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MATOMATbIKA, PI3IKA, BIANOrA

VK 517.925.42

NMOCTPOEHUE KBAOPATUYHbLIX CUCTEM C NPEAEJIbHbIMU
LUMKITAMUA «HOPMAJIbHOIO PASMEPA» B KOH®UT'YPALIUAX
(2,1) N (3,1)

WU. H. CupgopeHko

KaHIuAaT GU3UKO-MaTeMaTHICCKUX HayK, TOLCHT Kadeaphl IpOorpaMMHOT0 obecte-
4yeHUs! UH(OPMALIOHHBIX TEXHOIOTUI

MoruneBckuil rocynapcTBeHHbI yHUBepcuTeT uMeHu A. A. Kynemniosa

B cmamve paccmampueaemces KoHCmpyKmugHulil HOOX00 K NOCMPOEHUIO K8AOPAMUUHbIX
cucmem OupghepeHyuanbHbIX YpasHerul, 001adaruwux pacnpeoereHusiMu npeoeibHblX YuKios
munos (2,1) u (3,1). Ilpeonodicennvlit Memood 0CHOBAH HA UCNOIB308AHUU NPOSHOZHOU (PYHKYUU
Anoponosa—Xonga u ananuze Kpusvlx 08VKpAMHLIX NPEOEIbHLIX YUKII08 8 NPOCMPANCMEe na-
pamempos cucmemvl. [lonyuennvie cucmemvl OeMOHCIMPUPYIOM CYULecmeosane nPeoetbHuIX yu-
K108 «HOPMAIbHO20 pasmepay. /s cmpo2o2o 000CHO8aHUA MOYHO2O YUCIA NPEOCTbHBIX YUKIO8
npumensiemcs memood @yukyuil Jionaxa-Yepraca. B pabome npugedenvi KOHKpemuvie npumepul
K6aO0pamuyHblx CUCEM C PA3TUYHBIMU KOHPUSYPaYUAMU 0COObIX THOUEK, ULTIOCpupyiowue 3¢-
hexmusHOCMb NPEONOANCEHHO20 ANOPUMMA.

KuioueBble c10Ba: KBaJpaTUIHbIE CHCTEMBI, TIPE/ETbHBIE IUKIIBI KHOPMAIBHOTO pa3Mepay,
oudypkarus Xornda, gyakmnus Jronaka-Uepkaca, cructemMa mporHosa.

Beenenue

HccnenoBanue mpeaenbHBIX IUKIOB aBTOHOMHBIX cHUCTeM Au(depeHnalbHbIX
ypaBHEHHUI BTOPOIO MOpsAAKa OCTA&TCsl OMHOM M3 LIEHTPAJbHBIX 3a/1a4 KaueCTBEHHOMH
TEOpUH TUHaMHU4YecKux cucteM. OcoOblil HHTEpeC B 3TOM KOHTEKCTE MPEACTaBISAIOT
KBaJIpaTUYHBIC CUCTEMbI Ha IIOCKOCTH, KOTOPHIE, C OJIHOW CTOPOHBI, 00JI/Ial0T CPaB-
HUTEIHFHO TPOCTON aHAIUTHYECKOH CTPYKTYpOWd, a ¢ APYrol — AEMOHCTPUPYIOT Oora-
Toe OMQypKalMOHHOE TOBeJcHHE. Bompoc 0 BO3MOXHOM 4HMCIIE W KOH(UTYpaluu
MPEJENIbHBIX IIUKJIOB TAKMX CHUCTEM TECHO CBSI3aH C KJIacCH4ecKod mpoOnemoit ['uib-
OepTa U J0 HACTOSIIIETO BpEMEHH Jal€K OT OKOHYATEIBHOTO pa3pelIeHHUsI.

Kak crnexyeT U3 U3BECTHBIX Pe3yJbTaTOB, KBAAPATHYHBIE CUCTEMBbI MOTYT UMETh
MpeiebHble UKIbI JHIIb BOKPYT 0COOBIX TOUEK (DOKYCHOTO THIIA, IPHYEM YHCIIO Ta-
KX (POKYCOB B KOHEYHOU YacTH (a30BOM IJIOCKOCTH HE MPEBBINIACT ABYX. DTO CyIIe-
CTBCHHO OIr'paHUYMBACT BO3MOXKHBIC PACIPCACICHUA NPEACIBbHBIX HUKIIOB U TPUBOJUT
K KOHEYHOMY CIIMCKY JIONTyCTHMBIX KOH(purypammii. K HacTosmeMy BpeMeHH ocTpoe-

HBI TIPAMEPhl CHCTEM, pEaTM3yIONMX —pachpeaeiaenns Buaa N,(n,n,), rae

nl + nz > O, BKJIrO4as CiIydal MaKCHUMaJIbHBIX 3Ha4YEHHH N. O,Z[H&KO OOJILIIMHCTBO

U3BECTHBIX KOHCTPYKIMM XapaKTepU3yIOTCs HaIMYUEM MaJOaMIUIUTYIHBIX Ipeleib-
HBIX LIMKJIOB, YTO 3aTPYyJHIET UX KaK F€OMETPUUECKYI0 HHTEPIPETALMIO, TaK U IPUMeE-

HCHUC YUCJICHHBIX U KOHCTPYKTHUBHBIX ME€TOAOB aHAJIN3a.
© Cunopenxo U. H., 2026
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B psne mpenpimynmx pador [1, 2, 3] ObuUM NMPeTOKEHB METOABI MOCTPOCHHSI
KBaJPaTHYHBIX CHCTEM U cHcTeM JIbeHapa ¢ MpeebHBIMU [IUKIAMH TaK Ha3bIBAEMOTO
«HOPMAIBHOTO pazMepay [4], To eCTh TOCTATOYHO KPYIMHBIMH H XOPOIIO pa3eiIéHHbI-
MU Ha (ha30BOM TUIOCKOCTH.

Lenpio Hacrosimie pabOTHI ABISIETCSl PACIPOCTpaHEHHE pa3pabOTaHHBIX paHee
METOJIOB NIPOTHO3a U MOCTPOCHUSI CUCTEM C 33JaHHBIM paclpeelICHUEM MpeeIbHbBIX
IUKJIOB U1 cucteM JIbeHapa il MOCTPOEHUS KBaJIpaTU4HbIX cucteM auddepeHmu-
aJbHBIX YpaBHEHUI C paclpeleneHusIMI IpeaenbHbIX TUKIoB tunos (2,1) u (3,1), 06-
JafalouX UUKIaMH «HOPMaJbHOrO pazmepay. OCHOBY MpearaeMoro mnojaxojaa co-
CTaBISICT HMCIIONB30BaHUE MPOTHO3HON (PyHKIHMU AHApOHOBa—Xom(a B COUYECTAHUU C
aHaJM30M KPHBBIX NBYKPATHBIX IPENEIBHBIX HUKIOB B IIPOCTPAHCTBE IapaMeTpPOB.
Taxoit MeTo/] MO3BOJISIET HE TOJIBKO MPECKA3aTh CYIIECTBOBAHNE HECKOJIBKHX IUKIIOB,
HO Y 00ecreunTh X HAAEKHOE pasesieHue Ha (a30BOM TITOCKOCTH.

s crpororo 000CHOBaHMA TOYHOTO YKCIIA MPEENbHBIX IUKIOB B IOCTPOCHHBIX
cucrtemax npumensiercsa meto pynkuuid [Jronaka—Yepkaca. Ocoboe BHUMaHUE yesi-
eTcsl BBIOOPY MHMHHUMANbHOHM creneHu (yHkumuu Jlronaka, JOCTaTOYHOW AJISl aHaIM3a
Bcell 00JIaCTH CYyLIECTBOBAHHUS LMKIIOB, YTO CYIIECTBEHHO MOBBIIIAET BBIUYUCIUTENb-
HyI0 3(ppeKTHBHOCTH MeTO1a.

HNPEJBAPUTEJIBHBIE PE3YJIbTATDI [1]

B crathe paccmaTpuBaeTCss KaHOHHYECKOE CEMEWCTBO KBaJPaTHYHBIX CHUCTEM

JuddepeHaIbHEIX ypaBHEHUI

dx Y 2 2
—=1+xy, —=a,+a,x+a,y+a,xy+a,x +ay, (1)
dt dt

IIPpH BBIITOJIHCHUHA ycnOBHfIZ

og =gy T @, =Gy —ayy—a,

2
L=2a-a,—a,—2a, >0, (a,+a, —2a-1) —4L <0, 2)
2
a, =—a, (x, +1)—a01/x0 +a(x, +1)/x0 ,x, #0.
[Ipu yxazanabix orpanudeHusix cucrema (1) umeer dokyc 4 (1, —1) u ocobyro
T04Ky B(x, —1/x0). Kpome Toro, B KOHeUHO# yacTi ($a3oBoil MIOCKOCTH MOTYT CyIIle-
CTBOBATH €IIIE IBE 0COOBIC TOUKH, aOCIIMCCHI KOTOPBIX OMPEACIISIOTCS YPaBHEHHEM

(a ax+l\
2_| 01+(02)|x+ a ~0,

\azoxo Ay ) ayXg

IIPU YCIIOBUH, YTO €I0 PEIIECHUS OTJIMYHBI OT 1 1 Xo U

X

2 3
u= (—amxo +a(x0 +l) )—4aa20x0 >0.

B 3aBucuMOCTH OT 3HaUEHUI MapaMETPOB CUCTEMa MOXKET 00JalaTh pa3IuYHbIM
YHCIIOM KOHEUHBIX U OECKOHEYHO yIalNéHHBIX 0COOBIX TOUeK. B wacTHOCTH, TpH
0<a<lunu<O
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B OECKOHEYHOCTH peallu3yeTcs IIPOCTOe CeI0 B HampapieHnH ocu Oy, Torna Kak mpu
JPYTUX 3HAUCHHSX MapaMeTpa a COOTBETCTBYIOMIAs 0CO0Aast TOUKA MMEET y3JIOBOI Xa-
pakrep. Tum cuctemsr (1) Oyaem KiracCU(pUIUPOBATH MO COBOKYIMHOCTH KOHEYHBIX U

OeckoHe4HBIX 0cOOBIX Todek. Hampumep, cucrema 2F +1S_ nMeeT B KOHEYHOH ya-

CTH IUIOCKOCTH JIBa y3J1a U CEeJUI0 Ha OECKOHEYHOCTH.

CorynacHO W3BECTHBIM pe3yJibTaTaM KadyeCTBEHHOW TEOpWUH KBaIpPaTHUHBIX
cucteM [3], mpeaenbHble TUKIBI MOTYT OKPYXKaTh TOJBKO OCOOBIE TOYKU (HDOKYCHOTO
TUMA, TPUIEM KaXKAas Takas CUCTeMa JIONycKaeT He 0ojiee ABYX (POKYyCcOB B KOHEUHOI
YacTHU IUIOCKOCTH. DTO 0OCTOATENIBCTBO MPUBOAUT K OrpaHUUEHHOMY HAabOpy BO3MOXK-
HBIX pacnpezesieHul IpeaebHbIX IUKIOB, CPEAN KOTOPHIX B HACTOSIIEE BPEMS peasIn-
30BaHbl KOHPUTYpaLnu:

(@) 1, (1,0); (b) 2, (2,0); (¢) 3, (3,0); (d) (1,1); (&) (2,1); () (3,1). 3)

[Ipu 3TOM mpUMeEpHI ¢ HAUOOJBIIUM YUCIIOM [TUKJIOB, KaK MPaBUIIO, COOTBETCTBY-
IOT CITy4asiM ¢ MaJIOaMIUTATYTHBIMH MTPEICIbHBIMU [IAKIIAMH.

B Hacrosueli paboTe OCHOBHOM HMHTEpEC IMPEICTaBISET IMOJYYCHHUE CUCTEM C
pacnpenenenusmu (2,1) u (3, 1), A1 KOTOPBIX MpelenbHble [UKIBI UMEIOT HOpMallb-
HbII Mactital. Jjis 3Toro yo0HO BOCIOJIB30BAThCS MPEOOpPa30OBAHUSIMU, COXPAHSIIO-
LIMMHU YUCJIO U B3aUMHOE PACIIONOKEHHE IIMKIOB B paccMaTpuBaeMoil oOnactu daso-
BOil miockocTH. B wactHocTH, ckatMe 1Mo ocu Oy Bula Y = y@ I03BOJIET

HOPMHUPOBATh BEPTHUKAIBHBIA pa3Mep IHMKIOB, HE Hapymas WX TOIOJOTHYECKOH
cTpykrypbl. CooTBercTByromas cucrema (1) mpu naHHOM mpeoOpa3oBaHUHM HPUMET

BH[

dx

—=w+xY,

dt “
(ii_Yt: Z(azo(xz—1)+a10(x—1))+a)(a“(xY+a))+a01(Y+a)))+a(Y2—a)2).

- ~deay ~  ~
Ilocne mocnenoBaTeNbHBIX 3aMEH NMEPEMEHHBIX X = l/x, Yy = x" y—Xx®w u

MacmTaOupoBaHus BpeMeHH cucteMma (4) mpuBoauTcs K cucteme JIbeHapa, KoTopas

IIOCJIC 3aMCHBI X Ha X, j; Ha y UMECT BUJ

dx dy

_— = —F , — =
PP G A
rie g(x)=o’P,(x)x>7, f(x)=wP, (x)x"" x>0,

4

~g(x) ©)

2

P4(x) =a, +a,x+(a,—a,)x —amx3 +axt, P, (x)=a, +a01x—(2a+l)x2,

x x

G (x)=[g()dr =B ()" =B (1) F(x)= [ £(0)dr= = Po(x)x"" = P,(1).

1 1
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IIpu aTOoM ocobas Touka A (1,—1) cucteMbl (1) mepexoauT B 0cOOYI0 TOYKY

A,(1,0) cucremsr (5). Ilpu nccne0BaHUK TIPEACIBHBIX LHKIOB cHcTeMsI (1), Okpy-

JKAIOIUX 3Ty 0COOYI0 TOUKY, JOCTATOYHO OTPAHMUYHUTHCS MOIYIUIOCKOCTHIO X > 0, To-
CKOJIbKY mpsiMasi x = O sIBJIIETCS] TPAHCBEPCAIbIO BEKTOPHOTO TOJISI CHCTEMBI U HE Tie-
pecekaeTcsi 3aMKHYTBIMH KPUBBIMU.
CUCTEMBbI TUIIA 2F+1S,,
PaccmatpuBatorcs cucremsl (1) tuma 2F+1S,. ng Toro 4toObl ocobas Touka

B (xo,— % j Ob1a (hOKyCOM, HEOOXOMMO M JIOCTaTO¥HO, 4TOOBI x, < 0 xo < 0.
0

Takum 00pazom, H3y4eHHE MPECIIbHBIX ITUKIOB CUCTeMBI (1), BOKpYr 0cOo00# TOUYKH
A(1,-1) cBoguTCsl K M3ydEHUIO TPEIENBbHBIX IUKIOB cucTteMbl JIbeHapa (5) BOKpyr
oco6oi Touku 4o(1,0) B momymiaockocTs x > 0.

Jns cucreM paccMaTpHBaeMOTO KJIacca CYIIECTBEHHYIO POJIb UTPAET IapaMeTp

@, , KOTOPBIA TpH (HUKCHPOBAHHBIX OCTANBHBIX KOA(PPHUIMUCHTAX OCYIIECTBSIET

11

BpallleHUe BEKTOPHOTO TOJs. OJTO TO3BOJSIET BBECTH MPOTHO3HYI (YHKIIHIO

Annponosa-Xonda a,, = AHp (f) [5], cBA3BIBAIONIYIO 3HAYEHUE MApPaMeETpa a,, ¢
KoopauHaTON (&, 0) TOYKHM IEPECEYCHHs COOTBECTBYIOMIETO IPEIETBHOTO IHKIA C

oce0 Ox .

IIporro3Hast QyHKIWS ONpeeNnseTcs Ha HeKoTopoM uuTepBaie (&, &, ), rae &,
&, — abcuuccenl Ommxadmux K & =1 0co0bIx Todek cucreMsl (5), 0 < & <1< ¢, .
Ecnu ocoboii Touku cieBa o & =1, £ >0 HeT, To nonaraeM & = 0, ecliv ee HET

cnpaBa ot & =1, To nonaraem &, = +oo . IIpornosnas gynkuus Angaponosa-Xonda

a11=AHp( ¢ ) BO MHOTHX CiTydasix JaeT Herioxoe npubmmkenne Gyukiwn a1 =AH( &)

U OTIpEeIAeTCA CUCTEMON YpaBHEHHUHN

4 4
AG=> 4.E=0, AF =Y B &7 =0, (6)
k=2

k=0

e A, = a, (27 =1) [(2a-2), 4, =a, (> 1) /(2a 1),

4, = (ay —a,, ~ay —a)( ~1)[(2a), 4, ==a, (" ~1)[(2a+1),
A4=a(zz(“‘)—1)/(2(a+1)), B, =a, (= ~1)/(a-1),

B =a,(z"~1)/a, B,=~(2a+1)(z"" =1) [(a+1),

z=n/&, v=z" E <<l 1<E<E,, & )& <z<1.

W3 paccMoTpeHHs HWCKITIOYAIOTCS Tapamerpa a = O,il/ 2,1, mpu KOTOPBIX

(hopMyIib (6) TEPSIFOT CMBICTL.
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B mpoctpaHcTBe mapameTpoB (a,,,a,,) TPOTHO3Has (GYHKIMS MO3BONAET

IMOCTPOUTH KPUBYIO IBYKPATHBIX NPEACIBbHBIX IMUKJIOB, COOTBECTBYIOIYIO 3HAYCHUAM
mapaMeTpoOB, P KOTOPBIX MPOUCXOJUT CIIUACHUEC IBYX ITUKIIOB B ﬂBpraTHLIﬁ.

S(€)g(n)=1(n)g(£)=0,2(£)=P (&)™, f($) =P ()6
(7
AHanu3 B3aMMHOTO PACIOJIOKEHUS 3TOW KPUBOM M MpsIMOM HErpyObIX (hOKYCOB

MO3BOJISIET BBIIENUTH 00JACTH CYIIECTBOBAHUS OBYX WM TPEX MpeAeNbHBIX IHKIIOB,
YTO COOTBETCBYET KOJIMYECTBAM HYJIEH MPOrHO3HOH (hyHKIMH AHApOoHOBa-Xomda.

Auaroput™ 1 (IlocTpoeHuss KBaApaTHYHBIX CHCTeM (2) ¢ Tpems NpeAeIbHbI-
MH IUKJIaMH, oKpyxkaoummu dokyc A (1, — 1)):

1) no 3a0annoii KoHGueypayuu ocodvIX Mmouex gvldUpaemM maxue 3HaveHus napa-
Mempos ay, a, Xg, KOmopble obecnevuaiom Cyujecmeosatie nPocHO3HOU obaacmu ¢
mpems. npedenbHbIMU YUKIAMU,

2) cmpoum npocnosnyio @yuxyuio Anoponosa-Xonpa a,, = AH (5, agl ) Komo-

pas onpeoensiemcs CucCmemou ypasHeHuil

4G =Y 4" =0,
AF =3 B &7 =0,
f(&)en)-r(n)g(&)=0, (®)

rie 4, =a,, (277 1) /(2a-2), 4,=a, (" ~1)/(2a-1),

4, = (ay —a,, ~ay —a)( ~1)[(2a), 4, =a, (" ~1)[(2a+1),

A, =a(z —1)/(2(a+1)), B, =a, (2 ~1)/(a-1),

B =a,(z"~1)/a, B,=~(2a+1)(z"" ~1) [(a+1),

z=nfE, v=z", £ <n<l, 1<E<E, E/E <z<1.

3) ompedensem napamempwl a,,, a.., Ona Komopvix npoenosnas @yuuyus

a,=AH p(f) umeem mpu (Unu 06a) HYis, 4MO COOMEEMCMEYem KOAUecmsy

npedenbbix yuknos 6 cucmene (1), okpyocarouux ocooyio mouxy A(1,-1);

4) nposepsem cnpaseoIu8ocms NPoSHO3dA.
3ameuanmue: [Ipocnosnas obracme ¢ mpemsi npeoeibHblMU YUKIAMU CYUecmsyem
He 07151 6ceX 3HAUeHUll NApamempos a, dyg, X.
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HssectHo [3], uto cucrema (1) tuma 2F + 1S MOXeT UMeTh TpexXKpaTHblil (o-

Kyc A s npu 1 / 3 < a < 1. Urak, BeiOMpas 3HaU€HUs a U3 yKa3aHHOTO UHTEpBaJa U

HAXoJs ONHCAHHBIM BHIIIE AIrOPUTMOM cucteMy (1), MBI HaliieM cUCTeMy C Tpems
nUKIaMud BOKpyr ¢okyca A(1, —1), UId NpOBEpKU CYIIECTBOBAHUS XOTs ObI OJHOTO

TpeIeNbHOTO MHUKIa BOkpyr dokyca B (x,,—1/x,) mocTaTouno mpoBepuTh ycToitun-

BOCTB 3TOH 0c000i1 TOUKH, ecii (POKyC YCTOHUHMB M TpaeKTopuu cuctemsl (1) mepece-
KaloT TpaHcBepcaib x = (0 IpU YBEIMYEHUU f, BBIXOJS U3 obnactu x < 0, 3aKitovaem,
410 cuctema (2) uMeeT, 1o KpaifHel Mepe, OJIMH NpeAeTbHBIN UK BOKPYT (okyca B.

Jnst HaxokeHust kBaapaTudHbIX cucteM (1) ¢ pacnpenenenuem (2,1) npenensb-
HBIX [UKJIOB IOCTYIaeM Kak M B ciy4ae pacmnpexaencHus (3,1), TOIbKO HE0OXOAUMO
HCKATh 00JIacTh C ABYMS IPEACIBHBIMH IIUKIAMH. DTy 00JIaCTh MOKHO HAaHTH ABYMS
cnocobamu. IlepBblii onupaercs Ha TOT (akT, yTO 00NACTH C NBYMS MpEAebHBIMU
IUKJIAMH SBJIIETCSI CMEXHONW K 00JacTH ¢ TpeMs NpelNeNbHBIMH IHKIaMH. BTopoii
CIOCco0 3aK/I09aeTcs B TOM, YTO 00JIACTh C TPeMsl IPeAEIbHBIMY IIUKIAMH CYIECTBYET
HE TIPU BCEX 3HAYCHUAX MAapaMETPOB, BHIOMpAs IMapaMeTphl TaKUM 00pa3oM, 4TOOBI y
KpUBOW NIByKpaTHBIX NpEAeIbHBIX LUKIOB HE CYIIECTBOBajlIa TOYKH Bo3BpaTa. Toraa
HCKOMast 00JIacTh C ABYMs MIPEACTHHBIMI IIUKIAMH PACIIOJIOKEHA MEKITy KPUBOH IBY-
KpaTHBIX TpeAeTbHBIX IIUKIIOB H IpsiMoi HerpyOocTh dokyca 4 (1, —1).

Paccmorpum cuctemy (1) ¢ xonpurypanueir 2F +1S_ 0coObIX TOYek, MMEO-

LIyI0 TPU TpeAebHbIX HuKIa BOKpyr ¢okyca 4 (1, — 1). Tak kak OHa MMeeT eluH-
CTBEHHYIO OCOOYIO TOYKY B OECKOHEYHOCTH — CEIJIO B HampasieHHH ocu Oy, TO BbI-
nostHeHb! yeioBus 0 < a < 1, ayp < 0. M3 aHanu3a GokyCcHBIX BeTUYUH Herpyooro ¢o-
kyca 4 (1, — 1) [2] cnenyer, uro cuctema (1) MpU BBHIMOJHEHUN YKa3aHHBIX YCIOBHM
MOXET UMETh TPEeXKpaTHbIA (okyc b npu 1/3 < @ < 1 (kak MOKa3bIBacT MPaKTUKA
9/23 < a < 1). UccnenoBanus [1, 3, 5] mokasanm, 4TO TOYKA BO3BpaTa MPOTHO3HON
KPHBOH NBYKpPAaTHBIX MpPEACIBbHBIX LUKIOB, COOTBETCTBYIOIIAS TPEXKPAaTHOMY IIpe-
JICTHOMY UKy, 3aBHCHT TAaKK€ M OT MapaMeTpOB djg, Xo. 1aK, Hampumep, IMpH
xo = — | 1 mMOBOro 3HAYCHHMS a CYLIECTBYET HEKOTOPOE 3HAYCHHE MapaMeTpa dag
TAKOE, YTO TPH BCEX (29 < dz) y MPOTHO3HOI KPHBOMN IABYKPATHBIX MPEAC/IBHBIX LIHK-
JIOB HE CYIIECTBYET TOYKH BO3BpaTa, T. €. MPU TAKUX 3HAYCHHAX MApaMETPOB d, Xo, dao
HE CYILECTBYET 00J1acTh C TpeMs NpeAeIbHBIMH UKIaMU.

OTMETHUM TaKKe, YTO MpPU OOJBIINX TIO0 MOJYJII0 OTPUIATEIHHBIX 3HAYCHHUAX dpg
MpeeNibHbIe UKIbI CUCTEMBI IPUOOpPETatoT (GOpMy MPaBUIBHBIX OKPYKHOCTEH, B TO
BpeMsl KaK MPH MEHBIIUX 10 MOJYJIIO OTPUIATEIBHBIX 3HAUCHUSIX IMapaMeTpa dpy OHH
Bc€ Oosiee HAIOMUHAIOT PeNlaKCallMOHHbIE HUKIIbI (BBITSHYThIE IO TOPU30HTAIHN U MPH-
IUTFOCHYTHIE 110 BEPTHUKAJIH).

NPUMEPHI KBAIPATUYHBIX CUCTEM C PACHPEJAEJIEHHUEM (3,1)
MNPEJAEJBHBIX IUKJIOB
Bocnosb3yemcst anropuTMoM 1 1 IOCTPOUM KBaJpaTHUHBIE CHCTEMBI (1).
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Ipumep 1. Beidepem a = 18/23, xo = —4. Bribepem ayy = —40, ganee nmocrynas mo
OTIMCAHHOMY BBIIIE allTOPUTMY 1, CTPOMM 0ONACTh TPEX MPeleNbHBIX IUKIOB (PHUCY-

HOK 1).
1740
1735
1.730
1725

1720

1.715

0830 0835 0840 0845 0.850
Pucynox I — llpocnosnas obracms ¢ mpems npeoenbHbiMU YUKIamu

[lanee BpIOMpaeM 3HAuUCHUS MapameTpoB doj, dij, TAKUM 00pa3oM, 4TOOBI TPO-

rHO3Hast PyHKINsS AHIpoHOBa-XoIda (PUCYHOK 2) UMesa TpH Hould. B HameM ciydae
MO3KHO B35Th do; = 0.835, a;; = 1.73005.

|
1730 \
\‘ yanN
r” \\
16 |
I AN
o || N\
| AN
0 04 06 08 10

Pucynox 2 — Ilpoenosnas ¢ynxyus Anoponosa-Xonga

VYuutsiBas, uro Gokyc B (-3, 1/3) cucremsl (1) ¢ BHIOpaHHBIMH MapamMeTpaMu
YCTOWYHB, a €¢ TPAeKTOPHH TEepPEeCceKaloT TpaHcBepcanb X = () MpH yBEIWUICHUH f, BHI-
xons u3 obnactu x < 0, 3akimouaem, yTo cucreMa (1) umeer nmo kpaiiHeil Mepe OIHUH
MpeeNIbHBINA UK BOKpYT pokyca B. Utak, cucrema (3.1) npu a = 18/23, ayy =— 40, x
=—4, ap; = 0.835, a;; = 1.73005 umeet no kpaiHeil Mepe TpH MpeesbHBIX LKA BO-
kpyr dokyca A (1, —1) u ogus — Bokpyr dokyca B (-3, 1/3).

[ 060CHOBaHUS TOYHOCTH TIOYYCHHOW OLEHKH MOCTPOUM LTS JaHHOH CHUCTe-
MbI pyHKIHIO [Jronaka-Uepkaca.
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Teopema 1. Cucmema (1) npu a = 18/23, axp = —40, xo = -4, ap1 =

0.835, a;; = 1.73005 umeem mpu npedenvuuvix yuxna eokpye gokyca A (1,—
1) u 00un — 6oxpye ¢oxyca B (-3, 1/3).

Joxa3zaTenbcTBo. OOOCHOBAHHE TEOPEMBI MIPOBEAECM IIPH MOMOIIH MOCTPOCHUS

¢ynkmuu [ronmaka, Uit 9Toro mepeiizeM ot cucteMsl (1) ¢ 3aaHHBIME 3HAYCHUSIMH
napaMeTpoB Kk cucteme JIbeHapa (5), 4ToObI HOPMHUPOBATH MPeAEIbHbBIe IUKIIBI MO0 UX

miHe BIoJb ock Oy, BBEeM 3aMeHy y = Yw, BoiOpaB w = 1 / @y (x, —1) , momydum

1 41393677 31042073&"%  367£% 19
- - + - + ,
48 82800000&%* 41400000 400000 18400
_ 191837 727/23+ 367 574/23_ 61 519/23
20000002 1000~/2 4602

Ha otpeske & € 1 =[0.1; 2.5] mpu k = -3.5, n=12 umem dyukumo @ (£,C).

g(¢&)=

OHa MOXET MMETh OCTPBI IKCTPEMYM Ha OTPE3KE [1.95, 2.05 ] Uto0bl n30exaTh

OTPUIIATENIFHBIX 3HAYCHUI (PYHKIIMHM HA 3TOM OTpe3Ke, HeoOXO0AUMO BHIOpPATh Ha HEM
OoJiee yacTyro ceTky. BeibepeM Ha kaxxaoMm u3 npomexxytkos [0.1; 1.95], [1.95; 2.05],
[2.05;2.5] paBHOMEpHYIO ceTKy, pa30ouB ux coorBercTBeHHO Ha 500, 300 u 300 paBHBIX
yacTen.

Ha nonyuennoit cetke y3noe & €1, i=1,1101 wuiuem pemeHune 3a1a4u ONTHU-

MH3anUK IS QYHKIHHK %) (&, C)=10"¢"" D (&,C)

®(£.C)2 L, L max,|C |<1 i=11101, j=112  (9)
Pemenue 3amaun (9) (é ", l:*) CYIIECTBYET, MPU 3TOM L ~0.00011 > 0. Teneps
JIETKO TPOBEPUTH, YTO PYHKIUS D (5 , C~‘*) noyoxurenbHa npu £ > 0 (pucyHok 3), a

ypaBHeHUE V¥ (§ , Y, C *) = 0 ompexessieT B 3TOW 00JIACTH TPU OBaia (PUCYHOK 4).

Pucynox 3 — Buo ¢pynxyuu @(&,C) Pucynok 4 — Buo ¢pynxyuu Y(EY,C)
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Orcrona u3 teopemsl [ronaka-Uepkaca [3] criemyer, 9ToO COOTBETCTBYIOIIAsI CH-
crema (5), a 3Ha4uT ® (1), UMEET TOYHO TPHU MPEACTBHBIX IUKJIA B IOIYIUIOCKOCTH
E>0.

s mokazaTenbCTBa €IMHCTBEHHOCTH MPEACIBHOTO MUK cucTeMbl (1) BOKpyT
doxyca By (xo, —1/x) MpeobpasoBanneM x = x,X, y = — y/x, TepEBOAUM €ro B TOU-
ky A (1,-1).

B HOBOI cucteme

(@10, a20, ao1, a1, @) = (10798.35, -16200, 2.202, 17.27, 19/23 ).

s coorBercTByromei cucteMmbl (5) B obmactm & >0 wmeM (QYHKIUIO
® (&,Y,C) mpun =4, k=—-1u pynxuun @ (&.C)= 1078 (¢.C), pemas

sagady (9) Ha paBHomepHOM cetke & e/, i=1,401. Haina e€ pemenne

é ", L ~0.43 >0 yerko JI0OKa3aTh IMOJIOKUTEIBHOCTE D (;‘,(:’ *) mpu £ >0 u cy-

[IECTBOBAaHHUE SIMHCTBEHHOTO OBajia YpaBHEHHUS. DTO M JOKa3hIBACT CIUHCTBEHHOCTH
npeaesbHOro uKia cucteMsl (1) Bokpyr dokyca B.

MMpumep 2. Cucrema (1) mpu a = 106/100, xo = -3, ag; = 47/20, a;; = 96/125, ayy
= —335 umeeT N0 KpaifHel Tpu NpeAeNbHbIX KA BOKpyr (okyca A(1, —1) u ogun —
BOKpYT dokyca B(-3, 1/3) (pucyHok 5).

a) 0)

Pucynox 5 — a) Ilpedenvuvie yuxavt cucmemol (1) npumep 2
6) pyuxyus Jroraxa-Yepraca cucmemul (1) npumep 2

AHAIOTHYHBEIM 00pa30M CTPOSTCS MPUMEPH! KBaJIPaTUIHBIX CHCTEM C pacipenc-
nerueM (2,1) mpeaenbHBIX IIUKIIOB ¥ MPOBOAUTCS 00OCHOBAHHE TOUYHOCTH IOTyUYECHHON
OIICHKH.
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Mpumep 2. Cuctrema (1) npu a = 10/23, xo = -3, ag1 = -3.6, a;; = 5.44, ay = 15
UMEeT 0 KpaifHell Mepe [Ba MpeneNbHBIX HUKIa BOKpYT ¢okyca A(l, —1) u oguH —
BOKpYT Qokyca B(-3, 1/3).

Hpumep 3. Cuctrema (1) npu a = 19/23, xo = -3, ap; = 0.72, a;; = 1.931, ayo = —
200 umMeeT Mo KpalHel Mepe JBa npeaeabHbIX 1ukina Gokyca A(1, —1) ¥ oauH — BOKPYT
¢dokyca B(-3,1/3). 1 B Toke BpeMsl OHa B IUIOCKOCTH ITapaMETPOB dj, (g; HUMEET 00-
JacTh ¢ TpeMs PeIeTbHBIME ITUKIaMHu (cM. Tipumep 1).

3akioueHue

B Hacrosimeit paboTe HpemIokeH KOHCTPYKTHBHBIM aJITOPUTM TOCTPOCHHS KBa-
JIPAaTHIHBIX CUCTEM TU(QEpeHINaTbHBIX YPaBHCHUH ¢ 3aJaHHBIMU PACTIPEICICHUSIMHE
npeaenbHbIX UKIoB Tuna (2,1) u (3,1). B ocHOBe MeTo/1a IEKUT COBMECTHOE UCTIOIB30-
BaHME MPOTHO3HOW (pyHKIMH AHApOHOBa-XOM(a U aHAIN3a KPUBBIX ABYKPATHBIX TIpE-
JISNBHBIX [UKJIOB B MIPOCTPAHCTBE MapaMeTPOB, YTO MO3BONISET d(h(HEKTUBHO BBISBIATH
IIPOrHO3HBIE OOJIACTH CYILIECTBOBAHUS HECKOJIBKUX 3aMKHYTBIX TPACKTOPUH.

KitroueBbIM MpenMyIecTBOM pa3pabOTaHHOTO MOAXO/a SBISIETCS TOTY4YeHUE TIpe-
JIJIbHBIX LUKJIOB «HOPMAJILHOTO pa3Mepa, B OTIMYUE OT U3BECTHBIX paHee NMPUMEPOB
C MaJlbIMU aMILTUTYIaMH.

TOYHOCTP TOMTYYCHHBIX OLICHOK YHCIIA MPEICIbHBIX MUKIOB CTPOro 000CHOBaHA C
nomorpio Merosa gynknuii ronaka-Uepkaca. Ocoboe BHIMaHHE YCICHO BEIOOPY MH-
HUMAaJIbHOW cTerneHn QpyHkiuu [lronaka-Uepkaca, T0CTaTOYHOM TS aHAM3a BCel 00-
JIACTH CYLIECTBOBAHUS MPEICIbHBIX I[UKIOB, YTO MO3BOJISIET CYIIECTBEHHO COKPATHUTh
3aTpaThl NpU NPAKTUUECKON peamu3aiy MeTo/a.

[TpuBeneHHbIC IPUMEPBI JEMOHCTPUPYIOT YHUBEPCATBHOCTh MPEIIOKEHHOTO MO/I-
X0Ila ¥ BO3MOXKHOCTD €T0 MPUMCHEHHS IS Pa3IUnIHBIX KOH(PHUTYPAIIHA 0COOBIX TOYCK.
PaspaboTaHHBII anTOPUTM MOKET OBITH MCIIOIB30BaH MPHU JalIbHEHIIIEM UCCIIEIOBAHUN
KBaJpaTUUHBIX CUCTEM M CUCTEM, IPUBOAUMBIX K cucTemaM JIbeHapa, a Takke mpH Io-
CTPOSHHUH MOJIeIeH MPHUKIIATHOTO XapaKTepa, B KOTOPBIX BaKHA peanu3anus yCTOWYH-
BbIX aBTOKOJIEOaHUN 3aJaHHOM CTPYKTYpBHI.
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Sidorenko I. N. CONSTRUCTION OF QUADRATIC SYSTEMSWITH LIMIT
CYCLES OF “NORMAL SIZE” IN (2,1) AND (3,1) CONFIGURATIONS

The paper develops a constructive method for generating quadratic systems of
differential equations with limit cycle distributions of types (2,1) and (3,1). The approach
is based on the use of the predictive Andronov-Hopf function together with an analysis
of curves corresponding to double limit cycles in the parameter space. A distinctive
feature of the obtained systems is the presence of limit cycles of normal size, which are
sufficiently large and clearly separated on the phase plane, in contrast to previously
known examples characterized by small amplitudes. The exact number of limit cycles
is rigorously justified by means of the Dulac-Cherkas function method. Several explicit
examples of quadratic systems with different configurations of singular points are
presented.

Keywords: quadratic systems, limit cycles of «normal size», Hopf bifurcation,
Liénard systems, prediction system.
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RELAXATION STRUCTURE OF LIGHT REFLECTION BY
A LOW-DIMENSIONAL ARRAY OF RESONANT QUANTUM
EMITTERS
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A modification of the Maxwell-Bloch system of equations is proposed for studying oscilla-
tions in the intensity of coherent radiation reflected from a low-dimensional array formed by a
structure of relatively high-density resonant dipole centers. Modeling and qualitative analysis of
the proposed system of kinetic equations showed that variations in the phase relationship of the
light field and the resonant polarization of the array cause internal instability of the physical en-
ergy exchange system, manifested in a pronounced oscillatory structure of the reflected radiation.
The modeling utilized the material properties of semiconductor quantum dots.

Keywords: quantum-dimensional structures, dipole-dipole interaction, resonant reflection,
optical bistability, self-pulsation of radiation.

Introduction

Optical structures made of extremely thin layers based on media with a nonlinear
response in the frequency domain of optical resonance represent an example of the sim-
plest physical system that can be modeled for studying the dynamics of energy exchange
between the electromagnetic field of light and layers of active material. Models of their
interaction are used to study optical bistability and self-pulsations of light, the generation
and transformation of the structure of coherent radiation, and even the emergence of dy-
namic chaos in it [1-5]. Practical interest in such objects is stimulated by the possibilities
of their application in compact optoelectronic devices, including the development of ma-
terials capable of effectively changing the phase characteristics and direction of reflected
light fluxes (thin layers with the properties of metasurfaces) [3-6].

© Timoschenko E. V., Yurevich V. A., Khomchenko A. V., Yurevich Yu. V., 2026
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The amplification or generation of light upon reflection by an inversion layer or a
low-dimensional array of resonant centers (RCs) with a population inversion remains a
pressing problem, although researchers have addressed it at various times [7, 8]. It was
predicted, in particular, that upon total reflection from an inverted medium, the reflect-
ed light flux could be amplified. The possibility of its amplitude modulation due to the
nonlinearity accompanying such interaction of the light field with the active medium
was not considered; it was rightly believed that the known nonlinearity of the medium's
response, caused by the thermal action of radiation, is characterized by high inertia.
Artificial electromagnetic composite media with optical properties absent in the origi-
nal natural materials of which they are composed are currently being intensively devel-
oped. These initially non-obvious optical properties are due to the subwavelength size
of the elementary dipole emitter during their dense packing in the medium and the res-
onant nature of their response to an external light field. The nonlinearity of the medi-
um's response, which manifests itself at the resonance frequency, is particularly signifi-
cant in semiconductor structures with quantum-dimensional effects, which have been
intensively studied in recent years [9, 10]. These structures are classified among the
above-mentioned composite materials with a high density of active centers. In the exci-
ton region of the spectrum, the probability of induced transitions and a resonant re-
sponse to a coherent light field is particularly high there [11] — so much so that these
materials are usually cited as an example of dense resonant media with their inherent,
virtually inertialess property of phase nonlinearity, which is expressed in the frequency
drift of the resonant spectral line, caused by the mutual influence of the near fields of
the dipoles [12]. The dense packing of dipole quantum dots, which are considered as
RCs, in the matrix of an optical material makes it impossible to directly use mathemat-
ical approaches developed for calculating the linear effects of emission or multiple
scattering of classical wave fields.

Meanwhile, the problem of light amplification with transformation of the tem-
poral structure upon its reflection by an inverse medium can be solved by applying the
concept of a near-surface layer with resonant polarization. In the case of such a low-
dimensional layer, the polarization components of the light field are significant in the
radiation reflected and acting within the layer on the inverted ensemble of atomic di-
poles. The nonlinear components are caused by the so-called superradiant components
of the medium's response to resonant radiation, calculated within the framework of
quantum-mechanical equations of a two-level density matrix [13]. These components
take into account the gain saturation and the phase nonlinearity of the array response,
stimulated by a high concentration of active dipole centers, typical of dense media [14—
16]. The action of both factors of the response nonlinearity can cause temporary insta-
bility of the initially continuous pump radiation amplified upon resonant reflection by
the array and can be the cause of its modulation.

In this paper, we analyze the dynamic consequences of the near-field effect on the
polarizability of active centers, resulting from the shift in the spectral gain line for res-
onant reflection of an inverted low-dimensional array of RCs. Solving the problem of
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transforming the temporal structure and achieving self-oscillation of the reflected light
field under these conditions is important for the development of compact optical devic-
es that generate coherent radiation.

Basic Equations

For the analysis of the dynamics of the plane-wave field in low-dimensional opti-
cal structures, the approximation of an ultrathin layer of resonant atoms with its inher-
ent assumption of a longitudinally uniform field is convenient and acceptable [17]. The
relationship between the fields is presented in the form of algebraic relations following
from the electrodynamic conditions for Maxwell's equations. We consider an externally
incident pump field wave with a stationary strength Ei(f) = E,, a transmitted wave of a
complex longitudinally uniform field acting in the medium with strength E(¢), and a
reflected wave with strength E(f). The dynamics of the acting and reflected fields are
determined by non-stationary resonant variations in the nonlinear response of the RCs
array medium interacting with the radiation. The material response, similar to the ap-
proach proposed in [18], is described in the present work by a variable gain n (propor-
tional to the inverse population) and a complex amplitude of the polarization probabil-
ity p. The time evolution of the resonant components of the response is analyzed within
the framework of the formalism of optical quantum Bloch equations for an ensemble of
two-level dipole RCs with an average electric moment g Therefore, the calculation
scheme forms a system of nonlinear differential equations, and in the case of a station-
ary (quasi-continuous) external field E;j(¢) = E,, the system is autonomous.

The proposed and further considered modification of the kinetic equations is justi-
fied, for example, in [15]. In the scheme given below, the quasi-stationary intensities of
the light fields E and E,, as well as Ey, in normalized time 7 = #/T, are scaled as di-
mensionless variables (for example, e = uT,E/A, eg= uTEt/h):

dR ds
—=ng,+(N-DR-(Aw—-yn)S, —=(Aw—-yMR+(N-1)S,
dT dT (1)
dn -n
o e R-KkP(RP+5), e, (r)=-r€, +R+iS, —l1<N<xk.
dr T,
Here,

R =Rep, S=Impun are the resonant polarization and gain variables,

Aw= (w— ay)T; is the linear detuning of the carrier frequency of the light field w
from the center of the spectral gain line ay, normalized by the linewidth,

y is the normalizing coefficient in the local Lorentz correction to the effective
field (mainly determined by the ratio of the wavelength and film thickness),

x is the gain index of the inversion layer, maximum at a given pump level,

r and 7y t0 are the Fresnel reflection and transmission coefficients of the array,

712 = T1/T, is the ratio of the longitudinal (T;) and transverse (T,) relaxation times
of the transition, or, for semiconductor quantum dots (QDs), the interband and intra-
band relaxation times, respectively.
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System (1), in the uniform field approximation, characterizes the energy exchange
between the input field and the quantum system forming the RCs array, taking into
account the finiteness of the phase (transverse) relaxation time of the resonant polariza-
tion. The influence of excitation (pump current), which stimulates the inversion and
determines its reversibility under the inevitable saturation during stimulated emission,
is taken into account. Particularly characteristic is the consideration in scheme (1) of
the dipole-dipole interaction inherent in dense resonant media, expressed by a local
Lorentz correction to the field acting on the dipole active centers. The frequency detun-
ing in the equation for polarization is expressed by the sum of the frequency defect Aw
and the Lorentz correction with the coefficient y, the value of which can change as the
inverse population saturates. For this reason, the nonlinear resonance detuning, which
depends on the intensity of the radiation field, as a periodic violation of the resonant
amplification condition, inevitably becomes a feedback factor in the generation circuit
in the medium of the inverse array of RCs and can cause self-modulation dynamics of
the process.

In the context of studying the dynamics of the nonlinear response of the array,
which generates time variations in the field acting on the active centers, based on sys-
tem (1), the problem of modeling the non-stationary interaction mode, which can lead
to the occurrence of self-oscillations in the reflected radiation, is further solved.

Properties of Stationary Solutions

Nontrivial stationary solutions, determined from singular limits (1), depend non-
linearly on the amplitude e, and characterize the equilibrium states of the model. For-
mulating conditions for their dynamic stability or instability means assessing the possi-
bility of oscillatory behavior of the reflected field in the physical situation where the
external signal represents a rectangular field spike. It should also be assumed that the
exposure time of such a light pulse with amplitude ej(7) = e, should be comparable to
or exceed the relaxation times T, and T,.

Following the above, stationary solutions (1) ps, Ns, corresponding to a certain
level of continuous excitation e, can be expressed from algebraic expressions:

1 - i(Aw - _ 252
o = - N . i (Ao V”s)z n.e,, K ns _ K ©o @
(ns - 1)

+ (Ao - yng) 710 (ng = 1)’ + (Ao — yng)’
Relations (2) represent a system of nonlinear algebraic equations for Rg = Re ps,

Ss=1Im ps and ngs. The dependence of these quantities on the coefficients and parame-
ters of system (1) is relatively easily calculated using parametric calculations. When
constructing nonlinear dependencies on the level of normalized intensity ey’, the
change in one of these variables, for example, Nng, is conveniently specified as a varia-
ble decreasing linearly within the limits (k, 0).

To estimate the scale of the phenomena in the case of modeling based on the sys-
tem of equations (1), approximate values of the parameters of real QDs -based emitting
devices were used, which were taken from the scientific literature for QDs arrays in
InAs/(Al)GaAs circuits on GaAs substrates [10, 19, 20]. Thus, the QDs density was in
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the range of (1.0...3.0) -10''cm™. The dipole moment of an elementary emitter was
estimated based on the approximate QDs size of 2...5 nm. The intensity of external
radiation could reach a value of approximately 2.5-10° W/m” at wavelengths from the
range A ~ (1.25 ... 1.3) .10 m; the linear detuning value Aw was chosen within the
line width; interband and intraband relaxation times is T; ~ 1-10° s, Th~ 1-10"s.

Figure 1 shows the curves calculated parametrically based on relations (2), which
characterize the change in the quantities ps, Ng for different parameters of the system
(1) depending on the excitation level e,> — the normalized intensity of the external field.
The particularly nonlinear nature of these dependencies is noted: within a certain range
of variation of e,’, ambiguity is observed in the functions ng(e,) and | ps(eo’) |2, In this
case, we speak of bistability of states — the values of e, from this range correspond to
three values of the functions, two of which correspond to the realized equilibrium
states of the model, that is, at the same excitation level, the existence of two different
sets of stationary values of the variables is possible.

Bistability is a special manifestation of the nonlinear relationship between varia-
bles and parameters. Nonlinearity is then caused by several interconnected physical
mechanisms acting simultaneously. These mechanisms are capable of compensating or
enhancing each other's role to varying degrees during the process, depending on the
stage of the field-medium interaction and the combination of the nonlinear system's
parameters. Bistability must manifest itself in the range of action of various factors
altering the system's dynamics and under the condition of their different inertias. In this
case, the change in gain occurs due to its saturation by the stimulated emission field
and resonance detuning, which depends on the population difference, which decreases
as saturation is approached.

2,03
y RE b .
. 10 3
2
1.05 1
[
1.0 ST |
0.95
! 1 1 1 1
0 2 4 33.102 0 2 4 33.102

normalized incident intensity (relative units)

Figure I - Bistable dependences of stationary solutions of system (1) on the parameter
of normalized intensity of external radiation;

x=1.02 (curve 1), 1.05 (2), 1.08 (3), 1.10 (4); y=1.17, Aw= 1.0,
11,= 1.0-10°

The transition from one set of stationary variable values to another occurs at the
curve turning points. When the excitation level cyclically changes in the vicinity of
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these points, a hysteresis pattern appears in the dependence, with sharp jumps (usually
referred to as "kinks") at these points. In the fragments of Figure 1, these transitions are
indicated by vertical dotted lines only for curves 4.

This hysteresis-like nature of the relationship between state characteristics and ex-
citation parameters suggests the possibility of abrupt state switches at the curve turning
points. The dynamic model in this case is inherently unstable, with the potential for
self-oscillations to develop at a constant excitation level. The calculation variants in
Figure 1 demonstrate the criticality of the hysteresis loop width (the distance between
turning points) relative to the maximum achievable gain level A. Accordingly, at high
gain levels, the consequences of instability are expected to be more widespread, even
leading to the transition of the oscillatory energy exchange scheme to self-oscillations
of the variables.

Assessment of the Dynamic Stability of the Equilibrium States of the Model

A qualitative study of the stability of solutions (1) near equilibrium states (2)
makes it possible to evaluate the nature of its stability, determine the region of instabil-
ity of solutions, and indicate the zone of parameters in which the process of transition
to the equilibrium position takes the form of oscillations. The procedure for linearizing
system (1) is reduced to replacing variables using their representation in the form: R(7)
= Rs + 4R(7), S(7) = Ss + 45(7), n(7) = ng + An(7) under the assumption that the com-
ponents AR(7), AS(7) and An(7).are relatively small. When formulating the linearized
analogue of (1), higher powers of small components or their products are neglected,
writing the following system:

d e
d—AR = (ng = 1) AR - (Ao - yng) AS - [ng - 1 - Ao (Ao - yns)];OAn,
T
d nee 3)

d—AS = (Ao - yng) AR + (ng — 1) A4S + (Aw - 7v)
T

dd_r An = «° [nsz -1- (A0 - yns)z} i(—o AR - 2x° (Ao - yng) ns)fo AS - —.
here X = (ng — 1)* + (Aw—yng)*.

Of further interest are the solutions for the components AR(z), AS(7) and 4An(7),
containing exp(y7) as the main part. The coefficient y in the exponent of similar
solutions of system (3) from a small neighborhood of stationary solutions (2) can be
expressed as a real or complex value. In the latter case, the solutions will have not only
an exponential but also an oscillatory nature.

The characteristic equation for the coefficient y formed on the basis of the adopted
algorithm is an algebraic cubic equation:
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here Y = 1 + A+ (1 — yAw)ns.

Solutions (3) that correspond to a specific range of values of its coefficients are
considered special from the point of view of the correlation between the dynamic
behavior of model (1) and the possible real time sweep of the radiation amplified by
reflection. In this region, the characteristic equation (4), formulated on the basis of the
linearized analogue of (3), can have one real and two complex roots (y; and x23):

1 2
X, =0_—0, — - —(ng 1), o-+:3Gi\/E,
3r,, 3 -
N (5)
1 2 1 3

= - ——(n.—-1)+—(o,+0 ti—(o, -0 ),

23 37, 3( S ) 2( + —) ) ( + —)
here
3 ]’ 2 '|
D =G +P, P = é[3(M—N+A§)—B}, Gz%—g(M—N+A§)+A275H(B_nsxeo\|As+yN|,

B=ng- 1+ L, M =K2(1 - nSZ+ Aw As)i, N:K2(1 + ng) ﬁ, Ag=Aw - yng.
Ty, X X

Undamped periodic changes in the response variables R(7), S(7) and, accordingly,
the normalized intensity of the reflected light field 7, are possible for combinations of
coefficient (1) values such that the real part of the roots .3 (3) is positive. The points
corresponding to the equilibrium states (2) in the phase space of system (1) then take
the form of an unstable focus. Solutions (1), "starting" from the vicinity of such points
and depicted by curves in the phase space of system (1), are represented by "unfolding"
cyclic trajectories that leave the vicinity of points (2). At the same time, due to the in-
evitable saturation of the inverse population (amplification n) by stimulated emission,
the generation power must stabilize. The curves are localized in a closed space, and
their projections onto coordinate planes in phase space form limit cycles over time. In
the temporal aspect, this dynamics of variables (1) will correspond to their self-
oscillations arising spontaneously (at a constant level of stimulating factors - pumping
and the amplitude of the excitation field strength e;) - only for certain combinations of
the values of the material parameters of the inverted layer and the excitation character-
istics - the intensity ey and the frequency detuning Aw. The conditions for the exist-
ence of complex roots of equation (4) with positive values of their real part, following
expressions (5), are formulated by the following relationships:

2 4
+—(ng—-1), D>0; (6)
3z, 3

o,+o_>

The second requirement in (6) is a positive value of the discriminant D. This is the
condition for the existence of complex roots of equation (4) in the form of 23 (5).

Variants of parametric calculations based on relations (2), (5) of the typical de-
pendence of the real and imaginary parts of y»3, corresponding to the attenuation
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(buildup) and frequency of oscillatory solutions (3) on the level of normalized intensi-
ty eo” are presented in Figure 2. The instability region of solutions (3) on the scale of
this parameter can be identified by the criterion Re y,3 > 0. The buildup of small oscil-
lations then occurs as an exponential increase in their amplitude over time. The corre-
sponding exit of the phase curves from the vicinity of the singular points should occur
at excitation intensity values located on the e,” scale up to the intersection with the hor-
izontal axis of the decreasing Re y(eo”) dependences (curve 1 in Fig. 2, a) or up to the
"right turning points" of the bistable curves (curves 2 - 4 in Fig. 2, a). The positions of
these points on the e, scale are indicated in the figures by vertical dotted lines; the exit
from the instability zone and the "transition" to the stability of the equilibrium state
with an increase in e, should be abrupt.
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Figure 2 - Dependence of the real (a) and imaginary (b) parts of the complex
roots of the characteristic equation on the parameter of the normalized intensity of
external radiation;

x=1.02 (curve 1), 1.05 (2), 1.08 (3), 1.10 (4); = 1.17; Aw = 1.0, ;o= 1.0-10°.

An analysis of the curves indicates that the instability region on the ey’ scale ex-
pands with increasing maximum gain parameter k; the dependences are calculated for
its increasing values. The attenuation should decrease with increasing excitation, as
should the oscillation frequency of the variables expressed by Im y (Fig. 2b). However,
at excitation values e,> above the boundary, oscillatory solutions do not exist in the
instability region. Therefore, the possibility of the emergence and development of regu-
lar oscillatory modes of the self-oscillatory type in the reflected radiation disappears.

Resonant Reflection Simulation Results

The qualitative analysis data indicate the range of parameters and initial condi-
tions for the variables in which solutions (1) can be sought, describing self-sustaining
pulsations in the intensity of the reflected light field. Therefore, within the framework
of the numerical solution (1), it was further advisable to analyze the dynamics of the
thin layer's response to a stationary external optical field.

Numerical integration of system (1) was carried out by the Runge - Kutta method
for initial conditions that obviously correspond to the inverted state of the layer medi-
um: for the population difference — n(t = 0) = n, (the value of n, for a given level of the
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exciting field amplitude e, was selected according to calculations illustrated by the
ns(e,?) dependencies in Figure 1, a). For the polarization probability — p(t =0) =0 (it
was assumed that the polarizing influence of external radiation is initially absent). The
time dependence of the dimensionless intensity of the reflected radiation field
I(7) = | e7) |2 was calculated.

Figure 3 shows examples of time sweeps of typical solutions (1) for a variable
normalized intensity u(t), expressed in relative units on a nanosecond time scale. In the
general case of a nonzero frequency defect ((w# ay), which causes linear phase modu-
lation, the dipole-dipole interaction factor, which causes a shift in the resonant frequen-
cy and nonlinear phase modulation (y # 0), is necessarily taken into account. The val-
ues of ey and the corresponding values of ny are mainly taken from the range of values
in the instability zone of equilibrium states; in the variants of solutions (1) illustrated in
Figure 3, line 2 in Figure 2 is chosen as the "reference" calculation curve defining this
instability zone.

The time sweeps of the radiation in the fragments of Figure 3, a, b, d, are calculat-
ed for different excitation level values within the bistability region of equilibrium
states. The 7,(f) scans in fragments 3, d - f correspond to the same value for e0 with
different gain levels x. In general, these solutions describe an oscillatory transition to
an unstable (quasi-stationary) equilibrium state, occurring with different relaxation
rates.

The solution variants in Figures 3, c, ¢' are typical for calculations of u(¢) for val-
ues of e, outside the bistability zone (Fig. 3, ¢) and for e, corresponding to the stability
region (Re y,3 < 0). The formation of a regular regime with oscillations in the picose-
cond range thus occurs only in the bistability zone of equilibrium states; at a relatively
low excitation level, the transition to the equilibrium state is purely relaxational in na-
ture (Fig. 3, ¢). Outside the instability zone for the parameter ey, the unfolding scenario
presents a series of short relaxation bursts of intensity as a transition regime and, then,
a relatively rapid transition to a stationary radiation level (Fig. 3, ¢’).
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In the "unstable" sweeps (Fig. 3, a, b, d - f), transient, relatively low-frequency
oscillations with a nanosecond repetition period, commonly referred to as relaxation
oscillations, are primarily distinguished. Their existence in kinetic processes is ex-
plained by the difference in transition probabilities in the pump and lasing channels. In
this case, due to the superposition of relatively high-frequency oscillations, the transi-
ent pulsations u(f) have a complex shape (Fig. 3, b, ), but their attenuation over time
leads to the laser oscillatory system "entering" a quasi-stationary emission regime. At
this stage of the process, higher-frequency intensity oscillations persist and assume a
regular character. Their occurrence is explained by oscillations in the phase detuning of
the polarization and field, caused by a resonance shift under the influence of the near
fields of the dipoles. The high-frequency 'carrier’ component is obviously nutational in
nature — the polarization vector undergoes cyclical nutational movements around the
field direction. The gain, due to the resonance shift, which can assume a periodic na-
ture, is also drawn into an oscillatory mode. Nonlinear high-frequency pulsations of
intensity u(z) with a stationary envelope, representing modulation of the reflected sig-
nal after the transient stage, occur due to these relatively weak self-oscillations of the
gain n(¢).

normalized intensily of reflected radiaion {relative unils)

0 1.05 11 115 t108%¢ O 165 17 175 t10%¢

Figure 4 - Dependence of normalized radiation intensity on time
Aw=1.0 (a), 0.5 (b), 0.2 (c), 0.02 (d); e’=5-107, k¥ = 1.08;y = 1.57, 11,= 1.0-10°.

At the stage of stabilization of the intensity envelope dependence, its "carrier"
high-frequency oscillations are regularized, creating a picture of the self-oscillatory
process in the radiation. In the subsequent time of development of the resonant reflec-
tion process before the cessation of the action of the exciting field and pumping, the
oscillation amplitude tends to a constant level approximately as illustrated by the de-
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pendencies in Figures 3, a, f). The duration of the transient regime with losing contrast
and damping low-frequency oscillations uU(f) mainly depends on the value of the ratio
of relaxation times t;; and the unsaturated gain parameter x. The frequency of the
"carrier" oscillations depends on the amplitude of the exciting field e, from the bistabil-
ity zone and on the gain parameter x. Qualitatively, the latter dependencies coincide
with those predicted by calculating relations (2), (5), characterizing the solutions of
system (3). Figure 4 shows an example of modeling the process of stabilizing the low-
frequency components of the temporal structure as the linear detuning changes (frag-
ments a - d of the figure). The formation of a series of periodic intensity spikes of a
relaxation nature with a 'carrier' nutation component, illustrated in fragments of Fig. 4,
a' - d' with higher resolution, occurs as the external excitation frequency approaches
resonance.

Conclusion

An oscillatory system formed by a low-dimensional array with a high RCs density
and external resonant radiation, due to the loss of coherence of field oscillations and
polarization, is thus capable of transitioning to an unstable equilibrium state in which
self-oscillations of variables occur, i.e., to a special quasi-stationary (nonlinearly
modulated) state. Physically, this corresponds to achieving a self-oscillation regime
(regular pulsations) during resonant reflection and signifies the possibility of convert-
ing a light signal with a constant intensity envelope into a time-modulated signal, with
the modulation parameters controlled by changes in light power.

The result of this analysis is the study of the current problem of light wave behav-
ior at an interface between media containing a thin layer of material with a relatively
strong nonlinear response to radiation in a frequency range close to one of the optical
resonances. Modeling and analytical evaluation of the kinetics of stimulated emission
in the approximation of a thin layer of an inverse medium allowed us to characterize
the dynamic phenomenon of amplitude self-modulation of light reflected by a low-
dimensional array of RCs. This effect can be exploited in the development of extremely
compact quantum dot laser devices. Such devices should offer certain advantages over
existing ones. Indeed, in the phenomenon of light amplification by reflection, the inter-
action of light with the gain medium can occur primarily in a thin layer near the inter-
face between the media, with little radiation penetration into the gain medium. This
reduces the technical requirements for the optical properties of the gain media, such as
their homogeneity, transparency, and so on. Some potential devices utilizing the phe-
nomenon of light amplification by reflection have already been implemented, but for
inverted layers with a relatively high concentration of RCs, the nonlinear processes that
stimulate spontaneous modulation have not yet been studied in detail.

In the IR frequency range, electro-optical materials capable of applying standard
methods of Q-switching pulsed lasers and shortening pulse durations are still lacking.
Therefore, laser generation research is currently being intensively developed in relation
to technologies for generating regular trains of short and ultrashort pulses with con-
trolled temporal parameters in this spectral range. The results of the reflection dynam-



30 BECHIK MAY ima A. A. KYNNALLIOBA Ne 1 (67) e 2026 e

ics calculations presented in this article, taking into account the self-phase modulation of
the light field, will be useful for developing methods for generating trains of short light
pulses with relatively low average intensity in compact laser devices based on materials
with quantum-well effects.
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Tumowienxo E. B., IOpesuu B. A., Xomuenxo A. B., IOpesuu I0. B. PEJTAKCA -
OUOHHAS CTPYKTYPA OTPAKEHHUS CBETA HU3KOPA3SMEPHBIM
MACCHUBOM PE3OHAHCHBIX KBAHTOBBIX U3JIYYATEJIEN

[Ipemtokena moauduKanus CUCTeMbI ypaBHeHH MakcBesuia biioxa myis uzyueHus
OCHWUIALMNA MHTEHCUBHOCTH KOI'€PEHTHOIO M3JIy4EHHUS IPU OTPaXEHUU OT HHU3KOpas3-
MEpPHOTO MacCHBa, 00pa30BaHHOTO CTPYKTYPOH M3 pPE30HAHCHBIX IHITOJIBHBIX IIEHTPOB
OTHOCHUTEJIBHO BBICOKOW IUIOTHOCTH. MoJenupoBaHue U KaueCTBEHHBIH aHaIU3 Hpea-
JIO)KEHHOH CUCTEMBI KHHETHYCCKUX YPaBHCHUH TTOKA3ald, YTO BapHaluy (pa30BOro co-
OTHOILIEHUs] CBETOBOTO TOJSI U PE30HAHCHOW MOJIAPU30BAHHOCTH MAaCCHBA BBI3BIBAIOT
BHYTPEHHIOI HEYCTOMUMBOCTh (PU3MUECKON CHCTEMBI SHEPrOOOMEHa, YTO MPOSBISETCS
B BBIPQXXECHHOW OCHWUISITOPHOW CTPYKTYpe OTPaXKEHHOTO M3JIy4eHus. B momenupoBa-
HUW HCIIOJh30BaHbI MaTepHalIbHbIC XapaKTEPUCTUKU TOIYIPOBOIHUKOBBIX KBaHTOBBIX
TOYEK.

KiroueBble ci10Ba: KBaHTOBOpa3MEpHbIE CTPYKTYpPBI, JHUIIOJIb-AMIIONBHOE B3au-
MOJIeiCTBHE, PE30HAHCHOE OTPa)KEHUE, ONTHYECKast OUCTaOUILHOCTD, CaMOITyJIbCAllun
U3ITYYEeHHUS.
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SPECTRAL SHIFT OF LASER RADIATION
IN STRUCTURES WITH QUANTUM-SIZE EFFECTS
UNDER RESONANT SELF-FOCUSING CONDITIONS

E. V. Timoschenko

Ph. D. (Optics), Associate professor, Head of the Department of Physics and Com-
puter Technology

Mogilev State A. Kuleshov University

Based on a semiclassical approach to the analysis of resonant interaction processes
between coherent radiation and matter, a computational evaluation of the characteris-
tics of the stationary generation regime in lasers based on quantum-size structures has
been performed. The study has shown that the waveguide properties of the gain element
and the phenomenon of radiation self-focusing play an important role in the generation
process. These effects are driven by the phase resonant nonlinearity of the element’s
material response, which in turn affects the signal output power.

Keywords: injection lasers, quantum-dimensional structures, resonant nonlinearity
of the refractive index, spectral broadening of the absorption line, waveguide properties
of the gain element, self-focusing radiation instability.

Introduction

The nonlinear optical model of an injection laser takes into account the influence
of free charge carriers, which primarily determine the level of population inversion.
This inversion affects the refractive index of the laser material, which, in turn, influ-
ences the radiation characteristics. Free carriers play a key role in the laser generation
process, as they can modify the optical properties of the material and influence the effi-
ciency of light generation. The consequences of population inversion also include both
spectral broadening of the stimulated emission field [1, 2] and its self-focusing instabil-
ity [3]. Optical losses in the injection laser cavity significantly depend on the wave-
guide effect, which reduces the diffraction divergence of radiation. The waveguide ef-
fect is based on the phenomenon of total internal reflection from a boundary with an
optically less dense medium [4]. At higher carrier concentrations, the refractive index
decreases; accordingly, the generation region under gain saturation in the laser diode
becomes optically denser. This inevitably affects its waveguide properties. It is known
that dynamic self-focusing, associated with the nonlinearity of the refractive index,
changes the level of compensation for diffraction divergence of radiation [5], thereby
influencing the cavity losses. In the literature, the consequences of self-focusing have
been studied mainly within the framework of a non-resonant model, where the trans-
verse field distribution is determined primarily by refraction inhomogeneities that iner-
tia-free "track" variations in radiation power. Under conditions of resonant response,
the level of nonlinear refraction depends primarily on the degree of inversion in the
laser diode.

© Timoschenko E. V., 2026
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In this regard, it is of interest to investigate the influence of resonant refraction
changes, associated with changes in the energy state of the active layer, on the gain
characteristics and dynamics of lasers based on heterostructures with quantum-size
effects.

Basic Equations

This paper presents the results of evaluating the consideration of the waveguide
properties of the gain element and self-focusing of radiation, stimulated by the resonant
nonlinearity of the refractive index in the active layer of the laser diode, in determining
the gain. Elementary active centers are considered as two-level dipole quantum emit-
ters (QE). The analysis of the influence of resonant variations in waveguide properties
on laser radiation was carried out within the framework of the model substantiated in
[6], where non-resonant Kerr nonlinearity was considered for a semiconductor active
element. It was assumed that the expression for the real part of the permittivity includ-
ed a nonlinear component proportional to the stimulated emission field intensity. In
essence, model parameters of refractive nonlinearity were used, typical precisely for
the consequences of the dynamic refractive index shift observed in semiconductor ele-
ments, later characterized as non-resonant [7]. As shown by the results of modern ob-
servations, in real lasers with quantum-dimensional effects, including semiconductor
quantum dot lasers, refractive nonlinearity has a specifically resonant character [2, 3]
and therefore can differ significantly in magnitude and inertia.

We will describe the spatiotemporal characteristics of radiation under conditions
of transverse gain and refraction inhomogeneity by considering the two-dimensional
representation of the complex dielectric permittivity used in [6] in the form:

e, y, ) =gy (X, y, 1) +iy’(x, y, 1), (1)

where &, is the real (non-resonant) part of the dielectric permittivity of the active
layer of the laser element in the unexcited semiconductor. It was assumed that the x
direction coincides with the cavity axis; the inhomogeneity of the laser beam cross-
section, limited by the waveguide effect, is oriented in the y direction. Furthermore,
unlike [6], we assume that the variable real part of the resonant susceptibility (1) is
characterized by the usual dispersion dependence:

H A,
n(x,y,t), (2)
3hg, 2 1+A(2) ( )

I
~
=2

2 (x, p, 1)

where Ag= (@— @) T is the normalized frequency detuning from the center of
the gain spectral line @y, and n(x,y, f) is the probability variable of population
inversion.
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The imaginary component of the resonant susceptibility describing the gain at
frequency w1is correspondingly expressed in the following form:
u 1
2" (x, 1) = T N . n(x,y,t). (3)

0 0

Here, in relations (2) and (3), the following notations are used:

- uis the magnitude of the transition dipole moment;

- T, is the transverse relaxation time of the transition; correspondingly, in media
used in laser optics of semiconductors, this parameter characterizes the intraband relax-
ation time;

- the spectral width of the resonant gain line is determined by the factor 2/7;

- Nis the volume density of elementary QE.

In [6] a certain approximation of the transverse (in the y-coordinate direction) in-
homogeneity of the real part of the permittivity was introduced. We apply an analogous
form of inhomogeneity for the probability variable of inversion: n(x, y, £) = n,(x, )
[exp(dy) — 2exp(0y/2)]. In this expression, O characterizes the width of the active layer,
and n,,(x, t) determines the amplitude values of the real and imaginary components of
the resonant susceptibility. The form of the spatial distribution n(y, ) during generation
(over time) is assumed to be unchanged. In the longitudinal direction (along the x-
coordinate), the change in n(x, ¢) is due to the intensity growth and the corresponding
saturation of population inversion. Then, using the methodology outlined in [6], we
express the magnitude Q of the imaginary addition to the frequency of the longitudinal
cavity mode:

2¢ 2

Q = LIr;(",,,—;("mo—mc \/l( PN A —Z) | 4
@ 1

The imaginary addition (4) is averaged over the field localization region and es-
sentially expresses the gain coefficient of the laser diode, determining the rate of inten-
sity growth at frequency @ in the active layer. The initial value y",, is proportional to
the initial value of inversion ny. Further, analogously to [8], we take into account the
influence of the quasi-resonant component of susceptibility on the real part of permit-
tivity. This component is associated with radiation absorption in transitions adjacent to
the resonant one and formally depends on the difference in polarizabilities of elemen-
tary QE at the levels of the main transition. It is precisely this contribution that primari-
ly determines the refractive nonlinearity of the active element measured in [S] and the
associated automodulation frequency shift of generation in semiconductor lasers. In the
scientific literature, it is often called the spectral broadening of the field [9], associated
with the dynamics of the so-called Henry factor. The magnitude of spectral broadening
is proportional to the resonant variation of inversion and depends linearly on Ax — the
difference in polarizabilities of QE at the levels of the main transition.
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Besides, in the expression for the nonlinear frequency addition, it is advisable to
consider the shift of the resonant transition frequency initiated by the polarizing influ-
ence of near fields of dipoles. Its contribution to the change in frequency detuning has
been measured and can be estimated by taking into account the local Lorentz correction
[10] to the effective field acting on the QE. The dynamic factor of frequency shift,
which is due to dipole-dipole interaction, is considered particularly significant in the
radiation processes of quantum dot lasers [11, 12]. Its representation in subsequent
computational estimates is used the same as in [8].

Taking into account both mechanisms of phase nonlinearity, we write the expres-
sion for frequency variation (4) as follows:

B yzNa) [ 5 26c |1 ) 5.2 5 1
- - T2|an/(1+A )—nO—TJE[Jnm/(HA ) +9 —SJJ 5)

0 nr

I )=n AJ(1+A)=B(n,—n,), A=A, +yn,, B=2zhash/u’T,, y=u’NT,[3e,h.

m?

Here, in the expression for the modified resonant addition yn,), there is a
coefficient S, which relates the change in refractive index to the variation in the
concentration of dipole QE. The parameter y defines the normalized coefficient in the
local Lorentz correction.

Modeling of the stationary generation regime of lasers based on quantum-
size structures

Let us analyze the stationary laser model. It is based on nonlinear transfer equa-
tions for counterpropagating waves with steady-state field strength amplitudes FE.,
forming one of the cavity modes — a standing light wave, known, for example, from
[13]. The inclusion of resonant addition (5) in the calculation system, as in [6], means
taking into account additional losses in the cavity. These losses are associated with
changes in radiation divergence due to nonlinear refraction. For normalized field inten-

2
E . (x)‘ / n’ , where 7; is the longitudinal relaxation time or,

sities S, (x) = p'7T,

in the case of laser diodes, spontaneous recombination time, the equations of the com-
putational scheme taking into account (5) are written as:

s, | n,
=K —
dx 1447
75:[A—ﬂ(s++S_)]/(1+A2+S++S_), (6)
2
n, =11+ (5, +5)/(1+%)], c= 2N 0sxs,
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where «is the gain coefficient achieved due to the pump current, o is the relative

parameter of linear losses, 7/ is the optical length of the active layer, p = § cﬁ / .

Equations (6) were solved with boundary conditions corresponding to reflection
conditions at the left facet (x = 0) with a fully reflecting mirror, and at the right facet (x
= [) with partial reflection (energy reflection coefficient » = 0.32):

S+(x=O):S7(x:O), Sf(le):rS+(x:l). @)

For conditions (7), the system of equations (6) is analytically solvable only par-
tially. Namely, for the functions S(x) = S:(x) +S_(x) and R(x) = S:(x) =S_(x), a simple
solution in quadratures is possible: S°(x) — R%(x) = 4 R({)/(1-)>. This relation reduces
the problem of determining the dependence S(x) to solving one nonlinear differential
equation, which is convenient to write in the form:

dx 1+A*+ S
K—=
ds

F{[l—p\/(l+A2+S)[ 1+(A-BS) —A+/3SJ—0(1+A2+S)]} (8)

F:\/SZ—4rR2(l)/(1—r)2, (1+r)R(D)(1-7) <S< 2rR(1)/(1-7).

Considering the quantity S as an independent variable (non-negative and linearly
increasing), one can perform numerical integration of (8) within the indicated limits.
These limits are determined by the values of the power flux at the reflecting and "out-
put" facets. The parametric integration of the original system (6), simplified in this
way, makes it possible to obtain a numerical solution of (8) with respect to the gain
parameter x7 and to construct the dependence of the output power flux 7 = (1-r) Y.(x=/)
on the pump parameter « = x/(of — In(r)/2).

Figure 1 presents the results of the numerical modeling of the system of equations
(8), illustrating the output intensity /() as a function of the pump parameter for differ-
ent values of the transverse inversion inhomogeneity parameter and frequency detun-
ing.

Figure 1. Output intensity as a function of the pump parameter for various values
of the transverse inversion inhomogeneity parameter and frequency detuning:
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=0 (curvel), 0.1 (2), 0.14 (3), 0.18 (4), 0.25 (5); A¢= 0 (a), =0.5 (), 0.5 (¢); A= 0.15,
7=1.58, = 1.5-10"paodlc, o = 0.2, i =1.0-10"m, 7, = 1.0-107¢, T, = 1.0-10"%.

In constructing the dependencies shown in Figure 1, the corresponding coeffi-
cients of system (6) were determined based on injection laser parameters known from
the scientific literature, for example, [2, 14]. As can be seen from the plots in Figure 1,
with a more pronounced refractive index inhomogeneity (i.e., larger values of p), the
effective gain level required for the onset of lasing must increase. It is evident that the
output power curves originate from values greater than 1, which corresponds to the
threshold value for the exact resonance frequency @ = @,. The threshold values natu-
rally increase as the linear frequency detuning Ao, This can be observed by comparing
the behavior of the curves in panels a-c of Figure 1. Thus, an increase in both of these
factors — inhomogeneity and frequency detuning — will also require a relative increase
in the pump current for lasing to develop. As the inhomogeneity parameter increases,
the output power decreases, and the curves in Figure 1 become increasingly nonlinear.
Furthermore, we note an asymmetry in the growth behavior of the /() curves in Figure
1 depending on the sign of the frequency detuning A,.

This trend is more clearly demonstrated by the curves in Figure 2. These illustrate
the dependencies of the normalized output radiation intensity on the mode frequency at
a certain above-threshold pump level a. Such curves can be used to characterize the
spectral dependence of the gain.
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Figure 2 - Spectral dependence of the output intensity for various values of the trans-
verse inversion inhomogeneity parameter and the resonant nonlinearity parameter:
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p=0(a),0.12 (b), 0.2 (c, d); B=0 (a) 0.1 (b, ¢), 0.15 (d) @=1.5-10"padlc,
o=02,y=1.58
nl=1.0-10"m, 7 = 1.0-10%¢, T, = 1.0-10 "¢,

The natural shape of the symmetric gain resonance is shown in Figure 2 (a) and
was calculated in the absence of nonlinear refraction. Panels b-d of Figure 2 demon-
strate quasi-resonant curves with a short-wavelength shift of the maximum and asym-
metric broadening. This deformation of the radiation characteristics, presented in pan-
els b-d of Figure 2, arises from changes in the light loss level due to self-focusing. Fur-
thermore, panels b-d of Figure 2 show that the deformation of the radiation characteris-
tics depends on the parameters of transverse inhomogeneity and resonant nonlinear
refraction.

Conclusion

In this work, a theoretical investigation of the dynamic characteristics of the
steady-state generation regime of injection lasers based on quantum-confined structures
has been conducted within the framework of a semiclassical approach, taking into ac-
count the resonant nonlinearity of the refractive index in the active layer. A computa-
tional model has been formulated that incorporates two mechanisms of phase nonline-
arity: the quasi-resonant susceptibility component arising from the difference in polar-
izabilities of quantum emitters at the fundamental transition levels, and the resonant
frequency shift due to dipole-dipole interaction with consideration of the local Lorentz
correction. Based on nonlinear transfer equations for counter-propagating waves, a sys-
tem of differential equations describing the steady-state laser generation regime has
been derived and numerically solved, accounting for the transverse inhomogeneity of
the population inversion.

Numerical modeling has revealed that an increase in the transverse inhomogeneity
parameter of the refractive index leads to an elevation of the threshold gain level and a
reduction in the output radiation power. A pronounced asymmetry in the spectral gain
characteristics has been identified: resonant self-focusing gives rise to a short-
wavelength shift of the spectral dependence maximum and its asymmetric broadening.
The obtained results indicate that the spectral broadening of the generation field in la-
sers based on quantum-confined structures may, to a certain extent, be attributed to the
self-focusing effect associated with the phase nonlinearity of the resonant material re-
sponse, which is essential for the correct interpretation of experimental data and the
optimization of injection laser parameters.

Funding. This work was supported by the State Scientific Research Program of
the Republic of Belarus "Photonics and Electronics for Innovation," subprogram "Pho-
tonics and Its Applications."
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Tumowienxo E. B. CHEKTPAJIBHOE CMEIEHHUE U3JIYYEHUA JIA-
3EPOB HA CTPYKTYPAX C KBAHTOBOPASMEPHBIMU D®®EKTAMUA
B YCJIOBUAX PE3OHAHCHOM CAMO®OKYCHUPOBKH

Ha ocnose nonyknaccuuecko2o nooxooa Kk ananusy npoyeccos pe3oHaHCcHO20 63aumo-
0elicmausl Ko2epeHmHOo20 U3TYHeHUsl C el eCBOM NPoBedeHa PACYemHds OYeHKA XapaK-
MEPUCMUK CIAYUOHAPHOO PENCUMA 2eHePayULL 1a3epo8 Ha KEAHMOBOPAIMEPHBIX CIPYK-
mypax. Hccnedosanue noxkazano, 4mo 801HOB00HbIE CEOUCMEA YCUNUBAIOWE20 dNeMeHMA
U s61eHUe CamMoDOKYCUPOBKU ULYYEHUs USPAION BAJICHYIO POTb 8 Npoyecce 2eHepayulL.
Omu agpghexmur cmumynupyromest (pazooil pe3oHaHCHOU HeTUHEHOCHbIO MAMePUaTbHO-
20 OMKIUKA dNeMEeHMa, 4Mmo 8 C8010 04epeds Gusem Ha bIXOOHYI0 MOWHOCb CUSHALA.

KiiroueBble cj10Ba: MHXEKIIMOHHBIE JIa3ePbl, KBAHTOBOPa3MepPHbIE CTPYKTYPBI, pe-
30HAHCHAsl HEJIMHEHHOCTD MOKa3aTels MPEeJIOMIICHHUS, CIIEKTPaIbHOE YIIUPEHNE JTHHUN
MOIVIOIICHMSI, BOTHOBO/IHBIC CBOMCTBA YCHUIINBAIOIICTO AIEMEHTA, CaMO(OKYCHPOBOYHAS
HEYCTOWYIMBOCTD U3ITyUCHHSI.



40 BECHIK MAY ima A. A. KYNNALLIOBA Ne 1 (67) e 2026 e

VK 533.6.013

DESIGN AND FLIGHT PERFORMANCE ANALYSIS OF
ZENGZHANG-1 3D-PRINTED GEOPHYSICAL ROCKET
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The design and results of a numerical analysis of the flight of the two-stage modular
geophysical rocket Zengzhang-1 are presented. The flight dynamics analysis of the
rocket (length 1795 mm, diameter 131 mm, mass 8797 g) for a given thrust profile of the
L2200G rocket engine yielded estimated maximum parameters. flight altitude 3078 m,
velocity 493 m/s (Mach 1.46), and acceleration 377 m/s® The rockets layout and use of
fins ensure a positive static margin and its controllability during both the powered ascent
and ballistic flight phases. Simulation of the rocket’s angular motion demonstrated that
the flight occurs vertically, with minimal aerodynamic drag throughout the entire flight
phase up to separation.

Keywords: Geophysical rocket, 3D printing technologies, stability margin, rocket
flight dynamics.

Introduction

Geophysical rockets are crucial for acrospace research, offering an affordable way
to access suborbital flight for atmospheric studies, microgravity experiments, and tech-
nology validation [1]. They are cost-effective, easy to operate, and deploy rapidly,
making them ideal for education and science. Small-scale rockets, particularly in aca-
demia, allow students to engage in the full design-to-recovery cycle and provide a plat-
form for testing flight technologies [2]. Programs like NASA’s Student Launch and
ESA’s REXUS/BEXUS highlight their value in practical learning. Additive manufac-
turing, especially 3D printing, has revolutionized rocket production. Unlike traditional
methods using expensive aluminum or composite laminates, 3D printing enables rapid,
low-cost prototyping of complex geometries, perfect for educational and research rock-
ets [3].

This study introduces a novel, low-cost geophysical rocket designed to reach 3 km
altitude with a scientific payload. Its key innovations include being entirely 3D-printed
from PETG, a modular two-section design for payload and propulsion, a dual-bay par-
achute recovery system, and achieving supersonic flight despite material constraints.

© Runchen Gao, Faxin Shen, Spiridonov A. A., 2026
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This work aims to guide future low-cost geophysical rocket projects and advance addi-
tive manufacturing in aerospace education and research.
Rocket Design

a) Modular Configuration

The rocket employs a two-section modular architecture. The forward module
houses the payload and parachute bay, while the aft module contains the propulsion
system. These are connected by a 60 mm coupler, which ensures both structural rigidi-
ty and ease of assembly. This design philosophy offers several advantages: flexibility
in mission payload integration, improved safety during recovery by separating payload
from propulsion, and enhanced manufacturability since modules can be independently
3D-printed. The vehicle measures 1795 mm in total length with a 131 mm diameter
and has a gross mass of 8749 g. The payload bay is 300 mm long and 125 mm in diam-
eter, capable of accommodating sensors or small experimental devices. Mass distribu-
tion between the payload and propulsion sections was carefully considered to balance
the center of gravity (CG) and center of pressure (CP) for stable flight.

Figure 1 - ZZ-1 rocket model

b) Propulsion System

The L2200G solid rocket motor was selected as the propulsion system. Key speci-
fications are total impulse of ~5104 Ns, average thrust of 2200 N, peak thrust of 2519
N, and a burn duration of ~2.3 s. With a gross mass of 4.78 kg and propellant mass of
2.52 kg, the motor provides a thrust-to-weight ratio exceeding 25, enabling rapid accel-
eration to supersonic speeds. The thrust profile is characterized by an initial sharp peak
followed by sustained high thrust until burnout. This minimizes the influence of at-
mospheric turbulence near the ground. However, the extremely high acceleration of up
to 38G imposes significant structural and payload survivability requirements. Addi-
tionally, thermal protection measures must be implemented to prevent PETG defor-
mation near the motor casing [4].

Figure 2 - Thrust data graph for L2200G solid rocket motor
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¢) Aerodynamic Design and Stability

Aerodynamic configuration plays a critical role in ensuring both stability and effi-
cient flight performance. The rocket employs a Haack series nose cone, which is spe-
cifically designed to minimize drag. The Haack series family of nose cones is well-
known for its ability to reduce wave drag in supersonic and transonic flight regimes.
The shape parameter of the nose cone governs its drag-reducing properties, with a pa-
rameter of 0 producing a Von Karman nose cone (LD-Haack), ideal for minimizing
drag for fixed length and diameter. In this design, we use a shape parameter of 0.333,
which results in an LV-Haack nose cone, optimized to minimize drag for a fixed length
and volume [5]. This design choice ensures that the rocket maintains a smooth and ef-
ficient flight trajectory at high speeds, particularly when crossing the transonic and
supersonic regimes [6].

d) Material and Manufacturing

The rocket body is fabricated using PETG (Polyethylene Terephthalate Glycol-
modified), with an assumed density of 1.25 g/cm?, like PLA. PETG was selected due to
its superior thermal and mechanical properties compared to PLA while maintaining
compatibility with standard FDM 3D printing. Its higher glass transition temperature
(~80 °C) and improved impact resistance make PETG more suitable for small rockets
subjected to high acceleration and motor exhaust heating [7, 8]

e) Recovery System

A dual-bay recovery system was adopted. Both the payload bay and propulsion
section deploy independent 2500 mm parachute made of ripstop nylon (67 g/m?) with
twelve shroud lines of 1200 mm length each. This configuration improves reliability by
ensuring partial deceleration even if one parachute fails. Furthermore, separating the
payload from the motor section enhances safety and reduces the risk of impact damage.

Dynamic Analysis of the Rocket

a) Rocket Coordinate System Definition

In rocket dynamics modeling, the following coordinate systems are mainly used,
as shown in Figure 5 and Figure 6.

(1) Geodetic coordinate system S, (OpXpYpZp):

The celestial northeast coordinate system is used. The origin Op is taken as the
projection of the rocket launch point on the ground. The OpXp axis points to the north
of the launch point. The OpY)p axis is vertical to the ground and is positive upward. The
OpZp axis points to the east of the launch point. Without considering the rotation of the
earth, this coordinate system is regarded as an inertial coordinate system.

(2) Carried geodetic coordinate system Sy (03 X4Y4Z4):

The origin O, is taken as the center of mass of the rocket. The coordinate axes
04X4, 04Y4, and O4Z,; are parallel to OpXp, OpYp, and OpZp of the geodetic coordi-
nate system Sp,.

(3) Rocket body coordinate system S; (0:X;Y:Z;):

The origin O, is taken as the center of mass of the rocket, the O.X; axis points to
the nose cone along the longitudinal axis of the rocket body, the 0,Y; axis is located in



MAT3OMATbIKA, ®I3IKA, BIAJIOTA 43

the rocket symmetry plane and is perpendicular to the 0,X; axis, the 0,Z; axis is per-
pendicular to the rocket symmetry plane and conforms to the right-hand rule with the
0:X; axis and the 0,Y; axis.

(1) Airflow coordinate system S, (0gX,Y,Z,):

The origin Oy is taken as the center of mass of the rocket, the 0, X, axis is along
the rocket's airspeed G vector U, the 0,Y, axis is located in the rocket symmetry plane
and is perpendicular to the 04X, axis, and the 0,Z, axis conforms to the right-hand
rule with the 0, X, axis and the 0,Y, axis.

Figure 4 - The conversion relationship between the Sz and S,

The relationship between the carried geodetic coordinate system S, and the rocket
body coordinate system S; is determined by three angles: pitch angle 9, yaw angle 1,
and roll angle y. First, rotate the carried geodetic coordinate system S; around the
0,Y, axis by angle s, transforming the coordinate system to 0;X'Y;Z'. Then, rotate it
around the O4X'axis by angle 9, transforming the coordinate system to 04X, Y'Z'. Fi-
nally, rotate it around the O;X; axis by angle y, transforming the coordinate system to
0:X.Y;Z,. This completes the transformation from the carried geodetic coordinate sys-
tem S; to the rocket coordinate system S;. The corresponding coordinate

transformation matrix B, is:
Bg = B.(y)B,(9)B,(¥)) =

cosdcosy sind —cosdsiny
—cosysindcosy + sinysiny  cosycosy cosysindsiny + sinycosy (1
sinysindcosy + cosysiny  —sinycosd —sinysindsiny + cosycosy

Figure 5 - The conversion relationship between the Sq and S,
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The relationship between the airflow coordinate system S, and the rocket body
coordinate system S, is determined by the total angle of attack a and the longitudinal
roll angle y,. First, the airflow coordinate system S, is rotated by an angle a around the
04Z4 axis to become the coordinate system O,X:Y'Z,. Then, the coordinate system is
rotated by an angle y, around the 0, X; axis to become the coordinate system O.X,Y;Z;.
This completes the transformation from the airflow coordinate system S to the rocket

body coordinate system S;. The corresponding coordinate transformation matrix Bé is:

cosa sina 0
. e ,
B} = Bx()’q) B,(a) = |—sinacosy, cosacosy, siny,
sinasiny,  —cosasiny, cosy, 2)

b) Rocket Trajectory Equation

In flight, the rocket is affected not only by the engine thrust P acting on the center
of mass and the gravity mg, but also by the aerodynamic force R. In the airflow coor-
dinate system, the aerodynamic force R can be decomposed into the aerodynamic drag
Q along the axial direction and the aerodynamic lift Y along the normal direction, that
is :

R=[-QYO0] (3)
0= %cxpVZSM )
Y = %CypszM (5)

Because the center of pressure of a rocket is generally not coincident with the cen-
ter of mass, let the distance from the center of mass to the rocket nose cone be x4, and
the distance from the center of pressure to the rocket arrow cone be x,,, so the distance
between the center of mass and the center of pressure is L,

L =[x, —x,00] (6)

Therefore, the aerodynamic force will generate a torque M, to make the rocket ro-
tate around the center of mass

M, =L x (BLR) (7)

1) Centroid kinematics equation

In the carried geodetic coordinate system S, the rocket is affected by gravity,
aerodynamic force and engine thrust, and the differential equation of center of mass

motion is:
d Uxa 0 —Q P
ma[vydl=[—mg +BIBE| Y [+BE|0 ®)
Vza 0 0 0

2) Rotational kinematics equation
In the rocket body coordinate system S;, the kinematics equation of the rocket ro-
tating around the center of mass is:
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dw
L,— at +(I y)a)zwy= qxt

dw
{ 1 d_ + (I Z)(J)x(l)z = Mq,yt (9)
U~ dt 2+ (I — L) wywy = My 4
The rocket is a rotating body, so I, = I, = I, therefore
( dw,
L W = Mq,xt
do 10
11y d— + (I = L) wyw, = Mgy (10)
I,—— d Z + u- x)wywx = Mgzt

1) System centroid kinematics equation
In the geodetic coordinate system Sp, the rocket's dynamic equations can be ex-

pressed as :
Uc xt wind,.q
dt yD vyD = vyd = B% |Ucye| + wind,,q (11)
Uc,zt wind 4

Among them, U, is the a1rspeed value of the rocket's center of mass, U ¢, Ucyt
U 7+ are the components of u. in the rocket body coordinate system S;. The relation-
ship between rocket ground speed v, airspeed U, and wind speed W is:

U=V-w (12)

2) System rotation around the centroid kinematics equation

Based on the transformation relationship between the carried geodetic coordinate
system S; and the rocket body coordinate system S;, the rotational angular velocity of
the rocket relative to the carried geodetic coordinate system Sy is the sum of vectors v,
9, and Y, therefore:

Wy Y 0] 0 1 sind 0 1(7
[wyl =|0|+ B,(y)|0|+ B.(y)B,(¥¥) zpl = [0 cosvcosy sinyl Y
Wy 0 1 0 0 —cosOsiny cosyl|g| (13

Through matrix transformation, we can obtain:

. [1 —cosytand sinytand

. cosy siny
Y[(=10 - Wy

. cosv cosV || (14)
0 [0 siny cosy i

By combining the above equations (8)-(14), the six-degree-of-freedom trajectory
equation for rockets can be obtained [7,8].

Flight Performance Analysis
a) Flight Phases.
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(@)

(b)
Figure 6 Vertical Motion parameters vs. Time of ZZ-1 rocket over a time interval (0,

600 s) of the entire flight (a) and during the rocket flight stage (0, 100 s) — region I (b)

The flight trajectory is divided into four phases:

1. Powered ascent (0 — 2.3s): Rapid acceleration under motor thrust, peaking at
377 m/s% Structural loads are highest in this phase.

2. Ballistic coast (2.3 — 20.7s): After burnout, the rocket coasts upward. Crossing
the transonic regime, drag peaks, but acrodynamic shaping mitigates shock formation.

3. Apogee and separation (20.7s): At 3078m altitude, velocity decreases to near
zero. The recovery system is deployed, separating the payload and motor sections.
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4. Descent and landing (20.7s—touchdown): Both sections descend under para-
chutes, ensuring a safe landing with minimal impact energy.

b) Dynamic Analysis of Stability Margin During Flight
Although performance targets are met, the static margin of only 0.42 calibers indicates
marginal stability. In turbulent or windy conditions, the rocket could experience signif-
icant pitch or yaw excursions. Improving aerodynamic stability through design adjust-
ments will be essential for consistent real-world performance.

(@)

(b)
Figure 7 Stability vs. Time of ZZ-1 rocket over a time interval (0, 600 s) of the en-
tire flight (a) and during the rocket flight stage (0, 90 s) — region I (b)
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After the engine ignition, the stability margin (blue line) of the rocket rapidly in-
creases from near zero, reaching a peak of approximately 1.4 radial lengths at about 2.5
seconds. This trend is typical: as the velocity increases, especially in the transonic re-
gion, the center of pressure (CP, red line) moves backward, increasing the distance
from the center of gravity (CG, green line), resulting in an increase in stability margin.
Subsequently, the margin slightly decreases and stabilizes at approximately 0.8 radial
lengths until the engine shuts down. Throughout the entire powered flight phase, the
stability margin remains positive, ensuring the controllability and attitude rigidity of
the rocket under maximum dynamic pressure conditions [9,10].

¢) Dynamic Analysis of Attitude During Flight

The rocket ignited and left the launch rail at approximately t = 1.5 s, entering the
powered ascent phase. During this phase, the vehicle's vertical orientation (green
curve) was stably maintained at 90°, indicating a near-perfect vertical trajectory and
effective attitude hold. Concurrently, the angle of attack (blue curve), after a minor
initial perturbation, rapidly converged to and remained near 0°. This provides strong
evidence of the rocket's excellent longitudinal aerodynamic stability. This stability
ensures that the vehicle flew with a minimal frontal cross-section through the region of
maximum dynamic pressure, thereby reducing aerodynamic drag and enhancing flight
efficiency [11,12].

(2)
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(b)

Figure 8 Angle of attack and orientation vs. time of ZZ-1 rocket over a time interval (0,
600 s) of the entire flight (a) and during the rocket flight stage (0, 40 s) — region 1 (b)

In contrast, the lateral orientation (red curve) exhibited violent, high-frequency
oscillations during this phase, with the azimuth fluctuating rapidly between approxi-
mately 30° and 170°. This phenomenon indicates a significant roll anomaly while the
motor was burning.

Conclusion

This study successfully demonstrates the comprehensive design and simulated
flight performance of a geophysical rocket constructed entirely from PETG using addi-
tive manufacturing. The six-degree-of-freedom (6-DOF) flight simulation indicates the
vehicle is capable of reaching an apogee of 3078 m and a peak velocity of 493 m/s
(Mach 1.46), propelled by a maximum acceleration of 377 m/s? (38.4 G). These results
provide strong theoretical evidence that 3D-printed PETG structures can withstand the
significant aerodynamic and structural stresses inherent in transonic and supersonic
flight regimes. Furthermore, the dynamic analysis confirmed positive flight stability
throughout the critical powered ascent phase (0-2.3 s), with a static margin peaking at
approximately 1.4 calibers. The simulation showed the vehicle’s angle of attack con-
verging rapidly to near-zero, validating the aecrodynamic design’s ability to maintain a
stable, low-drag vertical trajectory. This modeling effort confirms the feasibility of the
proposed modular architecture and material choice for demanding flight profiles.
Building on this validated model, future work will prioritize the fabrication and empiri-
cal testing of a physical prototype. This vehicle will be integrated with an avionics
suite to capture real-world flight data, which is essential for refining the simulation
models presented herein. Additionally, research into advanced materials, such as car-
bon fiber reinforced plastics (CFRP), will be conducted to enhance structural and ther-
mal performance for missions involving higher-thrust motors. In conclusion, this re-
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search establishes a robust design framework for the rapid and low-cost development of
geophysical rockets, showcasing the significant potential of additive manufacturing to
advance aerospace research and education.
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Tao Kynvusus, lllrne @acuns, Cnupuoonos A. A. MIPOEKTUPOBAHUE U
AHAJIM3 JIETHBIX XAPAKTEPUCTHUK TEO®U3UYECKOW PAKETHI
ZENGZHANG-1, CO3JAHHOM IO TEXHOJIOT'UHU 3-D IEYATH

IIpedcmasnenvl KOHCMPYKYUS U PE3YIbIMAMbL YUCTIEHHO20 AHANU3A OBUICEHUS 08YX-
cmynenyamou MooyIbHOU 2eoghuzuyeckotl pakemul Zengzhang-1. Ananusz ounamuxu noiema
paxemvt Onunnoti 1795 mm, ouamempom 131 mm, maccoit 8797 2 ons 3a0annoeo npoghuis
cunvl mseu paxemuoeo osueamens L2200G nozsonun oyeHuns MakCUMAaibHble 8bLCONTY HO-
nema 3078 m, ckopocmb osudicenus 493 m/c (1,46 Maxa) u ycxoperue 377 m/c?. Komnonoska
pakemul U nPUMEHeHUe CMAdUIU3AMOopPo8 obecneyudaem NoIoNCUMENbHbIL 3aNac YCmoudu-
80CMU U ee YNPAsAeMocnb Ha AKMUGHOM U baniucmuyeckom yyacmxax nonema. Modenu-
POBaHUE Y2NI08020 OBUIICEHUS PaKembl NOKA3A0, YMO NOJEen NPOUCXOOUM BEPMUKATLHO C
MUHUMATILHBIM JI0008bIM CONPOMUGTLIEHUE HA 8CeM YUACHIKe NOemd GHI0Mb 00 PA30eeHUs.

KaioueBble ciioBa: reodusmyeckas pakera, TEXHOIOTHH aJINTHBHOTO MTPOH3BO/I-
CTBA, 3arac yCTOWIMBOCTH, TMHAMHKA MOJIETa PAKETHI.
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YJK 579.8:631.8:631.46:633.14

BITUAHUE BUONPEMNAPATA TPAMUCUI B MOCEBAX O3MMOM
MWEHWLUbI HA MUKPOBOLIEHO3 NO4BbI

H. M. OanHeko
KaHAUAAT OMOMIOTHUYECKUX HayK, JOLCHT Ka(eapsl OnoI0ruu
I'omenbckuii rocynapcTBeHHbl yHuBepcureT uMeHu @. CkopuHbl

N. U. KoHuesas
KaH/AUAAT OMOMIOTHYECKUX HAyK, JOLECHT Ka(eapsl OnoIoruu
I'omenbckuit rocynapcTBeHHbIH yHUBEpCUTET UMeHH @. CKOpUHBI

C. ®. TumoheeB
KaH/UAT CeJIbCKOX03HCTBEHHBIX HAyK, TOLEHT Ka(eapsl ONOI0run
T'omenbckuit rocynapcTBeHHbIH yHUBEpCcUTET UMeHH @. CKOpUHBI

0. B. JanHeko
CTYJCHT OHOJIOTHUECKOTO (haKyIbTeTa
T'omenbckuit rocynapcTBeHHbIN yHUBEpcUTET UMeHH @. CKOpUHBI

E. A. Airrnosa
CTYIIEHT OMOJIOTHYECKOTO (paKylbTeTa
lomenbckuii rocynapcTBeHHbIH yHEBEpcUTET UMEHN @. CKOpUHBI

Ha ocnose muxpobuonoeuueckoeo ananusza ouonpenapama I pamucun, npume-
HABUIE20CA OJI5L NPUKOPHEBOLU NOOKOPMKU 03UMOLL NUEeHUYbL 8 (paze KYujeHUs 6 OCeHHUll
U 8eCeHHUTL NepUoObl, UIYUEHO €20 BIUAHUE HA MUKPOOHbIE NPOYeCccyl  HOUBAX H020-60C-
mouHnoz0 pezuona Benapycu. Ycmanosneno, umo cpoku enecenusi ne oxazvieaiom cy-
WeCmBeHH020 8030€liCEUs. HA MPAHCHOPMAYUIO NOUBEHHBIX OENKOBbIX COEOUHEHUI.
Ananusz skonoeo-mpoguueckux Koagpuyuenmos u UHOeKco8 noKaA3al, 4mo HanpasieH-
HOCMb KJIOUeBbIX NPOYecco8 0eCmpyKyul NPOMeNCYmouH020 0P2aHUecKo20 6elecmad
U €20 HAYAIbHOU 2YMUDUKAYUU OCMAEMCs HeUSMEHHOU He3a8UCUMO oM nepuooda npu-
MeHeHus: npenapama.

KutioueBble cji0Ba: 03uMas MIICHUIIA, MUKPOOOIIEHO3 TIOYBBI, 3KOJIOTO-TPO(HUUe-
CKHE TPYIIIBI TOYBEHHBIX MUKPOOPTraHU3MOB, [ pamMucuiL.

Beenenue
YHUKaNbHBIN 110 CBOMM XapaKTepucTUKaM Ouorpernapar [ paMucuit cipoekTUpoBaH
B MHucturyte mukpoduonorun HAH benapycu. CocTaB npenaparta u pe3ynbTaTbl Ha-
YaJIbHBIX T€CTOB 0 3(h(heKTUBHOCTH €ro UCTIOIL30BaHUSI U1l POCTa U Pa3BUTHS 03UMON
MIIEHUIBI IpeacTaBieHsl B [1]. Panee HamMu ObUI0 MpoaHAIM3UPOBAHO BiIMsIHUE [ pamu-
cuja B OJHOJIETHEM ITOJIEBOM OIBITE B IOCEBAX 03UMOTI0 STUMEHSI HA B3aUMOOTHOILICHUS

© [Haiinexo H. M., Konnieas 1. U., Tumodees C. ., [aitneko [1. B., Aiirmosa E. A., 2026
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OCHOBHBIX 3KOJIOTO-TPOPHUECKUX TPYII MUKPOOPTaHU3MOB [2]. JIpyrue cBemeHus 1o
HCCIICOBAHHIO JICHCTBEHHOCTH NPHMEHEHNST MUKpOOHOTO Ipenapara [ pamucni B u-
TepaType OTCYyTCTBYIOT.

Cremyer momyepKHYTh, YTO Ha TEKYIIMH TEPUO] MPOM3BOJICTBO CEIHCKOXO3Si-
CTBCHHOH TPOAYKIIMH Pa3BHBACTCS B paMKaxX HANPABICHHUS yCTOWYHBOTO CEIBCKOTO
XO3STMCTBA, MAKCUMAJIBHO COOTBETCTBYIONICE IKOJIOTMIECKOMY HOIXOMY B 3EMIICICIHN
W pacTEHHEBOACTBE. B 3TOM HaydYHOM WM IPOW3BOACTBEHHOM MPOCKTE MPEIIIOIAracTcs
AKTHBHOE HCIONB30BAHNE MHUKPOOPTaHM3MOB B COCTaBE MHKPOOHBIX IPENapaToB Kak
JIOTIOJTHUTEIBHBIA M, BO3MO)KHO, OCHOBHOH NCTOYHHUK HEOOXOIUMBIX paCTEHUSIM MUKPO-
1 MakpoanemMeHToB [3], B yactHocTH hocdopa [4].

B anamuTtrueckom 0630pe [3] 00cyKaaroTcs 3KCIIEPUMEHTAIBHBIC Pa0OThI UCCIIe-
lIOBaTeJ'Ieﬁ B pasHbBIX CTpaHax MHUpa Ha TEMY YBCIIMYCHU IIJIOAOPOAU ITOYBEI C IICJICHA-
IMpaBJICHHBIM MPUBJICYCHUEM KOHCOPIMYMa IMOYBCHHBIX MUKPOOPIaHU3MOB. HpI/I 3TOM
ABTOPBI OTMEYAIOT, YTO MPOU3BOAUTCIIN MI/IKpO6HLIX npenaparoB 3aMHTEPECCOBAHBI B UX
TECTUPOBAHNUU B PCAJIBHBIX IMOJIEBBIX IMMOYBCHHBIX YCJIOBUAX, YTO IMPAKTHYICCKU HE BbI-
MIOJTHSIETCS, M B OTIPE/IeIICHIH TTO3UTUBHOTO 3(p(peKTa OT HCTIOIh30BaHNUs Ha TIOJIOPOINE
B arpoOuorieHo3ax. Takum 00pa3oM HECOMHEHHA aKTyaJbHOCTb TEMBI JAHHOTO HCCIIe-
JIOBaHUS.

MeToasb! Hcciie10BaHNS

VccnenoBanus BHITIOMHSITN HA IPOTSHKCHUH JIBYX JIET B OCEHHE-BECCHHUI TEPHOT
2023-2025 romoB Ha 3emysiX arpokomOuHaTta «FOskHBINY BOMM3H H. 1. JlomaruHo To-
MeJbCKOro paiioHa ['omenbckoit oonactr. OOBEKT UCCIIETOBAHM — aKTUBHOCTh OCHOB-
HBIX TPYyNII MHKPOOPTaHMU3MOB IpH 00paboTKe OmompemnaparoMm I'paMucui B moceBax
03MMOH IIIICHUIIBI.

OnbIT OBUT 3AJI0KEH Ha JIEPHOBO-TIOA30IUCTOM JIETKOCYTTIMHUCTON TIOYBE HA MOCe-
Bax O3UMOM MIIEHUIIBI COPTa K AMEITHUSI»:

1) xoHTpOIIB (K) — 6e3 00padoTKK TTOCEeBOB OuonpenaparoM [ pamucui;

2) 00paboTKa TOCEBOB O3UMOM MIICHHUITBI OronpenapaTom [ pamucuit (omsIT (0)).

B akcriepuMenTe M3ydanu JBa CpoKa BHECEHHUs OMoIpenaparos: 1) B OCCHHUH Tie-
puon — B a3y HavaJIo KyIICHUS; 2) B BECEHHHUN MEproa — B a3y KyIIEHHS; ¢ HOPMOH
pacxona buonpenapara, paBHO# 3 n/ra.

OT00p MOYBEHHBIX 00PA3LIOB BHITOIHSIN 110 CICAYIONINM (a3aM pocTa U pa3BUTHUS
03MMOM MIIECHUIIBI: KYIICHNUS, BBIXOJ] B TPYyOKY, IIBETCHUSI, BOCKOBAsI CIIEIOCTh. 3aKJIaaKa
OTIBITOB, KOJTMYECTBEHHBIH 4T MUKPOOHOTO COOOIIECTBA OYBHI, CTATUCTUYCCKHUI aHa-
JIU3 TPOBOAMIIN COINIACHO OOIIECTIPUHITOMY aIrOpUTMY padoTsI [2].

OcHoBHast YacTh

Ilo manubeiM [omenpoONTHIpPOMETa, METEOYCIOBHSI B BETCTALMOHHBIM MEPHON
2024 roma xapakTepHU30BAJINCh CYIIECTBCHHBIMHU KOJICOAHUSMH TEMIIEPAaTyphl BO3IyXa
U OCaJKaMHU II0 JeKaJlaM, 4TO B HEKOTOPbIE MECSIBI OTPAa3UIOCh Ha HEPABHOMEPHOM
BBINIAJICHUM OCAJKOB [S5], U UTO MOIJIO OKa3aTh OTPHUIATENILHOE BO3/CHCTBHE Ha POCT
Y pa3BUTHE MOYBEHHBIX MUKPOOpraHU3MoB [6]. B uccinenyemsiit nepuoa 2025 rona Ha
TeppuTOpUn ['OMENIbCKOW O0JIACTH TEeMIIepaTypHBIA PEXUM OTIMYAJICS BBICOKOW KOH-
TPACTHOCTBIO KaK I10 JieKaJlaM BHYTPU MeCsIIa, TaK U MEKIY pa3HbIMU MecsiiamMu. B oT-
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HOIICHUH OCAJKOB OTMEUCHBI OJArONPHUATHBIC YCIOBHS 110 BIAr000ECIICUCHHOCTH IS
pocCTa U pa3BUTUS CEILCKOXO3SIMCTBEHHBIX KyIbTYyp [7, 8].

BraXHOCTbh MOYBBI MEHAJIACh B COOTBETCTBUH C KITMMATHYECKHUMHU XapaKTEPUCTH-
KaMU 32 aHaJM3UPyEeMblil BEreTallMOHHBINA TIEPUO/.

B gactHOCTH, HaYambHBIA MMOKA3aTeNh BIAKHOCTH ITOYBHI (€€ 3a00p OBLT BBIOJ-
HeH B HosiOpe 2023 roma u B koHIe anpens 2024 roma) cocrasua 21,7-27,3%, uto xa-
pakTepusyeT 00ecreueHHOCTh MTOYBBI BOJIOW HA ONTHMAaIbHOM ypoBHE. B nanpHelinem
pu 0TOOpE MOYBHI B Mae BBIIBICHO CHIDKCHHE BIQXKHOCTH MOYBHI 10 12,4-16,4%. [lns
00pa310B MOoYBHI K3 ¥ 03, 0OTOOPAHHBIX B KOHIIE BTOPOU JIEKaIbl IO OTMEUEHO CYIIe-
CTBCHHOC CHIDKCHHE ITOKa3aTellss BIa)KHOCTHU IouBHl 10 0,9-2,2%. HamomumHaeMm, 4To
B HIOJIE KOJIMYECTBO OCAJKOB CyMMapHO cocTaBHiIO 84% HOPMBEI, YTO XapaKTepH3yeT
JTAaHHBIN JIETHUN MECSI] KaK 3aCyILTUBEII TIEPUO/I.

B 2025 romy B BereTarimoOHHOM IepHO/e Ha KONIeOaHMs 3HAUCHHH KO3 (PUINEHT BIIaXK-
HOCTH TIOUBBI OKa3aJI0 BIUSHUE TIepepacipeeieHre 0CaJIKOB IMo JiekaiaMm Mecsia. Hanpu-
Mep, B TIEPBOM JieKajie Masi yCTAHOBJIEHO 3Ha4eHHe Ioka3aresst Ha yposHe 7,4-9,1%, B TO
BpeMsl KaKk B TPeTbell JieKaze OTMEYalld upe3MepHOe KolmuecTBO ocaikoB [7]. CooTBeT-
CTBEHHO, W 3HA4YCHUs K0d((HUIMEeHTa BIaKHOCTH IMOYBHI Bo3pociu 10 14,9 u 18,2%.
Jlanee 11t HIOHBCKUX 00pa3IIOB ITIOYBBI OTMEUCHO CYIIECTBEHHOE CHIDKCHHE MTOKA3aTeIsI
BJI&KHOCTH TOYBHI 710 8,2-9,1%. HecoMHeHHO, TOYBEHHAsI BOIa OOYCIIOBINBACT KHU3HE-
JIeSITeNIbHOCTD NPEACTaBUTENCH KaK 2YKapHOT, TaK U MPOKAPHOT.

UHCNEeHHOCTh MPEACTaBUTEICH U3y4aeMOro MUKPOOOIIEHO3a TOUBbI ITPU OCEHHEM
U BECEHHEM BHECCHHWU Ipemapara [ paMucui B moceBax o3uMoi mmieHuns 2024 roma
IOKa3aHa, COOTBETCTBEHHO, B Tabyumax 1 u 2.

JlmHamMuKa CHIDKCHUS! YHUCIICHHOCTH MO OONBIIMHCTBY M3yYaeMBIX TPYIIT MHUKPO-
OpPraHU3MOB OT (ha3bl KYIICHUS WM (a3bl BBIXOA B TPYOKY K (ha3e BOCKOBas CIIEIOCTh B
KOHTPOJIBHBIX 00pa3iax Mmo4yBbl, YCTAHOBIEHHAS TIPU 000HMX CPOKaX BHECEHUs OHOIIpe-
napara, B IIEpBYIO odepe/ib OObACHSAETCS METEOPOIOTHYECKUMH YCIOBUSIMU BETeTallH-
onHoro reproza 2024 rona, KOTOphIe CKa3aiich Ha YMEHBIICHUU BIaKHOCTH MTOYBEI OT
21,7 % B mae no 0,9 % B utone.

Crnemyer OTMETHTh CTATUCTHUYECKHU JIOCTOBEPHOE OTHOHAIIPABICHHOE JICHCTBHE Te-
CTHUpyeMOro OHonpenapara B OTHOIIEHHH OOJBITHHCTBA H3YYSHHBIX TPYIIT MUKPOOpra-
HU3MOB ITOYBbI, 0TOOpaHHOH B (ha3ze BBIXOA B TPYOKY, HE3aBUCUMO OT CPOKOB BHECEHUS
I'pamucuna. B yactHOCTH, B OMNBITE «OCEHHEE BHECEHHE OMONpenapara» B yKazaHHYIO
(a3y yCTaHOBIICHO CYIIECTBEHHOE CHIDKEHUE YHCICHHOCTH IIPEICTaBUTEIICH BCEX aHa-
JU3UPYEMBIX SKOJOTHUSCKUX HUII, KpOMe rpymIibl (hocharMOOMIH3YIONINX OaKTepuil, y
KOTOPBIX, HA00OPOT, HAOIIOIATTN BO3pACTAHNE YUCICHHOCTH B 4 pa3a 1o CpaBHEHUIO CO
3Ha4E€HUEM KOHTPOJIBHOTO BapuaHTa. B mouse, 0ToOpaHHOI B (pa3e BOCKOBas CIENOCTb,
TOJILKO IO OT/AEJIBHBIM TpyIaM OaKTepHil OTMEYEHO JOCTOBEPHOE YMEHbIICHHE MOKa-
3arenst KOE/r mpu o6oux cpokax BHecenwus ['pamucmna. B mouse, oroOpanHoi B aze
KyIICHNS TIPH OCEHHEM BHECEHHH OMoIpernapara, Takyke OTMEJAIH CYIIECTBEHHOE CHU-
YKEHHUE YUCIICHHOCTH IS TPEACTABUTENIEH Pyl aMMOHH(UITPYIOMUX U pochaTmo-
OnnM3yroImux 0akTepuid, COOTBETCTBEHHO, B 1,8 1 2,5 pasza. B To Bpems kak B 1,8 paza
BO3pOCia YUCICHHOCTh AMUJIONUTHYECKIX MUKPOOPTraHu3MoB (Tabmuua 1).
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Tabnuya 1 — Yucrennocms npedcmasumeneti MUKPOOOYEHO3A NOYGbL NPU OCEHHEM GHe-
cenuu buonpenapama I pamucun 6 nocesax 03umMoul NUeHUYbl,
KOE/2 abc.cyx. nouswr x 10° (2024)

I'pynma muxpoopra- ®daza KymeHus ®a3za BbIxox B TpyOKy | Pa3a BOCKOBas CIIEIOCTh
HU3MOB Kl ol K2 02 K3 03

aMMOHH(HIIUPYFO- 28,6+0,9* 8,4+1,1* 18,9+4,7

e 40,8+6,2 30,9+3,5 19,9+2,6

cnopoBele ammonu- | 1,8+€0,3 | 2,8+¢0,5 | 2,840,2 | 1,5+0,2* 1,4+0,3 2,0+0,1

(hukaTopsl

amunonutuueckue | 28,6424 | 44,7+£2,5% | 46,2+1,5| 16,1+1,5% | 27,6+2,8 29,542,6

docharmobmuzy- | 2,5+0,1 | 0,1+£0,1* |0,1£0,03| 0,4+0,06* | 0,2+0,1 |0,01+£0,007*

OLIHe

OJIUTOHUTPO(PHITH- 40,0+3,2 20,3+2,6* 28,4+4,1

HBIE 32,1£5,4 28,3+1,0 26,7+£3,4

OJTUrokapooduIb- 69,0+6,2 18,2+3,3* 18,6+3,6%*

HBIC 50,7+8,6 61,0+1,5 26,5+2,7

ABTOXTOHHBIC 52,0£8,2 | 50,8+4,1 |53,4+£3,2| 10,5£0,9*% | 30,0£1.,6 15,5+0,9%*

MHKPOMHMIIETHI, X 19,0£1,1 | 11,0+£0,7* | 7,840,4 | 4,1+0,4* 6,4+0,1 7,9+0,04%*

10°

ITpumeuanue: *craructudecku goctoBepHO pu p <0,05 1Mo cCpaBHEHUIO ¢ COOTBET-

CTBYIOIIIUM KOHTPOJIEM

B ombiTe «BeceHHee BHeCeHNE | paMucHiia» BO BCEX IKOJOTMUCCKUX HHIIAX OTMe-
YaJli B OMBITHBIX 00pasnax JIM00 CyIeCTBEHHOE CHIKCHHE YNCIICHHOCTH MPEICTaBUTE-
el U3yuaeMoro MUKpOOHOTO cOo00IIeCTBA ITOUBEL, TMOO0 COMOCTABUMOE C KOHTPOJIbHBIM
00pa31oM KOJINYEeCTBEHHOE yuacTue (Tadnuna 2).

Tabnuya 2 — Qucnennocme npedcmasumenetl MUKPODOYEHO3A NOUEbL NPU 6ECEHHEM
sHnecenuu buonpenapama I pamucun 6 nocesax 03uMoU NUEHUYbL,
KOE/z abe.cyx. nouse x 10° (2024)

['pynma MukpoopranuzMoB ®da3za BBIXOJ B TPYOKY ®daza BOCKOBas CIIEIOCTh
K2 02 K3 03

AMMOHH(DHUIIUPYFOTIUE 30,9+3,5 253+2,3 16,4+3,3 16,5+5,1
CIIOPOBBIE aMMOHHU(DHUKATOPHI 2,7+0,2 2,5+0,2 1,8+0,1 1,0+£0,1*
aAMHJIOJINTHYCCKUE 46,2+1,5 31,442,0* 25,746,2 33,4£1,8
(hocharmodumM3yromme 0,1+0,03 0,04+0,02* 0,02+0,01 0,02+0,01
OJIMTOHUTPO(UITbHBIC 28,3+1,0 28,7+4,0 18,7+1,8 17,1£2,5
onrokapooduibHbIe 60,9+1,5 50,0£3,7* 42,9445 31,2+£2,1*
aBTOXTOHHEIC 53,4432 29,8+5,8* 14,8+0,3 18,842,2
MHKPOMHIIETHI, X 10° 7,8+0,4 8,2+0,8 7,340,5 6,5+0,6

ITpumeuanue: *craructudecku goctoBepHo mpu p <0,05 Mo cpaBHEHUIO ¢ COOTBET-

CTBYIOIIUM KOHTPOJIEM

Takue JaHHBIC CBUACTCIILCTBYIOT O BJIMAHHWU 3aCyHIJIMBOTO IE€pHOJaa HA YUCICH-
HOCTb MHUKPOOPraHMu3MOB OIBITHBIX BAPUAHTOB B OOJIbIIIEH CTEICHU I10 CpaBHEHUIO C
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KOHTPOJIEM. 3/1eCh B OTHOIIICHUH OTBITHBIX 00PA3II0B MOXKHO TPEIIONIOKHUTE AKTUBH3a-
I[MI0 SHEPro3aTpaTHBIX MPOIECCOB aJaNTalMU K 3acyXxe y OakTepuil, B TOM 4HCIIe [IPU
y4acTHH KOMILJIEKCa MHKPOOpraHu3MoB Ouomnpenapara ['pamucui. Hamomunaem, uto
0akTepuu KOMILIEKCA CIIOCOOHBI mpoayIpoBarh Gpepment ALIK-nezamuna3zy, kotopas
CHIO0COOHA CHIKATh YPOBEHD «CTPECCOBOTO ITHIICHA) Y PACTCHUIL, IIPEIOTBpAIIas Y HUX
MoJIaBIICHUE POCTa, OoJiee OBICTPOE CTAPEHHUE, CIOCOOCTBYS YCTOHYMBOCTH K 3acyxe [9].
U rtakoii apdekt yacTuHO coXpaHseTcs U Ha CTaJlui BOCKOBOM CIIEIIOCTH, KOTJIA YHC-
JICHHOCTb MHUKPOOPraHnu3MOB B OIIBITHBIX 06pa3uax YKE B MEHBIIICH CTEIICHH OTJINYacT-
Cs1 OT 3HAYCHUII B KOHTPOJIE IPH O0JIee KECTKUX YCIOBHAX 3aCyXH, KOrna K03 UINEHT
BIaXXHOCTH MouBbI paBeH 0,9 %. Eciu roBOpUTh KOHKPETHO O MINCHHIIE, TO CICAYET
ynoMsiHyTh 0030p [10], B KOTOpOM paccMaTpUBAIOTCS pa3iIHdyHbIC (yHIAMEHTAIbHEBIC
MEXaHU3MBI B3aUMOACHCTBUS Bacillus spp. ¢ pacTCHUSMH MIICHUIIHI B YCIOBUAX 3aCy-
XU, KOTOPbIE MOTYT OBITh UCTIOIB30BaHbI, C TOUKH 3PSHHUS aBTOpa 0030pa, s pa3padoT-
KH MI/IKpO6HLIX nmpenaparoB U UX MPUMEHCHUA B OKOJIOT'MYCCKU OpHeHTHpOBaHHOﬁ TCX-
HOJIOTUH KYJIBTUBUPOBAHUA YIIOMSAHYTOI'O 3JIaKa B YCJIOBUAX HCYCTOﬁqHBOFO KJmMmara.

PaccmoTpuM BiMsiHME CPOKOB BHeceHUs Ouorpenapara ['pamucui (OCeHHUI 1 Be-
CEHHUH CPOKH) Ha KOJHMYCCTBEHHBIH COCTaB M KAYCCTBEHHBIH CIIEKTP MPEICTaBUTEICH
MTOYBEHHOTO MUKPOOOIIEHO3a B 00pasIiax IIOYBbl, 0TOOPAaHHBIX B ITOJICBEIX IIOCEBAX 03H-
moH mmenunsl 2025 rozxa.

Tabnuya 3 — Yucnennocms npedcmasumeneii MUKpoOOyeHo3a nouevl NPU OCEHHeM GHe-
cenuu buonpenapama I pamucun 6 nocegax 03umMoul nueHuybsl,
KOE/2 abc.cyx. nouser x 10° (2025)

I'pynna mukpoopra- Ddasza KyueHus ®a3a BbIXOJ B TPYOKY ®dasa nBeTeHUs
HHU3MOB Kl ol K2 02 K3 03

aMMOHHU(DHUIIUPYFO- 24,8+0,9 8,8+0,4* 15,8+3,0%*
e 24.3+4.0 26,8+4.,9 31,4+1,5
CIIOPOBBIE AMMOHU- 2,3+0,1 1,7+0,1* 2,3+0,3 |32,6+£3,2*% | 2,7+0,1 2,0+0,1
(ukaropsl
aMUJIOIUTHYECKUE 30,4+2,1 | 15,0£0,4% | 35,3£3,2 | 13,3£1,1* | 45,1+£2,0 | 18,1+2,7*
dhocharmodmTU3y- 0,4+0,02 | 0,2+0,03* | 0,2+0,03 | 0,2+0,01 | 0,2+0,02 | 0,2+0,01
FOIIUe
onmuronurpodunbneie | 31,0+0,5 | 11,5+0,9* | 352+3,6 | 14,6+1,4*% | 42,243,1 | 31, 3£6,1
onurokapoodunbneie | 45,3£3,1 | 41,5+44,1 | 30,2£2,6 | 34,2+5,8 | 9,5+0,3 15,5£2,6
ABTOXTOHHBIC 70,8+6,5 | 19,9+£3,3* | 18,2+£2,6 | 4,9+0,7* | 24,0+£0,6 | 11,4+1,2*
MHUKpOMHIIETRI, X 10° | 38,143,5 | 142,242 4* | 11,8+0,7 | 60,2+5,9* | 31,6+2,7 | 86,5+1,9*

Ipumeuanue: *CTaTHCTUYECKH H0CTOBEpHO mpu p <0,05 M0 CpaBHEHHIO C COOTBET-
CTBYIOIIIUM KOHTPOJIEM

Tabnuya 4 — Yucnennocms npedcmasumeneti MUKpoboyeHo3a noussbl Npu 8eceHem

sHnecenuu buonpenapama I pamucun 6 nocesax 03uMo NUEHUYbL,
KOE/2 abc.cyx. nouswr x 10° (2025)

I'pymima MUKpOOPraHU3MOB Da3za BBIXO] B TPYOKY dasza 1BETCHUS
K2 02 K3 03
aMMOHHU(DHUIUPYIOIIUE 26,8+4,9 | 13,3+2,3* 31,4+1,5 14,343,0*
CIIOPOBBIE aMMOHU()UKATOPBI 2,3+0,3 1,7+0,1 2,7+0,1 23,3+1,5%*
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IIpodoncenue mabamywt 4

aMUJIOJIUTHYECKHUE 35,3+£3,2 14,8+1,0%* 45,1+£2,0 45,5+6,5
(hocharmoOmITH3yIOIIHEe 0,2+0,03 | 0,3+0,07* 0,2+0,02 0,2+0,1
OJIMTOHUTPO(UITBHBIC 35,243,6 | 15,5+1,7* 42,2431 25,843,6*
OJIUrokapooduIIbHbIC 30,2+2,6 30,5+4,2 9,5+0,3 15,3£5,2
aBTOXTOHHEIE 18,2+2,6 4,7+1,3* 24,0+0,6 72,5+9,6*
MHUKPOMHMIIETHI, X 103 11,8+0,7 | 39,1+5,9* 31,6£2,7 118,4+3,5*

[TpumMeuanue: *CTaTUCTUYECKH HOCTOBEpHO mpH p <0,05 1Mo CpaBHEHHIO C COOTBET-
CTBYIOIIIUM KOHTPOJICM.

[pu ananu3e qaHHBIX TAONUIl 3 U 4 YCTAHOBICHO, YTO OOJBIIAST YACTh MIPEACTABH-
TeJel 3MMOTEHHOW M OJIMTOTPO(HOMN SKOJIOTHISCKUX HUNI Ha BceX (hazax oTOOpa MOUBEI,
HE3aBHCHUMO OT CPOKOB BHECEHUs OMoIpenapara, B OMBITHBIX BAPUAHTAX 110 OTHOIICHUIO
K KOHTPOJIGHBIM 3HAYCHHSIM COXPaHICT OMMHAKOBYIO HAIIPAaBICHHOCTh B I3MEHCHNH I10-
kazarenst KOE/r. Yaie 5To 1160 conocTaBuMasi ¢ KOHTPOJIEM YHCICHHOCTb, JIN0O CyIIe-
CTBCHHOEC CHIDKCHUE YUCICHHOCTH MHKPOOPTraHU3MOB. [lo Trpymie «crmopoBble aMMO-
HU(HUKATOPD) OTMEUCHA HECKOJILKO UHAsl peakius. B 4acTHOCTH, pU OCEHHEM BHECEe-
HUM OMOMpenapara YCTaHOBICHO pe3koe B 14 pa3 yBelUUeHHE YHCICHHOCTH OaKTepHid
MOYBBI, OTOOpaHHOHU B a3y BeIxona B TpyOKy (Tadbmuua 3). B o0Opasmax, oToOpaHHbBIX
B (ha3y I[BETEHUS, BBIIBICH BO3BPAT YMCICHHOCTH B OIBITHOM BapHaHTE K KOHTPOJIb-
HOMY 3HaueHuto. [Ipy BeceHHEM BHECEHHH OHOmpernapara MOoJOOHbIH MUK YUCICHHO-
CTH CHOPOBBIX aMMOHH(HUKAaTOPOB YCTAHOBICH IUISI ONMBITHBIX 00pa3IoB, OTOOPaHHBIX
B (ha3y uBereHus (Tadbnuna 4). J{is nosiCHEHHsT yITOMSHYTBIX OTBITHBIX JaHHBIX IO CTIO-
POBBIM aMMOHH(HKaTOpaM, OOJTBITHHCTBO W3 KOTOPBIX MPEACTABICHEI a3pOOHBIMU BHU-
naMu pona Bacillus, cnenyert, BO-IIepBbIX, yKa3aTh Ha N3MEHEHHE BIAYKHOCTH ITOYBBI IO
cpokam ee orbopa: 7,4-9,1 % (B ¢aze xymenus), 14,9-18,2 % (B ¢ase BeIXox B TpyO-
Ky), 8,2-9,1 % (B (ha3e uBeTeHUs), T. €. 3aCYILIUBLIA NEPHOA YEPEIYETCS C YMEPEHHOU
BIT&YKHOCTBIO ITOYBHI. BO-BTOPBIX, B MHOTOUYHMCIICHHBIX HCCICIOBAHMSIX OKA3aHO, UTO
Bacillus spp. sIBISIOTCS TPUPOAHBIMU PETYIATOPAMHU POCTA, OTHOCAIIUMHUCS K TPYIIIIE
PGPB (Plant Growth-Promoting Bacteria), ctumynupyromux poct pactenuit [10] u pe-
ANM3YIONIMX UX aJANTUBHBIN MTOTCHIIMAN MPH HEOIArONPHUITHBIX YCIOBUAX Cpeabl. Mbl
MOXEM KOHCTATHPOBATh 3aJICPXKKY aKTUBHOTO POCTa M Pa3BHUTHSI CIIOPOOOPa3yIOIINX
Oakrepuii, KoTopas BeIpa3wiach B yBenuueHnn nokaszarens KOE/T npu BeceHHEM BHe-
ceHun Ouormpenapara B (hase I[BETCHHUS 110 CPABHCHHIO ¢ 00Jiee paHHUM TIPOSBICHHEM
aKTUBHOCTHU pocTa OakTepuil B (haze BhIXOI B TpYOKy mpu 00paboTke OuompemnaparoM
B oceHHHH nepron. OJHAKO MMEIOMHUECs B TUTEPAType Pe3ylbTaThl, TEM HE MEHEe He
MO3BOJISIIOT YETKO OTPEIeTUTh MexaHu3Mbl Bacillus-omocpenoBanHoi 3aCyX0yCTOHYH-
BOCTH IIIICHUIIBL, 3 HA00OPOT TOMHIMAIOT MHOKECTBO HOBBIX BOIIPOCOB, CBSI3aHHBIX B
TOM YHCJIe ¢ MeTa0oIuecKUMu myTsimu Oarmiut [10].

OTaenbHO ClEeayeT YHNOMSHYTH TPEICTABUTENICH aBTOXTOHHOW HKOJOTHYECKON
HUIIHY, OTHOCSINCHCS K KOPCHHOW MOYBCHHONW MHUKPOOMOTE, KOTOpask KOHTPOJIHPYET
TIPOIIECCHI PA3IOKCHUS CHEHU(PHUSCKOTO OPTaHUIECKOTO BEIIECTBA, TPAHC(HOPMAIHN
U MPOIYLUPOBAHUS TYMYCOBBIX COCAMHCHUH MouBbl. Kak M3BECTHO, MPU HOPMATIHHOM
MTUTATEIIFHOM PEXXHMME aBTOXTOHHAS MUKPOOHOTa 00bIMHO He noMuHupyeT [11]. Takum
00pa3oM, MOJYUYCHHBIC B DKCIICPUMEHTE CYIICCTBCHHO CHIIKCHHBIC MO CPABHEHUIO C
KOHTPOJIEM 3HAUCHHS YHCICHHOCTH MHKPOOPTaHM3MOB OITBITHBIX BAapHAHTOB CBHIC-
TEJNLCTBYIOT 00 ONTUMAIBHOM KOIMUECTBECHHOM U KAY€CTBCHHOM COCTABE MX MUTATEIb-
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HOTO cyOcTpara, He3aBHCHMO OT CPOKOB BHECEHHMS | paMucuiia. AKTHBHOE pa3BUTHE aB-
TOXTOHHBIX MUKPOOPTaHU3MOB OBLIIO OTMEUEHO IIPY BECEHHEM BHECEHHHU OHOTIperapara
B 00pasiax Mmo4Bbl, OTOOpaHHOW B (pa3e IBETEHHsI, O YeM CBHUJICTEILCTBYET 3HAYCHHE
KOE/r paBHoe 72,5+9,6 (Tabnuua 4). O6paiaeM BHUMaHUE, YTO aHATOTUYHBIN pe3yb-
tat (70,85+6,5 KOE/r) Ob11 oNy4yeH Il KOHTPOJILHOTO BapraHTa K1, mpu otOope 1o-
YBBI B (ha3ze KyLIEHHs B ONbITE «OCEHHEe BHECeHHE Ouomnpenapara» (tadbmuma 3). Kak
M3BECTHO, 00CyX)maeMasi MUKpOOHOTa HE CIIOCOOHA yCBaWBaTh AJIEMEHTHI MTUTAHUS U3
JIETKOIOCTYITHOTO OPTaHUYECKOTO BENIECTBA. ABTOXTOHHBIE MUKPOOPTAHU3MBI UCTIOJb-
3yIOT TOJBKO CIICHU(PHUICCKIE OPTraHUIECKNEe KOMITOHEHTHI MTOYBHI PAa3IMYHON CTEIICHA
ryMu(UKaIMd KaK UCTOYHUK DHEPTHH U CyOCTpaThl OMOCHHTETHYCCKHX IMPOIECCOB.
[To-BunuMOMY, TTOCIIe 3UMHETO U PAHHEBECEHHETO IEPHO/a B ITOYBE ITPOMCXOIUT HAKO-
TUICHHE Pa3HBIX (POPM I'yMYCOBBIX KOMIIOHECHTOB, YTO MOTJIO ITOBIUSITH Ha aKTUBU3AIIHIO
MHUKPOOPTaHN3MOB aBTOXTOHHOM TPYIIIIBI, B TO BPEMs KaK Ha MPOTSHKEHIH HCCICAYEMO-
TO BETeTAI[IOHHOTO Mepuoia AeUCTBHE Ononpenapara I paMUChI MOJaBIseT MPOIECCH
M3MEHEHHS TyMYCOBOTO peXHMa MOYBLL. YrioMsiHyToe 3HaueHne KOE/T B ombITe, paBHOE
72,5+9,6, ¢ Haleil TOYKU 3pCHHUS, YaCTHYHO OOBSICHACTCS TAKXKEe aKTUBU3AIMCH MPe-
CTaBHUTENICH MUKPOMUIICTOB.

B OTHOIIEHHHM MHUKPOMHIICTOB MHKCOTPO(GHO-CUHTETHUCCKON DKOJOTHYCCKOU
HUIIK CJIeyeT MOJYePKHYTh CYIIECTBEHHOE Bo3pactaHue mokasatenss KOE rpuOHbIX
3a4aTKOB/T B OMNBITHBIX BapHAaHTaX MO CPABHEHUIO C KOHTPOJIEM, HE3aBHCUMO OT CPO-
KOB BHECCHHS OWoIperapara U CpokoB 0TOOpa MouBbl. Kak M3BECTHO, MUKPOMHIIETHI
AKTHBHO yYacTBYIOT B IPOLECCAaX NECTPYKIHH M TPaHCHOPMAIUU KaK CBEIKETO, TaK U
MIPOMEKYTOYHOTO, M CIICHU(PHICCKOTO BEIIECTBA ITOYBHI, BKIIOYAs MPOIYIIPOBAHHE
MUTMEHTOB TYMYCOBBIX COCTUHCHUI.

[Tpoanamu3upyeM BiHsHHE Owompernapata ['pamMucuin Ha SKOIOro-Tpodudeckne
MHAEKCHI U K03 duieHTs (Tabnuua 5).

Tabnuya 5 — Bausnue duonpenapama I pamucun Ha sKon020-mpoguyeckie UHOeKcwl U

K02 huyuenmuol
Ioxasaremn @aza ky- | daza BEIXOx B TpyOKy | Daza I[BETCHHs/BOCKO-
HICHUS Basi CIIEJIOCTh

klo | olo | k20 | 020 | k2B | 02B | k30 | 030 | k3B | 03B

2024 rox
ko3¢ ¢urment muHepanmzamu | 0,7 | 1,6 | 1,S | 1,9 | 1,5 | 1,2 | 14 | 1,6 | 1,6 | 2,0
WHJIEKC OJIMTOTPO(QHOCTH 1,2 (2412022120120 1,3 1,0(261|19
ko3¢ urment nexorpopuocrn | 1,3 | 1,8 | 1,7 | 1,2 | 1,7 | 1,2 | 1,508 | 09 | 1,1

2025 rox
ko3¢ ¢urment muHepanmzamu | 1,3 [ 06 | 13 | 1,S | 1,3 1,1 | 14 | 1,2 | 14| 3,2
WH/IEKC OJIMTOTPO(HOCTH 191,711 139]1,1]123103|10]03] 1,1
k03¢ purment nexorpopuocru | 29 | 0,8 | 0,7 | 0,6 | 0,7 | 0,4 | 0,8 | 0,7 | 0,8 | 5,1

[TpumMeuaHue: 0 — OCEHHee BHECEHHE OUoIpenapara; B — BeCEHHee BHECEHHE O1o-
mpemnapara

Ha ocHoBanuu MI/IKpO6I/IOJ'I0FI/ILIeCKOI‘O aHalJin3a OTO6paHHBIX O6p8.3]_IOB IIOYBEI
YCTAHOBJICHO, YTO Ha MNPOTAKCHUHU ABYX JICT UCCIICIOBAHNA B OIIBITHBIX BapHaHTax I10
CpaBHCHHIO C KOHTPOJbHBIMH JOMUWHHUPOBAJIN I/IMMO6I/IJ'H/I38.LII/IOHHBIC IMPOLECCChI oo
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HE3HAYUTEIFHO CHIDKAINCH BO BCEX CPOKax 0TOOpa. MimMeeT cMBICT akIIeHTHPOBATH BHU-
MaHWE Ha 3HAYCHUU Kod(dUIMeHTa MUHEepaTU3alui, paBHOE 3,2, OMPENeICHHOE IS
OTIBITHOTO 00pas3iia MoYBkI, 0TOOpaHHOTO B (haze nereHus B 2025 roxy. Takas BenndnHa
3HAYCHUS MOXKET YKa3bIBaTh Ha MOBBIIICHHE CKOPOCTH pasiomkeHus rymyca. CyiecTBeH-
HYIO pa3HHIly OoJiee 4eM B 2 pa3a OTMeUaId B 00pasnax MmovYBbl, 0TOOpaHHOH B (hase Ky-
menust: B 2024 rony — B CTOpOHY yBesnndeHus koddduimenta MuHepaiuzanuu, B 2025
TOy — B CTOPOHY YMEHBIICHHUS 3HAYCHUS KO PHUINCHTa MUHEpaI3anui. B mepBoM
ClIydae 3TO ONPENENICHO CHIIBHBIM Pa3BUTHEM aMMOHH(HKATOPOB, YTO YKA3bIBaCT Ha
OOJTBIIYIO 00ECIICUCHHOCTD ITOYBBI aMMUAYHBIM a30TOM, BO BTOPOM CITydae CHIKACTCS
CTETICHb Pa3BUTHSI aMHJIOJIMTHYCCKOM YaCTH MUKPOOHOM (JIOPEI, ¥, COOTBETCTBCHHO, €€
aKTUBHOCTB B CBSI3bIBAaHMH cBOOOHOTO a30Ta [11]. [TocienHee moaTBep aaeTcs TaKxke
CYIIECTBCHHBIM YMEHBIIICHUEM YHUCICHHOCTH OTUTOHUTPOMMIEHBIX OaKTepHid, KOTOPhIC
BKITIOYAIOT a30T(HUKCUPYFOIINE OaKTepUH.

He ycTaHOBIIEHO CYIIECTBEHHOTO BIMSHHS CPOKOB BHECEHHs OHONpernapara Ioj
KyJIBTYpBI Ha MIPOIIECCHI PEBPAIICHHS OCITKOBBIX COCTUHEHUH MOYBEI.

Wupexc onurorpod@HOCTH ApPUCTOBCKOW XapaKTEpU3yeT aKTHBHOCTH OIUTOTPO]-
HOH 9acTH MOYBEHHOTO MUKPOOOIIEHO03a, KOTOpasi IPUHUMACT YIaCTHE B IPEBPAIICHIN
MPOMEKYTOYHOTO OPTaHMYIECKOTO BEUIECTBA IO KOHEYHBIX MPOIYKTOB CHEIUPHIECKOTO
OpPTaHMYECKOTO BEIIECTBA, BKIOYAIONINX, B YACTHOCTH, TYMUHOBBIC KHCIIOTHI, TYMHHBI
U WHBIC COCAMHCHUS. 3HAYCHUs MHACKCA ONIUTOTPO(PHOCTH, YCTAHOBICHHBIC TIPH H3Y-
YCHUH MTOYBEHHBIX 00Pa3IIOB ONBITHRIX BAPHAHTOB HCCIICTYEMBIX IBYX BETCTAIMOHHBIX
MIEPUOJIOB, BHE 3aBUCHMOCTHU OT CPOKOB BHeCeHHs [ pamucuiia, yKa3bIBalOT Ha OJMHAKO-
BYIO HalpaBJICHHOCTb MpoIieccoB (Tabmuia 5).

B T0 e Bpemst 10 TofaM eCTh OTIIHYHS TSl 00pa3IOB ITOYBBI, 0TOOpaHHBIX B (hazax
KYIICHNS W BOCKOBAsI CIICIOCTH/IIBETCHUE. SHAYCHHE TTOKA3aTeIsl «HHICKC OIUTOTPOd-
HOCTHY, TIOJYYCHHBI HA OCHOBAaHUM aHANN3a 00pa3lloB IOYBBI, OTOOPAHHBIX B (ha3y
KyIIEHUs U paBHBIN 2,4 (B KOHTpoJie — 1,2) CBHIETENLCTBYET O TOM, YTO OHoMNpenapar
I'pamucun B 2024 romxy WHAYHHPOBAT 3aMEIJICHUE MPOIECCOB NECTPYKIIHMH MPOMEKY-
TOYHOTO OPTaHWYECKOTO BEIIECTBA, a B 2025 rofly aHaJOTHYHbBIE PE3YIILTAThl TIOTYYEHBI
B (haze BBIXOJ B TPYOKY (aOCONIOTHOE CHM)KEHHE aKTUBHOCTHU MPOLIECCOB OMOXMMUYE-
CKOTO YTPOIIEHHS] OPraHWYECKUX OCTATKOB) M (ha3e BOCKOBAs CIEIOCTH/IIBETCHHE (OT-
HOCHUTEILHOE 3aMEIJICHUE CKOPOCTH IIPOIIECCOB MPEBPAICHUS B OTHOIICHUY 3HAYCHHI
KOHTPOJIsT). BrIieckazanHoe MOKET yKa3bIBaTh HA TIEPEXO]] H3y4aeMOT0 MUKPOOOIICHO-
3a B OoJsiee YCTOHYHMBOE COCTOSHUE, OIU3KOE K COCTOSHUIO KIIMMAaKCHOM cucteMsl [ 11].

3navenus koddduimenta megorpopHocTH (Tabnuia 5), ycTaHOBICHHBIC HA OCHO-
BaHHMHU U3YYCHUs ONBITHBIX 00PA3I[0B MOYBBI 000X BETETAI[IOHHBIX TIEPHOIOB, B 4aCT-
Hoctu ¢ 1,7 mo 1,2 m ¢ 0,7 o 0,4, oroOpaHHBIX B (pa3e BBIXOJ B TPYOKY, CBUICTEIHCTBY-
10T O CHIDKCHUU B OOJIBIIICH WITH MEHBIICH CTEIICHH YCTOWYMBOCTU H3y4aeMOro OUOoreo-
[ICHO3a K HETaTUBHBIM BO3/ICHCTBUSIM I10 CPAaBHEHHUIO C KOHTPOJIEM B BUAY YMCHBIICHHUS
BEJIMYMHBI aHATU3UPYEeMOro KoddduitnenTa. B 1aHHbIN nepuo 3aMeIIeHue IPOLEeCcCoB
JECTPYKIUH MTPOMEKYTOUHOTO OPTaHHYECKOTO BEIIECTBA ONPENENISICT CHIDKCHHE aK-
TUBHOCTH MPOIIECCOB MPEBPAIICHHS CICIIUPHISCKOTO OPraHNIECKOTO BEIIECTBA MOYBEI
gepe3 peaKiuy IOJUKOHICHCAIINH U MTOJIMMEPU3aIlii B TyMYCOBBIC BEIIECTBA MOYBEI.
B cBoro ouepenb, U OMBITHBIX O00OPA3IOB MOYBHI, OTOOPAHHBIX B (hazaxX KyIICHHS U
BOCKOBOI CIICIIOCTH/IIBETEHS, BBISIBIICHA pa3Has peakunus mo romam. bomee BrIcOKoe
3HadyeHue Kodddunuenta nexorpoduocty, pasHoe 1,8 (B kontpone 1,3), u 3HadeHHE
5,1 (B koHTpOIE 0,8) CBUACTENHCTBYIOT 00 YCHICHHH T'yMHU(DUKAIIUU TTPOMEKYTOUHOTO
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BEIIIECTBA MPEACTABUTEISIMI OJIUTOTPOPHON MUKPOOHON HHIIM, YTO MHHUIIUHPYET WH-
TEHCU(UKALNIO TIPOIIECCOB PAa3IOKEHUS, TPAHC(HOPMAIMU U POAYIIHPOBAHUS TyMyca.
JlaHHBIE IPOLIECCHI CYIIECTBEHHO IOBBIIIAIOT YCTOHYNBOCTE IIEHO3a K HETaTHBHBIM BO3-
JIEHCTBHUSAM CO CTOPOHBI IPEXK/IE BCEr0 OMOTHUECKUX (PakTopoB cpensl [11].

3akuirouenue

Ha ocHOBaHMH BBINOJHEHHOTO MUKPOOHOJIOIMYECKOTO HM3ydeHHUs OHOoIpernapara
I'pamucnit, HCIOMB3YEMOTO IS TPUKOPHEBOH TIOAKOPMKH B (paze KyIIEHHUS B ABYX CpPO-
Kax (OCEeHHUI U BECEHHUI NepHO/Ibl) B IOCEBAX O3UMOMN MINEHUIbI, KyIbTHBUPOBAHHON
Ha [10YBAaX I0r0-BOCTOYHOIO PErHOHA PECIyOINKHU, yCTAaHOBIEHO CIEIyIOLIee:

1) BHeceHune Ouomnpenapara ' pamucu NpUBOAUT AJIsl OOJIBIINHCTBA MPEICTABUTE-
JIeil MUKPOOPTaHU3MOB ITOYBHI 3MMOTCHHOH, OJUTOTPO(HON, aBTOXTOHHOHN 3KOJIOTHYE-
CKUX HHUII K JOCTOBEPHOMY CHHMKECHHUIO UX YMCIECHHOCTH I10 CPABHEHUIO C KOHTPOIEM,
4YTO, BEPOSTHO, CBA3aHO C aKTHBU3ALMEH 3HEPro3aTpaTHBIX MPOLECCOB aJalTUBHOCTH
MpeICTaBUTENICH MUKPOOHOTO COOOIECTBA ONBITHBIX BAPHAHTOB K MEHSIOIIUMCS OHO-
TUYECKUM ¥ aOMOTUYECKUM KOMIIOHEHTAM arpo3KOCHCTEMbI, BKIIFOUasi CTPECCOBBIC Me-
TEOYCIJIOBHUS;

2) 3HaYCHUS KOJIOTO-TPOPHUICCKUX KOA(D(UIIEHTOB ¥ HHACKCOB CBUACTEIBCTBYIOT
00 OTCYTCTBHUH CYIIIECTBCHHOTO BIUSHUSI CPOKOB BHECEHNS OMOIpenapara 1moji 03uMyIo
MIISHUITYy Ha IPOIECCHI IPEBPAIIEHNs OSIKOBBIX COeANHEHHHN ITOYBEI M HA OANHAKOBYIO
HAaIpaBIEHHOCTh IPOLECCOB JECTPYKIUH IPOMEKYTOUHOIO OPraHUYECKOTO BEIECTBA U
€ro HauaJIbHOW TyMHU(UKaIUH.
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Daineko N. M., Kontsevaya I. 1., Timofeev S. E., Daineko D. V., Aiglova E. A.
INFLUENCE OF THE BIOPREPARATION GRAMISIL IN WINTER WHEAT
CROPS ON AGRONOMICALLY VALUABLE GROUPS OF SOIL MICROOR-
GANISMS

A microbiological study of the biopreparation “Gramisil” used for root applica-
tion during the tillering phase of winter wheat in two application periods (autumn and
spring) was conducted in the soils of the southeastern region of Belarus. The analysis of
ecologo-trophic coefficients and indices revealed that the timing of the biopreparation
application does not have a significant impact on the transformation processes of soil
protein compounds. The study demonstrated a consistent direction in the processes of
intermediate organic matter destruction and its initial humification, regardless of the
application period.

Keywords: winter wheat, soil microbiocenosis, ecologo-trophic groups of soil mi-
croorganisms, Gramisil.
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BNMUAHUE BUONOITMYECKUX OCOBEHHOCTEN
TPABOCTOA U NNTOTHOCTU PAONOAKTUBHOIO
3AIrPA3HEHUA HA NAPAMETPbI MEPEXOOA *'CS

B MOJIOYHO-MACHYIO NMPOAYKLUIO KPC

H. U. KapneHko
aclupanT
T'omenbckuit rocyapcTBEHHbIN yHIUBEpcUTEeT UMeHH PpaHircka CKOpUHBI

C. ®. TumodheeB
Kagauaar CEJILCKOXO03SMCTBEHHBIX HayK, JOLICHT
T'omenbckuit rocyapcTBeHHbBIN yHUBEpcUTEeT UMeHH PpaHircka CKOpUHBI

IIposoounu uccrneoosanus notimel p. Codic, ObLIO YCMAHOGLEHO, YMO NPU GbI2YILHOM CO-
oeporcanuu KPC 6 nemnuil nepuod @ kauecmee Kopma MOACHO UCHOTb308AMNb 31AKU U OCOKU NPU
paznuunoi Q. Beedenue ¢ payuon KPC npedcmasumeneti noozpynnuvt 60606ble 603MOHCHO MLl
npu Q. 35 Ku/km? ons svipawgusanus monoonsxa na maco. Ipu cmoiinoeom codepocanuu KPC
6 3UMHULL NEPUOO PEKOMEHOYemCsl UCTONb3068AMb 8 PAYUOHEe CKOMA CEHO, 3d20MAasgaueaemoe u3
noO02pynnvl MHO20NEMHUX 31aK08bIX mpas. Meoicdy mem 603modcno esedenue ¢ payuon KPC
cena, 3a20Masau6aemMo20, 6 MOM Hucie us no0pynnel MHo20aemuux 606o6vix mpae npu Q 35
u 14 Ku/km?, kax ons evipawusanus monoouska KPC na msaco, max u 015 1aKmMupyiowux Kopos.
Ionyuennvle pesynbmamoyl 00ycrasiueaom komounuposannoe eiusmnue napavempos Q u A na
usmenenue snavenutl K11 (oxono 96%).

KuaroueBbie ciioBa: moiima, murpanus *’Cs, MOJOYHO-MSICHAs TIPOIYKITHSI, TPABIHHUCTHIE
KOpMa, KPYITHBII pOrarblii CKOT.

BBenenmne

PasBuTHe cenbCckoro Xo3siiicTBa — 3TO HEOThEMIIEMasl COCTABJISIONAs YKOHOMHUKHU
Bcero Mupa. B ycloBHsSX KOHKYypEHITMH Ha MHUPOBOM PBIHKE CO3[IAeTCsl CIPOC Ha Kaue-
CTBEHHBIC TPOJIYKTHI NMUTAHUSA. B CeMbCKOXO3sIICTBEHHOM MPOU3BOICTBE PecmyOnuku
Benapychk BaxxHast poiib OTBOJUTCS MOJIOYHO-MSICHOH TPOMBIIIIICHHOCTH, KOTOpasl SB-
JISIETCSI BAXKHEUITUM (DAaKTOPOM Pa3BUTHS YCTOWYMBOW M CTAOMIBLHON 3KOHOMUKH. Ka-
YECTBO MSICO-MOJIOUHOW TIPOJYKIIMU OOYCIIOBIIEHO MHOTMMH (DaKTOPaMH, B TOM YHCIIC
COJICpKaHUEM PaJIMOHYKIIHIOB.

PaauannoHnHoe 3arpsi3HEHUE TIPEICTABISIET COO0H OJMH U3 TTApaMETPOB, IIOHIKAIO-
IIMX Ka4ecTBa Takou mpomykiuu. [loTpedieHne 3arpsa3HeHHON paHOHYKITHIaMH T
MIPUBOJIUT K TIOBBIIICHUIO J103 BHYTpeHHEro o0nyueHus HaceneHus [1]. Kak u3BecTHO,
Ka4eCTBO MOJIOYHO-MSICHOHM MPOJYKIIMK B HEMAJIOW CTEIICHH 3aBUCHUT OT paIlioHa Cellb-
CKOXO3STHCTBEHHBIX KHBOTHBIX. HeoThemiteMast 4acTh MOCIEIHET0 — 3TO 00BEMBI ITOTPE-
OJICHVsSI ¥ KQUeCTBO 3ar0TaBIMBACMBIX KOPMOB.

[Tocne xaractpodbr Ha YADC 3HaYMTENbHBIC TUIOMAJNA JTYTOBBIX COOOIIECTB B
noitmax pex Juemnp, Cox, [Ipurnsare u X MPUTOKOB OKA3aIHCH 3arPSI3HEHBI IOJITOXKHUBY-
IIMMH PaJHMOHYKIUIAMHA; U3 COCTaBa CEIIbCKOXO3SHCTBEHHBIX OBLIM BBIBEICHBI 3€MIIH,
sarpsizaennbie *’Cs 6onee 40 Ku/km?, u BomIeAne B COCTAB 30H OTUY)KICHHUS M OTCE-
nenus. [Tnomanp Takux 3emensb coctaBuia 216,3 Teic. ra B ['omenbekont u 47,0 ThIC. Ta
B MoruseBckoi odnactsx [2, 3].

© Kapnenko H. 1., Tumogees C. d., 2026
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B HacTos1ee BpeMs B CE€IbCKOX035IHCTBEHHOM I0JIb30BaHUM HalEH CTpaHbl HAXo-
JUTCS OKOITO 848 ThIC. Ta 3eMetb, 3arpsa3HeHHbIX *’Cs ¢ moTHOCTHIO OT 1 10 40 Ku/km?,
u3 kotopbix 39,4% Haxomsarcsa B Tomenbckoit u 19,7% B Morunesckoit obnactsax. Kak
M3BECTHO, OCHOBHOMH 3a/1aueii KOpMOIIPOU3BOJCTBA SIBJIETCS 3ar0TOBKA U IIPOU3BOJCTBO
KOPMOB, COOTBETCTBYIOILUX JACUCTBYIOIIMM HOpMaTuBaM [4]. [loiiMeHHBbIe JTyTa SBISAIOT-
Csl BKHEHIIIMMU 9KOCHCTEMaMH, UCTIOIb3YEMbIMH B Ka4€CTBE CEHOKOCHO-TTACTOUIIHBIX
YIOIUH.

B yCIOBHSIX pagMOaKTHBHOTO 3arps3HCHHUS 3aluBHbBIX JTyroB '“7Cs MUrpupyer B
3BEHE T0YBa-pacTeHHE-OPTaHU3M KUBOTHOTO [5, 6]. HeobxoaumMo oTMETHTh, YTO MOW-
MEHHBbIE JTyTa JIaXKe MMPH HU3KOH IIOTHOCTH paHoaKkTHBHOTO 3arpsi3Herus (ot 111 kbk/
m? win ot 3,0 Ku/km?) MOTyT OBITH HCTOYHHKOM IOJTYYCHHUSI KOPMOB C MOBBIIICHHBIM
coJiepKaHueM PaJHOHYKIUAOB [7].

Jlyra B PecniyOnuke benapyck 3anmmaror Oosiee 3,2 MIIH Ta, Ha JIONIO MOWMEH-
HBIX npuxoautcs 5,2 % ayroB. B Tomenbckoil obmactu Bcero 0,6 MJIH ra JIyros, U3
HUX TOHMeHHBIX — 92,1 Thic. ra win Oonee nojoBuHEI (54,6 %) Bcex noim benapycu.
3HaYUTENbHbIE TUIOMAN 3aJTUBHBIX JIyrOB [ OMENbIIMHBI CBSI3aHBI ¢ oMo pek Cox
u Ilpunsate. [Ipupoausie siyra B noiiMe p. Cox SBIAIOTCA BaKHBIMH IIPUPOJHO-JIAH-
ma(THBIMHA KOMITJIEKCAMH M [IEHHBIMU €CTECTBEHHBIMHU KOPMOBBIMH yrofbsimu [8]. [Toii-
MBI UCIIOJIb3YIOTCSI B OCHOBHOM JUIsI BBITYJIBHOI'O COIEPIKAHUSI KPYITHOI'O POraTroro ckora
(nanee KPC) B nietHuii nepuoj. OcHOBHBIM KoMnoHeHTOM panroHa KPC npu takom co-
JIep)KaHHUHU SIBTISIeTCA 3eNIeHbIH KopM. B aTOM ciydae 3eneHble KopMa OMpeaesisiioTesl KakK
pedepeHTHBII KOMITOHEHT pannoHa. CTOUT OTMETHUTH CYIICCTBYIOMINE OTIHYUSI MEKITY
paloHaMM KOPMJIEHUS JIAKTUPYIOIIMX KOPoB, a Taoke KPC, BeIpaluBaeMoro Ha Msco
IIPU CTOMJIOBOM COZAEP>KaHUU B 3UMHUU IIEPUOA.

OcCHOBOI parioHa JaKTUPYIOIIINX KOPOB B 3MMHE-CTOMIIOBBIN TIEPUOJT CONEPKAHUS
B OOJIBIIMHCTBE CITy4aeB CIIyXaT IpyOble KOpMa, OXHUM U3 KOTOPBIX SIBISICTCS CEHO, a
TaK)Ke pa3IMyHble KOHIIGHTPATHI, TOT/Ia KaK MPH OTKOPME KHUBOTHBIX Ha MCO OCHOBHOM
BKJIaJl B panioH BHOcUT cuyioc [9, 10, c. 42]. Tak win nHave, MOWMBI UTPAIOT BAKHYIO
POJIb B CEJIbCKOXO3SUCTBEHHOM ITPOU3BOJICTBE, SIBIISASCH HCTOUHUKOM TOTY4EHUs Jele-
BBIX KOPMOB.

[To HammeMy MHEHHIO, B YCIOBHSX PAIHOAKTUBHOTO 3aTPsI3HCHUS HEOOXOAMMO TIPO-
JIOJDKEHUE MOHUTOPHHIOBBIX MCCIIEI0BAaHUM 3aJMBHBIX JIyTOB, KOTOPbIE HCIIOIB3YIOTCS
B CEJIbCKOM XO3SIICTBE KaK B KaueCTBE MacTOMUII], TAaK U B KAYECTBE CEHOKOCOB.

Tak KaK TOYHOCTb IPOrHO3UPOBaHUsI HaKoIIeHHs *’Cs B COUHBIX U IPyOBIX KOpMax
3aBUCHT OT 3HAYCHUI MMOKa3areyei kod(PHUINEHTa IPOIOPIIHOHATHHOCTH HITH TIePEX0-
na (nanee KII), koTopsie, B CBOIO 04epeib, U3MEHSIOTCS MOJ] BO3JCHCTBUEM CIETYIOIIUX
(baKTOpPOB: THUI TOYBHI U €€ CBOWCTBA, BPEMS MOCTYIUICHHS PAJHOHYKIHIOB B MOYBY,
KIIMMaTU4eCKHUE YCIOBUA U JP., B BUY 3TOT0 HEOOXOIUMO PETyJIiPHO aKTyaJIU3UpOBaTh
WX 3HAYCHUSI.

B Hamux wccnenoBaHusX u3ydain GparMeHT moiMel p. Cox, KOTOPBIH ¢ pa3inny-
HOW peryiaspHOCTbIO HcHosb3yercsa B kauecTBe nacrouima s KPC. HMccnenyembiid
(parMeHT noiMel pacrmonaraeTcs B OkpecTHOCTsAX HIL. Illepctun BeTkoBckoro paiiona
T'omenbckoit obmacTw.

Iesnb KcClieIOBaHMUS: HA OCHOBAHUH M3yUYeHUsI TapameTpoB murpaiuu *’Cs B 3BeHe
MOYBa-PACTEHUE-OPTaHN3M OIEHUTD mepexon ¥’Cs B Msico-MonouHoo npoaykiunio KPC
IIPU PA3JINYHON MJIOTHOCTHU 3arpsiI3HEHUSL.
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3agaun UCCIeI0BaAHN:

1) OueHuts 3HauCHHST KOA(PPHUIUCHTA TPOITOPIIMOHATHHOCTH WK TIEPEX0/ia B 3BE-
HE [T0YBA-PACTEHHUE AJISI TPABOCTOS MONMEHHOTO JIyTa.

2) Onpenenuts KoHIeHTparmo *’Cs (A,,) B MCO-MOJIOYHO IIPOAYKIIMH TIPH pas-
JIMYHOM IIIOTHOCTH 3arpssHenus (Q ).

3) BbisiBUTH BiIMSTHEE OMOJIOTHYECKUX OCOOCHHOCTEH pacTeHU M TUIOTHOCTH Pafo-
AKTUBHOTO 3arps3HEHMsT Ha IIPOTHO3HBIE TapaMeTphl HakoruteHns ¥’Cs B MOJIOKE U MsICe.

Memoou! uccnedosanus: OIEBOH, raMMa-CIEKTPOMETPUUECKHIN, CTATUCTHUCCKUIH
ananu3. [loneBrle mccnenoBaHus TPOBOIIUIICE ITyTeM 0TOOpa MpPod pacTUTEIBHBIX 00-
pasuoB B ¢asze yKocHOII crienoctu. Pactenus cpesanu, nmocie uero ¢ momousio «Omnpe-
JICJATEIIS BBICIIUX pacTeHuid bemapycuy» [11], a Takke makeToB MUGPOBBIX MPHKIIATHBIX
nporpamm PlantNet u PictureThis onpenensnu BunoBoif cocras pacturensHoctu. Co-
NpsDKEHHBIC TTOYBEHHBIC 00pa3Ibl OTOMPAT METOJIOM YUYETHBIX TUTomanok. /s ompe-
JACJICHUS TUIOTHOCTHU 3arpsA3HEHHNS BBITTOJIHAINA 0T60p KEPHOB MOYBLI HOCHOﬁHO, miaromMm
5 c¢M, Ha TryOuHy 70 20 ¢M CrienHaIu3upOBaHHBIM TPOOOOTOOPHUKOM C BHYTPEHHUM
nuamerpoM 8,3 cM. KoHcTpykiust mprubopa MUHUMHU3ZUPOBajia CMEIICHUE CIIOEB MOYBBI.
CpenHioro mpo0y sl CIIEKTPOMETPUPOBaHKs OTOMPATH METOJIOM KBaproBaHus [12 c.
17-19]. B xamepanabHBIX YCIOBHUSX IYTEM HCIIOIB30BAaHHUs OeTa-raMMa-CIeKTpoMe-
tpa MKC-AT1315 usy4anu napamerpsl copepxkanusi *’Cs B IOUBEHHO-PACTUTENbHBIX
npobax. CHeKTpoMeTpHUUecKUuil aHanu3 OTOOPAHHBIX MPOoO BhIMONMHsIM B MHCTUTYyTE
pamgunoduonorurt HAH benapycu. Craructuaeckyro o0paboTKy pe3yibTaToB HCCIIeI0Ba-
Huil npoBonmiu 1o b. A. Jlocniexosy [13].

OcHoBHast YacTh

Kak ymomunamm panee, IpOBOIWIN HCCIIEIOBAHUS (parMeHTa MOMMEHHOTO JIyTa
p. Cox. Ha Tepputopuu oMbl MEPHOANYECKH OCYIIECTBISIIOT JeTHuid Bbimac KPC.
JlaHHast TEpHONNIHOCTS UMEET HEPETYSIPHBII XapaKTep, B IEJIOM ITOHMa UCTIONIB3YeTCsI
B KayeCTBe MacTOMIA B OCHOBHOM B JieTHee BpeMsi. Kpome Toro, HeKoTopbie ()parMeHThI
JYTOBBIX YTOIMI 3aeHCTBOBAHBI B KAYECTBE OOBEKTOB JJISl 3aTOTOBKH CEHA.

Ha ocHoBaHuu paHee MPOBEJCHHBIX UCCIIEIOBAaHUM ITyTEM aHAN3a yAeIbHOW aKTHUB-
Hoctr ¥’Cs B TIOYBEHHBIX 00pasiiax ObLIO YCTAHOBJIEHO, YTO CPEIHSIS TNIOTHOCTH 3arpsi3-
nenus (Q, ) usyyaemoit TeppuTopun paaronykmuaom *'Cs sappuposaia ot 1288 kbr/m* B
2019 1., 540 xbx/M? B 2022 1. 10 532 xbx/M? B 2025 1. v 35 Ku/km? B 2019 1, 15 Ku/km? B
2022 . u 14 Ku/km? B 2025 1. Takast BaprabeIbHOCTh [IAPAMETPOB 3arPsI3HEHUSI, BEPOSITHO,
00yCJIOBIICHA HEPABHOMEPHOCTHIO U HEPETYIISIPHOCTHIO 3aTOIUICHUS TTOHMBL.

HeoOxoaumo ormetuts, uto 70 2015 T. 3aTOTIEeHHEe MOMMEHHOTO Jyra HaOmrona-
nock cuctemarnuecku. Haunnas ¢ 2015 1., Ha (hoHEe M3MEHEHHs KJIMMaTra HaMH ObLIO
OTMEUYEHO MPEKPAIEHUE 3aTOIIEHUsI TOWMBI BIUTOTH 710 2021 rona. [locne anurensHOro
MepHoJia OTCYTCTBHS 3aTOIUICHHsI TOWMEHHOTO Jyra B BeceHHUH mepuon 2022 1. ObLI0
3a(pUKCHPOBAHO TOIOBOJILE, KOTOPOE MpociekuBanoch 10 2025 r. BkiItounTensHo. 1lo
nmaHHeIM [ocynmapcTBeHHOTO yupekaeHUs «PecnyOnukaHCKH [EHTP MO THIPOMETEO-
POJIOTHH, KOHTPOJIIO PAJAUOAKTHBHOTO 3arpsI3HEHUS U MOHUTOPUHTY OKPY)Karolei cpe-
IIBD), @ TaK)Ke HAIIUM HaONIONEHHSM, B PE3yIbTaTe CE30HHBIX MABOIKOB B [ OMEITBCKOM
00acT OTMeYaNoch MOBBIIIEHUE YPOBHS BOIbI B peke Cox, a TakKe Ha M3ydaeMOM
ydacTke. BeposTHo, Takue koje0aHus B MIEPUOANIHOCTH 3aTOTUICHUS TOUMBI 00ycCliaB-
JUBAIOT HEPABHOMEPHOCTh paclpeAesieHHs paJHOHYKINAA 0 TOPU30HTAM TOYBHI, YTO
BBIPAKACTCS B ITOTYICHHBIX 3HAYCHUSX IDIOTHOCTH 3aTPSI3HCHUSL.
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[Tpn mpoBemeHNM HCCIETOBAaHWK Ha 3apaHee ITOATOTOBICHHBIX IUIONIAIKaX, HC-
MOJIB3YEeMBIX JIJISI BBITIACA CKOTA, & TAK)KE 3aTOTOBKH IPYOBIX KOPMOB, OTOMpaU MPOOBI
pacteHuil. PactutensHbie 00pa3iibl IpeaCTaBICHBI 37TAKOBBIMU, 0000BBIMHU, PAa3HOTPAB-
HBIMH U OCOKOBBIMH arpo0OTaHUYECKUMH ToArpynnaMu. OToOpaHHBIE pACTCHUS pas3-
Oupany ¥ aHAIM3UPOBAJIM IO BHIOBOMY M arpoboTaHmueckomy coctay. [locie gero
BBICYIIIMBAJIH 10 BO3AYIIHO-CYXOTO COCTOSIHHUS, 3aTE€M JOIOJHUTEIBHO MPOCYIIHBAIN
B CyIIWIBHOM IKady npu Temmeparype 60 °C 1o moctossHHOM maccer [14, c¢. 3-9], B
MOCJICAYIOIEM H3MEIbUalld Ha POTOPHON MENBHUIIC U OMPEACISIIN YACTbHYI0 aKTHB-
HocTh *’Cs. IIpu CIEeKTpOMETPUPOBAHUH PACTUTEIBHBIX 00Pa31I0B HCITOIH30BAIH COCYIT
Mapunennn oosemom 0.5 1. Takast reoMeTpust cocya 00eCIeunBaeT HAMTY Iy II0T-
HOCTh HATIOJIHEHUS, HEOOXOANMYIO IS TTOTYICHHS HanOonee JOCTOBEPHBIX Pe3yibTa-
TOB ynenbHOU akTUBHOCTH *’Cs B M3yuaeMbix mpobax pactenuii. [LIOTHOCTh paroak-
THUBHOTO 3arpsi3Henus (Q, ) onpeeNsIu MyTeM epecueTa yaenbHoi aktueHoctu *'Cs B
Bx/kr Ha Maccy mouBsl Ha | M%, TO ecTh KBK/M?.

[Ipu npoBenenun uccrnenoBannii, Ha ocHoBaHuu parona KPC, xopma moapase-
JISUTH HA JIBE TPYIIIIBL

— 3emenast Macca (BIaXXHOCTB 82%) — IpH MACTOUIITHOM KOPMJICHHH B JICTHUH TIEPHOL.
DTy rpynity Noxpasielisuii Ha arpo00TaHMYeCKUe MOATPYIIIb pacTeHui (Tadnuua 1).

Tabnuya 1 — Pesynomamot snavenuti KIT %7Cs 6 uzyuaemvix a2pobomanuieckux
noozpynnax 6 sasucumocmu om Q.

No .. ArpoboTanutcckas Toxn Q xBbr/m? / Ku/km? KII Bx/kr:kbx/m?
MOArpyIIa n
2019 1288 /35 0,03
1 3J1aKOBBIE 2022 540/ 15 0,15
2025 532/ 14 0,17
2019 1288 /35 0,15
2 BoboBbIe 2022 540/15 0,56
2025 532/ 14 0,47
2019 1288 /35 0,10
3 pa3HOTpaBbe 2022 540/15 0,32
2025 532/ 14 0,36
2019 1288 /35 0,04
4 0COKOBEIE 2022 540/ 15 0,20
2025 532/ 14 0,11

— Ceno (BnaxHocth 16%) — xopmitenne KPC nipu cToiIIOBOM CofiepKaHUH B 3UM-
HUH [epHOoJI, TIPEICTABICHO IBYMS MOATpYIIaMu (Tadmuma 2):

Tabnuya 2 — KI1"V'Cs 6 usyuaemvix nooepynnax 6 saucumocmu om Q.

Ne .. [Moarpynma Ton Q. xbx/m? / Kn/km? KIT br/kr:xbx/m?
MHOTOJIETHUE 2019 1288 /35 0,13
1 3JIaKOBBIE TPABHI HA 2022 540/ 15 0,71
MOMMEHHBIX 3eMJISX 2025 532/ 14 0,78
MHOTOJICTHUE 2019 1288 /35 0,68
2 6000BBIC TPaBBI HA 2022 540/ 15 2,56
MMOWMEHHBIX 3eMJISIX 2025 532/ 14 2,16
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st onipenienieHnst KOHIICHTPAIH PaTHOHYKIIH/IA B CEHE HCIOIB30BaN KA duIm-
eHT repexoa wiu npornopimonaibHocT (KI1), hopmysa 1.

KI=A/Q, (1),

rae KIT — koahduiineHT nepexojia win mpornoplHOHAILHOCTH BK/Kr:KBK/M?,

A — yaenbHast akTUBHOCTB BK/KT,

Q, — IJIOTHOCTH 3arpsA3HEHUs MOUBbI KBK/M.

[t 3eneHoit Macchl ipu pacuete 3HadeHui KI1 BBomwiu monpaBovHbIi kod¢hhu-
IIUEHT, KOTOPBIX paBeH 4,6 [8, ¢. 156], B pe3ynbrare vero Gpopmysa 1 uMerna BUI:

KII=(A/4,6)/Q, (2)

st onipenenenust Hakoruienust 3’Cs B mosioke u msice KPC B 3aBHCHMOCTH OT KOP-
MOBO# moarpymnmsl U Q ucnons3osanu popmyiy 3 [15, ¢. 264-265]:

A, =KIxQ,(3),

rie A, — KOHIEHTpALUsA PaTHOHYKINIA B MPOTYKTE (KOpMOBOW TIOATPYTITIC) IS
MIOJTYYEHHST MOJIOKa-TOBSITUHBI BK/KT,

KIT — koaddurmeHT nepexona paauoHyKIUIA U3 MOYBBI B IPOAYKT BK/Kr:KBK/M?,

Q, — cozmepxanue paMOHYKIM/IA B IOYBE KBK/M?.

ITonmyueHHbIe pe3ynbTaThl MPeICTaBIeHbI B Tabnuie 3.

Tabnuya 3 — IIpoenos konyenmpayuu '3’Cs 6 npodykme (monoke-206s0ure)
6 3a6UCUMOCIU OM KOPMOGOU nodepynnuvl u O,

Py POAY nns
JIs1
kbx/m? / | I'pymma Kopmogast A , B/ A MOy YCHUS
n p’
Ton , MOITYYEHUS
Ku/km KopMa HOJrPyIIa KT MOJIOKA LIEJIBHOTO,
Mmsica, BKk/kr
Bx/kr
2019 | 1288/35 37
2022 540/ 15 3JIaKOBBIC 83
2025 | 532/14 89
2019 | 1288/35 189
2022 | 540/15 3 06060BbIE 301
2025 | 532/14 | ¢ 250 240 165
2019 | 1288/35 | Macea 128
2022 | 540/15 pasHOTpaBbe 174
2025 | 532/14 191
2019 | 1288/35 55
2022 540/ 15 0COKOBBIC 110
2025 | 532/14 58
2019 | 1288/35 T —. 168
2022 | 540/15 383
371aKOBBIE TPABbI
2025 | 532/14 Ha TIOHMEHHBIX 1 41
Ceto e 1300
2019 | 1288/35 MHOTOJIETHUE 870
2022 | 540/15 6o0oBble Tpabl | 1384
2025 | 532/14 Ha TIOUMEHHDIX | 1159
3eMJIAX
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[Tomydennble pe3ynbTaThl UCCIENOBAHUN aHATM3UPOBAIN B COOTBETCTBHH C «Pe-
CIyOIMKAaHCKMMH JOITYyCTHMBIMU YPOBHSIMH cozepskarus ’Cs u *’Sr B CellbCKOXO0351ii-
CTBEHHOM CHIpbe U KopMax» [16].

Bbu10 yCcTaHOBJIEHO, YTO MPOTHO3HBIE OIIEHKH MTPEBBIIICHUS ICHCTBYIOMIUX HOpMa-
THBOB MOTYT OBITh B CIEAYIOIIUX CIyYasiX:

1. Ilpu ucnonb30BaHNH 3€JICHOM MacChl PacTeHUI MOATPYMITEI 60O0BBIC HA KOPM
CKOTY JJIS 3aTOTOBKH MOJIOKA [IEIEHOTO. [IpOrHO3 MpEeBBIIIeHNsI HOPMAaTHBOB ITPOCUYUTAH
kak npu 35, tak u 14, 15 Ku/km?. JIas MOArpyIIbl pa3HOTPABbE MPEBBILIEHHUS JIOITY-
CTUMBIX ypoBHel MoryT ObITh Kak mpu Q 15 Ku/km* (2022 1) — 174 u3 10mycTUMBIX
165 Bx/kr, Tak u npu Q_ 3arpssHenus 14 Ku/km® (2025 1) — 191 u3 165 Br/kr.

2. Ilpu uCTONb30BaHMU 3€NIEHONM Macchl paCTeHUH MOArpymnmbl 0000BBIE I 3a-
KITIOYUTENBHOTO oTKopMa mipu Q15 Ku/km* (2022 1) — 301 u3 gomyctumbix 240 br/kr,
a taxxe npu Q14 Ku/km® (2025 r.) — 250 u3 240 br/kr.

3. [Ipu ucnoNp30BaHUM TSI 3aTOTOBKM CE€HA HA KOPM CKOTY IIPEACTaBHUTENCH MO/~
IPYIIIBI MHOTONIETHHE 600O0BBIE TPaBbl HA MOUMEHHBIX 3eMiIaX ¢ Q 15 Kuw/km* (2022 1) —
1384 u3 nomyctumbix 1300 Br/kr.

IIpoBeneHHas MPOTHO3HAS OLEHKA COACPIKAHUS PAJAUOHYKIINIA B MSICO-MOJIOYHOM
MIPOLYKITUH MTO3BOJISIET PAHKUPOBATh TPABIHUCTHIC KOPMa T10 CIESIYIOIINM KaTeropusiM:

1. YcnoBHO 4uCTHIN 3eneHbll KopM. KopMm mcCmonb3yemblii MPU BBITYJIBHOM CO-
nepxannn KPC B neTHumii mepuon, B KOTOpHIA BXOAAT 31maku M ocoku (Q 35, 15,
14 Ku/km?). YcraHoBieHO, 4To Q HE OKa3bIBAaeT CYIIECTBEHHOIO BIMSHHUSA HA pajua-
LMOHHOE 3arpsA3HeHue Takoro kopma. OIHAKO OTCYTCTBHE B pallMOHE OeKa, KOTOPBIN
oOecrieunBaeTcst MOTPEOICHUEM TPaB U3 MOATPYHIbI 0000BBIE, HE MOXKET 00ECIEUUTh
c6anancuposannoe nuranne KPC. Beenenue B parpion KPC 0000BBIX BO3MOXKHO ITpH
Qrl 35 Ku/xkm? st BeipammuBanus monoansika KPC Ha msico.

2. YCIIOBHO 3arpsi3HEHHBINH KOpM. B TaHHYIO TpyIITy BXOIAT MHOTOJIETHHE OO0OOBBIC
TpaBbl Ha TOMMEHHBIX 3eMyaX npu Q 15 Ku/km®. BosmosxHo BBenenue B panuon KPC
JaHHOH MOArpyMIbl KOpMOB ecu Q coctapiser 35 wiu 14 Ku/km® 11s 3aroTOBKH CeHa
IIPU CTOMIIOBOM COZICP’KaHUU, B TOM YHKCIIC JJIS IAKTUPYIOIIHUX KOPOB.

Ha ocHoBaHMH OCTABIEHHBIX 33124 npou3Boaiin pacuersl KIT pagunonykimma 5’Cs
UL M3ydaeMoro (parMenTa moimsl pexu CoXX IPpH WHBIX 3HAYCHUSX TUIOTHOCTH 3arpsi3-
HEHHMs TI0YBBI (Tabiuia 4). PacueT oCyIecTBISsTN ¢ TIOMOIIBIO GopMyIT 1-2, HCHONIB3Ys
CPE/IHIOIO YIEIBHYIO aKTHBHOCTB (A, ), TIONY4CHHYIO Ha OCHOBAHHH PE3y/IETATOB HCCIIe-
noBanust 2019-2025 TT. oTAETBHO /711 KOHKPETHOW arpo00TaHMUECKON TIOATPYTIITHL.

Tabnuya 4 — Ipoenos snavenui KI1'V'Cs 6 3a6ucumocmu om Q,

KopmoBsast rpyiima KopMmoBsas noarpymnima Q. kbx/M? / Ku/km? KIT Bx/kr:kbx/m>
1480/ 40 0,21
1110/30 0,28
06000BEIC
740/ 20 0,42
370/ 10 0,84
3eJIeHas Macca
1480/ 40 0,05
1110/30 0,06
3J1aKOBBIC
740/ 20 0,09

370/10 0,19
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IIpodonxcenue madbamywt 4

1480 / 40 0,11
1110/ 30 0,15

pa3HOTpaBbe 740 /20 0.22

370/ 10 0,44

1480/ 40 0,05

1110/30 0,07

OCOKOBBIE 740/ 20 0,10

370/ 10 0,20

MHOTOJIETHHE 6000BBIE {ﬁg ; gg (1)(7);
TpaBbl Ha TOMMEHHBIX 740/ 20 1’5 3

Como 3eMIIAX 370/ 10 3,07
1480/ 40 0,22

MHOFOHeTHI/leu?)HaKOBI)le 1 1 10 / 30 0’29
TpaBbl HA TIOUMCHHBIX 740 / 20 0,43
3eMIIAX 370/ 10 0,87

Ouenky Bmusuus Q Ha usmenenue 3Hadenuii KII mposogumu B mporpamme
STATISTICA Bepcun 10 — 370 cuctema asisi CTaTUCTHUECKOTO aHAIN3a JAHHbBIX, BKIIIO-
garomast MUPOKUi Habop aHATUTHICCKUX MIPOIEAYP M METOIOB, TAKUX KaK KOPPEIISIIHU-
OHHBIH aHaNINU3, MHOTOMEpHas perpeccusi, METO/Ibl KJIaCTEPU3aLMHU, a TAKXKe MPEeI0CTaB-
JISFOIAST TTOJTh30BATEIIM BOBMOXKHOCTE padorarh ¢ 6onee yem 100 Tunamu rpadukos.

Jlist onpesiesienust CTeneny BausHus oxHoro napamerpa (Q, ) va apyroit (KII) Ber-
MOJIHSUIA PEIPECCUOHHBIN aHaIu3 MYyTEM MOJAEIMPOBAHUS PE3yIbTaTOB UCCIEI0BAHUS.
PerpeccuoHHbIl aHaIN3 IOMOraeT KOJIMYECTBEHHO OLIEHUTh M CMOJEIUPOBATh KOppe-
JAuMIo Mexy usmenennem Q u napamerpamu KII. Pesynbrarel MonenupoBanus npes-
CTaBJICHBI B TaOIHIIE 5.

Tabnuya 5 — Pesynomamol pecpeccuonnozo ananusa énuanus Q na KI1

CraructHyecKue moKa3aresiu 3HayeHus
MHOXECT. R 0,61
MHOXeCT. R? 0,39
CKOppekT. R? 0,33

F(1,12) 6,31
P 0,03
CTaHJIapTHAsl OLIMOKA OI[CHKH 0,14

3nauenue 0,61 MHOXKECTBEHHOTO KOA(PHUIIMEHTA KOPPEISIIIMA 03HAYAET YMEPEH-
HYIO TOJIOXKUTETILHYIO CBA3H MEXIY NPEAUKTOpoM (Q ) M 3aBUCHMOH NepeMEHHON
(KII). 3aBucumas mepemennas, o ectb KII Ha 61% oObsacHseTcs BonehcTBreM Q .
[IpenukTop OKasbiBaeT cTarucTHYecku 3Hauumoe BiusHue (p < 0.05). Tem He MeHee,
JTAaHHASI MaTeMaTHYeCcKast MOJIENb OOBSICHSET JIUIIb OKOJIO TPETH BapHalllU 3aBHCHMOM
nepemeHHoi (R? = 0,39). Oto o3navaer yto auub 39% n3menunsoct KII 3aBucut ot
IUIOTHOCTH 3arpsi3HeHus. bosbllas 4acTh U3MEHYHBOCTH OOBSICHSETCA APYTUMH (DakTo-
pami, B 3aBUCHUMOCTH OT KOHTEKCTa (MJIM HE BKIIOYEHHBIMU B MOJCTb WM CIy4YailHbI-
MH).

JlonONMHUTENEHO TPOBOAVIIM aHATN3 TIPOBEPKH MOTYIECHHBIX JaHHBIX HA HOPMAJIh-
HOCTB OCTaTKOB (pUcyHOK 1). HopMabHOCTB OCTAaTKOB MO3BOJISIET YOSIUTHCS B aJICKBAT-
HOCTH ¥ HAJISKHOCTH MOTYYEHHBIX PE3YIBTATOB.
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Pucynox 1 — Pezynomamol ananuza noiy4eHHvlX OaHHbIX HAd HOPMATbHOCTb
ocmamros

B npuBeneHHOM aHanM3e HAOMIOAAEMbIC 3HAYECHUS TOBOJILHO IUIOTHO YKIIaJbIBa-
IOTCSI BIONIb TEOPETUYECKH OKUAAEMOH TPSIMOM, 3TO O3HAUYACT, YTO aHaJIH3HPyCMBbIC
JTaHHBIE MTOJUUHSIIOTCS] 3aKOHY HOPMAaJIbHOTO pacnpeneneHus. Ciaeq0BaTebHO, MOAETb
aJICKBaTHO OIICHMBACT MCIIONIE3yEMBIE TapaMeTpPHI.

Brusnue coBokynnoctu mapamerpos (Q , A) na KII onpenensin aHanoruuHeim
crioco6om. [TomydeHHbIe pe3yabpTaThl IPEICTaBICHBI B TAOIHIIE 0.

Tabnuya 6 —Pesyromamul pecpeccuonnoz2o anamusa enusanus Q u A na KI1

CraTucTHYeCKUE TTOKa3aTeIn 3HavueHUS
MHOXeCT. R 0,98
MHOXeCT. R? 0,96
CKOppekT. R? 0,95

F(2,9) 99,23
P 0,00000073
CTaHJapTHAask OUIMOKa OL[EHKH 0,039

[Tomyuennast maremarudeckasl MoJielib OOBsICHSIeT TpuMepHo 98% Bapuanuu 3a-
BUCUMOH nepeMeHHOoM. Oxoso 96% 00bsCHAETCS COBOKYIHOCTBIO NMPEIUKTOPOB, UTO
03Ha4YaeT BHICOKYIO OOBSCHSIONLYIO CIIOCOOHOCTh Mojen. Beicokne 3Hayenus R u R?
CBUJICTECIHCTBYIOT O CHJIBHOU CBSI3U MEKIY NPEIUKTOPAMH M 3aBHCHMOI TIEPEeMEHHOIA.
ITpuBeneHHbIe AaHHBIC OOYCNABIMBAIOT JAOCTOBEPHOCTH PE3YABTATOB, UYTO O3HAUACT
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KOMOMHHPOBaHHOE BIIASHUE Qn n A na n3menenune 3nauennii KI1. Orciona cienyert, 4to
MOJIEJTh OYE€Hb XOPOIIIO OMKMCHIBAET JIAHHBIC U SIBJISIETCS] BBLICOKO MTPOTHO3HOU. ITO BBICO-
KM TIOKa3aTellb, YKa3bIBAOIIUN Ha TO, YTO (DaKTOPBI B MOJICIIM TECHO CBSI3aHBI C TEM,
YTO OHA MPOTHO3UPYET.

B03M0XHOCTB MPUMEHEHUS PETPECCHOHHOTO aHATN3a OIICHUBAJIH ITyTEM MTPOBEPKH
OJHOPOAHOCTH PErpeccuu (PUCYHOK 2).

[NpeackazaHHble 3Ha4eHUA 1 OCTaTKK

3aeucuman nepeme.: Kn br/krkbr/m2
0,08

0,06 | -
0,04 | SN ]
0,02 | B ]

0,00 2

QOcraTtin

0,02} o ]
004 | e ]

0,06 }

o]

0,08 - - - - - -
- 0,0 0,1 02 03 04 05 06

[Npenck. 3HaueHuA 0,95 Jo.MHT.

Pucynox 2 — Pesynomam npogepku 00HOpOOHOCMU OUchepcuu

0,1

Tak Kak TOYKHM Ha JaHHOM TpadUKe pacroiararoTcsi XaoTHYHO U KaKUX-THOOo 3a-
KOHOMEPHOCTEH HE MPOSIBISIETCS, ITO O3HAYaeT COONONEHNE NCCISTYyEeMBIX YCIOBHN 1
00BEKTUBHOCTH MPUMEHEHUS PErPECCHOHHOTO aHan3a. Ciae0BaTebHO, MOJIEIb a/IeK-
BaTHO OLIEHUBAET MCII0JIb3yEeMbIE I1apaMeTphIL.

3ak/ioueHue

IIpu BeIryneHOM conepkannu KPC B neTHuil mepuon B KauyecTBe KOpMa MOXKHO
HCIIONL30BATh 311aKK U 0COKHM Kak 1pu Q14 Ku/km?, Tak u ipu Q, 35 Ku/km®. YeraHos-
JIEHO, 4TO Q_ HE OKa3bIBAET CYIIECTBEHHOTO BIMSHMS HA PAJUALMOHHOE 3arps3HEHUE
TaKOTro KOpMa, OHAKO OTCYTCTBHE B paIlioHe Oellka, KOTOpoe 00ecIeunBaeTCs oTpe-
OneHreM TpaB U3 MOArPYMIbI 00OOBBIX, HE MOXKET TapaHTUPOBATh COAJAHCHPOBAHHOE
nmutanne KPC. Beenenne B parwion KPC npencraButeneit moarpynmsl 6000BbIE BO3-
MOKHO b npu Q35 Ku/km?, 1151 BIpAIIMBaHKs MOJIOJHSAKA HA MSCO.

[Tpu croiinoBom conepxkanuu KPC B 3umMHUI Tiepros peKOMEHyeTCsl UCIIONIb30-
BaTh B PallMOHE CKOTa CEHO, 3arOoTaBIMBAEMOE M3 MOATPYIIIHl MHOTOJETHHUX 3JIaKOBBIX
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TpaB. Mexay TeM Bo3MOXXHO BBeneHue B panoH KPC cena, 3aroraBnnBaeMoro, B ToM
4KCIie U3 TIOATrPYIIbl MHOTONETHUX 6000BbIX Tpas mpu Q 35 u 14 Ku/km?, kak 1715 BbI-
pammBanus moioaaska KPC Ha Msico, Tak u ISl TaKTHPYIOMINX KOPOB.

Ha ocHOBaHHU MPOBEJEHHOTO CTATUCTHYECKOTO aHAIM3a OBLIO YCTaHOBJIEHO, YTO
39% u3menuuBocty KII 3aBUCUT OT IIIOTHOCTH 3arpsi3HeHMsl. borbias yacTh H3MeHYU-
BOCTH OOBSACHSETCS APYTMMHU (PaKTOpaMH B 3aBUCUMOCTH OT KOHTEKCTa (MJIM HE BKIIIO-
YEHHBIMH B MOJICINb WIIH CITydaifHBIMN). [lomydeHHbIe pe3ynbTaTsl 00y CIIaBInBaIOT KOM-
OuHMpOBaHHOE BiMsHKE napamMeTpoB Q 1 A Ha usmenenue snauenuii K11 (oxoio 96%).
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Karpenka M. 1., Tsimafeyeu S. F. INFLUENCE OF BIOLOGICAL
CHARACTERISTICS OF GRASS STAND AND DENSITY OF RADIOACTIVE
CONTAMINATION ON THE PARAMETERS OF 'CS TRANSITION INTO
DAIRY AND MEAT PRODUCTS OF CATTLE

A study of the Sozh River floodplain revealed that, when cattle are kept outside in
the summer, cereals and sedges can be used as feed at various P. Legumes can only be
introduced into the cattle diet at a P of 35 Ci/km’, for raising young cattle for meat.
When cattle are kept indoors in winter, hay harvested from the perennial grass subgroup
is recommended. Meanwhile, hay harvested from perennial legumes at P of 35 and 14
Ci/km? can be introduced into the cattle diet, both for raising young cattle for meat and
for lactating cows. The obtained results indicate the combined influence of P and A on
changes in TF values (approximately 96%).

Keywords: floodplain, *’Cs migration, dairy and meat products, herbaceous
forages, cattle.



72 BECHIK MAY ima A. A. KYNNALLIOBA Ne 1 (67) e 2026 e

VIK 574.24

AHATOMO-MOP®OJIOT'MYECKUE OCOBEHHOCTHU
MEXKIETHUKOB YCTbUYHOI'O ANMAPATA JINCTBEB PICEA
ABIES B YCNOBUAX YPBAHU3UPOBAHHOM
CPEAblI OBUTAHUA

O. B. NoBopoBa

CTapIIUi TperofaBaTelb Kadeapsl eCTECTBO3HAHUS (aKyIbTeTa MaTeMaTHKU U
€CTECTBO3HAHUS

MoruneBckuii TocyaapCcTBEHHbIN yHUBepcuTeT nMeHn A. A. Kynemosa

B. A. JluBuHckasn

JIOLEHT Kaeapsb! (PUHAHCH U OyXydeT SKOHOMHUYECKOTO (pakyabTeTa, KaHIUAAT (Gu-
3MKO-MaTeMaTHYeCKHUX HayK

benopyccko-Poccuiickuil yHusepcurer

. U. TkaueB
CTyZIEeHT Ka(e[pbl eCTECTBO3HAHNUS (paKy/IbTeTa MaTeMaTHKH U €CTECTBO3HAHUS
Morunesckuil rocyqapcTBEHHbIM yHuBepcureT uMeHu A. A. Kynemosa

Toxazamenu easoobmena nonepeunozo cpesa nucma Picea abies (omnowenue cymmol nio-
waoetl MeACKIeMHUKO8 YCTNbUYHBIX ANNApamos K niowaou IUCma Ha mom Jce NONepeuHoM cpese;
OMHOWEHUEe CYMMbL NePUMEMPOE MENCKAENMHUKOE YCMbUYHBIX annapamos K nepumempy aucma
HA MOM Jice NONEPEUHOM cpe3e) Hudice 8 PatioHax 20poOCKOll cpedbl NPOU3PACMAaHUs PACMEHUll ¢
NOGBIUEHHBIM COOEPIHCAHUEM NPOOYKINOE C2OPAaHUs AGMOMPAHCNOPMA U CO CMEWLAHHLIM MUNOM
3aepAsHenUs (AGMOMpPaHcnopm, NPOMbIULIEHHOCHb) NO CPAGHEHUIO ¢ KOHMPOIbHBIM PAUIOHOM.

Ki1ioueBble cjioBa: MEXKIETHUKH YCThUL, NTONEPEUHBIN cpe3 nucta, Picea abies.

Brenenue

VYXy/IeHne COCTOSHUS APEBECHBIX PACTCHUH B TOPOJICKOM cpesie OOUTaHUS MPOXC-
XOJIUT M3-32 MHOXKECTBA Pa3HOOOpa3HbIX (PAKTOPOB: 3aMbUIEHHOCTH M 3ara30BaHHOCTH
aTMocdepsl; 3arps3HEHHS [T0YB U TPYHTOBBIX BOJ; HAPYIICHHUS €CTCCTBEHHOTO BOAHOTO
peXrMa IPYHTOBBIX BOJ; BEICOKOM IIJIOTHOCTH KOMMYHAJIbHBIX COOPYKEHHUMH, pacIioilo-
’KEHHBIX B KOPHEOONTAEMOM CJI0€; IMUPOKOTO PACTIPOCTPAHCHHUS TUTOIA ICH ¢ HACHIITHBIM
TPYHTOM, NOJTHOCTBIO JIMIICHHBIM IPUPOJAHBIX CBOICTB TOYB; MCIOJb30BaHHUs IIPU 03€-
JIEHEHUU ropojia c1ab0yCTOMUMBBIX K 3arpsA3HEHUI0 pacTeHUI. AJaTUBHbIE H3MEHEHUS
pocta, MopdoreHesa 1 METab0IM3Ma APEBECHBIX TOIOCEMEHHBIX PACTEHUIN K CTpECCy —
crier(pUIECKUi OTKIIMK PaCTCHUI Ha CTpeccoBbie Bo3aercTBys [1]. 11t OCHOBHBIX Me-
Ta0OJIMYECKUX MPOLIECCOB PACTCHUHN PETYINPYIONIYIO (DYHKIIHIO MOCTYIUICHUS/BbIBEIE-
HUSI Ta3000pa3HBIX BEIIECTB BHIIONHACT YCTHUIHBIN alliapaT, B COCTaB KOTOPOTO BXOIST
3aMbIKAIOMKNE KJICTKNU C COCCAHUMHU OKOJIOYCTbUYHBIMHU KIIETKAMHU, IICJIb. HOI{ ICJIbIO
pacrosio)keHa KpymnHas JblXaTeibHas MOJIOCTb (MEXKIETHHUK), OKPYKEHHas KIETKaMU
Mesodpma nucta. 1lens MoKeT pacpsAThCS/CyKaThCsl, PETYAUPyYs TPAHCITUPALIUIO U
ra3000MeH, pearupys Ha BHEIIHUE YCIOBHS W (H3HOJOTHYCCKIEC H3MEHECHHUS B TKaHIX
nucrta. M3 BHemHUX (haKTOpOB HA YCTHUYHBIM ammapar OOJbIE BCETO BIUSIOT BIAXK-

© IToBoposa O. B., Jluunckas B. A., Tkaues U. 1., 2026
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HOCTB BO3/yXa, YCIIOBHS BOJJOCHAOKCHHMS, CBET, TEMIIEpaTypa, a U3 BHYTPEHHUX — Tap-
unanbHoe nasnenne CO, B cHCTEME MEKKIIETHUKOB, COCTOSIHUE THIPATALlMU PaCTEHHS,
WOHHBIN OanaHc, GuToropMoHsl [2]. OCHOBHOW MCTOYHHK 3arpsi3HSIONINX BEUICCTB B
ropojie — aBTOTPAHCIIOPT, MOATOMY BEIIECTBA, COMCPIKAIINECS B BBIOPOCAX aBTOTpaH-
CTIOpTa, TOMAJAaloT B JINCTBS MPH ra3o00MeHEe 4Yepe3 OTKPHITHIC YCTHHIA, TOKCUIHBIC
BEIIIECTBA HAKATUTHBAIOTCS B MEKKICTHUKAX U Yepe3 KJICTOUHBIC CTCHKH MPOHUKAIOT K
KJIeTKaM Me30(riuia. YCTEUUHBIN armapar, peryiIupys MoCTYIUICHHEe OCHOBHOTO UCTOY-
HUKA 3arps3HEHHS TOPOACKON CPeibl — MPOAYKTOB CTOPaHHs TOIUIMBA aBTOTPAHCIIOPTA,
aIanTHpPYyeT pacTeHHE K Cpesie 0OUTaHus, IPOSIBIISS CBOMCTBA Ta309yBCTBUTEIEHOCTH 1
ra30yCTOMYMBOCTH, YTO MOXKET OBITh UCIIOIB30BAaHO B OMOMOHUTOPUHIE CPEIBI OOUTA-
HUSI PACTCHUSL.

Lean HecaenoBaHusI — ONPEICITUTh OCOOCHHOCTH MEKKIICTHUKOB YCTHHUHBIX all-
napatoB Picea abies B yCIOBUSIX YpOaHU3UPOBAHHON Cpe/ibl OOMTAHUS PACTCHUH.

Marepuasbl 1 MeTOABI HCCIeT0BAHMIT

OOBeKT ucCIeIOBaHUs — TIOTIEPEUHBIN cpe3 mucta Picea abies, mpeaMET UCCIIEI0-
BaHMS — TIEPUMETP U IUIOIIAb MTOTIEPEYHOTO Cpe3a JINCTA, IEPUMETP H IUIOMAAh MEXK-
KJIETHUKA KaXJIOT0 yCThUIIA.

Breibupanucey Mecta npouspacTanus JiepeBbeB Ha yaaneHuu 20-40 M OT aBTOMO-
OMIIBHBIX TOPOT C JOTIONHUTENIBHOM HArpy3K0i, CHUKAIOLIEH ypOBEeHb TOCTYIHON MOY-
BEHHOH BIard JJIsI PACTCHUS U XapaKTEPH3YIOIIEH AKOCHCTEMY TOpofa, — BBITANITHIBA-
HUe, acPaTbTHOE WIN ITUTOYHOE MMOKPBITHE BOJb MECT POU3PACTAHHS TOJI0CEMEHHBIX
pactenmii. B yepre . Moruiea BEIOpaHBI TP paiioOHa POU3PACTAHUS PACTEHHUH C TIOBBI-
LIEHHBIM COIEPYKAHUEM IPOAYKTOB CTOpaHus TOIUIMBA aBTOMalinH: P1 — yi. BsbiHuiko-
ro-bupynu 5, 7, 7a; P2 — yi. Slky6oBckoro 55, 69, 69a; P3 — nentp ropona — yi1. [lepBomaii-
ckas, 1.25, ya. Ilnonepckas 23a. YerBepTslii pailon P4 co cMemaHHBIM THIIOM 3arpsi3-
HeHUsI (aBTOTPaHCTIOPT, MPOMBIIIIICHHOCTh) — OAO «Moxkenut» (yi1. YenrockuHies). B
kadecTBe KoHTpois (K) 6611 BeIOpan mpuropox Morusesa, A. 3aTHILbE.

Ha xaxxmoM ydacTke OTOMpAaJIH 110 AECATH JIUCTHEB OAMHAKOBOH JUTMHBI HAa BBICOTE
150—170 cM OT MOBEPXHOCTH 3€MJIM C TPEX B3POCIBIX AepeBbeB Enu eBpomneiickoil B
coHeuHbIe THU B 12 gacoB (20-22°C) ¢ omMHAKOBOW BIaXKHOCTHIO Bo3myxa (68—70 %)
B TPU NepUoOJia aKTUBHOTO BereTaruBHOro cezona 2025 roga: HBC — Hauano Bererarus-
HOTO ce30Ha (MOCIIeAHS Henens Masi, iociie nBeteHust ), CBC — cepeariHa BereTaTHBHO-
ro ce3oHa (cepeauna urons), KBC — koHel akTHBHOTO BEreTaTUBHOTO ce30Ha (IepBast
HeJIesIsl CEHTSOPS).

g nzyydeHust 0COOEHHOCTEH MEKKJIETHUKOB YCTHHI Ha TIOTIEPEYHOM CPE3€e UIJI0-
BUAHOTO JHcTa Picea abies NCTIONB30BaI METOABI MCCICAOBAHUS — THCTOJIOTHYCCKHIN
METOJI IPUTOTOBJICHUS OKPAILIEHHBIX MTPETapaToB MOMEPEYHOTO Cpe3a JTUCTA, METO MH-
KPOCKOITMPOBAHHUS, METOA (POTOCHEMKH, CTATUCTUICCKHIE METO/IBI aHAJIH3A.

Ha npeaMeTrHoM cTekiie Jenaiu TOHKAN MONepedHblid cpe3 JHCTa JIE3BHEM, KOTO-
PBIil IpemapoBabHON UIION TepeHocund B 1 kamto 1%-Horo pactBopa ¢rioporto-
uuHa. Yepes MUHYTY A00aBIsUM 1,2 Karuid IbIMALIEH CONSHOM KUCIOTHI U HAKPbIBAIN
TTOKPOBHBIM CTEKJIOM, MUKpOCKonIpoBany Ha «bromam» (okymsap x7, 00beKTHB X8, pH
9TOM H3HAuYaJIbHO OBLJIO YCTAHOBJIEHO COOTBETCTBHE MEXAY IUIMHHOW B 1 MHIUTUMETD,
W pa3MepaMu, HAaHECCHHBIMH Ha OKYJIsip), hotorpadupopanu. @otorpaduu oOpadarsi-
BaJM B mporpamMMe ImageJ Ha mepcoHaIbHOM KOMIIBIOTEPE C ONEPALMOHHON CHCTEMON
«Windows 10». Metoauka o6pabotku ¢ororpaduii cpe3os:
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- B mento «File» Bo Bkiajike «Open» BeIOpaTh HE0OXonuMyro (oTorpaduro.

- UucTpymenTtom «Straight» BeIenseM oTpe3ok Ha (ororpadun, JTHHHOW B MUI-
JUMETP.

- B men1o «Analyze» BeiOnpaeM BKIaaKy «Set Scaley.

- B oxne «Set Scale» BBICTaBIsIEM N3BECTHYIO AUCTAHIHUIO B | MIJUIUMETpP U CTa-
BHM TaJIOUKy psiioM ¢ Haamuchio «Global» s Toro, utoObl Bee mocienyromme horo-
rpaduu 00padaThIBaINCh C TEMU JK€ BHICTABICHHBIMH 3HAYCHUSIMH.

- B menro «Set Measurements» BbIOMpaeM mapameTpsl, KOTOpbIe HEOOXOIUMO H3-
MEPHTb.

- C momoinkto uHCTpyMeHTa «Polygon selections» BeIzelsieM yacTh cpe3a, mapame-
TPBI KOTOPOH HYXKHBI TSI pAOOTEL.

- B meHo «Analyze» B caMoM Bepxy HakuMaeMm BKIJIAIKy «Measure», 1 HEOOXo-
JIUMbIE TIapaMeTPhl MOSBIAIOTCS B OT/IEIBHOM OKHE, KOTOPBIE MEPEHOCHM B CBOJHYIO
TaOIUILy.

[IpoBoanIM OMH MOTIEPEIHBIH cpe3 MO CeperHE OJHOTO JIHCTa. B Kax oM paiione
uccliieioBanus npoananu3upoano 90 cpe3oB (1o 10 MHUCTBEB € KaXKIOTO JEpeBa, TpU
JiepeBa, TpU mepuoaa HaOmoneHus ), B meaoM — 450 cpezoB. [IpoBoguauchk pacdeTs
MIEPUMETPOB U IUIOMA/ICH KaXKI0TO MEKKIIETHHKA YCTHUIL HA OJTHOM TOTIEPEYHOM Ccpe3e
nmicta. PaccunTeiBamm JBa TOKa3aTelis, XxapakTepu3yronux 3QOeKkTHBHOCTh Ta3000MeHa
(X) Ha monepeyHOM cpe3e XBOMHKH:

- DddextuBHas miomaas razooomMena (X1) kak OTHOLIEHHE CYMMBI IUIOIIAJEH
MEKKJICTHUKOB YCTBUII K IJIOIIA/I JIUCTA HA TOM JKE MOMEPEYHOM cpese 1o (opmyrie
X1=YSn/S,

- DddexTrBHAS MOBEpXHOCTH razoo0MeHa (X2) Kak OTHOIICHHE CYMMEI IIepHUMe-
TPOB MEXKIIETHUKOB YCTBHII K IIEPUMETPY JINCTA HA TOM K€ TIONEPEYHOM cpe3e 1o Gop-
myne X2=)Pn /P,

rre P — nmepumetp u S — mitomiaas momepevHoro cpesa JucTa,

Pn — mepumerp 1 Sn — mIomaab KaKIOTO0 MEKKIETHHKA YCTHHI[ HA TTOTIEPSITHOM
cpese JucTa.

Pe3yabrarsl nccie10BaHuii

ComnracHoO MTepaTypHbIM JIaHHBIM, TOKCHYHBIC BEIIECTBA HAKATUIMBAIOTCS B MEXK-
KJICTHUKAX M Yepe3 KIETOUHBIE CTCHKH IPOHUKAIOT K KJIIeTKaM Me3oduiuia. B HacTosmiem
WCCIICI0BAaHUM ONIPEENIEHO, YTO YHCIIO YCTHULl CHUYKEHO B PaiOHAX C MOBBILIEHHON 9KO-
JOTHYECKOi Harpy3koi B 1,2—1,3 pa3a B akTUBHBIE TIEPUOABI BETETAIMH 110 CPABHEHUIO
C KOHTPOJIBHBIM pailoHOM. OTIpe/IeNuB, YTO YHCIIO YCTHHIl MOKET OBITh OMOMHTUKAIIH-
OHHBIM TapaMeTpoM [3], XapaKTepU3yIOUINM Ta309yBCTBUTEIHHOCTD TOJOCEMEHHBIX
pacTeHHi K XMMUYECKHM MOJUTIOTAHTAM B YCIIOBHSX IIPOMBIIIICHHOTO TOPOMa, OBLIH
M3y4YeHbl MapamMeTpbl MEKKIETHUKOB YCTBUI[ KaK ra30BOCHPUHUMAIOIIETO armmapara
pactrenuit (Tabmunua 1). Kak BugHo u3 manubix Tabmuiel 1, MeanaHa 3HaYCHUN TIepH-
METPOB M IUIOMIA/IeHi MEKKICTHIUKOB YCTHUII BBIIIIE B KOHTPOJIBHOM paifOHE B HAYaJIb-
HBIX ITEPUOAAX BETECTAIMH MO0 CPABHEHHUIO ¢ OoJiee MO3MHIMHU NePHOIaMH HAOTIONCHS,
a TaKXkKe CO BCEMH M3y4aeMbIMH pailoHaMH ypOaHU3MPOBAaHHBIX TeppUTOpuil. Mennana
MEpUMETPa MEKKIETHUKOB B Hayaje akTMBHOI'O BETETAaTUBHOIO ce€30HA BhIEe B 1,21 u
1,23 pa3za o cpasaenurio ¢ nepuogamu CBC u KBC y pacTennit KOHTpOJIBHOTO paiioHa;
B JPYTHX M3y4aeMbIX pallOHaX OmpelesieHa CX0)Kasl TeHICHIIU, OMHAKO C MEHEe BhIpa-
JKCHHOU 3aKOHOMEPHOCTHI0. TakiM 00pa3oM, HaMH OINPEIEIICHO, YTO B pailoHax Mpou3-
pacTaHus ¢ IONOJTHUTEIbHBIMU MOJUTIOTAHTAMH CHUYKAETCSl YHCIIO YCThUII, IEPUMETP H
TUTOIIATh MEXKKIICTHUKOB YCTBHII.



MAT3MATbBIKA, ®I3IKA, BIANOTA 75

Jis XapakTepucTUKd 3(PQPEKTHBHOCTH Ta3000MeHa W TPaHCIHMPAIMH PACTCHHUH
HaMH pacCYUTaHbl MMOKa3aTeIu: OOLIMi nmepuMeTp/oomas miomaab NonepeyHoro cpe-
3a JHCTa, CyMMapHBI IIepuMeTp/CyMMapHasi IUTOMIaIb BCEX MEKKICTHUKOB YCTHHUI] HA
JTAHHOM cpe3e MPU MOMOILH CIEeNUaTbHON KOMIBIOTEPHOIH MPOTrpaMMBbl U PACCUUTAIIH
COOTHOIIIEHUE JAHHBIX ITOKa3areneil. PacTeHnsaM momoraer COXpaHHThCS B yCIOBHSIX
MOBBIIIEHHOTO 3arpsi3HEHHS BBIKIIOUEHUE Ta30BOCTIPUHUMAIOLIETO anmapara (YCThHII).
PesynpraTel n3ydeHns 3¢ (eKTUBHON MOBEPXHOCTH MOMIEPEIHOTO Cpe3a JIMCTA IS Ta30-
oOMeHa U TpaHCIUPALUK PACTEeHUN B 3aBUCUMOCTH OT KOJIOTHYECKHUX (PaKTOpOB cpe-
JIBI SKU3HU TIpEICTaBICHBI Ha pucyHke 1. Ha rpaduke mpeacTaBieHs! SIIUKH ¢ yCaMH
(boxplots), rae neHTpaIbHaAs JTUHUSA B SIIIUKE COOTBETCTBYET MEIUAHE, MPAHMLIBI SIINKA
— nepBomy (Q1) u Tperbemy (Q3) KBapTHIAM (MEXKKBApTHIIbHBIA pa3dmax, IQR). Veur
MIPOCTHPAIOTCS JI0 CAMBIX KpallHUX HAONIOEHUH, Haxosmmxcst B mpenenax 1,5 x IQR
OT COOTBETCTBYIOIIECTO KBapTHIs. HaOmroneHns 3a mpemeraMu 3TOTO JHana3oHa CUH-
TaloTCs BHIOpOcamMu (B JaHHOM HCCIIEIOBAaHUM HE OTOOpaskeHbl). PasHoIBEeTHBIE OOKC-
TUTOTHI PACCYUTAHBI TIO PE3yNIbTaTaM NCXOIHBIX JaHHBIX U OKPALICHBI B COOTBETCTBUH C
9TaroM MPOBEJACHUS U3MEPEHUN B 3aBUCUMOCTH OT MEPHUOJIa aKTUBHOTO BEr€TaTUBHOTO
ce3oHa pacteHust. Kak BUIHO M3 TaHHBIX PUCYHKA, MEHaHa 3HaYeHUN (P deKkTHBHOCTH
razoobMeHa 1o AByM u3ydaeMbIM nokazaressaM (X1 u X2) y nepeBbeB KOHTPOJIBHOTO
paiioHa BO BCE€ MEPHOIbI AKTHBHOTO BETE€TAIMOHHOTO ce30Ha Bhme B 1,4-1,6 pa3 mo
CPaBHEHUIO C JIEPEBbIMU ypOAHU3UPOBAHHBIX TeppuTopuid. [lapamerpuueckuii t-recr,
t-Tect ¢ mornpaBkoii boH(pEeppOHU 11T MHOKECTBEHHBIX CPAaBHCHUH BBISIBUIIH, YTO pac-
cuuTaHHble TIokazarenu X1 u X2 pacTeHuid, MPOU3pacTaloINX B YepTe ropoja BO BCeX
YeTBIPEX M3yYaeMbIX paiOHaX, CTAaTHCTHYCCKH 3HAYMMO OTIMYAIOTCS OT ITOKa3aTeeh
pacTeHuil KOHTPOJILHOTO paiioHa (B KaxkaoM paitone P1, P2, P3, P4, B kaxxnoM u3 Tpex
neproAoB akTuBHOTO BererarnBHoro cezona HBC, CBC, KBC; p<0,001).

Takum 00pa3oM, MoKazaTeId YCTHHYHBIX alapaToB (YUCIO YCTHUL, MEPUMETP H
TUTOIA/(h MEKKIIETHUKOB) SIBIISTIOTCS] YyBCTBUTEIBHBIMH K (DaKTOpaM TOPOICKOI Cperibl
obutanus. MeXKIETHUK YCTBUYHOTO amnmnapara oopa3oBaH 000JOYKAMHU KIJIETOK Me30-
¢wina mucTa, MO3TOMY YeM OOJIBIIE MEePUMETP M IUIOMaab MEKKICTHUKA, TeM OO0Jb-
1€ COAEPXKUTCS B HEM Ta3000pa3HbIX BELIECTB U T€M OOJbllle UX BKIIOUUTCS B OOMEH
BEIIECTB pacTeHUs. B kadecTBe OMOMHIMKATOPA T'a309yBCTBUTEIBHOCTH ENu eBponeii-
CKOW OTpesieNIeHbl MOKa3aTed MEXKIETHUKOB YCTHbUYHBIX allaparoB, pacCUYMTaHHBIC
KaK OTHOIIICHHE CyMMBI IIOIMIACH/IEpUMETPOB MEKKIICTHHUKOB K TUIONIA U/ TIEPUMETPY
JIUCTA HA TOM K€ MOMIEPEYHOM Cpe3e, KOTOPhIe MOTYT ObITh PEKOMEHI0BAaHbI IIPU O3eie-
HEHNHU ypOAaHM3UPOBAHHBIX TEPPUTOPHUH IS BEIOOPa Ta30yCTONYMBBIX BUIOB U COPTOB
pacTeHui, SKOJIOrMYECKOM MOHUTOPUHTE UX CPEAbl OOMTaHUSI.

st o3eneHeHus TOPOIOB C TOBBIIIEHHOW AaHTPOIIOT€HHON HAarpy3KOW pPEeKOMEeH-
JIyIOTCA TOJBKO T€ BHJbI PACTEHUH, KOTOPbIE YCTOMYMBBI K MPOMBIIIJICHHBIM U aBTO-
TPAHCTIOPTHBIM TOJUTIOTAHTaM, JIETKO TIEPEHOCST ToposIcKue ycnoswus. [1o crenenu raso-
ycToitunBocTH Picea abies otHocutcs, o H. [leccriepy, K 04eHb 4yBCTBUTEIbHBIM BU-
JlaM JIPEBECHBIX PAacTeHH K (pakTopam ropoickoi cpensl oouranus [4]. [azoycroituu-
BOCTb PaziIMYHBIX COPTOB Picea abies BapbUPYET OT HU3KUX JI0 BBICOKHX MOKa3aTeleH.
Tak, Hanpumep, copta Picea abies «Acroconay» n «Nidiformisy» onpenescHbl KaK MEHee
MEPCIIEKTUBHBIE U TIEPCIIEKTUBHBIE, COOTBETCTBEHHO, JJIsl 03EJICHEHUS! TOPOACKUX Tep-
putopuit [5]. J{is ycrenrHoro BBIpAIMBAHUS TOJIOCEMEHHBIX PACTCHUM PEKOMEHIYIOT
WCIOJIb30BaTh CEMEHA, aJallTUPOBAHHBIE K MECTHBIM YCJIOBUAM JaHIIIA()THONW Cperbl
[6, 7], moaTOMY TIEpCHIEKTUBHBIM Jisi T. MoruieBa mpecTaBisieTcs] oydyeHue moca-
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JIOYHOTO MaTepuaia u3 ceMsiH Picea abies TeX pacTeHU, KOTOpbIE ceivac pou3pacTa-
IOT B UepTe ropoja.
3aki0ueHue

Uucno ycThHlL, IEPUMETP U IIIOLIAAb MEKKIETHUKOB YCTHHIL Ha TOTIEPEUHOM Cpe3e
macta Picea abies HWXe y pacTeHUH, MPOU3PACTAIONINX B ypPOAHU3UPOBAHHOU CpPEJIe.
D¢ddexruBHas miomaab razoooMeHa (OTHOLIEHHE CYMMBI IUIOIMIAJCH MEKKIETHUKOB
YCTBHYHBIX alMapaToB K TUIOIIA M ITOTIEPEYHOTO cpe3a JucTa) i dPPEKTHBHAS TOBEPX-
HOCTb ra3000MeHa (OTHOILICHHE CyMMbI IEPUMETPOB MEKKJIECTHUKOB YCThUYHBIX aliia-
paToB K MEPUMETPY TOIMEPEeyHOro cpe3a ucta) Huwxke 1,4—1,6 pas B pailoHax ropo/IcKoi
cpebl OOMTaHUS PACTEHUH € TIOBBILIEHHBIM COJAEPKAHUEM MPOAYKTOB CrOPaHUsI TOILIH-
Ba aBTOMAIIMH M CO CMEIIAHHBIM THIIOM 3arps3HCHUS (aBTOTPAHCIIOPT, MTPOMBIIUICH-
HOCTb) TI0 CPaBHEHHIO C KOHTPOJIBbHBIM PaiioHOM.
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Povarava A. V., Livinskaya V. A., Tkachou I. . ANATOMO-MORPHOLOGICAL
FEATURES OF THE INTERCELLULAR STRUCTURE OF THE PICEA ABIES
LEAVES IN AN URBANIZED ENVIRONMENT

The gas exchange indicators of the cross-section of the leaf (the ratio of the sum
of the areas of the intercellular spaces to the area of the leaf on the same cross-section,
the ratio of the sum of the perimeters of the intercellular spaces to the perimeter of the
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leaf on the same cross-section) are lower in the areas of urban habitat of plant growth
with increased content of combustion products of motor vehicles and with mixed type of
pollution (motor transport, industry) in comparison with the control area.

Keywords: intercellular spaces of stomata, cross-section of the leaf, Picea abies.

Pucynox 1 — Dphexmusrnasn nosepxnocmo (4) u niowaow (b) eazoodbmena
nonepeunozo cpesa aucma Picea abies (ocb X — paiionvl ucciedosanusi;
ocv Y — aghpexmusnocmo 2azoobmena, eounuybl)



BECHIK MAY ima A. A. KYNNALLIOBA Ne 1 (67) e 2026 e

78

[1€6 T PPL TILYS T

[110°C'656°1186°T

[sT0°T'PE6°T1696°T

[1+0°C'296° 11466°T

[Sz8T1iLL TIS6L T

JUN ‘eeado
oJ0oHRodon
-0l 9IeIoL |

[¥2000°0:91000°012000°0

[92000°0°81000°012000°0

[LZ000°0°61000°012000°0

[LZ000°0°61000°012000°0

[1€000°0:12000°01€000°0

JAN “TIHI10K
BMUHLOINDKOW
9T eI OI ]

[8:¢]ss

[8:¢]s

[8:¢]s

[8:¢]s

[8:€19

W ‘eeado
oJoHhodomon
diowudoagg

[90°0°6%0°017S0°0

[¥90°0°750°01850°0

[¥90°0°€50°01L50°0

[€90°0°50°01L50°0

[£90°0°950°01190°0

WIN “TTHILOA
BXHHLIINDKON
diowudogg

24D

[LeTTies0T]c60°T

[1s81iTLL TISTS T

[Lo1°T'TC0cleLoT

[820°T'88°T1SS6°T

[11°C'L66°T18€0°T

JNN ‘eeado
oJ0HRodon
-0l 9IeIoL |

[£000°0°61000°012000°0

[£000°0°L1000°012000°0

[£000°0°61000°012000°0

[££000°02000°01£000°0

[S000°0°€000°01%000°0

JNN TINGLOA
BMUHLIINDKON
9T eI OI ]

[8:¢ls

[8:¢ls’s

[8:¢]s

[8:¢ls’s

[8:¢]9

W ‘eeado
oJoHhadamon
diowudoyy

[+90°0'750°01650°0

[+90°0°C50°01850°0

[690°0°950°01290°0

[€£0°0'950°0]1€90°0

[180°0'890°0]%L0°0

W ‘“TTUIL0A
CMUHLIINDKOW
diowudoyy

OdH

rd|

€d

d

Id

A

[€0- 1O ‘sa19v pa21g 929N 9owWmdpUUD X19HANAUWIA 90dwaWDADU X1AWIDRAEN DXMUWINWDULD BDHALWDINU() — [ bhnrgn]




79

MATOMATBIKA, ®I3IKA, BIANOTIA

[280°C°LE6°TISOT

[100°C406° 11416 1

[L60°C100°C]TE0"T

[186°T1°6£6° 115961

[6¥1°C°966°11660°C

JUN ‘eeadd
oroHROodOM
-0l qIeIoN| |

[£2000°091000°0]12000°0

[+2000°0:L1000°0]12000°0

[$T000°0:L1000°0]12000°0

[$2000°0:81000°0]12000°0

[2€£000°0:61000°012000°0

JAN “TIHI10K
BMUHLOINDKOW
dY eI oI ]

[8:¢l9

[8:¢l9

[8:¢ls

[8:¢ls

[8:¢ls

W ‘eeado
oroHnodamon
diowudoagg

[650°0°8+0°01%50°0

[650°0°150°01$S0°0

[90°0:50°015S0°0

[90°0°150°01$S0°0

[L90°0°7S0°0190°0

W “TTU9LOA
BXHHLIIDKOW
diowudoagg

g

[ 19hurgbut anHadICLoQod[ |




Iepaxnan Tokcray padeparay apTeIKynay
Ha aHDTIHCKYIO MOBY
A. B. Pybanasa

Toaxuiunsl panaxrap 4. P. Pockau
Kawmr’rorapust Ha0op 1 BEpctka B. I Kanenyionasa
Kapoakrap 1. I Kapoicosa

[Magmicana na apyky 14.04.2026 r.

®apmar 70x1081/16. Tapuitypa Times New Roman.
YM.-apyk. apk. 6,4 . Yi.-Bbia. apk. 8. Thipax 25 ok3. 3aka3z Ne 1513.

YeranoBa agykanpli “Marinéycki A3sipKayHbl YHIBEPCITAT
ima A. A. Kymsamosa”, 212022, Marinéy, syn. Kacmanayray, 1.
[lacBequanne a0 n3gprkayHail paricTpalbli BIAAYIA, BBITBOPLBL,
pacmayciokBabHika IpykaBaHbX BeiganHay Ne 1/131 ax 03.01.2014 .

VuitapHae nanirpagdiuHae KaMmyHaJbHae IpaIIpbIeMCTBa
“Marinéyckas abnacHas y30yitneHas npykapus imst C. Cobanst”
JIIT Ne 02330/23 ag 30.12.2013 .

Byx. [lepmamaiickas, 70, 212030, r. Marinéy



