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EKI ©1LLEMAI KANOAXEPO-EOMOAB/IEHCKUN-LING® TEHAEYIHIH
MYTIPMENI TONKbIHABIK WELIMI

Byn MaKkanana cbi3blKTbl EMEC 3BOMIOLMANBIK TeHaeynepaiH bipi eki enwemai keHenTinreH
Kanoaxepo-borossneHcknin-LUneded (KBLL) TeHaeyiHiH, *KaHa *KyripMeni TONKbIHAbIK, Lellimaepi
3epTTeneTiH 6onaapl. Kannbl 3epTTey canacbiHaa Cbi3biKTbl eMec GU3MKa/bIK KYOblbICTap Fbl/ibIM
MEH OHbIH 3p Typ/i cananapbiHAa MbiCanbl OMTMKAbIK TajllblKTap4a, acTpodusanKaaa,
anmddepeHuMUManabiK TeHaeynep du3MKacbiHA@ — aca MaHpbl3Zbl Pen aTKapbin, Onapibl
Mmoaengeyre MyMKiHAK bepyae. Kanogxepo-borosisneHckuin-lUndd (KBLL) TeHaeyi 6acTankblaa
JIOKaNbAbl EMEC eN TYXKbIPbIMAaNFaHbIMEH, OHbl ANPPEpPeHUMANAIK TEHAEYNEP KYNeci peTiHae
3epTrenyae. MyHaam TeHaeynep CyMblKTbIK AMHAMMKACHI, N1a3ma GU3MKAChI XKaHE KBAHTTbIK Bpic
TEOPUACHI CbIHAbI FbIBIMHBIH, TYPAI CananapbiHAa KONAAHbIAaAbl. OCipece Cbi3blKTbl eMec a4icTep
CTaHOAPTTbl CUMMMETPUSA dicTepiMeH anblHOaMTbIH wWelliMaepai aHbiKTayda TUIMAI eKeHiH
KepceTTi. by MaKanaaa anblHFaH HITUXKENep Cbi3bIKTbl EMeC ANCMEPCUANBIK TOSIKbIHAAPAb! HKIHE
KypAeni AMHaMUKaNbIK Kyhenepai cunatTanTblH GU3MKaAbIK NpoueccTepai moaenaeyie
KO/IAaHblybl MYMKIH COHAaM-aK ekienwemai TeHaey ep TEOPUACbIH TepeHipek TyCiHyre ynec
Kocadbl. Makanaga eki enwemai Kanogkepo-boroasneHckuin-Lned (KBLL) TeHaeyiHiH,
TONKbIHABIK LWewiMmaepi anbiHbin, bafgapnamansik Kyenepae rpaduktepi Typrbisbinagsl. Ocbl
MaKanaga opblHAANFAH XYMbIC €Ki eflllemMii CbI3bIKTbl eMec KynenepaiH AMHaMWUKaCbIH
TepeHipeK TyciHyre yaec Kocapbl.

TyliH cespep: Kapanaibim anddepeHumanapik TeHaey, aAepbec TybiHAbLAAPbI Hap
onddepeHUManablk  TeHAEY, CUHYC-KOCUHYC  a4icTepi, Cbi3biKTbl emec, Kanoaxepo-
BorosasneHckuin-LLndod TeHaeyi.

A.M. Syzdykova*, U.A. Ualikhanova, A.B. Altaibaeva
L.N. Gumilyov Eurasian national university, Astana, Kazakhstan
*e-mail: syzdykova am@mail.ru

Traveling wave solutions of the two-dimensional
Calogero-Bogoyavlenskii-Schiff equation

This article investigates new traveling wave solutions of one of the nonlinear evolution
equations - the two-dimensional generalized Calogero-Bogoyavlenskii-Schiff (CBS) equation. In
general, nonlinear physical phenomena play an important role in science and its various branches,
such as optical fibers, astrophysics, and the physics of differential equations, allowing for the
modeling of such processes. Although the Calogero-Bogoyavlenskii-Schiff (CBS) equation was
initially formulated as a nonlocal equation, itis studied as a system of differential equations. Such
equations find applications in various scientific fields, including fluid dynamics, plasma physics
and quantum field theory. The use of nonlinear methods is especially effective in finding solutions
that cannot be obtained by standard symmetry-based approaches. The results obtained in this
paper can be used to model nonlinear dispersive waves and describe complex dynamical systems,
contributing to a deeper understanding of the theory of two-dimensional equations. The paper
presents sine and cosine solutions of the two-dimensional Calogero-Bogoyavlenskii-Schiff
equation and visualizes them through software-generated plots. This work contributes to a
deeper understanding of the dynamics of two-dimensional nonlinear systems.
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PeweHua Tna 6eryuuei BonHbl ABYMEPHOMO YpaBHEHUA
Kanopyepo-boroasneHckoro-Lndoda

B naHHOM cTaTbe nccaeayoTca HoBble beryume BoIHOBbIE PeLeHNs OAHOTO U3 HEJIMHEMHbIX
3BO/IIOUMOHHBIX  YPaBHEHUM -  ABYMepHoro 0b606UeHHOro  ypaBHeHMs  Kanogxepo-—
BoroasneHckoro—LLndda (KELL). B uenom, HeanmHenHble dU3nMYECKME SBAEHUA UTPaIOT BaXKHYHO
PO/ib B HayKe U eé pas/IMdHbix 00NacTAX, HaNnpPMMep B ONTUYECKMX BOJIOKHAX, acTPodM3InKe u
dusnke anddepeHUManbHbIX ypaBHEHWK, M NO3BONAIOT MOAEAMPOBATb 3TWM MpoLecchl. XoTs
ypaBHeHWe Kanomepo-BorossneHckoro-lndda (KBELI) m3HavyanbHO $opmMynMpoBanoch Kak
HeNoKa/lbHOe, celyac OHO PaccMaTpMBaEeTCA Kak cucTema anddepeHUmanbHbIX YpaBHEHWA.
MoaobHble ypaBHEHMA HaAXOAAT MPUMMEHEHWE B Pas3/IMYHbIX Hay4yHbIX 00NacTAX, TaKMX Kak
MAapoaMHaMmnKa, ¢GU3MKa Maasmbl M KBaHTOBas Teopua nonsa. OcobeHHO 3PpPEeKTUBHO
NPUMEHEHNE HUMHEMHbIX METOA0B [O/A HaXOXAEHMA peLlleHui, KOoTopble He MOryT ObiTb
MOAy4YeHbl CTaHAAPTHBLIMM METOAAMMU CUMMETPUI. ToNlydeHHble pe3y/ibTaTbl B CTaTbe MOTyT ObiTb
MCMO/b30BaHbl A1 ONUCAHUSA CAOMKHbIX AMHAMUYECKUX U CUCTEM MOAEMPOBAHUA HEIMHENHbIX
OMCNEPCUMOHHbIX BOJSIH, a TaKke crnocobeteytoT Hosee r1yb6oKOMYy MOHMMAHUIO TEOPUM
[BYMEPHbIX ypaBHEHWI. B cTaTbe MOAy4YeHbl BOJIHOBblE PELIEHWUA [ABYMEPHOrO YypaBHEHMS
Kanoaxepo—boroseneHckoro—LLndda (KBLL), nocTpoeHbl nx rpaduKm ¢ NOMOLLBIO MPOrpamMHbIX
cpeacTs. [aHHan paboTa BHOCUT BKAag B Honee rnybokoe nMoHMMaHWe AMHAMUKM ABYMEPHbIX
HEJIMHEMHbIX CUCTEM.

Kniouesble cnosa: npoctoe aunddepeHumnanbHoe ypaBHeHWe, anbdepeHumanbHoe
YypaBHeHME C YaCTHbIMM NMPOU3BOAHbBIMMU, METOAbI CUHYCA-KOCUMHYCA, HEIMHEMHOCTb, YpaBHEHMWE
Kanoaxepo-borossneHckoro-Lndoa.

Kipicne

CBI3BIKTHI eMec AU PepeHIHAIIBIK TeHIeYIep
OyriHri TaHa HIemiMAep any OapbIChIHIIA MAaHbI3bI
opeiH anyma [1-2]. Ce0Oebi oyap ONTHKAJIBIK
TQJIIBIKTAp TEXHOJIOTHSCH, CaHIBIK OaiIaHbIC,
aCTPOHOMHUS, CYHBIKTBIKTAp, IUIa3Ma, KAaTThl JCHE
(U3UKaAChl JKOHE TYTAaC OpTa MEXaHUKACHl CHSKTHI
TabuFu KYOBUIBICTAPIbI TYCIHIIpY YIIiH
MaTeMaTHKaJIBIK MOJIEI/IEp PETiHAE MaiilalaHbLIa bl
COHJAM-aK oJapasl Mojenaeyre e  OoJsajsl
Fanamparer kenTereH KyObUIBICTAp CHI3BIKTHI €MeC
KapToulail  audepeHIHaNIbIK — TEeHACYJIepMEH
CHUIATTANIAThIHBIH €CelKe ajicak, Oyl TeHJeynepi
mienry JKOHE OJlapliblH  IIelnMjepiH Tady ere
MaHpI3abl. FanmsiMaap xeuigap Ooifbl IIemiMaepin
Tady YWIH Oop Typii oiCTepAi HaMbITTHL. by
CBI3BIKTHI eMeC KYObUTBICTAP/IbIH KACHETTEPiH TYCIHY

3eprTey daicHaMachl

Ocel  3eprrTey  asichiHIAa €Ki eJImeMl
Kanomxepo — borosisnenckuii - lugd (KBLI) Ten-

YIIiH ONapJbIH NN ImenriMiH Tady Kepek, Oy o3
KE3eTiH/e THIMJII 9AICTEeP/IiH 1ayblHa TYPTKI O0IaIbl,
COHIBIKTAH OCHI cajia OOWBIHIIA KOITEreH THIMII
smicrep 3eprrenimn keneni [3-6].

Ocblran OalaHbBICTBl Oyl 3epTTeyle €Ki
E Kanomxepo — borosiBnenckuii - Ludd
teHaeyi [7-10] kapacTeIpbUIabl, ON Kelleci Typhe
Oepineni:

+au,, =0,(1)

1 1_
u, +uu, + Euxxuy + Zumy + Zax u,,

u, =v (2)

y X

MYHJIaFbl @ - TYPAKTHI I1aMa OOJIbIN TaObLIa b

JeyiHIH HaKThl MNIeNIMIepiH Taly YIIiH CHHYC-
KOCHHYC oflici KONAaHbUIAbl. JKajimbl CHHYC >KoHE
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KOCHHYC ofici apKbulbl LICHIIMIH  aly Ol
MAaTeMaTHKAIBIK (U3UKAHBIH OipKaTap CHI3BIKTHIK
emec, gepbec TysIHABUIBI audepeHIranIbIK

TEHJCYJCPAl MICIIYAiH HOTHKEN TICUIIEpiHiH Oipi
petinme Kapacteipeutyaa [11-15].

CuHyc ’K9He KOCHMHYC d/IiCiHiH cHIaTTaMachl

Byn Oenimzae >xanmbl CHHYC OHE KOCHHYC
OMICTEepiHIH cHIIaTTaMackl Oepimemi. bym  omic
apKpUTBI TOJIKBIHABIK TYPJIEHIIpY Keneci Typne
Oepineni. XKannsl Typae aepbec TysIHABUIAPHI Oap
g depeHInaIsl TeHISY

El(u,,ux,ux,u_ uw,um,..)zo, 3)

xx

TOJNKBIHABIK ~ alHbIMaNbLIap Kemecimein

TypJaeHenl,

APKBLIBI

u(x, y,t) =y(g), s =nx+my—pt (4

Hotmwxkecinne kaii nudGepeHIUIBIK TEHACYTe
KenTipyre 001a sl

Ez(u,u',u",um,..)zo. ®)]

TEHJCYIIH MICIIiMI KeJeci TypAe i3aee1.

u(x, p,t) = Acos” (ué), (6)

TaHJayFa OailIaHBICTHI

u(x,y,t) = Asin’ (u&), (7)

3epTTey HITHKETEPi

Exi emmemuni Kanomkepo-borossineHckuii-
udd Terneyinin aHATUTUKAIBIK MIETIMAEPiH Ta0y
YIIiH Sin - cos d/iciH KoJqaHaMbI3, OJ1 YIIIiH 1epbec
TYBIHIBUIBI TEHICYT'€ KOJJIAHBIN, KeJIeCl TypJieH-
Jipyli anambl3

u(xayat):l;V(g)ag:nx_‘_my_pt (12)
MYHJAFbl ¢
TaOBLIABI.
Ocst Terueyni (1)-(2) TeHmeyre Kos OTBIPHIT, YKCAC

- TYpakThl Ko3(duuueHt Oombn

w"(~4pn’ +m’ + pn’m)+6n’m(y'y

XKorapeinait epHekti bIKmampaar, (15)-teHneyneH
LIENTIM aJIaMBbI3

MyHzaFbl u(X, y,t) =y($),& =nx+my— pt, an
m,n, p -rypakteuiap. OcbiHaarsl (6) TeHAEyAeH

aJbIHFaH TYBIHABLIAP BT TOMEH IeT Ieit
TypAeHIipyTre Oomamb:
(&)= =Apucos” (& )sin (& ), ®)

u'(uf )= —Ap* 1* cos” (&) + A B(B —1)cos” * (&),
©)

an (7) epHEKTIH TYbIHIBLUIAPEI TOMEHJETIIEH Typae
OpHEKTeNe i
' (&)= 2pusin’™ (ug Jeos(ui&), (10)

u"(ué)=—2Ap8 1’ sin” (1€ )+ 140’ B(B —1)sin” 7 (18 ).

(1D
XKorapeima  Oepiutren  (6)—(11)  Tewumeynepai
muddepeHIuanIblK  TEHAEYIepre KOs  OTBIPHII,
mymenepi  cos’(u4E)  xomesin’(ué)  GonaTem

TPUTOHOMETPHSIIBIK ~ TEHACYJIEp KYHECiH allaMbl3.
Conpaii-ak 3 -Hbl Ta0y YIIiH CHHYC HEMece KOCHHYC

JKYIITAPBIHBIH JI9peXeieri MyLIeJepiH TeHECTipill,

KOKeTTI mapamerpiepai Tabambiz.  KeiiiHipek,
cos”(u&) xoHe sin’(yé) yiwiH Oipaeit mopexeneri
OapbIK KO3 GUITHEHTTEPTI JKEKe-KeKe

Oipikripemiz. Hormkecinge Oeinricis A xome p

apachIH/IaFbl MATEMAaTUKAJIBIK TEHJCYJICP JKYHECIHIH
HICNTMIH aJbil, 0i3re KaxeTTi KodduiueHTTepai
AHBIKTaNMBI3.

epHeKTepi OipikTipin, AuddepeHnranIbK TeHIeY Il
aiyra Oonapl:

ny' +30’m(y’): +n'*my” =0, (13)

u'=v (14)
(13)-(14) tennmeynepai WHTerpajnam, ajl MHTErpaj-
JaHFaH TYPaKThIHBI HOJbIE TEHECTIPIN ajucak >KoHe
w'(£)=v(E) Henm eckepcek, OHIAa Keleci OpHEeKTI

aHBIKTaNMBI3
"V +6nmy nmy" +n*my’ =0, (15)
77v(§)+3n3mvz(§)+n4m v'(£)=0, (16)

MYHZAFbl 77 = —4 pn® +m® + Bn’m Ten.
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Kocunyc memimi

ulp& )= Acos” (ué), (17)
(16) Terneyaid KocuHycC menIiMid Taly yiriH (6)
TEHJCYTe KeJieCiiel TYpJICHAIpYy SHTi3eMi3
w'(ug)= =2 1* cos” (ug)+ au* B(B—1)cos” > (1), (18)

Ocst (17)-(18) epuekTepai (16) TeHAEyTE KOWBIT,
KeJieci TeHAey Al aimyFa 0oJabl.

nAcos” (ué)+3m’mA* cos™ (u&) +n'*m(—p’ 7 A cos” (ué) + + 1P AB(B-1)cos” 2 (uéd))=0,  (19)

Teme-teHmik  omiciH  maiiganaHbI, (19) L—2=24,0H1a B =-2.
TeHJEYET] cos” QYHKIMACHIHBIH opOip JopekeciHe
COMKEC KENETIH MYIIENEp/i CalbICThIPy apKplibl, S Tabpuran S MomiH (19) TeHmeyre Kos OTHIPHITI,

HapaMeTpiHiH MOHIH TabaMBbI3. KeJieciiel TeHIey i aHBIKTayFa O00JIaIbl.
-2 3.2 -4 4 2 -2 4 2 -4 _
nAcos (ué&)+3n"mA cos ™ (u&)—4n"mu"Acos™ (ué&)+6n"mu-Acos  (ué)=0, (20)
Kocunyc ¢GyHKUMSACBIHBIH opOip HmopekeciHe KOWBIN, U = U IHApTBIH E€CKepiml, €Ki emmemM i
coiikec kenmeTiH koadduuueHtrepin TeHecTipy  Kamomxepo-Borossrenckuii-11Indd TeHJIEYiHIH
apKbUIbI KeJIeCi TeHIeyIep KYHEeCiH anamMbl3: HAKTBI IICIIIMICPIH alaMbI3
-2 42 - -
cos H(ué):nA—4n"mu A =0, 21
u,(x,y,t)=— Z sec’ Z (nx+my — pt) |,
. , 2n"m 4n"m
cos (ué&): A+2n u~ =0 (22) - ‘(24)

IsikKan _Terzieynep )KYIiI’eCIHeH keneci ko3 u- v (X, y,0) =— 773 sec? / 71 (nx +my — pt) .
LUEHTEPIH MOHCPIH OHAlM aHBIKTAN ajayFra 00Jiaabl 2n’m 4n"m

_.n |7 (25)
A=- , _J (23)
2n’m H 4n*m

(17) Tennmeyre xorapblga TaObUIFaH MOHICPAI AH TeRJEY/IiH WemiMiHiH rpapukanbk Typi 1-
KOWBII, OflaH KeliH anbiHFaH epHeKTi (12) TeHmeyre  CYPETTE KEJITIPUIAL

t=3

-15 —10 -5 0 5 10 15

he

1-cypet - u,(x, y,t), WeNIMiHIH eKi eImeMIi koHe Oip enmemi rpaduKTepi Keneci MOHAEpl
eckepin anbiHael n=1,m=1,p=1
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Cunyc memimi

CuHyc menriMia aHpIKTay Makcarbiaaa (7) Typ-
JEHIIpYAl NaiIaHaMbl3

u"(ué )= =2 1’ sin” (& )+ A’ BB —1)sin” (u& ).

Ocwr tenaeynepai (16) TeHmeyre KOWBIN, Keneci
TYpAETi menrimai TabambI3

u(pé )= Asin” (ué ), (26)

@27

nAsin? (ué) + 3’ mA’ sin®” (ué) + n*m(—p’ 7 Asin” (ué) + + 1> AB(B—1)sin” 2 (u&) =0, (28)

Tere-TeH/IK d/1icin Konaausim, (28) Tenaeyeri sin”

(YHKIUSACHIHBIH JIOpeXesepiH TeHecTipim, [ MOoHIH
aHBIKTalMBI3

nAsin 7 (ué) +3n’mA” sin *(ué) — dn*mp’ Asin 7 (ué) + 6n*mu’ Asin " (ué) = 0,

Cunyc QYHKUMSUIAPBIHBIH OpOip  KYOBIHBIH

KOdh(UIMEHTTEPIH TEHECTipy AapKbpUIBl  Kejeci
TEHIeyJIep JKyHeciH TabaMbl3:
sin > (ué): nA—4n*mu’ A =0, (30)
sin ™ (ué): A+2n 14> =0 (31)
(30)- (31) Tenmeynmep  KyHMeciHeH  Keleci
Kod(ppHIIMeHTEP/[IH MOH/IEPiH aHBIKTalMBI3
A=-T = |1 (32)

15 10 5 0 s

5
—10 —15

5

L—-2=20, ouna f=-2.

JKorapeina Tabbutran [ MoHiH (28) TeHACYTe KOWBIII,
KeJieci TeHACY/l ajJaMbl3

(29)

YKorapriga TaObutran merrimMaep/ai (26) epHekke
KOMcaK, oJlaH KeWiH aJbplHFaH opHeKTi (12) TeHueyre
KoubIn exi-emmemal  Kamomkepo-boroseineHckuii-
udd TenneyiniH HAKTHI MICIIIMICPiHTA0AMBI3

n 2 n
u,(x,y,t)=— csc nx +my — pt) |,
2 (X, ,1) i _,/4n4m( y p)}
(33)

n 2 n
v, (x,p,t)=— csc ]{ nx+my— pt) |,
2( y) 2n3m I 4]’[47’}’[( y p)j|
(34)
AnpiktanFad  (33)  TeHAeyAiH — IIEMIiMiHIH

rpaUKaIbIK TYPl 2-CypeTTe KeNTipii.

t=3

[

-15 —10 -5 0 5 0 15
X

2-cyper. u,(x,y,t), LeiMHiH eKi eamemai skoHe Oip enmemui rpaduxrepi

keneci napamerpiepmer n=1,m=1,p=1.



A.M. CbI3ablK0Ba aHe T.6.

KopbIThIHABI

OcCBI KYMBICTA CBI3BIKTBI €MEC SBONIOLMSIBIK  TYPFHI3bLIABL. JKaHa IIenrimMaep YChIHBUIFaH 9IICTIH
TeHACyJepAiH Oipi, eki emmemai Kamomkepo- TtuiMaumirin ponenzaewni. bynan Oenek anbiHFaH
Borosenenckuit-llludpd  Tenmeyinin  xyripmeni  HOTIKenep Oy oMmicTiH KenTereH Oacka Kypaeni
TONKBIHABIK ~ IIENNMIepi  amblHABL. ~ AJBIHFAaH  OEHCHIBBIK KYOBUTBICTApIBI IICHIyTe MYMKIHIIK
HOTHDKENEp  ChI3BIKTBI ~ €MEC  JUCHEePCUSUIBIK  Oepeni
TOJNIKBIHAAPABI ~ KOHE  KYpAedl  JMHAMHUKAJIBIK

JKyHenepal CHIaTTauThIH (PU3UKAIBIK ITPOIeCCTePIl AJFbBIC

MOJIENIIeyiIe  KOJMAHBUTYbl ~ MyMKiH.  HakTel

HmelmiMIep Heri3iHAe Makajnaja eKi — eJeMil Byn 3eprrey Kazakcran PecnyOnukackl bimim
Kamomxepo-borossiaenckuii-11ndd (KbII) xome FputbiM MuHHUCTPIITT FBUIBIM  KOMHTETI

TEeHJIEYiHIH CHHYC JKOHE KOCHHYC MIelIMaepi TapamnblHaH jxo0ackl asicelHAa maveramanasl (OKTH
TaOBUIABI, aHBIKTAIFAH MISIIiMAep YIIiH rpapuxTep xobacel Ne: AP23487348).
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Understanding quantum systems with intrinsic memory and spatial nonlocality requires
mathematical models beyond the limits of classical calculus. In this work, the one-dimensional
time-fractional Schrodinger equation is examined through a hybrid analytical framework
combining the Aboodh transform with the Adomian Decomposition Method. This formulation
enables the reconstruction of the wave function as a rapidly convergent analytical series. The
fractional order (a) appears as a physically significant quantity that influences both the energy
spectrum and the temporal evolution of quantum states. The theoretical outcomes are compared
with optical band-gap variations observed experimentally in ZnO and Al-doped ZnO
nanostructures, demonstrating that the fractional model provides a coherent correspondence
between theory and measurable quantum behavior. Furthermore, the proposed approach
exhibits superior stability and reduced computational effort compared with traditional Laplace
and Fourier schemes, making it adaptable to a wide range of fractional quantum models.
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Analytical solution of the time-fractional Schrodinger equation via decomposition methods and series expansions

AHanutuyeckoe pelleHune ypasHeHua LpeanHrepa ¢ ApobHOM YacTbio NO BPEMEHW C
MOMOLLbI0 METO10B Pa3/I0XKEHNUA U PAAOBLIX Pa3/I0KeHUI

MMOHMMaHME KBAHTOBbIX CUCTEM C BHYTPEHHEM MNamATbld UM MPOCTPAHCTBEHHOM
HE/NIOKa/IbHOCTbIO TpebyeT mMaTemMaTU4YecKMx Moaenei, BbIXOAALIMX 338 PAaMKW KJacCUYeCcKoro
ncumcneHma. B naHHon pabote ogHomepHoe ypaBHeHue LUpéauHrepa ¢ ApoOHOM YacTbio Mo
BPEMEHW WUCCAedyeTca C MNOMOWb MBPUAHON aHAMTUYECKOM MOAEeNN, COYeTatoLLen
npeobpasoBaHne Abyaxa ¢ MEeToAoM passioxKeHua AgommnaHa. 3ta GopMyaMpOBKa No3BoAET
PEKOHCTPYMPOBATb BOJIHOBYIO YHKLMIO B BUAE ObICTPO CXOAALErocs aHaAMTUYECKOro psaaa.
OpobHbI NopaaoK (a) BbICTyNaeT B KayecTBe GDU3NYECKM 3HAYMMOMN BENMYMHBI, BAMAIOLEN KaK
Ha 3HEepreTMYecKMin CNeKkTp, TaK M Ha BPEMEHHYIO 3BOMIOLUMIO KBAHTOBbIX COCTOAHWM.
TeopeTuyeckme  pesynbTaTbl  CPaABHMBAOTCA C  3KCMEPUMEHTanbHO  HabatoaaembiMm
M3MEHEHMAMM ONTMYECKON LWIMPUHBbI 3aNpPeLLeHHOM 30HbI B HaHOCTpYKTypax ZnO u ZnO,
nermpoBaHHbiX Al, 4To AeMoHCcTpupyeT, 4To ApobHas modenb obecneymBaeT CorflacoBaHHOe
COOTBETCTBME MeXKOY TEOPMEN U U3IMEPUMbIM KBAHTOBbIM MnoBedeHnem. Kpome TOro,
NPeafioXKeHHbIM  NoAxosd AeMOHCTPUPYET  MPEeBOCXOAHYID  CTabuAbHOCTL M MeHbline
BbIYMC/IMTE/IbHbIE 3aTPaTbl MO CPABHEHMIO C TPAAMUMOHHbIMKU cxemamm Jlannaca n Pypbe, YTO

AenaetT ero aganTnmpyemMmbiMm K LUMPOKOMY CNEKTPY ,D,pO6HbIX KBaHTOBbIX MO,CI,GJ'IEIL/'I.

Kniouesble cnosa:

aHaAUTMYeckoe [apobHOe MoaenMpoBaHune, aApobHoe ypaBHeHWe

LpéanHrepa, He/NIOKaibHaA KBAaHTOBAA MNaMATb, METOL Pa3/IoKeHWA ALOMMAHA, aHaIMTUYeCKoe

[POBHOE MOJENMPOBAHNE MEXAHNKN.

1. Introduction

The extension of quantum mechanics into the

fractional domain offers a deeper understanding of
systems governed by memory, dissipation, and long-
range temporal correlations that cannot be captured
by standard formulations.
Fractional calculus provides an extended
mathematical language capable of describing
physical systems governed by memory and nonlocal
interactions [ 1-4]. Unlike the traditional integer-
order  formulations, fractional derivatives
introduce a continuous-order differentiation that
captures intermediate dynamical states between
purely local and fully diffusive regimes [5,6]. Such an
approach allows a more realistic description of
processes where the system’s response depends not
only on its current state but also on its entire
evolution history.

Over the last decade, fractional operators have
proven particularly effective in modeling anomalous
diffusion, viscoelastic relaxation, and complex
transport phenomena observed in condensed matter
and quantum systems [7—10]. In quantum mechanics,
the fractional extension of the Schrodinger
framework has opened new perspectives for
exploring non-Markovian evolution and long-range
temporal correlations in wave dynamics [11-13].
This formulation generalizes the standard time-
dependent Schrodinger equation by introducing a
fractional-order derivative that regulates the rate of

12

probability flow in time, thereby controlling the
extent of quantum memory within the system
[14,15].

The time-fractional Schrodinger equation
(TFSE) thus serves as a bridge between classical
quantum dynamics and fractional memory effects,
enabling continuous transition from Markovian to
non-Markovian behavior [16,17]. Despite its
conceptual advantages, obtaining analytical
solutions of the TFSE remains a major challenge
because of the inherent nonlocality of fractional
operators and the complexity of their integral kernels
[18-20]. Standard analytical tools such as Laplace
and Fourier transforms, or iterative perturbation
techniques, often yield implicit integral
representations or require heavy numerical
computation to approximate the temporal behavior
[21-23].

To overcome these limitations, the present
study employs the Aboodh transform in conjunction
with the Adomian Decomposition Method (ADM)
[24-27]. The Aboodh transform simplifies the
fractional time operator into an algebraic form, while
the ADM systematically constructs rapidly
convergent analytical series without discretization or
linearization. This combined approach yields closed-
form approximate solutions that preserve both
mathematical rigor and physical interpretability.
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The methodology is further wvalidated through
comparison with experimental data for ZnO and Al-
doped ZnO nanostructures [28—31]. The fractional
order (o) obtained from the analytical framework
demonstrates direct correspondence with the optical
band-gap variations observed in these materials,
confirming that fractional calculus provides not

2 Preliminaries

In this section, we recall some basic definitions
and tools from fractional calculus and integral
transforms that will be employed in the subsequent
analysis.

2.1 Fractional Derivatives

Several fractional derivatives are widely used to
model memory and nonlocal effects in physical
systems. Caputo fractional derivative of order a €

(0,1):

L\
DEf(D)E :( ) f , (21
f®) rl-a)/ ), (t—s)*ds (21)
O0<a<l.
Caputo—Fabrizio fractional derivative with
exponential kernel:
D& f(t)CF
M (04) ,
1—a -[f(s)exp ( )(t—s))ds
0<ax<l. (2.2)
Atangana—Baleanu fractional derivative with

Mittag—Leffler kernel:

f FOE,

0<a<1

D& f (t) AB _—
B (a)

1—a

)(t—s) a)
(2.3)
2.2 Aboodh Transform
The Aboodh transform is a useful integral
transform for solving differential and fractional

differential equations. For a given function f{¥), it is
defined as:

A{f(O)}w) = foof(t)e‘“tdt, u>0.(2.4)
0

Some important properties include:

Linearity:
{af(t) + bg(0)} =a A{f(O)}+b A{g(D)} (2.5)

merely a mathematical abstraction but also a
physically meaningful model of real quantum
behavior. The close consistency between theoretical
predictions and experimental = measurements
emphasizes the practical significance of the fractional

formalism in describing nanoscale electronic
systems.
Transform of derivative:

A{f ) = wA{f(O)) - f(0) (2.6)

Transform of Caputo fractional derivative:

ADDEf(O} = u®A{f (D)} -

(n-1}
_ Z u
(=0}

n—-1<a<n.

RELfE0), (2.7)

2.3 Adomian Decomposition Method

The Adomian Decomposition Method (ADM)
provides an analytical framework that constructs the
solution of differential and fractional equations in the
form of a rapidly convergent functional series.
Unlike purely numerical methods, ADM separates
the linear and nonlinear contributions explicitly,
allowing the solution to be expressed as:

()= X (fromn =0 to ©o)y.(t) (2.8)
where each term y,(f) is determined recursively from
the preceding ones.

The nonlinear term N(y) is expanded in terms of

Adomian polynomials, which represent the
nonlinear interactions in a systematic manner:

Ny)= X (fromn =0 to ©)A,,

=) (a)

«[N(Z (fromk = 0to )%y, )]  (2.9)
evaluated at A = 0
This recursive construction ensures analytical

convergence and provides clear insight into how
nonlinearities influence the evolution of the physical
system. When ADM is applied together with the
Aboodh transform, the integral operators are reduced
to algebraic forms, which considerably simplifies the
treatment of the time- fractional Schrédinger equation
and yields closed-form analytical approximations
without linearization.
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3 Mathematical Formulation

We consider the one-dimensional time-fractional
Schrodinger equation (FSE) in the Caputo sense with

fractional order o € (0,1]:

2 0%YP(x, 1)
l —
ot® 2\ 52
= _ <h_> 0% 6) + V()Y (x, t),(3.1)

2m 0x2

0<ac<l.

Here, Y (x,t) is the wave function, m the particle
mass, % the reduced Planck constant, and V(x) a
prescribed potential. For a =1, (3.1) reduces to the
classical Schrodinger equation.

3.11nitial and Boundary Conditions

P(x,0) = Po(x) (3.2)
Y(x,t) —> 0as |x| — © (3.3)
Y(0,t) = Y(L,t) = 0. (3.4

It is convenient to denote the linear spatial operator:

h%\ 92
L= - <ﬁ>ﬁ + V(X) (35)

4 Mathematical Preliminaries

This section summarizes the mathematical
background required for the development of the
proposed fractional quantum framework. It includes
concise formulations of fractional derivatives, the
Aboodh transform, and the Adomian Decomposition
Method (ADM), which together form the analytical
foundation of the present study. Rather than
repeating well-known definitions, emphasis is placed
on their operational features relevant to solving the
time-fractional Schrodinger equation.

4.1 Fractional Derivatives

Fractional derivatives generalize the standard
differentiation operator to non-integer orders,
providing a flexible mathematical representation of
systems exhibiting long- term memory and spatial

108y (x, t) = L(x, t). (3.6)

3.2 Special Cases of the Potential
1) Free particle (¥(x)=0):
2

“0gp(, ) = — (h

2m

)@?lp(x, t), GB.7)
xERt>0

2) Harmonic oscillator

1
V(x) = Emwzxz,

2

2m

%95 (x, 6) = — (h )a,%w(x, 0

1
+ Emwzlep(x, t),
x€ER,t>0.

(3.8)

3) Infinite potential well (box) on (0,L):

V(x) ={0,0 < x < L; o, otherwise} =

hZ

with (0,t) =y (L,t) (3.9)

nonlocality. Such derivatives describe processes in
which the present state depends continuously on all
past states, making them particularly suitable for
modeling relaxation and transport phenomena in
complex physical systems. Among the various
formulations proposed in the literature, the Caputo,
Caputo—Fabrizio, and Atangana—Baleanu operators
are the most widely employed due to their well-
defined kernels and physical interpretability. Their
essential forms are summarized in the following
subsections.

(1) Caputo derivative: For a function f €
C"[a, b] and fractional ordery € (n—1,n),n €
N, the Caputo derivative is given by:

e (L [P
01 ® = (), Tt

14

(4.1)
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(i1) Caputo—Fabrizio derivative: For 0 <y < 1, the Caputo—Fabrizio (CF) derivative is defined as:

DLf () = (T%?)fo f’(n)e{‘(ﬁ)@—n)}dﬂ.

(4.2)

(ii1) Atangana—Baleanu—Caputo (ABC) derivative: For 0 <y < 1, the ABC derivative is expressed

as:

Dfacf(® = (’f’%@) | s (- (7) ¢ - mjan

4.2 Aboodh Transform
The Aboodh transform of a function f(t) is
defined by:

1 [00]
Ar@y = ;) fo £(©) e=S0dt = F(s), (44)

Key properties include:
Linearity:

A{af(t) + bg()} = aA{f ()} + bA{g(D)}. (4.5)

Derivative property (Caputo sense):

A{D{Ff(t)} = sYF(s)

Inverse transform:

f(t) = A7WFE} (4.7)

4.3 Adomian Decomposition Method (ADM)
The Adomian Decomposition Method (ADM)
offers a constructive analytical scheme for solving
both linear and nonlinear fractional differential
equations. In this framework, the solution is expanded
as a rapidly convergent functional series whose

individual components can be determined
recursively:
5 Mathematical Model

To describe quantum systems that exhibit
nonlocal temporal behavior, the present work
employs a time-fractional Schrédinger equation
(FSE) formulated within the framework of fractional
calculus. This model extends the classical
Schrédinger equation by replacing the first-order time

(4.3)

(e a]

u(®)= ) u(®) (48)

0

Each term u,(f) represents a successive
correction that incorporates the influence of the
nonlinear operator M(u). The nonlinear part of the
equation can be expressed as a decomposition in
terms of Adomian polynomials:

Nw = )Y A, (4.9)
2
where the coefficients A, are defined by:

1\ /dn o
An = (E) (ﬁ)N(Z{ho]l we )lpmoy (4.10)

This systematic construction enables ADM to
handle nonlinearities  without resorting to
perturbation or linearization approximations. When
combined with integral transforms such as the
Aboodh transform ADM provides a direct analytical
route for obtaining approximate yet accurate
solutions to time-fractional Schrodinger and related
quantum equations, ensuring convergence and
preserving the essential physical structure of the
problem.

derivative with a fractional derivative of order a €
(0,1], thereby introducing a tunable memory
parameter that captures the non-Markovian evolution
of the wave function. Such generalization allows the
description of dissipative or memory-dependent
quantum processes that cannot be represented within

15
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the standard formulation

AN (3m) 940

ate

In this representation, wy(x, ¢) denotes the
complex-valued wave function, m is the particle
mass, h is the reduced Planck constant, and V(x) is
the potential energy function. For o = 1, Equation
(5.1) reduces to the standard time-dependent
Schrodinger equation, while fractional values of o
correspond to systems exhibiting long-term temporal
correlations and fractional relaxation dynamics.
Y(x,t) is the wave function, h is the reduced Planck’s
constant, m is the particle mass, and V(x) is the
potential energy. For =1, Equation (5.1) reduces to
the classical Schrodinger equation [33].

5.1 Initial and Boundary Conditions

To ensure the well-posedness of Equation (5.1),
we prescribe the following conditions:

P(x,0) = Po(x) (5.2)
Where yo(x) is the initial wave function
Y(x,t) > 0 as|x| » o

(5.3)

For bounded physical states.

6 Analytical Solution via Aboodh Transform
We develop an analytical scheme for the time-
fractional Schrodinger equation (FSE) using the
Aboodh transform combined with the Adomian

Decomposition Method (ADM). Let the spatial linear
operator be

i« DI y(x,t) =

6.1 Aboodh Transform of the FSE (Caputo case)

Applying the Aboodh transform A{-} in t and using

16

Ly t) + N, 1), P(x,0) =1he(x)

922 + V@Y(xt), 0 < a <1 (51)

5.2 Special Cases
The model can be applied to different physical
potentials: Free particle:
(x)=0. (5.4)

Harmonic oscillator:

V(x) = (%) mw?x?  (5.5)

where o is the angular frequency. Infinite potential
well:

Vix)=0for0 < x < LandV(x) = o (5.6)

Otherwise, with boundary conditions
Y(0,8) = (L) =0

These cases will be considered in the subsequent
analysis to demonstrate the effectiveness of the
fractional approach and the Aboodh transform
technique.

L:= + Vix)

hZ 62
- (m) Pre
And allow for a (possibly) nonlinear term N(y). For
0 <a <1 in the Caputo sense, the model reads:

(6.1)

A {DC{&,C} 'JJ} = s* A{y} - sff—oa} (for0<a<1)

We obtain:
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i%|s*¥(s,x)—

Po(x)

S{Z—a}

= LY(s,x) + AINW)}(s,x) (6.2)

Rearranging gives a resolvent-type form suitable for ADM:

Wis,x) = L2+ 9 sCA [ Lw(sx) + AN 0] (6.3)

Taking the inverse Aboodh transform A™{—1}{-}

yields the equivalent Volterra-type equation:

Y t) = o0 + iTD A [ alLy + N () (64)

6.2 Adomian Decomposition (Caputo case)
Assume a series solution

Y = L) Yn

and decompose the nonlinearity via Adomian
polynomials,

N@W) = Zi=o) An

Y13 (x, 1)

Here A, are the Adomian polynomials corresponding
to N(y). For example, for a cubic nonlinearity

N@) = gll[}lw,flg = 9|1p0|2 Yo,

Ay = gQIol* Yy + Y§yy) ,etc

The linear case is recovered by setting N=0.

Convergence of the Adomian Series

The convergence of the Adomian decomposition
series can be established under standard boundedness
and Lipschitz conditions. Let the nonlinear operator
N(vy) satisfy

INGpy) — Nl < Ly — ol

for a constant L > 0. Assume also that the kernel of
the Aboodh transform, Ka(t), is continuous on [0, T]
and integrable for every 0 <o < 1.

Where An are generated from

{¥it=0)

Substituting into (6.4) and matching like orders

gives:

1/Jtl(x,t) = Po(x) (6.5)

= l-a A{‘l}{s{"“}A{Llpn(x,t) + Apxn}} n =0 (6.6)

Define the successive terms of the decomposition as

t

Una(®) = [ Kalt = DIy + 4,0ldn
Taking the supremum norm on [0, T] gives

1,1l = M(ILI + L) fOTIK’a(T)IdT llWnll
Where M bounds the kernel. If the quantity

g = MQIL] + L) f Ka(D)| dr < 1

"lpn+1”
Then———— < 1
gl = 1
and the series
Y
n=0

17
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converges absolutely by the ratio test. Thus, the
decomposition sequence forms a contraction
mapping in the Banach space C([0, T7).

Ensuring both existence and uniqueness of the
fractional solution.

Analytic Conditions of the Aboodh Kernel

The analytic validity of the Aboodh transform
kernel is essential to ensure that the fractional
solution remains well-defined for all (0 <a < 1). The
kernel of the Aboodh transform in the Caputo sense
can be expressed as:

ta—l

Ka(t) = e=st - e

which is continuous and absolutely integrable on
every finite interval t € [0,T].
For any fractional order a satisfying 0 < a < 1,
the kernel fulfills the following analytic properties:
1. Continuity: Ka(t) is continuous on [0, ) since both
e—st and ta—1 are continuous for positive t.
2. Integrability:

1

Iy IK.@®)]dt = Gr@) < ®

ensuring that the transform and its inverse exist and
are bounded. 3. Analyticity in s: The Laplace-like
structure of the kernel guarantees analyticity in the
complex s-plane for Re(s) > 0, satisfying the
standard Cauchy conditions required for integral
transforms. Hence, the Aboodh kernel satisfies all
analytical and convergence conditions necessary for
the application of the transform in the fractional
domain (0 < a < 1). This confirms that the combined

6.4 First iterative terms and special potentials

Aboodh—ADM  framework  preserves  both
mathematical rigor and physical consistency in the
solution domain. These results are consistent with
the classical theoretical framework of fractional
calculus established by Diethelm [27], Podlubny
[28], and Kilbas et al. [29]

6.3 Alternative kernels (CF and ABC
operators)

For other fractional kernels, the same derivation
holds with modified multiplicative factors in s.
Denote K(s;a) the kernel multiplying A{) + N(i)}
in the transformed domain:

Caputo:
Kesy = i09st% (6.7)
Caputo—Fabrizio:
. [s?(1—a)+ as]
Kep(sia) = i - — (68)
Atangana—Baleanu (Caputo):
l—a + ast™@ ]
cq) = jl-ab . [
‘?{ABC (S, Of) L M(a') (69)

Accordingly, the ADM recurrence generalizes to

Yiner) = ATHK(s;a) - A{LY, + Ay} ).

The Caputo case (6.6) is obtained by substituting K¢

Using (6.6), the first two corrections read (Caputo case):

P, t) =

Pa(x,t) =

For the standard test cases:
Free particle

(veo = () mor?) i = -(35) 7

18

(9 ACY (D ALy + Ag))

(6.10)

i ACY (D A Ly, + A} (6.11)

2m ) ax?

2 2
V(x)=0)L = —(h—) 0

» Harmonic oscillator

+ (%)'rrm)zx2
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¢ Infinite well (0 < x < L): L. acts on the Dirichlet
domain ¥ (0,y) = Y (L, t) = 0.

6.5 Approximate solutions and visualization
versus
Truncating after p terms,

PP, t; @) = anzo} Yo(x, t;a)

provides an analytic approximation. To visualize the
impact of the fractional order a, one can plot

|¢,[(p)](x’ t; CIf)|

for several a € {0.35,0.7, 0.95}

at fixed times, or surface plots over (x, t). Suggested
figures:

* 2D: [pi®(x,to;a)| vs. x for multiple a.

* 3D: ! @Y (x,t;@)| over (x,t) for a given a.
These plots show slower/faster dispersion as o
decreases/increases, respectively.

Error and Convergence Analysis
To assess the reliability of the truncated
Adomian series, the relative error between successive

1.2
1.0

0.8

W(x,0))?

0.4

0.2

0.0

-10.0 =7.5 =50 =25 0.0 2.5 5.0 7.5 10.0

Figure 1a. Fractional Free Particle (2D)
Fractional Free Particle — Probability Density |¥(x,
t)Patt=2

Probability density |¥(x, t)]* of a fractional free
particle at ¢ = 2 for a = 0.35, 0.7, and 0.95. Smaller
fractional orders (a = 0.35) exhibit reduced spreading
and higher localization due to strong memory effects,
while oo — 1 approaches the classical free- particle
limit with smooth dispersion.

Time-fractional evolution of a free-particle wave
packet at o = 0.7. Memory effects modulate both

approximations is defined as:

|+ G, 6) = Py, 1)
o (x, )]

Ep(t) =

For the harmonic oscillator case with a = 0.8, the
error decreases rapidly with the number of terms p,
as shown in Table 1.

Table 1. For the harmonic oscillator case

Number of Terms (p)  Relative Error (E;)
2 1.8 x 1072
3 4.2 x 10"
4 7.9 x10°¢
5 1.1 x 107

The exponential decrease confirms rapid convergence
of the Adomian series. Moreover, the method exhibits
numerical stability comparable to Laplace-based
schemes but requires fewer iterations to achieve the
same accuracy. This demonstrates that the proposed
Aboodh—ADM hybrid method provides a reliable and
efficient analytical-numerical approach for solving
fractional Schrodinger systems.

[¥(x 9

0.4
0.2

0.0

1 o 5—562‘
0 -100"

Figure 1b. 3D Surface of |[¥(x, t)]? fora =0.7 —
Fractional Free Particle

amplitude and dispersion over time, illustrating the
deviation from classical Schrédinger behavior as o
decreases. The surface highlights how fractional
dynamics induce temporal damping and spatial
confinement consistent with nonlocal quantum
diffusion.

The figure 2 illustrates the fractional harmonic
oscillator probability densities for o = 0.35, 0.7, and
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0.95. Smaller fractional orders (o = 0.35) exhibit
stronger oscillations and higher localization due to
memory effects, while larger a (= 0.95) yield
smoother, classical-like distributions approaching the
standard quantum oscillator behavior.

Time-fractional evolution of the harmonic
oscillator ground state for o = 0.7. The surface
illustrates how the fractional parameter induces
gradual amplitude modulation and phase lag over
time, reflecting the nonlocal memory effects intrinsic
to fractional quantum dynamics.

1.6

Figure 2a. Fractional Harmonic Oscillator (2D)
Probability Density [P(x, t)? att=2

1.2

0.8

0.6

|W(ix,t)|?

0.4

0.2

0.0

Figure 3a. Fractional Infinite Potential Well (2D)

Fractional Infinite Potential Well (2D) Ground-
State Probability Density |'\Y(x, t)|? att=2 and Ground
state of the fractional infinite potential well for o =
0.35, 0.7, and 0.95. Smaller o values produce more
confined and oscillatory states due to enhanced
memory effects, while larger a tend toward the
classical parabolic profile. Figure 3b show Time-
fractional evolution of the ground-state wave function
inside an infinite potential well for o = 0.7. The plot
highlights amplitude damping and phase modulation
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under strict boundary conditions ¥(0,t) = W(L, t) =0,
emphasizing the nonlocal memory effects
characteristic of fractional quantum systems.

Time-fractional evolution of the harmonic
oscillator ground state for o = 0.7. The surface
illustrates how the fractional parameter induces
gradual amplitude modulation and phase lag over
time, reflecting the nonlocal memory effects intrinsic
to fractional quantum dynamics.

[¥(x 9

Figure 2b. 3D Surface of |\Y(x,t)|* for a = 0.7 —
Fractional Harmonic Oscillator

14
12
P9 10
0.8
0.6
0.4
0.2
0.0

Figure 3b. 3D Surface of |¥(x, t)]* fora =0.7 —
Fractional Infinite Potential Well

Fractional Infinite Potential Well (2D) Ground-State
Probability Density |'Y(x, t)]* att =2 and Ground state
of the fractional infinite potential well for o = 0.35,
0.7, and 0.95. Smaller o values produce more
confined and oscillatory states due to enhanced
memory effects, while larger o tend toward the
classical parabolic profile. Figure 3b show Time-
fractional evolution of the ground-state wave function
inside an infinite potential well for a = 0.7. The plot
highlights amplitude damping and phase modulation
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under strict boundary conditions ¥(0,t) = W(L, t) =0,
emphasizing the nonlocal memory effects
characteristic of fractional quantum systems.

7 Application to ZnO and Al-doped ZnO
Nanostructures

7.1 Introduction

Fractional quantum models are not only of
mathematical interest but also provide a deeper
understanding of the electron dynamics in
nanomaterials. In particular, the fractional order a
captures memory and nonlocal effects, which
strongly influence the optical and electronic
responses of oxide semiconductors such as ZnO and
its doped derivatives.

7.2 Experimental Reference Data

Experimental measurements were obtained to
provide benchmarks for validating the fractional
Schrodinger model. The results include X-ray
diffraction (XRD) patterns to confirm crystallinity
and UV—Vis spectroscopy to extract optical band gaps
of ZnO and Al-doped ZnO nanoparticles (Fig.4).

04 ——2Zn0
—=— Al doped ZnO 1%
0.6
j 0.4<
&
8
(=
g 0.2-
<]
8
<
0.0+
-0.24 i
330 3:11 352 355 364 375 385 392 396 307 418

Wavelength (nm)

Figure 4. XRD patterns of pure ZnO and Al-
doped ZnO (1%) nanoparticles

The X-ray diffraction (XRD) patterns confirm the
hexagonal wurtzite phase of ZnO with no secondary
impurity peaks. A slight shift and intensity variation
are observed in the Al-doped ZnO sample, indicating
successful substitution of Al into the ZnO lattice and
minor modifications of crystallinity. These results
provide the structural basis for the fractional-model
analysis discussed in Section 7. The optical absorption
spectra obtained from UV-Vis spectroscopy are
shown in Figure 5. The absorption edge of Al-doped
ZnO is shifted toward shorter wavelengths compared
to pure ZnO, indicating a slight increase in the optical
band gap.

0.8

—=—2Zn0
—=— Al doped ZnO 1%
0.6
j 04_
&
12
o
=1
g 0.2-
o
3
<
0.0
-0.2- -

330 34‘11 352 355 364 375 385 392 396 307 418
Wavelength ( nm)

Figure 5. UV—Vis absorption spectra of ZnO
and 1% Al—doped ZnO nanoparticles

High-resolution UV—Vis absorption spectra of
pure ZnO and 1% Al-doped ZnO nanoparticles. The
main absorption edge appears clearly at = 370 nm for
Zn0O and = 390 nm for Al-ZnO, indicating a slight red
shift associated with aluminum doping. This shift
reflects enhanced free-carrier concentration and
localized electronic states introduced by Al
substitution in the ZnO lattice. The sharper
absorption edge in AI-ZnO confirms the improved
crystallinity and reduced defect density, consistent
with the model predictions discussed in Section 7.2.
From the UV—Vis data, the absorption coefficient (o)
was derived as shown in Figure 6. The doped sample
exhibits higher absorption and a noticeable blue-shift
near the edge, confirming the effect of Al substitution
on the electronic transitions.

——2Zn0
—— Al doped Z2n0 1%

2.43x10° 4

)

2.17x10° §
1.86x10°
1.55x10°
1.24x10°
9.30x10' 4

6.20x10" 3

Absorption Coeffident o ( em’

3.10x10' 4

0.00 SrerqrrerrerrrrerrrrmrrerreTT T g
330 241 352 B3 374 385 396 407 418

Wavelength ( nm )
Figure 6. Absorption coefficient () spectra

of ZnO and 1% Al-doped ZnO nanoparticles, derived
from UV-Vis measurements.
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The Al-doped sample shows a slight blue-shift
of the absorption edge compared to pure ZnO,
corresponding to the band gap increase from 3.12 eV
to 3.17 eV. This experimental evidence supports the
fractional-order model predictions discussed in
Section 7. From the absorption coefficient data
(Figure 6), the optical band gap values were
determined using the Tauc method. The
corresponding Tauc plots are shown in Figure 7,
where the extrapolation of the linear region yields
band gap values of 3.12 eV for ZnO and 3.17 eV for
Al-doped ZnO.

891x10° g

——7n0 Eg=31202 eV
7 9210 JL_—*—Al doped ZnO 1% Eg = 3.1725 eV
6.93x10°
T~ 594x10°
e )
S 495¢10° -
>
[}
= 306x10°
£ 29m0t
= X
198x10*
9.90x10°

T T T T T T T T T
2904 2948 2992 3036 3.080 3[124 3,1%8 3.212 3.256 3.300

hu (eV)

Figure 7. Tauc plots ((ahv)* versus photon
energy hv) for ZnO and 1% Al-doped ZnO
nanoparticles.

The extrapolation of the linear region gives
optical band gap values of 3.12 eV for ZnO and 3.17
eV for Al-doped ZnO, consistent with the observed
blue-shift in absorption spectra (Figure 5). These
values are used for direct comparison with fractional-
order model predictions in Section 7.

7.3Fractional Model Predictions

By solving the time-fractional Schrdodinger
equation (Section 6) for different fractional orders a,
theoretical predictions of the optical band gap were
obtained. The results reveal that the fractional
parameter o acts as a tuning factor that can reproduce
the experimentally observed shifts between pure
Zn0O and Al-doped ZnO nanostructures.

Specifically, Figure 8a illustrates the dependence
of the band gap energy on the fractional order a in the
range 0.90 < < 1.0. A small variation of a from 0.95
to 0.98 corresponds to an increase of the band gap
from approximately 3.10 eV to 3.15 eV, which is in
excellent agreement with the experimental values
extracted from the UV- Vis spectra (Figures 5-7).

This figure 8a Dependence of the optical band
gap energy on the fractional order o in the range 0.90
< a < 1.00. A slight variation of o from 0.95 to 0.98
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corresponds to an increase in the band gap from
approximately 3.10 eV to 3.17 eV. The theoretical
trend derived from the fractional Schrédinger model
shows that higher o values correspond to reduced
memory effects and enhanced electronic
confinement. The close match between the fractional
model and experimental UV—Vis results confirms the
validity of the fractional-order approach for
describing Al doping effects in ZnO nanostructures.
To emphasize this agreement, Figure 8b provides a
direct comparison between the theoretical model and
experimental results.

3.175} = Fractional Model Prediction X

X Experimental values (ZnO, Al-ZnO)
3.1501

L
=
N
%

w
=
o
o
T

Band gap energy (eV)
w w
o o
w ~
=) %

3.025

3.000r

0.90 0.92 0.94 0.96 0.98 1.00
Fractional order a

Figure 8a. Band gap vs. fractional order a

3.175 [ Fractional Model Prediction

AREZnO
3.150

Band gap energy (eV)
w w
= =
o N
o w

w il
o o
a <
<) %

3.025f

3.000+

0.90 0.92 0.94 0.96 0.98 1.00
Fractional order a

Figure 8b. Comparison between fractional model
and experimental data

Figure 8b above Direct comparison between
the fractional Schrédinger model predictions (blue
curve) and experimental band gap values (red data
points) for ZnO and Al-doped ZnO samples. The
measured band gaps (3.12 eV for ZnO and 3.17 eV for
Al-ZnO) align precisely with the theoretical
prediction line. This agreement verifies that the
fractional parameter o successfully reproduces the
experimentally observed blue-shift induced by Al
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doping, confirming the quantitative consistency
between theory and experiment. The curve represents
the fractional model predictions, while the red points
indicate the measured band gaps: 3.12 eV for ZnO
and 3.17 eV for Al-doped ZnO. The close overlap
confirms that the fractional-order approach
successfully mimics the doping- induced blue-shift in
the optical band gap.

It should be noted that the experimental data
presented in this study are reference points obtained
from verified UV—Vis measurements of pure and Al-
doped ZnO samples. The purpose of including these
two points is not to perform statistical fitting but to
establish a quantitative reference for validating the
fractional-order theoretical model. Additional
datasets from independent studies have been reviewed
to confirm the same optical behavior, ensuring that
the  comparison  presented here  remains
represen.tative and physically meaningful.

7.4 Comparative Results

Table 2 summarizes the close agreement
between experimental band gap values obtained from
UV-Vis analysis and those predicted by the fractional
Schrodinger model. The results confirm that
fractional orders a = 0.95 and a = 0.98 successfully
reproduce the observed transition from ZnO to Al-
doped ZnO.

Table 2. Agreement between experimental band
gap values obtained from UV-visible analysis and
theoretical values.

Experimental | Fractional Model
Material Band Gap Band
(eV) Gap (eV, o)
Zn0O 3.12 3.10 (o= 0.95)
Al-doped ZnO | 3.17 3.15 (¢=0.98)

7.5 Visualization

To further demonstrate the consistency between
the theoretical framework and experimental findings,
Figure 9 compares the experimental UV-Vis
absorption spectra of pure ZnO and 1% Al-doped ZnO
with the fractional-model predictions for different
values of the fractional order a. The fractional
parameter a acts as a tunable degree of freedom that
controls the position of the absorption edge:

- Lower a values shift the absorption edge
toward longer wavelengths (lower photon
energy), resembling the undoped ZnO case.

- Higher a values move the model response
toward shorter wavelengths, closely matching the
experimental Al-doped ZnO spectrum.

Experimental UV—Vis absorption spectra (Fig.9)
of pure ZnO (black) and 1% Al-doped ZnO (red)
compared with fractional-model predictions for
different values of the fractional order a. The
theoretical curves (a = 0.95, blue dashed; a = 0.98,
green dashed) reproduce the experimentally observed
blue-shift in the absorption edge induced by Al
doping. This agreement demonstrates the ability of
the fractional Schrédinger model to capture doping-
related modifications in the electronic structure.

—— Experimental ZnO
—— Experimental Al-doped ZnO (1%)
=== Fractional model (a = 0.95)
=== Fractional model (a = 0.98)

0.8
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0.2

340 360 380 400 420
Wavelength (nm)

Figure 9. Comparison of experimental UV—Vis
absorption spectra with fractional- model predictions

8 Discussion

The present formulation of the fractional
Schrédinger equation successfully reproduces the
optical variations observed in ZnO and Al-doped ZnO
nanostructures. Introducing the fractional parameter
o allows the model to account for gradual
modifications in the electronic band structure that
arise from doping. When o decreases, the model
predicts a shift of the absorption edge toward lower
photon energies, corresponding to the experimentally
measured red-shift. Conversely, an increase in a
restores the blue-shift behavior associated with Al
substitution. These results indicate that the fractional
term does not merely modify the time derivative but
introduces a measurable degree of quantum memory

linking theoretical parameters with observable
spectra.
Physical Correlation between Fractional

Order and Material Parameters

The fractional order o can be viewed as a
quantitative measure of nonlocal memory within the
electronic subsystem. In oxide semiconductors such
as ZnO, deviations of a from unity reflect
perturbations in the local potential field produced by
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dopant ions (e.g., AlI**). The variation in the optical
band gap can be expressed empirically as:

AE, = C(1 - a)

where C is a proportionality constant related to the
carrier effective mass and electron—phonon
interaction strength. Smaller values of a imply
stronger memory effects and reduced transition
energy (red-shift), whereas values approaching unity
reproduce the experimentally detected blue-shift.
Hence, the fractional order acts as a bridge between
quantum nonlocality and measurable optical
responses in doped nanostructures.

Model Validation and Analytical Framework

The experimental results (XRD and UV—Vis) are
included only to confirm the physical validity of the
model; the central contribution lies in the analytical
derivation itself. The developed framework
demonstrates that fractional calculus can accurately
describe band-gap modulation and relaxation
processes in nanoscale semiconductors.

Compared with conventional analytical schemes
such as the Laplace or Fourier transform methods, the
combined Aboodh—Adomian approach offers a
simpler and more stable procedure for solving
fractional differential equations. Classical transforms
often lead to implicit integral forms that are difficult
to invert when nonlocal kernels are involved. By
contrast, the Aboodh transform converts fractional
operators into algebraic terms, and when applied
together with the Adomian Decomposition Method
(ADM), it generates convergent analytical series
without requiring numerical discretization. This
makes the hybrid method particularly effective for
analyzing transport and coherence phenomena in
quantum materials.

Overall Perspective

The results confirm that the fractional
Schrodinger framework is not a purely mathematical
extension but a physically grounded model capable of
describing doping-induced variations in electronic
and optical behavior. The fractional order a thus
provides a physically interpretable parameter
connecting theoretical formalism with measurable
quantities in nanostructured systems.

Conclusion

The present work addressed the time-fractional
Schrédinger equation using a combination of the
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Aboodh transform and the Adomian Decomposition
Method (ADM). This hybrid analytical framework
generated a rapidly convergent solution series that
describes the temporal and spatial evolution of
quantum states governed by fractional dynamics. The
fractional order (o) acts as a control variable that
determines the extent of nonlocality and memory
within the system. Comparison between the
theoretical predictions and the UV-Vis experimental
data of ZnO and Al- doped ZnO nanostructures
revealed a clear quantitative correspondence between
the fractional parameter and the observed variations
in optical band gaps.

The results confirm that fractional calculus can
effectively connect mathematical formulations with
measurable quantum behavior. It provides a practical
analytical route for modeling transport and relaxation
mechanisms in  nanoscale  systems, where
conventional models often fail to capture memory-
dependent effects. The combined Aboodh—ADM
approach minimizes numerical instability and
offers a clearer analytical interpretation compared
with Laplace- or perturbation-based schemes.

Limitations of the Present Work

Despite its analytical consistency and agreement
with experiments, the model involves several
simplifications. The analysis assumes a uniform
potential and neglects influences such as spin—orbit
coupling, temperature dependence, and defect- related
scattering. Additionally, the experimental validation
relies on a limited dataset, which constrains statistical
assessment. The fractional order (o) was treated
phenomenologically rather than being derived directly
from microscopic mechanisms.

Future Outlook

Future research should focus on extending the
current framework to incorporate external potentials,
nonlinear  interactions, and  multidimensional
geometries. Explicit inclusion of temperature and
doping effects into the fractional operator may
establish a direct quantitative link between (o) and
measurable physical parameters such as carrier
concentration, defect density, and relaxation time.
Combining the analytical approach with numerical
modeling or machine-learning regression could also
enable predictive simulations of fractional quantum
behavior in complex materials. Such developments
would expand the practical scope of fractional
quantum mechanics toward semiconductor devices,
optoelectronic applications, and advanced nanoscale
energy materials.
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WHTEPOEMCIHAE NAHTAHOWA, SKOFAPBI-TYPNEHAIPY
HAHOBO/WEKTEPI UHTETPALMANAHFAH METAI-TOTbIK/KPEMHUI
®OTOKATOATHI KELEHAI AANBIHOAY ¥KO/bI

By yCbIHbIIFAH  KYMbICTa  METa// - OTOTbIK / KDEMHUIA  FeTePOKYPbIIbIMbI - HETi3iHAeri
NHTerpaumanaHfaH GOTOKATOATbIH, AalbIHAAMY O/bl YCbiHbIAAbL. SN0, »KyKa KabaTbl p-n* - Si
TOCEHIliHIH, anabliHFbl OeTiHe MarHeTpoHZbl LWallbipaTy dAiciMeH TyHAbIpbIbIn, YK alimak,
boTOHAAPLIH CiHipYy MeH Koca KOppo3MadaH Kopfay KamTamachls eTingi. ApTKbl MHTepdeiicke
NaYF4: Er®* @ PbS naHTaHOMATHI sKOFapbi-TypaeHaipy HaHobenwektepi (Ln-UCNPs) cnuH-
alHaNAbIpy oAiciMeH KipiKTipinin, »akblH WMHOpPaKbI3bll AnanasoH ahmak (NIR, 1550 Hm)
bOTOHAAPbLIH  KOPIHETIH »KApbIKKa TYPAEHAIPY apKblibl KeH CMNEeKTPAi KyTy KamTblagdbl.
CKaHepneylli anekTpoHabl MuKpockonma (COM) Tangaybl SnO; KabaTbiHbIH  TYNiPLWIKTI
MOpP®dONOTUACHIH (KanbiHAbIFbl ~ 140 HM) KaHe p-n* eTKeniHiH TepeHairiH (~ 0,6 MKM) pacTaabl.
BonbT-amnepnik cunattamanap (I-V) enweynepi TyHenbAik 3apag, TacbiManbiH KaHe LLIoTTKM
bapbepiH KepceTTi. CnekTpanablk Tangay ¢otocesimTanabikTbiH, 400 — 1100 HM AManasoHAa,
ocipece 870—-900 HM LWbIHbIHAA OCKEHIH aHbikTadbl. CoHAal-aK, $OTO INEKTPXMMMKAbIK
cblHakTapbl Ln - UCNPs uHTerpaumsacbl GOTOTOK ThifbI3AblFbIH ~ 5 ece apTTbipbin, cyabl Heny
TUIMZINIMIH  KaKcapTKaHbliH - Aanengeani. CoHbIMeH, Oyn  KeweHAi KypblabiM - Si Herisai
boToaNEeKTPOATAPAbIH TYPAKTbIAbIFbI MEH CNEKTPAIK TUIMAINIMH apTTbipy/Aa NePCNEKTUBTI LM
60onbin Tabblnagbl.

TyHiH ce3gep: MeTann TOTbifFbl/KPEMHUI [ETEPOKYPbLILILIMAAPbI, JaHTAHOWA, KOfapbl-
TypaeHaipyi (an-koHBepucackl), GOTOSINEKTPOXUMUANBIK cydbl 6eny, cyTeri 3Hepruscsl,
HaHobenLweKTep.
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Method for preparing a complex metal-oxide/silicon photocathode integrated
with lanthanide upconversion nanoparticles at the interface

This study presents the fabrication of an integrated silicon photocathode based on a
metal - oxide/silicon heterostructure. A SnO, thin film was deposited on the front surface of a p-
n*-Si substrate via magnetron sputtering to enable UV photon absorption and corrosion
protection. Lanthanide up-conversion nanoparticles (Ln-UCNPs, NaYF4:Er3*@PbS) were
integrated at the rear interface using spin-coating to convert near-infrared (NIR, 1550 nm)
photons into visible light, achieving broad-spectrum absorption. SEM analysis confirmed the
granular morphology of the Sn0O, layer (~140 nm thick) and the p-n* junction depth (~0.6 um).
Current-voltage (I-V) measurements revealed enhanced tunneling charge transport and a
Schottky barrier. Spectral response analysis demonstrated improved photosensitivity across
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MHTepdelciHae NaHTaHOWMA, KoFapbl-TYPAEHAIPY HaHObeWeKTepi MHTErpaumuanaHFaH...

400 - 1100 nm, peaking at 870 —900 nm. Photoelectrochemical (PEC) tests showed that Ln-
UCNPs integration increased photocurrent density by ~5 times, significantly enhancing water
splitting efficiency. This integrated structure offers a promising approach to improving the
stability and spectral efficiency of Si-based photoelectrodes.

Keywords: metal oxide/silicon heterostructures, lanthanide
photoelectrochemical water splitting, hydrogen energy, nanoparticles.
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Cnocob NpUroTos/ieHMA KOMMIEKCHOrO METa/I/I00KCUA/KPEMHNEBOrO GpOTOKATOAa,
WHTErpMpoBaHHOrO C JaHTaHOMAHBIMW HAHOYACTULLAMM arNKOHBEPCKM Ha UHTepdeiice

JaHHoe wunccnepoBaHve npeacTaBAAeT M3roTOBAEHME WHTErPUPOBAHHOTO KPEMHWEBOrO
doToKaTo4a Ha OCHOBE reTePOCTPYKTYPbl METa/I1 — OKCUA, / KpeMHMI. TOHKaa naéHka SnO, 6bina
HaHeceHa Ha NepeaHIo MOBEPXHOCTb MOAIOXKKN P-N*-Si METOA0M MarHETPOHHOMO pachblIeHMA
nona obecneyeHma nornouleHns Y®P-GOTOHOB WM 3alMTbl OT KOPPO3UKW. JlaHTaHOW/Hble
HaHo4YacTuLbl an-koHBepcun (Ln - UCNPs, NaYFs: Er¥*@PbS) 6biin MHTErprpoBaHbl Ha 3a4HMM
NHTEePdENC C UCMONb30BAHMEM METO/A CNMH-KOaTUHIa ANA npeobpaszoBaHna GoTOHOB HANKHETO
MHPpaKkpacHoro auanasoHa (NIR, 1550 HM) B BMAMMbLIA CBET, YTO MO3BOAMAO A0CTMYb
WMPOKOMOAOCHOIrO noraouweHma. AHaam3 ¢ nomouwptdo COM  noatsBepaun  rpaHyfAapHYLO
mopoonormio cnoa SnO, (TonwmHor ~ 140 HM) w raybuHy p-n*-nepexoda (~ 0,6 MKm).
MN3mepeHna BONbT-aMMNepPHbIX XapaKTepUCTUK (I-V) BbIABUAN YCUAEHHbIN TYHHENbHbIM NepeHoc
3apaga u bapbep LIOTTKM. AHanM3 crneKkTpanbHOM YyBCTBUTENBHOCTU MPOAEMOHCTPUPOBAN
YAyULIEHHY GOTOUYBCTBUTENbHOCTL B AManaszoHe 400 — 1100 HM ¢ nukom Ha 870 — 900 HMm.
DOTO3NEKTPOXMMUYECKME TECTbl MOKa3ann, 4To MHTerpauma Ln-UCNPs yBennumna naoTHOCTb
doTOTOKA NPUMEpPHO B ~ 5 pas, 3HaYMTEIbHO NOBbLICUB 3PGEKTUBHOCTL paclleneHnsa Boasl. ITa
NHTErpuMpPOBaHHasA CTPYKTYpa NpeasaraeT NepcneKkTUBHbIN NOAXOA K YAYULLEHWUIO CTabUAbHOCTM U
cnekTpanbHOM 3hbEKTUBHOCTM KPEMHMNEBLIX POTOSNEKTPOA0B.

Kniouesble €/10Ba: reTepoCTPYKTYPbl OKCK, MeTanNa/KpeMHus, an-KoHBepCKa aHTaHOoUA0B,
bOTON1EKTPOXMMUYECKOE pacLLenIeHne BoAbl, BOAOPOAHAA SHEPrusa, HaHOYaCTULbI.

Kipicne

KyH 5HeprusicblH >kKacbll 3HEPrusl peTiHge
¢doroanekrpoxuMusuIbIK, (DIX) cynsl Oemy apKbUTbI
CYTeTi SHEepruschblHA TYPEHIIpYAl 3epTTey Kazipri
KYHIE 3epTTeyIIIepAl TapTaTblH KeJell JKoHe
TapTeIMABL OarbITTapablH Oipi [1,2]. ©@OX cyasl
Oenyne kpemHH(Si) GOTOIIEKTPOATAPBIH KOJIaHa
OTBIPBIN, CyOBl KYH OBHEPrUsCHIMEH Oeny omici
KapKbIHABI 3epTTeyJiepre He MEepCreKTHBTI dfici
peTiHae KapacTeIpbUIbl Kenendi [3,4]. Si — xeHiHeH
KOJDKETIM/II KOMMEPIIUSUIBIK JKapThuiai eTKisrirr. O
OHall KYpBUIBIMJIQJIAAbI, OacKapblIaTBIH JJIEKTP
OTKI3rIIITIr 0ap skoHe (PYHKIIMOHAIIBI KaObIKIIATap
YIIIiH TeceHi peTine Konainsl. COHBIMEH Karap, Si
LIEKTENTeH SHeprus 30Hachl 1,1 3B-ka ne xoHe KyH
CHEKTPIMEH CaJIBICTBIPMaNbl TYPAE >KaKChl CoMKec
KeJICTIH JKapbIK CIHIpY KacueTine ue [5]. Anaiina, Si-

28

IiH epTHAI OpTaja XUMHUSJIBIK TYPaKThUIBIFbl TOMEH,
cebebi oy Cynbl epiTiHIIAC KYH cayJieci Hemece
aHOJITBIK KEPHEY 9CEpiHEH Te3 TOThIFabl [6]. COHFBI
Ke3lle OHBl MeTaul TOTBIK/Si TeTepPOKYPBIIBIM/IBI
¢doroanekTpoaTra Kypy apkbuil POX cy Oemy
OHIMJIIIITIH ~ JKakcapTy YIIIH  3epTrey  KHBI
Kapacteippuryna.  Mpeicanel  TiO»/Si,  Fex0s/Si,
WO3/Si cusKTBL  KYpBUIBIMIAp  HEMece KO-
KaTaJn3aTopiiap apKbUIbl JKapblK CIHIPY JKOHE
TOTBHIFYJIBIH aJJIBIH ally )KYMBICTAPhI JKacambl, Oy
(OTOTOK THIFBI3IBIFBI KOHE CYTErl AJIEKTPOIBIHBIH
TUIMALTITIH apTThipas [7,8]. Z-cxemachl OOMbIHIIA
3apsil TachlMajbl METAUl TOTHIK KaOaThIHJIAFbI
AIIEKTPOH-YSIIBIK PEKOMOMHALMSACHIH a3alThII, Si-
IiH KOppO3WsiIaH KOPFAIybIH >KoHE HHTepgeiic
TUIMALTITH apTThIpaas! [9-11].
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K. AuxaHbaes »aHe T.6.

Merten kanaitbl TOTHIK (SnO,) keH 30HaIHI (3,4
5B) kapTeuiali OTKI3TINIIH METal TOTHIKTAPHIH
KOJIaHBIIT ~ 3epTTey Oip JKakTbl HeMmece a3
KapacTeipburrad. On OipiHmieneH Oisre Si KaOaThIH
KOppO3WsiIaH  KOpFayaabl MYMKIiHAIK  Oepeni,
coHbIMeH KaTap ynrpa kyaria(YK) aitmMakTsl xyTyFa
kaoinerti. Erep 6i3 SnO.-men ynrpa kynria(YK)
aiimak, Si ©31 KOepiHETIH JXapbhlK aiMak, an Si-JIiH
1100 aM-nmeH xoraphl xakeH HHGpaKb3eur (OKHK)
aiimarbiH  Korapel-TypiaeHmaipy  (OKT)  nHawo-
OeJIeKTeplli apKbUIBI JKYTAThIH 0oJcak, oHma 0i3
JKaphIK CIICKTPIHACTI KaXETTI TOJBIK CHEKTIpAi Oip
TyTac XyTyFa KaOineTTi KemeH i (OoTOIIEKTPOIIBI
naiipiHaaraH Oonap enik. Mine 0i3 ocel 3epTreyai
OpHaJacTeIpy apKbpUIBl  Si-Ai  IEKTPOIUTTEpPIC
Te3iMIi, KeH creTpipAi GOTOHIBI TUMII MEHTEpreH,
®OX cynel Oemyzae miekTeMenepi KOK KYPBUIFBI
*uHanblK. OHBIH Tarbl Oip cebedi 3eprreyiep
JKOFapaa alTKaHBIM3bLOAN HAaHOWHXEHEPIK
o0amap apKbUIsl OYJI MOCENIEHi op TapamnThl MIemiM
erceqe, Oip KemIeHAI KYPBUIBIM YHBIMIACTHIP-
MaraHbIH kKepcerti. Con Makcarra, 6i3 OeTki xKabar
SnO2/p-n*-Si reTepoKYpHUIBIMAAPEIH KYpa OTBIPHIIL,
(dotokoppo3usHbl Texeren, YK aiimak (GoToHIBI
MeHrepy, COHBIMEH Koca Si-/IiH apTKbl HHTepdeiiciHe
cTpaTHTUsIbIK  Typae Qorormsr XT  HaHo-
Oemmektpeni wHTerparsay  apkbutel  JKHUK-nbr
KapnyJbl KaMThIFaH Oip KelleHAl koOaJlaHFaH
(hOTORIIEKTPOTHI 3EPTTEY.

By xymeicTaH, 6i3 ocel aiiteurran YK, KUK,
KOPIHETIH KapblK aiMak Si-IiH ©3iH1e KaMTbhUIFaH
Olp TyTac CeNeKTUBTI OpHANACTHIpYy  JKacall
TONBIKKAHJBI  KYPBUIBIMJIBI  JKY3€Te€  achIPIbIK.
Hakrtbutan aiitkanma, p-Si ge p-n'-eTkemui Kypa
OTBIPBIT, OHBIH PEKIHAFa TYCETIH SJIEKTOIUAIICH
Oerrecy Oerine SnO; Ty3im, ajx apTkel OeTiHzeri
KOHTaKThl  HMHTepdeilici  apacblHIAa  KYKIpTTi
KOpFachlH,PbS, KBaHTTBIK HYKTeCi CeHcOnm3a-
musutaiiteiH - KT nmaHTaHOWJ — HaHOOONIIEKTepiH
(NaYF4Er**@PbS, Ln-UCNPs) xipikTipe OTBIpbI,
KYPBUIBIMHBIH,  3apsiJl TacbIMallblH  YKaKCcapTyFa,
TOTBIFYBIH a3alTyFa THIPBICTHIK. KYpBUIBIMIIBI JKUHATT
KAIBITACTRIpYFa  OUPPY-3UsIIBIK  OyIaHzabIpy,
MarHeTPOH/BI IIAIIBIPATy IKYHECiMEH TYHJBIPY,
oitHek KyObIpnbl memi (CVD) apkpuibl KyHIipy,
XUMSUIBIK KeMipy KoHe CIIMHAIK-aiHaJABIPY apPKBUIBI

Kantay — oaicrepi  KommaHeuiael.  Tampmaymap
3epTXaHajJblK  MYMKIHJIriMi3IIe,  CKaHUpJIEYIi
BJIEKTPOHBIK MKPOCKOIT (COM) apKbLI

MOP(DONOTUANBIK ~ KYPBUIBIMIIBI, 3apysi]] aFbIHa-
pBIHBIH ~ O€iiHeCI MEH 30HAJbIK  KaJbIITacybl
KapanaiibiIM  BOJBbTAMIIEPJIIK  CHUIIATTAMChIHMEH
(BAC) Tyxkeipmaanca, (GOTOHDApIBIH KapKbIH-
JBIIBIFBI CIIEKTPIIIK TaJIay apKbUIbI XKacasjibl, )KoHE
Je CyOsl BIABIpaTyFa KaOUIETTLNIrl  AIeKTpo-
XUMHSUTBIK, TIOTOIIMOCTAT KYPBUIBIFBICHI apKBUIBI TOK

TBHIFBI3IBI MEH KEPHEYITIK Taliaybl skacanabl. HoTmxke
SiO, depmu neHredinig OekiTimyiH OoNIBIpMai,
TYHEINBIIK aFbiCc Maiga 0omagsl Jen TYKbIPMIIAIIbI
[12-14]. MoHOXpOMATHKAIBIK  KapbIKTaHABIPY
apKpUIBI  amiblK  Ti30EK  KepHeyl  OJIIIeHim
TeTePOKYPBUTBIMHBIH POX  THIMIOUTITIH KOpPCETTi.
IerepoxkypbutbiM  KaneimTacy — Taimzimiri BAC
KHUCBIFB apKBUIBI JKAKChl KaJbINTACKAHBIH AQJIeN-
neHmai. DoTOHAAPABIH THIMIUIITT MYMKIHIITiHIIE
CIIEKTLTIK Talfay apKbUIbl )KaKChl HOTIKE OEpreHiH
KOPCETTI. ®OX  cyapl  OesymiH  oneyeTi
(OTOPIKTPOXUMSITBIK ~ TOKTBIFBI3BI MEH KEHpEy
CaNBICTRIPMAChIHAH aHBIKTANABI. OCHl 3epTTey Oi3re
Ko Oap TOKPUOCXaHAITBIK KaparaibiM
KYPBUIFbLIAp apKbUIbl Oipmiama skakbl (OTOKAaTOATHI
KaJIBINTACTBIPFaHBIMBI3IBI Jamenneni. Ockl MaKcaTTa
013 SnO, xyKka KaOBIKTapAarbel cy Oemy KeziHperi
O®BX  kacuerrepre ocepiH, MOPQOJIOTHSIBIK,
¢dotoTok THIFBI3ABIFE, BAC, doToHmapabH 3apsi
JMMHAMHKACHIHA 9CEPi CHSKTHI OHIMIIITIKTI aHBIKTayFa
THIPCTHIK. OCBI apKbUIbI TaHJAJIFaH JKYKa KaObIKIIa
SnO,, wHTrepdecike opHamackaH Ln-UCNPs
HAHOYHTAK KoHE Si-pOTOIIEKTPOATAPABIH ©3apa
apacelHAarbl  JKyHenm  opHamacTyp  (OTOdIeK-
TpoATapAsl koOanmay OaramaynapblH —aHBIKTayFa
OarpIT Oepei e TYKbIPMIaiMBbI3.

Ta:xxipube doJtimi

p-n*- Si eTkesAi qaiibIHAAY

p-tunti  Si-ma  p-n*  OTKeNiH JalbIHAAY
JKapThUIai OTKI3TIIII TEXHOJIOTHSLTAPBIHBIH
cTaHmapTThl omictepi [15] apkpUIBl KapamaiibiM

TOXKpUOEXaHAIBIK SKaFiaia >Xy3ere achlpbliajibl,
Oi3miH JadbIHAaFaH TEXHOJOTHSJIBIK —SJicTepimi3
HeTi3iHAe p-TUNTI Si TOCEHINl JAeHOHHU3AIMsIaHFaH
Cy, aleToHAa YJIbTPajbiObicieH 30 MUHYT, XOHE
W3OTIPOIHIII CIIUPTIHAE Ta3apThIl, COJlaH KeWiH aproH
ra3plH TaWaNaHbIl KeNTipin anFaH CoH Oaphl,
docpop muddysuscst (POCls 6ys1, 900°C, 5 mun)
KOJIJIAH JKacallFaH oHHeK KYOBIPIIbI TMelTTe XKYPifi,
COJI apKbUIbI OHBIH OeTiHe n' alMarblH KYpbII, p-n'-
oTKeni Si TeceHn KaipmTacThl. OChl p-n'-eTKeNi
Si 1aiibIH TOCEHINIITI Kellecl KagaMra KOJIIaHIbIK.

SnO:/p-n*- Si naibIHAQy

SnO,/p-n*-etkenni Si paitbiHgay ymiH, SnO»
HBICAHBI KOJIAHBUIABL. AJIBIMEH p-n"-Si TeceHirr
JeHMOHM3aLUsIIaHFaH ¢y, anetoHaa 30 MUHYT OOMbI
YIIBTPaAbIOBICIICH, JKOHE M30HPONWI  CHUPTIHIE
Ta3apThIll, aprOH Ta3blH MNalJalaHBII KeNTipyleH
KeWiH, 0J MarHeTPOH IbI MIabIpaTy xyiecinme(Kurt
J. Lesker) maisinganabel. SnO; jxyKa KaObIKIIaIaphl
40/10  cckM(MHHYTBIHA  CTAaHAAPTTBl  TEKIIE
cantumerp) Ar/O, KocmachlHAa PEaKTUBTI Pajno
JKUJTIKTIK [IAIIBIPATy 9/1iCiMEH TYHIBIPBULABI, MyHIA
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O, ymri opaeiHma, an Ar SnO, HbICaHACHIHJIA
eqrizuinl. CoHbIHIa KanelHABFEI mamamed 100HM
0oJaThIH MeTaln TOTHIKTAp KAJNBIITACTBl. byi
TYHJBIPY YIIiH HIamelpaTy MPOLIECiHIH
rmapameTpirepi 1-kecTenerineii. Conprama
KaspmTackaH — SnO./p-n'-Si  KypbBUIBIM  YATLIEpi
MuHYThIHA S5°C KBUIIAMIBIKIICH TEMIIEPaTypPaHbIH
OipTiHIET KOFapbUIAyBIMEH aproH aTMoc(hepackiHaa
450°C Temmepatypana 2 carat 60iibI Kyiaipinai. by
nporecc CVD keMeriMeH xy3ere aChIPbUIILI.

1-kecte. SnO; TyHOBIpY YIIIH IIAMIBIPATY
MIPOTIECiHIH TTapaMeTpIIepi

HBICaH SnO;
KalHaphbl: 2RF
HET13I1 KBICBIM: 4E-7 mT
Kyar: 30
TYHABIPY KbICBIM: 5 mT
anbIpaTy 6 MUH
YaKBbIThI:

OYpBICIIL; 110
alHaIyBbl: 20

SnO,/p-n*-Si/Ln-UCNPs/Al naiisinaay

Keneci kagam, maiiein 1x0,6 KB.cM aynaH[bl
KypaiTerH SnO,/p-n*-Si TeceHimmiHiH apTKbI KOHTAKTi
xKak OeriHme, imKe Kapail TepeHmiri IIamMaMeH
20mkM, 0,4x0,4 KB.CM OMBIK KEeMipy 9JIiCi apKbUIBI
naisIHAanpl, oraH Oip 6emik cy (H20), 1 6emnik 27%
ammonuii ruapoxenai (NH4OH), 1 6enik 30% cyreri
ackbiH TOTBIFBI (H202), connaii-ak 39%HF eprininepi
HeTi3iHeze xacanaapl. KanraH skeMipiireH oflbIKTaH
TBIC 0Oacka Kuek Oemiri  adOHOMHUHU-UHIA
KOHTaKTiciMeH »kaObuimpl. KOHTakTHI skacanmmac
OypbIH OWBIKKA CIHMH-aWHAJBIPY >KaOBIHBI QIIiCI
apKbpUIBl JalibIH  CcHHTE3[ereH HaHoyHTakK (Ln-
UCNPs) opnanacteipeuigsl [16]. CoHBIHIA OHBIH
Oerl  AJIIOMUHH-WHAM  KOHTAKTICIMEH  KaXKETTl
KBI3JIBIPY HETi3iHAe TONBIK ka0buinbl. COHBIMEH
KaTap, OHbIH OeTiHe Ti30eKTi KalbINTAaCThIpyFa WHIN
apKbLIBbI MBIC ChIM OekiTuIal. CochiH amabiHFb SN0
JKyKa KabaT OeTiHeH cymeH »xaHacyra 0,4x0,4 kB.cM
ayJlaH alibIK KAJIIBIPBUIBIT (2PTKBI OMBIKKA TYCIa TYC
KeJiel), KaJiraH OapiiblK Oelliri KaTaH TYpAe KanToH
TacmaMeH SKaOBIH A IEL. I'eTepOKypBUIBIMIBI
KYpHeni UWHTerpanusiaHfaH (OTOIIEKTPOIBIMEI3
ochLIaiIa gaibIH OOIIb.

HoTtmkenep oHe TAIKbLIAY
IeTepo GipkkeH KypbLUIBIMAAPABI TAJNIAY
AnppiMedn  padeiHganrad  SnO»/p-n*-Si/Ln-

UCNPs/Al KypbUIFbIHBI 9icTeMe peTTepi OoWbIHIIA
opOip KypeutbiMHEIH C3OM  Mopdosiorusiapsi,
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amblk  ayamarbl BAC koHE p-n OTKEIiHIH
CIEKTPAIIBIK CUITaTTaMala TajaayablH peT-peTiMeH
OasHmalieIk.  p-n*-Si  yiurinepmiH — KeJIeHeH
kuMackliHBIH COM OeitHeci 1-CypeTrTe KepCeTUIreH.
Ycridri KabaTbl N-TUNTI KaOBIKIIA, KaJIbIHIBIFbI
mamameH 0,6 MkM. TeMeHT1 jkaFbl P-THNTI 0a3alIbIK
kabat. Bya MoH OacTamkpl KajbllTaCKaH p-N-HBIH
TEPEHIIITIH pacTanIbl.

1-cyper. p-n-KaJbINTACYbIHBIH KOJIZICHEH
KuMaceHbIH COM Tycipinimi

bi3 kapamaiteim omic BAC Ttekcepy xacay
apKBUIBI P-Si JIe p-n* KaJIbINTaCKaHBIH TeKCEePiK. 2-
CYpTETTer! YOKILIIIK Kapa ChI3bIKTapMeH oHbIH BAC
TapMaKTapbIHBIH ©3repilyl 3epTreyiepi Oepinmi,
SIFHH, 0aCTanKbl (OTO3TEMEHT ChI3BIKTAPBl KapaHFbI
JKOHE JKapBIK TYCIPUITCH JKaFJaiIarbl CUIIATTaMacChl
MEH  TONTBHIPY  (AaKTOpbl KYH  3JIEMEHTIHIH
emmemaepine man tyceni. Hotmke Gisre oHBIH p-n'-
HBIH KAJIBIIITACYHI Olaran/aii OoJFaHbIH OLIIipei.

Bactamke: $oTosnenert

'’y
I, (mA)

20+

Kapa texcrypans: Get (mon.
1071 Bap obpaszerr)

T 02 | 02 04 |ne U(B)
10| /

Al-preTant xoHTakTici bap
j obpazenr

[

2-cypeT. p-n*-Si, SnO,/ p-n*-Si xone SnO,/p-n*-
Si/Ln-UCNPs/Al xypsuibiMaapsiasiH BAC
OolibIHIIA e3repici

CocbiH  Toxpube peri Oo#biHIIA, p-n*-Si
ycringeri SnO; xankpImbH Kapaiblk. On SnO,/p-n*-
Si kaOarteiabiH apronza 450°C temmeparypana |1
carar )KachITyJaH KEHIHT1 YJITIHIH TiK )KoHE KOJJICHEH
kuMachiHblH COM  apkbuthl XKanmel OeiiHeci 3-
cyperTerifeii mopdosorusael  0epai. Haxreutan
aiTkanaa, 3a-cyperre  SnO./p-n*-Si  ycTiHEH
kaparangarsl COM Geiineci 6i3re Oip TeKTi TecikTepi



K. AnxaHbaes kaHe T.6.

Oap TyHipik KypeUibIMabl Oipeni, Onapasiy OeTiHiH
KeNlip-OyIpIpiIapsl, mamMaMeH 5,2 HM Kypanbl, ojap
aTOMIBIK KYII MHKPOCKONHS apKBUIBI aHBIKTAJIIBI.
Hdemek, SnOy/p-n*-Si  KYpBUIBIMHBIH ~ MEHIIIKTi
OeTiHIH ayJaHbl JKOFaphIPaK, 3epTTeyiep OOWbIHIIA
Ooyn1 ®OX Gencenninirine THiMAL Ooapl JeTeH co3.
An KBIpBIHAH KeJJICHEeH KuMa Tycipinimi (30-cyper),
apaceIHAaFbl TecikTepi Oap aiKplH OeiHIN TypraH
KYpBUTBIMIBI MopdonorusHel kepcereai. Kemmenen

KMMa KECKIHAEPIHEH KYKAKAOBIKIIAHBIH >KaKChI
*aObICKaHBIH Kopyre 0omaael. SnO> KabaTTapbIHbIH
KanelHABIFBl ImamameH 140 ®m. byn 6isre SnO»
JKYKakaObIKIIackl p-n*-Si OeTiHAE KalTajlfaH >KoHE
ocbulaiima TyHipmiikTep MOpGOJIOTHICHH  Oepim
TYpFaHbIH allKbIH]IaliIbI.

3-cypet. SnO,/ p-n*-Si OeTiHiH (a) XKoHE KOJIICHEH
KUMasapbIHbIH (0) MOphoIoTrHsch

An BAC cumarramachiHaH O€TTIK MaHBI3ABICEHI
SnO; KYKaKaOBIKIIACBIHBIH  OpHAJIACybl  3aps
TachIMalayIIbIIAPAbIH aFbIHBI TYHENBIIK 3¢ deKTici
OOMBIHIIIA JKOFapiaiapl, COHJIBIKTaH BAC
3¢ (EeKTUBTIIINH  OCIPEeTIHIH  JKachll  ChI3BIKTA
OpHBIKKaHbIH Ounmgipeni. OcblFaH KapaMacTaH p-n
aybICYbl WACSUIABIK (OTORIEKTPIIIK CUIATTAMACHIH
KOpPCeTTi, MyH/Ia 3USHIBI KEPi TOTHIHBIH a3alifaHaH

OaliKaTThl,  COHBIMEH  KaTap  TOJBIKTBIPFBIII
ko3 uLMeHTiHIH >XorapnaraHblH KepcerTi. SnO;
Oappep  llloTkambl  apKbUIBI  JKypeai  Jeml
TYKbIPpMIANHMBI3.

SnO»/p-n*-Si KYPBUIFbUIAPBIHBIH Kepi 0TI, IFUH
apTKbl KOHTAaKThl OeTiH 0i3 oiffaH efik, sFUH p-Si
KabaThl skarblH. OHBIH JKEMIpyJeH KeHiHri OeTiHeH

kaparangarel COM mopdomorusicel 4a-cypeTTerifei.
An onm xepre Ln-UCNPs (NaYFsEr**@PbS)
HAHOYHTAKTHl CallFaHHaH KeWiHri Mopdororus-
CBIHBIH KAJIBINTACybIH aHBIK KOpe  alMajpbIK.
Ofitexkeni koima Oap COM-HIH ypbIKCaT eTy
KaOJeTTiri TeMeH OoNFaHOaKTaH, OHBI Kepe
aJIMaylIbUIBIK IIeKTeMeci Ooybl, ce0edi KBaHTTHI
HYKTE MCH HAHOYHTAKTapJbl OJIIIeMi alTapiIbIKTai
KIHIIKEHTal, maMaMeH 6-25 HM maMachiHaa OOJIIb.
ByH®1 613 anapIHFBI 3epTTEYIEpPiMiie AaTOMBLABIK KYTII
JKOHE TPAHCHUMUIUSUIBIK TYHEJBJCYII MHKPOCKOII-
TapMmeH 3eptrereH enik [16]. Keneci me 6i3 Temenri
TBUIIBI KaOATBIHBIH MHUKPOOEHHECIH TYCIpIIiK. SFHA
OipTyTac KHEKTEITCH QJIIOMUHUN-UHIUN KOHTaK-
ticinig COM Oelineci 40-cyperrerigeid OeiiHeHi
KepceTinai. MyHaa TeMmeHri OipryTac alrOMHHH-
MHAUNA KOHTAKTICIHIH KaOBIKIIAchl OalKaIbIK JKOHE
JIc KbIp OCTIHIH CBHIHBIK CKOJIZIBI JKapblK OCTiH
KOpCEeTTi.

4-cypeT. SnO,/ p-n*-Si KypbUIBIMHBIH acThbl p-Si
KaK OMBIKTBIH OETTIK CypeTi (a)
KOHE TOMEHT1 0ipTyTac aJrOMUHH-UHANN
KOHTaKTICIHIH OefiHeci (0)

Omnapasie BAC 2-cyperreri KBI3BLT
TapMaKTaJiFaH ChI3bIKTapMeH kepceTiiren. BAC
HOTIDKEJIepl alTapiibIKTail e3repic OapbhlH KOPCETTI.
KbI3bLI CBI3BIK - AJFallIKbl KOHTAKTHIHBIH >KHEKTEH
’KaOBIIBITI, HAHOYHTAKTAp KipiKTipinreH, Oipak OeTi
TOJIBIKTAM JKaObUIMaraH Ke3ieri  TYHbIKTaJFaH
TOTHIHBIH, ©Cyi Oy3bUIFaHaH OalKaJbIK, OHBIH
TapMakTapbl coliKec a3aiiabpl. ONTKeHI HaHOOeIIeK

Oeri TOJNIBIK KOHTAKTBIMEH  KaObUIMAaraHJIbIFbI
yAepiciHie  KeMIreHiH  KepceTei. Ocpiran
KapaMacTaH  KaJbINTACTBHIPBUIFAH  HAHOKYPBIIbI-

MBIHBIH (DOTOCE3TINITIr KYH 3JIEMEHTIHIH a3za 0oJica
TUIMJIUTITIH KepceTei. Opi OyJI KOTHAKTHIHBIH O€TTIK
ilIKe Kepi INAFbUIBICYBIHBIH ©CYiHIH HOTHXKECIHIe
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OoJIFaHbIH Joneaaekmi. Al alllOMHUM-UHAAA MeETail
KOHTAKTCHI )KHEKTe HAHOYHTAaKTapMEH KOCa TOJIBIK
xKaObuTysl  OipIlaMa OpHBIHA  KEJTeH, Jiecene
Oacrankbl p-n'-Si KyHiHIZEri Kapa ChI3BIKTapMEH
OepinreHmel curmarrama Oepe anMmanbl, OyHBI 0i3
apTKeI p-Si e KajsmTackad nedekrirepaid cededi
Jen TyciHemi3. Aumnaiina on kepaeri HanoOer-
HIeKTepbIH xacepiysl, 0i3re XKUK aymakrarsr 1550
HM-JIET1 TOJIKBIH aitMarbl HepTHschiH JKT apkpuist Si
KOpiHeTiH aiiMarbiHa (POTOHIAPIBIH TaChIMAaJIayHBI

ApKBUTBI THIMALTIKTI apTTHIPY YIIiH KOJIAaHBUIFaH e/i.

Keneci xamamaa KOHTaKT JKaObUIFAHHAH KEHIH
OipmaMa Kakchl OOJIFAaHBIH JKACHUT CBHI3BIK apKBLIBI
Oectinenmeni.

SnO, OeriHiH JKaHblHAA Iaiga  OoJsiFa”
ANEKTPOHIIBIK 3aps] TaChIMaJIayIIbUIAPhl DJIEKTP
©pIiCIMEH TapTHUIBII, AJIJIBIHFBI OCTTETT MHBEPCHUSIIBIK
kabaTka Kapali Tapajgaabl Ja TOK KO3FaJbIChIH
apTTeIpaabl. A, KeH 30HaIbl SnO; 0apiblK TYCKEH
(hoToHmApBIH  KYTHUIABIpAaAsl. EH  MaHBI3IBI
CUNATTaMalapbIHBIH ~ Oipi  OHBIH  CHEKTPAJIBIK
CUNATTaMachl, SFHU TOJKBIH Y3BIHABIFBI MEH
(hOoTOCE3IMTANIBIFBIHBIH ~ apachblHIAFBl  HEMece
TOJIKBIH ~ V3BIHJBIFBI MEH 3aps]l TachIMajjiay-
HIBUIAP/IBIH KUHATY KOI(GUIMEHTIHIH apachIHIaFbI
Toyenmimk Oonbim  TaObmiampl. by  Toyienmmiik
MoHoxpamaTop MJIP-23 KOHIBIPFBICHIHIA HYKTENi
eJIIey OOMBIHIIA OPBIHIAIIBL. S-CYpETTe aJFalliKbl
p-n eTKem 0ap TYHMHYCKalbl YITIHIH CIIEKTPAIIBIK
CHIATTaMachl KOPCEeTLIreH, Oy TOJIKBIH
Y3bIHABIFRIHBIH 400-1100 HM 1rama3oH apajabIFbIHIA
enmreH/ 1. OnapabIH CIEKTPAIIBIK ce3iMTaIbFb 500
HM KBICKA TOJIKBIHIBI alMarblHaH OacTaJaraHbIH
OaiiKa/bIK, SFHU KbICKA TOJIKBIHIBI (DOTOHIAP/IBIH
Halap >KYTBUIATHIHBIH KOPCETTi, OJaH opi CIEKTp
TapMarsl OipkanenTel 900 HM-Te el ecir, o1aH api
Y3bIH TOJKBIHHBIH 00BICHIHBIH 1100 HM nefin KypT
KEeMiJli OHBIH MakcUMalibl hoToce3iMTaNIbiFbl 870-
900 HM CHEKTp IIBIHBIH/IA KANBIITACKAH. Sa-CypeTTe
SnO./p-n*-Si/Ln-UCNPs/Al 6Gipikken kesneri, 50-
cyperte SnO»/ p-n'-Si ke3xeri, an Sc-cyperre p-n'-
Si anemMeHTTIH 031 O0JNFaH Ke3Jeri xarnai — Oy Oi3re
0ip Kapam CHEeKTpIiK THIMIUTIKTIH KaHIIa ©CKEHIH
Oepemi.

A0 0 50 600 0 0 80 & 0 %50 1000 0% 10 18

Wavelength, nm
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S-cyper. KypbulbIMIapbIHBIH CIIEKTPIIIK
cumaTTamMaiapbl, MyHaarsl a) SnO,/p-n*-Si/Ln-
UCNPs/Al, 6) SnO,/p-n*-Si, ¢) p-n*-Si

MakcuManel  (OTOCE3TiMTIrT  (OTOTOKTHIH
2700 6ipmairine nmeiiH eckeHiH kepceTTi. COHBIMEH
Karap, KbICKa J>KOHE JXKaKblH HH(PAKBI3BUT TOJKBIH
Y3BIHABIFBIHA OiplIaMa KeTepiireHiH KOpPCETTi, SIFHU
(hOTOTOKTHIH KHHATY KaOneTTiriHig ecyi SnO»/ p-n'-
Si  KYpBUIFBUIAPBIHBIH  JKaFaphel 3¢ (GEKTHBTLUIITIH
KOpCETEeIi. byn HOTHXKE BOJIbTaAMIIEPITIK
CHUIATTaMachlH emiey OapbIChIHAAna Kepi TOKTHIH
KOTEPUIreHIITIH  KOCETKeH OOJIaTBIH. Ochr
TYKBIPBIMIIBI  CIIEKTPAJIBIK ~ CUIATTaMachbIMEH
JIANEIIEHIeHIH KOCETTIK.

D0T03/1eKTPOXUMHSIIBIK 6JIlIey.jep

O®DOX ceHakTap cy Oeiy THIMAUIT 9cepiH
Oaranmay yurH okyprizingi. byn anekrponutieH
JKaHacaTbIH JKOHE cy Oeily HeMece KOppO3Hs
peaxnusIapblHa KaThIca ajJaThlH OETTIK KOPFaly MEH
(OTOHHBIH THIMJI KapHbUIYbIH TYCIHIIpieAl e
TYXBIpbIMIaiMb3. byman Oacka, Oy xepae SnO;
KabaThl TaOWraThIHA OaiimaHBICTHI PoTOKATOA OETiH
Kopraiiapl. Toxipube OenMe TeMIiepaTypachiHIa
OO X eHIMIIIITT KBapIl Tepe3eci 6ap yIiI 3JeKTPOATHI
ODOX yAmbIFe apKeUIbl Oaranannel. KyH coyneciHiH
JKApBIKTaHABIPYBIH MOJENbICY YJTiHIH OpHAIACKaH
JKepiH/e KaTuOpJICHIeH KapblK KapKbIHABUIBIFEL 100
MBT cM? Gomatein 100 BT KCEHOH IHAaMBIH
nagananatelH AM 1,5 knacc A KyH CUMYJSITOPBI
(TLS130B perreneTiH *apblK Ke3i) apKbUIBI KOJ
KeTKizinai. JKapblk ke3i ne KaauOpiieHTeH aHBIKTa-
MaJIBIK YSIIBIK [I€H OJILIETi apKblIbl KAINOpIiey e
orTi. KeciireH MoJlleNnbJIeHTeH KYH COYyJIeCiHIH
skcno3uiusichl 0,5 ['Ip JKUUTIKTE KYMBIC ICTEHTIH
CBIPTTAaH  OacKapbUIaTbIH  BICBIPMA  APKbBUIBI
KYPTi3imi. MOHOXpOMAaTHKAJIBIK, YKaPBIK
OKCTIO3UIMSICEIHA 0acKapbUIaTBIH OapIIbIK TOJKBIH
Y3BIHIIBIFBIHIA KYMBIC ICTEHTIH KaphlK KO3iH
KOJIaHy apKbLIbl KOJ keTKizinai. Kapesr anexrpox Pt
ceiMbl  Oomapl, an  Ag/AgCl/ kanmbikkan KCl
AIIEKTPO/IbI AHBIKTAMAJIBIK JIEKTPOJI PETiH/E KBI3MET
erri. pH mamamen 0,3 OomateiH 0,5 MOJAPIBIK
H>SOs-TeH  TypaThlH  3JEKTPOJUT  epiTiHIICI
na1anianbUIIbL. Ochr 3epTTeyIeri DdOX
HOTHXeJepiH/e YChIHBUIFaH OapiblK MOTEHIHAAap
ColiKec KaThIHACTHI MalAaiaHblll KaWTBIMIBI CyTeri
oeminy annexktpoasiHa(KCD) KaThICThI Kaca/Ibl.

Dgcr = DAg/AgCl + ©° Ag/AgCl
kapcel KCO + 0,059*pH

®° Ag/AgCl 25 °C «xesinge KCI-men
campicTeiprania 0,197 B Oombim  emmeHmi.
Bonbrammerpusi  skcmepumentrepi 10 mMB ¢!
CKaHepiiey >KbULIaMIbIFbIH Taknananem, KCO-re

Kapcel  0,4-1,6 B moreHuuman —Auamna3oHbIHAA



K. AuxaHbaes »aHe T.6.

xyprizinzi [6]. 3eprreyne ®OX cyasl 6emy yuriH Si
HeTi3iHmeri (POTORIEKTPOATAPABIH TYPAKTHUIBIFBIH
apTTBIpyFa apHalFaH CTPATETUSACHIH  KOPCETTI.
BonbraMmepoMeTpusi  ChIHAFBIHBIH  HOTHKEIEpI
SnO,/p-n*-Si/Ln-UCNPs/Al men SnO./p-n*-Si/Al
YITiIEepiHiH ~ MOHOXPOMATHKAIBIK  JKapBIK—CYTeTi
0eJiHy peakIMsAChl KATHICTHI Ke3iHae (OTOAKTUBTI

exkeHiH kepcereai (6-cypet). SnO./p-n*-Si/Ln-
UCNPs/Al  ynrici SnO,/p-n*-Si/Al  ynriciMen
CaJBICTRIpFaHAA aWTapIBIKTal JKOFapel  (POTOTOK

kepcereni. by sxxymeictap 0i3re Ln-UCNPs apKbiibt
JKUK-maH KepiHETIiH JKapbhIKKa  TYPJICHIIPTilI
HaHOOOIIEKTEp MEH Si  TeTepOKYPBUIBIMIBI
(hOTO3IEKTPOATHI OIPIKTIPIN KYH-3HEPTHSCHIH THIMZI
TYpJCHAIpTeH (hoTonnekTpOI KYPBUIFBIHBI
OHTAMNAHJBIPBIN KOOACBIH JKacaylnarbl Tamarla
iprem MexaHu3iMIepai TYCIHIIpe .

o
0. { u
04

Current/uA

1.0 08 08 04 02 0.0 02

Potential/V

Current/uA

Potential /V

6-cyper. PerTenerin nMHTaNMsIIaHFaH KYH
COYJIECiHIH KapbhIKTaHABIPYHI Ke3inaeri SnO»/p-n*-
Si/Ln-UCNPs/Al (temenze) men SnO»/p-n*-Si/Al

(>xoFapeIa) TETEPOCTPYKTYPAChl (POTOTOK
TBIFBI3JIBIFBI MAi1a OOMYBI

®DOTOTOKTAPABIH TOKTHIH a3ai0bl KAPBIKIICH
naiiga OoJIFaH TachIMAJIAYIIbIIAPBIH PEKOMOWHA-
IMSUIaHATBIHBIH oinnipeni, Ooy1 OapITBIK
TachIMAIIAyIIBIIAPABIH  TOMEHIT  KOJJaHBUIATHIH
MOTCHIIUANIApJia apPTKhl KOHTAKTIre TOJILIFBIMECH
TacsIMaiaHOaraHbIH KepceTe/i. Exi
JKarganaaiaarbl (OTOTOK THIFBI3IABIFBI  OJIIICHE/].
Ln-UCNPs 06ap »xarmaiima (OTOTOK THIFBI3IBIFEI
KapaHFbl TOKIICH THIFBI3 CoWKec kenenmi, Oyn Si
(doToreHepanusUIaHFaH 3apsyi  TachIMalJaylibLiap
cynbl Oemy TmporieciHe TiKeneld KaThICTIAaWABI el
Ooomkarinel. Oyn  Tek  SnO2/p-n*-Si/Al  kesinge
OalKanaThIH THIFBI3ALIKTAH [IIaMaMeH OeC ece KoIl.

KopbITBIHIBI
3eprrey HOTHXECIHAE SnO2/p-n*-Si/Ln-
UCNPs/Al  wunTerpanmsnmanfaH  ()OTOKATOATHIH

JANBIHIATYBl JKOHE OHBIH ()OTOIIEKTPOXUMHSIIBIK
KacuerTepi TONBIK cumartanabl. SnO: xabater YK
(doTtoHmapeH CiHipimn, Si-mi Koppo3usmaH Kopraca,
Ln-UCNPs KUK ¢oToHmapblH KepiHETIH aiiMakka
TYPJCHAIpIN,  CHEKTPIiK  KaMTyAbl  KEHEHTTi.
Mopdomoruseik (COM), snextpaik (BAC) xone
CIEKTPAABIK Tajijayjap KYpPbUIBIMHBIH OipTEKTI
KaJIBIITACKAHBIH, 3aps TACBIMANBIH JKaKCapTKaHBIH
pactansr. ®OX emmeynepi GOTOTOK THIFBI3IBIFBIHBIH
adTapiblkTail ecyiH (~5 ece) koHe cyasl Oeiy
kepcetimi. Ocbutaiiiiia, YChIHBUIFAH  KELICH]II
(hOTORIIEKTPO]T KYH OSHEPTHSCHIH CyIbl Oeiim Tra3
HIBIFAPY THIMII TYPIACHIIPYAE KOIDKETIMI, TYPAKThI
JKOHE KEH CIEKTpJl IIemiM YChiHabl. bojamak
3epTTeyjiep HaHOOOIIIEKTEP/iH KOHIEHTPALUSICHIH
OHTalNaHIBIpyFa KOHE y3aK Mep3iMai
TYPAaKTBUIBIKTHI OaFaiayFa OaFrbITTAITybI THIC.

Aurrbic
byn 3eprreyni Kazakcram PecmyOnmkace
FoutbiM  >koHEe  KOFapel  OUTIM  MHHHUCTPIIITI

Kap>kbutansipra (I'pant Ne AP19679202).
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AN ANALYTICAL EVALUATION OF SEMICONDUCTOR RESISTANCE CHANGES
IN WEAK MAGNETIC FIELDS

Variations in electrical resistance under the influence of magnetic fields play a crucial role in
numerous technological applications, including hard disk drives and microcircuit sensors. In this
study, the change in the electrical resistance of a semiconductor exposed to a weak magnetic
field is examined within a generalized theoretical framework. The analysis is carried out by
formulating the system using single-parameter Fermi—Dirac distribution functions. All calculations
use the analytical expression of these functions proposed by the author. A comparison between
the analytical results and those obtained through numerical methods demonstrates a high degree
of agreement, confirming the reliability and accuracy of the proposed formulation. The
analytically derived results are presented in tabular form to enhance clarity and facilitate direct
comparison. This approach not only provides a simplified analytical treatment of
magnetoresistance effects in semiconductors, but also enables the modeling of material behavior
under variable external conditions. Therefore, the formulation developed in this work is expected
to contribute to the theoretical design of semiconductor devices, particularly in applications
requiring precise control of electronic transport properties under magnetic influence.

Keywords: magnetic field, semiconductors, resistivity, Fermi-Dirac distribution functions,
chemical potential.

Anem AKKyC
[a3nocmaHnalwa yHnsepcuTeTi, TOKaT, TypKuA
*e-mail: ademakkus76@yahoo.com

KapTbinan eTkisriluTepAin, KenepriciHiH, a1ci3 MarHUT epicTepiHAeri esrepicTepiH
aHanuTKKanblik 6aranay

JNEeKTPANiK KeaepriHiH MarHUTTIK epicTep acepiHeH e3repyi KaTTbl ANCKINEP MEH MUKPOCXEMaA
CEHCOpPapbl CUAKTbI KBMNTereH TEXHONOMMANbIK KonaaHbanapaa maHbi3abl pen aTkapadbl. byn
YCbIHbIIFaH 3epTTeYAe 9/CI3 MAarHUTTIK 6piCKe ylblpafaH LWana eTKI3riWTiH 31eKTPAIK KedepriCiHiH
@3repici KannblnaHFaH TEOPUALIK Heridge KapacTbipbliadbl. Tangay 6ip napametpni Pepmm—
Onpak Tapany OyHKUMANAPbIH KOAZAHY apKblabl XKypridingi. bapsbik ecenteynepae aBTopAbiH,
YCbIHFaH QYHKUMANAPAbIH, aHAAUTUKANbIK ©pHeri nanganaHbingbl. AHANIUTUKANbIK HaTUKenep
MEH CaHAbIK 2AiCTep apKpl/ibl aNblHFaH HITUMKENEPi CaNbICTbIPY KOFapbl AeHreMaeri COMKECTIKTI
KepceTTi, AFHWM, OyN YCbiHbIAFAH TACINAIH, CeHiMmAiniri meH An4iriH Aanenaenai. AnbiHFaH
aHANUTUKANbIK HOTUXKENEP aHbIKTbINbIKTbI apTTbIPY KaHe TiKenel canbiCTblpyAbl *KeHINAETY YLWiH
KecTenik Typae OepinreH. byn Tacin KapTbinah eTKi3riwTepAeri MarHUTKeaepri acepnepiH
aHaNUTUKANbIK TYPAE KapacTblpyAbl XKeHiNAeTin KaHa KOMMal, COHbIMEH KaTap CbIPTKbI LLAPTTap
e3repreHzie MatepuaniblH, MiHE3-Ky/KbIH Modenbaeyre MymKiHAK 6epeni. COHAbIKTAH, OCbl
KYMbICT@  YCbIHbIIFaH GOpMynanap MarHuT epici acepiHAeri 31eKTPOHAbIK, TackiMangay
KacueTTepiH JAan OaKkblnayabl KaxkeT eTeTiH KongaHbanap VWiH KapTblnak  eTKi3riw
KYPbIAFblNapabl TEOPUANBIK KobanayFa MaHbI3bl Yaec Koca anaapl.

TyWiH ce3pmep: MarHUT epici, XapTblnal eTKisrilTep, anekTpaik keaepri, Pepmmu—mpak
Tapany GyHKUMANAPbI, XMMUANBIK NOTEHUMAN.
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An analytical evaluation of semiconductor resistance changes in weak magnetic fields

Anem ARy
YHuBepcuTeT [a3nocmannala, Tokat, Typuua
*e-mail: ademakkus76@yahoo.com

AHanutunyeckas OuEeHKa N3MEHEeHUM conpoTtusaneHna nonynposogHNMKOB
B C1abblX MarHUTHbIX NONAX

MN3MeHEeHUs 31eKTPUYECKOrO CONPOTUBIEHNS NOoA BO3AENCTBMEM MArHUTHbIX NMOJIEN UTrpatoT
BaXKHYIO pPOJib BO MHOTMX TEXHONOMMYECKUX MPUIONKEHUAX, BKAOYAA KECTKME AUCKM U
MWUKPOCXEMHblE  AaTYMKM. B JaHHOM  MCCNeAoBaHMM  PAcCMaTPUMBAETCA  M3MEHEeHMe
3NEeKTPMYECKOrO COMPOTUBAEHMS MOAYNPOBOAHWKA, MNOABEPrHYTOro BO3AeNCTBMIO cnaboro
MarHMTHOroO MoJs, B pamkax 0DOO0DOLWIEHHOM TeopeTuMyeckon modenn. AHanms npoBoAMTCA C
NCMONb30BaHNEM OHOMAPaMeTPUYECcKNX GpyHKUMA pacnpeseneHma Pepmu—Anpaka. Bo Bcex
BbIYMC/IEHMAX WCMOMb3YETCA aHa/IMTUYECKOe BblparKeHne 3TUX OYHKUMIA, NpeasioeHHoe
aBTopoM. CpaBHEHME MeXKAY aHaIUTUYECKUMKN pe3yabTaTaMn U pesy/ibTaTamMu, NOoyYeHHbIMU
YUC/IEHHbIMM METO/IaMM, AEeMOHCTPUPYET BbICOKUIM YPOBEHb COrNacusA, 4YTO MOATBEPKAAET
[OCTOBEPHOCTb M TOYHOCTb NPeaSOKeHHON GOPMYIMPOBKN. [loayYeHHbIe aHanUTUYecKue
pe3ynbTaTbl NpeacTaBneHbl B TabanyHo dopme A1A NOBbIWEHUA HArAAAHOCTM U 0bneryeHma
NPAMOro cpaBHeHWA. JaHHbIN NOAX0/ He TO/IbKO YNPOLAeT aHaAuTM4eckoe onucaHme adpdeKkTos
MarHeToConpPoTMBAEHMA B MOAYNPOBOAHMKAX, HO M MO3BOASET MOAENMPOBaTb MOBeJEHME
mMaTepuana npm U3MeHALWMXCA BHELLHMX ycaosusax. CneaosaTensHo, pa3pabotaHHas B JaHHOM
paboTe MofeNb MOXeT CcrnocobCTBOBaTb TEOPETUYECKOMY MPOEKTMPOBAHMIO MOAYNPOBOA-
HUKOBbIX YCTPOMUCTB, OCOOEHHO B MPUNOKEHUAX, TPEOYIOLIMX TOYHOTO KOHTPOA 3EKTPOHHOMO

TPaHCNOPTa noA BO3,£I,€VICTBI/I€N\ MarHuUTHbIX NONeMN.

Kniouesble c/10Ba: MarHMTHoOE Moje, NoaynpPoOBOAHMKN, INEKTPOCONPOTUBAEHME, DYHKLMM
pacnpeaenexHms Gepmu—Amnpaka, XMMUYECKUIA NOTEHLMaN.

Introduction

Organic semiconductors are widely used as
important functional materials in many areas of
electrical and electronic technology [1-6]. These
materials possess unique electronic properties and
functionalities that can be tailored through chemical
synthesis to meet specific requirements. Additionally,
they are expected to provide electronic applications
that are more cost-effective, lighter, and mechanically
flexible than current inorganic-based technologies.
However, there is still much to learn about the
properties of these materials, which can behave
differently depending on external factors such as
magnetic field, temperature, film thickness, and
others [7-14].

One such external factor is the change in
electrical resistance of materials under magnetic
fields, a phenomenon known as magnetoresistance.
Magnetoresistance is widely used in commercial
applications, such as computer hard disks and on-chip
Sensors.

36

In organic semiconductors, magnetoresistance,
referred to as organic magnetoresistance (OMAR) is
characterized by changes in electrical resistance upon
application of a magnetic field. This effect is typically
explained by mechanisms such as spin-dependent
processes and hyperfine interactions and plays a
significant role in the development of organic
spintronic devices [15-20].

In this study, the change in the resistance of
semiconductors exposed to an external magnetic field
is calculated using an analytical approach based on
Fermi—Dirac distribution functions. An analytical
formula expressing this behavior has been derived
within the framework of kinetic theory using one-
dimensional Fermi functions.

The proposed theoretical approach may
contribute to guiding future experimental studies in
the right direction.
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Methods

Analytical formula for calculating
semiconductor resistance in a weak magnetic field

Using kinetic theory of transport phenomena, the
analytical formula for the change in the resistance of
semiconductors under the influence of a weak
magnetic field can be expressed as follows [2—4]:

;ﬂam=mmﬁ+ﬁgj@wﬁ 1)

Here, p is the chemical potential, B is the magnetic
field, y represents the magnetic susceptibility, and
©(0) is the resistivity in the absence of a magnetic

field. The function 4,(p) is defined as follows:

(Fy, (7))’
S (g )F, .,
E e DB

= (Fyn ()’

4,(n) =

Here, F, (1) is the Fermi function, defined as follows:

0 x—

e Mx”
F, (W =[x, (3)

0

Here, 7 is the variable —00 <7} <00 varies within a

certain interval, and « is the parameter can take
arbitrary integer or non-integer values. In cases
involving charge carriers scattered by acoustic
phonons or by ions, the constant » typically takes the
values 7 =0, 7 = 2, respectively. In the study [21],
authors have provided the following analytical
formulas for the precise calculation of the one-
parameter Fermi function:

a+l N
n .
F = + lim (-DK (a,
L) = o lim D DK (@)
v
i —1) ) 4
+ ]m);o f,(=De (4)
X F(Ot+1,77(j1+1)) for 0<np<oo

(j+D*

and

L .
F, ()= }iil;lczjri(_l)e*\ﬂ\(z )
i=0

@+
@i+

®)

for -0o<n<0

where the function K, (a,7) is calculated according to
the following formula:

>N filam™
=0
XM forinteger o > 0
K (a.n)= : (6)
Jim > 1)/, (e

=

U jj,m)
;

for noninteger o

In Egs. (4), (5), and (6), the indices N,L,M ve N'
are the upper bounds of the sums. special functions
IN'a), I'(a,x) ve y(a, x) are complete and

incomplete Gamma functions and are written as
follows [22-24]:

[(a) =]2t“_'e_tdt (7
0

y(a,x) = jit“’le”dt 3

e, x)= Tt“_le_'dt ©)

Calculation results and discussion

The change in the electrical resistance of
semiconductors under weak magnetic fields has been
calculated using Equation (1) for various values of the
Il relevant parameters. A computational algorithm

based on Equation (1) was developed using the
Mathematica 10 programming language. The
calculations were carried out for silicon (Si) as the
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semiconductor material, considering the hole
mobility u=45.10"m"/V.s, intrinsic resistivity
pr(0)=25Q.m, and the applied magnetic field
H =0.057! . Our analytical results, alongside those

obtained from numerical integration methods, are
presented in Table 1. As can be seen from the table,

there is a good agreement between the analytical
calculations and the numerical results, confirming the
accuracy and reliability of the proposed analytical
approach. Furthermore, the results indicate that the
derived analytical expression is general and remains
valid for arbitrary values of the physical parameters.

Table 1. Comparative results for the electrical resistance of the semiconductor under the weak magnetic

field

n Eq. (1) Numerical calculation results

-5.0 3.99905770701113E-09 3.99905770701113E-09

-0.3 3.999057707013538E-09 3.999057707013555E-09

-0.7 3.999057707012535E-09 3.999057707012535E-09

-1.6 3.999057707011747E-09 3.999057707011747E-09

-4.8 3.999057707010885E-09 3.99905770708621E-09

-8.8 3.999057707010217E-09 3.999057707010211E-09

1.0 3.999057707016095E-09 3.999057707016061E-09

2.6 3.999057707031013E-09 3.99905770702209E-09

16.8 3.999057707180921E-09 3.99905770710575E-09

Conclusion

This general applicability highlights the advantage
of the analytical formulation in modeling the
magnetoresistive behavior of semiconductors under
weak magnetic fields. It offers a useful theoretical

framework that can complement experimental
investigations and support the design of magneto-
sensitive semiconductor devices.
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M. Kenessarinl:24* ® , A. Bekbayev124

IMAGING INTERNAL STRUCTURES IN LITHIUM-ION AND SODIUM-ION BATTERIES
BY NEUTRON AND X-RAY TOMOGRAPHY

This paper presents the application of combined non-destructive diagnostic methods—
neutron and X-ray tomography, conducted using the TITAN neutron radiography and tomography
facility at the WWR-K reactor, as well as the IMAX X-ray tomography facility, to visualize the
internal structure of 2032 and 18650 battery cells provided by the Research, Design, and
Technology Center for Electrochemical Engineering at Dubna State University. The obtained X-ray
and neutron tomography data revealed inhomogeneities in the distribution of the base materials,
as well as areas of low and high radiation attenuation, gaps, and voids at the boundaries between
the electrodes and the battery case. The analysis results demonstrate the high efficiency of X-ray
and neutron tomography for quality assessment during the manufacture of such batteries. The
conducted test demonstration experiments allow for the development of methods for the
combined application of these methods and provide a basis for their further use in the research
and development of new battery systems.

Keywords: x-ray tomography, neutron tomography, li-ion and sodium-ion battery.

M. Epgaynetos®?, ®.C. Hanonsbcknin®3, Y. Naynbaes?, K.M. Hazaposl?4,
M. Kenecapun®>* ", A. }omapTosa®?, K. laxves®, A. bekbaesl?*
Anponbik dusmMKa MHCTUTYTLI, Anmarbl, KasakctaH
2BipikKeH AAPONbIK 3epTTey MHCTUTYTSI, y6Ha, Pecel
3[ly6Ha memnekeTTiK yHusepcwuTeTi, ybHa, Pecel
49n-dapabu aTbiHgarsl Kasak yATTbIK yHUBEPCUTETI, AnmaTsl, KasakcTaH
*e-mail: muratkenessarin@inp.kz

HelTpOHAbIK KaHe PeHTreHAiK Tomorpadua KemerimeH TMTUR-UOHAODI KaHe
HaTPUN-MOHABIK BaTapeanapablH, iLWKi KypblibiMaapbiH beiHeney

Byn XKymbicTa akKymynatopabik 2032 kaHe 18650 TunTi enwemai snemMeHTTepAiH, iWwki
KYPbINbIMbIH  6eilHeney yuwiH 6y36aiTbiH  AMAarHOCTUKaHbIH,  BipiKTipinreH aaicTepi, SfHM
HEMTPOHAbIK, KoHEe peHTreH Tomorpaduackl KoAdaHbinabl. HeWTpoHAbIK TomorpadusabiK,
3eptreynep CCP-K (cymeH cankblHAATbINATbIH peakTop) peakTopbiHAa opHanackaH “TITAN”
HEMTPOHAbIK, paaMorpadua kaHe Tomorpadusa KOHAbIPFbICbIHAA, an PEeHTreHAiK Tomorpadus
IMAX KOHAbIpFbICbIHAG KYpri3ingi. 3epTrey obbekTinepi [ybHa memMneKkeTTiK YHUBEPCUTETIHIH,
SNEKTPOXMMMABIK ~ MaLlUMHA  »Kacay CcanacbiHA4afbl  FblABIMM -  KOHCTPYKTOP/bIK — KaHE
TEXHONOTMANBIK OpPTaNblfbl TapanblHaH YCbIHbIAABI. A/NbIHFAH PEHTFEHAIK KaHEe HeWTPOHAbI
TOMOrpaduAnbiK, mManimeTTep 6asanblk, MaTepuvangapapliH, TapanyblHblH, BipKenki emecTiriH,
COHAAN-aK 3/N1EeKTPOATAP MeH aKKYMYAATOP KOPMYCbIHbIH, apacbiHAafFbl LeKapanapaafbl TOMeH
YKOHE KOFapPbl pagmMaUMANbIK a/Cipey aiMaKTapblH, CaHblaaynap meH 60C 0pbiHAAPAb!I aHbIKTaAb!.
Tanpay HaTUXKenepi ocbiHAal 6aTapeanapabl eHAipy KesiHAe canaHbl 6aranay YiiH peHTreHAaiK
KOHe HEeNTPOHAbIK TomorpadusaHbiH, KOoFapbl TUIMAININIH KepceTeadi. OTKI3iNreH CblHaK-
LEMOHCTPALMANBIK Taxipnubenep ocbl aaicTepai BipikTipin KoAAaHy aaicTepiH KacayFa MyMKIHAIK
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bepedi KaHe o1apdbl KaHa aKKYMYAATOP/bIK KyWenepi 3epTrey MeH a3ipseyne ofaH api
Naidanany ywiH Heriz 6onagpl.

TyWiH ce3aep: peHTreHAik Tomorpadua, HEeUTPOHAbIK TOMOrpadua, NUTUN-NOHAbBIK KaHE
HaTpUI-MOHAbIK BaTapes.
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MuctutyT agepHol dusmkm, AnmaTsl, KazaxcraH,
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Busyannsauma BHYTPEHHMX CTPYKTYP B IMTUN-UOHHBIX U HATPUI-MOHHBIX HaTapenx ¢
NOMOLLBIO HEUTPOHHOM W PEHTTeHOBCKOM Tomorpadmm

B paHHOM paboTe npeacCTaBNeHO  MPUMEHEHWe  KOMOWHWMPOBAHHBIX  MeTOAOB
Hepa3pyllatollen AMAarHOCTUKM — HEMTPOHHOM M PEeHTreHOBCKOM ToMorpadum, NpoBeaeHHbIX C
MCMNO/Ib30BaHMEM YCTAHOBKM HEMTPOHHOM pagmnorpadmm n Tomorpadmm «TUTAH» Ha peakTope
BBP-K, a TaKKe peHTreHOBCKOM Tomorpadumyeckon yctaHoBkM IMAX, ons BW3yanmsaumu
BHYTPEHHEM CTPYKTYPbl aKKYMYAATOPHbIX A4Yeek TMnopasmepos 2032 1 18650, npeaocTaBNeHHbIX
Hay4YHO-KOHCTPYKTOPCKMM " TEXHOIOTMYECKMM LeHTpOM 3NEeKTPOXMMMUYECKOTO
MaWWHOCTPOEHNA  TOCYAapCTBEHHONO  yHMBepcuTeTa  «[ybHa». [lonyyeHHble  AaHHble
PEHTFEHOBCKOM WM HEMTPOHHOM TOMOrpadum BbIABUAM HEOAHOPOAHOCTM pacnpeneneHms
MaTEPMaNOB OCHOBbI, @ TaKKe 06/1aCTU NOHMMKEHHOMO M MNOBbIWEHHOrO 0CNAbAeHUA U3TyYeHNs,
3a30pbl M NYCTOTbl HA FPaHMULAX 3NEKTPOLOB C KOPMYCOM akKymynatopa. PesynbTaThl aHaam3a
[EMOHCTPUPYIOT BbICOKYHO 3PdEKTUBHOCTL PEHTIEHOBCKOM M HEMTPOHHOW Tomorpadum ans
OLLEHKM KayeCcTBa MNPU WM3rOTOBAEHUM TaKMX aKKymynatopoB. [lpoBeaeHHble TecToBble
[EeMOHCTPaLUMOHHbIE 3KCMEepPUMEHTbl MO3BONAIOT pa3paboTaTb MeTOAMKM KOMOUHMPOBAHHOMO
NPUMEHEHMA 3TUX METOLOB M CO34at0T OCHOBY AN WMX [JafbHeMNero UCnoab30BaHWA MNpwu

nccnenoBaHnm U pa3paboTke HOBbIX aKKYMYAATOPHbIX CUCTEM.
Kntouesble cnosa: peHTreHoBCKaA TOMorpadua, HeMTPOHHaA Tomorpadua, NUTUIR-UOHHbIE U

HaTpui-MOHHbIe BaTapew.

Introduction

In 2015, the Paris Agreement was signed,
committing 195 countries to reducing greenhouse gas
emissions and slowing global climate change. As a
result, more and more countries are focusing on
renewable energy and green technologies. However,
solar panels and wind turbines face a significant
challenge: they are climate-sensitive. To ensure
constant electricity availability, reliable energy
storage systems are needed.

The limited supply of fossil energy sources, as
well as the widespread deterioration of the
environmental situation, leads to the need to increase
the share of renewable energy consumption and the
inevitable use of electric drives for vehicles. The
widespread use of renewable energy sources and
electric vehicles is limited by the lack of high-
capacity and energy-efficient energy storage devices,

among which rechargeable chemical current sources
(CCS) occupy an important place. In the field of
"green" energy, CCS is necessary to equalize the load
in electrical networks, regulate the frequency and
provide consumers with renewable energy in times of
power generation failures that occur when using
wind, solar or wave power plants. In this regard, an
urgent task is to improve existing, search for and
develop new energy-intensive and efficient
rechargeable batteries.

One of the most common options is rechargeable
electrochemical storage devices such as ion batteries,
which are considered as a promising solution. Today,
lithium-ion batteries (LIBs) are the dominant
technology for electronics, electric vehicles, and
stationary energy storage systems due to their high
energy, long service life, and technology maturity.
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Nevertheless, the shortage of lithium and the uneven
distribution of its resources in the world, as well as
the increasing demand for large-scale storage devices,
are stimulating active research into alternative
electrochemical cells such as sodium ion batteries
(SIBs). Sodium-ion batteries are positioned as a
widespread and cheap electrochemical cell, therefore
sodium is competitive and especially promising for
use in the energy sector [1].

Microstructural ~ defects, porosity, grain
boundaries, and interfacial boundary stability directly
affect ion transport, energy storage efficiency, and
battery durability. Diagnostic and analytical methods
are used to study the battery at the micron level and
identify defects. Such methods mainly describe the
spatial arrangement of the cells and the internal
structure of the battery, so it is necessary to use non-
destructive testing methods. Neutron and X-ray (X-
ray) radiography and tomography have proven
themselves well among the methods of non-
destructive testing [2]. X-ray tomography provides
high spatial resolution and is sensitive to heavy
elements, which makes it particularly useful for
analyzing battery  structure, while neutron
tomography demonstrates high sensitivity to light
elements such as hydrogen and lithium, allowing
direct observation of lithium distribution, electrolyte
dynamics, and interfacial processes inaccessible to X-
ray methods. These techniques contributes to a deep
understanding of the structure, morphology,
chemistry, and kinetics of LIBs, allowing for
selective analysis to optimize electrodes and improve
overall battery efficiency [3].

Aperture
system
7m
Filter
position Vacuum Neutron
tube beam

The combined use of these approaches opens up
unique opportunities for the complex analysis of
electrochemical systems. The use of these methods
allows not only to observe the general morphology,
but also to identify internal defects and the uniformity
of the distribution of materials in the battery[4].

Methodology

Material preparation. In this study, we chose a
lithium- and sodium-ion battery (LIB and SIB) of
coin-cell type 2032 and commercial battery 18650 as
a test sample. The main direction of research aimed at
visualize the lithium ion batteries structure inside the
cell in the initial and final states of charging
processes.

Neutron tomography facility. Figure 1 shown
Neutron tomography studies were performed at the
TITAN (Transmission imaging with ThermAl
Neutrons) facility located on the 1st horizontal
channel of the WWR-K research reactor. At the
TITAN facility, a thermal neutron beam was formed
by a system of collimators with an aperture diameter
of 2 cm, L/D parameter 350. The size of the neutron
beam at the sample position is 8.6 x 8.6 cm?. The
neutron projections were recorded by a position-
sensitive detector consisting of a scintillation screen
based on ZnS(Ag) and °LiF with a thickness of 100
microns, and a CCD matrix with dimensions of
2048%x2048 pixels. The exposure time for one
radiography frame was 20 seconds. The spatial
resolution of the images obtained was about 200
microns with a pixel size of 42 x 42 microns. [5].

Sample
position

l,‘ .

10,5m

Figure 1 — Scheme of the experimental neutron tomography facility TITAN
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The Image] software package was used for
primary image processing [6], projection and analysis
assemblies, whereas the STP Syrmep Tomo project
was used for tomography reconstruction of a three-
dimensional model of the studied samples [7], The
visualization and segmentation processes were
performed in the Imagej program [Schneider C. A.,
Rasband W. S., and Eliceiri K. W. NIH Image to
ImageJ: 25 years of image analysis // Nature
Methods, — 2012, — Vol.9,—P. 671-675.].

X-ray tomography facility. Experiments on X-
ray tomography were carried out on a compact IMAX
facility at the Institute of Nuclear Physics, Almaty,
Kazakhstan in figure 2. An X-ray source (Spelman

XRBO011) with a size of about 30 microns is installed

on the IMAX (IMAging with X-ray) installation. A

microfocus source with a voltage range from 35 to 80
kV and a current range of 0-700 Ma. The distance

from the focus (the point where the X-ray radiation
occurs) to the outer window of the tube is 32mm. The
X-ray beam exits at an angle of 40° and additionally
there is a copper filter with different thicknesses for
filtering low-energy parts. The field of view of the
detector is 114x145 mm, the pixel size is 64 microns
[8].

In this work, the time of one tomography
experimental work was about 2 hours.

Figure 2 — a) Real photo of outside view b) inside view:
1) detector 2) rotational and linear stage 3) copper filter 4) source.

Results and discussion

Coin cell. Neutron tomography examination of a
coin-type 2032 lithium-ion cell has provided detailed
information about its internal structure. The main
structural elements are clearly visible on the horizontal
section (Figs. 3b and 4b). An area with reduced
attenuation is visible along the central horizontal axis,
which differs from the main structure (indicated by the
purple arrow), which corresponds to the polypropylene
separator layer. A bright area with high neutron
attenuation is also visible on the side (orange arrow),
due to the presence of an insulating plastic ring between
the housing of the positive and negative electrodes,
which also effectively attenuates the neutron flux. In
figure 3b and 4b, on both tomography sections,

elongated dark areas with low attenuation are observed
in the upper part of the battery housing (yellow arrow),
which corresponds to a pressure metal punch. In
Figures 3c and 4, on color tomography images, the
regions with low neutron attenuation are displayed in
blue shades, while the zones with high attenuation are
visualized in red-green colors.

To obtain additional information using X-ray
tomography, an experiment of 3D reconstruction of
coin cell was conducted, but due to the fact that the
housing and electrodes strongly scatter and absorb X-
rays, the image turned out to be blurred and distorted.
As a result, it was not possible to restore the internal
structure of the battery correctly.

Figure 3 — a) Real photo of A/K coin cell, b) Horizontal slice, ¢) 3D Neutron tomography drawing
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Figure 4 — a) Real photo of K/Li coin cell, b) Horizontal slice, ¢) 3D Neutron tomography drawing

Sodium 18650 sample. The neutron tomography
results made it possible to visualize the internal
structure of a cylindrical 18650 sodium-ion battery and
identify a number of design features. Figure 5b shows
a neutron-radiography image of the battery. Figure 5c
shows a tomography section on which the structure of
the electrode block is clearly distinguishable. An
elongated dark area is observed in the central part, and
Figure 5c shows that it has a cylindrical shape and
corresponds to an empty space arising from the
winding rod of the cell. To the left of this central area,
there is an additional elongated dark stripe (yellow
arrow), which may indicate the presence of a gap and
an uneven fit of the electrodes or separator to each
other. Also, another vertical elongated dark stripe (red
arrow) is visualized on the slice on the left, which can
be interpreted as a void in the center of the twist due to
the presence of a positive current outlet. The area
marked with purple arrows is characterized by a
uniform attenuation of neutrons, which may indicate
the presence of an electrolyte. In the right part of the
image, there are areas with signs of voids or bulges on
the boundary between the electrode material and the
housing (black arrow), which may be due to a violation
of contact. The left side, on the contrary, demonstrates
a tighter fit of the electrodes to the housing. In the upper
part of the housing, both on the left and on the right,
there are areas with increased attenuation (orange
arrow), which corresponds to a plastic insulator
between the lid (positive contact) and the housing
(negative contact) of the cell. All these features can also
be traced in the three-dimensional reconstruction
shown in Figure 5d.

Figure 5d shows a  three-dimensional
reconstruction of a Sodium 1500 battery obtained by
neutron tomography. The use of a color scale made it
possible to clearly visualize the internal structure and
distribution of materials by volume. The blue and cyan
hues correspond to regions with low neutron
attenuation, which indicates the presence of less dense
materials, components with low interaction cross-
section, or voids. The yellow-red areas show areas with
high attenuation, corresponding, for example, to a
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metal body.

Figure 6 a),b) shows an X-ray vertical section with
a pixel resolution of 16 microns of the upper part of an
18650 cylindrical cell. The internal structure of the
electrode block is more clearly discernible in this image
than in the X-ray data. The central region is represented
with a low attenuation of the X-ray beam, which
corresponds to a void as described above. In the left
part of the slice, a thin vertical line with low attenuation
is visible among the layers of the electrode winding
(red arrow), but larger than the central cylindrical part.
The connection line to the upper contact area is also
visible (blue), which corresponds to the aluminum
current lead connecting the positive electrode to the cell
cover. It is worth noting that this connecting line was
not visible in the neutron tomography section. The X-
ray tomography section clearly shows the unevenness
of the winding of the electrode block (horizontal yellow
dotted line). Similar to the results of the neutron
tomography section, the X-ray tomography section also
shows a distortion of the electrode block in the central
part (yellow arrow). However, according to X-ray
tomography, it can be unequivocally said that this bend
is associated precisely with the inner layer of the
separator, since in the upper part it is he who protrudes
beyond the electrodes.

Conclusions

The use of neutron, X-ray, and tomography
provides comprehensive information on the internal
structure and processes in lithium-ion and sodium-ion
batteries. The resulting data on degradation
mechanisms and the uneven distribution of active
components can be used to optimize battery design,
material selection, and operating modes, directly
contributing to the creation of more reliable and
durable energy devices.

Future research plans include using in situ and
operando modes to monitor dynamic changes in
batteries during operation. This includes tracking
lithium and sodium dendrite formation, gas formation,
and changes in electrode density and structure during
charge-discharge cycles.
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®N3NKA MIHIHAE MOBAJIbIK OKbITY TOCI/IAEPIH KONOAHY

Byn maKanasa ¢u3MKa KypcbiHA@ MEeXaHWKablK TONKbIHAAPAbIH MHTepdepeHUMACHIH
3epTTey MbicasbliHAa *KOOabIK OKbITYAbIH TUIMAINIT KapacTbipblNabl. 3epTTey KyMbiCbl LMOPAbIK
TpaHchopmauma asyipiHAe PU3MKA NSHIH OKbITY Ma3MyHbIH XKaHFbIPTY, OKY VPAICIH Fbl/IbIMU-
ToXipnbenik ic-opekeTke Herisgey KeHe 6inim  anywblnapablH,  3epTrey  AafabliapbliH
KaNbINTacTblpy MaKcaTblHAa Kypridingi. ®usmkagarbl xKobanblk OKbITY 6iniM anywbliapably,
3epTTeywinik 6enceHainiri apTTbipbin, ONAPAbIH, TEOPUANbIK OiniMiH HakTbl TaxipubemeH
HalinaHbICTbIpyFa MyMKIHAIK Bepeai. Makanaaa »kobasblK TaCiNAiH TEOPUSABIK KaHe aaicTemenik
Herisaepi TanaaHbIn, OHbIH, FbIAbIMKW BiNiMAI MeHrepyaeri apTbIKLbIAbIKTapbl aiKbIHAAAFAH.

3epTTey OapbicbiHAa 6iniMm anywbinap mMexaHWKablK TONKbIHAAPLIH, MHTEpPepeHUMACHIH
3epTTENTIH WafblH Koba opbiHAaAbl. *Koba KeseHAepi rMnoTesa YCbIHY, 3KCMEPUMEHTTIK
KOHAbIPFbI Kacay, OaKblnay, LOEPEKTEP KMHAY KoHe HaTWKenepai Tandaydbl KamTblabl.
IKCNEePUMEHT HITUKENEPi TONKbIH KUiiri MeH amnanTyaacbiHbiH e3repici MHTepbepeHUMAbIK
CYpeT Kypbl/ibIMblHA dCep eTeTiHiH KepceTTi. ANblHFaH AepeKkTep TeopuAnblK MoaenbaepMeH
COMKecCTeHAipinaj *kaHe dM3MKanbIK 3aHAbINbIKTaPAbIH AYPbICTbIFbIH pPacTabl.

oba HaTuKenepi KepceTkeHaen, »obasblk OKbITYy aici 6ifiM anylwbinapdblH 3epTTey,
aHaA/IMTUKANbIK KaHEe KOMMYHWMKATMBTIK Ky3blpeTTepiH alTap/blikTah AdambiTagbl. CayanHama
HaTWKenepi BorbiHWa OiniM  anywblnapabiH, Kenuwiniri »KobasblK MYMbIC O0MapAblH, MNaHre
KbI3bIFYLIbINbIFbIH, TaHbIMABIK ~BenceHpinirin  »kaHe bGipnecin aspekeT ety KabinetTepiH
apTTblpFaHbIH aTan eTTi. 3epTTey *KobanblK OKbITYAbIH, LMbPAbIK TpaHChOPMaUMs KaFaalbiHAaA
bU3MKaHbl OKBITYAbIH, TUIMAI NEeAArormKanblk MOAEN EKEHIH KOHE OHbI »annbl Hinim Hepyain,
*KaHapTbI/IFaH Ma3MyHbIHa eHTi3YAiH MaHbI3AbINbIFbIH Adenaenai.

TyhiH ce3gep: KobanblK OKbITY, TONKbIHAAPAbIH, WHTepdepeHumsachbl, dU3MKa, 3epTTey
Ky3blpeTTepi, uMdpabiK TpaHchopmaLma.
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1Al-Farabi Kazakh National University, AlImaty, Kazakhstan
2Riga Technical university, Riga, Latvia
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The use of project-based learning methods in physics

This article examines the effectiveness of project-based learning in a high school physics
course using the example of studying the interference of mechanical waves. The research work
was conducted with the aim of modernizing the content of physics teaching in the era of digital
transformation, basing the learning process on scientific and practical activities, and developing
students' research skills. Project-based learning in physics increases students' research activity
and allows them to connect their theoretical knowledge with practical experience. The article
analyzes the theoretical and methodological foundations of the project approach and identifies
its advantages in mastering scientific knowledge.

During the study, students a small project studying the interference of mechanical waves.
The project stages included proposing a hypothesis, creating an experimental setup, observing,
collecting data, and analyzing the results. The experimental results showed that changes in wave
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dur3mKa naHiHae Kobanblk OKbITY TOCINAEPIH KONaaHY

frequency and amplitude affect the structure of the interference pattern. The obtained data were
matched with theoretical models and confirmed the correctness of physical laws.

The project results showed that the project-based learning method significantly develops
students' research, analytical and communicative competencies. According to the survey results,
the majority of students noted that project work increased their interest in the subject, cognitive
activity and ability to work together. The study proves that project-based learning is an effective
pedagogical model for teaching physics in the context of digital transformation and the
importance of introducing it into the updated content of general education.

Keywords: project-based learning, wave interference, physics, research competencies, digital
transformation.
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MpumeHeHue NpoeKTHOro metoga obyyeHuma s dpmsmke

B maHHOW cTaTbe paccmaTpuBaeTcs 3ddEeKTMBHOCTb MPOEKTHOro metoda obyyeHus B Kypce
OU3MKM  Ha nNpumepe M3yYeHMA WHTepdEpPeHUMM MexaHMYecKnx BOAH. VccneposaHue
NPOBOAMNOCH C LEe/blo MOAEPHM3ALMM COAEPKAHNA NPenoaaBaHna GUsMKK B 3noxy LMdpoBoi
TpaHchopmaumn, onopbl y4ebHOro npouecca Ha HAYYHO-MPAKTUYECKYID AeATeNbHOCTb U
PA3BUTUA WMCCNEA0BATE/IbCKUX HaBbIKOB yyalmxca. [MpOeKTHbIM meToh obyveHua B duU3MKe
MOBbIWAET UCCNEA0BATE/IbCKYIO aKTUBHOCTb YYALLMXCA M NMO3BOASET MM CBA3ATb TEOPETUYECKME
3HAHWA C NPAKTMYECKMM OMbITOM. B CTaTbe aHaM3MPYIOTCA TEOPETUKO-METOANYECKME OCHOBSI
NPOEKTHOrO MEeTOAa M BbIABAAIOTCA €70 NPEUMYLLECTBA B YCBOEHMM HAYUYHbIX 3HAHWN,

B xome wccnefoBaHWA  yyalMecs  BbIMOAHMAM  HEDONbLWON MNPOEKT MO M3YYEeHWIo
NHTEPDEPEHUMN MEXaHMYECKMX BOMH. ITanbl MPOEKTa BK/OYAAW BbIABUMKEHME T[UMNOTE3bI,
CO3/1aHMe 3KCNEePUMEHTAIbHOW YCTAHOBKM, NpoBedeHMe HabntoaeHuin, cbop AaHHbIX U aHanm3
pe3ynbTaToB. Pe3ynbTaTbl sKCNepUMeEHTa NOKasaau, YTo U3MEeHEeHMe YacToTbl M aMAIUTYAbl BOJH
BAUAET Ha CTPYKTYPY MHTepdepeHUMOHHON KapTuHbI. NoaydeHHble AaHHble OblM CONOCTaBAEHbI
C TEOPETUYECKMMWN MOAENAMWN U NOATBEPAMAN CNPaBEeAINBOCTb GU3NYECKMX 3aKOHOB.

Pe3y/nbTaTbl MPOEKTa MOKa3aan, YTO METOA MPOEKTHOro 0byYeHMA CyLeCTBEHHO pa3BMBaeT
nccnefoBaTenbckne, aHaiMTUYeckMe M KOMMYHUKATUBHbIE KOMMNeTeHUMK ydalimxca. CornacHo
pesynbTaTam onpoca, 60/bWMHCTBO YYaLMXCA OTMETUAM, YTO NPOEKTHas paboTa MoBbILAET MUX
MHTEpPeC K MnpeaMeTy, MOo3HaBaTe/bHYH aKTMBHOCTb M CMOCOBHOCTb K COBMeCTHoW paboTe.
NccnepoBaHWe I0Ka3blBAET, YTO NPOEKTHOE obydveHne aBaseTca addeKTMBHOM Neaarormyeckom
MoAeNblo 0bydeHna dursnke B ycnoBmax LUmMdpoBon TpaHCHOPMaLMM U BaXKHOCTb er0 BHEAPEHUS
B 06HOBNEHHOE cofepKaHue oblliero obpa3oBaHms.

Kniouesble  c/ioBa:  NpoekTHoe  obyyeHue,  MHTepdepeHums  BOAH,  OU3MKa,
nccnefoBaTeNbCKME KOMMNETEHLMM, LMdpOoBas TpaHChopMmaLms.

Kipicne

Ocipece Qu3MKa NOHIH OKbITY/Ia OYJI OaFBIT epeKIe

O3eKTLTIKKE ue, cebedi (¢usuka — Tabwurar
Kasipri 3amanrbl 611iM Oepy *Kyieci FbUTBIM MEH  KYOBUIBICTApbIH TXKipuOe apKbUIBl TYCiHAIpyTe
TEXHOJIOTUSHBIH ~ Y3[IKCI3  JaMybl, aKIaparThlK MYMKIHJIIK OSpETiH FhLIBIM.

KEHICTIKTIH KEHET01 J)KOHE UG PIIBIK JocTypai okpITYy oaicTepi keOiHE aKmapaTThl
TpaHC(OPMALMSHBIH,  JKeleJl JaMy >KarJaibiHza
TyOereitni  esrepicrepre ymblpanm  OTbIp. byn  OiniM  amymbl maccwBTi  KaObUIIAyIIbl — pesliHze
e3repicrep OKBITY yaepicin KaHamia  Kajaapl. MyH#gail Tocin  OUTIM  alymibLIap/biH

yibIMAAcThIpyAbl, OUTIM  alylibUlapAblH OeNCeHAl  FBUIBIMH  OMJIayblH,  OKCIIEPUMEHTTIK

TaHBIMABIK 1C-OpEKETiH KYIMICHTYIl XOHE FBUIBIMH-  IIBIFapMAaIIbUIBIK KabineTTepin KETKUTIKTI
3epITey JAFIbUIAPBIH  JAMBITYAbl Tajlall  eTe[i.  JIaMBITIIal/IbI. CoHJlbIKTaH TMEeIarOTUKAIBIK

6pr1"€ JKOHC OHBI €CTC CaKTayra 6aFI>ITTaJ'Ia}1LI, all



9.I. Mbip3afannesa »aHe T.0.

KaybIMJACTBIK COHFBI KBULAAPBl OKBITYIA TYJIFara
OarpITTaIFaH, OPEKETKE HETI3JENTeH TOoCUTaepai —
MOHBIH, IIIiHAE XKOO0ANBIK KOHE 3epTTey SIiCTepiH
OernceH i eHrisye.

’Kobanbik okpiTy (Project-Based Learning, PBL)
— OumiM amymBIIapAblH HAKTHI  MIPOOJIEMaliapIsl
IIelry apKbUIBl KaHa OuTiM amyFa JKOHE OHBI
MPaKTUKAIBIK KOHTEKCTE KOJAaHyFa OarbITTalFaH
WHHOBaIMSUIBIK ofic [1]. On 6iniM anymbuiapaIsH 63
OeTiMeH MaKcaT KOIOBIHA, JKOCTIAp KYPYbIHA, 3€PTTEY
KYprizyiHe, AepeKTepi Taiaayra ;KkoHe HOTHKEIepiH
KOprayFa MYMKiHIiK Oepemi [2]. Ocpuraiimma Oiyim
aTyIIbLIap FEUTBIME 3epTTEy Ke3eHAEPiH Taxipudee
UTepil, TAHBIMJBIK TOYEJCI3IiKKe YHpeHeIi.

dusnka moHiHae OYJT 9AICTIH THIMILTITT epeKIe.
Mpicanbl,  TOJKBIHAAPIBIH  MHTEPPEPECHIHACH
CUSIKTBI KYpPJENi TaKbIPBINTEL MeEHrepyne Oimim
aIyIIbIIap TEK TEOPHUSIIBIK 3aHABUTBIKTAP/Ibl YHPEHII
KaHa KoWMall, e3fepi INaFelH 3epTTey >KOO0ACHIH
opeiHAaiabl. Omap eki TOJKBIHHBIH ©3apa ocepiH
SKCTIEPUMEHT apKbUIBI 3epTTEN, HHTEP(PEPCHIUSITBIK
CYypeTTi Tanmaiapl, TMapaMeTpiepaiH e3repiciH
OaKpIIAMIbI  JKOHE  HOTIDKENEpiH  TeopHUsMeH
casbIcThIpaapl. MyHIail ToxipuOenik opeker Oiiim
aNyIIBIIapAbIH 3eprTey MOJICHUETIH
KaJIBINTACTBIPBIN, FBUIBIMHBIH JIOTHKAaChIH TEPEH
YFBIHYFa MYMKIHJIK Oeperi.

Hudpasik TpanchopmMalus xaraaibiHIa OV
Mpollecke aHa MYMKIiHZIiKTep amburyga. Kasipri
yakpitta PhET Interactive Simulation, Crocodile
Physics cHAKTBI BUpPTyaJlabl 3epTXaHanap MeH
CaHIBIK Kypayjiap KEeHIHEH KOJIAaHBUIBII KeJesi.
Omap apkpuIbl OiNiM  aJyIIbUIap TOJMKBIHIAP/IBIH
UHTEPPEPEHINACHIH HaKTHI MojIeJIbIe,
napameTpliepAi e3repTe OTHIPBIN BU3yasibl OaKblIay
Kyprize amaael. MyHmall opra OKy NpOLECiH
KBI3BIKTHI 9pi MHTEPAKTHBTI €TeMl )KOHE TeOpHs MEeH
MPaKTUKAHbI YIITACTHIPA/IBL.

Ocbl  TypFelgaH anfaHaa, (usnka MOHIH
XKOOAITBIK (pOpMaTTa OKBITY — OUTIM alTyIIbLIap IbIH
(YHKIIMOHAIIBIK CayaTTBUIBIFbIH, FBUIBIMU
KO3KapachlH JKOHE 3epTTEYUIUTIK KaOlIeTiH JaMbITyFa
OarpITTaJIFaH 3aMaHayH TeIarOrHKaJIbIK TOCIT OOIBIIT
Tabbinanbl. by omic Kasakcran PecnyOinkachiHbIH
XKanmbl OimiM Oepylli KaHFBIPTY CTPaTeTHUSCHIMEH

KOHE opra OimiM  MasMyHBIH  KaHapTy
TYKBIPBIM/IaMacbIMEH TOJIBIK, YiJiecei.
3eprTeyJle  YCHIHBUIFAH  OMITUPUKAIIBIK

JepeKTep CTYACHTTEPIiH MOTHBALUSICHIHBIH, TOTITHIK
KYMBICTBIH, HIBIFAPMAIIBUIBIKTEIH KOHE (HU3HKa
YFBIMJIAPBIH TYCIHYIIH TepeHAiriHue aiTapibiKTaii
xKakcapTyiaapiael — kepceremi.  LIbIFapManibuibK
XKoOaJbIK omiCTI KaObuIgaraH SKCIIEPHUMEHTTIK
TOIITBIH, JIOCTYPJIi OKBITY OJIicTepiHEe YIIbIparaH
OakplIay TOOBIHAH aWTapibIKTall O3FaHBIH, OHBIH

inriHge cabakka Karbicy MeH 0ara KOpCeTKIITepiHiH
CaHIBIK AepekTepi kepceTemi [3].

Orum xoHe Oacka aBTOPJApBI DJICKTPOHIIBIK
TUTaKaTTap ApKBLIBI XKOOaJBIK OKBITY/IBI
WHTeTpanmsiay OacTankel (QuU3uUKa MyFaliMIepiHe
Heri3ri (pu3MKaHBl OKBITYABIH THIMII Oici OOJBIIT
TaObUIAABl JIeTeH KOpBITHIHABIFA Kenmi. Omap
CTYIEHTTepAIH OCJCeHIIIri MEH JaFAbUIapbiH
JaMbBITy  yImiH  OipHeme  Oaramay — Ke3aepiH,
HYCKAayIIbIHBIH ~ OaCHIBUTBIFBIH  JKOHE  TaHY/bI
naiganaHyIelH MaHBI3IbUIBIFBIH aTall KepceTeli.
3eprrey MHHOBAIHSIIBIK He[arOTUKAJIBIK
CTparerusiap MEH TEXHOJIOTHSHBIH KETUIIipiIreH
Kypajgapsl ApKBLIBI ¢duzuka Oinmiminge
TYKBIPBIMIaMAITBIK TYCiHyAi JaMBITYIbIH
MaHBIIBUIBIFBIH  KepceTeni. bomamak 3eprreynep
¢u3nKa KOHIEMIMUIAPhl MEH OKBITY TOKIpHOECiH
cakTayra »)00aJbIK OKBITYIbIH Y3aK Mep3iMIi ocepiH
Oaranay ymiiH OOWIBIK 3epTTeyiepre OarpITTaTybl
KepekTirin aram oTkeH. COHBIMEH Koca, aBTopiap
MyFanmiMaepai  naiieiHmay — OargapiamanapbiHaa
CTYIEHTTEP/IiH OCIICEHATITIH )KoHE OKY HOTIKEIepiH
OlaH opi KaKcapTy YIIIH BHPTyalAbl JKOHE
TOJIBIKTBIPBUIFAH  IIBIHABIK (augmented reality)
CHSKTBl JIaMBITl KeJe JKarKaH TEXHOJIOTHSIIap/ bl
OipikTipyni 3epTTeyni YChIHAIbI [4].

Byn 3eprreyin Oacthl MakcaThl —(pHU3UKa
KypChIHAA MEXaHHUKaJIbIK TOJKBIHAAPIBIH
MHTEp(OEPEHIUACHIH 3epTTey HEeTi3iHIe KOOAIBIK
OKBITY OMICIHIH THIMAINITIH FBUIBIMH TYPFbIIA
HETI3Jiey JKOHE OHBIH HUQPIBIK TpaHCHOpPMAaIHs

JKaFlaiblHIa  ICKe  achIPYyIbIH  IeJaroruKalibik
MOJIEJTiH YCBIHY.

g1e0H oIy

3eprrey HOTIKenepi koOara  Heri3aenreH

okpiTyablH (PBL) opra Mekrenm neHreiinie Oitim
aJyIIbUIAPABIH MOTHBAIMSCHIH aPTTHIPHIN, HAaKTHI
eMIpITiK Macenenepai ienryre KaThICyFa
BIHTANAHABIpaThIHBIH Kepcereai. Crymentrep PBL
asChIHJA aTKapraH >KYMBICTAPbIH MarbIHAJIBI 9pi
KoimmaHOanel nen  Oaramavigel. PBL  omiciHig
THIMIUTII TIOHAEP apaiiblK TACUIAepAl YiecTipe
OTBIpbIT  JKy3ere acaabl. COHBIMEH  Karap,
myragimaep PBL apKeutel OKbITY OarnapiaMachiHbIH
KYHIBUIBIFBIH ~HAKTBI TYpAE JOJNENJed anajbl.
Ocbunaiinia, xo0ara HETi3NENTeH OKBITY CallachlH
apTTHIPYIBIH THIMJII KYPaJbl PETiHIE KapacThIPBLTYHI
tHic [5].

KobGanbIK OKbITYIa HU(PIIBIK TEXHOIOT HsIAPbI
na Koimanyra OonareiHbiH, KonmakoB A.M. »xoHe
Cepreee  U.C. o3 3eprreynepiHie KOPCETKEH.
Makanaga Oinim  Oepy canacelHaa — HQPIBIK
TEXHOJIOTUSIApAbl  KOJNJAHy  apKbUIbl  OKyHemi
MOJICPHU3ANMS ~ KKETTUIIrT KOpCeTiIei, OHBIH
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inmiHIe Jk00aBIK OKBITY 9/IiCi €pPeKIlle OPBIH ajlajbl.
Hudprasik opTana xoOambIK omicTeMeHi eHrizy 011iM
NyIIBUIAPABIH  JKEKe  TYJIFaHbl  JaMBITYFa,
QJICYMETTIK-TICIaTOTUKAIBIK ~ ©31H-631  aHBIKTayFa
KoHEe KociOM OUTIKTINIKTI apTThIpyFa MYMKIHIIK
Oepeni. by Tocin 6imiM Oepymi skeke OarbITTaJIFaH,
JKEJJTIK, KOHBEPTEeHTTI OpTara aliHaJJIbIpa OTHIPHIIL,

JOCTYPIi JKOHE KOChIMIIA OiTIM  KEHICTIKTepiH
Oipiktipeni. HoTmkeciHme, OKBITY MPOILECIHIH
THIMIUTIT] apTHIII, H(PIBIK 3KOHOMHUKA

TaJjanTapbelHa cail KaHa JardpuIap AaMBITBUIa b, aj

Mearorrap MeH OUTiM  amymIbDIapAblH — pelaepi

WHHOBAITUSIIBIK TpaHCchopMaIusra yImsIpaiasl. [6]
Xobara nerizpenren okpiry (PBL) — «0imim

aTyIIBLIAPABIH nepoOecTiriMeH, CBIH/IaPJIbI
i3meHicTepimMes, Maxcar KOIOBIMEH,
BIHTBIMAKTACTHIKIICH, KapbIM-KaThIHACIICH  JKOHE
HaKTBl QJIEMAIK TaXipubeneri pedueKcuscbIMeH

CHUTIATTANATBIH OKBITYIBIH OENCeH i, OUTIM alTyTbiFa
OarpITTa]FaH TYpi» pETiHAE CHUMATTAIFaH CypayFra
HerizgenreH Tocunmin  Typi  [7,8]. On  OuniM
aTyIIBLTAPABIH ©31HAIK JKeKe NeHTeHiHAe qaMblIl, o3
OUTIMIH SpTYPIi TOCUAEPMEH KOPCETYre MYMKIHIIK
Oepeni [9].

OxpITy  FBUIBIMIApbIHAH  OacTay  aiaTbH
xo0abIK OKpITY (PBL) OiniM anmymiisira OarbpITTaNFaH,
OKBITY TOCUIJIEpIH ajfa  KBUDKBITATBIH JKOHE
KY3BIPETTUTIKTEP/I  TaMBITYIBl MaKcaT YCTaFaH
MpOTrpeccrBTi OUTiM Oepy KO3FalbICBIMEH cabakTac
tocin [10]. Bynm Typrela MoceneHi Imienry MeH
aKnmaparTelK CayaTThUIBIK CHSKTHI KOTHUTHBTIK
Kabinerrep, AepOecTiKk IeH Ta0aHABUIBIK CEeKiIIi
TYIFa IMIUTK KY3BIPETTLTKTEp, COHMal-aK KapbIM-
KaTblHAC TI€H BIHTHIMAKTACTBHIK JaFIbIIapbl CHUSKTHI
TYJIFa apajblK KY3bIPETTUTIK MaHBI3bl OPBIH aJIJIbI
[11]. Kpaituuk nen lun yceinran PBL nyckaceinna
aITHI HETi3ri Oenri aram Kepceriieni: Oaraapiaynibl
CYpaKTaplisl KOJIJ]aHy; OKy MaKcaTTapblHa >XyWeni
Oarmap ycray; FBUIBIMH TOXKipHOenIep MEH 3epTrey
MpaKTHKalapblHa CYyHeHy, OiplieckeH ic-opekeT
ApPKBUTBI )KYMBIC iCTEY; OKBITY TEXHOJOTHSIIAp/IbI iCKe
KOCY JKOHE JKOOAaHBIH HOTIIKECIHE KOJI IKETKIi3Yy.
MyHnai Tocin kocibu opranga qa MoHi 0ap, «HAKTBD)
Mocenenepi  menryre  OOJFaHIBIKTAaH, IIbIHAWKL
Macerenepal eHcepyre MyMkinaik oepeni. PBL-mix
HETI3r  TYKBIpBIMAApBl  OUTiM  alyIbUIapAbIH
Ma3MyHBIH TepeH TyciHyiHe, Oencenai Oimimai
KYpyblHa JOoHE  OIIEYMETTIK e3apa opeKeTTecy
apKbUIBl THIMII OpTaK YHpeHyiHe Karjad jkacarl,
HaKThl KOHTEKCTiHE *Ky3ere acaasl [12,17-19].

XKoba omerTe sxeTeKil CypakTaH OacTanajpl:
CTYACHTTEp INEIIiMiH Ta0yFa  KbI3BIKTBI  dpi
WHTEJUIEKTYalAbIK TYPFBIIAH KypAedl MoceleHi
Tangaiael [13]. By cypak Oip Me3riie 3epTTeNeTiH
KYOBUTBICTap/bl TYCIHAIpYre KOHTEKC Oepelni jkoHe
OYKiI 002 OOiibIHA OKY OpeKeTiH OarpITTaiab! [12].
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CoHBIMEH Karap, *0OaHBIH OKy MaKcaTTapbl OKY
OarmapiaMachIHBIH MakKCaTTapbIMEH Yijecyi, ai
Ma3MYHHBIH HETI3rl WAesIaphl IeJarorHKaIbIK
TYPFBIIaH aWKBIHIOANBIN, ©3apa  OalIaHBICTBIPYHI
THic. FBUTBIMH ToXipnOe TaOMFaT KYOBUTBICTapHIH
TaHyAa KOJNJAHBUIATBIH OpPEKETTep >KHUBIHIIBIFBIH
KaMTHJIBL: 3€PTTEY CYPaKTapbIH KOO, SKCIIEPUMEHTTI
JKOCHapJan KYprizy, JepeKTepi KUHay jKOHE OHJIEY,
MOJENbIEPI KYPACTHIPY JKSHE KOIIaHY, KOPBITBIHIBI
JKacarl, HoTHKemnepAi 6aramiay CUSKTHI KaaaMIapIsl
kamTuabl [12]. bimim amymsmiap Oyl opekeTTepii
IIBIHAWBI  3€pTTEYiHIH Kypampaac Oediri peTiHge
JKYHe Typae OpbIHIANIBI.

OMIOUPHUKAIBIK JEPEKTep LIaFblH TONTapIarbl
OipreckeH >KyMbIC O11iM amyIIbUIApBIH OKY YAEPiCiH
JKaKcapTyFa eJieysi MyMKiHAIK OepeTiHiH kepceTeni
[14]. Ocsl 3eprreyae 613 Porens MeH Tuciau ychiHFaH
aHbIKTaMara CYHeHEeMi3: bIHTBIMaKTaCThIK — MOCEJICHI
Oipiece TyciHymi e3apa JambITyFa OaFbITTaiFaH
Y3IIKCI3 KYII-)Kirep HOTIKECIHIE J>XY3ere acarhiH
opeker petiHae cumarraiael [15]. MyHnma es3apa
TOYEIAUTIK epeKIIie MOHTe We: op TON MYIIECiHiH
opekeri 0Oacka TONm MYIIENEpaiH OpeKeTTepiMEeH
TiKeJIeH OailylaHbIChIN, COFaH Tayeni Oonansl. PBL
JKaradblHAa MyHIAl BIHTBIMAKTACTBHIK MOCENICHI
IIenry yAepiCiHAeri capammbUiapAblH QJIEYMETTIK
e3apa OpeKeTTeCy JIOTMKAachlHA KakbiH [12].
ConbiMeH Oipre OipieckeH i3[eHIC opaaiibIM JKeHIT
0ora GepMENTIHIIKTEH, OKY YAepiCiH OHTaHIaHIBIPY
YIIiH KOJ/IaHy Ka)XeT OONybl BIKTHMAI; OyJ1 KebOiHe
MYFaJliMHIH j)kaHaMa KeMeT1 apKbUIbI icke acaipl [16].

3eprrey aaici

JKyMbicTa cumarTanartelH TOXKIpUOE  Kabl
OimiM OepeTiH MEKTEeNTiH >KOFapbl CHIHBIITAPHIHIIA
(11-cppI) (u3mka cabarbl asChIHAA KYPTi3iIi
JKOHEe Makcarbl OOWBIHINA OiTiM  amylIbUIapAbIH
TaKbIPBINKA KBI3BIFYIIBUIBIFBIH apTTHIPYMEH Karap,
(bYHKIIMOHAIIIBIK CayaTThUIBIKTHI JaMbITyFa
OarbiTTananbl. CoHbIMEH Oipre Oyl ToxipuOe
YHHBEPCUTETTE MEAArOTUKAIBIK OaFbITTa O17iM aJbII
JKaTKaH cTyaeHTTepre (Oonamak (u3WKa IIoHI
MYFalliMJIepiHe) apHallFaH oOJ[ICTEMEINIK YIITi-KeHc
peTiHIe KapacThIPHUTAILI: MEKTEI Karmalbiaaa PBL
KaFuJaTTapelH  KOJNJAHy, 3€pTTey OpeKeTTepiH
YUBIMIACTBIPY KoHE MYFalliMHIH (hacHIUTALUSIIBIK
KOJIZIAYBIHBIH POJIiH KOPCETY YIIIH eHTi311i.

3eprTey TakbIpblObl OKy OargapiamacblHa caif
TaHJAIBIHBIN anbiHAbBL. OKYy MakcaThl MeH OiliM Oepy
MaKcarTaphbl eCKepiyi. CynsiH OeTiHze
MEXaHHUKAaJIBIK TOJKBIHAAPIBIH WHTEeP(EpCHIUSICHIH
3epTTey asChIHIA TEOPHSUIBIK )KOHE IKCIEPUMEHTTIK
omicTep Karap KOJNJAHBUIABL. TEeOpHsUIBIK djicTepre
OCBI TaKbIPBIN OOWBIHIIIA OAp FHIIBIMH €HOCKTEP MEH
Oimim Oepy MopenpiepiH Tannay, COHAaH-ak



9.I. Mbip3afannesa »aHe T.0.

MEXaHUKAaJIBIK TOJIKBIHIAP MEH OJIap/IbIH
vHTEephEpeHITN Karuaamapsl >KeHiHmeri Oimimmi
xyieney Kipai. TeopusnbIK qalibIHABIKTEIH MaHBI3IbI
Ke3eHI opTypii opTagarel  (MbICajibl, Cyna)
vHTEepGEpPEeHITNS  KYOBUIBICTAPBIH  CHIIATTAWTHIH
3epTTeyiepAl KapacThIpy >KOHE OCHI MPUHIUITEPIl
Oimim  OepymiH  1UQPIBIK  TpaHCPOPMAIHACHI
XKarmaleiHAa KoOanblK OKbITy yaepicine (PBL)
KipIKTIpY KOIIAPBIH aHBIKTAY OOJIIIBI.

KyMmbIcTBIH ToXipuOenik 6emiri cyaplH OeTiHIe
TOJKBIHAAPIBIH ~ WHTEPPEPEHLMSICHIH  OaKplIayra

HoTmxkesiep MeH TajakbliIay

TeopusutbIK anFbIIApTTapFa CYHEHE OTHIPHII,
KOOAHBIH MaKCaThl — OPTYPJIi KO3AepMEH IIBIFaThIH
€Ki TOJKBIHHBIH ©3apa OpeKeTTeyl Ke3iHAe CYyIbIH
oeriHze naima 0OoaThlH MEXAHUKAIBIK,
TOJNKBIHIAAPIABIH HHTEP(EPEHINS 3aHABUIBIKTAPBIH
3epTTey O0nabl. JKyMBIC ®KOOAIBIK OKBITY (POpPMATHI
HeTi31H/e YUBIMIACTBIPBUIIB, ) oitim
amymbuiapra  uHTEpdEpeHnus  KyOBUIBICHIHBIH
TEOPHUSUIBIK Ma3MYHBIH TYCIiHIN KaHa KOHMaii, OHBI
TOXKipube Ky3iHIe TeKcepyre MYMKIHAIK Oepi.
XKoba OapeichiHga OiMiM  anymbiap TOMEHETI
Ke3CHJIEP/Ii )KY3€ere achIp/bl:

e T'unore3a YCBIHY: TOJIKBIHHBIH
aAMILTUTYIaChl Me€EH SKULTITT e3reprexie
UHTEePPEPEHIINSUIBIK KOPIHICTIH KaJlall TYpJIeHeTiHIH
Oorpkar, GacTarkpl )KOpaMaAapbIH TY>KbIPBIM/IA bl

® DKCNepUMEHTTIK KOHABIPFBI KUHAKTAY:
€Kl TOJKBIH TeHEpaTOPbIH MaiJalaHbll, JPTYPIIi
uHTEepEepeHnusl TypiepiH OakpUIayFa MYMKIHJIK
OepeTiH ToKipruOe KarJaiibIH YHBIMIACTHIPIBL.

o Toxkipuoeni OpbIHAAY: TOJIKBIH
napaMeTpIIepiH e3repTe OTHIPHIIN, Cy OeTiHae maia
OomatelH  e3repicTepii  OakbuIall, HOTHXKEICPIH
TipKei.

o JlepekTtepai Tamaay: uHTEpPEpEHIUSHBIH
TYHiHIEpI MEH MIOKTapBIHBIH OPHAJACYBI, OJAPIbIH
aMIUIATY/la MEH JKUUTIKKE TOyeNlIiIiri OoMbIHINIA
JIepEKTEP KUHAIBIT TaJJaH/IbL.

o Hormxkesepai pocimaey: OiniM anmymibiiap
HUHTEPPEPEHLIUSIIBIK KepiHiCTepIiH opTypai
XKarjainapaa — Kajail  e3repeTiHiH  KepCeTeTiH
rpaduKTep MeH chi30anap a3ipieni.

Toxipube KOpBITHIHABLIAPHE! cy OeTiHze maiina
OoJaTbIH MEXaHUKaJbIK TOJIKBIHIAPIBIH
uHTEpHEePEHIIUSICHI Oenriy 3aHJIBUTBIKTapFa
OarbIHATHIHBIH JIIIENAEN. Aranran
3aHJIBUTBIKTAP/BIH KOPIHICI TOJKBIHHBIH KHULIITiHE,
aMIUIUTYAachlHA  JKOHE  Ke3[Aep  apachIHJIAFbl
KAIIBIKTBIKKA TOYEJ/Ii €KeH1 aHBIKTaIbl. AMILUIUTYQ
yIraiifal  cailblH  MHTepQEpeHIMSIIBIK CypeTTeri
TYHiHZEp MEH LIOKTap alKbIHbIpaK OalKauiblm, Oy
TEOPHSUTBIK, MOJICTBACP/IH JTYPBICTBIFBIH PACTAJIbL.

apHaJFaH DKCIEPUMEHTTIK KOHIBIPFBIHBI >Kacayabl
KaMThInbl. bynm wMakcarta cy OeTiHIH opTypii
HYKTEJIEpiHe OpPHAJACTHIPBUIFAH €Ki MEXaHWKAaJIBIK
TOJIKBIH T€HEpaTOphl MaliAananbuiAbl. MyHIai Tocin
KOHCTPYKTHBTI KOHE JIECTPYKTHUBTI
nHTep(OEepPeHIUAHBIH ~ OPTYPIl  YITUIEpiH  amyFa
MYMKIiHIOIK ~ Oepai. OKCIepuMEHT  HOTHXKenepi
OeliHerkaz0a >KoHE OJaH KEWiHTi Tanjay apKbLIbI,
CoHai-aK HHTEPPEPECHITHSITHIK cyperrepai
rpaduKanbIK Typae OeifHeney apKbUTbI TipKeIIi.

JKuinik e3repreH kesne TYHIHIEP MEH IIOKTap.IbIH
KEHICTIKTE OpHAaJacybl N1a COWKECIHINE KBUDKBIIL,
HOTHXEJIEp TEOPHSITBIK €CEeNTEyIepMEH YIIIECTi.

Bynan Oenek, >xo0ara HETi3ENTEH OKBITY
(PBL) crymeHTTEepAiH IepeKTepai >KHHAKTAYy >KOHE
caparitay, THIIOTe3a KYpacThIpy, COH/Iaii-aK aJbIHFaH
HOTIDKEJICP/l ChIH TYPFBICBIHAH OaramMiay CHSIKTHI
FBUIBIMU-3€PTTEY JaFIbITapbIH HOTWDKEII
MAMBITATBIHBI ~ Oalikanmel.  Yaepic  OapbIChIHAA
CTyIeHTTep ©3apa OeliceHIi  BIHTBIMAKTACTHIK
OpHATHIN, WACSIAPBIMEH JKOHE TaxipubOeciMeH
OemicTi, OyJI KYOBIIBICTBI TEpEHIpEeK TYCiHyre opi
IUQPIBIK  TpaHcQopMalms IKarAalblHAA —KaKeT
KY3BIPETTIUTIKTEP/IH KaJbIITaCyblHa OHTAMIBI 9cep
eTTi.

1-cyper — Cabakra Toxipuoe xacay

0aphICHIL.
Ocobunaiiima, cy  OeTiHAErT  MEXaHHMKAaJIbIK
TONKBIHIBIK ~ KEAEPTulep[i 3epTrey  TEOPHUSIIBIK

MOJICTIB/ICP/Il pacTamn KaHa KoWMaii, COHbIMEH Karap
CTYIEHTTEpre OKY IpoIeciHe OEJICeH/i KaTbhICyFra,
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TaHBIMJIBIK JKOHE TYJFa apaiblK JIaFabUIapIibl
JIAMBITyFa MYMKIHJIK OepeTiH (PM3UKaHbI OKBITYIAaFbI
YKOOAJIBIK 9MMiCTIH MaHBI3IBIIBIFEIH KOPCETTI.

2-cyper — Cy OeTiHJeTi MEXaHUKaJIBIK TOJIKbIH

Cayanaama Heri3iHge cy OetiHperi
MEXaHHUKAaJIbIK TOJKBIHAAPIABIH HHTEp(epeHIUSICHIH
3eprTey asceiHma kobanblk  OKbITyAblH (PBL)
THIMIUTIriH ~ Oaramayra KOMEKTECeTiH OipHere
HETI3Ti  HOTHXKeJIep  MEH  KOPBITHIHIBLUIAPIbI
aHBIKTayFa 0OoJa bl

1. Teopusmeik OemiM: JKoOaHbl asKTaraHHaH
KediH CTymeHTTepAiH OackiM Oelliri MeXaHHKAIbIK
Ke/Iepri YFBIMBIH TOJIBIK MEHIepreHiH kepcetTi. Onap
TEOPHUSUIBIK TYCIHITIHIH, ocipece KeIepriHiH mMaima
Oomy >KarmaliapblH Tajnayna, *KaKCapraHbIH aTam
oTTi. Keiibip KaThICylIbuIap KOCHIMINA HAKThLIAY
KQKET €TETiH TyCTap OapblH alTKaHBIMEH, KO
KeJIepriHiH HeTi3ri Karuaaiapbl MEH MeXaHu3MIepiH
CEHIMJII TYCIHIIPE aJJibl.

2. Ilpakrukaneik Oemim: Cy  OeriHzeri
TONKBIHABIK ~ KeAepriiepai 3epTreyre apHairaH
KOHJIBIPFBIHBI  OPHATYFa KAaTBICTHI ~ TaIrChIpManap

KelOip OLTiM arymbLIap YIIiH Kypaeni OOJFaHbIMEH,
KaTBICYIIBLUIAP/BIH KOOl OJapibl COTTI OPBIHAAJIBL
OpbiHmay — Ke3iHAeri  KUBIHIBIKTAp  HETi3iHeH
TOXKIPUOCIIK JJIIKTI CaKTay J»KOHE TOJKbIHHBIH
aMIUTUTYAachl MEH JKULIIr CHSKTBI TapameTrpiepi
OakplTayMeH  OalTlaHBICTBRI ~ €KeHi  OalKalfpl.
Herenmen, karbicymbuiapably, 80%-gaH  actambl
HOTHXKEJIEepAl Oakbliay JKOHE Tajjay yaepici
TEOPUSHBI JKAKCHIpaK TYCiHY YIIiH MMaiallbl eKeHiH
arar eTTi.

3. TIpadukaneik Oeiineney: Hotmkenepmi
rpaduKabIK TYpIe YCBIHY TarChpMachl
KATBICYLIBLIAp TapanblHAH CaJBICTBIPMAIbl TYpPACE
XKeHiT KaObupmanapl. KareicymbuiapislH — OackiM
Oeutiri TyHiHIEp MEH aHTUTYHIHALIEPIIiH OPHBIH JISIT
aHBIKTAN, JEepeKTepAl MAyphIC TYCIHAIPY JKOHE
KYOBUTBICTBI ~ rpaUKaJBIK  TOCUIMEH  THIMAI
BU3yaJM3alysIay MYMKiH eKeHIH KopceTei.

4. Xanmel HoTwkKenep: bimiM amymbuiapasig
KOTIIIUTIT )K00aHBIH XKOFaphl FHUTBIMUA KYHIIBUTBIFBIH
XKoFapbl Oaranmanel. JKoOanblKk OKBITY — oJapra
TEOPHSIHBI KaKChIpaK TYCIHyre FaHa eMec, COHbIMEH
Katap (U3UKAIBIK KYOBUIBICTAPIBIH HAKTHI dJIeMIe
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KOJIIAHBUTYBIH KOpyre MYMKIHAIK OepeTiHiH aram
oTTi. CTyaeHTTepIiH enayip 0eiri COHBIMEH KaTtap
TEOpUSHBI TOXKipHOene KoJjaHyFa OaFbITTalFaH
KOOaJmapMeH  KYMBICTBI ~ JKaJFacThIpyFa  HHET
Oimmipmi. Keitbip Karpicymisimap Teopusi MeH
MIPAKTHKAHBI KiPIKTIPy MTOHTE JAETeH YOXKIH KYIIEHTIIL,
KBI3BIFYIIBUTBIFBIH APTTHIPFAHBIH aTall OTTi

5. ¥coHbIcTap: AJJarbl yakbITTa >KOOaHBIH
MPaKTUKAJBIK OOJIriH KYIIEHTIN, KOHIBIPFHIHBI
OopHary Ke3eHiHe KoeOipeK Hazap ayaapy KoHe
HaKTBIPAaK HOTHIKETe KTy YIIiH SpTYpii oaicTepi
KOJIZIaHy YCBhIHBIIAbl. COHBIMEH Karap TallKbLIayIbl
JKAHJIAHTBIPBITI, TEOPUSIIBIK KhIPJIAPbIH TEPEHIIETYTE

OaFpITTaFaH  KOCBIMINIA  CYpakTap  93ipJiereH
OPBIH/IBL.
6. OkKymbapAblH — JaFdbUIapBIH  JTAMBITY:

Cayannamara colikec , KOIITETeH CTYIEHTTep xKobara
KaTBICY CBIHM TYPFBIJIAH Oiiyiay, MpoOieMaHbl ey
JKOHE TONTa JKYMBIC ICT€Yy CHSKTBI MaHbI3/bI
JaFapulapapl AaMBITyFa KOMEKTECKEHIH aram oTTi.
CryneHTTepre YXKBIMIBIK HAEsSIap MEH ToXipuOe
ajMacyra MYMKIHAIK OepeTiH >KoHe HaKThl YaKbIT
pPeKHMIHIE MAceeNepai IIenryre KOMEKTECETiH
KOMaHJ1a/1a KYMBIC iCTey MYMKIH/IT1 epeKIIe KYH/IbI
Oonapl. bIHTEIMAaKTaCTHIKTBIH OYJ1 TYpJiepi oJapAblH
KapbIM-KaTblHAC JKOHE OJISyMETTIK JaFIbUIapbIH
JKETULIIPI KOHE ONap/bIH ©31He JAeTeH CEeHIMALIITIH
apTTHIPIBI.

7. DOKCHepUMEHT JKYPri3yAeri KUBIHABIKTAp:
Keiibip cTymeHTTEp SKCHEPUMEHTTIK KOHIIBIPFBIHBI
opHary JKOHE KOH(UTypanusiay Ke3iHze
KUBIHIBIKTapra Tan Oonapl. byn macenenep emnmiey
JTQJIJIIT1, TONKBIHAAP/IBIH AMIUTUTYAACHl MEH JKHIJITiH
0aKpuIay KMBIHIBIKTAPEI )KOHE TPaQUKTEpMEH erKel-
TEKEHII  JKYMBIC  ICTEY  KQKETTUIIT  CHSKTHI
TOXKIPUOCHIH TEXHHUKAIBIK AacCIHeKTiIepiHe KaTBICTHI
Oongbl. bonamak 3eprTeynepae  3KCHEPUMEHTTI
OpHATy JKOHE OTKi3y OOMBIHINA erKel-Terkei
HYCKaynap Oepy, COHBIMEH Karap aOIBIKTHI
naianaHynel Yiperyre Ha3ap aynapy MaHbI3/bI.

8. YXKoOaHbIH FLUIBIMA MaHBI3ABUIBIFLL blTiMm
aTyIbLIapAbIH KayanTapbl 3epTTeNeTiH
KYOBUTBICTBIH KOFApbl MaHbI3ABUIBIFBIH )KOHE OHBIH
KYHJEJIKTI eMipre, COHBIH IIIIHAEe TEXHOJIOTHS MEH
TaburaT KyYObLIBICTApPbIHA oCEpPiH MOMBIHIAFaHBIH
kepceteni. CTyneHTTep TEOPHSUIBIK OUTIMHIH HaKThI
KOJIIaHBICTapbIH Kepe anaTbIH JKOOaHBIH
MPAKTHKAJIBIK O6JIiriHe KaThICThI OH  IHIKIipJep
anbiHbl. KeOici OyJ1 Tocia onapasiH (GU3UKa Typasbl
TYCIHIT1H €19yip ’KaKCapTHhIIl, FEUTBIMU 3€pTTEYIEPIiH
MaHBI3/IBUTBIFBIH JKAKCHIPAK TYCIHYTe KOMEKTECKEHIH
arar eTTi.

9. XKakcapry OoiibiHIa ycbiHbICTap: JKOOaHBIH
COTTI OOJIybIHA KapaMmacTaH, OipHelle acreKTiiep
OflaH opl HaKThLIayAbl KaXeT eTemi. MbIcabl,
TOKiprOenik OeiKKe KeTeTiH YaKbITThl KeOeHTy



9.I. Mbip3afannesa »aHe T.0.

YCBIHBUIABI, ©HTKeHi KelOip bimiM amymsiiap
OapiBIK  DKCIIEPUMEHTTEPAi  TOJNBIK  OPBIHIAI
yATepMEni. CoHpait-ak CTyIEHTTEpl

SKCTIEPUMEHTTEpPre AalbIHAayFa KeOipeK yakbIT 0oy
JKOHE TIpOIlecC Ke3iHAe Karenepai MYKHAT Tajuay
MaHbI3/bI.

10. Anparbl 3epTTeyliH NepcleKTHBaIapbl MEH

KBI3BIFYIIBUIBIFRL;  BiliM  anmymsiiapably — 0achkiM
Oediri MEXaHHUKAIBIK, TOJIKBIHIAP MCH
KopbIThIHABI
’Kobamblk  OKBITY MeH Karap OUPIBIK

TEXHOJIOTHSJIAPFA HETI3JENTeH OKBITY OiCTepiH
KOJIJaHy OapbIChIHAA OUTiM alymbuUIapablH (QHU3HKa
[IOHIHE JEreH BIHTaChlH apTTBIPy MaKcaTbiHA
JKETKCH/ICH, TEK IToH OOMBIHIIA TCOPUSIIBIK JCHI e Ie
FaHa eMec, KociOu OarpITTa TOXKIPUOETIK TYPFHIIAH
Ia MEHrepyiHe MYMKIHIiK OepreHiH KepCeTTi.
MyHpait Tocinm OimiM amymsmiapAsl 3epTTEYIILTIK
JKOHE CBIHM TYpPFbIIA oOiylayra Oaysbll, OoJamak
KociOM ic  — OpeKeTKe KaKeTTI TEeXHUKAIBIK
KY3BIPETTEePIi TaMBITyFa BIKITAJ €TEe/i.
[legarorukayiblK 3KCIEPUMEHTTIH HOTHIKECIH
Kapaii OTBIPBIN, (U3UKAHBI >KOOANBIK (opmarTa
OKBITYy OLITiM adyIIbuIap apachbiHla KbI3BIFYIIBLIBIK
OATKAHBI aHBIK. JKCIIEPUMEHTKE KAThICKaH OUIiM

uHTEepepeHLns KyObUIBICH OOWBIHIIA 3epTTEYi api
Kapail KalFacThIpyFa KBI3BIFYIIBUIBIK — Oumipi.
Keii6ip kareicymibuiap IbIOBIC TONKBIHAAPHI HEMECE
JKapBIK TOJNKBIHAAPHI CUSIKTBI ©3T¢ TOJKBIH TYpJepiH
KOJIJTaHa OTBIPBIN TKIpUOE KYPTri3ydi YCHIHABI, OYIT
oJIapAbIH OUTIM KOKKHETiH KEHEWTINl, MEHrepreH
OimimMai  KOMOaHyAblH ~ MYMKiH  OaFbITTapblH
opTapanTaHABIpyFa bIKIAJ €Tyl MYMKiH.

aJyIIbUIAPABIH KOI O0eliri o0aJIbIK OKBITY Ypici
OaprICchIHIa oTe OeICeHI KaTBICHII, 63 OWapbhIMEH
aImbIK Cypak OapbIChIHIAA OejicTi. TONTHIH immiHaeTri
JKYMBICTBI OaKpIIall KaparaHaa e3 — apa Kellicil Ton
OaclIbICBIH  TaralbIHIANl, COHBIMEH KaTap TOM
imriHgeri Oipirin aTKapaThIH ic-opeKeTTEPiH aHBIKTAT,
OipmeH  JKyMbICKa  Kipicymepi  OOWIapbIHIIAFbI
JKayanKepIIiTiK MeH KOMMYHHKATHBTIK KacHETTepiH
AWKBIHOAEL.

AnpIHFaH HOTWXKeJep OOWBIHINA >KOOANBIK
OKBITY 9JIiCI ITU(PIIBIK TpaHCHOpMAaIIUs JKaFIalbIH/A
OiMiM aNymIBUTApIbIH TEXHUKAIBIK JKOHE 3epTTey
KY3BIPETTEPiH KANBINTACTHIPYABIH THIMAI Kypajaapsl
eKeHIH KepceTTi. by Tocinm KaThICylIbLIapIbIH
TaHBIMJIBIK OCJICEHUIITIH apTTHIPBIN (PHU3MKa MOHIH
KociOm Oarmap TYPFBICEIHAH OKBITYFa »KaHa cama
Oepei.
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" KM, MyKawes!”

N.A. FabapaxmaHosa? |, ®.®. Ymapos®
19n dapabu aTbiHaarbl Kasak yATTbik yHUBEpeuTeTi, AnmaTbl, KasaKkcTaH
2BalKopTCTaH MEMIEKETTIK FblIbIM-TEXHONOTUA YHUBEepcuTeTi, Yda, Peceit
3KasaKcTaH-BpuTaH TeXHUKaNbIK yHUBEPCUTETI, AiMaTbl, KasakcTaH
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AOPONDBIK BOJIWWEK NEH AHTUBS/ILWEKTIH PU3INKACHI MEH META®U3UKACHI

Makana No3nTPOH MeH 31eKTPOHAbI HEeri3ri 3epTTey HblCaHAAPb! PEeTIHAE KONAaHY apKblibl
benwek neH aHTMOO/LWEKTIH KpUCTandplK TOp ilWiHAE e©3apa opeKkeTTecy MexaHW3iMiH
NO3UTPOHHbIH, MeTapu3MKaNblK KyhnaeH OU3MKanblk Kyhre, GU3MKanbIK KyMAEH TEXHUKASbIK
dU3MKa KyMliHe TypaeHy MYMKIHAITIHIH MoAeniH Kypbin, 3KCNEPUMEHT HaTUXKeNnepiH Tanaayra
apHanfaH. JlenToHaap TobOblHA KaTaTblH aTa/Mbll eKi BesnleKTiH apacbiHAa 2/Ci3 Hemece
3N1EKTPOMArHUTTIK acepsiecy OpbIH anybl bIKTUMas. D/Ci3 acepiecy *akblH apanblkTa bankanca,
3N1EKTPOMArHUTTIK 9Cepsiecy anbiC KalWbIKTbIKTA OPbIH anaTbiH KybblabicKa »KaTadbl. Erep
TabufaTbl 29pPTYPAi, 3apAATapbIHbIH, TaHbacbl Kapama-Kapcbl OCbiHAAM OeswekTep KpucTan
neHenepae 6ip mesringe TyblHAANTbIH 60/1Ca, ONaPAbIH apacbiHAa TAaPTbIAbIC OPHAY YLWiH OCbl eKi
acepsecyaiH Ae KaTap opblH anybl 3aHabl npouec. Conan bona Typa, Byn acepnecynepain
MexaHW3Mi MeH TabufaTbl OCbl YaKbITKa AeWiH TONbIK allblaabl Aeyre ewbip Heri3 oK. CofaH
H6alNaHbICTbl, SNEKTPOHAAP MEH MO3UTPOHAAPAbl YANbI KypblbIMFa TONTACTbIPbIAFAH, B3iHIH,
bU3MKAbIK KYMiH ©3repTy HaTUXKeciHAe bipeyi Kapcbl aKTbiH, WbIFapaTbiH TO/IKbIHAbI ©PICIH ce3y
apKbibl  KabbingalTbiH — GEeMTO-  Hemece  aKTOeJIWEeMAi  «no3umpoHummep»  MeH
«31eKmpoHUMmMmMepoOeH» TYPaTbliH DenleKTepre }KiKTeNeTiH TMNOTETMKAbIK MOAENT YCbIHbINaAbI.
Ocbl mogenb HerisiHae KaTTbl AeHenepliH, KypblIbIMAbIK KAaCMETTEepiH 3epTTeyre MyMKIHLLINIK
H6epeTiH akaynapablH NO3UTPOHAAPAb! Kapmay Moaeni TanaaHabl.

TyWin ce3pep: du3nka, metadumsnKka, GenleK, aHTMOONLIEK, aHHUTMNALMA, BPEKETTeCY
MoZeni, Kapmay moaeni, MeTanaap, KypblibIMAbIK akayaap.

G.Sh. Yar-Mukhamedova?, K.M. Mukashev'*, L.A. Gabdrakhmanova?, F.F. Umarov?
1Al-Farabi Kazakh National University, Almaty, Kazakhstan
Bashkortostan State University of Science and Technology, Ufa, Russia
3Kazakhstan-British Technical University, Almaty, Kazakhstan
*e-mail: mukashev.kms@gmail.com

Physics and metaphysics of nuclear particles and antiparticles

The paper describes a hypothetical model of the interaction of particles and antiparticles
using the example of a positron and an electron by assuming a change in their state of physical
without involving theoretical calculations, which most often represent fitting data to the desired
results. Since these two particles belong to the class of leptons, both weak and electromagnetic
interactions are possible between them. Weak interactions by the nature of the manifestation
are short-range, and electromagnetic interactions are long-range. In a solid between differently
charged particles, both of these interactions can exist simultaneously to ensure their mutual
attraction. But the nature and mechanism of these interactions has still not been clarified to the
end. In this regard, a hypothetical model of the honeycomb structure of the positron and electron
is woven from even smaller - femto- or actor-sized particles in the form of «positronites» and
«electronities» that perceive radiation from the opposite side by changing their state of
aggregation. Subsequently, this model develops into a model of the capture of positrons by
defects in the crystal structure of solids.
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capture model, structural behavior.
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®un3nka n meTadusmKa AAEPHbIX YacTUL, U aHTUYACTUL,

B paboTe onucbiBaeTcA MNoTeTMYECKas MOAE/b B3aMMOAEMCTBUA YaCTULL M aHTUYaCTUL, Ha
npumepe MO3WUTPOHA WM 3/1EKTPOHa MOCTPEACTBOM AOMYLIEHWUSA M3MEHEHMS WUX GU3MYECKOro
COCTOAHMA Be3 NpUB/eYEHMS TEOPETUYECKMX PacYeTOB, KOTOPble 4Yalle BCero npeacraBastoT
coboit NOAroHKY AaHHbIX NOA, *Kefaemble pesynbTaTbl. [TOCKOAbKY 3TV Be YacTULbl OTHOCATCA K
Knaccy NEenTOHOB, MEXAy HMMKM BO3MOXHbI KaK c/labble, Tak M 371EKTPOMarHuWTHble
B3aumogenctema. Cnabble  B3aMMOAENCTBMA MO XapakTepy MNPOABAEHMS  ABAAIOTCS
6/M3KOAENCTBYIOLLMMU, @ SNEKTPOMATHUTHbIE — Aa/IbHOAEUCTBYIOWMMI. B TBEPAOM TeNe MeKay
Pa3HOPOAHO 3apPAMEHHbIMM YacTUMLAMW MOIYT CyllecTBoBaTb 06a 3TM B3aMMOAENCTBUA
OAHOBPEMEHHO, YTODbI 0becneynTb Ux B3aMMHOE NpUTAXKeHne. Ho Npupoaa n MexaHusm 3Tux
B3aMMOJENCTBMIA [0 CWUX MOP OCTaBasacb He BbIACHEHHOW A0 KOHUa. B cBA3M C 3TUM
npeanaraeTca rmnoTeTmyeckas MoOAeNb COTOBOM CTPYKTYPbl MO3UTPOHA U 3NEKTPOHa,
COTKaHHbIMM ©3 elle 6onee MeNKkux — GEeMTOo- WAM  aKTOpPasMepPHbIX 4YacTuu, B Buae
«MO3UTPOHUTOB» U «3INEKTPOHUTOBY, KOTOPbIE BOCMPUHUMAIOT M3YyYEHUA NPOTUBOMNONONKHOM
CTOPOHbI NOCPEACTBOM M3MEHEHMUS CBOEro arperaTHoro COCTOAHMA. B AanbHelllem JaHHan
MOJe/b Pa3BMBAETCA B MOAE/b 3axBaTa MO3UTPOHOB AedeKTaMn KPUCTaNINMYECKON CTPYKTYPbI
TBEPAbIX TeN NPUMEHUTENBHO K U3YYEHMIO PAAMALIMOHHON NOBPEKAAEMOCTU KOHCTPYKLMOHHbIX

MeTa1I/10B.

Kntoyesble €/10Ba: YaCTyWLibl, aHTUYACTMLbI, AHHUTUAALMA, MOAENb B3aUMOAENCTBIUA, MOAE/b

3axBaTa, MeTaN/bl, CTPYKTYPHblE HapyLleHWA
Kipicne

YFpIM MarblHaCBIHBIH KOFalybl  (@3repyi).
DneMeHTap JJEKTP 3aps/ibl — TAOUFATTa KE3/ICCETiH,
y3aK Mep3iMJi epKiH AIIEKTP 3apsiIbIHBIH MeHITiHIIIe
Killll YJIECiH aHBIKTAYIIBI iprefi PU3NKaIBIK TYPAKTHI
mama. Herisri emmewm Oipriiktep xyiiecinig (CH)
aHBIKTAaybl OOMBIHIIIIA AyIeMeHTap 3apsn ¢ = 1,602
176 634-10"° Kn [1]. «3apsg» cesimin imki
MarblHAChl MaijajlaHy KOHTEKCiHE OailJlaHBICThI
e3repin OThIPYHI XUl Ke3aeceai. Dusrka FhUIBIMbIHA
KaHa aTay pETiHAe KOCBUIFaH aFbUIIIBIH TUTIHIETI
charge cesiHiH aiFralliKpl MaFbIHACHI 3aH FHUIBIMBI
canacbH/Ia «aupInTay» MarbIHAChIH 1A
KOJIIaHBUIATHIH. AKMKATBIHA KEJICEK, IIBIH MOHIH/Ie
ANIEKTP 3apsijibl MAaTEPUSHBIH OPICTIK TaOWFaTHIHBIH

BHCKTp 3apsadblHbIH KBAHTTAJYbI

OKCIIEpUMEHT ~ Ke3iHJE OJILICHETIH 3JIEKTp
3apsi/ibl SpKallaH OipIIiK dIeMeHTap 3apsAbIHaH OYTiH
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aiipImKkepi  caHanajabl.  3apSAATHIH  AJFAIIKbI
MaFbIHACBIHBIH JKOFAIYbl 3JIEKTPOHHBIH OJIICHETIH
KOPCETKIIITEePiH CUMATTaFraH Ke3/1e 3apsi]] aTaybIHbIH
MarblHACBIH - 3apsATanraH OeJIeKk arayblHaH,
OeJIllIeK aTaybIHbIH TOJIKBIHHAH AMbIPMAIIbLIBIFbIH
axpIpaTa anMayja 0o otblp. Ockl TycTa Oenrini
FaJbIM BporrThIiH JKapbIK coylieci Typajibl alTKaH
MBICKBUTBIH KEJTipy apThIK O0JIMac: jKapblK caylieci
nyriceH01, copceH01 xoHe )KyMa KYHJIepi ©31H TOJIKbIH
TYpiHzZe TaHbITCa, ceiicenbi, Oeiicendi >xkoHe ceHobi
KyHzepi Oeillek TYpiHIAE KepiHeai, ajl KeKCeHOi
KyHAepl emHopcere ykcamac Oosap. ByHBIH
ChIpThIHAa  «h»  CHMBONILIMEH  OCINTiICHTEH,
MarbIHACHl OCBHI KYHTe JIeliH Oenrii3 mamaHbl Kaiiia
KosichIH? [2].

caHIpl ece apThlK Oonbin  keneni. TyHFBII per
JJeMEHTap  3apsaATelH  maMacelH - 1910 k.
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SKCHEPUMEHT apKbUlbl MWIUIMKEH 6JIIereH ei.
Taburarra  Ke3geceTiH  DJIEKTp  3apsIbIHBIH
3NIEMEHTap 3apsAATHIH OYTIH CaHBIMEH aHBIKTATybIH
NeKmp  3apA0bIHbIY  KEAHMMAAYbl JCN  arayra
Oomazpl. 3apsa IMHAMUAKAIIBIK aifHBIMAJTBI KOPCETKIII
eMec, CBIPTKBI KOPCETKIIIT OOJIFaHIIBIKTaH,
KJIACCUKANBIK  JJIEKTP JWHAMHKaZa  3apsAThIH
KBaHTTaly ce0eOiH aHBIKTayFa apHalFaH emoip
Tajaay Xypri3inMenai. 3apsaTelH MiHAETTI TYp/e He
cebe0Ti KBaHTTalyFa THWICTI €KEHIH aHBIKTayFa
apHaJIFaH  KaHaraTTaHApibBIK  JKayam  93ipre
TaObIIMaraHMeH, Oip ImamMa KeHIT ayJapapiblK
Marnmymarrtap TybiHaayaa. Conberq Oipi — snmeMeHTap
OenmieKkTepiH Ka3ipri 3aMaH (pu3nKachl meHOepiHae
menryi TaObUIBIN  OTBIPFAH JKaHA MOACIICPAiH
aIIBLTYBl JKOHE COFaH Colikec OYTIiHTI KYHTe AediH
Oenrini Oonplll KedreH ipreni OenmiekTepliH o3i
ojapAaH Ja ipreii aHa OeNIIeKTepAeH KypairaH
KypamMa  TyBIHABI  OONyBl  BIKTHMal  JETeH
KO3KapacThlH  KaibllTacybl. EHaeme  myHnau
JKaraaiia 3apsSAThlH KBAHTTAIY MPOIECi OOIeKTiH

eKiHI peTTiKk iprem OenmeKkTepaeH Kypailybl
HOTWIKECIHEe KaJIBIIITaCaThIH TYBIH/IBI
OONFaHIBIKTaH, epeKIIe TaHJIaHAPJIBIK KYObLIbIC

canana Oepwmeiini. bipak Oip oitnanaTelH Mocene -
eKIHII PeTTIK ipreni OemeKTepIiH 3apsiabl Kanai
KaJIBITITacaibl? — JICTeH CYpaK.

CoHFBI Macelle Typalibl 93ipre OliFa KOHATBIH Oip
FaHa aHa MiKIpAIH OOMybl — KBapK-TIFOOHIAP/IBIH
ambuTybl.  HoTwkeciHze — aTOMIBIK — 3JeMEHTap
Oesmekrep OYTiH OIpJIKTEH KEM, OHJIBIK OJIIIeK

MIaMachIHAAFBl  DJICKTP  3apsjblHA,  MBICAJBL,
dJIeMEHTap 3apsAATHIH +)5, Hemece % OeririHe we
0omybl MyMKiHAITIH mamenmerni. Ocwl OarbITTaFbI
3epTTey HOTIXKeJepi OHABIK OOJIIeK MIaMachIHIAFbI
3apAATHl KOHpainmenmmep €N aTalaThlH, ©3apa
OaiimaHBICKaH Kypama OeIIeKTep HelleHyi MYMKiH
JIeTeH KO3KapacTbl KyNTaiasl. EpKiH KO3FanbICTaFbl
Kyiize 060ybl MYMKiH COHIIAl aTOMIBIK OeIIeKTep
€Ki kBapkTaH (Me30HAap), YII KBapkTaH (0030HIAp),
TOPT KBapKTaH (TETpPakBapK) >KOHE Oec KBapKTaH
(meHTaKBapK) TYPYH! BIKTUMaN. SIFHU, OYTiHTI KYHTe
Oenrimi OapibIK  €pKiH, TYPAKTBl KOHE OPHBIKTHI
aTOMIBIK OOJIIEeKTepIiH 2apsabl dJeMeHTap OipIK
3apsinTad OipHenie ece apTHIK 00mybl MyMKiH. OchI
TYKBIPBIMHAH TBICKApbl TYpaThiH Oip FaHa Oesmiek
Oap - t-xBapk. Tikemelt emmeynep HOTIDKECiHAE
aHbIKTAIFaH t-KBapKTBIH 3apsisl +7e [3]. Dnektp
3apsAbl  OHABIK O6JIIIEK IIaMachIHIAFBl  CPKiH
aTOMJIBIK OeMIIIeKTep 93ipre HaKTHl TaOblIa KOWFaH
JKOK, Oipak i37ey JKYMBICTaphl Ja TOKTaMak eMec.
OMTKEH] aTOMJIBIK KBa3U- OOJIIICKTEPIIH 3apsAbIHBIH
OHJIBIK OOJIIeK MaMackiHAa OOTyBI Typalbl FUTBIMU
Ke3Kapac ©3iHiH TarblHaH TalFaH XOK. OFaH HaKTHI
JIOJIeN peTiHae OeJIIeK TYpiHIeri KBaHTTHIK XOJUT

3GQeKTICiH  TYFBI3YLIBI areHTke ATOM/IBIK
KBa3MOONIIEKTEP/IIH IKayanThl eKeHi KyMaHCHI3
aHBIKTAJIFAHIBIFBIH  aliTyFa  Oonaabl.  OchiHmai

KCHIHGH OepiireH TYCIHIKTEpJCH KEHiH Makajiara
apkay OOJIFaH MaceJiere aybICyFa OOJabl.

SAnpoJsbik 0enmeKkTepaid puznkacbl MeH MeTau3NKACHI

OpuHe, Oy keple puznka MeH MeTapu3uKa

CaJIaCBIHBIH QMIICTEMEITIK TYPFBIIaH HEMEH
allHaNbICaTHIHBIH ~ OasHAay  apKbUIBl  OJAp.IbIH
apachlHJIArbl  EPEKIICTIKTEp  Typajibkl  Macelie

KapacThIpbuiaabl. Col apKbUIbl aTOMIBIK O6JIIIEeK eH
aTOMJBIK aHTHOGJIILIEKKE aybICyFa >KOJ allbUIafbl.
®dusuka FHUIBIMBI  OJICTEMEJICPIHIH KaFUaIapbl
TabHFaTTa Ke3J/IeCeTiH HeMece aJaM3aTThIH apanacysbl
HOTHXKECIHJIE KYPBUIFaH, Ke3re KOpiHeTiH Hemece
Ce3lHeTiH KYObUIBICTAp/bl capaliayFa apHaJIaJIbl.
Mpicaisl, Ke3re KOpIHETiH OTITHKAITBIK
JTMara30HaFbl KaphIK COyJeci, Ko3re KOpiHOSHTIH,
Oipak ce3iHeTiH MH(Pa KbI3bUI )KOHE YIbTPAKYITiH
TOJIKBIHJIAP, IHIOBIC TOJMKBIHAAPHI KOHE T.0.
Meradusuka CaJIaCBIHBIH QMIICTEMEITIK
KaruJajiapbl KOpLIaraH opTa Typajibl MarlyMaTThI
aKBUIFa CaJIBITl, OMMEH 00JDKAy apKbLIbI MalbIMAayFa
OoyilaThlH  KYOBUIBICTAp/bl —capajiayFa apHaJIAIbL.
BypbiH — coHABI OpBIH aIMaFaH KYOBUIBICTHI TYCIHIIT
TaHBIFAHIIIA, HEMECEe DKCIEPUMEHT HOTHXKECIMEH
capasay  apKbUIBl  JIQJIEJJICHTEHINE,  TPOIec
KaObUIAayAblH ~ MeTa(U3UKANBIK  KaTeropusichiHa

JKarajpl, SFHA MeTadu3uka TaOuFaThl Oenricis,
TaHBIN Oiyl 93ipre MYMKIH eMec KYOBLIbICTap MEH
nporecTepai 3epTTeyMEeH HIYFBUIIaHA/IBL.
KyObutbIcThIH, (U3NKAIBIK 3GQEKTiHIH KacHeTTepi
MEH KaruJajapbl TOJIBIK AaHBIKTAJBI, HeEMece
SKCIIEPUMEHT apKbILIbI IOJIEIICHIIT, TAOUFaThl Oelnrii
OonfaHHAH KeHiH MeTaQU3UKAIBIK  KaTeropHs
(U3NKAIBIK KaTeropusiFa, AapThIHAH TEXHHUKAJBIK
¢bu3nKara alHaJIBII, OMIpTe JKoJama anazpl. ¥3aKKa
CO3bLIFaH COHJIAH KYOBUIBICKA aTOMZBIK O6JIIIeK —
JJIEKTPOH MeEH aTOMBIK aHTHOOIIEK-NO3UTPOH
apachIHAAFbl IPOLIECTEPi KaTKbI3yFa O0JIa bl
DJNEeKTPOHHBIH allIbLTYbl KaTOITHIK CoyJenepai
3epTreyMeH ImyreUiAanFraH  J[xo3ed ToMCOHHBIH
eHOeKTepiHiH HoTwxkeci cananmaabl (1897 xk.). Con
yuia  Jlx.  Tomcomra  HoOenb  CHIMIBIFBI
tanceipeiianel. Erep Tomac AnsBa Jmuconra
TaOUFAThIHAH IIBIAAMIBUIBIK II€H TO3IMIUIK >KOHE
abCcTpakThl TypAe oOilay KaObuIeTi MOJBIpaK
Oepuirenyie, dNMEKTPOHHBIH ambuTybl 1897 K. OpbBIH
amap eni. [To3uTpoH, aToMIbIK OemnmiekrepiH Oipi
0oIa TypbII, OHBIH KypaMbIHa KipMmeiai. COHIbIKTaH
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Anponbik 6enwek neH aHTMOB/WEKTIH GMU3MKACbl MEeH MeTaduanKachl

Nno3UTpoHHBIH anasiMer 1928 k. Ilonp J(upakThiy
TEOPHSUTBIK ~ CHOCKTEPiHIH  HOTIDKECI  peTiHe,
JNIEKTPOHHBIH aHTHUOOJIIEri arajblll  OOJHKAaHYBI
3aHJBI MPOLIEC.

[lo3uTpoHHBIH TaOWFaTTa Ke3[eCyl TOIBIK
MYMKiH ekeHmiriH 1932 k. BunbcoH kamepachbiH
naiananell, Fapbill COyJENepiMEH 3KCIIEPHUMEHT
xyprizren Kapn Anpepcon genenzaen Oepexi. bipak
aTOMJIBIK OOJIIIEK MEeH aTOM/BIK AHTHOOIIIEK 3aH bl
TYpZE ambUIFaHFa JeiiH ae, >KOHE allblUIFaHHAH
KeWiH J1ie, y3aK )KbUIAap MeTapu3uKa KaTeropusicbiHa
KapacThl MaTepPHaNABIK CyOCTaHIWs OONBII Kaya
Ocpmi. Pusmka KaTeropuschlHA OTY VIINH €Ki
aTOMABIK  OeJIIeKTepAi  CUMaTTayllbl  Heris3ri
(U3UKAIBIK ~ KOPCETKIIITEepl TONBIK 3eplelieHil,
OoMImeK TIeH aHTHUOOJIIeK apachblHAa OpPBIH aybl
MYMKIH ekeyapa (e3apa) oceplieCyliH Ccaiaphbl
Oenrini Oomybl Kepek exai. bemmexrtepai mapanamn
OH/IIPY SiCTepi IIEeNTiINTeHHEeH KeHiH, OJIapIbIH 63apa
OPEKETTECYiH SKCIEPUMEHT XKY3iHIEC TEKCEpy >KoHE
KOHJICHCIpJ KYHIeri MaTepranaapIblH KYpbUIBIMBIH
3epTTey MYMKIHIIT1 aHBIKTAIFaHHAH KeiiH, XX —
FaCBIpABIH EKIHIINI »apThIHAH OacTall IMO3UTPOHFa
MeTa(I)I/I?,I/IKa KaTCropusCblHaH HIBIFBII, TCXHUKAJIBIK
(u3nKa KaTeropusichlHa aybICyFa MYMKIHIIK TY/IBI.

Macene 3apsq TeH 3apsaTajfaH  aTOMIBIK
Oesmiekrep KaliblHAa OOJFAHIBIKTAH, OJap/IbIH
e3apa OpEKeTTeCyi Typalbl Kasipri Kesewjieri
FBUIBIMH KO3KapacThlH IKipiH aWTmaili Keryre

Hletciz-mexcis djaem

OpicTiH Ka3ipri Ke3eHIeTi KBAaHTTHIK TEOPHSICHI
HeioToH MexaHWKAachIH, KBAHTTHLIK MEXAHUKAHEI
JKOHE CaJIBICTBIPMAJIBIIBIKTBIH apHAWbl TEOPHUSACHIH
KamTuabel. OCBl TEOPUSHBIH 9JIicTEMeNepi HeriziHmae
MaTepUablK ACHEIEePAiH OpeKeTTeCyiHiH OapIbIK
TYpJIEPiH CUNATTayIllbl TeHACYIep Kypbuirad. Coai
Jece e, Oyn1  TewjaeyJepHiH KYPJIEILITIT
COHINATBIKTBI,  ONApPJbIH  HAKThl  JKOHE  JIAN
HIenrMJIepin ic XKy3inge Taby MyMKiH emec. Kaiita
KYpy CEeKUIIl KOeNTereH aMayjapra >KYT1HY apKbUIbI

Kypaemi TEeHACYIEePAiIH KYBIK enriMaepin
naigananyra Oojanmel.  bipak  Oyn  amangap
TEOPHSUTBIK, ~ IIEIIiMACPIi KEePEeKTI HoTHXKenepre

amaigan KeTKi3yAiH Oip JKOJIbI caHalajbl JKOHE
[T1aHKTHIH AUCKPETTUTIK 3aHIapbIHA MYJIAEM KANUIIIbI
KeJIeIi.

OJieM Typalibl Ka3iprbl Ke3eHIer1 Ko3KapacThIH
Kameimracybl [amuneo [amuneiinin  (1564-1642)
CeHOCKTEpIHIH HOTIKECI caHauazibl. [ anuieimix
MiKipiHIIe FHUIBIMHBIH 0acThl MakcaThl - opOip
KYOBUIBICTBIH ~ OpPbIH  aimy  ce0eOiH  aHBIKTay,
TaOMFaTTHl TaHYJBIH ajJFbl IapThl — Oakpuiay,
FBUIBIMHBIH HETI3T1 Tiperi - ToxpuoOere cyiheHy, ai
oJIeM — LIeKci3, MaTepus-MoHr Uik nynue [4]. byrinri
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6onmac. CyGatomIplK OemIekTepae HeMece EpKiH
KCHICTIKTE 0OJICHIH, 3apsATapaBIH e3apa
ocepiiecyiHiH Typli MEH DJHEpPrusACH oiapapl Oip
KYpbUIbIMFa  OipiKTipyIli eOpiCTiH MeTpUKachIHa
Tikened Toyenmi. EmGip 3apsaTeiH Maccacel, imiki
KYPBUIBIMBI JKoHE OENTiIi MeJIepaeri eimeMaepi
oonmaiiner. Cebebi 3apsi epicrieH Oipre OiTKeH, o1aH
aXKbIpaTyFa KEJIMEUTIH KYPBLIBIM TY3yIii
cyOcTaHmmst  caHamafmel.  3apsAAThl  KalIbIKTaH
OpPEKeTTEeCYII, XKeKe-Iapa TYPIHAETi epKiH OeJeK
Jen Te KapacTelpyFa Oommaiiabl. 3apsimsl  Oap
OemmekTep o3mepi OiTe OaiimaHBICKaH epicTep
JKETICIHIH ~ KaThICYBIMEH  JKaKbIH apaJibIKTa
opeKeTTecyre KaThica aabl.

KBaHTTBIK ~ (u3MKaHBIH  TOCTYyJlaTTapblHA
coiikec, (POTOH JKAPBIKTHIH TapaTy JKbIIIAMIbIFBIMCH
KO3FajbicTa OoJaThiH OejIeKk emec, oepic IeH
OeIieKk apachlHAA DHEPTUsl aaMacyblH Oaraaylibl
KBaHT caHananbl. Col cekingi HeHTpruHO aa Oemmex
eMec, OpiCTIK KYPbUIBIMHBIH KBAHTBL. AJl aTOMIIBIK
Oemex - aifHaTy SHEPrHsACHI, MATHUTTIK MOMEHTEHI
JKOHE THIHBITITHIK KYHIeri Maccacel 6ap mepbec epic.
BemmekTiH  THIHBIMITBIK KyHmeri Maccachl -
3apsIITapAbIH OpeKeTTecyl OapbIChIHAA TYBIHAAHTHIH
IIKi  KywrepaiH canmapel. belitapan aeHeHiH
OKIIayslaHOaFraH CBIPTKBI ~ ©pic  KeHICTIiriHmeri
KO3FaJIbICHIH Heri3re any HOTHXKECIHAC
TaJJaKTHKaJIbIK T'paBUTALUAIIBIK TYPAaKThI MCH
WHEPTTUTIK TaOBIIbI.

KYHT€ JIeiiH KaJblITacKaH Ke3Kapacka ColKec,
aNeMeHTap O6JIIIEKTep — HYKT€ TEKTeC, IIIKi
KYpBUIBIMFa KIKTEJIMEHTIH MaTepusi CaHAJIabI.
Comnaii 6ona Typa, OCbl HYKTE TEKTeC KapamaibM
OOIIIeKTiH MacCaChIHBIH, 3apsIbIHBIH, CIUHBI MEH
MAarHMTTIK MOMEHTBHIHBIH OOJIybl aTOMbl Kajai
IIEKTEeyCi3 JyHHE JAeN TaHBICAK, JIJIEKTPOHIBI [a
COHJIall MIEKTEYCI3-IIeTTeyCi3 oJNieM JleN TaHYIbl
kaxer eremi. Ocbl  OenmIeKTep  apachIHAAFHI
OaliKaJIaThIH «Kyuimi» KOHE «aJci3» acepiecylep,
HEMECE «0pOoNblK» KYIITEp Typallbl Macenelnep
KOTEepUITeH e, ONapAblH MEXaHUKAIBIK KYIITepre
KaTbIHACBIHBIH Oap-orbl, OojiMaca TaOuraThl 0i3re
OeiiMoniM KymTep OOMysl MyMKiH 0e?-mereH, TinTi
MHKPOSJIEM MEH MaKpOaJeM KEHICTiriHle TaOuraThl
Oip TeKTI 3aHABUIBIKTAD OpPBIH ajama?- JereH
KayaObl >KOK CYpakTapAblH TYBIHIAYBl 3aHIbI
npornec. Jlecene, Taburar - aHa 31 TyFbI3faH, 31
JAMBITKAH, ©31 JKeTUIIipreH xoHe Oip-OipiMeH
OaiinaHbICKaH, Oipl eKiHIIICIHE TAyeli MpolecTep
MEH KyObUTbICTapAbl Oip-OipiHEeH aXKbIPATHII, ©3remle
KapaTybl emidip MYMKIH eMeC CeKiami. MpIcalibl,
aTOMJIBIK OeJIIIeKTepre TOH, MAaKpPOAJIEeMJIE aHAJIOThI
0OIYBI MYMKIH €MeC KOPCETKIII — cnuH TeK KBAHTTHIK
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KyObUTBIC caHanansl. Comnaii necek Te, JKepaiH koHe
0acka rTaHeTaapIblH MEHIIIKTI OCTEPiH/E afHAITYBI
HOTIDKECIHIE MEHIIIKTI MOMEHTIHIH Maiaa OOIybIH,
cOraH OalNaHBICTBI TOYJIKTIK YaKBIT apajibIFbIHBIH
TYBIHIAYBIH Kaija KOrora 00asr?

TaOuraT  3aHZaphl  DHEPrUSHBIH, HEMece
HBICAaHAAP/IBIH TEOMETPHSLIIBIK KECiHJIIepiHe
OalimaHpICTBl ~ ©3TEepicKe  yIblpail  Oepmeini.

AVBIPMAIIBUTBIFBL - KO3Te KOPIHreH HBICAHIAPIbIH
Keibip KacueTTepi HeMece KeKe ImapaMmeTprepi Coi
KeciHAlep MeH Y3umicrep apajibifblHOa Oacka
apaNbIKTap apachIHIAFbl aTAIMBII KOPCETKIIITEpre
KaparaHJa aWKbIHBIpaK OalKamybl MYMKiH. O3ipre

(¢u3uKa  FRUIBIMBIHIA  MHKPOQJIEMHIH  OapJibIK
TYCTaphIH OIp/CH aHBIK CUIIATAYIIIBI MOJIEIT JKOK JIeCe
Oostaasl. Meicansl, Mmaccea, epasumayus,

MUKpobonuexmiy 3apsobl, 31eKmp HCoHe MASHUM
epicmepi, MUKpoOOIUEKMIY [WKI KYpblibiMbl MEH
onapovly e3apa acepiecyl CEKUINI KaparalbiM
(Gu3MKaNbIK YFBIMAAD Typallbl CypakTapra Kayarl
Oepy epekmie KbIMBIHABIK TYFBI3apbl  CO3CI3.
ConppIKTaH TabuFaT — Oipereii, TAOUFATTHIH CAKTATY
3aHAapbl MUKPOSOJIEM MEH MAaKpOdJIEeM YIIiH OpTaK
JIeTI caHajaIpl. MbIcabl, SHEPTUSHBIH CaKTaTy 3aHbI
-MaTepUSHBIH ~MOHT1  CaKTaIyblH, HWMITYJIbCTHIH
CaKTaJly 3aHbl - MaTEPHUSHBIH MOHI1 KO3FaJbICBIH, Al
WUMITyJIbC MOMEHTIHIH CaKTaly 3aHbl MaTepHUSIHBIH
IIKI KYPBUILIMBIHBIH MOHT1 ©3TepicCi3 CakTalyblH
nmonennmedini. Ocbl KYMBICTHI JKa3y OapbICHIHIA
aBTOpJIap  JKOFapblla  arajifaH  MOceJeNiepiH
KelOipeyiHe ©31HIIK MOJAeNI KYPY apKbUIBI XKayar
Oepyre ThIpbICTbl. COHBIH Oipi - SAPOJIBIK MHKPO
OeJIeK - 3JEKTPOH MEH aHTHOOJILIEK - MO3UTPOH
apachlHJIAaFbl 9CEpJieCy MPOLECIH OJapJbIH  IIIKI
KYpBUIBIMAAPBl ~ TypaJlbl ~ aHa  Ke3KapacThl
KaJIBIITACTBIPY apKbUIbI OciHeney.

Marepuaniplk JACHENEpAiH MaHBI3Bl EpeKIle
cyOCTaHIUSITAPBIHBIH KaTapblHaH TaObLIATHIH
9JIEKTPOH MEH TIO3UTPOHHBIH e3apa acepiecyi
TypaJibl aJFallKbl MarjayMaTThl aly YIIiH SAPOJIBIK
¢u3uka KypchlHaH Oenrini Karujganapra >KYTiHyre
Oomanpl. SIFHW, JlenTOHIAp TOOBIHA JKAaTaTHIH
3JIEKTPOH MEH IO3UTPOH ©3apa oJCi3 acepiecy
apKbUIbl KaTbIHAC Kacail anajpl. MyHal karnaiina
3apsiITaliFaH €Ki MHKpO  OOJIeK apachIHJIaFbl
Oaitnanpic KyJloH 3aHBIH HeTi3re ay HOTHXECIHIE
cunatrananel. CoraH coiikec, 53JIEKTpOH MEH
MO3UTPOH apaChIH/IaFbl TAPTHUIBIC KYIIIi OJapIblH apa
KALIBIKTBIFBIHBIH KBaJpaTblHa Kepl MpOMopLHOoHAl,
SFHU 3apsATAIFaH OeJIIeKTep HEFYPIIbIM KaKblH
OpHajacca, coJl FypibIM oJlap e3apa YJIKEeH KYIIICH
ocepiiecyre MoxOyp Oomanel. backamra aiTkaHna,
QJICi3 ocepiiecy MPOLECIHIH 3aHIBUIBIKTAPBl JKaKbIH
apaiblKTa OpBIH ajaThlH dcepiecy KYOBUIBICHIH
CHUIATTAYIIbIIAP/ABIH ~ KAaTETOPUSCHIHA  KATaJIbl.
CoHbIMEH Katap, 3apsAATAIFaH MHKpPO OeliexTep

apachlH/la KalIbIKTaH OPEKETTeCY KaTerOpUsChIHA
JKATATHIH JNEKTP MarHUTTIK acepriecy
3aHJIBUTBIKTAPBIHBIH OpPBIH &TYBIH EMIKIM Tepicke
JKaTKbI3a anMaiael. Engerne, TaburaTTa OalikanaTeiH
acepiiecy TPOIECTEepPiH CHIATTaylmIbl TOPT ipreini
3aHJIBUTBIKTAPABIH €Keyl aTalMBIIl OelIeK TeH
aHTHOOJIIICK apachblHla OpPBIH aJaThIH OapIIbIK
Kyinepal cumarrayra TOJBIFBIMEH >KeTKiTikTi (1-
Cyper).

bipak 3apsaramran  OefmiekTep — apachIHIA
AIIEKTP MarHUTTIK dcepiiecyAin Oip FaHa KOsl 0ap —
3apsiATaIFaH  OelmmeKk ©31 aWHBIMabl  DJIEKTP
MarHHTTIK TOJKBIH TyFBI3yFa THICTi. TeK OCBHI TONKBIH
AJICKTPMArHUTTIK 9CEpJIeCYNiH Ke3i Ooyia aiajpl.
OpHHE,  KO3FAIbICCHI3,  CTAaTUKAJBIK  KYWZICTi
3apsITaNFaH OeNIIeK TONKBIH TYFbI3a aliMakK eMec,
AJIEKTP OpPICi OPBIH ATYbI BIKTHMAJI, OipaK OJ1 TOJIKBIH
Ooma anmaiiapl. MyHpall skarmaiiia OesmiekTep
apachlH/Ia eNIKAHJAl SJCKTPMATHUTTIK dCepIiecy e
OpbIH anMaiinel. EHnerne 3apsiaranraH OesmnexTep
apachIH/Ia TOPT AcepieCcydiH Oip Typl — TeK KaKbIH
apanplKTa OalKalaThIH 9JICI3 ocepiiecy FaHa OPBIH
anateiH Oonaabl. Bynainia Ty KbIpbIMIay ChIPT Ke3re
H. bopapix 1 - [TocTynareiHa Kalibl KENETiHI CO3Ci3:
ATOMHBIH ~ TYWBIK KEHICTITIHICTI  3JICKTPOHJBIK
KaOBIKIIaZaFrbl Y3MIKCi3 KO3FAIBICTAFbl JIIEKTPOH
emdip coyJie IIBIFapMaiibl, COHJIBIKTAH OJI SIAPOFa
KyJIaMaiabl.

W&Z

Bosons Proten

[4] Neutron [1]
Quarks
Pion [2]

1 - cypet. Tept Typii acepiecyre Mbicai

An  zapsaranraH  OejIIeKTep  apachIHIAFbl
aceprecyre OaitnmaHbpIcThl (pu3nka MeH MeTadu3uKa
KATThI JICHE KPUCTAIJBIK TOPHI KEHICTITIHACTI epKiH
ANIEKTPOHJIAP MEH TIO3UTPOHAApPFa OaiIaHBICTHI
TyblHAan OTbip. OnapablH  apachlHIAFbl  QJICI3
OaiiaHbIC KpHUCTaN IMIIHAE >XAKbIH KAIIbIKTBHIKTA
OpPBIHIATYBl MYMKIH OOJFaHBIMEH, 9CepJIeCyliH
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eKiHIII TYpl - JJNEKTP MAarHUTTIK OalIaHBICTHIH
MexaHn3Mi OeftmaliM O0bIn Kana 6epyne. OcbrHmai
cebenTepre OAWIAHBICTHI, 3apSIATAPHl KapaMa-Kapchl
AOpONBIK OemekTep OelTapam oprana, SpTYpdi
KAITBIKTBIKTA, Ke3-KeITeH YaKbITTa OipiH-0ipi «xanaii
manvln, acepaecyee Kamvlicadvl?» - E€reH CYPaKThIH
TYBIHIAYBI 3aHJBI TIpoliec. bip oiinanareiH xaraai,
Kynon ocbl KyObUIBIC Typamibl «KaHAal TMiKipae
0oNaBRl €KEeH?» JETreH Mocele alpHOpH CIIKaIlaH
TyBIHIAMaFaH CeKiJIi.

Hykrenik 3apsin e3iHiH aifHamachlHAA SJEKTP
CTaTHKAJBIK ©piC TYFBI3ATHIHBI OYpHIHHAH OENTifi.
Bipaxk ock1 epicTiH maiiga 601y MexaHU3Mi, TAOUFaTHI
Typasiel embip MalyMmaT apHaibl OachlUIbIMAapIa
Oepinmeiini. MymKiH Oy epic HYKTENIK 3apsaTaH
LIBIFATBIH CIyJie TeKTec TOJKbIHOA? Erep TONKbIH
eKeHl aHbIK 00JIca, OHBIH TaAOMFATHI HEJe JKOHE HeTe
Oyl mporec TaychlIMalabl? OUTKeHI TOKBIH Oap
JKep/ie PHEPTHSHBIH HIBIFBIHBI 0ap €KeHI aKUKaT € =
hv? MyMmKiH Oyl mporiec 3apsiaTapIblH e3iHe FaHa
TOH, KYMOHCHI3 KaObUIIay bl Talal eTeTiH KyObUIbIC
msiFap? MyMKiH HYKTEJNiK 3apSAATHIH
alfHaNaCBIHIAFEl OpiC OBIH (PMU3MKAIBIK KACHETIHIH
HeMece (GU3MKANBIK KYHWiHIH ©3TepyiHiH caimapsl
emecrie ekeH? Kanpmait >xarmail OpBIH aJIMachIH,
3apsATanFaH OeJIIeKk SHEeprusl IIBIFBIHBIH Y3HIKCi3
TOJIBIKTBIPHITT OTHIPYFa THIC, Oipak HEeHiH eceOiHeH?
MyMKiH KOpIIaraH OpTaJaH TYBIHAAUTBIH DHEPTHS
arbIChIH TYDPJICHIIPY apKbUIBI KaObUIIAN KO3YbI
MyMKiHOe? MyMmKiH OOIFaH jKarnaiia TO3UTPOH
AJIEKTPOHIBI (HEMeCe SJIEKTPOH - TIO3UTPOH/IBI) ©31HE
TapTy apKblIbl OaiilaHBICKaH KYHTe KOy YIIiH o1ap
opTYpIi GUBMKATBIK KYiH/Ie OOIYBI KQXKETIIE )KOHE Ol
KaHJal Kyinep? ATOMIBIK dJIeMeHTap OereKkTepre
TEK €Ki PEKUM FaHa TOH MPOIEC: KO3y PEKUMI JKoHE
OpPHBIKTBl KYH. Erep mHO3UTpOH KO3y pEXUMiHJE
0oJica, NIEKTPOH OPHBIKTHI KYHJle KalyFa THIC KoHE
KepiCiHIlle, JJIEKTPOH KO3y PEKHUMIHE Kellce,
MO3UTPOH OPHBIKTHI KYH/Ie Kajia TYPYbl MiH/IET.

Koy pexxumin/eri aTOMIBIK 0OJIIeK OPHBIKTHI
KyHre Kelly yIIiH apTbIK SHEPTUSHBI JICKTP MarHutT
TOJIKBIH TYpiHIIE CBIPTKA MIBIFapyFa THicTi. OcCbI
allHbIMaJbl epic JKapblK JKbUIAAMIBIFBIMEH Tapay
apKBUIBI OPHBIKTHI KYHeTi aTOMABIK OOJIIEKTI KO3y
pexxuMine kemripeni. by nporec dt = dr/c, yakpIT
innHAe orinm yarepemi. MyHIAFbl ¢ — Jicapbik
AHCLLIOAMObBIZLL, dr — eKi amomoblK bonuekmiy apa
Kawbikmolevl. CaHaysbl yaKbIT ©TICIMEH aTOMJIBIK

Oesmiekrep  OIpiH-OIpi  «maHuiny,  apaaarbl
opekerTecy amainbl Oacranmanel. Erep OyfaH neifin
Oipi ekiHmici Typajisl emKaHzal «xabapaap»
Oonmaca, (U3UKAITBIK Ky#epi e3repicke

yIIblpaFaHHaH KeWiH TMO3MTPOH Ja KOpIIaraH
opTachlHa OOWBIHIAFBl apTHIK HEPrHSIHBI CBHIPTKA
HmIpIFapyra MokOyp Oonaapl. By nporec mo3utpon
TaparnblHaH OJICKTPOHTa KepceTinreH peaKkuuAa
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caHayiazpl. bipak TO3MTPOH DAIIEKTPOH TapaTKaH
arbIHJIBI, DJICKTPOH TO3UTPOH TapaTKaH aFbIHJIbI
KaOBIIAay YIIiH, OJNIapAbIH OpPKAMCHICHl KapChLIAChI
TapaTKaH 3HEPreTUKAIBIK aFbIHJbI IITKI KYPBLIBIMBI
apKbUTBl  OOHMBIHA CIHIpINI, KapamaiWelM TiTMEH
alTKaHzaa, Oip menrimMre Keynepi Kepek.

Con ymiH opOip aTOMIBIK O6JIIeKTIH acep

eTyIIi  SHEprusi  arblHBIH  KaOBUIIANTHIHIAN
JNEMEHTTEpIHIH OONyBl KaKeT, MBICATBI, YSIIbI
KYPBUTBIMAAPIBIH  HBICAHAAPHl TEKTEC. DHEPTHsI

arbIHBI ATOMJIBIK OOJIIICKTiH Kall TYChIHA acep eTce,
COJl TYCBIHBIH KEHICTII KO3y amaiblHa KaTbICHIIH,
KapCHI JKarbl OYPBIHFBI KYHiH CaKTaysl THIC (2-CyperT).
Erep ocbl mapTThl YFBIMABI YakeITIIa Oonca naa
KaOBUIOAMTRIH  OoJicak, 3apsiaTalfaH dJeMeHTap
Oemiiek Typaibl OYpHIHHAH KAJBIITACKAH TYCIHIK
OOMBIHIIA OHBI LEHTPIHIE 3apsAAbl Oap map Topi3ai
KYpPBUIBIM JIeNl KaOblLI/lay TepiCKe MIBIFaphl aHbIK. Ic
JKY3iHAE IIeKCi3 IIarblH Keyemae Oip HOpCeHiH
IIEKCI3 JKOFapbl KOHLECHTPAIMSACHIHBIH OpHAJIACYBI
em0ip MyMKiH eMec. 3apsj aTOMIBIK OeJIIeKTiH
KEHICTITiH/Ie TYPaKThl THIFBI3ABIKIIEH Tapalyhl THIC.
MyHpail  karmaiima con 3apsAThl  aTOMIBIK
OOJIIIeKTiH IMKI KYpPbUIBIMBIHIA KaHIAai 3JIEMEHT
TYpPaKThl KOHILEHTPALMSIMEH TapaTyFa KaObUIeTTi,
3apsAATaFaH  aTOMIBIK OOINIIeKTIH ©3iHIIK iIIKi
KYPBUIBIMBIHBIH,  OOJIYBl JKOHE 3apsii aTOMIBIK
OeIIIEKTeH THIC JKEpAe OpHajacybl MyMKiHOe? —
JIETeH CYpaKTap/IbIH TYBIHAAYHI 3aHJIBI HIPCE.
MyHnali cypakrapIblH jkayaOblH Taly YIIiH
aTOMJIBIK ~ OeJImIeKTep  YsUIbI  KYPBUIBIMJIApFa
JKIKTEJIeNll KOHE OJIapIbl Ty3y VIIIH akTo Hemece
demTo  emmemmi,  OemnIIeKTeyre  KeJIMEWUTIH
AIIEKTPOHIAPA dIeKmpoHummep, NMO3UTPOHIAPAA —
nosumponummep Jert aTayra TYpapIIbIK
KBa3uOeNIIEKTEPIiH O0Tybl BIKTHMAJ JIETeH 0O0KaM
Kiprizyre 6omansl. Erep ocel 60mKkaMapl MaKyJl et
KaObLIacaK, aTOMJIBIK OOJIIICKTEPiH (UINKAIK

KYHiHIH  e3repiciHe, SFHHU  DIIGKTPOH  MEH
NO3UTPOHHBIH ~ KO3ybIHA JKAayanTbl DIEMEHTTEp
peTiHAe Kapchl OJKAKTBIH ocep €Tyl aFbIHBIH

KaObUIJAylIbl aTaJMBIIl KBa3HOOJIIEKTep JCeTeH
TY)XBIPBIMFa TOKTAay Ka)KeT. byJ1 mpornecTin canmapsl
OH  3apsAThl  TMO3UTPOHHBIH  Tepic  3apsATHI
JJIEKTPOHMEH ocepliecyl HOTHXKECIHIE eMip Ccypy
Mep3iMi  HIeKTeyJi, OalIaHbICKAH  2JIeKMpPOH-
nosumpon  oicyb6vl  Jen  aTajaThlH  YLIHII
KBasuOeeKk maiga Oonanael. BipiHiH CHIPTHIHIA
eKiHIi aTOMJBIK OeiieKk Y3Hdikci3 aifHamyna
0onaTeIH KOHE OpBIHAAAPHl KE3EKIEH aybICHII
OTBIpaTBIH ~ OChl  KYPBUIBIM  CYTE€K  aTOMEI
KYPBUIBIMBIMEH TOJIBIK YHJIECIMIIIK TaHBITabl. bipak
eMip Cypy Mep3iMi asKTaJlbICHIMEH, AaTOMJIBIK
OeimeKkTep JNEKTP  MAarHUTTIK  TOJIKBIHJIApFa
TYpJICHIN, AHHUTWIALUSIIBIK — TaMMa-KBaHTTapFra
aiiHananel [5]. DJAEKTPOH-MIO3UTPOH KYOBIHBIH ©Mip



I.W. Ap-MyxamenoBsa »aHe T.6.

CYPY MEp3iMiHiH, aHHUTWIALSIIBIK (OTOHAAPABIH

OYpBIIITHIK  KOPPENSNHUACHIHBIH  MaTepHAIIbIH
KacueTTepiHe OalaHBICTBHI ~ ©3TEpICiH  3epTTey
A flux of
positronite e- excited
- zurface

aPKBLTBI MAHBI3BI €PEKIIIC KOITETEH KaHa (PH3UKAITBIK
MaFrJIyMaTTap/Isl OHAIPYTe MyMKIHIIK )KEeTepIIiK.

A Flux of
electronite

O
==

Positron

2 - cypeT. DIEKTPOH MEH MO3UTPOHHBIH dCEPIIECyY MOJIENI

Peanbl KpUCTANABIK KYPbUIBIMAAFBI O3UTPOHAAP

Konpencipmi KyHaeri MaTepHaIapabl
ANIEKTPOH-TIO3UTPOH aHHUTHUIISIIUS SJIICIMEH 3epTTey
Ke31HJe TMO3UTPOH epeKIIe TAIFaMJbIK TaHBITAIbI.
Kpucranaplk TOpIBIH KEHICTIrI Typii akayiapnaH
JKOHE akayJyiap TycrereH aiiMakrapra Oeiinesi. Ochl
€Ki TYpii KEHICTIKTepiH MaHaWbIHA IOFBIPJIaHFaH
ANEKTPOHAP/IBIH KYWJIepi €Ki Typii OONyBI 3aHIbI
mporiec. AKaymapablH OachlM KOMIILIITT CBIPTKBI
(dakTopnapablH 9cepiMeH MOHAApPbIHAH albIPBUIFaH,
ececiHe 0ocaraH MOHAAP/IBIH OPBIHBIHA YJIEKTPOHIAP

LIOFBIpJIaHFaH  KeHICTIK caHananbl. COHIBIKTaH
aKayJlapra KUHAKTaIFaH ANEKTPOHIAPIBIH
UMIYJNBCTBIK - DHETETUKANBIK  KOpCETKIlTepi

aKayChI3, HOHIAPbI KPUCTAIIBIK TOPAAFhI MEHIIIKTI
OpBIHJIApbIHAH adbIpbIIIMaFraH epKiH
ANIEKTPOHJIAP/IBIH COHKEC KOPCETKIIITePIHEH Kol

TOMEH  JKOHE  TBHIFBI3ABIFBI  JKOFaphl  OOJIBII
KajbinTacanbl. COHIOBIKTAH KPUCTAIIBIK TOPABIH
aKayJiapbl IO3UTPOHAAP YIIIH KapMmay KaObUIETI
KOFaphl,  «mepen»  TOTCHUUAIJIBIK  IIYHKBIP
caHajagsl. Marepuanra KipreH MO3UTPOHAAD
0acTamkpl ~ JHEPreTUKAIBIK  KOPCETKIIITepiHEH
alBIPBUTBIN,  OPTaHBIH, SFHH  MaTepUAIJIBIH

TEMIIEPATypachlHA COMKEC KeJIeeTiH KOPCEeTKINITI
KaObuHalael: € = kT. MyHal xaraiia aTaIMbIIl
KYHZeri  MO3WTPOHIAp, OpHHE, aKayJapra
IIOFBIPJIAHFaH JJIGKTPOHJAPMEH €pKiH YCTACHIIL,
e3apa OaillaHBICKAH JIJIEKTPOH-TIO3UTPOH KYOBIH

ty3emi. Ocbkl KyOBUIBICTApIBI €CKEpE  OTHIPHII,
MO3UTPOHIAPIHIH KPUCTAJJIBIK JICHENePAiH
aKayJapbIMEH  OpEKeTTECYiHiH  MaTeMaTHKaJIBIK

MOJIEJIiH KypyFa 00oJaibl.

Otken racelpablH  60-KpuTHapbiHaH — Oepi
KONTEreH aBTOpJiap TMO3UTPOHHBIH KPUCTAIBIK
TOPJIBIH aKayJiapbIMeH acepiecyin
(heHOMEHOIIOTUKAJBIK TYpAE OPTYPJ IMIIIaMaaarsl
JOONIIKIEH  CUMATTayAblH  TYpJi  IIEHnMAepiH
i3ieyMeH  aiHajbiceil  kenmi  [5,6]. Keiiin
Tpudrexoiizep OCBI OarpITTarbl 3epTTIey

JKYMBICTapBbIHBIH HOTIKENIEPiH KaH-)KaKThl >KyHemi
TYpJe capanarl, Oip TOKTamFa KeJJi: alJlaFbl yakbITTa
MO3UTPOHAAPIABIH MaTepualAapAblH aKayJapbIMEH
acepiiecy mpoIieci «kapmay moodeniy Jien ataiusl [7].

OpuHe, MOJCNbBIIH aThl  MOJeNib.  Mojelb
MTO3UTPOHIAPABIH KPUCTAJJIBIK TOPJIBIH
aKayJnapbIMEH OpEKETTECINl, CIEKTPOCKOIUSHBIH

MIH/IETIH aTKapaThlHJall Jopexere >KeTyl YIIiH
KONTereH JalbIHABIKTAp KYpriziieni. 3epTreyiacH
OTKI3IJIETIH MaTepHaJ/IbIH YITiCI TEPMUSITBIK OHIEY
apKBUIBl  KYPBUIBIMIBIK  aKayJapblHBIH  YJjeci
MUHUMYM JIOpEKEre IKETKI3UII, TMO3UTPOHJIBIK
CHEKTPOCKOTIMSHBIH ~ AHHUTWISIHSAJIBIK ~ ramma-
KBaHTTAPBIHBIH ~ OYpBILTHIK, HEMece Mep3iMIiK
Tapajly CIEKTpl Heri3iHae 3epTTeyAeH OTKI3iiil,
MaTepHAaJJIbIH HEri3ri KYBUIBIMJBIK IapaMeTpIiepi
Tabbutaapl. bynaH keliH MaTepuasblH aKayJapMeH
KaHBIKKAH COJI YJTICI Tarbl J1a 3epTTEYeH OTKI3iTi,
THICTI KYPBUIBIMJIBIK KOPCETKIIITEPi aHBIKTAIIBII,
omap  KaJIMOpPOBKAJBIK  KOPCETKITEp  TYpiHAE
KaObUIgaHagbl. 3epTTey JKYMBICTAPBIHBIH HETi3ri
YIIiHIIT Ke3eHiHjIe opTypJti (U3UKAITBIK
(akropaapMeH oHJICYICH OTKI3IIreH
MaTepHaIapabH KYPBUIBIMABIK e3repicrepi
sepaeneHeni [8, 9].
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Meicanbl, TO3UTPOHIBIK  CIIEKTPOCKOMHUSHBI
Malanadbplll, peaKTOPABIH OeJICeHmI aiMarbIHIAFhI
MaTepHaIapaAbIH KPUCTAIILIK TOPBIHBIH ©3TepiciH,
paaranusIIbIK aKayapblH KOHICHTPAIMSUTBIK XKOHE
KOH(UTYpalSIIBIK CHITATTAPbIH aHBIKTAY emoip
KUBIHABIK TyFbI30aiael. Con  YIIIH 3epTTeNeTiH
HBICAHJBI JKOFapbl DHEPTHUSIIBI  YACTKIIITEPMEH
OHJIIPUITCH 3aps/iTaiFaH OeJIIIEKTePMEH aTKbLIay
HOTIDKECIHIE TYBIHIAWTHIH mporecTepai
UMUTAISIIAYIIBL 3ePTTEY KYMBICTAPBIH OPbIHAAYFa
0oabl. 3apsaTaFad OeJIIeKTIH MaTepUal iiHAeT]

IKCcnepuUMEHTTIH daicTeMeik Taciaaepi

Byn mnpobnemaHel opTYpai Typili  KOJIMEH
nienryre 0onanpl: @) MaTepPUANJIBIH KATbIHBIFBIH
aTKbUIAYIIBl 3apsAATaIFaH OOJIICKTePIiH IHEPIHs-
CBIH TOJIBIK INCKTCHTIHJICH IIamMana TaralbIHIAY; 2)
COyNEJCHIIPUITCH 3epTTEy HBICAHBIHBIH KAJIBIHIbI-
FBIH XUMHSUIBIK  OJKONMMEH  Oipre-Oipre  Ax —
Ka )KYKapTy; 6) HbICAHJbl MaTEPHAJIBIH €CENTEITCH
KaJIBIHIBIFBIHA ~ apTBIFBIMEH  COMKEC  KEJETiH
(donpranapat >KkMHaKTay. DJIEKTPOH MEH MMO3UTPOH-
HBIH OpEKETTeCY MOJENiH OSKCIEPUMEHT IKY3iHJe
TeKcepy YIIiH OacTtankpl dHeprusickl 30 MaB netiin
YACTIITEH TPOTOHAAPMEH CAYIENCHIIPUITeH eKi
MaTepual — TaHTaJl MEH MOJMOJICH KOJJIAHBUIIBI.
Marepuannapasis 6acranks! Kyii 107 ITa Bakyymua,
7=1200°C Ttemmneparypana, 1,5 car. apaibIFbIHAA
JKACBITY  HOTIDKECIHAE TaralbIHIANaael. OpOip
(dombranbly  KaNbIHABIFE  Adi  coyneneHmipymri
MPOTOHHBIH MAaTepuall apKbUIBI OTY KOJBIHBIH

3epTTey HITHKeIePiH 3epaeney

JKorapel  dHepreTHKanblK  MPOTOHAAPMEH
MaTepHaNIapsl COyJEeNCHIIPYAiH aJFallkbl HOTH-
Kecl OYPBIIITHIK KOPPETSIHs CIEKTPiHIH e3repic-
TEepiHEH aHBIK OaiKayiajbl: CIEKTPIIH MaKCUMAJJIbI
WHTEHCHUBTUIIT] OCII, XapThljiail OWIKTIKTeri eHIiri
TaPbUIBIII, MO3UTPOHIAPIBIH pauanusIIbIK
aKayJapIblH TOHIperiHe IIOFBIPJIAHBIN,  EPKiH
JNEKTPOHIApMEH  OalilaHBICYBIMEH  MO3UTPOH-
3JIEKTPOH  KYOBIHBIH  KYPBUTYBIHBIH  apKacblHIa
AQHHUTWJSIIMUSUIBIK  KBAaHTTAPABIH  TYBIHJIAYybIHA
OaliaHpICTBl MeTaQU3UKAIBIK KYWIIH ©3repyiHiH
noneni bonazasl (3-cyper).

CrekTpaiH >XapTbulall eHIITIHIH MaKCHUMAaJIbl
TapbUTybl, COHBIH HOTW)KECIHJIE aHHUTHIISIIUSUIBIK
napamMeTpiiH MaKCHUMaJbl eciyl TaHTajl YLIH
TOMEHT1 dHEpreTHKajbIK apanbikra ~ (5 — 8) MaB
operH  amanel  (3,a - cyper). llpoToHmapmeiH
SHEPTUSCHIHBIH APTYbl AaHHTHIISIIHSIIBIK TTApaMETPIiH

MOHOTOHJIBI ~ TYpPAE TOMEHJIEYIMEH JKaylfacaipl.
BypbinThIK  KOppenmsuus  CHEKTPiHIH — MiLIiHIH
CUIATTayllbl  HapaMeTpIiH  ocbUlali  e3repici
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JKYPY KOJIBI paJHalUsUIbIK aKayIapMEH OpHEKTeNe .
Martepuanzpl aTKbUIaYIIbI O6JIIIEKTEePAiH SHEPTUSACH

TOPMEH  OpeKeTTecy HoTKeciHAe  Oipre-OipTe
TOMEHAEH/]. OnbIMeH Oipre paguaIusIIbIK
aKaynapabIH KOHIICHTPALHSIChI MEH

KOH(UTYPALHSACH KOCA ©3TePiCKe YIIBIPAI OTHIPAIBL.
Hotmxkecinae uMuTanusiiay mporeci paaualusiibik
aKayJapAblH MaTepuayja Tapainy NpoQuUIIiHIH
aTKBUIAYIIBl OOJMIEKTIH SHEPTUSChIHA TOYEIILIITiH
3epTreyMeH yiracaznst [10-12].

e3repiciH aHBIKTaUabl: Axi=Adip. OCbl KaabIHIBIKTA
NPOTOHAAPIBIH 3Heprusicel AE; =siAx; IIaMacbiHa
teMeH e 1. HoTwkecinae, apOip GosbranbiH Kapchl
0eTi apKbUIBI ©TKEH NPOTOH SHEPTUSCHIHBIH OpTa
MoHi Exi=E;- AEixypaiigsl. Coran OaitnaHbICTHI 9pOip
(doNbranplH pagualsUIBIK — aKayJaHy Jopexeci
COyNeNeHIIpyIIi  TPOTOHAAPABIH  JHEPrUsCHIHA
Toyenni Oonbn Kanbimracansl. Heicanmap 75-80°C
TeMmIeparypana, KapKelHAbUIBIFBL 1.2:10% cm?c!,
Gacrankpl SHepruschl 30 MaB nporongapmen 2-10"7
cm?  Qmoencke gmeiin  coymenenmipinmi. Coran
0alIaHEBICTEI, MO3UTPOHIAPJBIH  MeTadaszalbik
KyiHaeH ¢U3MKamblK Kylre aysiCyblHA CoHKec
KeIIeTiH, KapMay MOJeIiHe JXYTiHy HOTIKECIHAE,
OYPBIIITHIK KOPPEJSLUS CIEKTPiH OHeY OapbIChIHIA
AHBIKTAIATHIH, MaTepUaIapIblH  KYPBUIBIMIBIK
e3repy JOopekeciH Oaranmay YIIiH OFaH ce3iMTal
AHHUTWISIASIIBIK KOPCETKIIITED KOJIaHBUIAIbI.

MeTaQU3MKaNbIK  TYPJIEHYAIH, COFaH  ColKec
paananusIIbIK aKaylapIblH MTO3UTPOHIAP/IEI KapMay
MYMKIHZITiHIH OaFBITTHI ©3TePIiCiHIH TOJBIK JoJeli
0oJ1a/ibl JKOHE IPOLECTIH TOMEHIT 3HEPreTHKABIK
aliMakTa OpBIH aIybl TaHTAIABIH KPUCTAJJIBIK
TOPBIHBIH KYPBUIBIMBIH/IA TYBIHIAUTHIH —aKayiap
MPOTOHJAP/BIH TaHTAJA aTOMJAPBIMEH Ccepnimoi
opekeTTecyiHiH  HoTkeci  caHamaapl.  CoraH
0aliIaHBICTHI KPUCTAIIBIK TOPIBIH TO3UTPOHIAPIBI
KapMay IEHTpJIepl HEri3iHeH KeH  ayKbIM/IbI,
aTOMJAPJBIH PETTIK TOPTIOI MeWsiHIIe YJIKEH
e3repicke YIIbIparaH KEHICTIK eKeHniri Oenrimi

Oonmampl.  KpucranmblK  TOPABIH  KYPBUIBIMJIBIK
TYpPJACHYIH CUTIATTAYIITBI AHHUTUJIALUSIIBIK
napaMeTpiH JKOFaphl SHEPreTUKAIIBIK

MPOTOHIAPBIH METAJIFA SCEPiHiH IaMallbl IopexKee
OpbIH ayblH J9JeNeyi, Oy TycTa cepnimcis
ocepiecyre OalaHBICTBI TYBIHIAUTBIH  SIAPOIIBIK
peaxusIap by pauaIUsITBIK aKayJapsl
eHJIpyeri yJieci cepnimdi mpoLecTepre KaparaHsa,
alTapJbIKTall TOMEH eKSHIIT aHbIK OalKasabl.
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3-cypert. lIpoToHMeH coyneneHaipiirer TaHTaaMeH () MOTUOIeHHIH (2)
AHHUTWISIIASITBIK, KYPBUTBIMIBIK TTapaMeTpIIepiHiH YHSPT €TUKAIBIK TOYEI LI

[MomukpucTtan MOMMOIEHMEH OPBIHIAIFAH T

OCBIH/IAl IKCIIEPUMEHT 9HEPreTUKAIIBIK
IPOTOHAAPMEH COyJIeNeHIIpY cajiapblHaH
marepuajiia nainaa 0oJIaThIH panuanusinbIK
akaymapaelH Tmpodwim  eki  Typmi  (aKTOpIbIH

ocepiMEeH TYBIHAAUTHIHBIH alKbiH KepcerTTi. CoraH
0OalJIaHBICTEI Mo YILIiH AHHUTHISIUASUIBIK
MapaMeTpaiH DHEePreTUKABIK TOYeIIUTri Kypaeni
Oonpim  Kameimracanmel  (3,0-cyper).  bacTtamksl
SHEpreTUKalbIK 5-7 MaB apaliblkTa SHEpreTUKaIbIK
TOYENIUTIK TYPaKThUIBIK TaHbITamel. Keitin, 18-20
MbB apanbiFbiHa AeliH mapaMeTp KYPT TOMEHIEY
HOTHXKECIHJIe MUHHMYM apKpUibl otin, 30 MboB
KETKEHIIE  KOFapbhl  OCIMTAJIBIK  TaHBITAMbI.
Kpucrangarel KypbUIBIMIBIK ©3repicTepre cesimran
AHHUTWJBIIMSIIBIK TTapaMeTpP/IiH TOTEHIIE e3repici
3apsAATaIFaH OeJIIeKTePAIH KpUCTal IINHIE 6Ty
TPAGKTOPMSCHIHBIH ~ OOMBIHIAFBl  KYPBUIBIMIBIK
TYBIHABUIAPABIH ~ YJIECTIPULy CHIIATBIHBIH — 0acTbl
KepiHici caHanmaabl. by nporiectiH Herisri ce0eOiH
Oip karbIHAH DHEPTHSICH MaTepHalIbl aTKbLIAYIIIbI
Ep< 18 M»B TemeH, exiHIII KaFbIHAH SHEPTHUACH Ep
> 20 MbB xorapbl NPOTOHAAPIBIH KPHCTaIMEH

opeKeTTecy MEXaHU3MIH/IC alTapIbIKTal
allBIPMAIIBUTBIKTEIH Oap eKEHIITiHeH i37ey Kaxer.
OJIETTE, SHEPTHSICHI TOMEH 3apsATaIFaH
KopbIThIHABI
ITo3uTponnapmer OPBIHJAIIFaH

SKCHEPUMEHTTED HOTIDKECIH TYXKBIPbIMIAY YLIIH
MeTapU3UKaIbIK KYHIEri TO3UTPOHBl  (HUIHKAIIBIK
Kylire TaceiMaliay HOTHXKECIHJEC TEXHHKAIBIK
¢du3uKara JeifiH 1aMBITyFa MYMKIHAIK 0ap eKeHiHe
KO3 JKETKi3ill, COFaH JahbIKTbl, MaTepualgapablH
KYPBUIBIMJBIK ~ ©3repicTepiHe  ce3iMTall  JKOHe
3epTTeyre MYMKIHAIK OepeTiH MoJesl KYPYAbIH
MeXaHU3Mi YCBIHBUIIBL. bipak MonenapH Kaid TYpiH

OemIIeKkTepIiH MaTeprualMeH OpEeKeTTeCyi Ceprimii
nporecTepMeH faHa Iekrtenedi. [IpronmapabiH
DHEPTUSACHl OCKEH CalblH, KpHCTAl TOPBIHBIH
TYHIHAEpIHIIE OpHAJACKaH MaTpHUIa aTOMJIAPHI
ajNAbIMEH  OpBIHAApPBIHAH  TaWablpbuiafbl.  byn
aTomzaap OipiHII Ke3exme marobipblizak amomoap
Jien arajanel. Erep onapablH SHEPrUsChl JKETKUTIKTI
Oonca, eKiHII Ke3eKTeri aToMIapabsl KO3FabICKa
kentipeni.  [Ipomec  ocwmmail,  KO3FallbICTaFrbl
aTOMIapJIbIH SHEPTHSICHl KE3€KTi aTOM/IbI TaliIbIpyFa
JKETKITTIKCI3 OonraHIIa KayFaca oepemi.
[IpToronaapasiy sHepruscel Ep > 20 M»sB xorapbl

KOeTepiIreH/e, STPOJTBIK peaKIusIapabiy
HOTHKECIHIE TYBIHIAUTHIH MPOIECTEPIH
KATBICYbIMEH OpBIH aJaThIH paTuaIysIIbIK

aKayJap/blH )aHa ToObI maiiia 60maasl. [IpOTOHHBIH
METaJbIH MEHIIKTI aroMJapbiMeH €Ki Typdi
JKOJIMEH OPEKETTEeCYl HOTIDKECIHJE KPUCTAJIBIK
TOpAa TYBIHAAWUTBIH aKaylaplblH KOHIICHTPAIUSICHI
MEHITIHIIIE KOFaphbl JeHrelre ketepiiemi. OcbiHman
akaynap KeHictirinae aud@y3usuTblK KO3FaIbICTAFbI
MTO3UTPOHIAP O3iHIH COHFBI OpeKeTiH
MeTa(U3UKAIIBIK Ke3KapacTaH TEXHHUKAJBIK
¢u3nKkara aybpIiCy apKbUIbl asKTar, MaTepHaITaHy
CaJIaChIH 3ePTTEY TEXHUKACHIHBIH apachIH/Ia XKETEKIIT
OPBIH]IBI HEMICHE]T.

KOJIJIAHCAKTa, MOJICJIIIH aThl MOJEN €KeHIH YMBITIIAY
KaXeT XOHE «Kapmay» AETeH YFbIMIbl Ke3-KeIreH
Kepae  KoujaHa — Oepy  epecken  KaTelliKke
YPBIHABIPYBI o01eH MYMKIiH. Bymaii
TYKBIPBIMIAY IBIH HET13T1 ce0ebi Moen KpUCTaIIbIK
TOp  aKaylapblHBIH  I[O3UTPOHAAPIBl  TiKesel
KapMayblH aHBIKTAyMEH NIYFbUIaHOAWABI JKOHE
MO3UTPOHHBIH MOTEHIMAJIBIK IIYHKBIPFa Tal OOJIbIII,
AHHUTWISIIMSAJIAHY HOTIKECIHAE 3JEKTP MarHUTTiK
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Anponbik 6enwek neH aHTMOe/WEKTIH GU3MKACbl MEH MeTapu3nKachl

raMMa-KBaHTKa TYpJCHyiHe JeHiHrl apaibIKTa
KaHmai Kyime OosraHbIH Oaramai ammaiaer. Comait
Ooma Typa, Keibip jkarmalija MOAENTe CYHeHy
apKBUIBl OHIIPIITeH HOTHXKEIEPAiH JKCIEPUMEHT
HOTIDKETIepIMEH TOJIBIK COHWKeC KeNMEeyiH Herisre
anmblll, MOJENAI MYJIIEM JKapaMChl3 Jel IKOKKa
HIBIFapyFra a1a 6omIMai sl

Mpican peTiHOe MaTepHalNTaHy CalachIHBIH

MaMaHIApBIH  OCHIHAAW  Tepic  TiKipaepleH
CaKTaHJIBIPY MaKCaThIMEH MaKaja aBTOPJIAPBIHBIH
O3IH/IK  Ke3Kapachl TapalblHAaH JaibIHJaJFaH,

SIIPOJIBIK OOJIIIIeK TIeH aHTHOOIICKTIH (QU3UKACHI
MeH MeTau3WKachlHA Tajaay >KYPri3y apKbUIbI
KYpIeni SKCHEPUMEHT HOTHXKENepiH ChIH Ke30eH

capanaynslH Oip omictemeci OasHnmananel. CoraH
OalimaHBICTRI ~ 3EPTTEYIIIHIH  OpKallaH  eciHjae
00JTaThIH MaHBI3/IbI MAFIIYMAT: IO3UTPOHIBIK 3ePTTCY
smicTeMeciHig KYPBUIBIMABIK aKayJapra
cesimranapirbl 107-10° Bakancus/aToM mamachiHaH
6actanbin, 10%-107° BakaHcms/aTOM IIaMachlHAA
KaHbIFy  peXHUMiHE  aybicaabl.  [lO3UTPOHIBIK
CHEKTPOCKOMHSL TICUIAEPiHIH KOMETIMEeH KapMay
MOJIeTTiHe CYHEeHIN BaKaHCHSUIBIK aKayiap MeH
KJIaCTEpJICP/iH CaBICTHIPMANIBI KOHICHTPAITUSICHIH
AHBIKTAY JOJIITT OHINAKTHI MaibI3aH acnaabl. Al
azipre MeTan MaTepHaiapaarsl akaymnap
KOHIEHTPAICHIHBIH ~ abcomor  MoHIH 50 %
JIONIKIICH aHBIKTaY (PaKThICHI HAKTHI TAJICIICHICH.
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KPATKWMW AHANN3 NPOEKTHO-OPUEHTUPOBAHHOIO OBYYEHWA B STEM N1
PA3BMTMA UHXEHEPHBIX KOMMETEHUMI CTYAEHTOB EAKA/IABPUATA

MpoeKTHoe 0bydyeHMe CTano KAtoYEeBbIM Neaarornyeckum noaxoaom 8 STEM-obpasoBaHunn,
0CODEHHO B MOArOTOBKE CTYAEHTOB WHXXEHEPHbIX CNEeLMaNbHOCTEN K PEWEHWUIO COMKHbBIX
peanbHbiX 334a4. B faHHOM 0630pe nNpeAcTaBneH KPaTKMIM aHaAn3 NOCAeAHUX MEXAYHAPOAHbIX
nccnenoBaHui, onybamnkoBaHHbIX B nepuoa ¢ 2019 no 2026 roa, NOCBAULEHHbIX BHEAPEHMIO
NpoOeKTHoro obydyeHuns B cdepe Bbicwero obpasoBaHus B STEM-obnactax. BbibpaHHan
NMTepaTypa pacCMaTpMBAETCA C TOYKM 3peHUA METOAO0NOMMM UCCNe0BaHNA, MPOEKTMPOBAHNA
06Yy4YeHMA 1 NONYYEHHbIX 0OPa30BaTe/IbHbIX Pe3y/1bTaTOB. AHA/IM3 NOKAa3bIBAET, YTO BONbLUIMHCTBO
3MMNUPUYECKUX UCCNEA0BAHUI MCNOJb3YIOT CMELLI@HHbIE METOAb! MM KBa3M3KCMEePUMEHTa IbHbIE
CXeMbl M MOCNeI0BaTENbHO AEMOHCTPUPYIOT MONOMKUTENbHOE BAUAHME TaKoro obydyeHMsA Ha
NHXKEHEPHbIE  KOMMETEHUMW CTYAEHTOB, HaBblKM pelleHMa npobnem, MOTUBALMIO U
MeXAMcuMnAMHapHoe MblneHne. Ocobble nNpobsieMbl BKAOYAKOT OLEHKY Pesy/bTaToB
obyyeHuAa, MHTerpaumio MeXAMCUMMNIMHAPHOIO KOHTEHTAa W MCMOAb30BaHWE UMOPOBbLIX M
nabopaTopHbIX y4ebHbIx cped. CUCTEMATU3NPYA KKOUYEBbIE BbIBOZbI U BbIABAAA Npeobnaaatolime
nccnefoBaTeNbCkMe TEHAEHUMM, OaHHbIA 00630p NoAYEpPKMBAET HeobXOoAMMOCTb 6onbliel
TEPMMHO/IOTMYECKOM COrNacoBaHHOCTM WM METOA0/I0TMYECKOr0 COOTBETCTBMA B OyayLimx
nccneoBaHMAX. PesynbTaTbl MOMYT MOCAYKUTb OCHOBOW A5 Pa3paboTKu yyebHbIX NPorpamm m
cnocobcTBoBaTb 3PGEKTUBHOM UHTEMPALMM NMPOEKTHO-OPUEHTUPOBAHHbIX CTpaTErnii 0byyeHus B
NHKeHepHoM 1 STEM - o6pasoBaHuu.

Kniouesble cnioBa: npoekTtHoe obydyeHue, STEM-obpa3oBaHue, nMTepaTypHbIi aHanus,
NHXXEHEePHble KOMMEeTeHUMWU CTYAEHTOB, NegarorMyeckme CTpaterMm M MOAEeNn, KpuTudeckoe
MbILUNEHNME.

P.H. Cbi3abikoBa
ANIMaTbl SHEPreTMKA KaHE TeNEKOMMYHUKaLMA YHUBEpCUTeTi, AAmaTbl, KasaKcTaH
*e-mail: r.syzddykova@aues.kz

bakanaBsp CTy4eHTTepiHIH MHXEHEePiK Ky3bIpeTTiniKTepiH gamMbITy ywiH STEM-aeri
»)obara HerisgenreH OKbITyAblH, KbICKalla Tanaaybl

obara HeriznenreH okbiTy STEM 6inim 6epyaeri, acipece WHXeHepiK CTyAeHTTepA|
KypAeni, HaKTbl afeMaeri macenenepai wewlyre AanblHAAYAaFbl HETi3r NeaarorMkanbik Tacinre
aHanabl. byn wonyna STEM »kofapbl 6inim bepyae kobara HerisgenreH OKpITyAbl €Hri3y
6oMbiHWa 2019 koHe 2026 Kblngap apanbifbiHA@ KapusnaHfaH COHFbl  Xa/blKapasbiK,
3epTTeynepaiH KblCKalla Tanaaybl YCbiHbIAFaH. TaHA4anfaH aaebueTTep 3epTTey a4iCHaMachl, OKy
OM3aiiHbl XKaHe 6inim Gepy HaTuKenepi TypfbiCbIHAH KapacTbipblnaZbl. Tangay KenTereH
SMNUPUKANbIK, 3epTTey/aep apanac aA4icTepdi HeMece KBa3MIKCMEPUMEHTTIK 3epTeeynepai
KONAaHaTblHbIH ~ XaHe Kobafa  HerisgenreH OKbITYAblH  CTYAEHTTEpAiH  MHXKXeHephiK
Ky3blpeTTifiriHe, Macenenepai uWwewy AafablnapbliHa, MOTMBALMACBIHA KaHEe MNaHapasblk,
olMnayblHa OH, 9CepiH yHeMi KepceTeTiHiH KepceTedi. EpeKile KMbIHAbIKTApFa OKY HaTUKenepiH
Haranay, NoHapanblk MasmMyHAbl DipiKTipy XKaHe UMDPbIK KIHE 3epTXaHa blK OKbITY OpTanapbiH
namaanany »ataabl. Herisri HaTUXRenepai Kymeney XaHe HacbiMm 3epTTey YPAiCTEPIH aHbIKTay
apKbiabl 6yn wony 6onawak 3epTreynepae TEPMUHONOMMANBIK Dipi3ainik neH aaicHamManbiK,
YMNecimainikTi apTTbipy KaxKeTTiniriH kepceteai. HaTuxkenep oky HafaapnamacbiH a3ipaey yiliH
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A brief analysis of project-based learning in STEM for developing engineering
competencies of undergraduate students

Project-based learning has become a key pedagogical approach in STEM education,
particularly in preparing engineering students to tackle complex, real-world problems. This review
presents a brief analysis of recent international studies published between 2019 and 2026 on the
implementation of project-based learning in STEM higher education. The selected literature is
examined in terms of research methodology, instructional design, and educational outcomes. The
analysis reveals that most empirical studies employ mixed methods or quasi-experimental
designs and consistently demonstrate positive impacts of project-based learning on students'
engineering competencies, problem-solving skills, motivation, and interdisciplinary thinking.
Particular challenges include assessing learning outcomes, integrating interdisciplinary content,
and using digital and laboratory-based learning environments. By systematizing key findings and
identifying prevailing research trends, this review highlights the need for greater terminological
consistency and methodological alignment in future research. The results can serve as a basis for
curriculum development and promote the effective integration of project-based learning

strategies in engineering and STEM education.

Keywords: project-based learning, STEM education, literary analysis, student engineering
competencies, pedagogical strategies and models, critical thinking.

BBenenue

STEM-o0pa3oBanue (Science, Technology,
Education & Mathematics) B MmHpPOKOM CMbICTE
OTpeeNisieTcs KaKk MEKIUCIUILTHMHAPHBIA TOAXO]I,
WHTETPUPYIOIUI HAYKY, TEXHOJIOTUH, HHXCHEPHUIO U
MaTeMaTHKy OIS  pa3BUTHA  KPUTUYECKOTO
MBILJICHHUS, KPEaTHBHOCTH, HAaBBIKOB PpEIICHUS
npobJeM W COTPYAHUYECTBA CPEIAH  yYalluXcs.
Cornmacio FOHECKO [1] STEM oxBaTbhIBaeT 3TH
JUCIUIUTMHBL  KaK  eIWHYI0  00pa3oBaTelbHYIO
napajurMy, TpHU3BaHHYI0 o00OecreuynTh Jrojael
KOMIIETCHIUSAMH, HEOOXOAMMBIMU [UI PpeIICHHS
CJIOKHBIX TJI00aJbHBIX MPOOJIEM M BHECEHHS BKJIAAaA
B ycToiumBOe pa3BuTHE [2]. AHaNMHM3 COBpEeMEHHOU
nuTepatypsl nokassiBaeT, uto STEM-o0pazoBanue
3TO HE MPOCTO CyMMa €ro IUCIMIUTMHAPHBIX YacTeH,
a CKOOPJMHUPOBAHHAS TENarorunveckas CTpaTerwHs,
OXBATHIBAMOIIAs HAYYHbIE M TEXHHUYECKHE 3HAHUS C
pUMEHEHHEM B peaibHoM mupe [3-7]. Beé€ Gonpiie
UCCIIEIOBAaHUN TMOJUYEPKUBAIOT BaXXHOCTh TaKUX
TEPMUHOB, KaK «IIPOEKTHOE o0yueHue»,
«WH)XCHEPHBIE TEMAaTHYECKHE HCCIICAOBAHUA» H
«unGpoBBIE/BUPTYANbHBIE  JIA0OPATOPUM»,  Kak
KITIOYEBBIX KOMITOHEHTOB 3 (hekTUBHOTO 00yUeHHS B

obnactu STEM [8-14]. HccrnenoBarenn oTMeYaroT,
yto omnpeaenenuss STEM wacto pasnuyarorcs B
3aBHCHMOCTH OT 3aWHTEPECOBAHHBIX CTOPOH U
KOHTEKCTa BHEIPEHMSI, OJHAKO CYIIIECTBYET COTIIacHe
OTHOCHUTEIEHO ero HaTIPaBIEHHOCTH Ha
WCCIIeIOBaHNE, HHTETPAIIUI0 M HHHOBAIIHH.
HccnenoBanus co CTyAEHTaMU HHXEHEPHBIX
CIEIUALHOCTEH  MOKAa3bIBAIOT, YTO IPOEKTHO-
opueHTHpOoBaHHOEe oOyuenne B obOmactu STEM
MOXKET 3HAYUTEIbHO YIAYUYIIUTh IPaKTHUYECKHE
HaBBIKM pEUICHUS NpoOJeM Yy CTYICHTOB M HX
CHOCOOHOCTb MEPEHOCUTH TEOPETUUECKUE 3HAHUS Ha
WHXEHEPHBIE 3a/1a9u MpoeKTupoBanwms [15-19].
CoBpeMEHHBIE KOHLICMIMN TaKXe H3y4daroT
KorHUTHBHEIC  acmekTel STEM, Takme — Kak
MEXIUCIUIUIMHAPHOE MBIIUICHHE W WHXEHEPHOe
MPOEKTHPOBAaHWE HA OCHOBE pacCy)XIEHHH B
KOHTEKCTEe (PM3UKU U MaTeMaTHKH. XOTS MPOEKTHOE
oOyuenne Bce uyame mnpumensercs B STEM-
o0pa3oBaHMM BO BCEM MHpPE, B TOM 4YHCIE B
WHXEHEPHBIX NIporpaMMax, y4eHbIe MOJYEPKUBAIOT
HEOOXOIMMOCTb MEPEOBBIX METOJIOB M COTJIaCOBAH-
HOW TEPMHUHOJIOTHUH JJ11 00ECIIEUYEHHs €T0 Te1aroru-
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yeckoii apdexktuBHOCTU. ClIeI0BaTEIBHO, H3YUCHHE
MPOEKTHO-OpreHTHpoBaHHOTO 00yueHus (II00) B
STEM-o0macTaX wWMeeT BaXHOE 3HAUCHUE IS

MeToa ucciaenoBaHus

Jd moucka cnenuanbHONW JUTEepaTypsl B BHUJE
HaYYHBIX ITyONHMKaUi NCTIONB30BAJICS CTICUATbHBIN
IPOTOKOJ aHanu3a. OCHOBBI TPOTOKOJIA U3JI0KEHBI B
mutepatype [20], ¥ OH COCTOMT W3 HECKOJIBKUX
11aroB.

IlepBbIil 9Tam - MOMCK Hay4yHBIX cTated. Jlis
3TOr0 MPOCMOTPEHBI AOCTYNHBIE CTaTbU B YETHIPEX
caMbIX  paclpoCTpaHeHHBIX  0a3ax  JaHHBIX
nutepatypbl. OCHOBHBIE 0a3bl JAHHBIX JINTEPATYPHI —
Web of Science, Scopus, Google Scholar u arXiv.org.
B pesynbrare 6bumn monyyens! 108 Hay4HBIX cTaTel.

Bropo#i sTan - opraHu3zauus JUTEpPaTypbl, TO
€CTb H3Y4YCHHE TOJIBKO TE€X CTaTeil, B KOTOPBIX
ONMCAaHbl METOABl M pEANbHBIE PE3yNbTaThl IO
MPOEKTHO-OpUCHTUPOBaHHOMY 00yueHuto B STEM.
B pesynpraTe 66U10 0TOOpaHO 22 HAYYHBIX CTaTeH 3a
2019-2025 ronasl.

Tperuii aTan — 3TO pacHpeeieHue myoInKaui
10 TPEM KJIFOUEBBIM BOIIPOCAM:

1. Kak IIOO Bmuser ©Ha ¢dopMupoBaHHUE
WHXEHEPHBIX KOMIIETeHIU I y CTYJICHTOB
TEXHUYECKUX CHEeIaTbHOCTEMN?

2. Kakue negarorndeckue CTpaTeETHA U MOAEIH
[IOO wnaubonee >hGHEeKTUBHBI i HWHTETPALUH
STEM-nuciurmina?

3. Kaxk mosHO onienuTsb 3¢pexrusnocts [100 B
STEM-006pa3oBaHnM W KakWe JUarHOCTUYECKUE

pa3BUTHUSA WH)XCHEPHBIX KOMTICTCHITU I "
COBEpIICHCTBOBAHUS TENArOrnYecKOi NPAKTHKH B
BEICITIEM 00pa30BaHUH.

WHCTPYMEHTHl MOKHO HCIIOJIb30BAaTh IJIsl OLEHKH
KOMIIETEHIUI?

B nmepByro Trpymnmy BKIOYEHBI CTaTbd, C
HCCIICIOBAHMAMH TaKUX KOMIICTEHIMH y ydaluxcs,
Kak Kak pelieHHe  MmpoOieM,  KpPUTHYECKOE
MBILIUICHHE, MEXKIUCUUIUIMHAPHOE  MBIIIICHUE,
KOMaHAHasg paboTa, T.e. CIIOCOOHOCTH CTYICHTOB
NPUMEHSTh TEOPETUYEeCKUEe 3HAHUS U3 (DU3UKU HIIH
MaTeMaTHKH K PealbHbIM HHKEHEPHBIM MPOCKTaM.

Bropas rpynma myOnukanuii - kakue GpopMaThl
ITPOCKTOB, TEMATHUYCCKHUEC HUCCIICAOBaHNUA u
nabopaTopHbie PabOTHl OKAa3bIBAIOT HAMOOJIBIIEES
o0pa3oBaTenbHOE BO3/IEHCTBHE HA CTYIEHTOB. 3/1€Ch
B OCHOBHOM Takue pabOThl, TA€ HCIHONb3YIOTCS
BUPTYaJIbHBIX HCCIIEOBATENbCKUE J1a00paTOpHEBIE
paboThL

W, nakoHel, B TpeTbIO IpyHIy CTaTed BOILIU
nyOJavKanmuu ¢ OIEHKOH ¥ MOHMTOPHUHIOM
Pe3yIbTAaTOB, MO3BOJISIONINX O0BEKTUBHO U3MEPUTH
POCT KOMIIETCHLIMH: KpPUTEPHUH M  IOKa3aTesn
WH)XCHEPHBIX KOMIIETeHLUH, pPYyOpUKH THIPOEKTOB,
CaMOoOIIeHKa M OIpPOCHl TpernoAaBaTenicii, a Takxe
CpPaBHEHHME MCXOAHBIX PE3YJIbTATOB M PE3yJbTaTOB
1OCJIe IKCIIEPUMEHTA.

ANTOpUTM METOIUKHU TPHUBENIEH Ha pUCYHKe 1.
AJNTOpUTM OmnpeAessieT KpUTepHH, KOTOpble OyayT
HaIpaBJIsATh UCCIICAOBAHHUE.

‘ T nobanbHEle YHHBEPCATBHELE HA3b! ‘

l !

l .

Web of Science Scopus Google Scholar arXiv.org
32 myomHKaLHH 17 mybGnuKamn 50 myOnHKaIH 9 myOmHKALTHE
v v
> AHATH3 M 0TOOp JIHTepaTypsl -
‘ Orobpass: 22 ‘
‘ PacripeseneHue ‘
“« -
TTpobmema 1 ITpobrema 2 ITpobrema 3

Pucynok 1 — Anroput™, NpoBEAECHHOTO UCCIACAOBAHUS
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Pe3yabTaThl M 00cyKIeHTE

Jas  BBISBIEHHS ~ KJIIOYEBBIX  TCHICHITUH,
METOAOJIOTUYECKUX TOAXOA0B W  HAOIIOAaEeMBIX
pe3ynbpTaToB  ObUT MPOBEAEH KpPaTKUM —aHaIu3
nocinenHux uccaenosanuit mo IIOO B STEM-
JUCHUTUTNHAX. OtobpanHbIe HCCIIeIOBaHUS,
omyOnukoBanuele B mepuo ¢ 2019 mo 2026 rog,
ObUIM PAcCMOTPEHBI C aKIIEHTOM Ha TPU OCHOBHBIX
HCCIIEI0BATENbCKUX BOIPOCA, OIMCAHHBIX B pa3zeie
Metox wuccienoBanus Hactosimeid paboter: (1)
BousHue [IO  Ha  pa3BUTHE  HMHXXEHEPHBIX

KOMITETCHIIMA W  HaBelkoB XXI Beka; (2)
3((EeKTUBHOCTh TENArOTMYECKUX CTpaTeruidl U
Moeen HUHTErpaluu STEM-puciuIuima

nocpeactsoM 110; u (3) omnenka pesyipraroB 110 u
WHCTPYMEHTBI, HCIIOJIb3YEMbIC JUISI  M3MEPCHUS
KOMIICTCHIIUN CTYJICHTOB. Pe3ynbraTel 3TOro 0030pa
JTUTEepaTypsl cymmupoBaHbl B Tabmwme 1, xoTtopas
COJZIEP’KUT COOTBETCTBYIOIINE CCHIIKH, METOIOIOTHN
1 KIIFOUEBBIC BBIBOJBI, COOTBETCTBYIOIINE KAXKIOMY
HCCIIEIOBATEIHCKOMY BOIIPOCY.

Taoauna 1. Ananus uccnenosanuii o I100 B STEM-o0macTax

l'on | ABTOpBI Meroponorus KiroueBbie BEIBOABI

2020 | I. Rahmina [6] | KonnenTtyansHoe u | [IpoextHoe oOyuenne Ha ocHoBe STEM-
SMIIMPUYECKOE UCCIICAOBAHNE | TUCUUIUIMH  CIIOCOOCTBOBANO  BOBJICUECHHUIO

ydaliuxcs M Pa3BUTUIO HABBIKOB PELICHUS
npobieM B €CTECTBEHHBIX HayKax;
pEKOMEHyeTCsl Uil WHTETpali B Y4eOHYIO
POTPaMMy.

2021 | M. Baran, et al | HMccnegosanue ¢ | YiyulieHue HaBBIKOB, TaKUX HABBIKOB, KaK

[13] HCIIONIb30BAaHUEM KPUTUYECKOE MBILUIEHUE, COTPYAHHYECTBO,
cMemaHHbIX MeToA0B; [IOO B | KOMMyHUKALMsI Y CTYACHTOB HHXEHEPHBIX
€CTECTBEHHOHAYYHBIX U | crieuaIbHOCTEH.
TEXHUYECKUX JUCIUITIIMHAX.

2023 | L. Uden [11] | DxcrnepuMeHTaIbHOE oo CIOCOOCTBOBAJIO YITyUYIICHHUIO
uccnepoBanue; 1100 B | KOHIENTyaJbHOTO TOHMMaHHMA B (U3HKE;
¢buznke c YYETOM | MTOTYEPKHYIIO Ba)XHOCTh KOTHUTHBHOH
HEHPOOHOIOrMUECKUX MOJIIEPKKH M MEXKIUCHUIUINHAPHBIX 3a/ad.
MPUHLMIIOB.

2024 | R. Megawati | O030pHast cTaThs HNurerpatus 1I0O0 B STEM-nucuuiinHbl

[7] MOBBINIAET  MPaKTUUICCKUE HaBBIKH H
INpPUMEHEHHE  TEOPEeTHYEeCKUX  3HAHUM B
OHMOJIOTHYECKOM 00pa30BaHHH.

2024 | A.Lestari, etal | [Ipumep u3 npakTuku: | [IOO noBEICHIIO BOBIEYEHHOCTh U MOTHBALIMIO

[8] Baenpenue [IOO B STEM- | cTyneHTOB; CTYJEHThI cooOMIMIn 00
KYpCBI. yIy4lIEHUH HAaBBIKOB pEUIeHUs TpolieM u
COTPYIHHYECTBA.

2024 | A. Simanora | CucTeMaTHYECKUH 0030p | BelsiBineHBl TeHmeHIMH, NPOOENsl W JIydline

[12] JINTEPATypPhI (10 JIET | IPAaKTUKU BHEJIPEHUS npoOIeMHO-
UCCIIeIOBaHUH B 00JACTH | OPUEHTHPOBAHHOTO OOYYEHHs] B Pa3lIUYHBIX
npobIeMHO- STEM-aucuuiuinzax; OAYEPKHYTa
OpPHUEHTHPOBAHHOTO MEXIUCITUTUINHAPHOCTb.
oOyuenusi B STEM-o0mactsix)

2025 | Fuster- WuTerpupoBanHoe B | Lludposeie MHCTPYMEHTBI u
Barcelo C. u | uHCTpyMeHTapuit CTPYKTYypUpPOBaHHOE COTPYJIHUYECTBO
np.[17] cosmectHoe [100. VIy4IIFIIA  KOMaHIHYIO paboTy, KadecTBO

[IPOEKTOB ¥ MEXAUCHUIUIMHAPHOE MBIIIJICHHE.

2025 | Y. Jia u gap. | Ouenka I[1OO c momomipio | Mcmonb3oBanne wuHCTpyMeHToB WU ans

[18] nn MoHHuTOpruHTa TpoekToB IIOO moBBICHIIO
HQJIGKHOCTh  OIIGHKM M  CHOCOOCTBOBAIIO
pa3BuTHIO KomneTeHuui B oonactu STEM.
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Takum 00pa3oM, MONYyYEHBI KpaTKHUE Pe3yJbTaThl HEAABHHUX HCCIEIOBAHUIN MPOCKTHOTO OOYUYCHUsS B
STEM-o0pa3oBanuu. JlaHHBIE TOAYEPKHBAIOT pa3HOOOpa3We  METOIOJOTHYSCKHX  ITOAXOJO0B M
00pa30BaTeIbHBIX KOHTEKCTOB. AHAIH3 ITOKA3aJl, YTO OOJBIITHHCTBO UCCIIEIOBAHNHN HCITOB3YIOT CMEIIaHHBIE
WIM KBa3UAKCIICPUMEHTAILHBIC CXEMBI W TIOCJIEIOBATEIBHO COOOIIAIOT O ITOJIOKUTEIBHOM BIIHSHUN
MPOEKTHOTO OOydYeHWs] Ha HaBBIKA peIIeHHs MpoOJeM, BOBIEYEHHOCTb CTYACHTOB W WHXEHEPHBIS
KOMIIETEHIIMA. B TO e BpeMs, pa3iauduus B MOJENSIX BHEIAPEHWS YKa3bIBAIOT HAa OTCYTCTBHE €IWHOU
METOJIOJIOTUYECKOH OCHOBBI JUIsi TpPOeKTHOro oO0ydeHus B STEM-OpHEHTHPOBAaHHOM HHXCHEPHOM
o0pa3oBaHuUMU.

st Gomee neTabHON OIEHKH TPOBEICH JOTIOTHUTEIBHBIN aHAIN3 OTACIBHBIX UCCICIOBAaHUHN C IEITBI0
CPaBHEHHSI METOJIOB HCCIIEIOBAHHUA M KOHKPETHBIX Pe3yJhTaTOB, KACAIOIIUXCS TPEX HCCIEAO0BATEIbCKIX
BOIIPOCOB. DT Pe3yJIbTaThI IPEACTaBICHbI B Tabnuie 2, kotopas nomnonuser Tadmuiy 1.

Ta6auua 2. Jluteparypa, COOTBETCTBYIOIIAS TPEM KIFOYEBBIM HCCIIEIOBATEILCKAM BOIIPOCAM IO

npoekTHOMy o0yueHuro B STEM-o6mactsx.

Ne
Ccblika Ha Hcnons3yemas N
KJII04eBOIo OcHOBHOIi BBIBOJ
JIMTEPaTypy MeTO/10J10T usl
BOmpoca
[10], [13] OkcnepuMeHTanbHass rpynna | [IpoektHoe oOydeHHE TI0 METOJIHUKE
ctyneHtoB ¢ npensapu- | STEAM 3HAUYUTEIIBHO YIIY4LINIO
TEJIbHBIM W TOCIEAYIONIUM | HABBIKM CTYAEHTOB CpeIu CTYAEHTOB
TECTUPOBAaHHEM,  BKIIOYAIO- | MHKEHEPHBIX CHEeUaIbHOCTEMH.
IIUHA CTYAEHTOB MHXCHEPHBIX
1 CIEUAIBHOCTEH.
[17] KBasuskcnepumeHnTampHoe IIpoextupoBanne STEM IIOO ¢
WCCIIEeIOBaHNE ¢ KOHTPOJILHON | MCIOJIb30BaHUEM IIH(DPOBBIX HHCTPYMEH-
TPYyTMIOH. TOB 3HAYUTEIIEHO MOBBICHIIO
CIOCOOHOCTh CTYACHTOB HWH)KEHEPHBIX
CICIMATILHOCTEH K PEIICHHUIO TPOOJIeM.
[17] JByxJeTHssa OIICHKA ¢ | MuTerpauusa MTHCTPYMEHTOB AJI1 COBMEC-
UCTIONIb30BaHUEM  IU(POBBIX | THOW pabOTBl W CTPYKTYpHUPOBAHHON
WHCTPYMEHTOB. OLICHKH TIOBBICHJIA BOBJIEUEHHOCTh U
obecrnieunia QG hepeHITupoBaHHbBIE
pe3yNIbTaTHL.
[22] Mera-ananus3 MHOxecTBa | [IpoexTHoe oOyuenune B chepe STEM
peanuzauni MpoOJIEMHO- | MOJIOKUTEIBHO BIHUSET Ha TBOPYECKHE
) OpPUEHTUPOBAHHOTO OOYYEHHUS | CIIOCOOHOCTH yYaluXcsi U CIIOCOOCTBYET
B obmactu STEM. JIOCTHKEHHIO MEXIUCIIMTUTMHAPHBIX
pe3yJIbTaTOB O0YUCHUSI.
[8],[21] Hayuno-uccnenoBarenbckoe Mopens STEM-nipoekTHOTO 0O0y4YeHHS
UCCIIEIOBaHUE TI0 pa3pabOTKe | CIIOCOOCTBYET Pa3BUTHIO MBICIUTEIbHBIX
W BHEJPEHHIO MPOOJEMHO- | HABBIKOB u MOJIIEPKUBAET
OpHEHTHPOBAHHOTO OOYYEHHS | MEXAUCHUIUIMHAPHYIO TMEAarorun4ecKyro
c UHTETpanuen STEM- | crpareruto.
JIUCITUILIINH.
3 [19] IlocnenoBarenpHOE 3HaYNTENbHOE  YJIYYIIEHHE  HaBBIKOB
WCIIOJIb30BaHNE CMEIIAHHBIX | PEIICHUS npooiem; MTO3UTHUBHOE
METOJIOB: TECTUPOBAHUE JI0 M | BOCIPHUATHE yyamuxcs,
mociie  JKCIEePHUMEHTa | | MOATBEpIKIaroIiee JIOCTOBEPHOCTD
WHTEPBBIO. OIICHKH.
[18] CpaBHUTENBHOE uccneno- | B cratee mnpexacraBneHa 1uiaTgopma
BaHWe, mpeJyiaratoniee aBro- | PBLBench anms  crpykrypupoBaHHO#M
MaTHU3WPOBAaHHBIE OIIEHKH, PAaCKpPBIBAIOTCS TPOOIEeMBIl U
WHCTPYMEHTHI OLIEHKH. JIOCTHKEHHS B METOJOJIOTUSIX OLIEHKH.
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3akiouenue

Takum oOpa3oM, B TaHHOW padOTe MPEACTABIEH MPEACTABIAIOT COOOW CTPYKTypHPOBAaHHYI) OCHOBY
KpaTkuii  0030p TpoeKTa HWCCIeNOBaHWH W JUIS TMOHMMAaHHUs TEKYIIEro COCTOSHHUS BHEAPCHUS
HaOmomaemMbix 3QdexroB. Takoit 0030p moMoOXkeT MPoOIEeMHO-OpHeHTHpOBaHHOTO 00ydyenus B STEM-
BBIETTUTh 3aKOHOMEPHOCTH W MpoOensl B o0jacth  00pa3oBaHWMM W Ui ONpEAeNeHHs  OyIyIIuX
npobJaeMHO-OprueHTUpOoBaHHOTO 00ydeHust B STEM-  HampaBieHuil ucciegoBaHui.
oOpazoBanuu. B coBokymHOCTH 3TH TaOIHILBI

Jlureparypa
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