical and physical (technical)
approximation. The methods are analyzed, the requirements for approximation of experimental data are specified
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and formulated. The general task of approximation is defined — the correct choice of the approximating function. The
concepts of curve smoothing and the least squares method are revealed. The types of approximation used in the MS Excel
computer programs are defined. The possibility of using linear approximation by the least squares method in physical
research is considered. Mathematical formulas related to this method are presented. The peculiarities of the methodology
for performing laboratory work using physical approximation for first-year students are indicated, taking into account their
insufficient basic mathematical training to perform calculations. A specific example is used to demonstrate the application
of the least squares method used in a physics laboratory workshop. The relevant calculations are presented, the advantages
and disadvantages of the chosen method are determined, and a conclusion is made about the feasibility of its application.
The direction of further research of other types of approximation for the purpose of their effective implementation in

the educational process in physics is determined.

Key words: approximation, physics, experiment, approximating function, physical model, laboratory practicum, least

squares method.

AKTyaabHicTh npobaemu. dizuka y Tex-
HIYHUX YHIBEPCHUTETAaX BHWBYAETHCS 3 IEPIIOTO
Kypcy. Ha naboparopHux 3aHATTSIX Iepe]] BUKIIA-
JladeM TIOCTalTh TEBHI METOIWYHI TPYIHOIII,
OCKUIBKM ICHY€E pO3pUB MK 0a30BUM piBHEM
MaTeMaTU9IHOI MiTOTOBKH 3100yBadiB i iX 3HaH-
HSIMHU 3 BHIIOI MaTeMaTHKH, HEOOXITHUMH s
BHKOHAHHS JJabopaTopHUX poOit. [yt momonanHs
IIBOTO PO3PUBY PO3POOIAIOTHCS METOJANYHI BKa-
31BKH, IO MICTSTh KOPOTKHUH 1 TOCTYTHUHN BUKIIA
Teopii Ta IHCTPYKIIIO MO0 BUKOHAHHS POOIT.
Jist cratucTHyHOT OOpOOKHM JaHUX BHKIAaad
Ma€e HaBYUTH 3700yBayuiB KOPUCTYBATHCSI MOMKIH-
BOCTSIMU Cy4YacCHHX KOMIT IOTEPHHX TEXHOJOTIH
(Imenko, 2017).

AnpokcuMariisi — akTyaJibHa TeMa MPaKTHYHO
KO)KHOTO  €KCIIEPUMEHTAIBHOTO  JOCIIHKECHHS.
OnpartoBaHHs pe3yJIbTaTiB, 3alTMCAHUX Y TAOJHIII,
9YacTO BHSBISETHCS HE3PYYHUM. MacuB JaHUX
OakaHO TIOJIATH Y BUIIISII HECKJIAMHUX aHATITHY-
HUX 3aJIeKHOCTEH, IO BiJIOOpaKalTh XapakTep
€KCIIEPUMEHTAJIBHUX 3aJiekXHOCTe. [na 1mporo
HEoOXiTHO PO3B'sI3aTH 3aBJAHHS alpPOKCHUMAIli,
TOOTO 3aMIHMTH CKJIaJHY (QYHKIIIO, TTOOyIOBaHy
32 CKCIEPUMEHTAIBHUMHU JIaHUMH, HAOIMKEHUM
aHATITHIHUM BHpa3zoM. [Ipobiiema nomnsirae y mpa-
BUJILHOMY BHOOpI BUIY ampoKCHUMalii Jyuis BUPi-
[ICHHS! KOHKPETHHUX MPAKTUYHHUX 3aBJIaHb.

AHajgi3z gociimkensb i myouaikamiid. Ha cro-
TOJIHI CydacHa BITYM3HSHA HayKOBa JiTeparypa i3
3arajbHOI Teopii ampokcuMarllii, Ha Kajb, Mpe.-
CTaBJICHA HEJIOCTATHHO.

[Tepeniunmo mesiKi OCHOBHI MOHSTTS Ta BU3HA-
YEHHS I0JI0 TEMH JIOCIIIKEHHS.

Anpoxcumayis (BiJ nar. approximatio — HabIu-
KEHHS) — «BUPAXEHHS OJHMX MaTeMaTUYHUX
00’€KTIB IHIIMMH, ONM3BKMMM 3a 3HAYCHHSM,
aJie IPOCTIIIMUMH 3a CTPYKTYporo. A. Jae 3MOry
JOCIIUTH YUCIOBI XapaKTEPUCTHKH 1 SIKICHI BIia-
CTHBOCTI 00’€KTa 3a JOMOMOTOI0 JIOCIIIKEHHS

npocTimmx abo 3py4yHIUX 00’€KTiB, Xapakre-
PUCTHKH SIKUX BilomMi abo iX MpocTime 3HANTI»
(SIauenko, 2020, c. 58; Kpunuk, borau & IIpoko-
moBa, 2013, c. 86).

Habnuosicennss — te came, 110 anmpoKCUMAIlis.
[Ipuknamamu anpokcuMariii € HaOJIVKeHE BHpa-
JKEHHsI KpUBHUX JIIHIN JIJaMaHUMHU, 1ppaliioHAIbHUX
YHCell — palliOHaTbHUMH, JTIOBITHHUX HETIEPEPBHUX
(yHKII1I1 MHOTOYJIEHaMH TOMIO.

Inmepnonsayis (Bin nar. inter — MixX, polio —
BUIIPABIISAIO, TOJIPYI0) — 3HAXOMKEHHS MPOMIXK-
HUX 3HaueHb (QyHKIIi 3a BiZOMUMH ii JAHCKpeT-
HUMH 3HAYEHHAMHU. [HTEpronsuis € pi3HOBHIOM
ampOoKCUMAIIii, IPH K1 KprBa oOy10BaHo1 (PyHK-
11ii Mae MPOXOIUTH Yepe3 BCi HASBHI TOUKH JTAaHUX

Excmpanonayia (Big nar. extra — 1mo3a, 30BHI,
polio — BuMnpasns0, NOJIPYI0) — OCOOIUBUI THUI
ampoKcUMaIlii, Ipu sSKoMy (yHKITiS ampoKCHMY-
€ThCS 11032 3aJaHUM IHTEPBAJIOM, a HE MiX BiJO-
MUMH 1 3aJaHUMH 3HA4YCHHsAMH. YacTo BHKO-
PHUCTOBYETHCS JIJIsl IPOTHO3YBaHHSI, aHAITIZY JTAaHUX
Ta Bizyamizamii pe3ynbrariB mocmimxenas (Yop-
Huii, Tutiok, Ictomina & Briacenko, 2016, ¢. 91).

Mooensv (Bin natr. modus — Mipa) — «CTIpoOIIeHe
ySIBIIGHHS TIPO peajbHuil 00’€kT, mporec abdo
aeutie» (Mopos, 2002, c. 391). Mogemnto moxe
OyTu rpadik, cxema, 3HaKOBa CUCTEMa, CTPYKTypa
TOmO. 3HAHHS, OTPUMaHiI B pe3yibTaTi H0CIi-
JOKCHHST MOJIENI, SKCTPAIONIOIOTECS Ha OPHTiHAI
Ta BUKOPUCTOBYIOTHCS y HAyTIi.

Mooenosanns — «HAyKOBHW METOJ TPSIMOTO
(ommocepenkoBaHOTO)  JOCTIDKEHHS 00’ €KTiB
yepe3 IX MOAeNi, Ko 0e3MocepeHe BUBUCHHS
00’€KTIB HEeMOXJIMBE 4M yckiamHeHe» (Mopos,
2002, c. 392). MopaentoBaHHS TICHO B33a€EMOJIE
3 IHIIUMHU HAyKOBUMH METOJaMH, 30KpeMa eKcIie-
PUMEHTAIbHUMH.

Aoexeamuicmo (Bin nar. adaequatus — npupiB-
HSIHUM, pIBHMIA) — BIANOBIIHICTh, BIPHICTH, TOY-
HiCTh. TOYHICTH BUMIPIOBaHHS — XapaKTepUCTHKA,
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o BigoOpakae CTyMHiHb ONHM3BKOCTI PE3yJIBTaTiB
BHUMIPIOBAaHHS JI0 ICTUHHOTO 3HAYCHHS BUMIpIOBa-
HOI BEJIMYHUHH.

[Ipy BuBYEHHI fABWINA 3a JOTIOMOTOI0 HOTO
MOJIEJTI BaYKJIMBO 3'SICYyBaTH, YU BiAMOBIA€ MOJIEIb
eKCIIEpUMEHTAIbHUM pPe3yJibTaTaM y MeKax 3aja-
HOI TOYHOCTI CHOCTEpEXEHb. Y 3B'A3KY 3 IHM
HEOOXiTHO TEPEeBIPUTH aJIeKBATHICTh MOIETI 10
BJIACTUBOCTEH peajbHOro 00'€KTa, MPHUYOMY TOU-
HICTb MOJIeJII Ma€e OyTH OUIBILIOIO, HI’K TOYHICTb
CrocTepekeHb (TOOTO MOXMOKa Mojesi Mae OyTH
MEHIIIOIO BiJl TOXUOKHU CITOCTEPEIKCHB ).

AnpoKcHMAIliI0 YMOBHO MOALUISIOTH HA CTPOTY
MareMaTtuyHy i ¢piznyHy (TexHiuny). Ctpora mare-
MaTW4Ha anpoKCUMalis — 1e ¢yHIaMeHTalbHa
TEopis, M0 € MATPYHTAIM (PI3UYHOI arpoKcuMa-
mii. @i3uyHa anpokcuMallis — Mojelb (Pi3UIHOTO
SBHINA, MPOIECY, XapaKTEPUCTUK MPHUCTPOIO,
napaMeTpiB CUTHAJY, CepeOoBHINa, MaTepii ToIlo,
€ MEHII CTPOror, HIX MaTeMaTH4Ha Teopis.
di3nvHa anpOKCUMAIIisl Peali3yeThCs JOCTATHHOO
KUIBKICTIO CITIOCO0IB Ta alpOKCUMYIOUUX (YHKIIIH,
K1 0OMParOTh, BUXOASAYH 3 KOHKPETHO IOCTaBIIe-
Horo TexHiyHoro 3aBmanHsa (Hecmamnuii, Tka-
yenko & ['epacumosa, 2019).

[TokaxxeMo Ha mpukiaai ¢GopMyBaHHS TEO-
pii TEIIOBOrOo BHUIIPOMIHIOBAHHS BaXIIUBICTH
anpokcumanii sk ¢Qi3u4Hoi, Tak 1 CTporoi mare-
MaTuuHOi. CroyaTky, Ha MiJICTaBl eKCIepuMeH-
TalbHUX JaHUX, OylM BCTAHOBJIEHI EMITIpHYHI
3akoHU BUNpoMiHioBaHHA Credana — bonbpiimana
Ta 3akoH 3MmimeHHa Bina. I[loTiMm TeopeTrnyno
BHBEJCHI Ta CKCICPHUMEHTAJIbHO MiATBEPIKCHI
JUTSL OKPEMHUX BUTIAKIB 3aKOHU BUITPOMIHIOBAHHS
Bina ta Penes — J[xunca. 3rogom [Tnankom Oyia
BHUCYHYTa KBaHTOBa rimoresa, mo jaaiga ¢yHia-
MEHTaJbHUI 3aKOH BUIIPOMIHIOBaHHS — (OPMYITY
[Inanka, sxa 6IUCKyYe Y3TOMKYETHCA 3 €KCIEPH-
MEHTaJbHUMHU JaHMUMH B YyCiX IHTepBajax dyac-
ToT 1 Temmneparyp. Ciia 3a3HaYUTH, O 3aKOHHU
Credana — bonbumana, Bina, Penes — J[»xunca
€ okpemumHu TnposiBamu ¢Gopmynu [lmanka
(Jlomatuachkuit, 3adek, [npuyk & PomanwumimH,
2009, c. 256-260).

Po3ristHy Ti TOCITIKEHHS — 1I€ HE IO 1HIIe, HiXK
Memoo iHOykyii (Bif nart. inductio — HaBeIEHHS) —
BHCHOBOK, IO MOIIUPIOETHCS BiJl MOOJUHOKUX
(dakTiB Ha JesKe 3araJbHe TBEpP/DKEHHS. IcHye
W 1HIINN, «KOHKYPYIOUHID» METOJ JOCITIDKCHHS —
oedykyis (Bin nart. deductio — BuBenenns). [locun-
KaMH (I10YaTKOM ) IeTyKIIii € 3arajibHi TBepKECHHS,

HaNpHKIAd, aKCiOMH, MOCTyJaTH abo Timores3u
(«3aranbHe»), a KIiHIEM — HACIiJIKH 3 TOCHJIOK,
TeopeMu («OKpeme»). YMOBHO KaXXy4H, CTpora
Teopiss MaTeMaTU4yHOi ampoKCHMAallli € «3araib-
HUMY, a (i3UYHA aTPOKCUMAITIS — KOKPEMHUMY.

3aranpHE 3aBOaHHS ampokcuMallii — BHUOIp
anpokcumyrodoi  QyHkmii. OmHUM 13 METOJIB
anPOKCUMAIIIT € 3271a0J/CY8aHHA Kpugoi, IKy HaMa-
raroThCsl MPOBECTH TaK, MO0 ii BIAXWICHHS Bif
TaOMUYHUX JaHUX OyJa0 MiHIMaJIbHUM. SIK Kpu-
Tepii ONTHMAIBHOTO 3IVIJKyBaHHS 4acTO BUKO-
PHUCTOBYIOTh MIHIMYM CyMM KBaJpaTiB BIIXWJICHb
3HAYCHb aHATITHYHOI (DYHKIII1, IO 33]1a€ alPOKCH-
MYIOYY KPHBY, BiJl €KCIIEPUMEHTAIBHUX 3HAYCHb
Le#i BimoMut 1 epeKTHBHHMI METOJ arpOKCHUMAIIil
OyB 3alpONOHOBAaHUI HIMEIBKMM MaTE€MaTHKOM
K.-®. T'aycom i Ha3MBa€ThCS MemMOOOM HAUMEH-
wux xeaopamie (Kpwmmk, borau & Ilpoxorosa,
2013, c. 87).

VY xomrt torepHiii mporpami MS Excel 3rmamxy-
BaHHS KPUBOi BUKOHYETHCS 32 JONOMOTOI0 MOOY-
JIOBH 1iHii mpeHOy 1 BAKOPUCTOBYIOTHCS TaKi 610U
anpoKcuMayii:

1) ninitina (Linear) — 3acTOCOBYIOTBCS, KOJH
MIBUJIKICTh 3MiHH €KCTICPUMEHTAIBHUX JTAaHUX BiJl-
HOCHO ITOCTIiliHa;

2) noeapugpmivna (Logarithmic) — onucye ekc-
NEpUMEHTAIbHI JaHi, sIKi CIIOYaTKy CTPIMKO 3po-
cTaroTh (yOyBaroTh), a MOTIM TOCTYIIOBO CTa0LIi-
3YIOThCS;

3) noninomianvua (Polynomial) — onucye 3Ha-
KO3MIHHI 3pOCTaroui i CmajaHi eKCrepruMeHTaNbHI
IaHi;

4) cmameuna (Power) —3aCTOCOBYIOTBCS, KOJIU
MIBUJKICTh 3MIHH EKCIIEPUMEHTAIbHUX JaHUX
MOCTIMHO 3pOCcTae (3MEHIIYETHCS);

5) excnonenyianvna (Exponential) — BHKO-
PHCTOBYETBCSI JIJISl ONMUCY EKCIEPUMEHTAIBHUX
JAHUX, MIBUJKICTh 3pOCTAaHHS (3MEHIIEHHS) SKUX
0€3yITMHHO 3pOCTaE;

6) ninitina @inempayis (Moving average) —
BUKOPHUCTOBYETHCS SIK CEpPETHE 3HAYCHHSI /10 HAOJTH-
KCHHS, JI03BOJISIE 3IVIAJUTH KOJNMBAHHS JaHUX
1 TIOKa3aTu XapakTep 3aJIeKHOCTI.

Buxkiaa 0CHOBHOI0 MaTepiaJty 10CJTi/IKeHHsl.
Po3risinemo JiHilHY anmpokcuMario y (ismaHux
eKCIICpUMEHTAIBHUX ~ JTOCHI/DKeHHAX.  JlocmiaHi
3aNIeKHOCTI MDK (PI3MYHMMH BEJTMYMHAMU, SK
npaBWIIo, HemiHiiHI. OnHak, 6araro 3 HUX MOYKHA
JiHeapu3yBaTd, TOOTO MPEACTaBUTH y BUIVISAIL
JTHIHHUX.
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Hexait orpumMano 7 3aJeXHOCTEH MiX JBOMA
¢bi3ngHIMEI BEIIFHHAMH X Ta Y. Kosxwiii mapi (x, y,)
LUX BEJIUYMH BIJIOBIJNA€ i-Ta TOYKA HAa KOOPIU-
HatHii mommHi XOV. Bynyemo i Touku. Takum
YUHOM, Ha IUIOLIMHI MAaEMO MHOXHHY 7 TOYOK.
Jlani 3HaxoAMMO JIiHIAHY aHATITHYHY (yHKIIO
y = fix), axa 06 «HaWKpaluM YMHOM) OIHUCYBaja
1[I0 MHOJKHHY TOYOK. Y peaqbHUX YMOBaX JAOCIHIiTy
BCl €KCHEPHUMEHTAbHI TOYKU «HE JIATaloTh» Ha
npsiMy. [IpyunHOI0 TakMX BiIXWIEHb MOXYTh
OyTH NOXMOKH BHUMIPIOBaHb, HEBUCOKA TOYHICTb
BHMIPIOBAJIbHUX MPHJIAiB, Cy0’ €KTHBHI YNHHUKH
tomo. [Ipsmy, ska HaliMEHIIE BIIXWUIISETHCS Bif
eKCIIEPUMEHTAIbHUX TOYOK, 3pY4YHO IMOOYIyBaTH
3a JIONOMOTOI0 Memoody HAUMEHWUX Keaopamis
(JIucikoBa & LuOynbHuK, 2017).

[Ipunyckaemo, mo Mix x 1 y ICHye JiHIilHa
3aJIeXKHICT BULY V = kx + b, ne k = tg a — KyTO-
BUI KOe(DILIEHT MpsMOi, 110 JOPIBHIOE TAHT€HCY
KyTa Haxwiy MpsIMOi IO JOAATHOTO HArpsiMy OcCi
OX, b — BifgcTanb BiJ] MOYaTKy KOOPAUHAT 10 TOUKU
nepetuHy npsmMoi 3 Biccto OV. JliHiliHa 3aiex-
HICTh 3yMOBJIEHA JABOMIPDHMM HOpPMaJbHHM 3aKoO-
HOM PO3MOJLTy Tap BUNAAKOBUX BEIUYHH (X, V).
Jlig noOynoBu rpadiky Tpeda oduncautu ki b

Habmwxenns ¢ynkuii y = f(x) mo excrnepu-
MEHTAJIbHOI 3aJIEKHOCTI BBAKAETHCS HAlKpalluM,
SKII[O BHUKOHYETHCS YMOBAa MIHIMyMYy CyMH KBa-
JIpaTiB BiIXWJICHb aHANITUYHOI (YHKIIT B eKc-
MEePUMEHTAJIBHOT 3aJIeKHOCTI, TOOTO 100 BHpa3

n

S(v-f (x,,))2 —min. Y MareMaTuIi CTpPOro
i=1
JIOBEJICHO, IO BUpPA3 aHANITUYHOI (YHKIIT Mae
3aJIOBOJIBHATH CUCTEMY TaK 3BAHUX HOPMANbHUX
DIBHAHD:

iyl. = kix,. +bn;

i=1 i=1

Z”:xl.yl. = kznlx,z, +bZ”:xl.,
i=1 i=1 i=1

JIe 1 — KUTBKICTh eKCriepuMeHTaIbHuX TouoK (Kie-
nko & lonens, 2009, c. 358).

Po3p’s3ytote cucremy (1), oOumciroOTh 3Ha-
4yeHHA & 1 b. L1i % BeMMYMHM MOXKHA BU3HAYUTH 3a
IHIIMME poOounMH hopMyIaMu, sKi BUBOIATH 13 (1):

(1)

nzxiyi _inzyi
_ .

k= =1 i=l

2 b
n n
20|
ny x, X,
i=1 i=1

lez/zyi _Z'xizxiyi

= — =1 i=l ) )

2
n n
25| X
n) x, X,
i=1 i=1

Sk Gaummo, MeTOl HalMEeHIIMX KBaJApaTiB
notpebye rpomizakux obumcienb. OnpHak Oe3y-
MOBHOIO TI€PEBarol0 bOT0 METOLY € BHCOKA TOY-
HICTh HAOMIKEHHS anmpOKCHMYIOUoi (QYHKII 110
peanbHOI eKCIIePUMEHTANIBHOT 3aJIeKHOCTI.

Januit Meton ampokcumanii po3nISHEMO Ha
NpUKIajal 1abopaTopHoi podoTn «BuBueHHS TeM-
nepaTypHOi 3aJIe)KHOCTI OIIOPY METaJIeBUX MPOBIJ-
HUKiB». MeTa poOOTH — BHUBUMTH TEMIIEPATYpHY
3aJIeKHICTh OMOPY METAaJiB 1 BU3HAUUTH TeMIIepa-
TypHUI Koe(illieHT onopy Bosibdhpamy.

Binomo, mo enekTpuyHUl omip pPEYOBUH
3aJIeXKUTh Bil TeMIepaTypH. 3aleKHICTh ONopy
MeTajiB R BiJl TeMIEpaTypH ¢ BBaXKA€ThCs JIIHIH-
HOIO:

R=R,(1+at), 3)

e o — TeMIEepaTypHHUil Koe(illieHT omopy, o
XapakTepu3ye MPHUPICT OMOpy MpH 30UIBIICHHI
TEMIIEpaTypy Ha OMH rpaayc; R, — omip npu Tem-
neparypi 0°C.

YV naboparopHiii poOOTI BUMIPIOIOTH OITip BOJIb-
¢dbpaMoBOrO TPOBITHWKA TpPH HOTO HArpiBaHHI.
Jocniani nani HaBeneHi y Tabmui 1.

Jlociian OKa3yIoTh, 0 TIPH 301TLIIICHH] TeM-
neparypu ormip 30uTbIyeTbes. Skimo nodyaysaru
eKCIIEpUMEHTAIbHI TOYKH (puc. 1), ToO MOXHa
NPUITYCTUTH, 10 MK 3MIHHUMH R 1 ¢ iCHy€E aesKa
JiHIfHA aHAJTITUYHA 3aJeKHICTD

R=kt+b. (@)

s BU3HA4YEHHS 1€l 3aJ€KHOCTI MPOBOAUMO
JIOZIATKOB1 pPO3paxyHKH, SKI Pa3oM 3 eKCIeprUMeH-
TalbHUMH JAHUMHU 3aHOCHUMO J0 Tabmui 2. [pa-
BIWJIBHICTB YCIX PO3PAaXyHKIB MOXKHA IEpEBIPUTH,

Tabmuig 1
ExcnepuMeHTaILHI 32/1€KHOCTI €J1EKTPUYHOIO ONIOPY Bijl TeMNepaTypu
Ne 1 2 3 4 5 6 7 8
t,°C 20,2 243 28,5 32,2 36,5 40,1 442 479
R, Om 86,3 87,1 88,7 89,7 91,8 93,2 94,9 96,4

6
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Tabmuig 2
Pe3ynbraTu ekcniepuMeHTY i po3paxyHKiB
No 1 2 3 4 5 6 7 8 Cyma
t,°C 20,2 24,3 28,5 32,2 36,5 40,1 44,2 47,9 273,9
R, Om 86,3 87,1 88,7 89,7 91,8 93,2 94,9 96,4 728,1
Rt 1743,26 2116,53 2527,95 2888,34 2888,34 3737,32 4194,58 4617,56 | 25176,24
R 7447,69 7586,41 7867,69 8046,09 8427,24 8686,24 9006,01 9292,96 | 66360,33
t? 408,04 590,49 812,25 1036,84 1332,25 1608,01 1953,64 229441 10035,93
R!mp, Om 85,73 87,28 88,86 90,26 91,88 93,24 94,78 96,18 728,21

MOPIBHIOIOUM CYMH 3HAa4€Hb €KCIIEPUMEHTAIHLHOTO
1 pO3paxyHKOBOT'O OIOPIB.
3a ¢popmymnamu (2) 0OUUCITFOEMO 3HAYCHHS K 1 b:

,_ 8:25176,24-273,9.728 1
8-10035,93—(273,9)°
, _ 10035,93-728,1-273,9.25176,24
8-10035,93-(273,9)"

=0,3766;

)
=78,118.

[TizcraBumo 11i 3HaUeHHS B (4) 1 3anuiIeMo aHa-
JITUYHY 3aJIEKHICTh MIXK R 1 £

R=0,3766¢+78,118. (6)

[linctaBumo y (6) 3HAYCHHS TEMIlEparyp
3 Tabmumi 2, OAEpKUMO PO3PaXyHKOBI 3HAYEHHS
OTopiB R sosp? SIKI TAaKOXK 3aHOCHUMO 70 Ta0muii 2. 3a
3HAYCHHSMH PO3PAXYHKOBHX OTIOPIB 1 BiIIIOBI THUMH
JI0 HHUX TEMIIepaTypaMu OymayeMO JiHilo pecpecil,
TOOTO TIPSMY, BiJI SIKOT BC1 €KCTIEPUMEHTAIbHI TOUKH
BimxwsttoThes sikHaiMene (Kocymina, 2020).

[ToOynoBy ekcriepuMEeHTAIbHUX TOYOK 1 JIiHIT
perpecii 3py4HO BHUKOHYBAaTH Yy KOMII IOTepHiit
nporpami MS Excel (puc. 1).

100

ExcTpamnomtoemo JTiHIIO perpecii 10 mepeTuHy
3 Biccio R (puc. 2). BuzHauaemo temmeparypHuit
Koe]iIieHT omopy a 3a Gpopmyoro:
— RZ_RI

o=— 7

Ro (tz - tl) ’ ( )

e R,—TouKa nepeTuny npsamoi 3 Biccro OV, BusHa-

qae omip mpoigauka nipu ¢ = 0 °C, ii 3HaAUYEHHS

3 TOYHICTIO JI0 TUCSYHUX CITIBNAJAE OOUUCIICHUM

panime napamerpom b= R, =78,118 (1<); R, R,

t,, t,— KOOPJMHATHU JBOX JOBLILHO B3ATUX TOYOK |
12 Ha rpadiky (puc. 2).

q=—213-838 0,0048(°C ). (8)

78,118(35-15)

OTpuMaHe 3HaYEHHS 0. TOPIBHIOEMO 3 BiJIOMUM
TaOJMMYHUM 3HAYEHHSIM O, TEMIIEPAaTypHOTO Koe-
diuienry omopy Bombdpamy (o, =0,0046°C ).
OO6YHNCITIOEMO BITHOCHY TTOXHOKY BU3HAYCHHS O.:

o —a 0,0046 —0,0048
o *T 70,0046

T

8= -100% = 4,34%. (9)

OtpumMaHa 1MoxuOKa € HE3HAYHOI0, TOOTO eKc-
NEepUMEHTAIBHUAN Pe3yNnbTaT 100pe Y3TrOmKy€eThCS

y=10,3766x + 78,118
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Puc. 1. ExcriepuMeHTaNbHi TOYKH i JiHis perpecii
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R, Om
100

R=0,3766¢+ 78,118, Om
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Puc. 2. I'pagiune BU3HAYEHHSI TEMIIEPATYPHOIro Koe(illieHTy onopy

3 TEOPETHUYHUM 3HAYCHHSIM KOoe(]ilieHTy oropy
BoJIb(hpamy.

BucHOBKM i mepcneKTHBH MOAAJIBIIMUX JA0CTi-
JoKeHb. Anpokcumyrodi (pyHKIi MaroTh sIKOMOra
TOYHO OIKCYBaTU XapaKTEPUCTUKH pealbHUX IMPO-
mmeciB. YCTaHOBIIEHO, IO ITABHIIEHHS TOYHOCTI
arnpoKcuMallii 4acTo MPHU3BOIUTH 10 YCKIAaJHEHHS
arpOKCHUMYIOUUX (DYHKIIIH, 10 B CBOIO YEPTy YCKIIa -
HIOE aHali3 mpoueciB. ToMy mif Yac po3B'si3aHHS
3a/1a4i arpoOKCUMaIlii TaK, sIK 1 TPy po3B'si3aHHI Oy/Ib-
SIKOT 3a/1adi, TIOB'I3aHOi 3 BUOOPOM MOJENi, HEoO-
XiJTHO OOMpPATH MK TOUHICTIO 1 CKJIATHICTIO MOJIEI.

PosrnsiHyTHEE MeTOn HaWMEHIWX KBajpariB,
XO0Y 1 BUMArae rpoMi3IKux oOuucieHb, 3a0e31euye
HaliMeHIlle BIAXWJICHHS almpOKCUMYIouoi (yHK-
mii Big BUXiAHOT (QyHKINI, TOMYy HOTrO IOLIIBHO
3aCTOCOBYBATH, KOJIM HEOOX1/IHA BUCOKA TOYHICTh
anpoxcumarii. ¥ npoMy MU IepeKOHAIUCh Ha MPH-
KJIa/11 3aCTOCYBaHHs METOAY JiHIIHOI anpokcuMa-
il y 1abopatopHiit poOoTi 3 Gi3uKu.

V nopanpioMy MU IUIAHYEMO AOCIIIKYBaTu
IHII BUIM ampOKCHMAIii, Taki K jorapupmidHa
YM EeKCIIOHEHIiaJIbHA, 3 METOK iX e(EKTHBHOTO
BIIPOBAKCHHS y HAaBYAJILHUH MPOIIEC.
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J1O MIUTAHHS OPTAHI3AII TA MPOBEJAEHHS HABYAJILHOI IPAKTUKHA
«OCBITHI TPOEKTHI TEXHOJIOTIi»

Hasuanvhi npakmuku € 00HUM 3 KTI0Y08UX 6U0i6 JisnvHocmi 3000yeauie oceimu. I1i0 uac npoxooicenHss npaKmuxu
3000y6aui 0C8imu OMPUMYIOMb NPAKMUYHUL 00C8I0 MauOymHboi npoghecii. Agmopamu po3Kpumo ceHc Hag4anbHOi nPax-
muku «OcgimHi npoexmui mexHono2iiy ma nokazauo ii micye y nidcomosyi yuumenie ingpopmamurxu, Qizuxu 3axiady
3a2anbHoi cepednboi oceimu. Posensnymo moocnugi uou OisibHocmi 3000)6auie 0cgimu nio 4ac nPoOXOONHCeHHs NPaxK-
muxu. [pakxmuuna poboma 3000y6auie oceimu nedazo2iuHo20 HANPAMKY € 0COOIUBO KOPUCHOIO MOMY, W0 0d€ im 3mo2y
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00HOUACHO nObyeamu y 080X cmamycax: yyHs ma yuumens. IIpoexmui mexnonocii € eghexmuenum incmpymenmom ons
PO3BUMKY 3A2ATIbHOKYILINYPHOI, IHHOPMAYIUHO-KOMYHIKAYITIHOL, KOMYHIKAMUBHOL, MINCPEOMEmHOL, CoyianbHOi ma npo-
EKMHO-MEXHON02IYHOI KoMnemenmnocmeli 3000y8a4ig 0ceimu.

Y pobomi nodano menmanvhy kapmy, wo inlocmpye NOHAMMI NPOEKMY, OCEIMHLO2O NPOEKMY, NPOEKMHUX MEXHO-
J02Il, Xapaxmepucmux ma xKiacuixkayii oceimuvoeo npoekmy. Pozenanymo emanu peanizayii npoexkmy. [lemanizosarno
eman niaHy8anHs, wo € Qynoamenmom ycniunoi peanizayii 6yob-saxo2o npoekniy. Hazonouieno, wjo GUKOHAHHA HAGYATb-
H020 NPOEKMY 6a3yEMbCs HA paHiie 3000yMux NepEUHHUX 3HAHHSX, NOULYKOBO-00CTIOHUYbKitl pobomi. Kinyesutl pe3yib-
mam npoekmHoi OisnbHOCHI — 00n08i0b 3 npedcmagnenusm cmeopenoeo IT npodyxkmy, wo peanizyemoca 3acobamu 0ceo-
€HUX THhoOpMayiliHux mexHonoziil (mexcmoguil (haiin, npesenmayis, NPoeSPAMHULL Koo, 8i0e0pOIUK, Catim mouo).

Hna anpobayii' UKOHAHHA HABUATLHUX NPOEKMIG 30 WIKITLHOI NPOSPAMOIO 3ANPONOHOBAHO. PO3POOKY iHOUBIOYaATL-
Ho2o npoekmy «Haw nomiynux komn tomepy 3 ingpopmamuxu 01 5 knacy, po3pooxy inougioyanbrozo npoekmy «Excne-
PpUMenmanvha 3a0aua 3 Qizuxuy 3 Gisuxu 0 7 Kiacy, po3apooKy Korekmugho2o npockmy «Kynyemo xomn iomepu 015
wkoauy. Brazano, wjo nosunno 6ymu pe3yivmamom podomu KO*CHO20 HPOEKNTY.

Kniouosi cnosa: naguanvua npakmuxa, npoekmu, 0C8IMHI NPOEKMU, NPOEKMHI MEeXHON02II.
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ON THE ISSUE OF ORGANIZATION AND CONDUCT OF EDUCATION PRACTICE
“EDUCATIONAL PROJECT TECHNOLOGIES”

Educational practices are one of the key types of activity of education seekers. During the practice, education
seekers gain practical experience of their future profession. The authors reveal the meaning of the educational practice
"Educational Project Technologies" and show its place in the training of teachers of computer science and physics
of a general secondary education institution. Possible types of activity of education seekers during the practice are
considered. Practical work of education seekers of pedagogical direction is especially useful because it allows them to
be in two statuses at the same time: student and teacher. Project technologies are an effective tool for the development
of general cultural, information and communication, communicative, interdisciplinary, social and project
and technological competencies of education seekers.

The paper presents a mental map illustrating the concepts of a project, educational project, project technologies,
characteristics and classification of an educational project. The stages of project implementation are considered. The
planning stage, which is the foundation of the successful implementation of any project, is detailed. It is emphasized that
the implementation of an educational project is based on previously acquired primary knowledge, search and research
work. The final result of project activity is a report with a presentation of the created IT product, which is implemented
using the means of mastered information technologies (text file, presentation, program code, video, website, etc.).

To test the implementation of educational projects according to the school curriculum, the following are proposed:
development of an individual project “Our Assistant Computer” in computer science for grade 5; development
of an individual project “Experimental Problem in Physics” in physics for grade 7; development of a collective project
“We Buy Computers for School”. It is indicated what should be the result of each project.

Key words: educational practice, projects, educational projects, project technologies.

AKTyajJbHiCTh TeMH. Po3poOHHMKaM OCBIT-  4epe3 MPaKTHYHY JiSUTbHICTh, 3aCBOIOIOYH CKIIATHI
Hpo-nipodeciitnoi nporpamu (OIIIl) «Cepennss  KoHUENUii y AOCTYIHIN Ta 1ikaBiid ¢popmi. MeTon
ocita. ®izuka» y BHY imeni Jleci YkpaiHku  TIPOEKTIB aKTUBHO BIPOBAKYETHCS y BCI MIKUIBHI
BUJAETHCS aKTyaJdbHUM TMO€AHAHHSA (i3UKM Ta  TOpeaMeTd 1 iHdopMatuky Ta (i3uky, 30Kpema.
iHpopmaruku s yuurens 33CO y cenci mpu-  ToMy BHOpPOBAa[UKCHHS HaBYAJIbHOI TPAKTUKH
JaTHOCTI N0 mpauesinamTyBaHHsA. Lle 00ymoB-  «OCBITHI MPOEKTHI TEXHOJOTI» BUAAETHCS aAKTY-
JIEHO CyYacHUMH IOTpeOdaMu pPHUHKY OCBITHIX  ajJbHHUM, MOTPIOHHMM i Ha Yaci.

MOCJIYT: 3aBIsSKM POEKTaM 3/100yBadi OCBITH pPO3BUBA-
— BignoBimHO 10 BUMOT HOBOi yKpaiHCBKOI  FOTH TaKi Ba)KJIMBI HABHUKH:
mkonu 3 2027-2028 HaBYaIBHOTO POKY MOYHETHCS ® camocmitinicms — TUTAHYIOTh pOOOTY, IITyKa-
peamizaris pepopmu cTapmioi mpodiabHOT KO, 0T iHGOPMAIIiI0, YXBAIIOIOTH PIlICHHS;
— TepUTOpiaIbHUMH 0coOMMBOCTAMU Bonun- ® KpeamueHicmb — TEHEPYIOTb i/1€i, CTBOpIO-
CbKOi 00macTi, g€ OUTBIIICTh CUIBCBKMX IWIKUT — IOTh OPHTIHAIBHI MPOAYKTH;
€ MAJIOKOMILICKTHUMH. ®  KOMYHIKAMUGHICMb — MPALIOIOTH Y KOMaH/II,
TotoBHicTE 10 mpodeciiiHOi TiSUTBHOCTI Ta  MPE3EHTYIOTh Pe3yNbTaTH;
3JIaTHICTh JI0O CaMOPO3BHUTKY 1 camopeai3alii ® KXpumuuHe MUCTIEHHs — aHaJ3ylTh iH}Op-
3abesmeuyerbest 'y OINIl Omoxkom mpaktuk (24  Marliro, OIiHIOIOTH PE3YJIBTATH.
kpeautu €KTC). Onniero 3 HaBUaldbHHUX Ipak- Jia maiOyTHIX yuuTeniB (izuku Ta iHGDOpP-

THK 3anponoHOBaHO «OCBITHI NMPOEKTHI TEXHO-  MAaTHKH OBOJIOMIHHS TMPOEKTHUMH TEXHOJIOTISIMH
sorii» (BonumHChKUI HalllOHANbHUIA YHIBEPCUTET € OCOOJMBO BaXJIMBHM. BucTymaroun y posi yuHs,
imeni Jleci Ykpainku, 2024). [IpoekTHe HaBYaHHS  CTBOPIOIOTH YYHIBCBKI TPOEKTH, TepeadadeHi
CHpUsiE PO3BUTKY TBOPYOTO T4 KPUTHYHOIO MUC-  HABYAIBHUMH MpPOTpaMaMU 1 BHKOPUCTOBYIOTh
JICHHS, CaMOCTIMHOCTI W yMIHHA TIpallfoBaTH  HAOyTHIA JOCBII ISl PO3POOKH BIACHUX HABYAJIb-
B KOMaH[li. BUKOpUCTaHHS MPOEKTHUX TEXHOJOTI  HO-METOAMYHUX MaTepiaiiB.

JI03BOJISIE CTBOPIOBATH CEPEIOBHIIE, 1e 3100yBayi MeTor0 CTATTi € IOCITIKCHHS NMUTaHb Opra-
OCBITH OTPUMYIOTh HE JuiIe 0a30Bi KOMIIETEHT-  Hi3alli Ta MNPOBEACHHS HaBUAJIbHOI MPAKTUKU
HOCTI, a ¥ peasi3oByIoTh BIacHi iei, Hap4arounuch  «OCBITHI MPOEKTHI TEXHOJOTI» I 3100yBadiB
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OCBITHBOTO PiBHS OakajaBp, MaOyTHIX yYUTEIIB
¢i3uku Ta iHGOpPMATHKH.

3aBnaHHs:

— PO3KPUTH 3MICT HAaBYAJIBHOI TMPAKTHKH Ta
MOKa3aTH ii MiCIIe y MiArOTOBII (axiBIIiB 3a BKa3a-
HUM TIpodinem;

— PO3IIIHYTH MOXUIMBI BUIM HiSUTBHOCTI 3110-
OyBa4iB OCBITH IIiJl YaC MPOXOIKEHHS HaBYAIbHOL
MIPAKTUKH.

AHaJi3 momepenHix Aocail:KeHb i my0Jiika-
niii. Bimpa3y BigMiTUMO, 110 MHUTaHHSAM TPOEK-
TiB, TMPOEKTHUX TEXHOJOTI MPUCBIYEHO Oararo
craredd, MoHorpadiii, MOCIOHHKIB, MarepialiB i3
OCBiITHBOTO TpoekTy «Ha ypok», HamioHasbHOI
ocBiTHROI mmIarpopmu «BceocBiTay Ta IHIIUX
METOIMYHUX TOpTaNiB. Y HHUX JETaJIbHO PpO3-
ITHYTO 1 TEPMIHOJIOTIIO, 1 TEOPETHYHI 3acaiau
BUKOPHCTaHHS y 3arajbHOMY, Y MEXaX OCBITHBOI
nisutbHOCTI 33CO, 3aknaniB npodeciitaoi (mpode-
CIfHO-TEXHIYHO1) OCBITH, BUIIOI OCBITH. Y MOCiO-
Huky (IHcTuTyT OOmapoBanoi mutmaM HAITH
Vkpainu, 2014) po3kpuBalOTECS TEOPETUKO-TTPAK-
TUYHI AacIleKTH I1HHOBALlIMHUX COLIaJIBLHO-IIEnA-
TOTIYHUX TEXHOJIOTIH INPOEKTYBAHHS PO3BUTKY
001apOBaHOCTI B TPAKTHI POOOTH 3arajibHOOC-
BITHIX HaBYAJIBHMX 3aKiaAiB. OMHCYIOTHCS BIPO-
Ba/DKCHHSI TPOEKTHOI IEJaroriku B MPAKTUKY
HABYAJIHOTO 3aKJjalay, 3alpOIOHOBAHO PEKO-
MEHJAIl M0N0 COIMiabHO-TIEAArOTIYHOTO TIPO-
€KTYBaHHS HABYAJIBHO-BUXOBHOI'O IPOLECY JUIS
YIPaBJIiHINB, aIMIHICTpAIlii Ta MeIaroriYHuX mpa-
[IBHUKIB 3araJIbHOOCBITHIX HaBYAJIILHUX 3aKJIAIIB.

Y (3ano3na, 2022) momaHa METOJWKa BHUKO-
PHUCTAaHHA MPOEKTHUX TEXHOJIOTIH B IIKOJI, SIK Ha
ypoKax Tak i y BUXOBHiH poOoTi. HaBeneHi koH-
KpEeTHI MPUKJIaN IPOEKTIB, 3 TNIaHAMHU POOOTH Ta
opajiamM, MO0 1X peatizarii.

VY wmonorpagii (Kynamaesa, 2019) po3kpuro
CYTb 1 0COOJIMBOCTI MPOEKTHOTO HABYAHHS y 3aKJIa-
Jax mpodeciiinoi (mpodeciiHO-TeXHIYHOT) OCBITH.
[TpoananizoBaHo 3apyOikHHIA 1 BITYN3HSIHUN JTOC-
BiJl IPOEKTHOTO HABYAHHSI, OTIPUIIFOIHEHO KOHIICTI-
IiF0 TIPOEKTHOTO HABYAHHS Y 3aKjajax mpodecii-
HOi (mpodeciiiHo-TexHiYyHOi) OcBiTH. Bu3HaueHo
OCHOBHI TIIXOAM 1 TPUHIINIIN, TUAAKTHYHI i COITi-
QJIBHO-TICUXOJIOT14HI YMOBH MTPOEKTHOTO HABYAHHS
Ta OCHOBH YIIPABJIIHHSA MPOEKTHOI isSUTHHICTIO
MaiOyTHIX KBamidikoBaHux poOiTHHUKIB. Oxa-
PaKTepH30BaHO TOTOBHICTH YYHIB JI0 MPOEKTHOT
JUSTIBHOCTI T2 TOTOBHICTH IEAroTiYHMX IpalliB-
HUKIB JI0 pO3pOOJICHHS 1 3aCTOCYBAaHHS MPOEKTHUX
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TEXHOJIOTiH TpodeciiiHoro HaB4aHHsA. HaBemeHo
METOAMKHN OpraHi3allii MPOEKTHOTO HABYaHHS Ta
PO3pOONEHHS MPOEKTHUX TEXHOJIOTIH MJsl Tpo-
¢eciiiHOT MiAroToBKM MalOyTHIX KBaJli(h)iKOBaHUX
pOOITHHUKIB arpapHOi, OyIiBEJIBHOI Ta aBTOTpaH-
CIIOPTHOI TalTy3eil.

VY crarti (Jlenko, 2010) mpoanasnizoBaHO MPoO-
IIeC IearoridyHoro MpOEKTyBaHHS B HABYAJIbHIN
JISUTBHOCTI, PO3KPUTO BHUMOTH JI0 BHKJIAJada sK
Cy0’€KTa POEKTYBAHHS, TIO/IaHO 3arajbHy Xapak-
TEPUCTHKY BIACHOTO JJOCBiTy pOOOTH 3 IPOEKTAMH
Ha 3aHATTSX 3 YKPAiHCHKOI MOBH SIK 1HO3EMHO].

VY crarti (Mamrok, 2020) onucano ¢popmMyBaHHS
y CTyAEHTIB-()i3HKiB NearoriyHUX yHIBEPCUTETIB
TOTOBHOCTI JI0 OpraHi3artii J0CIiJHUIIBKOT pOOOTH
3 yuHsamH. | mijgkpecneHo: «IHHOBawiiiHI Mporecu
y CHUCTEMI OCBITH BUMAararoThb NPUHIMIIOBUX 3MiH
Yy METOIUII MiJTOTOBKH BYMTENiB-TIPEAMETHUKIB
JUISL KT HOBOTO TUITY».

Metorw crarti (Joneun, 2015) Oyno okpec-
JUTH YMOBH (DOpMyBaHHS METOIWYHHMX ITIIXOJIB
JI0 TIATOTOBKM BUWUTENiB (PIi3UKM Ta peamizarlii
HaBYAJbHUX MPOEKTIB Y MKUTBHOMY Kypci (hi3HKH.
KoHcratyeThes, 1110 MeTOJ] HaBYaJbHUX MPOEKTIB
HE MOBUHEH CYNEPeunTH KIIACHO-YPOUHill cuctemi
HaBuyaHHs. Haronouryerscs, 1o nei MeTo]| € Bax-
JMBUM KOMIIOHEHTOM OCBITH 1 TIOBHHEH BHUKO-
PHCTOBYBATHCS B Pi3HUX BHUJaX HABYAJIHHO-BHUXOB-
HOT JisSTTBHOCTI YYHIB.

VY my6mikamii (I'onmosina, 2024) miakpecneHo,
mo y TepHOMIbCHKOMY HalliOHAJBHOMY Teqa-
TOTIYHOMY YHIBEPCHUTETI KiJIbKAa POKIB IOCHLIb
MPOBOIATECS MIK(DAKyJIbTETChKI HaBYaJIbLHO-Me-
TOJIMYHI CEMiHapH, Ki 00’ €THaHI MPOOIECMATHKOIO
MIiBUIICHHS POJIi Ta 3HAYEHHS MPAKTHK Yy ITiJro-
TOBIII cydacHoro ¢axisi. Lle# 3axin moxe ciyry-
BaTU TMPUKIAIOM CHCTEMHOTO JDKepena JJisi opra-
Hi3allil Ta MOKpaIleHHS MPaKTUYHOI IMiTOTOBKH
CTYIICHTIB YHIBEpCHUTETY, a Matepianu (TepHOIiIb-
ChKUI1 HaIllOHAIBHUH NEaroriyHui yHIBepCUTETI,
2020) — mKepesioM Cy4acHOTO OadeHHS Ta CIICIH-
¢biku opranizaiii Ta IpPOBEACHHS NPAKTUK. AJe
NUTAaHHS OpraHi3amii Ta MPOBEICHHS NPAKTHKH,
MOB’S3aHOI 13 MPOEKTHUMHU TEXHOJOTISIMU Y IIUX
Marepiajgax He PO3IISHYTO.

ToOTO nmocmiKeHHS THUTaHb OpraHizamii Ta
NPOBEJICHHS caMe HaBYaJIbHOI NpakTHKU «OCBITHI
HPOEKTHI TEXHOJIOTI» /Ui 31100yBayiB OCBITHHOTO
piBHs OakanaBp, MaOyTHIX yduTenmiB (i3uku Ta
1H(QOPMATUKH 3aJMIIAETHCS AKTyaJlbHUM Ta HE
JOCTAaTHBO BUCBITICHHUM.
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Buxiaa ocHOBHOTO MaTepiasy J0c/iKeHHs

IIpaktnka «OCBITHI TIPOEKTHI TEXHOIOTII»
MOKJIMKAaHa JIOTOMOITH 3400yBauaM OCBITH, SIKi
HABUYAIOTbCS HAa OCBITHBOMY pIBHI MiJTOTOBKH
bakanaepieg, He MIIEe OCBOITH TEOPETUYHI OCHOBU
MIPOEKTHUX TEXHOJIOTiH, a i HaOyTH MPaKTUYHUX
HaBUYOK X 3aCTOCYBaHHs B OCBITHbOMY MPOIIECI.

Meroro npakTuku «OCBiTHI MPOEKTHI TEXHOIO-
Trii» € JDOoCHiHKeHHSI 0COONMBOCTEN BIPOBAKCHHS
HaBYAIBHUX MPOEKTHUX TEXHOJOTIH y BHKJIAJaHHI
1H(pOPMATUKK JUIs1 YUHIB CEPEIHBOI IIKOJIH, TOYHHA-
roun 3 5 kiacy B ymoBax HYIII, ta npu BuKIIamanHi
¢i13uku, nounHarouu 3 7 knacy. [IpoexTHa AisIbHICTD
Ha ypokax iH(popMaThku Ta (i3UKd pO3TIISIAETHCS
SIK 1HCTPYMEHT, SIKUM 3/aT€H He JIMILE MOKPALIUTH
3aCBOEHHSI MaTepiaity, a if pO3BUHYTH Ba)XJIHBI HABU-
YK, HeOOXiHI /T YCIIITHOI coltianizaiii 37100yBa-
4iB OCBITH. 3100yBaui OCBITH — OaKanaBpu, MaiiOyTHI
yuuteni Qi3UKd Ta 1HQOPMATUKH 3aHYpPIOIOTHCS
y METOX TPOEKTIB: caMi IMpOOYIOTh CTBOPIOBATH
THAWBITyabH1 YYHIBCBKI IPOEKTH JJIs BiIOBITHOTO
KJIacy Ta peali3yloTh TPYIOBi IPOEKTH, BiIIOBITHO
JI0 PI3HUX 3MICTOBUX JIiHIA BUBYEHHS 1H()OPMATUKI
Ta peaizalii MeToy MPOEKTIB 3 (i3UKH.

Uepe3 HaB4YallbHYy MPAKTUKY MPOEKTHI TEXHO-
jorii craHyTh €(QEKTUBHUM I1HCTPYMEHTOM JUIS
PO3BUTKY TBOPYMX, KOMYHIKATUBHUX Ta I1HIIMX
KITFOYOBHUX KOMITIETEHTHOCTEH 37100yBadiB OCBITH.
[TOHATTS OCBITHBOTO MPOEKTY Ta MPOECKTHHUX TeX-
HOJIOTIH TPOUTIOCTPOBAHO HAa MEHTAJBHIA KapTi,
CTBOpEHiil aBTopamu puc. 1.

[IpoexTHa MisIBHICTE TIEependavyae MPOXO.-
YKEHHSI KUJTbKOX TIOCIIZIOBHUX €TaIiB, KOXKEH 3 IKUX
Ma€ CcBOI OCOOJIMBOCTI Ta BUMArae eBHUX i BIN
ydacHUKIB npoekty. Ilicns BubGopy Temu HeoO-
X1THO CKJIACTH JIeTaJIbHUH IJIaH pOOOTH.

[Inan peanizallii NpOEKTY BKIIOYAE:

e (opmymoBaHHS MeTH Ta 3aBOaHb TIPO-
€KTY (4ITKO BU3HAYMTH, 4OTO X0uyTh nocsartu 30
B pe3yNIbTaTi BAKOHAHHS MTPOEKTY);

e BHOIp criocoOy MpeaCTaBICHHS PE3YJIbTaTiB
BUKOHAHHS MPOEKTY (YCHa JOMOBib, (aiin, mpo-
IpaMHUI MPOJYKT);

® po3moAaiT poryeit i 000B’S3KiB (BU3HAYUTH,
XTO 1 32 110 Bi/IMOBIi/Ia€ B KOMaH]Ii);

e po3pobka rpadika BUKOHAHHS poOIT (BcTa-
HOBUTH KOHKPETHI TEpPMIHU BUKOHAHHS KOXKHOTO
eTarry MpOEKTY);

® BH3HAYCHHsS HEOOXITHUX pecypciB (BU3Ha-
9UTH, SKI Marepianu, oOmagHaHHS Ta iH(pOpMa-
LiHH1 JKepena NoTpiOHI 111 BAKOHAHHS TPOEKTY).
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PosrnsiHemMo netanbHO eranm IUIaHyBaHHS, IO
€ (hyHIaMeHTOM yCHIIHOI peaizaiii OyIb-sKOTO
MPOEKTY, OCOOJMBO B INKUILHOMY CEpPEIOBHIII.
CaMe Ha 1BOMY eTami 3aKJIAJa€TbCs CTpaTeris
JOCATHEHHS METH, PO3MOAUISIOTHCS POJIi, BU3HAYA-
IOTBCSI PECYPCH Ta CTBOPIOETHCS WITKHUH TUIaH i,
a/pke 0e3 NEeTaqpHOro IJIaHy JIETKO 3aryOuTHCS
B MHOXHHI 3aBIaHb Ta ifei. [lo-nepme, BinOyBa-
€TbCS CTPYKTYPYBaHHS NpOILECY, IO JOIOMarae
PO3MOAUTUTH POOOTY 3a YaCOM Ta BU3HAYUTH IIpi-
OpPHUTETH CKJAIOBHX 3aBHaHb. [lo-mpyre, MoxHa
npoayMaTd ONTHMI3alilo pecypciB. Pecypcu:
gac, Marepiajid Ta JIIOACHKI, 3aBKIN OOMEKEHI.
[Inan nomomarae parioHaJbHO BUKOPUCTOBYBATH
BCi HasiBHI pecypcH, YHUKHYTH 3aiiBUX BUTpAT Ta
3a0e3neuntu edexTuBHy poboty. Ilo-Tpere, mpo-
kauyemo soft-skills, amke mporec miaHyBaHHS
PO3BHBAE TaKi BAXKJIUBI HABUYKH, SIK:

— TUTaHyBaHHS Ta OpTaHi3ailis, Koiau 3700yBadi
ocBiTi (30) BuUaThCsl CTABUTH Wi, PO3POOISATH
CTparerii Ta CKJIaJaTi JeTalbHi IJIaHu;

— posmonuiyl  BianoBiganbHOCTI, Koau 30
HABYAIOTHCS TMPALIOBATH B KOMaH[i, PO3NOAUISATH
3aBIaHHS Ta BIANOBITAaTH 3a BHKOHAHHS CBOIX
000B'SI3KIB;

— TPUHHATTS pillleHb, KOJU Ha eTari TUIaHy-
BaHHS 30 CTUKAIOTHCS 3 HEOOXITHICTIO MIPHIMATH
pillIeHHsI, OI[IHIOBAaTH Pi3HI BapiaHTH Ta OOUpaTH
ONTUMAJIbHUM.

[To-yeTBepTe, CTBOPIOETHCS MOXIIHMBICTH 10
301IBIIICHHST MOTHUBAIIIT — YITKWH IJIaH 3 KOHKPET-
HUMH 3aBJaHHSIMH Ta TEPMiHAMU BUKOHAHHS TIij-
BHIITy€ MOTHUBAIIiI0 BUKOHABIIIB. BoHM Oayarh mpo-
rpec cBO€l poOOTH Ta PO3YMIIOTh, IO PYXArOThCS
10 noctasieHoi metu. [lo-r’site, modpe mpoxyma-
HUH IJ1aH AoTIoMarae nepeadadnTi MOXKIUBI TPYI-
HOIII Ta pO3pOOUTH 3aXOAW HIONO iX MOZOJIAHHS.
Ile 3HauHO 3MEHIIYE PHU3UK NPOBATY MPOEKTY.
Tomy, NpUALISFOYH JOCTATHIO YBary IJIaHyBaHHIO,
30 po3BHBAIOTh HE TUIBKU KIFOYOBI KOMIIETCHTHO-
CTi, @ i BaYKJIMB1 HABUYKH JUUIsI MallOy THHOTO YKHTTSL.

KinmeBuii pe3ynprar MpOEKTHOI MiSIIBHOCTI —
JIOTIOBIJIb 3 MPEACTaBIeHHAM cTBOpeHoro IT mpo-
NyKTy (TEeKCTOBUH (hailyi, mpe3eHTalis, mporpam-
HUH KO/, BiJICOPOJIMK, CAWT ToOIIO). BukoHaHHS
HABYAJILHOTO MPOEKTY 0a3yeThcs HA paHille 3/10-
OyTUX TEPBUHHUX 3HAHHSX, IOIIYKOBO-IOCIi-
HUIBKIA pOOOTI, peani3yeTbcst 3ac00aMu OCBOE-
HUX 1H(QOPMAIIHHUX TEXHOJIOTIH.

Hapuansna mpaktuka «OCBiTHI TPOEKTHI TeX-
HoJIoTii» Tepenbadae poOOTYy HaA IIKUTLHUMH
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Puc. 1. MenTajabHa KapTa, M0 LIIOCTPYE NOHATTS NMPOEKTY, OCBITHHOI0 MPOEKTY, MPOEKTHUX
TEeXHOJIOT i, XapaKTepHCTHK Ta Kiaacudikanii ocBiTHLOro npoekry 3a (Bo3na, 2019)

MPOEKTaMU 3a HABYAIBHUMHU IPOTpaMaMu JUIS
yuHiB 5-11 knacis 33CO. CrynenTH, 3 OfHi€l CTO-
POHH, BHKOHYIOUH 3aBJaHHS TPAKTHKH — CTBO-
PIOIOTH TIPOEKTH, @ 3 IHIIOI, MAlOTh MOXKIUBICTh
BHUBYUTH 0COOIMBOCTI MPOEKTHOT AISLTBHOCTI SIK 13
CTOPOHM Y4YHS TakK 1 13 CTOPOHM yuuTens. Takum
YHUHOM, (PIKCYIOTBCS MPOONEMHI Micls, aHami3y-
I0ThCSI (PAKTOPH, SIK1 CIIPHSIIOTH YCIIIIHINA peatiza-
uii npoexty. 30 Ha BIaCHOMY MPHKJIAAL 3A1HCHIO-
IOTh YCi €TaIy MPOEKTY, 3 ypaxyBaHHIM YaCOBHX

15

PaMoK, 1 BIAMOBIAATBHICTIO 32 Pe3yNIbTaTH pOOOTH
y rpymi. 3yIHHAMOCH BJIACHE HA THX OKPEMHUX
IHMBITyalbHUX Ta KOJNEKTHBHUX IMPOEKTAX, SIKi
BUOpaHi HaMM JJIsl OpraHi3allii NpaKTUKH.

Jns anpoOamii BUKOHAHHS HABYAIBHUX MPO-
€KTIB 3@ HIKUIBHOIO NPOrpamMoro 3 iH(GOpPMaTHKH
s 5 knacy (PuBkinz, 2021) mpomoHyemo pos-
poOKy iHAMBimyanbHOTO TpoekTy «Ham momiy-
HUK KOMII'IOTEp». BuuTenb TNOBHHEH BpPaxoBY-
BaTH — JUIST MOJIOAIIUX ITIUITKIB BajXXJIHUBO, 1100
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MPOEKTHA JISUTBHICTh Oylia CTPYKTYpOBaHOKO Ta
MiATPUMYBaJIacs YITKUMH BKa3iBKaMH 1 JOMOMO-
roro 3 00Ky HacTtaBHUKa. [locTynoBe miBeneHHS
Y4HIB JI0 CAMOCTIHHOCTI 4epe3 A00pe CTPYKTypo-
BaHi 3aBJIaHHS € BOKJIMBUM €JIIEMEHTOM MPOEKTHOL
JUSUTBHOCTI JUI YYHIB IIbOTO BiKy. 3100yTi paHirie
HaBUYKHA JIO3BOJISIFOTH OUIKYBAaTH PE3yJIbTaTOM
po6oTtu po3pobKy rpadiunoro npoaykry (paiiny),
HECKJIaJHOI 32 (OpMaTyBaHHSAM Ta 3MICTOM TeEK-
cToBO1 Oporrypu; po3podky y CkpeTd mporpamu
3 BUKOPUCTAHHSM JIIHIHHUX aJITOPUTMIB Ta PO3ra-
myxenHs, (CaBuenko, 2019).

[HnuBigyaneHuil MpoekT mnependadae OTpH-
MaHHS YHIKaJIbHOI KOHKPETHOI TeMHU JUIsl KOXKHOT'O
YUHS KJIacy, HapUKJIaI:

1. Ham moMivyHUK KOMIT FOTEP B MEIUIIMHI.

2. Hamr moMiyHUK KOMIT IOTEp Y BUBYCHHI 1HO-
3eMHHUX MOB.

3. Ham noMi4HHK KOMIT FOTEp B MY3HIII.

4. Ham moMiYHMK KOMIT'IOT€p TpU BUPOIILY-
BaHHI POCJIVH.

5. Ham momiuHUK KOMII'IOTEp B JODIAII 3a
TBapUHAMH.

6. Har moMi4HHK KOMIT 10T€p B aBTOTPAHCIIOPTI.

7. Hamm momMigyHHMK KOMIT TOTep B aBiaTpaHCIIOPTi.

8. Ham momiuHHK KOMIT'IOTEp B XapuyBaHHI.

9. Ham nmoMiyHHK KOMII'IOTEp Y 3aHATTI CIIOp-
TOM.

BaxmBo, mo06 TtemMu Oynu peasicCTHYHHUMHU
1 MaJd TIPAaKTUYHY 3HAYYUIICTh, a/pKe 1€ J103BO-
JIsi€ YYHSAM BIIYyTH, 110 iHQOpMaTHKa MOXKe OyTH
KOPHUCHOIO Y peajbHOMY KHTTI.

s anpoOanii BUKOHAHHS HAaBYAJIBHUX IIPO-
€KTIB 3a MIKUIBHOIO MPOrpaMor0 sl 7 Kiacy
3 ¢izuku (MakcumoBud, 2023) mpormoHyeMoO po3-
poOKy iHIMBiAyadbHOTO MPOEKTY «Ekcrnepumen-
TaJbHa 3a1a4a 3 Gpi3uku». EkcriepuMeHTansHUMH
Ha3MBAa€EMO TaKi 3a/ayi, MOCTaHOBKA 1 pPO3B’s-
3aHHS SKHX BHUMAararmTh Oprasizamii Ta mpoBe-
JeHHS (PI3MYHOTO eKCTIEPUMEHTY, Y X0 sikoro 30
OJICP)KYIOTh HEOOXIHI IS pO3B’s3aHHS 3aj]adi
3HaYeHHS (PI3MUHUX BEJIMYUH a00 K eKCriepruMeH-
TaJIbHO TIEPEBIPAIOTH MOTEPETHBO 3POOJICHI PO3-
paxynku. (daBugenko, 1997).

J1n1st BUKOHAHHSI TIPOEKTY, 3 BpaXyBaHHSIM NOPaJl
BiTHOCHO pPO3B’SI3yBaHHS EKCICPUMEHTAIBHUX
3anad (Kob6ens, 2023), 30 HeoOXiqHO:

— BHUOpAaTH OIIHY 3 EKCIIEPUMEHTAILHUX 337134,

— omucard (i3WYHI SIBUIIA Ta BIAMOBIIHY
MOJICNIb €KCIIEPUMEHTY, BUBECTH PO3PaXyHKOBY

(opmyay;

— CKJIACTH IUIaH BUMIPIOBaHb, 31 ICHUTH €KC-
TICPUMEHT, IIPOBECTU BUMIiPIOBAHHS;

— BUKOHAaTH OOYHMCIICHHS IIYKaHOI BEJIMYWHH;
npu notpedi modymayBatu rpadivHi 3a71eKHOCTI;

—  OOYHCIIUTH ITOXUOKH;

— BKa3aTW NUISAXH MiJBUINEHHS TOYHOCTI €KC-
MEPUMEHTY;

— 3miiicHATH POTO Ta Bijeo (ikcarliro;

— TIATOTYBAaTH OIWH i3 CIMOCOOIB TPEACTaB-
JIEHHS Pe3yNbTaTiB poOOTH (TEKCTOBUN TOKYMEHT,
(haiin mpe3eHTarlii, BiJIeOPOJIUK 3 03ByUCHHSIM).

MosxHa 3ampornoHyBaTd Ha BUOIp, HAPUKIA,
Taki 3a1ayi:

1. BuB4YeHHS 3aJI€KHOCTI CHIJIM TEPTs KOB3aHHS
BiJl POy TEPTHOBHX ITOBEPXOHb.

2. BUBYEHHS 3aJI€KHOCTI CHIJIM TEPTS KOB3aHHS
BiJl CHJTM THCKY 1 HE3aJIS)KHOCTI BiJI IJIOMI TePThO-
BUX MTOBEPXOHb.

3. BumiproBanHs Baru Tija 3a JOIOMOTOIO
BaKeJIsL.

4. OOuMCcIeHHS BUTpaIly B CHJIi IHCTPYMEHTIB,
B SIKMX 3aCTOCOBAHO BaXiJib.

5. BumiproBaHHsS MOIYJIiB KyTOBOI 1 JIiHIHHOT
HIBUIKOCTEH TiJIa MPU piIBHOMIPHOMY PYCi IO KOITY.

6. CrocTepeskeHHs 3aJIe)KHOCTI MOAYJIB CHII
HaTATY HUTOK BijJ KyTa MK HUMHM IIpH CTalii piB-
HOMIMHIN CHJTi.

7. 3'ascyBaHHA yMOB pPIBHOBard Tija, II0 Mae
Bich 00€pTaHHs, MPH Jii Ha HHOTO KUTLKOX CHJI.

8. CmocrepekeHHsI 3MiHM MOAYJS Baru Tija,
II0 PYXA€THCS 3 MPUCKOPEHHSIM.

9. BuBueHHS 3aKOHY 30€peKEeHHs IMITYJIbCy
MIPH MIPY>KHOMY 3iTKHEHHI TiJl.

[Tpuknan ymoBH 3aadi:

1. BuznaueHHsi 00'eMy TiJjia 3a i{0ro rycTUHOIO i Macoio
TIpunaou u mamepianu:

1. Tepe3u HaB4ajbHIi, 2) TUPi, 3) UUIIHAP BUMIpIOBAIbHUI
(MeH3ypKa) 3 BOJIOI0, 4) TiJIO HEMIPAaBUIBHOT POPMH, HUTKA,
5) TabnuIs rycTUH.

Tlopsadok sukoHauHs pobomu:

e 3anuiniTh Ha3By PEUOBHHH, 3 SKOTO CKIAIAFOTHCS Tija
HenpaBUWILHOT hopMu.

* 3HaixiTh y TaOMULi 3HaYEHHS I'YCTUHH 1i€] pEeYOBUHU.

* Buwmipsiite Macy Tisia 3a 0OIOMOTOI0 Tepe3iB.

* OO6umcrniTh 00'eM Tina.

+ IlepeBipre pesymsrar oOuucieHHs o00'emy Tina 3a
JIOLIOMOTOI0 MEH3YPKH.

Takuil TNPOEKT pPO3BHBATHME JOCIITHUIBKI
HABUYKHU Ta TIiBHUIYyBaTUME iHTEpeC N0 (Hi3HKH,
110 € 0COOIMBO BAKJIMBUM Ta I[IHHUM Ha ChOTO/IHI.

Jla anpoOartii BAKOHAHHS HaBYAIBHHUX MPOEK-
TiB 3@ WIKIJIBHOIO IPOTpamMoro 3 iHPOPMATUKU IS
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5 xnacy (PuBkina, 2021) nponoHyeMo po3poOKy
KOJIGKTUBHOTO TpoekTy «Kymyemo komm totepu
Ui mkoaw». [Ipuknaz 3aBIaHHS Ha peani3aliio
L[bOTO MPOEKTY:

Po3podka KOJIEKTUBHOI0
KOMIT’IOTePH IS IIKOJIN
Pexomenpanii 10 BHKOHaHHsA: Bukxonyrouu rpynosuit
MIPOEKT, BaM MOTPiIOHO CMOYATKy pa3oM CIUIAaHYBaTH Bally
JiSUIBHICTB, BPAaxoBYIOUM izel Ta IpPOMO3MLil y4acHHUKIB/
y4YacHHULb IPyIH, 0OpaTy IEBHI PIlIEHHS Ta PO3MOALIUTU
poOOTy MiX BaMHU.

Poai: nmupekrop; exoHomict (Oyxranrep); 3ayd4, AUIOBOJ i
6i6mioTekap; yuuTeni iHpopMaTuky; 3aB Kaeapu.
Jupexmop: po3nucye poii Ta TaiiM MEHEHKMEHT MPOEKTY
(BayXJIMBO BiZjpa3y poJli 1 yac BUKOHAHHS).

3ayu, 0ino6o0 i bioniomekap: TOTYIOTh TEKCTOBUH JIOKYMEHT
3 TIPONO3HUIISIMU TIEpPeNiKy NPOrpaMHOro 3abe3ledeHHs,
KOMIIT'FOTEepiB, TEXHIYHOTO OONaJHaHHs (KaMepu, CKaHep,
IpUHTEp 1 T.A.) AJS HIKOMIU.

Yuumeni ingpopmamuku: ToTyIOTH TEKCTOBHUU TOKYMEHT
BUITUCYIOTh  MOTPIOHE mporpaMHe  3a0e3levyeHHs 3
HaBYaJbHUX IIPOrpaM i BUOMPAIOTH BIAIOBIIHO OO HHOTO
anaparHe 3abe3neueHHs (OJI0KH, MOHITOPH).

3ae Kagedopu: GopMye €qUHUN TOKYMEHT i3 3a3HAUCHOIO
KUTBKICTIO TEXHIKH Y KOKHHI KaOiHeT iH)OPMATHKH.
Exonomicm (6yxzanmep): TOTYIOTh TEKCTOBUI JTOKYMEHT
BHUBYAIOTh I[IHK B pi3HUX(S5) Mara3wHax, NIyKarOTh
MiHIM&JIBHI IiHM B MarasuHax Ha ckiajoBi. Ckiamae
KOLITOPHUC.

Jupexmop: BuOupae 1o i ae Oyae KymyBaTH, NepeBipse
ONTHMAJIbHICTh BapiaHTiB.

IMpwuiimae pinteHHs (TEKCTOBUI JOKYMEHT IO Je KyITyBaTH).

npoekty  «Kymyemo

Crnig 3ayBakWTH, IO MPOEKTHA isUTBHICTH
3 KOXKHHUM KJTAaCOM YCKJIQIHIOETBCS, SIK Y TUIaHI
peamizamii MPOEKTYy Tak 1 y PiBHI CKIAJHOCTI

NpPEACTaBICHHS OTpPHUMaHUX pe3ynprariB. [Ipo-
rpaMa siK 3 iHpOpPMAaTUKH, TaK 1 3 (QI3UKH 3 KOKHUM
HACTYITHUM KJIaCOM Iepeadadac BUKOPHUCTAHHS
CrovartKky onHi€el iHpopMaiiiHOT TEeXHOIIOTIT pearti-
3aii i TeMU BUBYCHOTO Marepiairy, a Jaajli KiIbKOX
TEXHOJIOT1H 1 00’ €THAaHHS TEM.

BucHoBKM i nepcneKTUBH MOAAIBIINX 0CJTi-
JKeHb. JlocimipkeHo nmuTaHHs opraHizalii Ta mpo-
BE/ICHHS HaBYAJIbHOI MPakTUKU «OCBITHI MPOEKTHI
TEXHOJIOri(» s 3700yBadyiB OCBITHBOTO PIBHS
OakayiaBp, MalOyTHIX y4uTeliB (i3UKH Ta iHPOp-
MaTtuku. PO3KPUTO 3MICT HaBUAIBHOT MPAKTHKH Ta
MoKa3aHo 11 MicIie y miaroToBii (axiBIliB 3a BKa3a-
HUM TpodieM.

Jna anpoOanii BUKOHAHHS HAaBYAJIBHHUX TIPO-
€KTIB 3a IIKIJBHOI TPOrpaMoI0 3amporoHO-
BaHO: PO3POOKY 1HAMBIAYyaTbHOTO MPOeKTy «Harr
MOMIYHHMK KOMIT'IOTEp» 3 1HQOpMATHKU aisi 5
KJIacy; pO3pOOKy IHOUBIAYaJbHOTO MPOEKTY
«ExcniepuMmenTanbHa 3a1a4a 3 Gpizuku» 3 Gizuku
Uit 7 Kiacy; po3poOKy KOJEKTUBHOTO IPOEKTY
«Kynyemo xomm’rorepu [uisi mkonw». BkaszaHo,
10 TOBUHHO OyTH pe3yJlbTaroM poOOTH KOKHOTO

IPOEKTY.
Armpo0ariisi 3anporoHOBAaHOTO BapiaHTy JacTh
MOXJIUBICTb  3pOOMUTH  OLIHKY IPaBUIIBHOCTI

BUOOpPY HaNpsIMKy MpPOBEICHHS L€l NMPAaKTUKHU;
peduiekcia 3700yBadiB OCBITH JTaCTh MOXKJIMBICTh
BUOKPEMHTH 11 pe3yJbTaTH Ta BU3HAYUTH MOXJINBI
HaMPSMKH MOJIAJIBIIIOTO PO3BUTKY.
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ONTUYHI BJACTUBOCTI KPUCTAJIIB (TlGaSe)), (SnSe)) (X=0,05;0,1)

Pozeumox cyuacnux mexnonoeiti nompeQye nouyKy Ho8Ux NepCHeKmuHUX Mamepianis, sk OCHOBHO20 OXcepend pos-
WUperHs Ma NOKPAyeHH sl (YYHKYIOHATbHUX MONCIUBOCTEN NPULAJI8 HANIBNPOBIOHUKOBOI enekmpoHiku. Haykogoio ocho-
8010 MAKO20 NOWLYKY € GUSYEHHS (DI3UYHUX 81ACMUBOCTEN OA2AMOKOMNOHEHMHUX CUCTEM, OOCTIONCEHHS CIPYKMYpU
ma enacmusocmeii UAGIEHUX Pa3.

THomenyian, axutl 6i0OKpUBAOMb WAPY8AMI HANIGNPOBIOHUKY OIS 8USYEHHS POy HOBUX AsUW Y pizuyi meepdozo mina,
odanexo wie He guyepnanull, ma iHmepec 0OCHOHUKI6 00 HUX NOCMILIHO 3pocmae. Bracmusocmi meepoux posuunie na
0cHO8I xanvkozenioie Tanito do3gonsiioms Kepysamu ixX (i3udHUMU napamempamu ma SUKOPUCMO8Yeamu y poii 0emex-
MOopie, ONMUYHUX AHATI3AMOPIE, POMO- Ma peHmIeHOnepemaopIo8ayis, nputimayie guoumoi ma I4- obnacmeii cnexmpy.

Hocnioocenns cucmemu TlInSe ~SnSe, (Mozolyuk, 2011), eéxasyioms na ymeopenns wupoxoi obnacmi meepoux pos-
uunie ¢ inmepeani 0-28 mon.% SnSe,. Jlna kpucmanie Tl, In, Sn Se, (x=0; 0.1; 0.2; 0.25) docaenymi 3nauenns napa-
Mempié HeniHiliHO-ONMUUHUX epeKmie mpemvo2o HOPAOKY € MAKCUMATLHO KPUMUUHUMY, W0 0036015€ nepedbauumu
iX wupoxe BUKOPUCMAHHA AK e(heKmUsHUX Mamepianié 0ns Helinilino2o nepemeopenns uacmom y 14 obnacmi cnekmpy,
wo € kpumuyno ona 149 nioapnux cucmem. Ocobnugum inmepecom modxice Oymu ix 3acmocy8ants y GOMOHHUX IPAMKAX
(Myronchuk, 2013).

Cimeticmso 6inapnux cnoayx TIX (X=S, Se, Te) ma ix noxionux dobpe gidome K HANIBNPOBIOHUKU OISl ONIMUUHUX
sacmocyeanyv (Itoga, 1971). Icnyioms maxodic ynopaokosani nompitini npedcmaesnuxu TITtX, (Tt =Al, Ga, In) 3 d6oma
KpUCMAnozpapivHumu yeHmpamu 3 pisHuMy KOOPOUHAYIIHUMU Cepe0osUwamil, ane He MONCHA BUKTIOUUMY ICHYBAHHS
meepoux po3uuHie Ola Pi3HUX XANbKO2eHIOi8. [{na 30inbuleHHA MONCIUBOCIEN KEPYBAHHA (Qi3UUHUMU 61ACMUBOCTAMU
cnoayk na ochosi manito oy cunmesosani kpucmanu (TlGaSe,), (SnSe,) (x=0,05, 0,1). V daniti pobomi npedcmasneni
pe3yibmamu eKCHepUMeHmaibHuX 00CHIONCeHb ONMUYHUX BIACIUBOCHIEU OAHUX CHOLYK OISl PO3YMIHHA IX nOmMenyiany
8 ONMOENEKMPOHHUX | (POMOHHUX HPUCIPOSIX.

Kniouogi cnosa. Hanienposionux, onmuuni eracmueocmi, 3a60poHena 301d, Kpatl NOIUHAHHS, npasuio Ypbaxa.

Dmytro IVANYUK
Postgraduate Student at the Educational and Scientific Institute of Physics and Technology, Lesya Ukrainka

Volyn National University, 13 Volya ave., Lutsk, Volyn region, Ukraine, 43025
ORCID ID: https://orcid.org/0000-0003-0807-2140

Andriy KEVSHYN

Candidate of Physical and Mathematical Sciences, Associate Professor at the Department of Experimental
Physics, Information and Educational Technologies of the Educational and Scientific Institute of Physics and
Technology, Lesya Ukrainka Volyn National University, 13 Volya ave., Lutsk, Volyn region, Ukraine, 43025
ORCID ID: https://orcid.org/0000-0002-3581-8852

SCOPUS AUTHOR ID: 35422272900

20



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2025

To cite this article: Ivanyuk, D., Kevshyn, A. (2025). Optychni vlastyvosti krystaliv (T1GaSe,), (SnSe,)
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OPTICAL PROPERTIES OF CRYSTALS (TIGaSe,)_(SnSe,)_

The development of modern technologies requires the search for new promising materials as the main source
of expanding and improving the functionality of semiconductor electronics devices. The scientific basis of such a search is
the study of the physical properties of multicomponent systems, the study of the structure and properties of the identified
phases.

The potential that layered semiconductors open for the study of a number of new phenomena in solid-state physics
is far from exhausted, and the interest of researchers in them is constantly growing. The properties of solid solutions
based on Thallium chalcogenides make it possible to control their physical parameters and use them as detectors, optical
analyzers, photo- and X-ray converters, and receivers of the visible and IR regions of the spectrum.

Studies of the TlinSe —~SnSe, system (Mozolyuk, 2011) indicate the formation of a wide range of solid solutions in
the range of 028 mol.% SnSe,. For Tl, In, Sn Se, crystals (x=0; 0,1, 0,2; 0,25), the achieved values of the parameters
of the third-order nonlinear optical effects are maximally critical, which allows us to predict their wide use as effective
materials for nonlinear frequency conversion in the IR region of the spectrum, which is critical for IR lidar systems. Of
particular interest may be their use in photonic gratings (Myronchuk, 2013).

The family of binary compounds TIX (X=S, Se, Te) and their derivatives are well known as semiconductors for optical
applications (Itoga, 1971). Thereare also ordered ternary representatives of TITtX ,(Tt= Al, Ga, In) with two crystallographic
centers with different coordination environments, but the existence of solid solutions for different chalcogenides cannot
be excluded. Crystals (TlGaSe,), (SnSe2)x (x=0,05; 0,1) were synthesized to increase the possibilities of controlling
the physical properties of thallium-based compounds. This work presents the results of experimental studies of the optical
properties of these compounds to understand their potential in optoelectronic and photonic devices.

Key words: semiconductor, optical properties, band gap, absorption edge, Urbach's rule.

AkTyadabHicTh mpobGaemu. JlocmimkenHs — rox mo temmeparypu 520 K i BiamamoBamm s
ONTHYHHUX BJIACTUBOCTEH MaTepialliB Ha OCHOBI  BCTAHOBJICHHS PIBHOBaXXHOTO CTaHy mpoTsaroMm 500
TaJIIO € aKTYaJIbHUM 3 KUTBKOX KITIOYOBUX MPUYMH,  ToA. Ilicis Bigmamy amImyiau 3i 3pa3kaMu 3arapro-
SKi TOB’sI3aH1 3 iX YHIKQJIbHUMHU XapaKTePUCTHU-  BYBJIU J0 KIMHATHOI TEMIEpaTypH Ha MOBITPI.
KaM¥ Ta IIMPOKHUM CIIEKTPOM TMOTEHIIHOTO 3aCTO- Mertonom Bpimkmena-Crokbaprepa Oymnu oTpH-
CYBaHHS y Cy4yaCHHUX TEXHOJIOTisIX. Tasi€Bi Xanbko-  MaHI MOHOKPHUCTaJIHM 3 OOJIaCTi TBEpAMX PO3UYHMHIB
TEeHiJIM MAOTh PETyJIbOBaHy IMPUHY 3a00poHenoi i3 BMicToM 5, 10 mom.% SnSe, y nBo3oHHIA Bep-
30HH (B1Jl yAIBTPadioleTOBOTO /10 iHGPauYEepPBOHOTO  THKAIBHIN Tedi. Po3paxoBaHi KiTBKOCTI €JIEMEHTIB
CIEKTPY), 10 POOUTH iX imeanbHUMH U poTome-  3arajabHOIO Macoro 10 I'y KOKHOMY BHITQJIKy 3aBaH-
TEKTOpiB Yy BUAMMOMY Ta iH(pauepBOHOMY Jia-  TaKyBaJld y KBaplIOBI KOHTEHHEPH 3 KOHYCOMOAi0-
Ma30Hax, ONTUYHUX CEHCOPIB JUIsl aBTOMATU3allil, = HUM JHOM, BaKyyMyBaJH Ta 3anatoBaii. CrioyaTky
TEJIEKOMYHIKalliii Ta MeTUIIMHA. PO3BUTOK cyyac-  CHMHTE3 TPOBOIMBCS y T€Yl HIAXTHOTO THIY, M€
HOI ONTOENEKTPOHIKH BHMarae HOBHX MaTepialiB  PO3MIIyBalIMCs KBapLOBI KOHTEHHEPH 3 IIUXTOIO
13 TOYHMM HAJAIITYBaHHSIM ONTUYHHX Mapame-  (KOHYCHOIO YacTHHOIO BBEpX) 1 HarpiBajucs 10
TpiB, SKi JIeTKO 3a0e3meynTr 3aBasku OaratokoM-  Temmeparypu 1220 K. [Tpu mMakcuManbHiN Temrre-
ITOHEHTHUM CHUCTEMaM Ha OCHOBI Taifo. parypi npoBoaWiIacs BUTpUMKa TipoTsiroMm 10 rog,

Merta pociiI:KeHHA — JOCHIAUTH ONTHYHI  MICHS SKOi KOHTEHHEpH B PO3ILIABOM II€PEHOCH-
BractuBocTi  KpuctamiB  (TlGaSe)), (SnSe)) ~— ymcs y nonepeaHbo BUBEIEHI HAa PEXHMM BHPOLILY-
(x=0,05; 0,1). BaHHS POCTOBI Tedi (KOHYCHOO YaCTHHOO IOHU3Y ).

Buxiaa ocHoBHoro marepiaay. Sk BuxigHi ~ MakcuMaibHiI TeMIIEpaTypud 30HU POCTY (BEpXHS
KOMITOHCHTH JUIsl BUTOTOBJICHHS JOCHIDKyBa-  IMi4) MigOUpanucs i3 BpaxyBaHHSIM (a30Boi Jia-
HHX 3pa3sKiB BUKOPMCTOBYBAIlM BUCOKOYHUCTI ene-  rpamu cuctemu T1GaSe —SnSe, i cranosumn 70-80
menTH T1, Sn, Ga, Se (unucrora € Ginpmoro 99,99 K Bumie temmeparyp JiHii JiKBigyca, a Temrepa-
BaroBux %). 3pa3kyd BUTOTOBJISIM CIUIABISIHHSAM  TYPH 30HU Bifnany (HWKHS Tid) ckianana 720-770
y BaKyyMOBaHHX KBapIIeBUX amITyJiax B redi maxt- K. IpamieHnT temmeparyp Ha GpoHTI KpucTami3arlii
HOTO THUITy. 3pa3Kd HarpiBaJid JI0 MaKCHMaJIbHOi  3HaxomuBcs B iHTepBami 3-3,5 K/mm. [IBuaxicts
TEeMIIepaTypH, MPHU sAKii BUTpUMyBaiu 5 ron. Jlami  mepemilieHHs! KOHTeHHepa 3 po3IIaBOM CTaHOBHIIA
po3muiaBu oxonomKyBanu 3 mBuAkicTio 10-20 K/ 7 mm/no0y. Ilicns mocsirHeHHsT 130TepMivHOI 30HU
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Kpuctaiau Bianatoany npotsrom 100 rox. e 100
roz1 OyJI0 BUTPAYECHO Ha iX OXOJIOMKESHHS 10 KiIMHAT-
HOi Temmeparypu. MakcHUMallbHI pO3MipU MOHO-
KpHUCTaJiB Oy JIMITOBaHI Baroo IIUXTH 1 PO3Mi-
pamMu KOHTEHHepa i He mepeBunryBam 20-25 Mm
JOBXHMHOIO Ta Oynu y niamerpi 10 13 M.

Jlns  mpoBeAECHHS ONTHYHHMX  JOCIIIKCHb
3pa3Kil CKOJIFOBAJIUCh BiJ CEPENHbOT YACTHUHH
MOHOKPUCTAIIYHOTO 37UTKY. Crig 3ayBakKuTH,
110 BCl JOCHIPKYBaHI KPUCTAJIM MajM IIapyBary
cTpyktypy. Lle 103BOJMIO TPOBOAWUTH ONTHUYHI
BHUMIPIOBaHHSI Ha IJIOCKO-TIApaJIeIbHUX IOBEPX-
HSX OINTHUYHOI SIKOCTI 0€3 I0JaTKOBOTO mHuTidy-
BaHHS Ta MOJIipyBaHHS KpHUCTaliB. B sikocTi nuc-
MEPryodoro mpuiagy CIyryBaB MOHOXPOMATOP
MDR-206. B nocmimxyBaHoMy fiamna3oHi JOBXKHH
XBHJIb PO3/ILIbHA 3aTHICTH cTaHoBmAa 0,5 HM. [{ns
MPOBEACHHS JAOCIIKEHb B Jlialla30H1 TeMIepaTyp
100-300 K BUKOpHCTOBYBalM a30THUH KpiocTaT
3 MOYKJIMBICTIO cTa0imi3allii TeMeparypH 3a J01o-
Mororo tepmoperyisaropa Utrecs K41-3 (TouHIiCTb
crabinizanii cranosuia + 0,2 K).

OOnacth  3aCTOCYBaHb  HAIlIBIIPOBIJIHUKIB
B ONTOCJICKTPOHIIII ITOB’13aHA 3 IMUPUHOIO 3a00pO-
HeHOi 30HU. ToMy /ISl OIIHKH ONTUYHOI ITUPUHHU
3a00pOHEHOT 30HU OyJ0 MPOBEACHO JIOCITIIKEHHS
CHEKTPAILHOTO PO3MOALTY KoedilieHTa mporryc-
KaHHs, Ta 3a Gpopmyroro (Pankove, 1971):
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ne I — IHTeHCUBHICTH CBITJIa, MO MPOUILIO Yepes
3pasok; [ — IHTEHCHBHICTh CBITJa, 1[0 Majac Ha
MOBEPXHIO 3pa3ka; R — KoeQiIlieHT BimOWBaHHS
3a HOPMajabHOTO TAAiHHS CBiTHA; o — Koedii-
€HT TIOTJIMHAHHA CBiTIA; d — TOBIIMHA 3pa3Ka;
T :]L — KOC(IIIEHT MPOITyCKaHHSI, PO3PaxoBaHO

0
Koe(ilieHTH MONIMHAHHA B OUIAKpaiioBiii o0nacTi.

Pesynbratu po3paxyHKiB peacTaBiIeHO Ha puc. 1.

AHaJli3 CHEKTpaJIbHOI 3aJeKHOCTI Koeilli-
€HTA TIOTVIMHAHHS B OUIAKpaloBid 00JAcTi MOKa-
3aB, 110 B IOCJII/PKYBAaHOMY Jliala3oHi TeMIIeparyp
B kpuctanax (TlGaSe), (SnSe,) (x=0,05; 0,1)
peami3yloTbes SIK MpsiMi 103BoJIeH] (puc. 2) Tak
1 HempsMi JI03BOJICHI Tiepexou (puc. 3), mo mqo0pe
y3roKy€eThesl 3 ganumu podit (Vytautas, 2006;
Simon Johnsen, 2011).

Jlns BU3HAYEHHS HIMPUHU 3a00pOHEHOi 30HU
pH peattizamii mpsMux (E: ) i menpamux (E,)
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JI03BOJIEHHX TIEPEXOMIB  psIMi (()th)2 = f(hv)
Ta (ochv)l/2 = f(hv) eKCTPanonIOBAINCh  JIO
(ochv)l/2 =0 T1a (()th)2 =0 (puc. 2, puc. 3., Taom. 1).

I3 puc. 2 Ta Tabn. 1 BUIHO, 10 3 30ITBIICHHSM
x (ToOTO 301IbIIEHHAM BMICTY SnSe,) Kpai cMyru
(byHIaMEHTaNbHOTO  TOIIMHAHHS — 3MIILYEThCA
B 00J1aCTh MEHIIINX €HEpriid. 3MEHIICHHS IUPHUHU
3a00pPOHECHOI 30HM MOYKHA I1OB’S3aTH 3 MEXaHi3-
MOM YTBOPEHHS TBEPAOTO PO3UYHHY, 3T1THO 3 SIKUM
BiIOyBAa€ThCS CTATUCTUYHE 3aMillleHHs aToMiB Ga
(r(Ga*)=0,062 um) aromamu Sn (r(Sn**)=0,067
HM) 1 30UTBIIICHHS] KOHIICHTpAIlii BaKaHCIH TaJifo.
OTpuMaHi pe3ynbTaTH 3aCBiIYYIOTh, IO 31 301Th-
HICHHSM TEMIIEpaTypu Ui BCIX JOCIHIKYyBaHUX
3pa3KiB MIHpUHA 3a00POHEHOI 30HH 3MEHIIYETHCS.
VY po6ori (Mott, 1971) 3miny mupunu 3a00poHe-
HOI 30HH 3 TEMIEPaTypOIO MOB’A3YIOTh 31 3MIHOIO
4acTOTU (DOHOHIB, SIKI CTUMYINIOIOTH Pi3HI €(eKTH,
a caMe: TeIUIOBE PO3MIMPEHHS PEelIiTKH, 301Tb-
IIEHHS eJIeKTPOH-(OHOHHOTO 3B’5I3KY, 1, IK HACIi-
JIOK, B3a€EMHOTO BIJIIITOBXYBaHHS BHYTPIIIIHbO30H-
HUX €JIEKTPOHHUX CTaHIB.

YucioBe MOJENIOBaHHS TEMIIEPaTypHOI 3aJIeXK-
HOCTI IIUPUHHU 3a00POHEHOI 30HU 3 BpaxXyBaHHIM
TEIUIOBOTO PO3LIMPEHHS CHEPreTUYHHX CTaHiB
JIO3BOJIEHMX 30H HAIIBIPOBIAHUKA MPOBEJCHE
B po6oti (Huliamov, 2011). Bcranosieno, 1o 3i
30UIBLICHHSIM TEMIIEpaTypu, TPaHUIl 30H Mpo-
BiTHOCTI 1 BaJIEHTHOI 30HHM MMOYMHAIOTH ITOMITHO
NPOHMKATH B NIMOMHY 3a00pOHEHO1 30HH, 1110 PH-
3BOJIUTH JI0 i1 3MEHIIICHHS. 3a pe3ybTaTaMu Mpej-
CTaBJICHUMH y TaONHUIll 2 BU3HAYEHO TeMIIeparyp-
HUH KoeilieHT 3MiHHA MUPUHU 3200pOHEHOT 30HH,
AkMil cTaHoBuTh 3+4,5-10" eB/K, mo mobpe
y3roKyeTbcsi 3 JnaHumu pobotu (Myronchuk,
2014; Davydyuk, 2013). Himxue o61acti CHIBHOTO
NOMIMHAHHS Y BCbOMY Jliala30H1 MOKJIMBUX CKJIa-
JiB 1 TEMITEpaTyp CHOCTEPIraeThCs eKCIIOHEHIIIHA
3aJIeXKHICTD o BiJ A (pHcC. 4).

Ha excrioHeHIiiHi i TUTSHIT 3aIeKHICTD 0l(A) TTi-
NOPSKOBY€eThes npaBuity Ypo6axa (Urbach, 1953):

hv—E,
o(hv,T)=a,exp| ——2= |, 2
e o — KoeQillieHT TOIIMHAHHA CBITIA, O,—

cTasa, sKa 3aJIeXKUTh BiJl SIKOCTI 3pa3ka, £, — napa-
MeTp ONHM3BKUI 10 IMHPUHH 3a00pOHEHOI 30HH
B

o(7)’

ky, — crana Bombumana, o(7T) — mapamerp

npu T =0 K, E, — eneprisa Ypbaxa (E, =
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Puc. 1. Tunoei cnexTpu koedinienta normmmHanus npu 100, 150, 200 i 300 K
nas kpucraiiB (TIGaSe,), (SnSe)) : a) x=0,05; 6) x=0,1

KPYTH3HH Kpalo IOINIMHAHHA, sKa piBHAa €Hep-
TeTUYHIN [MUpHUHI 007acTi Kpaw MNONTMHAHHS
1 € MIpOIO pO3YIOPSAIKYBaHHsS MaTepiaiy. 3 eKc-
NEepPUMEHTAJIbHUX pe3yNbTaTiB E,, BU3HAYCHA SIK
E, =A(hv)/A(lnoc), o, 1 E, KOOpOAUHATU TOYKU
36ikHOCTI In o= 1 (hv,T).

ATpoKCHMAITisl CIIEKTPIB MOITMHAHHS 32 (hopMy-
J010 Ypbaxa M03BOJIMIIA OTPUMATd 3Ha4YeHHS E,,
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o, 1 E,, AKi npejcTaBieHi B TaOiu 2 Ta Ha puc. 5.
TemriepatypHy 3aJIeXKHICTh eHeprii YpoOaxa
BU3HAUYCHY 3 €KCIICPUMEHTAJIbHUX JaHUX 3a CIIiB-
A(hv)
A(Ino)
puc. 3.7 BIAKPUTHMHU TOYKAMH.
Sx BumHO 3 Tabmuii 2 Ta puc. 5, Xapakrep-
HHUM JIJIS CTIONYK Pi3HOTO CKJIany € 3pOCTaHHs E,

BIJHOIIEHHAM £, = MPEACTABICHO Ha
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Puc. 2. IIpsima 3a71exHicTh Koe(illieHTa MOTVIMHAHHS Bil JOBXKMHH XBHJI VI KPHCTAJIIB
(T1GaSe,), (SnSe,) : a) x=0,05; 6) x=0,1

npu 30UTbIIIEHH] TemmepaTypu 3pa3kiB Bix 100 mo
300 K. Mu BBaxaemo, 110 II€ 3B’s13aHO 31 3017b-
IICHHSM KOHIIEHTpAIlii 3aps/UKCHUX ACPEKTIB, SKi
Oynu HeHTpasbHI IPU HU3bKIM Temneparypi BHaC-
JJOK iX TepMOioHi3allii.

Jesikuii Bkiag y 3pocTaHHs E, mpu 3011b-
IICHHI TeMIlepaTypu BHOCHTBH JTOJIaTKOBa 10Hi3a-
i 1eQEeKTHUX LEHTPIB y 3pa3Ky, IO 3yMOBIIOE
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MOPYIIECHHS MEePIOJMYHOCTI MOTEHIIIATy BUIAIKO-
BUM EJICKTPUYHHM IIOJIEM, CTBOPEHHM (iryKkTya-
Ii€F0 KOHIICHTpaIlil 3apsypkeHux nedekris (Mott,
1971).

TemneparypHa 3anexHicTb E;, J0CTaTHbO
00pe y3TOKYETHCS 3 EMITIPUYHOI0 MOJIEILITIO,
3amponoHoBaHoo 3. furom Ta iH. (Yang, 1995),
sIKa BPaxOBY€ BIUIMB €I€KTPOH/E€KCUTOH-(OHOHHOT
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Puc. 3. Hepsima 3an1e:kHicTh Koe(illieHTa MOTTTMHAHHS Bill TOBKMHHU XBHJI UIS1 KPHUCTAJIIB
(T1GaSe,), (SnSe,) : a) x=0,05; 6) x=0,1

Tabmmi 1
3aJie)kHiCTh MMPUHHA 3200pOHEHOI 30HM Bix TemnepaTypu B kpucraiax ((T1GaSe,), (SnSe))
3pazok | Temmeparypa 3pa3ska, K d eB E; ,eB 3paszok T?;::]l::j{(pa Eg ,eB E; ,eB
100 2,02 1,82 100 1,99 1,81
150 2,00 1,80 150 1,98 1,80
x=0,05 200 1,98 1,79 x=0,10 200 1,97 1,77
250 1,96 1,77 250 1,95 1,75
300 1,95 1,75 300 1,93 1,72
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Puc. 4. Jlorapudmiyna cnekTpajgbHa 3aJ1eKHiCTh KoedilieHTa MOTTHHAHHS KPUCTAJIB
(T1GaSe,), (SnSe) : a) x=0,05; 6) x=0,1

B3a€MOZIl Ta CTPYKTYPHHUX 1 KOMIIO3HUIIIMHUX
MOpyIIeHb Ha €Heprito (OHOHIB, SKi MOB’A3aHi
3 xBocTaMu YpOaxa. JlJig OMMIHKK JOMiHYHOYHX
MEXaH13MiB, SIKI BHOCSITh BKJIaJ] Y POSMUTTS KParo
BJIACHOTO TOTJIMHAHHS MPOAHalli30BaHa TeMIlepa-
TypHa 3aJIKHICTh eHeprii YpOaxa. BcraHoBieHo,
E, MOxHa MojenoBatu K ocuuiaatop Ein-
mreitHa (Beaudoin, 1997), sixkuii BpaxoBye BKJIaIH
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JTUHAMIYHUX (TETUIOBUX) Ta CTATUYHHX (CTPYKTYp-
HUX 1 KOMIIO3ULIHUX) pO3YyNOPAIKyBaHb. 3T1IHO
i€l Moneni eHepris Yp6axa Moxke OyTH BUpaKeHa

HACTYITHUM CITiBBIHOIICHHSM:
E, =4 ! +B
1% e@/T _ 1 2

ne A 1 B — KOHCTaHTH, IIOB’S3aHl 3 TEILUIOBHUMH,
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Tabmuig 2
IMapamerpu npaBuia Yp6axa
E i E i
3pasox Temneparypa Y:)Igg;las: IMapameTtp 3pasox Temneparypa y;?;;:: IMapameTtp
3pa3ka, K MeB KPYTHU3HH 3pa3ka, K seB KPYTHU3HH
100 66 0,13 100 79 0,11
150 75 0,17 150 87 0,15
x=0,05 200 85 0,20 x=0,10 200 96 0,18
250 90 0,23 250 102 0,21
300 103 0,25 300 111 0,23
U L L L L L
011 i :* —_
g 010 * x=0,1 excrepHment - Y
w ] . .7
.  memme x=0.1 Teopin .* . 4
= * L*
2 0,09 - AN
1& ’ _a* - e
> e SN T
= 008 0 e -
= oo .
& I --- * - -
z 007k DA x=0,05 eKCIIEDHMEHT |
B -~ _ .
I T e x=0,05 teopis
0.06--‘-:‘-_i--- 1 1 i | 1 1 i 1 1 |
0 50 100 150 200 250 300
LK

Puc. S. TemneparypHa 3anexuicTs eneprii ¥poaxa nias kpucraiis (TIGaSe,), (SnSe,)

CTPYKTYPHHUMH 1 KOMITO3UIIIHHIUMH PO3JIaJlaMH.
® — temmeparypa EliHmreliHa, sika BIAMOBiJIa€e
cepenHiit actoti GoHOHHUX 30y/HKEHb HEB3a€EMO-
JIFOYUX OCLUTISITOPIB.

PiBusinast (3) o3Hadae, mo eHepris YpOaxa,
3aJICKUTh BiJl €JIEKTPOH-(POHOHHOI B3aeMOil
1 CTPYKTYpHHX pPO3JIaJiB SIK CyMa JBOX JIOJAHKIB.
[lepmmit nomanok piBHSHHA (3) sBiIsIE COOOMO
BKJIa/I €JIEKTPOH-(POHOHHOI B3aemonii K (hakTop
Jlebas-Yonnepa, a Apyruil 3yMOBJIEHUN cepen-
HBOKBAJIPAaTHYHUM BiIXUJICHHAM aTOMIB BiJ ITOJIO-
JKEHHsI PIBHOBAaru, sik€ BUKIUKAHE CTPYKTYPHUM
6e371a/10M BiJ 1[1€aJIbHO BIIOPSAIKOBAHOI PELIITKH.
Ha puc. 5 npencraBneHo HailKpally y3rofpke-
HICTh €KCHIEPUMEHTAJIbHUX PE3YyNbTaTiB (BIAKPUTI
TOYKHM) Ta PIBHSAHHA 3 3 PErylbOBaHUMH Iapame-
Tpamu 4 Ta B (cyuineHa miHis). s KpucTais
(TlGaSe,), (SnSe,) mpu x=0,05 perynboBanuii
napameTp A Ta B cranoButh 62 ta 62 mMeB; npu
x=0,1: 55 ta 75 meB BingmoBigHO.

27

BpaxoBytoun 3HaueHHs mapametpiB A Ta B,
BHUJIHO, 1110 Tipu x=0,05 BkJag B eHepriro Ypbaxa
000X MomaHKIB criBMipHUN. 30UTBIICHHS Tapa-
meTpa B 31 30imbLIeHHSAM KOHLEHTpauii SnSe,
(x=0,1), oueBHIHO, 3yMOBIEHO 3POCTAHHIM KOH-
HEeHTpalli CTPYKTYpHUX Je(eKTiB, 10 HiATBEp-
JOKEHO PEHTTEHOCTPYKTYPHUMU JOCI1KEHHIMH.

3 eKCIIEpUMEHTAJIbHUX JJAHUX 3a CXUJIAMU XBO-
CTIB 007acTi Kparo BJIACHOTO MOTIIMHAHHS po3pa-
kT A(In oc)

A(hv)
110 MIPECTABICHO Ha PUC. 6 BIAKPUTUMH TOUKAMH.

VY BChOMY JOCHI)KYBaHOMY Jiala3oHi Temrie-
paryp 3anexHicts o(7) ampOKCHMYETbCSI BHpa-
30M JUId Kparo MOTJIMHAHHS, SKUA (POpPMYETHCS
3 y4acTio enekTpoH-poHoHHOT B3aemomii (Kurik,
1971; Kurik, 1991):

2kT j
)

o(T) =5, [h_%jm(

X0BaHO mapamerp Kpytusun o(7T)=

b

hv,
2kT

(1
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Puc. 6. Temneparypna 3ajexuicTs napamerpa kpyrusuu ais kpucraiuis (TIGaSe,), (SnSe,)

ae  hv, edexkTuBHAa eHeprisi (OHOHIB, fKa
B OUIBIIOCTI BWITAJKIB CITIBIIAJIA€ 3 CHEPTi€r0
¢oHOHIB, MmO OepyTh y4acTb B YTBOPEHHI JIOB-
TOXBWJIbOBOI ~ CTOPOHM  Kpaw  TOIIMHAHHS,
0, — TEMIepaTypHO-HE3aJICKHUMN, aje 3alexHui
BiJl Marepialy mHapamerp, SKHi 0OepHEHO Ipo-
MOPIIHHUN KOHCTAHTI B3a€EMOJii g MiXK elek-
TpOHaMU/EKCUTOHAMU 1 (hOHOHAMU 32 (HOPMYJIOF0
c,=(2/3)g™".

[Ilo6 oTpumaru OLIHKY 3HAYEHHA EHEpTii
¢oHOHIB, AKi TOB’s3aHI 3 XBOCTaMu YpoOaxa,
eKCIIepUMEHTaNbHI JaHl Oyiau MpUBENeHI [0
piBHAHHSA (1) 3 G, 1 hv, y AKOCTI peryibOBaHUX
napameTpiB. Halikpamie y3rokeHHs eKclepu-
MEHTAJIBHUX JaHUX 13 piBHSAHHAM | Tpermcras-
JeHe Ha puc. 6 cyuibHuUMU NiHisMu. [lapamerpu
anpokcumanii 6ynu Hactynsi: o,=0,30 ta 0,29;
hv,=41 ta 47 meB nnsa x=0,05 ta 0,1 Bigmo-
BiIHO, IO J0Ope Y3TOMKYEThCS 3 pe3yinbTaTraMu
(Piasecki, 2016). EdexruBHi eHeprii (oHOHIB
hv, € OULIPIIMMHU 3a HAWBUILY ONTHUYHY MOAY
B kpuctanax TlGaSe, (Paucar, 2015). binbure
3HAUEHHS /v, y XaJbKONMPUTHUX TMOTPIHHUX
CIONIyKax 1 3MIMIaHUX XaJbKOTCHiJax Oyiu
MOB’s13aH1 31 CTPYKTYPHUMH IMOPYIIEHHAMH, IO
BUKJIMKaHI KaTIOHHUMHU po3fagaMu (MIKBY3-
JIOBUMH aToOMaMH, KaTIOHHHMH BaKaHCisIMH) Ta
BIIXMJIEHHSAM BiJ ieanbHOI cTexiomeTpii (Abay,
2001). 3meHIIEHHA G, IpH 3011bIIEHH] KOHIEH-
Tpanii SnSe, MOXHA MOB’A3aTH 31 301IBIICHHAM
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KOHIIeHTpalii ioHiB Sn™ y By3max Ga™ Ta
30UIBIIEHHSIM KOHIICHTpAIlii BakaHCii cpibia,
OCKUIbKH BOHH, SIK 3apsPKeHa JOMIIIKA, BILIU-
BAlOTh Ha €JIEKTPOH-(QOHOHHY B3aeMOJil0. AHa-
JOTIYHUI pe3yabTaT OTPUMAHMUNA JJIsi KPUCTAIIB
TlInSe, npu 3amimenHi ioniB In ionamu Si abo
Ge (Piasecki, 2016; Davydyuk, 2013).

BucnoBku. IlpoBeneHo ekcrepruMeHTaIbHI
JOCTIKEHHS. ONTUYHUX BIACTUBOCTEH KPHCTANTIB
(T1GaSe,), (SnSe,) (x=0,05;0,1) B niana3oni Tem-
neparyp 100-300 K. Anani3 ciekTpaibHOi 3a1exk-
HOCTI KoeillieHTa MOTIMHAHHS B OUISKpaioBiid
oOmacTi MmokasaB, IO B JOCIiIKyBaHOMY Jiaria-
30HI TeMmmeparyp B JOCII/KYBaHHX KpHUCTasax
peani3yloThCs K MPsMi J03BOJIEHI TaK 1 HEMpsMi
JIO3BOJICH] TMEpexoau. 3a pe3yibraTaMHu eKcIie-
PUMEHTAJILHUX JIOCHIDKEHb BH3HAYEHO IIUPHHY
3a00pOHEHOT 30HM KpHuCTaliB. BcTaHoBieHO, 110
npu 30iIbIIeHHAM BMicTy SnSe, BinOyBaeTbes
MIMPUHN 3a00pPOHEHO1 30HHW, IO MOXKHA TIOB’s-
3aTH 3 MEXaHi3MOM YTBOPEHHS TBEPAOTO PO3UUHY,
3TiITHO 3 SIKAUM BiIOYBa€ThCsSl CTAaTHCTUYHE 3aMi-
nieHHsa aroMiB Ga aromaMu Sn 1 301JIbIIIEHHS KOH-
IEHTpaIlii BaKaHCiH Talifo.

3a J0MOMOTroI0 anpoKCUMAllii CIEKTPiB MOTIIH-
HaHHA OyJI0 BU3HAUE€HO TeMIIEPaTypHY 3aJI€KHICTb
eHeprii Ypbaxa, 3a cXusiaMu XBOCTIB 00J1aCTi Kparo
BJIACHOTO TOTJIMHAHHS PO3PaxOBaHO IapaMeTp
KpyTu3HH. OIIHEHO 3HaueHHs eHeprii (OHOHIB,
sIK1 TIOB’s13aH1 3 XBOcTaMH YpOaxa.
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METOJIWUYHI ACIEKTH PO3BUTKY MNPO®PECIHHUX KOMIIETEHTHOCTEN
CTYAEHTIB 3ACOBAMMH PO3B’SA3YBAHHA 3AJTAY 3 ®I3UKHU

O0nuM i3 8aXCIUBUX 3AC00I8 PO3BUMKY MUCTIEHHEBUX | Mopuux 30i0HOCmell 3000y6a4i 0c8imu € p036 A3aHHs 3a0aH,
AKI CHPUSIOMb 2TUOUIOMY 3ACBOEHHIO KYPCY (izuKu — 6a3068020 07151 UBYEHHS CReYianbHUX 0C8imHuix komnonenm. Disuyna
3a0aya, AK elemMenm 0C8IMHbLO2O NPOYeCy, € HallePeKMUBHIUOW POPMOIO CAMOCMILIHO20 NO2AUOIEHHS 3HAHb MA 3aKPi-
NIEHHA MeopemuyHo20 mamepiany. ¥ x00i po3g a3anHa 3a0au 3a0i0r0MbCs 6Ci OCHOBHT MUCTEHHEST onepayii, maxi AxK
abcmpazy8anHs, ananis, 0edyKyis, y3azanbHeHHs, NOPIGHAHHA ma cunmes. Bapmo sasnayumu, wo 6invuiicms 3000y6ayie
0Cgimu neputo2o Kypcy CmuKaiomscs 3 mpyoHouamu nio uac pose a3yeanns 3aday. Lle noe’sa3ano 3 mum, ujo 60HU 4acmo
hopmanbHo 3anam AMosyIOmMy 3aKOHU, GUSHAYEHHS, NOHAMMS U (OPMYIU, He PO3YMIIOYU 0COONUBOCMEll YMO8 Md MedC
ix 3acmocysanns. Y pesynomami yi 3HaHHA HENPABUTLHO A0 HEKOPEKMHO 8UKOPUCHIOBYIOMbCS 8 KOHKDEMHUX Di3udHUX
CUmyayisix.

Y cyuacnux ymosax npoyec naguanns Qizuxu y auujomy Hag4anbHoMy 3axkaadi A61ae coboro CKIaoHy 3a0ayy, 0CKiIbKU
bazamo 3000y6auig ocsimu He nid2omoeieHi 00 3aC80EHHS HOBOT THopmayii. Bonu He ymitoms 6i0nogioamu Ha 3anuman-
HA, NOACHIOBAMU CHOCMEPEICYBAHI AGUWA, NPAYIOBAMU 3 NPUNAOAMY, He 3HAIOMb QYHOAMEHMATLHUX QI3UYHUX 3AKOHIE
im.0. ¥ 36 43Ky 3 yuM BUHUKAE PONIb BUKNAOAYA, AKUL NOBUHEH CIMBOPUMU YMOBU OISl PO3BUMKY ME0PUOCHIi, NI3HABATLHUX
iHmepecis, iHmereKmyanbHux 30i6HOCmel cnyoJermis, CRUpaloYucy Ha 2yManizayiio, oupepenyiayito ma inougioyaniza-
Yir0 HaBYaHHAL.

Hna niocomosxu KomMnemenmnoz20 cneyianicma, KOHKYPEHMOCHPOMONCHO20, MAKO20, WO MAE eKCnepumMeHmanbHi
6MIHHA | HABUYKU, 30aMHULL ONEPYBAMU CYUACHOI0 MEPMIHONOIEI0 A HOGIMHIMU OOCACHEHHAMU, HAYKOBUMU NOHAMMS-
MU, 3aKOHAMU, KOHYENYISIMU, BYEHHAMU [ MeOPisamMU NPUPOOHUYUX HAYK, HeoOXIOHO 3abe3neuumu 8UCOKUlL pieerb hyHoa-
MEHMAanbHOL Ni020MOBKU SIK 0CHOBU Npogecilinux komnemenmuocmetl. Po3e ’s3anns izuunux 3a0ay € enemenmom y gop-
MYBAHHT MAKUX HABUYKIB. L]etl npoyec 0onomazac 3aC80EHHIO He ulie MeopemudHUX 3HaHb, e U PO3GUMKY NPAKMUYHUX
HABUHOK, KPUMUYHO20 MUCLEHHS MA 6MIHHA 8IOHOSUMU 3HAHHSA 6 pedanbHux ymosax (bypeyn, 2016).

Knrouogi cnoea: npogeciiina komnemenmmuicms, Kpumuune MUCLeHHs, p0O38 A3Y8AHHS 3A0aHY.
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METHODOLOGICALASPECTS OF DEVELOPING STUDENTS’
PROFESSIONAL COMPETENCIES BY SOLVING PHYSICS PROBLEMS

One of the important ways to develop the mental and creative abilities of educational students is the development
of tasks that are related to the general mastered physics course — the basis for the development of special educational
components. A physical task, as an element of the illumination process, is the most effective form of independent acquisition
of knowledge and consolidation of theoretical material. In the course of solving problems, all the basic mental operations
are involved, such as abstraction, analysis, deduction, inference, equation and synthesis.

Varto notes that most first-year students experience difficulties when solving problems. This is due to the fact that
they often formally remember laws, meanings, concepts and formulas, without understanding the peculiarities of minds
and the stagnation between them. As a result, this knowledge is incorrectly or incorrectly interpreted in specific physical
situations.

In modern minds, the process of learning physics at most initial stages is a complex task, since many students are not
prepared before acquiring new information. They don't know how to identify food, explain the safety of boxes, handle
equipment, don 't know fundamental physical laws, etc. Connected with this is the role of the student, who is responsible
for creating the minds for the development of creativity, learning interests, and intellectual abilities of students, focusing
on humanization, differentiation, and Individualization begins.

To prepare a competent specialist, competitive, who has experimental knowledge and skills, who is able to operate
with current terminology and new developments, scientific concepts, laws, concepts, traditions and theories of natural
sciences, it is necessary to ensure a high level of fundamental training as the basis of professional competencies. The
connection of physical tasks is an element in the formation of professional competencies of students. This process
contributes to the acquisition of not only theoretical knowledge, but also the development of practical skills, critical
thinking and the development of knowledge in real minds (Burhun, 2016).

Key words: Professional competence, critical thinking, task development.

AKTyajdbHicTh mpodsemu. Dizuka, sk QyH- NPAKTUYHUX HABHUOK, SIKI HEOOXiTHI IS BHPI-
JJAMEHTAJIbHA HayKa, Ma€ BEJIMYC3HUI BIUIMB HAa  IICHHS NMPHUKIAJHUX 3aBIaHb 1 CTBOPECHHS HOBHX
(dbopmyBaHHs TIpO(deciiiHOT KOMIIETEHTHOCTI Maii-  TexHoJoriid. Benwke 3Ha4eHHsS TpU IBOMY Bifi-
OyTHIX cIemiajicTiB y pi3HuX ramy3sx (BoiTkiB, rTpatoTh ¢i3uuHi 3a1adi: X MOCTaHOBKA, aHAMI3 i,
2016). Bona 3a0e3neuye 6a3y ajas pO3BUTKY KpU-  Oe3mepedyHo, po3B’s30K. lJis yCHINIHOTO po3B’s-
THYHOIO MMCJICHHS, aHAITUYHUX 3AI0HOCTEH Ta  3aHHS 3a7a4l HeoOXiZHO BMITH BHILISTH T'OJIOBHE,
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BHOUpATH BIAMOBIAHI (GOpMyIH Ta TPOBOIUTH
HEOOXiTHI PO3paxyHKH, MIO JOTMOMarae po3BU-
HyTH Qi3U4HY IHTYIIiI0, TOOTO 3AaTHICTH MEpe-
0avyatu pe3yabTaTH eKCIIEPUMEHTIB abo MpoleciB,
HE BJIAIOYMCH J0 CKJIAaIHUX po3paxyHKiB (fimypa,
2021). TakumM 4YHHOM, TMpOLEC pPO3B’SA3yBaHHS
3a5a4 3 Qi3uKH ABJISE COO00 KOMIUIEKCHUI PO3BU-
TOK 0COOHMCTOCTI, IKUI (OpPMYy€E B CTyAEHTa BaxK-
JUBI TipodeciiiHi KOMIETECHTHOCTI, HeOOX1TH1 st
ycmimHoi podotu B Oyab-sKiii cdepi AiSUTBHOCTI.

Meta aocJIizKeHHs — PO3TIISTHYTH PO3B’ 530K
TUTIOBHX 3a1a4 3 (i3UKH, 110 CIPUSIOTH PO3BUTKY
po(eciifHUX KOMIIETEHTHOCTEH CTY/ICHTIB.

Bukiiax ocHoBHOro marepiajy. ®i3uka cTBO-
proe yHiBepcanbHy 0a3y Al BUBUCHHS 3aralib-
HOMPO(ECIiHHNX 1 CHelialbHUX AUCUUIUIIH, A€
LITICHE YSIBICHHS TPO (I3WYHI 3aKOHU HAaBKO-
JMIIHBOTO CBITY B iX €IMHCTBI 1 B3a€MO3B’A3KY,
IO CHOpHUs€ BHUPIMICHHIO HAyKOBO-TEXHIYHUX
3aBJaHb B TCOPETUYHHUX i MPUKIAJHUX ACIICKTaX.
VY 3B’A3Ky 13 CKOpPOYCHHSIM TOJIMH, BUAUJICHUX Ha
BuBUeHH: ¢i3uku y BH3, BaxuinBo parioHanbHO
1 e(peKTUBHO BHKOPUCTOBYBaTH ayIUTOPHUI dYac
Ha BUBUEHHS Kypcy. BakiiuBe miciie B OCBITHbOMY
mporieci 3aiiMae po3B’si3aHHS (DI3UYHUX 3aBlaHb,
SK OfHA 3 HaWOuTbIm edekTuBHUX (HOpPM MOTIH-
OJICHOTO BUBUYEHHS, 3aKPIIUICHHS TEOPETUYHOTO
Marepialy Ta pO3BUTKY MHCIECHHS 3700yBadiB
ocBiTu. [IpoTe mpu HEBENMKIN KiTBKOCTI 3aHSThH
B ceMecTpi HEMOXIMBO chOopMyBaTH HEOOXimHi
YMIHHS 1 HaBUYKH, TOMY HEOOXIJIHO BHKJIaIady
BUKOPUCTOBYBATH HOBI MiJIXOMU MJSI TOSCHEHHS
HaBYAJIBHOTO Marepiany. 3HaHHS MOBHHHO CTaTH
JUISL CTY/ICHTIB HE MPOCTO 3aCO00M ISl OTPUMaHHS
OI[IHOK, a CaMOCTIMHOIO I[IHHICTIO, HEOOXIIHOIO
JUIS T3HAHHS HAaBKOJMIITHBOTO CBITY. 3100yBad
OCBITH TIOBUHEH OyTH TOTOBUM IO BHPIIICHHA
TaKUX 3aBJIaHb, K 3aCBOEHHS METOJIB HAyKOBUX
JOCTIKeHb, MOJIEJNe!, Teopild, y4acTb y NpoBe-
JeHHI (QI3UYHUX JOCIiIKEHb, y4acTb B 00poOIi
OTPUMaHMX PE3yJbTaTiB HAYKOBUX JOCIIIKEHb Ha
cydacHomy piBHi (I'epacumosna, 2021). V 3B’s3Ky
13 MM OCHOBY TIPO(ECIHHUX 1 3araJIbHOKYIBTYP-
HUX KOMIIETEHTHOCTEH CKJIaJar0Th BMIHHS, ITOB’ 5-
3aHi 3 BUKOPHCTAHHSAM Pi3HUX METOAMK (Di3UIHUX
BHUMIpIOBaHb, METO/IIB (hi3UYHOTO 1 MATEMAaTUIHOTO
MOJICITFOBaHHS, a TaKOX pO3B’sA3yBaTh (i3ndHi
3ajadi.

JlabopaTopHi poOOTH € HEBiJl'EMHOIO YaCTUHOIO
nporecy HapdaHHs (i3UKH, aJKe BOHU NMOETHYIOTh
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TEOPETUYHI 3HAHHA 3 TMPAKTHYHUMH HaBHYKaAMH
(Kepmnn, 2023; Kesmmn, 2023). Ilpore, mpu
BHUBYCHHI TOTO YW IHIIOTO PO3IAUTY 3 (i3UKH HE
3aBXKIU € MOXIIUBICTh TPOJACMOHCTPYBATH CTY-
JICHTaM eKCIIEPUMEHT Ui Kpamoro 3acCBOEHHS
HUMH HOBOTO Marepiany. Y bOMY BHIAIKy BapToO
BUKOPUCTOBYBATH IliKaBi 3a/iadi, PO3B’ 30K SIKUX
PO3KpHBaB OU CYTHICTH PO3IVISAYBAaHOI MPOOIEMH.
Hanpukiian, npu BUBYCHHI po3ainy «MexaHikay
JIOPEYHO 3amporoHyBaTH 3700yBayaM OCBITH
3aJady Ha 3HAXOMKEHHS CEpeIHbOI IIBHIKOCTI.
Po3B’s130K 3amadi BapTO CyNpOBOMKYBATH PUCYH-
KaMH.

3agauva. [lapomnaB mmB piukoro Big A 1o B 31
MIBUAKICTIO 15 KM/ToJ BiZTHOCHO Oepera, a Ha3am —
31 mBUAKIcTIO 10 kM/Toa. 3HAUTH CEepeTHIO TIBU/-
KiCTh MapoIUIaBa Ta IMBHKICTh TeUii PIUKH.

&
’
*

Hexaii Bincranp Mixk Toukamu 4 i B piBHa S'.
3anuieMo BHpa3 s CepeiHboi <9, > MIBHIKO-
CTi maporuiaBa:

S+S 28
>= =

<9 =
L+t 1+t

Jie t, —4ac pyxy maporuiasa Bix 4 10 B; t, — uac
pyXy naporuiasa Bif B 10 4.
3anuiemMo BUpa3u A ¢, 1 t,:

S S
t=— ,t,=—
9 9,
Tomi:
L9 o 28 25 28 29,9,

! £+£ S L_i_i S 81-'-82 9l+92
9 9 9, 9, 9,9,
Po3misHeMO BHIIQAOK, KOJIM IapoIiaB pyxa-
€THCS Bil A 10 B 3a Teui€ero piuku:

8,+8,=9,,

ne 9, — MBHMIKICTH MapoIulaBa BiIIHOCHO BOJM;
9, — MBUIKICTb NApoILIaBa BIJHOCHO Oepera;
8, — WBHUIKICTh TeYii PIUKH.

Po3misiHemMo Bunaznok, Ko HapoIuiaB pyxa-
€TbCs BiA B 10 A IpOTH Teuli piuku:
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|
i+

J11s 1IbOTO BUMA/IKY MOXKEMO 3aIHCaTH:
8,-8,=-9,,
Je 3, — MBHUAKICTh NapoIliaBa BiJHOCHO Oepera

JUTSL TTHOTO.
3 ocTaHHIX BUpa3iB MOXKEMO 3aICaTH:

9,+9,+(9,-9,)=9,+(-9,).

3Biacu:
3 -9
8, =t
ITiCTAaBUBIIN 3HAYEHHS, OTPUMYEMO:
<9, >=w=12ﬂ, 9 zﬂzzﬁﬂ‘
15+10 200 7 2 y

MornekynsapHa (izuka Ta€ MOXKIHBOCTI st
PO3BHUTKY Mi3HABaJbHUX Ta TBOPYHMX 3Ai0HOCTEH
CTY/ICHTIB, OCHOBOIO SIKHX € 3HAaHHS IPO TEIUIOTY,
(i3uuHI SIBUINA Ta 3aKOHHU, arperaTHi CTAaHU pevo-
BUH Ta (a30BI NMEPETBOPEHHS — KpHUCTAJI3allid,
IUTaBJICHHS, KOHJEHCAllis, BUIIAPOBYBaHHSA Ta
SIBUINA, SIKi BiAOYBalOTHCS HAa MEXI MK PEYOBHU-
HaMH, 110 3HAXOASTHCS Yy PI3HUX arperaTHUX cra-
Hax. BoHa TicHO MOB’s3aHa 3 TEPMOAMHAMIKOIO,
OIHUM i3 PyHITaMEHTAIBHUX MOHATH SKOI € EHTPO-
nisi. ExTpomis — ofHa 3 KJIIOYOBHX 1 BOAHOYAC
HaHOUTBII CKJIAHUX JUISl PO3YMiHHSA (Di3UUHUX
KOHIICTIIIIH, 0€3 SKUX Ba)KKO YSIBUTH Cy4YacHYy Hay-
KOBY KapTUHY CBiTy. BoHa € HeBix eMHOIO Xapak-
TEPUCTHKOK MAaKPOCKOMIYHUX CHCTEM, aje, Ha
BIIMIHY BiJl TAaKUX TapaMeTpiB, K TeMIIeparypa,
THCK a00 00’€eM, ii HEMOXKIIMBO JIETKO BUMIPSTH 3a
JoroMororo npunazis. Bonnowac enrpomnis € GpyH-
JTAMEHTAJIbHUM TOHATTSIM, SIKE Ja€ 3MOTY 3pO3y-
MITH, SIK C€HEPTisl PO3IIUPIOETHCS 1 TpaHChHOpMy-
€THCSI, YOMY TPHUPOAHI TPOIECH BiAOyBarOTHCA
came Tak, a He iHaKIIe, 1 IK HeBMOPSIKOBICTh 3Mi-
HIOETHCS 3 yacoM. Po3yMiHHS eHTpomii BiIKpUBae
[UIAX 70 TIUOMIOr0o aHai3y (Qi3WYHHMX SBHII Ta iX
MOJIETIIOBaHHA B Hayli i TexHiui. Ha Hamry mymky,
Kparie JOMOMOXKEe 3pO3yMITH 3100yBayaM OCBITH
CYTh LIbOTO HOHATTS PO3B’SA30K HACTYITHOI 33/1a4i.

3amaua. JIpa Ganonu o6’ emamu 14 Ta 11.4°
3’€IHYIOTBCSI TPYOKOIO 3 KpaHOM. Y Mepuomy
0aJIOH1 3HAXOAUTHCA | KT MOBITPS IPU TEMIIEpaTypi

1 °C, y npyromy 36 Kr MOBITps IIpH TeMIIepaTypi
60 °C. 3HalaiTh 3MiHY EHTpOMIii CHCTEMHM HicCiis
BIZIKpUBaHHS KpaHy Ta JIOCSATHEHHS pIBHOBArH,
SKIIO CUCTEMa 3HAXOIUThCS y TEPMOCTATI.
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3MmilryBaHHs rasiB 13 ABOX OajoHIB — HE00o-
porauii npouec. o6 o6uncnauty 3MiHy eHTpomii
AS , TpeGa 3HalTH BIAMOBITHUI 0OOPOTHUI Mpo-
[ec, M0 TOB’sI3y€ MOYATKOBUHM 1 KIHIIEBHH CTaH
cuctemu. Pesynbrar, sk BiIOMO, HE 3aJI€KUTh Bij
MPOIIECY, OCKIIbKK dS € TIOBHUM IudepeHIiia-
J0oM. 3py4dHO PO3MISHYTH Taki Bl YaCTUHHU MpPO-
necy: 1) po3mmpeHHs! KOXKHOTO 3 ra3iB 0 00’ eMy
V' =V, +V, npu nocriiiHiil TeMneparypi; 2) BUpiB-
HIOBaHHS TEMIIepaTyp HpU MOCTIHHOMY 00 eMi.
Toni moBHu# nudepenmian dS eHTpomii ieanb-
HOTO ra3y J0piBHIOBATHME:

dS:ﬂRd_V ﬂCVﬂ (1)
M VvV M T

ae M — MOJISIpHAa Maca rasy, m — Maca rasy,

R=8,31 ’HT:»C — YyHIBepcalbHa Ta3oBa CTala,
", _ R _83_ 20,79'12—% — MOJISIpHa
y-1 1L4-1 monw- K

TEIUIOEMHICTh MOBITPA NPU MOCTIHHOMY 00’€Mi.
[leprumii ueH B OCTAaHHBOMY PIBHSIHHI 00yMOBIIE-
HUHI TUIBKU PO3IIMPEHHSAM Ta3y, APYTHil — TUIbKH
BUPIBHIOBaHHSM TeMIIEpaTyp.

CniBBigHomeHHs (1) cipaBeanuBe Ui KOXXHOT
MacH TrasiB, TOMy eJeMEHTapHa 3MiHa EHTpOIii
IpU 3MILTyBaHHI ra3iB piBHa:

dS = dS, +dS, =
mleV mlCdT m ar m2c£
MV M 'T M Vv M'T
3Bijacu:

AS ;\r;lRJ-dV mlCJ'd; Ij?\l;Rj-dV mZCJ'

LA c1—+—2R1nV m2C1n—
oML My, MU
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BpaxoBytoun, mo V =V, +V,, ocraHHii BUpa3s
NpuiMe BUTIISL!
Vi+V, L m
—1C, In—

MRt
M

AS =

1 1

2
Vi+V, m2C1n— @)

+ 2 g2
M 2 2

KinmeBy temneparypy 7 B pe3yabTari BHpPiB-
HIOBAaHHS TEMIIEPaTyp 3HAHIEMO 3 pIBHSIHHSA
TEIJIOBOTO OanaHcy:

0+0,=0,

ne O, i O, — KUIbKICTh TEIUIOTH, OTPUMaHO] (BiJ-
JIaHO1) Ta30M y MepIIoMy Ta Apyromy OajoHi, Bif-
noBiaHo. [Ipu 1pomy:

0 :mlcV(T_]I)a 0, :mch(T_Tz) 5
e ¢, MUTOMAa TEIUIOEMHICTh TOBITPSI TIPH
NOCTIHHOMY 00’ €Mi.
3 ocTaHHIX BUpa3iB 3HAXOAUMO:
mT, +m,T,
m,+m,

T:

Po3paxyHku 3a OCTaHHIM BHPa3oM JIalOTh 3Ha-
yenns 7T =331,4K. Toxi, miacTaBis04yd JaHi

y BHpas3 (2), onepxxyemo, AS =1620 ﬂ% .

lonoBHa mpobnmema cydacHOro HaBYaHHS
(GI3MKM y BUIIMX HABYAJIBHUX 3aKia/iaX IOJsArae
y Pi3HOOIYHOMY OCOOMCTICHOMY CTaHOBJICHHI CTY-
JICHTa, SIKUI TparHe PO3BUTKY Ta MOXE 3acTOCO-
BYBAaTH OTPUMaHI 3HAaHHS HA MPAKTHIIl, €(EKTUBHO
KOPUCTYIOUMCh HHUMH Yy MOBCSIKICHHOMY >KUTT1
(Makapenko, 2020). Y 3B’s3Ky i3 IIUM BUBYCHHS
pos3niny «EnexTpuka» € Haa3BHYaWHO Ba)IIH-
BHM JTsI 3/100yBayiB OCBITH, OCKIIBKHY IIEH PO3ALT
($i3MKU Mae MUPOKUN BIUITMB Ha HAyKOBO-TEXHIiY-
HUI1 mporpec, moOyT, 1 PO3yMiHHS HABKOJIHMIITHHOTO
CBITY. BUHBYEHHS €JEKTPUYHMX Ta MAarHiTHUX
SBHI 3aKjanae (yHAaMEHT AJsl PO3yMiHHS HpU-
POIHHUX TIPOIECIB, CTAHOBIATH 0azy IS TEXHId-
HUX CIeUiaJbHOCTEH, CHPUSIOTH MPAKTUYHOMY
3aCTOCYBaHHIO CYYacHHX IPUCTPOIB, PO3BUTKY
KPUTUYHOTO MHCJIEHHS Ta HiATOTOBKU 1O IIPO-
¢eciii, mo ¢dopmyroTh MaiObyTHe. B Kypci enex-
TPHUKH BeJIMKA yBara NpUAUISETbCS MOHITTIO €JIeK-
TPOCTAaTUYHOTO IIOJIS, OJHIEI 3 XapaKTePUCTUK
AKOTO € HATPY’KEHIiCTh [, PO3yMiHHS SKOT 4acTo
BHUKJIMKA€ TPYTHONI y cTyAeHTiB. [Ipu mormoie-
HOMY BHKJIaJlaHHI (i3uKH Mae OyTH BUKOpHUCTaHA
teopema Octporpancekoro-l'ayca, sika aomnoma-
rae OUIBII parlioHaJIbHO MPOBOIUTH PO3PAXyHKH

35

HaNPYXKEHOCTI SJIEKTPUYHUX TIOTIB TIPH PO3MOILTI
3apsiAiB y MPOCTOPi IEBHUM CUMETPUYHUM YHHOM.
Jns Kpamoro po3yMiHHS OCOOJIMBOCTI 3acCTOCY-
BaHHS JaHOI TEOPEMHU JOIJILHO 3allpONOHYBATH
PO3B’A30K HACTYIHOT 3ajadi.

3angaua. 3apsn 1 MxKn piBHOBimmaneHui Bif
KpaiB KpyIIOi IUTOIIAIKK Ha BijicTaHb 20 cM, pajiiyc
skoi 12 cM. BusHauutu cepesiHe 3a MOAYJEM 3Ha-
YEHHS HAIPY>KEHOCTI MMOJISl B MEXKaX IJIOIA KU,

Binmosigao mo teopemu OcTporpajachbkoro —
layca Mmoxxemo 3anucaTu:

S
cbzgSSEdS:gZQi,

ze Sf)EdS — MOTIK BEKTOpa HANpY>KEHOCTI eJIeK-

N
TPUYHOTO TIONIA Yepe3 3aMKHYTY IOBEPXHIO;

ZQi — CcyMa 3apsi/iiB, 10 3HAXOAATHCS BCEPEIUHI
=8,85-10" —
M
[[lo6 oTpumaru 3aMKHYTY MOBEpPXHIO, JIOTIOB-

HUMO KPYIUTy IUIOIIAAKY IJIOMIC0 S YacTUHOIO
cepuunoi mosepxni S’ paxiycom d .

TIOBEPXHI; &€, — €JIEKTPUYHA CTaJIa.

OCKUTbKH TIOBEpXHsI S HE OXOIUTIoE 3apsn O,
TO BCEpENMHI Ii€] TOBEPXHI 3apsi/iiB HEMAE, TOMY
2.0.=0.

' Horix @ CKIIAZAcTbcad 3 IOTOKYy @D 4Yepes
TIOBEPXHIO S KPYyIIOi IUIOIIAJKH Ta TOTOKy @
uepes cepuuny nosepxHio S'. Y KoxkHiH Touli
MOBEPXHI BEKTOP HAPYXEHOCTI CIIPSIMOBAHUI HOP-
Mani 10 nosepxHi cdepu, Tomy o =0", cos0’ =1,
BignoBigHO @ =0 . Toai MOXkeMO 3amucaru:

D=, + D, =0, O;=-D, =ES' .

3anumemMo BHpa3z Juid ol  chepuyHoi

MOBEPXHi pajiycoM d :
S = 2nd(1 —cos¢) .

0

TO OCTAaTOYHO OACPIKYEMO:

2_R2
, cosd):d—,

Bpaxosyroun, o E = 7
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Q d’ —
d)s :_4 2 - 5
ng,d d

BinmoBigHo cepemHe 3a MOmyJaeM 3Hau€HHS
HaIpPY>KEHOCTI IOJIS B MEXKax IUIOMAAKU S piBHE:

Q| N-FR
2¢, d
nR*

2nd?| 1-

VP -R?

d

__Q
2ne, R’

D5 _
s

E=

. . B
ITlincTaBuBIIM AaH1l, ONEPKUMO E =25- 10" =.
M
OnTHKa BiJlirpae HaJA3BHYAHO BaKJIMBY POJIb

y )KUTT1 Cy4acHO{ JItouHHU. Ba)kko ysIBUTH MTOBCSIK-
JIeHHE icHyBaHHs 0e3 11i€i ramys3i gizuku. Ha 3emumi
i y KOCMOCI NPaIo0Th YUCICHHI TPUIIaIU Ta Npu-
CTpO1, CTBOPEHHS SIKUX CTAJI0O MOKJIUBUM 3aBJISKH
3HAHHIO 3aKOHIB ONTUKH. Lli TexHomorii poOasaTh
Hamie XXUTTS KOM(OPTHIIIMM 1 JIETIINM, BiJIKpH-
BAIOTh MOXJIMBOCTI JJISt JOCIIKEHHS JTOBKULIS
Ta OTPUMAHHS HOBHMX 3HaHb, a TAKOX CIPHSIOTH
MOJATBIIIOMY TIPOTPECYy HAayKH 1 TexHiku. Tomy
BHUBYCHHS JIAHOTO PO3JUTY € BaXIJIMBUM HE JIUIIE
JUIs pO3yMiHHSI 0a30BHX IOHATH, IKI BUKOPUCTO-
BYIOTBHCS B IHIIUX CIEIIaIbHUX HayKax, aje i Juis
(hopMyBaHHSI IITICHOTO YSBJIEHHS PO KIIFOYOBI
HAyKOBi IPUHIIUAIU CyYaCHOT ONTHKH.

OmHUM 13 HAOLTBII MOMIMPEHMX SBUIIL, STKE MAE
3HAYHU BIUIMB Ha HAIE )KUTTS Ta IIUPOKO 3aCTO-
COBY€ThCS B Oaratbox c(epax, Takux sK ONTHKA,
acTPOHOMIsI, TEXHiKa TOIIO € qudpakiis. Ha 3acro-
CYBaHHI LIbOTO SIBUIIIA MPAIIOIOTh Oarato TeXHiy-
HUX OPUCTPOiB. 30KpeMa, y CIIeKTpaJbHUX pHIIa-
JlaX BUCOKOTO KJIacy, 3aMiCTh ITPU3M 3aCTOCOBYIOTh
JUQPaKIiiHi TpaTKy, 0 ABJISAITH CO00I0 Iepio-
JIMYHI CTPYKTYPH, BHUTPaBIpyBaHI CIICiaJbHOO
JUTHMIIBPHOIO MAIIMHOIO Ha TOBEPXHI CKIISTHOI abo
METaJICBOI TNIACTUHKHU. TaKuil MpUCTPiil 103BOJISIE
PO3KJIACTH CBITIIO HAa CKJIAJIOBI KOJLOPH (CHEKTD).
JIjig Kpaioro po3yMiHHS I[bOTO SIBUINA, TOLIIEHO
PO3MISTHYTH PO3B’ 30K HACTYITHOI 3a7adi.

3agaya. Ha mudpaxuifiny rparky, crana sikoi
4 MKM, HOpPMaJIBbHO TaJa€ My4yoK OLIOro CBIiTIA.
Bu3HaunTH MPOTSHKHICTD BUAMMOI IUISIHKH CIIEK-
Tpa MEepIIOTO MOPSIKY, CIPOSKTOBAHOTO Ha €KpaH
NiH3010 3 (pokycHoro BifcTanHo 50 cM. JloBKUHU
XBHJIb MEX BHJIMMOTO CBITIa MPUHHATH PiBHUMH
380 M 1 760 HM.

Ha pucynky Hwxve mokasaHo ¢ — KyT Bif-
XUJIEHHs (Di0NEeTOBUX NMPOMEHIB; ¢, — YEPBOHUX
MIPOMEHIB; Xy = BiJICTaHb BiJl IEHTPAJILHOTO MaK-
CUMYMy 110 (10J€TOBOI JIiHII MEPIIOrO MOPSAIKY;
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X, Xy 0
X, — 10 4YepBOHOI JiHIi; Ax — IIUPHUHA Jiarna3oHy
MEPIIOTO TOPSAKY.

3 Qopmynu audpakmiifHOT TPaTKU MOKEMO
3arucaTu:

sin ¢ = k2. ,
d

ne d —nepion qMQpaKIifHO1 IpaTKu; ¢ — KyT, MiXk
HamnpsSMKOM Ha IUQpakIiiHUN MakCUMyM 1 HOp-
MaJITIo 70 Ipatky; k =0,1,2,... — NOpAIOK MaKCH-
MYMY; A — TOBXHHA XBHJI.

BBaxaroun KyTu Judpakiii nepuoro mopsjaKky
MaJIMMH, MOXKHA TIPUHHATH sin ¢ ~ 1g¢ . Tomi:

I
tgh=—".
go=—

3 PUCYHKY 3HAXOIUMO:

x, =Figo,, Xo :th(l),pa
ne F — dokycHa BiicTaHb JIIH3H.
Toni MpOTSDKHICTE BHIMMOI AUISHKHA CIIEKTpa
Ax Oyne piBHa:
Ax =x,—x, = Figd, — Figd, =

kh, _khy ) _KE
d d ) d

(%, =2,)-

[limcraBuBIIM AaHi B OCTaHHIN BHpa3 3HAXO-
Mo Ax=4,75-107 u.

CrorogHi Oyab-fika OCBiYeHa JIOAWHA Mae
MOBHE PO3YMIHHS SIK MPO CIPUSTIMBI CTOPOHU
BUKOPHUCTAHHS SIBUIIA PaJliOAKTUBHOCTI — Hampu-
KJIaJ, B AJIepHIN 1HAYCTpii, MEIUIIMHI, TaK 1 HeTa-
TUBHUX, OB’ A3aHUX 13 3a0pYTHCHHSIM JOBKIJIJIS T
HaHECEHHSM 3arpo3H JKUTTIO Ta 3/I0POB’ 10 JIFOMUHN
1 BChOMY >KMBOMY Ha TUTaHeTi. MM MpOKHUBAEMO
B yMOBax O€3KIHEYHHUX BUIIPOMIHIOBAHb PI3HUX
BuaiB. [lpuponanuii panmianiiHuéi GOH NMPOHHU3YE
BCe, 110 XHUBe Ha 3eMJi Ta ii Haapax. Tomy ciina
NMPaBWIBLHO PO3YMITH, IO Take pamiamis. Mai

=F(tg(|)q —tg¢¢,) =F
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JI03H PaIil0aKTUBHOTO BUITPOMIHIOBAHHS O€3IICUHI,
MIEPEHOCATHCS JTIIOAMHOI0 0€3 KPUTUYHUX HACIIJI-
KiB, BEJIMKI JTO3M pajiallii, Ha jkajb, MOXYTb IPH-
3BECTH 10 HETaTUBHUX HACIIIKIB.

BuBueHHst aroMHOi Ta saepHOi (i3HKH Mae
BEJIMKE 3HAYEHHsS /IS CTYICHTIB, aJpKe CIIpHsE
(hopMyBaHHIO Y HUX (PyH/IaMEHTY Cy4aCHUX TEXHO-
JIOT1#, CHEPTEeTHKH Ta MEJUIIMHH, TO3BOJISIE 3aCBO-
it 0a30Bi 3aKOHW TPUPOAH: CTPYKTYpYy Marepii,
€HEepreTHYHI MPOIECH, B3AEMOIII0 YAaCTHHOK, IO
€ OCHOBOIO UIsl pO3yMiHHS Bijl OyIOBH aTOMiB 10
I00aBHUX SBUII, TAKUX SK TEPMOSJIEPHI peax-
mii. TakoX 1€ € BaXJIMBOIO JIAHKOK y (opmy-
BaHHI y 3700yBaviB OCBITH LUIICHOTO MONISALY Ha
MIKPOCBIT, YSIBJICHHS PO (Pi3UUHYy KapTHHY CBITY,
SIK OCHOBY IIUTICHOCTI Ta PI3HOMAHITTSI IPUPOIH.
[Ipote, sikIO0 BUBYEHHS IHIIKX obnactelt (i3uku
npocTime 3a0e3NnedynTH TMPOBEACHHSIM eKCIepu-
MEHTIB 3 BIJMOBITHUX T€M, TO Y BUIIQJKy aTOMHOT
Ta sA7epHOi (PI3UKH IIe 3aBKIu HpoOIeMaTHdHO.
Tomy po3B’s3yBaHHs 3agad 3 pO3AUTy «ATOMHA
1 simepHa (i3uKa» JONOMOXE CTyAEHTaM YCBiIO-
MHUTH CyTHICTh Ta 3aKOHOMIPHOCTI SIBHIIIAa Pajio-
AaKTUBHOCTI, OCBOITH BMIHHS BH3HAYaTH CKJIAJ Ta
XapaKTePUCTUKU aTOMHUX sIJIep, 3HAXOAUTH Macy
Ta €Hepriro 3B’s3Ky spa, siAepHUX peakiiil. Pos-
[JITHEMO OCOOJIMBOCTI PO3B’SI3aHHS HACTYITHOT
3ajadi.

3agaya. 3anuiuiTh y pO3TOPHYTOMY BHII
sepHy peakuiio JF(p,a)'O Ta 3Haiinite ii
S€HEepreTHYHHIA BUXII.

3anuiieMo piBHSHHS SCPHOT peakilii B 3araiib-
HOMY BUTJISIIIL:

19 1 4 16
o+ ,p— ,He+ (0.
Eneprernunuii Buxij peakuii piBHUI:
0=Amc’.

Eneprernunuii Buxin peakuii Bu3HauuMo ¢op-
MYJIOIO:

0 =Amc*,

ne Am — pi3HMIS MK MacaMd YacTHHOK JI0 Ta
micns peakuii; ¢=3-10° M mBuakicts csitna
y BaKkyyMi. ¢

PizHunsg nedextiB Mac niBoi Ta mMpaBoi YacTHH
peaxii piBHa:

1 4 16
Amzmlgp +,p—,He— 0.
Tomi:
— _ _ 2
0= (mlgp +m|,p My, mlga)c .
[Ilo6 Bu3HaumTu eHeprito B MeB, ocranHiO
dbopMyIy 3anHMIIEeMO TaK:

Q=931,5-(m13F +ml|p—m£,He—m1§O).

BpaxoBytoun, mo m, = 18,998403 a.o.m.,
m = 1,00783 a.o.m., m, ., = 4,00260 a.o.m
m,_~ =15,99491a.0.m, opmepxumo Q =8,1MeB

Mg
a6o 0=1,3-10" Jix.

BucnoBku. Po3B’s3aHHs 3amaq 3 Qi3uku mae
BEJIMKE TMpaKTUYHE 3HaueHHsA. BoHO mo3BoOIISIE
3aKpIMUTH TEOPETHYHUN Marepiall, CHpPUSIOUYH
(bopMyBaHHIO HOBUX TIOHATH Ta CB1IOMOMY 3aCBO-
€HHIO (DI3UYHUX 3aKOHIB, 3HAHOMHTH 3/100yBadiB
OCBITH 13 MPAKTHYHUM 3aCTOCYBaHHAM (PI3UYHUX
3HaHb, HABYUTHUCS CIIJyBaTH JOTIYHUM OTepa-
IisIM JUIsl BUPIIIEHHS MpodeciiiHo OpieHTOBaHOi
nmpo6yeMu, BUOYAOBYBaTH MaTeMaTH4HI MO
JUIS  TIOJANBIIOTO BUPIMIEHHS CHTYaliiHOTO
3aBIaHHA. AHAI3 Ta PO3B’sA30K (I3MUHHUX 3a/1aq
JIO3BOJISIIOTH 3PO3YyMITH Ta 3amam’siTaTH OCHOBHI
3aKoHU Ta (Gopmynu 3 (i3HKH, CTBOPIOIOTH YSB-
JICHHS TIPO 1X XapaKTepHi 0COOIMBOCTI Ta MEXi
3aCTOCYyBaHHS, pO3BHMBAE JIOTIYHE MUCIICHHS,
KMITJIUBICTh, TBOPUY (paHTa31t0, yMiHHS 3aCTOCO-
BYBATH TEOPETHYHI 3HAHHS JUISI TIOSICHEHHSI SIBUIIL
IPUPOIH, € HAWKpAIIUM KPUTEPIEM OI[IHKU IVIH-
OMHU BUBYEHHS MMPOTPaAMHOTO Marepiainy Ta Horo
3aCBO€EHHS.
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OCOBJIMBOCTI ITPOBEJAEHHSA TABOPATOPHUX 3AHATDH 3 JOCILII’KEHHA
PE3OHAHCHUX ABUI YV EJIEKTPUYHUX KOJAX 3MIHHOI'O CTPYMY

Cyuacnuii eman po36umxky 0Ceimu Xapaxmepu3yemvcsi WUpoKUM 61po8AONCCHHAM Y Npoeciiiny nedazoziuny Oisiib-
Hicmb IHpopMayiiHuX mexHono02itl, AKi 3a0e3neuyrms 8UXio cucmemu 0C8IMuU Ha AKICHO HOBUIL PIBeHb 30 PAXYHOK egex-
MUBHO20 GUKOPUCIAHHSL €IeKMPOHHUX OCGIMHIX pecypci6. 3poCcmanus WeUOKoCmi 3MiHU HAYKOMICMKUX MEXHON02IU
V eanysi enexmpoHiKu 6U800UMb HA NEPULUL] NIAH HeOOXIOHICMb peanizayii maKkoeo HA8UANHS eleKMPOMEXHIYHUM OUCYlU-
RATHAM, 3MICT SIKO20 NOJNA2AE He MAK Y Nepedayi 3HaHb, d K Y Ni020MOSYi 6UNYCKHUKIE YHIGepCUMemis 3 NEPEaANCHOI
opieHmayieio Ha po3BUMoK 8UCOKoi npoghecitinoi komnemenmnocmi. Busyenns ocHos eneKmpoHiKu € Ha036UYALHO 8AiC-
UGUM 01 MAUOYMHIX 6YUmMeNie, 0COONUBO Y CYHACHOMY CEIiMmi, Oe MeXHON02TT WBUOKO PO3BUBAIOMbCS | AKMUBHO THmMezp)-
tombcs 8 ocgimuitl npoyec. Maubymuiii guumens, 3HAUOMUL 3 OCHOBAMU E1EKMPOHIKU, Kpauje OPIEHMYEMbCA Y CYUACHOMY
mexniuHomy cepedoguwyi. Lle dozeonac tiomy po3ymimu npuHYUnY pooomu eneKmpoHHUX HPUCIPOIB, AKI GUKOPUCTOBY-
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10MbCst 8 0CGIMI (HANPUKAAOD, THMEPAKMUBHUX OOULOK, 1AOOPAMOPHO20 0ONAOHANHS, KOMN TOMEPIB), BUKOPUCTOBYE8AMU
mexHono2ii 0115 Ni0GUWeHHs eqheKMUBHOCME HAGUAHHSL.

Enexmponika € sadciusoro cknaoosor STEM-ocsimu. MaiiOymui eyumeni, sxi 60100i0mb 0CHOSaMU YIET OUCYUn.ii-
HU, MOJCYMb OP2aHi308Y8AMU YIKAGI 3AHAMMS 3 eleMeHmMamy pobomomexHiku, npocpamyeants abo KOHCMpPYI08aHHS
€NeKMPOHHUX CXeM, MOMUBY8AMU VYHI8 00 BUGUEHHA mexHiuHux Hayk. Haguuku pobomu 3 eneKmpoHiko Chpusioms
PO3BUMKY JIO2TUHO20 MUCTIEHHS | POSYMIHHS NPUYUHHO-HACTIOKOBUX 36 "A3Ki8, 30AMHOCHI 6UPTULY8aAMU MeXHIYHI npoonemu
ma 3acmoco8y8amu 3HAHHs HA NPAKMULYI.

Cyuacnuii guumens noguHer Umu 6 HO2Y 3 YACOM i 3HAMU, SIK 8UKOPUCHOBY8AMU HOBI eleKMPOHHI IHCMpYyMeHmu
ma npucmpoi. Hanpuxaao, suxopucmannsa Arduino yu Raspberry Pi 013 npogedenns inmespoeanux ypoxis, HaGUaHHs
VUHIB CIBOPEHHIO NPOCMUX eIeKMPOHHUX NPOEKMI6. Buumeni, aKi 60100i10Mb 0OCHOBAMU €NeKMPOHIKY, OiTbll YIHHI HA
DUHKY Bpayi, OCKINbKU MOJICYMb GUKOHYS8AMU He Julle 0C8imHIo, ane i mexniuny gyuxyilo. Bonu 30amui eecmu ghaxyno-
mamusu, 2ypmku abo cneykypcu, nog s3ami 3 CyuachHumu mexuono2iamu. bazosi 3nauus enexkmpoHiku 003601:A10Mb GUKILA-
damu npaguna Oe3neyHo2o UKOPUCMAHHS eleKmponpuiadis, 3anobicamu Hebesneyi ma pozeusamu y dimet cgioome
cmasnentsi 00 poboOmu 3 MEXHIKOI.

Kntouogi cnosa: pezonanc cmpymis, pesonanc nanpye, akmusHuil onip, iHOYKMuGHUI ma EMHICHULL ONip, eneKkmpuye
Kono.
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FEATURES OF CONDUCTING LABORATORY CLASSES ON THE RESEARCH
OF RESONANCE PHENOMENA IN ELECTRICAL CIRCUITS
OF ALTERNATING CURRENT

The modern stage of education development is characterized by the wide introduction of information technologies
into professional pedagogical activity, which ensure the education system reaches a qualitatively new level due to
the effective use of electronic educational resources. The increasing speed of change in science-intensive technologies
in the field of electronics brings to the fore the need to implement such training in electrical engineering disciplines,
the content of which is not so much in the transfer of knowledge, but rather in the preparation of university graduates with
a predominant focus on the development of high professional competence. Learning the basics of electronics is extremely
important for future teachers, especially in today s world, where technology is rapidly developing and actively integrated
into the educational process. A future teacher who is familiar with the basics of electronics is better oriented in the modern
technical environment. This allows him to understand the principles of operation of electronic devices used in education
(for example, interactive whiteboards, laboratory equipment, computers), to use technology to improve the effectiveness
of education.

Electronics is an important component of STEM education. Future teachers who know the basics of this discipline can
organize interesting classes with elements of robotics, programming or designing electronic circuits, motivate students
to study technical sciences. The skills of working with electronics contribute to the development of logical thinking
and understanding of cause and effect relationships, the ability to solve technical problems and apply knowledge in
practice.

A modern teacher must keep up with the times and know how to use new electronic tools and devices. For example, using
Arduino or Raspberry Pi for integrated lessons, teaching students to create simple electronic projects. Teachers who know
the basics of electronics are more valuable in the labor market because they can perform not only an educational but also
a technical function. They are able to conduct electives, groups or special courses related to modern technologies. Basic
knowledge of electronics allows you to teach the rules of safe use of electrical appliances, prevent danger, and develop
a conscious attitude to work with technology in children.

Key words: resonance of currents, resonance of voltages, active Lpir, inductive and capacitive resistance, electric
circuit.

AKTyajabHicTh npodiaemu. CydacHi JiTH HaJA-  BU3HAYAJIBHUM KOHKYPEHTOCTIPOMOXKHICTh BHUITYC-
3BHYAIHO PAHO CTHUKAIOTHCS 3 CJICKTPUYHUMH SIBU-  KHHKIB Ha PUHKY Tpalli.
[IaMH Ta eJICKTPOTEXHIYHUMU MPUCTPOSIMH: OCBIT- OCHOBH €IIEKTPOTEXHIYHOI IiIrOTOBKH Oaka-
JIOBAJIbHUMM Ta HarpiBaJIbHUMU TPUCTPOsSIMHU,  JaBpiB rany3i 3Hanb 01 ocsita / Ilemarorika,
3aco0aMu I TIPUTOTYBaHHS TKi, 3 enekrpudiko-  cnerianbHOCcTi 014.15 Cepennst ocsita (IIpupon-
BaHUMHU IrpallIKaMu, K1 iX HalOUIbIIEe HIKABISATh.  HUYl HAayKH), 32 OCBITHBOIO mporpamoro Cepenns
ToMy BUBYCHHSI OCHOB €JICKTPOHIKH € BXJMBHUM  OcBiTa. [lpupomanui Hayku BoiwHCBKOTO Hari-
€JIEMEHTOM ITiITOTOBKH CyYaCHHX MEJaroris, aJykeé  OHAJbHOTO YHiBepcuTery imeHi Jleci Ykpainku
e Jae iM 3Mory OyTH iHHOBAIliIWHUMH, TEXHIYHO  3aKJIQJAlOThCsl y TIPOIECi BUBYCHHS OCBITHBOTO
IrPaMOTHHUMHU Ta e(peKTUBHUMHU y BUKJIafaHHl. Taki  koMmroHeHTy «OcHOBU enekTpoHikm». Lleit kypc
3HAHHS CIPHUSAIOTH HE JIMIIE MpodeciiHOMYy 3poc-  Mae Ha MeTi O3HAHOMUTH 3700yBadiB OCBITH
TAQHHIO BUUTENS, ajl€ i PO3BUTKY CydyaCHUX Y4HIB, 3 OyIOBOIO, KIIOYOBHUMH (PI3UYHUMH MPUHIUIAMH
SIK1 )KUBYTb y CBITiI TEXHOJIOTIH. po0OTH Ta MPAKTHYHUM 3aCTOCYBaHHSM HAITIBIIPO-

Merta gocaizkeHHsI — Ha OCHOBI pO3pOOJCHUX  BIJIHMKOBHUX MPUJIAJIIB Ta €JICKTPOHHUX MPUCTPOIB,
7abopaTopHUX poOIT PO3MITHYTH OCOOJUBOCTI  CTBOPEHUX Ha X OCHOBI. CTyICHTH MatOTh MOXKITH-
BUBYCHHS SIBHILA PE30HAHCY CTPYMIB Ta HANPyr  BICTh BUBYMTHU CJIEMECHTH Cy4acHOI aHAJIOTOBOI Ta
B CJICKTPUYHHX KOJAaX 3MIHHOTO CTPYMY. U POBOT CIIEKTPOHIKH, a TAKOK OCHOBHI KOHIIETI-

Buxiax ocHoBHoro marepiany. l[onoBHoro  wmii Ta cxemu, 1m0 3a0e31meuyoTh poOoTy HUuppPOBUX
TEHJICHIIIEI0 PO3BUTKY TPOMHCIOBOCTI B JIAaHWUH  pajio-, TeJe- Ta KOMIT FOTEPHHUX CHCTEM, i O3HAHO-
4ac € CTPIMKE 3pOCTaHHS KIJIBKOCTI €JIEKTPUYHUX  MUTHUCS 3 TCHICHIIEIO X PO3BUTKY.
Ta €JICKTPOHHUX CHCTEM, a TAKOX cep X BUKOpHU- BuBuennss kypcy «OCHOBH EJIEKTPOHIKI»
CTaHHs. Yci 0e3 BUHATKY TaJly31 HAPOJHOTO TOCIO-  Mepe0aueHo Ha JIPYroMy polli HaB4aHHS (Tpe-
JapCTBa BUKOPHUCTOBYIOTH Y MPOIIECi pOOOTH €JIeK-  Tilk ceMecTp). AyAUTOpPHY YacCTHHY TUCITUILTIHH
TPUUHY €HEpPTilo, TOMY SIKICHA MiITOTOBKA 3 OCHOB  TPaJAULIHHO (OPMYIOTh JIEKILIHI 3aHATTS Ta
SJICKTPOHIKM MaiOyTHIX MpaIiBHUKIB y Mporeci  JrabopaTopHi poboTH, pemra vacy (mopsaky 3/5
HaBuaHHs B BH3 € HeBil’eMHUM €IeMEHTOM iXHBOT ~ BiJl 3arajbHOro oOCATy TOAMH Ha KypcC) BHILIIS-
mpodeciifHOT KOMITIETEHTHOCTi, Oe3MmocepeHb0  €ThCS Ha CaMOCTiHY poOoty cTymeHTiB. Came
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HANOUIBII BaXXJIMBUM acCIEKTOM IPH BHUBUYCHHI
JTAHOTO OCBITHBOTO KOMIIOHEHTa € BUKOHAHHS
nmabopaTopHUX pOOIT, HA SKHUX 37100yBadi OCBITH
HaOyBalOTh HaBUKU POOOTH 3 €JEeKTpoOoOIIaTHaH-
HAM Ta KOHTPOJHHO-BUMIPIOBaJIbHUMH IPHJIA-
JlaMu, AKi € HeoOXiTHUMHU B MaiiOyTHiH podeciii-
HiN OisUIBHOCTI.

BuBueHHs pe3oHaHCy CTpyMiB 1 Hampyr
€ BHHATKOBUM pe3yJdbTaTOM MJii CTYIEHTIB,
OCKUIBKM II€ CHpHUS€ PO3yMIHHIO HUMHU OCHOB
po0oTH eneKTpU4YHHuX cucTeM. PezoHaHc € QyH-
JTAMEHTAJIbHUM SIBUIIEM y 0ararbox eJIeKTpud-
HUX 1 EJIGKTPOHHHX CHCTEMaxX, BKJIIOYAIOUH
reHeparopu, QiapTpu, MepeaaBaibHi JiHIT Ta
anTeHu. JlaHe sBUINE AKTUBHO 3aCTOCOBYETHCA
B PaJIOTEXHIYHUX TPUCTPOSX, OCHOBOK SKUX
€ KOJIMBaJIbHI KOHTYpPHU — €JIEKTPUYHI CXEMH, L0
BKJIIOYAIOTh KOTYHIKY I1HAYKTMBHOCTI Ta KOH-
JeHcarop. SIKIIo peakTUBHI €IeMEHTH 3’ €IHaHi
MOCTIJOBHO, KOHTYP Ha3WBaIOTh MOCIIJIOBHUM,
a y BUNAAKY IapajieilbHOTo 3’€IHAHHS — Mapa-
nensHuM (Kepmmn, 2018).

[HAyKTUBHUE Ta €MHICHUH OIOpH B KOJi
3MIHHOTO CTPYMY MOXYTh IIOBHICTIO KOMIIEH-
CyBaTl OIWH OIHOTO, IO NPHU3BOAMTH O PE30-
HAHCY B KoJIi. Y CTaHi pe30HaHCy OIip KoJa CTae
BUKJIIOYHO aKTUBHHM, Hampyra i cTpym mepeOy-
BaloTh y (asi, a Koe(ilieHT MOTYKHOCTI cosp=1.
PezoHanc MokHa JOCATTH, 3MIHIOIOYM YacTOTY
JoKepena, 1HIyKTHBHICTb, €MHICTh a00 iX MO€.-
HaHHA. KyToBa yacToTa ®, 3a SKOi BUHUKA€E Pe3o-
HAaHC, HA3MBAETHCS PE30HAHCHOK a00 BIIACHOIO
KyTOBOIO 4acTotor o, (Kesumun, 2021).

Pe3onaHc Hampyr BHHUKa€ B TIOCIiIOBHOMY
RLC-koHTYpi, KOJIH 4aCTOTa ® JKepelia KUBJICHHS
JIOPIBHIOE PE30HAHCHIM YacToTi 0, (puc. 1).

f v
R I C
e

—

- -
L’

U
Puc. 1. IocaigoBHe 3’¢THAHHSA AKTHBHOTO
Ta peaKTUBHHUX ONOPiB

Ly Ue

VY upomMy BUNAJAKY 1HAYKTUBHUN Ta €MHICHUN
onopu (X, Ta X.) piBHI 32 BEJIMYMHOIO, AJI€ TIPOTH-
JIC)KHI 32 3HAKOM, TOMY iX CyMa, TOOTO PeaKTUBHHIA
OITip, CTa€ HYJIbOBOKO:
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X=X,-X.=0.
Ockinpkn X, =l ,a X, =——, T0:
oC
1
o,L = .
®,C

OTxe, pe30HaHCHA YacToTa Oyzie piBHA:

Hanpyru Ha xoTtymi UL 1 Ha xonyencaropi U
nepeOyBaroTh y ipoTHdasi Ta B3aEMHO KOMIICHCY-
10ThCS (puc. 2).

UL
Ur=U ¢@=0,cosqp=1.
v(’]('

Puc. 2. BektopHa giarpama
NPHU Pe30HAHCI HANIPYT

IToBHMIi omip KOHTYpPY 3BOAMTHCS 10 aKTHBHOTO
oropy R, mo mpu3BoauTh 10 3pOCTaHHS CTPyMy
B KOHTYpI Ta 30UIbILIEHHS HAIIPYT'H HA HOTO eJIeMEeH-
Tax. 3akoH OMa JuIs ITbOTO BUIAAKy HaOyBae GopMHU:

SIKI110 aKTUBHUH OMip 3MEHIITYETHCS, CTPYM MOXKE
3HAYHO 3POCTH, a 31 30UIBIIEHHAM R CTpyM 3MEHIITy-
€ThCH, IO Mocadmoe edekt pezoHancy (puc. 3):

I R.<R,

|
[ ]
'
\

Y

@

Puc. 3. Burisiy pe30HAaHCHMX KPMBUX NPH Pi3HUX
3HAYEHHAX AKTUBHOTIO OIOPY.
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IIpu pesonanci nanpyru U, i U, MOXyTb 3Ha4HO
NIEePEBUIIlYBaTH HANpyry JDKEpesa >KUBJIEHHS, IO
CTBOPIOE PHU3HMK MOUIKO/KEHHS KOHTYpy (CmiBak,
2020).

Pe3zonanc cTpymiB croctepiraerbcs B Tmapa-
nensHOMY RLC-Koui, e KOTyIIKa 3 pe3ucTopoM
1 KOHZICHCaTOp 3’ €THaHI MapanensHo (puc. 4).

o

Puc. 4. ITapanenbHe 3’€IHAHHS AKTUBHOTO
Ta peakTHUBHUX OMOPiB.

VY 11pbOMy BHIAJKY, i/l Yac PE30HAHCY €EMHICHA
Ta 1HJAYKTUBHA TIPOBIAHOCTI CTAIOTh PIBHUMHU:

Abo:

- ®,L
o - 1
o \/E .

Sx BUmHO, hopMyna sl pe30HAHCHOT YacTOTH
aHaJIOT1YHA JI0 TI€T, 1110 3aCTOCOBYETHCS y BUMIAAKY
PE30HAHCY HAIPYyTH.

BexropHa pgiarpama mpu pe3oHaHCI CTPyMIB
300paxena Ha puc. 5. [Ipu mbomy KoJ10 Bezie cede sk
TaKe, 1110 MICTHTh TiJIbKA aKTUBHUU OITip, a OOMiH
PEaKTUBHOIO €HEPTi€l0 BimOyBA€ThCSA TUTBKH MiXK
KOTYILIKOIO 1HAYKTUBHOCTI 1 KOHAEHCATOPOM, a Bif
TeHepaTopa B KOJIO MOCTYTIAE JIUIIE OIHA aKTUBHA
€Hepris, sKa MONIUHAETHCS AKTUBHUM OTIOPOM.

Ic I
K

41 X '. )
;/ I p=0,

Puc. 5. BektopHa giarpama
NpH pe30HaHCI CTPYMiB
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3cyB (ha3 MK MOBHUM CTPYMOM 1 Hampyroro
B KoJi piBHUU HymO (¢=0), BiAmoBigHO cos@=1.
CTpyM y HEpO3TajyXeHid IUISHIII KoJla MOXe
OyTH 3HAYHO MEHIINM 3a CTPYMH, L0 MPOTIKAIOTh
Y PO3TayKeHUX BITKaX, OCKIJIbKHU iXHI peaKkTHBHI
CKJIQ/IOBI 3HAXOIATHCS Y MPOTHda3i.

Jns npoBeneHHs 1a00paTopHOi podOTH 3 JOCTTi-
JOKEHHSI SIBUILA PE30HAHCIB B CICKTPUYHUX KOJIAX
3MIHHOTO CTPyMYy 3pYYHO BHKOPHCTaTH IaHENb
«JIinifiHl enexTpuYHi Koda», IO BXOAUTH [0
creHny «EnexrporexHika. OCHOBH €NEKTPOHIKH
YTJIE-01» (KeBmun, 2022). /laHa naHeIb MiCTUTh
Ha0Ip KOTYIIOK 1HAYKTUBHOCTI, KOHJCHCATOPIB Ta
AKTUBHUX OIOPIB Pi3HUX BEJIWYHH, IO JO3BOJISIE
MPOBOANUTH EKCIIEPUMEHTH MPH Pi3HUX 3HAYCHHSX
napaMeTpiB eJIeKTpUYHOro Kosia. MoxHa 3ampo-
MOHYBAaTH HACTYIHY IOCITIOBHICTh BHUKOHAHHS
nabopaTopHOi poOOTH JUIS TOCHIIKEHHS PEXUMY
PE30HAHCY CTPYMIB Ta HAINPYT.

IMopsitok BUKOHAHHS POOOTH ISl HOCJIi-
JPKeHHS PesKUMY Pe30HAHCY HANPYT.

1. 3ibpaTu cxeMy MOCIiJOBHOTO PE30HAHCHOTO
KOHTYpY, BiAmoBigHO 10 puc. 6. EnemenTtu koma
BUOMpATH 3 YMCIIa KOMIUICKTYIOUHX, 110 BXOISThH
no creHny «EnexrporexHika. OCHOBH eJEKTpPO-
Hiku YTJIE-01». 30BHIMIHIN BUIIAL CXEMH TOKa-
3aHO Ha puc. 7.

(D

Puc. 6. Cxema yCTaHOBKH JIJISI 1OCJI/IMKEHH S
Pe30HaHCYy HANPYT

2. Ilig’ennaiiTe eneMeHTH Kojia JO Peryibo-
BAHOIO JpKepesa cuHycoigHoi Hanpyru JDS6600.
BceraHoBiTh HanpyTy Ha BUXO[Il JUKEpeENa B MEXax
5...10 B.

3. BiamoBigHo 10 BMOpaHux 3Ha4yeHb L Ta C
TEOPETHYHO PO3PAXYBATH PE3OHAHCHY YACTOTY ).

4. 3MiHIOIOUM 4YaCTOTy JDKepena, MigoepiTh
PEKUM PE30HAHCY HAINPYT IO MaKCHUMaJIbHOMY
3HAYEeHHI CUJIM CTpyMy Yy Koui. [licis nporo 3HIMITh
e 1o m’sth 3ua4eHb i f=f +kA f, ne k=1-5, A
/=100 I'u. 3HIMITh NOKa3M MPUIAJIB Ta 3aHECITh
BiJINIOBi/THI 3HAYEHHS y TaOIUITIO 1.
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Puc. 7. 3oBHimHiil BUIIAL yCTAHOBKH VISl JOCJTIIMKEHHS PE30HAHCY HATIPYT

Hnst 3aITOBHEHHS CTOBIILIIB «O0umc-
JIGHO», BHUKOPUCTaWTe HACTymHi  (OpMYyIH:
1 1 1
0, =— , X = (,OL = 27[ 5 X == )
¢ JLc ¢ /L, Xe oC 2xnfC
Z:%, sin¢:%, R=Zcosd, S=Ul,

P=Scos¢=I°R, Q=Ssin¢

5. TlopiBHsiiTe Onep)KaHy AOCTIAHAM IUITXOM
PE30HAHCHY YacToTy f 3 PO3PaXOBAHMM TEOpe-
TUYHUM 3HAYCHHSM.

6. 3a manumu Tabmumi 1 moOynyiite rpadiku
sanexnocri (1), X (), X (), Z(f), S(f), P(f), Q().

7. 3’ennatu nocainoBHo 3 L ta C enementamu
aktuBHUH omip R. 3HimiTh 3anexHicts I(f) mpu
MOCTIMHIN Hanpy3i U ans OBOX Pi3HUX 3HAYCHb
R. IToOynyiiTe Ha ogHOMY TpadiKy IIi 3aJIEKHOCTI.

IMopsinox BUKOHAHHA POOOTH JJSl JOCJTi-
JAKeHHSI PesKUMY Pe30HAHCY CTPYMiB.

1. 3ibpaTtu cxemy IOCIiIOBHOTO PE30HAHCHOTO
KOHTYpY, BIiINOBiMHO 10 puc. 8. EmemenTn kona
BUOMpATH 3 YHCJIa KOMIUICKTYFOUYHX, IO BXOSTh
no crenny «EnexrporexHika. OCHOBH elEKTpoO-
Hiku YTJIE-O1». 30BHINIHIN BUITSIT CXEMH TOKa-

ole

Puc. 8. Cxema ycTaHOBKH IJIs1 JOCJIIAKEHHS
Pe30HaHCy CTPYMIB

3. BignosinHo no BuOpanux 3HadeHb L ta C
TEOPETU'HO PO3paxyBaTH PE3OHAHCHY HACTOTY O

4. 3MiHIOIOUM YaCcTOTy JKepena, MigoepiTh
PEeXHUM PE30HAHCY CTPYMIB IO MIHIMAJIbHOMY 3Ha-
YeHHI CHIIM cTpyMy y Koui. Ilicis 1poro 3HIMITH

b — —

e 1O I’ ITh SI.Jat{eHB VTS f—]? e3ﬂ:kA f, e k—l-5., A
/=100 I'. 3HIMITh MOKa3M NPUIIALIB Ta 3aHECITH
BIJINTOBIJIHI 3HAYEHHS y TAONHIIO 2.

Jls1 3anioBHEHHS CTOBIIIIB «O0YNCIICHOY, BUKO-
1 1

ucraiTte HactynHi dopmyau: B.=—=——,
3aHO Ha puc. 9. P Y bopay ° X, oC
2. Ilix’ennHaiiTe eMeMEHTH KoJIa JI0 pPeryibo- Y = 1 = 1 , = % , B=-B, +B.,
BaHOTO Jpkepena cuHycoinnoi Hanpyru JDS6600. zZ U R™+ X,
BceranoBiTh Hanpyry Ha BUXO[I JDKEpelia B MeKax =— R _, ¢=arclg —B, + B,
5...10 B. R +X; G
Tabmuig 1
Bumipsino O0uncieHo
UB | fiIn LA | U.B| U.,B| ZOm [X.,0m] X, Om ] S,BA | P,Br | Q BAp
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Puc. 9. 30BHilIHili BUIVIA YCTAHOBKH JJIs1 AOCJI/IXKEHHSI Pe30HAHCY CTPYMIB.

Tabmuig 2
Bumipsino OouuciIeHo
B, B, B, G,
U,B S, Tu LA o A oA Owm! Owr! On Om! Om! J

5. 3a pmanumu Tabmuui 2 noOyayiTe B OAHIM
cucteMi KoopAauHar Tpadiku 3anexHocTi I(f),
1.(), L().

BucHoBku. Y maHiif cTarTi poO3MISHYTI OCO-
OMMBOCTI MpPOBENEHHS JabOpPaTOPHUX 3aHSThH
3 Kypcy «OCHOBH €NEKTPOHIKW» TP BHBYCHHI
SIBUILA PE30HAHCIB B €JNEKTPUYHUX KOJaX 3MiH-
HOTO cTpyMy. Takuii BHUI ayIuTOpHOI pPOOOTH
3100yBadiB OCBITU € BaKJIMBUM €TallOM IIpaK-
TUYHOTO OCBOEHHS TEOPETUYHHX OCHOB €JIEKTPO-
Hiku. [IpoBeaeHHs 1abopaTOpHUX 3aHATH Ma€ CBOT

0COOJIMBOCTI, 5Kl 320€31eYyI0Th €()eKTUBHE 3aCBO-
€HHA Marepiany: (popMyBaHHS NMPAKTUYHUX HABU-
YOK BUMIPIOBaHHS MapaMeTpiB €JIEKTPUUYHUX KiJ,
PO3BHUTOK yMiHb aHaJi3yBaTH Ta 1HTEPIPETYBATH
pe3yabTaT €KCIEPUMEHTIB, MOIIMOICHHS 3HaHb
Mpo TMapaMeTpu PEe30HAHCHUX Kil (IOOPOTHICTH,
yacToTa pe3oHaHCy). Pesynpratu npoBeneHux
JOCITIDKEHh MOXKYTh 3HAWTH 3aCTOCYBaHHS ITiJ
yac BHUKJIaJaHHS Kypcy «OCHOBH €JIEKTPOHIKN»
a00 IHIMMX TEXHIYHUX IUCIUILUIIH Y 3aKiajgax
BUIIOI OCBITH.
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EKCIIEPUMEHTAJIBHI 3AJAYI B CTPYKTYPI IPAKTUYHUX 3AHATD
YHIBEPCUTETCBKOI'O KYPCY ®I3UKH

Iowyk onmumanvHoi Mooeni npoeedeHHs NPAKMUUHO20 3aHAMMSA 3 i3uKy 8 yrisepcumemax, € axmyanvHum. Cnu-
parnuucs Ha bazamopiunuil 00cei0 agmopis 3 suxkiadanna Qizuxu ¢ 3BO, ModcHa cmeeporcysamu, wo eKChepumMeHma-
MOpCcuKi 6MinHs 3000y8ayie ocsimu nompedyioms e0ockonanenus. Tpaouyiina nobyoosa oceimuvozo npoyecy ¢ 3BO
nepeobauae po3eUmMoK yMinb ma HABUYOK, Ki He0OXIOHI cmydenmy O 30ilCHEeHHs. eKCNePUMEHMATbHUX O0CTIONHCEeHD,
nio uac 6UKOHAHHI 1AOOPAMOPHUX podim, de, y OLIbWOCME BUNAOKIS, 11020 OIILHICMb € PERPOOYKMUBHOK, addice 8i00Y-
8a€MbCA BIONOBIOHO 00 3ANPONOHOBAH020 UOMY aleopummy. Yeniuino peanizyeamu 8i0NOGIOHI NPOSPAMHI pe3yabmamu
HABYAHHS OONOMOHCE BUKOPUCIAHHA eKCHEPUMEHMATbHUX 3a0at Y CIPYKIMYPI NPAKMUYHUX 3ausamo. Bukopucmannsa exc-
NepUMEHMANbHUX 3a0ay He 3aMiHAEC NPOBe0eHHs N1aDOPAMOPHUX pobim i po36 'a3y8aHHA 00UUCTIOBANLHUX 3a0aY, d € iX
KpeamugHum 0OnOBHEHHAM.

Memoro pobomu € nokazamu, wo 6nPOBAVIICEHHs. eKCHEPUMEHMATLHUX 3a0ay Y CHPYKMYPY NPAKMUYHO20 3AHMMs
003607151€ NePesipUmMU MeopemuyHi MeepoNCeH s eKCREPUMEHMATLHO, CIEOPUMY NPOOIEMHY CUMYaYilo Ha 3aHAMMSX,
pozsusamu meopye mucienns 30, noxkazamu peaibHicnms ma 0OIPYHMOBAHICIb KOHKPEMHUX YUCIO08UX 3HAYEeHb (pi3uu-
HUX 8enuyuH, AKi Hagedeni @ ymogi 3adayi. Hosusnoio yiei pobomu € idesi 3acmocysants excnepumeHmanbHux 3a0ay npu
NPOBeOeHH] NPAKMUYHUX 3AHAMb 3 QI3UKU 8 YHIBEPCUMEMCLKOMY KVPCI.

3oxpema, 3anpononogano excnepuMenmanbhi 3a0ayi 3 MeXanixu ma MOAeKYIAPHOI i3uKu, AKi YCniuHo MOXCHA
BUKOPUCINOBYBAMU NPU NPOGEOEHH] NPAKMUYHUX 3AHAMb, NPOOEMOHCMPOBAHO X HAYKOBI Ma OUOAKMUYHI QyHKYIL.
Poskpumo zmicm npakxmuuno2o 3aHamms 3 6UKOPUCIIAHHIM eKCHEPUMEHMATbHUX 3A0ay, HA8e0eHO NPUKLAOU eKche-
PUMEHMATLHUX 300aY.

Buoineno nepegacii No€OHAHHA NPAKMUYHUX 3AHAMb 3 eKCHEPUMEHMATbHUMU 3A0AUaMU; AKMUBHE HAGYANHS, PO36U-
MOK NPAKMUYHUX HABUUOK, RO2TUOTEHHS PO3YMIHHA, PO3BUMOK OOCTIOHUYLKUX HABUUOK, NIOGUIYeHHs THmepecy 00 Qi3uKu.
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3azanom, excnepumenmanvHi 3a80aHHA € HEBI0 EMHOI0 YACTNUHOIO HABYAHHA Qi3uku. Bonu nocouyiome meopiro
3 NPAKMUKOI0, pOOIAYU NPOYeC HABYAHHS eeKMUBHITUUUM.

Kntouogi cnoea: excnepumenmanvha 3a0aua, npaxmuyHe 3aHAMmMA, MeXaHika, MONeKVIApHA Qi3uka, npobremHa
cumyayis.
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EXPERIMENTAL PROBLEMS IN THE STRUCTURE OF PRACTICAL CLASSES
OF THE UNIVERSITY COURSE OF PHYSICS

The search for the optimal model of conducting a practical lesson in physics at universities is relevant. Based
on the authors’ many years of experience in teaching physics in higher education institutions, it can be argued that
the experimental skills of students need to be improved. The traditional structure of the educational process in higher
education institutions involves the development of skills and abilities that a student needs to conduct experimental
research during laboratory work, where, in most cases, his activity is reproductive, because it occurs in accordance
with the algorithm proposed to him. The use of experimental problems in the structure of practical classes will help to
successfully implement the relevant program learning outcomes. The use of experimental problems does not replace
laboratory work and solving computational problems, but is their creative addition.

The aim of the work is to show that the introduction of experimental problems into the structure of a practical lesson
allows: to verify theoretical statements experimentally; to create a problem situation in the lessons, to develop creative
thinking of the subject; to show the reality and validity of specific numerical values of physical quantities given in
the problem condition. The novelty of this work is the idea of using experimental problems when conducting practical
lessons in physics in a university course.

In particular, experimental problems in mechanics and molecular physics are proposed, which can be successfully used
when conducting practical lessons, their scientific and didactic functions are demonstrated. The content of a practical
lesson using experimental problems is disclosed; examples of experimental problems are given. The advantages
of combining practical lessons with experimental problems are highlighted: active learning, development of practical
skills, deepening of understanding, development of research skills, increasing interest in physics.
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In general, experimental problems are an integral part of teaching physics. They combine theory with practice, making

the learning process more effective.

Key words: experimental problem, practical lesson, mechanics, molecular physics, problem situation.

AKTyaJbHicTh NpodJieMd. 3TiHO HaBYAIIb-
HOTO IUJIAHY YHIBEPCHTETCHKUI KypC 3arajbHOi
(bI3UKU peasizoBYEThCS HA JICKIIHHUX, TMPAKTHY-
HuX Ta nadoparopuux 3aHATTIX. (HHOTI, 2024).

Ha maGoparopHux 3aHATTSIX CTYIEHTH 3100yBa-
I0Th 1 BJOCKOHAJIIOIOTh €KCIEPUMEHTAIbHI HaBU-
YKH, MPAIIOIOTH 13 (hi3MuHUM oONnagHaHHIM. BoHN
BYATHhCS OTPUMYBATH €KCIICPUMEHTAIBHO YHCIIOBI
3HaYCHHS (DI3UYHHUX BEIMYWH, TIEPEBIPATH CIIpa-
BEJUTMBICTh (PI3UYHUX 3aKOHOMipHOCTEH. 3100y-
Bad ocBiTH (30) MOYKE BUKOPUCTOBYBATH 1HCTPYK-
LII0 10 BUKOHAHHA JJaboparopHoi poboTH. Y Hiil
MOZIAHO TEMY, METY, OO JHaHHS, 3aB/IaHHS, TeOpe-
THYHI BIJIOMOCTI, ONKC TPUIIAIiB, MOPSTOK BUKO-
HaHHS poOOTH, KOHTPOJIBHI 3anuTaHHs. [Ipu BuKO-
HaHHI J1abopaTopHOi pOOOTH CTYACHT Ji€ 3TiHO
3alPOMIOHOBAHOTO HOMY aJITOPUTMY, MPAKTUYHO
HE MPOSIBIISIIOYH TIPU IIbOMY TBOPYOCTI.

Ha mpaktrmunux 3assarrax 30 3aKpiluTioroTh,
OTpUMaHi Ha JIEKLisAX, 3HaHHS (I3UYHUX 3aKo-
HIB 1 BJIOCKOHAIIOIOTH 3/IaTHICTh 1X MPAKTUYHOTO
3acTocoByBaHHs. Po3B’si3yBaHHs (i3UMYHUX 3a7ad
€ OCHOBOIO BHMBUEHHS KYypCy 3arajbHOI (i3HKH.
CTyneHTH aHaNli3YyIOTh SBHUINA Ta MPOIECH, BU/II-
JISTIOTh OCHOBHI (paKTOpH, SKi iX 3YMOBIIOIOTE.
Koxna ¢i3nuna 3amaua Mae MOJENbHE BIJHO-
IIEHHS 10 MIMCHOCTI, sika Habararo cKiIaiHiIa,
OararorpaHHiiia, HiX 1€ oJaHo B ii ymoBi. Tomy
BCAKY (I3WYHY 3a7a9y MOKHA PO3IVISIATH SK
MoJienb peaibHoro npouecy (I'onosina, 2021). Ha
IO ICTUHY BUKJaJgad MMOBHHEH 3aBXKAM 3BEPTATH
yBary CTYyACHTIB, aHANi3ylOUd YMOBY OUIBIIOCTI
3amad 3 (i3uKy.

VYenmimHo peanizyBaTd BIANOBIAHI HpOrpamMHi
pesynbrat HaBuanHa (OIIIl, 2024) momomorke
BUKOPHCTaHHS y CTPYKTYpi MPAaKTUYHUX 3aHSTh
eKCIIEpPUMEHTAIHUX 33/1a4. BukopucTaHHsA eKc-
NEPUMEHTAJIbHUX 3a/1ad HE 3aMiHS€ MPOBEICHHS
nmabopaTtopHUX PoOOIT 1 PO3B’sI3yBaHHS OOYHCITIO-
BaJIbHUX 3aJ1a4, a € X KPEaTUBHUM JIOTTIOBHEHHSIM.
[Ticns moCTaHOBKHM 3aBIAHHS CTYyIEHTaM IIpo-
MOHYETHCS: PO3POOUTH TEOPII0 EKCIEPUMEHTY,
BHUBECTH PO3PaXyHKOBY (OpPMyIy; CKJIACTH ILJIaH
BHUMIPIOBaHb; 3/A1MCHUTH BHUMIPIOBAaHHS; BHKO-
HaTH OOYUCIICHHS TYKAaHOI BEIMYMHU; OOUUCITUTH
MOXMOKM; BKA3aTH IUIAXU IABHMIIEHHS TOYHOCTI
excniepumenty (KobGens, 2014). Bukopucranus
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EKCTIEPUMEHTAIbHUX 33/1a4 HE JIUIIE CIPHSE BJIO-
CKOHAJICHHIO EKCIIEPUMEHTATOPCHKUX HAaBHYOK,
ajie ¥ po3BUBAE TBOPYEC MUCIICHHS, aKTHBI3y€ Ii3-
HaBaJIbHY AISUTbHICTh CTYICHTIB.

ExcniepuMeHnTanbHi 3a1a4i CIIYTYIOTh TIPOTIeIe-
BTHKOIO JI0 BUKOHAHHA J1abopaTtopHuX poodit, abo
K PO3BUTKY C()OPMOBAHUX YMiHb | HABHYOK B TIPO-
1eci BUKOHaHHS J1aboparopuux poOit (CamoBuid,
2013).

TakuM YMHOM, TOUIYK ONTHMAaJIbHOT MOJEIi
MIPOBEACHHS TPAKTHYHOTO 3aHATTS 3 (Pi3UKH B yHi-
BEPCUTETAX, € aKTyaJIbHUM.

AHaNi3 ocTaHHIX JociigxkeHb i myOJikaiii.
Po0irt, sixi 0 po3misiiany MUTaHHS BUKOPUCTAHHS
EKCTIEpUMEHTAIBHHX 337124 Y BUIIIH IITKOJI1, SIK BUSI-
BUJIOCS, HE Tak 0arato. Y 1bOMY MUTaHHI BUT1IHO
BUIUIIETECS TTociOHUK (MimoBuy, 2012), y sskomy
€ maparpad npo ekcrepruMeHTalbHi 3a/1a4i, BU3Ha-
4YeHHs, iX Xapakrtepuctuka. «HaiOmmwkdoro 3a
CTPYKTYPOIO i 3MiCTOM JI0 HAYKOBOTO JIOCITi JPKEHHS
€ eKCIepuMeHTanbHa 3anada. lle 3amawa, s
PO3B’s13aHHS SIKOT HOTPIOHO CIIJIaHYBaTH 1 BUKOHATH
eKCIIEpUMEHTAIbHE TOCHI/DKCHHSA, a OTpPUMaHi
EKCIIEPUMEHTAIIbHI Pe3y/IbTaTi BUKOPUCTATH JUIS
pO3B’si3aHHS BIAacHE 3aj1a4i. BoHa € IPOMIKHOIO,
3’€JHYI0UOIO JIJAHKOIO MIXK J€MOHCTpPALIHHUM eKC-
MEPUMEHTOM 1 PO3PaXyHKOBHUMH 3aJadaMi, HaJa-
I0YM HAaBYAJILHOMY TpOIECY 3 (i3UKH CBOEPITHOL
cnerudikm». BunineHo sKicHI Ta KUTbKICHI eKcITe-
pUMEHTalbHI 3a1a4i. BiqmidaeTses, 10 po3B’s3y-
I04H EKCTIEPUMEHTAIbHY 3a71a4y, 37100yBadi OCBITH
HE TUIbKM 0avath, a i 3aCTOCOBYIOTH TEOPETUYHI
3HaHHS Ha TPAKTHIN, PO3YMIIOYH BaXKJIHBICThH
1 HeoOximHicTh (izuku. BogHouac BimMivaeThes,
IO TUAAKTUYHA POJIb EKCIIEPUMEHTAIBHUX 3a1a4
HE TIOBMHHA OyTH MEpeOiNbIICHO0, a HETOTIKOM
€ TeMaTH4Ha OOMEKEHICTh 1X 3MICTY.

VY crarti (KoGens, 2014) HaBeaeHo mpuKiIanu
EKCIIEPUMEHTAIFHOTO BHU3HAYEHHS CHUJIM TEpTS,
KOe(]IIIEHTIB TepTs KOB3aHHS Ta CHOKowo. Bin-
MIYEeHO, IO eKCIePUMEHTAIbHI 3aadi Ha JO0CITi-
JUKEHHSI MOXXYThb OyTH BHUKOpPUCTaHI K pPOOOTH
(bi3MYHOTO IPAKTUKYMY.

V¥ crarti (Ilognacos, 2023) Ha npukiagax ekc-
NEePUMEHTAJIBHUAX 3a7ad IOKa3aHa MOXKJIUBICTbH
iX 3acTocyBaHHs NpPU AUCTAHLIMHOMY HaBYaHHI,
IO JT03BOJISE PO3BHMBATH EKCIIEPUMEHTATOPCHKI
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YMIHHS CTYIEHTIB Ta 3acTOCOBYBAaTH Teope-
TUYHI 3HAHHS JUIsl PO3B’S3yBaHHS NMPAKTUYHUX
3aBnaHb. HaromomeHo, mo KoJoO eKcIiepuMeH-
TaJbHUX 33]a4 3HAYHO PO3IMIMPIOETHCS 3aBISKH
3aCTOCYBaHHIO Cy4acHUX cMapTdoHiB. Buaineno
nepeBaru 3acTOCyBaHHA cMmapT(doHa B SKOCTI
BUMIPIOBAJILHOTO MPUCTPOIO, 30KpeMa, MpoBe-
JIEHHSI CTIIOCTEPEKEHb, IO CKJIAJTHO TPOBOAHUTH
Oe3mocepeIHbO; Ta JIESKI HEIONIKH, SK Te, IO
30 noknajarThCA JHUIIE HAa JOJATKU Al CMapT-
¢oHIB 1 mepecTarloTh aHaji3yBaTh CaMOCTIiifHO.
VY poborti 3pobiaeHo BUCHOBOK MPO T€, MO €KC-
MEePUMEHTANIbHI 33/1a4l € MEePCIeKTUBHUM 3aCO-
OOM ISl PO3BUTKY JOCIITHUIILKUX yMiHb 3]10-
OyBauiB OCBITH. 3aCTOCYBaHHS TaKHX 3a/ad
JI03BOJISIE€ TIOEAHATH TPAaaUIiliHE PO3B’SA3yBaHHA
3ala4 3 TPOBEACHHIM EKCHEPUMEHTAIbHOTO
JOCIHTIKeHHSI, KOJIM 3700yBadi OCBITH TMOBHHHI
3MIMCHIOBATH Maike Taki K cami Iii Sk 1 mpu
peajbHOMY EKCIIEPUMEHTAIbHOMY HAyKOBOMY
nociimkensi. e copusie dhopmyBaHHIO KOMIIe-
TEHTHOCT1 €KCIIepUMEHTAaTOpa.

Y (Mapruntok, 2020) po3mISIHYyTO NHUTaHHS

¢dopmyBanHg iH(opmMaliiHO-IIM(POBOI  KOMIIe-
TEHTHOCTI 3aBASKH 3aCTOCYBAaHHIO CYYaCHUX
raIKeTiB.

V¥ crarti (I'epacumoBa, 2021) po3misinaroTecs
0COOJIMBOCTI Oprasi3zaiii 1 NpoBeJeHHs MPaKTUY-
HUX 3aHATH 3 (DI3MKH 13 3aIy4EHHSIM JIEMOHCTpa-
.

[aTerpamnis 3HaHb TpH (GOpPMyBaHHI 3MICTY,
o0csATYy Ta CTPYKTypH JIabOpaToOpHOTO JOCIi-
JOKEeHHS TiponieMoHcTpoBana B (Opumius, 2012).

Mu X 3yNMMHAMOCS HA TUTAHHSIX ITO€THAHHS
MIPOBENICHHS MPAKTUYHOTO 3aHATTA 3 (i3UKH Ta
BUKOPUCTAHHS EKCIIEPUMEHTAILHUX 3a/1a4.

Mera pociaimxennsi. Bucpitienns ocoOmnu-
BOCTEH MPOBEICHHS MPAKTUYHOTO 3aHATTA 3 BHKO-
PUCTAHHSIM EKCIIEpUMEHTAIbHUX 3a7a4 1 00rpyH-
TyBaHHS JIOIUIBHOCTI 1X MPOBEACHHS B Cy4YacCHHUX
YMOBax.

[loka3zaTu, 110 BNPOBAKEHHS EKCIIEPUMEH-
TAJBHUX 33J1a4 Y CTPYKTYPY MPAKTUYHOTO 3aHATTS
JI03BOJISIE:

® TICPEBIPUTH TEOPETHYHI TBEPIKEHHS EKCIIe-
PUMEHTAJIBHO;

® CTBOPUTH TPOOJEMHY CHUTYyaIlil0 Ha 3aHST-
TAX, po3BUBaTH TBopue MucieHHs 30;

® [I0Ka3aTH PEaJbHICTh Ta OOIPYHTOBAHICTH
KOHKPETHUX YHUCJIOBUX 3HaueHb (DI3MYHUX BEIH-
YHH, SIKI HaBEJIeHI B YMOBI 3a/1a4i.
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VY 11bOMy KOHTEKCTI PO3KPHEMO 3MICT NMPAKTHY-
HOTO 3aHSATTS 3 BUKOPHCTAHHIM €KCIIEPUMEHTAIIb-
HUX 33/1a4 Ta MOKaXeMO iX MICIe y MiATrOTOBII
(haxiBIIiB 3a BKa3aHUM TpodieM; HaBEAEMO MpPH-
KJIaJI1 eKCIIEPUMEHTAIBHHX 3a/1au.

BuK1a71 0CHOBHOIO MaTepiaJjly 10CTi/IzKeHHSI.
JlocnipkeHHsT TPYHTY€EThCS Ha aHaji3l mporpamu
KypCy MEXaHIKH Ta MOJIEKYISIpHOi (i3uKu JuIs
OakayiaBpiB (PI3MYHHUX CIEIiATBHOCTEH yHIBEpCH-
TETy Ta BU3HAUEHHI MOXKJIMBOCTEH 3aCTOCYBaHHS
eKCTIEPUMEHTAIBHUX 3a/1a4 TIPU NTPOBE/ICHH] MpaK-
TUYHUX 3aHATh. EKCIIEpUMEHTaIbHUMHU Ha3HBa-
€MO TaKl 3a/1a4i, TOCTAHOBKA 1 PO3B’A3aHHS SKUX
BUMAararmTh oOpraizamii Ta mpoBeaeHHS ¢i3ud-
HOTO eKCrepuMeHTY. OCKUIbKM 4ac MPAaKTUYHOTO
3aHATTA € OOMEKEHHUM, TO HEOOXIJHE IS I[LOTO
oONaiHaHHs TOBUHHO OYTH TOCTYITHUM Ta MaKCH-
MaJIbHO IPOCTHM.

Ha npaktuunomy 3aHarti Ha Ttemy: «Cun
teprsi. Cyxe Ta piAMHHE TEPTA», aHaATIZyHOUuu
TEOPETUYHUI MaTepiai, 3BepTaEMoO yBary Ha Te,
IO «CUJIa TEPTS KOB3aHHA JI€ B3JIOBXK IOBEPXHI
JOTHKY TUT 1 TPOXM MEHINA BiJ MaKCHMaJIbHOI
cuiu TepTs criokotoy (puc. 1) (bap’sixrap, 2018).

Fmep. K063

>
F 306H

Puc. 1. 3anexHicTs cHJIM TepTH
Bi/Il NpuKJIaJeHOol 30BHIIIHBLOT CUJIN

[lepeBipuT 1€ TEOPETUUHE
MOXEMO Ha EKCIICPUMEHTI.

3apaanns 1. BuzHaunTu BilHOIIEHHS Koe-
¢pinieHTa TEPTHA CNOKOIO 10 KoedilieHTa TepTs
KOB3aHHSI /iepeBa 1o JepeBy.

OO0agHaHHSA: J1B1 KOPOTKI JIEpEB’AHI MATUUYKH
(moBxuHOIO 10 cM), mepeB’siHa MaaUvKa JOBKH-
HOIO 38 cM, MUTIMETpOBA JiHiiKa.

Po3p’si3yBannsi: BuzHaunMo MOJIOXKEHHS LIEH-
Tpa Mac jaoBmioi nanuyku. [lokmagemo i1 Ha aBi

TBCPIKCHHS
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KOPOTKI TalMuKH, SIKi JIe)KaTh HA TOPH30HTAJIb-
Hill moBepxHi cTona. HabmmkyeMo onHy KOPOTKY
NajduyKy (HampuKIaj 2) BiA KiHLA O CEepeIuHHU
BEPXHBbOI NAIMYKH, a TMaTUYKy | YTpUMyeMO
HepyxoMo. CriocTepiraemo, 1o BigOyBa€eThCs MPHU
npoMy. CriouaTky [OBIIA MajJMyKa KOB3A€ BiJ-
HOCHO MaJINYKH 2, a BIIHOCHO NEPIIOi HEpyXoMa.
[ToriM BOHA TOYMHAE KOB3aTH BIIHOCHO MEPIIOT
NaJINYKH, a BITHOCHO JPYyTOi He pyxaeThcest. Po3ris-
HEMO MPOEKIII0 CUJI Ha TOPU3OHTAIBHY BICh, fKi
JIIOTHh Ha JOBIIY MaJUYKy Y MOMEHT 3MIiHHU PyXy
(puc. 2). Cuna TepTs CIIOKOIO ﬁmpl 3 OOKY MasIIKH
1 piBHa 3a Momynem CwJi TEpTS KOB3aHHA F, ,
3 6oky manuuku 2. To6ro F,, =F, . Bupasumo
CWJIM TEepPTS uepe3 BIAMOBIIHI KOoe(]ilieHTH TepTs.
Fop=u,Ny F,=nN,. Tomi p,N=pnN,.
3anumemMo yMOBY piBHOBaru (IpaBUJIO MOMEH-
TiB) BIZIHOCHO WEHTPa Mac BEPXHbHOI MaJTUYKH:
N,a=N,b.3 ABOX OCTaHHIX PIBHSIHb 3HAXOJUMO:
By Ny
me N

b (puc. 2). OGuncIr0EMO BiTHOIIIEHHS KoedilieHTa
TEPTsI CIOKOIO J10 Koe(illieHTa TepTsi KOB3aHHS Ta
MEPECBIAUYEMOCS Y TOMY, IO KOEQIIIEHT TEepTs
CIIOKOIO € OUIBIINM.

a . ™ . .
=—. BI/IMlpI-O€MO JIIHIMKOIO B1JICTaH1 @ Ta

s N,
QIT< a b
[ | N |
1| 1 £, Fo.l |2
JSTTT7 7777 N7777777
\me

Puc. 2. Cuau, AKi 1il0Th Ha JOBry NMAJNMYKY
Y MOMEHT 3MiHH pyXy

Ha npakruynomy 3assTTi Ha Temy: «Biachi
TapMOHIYHI KOJIMBaHHS MEXaHIYHUX CHCTEM (TIpy-
KUHHUHN, MaTeMaTUYHUH Ta Qi3MUHUA MasTHUKH)»
MOKEMO 3alpONOHYBaTH PO3B’SA3aTH TaKy €KCIie-
PUMEHTAJIBHY 3a/1a4y.

3aBnannsa 2. BusHauuTH nepiox Ko/JIMBaHb
Tijla HA NPY:KHii ryMoBiii HUTHI

OOaagHaHHA: TYMOBa HUTKA, HUTKA, JIHIHKA,
TsTapens (TijI0) HeBiIOMOI Macu

Po3p’sizyBanHsA: 3BUYalHO Il BU3HAYCHHS
Nepioay KOJNHMBaHb BUMIPIOIOTH Yac TEBHOI Kilb-
KOCTI KOlMBaHb. B oOnagHaHHI HEMae CeKyHJIO-
Mipa, TOMy NpsIMUM BHMIpPIOBaHHSIM 4acy MU He
MOXXEMO CKOpucTaTHcs. BuHukna npobnemna
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cumyayia. Ilepiof KonMBaHb MPYKUHHOTO MasiT-

HUKa T =21 Z k — JKOPCTKICTh I'YMOBOI HUTKH,

m — Maca Tsrapus. /i1 BU3HAYCHHST Mac TATapIst
noTpiOHI Tepes3u, ajie 1 iX MM He MAaEMO. A MOXe
HE IIyKaTu OKpeMO m Ta k, a BapTO BU3HAUUTH

. m, .. . .
BiJTHOIIICHHS m ? IlinBicuMo TATapelh Ha I'YMOBIH
HUTHI (pUC. 3), HUTKA TPU LUBOMY BUIOBKHTHCS

Ha Al=(-{,, ne (, — noBxuHa HenehopMOBa-
HOi I'yMOBOi HHUTKH. YMOBa pPIBHOBArdM CHCTEMH:

. A

mg=kAl. 3BIICH MaeMO IIyKaHe Z=—€.
g

Toni nepiox xomuBaub: T =27 A— Orxe, nus

g
PO3B’sI3aHHS 3a/1a4i MOTPIOHO BCHOTO JIUII BUMi-

PATH BHIIOBXCHHS I'yMOBOI HUTKH TiJ Ji€I0 Baru
TATApLs y CTaHi CHOKOIO.

LS
Y a

mg
Puc. 3. Cuin, siki 1il0Th Ha TATapenb

[ToxuOka BUMIprIOBaHHA Oyae MEHIIO, SIKIIO
BUMIPIOBaTH BiJ]pa3y BUJIOBKECHHS TI'YMOBOi HHTKH
Al=0—/,, a HE OKpeMO HOBXMHU ¢ Ta (. [l
IILOTO TIOTPIOHO BIJIMITHTH TIOJOXEHHSI HIKHBOTO
KIHII TYMOBOi HUTKM BiJHOCHO HEPYXOMOTO IIpe-
MeTa (BEPTUKAJIBHOI CTIMKM INTarMBa YW 3aKpirie-
HOI BEpPTUKAIBHO JiHilKHM). [IpoTe BiAMITUTH TOYHO
TIOJIOKEHHSI HIDKHBOTO KIHIIS Helle()OpMOBaHOT HUTKH
CKJIamHO. Bapro BHKOpHCTAaTH NTONATKOBHIA BaHTaX:
HANPUKIIA, PYdYKy. BigMiuaemMo IONOXKEHHS HIK-
HBOTO Kparo I'yMOBOi HUTKH JIBa Pasu: 3 Mi/IBIILICHOO
PyHKOIO i pyuKoo Ta Tsrapriem. Toxi mg =k (£, —1(,).

Po3B’s3yBaHHS 11i€1 eKCTIEPUMEHTAIBHOT 3a/1a4i
JI03BOJIIE HE JIMINE 3aKPIUTH OTPUMAaHI 3HAHHS,
aje ¥ po3BHBATH TBOPYE MHCIEHHS, TMPOBOIUTH
JOCII/DKEHHS, BIINIYKaTH TUISIXA T IBHINEHHS
TOYHOCTI EKCIIEPUMEHTY.
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[Tpu po3B’sa3yBaHHI 00YHCITIOBAIBHIX 3a/1a4 BC1
HEOOXiTH1 JJIs IOTO YUCIIOBI 3HAYCHHS (DI3UIHUX
BEJIMYHH 33/1aH1 B YMOBI 3a/1a4i abo jiesiki 3 Hux 30
3HAXOMAATh y JOBIIKOBHUX Marepianax. Hampukman,
y 3anaui 3.98. ([imosuy, 2012) 3agani: 00’em Kim-
HaTH, TeMIepaTypa MOBITPs, BITHOCHA BOJIOTICTH,
TYCTHHA HacW4eHOI mapu. MU X IpPOMOHYEMO Ha
MPAKTHYHOMY 3aHSTTI 3 MOJIEKYJISIPHOT (hi3UKH pO3-
DISIHYTH TIONIIOHY, ajle eKCIIEpUMEHTAIbHY 3a7ady,
B SIKiil HEBIJIOMI BEJIMYMHHU MOTPIOHO BUMIPSITH 200
3HAUTH Y TaOJIUIISX.

3aBaanns 3. BU3HAYUTH KUIBKiCTh MOJIEKY
BO/IU, SIKi Iepe0yBalOThL B NMOBITPi aynuTopii.

O0aagHaHHSA: CIIUPTOBUI TEPMOMETpP, TOCY-
IMHA 3 BOJOIO, IIMAaTOK Bath ab0 OMHTA, HHUTKA,
JIOBIJTHUK 3 (D13UKH, JTa3epHUI BUMIPHUK BiJCTaHI.

Po3p’si3yBanHs. Bumiproemo temneparypy ¢
B ayauTopii 3 gomomoroi tepmomerpa. OOrop-
TAEMO pe3epByap TEPMOMETPA BaTOIO 1 3MOYYEMO
Barty BOAoM0. [licist TOro sk moKa3u TepMOMETpa
MEePECTaHyTh 3MIHIOBATHCS 3alMCyEMO TIOKa3H
3BOJIOKEHOTO TEPMOMETpA. 3a IMOKa3aMU CyXOro
TEPMOMETpa 1 PI3HUIICIO MOKAa3iB CYyXOro i 3BOJIO-
’KEHOTO TEPMOMETPIB BU3HAYAEMO BiJHOCHY BOJIO-
TiCTh MOBITPS B KIMHATI 32 IOTIOMOTOIO TICUXPOMe-
TpuuHOi Tabmmiti. HaBegemo npukiiag BUMipIOBaHb
TEMIEepaTypH Ta BU3HAYEHHS BiJIHOCHOI BOJIOTOCTI.
t=21°C, t,=18°C. Toni ¢=75%. BigHochHy
BOJIOTICTh MM HE OOYMCIIIOEMO, a BU3HAYa€EMO 3a
MICUXPOMETPHYHOIO TAOIMIEI0 A BiATOBIIHUX
3HAYCHb ITOKa3iB CYXOTO TEpMOMETpa 1 pi3HHMII
MOKAa3iB CyXOTo0 1 3BOJIOKEHOTO TepMoMeTpiB. Bis-

HOCHA BOJIOTICTb MOBITPS ¢ = L 100% , 1€ p — nap-

. o . " . .
ianbHUM THCK BOASHOI apu y MOBITpi, p, — map-
iaJbHUH THCK HACUYICHOT BOISIHOT ITapH y TIOBITI,
KW 3HAXOIUMO 32 TaOJHUIIEIO 3aJICKHOCTI TUCKY

HAacU4eHOI BOASHOI mapu Bia Temneparypu. Toxi
Z

W. 3rigHo 3 ocHOBHUM piBHHHSAM MKT
0

p=nkT , n — KOHIICHTpAIlisl MOJIEKYJl BOAU, k —
crana bonbrimana, 7 — aOcoitoTHa TeMIieparypa
Bosiororo moBiTpst: T =t+273. Kouuenrpariis

N L
MOJIEKYN 1 = 7 ae N —3aranabHa KUIBKICTH MOJIE-

Kyn, V' = abc —006’eM kimHaTu. Toi 4, =
100% V

_ ¢pV  ¢p,abc

kT-100% kT -100%
3Hax0IUMO 3a TaOJIHIICIO 3aJICKHOCTI TUCKY HACH-
YeHO1 BOSIHOT Mapy Bij Temrneparypu uist £ =21 °C:
p,=24861Ila. 13 Tabnuupb 3HAXOOMMO CTaly

p:

3BIOKA 3HAXOOIUMO
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23 Hore

bomenmana £ =1,38-10 . Po3mipu xiMHaTH

a=545m, b=11,76 m, ¢c=2,78 M BUMIPIOEMO

nmazepHUM  ganekoMipoM. T =21+273=294K.
_ 75-2486-?2,345 -11,76-2,78 —8.188-10%

1,38-107-294-100%

binmemi mpaktuyHOlO Oyne iHdopmaris Tpo

Macy MOJEKYJl BOIAAHOI mapu: m=myN =—N
-3 25
m:18 10 8,18?;10 22’45(’(2). 4
6,022-10
BukopuctaHHs Takoi  eKCIEpHUMEHTAJIbHOI

3a/1a4i 3aMiCTh TEKCTOBO1, OOYMCITIOBAILHOI CIIPH-
arume ¢GopmyBanHi0 B 30 He nuIe MpeAMETHOT
komrieteHTHOCTI (ITKS) «3maTHicTh po3B’s3yBaTh
3afa4i 3 (I3MKKM Ta HaBYaTH YYHIB IX pO3B’A3y-
BanHO», a U [IK4 «3nartHicTh 3miiicHIOBaTH yCi
BUAM (I3UYHOTO EKCIIEPUMEHTY, y TOMY YHCII
1 HaBYAJILHOTO, BIAITOBIAHO 1O METONKH 1 TEXHIKH
nposeaenns» (OI1I1, 2024).

Sxuio mpu mpoBeAeHHI 1abopaTopHoi poOoTH
3100yBadi OCBITH BUKOPUCTOBYIOTh ITO/IaH1 BUKJIA-
JladeM TEOPETUYHI BIJIOMOCTI Ta XiJ MPOBEICHHS
EKCIIEPHMEHTY, TO y HalllOMY BHIIAJKY, CAMOCTiifHa
MOCTAaHOBKA €KCIIEPUMEHTY (IJIaHyBaHHS Ta MpO-
BEJICHHS) IIPH pO3B’sA3yBaHHI 3aj1a4i Oyze s HUX
HE JIETKUM 3aB/IaHHSIM.

Ile 3aBoaHHsS J03BOJISE€ CTYIEHTAM HE TUIbKU
3aKpINUTH 3HAHHSA 3 MOJEKYIspHOi (i3uKH, ajue
i TPOSBUTH CBOIO TBOPYICTh Ta JOCIIJIHUIIBKI
3MIOHOCTI; CTIpHUsiE€ PO3BUTKY HABUYOK TUIAHYBAHHS
eKCIICPUMEHTY, aHaji3y OTPHUMAaHUX PE3yJbTaTiB.
BaxximBo 3ayBaKuTH, sIKa BeJIMKa KUTbKICTh MOJIe-
KyJ BOJISIHOI MapH JIiTa€ B ayauToOpii 1 1€ CTaHo-
BUTH Maiike JIBa 3 TOJIOBHHOIO Kilorpamu!

BukoHaHHS 3amporoOHOBaHWUX  EKCIIEPHMEH-
TaJIbHUX 3aJa4 MOTpedye MPOCTOro oONagHaHHS.
Taki 3aBHaHHs CTYACHTH MOXYTh TaKOX PO3B’s3y-
BaTH BJIOMa CaMOCTIHHO.

BucHOBKM i mepcneKTHBH MOAAJBIINX 10CTi-
AKeHb. BHCBITIEHO 0COOMMBOCTI TNPOBEACHHS
NPaKTUYHOTO 3aHATTSA 3 BUKOPUCTAHHSAM EKCIIepH-
MEHTAJIbHUX 3a/1a4 1 OOTPYHTOBAHO JOIIBHICTD 1X
NPOBEICHHS B Cy4YaCHHX yMOBax. PO3KpuTO 3MicT
MPAKTUYHOTO 3aHSTTS 3 BUKOPUCTAHHIM EKCTIepH-
MEHTAJbHHX 3a/1a4; HABEJCHO MPHUKIAIN EKCIIepH-
MEHTAJIbHUX 33/1a4.

Bupgineno mepeBars mNO€IHAHHS NPAKTHYHUX
3aHATH 3 EKCIIEPUMEHTATBPHIMH 33]Ja4aMHu:

o Axmuene wHasuanus — 3700yBadl OCBITH
aKTHBHO 3aJIy4aroThCs 10 MpPOIleCcy HaBYaHHS, IO
CIpHUs€ KpallloMy 3aCBOEHHIO MaTepiay.
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o P0o36UumoK npakmuyHux HABUYOK — 3J10-
OyBauli oCBITM HaOyBalOTh NPAKTUYHUX HABH-
YOK pOOOTH 3 BHUMIPIOBAIIBHUMH TpUIaAaMHU Ta
00JIaTHAHHSIM.

o [locnubnenus po3yminHs meopii — eKCrepu-
MEHTaJbHa poOOTa J0moMarae Kpaiie 3po3yMiTH
Ta 3aCBOITH TEOPETUYHI KOHIICTIIII].

o Po36umox 00CHIOHUYbKUX HABUUOK — BHUKO-
HaHHS EKCIICPUMEHTIB BHMAara€ BiJ CTYJCHTIB
3aCTOCYBaHHS JIOTIYHOTO MHCJICHHS, aHAJI3y
TaHuX Ta QopMmymtoBaHHsA Tinote3. lle cmpusie
PO3BHUTKY KPUTUYHOTO MHCJICHHS Ta 3IaTHOCTI JI0
CaMOCTIHHOTO IOCHIIHKEHHS.

o [liosuwenns inmepecy 00 @izuxu — eKcre-
pUMEHTallbHA POOOTa pPOOWTH HABYAHHS OUIBII

[[IKaBUM Ta 3aXOIJIMBUM, CTUMYIIOIOUHU IHTEPEC 10
(h13UKM Ta HAYKU B IJIOMY.

Omxe, NOEAHAHHS EKCIIEPUMEHTAIBHUX 3aB/IAaHb
3 MPOBE/ICHHSIM TPAKTUYHOTO 3aHATTS € e()EKTUBHUM
METOZIOM HaBYaHHSI (Pi3UKH, IO CHIPHSIE PO3BUTKY BCe-
OIYHO PO3BHHEHOI OCOOMCTOCTI, 3/1aTHOI JI0 aHaMi3Yy,
JOCTTI/PKEHHS Ta MPaKTHYHOTO 3aCTOCYBAHHS 3HAHb.

3arajiom, eKCIIepUMEHTAJTbHI 3aBJaHHS
€ HEBIJI'€MHOI0 YaCTHHOIO HaBYaHHS (Di3HKH.
BoHnu noeaHyoTs TEOPit0 3 MPaKTUKOK, POOIISTIN
HaBYaHHS OUTHIT €(DEKTUBHUM Ta I[IKaBUM.

BBaxxaeMo, 110 TMOIIYK EKCIIEPHUMEHTAILHUX
3a1a4, sSKi MOYKHa BHUKOPHCTOBYBATH IPH IPO-
BEJICHHI TMPAKTUYHUX 3aHATh 3 PI3HUX PO3ILTIB
(I3MKH € IEPCIIEKTUBHUM.
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MIKPOKOHTPOJIEPHA CXEMOTEXHIKA TA 3ACOBX TPUBUMIPHOT' O
MOJAEJJIIOBAHHSA B CUCTEMI STEM-HABYAHHSA POBOTOTEXHIKH

Konyenyis STEM-nasuanns 6a3yemucs Ha NPAKMUYHOMY 3ACMOCYBAHHI 3HAHb | BMiHb 018 NOOANLUIO20 iX BUKOPUCTAH-
HA Y npoecitiniu disnvHocmi. [Ipoekmuutl nioxio 0ozsonsae 3000yeavam oceimu 3posymimu ax STEM-3uauus 3acmocogy-
10MbCAL 8 peanbHoMy dcummi. Y pobomi npoananizoeano po3pobneny ma anpoboseary KOHYenyio HOCOHAHHS MOJCIUBOCMEl
3ac00i8 0c8imHbOI POOOMOMEXHIKU, MPUSUMIDHO20 NPOMOMUNYEAHHS A NPOSPAMYBAHHS MIKPOKOHMPOILEPHUX NIAMMOPM.
3D-npomomunysanns 6 pobomomexuiyi eghekmugHe momy, ujo KOpUCmyeay Mae 3mMo2y weuoKo OmpumMy8amu pe3yibmamu
ma enposadcyeamu ceoi idei y npoyeci npoexmyeanis koncmpykyii. Pobomomexwiunuii STEM-npoexkm, suxonarnuil y npo-
yeci HaBUaHHA, MOdce OYmMU He MiNbKU 00 €EKMOM BUSYEHHS, a Ul 3aCOO0M 051 MOOENIOBAHHS, KOHCIMPYIOBANHS, THCIMPYMEH-
MOM ) HABYANLHOMY eKcnepumenmi, yugdpoeoro 1abopamopieio, iHCMpPyMeHmoM 05l NPOSPAMYBAHH MIKDOKOHMPOepis.
Ak npuxaaod, HaeedeHo mexHonNoiuHi achekmu aueomogients ma npoepamyeannsi SMARS-niamegopm. SMARS (Screwless
Modular Assemblable Robotic System) — 6e326unmosa mooyivHa 30ipHa pobomu308ana cucmema, NONYIAPHUL HUHI MexXHO-
nociunull oceimuiti 3acio. Lle npocmi naamgopmu, po3pooneni 015l HABYATLHUX Yiell 3 MIHIMATbHOI KUTbKICIIO KOMROHEH-
mie, sKi MOJICHA 30upamu 6e3 cneyianbHux 000amkosux 3acobie. Onucano nocri006HiCMb BUKOHAHHS NPOEKMIE ma chneyudi-
Ky HPOPAMYBAHH iX eNeKMPOHHUX YaACMUH — MIKpOKOHmponepHux niamgopm Arduino. Ilpoananizoéano ocHoeHi ghynxyii,
axi moowce suxoryeamu SMARS ma 0o0amxosi enemenmu KOHCMpYKYii, o po3uupror0ms MOXCIUBOCTT iX UKOPUCTAHHSL.
Poboma nao npoexmysanuam ma 6ueomoneHHAM KOHCMPYKYIU GIOKPUBAE HU3KY MONCTUBOCHIEN OISl BUGHEHHS NUMAHD
MeXHONO0IYHO20 XapaKmepy ma aKxmugizayii nisHaganbHoi JisibHocmi 3000y6auig ocgimu. Y npoyeci npoekmuoi pobomiu
DO36UBAIONTLCS. KOHCIMPYKMOPCHKI 1 MEopHi 30iOHOCMI, (popMmyIombCcsl 0CHOBU (axosoi ma yugdposoi KomnemeHmHOC.

Knrouogi cnosa: mixpoxonmponepna cxemomexuixa, pobomomexuika, STEM-opienmosane naguanus, npockmmi mex-
HOO2I].

Oleksandr MARTYNIUK

Doctor of Pedagogical Sciences, Professor, Professor at the Department of Experimental Physics, Information
and Educational Technologies, Lesya Ukrainka Volyn National University, 13 Volya ave., Lutsk, Volyn region,
Ukraine, 43025

ORCID ID: https://orcid.org/0000-0003-4473-7883

SCOPUS AUTHOR ID: 57224619200

To cite this article: Martyniuk, O. (2021). Mikrokontrolerna skhemotekhnika ta zasoby tryvymirnoho
modeliuvannia v systemi stem-navchannia robototekhniky [Microcontroller circuit technique and
three-dimensional modeling tools in the stem-training system of robotics]. Physics and Educational
Technology, 1, 55-61, doi: https://doi.org/10.32782/pet-2025-1-7

MICROCONTROLLER CIRCUIT TECHNIQUE AND THREE-DIMENSIONAL
MODELING TOOLS IN THE STEM-TRAINING SYSTEM OF ROBOTICS

The concept of STEM education is based on the practical application of knowledge and skills for their further use in
professional activities. The project approach allows students to understand how STEM knowledge is applied in real life.
The paper analyzes the developed and tested concept of combining the capabilities of educational robotics tools, three-
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dimensional prototyping and programming microcontroller platforms. 3D prototyping in robotics is effective because
the user can quickly obtain results and implement their ideas in the design process. A robotic STEM project completed
in the learning process can be not only an object of study, but also a tool for modeling, design, a tool in an educational
experiment, a digital laboratory, a tool for programming microcontrollers. As an example, the technological aspects
of manufacturing and programming SMARS platforms are given. SMARS (Screwless Modular Assemblable Robotic
System) is a screwless modular assembled robotic system, a currently popular technological educational tool. These are
simple robotic platforms designed for educational purposes with a minimum number of components that can be assembled
without special additional tools. The sequence of project implementation and the specifics of programming their electronic
parts — Arduino microcontroller platforms — are described. The main functions that SMARS can perform and additional
design elements that expand the possibilities of its use are analyzed. Work on the design and manufacture of structures
opens up wide opportunities for studying issues of a technological nature and activating the cognitive activity of students.
In the process of project work, design and creative abilities are developed, and the foundations of professional and digital
competence are formed.
Key words: microcontroller circuit engineering, robotics, STEM-oriented learning, design technologies.

Beryn. CyyacHi BUMOTH TIONO TIATOTOBKM  KOHIICTIIIIIO TIOEJTHAHHS MOMKIJIMBOCTEH 3aco0iB
(axiBLiB CHOHYKAIOTh /O MiJBUILEHHS MOJEpPHI-  OCBITHbOI POOOTOTEXHIKH, TPUBUMIPHOTO MOJe-
3amii NMPUPOIHMYO-MATEMAaTHYHOTO Ta TEXHOJO-  JIIOBAaHHA (IPOTOTUIYBAaHHS) Ta IPOTpaMyBaHHS
TIYHOTO CKJIQJIHUKIB OCBITHBOTO CEPEJOBHINA HA  MIKpOKOHTpoJiepHUX MmiatdopM. OcBiTHS pobo-
OCHOBI BIIPOBA/DKCHHS HOBITHIX 1HCTPYMEHTIB.  TOTEXHIKa € AUIAKTUYHOI MOICIUTI0 pOOOTOTEX-
Onmnum 13 HuX € cuctema STEM-Opi€eHTOBaHOTO  HIKM SIK TEXHOJOTIYHOI ranmy3i. EnemeHTH wi€i
HaBYaHHA, IO 0a3ye€ThCS HA MPAKTUYHOMY 3aCTO-  MOJENI MOXYTh OyTH BHUKOPHCTaHI UIsl OpraHi-
CYBaHHI 3HaHb 1 BMiHb JJIs OJAJIBIIOTO 1X BUKOPU-  3allli BUBYEHHS CY4YaCHUX LU(POBUX TEXHOJOTIi
cranHs y npodeciiiHiit misuibHOCTi. STEM-0CBiTA 3 MeTOI0 momynsipu3aliii 1HKEHEPHO-TEXHIYHUX
3a0e3nevyye «... CTaHOBJEHHsA (axiBLIB PI3HUX Ta MPUPOJHHUUO-MATEMATUYHHUX  CHEI[laIbHOC-
HAyKOBO-TEXHIYHMX, I1HKEHepHHX Tmpodeciii Ha  Teil. PobororexHiunit STEM-npo€eKT, BUKOHAHHIA
0a3i 3akia/iiB BUILOI OCBITH, a TAKOXK MIJBUILEHHS Y MPOLIECI HABYAHHA, MOXKE OyTH HE TUIbKH 00’ €K-
npodeCiifHOT MaliCTEepHOCTI NEJaroriyHuX MpariB-  TOM BHBYCHHS, a W 3acO00M [UIsl MOJCITIOBAHHS
HUKIB 13 BIPOBA/DKEHHS HOBUX METOAMK BUKJIA- Ta KOHCTPYIOBAHHS, IHCTPYMEHTOM Y HaBYallb-
JIAHHS, BIAMOBIIHUX KypCiB Ta peaii3amii iHHO- HOMY EKCIEPHMEHTI, IU(GpPOBOIO JTabopaTopiero,
BaniiiHux mpoektiBy (IM30, 2024). Opranizamiss  Tomo. [Ipore, mpu HanmamrTyBaHHI By3JiB 1 MeXa-
STEM-HaBuaHHsI 3MiHCHIOETHCS 3TIHO 3 TUTAHOM  Hi3MIB HEOOXITHO pO3yMiTH (i3W9HI 3aKOHOMIp-
3axo/iB o0 peanizauii Konuenuii po3BUTKY npu-  HOCTI iX (DyHKIIIOHYBaHHsI, BpaXOBYBaTH IMOXUOKH,
pomnando-mareMarndHoi ocBiTH (STEM-ocBitn) 10 3Hatu po3mipHOcTi, Tomo (Mapturiok, 2024).
2027 poxy (KMY, 2023). ¥V «Meroguunux pexko- OCHOBHMMM TEXHOJOTIYHMMHU 3aco0amu, IO
MeHaarisax moao po3BuTky STEM-ocBith B 3akima-  3a0e3medyioTh (yHKIIOHYBaHHS POOOTH30BAHOTO
Jlax 3arajbHOl CepelHbOl Ta MO3AIIKUILHOI OCBITH  KOMIUIEKCY € MIKpPOKOHTpOJepHa Iuiardopma,
y 2023/2024 nHaBuasbHOMY pOIIi» 3a3HA4eHO NMpo  abo0 MOMYJh Ha OCHOBI MIKpOKOHTposiepa. Tomy
HEOOXI/IHICTb « ... 3aCTOCOBYBaTH POEKTHO-OPIEH-  MPOrpaMyBaHHS MIKPOKOHTPOJIEPIB, 3HAHHA MOB
TOBaHE HaBYaHHA (PO3POOJICHHS HABYAIBHOIO MPO-  MPOrpaMyBaHHS Ta BMIHHS BUKOHYBAaTH KOHCTPYK-
€KTY, OPIEHTYIOUMCH HA BIACHUM JOCBIJ Ta JOCBiA  THUBHO-TEXHIYHY pOOOTY € HEOOXIJHUMH YMOBAMHU
1HIINX); 1HKEHEpHE TPOEKTYBaHHs (MOJCIIOBAaHHS  BHUKOHAaHHS POOOTOTEXHIYHOTO MpoekTy. Cama X
MPONYKTiB); HABYAHHS BHUHAXIAHUNITBY (MOWIYK  IuiaropMa MONETIOETHCS 3a JOMNOMOTIOI0 CIie-
TBOPYUX PIIICHB); TPOOIEMHE HaBUaHHS (HaBYaHHS  IIaTli30BAHOTO TPOTpamMHOTrO 3a0e3NedeHHs Ta
3 (poxkycoM Ha peasibHi JKUTTEBI CUTyallil, 10 103-  BUTOTOBJSIETbCA 3a Jomomoroi 3D-mpunrepa.
BoJsie 3moOyBadam OcCBiTH 3po3ymitu sik STEM-  [loemHaHHS MOXIMBOCTEW TPHBHMIPHOTO TPOTO-
3HaHHS 3aCTOCOBYIOTbCS B PEAIbHOMY KHTTi). ...  THIIYBaHHS Ta IPOrpaMyBaHHS MIKPOKOHTPOJIEPIB
Bapro HamaBatm MOXKIHMBICTH 3100yBadaM OCBITH € OCOOJMBO 3HAYMMHMH Y TPOEKTYBaHHI 3ac00iB
Oparu yuactb y STEM-mpoekrax, crmiBIpaiowdd  OCBITHbOI poboToTexHiku (MapTtuniok, 2019).

3 MATPUEMCTBAMH, HAYKOBMH YCTaHOBAaMH Ta IPO- [TpoekTHO-Opi€HTOBaHE HABYAHHS HAa OCHOBI
MaJICbKUMU opranizamismu. [le cnpustume popmy-  xonnenmii STEM y 3akmanax cepeanboi Ta BUMIOL
BaHHIO iHTepecy 10 STEM-kap’epm» (IM30, 2024).  ocBiTH 3abe3rmedye MOXIIHMBICTH  3100yBadam

Jlnsi NOCATHEHHST BUCYHYTUX 3aBllaHb HAMH  OCBITH aJalTyBaTUCh JIO BUMOT PUHKY mpari. Lle

BUKOPHUCTAHO  pO3po0JieHy Ta  ampoOOBaHy  MiJABUINUTH HE TUIBKH KOHKYPEHTOCIPOMOXHICTh
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BUITYCKHUKIB, @ i BUMOTH JI0 PiBHSI HAaBYaHHS IS
BUKJIaJ[a4yiB, KOPUTYBAHHIO MPOTpaM, MOJEpHi3a-
1ii Ta OHOBJEHHS MaTepiaJbHO-TEXHOJIOTIYHOTO
3a0e3nevyeHHs. AHaNI3YIOUH CTaH TaKOTO IMiIXOIy
y BITYM3HSHOMY Ta 3apyOiKHOMY OCBITHBOMY
MpoCTOpi pOOMMO BUCHOBOK MPO HaA3BUYAWHY
HOT0 aKTyalbHICTh Ta HEOOXIAHICTH BIPOBa-
JOKEeHHS i po3BUTKY. ExoHOMIKa, Oi3HEC, HayKa Ta
HII TaJTy3i MarOTh BEJIUKY MOTpely y KBautidiko-
BaHuX (axiBusx, a 3HaHHSI STEM-TexHomoriit Ta
MPAaKTUYHUHN TOCBiA iX BUKOPUCTAHHS (OPMYIOThH
TS MaiiOyTHIX (axiBIIiB MEPCIIEKTUBY B pOOOTI Ta
npodeciiiHiii Kap’epi.

AHaJIi3 OCTaHHIX JOC/HiIKeHb i myOJikamii.
AHaniz mpamnb NCHXOJIOTO-TIEJaroriyHoi Tema-
TUKU MIATBEPIKYIOTh, 10 3aJIy4€HHs 3100yBadiB
ocBiTH 10 po3pobiieHHs: STEM-npoekTiB cripusie
PO3BUTKY OCOOMCTOCTI Y BCiX COLIaIbHUX cepax
(3aBaneschkuii, 2021, c. 50-60). Teopernunuit
aHaJIi3 IeJaroriyHoi JiTepaTrypHu 3acBiIdye IHTe-
pec HaykoBIIiB 70 pisHuX acnekTiB STEM-ocBiTu.
[TuTanHs OCBITHBOI POOOTOTEXHIKH Ta MPOTPaAMY-
BaHHs pOOOTHU30BAHUX IUIATHOPM JOCIIIKYETHCS
y poOorax Oaratbox 3apyOiKHHMX IOCIHITHUKIB
(David, 2012; Eguchi, 2012).

EdexktuBHrM 1HCTpyMEHTOM IUGPPOBOTO TEX-
HOJIOTIYHOTO 3a0€3MeUYeHHsI € TMOEIHAHHS MOXK-
JUBOCTEH 3aco0iB OCBITHBOI POOOTOTEXHIKH Ta
TPUBUMIPHOTO TPOTOTHITYBaHHA. OCOOIUBICTIO
BUKOpHUCTaHHA 3D-mporoturyBaHHs B poOOTO-
TEXHILI € Te, 0 KOPUCTYBa4 Ma€ 3MOTY LIBUJIKO
OTPUMYBATH PE3YJIbTATH Ta BIPOBAKYBAaTH CBOI
imel y mporeci MpOEKTYBaHHS POOOTOTEXHIYHOT
KOHCTPYKIIii. ENeKTpOHHUM CKIIaAHUKOM pOOOTH-
30BaHOI CHCTEMH 3a3BHYail € MIKPOKOHTpOJIEpHa
miardopma Arduino (About Arduino, 2018), mis
SKOT MOXXHA CTBOPIOBATH MPOTPAMH Ta KepyBaTH
CJIEKTPOHHUMH TpHUCTposiMU. JlJis 11bOro HEOO-
XiIHO OMaHyBaTu MOBY mporpamyBaHHS C++.
Texnozorii nporpamyBanHs miatdopmu Arduino
ta ocoOmuBocTi BrpoBamkeHHss STEM-mpoek-
TiB Ha 0a3i MIKPOKOHTPOJIEPIB IMPOAHATI30BaHO
y pob6orax (Ocramuyk, 2018; Canmosuii, 2021).
Po6otu bernosoi (2024), Komosoro (2024) npu-
CBSYCHO TMpoOiieMaM BHUBUYEHHS MPOTPaMyBaHHS

mnardopm Arduino.
MeToro crarTi € aHami3 MOXKIMBOCTEH Ta
MPUKJIAJ, BHKOPUCTaHHS  MIKPOKOHTPOJICPHHUX

m1arGopM 1 TPUBUMIPHOTO TMPOTOTHITYBAHHS IS
MPOEKTYBAaHHSI pOOOTU30BAHUX CUCTEM B KOHIICTI-
uii STEM-opieHTOBaHOTO HaB4YaHHs 3700yBadiB
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OCBITH crieniajgbHOCTeH (i3uka, iHPopMaTuka Ta
TEXHOJIOT1.

Buxiag ocHOBHOro Martepiajty A0CTizKeHHSI.
PoGoToTexHika Ta KOHCTPYIOBAaHHA € OIHHUM 13
HanpsmkiB STEM-opienToBaHoro HaBdaHHs. HuHi
Ha PHUHKY iCHye Oarato pi3HOMaHITHHX 3aco0iB
(KOHCTpYKTOpIB, HAOOPIB, HABYAIILHUX KOMITJICKTIB
TOIIO) JUISi BUBYCHHSI OCHOB MPOEKTYBaHHS POOO-
THU30BaHUX IUIAT(GOPM PI3HOTO PIBHS CKIJIATHOCTI.
[lepeBaxkHO 1€ KOHCTpYKTOpHW, HakwranT Lego,
HabopiB Tumy WeDo, Makeblock, MAX R/C-
TETRIX, Tomo. Y cBoeMy ckiiajii Taki Habopu Mic-
TATH yC1 HEOOX1IHI KOMIIOHEHTH JJIs1 CAMOCTIHHOTO
NPOEKTYBAHHS Ta MPOTPaMyBaHHS, BUPI3HSIIOTHCS
NEPEBAYKHO SKICHOIO €IEMEHTHOI0 0a3010 3 MOX-
JIUBICTIO Pi3HUX BUJIB 3’€HAHD TIACTMACOBUX UH
MeTasieBuX jaerajei. OKpiM 1bOro, Taki HabOpH
MICTATh 0a30BUH MOIY/Ib a00 MIKPOKOHTOJICPHY
wiaTpopMy 3 SKICHUM MpOrpaMHHM 3a0e3redeH-
HSIM JIJISl HABYaHHS OCHOBaM IporpamyBaHHs. J{ist
po31IMpeHHs PyHKIIOHATTY BUTOTOBJICHUX MOJIENIEH
KOHCTPYKTOPHU KOMIUIEKTYIOTHCSI PI3HOMaHITHUMH
JaTYMKaMH: CBIiTIa, TeMIIEpaTypH, YIbTpa3ByKo-
BUMH JaTYUKAMH, TipOCKOIIOM, aKCEIepOMETPOM
Ta OaratbMa iHIIUMH. [l IporpaMyBaHHSI BUKO-
PHUCTOBYIOTh BiJIOMI Ta MOMYyJSipHI IIaTHOpMHU
Arduino, Micro:bit Ta iHmi. Taki KOHCTPYKTOpH
aJIanTOBaHi JJIsl PI3HUX BIKOBUX KaTeropiii kopuc-
TyBa4iB — BiJl IITE€H MOJIOIIIOTO MIKLIBHOTO BIKY
no 3100yBaviB ocBiTH BuIIiB. [Ipore, Matoun yce
HEOOXiJHe i1 POOOTH KOpHCTyBadi 1M030aBJIcHI
MOXJIMBOCTI HPOAHANI3yBaTH YCl TEXHOJIOIIYHI
ACTIEKTH CTBOPEHHS KOMIUIEKTYIOUMX MalOyTHBOI
MOJIeJTi Ta BUBYEHHS IHCTPYMEHTIB ISl ii BUTOTOB-
neHHs. ToMy KOHIIETIIIisl TO€AHAHHS TPUBUMIPHOTO
NPOTOTHUITYBAaHHS Ta NPOrPaMyBaHHS MIKPOKOHTP-
OJIepHUX IUIATGOPM Y TPOIECi MPOEKTYBAHHS
pOOOTIB PI3HUX KOHCTPYKIIH € 3HAYHO e(eKTUB-
Himow. | He 000B’SA3KOBO 3aTpavyaTH Yac Ha Camo-
CTIiHE MOJIENIOBAaHHS CKJIAJ0BUX MaWOyTHBOI
KOHCTPYKLIT — 11€é MO)KHA BUKOHYBaTH, HAPUKIIA],
y TpoIleCci HaBYaHHS 3a MPOrPaMoOI0 BUOIPKOBHUX
OCBITHIX KOMITOHEHTIB, Hampukian, «3D-rpadika
Ta MPOTOTUITYBaHH:, « TPUBUMIpHE MOJICITIOBaHHS
Ta APYK», mepeadadeHi MporpaMamMu HaBYaHHS
y HaBuanbHo-HaykoBOMY (hi3MKO-TE€XHOJIOTTHHOMY
IHCTHTYTI BONHMHCHKOTO HAIIOHAJILHOTO YHIBEp-
curery imeni Jleci Ykpainku (Karanor OIT, 2024).
VY BUIBHOMY IOCTYIHI HUHI iCHye Oarato iH(opMma-
IHHUX pecypciB, SKi MICTITh IHCTPYKTHBHI Mare-
pianmu Ta OE3KOIITOBHI I 3aBaHTAKCHHS (ailim
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[IKaBUX TEXHIYHUX PIllIeHb, sIKi 3 TO3BOJIY aBTOPIB
3 YCHIXOM MO)KHa BUKOPUCTOBYBATH B OCBITHBOMY
MIPOIIECi.

Sk mpukian, pO3MISTHEMO — KOHCTPYKIIIFO
SMARS mnargopmu, sKy 3700yBadi  OCBITH
BUTOTOBJISIIOTh Ta MPOrPaMyIOTh Ha MPAKTUYHUX
3aaaTTAX (Puc. 1). SMARS (Screwless Modular
Assemblable Robotic System — O6e3rBuHTOBa
MoOIyJbHA 30ipHA poOoTH3oBaHa cucrteMa) (What
is SMARS?, 2020) — npocta poboTH30BaHa IIAT-
¢dbopma, po3poOiieHa Jijisl HABYAIbHUX IIJICH 3 MiHi-
MaJIbHOKO KIUIBKICTIO KOMIIOHEHTIB, SKI MOXKHA
30upary 0e3 BUHTIB 1 MAWKHU YU KIICIO.

VYci HeoOxinHi anst ApyKy daitm MoxHa 0e3-
KOIIITOBHO 3aBaHTAXXKHUTH 13 CTOPIHKH PO3pOOHHKA
(SMARS modular robot, 2017). TyT € neranbpHa
iH(popMarris momao ii MOHTaXxy Ta (aiim IS Ipo-
rpaMyBaHHS ~ MIKPOKOHTPOJEPHOI  IuiaThopMu
Arduino UNO. CkiagHukaMu KOMIUICKTY OKpiM
Arduino UNO e € asa nsurynu Mini 150RPM
Motors, Adafruit Motor Shield V.1 or V.2 Ta aky-
MYJISTOPHE JKEPEIIO KUBJIECHHS. J{J1s1 po3LIMpeHHS
amapaTHUX (QYHKIIIH, 30KpeMa 3a0e3MeYeHHS MOXK-
JIMBOCTI OTMHAHHSI MEPELIKO, Mepe0aueHo MOH-
Tak Ta IPOTrPaMyBaHHS YJIBTPa3BYKOBOTO JAaTYHKa
Bincrani HC-SR04.

[Nepm Hi’k BUKOHYBAaTH MOHTaXHI POOOTH, 3710-
OyBaui OCBITH TOTYIOTh.stl-(aitnu 10 BUBEAECHHA
Ha JPYK CHEiajJbHOIO MPOrPaMOI0 sl BUKOHAHHS
clalicuHTy Ta 3a gonomororo 3D nmpunTepiB (y Hac
X 4OTUPH), BUTOTOBJISIFOTH YCi HEOOX11HI IJIacT™Ma-
coBi koMIoHeHTH. Ko)kHa rpyna CcTyneHTIB BHKO-
HY€ CBO€ 3aBIaHHS, MIiCIS YOTO MPHCTYMAIOTh J10
BUKOHAHHS MOHTaXy KOHCTpyKii. Taka rpymosa

Arduino UNO

Mini 150RPM Motors

pobota 3abe3meuye peanizamio IisTIbHICHOTO
MiAX0AY, TOOTO CIPSIMOBAHICTH OCBITHBOTO TPO-
[IECYy Ha PO3BHUTOK KIIFOUOBHX KOMIETEHTHOCTEH
1 HaCKpI3HUX YMiHb, 3aCTOCYBAaHHS TEOPETUYHUX
3HaHb Ha TMPaKTHIl, (GOpMyBaHHS 3MI0OHOCTEH 110
CaMOOCBITH Ta KOMaHIHOT poboTH. Ilicis BUroTos-
JICHHSI KOHCTPYKIIIT MepeBipsAoTh 11 HaWpoCTimIi
¢yHkii, 3anporpamyBaBiu 1uiatpopmy Arduino
UNO. Haranmaemo, mo Arduino — amapatHoO-Tpo-
rpaMHa T1uiar¢popma Ha 6a3i MIKPOKOHTPOJEPIB
cimeiicrBa Atmel AVR Ta eneMmeHTiB 00B’I3KU 1A
MporpaMyBaHHS Ta IHTETpallii 3 IHITUMH CXEMaMH.
Moga nporpamyBanHs Arduino 3amo3udeHa 3 cepe-
JIOBHILIA TIporpamyBaHHS ,,Processing”. Arduino,
K 1 iHM aHanorivni 3acoou (Raspberry, Parallax
Basic Stamp, Netmedia’s BX-24, Phidgets, MIT’s
Handyboard Tomio) Hamae MOMJIMBOCTI KOpHC-
TyBauy MPOCTOTO 1 IIBUJIKOTO MPOTPaMyBaHHSI.
Y MIKpOKOHTpOJIEp MONEPEHBO MPOIIUTHI 3aBaH-
TaXyBa4, TOMy HeMa€ HEOOXiTHOCTH y 30BHIII-
HBOMY IIPOTPaMaTopi.

Cepenosuie po3podku Arduino mae BOymoBa-
HUI TEKCTOBUH PEAKTOP MPOrPaMHOTO KOy, KaM-
MIATOP 1 MAKIIOUAETRCSA J0 anaparHol YacTUHU
Arduino. Ilporpama, HamucaHa B CEpEIOBHIII
Arduino, HazuBaeThcst ckerd. Crepiry CTyaeHTH/
CTYACHTKH PElaryloTh Ta 3aBaHTAXYIOTh MPOCTY
nporpaMmy KepyBaHHS, 3TiTHO aJTrOpPUTMY SIKOi
iaropmMa pyxaeTbCsl BIEpeA, a IMOTIM Hazaj.
[ToTiM anropuT™ yCKIIaIHIOIOTh IOBOPOTaMU BIIpa-
BO-BIIiBO. [licis NOCATHEHHS 0a)XXaHOTO pPe3yiib-
Tary, PUETHYIOTh 10 KOHCTPYKIIIT YIIBTPa3BYKOBHIA
naryuk Bigctani HC-SR04 i popmyroTs mporpamy
JUTSL OTMHAHHS IJ1aT(QOPMOIO ITEePEIIKO]I.

Adafruit Motor Shield

HC-SR04

Puc. 1. Koncrpykuist Burorosienoro SMARS-po6orta
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JIOTIOBHEHHSIM KOHCTPYKLIi € YHiBepcaib-
HUM pgaruyuk kosnbopy Ha ISL29125, 3 skum
MOXKHA JTo1aTh (DYHKIIIFO pO3IMi3HABaAHHS KOJIBOPY
1 chopMyBaTu Mporpamy, 3aBaHTAKHUBIIHN SAKY
3a0e3neunT pyX IIaTGOpMHU MO HAHECCHIN Ha
TOPU30HTAJIbHY TOBEpXxHIO JiHit0. [lo peui, 3a
TaKUM TPUHIUIIOM TIPALIOITh PoOOTH-0diIi-
aHTH y 3aKJIaJlaX TPOMAJIChKOTO Xap4yyBaHHs, SKi
MPUBO3STH 3aMOBJICHHS J0 MiCIsl IPU3HAYSHHS,
pyxaro4uch Mo HAaHECEH1| Ha MiJ1031 JiHii-MapII-
pyTu3aropy.

I mie omHUM 3aBAAaHHAM € KPIIUICHHS 10 TUIaT-
¢dbopmu Tpumada mis omiBis (prmomactepa). Taka
KOHCTPYKIIisl 3a0e3neuye MOMKIMBICTh 3aJIUIIATH
CJIJ JiHIT HA TOPU3OHTAIBHIN TOBEPXHI, MO SAKIH
pyxaeTbcsi TuiaTgopma i CTBOPUTH MOJEIH CBOE-
pigHoro twiortepa. Jlis 1poro HEoOXiMHO HArU-
caTd TpOrpamMy, 3TiHO AJITOPUTMY SKOi IUIAT-
¢dopma pyxaTuMeTbCs 332 JAHUMH KOOPIUHATAMH
1 OITUCYBaTHUME TPAEKTOPII0, SIKy PUCYBaTHME OJIi-
Bellb ((prioMacTep) Ha TOPU3OHTANBHIN MMOBEPXHI,
HAIPUKIIA]] IaliepOBOMY BaTMaHi.

Ha BigmiHy Bij 3alpOIIOHOBAHOTO MPOTOTHITY
(SMARS modular robot, 2017), 3m00yBauamu
OCBITH, 5IKi BUKOHYBAJIH [TPOEKT, BUTOTOBIICHO JIKe-
pEeJIo KUBJIEHHSI HA OCHOBI MIHIATIOPHOI aKyMyJsi-
TopHOi Oarapei Ta 3apsgHOro MoayIs. Lle 3abe3re-
4y€ MOXJIMBICTH JOBIOTPHUBAJIOTO BUKOPHCTAHHS

Arduino Pro mini

1aThOpMu 3 TIOAAIBIINM TiA3apsKaHHIM Oara-
pei 6e3 HeoOX11HOCTI 11 3aMIHU, K Y OPUTIHAIBHIN
KOHCTPYKIIIi.

KoHcTpyKIifo  KpoKyrodoro poOoTa-maBykKa
(puc. 2) BUTOTOBJIEHO 3100yBa4aMH OCBITH Ha
IPAKTUYHUX 3a HATTIX Kypcy «STERM-texno-
noriin. Sk i ommcanuii Buime SMARS-TpoexT,
OCHOBHI CKJIQJHUKH L€ KOHCTPYKIii BHUTOTOB-
J€HO 3 BUKOPUCTAHHSM TPUBHUMIPHOTO IPYKY.
HeoOxigni m1st qpyKy ¢aitinm MoxHa 6€3KOIITOBHO
3aBaHTAKUTH 13 CTOpiHKH po3poOHmKa (https://
www.thingiverse.com/thing:2662828). Yuacuuku
NPOEKTHOI TPYIH, BUBYMBINK 3TiJHO IMPOrpamMH
KypCy, TOTYIOTh (paiiii 10 BUBEIEHHS Ha JIPYK
(BUKOHYIOTH CIIAIICHHT Ta HaJalITyBaHHS ITPHHTE-
piB) Ta APYKYyIOTh yci HEOOXi/IHI AeTal KOHCTPYK-
nii. ENeKTpoHHMMHU CKJIaJHUKAMH KpPOKYIOYOTO
poboTta € MikpokoHTposiepHa Turargopma Arduino
Pro mini, ceppoMOTOpH Ta MW CEPBOMOTOPIB,
yabTpa3ByKkoBuil natuuk Bigcrani HC-SR04, 3’en-
HYBaJIbHI TIPOBIAHHMKH, aKyMyJsiTOpHa Oarapes,
MOJTYJTb 3apsiIKaHHS.

Jns  mporpamyBaHHS — MIKPOKOHTPOJIEPHOI
wiarpopmu Arduino Pro mini BUKOpHCTOBY€EMO
nporpaMarop. AJTOpUTM Tporpamu rnepeadadae
NpOrpaMyBaHHs IJIATHOPMH PYXaTHCh Y 3aIaHOMY
HaNpsSMKY Ta OTHHATH MTEPEIIKOH, SKi PIKCYE YiTb-
Tpa3ByKoBuil naruuk Binctani HC-SR04.

HC-SR04

Puc. 2. Koncrpykuis kpokyrodoro SMARS-poGora
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BucHOBKM | mepcneKTMBH MOJAJBIIMX  JISUIBHOCTI 31100yBadiB OCBITH. Y MpoOIECi MPo-
AOCJHizKeHb. SIK MepeKoHye JOCBiJ, MOETHAHHSI  €KTHOI pOOOTH PO3BHUBAIOTHCS KOHCTPYKTOPCHKI
MOXXJIMBOCTEN 3aC001B OCBITHBOT POOOTOTEXHIKH, W TBOpPYi 31i0HOCTI, HOPMYIOTHCS OCHOBH (haxo-
TPUBUMIPHOTO TPOTOTUITYBaHHS Ta IporpaMmy- BOi Ta nudpoBoi KommereHTHOCTi. [lepcrek-
BaHHS MIKPOKOHTPOJICNIB BIJKPUBA€E ILIUPOKI  THBHM MOJANBIINX AOCITIIKEHb BOAYaeMO y po3-
MOXIIUBOCTI JUIsI BUBYCHHS IHTAaHb TEXHOJIOTIY-  BUTKY MPOEKTHOI POOOTH IMIOMO KOHCTPYIOBAHHS
HOTO XapakTepy Juisl akTuBizauii mizHaBaiabHOi  SMARS-tardopm.
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MYJIbTUCHEKTPAJBHI JIITAPU TA IX BAKOPUCTAHHSA

Y cmammi euceimneno meopemuuni 3acaou gyuxyionysanns mynemucnekmpanvrux rioapruux (MCJI) cucmem, ixuio
anapamuy peanizayiro, Memooon02iyHi nioxoou 00 360py ma 06poOKU OAHUX, A TMAKONHC OXAPAKMEPUI0BAHO KOOI
HANpamu RPAKMUYHO20 3aCmocyeanis yiei mexnonoeii. Pozensanymo npunyunogy apximexnypy MCJI, sika exnouae ddice-
pena sunpoMiHiO8aHHsL HA PISHUX OOBHCUHAX XGUTb, CKAHYBANbHI MEXAHI3MU, NPUUMATbHI ONMUYHI MOOYI, (homooemex-
MOPHI cucmemu, a maxkodic OONOMIdNCHI enemenmu Hagieayitinozo s3abesnewenns (GPS/IMU). Okpemy ysacy npudineno
BUKOPUCMANHIO CYREPKOHMUHYYMHUX 1A3€ePi6 | MemoOdM NOOBOEHHS YACMONU 0I5l POSUIUPEHHS CNeKMPAalbHO20 0ianaso-
Hy. 3asnaueno, wo ocHognolo nepesazoio MCJI € modcnugicms 00HOUACHO20 OMPUMAHHA NPOCHIOPOBOI Md CHEKMPANTbHOT
ingopmayii npu 30epedcenti 8UCOKOI NPOCMOPOBOT pO30LIbHOI 30aMHOCHI.

Ilpoananizoeano nomenyian MCJI y 3a6e3neuenni mouno2o chekmpanbHo2o po3pisHeHHs Mamepianie ma cmpyKmyp-
HUX e/leMeHmi6 Ha OCHO8I CHeKMPANbHO-UYMAUBUX 8i00umux cueHanie. Onucano aneopummu yughposoi 0opobxu cueHa-
7118, GKIIOYAIOUU MEmOoOU padioMempudHoi KaribposKu, KOMAEHCAYii ammocghepHux cnomeopets, a maxoie MAuUHHO-
20 HABYAHHSA, SKI 3ACMOCO8YIOMbCA 01 Kaacuikayii, ceemenmayii ma eizyanizayii 6acamosumipnux danux. Haeedeni
eMNIPUYHI pe3ytbmamu ceiouams npo GUCOKY MOUHICMb PO3nizHasanHs 00 'exkmig 3a oanumu MCJI, wo icmomuo nepesu-
WYye NOKAZHUKYU MPAOUYIUHUX TIOAPHUX CUCEM | NACUBHUX MYIbIMUCIEKMPATLHUX 300PaANCEHD.

Y pobomi oxpecneno ocroeHi npuknaoni HANPAMU BUKOPUCIAHHS MYNbIMUCNEKMPANbHO20 1i0apa, 30Kpema: azpo-
MOHIMOpUHe, ICO3HABCME0, 2e00e3i5 Ma Kapmozpagis, eKono2iuHull MOHIMOpUHe, YPOaHICMuKa, 2eon02is i apxeonozis.
Tlokaszano, wo cunepeis npocmoposo-CheKmpanbHux OaHUxX i0KpUBAE HOGI MOJICIUBOCMI 6 IHmepnpemayii CK1aoHux
NPUPOOHUX | AHMPONOLEHHUX CUCTIEM.

IIpoananizoeano purKosi meHoeHyii, Axi ceiduams npo 3pocmanns ingecmuyiu y cepy MCJI-mexnonoeiti ma ing-
pacmpykmypu 014 ix inmeepayii' y mynemucencopui niampopmu. 30xkpema, o4ikyemucsa cymmese 3p0CHAaHHs C8imo8020
DUHKY NIOApHUX CUCTHEM, UjO MAKOIHC OXONTIOE MYNbIMUCNEKMPATbHULL Ce2MEHM.

Knrouogi cnosa: mynomucnexmpanvnuii 1idap, oucmanyitine 30HOY8AHHS, CHEKMPALbHA pPepreKmancis, xmapa
MOYOK, Yugposa 06podKa cueHanis, 2eoinopmayiini cucmemu, MAWUHHE HABUAHHS, eKONOSTHHUL MOHIMOPUHE.
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MULTISPECTRAL LIDAR SYSTEMS AND THEIR APPLICATIONS

The article presents the theoretical foundations of the functioning of multispectral LiDAR (MSL) systems, their
hardware implementation, methodological approaches to data acquisition and processing, as well as outlines the key
areas of practical application of this technology. The fundamental architecture of MSL is considered, which includes
radiation sources operating at various wavelengths, scanning mechanisms, optical receiving modules, photodetector
systems, and auxiliary navigation components (GPS/IMU). Particular attention is paid to the use of supercontinuum
lasers and frequency doubling techniques to expand the spectral range. It is emphasized that a key advantage of MSL
is the capability of simultaneous acquisition of both spatial and spectral information while maintaining high spatial
resolution.

The potential of MSL in providing accurate spectral discrimination of materials and structural elements based on
spectrally sensitive reflected signals is analyzed. The article describes digital signal processing algorithms, including
radiometric calibration, atmospheric distortion compensation, and machine learning techniques applied for classification,
segmentation, and visualization of multidimensional data. Empirical results indicate a high object recognition accuracy
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using MSL data, which significantly exceeds the performance of traditional single-wavelength LiDAR systems and passive

multispectral imagery.

The study outlines the main applied directions for the use of multispectral LiDAR, including agro-monitoring, forestry,
geodesy and cartography, environmental monitoring, urban planning, geology, and archaeology. It is demonstrated that
the synergy of spatial and spectral data opens new possibilities for interpreting complex natural and anthropogenic

systems.

Market trends are also analyzed, highlighting a steady increase in investments in the field of MSL technologies
and the infrastructure needed for their integration into multisensor platforms. In particular, significant growth of the global
LiDAR market is anticipated, which also encompasses the multispectral segment.

Key words: multispectral LiDAR, remote sensing, spectral reflectance, point cloud, digital signal processing,
geographic information systems, machine learning, environmental monitoring.

Beryn. TexHomOT1T AMCTAHITIHHOTO 30HyBaHHS
HaOyBalOTh /1eAalIi OUIBIIOrO 3HAUEHHS SIK 1HCTPY-
MEHT OTpHMaHHs iH(oOpMaIlii TPO TOBEPXHIO
3emii 6e3 ¢iznuyHoro koHTakTy (Leah A. Wasser,
2024). IIi TexHOJOTIi € KPUTUYHO BAKIMBUMH
JUISl HIMPOKOTO CIEKTPY 3aCTOCYBaHb, BKIIOYAI0UH
MOHITOPHHT HaBKOJHMIITHHOTO CEPEAOBHUINA, YIIPaB-
JHHS pecypcaMu Ta MiChKe IUTaHyBaHHS. Y cydac-
Hill IPAaKTHUI JUCTAHIIITHOTO 30HTyBaHHS CIIOCTe-
piraeTscst TEHIEHITIS 10 MO€THAHHS Te€OMETPUIHOT
iHpopMarlii, SKy TpaauIliiHO 30MparoTh JIiIapHi
JIaTYHKH, 3 CIIEKTPAJILHOIO iH(pOpMAIli€to, 110 OTPU-
My€eTbes 3 onTHYHUX 300paxkeHb (Takhtkeshha,
2024). Takuit migxix J03BOJIAE€ NOCSATTH 3HAYHO
TOYHIIINX PE3yJbTATIB y PI3SHOMAHITHUX 3aja4ax,
10 CBITYMTH MPO 3pocTarouy norpedy B 30araue-
HUX Habopax MaHMX, SKi IHTErpyIOTh MPOCTOPOBI
Ta CIIEKTPaJIbHI BUMIpPH.

[Mosia mynsTUCTIekTpanbHuUX Jigapaux (MCJI)
cHCTeM, W10 TMpaloTh Ha PI3HUX JOBXKHMHAX
XBWJIb, CTaja PEBOJIOLIHHUM KpPOKOM Yy cdepi
OZIHOYaCHOTO OTpUMaHHs iH(opMalii Ipo BUCOTY
ta iHTeHcuBHIicTh BinOuTTs (Takhtkeshha, 2024).
s ogHOUACHICTH € KII0YOBOKO mepeBaroro MCJI
Ha/l METOAaMH, SIKIi OTPUMYIOTh HPOCTOPOBI Ta
CHEKTpaJIbHI JaHI OKPEMO, OCKIIbKH JI03BOJISIE
YHUKHYTH TIOTCHIIIHHUX HEBIAMOBIAHOCTEH Ta
3a0e3nedye y3ro[KeHI YMOBH HABKOJHUIIIHBOTO
cepemoBHINa Mg 4yac 300py maHux. TexHomoris
MCIJI Bxe yCHIIIHO 3aCTOCOBY€ETHCS /ISl BEJTUKO-
MacmTabHOTO KapTorpadyBaHHS y Pi3HUX ramy3sax
(Takhtkeshha, 2024), mo migkpeciroe ii yHiBep-
CAJIbHICTh Ta €(EKTHBHICTh Y HaJaHHI JETaTbHOI
1H(pOpMaIii JUIst pi3HUX 3aCTOCYBaHb.

JlocmikeHHsT TOKa3aid, IO BHKOPUCTAHHS
nanux MCIJI 3abe3nedye 3HaYHO BHIY TOYHICTb
knacudikailii 00’ekTiB. B omHOMY 3 JOCHTIIKCHD
TOYHICTh KJacu@ikalii 3 BUKOPUCTAHHAM JAHUX
MCIJI nocsarna 88,7%, mo Ha 9,8%—39,2% nepeBu-
IIyBaJIO TOKa3HUKH OJHOXBUJIBOBOTO JIiJlapa Ta Ha
4,2% — MynpTHCIIEKTpaNbHUX 300paxeHb (Gong,
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2015). 1Ii kigbKiCHI JaHi MiATBEPHKYIOTh BHIILY
e¢pextuBHicTs MCJI y po3pizHenHi 00’ exTiB. MCJI
NPOTIOHYE aKTHUBHY CHEKTPOCKOIIII0, IO J03BOJISE
NPOBOANUTH BUMIpPIOBAaHHS HAaBITh Y MOCTIHHO 3aTi-
HEHHUX 00macTsx abo Oe3rnocepeHbO aHali3yBaTH
ckiana moBepxHi (Jonathan, 2005). Ha Bigminy Bix
MACUBHOTO MYJBTHCIIEKTPAJIBHOTO 300pakeHH,
MCIJI He 3a1eKUTh BiJl COHSYHOTO OCBITIICHHS Ta
BIIOMBHOI 3/1aTHOCTI TIOBEpXHi, 3a0e3Medyroun
CTaOlIbHI J1aHI HE3aJEKHO BiJl YMOB OCBITJICHHS
(Fleming, 2015). Kpim toro, MCJI 3narHuii Hana-
BaTH CIIEKTPaJbHI JaHi 3 BUCOKOIO MPOCTOPOBOIO
PO3AUTLHOIO 3IATHICTIO (HA PIBHI JIMCTS) y BEJH-
KHUX MaciTadax (10 piBHS HACAKEHB ), 10 paHiIIe
OyJ0 CKIAQAHO AOCATTH Oe3 PyHHIBHOTO BiOOpy
npo6 (Kaasalainen, 2019). Ile BiakpuBae HOBI
MOXKJTUBOCTI JIJIsl HEIHBa3UBHHUX Ta MIMPOKOMACIII-
TaOHUX EKOJOTIYHUX JTOCIIHKEHb.

Pi3Hi raiy3i mpoMHUCIIOBOCTI, BKJIFOYAOUH CllTb-
CBhKE TOCIIO/IapCTBO, JICOBE TOCIOAAPCTBO Ta 3eM-
JeyCTpiif, MOXKYTh OTPHUMATH 3HAUHY BUTOIY BiJ
J01aTKOBOI iH(popMalii, Ky (ikcye MyIbTHCIEK-
TpajibHe 300paKeHHS 1 sIKa YacTO 3aJIUIIAETHCS
HETIOMIYeHOI0 JJIS JIFOICBKOr0 OKa abo CTaHaapT-
HUX Kamep. Lle migkpeciroe 3pocTaroue BUHAHHS
IIHHOCTI JIeTaJIbHOI CIEKTpaibHOT iH(popMarii
JUIS TIPUAHATTS. OOIPYHTOBAaHUX pillleHb. 3pocTa-
04N 1HTEepec A0 CHPUHHATTA Ta ouMudpyBaHHS
HAaBKOJIMIIHBOTO CEPEJOBHUINA MMOKJIATAETHCS Ha
BIJIIOBI/IHI METOIW AMCTAHIIHHOTO 300py JAaHHX,
1 MYJBTHCTIEKTPAIbHUNA JIiIap € TepPCIeKTUBHUM
pIIEHHSAM JJIsI OAHOYACHOTO JOCTYIy IO I'eoMe-
Tpu4HOI iH(dopMaIrii Ta iHpopMarlii mpo MaTepiaan
(Han, 2022). Ile cBiAuuTh IpO 3pOCTAIOUUI TOIUT
Ha TEXHOJIOTI1, IKi MOXKYTh 3a0€3MeYUTH BCeOITHE
1(pOBE MPEACTABICHHS CBITY.

CyuacHi TEHJICHIIi PpO3BUTKY MYJIBTHCIICK-
TPaJbHUX JIIJAPHUX CUCTEM CBITYaTh IPO MOCTY-
MOBE JIOCSTHEHHS TEXHIYHOI 3piIoCTi Ha3eMHHUX
MYJIBTUCIEKTPAIbHAX JIJIAPHUX 1HCTPYMEHTIB
Ui KomepitiiHoro 3actocyBanHs (Kaasalainen,
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2019). Ile 3acBimuye nepexia BiJl HayKOBO-I0CIIiI-
HUX IHCTPYMEHTIB A0 OLIbII JTOCTYIHUX Ta 3pyd-
HUX y BHUKOPUCTaHHI KoMepuiiHux cucrem. Cro-
CTepiraeTbcs TEHICHIIS 10 TOEIHAHHS JijapiB
3 IHIIMMU JaTYMKaMU, TAKUMU K CUCTEMH 103U~
LIOHYBaHHS Ta TACHBHI KamepH, AJs CTBOPEHHS
MYJIBTHCEHCOPHUX EKOCHCTEM 3 METOI IOKpa-
LIEHHS CUTYyaliiHOi 0013HAHOCTI, OCOOIUBO JUIs
aBTOHOMHHUX TpaHCIIOPTHHUX 3aco0iB (Kaasalainen,
2019). Ile Bxa3ye Ha Te, o MCJI po3misgaeTscs He
SK OKpeMe PILICHHS, a SIK KOMIIOHEHT y HIHPIIOMY
HabOpi CEHCOpHHX TexHoyorid. Punok mimap-
HUX TEXHOJIOTIH JIEMOHCTpPY€ 3HayHE 3pOCTaHHS,
3 MPOTHO3aMH JOCSITHEHHS 7,94 Minbsipaa qonapis
CIIA no 2030 poky (LiDAR Market Size, 2022)
ta 15,83 minesapaa nonapis CILIA no 2034 poky
(LiDAR Market Size, 2025). Xova 11i nudpu npea-
CTaBJIAIOTh 3araJIbHUN PUHOK JIiJapiB, BOHU BKa-
3yIOTh Ha CHJIbHY TEHICHIIIO J0 3pOCTaHHSA, SKa,
HMOBIPHO, BKJIIOYAE 1 MYJIBTHCIEKTPAJIbHUN Cer-
MEHT. PHHOK MyJIBTHCIIEKTPaJIbHUX KaMep TaKOX
3pocTrae i, 3a OIliHKaMHM, JOCATHE 2,2 Minbspra
nonapiB CIIIA mo 2028 poky (Multispectral
Camera Market by Application, 2023), mo cBia-
YUTh PO IIUPIINAN IHTEPEC Ta IHBECTHIIIT B MYJIb-
TUCTIIEKTPaJIbHI CEHCOPHI TEXHOJOTIi, sIKi JOTMOB-
Hi010Th MCJL.

HpuHIun aii MyJIbTHCIIEKTPAJBLHUX JigapiB.
MynbsTucneKTpalibHa JliJapHa CHUCTeMa 3a3BHYaid
BKJIIOYA€E JKEPEIIO JIa3epHOTO BUIIPOMIHIOBAHHS,
IO TeHEepye IMITyJbCH Ha KUIBKOX JOBXKHHAX
XBHJIb, CKAHYIOUMH MEXaHI3M Ui CIPSMYBaHHSI
JIa3€pHOTO TPOMEHS, ONTUYHUN NpPUUMAIBHUN
070K 11 300pY pO3CiSTHOTO Ha3aja CBiTIA Ta OJIOK
JIETeKTyBaHHS 3 (hoTomionaMu Ta onru(poByBaYEM
JUTSL peecTpallii iIHTEHCUBHOCTI BiJOMTHX CUTHAJIIB
Ha kokHiA nmomkuHi xBwii (Kaasalainen, 2019).
Cucrema Ttakox wmictute GPS mis orpumanss
iH(pOopMaIIii Ipo MiCIe3HAXOHKSHHS Ta THEPIlialb-
Hu# BuMiptoBansHui 6510k (IMU) st BU3HaYSHHS
opienTarii natunka (Leah, 2024). ¥ neskux nepe-
JIOBUX CHCTEMaX BHKOPHUCTOBYIOTHCS BOJIOKOHHI
MIJICHITIOBAYl ISl TeHepallii Ja3epHUX IMITYJIbCIB
Ha TIEBHUX JOBXHHAX XBHJIb, TakKux K 1064 M
ta 1570 HM. MeToan NOJBOEHHS YaCTOTH MOXYTh
PO3LIMPUTH Jiana30H JOBXHH XBWJIb y BUAUMY
gacTuHy criektpa (Jonathan, 2005).

Texnonoriss LiDAR mnpairoe 3a mpuHIUIOM
BHUIIPOMIHIOBAaHHS JIa3epHUX IMIYJIBCIB Ta BUMi-
pIOBaHHS 4acy, 3a SKHM B1IOMTE CBITJIO INOBEp-
TAETHCS IO Jaryvka (TMPUHLHMI 4Yacy MPOJIBOTY)
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(Leah, 2024). Ile#t yac mposbOTy BHKOPHUCTOBY-
€TBHCSI ISl PO3PaxyHKy BifcTaHi 0 Iimi. Takox
PEECTPYETHCS IHTEHCUBHICTh BIJIOUTOTO CBITJIa Ha
KOXKHIA JIOBKMHI XBWJI, IO Hajaae iH(OpMAaIIiio
Npo BiJIOWBHY 3MaTHICTh IIUJII B IUX KOHKPETHUX
criektpansHux giamaszonax (Takhtkeshha, 2024).
MynbTUCTICKTPAJIbHUN  JIigap PpO3MIMPIOE  TIei
MIPUHIIKI, BAKOPUCTOBYIOUH KiJIbKA TOBXKHH XBUJIb
Ja3epHOTO BUIPOMIHIOBAaHHS (3a3BMYail y BUIHU-
MOMYy Ta ONMXKHBOMY 1H(PauepBOHOMY CIIEKTPI)
qutst 3oayBanHs miii (Takhtkeshha, 2024). BuGip
JIOBXKHH XBHJIb € KPUTHYHO BaXKITUBUM, OCKIIBKH
pi3HI MaTepiajdM TO-pi3HOMY BiJIOMBAIOTh Ta
MOTJIMHAIOTH CBITJIO B PI3HUX YaCTHHAX CIIEKTpa.

VY MyJBTHUCTIIEKTPATbHUX JIaPHUX CHUCTEMax
MOXYTh BHKOPUCTOBYBATHUCSl KiJIbKa OKPEMHUX
na3epiB, KOXKCH 3 SKUX BUIPOMIHIOE Ha TICBHIM
JOBXKUHI XBWIIi, a00 CyNEepKOHTHHYYMHHI Jiasep,
SKUW TeHepye LIMPOKHH CHEKTP CBITIA, 3 SKOTO
3a A0moMoror (ineTpiB ab0 IHIIMX ONTHYHUX
KOMITOHECHTIB BHUOHMPAIOTHCS KOHKPETHI JIOBXKHHH
xBuib (Takhtkeshha, 2024). Buxkopucranusi Kijib-
KOX JIa3epiB 3a0e3meuye MpoCTOTy Ta MOPIBHIIBHY
Oe3neKky aisi Oued 1 CIHiBBIAHOIIEHHS CHUTHa/
IIyM, MOAI0HE 10 TPAIUIIHKX JIiIapiB, ajie MOXKE
0o0Me’KyBaTH MacIITabOBaHICTh Ta YCKJIAAHIOBATH
BupiBHIOBaHHs (Kaasalainen, 2019). Cymnepkon-
TUHYYMHI JIa3epd MOXYTb OXOIUTIOBATH OuIbII
CHEKTpaJIbHI Jliana3oHu Ta 3a0e3MnedyBaTd OJHO-
YacHi BUMIPIOBAaHHS HA KUTBKOX JIOBKHHAX XBHJIb,
ajyie CTHKAIOTHCS 3 MpolieMaMu TOCSITHEHHs 0e3-
MEYHUX JIJIs1 0OYeH PiBHIB MOTYXHOCTI JUIsl IUCTaH-
niiaux BuMiproBanb (Kaasalainen, 2019). letek-
TYBaHHs 3a3BUYall 3/1HCHIOETHCS 3a JIOIIOMOIOO
doromionis (Takux sk JaBuHHI poTtomionu — APD),
SK1 IEPETBOPIOIOTH MPUIHATE CBITIO B €IEKTPHUY-
HU CHUTHaJ, Ta IIBUIAKUX OLUU(PPOBYBAYiB LIS
3anucy (opMu XBWIII IMITYJIBCIB, IO IOBEpTa-
I0ThCS, Ha KokHiM momxkuHi xBwii (Kaasalainen,
2019).

ITin ywac 360opy mammx MCJI-cuctema OHO-
YaCHO PEECTPYE BIACTaHb A0 IIUJIi Ta IHTEHCHUB-
HICTh PO3CISIHOTO Ha3aJl CBITJIa Ha KOXKHIH 31 CBOIX
po6ounx nosxuH xBuib (Takhtkeshha, 2024). Lie
NPU3BOIUTH 10 CTBOPEHHS TPHUBHMIPHOI XMapH
TOYOK, JI¢ KO)KHA TOYKA MA€ TOB’si3aHI 3HAUCHHS
cnektpampHoi  iHTeHCcMBHOCTI  (Kaasalainen,
2019). [na orpumanHs TO4YHOI iH(pOpMAIli Mpo
BiJICTAaHb Ta IHTCHCHBHICTb BHUKOPHCTOBYIOTHCS
MeToau OOpOOKM CHUTHANIB JUIsl aHamizy (Qopmu
XBUWJII IMITYJTBCIB, 1110 oBepTaroThes (Kaasalainen,
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2019). PamiomeTpuyHa KamiOpoBKa Ta KOPEKIIis
€ BOXJIMBUMH e€TanaMu 0OpOoOKH sl BpaXyBaHHS
CHCTEMHHX CIOTBOPEHb, 3MiH BHUCOTH pembedy,
arMoc(epHOro TMOIIMHAHHA Ta BIUIUBY BIJCTaHi
1 KyTa MajJiHHS Ha JaHi IHTCHCHBHOCTI, 3a0e3Ie-
YyIO4l TOYHE BilOOpakeHHS CHEKTpajbHOI Bif-
OMBHOI 31aTHOCTI LIl 3HAYEHHAMHU IHTEHCUBHOCTI
(Kaasalainen, 2019). Peectparis cnekTpaibHUX
naHuX 3a0e3nedye TOYHE BHPIBHIOBAHHS CIIEK-
TpaJibHOT 1H(OpMamii 3 Ppi3HUX HOBKHH XBWIb
3 TpocTOpoBUMH AaHuMH. llepemoBi wmeroau
00pOoOKHM, BKJIIOYAIOYM aJTOPUTMH MAIIMHHOTO
HaBYaHHA, JeJali 4YacTille BHKOPUCTOBYIOTHCS
JUISl TAKUX 3aBJIaHb, SIK CETMEHTAIlisl XMapy TOUOK,
Kiacudikallis Ta BIUIy9eHHS O3HAK HAa OCHOBI SIK
MPOCTOPOBUX, TAK 1 CIIEKTPAIILHUX XapaKTEPUCTUK
(Gong, 2015).

3acTocyBaHHSI MYJIbTHCHEKTPAJIbHUX JIiga-
piB. Ciabchbke rocnoaapcTBo: MynbTUCTICK-
TpaJibHe 300pakeHHs1, 4acTO B MOETHAHHI 3 JIija-
POM, BUKOPUCTOBYETHCS AJISI TOUHOTO MOHITOPUHTY
MOCIBIB, BUSABICHHS Ie(IIUTy MOXKHUBHUX PpPEdo-
BUH, paHHIX O3HAK CTPECY, a TAKOXK CIajaxiB XBO-
pob abo mkigaukiB (Altmann, 2015). Ile mo3Bo-
JISiE CBOEYACHO BXKMBATH LIBOBHUX 3axomiB. Jlimap
3abesneuye Toune 3D-kaprorpadyBaHHs CLITBCHKO-
TOCHOAAPChKUX YTi/b, JOTIOMArarodd B aHai3i
penbedy, HIBEIIOBaHHI 3€Mellb, aHaJi3i TPYHTIB
ta TuranyBaHHI 3pomieHHs (Kexin Zheng, 2023).
[MoeqHaHHsT MyJBTUCIICKTPAIILHUX JAaHUX 3 JIija-
POM J03BOJISIE ONTHMI3yBaTH 3POIICHHS Ta yIpaB-
JIHHS BOJAHHUMH PECypCaMH IUIXOM BUSBIICHHS
30H BOJJHOT'O CTPECY Ta pO3yMiHHS IIOTOKY BOJH Ha
ocHOBI Tomorpadii (Altmann, 2015). MCJI moxe
JIOTIOMOTTH TIPOTHO3YBaTH BPOXKAWHICTH MUIIXOM
TOYHOTO BUMIPIOBAHHS BUCOTH POCIUH, MIUTEHOCTI
moJiory Ta posnoaury 6iomacu (Altmann, 2015).
TexHomorist NiATpUMYE CTajle CLIbChKE rOCIOAAp-
CTBO, 3a0€3Me4yloun TOYHE BHECEHHS JOOpUB Ta
MECTUIU/IIB, 3MEHIIYIOYM BIiJIXOIW Ta BIUIMB Ha
HaBkonuirHe cepenonuiie (Kexin Zheng, 2023).

Exonoris Tta JjicoBe rocmomapcrBo: Myiib-
TUCTIEKTpaJibHE 300pa)XCHHS JOIOMarae po3pis-
HSTHU Pi3HI BUAM POCIUH Ta TUIIK JIICIB HA OCHOBI
iXHIX CIIeKTpaIbHHUX BiIacTUBOCTEH BinouTTs (Han,
2022). JIinap BUKOPUCTOBY€THCS AJIsi MOHITOPUHTY
JIICOBOTO BYIJIEIIO, €KOCHCTEM Ta pPecypciB, Haza-
104U JIaHi IIPO BUCOTY MOJIOTY, IOKPHUTTS, 6iomacy
ta cTpykTypy (Olsen, 2017). MynbTUCTICKTpaIb-
HUH JIiJap A03BOJISE€ OJHOYACHO CITIOCTEPIraTtu sk
CTPYKTYpHI, TaK i BiIOMBHI BJIaCTUBOCTI, 11O Ja€
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3MOT'Y BiIOKPEMJIIOBAaTH JCPEBHI Ta JUCTSHI elie-
MEHTH I10JIOTY Ta HOTEHLIHHO 101I0Marae y Kjacu-
¢ikarii miciB 3a cranom Ta Bugamu (Takhtkeshha,
2024). Moro MoxHa BUKOPHUCTOBYBATH JJIsSI KAPTO-
rpadyBaHHS ()OTOCHHTETUYHOI 37]aTHOCTI Ta 3/10-
POB’Sl POCITHH HUISIXOM BH3HAYECHHS BMICTY XJIOPO-
¢ty 3a cnekrpansHuME iHAcKcamu (Kaasalainen,
2019). MCJI Moxxe JOTIOMOTTH BHSBIISATH Ta KOH-
TPOJIFOBATH 3MiHHU B JIiCax 3 4acOM, TakKi K IOIIHU-
peHHst XxBopoO abo Hacuiaku Bupyoku (Han, 2022).

Kaprorpadisn ta reonesis: Jlinap € peoito-
[IHHOIO TEXHOJIOTIEI0 B aHaMi31 penbedy, 3abe3re-
YYIO4YM BUCOKOTOYHI TororpadivHi 1aHi 1yt CTBO-
pennst aeranbHuX 3D-kapt Ta mozmener (Kexin
Zheng, 2023). MynbTUCIIEKTPAIBHUN  JIiap
KapJMHAJIbHO 3MIHIOE OJHOYACHE OTPUMAaHHS
iH(popMarllii mpo BHCOTYy Ta IHTCHCHBHICTb, IO
€ KPUTUYHO BKJIMBHUM JUIS BEITMKOMACIITAOHOTO
kaprorpadysanHs B pisHux rany3sx (Takhtkeshha,
2024). Jlimap 3maTHUM TPOHUKATH Kpi3h TYCTy
POCIHMHHICTD, MO0 BUSBUTH CIIPABKHIO TOIMOTpa-
¢biro 3emii i HEelo, IO € BAXKIUBUM JUISI TOUHOTO
KaprorpadyBaHHs B 3aJIiCHEHUX paiioHax. Bucoka
TOYHICTB JIITAPHUX JAHHUX € BYKIMBOIO JIJIS TUIAHY-
BaHHS 1HQPACTPYKTYpH, YIPABIIHHSA PEeCypcamu
Ta PiI3HUX T€OJIC3UYHUX 3aCTOCYBaHb.

MOHITOPHHT HABKOJIMIIHLOIO CepeloBHINA:
MynbTHCTIEKTpATbHUAN JiIap TMOKPAILY€e 3aBIaHHS
KiIacudikailii, Hagarouu JeTaNbHY iH(OpMAIito
PO Ppi3HI EKOJIOTIYHI YMOBH Ta CKJaJ pPi3HUX
matepianis. loro MoXHA BHKOPHUCTOBYBAaTH JIA
PO3pi3HEHHs 3a0pyAHEHHS B CHITY, BUSABICHHS
3aMacKOBaHMX IJIEH Ta BIJOKPEMIICHHS IITYYHUX
o0’extiB Bin pocnuHHOCTI (Kaasalainen, 2019).
JlimapHi cucteMu € epeKTUBHUMH 1HCTPYMEHTaAMHU
JUIl MOHITOPUHTY EKOJIOTIYHHUX 3MIH y BEJIMKUX
Maciradax, BKIIOYAlOYH iMeHTH]IKAIlI0 3CYBIB,
KaprorpadyBaHHsl TiJ Yac HaJI3BHUYAWHUX CHUTY-
ariii Ta MOHITOPUHT epo3ii. MyJIBTHCIIEKTpaTbHE
300paKeHHSI JIOTIOMAra€ OI[IHFOBATH POCITMHHUMA
MOKPUB, KOHTPOIIOBATH 3MIHU Y 3€MJICKOPHUCTY-
BaHHI Ta BUSBJISTU 1HBa3WUBHI BUAU y UYYTIHMBUX
exocuctemax (Binhui Wang, 2020). Moro Takox
MOKHa BHKOPUCTOBYBATH I MOHITOPUHTY Tapa-
METpiB SKOCTI BOAM, TAaKUX SK KOHIEHTpAIis
xJ0podiny, Ta BUSBICHHS JKEpen 3a0pyIHEHHS
(Binhui Wang, 2020).

Micbke TUIaHyBaHHSI Ta iH(QpacTpykTypa:
Jlinap Hamae peranbHi 3D-momeni  MiCBKOTO
CepeloBUINA, MIATPUMYIOUM 1HILIATUBU PO3YyM-
HUX MICT, mu(poBi NBIHHUKK Ta TUIAHYBaHHS
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iHppacTpykTypu. MynbTHCIIEKTpaJIbHE  300pa-
KEHHSI MOXKE OI[IHIOBAaTH CTaH MICBKUX 3E€JIEHUX
30H, BUSIBIIATH TEIUIOBI OCTPOBH Ta KOHTPOJIIOBATH
cTaH iHQPaACTPYKTYpH, TaKOi SIK TOPOTU Ta MOCTH
(Olsen, 2017). Jlimap MOXHa BHKOPHCTOBYBAaTH
JUTSL OLIIHKH BHCOTH CTOSYOT BOJM HA JIOPOTax, IO
BOXIIUBO JUIS JTOCIHIKEHb PYWHYBaHHS JOPOXK-
Hboro mokpuTTA (Shi, 2021). Bin Takox qomomarae
B YIPaBIiHHI KOMyHaJbHUMHU Ta €HEPreTHUYHUMHU
JHISAMHU, BUSBISIOYM 3apOCTAaHHS POCIMHHOCTI
(Kashani, 2015).

I'eostorisi Ta ripuuuya cnpasa: Jlimap edek-
TUBHUH ISl OIIIHKK CTIMKOCTI CKEJIBHHX TOPIa Ta
300py iH(opMallii mpo reoMeTpito MOBEPXHI CKENb
(Vierhub-Lorenz, 2022). MyibTHCIIEKTpaTbHHMA
JIi1ap MOYKHA BUKOPHCTOBYBATH ISl aBTOMATH30Ba-
HOT BIpTyaJIbHOI T€O0JIOTii OTOJICHb, JOTIOMAararyu
B imeHTudikamii TUMIB mopia Ta KaprorpadysBaHHi
BMiCTy MiHepaliB. BiH Mae MmoTeHIian 3aMiHUTH
Bi3yaslbHy iA€HTHU(DIKALI0 TPU PO3IUICHHI MiHe-
pauiB Bijx mycroi mopoau Ha maxrax (Kaasalainen,
2019). TinmepcrnexTpanbHe 300pa’keHHS, YacTo
IHTETrpOBaHE 3 JIAapOM, JI03BOJSE TPOBOIUTH
JIeTaJIbHy PO3BiIKY Ta KapTrorpadyBaHHS KOpHC-
Hux kormanuH (Kaasalainen, 2019).

ApXxeoJi0risi Ta KyJbTYpHa cnagmuna: Jlinap
CTaB BKJIMBUM IHCTPYMEHTOM IS BUSIBIICHHS Ta
JOKYMEHTYBaHHS TPUXOBAHHX apXCOJIOTTYHUX
00’ekTiB, cropyn Ta apredakTiB MijJ TOBEpX-
Heto 3emuti, 0COOJIMBO IiJl JIICOBHUM IOKPHUBOM.

MynbTHCTIEKTpajabHe 300paskeHHS  JOIOMarae
BUSIBJIAITH TIOXOBaHI cHopyau Ta apredaxTw,
aHAJI3yIO4H JIeJhb MOMITHI BIIIMIHHOCTI Yy pocC-
muaHOCTI Ta TpyHTI (Olsen, 2017). [loexnanus
Jigapa 3 MYJIbTHCIEKTPATbHUMH JTAHUMH MOXKE
3a0e3neunT OiTBII MOBHE PO3YMIHHSA apXeoJio-
rivaux JnaHgmadTie. Jlimap MoXe CTBOpOBaTH
3D-Mopeni apxeonoriyHuX 00’€KTiB Ta iCTOpUY-
HUX I1aM’SITOK 3 BUCOKOIO PO3JIBHOIO 3[JaTHICTIO
(Kashani, 2015).

BucHOBKH. MynbTHCIIEKTPaIbHI JiIapy SBIIS-
I0Th COOOI0 TMEPEIOBY TEXHOJOTII0 TUCTAHIIIHHOTO
30H/IyBaHHS, SKa MOEAHYE BHCOKY TOYHICTBH IPO-
CTOPOBHX BHMIPIOBaHb 3 iHGOPMAIIIEIO PO CIEK-
TpaJIbHI BJIACTUBOCTI 00’€KTiB. 31MaTHICTh OIHO-
YaCHO OTPUMYBATH IIi JIBa THIIA JAHUX BiIKPUBAE
IIMPOKI MOYKJTMBOCTI JUIsSl PI3HOMAaHITHHX 3aCTOCY-
BaHb y CIJIbCHKOMY TIOCHOAAPCTBI, €KOJIOTii, Kap-
torpadii, MOHITOPUHTY HABKOJHIIHLOTO CEpeIo-
BHUIIA, MICBKOMY TUJIaHYBaHHI, T€0JIOTii, TIpHUYIH
cnpaBi Ta apxeosorii. [TocTiiHU PO3BUTOK TEXHO-
noriit MCJI, 3pocTaroda KoMepliiiiHa JOCTYIHICTb
Ta TeHJCHIIIS J0 1HTerpalii 3 iHITUMH CEHCOopaMH
CBIJTUaTh MPO 3HAYHUN MOTEHINAI ITi€T TEXHOJIOTIT
JUTst MalOYTHIX TOCITIPKEHb Ta MPAKTHYHOTO BUKO-
puctrannd. [loganemi gocnimkeHHs OynyTh cripsi-
MOBaHi Ha BJIOCKOHAJIEHHS TOYHOCTI, PO3IIMPEHHS
CHEKTPaJIbHUX Jllana30HIiB Ta pO3pOOKy ePeKTHB-
HUX METOJIiB OOpOOKH JaHWX JJIST PO3KPUTTS MOB-
HOT'O MOTEHIaJTy MyJIbTUCTIEKTPAIBHUX JIAapiB.
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®OTOEJEKTPUYHI BIACTUBOCTI JIOJAHUX CTPYKTYP In/CulnS,-Znln_S,
TA In—Ga/CuInSz-ZnInZS .

Y pobomi npedcmasneni pesynomamu 0ociiodncersb homosoIbMaAiNHUX BAACMUBOCTEN NOBEPXHEB0-0AD ‘EPHUX CIPYK-
myp Ha octosi moroxkpucmaniunux niieok CulnS~Znln S, ompumanux memooamu mepmiuHo20 6aKyyMHO20 HANULCH-
Hs nanienposopux niieox In na nosepxuio CulnS ~Znln S, ma mexaniunum emupannsim In-Ga esmexkmuku ¢ nogepxnio
Mmonoxkpucmaniunux ckonie CulnS ~Znin S, Hanienposopi indiesi niieku HaHoCuny mepmivHum 6aKyyMHUM HANULEHHAM
vy BVII-5 npu mucxy 1,3-107 I1a i memnepamypi 300 K. ITnowa nosepxni, Ha 5Ky Hanocunu Hanienposopuil wiap In, cma-
Hoguna =3 %3 M.

Ipu ocsimnenni In/CulnS ~Znin S, 3 8 mon. % Znln,S, 3i cmoponu CulnS ~Znin S, cnocmepizagcs 00un uimko eupa-
arceruti maxcumym. Enepeemuune nonosicenns maxcumyma 6 cnekmpi gpomonanpyeu 6ionogioae enepeii keanmis cgimia
hv=1,53 eB. [Ipu oceimienni 3paskie 3i cmopoxu HAnienpo3opoeo wapy In cnocmepieanocs 08a MaKcumymu 3 eHepee-
muyHuUM nonoxcenuam hv=1,44 eB ma hv=1,60 eB. Ananociuni pezyromamu Oyau i 014 0ioOHux cmpykmyp 3 12 mon.
% ZnIn,S,. B spaskax 3 12 mon. % Znln,S, npu oceimnenni 3i Cmoponu MOROKPUCMARIUHOL NIONOJNCKU CNOCMEPI2ANoch
3amiugennst maxcumymy pomonanpyau 0o 1,56 eB, wo 0obpe y32000CcyEmbCsl 31 3pOCTNAHHAM WUPUHU 3A00POHEHOT 30HU
CulnS ~Znin S, i3 s0inbwennsm emicmy Znln,S,.

Haiieuwumu 3navennamu pomonanpyeu ceped dioonux cmpykmyp In-Ga/CulnS ~Znln S, manu cmpyxmypu 3 12 mon.
% Znin S . IIpu oceimaenni 3i cCmoponu HanienposioHuUKo60i nioNoHCKU CNOCMEPIABCs 6Y3bKuLl MAKCUMYM 3 eHepeemuy-
HuMm nonodxcenusam hv=1,44 eB. Ilpu oceimaenni 3i cmoponu In—Ga eemexmuxu nopao 3 MAKCUMYMOM, 00YMOBIEHUM B1AC-
HuMu onmuuHumu nepexooamu (hv=1,68 eB), 6 00620x6UNbLOGIL 0OIACMI CHOCMEPIANACy MEHU BUPANCEHA CXOOUHKA,
00yMO6TIeHA OOMIUKOBUM NOTUHAHHAM C6IMIA, 6I0n0Gi0aibHuMU 3a ke € V.

Maiouu 6ysvki makcumymu 6 cnekmpax pomonanpyau, cmpykmypu In(In-Ga)/CulnS ~Znln,S, mosicna guxopucmosy-
8amu sIK 8y3bKOCMY208i nputimayi ceimaa. Enepeemuyte nonodceHHs MAKCUMYMIB Y CHeKmpax homonanpyau 3a1eicuns
60 CKIA0y MOHOKpUCMATI6 CulnS ~Znln.S,, 6i0 cnocoby odepaicarns 060uapoOi cCMpYKmMypu ma 6i0 CmopoHu CmMpyK-
mypu, AKA 0CEIMNI0B8ANACH.

Kntouosi cnosa: nanisnpogionuxu, nogepxreso-oap epHi cmpykmypu, homonanpyaa, 6axaucii mioi.
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PHOTOELECTRIC PROPERTIES OF In/CulnS,-ZnlIn_S,
AND In-Ga/CulnS,-ZnIn_ S, DIODE STRUCTURES

The paper presents the results of studies on the photovoltaic properties of surface-barrier structures based on
monocrystalline CulnS ~Znin,S, films. These structures were obtained using thermal vacuum deposition of semitransparent
In films on the CulnS~ZnIn S, surface and mechanical rubbing of In-Ga eutectic into the surface of monocrystalline
CulnS ~Znin S, fractures. The semitransparent indium films were deposited by thermal vacuum evaporation in a VUP-
5 system at a pressure of 1,3x10° Pa and a temperature of 300 K. The surface area onto which the semitransparent In
layer was deposited was approximately =3 x3 mm?>.

When illuminating the In/CulnS~Znln,S, structure with 8 mol.% Znin S, from the CulnS~Znin,S, side, a single
well-defined maximum was observed. The energy position of the maximum in the photovoltage spectrum corresponds to
the photon energy of hv=1,53 eV. When illuminating the samples from the side of the semitransparent In layer, two maxima
were observed with energy positions of hv=1,44 eV and hv=1,60 eV. Similar results were obtained for diode structures
with 12 mol.% Znin S, In samples with 12 mol.% Znln,S, when illuminated from the monocrystalline substrate side,
a shift of the photovoltage maximum to 1,56 eV was observed, which correlates well with the increase in the band gap
of CulnS ~Znln S, as the ZnIn,S, content increases.

The hzghest pilotovoltage values among the diode structures In-Ga/CulnS ~Znin S, were observed in structures with
12 mol.% Znln,S, When illuminated from the semiconductor substrate side, d narrow maximum with an energy position
of hv=1,44 eV was observed. When illuminated from the In—Ga eutectic side, alongside the maximum caused by intrinsic
optical transitions (hv=1,68 eV), a less pronounced step was observed in the long-wavelength region. This step was
attributed to impurity light absorption, primarily caused by V..

Having narrow maxima in the photovoltage spectra, the In(In-Ga)/CulnS ~ZnIn,S, structures can be used as
narrow-band light receivers. The energy position of the maxima in the photovoltage spectra depends on the composition
of the CulnS ~ZnIn S, monocrystals, the method of obtaining the bilayer structure, and the illuminated side of the structure.

Key words: semiconductors, surface-barrier structures, photovoltage, copper vacancies.

AkTtyanbHicTe npobiaemu. Bigomo [Kyaps, vy SKuUX po3DIsIaeThCsi MOXKINBICTh BUKOPUCTAHHS
2012; Kynps, 2013], mo CoHIle moceKyHI BUTIpO- K 0a30BOT0 Marepiaixy MpH CTBOpeHHI (oToe-
minroe 88-10* kanm TemnoBOi eHeprii, M0 eKBiBa-  JIGKTPOMEPETBOPIOBAYIB KPHUCTAIIYHUX TBEPAUX
nenTHO 1,02:10°° kBt-rox. Ha 3emmo notpamnse  posunHiB Ha ocHoBi CulnS, ta ZnInS,. IIi Ta
TLIbKY yacTUHA 1i€i eHeprii — Oiast 1°10' kBr-ron  psig iHmmx (akrtopiB 0OYMOBIIOIOTH PO3BHTOK
3a pik, mo Maibke y 100 pa3iB mepeBuIIye €HEp-  HOBHX TEXHOJOTIH OTPUMAHHS Ta JIOCHIKCHHS
TeTUYHI PECypCH BCIX pO3BIJaHMX FOPIOYMX KOMA-  BJIACTUBOCTEH PI3HHUX THUIIIB MOBEPXHEBO-Oap’ep-
muH Ha 3emii. CaMe TOMy COHSYHA €HEpreTMka  HHMX CTPYKTYp Ha OCHOBI JIJaHHMX CIIONYK, came Iie
€ OJIHMM 13 HaWOUIbII MEPCHEKTHUBHUX HANpsAMIB  BU3HAYA€ aKTyaJIbHICTh HAIIOl pOOOTH.
BUKOPHCTAHHsS €HEeprii BiJHOBIIOBAHUX JDKEPET, PoGora mpucssueHa JOCHIKEHHIO (POTOBOIB-
o0 LIBUAKO PO3BUBAETHCHA. I[lepCHEKTUBHUMHM  TaidyHMX BJIACTUBOCTEM IOBEPXHEBO-Oap’€pHUX
MarepiajamMu Ui pO3poOKH BHCOKOC(EKTHBHHX  CTPYKTYp Ha OCHOBI MOHOKPHCTAJIYHUX IUTIBOK
COHSYHHMX €JIEMEHTIB, 3aBIsiKM BHCOKOMy 3Ha-  CulnS —~ZnIn,S,, oTpuManux MeToaMu TepMid-
YEeHHIO Koe(illieHTa NOMIMHAHHS CBITJIA Ta ONTH-  HOTO BaKyyMHOTO HANWJIEHHS HAMiBIPO30PHUX
MaJIbHUM 3HAYE€HHSAM INMPUHHU 3a00pOHEHOT 30HHM,  TWIiBOK In Ha mosepxHio CulnS —~Znln S, Ta mexa-
€ HamiBIpoBiaHuKoBi cnonykn CulnS) ta ZnlnS,.  Hiunmm Brupannsm In-Ga eBTEKTHKH B IOBEPXHIO
B ocranni poxku 3’sBasioTbes Haykoi crarti,  CulnS —Znln,S,.
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AHami3 ocTaHHiX AocaiKeHb i1 my0Jika-
niit. Cepen xiacnyanx Si Ta Ge HE MEHII aKTy-
QIbHUMU JJI1 PO3BUTKY COHSYHOI EHEpPreTUKU
€ HamiBIpoBiaHuKoBi cnonyku CulnS,. Excnepu-
MEHTAJIbHO JOCATHYTI 3Hau€HHS €(QEKTUBHOCTI
(hOTOCIIEKTPUIHOTO TIEPETBOPEHHS TOHKOILTIB-
KOBUX €JIEMEHTIB Ha oCHOBI CulnS, cTaHoBATH
11-15 % (Klenk, 2005), a, 3rigHO 3 TeopeTHY-
HUMHU pO3paxyHKaMHu, B p-n-roMoIepexojax Ha
ocHoBi CulnS, edexTUBHICTE (OTOETEKTPUIHOTO
MEePETBOPEHHS MOXKe cTaHOBUTH 27-35 % [Meese,
1975]. Baxnusy ponb ans CulnS, sx marepiary
MOMJIMHAIOYOTO0 1Iapy (OTOENEKTPONEPETBOPIO-
Baua Bigirpae e, mo CulnS, HanexuTh 10 Xaib-
KOMIPUTHUX MPSAMO30HHUX  HAIiBIPOBIIHUKIB.
[uprra 3aboponenoi souu CulnS, E ~1,55 eB,
o € Ty’ke ONU3bKUM 10 MAKCUMYMY CHEKTpajib-
HOTO po3mnofiry BurnpomiHtoBanHs Conil. Bax-
JIUBY POJIb JUJIsl MPAKTUYHOIO BUKOPUCTAHHSA BiJli-
rpa€ BHCOKE 3HAYEHHS KoeQillieHTa MOIIMHAHHA
ceitna cnonyk CulnS, o>10° cm™. [eski dizuuni
BractuBocTi cmonmyk CulnS —ZnIn,S, npencras-
neni B pob6orax (Bozhko, 2015; Bozhko, 2016;
Bozhko, 2015). 3rinno 3 nanumu podit (Bozhko,
2015; Bozhko, 2016; Bozhko, 2015), aocmimxy-
BaHI MOHOKPHCTAJIM HaJeXald IO HaIiBIPOBiJI-
HUKIB n-THUIy HpoBigHOcTi. Y poboti (HoBocan,
2020) nokasaHo, 1110 AOCITIJPKyBaHi B 1aHiil poOOTi
noBepxHeBo-0ap’epui  crpyktypu  In/CulnS —
Znln S, 3 HaniBOpoO30pMM MIAPOM iHMIK0 MAarOTh
BUIIPSIMHI BJIACTUBOCTI. YUMCIIOBI 3HAYeHHs Koe-
¢imienta BunpsmieHHs K, KUl BU3HAa4aBCs Bif-
HOILIEHHSIM MPSIMOTO CTPYMY 10 3BOPOTHOTO IMPH
cTaumiii Harpy3i, cranosmiy 100, 1,5, 2 BiAnmoOBiIHO
nis crpyktyp In/CulnS ~ZnIn,S, 34, 81 12 mon.%
ZnIn S, (Hosocan, 2020).

Mera pociaimkennsa. Mera pobotu mossrana
y CTBOpEHHI Ha IOBEPXHI MOHOKPHUCTAIIYHHUX
wiiBok CulnS,~ZnIn, S, TepmiYHMM BaKyyMHUM
HanwJIeHHsSM In moOBepxHEBO-0ap’€pHUX CTPYK-
Typ In/CulnS ~Znln,S,; y CTBOpPEHHI MEXaHIYHUM
BTUpaHHsIM In—Ga €BTeKTHKH B MOBEPXHIO MOHO-
kpucTaniyaux 1wiiBok CulnS -Znln S, nosepxue-
Bo-0ap’eprux cTpykTyp In—-Ga/CulnS,~Znln,S,;
JOCII/DKEHH]  CHIEKTPaJIbHOTO  po3noainy (oto-
HampyTd OJEp)KaHWX JBOIIAPOBUX ITIOBEpXHE-
BO-0ap’e€pHUX CTPYKTYp Ta (i3UyHIi iHTepnpeTa-
i1 OTPUMaHUX PE3YIIbTATIB.

Metonnka Ta TexHika excnepumeHty. Jlns
ONlepKaHHS ~ TIOBEPXHEBO-0ap’€pHUX  CTPYK-
TYp  BHUKOPHUCTOBYBAJIMCh  MOHOKPHCTaJI4HI
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tBepai pozuunn CulnS ~Znln,S, 3 BmicTom 4, 8,
12 ta 16 mon. % Znln,S,. Monokpucrtanu CulnS —
ZnIn,S, Oynmu BHPOWIEHI PO3YHH-PO3ILIABHMM
METOJIOM, METOJMKA BHUPOIILYBaHHS MOHOKPHC-
TaJiB Ta CHHTE3 MaTepiajiB omucaHi B poOOTi
(Bozhko, 2014; Bozhko, 2014).

HamiBripo3opi iHi€BI IUIIBKM HAHOCHIIM TEp-
MIYHUM BaKyyMHUM HanwieHHsM y BVYII-5 npu
tucky 1,3-10° Ila i Temmneparypi 300 K. Ilmoma
MOBEPXHi, HA Ky HAHOCWJIM HAIIBIPO30PHH mIap
In, cranoBmia ~3%3 Mm% Takok HaMH JTOCIIIKY-
BaJMCh JIBOLIAPOBI CTPYKTYpPH, OTPUMaHi BTH-
panHsM In-Ga eBTEKTUKHM B TOBEPXHIO MOHO-
kpucTaniyaux ckoiis CulnS —Znln,S,. 3 meroro
YHUKHEHHS BUIIAJKOBHX IIOXHOOK Ta HETOYHOCTEH
i3 TBepaux posumniB CulnS —Znln S, kokHOrO
KOMIIOHEHTHOI0 CKJIaJy BHKOPHCTOBYBAJIOCH
2-3 moHOKpHUcTAJNIYHI ckon. 3 pobdotu (Wagner,
1997) Bimomo, mo monokpucran CulnS, ckomro-
€TbCsl MO KpuctanorpadiyHiii momuni (112).
Came TOMy MH BBaXXKaJIH, 110 poO0YOI0 TTOBEPXHEIO
€ caMe 151 KpucTanorpadiyaa rionfHa.

Jns  eKCIepuMEHTANbHUX JIOCHIIKeHb Ha
CTPYKTYpH HAHOCHJIM TOYKOBI €JIEKTPUYHI KOH-
TaKTH 31 CTPYMOIIPOBITHOTO KJICIO 3 JOMIITKaMHU
cpibna. Po3milieHHsI eIeKTpUYHUX KOHTAKTIB Ha
MOBEPXHI CTPYKTYp Ta T€OMETPisi OCBITICHHS TIijI
qac JOCHIKEHb CIEKTPATbHOTO po3noairy (hoTo-
Hanpyru nokasadi Ha puc. 1. CriekTpaabHHuN po3-
1o/ POTOHATIPYTH CTPYKTYP AOCIIIKYBaBCS MTPH
KiMHaTHI# Temmieparypi (T~300 K).

BukJiax 0CHOBHOTO MaTepiaiy 10CTiTKeHHS].
[Ticnsa onep>kaHHS TOBEPXHEBO-0ap’ €PHUX CTPYK-
Typ In/CulnS ,~ZnlIn,S, mig 9ac K0CiHKEHHS KO-
CTl €JICKTPUYHUX KOHTAKTiB HaMU OYyJIO ITOMIYEHO
doroBonbTaiuHMI e(EKT, SKUii criocTepiraBcs mpu
OCBITJICHHI JTaHUX CTPYKTYp SK 31 CTODOHH MOHO-
KPUCTAIIYHOT MiJIOKKH, TaK 1 31 CTOPOHU HaIiBII-
PO30pOi IUTIBKU METAITY.

3 KpuCTadiB TBEpAMX PO3YHHIB 3 BMICTOM
3 4 Mo % ZnInZS , OTPUMATH CKOJIM HE BJIAJIOCH,
TOMY 3pa3KH BUPI3aJUCh Ta MONIPYBaJIHCh MeXa-
HIYHHM METOJIOM B JIOBUTLHOMY KpucTajorpadid-
HOMY HanpsiMky. Came I1ie, Ha Hally JyMKY, 00y-
MOBHJIO JyK€ HU3bKI 3HAUCHHS (DOTOHANPYTH, SKi
BUSIBWJIUCH Ha MEXI UyTJIMBOCTI HAIIUX €JIEKTPO-
BHUMIPIOBaJIbHUX TPUJIAJIIB.

Pe3ynbratu HOCIHIIKEHHS CIIEKTPAIbHOTO PO3-
noAuTy (OTOHANPYTH MPEACTaBIEHO HA pUC. 2 —
puc. 4. 3 puc. 2 BHJIHO, IO NMPU OCBITICHHI In/
CulnS,~ZnIn,S, 3 8 mon. % ZnIn,S, 3i cTroponu
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In, (In-Gua) CulnSy-Znln, 5,

hv

a)

In, (fn-Ga) CulnS-Znln; 8,

hv

i)

Puc. 1. I'eomeTpist ocBiT/IEHHS Ta pO3MillleHHA eJIEKTPMYHUX KOHTAKTIB MOBEePXHEBO-0ap’€pHUX
CTPYKTYP Ha ocHOBi MoHOKpucTaiB CulnS,~Znln S,. a) ocBiTiienns 3i cToponu merady,
0) ocBiT/IeHHS 31 CTOPOHU MOHOKPHUCTAJIYHOT MiIVI0KKH
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Puc. 2. CniekTpajibuuii po3noaii ¢poToHANPYTH
crpyktypu In/CulnS,~ZnlIn_S, 3 8 mou. %
ZnlIn,S,: 1 —ocBiT/IeHHs 3i CTOPOHH
MOHOKPHCTATIYHOI MiJTI0KKHU; 2 — OCBIT/IEHHS
3i CTOPOHU IUTiBKY HANiBIpPo30poro In

CulnS ~ZnIn,S, 0COOMMBICTIO ~ CHEKTPAIBLHOIO
po3noairy GOTOHANPYTH € OIWH YiTKO BUPAKCHUH
MakcuMyM. OOuHMCIIeHE HAMH 3HAYCHHS [IHUPUHH
MakCHMyMy Ha TIOJIOBHHI BHCOTH CTaHOBHIIO
~175 meB. EnepreTruHe NONI0KEHHS MaKCUMYyMy
crnieKTpa (hOTOHANPYTH BiAMOBIAE CHEPTii KBAHTIB
csimia hv=1,53 eB. IIpu ocBitienHi 3pa3KiB 3i CTO-
poHHu HamiBmpo3oporo mapy In cmocrepiranoch
JIBA MAKCUMYMH 3 EHEPreTUYHUM MOJIOKECHHIM
hv=1,44 eB Ta hv=1,60 eB (puc. 2).

Cuig BiAMITUTH, 110 3HaYeHHS hv=1,53 eB Tta
hv=1,60 eB BusBmIOCH OMM3LKHUM OO 3HAYEHHS
mwupuHn  3a00ponenoi  3omu  CulnS,~ZnIn, S,
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Puc. 3. CnekTpajbHuii po3noaiyi (oToHANIPYTH
crpykrypu In/CulnS,~ZnlIn_S, 3 12 moa. %
ZnlIn.S;: 1 - ocBiTienHs 3i cTOpoHU
MOHOKPHCTAJTIYHOI MiAJT0KKHU; 2 — OCBITJIEHHS
3i CTOpPOHH ILUTiBKHM HamiBmpo3oporo In

3 8 Mont. % Znln S, sixa oniHroBanack 31 CEKTPIB
doromposigHocTi B (Novosad, 2015). Tomy MmoxkHa
NPUITYCTUTH, TIO BiAMOBiAAJILHUMHU 3a (popmy-
BaHHS IIMX MaKCHUMYyMiB (DOTOHANpPYTH € BIACHI
ontuyHi nepexonu. 3 anamzy mxepen (Bozhko,
2015; Bozhko, 2016; Bozhko, 2014) moxHa
NPUITYCTUTH, IO BIAMOBiAAJIbHUMHU 3a (popmy-
BaHHS MaKCHMyMY 3 €HEPTeTHYHHM MOJIOKEHHIM
hv=1,44 eB € mepexomu eNEeKTPOHIB aKIENTOP-
HUH piBeHb-30HA TMPOBIAHOCTI. AKIIENTOPHI PiBHI
3 TaKMM CHEPreTUYHUM IOJIOKEHHSIM OOyMOB-
moIThes Bakanciamu midi (V) (Bozhko, 2015;
Bozhko, 2016; Bozhko, 2014).
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[TomiOHI pe3yapTaTH MPHU TOCHTIHKCHHI CIEK-
TpiB (OTOHATIPYTH CIIOCTEPITATNCH 1 UIS CTPYKTYP
3 B7MicToM In/CulnS -Znln,S, 3 12 mon. % ZnIn,S,
(puc. 3). [Ipu ocBiTIIEHH] 31 CTOPOHH MOHOKpHCTA-
JIYHOI TIJIOKKHA  CHOCTEPIrajJoch 3MIIICHHS
MakcumyMma (otoHanpyru a0 1,56 eB, mo mobpe
Y3TOJKY€ETHCS 31 3pOCTaHHSAM IIUPUHU 3a00pOHe-
Hoi 30uu CulnS ~ZnlIn S, i3 30inbIIEHAAM BMICTY
ZnIn,S, (Novosad, 2015).

Ha puc. 4 npencrapneHuil cnekrpajibHUN po3-
ol (OTOHANPYTH Ui OfHIi€l 31 cTpykTyp In/
CulnS ~ZnIn,S, 3 16 mon. % Znln,S,. 3rignHo
3 manumu poOiT (Bozhko, 2015; Bozhko, 2016;
Bozhko, 2014), kpucrtaiu TBepaUX PO3YHHIB
CulnS ~ZnIn,S, 3 16 mon. % Znln,S, BUSABUINCH
nBodasHUMHU Ta HeBigTBOproBaHuUMU. [Ipore mu
BBKAJIM 3a TOTPIOHE JOCTIAWTH 1 i CTPYKTYpH.
[nenTH4HICTh CHIEKTPiB (OTOHANPYTH MPH OCBIT-
JICHH] 31 CTOPOHHM TiJIOKKH Ta METaJCBOI TUTIBKU
MOXe 00yMOBIIIOBAaTUCH BIJICYTHICTIO ITOTEHIialIb-
Horo Gap’epa, oOymoBneHoro V., fiKi, Ha Haury
IyMKy, Maibke BIJCyTHI Yy JBO(a3sHHUX TBepAuX
PO3YHMHAX.

Ha puc. 5 mpencraBieni pe3yabraTtéd JOCIi-
JOKeHBb CIIEKTpIB ()OTOHANPYTH ONHIET 13 HalKpa-
X cTpykryp In-Ga/CulnS ~Znln,S, 3 12 mon. %

ZnIn,S,, orpumanoi BTupaHHsM In-Ga eBTeKTUKH

1.0 F

w0
T

06 F

U/U ax- arb. units
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“_” 1 A 1 1 A 1
1.5 2,0 25
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Puc. 4. Cnexrpajsauii po3nonij ¢poroHanpyru
crpykrypu In/CulnS ~Znln_S, 3 16 moa. %
ZnIn,S: 1 — ocBiTiieHHs 3i cTOpOHH
MOHOKPHUCTATIYHOI MiVI0KKHU; 2 — OCBITJIEHHS
3i CTOpOHH ILUTIBKH HamiBnpo3oporo In
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B noeepxHio CulnS —ZnlIn,S,. TIpu ocBiTienHi 3i
CTOPOHHU HAaIBIIPOBITHUKOBOI MiUIOKKH (KpHBa
1) cnocrepiraBcss BY3bKHI MakCUMyM 3 €Hepre-
TUYHUM nonoxeHHAM 1,44 eB. Ha namy nymky,
el MakCHMyM OOYMOBIIIOETBHCS  TEpPEXOJaMH
3 aKUENTOPHUX DIBHIB V. B 30HY HPOBIAHOCTI.
[Mupunra crnekTpa (QOTOHANPYTH Ha TOJOBHHI
BHCOTH cTaHOBUTH 180 meB.

Kpusa 2 Ha puc. 5 BianoBijae CrieKTpajsbHOMY
po3noauty (GoToHampyru mpu OCBITIEHHI 31 CTO-
porn In—-Ga eBrektuku. [lopsim 3 MakcUMymoM,
00yMOBJICHUM BJIACHUMU ONTUYHUMH TTEPEXOaMH
(hv=1,68 eB), B TOBroxBMWJIbOBIi 00JIACTI CITOCTE-
pirajach MEHIII BHpakeHa CXOIUHKA, 00yMOBIICHA
JIOMIIIKOBAM ITOINIMHAHHSAM CBIT/IA, BIAIIOBIIAJIb-
HUMH 3a sIKE € V.

BucHOBKM i mepCcHeKTMBH MOAAJBIIUX
nocJimkenb. Ilokazano, mo BrupanHsMm In-Ga
B TIOBEPXHIO MOHOKpHUCTamigHux miiBok CulnS,-
Znln, S, Ta  HamWIEHHAM  HaMiBIPO30POI0
mwapy iHgiro Ha ckoanm CulnS-Znln,S, MoxHa

olepXKaTh  JBOILIAPOBI  TOBEPXHEBO-0ap’€pHi
cTpykrypu. IloBepxHeBo-0ap’epHi  CTPYKTypH
In(In-Ga)/CulnS,-ZnIn,S,, orpumani 3ampono-

HOBaHUMH METOJaMHM, TPOSBISIOTH (POTOBOJIb-
TaiyHl BJIACTMBOCTI. Marouu By3bKi MaKCUMyMH
B criektpax (oroHanpyru, crpykrypu In(In-Ga)/

1000 . r r .

300

600

U, uV

400

200

Puc. 5. Cnexkrpajasuuii po3nogij (poroHanpyru
crpykrypu In-Ga/CulnS,~ZnlIn,S,
312 moa. % ZnlIn,S;: 1 — ocBiTiIeHHs 3i CTOPOHHK
MOHOKPHUCTATIYHOI MiIT0KKHU; 2 — OCBITJIEHHS
3i ctroponu In-Ga eBTeKTHKH.
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CulnS,-ZnIn S, MoXkHa BUKOPHCTOBYBAaTH K By3b- ~ Ta BiJl CTODOHM CTPYKTYPH, SIKa OCBITJIIOBAJIach.
KOCMYTOBI npuiiMaui cBitia. Eneprerndne nono-  Monokpucramn CulnS -ZnIn S, Ta mosepxHe-
YKCHHSI MAKCUMYMIB B CIIEKTpax (POTOHANpPYTH 3aJie-  BO-0ap’€pHi CTPYKTYypH Ha iX OCHOBI MOXYTh
Kano Bix Ckiaamy MoHokpucranis CulnS,-Znln,S,,  3HaliTH BHKOPUCTaHHS NpU po3polui (oToenek-
BiJl CIIOCO0y ONEpKaHHsS JBOIIAPOBOI CTPYKTYPH  TPOIEPETBOPIOBAYIB.
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MAT'HITHI BJACTUBOCTI J7KO3E®COHIBCBbKHUX KOHTAKTIB
3 IPYT'OIO TAPMOHIKOIO B CTPYM-®A30BIN 3AJEXKHOCTI

Ilposedene docrioxncens npucesuere akmyanvhit npoonemi Qizuxu HaONPOGIOHOCMI, a came BUBHEHHIO CINPYMOBUX
CMAaHi8 y HAONPOBIOHUX KOHMAKMAX, SKI 0eMOHCIMPYIOMb GIOXUEHHS 810 CMAHOAPMHOI CUHYCOIOHOI 301eMHCHOCME CIpY-
My 610 pisnuyi ghas. L{a npobnema € npedmemom iHMEHCUBHUX HAYKOBUX QOCTIONCEHb K 3 (DYHOAMEHMATbHOT MOUKU 30DY,
mMax i 3 RPUKAAOHOT, OCKITbKU HECUHYCOIOHA 3ANENCHICb MOJICe CYMMEBD 6NAUBAMI HA XAPAKMEPUCTIUKU 0HCO3EPCOHIB-
CbKUX KOHMAKMIE, U0 BUKOPUCTHOBYIOMbCA 8 PISHOMAHIMHUX MEXHONO2IUHUX 3ACMOCY 8AHHX.

Ocnogna mema 00CHIONCEHHA NONAAE Y 6CMAHOGIEHHI KIIbKICHO20 GNIUBY 306MIUHBO20 MASHIMHO20 NONSA HA
cmpym-azoey 3anexcrHicms ma KpumudHUL Cmpym makux KOHMAaKmis 3 ypaxyeanHsiM HAAEHOCMI Opy20i 2apMOHIKU.

Buxonano ananimuune 00CniodceHHs 6NIUGY NAPAMEMPA AHAPMOHIYHOCE O HA KPUMUYHULL CIPYM KOHMAKMY 3a
8IOCYMHOCI 308HIUIHBO2O MACHIMHO20 nois. Tloxkazano, wo 3i 30iIbUeHHAM NApamempa aHeapMOHIYHOCHE KPUMUYHULL
CMPYM 3DOCIAE, NPULOMY Y5 3ANEHCHICHIb € KBAOPAMUYHOIO NPU MATUX SHAYEHHAX 0. MA HAOIUNCAEMbCA 00 NIHINHOT npU
BENUKUX 3HAYEHHSX O.

Ooepoicano 3anexcHicms KpUMuuHO20 CImpymy KOHMAaxKmy Gi0 enuuuHy MazHim1o2o HOMOKy ma napamempa aneap-
Monuiunocmi o. Pezynemamu docniodicenns npedcmaeineni y 6uensioi epagixie 3aneicHoChi No8HO20 CMpPyMy 10 PIsHUYi
@az npu pizHUX 3HAYEHHAX MASHIMHO20 NOMOKY, 3ANENCHOCTE (Pasu, Npu AKil 00CA2AEMbCSI MAKCUMYM CIMPYMY, 8i0 Mae-
HIMHO20 NOMOKY, A MAKOIC 3ANEHCHOCI KDUMUYHO20 CIPYMY 8i0 MAZHINHO20 NOMOKY O PI3HUX 3HAYEHb napamempa
aueapmoniunocmi 0. Bemanoesneno, wo 3i 30i1buieHHAM napamempa aH2apMOHIYHOCII 0. KPUMUYHUTE CIPYM CIae Oiibul
YYMAUBUM 00 Oii 308HIUIHBOLO MACHIMHO20 NOJA, 0COONUBO 8 OONACTNI MANUX 3HAYEHb MACHIMHO20 NOMOKY. Lle nposeis-
€mbea Y 6L1bUL WIBUOKOMY 3MEHUIEHHT KPUMUYHO20 CIPYMY 3i 30i1bWEHHAM MASHIMH020 NONs ONid KOHMAKMIE 3 HEHYNbO-
BUM 3HAYEHHSAM 0. NOPIBHAHO 3 KOHMAKMAMU, W0 MAIOMb YUCHO CUHYCOIOHY CIMPYM-(A308Y 3A1eAHCHICb.

Knrouogi cnoea: naonpogionuii konmaxm, cmpym-pazoea 3a1elCHiCmy, KPUMUYHUL CIMPYM, MASHIMHUL NOMIK.

Pavlo SAKHNIUK

Postgraduate Student at the A. V. Svidzynsky Department of Theoretical and Computer Physics,, Lesya Ukrainka
Volyn National University, 13 Volya ave., Lutsk, Ukraine, 43025

ORCID ID: https://orcid.org/0009-0001-4422-6082

Oksana ZAMURUIEVA

Candidate of Physical and Mathematical Sciences, Associate Professor at the Department of Theoretical and
Computer Physics named by A. V. Svidzynskyi, Lesya Ukrainka Volyn National University, 13 Volya ave.,
Lutsk, Ukraine, 43025

ORCID ID: https://orcid.org/0000-0003-0032-0613

SCOPUS AUTHOR ID: 56181742100

76



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2025

To cite this article: Sakhniuk, P., Zamuruieva, O. (2025). Mahnitni vlastyvosti dzhozefsonivskykh
kontaktiv z druhoiu harmonikoiu v strum-fazovii zalezhnosti [Magnetic properties of Josephson junctions
with a second harmonic in the current-phase relationship]. Physics and Educational Technology, 1, 7682,
doi: https://doi.org/10.32782/pet-2025-1-10

MAGNETIC PROPERTIES OF JOSEPHSON JUNCTIONS WITH A SECOND
HARMONIC IN THE CURRENT-PHASE RELATIONSHIP

The conducted research is devoted to a relevant problem in superconductivity physics, namely the study of current
States in superconducting junctions that exhibit deviations from the standard sinusoidal current-phase relationship. This
problem is a subject of intensive scientific research from both fundamental and applied perspectives, as the non-sinusoidal
dependence can significantly affect the characteristics of Josephson junctions used in various technological applications.

The main goal of the research is to establish the quantitative impact of an external magnetic field on the current-phase
relationship and critical current of such junctions, considering the presence of a second harmonic.

An analytical study of the influence of the anharmonicity parameter o on the critical current of the junction in
the absence of an external magnetic field was performed. It was shown that with an increase in the anharmonicity
parameter, the critical current increases, and this dependence is quadratic at small values of o and approaches linear
at large values.

The dependence of the junction'’s critical current on the magnetic flux magnitude and the anharmonicity parameter
a was obtained. The research results are presented as graphs of the total current versus the phase difference at different
magnetic flux values, the phase at which the current maximum is achieved versus the magnetic flux, and the critical
current versus the magnetic flux for different values of the anharmonicity parameter o. It was established that with
an increase in the anharmonicity parameter a, the critical current becomes more sensitive to the action of an external
magnetic field, especially in the region of small magnetic flux values. This manifests as a faster decrease in the critical
current with an increase in the magnetic field for junctions with a non-zero value of a compared to junctions with a purely
sinusoidal current-phase relationship.

Key words: superconducting junction, current-phase relation, critical current, magnetic flux.

Beryn. JlocnipkeHHS CTPYMOBHX CTaHIB Y Ha/I-  HEOOXiHO BpaxoBYBaTH €(eKTH pO3NapOByBaHHS,
MPOBITHUX KOHTAKTaX PI3HOrO TUIy HEBNMHHO  OCKUIBKM JJIi HEMaluX 3HaueHb KoedilieHTa
PO3BHMBAIOTHCSI TAa HAOyBalOTh J€Aaii OUIBIIOrO  MPO30POCTI BETUYHMHA CTPYMY HAOMMKAETHCS JO
iHTepecy AK y (pyHIaMEHTalbHOMY acleKkTi Tak  TepMOJMHAMIYHOTO KPUTHUYHOro. BpaxyBaHHA
1 3 OOKy 1HKeHepil y MpakTH4HiN IUomuHi (IuB.  edeKTy po3mapoByBaHHS IOJATaE y 30epekeHHI
ot (Golubov, 2004, p. 411)). KmtouoBum  10AaHKy 3 HAAIUIMHHOI IMBHJKICTIO Y PIBHSHHI
MUTAaHHAM TEOPETUYHHX JOocHikeHb ¢isuku  [1H30ypra-Jlanmay, mo 3pemroro BimoOpa3sHThCs
HAJMNPOBIAHUX KOHTAKTIB € 3aJeKHICTh CTPYMy  Ha (popmi 3ajexKHOCTI CTpyMy BiJ pi3HHULI (a3 Ta
BiJ pi3HuII ¢a3. IcHye mina HU3Ka (PaKTOpiB, M0  IHIIMX BAXIUBUX, K B (YHIAMEHTAIBHOMY, TaK
CYTTEBO BIUTMBAIOTh Ha (OpMY L€ 3aJEKHOCTI. 1 MPUKIAJAHOMY acleKTaX, XapaKTepUCTUKax Hal-
VY GararboX BHIIQJKaxX BpaxyBaHHS IMX (AKTOPIB  NPOBIIHUX KOHTAKTIB. s meBHOro iHTEepBaly
MPUBOAMTD JI0 BIAXWICHHS CTpyM-(a30Boi 3a1€K-  3MIHM 3HA4€Hb KOe(II[i€HTa MPOXOJKECHHS eJeK-
HOCTI Bix npocrtoi cuHycoignoi (Sakhnyuk, 2017;  TpoHIB 11e MPUBOAUTHUME 0 TOSBU JIOJAaTKOBOTO
Caxnriok, 2011). JI0JJaHKa 13 CHHYCOM IIOJBO€HOI (a3u, KaxyThb

SAxmo BBaxkarn Koe(IiEHT TPOXOMKEHHS 3’ SBISIETBCS Jpyra TapMoHika. SIKio x koedirri-
€JIEKTPOHIB MaJluM, SIK 1€ IPUITYCKAEThCS B 0ara-  €HT MPOXOPKEHHS €JIEKTPOHIB HAOIMKAETHCS 0
ThOX nociimxerasx (Golubov, 2004, p. 411), To  omuHUIN, TO cTpyM-(a30Ba 3aJNEKHICTh CTAE TIIE
BEJIMYMHA HAJIMPOBIHOTO CTPYMy, IO MPOTIKAE  CKIAIHIMIOK.

gyepes KOHTAKT Oyzae mainoro. Ls obctaBuHa 103BO- [To6mu3y  rpaHumi,  BHAcHiIOK  YMOBHU
JIsi€ 3HEXTYBaTH BIUIMBOM CTPyMY Ha IIPOCTOPOBY  CaMOY3TOJUKEHOCTI, IapaMeTp BHOPSIKYBaHHS
MOBEJIHKY IapaMeTpa BIOPSAAKYBAaHHS 1 BIAKH-  MEHIIMH HIX B MMOMHI HAANPOBiAHUKA. B pe3yinb-

HYTH J0JaHKOM 3 HAATUIMHHOIO MBUAKICTIO Y PiB-  TarTi, i3 301IBIICHHSIM CTpyMy, €(heKTH po3mnapo-
HsaHHI ['iH30ypra-Jlanmay (Ceimsuncbkuii, 2011),  ByBaHHS NpOSBISAIOTHCS CYTTEBINlE came B IIii
SIKIIO TOBOPUTH MPO HAAMPOBIIHI KOHTAaKTU AJs  00JacTi.

TemIneparyp, OMnU3bKHUX 10 KpuTHyHOi. [Ipn nocii- Meta poGoru. JlocnmiykeHHS BIUIMBY Mar-
JOKEHH1 cTpyM-(ha3oBoi 3anexHOCTI 03 J0JaTKo-  HITHOTO MOJdS Ha 3aJeXkHICTh CTPyMy BiJ pi3-
BHX yMOB Ha KO€(illi€HT TPOXOKEHHS €IEKTPOHIB ~ HUII (a3 Ta KPUTHUYHUH CTPyM B TYHEIBHHUX
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TK03€()COHIBCHKMX KOHTAaKTax 3 JPYrol rapMo-
HIKOIO B CTpYM-(a30Biii 3a71€KHOCTI.

Monear Ta OCHOBHiI piBHsiHHS. B po0oTi
JOCII/DKYIOTHCSI TYHETbHI HAAMPOBiAHI KOHTAKTH,
YTBOPCHI BOMa HAJAINPOBIIHUKAMHU PO3IAUICHUMH
TOHKHM TPOIIAPKOM JIieJIeKTpUKa. AHTapMOHIY-
HICTh CTPyM-(a30BOi 3aJIGKHOCTI B TaKUX KOH-
TaKTaX HA OCHOBI BHUCOKOTEMIIEPATYPHHX Hal-
MIPOBITHUKIB Ta HAAMPOBIIHUKIB HA OCHOBI 3aJIi3a
MoB’s13aHa 3 d-XBUJIBOBOKO TMOBEIIHKOK IapamMe-
Tpa BropsakyBanHs (Tsuei, 2000). ¥ xoHTakTax
Ha OCHOBI 3BHYAaHUX HHU3BKOTEMIICPATYPHHUX
HAJMPOBIAHUKIB TIPH TeMIepaTypax, OIH3bKUX
JI0 KPUTUYHOI, AHTaPMOHIYHICTH 3 SIBISETHCS 3i
301IBIICHHSAM KOC(QIIliEHTa MPOXOHKCHHS EJICK-
tpoHiB (Sakhnyuk, 2017; Caxniok, 2011).

B Hamomy nociiKeHHI pO3IIsIa€ThCs aHTap-
MOHIYHICTh B HAaHMpOCTIIIOMY BUIVISAL, 1110 Mare-
MaTUYHO BHUPAXKAETbCA y BKIIOYCHHI JONAHKY
3 IPyTOI0 TAPMOHIKOIO B (POPMYITY ISl 3aJIEKHICTD
cTpymy Bin pizammi da3 (Tsuei, 2000)

j((p):jc,o(sin(p+(xsin2(p), (D
ne j.,—KpUTUYHUI CpyM KOHTAKTY 3a BIJICYTHO-
cTi npyroi rapmoniku. [lapameTp aHrapmoHiii-
HOCTI O 3aJE€XHUTHh BlJ TEXHOJOTIl MHiATOTOBKU
KOHTAKTYy.

3HalieMO KPUTHYHUNA CTPYM KOHTAKTy TIpH
naHiil ctpym-dasoiii 3anexHocTi. JAnudepenriro-
toud (1) mo ¢ onepxxkumo:

di(o)

d(p = jco (COS(P + 2(1005'2([)) = 0’

abo
dacos’ @+ cosp—2a =0.

Po3B’s13y104M OCTaHHE PIBHAHHA 3HAHIEMO Pi3-
HUIIO (a3, IpU sAKIH TyCTHHA CTPYMY B KOHTaKTI
J0CSITa€ MAaKCUMAaJIbHOTO 3HAUEHHS:

—1++/1+32a?

8a

2)

cosQ, =

[Mincrasnsroun (2) B (1) 3HaX0AUMO KPUTHUHUN
CTPYM KOHTaKTy, sIK (DyHKII}0 mapameTpa aHrap-
MOHIYHOCTI Oi:

_\/(MH)Z —4(3+ V143207 NE)

320

Jo(a)=Jj,

Ha Puc. 1 mobGynoBano rpadik, sxkuil Bino-
Opakae BIUIMB IapamMeTpa aHTapMOHIYHOCTI «
B CTpyM-(a30Biii 3aJI€KHOCTI HA KPUTHYHHUH CTPyM
KOHTAKTY. SIK BUIHO 31 30UTBIIEHHSAM 0. KpUTUYHUI
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CTPYM 3pOCTAE 1 IOCUTh MIBHIKO AIIPOKCUMYETHCS
JIHIMHOIO 3alexHicTIo. Te, 1m0 31 30UIBIIEHHIM 0,
3aJIeKHICTh KPUTUYHOTO CTPYMY BiJ] Hapamerpa o
HAOMIKAETHCS 70 JHIHHOT MOKHA TaKOXK MEPeKo-
HaTHCA 1 Oe3mocepenHb0 Ha OCHOBI dopmynn (3),
aCHMIITOTOIO Tpadika skoi € PyHKis

N |
7 (@)= o gy}
Jns acumntoruaHOro Bunaaky o—0 omepxy-
€MO
Jo(0)=Jj, (1+20%),
TOOTO 3aJIEXKHICTH Bifl MapaMeTpa aHrapMOHIYHO-
CT1 € KBaJIpaTUYHOIO.
3HaiiieMo SBHHUI BUIVIS[ MapaMeTpa aHrap-
MOHIYHOCT1 Y (opmy:i (1) 1j1s1 TYHEJIBHOTO JIXKO-
3e(coHiBchKOTO KOHTAKTY SIS mpu Temmeparypax,
ONMU3bKUX A0 KpuUTH4YHOI. /{1t mporo ckopucrae-
Mocs (hOPMYJIOI0 JIJIS 3aJIEKHOCTI CTPYMY Bif pi3-
HULl (pa3 B TaKuX KOHTAKTax 3 BpaXyBaHHSAM e]ek-

TiB posnapoByBanHs (Sakhnyuk, 2017; CaxHroxk,
2011)

Ij=I~1-¢ 2% ()
1-gcoso
Tyr & —  0Oe3po3MmipHUE  TapaMmerp:
8:—1 , B fIKOMy T= |- 12 _l 5
\/1+2t2qi 7C(3) T,

¢(3) — sera ¢ynkuis Pimana, T — Temmeparypa,
T, — xpuTuuHa Temmeparypa, I, — KPUTHUHUN

c

CTPYM KOHTAKTYy;

o 1 1-D

" [Z_q]1 In(1=D

e 56(;(3)(D j[+ n( )}
2

- t -

+42C(3)(l_1j3x 1-D arctan 5
2 _ )

oD 1+ Ph(1-p)

D — xoeQilieHT TNPOXOMKEHHS EJIEeKTPOHIB
Kpi13b KOHTAKT.

Hnsa manux ¢ y Qopmym (4) MOXHA BHKO-
Hatu poskiajn B psaa Teinopa. Toxi, 30epirarouu
JIOMIAHKY HE BUIIIE TIEPILIOTO CTENEHS € , OCPKHUMO

I = sin(p+§sin2(p.

[TapameTp €& € MaaUM NOpHU MaJIUX 3HAYEHHSX
Koe(illieHTa TMPOXOKEHHS eNeKTpoHiB. [padik
3QJIKHOCTI € BiJ Koe(ilieHTa MPOXOIKEHHS
enektponiB D momaHo Ha Puc. 1 B (Shutovskyi,
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Puc. 1. 3aexHicTh TYyCTUHH KPUTHYHOIO CTPYMY KOHTAKTY BijJl mapamerpa d.

IIlyHKTHpHA IpAMAa € AaCUMIITOTOIO

2022). Jlnst xoedilieHTa MPOXOMIKCHHS €ICKTPO-
HiB D =0,053 ta tremneparypu I =0,987, maeMo
€=0,2.

BuimB MAarHiTHOro moJiss Ha NPOTIKaAHHS
CTPYMY B HAJANPOBIIHUX KOHTAKTAX 3 JAPYroio
TApMOHIKOI0 B CTPYM-(pa30Biil 3aJ1€KHOCTI

3’sicyeMo, SIK HassBHICTh JAPYTOi TApMOHIKH BiJI0-
Opa3uThCs Ha MOBENIHII J1K03e()COHIBCHKOTO KOH-
TaKTy B MAarHITHOMY TIOJIi Ta OZICPKUMO 3aJICKHICTh
KPUTUYHOTO CTPYMY BiJl BETMYMHU TIOTOKY MarHiT-
HOTO TI0JIS1, SIKE MTPOHHU3YE HAIPOBITHIHA KOHTAKT.

BBaxkatrMmemo, IO 30BHIIIHE MAarHiTHE IIOJIE
MIPUKJIa/IeHe TapaneiabHO J0 IUIOMIMHU KOHTAKTY,
a CHCTEMY KOOpIHMHAT BHOEpEeMO Tak, MI00 BEK-
TOp HAIPYKEHOCTI MarHiTHOTO TOJs 30iraBcs 3a
HanpsMoM 3 Biccro Oy :H =(0,H,0). Ctpym mpo-
Tikae B30BX oci Oz:j =(0,0, /).

VY BUMNaJKy reoMeTpii KOHTAaKTy, 300paXeHOTO
Ha Puc. 1 pizaung a3 3anexxatume Big KOOPIU-
Hatu x (Caxniok, 2013):

@—> 2edHx + @, %)

Jie e—3apsja eNeKTpOoHa, d — TOBIIMHA 00JacTi
HaBKOJIO TIPOIIAPKY AieJICKTPUKA, B SIKY MPOHUKAE
MarHiTHe MoJe.

[lincrasnsroun (5) y BUpa3 1Ji TyCTUHU CTPyMY
(1) omepxuMoO 3aleXHICTh TYCTHHHM CTPYMY Bij
KOOPAMHATH B37I0BX KOHTAKTY
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J& (@) (1 j

Lo e —=+a

ja \/E

J(H,x,9) = j,[sin(2edHx + @)+ asin(4edHx +2¢)].

Jyis 3HAXOKEHHSI TIOBHOTO CTPYMY, IO MpO-
TiKae 4epe3 KOHTAKT HEOOXiAHO MPOIHTErpyBaTH
OCTaHHIO ()OPMYITY TIO TUIOIII KOHTAKTy

1 1
I1(H,9)= J.de.dy Jo[sin(2edHx + @) + ousin (4edHx + 2¢)]| =
0 0

BuKOpHCTOBYIOUM IO3HAUEHHS JUIsI MTOBHOIO
MOTOKY MarHiTHOTO IOJiA yepe3 KOHTakT @ = Hld

sin(edH!)-sin (edHI + ¢) i sin(2edHl)-sin(2edHI + 2¢) (6)
edH 2edH '

Puc. 2. CxemaTu4He 300paxKeHHs
AOCJTIIKYBAHOTO B po0OTi 1:k03e()COHIBCHKOI0
TYHeJIbHOT0 HAANPOBITHOI0 KOHTAKTY
(CaxHiok, 2013)
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Ta KPUTUYHOIO CTPYMY 3a BiICYTHOCTI MarHiTHOTO
nona [, =j, /1 micis BUKOHAHHS IHTETrpyBaHHs
B (6) omepKuUMO

sin @)
I(H,cp) =1, Eg’{sin[f+(p]+ acos(?]sin[?-#&pﬂ. (7)

0 0 0

0

3alIeXHICTh CTPYMY, IO MPOTIKAE Yepe3 KOH-
TaKT Bi pi3HUII (a3 IpH pi3HUX 3HAYCHHSIX Mar-
HITHOTO TIOTOKY B 1HTEpBai BiJ HYNS Jia 3HaYCHb
ONMM3bKUX KBaHTY MAarHiTHOTO TOTOKY 300pakeHo
Ha Puc. 3. 3i 301IbIICHHSIM BEJTMYMHN MarHiTHOTO
MOTOKY aMIUTITyla CTPYMYy 3MEHIIYETHCS, a Pi3-
HuL ¢a3, Opu K CTPyM JI0CSATaE MaKCUMyMy
3MIIIYETHCS B HAIIPSIMKY HYJISL.

Jlnisi 3HAXOKEHHST KPUTUYHOTO CTPYyMY KOH-
TaKTy, K (PyHKIIiT MarHiTHOTO MOTOKY HEOOXiIHO
obuucautu Bifg (7) moxigny no ¢. Jami, nokmnana-
F0YM OJIepKaHy IOXiTHY PIBHOIO HYJIEBi, 3HAHTH
3HAYEeHHA pi3HMLI (a3, MpH SKOMY CTPyM B KOH-
TaKT1 OCATAa€ MAaKCUMYMY.

O6uncmioroun Bif (7) MOXigHy MO ¢ Ta MPUPIB-
HIOIOYH ii IO HYJS OIEPKUMO

nd ,[ nd nd nd
4a.cos| — |cos™| —+ @, |+cos| —+ ¢, |—2a.cos| — |=0.
(D() (D() (DO (DO

Po3B’5130K 11bOTO PIBHSHHS:

—1+ [1+320’cos® @

nd q)o
cos| —+ = . (8
o o )

0

8acos
0

[Tincrapnstoun (8) B (7) omep>kKUMO 3aJICKHICTh
KPUTUYHOTO CTPYMY KOHTAaKTy BIJJ MarHiTHOTO
MOTOKY:

3+ 1+32azcosz[?J y

Ic(q)):]m > |:1+320ch052(7@}+1)2_4:| .
32o.cos o

q)O

Po3misatoun B OCTaHHBOMY PE3YJIbTaTi aCHMII-
TOTHYHUI BHUManok o—0, M0 03HaYaTUME BiJKHU-
HYTH y BUpa3i A CTPyMy JOAAHOK, MOB’SI3aHHIMA
3 aHTAPMOHIYHICTIO, JIETKO BiZITBOPIOEMO (OPMYITY
3aJIeKHOCTI KPUTHYHOTO CTPYyMY BiJl MartiTHOTO
MOTOKY JUISI CHHYCOITHOI 3aJIeKHOCTI CTPYMY Bij
pizuui ¢a3 (Ceigzuncbkuid, 2011).

3a BIZCYTHOCTI MAarHiTHOTO TIIOJII MaKCHMYM
CTPYMY B KOHTaKTi JOCATAEThCS MPH pi3HHULI (a3
¢, ~1,1 pao, 31 301IbIIEHHSIM MarHiTHOrO IOTOKY
¢, 3MEHIIY€ETHCS 3a OJIM3bKUM J10 JIHIHHOTO 3aK0-
HOM, OJTHaK ITpH HAOJMKEHHI IO TTOJIOBUHH KBAHTY
MarHiTHOTO TOTOKY ISl 3aJE€KHICTh YCKIJIaJHIO-
€THCS, a SMEHILECHHS (Da3y CTIOBLIBHIOETHCS.

0

1,5 ——————

()

Puc. 3. 3ajexHicTh MOBHOTO CTPYMY Yepe3 KOHTAKT BiJl pi3Hui (a3 npu pi3HUX 3HAYEHHAX
NMOTOKY MarHiTHOTO MoJist
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1.3

A5 . ' v
0,0

0,6

Puc. 4. 3anexnicTs 3HaYeHHA Pi3HULI (a3, P IKOMY CTPYM B KOHTAKTI 10CATa€ MAKCHUMYMY,
Bi/Il IOTOKY MarHiTHOro noJst

J,(H),(0)

Puc. 5. 3ajexHicTh KPpUTHYHOTO CTPYMY KOHTAKTY BiJ MarHiTHoro noroky. CynijibHa JiHis
JJIsl CHHYCOITHOT 32JIe5KHOCTI, MYHKTHPHA VI aHrapMoHiliHoi (1)

3 rpadikiB, 300paxkeHux Ha Puc. 5, Mmoxemo
3poOWTH BUCHOBOK MIOAO BIUIMBY aHTapMOHIH-
HOCTI Ha 3aJIeKHICTh KPUTUYHOTO CTPYMY KOH-
TakKTy BiJi MarHiTHOTO IOTOKY: 31 30UIbIICHHSIM
napaMerpa o KpUTUYHHM CTPyM € OLIbIl 4yTJIu-
BUM JI0 TIOSIBU 30BHINIHBROTO MArHITHOTO IIOJIA.
Oco0nuBo 1€ 100pe BUIHO B OKOJI1 HYJISL: 31 301J1b-
IICHHSIM MAarHITHOTO TIOTOKY KPUTHYHUN CTPyM
HIBU/LLIE 3MEHIIYEThCS JJIS BUMAJIKY BIJAMIHHOTO

81

B Hyns o. Llg oOcTaBuHA € KOPUCHOIO B IUIaHI
MPAKTHYHOTO BUKOPUCTAHHA TaKWX KOHTAKTiB
y JIeTEKTOpaxX MarHiTHUX IOJIB.

BucHoBku. BcTaHOBNIEHO, IO HASBHICTH JIPY-
roi TapMOHIKH, SIKa XapaKTepU3yeTbCs Napame-
TPOM 0, IPU3BOAMTH /0 301TIbIIECHHS KPUTHYHOTO
CTpyMy KOHTakTy. Llg 3aiexHICTh € KBaapaTuy-
HOIO TIPY MaJIUX 3HAYEHHSIX 0 Ta HAOMMKAEThCS
JI0 JIIHIAHOT MpU BEIUKUX 3HaYeHHSX. OTpUMaHO
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aHAITHYHI BUPa3H A KPUTUYHOTO CTPYMY SIK  3Hau€Hb MarHiTHOTO MOTOKY, A€ KPUTUYHUH CTPyM
(GyHKIIT mapameTpa aHTapMOHIYHOCTI, 11O 103BO-  3MEHIIYETHCS IMIBULIE JUII KOHTAKTIB 3 HEHYJbO-

JIsI€ KUTbKICHO OI[IHUTH [eH BILTHB. BUM 0. TIOPIBHSHO 3 KOHTAKTaMH 3 YUCTO CHHYCOI/I-
JlocniapkeHo BIUIMB 30BHIIIHBOTO MArHiTHOTO  HOIO CTPyM-(a30BOO 3aJI€KHICTIO.
HOJISA, TPHUKIIAICHOTO TapalelbHO IUIOIIUHI KOH- Takum 49MHOM, TpOBElNeHE MOCIHIIKCHHS PO3-

TakTy, Ha CTPyMOBI XapakTepucTUku. OTpUMaHO  IIMPIOE PO3YMIHHA MOBENIHKH JHK03e(COHIB-
BUPa3 IS IOBHOTO CTPYMY Yepe3 KOHTAKT SIK PyHK-  CbKHX KOHTAaKTiB 3 HECHHYCOITHOI CTpyM-(]a3o-
uii pi3HUIi a3 Ta MarHiTHOTo MOTOKY. KiTFOUOBMM ~ BOIO 3QJIEXKHICTIO B MarHiTHOMY moji. OTpumani
PE3yJIbTaTOM € BUSBICHHS IT1IBUIICHOT Uy TIIMBOCTI  pe3y/IbTaT MalOTh BaXKJIMBE 3HAUEHHS SIK JUIs1 (pyH-
KPUTHYHOTO CTPYMY JO 30BHIIIHBOTO MAarHiTHOTO  JaMEHTaJbHOI (DI3UKM HAAMPOBIIHOCTI, TAK 1 JUIS
noJIst 31 30UTBLICHHSAM MapaMeTpa aHTapMOHIYHO-  PO3BHUTKY NMPHKIATHUAX HAANPOBIAHUX MPUCTPOIB,
cTi o.. OcCOONMUBO 11€ MPOSBIISAETHCS B 001aCTI MATUX ~ 30KpEeMa YyTJIMBUX MAarHITHUX CEHCOPIB.
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PO3BUTOK KOTHITUBHUX 3IBHOCTEMH 3IOBYBAUIB OCBITH
T BINIMBOM PI3HHUX KAHPIB MY3UKU

OCHOBHUMU KOCHIMUSHUMY (DYHKYIAMU MO3KY € CAPULHAMMSL, Nam simb, MucienHs ma yeazda. Ha nepsunnomy emani
cnputinammst nepesadicac 1 cuenanvha cucmema, moomo 8iouymmsi 38yKOBUX, CIMA0BUX, XIMIYHUX MA IHUWIUX NOOpaA3-
HUKI6 HAWUMU QHATI3AMOPAMU HA OCHOBI OE3YMOBHO20 OPIEHMYBAIbLHO20 peghrekcy. 3 mouku 30py @izionoeii Hepeosoi
OIATLHOCTE YB8A2A € NPOYECOM CBIOOMO20 30CEPEONCEHHS HA AKMYATbHIU IH(opMayil, iHiyiayia Mexani3mie 3anam amogy-
6aHHSL | PYX)Y, YMBOPEHHS HOBUX 36 A3Ki6 Midic 30y0diceHumuy Heupornamu. 3 no2nsdy ncuxonodii yeaza € paxmopom, axui
30ilicHIOE 8ubipKogicmb cnputinammst. Dizion02iuHOI0 0CHOBOI0 30CEPE0ICeH s € AKMUBAYIS BUHAYEHUX YEeHmMPIE KOpU
2071081020 MO3KY. Bubipkogicms € 6U3HAUANLHOIO 3AKOHOMIPHICIMIO Y8aA2U.

Tomy Memoro 00CHIONCEHHS, € BUBYEHHS MY3UYHUX 6NO00OAHD NIONIMKIG | BUSHAUEHHS GNAUBY PISHUX HCAHPIE MY3UKU
HA PO36UMOK 61aCmUsocmett y8azu CmapuoKi1acHUKIE.

Y oricummi cynwacrux nionimxis i MOI0OT 8AXNCIUBUM 3ACOOOM KOMYHIKAYTT Ma 6NAUBY HA eMOYIUHUL CIMAH 0COOUCMOCTI
€ my3uyna xkynomypa. Cyuacui 00CTi0NHCeHHs c8I0Uamy, Wo 60an0 nidiopana KOMNO3uyisa 30amHua K aKmusizyeamii, max
i eanvmysamu 3ac80€HHA iHpopmayii.

Y 0anmiii cmammi npedcmasneno demanvui pe3ynomamu 00CAiONCe b, AKI CIOCYIOMbCA 6NIUBY DISHUX HCAHPIE MYZUKIL
PO3BUMOK KOSHIMUBHUX (DYHKYIU MO3K).

Y pezynvmami 0ocniodcents excnepumenmanbHo 008e0eH0 NO3UMUBHUL 6NIUE DI3HUX HCAHPIE MY3UKU, A came: NONy-
JApHOL (Mon), POKY, eeKmpOHHOTL, KIACUYHOL HA OUHAMIKY Napamempis yeazu 3000y6ayie oceimu.

30ilicnenuii ananis anaugy My3uku, K YUHHUKA, O0360JISIE CIMBEPOACYBAMU, WO BOHA, 8 YiNOMY NIOBUYE epeKmug-
HICMb KOZHIMUBHUX (DYHKYI MO3KY CMAPUIOKIACHUKIG, 30KpeMa MaKi 81acmusocmi yeazu, K KOHyeHmpayis, oocse,
nepexnouentst. Bpaxyeanns aominicmpayiero ocgimuix 3akaaoie My3uyHux 6noododams, 8i000padceHux y auaisaoi agmop-
cbKo2o my3uuroeo naetnucma « Cryxaii i Buucey ma docniosicenux 3aKkoHomipHocmeli cnpusimume opeanizayii kompopm-
HUX YMO8 HAGUAHHS A GIONOYUHKY, 4 MAKONC PO3POOYI THHOBAYIUHUX MEMOOUK NiOBUUJeHHS eheKMUBHOCH CRPUTIHAM-
M5 HABYANLHO20 MAMEPIaY.

Kntouosi cnosa: xocHimusHi (hyHKYIT MO3KY, dHCaHpu My3uKu, 3000yeaui oceimu, KOHYeHmpayia yeazu, oocse yeaeu,
nepexoYeH s Y6azu.
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DEVELOPMENT OF COGNITIVE ABILITIES OF STUDENTS
UNDER THE INFLUENCE OF DIFFERENT GENRES OF MUSIC

The main cognitive functions of the brain are perception, memory, thinking and attention. At the initial stage
of perception, the first signaling system prevails, i.e., the sensation of sound, light, chemical and other stimuli by
our analyzers on the basis of an unconditional orienting reflex. From the point of view of the physiology of nervous
activity, attention is a process of consciously focusing on relevant information, initiating mechanisms of memorization
and movement, and forming new connections between excited neurons. From the psychological point of view, attention is
a factor that determines the selectivity of perception. The physiological basis of concentration is the activation of certain
cortical centers. Selectivity is a defining feature of attention.

Therefore, the purpose of the study is to investigate the musical preferences of adolescents and to determine the influence
of different genres of music on the development of high school students’ attention.

In the life of modern adolescents and young people, music culture is an important means of communication and influence
on the emotional state of a person. Modern research shows that a well-chosen composition can both activate and inhibit
the assimilation of information.

This article presents detailed results of research on the impact of different genres of music on the development
of cognitive functions of the brain.

The study experimentally proved the positive influence of different genres of music, namely: popular (pop), rock,
electronic, classical on the dynamics of students’ attention parameters.

The analysis of the influence of music as a factor suggests that it generally increases the effectiveness of the cognitive
functions of the brain of high school students, in particular such properties of attention as concentration, volume,
and switching. Taking into account the musical preferences of the administration of educational institutions, reflected in
the form of the author’s music playlist “Listen and Learn” and the studied patterns, will help to organize comfortable
learning and recreation conditions, as well as develop innovative methods to improve the efficiency of perception
of educational material.

Key words: cognitive functions of the brain, music genres, students, concentration, attention span, attention span,
attention switching.

IMocTanoBka mpo6JjeMn Ta ii aKTyaJdbHiCTB. 110 CyTi, Il — iHIiIiaIlig MEXaHI3MIB 3aram’ sITOBY-
OCHOBHMMHU KOTHITUBHUMH (PYHKIIISIMH MO3KYy  BaHHS 1 pyXy — YTBOPEHHsS HOBHX 3B’fA3KIB MiX
€ CHpPUHHATTS, aM sATh, MUCICHHA Ta yBara. Ha  30ymkeHUMH HelpoHaMu. 3 MOIVISILY MCHUXOJIOTii
MIEPBUHHOMY €Talli COpUUHATTS nepeBakae | cur-  yBara — 1ie gaxTop, KUl 311HCHIOE BUOIPKOBICTD
HaJbHA CHCTEMa, TOOTO BiUyTTS 3BYKOBHX, CBIT-  CIPHUUHATTA. TOMy BUBYEHHIO BIaCTHBOCTEH yBaru
JIOBHX, XIMIYHUX Ta 1HIIUX MOJPA3HUKIB HATUMH  HAJA€THCS OCOOJIIMBE 3HAYCHHS BITYM3HIHUMH
aHayi3aropaMd Ha OCHOBI 0€3yMOBHOTO Opi- Ta 3apyObKHMMH BYCHUMHU-(i3ioloraMd Ta TICH-
€HTyBaNbHOTO peduekcy. Bukopucranns wmoBu  xonoramu (Ckpumuenko O.B., [omunceka JI.B.,
€ HACTYITHHUM, CKJIQJHIIIUM eTanoM mi3HaHHs, s~ Oropomwidiuyk 3.B. ta iH., 2001; leBunk P.B.,
sIKOTO HeoOXiJiHa He nwine akTuBizamis neHtpiB 2015, c. 288-292.).

KOpHY TOJIOBHOTO MO3KY, a W TMOCTIHA MiATpUMKa VY KHTTI Cy4acHHMX HIITITKIB 1 MOJIOII BaK-
aKTUBHOCTI, AK Takoi. 3 TOYKM 30py ¢iziosnorii  JUBHM 3acO000M KOMYHIKallii Ta BIUIUBY Ha €MO-
HEPBOBOI JisSUTBHOCTI yBara — Ii¢ Mpolec CBifo-  IIHHUI CTaH OCOOMCTOCTI € My3W4Ha KYJIbTypa.
MOTO 30CEepePKEHHSI Ha akTyanbpHiM iH(popmanii, CydacHi JOCHI/DKEHHS CBig4arh, IO BAAJO
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migiopaHa KOMIIO3HMINSI 3/1aTHA SK aKTHBI3yBaTH,
TakK 1 TaJIbMyBaTH 3aCBOEHHS 1H(OpMaILii.

AHali3 ocraHHiX gochaikeHb i my0Jika-
niii. OCHOBHMUMHM KOTHITUBHUMH  (YHKIIISIMH
MO3KY € CIIPHHHATTS, IaM siTh, MUCJICHHSI, yBara.
Ha nepBuHHOMY eTami CHOPUIHATTA TEpeBa)Kae
I curnanpHa cuctema, TOOTO BIgUYTTS 3BYKO-
BHX, CBITJIOBHX, XIMIYHHMX Ta 1HIIMX IMOJIPa3HUKIB
HalllUMH aHaJli3aTopaMu Ha OCHOBI 0€3yMOBHOTO
opieHTyBaJIbHOTO pediiekcy. BukopucraHHs MOBH
€ HACTYITHUM, CKJIQIHIIIIUM €TaroM Ii3HaHHS, [T
SIKOTO HeoOXiJHa HEe JIMIIEe aKTHBi3allisl LIEHTPIB
KOPH TOJIOBHOTO MO3KY, a i MOCTiiHa MiATpUMKA
AKTUBHOCTI, AK Takoi. 3 TOYKU 30py (izionorii
HEPBOBOI JIisUTLHOCTI, yBara — Ii¢ HpoIecC CBijIo-
MOTO 30CEpePKEHHSI Ha aKTyalbHiN iH(popMarii,
1o CyTi, IIe — IHIIiaIis MeXaHi3MiB 3aram’STOBY-
BaHHs 1 pyXy — YTBOPEHHsS HOBHUX 3B’f3KIB MDX
30y/[DKeHUMH HeHpoHaMu. 3 MODVISIIY TMCHUXOJIOTil
yBara — 1e ¢GakrTop, SKuil 31iiCHIOE BUOIPKOBICTD
CIIPUUHATTS. TOMy BUBYEHHIO BIIACTUBOCTEN YBaru
HA/Ia€ThCsl 0COOJIMBE 3HAUCHHS BITYM3HSIHUMH Ta
3apyOKHUMH BYCHHMMH — (i3i0JIoraMH Ta TICH-
xonoramu (MockanboBa A.C., MockaisoB M.B.,
2014; IleBuuk P.B., 2015, c. 288-292; Bonneville-
Roussy A., Rentfrow P. J., Xu M. K., Potter J.,
2013, p. 703-717; Chamorro-Premuzic T.,
Fagan P, Furnham A., 2010; Thomas Schiéfer,
Claudia Mehlhorn, 2017, p. 265-273).

@Di310JI0TIYHOI0 ~ OCHOBOIO  30CEPE/KCHHS
€ aKTHBallil BU3HAYCHUX IIEHTPIB KOPH TOJIOB-
HOTO MO3KY. BHOIpKOBICTH € BH3HAYaJIbHOIO
3aKOHOMIpHICTIO yBaru. OCTaHHI JOCIIKSHHS
€JIEKTPUYHOT aKTUBHOCTI TOJIOBHOTO MO3KY 3a
noromororo  Neurofeedbback (Nfb) (peectpa-
Iisl CJICKTPUYHUX CHUTHAJIIB eJleKTpoeHIeda-
norpadoM) MOKa3aJd 3POCTaHHS EJIEKTPUYHOTO
MOTEHIIaTy B JIOOHO-TIM SIHUX MAOJSIX IMiJ dYac
YCKIIQIHEHHS TIOCTAaBICHUX 3a/ad 1 OJHOYACHO
aKTHBI3aIlif0 [IEHTPIB JIOOHOT J0Ji KOpH, SKi BiJI-
MOBIIAFOTh 3@ MPUTHIYCHHSI APYTOPSTHUX QYHKITIH
(Gaspar J.M., McDonald J.J., 2014). Ognak xoH-
KPETHUH MeXaHi3M, 3a JIOTIOMOT' OO SKOTO 3/11HCHIO-
€TbCSI KOHTPOJIb TOTEPEHKEHHS BiIBONIKAIOUUX
CTHUMYJIB 3aJIMIIAETHCS HEAOCTAaTHRO BUBUCHHM
(Hameroff S., Penrose R., 2014, p.104-112). 3 po3-
BHUTKOM KBaHTOBOI (i3uKH y HeHpodiziosorii 3’ sIB-
JSIEThCS Bee OIbIIe MPUOIYHUKIB TeOpii KBAHTOBOT
cBimomocti Xamepoda-Ilenpoyza a6o Orch-OR
(Orchestrated Objective Reduction). ABropu Teo-
pii — Stuart Hameroff Ta Roger Penrose Bu3Ha4miy,
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10 MPUYHUHOIO OY/Ib-SIKOT KOTHITUBHOI aKTUBHOCTI
€ OpraHi3oBaHa IMOCiOBHICTh KBAHTOBUX ITPOIIC-
CiB y KOJIOHIsIX «microtubules» B cepenuHi Helpo-
HIB KOpH TOJIOBHOTO MO3KY 1 SIK HACI]iJ0K — 30y-
mokenHs cunarici (Kabat-Zinn J., 2025).

Cnin po3pi3HATU MOHSITTS yBaru Ta YBaX-
HOCTi, 3a SIKOi 30CEPEIKCHICTh MiITPUMYEThCS
3yCHWIIJIIMH BOJi, TOOTO CBiZOMO. 3a PETyJIsIi€ro
BUJUISIOTh MUMOBUIBHY, JOBUIBHY Ta IMiCISI0-
BUIbHY yBary. YCBIIOMJICHHS METH JisJIbHOCTI,
OCOOHUCTHIA IHTEpeC, MOTPeOU 1 BOJIS XapakTepH-
3yIOTh JIOBUIBHY yBary, sika MOXe HEepETBOPUTHUCH
y MICIAOBITBbHY, SKIIO JIIOIUHA 3BUKAE JOJNATH
TpyIHOIII 1 ii 3aXOIUTI0E caM Tpolrec O0opoTHOU
(Marcelo Bigliassi, Costas [. Karageorghis,
Daniel T. Bishop, Alexander V. Nowicky, Michael
J. Wright, 2018, p. 131-139).

3Mimanuil 1 JUCTaHIIMHUNA (QOopMaTH OCBITH
y CTapIIIii IIKOJII 3000B’A3YI0Th YUHIB ()OpPMYBaTH
HaBUYKM CAMOCTIMHOI, JOCITITHULIBKOI 1 TOIIY-
KOBOi poOOTH 3 pi3HUMH JDKepeiaamu. Taki Bia-
CTUBOCTI, $K KOHIIGHTpAIlis, CTIWKICTh, 0OCAT
1 pO3MOAIT yBaru MarTh 1HIWBITyaTbHUI Xapak-
Tep, 3MIHIOIOTHCSI B TPOIECi HABYAHHS Ta CIIpUSs-
I0Th MIJBUILEHHIO MIBUJIKOCTI 3armaM’iITOBYBaHHS
1 MUCJICHHS. 3aKOHOMIPHO, IO 3POCTaHHS 1H(OP-
MaIifHOTO HAaBaHTAXXEHHS CTUMYIIOE€ DPO3BUTOK
TaKoi BJIACTHBOCTI yBaru, sik oOcsar. Pobora Hax
NPOEKTaMU BUMarae MOBHOTO 3aHYpPEHHs Ta MaK-
CHMAaJIbHOT KOHIICHTPAIII1 Ha 00’ €KT1 JOCII JIPKSHHS.
BMiHHS pO3MOAUIATH 1 TIEpEeMUKATH yBary JoIo-
Mara€e OJHOYaCHO CIIyXaTH JIEKII0, CJIiJKyBaTH
3a Mpe3eHTAllifHUMHU MaTrepialaMu, KOHCIIEKTY-
BaTH Ta CIUIKYBaTHCS B yaTax. 3BUYAitHO, B TAKUX
YMOBax Ba)KKO TPUBAJIHMK 4ac 30epiraTv CTIHKICTh
1 30cepepKeHICTh Ha YoMych ogHoMy. Came Tomy
«KIIIMOBE MHUCIJICHHS» OJHOYACHO € TIepeBaroro
1 HEJTOIIKOM «ITOKOJIHHS 7.

OTxe, caMe yBara CHpsSIMOBY€E Hallle CIIPHiA-
HSTTS 10 BUOOPY MEBHOTO BUY JiSUIBHOCTI, BILIH-
BAa€ Ha MIBUJIKICTH 3a1iaM’ AITOBYBAaHHS T4 MUCIICHHS
B IIJIOMY.

[TiuTiTKOBHI BiK XapaKTePU3Y€EThCS CKIIATHUMU
nporecamu:  (i3i0JOTIYHUMH, TICUXIYHUMH —Ta
COLIIAJIFHOTO CTAaHOBJIEHHS ocoducTocTi. OCHOBO-
MOJIOKHUK (P13107I0T1T BUIIOT HEPBOBOI JiSUTBHOCTI
1. [TaB10B BiA3HAYMB 3QJICKHICTh ICUXIYHHUX MTPOIIE-
CiB BiJI TUITY HEPBOBOi CHCTEMH Ta BPIBHOBA)KEHOCTI
nporieciB 30y/DKEHHS 1 TaJIbMyBaHHA. BiTun3HsIHA
IIKOJIa TICUXOJIOTI1, 3aII0uaTKOBaHa BUCHUMH 3ario-
poxiem O.B., Koctiokom I'.E., Cikopcekum I.0.,
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Ckpurmyenkom O.B., ynmMano poOiT mpucBsThIa
JOCT/DKEHHIO  3aJIS)KHOCTI  PO3BUTKY OKPEMHUX
BHUIIB 1 BJIACTUBOCTCH yBardk BiJl PI3HHUX eTa-
MiB JWTHUHCTBA Ta MiUTITKOBOrO BiKy (€npuaHi-
HoBa T.M., 2011; Kortosa O. B., Cyxanosa I. II.,
2014, c. 252-257; Capuenko T.JI., 2019, c. 19-208).
3a Bm3HaueHHsM BOO3, 1ie nepiox pocty Ta pos-
BUTKY, SIKU CJIIy€ 32 AUTUHCTBOM 1 TPUBAE JI0 3pi-
1010 BiKy, T0OTO 3 10 110 19 pOKiB. VY 1l yac AuTHHA
HE JIMIIIE CTPIMKO POCTe, aje i qopocimmae — (hop-
MYETBCS CBIZIOMICTb, 3pOCTae oTpeda y BU3HAHHI,
3’SIBJISIFOTHCS. HOB1 MOTHUBAIIi1, KDUTUYHE CTaBICHHS
1o cebe i 10 oToveHHsS. |[HTEHCHBHA HaBYaJIbHA
JSUTbHICTh BUMArae po3BUTKY KOTHITUBHUX (yHK-
i{ — IIBUAKOCTI CIIPUHHSATTS, MUCJICHHS, TIaM AITi,
ysSIBH. AJIKE CTPIMKO 3pOCTa€ KUIbKICTh MPEIMETIB,
HaBYAJILHOTO KOHTEHTY, BUMTENIB, BUMOTL. Bimmo-
BIJTHO 3pOCTa€ HEOOXIIHICTh KOHIIEHTPYBAaTHUCS Ha
BUKOHAHHI 3aBJIaHb, HE3QJIE)KHO BiJ YNOHZO0OaHb.
Binpm criiikoro cTae AOBiIbHA yBara, SKy y4eHb
MOX€ CIIPSIMOBYBAaTH Ha JIOCSTHEHHS IOCTABICHOL
MeTH. B miu1iTkoBOMY Billl IUTHHA MA€ TOCTATHBO
3HaHb 1 3/1aTHA 30CEepPEIHKYBATUCh HAa aOCTPaKTHUX
o0pazax, Bi3yaii3yBaTu /i ceOe HOBHI TEPMiH YK
TIOHSATTSL.

OpHak y 1eil mepiof] me He IOCUTh CTIMKOIO
€ eMOIIIfHO-BONIbOBa Cdepa, M0 IMPOSBISETHCS
y WBUAKINA 3MiHI HACTPOIO, YEpryBaHHI MEPiOiB
DIMOOKOI 3aIliKaBICHOCTI Ta OaiIyKOCTi, 1HOMI
HaBiTh arpecii. CTaBieHHs 10 HaBYaHHS BUOIPKOBO
3aJIe)KHTh BiJl 0ararbox (HakTopiB: TOPMOHAIBHOTO
¢ oHy, BITHOCHH 3 OaTbKaMU YM OJHOKJIACHUKaMH,
aBTOPUTETY BuuTens. JIUTMHA MOYMHAE BUUTHCA
KOHTPOJIIOBATH cebe, 110 BUMAarae Bij Hel BeTn4e3-
HUX BOJBOBUX 3yCHJIb 1 HE 3aBXAU CIPAIbOBYE,
TOMY «HEYBaXKHICTh» 4aCTO CTA€ MPUINHOI HU3b-
KOi SIKOCT1 3HaHb.

Benuuesne 3naueHHS Ui MONOJIAHHS 3raja-
HUX TpoOJeM Mae TegaroriyHa MaiCTepHICTb
yuuTens, HOro po3yMiHHS BIKOBUX OCOOIMBOC-
Tell TUTHHU. BaXnuBO migTpUMyBaTH iHTEpEC N0
MpeaMeTy, BUKOPUCTOBYBATH PI3HI METOAM aKTHB-
HOTO HAaBYaHHS, JaTH MOXKJIMBICTh AUTHHI BiTUyTH
cebe BaroMuM CITiBy4YaCHUKOM TPOIECY Mi3HAHHS.
TonoBHMM CTUMYIIOM JUIsS BUXOBaHHS B ce0e CTiid-
KO yBarw € BJIACHHWM TOCTYIl BIIepell, 0OCOOIUBO
BU3HAHUH OTOYYIOUYMMU. BHU3HAHHS, BiANOBigaIb-
HICTb, 000B’ 530K, CUCTEMa JI0PYUYECHb Y KOJIEKTHBI
B [103ayPOYHUH YaC TEK CHPUSIIOTh PO3BUTKY YBaru
miriTkiB (EnpaaninoBa T.M., 2011; [llerunk P.B.,
2015, c. 288-292).
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3a miteparypuumu nanumu (Capuenko T.JI.,
2019, c. 19-208) yBara BUITyCKHUKIB 3arajbHO-
OCBITHIX 3aKJIaJliB HWKYa, HK 37100yBadiB BHIIOT
ocgitu II-1II kypciB, ane Bumia, HiXk y a0iTYypiEHTIB
Ta TEPIIOKYPCHHUKIB, 110 3yMOBJIEHO MEPiOIoM iX
ajanrarii 70 yMOB 3aKJIa/liB BUILIOT OCBITH.

Omxe, mipntkn 15-17 pokiB y TOpiBHSAHHI
13 3100yBayaM MOJIOAIIOI Ta CEPEAHbOI LIKOIH
MaloOTh OUTBII PO3BUMHEHI MMapamMeTpu yBaru: 3Ha-
YHUH 00CHT, 3/IaTHICTH JIO TPUBAJIOi KOHIICHTpA-
11, parioHaJILHOTO PO3MOILTY Ta MEePEKIFOUCHHS,
MOB’s13aH1 3 MOCTYIIOBUM BJIOCKOHAJICHHSIM MeXa-
Hi3MIB miepepoOku  iH(opmamii. BigmiaHOCTI
3yMOBJIeHI ()i310I0T1YHNM, TICUXIYHUM Ta PO3BUT-
KOM €MOIIIifHO-BOJILOBOT ChepH, a TAKOK 3POCTaH-
HsIM ToTpe0 00poOIIsATH BesTMKi 00csTy iHpopMariii.
3arajomM BUITYCKHHMKH TiMHAa3id 1 JIIEiB Biapi3Hs-
IOTHCSl 3HAYHUM aJJalITUBHUM TIOTEHITIAJIOM KOTHi-
TUBHHX IPOIECIB, MOTUBAIII€IO, IO CIPHSE Kpa-
IIIOMY 3aCBOEHHIO HABYAJIILHOTO MaTepialy.

MeTta goc/IilzKeHHI — BUBYEHHS MY3HMYHHUX
BIIO100aHB MIAJITKIB 1 BU3HAUEHHS BIUIMBY Pi3HUX
YKaHPIB MY3MKH Ha PO3BUTOK BIACTUBOCTEH yBaru
CTapIIOKJIACHHUKIB.

Pe3ynbraru aociiizkeHb Ta iX 00roBopeHHsl.
JocnipkeHHs npoBeeHO Ha 0a3i  YMaHCBKOTO
minero Ne 3 Vmancbkoi Mickkoi paau Yepkacbkoi
oOnacTi. Yci eTanu eKCIepUMEHTY IPyHTYBAJIUCh
Ha JMOOpOBUTLHUX 3acajax Ta 3a JOOPOBUILHOIO
3roZI0K0 y4HIB. 3 METOI0 OIIIHKM PIBHS MY3UYHOT
KyJIBTYPH, BHSBJICHHS MY3HMYHHX CMakiB, cepen
yuHiB 8-11 kiaciB Oys10 MpPOBEAEHO MIarHOCTUYHE
aHKeTyBaHHS «Mo1 My3U4HI BHOZOOAHHS.

AHaJi3 pe3yinbTaTiB MOKa3aB: BIKOBHM CKIaJ:
cepen 51 pecnionnentiB — 29 BikoM 13-14 pokis,
22 — 16-17 pokiB; crmiBBigHOmeEHHs ctarei: 30
aiBgat i 21 XJIOMYMK; Yac MPOCIyXOBYBaHHS
my3uku: 17,6% uinono6oso, 51% Bukopucro-
BYIOTb MYy3W4YHHMH (POH KiJlbKa TOIWMH Ha 100y,
27,5% — xinbKa pa3iB Ha TUXKACHb, Ti, XTO HE CIIy-
Xa€ My3WKY B3araii y BHOIpIIi — BiACYTHI; mepe-
Bary Takux »aHpis: 21% ciyxaloTh NON-MY3HUKY,
no 10% Bmomo6anu pox i eNeKTpuK, HaMeHIe —
7% Binmanu nepesary kiacuuHiid, a 48% 3 51 BBa-
XKaroTh cebe MeroMaHamu 0e3 BU3HAUEHUX BIIOO0-
6anb; 84,3% yr00NATH 1 CIYXalOTh JOCUTh I'yUHY
MY3UKYy; BHKOPHCTAaHHS MY3WYHUX IUIaTGOpM
YouTube Music, nonatkiB Spotify, SoundCloud;
80,4% npotu 19% maroTh CBiil MIEHINCT, 1EMOH-
CTPYIOUYH CXWJIBHICTH /10 TOBTOPHUX MPOCITYXOBY-
BaHb; 23,5% 00panu KOHTEHT yKpaiHChKOIo, 45%
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aHniicekoio, 31% — He BU3HAYMIUCS, ITOHAJ
92% BUKOPUCTOBYIOTh My3U4YHHH (POH y moOyTi,
53% — mig 4ac BUKOHAHHS JIOMAalIHIX 3aBlaHb;
76,5% CTBEpAXKYIOTh, 110 MYy3HKa IO3UTHUBHO
BITMBAa€ Ha ePeKTHBHICTH iX mpari; 43,1% BBa-
KAIOTh JOLITFHUM MY3UYHHHI CYNpOBIJ Iija Yac
ypokiB i 94,1% B 000B’S3KOBOMY MOPSIIKY Ha
nepepnax.

[Tin gac mocmikeHHS BUBYQJIM BIUIMB Pi3HHX
KaHpPIB MY3MKM Ha OCHOBHI IapameTpiB yBaru
3m00yBadiB OCBiTH 11 KiaciB: KOHIICHTpAILilo,
00csT, po3IoIiJI, IBUKICTH BUKOHAHHS 3aBIaHHS.
Hocmimkennss nposommwues 3 08.00 mo 12.30
TOJIMHM, Tpy1olo 3100yBauiB ocBiTH Ne 1 3 30 ocib,
SIKI BUKOHYBAJIA BaJIiIOBaHI TECTH 3a JOMOMOTOIO
cmaproniB Ha mmiardopmi Interactive Portal-
Book of Self-Development Methods. I'pyna Ne 2
(30 oci0) BuKoHyBasa TECT 0€3 My3UYHOTO CYIIPO-
BOAY (KOHTPOJIb), aje 3 JOTPUMAHHIM yCiX 1HIINX
YMOB €KCTIepUMEHTY. {7151 My3U4YHOTO CYIIPOBOIY
BHUKOPHCTOBYBAJICh KOMIIO3MILIIi KaHPIB: IOIMY-
nsipHa (Tom) — ykpaiHcekuit Typt Sadsvit «Heboy;
pok — rypt Queen «I Want to Break Free»; enek-
TpuK — aBropchbka Jmutpo Cuponan «Bosomikose
noJiey; kimacuuHa — cuMdonis Ne 9 op.125 Jlronsira
BaH beTxoBeHa.

Jlns BUBYCHHSI KOHIIGHTpALil yBaru Ta IIBU-
KOCTI 00poOku iH(popMaIlii BHUKOPHUCTOBYBAJIH,
K (aKTOp BIUIMBY, YXaHP HOMYJIAPHOI MOI-MY-
3UKH, a CaMe, KOMIIO3MIIII0 YKPaiHCBKOTO TYpTy
Sadsvit «Heb6o» Ta meTonuky «KopekrypHa nmpoba
Bypnona» (Kpasuenko B.I., Yepnincekuit A.O.,
Makapuyk M.I1O., 2010, c. 27-29).

Po3paxyHKOBI MMOKa3HUKH KOPEKLIHHOTO TECTy
bypnona ta ix cepenni apupMeTHUHI MOKA3HUKH
JOCITiTHOT BUOIPKY HaBeIeH1 B Ta0miti 1.

VY pe3ynbTari MOCHTIKCHHS HAMH BHSBICHO:
3MEHIIIEHHS Yacy Ha BUKOHAHHS 3aBJIaHHS Ta KiJlb-
KOCTI TIOMHJIOK; 30IJBIICHHS YHCJIa TPaBHIIBHO
o0paHMX CHMBOJIB, 00CATY OMpaIbOBaHOi iHpOP-
Marlii, iHIeKCy PO3yMOBOI POIYKTUBHOCTI.

OTxe, MPOCITYXOBYBaHHS MOM-MY3UKHU TIiJl 4ac
BUKOHAHHS TECTY MPHU3BEJIO 10 3POCTAHHS IIBU/I-
KOCTi 00poOKHM iH(opMaIlii Ta KOHIICHTpaIlil yBaru
Ha 22%.

3 METOI0 BUBYCHHS IBUIKOCTI 00pOoOKH iH(DOP-
Marlii TPOBOAWJIM TOCIIHDKEHHS 32 METOIUKOIO
«Tabmumi Ilymere» (KpaBuenko B.I., UYepnin-
cekuii A.O., Makapuyk M.IO., 2010, c. 31-32).
JInst OLiHKY BIUTUBY MY3UKH 3aCTOCOBYBAJIM KOM-
no3utrito pok-rypty Queen «I Want to Break Freey.

Po3paxyHKOBI MOKa3HUKH TECTy 3a METOIU-
kot «Tabmumi Ulynere» Ta iX cepemHi apudme-
TUYHI TTOKa3HUKH JOCIITHOI BHUOIPKM HaBeICHI
B Ta0mui 2.

OTxe, pe3ynbTaTu JOCTIKEHHS OKa3alH, 110
BUKOHAHHS 3aBJaHHS B CYIPOBOII POK-MY3HKH
crpusie 6€3MOMHUIIKOBOMY BUKOHAHHIO TPH 3MEH-
IICHHI 3arajJbHOT0 BHUTPAYCHOTO Yacy Ta 4acy Ha
00yMyBaHHS OHIET BIAOBIII.

Busnayenns mapameTpiB 00cATy Ta KOHIIEHTpPA-
il yBarm MOXKHa TPOBOIUTH, BUKOPHCTOBYHOUH
metoauky «lleperuryrani minii» (Kpasuenko B.I.,
UYepnincekuii A.O., Makapuyk M.1O., 2010, c. 30).

JlocmipkeHHsT TPOBOIMIIM TMiJT MY3UKY >KaHPY
«ETIEKTPHKY, BUKOPHCTOBYIOUH aBTOPCBKY

Tabmmi 1

Pe3yabTaTu nokazuukiB Metoanku «Kopekrypua npo6a bBypaonay»
3a YMOBH BILTUBY non-my3uku (Sadsvit «He6o»)

Kpurepii Hopma KonTtpoas Ion-my3uka

3arayibHa KUIbKICTh CHMBOJIIB 1680 1680 1680
Burpauenwuii yac (c) 300 307 302
ITpaBuIbHO OOpaHUX CUMBOIIB 130 86 105
3arajibHa KUIbKICTh CHMBOJIIB 135 135 135
KinpkicTh HeNpaBUIILHO OOpaHUX CHMBOJIIB 5 8 3

KinbkicTb cTpidok 42 42 42

KinpKicTh OnpanboBaHUX CTPIYOK 42 30 35

IToka3HMK MIBUIKOCTI yBard (CUMBOJIIB/C) 5,6 5,47 5,56
IToka3HHMK TOYHOCTI poOOTH 1 0,7 0,84
[Toka3zHUK TTepeMHUKAHHS 0 14,2 14,2
THIeKC pO3yMOBOI IPOAYKTHBHOCTI 1680 1176 1411
Po3ymoBa mpoiyKTUBHICTH (CHMBOJIIB/C) 5 3,54 4,76
Konnenrpanis (%) 96 72 94

HIBuakicTh 06poOKHU 1,6 1,05 1,43
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Pesyabraru noxasuukis Meroauku « Tadauui Ilyabre»

3a yMOBH BILTUBY pok-my3uku (Queen «I Want to Break Free»)

Tabmug 2

KpuTepii Hopma Kontpoanb Pox-my3nka

KinpKicTh MpaBUIIBHUX 36 34 36

KiJIbKicTh MOMIJIOK 0 2 0

3aranbHa KiTbKICTh BiJIIOBiIeH 36 36 36

3araJbHuii BUTpadeHuii yac (c) 60 62 60

Cepenniii yac na 1 BignoBinnb 2000 1722 1667
Tabmumg 3

Pesyabratn nokasnukiB meronnku «Ilepensyrani jginii»
3a YMOBHM BILTUBY ejleKTpuK-MYy3ukH (. CuBosan «BoJionmkose moJie»)
Kpurepiii Hopma Kontpoanb «EnexkTpur»

KinpKicTh CTpidoK 25 25 25

KinbKiCTh MPpaBUIIBHO 0OPAHUX CTPIUOK 22-25 21 25

KiJIbKicTh MOMIIIOK 0-3 4 0

Burpaueno yacy (c) <420 478 322

O6csr yearu U U=T 573,6 322

KoedinieHT koHIEHTpAaIiT <420 401,52 322

Jedinut koHUEeHTpaLil 0 76,48 0
Tabmnumsg 4

Pe3yabTaTu nokazuukiB Metoankn «Tect CTpyna» 3a yMOBH BIUIUBY KJIACHYHOI MY3UKH
(cum@onis Ne 9 op.125 Jlionsira Ban berxoBeHna)

Kpurepiii Hopma KonTpoan Kaacuuna
KinbkicTs + BuOOpIB 1 piBHS 30 29 30
Kinbkicts — BubOpiB 1 piBHS 0 1 0
KinbkicTb + BHOOPIB 2 piBH 29-30 28 30
Kinbkicts — BUOOpiB 2 piBHA 0-1 2 0
3arajbHuii Yac BUKOHAHHS (C) 120 137 124
Cepenniii wac Bubopy Ha 1 p. (Mc) 1000 1023 923
min vac Bubopy Ha 1 p. (Mc) — 695 633
max yac Bu0opy Ha 1 piBHi (Mc) 2000 2134 1945
Cepenniii yac BuOopy Ha 2 p. (Mc) 1500 1742 1699
min vac BuOopy Ha 2 p. (Mc) — 1988 824
max 4yac Buoopy Ha 2 piBHi (Mc) 2000 3251 2874

KoMno3uuito «BomomkoBe moie».
3aHOCUMO J10 TabmuIi 3.

OTtxe, pe3ynpTaTH JOCHTIJDKEHHS IOKa3an
3pocTaHHs KOediIieHTy KOHIEHTpalli, o0csry
yBard Ta 3Ha4yHe 3MEHIIEHHsI 3aTPa4eHOoro Jyacy Ha
BUKOHAHHSI 3aBJIaHHSI.

Mertoauky «Tect Ctpymna» (TecT KOIbOPOBHX
CJIiB) JOLIBHO BUKOPHCTOBYBATH JJISI BUBUCHHS
BJIACTUBOCTEH pPO3MOALTY Ta NEPEKITIOYSHHS yBarH.
Bona 0a3yeTbcs Ha BiIOMOMY cCepeq ICHUXOJIOTIB
«edexTti Ctpymay, BIAMOBIAHO JI0 SIKOTO Y JIFOAWHA
BUHUKAIOTh CKJIQJHOII 3 BH3HAYCHHSIM KOJIBOPY
HAIKCy, SKIIO HAIUC MNPOTUPIYUTH KOJIbOPY
(Stroop J. R., 1935, p. 643 — 662; bongapeHko

Pezynpratu

M. I1. Kpapuenko B. I., Boumapenko O. B. Ta iH.,
2016, c. 7-18).

PesynbraTy TecTyBaHHS y3arajibHEHI B TA0MHII 4.

OTxe, BHKOPUCTAHHS KJIACUYHOI MY3UKHU
MOKpAIIly€ THYYKICTh MUCJICHHS, ITiJBUIILY€ IIBU/I-
KicTb 00poOKkH iH(poOpMalii Ta po3nozin. 3okpema,
3MEHIITUBCS MaKCUMaJIbHUI Yac BHOOpy Ha 1 piBHI
Ha 189 mc (3 2134 nmo 1945 mc), Ha 2 piBHI Ha
377 mc (3 3251 no 2874 Mc) i Ha IbOMY X PiBHI
CYTTEBO 3MEHIIMBCS MiHIMaJbHHUI 4Yac BHOOpY —
B 2 pazu (3 1988 no 824 wmc), 3aranbHuii 4ac ajs
BUKOHAHHS TECTY 3MEHIINBCA Ha 13 c.

3aramoM, 3aQiKCOBaHO TO3UTHBHUN BIUIUB
MY3MKH Ha yBary MiJUIiTKiB.
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BucHoBku

VY pe3ynbrari TOCHTiKSHHS eKCTIEPUMEHTAIBHO
JIOBEJICHO TO3UTUBHMUIA BIUIMB PI3HUX JKaHPIB
MY3HKH, a caMe: MOMyJspHOi (IOI), POKY, eJeK-
TPOHHOI, KJIACHYHOI Ha JWHAMIKy MapaMeTpiB
yBaru 3700yBadiB OCBiTH 11 KiaciB YMaHCBHKOTO
minero Ne 3 Ymancbkoi michkoi paau Yepkacbkoi
obmacri. I'pynu Ne 1 (koHTpOB — 6€3 My3UKH) Ta
Ne 2 (3 my3uunum ¢onom) y ckrnani 30 mineictis
KOKHA, BUKOHYBAJIM BaJIiIOBaHi TECTH 3a JIOTIOMO-
roro cmapt¢oHiB Ha minardopmi Interactive Portal-
Book of Self-Development Methods.

V3aranbHIOIOUM  pe3yibTaTH  BUKOPUCTAHHUX
METOJHK, CJIiJl 30CEPEANTHUCH Ha OCHOBHUX, BHSIB-
JICHMX 1 MATBEPKEHUX CTATUCTHUYHO:

1. xoedimieHTH KOHIEHTpalii yBaru i IIBUI-
KicTb 00poOKkHu 1H(popMalii 3pocnu Ha 22% Ta Ha
0,38 oguuump BiAmoBinHO (mom-my3uka, «Kopek-
TypHa Tabnuus bypaonay);

2. 3MEHIIEHO 3arajJbHUN BUTPAY€HUN Yac Ha
00yMyBaHHS BIIOBiAI Ha 55 MC Ta 3MEHIIHU-
Jach KUTBKICTh MOMMIIOK (pOK-My3HKa, «Tabmuii
[ynsrey);

3. 3pociau  Koe(imieHTH KOHIIGHTpamii Ha
79,52 onuHuib Ta 00csAT yBaru Ha 251,6 oquHUI,
3aTpadeHUid 9ac Ha BUKOHAHHS 3aBIaHHS 3MEH-
muBcs Ha 156 ¢ (enekrpuk-mysuka, «Ilepemtyrani
THI);

4. 3MeHIIMBCA MaKCHUMaJlbHUII dYac BUOOpPY
Ha | piBHi Ha 189 Mc (3 2134 no 1945 mc), Ha 2
piBai Ha 377 Mc (3 3251 mo 2874 mc), a Takox

3MCHIITMBCS MiHIMAJIBHUN Yac BUOOPY — B 2 pa3u
(3 1988 o 824 mc), 3aranbHul Yac 411 BUKOHAHHS
TecTy 3MeHIMBCS Ha 13 ¢ (kjacu4Ha My3HKa,
«Tect Crpymay).

5. mig yac BHMBYEHHS MY3WYHHX BIONOOAHb
51 mimeicta NUIIXOM ONMHUTYBAaHHS 3’SCOBAHO, IO
68,5% miAmiTKIB BUKOPUCTOBYIOTh MY3UYHHN (HOH
Olyble KUTBKOX TONWMH Ha 100y, BiAmarouu mepe-
Bary yKpaiHCHKOMY Ta aHIJIOMOBHOMY KOHTEHTY;
80,4% wMaroTh CBIM IUICHJIUCT, JEMOHCTPYIOUU
CXWJIBHICTH J0 MOBTOPHHX MPOCIYXOBYBaHb; 21%
ONUTAHMUX BHOA00AITH HoM My3uKy, 10% — pok,
10% — enekTpuk, 7% — CXWIBHI 10 MPOCITYXOBY-
BaHHS KJIACHYHOI My3HUKH, a 48% BBaxkaroTh cede
MeJloMaHaMu 0e3 BU3HAUYEHHUX BIOJ00aHb;

6. cTBOpeHO My3uuHUi Iuiednuct «Ciyxai
1 Burcb» B nomatoky Spotify.

3nilicHeHUN aHali3 BIJIMBY MY3HUKH, SK
YUHHHUKA, J03BOJSE CTBEPKYBaTH, IO BOHAa,
B LIJIOMY MiABUIIY€E €(PEKTUBHICTh KOTHITUBHUX
(GyHKIIH MO3KY CTapIIOKJIaCHUKIB, 30KpeMa Taki
BJIACTUBOCTI yBaru, SK KOHIEHTpalis, 0O0CHT,
MepeKIIfoueHHs. BpaxyBaHHS aaMiHiCTpalliero
OCBITHIX 3aKJaJiB MY3WYHHMX BIOJ00OaHb, BIJO-
OpaXeHHX Yy BUIVISAAI aBTOPCHKOTO MY3WYHOTO
mwieinucra «Cinyxaii 1 Bumeb» Ta gociixe-
HUX 3aKOHOMIPHOCTEH CHpHUSATHME OpTraHi3amii
KOM(OPTHUX yMOB HaBUaHHSA Ta BIJIOYHHKY,
a TaKOX pO3poOIli IHHOBAIIMHUX METOIUK ITiIBH-
mieHHsI €(PEeKTUBHOCTI CIIPUUHSTTS HABYAIHHOTO
Marepiaiy.
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SOME PROBLEMS OF WHITE DWARF MODELLING

Main peculiarities of formulation main principles and criteria of white dwarf theories are analyzed. Short comparative
analysis of main methods of modeling is represented. All these methods are based on the conditions of equilibrium. The role
of A. Eddington, R. Fowler, E. Stoner and S. Chandrasekar researches in the creation this theory is discussed. A. Eddington
proposed to use the Lane-Emden equations to construct the theory of white dwarfs, which allow us to describe processes
in polytropic gas spheres. It is shown that Stoner method, Lane-Emden equations and Einstein equations is based on
the search of equilbrium comditions for sphere or semple to sphere symmetries. The role of the development of theoretical
physics (Fermi-Dirac statistics) in the creation of this theory is shown. It should be noted that thanks to Stoner s research,
the Pauli principle and one of the first applications of Fermi-Dirac statistics for degenerate electronic systems appeared
in the Bohr theory of the atom precisely in the theory of white dwarfs. Main peculiarities of Stoner method and Lane-
Emden equtions are observed. Stoner s method is based on the idea of studying the equilibrium of a star based on energetic
considerations. The Lane-Emden equations were constructed for gaseous spheres with different polytropic indices. It was
Emden’s introduction of thermodynamics into these equations that allowed them to be used in astrophysics. For these
equations, it is necessary to additionally introduce the conditions for the rotation of the star. Einstein’s equation is also
on the one hand a condition of energy equilibrium (effective potential energy equals kinetic energy) for inhomogeneous
systems, and on the other hand it is a generalization of the special theory of relativity to curvilinear geometry. The
generalization of the interval itself is nothing more than a metric of the corresponding space-time. Rotation is included in
the equation from the very beginning. Peculiarities of application methods of general relarivity for modelling white dwarf
structure and processes are analyzed too.

Key words: critical processes, white dwarf, S. Chandrasrekhar, Lane-Emden equation, equilibrium conditions, phase
transformarions, general relativity.
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JAEAKI IPOBJEMU MOJAEJIIOBAHHS BIJIMX KAPJIUKIB

Ipoananizosano ocHo6Hi 0coOIUBOCMI (HOPMYTIOBAHHSL OCHOGHUX NPUHYUNIE | Kpumepiie meopill Oiux Kapiuxis.
Ilooano kopomkuii nOPIGHANbHUL AHANI3 OCHOBHUX Memooie Mmooeniosants. Bci yi memoou 6a3yiomuvcsi HA yM0OBAX
pienosacu. OQbzosopioecmubcs poav docuioxcerv A. Eodinemona, P. @aynepa, E. Cmonepa ma C. Yanopacexapa
y cmeopenHi yiei meopii. A. EOOinemon 3anponotyeas sukopucmosysamu pisHsanns Jleina-Emoena ona nobyoosu meopii
Oinux Kapnuxis, AKi 00360A10Mb ONUCYBAMU NPOYECU 8 NOTimponHux 2azosux cepax. Iloxasano, wjo memoo Cmonepa,
pienanna Jletina-Emoena ma pisuanua EiHuimenina tpyHmy0moscs Ha ROULYKY YMO8 pieHosazu 0s cumempiil cghepu abo
8idpizka 0o cgepu. Ilokazano ponv pozeumxy meopemuynoi Qizuxu (cmamucmuxu Pepmi-Ifipaka) y cmeopenni yiei
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meopii. Cnio 3aznauumu, wo 3a80aKu 0ocuioxcennam Cmonepa 6 meopii amoma bopa came 6 meopii 6inux xapiuxie
3’aeuscs npunyun Ilayni i o0ne 3 nepuux 3acmocyéanv cmamucmuku Qepmi-/lipaxa 01 6UPoONHCEHUX eNeKMPOHHUX
cucmem. Pozenanymo ocnoeni ocobnusocmi memody Cmonepa ma pisusns Jleiina-Emoena. Memoo Cmounepa 6aszyemocs
Ha i0ei 6uBUeHHA DiBHOBA2U 3IPKU HA OCHOBI eHepeemuyHux Mipkyearv. IloOyoosano pisHsanua Jletina-Emoena ons
2a30n00iOHUX KVb 3 PisHUMU nokazHuxamu norimponii. Came 6gedenns Emoenom mepmoounamixu 6 yi pieHAHH
0036071UTI0 BUKOPUCMOBY8AMU ix 8 acmpoizuyi. [ yux pieHaHb He0OXIOHO 000amKO80 88eCHU YMOBU 00EPMAHHS 3IPKU.
Pisuanus Etinuwmerina maxkoxc €, 3 00H020 OOKY, YMOBOI0 eHepeemuyHoi pieHosazu (eghekmuena nomeHyiaibHa eHepeis
00pisHIOE KIHeMUYHIL eHepeii) 015l HeOOHOPIOHUX CUCIEM, d 3 THULO020 — Y3a2albHeHHIM ChneyiaibHol meopii 6iO0HOCHOCMI
HA KPUBOTIHIIHY 2eomempiio. Y3azanbHenHs camozo IHmepeay € e wo iHule, Ik MEMmpUuKa 6i0n08IOH020 NPOCMOPY-4Acy.
Obepmants BKII0YEHO 8 PIBHAHHS 3 camoeo noyamky. IIpoananizoeano ocobaugocmi 3acmocy8ants Memooia 3a2aibHoi
meopii BIOHOCHOCI 01 MOOETIOBAHHA CIMPYKMYPU A RPOYECi8 OLIUX KapIuKis.

Kntouosi cnosa: xkpumuuni npoyecu, 6ini kapruxu, C. Yanopacexap, pisuauus Jletina-Emoena, ymosu pigrosaeu,
¢hazoei nepemeopennsl, 3a2aibHa meopis. GIOHOCHOCMI.

Introduction construct the theory of white dwarfs, which allow

Main peculiarities of formulation main princi-  us to describe processes in polytropic gas spheres.
ples and criteria of white dwarf theories are ana-  This method for white dwarfs was developed
lyzed. Short comparative analysis of main meth- by A. Fowler (Fowler, 2029) and most of all by
ods of modeling is represented. All thes methods  S. Chandrasekhar (Chandrasekhar, 1938).
must be based on the conditions of equilibrium. R. Fowler was the first to draw attention to the
It is shown that Stoner method (Stoner, 1929), use of Fermi-Dirac statistics for the theory of white
Lane-Emden equations (Chandrasekhar, 1938) and  dwarfs (Fawler, 1926). However, the first theory
Einstein equations (Chandrasekhar, 1964) is based ~ for former dwarfs was built by E. Stoner (Stoner,
on the search of equilbrium conditions for sphere ~ 1929). At the heart of his theory he put the varia-
or sample to sphere symmetries. Main peculiari-  tional principle, which he used for total energy. Vio
ties of Stoner method and Lane-Emden equtions  estimated the density and mass of the white dwarf.
are observed. Peculiarities of application methods  This same method was used by S. Chandrasekhar
of general relarivityy for modelling white dwarf  to determine the density of a white dwarf. He built

structure and processes are analyzed too. a more complete theory of a gray dwarf based on
Main concepts of theory of white dwarfs are  the Lane-Emden equations.
discussing (Vavrukh, 2018). The role of A. Edding- It should be noted that all astrophysical models

ton (Eddington, 1926), R. Fowler (1926), E. Stoner  are built based on considerations of equilibrium,
(1929) and S. Chandrasekar (1930) researches in  and are still tied in one way or another to spher-
the creation this theory is discussed. The role of the  ical symmetry. Thus, the Lane-Emden equations
development of theoretical physics (Fermi-Dirac  are derived for the equilibrium conditions of a gas
statistics) in the creation of this theory is shown  sphere taking into account the corresponding poly-
(Stoner, 1924; Fowler, 1926). tropic process. Chandrasekhar separately derived
It should be noted that thanks to Stoner’s this equation for isothermal case too (Chandrase-
research (Stoner, 1924), the Pauli principle and  khar, 1938). However, these equations do not take
one of the first applications of Fermi-Dirac statis-  into account the rotation of the star (Vavrukh,
tics for degenerate electronic systems appeared in ~ 2018). Einstein’s equation is nothing but the equal-
the Bohr theory of the atom precisely in the theory ity of potential (effective) energy, which also takes
of white dwarfs. into account the rotation and kinetic energy (Bar-
A. Eddington, R. Fowler, their student S. Chan-  row, 2007). That is, it is nothing but an extension of
drasekhar, E. Stoner, V. Anderson and others made  the methods of celestial mechanics. All the metrics
the main contribution to the development of the that are in the general theory of relativity, roughly
theory of white dwarfs (Nauenberg, 2008; Vav-  speaking, are derived from the spherical metric
rukh, 2018). (Barrow, 2007). Therefore this metod ass more
A. Eddington initiated the study of white dwarfs  universal for astrophysical applications was recom-
and, in addition, pointed out that the source of the = mended by A. Eddingtom (Chandrasekhar, 1964).
stars’ energy is thermonuclear reactions of hydro- In the theory of degenerate dwarfs by S. Chan-
gen and helium synthesis (Eddington, 1926). He  drasekhar is generalized by constructing mul-
also proposed to use the Lane-Emden equations to  tiparameter and multiphase models that take into
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account the incomplete degeneracy of the elec-
tronic subsystem, the presence of interparticle
interactions, magnetic fields, variable chemical
content along the radius, and axial rotation of
stars (Varukh, 2018). It is allowed to adequately
describe and provide interpretation of modern
observed data. Based on the solution of the equi-
librium equations, the dependence of the structural
and energy characteristics of dwarfs on the param-
eters of the models was determined. The inverse
problem of the theory of degenerate dwarfs was
solved — the determination of the main structural
and thermodynamic parameters of the models
based on data on the masses, radii, and effective
temperatures of observed field dwarfs and dwarfs
in binaries systems (Vavrukh, 2018).

S. Chandrasekhar theory of white dwarfs
was developed in second half of 20" century. In
the works of E. Shatsman, S. Chandrasekhar,
S. Kaplan, R. James L. Mestell, 1. Zeldovich,
and I. Novikov, an elementary theory of cooling
of degenerate dwarfs was constructed (Vavrukh,
2018). The issues of stability in relation to neutron-
ization processes, the effects of the general theory
of relativity and the influence of axial rotation, etc.,
were also considered. Much less attention has been
paid to the generalization of models of the inter-
nal structure of dwarfs. Here it should be noted
the work of E. Solpiter on the equation of state
of the electron-nuclear model at high couplings
with approximate consideration of Coulomb inter-
actions (at T = 0 K) and the work of T. Hamada
and E. Solpiter devoted to the calculation of the
«mass-radiusy ratio for homogeneous two-compo-
nent models corresponding to chemical elements
with a nuclear charge of 2<z<26 based on the
equation of state obtained by E. Solpiter and with
the acceleration of neutronization processes, but
taking into account the effects of the general theory
of relativity (Vavrukh, 2018).

Main results

The existence of a mass limit for white dwarfs
is usually attributed solely to the late astrophysicist
Subrahmanyan Chandrasekhar, and this limit is
named after him (Chandrasekhar, 1938). But as is
often the case, the history of this discovery is more
nuanced.In this note I will show that the existence of
a maximum mass was first establishedby Edmund
C. Stoner, a physicist who began experimental
research under the supervision of Rutherford at
the Cavendish in Cambridge, but later switched to
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theoretical work. Rutherford recommended Stoner
to a position at the Physics department of the Uni-
versity of Leeds where he spent his entire career
(Nauenberg, 2008).

According to G. Cantor, he was “probably the
leading Cavendish-trained theoretical physicist of
the 1920’s, although he learned theory mostly on
his own, and became known for his work on mag-
netism (Nauenberg, 2008). Unfortunately, Stoner
suffered from diabetes and poor health which
restricted his travels, and this may account for the
fact that he did not receive wider recognition for
his achievements. In 1924 Stoner wrote a paper on
the distribution of electrons among atomic levels
(Stoner, 1924). In the preface of the fourth edition
of his classic book, “Atomic Structure and Spectral
Lines”, Arnold Sommerfeld gave special mention
to “ einen grossen Fortschritt [a great advance-
ment]” brought about by Stoner’s analysis, which
then came to the attention of Wolfgang Pauli, and
played and important role in his formulation of
the exclusion principle in quantum physics (Nau-
enberg, 2008). Therefore, it is not surprising that
Stoner’s interest in white dwarfs was aroused by
Ralph H. Fowler’s suggestion (Fowler, 1926) that
the exclusion principle could be applied to solve a
major puzzle, the origin of the extreme high den-
sity of white dwarfs (Nauenberg, 2008), which
could not be explained by classical physics.

At the time, the conventional wisdom was that
the source of internal pressure which maintained all
stars in equilibrium against gravitational collapse
was the internal pressure of the matter compos-
ing the star which had been heated into a gas pre-
sumably, according to Eddington, by “subatomic
energy”’ (Eddington, 1926). But when this supply
of energy is exhausted and the star cools, Fowler
proposed that a new equilibrium would ensue,
even at zero temperature, due to the “degeneracy”
pressure of the electrons caused by the exclusion
principle (Nauenberg, 2008). Fowler, however, did
not attempt to determine the equilibrium proper-
ties of such a star which he regarded as “strictly
analogous to one giant molecule in the ground
state”’. Apparently he was unaware that at the
time, Llewellyn H. Thomas had developed a math-
ematical method to solve this problem in atomic
physics (Nauenberg, 2008). Subsequently, Stoner
developed a novel minimum energy principle to
obtain the equilibrium properties of such dense
stars, and by applying Fowler’s non-relativistic
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equation of state for a degenerate electron gas in
a constant density approximation, he found that
the density increases with the square of the mass
of the star (Nauenberg, 2008). In such a gas the
mean momentum of an electron is proportional to
the cube root of the density, and Wilhem Ander-
son, a privatdozent at Tartu University, Estonia,
who had read Stoner’s paper, noticed that for the
mass of a white dwarf comparable to or higher
than the mass of the Sun, the density calculated
from Stoner’s non-relativistic mass-density rela-
tion implied that the electrons become relativistic
(Nauenberg, 2008). Hence, Anderson concluded
that in this regime, this relation gave “gréblich
falschen Resultaten [gross false results]” for the
properties of a white dwarf. He attemped to extend
the equation of state of a degenerate electron gas
to the relativistic domain, but he gave an incor-
rect formulation which, fortuitously, indicated that
Stoner’s minimum energy principle implied a max-
imum value for the white dwarf mass. Alerted by
Anderson’s paper, Stoner then derived the correct
relativistic equation of statel6, and re-calculated,
in a constant density approximation, the properties
of white dwarfs for arbitrary densities (Nauenberg,
2008). Thus, he obtained, now on solid theoretical
grounds, the surprising result that when the density
approaches infinity, the mass of the star reaches a
maximum value.

Stoner’s method (Nauenberg, 2008) for obtain-
ing the properties of white dwarfs was basedon his
concept that at equilibrium, the sum of the inter-
nal energy and the gravitational energy of the star
should be a minimum for a fixed mass of the star.

Fowler had assumed that the atoms in a white
dwarf were completely ionized, and that the
internal energy and pressure was entirely due to
a degenerate electron gas, while the ions mainly
accounted for the mass of the star. Stoner under-
stood that as the star contracts, the gravitational
energy decreases, and since the density increases,
the internal energy also increases. Hence, the total
energy of the star either decreases or increases dur-
ing the contraction of the star. By conservation of
energy, when the total energy of the star decreases,
radiation and/or other forms of energy must be
emitted by the star. But without an external source
of energy, the total energy of an isolated star can-
not increase. Hence the contraction of the star must
end if the total energy reaches a minimum, and
then he star reaches an equilibrium 1
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Stoner’s method for obtaining the properties
of white dwarfs was based on his concept that
at equilibrium, the sum of the internal energy
and the gravitational energy of the star should
be a minimum for a fixed mass of the star. Let
E. be the gravitational energy of the idealized
star, E, the total kinetic energy of rlectrons, n
the number of electrons per unite volume. Then
(Nauenberg, 2008) the equilibrium comdition is
given by

d
dn(EG+EK):0.

(1

The total kinetic energy of electrons is equaled
according to (Nauenberg, 2008):

Ex(l+x2)%(l+2x2)—%x3 _10g{x+(l+x2)%ﬂ, ()

_ 8nVmgc’

E, pE

K

where

é[x(l+x2)%(1+2x2)—10g{X+(1+x2)%ﬂ’ 3)

with
()

and V is total volume of electrons, p, is maxi-
mum momentum.

For the gravitational potential energy with 2.5
m,, as the mean molecular weight of the material
of the star (Nauenberg, 2008),

/(%)

3°n
8w

1

myc

Py _
myc

“4)

X =

%
E;= 35 (t—nj %GM%m;émocx. (5)
Kinetic energy (2) may be rewritten as
8nVmyc’®
EK = Tofi (X) . (6)

where
£(x) :Ex(uxz )% (1+2x2)—%x3 —1og{x+(1+x2)}"2 ﬂ (7)

Substituting M for V, and further sub-
2.5myn
stituting for n as above,

3Mm,c* f,(x)

E, = 5
2.5m, x

K

®)

Substituting receiving values of £, and E, in
equilibrium condition we have
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Inserting numerical values,
d(fi(x)
de| x°
where do we have

M =1751-10* [F(x)]%.

J:F(x) :1.483-10’23M%, (10)

(11)
Since the mean molecular weight is about
2.5m,, the limitmg demsity is given by

P, =2.5m,n=4.15-10"n. (12)

The density of the white dwarf stars is recon-
sidered from the point of view of the theory of the
polytropic gas spheres and gives for the mean den-
sity of a white dwarf (under ideal conditions) the
formula (Chandrasekhar, 1931)

P :2.162-106-(%GJ (13)

Corresponding Stoner formula has next form
(Stoner, 1929)

2
- 105 (M
ps =3.977-10 (/Mcj'

=1.84 (Nauenberg, 2008).

Ch

It should be noted that Chandrasekhar in this
case used the same method as Stoner (Chandrase-
khar,1938).

Fowler had assumed that the atoms in a white
dwarf were completely ionized, and that the
internal energy and pressure was entirely due to
a degenerate electron gas, while the ions mainly
accounted for the mass of the star. Stoner under-
stood that as the star contracts, the gravitational
energy decreases, and since the density increases,
the internal energy also increases. Hence, the total
energy of the star either decreases or increases dur-
ing the contraction of the star. By conservation of
energy, when the total energy of the star decreases,
radiation and/or other forms of energy must be
emitted by the star. But without an external source
of energy, the total energy of an isolated star can-
not increase. Hence the contraction of the star must
end if the total energy reaches a minimum, and then
the star reaches an equilibrium (Nauenberg, 2008).

To calculate the density at which the total
energy minimum occurs, Stoner started with an
approximation by assuming that the density was
uniform. In his first paper (Nauenberg, 2008) he
applied Fowler’s non-relativistic form for the
degeneracy energy, and he found that the density
depends quadratically on the mass of the star.

2

(14)

As we see Ps
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Later, in collaboration with F. Tyler (Nauenberg,
2008), he also considered the modification for
non-relativistic degeneracy when the density var-
ies according to a polytrope distribution with index
n=3/2.Then, after Anderson (Nauenberg, 2008)
pointed out that for a white dwarf with a mass of
the order of the mass of the Sun Stoner’s analy-
sis implied that the electrons become relativistic,
Stoner obtained the general relativistic equation of
state for a degenerate electron gas, and he applied
it to obtain the mass-density relation of white
dwarfs for arbitrary densities (Nauenberg, 2008).
By means of his minimum energy principle, he
obtained and analytic expression which gave this
relation in parametric form, showing that the den-
sity is a function that increases monotonically, and
more rapidly than the square of the star’s mass.
In particular, he obtained the fundamental result
that the density approaches infinity for a finite
mass. This is the celebrated limiting mass of white
dwarfs, in which the mass scale is entirely deter-
mined by some of the fundamental constants of
Nature.

Chandrasekhar’s early method was based on
applying the Lane-Emden polytrope solu-
tion of the differential equation for gravitational
equilibrium for the equation of state of a degenerate
electron gas which obey power laws in the non-rel-
ativistic and the extreme relativistic regime (Chan-
drasekhar, 1938). He obtained results similar to
Stoner’s for the white dwarf mass-density relation
in the non-relativistic regime, and for the critical
white dwarf mass in the extreme relativistic regime
(Nauenberg, 2008). For a power law dependence of
the pressure p on the density p,i.e. p ~p’, where
the exponent y is a constant, the solution of this
equation is given by the Lane-Emden polytrope

of index n, where y=1+ 1 . Chandrasekhar found

n
these solutions in Eddington’s book, ”The Internal
Constitution of Stars” (Eddington, 1926), which
also contained the relations and numerical quan-
tities that he needed for his calculations. In the
non-relativistic limit, y = 5/3, corresponding to a
polytrope with index n = 3/2, and this Lane-Emden
solution gives the central or mean density depend-
ence as the square of the mass of the star, the same
result which Stoner had obtained two years earlier
in the uniform density approximation. Substituting
Fowler’s non-relativistic pressure density rela-
tion, Chandrasekhar found that the magnitude of
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this dependence is smaller than Stoner’s value by
a factor approximately equal to two (Nauenberg,
2008). But somewhat earlier, motivated by Ston-
er’s work, E. Milne already had carried out this
calculation (Nauenberg, 2008), and at about the
same time Stoner and Tyler also had applied the
n = 3/2 polytrope density in Stoner’s minimum
energy method, and obtained the same result (Nau-
enberg, 2008). In the extreme relativistic limit,
y = 4/3, the corresponding polytrope has index
n =3, and the mass is independent of the central or
mean density of the star. Thus Chandrasekhar cal-
culated the magnitude of the critical mass of white
dwarfs, which depends on the fundamental con-
stants of nature, as had been shown a year before
by Stoner, and on a dimensional constant for the
n = 3 polytrope. This gave a critical mass about
20 % smaller than Stoner’s value for the uniform
density approximation (Nauenberg, 2008). By his
own admission, however, Chandrasekhar was puz-
zled by his result 2!, and he was not able to show
until several months later that the critical mass
was a maximum, and that in this limit the density
was infinite. Moreover (Nauenberg, 2008), he did
not pursue the implications of this result, and for
several years he assumed that at a certain value of
the density, matter would become incompressible,
an idea proposed earlier by Milne to avoid infinite
density at the center of his models of a star. Chan-
drasekhar formulated this idea as follows”:»We are
bound to assume therefore that a stage must come
beyond which the equation of state p = Kp *? is
not valid, for otherwise we are led to the physically
inconceivable result that for M= 0.92M [ M =solar
mass and p =2.51],7 =0, and p=cw. As we do
not know physically what the equation of state is
thatwe are to take, we assume for definiteness the
equation for the homogeneous material p=p, .,
where p,,, is the maximum density of which the
material is capable...» (Nauenberg, 2008).

It is of interest to inquire what the relation is
between Stoner’s minimum energy method and
Chandrasekhar’s equation of gravitational equa-
tion. Treating Stoner’s minimum energy principle
as a variational problem in which the total energy
is a functional of the density, and this density is a
variable function of the radial density, this varia-
tional approach leads to the quantum mechanical
ground state of an electron gas in the gravitational
field of the ions, which maintain charge neutral-
ity. This connection explains why Stoner and

97

Chandrasekhar obtained the same relations for the
density and mass of the star as functions of fun-
damental constants, but with somewhat different
dimensionless quantities. In particular, I will show
that the solution to the generalized form of Ston-
er’s variational problem for the minimum of the
total energy of a dense star leads to the differential
equation of gravitational equilibrium which Chan-
drasekhar applied in his work. I have not found
any evidence, however, that either Stoner or Chan-
drasekhar were aware of this connection.

The total energy E of a zero temperature dense
star supported entirely by degeneracy pressure
against the gravitational attractive forces can be
written as a functional of the mass density distribu-
tion p integrated over the volume of the star,

Ezjdv[s(p)—u(p,r)], (15)

where ¢(p) is the internal energy given as a

function of of the mass density p by Stoner’ rela-

tivistic equation of state for a electron degenerate
gas, u(p,r) is gravitational energy

(r')e(r)

1
u(p,r)z—EGJdv'p |r—r’| ,

and G is Newton’s gravity constant.

The equilibrium distribution p as a function
of position r can be determined by evaluating the
minimum of E subject to the condition that the
total mass M = dvp is fixed (Nauenberg, 2008).
Assuming that p depends only on the radial dis-
tance r from the center of the star, this variational
problem leads to the differential equation for grav-
itational equilibrium,

a _
dr
here P = pde/dp — € is the pressure, and
M
M (r) =42 M0)R0)
-

(16)

g M(r)e(r) (17)

r

dr 1s the mass inside the

radius . In the uniform density approximation, the
solution of Stoner’s minimum energy principle
gives the relation

P=(320m)GM*R", (18)

where P is the mean pressure, M is the mass
and R is the radius of the star. Stoner’s relativistic
equation of state for the pressure — density relation
of a degenerate electron gas was first given in the
form P = Ax*F (x), where

] Zroelw i e 20 3) ] (19)

F(x):
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and x =

, Here n is the electrton density
8nmc

3M
="
4R’ m, 1
constant, c is the velocity of light, p is the molec-
45
87;%. Hence Stoner’s analytic

, m, 1s the proton mass, /4 is Planck’s

ular weight and

solution for the mass M of a a white dwarf takes

the form M = MC(4F(x))%. In the limit of small
density x = 1, F (x) = x/5, and P = (1/20)(3/m )**
(W*/m)n°", which corresponds to Fowler’s result
for the pressure-density relation in the non-relativ-
istic limit. In this limit we recover Stoner’s orig-
inal relation that the density » is proportional to
the square of the mass M of the star, n = (10 ©/3)
(mc/h)* (M/M )*. The maximum momentum of the
electrons is p = (mc)x, and therefore when x is of
order one or larger the effects of relativity become
important, as was first pointed out by Anderson,
and independently by Chandrasekhar. In the limit
of infinite density, x — oo, F'(x) — Y4,, which gives
P = (1/8)(3/n)"? n**, and M = M, with Stoner’s
critical mass expressed in terms of some of the fun-
damental constants of nature (Nauenberg, 2008),

M = (%6n)(5h%G)% (mH“)_z :

Chandrasekhar’s result for the critical mass,
expressed in terms of fundamental constants, cor-

responds
A A e

where u = 2.018... is a constant obtained bynu-
merically integrating the equation of gravitational
equilibrium for an n = 3 polytrope. It can be read-
ily verified that the critical mass evaluated with a
mass density distribution corresponding to an n =
3 polytrope is 20% smaller than for a uniform den-
sity distribution. In other words

s 12,
M

cCh

(20)

(22)

Astrophysical methods used to study the struc-
ture of stars are characterized by the use of phys-
ical assumptions, the choice of which is dictated
solely by the convenience of calculations (Chan-
drasekhar, 1964).

The Chandrasekhar limit is the maximum mass
of a stable white dwarf star (Chandrasekhar, 1938).
The currently accepted value of the Chandrasekhar
limit is about 1.4 M_ (2.765%10*" kg).

98

White dwarfs resist gravitational collapse pri-
marily through electron degeneracy pressure, com-
pared to main sequence stars, which resist collapse
through thermal pressure. The Chandrasekhar limit
is the mass above which electron degeneracy pres-
sure in the star’s core is insufficient to balance the
star’s own gravitational self-attraction.

Normal stars fuse gravitationally compressed
hydrogen into helium, generating vast amounts of
heat. As the hydrogen is consumed, the stars’ core
compresses further allowing the helium and heav-
ier nuclei to fuse ultimately resulting in stable iron
nuclei, a process called stellar evolution. The next
step depends upon the mass of the star. Stars below
the Chandrasekhar limit become stable white dwarf
stars, remaining that way throughout the rest of the
history of the universe absent external forces. Stars
above the limit can become neutron stars or black
holes.

The Chandrasekhar limit is a consequence of
competition between gravity and electron degen-
eracy pressure. Electron degeneracy pressure is a
quantum-mechanical effect arising from the Pauli
exclusion principle. Since electrons are fermions,
no two electrons can be in the same state, so not
all electrons can be in the minimum-energy level.
Rather, electrons must occupy a band of energy lev-
els. Compression of the electron gas increases the
number of electrons in a given volume and raises
the maximum energy level in the occupied band.
Therefore, the energy of the electrons increases on
compression, so pressure must be exerted on the
electron gas to compress it, producing electron
degeneracy pressure. With sufficient compression,
electrons are forced into nuclei in the process of
electron capture, relieving the pressure (Nauen-
berg, 2008).

In the nonrelativistic case, electron degener-
acy pressure gives rise to an equation of state of
the form p = K p°”, where P is the pressure, p is
the mass density, and K is a constant. Solving the
hydrostatic equation leads to a model white dwarf
that is a polytrope of index 3/2 — and therefore has
radius inversely proportional to the cube root of
its mass, and volume inversely proportional to its
mass (Nauenberg, 2008). As the mass of a model
white dwarf increases, the typical energies to
which degeneracy pressure forces the electrons are
no longer negligible relative to their rest masses.
The velocities of the electrons approach the speed
of light, and special relativity must be taken into
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Fig. 1. Radius—mass relations for a model white dwarf [20-22]. 1 — Using the general pressure law for
an ideal Fermi gas; 2 — Non-relativistic ideal Fermi gas; 3 — Ultrarelativistic limit (Nauenberg, 2008)

account. In the strongly relativistic limit, the equa-
tion of state takes the form P = K p**. This yields a
polytrope of index 3, which has a total mass, M,__,
depending only on K, (Nauenberg, 2008).

For a fully relativistic treatment, the equation of
state used interpolates between the equations P =
K p*? for small p and P = K p** for large p. When
this is done, the model radius still decreases with
mass, but becomes zero at M, .. This is the Chan-
drasekhar limit (Nauenberg, 2008).The curves of
radius against mass for the non-relativistic and
relativistic models are shown in the Fig. 1 (Nau-
enberg, 2008). They are colored blue and green,
respectively. u_has been set equal to 2. Radius is
measured in standard solar radii or kilometers, and
mass in standard solar masses.

For a more detailed analysis of astrophysical
and cosmological processes, it is worth using Ein-
stein’s equations, or their simplified version of the
Friedmann equation. Since they are practically a
generalization of the energy balance equations
(potential energy is equal to kinetic energy) (Bar-
row, 2007). The connection with theormodynam-
ics of these equations was established by Tolman

(Tolman, 1931). The current state of this problem
is given in Danylchenko (Danylchenko, 2022). If
in the Lane-Emden equations physical processes
are introduced through the polytrope, then in the
general theory of relativity through the curvature
of space-time (Chandrasekhar, 1964).

In addition, these processes of the transition of
stars from one state to another are the subject of the
physics of critical phenomena and from this point
of view, more universal methods should be sought
for the construction of such theories and models
(Trokhimchuck, 2024).

Conclusions

1. Main peculiarities of modeling the dwite
stars are represented.

2. Comparative analysis of Stoner energetic
method and Lane-Emden equation method is
observed.

3. It is shown that general relativity method is
more general as Stoner and Lane-Emden method.

4. Perspective of the investigations new meth-
ods of modeling the white dwarfs and other com-
pact astrophysical objects as development pf phys-
ics of critical processes are discussed too.
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CUCTEMMU KIHETUYHUX PIBHSAHb BOJIBTEPPA TA TOTKU-BOJBTEPPA
TA IX POSIIUPEHHS TA 3ACTOCYBAHHS

Hasooumces cucmemnuii ananiz cucmem KinemuuyHnux piensnb Bonemeppu ma Jlomxa-Boremeppu. Hagoosimbcs
RONYIAYIUHI 3a0aui, Ki He0OXIOHO OY10 P36 ’a3amu, ma KOpomxuil ix ananis. Jo yux 3a0au 6i0HOCAMbCA deMpoepagiuHi,
eKoN0IUHI ma m. n. npodaemu. 3 NOHAMILHOT MOUKYU 30pY Yi 3a0aui po30UBAIOMbCS HA 0XHC6A MUNU. 3a0A4A NPO 084 8UJY,
wo ioamwv 00wy ixcy (pieHanHa Bonvmeppu) ma 3adaua xudicax-scepmea (pisnanus Jlomka-Boremeppu). [lepwa 3adaua
BUHUKIA 3 NPOOTEMU POOUSMHONCEHHA KDOIUKIG 8 A6cmpanii.

Oxpim mozo,, 6 miii dce nonyrayitnitl 6ionozii unukaa 3a0aua, Ko 00uH 6uod noioae inwul (xudxicax i scepmea) La
3a0aya po3e’s3y8andace bazamovma OOCHOHUKAMU 6 2any3i 6ionozii ma meduyunu, 30Kkpema sipyconoeii. Ii vacmunnuil
po38 5130k Hasedenutl ¢ knu3i A. Jlomku, a 6inbws 3aeanvhuil 6 nekyisx B. Bonvmeppu. Yepes ye yi piensmnmus inkoau
Hasusaiomy pieHanna Jlomxa-Bonvmeppu. Ax i 6 nepwiil, max i 6 opyeiti 3a0aui HeoOXiOHO, Wob 06YI0 dOCMAMHBO
pecypey (id1ci) 0na cmayionapno2o cmabinbHO20 ICHYBAHHA MA PO3GUMKY OUHAMIUHOT cucmemu. Hamu npogendeno ananiz
npobiem, ki po3e a3y10msvces abo AKi 00YiNbHO PO38 A3Y8aAMU 3a OONOMO2010 YuUX Memoodis. Takodic npoananizosaui 3a0aui
3 HeOOHOPIOHOIO 4aceol0 iepapxicto npoyecig. [lokazano, wjo 0 po3e a3aHHa MAKUX 3a0ay OOYiNbHO BUKOPUCIOBYBAMU
Memo adiabamuyHo20 BUKNIOYeHHA 3MiHHuX. Lleti memod 6y8 euxopucmanuii 014 po38 sI3aHHA KiHemuuyHux npoorem
6 penaxcayiunii onmuyi.

Li pieHAHHA OOYINbHO BUKOPUCIMOBY8AMU MOOI, KOIU € OeKLIbKA KOHKYpYIouux cungaswux npoyecis. Ha ocnosi
3a2a1bHO20 AHANIZY cUcmeM PieHAHb Bonbmeppu ModicHa nobydyeamu cucmeMmHi Kpumepii yRpasinHa ma npocHo3y8aHHs.
8i0n0GioHUX npoyecie ma Aeuw. /ia nepexody 00 Hpocmoposux 3aoay 8 cucmemu pieHans Bonemeppu ma Jlomka-
Bonvmeppu nompiono 6eecmu 8i0nogioHi koeghiyicumu nepernocy ma ougysii. B ybomy eunaoxy yi pieHAHHA MONCHA TMAKONHC
pOo32nA0amu K cucmemu HeliHIHUX pisHAHb oughysii. Hagooumvca nepenix 3a0ay 015 AKUX 0OYLIbHO BUKOPUCTOBYBAMIL
maxuil popmanizm.

Kniouosi cnosa: ounamiuni npoyecu, Bonvmeppa, Jlomka, adiabamuune uxnouenwHs, Ouqhysiiine po3uiupenis,

NONYIAYIUHI NPoOIeMuU, HeNiHIHA OUHAMIKA.

Introduction

For modeling dynamic (chronological) pro-
cesses, it is advisable to use the formalism of
V. Volterra’s kinetic equation systems (Volterra,
1931). These equations should be used when there
are several competing in-phase processes. Based on
the general analysis of Volterra’s equation systems,
it is possible to construct systemic criteria for con-
trolling and predicting the corresponding processes
and phenomena (Bacaer, 2008).

Let us present the simplest system of two equa-
tions. Depending on the conditions of the problem,
we will consider and analyze problems of four
types: the problem of two species eating the same
food (Volterra, 1931); the predator-prey problem
(Volterra, 1931); the problem with adiabatic elim-
ination (Trokhimchuck, 2020) of a variable and
the problem with diffusion expansionm (Trokhim-
chuck, 2020).

It is shown that the method of aliabatic elimina-
tion of variables is one of the main methods of the
theory of dissipative structures (Glansdorft, 1971)
and synergetics (Haken, 1977).

The problem of diffusion instability for sys-
tems of autonomous equations with the addition

of diffusion terms is investigated. In general, in a
particular case, this can be considered as a diffu-
sion extension of the Volterra equations (Trokh-
imchuck, 2020). The analysis is carried out for a
system of two equations.

The feasibility of using these methods to
describe various evolutionary dynamic processes
of the population type is shown (Trokhimchuck,
2020).

Two species eating the same food

In the second half of the XIXth century, the
problem of rabbits arose in Australia, which proved
to be worthy competitors for farmers. And now
their number fluctuates between 0.6 and 0.7 bil-
lion. This problem was first solved by Vito Volterra
and published at the end of the 19th century in the
journal Acta matematika, published in Stockholm
by Mittag-Leffler (Trokhimchuck, 2020). Later, it
was included in his course of lectures, which were
read at the Sorbonne and published in French (Vol-
terra, 1931).

Consider the problem of two species consuming
the same food (Volterra, 1931).

Suppose that with an amount of food sufficient
to fully satisfy the species under consideration,
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there are constant positive growth coefficients
€,,€, . In areal situation, when these species live in
a limited area, food will decrease with increasing
numbers N, and N, (which mean the number of
species). This will lead to a decrease in the values
of the growth coefficients. If the amount of food
eaten per unit time is represented by the function
F(N,,N,, it turns into zero simultaneously with
the sum N, + N, and monotonically approaches o
together with each of these variables, then it is nat-
ural to take the expressions as growth coefficients

81_Y1F(N13N2)’82_Y2F(N19N2)’ (D

where v,,y, — positive constants corresponding
to the food requirements of each of the two species.

From here we obtain a system of differential
equations that describe the development of both
species (Volterra, 1931):

dN,
72[8]—Y]F(N],N2):|N], (2)
dN.
dtz :[82_Y2F(N1:N2):|N2- (3)

Now the mathematical problem arises of stud-
ying the solutions N,, N, of this system for initial
values N/, NJ, positive for ¢ =t,.

It can be proved that for any finite time interval
(¢,,T) there is a unique solution of two continuous
functions, which are placed between two positive
numbers, of which no longer depends on the end of
the interval 7' (i.e. N,, N, remain bounded).

Let us consider what happens with an unlimited
increase in time. Rewriting (2) and (3) in the form

dlog N,
$ZSI—YIF(N1,N2), (2 a)
dt
dlogN.
L:sz—sz(Nl,Nz), 3 a)
dt
we get
dlog N dlog N.
2 & 1 -" & 2 =&Y, &Y, (4)
and then
vy 02
& = M (erv2=e2m1)(1=10) (5)
szl (Ng )w
We neglect the almost improbable case when
£, ~ &Y, =0, (6)

and suppose (changing the types if necessary) that
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€Y, —¢&,Y, >0 abo N 8—2; (7)
Y1 Y2
Then according to (5) we have
lim—L- = +oo, ®)

til(} N2"1

Since N, is bounded, N, tends to zero.

Thus, we can conclude that the second species,
in which &y has a smaller value, will decrease and
eventually disappear, while the first one continues
to exist (Volterra, 1931).

Two species, one of which eats the other
(predator and prey)

This problem has been solved by many
researchers in the field of biology and medicine,
in particular virology. Its partial solution is given
in the book of A. Lotka (Lotka, 1925), and a more
general one in the lectures of V. Volterra (Volterra,
1931). Because of this, these equations are some-
times called the Lotka-Volterra equations (Trokh-
imchuck, 2020).

If only one of them, namely the prey, were pres-
ent in the environment where these species live,
then it would have a certain growth coefficient ¢, ,
which we will assume to be constant and positive.
The second species (predator), which feeds only (or
mainly) on the prey, assuming that it exists in iso-
lation, has a certain growth coefficient —¢, , which
we will assume to be constant and negative. When
such two species exist in a limited environment,
the first will develop the slower the more individu-
als of the second species exist, and the second — the
faster the more numerous the first species is. The
hypothesis, quite simple, is that the growth rates
are equal to, respectively

g =N, i —&+7,N, )

(y,,v, are positive constants). This leads to a
system of differential equations for describing the
number of species [26]:

dN,

Doy,
(81’827715Y2 >0). (10)

W o NN

dt 2 y2 1 29

We will arrive at the same result with a less
crude study of the interaction of species, reasoning
as follows (Volterra, 1931).

Let us consider the more general case of two spe-
cies, which, existing separately, have growth coef-
ficients A ,A,, the signs of which are not specified.
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In the case of coexistence of these species, we will
assume that the meetings of individuals of different
species (the number of these meetings per unit of
time is equal to aN,N,, where o = const) some-
how affect the number of species. Algebraically,
this effect is expressed by the increments 3, and
B, of the number of individuals corresponding to
n meetings (n is a fixed, sufficiently large number).
We will assume that these increments occur imme-
diately, without delay. Then, over time dt, the spe-
cies increase by

dN, =\ N,dt+oN,N, &dl,
n

dN, =\,N,dt +aN,N, By dt,
n

Thus, we obtain a system of differential equa-
tions (Volterra, 1931):

dN.
Ttl:Nl(}“l"'ulNz)v
11
szzN(eruN) "
dt 2 2 2771 )
where
ol ol (12)
n n

Since encounters are beneficial for predators
and detrimental for prey, in the case we will con-
sider first,

>0, 4, <0, 1, {0, 1,)0. (13)

Therefore, equations (11) takes the form (10)
(Volterra, 1931).

From equations (11) we obtain for any case
(assuming N, >0,N, >0)

dN, dN
HZT;_MTZZZHQ"lNl_HIXZNZ’ (14)
dN,  dN,
Xz%_xl%z:“zklNl_ul}‘ZNZ’ (15)
where
dN, an,
K, le"‘}bz dt —Hy sz_?"] dt =0. (16)

lez e“le — CNzMeHINz . (1 8)

Let us construct the curve (18) in the plane
(N, N,) .
Let us return to the case of predator and prey
considered above, when
Ay=g>0, 4k, =-¢,<0, =—Y1<0, Hy :"/2>0- (19)

To construct this curve, we will draw auxiliary
curves

(L) Y=N"e™™, (20)

(L,) C=Nje"™, (21)
and draw the desired curve based on the relation
Y=CX. (22)

On two perpendicular lines, we mark the axes
Ox,ON, and iOy,ON, (Fig. 1), in the second and
fourth quadrants we draw auxiliary curves L,
and L,.

W o
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Fig. 1. Phase portraits of the predator-prey
problem (Volterra, 1931)

Integrating, we obtain [26]
n,N, + 4, log N, = (i, N, + A, log N, ) = const, (17)

or

dt N, dt N,

In practice, this curve is a phase portrait of the
“predator-prey” problem, on the basis of which we
can consider and analyze various scenarios of this
problem (Svidzinskii, 2009).
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Adiabatic elimination of variables method
If in the system of equations

¥ ==f(%i,81) (23)
the right-hand side does not depend explicitly
on time, i.e. X = = f(?c,ﬁ,é) , then such a system

of equations is called autonomous or self-organ-
ized (self-controlled) (Trokhimchuck, 2020). Here
X is a deterministic phase vector, # is a vector
of control parameters, & is a vector of stochastic
parameters.

The most developed is the system of two non-
linear equations of the first order (on the plane)
(Trokhimchuck (2020). It can always be repre-
sented as a Hamiltonian system and the entire
arsenal of mathematical methods developed in this
area can be applied.

Let us write the system of two equations in the
following form:

x =k (x1’x2) X =1, (xl’x2)'

System (24) will be non-autonomous if

(24)
%
2

Let us consider the case when the variables x,
and x, describe two different subsystems, slow
and fast in time variation. For this case, equation
(24) takes the form

)'cl =k11 +F1 (xl,xz) 5 x2 :_'sz +F'2 (xlaxz)a (25)

where y>0, y>|k,|. The evolution of a fast
subsystem begins with a transient process of dura-
tion t,~y ' <1, ~|k1’1]|.. Further, the evolution
of the system is described by equations (8.2), in
which we can put x, =0:

X =k + (xpxz) » 0=—y, +F, (xlvxz): (25a)

From the second equation we find x, =(x,).
Substitution x, into the first equation allows us to
significantly simplify the problem:

x1:k11+F;(x1a(P(x1))- (26)
This method, based on the selection of char-
acteristic time scales, is called adiabatic elimina-
tion of the variable x,. This approach was first
proposed by G. Haken (Haken, 1977). It can be
concluded that the behavior of the system is deter-
mined by the evolution of the slow subsystem. The
slow subsystem controls the fast one. That is why
the variable x, is called the order parameter.
In multidimensional systems, a small number
of slow variables can be distinguished, to which
all the others are adjusted. Moreover, in many
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cases, it is possible to obtain solutions of the form
X, (t)zF(t,w(Cn)), ¢, = %I’ ne (l,s). ' S}lch
solutions are called self-similar, or self-similar.
The evolution of the system is characterized by
“forgetting” the initial conditions and the forma-
tion of structures determined by functions y(C, ).
Simple structures are combined into various types
of complex structures, to which the eigenvectors of
a nonlinear system of equations can be compared.
Such solutions cannot exist in the vicinity of the
equilibrium state, since the dissipative process
associated with the dissipation of energy destroys
any order. New coherent structures arise in states
far from equilibrium in open systems and are stabi-
lized as a result of energy exchange with the envi-
ronment. Thus, nonequilibrium can be a source of
order, or self-organization. I. Prigozhin called such
order a dissipative structure (Glansdorff, 1971).
The phenomena of self-organization are inherent
in hydrodynamics, chemistry, biology, astrophys-
ics, ecology, economics, sociology. G. Haken
proposed to call this part of the theory of control
synergetics (literally — the theory of joint action)
(Haken, 1977).

Since the systems of Volterra equations are
autonomous equations, it is advisable to use the
Haken procedure for them. Therefore, this method
was tested for the system of three Volterra equa-
tions to describe the processes of Relaxed Optics
(Trokhimchuck, 2008).

Diffusion instability

Let us move on to a more complex example — a
two-component system of the form:

Oou 0u

a_tl =/ (”15”2)+Dl Tzl’

ou o*u
6—2—f2(u],uz)+D2 8x22' 27)

Where D, and D, are the diffusion coefficients.
When D, =D, =0, the system (27) reduces to a
system (24) (Trokhimchuck, 2020). Therefore,
system (27) may be represented as Volterra system
with diffusion expansion too. Adding spatial deriv-
atives, i.e. “turning on” the diffusion coupling of
point elements, can radically change the properties
of the system. Let us begin traditionally with find-
ing and investigating the stability of the homoge-
neity of stationary states. According to (27), these
states are determined from the system of equations

fl(ul,uz)zO, fz(ul,uz)zo. (28)
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Let u, =u'” and u, =u!" are some solutions of
the system (28). To investigate the stability of these
solutions, we write

u (x,0) = +w (x,7), w, (x,0) =ul” +w,y (x,7). (29)

Substituting (29) into (27) and linearizing the
resulting equations by small additions w, and w,,
we obtain a system of two linear partial differential
equations with constant coefficients

ow, o*w
: =fuw + fum, + D, 21 >
ot Ox
(30)
ow o*w

—2=f, W+ foow, + D, —*,
at 21" Y J22"2 Zaxz

where the derivatives f,, = 6%u are calculated
k

at u=u" the solution of system (30) is sought in
the standard form

€2))

Substituting (31) into (30) gives the dispersion
equation

p2—|:]711(61)+J722(Q):|P+]711(Q)'

T (2)= 12 (a) fu(9) =0,

where  £,(¢)=/,-4'D;, [1(9)=fn—4’D;.
We emphasize that at ¢ =0 the dispersion equa-
tion (32) coincides with the dispersion equation for
the corresponding point subsystem. In other words,
the values of the functions p(g), determined by
equation (32), at ¢ =0 coincide with the Lyapunov
exponents of the linearized point system (Trokh-
imchuck, 2020).

Analysis of the dispersion equation (32) shows
that the solutions of equation (27) u, =u'” and
u, =u'”, which are stable in the absence of trans-
port processes, i.e., at D, =D, =0, may lose stabil-
ity when diffusion is “turned on” (Trokhimchuck,

w, (x,t) = Wkexp(pt + iqx), k=12.

(32)

B

=Y

0

2

a. p(q) ()

2020). From the point of view of the dispersion
equation, this means that, although at ¢ = 0 both
of its roots are negative (p,(0) < 0 and p,(0) < 0),
there is an interval of values of ¢ in which at least
one of the roots has a positive real part. The con-
ditions for the existence of such an interval follow
from equation (32). They are written in the form
(Trokhimchuck, 2020)

1)](11 '.fzz _./[12 'f21 <0,
2)f11 'Dz - fzz 'Dl >0,

3)(f11'D2+ fzz'D1)2 >4D1'D2(fll'f22_f12'f21)a
4) fii+ S <0.

From the above it follows that the occurrence of
instability is due to the presence of transport pro-
cesses. Therefore, such instability is called diffu-
sion instability. Its important feature is the require-
ment of the difference of diffusion coefficients:

D #D,, (34)

which follows from the comparison of the sec-
ond and fourth inequalities in (33). Fig. 12 shows
the dispersion curves p, ,(¢) for the cases of absence
and presence of diffusion instability.

Conclusions

1. The systems of Volterra and Lotka-Volterra
kinetic equations and their extensions are analyzed.

2. The problem of two species eating the same
food is investigated. The conditions for the sur-
vival of one of the species are formulated.

3. The “predator-prey” problem is discussed. It
is shown that for its analysis it is worth using the
method of phase diagrams.

4. The problem of adiabatic elimination of var-
iables for systems of autonomous differential equa-
tions is analyzed. It is shown that this procedure
is also successfully used for systems of Volterra
kinetic equations.

(33)

Py
N,
0 _/!?1 @\ g

2\

b. p(q) (g

Fig. 2. Spectral functions p(q), given by the dispersion equation (14.71),
for the stable (a) and unstable (b) homogeneous state (Trokhimchuck, 2020)
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5. The problem of diffusion instability for general, in a particular case, this can be con-
systems of autonomous equations with the sidered as a diffusion extension of the Volterra
addition of diffusion terms is investigated. In  equations.
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TEPMOEJIEKTPUYHI TA ONITUYHI BJACTUBOCTI KPUCTAJIIB
TBEPIUX PO3YUHIB 1O MEPEPI3Y Pb,Ga,GeSe, —Pb Ga GeS

Y pobomi npeocmasneni pesynvmamu 00caioicenb MepMOSLeKMPULHUX A ONMUYHUX 61ACMUEOCMell KPUCTNAIE O
nepepisy Pb Ga GeSe, -Pb,Ga,GeS,, iz emicmom 10, 20, 30 mon.% Pb ,Ga GeS

Mema pobomu nonsieana 6 eKChepumMeHmaibHOMYy BUIHAYEHHI NUMOMOI eleKmpPOnposiOHOCI, Muny nposioHocmi,
Koeghiyicnma 3ecbexa, oyinyi WUpUHU 3aO0POHEHOT 30HU MA POPAXYHKY MEPMOELEeKMPULHOT NOMYHCHOCT KPUCTNANIE
meepoux posuunie Pb,Ga GeSe, ~Pb Ga GeS, . Yci docnioocenia nposoounuce npu ximnamnii memnepamypi (T=300 K).
Haiisuwumu suavenns numomoi enexmponpogionocmi (0=170 Om'-m™) onodinu spasku meepoux posuunie Pb Ga GeSe  ~
Pb ,Ga GeS 3 20 mon.% Pb ,Ga GeS ,, Bucoki 3nauenns ¢ Modicymo ceiouumu npo cmar mamepianis, 6ausbKuii 00 6upo-
doiceno2o. Tepmoenexmpuyunumu memooamu écmaroeneno, wo kpucmam Pb,Ga,GeSe, ~Pb Ga GeS,, nanexcams 0o
HANieNpogioHuKie n-muny nposionocmi. 3uavenus xoegiyienmis 3ecoexa cmanosunu 205 mxB/K, 220 mxB/K, 240 mxB/K
ona kpucmanie meepoux posuunie Pb,Ga GeSe, ~Pb Ga GeS , 3 10, 20 ma 30 mor.% Pb,Ga GeS,, Maiouu ucoxi sua-
uenns koepiyicuma 3ecoexa, kpucmanu meepoux posuunie Pb Ga GeSe, ~Pb Ga GeS,, € nepcnekmushumu mamepiana-
MU 0715 8UCOMOGILEHHA UYMAUBUX MEPMOOAmyuKie. Bcmarnosneno, wo Haliguwyi 3Ha4eHHA MepmMoeneKmpudHoi nomyoic-
nocmi (a7-0=8,2-10° Bm/mK®) enacmusi kpucmanam Pb Ga GeSe, ~Pb Ga GeS,, 3 emicmom 20 mon.% Pb Ga GeS,,

s oyinku wupunu 3a60poHeHOT 30HU OOCTIONCEHO CHEeKMPATbHUL PO3NOOIN KoeiyicHma NOSIUHAHHA C8Ima
6 obnacmi kpaio (pyHoamenmanvHozo noznunants. Oyineni i3 Cekmpie ONMUYHO20 NO2TUHAHHS 3HAYEHHS WUPUHU 3000-
ponenoi sonu cmanosunu 1,89 eB, 1,92 eB, 1,95 eB ona kpucmanie meepoux posuunie Pb,Ga GeSe, -Pb ,Ga,GeS,, 3 emic-
mom 10, 20 ma 30 mon.% Pb ,Ga GeS,,. Bcmanoeneno, ujo 00c1iodcysani Kpucmanu € Henpamo30HHUMU.

Knrouogi cnoga: nanisnpogionuxu, kpucmanu, koegiyicum 3ecoexa, onmuute no2AUHAHHA, WIUPUHA 3AD0POHEHOT 301U
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THERMOELECTRIC AND OPTICAL PROPERTIES OF SOLID SOLUTION
CRYSTALS ACROSS THE Pb Ga,GeSe, -Pb Ga,GeS , SECTION

The paper presents the results of studies on the thermoelectric and optical properties of Pb,Ga,GeSe, ~
Pb,Ga GeS,, crystals. The Pb,Ga GeSe,~Pb,Ga,GeS,, crystals corresponded to the compositional content of 10, 20,
and 30 mol.7% Pb Ga GeS, .

The aim of the study was to experimentally determine the specific electrical conductivity, conductivity type, Seebeck
coefficient, estimate the band gap width, and calculate the thermoelectric power of Pb,Ga GeSe, ~Pb Ga GeS,, crystals.
All studies were conducted at room temperature (T=300 K). The highest values of specific electrical conductivity
(0=170 Q7"-m™) were observed in Pb,Ga GeSe, ~Pb ,Ga GeS, crystals with a 20 mol.% Pb Ga GeS,, content. High values
of o may indicate that the materials are in a state close to degeneracy. Thermoelectric methods have established that
Pb ,Ga GeSe, ~Pb,Ga,GeS,, crystals belong to n-type semiconductors. The Seebeck coefficient values were 205 uV/K,
220 uV/K, and 240 uV/K for Pb ,Ga GeSe, ~Pb Ga GeS,, crystals with 10, 20, and 30 mol.% Pb ,Ga GeS , content,
respectively. Having high Seebeck coefficient values, Pb,Ga GeSe,~Pb ,Ga,GeS,, compounds are promising materials
for the fabrication of sensitive thermal sensors. It has been established that the highest values of thermoelectric power
(070=8.2x107° W/m'K?) are characteristic of Pb,Ga GeSe,~Pb ,Ga GeS , crystals with a 20 mol.% Pb Ga GeS , content.

To estimate the band gap width, light absorption spectra were studied in the region of the fundamental absorption edge.
The band gap values estimated from the optical absorption spectra were 1.89 eV, 1.92 eV, and 1.95 eV for Pb,Ga GeSe, ~
Pb,Ga GeS,, solid solutions with 10, 20, and 30 mol.% Pb ,Ga GeS,, respectively. It was established that the investigated
crystals are indirect band gap semiconductors.

Key words: semiconductors, crystals, Seebeck coefficient, optical absorption, band gap.
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AKTyadbHicTh mpodaeMu. CHONyKH CKIAIiB
Pb,Ga,GeS(Se),, yTBOPIOIOTbCA y KBa3imoTpii-
Hux cucremax PbS(Se)-Ga,S(Se),~GeS(Se). mpu
CHIBBIAHOIIEHH] BHUXITHUX KOMIIOHEHTIB 4:2:1
(Bellagra, 2020; Bellagra, 2023). Kpucramu mux
CIOJIyK MAlOTh HU3KY YHIKaJbHHMX (DI3MUHHMX Ta
XIMIYHHUX BJIACTUBOCTEH, IO POOUTH iX MEPCICK-
TUBHHMHU JUUISI 3aCTOCYBAaHHS B PI3HHX Taiy3sx
HaIIBIIPOBITHUKOBOI €JIEKTPOHIKH. Tak, CroIyKu
Pb,Ga,GeSe(S),, MarOTh MEPCIEKTUBU  BHKO-
puctanas B HemiHidHIN onrtuii (Chen, 2013).
3aBIsSKM BHCOKHUM 3HAUCHHSM TEPMOCICKTPHY-
HO1 noOporHOCTi (ZT) XanbKOTCHINIB CBHHIIIO
PbSe(S) (Rowe, 1995; Freik, 2013; Novosad,
2021), xpucranu Pb,Ga,GeSe(S),, Ta TBEpai pos3-
YMHUA Ha 1X OCHOBI MOXXYThb CTaTH IEPCIICKTHB-
HUMH JUII PO3POOKH TEPMOENEKTPUYHUX TeHe-
paTtopiB 'y BHCOKOTEMIEpaTypHOMY IHTEpBali.
Ix Mo’Ha BHKOPUCTOBYBaTM sfK MaTepian is
netektopiB [Y-BUNIpOMiHIOBAaHHS — 3aBISKH TIPO-
3opocTi B cepeaabomy [Y-mianazoni (Chen, 2013).
To6to cnonyku Pb,Ga,GeSe , Ta Pb,Ga,GeS , Ta
TBEpAI pO34MHM Ha ix ocHOBi — Pb,Ga,GeSe —
Pb,Ga,GeS,, € nepCneKTUBHUMU JUIS IOCITDKEHD
y Tramy3i HOBITHIX MaTepiasliB, OCKUIbKH BOHH
MOETHYIOTh BIIACTUBOCTI JEKIIBKOX KJIaciB Marepi-
aJTiB: KJIJACUYHUX HAITIBIPOBIIHUKIB, HEJIIHIHHO-0-
MITUYHUX MarepiajgiB Ta MaTepialliB IS TEPMOe-
JICKTPUYHOI TeHeparlii.

PoGora mpucBsiueHa JOCIIHKCHHIO ONTHYHUX
Ta TEPMOEJIEKTPUYHHUX BIACTUBOCTEH KPHCTAIIB
TBEpAMX po34uHiB 10 mepepisy Pb,Ga,GeSe —
Pb,Ga,GeS,, 3 Bwmicrom 10, 20, 30 wmom.%
Pb,Ga,GeS, ..

AHali3 oCcTaHHIX JgOCTigxKeHb i myOsikamii.
VY po6oti (Chen, 2013) aBTopamu Oyno cuHTe-
30Bano cnonyku Pb,Ga,GeSe,, Ta Pb,Ga,GeS ,
JOCIIKEHO X KPUCTANIYHY CTPYKTYpy Ta AEsKi
onTuuHi BracTuBocTi. Ha ocHOBI mociimkeHb
ontuyHux BrnactuBoctel (Chen, 2013) ominewni
3HAUeHHsS IIUPUHU 3a00pOHEHO 30HU JAaHUX
CHOJYK, BOHM BUABWIUCH piBHUMH 1,91 eB Tta
2,35 eB mna Pb,Ga,GeSe , Ta Pb,Ga,GeS,, Bin-
MoBiIHO. TakoXk IMOKa3aHo, IO JaHi MaTepialiu
MalOTh IIMPOKi 00JIACTI IPO30POCTi B CEPETHHOMY
IY-pmiamazoni 0,80 Mmxm — 22,5 mxMm ta 0,75 MKM
— 22,5 mxm s Pb,Ga,GeSe , Ta Pb,Ga,GeS | Bin-
MOBIJTHO, T € MEPCIEKTUBHUMHU MarepiajlaMu JiIsl
HEJIHIHOT ONITHKH.

Y pobGorax (Bellagra, 2020; Myronchuk,
2025) nmoxaszano, mo kpucramu Pb,Ga,GeSe,, ta
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Pb,Ga,GeS,, € HEMPAMO30HHMMH HaIiBIPOBi-
HUKaMH Ta pO3paxoBaHa iX 30HHA CTpyKTypa. Ha
OCHOB1 JTOCJIIJDKCHb CIEKTPAJIBHOTO PO3MOALTY
koe(ilieHTa TOTIMHAHHS CBITJIa OIIHEHI 3Ha-
YeHHS IIUPUHH 3a00POHEHOT 30HH, OTPUMaHI 3Ha-
YEHHS Eg n00pe y3roKYIOThCs 3 JaHUMH pOOOTH
(Chen, 2013).

OcCOOnMBICTIO  CHEKTPAJILHOTO  PO3MOILTY
¢oromposimnocti  kpucramis Pb,Ga,GeSe, Ta
Pb,Ga,GeS,  enaspuicTbaBoxMakcumymis(Bellagra,
2020). OnuH 13 MaKCUMYMIB 00YMOBITFOBAaBCS Bi1ac-
HOIO (DOTOMPOBITHICTIO, 1HIIMH — JOMIIIKOBOIO.
EnepreTiuHe MONOXKEHHS MaKCUMYMIB JOMIIIKO-
BO1 (JOTOIPOBITHOCTI BiJMOBIAAIO €HEPTii KBaHTIB
ceiTia 1,20 eB i 0,92 eB ans kpucraniB TBepaux
posumnis Pb,Ga,GeS , 1 Pb,Ga,GeSe , Binnosigno.

Merta gocaimkenas. MeTta qocitiyKeHHs I10JIs-
rajia B eKCIIepUMEHTAIIbHOMY BU3HAYCHHI TTATOMOT
CJICKTPOTIPOBIAHOCTI, KoedimienTa 3eebeka Ta
JOCII/DKEHH] CIIEKTPAJIbHOTO PO3MOALTY Koedilri-
€HTa TIONIMHAHHA CBIiTJa KPUCTAJIIB TBEPIUX PO3-
unniB Pb,Ga,GeSe ,—Pb,Ga,GeS , i3 BmicTom 10,
20, 30 mon.% Pb,Ga,GeS, . Ha ocHOBI oneprkaHnx
JAHUX PO3pPaxyBaTH TEPMOCICKTPUYHY ITOTYK-
HICTh, OI[IHUTH 3HAYCHHS IIMPUHU 3a00pPOHEHOI
30HM Ta MPOAHANI3yBaTU 3aJEKHICTh IMX Mapa-
METpIiB BiJl KOMIIOHEHTHOTO CKJIaIy KpHCTaJiB
Pb,Ga,GeSe ,—Pb,Ga,GeS ..

MeTtoauka Ta TeXHIKa eKCIePUMEHTY. 3pa3Ku
TBepaux po3unnis Pb,Ga,GeSe ,—Pb,Ga,GeS  Bin-
NOBi a1 KOMIIOHEHTHOMY ckitay 10,20,30mo01.%
Pb,Ga,GeS ). MeTtonuka OTpUMaHHs KPHUCTasiB
Ta jeski (isuuni BaactuBocti Pb,Ga,GeS , Ta
Pb,Ga,GeSe , npencrasneni B poborax (Bellagra,
2020; Bellagra, 2023; Myronchuk, 2025). s
JNOCTIDKCHHSI CJICKTPUYHUX Ta TEPMOCICKTPHY-
HUX BJIACTHUBOCTEH 13 OTPUMaHMX 3JIMTKIB KpHC-
tamiB  mepepisy  Pb,Ga,GeSe —Pb,Ga,GeS ,
BUPI3aJIMCh 3pa3ku y (Gopmi MpaBUIILHUX Tapaie-
nenineniB. CepeaHi po3Mipu 3pa3KiB CTaHOBUIIN
(6-3)x(2-0,5)x(2-0,5) mm’. Jlns BHUMIpIOBaHb
OTIOpYy 3pa3KiB BHKOpHUCTOBYyBaiH «OMMeTp 1ud-
poBuii l1[-34». Cxema yCcTaHOBKH JIJIsl BUSHAYEHHS
koedimienra 3eebeka Ta THITy IPOBITHOCTI KpHUC-
taiiB onucana B (Novosad, 2022).

Jnsa  pochipkeHHS  CIEKTPiB  MOITMHAHHS
CBITJIA BHUKOPUCTOBYBAJIUCS KPHUCTAJIUHI 3pa3Ku
3 IUIOCKO-TIApajeIbHUMHU IOBEPXHSAMH OITHY-
HOi sikocTi ToBmmHOK (0,1+0,15) MM. TToBepxHi
3pa3KkiB 00poOsUINCh HUTIQYBaHHAM Ta IONIPY-
BaHHSM aJIMa3HUMH IaCTaMH Pi3HOI 3€PHUCTOCTI.
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JlocipKeHHs CIICKTPaIbHOTO PO3MOALTY Koedirri-
€HTAa TIOTIMHAHHSA CBITJA 31HCHIOBAIOCS HA yCTa-
HOBIII, 310paHili Ha 0CHOBI MOHOXpoMaropa M/JIP-
208. Onruunuil curHan ¢ikcyBalu JaTYMKOM Ha
ocHoBi Si poTompuiiMaya.

Buxiaa 0CHOBHOIro MarepiaJy 10C/IiIzKeHHsI.
TepMOeneKTpUYHUMH METOJaMU BCTaHOBJICHO,
o 3pa3ku TBepaMx posumHiB Pb,Ga,GeSe —
Pb,Ga,GeS , 3 10, 20, 30 mon.% Pb,Ga,GeS,,
HaJIeXkAaTh JI0 HAIIBIIPOBIAHUKIB /-THITY IPOBiTHO-
CTi. 3HaYCHHS ITUTOMOI €JIEKTPOIIPOBITHOCTI KpHC-
tamis Pb,Ga,GeSe —Pb,Ga,GeS ,, npu T=300 K,
npencTaBieHi B Ta0i. 1. Bucoki 3HaueHHS MUTOMOT
€JIEKTPOTIPOBIAHOCTI MOXKYTh CBITYUTH PO TE, 110
CTaH JaHUX CIOJYK, NMPH KIMHAaTHUX TeMIepary-
pax, € OMU3bKUM JI0 BUPOHKEHOTO.

3 naHux, NpeAcTaBiIeHUX B Ta0M. 1., BUIHO, 1110
301IbILIEHHS BMICTY JPYroi KOMIOHEHTH B TBEPAUX
posunnax Pb,Ga,GeSe, —Pb,Ga,GeS , mpu3Bonuts
JI0 TUTABHOTO 3pocTaHHs KoedimieHTa 3eebeka.
Maroun BHCOKI 3Ha4eHHs KoedirieHta 3eebeka,
JOCITI/DKYBaHI KpPUCTAIM MOXKHAa BHKOPHCTOBY-
BaTH U1 pO3pOOKM TepMoAaT4HKiB. Bimomo, 1o
e(eKTUBHICTE POOOTH TEPMOEJIEKTpOreHepaTopa
BU3HAYAETHCS TEPMOCIEKTPUYHOIO TOOPOTHICTIO
BUKOPHCTAaHUX Y HbOMY MarepiajiB, sika BU3Haua-
etbest popmynoro (Macia, 2015; Rowe, 1995):
@G

XIOI
ne Z-T — TepMoeNeKTpu4Ha TOOpPOTHICTh Marepi-
aiy, o. — koedimieHT 3eedeka, o — MUTOMa EJICKTPO-
MIPOBIAHICTB, Lot — KOe(DIIIEHT TETIONPORBITHOCTI,
T — abconoTHa TeMIeparypa.

VY momnepenHiit GopMyini BETHYHHY 0°'C HA3U-
BalOTh TEPMOEJIEKTPUYHOIO TMOTYXXHICTIO Mare-
piany. UwucnoBi 3HaueHHS o’ IS TBEPAUX
pozunnis  Pb,Ga ,GeSe ,—Pb,Ga,GeS ,  mpen-
ctaBieHi B Tabnm. 1. Ta ma puc. 1. 3 puc. 1.
BUJIHO, 1[0 HAWBHIIMMH 3HAUYCHHSMH 0°'C BOJIO-
mitote  cnoyku  Pb,Ga,GeSe —Pb,Ga,GeS ,
3 20 mon.% Pb,Ga,GeS ,. 3 popmynu (1) Buamo,

Z-T= T

2

110 Taka MoBeiHKa o0 1A 3pa3kiB 3 20 M0i1.%
Pb,Ga,GeS, , B 3HauHii Mipi 00yMOBIIEHA 3pOCTaH-
HM o. CHiJ BIAMITHTH, 10 BaXXJIUBUM 3aBIAHHIM
3anumiaeTbest BusHadenns y, - (Hosocan, 2023),
JUTSL TOCITIDKYBaHUX KPUCTAJIIB.

Jist OWiHKHM 3HAYCHB £ TOCITIUKYBAINCE CIIEK-
TpPaJIbHI  PO3MONIIM KOCQIIli€eHTa TMOTIMHAHHS
cBiTia (puc. 2.). I3 puc. 2. BUAHO, IO 3aJICKHICTH
Koe(iIlieHTa MOTIMHAHHS CBITJIA BiJl HEPril KBaH-
TiB CBITJIAa J10Ope CHPSIMISETHCA B KOOpAMHATAX
(ahv)">~hv, 1o cBigYUTH TPO HEHpsAMi 03BO-
JeHi onTHYHi nepexoau. Ui BusHaueHHA E npu
HETPSIMHUX J03BOJICHUX TIepexo/ax MpsIMOJiHiiHI
JIISTHKY eKCTPAIIOoBaIKCs 10 (ahv)”?=0. Aunao-
TiYHI pe3yapTaTd OyJau OTPUMaHi JJII MOHOKpHC-
tamiB Pb,Ga,GeSe , ta Pb,Ga,GeS 6 (Bellagra,
2020; Myronchuk, 2025). OTpuMaHi TaKUM YHHOM
3Ha4eHHA £ TpecTapieHi B Tabn. 1 Ta Ha puc. 3.
3HaueHHs E, jis xpucranis Pb,Ga,GeSe , B3ati
3 pooit (Bellagra, 2020; Myronchuk, 2025).

Ha BcraBmi puc. 2. moka3zaHa 3aJeXHICTh
a=f(hv) nnaxpucranis Pb,Ga,GeSe ,-Pb,Ga,GeS ,
3 10 mon.% Pb,Ga,GeS, | B Haminorapudmignomy
macmTali. IIpu eHeprii KBaHTIB CBIT/Ia MEHIIUX
3a 2,2 eB 3anexHicte a=f(hv) onucyeTbes mpsi-
MOIO JIiHI€}0 B HamiBjaorapupmMiuHOMy MaciTadi
(puc. 2). AHaJOTI4HI pe3yIbTaTH CIIOCTEPIraarnch
1 1 3paskiB TBepaux posuuHiB Pb,Ga,GeSe —
Pb,Ga,GeS , 3 20 Ta 30 mon.% Pb,Ga,GeS ,. Sk
ciinye 3 puc. 2, 3aiexHicTh a=f(hv) nobpe omnu-
cyeTbes paBwioM YpoOaxa (Studenyak, 2014), mo
CBITYUTH TPO yYacTh XBOCTIB IIIJILHOCTI CTaHiB,
00yMOBJICHUX JE(PEKTHICTIO KPUCTATIYHOI TPaTKH
y popMyBaHHI ONITUYHHUX TIEPEXOIiB:

o(v)~exp By ohv
A0

ne E ; — KOHCTaHTa, MponopiiiHa MHpHHi 3a00-
ponenoi 3onu mpu 0 K; A — xapakrepucruina
€Hepris, sKa BHU3HAUa€ CTYIIHb PO3MHUTTSA Kparo
HOIIMHAHHS 1 € MIPOIO PO3YNOPSAAKYBaHHS (Ie(ek-
THOCTI) KPUCTAIIYHOI IPaTKU CIIOJYK.

Tabmmig 1
EnexTpuuni, TepMoesieKTPUYHI Ta ONTUYHI NapaMeTPHU KPUCTAJIB
Pb,Ga,GeSe ,~Pb,Ga,GeS ,
Tun o, a, o’o. E
Mon.% Pb,Ga,GeS;, | L pinmocti (Om-cm)" MKB/K 10° Br/mK? oB
10 n 81 205 3,4 1,89
20 n 170 220 8,2 1,92
30 n 77 240 4,4 1,95

111



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2025

1] Ll Ll
'
2 'y <240
| ¥ e ¥ ”

r’i-\ ° // \\ ’, :
. / \ ’ ~
e / X 2 -
= /4 4 S
= / ,\\ 1 %
= / N S

- 6 / > \ .
- / P \ (=)
. / . e 4220

l'lb / /7 4 \

3 / L’ b
4k 7 P \
AR )
$ 7
| vz
/l
2 3 1 1 1 2|X]

20

10 mol.% Pb,Ga,GeS,,

30

Puc. 1. 3anexHicTh TepMoeIeKTPUYHOT
NMOTYKHOCTI Ta KoedinienTa 3ecdexka KpUcTaiin
Pb,Ga,GeSe ,—Pb ,Ga GeS , Bin BmicTy
Pb,Ga,GeS ,

Ha cnexrpax moriMHaHHS CBITJA, MPH CHEP-
risx kBaHTiB cBiTia hv=1,46 eB, cmoctepiraBcs
MakcuMyM puc. 2. Taka moBeiHKa CIIEKTPaJIbHOTO
PO3MOATY MOTIMHAHHS CBITIAa MOXKE OO0YMOBIIIO-
BaTHUCh JIOMIIIKOBUM MOTIMHAHHAM. [lo Haxwimy
3anmexxHocTi a=f(hv) (BcTaBka Ha pucC. 2) oOIli-
HEHl 3HAYEHHS XapaKTePUCTUYHOI €Heprii, BoHa
A,. Bemuki snaduenns A =140 meB cBimuare mpo
BHUCOKY J1€(DEKTHICTh MOHOKPHUCTAJIIB TBEPIUX PO3-
unnis Pb,Ga,GeSe, —Pb,Ga,GeS ,.

BuCHOBKH i IePCNEeKTUBH MOAATBIINAX J0CJTi-
AKeHb. TepMOeTeKTPUIHUMH METOJIaMH BCTAHOB-
neno, mo kpucranu Pb,Ga,GeSe -Pb,Ga,GeS ,
HaJIeXaTh JI0 HAMIBIPOBIIHUKIB #-TUIy TMPOBiJI-
HocTi. HaliBuili 3HaYeHHS THTOMOI EJIEKTPO-
npoBigHocTi (6=~170 Om'-M!) mamu kpucraiu
TBepaux posumniB  Pb,Ga,GeSe —-Pb,Ga,GeS ,
3 20 mon.% Pb,Ga,GeS ,. 3nauenns koedimien-
TiB 3eebeka cranoBuwiau 205 mxB/K, 220 mxB/K,
240 mxB/K nns Bepaux posuunis Pb,Ga,GeSe, —
Pb,Ga,GeS,, 3 Bmictom 10, 20 ta 30 mom.%
Pb,Ga,GeS ,. Maroun BUCOKi 3Ha4eHHs Koediwi-
enra 3eebeka, Pb,Ga,GeSe ,—Pb,Ga,GeS , € mep-
CIEKTUBHUMH MarepiajaMu Uil BUTOTOBJICHHS
YyTIMBUX TepMoaaTuyukiB. HaiiBuii 3HaueHHS
TEPMOCJICKTpUUHOI  moTykHOCcTi  (0?-6=8,2-10°
Bt/m-K?) BacTuBi KpucTagaM TBEpIUX PO3UHHIB
Pb,Ga,GeSe ,—Pb,Ga,GeS , 3 BmicTom 20 mom.%
Pb,Ga,GeS, . IIpo NepCeKTHBHICTD TAHUX CIIOTYK
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Puc. 2. CnexrpaabHuii po3moaia koedimienra
NOIMHAHHS CBiTIa KpucTanamu Pb, Ga,GeSe, —
Pb,Ga GeS , 3: 110 mo1.% Pb,Ga GeS, ,, 2 -
20 m01.% Pb,Ga,GeS ,, 3 —30 m01.% Pb,Ga GeS ,

120

2,0

T=300K

1

10

mol.% Pb,Ga,GeS,,

A
20

Puc. 3. 3aesxHicTh IMPpUHM 3200POHEHOI 30HI
KpucTagiB TBepaux posuuHiB Pb Ga GeSe —
Pb,Ga,GeS , Bin ckaany

SK MaTepiasiB JUIl TEPMOENEKTPUYHOI TreHepartii
MOKHa Oyle CTBEpAKYBAaTU MICHS AOCTIIKEHb 1X
Koe(illi€HTa TeTJIONPOBIAHOCTI.

OmuiHeH1 13 CHEKTPIB ONTHYHOTO MOTIMHAHHS
3HAUEHHS IIMPUHH 3a00pOHEHOI 30HH CTAHOBUIIH
1,89 eB, 1,92 eB, 1,95 eB nns 3paskiB TBepaux
posunnie Pb,Ga,GeSe -Pb,Ga,GeS , 3 BmicTOM
10, 20 Ta 30 mom1.% Pb,Ga,GeS ..
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OIITUYHI TEPMOCEHCOPH HA OCHOBI CKJIOIIOAIBHUX CIIJIABIB
Er,S;-Ag, Ga, Ge,,S

0,952

Onmuuni ceHcopu € 00HICIO i3 HAUNEPCHEKMUBHIWUX MeXHONO0RIl Y cydacHitl Qizuyi ma ximii meepdozo mina. 3 ix
00noM02010 30IUCHIOIOMb MOYHI BUMIPIOBAHHS A KOHMPOLb MeMnepamypu, pieHs paodiayii, MOHImopuHe 3a0pyOHeHHs
pisHoManimHuux 06’ckmis 6e3 Qizuuro20 KOHMaxmy. 3acmocy8anus makux CeHcopi8 3HAUHO POUIUPIOE MONCIUBOCIII
6 NPOMUCTIOB0MY BUPOOHUYMET, MEOUYUHT Ma eKONO2ii. AKMYanbHICMb 00CTIOHCEHH ONMUYHUX CEHCOPIE 3DOCMAE 13 PO3-
BUMKOM CYHACHUX MEXHONO02IU | 30IIbUIEHHAM 8UMO2 00 MOYHOCTI, WEUOKOCMI ma 6e3nexu BUMIploeans. Ix 3acmocogy-
10mb y 2any3six, 0e NOMpiOHA BUCOKA YYMIUBICMb 00 3MIHU MEeMnepanypu, Mucky, 601020CMmi, KOHyeHmpayii 2a3ie i m.o.

Hocnioxcenontominecyenmuienacmusocmixaipko2enionuxcknonodionuxcnaasienepepisyEr,S ~Ag,  .Ga, Ge, , S,npu
0,42mon.% Er,S, 3agixcosano omontominecyenyiio iz maxcumymamu eunpominiosanns 660, 860 ma 980 nm npu 36y-
OJICEHHI 1A3ePOM 13 Q0BXHCUHOK XUNL UNpOMiHioganuss 332 Hm. I3 30inbuienHaAM memnepamypu 3MIHIOEMbCA CRiGI0-
HOUWLeHHA Midic THMeHCUeHOCmAMU (pomoniominecyenyii. Hailbinbule yymaueum 00 memMnepamypHux 3mMiH 6Ua6UBCs NiK
gomonominecyenyii 3 maxcumymom npu 860 um. Ha ocnosi gpopmynu, wo onucye tmogipHicms 6UNRPOMIHIOBATLHUX
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i 6e36UNPOMIHIOBATLHUX NPOYECis NOOYOOBAHO MOOETb, KA GUSHAYAE 3ANENHCHICIb [HMEHCUBHOCHI (pomonioMiHecy eHyil
610 memnepamypu. 32i0Ho i3 excnepumenmanvroio sanexcuicmio I(T) obuucneno enepeiro axmusayii (E = 90 meB), wo

6uUsHavac enepeito 1eobXiomy dna nepexody ionie epbiro 3i cmany *S, 6 cman°’H

3agixcosano NinitiHy 3a1€xHCHICMb MidiC 6i0HOWEHHAM inmencusHocmerl pomontominecyenyii Ln (1, /1 ) ma memne-
pamypoio 3paska. Pospaxosano yymaueicmo cencopa, sika cmanosums 0,43 K. Omoice, docriosceni cmexia ¢ oomedice-
HOMY MEeMNepamypHoMy iHmepeani Mojicymb 6UKOPUCHIOBYBAMUCH SIK ONMUYHI MEPMOCEHCOPU.

Kniouosi cnosa: cencopu, ckionodioni cniagu, XanbKo2eHioni HanienpogioHUKY, omomominecyenyis, pioko3emenbHi
Memanu, BUNPOMIHIOBAHHS, (homoceHcopuU.
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OPTICAL THERMOSENSORS BASED ON THE GLASSES Er,S-Ag, .Ga, ,Ge, S

0,952

Optical sensors are one of the most promising technologies in modern solid-state physics and chemistry. They enable
precise measurements and control of temperature, radiation levels, and monitoring of the pollution of various objects
without physical contact. The use of such sensors significantly expands the capabilities in industrial production, medicine,
and ecology. The relevance of optical sensor research is increasing with the development of modern technologies
and the growing demands for accuracy, speed, and safety of measurements. They are used in fields that require high
sensitivity to changes in temperature, pressure, humidity, gas concentrations, etc.
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The luminescent properties of chalcogenide glass alloys with the composition Er,S ~Ag, .G
Er,S, were investigated. Photoluminescence was observed with emission peaks at 660 860, an

S, at 0.42 mol.%

095 2

cf 980 nm upon excitation

Wlth a 532 nm wavelength laser. With an increase in temperature, the ratio between the intensities of the photoluminescence
changes. The most sensitive to temperature variations was the photoluminescence peak at 860 nm. Based on the formula
describing the probability of radiative and non-radiative processes, a model was built to determine the dependence
of the photoluminescence intensity on temperature. According to the experimental dependence I(T), the activation energy
was calculated (AE = 90 meV), which defines the energy required for the transition of erbium ions from the *S, , state to

the °H

e State.

A linear relationship between the intensity ratio of photoluminescence Ln (I, /I ) and the sample temperature
was established. The sensor sensitivity was calculated to be 0.43 K. Thus, the investigated glasses, within a limited

temperature range, can be used as optical thermosensors.

Key words: sensors, glassy alloys, chalcogenide semiconductors, photoluminescence, rare earth metals, radiation,

photosensors.

Beryn. JlfoMiHECHIEHTHI BJIAaCTUBOCTI Xallb-
KOTEHIJIHUX HaMiBIOPOBITHUKIB JIETOBAaHUX Pif-
KICHO3EMEJIbHUMH METallaMd  BiIOM1 JIeKiJIbKa
JECATHIIITh. 3aBSKHA BUCOKIN TPO30POCTi Yy BUIU-
MOMYy Ta 1H(ppadyepBOHOMY CIEKTpaJIbHOMY [ia-
nazoni (Ramarao, 2018; Ravagli, 2017), Benukiit
HIMPUHI 3a00pOHEHOT 30HU Ta BUCOKOMY KBaHTO-
BOMY BHXojay BurpomiHtoBanHs (Lima, 2002; Liu,
2017), Taki MarepiaJiv cTaiau 00’ €KTaMHu IHTCHCHUB-
HOTO JOCTI/DKCHHSI Ta BIPOBA/DKCHHS Y MPOMHC-
JIOBE BUPOOHUIITBO.

B cywacHOoMy mnpoMucIoBOMYy BUPOOHHIITBI
OTITOEJIEKTPOHHOI TEXHIKHM aKTHBHO JOCIiIKY-
IOTBCS 1 BIPOBAKYIOTHCSI BUCOKOTOYHI TEPMIUHI
CEHCOPHU, MPUHLHUI il AKUX 0a3yeThCs Ha Uy TIIH-
BOCTI (DOTOJIFOMIHECIIEHTHOTO BUIIPOMIHIOBaHHS
1o TemneparypHux 3MmiH (Xu, 2024; Shen, 2010).
Jlnsg KoHCTpyrOBaHHS O€3KOHTAKTHHUX (POTOCEH-
COpIB B@XJIMBO BCTAHOBUTH B3a€EMHMI BIUIUB
MEXaHI3MiB peliakcallii i0HiB epOit0 Ta Kpocpe-
JaKcaliiHUX MPOILECIB MPHU 3MiHI CHiBBIAHOIICHb
IHTEGHCHBHOCTI JIFOMIHECIICHI[II B PI3HUX TeMIIe-
parypHHX iHTepBasiax. Taki JOCHIIKEHHS J103BO-
JSITh ONITUMI3yBaTH BUOIp KOMIIOHEHTHOTO CKIIa Ty
JUIE OTPUMaHHS €(QEeKTHBHHUX JIIOMiHECIICHTHUX
PEUOBHH.

PesynbraTtu pocaimkenn. I3 mepepisy Er,S -
Ag,sGa, . Ge S (Halyan, 2009, p. 138-142)
BUOpaHo ckionoaiOHuit cruas npu 0,42 mon.%
Er,S,; (0,27 at% Er), B sxomy 3adikcoBana Hai-
BHUIIA IHTEHCUBHICTH oTomominecueHii (Halyan,
2019, p. 84-90), NOpiBHAHO 13 IHIIMMH 3pa3KaMHU
LBOTO TIepepi3y, 10 JIeroBaHi epoieM. Y ckionoaio-
HOMY cIuiaBi 3aikcoBaHO (DOTONFOMIHECIICHIIIIO
13 MakcuMyMam# BUTIpoMiHIOBaHHS 660, 860 Ta
980 uM 1Ipu 30yIKEHHI JIa3epOM 13 MAKCHMaJIbHOIO
JIOBXKUHOIO XBWJII BUNpoMiHIOBaHHS 532 HM. Ha
puc. 1 moka3aHO 3aJ€KHOCTI IHTEHCUBHOCTI CMYT
¢dororominectieHnii Big remneparypu. Haiibinpima

116

IHTEHCHUBHICTh (POTOJIFOMIHECIIEHITT 3apeecTpo-
BaHa npu 980 HM, a HaiimeHwia npu 660 HM. Ak
BUJTHO 3 puC. 1, 31 301IbIIEHHSM TeMIIepaTypu 3Mi-
HIOETHCS CHIBBIJHOLICHHS MK 1HTEHCUBHOCTSIMHU
@JI. ITpu Temneparypi Buie 180 K iHTeHCUBHICTD
BCIX CMYT 3MeHIIyeThes. Haltbinblie 4y TinBUM 110
TeMIEepaTypPHUX 3MiH BUSBUBCS MK (POTOIIOMIHEC-
LEeHIIIT 3 MakcuMyMoM ipu 860 HM.

[Ipu 30ymxenni cnekrpiB @JI BUNpoMiHIOBaH-
HAM 3 A=532 HM 10HU epOito NepexoasaTh 13 OCHOB-
HOTO B 30y/uKeHuit cran *H | . Makcumymu BUIIPO-
MIHIOBaHHS, SIKI 3apeecTpoBaHi mpu 660, 860 Ta
980 HM BIINOBIAAIOTH BHYTPIIIHBO-LIEHTPOBUM
HepeXOHaM 4F9/2 - 4115/2’ 4S - I13/2 Ta Ill/2
“I,,,, B ioHi ep0iro, BII[HOBII[HO

I3 puc. 1 Gaummo, mO Temmeparypa 3paska
BIUIMBA€ HA IHTEHCHBHICTh KOKHOI CMYTH BUIIPO-
MIHIOBaHHS, ajieé He 3MIHIOE CHEKTPAIbHOTO PO3-
TallyBaHHS MAaKCHUMYyMiB  ()OTOJIFOMIHECIICHIII.
OCKiNbKM CMyTH BUIIPOMIHIOBAaHHS 3arajioM € He
CUMETPUYHHMHU, TOMY MH OOYHCIWIM JOrapudm
IHTETpaJIbHOT 1HTEHCUBHOCTI KOXHOI 13 CMyT
1 IpeICTaBUIIN, SIK PYHKITIOHAIbHY 3aJISKHICTh BiJT
TeMriepaTtypu (puc. 2).

[Tpu BUCOKHX Temmeparypax 3aTyXaHHs (OTo-
JIOMIHECIIEHIIIT MOYKHA OTMCATH Yepe3 WMOBIpPHO-
CTI BUIIPOMIHIOBAJIBHUX 1 OS3BHIPOMIHIOBAIEHUX
nporieciB. I3 miteparypaux mkepen (Kuznetsov,
2017, p.315-320) Bimomo, 1m0 3aJEKHICTh IHTEH-
CUBHOCTI JJFOMIHECIICHIII1 BiJl TEMIIEPaTypH OTHCY-

€THCS POPMYIIOFO:
i)

kT

ne: I, — xoncranTa, k — crana bomsumana, W —
KOC(IIlIEHT, 110 BU3HAYAE BiTHOIICHHS HMOBIPHO-
CTi OE3BUIPOMIHIOBAIBHHUX 0 BHIIPOMIHIOBAIIb-
HuX mnporeciB, AE — TepmiuHa eHepris akTHBaIlii
JIFOMiHECIIEHITIT.

1

0

](T): 1+W-exp(
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Puc. 2. TemnepatrypHa 3aj1eXHICTh iIHTerpajabHoOI iIHTeHCHBHOCTI GoTOTIOMiHEeCHEHITIT CTeKOI

Er, Ss_Ago,OSGao,osGe

B nmocmimkeHoMy Ham# CIDIaBi 3aJIeKHICTh
I(T) po3paxoBana Ha OCHOBI BUIIIE BKa3aHOi (op-
MYJIH JUTSE CMYTH 13 MakcuMyMoM 860 HM i oOumc-
JieHa BigmoBigHa eHepris aktuBanii AE, mo cra-
HOBUTH 90 + 6 meB. Otpumane 3HaueHHs m00Ope

0,95

S2
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npu 0,42mo011.% Er,S,

Y3TOIDKYEThCS 13 CHEPTri€ro, sika HEeoOXimHa st
o . . 5
Nepexofly 10HIB @61}0 31 CTaHy S,,Bcran °H, .
Ha iHTEeHCHBHICTP BUIPOMIHIOBAaHHS YE€pPBO-
HOi (660 HM) Ta iH(pauepBOHOI JIOMIHECICHIIIT
(980 um) BrIMBaE aKTHBallis HOCITB i3 cTaHy *S,
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Puc. 3. BinHomenHst iHTerpaJbHUX iIHTeHCHBHOCTEH (OTOIOMiHeCHeHIT CTeKOJ
(1)
ErS-Ag, Ga, Ge S, npu 0,42 mox1.% Er,S,.

0,952
B cTad “H, , BIUIMB TemmepaTypy Ha KpOCpenaK- BucHoBku. BcraHOBIEeHO, 110 XaJdbKOTEHIIHI
CaIliiiHi MpolecH, a TAKOXK 3MIIIEHHS KPalo ONTUY-  CKJIOMOMAIOHI HAIIBIPOBIIHUKH TEpepizy Er,S,—
Horo normuHaHHsA (Halyan, 2017, p. 315-320). Ag,sGaGe S, XapaKTepusyIoTbCs BHCOKOIO

3pocTaHHs TeMIIEpaTypu 3pa3KiB MPUBOAWUTH  IHTEHCHUBHICTIO JIIOMIHECUEHIIT Y BUIUMOMY CIIEK-
JI0 3MiH Y CIIBBIJIHOIIEHHI MiX I1HTEGHCHBHOC-  TpPaJIbHOMY Jiamna3oHi. [HTEHCHBHICTh CMYT BUIIPO-
TiMu cMyr (otomominecuenuii. Lle sBume mae  miHOBaHHS 13 Makcumymamu 660, 860 ta 980 HM
Ba)XJIMBE 3HAUYEHHS MPH KOHCTPYIOBAHHI CEHCOp-  3aJICKUTh BiJ TEMIEpaTypu. 3a BiTHOUICHHSIM
HUX TpuiaaiB. 3 puc. 3 BUAHO, IO iICHYE JIiHIHHA  IHTErpaJbHUX IHTEHCUBHOCTEH (OTOIIOMIHECIICH-
3QIEKHICTh MK BimHom ~ ennsaM Ln (I, /I ) Ta  mii crexon ErZS3—Ag0,05Gao’OSGeO’%S2 00YMCIIEHO
TEMIIEPaTyporo 3paska, TOMY JOCHiKeHi cre-  uymmBicTh (~ 0,43 K') crmaBiB mo temmeparyp-
Ki1a B OOMEXEHOMY TEMIIEPaTypHOMY IHTEpBali  HHX 3MiH. 3pa3Ku MOXYTh OyTH BUKOPHCTaHi, SIK
MOXYTh BUKOPUCTOBYBATHCh SIK TEPMiYHI CCHCOPH. ~ MaTepialid Jjisl BUCOKOTOUYHHX ONTHYHUX TEPMO-
3a HAIIMMU JOCTI/DKCHHSMH Yy TIMBICTH CEHCOpPA  CEHCOpPIB, BUMIPIOBAaHHA B SKHX IPYHTYETbCA Ha
(3rimHo i3 puc. 3) cranoButs 0,43 K misi 3paska i3~ 94ymimBOCTI (DOTOTFOMIHECIIEHTHOTO BUIIPOMIHIO-
0,42mo1.% Er,S,. BaHHSA 10 3MiHH TEMIIEPATyPH.
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ONTUYHE NOVIMHAHHS CTEKOJI CACTEMM Ga_S -GeS,-Sb,S,
JIETOBAHHUX Er TA Nd

Onmuyne no2AIUHAHHA 8 XATbKO2EHIOHUX HANIBNPOGIOHUKAX € BANCIUBUM AK 3 (DYHOAMEHMANbHOI, MAK i 3 NPUKIAOHOT
mouoK 30py. Ananiz chexmpie onmuyHO20 NOGIUHAHHA 8 XANbKOEHIOHUX CKAONOOIOHUX CHIABAX 0ONOMA2AE PO3KpUmu
eNeKMPOHHY CIPYKMYpy ma npupooy XiMIiYHUX 306 A3Ki6 y yux Mamepianax ma cnpuse 2nubuiomy posyminHio isu-
KU HeBnopAoKo8anux cucmem. J[0CrioxceHHs OnmudHUX 61acmueocmelt XaabKo2eHiOHUX CIeKoN CHPUsE po3pooyi HO8UX
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mamepianieé 3 NOKPAUJeHUMU XAPAKMEPUCMUKAMU, 4 MAKONC OONOMA2AE BUSABUMU HAABHICMb OeheKmie i 0OMIOK, SKi
MOICYMb GNAUBAMU HA IX ONMUYHI MA POMOeneKmpUdHi 614CMUE0C.

Hocniooceno cnekmpu onmuunozo noanunanus cmexon 20 mons. % Ga,S, — 60 mons. % GeS, — 20 monv. %
Sb,S. ma 25 monv. % Ga,S, — 30 mon. % GeS, — 45 monv. % Sb,S, oonouacno nezosanux Er ma Nd ¢ dianasoni 550 —
2000 um npu KimHamuin memnepamypi. Kpaii onmuuno2o noeiuHanHa cmexon 3Haxooumsca onuzoko 600 um i He 3a3Hae
cymmesux 3miH npu ix neeyeanni Er ma Nd. 3apeccmposano 8y3vKi cMyau noenuHauua 3 makcumymamu 655, 755, 810,
885, 980 i 1540 nm, wo eionosioaroms nepexodam 8 f~obononyi ionie Er’* i Nd**.

3 epaghixa, wo guzHaAUGE KpAll ONMUYHO20 NOTUHAHHA, eKCMPANOIAYIEIO TIHIUHOT OLNAHKY eKChepUMEHmMATbHOT Kpu-
801 00 nepemuny 3 8iccio abcyuc oyiHeHo ONMUYHY WUPUHY 3a00pOHeHOI 301U cmeKo. Bcmanosneno, wo npu 30inbuienHi
emicmy Sb,S, (20 — 45 monv. %) 6i00ysacmvcs smiujents Kparo onmuuHo20 NO2MUHAHHS 6 CMOPOHY OITbUUX 006HCUH
X6Ub, WO NPU3BOOUMb 00 3MEHUEHHS WUPUHU 3000POHEHOI 30HU DOCTIONCEHUX CKAONOOIOHUX cnaasis. [looasanus (1 —
3) monw. % Er,S, ne npuzeooums 00 sHAUHUX 3MIH Eg ma npu noOaILUoOMy 30inbulenti yiei KOMNOHeHmU 3aghIKCO8AHO
Oesixe 3pocmannst (~ 0,04 eB ) enepeii 3a60poneHoi 30Hu.

Husvki snauenns koepiyienma noanunanns 6 oianazoni 1000 — 2000 wm cgiduams npo xopouii nepcnekmueu GUKOpu-
CMAHHA QOCTIONCEHUX CTNEKONL 8 ONINOCTIeKMPOHHIL MeXHIYL, W0 Npayre OIU3bKOMY IHPPAYEPEOHOMY Jiana3oHI.

Knrouogi cnosa: onmuune no2nunanus, ckionooioni cniasy, XanbKoeeHiOHUl HanignposioHuUK, WUpuHa 3a00poreHol
30HU, epOitl, HeOOUMill.
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OPTICAL ABSORPTION OF GLASSES IN THE Ga,S,-GeS -Sb,S, SYSTEM
DOPED WITH Er AND Nd

Optical absorption in chalcogenide semiconductors is important from both fundamental and applied perspectives. The
analysis of optical absorption spectra in chalcogenide glassy alloys helps reveal the electronic structure and the nature
of chemical bonds in these materials, contributing to a deeper understanding of the physics of disordered systems. Studies
of the optical properties of chalcogenide glasses assist in the development of new materials with improved characteristics
and help identify defects and impurities that may influence their optical and photoelectrical properties.

The optical absorption spectra of glasses with compositions of 20 mol.% Ga,S, — 60 mol.% GeS, — 20 mol.%
$b,S, and 25 mol.% Ga,S, — 30 mol.% GeS, — 45 mol.% Sb,S, simultaneously doped with Er and Nd were studied in
the range of 550 — 2000 nm at room temperature The edge / optical absorption of the glasses is located around 600 nm
and does not undergo significant changes upon doping with Er and Nd. Narrow absorption bands were registered with
maxima at 655, 755, 810, 885, 980, and 1540 nm, corresponding to transitions in the f-shells of Er’* and Nd&** ions.

From the graph defining the edge of optical absorption, the optical band gap of the glasses was estimated by
extrapolating the linear portion of the experimental curve to the intersection with the abscissa axis. It was found that with
an increase in the Sb2S3 content (from 20 to 45 mol.%), the optical absorption edge shifts towards longer wavelengths,
resulting in a decrease in the band gap of the studied glassy alloys. The addition of (I — 3) mol.% Er,S, does not lead to
significant changes in the band gap, and with further increases in this component, a slight increase (~ 0.04 eV) in the band
gap was recorded.

The low values of the absorption coefficient in the 1000 — 2000 nm range indicate promising prospects for the use
of these glasses in optoelectronic devices operating in the near-infrared range.

Key words: optical absorption, glassy alloys, chalcogenide semiconductor, band gap, erbium, neodymium.

Beryn. [ocmimpkenHss cnekTpiB ontuyHoro  miamazoni 700 — 2000 M. BomHouac, 3apeectpo-
MOTJIMHAHHS B XaJbKOTCHIHUX CKJIOMOAIOHMX  BaHO By3bKi CMYI'M MOIVIMHAHHA 3 MAaKCUMyMaMH
CIUTaBaX € BAXJIMBUM YWHHHUKOM Il po3yMiHHS 655, 755, 810, 885, 980 i 1540 uwm, mo Bignosi-
Jiana3oHy Mpo30POCTi Ta MPUPOIU ONTHYHUX IIEH-  Jal0Th nepexonam B f-obomonmi ioniB Er** i Nd**
TpiB, SKi BIUTUBAIOTh HA iX ONTHYHI BIacTUBOCTI.  (puc. 1). I3 30imbIIeHHAM BMICTY epOiro 3pocTae
Cynb(ypOoBMICHI CTEKJIa 3aCTOCOBYIOTH y ()OTO-  IHTEHCHBHICTb JOMIIIKOBUX CMYT MOTJIMHAHHS, K1
HIITl, JJA3ePHUX TEXHOJIOTISAX, ONTHYHKX MIJCHII0- OB’ s3aHi 3 ioHamu Er’*. B Tabnuii 1. momaHo Mak-
Bayax Ta CEHCOpax 3aBsKH CBOIM 3MaTHOCTI JIO CHUMYMHM TMOTIMHAHHSI, Tepexoju B f-o0omoHII Ta
€(heKTUBHOTO TIOTTIMHAHHS / MPOIYCKaHHS CBITia  10HHW, sIKi IM BiONOBiNalOTh. €IUHA CMyTa TOTJIH-
y BUIUMOMY Ta OJM3bKOMY iH(pauepBOHOMY [ia-  HaHHS 13 MakcuMyMoM 810 HM € CHUIBHOIO IS
nazoHax (Eggleton, 2011; Heo, 2014; Chen, 2011).  ioHiB ep0ito Ta HEOTUMITO.

KpiMm TOroO, mocmijkeHHsI CIEKTpiB MOTTMHAHHSI EnepreTuyHuil CHEKTp €JIEKTPOHIB Yy CKJIO-
crutaBiB (Kesmmu 2010; Tamsa 2016) no3Bosise  TOAIOHMX HAIMIBIPOBIAHUKAX XapaKTePU3YEThCS
BU3HAYUTHU E€HEPIreTUYHI PIBHI, MOJIOKEHHS SKUX  OOJACTAMHU 13 BHCOKOIO Ta HU3BKOI T'yCTHHOIO
MOK€ 3HAYHO BIUIMHYTH Ha iX ONTHYHI Ta €JeK-  EeJICKTPOHHHX CTaHiB, IO OB’ S3aHO 3 BIJACYTHICTIO
TPUYHI BJIACTHBOCTI, II0 € BaXJIMBOIO iH(OpMa-  JalleKoro MopsaKy y ix cTpykrypi. Tomy 30HHa
II€I0 TIPH KOHCTPYIOBaHHI HOBUX OINTOCIEKTPO-  CTPYKTypa CTEKOJ BiPI3HAETHCS Bl KPUCTATIYHUX
HHUX MPUCTPOIB. HaIiBMPOBITHUKIB 1 MICTUTh JAOAATKOBI JI03BOJICHI

PesyabTaTu pocaitkenb. JlocoipkeHO criek- — €NEeKTPOHHI CTaHM. ['yCTHHA IMX CTaHiB 3MEHIIY-
TPU ONTHUYHOTO TOTIWHAHHA cTekod 20 MoNb.  €ThCS y NIMOMHY 3a00pOHEHOT 30HM (pHC. 2), BHAC-
% Ga,S, — 60 momb. % GeS, — 20 monb. %  JIOK 4OTO BUHHUKAKOTH «XBOCTH) TYCTHHH CTaHIB.
Sb,S. onnouacHo nerosanux Er Ta Nd B miama- Skimo BBaXKaTH 3aJIEKHICTh T'yCTUHU CTaHIB
30H1 550 — 2000 HM TpH KiMHATHIA TeMmIepaTypi y «XBOCTax» JO03BOJEHUX CHEPreTUYHUX 30H
(puc. 1). Kpaii onTuyHOro mMOmIMHAHHSA CTEKON  BiJ eHeprii miHidHOIO (Crynensik, 2021, c. 272),
3HAXOMUTHCS On3bKo 600 HM 1 HE 3a3HA€ CYyTTEBUX ~ OTPUMAEMO NIEPEXOIU HOCIIB 13 IeTOKaIi30BaHUX
3MiH 1ipH ix jgeryBanHi Er ta Nd. 3pa3ku gemMoH-  CTaHIB y BaJeHTIHIM 30HI B JIOKaJi30BaHi CTaHU
CTPYIOTh BHCOKY IPO30PICTh B CIEKTPaJbHOMY B 30HI MPOBIAHOCTI ab0 3 JIOKAJII30BaHUX CTaHIB
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Tabmus 1
Maxkcumymu norimHanus B ionax Er¥*, Nd** ta innosinni im nepexoan
Ion 655, um 755, am 810, um 885, um 980, um 1540, am
EI‘3+ 4115/2 - 41:9/2 4115/2 - 419/2 4115/2 - 4Ill/Z 4115/2 - 4113/2
Nd3+ 419/2 - 4F7/2’ 4S3/2 419/2 - 4F5/2’ 21_19/2 419/2 - 41:3/2
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Puc. 1. Ciexkrp norimmaanns crexol 20 moub. % Ga,S, — 60 moab. % GeS, — 20 moib. %
Sb,S.: 1-4 % Er; 2 % Nd

E} !

Puc. 2. Moaesan 30HHOI cTpyKTYpH amopdHux HamiBnpositaukis (Mott, 1971, p. 437). E, — mmupuna
3a00pOHEeHO] 30HN, BU3HAYEHA 32 Bi/ICTAHHIO MiK JIOKAJTi30BAHMMH CTaHAMM; EZI — IIMPHHA
3a00pOoHEHOI 30HH, BU3HAYCHA 32 KpaeM pyxauBocTti HocliB 3apsany; E.—-E, =E; -E, =E , — mupuna
JIOKAJIi30BaHMX CTAHIB B XBOCTAaX eHePreTHYHUX 30H.
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y «XBOCTi» BaJEHTHOI 30HH B 30HY IPOBiJHO-
CTI NeNoKai30BaHMX CTaHiB. EkcTpamomroroun
TiHIAHY I[iJISIHI](y (puc. 1) excnepuMeHTaIbHOL
kpuBoi (o-hv)2~hv 10 mepeTHHy 3 Biccro aGc-
[IAC MOXKEMO OI[IHUTH ONTHYHY MIUPHUHY 3a00-
poHeHoi 30Hu cTekos. Ha puc. 3 momaHo kpaii
ONTUYHOTO TOTJIMHAHHS JIOCHIPKEHUX CKIIO-
MoAiOHUX CIJaBiB. 3ayBaKUMO, IO TEPEXOd
HOCITB 3apsiy MidK «XBOCTaMW» BIJMOBITHUX 30H
HE BPaxXOBYETHCH.

Sx BuaHO 13 puc. 3, npu Bwmicti (1 — 3) % Er
JiHIHA AUISHKAa Kpar ONTHYHOTO MOTIMHAHHS
napajieabHO 3MIIy€eThCS B 001aCTh MEHIIUX J0B-
KUH XBWIb. [Ipy monmanbiiomMy 301TbIIEHHI KOH-
uenrparii ep6iro (3,5, 4 % Er) 3miHIO€TBCSA HaXUI
Kpar TONIMHAHHS, BHACIIJOK 4YOro ONTHYHA
HIMPHHA 3200pPOHEHOI 30HH 3pOCTaE.

Jnst Toro, mo0 JOCTIAUTH BIUTMB KOMIIOHEHTH
Sb,S, Ha onNTHYHI BIACTMBOCTI JOCIIIKYBaHOT
CUCTeMH, Oyl CHHTE30BaHi CKJIOMOMIOHI CIUTaBH
25 monb. % Ga,S, — 30 monb. % GeS, — 45 mob.
% Sb.S.: (1 —4) % Er; 2 % Nd. [{ns uiei cucremn
MPOBENEHO JIOCHIDKEHHS CIEKTPIB ONTHYHOTO
norMHaHHA B miama3oni 600 — 2000 um (puc. 4).
3adikcoBaHO BY3bKi CMYTH MOTJIMHAHHS, 11O Bif-
MOBiAalOTh mepexoaaM B f-o0omoHkax (BiAMOBiAHI
MepEexXo/in MO3HAUYEHO Ha PUCYHKY) 10HIB epOio Ta

Heonumiro. Ilpu 36inbmenni Bmicty Sb,S. (20 —
45 monb. %) BiAOyIOCH 3MIIIEHHS Kpar ONTHY-
HOTO TIOIVIMHAHHA B CTOPOHY OUIBIINX JTOBXHH
xBwIb. Kpim TOro, nmopisHiotoun puc. 1 ta puc. 4,
BUJIHO 30UIbIIEHHS KOe(ill€HTa MOTIMHAHHS (TIpU
2000 uwm) Big 1-3 em™ no 6-8 cm! mpu 3pocTanHi
xomnoHentd Sb.S.. 3a pesynbTaramm J10CIi-
JUKeHb BHOpaHO 00JIacTh OIS Kpar ONTHYHOIO
NONIMHAHHS 1 moOymoBaHo Tpadiku 3aneKHOCTI
(a-hv)2 Bim hv mns 3paskiB i3 pisHHM BMicTOM
epOito (puc. 5). SKI0 eKCTparotoBaTH JIHIHHY
4acTHHY rpadika MpsSMOI0 10 MEPETHHY 3 BiCCIO
hv Mo)xeMo

BU3HAYUTH ONTHYHY UIMPUHY 3a00pPOHEHOT
30HM Ta TOJaTH B CHEPreTUYHUX OAUHUIIIX ¢B
(puc. 6). IIpu 36inbmenni 3 20 Monb. % Sb,S. mo
45 moib. % Sb, S, muprHa 3a60pOHEHOT 30HH 3MEH-
mryeThest Ha ~ 0,3 eB, mo Moxke OyTH 1MoB’s13aHO
13 CTPYKTYpHOIO TpaHC(OPMAIII€I0 CKIOTOAIOHUX
crutasis. Jlonasanns (1 — 3) mons.% Er,S, He npu-
3BOJIUTH JI0 3HAYHKX 3MiH E  Ta npu nozaisuiomy
301UTBIICHHI I1i€] KOMITOHEHTH (IKCYeEMO JesiKe
3pocTaHHs eHeprii 3a00poHeHoi 30HU. BBeneHHs
PIIKICHO3EMENIBHUX METaldiB B aMmopdHe cepe-
JIOBHIIIE TTOKPAIy€E JTIOMIHECIICHTHI BIIAaCTHBOCTI
(Lozano, 2013; Halyan, 2013; Shen 2010), ane
cripusie oro kpuctamizaiii (Pan, 2022, p.100998).

10 T v 1 v 1] v T v T A 1 v T A
[ —— 4%Er; 2%Nd |
8- .
o 3.5%Er; 2%Nd
E - r
=8 ” — 3%KEr; 2%Nd
_> - -1
@
P Y i L 1
o f
> oL i q
i
- — 2%Er; 2%Nd
2r —— 1%Er; 2%Nd
0 1 1 1 L 1 " 1 1 1 i
194 196 198 200 202 204 206 208
hv, eV

Puc. 3. Kpaii onruunoro normunanus crexos 20 mol. % Ga,S, — 60 mol. % GeS, — 20 mol. %
Sb,S.: (1-4) % Er; 2 % Nd
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Puc. 4. CiekTp NOrTHHAHHA CTEKOJ 25 MOJIb.

% Ga,S, — 30 moab. % GeS, — 45 moub. %

Sb,S.: 1-4 % Er; 2 % Nd
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Puc. 5. Kpaii onTu4Horo norimHanHs crexos 25 moib. % Ga,S, — 30 moub. % GeS, — 45 moib. %
Sb.S.: 1-4 % Er; 2 % Nd

Tomy npu Bemukux BMicrax Er,S. y cknoyrsopro-
FOYiil MaTpHIli MOXKYTh BUHHKATH MIKpO- 9YM HAHO-
HEOJHOPIAHOCTI, IO BILTMBaTUME Ha ONTHYHI Bia-
CTHBOCTI XaJIbKOTEHIHUX CIUIaBiB i, 30KpeMa, Ha
HIMPHHY 3a00pOHEHO] 30HH.

BucHoBku. JIOCTiDKEHO CIIEKTPU ONTUYHOTO
CKJIOMOAIOHUX

IIOITTMHAHHA XaJ'IBKOFeHi)IHI/IX
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crutasie 20 mMonb. % Ga,S, — 60 monb. % GeS, —
20 mob. % Sb,S, Ta 25 Monb. % Ga,S, — 30 Mok,
% GeS, — 45 momb. % Sb,S,, axi Oynu oxHO-
gacHo JjeroBaHi Er ta Nd. Excrpanomsiiero
JMHIAHOI JUISHKA CeKCTICPUMEHTAIBHOT KpUBOT
1
(a-hv)2~hv 1o mepernHy 3 Biccio abemuc oOri-
HEHO ONTUYHY IIUPUHY 3a00POHEHOT 30HU CTEKOI.
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Puc. 6. Konuenrpauiiina 3a1exHicTb HIMPUHA 3200pOHEHOI 30HH cTeKoJ cucremu Ga,S, — GeS, — Sb,S,

[Tpn 30imbmenni mMon.% Sb,S. mupuna 3a60po-  Moib.% Er,S, He npu3BOANTH 10 3HAYHMX 3MiH E,
HEHO{ 30HM CTEKOJ 3MEHIIyeThcs Ha ~ 0,3 eB, mo  Ta npu nonanbiomy 301IbIIEHH] I1€T KOMIIOHEHTH
MOke OyTH TIOB’SI3aHO i3 CTPYKTYpHOIO TpaHchop-  (ikcyemo nesike 3poctanHs (~ 0,04 eB ) eneprii
MalIli€ro CKIonoaioHuX crutariB. JlonaBanns (1 —3)  3a00poHEHOT 30HH.
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