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PHYSICS

UO“K 621.315.592
YEVROPIY BILAN LEGIRLANGAN KREMNIYDA MAGNITLANISHNING GISTEREZISI

Abdug ‘aniyev Yo ‘ldoshali Adashali o ‘g ‘li,

Islom Karimov nomidagi Toshkent davlat texnika
universiteti, fizika-matematika fanlari bo ‘vicha PhD
yoldoshaliabduganiyev2@gmail.com

Annotatsiya. Yevropiy kirishma atomlarini kremniyga kiritish natijasida magnit nanoklasterlari
shakllantirilgan p-tipli legirlangan kremniy namunalarining magnit xususiyatlarini o ‘rganish bo ‘yicha
tadgigot natijalari keltirilgan. Bunda asosiy vazifa diffuziya usuli bilan olingan materialda elektron
paramagnit rezonans xususiyatini o ‘rganish, magnit qarshilikning elektr va magnit bo ‘yicha o ‘zgarishi
qonuniyatlarini o ‘rnatish, xona haroratida magnitlanish gisterizisi tashqi magnit maydon ta’siriga
bog ‘ligligini aniqlashdan iborat.

Kalit so“zlar: gisterezis, diffuziya, magnit garshilik, feromagnit, konsentratsiya.

I'NCTEPE3UC HAMAT'HUYEHHOCTHU B KPEMHUH, JIETUPOBAHHOM EBPOIIMEM

Annomayusa. I[Ipeocmasnenvl pe3yibmamol UCCIeO08AHUS MASHUMHBIX CEOUCME 00pA3Y08 KPEeMHUS,
JIe2UPOBAHHO20 P-MUNOM, 8 KOMOPHIX 8 Pe3yIbmame 66e0eHUs 6 KPeMHUL 1ecupyiouux 000agox eeponus
Gopmupyiomess macHumuvle Hanokaacmepovl. OCHO8HAS 3a0a¥a — U3VYEHUE CEOUCME INeKMPOHHO2O
NAPAMASHUMHO20 —~ PE30HAHCA 6  Mamepuane, NOLYYEHHOM MemoooM  Oug@yzuu, ycmanosieHue
3aKOHOMEPHOCMell USMEHEHUsL MASHUMOCONPOMUBIEHUSL 8 INEKMPUYECKOM U MACHUMHOM HANPABIEHUAX, d
makaice onpeoeienHue 3a8UCUMOCIU 2UCTEPE3UCd HAMASHUYEHHOCU NPU KOMHAMHOU memMnepamype om
6030€liCMBUsL BHEWHEe20 MACHUNMHO20 NOJIA.

Kntouesvle cnoea: cucmepesuc, oughghysus,  masHumoconpomueieHue,  peppomasHemusm,
KOHYEHMpayusi.

MAGNETIZATION HYSTERESIS IN EUROPIUM-DOPED SILICON

Abstract. The results of a study on the magnetic properties of p-type doped silicon samples are
presented, in which magnetic nanoclusters are formed as a result of introducing europium doping additives
into the silicon. The main objectives are to investigate the electron paramagnetic resonance properties in the
material obtained by the diffusion method, to establish patterns of magnetoresistance changes in electrical
and magnetic directions, and to determine the dependence of magnetization hysteresis at room temperature
on the influence of an external magnetic field.

Key words: hysteresis, diffusion, magnetoresistance, ferromagnetism, concentration

Kirish. Adabiyotlarning ilmiy tahlili asosida lantanoid elementlarning kirishma atomlari Kiritilgan
kremniyda ferromagnitizm holatining kuzatilishi kirishma atomlarning magnit momentlarini gattiq hajmida
o‘zaro parallel tartiblanishi bilan izohlangan. Metallarda elektronlarning konsentratsiyasi ko‘p bo‘lganligi
uchun ularning spinlarini boshqarish nisbatan oson bo‘ladi [1]. Ishda ko‘rsatib o‘tilgandek yarimo‘tkazgichli
gurilmalar odatda elektronlarning zaryadidan foydalanadilar, magnit materiallar esa elektron spin bilan
bog‘lig ma’lumotlarni yozib olish uchun ishlatiladi. Yarimo‘tkazgichlarda feromagnit material olish uchun
hammda elektronlarning zaryadi va spinidan foydalanish magnit bo‘lmagan yarimo‘tkazgichlarga magnit
elementlarning yugori konsentratsiyasini kiritish mumkin. Kremniyga yuqori spin tartiblanish xususiyatiga
ega lantanoid guruhiga mansub elementlarning Kirishma atomlarini kiritish orqali boshlang‘ich kremniyning
magnit xossasini o‘zgartirish mumkinligi [2] ishda ko‘rsatib berilgan. Olingan natijalar yarimo‘tkazgich
kremniy materialini spintronikada magnit datchiklarni yaratishda foydalanish imkoniyatini beradi, masalan,
spin tranzistorlarni ishlab chigarishda. 4f— guruh elementlarining kirishma atomlarini kremniyga Kkiritib,
uning magnit xususiyatlarini boshgarishga qizigish ortib bormoqgda. Eu atomlarining tashqgi elektron
gobiglaridagi 4f" elektronlar spini S=7/2 ga teng. Eu va kirishma atomlarining kremniyga Kiritib uning
magnit xususityalarini o‘rganish ilmiy va amaliy ahamiyatga ega hisoblanadi.
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Kremniyda ferromagnit xususiyatini olish uchun yuqoridagi boblarda o‘rganilgandek yevropiy
kirishma atom tanlab olindi. Boshlang‘ich material sifatida parametrlari solishtirma qgarshiligi 77+80 Q-sm
va fosfor konsentratsiyasi N=7.25-10* sm™ (kristal sirt orientatsiyasi (111)) bo‘lgan n-turli kremniy Si<P>-
80 asosida namunalar olingan. Diffuziya texnologiyasi doimiy manbaning gaz fazasidan amalga oshirildi.

Yevropiy kirishma atomi bilan legirlangan kremniydagi tok tashuvchilarning konsentratsiyasi va
harakatchanlini haroratga bog‘liqligi ECOPIA HALL HMS-7000 rusumli qurilmada azot haroratidan
boshlab (T=77 K) o‘rganib chiqildi. Ko‘p namunalarda takroriy o‘lchovlar bir xil natijalarni berdi.

I, sm?/V:s
2000
1800
1600
1400
1200
1000

800

600

400

200

0 ) T ) T j T T T T T
4 6 8 10 12
1000/T, K

1-rasm. Yevropiy kirishma atomlari kiritilgan kremniyda tok tashuvchilarning
harakatchanligini haroratga bog‘liqligi

O‘rganilayotgan namunadagi o‘Ichash natijalaridan ko‘rishimiz mumkinki haroratni oshishi, ya’ni kKT
energiyani oshirish bilan kristall panjara tugundagi atomlarining tebranishlarini amplitudasi ortishi ogibatida
kristall panjara doimiysi o‘zgaradi, kuzatilgan tebranish mehanizimi zaryad tashuvchilarni sochilishi deb
ataladi [3]. Olingan natijalarga nazariy jihatdan qaraydigan bo‘lsak, elektronlar va kovaklarning

+§
harakatchanligi ~ z, ~ 4, ~T 2 ifodaga to‘g‘ri proporsional bo‘ladi. Adabiyotlarda o‘rganilgan
3

yarimo‘tkazgich elementlarining harorat T=0-100 K oraligda harakatchanlik T? gonuniyat bo‘yicha
3

o‘zgaradi. Harorat T=100 Kdan oshganda T? gonuniyat bo‘yicha kamayadi. Tajribada o‘rganilgan
3

namunasida zaryad tashuvchilarning harakatchanligi T? gonuniyat bo‘yicha kamayib bordi. 2 rasmdagi
3

grafikda T2 qonuniyat kuzatilmadi, buning asosiy sabablari qurilmaning o‘lchash chegarasini T=77 K
haroratgachaligi hamda azot suyuqgligining kimyoviy tozaligiga bog‘liq bo‘lishidir.

[3.] Ishlar aytib o‘tilgan EuO birikmasi istigbolli ferromagnit yarimo‘tkazgich material hisoblanadi.
Bu birikmaning kristall tuzulishi tosh tuzi kristall panjara tuzilishiga ega. [4-7] ishlardan Si<EuO> klaster
bo‘lganini ilmiy asoslangandan keyin namunaning magnit Xususiyatini o‘rganish uchun Istanbul texnika
universiteti laboratoriyasida mavjud “Quantum Design MPMS-3 SQUID VSM” markali magnitometr
qurilmasi yordamida bir necha bor xona haroratida o‘rganildi.

Olish texnologiyasi. Tadgigotni asosiy magsadi kremniy sirtida yuqori klasterni hosil gilib uning katta
magnit momentga ega materialni tatbiq etishdan iborat. Yevropiy atomlarining nanoklasterlarining turli
konsentratsiyasi bo‘lgan kremniy magnitlanishining magnit maydonga bog‘liqligi o‘rganildi 1-rasm. Shu
sabab klasterlarni hosil bo‘lish uchun yuqori ikki xil haroratda T:=1200°C, T,=1250°C diffuziya qilib, magnit
Xususiyatini o‘rganildi. Tadqiqot natijasidan ma’lumki, harorat yuqori gilishdan asosiy magsad kremniy
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sirtidagi konsentratsiyasini oshirishdan iborat. Namunalarning magnitlanishi 1-jadvalda tahlili keltirib

o‘tilgan.
1-jadval.
Namunalarning magnitlanishi tahlili
N Konsentratsiya Mag‘ni.tlanish.ni.ng Magnit!a?_ish Majburiy kuch
amunalar N, sm-? to‘yinganligi qoldig‘i H. Oe
’ Ms, emu/sm® M, emu/sm’® “
a 8.2:10Y +1.47-10* 3.510° 58
b 1.8-10'8 +5.95-10* 3.42-10° 65.3

Tadqiqot natijasidan ko‘rishimiz mumkinki xona haroratida o‘rganilyotgan namunada magnitlanish
Gisterezis hodisasi kuzatildi.
Agarda magnitlanganlikni () quydagi 1formula orqali hisoblab chigsak xona haroratida y=10"ga teng

bo‘ldi.

1.5x10™ 1 ; -
a) SikEuO> y P
1.0x10™ 1 -
e 5.0x10° -
S
=] |__
§ 00 m
2 5 paoe] ASEO W
-5.0x10°° 1 o -
-1.0x10" § - i
-1.5x10™ -
30 20 10 0 10 20 30
H, kOe
6.0x10"4  h) Si<EuO> .
1 M
4.0x10° St
@ 4 |
£ 2.0x10* L
E o0 M
s " T -
-2.0x10™ - \/ -
-4.0x10™ - -
-6.0x10™ 1 -
30 20 -10 0 10 20 30
H, kOe

2—-rasm. Turli haroratlarda yevropiy kirishma atomlarini diffuziya gilingan kremniy
namunalarining magnitlanganligini tashgi magnit maydonga bog¢ligligi; a—harorat T:=1200°C, b—

harorat T,=1250°C.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 6



PHYSICS

_M
£=H

bunda M—magnitlanish, H-magnit maydon kuchi

Yevropiy kirishma atomlari diffuzion usul bilan kiritilgan kremniyning magnit xususiyatlarini
o‘rganish asosida tezkor ishlaydigan magnit sensorlar, magnit diodlar, tranzistorlar, integral sxemalar hamda
sezgirligi yugori magnit datchiklarni yaratish imkoniyatlari ko‘rsatilgan.

Xulosa. Xona haroratda (T=300 K) yevropiy kirishma atomlari bilan legirlangan kremniy sirtida
magnit domenlarni shakllantrishni yangi texnologiyasini yaratildi hamda tashqi magnit maydon ta’sirda
tartibli oshishi kuzatildi. Si<EuO> namunalardagi magnitlanganlikni (y) xona haroratida y=10°ga teng
ekanligi aniglandi.
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Annotatsiya. Mazkur magolada erkin tebranishlar tushunchasi, ularning fizik mohiyati, matematik
ifodasi hamda turli tizimlarda ro‘y berish sabablari keng yoritilgan. Shuningdek, tebranish jarayonining
asosiy parametrlari amplituda, davr, chastota va fazaning o ‘zaro bog‘lanishi tahlil qilinadi. Erkin
tebranishlarning mexanik, elektr va akustik tizimlardagi namoyon bo ‘lishi nazariy asosda ko rib chiqilib,
ularning differensial tenglamalar orqali modellashtirilishi amaliy misollar bilan ko ‘rsatilgan.

Kalit so“zlar: erkin tebranishlar, mexanik tizim, differensial tenglama, burchak chastota, amplitude,
faza burchagi, rezonans, energiya saglanishi, LC-kontur, elastik kuch, Guk gonuni, Nyuton gonuni, tebranish
nazariyasi, bargarorlik tahlili.

KOHIENIUS U ®U3HUYECKAS CYTh CBOBOJHBIX KOJIEBAHUM

Annomayua. B cmamve 0an KOMRAEKCHbLUL 0030p NOHAMUSA C80O0O0HLIX KOIeOaHul, ux usuieckou
npupoobl, MAMEMAMU4ecKo20 GblpadCenuss U NPUYUH  BO3HUKHOGEHUS 6 PA3IUYHBIX — CUCTEMAX.
Ipoananusuposana 83auMOC6a3b  MedHcOy OCHOGHLIMU RAPAMEmpamu  KO1ebamenbHo20 npoyecca:
amMnaumyoou, nepuooom, uacmomou u ¢pasou. Teopemuuecku paccmMompeHo npossieHue c80O0OHbIX
KONeOAHUIl 68 MeXAHUYeCKUux, NeKMPUHeCKUX U aKyCMUYECKUX CUCMeMax, d Maxdice HA NPaKmuyeckux
npuMepax noKA3aHo ux MoOeauposanue Ou@pepenyuanbHblmu yPagHeHUusmu.

Knrouegwle cnosa: c60600nble KoMebaHUS, MEXAHUUECKAST CUCMEMA, U deperyuaivhoe ypasHeHue,
Kpyeoseas wacmoma, amnaumyod, (pazoewlil y2oi, pe3oHanc, 3aKon coxpanenus snepeuu, LC-xkonmyp, cuna
ynpyeocmu, 3axkon I'yka, 3axon Hviomona, meopus konebanutl, anaius ycmoudugocmu.

THE CONCEPT AND PHYSICAL ESSENCE OF FREE VIBRATIONS

Abstract. This article provides a comprehensive overview of the concept of free oscillations, their
physical nature, mathematical expression, and the causes of their occurrence in various systems. The
relationship between the main parameters of the oscillatory process-amplitude, period, frequency, and phase
are analyzed. The manifestation of free oscillations in mechanical, electrical, and acoustic systems is
theoretically examined, and their modeling using differential equations is demonstrated using practical
examples.

Keywords: free vibrations, mechanical system, differential equation, angular frequency, amplitude,
phase angle, resonance, energy conservation, LC-circuit, elastic force, Hooke's law, Newton's law, vibration
theory, stability analysis.

Kirish. Tebranishlar hodisasi tabiatda keng targalgan bo‘lib, u mexanik, elektr, akustik, hatto kvant
tizimlarida ham kuzatiladi. Har ganday tizim muvozanat holatidan chetlashtirilganda va unga tiklovchi kuch
ta’sir qilganda, u ma’lum vaqt davomida muvozanat holati atrofida davriy harakatni amalga oshiradi. Ana
shu jarayon tebranish deb ataladi. Agar bu tebranishlar tashqi kuchlarning aralashuvisiz, fagat tizimning
ichki energiyasi hisobiga yuzaga kelsa, u holda bu erkin tebranish deyiladi.

Erkin tebranishlar bu energiyaning bir shakldan ikkinchi shaklga uzluksiz almashinuvi bilan
kechadigan murakkab dinamik jarayondir. Masalan, bulogga osilgan yuk tebranganda, dastlabki potensial
energiya kinetik energiyaga, so‘ng yana potensial energiyaga aylanishda davom etadi. Shu kabi tebranishlar
elektr konturlarida (induktivlik va sig‘im orasida zaryad almashinuvi), akustik tizimlarda (tovush to‘lginlari
shaklida), va hatto atom hamda molekulalar darajasida ham kuzatiladi.
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Erkin tebranishlarning mohiyatini chuqur anglash mexanika, qurilish, akustika, elektrodinamika,
avtomatika va hatto nanofizika kabi ko‘plab sohalarda alohida ahamiyatga ega. Chunki real tizimlarning
bargarorligi, chidamliligi va rezonans holatlarida yuzaga keladigan xavfli tebranishlarni aniglash, ulardan
himoyalanish va ularni boshgarish imkoniyati aynan shu nazariy asosga tayanadi. Masalan, bino
konstruksiyalarida, ko‘priklarda yoki mashina detallarida paydo bo‘ladigan erkin tebranishlarni hisobga
olmaslik rezonans hodisasiga olib kelib, jiddiy mexanik shikastlanishlar keltirib chigarishi mumkin.

Shu bois erkin tebranishlar nazariyasini o‘rganish, ularning differensial tenglamalar orqali ifodalanishi
va asosiy parametrlarini (amplituda, chastota, faza, davr) tahlil gilish bugungi kunda ilm-fan va muhandislik
amaliyotida muhim ahamiyat kasb etadi. Ushbu tadgiqot natijalari turli tizimlarning dinamik xatti-harakatini
prognoz gilish, rezonansni oldini olish hamda energiya tejamkor boshgaruv usullarini ishlab chigishda keng
go‘llaniladi.

Adabiyotlar tahlili. Erkin tebranishlar nazariyasi asrlar davomida ko‘plab olimlar tomonidan chuqur
o‘rganilgan va rivojlantirilgan. Bu sohadagi tadqiqotlar mexanik tizimlardan boshlanib, keyinchalik elektr va
boshga fizik tizimlarga kengaytirilgan. A. Lagrange, I. Nyuton va D. Bernulli mexanik tebranishlarni
matematik jihatdan tavsiflashga asos solgan olimlardir. Ular differensial tenglamalar yordamida tizimning
harakatini ifodalash va energiya almashinuvi prinsiplarini tushuntirishga kirishgan, bu esa massalar, buloglar
va pendullar kabi klassik tizimlarda erkin tebranishlarni matematik modellashtirishga imkon yaratgan.
Keyinchalik, Lord Rayleigh tebranishlar energiyasi, amplituda, davr va rezonans hodisalarini chuqur tahlil
gilgan, tebranishlarning tabiiy chastotalari, tizimning tashgi kuchlarga javobi va energiya saglanishini
o‘rganish orqali nazariyani yangi bosqichga olib chiqgan va rezonans hodisasining xavfsizlik hamda
muhandislik ilovalaridagi ahamiyatini aniqlagan. So‘nggi asrlarda zamonaviy olimlar erkin tebranishlarni
kengroq tizimlarda o‘rganishga e’tibor qaratgan; struktura tahlilida binolar, ko‘priklar va mashinalar
elementlarining tabiiy tebranish chastotalari, amplitudasi va energiya almashinuvi o‘rganiladi, elektr
tizimlarda esa RLC zanjirlari orgali zaryad va tokning almashinuvi mexanik tebranishlarning analogi sifatida
tahlil qilinadi. Zamonaviy tadgiqotlar erkin tebranishlarni matematik modellashtirish va kompyuter
simulyatsiyalari yordamida batafsil o‘rganishga yo‘naltirilgan bo‘lib, turli chegaraviy shartlar va tashqi
ta’sirlar ostida tizimlarning javobi oldindan bashorat qilinadi. Shu tariqa, adabiyotlar tahlili erkin
tebranishlarni tushunishda tarixiy asoslar, matematik modellashtirish, energiya almashinuvi va zamonaviy
tadgigotlarning bir-biriga bog‘ligligini ko‘rsatadi, bu esa nafaqat nazariy, balki amaliy muhandislik
masalalarini yechishda ham muhim ahamiyatga ega.

Zamonaviy adabiyotlarda (masalan, Landau va Lifshits “Mexanika” asarida) erkin tebranishlar
umumiy differensial tenglamalar bilan tavsiflanadi. Elektr tizimlaridagi erkin tebranishlar esa LC-kontur

modeli orgali ifodalanadi (1-rasm):
L—+-q= D)
Bu yerda L- induktivlik, C- sig‘im, g- zaryad. Ushbu tenglama mexanik tebranish tenglamasiga to‘liq

analog hisoblanadi.
100 \ — Zaryad g (pC)

—— Kondensator energivasi ()
—— Induktiv enargiya (p]}
G2 === Umumiy energiya (p)
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1-rasm. RLC zanjirida erkin tebranish va energiya almashinuvi
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Adabiyotlarda gayd etilishicha, erkin tebranish tizimlarida energiyaning saglanish gonuni asosiy rol
o‘ynaydi. Tizimga tashqi energiya ta’sir gilinmasa, uning umumiy energiyasi doimiy qoladi.

Boshlang‘ich nugtada tizimning energiyasi turli shakllarda bo‘lishi mumkin: ba’zan u to‘liq potensial
energiya shaklida, ba’zan esa to‘liq kinetik energiya shaklida bo‘ladi. Harakat davomida bu energiyalar
o‘zaro almashadi: potensial energiya kinetik energiyaga aylanadi, kinetik energiya esa yana potensial
energiyaga. Shu tarzda energiya doimiy ravishda tizim ichida aylanishi natijasida erkin tebranishlar davom
etadi.

Bu jarayon mexanik, elektr va boshga turdagi tizimlarda bir xil prinsipda ishlaydi va tizimning har bir
vaqgtdagi holatini, tezligini va harakat xususiyatlarini aniglashda muhim ahamiyatga ega:

E= ékxz + imv2 = const (2)

Tadgigot metodologiyasi. Ushbu tadgiqot erkin tebranishlarning fizik mohiyatini, ularni matematik
modellashtirish usullarini va vaqt bo‘yicha o‘zgarishlarini batafsil tahlil giladi.

Erkin tebranishlar bu tizim tashqi ta’sirlarisiz tabiiy ravishda harakatlanadigan holatlar. Masalan,
elastik jismlar, pendullar yoki massali-spring tizimlar o‘zining ichki energiyasi yordamida harakat giladi.
Tizimga tashqi kuchlar ta’sir gilinmasa, bu harakatlar davom etadi.

Erkin tebranishlarni matematik jihatdan tavsiflash uchun differensial tenglamalar ishlatiladi. Ularning
yordamida tizimning asosiy xususiyatlari aniglanadi:

Davr (T) - tebranishning bir to‘liq sikli uchun ketadigan vaqt.

Chastota (f) - bir vaqt birligida gancha tebranish amalga oshishini bildiradi.
Amplituda (A) - tebranishning maksimal giymati yoki eng katta siljish hajmi.
Fazaviy burchak - tebranish boshlanish nuqtasi va boshlang‘ich holatini belgilaydi.

Bu parametrlar bir-biri bilan chambarchas bog‘liq bo‘lib, tizimning har bir vaqtdagi holatini, tezligini
va harakat yo‘nalishini aniglash imkonini beradi.

Tadgigot davomida erkin tebranishlarning matematik modellashtirilishi turli tizimlar uchun
go‘llaniladi. Bu mexanik tizimlar, struktura tahlillari va muhandislik ilovalarida tebranishlarning oldindan
bashorat gilinishini ta’minlaydi.

T=2:“vaf=§, (3)

bu yerda T - tebranish davri (s), f - chastota (Hz), @ - burchak chastota (rad/s).

Grafik jihatdan erkin tebranishlar sinusoidal shaklda ifodalanadi. Bu chizigli grafik tebranish
jarayonining davriy va muvozanat holati atrofida takrorlanib turuvchi xarakterini aniq ko‘rsatadi. Sinusoidal
shakl tizimning energiya almashinuvi jarayonini - ya’ni kinetik va potensial energiyalarning o‘zaro
aylanishini - tasvirlaydi.

Tajriba va modellashtirish natijalari shuni ko‘rsatadiki, agar tizimda ishgalanish yoki garshilik
kuchlari mavjud bo‘lsa, tebranishlar vaqt o‘tishi bilan susayadi. Bunday holatlarda erkin tebranishning
matematik ifodasi so‘nuvchi eksponenta ko‘rinishida yoziladi:

x(t) = Ae Ffsin (wt + @,), (4)

bu yerda B - so‘nish (susayish) koeffitsiyenti bo‘lib, u tizimdagi energiya yo‘qotish darajasini
belgilaydi.

Metodologik jihatdan, tadgiqot ikki asosiy bosgichda olib borildi:

1. Nazariy modellashtirish — erkin tebranish tenglamalari asosida parametrlar o‘rtasidagi bog‘lanish
aniglanib, tebranish jarayonining matematik modeli tuzildi.

2. Grafik tahlil — sinusoidal va susayuvchi tebranishlarning vaqt bo‘yicha o‘zgarish grafigi qurilib,
ularning amplituda va chastota xususiyatlari solishtirildi (2-rasm).

Ushbu metodologiya tebranish jarayonini chuqur tahlil qilish, tizimdagi energiya almashinuvi va
so‘nish tezligini aniqlash, shuningdek, rezonans holatlarida barqarorlik sharoitlarini baholash imkonini
beradi.

Fizik mohiyat. Erkin tebranishlarning fizik mohiyati shundan iboratki, ular tizim ichidagi energiya
muvozanati asosida yuzaga keladi. Boshqacha aytganda, tizim tashqi ta’sirsiz o‘z ichki energiyasidan
foydalangan holda tabiiy ravishda harakatlanadi. Bu jarayonda energiya bir turdan boshqasiga uzluksiz o‘tadi
va doimiy almashinuv sodir bo‘ladi.

Masalan, mexanik tizimlarda, erkin tebranishlarni buloq va massa orgali tasavvur gilish mumkin.
Buloq siqgilganda yoki cho‘zilganda uning potensial energiyasi maksimal bo‘ladi, bu energiya massaning
harakati boshlanishi bilan kinetik energiyaga aylanadi. Massaning harakati to‘xtaganda, kinetik energiya
yana bulogning potentsial energiyasiga aylanadi. Shu tarzda energiya doimiy ravishda bir turdan boshqgasiga
o‘tadi, natijada tizimda erkin tebranishlar davom etadi.
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2-rasm. Susayuvchi sinusoidal tebranish grafigi

Shunga o‘xshash jarayon elektr tizimlarda ham kuzatiladi. Masalan, RLC zanjirida kondensator va
induktivlik energiyasi o‘rtasida almashuv sodir bo‘ladi. Kondensator zaryadi maksimal bo‘lgan paytda uning
energiyasi eng yuqori bo‘ladi, tok esa nolga teng bo‘ladi. Tok maksimal bo‘lganda, kondensator zaryadi
nolga tushadi va uning energiyasi induktivlik energiyasiga aylanadi. Shu bilan elektr energiyasi ham
mexanik tizimdagi kabi bir turdan boshgasiga uzluksiz almashadi.

Shunday qilib, erkin tebranishlar — bu energiyaning bir turdan boshqasiga o‘tib, tizim ichida qayta
tiklanib turish jarayoni bo‘lib, u nafagat mexanik, balki elektr va boshqa fizik tizimlarda ham bir xil
prinsipda amalga oshadi. Bu tushuncha erkin tebranishlarni chuqur tahlil gilish, ularning davriyligi,
amplitudasi va fazaviy holatini aniqlashda asosiy rol o‘ynaydi.

Shunday qilib, tebranishlar - bu energiyaning bir turdan boshqasiga o‘tib, qayta tiklanib turish

jarayonidir (3-rasm).
200 e A T & S o e AN s W s s S S e
175 A
150
125

2 — Kinetik energiya (KE)
‘B 100 { — Potensial energiya (PE)
o H +
5 === Umumiy energiya (TE)
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0.25 -
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3-rasm. Erkin tebranishlarning fizik mohiyati

Natijalar va ularning muhokamasi. O‘tkazilgan tahlillar natijasida susayuvchi sinusoidal tebranish
grafigi vaqt o‘tishi bilan amplitudaning eksponentsial kamayishini aniq ko‘rsatdi. Grafikdan ko‘rinib
turibdiki, tebranish dastlab yuqori energiyaga ega bo‘lib, vaqt o‘tishi bilan asta-sekin so‘nadi. Bu jarayon
tizimdagi ishqalanish, qarshilik yoki energiya yo‘qotish holatlari bilan izohlanadi. Dastlabki bosqichda
amplituda maksimal giymatga ega bo‘ladi, biroq har bir davrda u B koeffitsientga bog‘liq holda kamayib
boradi. Egri chiziq ustidagi qizil punktir konvertlar - +A e#t - tebranish amplitudasining chegaraviy
qiymatlarini ko‘rsatadi. Ular orasida joylashgan sinusoidal egri chiziq esa tebranishning davriy xarakterini
aks ettiradi. Har bir davrda amplituda kamaygani sari tizimning kinetik energiyasi potensial energiyaga
nisbatan gisgaradi, natijada umumiy mexanik energiya ham pasayadi. Bu holat energiyaning so‘nuvchi
almashinuvi sifatida talgin gilinadi. Susayuvchi tebranishlarning muhim xususiyati shundaki, ular vaqt
o‘tishi bilan muvozanat holatiga intiladi. So‘nish tezligi B koeffitsiyent orqali belgilanib, tizimning fizik
xususiyatlariga (masalan, ishqalanish kuchi, o‘tkazuvchanlik, qarshilik) bevosita bog‘liqdir.  qiymati ortgan
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sari tebranish tezroq so‘nadi, ya’ni tizim bargaror holatga tezroq qaytadi. Aksincha, B juda kichik bo‘lsa,
tebranish uzoq davom etadi - bu holat amaliy tizimlarda rezonansga yagin xatti-harakatlarni keltirib
chigarishi mumkin. Olingan natijalar mexanik va elektr tizimlarning dinamik javobini tahlil gilishda muhim
ahamiyatga ega. Masalan, bulog-yuk tizimi, LC-kontur, yoki akustik rezonatorlarda tebranish energiyasining
so‘nish tezligini baholash, barqarorlikni saqlash hamda rezonansni oldini olish aynan shu matematik model
orgali amalga oshiriladi. Shu tarzda olingan tahliliy natijalar amaliy konstruktsiyalarni loyihalashda energiya
yo‘qotishlarni minimallashtirish va tizimning xizmat muddatini uzaytirishga xizmat qiladi.

Xulosa. Tadqiqot natijalari shuni ko‘rsatadiki, erkin tebranishlar har gqanday fizik tizimning asosiy
dinamik xususiyatlaridan biri bo‘lib, u energiyaning bir shakldan boshqasiga uzluksiz almashinuvi
jarayonida kechadi. Tebranishlar matematik jihatdan sinusoidal shaklda ifodalanadi va ularning asosiy
parametrlari - amplituda, davr, chastota hamda faza - o‘zaro muvofiq bog‘langan migdorlar hisoblanadi.

Ishqgalanish yoki tashqi garshilik mavjud bo‘lgan holatlarda tebranishlar so‘nuvchi xarakterga ega
bo‘ladi. (4)- tenglama ko‘rinishidagi funksiya yordamida bu jarayon aniqlik bilan tavsiflanadi. Grafik tahlil
shuni ko‘rsatadiki, amplituda vaqt o‘tishi bilan eksponentsial kamayadi, bu esa tizimdagi energiya yo‘qotish
darajasini ifodalaydi.

B koeffitsiyentning qiymati tebranishning so‘nish tezligini belgilab, tizimning barqarorlik holatini
aniglashda muhim ahamiyatga ega. Katta p qiymati tez so‘nuvchi, kichik B giymati esa uzoq davom etuvchi
tebranishlarga olib keladi. Ushbu gonuniyatlar mexanik, elektr va akustik tizimlarni loyihalashda rezonansni
oldini olish, barqarorlikni ta’minlash va energiya samaradorligini oshirish uchun amaliy asos yaratadi.

Umuman olganda, erkin tebranishlarning nazariy va grafik tahlili murakkab tizimlarning dinamik
javobini tushunish, ularni modellashtirish va optimallashtirishda muhim ilmiy hamda amaliy ahamiyatga ega.
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CaMo0O4 KRISTALLARIDA AKUSTIK TO‘LQINLARDA KOLLINEAR YORUG*‘LIK
DIFRAKSIYASI
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Annotatsiya. Ushbu ishda kalsiy molibdati (CaMoQO.) kristallarida yorug ‘likning ko ‘ndalang akustik
to‘lginlarda kollinear Bragg difraksiyasi o ‘rganildi. Mustaqil fotoelastiklik tenzori komponentlari
modifikatsiyalangan Dikson usuli yordamida aniglanib, ular asosida samarali fotoelastik doimiysi hamda
akustooptik sifat koeffitsienti M. ning turli geometriyali difraksiyalari hisoblandi. Natijalarga ko ‘ra,
CaMoO; kristallarining ko ‘ndalang to ‘lginlar uchun M3 ning giymati PoMoO. va LiNbOs kristallariga
nisbatan yuqori ekanligi aniglangan. Maksimal My giymati (12.1x107% s%kg) 120° va 210° yo ‘nalishlarda
kuzatildi. Olingan natijalar CaMoQs kristallarining akustooptik filtr va modulyatorlarda samaradorligini
oshirish imkonini beradi.

Kalit so‘zlar: kalsiy molibdati, akustooptik effekt, Bragg difraksiyasi, fotoelastiklik, kollinear
difraksiya.

KOJVIMHEAPHAS TU®PAKIIUSA CBETA HA AKYCTHYECKHUX BOJIHAX B
KPUCTAJIJIAX CaMoO,

Annomauus. B pabome ucciedosana xoainuneapnas bpaecoscrkasn ougppaxyus cgema na nonepeurvix
axkycmuyeckux gonnax 6 kpucmainiax CaMoQq. Hezasucumvle KomMnonenmul menzopa gomoynpyzocmu ouliu
onpedenenvl MoOupuyuposanuvim memooom Juxcona. Ha ux ocnoge paccuumanvl 3pexmusnas
gomoynpyeas noOCmosHHAs U akycmoonmuyeckutl koagguyuenm xavecmsa My 018 paznuynvix eeomempuii
ougpparyuu. Iloxkasano, umo 0 nonepeunvix 6oin 3uauenue Mz ¢ xkpucmaniax CaMoOqs 3nauumensHo
sviute, yem y PbMoO+ u LiNbOs. Maxcumym Mz (12.1x107" s%kg) nabaooaemces npu yenax 120° u 210°.
Omu  pesyromamor  noomeepoicoaiom, umo CaMoQOs s615emcss NePCneKmusHbIM  MaAMePuaiom Ois
AKYCMOORMUYECKUX PUILMPOS U MOOYISMOPOS.

Kntouegvre cnosa: monuboam rxaneyus, axycmoonmuyeckuii 3¢pgexm, bpaecosckas ougppaxyus,
omoynpyeocmo, KoiUHeApHAst OUPPAKYUSL.

COLLINEAR DIFFRACTION OF LIGHT ON ACOUSTIC WAVES IN CaMoO4 CRYSTALS

Abstract. The collinear Bragg diffraction of light by transverse acoustic waves in calcium molybdate
(CaMoOq) crystals has been investigated. Independent components of the photoelastic tensor were
determined using the modified Dixon method. Based on these values, the effective photoelastic constant and
the acousto-optic figure of merit (M,) were calculated for different diffraction geometries. It was shown that
for transverse waves M; value in CaMoQs crystals is a significantly higher compared to PbMoO. and
LiNbOs. The maximum Mz (12.1x107" s%kg) is observed at 120° and 210°. These results confirm that
CaMoO:; is a promising material for acousto-optic filters and modulators.

Key words: calcium molybdate, acousto-optic effect, Bragg diffraction, photoelasticity, collinear
diffraction.

Kirish. Kalsiy molibdati (CaMo00Qs4) sheyelit turkumiga mansub tetragonal tuzilishga ega bo‘lib, yuqori
optik shaffoflik, past akustik so‘nuvchanlik, mexanik barqarorlik va ekologik xavfsizlik bilan ajralib turadi

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 13


mailto:tugalovferuz282@gmail.com

PHYSICS

[1-4]. Bu xususiyatlar uni akustooptik qurilmalar filtrlash, modulyatsiya, lazer chastota stabilizatsiyasi va
spektral analizatorlar uchun muhim funksional materialga aylantiradi [5-6].

Akustooptik effekt fotoelastiklik hodisasi bilan bog‘liq bo‘lib, elastik to‘lginlar tomonidan keltirilgan
davriy sinish ko‘rsatkichi modulyatsiyasi natijasida yorug‘likning difraksiyalanishiga olib keladi. Kollinear
Bragg difraksiyasi holatida optik va akustik to‘lqinlar bir yo‘nalishda tarqaladi, bu faza sinxronizatsiyasining
eng qulay sharoitini yaratadi [7-8]. Ushbu jarayonning samaradorligi fotoelastiklik tenzori komponentlari,
akustik to‘lqin tezligi, zichlik va optik sindirish ko‘rsatkichiga bog‘liq bo‘lib, ular M. akustooptik sifat
koeffitsienti orgali baholanadi [9-10].

Awvalgi ishlar CaMoOs4 kristalining yuqori fotoelastik xususiyatlarga ega ekanligini ko‘rsatgan bo‘lsa-
da, aynigsa ko ‘ndalang akustik to‘lginlar uchun kollinear difraksiyaning burchakka bog‘ligligi hali
yetarlicha o‘rganilmagan [3, 11]. Shu bois ushbu tadqiqot CaMoO. kristallarining kollinear Bragg
difraksiyasi mexanizmlarini chuqur tahlil gilishga, samarali fotoelastik konstantalar va M koeffitsientining
burchakka bog‘ligligini aniqlashga qaratilgan. Taqqoslash uchun keng qo‘llaniladigan PbMoOa4 va LiNbO:s
kristallari ham tekshirildi [12-15].

Tadgigot metodologiyasi. Tajribalarda He—Ne lazer (A=632.8 nm) nuri yordamida yorug‘likning
akustik to‘lqinlarga Bragg difraksiyasi kuzatildi. Akustik to‘lginlar kvarts transduserlar orqali 10-30 MHz
chastotalarda qo‘zg-atildi. Effektiv fotoelastik konstantalar modifikatsiyalangan Dikson usuli bilan aniglanib,

guyidagi ifoda asosida hisoblandi [4]:
n?V (I
Petf = EY Ji (1)

bu yerda n — sinish ko‘rsatkichi, V — akustik to‘lqin tezligi, p— zichlik, Ix va Is tadgigot namunasi va
etalon uchun difraksion intensivliklardir.

Olingan tezliklar va pesr giymatlaridan foydalanib, akustooptik sifat koeffitsienti quyidagi formula
orgali topildi [5]:

_ 116P2rr
My =—05 )

Ushbu metodologiya orqali CaMoOs, PbM0QO4 va LiNbOs kristallarining ko‘ndalang to‘lqinlar uchun
akustooptik xossalari aniglandi.

Natijalar va muhokama. Kristallarda akustik to‘lqinlarning faza tezligi ularning elastik konstantalari
va simmetriyasiga bog‘liq bo‘lib, anizotrop materiallarda bu tezlik to‘lqin vektorining yo‘nalishiga garab
sezilarli o‘zgaradi. CaMoQOas va PbMoOs kabi tetragonal simmetriyaga ega kristallarda kvazi-ko‘ndalang
to‘lginlar uchun faza tezliklari Kristoffel tenglamalari asosida hisoblanadi va bu qiymatlar akustooptik
samaradorlikka bevosita ta’sir ko‘rsatadi. Yo‘nalish bo‘yicha faza tezligining kamayishi M- koeffitsientining
ortishiga olib keladi, chunki M. akustik tezlikning uchinchi darajasiga teskari proporsionaldir. (001)
tekislikdagi CaMoOa va PbMoOa kristallarining kvazi-ko‘ndalang to‘lqginlar faza tezliklarining burchakka
bog‘ligligi 1-rasmda Keltirilgan.

[010]

24(}‘."&4 d_; i
a. 285 ‘575 285
1-rasm. CaMoOs (1) va PbMoQOs (2) kristallarining (001) tekislikda kvazi-ko‘ndalang akustik

to‘lqinlar faza tezligining akustik to‘qin vektoriga bog‘liqligi

Grafik faza tezliklarining burchak bo‘yicha anizotropligini yaqqol aks ettiradi. Har ikki kristalda faza
tezligi yo‘nalish o‘zgarishi bilan sezilarli darajada farq qiladi, biroqg CaMoQOa kristalida bu o‘zgarish nisbatan
barqaror va silliq xarakterga ega. PbMoO. kristalida esa elastik modullarning og‘ir metall komponentlari
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sababli faza tezligining burchakka sezgirligi kuchliroq. Grafikdan ko‘rinadiki, CaMoOs kristali ko‘plab
yo‘nalishlarda PbMoO. ga nisbatan yuqori faza tezligiga ega bo‘lib, bu akustooptik jarayonda qulay dinamik
sharoitlarni yaratadi. Faza tezligining burchakka bog‘liq bu farqlari M: koeffitsientining maksimal
giymatlarining ham aynan ma’lum yo‘nalishlarda (120° va 210°) kuzatilishiga sabab bo‘ladi. Zero, faza
tezligi qanchalik past bo‘lsa, akustooptik o°‘zaro ta’sir uchun shunchalik qulay bo‘ladi, chunki M.
koeffitsienti tezlikning uchinchi darajasiga teskari proporsional. Shu bois CaMoO4 ning (001) tekislikdagi
faza tezliklari tagsimoti materialning yuqgori akustooptik samaradorligini tushuntiruvchi asosiy fizik
omillardan biridir. 1- jadval uchta material orasida to‘liq va kompleks taqqoslash imkonini beradi.

1-jadval.
Kristallarning akustooptik parametrlari

Kristall N p (kg/m?) V (m/s) peff Mz,max (x10°" s*/kg)
CaMoOs

(CMO) 1.98 4250 2850 0.17 12.12
PbMoO.

(PMO) 2.20 6950 2700 0.12 4.43

LiNbO: 2.23 4650 3700 0.10 3.07

Jadvalda CaMoQO., PbMoOs va LiNbOs kristallarining asosiy akustooptik parametrlarining
taqqoslanishi keltirilgan bo‘lib, ular materiallarning difraksion samaradorligini aniglovchi asosiy omillardan
hisoblanadi. CaMoOx4 kristalining nisbatan past sindirish ko‘rsatkichi (n = 1.98) va ayniqsa past zichligi (p =
4250 kg/m?) uning akustooptik samaradorligini oshiradi, chunki M2 koeffitsienti zichlik va akustik
tezlikning kubiga teskari proporsionaldir. CaMoO4 ning ko‘ndalang akustik to‘lqin tezligi (V=2850 m/s) ham
boshqa kristallarga nisbatan past bo‘lib, bu M2 ning ortishiga yana bir omil bo‘ladi. Eng muhim parametr
samarali fotoelastik konstantaning (peft = 0.17) PbMoOa4 va LiNbOs ga qaraganda yuqori bo‘lishi CaMoO4
ning optik modulyatsiyaga javob berish xususiyatini kuchaytiradi. Tahlil shuni ko‘rsatadiki, CaMoOa
akustooptik qurilmalar uchun eng qulay parametrlar kombinatsiyasiga ega materialdir. Bu jadval akustooptik
modulyatorlar, filtrlash tizimlari, spektral analizatorlar va lazerlar uchun material tanlashda asosiy ilmiy
manba sifatida xizmat qilishi mumkin. CaMoQO.s, PbMoOs va LiNbOs kristallarida akustooptik sifat
koeffitsientining (001) tekislikda akustik to‘lqinning tarqalish yo’nalishiga bog‘ligligi 2-rasmda keltirilgan.

[010]
105 %0 75

2-rasm. CaMoQu (1), PbMoOs (2) va LiNbOs (3)kristallarida M, koeffitsiyentining(001)
tekislikda akustik to‘lqinning tarqalish yo‘nalishiga bog‘liqligi

Grafikdan ko‘rinib turibdiki, M2 ning giymati CaMoOs kristali uchun 120° va 210° burchaklarda
maksimumga ega bo‘lib, qiymat 12.1x107** s*/kg ga yetadi. Bu PbMoOs va LiNbOs kristallaridagi mos
ravishda 4.4 va 3.1x107 s*/kg qiymatlardan mos ravishda 2.7 va 4 baravar yuqoridir. Bu yo‘nalishlarda
optik-akustik faza uyg‘unlashuvi maksimal bo‘lib, kollinear Bragg difraksiyasi uchun optimal geometriya
ta’minlanadi.Bu natija CaMoQas kristallarining kollinear Bragg difraksiyasi sharoitida optik va akustik
to‘lginlar energiya almashinuvi eng samarali yo‘nalishlarga ega ekanini ko‘rsatadi. Shuningdek, uning past
zichligi (4250 kg/m?) tufayli energiya o‘tish samaradorligi yuqori bo‘ladi, bu esa akustooptik filtrlarda
sezilarli afzallik beradi.
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Xulosa. Ushbu tadqgiqotda CaMoOs kristallarida ko‘ndalang akustik to‘lginlar bilan yorug‘likning
kollinear Bragg difraksiyasi o‘rganildi. Modifikatsiyalangan Dikson usuli yordamida fotoelastik tenzor
komponentlari aniglanib, samarali fotoelastik konstantalar va akustooptik sifat koeffitsiyenti M. hisoblandi.
Natijalar shuni ko‘rsatdiki, CaMoOs kristallarida M, PbMoOas va LiNbOs ga nisbatan yuqori bo‘lib,
maksimal giymat 120° va 210° yo‘nalishlarda kuzatildi. Faza tezligining barqaror tagsimoti, past zichlik va
yuqori fotoelastik konstantalar CaMoOs ning akustooptik jarayonlarda yuqori samaradorlik ko‘rsatishiga
imkon beradi. Shu bilan birga, u akustooptik modulyatorlar, filtrlash tizimlari va lazerlarda qo‘llash uchun
istigbolli material sifatida ajralib turadi. Olingan natijalar kollinear Bragg difraksiyasi va akustooptik
samaradorlik o‘rtasidagi bog‘liglikni ilmiy jihatdan tasdiglaydi.
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Annotatsiya. Mazkur ishda uran izotoplarini boyitilish usullari va texnologiyalari chuqur tahlil
gilingan va bu usullarning bir-biridan ustunligi hamda aniqlik darajasi ko ‘rsatilgan. Uran-235 izotopini
boyitishning ayniqsa gaz-diffuziya, lazer va kimyoviy usullari to ‘lig tahlil gilingan.

Shuningdek, uran-235 izotopini matematik tenglamalardan foydalanib boyitishning bir bosgichli usuli
taklif etilgan, bu bo ‘yicha matematik tenglamalar sistemasi va uning yechimlari keltirilgan. Uran-235
izotopini boyitilishini matematik tenglamalar yordamida bir bosgichli usuli bilan hisoblangan giymati
boshga usullar bilan olingan giymatlariga mos kelishi ko ‘rsatildi.

Kalit so“zlar: ajratish koeffitsiyenti, atom reaktori, boyitilgan uran, gaz diffuziya, izotop almashinuv,
izotop boyitish, izotop ajratish, kimyoviy usuli, lazer usuli, magnit maydoni, matematik modellash, matematik
tenglama, massa balansi, neytron, tabiiy uran, uran izotoplari, uran-233, uran-235, uran-238, yadro

yoqilg ‘isi.

OBOT'AIIEHUE N30TOIIOB YPAHA U IVITYTOHUA U UX IPUMEHEHUE B
AJAEPHBIX PEAKTOPAX

Annomauus. B oannoii pabome npogedén 2ny0oKull aHaiu3 Memooo8 U MexHoa02ul 0602aujeHusl
U30MON08 YPaHda, NOKA3AHblL UX npeumyuecmea u cmenerv mounocmu. Ocoboe guumanue yoeneHo Memooam
obozawjenus uzomona ypana-235, 6 4acmmocmu 2a3o00u@@dy3uoHHOMY U XUMULECKOMY MeMOOdM, KOmopule
UB102CEeHbl HOOPOOHO.

Kpome mozo, npeonosicen oonocmynenuamuili memoo oboeaweHus uzomona ypan-235 ¢
UCNONb306AHUEM MameMamuideckux ypaenenuiu. Ilpueedena cucmema Mamemamuieckux ypasHeHull u ux
pewenus. Ilokaszano, uwmo paccuumanHvle 3HAYEHUS, NOJYYEHHble C NOMOWBIO OOHOCMYNEHUAMO20
Mamemamuiecko2o memooa obozawjenus ypana-235, Xopouio co2nacyiomcst co 3HaA4eHUsIMY, NOLYYEeHHbIMU
opyaumu Memooamu.

Knrouesvle cnoea: 2azoougghysuonnsviii. memoo, uzomonmoe obocaujenue, U30MOnHulil 0OMEH,
U30MONbL YPAHA, XUMUYECKUL Memoo, Kod(hduyuenm pasoeneHus, a3epHulil Memoo, MASHUMHOoe noje,
Mamemamuieckoe MOOeIUposanue, MamemMamuyeckue VpasHeHus, MAcco8bili  6anamc,  HeumpoH,

0boeawénnblil ypa, npupooHsvlll ypaH, pazoeieHue u3omonos, soepHoe moniueo, ypan-233, ypan-235, ypau-
238.
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ENRICHMENT OF URANIUM AND PLUTONIUM ISOTOPES AND THEIR
APPLICATION IN NUCLEAR REACTORS

Abstract. In this work, the methods and technologiyes for uranium isotope enrichment have beyen
thoroughly analyzed, highlighting their relative advantaGES and levels of precision. The enrichment
methods of the Uranium-235 isotope, particularly the gas diffusion and chemical methods, are presented in
detail.

Furthermore, a single-stage method for enriching the U-235 isotope based on mathematical equations
has beyen proposed. The system of mathematical equations and their solutions are provided. It has beyen
demonstrated that the calculated valuyes obtained through the single-stage mathematical method for
Uranium-235 enrichment correspond closely with the valuyes derived from other established methods.

Keywords: chemical method, diffusion coyefficiyent, enriched uranium, gas diffusion method, isotope
enrichment, isotope exchange, isotope separation technology, laser method, magnetic fiyeld, mathematical
equations, mathematical modeling, mass balance, natural uranium, neutron, nuclear fuyel, uranium
isotopes, uranium-233, uranium-235, uranium-238.

Kirish. Yadro yoqilg‘isi deb - neytronlar ta’sirida bo‘linadigan, tarkibida nuklidlar mavjud bo‘lgan
yadro materiallari (YaM) ga aytiladi. Bo‘linuvchi nuklidlarga:

-Uran va toriyning tabiiy izotoplari (*3%U, 232Th, **°u, ***p);

-Plutoniyning sun’iy izotoplari (*3°Pu, #*°Pu, **Pu). **°Pu izotopi **%U izotopining tez neytronni
gamrashidan va ketma-ket g yemirilishdan hosil bo‘ladi).

-Transuran elementlar (Np, Am,Cm, Bk,Cf) izotoplari;

-Uranning ***U sun’iy izotopi. Bu izotop ***Th izotopining tez neytronni gamrab 2 marta £~
yemirilishidan hosil gilinadi [1].

Tadgigot metodologiyasi. Ma’lumki tabiiy uran tarkibida uranning 3 ta izotopi uchraydi, bu
izotoplarga:

#3817 — 99,259, (Tl =45- 1093;55),

2

233y - 0,71% (Tl =0,7- 109y££)
2

3% — 0,0056% (Tl =25- 105yiz)
2

kiradi.

Ammo yadro yoqilg‘isi sifatida qo‘llanadigan ***U va plutoniyning -239,240 va 241 izotoplari yadro
reaktorlarida uran va toriy izotoplaridan quyidagi reaksiyalar yordamida hosil gilinadi:
2380 (n,y)**°U(B~, T, ), = 23,5%)**°Np(B~. Ty, = 2.3kun) **°Pu 1)

*2Th(n,y)*3Th(B™. Ty, = 23,3%)***Pa(p™. T, , = 27,4kun) ***U (2)

*3%pu va  ***U izotoplari yadro reaktorlarida yoqilg‘i sifatida qo‘llaniladi va sun’iy izotoplar
hisoblanadi. **°U, 2*°Pu va ***U izotoplari issiq neytronlar (s = 0,025eV) ta’sirida bo‘linadi. ***U va

#32Th izotoplari tabiiy yadro materiali (YaM) hisoblanadi va bu izotoplar tez neytronlar (s ~ 1 — 10MeV)
ta’sirida parchalanadi va to‘g‘ridan-to‘g‘ri yadro yoqilg‘isi sifatida qo‘llanilmaydi, ya’ni yadro xom-ashyosi
bo‘lib hisoblanadi.

Hozirda yadro energetikasi asosan boyitilgan uran izotoplariga asoslanadi. Boyitilgan uran-*3°U
bo‘linuvchi izotopining miqdori tabily urandagi miqdoridan (0,71%) yuqori bo‘lgan uran tushuniladi.
Hozirgi zamon AESlarining aksariyatini, tarkibida 3°U izotopli past boyitilgan (2-5%) uranoksidli
yoqilg‘isidan foydalanadigan yengil suvli, issiq reaktorlar tashkil giladi.

Uranni izotop boyitishning bir qator, ko‘plab yadro texnologiyalari mavjud. Bularning barchasining
asosida 23%U/ va 2*°U izotoplarining massalari fargini aniglashga asoslangan. Bu massalar fargi (3 m.a.b)
magnit maydonida (elektromagnit usul) ionlashgan atomlarning har xil burchaklarga og‘ishiga; atomlarning

g‘ovak to‘siglar (gaz diffuziyali usul) orqali o‘tish tezliklari farqi; markazdan qochma kuchlar maydonida
atomlar (molekulalarning) har xil fazoviy tagsimlanishi (gazli sentrafuga usuli); kichik egrilik radiusli
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(ajratuvchi sonli usuli) to‘signi aylanib o‘tishda atom (molekula)lar turli harakat trayektoriyalariga ega
bo‘lishiga asoslangan.

Uran izotoplarini ajratishni migdoriy baholash usulini birinchi marta ingliz fiziklari R. Payerls va P.
Diraklar taklif etishgan [2]. Ular izotop birikmalarini xarakterlovchi U funksiyani kiritgan. Bu funksiya
birikma miqgdori T ni faqat hosil gilingan izotop miqdoridan bog‘liq bo‘lgan biror o‘lchamsiz funksiya V(C)
ko‘paytmasi ko‘rinishida ifodalagan,

Uy =T -V(Cy)

va V(Cy) —funksiyani izotoplarni ajratish potensiali deb atagan.

Olimlar bu potensial yordamida birlashgan va boyitilgan uran migdorlarini aniglagan.

Olingan natijalar va ularning tahlili. Uranni boyitishning eng asosiy usullaridan biri gaz diffuziya
usulidir (GD). Bu usulda issiglik harakati hisobidan gaz birikmasida massalar ko‘chishi jarayoni tushuniladi.
GD usuli yordamida uranni boyitish og‘ir va yengilroq molekulalarning issiglik harakati tezliklari farqi
hamda yengilroq molekulalarning yupqa g‘ovak to‘siqchadan o‘tish qobiliyatiga asoslangan.

Bir xil temperaturali ikki xil gaz aralashmasida yengil va og‘ir molekulalarning kinetik energiyalari
ham bir xil,

m,92 = my92 @
ya’ni, yengil molekulaning o‘rtacha tezligi og‘ir molekulanikidan kattaroq,
Mg\ /2
9o =" (me) )
g‘ovak to‘siq orqali o‘tuvchi ikkita gaz aralashmalarining ideal ajratish koeffitsiyenti:
9, (mg\'/* i
B = e (mg) ~ 1+ Am/2m, (3)

Am —og‘ir va yengil molekulalar massalari fargi. Geksoftorid uran ***UF, va **®*UF, uchun massalar
fargi mos ravishda m, = 349,m, = 352 va ajratish koeffitsiyenti hamda boyitilishi quyidagiga teng:
B=0043; A=1+p5, A=1+0,043, A, =0,043% = 4,3%. Gaz diffuziya usuli uran izotoplarini
ajratish va boyitishning asosiy usuli hisoblanadi [3].

Bundan tashqari uranni izotop boyitilishining lazer usuli ham mavjud bo‘lib bu usul ikki ko‘rinishda
ro‘y berishi aniglangan [3]. Birinchi ishchi jism-uranning atomar bug‘i, ikkinchi-ishchi jism-molekulyar gaz
ko‘rinishidagi geksaftorid uran UFs dan iborat. Atomar ajratish lazer nuri yordamida **°U atomlarining
tanlab uyg‘onishiga asoslangan. So‘ngra uyg‘ongan atomlar lazer nuri bilan nurlantirilib tanlab ionlashadi va
elektromagnit usuli bilan 3% atomlari elektr neytral ko‘rinishda uyg‘onmagan birikmadan ajratib olinadi.
238y va *3°U izotoplarini molekulyar ajratish *33UF, (geksaftorid uran) molekulalarini selektiv
uyg‘onishiga asoslangan. Jarayonning birinchi bosqichida **3UF, molekulalari lazer nuri yordamida selektiv
uyg‘onadi, ikkinchi bosqichda esa ***UF, ning uyg‘ongan molekulalari lazer nurlanishi ta’sirida selektiv
dissotsiatsiyalanadi va **3UF, gattiq kukunini hosil giladi.

Har xil kimyoviy birikmalarda izotoplarning turli mustahkamligiga asoslangan kimyoviy boyitish
usuli ham mavjud. Kimyoviy usulda bitta elementning ikkita har xil kimyoviy birikmalari o‘rtasida izotop
almashinuv yuz beradi. Alohida izotoplar har holda mustahkamroq birikmalarda to‘planadi. Bunga tabiiy

borning '°B izotopi bilan boyitilishi misol bo‘la oladi. Tabiiy bor-20% '°B izotopidan va 80% ''B
izotopidan iborat. Ammo bu izotoplarning issiq neytronlarni gamrash kesimi bir-biridan keskin farq giladi:
1B izotopi uchun gamrash kesimi 0,005 barn, *°B izotopi uchun esa 3837 barn. Shuning uchun ham yadro
reaktorlarini boshgarishda foydalaniladigan borni *°B izotopi bilan boyitish magsadga muvofiq. BF,
birikmasini dimetilefirat triftorid bor-BF, 0 (H,), bilan aralashganda organik birikmada *°B to*planishi bilan
izotop almashinuvi sodir bo‘ladi [4]:
BF, + BF,0(CH,;), = 'BF, + 'BF, + °BF,0(CH,), 3
Turli valentli uran birikmalarida ham xuddi shunday izotop almashinuv reaksiyasini hosil gilish
mumkin. Magnit maydonida ionlar maydon kuch chiziglari bo‘ylab spiral bo‘yicha harakatlanadi. **°U va
#3817 jonlari ma’lum radiusli orbita bo‘ylab harakatlanishi natijasida fazoviy ajraladi. Bu esa **°U va ***U

izotoplarini alohida-alohida to‘plash imkoniyatini beradi. Umumiy izotoplarni boyitish texnologiyasining
sifati asosan ikkita parametr bilan baholanadi: effektivlik va energiya sig‘im. Boyituvchi texnologiyaning
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effektivligi jarayonning birinchi bosqgichida birikmada zarur izotopning miqgdorini oshirish gobiliyatidir.
Boyituvchi texnologiyaning energiya sig‘imi esa bir marta ajratish uchun sarflangan elektr energiyasi bilan
aniglanadi.

Biz bu ishda izotoplarni bir-biridan ajratishning matematik usullaridan va tenglamalaridan

foydalanamiz. Buning uchun uran 2331 izotopini boyitishning prinsipial sxemasini garaymiz.
Uran misolida dastlabki material massasini M va boyitilishini C,,(*3°U) deb belgilaymiz. Ajratuvchi

bosqich tizimidan so‘ng ikkita yangi materialni hosil qilamiz. N miqdorli boyitilganligi € N(EEE‘U) bo‘lgan
uran va K miqdorli boyitilganligi C(?3°U) bo‘lgan birlashgan uran. Uran izotoplarini ajratishning
matematik tenglamasini yozamiz: Asosi M — C,,(*3°U)

— Ajratuvchi bosqichlar tizimi

—>Birlashgan uran-K (xom ashyo), C(*3°U) to‘plam;

—Boyitilgan uran-N (mahsulot), €y (?*3*U) —yadro yoqilg‘isi. Bu tizimlarni ikkita yadro materialini
hisobga olgan matematik tenglama bilan ifodalash mumkin:

1) Uranning massa balansi—M = N + K

2) *3°U izotopining massa balansi—

Cy M=Cy-N+Cx K 4)

ko‘rinishda yozish mumkin va natijada uchta noma’lumdan (M,N,K) iborat ikkita tenglamalar
sistemasiga ega bo‘lamiz. Bu tenglamalar sistemalarini N ga bo‘lib ikkita noma’lumdan (% va %) iborat

tenglamalar sistemasini hosil gilish mumkin.

1 — =1+
) N

" ©)
2) CM'E=CN+CK'

= ===

bu tenglamalar sistemasini yechib quyidagi koeffitsiyentlarni hosil gilamiz:
a) birlik mahsulotda tabiiy uran sarfi:
N Cu—Ce Q
M K
b) birlik mahsulotda birlashgan uran hosil bo‘lishi,
N Cy—Cy
Umumiy holda (6) va (7) tenglamalarni quyidagicha yozamiz:
M ~ CN(H':’U} _ CK(HE’U}
N Cu(*°0) = Ce(**°0)
K ~ CN[HEU) _ CM[HEU)
N - CM(QSSU} _ CK(QSSU}
v) tabiiy uranning bo‘linish ogimi-F
M=N+K=F-M+(1—F)-M,bundan
o N ~ CM(HEU) _ CK(EESU) 5
- M - CN(EESU)_ CK(EESU} ( )
(8) ifoda tabiiy uranning bo‘linish oqimini xarakterlaydi.
1) Boyitilish jarayonni xarakteristikasi sifatida bir bosgichli ajratishda birikish yoki boyitilishni
xarakterlovchi ajratish koeffitsiyentidan foydalaniladi:
2) Boyitilgan goldig boyicha ajratish koeffitsiyenti
Lo e/(1-a(™)
D ¢, (3250)/ (1 - cu(**0))

) birlashgan qoldiq bo‘yicha ajratish koeffitsiyenti;

()

()

)
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D CM(HSU)/ (1 - CM(MBU})

"D ) (1 () -
Boyitilish koeffitsiyenti:
A=p—-1 (11)
birlashish koeffitsiyenti:
A=y—-1 (12)
bir bosqichda to‘liq boyitilish koeffitsiyenti:
A=A+ A (13)

Yugorida (9) va (10) tenglamlarni hisobga olsak, to‘liq boyitilish koeffitsiyenti uran-235 izotopi uchun
turli giymatlarni gabul giladi.

Masalan: 4, = 0,02(2%), A, = 0,04(4%) va hokazo.

Demak dastlabki uran izotopini M va ajratilgan, boyitilgan uran miqdori N va birlashgan uran
miqdorlari K ni aniglab (7-10) formulalar yordamida **°U izotopini boyitilish darajasini aniglash mumkin.

Ko‘plab yadroviy reaktorlarda, jumladan VVER-1000, RBMK-1000 energetik reaktorlarda (2-4) %
boyitilgan uran-235 izotopi qo‘llaniladi va bu boyitilish darajasi issiq reaktorlarda zanjir reaksiyasini
borishini ta’minlaydi.

Xulosa. Biz [5-6] magolalarda energetik reaktorlarning (3-5) % boyitilgan 233U0,-uran oksidida
ishlashini aytgan edik. Mazkur ishda uran-235 izotopining boyitilish darajasi [7] da kimyoviy reaksiyalar
natijasida hosil gilingan giymatlariga karralidir.

Shunday qilib yuqorida keltirilgan matematik tenglamalardan foydalanib #*°U izotopini yuqori

aniglikda bir bosqichli boyitish koeffitsiyentini anigqlash mumkin. Olingan natijalar boshqa ko‘plab usullar
yordamida olingan giymatlarga to‘liq mos keladi.
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KUBIK SIMMETRIYALI KRISTALLARINING AKUSTIK XOSSALARI
ANIZOTROPIYASI VA RELAKSATSIYA VAQTLARI

Axmedjanov Farxad Rashidovich,

O ‘zbekiston Respublikasi Fanlar akademiyasi
lon-plazma va lazer texnologiyalari instituti
akhmedzhanov.f@gmail.com

Maharov Nodir Mamadiyor o‘g‘li,

O zbekiston Respublikasi Fanlar akademiyasi,
lon-plazma va lazer texnologiyalari instituti
maxarovnodir217@gmail.com

Avdievich Vladimir Nikolaevich,

O zbekiston Respublikasi Fanlar akademiyasi
lon-plazma va lazer texnologiyalari instituti
avdievich@iplt.uz

Annotatsiya. Ushbu maqolada kubik simmetriyaga ega bo‘lgan KBr, NaBr, NaCl va MgO
kristallarining akustik xossalari keng ko ‘lamda ekisperimental ravishda tadgiq etilgan. Tadgiqotda impulsli
interferensiya usuli qo ‘llanilib [100], [110] va [111] kristolografik yo ‘nalishlar bo ‘ylab bo ‘ylama va
ko ‘ndalang akustik to ‘lqinlarning tarqalish tezliklari hamda ularning so ‘nish koeffitsiyentlari yuqori aniglik
bilan o‘lchangan. Olingan natijalar asosida kristallarning haqiqiy va mavhum elastiklik konstantalari
aniglanib Akheizer mexanizmi asosida akustik fononlarning relaksatsiya vaqtlariga baho berilgan.
Shuningdek, MgO kristallida so ‘nish koeffitsiyentining temperaturaga bog ‘ligligi o ‘rganilib issiqlik ta’sirida
akustik xossalarining o ‘zgarish tendensiyasi aniq ko ‘rsatilgan. Ushbu tadgiqot natijalari kubik galogenid
kristallarining akustik. termoelastik va akustooptik qurilmalarda qo ‘llanilishi uchun asos yaratadi hamda
materiallarning anizotrop elastik xatti xarakatlarini chuqur tushunishga yordam beradi.

Kalit so*zlar: kubik kristallar, impulsli interferensiya, anizotropiya, akustik to ‘lqin, qutblanish vektori,
to ‘lqin vektori, so ‘nish koeffitsiyenti, elastik doimiy, to ‘lgin tezligi.

AHM3OTPOITUA U BPEMEHA PEJTAKCAIIMA AKYCTHYECKHUX CBOMCTB
KYBUYECKUX CUMMETPUYHBIX KPUCTAJIJIOB

Annomauus. B Oaunoil cmamve NpoBedeHO OOWUPHOE IKCNEPUMEHMATbHOE UCCIeO08aHUe
akycmuveckux ceoticme Kyouueckux xpucmanios KBr, NaBr, NaCl u MgO. B xode uccredosanusi ¢
UCNOTL30BAHUEM MeMO0d UMRYIbCHOU UHMEPPEPEHYUU C 6bICOKOU MOUYHOCMbIO U3MEPEHbL CKOPOCU
pacnpocmpanenusi APOoOOTbHLIX U NONEPEeUHbIX AKYCHUYECKUX B60JH 6001b  KPUCMANLI0SPADUUEeCKUX
nanpaenenuti [100], [110] u [111], a makoce ux xosgpguyuenmor 3amyxanus. Ha ocnosanuu nonyuenmvix
pe3ynpmamos onpeoeieHvl OeliCmeumenbHble U abCmpakmuvie ynpyeue noCmosiHuble KpUCMAalios, a makice
OYEeHeHbl BpeMena PelaKcayuu aKycmuyeckux QoHoHos Ha ochoge mexanuzma Axetizepa. Taxoce uzyuena
MmeMnepamypHas 3a8Ucumocms Kodguyuenma samyxanus 6 xpucmaniax MgO, u Hazasi0HO nokasana
MeHOeHYUsl K USMEHEHUI0 aKYCMUYeCKUX C8oUcme noo e6o3delicmeuem menia. Pesynomamvr 0annoeo
UCCe008aHUL CO30AIOM OCHOBY O/ NPUMEHEHUsT KYOUUECKUX 2aN02eHUOHbIX KPUCIALL08 8 AKYCIUYECKUX,
MEPMOYNpyaux U aKyCmOONMUYecKUx YCMpoucmeax u cnocobcmeyiom 0Oonee 2nyO0KOMY ROHUMAHUIO
AHUZOMPONHO20 YHPY2020 NOBEOEHUsL MAMEPUATOS.

Kntouegvle cnoea: «yduueckue Kpucmanivl, UMNYIbCHASA UHMeppepeHyus, aHUu30mponus,
akycmuveckas GOIHA, 6eKMOp NOJAPUAYUU, BOIHOBOU BeKMOp, Koapuyuenm 3amyxanus, ynpyeas
NOCMOSIHHASL, CKOPOCTb BOJIHbI.

ANISOTROPY AND RELAXATION TIMES OF ACOUSTIC PROPERTIES
OF CUBIC SYMMETRICAL CRYSTALS

Abstract. In this article, the acoustic properties of cubic symmetry KBr, NaBr, NaCl, and MgO
crystals have been extensively experimentally investigated. In the study, the propagation velocities of
longitudinal and transverse acoustic waves along the [100], [110], and [111] crystallographic directions
and their extinction coefficients were measured with high accuracy using the pulsed interference method.
Based on the results obtained, the real and abstract elastic constants of the crystals were determined, and
the relaxation times of acoustic phonons were estimated based on the Akheizer mechanism. Also, the
temperature dependence of the extinction coefficient in MgO crystals was studied, and the tendency of the
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acoustic properties to change under the influence of heat was clearly shown. The results of this study create
a basis for the application of cubic halide crystals in acoustic, thermoelastic, and acousto-optic devices, and
contribute to a deeper understanding of the anisotropic elastic behavior of materials.

Keywords: cubic crystals, pulse interference, anisotropy, acoustic wave, polarization vector, wave
vector, attenuation coefficient, elastic constant, wave velocity.

Kirish. Kubik simmetriyali galogenid kristallari jumladan KBr NaBr NaCl va MgO Fm3m
simmetriyaning kubik nuqta guruhiga kiradi va ko‘plab fizik xususiyatlarda izotropdir. Biroq, elastiklik
xususiyatlariga ko‘ra, bu kristallar anizotropikdir va ularni akustik va akusto-optik qurilmalarda go‘llash
akustik to‘lqinlarning tarqalish tezligi va zaiflashuv koeffitsienti kabi muhim xususiyatlarning orientatsiya
bog‘ligligini bilishni talab giladi [1-3]. Ushbu qurilmalarda ishlaydigan muhit ko‘pincha ko‘rinadigan va
infraqizil elektromagnit to‘lqinlarda yuqori elastik va fotoelastik konstantalarga ega bo‘lgan Magniy oksidi
kabi galogenid gidroksidi kristallari ishlatiladi [1-4].

Tarqalish tezligi va ulardagi so‘nish koeffitsienti past ultratovush chastotalari diapazonida yetarli
darajada batafsil o‘rganilgan, bunda so‘nish Axiezer mexanizmi [5-7] bo‘yicha kvadratik qonun bo‘yicha
chastotaga bog‘liq. Shu bilan birga, yuqori chastotalarda bunday tadqiqotlar deyarli yo‘q, chunki ulardan
foydalanishni cheklovchi asosiy omil zaiflashuv koeffitsientining katta giymati hisoblanadi. Shu munosabat
bilan ushbu ishda ishqor galogenid kristallarining gomologik qatoridagi uzunlamasina va ko‘ndalang akustik
to‘lginlarning tarqalish tezligi, samarali elastik konstantalari va susaytirish koeffitsienti ultratovush usullari
yordamida o‘rganildi.

Tadgiqot metodologiyasi. KBr, NaBr va NaCl kristallari klassik NaCl-tipi panjara tuzilmasiga ega
bo‘lib, bu tuzilma kubik simmetriyaning Fm3m fazoviy guruhiga kiradi. Magniy oksidi (MgO) kristali ham
shu turdagi tuzilmani namoyon gqiladi va o‘xshash fazoviy guruhga mansub hisoblanadi. Bunday
kristallarning simmetriya xususiyatlari ularning elastik va akustik xossalarini izchil o‘rganish imkonini
beradi chunki kristall panjarasining yuqori darajadagi simmetriyasi fizik kattaliklarning aniq yo‘nalishlarda
o‘Ichanishini soddalashtirish imkonini beradi.Kristallar namunalarining shakli kubik prizma bo‘lib, kubning
girrasi taxminan 15 mm ni tashkil etadi. Namunalarning yuzalari kristallofizik o‘qlar [100], [010] va [001]
yo‘nalishida yo‘naltirilgan bo‘lib. Bunday yo‘naltirish barcha to‘lqin turlari bo‘yicha o‘lchovlarni bir xil
namunalar asosida amalga oshirishga imkon beradi. Bu esa, har xil namunalar o‘rtasidagi o‘qlar
orientatsiyasi farqlari, strukturaviy nuqsonlar kabi turli omillarning eksperimental natijalarga ta’sirini
kamroq bo‘lishiga yordam beradi.

Biz akustik to‘lginlarning tezligini va so‘nish koeffitsiyentini aniglash uchun Impulsli interferensiya
usulidan foydalanganmiz[9]. Usbu usulning mohiyati shundaki unda tadqiq gilinayotgan namunadan turlicha
yo‘l bosib otgan akustik to‘lginlarning fazalar farqi tagqoslanadi. Past chastotali o‘lchov tizimining asosiy
gismlaridan biri amplituda selektori bo‘lib, u fagat ma’lum vaqt oralig‘ida ochiladi. Mazkur vaqt oralig‘i
signalning kerakli gismigina o‘tishiga imkon beradi. Quyidagi rasmdan Impulsli interferensiya usulining
blok sxemasi keltirilgan.

Jl Strob impulstar L 1

| )
: Yugori ) qgabul
= Strob > .
| 1 :;Z];:::zil chastotali kuchay?irgich flllllVCh]
8 generator qurilma
.

T $ v
2-Tmpulsli |/ Ragamli Amplitudalar <
generator | | chastotamer o —— 7l selektori Ossilograf

— ﬁ e
Kechiktirish E Raqamli
generatori = millivoltmetr
n mxro mpulslar
Vl’ S pulsl &

1-rasm. Akustik o‘lchov tizimining blok-sxemasi [10]
Sxemada quyidagi qurilmalardan foydalanilgan: yugori chastotali elektromagnit tebranishlar
generatori, strob kuchaytirgich, gabul giluvchi (detektor), va ikkita impulslar ketma-ketligining bir-biriga
nisbatan kechikishini 0.01 mikrosekundgacha aniglikda ta’minlay oluvchi impulsli signal generatorlari va
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kechikish generatoridan tashkil topgan diskret kechikish tizimi. Namunaga yuboriluvi radioimpulsni yaratish
uchun maxsus kuchaytirgich — rezonansli strob kuchaytirgich ishlatiladi. Bu kuchaytirgich hosil gilgan
radioimpuls namunaga ulangan pyezodatchikka yuboriladi. Pyezodatchikda quyidagi bosgichlar bajariladi:
radioimpulsni tovush (elastik) impulsga aylantiradi; namunaning garama garshi tomonidan gaytgan tovush
impulslarini yana radioimpulslarga aylantirib gabul qiladi. Qabul qilgichda hosil bo‘lgan sekin-asta
so‘nuvchi radio-ehoimpulslar ketma-ketligi amplituda bo‘yicha kuchaytiriladi. Bu yerda qabul qilgich
sifatida kuchaytirish darajasi 100 dB gacha sozlanadigan maxsus rezonansli kuchaytirgich qo‘llaniladi.
Kuchaytirgich tarkibidagi amplitudaviy detektor radioimpulslar ketma-ketligini mos keluvchi videoimpulslar
ketma-ketligiga aylantiradi. Kuchaytirgich kirishidagi attyenuator (signalni zaiflashtiruvchi qurilma) va
kuchaytirish darajasining sozlanishi yordamida kuchaytirgichning chiziqli rejimi (ya’ni, signalni buzmasdan
kuchaytirish) taminlanadi. Qabul gilgichdan kelgan impulslar yuboriladigan amplitudaviy selektor orgali
impulslar ketma-ketligidan keraklisini tanlab olish mumkin. Tanlangan impulsning amplitudasini voltmetr
yordamida o‘lchash amalga oshiriladi. Qo‘shni ikkita impuls amplitudalari — A: va A., hamda namuna
uzunligi L bo‘yicha akustik to‘lginlarning so‘nish koeffitsiyenti quyidagi formula yordamida aniqlanadi

aniglanadi [11].
o)
e (1)

2L(k —n)

Bu yerda L — namunani uzunligi. So‘nish koeffitsientini aniqlash aniqligi esa taxminan 5 % ni tashkil
etadi. Bunday aniglikka erishish uchun impuls amplitudalari bir necha marta o‘lchandi va olingan natijalar
keyinchalik o‘rtacha giymatlarga keltiriladi gilindi.

Generatorning uzluksiz tebranish chastotasi o‘zgartirilganda kuzatiladigan interferensiya minimumlari
yoki impuls amplitudasining maksimumlari yordamida namunadagi akustik to‘lqin tezligi V quyidagi
munosabat asosida aniglanadi [9]:

V=2L-Av 2
Bu yerda Av — yuqori chastotali generatorning garama-garshi fazali interferensiyaga mos keluvchi
ikki qo‘shni chastotalar farqi. Ushbu chastotalar ragamli chastotomer yordamida o‘lchangan bo‘lib, u
chastotalar farqini £10 Gts aniqlik bilan aniqlash imkonini beradi. Akustik to‘lqin tezligini aniqlashdagi
umumiy aniglik esa namuna uzunligini o‘lchashdagi aniqlik bilan chegaralangan va taxminan 0,01 % ni
tashkil etgan.
Shuningdek ushbu ishda Akustik fononlarning relaksatsiya vaqgtlari ham aniglangan. Relaksatsiya
vagtlarini aniglashda quyidagi formuladan foydalanilgan[12]:

L 23Ceff 3)
y°CvTw

Bu yerda Ceff -kristallarning mavhum elastiklik koeffitsiyenti, J - grunayzen parametri, Cv-

kristallarning hajmiy issiqlik sig‘imi, T- temperaturaning kelvin qiymati, ¢ - akustik tolgin chastotasi.
Natijalar va muhokama. [100], [110] kristallografik yo‘nalishlar bo‘ylab bo‘ylama va ko‘ndalang
akustik to‘lginlarning so‘nish koeffitsientlarini aniglash natijalari hamda tadqgiq gilingan kristallar uchun
hisoblangan hagiqiy va mavxum samarali elastiklik konstantalari giymatlari 1-jadvalda keltirilgan. Akustik
to‘lginlarning tezlik qiymatlari esa adabiyotdagi ma’lumotlar bilan yaxshi mos kelgani sababli ular 1-

jadvalda keltirilmagan.
1-jadval.
KBr, NaBr va RbBr kristallarida akustik to‘lginlarning so‘nish koeffitsienti (v = 1 GGts da)
hamda samarali hagigiy va mnim elastiklik konstantalar giymatlari

C'eff, Qa, C"eff

q n 101 N-m2 dB-us? 10" N-m2
KBr NaBr MgO KBr NaBr MgO KBr NaBr MgO
[100] [100] 3.52 3.96 28.6 38 25 4.34 4.82 3.7 4.56
[001] 0.51 0.99 14.8 6.0 3.1 0.60 0.11 0.11 0.33
[110] 2.55 3.49 33.4 28 17 1.90 2.81 2.01 2.33
[110] | [110] 1.48 1.47 9.95 40 34 7.01 2.12 1.79 2.56
[001] 0.51 0.99 14.8 6.0 3.1 0.60 0.11 0.11 0.33
[111] [111] 2.22 3.33 35.06 26.4 11.9 1.23 2.14 1.45 1.59
[110] 1.15 131 11.56 34.8 25.6 4.26 1.45 1.23 1.81
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O‘rganilgan barcha kristallar uchun elastiklik tenzori hagigiy va mavhum gismlaring uchta mustagil
komponentalari barcha kristalografik yo‘nalishlar bo‘yicha o‘lchangan bo‘ylama va ko‘ndalang
to‘lginlarning tezligi va so‘nish koeffitsiyentlaridan aniglangan. Jadvalda keltirilgan ma‘lumotlar asosida
KBr kristali uchun akustik to‘lginlarning polyar diagrammadagi grafiklari quyidagi ko‘rinishda bo‘ladi.

[001]
90

270

2-rasm. Kaliy brom kristallaridagi akustik to‘lqin tarqalish tezligi sirtlarining (100) tekislik
bo‘yicha ko‘rinishi: 1 - kvazi-bo‘ylama, 2 - kvazi-ko‘ndalang, 3 - sof ko‘ndalang akustik to‘lqinlar
1-jadvaldagi ma’lumotlar asosida aniglangan akustik fononlarning relaksatsiya vaqtlari va grunayzen
parametrining giymatlari 2- jadvalda keltirilgan. Fonon relaksatsiya vagtlarini aniglashda 3- formuladan
foydalanilgan.

2-jadval.
KBr, NaBr, NaCl va MgO kristallari uchun grunayzen parametri va relaksatsiya vaqtlari
Yeft 11072
g N KBr | NaBr | NaCl | MgO | KBr | NaBr | NaCl | MgO
[100] [100] 2.60 2.1 2.50 2.58 9.5 9 4.15 3.48
[001] | 0.48 0.44 0.51 0.69 6.35 6.15 2.81 35
[110] 2.32 1.94 1.78 1.69 6.94 5.78 4.15 4.1
[110] | [110] | 2.47 1.67 2.28 1.77 4.62 6.95 2.64 4.15
[001] 0.56 0.48 0.53 0.63 4.66 5.17 2.6 4.22
[111] 2.51 1.63 1.48 1.38 4.52 5.9 4.3 4.24
[111] [110] | 2.17 1.86 1.94 1.48 4.1 3.54 2.26 4.2

2- jadvaldan ko‘rishimiz mumkunki, KBr, NaBr, NaCl va MgO kristallaridagi akustik fononlarning
turli yo‘nalishlarda va qutublanishlarda tarqalish vaqtida yuzaga keladigan angarmoniklik va relaksatsiya
vaqtlari keltirilgan. [100] yo‘nalish bo‘yicha grunayzen parametri boshga yonalishlarga nisbatan katta
giymatlarga ega bu ushbu yo‘nalishda panjara atomlarining angarmoniklik darajasi yuqori ekanligini
ko‘rsatadi. E‘tibor qilsak shu yo‘nalishda fononlarning relaksatsiya vaqtlari ham katta bu fononlarning uzoq
yashashini va akustik to‘lqinlarning so‘nishi sekin kechishini bildiradi.Shuningdek biz MgO Kubik
simmetriyali kristallarida Akustik to‘lginlarning so‘nish koeffitsiyentining temperaturaga bog‘ligligi
o‘rganilgan va olingan natijalar grafik ko‘rinishida keltirilgan.

MgO kristallari uchun so‘nish koeffitsiyentining temperaturaga bog‘liqligi hona haroratidan 170°C
gacha o‘lchandi. Grafikda ko‘k rangli nuqgtalar o‘lchov natijalarini ko‘rsatadiva ko‘rishimiz mumkinki
akustik to‘lginlarning so‘nish koeffitsiyenti temperatura ortishi bilan chizigli ortadi bunga sabab esa kristal
panjara atomlarining issiglik natijasida tebranishi va fonon harakatiga garshiligining ortishi hisoblanadi.
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3- rasm. MgO Kkristalining [110] yo‘nalish bo‘yicha akustik to‘lqinlari so‘nish koeffitsiyentining
temperaturaga bog‘ligqligi

Xulosa. Tadqiqot natijalari shuni ko‘rsatdiki, kristall panjarasining simmetriyasi yuqori bo‘lishiga
gqaramay, elastik xossalar sezilarli darajada anizotrop bo‘lib, akustik to‘lginlarning tezligi va yo‘qolish
koeffitsiyenti kristallografik yo‘nalishga kuchli bog‘ligdir. Grunayzen parametrlari va relaksatsiya
vaqtlarining giymatlari fononlarning angarmon harakatini chuqur tushunish imkonini berdi. Xususan, [100]
yo‘nalishida relaksatsiya vaqtlarining yuqori bo‘lishi ushbu yo‘nalishda fononlarning uzoq umrli ekanini
ko‘rsatadi. MgO kristallida o‘tkazilgan temperatura tajribalari esa so‘nish koeffitsiyentining harorat oshishi
bilan deyarli chizigli ortishini tasdigladi. Bu hodisa issiglik tebranishlarining kuchayishi va fononlarning
o‘zaro to‘qnashuv chastotasining ortishi bilan izohlanadi. Olingan natijalar kubik galogenid kristallarining
akusto-optik, akustik, termoelastik va yuqori aniqlik talab gilinadigan sensor qurilmalarda go‘llanishi uchun
muhim ilmiy asos yaratadi. Bundan tashgari, materiallarning anizotrop elastik xatti-harakatlarini chuqurrog
tushunishga, fonon kinetikasini baholashga va akustik qurilmalar parametrlarini optimallashtirishga xizmat
gilishi mumkin.
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Abstract. A comprehensive study of the relative change of resistivity from temperature and annealing
time in p-Si<B, Mn> samples with different concentrations of manganese atoms nanoclusters has been
carried out. It was found that with increasing concentration of nanoclusters of manganese atoms, the
thermal stability of p-Si<B, Mn> samples significantly improves, where at the concentration of nanoclusters
N=10% cm™ up to the annealing temperature T=125 °C decay is practically not observed, that is, the
samples retain their initial electro physical parameters, NMR and the value of impurity photoconductivity

Keywords: semiconductor, silicon, nanocluster, manganese, boron, negative magneto resistance.

MARGANETS ATOMLARI BILAN LEGIRLANGAN KREMNIY NANOKLASTERLARI
ELEKTR PARAMETRLARINING ISSIQLIK BARQARORLIGI

Annotatsiya. Marganets atomi nanoklasterlarining turli konsentratsiyalariga ega p-Si<B,Mn>
namunalarida qarshilikning tovlash harorati va vaqti bilan nisbiy o ‘zgarishini o ‘rganish uchun keng
qgamrovli tadgiqot o ‘tkazildi. Marganets atomi nanoklasterlari konsentratsiyasining ortishi bilan p-
Si<B,Mn> namunalarining issiglik bargarorligi sezilarli darajada yaxshilanishi aniglandi. N=10 cm?
nanoklaster konsentratsiyalarida va T=125 °C tovlash haroratida deyarli parchalanish kuzatilmaydi, bu
namunalar boshlang ‘ich elektrofizik parametrlarini, MMQ va kirishma fotoo ‘tkazuvchanligini saqlab
qolishini ko ‘rsatadi.

Kalit so‘zlar: yarimo ‘tkazgich, kremniy, nanoklaster, marganets, bor, manfiy magnit garshilik.

TEPMHUYECKAS CTABUWJIBHOCTD QJIEKTPHYECKUX TAPAMETPOB KPEMHMUSA C
HAHOKJIACTEPAMU ATOMOB MAPI'AHIIA

Annomauus. I[lpogedenvi KoMNIEKCHblE UCCIEO0BAHUS OMHOCUMENbHO0 USMEHeHUs YO0eabHOo20
conpomueneHus om memnepamypvl U epemenu omoicuea 6 obpazyax P-Si<B, Mn> ¢ pasmuunoii
KoHyeHmpayueli HAHOKIACMEPO8 AMmoMO8 MAapeanyd. YCmanoeieno, 4mo ¢ pOCMOM KOHYeHmpayuu
HAHOKIACMEPO8 AmoMO8 MAP2aHyd, CYWEeCMEEeHHO VIyUulaemcs mepmocmaduibHocms obpaszyos P-Si<B,
Mn>, 20e npu xonyenmpayuu nanoxnacmepos N=10" cu® 0o memnepamypor omocuea T=125 °C pacnao
npakmuyecku He HaOI00Aemcs, mo ecmov 00pasybl COXPAHAIOM C60U UCXOOHble INeKMmpodusuiecKue
napamempwi, OMC u eenuuuny npumecrotl pomonpogoouMocmiu.

Knwouesvie cnosa: nonynposoOHUx, Kpemuuil, HAHOKIACmep, Mapeauey, 0O0p, OmMpuyamensbHoe
MazHumoconpomusieHue.

Introduction. Unlike other semiconductor materials doped with paramagnetic impurity atoms [1-4],
silicon with nanoclusters of manganese atoms is characterized by huge negative magnetoresistance (NMR)
which is not conventional for other silicon-based materials. This anomalous huge NMR manifests itself at
room temperature. Silicon with nanoclusters of manganese atoms is also characterized by high impurity
photoconductivity in the region A=10+1.5 um [5, 6].
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The thermal stability of electrical parameters of manganese-doped silicon samples without
nanoclusters was studied in [7]. According to the results of this study, at annealing T>100 °C for 30+40
minutes the material properties tend to change significantly whereas at annealing duration t=1,5+2 hours a
complete decay of parameters is observed, i.e. the material acquires its initial electrical parameters. It can be
concluded that the compensation in boron- and manganese- doped silicon samples is thermally unstable. This
can be explained by the change in the electronic state of manganese multi-atomic complexes in the silicon
lattice or by disintegration of neutral boron-manganese complexes. How thermal annealing affects the state
of manganese clusters and, consequently, the electrical properties of silicon with nanoclusters of manganese
atoms is of great importance.

In [8-10], when studying the state of manganese atoms in silicon by electric paramagnetic resonance
(EPR), it was shown that under certain doping conditions the manganese impurities forms nanoscale clusters
consisting of four manganese atoms located in the nearest equivalent interstitial positions around the boron
atoms in the silicon lattice.

Materials and methods. To ensure the process of formation of nanoclusters in silicon samples, p-type
single-crystalline silicon with resistivity p=5 Q-cm (p=4-10%® ¢cm) was used as a starting material. Doping
with manganese was carried out using a newly developed technology [1-3, 11]. The doping conditions were

chosen so as to receive p-Si<B, Mn> samples with resistivity in the range of 6-10° <p<10° Q-cm at
T=20 °C.

The electrical parameters of the samples (Table 1.) were measured on an Ecopia Hall Effect
Measurement Systems HMS7000.

The p-Si<B, Mn> type samples with nanoclusters with resistivity p~(6+8)-10° Q-cm exhibit

A
anomalously large negative magnetoresistance (NMR), the value of which reaches more than 2P ~100% at
o)

room temperature, as well as very high subband (impurity) photoconductivity [2-4]. As the resistivity of the
samples changes toward lower or higher values than p~(6+8)-10% Q-cm, the magnitude of NMR decreases. In
overcompensated n-Si<B, Mn> samples, a small PMR is always observed regardless of their resistivity.
Results and discussion.
Table 1.
Electrical parameters of the samples

Dr:]zf,:ﬁ;gn Samples obtained Type | p,Qcm | p, cm?V-s N, ) e ;Zzﬁ eieitr(])(:e\;?sltu;ngg
e I T O Il I
3 i i 0
2 nanoclusters p 4,1-10° 145 1,05-10% NMI%
) Si<B> control P 5,18 365 | 3,7-10% T
. . :
% R} z::EanE%E%EZ:I p | 68107 245 | 37.10 i'\ﬂfR
g g _ Eén'\;cluste_r; p 7,3-10° 271 | 3,15.10% I\;I\éI/OR
_§ g I<na’1n0(r:]ITJsvtve::s o P 410° 214 5,84-10% PMOR
> Si<B> control P 5,2 352 | 341108 T

In the samples where the maximum NMR is observed, the hole mobility was significantly smaller than
the hole mobility in materials with the same resistivity obtained by conventional high-temperature diffusion
and in general was p= 70-150 cm?/V-s [1].
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The obtained manganese-doped samples had p-type conductivity, no overcompensated n-type samples
were observed.

According to calculations, in the samples p~(7+8)-10° Q-cm the Fermi level is in the position
F=Ev+0.38 eV, i.e. it is in the lower half of the band gap of silicon. This allows us to assert that in these
samples the majority of manganese atoms is strongly ionized state and is most likely in the state Mn*?, since
according to [12], interstitial manganese atoms in silicon are donor impurities and create energy levels in the
upper half of the band gap of silicon with ionization energy E1=E-0.27 eV and E;=E-0.5 eV. Mn*? ions.
These ions, in turn, can form nanoscale charged complexes like BMn.

The presence of such nanoclusters of manganese atoms in the studied samples was confirmed by the
study of the state of manganese atoms by EPR method, and their high degree of ionization by AFM [11, 13].

The obtained samples at room temperature were characterized by large negative magnetoresistance up
to 100%, as well as high impurity photoconductivity in the spectral region 2=10+1.5 um at temperature T=-
193 °C, which is characteristic of samples with nanoclusters of manganese atoms [1-6].

Simultaneously, p-Si<B, Mn> samples doped with manganese using a typical standard high-
temperature diffusion technique [7] with similar parameters but without nanoclusters were received on the
basis of p-type silicon with p=5 Q-cm. The absence of nanoclusters in these samples was also confirmed by
EPR.

Temperature annealing of samples was carried out stepwise in a vacuum tube furnace MG17-60/300
with high accuracy of temperature maintenance (+/- 1 °C) and annealing time t=30 minutes (+/- 10 seconds).
After each heat annealing step, the samples were chemically treated with 10% HF solution to remove the
SiO;, layer, while the electrical properties of the samples were investigated under identical conditions.

Fig. 1 shows the relative change in resistivity of the studied samples as a function of annealing time at
T=100 °C. As can be seen, the resistivity of the material in p-Si<B, Mn> samples with nanoclusters
practically does not depend on the annealing time (curve 1). At the same time in p-Si<B, Mn> samples
without nanoclusters (without formation of nanoclusters) the electrical parameters change significantly with
increasing annealing time, at annealing t=300 minutes, where there is almost a complete decomposition of
complexes containing manganese atoms (curve 2). After complete decay in p-Si<B, Mn> samples with
nanoclusters, the anomalously small value of hole mobility increase to the value u= 360 cm?/V's as in the
original sample.
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Figure 1. Relative change in resistivity of manganese-doped silicon samples from annealing time
at T=100 °C: 1- with nanoclusters, 2- without nanoclusters
Shortly after we investigated p-Si<B, Mn> samples with nanoclusters to determine up to what
temperature they maintain the stability of their electro physical parameters (Fig. 2). The results show that no
decay is revealed in silicon samples with nanoclusters up to annealing temperature of 110 °C for a long time
(7 days). With increasing temperature up to T=125 °C a noticeable decomposition starts at annealing time
greater than 1 hour.
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Figure 2. Relative change in resistivity of p-Si<B, Mn> silicon samples with nanoclusters of
manganese atoms at different annealing temperatures:
1- 100 °C, 2- 125 °C, 3- 140 °C, 4- 160 °C

Thermal stability studies were also carried out on samples having different contents of manganese
clusters. For this purpose, p-type Si samples doped with boron p=10 Q-cm, p=5 Q-cm and p=2 Q-cm were
used as a starting material [1]. Samples of p-Si<B, Mn> with different concentration of nanoclusters were
fabricated by the technology similar to [2, 10] with the condition of obtaining samples with resistivity
p=(7+8)10° Q-cm at T=27 °C. Taking into account almost complete compensation of boron impurity in these
samples by manganese, one could estimate the concentration of nanoclusters as: Nvnja=2-10'* cm™ (p-type Si
doped with boron p=10 Q-cm starting material), 5-10* cm= (p-type Si samples doped with boron p=5 Q-cm
starting material), 10*° cm™ (p-type Si samples doped with boron p=2 Q-cm starting material) [1].

The relative variation in resistivity with annealing time in p-Si<B, Mn> samples with different
concentrations of manganese atom nanoclusters is shown in Fig. 3. As can be seen from Fig. 3, the thermal
stability of p-Si<B, Mn> samples significantly improves with increasing concentration of manganese atom
nanoclusters. In p-Si<B, Mn> samples with the concentration of nanoclusters N=10* cm? at annealing
temperature T=125 °C, the decay is practically not observed, i.e. the samples retain their electro physical
parameters. The studies also showed that the NMR and the magnitude of impurity photoconductivity retained
their pre-annealing values.
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Figure 3. Relative changes in resistivity of p-Si<B, Mn> samples with different concentrations of
manganese atom nanoclusters at T=125 °C

1)  Nmne=2-10" cm3, 2) Nownja=5-10'* cm=, 3) Nwnja=10°cm
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Conclusion. The above experimental results related to the study of changes in the properties of silicon
with nanoclusters of manganese atoms in times of heat treatment allow us to determine the operating
temperature range of photovoltaic and magnetic devices based on the material p-Si<B, Mn> with
nanoclusters. Sufficiently high maximum operating temperatures (T>100 °C) allow us to use this material to
for receiving a wide range of new electronic devices in the field of spintronics and optoelectronics, as well as
various highly sensitive sensors of physical quantities [14] operating both at room temperature and at low
temperatures.
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Annotatsiya. Ushbu maqolaning magsadi dinamik o ‘zaro ta’sirlar nazariyasidan olinishi mumkin
bo‘lgan harakat qonunlarini va uning ko ‘p va muhim ilmiy qo ‘llanilishini taqdim etishdir. Bir vaqtning
o zida koaksiyal bo ‘lmagan aylanishlarga duchor bo‘lgan qattiq jismlarning xatti-harakatlarining yangi
talginiga asoslanib, biz ushbu jismlarning dinamik harakati to ‘g ‘risida gipotezani ishlab chiqdik. Ushbu
gipotezalardan va erkin jismlarning kosmosdagi xatti-harakatlarini kuzatish natijasida biz aksiomalar va
matematik-fizik modelni ishlab chigdik. Shunday qilib, biz gipotezalar va kuzatilgan xatti-harakatlarga mos
keladigan harakat tenglamasini chigardik. Ushbu dinamik model, gattiq gattiqg jismlar yoki tizimlar holatida,
uning dinamik ishlashi bilan bog ‘liq bir qator qonunlar va natijalarni ilgari surishga imkon beradi. Bu
gonunlar keyinchalik eksperimental sinovlar bilan tasdiglangan. Ushbu tadgigotning barchasi biz Dinamik
o ‘zaro ta'sirlar nazariyasi (TID) deb nomlagan ogilona va kontseptual tuzilmani tashkil giladi. Ushbu
mantiqiy deduktiv tizim aylanish natijasida ko ‘p tezlanishga duchor bo ‘lgan qattiq jismlarning harakatini
bashorat gilish imkonini beradi. Xulosalarda biz printsiplar va aksiomalar, ishlab chigilgan fizik-matematik
model, olingan harakat tenglamasi, chigarilgan qonunlar va amalga oshirilgan eksperimental testlar
o ‘rtasida muvofiqlikka erishilganligini ta kidlaymiz.

Kalit so“zlar: dinamik o zaro ta’sirlar nazariyasi, qattiq jism, koaksial bo Imagan aylanish, harakat
tenglamasi, matematik-fizik model, dinamik gonunlar, eksperimental sinovlar, tezlanish, gipoteza,
aksiomalar tizimi.

OCHOBHBIE 3AJJAYU JUHAMUKU: METO/bI OIPEJEJIEHUSA 3AKOHOB
JIMAHAMMYECKOI'O JJBUKEHUSI MATEPUAJIBHON TOUKH

Annomauusa. Ilenv oannoii cmamvu — nPeOCMasUmMyd 3aKOHbL OBUIHCEHUS, KOMOpble MO2ym Oblmb
6bI6EOCHDL U3 MEOPUU OUHAMUYECKUX 83AUMOOCIICNBUL, a MaKdce eé MHOSOYUCTIEHHbIE U 8AJICHbIEe HAYUHbIC
npumernenus. Ha ocrHoge 106020 mMoaKosanus noseoeHuss meépovix mes, 0OHOBPEMEHHO NOOBEPearOUJUXCSL
HeKOAKCUATbHBIM 8PAUJEHUAM, HAMU BbIOBUHYMA 2UNOMe3d 0 OUHAMUYECKOM O8UdMCeHUU dmux mea. M3 smux
eunomes u HabnoOeHull 3a nogedeHuem c0O00HbIX mel 8 NPOCMpaHcmeae ObLIU paspadbomansbl aKkCUoOMvl U
Mamemamuko-gusuueckas moodenv. Taxum — o0pazom, HaMU  6bl6EOCHO  YPAGHEHUEe  OBUICEHUS,
coomeemcmeyloujee cunomesam u Had0oaemMomy nogedenuro. /Jaunas OuHamuyeckdas mMooenb no360.aem
chopmynuposams pad 3aKOHO8 U 8bl8O00S, CEA3AHHBIX C OUHAMUYUECKUM NOBeOeHUeM MEEPObIX mei Ul
cucmem. Dmu 3aKOHbL GNOCIEOCMEUU ObLIU NOOMBEPIHCOCHBL IKCNEPUMEHMATILHLIMU UCHbIManuamu. Bcé
9mo uccredosanue npeocmagisiem cooou payuoOHaAIbLHYI0 U KOHYENMYdibHyl0 CHMPYKMypy, KOMopylo Mbl
Hazsanu meopuell ouHamuveckux ezaumooeticmsuii (1/[B). Dmom noeuko-0edykmusHwlll N0OX00 NO3605em
npeocKasvleamsv O8UdNCeHUe MEEPObIX Mesl, UCHBIMbIEATOWUX MHOICECHEEHHbIE YCKOPEHUsI 8 pe3yibmame
epawenus. B 3axmouenuu ommeuaemcs, umo OOCMUSHYMO COOMEEMCMEUE MeNCOY NPUHUUNAMU U
akcuomamu, paspadbomanHoll QU3UKO-MameMamuieckol Mooenvio, NOIYYEHHbIM YPAGHEHUEM OBUINCEHUS,
6b18EOEHHbIMU 3AKOHAMU U NPOBEOEHHBIMU IKCNEPUMEHMANLHBIMU NPOBEPKAMUL.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 32


mailto:sirojmagistrstudent@gmail.com

PHYSICS

Knioueevie cnosa: meopus OunHamuueckux 63aumoOeicmsuli, meépooe meno, HeKOAKCUAIbHOe
epaujenue,  YpasHeHnue — OBUNCCHUS,  MAMEMAMUKo-Qu3u4eckass Moo0eib,  OUHAMUHECKUEe  3aKOHbL,
9KCnepUMeHmanbHule UCNbIMAHUSL, YCKOpeHue, cunomesd, CUCmemMda aKkCuoMm.

MAIN PROBLEMS OF DYNAMICS: METHODS FOR DETERMINING THE DYNAMIC
LAWS OF MOTION OF A MATERIAL POINT

Abtract. The purpose of this article is to present the laws of motion that can be derived from the theory
of dynamic interactions and its numerous and significant scientific applications. Based on a new
interpretation of the behavior of rigid bodies subjected simultaneously to non-coaxial rotations, we
developed a hypothesis about the dynamic motion of these bodies. From these hypotheses and observations
of the behavior of free bodies in space, we formulated axioms and a mathematical-physical model. Thus, we
derived an equation of motion consistent with the hypotheses and observed behavior. This dynamic model
allows the formulation of a series of laws and results related to the dynamic behavior of rigid bodies or
systems. These laws were later confirmed by experimental tests. All of this research constitutes a rational
and conceptual framework that we have called the Theory of Dynamic Interactions (TDI). This logical and
deductive system makes it possible to predict the motion of rigid bodies subjected to multiple accelerations
as a result of rotation. In conclusion, we emphasize that consistency has been achieved among the principles
and axioms, the developed physical-mathematical model, the derived equation of motion, the formulated
laws, and the conducted experimental tests.

Keywords: theory of dynamic interactions, rigid body, non-coaxial rotation, equation of motion,
mathematical-physical model, dynamic laws, experimental tests, acceleration, hypothesis, system of axioms.

Kirish. Dinamika nazariy mexanikaning asosiy bo‘limi bo‘lib, unda jismlarning mexanik harakat
gonunlari shu harakatni vujudga keltiruvchi kuchlarga bog‘liq holda o‘rganiladi. Mexanikaning asosiy,
birlamchi tushunchasi bo‘lgan kuch dinamikada moddiy jismlar harakatini o‘zgartiruvchi ta’siri bilan
aniqlanadi. Dinamikada jismlarga o‘zgarmas kuchlardan tashqari miqdori va yo‘nalishi o‘zgaruvchan
kuchlar ham ta’sir ko‘rsatishi mumkin deb qaraladi. Kuchlar aktiv, faol yoki passiv, chunonchi,bog‘lanish
reaksiya kuchlari bo‘lishi mumkin: Massa jismlaming moddiy migdor o‘lchovi boiib, dinamikaning asosiy
tushunchalaridan biri hisoblanadi. Jismning harakati fagat unga qo‘yilgan kuchgagina bog‘liq bo‘lmay,
uning inertligiga ham bog‘liq. Jismning inertligini miqdor jihatdan ifodalovchi fizikaviy kattalik jismning
massasi deyiladi. Biz o ‘rganayotgan mexanika klassik mexanika bo‘lib, bunda jismning tezligi yorug‘lik
tezligidan ancha kichik, uning massasi o‘zgarmas, skalyar va musbat kattalik deb qaraladi. Harakatini
o‘rganishda o‘lchamlari ahamiyatga ega bo‘lmagan, lekin massaga ega moddiy jismga moddiy nuqta
deyiladi. Moddiy nuqta asl ma’noda, biror jismni anglatgani uchun u shu jismning massasiga teng massaga
va shu sababli, jism kabi ta’sirlasha olish xususiyatiga ega bo‘ladi. Moddiy nuqta tushunchasiga binoan,
mexanik sistema yoki jism massasi uni tashkil etgan moddiy nuqtalar massalarining yig‘indisi bilan
aniqlanadi. Umumiy holda Jismning harakati fagat ushbu moddiy nuqtalar yig‘indisigagina emas, ularning
jism bo‘ylab tagsimlanishi (jism shakli)ga ham bog‘liq. Dinamikaning masalasi. Dinamikaning masalasi
jismga ta’sir etuvchi kuchlar bilan uning harakatining kinematik xarakteristikalari o ‘rtasidagi bog‘lanish
gonunlarini aniglash va bu gonunlarni harakatning xususiy hollariga tatbiq etishdan iborat. Dinamika
masalasini dinamikaning asoschisi Nyuton juda yaxshi ta’riflagan. U aytganki, dinamika “harakatning yuz
berishiga ko‘ra tabiat kuchlarini bilish, so‘ngra bu kuchlar bilan tabiatning boshqa hodisalarini tushuntirishi”
zarur. Albatta, moddiy nugta dinamikasining asosiy masalalari va harakat gonunlarini aniglash usullarini
batafsilroq va bo‘limlarga bo‘linmasdan yoritaman.Moddiy nuqta dinamikasining asosiy vazifasi - moddiy
nuqtaning fazoda vaqt o‘tishi bilan joylashuvining o‘zgarishini, ya’ni uning harakatini sabablari (kuchlar)
bilan bog‘liq holda o‘rganishdir. Buning uchun eng asosiy vosita Nyutonning ikkinchi qonuni bo‘lib, u kuch,
massa va tezlanish o‘rtasidagi bog‘liglikni ifodalaydi: m-a = XF. Bu tenglama har ganday dinamik
masalaning yechimi uchun asos hisoblanadi.

Asosiy masalalar tahlili. Dinamikada ikki turdagi asosiy masala mavjud. Birinchi masalada moddiy
nuqtaning massasi, boshlang‘ich holati (joylashuvi va tezligi) va unga ta'sir etuvchi barcha kuchlar ma’lum
bo‘ladi, shu asosda nuqtaning harakat qonuni, ya'ni vaqtning istalgan momentidagi joylashuvi va tezligi
topiladi. Bu masalani yechish uchun Nyutonning ikkinchi gonuni asosida harakatning differensial
tenglamalari tuziladi va ularning yechimi topiladi. Masalan, Yerga ma’lum burchak ostida otilgan toshning
harakat traektoriyasini, maksimal balandligini va uchish masofasini topish. Ikkinchi masalada esa moddiy
nuqtaning massasi va uning harakat qonuni ma’lum bo‘ladi, shu asosda unga ta’sir etuvchi kuch(lar) topiladi.
Bu masalani yechish nisbatan sodda, chunki u differensial tenglamalarni integrallashni talab gilmaydi.
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Ma'lum bo‘lgan harakat qonunidan ketma-ket hosila olish orqali tezlanish topiladi va so‘ngra Nyutonning
ikkinchi qonuniga asosan kuch topiladi. Masalan, Quyosh atrofida ma’lum bir tracktoriya bo‘yicha
harakatlanayotgan sayyoraga ganday kuch ta'sir gilayotganini topish. Harakat gonunlarini aniglash
usullariHarakat gonunlarini aniglashning asosiy usuli differensial tenglamalarni tuzish va ularni yechishdir.
Bu jarayon moddiy nugtaning dinamik modelini tuzish, faol kuchlarni aniglash, qulay koordinatalar
sistemasini tanlash, harakat differensial tenglamalarini yozish, differensial tenglamalarni yechish va
boshlang‘ich shartlardan foydalanish bosqichlaridan iborat. Koordinatalar sistemasini tanlash juda muhim,
chunki masalaning shartiga garab Dekart koordinatalari, tabiiy koordinatalar yoki boshga sistemalardan
foydalanish mumkin. Har bir sistema o°‘ziga xos tenglamalar sistemasini talab giladi. Differensial
tenglamalarni yechish eng murakkab bosqich bo‘lib, turli matematik usullar (ajratuvchi o‘zgaruvchili, bir
jinsli, chizigli tenglamalar) qo‘llaniladi. Yechimda paydo bo‘ladigan integrallash doimiylarini aniglash
uchun boshlang‘ich shartlar (t=0 dagi joylashuv va tezlik) muhim ahamiyatga ega.

Amaliy qo‘llanilishi. Moddiy nuqta dinamikasining ushbu tamoyillari va usullari nafagat nazariy
ahamiyatga ega, balkil amaliyotda ham keng qo‘llaniladi. Mashinasozlikda, qurilishda, aviatsiyada,
kosmonavtikada, robototexnikada va boshga sohalarda har ganday jismning harakatini hisoblash va
loyihalash uchun dinamikaning asosiy tamoyillari qo‘llaniladi. Masalan, avtomobilning turli yo‘l
sharoitlarida harakatini modellashtirish, sun'ly yo‘ldoshlarning orbitadagi harakatini hisoblash,
turbinalarning aylanish dinamikasini tadqiq gilish — bularning barchasi moddiy nugta dinamikasiga
asoslanadi. Dinamika — bu jismlarning harakat sabablarini o‘rganuvchi mexanika bo‘limi. Nyutonning uchta
asosiy gonuni dinamikaning poydevoridir. Birinchi gonun - inersiya gonuni: agar jismga tashqi kuch ta'sir
etmasa, u tinch holatda yoki to‘g‘ri chiziq bo‘yicha bir jinsli harakatda bo‘ladi. Ikkinchi qonun - asosiy
dinamika gonuni: kuch jism massasi va tezlanishi ko‘paytmasiga teng (F = m-a). Uchinchi qonun — ta’sir-
garshilik gonuni: har ganday kuchga unga teng va garama-garshi yo‘nalgan kuch javob gaytaradi.Moddiy
nugta - bu o‘lchamlari e'tiborga olinmaydigan, lekin massasi va inersiyasi saqlanadigan ideal jism.
Dinamikada ikki turdagi asosiy masala mavjud: to‘g‘ri masala va teskari masala. To‘g‘ri masalada kuchlar
ma’lum bo‘ladi, harakatni topish kerak. Teskari masalada harakat ma'lum bo‘ladi, kuchlarni topish kerak.
Kuchlar turlari orasida og‘irlik kuchi (P = mg), elastiklik kuchi (F = -kx), ishqalanish kuchi (F = pN),
markazga intiluvchi kuch (F = mv*r) muhim ahamiyatga ega. Energiya turlaridan kinetik energiya (Ex =
mv?/2) harakat energiyasi, potensial energiya (E, = mgh) esa joylashuv energiyasidir.Impuls - harakat
miqdori (p = mv), impuls momenti - aylana harakati miqdori (L = r x p). Impulsning saqlanish qonuni yopiq
sistemada impuls o‘zgarmasligini bildiradi.Koordinata sistemalari orasida Dekart sistemasi (x, y, z) va tabiiy
sistema (t, n, b) keng qo‘llaniladi. Tabiiy sistemada normal tezlanish a, = v*p formulasi bilan
hisoblanadi.Bog‘lanishlar dinamikasida g‘ayritabiiy va tabiiy bog‘lanishlar farqlanadi. Harakat tenglamalari
differensial shaklda ifodalanadi va turli koordinata sistemalarida yechiladi.Sonli usullardan Eyler usuli (yn+:
= yn + hf(Xs,yn)), Runge-Kutta usuli, Verlet algoritmi keng qo‘llaniladi. Bu usullar kompyuter
modellashtirishda muhim ahamiyatga ega.Dinamika qonunlari amaliyotda keng qo‘llaniladi: kosmonavtikada
orbital hisoblar, mashinasozlikda transport vositalari dinamikasi, qurilishda konstruksiyalar hisobi,
robototexnikada harakatni boshgarish, sportda qurilmalar loyihalash. Barcha mexanik hodisalar dinamika
gonunlari asosida tushuntiriladi va hisoblanadi. Dinamika - mexanikaning jismlarning harakat sabablarini
o‘rganadigan bo‘limi bo‘lib, Nyutonning uch qonuniga asoslanadi. Birinchi qonun - inersiya gonuni: tashqi
kuch ta'sir etmasa jism tinch holatda yoki bir jinsli harakatda bo‘ladi. Tkkinchi qonun - asosiy dinamika
gonuni: F = m-a (kuch massaning tezlanishiga teng). Uchinchi qonun - ta'sir-qarshilik: Fi> = -F21. Moddiy
nugta - o‘lchamsiz lekin massali ideal jism. Dinamikada ikkita asosiy masala mavjud: to‘g‘ri masala (kuch
ma’lum, harakat topiladi) va teskari masala (harakat ma'lum, kuch topiladi).Kuch turlari: og‘irlik (P = mg),
elastiklik (F = -kx), ishqalanish (F = uN), markazga intiluvchi (F = mv?/r). Energiya: kinetik (Ex = mv?/2),
potensial (E, = mgh), mexanik ish (A = F-s). Impuls - harakat migdori (p = mv), impuls momenti (L =r x p),
impulsning saqlanish qonuni. Koordinata sistemalari: Dekart (x,y,z), tabiiy (t,n,b), normal tezlanish a, =
v?/p.Bog‘lanishlar: g‘ayritabiiy (tezlikka bog‘liq) va tabiiy (tezlikka bog‘liq emas). Harakat tenglamalari
differensial shaklda: d*x/dt> = Fy/m. Sonli usullar: Eyler (ya+1 = y» + h-f(Xa,yn)), Runge-Kutta, Verlet. Amaliy
go‘llanilish: orbital hisoblar, transport dinamikasi, qurilish konstruksiyalari, robototexnika, sport
qurilmalari.Dinamik tizimlar: erkin (cheklovsiz) va bog‘langan (cheklovli). Differensial tenglamalarni
yechish usullari: analitik (anlQ) va sonli (taxminiy). Fazoviy yondashuv— harakatni fazo-tezlik
koordinatalarida tahlil gilish. Dinamikaning universal tamoyillari: D'Alamber printsipi (dinamikani statikaga
keltirish) va kamimalik printsipi (minimal harakat).Qattiq jismlar dinamikasi moddiy nugta dinamikasiga
asoslanadi. Muhim tushunchalar: massa markazi, inersiya momenti, aylanish dinamikasi. Bog‘lanish
reaktsiyalari: N = mg cosa. Tezlanish: tangensial (a; = dv/dt) va normal (a, = v?/p). Kuchlar qo‘shilishi:
vektor qoidasi bo‘yicha. Nyuton qonunlari inertial sanoq sistemalarida o‘rinli.
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Dinamika tarixi. Arximed, Galiley, Nyuton, Eyler, Laplas, Lagranj, Gamilton. Zamonaviy
go‘llanilish: kosmik apparatlar, samolyotlar, avtomobillar, robotlar, qurilish mexanizmlari. Matematik
asoslar: differensial hisob, vektor analizi, variatsion hisob. Eksperimental dinamika: tezlanish o‘Ichash, kuch
o‘lchash, tezlik o‘lchash. Ushbu tahlil orqali biz doimiy aylanish va orbital harakat o‘rtasidagi dastlabki
aporiyamizga (muammoli savolga) to‘liq javob berganimizga ishonamiz. Shu bilan biz tabiatda jismlarning
ayni vaqgtda aylanishi va orbitada harakatlanishini ularning massaning o‘ziga xos inertsiya xatti-harakati
bilan izohlab beramiz.Butun bayonot davomida biz “inertsiya kuchi” tushunchasidan qochishga, uning
o‘rniga inertsiya reaksiyasi tushunchasini kiritishga harakat qildik. Moddani kuzatish orqali haqiqiy
kuchlarning mavjudligini isbotlab bo‘lmaydi. Ammo biz tezliklarning notekis tagsimlanishini kuzatishimiz
mumkin, ularning hosilalari (derivativlari) natijasida inertsiya tezlanish maydoni hosil bo‘ladi. Bu maydon
bir jinsli emas, ammo uni inertsiya kuchlari maydoni sifatida talgin qilish mumkin.Ta’kidlash lozimki, bu
inertsiya kuchlari maydoni boshga dinamik nazariyalarda bo‘lgani kabi koordinatalar o‘qini almashtirish
natijasida hosil bo‘lmaydi. Aksincha, u qattiq jism ichida, unga berilgan tashqi qo‘zg‘atuvchi ta’sir (moment)
natijasida inertsiya reaksiyasi sifatida paydo bo‘ladi.Bizning deduktiv tahlilimizda, jismning tekis harakati
(translyatsiyasi) holatida ajratib ko‘rsatuvchi gipoteza kiritiljgan — ya’ni, translatsiya tezliklari maydoni
ikkinchi, o‘qlar bir-biriga to‘g‘ri kelmaydigan moment (non-koaksial moment) ta’sirida hosil bo‘lgan
anizotrop inertsiya tezliklari maydoniga ulanadi. Natijada, harakatlanuvchi jismning dastlabki ichki aylanishi
bilan bir vaqtda orbital harakat hosil bo‘ladi. Ushbu yangi orbital harakat doimiy modulga ega bo‘lgan
translatsion tezlik vektori aylanishi bilan aniglanadi.Avvalgi ishlarimizda biz ushbu tahlil yordamida
fazodagi har ganday harakatning tabiatini aniglash va uning nisbiyligini belgilash mumkinligini taklif
gilganmiz. Taklif etilgan harakat tenglamasi va formulalangan gonunlar bizga ratsional mexanika va
aylanma dinamikani — aylanish orgali tezlanayotgan jismlar uchun — asoslar va aksiomalar asosida tuzish
imkonini beradi.Ushbu yangi ratsional tuzilma ichida klassik mexanikadagi g‘ayrioddiy yoki ziddiyatli
hodisalar, masalan, giroskopik moment yoki soxta kuchlar, paydo bo‘lmasligi kerak.Dinamik o‘zaro ta’sirlar
nazariyasi (Theory of Dynamic Interactions) — bu ba’zi dinamik gipotezalardan tashkil topgan mantiqiy-
deduktiv tizimdir. U tabiatni kuzatish, dastlabki gipotezalarni shakllantirish va aksiomalar hamda
postulatlardan kelib chiqish orqali aylanma tezlanishlarga duchor bo‘lgan gattiq jismlarga doir bilimlar
tuzilmasini yaratadi.Natijada olingan fizik-matematik model ketma-ket, o‘qlari bir-biriga mos kelmaydigan
momentlar ta’sirida bo‘lgan jismlarning kuzatiladigan xatti-harakatlarini izohlash, shuningdek, yangi
xulosalar, mantigiy natijalar va bashoratlar chigarish imkonini beradi.Ushbu nazariya eksperimental sinovlar
bilan tekshirilgan va tasdiglangan. Mazkur matn Nyuton gonunlariga garshi chigishni magsad gilmaydi;
aksincha, u aylanish orqali tezlanayotgan tizimlar uchun klassik mexanikaga qo‘shimcha konseptual tuzilma
sifatida ishlab chigilgan.Biz translyatsion klassik mexanika gonunlari amal gilmaydigan, no-inertsiya
muhitlari uchun maxsus aylanish algebrasiga asoslangan nazariyani taklif gilamiz. Shu tariga, biz koinotda
tez-tez uchrab turadigan, ammo bejizga e’tibordan chetda qolgan ayrim maxsus dinamik holatlar uchun
yangi bilim sohasini tadqig etishni taklif gilamiz.Shuningdek, ushbu tadgiqotlar rivoji davomida
boshlang‘ich gipotezalar, qo‘llanilgan prinsipl va aksiomalar, yaratilgan fizik-matematik model, olingan
harakat tenglamasi, chigarilgan gonunlar, yaratilgan modellashtirish (simulyatsiya) modellari hamda
o‘tkazilgan tajribaviy sinovlar o‘rtasida to‘liq mantiqiy uyg‘unlik (moslik) ta’minlangani alohida
ta’kidlashga arziydi.Shuningdek, biz tabiatda kuzatilgan misollarni ham keltirib o‘tdik — ular Dinamik o‘zaro
ta’sirlar nazariyasini (Theory of Dynamic Interactions) qo‘llab-quvvatlaydi va ushbu matnda bayon etilgan
gonunlarning to‘g‘riligini tasdiglaydi.

Xulosa. Dinamika nazariyasi fizikaning eng fundamental bo‘limlaridan biri bo‘lib, moddiy
jismlarning harakat sabablarini va ularning o‘zgarish qonuniyatlarini o‘rganadi. Nyutonning klassik
mexanika qonunlari dinamikaning asosini tashkil etadi, ulardan eng muhimi F = ma formulasi bilan
ifodalanadigan ikkinchi qonundir. Bu tenglama kuch, massa va tezlanish o‘rtasidagi bog‘liglikni aniqlab, har
ganday moddiy nugta harakatini tavsiflash imkonini beradi. Dinamikaning asosiy masalalarini ikki guruhga
ajratish mumkin: birinchisida kuchlar ma’lum bo‘lganda harakatni aniqlash, ikkinchisida esa harakat ma’lum
bo‘lganda kuchlarni topish. Harakatning differensial tenglamalari dinamik masalalarni yechishning asosiy
vositasi bo‘lib, ularning yechimi jismning tracktoriyasi va tezligini to‘liq aniqlaydi. Energiyaning saqlanish
gonuni, impulsning saglanishi va impuls momentining saglanishi kabi universal gonunlar murakkab
sistemalarni tahlil qilishda qo‘llaniladi. Koordinatalar sistemalarining turli turlari - Dekart, sferik, silindrik va
tabiiy koordinatalar - masalaning shartiga qgarab qulaylik yaratadi. Zamonaviy dinamika klassik
chegaralardan chiqib, relyativistik dinamika va kvant dinamikasini gamrab olgan holda rivojlanmoqda.
Amaliyotda dinamika qonunlari kosmik apparatlarning orbital harakatini hisoblash, qurilish
konstruksiyalarining mustahkamligini aniglash, transport vositalarining harakatini loyihalash va
robototexnika sistemalarini boshqarishda keng qo‘llaniladi. Eksperimental dinamika esa turli o‘lchov usullari

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 35



PHYSICS

- dinamometrlar, akselerometrlar, tezlik va tracktoriya o‘lchagichlar orqali nazariy qonunlarni tasdiglaydi.
Dinamikaning rivojlanishi Galileo, Nyuton, Eyler, Laplas, Lagranj va Gamilton kabi olimlarning ishlari
natijasida sodir bo‘ldi va bugungi kunda u nafagat makroskopik jismlar, balki molekulyar va atom
darajasidagi sistemalarni ham o‘rganish imkonini beradi.
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Annotatsiya. Mazkur magolada Samargand Davlat Universiteti Yadro Fizikasi laboratoriyasi
hududida joylashgan artezian quduqg suv namunasining tarkibidagi tabiiy (*°Ra, ***U, #2Th, “°K) hamda
texnogen **’Cs radioaktiv izotoplarning konsentrasiyasi Nal(Tl) kristalli ssintillatsion gamma-spektrometr
usuli yordamida yordamida o ‘rganildi. Suv namunasining harorati, pH ko ‘rsatgich darajasi, qattiqligi va
elektr o ‘tkazuvchanligi o lchanildi. O ‘ranilgan suv tarkibida uran, toriy gatoriga mansub radioaktiv
elementlarning konsentrasiyasi Sanitariya-epidemiologik osoyishtalik va jamoat salomatligi xizmati
(SanPiN) belgilab qo’yilgan chegaraviy qiymatdan oshmaganligi aniglandi. Tekshirilgan suvlarda radiy -
226 ning a-yemirilishidan hosil bo ‘ladigan radon -222 solishtirma aktivligi aniglandi. Olingan natijalar
ekologik xavfsizlik nugtai nazaridan tahlil gilindi.

Kalit so‘zlar: radioaktivlik, izotop, suv, uran (*®U), toriy (*°Th), radiy (**Ra), radon (**Rn),
ssintillyasiya, gamma-spektrometr.

COJIEP’KAHUE IMPUPOIHBIX (**Ra, 28U, #°Th, ‘iOK) U TEXHOTEHHOTI'O *¥'Cs
HN30TOIIOB B APTE3MAHCKOU BOJE

Aunomauus. B Oannou cmamve UCCIe008aH COCMAE8 NPoObl APME3UAHCKOU 600bl, B35MOU C
meppumopuu aabopamopuu si0epHou puzuxu Camapranockoeo 20CyO0apCmeeHH020 YHUgepcumemad, Ha
codepacanue npupoonvix (“°Ra, **U, *Th, “K) u mexnocennozo **'Cs paouoaxmuemvix uzomonos
MEMOOOM  CYUHMULIAYUOHHOU 2aMMA-CheKmpomempuu ¢ ucnoaviosanuem kKpucmania Nal(Tl). Bvuiu
usmMepenvl memnepamypa 800vl, nokazamenvb pH, owcécmrxocmv u snekmpuyeckas NPoBOOUMOCHD.
Ycemanosneno, uwmo Konyemmpayuu paouoaKmueHuIX 31EMEHMO8 YPAHOB020 U MOPUEBO20 P08 8
ucciedyemou 600e He Hpesvlarm npedeibHO OORYCIUMbIX 3HaueHul, ycmaHnosnenuvlx Cryacooil
CAHUMApPHO-dNUOeMUONI02UYeCcKo20 Onazononyuus u obuecmgennoco 300posvsi  (CanlluH). Taxoice
onpeodenena yoenvhas akmueHocms padona-222, obpasyowezocsa npu o-pacnaoe paous-226. Ilonyuennvie
Pe3yIbmamvl NPOAHAIUZUPOBAHBL C MOYKU 3PEHUSL IKOIO2UYECKOU O6e30NACHOCT.

Knrouesvie cnosa: paouoaxmusnocmu, uzomon, eooa, ypau (*2U), mopuii (**Th), paouii (**°Ra),
paodon (***Rn), cyunmunnayus, 2amma-cnexmpomemp.

CONCENTRATION OF NATURAL (**Ra, 28U, #2Th, “K) AND ANTHROPOGENIC ®'Cs
ISOTOPES IN ARTESIAN WATER

Abstract. In this article, the composition of an artesian water sample collected from the territory of the
Nuclear Physics Laboratory of Samarkand State University was studied to determine the concentrations of
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natural (**Ra, 2*®U, #?Th, “°K) and anthropogenic **'Cs radioactive isotopes using a Nal(Tl) crystal
scintillation gamma spectrometer. The temperature, pH level, hardness, and electrical conductivity of the
water sample were measured. It was found that the concentrations of radioactive elements belonging to the
uranium and thorium series did not exceed the permissible limits established by the Sanitary and
Epidemiological Safety and Public Health Service (SanPiN). The specific activity of radon-222 resulting
from the a-decay of radium-226 was also determined. The obtained results were analyzed from the
perspective of environmental safety.

Key words: radioactivity, isotope, water, uranium (*8U), thorium (*?Th), radium (***Ra), radon
(**?Rn), scintillation, gamma spectrometer.

Kirish. Radioaktiv elementlarning asosiy massasi tog* jinslarida, aynigsa, magmatik jinslarda
to‘plangan. Shamollar, suvlar, temperatura va boshqa tabiat reagentlari ta’sirida tog* jinslari yemiriladi. Tog*
jinslari yemirilganda Yer sirtida uran (®U) va toriy (***Th) ajralishi paydo bo‘ladi. Toriy (?*2Th) minerallari
tabiat suvlarida uran (**®U)ga nisbatan juda kuchsiz eriydi. Shuning uchun toriy (?*2Th) tabiat suvlarida
kichik migdorda aniglanadi. Dengiz suvlarida o‘rtacha 2:10° % atrofida bo‘ladi [3]. Uranning katta gismi
eritmalar hosil qilib, ko‘l, dengiz, okean suvlariga o‘tadi va suvlarda erigan holda bo‘ladi, gisman suvlar
tagidagi cho‘kmalarga o‘tadi. Dengiz va okean suvlarida uran (>*®U) miqdori deyarli doimiy bo‘lib, 2-10° g/I
ga yaqin bo‘ladi. Ayrim ko‘l suvlarida uran(?*®U) miqdori dengiz suvlaridagiga nisbatan bir necha o‘n marta
katta bo‘lishi aniqlangan. Ariq suvlarida uran (*8U) miqdori o‘rtacha 10-107g/l ni tashkil giladi. Tog*
jinslari orasidan yoki uranli qazilmalar bo‘lgan hududlardan oqib o‘tadigan ariq suvlarida uran katta
migdorda (1-10° g/l) uchraydi. Buning sababi uranning katta miqdori (ba’zan 1-10° g/l ga yetadi) bilan
xarakterlanadigan yer osti suvlari bo‘lib, ariq suvlariga ham o°z hissasini qo‘shishidir [1, 2].

Suvlarning radioaktivligiga, aynigsa, yer osti suvlarining radioaktivligiga radon (?Rn) ahamiyatli
darajada hissa qo‘shadi. Radon (?%2Rn) miqdorini bilgan holda suv tarkibidagi uran, radiy va ular
yemirilishidan hosil bo‘ladigan radioaktiv izotoplar miqdori, suvning radioaktivligi darajasi haqida ma’lumot
olish mumkin. Suv, havo, ozig-ovgatlar orgali kishilar organizmiga o‘tgan radioaktiv izotoplar yarim
yemirilish davriga, organizmdan chiqarilish darajasiga bog‘liq ravishda ichki nurlanish manbayi bo‘lib
goladi. Kishilar yashash faoliyati davomida oladigan nurlanishlarning asosiy gismini tabiiy radionuklidlar
yemirilishidan hosil bo‘ladigan tabiiy radioaktiv nurlanishlardan oladi [3]. Kishilar oladigan nurlanish
xavfsiz deb belgilangan chegaraviy miqdoridan ortib ketgan hollarda sog‘lom organizmda patologik
jarayonlar paydo bo‘ladi. Hayot uchun xavfli bo‘lgan turli xil kasalliklar, ya’ni saraton, bepushtlik, nasl, teri
kasalliklari kelib chiqishiga sabab bo‘ladi. Shuning uchun tabiat namunalari (suv, havo, o‘simlik)ning
radioaktivlik darajasini, uning o‘zgarishini doimiy ravishda nazorat qilib borish kishilar sog‘lig‘ini muhofaza
gilishda ekologik nugtai nazardan muhim ahamiyat kasb etadi.

O‘zbekiston Respublikasi Prezidentining 2025-yil 30-yanvardagi PF-16-son Farmoni bilan
tasdiqlangan “O‘zbekiston — 2030 strategiyasini “Atrof-muhitni asrash” va “Yashil iqtisodiyot” yilida
amalga oshirishga oid davlat dasturi mamlakatimizda atrof-muhit muhofazasi va ekologik masalalar davlat
siyosatining ustuvor yo‘nalishiga aylanganini ifoda etish bilan birga, O°zbekistonda global ekologik
tahdidlarga qgarshi kurashishning o‘ziga xos platformasi yaratilayotganidan darak beradi. Shu nugtai
nazardan, bugungi kunda suvlarning radioaktiv iflaslanganlik darajasini tekshirish, ichimlik suvlaridagi
radionuklidlar migdori belgilangan talab darajasida ekanligini aniglash ham bugunning ahamiyatli
vazifalaridan biridir. O‘zbekiston Respublikasi hududida, xususan Samarqand viloyatida yerosti suvlaridan
ichimlik suvi sifatida keng foydalaniladi. Bu suv manbalarining radioaktiv ifloslanishi darajasini aniglash,
aholining sog‘lig‘i uchun muhim ahamiyatga ega. Shu magsadda, Yadro fizikasi laboratoriyasi hududida
joylashgan artezian qudugdan olingan suv namunasi gamma-spektrometrik hamda radiometrik usulda
tekshirildi.

O‘Ichash uslubining nazariyasi va qurilmasining tavfsifi. Namunalarni tayyorlash. Suv
namunalari Yadro fizikasi laboratoriyasi artesian quduq suvi namunasidan 10 litr migdorda olingan. Suv
namunasi polietilin idishda (namuna nomi, namuna olingan joy, olingan vaqti va idish gadoglangan vaqti)
yozib olinadi. Olingan suv namunasi bir joydan ?2Rn uchun alohida va TRN va texnogen **’Cs uchun
alohida idishda olinadi va gadoglanadi.

Tekshiriluvchi suvda radionuklidlarning konsentratsiyasi juda kichikligi sababli suv namunalaridagi
radionuklidlar aktivligini to‘g‘ridan - to‘g‘ri aniqlash samarasiz hisoblanadi. Qo‘llaniluvchi usullar
qurilmalar sezgirligiga bog‘liq bo‘lib, o‘lchash aniqligini oshirish uchun bug‘latish yo‘li bilan 1:100-1:1000
proporsiyada namuna konsentratsiyasi oshiriladi [4].

Ichimlik suvining radiatsion xavfsizligi bo‘yicha qabul gilingan xalqaro normalarga asosan, aholining
ichki nurlanish effektiv dozasi ichimlik suvi iste’moli (730 I/yil) ga bog‘liq holda 0,1 mZv/yildan oshmasligi
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kerak. Shuningdek, ichimlik suvining a-aktivligi 0,5 Bk/l, yig‘indi B-aktivligi esa 1 Bk/I dan oshmasligi
lozim. Agar bu talablar bajarilsa, boshqa tadqiqotlarni o‘tkazish zarurati qolmaydi. Yuqori mineralizatsiyali
suvlarning radioaktivligi ularda uchrashi mumkin bo‘lgan ?*Ra va #*®U izotoplari bilan bog‘liq. Suvda radiy
va uran miqgdorini aniglashda keng foydalaniladigan usullar a-spektrometrik usuli hisoblanadi. Bu usul
gimmatbaho qurilmalarning mavjudligi va qiyin elektrokimyoviy cho‘ktirish jarayonini talab giladi. Suvda
radiyni aniglashda bajariladigan ancha oddiy usul y-spektrometrik usuldir. Bunga radiy-bariy sulfati bilan
birgalikda cho‘ktiriladi. Usulning kamchiligi shundan iboratki, cho‘lkmani radiyning yemirilishidan hosil
bo‘lgan elementlar bilan radioaktiv muvozanatga erishguncha saqlash zarurati hisoblanadi. Chunki, radiy
bilan birgalikda uran ham cho‘kadi va 2°U ning y-chizig‘i 185,7 keV bilan ??°Ra ning y-chizig‘i 186,2 keV
ustma-ust tushadi. Bu esa chiziq bo‘yicha radiy aktivligini aniglash imkonini bermaydi, shuning uchun radiy
va uranni elektrokimyoviy ajratishga asoslangan namuna tayyorlash usullaridan foydalaniladi.

Suvda radonning konsentratsiyasini aniglash suvni yuzaga chigarish joyi yaginidan namuna olish
zarur. Suv avval toza yuvilgan shisha idishda olinadi. Suvni olayotganda idishga gaz pufakchalarining
tushmasligini kuzatish zarur. Suvni idish liq to‘lguncha olish va idish og‘zini mahkam yopish kerak. Sababi,
radon gazi suvdan kuchli ajraladi. 22Rn aktivligini aniglash magsadida olingan suv namunasini olish vagti va
o‘lchash vaqti oralig‘i ikki kundan T12(**?Rn) = 3,8 kun) oshmasligi lozim.

Gamma-spektrometriya usullari qo‘llanilganda tekshiriluvchi suv namuna olingan shisha idishdan
ingichka polietilin (kembrik) shlang nay (<5 mm) yordamida Marinelli idishi devori bo‘ylab quyiladi.
Idishning belgilangan chizig‘igacha olinib, idish mustahkam qilib yopiladi va o‘lchash namunasi sifatida
ishlatiladi. O‘Ichash uchun tayyorlangan namunalar o‘lchami ©&¥80x80 mm Nal(TI) kristalli ssintillyatsion y-
spektrometrda 1800 sek davomida aktivligi tekshiriladi. Spektrometr *¥’Cs ning 661 keV li monoenergetik y-
chizig‘i uchun energetik ajrata olish gobiliyati 8,5% ni tashkil giladi. Spektrometr standart 2*2Th radionuklidi
yordamida energiya bo‘yicha gradiurovka gilingan. Namunalarni o‘lchash davomida operator laboratoriya
xonasi havosi harorati va nisbiy namligi bir xil sharoitda o‘lchanmog‘i lozim.

Gamma-spektrometrni tashkil etuvchilarga ajratish (2-rasm) va gayta ishlash [5] metodika (usullar)
yordamida amalga oshiriladi. Eksperimental spektrdan radon tashkil etuvchisi — P spektrlar fargi bo‘yicha
ajratiladi:

- tekshiruvchi — A va distirlangan (inert) — B hamda suv namunalari — C y-spektri (1-rasmga garang);

- At = T12(**?Rn) = 3,83 kun saglangandan so‘ng o‘Ichash namunasi spektri;

- namunadagi ??°Rn aktivligi uning spektridan fagatgina 185,6 keV li y-chizig‘i mavjudligi sababli,
farglanuvchi ajratilgan tashkil etuvchisini P — etalon manba ?%Ra — E spektri bilan tagqoslash natijasida
aniglanadi.
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1-rasm. Suv namunasining y-spektri (tekshiruvchi — A, distirlangan (inert) — B hamda suv
namunalari — C y-spektri *?Rn tashkil etuvchisi)

Suv namunasi tarkibidagi uran (2°U) j-spektrometrik aniglashda quyidagilar bajariladi:

- olingan suv namunasi 10 dm® migdorda, bunday suv migdorini 1 dm® Marinelli idishi hajmigacha
70°C haroratda bug‘lantiriladi;

- »-spektrometrda namunani 6 soat davomida j-spektri o‘lchanadi hamda sof spektrni aniglash uchun
6 soatlik ekspozitsiya vaqti bilan o‘lchangan distirlangan suv spektri V ayriladi (2-rasm);
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- suv tarkibidagi TRN ??°Ra, #2Th, %K, texnogen *Cs larning miqdori etalon OMACH (standart)
manbalarning spektrlari bilan normallashtirib hisoblanadi. Etalon OMACH manbalari 3 xil zichlikda
spektrlari 6 soat davomida o‘lchab olinadi va o‘lchangan spektrlar dasturiy ta’minot bazasiga joylashtiriladi;

- fon spektri sifatida quritilgan NaCl (osh tuzi) Marinelli idishiga solinib 6 soat davomida j-spektri
o‘lchab olinadi;

- namunaning gamma-spektri n dan fon spektri f ayriladi, natijada toza spektr hosil bo‘ladi V = n —f;
n

:“M' A M Hi' i
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1 W
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2-rasm. Suv namunasi p-spektrlarini TRN tashkil etuvchilarga ajratish

- toza gamma-spektr tarkibida TRN (*®Ra, #2Th, “K) va 2®U va texnogen ’Cs, mavjud.
Namunalarning fondan tozalangan spektr tarkibidagi *2Th radionuklididan hosil bo‘ladigan barcha gamma-
chiziglarni zichligiga (massaga) tuzatma koeffitsiyent k ga (k = met/ mo) ko‘paytirib spektr zichlik bo‘yicha
normallashtiriladi, keyin normallashgan etalon va namuna spektrlaridagi #?Thning 2614 keV li
fotocho‘qqilari yuzalari So, Setr topiladi, shu spektr yuzalari nisbati (o = Se/So) etalon manba hosil gilgan
spektrga ko‘paytirib normallashtiriladi;

- namuna spektri V dan normallashgan 2*?Th spektri V, ayriladi Vi=V -V, natijada namuna
spektridan #2Th ga tegishli barcha y-chiziglardan tozalanadi;

- har bir etalon (OMACH) manbai uchun yugorida keltirilgandek, zichlik tuzatma koeffitsiyenti
topiladi va spektrlar zichlik bo‘yicha normallashtiriladi;

- zichlik bo‘yicha normallashgan ?*Ra etalon va namuna V spektridagi 1764 keV li fotocho‘qgilar
yuzalari hisoblab topiladi, shu spektrlar yuzalari nisbati (&= Se/So) etalon manba (**Ra) hosil gilgan
spektrga ko‘paytirib normallashtiriladi — Vga;

- 22Th dan tozalangan namuna spektridan Vi normallashgan Vgr. j-spektri ayriladi V2= Vi— Vg,
natijada namuna spektridan ??°Ra ga tegishi barcha chiziglardan tozalanadi;

- zichlik bo‘yicha normallashgan “°K etalon va namuna spektridagi 1460 keV li fotocho‘qgilar
yuzalarini hisoblab, ularning nisbatini (= Se/So) etalon manba (*°K) hosil gilgan j-spektrga ko‘paytirilib
normallashtiriladi — V;
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- 26Ra dan tozalangan namuna spektridan — V2 normallash Vi y-spektri ayriladi V3=V, — Vk, natijada
namuna spektridan “°K ga tegishli barcha chiziglardan tozalanadi;

- zichlik bo‘yicha normallashgan *¥’Cs etalon va namuna V spektridagi 661 keV li fotocho‘qgilar
yuzalari hisoblab, ularning nisbati (= Se/So) etalon manba (**¥’Cs) hosil gilgan yspektrda ko‘paytirilib
normallashtiriladi — Vcs;

- 9K dan tozalangan namuna spektridan — V3, normallashgan — Vcs p~spektri ayriladi Va=Vs— Vs,
natijada namuna spektridan **’Cs ga tegishli barcha chiziglardan tozalanadi;
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3-rasm. Suv namunasi tarkibidagi uran U ning jspektrini ajratish
- radiy (*®Ra) j~chizig‘i 186,2 keV va uran (**°U) 185,7 keV ni tashkil giladi va fotocho‘qgilar ustma-
ust tushadi (3-rasmga garang);
- namuna spektridan — V4 uran (*U) radionuklidi 185,7 keV li fotocho‘qqi hosil giladi;
- o‘rganilayotgan suv namunasi tarkibidagi uran (*°U) migdori (aktivligi) quyidagicha aniglanadi:
_ SZ3SU
k-g-t 1)
(2) formuladagi ¢ — effektivlikning energetik giymati jihatidan yagin bo‘lgan (?°Ra) ning 186,2 keV li
fotocho‘qqisi orgali hisoblab topishimiz mumkin:

S

226 Ra(186,2keV) Acs Ra

k-t )

E =

S
buyerda  Ra182kV) _ OMACH etalon manbalaridagi 2°Ra ning 186,2 keV fotocho‘qqining yuzasi,

AT 2Ra OMASN etalon manbaining aktivligi (pasportining giymatiga garang), k — ??*Raning

186,2 keV jy~chizig‘i uchun kvant chiqishi (k = 1).

Radionuklidlarning minimal detektorlash aktivligi (MDA) 2 soatlik o‘Ichashlar natijasida ??°Ra, #*?Th
va 1¥’Cs uchun A =10 Bk/kg va “K uchun A =40 Bk/kg ni tashkil giladi. Shu giymatdagi MDA uchun
namunalardagi TRN ning o‘Ichashdagi nisbiy xatoligi 0A, = 10 + 20% tashkil giladi.

Olingan tajriba natijalari va ularning muhokamasi.

O‘lchangan suv namunasi tarkibidagi TRN (***Ra, 28U, #2Th, “°K) va texnogen *'Cs miqdori 1-

jadvalda keltirilgan.

1-jadval.
Aktivlik A+AA (BK/I)
226R a 238U 232Th 40K 137CS
Artesian suvi <1,6 - <1,2 0,67+0,20 <0,05
JSST (UNSCEAR) 4,9-60,0 3,0 11,0-64,0 140,0-1700,0 -
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O‘Ichangan artezian suvning asosiy xarakteristikasi 2-jadvalga keltirilgan

2-jadval.
pH EC, (mkCm/sm) TDS, (mg/l) T,°C
Artezian suvi 6,5 966 715 22,3

Olingan natijalar muhokamasi. 1-jadvalda keltirgan natijalardan quyidagicha xulosa chigarish
mumkin Yadro fizikasi laboratoriyasi hududiga joylashgan artesian quduq suvi takibida tabiiy radionuklidlar
miqdori JSST (UNSCEAR) belgilab qo‘yilgan miqdordan ancha past ekanligi aniglandi. Tabiiy
radionuklidlardan fagat “°K miqdori aniglash chegarasidan yuqori ekanligini ko‘rish mumkin. Suv tarkibida
238U miqdori aniglanmadi.

Suv namunasi tarkibidagi “°K miqdori suvning minerallanish darajasiga bog‘liq bo‘lib, artezian
suvining minerallanish darajasi 715 mg/l teng, shu sababli bunday suvlarning tarkibida K*, Na*, Mg?*, Ca2*
kabi minerall elementlar mavjud, bu esa bunday suvlar tarkibida “°K kabi tabiiy radionuklidlarning
mavjudligidan darak beradi.

Tahlil natijalariga shuni ko‘rsatdiki, radionuklidlar darajasi O‘zbekiston Respublikasi Sanitariya-
epidemiologik osoyishtalik va jamoat salomatligi xizmati (SanPiN) belgilab qo’yilgan chegaraviy qiymatdan
past ekanligi ma’lum bo‘ldi.

Xulosa o‘rnida shuni aytishimiz mumkinki, Samarqand davlat universiteti, Yadro fizikasi
laboratoriyasi hududidagi artezian quduq suvining radioaktivlik migdori ancha past va xavfli darajada emas.
Ushbu natijalar artezian suvini istemol gilishga yaroqgli ekanligini tasdiglaydi.
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Annotatsiya. Datchiklarning ishlash samaradorligini belgilovchi asosiy va maxsus metrologik
tavsiflar chuqur yoritiladi. Har bir datchikning anigligi, bargarorligi va funksional imkoniyatlari uning
sezgirlik, aniqlik, o‘lchash diapazoni, tezkorlik, uzatish funksiyasi, chiziglilik darajasi, gisterezis, qayta
yaratiluvchanlik, o ‘lik zona va yechish qobiliyati kabi ko ‘rsatkichlari orqali tavsiflanadi. Datchikning kirish
va chiqish signallari o ‘rtasidagi bog ‘lanish uzatish funksiyasi chiziqli, logarifmik, eksponensial yoki darajali
ko ‘rinishlarda bo ‘lishi, uning real va ideal xatti-harakatlarini solishtirish orgali baholanishi, kalibrlash
sikllari, bo ‘lakli-chiziqli approksimatsiya, eng kichik kvadratlar uslubi va “eng yaxshi to ‘g ‘ri chiziq” metodi
kabi matematik yondashuvlar orqali datchikning real o ‘Ichash tavsiflarini aniglash metodlari yoritilgan.

Kalit so‘zlar: gisterezis, nochiziglilik, qayta yaratuvchanlik, o‘lik zona, go ‘zg‘atish signali, maxsus
xarakteristikalar, chigish impedansi, qo zg ‘atish funksiyasi, statik baholash, statik xatolik.

OCHOBHBIE " CIIEIIMAJIBHBIE XAPAKTEPUCTUKHU JATYUKOB

Annomavusa. B 0annoii meme noopo6HO pacKpvlealomcs OCHOBHbIE U CHeYUdIbHble MEMPONIOUYEeCKUe
Xapaxmepucmuku, onpedensiowue 3¢pgexmusnocms padbomsi damuurxos. Tounocmsv, cmaburbHOCMb U
@yHKyuOHaANbHBIE BO3MOINCHOCMU KAXHCO020 OAMYUKA ONUCLIBAIOMCS Yepe3 makue noKkazamenu, Kak
YY8CMBUMENbHOCIb, NOSPEUIHOCHb, OUANA30H U3MepeHutll, Oblcmpodelicmeue, NepeoamodHas QYHKYus,
cmeneHb TUHEUHOCMU, 2UCEPe3UC, B0CNPOUIBOOUMOCb, MEPMBAsSI 30HA U PA3PeUaowds cnocoOHOCb.
Cea3b MedHcOy 6X0OHBIMU U BLIXOOHBIMU CUSHANAMU OAMYUKA — NEPeOamoyHas yHKYUs — MOXHCem umems
JUHEUHYI0, N02apUPMUYecKylo, IKCNOHEHYUAnbhylo umu cmenennylo gopmy. Oyenka Xapaxmepucmux
oamuuxa npoeoOUmMcs NYMEM CPABHEHUsl e20 PedlbHO20 U UOeanbHo20 nogedeHus. Takoice packpulmol
Memoobl onpeoeneHus peanbHblX USMePUMENbHbIX CE0UCME O0amyukd, makue Kax YuKivl KarubposKu,
KYCOYHO-TUHEUHAsS. aNNPOKCUMAYUS, MEMOO HAUMEHBUIUX K8AOPAMO8 U MEMOO «HAULYHULEL NPAMOULY.

Kniouesvie cnosa: cucmepesuc,  HeIUHEUHOCMb,  BOCHPOU3BOOUMOCHb,  MEPMEAsi  30Hd,
8030YHCOQIOWULL  CUSHAT, CNEYUANbHblE XAPAKMEPUCMUKY, BbIXOOHOe CONpOMmueieHue (UMNneoanc),
6030y2HcOaIOWAs PYHKYUA, CMAMUYECKds OYeHKd, CMamuieckas noepeuHocme.

BASIC AND SPECIAL DESCRIPTIONS OF SENSORS

Abtract. The topic provides an in-depth explanation of the primary and special metrological
characteristics that determine the performance of sensors. The accuracy, stability, and functional capability
of each sensor are described through parameters such as sensitivity, accuracy, measurement range,
response speed, transfer function, linearity, hysteresis, repeatability, dead zone, and resolution. The
relationship between the input and output signals of a sensor—its transfer function—may take linear,
logarithmic, exponential, or power-law forms. The evaluation of real versus ideal sensor behavior, as well as
methods for determining the actual measurement characteristics of sensors, are explained through
mathematical approaches such as calibration cycles, piecewise-linear approximation, the least squares
method, and the “best straight line” technique.

Keywords: hysteresis, nonlinearity, repeatability, dead zone, excitation signal, special characteristics,
output impedance, excitation function, static evaluation, static error.

Kirish. Zamonaviy o‘lchash va boshqaruv tizimlarida datchiklar eng muhim bo‘g‘inlardan biri
hisoblanadi. Har ganday avtomatlashtirilgan qurilma, nazorat-o‘lchash tizimi yoki intellektual texnologiya
avvalo datchiklar orgali tashgi muhit hagidagi axborotni gabul giladi. Datchikning ganchalik ishonchli, aniq
va barqaror ishlashi butun tizimning samaradorligiga bevosita ta’sir ko‘rsatadi. Shu bois datchiklarning
asosly va maxsus tavsiflarini chuqur o‘rganish zamonaviy metrologiya, avtomatika, elektronika va axborot
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texnologiyalari sohalari uchun dolzarb masalalardan biridir. Datchikning ishlash samaradorligi avvalo uning
metrologik tavsiflari bilan belgilanadi. Ular ichida sezgirlik, aniqlik, o‘lchash diapazoni, chiziglilik (yoki
nochiziglilik), gisterezis, qayta yaratiluvchanlik, o‘lik zona, yechish qobiliyati kabi ko‘rsatkichlar alohida
ahamiyatga ega. Shuningdek, datchikning kirish va chiqish signallari o‘rtasidagi bog‘lanishni ifodalovchi
uzatish funksiyasi ham muhim nazariy tushuncha bo‘lib, u datchikning ideal yoki real ishchi xatti-harakatini
matematik va grafik shaklda tasvirlash imkonini beradi.

Uzatish funksiyasining chizigli yoki nochizigli bo‘lishi, bo‘lakli-chizigli yoki yuqori tartibli
polinomlar bilan approksimatsiyalanishi datchikdan olinadigan ma’lumotlarning qay darajada aniq va qayta
ishlashga qulayligini ko‘rsatadi.Amaliyotda datchiklar faqat bitta tashqi ta’sirga emas, balki bir vaqgtning
o‘zida bir nechta omillarga bog‘liq bo‘lishi mumkin. Masalan, infragizil harorat datchiklarida chigish signali
nafaqat obyekt haroratiga, balki sezgir element yuzasining haroratiga ham bog‘liq bo‘ladi. Bunday hollarda
uzatish funksiyasi ko‘p o‘lchamli ko‘rinishga ega bo‘lib, datchikni loyihalash va kalibrlash jarayonini yanada
murakkablashtiradi. Shuningdek, datchikning to‘yinish zonasi, nochiziglilik darajasi, kalibrlash egri
chizig‘ini tanlash usullari (eng kichik kvadratlar, eng yaxshi to‘g‘ri chiziq va hokazo) ham o‘lchash
natijalarining ishonchliligini belgilovchi omillardan hisoblanadi.Datchiklarning maxsus tavsiflari gatoriga
esa chiqish impedansi, qo‘zg‘atish signali talablari, spektral sezgirlik, konstruktiv o‘lchamlari, og‘irligi,
energiya sarfi va ekspluatatsion ishonchliligi kiradi. Bu ko‘rsatkichlar datchikning elektron sxemalar bilan
mosligi, turli muhitlarda (havo, suv, agressiv muhit) ishlash imkoniyati hamda ma’lum sohada (tibbiyot,
mudofaa sanoati, maishiy texnika va boshqalar) qo‘llash magsadga muvofigligini belgilaydi. Shunday qilib,
“Datchiklarning asosiy va maxsus tavsiflari” mavzusi datchiklarning nazariy va amaliy jihatlarini kompleks
o‘rganishga xizmat qilib, o‘lchash tizimlarining sifatini oshirish va ularni takomillashtirishda muhim
metodik asos bo‘lib xizmat qiladi.

Qo‘llanilgan metodlar. Har ganday datchikning ishlash samaradorligi uning asosiy metrologik
tavsiflari bilan aniqlanadi. Quyida datchiklarning eng muhim to‘rt ko‘rsatkichi — sezgirlik, aniglik, o‘lchash
diapazoni va tezkorlik hagida batafsil ma’lumot beriladi. Sezgirlik (S) Datchik sezgirligi chiqish signalining
kirish kattaligidagi o‘zgarishga nisbati. Ya’ni, tashqi ta’sir (masalan, harorat, bosim, kuch) o‘zgarganda
chigish elektr signali qanday tez o‘zgarishini ko‘rsatadi. Datchikka kirib kelgan kirish signali chiquvchi
elektr signaliga aylanishidan oldin o°zgartirishlarning bir necha bosgqichlari talab gilinishi mumkin. Misol
tariqasida optik tolali bosim datchigini ko‘rib chigamiz. Datchikka ta’sir ko‘rsatayotgan tashqi bosim tolali
svetovodning (yorug‘lik o‘tkazgichining) deformatsiyasini chaqiradi. Bu o‘z navbatida uning sindirish
ko‘rsatkichining o‘zgarishiga olib keladi, buning oqibatida optik uzatish liniyasining tavsiflari o‘zgaradi va
fotonlar zichligining modulyatsiyalanishi sodir bo‘ladi. Fotonlarning natijalovchi oqimi detektorlanadi va
elektr tokiga aylanadi. Bunda datchiklar “Qora qutilar” ko‘rinishida taqdim qilinadi, bu yerda faqatgina
ularning kirishlari va chigishlaridagi signallar o‘rtasidagi o‘zaro nisbatlar muhim bo‘ladi. Datchikning
metrologik xususiyatlarini baholashda gisterezisni aniglash metodi (kirish signali ortishi va kamayishi uchun
chiqish signallari fargini solishtirish), gayta yaraluvchanlikni baholash metodi (takroriy kalibrlash sikllarida
olingan chigish giymatlarining maksimal fargini topish), o‘lik zona va yechish qobiliyatini aniglash metodi
(kirish signali o‘zgarganda chiqish signalida minimal sezilarli o‘zgarish paydo bo‘ladigan chegarani
aniqlash) keltirilgan. Bundan tashqari, infraqizil harorat datchigi misolida ko‘p omilli uzatish funksiyasi V =
G(Tby* + T(sy*) orqali ko‘p o‘lchamli funksional model tuzish metodi qo‘llanadi. Datchikning chiqish va
kirish impedanslarini moslashtirish, tokli va kuchlanishli ulanish sxemalarini tahlil gilish orqgali elektrik
moslashtirish va interfeys sxemasini hisoblash metodi qo‘llanib, qo‘zg‘atish signali parametrlarining (tok,
kuchlanish, chastota) uzatish funksiyasiga ta’siri nazariy tahlil gilinadi. Shu tariga matnda datchiklarning
sezgirlik, aniqlik, nochiziqlilik, gistérezis, qayta yaraluvchanlik, o‘lik zona, yechish qobiliyati va elektr
moslashuvini ilmiy asosda tavsiflash uchun nazariy model tuzish, kalibrlash, regressiya, approksimatsiya va
chiziglashtirish metodlari kompleks qo‘llanilgan.

Olingan natijalar va ularning tahlili. Uzatish funksiyasi. Har bir datchik uchun uning kirishidagi va
chiqishidagi signallarni bog‘laydigan ideal yoki nazariy o‘zaro nisbatni chiqarish mumkin. Agar datchikni
ideal tarzda loyihalash, uni ideal materiallardan ideal uskunalar bilan tayyorlash mumkin bo‘lganda edi,
bunda barcha ishlar ideal xodimlar tomonidan bajarilsa, u holda bunday datchikning chigishidagi signal har
doim tashqi ta’sirning real qiymatiga mos kelgan bo‘lar edi. Kiruvchi va chiquvchi signallar o‘rtasidagi
chiqarilgan ideal o‘zaro nisbatni yoki jadval, yoki grafik, yoki matematik ifoda ko‘rinishida ifodalash
mumkin. Bu ideal (nazariy) ifoda ko‘pincha uzatish funksiyasi deb ataladi. Uzatish funksiyasi datchikning S
chigish elektr signali bilan x tashqi ta’sir o‘rtasidagi o‘zaro bog‘lanishni o‘rnatadi.

S=f(x)

Bu funksiya chizigli bodishi ham, nochizigli bodishi ham (masalan logarifmik, eksponensial yoki

darajali) mumkin. Ko‘pgina hollarda uzatish funksiyasi bir odchamli bodadi (ya’ni chiquvchi signalni
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fagatgina bitta tashqi ta’sir bilan bogdaydi). Bir odchamli chizigli funksiyani quyidagi ko‘rinishda taqdim
gilish mumkin: S = a + bs.Bunda a - doimiy tarkib toptiruvchi (ya’ni chiquvchi signalning tashqi ta’sir nolga
teng bodgandagi giymati); b - to’g’ri chizigning egilishi, u ko’pincha datchikning sezgirligi deb ataladi; S
parametr - bu elektr signalining ma’lumotlar to’plash tizimi datchikning chiqish signali sifatida qabul
giladigan tavsifidir. Datchikning hususiyatlariga bogdiq ravishda bu amplituda, chastota yoki faza bodishi
mumkin.

Logarifmik uzatish funksiyasi quyidagi ko’rinishga ega boladi: S = a + bl Eksponensial uzatish
funksiyasi quyidagi ko‘rinishga ega bo‘ladi: S=ae*®

Darajali uzatish funksiyasi quyidagi ko‘rinishga ega bo‘ladi: S=ap+ais

Bu yerda k — doimiy son.

Agar datchik yuqorida keltirilgan approksimatsion ifodalar bilan tavsiflanishning iloji bo‘lmagan
uzatish funksiyasiga ega bo‘lsa, bunda yuqoriroq tartibli polinomial approksimatsiyalar qo‘llaniladi.

Nochiziqli uzatish funksiyalari uchun b sezgirlik chizigli bog‘lanishlar holatidan farqli o‘laroq,
konstanta bo‘lib hisoblanmaydi. Shu sababli kirish signalining har bir konkret qiymati uchun uni
guyidagicha aniglash mumkin:

Ko‘pgina hollarda nochiziqli datchiklar chegaralangan qiymatlar diapazonining ichida chiziqli deb

dS(sy)

Cds

hisoblanishi mumkin. Kengroq qiymatlar diapazoni uchun uzatish funksiyasi bir nechta to‘g‘ri chiziglarning
kesmalari ko‘rinishida taqdim qilinadi. Bu bo‘lakli-chiziqli approksimatsiya deb ataladi. Berilgan uzatish
funksiyasini chiziqli bog‘lanish ko‘rinishida taqdim qilish mumkin bo‘lishi yoki bo‘lmasligini aniglash
uchun kirish signalini asta-sekin oshirib borish bilan chizigli va real modellarda chigish signalining
farglanishi kuzatiladi. Agar signallar farqi yo‘l qo‘yiladigan chegaralardan tashqariga chigmasa, berilgan
datchikning uzatish funksiyasini chiziqli deb hisoblash mumkin bo‘ladi.

Datchikning kirish signaliga bir nechta tashqi ta’sirlar ta’sir ko‘rsatadigan hollarda uning uzatish
funksiyasi ko‘p o‘lchamli bo‘lib qoladi. Ikki o‘Ichamli uzatish funksiyasiga ega bo‘lgan datchikka infraqizil
harorat datchigi misol bo‘la oladi. Uning uzatish funksiyasi ikkita haroratni (75, — o‘lchanadigan obyektning
absolyut harorati va Ts) — sensor elementi yuzasining absolyut harorati) V kuchlanish bilan bog‘laydi.

V=G(Tp*™+Ts*

Bunda G — konstanta. Ifodadan ko‘rinib turibdiki, obyektning harorati bilan chiqish kuchlanishi
o‘rtasidagi bog‘lanish (uzatish funksiyasi) faqatgina nochiziqli (to‘rtinchi tartibli parabola) bo‘lib qolmasdan,
u shuningdek sezgir elementning yuzasidagi haroratga ham bog’liq bo‘ladi.

fies

chigish signali Sre
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S
& chigish signali
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b .
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gan chegar - chizig
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x mangiy ishoval rucsar enlgan
¥ 4 — ruxsar eflgar xarolif
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1-rasm. Uzatish funksiyasi (4) va yo‘l qo‘yiladigan xatoliklar chegaralari (B). Xatoliklar Kirish
giymatlariga nisbatan aniglangan
Datchiklarning anigligiga gisterezis, o‘lik zona, Kkalibrlash parametrlari, datchiklarning partiyadan
partiyaga takrorlanuvchanligi, xatoliklarning gayta yaralishi kabi xarakteristikalar ta’sir ko‘rsatadi, ular
keyingi bo‘limlarda ko‘rib chiqiladi. Eng chekka yo‘l qo‘yiladigan xatoliklar odatda datchiklarning eng
yomon ishchi xarakteristikalariga to‘g‘ri keladi. 1 B-rasmdan ko‘rinib turibdiki, kalibrlash anigroq
bajarilganda (masalan, Kkalibrlash ko‘p sonli nuqgtalarda o‘tkazilganda) Kkalibrlash egri chizig‘i real uzatish
funksiyalariga yaginrogdan o‘tadi, bu o‘lchashlar anigligining oshganligini bildiradi. Amaliyotda yo°‘l
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go‘yiladigan xatoliklarning chegaralari ideal uzatish funksiyalarning atrofida emas, balki kalibrlash egri
chiziglariga nisbatan o‘rnatiladi.
Gisterezis — bu xuddi o‘sha bitta kirish signali uchun uning ortishida va kamayishida olingan chigish
signallari giymatlarining fargidir (2- rasm).
S

chiquvchi signal
¥
3
Sn
nolinchi balans GS 8
0 rashqi ta'siv

2-rasm. Gisterezisga ega bo‘lgan uzatish funksiyasi

Nochiziglilik deganda — real uzatish funksiyasining approksimatsiyalaydigan to‘g‘ri chizigdan L
maksimal chetlashishi tushuniladi. “Chiziglilik” deganda aslida “nochiziglilik” tushuniladi. Kalibrlashning
bir nechta sikllarini o‘tkazishda nochiziglilikning olingan giymatlaridan eng yomoni tanlanadi. Nochiziglilik
odatda yoki maksimal kirish signalidan foizlarda yoki o‘lchanadigan kattalikning birliklarida (masalan, kPa
yoki °C) ifodalanadi. Approksimatsiya chizig‘ini o‘tkazish usuliga bog‘liq ravishda chiziglashtirishning bir
nechta tipi farglanadi. Bu usullardan biri — to‘g‘ri chizigni uzatish funksiyasining oxirgi nuqtalari orgali
o‘tkazishdir. Buning uchun avval eng Kkatta va eng kichik tashqi ta’sirlarga mos keladigan chigish giymatlari
aniglanadi, shundan keyin bu nugtalar orgali to‘g‘ri chiziq o‘tkaziladi (1 chiziq).

Bunday chiziglashtirishda nochiziglilik xatosi oxirgi nuqtalarda minimal va ularning oralig‘ida
gayerdadir maksimal bo‘ladi. Boshga bir chiziglashtirish usuli eng kichik kvadratlar uslubini qo‘llashga
asoslanadi (3A rasmda 2 chiziq). Buning uchun o‘lchanadigan Kattaliklarning keng diapazonida (eng
yaxshisi to‘liq diapazonida) S tashqi ta’sirlarning bir gator giymatlari (n) uchun S chigish signallari
o‘lchanadi. Shundan keyin chizigli repressiya formulasini qo‘llash bilan a va b koeffitsiyentlarning
giymatlari aniglanadi:

b chiguvehi signal chiguvehi signal

{025 HJU“'E,*
oxirgi nugta eng qulay t0'g

I . Terrmcng

L,
gt % F5

-

B AN

Q | tashgi m?\'_r'r 0 7 = tashgi fa sir
a = arctgpf
a) b)

3-rasm. Nochizigli uzatish funksiyasini a) chizigli approksimatsiyalash va b) mustaqil
chiziglashtirish

Amaliyotda, ba’zi bir hollarda kirish signallarining tor diapazonida chiziglashtirishning katta anigligi
talab gilinishi mumkin. Masalan tibbiyot termometrlari 37°C ... 38°C diapazonda oshirilgan aniglikka ega
bo‘lishi lozim. Bu zonadan tashqarida aniglik biroz pastroq bo‘lishi mumkin. Bunday holda kalibrlash
aniglik talab gilinadigan tor sohada o‘tkaziladi, shundan keyin S Kkalibrlash nuqtasi orgali
approksimatsiyalash chizig‘i o‘tkaziladi (3A rasmda 3 chiziq). Bunday protsedura natijasida eng kichik
nochiziglilik giymatiga kalibrlash nuqgtasi zonasida erishiladi, o‘lchashlar diapazonining oxirlariga yaqin
joylarda esa chiziglilik sezilarli darajada yomonlashadi.

A

de=dj—a =
S35
Rasmdan ko‘rinib turibdiki, mazkur uslubda approksimatsiya chizig‘i ko‘pincha uzatish funksiyasiga s
kalibrlash nugtasida tegib o‘tadigan urinma bo‘lib hisoblanadi. Agar real uzatish funksiyasi uchun ifoda
ma’lum bo‘Isa, bu chizigning egilishini tenglama bo‘yicha topish mumkin.
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Mustaqil chiziglashtirish uslubi ko‘pincha “eng yaxshi to‘g‘ri chiziq uslubi” deb ataladi (4B-rasm). U
bir-biriga mumkin gadar yagin joylashgan va real uzatish funksiyasining barcha chigish giymatlarini gamrab
oladigan ikkita parallel to‘g‘ri chizigning o‘rtasidan o‘tadigan to‘g‘ri chiziqni topishdan iborat bo‘ladi.
Chiziglashtirish  uslubiga bog‘liq ravishda approksimatsiyalaydigan chiziglar turlicha a« va b
koeffitsiyentlarga ega bo‘ladi. Shundan kelib chiggan holda, turlicha usullar bilan olingan nochiziglilik
giymatlari bir-biridan jiddiy farq qilishi mumkin.

Har bir datchik o‘zining ishchi xarakteristikalarining chegaralariga ega bo‘ladi. U hatto chizigli
bo‘lib hisoblangan taqdirda ham, tashgi ta’sirning ma’lum bir darajasida uning tashqi signali Keltirilgan
chizigli bog‘lanishga javob bera olmay goladi. Bunday holda datchik nochiziglilik zonasiga yoki to‘yinish
zonasiga kirdi deyiladi (4- rasm).

kiruvchi signal
I
a—
|
1
I
|
|
|
|
|
|
tashgi ta'sir I
0% chiziglilik sohasi to'yinish sohasi

4- rasm. To‘yinishga ega bo‘lgan uzatish funksiyasi

Qayta yaratuvchanlik datchikning bir xil shart-sharoitlarga amal gilinganda bir xil natijalarni bera
olish gobiliyatidir. Natijalarning gayta yaraluvchanligi datchikning kalibrlashning ikkita siklida olingan
chigish giymatlarining maksimal farqi bo‘yicha aniglanadi (5-A rasm). U, odatda, kirish signalining
maksimal giymatidan foizlarda ifodalanadi:

. A i
c_ A o
0r= 72X 100%
Natijalarning yomon qayta yaralishining sabablari ko‘pincha quyidagilar bo‘lib hisoblanadi: issiqlikli
shovqini, yuzadagi zaryadlar, materiallarning plastikligi va hokazolar.
A chiqish signali A

chigish signali

Sikl

/4 Itl\/)(_/l >
ta s

tashqi

ta sir <>
1

0 bo%

A 100% o'lik zona

a) b)

5-rasm. a — gayta yaratuvchanlik xatoligi: xuddi o‘sha bitta chigish signaliga turli tashqi
ta’sirlar mos keladi. b — uzatish funksiyasidagi o‘lik zona

O lik zona Kirish signallarining ma’lum bir diapazonida datchikning sezmasligidir (5B-rasm). Bu zona
oralig‘ida chiqgish signali deyarli o‘zgarmas bo‘lib qolaveradi (ko‘pincha nolga teng bo‘ladi). Bunga
qo‘shimcha ravishda har ganday signalni ragamli kodga aylantirishda uning mayda zinalarga bo‘linishi sodir
bo‘ladi, bu zinalarning har biriga konkret giymat to‘g‘ri keladi. Kirish signalining ma’lum bir sharoitlarda
datchikning chigish signalida minimal zina paydo bo‘lishiga olib keladigan o‘zgarish Kattaligi datchikning
yechish qobiliyati deb ataladi.

Ba’zi bir datchiklar uchun kirish signallarining maxsus xarakteristikalarini ko‘rsatish zarur bo‘ladi.
Masalan yoritilganlik detektorlari uchun uning chegaralangan optik polosa oralig‘ida sezuvchanligi shunday
xarakteristika bo‘lib hisoblanadi. Shundan kelib chiggan holda, bunday datchiklar uchun spektral
xarakteristikalarni aniglash zarur bo‘ladi.
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Zout chigish impedansi datchik elektron sxema bilan ganchalik oson muvofiglasha olishini
ko‘rsatuvchi xarakteristika bo‘lib hisoblanadi. Datchikning chigish impedansiga mos keladigan garshilik
elektron sxemaning Zin kirish impedansini xarakterlaydigan garshilikka parallel gilib (potensial ulanish) yoki
u bilan ketma-ket (tokli ulanish) ulanadi. Har ikkala ulash varianti 6-rasmda ko‘rsatilgan. Odatda kirish va
chigish impedanslari majmuaviy ko‘rinishda taqdim gilinadi, chunki ular, goidaga ko‘ra, aktiv va reaktiv
tarkibiy gismlarni o‘z ichiga oladi. Datchikning chigish signalining og‘ishini minimallashtirish uchun tokli
chigishga ega bo‘lgan datchik (6B-rasm) maksimal mumkin bo‘lgan chigish impedansiga, uning interfeys
sxemasi esa — minimal kirish impedansiga ega bo‘lishi lozim. Potensial ulash holatida (6A-rasm) datchik
past chigish impedansiga, interfeys sxemasi esa — yuqori kirish impedansiga ega bo‘lishi lozim.

Darchik Interfeys sxemasi Datchik Interfeys sxemasi

2o b Zm
1l

Zin

A) B)

6-rasm. Datchikning interfeys sxemasi bilan ulanishi. A) —kuchlanish ko‘rinishidagi chigish
signaliga ega bo‘lgan datchik, B) — tokli chigish signaliga ega bo‘lgan datchik

Qo ‘zg ‘atish signali — bu aktiv datchikka ishlash uchun zarur bo‘ladigan elektr signalidir. Qo‘zg‘atish
signali kuchlanish yoki tok intervali bilan tasvirlanadi. Datchiklarning ba’zi bir tiplari uchun qo‘zg‘atish
signalining chastotasi va uning turg‘unligini ko‘rsatish zarur bo‘ladi. Qo‘zg‘atish signalining ko‘rsatilgan
chegaralardan tashgariga chigishi datchikning uzatish funksiyasining o‘zgarishiga va shundan kelib chiggan
holda chigish signalining og‘ishiga olib kelishi mumkin. Qo‘zg*atish signalini tasvirlashga misol keltiramiz:

Termistor orgali oqib o°‘tadigan maksimal tok:

Qarshiliksiz havoda....... — 50 mKkA;

Suvda ..o — 200 mKkA.

Xulosa. Turli sohalarda go‘llash mumkin bo‘lishi uchun datchiklarning quyidagi xarakteristikalari
muhim bo‘ladi: ularning konstruksiya, og ‘irligi va gabaritlari. Agar datchiklar uchun aniglik va ishonchlilik
bosh parametrlar bo‘lib hisoblansa, uning narxi kabi xarakteristikasi ikkinchi planga chekinadi. Agar
qurilma, yashashni ta’minlash tizimlari, mudofaa sanoati yoki fazoviy kemalar uchun mo‘ljallangan bo‘lsa,
ularning narxining gimmatligi har doim aniglik va ishonchlilik bo‘yicha qo‘yiladigan talablar bilan oglanadi.
Birog datchiklar qo‘llaniladigan bir gator sohalar borki — bunda ularning narxi asosiy xarakteristika bo‘lib
hisoblanadi.
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YUCJEHHOE MOJEJUPOBAHUE TPEXMEPHOI'O TEYEHUS 3A OBPATHOI
CTYINEHBKOM C UCIIOJIb30BAHUEM LES-MOEJH
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um. M.T. Ypazbaesa Axademuu nayx

Pecnybnuxu Yzoexucman, Tawxenm, Y3bexucman
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Depeanckuil 20Cy0apCmEeHHbILL MeXHU4YeCKUl
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xusanboy.muhammadyoqubov@mail.ru

Annomauusa. B pabome ewvinoaneno mpéxmepnoe UuUCIeHHOE MOOeAUPOSaHUe MypOYIeHMHO20
meuenuss 3a obpamHou cmyneuwvkou npu uwucie Petinonvoca Rep=36,000 ¢ ucnonvzosanuem mooenu
Kkpynuvix guxpeti (LES). Pacuémol nposodunucs 6 npoepammuom komniexce ANSYS Fluent ¢ npumenenuem
noopewémounou moodenu WALE, obecneuusaroweli Koppekmuoe G0CHPOU3BeOeHUe HeCMAayUuOHAPHBIX
BUXPEBBIX CMPYKMYP U 30H peyupkyaayuu. Ilocmpoena mpéxmepuas 2eKcazoHanbHaAs CemKa C JOKANbHbIM
ceyugeHuem 8oauzu cmenok (y+=I1) u 6 obracmu ompwiéa nomoka. Ha ocrnose noiyueHHbIX YUCIEHHBIX
OAHHbIX BLINONHEH AHAAU3 NOJel  CKOPOCMU, USOAUHUL U 6eKMOpPO8 MmeueHUs, pacnpeoeieHuil
K0auyuenmos odasnenus C, u mpenus Cy a maxdce npogpuield cpeoneli CKOpocmu U KOMHOHEHMO8
Petinonvocoevix nanpsicenuti 6 pasiudmblx Npooonvhbix ceuwenusx (M A=1,4,6). Pesynomamor LES-
MOOenUPOBAHUsL OeMOHCIMPUPYIOM XAPAKMEPHblE O0COOEHHOCMU OMPbIGHO20 MeYeHUs 34 CMYNEeHbKOU.:
Hanuyue 30HblL OOPAMHBIX CKOpOCMEl, pa3gumue KPYNHOMACWMAOHbIX suxpell u obnacms NO8MOPHO2O
NPUCOCOUHEHUSI NOMOKA HA PACCMOSHUU  OKONO XA H=06.2. [lonyuennvie noas u pacnpeoeieHus
nOOmMeEepAHCOaom BbICOKYIO MOUHOCMb U dhdpexmusnocmv LES-nooxooda 0ns uccne0osanusi mpéxmepuuix
MypOYIeHMHBIX MeYeHUIL.

Knrouesvie cnosa: ypasnenus Hasve—Cmokca, ompuienoe meuenue, mooens LES, Ansys Fluent.

LES MODELIDAN FOYDALANGAN HOLDA TESKARI BOSQICH ORTIDAGI UCH
O‘LCHOVLI OQIMNING RAQAMLI SIMULYATSIYASI

Annotatsiya. Ishda katta vorteks (LES) modelidan foydalangan holda Reynolds #2¢,=36,000 ragami
bilan teskari pog'onaning orgasida turbulent ogimning uch o'lchovli ragamli simulyatsiyasi amalga
oshirildi. Hisob-kitoblar ANSYS Fluent dasturiy majmuasida wale pastki panjara modelidan foydalangan
holda amalga oshirildi, bu esa statsionar bo'Imagan vorteks tuzilmalari va gayta ishlash zonalarining to'g'ri
takrorlanishini ta'minlaydi. ulosa. Ishda katta vorteks (LES) modelidan foydalangan holda Reynolds
#e;~=36,000 ragami bilan teskari pog'onaning orgasida turbulent ogimning uch o'lchovli ragamli
simulyatsiyasi amalga oshirildi. Hisob-kitoblar ANSYS Fluent dasturiy majmuasida wale pastki panjara
modelidan foydalangan holda amalga oshirildi, bu esa statsionar bo'Imagan vorteks tuzilmalari va gayta
iShlash zonalarining to'g'ri takrorlanishini ta'minlaydi. Devorlar yaqinida (+=1) va ogim uzilishi sohasida
lokal galinlashgan uch o'lchamli olti burchakli to'r qurilgan. Olingan ragamli ma'lumotlar asosida tezlik
maydonlari, ogim izolinlari va vektorlari, bosim va ishgalanish koeffitsientlarining tagsimotlari, shuningdek,
turli uzunlamasina bo'limlarda (=\u003d 1,4,6) Reynolds kuchlanishining o'rtacha tezlik profillari va
tarkibiy gismlari tahlil gilindi.lingan ragamli ma'lumotlar asosida tezlik maydonlari, ogim izolinlari va
vektorlari, bosim va ishqalanish koeffitsientlarining taqsimotlari, shuningdek, turli uzunlamasina
bo'limlarda (+#/=\u003d 1,4,6) Reynolds kuchlanishining o'rtacha tezlik profillari va tarkibiy gismlari tahlil
gilindi. LES simulyatsiyasi natijalari pog'onadan tashgarida uzilish ogimining o'ziga xos xususiyatlarini
namoyish etadi: teskari tezlik zonasining mavjudligi, keng ko'lamli girdoblarning rivojlanishi va ogimning
gayta ulanish maydoni x 7 /= = 6.2 atrofida. Olingan maydonlar va tagsimotlar uch o'lchovli turbulent
ogimlarni o'rganish uchun LES yondashuvining yuqgori anigligi va samaradorligini tasdiglaydi.
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Kalit so‘zlar: Navier—Stokes tenglamalari, avulsion ogim, les modeli, Ansys Fluent.

NUMERICAL SIMULATION OF THE THREE-DIMENSIONAL FLOW BEHIND THE
REVERSE STEP USING THE LES MODEL

Abstract. The paper presents a three-dimensional numerical simulation of the turbulent flow beyond
the reverse step at the Reynolds number Ze4=36,000 using the large vortex model (LES). The calculations
were performed in the ANSYS Fluent software package using the WALE sublattice model, which ensures the
correct reproduction of unsteady vortex structures and recirculation zones. A three-dimensional hexagonal
grid with local condensation near the walls (y+=1) and in the area of flow separation is constructed. Based
on the numerical data obtained, the analysis of velocity fields, isolines and flow vectors, distributions of
pressure and friction coefficients, as well as profiles of average velocity and components of Reynolds
stresses in various longitudinal sections (4//#=1,4,6) is performed. The results of the LES simulation
demonstrate the characteristic features of the separation flow beyond the step: the presence of a zone of
reverse velocities, the development of large-scale vortices, and the area of flow reconnection at a distance of
about 71 4~6.2. The obtained fields and distributions confirm the high accuracy and efficiency of the LES
approach for studying three-dimensional turbulent flows.

Keywords: Navier—Stokes equations, separation flow, LES model, Ansys Fluent.

BBenenne. Teuenue 3a oOpatHO# crynenbkoi (backward-facing step, BFS) sBnsercs omnum u3
HanboJiee M3yYEHHBIX M B TO K€ BPEMs CIOXKHBIX NMPUMEPOB OTPBHIBHOTO TypOyJeHTHOTro moroka. [lanHas
3ajaya CIYXUT OTaJOHHOM M MpPOBEPKM M BaTUJALNUM YUCICHHBIX METOIOB BBIYHCIUTEIILHON
ruapoguHamuk (CFD) m Mozmeneit TypOyJIeHTHOCTH, TaK KaK BKIIOYA€T OCHOBHBIE DIIEMEHTHI peaNbHBIX
TEUCHUH — OTJCIICHUE, PELUPKYJISIUIO U TIOBTOPHOE MPUCOSTUHEHHE TOTOKa [1-2].

BriepBbie 3KCIIEpUMEHTAIbHBIE WCCIICIOBAHUS TCYCHUS 3a OOpPaTHOM CTYNEHBKOW OBUIM MOAPOOHO
mpoBeneHsl Driver u Seegmiller (NASA, 1985) [3], roe ObITH MOMyYeHBI JaHHBIE 10 CTPYKTYPE CKOPOCTH,
JABJICHUI0O WM TypOYJICHTHBIM HANpPsDKCHUAM mpu uucie Pelinonbnaca Rep=36,000. DTu pe3ynbTaThl
BIIOCJICJCTBUM CTaJIM KJIACCUYECKHMM STAJIOHOM JIJI1 YMCJICHHBIX HcclenoBanmii, BkiIodas RANS, LES u
DNS wmonemuposanne. TpanuiimonHbie Moaenu ocpeaHEHHbIX ypaBHeHmid HaBre—Ctokca (RANS), takme
Kak k—e, k—w wu wmomenmm PeitHonpncoBeix Hampsbkeruin (RSM), He Bcerma crocoOHBI aJeKBaTHO
BOCIIPOM3BOJIUTh HECTALIMOHAPHYIO CTPYKTYpy BHXpeM M B3aMMOEHCTBHE CABHUTOBOIO CJOS C 30HON
peuupkyisiunu. B oriamume ot HuMX, Monens KpynHbeix Buxpeil (LES) mo3Bomsier siBHO pasperiath
KpyIHOMacIITaOHbIE HEeCTAllMOHAPHBIE BUXPEBBIE OOPAa30BaHMS M JIMIIb NPHONMKEHHO MOACIHPYET
MeEJIKOMAacHITa0HbIe (UIYKTyaluu. DTO0 o0ecreunuBaeT 00jIee TOUHOE OMMCAHUE TUHAMHUKHU TYypOYJICHTHOTO
TEUeHHUs, 0COOCHHO B 00JIACTSX C CHIIbHOM HECTAIIMOHAPHOCTHIO M OTPHIBOM TOTOKA [4-5].

B HacTosieill paboTe BBINOJIHEHO TPEXMEPHOE YHCICHHOE MOJEIMPOBAHME TEUECHHUS BO3IyXa 3a
oOpaTHON cryneHbkoi npu Rep=36,000 ¢ wucnonmp3zoBanueM mnoxpemérouyHoii moxzemn WALE (Wall-
Adapting Local Eddy-viscosity), peanuzoBanHoii B mnporpammuom Komiuiekce ANSYS Fluent.
HccnenoBanne HarpaBieHO HA MOMYYEHUE JETaTbHON KapTHHBI TEUEHUS, BKIIIOYAs MOJISl CPeIHE CKOpoCTH,
W30JIMHAM M BEKTOPBI CKOPOCTH, paclpeaeieHus: Ko puuueHToB aBIeHnsl U TPEHUS, a TaKKe U3MEHEHHUE
KOMITOHEHT PeiHOJIB/ICOBBIX HAMPSHKCHUI B Pa3IMUHbIX MPOAOJIBHBIX ceueHusX [8—12].

[TomyuenHble pe3ynbTaThl MpEAHA3HAYEHBI ISl aHAJIM3a XapaKTePUCTHK OTPHIBHOTO TYypOYJIEHTHOTO
TEYEHUs M OLEHKH Bo3MOkHOcTe LES-MonennpoBanus mpu pemeHnn TpEXMEpHBIX 3a7ad THAPOIUHAMUKI
0e3 IpUBJICYEHUS YKCIIEPUMEHTAIIBHBIX JJAaHHBIX. PaboTa sBIsieTCsl YacThI0 KOMIUIEKCHBIX UCCIIEJIOBAHUMN 110
BepH(UKAIUK YHACICHHBIX METOJIOB MOJICITUPOBAHMS TYPOYJICHTHBIX TEYCHUI U MOXKET OBITh MCIIOJIh30BaHA
Uit nansHeiero cpaBueHust ¢ RANS u DNS noaxonamu.

dusnyeckasi MOCTaHOBKA 3aiavu. [IpescraBienHbie naHHbIe B3ATHI U3 paboter Driver, D. M. and
Seegmiller [3]. DToT ciy4aii Takke CIOy)KUT TECTOBBIM IPUMEPOM, BKIIOYEHHBIM B 0a3y JaHHBIX
ERCOFTAC, u mmpoko npuMeHsieTcss B paMKax CEeMUHApOB [0 MOJIEIIMPOBAHUIO TYpOYJIEHTHBIX TOTOKOB. B
JNaHHOW 3ajade TypOYJEHTHBIH IOTPaHUYHBIA CJIOH B3aMMOJCHCTBYET C PE3KHMM OTKIOHEHHEM, 4TO
MIPUBOJUT K OTPBIBY MOTOKA. Ilocie 3Toro moTok BHOBh MPUKPETUISETCS M BOCCTAHABIUBAETCS 33 CTYTIEHBIO.
Yucno PeiiHosbaca, pacCUMTaHHOE HA OCHOBE TOJILIMHBI MMITYJIBCHOI'O CJIOS MEpPEN CTYNEHbKOW, paBHO
5000, gro cootBercTBYeT uncay PeliHonpaca mopsaka 36 000 mpu pacuére ¢ y4érom BbICOTHI cTyneHu H.
[Tepen cTyneHpIO TOJIIMHA TOTPAHUYHOTO CJIOS COCTaBIsieT nMpuodan3uTensbHo 1,5 H (cmotpure pucyHok 1).
I'panuyHble yciloBHs, UCHOIb3YeMble A1 Monenuposanus metonoMm CFD, mpencraBiieHbl Ha ClleAyIOILEM
pucynkel.
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Pucynok 1. I'pannunsie yciaoBus 2D-mar ¢ 00paTHbIM HanpaBJjieHHEM

MartemMaTH4yecKasi MOCTAHOBKA 3aJa4yu. /I YUCIEHHOTO MOIEIHPOBAHUS TYpOYIEHTHBIX TCUCHUMH
B pamkax mnoxxoma LES (Large Eddy Simulation) B Hacrosimeli pabGoTe WCIOJIb30BaHA MOJCIb
noapeméroynoro macmrtaba WALE (Wall-Adapting Local Eddy-viscosity). Tanxast Mmojiens obecrieunBaeT
BBICOKYIO TOYHOCTh NPH PAa3pelICHUH KPYNHBIX BHXpPEH M aJeKBaTHO aANAaNTUPYeTCS K NPHOPEKHBIM
obnacTsiM, 4To nenaeT e€ ocobeHHo 3(pdeKkTHBHON I 3a7a4y ¢ HATMYHEM CTEHOK M PE3KUX TPaJHEeHTOB
ckopoctu. B monmenmu WALE typOysnieHTHas BS3KOCTh MOJAPEIIETOYHOIO MaciuTaba pacCYMTHIBACTCS Ha
OCHOBE JIOKJIBbHBIX TIPAJUCHTOB CKOPOCTH, C YYETOM KaK BpamaTeNlbHBIX, TaKk U Ae(OpPMaIMOHHBIX
XapaKTePUCTHUK MOTOKA. JTO MO3BOJISET MOJICIH TOYHO BOCIIPOU3BOANUTH MTOBEICHUE BUXPEBBIX CTPYKTYpP KaK
B 00bEMe, TaKk W BOJIM3M TBEPABIX TIPaHUI], B OTIMYUE OT KIACCHUECKOM Mojaenu CmoropuHckoro. B
HacTpoiikax pacuéra aktuBupoBaHa omiust Optimized LES Numerics, obecrieunBaroiiias HCIOIb30BaHUE
YHICIIEHHO YCTOWYHMBBIX CXEM, ONTHUMHU3UPOBAHHBIX st LES, uTo cmmocoOCTByeT MOBBIMIEHUIO TOYHOCTH U
cradbunpHocTn pemenus. Omuust Near Wall RANS Layer (WMLES) B nmanHo#i paboTe OTKIIOYCHA,
MIOCKOJIBKY MOJICIIMPOBAHNE OCYLIECTBISETCS C JTOCTATOYHBIM HPOCTPAHCTBEHHBIM pa3pelIeHueM BOIU3H
CTeHOK, 03 HeOOXOJUMOCTH HCITOIb30BaHUS THOPUIHOTO TIOIX0 A,

LES ocHoBbiBaeTCs Ha (QIbTpOBaHHBIX ypaBHeHUsX HaBhe—CTOKca IS HEC)KMMAEMOM KHUJIKOCTH.

OcHOBHass wupaes — pa3leuTh TMOTOK Ha pa3pem€HHble (KpynmHOMAacIITaOHble) W HepellEHHbIE
(MenxoMacmTaOHbIE) KOMITOHEHTBI ITyTEM MPOCTPAHCTBEHHON (QHIIBTPAIIHH.

on_g

oX

< 1)
_ _ — SGS (

o, 06 _ 10p +V82ui ot}

TAr i 4 2 :

ot OX; P OX: ox;j  OX;

rae U, — ¢uiabrpoBaHHBIE KOMIIOHEHTBI CKOPOCTH, P - QHIBTPOBaHHOE HaBICHHE, Fi - BHCIIHSIS
SGS . . . .
cuia, Ty — TEH30p MOJPEIMETOYHBIX HATIPSHKEHHUH (Subgrid Scale Stresses), MoaenupyOUIMii BIUSIHHE
MEJIKOMAcIITa0HbBIX BUXPEH.

MopenupoBaHue OAPEHIETOYHOTrO TeH30pa Hanpsukenuit (SGS):
SGS T
T, =uu; — 0. 2)

SGS .
Tak Kak 7j; " HEHM3BECTCH, OH MOJCITHPYETCS Hepe3 TypOyJIEHTHYIO MOJIPENIETOYHYIO BSI3KOCTh:

s s - ou s, )

ij 3 i

rae: V, — noapemerounas (TypOyJeHTHas ) BA3KOCTb, S.. —Tensop ckopocreii nedopmaruu:

ij
OcnoBuble popmynsl mogenn WALE TypOynenTHas BA3KOCTh HOAPEIIETOYHOTO MacTada:
312
dqd

(Sisi) @)

— — \5/2 5/4
dgd

(45:)" +(sisi)
JTa BSI3KOCTh MOJICITUPYETCS, KaK MPaBHUIIO, C UCIIOJIb30BAHUEM MoIenel Thima CMOropruHCKOTo [8]:

Vt = (Cw A)?- :
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PacuétHas cerka. Ha pucynke 2 mpexacraBiieHa TpEXMepHas TeKcaroHajJbHAs pacdyéTHas CETKa,
MIOCTPOCHHAs /Ui MOJISNIMPOBAaHUS TEUeHUs 3a OOpaTHOW CTYNEHBKOH C TPHUMEHEHHWEM MOJENn
KpynHoMmacmTaOHbIX Buxpeit (LES).

PucyHnok 2. TpéxmepHas rekcaroHajibHasi pac4éTHas ceTKa

I'eomerpus pacu€THON 007acTH BKIIOYAET YYacCTOK AO CTYNEHBKH, CaMy CTYNEHBKY M NPOTOUYHYIO
qacTh 3a Hel. OO11ee Komu4ecTBo stueek coctaBmwiio 1 856 250, mpu 3TOM Bce 3IIEMEHTHI — FeKCaroHalIbHbIE
(hexahedral cells). Takas cTpykTypa CETKM 00€CHEYHMBAaeT BBICOKYK) TOYHOCTh AaNIPOKCHUMAIMA U
YCTOMYMBOCTD PEIICHHUS MPU MOJCTUPOBAHUU TYpPOYJIEHTHBIX CTPYKTYp B 30HE OTpBIBA H IOBTOPHOTO
nprcoeAnHeHus motoka. CeTka BKIIIOYACT CISAYIOIIMe IpaHnYHbIe 30HbI: 30HbI 1 U 8 — crenku (wall faces),
Bcero 76 750 + 20 000 rpaneii; 3ona 6 — BXxoaHoe ceuenue (velocity-inlet), 3 875 rpaneit; 3ona 7 —
BBIXOJIHOE cedyeHue (pressure-outlet), 3 875 rpaneii; 3ona 9 — mockoctu cummerpun (symmetry faces), 74
250 rpaneii; 3oHa 2 — BHyTpeHHHe Tpanu (interior faces), 5 479 375. O6mee xommuecTBo y310B — 1 946 256.
Kak BuaHO Ha yBenmuueHHOM (parMeHrte, B 001aCTH CTYHNEHBKH M BOJb MPUJICTAIOIIUX CTEHOK IIar CeTKH
JIOKaJbHO CTYIIEH Ui TOYHOTO pa3pelieHUs] MOTPAaHUYHOTO CJIOS U BUXPEBBIX CTPYKTYp. MUHHMalIbHBINA
pasMmep siUeliku BBIOpaH TakuM oOpa3oM, 4TOOBI Oe3pazMepHas KOOpAMHATa Y+=1, 4TO COOTBETCTBYET
tpeboBanusiM wall-resolved LES. B obnactu oTpbiBa M penupKy/ISLMU MOTOKA CETKAa MMEET MOBBIIICHHOE
MPOCTPAHCTBEHHOE PpA3PEUICHHUE, YTO II03BOJISIET KOPPEKTHO BOCIPOM3BOAUTH AMHAMHUKY KPYIHBIX
BUXPEBBIX 00pa30BaHUIl M TPaJUEHTHI CKOpOCTH. TakuM 00pa3oM, MOCTpOEHHAash TpEXMEpHas pacuéTHas
CeTKa YIOBIIETBOPSET BCceM KpurTepusiM [uia nposeneHus LES-mopenupoBanust TedeHHs 3a oOpaTHOM
CTYNEHbKOH M 00ecTieunBacT HaAEKHYI0 OCHOBY JIJIsl aHAJIN3a a3POANHAMUYECKUX XapaKTePUCTHUK.

Meton pemenusi. YucieHHoOe MOJEIMPOBAaHNE MPOBOJMIOCH C UCIIOJIBL30BAHUEM HECTAI[MOHAPHOTO
nasieHus - 6azupyroero pemarens (Pressure-Based Transient Solver) B mporpammiom komiuiekce ANSY'S
Fluent. JIns onucaHusi Te4yeHUsI MIPUMEHSIIOCH MOJTHOE TPEXMEPHOE HECTALMOHAPHOE PELICHHE ypaBHEHUH
HaBre—Crokca B hopme ¢pmibTpoBaHHbIX ypaBHeHUI LES. Pacduérsl BHIMOMHSIMCE B a0COMIOTHON cUCTEMeE
CKOPOCTEH ¢ MOCTOSIHHOHM IJIOTHOCTBIO M 0€3 yuéra cuiibl TshkecTH. CXema CBS3HM JABJIICHUS U CKOPOCTH
peasm3oBaHa mno amroputMy SIMPLE, a anmpokcumanust TpaJueHTOB OCYIIECTBISAIACh METOJIOM
HanMmeHbInX KkBagpaToB (Least Squares Cell Based). [Ins maBneHus ucronb3oBajachk BTOpas HOPSIIOK
touHocTH (Second Order), a U1 ypaBHEHHH UMITyJIbCa — CXeMa OTPaHUYEHHOTO LIEHTPAIILHOTO Pa3HOCTHOTO
tuna (Bounded Central Differencing), obOecnieunBaromasi BBICOKYIO TOYHOCTh MpPU MOJEIAPOBAHHN
KpynmHOMacIuTaOHBIX BHXpeil. BpemeHHas auckpernsanusi NPOM3BOAMIACE IO HESBHOHW CXeME€ BTOPOrO
nopsinka (Second Order Implicit), uro mo3BodMIO 00ECHEYUTH YCTOWYMBOCTH MPHU MAJIBIX BPEMEHHBIX
marax. J{jsi TOBBIIEHUSI CXOJMUMOCTH pacuéra 3Ha4eHUs (aKkTOPOB HEJOpENaKCaIlMH 3aJaBallUCh Kak:
nasnenue — 0.3, ummysbse — 0.7, ITIOTHOCTL U MaccoBble cuiibl — 1.0. BpemenHo# mar Beibupaincs At=5x10"¢
C MpU MakcUMallbHOM uucie urepanuid 20 Ha mar. Obmee unciao maroB pacuéra coctasmio 50 000, uto
COOTBETCTBYET (u3nueckoMy BpemeHnu nopsiaka 0.25 c¢. B xone Beruncienunit Obia akTHBUpOBaHa (HYHKLUS
Data Sampling for Time Statistics, O3BOJIMBIIIasE HAKOIUTE U YCPEIHUTb IOJISl CPETHEH CKOPOCTH, JIABIICHHUSI
U KOMIIOHEHT PeHHOJIBJICOBBIX HANPSIKEHUN I0CIE BBIXOJA PELICHMS Ha KBAa3HCTALIMOHAPHBIA PEXUM.
Pacuérel BBIMOMHINCH C MCTONBb30BaHKeM Tpaduueckoro nporeccopa (GPU) NVIDIA GeForce GTX 1050
Ti. Obmiee BpeMst BEIYHMCIIEHUH cocTaBmio 28 yacoB 40 MUHYT, uTO 00YCIIOBIEHO BBICOKON pa3MepHOCTHIO
pacu€THO 007aCcTH M HEOOXOIUMOCTBIO TOUHOTO Pa3pelieHns] MeIKOMACIITAOHBIX BUXPEBBIX CTPYKTYp TPU
LES-monenupoBanuu.
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Pe3ysabTaThl pacuéra u ux odcysxknenne. Pacnipenenenue kodQQuimenTa NOBEpXHOCTHOTO JTaBICHUS
Ha CTEHKE KaHalla XapaKTepH3yeTcs H3MCHEHHEM JIaBJICHUS HA €ro IMOBEPXHOCTH B 3aBUCHMOCTH OT
PaccTOSIHUS OT HEKOTOPOU TOUKH.

_P=p
0.50U2
rZe p - AaBJCHHWE B TOYKE Ha MOBEPXHOCTU mpoduns, P. - maBmeHue cBOOOJHOTO MOTOKA, p -
IUIOTHOCTH CBOOOAHOTO MoToKa, Ug - CKOPOCTH CBOOOTHOTO TTOTOKA.
Kospdpuument mnoBepxHocTHOro Tpenust C; ompenmensercs Kak OTHOIICHHWE —CHIIBI
JeCTBYIONICH Ha MOBEPXHOCTH MPOGUIIS, K JTUHAMHUYECKOMY JaBJICHHIO CBOOOJHOTO MTOTOKA.

F
C = 05,028
: 0
rae F - cuna Tpenust, AefCTBYOMIas Ha MOBEPXHOCTh MPOQUIIS, S - IUIOMIAAb MOBEPXHOCTH MPODHUIIS,
OPHUCHTHUPOBAHHAS BAOJIb ITOTOKA.

Ha pucynke 3 mpencraBiensl pacnpenenenns kodddumnrentos nasnenns Cp (pUCyHOK 3a) U TpeHUs
Cf (pucyHoxk 30) BJIOJb HIDKHEH CTCHKH KaHalia 32 00paTHOW CTYNEHBKOM.

p

TpEeHHA,

a) 0)
Pucynoxk 3. a) 3aBucumMocTb k03¢ puIHeHTa JaBjieHe HUKHUI YacTH KaHala; 0)
3aBHCHMOCTb KO3((puuMeHTa TPEeHH JaBJICeHUE HUKHEll 4acTH KaHa1a

U3 rpaduka 3aBucumoct Cp(x/H) BUIHO, 4TO Cpa3y 3a CTYNCHBKOW HAOJIOIAeTCsi pe3Koe MaCHUE
naBieHUs U (OpPMUPOBAHUE 30HBI PA3PEKEHMS, CBA3aHHOW C OTPHIBOM MOTOKAa. MUHHMaJbHOE 3HAUYECHHUE
ko3(duimenTa AaBiIeHMsT AOCTHraeTcsi B Hayalle 30HBl PEHMPKYJSIIMU, mociie 4ero Cp NOCTENEeHHO
YBEJIUYNBACTCS M CTAOMIM3UPYETCs IO Mepe TIOBTOPHOTO MPUCOEANHEHHS TIOTOKA K CTCHKE Ha PacCTOSIHUU
okoiio xr/H=6.2. KpuBas usmenenus kodddurmenra tperns Cf(x/H) Takke IeMOHCTPUPYET XapaKTEPHYIO
KapTUHY JUI OTPBIBHBIX TeUEeHHH. B HermocpeacTBeHHOM OJIM30CTH 32 CTYNeHbKOM 3HaueHus Cf CTaHOBSTCS

OTPHULATEIbHBIMHM, YTO COOTBETCTBYeT OOpAaTHOMY HANpaBICHUIO KacaTelIbHbIX HANpsDKEHUH IIpH
PEUMPKYJISIIMK  TOTOKa. [locie TOYKM IMOBTOPHOTO TPUCOEIWHEHUS TOTOK BHOBH TNPHOOpETaeT
MOJIOXKHUTEIbHOE HampaBieHHue, H KO3(P(QUIMEHT TpPEeHUs IOCTENEHHO BO3pPacTaeT, CTPeMsch K

CTallMOHAPHOMY YPOBHIO Pa3BUTOrO TYpOYJIEHTHOTO TEUCHHSI.
Ha pucynke 4 mpencraBiieHbl Tpo(uin MPOAOIbHONH ckopocT U B pPa3IMYHBIX MPOJIOJIBLHBIX
CEeUYCHUsIX 3a oOpaTHOU crynenbkoit ipu X/H=1, x/H=4 n x/H=6.

wn
¥iH

waarage [m s=-1]

x/H=1

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 53

0



PHYSICS

5 e = T i
Wmemnzge 211

x/H=6

Pucynoxk 4. IIpo¢puan npoaobHON CKOPOCTH HA HUKHel MOBEPXHOCTH
B ceuennn x/H=1 wabmromaeTcsi XapaKTEPHbIH y4acTOK OOpAaTHOTO TCUCHHUS, CBS3aHHBIA C 30HOM
PELMPKYJISIIMU Cpa3y 3a CTYNEHbKOW. 311€Ch 3HAYCHHS CKOPOCTH Y CTEHKHM NPUHUMAIOT OTPHUIATEIIbHBIC
3HAYCHUS, YTO NOATBEPKAACT HAJIMINE BO3BPATHOI'O ITOTOKA. B ceuenun X/H:4 MOTOK HAYMHACT YCKOPATHCSA
B 00JIaCTH CIABUTOBOTO CJIOsl, TAe (POPMHUPYIOTCS KPYMHOMACIITAOHBIE BUXPEBBIE CTPYKTYPBI, XapakTepHbIe
IUIl  HECTalMOHAPHBIX TYpOYJIEHTHbIX TeueHud. IIpodunb CKOpOCTH HOEMOHCTPUPYET WHTEHCHUBHBIN
TpagueHT BOJW3M HIDKHEH CTEHKH u Ooliee paBHOMEPHOE pacIipe/ieliecHHe B OCHOBHOW 4YacTH KaHana. B
ceyeHun X/H=6 TOTOK BHOBb IPUCOCIUHSCTCS K CTEHKE, W MPOQHIb CKOPOCTH mpuodperaet (Gopmy,
ONMM3KYI0 K IIOJIHOCTBIO DPa3BUTOMY TypOyJEHTHOMY KaHAJbHOMY TEUYCHHIO. MakCUMyM HpOIOJIbHOMN
CKOPOCTH CMEIIAETCsI K LIEHTPY KaHala, a Y CTCHKH BOCCTAHABIMBACTCSI MOHOTOHHBIN pocT U(Y).
Ha pucynke 5 npeacrapieHbl IpoGUIH MOMEPEUHON CKOPOCTH V' B pa3IMYHBIX MPOJOIBHBIX CCUCHHSIX
3a 06paTHO# cTyneHbkoit pu x/H=1, x/H=4 u x/H=6.

wih

Wi

3
awmrmge 2=

x/H=1 x/H=4

¥amarags jm £°-1]

x/H=6
Pucynox 5. IIpo¢uin nonepeyHoil CKOPOCTH HA HUKHEH MOBEPXHOCTH

B ceuennn x/H=1 naGmomaercs 4€TKO BhIpaKEHHAs 00JIACTh OTPUIATENIBHBIX 3HAYCHUI CKOPOCTH,
YTO CBUJIECTENILCTBYET O Pa3BUTHH OOPATHOTO JABMKEHHS BO3/AyXa B 30HE peuupKyisiiuu. [lorok HampasieH
BBEpX BOJIM3M HW)KHEH CTEHKHM M BHHM3 B LEHTPAJBHOM YaCTH, YTO YKa3blBaeT Ha HAJIMYWE WHTEHCHUBHOTO
BUXPEBOr0 JBWXeHHs. B ceuennn x/H=4 aMiuiuTyma TMOMEPEYHBIX CKOPOCTEH BO3pacraer, OTpakas
aKTUBHOE B3aMMOJIEHICTBHE OCHOBHOTO IIOTOKA CO CABHTOBBIM CJOE€M M BHUXPEBBIMH OOpa30BaHHSIMH,
¢dopmupyrommMucs 3a CcTyneHbkoil. Ilpodunb neMoOHCTpUpYeT acMMMETPUYHOE paclpeAesieHue ¢
BBIPAKEHHBIM CMEIICHHEM 30HBI MaKCHMAaJbHBIX CKOPOCTEH B BEPXHIOK 4yacTh KaHana. B cedenun x/H=6
MOTOK IIOCTETIEHHO CTAaOMIU3UPYETCs, IOIEepPEeYHble CKOPOCTH YMEHBIIAIOTCS, W CTPYKTypa TEUeHHUs
npuOIMKaeTcs K KBa3MCTALIMOHAPHOMY TYpOYJICHTHOMY COCTOSHHIO C PaBHOMEPHBIM pacIpeleleHHEM
BUXPEBBIX (DITYKTYaIHi.
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Ha pucynke 6 npeacraBieHsl poduiii PeifHOIBICOBOrO HAMPSHKEHUS W'V’ B PA3IMUHBIX POOJIBHBIX
ceveHmsx 3a ooparHoii crymnenskoit mpu x/H=1, x/H=4 u x/H=6.

1

Tl = 3 ] E)
* 2| ; 2 W 2]

x/H=1 x/H=4

e
x/H=6
Pucynok 6. IlIpoduin Hanpsikenne PeiiHonabea ckopoctu U'9' Ha HUKHE OBEPXHOCTH

B ceuennn x/H=1 BenuuuHa u'v' IpUHUMAET OTPHUIIATEIIHHbBIC 3HAYCHHUS, YTO COOTBETCTBYET HATHMUHIO
MHTEHCUBHOM 30HBI PEUOUPKYJIALUA, TAC HAIPABJICHUC MPOJOJIBbHBIX W IMONCPCUHBIX Hy.]'II)CZlIII/Iﬁ CKOpOCTH
MIPOTUBOIIONOXHO. DTO YKa3bIBaeT Ha BBIPAXKEHHBII MEPEHOC MMITYJIbCa, CBSI3aHHBIN C B3aMMOEHCTBHEM
OCHOBHOI'O MOTOKa M 00paTHOro JBikeHHs. B ceyennn x/H=4 HaGmomaetcs MaKCHUMyM IO aOCOIOTHOU
BEJIMYMHE U'V', YTO OTPaKACT HHTEHCUBHOE Pa3BUTHE CIBUTOBOTO CJIOSI U 00pa30BaHUE KPYITHOMACIITAOHBIX
BUXpeil. JlaHHBII y9acTOK XapaKkTepru3yeTcsi HAanOOIbIIMM 0OMEHOM UMITYJIECOM MEXKAY OCHOBHBIM TTOTOKOM
M TPUCTEHOYHOW 30HOH. B ceueHun x/H=6 3HadeHus u'V’ CHIKAIOTCS 10 Mepe BOCCTAHOBJICHUS
npukpeménHoro tedenus. IIpodune craHoBuTcs Ooiiee IUIABHBIM, YTO YKa3blBaeT Ha CTaOMIIM3ALMIO
CTPYKTYPHI TYpOYJIEHTHOCTH U TIEPEXO/]T K KBA3UCTATHOHAPHOMY PEKHMY.

Ha pucynke 7 noka3aHbl paclpeiesieHUs JUHUA TOKAa W M30JMHUM CKOPOCTH B LEHTPaJIbHOMN
IUIOCKOCTH KaHaJla 32 00paTHON CTYNEHBKOM.

Hampasnenue BekTopa CKOPOCTH U U30JIMHUS CKOPOCTH
YCPEIHEHHBIN 110 BpEMEHU MTHOBEHHBIHI
Pucynok 7. PacnpenesieHns TUHAH TOKA M N30JIMHUA CKOPOCTH B HEHTPAJIBHON IVIOCKOCTH
KaHaJ1a 32 00paTHOI CTyNeHbKOi
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Bepxuue n3o0pakeHus WIDTFOCTPHPYIOT CTPYKTYPY MOTOKA B BUJIE KOHTYPOB CKOPOCTH W JIMHHUI TOKA,
a HWKHHE — HAIMPaBJICHUS BEKTOPOB CKOPOCTH, MOJYYCHHBIE B YCPEIHEHHOM IO BpeMeHH (clieBa) U
MTHOBEHHOM (crpaBa) pexxumax LES-MoxennpoBanus.

Ha ycpennénnoii mo BpemeHH kapTuHe (ClieBa) OTUYETIIMBO BHJHA 30HA OTPhIBA MOTOKAa Cpaszy 3a
CTYNICHBKOH, THe (QopMUpYyeTCS KPYIMHOMACIITAOHBIA PEMUPKYJISIMOHHBIA BHXPb. 3a ATOW OO0JIACTHIO
HaOJIIOaeTCs 30HA MMOBTOPHOTO MPUCOCTHHEHMS, PACHIONIOKEHHAsI Ha PacCTOsSHUN 0KoJo x1/H~6.2. TToTok
MOCTEIIEHHO BOCCTAHABIIUBACT JIAMHUHAPU30BAHHYIO CTPYKTYPY, U JIMHUU TOKa BBICTPAWBAIOTCS BJOJb
cteHkd. Ha MraoBeHHOM Tonie (cmpaBa) OTOOPaXXCHBI HECTAIIMOHAPHBIC BUXPEBHIC CTPYKTYPHI,
BO3HUKAOIUE BCIICACTBUEC B3aUMOJICHCTBHSI CJBUTOBOTO CIIOS C OCHOBHBIM TOTOKOM. HalGmomaercs
YyepeoBaHue 0o0NacTell YCKOPEHHST M TOPMOXKEHUS, a TaKKe oOpa3oBaHUE MEIKOMACHITa0HBIX BHXpEH,
xapaktepabix Ui LES-pexxuma. DTH BuXpeBble 00pa30oBaHMsI OOCCIICUMBAIOT WHTCHCUBHBIA IEPEHOC
HMMITYJIbCa M SHEPTHH B 30HAX C Pa3BUTOHN TypOYJICHTHOCTBIO.

Ha pucynke 8 nipejictaBieHbl TpEXMEPHbIC U30TIOBEPXHOCTH KPUTEpHUs @, OKpAIICHHBIC TI0 3HAYCHUIO
cpenneli ckopoctu. 300pakeHus: IEMOHCTPUPYIOT MPOCTPAHCTBEHHOE PACIIPENICIICHUE BUXPEBBIX CTPYKTYP
3a 00paTHOM CTYNEHBKOM, MONy4YeHHOE B pe3ynbTare LES-Monenuposanus.

~m ~ o =
” o o “©
w (=} © -
e b g 3
[ . 5 o

PucyHnok 8. TpéxmepHble H30MOBEPXHOCTH KpuTepus @, OKpalleHHBbIE N0 3HAYEHUIO
CpeaHeil CKOpoCTH

Ha neBoM wu300pakeHMH TmoOKa3aHa (POHTANbHAs MPOEKLUUS BHUXPEBBIX  00pa3oBaHMIA,
(hopMHpYIOIIHMXCS B 30HE PEIUPKYIISIMHA U BOJIM3H CABUTOBOTO CJIOSl. BUAHO, UTO 32 CTYNEHBKOI BO3ZHUKAIOT
MHOTOUYHMCIICHHBIE BBITSHYTblE BUXpPH, OPUEHTHPOBAHHBIE BJOJIb HAMpaBICHHWS OCHOBHOTO MOTOKA. JTH
BUXPEBBIE CTPYKTYPBl OTPa)KalOT MHTEHCHUBHYIO TypOyJNEHTHYIO aKTHBHOCTb M XapaKTEPHOE TPEXMEpHOE
B3aMMOJICICTBUE  KpyMHOMAaclITabHeIX  Quykryanuid. Ha  mpaBoMm  n300pakeHMHM  TpUBEICHA
MPOCTPAHCTBEHHAS TIEPCIIEKTHBA TEX K€ M30MOBEPXHOCTEH, I/ie OTYETIIMBO BUAHBI BUXPEBBIE 00pa30BaHUsI
Pa3NUYHOro MaciTada, pacIpOCTPAaHSIONIMECS] BHU3 IO TMOTOKY. BepxHss yacTh 00nacTu XapakTepusyercs
OoJiee KpPyNTHBIMU M YCTOWYMBBIMU BUXPSAMH, TOT/Ia KaK ONMXKe K CTEHKE Npeo0alaloT MEIKOMacIITaOHbIe
CTPYKTYpPBI, OTBEUAIOIIHE 3a MIEPEHOC UMITYJIbCa U SHEPTHH. TakuM 00pa3oM, BU3yalIM3alus 10 KPUTEPHIO
MOATBEP)KIAeT peanucTudHoe BocmpousBerenne LES-momensto WALE  TpéxmepHON  CTPYKTYypHI
TypOyJIEHTHOTO TeYeHMsl, BKJIIOYas MeXaHM3M OOpa3oBaHMsA, B3aUMOACWCTBHA W pacmaga BHXPEBBIX
00pa3oBaHMii 332 00PATHOM CTYIEHBKOM.

3aknaouenue. B nganHON paboTe BBHIMONHEHO TPEXMEPHOE YHCICHHOE MOZETHPOBaHHE
TypOyJIEHTHOTO TE4YeHHs BO3AyXa 3a OOpaTHOM cTyneHbkoi mnpu umcie PeitHonmpaca Rep=36,000 c
UCTIONB30BaHreM Mozaenu KpynHbix Buxped (LES) m moapemérounoit mogenu WALE, peann3oBanHOW B
nporpammuoM komruiekce ANSYS Fluent. IloctpoeHHas rekcaroHaibHasl pacdéTHasi CeTKa C JIOKAJIBHBIM
CrylleHreM BOJHM3M CTEHOK ofecreumyia HEOOXOJMMOe pa3pelleHre MEIKOMAacIITaOHBIX BUXped U
KOPPEKTHOE BOCIPOM3BENICHUE MTPUCTEHOUHBIX ClIOEB (Y+=1). [IpoBenéHHbIC PacuEThl MO3BOJIMIN NOIYYUTh
MIPOCTPAHCTBEHHO-BPEMEHHBIE OISl CKOPOCTH, JABICHUS W KOMIIOHEHT PeiHONbICOBBIX HaNpsOKeHHWH, a
TaK)K€ BU3YaJIM3UPOBATh TPEXMEPHYIO CTPYKTYPY BHXPEBBIX 00Opa3oBaHMIA 3a CTyNEeHbKOH. PacnpeneneHus
ko3 duumentos aapnenuss Cp, U TpeHus Cr MOKa3ajdl XapaKTEPHbIE OCOOCHHOCTH OTPBIBHOIO TEUYCHUS:
HaJIM4YUE 30HBI OTPUIATEIbHBIX 3HAUEHUH 32 CTYNEHbKOM M MOCTENEHHOE BOCCTAHOBJIEHNUE NPUKPETIIEHHOTO
MMOTOKa Ha paccTosHuU X, /H=~6.2. TIpodumun MNpOmONbHOW M IONMEPEYHONH CKOPOCTH IIOATBEPIHIN
dbopMupoBaHWEe W TIOCICAYIOIIEE pPa3pyIICHUE PEIUPKYIAINOHHOW 30HBL AHanmm3 PelHOIhICOBBIX
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HanpsDKEHUI BBIABWJI MHTEHCHUBHBIM OOMEH HMITyJBCOM B OOJIACTH CIBHIOBOTO ClOSl. Busyanmmzanus
M30MOBEPXHOCTEH KpuTepusi () TO3BOJWIA BBISIBUTH CIOXKHYIO TPEXMEPHYIO CTPYKTYpY BHXpEH, HuX
o0pa3zoBaHKe, B3aMMOJCHCTBHE M pacmaj BAOJb MOToKa. [lomyueHHbIE pe3ylbTaThl MPOJEeMOHCTPHPOBAIH
BEICOKYIO 3¢ dextuBHOCTE LES-Momenn WALE anst onucanus HeCTalMOHAPHBIX TYPOYJIEHTHBIX MPOLECCOB
¥ BOCTIPOWM3BE/ICHUS PEabHON JUHAMHKH OTPBIBHOTO TEYEHHUS 32 0OpaTHOW CTymeHbKOH. TakuMm oOpazom,
MIPOBEAEHHOE MCCIIeOBAaHUE MTOATBEp A0, uTo LES-mogxon obecrneunBaer 6ojee neTanbHOE U (PU3HICCKH
000CHOBaHHOE TPENCTABIICHNE O MEXaHU3MaX (DOPMHUPOBAHUS BHUXPEBBIX CTPYKTYP U MPOILECCOB MepeHoca
HMMITYJIbCa B OOJIACTSIX CO CIOKHON THAPOANHAMUYECKOH CTPYKTYpOil MOTOKA.
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[UPPOBOE MOJAEJUPOBAHME ITPOLIECCA MHOT'OATOMHOM JJU®®Y3UHU B
KPEMHUU METOJAOM ®YHKIMNOHAJIA IIVIOTHOCTH

Hnuee Xanmypam Muoscumosuu,
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Annomayua. B cmamve paccmompeno yugposoe mooeiuposanue MHO20AMOMHOU Ouddysuu 6
KpeMHUU HA OCHOGe KB8AHMOBO-MEXAHUYECKO20 N00X00d, peanu308aHHO20 6 NPOSPAMMHOM KOMNJeKce
Quantum ESPRESSO. Paboma Hanpaenena Ha ucciedosauue @Qu3UUecKUX MeXaHusMo8 nepemeujeHus
amomos npumeceli 68 KPUCMALIUYECKOU peuémre KpemHus u onpedeieHue dHepemudeckux 0apbepos
muepayuu. Ha ocnose memooa ¢ynkyuonanra nromnocmu (DFT) nocmpoena moodens, yuumwléaiowas
g3aumoleticmeue Mmexcoy npumecamu u Oegpexmamu. IIposedeno conocmasnenue pesyrbmMamos
MOOEUPOBANUA C TUMEPAMYPHBIMU U IKCNEPUMEHMANbHLIMU OaHHbIMU. Pe3yrsmamul uccnedosanusa mocym
ObIMb UCNONBL30BAHBL OI51 ONMUMUAYUU MEXHOTIOSUYECKUX NPOYECCOB NeCUPOBANHUS KPEMHUSL.

Knrouesvle cnosa: kpemuuil, ougghysus, mmnozoamomuas moodeav, Quantum ESPRESSO, DFT,
aHepeemuyeckull bapvep, yugposoe moderuposanue, 1ecuposanue.

ZICHLIK FUNKSIONAL USULI BILAN KREMNIYDA KO‘P ATOMLI DIFFUZIYA
JARAYONINI RAQAMLI MODELLASH JARAYONI

Annotatsiya. Magolada Quantum ESPRESSO dasturiy ta’minot paketida joriy etilgan kvant mexanik
yondashuv asosida kremniyda ko ‘p atomli diffuziyani ragamli modellashtirish muhokama qilinadi. Ish
kremniy kristall panjarasida kirishma atomlari harakatining fizik mexanizmlarini o ‘rganishga va
migratsiyaga energiya to ‘siqlarini aniglashga qaratilgan. Kirishma va nugsonlar o ‘rtasidagi o zaro ta’sirni
hisobga oladigan model zichlik funksional nazariyasi (DFT) usuli asosida qurilgan. Simulyatsiya natijalari
adabiyotlar va eksperimental ma’lumotlar bilan taqqoslandi. Tadgiqot natijalari kremniyni qo ‘shish
jarayonlarini optimallashtirish uchun ishlatilishi mumkin.

Kalit so‘zlar: kremniy, diffuziya, ko ‘p atomli model, Kvant ESPRESSO, DFT, energetik to ‘siq, raqamli
modellashtirish, legirlash.

DIGITAL SIMULATION OF THE PROCESS OF POLYATOM DIFFUSION IN SILICON BY
THE DENSITY FUNCTIONAL METHOD

Abstract. This paper presents digital modeling of multi-atomic diffusion in silicon using Density
Functional Theory (DFT) within the Quantum ESPRESSO software package. The developed model accounts
for impurity-defect interactions in the silicon lattice. Migration barriers and diffusion coefficients for boron
and phosphorus were calculated. The results confirm the exponential dependence of diffusion on
temperature and demonstrate the accuracy of quantum-mechanical methods in describing diffusion
phenomena in semiconductors. These findings can be applied to improve silicon doping processes in
microelectronics.

Keywords: silicon, diffusion, polyatomic model, Quantum ESPRESSO, DFT, energy barrier, digital
simulation, doping.

Beenenue. B coBpeMeHHOM MHUpe MHUKpPO- U HAHOAJIEKTPOHUKA UTPAIOT KIHOYEBYIO POJb B Pa3BUTUHU
TEXHOJIOTHI UCKYCCTBEHHOT'O HHTEJUICKTA, CBSI3U, YHEProcOepEKeHIS M BEIYUCTUTENbHBIX cucTeM. KpeMuuit
SIBIIIETCS. OCHOBHBIM MAaTEpHaioM ISl TPOW3BOJACTBA IOJYIIPOBOJHUKOBBIX MPUOOPOB Onaromaps
COUYCTAHHIO CTAOWIBHBIX (DU3MKO-XMMHYECKUX CBOWCTB, BBICOKOM YHCTOTHI M TEXHOJOTHYECCKON
coBmectuMocTd. bonee 90% Bcex MHTErpalIbHBIX CXEM B MHUPE H3TOTABINBAIOTCSA HA OCHOBE KPEMHUISL.
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Iporeccer muddy3nn nmpuMeceid B KpEMHUU UMEIOT (pyHIIaMEHTAILHOE 3HAYCHUE, TaK KaK MMEHHO
OHU ONPEJEISIIOT pACIpeie/iCHHEe JIETUPYIOIUX JJIEMEHTOB U, CIIEJOBATEIbHO, MapaMeTpbl TOTOBBIX
MUKPOCTPYKTYp. OfHAKO MpU Tepexojie K HAHOMETPOBBIM MaclITabaM TpaauIMOHHbIE MOJETH TUPPy3un,
OCHOBaHHBIE Ha 3akoHax DHKa, CTAHOBATCS HENOCTATOUHBIMHU. B Takux cuctemax mposBistorcst 3(pdexTs
B3aMMOJICHCTBUS MEX/Yy aTOMaMH, Ne(EKTaMU U MEXKY3eIbHBIMU MOJOXKECHUSIMH, YTO TPeOYyeT PUMEHEHUS
0oJiee TOYHBIX, KBAHTOBO-MEXaHUIECKIX METOAOB aHaimm3a. Oco0yio aKkTyadbHOCTh TeMa mpruoOpeTaeT st
HAyYHBIX HEHTPOB Y30eKHCTaHa, TJe aKTHBHO pa3BUBAETCS HampaBlieHHE HU(PPOBOTO MOACIHPOBAHUS B
MaTepHaIOBEACHUH U (PU3KUKE MOTYIPOBOJIHUKOB.

Lenpto manHOW pabOTHI sBisgeTCA pa3paboTka MUGPOBOH MOAETH MHOTOATOMHOW IU(GYy3UH B
KPEMHHUH U ONpeseeHne e€ OCHOBHBIX (PH3MYECKHX MAapaMEeTPOB C UCIOIB30BAHUEM METO/Aa (PyHKIHMOHAIa
mwiotHoctd (DFT) B xommiekce Quantum ESPRESSO. B pamkax uccnenmosanusi pematorcs 3amauun: (1)
aHaIM3 M3BECTHBIX Mojene nuddys3un, (2) mocTpoeHne KBaHTOBO-MeXaHUIeCKOH MoaenH, (3) mpoBeaeHue
YHCJICHHBIX PacyéTOB MUTPALMOHHBIX OapbepoB U Kod(h¢uuueHToB auddys3un, (4) comocTaBicHHE C
SKCIEPUMEHTATLHBIMU JAHHBIMU U OIIpeeNICHHE NPaKTHYECKON 3HAYMMOCTH Pe3yIbTaTOB.

b. Teopermueckue ocHOBB Auddy3nn B kpeMHUH. Juddys3us B TBEPABIX TeTax OMUCHIBAET
TEIUIOBOE JIBU)KCHHE AaTOMOB TMOJ JCHCTBHEM KOHICHTPAIIMOHHBIX W OJHEPreTHYECKUX TI'PAJHCHTOB.
Knaccnueckuit monxon k onucanuio aud¢y3un 0OCHOBaH Ha 3aKoHax dwuka:

3-_p ,€_o(pac
ox ot ox\ oX
rae J — notok vactui, C — koHnenTpauus, D — kosppunuent auddyszum.

OmHako 3TH YpaBHEHUS CIPABEUIMBBI TOJNBKO U OJHOATOMHBIX CHCTEM. B peasbHBIX YCIIOBHSX
KPUCTAJUTBI KPEMHHSI COJICPIKAT BAaKaHCUHM, MEXKY3€JbHBIC aTOMBI, & TaKKe Npumecu Oopa, docdopa wiu
apceHa, KOTOpBIE B3aWMOJEHCTBYIOT MeXIy co0oil. Takoif mpoliecc HOCHT MHOTOATOMHBIA XapakTep M
TpeOyer yu€ra KOJJIEKTUBHBIX J(QEKTOoB. DHEprus MHUTpAllMd AaTOMOB OIpPENeNsSeTCsl ypaBHECHHEM

E
Appennyca: D =D, exp —ﬁ , tne En — oHeprus murpammu, T — temmeparypa, K — MOCTOSHHas

bonbiMana.
s pa3nuyHBIX TUIOB MPUMECEH 3HAYEHUS SHEPruil MUTpalMH OTauvaroTcs. Hampumep, corimacHo

nuteparypusiM gauseivM, E (B) ~3.4eV, E (P)~3.8eV, E (As)=4.1eV .

C. Mertonsr MonenupoBaHus B quantum espresso. Quantum ESPRESSO — sto cBoOomHO
pacnpocTpaHseMblid MPOrPaMMHBIA KOMIUIEKC AJsl KBAaHTOBO-MEXaHMYECKMX pPAacdETOB, OCHOBAHHBIM Ha
Merone QynknuoHana tiotHoctd (DFT). On peanmsyer pemeHue ypaBHenudd Kona-llboma mns
JIEKTPOHHON CTpYKTypsl KpuctamioB. Ilpumenenme DFT mno3Bonsier onpeaemnsTs 3HEpreTHUEcKUe
napameTpsl 0€3 HCHOJIb30BAHMS AMIIMPUUYECKUX NPUOMMKEHUH, YTO JeJIaeT JAaHHBIH MeTOJ 0COOEHHO
HEHHBIM MIPY U3YYEeHUH MTporieccoB TUQPy3un.

Pacuérsl mpoBoMnKCh T4 cyniep STYeWKH KpeMHus, cofepxkaieit 64 atoma. Mcnonp30Bauch IICEBI0
noreHnuansl PBE u cerounas anmmpokcumarus ¢ napamerpamu ecutwfc = 40 Ry, ecutrho = 320 Ry u k-
ToukaMH 6X6x6. OnTUMU3aLUs CTPYKTYPBI BBINOJHIAch ¢ To4HOCThIO 1.0%107% Ry. Metog NEB (Nudged
Elastic Band) npumMeHsuicst st onpelieNieH!si METPAIIHOHHBIX MyTeil aTOMOB W SHEPreTHYECKUX OaphepoB
MEXy CTa0MIBLHBIMH MOJI0KEHUSIMH.

d. Pesynprarel MonmenupoBanus W aHanm3. B xome mopmenupoBanus merogoM DFT Obum
paccunTaHbl 3HAYEHUS] DHEPreTHYECKHX OaphepoB MUTpalMy U KodQduuueHToB auddy3un Ui aTOMOB
0opa B KpHCTaJUle KPEeMHUS. DHEPrHsi MUTpaluu cocTaBmia 3.453B, 4TO COOTBETCTBYET JIMTEPATYPHBIM
naHHeIM. B Tabmuue 1 npuBenens! pacuérable koadduuments auddy3un npu pazanyHbIX TEMIIEpaTypax.

Temmepatypa (K) Oneprust Murpanuu (3B) Koaddumment quddyszun D (cm?/c)
800 3.45 1.2x10°°
1000 3.45 6.5x10°®
1200 3.45 3.1x107
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3asucumocTs In(D) oT 1/T ans atomor 6opa B KpeMHUU

_15 L

_16_

—-18¢F

In(D), cm?/c

_19._

—-20

0.0009 0.0010 0.0011 0.0012
T, 1/K

Pucynok 1. 3aBucumocts In(D) ot 1/T a1 aTomoB 6opa B kpeMHuM. JIMHelHHBINH XapakTep
3aBHCHMOCTH NOATBEPKAAET BHINOJHEHHE 3aKOHA APPeHUYCa 1 COOTBETCTBUE Pe3yJIbTATOB
autepaTtypubiM nanabiM (Fair, 1991)

CpaBHeHHME PacUETHBIX M SKCIIEPUMEHTAIBHBIX JAHHBIX MOKa3aj0, YTO pazinyue He mpeBbimaet 5%.
OTO MOATBEPXKIOAECT AOCTOBEPHOCTh KBAHTOBO-MEXAHMYECKOM MOJENM M NPaBHIBHOCTH BbIOOpa MeTona
¢yHkumonana 1ioTHocTd. JluneiHass 3aBucumocTh In(D)—1/T Takke MOATBEPXKIAET TEPMAaIBHO
aKTHUBUpYeMbl MexaHu3M auddysun. Takum o0pa3oMm, Mozelbs MOXET ObITh HCHONb30BaHA JUIs
MIPOTHO3UPOBAHUSI ITPOLIECCOB JIETMPOBAHUS KPEMHHUSI B MUKPOJIEKTPOHHUKE.

OO6cyxeHue pe3yabTaToB M IpaKTH4ecKas 3HAYMMOCTh. CpaBHEHHE TOJIYYEHHBIX JaHHBIX C
IKCIIEPUMEHTaMH MOKAa3aJl0 pacxXoxjaeHue He Oosee 5%, 4TO TMOATBEP)KAAET JOCTOBEPHOCTH MOJEINH.
[IpuMeHeHne KBaHTOBO-MEXAHMYECKUX PACUYETOB MO3BOJISET TOYHO YUYUTHIBATH BIMSHUE JE(EKTOB,
TEMIIEPATyPbl U 3JIEKTPOHHON CTPYKTYpbl HA MUTPALlMOHHBIE CBOMCTBA IIpuMeceil. IIpakTudeckas 1ieHHOCTb
WCCIIC/IOBAHUSl  3aKIIIOYaeTCss B BO3MOXKHOCTH  IPOTHO3MPOBAHUSI  TIOBEJICHUS  TpUMecedl  TpH
TEXHOJIOTHUECKHUX MpOoIeccax, TAKUX Kak Tu(y3nOHHOE JIETUPOBAHNE U TEPMUUYECKHI OTKUT KPEMHHEBBIX
TUTACTHH.

BriBOaBI.

1. Pa3paboTrana KBaHTOBO-MEXaHUYECKasi MOJENb MHOIOATOMHON MU dy3un B KpeMHHH Ha OCHOBE
MeToAa GYHKUMOHAIA TNIOTHOCTH.

2. C wucnomnp3oBanreM Quantum ESPRESSO mpoBemensl pacu€rel 3HEpreTHUecKnx Oapbepos
MUTPAIUH IS aTOMOB 00pa u pocdopa.

3. VYcraHoBieHo, 4to Kod(pduumentsl aupy3un MOMUMHAIOTCS HKCIOHEHUUATBLHOMY 3aKOHY
Appennyca.

4. Toka3zana BbIcOKast TOUHOCTH MeToga DFT st MoienupoBaHus MPOIECCOB B MOMYTPOBOTHHKOBBIX
MaTepHaax.

5. Pesymbratel MOryT OBITH HpPHUMEHEHBI JJISl ONTHMM3ALMH TEXHOJOIMYECKHX IPOIECCOB B
MUKPOBJIEKTPOHUKE.
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YK 621.315.592

OCOBEHHOCTHU HEYCTOMYMBOCTEN TOKA B KOMIIEHCUPOBAHHOM
KPEMHUU

Hloaboypaxumoea Manzypa Mup3oxuo Ku3u,
Tawxenmckuii 20cy0apcmeenHblil MeXHUYecKUull
yuugepcumem umenu Mcrama Kapumosa,

PhD no gusuxo-mamemamuueckum nayxam
shoabduraximova.m@gmail.com

Annomayusa. Hccnedosana neycmouuugocms moka 8 KOMHEHCUPOBAHHOM KpeMHUuu Ough@y3uonHo-
JIeUPOBAHHBIMU  NPUMECHBIMU  AMOMamu cellend. M3 pesynomamoé ucciedo8anuti yCMaHoeleHo, 4mo
00HapydicenHble KOeOanus moka 6 onpeoeséHHbIX MePMOOUHAMULECKUX YCIOBUAX NePexo0sim Om 0ObIYHbIX
pecyIsApHbIX Koaebanuli moka Kk cmoxacmuyeckum. I1okasano, umo nonyueHHvle pe3yibmamsl UCCie008aHUl
Mmoz2ym Oblmb UCNONBL306AHbL NPU PACHEMAX U NOCMPOCHUU MAMEMAMUYECKUX Mooenel cmoxacmuieckux
Konebanull, Komopbvie Mo2ym Oblmb NPUMEHEHbL 8 PA3IUYHBIX OMPACIAX HAYKU U MEXHUKU.

Kniouesvie cnoea: ronebanus moka, cmoxacmuyeckue KoneOamus, KpemHull, Ou@yprayus,
oughghy3uonnas oruna, OUHAMUYECKUL XAOC.

KOMPENSATSIYALANGAN KREMNIYDAGI TOK BEQARORLIGINING
XUSUSIYATLARI

Annotatsiya. Selen kirishma atomlari bilan diffuzion legirlangan kremniydagi tok tebranishlari
o ‘rganildi. Tajriba natijalari asosida tok beqarorligi, ma lum termodinamik sharoitlarda odatiy muntazam
tok tebranishlaridan stoxastik ko ‘rinishga o tishi kuzatildi. Olingan tadgiqot natijalarini stoxastik
tebranishlarning matematik modellarini hisoblash natijalarini fan va texnikaning turli sohalarda ishlatilish
mumkin/igi ko ‘rsatildi..

Kalit so‘zlar: tok tebranishlari, stoxastik tebranishlar, kremniy, bifurkatsiya, diffuziya uzunlik,
dinamik xaos.

FFEATURES OF CURRENT INSTABILITIES IN COMPENSATED SILICON

Abstract. The current instabilities in compensated silicon doped by diffusion with selenium impurity
atoms have been investigated. Based on the results of the study, it has been established that the observed
current oscillations, under certain thermodynamic conditions, undergo a transition from regular (periodic)
current oscillations to stochastic behavior. It is shown that the obtained results can be used in the analysis
and development of mathematical models of stochastic oscillations, which may be applied in various fields of
science and engineering.

Key words: current oscillations, stochastic oscillations, silicon, bifurcation, diffusion length, dynamic
chaos.

Beenenme. JlutepaTypHblil aHaIM3 MMOKa3ajl, 4TO BO MHOTMX MOJYNPOBOAHMKOBBIX MaTepuanax MU
CTPYKTypax HabOII0ar0TCsl HEYCTOMYMBOCTH TOKa, HMEIOIINE Pa3NuyHble MEXaHM3MBL. VccienoBanus 3TUX
KoJIeOaHWl TOKa B OCHOBHOM IPOBOJAWINCH B PEryJSIPHBIX peXnMax (KBa3UTapMOHHUYECKHE, MUKOBBIC,
OJUHOYHOTO MMIIyJBCHOTO BHJA), T.€. aBTOPHl HE OOpaTWwiM BHUMaHHE Ha CJIOXKHBIE DPEKHUMBI
HEYCTOWYMBOCTEH TOKA, TAKME KaK CTOXaCTHYECKUE WK XaoTndeckue [1-7].

VY4EHBIX U CHEIHATNCTOB HMHTEPECYIOT UCCIIEJOBaHUs OoJiee CIIOKHOW TUHAMHUKHU KOJIEOAHWH TOKa,
MEPEKITIOYAIOIINXCA MEXAY PETyIApHBIM PEKMMOM M XAOTHYECKUM. YCTAaHOBIEHO, YTO TEPEXOA OT
PETYIAPHOTO PEXUMa K CTOXACTHYECKOMY IPOUCXOAMII 4Yepe3 IOCIeAO0BaTENIbHOCTh MOSBIEHHUS BTOPOIA,
TpeThell W T.O. TapMoHHK (Omdypkaruii) [8-9]. DTm wmccmenoBaHusS AAlOT BO3MOXKHOCTH OIPEACIUTH
MEPEXOJIHBIE MPOLECCHl HEYCTOMYMBOCTEM TOKa OT PETYISPHOTO K XAaOTHUYECKHUM, KOTOpBIE SABIAIOTCS
OCHOBHBIMH Tpo0JIeMaMHt B 00J1aCTH iepeaadn HHHOPMALUH 110 BOJIOKOHHO-ONTHYECKHM JIMHUSIM.

Taxue uccre0BaHNsI HHTEPECHBI TEM, YTO HeNMHEHbIe 3P QEeKThI HAOIIOIAI0TCS BO MHOTHX 00JIaCTIX
HayKd M TexXxHUKM. K HUM MOJXKHO OTHECTH TaKH€ HAaIpaBIEHHs, KaK TUAPOAMHAMHMKA >KUAKOCTH,
panuoTexXHUKa, KBaHTOBas paguodusnka, (U3MKa IUIa3Mbl, XUMHs, Ouonorus, meauuumHa ¥ T.A. [10].
CrenuanucToB MepedrcIeHHbIX 00IacTeil MHTEPEeCyI0T BOMPOCH pealn3aii KojaeOaTeIbHBIX MTPOIECCOB B
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CIIELIMAJIHO CO3/IaBaeMbIX CpellaX Ha OCHOBE IIOJYIIPOBOJHUKOB, TUIEKTPUKOB U KUAKUX KPUCTAIIIOB. DTO
MO3BOJIIET H3ydYaTh CTOXAaCTHMYECKHE HEYCTOWYMBOCTH U IIOCTPOUTH HEIMHEHHYH0 CHUCTEMY C LEJbIO
OIMCAaHUs MaTEeMaTHYeCKON MOJIeNT! Ha OCHOBE T PepeHINANbHBIX YPaBHEHUH.

OyHnamMeHTanbHbIe MPOOJIEMbl BO3HHKAIOT TMPH PACCMOTPEHHMH KOIEOAaTENbHBIX MPOLECCOB Kak
IIPOLIECCOB CaMOOPTraHM3ALMKM B CHJIBHO HEPABHOBECHBIX cHcTeMax. lccnemoBaHusi xoneOaHM TOKa B
KOMIICHCUPOBAHHOM KPEMHHMHU IIOKa3ajJd, 4YTO OHM BO30YXKAAIOTCS, €CIM IMEepeBecCTH HUX U3
TEPMOJMHAMHUYECKOTO PABHOBECHOI'O COCTOSHHUS B HEpaBHOBeCcHOoe. B TakoM cocTosHuM Maneiiiee
W3MEHEHUE BHELIHUX BO3ACUCTBUN (HAPSHKEHHOCTH MPHIOKEHHOTO IEKTPUYECKOTO I0JIs, TEMIIEPATYPHI,
OCBEIIEHHOCTH, MAarHUTHOTO IOJIS, NABJIEHUS M APYIMX) NPUBOAMT K BO30OYXKAECHUIO KONEOaHUHM TOKa B
KOMIIEHCUPOBAHHOM KPEMHUH M Tepexoja OT OOBIYHOTO PUTMHYHOTO PEXHMa K CTOXACTUUECKOMY HIIH
HaoOopoT. MccnenoBanusi cToXacTHYeCKUX KoJieOaHus TOKa B KOMICHCUPOBAHHOM KPEMHUH, JISTHPOBAHHOM
IIPUMECHBIMHM aTOMaMH, AAIOT JOIOJHUTEIbHYI0 HHQOPMALMIO O POJH INIyOOKHX YPOBHEH, 00pa30BaHHBIX
MIpH JIETUPOBAHNE MPUMECHBIMH aTOMaMH.

JKcnepuMeHTANBHAs YacTh. (s uccineqoBaHMsT HEYCTOWYMBOCTEH TOKAa HaMH ObUIO BBIOpaHBI
KOMIICHCUPOBAaHHBIE 00pa3lbl KPEeMHHMA, JETHPOBAHHOI'O IPUMECHBIMM aToMaMmH cejeHa. M3 aHamuza
JUTEPATyPHBIX JaHHBIX YCTAHOBICHO, YTO B KOMIIEHCUPOBAHHOM WJIM CHJIbHOKOMIIEHCUPOBAHHOM KPEMHHH,
JICTUPOBAHHOM IMNPUMCECCHBIMM aTOMaMH MapraHiia, HUHKA, CEpbl MWW CCJICHA OnLIH 06Hapy)KeHI)I n
HCCIICIOBAaHbl HU3KOYACTOTHBIE AaBTOKOJEOAHMS TOKA, KOTOPHIE IO YCJIOBHSAM BO30YKICHHS M HPUPOIBI
COOTBETCTBOBAIH K TEMIIEPATYPHO-IJICKTPUIECKUM HeycTonumBocTsM Toka (TOH), HaGmomaembix B
OJICMCHTAPHBIX ITOJJYIIPOBOJAHHUKAX erMHI/Iﬁ u FepMaHHﬁ, a TakKiXC€ B IHOJYIIPOBOJHHUKOBBIX COCAWHCHHUAX

A"BVy A'BV [11-14].

2,110" A
a)
3,410° A
"30¢c’ 2,510" A
78107 A
Ta0c' 3
1,9-10" A

B)

é

2,410 A

M 6,3'106 A

Pucynoxk 1. Tpurenuniii (a, 0) u croxacTuueckuii (B, I') peKUMbl ABTOKOJIe0aHUWiI TOKa B
komiencupoBannom kpemuuu. llpu T =80 K, A = 1,48 mxm (hv = 0,85 »B)

r

5

60c

INonck croxacTUUecKUX KOJIeOaHUI OCYHIECTBIISIICS MPHU OCBEHNICHWH O0paslia CBETOM M3 00JacTh
MPUMECHOM (OTONPOBOIUMOCTH, C SHEPTHEH (OTOHOB MEHBIIIE, YeM IUPUHA 3aTPEIIEHHON 30HBI KPEMHUS
(hv<Ey) obecmeuuBarorieii paBHOMepHOE NoromeHne (HOTOHOB MO Twiomanu obpasma. MccnemoBaHue
MapaMeTpoB KoJeOaHWid B 3aBUCUMOCTH OT BEIMYMHBI HANPSHKEHHOCTH JJIEKTPUYECKOTO TIONIS H
OCBEIIEHHOCTH TI0Ka3aJi0, YTO B OMPENENIEHHOW 00JacTH 3HAYEHUS «IIPOCTHIE» OJHOTAKTHBIE KOJeOaHUs
CTaHOBSTCS XaOTHYECKHMH, T.€. HAOJIOJaeTcs Iepexo] K CTOXacTHYECKUM KojebaHusM. B 3tmx
WCCIIEIOBAHNUAX YCTaHOBJEHO, YTO H3MEHEHHUE IPWIOKEHHON HAIpPsHKEHHOCTH DBIEKTPHUYECKOTO OIS
MIPUBOJNT K BO3HUKHOBEHHIO YIBOCHHS Tieproaa kKonebanuit [15,16]. Ha pucynke 1 (a-r) mpuBeneHa ogHa
M3 TIOCIICIOBATEIIBHOCTEH TUHAMUYECKUX PEKUMOB, M3BJICUEHHAS Npu m3MeHeHnn E mpu pukcupoBaHHOMN
mHe BoaHbl UK usnyuyenns A = 1,48 mxMm (hv = 0,85 3B) u npu temneparype T = 80 K. U3 pe3ynbratos
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HCCIICI0OBAHUN YCTAHOBJEHO, YTO BO3HHKHOBEHHE CTOXAOTHYECKMX KoJicOaHui myTéM Oudypkarmii
VABOCHUsSI TIeprojia HaOmojgaeTcss npu W3MeHeHWHM E Kak ManblX, a Takke OOJbIIUX 3HAYCHHU.
DKCIepUMEHTAILHO HAOMIOAaNHUCh ABe OMQYpKaluu YABOSHHS MEPHOJa: BOSHUKHOBEHHUHU JABYXTaKTHOTO M
YeTHIPEXTAKTHOTO UUKIOB. BHyTpH 00:1acTH BO30YKIEHHOTO CTOXa0THYECKOTO Xaoca HabmoaaeTcs 001acThb
PETYIAPHBIX TPEXTAKTHBIX KoJIeOaHNi TOKa (PUCYHOK 1, T).

Pe3yabTaThl 1 00cy:kaeHMe. brudypKarmoHHble TUHUH, Pa3Ielsonie IpeacTOXacCTHIeCKHe OIHO-,
IBYX-, UETHIPEXTAKTHBIE, (BHYTpM O0OIacTH Xaoca) pPEKUMBI KOJeOaHWH, WMEIOT BHJ BIIOXKCHHBIX
COOTBETCTBEHHO APYT B Apyra. bompmias 9acte 00JIACTH HEYCTOWYHMBOCTH COOTBETCTBYET OJHOTAKTHBIM
perymapasiM  koieOanusiM [16]. OOmacTh CIOXHOW JWHAMUKK (XaOTHYECKHMX KoJjeOaHWi) Ooblie
HabOmromaeTcs BOJM3M HIDKHEW TpaHUIBI 00JacTH CyIIECTBOBaHUS KoyeOaHUM TOKa IO BEIHYHHE,
MPUIOKEHHOW HANMpsHKEHHOCTH TOKAa W HMHTEHCHBHOCTH oOcBelleHus. M3 pe3ynbTaToB HCCIEAOBaHUN
YCTaHOBJIEHO, YTO TIPH OCBEIIEHMH KpPUCTAIIAa MOHOXPOMATHYECKHM CBETOM C JHEpruen, Onm3Koil K
SHEPTuu Kpas QyHIaMEHTaJIbHOTO MOTJIONIEHHS U OJIM3KON K BEpXHEW rpaHUIle HHTEHCUBHOCTH U3ITyYeHHUS
B Llenu HaOmogaercss OUCTaOMIBHOCTH (POTOTOKA, KOTOPOE C HM3MEHEHHEM WHTEHCHBHOCTH H3ITyYEHHSI
MEPEXOIUT K PEryJISIPHBIM KoieOaHusM Toka. [Ipu maHHBIX yCIOBHAX BO3OYXACHHS MOXET HaOIroAaThCs
OJIMH U3 JBYX KOJIEOATETBHBIX COCTOSHWH, pazUYarommxcs (HOpMOH, aMIDIUTYIOH M YacTOTOW, MPUIEM
BO3MOXKEH IEepexoj] HEPaBHOBECHOTO COCTOSHUS KpUCTaJja U3 OAHOTO B JIPYroe B pe3yibTare ACHCTBUS
JIOTIOJTHUTENBHOTO MMITyNbca cBeTa. OMHO M3 COCTOSHHIA MOXKET OBITh YCTOHYMBEIM, TOTJA peanu3yercs
MePEeX0/] MEK/Ty KOJIeOaTeIbHBIM U YCTOWYHUBBIM COCTOSTHUAMHE (PUCYHOK 2).

l, MA

i

24 ¢C

Pl/lcyHOK 2. Z[narpaMMa NMOBEACHUA (l)OTOTOKa l'lpH B03IleﬁCTBHH JOIMOJIHUTEJIBHOI'O
OCBCIIICHUA B KOMHeHCHpOBaHHOM erMHHH, JIeFHpOBaHHOM aToMaMMU CeJicHa.
E =300 B/em; A = 1,2 MKm.

CrpenkaMyu yKa3aHbl MOMEHTBI BPEMEHU BO3JCHCTBUS  JIOMOJIHUTEIBHOTO HHUIMUPYIOIIETO
MMITYJIbCa, TIEPEBOJAIIETO COOTBETCTBEHHO KOMIIEHCUPOBAHHBIH KpPEMHHUI M3 COCTOSHHS KOJIeOaHWN
0OJIBIION aMIUIMTYbI B COCTOSHHUE KBa3HTApMOHHYECKHWX KOJIeOaHWI Manol aMIUMTYIel W OOobIiei
4acTOTHl M 00paTHO. DTH MCCACIOBAHUS MMOKA3bIBAIOT, YTO B KOMIICHCMPOBAHHOM KPEMHHUH, JIETHPOBAHHOM
aToMaMH ceJieHa, HaOJroJaeMple KoJieOaHUs TOKAa TPH BKIFOYEHUH JIOTIONHUTEIHHON OCBEIIEHHOCTH
uHTerpasibHbiM cBeToM J = 0,1 sroxc dopma koneOaHuil mepexoauT K KBa3UTapMOHUYECKHM, U, HA000POT,
NMpU BKJIIOYEHHH CBETa B IIEMIM BO30YKIAIOTCA KoJeOaHHWsS THYKOBOTO Xapakrepa, T.. B o0Opasiax
KOMIICHCUPOBAHHOTO KpeMHHsI Kak OyAaTo HaOmojaercss mamsaTh Ha QopMy KojeOaHHWN TOKa.
WuunuupoBanne mepexopa W3 OJHOTO COCTOSHUS B JIPYro€ OCYIIECTBISUIOCH OCIAOICHHBIM HUMITYJIHCOM
JIAMIBI-BCTIBIIIKY (JJaMIla TUTadach W3 MOCTOSHHOTO MCTOYHHMKA ToKa). TpeOoBaHUS K MOIIHOCTH
JIOTIOJIHUTEIIBHOTO MHMIIMHUPYIOIIET0 UMIIYJIbCa ¥ MOMEHTY BPEMEHU X ICHCTBUSA Ha KOMIICHCUPOBAHHOM
KPEMHHUH OBbLIM OJIMHAKOBBIMH C YCJIOBHUEM OMMCAHHOTO B padorte [16].

TeopeTnueckuii aHanM3 MaTEeMaTHYECKOW MOJIENH, ITOKa3bIBAaeT, YTO SIBIICHHUE KOJeOaHUS TOKa
HaOmromaeTcss TNpu yBenuueHuwn JKoylieBa pa3orpeBa KpUCTalia € POCTOM €ro TeMIIepaTypbl, 4YTO
MOATBEPIKIACTCS MOCTOSHHBIM MPUIOKECHHBIM 3JICKTPUYECKUM I0JIeM. Y CIIOBHUS, B KOTOPBIX HAOIHOIaI0TCS
KojeOaHus TOKa B KOMIICHCHPOBAHHOM KPEMHHH, COOTBETCTBYIOT TPEeOOBaHHIO BO3HUKHOBECHHS
CTOXaCTHYECKUX KoJicOaHuH, onucaHHbIX B padote [16]. [Ipu 3ToM ycTaHOBjIEHO, YTO (DOTOTOK, KOTOPBIH
SIBIIIETCSl IPUYMHON HarpeBa, pacTET C POCTOM TeMIleparypbl. BcieacTBue 3TOro B KOMIIEHCHPOBAaHHOM
KpEMHUH, JIETHPOBAaHHOM IPHMECHBIMH aTOMaMH{ CEJIeHa, — BO30YXAal0TCSd HEYCTOMYMBOCTH TOKa, T.€.
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OucrabwibHOCTh. M3 IUTEpaTypHOrO aHaiM3a YCTAHOBIEHO, 4YTO Y/IOBJICTBOPHUTENBHAS MOJCIb,
OTIMICHIBAOIIAS] CTOXACTHIECKUE KOJIeOaH s ToKa MyTéM OMdypKaruii yIBOSHUS Iepruoaa KoJieOaHui TOKa B
MOJTYIPOBOJTHUKOBBIX MaTeprajiaXx B HACTOsIIee BpeMsi OTCYTCTByeT. OJHAKO COBIAJCHUE Mepexoja K
TUHAMHYECKOMY Xa0Cy M KadyeCTBCHHAas OJM30CTh BHJA OM(PYPKAIMOHHBIX JHarpaMM M BPEMEHHBIX
peanmu3armii lp(t) u T(t) pa3nuYHBIX CIOKHBIX THHAMHYECKUX PEKUMOB B KOMIICHCHPOBAHHOM KPEMHUHU
VKa3blBalOT HA TO, YTO MATEMAaTHUYECKHE MOJICNH, OIMUCHIBAIOIINE CTOXACTHUYECKYIO JUHAMUKY STHX
KPUCTAJUIOB, JTOJDKHBI, B MEPBYIO OUYEPE.lb, YUUTHIBATH OOINKE YEPThI, XapaKTEPHBIC JUISI HU3KOYACTOTHBIX
KoJieOaHUi TOKa KaK B MOJYNPOBOAHUKOBBIX coeauuenuit (CdS,GaAs u ap.), Tak U B KOMIIEHCHPOBAHHOM
kpeman# [19,20].

3akaoueHne. AHAIHU3 TOJTYYCHHBIX PE3YJIbTATOB HMCCICAOBAaHUI MOKa3aJ, YTO B 3aBUCUMOCTH OT
BEJIMYMH BHEIHWUX BO3JCHCTBHI mapaMeTpbl U (opMa KoyieOaHWil TOKa B KOMIICHCUPOBAHHOM KPEMHHH,
JIETUPOBAHHOTO MPHUMECHBIMH aTOMaMU CelieHa CHJIBHO MEHsOTCs. [loydeHHbIe pe3ynbTaThl MOTYT OBITh
WCIIONIb30BaHbl P pacuyérax ¥ IOCTPOCHHM MAaTEMAaTHYSCKUX MOJENCH CTOXAaCTUYEeCKHX KOJICOaHHIA,
HaOJII0JITAEMBIX B MOJIYTIPOBOJHUKOBBIX MaTepHaiaX U COSTMHCHUSAX.

JUTEPATYPA:

1. Hocynuee X.X., Jletioepman A.1O., Mamaoanumos A.T. Hugpanusxouacmomusie Korebanus
domonposooumocmu 6 KpemHuu, aecuposannom xpomom// lucema XTD, 2003 2., T. 29, B. 15, C.
49-54.

2. Kanmveenac M.IL, Ilyuunckas A.A. TemnepamypHo-snekmpudeckas Heycmouuugocms moxa N-Sil/
Qu3suka u mexuuxa nonynpogoornuxos, 1979 2., T. 13, B. 9, C. 1752.

3. Meaxux A.B., Pwibaxos @.H., [loesnep A.A. Pacnpedenennas mooeib OpeaHu3ayuu
asmokonebanull 8 NOAYNPOBOOHUKE BBI3GAHHBIX 0dHCOYIe8biM camopazoepegom// Iucvma 6 KT,
2005 2., T. 31, B. 16, C. 67-72.

4. Menxux A.B., Ilossuep A.A. Vcnosua cywecmeosanus agmoxonebaHuii 8 nOIynpo8oOOHUKe
npu Haauyuu camopaszoepesa // Hucvma XTD, 2003 2., T. 29, B. 6, C. 14-17.

5. Bakhadyrkhanov M.K., Kurbanova U.Kh., Zikrillaev N.F. Correlation between the material
parameters and conditions for the excitation of recombination waves in Si(S)// Semiconductors,
1999, 33(1), PP. 20-21.

6. Hopocuney B.A., Ioxnonckuti H.A., Camyiinoe B.A. u 0p. Huppanuzkowacmommbvie
asmoKonebaHus moxka 8 NOAUKPUCATLIUYEeCKOM KpemHuu// Quauxka u mexHuxa noiynposooOHUKOS,
1988 2., T.22,B. 4, C. 761-763.

7. Cabnuxose B.A. Ycnoeus 6030ysxcoeHusi pexoMOUHAYUOHHBIX GOJIH 6 O02PAHUYEHHBIX
noaynposoonuxax // @TII, 1982 2., T. 16, B. 10, C. 1759.

8. T'oaux JI.JI., Makcees B.E., banxapeti FO.U. u op. Xaomuueckas u clodxicHas pecyiipHas
OuUHAMUKA MeMRePamypHo-31eKmpudeckol Heycmouuugocmu cyarbguoa xaomus// Qusuka u mexHuxa
noaynposoonuxos, 1986 2., T. 20, B. 11, C. 2048.

9. Foll H., Carstensen J., and Foca E. Self-induced oscillations in Si and other
semiconductors// Int. J. Mat. Res., 2006, (7).

10. Buxpunnaes H.®., llloa6oypaxumosa M.M., Hopkynoe H., Cammopos A.A., A60ypaxmonos
C. HusxkouacmomHuvie agmoxonebanusi moKa 6 KpemMHuu, ie2upo8annom amomamu cenena // Kypunan
Hoxnaovt Akademuu nayx Pecnyonuxu Y3bexucman (JAH). 2023. Ne 5. c. 38-44.

11. N.F.Zikrillaev, K.S.Ayupov, M.M.Shoabdurakhimova, F.E.Urakova, Y.A. Abduganiev, A.A.
Sattorov, L.S. Karieva. Effect of compensation degree and concentration of impurity electroactive
selenium atoms on current auto-oscillation parameters in silicon // East European Journal of
Physics. 2023. No. 4. pp. 251-257.

12. N.F. Zikrillaev, K.S. Ayupov, M.M. Shoabdurakhimova, F.E. Urakova, O.S. Nematov Self-
oscillatory processes in silicon, problems and prospects for research, and their application in
electronics // Surface Engineering and Applied Electrochemistry. 2024. Vol. 60. No. 1. pp. 75-88.

13. H. @ 3uxpunnaes, K.C.Aonos, Y. X Kypbonosa, X @ . 3uxpurnaes, M.M.llloaboypaxumosa,
C.A. Aboypaxmonos. Onekmpoghusuueckue c80UCMEA KPEMHUA C HAHOKIACMEPAMU NPUMECHBIX
amomog mapeanya // Kypnana Joxknadwer Axademuu nayx Pecnyboauxu Y3b6exucman (JJAH). 2023. Ne6.
C. 37-44 [01.00.00. Ne7].

14. N.F.Zikrillaev, K.S.Ayupov, M.M. Shoabdurakhimova, K.A.Ismaylov, N.Norkulov,
N.U.Abdullaeva, M.S.Mirkomilova, D.M.Shukurova. The mechanism of current auto-oscillations in

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 65



PHYSICS

compensated silicon doped with impurity atoms // Science and Education in Karakalpakstan. 2024.
MNe 1/2 (39). pp. 13-19.

15. N.F.Zikrillaev, U.Kh.Kurbanova, M.M.Shoabdurkhimova, N.Narkulov, F.Sh.Shakarov.
Effect of the magnetic field, electric field, and light intensity on the parameters of recombination
waves in silicon // Surface Engineering and Applied Electrochemistry. 2024. Vol. 60. No. 5. pp. 691-
697.

16. JL.JI.Tonux, M.M.I'ymman, B.E.Ilakceeé¢ u Op. [QurHamuueckuili Xaoc u 2ucmepesuc
asmokoaebanue ¢ SI<SMN>, obycrosnennvie memnepamypHo-31eKmpuieckoll HeyCcmoudugoCcmoio.
Duzuxa u mexuuka noaynposoonuxos, 1987 2., T. 21.

17. M.K.Bakhdyrkhanov, N.F.Zikrillaev, A.R.Toshev. A photodetector based on strongly
compensated silicon doped with manganese // Applied Solar Energy (English translation of
Cellotekhnika), 2001, 37(2), PP. 6-8.

18. M.K.Bakhadyrkhanov, S.B.Isamov, N.F.Zikrillaev. IR photodetectors in the range of
A=1.5-8 um, based on silicon with multicharged nanoclusters of manganese atoms// Russian
Microelectronics, 2012, 41(6), PP. 354-356.

19. [O.B.I'yases, FO.U.bankapeii, FO.A.Pxcanoe u 0p. O 603MOMCHOCHMU MOOEIUPOBAHUSL
HEKOMOPbIX OUOL02UHLECKUX NPOYECCO8 8 AKMUBHOU NOAYNPo8ooHUKxosou cpede// JAH CCCP, 1981
2., T.250, Ne 1, C. 82.

20. M.K.Bakhodirkhonov, N.F.Zikrillaev, B.E.Egamberdiev. Self-sustained oscillation in
compensated silicon// Radiotekhnika i Elektronika, 1988, 43(3), PP. 274-282.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 66


https://www.scopus.com/authid/detail.uri?authorId=6507174629
https://www.scopus.com/authid/detail.uri?authorId=6507174629
https://www.scopus.com/authid/detail.uri?authorId=6506386857
https://www.scopus.com/record/display.uri?eid=2-s2.0-0032022433&origin=resultslist&sort=plf-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-0032022433&origin=resultslist&sort=plf-f

PHYSICS
V]IK 52

OINIPEAEJTEHUE MUKPOCKOIIMYECKUX NTAPAMETPOB IIOBEPXHOCTH
JIABEPHBIM CKAHUPOBAHUEM

Ipeamesa Mykaooacxon Aboymarxcumosna,

ooyenm Hamaneancxozo eocydapcmeennozo yHugepcumema
Kyukapoea Mykaodoacxon Oiibekosna,

u.0. doyeHma AHOUINCAHCKO20 20CYOAPCMBEHHO20 YHUBEPCUMEMA

Annomauua. B cmamve paccmampugaemcsi cnocod onpeoeneHusi MUKpoOCKONUYeCKUx napamempos
NOBEPXHOCMU 30 CUEM YMEHbUleHUs NIowaou omoopaxcaemol 00aacmu ¢ NOMOUbI KOHQOKATbHO2O
(nazepnoco) cxanupyroue2o MUKpocKona. Ymemuvuienue dce nocieoneti modicem Oblmb CKOMHEHCUPOBAHO
npoYeccom CKaHUpOBanus, ¢ NOMOWBIO KOTMOPO2O 0moodpascaemas o01acms 00beKma 60CCMAHABTUBACCSL
0o mpebyembix pasmepos. Bo mmnocom ycnexu pazeumus usuxu nosepxHocmu noayNpoBOOHUKOS 8
nocieouue Oecamuiemus 00583aHbl  CO30AHUIO  C8EPXBLICOKOBAKYYMHOU — MEXHUKU, Komopas oOaid
603MOJICHOCTD UCCTIE008AMb NPOYECCHL HA NOBEPXHOCMU MEEPOBIX MEN 8 (YUCBIXY YCI0GUSIX.

Kntouesvle cnoea: meépovie menda, OnMuuecKuli MUKPOCKON, (OKYCUPOBAHHDBIL NYHOK Hacmuy,
onmuyecKkue B0N0KHA, KyOuueckue KpUCmAlbl, CUHXPOHHbIE OemeKmOopbl, NA3ePHblil V4, ONmu4ecKull
MUKPOCKON, 91eKMPONPOBOOHOCHIb.

DETERMINATION OF MICROSCOPIC SURFACE PARAMETERS BY LASER SCANNING

Abstract. The article discusses a method for determining the microscopic parameters of a surface by
reducing the area of the displayed region using a confocal (laser) scanning microscope. This reduction can
be compensated by the scanning process, through which the displayed area of the object is restored to the
required size. The significant advances in semiconductor surface physics in recent decades are largely due
to the development of ultra-high vacuum technology, which has made it possible to study processes on solid
surfaces under “clean” conditions.

Keywords: solids, optical microscope, focused particle beam, optical fibers, cubic crystals,
synchronous detector, laser beam, optical microscopes, electrical conductivity.

MIKROSKOPIK YUZA PARAMETRLARINI LAZER SKANERI ORQALI ANIQLASH

Annotatsiya. Magolada konfokal (lazer) skanerlash mikroskopidan foydalangan holda tasvirlangan
hududning maydonini kamaytirish orgali mikroskopik sirt parametrlarini aniglash usuli muhokama gilinadi.
Ikkinchisining gisgarishi skanerlash jarayoni bilan goplanishi mumkin, uning yordamida obyektning
Ko ‘rsatilgan maydoni kerakli hajmga qaytariladi. Ko'p jihatdan so ‘nggi o ‘n yilliklarda yarimo ‘tkazgichlar
sirt fizikasining rivojlanishidagi yutuglar ultra yugori vakuum texnologiyasining rivojlanishi bilan bog ‘lig
bo ‘lib, bu "toza" sharoitlarda qattiq jismlar yuzasida jarayonlarni o ‘rganish imkonini berdi.

Kalit so‘zlar: qattiq jismlar, optik mikroskop, fokuslangan zarrachalar nurlari, optik tolalar, kub
kristallar, sinxron detektor, lazer nurlari, optik mikroskop, elektr o ‘tkazuvchanlik.

BBenenmne. MiHTepec K HCceI0BaHII0 PU3NUECKUX MTPOLIECCOB, TIPOMCXO/SIIUX Ha TIOBEPXHOCTH TBEPIIBHIX
TeJl, BO3HUK B CBSI3U C YCTAHOBJICHHUEM 3HAUUTENBHOIO BIMAHMS IIPOLIECCOB, IPOUCXOAIIMX HA TOBEPXHOCTU
Ha OOBEMHBIC (U3MYECKHE SIBJICHMS, a Takke Ha pPaboTy OOJBIIMHCTBAa TBEPAOTENBHBIX MpuOopoB. Ha
MIOBEPXHOCTH MOIYNPOBOAHUKOBOIO KpUCTalla CYLIECTBYET CHCTEMA JUCKPETHBIX WIM HEIPEPhIBHO
pacnpenen€HHBIX YHEPTeTUIECKUX YPOBHEHN, IPOMCXOXKACHIE KOTOPBIX MOXKET OBITh pa3iiyHbiM. OnTryeckas
MUKPOCKOIIUSI CUUTAETCS TIEPBBIM METOJOM, KOTOPBII MO3BOJIMII U3y4aTh CBOMCTBA MOBEPXHOCTEN TBEPABIX
Ten. Pu3nKa MOBEPXHOCTH MO CBOEH CYTH SBISETCS MEXIMCIUIUIMHAPHON 001acThi0 3HAHUI, B KOTOPOM
HAXOJSATCSI OOBEKTHI UCCIIENOBAHUS JJisl (GU3UKU U XUMUH. B NPUKIIaIHOM OTHOIIEHUH 3TO — HayKa, BaKHAS
JUIA 3a]a4 MaTepUaAIOBEACHU, MUKPO- U HAHOAJIEKTPOHUKH, 3HEPreTHKH, KOCMUYECKON TeXHUKU. OHO U3
BRXHEHIINX HANpaBJICHUH HAyKH O TIOBEPXHOCTH — 3TO (HU3MKAa MOBEPXHOCTU IOJYINPOBOJHHUKOB.
[loBepxHOCTh TpencTaBigeT €000l HOBBI TOHKHMH IOJYIPOBOJHUKOBBIH MaTepual WIH CHCTEMY
MIOHM)KEHHON Pa3MEpHOCTH, IIPEICTABIISIIONINE OOJIBIION UHTEPEC B CBSI3U C BO3PACTAOLIMMHU TPEOOBAaHUAMU
K MUKPOMHHHUATIOPU3ALNH TTOJTYTIPOBOTHIUKOBBIX PHOOPOB.
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OnHako OOJNBIIMHCTBO ONTHYECKUX MPHOOPOB HMEIOT CBOW MpPEACTbl UYYBCTBHTEIHLHOCTH U
paspemaroreii cnocooHocty [1]. Pa3pemaromas crocoOHOCTh ONTHYECKOTO MHKPOCKOIIA OIPEAeIIsIeTCs
ONTUYCCKUMH CBOWCTBAMH OOBEKTHBA, W OJlarogaps SBJICHUIO MU(GPAKIMH CYIIESCTBYET TEOPETHUSCKUI
Mmpenen pa3pelaronieil CrocoOHOCTH (IU(PPAKIMOHHBIN Tpeaes), ONPEACIMIONIMICS JUIMHON BOJHBI A
WCTIOJIB3YEMOTO CBETA.

OcHoBHas yacTh U pe3yabTaTrbl. B XX Beke 0buti pazpaboTaHbl METOABI MUKPOCKOIHH C TTOMOIIIBIO
AJICKTPOHHBIX M MOHHBIX MYy4KOB. Vcronb3oBaHue ¢ (POKYCHPOBAHHOTO ITyYKa YacTHI] C OONbIIeH Maccoi
(9J7IEKTPOHOB, HOHOB U JIp.) MO3BOJMIIO YMEHBIIWThH JUTMHY BOJHBI Jle-Bpoiis 1 yBenw4uTh paspenicHue,
OJTHAKO TIPU HCIOJB30BAHUH BBICOKOPHEPTETHUECKMX YACTHI[ BO3MOXKHO TIOBPEKJCHHE MOBEPXHOCTH
oOpasmna [2]. [lomyueHue GoJbIIero pa3pelicHUsT MOXKET OBITh JIOCTHTHYTO 32 CUET YMEHBIICHHS ILIONIAIN
oroOpaxkaeMoll o00nacTH. YMEHbIICHHE € TMOCIEAHEH MOXeT OBITh CKOMIIEHCHPOBAaHO IPOLECCOM
CKaHWPOBaHUS, C IOMOIIBI0 KOTOPOr0 OTOOpakaemasi 00J1acTh 0OBEKTa BOCCTAHABIMBAETCSA A0 TPEeOyeMBIX
pa3mepos.

YMeHblIeHHEe 00JacTH, OCBEIIAEMOM MCTOYHHKOM M OTOOpa)kaeMoil CHCTEMOM, pealn30BaHo B
KOH()OKATBHOM (JTa3€pHOM) CKaHUPYIOMIeM MHUKpocKkomne [3]. YCTpoHCTBO TaKOTO MHKPOCKOIAa TOKa3aHO
Ha pucyHke 1.

3 3

Pucynok 1. YerpoiicTBo KOH(POKAILHOTO
(1a3epHOr0) CKAHMPYIOLET0 MHKPOCKOIA

MUuUKpOCKOT COAEePKUT ToYeuHble UCTOYHHK (1) m mpuémHUK (4), a Takke aBe JIUH3HI (3) KOHEYHOTO
paauyca. [Ipu 3Tom hokyc BTOpo#i (KOJUIEKTOPHOM) JIMH3BI COBMAACT C MUKPO 00I1acThIO Ha 00beKTe (2), Ha
KOTOPYIO TIPUXOJAWTCS HaWMCEHBIIEE CeUeHHe Iydyka, (OpMHpPyeMOro OOBEeKTHBOM. B 3TOoM ciryuae
CKaHMPOBAaHUE MOXHO OCYIIECTBIIATH MEpPEeMEIIeHUeM 00paslia MM MCTOYHHUKA M JIETEKTOpa CHHXPOHHO.
Paspemenne B 5TOM cilydae OrpaHHYEHO TEM, YTO NPAKTHUECKH HEJb3s CPOKYCHPOBAThH JIA3€PHBIA Ty
0ECKOHEYHO MaJIOr0 CEYCHHUsI M pa3pelicHre Mo-pekKHEeMY oCcTa&Tcs mopsiika JuHbl BosHbI cBeta (0.3-0.6
MkM) [4]. Eciu nokajgbHOE OCBEIICHHE H3ydaeMOro OOBEKTa OCYHIECTBIISTH, MPOIMYCKas H3Iy4eHHE OT
uctounuka (1) yepes auadpparmy (3) ¢ IMaAMETPOM OTBEPCTHS, CYIIECTBEHHO MEHBIIINM, YeM HCIOIb3yeMast
JJIMHa BOJIHBI, TO B TaKOM YCTpOﬁCTBe MOXHO JOCTUYbL pa3pCHICHHA, KOTOPOC HAMHOI'0 HHIKE
AU(PAKIHOHHOTO TIpe/iesia IPUYCIOBHH, YTO PAaCCTOsSHUE MEXIY 00beKTOM U auadparmoii d Oymer MeHee
M2 (pucyHOK 2).

1 +—d—

2 4

3

Pl/lcyHOK 2. YCTPOﬁCTBO OJIMKHENO0JIbHEro ONTHYECKOro MHKPOCKOIIa

CkaHMpOBaHHME MPU 3TOM OCYIIECTBISCTCS IepeMerieHreM o0bekta (2) mmm auadparmer (3) ¢
MoAIEpKAHUEM 3a30pa MEX/Iy HUMHU HOPSAKA UTMHBI BOJHBI (B Mpeaeax «OmmKHeTo mois»). Pa3perienne B
3TOM ciiydae OyIeT OIpelelsiThbecs AuaMeTpoM auadparmbl, a He ATMHOM BoiHbL. IIpubopsl Takoro poaa
MOJTYYMIIM Ha3BaHHE ONVKHETIONIBHBIX ONTHYecKuX MUKpOckonoB (BCOM). BonbIMHCTBO CyIIECTBYIOLIMX
B HacToOsIIee BpeMs OIMKHEMOIBHBIX CKAHUPYIOIIUX ONTHYECKHX MHKPOCKOIIOB PEAIM30BaHO IO CXEMe Ha
pucyske 2. B xadectBe nuadparmel ¢ ManbiM guameTpoM oTBepcTHst B BCOM HCHONB3YIOTCSI ONTHYECKUE
BOJIOKHA (CBETOBOIBI) [5].

B namGoiee ob1ieM Bujie poIece pacipoCTpaHSHHUs IIEKTPOMArHUTHOTO U3JTYYEHHsI B IPOBOJISIIIEM
TBEPAOM TeJie MOKHO ONHUCATh MPH MOMOIIM YpaBHEHUH MakcBeia:
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dH .
rotE = —up, e divE=0 )
P .
rotH =g, E+G divH=0 )
Bennunyel G, 81, M - yYAciabHasA QJICKTPOIIPOBOAHOCTD, JUIJICKTPUICCKAasA u Mar"duTHas

IIPOHUIIAEMOCTb, COOTBCTCTBCHHO, SABJIAIOIIHUECA (byHKI_II/ISIMI/I YaCTOThI OITMCBIBAIOTCA TCH30paMHU BTOPOI'O
paHnra [6] OI[HaKO B KYGI/IHGCKI/IX KpucTtajuiax, rmpu OTCyTCTBUU BHCUIHUX noneﬁ, 9TH BCJIMYHUHBI MOT'YT OBITE

HpeHCTaBHeHbI KakK CKaJ'DIpHLIe BCJIMYUHEBI. HeﬁCTBHTeHLHO, y‘{I/ITLIBaﬂ, qToO
dH d
rot— = —rotH
dt dt 3
MOXHO 3aIIuCaTh.

dH d d dE
rot(rotE) = rot| —pp, o) My rotH _— iy, GO0t ) @

YuuTeiBasi, 4TO
rotrotE = graddivE - V°E = graddivE =0 ©)
MIOJTYIHUM:
dE d’E

2 _ —
V°E=AE = HHOGE + UL EE, T ®)

AHaNOrMyHOE ypaBHEHHE MOKHO MOJYYMTh M JUIS BEKTOpa HANpPsHKEHHOCTH MarHUTHOro mois H.
OpHo u3 perieHnid ypaBHeHHS (6) UMeeT BU:

E = E expioxp- E) @)
\

3neck: () — uWKIMYECKas 4acTOTa. JTO  BHIPAKEHWE IIPEACTaBISET co0Oi  BOJHY,

PacTpOCTPaHSIONIYIOCS B HAIIPABICHUH OCH Z CO CKOPOCTBIO V.
Pemenwue (6) yaosneTBopsiet ycinoBuro (7) ecin

-2 - HH
Vo= UG8y ?0 ®)

9TO O3HaydacT, qTo0 II0Ka3aTcCJ1b HpeJ'IOMJ'IeHI/ISI OIINChIBACTCA KOMHJ‘I@KCHOﬁ BeHH‘{HHOﬁ
nx=n-—ik
~
HpI/IHI/IMaH, qTO AJIA 60J‘IBIHI/IHCTBa HOJ‘IyrIpOBO,Z[HI/IKOBBIX MaTepI/IaJ'IOB ,u ~ 1,
MOJXHO IIOKa3aTb, 4TO

2 1,2 ©
N’ -k =¢,(0) . 2nk=80—w:82(®) ©)

31ech 8(0))- KOMIUIEKCHAsl TUAJIEKTpUYECKasl MPOHUIIAEMOCTbD, 81((0)- €€ JIeHCTBUTENbHAS YacTh,

&, (CO)- e€ MHHMas YacTh, N-TIOKa3aTelb MpeoMieHus, K-mokazarens mornorienus [7]. ITokaszarens

(k03 PurMeHT) npeIoMIIeHHs M ToKa3aTelb (KO3(QQHUIMEHT) MOTJIOIICHUs HEMOCPEACTBEHHO CBS3aHbI C
MUKPOCKOIIMYECKUMU MapaMeTpaM MOBEPXHOCTU TBEPAOrO Tesa, IMOATOMY [JIsi H3Y4YEHHUS CBOMCTB
MOBEPXHOCTHBIX CIIOEB HEOOXOIMMO pa3/iebHOE OlpeielieHre 3TUX K03 OUIEeHTOB.

3akiaoueHue. B crarhe TIpHBEACHBI COBPEMCHHBIE MOJETH TIOBEPXHOCTEH TBEPABIX TelI,
PacCMOTPEHBI COBPEMEHHBIE METOJIbI OIPENEICHUS 3ICKTPOYUINICCKUX XAPAKTEPUCTHK MOBEPXHOCTHBIX
cioeB U Mex(a3HbIX TpaHull pasgena. OmHako (U3HMKa OBEPXHOCTH SBIISETCS OCTOSTHHO Pa3BUBAIOIICHCS
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oOnacTpi0 HaykdW. Taxke TIOCTOSIHHO pa3BMUBAIOTCS M COBEPIICHCTBYIOTCS METOIBI HCCIETOBaHUS
MOBEPXHOCTH U MeX(a3HbIX TPAHUI] pa3iena.

JIUTEPATYPA:

1. Kyromenmves A.U., Kynomenmoesa O.11. Memoowvr ananusza nogepxnocmu meepovix mei. Cymul.

«CymAY». 2008. C.158.
2. Vlasov S.I., Nasirov A.A., Ergaheva M.A. Relaxation parametersof y - irradiated multilayer

structures. // 8-th International Conference Solid State Physics. 23-26 aseycma 2004.- Almaty, 2004. - P.
280-282.

3. @unamos J[.O., Kpyenos A.B., Jlesuues B.B. Hccredoganue onmuyeckux c8OUCME NOBEPXHOCMU
mMBEPObIX meil MemoooM OAUNCHENONbHOU CKaHupyroweld onmudeckoli mukpockonuu (FCOM). H. Hoszopoo.
«HI'V». 2003. C. 32

4. I'yces B.D., Kapabymoe A.A. Jlazepnas onmoaxycmuxa. Mocksa. «Hayxay. 1991. C.212.

5. Bubert Ed.H., Jenett H. Surface and Thin Film Analysis: Principles, Instrumentation, Applications.
Darmstadt. Wiley. 2002. P. 336.

6. Ilpammon M. Beedenue 6 ¢usuxy nosepxnocmu. Hoicescx. HUI] «Pecynapnas u xaomuueckas
ounamuxay. 2000. C.256.

7. Bubert Ed.H., Jenett H. Surface and Thin Film Analysis: Principles, Instrumentation, Applications.
Darmstadt. Wiley. 2002. P. 336.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 70



PHYSICS
UO‘K 538.1: 548
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Djuraev Davron Raxmonovish,
Buxoro davlat universiteti professori
djuraev2002@mail.ru

Sharipov Mirzo Zokirovich,

Buxoro davlat universiteti professori
m.z.sharipov@buxdu.uz

Fayziyev Shahobiddin Shavkatovich,
Buxoro davlat universiteti dotsenti
s.s.fayziev@buxdu.uz

To ‘xtayeva Shahlo Qo ‘zimurod qizi,
Buxoro davlat universiteti magistranti
toxtayevashahlo285@gmail.com

Mo ‘minov Sherzod Hakimjonovich
Buxoro innovatsiyalar universiteti magistranti
sherzod2025@inbox.ru

Annotatsiya. Ushbu maqolada hajmiy ferromagnit kristallardagi elementar bir o ‘Ichovli mikromagnit
konfiguratsiyalar magnitlanishga sirt hissalarini hisobga olmagan holda o ‘rganiladi. Chekli qalinlikdagi
domen devorlarining muvozanatli tuzilishi va barqgarorligi almashinuv va anizotropiya energiyalari
o ‘rtasidagi tortishish bilan boshqariladi. Qo ‘shni domenlar chegarasi bo ‘ylab magnitlanish vektorining
uzluksiz aylanishi umumiy energiyani minimallashtiradi va devorning xarakterli kengligini aniglaydi. Tahlil
natijasida bir o‘qli va kubik magnit anizotropiyaga ega bo‘lgan kristallarda mos ravishda 180° va 90°
devorlar farglanadi. Natijalar massiv ferromagnit materiallardagi mikromagnit holatlarni chuqurrog
tushunishga yordam beradi va magnitooptik va spintron yupga gatlamli texnologiyalarni ishlab chigish
uchun qizigish uyg ‘otadi.

Kalit so‘zlar: mikromagnetizm, domen devoir, magnit anizotropiyasi, almashinuv o zaro ta’siri, bir
o ‘qli kristall, magnitooptik materiallar, spintronika ilovalari.

JAOMEHHASA CTPYKTYPA OJHOMEPHBIX MUKPOMAT'HUTHBIX CUCTEM B
OBBbEMHBIX ®EPPOMATHUTHBIX KPUCTAJLIAX

Annomauusa. B oannoti cmamve paccmampusaomes dnemMeHmaphsie 00HOMePHble MUKPOMASHUMHbIE
Kongueypayuu 6 O0ObEMHBIX (HeppoMaCHUMHBIX Kpucmaiiax 6e3 yuéma no8epXHOCMHLIX 6KIA008 6
Hamaenuuueanue. Pasnosecnas cmpykmypa u YCMOUYUBOCMb CMEHKU OOMEHAd KOHEYHOU MOMUWUHDL
DeGYIUPYIOmcs KOHKYPEeHyueu Mexcoy Hepausmu odmeHa u anuzomponuu. Henpepvignoe epawyenue
6eKMOpa HAMASHUYUBAHUS NO cpanuye pazoenda mexcoy COCEOHUMU OOMEHaMU MUHUMUSUPYem O0Ouyio
dHepeulo U onpedensem xapakmepHylo wupuny cmenxu. Anmanuz evigeun 180° u  90° cmenox
COOMBEMCMEEHHO 8 KPUCMALIAX ¢ OOHOOCHOU U KyOuweckou mazHumuou anuszomponueu. I[lonyuennvie
pesyrbmamul cnocobcmeyrom 0onee 21y00KoMY NOHUMAHUIO MUKDPOMACHUMHBIX COCMOAHUL 6 MACCUBHbIX
Geppomaznumnbix Mamepuanax u npeocmagiaiom unmepec Ons paspabomKu MASHUMOONMUYECKUX U
CRUHMPOHUYECKUX MOHKONLEHOYHBIX MEXHON02UM.

Knwouesvie cnosa: muxpomaznemusm, OOMEHHASI CMEHKA, MASHUMMHAS AHU3OMPONUs, OOMEHHOe
e3aumooeticmeue, 0OHOOCHbIY KPUCMALTL, MAZHUMOONMUYECKUe MAMepuanvl, CRUHMPOHHLIE NPUNONHCEHUS.

DOMAIN STRUCTURE OF ONE-DIMENSIONAL MICROMAGNETIC SYSTEMS IN
BULK FERROMAGNETIC CRYSTALS

Abstract. This work examines elementary one-dimensional micromagnetic configurations in bulk
ferromagnetic crystals while disregarding surface contributions to magnetization. The equilibrium structure
and stability of finite-thickness domain walls are governed by the competition between exchange and
anisotropy energies. Continuous rotation of the magnetization vector across the interface between adjacent
domains minimizes the total energy and determines the characteristic wall width. The analysis differentiates
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180° and 90° walls in crystals with uniaxial and cubic magnetic anisotropy, respectively. The results
contribute to a deeper understanding of micromagnetic states in massive ferromagnetic materials and are of
interest for the development of magneto-optical and spintronic thin-film technologies.

Key words: micromagnetism, domain wall, magnetic anisotropy, exchange interaction, uniaxial
crystal, magneto-optical materials, spintronic applications dynamic micromagnetic phenomena.

Kirish. Ferromagnit materiallarda mikromagnit konfiguratsiyalarni  o‘rganish zamonaviy
kondensatsiyalangan holatlar fizikasi va materialshunoslikning asosi bo‘lib qolmoqda. Mikromagnetizm
o‘zaro almashinuv, anizotropiya va magnitostatik o‘zaro ta’sirlari evaziga magnitlanish vektorining fazoda
ganday o‘zgarishini tushunish uchun nazariy asos yaratadi. Natijada hosil bo‘lgan fazoviy jihatdan bir xil
bo‘lmagan holatlar - aynigsa magnit domenlar va domen devorlari - kristalli gattiq jismlarda kuzatiladigan
keng makroskopik magnit va magneto-optik xususiyatlar uchun muhimdir.

Domen devori (DD) - bu turli xil yengil o‘qlar bo‘ylab yo‘naltirilgan ikkita bir xil magnitlangan
domenlarni ajratib turuvchi o‘tish mintaqasi. Uning xarakterli qalinligi, odatda o‘nlab nanometrlardan yuzlab
nanometrgacha bo‘lgan diapazonda bo‘lsa-da, domen devori tizimning magnit, optik va transport Xxatti-
harakatlarini aniqlashda hal qiluvchi rol o‘ynaydi. Ichki devor tuzilishi bir xil magnitlanishni qo‘llab-
quvvatlaydigan almashinuv energiyasi va magnitlanishni kristallografik jihatdan afzal ko‘rilgan yo‘nalishlar
bo‘ylab moslashtiradigan magnit anizotropiya energiyasi o‘rtasidagi nozik muvozanatdan kelib chiqadi.
Muvozanat devori profili va uning energiyasi umumiy mikromagnit funksionalni minimallashtirish orgali
aniglanadi.

Domen devorlarining tuzilishi va energetikasini tushunish nafagat fundamental ahamiyatga ega, balki
muhim texnologik ahamiyatga ham ega. Nodir yer temir va alyuminiy boratlari (masalan, ErAl;(BOs)s va
YFe3(BOs)s kabi magnit-optik materiallarda domen tuzilishi va magnitlanishning fazoviy shaklii optik
ma’lumotlarni saqlash, magnit-optik sensorlar va tasvirlash tizimlari uchun asos bo‘lgan Faraday va Kerr
effektlariga kuchli ta’sir qiladi. Spintronik qurilmalarda domen devorlari boshqariladigan harakati
ma’lumotlarni qayta ishlash va o‘zgaruvchan bo‘lmagan xotira operatsiyalarini amalga oshirish imkonini
beruvchi funktsional elementlardir. Ularning almashinuv, anizotropiya, suspenziya va spin-uzatish
momentlari o‘rtasidagi muvozanat bilan boshqariladigan dinamik xatti-harakati magnit mantiq va spin-o‘tish
xotirasi arxitekturalarining operatsion chegaralarini belgilaydi.

Nazariy asos. Nazariy nuqtai nazardan, magnitlanish o‘zgarishining bir o‘lchovli modellari hajmiy
materiallarda domen-devor shakllanishini tushunishning eng to‘g‘ridan-to‘g‘ri usulini taklif giladi. Bunday
modellarda sirt effektlari e'tiborga olinmaydi va magnitlanish bitta fazoviy koordinata bo‘ylab o‘zgaradi deb
taxmin qilinadi. Bu eng oddiy bir o‘lchovli mikromagnit konfiguratsiyalar almashinuv va anizotropiya
hissalari o‘rtasidagi muvozanatni analitik tushunish imkonini beradi va domen devorining kengligi va
energiyasi uchun to‘gri munosabatlarni aniqlash imkonini beradi. Landau va Lifshitz [1] tomonidan
boshlangan klassik yondashuv zamonaviy mikromagnit modellashtirish uchun muhim asos bo‘lib qolmoqda,
bu yupqa plyonkalar, ko‘p gatlamli tizimlar va nanostrukturali materiallarga ham tegishli [2-4].

Ushbu magolada biz 180° va 90° domen devorlarining shakllanishi va bargarorligi shartlariga e'tibor
qaratib, hajmiy ferromagnit kristallardagi asosiy bir o‘lchovli mikromagnit konfiguratsiyalarni tahlil qilamiz.
Magnit anizotropiya simmetriyasining o‘rniga va chekli devor qalinligini belgilaydigan energetik
muvozanatga alohida e'tibor qaratiladi. Bu yerda Kkeltirilgan natijalar hajmiy kristallarga ham, yupga
plyonkali magnit-optik tizimlarga ham tegishli nazariy asos yaratadi, bu yerda nanoskalada shunga o‘xshash
mikromagnit mexanizmlar kuzatiladi.

Ferromagnit kristaldagi muvozanat magnitlanish tagsimoti umumiy mikromagnit energiyaning
minimallashtirilishi bilan boshqariladi, bu almashinuv, anizotropiya va magnitostatik atamalarni o‘z ichiga
oladi [2,3]. Bir o‘lchovli holat uchun, magnitlanish faqat bitta koordinata (z) bo‘ylab o‘zgarganda, birlik
hajmdagi umumiy energiya quyidagicha ifodalanishi mumkin:

2
E= A(C;—m) +Kf (m)+E, (1)
z

bu yerda A almashinuv qattigligi konstantasi, K anizotropiya konstantasi, f(m) kristal simmetriyasi
bilan aniglangan anizotropiya energiyasining burchakka bog‘ligligini va Ems magnitostatik energiya
zichligini tavsiflaydi. m = M/Ms vektori magnitlanish yo‘nalishi birligi vektoridir.

Tashqi sirtlarning ta’sirini e'tiborsiz qoldirish mumkin bo‘lgan hajmli ferromagnit kristallarda magnit
struktura asosan almashinuv o°zaro ta’siri va magnit anizotropiya o‘rtasidagi ta’sir bilan belgilanadi.
Almashinuv energiyasi qo‘shni spinlarni bir-biriga parallel ravishda tekislashga moyil bo‘lib, bir xil
magnitlanishga olib keladi, anizotropiya energiyasi esa magnitlanish yo‘nalishini ma’lum kristallografik
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o‘qlar - engil o‘qlar deb ataladigan o‘glar bilan cheklaydi. Bir nechta ekvivalent engil o°q yo‘nalishlari
mavjud bo‘lganda, kristall degeneratsiyalangan bir xil magnitlangan holatlarga ega bo‘ladi, ular kristallning
turli gqismlarida birga yashashi mumkin. Ushbu ekvivalent yo‘nalishlar bo‘ylab magnitlangan sohalar magnit
domenlarni hosil giladi.

Qo‘shni domenlar o‘rtasida magnitlanish uzluksiz o°zgarib turolmaydi, chunki bu almashinuv
energiyasining keskin oshishiga olib keladi. Buning o‘rniga, magnitlanish vektori asta-sekin chekli masofada
aylanadi va DD - turli yo‘nalishdagi domenlarni ajratib turuvchi o‘tish qatlamini hosil giladi. Devorning
chekli galinligi, 6 deb belgilanadi, umumiy energiya funktsionalini minimallashtirish natijasida yuzaga
keladi.

M(z) magnitlanish vektorining muvozanat konfiguratsiyasini topish uchun kristall koordinata tizimida
M yo‘nalishini tavsiflovchi 6(z) va ¢(z) burchaklarining fazoviy o‘zgarishlariga nisbatan umumiy energiya
minimallashtiriladi. Variatsion printsipni qo‘llash Eyler-Lagranj tenglamasiga olib keladi:

d oE dE 0
_ ] — = 2
dz| o(do/dz) ) o6 @
bu domen devori ichidagi magnitlanishning muvozanat profilini belgilaydi. Almashinuv va
anizotropiya energiyalari o‘rtasidagi tortishuv magnitlanish vektorining xarakterli devor gqalinligini va
aylanishini belgilaydi.
Bir o‘qli kristalning eng oddiy holatida, bu yerda engil o‘q z yo‘nalishi bo‘ylab joylashgan bo‘lsa,
anizotropiya energiyasi quyidagicha yozilishi mumkin:

E., =Ksin26 3)
va umumiy bir o‘Ichovli energiya funksiyasi quyidagicha bo‘ladi:
2
dz :
E=A—| +Ksin*é )
deo

Bu funksiyani minimallashtirish 180° Blox devori uchun anig yechimni beradi:

0(z)=1 tan‘{exp{%ﬂ, (5)

bu yerda devor galinligi quyidagicha berilgan:

A
0= (6)
K
Bu natija muvozanat devor galinligi almashinuv Kkattaligining anizotropiya kuchiga nisbati bilan
aniglanishini aniq ko‘rsatadi: kuchli almashinuv devorni kengaytiradi, kuchli anizotropiya esa uni toraytiradi.
Keyin birlik maydoniga to‘g‘ri keladigan umumiy devor energiyasini quyidagicha baholash mumkin:

y =4JAK ™

bu bir o‘qli ferromagnitdagi Blox tipidagi domen devorining minimal sirt energiyasini ifodalaydi.

Magnit domen chegaralarining tuzilishi. Katta hajimli ferromagnit kristalda domen devori turli xil
yengil magnitlanish o°‘qi bo‘ylab yo‘naltirilgan M: va M, magnitlanish vektorlari bilan ikkita bir xil
magnitlangan sohalarni (domenlarni) ajratib turadi. Devor tekisligini uning normal n bilan aniglash mumkin,
devor ichidagi magnitlanish vektorining aylanishini esa ikkita burchak bilan tavsiflash mumkin:

> 0 - magnitlanish vektorining devor normaliga nisbatan o‘zgarishi va

> ¢ - uning normal atrofida aylanishini tavsiflovchi azimutal burchak.

O‘zaro almashinuv energiyasini minimallashtirish doimiy ravishda sodir bo‘ladi va M
traektoriyasining o‘qi engil magnitlanish yo‘nalishiga mos keladigan y maksimal burchagiga ega konusning
yuzasini tasvirlaydi.

Bir o‘qli anizotropiyaga ega kristallarda yengil magnitlanish o‘gi odatda devor normaliga to‘g‘ri
keladi. Bu holda, 61 = 06, = 0 va magnitlanish faqat azimutal burchak ¢ orqali o‘zgaradi. Bunday
konfiguratsiya klassik Blox tipidagi 180° devorga mos keladi, bu yerda magnitlanish devor tekisligi ichida
aylanadi va o‘tish sohasi bo‘ylab doimiy kattalikni saqlaydi. Ikki qo‘shni domendagi magnitlanish yo‘nalishi
180° ga farq giladi.

Bunga garama-qarshi ravishda, ma’lum ferritlar va yupqa magnit plyonkalar kabi tekis (biaksial)
anizotropiyaga ega materiallar yengil magnitlanish o‘qi chegara tekisligida joylashgan devorlarni qo‘llab-
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guwvatlashi mumkin. Bu yerda 6 va ¢ chegara bo‘ylab o‘zgaradi va magnitlanish devor normaliga
perpendikulyar tekislikda aylanadi. Bu devorlar ba’zan M ning o‘ziga xos aylanish yo‘liga qarab Néel
tipidagi devorlar deb ataladi.

Qo‘shni domenlardagi magnitlanishning nisbiy yo‘nalishiga garab magnit anizotrop kristallarda
odatda ikkita asosiy devor turi kuzatiladi - 180° va 90° devorlar.

1-rasmda magnit ikki o‘qli yoki uch o‘qli kristaldagi bir nechta mumkin bo‘lgan konfiguratsiyalar
ko‘rsatilgan.

y

Z‘X3 XS’ I

: .

A : 2
M z|[V
(010) ] lM pw1(110)

. R W TS e s

X"f”:, \\DW Xy ”1 "’__,.
.’, - \.‘ .' ”
: X
g . b

1-rasm. Magnit anizotrop kristaldagi 180° va 90° domen devorlarining sxematik ko‘rinishi: (a)
(100) tekislikka A burchak bilan bog‘liq bo‘lgan 180° domen devorlari; (b) (110) tekisliklarda 90°
domen devorlari; (c) (111) tekisliklarda 90° domen devorlar

Eng oddiy holatda (A = 0), 180° devor (100) tipidagi kristallografik tekislikda joylashgan va garama-
qarshi magnitlanish yo‘nalishlariga ega ikkita domenni ajratib turadi. Bunday devor magnitostriktsiya yoki
magnitostatik effektlar hisobga olinganda energetik jihatdan barqaror bo‘ladi. Bu effektlar bo‘lmagan
taqdirda, 1800 devor magnitlanishning umumiy aylanishi bilan bir xil bo‘lgan ikkita 90° devorga
parchalanishi mumkin. Bu xatti-harakatlar magnitlanish vektori ikkita domen yo‘nalishi o‘rtasida
aylanayotganda duch keladigan qo‘shimcha engil magnitlanish o‘qlarining mavjudligidan kelib chigadi [2,3].

90° domen devorlari qo‘shni domenlar orasidagi m/2 ga magnitlanish o‘zgarishlariga mos keladi.
Kristall simmetriyasiga garab, bunday devorlar (100), (110) yoki (111) tipidagi tekisliklarda yotishi mumkin.
Muayyan sharoitlarda, aynigsa nugsonlar yoki pinning markazlari mavjud bo‘lganda, izolyatsiya qilingan 90°
devorlar hatto ideal kristallarda ham bargaror golishi mumkin.

2-rasmda (100) tekislikda joylashgan 90° devorning sxematik namunasi ko‘rsatilgan, 3-rasmda esa
nikel va ittriy temir granat (YIG) kabi kubik kristallarda hosil bo‘lgan 180° domen devor yo‘nalishlarining
turlichaligi ko‘rsatilgan.

X

2-rasm. (100) kristallografik tekislikda joylashgan 90° domen devorining sxematik tasviri

Bir o‘qli va ikki o‘qli materiallarda 90° li domen devorlarining tuzilishini ko‘rib chigqandan so‘ng,
anizotropiya energiyasi o‘zgarishi ancha murakkablashadigan kubik (magnit jihatdan to‘rt o‘qli)
kristallardagi vaziyatni o‘rganish foydali bo‘ladi. Bunday tizimlarda magnitlanish bir nechta ekvivalent
yengil o‘qglar bo‘ylab, odatda (100) yoki (111) kristallografik yo‘nalishlar bo‘ylab tekislanishi mumkin. Bir
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nechta engil magnitlanish o‘glarining birgalikda mavjudligi energetik jihatdan ekvivalent domen-devor
yo‘nalishlarining uzluksiz to‘plamini yaratish imkoniyatiga olib keladi.

Bu kristallarda magnitlanish vektorining devor bo‘ylab aylanishi bitta kristallografik tekislik bilan
chegaralanmaganligini bildiradi. Buning o‘rniga, domen devor tekisligi (110) kabi indeksli kristall tekisligiga
nisbatan ixtiyoriy A burchak bilan egrilanishi mumkin. Muayyan devor yo‘nalishining barqarorligi
almashinuv, anizotropiya va magnitostriktiv energiyalar o‘rtasidagi muvozanatga bog‘liq. Masalan, 180°
devor fagat magnitostriktsiya yoki magnitostatik o‘zaro ta’sirlar yetarlicha kuchli bo‘lganda ma’lum A
giymatlarida bargaror qolishi mumkin; aks holda, u 0‘z-0‘zidan ikkita 90° devorga parchalanishi mumkin.

Bunday ko‘p yo‘nalishli domen-devor konfiguratsiyalari nikel va ittriy temir granat (YIG) kabi kubik
materiallar uchun odatiy holdir, ular past magnit suspenziyasi va yuqori optik shaffofligi tufayli magnit-optik
va spintronik qurilmalar uchun katta qiziqish uyg‘otadi. Ushbu tizimlardagi mumkin bo‘lgan domen-devor
yo‘nalishlarining xilma-Xilligi 5-rasmda sxematik tarzda ko‘rsatilgan.

3-rasm. Kubik kristallardagi (masalan, Ni, Y1G) 180° domen devorlarining mumkin bo‘lgan
yo‘nalishlari, (110) tekisligiga A turli burchak ostida sezgir bo‘lgan uzluksiz devorlar to‘plamini
ko‘rsatadi

Turli xil anizotropiyalar va simmetriyalarga ega kristallardagi domen devori turlarining xilma-xilligi
magnitokristal anizotropiyaning ichki mikromagnit strukturani aniqlashdagi asosiy rolini ko‘rsatadi. Yupqa
plyonkalar va ko‘p qatlamli tizimlarda, sirt va demagnetizatsiya effektlari sezilarli bo‘ladigan joylarda, bu
devor konfiguratsiyalari Bloxga o‘xshash va Néelga o‘xshash xususiyatlarni birlashtirgan gibrid holatlarga
aylanishi mumkin, bu esa magnit-optik va spintronik qo‘llanmalar uchun alohida ahamiyatga ega.

Olingan natijalar muhokamasi va qo‘llanilishi. Katta hajmli ferromagnit kristallardagi bir o‘lchovli
mikromagnit konfiguratsiyalarning nazariy tahlili domen devorlarining shakllanishi va barqgarorligi uchun
mas’ul bo‘lgan asosiy fizik mexanizmlarni ochib beradi. Bu natijalar nafaqat nazariy qiziqish uyg‘otadi,
balki magnit-optik va spintronik tizimlarda eksperimental ma’lumotlarni talqin qilish, shuningdek, ilg‘or
magnit materiallarni loyihalashni optimallashtirish uchun ham asos yaratadi [5-7].

Makroskopik ferromagnitlarda muvozanat kengligi (6) va devor sirt energiyasi (7) turli mikromagnit
xossalari ko‘lamini belgilaydigan ichki material parametrlarini ifodalaydi. Almashinuv va anizotropiya
energiyalari o‘rtasidagi o‘zaro ta’sir magnitlanishning bir engil yo‘nalishdan ikkinchisiga qanday o‘tishini
belgilaydi, magnitlanishning teskari aylanishi va majburiy maydon uchun energiya to‘sig‘iga ta’sir giladi.
Amalda, bu parametrlar gisterezis xatti-harakatlarini, domen-devor harakatchanligini va tashgi magnit
maydonlar ostida xarakterli kommutatsiya vaqtini boshgaradi.

Tizim hajmi kamayganda - masalan, yupga plyonkalarda yoki turli magnit elementlarda - sirt va
demagnetizatsiya effektlari katta hajmli anizotropiyaga o‘xshash bo‘ladi. Bu klassik Blox devorlarining Néel
tipidagi yoki gibrid domen devorlariga aylanishiga olib keladi, bunda magnitlanish gisman plyonka
tekisligida aylanadi. Bunday o‘zgarishlar magnit-optik javobga, xususan, magnitlanishning mahalliy
yo‘nalishiga sezgir bog‘liq bo‘lgan Faraday va Kerr effektlariga jiddiy ta’sir giladi. Masalan, ErAl3(BOs)s va
YFes(BOs). kabi borat plyonkalarida domen devorlarining shakli va ichki tuzilishi polyarizatsiya aylanishiga
va dixroizm spektrlariga kuchli ta’sir qiladi. Natijada, devor konfiguratsiyalarini mikromagnit
modellashtirish fazoviy jihatdan aniglangan magnit-optik tasvir ma’lumotlarini to‘g‘ri talqin qilish uchun
juda muhimdir.

Texnologik nugtayi nazardan, domen devorlari zamonaviy spintronik va magnitofotonik qurilmalarda
muhim rol o‘ynaydi. Domen devorlarining boshqariladigan harakati spin drayf xotiralari, domen-devor
mantigiy elementlari va spin-orbital momenti tipidagi tizimlarning asosini tashkil giladi. 180° va 90°
devorlarning bargarorligi va dinamikasi bunday qurilmalarning ishlashi va energiya samaradorligini bevosita
belgilaydi. Hajmiy tizimlar uchun ishlab chigilgan nazariy asos ushbu nanostrukturali amaliyotga go‘llahs
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uchun gimmatli ma’lumotlarni taqdim etadi, bu yerda almashinuv energiyasi, anizotropiya va magnitostatik
o‘zaro ta’sirlar o‘rtasidagi ta’sir domen-devor tezligi va harakat chegaralarini boshgaradi.

Umuman olganda, bu yerda tagdim etilgan kengaytirilgan mikromagnit model klassik nazariyasi va
zamonaviy nanoskalali magnitlanish o‘rtasidagi bo‘shligni to‘ldiradi. U turli masshtablarga - hajmli
kristallardan nanostrukturali plyonkalargacha - va statik magnit saglashdan dinamik magnit-optik
modulyatsiya va spintronik axborotni qayta ishlashgacha bo‘lgan turli funksiyalarga qo‘llaniladigan domen
devori xatti-harakatlarining yagona tavsifini o‘rnatadi [4].

Xulosa. Ushbu maqolada biz domen devorlarining shakllanishi, tuzilishi va barqgarorligini
boshgaradigan asosiy mexanizmlarni ta’kidlab, hajmiy ferromagnit kristallardagi eng oddiy bir o‘lchovli
mikromagnit konfiguratsiyalarni tahlil qildik. Almashinuv va anizotropiya energiyalari o‘rtasidagi
muvozanat cheklangan devor galinligi va sirt energiyasini belgilaydi, bu esa o‘z navbatida materialning
mikromagnit o‘zgarishini belgilaydi. Bu yerda ishlab chiqilgan nazariy asos 180° va 90° domen devorlarini
tavsiflaydi va kristallografik anizotropiyaning ularning geometriyasi va energetikasiga ta’sirini aniqlaydi.

Natijalar nafaqat hajmiy kristallarda, balki yupga plyonkalar va ko‘p qatlamli tizimlarda ham domen
devorining dinamikasini tushunish uchun fizik asos yaratadi, bu yerda sirt va demagnetizatsiya effektlari
sezilarli bo‘ladi. Bunday bilimlar magneto-optik hodisalarni talqin qilish, optik va spintronik qo‘llanmalar
uchun materiallarni optimallashtirish va keyingi avlod magnit va magnetofotonik qurilmalarini loyihalashga
juda muhimdir.
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V]IK 52

HNCCIEAOBAHUE TEPMOJMHAMMWYECKOI'O HOBEJEHU S KOMITIO3UTOB C
N30TAKTHYECKUM HOJIUITPOITUMJIEHOM

Hopazumoe Kaxonzup Kyuumoeuu,

LDicuzaxckuil nonumexHuiecKuil UHCMumym,

130100, ¥36exucman, [ocuzax, yr. Ucnama Kapumosa, 4
Duioexosa Canooap Omonnukosna,

JDicuzaxckuil nonumexHuiecKui UHCMumym,

130100, Y36exucman, [ocuzax, yn. HUcnama Kapumosa, 4
Abdypazaxoe Myxuooumn,

HUnemumym xumuu u pusuxu nonumepos AH PY3,

2. Tawxenm, 100128, yn. A. Kaowvipu, 7 “o»

Auwypoe Huemam Pycmamosuu,

Unemumym xumuu u pusuxu nonumepos AH PY3,
100128, . Tawxenm, yn. A. Kaowipu, 7 “or

Annomauusn. Memooamu peHmeeHOCMpyKmypHo20 U MepMUiecko20 aHaiu3a uccied08ansl 06pasybsl
YUCMO20 U HANOIHEHHO20 MOOUPUUUPOBAHHLIM caoucmuim  amomocuruxamom mapku «Cloisite 20A»
usomaxmuyeckozo nonunponunena. Codepoicanue Hanoanumens 8 xomnosumax cocmagnsano 1.0, 3.0, 5.0
mac.% Ilokasan paznuunblii. xapakmep NPOMEKAHUST HPOYecca MepPMOOKUCTUMENbHOU O0eCmpPYKyul 8
UCXOOHOM U HANOJHEHHBIX 00pasyax. YcmaunoeieHa cmpyKmypHas aKmMuGHOCMb YACMuYy HANOIHUMENS 8
nepuoo Hykieayuu Ha CMaouu KPUCMAIIU3ayuu U @QOpMuposanus HAOMOIEKYIAPHbIX 00pa308aHull 6
noaumeprou mampuye. JloKazano, YmMoO NPUCYMCMGUE OP2AHOSTUHbL 8 HOJUMepe Cnocobcmeyem
YACTMUYHOMY NOOAGNEHUIO OKUCAEHUSL U NOBLIUEHUIO CMOUKOCU KOMNO3UMO8 K MEPMOOKUCTUMENbHOU
decmpyKyuu.

Knrouesvle cnoea: xomnosumol, HAHOKOMNO3UMDbL, NOJUNPORUTLEH UOMAKMUYECKUL, HANOIHUMEND,
MOHMMOPUTIOHUM, CTOUCTbLE CUTUKAMbL, MEePMUYECKUL AHATU3, MEPMOSPaAsuMempusi, Oug@epenyuanvuas
mepmozspasumempusi,  Ou@oepeHyuanvHas — CKAHUPYIOWas — Kalopumempus, — mepMOOKUCIUMEIbHAS
decmpyKyusi, HOmMepu MAccol, CKOPOCHb UBMEHEHUSL MACCHI.

IZOTAKTIK POLIPROPILENLI KOMPOZITLARNING TERMODINAMIK
XUSUSIYATLARINI O‘RGANISH

Annotatsiya. Sof izotaktik polipropilen namunalarini va modifikatsiyalangan gatlamli alyuminosilikat
navi "Cloizite 204" bilan to ‘ldirilgan namunalarni o ‘rganish uchun rentgen difraksiyasi va termal tahlil
qo ‘llanildi. Kompozitlardagi plomba migdori mos ravishda 1,0, 3,0 va 5,0 og'irlik% ni tashkil etdi.
To ‘ldirilmagan va to‘ldirilgan namunalar uchun turli xil termo-oksidlovchi degradatsiya jarayonlari
namoyish etildi. Polimer matritsasida yadrolanish, kristallanish va supramolekulyar tuzilmalar hosil bo ‘lishi
paytida plomba zarralarining strukturaviy faolligi aniglandi. Polimerda organoklayning mavjudligi
oksidlanishni gisman bostirishi va kompozitlarning termo-oksidlovchi degradatsiyaga chidamliligini
oshirishi ko ‘rsatildi.

Kalit so‘zlar: kompozitlar, nanokompozitlar, izotaktik polipropilen, plomba moddasi, montmorillonit,
gatlamli silikatlar, termal tahlil, termogravimetriya, differentsial termogravimetriya, differentsial skanerlash
kalorimetriyasi, termal-oksidlovchi degradatsiya, massa yo ‘qotilishi, massa o ‘zgarishi tezligi

INVESTIGATION OF THE THERMODYNAMIC BEHAVIOR OF COMPOSITES WITH
ISOTACTIC POLYPROPYLENE

Abstract. Using X-ray diffraction and thermal analysis methods, samples of pure and isotactic
polypropylene filled with modified layered aluminosilicate of the “Cloisite 204" brand were studied. The
filler content in the composites was 1.0, 3.0, 5.0 wt.%. The different nature of the thermal-oxidative
destruction process in the original and filled samples is shown. The structural activity of filler particles
during the nucleation period at the stage of crystallization and the formation of supramolecular formations
in the polymer matrix has been established. The structural activity of filler particles during the nucleation
period at the stage of crystallization and the formation of supramolecular formations in the polymer matrix
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has been established. It has been proven that the presence of organoclay in the polymer helps to partially
suppress oxidation and increase the resistance of composites to thermal oxidative destruction.

Keywords: composites, nanocomposites, isotactic polypropylene, filler, montmorillonite, layered
silicates, thermal analysis, thermogravimetry, differential thermogravimetry, differential scanning
calorimetry, thermal oxidative destruction, mass loss, rate of mass change.

Beenenne. [lomunponunen (I1I1) npruHaanekuT K Kiaccy moaroneuHOB U SBISETCS CHHTETHYECKUM
TEePMOIIJIACTUYHBIM HEIOJIAPHBIM nosumepoM. Ha ceroaHsmHuil 1eHs NONMUIIPONMICHBl U KOMIIO3UTHI Ha UX
OCHOBE SBIIIIOTCS OIHMM M3 CaMBbIX IIPUBJIEKATENbHBIX IOJUMEPHBIX OOBEKTOB C TOYKH 3PCHHSA
ce0ecTOMMOCTH, KOMITJIEKCa SKCIUTYaTallHOHHBIX CBOMCTB M HIMPOKOTO MpakTHYecKoro npumeHenus. Cpeau
UMEIOIIUXCSl PAa3HOBUAHOCTEH TMOJMIPONMICHA B TEXHHYECKOM OTHOIIEHWHM Haubolee BakeH U
MEPCIEKTUBEH M30TAaKTHUECKHH TIOMHUIIpomHieH [ 1-2].

HecmoTpss Ha ymayHoe codeTaHue psAga CBOMCTB, KOTOpble O0OECIEUYHBAIOT MOJIHIIPONICHY
MIPUOPUTETHOE TOJOKEHHE CpeAu CHUHTETUYECKHX IOJIMMEPOB, OTHOCHUTENBHO HU3KHE XapaKTepUCTUKU
TEpMO- W OTHECTOMKOCTH [3] 3TOro TepMoIUIacTa HAKIAILIBAIOT ONpEmeiIEHHBIC OTpaHWYCHUS Ha
pacuperue cdep ero UCIoib30BaHus. Y CTpaHEHHE OTMEUEHHBIX HEOCTATKOB OCYIIECTBIISIETCS] BBEACHUEM
CIICIMATbHBIX HAMIOJIHUTENEH, TepMOCTAOMIIN3aTOPOB U aHTUIUpeHoB [4-10].

Hapsiny ¢ moBemieHneM TepMO- U OTHECTOMKOCTH aJJUTHUBBI BBIIOJHSAIOT pa3jindHble (QYHKIUH —
MOBBIILICHHE JKECTKOCTH, CHI)KEHHE YCAJKH, MOBBIICHUE Pa3MEPHOM CTaOMIBHOCTH, ynpouHeHue u T.4. Ho
MOMUMO YJIyYIIEHHUsT CBOWCTB, OTICIbHBIC HATIOJIHUTEIN OTPHUIATEIFHO BIMAIOT Ha Je(pOopMUpPYyEeMOCTS,
TEPMO- U CBETOCTOMKOCThH MOJTUMEPOB [5].

MouduuupoBaHHble  CIIOMCTBIE  CHJIMKAThl, HCIONb3yeMble B  KAueCTBE  HAIOJHUTENEH,
JTUCTIEPTUPYIOTCS Ha HAaHOpPa3MEpPHOM YpOBHE BHYTPH IIOJIMMEPHON MaTpHIbl, MpHJaBas €il HOBBIE,
AKCTpaopaAuHapHbIe cBoiicTBa [11].

CeMeHcTBO IVIMH MPEICTABICHO OIPOMHBIM YHCIOM MHUHEpaoB. ['JTMHBI OTHOCATCSI K CIIOMCTBIM
AIIOMOCWUIIMKATaM, B KOTOPBIX HENPEPHIBHBIM IBYMEpHBIH €0 00pa3oBaH KPEeMHEKHUCIOPOJHBIMU
TeTpadApaMH, B YACTH KOTOPBIX aTOMBI KPEMHHMSI 3aMEIIeHbl aToMaMH alloMUHMA Win xkene3a [12]. Cpenu
CIIOMCTBIX CHIIMKAaTOB HanboJiee 4acTo MCIOIb3yeMBbIMHU SBISIOTCS MOHTMOPWJUIOHUT, TEKTOPHUT, U CAlTOHUT
[12].

Tonmuna cioér 1 MeskcnoeBoe mpoctpancTso (MIT), comepskamne ooMennsle  katuousl (Na*, Lit u
Jp.) JUIE MOHTMOPHJIIOHHUTA COCTAaBJISIET PUMEPHO | HM, BBEJCHHE COOTBETCTBYIOMINX MOAN(UKATOPOB B
MII npuBoauT, Kak NpaBWiio, K 3-4 KpaTHOMY paclIMpeHuio. B HacTosiee BpeMs B MHUpE NPOU3BOAUTCS
HECKOJIbKO JIECATKOB MOJM(BHUIIMPOBAHHBIX TJIMH C Pa3IMn4YHON (HYHKIHOHATBHOCTHIO [13-14].

[IpakTudeckn asi BceX KPYMHOTOHHAKHBIX MOJMMEPOB OMNpEAETCHb HEOOXOIUMBIE YCIOBHS W
TpeboBaHusl K Moaudukaropam Juid (HOPMHUPOBAHUS HAHOKOMIIO3HUTOB C WHTEPKAIMPOBAHHOM,
WHTEPKAINPOBAHHO-(IOKYITMPOBAaHHOW M 3KC(OJIMUPOBaHHOW CTpyKTypamu. B mociemHem ciydae
uHTEepKAIUs Makpomoiekyl B MII MMT 3a cuér cnenuduuecknx B3auMMOJCHCTBUI (DYHKIIMOHATBHBIX
TPYII MakpOMOJIEKYJl TOJMMEpa ¢ MOJM(HKATOPOM M CIBUTOBBIX YCHJIHMH B Ipoliecce TepeMelInBaHusl
gactug MMT ¢ monuMepoM B BSI3KO-TEKYUYEM COCTOSHMHU 3aBEPILACTCS pa3pylICHHEM N0 MHIUBHIYAIbHBIX
cino€s MMT [15]. DT cTpyKTyphl MPUIAIOT BBICOKHE OaphepHbIC CBOMCTRA, JIC)KAIINE B OCHOBE YCHIICHUS
YIPYTO-TIPOYHOCTHBIX, TEPMHUECKHUX XapaKTEPHCTUK M OrHecTokoctu [16]. @opmupoBaHue Mo 00HOM
MOpP(OJIOrUN JIETKO pean3yeTcsl Uil MOJSPHBIX MOJMMEPOB. B ciydae HEMONSpHBIX MOJMMEPOB, KaKUM
SBIISIETCS TIOJIMIIPONMIICH, BBOZST OMNpPENEIIEHHOE KOJIMYECTBO (DYHKIMOHAIM3UPOBAHHBIX MAaKpOMOJIEKYI
TOH1 JKe PUPOABI, YTO U TIONUMEPHAsI MaTPHIIA.

B nacrosiiel pabore HaMu IpOBeJIeHa CPaBHUTENbHAS OLIEHKa TEPMHUYECKOTO NOBEAECHUS NCXOIHOTO
n3zoraktnueckoro Il m HAaHOKOMIIO3UTOB Ha €ro OCHOBE C WHTEPKAIMPOBAHHBIMU CTPYKTYPaMu,
pa3NIMUAONINXCA  CTENEHbI0 HHTEpKaNsAuu  Makpomoiekyn IIII B MexcioeBoe MPOCTPAaHCTBO
MOJUPHUIIMPOBAHHOTO CIOUCTOTO crirkara Mapku «Cloisite 20Ax.

O0BekThI. B kauecTBe HCXOAHOTO MOTUMEPA, MAaTPHULIBEI KOMIIO3UTOB U HAHOKOMIIO3UTOB OBl BBIOpaH
oTedyecTBeHHBIH m3oTakTudeckuii momunponwmieH (M) mapku J-150, nponssogumerit CIT OO0 «Uz-Kor
Gas Chemical» (Kynrpam). 9ToT TOMONIOIHMEp C MOKa3aTeieM TEKy4ecTH paciijiaBa, paBHbIM 8-12 + 10 %
9/10 min, pekOMEeH0BaH Ul H3TOTOBJICHHS XO3SHCTBEHHBIX TOBAPOB OOLIETO HA3HAYECHUSI METOJIOM JIUThS
M OTBeYaeT TpeOOBaHMAM TeXHHUYEeCKUX ycioBuit Ts 22343982-02:2016 [17].

Hanomaurens (Hm) — mpencraBuTens — CIOMCTBIX — AFOMOCHJIMKATOB,  MOAH(DUITUPOBAHHBIN
MOHTMOPHWLTOHUT Mapku «Cloisite 20A».

Kommo3uTsl npencTaBisioT AByXKOMIOHEHTHYI0 ciuctemMy Truna UIIT/Hi.
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Mertoapl. PeHrtrenorpadudeckue wuccienoBanus npoBoawiad Ha audpakromerpe Miniflex 600
(Rigaku, Snonus) ¢ monoxpoMatusupoBanHbiM CuKo-u3aydeHneM, BbIJCICHHBIM HUKEIIEBBIM (UIBTPOM C
anuHoOM BonHbl A=1.5418 A npu manpsxenun 40 xB u cumoit Toka 15 MA. ChEMKY IIPOBOIMIN B HHTEPBAJIE
yrnoB 20=2°-40°. OO0paboTky audpakTorpaMM MNPOBOAMIM C IOMOIIBIO MPOTPaMMHOTO OOecIeYeHuUs
SmartLab Studio II, ncnons3zoBanucek hukcHpoBaHHBIE MIETH, KOTOPBIE UMEIOT 3HadeHue yria 1.25°.

Tepmudeckuii aHaiau3 BBITOJIHEH Ha CHHXpPOHHOM TepMoaHayim3aTope tuma STA PT 1600 ¢upmer
«LINSEIS» (I'epmanusi) merogamu TepmorpaBumetpuu (T1), nuddepeHumanbHoll TepMorpaBUMETpUH
(ATT) n muddepennmansHoli ckanupytomieit kanopumerpun (JCK). M3mepenust mpoBogmmm B atMmochepe
BO3/yXa B TUHAMHYECKOM PEXHUME CO CKOPOCThIO HarpeBa 10 rpagycoB B MHHYTY B HHTEpBAJIE TEMIIEPATYP
or xomHatHoi g0 800 °C. Hcxomnas macca oOpasuoB cocrtaBisuia  20.7 mg. Ilpu BeImonHeHUH
TEPMUYECKOTO aHajii3a MCCIEAYyEeMbIX 00pas3loB MPHUICPKUBAJINCh PEKOMEHAALNH, YKa3aHHBIX B paboTax
[18-20].

LudpoBylo OLEHKY CTOMKOCTH HCCIEIOBAHHBIX O0pasloB K TEPMOOKUCIUTENBHON AECTPYKLIUU
OTIPENEIsUIA BETMUYMHON XapaKTepUCTUUECKUX TEMIEpaTyp M0 KPUBBIM TEPMOIPAaBUMETPUUIECKOTO aHaN3a.
Nx ounenmBamm temmeparypamu Ts, Tio, (TemMmepaTypsl OTHOCHTENBHO Maibix moTepb) T2, Tao,
(TemmepaTyphl CpeHUX MIOTEPb), IPH KOTOPBIX MPOUCXOAAT COOTBETCTBEHHO noTtepH 5, 10, 20 u 30 mac. %
IIpYU OJTHUX U TEX K€ YCIOBHIX IKCIepUMEHTa (CKOpOCTh Harpena, cpena u 1.11.) [21].

IMosyyennbie pe3yabTaTel M HUX o00cy:kaeHue. HMHDopMannuio o CTpyKTypooOpazoBaHUH B
HCCIIeTyeMbIX 00pa3ax MOXKHO IMONYYUTh U3 AudpakTorpaMM B 00JIACTH YTIIOB paccesHus 20 B HHTEpBale
1-10°. Kak BuAHO U3 PpHUCYHKAa 1, TIHMKH, COOTBETCTBYIOIIHUE KPHCTAUIMYSCKOW CTPYKType
MoudunupoBaHHoro cioucroro cunukara «Cloisite 20A» B kommosutax ¢ [II1 cmemaroTcst mo mepe
YBEMYEHVSI KOHIIEHTPAIINH B CTOPOHY ManbIX yrioB. Paccrosaust Mexmy ciosmu gactuil «Cloisite 20A»,
paccuuTaHHble 10 ypaBHeHHIO Bynbda-bparra pacnonaratorces B psaay «Cloisite 20A» 1 kommnosunmu ¢ T111
¢ kounentpauusmu 5.0, 3.0, 1.0 mac. % kak 2.3 um, 2.76 uM, 3.05 M, 3.74 HM COOTBETCTBEHHO.

[lommyuenHble MaHHBIE CBUAETEIHCTBYIOT O (DOPMUPOBAHUH HHTEPKATHPOBAHHBIX HAHOKOMITO3HUTOB,
MIPH 3TOM YPOBEHb MHTEpKAISIIHNKA Makpomouekyn [1I1 B MexciioeBoe MpOCTPaHCTBO CIOWUCTOTO CHIIMKATA
M0 Mepe YBEJIIMUYEHUS €r0 COACPKaHHS 3aMETHO YMEHBILIACTCSI.

B menmoM, Takas  KapTHHa  CTPYKTypooOpa3zoBaHusi  3aBepliaeTcs  (OpPMHPOBAHHEM
MHTEPKAIMPOBAHHBIX HAHOKOMITO3UTOB, ECTECTBEHHO, 00bEM NOJIMMEPHOM (Da3bl, BOBICUEHHON B MOJTO0HYIO
CTPYKTYPY, YBEJINIHBACTCS MTPH TOBIIICHUH KOHIICHTPAI[UH CIIOMCTOTO CHIIMKATA.

820A 95/5

[ntensity

Pucynok 1. Indppaxrorpammbl MOAUGUIIUPOBAHHOIO CJIOUCTOr0 cuiukarta (1) u
HAHOKOMIIO3UTOB TOJHIPOINJIEHA C coaep:KkaHueM rimHbl 5 % (2),3 % (3), 1 % (4).

Crnenyer 3aMeTHTh, YTO CTCIICHb HMHTEPKAIAlMU, O€3yCJIOBHO, Hauboyiee BBICOKA BIUIOTH [0
9KCHONMAIUKN B MPUCYTCTBUM KOMIATHOWIM3aTOpa (B Ccliydae HCIIONb30BaHUs ManenHusupoBanHoro [111)
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[22-24], ommako u mms gwmcroro IIII, OGmaromapst MOABMKHOMY aTOMy BOIOPOAa METHJIBHOM TPYIIIEI
HaOmoaeTcs cnabblii ypOBEHb HHTEPKATSAIINHN, KOTOPbIN HE3HAUYNTENIEHO YCHIIMBAETCS IO MEpPE TOBBIIIICHUS
I1TP.

Paccmotpum TepMuyeckoe MOBEICHHUE UCCIEAYEMbIX HAHOKOMITO3UTOB.

B tabmume 1 mpenctaBieHbl OCHOBHBIE TeMIIEPATypHBIE XapaKTEPUCTHUKH, TaKWe KaK TeMIeparypa
Havajla Tporecca MOoTeph Maccel — Ty, TemmepaTypa IUaBieHUS — Tm, dHTaIbIUS MaBieHus — AHm,
onpenenéunsle 1Mo KpuBbiM JICK; CKOpOCTh MaKCHManbHOM TOTEPH MacChl — Vmax, TEMIEpaTypa
MaKCHMaJIbHON CKOPOCTH TOTEPH MAacCChl — |max HA TaK HA3bIBAEMOH «TOUYKe Mepernday, BBIABICHHBIE IO
kpuBbiM TT; Beamumnbel temnepatryp Ts, Tio, Too, T30, oTMeueHHBIX 1O KpuBbIM TI', MCClieTOBaHHBIX
o0pa3sioB: ucxoanoro UIIII, koMIO3UTOB 1 HAHOKOMITO3UTOB Ha €r0 OCHOBE.

Ta6auna 1. Tepmuyeckue XapaKTepUCTHKU KOMIIO3MTOB HA OCHOBE MOJTUINIPONUJIEHA

mapku J-150.
: Ton, T, AHn, T max, Vmax;, Ts, Tho, T, T,
Ne | PPIFT o0’ | o0’ | Kikg | °C | %est | °C | °c | ¢ | o
1 100/0 241.1 158.8 -46.61 390.6 | -0.138 | 281.2 298.4 320.9 338.1
2 99/1 248.5 161.0 -78.22 439.7 | -0.141 | 290.1 311.9 342.3 364.6
3 97/3 233.6 159.1 -55.33 430.1 | -0.184 | 284.7 308.6 340.9 365.3
4 95/5 238.2 157.6 -64.23 431.8 | -0.216 | 298.9 325.7 354.0 374.1

Ha pucynke 2 mokasaHbl 3KCIIepUMEHTaJIbHbIe KpuBble TI' mepeuncieHHbIX Bhime oOpas3noB. OHu
WTIOCTPUPYIOT M3MEHEHHUS! Macchl 00pa3loB Kak (YHKUIUIO OT Temmeparypbl. [1o pHUCYHKY BHIHO, YTO
MOTEPU MACChl HAUMHAIOT MTPOCIJICKHUBATHCS ATl KAXKI0ro o0pasua no-pasHoMy B HHTEpBaje TEMIEpaTyp OT
233.6 (obpazen 3) mo 248.5 °C (obpaszer 2).

HauanbHble TemmepaTypsl HOTEPU MaccChl U 00pa3IloB pacloiararoTcs B psilLy 1Mo Mepe ux pocra: No
3(233.6°C), No 4 (238.2°C), Ne 1 (241.1 °C), Ne 2 (248.5 °C). HaumeHee CTOMKHI K TEPMOOKUCITHTEIHLHOM
nectpykiuu  HeHaronmHeHHbIH [1I1, HambOomee CTOWKMI — WHTEPKATMPOBAHHBIM HAHOKOMIIO3HT C
comepkanuem 1 mac. %. Ilocneanee, Ha Haml B3IV, CBSI3aHO C TE€M, YTO MPAKTHUYECKH BCE YACTHIIBI
MOHTMOPHJUIOHHTA YYacCTBYIOT B Ipouecce uHTepkassuun Makpomosiekyn I1IT B MII cinoucroro cunukara.
To ectb ycuiieHre GapbepHBIX CBOMCTB MHTEPKAIMPOBAHHBIX CTPYKTYP B OrpaHMYCHUH AU((Y3HUH MOJIEKYIT
Kucinoposa B 006EM obpasia MmakcumainbHoe. [To mepe moseimenust CC Hapsiay ¢ yBelnyeHHeM o0BEMHOMN
JIOJTM MHTEPKAIMPOBAHHBIX CTPYKTYP (TIOJOKUTENBHBIN (haKTOP) MOSBISIOTCS PBIXJIBIE arperaThl YacTHII, He
YYacTBYIOIIME B 3TOM IHpouecce (oTpuuaTenbHblil ¢akTtop). Ilocieanne HUBEIMPYIOT MOJOKHUTEIBHBINA
3G GEKT WHTEPKATUPOBAHHBIX CTPYKTYp, SBISSCH OYaraMd Hadajga TEPMOOKHCIMTENBbHOW necTpykuuu. U,
HAao0OpOT, B HHTEpBAJIE HCCIEIOBAHHBIX TeMIeparyp MO Mepe yBelIuYeHHs OOBEMHON monu
WHTEPKATUPOBAHHBIX CTPYKTYP CTOMKOCTh K TEPMOOKHCIUTENHEHOM JEeCTPYKIH 00pa3ioB BO3pACTaET B
pany 1; 2; 3; 4. IlomyuyeHHble pe3yiabTaThl CBHIETEIBCTBYIOT, YTO COOTHOLICHHE «O0OBEMHAA [10Js
WHTEPKAIMPOBAHHBIX ~ CTPYKTYP»/«JIOJsl arperMpOBaHHBIX YACTHI[ CJIOUCTOTO CHIIMKATa»  SIBISCTCS
KITIOYEBBIM ()aKTOPOM, ONPEACISIONIUM TEPMHUUECKOE MOBEJCHUE WHTEPKATUPOBAHHBIX HAHOKOMITO3UTOB
[IT.

Cnabast CTOMKOCTP K  TEPMOOKHCIUTEIBHOM  JIECTpYKUMH HaOmomaercsi y  MCXOJHOTO
(menamonnenHoro) [T [25]. Paznmune mexay croiikocteio mcxomnoro III1 m HamomHeHHBIX 00pasloB B
00JIaCTH MPOTEKAHUS TEPMOOKUCIUTENBFHON IECTPYKLIMH NpH Temreparypax Boiiie 240 °C MOXET 10CTUraTh
1o 36°C.

Pucynox 3 mpencraBnser coboit Habop skcnepuMeHTanbHBIX KpuBbix T paccmarpmBaembIx
o0pasnoB. KpuBble MOKa3bIBAIOT 3aBUCHMOCTH CKOPOCTH IIOTEPH MACChl HCCIEIYEMBIX OOBEKTOB OT
TeMIeparypel. B coBokynHocTH ¢ KpuBBIMH TI' OHM JOMONHAIOT M YTOYHSAIOT XapakTep NPOTEKAIOLINX
MIPOIIECCOB MPH TEMIIEPATYPHOM CKAaHHPOBAHUHU UCCIIEAYEMBIX OOBEKTOB MO0 N3MEHEHHUSIM MacChl M CKOPOCTH
€€ N3MECHEHUSI.

I[lo pucysky BuaHO, dYTOo ¢opMa JECTPYKUHMOHHOTO IHKAa CKOPOCTH M3MEHEHHS MAacChl
HEHAIOJHEHHOT0 00pasta 1 BbLAESIETCS OT MOJOOHBIX TMKOB TPEX KOMIIO3UTHBIX 00pa3IoB.

[Muk wucxomHoro ooOpasia 1 HWMeeT MOHOMOJANBHBIM BHJ C HaJUYMEM IPU3HAKOB HECHIIBHOMN
aCUMMETpPHM, 4YTO YKa3blBa€T Ha IIOYTH OAHOPOJAHBIM XapakTep IPOTEKaHUs TEPMOOKUCIUTEIBHON
JNECTPYKLUH C OTHOCHTENBHO YMEPEHHON MHTEHCHBHOCTHIO. I1og00HBI muk obpas3na 2 (¢ MUHUMaIbHBIM
COJIEp)KaHUEM CJIOMCTOIO CHJIMKAaTa) MO0 MHTEHCUBHOCTH 4YyTh BBILIE IMpebIAyIlero oOpasla ¢ CHUIbHOM
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acCHMMMETpHEH, KOTOpasi CMeIaeT BEPIIMHY ITHKA B CTOPOHY BBICOKHUX TeMIepaTyp. JTO yKasbIBaeT Ha To,
yro gaxe HeOombimas ao06aBka (1 mac. %) HEOpPraHMYECKOrO HATOJHUTENS, BBEIEHHOTO B IIOJIAMED,

cocoOHa MOBBICUTH BEIMYKHY TEMIIEPATyPhl MAKCUMAIBHBIX OTeph Macchl Ha 49.1 °C (cMoTpuTe Tabauiry
1).

Hectpykrnuonnsle muku KpuBblXx JTI' HanmomHeHHBIX 00pa3moB Ha HHU3KOTEMIIEPATYPHOM KpbLIE
MMEIOT JOTIOHHUTENbHBIE cIaldble Tuieun. Takas MymnbTrMOAadbHas (hopMa MHKa, TO-BUAUMOMY, CBsI3aHA C
OTJIUYUTEIBHBIME  CTPYKTYPHBIMH XapaKTePUCTHKaMU (MaKpOMOJICKYJbI, IMOA00HBIe ucxomnomy III1,
BOJIM3HM TIOBEPXHOCTH YACTHI[ M HHTEPKATUpOBaHHbIE) [26].

[To mMepe TOBBITIIEHNST CONEPKAHUS HEOPTaHNIECKOH KOMIIOHEHTHI B KOMIIO3UTE 3aMETHBIM 00pazoM
YCUJIMBAETCSI MHTCHCUBHOCTh MTUKa CKOPOCTU NOTeph. MI3MeHeHue cojiep:kanus HamoJHuTens ¢ 1 1o 5 mac.
% TPHUBOAMT K IMOBBIICHUIO MaKCHMAaJIbHOW CKOPOCTH TOTEPH MAacChl KOoMIo3uTta Oojiee yeM B 1.5 pasa
(pucyHok 3, Tabmuma 1).
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Ha pucynke 4 mpusenenbsl kpuBble JJCK paccmarpuBaeMbix 00pasioB, MOKa3bIBAIOIIME XapaKTep
TeriooOMeHa (poTeKaHWe 3HJ0- M AK30- 3((HEKTOB U MX TIIyOWHY) UCCIEAYEeMBIX OOBEKTOB B IIpoIlecce
TeMIepaTypHoro ckanupoBanus. C MpakTU4ECKOW TOUYKH 3pEHHsI HAMOOIBIINK HHTEPEC MPECTABISET YacTh
pHUCYHKa, OXBaThIBaroIas o0JacTb TeMIlEpaTyp A0 Hadaja CYHIECTBEHHBIX moreph macchl (oT 130 mo 260-
280 °C). B »TOoM OTpe3ke TeMmmepaTyp HUMEET MECTO SHAOTESPMUYCCKHUH THUK ILIABJICHUS IOJUMEPHON
MaTpHUIIbl, KOTOpPBIA Jajiee YyCTYMAeT MECTO Hayally OKHCJICHHUS, €ro Pa3BUTHI0 U TMEpexody K
TEPMOOKHUCIIUTENBHON JIeCTpYKIMU. J[BM)KEHHME KPUBBIX Ha PUCYHKE, HayaB CBOM XOJ W3 OJHON TOUKH,
Jlalpllle MEET MPOJOJDKEHHWE Ha Pa3HBIX YPOBHSX OT TaK Ha3piBaeMoW 0a30BOW JiHMH. UeM BhIE X0
KpPHUBOH — TeM B OOJIbILIEH cTerneHu oOpasel NoABEP>KEeH MPOLECCY OKUCIICHHS.

BcrnencTBue OTHOCHTENIFHO BBICOKOM — PEaKLMOHHOW CIIOCOOHOCTH TPETHYHBIX aTOMOB BOJIOPOAA B
MOJIMIMPOITUIIEHE JTOT IOJIMMEDP YYyBCTBUTENICH K HE3HAYHTEILHOMY OKHCICHHIO, MPOHMCXOMASIIEMY B
mpolecce MojydeHus, XpaHeHus 1 nepepaboTku [27].

Ilo pucyHKy MOXHO BUAETH, YTO MEHEE BCETrO, KaKk M OXHJAIOCh, MOJIBEPKEH OKUCIEHUIO o0paser 2
(comepxkamuit 1 mac.% nHamomauTENsT), O6omee Bcero — obOpazern; 1 (6e3 HamomauTens). OcCTaibHBIE aBa
o0pa3siia HaxosITCsl B IPOMEXYTOYHOM COCTOSIHUM I10 CTETIEHU OKUCIICHHsI ¢ HEOOBIIUM MPEHMYIIIECTBOM B
noJb3y oopasua 4 (5 Mac.% HaroIHUTETI).
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Pucynok 4. dxcnepumentanbHble kpusble JICK ncciienoBanHbIxX 00pa3nos
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Pucynok 5. 3aBucumocts xapakrepucTudeckux Temmepatyp Ts, Tio, T20, T30 0T KOHIEHTpaLUK
HAIOJIHUTEJISA

Takoe moBezeHHME corjacyeTcs cO CTPYKTYPHBIMH JaHHBIMH, a WMEHHO, CTENEeHb WHTEPKaJALIUU
Makpomosiekyn Il B MexciaoeBoe MpPOCTPAHCTBO TIIMHBI CIIOCOOCTBYET PACIIOJIOKEHHIO KOMIIO3UTOB C
colepxaHueM TIiuHBI B psagy 1 mac. %, 3 mac. %, 5 mac. % (puc. 1), T.e. OapbepHbIe CBOMHCTBa
WHTEPKAIMPOBAHHBIX CTPYKTYD, (BOBJICUEHHBIX B MEXKCIOEBOE IIPOCTPAHCTBO) HUBEIUPYIOT 110 MEpEe pocTa
coJiepKaHus TIIMHBI U3-3a MPUCYTCTBUS arperupOBaHHbBIX YaCTHUIl MOHTMOPHJIJIOHUTA.

Ha ocHOBe KOJIMYECTBEHHBIX MaHHBIX (3HAUCHUH XapakTepucTHueckux temrepatryp Ts, Tio, T2o, Tao),
MOJYYEHHBIX M0 TEPMOIPaBHUMETPUYECKUM KPUBBIM MOXKHO COCTaBUTh CBOJIHBIA HA0Op AMarpamMM HxX
3aBUCUMOCTH OT KOHIICHTPAIIMH CJIOUCTOTO CHIIMKATa B KOMIIO3UTE (puC. 5).

PucyHOK HarinsgHoO JIEMOHCTPHPYET 3aMETHBI IOABEM CTOMKOCTH K TEPMOOKHMCIUTEIBHOU
JNEeCTPYKLUMH IMpHU Hepexoje OT HEHaNoJHEHHOro  obOpasua 1 x oOpasuy 2, coxepxamemy 1 mac. %
HanonHUTENs. JlanpHelee yBeanueHHe KOHIIEHTPALMU CIOUCTOr0 Cwivkarta A0 3 u 5 mac. % mMano
CHOCOOCTBYET MOBBIIIEHUIO CTOWKOCTH, @ B HEKOTOphIX ciydasx (mpu 3 mac. %- HOM coOAep)KaHHUU
HanonHuTenss Ha KpuBbIX Ts, Tio m T20) NPOMCXOIUT HE3HAYUTEIBHOE OTHOCUTENBHOE CHHKEHHE
TEPMOCTOMKOCTH, KOTOPOE OCTENEHHO UCUE3aeT 110 Mepe Mepexoaa K KpUBEIM Tao.

Ha pucynke 5 HaOxromaercs TEHACHIUS POCTa PA3HOCTH TEMIIEPATYp MEXKIY IEPBBIMH JBYMS
TOYKaMH KOHLICHTPALIMOHHBIX 3aBUCHMOCTEH 1O Mepe Imepexoja B 00JIaCTh MOBBIMICHHBIX 3HAYCHUH
TEMIIEPATYP.

OCHOBBIBasICh Ha pe3ybTaTax, N3BIECYEHHBIX U3 IKCIIepUMEHTANBHBIX KpUBbIX T, G110 TOCTpOEHBI
KOHIEHTPAI[MOHHBIE 3aBUCUMOCTH Tmax W Vmax, KOTOpPBIE IIOKa3aHbl Ha pPHUCYHKE 6. 3HaAK «MHHYC» B
3HAYEHUsIX vmax B Tabsuie | u Ha pucyHKe 6 yKa3bIBaeT Ha yObIJIb MACCHI.

Xon wW3MEHEHWH 3aBHCHMOCTH 2 pHCHMHKAa 6 wuMeeT oOpaTHBIM XapakTep IO CpaBHEHUIO C
3aBucuMocThio 1. Ecmm mepexom kpuBoit Tmax ot nHeHamondHeHHoro IIII k kommo3utaM uMeEET
ckaukooOpaszHeii BuUx (AT=49.1 °C), a mnepexonsl MEXAYy pa3HbIMH KOMIIO3UTAMH OTMEYaIOTCA
MUHHMAIBbHBIMUA H3MEeHEHHsMU TemriepaTypbl (AT=1.7+9.6 °C), To B ciydae KPUBOH Vmax HEPEXOH OT
YICTOTO MOJIMMeEpPa K HAITOIHEHHOMY COIMPOBOXKIAETCS MUHUMAIBHBIM U3MeHEHHEM (Avmax =0.003 %-s-1), a
MEK/Ty HAIOJHEHHBIMU 00pa3liaMi — PE3KUM POCTOM CKOPOCTH TOTEPH MACChl (AvVmax=0.032+0.043 %-s-1).

Ha pucynke 7 mpuBeaeHBl 3aBUCHMOCTH TEMIIEpaTypbl miaBieHus Tm (KpuBas 2) W SHTAIBIUU
mnaBiaeHuss AHm (kpuBast 1) oT comeprkaHus TIIUHBI B HAITOJTHEHHON cUcTeMe Ha ocHOBe JaHHbBIX J[CK.
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[Ipu BBemenum nepBoii moprmm HamonmHUTens (1 mac. %) HaOmomaeTcss 3aMETHOE TOBBIIICHHE
TEeMIIEpaTyphl TIaBICHUS, 3aTeM 3-X Y%-Has 100aBKa CHIDKAET BEIHMUYMHY Tm MOYTH [0 YPOBHS MCXOTHOTO
3HAUYCHUSI M JAJbHEUIICe MOBBIIICHHE COJCPKAaHUS MHHEPAIBHOTO KOMIOHEeHTa (5 Mac. %) mpojoinkaer
TEHJICHIIMIO CHKCHHSI TeMITepaTyphl TiasiaeHus 10 157.6 °C. OnucaHHasi KOHIICHTPAIMOHHAS 3aBUCHMOCTh
Tm TOTHOCTBIO coOTIacyeTcs C MHOTOYHCIEHHBIMH HIUTIOCTpAIVSIMH, TpUBEAEHHBIMEH B pabortax [28],
MOKa3bIBAIOIINMHE BIUSHHE (HOPMHUPYEMBIX CTPYKTYP KPUCTAIUTU3YIOIIUXCS TOTUMEPOB (B ToM uucie u [111)
Ha pa3Mepbl KPUCTALUTUTOB, TEMIICPATypPy ILIABICHUS,

i TEMIIEPATYPY KPUCTAIUIU3ALINH.

o 440
°; -016
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Pucynox 7. BiusiHue KOHIEHTPALMHU
HAIIOJIHUTEJISI HA TeMnepaTypy miaBjiaeHus Tr (2) u
HTAABNNI0 IIaBjaeHusa AHn, (1) moarumepHoii
MATpHIbI KOMIIO3UTOB.
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KpuBas 1 pucynka 7, mokasslBarolias BIUSHUE COJIEPKAHUS HATIONHUTENS HA YHTAIBITHIO TUIABJICHUS
MOJIMMEPHOI MaTpHUIbl, U3MEHsIETCS MMoUTH cuMOaTHO ¢ kKpuBoi 2. [To BenmuumHe AHm MOXHO cyauTh 00
W3MEHEHUSIX CTETIEHH KPUCTAIMYHOCTH UCCIIEI0BaHHBIX 00Pa3LoB.

Tak Kak cTeneHb KPUCTAJUIMYHOCTH ) SBISETCS Mpou3BOoAHON OoT AHm, TO 4mcioBoe 3HaueHHE
MEHSETCS MPOoNopHruoHanbHO BennuuHe AHm. Kak BumHO 3apozpiiieoOpasyromue GyHKIuH s oOpasia 2
SIBHO BBIJICIISIOTCS.

BeiBoabl. BrisiBieHO, 4TO TepMuUecKas CTaOMIBHOCTh HAHOKOMIIO3UTOB Ha BCEM HHTEpBale
HCCIIEIOBAHHBIX TEMIIEpaTyp 3HAUYUTEIbHO BbIlIe ucxoaHoro [T, mpu 3ToM Takoe ToBeieHUe ONpeIeseTcs
COOTHOILICHHEM “00bEMa MOTUMEPHOH (hasbl, Y4acTBYIOLIEH B MPOLECCE WHTEPKALMHM MAaKpPOMOJIEKYJ B
MEXCJIOEBOM IPOCTPAHCTBE CJIOUCTOTO CHiMKaTa” / “Ions arjJoMepUpOBAaHHBIX YaCTHIl CIIOMCTOTO
cunukara”. B obmacTu MallbIx KOHIIEHTPAIUK CIOMCTOIO CHIIMKATa OTCYTCTBHE arfIOMEPUPOBAHHBIX YaCTHII
1 OaprepHOro 3 PeKTa HHTEPKATUPOBAHHBIX CTPYKTYp BechMa 3((peKTHBHO cMelaeT Temreparypy Hadasa
TEPMOOKUCIUTEILHON JECTPYKIMH B CTOPOHY BBICOKHX Temmeparyp (mo 500°C), mo mepe yBenndeHus
KOHIIGHTPAI[MH CJIOMCTOTO CHJIMKATa JIAHHOE COOTHOIIEHWE YMEHBIIAaeTcsl 3a CUéT YBEJNWYEHHUS JIOJIU
arperupoBaHHBIX YACTHUI], MIO3TOMY XapaKTEpUCTHYECKas TeMIIepaTypa MoTepr Macchl B mHTepBaie 5-30
Mac.%. coXpaHseTcsl Ha YPOBHE MOJIHOCTHIO HHTEPKAaJIUPOBAHHOMN CTPYKTYPBI.
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GaAs/GalnAs/GalnP/AlGaAs GETEROSTRUKTURALARNING
MODELLASHTIRISH NATIJALARI

Izzatillayev Xurmatillo Xikmatilla o ‘g ‘li,
Andijon davlat universiteti tayanch doktoranti
xurmatilloizzatillayev956 @gmail.com
Quchgarov Behzod Hoshimjonovich,
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Annotatsiya. Ushbu ishda GaAs/GalnAs/GalnP/AlGaAs geterostrukturalarining fotoelektrik
xususiyatlari SCAPS-1D dasturi orgali modellashtirildi. Simulyatsiya jarayonida gatlamlarning galinligi,
doping darajalari, band gap energiyasi va rekombinatsiya jarayonlari hisobga olindi. Natijalar energiya
zonalarining optimal moslashuvi ogim zichligini oshirishi, rekombinatsiya yo ‘qotishlarini kamaytirishi va
qurilmaning umumiy samaradorligini yaxshilashini ko ‘rsatdi.Tahlillar GalnP yuqori energiyali fotonlarni,
GaAs o‘rta spektrni, GalnAs esa infraqgizil diapazonni samarali yutishini tasdigladi. AlIGaAs gatlami optik
yo ‘qotishlarni  kamaytirishda muhim rol o ‘ynadi. Modellash natijalari 37% atrofidagi yuqori
samaradorlikka erishish imkonini ko ‘rsatdi hamda eksperimental qiymatlar bilan yaxshi moslikka ega
bo ‘Idi.

Kalit so‘zlar: GaAs/GalnAs/GalnP/AlGaAs geterostrukturalari,Multi-junction quyosh elementlari,
SCAPS-1D modellashtirish,Band gap energiyasi, Energiya zonalari moslashuvi,Oqim zichligi (Jsc), Ochiq
zanjir kuchlanishi (Voc), Rekombinatsiva yo ‘qotishlari,Optik yo ‘qotishlar, Samaradorlik (), Fotoyutilish
spektri,Hetero-o ‘tishlar fizikasi, Yuqori samarali fotoelementlar.

PE3YJIbTATBI MOJAEJIMPOBAHUS TETEPOCTPYKTYP GaAs/GalnAs/GalnP/AlGaAs

Annomauus. B danHou  pabome npoBedeHo  MOOeNUpPosanue 2emepocmpyKmyp
GaAs/GalnAs/GalnP/AlGaAs ¢ ucnonwsosanuem npozpammsr SCAPS-1D. B npoyecce moodenuposanus
VUUMBIBANUCH MOIWUHA COE6, KOHYEHMPAYUuu 1e2Uupo8anus, WUPUHA 3aNpewéHHol 30Hbl U MeXaHu3Mbl
pexombunayuu. Pezyiomamul nokazanu, ymo onmumanbHoe CO2LaCO8aHUe IHEPeMUYeCcKUX 30H NOGbluuaem
NJIOMHOCMb MOKA, CHUdMCAem peKoMOUHAYUOHHble nomepu U yiyuuiaem o0wyw 3¢ gdexmugnocme
CMpPYKmypbi.

Ananuz noomeepoun, umo GalnP s¢pgpexmusro noznowjaem gvicokodnepeemuyeckue pomonvi, GaAs
— cpedHull cnexmpanvHulli ouanazon, a GalnAs — ungpaxpacuyio obnacmo, crou AlGaAs cuudcaem
onmuueckue nomepu. Mooenuposanue noxaszano 603modcHocmy Odocmudicenuss KIIJ oxono 37% npu
Xopouiem cOOmMEEmcmeuU ¢ IKCHePUMEHMATbHbIMU OAHHBIMU.

Knrouesvle cnosa: cemepocmpyxmypor GaAs/GalnAs/GalnP/AlGaAs, mHoeonepexoouvie conHeunble
anemenmot, modenuposarue SCAPS-1D, wupuna 3anpeuwérHHoll 30Hbl, CO2NIACOBAHUE IHEPLEMUYECKUX 30H,
niomuocms  omomoxa (Jsc), Hanpscenue pazomxuymou yenu (Voc), pexombunayuouHvlie nomepu,
onmuueckue nomepu, 3ppexmusnocms Gomonpeobpazoeanus (1), cnekmpanvrHoe nozlowieHue, QusuKa
2emeponepexo008, 8biCOKOIPhexmusHvle HomoanekmpuiecKue yCmpoucmasd.

SIMULATION RESULTS OF GaAs/GalnAs/GalnP/AlGaAs HETEROSTRUCTURES

Abstract. This work presents the simulation of GaAs/GalnAs/GalnP/AlGaAs heterostructures using
the SCAPS-1D software. The modeling considers layer thicknesses, doping concentrations, band gap
energies, and recombination mechanisms. The results show that optimal band alignment improves current
density, reduces recombination losses, and enhances the overall device efficiency.

The analysis confirms that GalnP absorbs high-energy photons, GaAs covers the middle spectral
range, and GalnAs effectively absorbs infrared photons, while the AlGaAs layer minimizes optical losses.
The simulated structures demonstrate the potential to achieve efficiencies around 37%, showing good
agreement with experimental data.

Keywords: GaAs/GalnAs/GalnP/AlGaAs heterostructures, multi-junction solar cells, SCAPS-1D
simulation, band gap energy, energy band alignment, photocurrent density (Jsc), open-circuit voltage (Voc),
recombination losses, optical losses, photovoltaic efficiency (), spectral absorption, heterojunction physics,
high-efficiency photovoltaic devices.
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Kirish. Geterostruktural fotoelektrik generatorning modellashtirilgan modeli asosida olingan natijalar
quyosh nuri ta’sirida sodir bo‘ladigan fotoelektron jarayonlarning fazoviy tagsimoti, tok—kuchlanish
bog‘lanishi va samaradorlikning o‘zgarishini har tomonlama tavsiflab beradi. Ushbu natijalar COMSOL
Multiphysics va SCAPS-1D muhitlarida yechilgan differensial tenglamalar asosida olingan.

Modelda har bir gatlam (GalnP, GaAs, GalnAs, AlGaAs) uchun elektr potensial, tashuvchilar
konsentratsiyasi, tok zichligi va energiya to‘siqlari alohida hisoblangan. Natijalar asosida struktura bo‘yicha
fotoelektron oqimining yo‘nalishi, yutilgan fotonlar soni va harorat ta’siri tahlil qilindi.

Asosiy gism. Modellashtirish natijasida hosil bo‘lgan I-V xarakteristika quyosh elementining ishlash
tamoyilini to‘liq ifodalaydi. Grafikning boshlanish nuqtasida gisga tutashuv toki (Jsc), so‘ngra ochiq zanjirda
Voc giymati kuzatiladi.

1-jadval. Hisoblash natijalari

Qatlam Eg (eV) | Jsc (mA/cm?) | Voc (V) FFE n (%)
GalnP 1.85 14.2 1.13 0.86 16.0
GaAs 1.42 18.7 1.05 0.85 18.9
GalnAs 1.00 22.4 0.87 0.84 20.5
Ko‘p qatlamli tizim o o o o 374
(GalnP/GaAs/GalnAs) '

N Voc

. s
B Efficleny

1-rasm.GalnP, GaAs va GalnAs qatlamlarining energetik fotoelektrik ko‘rsatkichlari bo‘yicha
3D taqggoslash grafiki

Natijalardan ko‘rinadiki, alohida qatlamlarning samaradorligi 16-20 % oralig‘ida, biroq ularni ketma-
ket ulash orqgali samaradorlik 37,4 % gacha oshadi. Bu holat har bir gatlamning quyosh spektrining ma’lum
diapazonini yutish gobiliyati bilan izohlanadi.

I-V grafigining egri chizig‘i ideal fotoelementlarga xos shaklga ega bo‘lib, fill factor (FF) 0,85 dan
yuqori qiymatga ega. Bu, rekombinatsiya yo‘qotishlarining pastligi va elektron tashuvchilarning
harakatlanish samaradorligi yugoriligini ko‘rsatadi.

Quvvat—kuchlanish (P—V) bog‘lanishi quyosh elementi ishchi nuqtasini aniqlashda muhim ahamiyatga
ega. Grafikda quvvat dastlab ortadi, so‘ngra maksimal qiymatga yetib, pasaya boshlaydi. Bu nuqtada hosil
bo‘lgan kuchlanish va tok mos ravishda V, va I deb belgilanadi.

Pmax=VmxIm (1)

Olingan natijalar bo‘yicha maksimal quvvat 0.032 W/sm? ni tashkil etdi, bu esa umumiy samaradorlik
n=37.4% ga mos keladi.

P-V grafigi tahlilida aniglanishicha, maksimal quvvatga erishish kuchlanish V,=0.92V va tok zichligi
Im=17.8 mA/sm?da yuz beradi.

Spektral javob funksiyasi fotoelementning har xil to‘lqin uzunliklaridagi fotonlarga sezgirligini
ko‘rsatadi. Modellashtirish natijalariga ko‘ra:

¢ 350-500 nm diapazonda GalnP gatlam faol ishlaydi;

» 500-850 nm diapazonda GaAs gatlam yutilishning asosiy gismini tashkil etadi;

e 850-1200 nm diapazonda GalnAs infragizil nurlarni yutadi.

Spektral samaradorlik grafigida yutilish koeffitsiyenti o(A)ortishi bilan fotojavob (QE) 0,92-0,95
oraligida o‘zgaradi, bu esa fotonyutilishning 92-95 % samaradorlikda amalga oshayotganini
ko‘rsatadi.Modelda qatlamlar orasidagi elektr maydonning taqsimoti ham hisoblangan. Eng katta elektr
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maydon GalnP/GaAs interfeysida kuzatilgan (taxminan 2,8x10° V/cm). Bu to‘siq (heterobarrier)
fotoelektronlarni ajratib, ularning qayta rekombinatsiyasini kamaytiradi. Natijada tashuvchilar yo‘qotilishi
minimal bo‘ladi.

Elektr potensialning fazoviy tagsimoti o(x)\varphi(X)e(x) grafigi modellashtirishda silliq o‘tish
xususiyatini ko‘rsatadi, bu esa gatlamlar o‘rtasida panjara mosligi (lattice match) yaxshi ekanini bildiradi.

Tahlillar shuni ko‘rsatdiki, harorat 300 K dan 350 K gacha oshganda:

eV, 1.10 V dan 1.03 V gacha kamayadi (—2,1 mV/K);

e Jsc esa biroz ortib, 18.7 dan 19.1 mA/cm? gacha ko‘tariladi;

o Umumiy samaradorlik 37.4 % dan 36.2 % gacha kamayadi.

Bu issiglik rekombinatsiyasining ortishi va tashuvchilar hayot davrining gisgarishi bilan izohlanadi.
Shu sababli, geterostruktura tizimlarida issiglik targatish tizimi (heat sink) muhim ahamiyatga ega.

Modellashtirish natijalari asosida quyidagi ilmiy xulosalarga kelindi:

e Har bir qatlamning band gap qiymati to‘g‘ri tanlanganda, fotoelektrik yutilishning spektral gamrovi
95 % dan yugqori bo‘ladi;

e Elektr maydon tagsimoti va energiya to‘siqlari elektron tashuvchilarni samarali ajratadi;

o Harorat oshishi samaradorlikni pasaytiradi, ammo 315 K atrofida tizim optimal ishlaydi;

« Modelda hisoblangan samaradorlik (n = 37.4 %) tajriba natijalari bilan 3 % farqg ichida mos keladi.

GaAs/GalnAs/GalnP/AlGaAs geterostrukturalarning modellashtirilgan natijalari ko‘rsatadiki, bu tizim
yugori kvant samaradorlik, past rekombinatsiya tezligi va bargaror elektr xususiyatlarga ega.Shunday qilib,
modellashtirish natijalari fotoelektrik generator samaradorligini oshirish uchun gatlam parametrlari va
harorat sharoitlarini optimallashtirish zarurligini ko‘rsatdi.

Harorat va yorug‘lik intensivligining samaradorlikka ta’siri

Geterostruktural fotoelektrik generatorlarning samaradorligi tashgi muhit omillariga-harorat, yorug‘lik
ogimi, spektral tarkib va nurlanish burchagiga sezilarli darajada bog‘liqdir. Aynigsa, harorat (T) va yorug‘lik
intensivligi (P,) tizimdagi fotoelektron jarayonlarga to‘g‘ridan-to‘g‘ri ta’sir ko‘rsatadi. Shu sababli,
modellashtirish natijalarini harorat va yorug‘likning o‘zgarishi sharoitida tahlil gilish geterostrukturali
panellarning ishlash bargarorligini aniglashda muhim ahamiyatga ega.

Yarimo‘tkazgichli geterostrukturalarda harorat ortishi bilan tashuvchilarning harakatchanligi ()
kamayadi, rekombinatsiya ehtimoli esa ortadi. Buning natijasida ochiq zanjir kuchlanishi (Vo) kamayadi,
gisqa tutashuv toki (Jsc) esa biroz ortadi.Harorat o‘zgarishining samaradorlikka ta’siri quyidagi empirik
bog‘lanish orqali ifodalanadi:

Voe(T)=Voe(To)—B(T—To) (2)

bu yerda p~2.2 mV/K Ty=300K-nominal harorat.

Modellashtirish natijalariga ko‘ra:

¢ 300 K da Voe=1.10 V;

e 325 K da Voc=1.04 V;

¢ 350 K da Voc=0.98 V.

Demak, harorat 25°C ga oshganda V. giymati taxminan 0,12 V ga pasayadi, bu esa samaradorlikning
3-4 % ga kamayishiga olib keladi. Harorat ortganda band gap energiyasi (Eg) torayadi, bu esa fotonlarning
yutilishini biroz osonlashtiradi va Jsc ning oshishiga sabab bo‘ladi.Bu jarayon quyidagi formula bilan
ifodalanadi:

bu yerda a va B-materialga bog‘liq koeffitsiyentlar (GaAs uchun: 0=5.4x10—4 eV, =204 K).

Natijada:

¢ 300 K da Jic=18.7 mA/sm?;

¢ 325 K da Jsc=19.1 mA/sm?;

¢ 350 K da Jsc=19.5 mA/sm?

Ammo bu o‘sish samaradorlikni to‘liq qoplamaydi, chunki Vo pasayishining ta’siri ustun
bo‘ladi.Quyosh panellarida hosil bo‘ladigan tok zichligi yorug‘lik oqimi zichligiga (P.) deyarli chizigli
ravishda bog‘liq.Bu bog‘lanish quyidagi formula orqali ifodalanadi:

Jse=K-Pin (3)
bu yerda k — fotoyutilish koeffitsiyenti, Pin kiruvchi nurlanish quvvati.
Modellashtirish natijalariga ko‘ra:
2-jadval. “Yorug‘lik oqimi kuchi oshganda geterostruktura fotoelementining asosiy
parametrlarining o‘zgarish jadvali”

Yorug‘lik intensivligi Pin (W/m?) Jsc (mA/cm?) Vo (V) n (%)
500 9.2 0.88 17.5
800 14.9 1.02 29.6
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38.1

Ko‘rinib turibdiki, yorug‘lik kuchi ortganda Jsc chizigli, Voc esa logarifmik o‘sadi. 1000 W/m? dan
yuqorida esa to‘yinganlik holati kuzatiladi, bunda rekombinatsiya tezligi ortadi va samaradorlik deyarli
o‘zgarmaydi. Modellashtirish natijalariga ko‘ra, haroratning oshishi va yorug‘likning kuchayishi bir-biriga
garama-garshi ta’sir ko‘rsatadi:

« Harorat ortishi rekombinatsiyani tezlashtiradi va V. ni kamaytiradi;

e Yorug‘lik oqimi ortishi esa tashuvchilar sonini ko‘paytiradi va Jsc ni oshiradi.

Natijada umumiy samaradorlik (n) quyidagi ko‘rinishda o‘zgaradi:

n= (T! Pa'n) = 7?0[1 - aT(T - 300)]‘1P[P!']1 - 1000] (34)

bu yerda a; = 0.004/K va ap = 0.0006/W - m~2-empirik koeffitsiyentlar.

Hisoblashga ko‘ra, 315 K haroratda va 1000 W/m? yorug‘lik oqimida tizim optimal ishlash rejimida
bo‘ladi.

Modellashtirish natijalari asosida quyidagi grafiklar tahlil gilindi:

o Vo—T grafigi — harorat oshganda kuchlanishning pasayish tendensiyasini ko‘rsatadi.

o Js—P, grafigi — yorug‘lik intensivligi ortganda tokning chizigli o‘sishini ifodalaydi.

o 1T grafigi — harorat oshishiga qarshi samaradorlikning kamayish egri chizig‘ini beradi.

o 1-P, grafigi — yorug‘lik kuchi ortganda samaradorlikning to‘yinganlik zonasiga kirishini ko‘rsatadi.

Natijalar quyidagicha umumlashtiriladi:

3-jadval. “Haroratga bog ‘lig fotoelektrik parametrlar (Voc, Jsc, FF, n)”

T (K) Voc (V) Jsc (mA/cm?) FF n (%)
300 1.10 18.7 0.86 37.4
325 1.04 19.1 0.85 36.5
350 0.98 19.5 0.84 35.6
T - Voc grafigi T - Jsc grafigi
1.10 195}
1.08 134,
19.3}
R E 192}
s 3
2 1.041 g 19.1}
1.02} g 19.0¢
8.9}
LUt 18.8}
0.98} : ; . N 18.7} . . ]
300 320 330 340 350 300 310 320 330 340 350
Harorat T (K) Harorat T (K)
T - FF grafigi T - n grafigi
0.8600
0.8575 37.25¢
0.8550 g aT00
0.8525 | £ 36.75¢
w 0.8500} 5 36.50|
0.8475} E 36.25}
0.8450 & 36.00}
RAAE 35.75
0I8400 i i i i 1 i 1 i 1 1 'l
300 320 330 340 350 300 310 320 330 340 350
Harorat T (K) Harorat T (K)

2-rasm. Haroratning Voc, Jsc, FF va samaradorlik (n) ga ta’siri
Xulosalar yuqoridagi modellashtirish natijalaridan shuni ko‘rsatadiki:Harorat ortishi samaradorlikni
2-3 % ga kamaytiradi, chunki rekombinatsiya va issiqlik yo‘qotishlari ortadi, Y orug‘lik oqimining ortishi esa
1000 W/m? gacha samaradorlikni oshiradi, undan keyin to‘yinganlik bosqichi boshlanadi,Optimal ishchi
harorat 310-320 K atrofida bo‘lib, bu qiymatda tizim eng yuqori quvvat bilan ishlaydi,Shunday qilib,
GaAs/GalnAs/GalnP/AlGaAs geterostrukturalar issiglik va yorug‘lik o‘zgarishlariga nisbatan yugqori
bargarorlikka ega, bu ularni yuqori haroratli hududlarda qo‘llash imkonini beradi.
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Abstract. Advancing memristor technologies requires precise control over the structural, electronic,
and defect-mediated behaviors of oxide-based semiconductor materials.

In recent years, ZnO and its doped derivatives have gained significant scientific attention due to their
tunable electronic structure, strong sensitivity to external stimuli, and compatibility with next-generation
neuromorphic architectures. This study aims to investigate how controlled hydrostatic pressure affects the
phase evolution, lattice dynamics, and memristive characteristics of Mn-, Co-, and Cu-doped ZnQO systems.
Using published studies focused on the effects of high pressure on modern semiconductor devices, the
influence of external factors on ZnO samples was evaluated through various approaches. The primary
results and numerical data were derived from these referenced works.

In-situ laser Raman spectroscopy measurements were performed on pure ZnO, Zno.ssMno.020, and
Zno.9sC00.020 samples under pressures up to 18.6, 18.4, and 13.1 GPa, respectively. The main objective of
this study was to determine how small amounts of Mn and Co doping affect the tetragonal—octahedral
(wurtzite—rocksalt) phase transition of ZnO under high pressure.

Keywords: laser Raman spectroscopy, high pressure, doping, tetragonal-octahedral (wurtzite—
rocksalt) phase, phonon interaction.

BOSIM TA’SIRIDA YUZAGA KELUVCHI FAZAVIY O‘TISHLAR VA Mn HAMDA Co
BILAN LEGIRLANGAN ZnO STRUKTURALARINING MEMRISTIV XUSUSIYATLARI

Annotatsiya. Memristor texnologiyalarini  rivojlantirish  oksid asosidagi yarimo ‘tkazgich
materiallarining struktura, elektron va nugsonlar bilan bog ‘lig xatti-harakatlarini aniq boshgarishni talab
etadi. So‘nggi yillarda ZnO va uning dopen qilingan hosilalari o zining sozlanadigan elektron tuzilishi,
tashgi omillarga yugori sezuvchanligi hamda yangi avlod neyromorf arxitekturalariga mosligi tufayli ilmiy
Jjamoatchilik e’tiborini kuchaytirdi. Ushbu tadgiqgot Mn-, Co- va Cu-doplangan ZnO tizimlarida gidrostatik
bosimning fazaviy evolyutsiya, panjara dinamikasi va memristiv xususiyatlarga ko ‘rsatgan ta’sirini
o ‘rganishga qaratilgan. Zamonaviy yarimo ‘tkazgich qurilmalarida yuqori bosimning roliga bag ‘ishlangan
adabiy manbalar asosida ZnO namunalarining tashqgi omillarga javobi turli yondashuvlar orgali tahlil
gilindi. Asosiy natijalar va sonli ko ‘rsatkichlar ushbu manbalardan olingan.

In-situ lazer Raman spektroskopiyasi orqali sof ZnO, Zne.ssMno.o:0 va Zno.ssCoo.0:0 namunalarida
mos ravishda 18.6, 18.4 va 13.1 GPa gacha bo ‘Igan bosimlarda o ‘Ichoviar amalga oshirildi. Tadgiqotning
asosiy magsadi — Mn va Co kabi kichik migdordagi dopantlar ZnO ning yuqori bosim ostidagi tetragonal—
oktaedrik (wurtzit—ruksalt) faza o ‘tishiga qanday ta’sir ko ‘rsatishini aniglashdan iborat.

Kalit so‘zlar: lazer Raman spektroskopiyasi, yugori bosim, doping, tetragonal—oktaedrik (wurtzit—
ruksalt) faza, fonon o zaro ta’siri.

®A30BBIE IIEPEXO/IbI, THAYIIUPOBAHHBIE JABJIEHUEM, U MEMPUCTUBHOE
HOBEJAEHUE OKCUJAHBIX CTPYKTYP ZnO, JETUPOBAHHBIX Mn U Co

Annomauus. Pazeumue MeMpucmopHuvlx mexHoLo2ull mpedyem mouHo20 KOHMPOIs CHMPYKMYPHBIX,
INEKMPOHHBIX U 0epeKm-0n0CPEOO0BAHHBIX CBOUCE OKCUOHBIX NOJYHPOBOOHUKOBLIX Mamepuanos. B
nocneonue 2006l ZnO u e2o ge2uposarivie NPouU300Hble NPUBLEKAIOM 3HAYUMEeIbHOe 6HUMAaHUe 01a200aps
pecyaupyemoll  31eKMpPOHHOL CMPYKMYpe, 6blCOKOU 4Y8CMBUMENbHOCU K GHEUWHUM 6030eliCmeUusM U
COBMECUMOCIU  C  APXUMEKMYPAMU  HeUpoMOpOHbIX ycmpolcme Hoeo2o nokonenus. Hacmosawee
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uccnedosanue HANPAGIeHO HA U3VHeHUe GIUSAHUSL KOHMPOIUPYEMO20 2UOPOCTNAMUYECKO20 OAGIeHUs HA
Gazosyro sgomoyUI0, OUHAMUKY PEUémKY U MeMpucmusHvle xapakxmepucmuru cucmem ZnQO, n1e2upo8aHHbix
Mn, Co u Cu. Ananu3s enusanus enewHux haxkmopos Ha oopazywvl ZnO GuINOIHEH HA OCHO8e ONYONUKOBAHHBIX
uccnedosanull, NOCGIUWEHHBIX PO BbICOKO20 OABNEHUSI 8 COBPEMEHHBIX NOTYNPOBOOHUKOBLIX YCIMPOUCMBAX.
Ocnosnbie pe3yibmamol U YUCAEHHbLE OAHHbIE ObLIU NOJIYYEHbL U3 IMUX UCTHOYHUKOB.

Hsmepenuss in-Situ  nazepnoit  Paman-cnexmpockonuu  6vliu  nposedenvt  0as uucmozo  ZnO,
Zno.9sMno.o20 u Zno.ssCo0.020 npu 0asnenusix 0o 18.6, 18.4 u 13.1 I'lla coomsemcmeenno. OcHo6ras yeib
pabomvl 3aKAIOYANACH 8 ONPEOeNeHUU MO20, KAK Maable KOHYyeHmpayuu necupylowux siemenmos Mn u Co
BAUAIOM HA MEeMPA2OHAIbHO—OKMAIOpU4ecKull (8lopyum—poxcoavm) gaszoeuitl nepexod ZnO npu 6biCOKOM
daeneruu.

Knwouesvie cnosa: naszepnas pamanHo8cKasi CHEKMPOCKONUS, 6bICOKOE OdaGleHue, Necuposanue,
MempazoHaIbHO—OKMAaI0puieckas (sropyum—poxconvm) gasza, szaumooeticmsue hoOHOHOS.

Introduction. Pure ZnO exhibited characteristic tetragonal phonon interactions, whereas Mn and Co
incorporation induced distinct local vibrational effects that shifted differently during compression. These
shifts indicate that Zno.ssMno.c2O and Zno.s7C00.030 undergoes a unique phase transition pathway, distinct
from those of pure and Co-doped ZnO. By correlating local vibrational features with structural evolution
under pressure, this work demonstrates the capability of Raman spectroscopy to probe changes in lattice
dynamics induced by doping. The obtained results provide deeper insight into how local lattice effects
influence phase transitions and serve as a guideline for designing ZnO-based materials with tunable
properties suitable for optoelectronic applications under high-pressure conditions To explore these
mechanisms, multilayer oxide structures—including ZnO, ZnMnO, ZnCoO, MnO, and MnCuO—were
synthesized on semiconductor and metallic substrates using sequential deposition techniques. Dopant
incorporation was carried out to induce local lattice distortions, modify the electronic density of states, and
introduce magnetic interactions relevant to memristor switching. Following growth, the samples were
subjected to controlled hydrostatic pressures in the 5-15 GPa range. Raman spectroscopy, structural
characterization, and pressure-dependent phase analysis were employed to evaluate the resulting
transformations.

ZnO

— ¥ o E a2 kT ET & T X T 1
30 40 60 60 70

Raman shift/cm!
Figure 1. The Raman analyst in ZnO-based

Our findings indicate that Mn- and Co-doped ZnO exhibit distinct, dopant-specific pressure-driven
behaviors. Mn doping introduces dual local vibrational modes, which strongly interact with the ZnO lattice
and mediate the transition from the tetragonal phase to an orthorhombic (octagonal-like) phase near 9 GPa.
Co doping, on the other hand, generates only a single local vibrational mode, resulting in a more moderate
shift in the phase transition onset pressure. These results demonstrate that d-electron configuration, ionic
radius, and dopant-induced strain jointly determine the pathway of the wurtzite-to-rocksalt transformation.
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Figure 2. SEM morphologhy and wurtzite—rocksalt at effect of high pressure of ZnO.
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Furthermore, applying high pressure was found to substantially alter the electrophysical properties of
the fabricated oxide stacks. The evolution of resistive switching, defect formation, and carrier transport under
compression revealed new memristive states not accessible under ambient conditions. These
pressure-responsive behaviors highlight a previously underexplored physical mechanism for engineering
nonvolatile memory elements based on transition-metal doped ZnO.

P
E— —

Figure 3. Effect of high pressure to memristive elements prepared based on ZnO

This research demonstrates that hydrostatic pressure is an effective external parameter for
manipulating crystallographic phases, phonon modes, and electronic activity in oxide semiconductors. The
combination of dopant engineering and pressure-induced tuning forms a promising route toward designing
materials for advanced memristor devices and adaptive neuromorphic systems. Future work will focus on
correlating nanoscale structural evolution with macroscopic electrical performance, optimizing device
geometry, and exploring scalability for integrated memory architectures. Semiconductor materials based on
ZnO have been identified as a high-priority direction, especially in the development of memristor
technologies. The present study focuses on Mn-, Co-, and Cu-doped magnetic semiconductors derived from
ZnO and aims to investigate how the properties of the resulting memristive materials can be controlled
through the application of high hydrostatic pressure[3].

On the figure 3, along with developing memristor materials through various growth techniques and
dopant incorporation, it is also essential to investigate how their structural properties can be modified under
applied pressure. By subjecting these materials to external hydrostatic compression, it becomes possible to
induce structural phase transitions within the atomic lattice. Such pressure-driven phase transformations
provide a pathway for creating new types of memory elements that exhibit properties significantly different
from conventional devices[5,9].

Our investigations demonstrate that Mn- and Co-doped ZnO, when exposed to high hydrostatic
pressures in the range of 5-15 GPa, undergoes a structural transformation. In particular, we observed that the
tetragonal phase of ZnO transitions into an orthorhombic (or octagonal-like) phase at approximately 9 GPa.
These findings, in combination with additional experimental evidence, suggest that applying controlled
pressure to doped ZnO systems opens opportunities for engineering novel memory functionalities[6].

In this study, the physical property variations of Mn- and Co-doped ZnO semiconductor samples
under high pressure were analyzed. Based on the referenced work [4], future research will focus on
modifying the pressure-application methods and structural configurations to obtain new results. The current
work primarily emphasizes laser Raman spectroscopy; however, subsequent studies will include
complementary SEM imaging and the determination of selected electrophysical parameters. The results
obtained here lay the groundwork for predicting and interpreting subsequent experimental data[7].
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Pressure dependence of phonon modes in ZnO, Zng 93 MNng 9, O (ZMO) and

Zn,98C00,020 (ZCO)
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Figure 4. Pressure dependence of the Raman effect in ZnO-based samples, showing the variation

of phonon modes with increasing pressure[1]

In this study, systematic Raman scattering investigations were conducted on pure ZnO, Zno.ssMno.020,
and Zno.ssCo00.020 samples to examine the influence of transition-metal doping on the pressure-induced
tetragonal—octahedral phase transition pathway[8]. The results indicate that Mn doping gives rise to two
impurity-induced local vibrational modes (LVMs) with noticeable intensity, whereas Co doping, likely due
to the difference in ionic radius, produces only a single, weaker local vibrational mode [2].

A detailed analysis of the pressure dependence of each phonon mode revealed that the presence and
stability of impurity-related LVMs may play a crucial role in determining the specific pathway of the
pressure-induced phase transition in ZnO. In particular, strain analysis showed that a pronounced “strain
burst” occurs as the hexagonal angle of the tetragonal phase opens just prior to the transformation into the
octahedral phase.  The final observations also suggest that the emergence of the Mn LVM1 mode at 524
cm™! could be responsible for a distinct transition route in Mn-doped ZnO during the tetragonal-octahedral
phase transformation. Nevertheless, the precise nature of dopant-induced LVMs associated with different
dopant elements requires further in-depth investigation[1,2].

Conclusion. Based on the comparative analysis of previously published studies and the current
experimental observations, it can be concluded that the ongoing and planned laboratory experiments should
be developed in alignment with earlier findings. These results not only facilitate faster utilization of
experimentally obtained values but also contribute significantly to reducing defect concentrations that arise
after high-pressure exposure in various semiconductor and memory devices. Strain analysis further validates
that Mn- and Co-doped ZnO follow clearly different structural routes under compression, revealing that the
dopant species and its interaction with the ZnO lattice critically shape the transformation dynamics. The
emergence of pressure-induced structural states highlights the potential for engineering new memristive
functionalities through controlled hydrostatic compression.

Overall, the work underscores the promise of doped ZnO systems as highly adaptable materials for
next-generation neuromorphic, spintronic, and oxide-electronics applications. Pressure engineering emerges
as a powerful methodology for activating structural phases and memristive states unattainable under ambient
conditions, opening new opportunities for device innovation.
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Annotatsiya. Metall-organik karkaslar (MOK) ning shakllanish mexanizmlari, xususan, nukleatsiya
Jarayonlar haligacha to ‘lig yoritilmagan. Ushbu ishda IRMOF-8 ning nukleatsiyaoldi bosgichi (bargaror
qurilishi bloki SBU shakllanishi) ilk bor ReaxFF molekulyar dinamika usulida o ‘rganildi. Tahlillar ZnsO
klasterining ligandlar bilan bosqichma-bosqgich koordinatsiyalanishi davomida sterik to‘siglar tufayli
bog ‘lanish energiyasi pasayishini va elektron to ‘yinganlik hisobiga barqarorlashuvni ko ‘rsatdi. Molyar
Gibbs energiyasining o ‘zgarishi jarayonning spontanligini tasdiqladi. Natijalar IRMOF-8 hosil bo ‘lishida
uzoq masofali tartibdan avval, aynan lokal koordinatsion to ‘yinganlik hal qiluvchi determinatsiya omili
ekanligini tasdigladi.

Kalit so“zlar: IRMOF, molekulyar dinamika, etanol, ReaxFF.

MEXAHW3M NPEJHYKJIEALIMOHHOM CEOPKH IRMOF-8:
ATOMUCTHUYECKHH AHAJIN3 HA OCHOBE REAXFF MD

Annomauusn. Mexanuzmol opmuposanus memann-opeanudeckux xapkacos (MOK), ¢ uacmuocmu,
npoyeccel HyKieayul, 00 HACMOSAWE20 BPEMEHU OCTNAIOMCS HeOOCMAMOYHO U3yUeHHbIMU. B Oannoil pabome
enepevie uccied08ana npeoHyKieayuonnas cmaous gopmuposanus IRMOF-8 (obpazosanue ycmotiuugoeo
cmpoumenvrozo 6noxa SBU) memoOom peakyuoHHO-CUNO8bIX MONEKVIAPHLIX OUHAMUYECKUX DPACHemos
ReaxFF. Aumanuz nokaszan, 4mo 6 npoyecce nouiazool Koopounayuu kiacmepa Zn«O ¢ nueanoamu
CHUDICEHUEe DHEP2UU CEA3U NPOUCXOOUM BCIEOCMEUE CTNEPUYECKUX NPENnSMCmeut, mo20a KaK cmabuiuzayus
cucmemvl  0becneuusaemcs INeKMPOHHbIM — Hacblyjenuem. Hsmenenue monvhou dHepeuu 1 ubbca
noomeepouno cnowmanHocms  npoyecca. Ilonyuennvie pe3yibmamel  OeMOHCMPUPYIOmM, 4MoO  npu
dopmuposanuu IRMOF-8 pewatowum ¢paxmopom sa61aemcs 10KAAbHAS KOOPOUHAYUOHHAS HACIUWEHHOCMb,
npeowecmayiowas 0anbHemy nopsoKy.

Knrouesvie cnosa: IRMOF, monexynsapnas ounamuxa, smaroin, ReaxFF.

NUCLEATION MECHANISM OF IRMOF-8:
ATOMISTIC ANALYSIS BASED ON REAXFF MD

Abstract. The formation mechanisms of metal-organic frameworks (MOFs), particularly the nucleation
processes, have not yet been fully elucidated. In this study, the prenucleation stage of IRMOF-8 formation
(the development of a stable secondary building unit, SBU) was investigated for the first time using ReaxFF
reactive molecular dynamics simulations. The analysis revealed that during the stepwise coordination of the
Zn+0 cluster with ligands, the binding energy decreases due to steric hindrance, while system stabilization
occurs through electronic saturation. The change in molar Gibbs free energy confirmed the spontaneity of
the process. The results indicate that, in the formation of IRMOF-8, local coordination saturation serves as
the decisive determinant prior to the establishment of long-range order.

Keywords: IRMOF, molecular dynamics, ethanol, ReaxFF.

Kirish. Metall-organik karkaslar (MOK) kristallik tabiati, yuqori darajadagi tartiblanganlik va
sozlanadigan poroz tuzilmalari bilan ajralib turuvchi g‘ovak materiallar hisoblanib, metall ionlari yoki metall
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klasterlar (koordinatsion markazlar)ning ko‘p funksiyali organik ligandlar bilan koordinatsion bog‘lanishlari
natijasida shakllanadi [1]. MOK asosidagi materiallar an’anaviy g‘ovak materiallarga nisbatan tubdan farq
qilib, ularning strukturasi yuqori darajada tartiblangan, moslashuvchan, yuzasi keng va ichki g‘ovakligi
kimyoviy jihatdan o‘zgaruvchan bo‘ladi [2]. Aynan shu noyob fizik-kimyoviy xususiyatlari tufayli MOKIlar
gazlarni adsorbsiyalash [3-5], kataliz [6-8], kimyoviy sensorlar [9-11] va dori tashuvchilar [12-14] kabi
ko‘plab sohalarda keng qo‘llanilmoqda.

Bugungi kunda bir nechta asosiy MOK strukturalari, jumladan, UiO [15-17] ZIF [6,18,19],
MIL [7,8,20] 8-10, va IRMOK [19,21-23], chuqur fundamental va amaliy tadgiqotlar markazida turibdi.
Ular orasida IRMOK strukturalari alohida e’tiborga loyiq. Bu sinfdagi karkaslar yuqori g‘ovakli, oldindan
bashorat gilinuvchi simmetrik struktura va funksional guruhlar bilan modifikatsiya gilish imkoniyati tufayli
keng tadgiq qgilinmogda. IRMOK strukturalari metall tugunlar (masalan, Zn(Il) ionlari) va ditopik
karboksilatli organik ligandlar o‘rtasidagi koordinatsion bog‘lanishlar asosida sintez qilinadi. Ularning ilk
muvaffaqiyatli sintezi O.M. Yaghi guruhi tomonidan amalga oshirilgan bo‘lib, Zn—O-C asosidagi oktaedral
tugunlar va ditopik ligandlar asosida yuqori darajada tartiblangan, primitiv kubik simmetriyaga ega karkaslar
olingan [24].

IRMOKIarning kristallik darajasi, morfologiyasi va govakligini nazorat gilish magsadida turli sintez
usullari ishlab chigilgan. Bular qatoriga solvotermal, mikroto‘lqinli, elektrokimyoviy [25], sonokimyoviy
[26] va mexanokimyoviy [27] metodlar kiradi MOKIarning shakllanishi va aynigsa nukleatsiya
(boshlang‘ich kristall zarralar hosil bo‘lishi) bosqichi molekulyar darajada murakkab bo‘lib, ularni tajribaviy
usullar bilan aniq kuzatish qiyin. Ko‘plab hozirgi yondashuvlar tayyor MOKIar uchun umumiy erkin
energiyani hisoblashga asoslangan bo‘lib, ular kristallanish jarayonining bosqichma-bosgich mexanizmini
to‘liq yoritib berolmaydi [28-30]. MOKIlarning shakllanish jarayonida nukleatsiya mexanizmlarini chuqur
o‘rganish tartibsiz fazadan kristall strukturaga o°tishda energetik barqarorlikni belgilovchi omillarni aniqlash
imkonini beradi. Shu nugtai nazardan, molekulyar dinamika (MD) simulyatsiyalari kristallanish jarayonini
buzmasdan tahlil gilish, energetik parametrlarni baholash hamda turli sintez sharoitlarini modellashtirish
uchun samarali vosita hisoblanadi.

Awvalgi nazariy tadgiqotlarda kuch maydonlari yordamida MOK prototiplarining erkin energiyasi
tahlil qilinib, sintez muvaffagiyati va energetik bargarorlik o‘rtasidagi bevosita bog‘liglik ko‘rsatilgan.
Xususan, olingan natijalarga ko‘ra, ALmFrL < 4,4 kJ/mol-atom shartini qanoatlantiruvchi MOKlarning sintez
gilinish ehtimoli yuqori ekanligi va erkin energiyaning pastligi strukturaviy amalga oshirishning (synthetic
feasibility) muhim mezoni ekanligi aniglangan [31]. Shuningdek, tadgigotchilar MIL-101 karkasining
ikkilamchi qurilish bloklari shakllanishida yuqori energetik to‘siq mavjudligini va bu jarayonda tereftalat
ligandlarining hal qiluvchi rolini ko‘rsatib berdilar [32]. Keyinchalik esa molekulyar dinamika
simulyatsiyalari orqgali Zn-karboksilatli IRMOF-1 ning o‘z-o‘zini yig‘ish jarayoni murakkab va ko‘p
bosqgichli xarakterga ega ekanligi isbotlandi [33]. Birog, mavjud adabiyotlarda asosan eng oddiy vakili
hisoblangan IRMOF-1 keng o‘rganilgan bo‘lib, IRMOF oilasining boshqa vakillari, xususan, IRMOF-8 ning
shakllanish mexanizmi to‘liq yoritilmagan. Ligand o‘lchamining kattalashishi (masalan, IRMOF-8 dagi
naftalen tizimi) klaster atrofidagi sterik muhitni va yig‘ilish kinetikasini IRMOF-1 ga nisbatan sezilarli
darajada o‘zgartirishi mumkin. Shu bois, yirikroq ligandli tizimlarda nukleatsiyaoldi bosqichi, ya’ni, hali
kristall panjara hosil bo‘lmagan, ammo uning asosiy qurilish bloki (SBU — Secondary Building Unit)
shakllanayotgan jarayonini o‘rganish alohida ahamiyat kasb etadi.

Yugoridagilarni inobatga olgan holda, mazkur tadgigotning magsadi IRMOF-8 sintezining eng
dastlabki bosgichini atomistik darajada yoritishdir. Ishda ReaxFF molekulyar dinamika usuli yordamida
Zn(Il) markazlari va katta hajmli naftalendikarboksilat ligandlari o‘rtasidagi raqobatli koordinatsiyalanish
jarayoni, sterik to‘siqlarning bog‘lanish energiyasiga ta’siri hamda barqaror SBU klasterining shakllanish
mexanizmi ilk bor tizimli tahlil gilindi.

Modellashtirish usuli va tafsilotlari.Ushbu tadgiqot reaktiv molekulyar dinamika (MD) usullarini
go‘llagan holda LAMMPS dasturiy to‘plami [34] orqgali amalga oshirildi. Tadgiqotda model tizimdagi
atomlar orasidagi o‘zaro ta’sirini ifodalash uchun ReaxFF potensialining [35] Han va uning hamkasblari
[36] tomonidan ishlab chigilgan parametrlaridan foydalanildi. ReaxFF klassik kuch maydonlaridan fargli
ravishda bond-order formalizmi asosida bog‘lanishlarning hosil bo‘lishi va uzilishini, shuningdek, proton
almashinuvi va koordinatsion jarayonlarni dinamik tarzda hisobga oladi [37]. 1-rasmda mono-IRMOK-8
strukturasi  shakllanishi uchun Zn;O koordinatsion markazi va 2,6-naftalendikarboksilat kislotasi
molekulalari etanol erituvchisida joylashgan holati tasvirlangan. Ushbu konfiguratsiya molekulyar dinamika
simulyatsiyasi uchun boshlang‘ich tizim sifatida tanlangan bo‘lib, u koordinatsiyalanish jarayonini
modellashtirishga imkon beradi.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 96



PHYSICS

'”"'\, -
’qux

%@‘%‘ o

1-rasm. Zn4O klasteri(l1) va 2,6-naftalendikarboksilat(l11) kislotasining etanol(l) muhitiga

joylashtirilgan boshlang‘ich holati(IV)

Dastlab, termodinamik tizimning energiyasi eng tez tushish (steepest descent) va qo‘shma gradient
(conjugate gradient) usullarini navbatma-navbat qo‘llash orqali minimallashtirildi. So‘ngra tizim Nosé-
Hoover termostati boshqgaruvidagi izotermik-izobarik (NpT) ansamblda (atomlar soni N, bosim p va harorat
T o‘zgarmas sharoitda), 600 K harorat va 1 atm bosimda muvozanatda ushlandi. Ushbu yuqori harorat
simulyatsiya dinamikasini tezlashtirish magsadida tanlangan bo‘lib, bu MD modellashtirishdagi vaqt
shkalalarini real tajribalardagi (masalan, CVD jarayonlaridagi kabi) vagqt masshtablariga yaginlashtirish
imkonini beradi. Bunda Tomas va hamkasblari tomonidan taklif etilgan haroratni tezlashtirish sxemasidan
foydalanildi [38]. Mazkur usul Arrenius tenglamasiga asoslangan holda modellashtirish harorati (Tsim) va
unga mos keluvchi eksperimental harorat (Texp) o°rtasidagi bog‘liglikni ifodalaydi hamda qisqa
modellashtirish vaqtini yuqori Tsim giymatlari orgali kompensatsiya giladi. Ushbu tezlashtirish sxemasiga
ko‘ra, modellashtirishda qo‘llanilgan Tsim = 600 K harorat, real vaqt shkalasida etanolning gaynash
nuqtasidan past bo‘lgan haroratga (Tex = 351 K) ekvivalentdir. Bu esa o‘rganilayotgan jarayonning aynan
suyuq fazada kechishini ta’minlaydi.

MD modellashtirishlarda vaqt gadami sifatida 0,1 fs tanlanib, jarayonlar davomiyligi 1,4 ns tashkil
etdi. Olingan natijalarni o‘rtachalash maqsadida har bir holat 5 martadan takrorlandi.

Natijalar va ularning muhokamasi.2a-rasmda etanol muhitida metall asos (ZnsO) hamda organik
ligandlarni o°zaro birikib amorf struktura hosil bo‘lish jarayoni tasvirlangan.

2-rasm. a) Etanol muhltlda Zn40 koordinatsion markazi va 2,6-naftalendikarboksilat
ligandlarining o‘zaro bog‘lanishi natijasida amorf struktura hosil bo‘lish jarayoni, b) Mono-IRMOK-8
strukturasi shakllanishining bosgichma-bosqgich koordinatsiyalanish jarayoni

Ushbu ishda biz MonolRMOK-8 ning hosil bo‘lish mexanizmlarini tahlil qilamiz (2 b-rasm, sariq
uzuq chiziq bilan ajratilgan gism). 2b-rasm mono-IRMOK-8 strukturaviy birligi shakllanishining molekulyar
darajadagi evolyutsiyasini namoyon qiladi. Xususan, har bir bosgichda (2b-rasm 1 dan 6 gacha)
koordinatsion markazga navbatma-navbat bitta yangi ligand birikib boradi: birinchi holatda bitta ligand,
ikkinchisida ikkita, va shu tarzda oltinchi holatda to‘liq olti ligand bilan koordinatsiyalangan holatga
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erishiladi. Bunda ligandlarning metall asos (koordinatsion markaz) bilan ketma-ket koordinatsiyalanishi
jarayonida yuzaga kelgan bog‘lanish energiyasi (Epoy), metall asosdagi xususiy zaryad o‘zgarishi
bosgichma-bosqgich tahlil qilindi. Hisoblash natijalariga ko‘ra, birinchi ligand koordinatsiyalanganda
bog‘lanish energiyasi eng yuqori (Epog: = 3,5 €V) bo‘lib, metall asosdagi zaryad +0.91395e ni tashkil etdi. Bu
holatda metall markaz yuqori darajada elektronlarga muhtoj, ya’ni elektron yetishmovchiligi mavjud bo‘lgan
reaktiv markaz sifatida namoyon bo‘ladi. Har bir keyingi ligand qo‘shilishi bilan bog‘lanish energiyasi
bosgichma-bosqgich kamayib boradi (4-rasm, qizil chiziq). Xususan, ikkinchi va uchinchi ligandlar uchun 2,3
eV bo‘lsa, to‘rtinchi, beshinchi va oltinchi ligand uchun esa mos ravishda 1,8 eV, 1,7 eV va 1,4 eV ni tashkil
etadi.

Kuzatilgan bog‘lanish energiyasining 3,5 eV dan 1,4 eV gacha bosqichma-bosqich pasayishi ligandlar
soni ortishi tufayli sterik to‘siqlarning kuchayishi bilan izohlanadi. Dastlabki ligandlar (n=1-3) ZnsO
klasteriga erkin yaginlasha olsa, keyingi bosgichlarda (n=4-6) avval o‘rnashgan katta hajmli
naftalendikarboksilat guruhlari yangi kelayotgan ligandlar uchun fazoviy to‘siq hosil qiladi. Bu esa
“koordinatsion to‘yinganlik” effekti nafaqat elektron, balki geometrik omillarga ham bog‘ligligini ko‘rsatadi.

Ligandlar qo‘shilishi bilan Zn atomlaridagi musbat zaryadning keskin kamayishi (+0,91e — +0,29¢)
kuchli liganddan-metallga zaryad ko‘chishi jarayoni sodir bo‘layotganidan dalolat beradi (3a-rasm, gora
punktir chiziq). Garchi ReaxFF potensialida qo‘llaniladigan EEM usuli zaryadlarni kovalent bog‘lar boylab
kuchli delokalizatsiya qilishga moyil bo‘lsa-da (bu absolut giymatlarning DFT hisob-kitoblariga nisbatan
kichikroq bo‘lishiga olib kelishi mumkin), kuzatilgan umumiy tendensiya metall markazining elektrofillik
xossasi pasayib, barqaror neytral klaster holatiga intilayotganini fizik jihatdan to‘g‘ri ifodalaydi.
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3-rasm. a) Ligandlar soniga bog‘liq holda mono-IRMOK-8 shakllanishidagi energetik va zaryad
holatlari o‘zgarishi: bunda n= 1-6 ligandlar soni ortib borishi bilan bog‘lanish energiyasi o‘zgarishi
qizil, metall asosdagi zaryad o‘zgarishi qora va Gibbs erkin energiyasining o‘zgarishi ko‘k rangda
tasvirlangan, b) Mono-IRMOK-8 strukturasi radial tagsmot funksiyasi

Tadqiqotda shuningdek kordinatsiyalangan ligandlar soning ortishi bilan tizim barqaroligining o‘zgarib
borishi Gibbs erkin energiyasi formulasidan foydalangan holda baholandi.
AG = E — Zz‘ Kil (1)
Bu yerda AG — Gibbs erkin energiyasi, E — garalayotgan strukturaning kogeziya energiyasi, y va g mos
ravishda struktura tarkibidagi har bir tur atomning molar ulishi va kimyoviy potensiali. Bizning holda p rux,
uglerod, kislorod va vodorod uchun mos ravishda -1,35 eV, -7,64 eV, -2,79 eV va -2,36 eV ni tashkil giladi.
Gibbs erkin energiyasi ham har bir bosgichda izchil ravishda —0,69425 eV dan —0,74301 eV gacha kamayib
boradi (4-rasm, ko‘k chiziq). Gibbs erkin energiyasining har bir bosgichda manfiy giymatlar tomon siljishi
(AG < 0) ligandlarning klasterga birikishi termodinamik jihatdan qulay ekanligini tasdiglaydi. Suyuq
fazadagi erkin ligandlarning klaster tarkibiga o‘tib, tartibli struktura hosil gilishi entropiyaning kamayishiga
olib kelsa-da, kuchli koordinatsion bog‘larning hosil bo‘lishi hisobiga yuzaga keladigan entalpiya yutug‘i
jarayonning umumiy spontanligini ta’minlaydi.
Bundan tashqari, shakllangan Mono-IRMOF-8 klasteri uchun radial tagsimot funksiyasi (RDF) tahlil
gilindi (3b-rasm). Spektrning gisqa masofa diapazonida (1-2 A) kuzatilgan o‘tkir cho‘qqilar metall va

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 98



PHYSICS

kislorod atomlari o‘rtasida kuchli koordinatsion bog‘lanishlar hosil bo‘lganligini, 2,5-4,0 A oralig‘idagi
cho‘qgqilar esa organik ligand fragmentlaridagi (O-C va C-C) ichki strukturaviy tartibni aks ettiradi. Ushbu
ko‘rsatkichlar lokal miqyosda barqaror ikkilamchi qurilish bloki (SBU) to‘liq shakllanganidan dalolat beradi.
Birog, uzoq masofalarda (r > 5 A) xarakterli cho‘qqilarning mavjud emasligi va g(r) funksiyasining birlikka
intilishi, modellashtirilgan suyuq fazada klasterlarning o‘zaro tartibsiz joylashganligini va uzoq masofali
kristall tartib hali yuzaga kelmaganligini ko‘rsatadi. Mazkur holat o‘rganilayotgan jarayonning aynan
nukleatsiyaoldi bosqichiga to‘g ri kelishini yana bir bor tasdiqlaydi.

Xulosa.Ushbu tadgiqotda ReaxFF molekulyar dinamika usuli yordamida IRMOF-8 karkasining
nukleatsiyaoldi bosqichi, ya’ni, barqaror ikkilamchi qurilish bloklari (SBU) shakllanish mexanizmi
molekulyar darajada tadqiq etildi. Jarayonni modellashtirish natijalari shuni ko‘rsatdiki, SBU shakllanishi
sterik omillar va elektron barqarorlik o‘rtasidagi raqobatli muvozanat asosida kechadi. Xususan, ZnsO
klasteriga ligandlarning ketma-ket birikishi jarayonida sterik to‘siglarning ortishi hisobiga bog‘lanish
energiyasining 3,5 eV dan 1,4 eV gacha (taxminan 60% ga) keskin pasayishi aniglandi. Bu koordinatsion
to‘yinganlik nafaqat kimyoviy bog‘lar soni, balki ligandlarning fazoviy joylashuvi (geometrik to‘yinganlik)
bilan ham qat’iy nazorat qilinishidan dalolat beradi. Shu bilan birga, molyar Gibbs erkin energiyasining
hisoblangan giymatlari jarayonning termodinamik jihatdan spontan ekanligini va etanol muhitida energetik
bargaror klasterlar hosil bo‘lishini tasdigladi. Radial tagsimot funksiyasi (RDF) tahlili tizimda uzoq masofali
kristall tartib (r > 5 A) mavjud bo‘lmasa-da, lokal miqyosda (r = 1-2 A) barqaror koordinatsion tugunlar
to‘liq shakllanganligini ko‘rsatdi. Umuman olganda, mazkur ish IRMOF-8 sintezida kristall panjara
o‘sishidan avval, aynan lokal koordinatsion va geometrik to‘yinganlikka erishish hal giluvchi deterministik
omil ekanligini ilmiy asoslaydi va g‘ovak materiallarning boshqariluvchan sintezi uchun yangi nazariy
tushunchalarni tagdim etadi.
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Abstract. Dye-sensitized solar cells (DSSC, Dye-Sensitized Solar Cells) have emerged as one of the
innovative technologies in solar energy processing. Their main advantages include high efficiency, simple
production process and availability of various natural dyes, which make them attractive as a widespread
energy source. This article provides detailed information about the working principles and main components
of DSSCs. Dye-DSSC is an important factor in the performance of solar cells. The development of dye-
sensitized solar cells and its drawbacks are reviewed. At present, the advantages and disadvantages of
natural dyes as dye-sensitized solar cells and its potential development have been analyzed. According to the
types of natural dyes used in recent years, it will review the research process of natural dye-sensitized cells
in detail, and then analyze the development trend of natural dye-sensitized solar cells.

Key words: DSSC, Dye-Sensitized Solar Cells photoelectrode, contour electrode, photoanode,
electrolyte, gel polymer electrolyte (GPE), photosensitive dye, ) Titanium dioxide TiO- , iodine (I2) , triton-
X100, polyethylene glycol (PEG).

T102 ASOSIDA QUYOSH ELEMENTLARINI ISHLAB CHIQARISH TEXNOLOGIYASI

Annotatsiya. Yugori sezgir bo'yogli quyosh elementlari (DSSC, Dye-Sensitized Solar Cells) quyosh
energiyasini gayta ishlashda innovatsion texnologiyalardan biri sifatida paydo bo'ldi. Ularning asosiy
afzalliklari yuqori samaradorlik, oddiy ishlab chigarish jarayoni va turli tabiiy bo ‘yoglar mavjudligi bilan
birga, ularni keng targalgan energiya manbai sifatida jozibador giladi. Ushbu magolada DSSClarning
ishlash prinsiplari va asosiy komponentlari haqida batafsil ma'lumot beriladi Yarimo ‘tkazgich xossasiga ega
TiO, asosli quyosh elementlarini(DSSC) tayyorlash texnologiyasi va ishlash prinsipi keltirilgan. Bo'yoq-
DSSC quyosh xujayralari ishlashining muhim omilidir. Bo'yoq bilan sezgir bo'lgan quyosh xujayralarining
rivojlanishi va uning kamchiliklarini ko'rib chigildi. Hozirgi vagtda bo'yoqga sezgir quyosh xujayralari
sifatida tabiiy bo'yoglarning afzalliklari va kamchiliklari va uning potentsial rivojlanishini tahlil gilindi.
So'nggi vyillarda ishlatiladigan tabiiy bo'yoglar turlariga ko'ra, bu tabiiy bo'yogga sezgir bo'lgan
hujayralarni tadqig qilish jarayonini batafsil ko'rib chiqildi, so'ngra tabiiy bo'yoglarga sezgir bo'lgan
guyosh xujayralarining rivojlanish tendentsiyasini tahlil giladi.

Kalit so‘zlar: DSSC, Dye-Sensitized Solar Cells fotoelektrod, konturelektrod, fotoanod, elektrolit, gel
polimer elektrolit (GPE), yorug ‘likka yuqori sezgir bo ‘yoq, ) Titan dioksidi TiO; , yod (L) , triton-X100
,polietilenglikol (PEG).

TEXHOJOI'UA ITPOU3BOJACTBA COJIHEYHBIX JIEMEHTOB HA OCHOBE TI10;

Annomayusn. Cencubunuzuposannvle Kpacumenem coaneynvie snemenmut (DSSC, Dye-Sensitized
Solar Cells) nossunuce kax 00HA U3 UHHOBAYUOHHLIX MEXHONO02UU 6 00aaCmuU 00PAbOMKU COTHEHHOU
oHepeuu. VX OCHOBHbIMU HpeuMyuecmeamu A6IAIONCE blCOKAS 3PpekmusHocms, nNpocmou npoyecc
npoU3800CMeEa U OOCMYNHOCHb PA3IUYHBIX HAMYPATbHBIX Kpacumenet, Yymo oelaem ux npueiekameibHblMu
8 Kauecmee WupoKo pacnpocmpanéHHo20 UCMOYHUKA dHepeuu. B amoii cmambe npedcmasiena noopooHas
ungopmayus o npunyunax pabomel u ocHosuwvix xomnonenmax DSSC. Dye-DSSC sensiemcs eaxcHvim
axmopom 6  NPOU3BOOUMENbHOCMU  COJIHEUHbIX  dlemenmos.  Paccmompenvt  paspabomka
CEHCUDUNUBUPOBAHHBIX KpdcumeeM CONIHEUHbIX JJIeMeHmo8 U ux Hedocmamku. B nacmoswee epems
NPOAHANU3UPOBAHBL  Npeumywecmea U HeOOCMAMKU  HAMYpPANbHblX — Kpacumenel 6  Kayecmee
CEHCUDUNUZUPOBAHHBIX  KPACUMENeM COJHEYHbIX J]eMEeHmo8 U UX HOMeHyudivHoe paszeumue. B
COOMBEMCMEUU ¢ MUNAMU HAMYPATbHLIX Kpacumenell, UCHONIb3YeMblX 8 NOCAeOHUe 200bl, Oyoem noopooHO
paccmompen  npoyecc — UCCIe008aHUS  CEHCUOUNUSUPOBAHHBIX — Kpacumenem  A4eeK, a  3amem
NPOAHATUIUPOBAHBL MEHOESHYUU PA3BUMUS CeHCUOUNUSUPOBAHHBIX KDACUMELeM COHEYHbIX 2eMEHMO8.

Kntouesvie cnosa: DSSC, (omosnexmpod Onisi COMHEYHBIX IIEMEHMO8, CEeHCUOUNUBUPOBAHHbLEE
Kpacumenu, KOHMYPHbLL 31eKmpoo, (omoanoo, 31eKmponum, 2eieodpazuviil NOIUMEPHLL IIEKMPOIUM
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(GPE), ceemouyscmeumenvhuviti  Kpacumenb, oOuokcud mumana TiOz 100 (L), mpumon-X100,
noausmunenenuxons (1101).

Introduction. At present, the electricity consumed in the world is mainly made up of energy obtained
from fossil fuels, that is, thermal energy and nuclear energy. However, the limited amount of such fuels and
the fact that they are not ecologically clean are their main disadvantages [1]. Today, solar energy is the most
suitable energy for electricity production. However, the energy produced in silicon-based solar cells is 1% of
the electricity produced on a global scale [2].

Global energy consumption is increasing every year: it was 12.7 TW in 1998, it will be around 26.4-
32.9 TW in 2050, and it will reach 46.3-8.7 TW by 2100 [3]. The increase in energy consumption leads to a
decrease in natural resources, namely gas, oil and coal. In general, the efficiency of silicon-based solar cells
of the old type can be increased up to 25% in laboratory conditions, and the efficiency of gallium-arsenide-
based solar cells can be increased to 32% in laboratory conditions [3].

Therefore, the current demand forces to look for solar cells with low cost of production technology
and electricity production. An example of such solar cells is "Dye sensitized solar cell (DSSC-Dye sensitized
solar cell). DSSC solar cells are very different from traditional solar cells due to their low cost and ease of
manufacturing technology. At the same time, it was determined that the maximum efficiency of this type of
solar cells is 14.1%, and the useful life is more than 15 years, and the cost of the produced solar cells is 3-5
times cheaper than conventional solar cells [4].

The technology of making solar cells, the low cost of their introduction and improvement, and the
convenience of their use and production attract specialists in this field [4-6].

At the same time, it is shown that the maximum efficiency of this type of solar cells created by
Japanese scientists is 13%, and the useful life is more than 10 years. Since DSSC solar cells are made of
organic dyes and polymer materials, the cost of electricity obtained from them is 10-15 times cheaper than
electricity obtained from conventional solar cells.

In this work, for the first time in Uzbekistan, the technology of making DSSC solar cells was
described. Therefore, in this work, we described the technology of making a solar cell and some of its
physical properties.

In the literature, it is stated that highly sensitive natural dye solar cells consist of the following five
parts [3] Fig. 1.

1) Transparent electrically conductive glass: 2) Titanium dioxide TiO, nanoparticles (photoanode): 3)
Paint: 4) electrolyte: 5) Graphite or platinum counter electrode (cathode): The first layer is the glass layer, a
conductive (transparent) layer is grown on the glass surface, which transfers the free electrons generated
inside the solar cell to the external circuit. This layer is called the transparent conductive surface. A layer of
TiO nanoparticles with n-type semiconductor properties is used as the second layer. The advantages of TiO>
are based on high light sensitivity, structural stability and low cost [7].

The third layer is the dye layer, and the light sensitivity of the dye molecules is the main component of
increasing the visible light photon absorption efficiency of DSSCs [8]. The fourth layer is the electrolyte
layer, of which there are three most common types:

1) liquid solution of I_;‘IE— dissolved in an organic solvent;

2) gel polymer electrolytes prepared from salts or salt solutions;

3) solid electrolytes [8].

The fifth layer is an electrode. The electrode is another important component of DSSC. The main
purpose of the electrode is to reduce triiodide. The speed of the reduction reaction at the cathode is
important, because after reduction of the triode, iodide is formed on the anode side of the electrode, which is
used to regenerate the oxidized dye molecule.

1) Transparent electrically conductive glass: 2) Titanium dioxide TiO2 nanoparticles (photoanode); 3)
Paint; 4) electrolyte; 5) Graphite or platinum counter electrode (cathode). To get an acceptable cell the
reaction on the anode side should be slow and the reaction on the cathode side, which is the electrode, should
be fast. The electrode is close to the equilibrium potential of the redox couple, but the anode side is far from
the equilibrium potential. This phenomenon creates a voltage difference across the DSSC, causing the
triiodide to recover. Although many materials such as platinum, carbon, graphite, and conductive polymers
have been used as electrodes, platinum is still the preferred catalyst. Platinum is the best catalyst for iodine,
triiodide, redox couple. In addition, the light reflectance of platinum is higher than that of the carbon coating,
resulting in more light being reflected into the cell.
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Figure 1. Highly sensitive natural dye solar cells consist of the following five parts

Experimental determination of technological parameters. The following chemicals and solutions
were used in the preparation of DSSC solar cells. In the preparation of the electrodes of the solar cell,
manufactured by Sigma Aldrich, USA: titanium dioxide (TiO2) P90 with a molecular size of 15 nm and
(TiO2) P25 with a molecular size of 21 nm, polyethylene glycol (PEG), triton-X100 , fluorine-doped tin
oxide grown glass (FTO) and platinum (Pt), a product of Supelco Analytical, USA, were used. We used
polyethylene oxide PEO, dimethylformamide (DMF), 98% pure ethylene carbonate (EC), 99% pure
propylene carbonate (PC), tetrabutylammonium iodide (TBAI), potassium iodide (KI) and iodine (I.) to
prepare the electrolyte. . In order to localize the solar element, extracts of fruits grown in the Republic of
Uzbekistan and plant leaf pigments were used as dyes. Special filter paper made in Malaysia for filtering
paints and. Solutions developed in Malaysia: 69% pure nitric acid (HNO3) dissolved in 99.5% ethanol
(C2HsOH) at pH=1 was used. The percentage of substances in the electrolytes we prepared is presented in
Table 1. It can be seen from the table that the electrolytes of the solar cell differ from each other only in the
amount of KI, TBAI salt and iodine.

Gel-polymer electrolyte composition Table 1.

? = § = 2

= £ 2 8 5 5
E E 5 B = 5 Z >

2 N S 3 = = £

Ne gr gr agr gr Gr gr gr

1 0.05 - 0.1 0.25 0.25 0.5 0.005
2 0.05 0.05 0.1 0.25 0.25 0.5 0.010
3 0.05 0.10 0.1 0.25 0.25 0.5 0.015
4 0.05 0.15 0.1 0.25 0.25 0.5 0.02
5 0.05 0.2 0.1 0.25 0.25 0.5 0.025
6 - 0.25 0.1 0.25 0.25 0.5 0.005

Table 1 shows the percentage of substances in electrolytes prepared by us.

It can be seen from the table that the electrolytes of the solar cell differ from each other only in the
amount of KI, TBAI salt and iodine.

Technology of preparation of transparent electrically conductive surface. Usually, FTO glass is
used to make high-sensitivity natural dye solar cells. The main reason for this is that the FTO layer transmits
the incident light well. The FTO layer is prepared using solutions of fluorine and tin oxide. First, the solution
is thoroughly mixed until it reaches a homogeneous state and is grown by spraying on a cleaned transparent
glass surface. In the next step, the sample is heated for one hour at different temperatures. The morphological
structure of the obtained samples is that the transparency of the film obtained at a temperature of 150°C is
85%, and the electrical resistance is 5.11 Ohm/cm?. This is the best result so far. Photoanode preparation
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technology: To prepare photoanodes of solar cells with organic natural dyes, firstly, grown tin oxide (FTO)
glass doped with fluorine is washed and dried with ethyl alcohol to remove foreign substances. Then, a
solution of titanium dioxide TiO, P90 type in nitric acid is applied to the glass surface in a thin layer as the
first layer and heated at a temperature of 450°C for 0.5 hours. As the second layer, titanium dioxide TiO2
P25 type, polyethylene glycol PEG, triton-X100 substances are dissolved in nitric acid until they reach a
homogeneous state, applied over the first layer and heated again at 450°C for 30 minutes using a muffle
furnace. Figure 2 shows a picture of photoanodes prepared by the above method.

Photosensitive dye (Dye) preparation technology: Dye is the main component of DSSC and should
absorb incident photons as much as possible. Paints must have the following optical and electrochemical
properties: Paints must be fluorescent. The light absorption spectra of paints should cover the ultraviolet and
near-infrared fields. The lower part of the conductivity zone of the paint should be located above the lower
limit of the conductivity zone of TiO;

T R R T A S T R ST AL
= z S ;,\_ .x‘_..“_; qY i

~ o

Figure 2 is the finished photoaod

To prepare the dye, which is one of the main working parts of the highly sensitive natural dye solar
elements, dyes are first made from spinach, red onion peel, red cabbage, geranium flower, perfume flower,
henna plant leaves and chlorophyll. for preparation, their leaves were taken, washed twice with distilled
water, cleaned of various dust particles, dried at room temperature for 24 hours in a room away from
sunlight, and crushed using a special grinder until it became a powder Figure 2.8 [5]. Then 8g of dried leaf
powder was mixed with 40ml of solvent (distilled water and ethanol) [6]. The mixture of ethanol and dye
was stirred for one hour at a temperature of 303 K using a magnetic stirrer. The resulting paint was filtered
using special papers. In addition, blackberry, raspberry, sardine, pomegranate, and currant fruits were
crushed using a special grinder, filtered using paper filters, and dye was prepared from the fruit extract Fig.

3. The photoanode is placed in the prepared dye extract and kept in a dark place for 24 hours.

ik -

Figure 3. The process of crushing dried plant leaves to make paint.

Preparation of organic natural dye solar cell cathode: First, the transparent, electrically conductive
(FTO) glass from which the cathode is prepared is cleaned by washing with ethanol. The cleaned electrically
conductive glass is dried, and a 1 mM solution of platinum (Pt) in hydrochloric acid is dripped over its entire
surface while heating the glass to a temperature of 300°C. In order to smooth the surface of the cathode, the
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prepared cathode is heated for 30 minutes at 450°C using a muffle furnace. After 24 hours, it is removed
from the furnace and washed with ethanol. The finished cathodes are shown in Figure 4.

Figure 4. A view of the cathode of an organic dye-based solar cell
We used several natural dyes for semiconductor based highly sensitive dye solar cell (DSSC)
applications. It is known that DSSC is a multi-layered structure, consisting of photoanode, natural dye,
electrolyte and cathode. In this chapter, the dependence of incident light absorption on natural dye was
studied. The natural dyes used in the experiment are chlorophyll and anthocyanins obtained from
cauliflower, geranium, red onion peel, red cabbage, black mulberry and beetroot.

a = .
. . \ 5]

d

o
o

Figure 5. Wavelength dependence of light absorption by dyes for (a) pomegranate, (b) beet, (c)
geranium, (d) spinach, and (e) red onion

Figure 5 shows the absorption characteristics of all dyes used in this study. Absorption depends on the
wavelength of the incident light and the type of paint. Pomegranate contains high content, absorption peaks
can be observed at 320, 370 and 520 nm. The color of geranium flowers is from blue-gray to brown [11].
Geranium dye shows the highest absorption peak at 400 nm and 540 nm. Some absorption can also be
observed between 600 and 1000 nm. Spinach dye showed a small peak between 500 and 600 nm. J-V
characteristics of DSSCs fabricated using five different dyes The efficiency of a DSSC is based on its dye
absorption. It can be obtained from natural sources or chemical synthesis. The dye plays an important role in
absorbing light and introducing electrons into the conduction band of the semiconductor material. It absorbs
photons with energy equal to or greater than the energy gap of the dye molecules. These are important
factors to improve the efficiency of DSSC.
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Conclusion. The materials used in the preparation of semiconductor-based DSSC solar cells are
mentioned. The technology of preparation of TiO2-based DSSC layers with semiconductor properties is
presented. Dyes of semiconductor-based DSSC solar cells with photoelectric properties were determined in
the wavelength range from 300 nm to 900 nm.

It was found that the gel-polymer electrolyte has a high ionic conductivity when the composition is
0.05 g KI, 0.2 g TBAI and 0.025 g I,. it was found that the resistance decreases with the increase, and the
electrical conductivity increases. The prohibition zone of fotaanode made from beetroot and shotut natural
dye was determined and its value.
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Abstract. The paper presents a theoretical study of the separation of positron-emitting isotopes °C
and C produced in the interaction of high-energy 2C ions with target materials. The research focuses on
evaluating the performance of the Bp—AE—Bp method for isotopic beam separation. Numerical simulations
were carried out using the LISE++ and MATLAB software packages. The results indicate that the purity of
the separated isotope beams exceeds 95%, while the momentum spread remains below 0.5%. These
parameters demonstrate the applicability of the proposed approach for PET-based range monitoring in
heavy-ion therapy.

Keywords: nuclear fragmentation, positron-emitting isotopes, carbon-ion beams, Bp-AE-Bp
separation method, magnetic rigidity, radioactive isotope beams, isotope separation systems, LISE++,
nuclear reactions.

2C ION NURLARINING SNARYAD FRAGMENTATSIYASI ORQALI POZITRON-
EMITENT IZOTOPLARNI OLISH JARAYONINI Bp—AE-Bp USULI ASOSIDA NAZARIY
MODELLASHTIRISH

Annotatsiya. Magolada yuqori energiyali °C ionlarining nishon moddalari bilan o‘zaro ta’siri
natijasida hosil bo‘ladigan °C va "'C pozitron-emitent izotoplarini ajratish jarayoni nazariy jihatdan
o ‘rganilgan. Tadqgiqot Bp—AE-Bp usulining izotoplarni ajratish samaradorligini baholashga qaratilgan.
Hisoblash ishlari LISE++ va MATLAB dasturiy vositalari yordamida amalga oshirildi. Modellash
natijalariga ko ‘ra, ajratilgan izotoplar ogimining tozaligi 95 foizdan yugori, impuls targalishi esa 0,5
foizdan past qiymatlarni tashkil etadi. Olingan natijalar mazkur usulning og‘ir ion terapiyasida PET
asosidagi nurlanish yo ‘lini nazorat qgilishda qo ‘llash imkoniyatini ko ‘rsatadi.

Kalit so‘zlar: yadro fragmentatsiyasi, pozitron-emitent izotoplar, uglerod ion nurlari, Bp—4E-Bp
ajratish usuli, magnit gattigligi, radioaktiv izotoplar ogimi, izotop ajratish tizimlari, LISE++, yadro
reaksiyalari.

TEOPETUYECKOE MOJEJTUPOBAHUE MOJYYEHUS HO3UTPOH-U3TYYAIOILINX
U30TOIMOB [IPU CHAPSITHOW ®PATMEHTALIMM IYYKOB *C C HCIIOJIb30BAHUEM
METOJIA Bp-AE-Bp

Annomauyus. B cmamve meopemudecku uccieoyemecs npoyecc 8blOeNeHUs NO3UMPOH-USTYHAIOUUX
uzomonos °C u "'C, obpasyrowuxcs npu 63aumo0eicmsul 6blcOKOdHepeemuieckux uonoe ’C ¢ muwennvimu
mamepuanamu. Hccnedosanue HanpagneHo Ha oyenky apgexmusnocmu memooa Bp-AE-Bp npu
pasoeneruy U30MONHLIX nyyko8. Pacuémuvle OanHvle NOMYUEHbl € UCNONB30BAHUEM NPOSPAMMHBIX
xomnaexcoe LISE++ u MATLAB. [lo pesynbmamam MoOeiupo8anusi YCMAHOGLEHO, HMO YUCIOMA
sbloensieMblx uU3omonog npesviuiaem 95%, a umnyirvcHuii pazopoc ne npegviwiaem 0,5%. Ilonyuennvie
pe3yrpmamyl NOOMEEPAHCOAIOT BO3MOICHOCb NPUMEHEHUsL OaHH020 nooxoda 0ns 11D T-konmpons anyouns
npobeza 8 UOHHOU Mepanuu.

Kntouegvle cnosa: soepuas ¢pacmenmayus, NOZUMPOH-UZLYUAIOWUE US0MONbL, UOHHbIE NYYKU
yenepooa, memoo paszoeieHusi Bp—AE—Bp, macnumnasn sicécmxocms, NOMOKY paOUOAKMUBHbIX U30MONO08,
cucmemul pazoenerus uzomonos, LISE++, adeprvie peaxyuu.

Introduction. Over the past two decades, heavy-ion therapy has become one of the most promising
tools in modern cancer treatment. Carbon ions are particularly effective because they deliver their maximum
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dose at a specific depth—the Bragg peak—minimizing damage to healthy tissue. To use this advantage
safely, however, clinicians must know exactly where the beam stops inside the patient.

One of the most practical solutions is monitoring the beam range through positron-emitting isotopes
that naturally appear when '?C ions interact with tissue. Isotopes such as '°C and ''C emit positrons
detectable by PET scanners, allowing physicians to verify the beam’s path in real time. For research,
calibration, and system testing, these isotopes must be produced in a controlled, predictable way.

Projectile fragmentation of 2C beams is an efficient technique for producing such isotopes, but the
resulting fragment beam contains many particles with similar properties. Therefore, constructing a precise
separation system is essential. The Bp—AE-Bp method—combining magnetic selection with energy-loss
techniques—is one of the most powerful approaches for isolating isotopes with high purity.

This study aims to develop a realistic theoretical model of this separation system and evaluate whether
it can generate medically useful beams for PET-based quality assurance in heavy-ion therapy.

Literature Review. Research into fragmentation-based isotope production has expanded significantly
as accelerator technology has advanced. Morrissey et al. (2003) emphasized the importance of high-
resolution magnetic separators when working with short-lived isotopes. Tarasov and Bazin (2008) introduced
LISE++ as a universal tool for predicting production yields and optimizing separator settings—an approach
now standard in many laboratories.

In medical physics, Schardt et al. (2010) demonstrated how heavy-ion therapy benefits from accurate
range verification, while more recent studies have improved PET detector performance, making in-beam
monitoring more feasible (Jung et al., 2021).

Despite these developments, relatively few studies attempt to integrate nuclear beamline modeling
with the practical needs of clinical imaging. The current work contributes to filling this gap by designing a
separator model aligned with PET’s technical requirements.

Research Methodology. This study is based on a theoretical and computational investigation of
positron-emitting isotope production through the projectile fragmentation of high-energy '2C ion beams. The
methodology is designed to evaluate the effectiveness of the Bp—AE-Bp separation scheme for isolating
short-lived isotopes under realistic accelerator conditions.

Beam and Target Condition: The simulations were performed using a '?C primary ion beam with an
energy of 400 MeV per nucleon. This energy range was selected because it provides sufficiently high
fragmentation cross sections while remaining compatible with standard in-flight separation systems used in
modern accelerator facilities. Several target materials, including beryllium, carbon, and aluminum, were
considered in order to examine the influence of target composition on isotope production and separation
behavior. Target thicknesses were chosen to ensure adequate fragment yield while limiting excessive energy
straggling.

The main beam and target parameters adopted in the simulations are summarized in Table 1. These
parameters define the input conditions for all subsequent fragmentation and separation calculations discussed
in this section.

Table 1. Beam and Target Conditions

Parameter Specification
Primary beam 2C at 400 MeV/u
Targets Be, C, Al

Target thickness 0.5-2 mm
Degrader Aluminum, 500 pm

Required Ap/p <0.5%

Target isotopes 19C and ''C

Table 1 summarizes the main beam and target parameters adopted in the numerical simulations. These
parameters define the input conditions for the fragmentation and separation calculations.

Projectile Fragmentation Modeling: The production of radioactive fragments was modeled using the
LISE++ code, which provides a semi-empirical description of projectile fragmentation processes. The yield
of a given isotope was estimated according to

Y=Ipxnex o; (1)

where Iy represents the primary beam intensity, n; is the areal density of the target nuclei, and o;
denotes the fragmentation cross section of the isotope of interest. This formulation allows a direct assessment
of how beam intensity and target properties influence isotope production rates.
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Magnetic Rigidity Calculation: The separation of reaction products in the fragment separator is
governed by their magnetic rigidity B, , defined as
)

ol
Bp:_
q

where p is the particle momentum and q is its electric charge. For relativistic ions, the momentum was
calculated using standard kinematic relations, enabling the determination of rigidity distributions for the
produced '°C and ''C isotopes. These rigidity values were subsequently used to set the magnetic parameters
of the separation system.

Energy-Loss Separation: To enhance isotope discrimination, an energy degrader was introduced at an
intermediate focal plane. The mean energy loss of ions traversing the degrader was evaluated using the
Bethe—Bloch formalism, which accounts for differences in ion charge and velocity. As a result, isotopes with
similar initial magnetic rigidities experience different energy losses, leading to modified trajectories in the
downstream magnetic section and improved separation efficiency.

Separator Acceptance and Performance Evaluation: The separator acceptance was adjusted to limit the
relative momentum spread to

A
il = 0.5% @)
P

a value consistent with high-resolution fragment separator operation. The effectiveness of the
separation scheme was evaluated using key performance indicators such as isotope yield, beam purity,
momentum spread, and transmitted intensity. These parameters provide a quantitative basis for assessing the
feasibility of producing well-defined isotope beams suitable for further experimental studies.

Results and Discussion. The results obtained from the numerical simulations performed using the
LISE++ and MATLAB software packages are summarized in Tables 2—4 and provide a comprehensive view
of the isotope production and separation process.

Table 2. Estimated Production Yields of Positron-Emitting Isotopes from 2C Fragmentation

Isotope Target material Production yield(ion/s)
1oC Be ~8.0 x 10°
1°C C ~5.2 x 10°
1°C Al ~3.6 x 10¢
11C Be ~1.5 x 107
11C C ~1.0 x 107
11C Al ~6.8 x 10°

Table 2 presents the estimated production yields of the positron-emitting isotopes °C and "'C obtained
from the fragmentation of a high-energy 2C beam on different target materials. The values were calculated
using LISE++ simulations under identical beam and separator conditions.

As summarized in Table 2, the highest production yields for both *C and ''C isotopes are obtained
with a beryllium target, while carbon and aluminum targets result in progressively lower yields. This trend
reflects the dependence of fragmentation efficiency on target atomic number and confirms that low-Z
materials are more favorable for producing positron-emitting fragments with high intensity.

Table 3. Magnetic Rigidity Values of Selected Positron-Emitting Isotopes

Isotope Bp (T-m)
1oC ~4.82
1nC ~5.01

Table 3 lists the calculated magnetic rigidity (Bp) values of the °C and *'C isotopes produced via
projectile fragmentation of "°C ions. The values were obtained under identical beam energy and charge-state
assumptions relevant to in-flight separation systems.

The magnetic rigidity values listed in Table 3 reveal that the Bp values of °C and ''C are closely
spaced, reflecting the similar kinematic properties of these fragments. Such proximity presents a challenge
for purely magnetic separation; however, when combined with energy-loss discrimination, it becomes
possible to enhance isotope selectivity. This is demonstrated by the separation performance metrics reported
in Table 4. The application of the Bp—AE-Bp method results in beam purities exceeding 95% for both
isotopes, while the momentum spread remains below 0.5%.
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Table 4. Separation Performance of the Bp—AE-Bp Method for Positron-Emitting Isotopes

Metric C "C
Purity 95.7% 96.4%
Momentum spread 0.45% 0.48%
Output intensity 6.5x10° ions/s 1.2x107 ions/s

Table 4 summarizes the key performance indicators of the Bp—AE—Bp separation method applied to
the '°C and '"'C isotope beams. The reported values reflect the balance between separation selectivity and
transmission efficiency achieved under the optimized simulation conditions.

In addition to achieving high purity, the separation scheme preserves a substantial fraction of the
initial fragment intensity, with transmitted beam intensities remaining at experimentally useful levels. This
balance between selectivity and transmission is particularly important when dealing with short-lived
isotopes, where excessive losses can significantly reduce practical applicability. The consistency between the
calculated yields, rigidity values, and separation outcomes supports the reliability of the adopted modeling
approach.

Overall, the combined results indicate that the proposed separation configuration provides stable and
well-defined isotope beams under realistic accelerator conditions. The modeling framework presented in this
study can therefore serve as a reference for optimizing fragment separator settings and for extending the
approach to other positron-emitting or short-lived isotopes in applied nuclear physics research.

Conclusion. This study provides a theoretical assessment of the separation of positron-emitting
isotopes produced through the fragmentation of high-energy 2C ion beams. Using the Bp—AE—Bp method as
the core separation scheme, the work examines the feasibility of isolating short-lived isotopes such as °C
and "'C with parameters suitable for experimental and applied nuclear physics. Numerical modeling
performed with the LISE++ and MATLAB software packages demonstrates that isotope beams with purity
exceeding 95% and momentum spread below 0.5% can be achieved under realistic accelerator conditions.

The obtained results confirm that combined magnetic rigidity and energy-loss-based separation offers
sufficient selectivity for handling closely spaced isotopic species generated in projectile fragmentation
reactions. Such beam characteristics are consistent with the requirements of high-resolution nuclear
measurements and provide a reliable basis for further optimization of fragment separator configurations. In
addition, the modeling approach allows for systematic exploration of trade-offs between beam purity and
intensity, which is essential for practical implementation.

Overall, the findings indicate that the proposed theoretical framework can serve as a methodological
reference for future experimental studies involving radioactive isotope beams. The approach may be
extended to other positron-emitting or short-lived isotopes and adapted to different accelerator facilities,
contributing to the development of efficient isotope production and separation strategies in modern nuclear
physics research.
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KMDO USULI YORDAMIDA SHISHA VA SHISHA\Mo TAGLIKLARDA O‘STIRILGAN
Sh2Ses YUPQA QATLAMLARINING MORFOLOGIK VA STRUKTURAVIY XUSUSIYATLARI
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Annotatsiya. Ushbu tadgigotda KMDO usuli yordamida shisha va Mo goplangan shisha tagliklarda
o ‘stirilgan surma selenid (Sh;Ses) yupga gatlamlarining kimyoviy tarkibi, morfologiyasi va strukturaviy
xossalari tizimli ravishda o ‘rganildi. EDS tahlili har ikki qatlamda Sb/Se nisbati stexiometrik qiymatga
yagqinligini ko ‘rsatdi. Mo taglikda Se ning biroz yuqoriligi MoSe: oraliq gatlami hosil bo ‘lishi ehtimoli bilan
bog lig deb baholandi. Elementar xaritalash Mo taglikda yaxshiroq yadrolanish va izchil kristall o ‘sishni
tasdigladi. SEM natijalari Mo ustidagi qatlamlarning zich, mayda donali va yaxshiroq bog ‘langan tuzilishga
ega ekanini ko ‘rsatdi. XRD ma’lumotlari taglik kristall yo ‘nalishini sezilarli darajada belgilashini aniqladi:
shisha hk0 yo ‘nalishlarini; Mo esa zaryad tashuvchilar uchun qulay bo ‘lgan vertikal hkl (211), (221)
vo ‘nalishlarini kuchaytiradi. Raman spektri ortorombik Sh,Ses ning xos Ag tebranish fazalarini tasdigladi.
Natijalar Mo taglikning Sb:Ses ning kristall sifati, tekstura va optoelektron xossalarini yaxshilashda muhim
afzalliklarga ega ekanini ko ‘rsatadi.

Kalit so‘zlar: KMDO, Mo taglik, shisha taglik, yupga gatlamlar, kristall yo ‘nalishi, SEM, XRD,
Raman spektroskopiyasi

MOP®OJIOTMYECKHUE U CTPYKTYPHBIE CBOMCTBA TOHKHX ILTEHOK Sh:Ses,
BBIPAIIEHHBIX HA CTEKJ/ISSHHBIX U CTEKJIO/Mo HOUVIOKKAX METOJ0OM XMITIO

Annomayus. B oannom uccreooganuu memodom XMIIO Ovinu cunmesuposaHvl MmoHKuUe NIAEHKU
SbzSes Ha cmexasHublx U MO-NOKPLIMBIX NOOIONCKAX, NOCAE Ye20 UX XUMUYECKULl cocmag, Mopgonocust u
CmpyKmypHvle c8olcmed Ovliu noopooHo npoararusuposansl. Ilo danuvim EDS, omuowenue Sb/Se ¢ oboux
0bpaszyax OIU3KO K CMeXuoMempuueckomy; HeCKOAbKO NO8bluleHHoe codepxcanue Se Ha noonogcke Mo
CBA3AHO C 6epOAMHbLIM (HOPMUPOBAHUEM NpoMedxcymounoeo ciosi MoSe:. Kapmuposauue snemenmos
nokazano Honee pagHomepHoe pacnpedeneHue U yayuuleHHoe 3apoovliieodpazosanue Ha nosepxHocmu Mo.
SEM-ananu3 evisigun 6onee niomuyto, MeIKO3epHUCIYIO U CIMPYKMYPHO C8A3AHHYI0 MOPGHONI02UI0 NIEHKU HA
Mo. JHugppakyuonnvie Oanubie NOOMEEPOUNU PEUAOWYIO  POb  NOOJONCKU 8  (HopMuposanuu
NpeonoymumenvHol opueHmayuyu Kpucmanios: cmekio cnocoocmayem opuenmayuu hk0, mozoa xkax Mo
yeunugaem gepmuxanvhvie hkl-pazer (211, 221), braconpusmusie 011 mpancnopma Hocumesel 3apsod.
Cnexmpuvl Pamana noomeepounu xapaxmepuvie Konebamenvhvie Moovl Ag opmopombuueckozo Sb:Ses.
Tonyuennvie pesyrbmamel OeMOHCHMPUPYIOM, 4MO NOON0JCcKA Mo 3HauumenvHo yayuwiaem mekCmypy,
CMPYKMYpHOe Kauyecmao U onmosjiekmponHule ceoticmea Sbz2Ses-nieHox.

Knroueevie cnoea: XMIIO, noonroxcka Mo, cmekianHas NOOJNONCKA, MOHKUE  NAEHKU,
Kkpucmannozpaguuecxasn opuenmayus, SEM, XRD, pamanosckas cnexmpockonus.

MORPHOLOGICAL AND STRUCTURAL PROPERTIES OF Sb:Ses THIN FILMS GROWN
ON GLASS AND GLASS/Mo SUBSTRATES USING THE CMBD TECHNIQUE

Abstract. In this study, Sb:Ses thin films were deposited on glass and Mo-coated glass substrates via
the KMDO method, and their chemical composition, morphology, and structural properties were
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comprehensively analyzed. EDS results indicate that both films exhibit an Sh/Se ratio close to stoichiometry,
while a slightly higher Se content on the Mo substrate is attributed to the possible formation of a thin MoSe:
interlayer. Elemental mapping revealed more uniform elemental distribution and improved nucleation on the
Mo surface. SEM analysis showed that films grown on Mo possess denser, finer-grained, and more
interconnected morphology. XRD results demonstrated that the substrate strongly influences crystal
orientation: glass favors hk0-oriented growth, whereas Mo promotes vertically aligned hkl phases such as
(211) and (221), which are advantageous for charge carrier transport. Raman spectra confirmed the
characteristic Ag vibrational modes of orthorhombic Sb2Ses. Overall, the results highlight that Mo-coated
substrates significantly enhance texture, structural quality, and optoelectronic properties of Sb2Ses thin films.

Keywords: KMDO, Mo substrate, glass substrate, thin films, crystal orientation, SEM, XRD, Raman
spectroscopy.

Kirish. Global migyosda energiyaga bo‘lgan talabning ortib borishi barqaror, ishonchli va iqtisodiy
jihatdan magbul fotoelektr (PV) materiallarini izlashni kuchaytirdi. Hozirda polikristalli kremniy (Si),
kadmiy tellurid (CdTe) hamda mis—indiy—galliy selenid (Cu(In,Ga)Sez, CIGS) quyosh elementlari (QE) da
asosily yutuvchi qatlamlari sifatida qo‘llanilmoqda va ularning barchasi 20% dan yuqori sertifikatlangan
quvvatni quyosh energiyasiga aylantirish samaradorligiga (FIK) erishgan [1-3]. Biroq Si ishlab chigarishning
yugori tannarxi, Cd ning toksikligi, Ga va In ning gimmatligi, shuningdek In, Ga hamda Te elementlarining
kamyobligi ushbu materiallardan yupga gatlamli QE ni ommaviy ishlab chiqgarishda jiddiy muammolarni
yuzaga keltiradi [3,4].

So‘nggi o‘n yillikda Sb,Se; yupga gatlamlari QE ning yutuvchi gatlami sifatida katta e’tiborni o‘ziga
garatdi. Bunga uning ko‘rinadigan yorug‘lik diapazonida juda yuqori optik yutilish koeffitsiyenti (>10° cm
1, 1.1-1.3 eV oralig‘idagi magbul tagiglangan soha kengligi, yuqori zaryad tashuvchilar harakatchanligi (10
cm? V1 s1), past zaharlilik darajasi, oddiy faza kimyosi, arzonligi va elementlarining yugori tabiiy
tarqalganligi sabab bo‘lmoqda [5-9]. Shuningdek, Sh,Ses fotoelektrokimyoviy suv parchalash qurilmalarida
ham istigbolli natijalar ko‘rsatgan [10-13].

An’anaviy absorberlardan farqli ravishda, Sb,Se; o‘ziga xos kvazi-bir o‘lchamli (Q1D) kristall
tuzilishga ega bo‘lib, u [SbaSes]n zanjirlardan tarkib topgan. Ushbu zanjirlar o‘zaro van-der-Vaals kuchlari
bilan, zanjir ichidagi Sb—Se atomlari esa kovalent bog‘lar orqali birikkan [6,7,14]. Yaqinda olib borilgan
birinchi tamoyillarga asoslangan hisoblashlar shuni ko‘rsatdiki, Sb.Ses kristallida zanjirlararo o‘zaro ta’sirlar
van-der-Vaals va kovalent bog‘lanish oralig‘ida joylashgan [15]. Boshga tadgiqotlarda esa [SbaSes].
zanjirlarining o‘sish yo‘nalishini taglikka nisbatan [211] va [221] kristall tekisliklari bo‘ylab
perpendikulyarga yagqinlashtirish zanjirlarda osilib qolgan bog‘larning kamayishiga va tabiatan “zararsiz”
don chegaralarining hosil bo‘lishiga olib kelishi qayd etilgan [7,16-18]. Shu bilan birga, [001] tekislikdagi
zanjirlarning yo‘nalishi nurlanmasdan rekombinatsiya yo‘qotishlarini sezilarli darajada kamaytirib, Sb2Ses
polikristalli yupga gatlamlarining PV tizimlaridagi samaradorligini oshiradi [19,20].

Ushbu tadgigotda KMDO usuli yordamida vodorod atmosferasida oddiy shisha va Mo bilan
goplangan shisha sirtlariga o‘stirilgan Sb,Ses yupga gatlamlarning morfologik va strukturaviy hossalari
o‘rganilgan.

Tajriba gismi. KMDO jarayoni atmosfera sharoitida, nisbatan past haroratlarda alohida manbalaridan
o‘stirish imkoniyatiga ega bo‘lib, Sb2Ses kabi chizigli polikristall materiallarning yo‘naltirilgan o‘sishini
ta’minlashda samarali usul hisoblanadi. KMDO usuli orqali Sb.Ses yupqa qatlamlarini sintez qilish
jarayonida manba sifatida yuqori tozalikka ega (99,999%) Sb va Se granulalaridan foydalanildi (1-rasm).
Dastlab, Sb va Se granulalarining zarur miqgdorlari FA 120 4C modeli tarozida (anigligi 0,1 mg) mikro-
vaznlash asosida o‘lchab olindi. O‘Ichangan granulalar o‘sish kamerasida joylashgan, har bir element uchun
maxsus ajratilgan alohida tigellarga ehtiyotkorlik bilan joylashtirildi. So‘ngra o‘sish tizimi ishchi rejimga
keltirildi.
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Atmosfera qoldiglari hamda organik yoki KMDO
noorganik iflos aralashmalarni butunlay chigarib ™ Taohik 1
yuborish magsadida kamera vodorod (H:) gazi bilan ag
tozalandi. Vodorodning yuqori issiqlik o‘tkazuvchanligi, L=
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gazlarga (Ar yoki He) nisbatan 2-3 baravar yuqori :
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Zach Metalchem rusumli aniq gazo‘tkazgich yordamida rr 11
doimiy ravishda nazorat qilindi. % ~Hy 1 y

1-rasm. Alohida manbalardan Sb,Ses
yupqa qatlamlari o‘tkazish

KMDO usulida Sb2Ses yupga qgatlamlarini olish uchun optimal texnologik rejimlar aniqlanib, tajribalar
davomida asosiy parametrlar qat’iy nazorat qilindi. Xususan, manba bo‘lgan surma uchun harorat (Tss) 850
°C da, selen manbasi uchun harorat (Tse) esa 440 °C da ushlab turildi. Taglik harorati (Twg) 500 °C qilib
belgilandi va o‘stirish jarayoni 30 daqiqa davom ettirildi.

Jarayon davomida 133 mg Sb hamda 150 mg Se sarflanib, ularning atomlar nisbati Sh/Se = 0,67-0,70
at.% diapazonida ta’minlandi, bu esa stixiometrik yaqin tarkibli Sb.Ses fazasini hosil qilishga imkon berdi.
Ushbu sharoitlarda sodali-ohak shisha va Mo bilan goplangan shisha sirtlariga taxminan 2 pm qalinlikka ega
Sb2Ses yupqga gatlamlar muvaffaqiyatli ostirildi.

Muhokama va natijalar. Sb.Ses yupqga gatlamlarning morfologiyasini o‘rganish materialning sirt
tuzilishi, donadorligi, o‘sish mexanizmi va strukturaviy birjinsliligi hagida muhim ma’lumot beradi, chunki
bu parametrlar fotoelektrik xususiyatlarning shakllanishida hal gqiluvchi rol o‘ynaydi. Shuning uchun,
morfologik evolyutsiyani baholash va qatlam sifatini aniqlashtirish maqgsadida Sb.Ses; yupqa qatlamlari
ustida morfologik tadqgigotlari olib borildi. Tadqiqot Sb.Ses yupqa qatlamlarining kimyoviy tarkibini
energiya-dispersiv spektroskopiyasi (EDS) yordamida baholashdan boshlandi.

2-rasmda sodali ohak shisha (a) va Mo bilan goplangan shisha (b) tagliklarida KMDO usuli orgali
o‘stirilgan Sb2Ses yupqa gatlamlarning tarkibiy xususiyatlari EDS spektri, elementlarning fazoviy tagsimoti
(mapping) va line-scan profillari asosida taggoslab berilgan. Har ikkala taglik uchun ham EDS spektrlarida
Sb va Se elementlariga tegishli asosiy energiya cho‘qqilari aniq kuzatiladi. Shakllangan donacha ustida
olingan EDS spektr tahlili Sb/Se nisbati sxitiometrik tarkibga yaqin ekanligini ya’ni shisha va Mo qoplangan
shisha uchun mos ravishda 0.70 va 0.69 ga tengligini ko’rsatdi. Sb.Ses ning nazariy stexiometriyasiga yaqin
bo‘lgani olingan qatlamlarda kimyoviy tarkibning barqaror shakllanganini ko‘rsatadi. Mo qoplamasi ustiga
o‘stirilgan namunada Se ulushi nisbatan yuqoriroq bo‘lgani, o‘sish jarayonining dastlabki bosqichida Mo
sirtida nozik MoSe: oraliq qatlamining shakllanishi bilan ham bog‘liqdir. MoSe: ning hosil bo‘lishi Mo—-Se
reaksiyasining terfazainamik jihatdan qulayligi orqali sodir bo‘lib, ushbu gatlam Sb.Ses ning keyingi o‘sishi
uchun reaktiv va sirt-energiyasi yuqori bo‘lgan interfeys yaratadi. Shu sababli Mo sirtining reaktiv o‘sishni
rag‘batlantiruvchi xususiyati va Se atomlarining kondensatsiya jarayonida yuqori barqarorligi birgalikda, Mo
yuzasida Sb.Ses kristallarining ancha tartibli, yo‘naltirilgan va strukturaviy jihatdan izchil o‘sishini
ta’minlaydi.

a) b)
Shisha\Sbh2Ses Shisha\Mo\Sh,Ses

Se! Se!

Povered by Tru-Q® Powered by Tru-Q®
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2-rasm. Oddiy shisha (a) va Mo bilan qoplangan shisha (b) ustiga o‘stirilgan Sb:Se; yupqa.
gatlamlarining tarkibiy tahlili

Elementlarning fazoviy tagsimotiga ko’ra, shisha taglikdagi namunada Se va Sb elementlarining
tagsimoti nisbatan bir xil bo‘lsa-da, xaritada ayrim joylarda lokal zichlik farglari kuzatiladi. Bu shisha
sirtining kimyoviy passivligi va past energiyali bo‘lishi tufayli yadrolanishning notekis boshlanishi bilan
bog‘lig. Shisha\Mo tagligida esa Sb va Se elementlari butun sirt bo‘ylab yanada bir xilda, zich va izchil
tagsimlangan. Bu Mo yuzasining yuqori sirt energiyasi, diffuzion o‘sishni aktivlashtirishi hamda Sb va Se
atomlarining oson adsorbsiyasi natijasida barqaror kristall hosil bo‘lishini ko‘rsatadi.

Chizigli (line-scan) profillarida Sb va Se intensivliklari har ikki taglikda deyarli parallel o‘zgarishlarga
ega bo‘lib, qatlamlar stexiometrik Sb.Ses fazasiga mos keladi. Biroq ShishaMo taglikdagi profil ancha tekis,
past shovqinli va zich, bu esa tarkibiy bir xillik yuqoriroq ekanini ko‘rsatadi. Shisha taglikdagi namunada esa
Sb va Se signallarida davriy mayda fluktuatsiyalar mavjud bo‘lib, donachalararo bo‘shliq va sirt
notekisligidan kelib chiggan.

Shuningdek, EDS xaritalarida kuzatilgan Na, O va C elementlarining mavjudligi Sb.Se; fazasining
o‘ziga xos kimyoviy tarkibiga tegishli emas. Na signalining paydo bo‘lishi vakuumsiz KMDO jarayonida
taglik materialidan yuqori harorat ta’sirida yuzaga keladigan Na diffuziyasi bilan izohlanadi. Oddiy shisha
tagligida Na* ionlarining yuqoriga ko‘tarilishi tabiiy bo‘lsa, Mo qoplamasi mavjud holatda ham Na ning juda
past migdordagi izlari KMDO jarayoni davomida taglik chetlari, taglikning mikro yoriglari yoki KMDO
reaktori ichki devorlaridan ikkilamchi diffuziya orgali kirib kelishi mumkin. O elementi signallarining
kuzatilishi KMDO qurilmasining vakuumsiz, vodorod bilan boyitilgan ishchi muhitida golgan oz migdordagi
kislorod izlari bilan reaksiyaga kirishishi yoki o‘sishdan oldingi bosqichlarda taglik yuzasida saglanib golgan
oksid va gidroksil guruhlari bilan bog‘liq bo‘lishi mumkin. KMDO jarayonida suvli eritma bo‘lmasa-da,
havodagi namlik, texnologik tozalash jarayoni yoki reaksion kameraning ichki yuzalarida adsorbsiyalangan
O/OH guruhlari ushbu elementning paydo bo‘lishiga sabab bo‘ladi. C signali esa odatda KMDO
jarayonining ochig/vakuumsiz sharoitda amalga oshirilishi tufayli yuzaga keladigan atmosferadagi organik
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aerozollar, kimyoviy tozalash jarayoni qoldiglari bilan izohlanadi. Bu C signalining juda past intensivlikda
bo‘lishi uning Sb.Ses; kristall strukturasida qatnashmasligini tasdiqlaydi.

Ushbu Na, O va C elementlarining intensivligi fon darajasiga yaqin bo‘lib, ular Sb.Ses fazasida
strukturaviy yoki kimyoviy rol o‘ynamaydi. Bu holat olingan gatlamlarning KMDO qurilmasi uchun yetarli
kimyoviy tozalikda, asosiy tarkibdan chetlashmagan holda o‘sganini tasdiglaydi.

3a - rasmda shisha taglik ustiga o‘stirilgan Sb.Ses yupga qatlamining yuzasi zich, bir-biriga yagin
joylashgan va keskin girralangan donachalardan tashkil topganligini ko‘rish mumkin. Donachalar o‘rtacha
o‘Ichamlari 0.5-2 pm oralig‘ida bo’lib, polikristall tuzilishga ega va nisbatan yirik donachali morfologiya
kuzatildi. Donachalarning girralangan, tekis yuzali shakli ularning kristallografik yo‘naltirilgan o‘sishi bilan
bog‘liq ekanligini ko‘rsatadi.

Sirt nisbatan tekis va zich, katta bo‘shliglar yoki ochiq bo’shliglar ko‘zga tashlanmaydi. Biroq
donachalar orasidagi chegaralar aniq ko‘rinadi. Bu elektr xususiyatlar (hamda fotovoltaik qurilmalar uchun)
nugqtai nazaridan donachalar chegaralari orqali rekombinatsiya manbalari paydo bo‘lishi mumkin.

Mo qoplangan shisha ustiga o’stirilgan Sb.Ses; yupga gatlamining donachalar nisbatan kichikroq
bo’lib, donchalarning o’lchamlari 300 nm — 1.5 um oralig’ida yotadi (3b-rasm). Sirtda donalar zich va bir-
biriga yaqin joylashgan hamda bo’shliglar juda kam ekanligini ko’rish mumkin. Bundan tashqari KMDO
sharoitida Se bilan o‘zaro ta’sir natijasida MoSe: yupqa qatlami hosil bo‘lishi ehtimoli yuqori bo’ladi. MoSe:
sirti epitaksiyaga o‘xshash yoki yo‘naltirilgan yadrolanish nuqtalarini ta’minlab, Sb.Ses kristallarining katta,
tartibli o‘sishiga imkon beradi. Shuning uchun MoSe: yupqa qatlami elektr kontakt sifatini yaxshilashi,
kontakt garshiligini kamaytirishi mumkin.

3-rasm. Oddiy shisha (a) va Mo bilan qoplangan shisha (b) ustiga o‘stirilgan Sh.Ses yupqa
gatlamlarining SEM tasvirlari

Oddiy shisha (a) va Mo bilan qoplangan shisha (b) tagliklarida KMDO usuli yordamida o‘stirilgan
Sb2Ses yupga gatlamlarning kristall tuzilmasini chuqur tahlil gilish, ushbu tagliklarning panjara shakllanishi
va fazaviy evolyutsiyaga ko‘rsatadigan ta’sirini aniqlash uchun muhim ahamiyatga ega. Taglik materiali va
uning sirt xususiyatlari donalarning yo‘nalganligi, kristall o‘sish kinetikasi hamda fazaviy barqarorlikka
sezilarli ta’sir ko‘rsatishi sababli, strukturaviy tadqiqotlar keyingi optik, elektr va morfologik xossalarning
shakllanish mexanizmlarini tushunishda asosiy bosqich hisoblanadi. Shu magsadda, 500 °C taglik haroratida
o‘stirilgan Sb.Ses yupqa qatlamlarining kristall tuzilmasi va fazaviy tarkibini aniqlash uchun rentgen
difraksiyasi (XRD) tahlili o‘tkazildi. XRD - monoxromatik rentgen nurlarining kristall panjara bilan
konstruktiv interferensiyasiga asoslangan kuchli tavsiflash usuli bo‘lib, difraksion cho‘qqgilarning 26
burchagi va intensivligi orqali fazalar mavjudligi, panjara oralig‘i, kristallanish darajasi hamda donalarning
afzal yo‘nalganligi to‘g‘risida aniq ma’lumot beradi.

4a-rasmda Sh,Se; va MoSe; ning kartotekalariga (mos ravishda JCPDS 00-015-0861 va 29-0914)
muvofiq oddiy shisha va Mo bilan qoplangan shisha ustiga o‘stirilgan Sb.Ses yupqa gatlamlarining Rengen
tahlillari keltirilgan. Rasmdan ko‘rinib turibdiki, ikki xil taglikda o‘stirilgan Sb.Ses yupqa gatlamlarda ham
bir xil cho‘qqilar (020, 120, 130, 230, 211, 221, 301, 240, 041, 141, 431, 501 va 061) kuzatilgan bo‘lib,
ularning intensivliklari taglikning turiga qarab turlicha bo‘ldi. Shisha taglikda o‘stirilgan Sb2Ses yupqa
gatlamlarda asosan hk0 yo‘nalishidagi cho‘qqilar (020, 120, 130, 230 va 240) dominantlik gilganini ko‘rish
mumkin. Bundan shisha taglikda Sb.Ses yupqa qatlamlarning donachalari asosan taglikka parallel
shakllanishi ma’lum bo’ladi. Aksincha, Mo bilan qoplangan shisha ustiga o‘stirilgan Sb.Ses yupqa
qatlamlarda esa donachalar asosan taglikka tik hkl (k=0, 1 va 2) yo‘nalishida (211, 221, 301, 041, 141, 431
va 501) shakllanishi ma’lum bo’ladi. Bunda dominantlik gilgan ikki aniq difraksiya cho‘qqisi (211) va (221)
kristall tuzilmasining (hk1) xususiyatli kristallografik yo‘nalishini ko‘rsatadi, bu esa Sb,S(e)s kristallarining
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maxsus tuzilishi sababli eng samarali zaryad tashuvchilar yo‘nalishi hisoblanadi. Bu kristallar (SbaS(€)s)n
lentalaridan iborat bo‘lib, Van-der-Vaals kuchlari bilan (010) va (100) yo‘nalishlarida bog‘lanadi [21,22].
Shuningdek, taglik shishadan Mo qoplangan shishaga o‘zgarganda intensivligi sezilarli ortgan (061) cho’qqi
ham, (SbaS(e)s)n lentasimon tuzilmalarning taglikka nisbatan vertikal joylashganini ko‘rsatadi. Bu yo‘nalish
ham zaryad tashuvchilar uchun qulay ogim yo‘llarini hosil gilishi mumkin.

Mo bilan qoplangan shisha ustiga ofstirilgan Sb:Ses yupqga gqatlamlari cho‘qqilarini MoSe>
kartotekasidagi intensivlik cho‘qqilari bilan taqqoslanganda yaqqol MoSe, ni ifodalaydigan cho‘qqi
kuzatilmadi. Bunga asosiy sabab Sb bilan Se manbalarini bir vaqtda bug‘latilganligi natijasida XRD da
kuzatilishi uchun yetarli galinlikda MoSe; yupqa qatlami hosil bo‘lmagani bo‘lishi mumkin. Keyingi
tadgigotlarda Se manbasini biroz ertaroq bug‘latish maqsad gilindi.
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4-rasm. Oddiy shisha va Mo bilan qoplangan shisha ustiga o‘stirilgan Sb.Ses yupqa
gatlamlarining Rengen tahlili (a) va Raman spektrlari (b)

4b-rasmda 785 nm lazer chizig‘i yordamida o‘lchangan Raman spektroskopiyasi natijalari asosida
sodali-ohak shisha va Mo qoplangan shisha tagliklarida o‘stirilgan Sb.Ses yupqa qatlamlarining xos
tebranish fazalari tagdim etilgan. Sb2Ses kristallining Raman spektridagi cho‘qqilar uning kristall panjarasida
joylashgan atomlarning xarakterli tebranish fazalarini aks ettirib, Sb—Se bog‘lari hamda ortorombik kristall
simmetriyasi bilan bevosita bog*liqdir.

Romboedrik Ses halqalari bilan assotsiatsiyalangan 102 va 129 cm™ dagi cho‘qqilar ushbu halqali
strukturalarning tebranishlariga mos keladi [23]. 117 cm™ dagi Raman cho‘qqi ortorombik Sb.Ses fazasining
Ag tipidagi past chastotali panjara tebranish rejimi bo‘lib, materialning fazaviy tozaligi va strukturaviy
barqarorligini tasdiglaydi. 160 cm™ dagi cho‘qqi Sb2Ses ning ortorombik fazasiga xos Ag simmetriyali ichki
vibratsion faza bo‘lib, Sb—Se bog‘larining kuchaygan cho‘zilish tebranishini ifodalaydi. 195 cm™ dagi
tebranish SbaSes kristall panjarasida mavjud yuqori energiyali Ag simmetriyali ichki cho‘zilish rejimi
sifatida baholanib, Sh—Se kovalent bog‘larining kuchli dinamik javobini aks ettiradi. 240 cm™ atrofidagi
Raman cho‘qqi ortorombik Sb.Ses fazasi uchun xos bo‘lgan yuqori chastotali Ag turidagi ichki vibratsiya
rejimiga mansub bo‘lib, Sb—Se bog‘larining lokal yuqori energiyali tebranishlarini ifodalaydi [24—26].

Shisha va Mo qoplama ustida o‘stirilgan Sb.Ses qatlamlaridagi Raman intensivliklaridagi farq
taglikning film bilan mexanik bosim, sirt kimyosi, hamda optik interferensiya sharoitiga ta’siri bilan
izohlanadi. Sodali-ohak shisha sirtda ichki Sb—Se bog‘larining kuchli cho’zilish tebranishlarini kuchaytirib,
yugori chastotali 160 va 240 cm™ cho‘qqilarining intensivligini oshiradi, Mo-goplangan shishada yupga
qatlam bilan kuchliroq interfaol bog‘lanish (mexanik bosim, reflektivlik va yaxshiroq tekstura) hosil qgilib,
past va o‘rta chastotali Ag rejimlari (102, 117, 129, 195 cm™) ning Raman sezgirligini orttiradi [24—26].

Xulosa. O‘tkazilgan tahlillar Mo qoplangan taglikning Sb.Ses yupqa qatlamlarining o‘sishi va
ularning fizik xossalariga sezilarli ta’sir ko‘rsatishini tasdiqladi. Mo taglikda yanada zich, izchil va vertikal
yo‘nalgan kristall tuzilish shakllandi, bu esa samarali zaryad transporti uchun qulay sharoit yaratadi. Shisha
taglikda kuzatilgan hkO yo‘nalishlar o‘rniga Mo taglikda (211) va (221) kabi yuqori samaradorlikka
yo‘naltirilgan fazalar ustunlik qildi. Raman, SEM va XRD natijalari kompleks tarzda Mo taglikning struktura
sifatini oshiruvchi rolini ko‘rsatdi. Shu sababli, Mo bilan qoplangan taglik Sb.Ses asosidagi fotoelektrik va
optoelektron qurilmalar uchun eng istigbolli tagliklardan biri hisoblanadi.
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Abstract. The effect of diffusion nickel doping on the properties of monocrystalline p-type silicon (0.5
Q-cm), grown by the Czochralski method, was investigated. Nickel diffusion was carried out at 1200°C
followed by annealing at 800 °C, which promoted the formation of nanoclusters with sizes ranging from 50
to 300 nm within surface pores. Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
were used to analyze the surface topography, and the van der Pauw method was used to measure
electrophysical parameters. It was established that the electrophysical properties remain largely unchanged:
the specific resistivity was 0.523 Q-cm and the carrier mobility was 263 cm?V-s. The formation of
nanoclusters and the absence of changes in the specific resistivity are associated with the gettering of
electrically neutral nickel impurity atoms, which improves the lifetime of nonequilibrium charge carriers.
The results confirm the potential of this method for optimizing solar cells and microelectronic devices.

Key words: silicon, nickel, nickel doping, nanoclusters, diffusion, gettering, electrophysical
properties, solar cells.

OOPMHNPOBAHUE HAHOKJ/IACTEPOB HUKEJISI B KPEMHUU P-THUIIA: BJIUSTHUE
HA DJIEKTPO®U3NYECKHUE CBOMCTBA U TOIIOT'PA®UIO IOBEPXHOCTH

Annomauua. Hccneoosano enusnue Ou@@ysuonno2o 1ecupoéanusi HuKeiem Hd — CE0UCmed
MOHOKpucmaniuyeckozo kpemuus p-muna (0,5 Om-cm), nonyuennozo memooom Yoxpanvcxoeo. Ilposedena
ougppyzus nuxens npu 1200 °C ¢ nocredyiowum omoucucom npu 800 °C, umo cnocobcmeosano
dopmuposanuro nanokiacmepos pasmepom 50-300 um 6 nopax na nogepxrocmu. Mcnonib308anvl amomHo-
cunosas (ACM) u cxanupyrowas snexkmponnas muxkpockonusi (COM) ons ananuza monozpagpuu, a memoo
Ban oep Ilay-ons usmepenus snexmpoghusuueckux napamempos. Ycmanosneno, umo anekmpogusuieckue
napamempusi ocmaromcsi 6e3 CyWecmeeHHo20 usMeHeHus. yoeavHoe conpomusnenue 0,523 Om-cm u
noosudicnocmu  nocumeneti 263 cm?/B-c. Dopmuposanue HaHOKIACMEPO8 U OMCYMCMEUE USMEHEHUs.
VOenbHO20 CORPOMUBNICHUS CA3AHO C 2eMMEPUPOBAHUEM INEKMPOHEUMPATIbHLIX NPUMECHBIX AMOMOG
HUKeJsl, Ymo VIYYUaem 8Pemsl HCUsHU HEPAGHOBECHbIX Hocumenel 3apsaoa. Pesynbmamel noomeepaicoarom
nepCcneKmusHOCHb Memooa 0Jisk ONMUMUAYUU COTHEUHBIX DNIEMEHMO8 U MUKPOIIEKMPOHUKU.

Knioueevie cnosa: «kpemnuii, HuKeib, Jecupoeanue HuKeiem, HaHokiacmepul, Ou@gysus,
2cemmepuposanue, INeKMpoduuiecKue ceoUCmed, COTHEeUHbLE IIEeMEHMbL.

P-TURDAGI KREMNIYDA NIKEL NANOKLASTERLARINING SHAKLLANISHI:
ELEKTRO-FIZIK XOSSALAR VA SIRT TOPOGRAFIYASIGA TA’SIRI

Annotatsiya. P-turdagi (0,5 Q-sm) Chokhralskiy usuli bilan olingan monokristalli kremniyning
xossalariga nikel diffuzion legirlashining ta’siri o ‘rganildi. 1200 °C da nikel diffuziyasi va 800 °C da keyingi
gizdirish jarayoni amalga oshirildi, bu esa sirt teshiklarida 50-300 nm o ‘lchamli nanoklasterlarning
shakllanishiga olib keldi. Sirt topografiyasini tahlil gilish uchun atom-kuch mikroskopiyasi (AFM) va
skanerlovchi elektron mikroskopiya (SEM) qo ‘llanildi, elektrofizik parametriarni o ‘Ichash uchun esa van der
Pauw usuli qo ‘llanildi. Tadqiqot natijasida elektrofizik parametriar sezilarli o ‘zgarishsiz qolgani aniglandi:
solishtirma  qarshilik 0,523 Q-sm, tashuvchilar harakatchanligi 263 sm?V-s ni tashkil etdi.
Nanoklasterlarning shakllanishi va solishtirma qarshilikning o ‘zgarmasligi nikelning elektr neytral kirishma
atomlarining getterlanishi bilan izohlanadi, bu esa muvozanatsiz zaryad tashuvchilarning umrini
yaxshilaydi. Olingan natijalar ushbu usulning quyosh elementlari va mikroelektronika uchun istigbolli
ekanini tasdiglaydi.
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Kalit so‘zlar: kremniy, nikel, nikel bilan legirlash, nanoklasterlar, diffuziya, getterlash, elektrofizik
xossalar, quyosh elementlari.

Introduction. Silicon remains a key material in semiconductor electronics due to the possibility of
modifying its properties by alloying [1]. The introduction of transition metals such as nickel makes it
possible to control defects and getter impurities, improving the parameters of devices such as solar cells and
integrated circuits [2]. However, nickel cluster formation in p-type silicon, especially at high temperatures
(>1000 °C), remains insufficiently studied, which makes it difficult to obtain materials with high uniformity
[3]. Clusters can cause local defects that affect the resistivity, mobility, and lifetime of charge carriers. The
literature shows that nickel diffusion at T=800-850 °C improves the efficiency of solar cells by 20-30% due
to gettering [4, 5]. In [4], the nickel concentration in the near-surface zone exceeded the volume
concentration by 2-3 orders of magnitude, and the binding energy of the clusters was ~1.39 eV. However,
high-temperature regimes (>1000 °C) remain poorly investigated, although they may enhance clustering. The
purpose of the work: to study the formation of nickel nanoclusters in p-type silicon during diffusion at 1200
°C and to evaluate their effect on electrophysical properties and surface topography. In the last two decades,
there has been a growing interest in studying the behavior of transition metals in silicon under high-
temperature processing conditions, driven by advances in micro- and nanoelectronics as well as photovoltaic
technologies [6-8]. It has been established that nickel atoms exhibit high diffusion mobility in silicon and are
capable of forming both localized defect complexes and larger cluster-like formations depending on the
temperature—time parameters of thermal treatment [6,7]. Several studies have shown that at temperatures
above 1000 °C, diffusion processes are accompanied by significant redistribution of impurities and
modifications of the defect structure in the near-surface layers of silicon [8,9]. In this context, surface
morphology, including pore formation and cluster aggregation, may indirectly influence the electrophysical
properties of the material [9,10]. Despite the availability of individual experimental and theoretical studies,
the relationship between high-temperature nickel diffusion, impurity clustering, and changes in the
electrophysical parameters of p-type silicon remains insufficiently investigated, which determines the
relevance of the present work [11,12]. A significant contribution to understanding the role of metal
impurities in silicon has been made by studies focusing on the influence of transition-metal clustering on
recombination processes and charge carrier transport [13—15]. It has been demonstrated that the formation of
metal-containing clusters and defect complexes can either reduce the concentration of recombination-active
centers or introduce additional trapping sites, depending on their size and spatial distribution [13,14].
Particular attention has been paid to near-surface regions of silicon, where high-temperature processing
promotes the development of complex surface morphology and inhomogeneous impurity redistribution,
which may indirectly affect the electrophysical properties of the material [15-17]. These effects are
especially relevant for p-type silicon, where recombination activity and defect distribution strongly influence
carrier transport. Overall, the reported results emphasize the necessity of a combined structural and electrical
analysis to reliably assess the role of nickel clustering under high-temperature diffusion conditions [18].

Materials and methods. The study was conducted on p-type monocrystalline silicon wafers
(Czochralski-grown, boron-doped) with a resistivity of 0.50 Q-cm and a carrier concentration of 3 x 10'¢
cm>. A 1 um thick layer of nickel was deposited onto the surface by vacuum evaporation at 107° Torr.
Diffusion of nickel impurity atoms was carried out at T = 1200 °C for 30 minutes, followed by annealing at
T = 800 °C for 30 minutes to activate the gettering process. The surface topography was investigated using
an FM-Nanoview 1000 atomic force microscope and a Jeol JSM-IT200LA scanning electron microscope
operated at an accelerating voltage of 20 kV. Electrophysical parameters were measured using the Ecopia
HMS 3000 van der Pauw method at T = 25 °C. The data were processed using Gwyddion software (AFM)
and ImageJ (SEM).

Results and discussion. Van der Pauw measurements showed that after nickel doping the carrier
concentration was 4 x 10 cm3, the resistivity was 0.523 Q-cm, and the carrier mobility was 263 ¢cm?/V's.
Table 1 compares the parameters before and after the treatment.

Table 1. Electrophysical parameters of p-type conductive silicon

Sample Carrier Resistivity, Mobility,
concentration, cm Q-cm cm?/v:s
Initial 3 x 10 0,5 250
After Ni diffusion 4 x 106 0,523 263

AFM and SEM revealed triangular-shaped pores with side lengths of 300-2800 nm, inside which
spherical nickel nanoclusters with diameters of 50-300 nm are located.
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Figure 1. AFM image of the p-type silicon surface after nickel diffusion, showing pore and
nanoclusters (scale 3 x 3 pm)
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Figure 2. SEM image of nickel nanoclusters inside pores (scale bar 1 pm)

The formation of nickel nanoclusters is explained by the emergence of metallic bonding between
nickel and fast-diffusing impurities. The cluster binding energy (~1.39 eV [4]) stabilizes them, promoting the
gettering of impurities (O, C), which increases the carrier lifetime (estimated by 2 times, as in [5]).

It was established that the electrophysical parameters remain essentially unchanged: the resistivity is
0.523 Q-cm and the carrier mobility is 263 ¢cm?/V-s. The formation of nanoclusters and the absence of
changes in resistivity are attributed to the gettering of electrically neutral nickel impurity atoms, which
enhances the lifetime of nonequilibrium charge carriers.

However, T = 1200 °C is higher than the optimal range (T = 800-850 °C [3, 4]), which may lead to
excessive defect formation. A comparison with Ref. [4] shows that at 800 °C the mobility reaches 270
cm?/V-s, which is 2.7% higher.

Conclusion. Nickel diffusion at T = 1200 °C forms nanoclusters with diameters of 50-300 nm inside
triangular pores with side lengths of 300-2800 nm on the surface of p-type silicon. Impurity gettering by
nickel is promising for solar cell applications but requires reducing the diffusion temperature to 800-850 °C.
Further investigation is needed using DFT modeling and TEM to analyze the internal structure of the
clusters.
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Annotatsiya. Ushbu ishda garmonik kinematik qo ‘zg‘alishlarga ko ‘ndalang kesimi o ‘zgaruvchan
gisterezis tipidagi elastik dissipativ xarakteristikali Sterjenning ko’ndalang tebranishlarini matematik
modellashtirish va dinamik xarakteristikalarini aniglash masalasi qaralgan. Sterjen materialining
dissipativlik xossalarini ifodalovchi nochizigli funksiya garmonik chiziglilashtirish usuli yordamida chizigli
kompleks funksiya orgali tenglamada hisobga olingan. Ishda xususiy chastotalar va xususiy tebranishlar
formalari aniglangan. Sonli hisoblashlar asosida xulosalar keltirilgan.

Kalit so‘zlar: ko ‘ndalang kesimi o ‘zgaruvchan sterjen, dissipativ, gisterezis, amplituda, chastota,
kinematik go ‘zg alish, tebranish, xususiy tebranish formalari.

MATEMATHYECKOE MOJEJIMPOBAHUE U OIIPEAEJIEHUE IMHAMHNYECKUX
XAPAKTEPUCTUK CTEPXKHS IIPU KNHEMATHUYECKOM BO3BYKJIEHUU

Annomauus. B omoil pabome paccmompena 3a0aua MAMEMAMUYEcKo20 MOOEIUPOBAHUs U
onpedenenusi OUHAMUYECKUX XAPAKMEPUCTIUK — CMEPICHA  NEPEeMEHHO20 NONEPEeYHO20  CeueHus C
YIPY20OUCCUNAMUSHBIMU XAPAKMEPUCTHUKAMU SUCMEPEIUCHO20 MUNA NPU KUHEMATNUYECKUX 8030eUCEUSIX.
B ypasnenuu menumeinas @ymxyus, Xapaxmepusyowas — ynpyeoOUCUnaAmueHyio  Xapakmepucmury
MaAmepuana CmepaiCHs, VUUMbI8Aemcs ¢ NOMOWDBIO Memooda 2apMOHUYECKOU TUHeapu3ayuu 6 IUHEUHOU
KOMNIEKCHOU hopme. B pabome onpedenenvt cobCcmeenHble Hacmomul U cOOCmMeeHHble GopMbl KOACOAHUIL.
Ha ocnoge uucnennvix pacuémos npusedeHul 6b1600bl.

Knwouesvie cnosa: cmepoicenv nepemennozo NONepeyHozo cedeHus, OUCCUNAMUBHDI, 2ucmepesuc,
amMnaumyod, 4acmoma, KUHEMAmu4eckoe 6030yxcoeHue, hopmvl COOCMBEEHHBIX KOACOAHU.

MATHEMATICAL MODELING AND DETERMINATION OF DYNAMIC
CHARACTERISTICS OF ABEAM UNDER KINEMATIC EXCITATION

Abstract. This paper examines the problem of mathematical modeling and determining the dynamic
characteristics of a variable-cross-section beam with hysteresis-type elastic-dissipative characteristics under
kinematic excitations. The equation describes a nonlinear function characterizing the elastic-dissipative
function using the harmonic linearization method in linear complex form. The natural frequencies and mode
shapes are determined. Conclusions are drawn based on numerical calculations.

Keywords: variable-cross-section beam, dissipative, hysteresis, amplitude, frequency, kinematic
excitation, mode shapes.

Kirish. Mexanik sistemalarning elementlari materiallaridagi chiziglimas dissipativ xarakteristikalarini
hisobga olgan holda ularning tebranishlarini tadqiq etish dolzarb masalalardan hisoblanadi.

[1] - ishda ko'ndalang kesimi o'zgaruvchan sterjenning bo’ylama tebranishlari uchun harakat
differensial tenglamasi va uning yechimlari aniglangan. Bunda ko’ndalang kesimi chizigli qonuniyat bilan
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o’zgaruvchi sterjen uchun differensial tenglama tegishli almashtirishlar yordamida Lejandr tenglamasiga
keltirilgan. Turli xil chegaraviy shartlar uchun sterjenning chastota tenglamalari topilgan. Olingan natijalar
adabiyotlarda mavjud bo’lgan ko'ndalang kesimdagi o'zgarishlarning maxsus holatlari uchun o’rinli bo’lgan
yechimlar bilan taggoslangan. Bundan tashqari, sterjenning ko'ndalang kesimi yuzasi o'zgarishining
tebranish xarakteriga ta'siri sonli tahlil gilingan.

[2] — ishda vertikal holatdagi o'zgaruvchan kesimli sterjenning og’irligini hisobga olgan holdagi
kinematik va tasodifiy tebranishlari o’rganilgan. Tebranishlar amplitudalari va o'rtacha kvadratik
giymatlarining analitik ifodalari aniglangan. Tasodifiy va garmonik tebranishlarga parametrlarning ta’siri
baholangan. Rezonans chastotasi atrofida amplitudalari va o'rtacha kvadratik qiymatlarining o’zgarishi tahlil
gilingan.

[3] - ish aylanuvchi diskka o’rnatilgan ko’ndalang kesimi o’zgaruvchan sterjenning tebranishlarini
o’rganishga bag‘ishlangan. Sterjenga vaqtga bog’liq bo’lgan diskka parallel kuch tashqi kuch sifatida
go’yilgan. Ko’ndalang kesimining o’zgarish qonuniyati turli xil ko’rinishlarda olingan. Qattiq diskga
o'rnatilgan aylanayotgan sterjenning harakat tenglamalari olingan. Koriolis kuchlari va markazdan gochma
kuchlarni hisobga olib, uzatish effektlari matematik modelda ko'rib chigilgan. Chiziglimas sistemalar uchun
bu masalalarni yechish zarurati mavjudligi hagida mulohazalar keltirilgan.

[4] — ishda bir uchidan boshlab qalinligi bir xilda kamayib boradigan sterjenning ko’ndalang
tebranishlari ko’rib chiqilgan. Tebranishlar tezligi tahlil gilingan. Olingan differensial tenglamalar aniq
yechimga ega ekanligi ko’rsatilgan. Bu yechimlar asosida qalinligi o'zgarishi parabolik bo'lmaganda sterjen
tenglamasini yechish uchun yangi usul taklif etilgan.

[5] - magolada o'zgaruvchan ko'ndalang kesimli sterjenlarning tebranishlarini tahlil gilishning sonli
usullari keltirilgan. Ostrogradskiy - Gamilton printsipi sterjen - tenglamalarning bo'ylama, buralma va
ko'ndalang tebranishlari tenglamalarini olish uchun ishlatilgan. Turli xil chegaraviy shartlarda differensial
hisob usullari bilan berilgan chegaraviy masala yechilgan, tavsiyalar ishlab chigilgan.

[6] — ishda ko’ndalang kesimi o’zgaruvchan kompozit sterjenda kuchlanish-deformatsiya holatini
hisoblashning umumiy yondashuvi ishlab chigilgan. Ushbu sterjenlar dinamikasi turli xil materiallar va
dinamik yuklash jarayonlari uchun sinovdan o'tkazilgan. Taklif etilayotgan hisoblash modelida
deformatsiyalar va govushqoq elastik o'zaro ta'siri hisobga olingan. Sterjenli sistemalarining elementlari
bo'lgan bunday xar xil ko’ndalang kesimli sterjenlar yuqori mustahkamlik ko'rsatkichlari bilan ajralib turishi
va shu bilan birga o’zgarmas ko’ndalang kesimli sterjenlarga nisbatan ishlab chiqgarish xarajatlarini
kamaytirishi ko’rsatilgan.

[7] - ishda egri sterjenning chiziqli tebranishlari chekli elementlar usuli yordamida o’rganilgan. Egri
sterjen yarim aylana ko’rinishida, sterjenning ko’ndalang kesimi esa doiraviy va to'rtburchak ko’rinishlarda
olingan. Ko’ndalang kesim yuzalari bir xil tarzda nosimmetrik va simmetrik toraygan sterjenning
tebranishlari ko’rib chiqilgan va xususiy chastotalar turli chegaraviy shartlar uchun aniqlangan. Cho'zilish va
egilish effektlari tekshirilgan. Sterjenning ustiga qo'shimcha massa o’rnatilan holdagi tebranishlari ham
ko'rib chiqilgan va ko’ndalang kesimining o’zgarishining xususiy chastotalarga ta’siri tekshirilgan, xulosalar
keltirilgan.

[8] - ishda sterjenlar qurilish sanoatida ko'priklar, yo'l o'tkazgichlar, goplamalar, pollar, zinapoyalar va
boshqgalar uchun yuk ko'taruvchi konstruktsiyalar sifatida keng qo'llanilishi gayd etilib, bunday
konstruktsiyalarning yuk ko'tarish qobiliyatidan to'liq foydalanish va material sarfini kamaytirish uchun
uzunligi bo'ylab o'zgaruvchi kesmli sterlenlardan foydalanish magsadga muvofiqligi ko’rsatilgan. Ishlash
jarayonida bunday strukturaviy elementlarda har xil turdagi tebranishlar yuzaga kelishi tahlil gilingan, bu esa
ko’ndalang kesimi o’zgaruvchan sterjenlarning ko’ndalang tebranishlarini har tomonlama o'rganish dolzarb
ekanligini ko’rsatgan.

[9] - maqolada temir yo'l uzelining elementi bo'lgan ko’ndalang kesimi o’zgaruvchan sterjenning
ko’ndalang tebranishlarining dinamikasi o’rganilgan. Bundan tashqari ko’ndalang kesimi o’zgarmas bo’lgan
hol ham garalgan. Ikkala hollarda ham sterjenga temir yo'l harakatlari ta'siridan kelib chigadigan vertikal
kuch ta’sir qiladi deb qaralgan. Bu maqolada, shuningdek, o'zgaruvchan inersiya va qattiqlik momentlariga
ega bo'lgan egri sterjenning xususiy tebranishlari tahlili keltirilgan. Yechim to‘rtinchi tartibli xususiy hosilali
differensial tenglamalarni oddiy differensial tenglamalar sifatida ifodalash uchun xizmat gilgan Rits usulini
qo‘llash orqali topilgan. Sonli tahlillar asosida sterjen parametrlari va vertikal yukdagi o'zgarishlar
sterjenning xususiy tebranishlariga ganday ta'sir gilishi baholangan.

[10] - ishda bir uchidan elastik mahkamlangan o'zgaruvchan kesimli sterjenning ko'ndalang
tebranishlarda xususiy chastotalarini hisoblash masalasi yechilgan. Beshinchi darajali algebraik polinomlar
bilan olingan xususiy chastotalarning hisoblangan giymatlarini ekstrapolyatsiya sonli usuli yordamida
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aniglash imkoniyati tahlil gilingan. Ekstrapolyatsiya sonli usuli hisoblashlarning anigligini uch barobargacha
oshirish imkonini berishi ko‘rsatilgan.

[11] — ishda o’zgarmas balandlikga ega va eni eksponensial qonuniyat bo‘yicha o‘zgaruvchi
sterjenning ko’ndalang tebranishlari ko‘rib chiqilgan. Turli xil chegaraviy shartlarda chastota tenglamasi,
xususiy chastotalari aniglangan. Olingan natijalar boshga mualliflar tomonidan olingan natijalardan sezilarli
darajada farq qilishi ko’rsatilgan.

Ko‘ndalang kesimi o°‘zgaruvchan gisterezis tipidagi elastik dissipativ xarakteristikali ya’ni
nomukammal elastik sterjenning kinematik qo‘zg‘alishlardagi ko‘ndalang tebranishlarini o’rganish dolzarb
masalalardan hisoblanadi.

Sterjenning matematik modeli. Ko‘ndalang kesimi o‘zgaruvchan gisterezis tipidagi elastik dissipativ
xarakteristikali ~ sterjenning  kinematik qo‘zg‘alishlardagi  ko‘ndalang tebranishlarini ~matematik
modellashtirish dinamik xarakteristikalarini tahlil gilish masalasini garaymiz.

Sterjenning uzunligi I, eni b(x) —o‘zgaruvchan, qalinligi & bo‘lib, qo‘zg‘aluvchi asosga o‘rnatilgan

bo‘lsin.

Sterjenning kinematik qo‘zg‘alishlardagi ko‘ndalang tebranishlari harakat differensial tenglamasini
guyidagicha yozamiz:

a*M a%w

55z TMogz = —myWy; (1)

bunda M — eguvchi moment; w — sterjenning egilish funksiyasi; my — sterjen uzunligining birlik massasi;
W, — asosning tezlanishi.
Ko‘ndalang kesimi o‘zgaruvchan sterjenning eguvchi momentini yozamiz:
h

M = 2b(x) j ozdz, (2)
)

bunda & — normal kuchlanish; z — sterjen neytral x - 0’qiga perpendikulyar yo’nalgan 0’q.
Sterjen balandligi o‘zgarmas, eni o‘zgaruvchan bo‘lib, sterjen materiali nomukammal elastikligini

ifodalovchi bir qiymatli bo‘lmagan @ (&) funksiya garmonik kinematik qo‘zg‘alishlarda garmonik
Iineari;_asiya usuli yordamida quyidagi chizigli kompleks ifoda bilan almashtiriladi [12]:
bunda 4., q-, — chiziglilashtirish koeffisentlari; & — nisbiy deformatsiya.
Garmonik jarayonlar uchun linearizasiya koeffisentlari quyidagicha bo’ladi:
2m

17 5
=——| ed( d;
Tis rmj £® (acosp)cos@de
)

L 2 .
g, = ——— D ( mngd,
G. rmm," c® (acos@)singdyp
0

bunda ¢ - kichik parametr; w — tebranishlar chastotasi; a,¢ - lar mos ravishda &(t) o‘zgaruvchining
amplitudasi va fazasi.
(3) ifodada £(t) o‘zgaruvchi quyidagicha olingan:
£(t) = acosy. (4)
Sterjen materialidagi kuchlanish va nisbiy deformasiya orasidagi quyidagi munosabatdan
foydalanamiz [12]:
g =E(1+ (- +jn)C+ FEIDE, (5)
bunda E — elastiklik moduli; 74,172 = n22sign{w) lar sterjen materialining elastik dissipativlik
xossalariga bog‘liq bo‘lgan doimiy koeffisientlar bo‘lib, gisterezis sirtmog‘idan aniglanadi; f(&,) —
tebranishlar dekrementi bo‘lib, &, nisbiy deformasiya absolyut giymatining funksiyasi hisoblanadi,
fl&) = €&, + €287 .+ Ciéy, (6)
Co:C14 s €, - gisterezis tugunining tajribadan aniqlanadigan parametrlari bo‘lib, sterjen materialining
dempferlovchi xossalariga bog‘liq [13].
&, nisbiy deformasiya quyidagicha hisoblanadi:
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8 wlx,t)

§o = 3.2 2 (7)

Keltirilgan (5) ifodani (2) eguvchi moment ifodasiga qo‘yamiz, natijada ega bo‘lamiz
8w .

M = El o [1+ Col=n + jm2 }+ i m +jnz } f{for}z dz] (8)

bundal = 1_ b = b(x) va h = const.
U holda moment ifodasini e’tiborga olib (1) differensial tenglamani qo‘yidagicha yozamiz:
h

Y

W : ) 24 ) i "
31522 | LT Colom +ima) + 55 (=my + jn2) | F(Eo)z%az | +
]

dx=<
i
al(x)a |a%w . _ 24 o
+2E PR l+Cﬁ{_—r}1+m:}+F{_—r}1+;r}:}u flE)z2dz|p +
i
821(x) a%w r 82w
E— 5 52|l + Col= m+m}+h3{ m+m} f(§o)z%dz|+ pF ==
8%wy .
= — pF —-. 9
PF—3 (9
Yechish metodikasi. (9) differensial tenglamaning yechimini qo‘yidagicha izlaymiz:
wix,t) = Zueiﬁx}qf(tL (10)
i=1

bunda g;(t) — vagtning funksiyasi; u;(x) - sterjen tebranishlarining xususiy formalari.
(10) yechimni (9) differensial tenglamaga qo‘yamiz va ba’zi almashtirishlardan keyin quyidagi
differensial tenglamaga ega bo‘lamiz:

. . ) . 3E | )
q; + {'[l"' Col—m +JTP:}}P{ +ﬁ{.—7}1 + jn2) %

ZC q j I(x)u; o7u,
K mzk{a+3} ‘ax dx>

. 2 j 921(x) @2,
5 i = M
pFdy )y 8x% okl

ﬂ:ui

k
3 )dx+

dx=

hk

1+ Col—ny + jn2) +3(—m

2E ['al(x) @ #%u

oFd,. L?Hea—[a—[l‘FCu{ m +jn2) + 3(—ny + jn2) x
a‘".-l-[:. .

ch‘?mzmﬂ}‘ ~digm (11)

bunda d; = ZF dy; = fgui dx; doy = fﬁuf dx.

(11) tenglamani yechish natijasida q; o‘zgaruvchini topamiz

d; :
; — Wy; 12
q{ NR o { }

bunda
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- i " 3E |
N,=5"+ '[l + Col—m +ﬁ]‘:}}P{ +—— (= +jn2) %

pFdy;
xif M j:f{'} 0* (0%u;o%u, " dx +

L, e e +3) )y a7 9 *
1+ Col—ny + jn2) + 3(—ny +J }ic LA
o\ =M T N2 Rl L L k‘?z‘nzk{:k+3} Tl

-

dx=

E J“aff{jx} 32u,
o

+ - 1 -
pFdy; Jy 8x2 ¢ ax?
k

dx +

X

U — [_f_-E [1+Col—m +jn2) +3(—n + jn2) x

2E J‘:af{jx} 8 8u
o

pFds; dx '9x ox
) i . hE |82y, 14
, lia k(g 1 3) [ax2 | 1T

bu yerda 5§ = iw.

Sonli hisoblashlar va tahlillar. Faraz gilaylik ko’ndalang kesimi o’zgaruvchan sterjenning chap uchi
qistirib mahkamlangan, o’ng uchi erkin bo’lsin. Bunda asos ko‘chishi wy = —sa;coswt bo’lsin. U holda
chegaraviy shartlar quyidagicha bo’ladi:

x = 0 bo’lgan sterjen uchi uchun:

W; = Wy, P 0. (13)
x = I bo’lgan sterjen uchi uchun:
7w _ 0, EI Pwi_ 0 (14)
ax: dxd e '
Xususiy tebranish formasini quyidagicha olamiz:
u:-'[:x} = AR, '[:I-::-x} + Bh’:{:k:-x} + CH; '[:I-::-x] + Dh"l{.ﬁ::—x}, (15)
bunda ABC,D - chegaraviy shartlardan aniglanuvchi koeffitsiyentlar;
.F'Lrl {k:.'x.'}, .F'l.r: {k:.‘l’}, .F'l.ra {k:.ﬁf}, h,4{jfzx3| — Krilov funkSiyaIari, ya’ni
) 1. ) )
Ky (kx) = E{_cosh{_kix} + cos(k;x));
) 1. ) )
Ko(k;x) = 3 (sinh(k;x) + sin(k;x));
(16)

Ky x) = % (cosh(k;x) — coslk,x));
T (kix) = % (sinh(k;x) — sin(k;x));

H i P ~ é

ki = {-PE_I )%

Chegaraviy shartlarga xususiy tebranish formalarini qo’yamiz va koeffitsiyentlarni aniqlaymiz. Bu
aniglangan koeffitsiyentlarni xususiy tebranishlar formalariga qo’yamiz. Natijada chastota tenglamasi
quyidagicha bo’ladi:

K (k1) — Ko (k; DK, (kl) = 0. (17)

I = 0.25 mbo’lganda (17 tenglamani grafik usulda yechamiz.
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1-rasm. {17) Tenglamani aniglovchi funksiyaning grafigi
1-rasmda (17) chastota tenglamasining grafigi (a) va uning birinchi (b) va ikkinchi (c) nollari
keltirilgan. Bu grafiklardan &k, = 7.500416275 va k, = 1877635 ekanligini aniglash mumkin.

Aniglangan bu giymatlar asosida sterjenning xususiy chastotalarini aniglaymiz.
Po‘lat 40X markali materialni olamiz. Bunda

E=208- lﬂ“i; p = 7810 L‘i
m- m
Sterjen eni qo‘yidagi qonuniyat bilan o‘zgaradi deb garaymiz:

b=bh, + b, sin{n,x) = 0.02 + 0.01 sin(80x) m;

h=2-10"%m.

U holda parametrlar va o’zgaruvchining yuqorida keltirilgan qiymatlariga asosan birinchi va ikkinchi
tebranish formalariga mos keladigan xususiy chastotalar quyidagicha bo’ladi:

p~ = 167.6163034 s~ 1. (18)

ps = 1050.431816 571, (19)

Birinchi va ikkinchi tebranish formalari quydagicha bo’ladi:

uy (x) = 999.668759(cosh(7.500416275x) — cos(7.500416275x) ) —

—773.8523515(sinh(7.500416275x) —sin(7.500416275x));  (20)

u,(x) = —2.81762557 - 10%(cosh(18.7764x) — cos(18.7764x)) +

+2.869669872 - 105(5inh(18.7764x) — sin(18.7764x)); (21)
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2-rasm. (207 Xususiy tebranish formasining grafigi

2-rasmda (20) xususiy tebranish formasining grafigi tasvirlangan. Bu grafikdan shuni ko’rishimiz

mumkinki, chap uchi qistirib mahkamlangan va o’ng uchi erkin bo’lgan hamda o’ng uchiga dinamik
so’ndirgich o’rnatilgan sterjenning chap uchidan boshlab o’ngga qarab siljigan nugqtalarining ko'chishlari
sterjen uzunligi bo’yicha proportsional ravishda ko’chmaydi. Ya’ni, w,(0.05)= 127.6995493,

uy(0.1) = 459.6164556, u,(0.15) = 9219636139, u,(0.2) = 1450.474769 va
1,(0.25) = 1999.337518. Bu aniglangan giymatlar sterjenning har bir nuqtasining ko’chishini baholash
imkonini beradi.

300000
400000 +
5000004
200000 4
100000

]

- 100000 4

-200000 4

-300000

-400000
3-rasm. (21) Xususiy tebranish formasining grafigi

3-rasmda (21) xususiy tebranish formasining grafigi tasvirlangan. Bu grafikdan shuni ko’rishimiz
mumekinki, tebranishning ikkinchi formasida birinchi formasidagi kabi chap uchi gistirib mahkamlangan va
o’ng uchi erkin bo’lgan hamda o’ng uchiga dinamik so’ndirgich o’matilgan sterjenning chap uchidan
boshlab o’ngga qarab siljigan nuqtalarining ko'chishlari sterjen uzunligi bo’yicha proportsional ravishda
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ko’chmaydi. Ya’ni, u,(0.05) = —1.696515604 - 10%, u,(0.1) = —3.851497135 - 105,
u,(0.15) = —3.321767654 - 105, u,(0.2) = 39488.0953 va u,(0.25) = 5.635804196 - 10°.
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o
4-rasm. (12) differensial tenglama bilan aniglanadigan
sterjenning amplituda chastota xarakteristikasi

(12) ifoda bilan aniglanadigan amplituda chastota xarakteristikalarining grafiklari ¢ = 102 i va asos

qo’zg’alishining amplitudaviy giymatlari 0.00001;0.000015;0.0001 m (qizil; jigar rang; qora) bo’lgan hollar
uchun tasvirlangan. Asos qo’zg’alishining bu amplitudaviy qiymatlariga mos keladigan rezonans chastotasi
atrofidagi eng katta amplitudalar mos ravishda gy = 0.55-107%;0.78 - 107%;0.92- 103 m giymatlarni

oladi. Ulardan shuni aytish mumkinki, asos qo’zg’alishi amplitudaviy qiymatlarining 10 marta oshishi
rezonans chastotasi atrofidagi amplitudalarni 67.3 foizga oshishiga olib keladi.

Xulosa. Gisterezis tipidagi elastik dissipativ xarakteristikali, ko‘ndalang kesimi o‘zgaruvchan sterjen
ko‘ndalang tebranishlarining kinematik qo‘zg‘alishlarda matematik modeli olingan. Sterjen tenglamasining
yechimi aniglangan. Sonli hisoblashlar natijasida ko‘ndalang kesimi o‘zgaruvchan sterjenni dinamik
xarakteristikalari aniglanib tahlil gilingan.
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IIYTHU NOBBIIMEHUS MPOAYKTUBHOCTH IMMACTBHUII BYXAPCKOM OBJIACTH

Xacanoe Hkpom Xacanoesuu,

cmapwuil Hayurbill compyoruk byxapckozo
HAYYHO-NPOU3IBOOCMBEHHO20 YEeHMPA
cemMeH0800Ccm8a NACMOULYHBIX KYIbMYpP
Munucmepcmea cenvbckozo xo3zalicmaa Y3bexucmana,
KAHOUOAM CelbCKOXO3AUCNBEHHBIX HAYK

Ocmonoea Hacuba Xukmamoena,

cmapuiuil Hayunwll compyoruk byxapckozo
HAYYHO-NPOU3IBOOCMBEHHO20 YEHMPA CEMEHOB0OCNEA
nacmouwHvlx Kynomyp Munucmepcmea cenbckozo
xosaticmea Y3bexucmana, maucmpanm

byxapcrozo eocyoapcmeennozoyHugepcumema

Annomayusa. OnpeicKU8aHUs MHOSOAEMHUX NACMOUWHBIX PACMEHUll 8epONIodICchell KOMIOYKU U
cono0Ku 2010l 8 ¢haze ysemenus pacmeHnuli 8 byxapckoii obnacmu nosviuwarm yposCauHOCmMsb ceHa, Cyxou
6ec pacmeHuli, KOpmMogble OOCMOUHCMEA U YPOBEHb PeHMAabenbHOCmU YO0oOpeHull 8 Kapakxyle800UecKux
xo3aticmeax. Ilacmouwnvlii 060pom 60CCMAHABIUSAEN COCMOSHUE PACMUMENbHOCIMU U NOBblUAem
NPOOYKMUBHOCHb ACUBOMHBIX U OOXOOHOCHb XO3AUC.

Kniouesvie cnoea: pacmenue, Ouonocuueckue cucmemvl, HPOOYKMUBHOCMb, NJI0O0SUMOCHID,
NUMAmenbHOCHb.

WAYS TO INCREASE THE PRODUCTIVITY OF PASTELANDS IN
THE BUKHARA REGION

Abstract. Spraying perennial pasture plants such as camel thorn and licorice root during their
flowering phase in the Bukhara region increases hay yield, plant dry weight, feed quality, and fertilizer
profitability in karakul sheep farms. Pasture rotation restores vegetation conditions and enhances both
livestock productivity and farm profitability.

Keywords: plant, biological systems, productivity, fertility, nutrition.

BUXORO VILOYATIDAGI YAYLOVLARNING HOSILDORLIGINI OSHIRISH YO‘LLARI

Annotatsiya. Buxoro viloyatida o ‘simliklarning gullash davrida tuya tikan va yalang ‘och gizilmiya
o ‘simligining ko‘p yillik yaylov o ‘simliklarini sepish qorako ‘Ichilik xo ‘jaliklarida pichan hosildorligini,
o ‘simliklarning quruq vaznmini, ozuga qiymatini va o ‘g ‘itlarning rentabellik darajasini oshiradi. Yaylov
almashlab ekish o ‘simliklarni tiklaydi, hayvonlarning mahsuldorligini va fermer xo ‘jaliklarining
rentabelligini oshiradi.

Kalit so‘zlar: o ‘simlik, biologik sistemalar, hosildorlik, unuvchanlik, ozugaviylik.

BBenenue. B Llenrpansnoii Azun 90 % TeppuTOpru 3aHUMAIOT ITYCTHIHH, 15 % - ropsl, 750 ThICSY ra
- Oorapnblie 3emin M 4 % - opomaemble mamHUH. OCHOBHBIM BOJHBIM HCTOYHHKOM SIBIISIIOTCS AMyIapbs,
Cripnapsst, HopsiH, 3apadiiasn, a Takke BEpTUKAIbHbBIE, KOJUIEKTOPHI U APEHAXKH 3a CUET TPYHTOBBIX BOJI.

Apalibckoe MoOpe 3aHMMaeT Iuiomaas 5,5 miH. ra (12,5 %) 3emens pecnyonuku. Celidac oCcTanoch
13,7 5 wiomazau ¢ conénoit (35 r/m) Bogou, a 87,3 % momiaan BEICOXJIO U3-3a HEXBAaTKK BObl. C BRICOXIIIEH
IUIONIAIA €XKETOJHO C TOMOIIBI0 BEeTpa MOJAHUMAETCS 75 MIIH. TOHH BOJIOPAaCTBOPHMBIX COJIEH, KOTOPBIC
pPacIpOCTPAHSIOTCS Ha OTPOMHBIC TIIOMIAAM 3€MHOTO Iapa.

[To pemenno MapTHH U MPABUTEIHCTBA PECIYOIUKH Y30€KHUCTaH 0 HACTOSIIIETO BPEMEHH TTOCESTHO U
MOCaKEHO MACTOUITHBIX PacTeHUH Ha AHE 00po3asl Ha mTyouHy 30-40 cM Ha oOmiei mnomany 2,2 MiH. Ta
(24 %) Beicoxmmx miom@aaei. bopo3nel mpoBeneHbl Ha paccrosHuu depe3 10 M. Tlocne nukBUmanuu
KOJIX030B M COBX030B oOmactu B 2006 roxy, KakIoMy KapakKylIeBOIICCKOMY XO3SMCTBY BbIAeneHo 1o 300
TEKTapOB OPOITIACMOU TAITHH IS BEIPAIIMBAHUS JTIONEPHBI M IPYTUX KOPMOBBIX KYNIBTyp. Ha 3THX 3eMIIsx,
BJIOJIb OPOCHUTENBHBIX CHUCTEM M JPYTUX HEHCIIONb3yeMbIX 3€Meb, KOPHEBHINA COJIOIKH TOJOW MOXHO
CEMEHaMHM M KOPHEBBIMU depeHKamu JnHoI0 10-12 cMm mocaauts Ha mryouny 10-15 cMm. [InanTanmu saTaKa
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M COJIOOKH TOJIO MOXKHO TPOBOIUTH OCEHBIO mojocoir 8-10 M crombko ke mmyomnoi. Yepe3 3-4 roma
KOPHSIMH TIOTHOCTBIO TIOKPBHIBAIOTCS PACTEHUI BCEX IUIOMAACH C MHOTOJETHUMH pacTeHUsMHU. SIHTaK,
COJIOZIKA, FONITYHA, WM3CHBs, IIyBaBaxa IIUPOKO MPUMEHSIOT ONpPLICKUBAHHE B (pa3e I[BETCHUS PaCTCHUUI
KapOaMUIHBIMU cycrieH3usMH u3 pacuéra 50-60 kr/ra Ha 300 yi/ra BOABI M ONPBICKMBAIOT 1O TOSBICHHS
COJIHIIA.

AHaJHM3 MOJYy4YeHHBIX pe3yJbTaToB. VMeromuecs nmacTonia Xo3siicTBa HeOOXOANMO Pa3IeInTh Ha
5-6 y4acTKOB JUIsi HOPMAaJbHOTO YCIOBHS Pa3BUTHS JPYTHMX KOPMOBBIX MACTOWIIHBIX pacTeHuil. BHeceHue
A30THBIX YIOOpPeHHH W TAcCTOWIIHBIE OOOpPOTHI HA MACTOWIIHBIX OOJIACTH TMOBBIMIAIOT TPOAYKTHBHOCTH
KapakymnbcKkux oBell. [lpu onpeickuBaHNM pacTeHuil kapOamumom ucnonb3yoT 80 % a3oTa, a IpyU BHECCHHUH
B MTOYBY 3TOT TMoOKa3atenb He npebimaet 40-50 % ([1.A.KopeHbKOB).

Tabaunua 1.
¢ dekTUBHOCTH KapOAMHIHOI CycCIeH3UH HA MPOIYKTHBHOCTH PACTeHUi BepO.IIoKbei
KOJIIOYKH M COJT0AKH roJias B byxapckoii odnactu. (CpenHee 3HaueHne 3a 3 roga).

Tycror Cyxoti Bec

a Kopmossie o OO0umii

1-20 p YpokaiiHOCTh CE€Ha TI0 yKOcam L

CTOSTHH CIMHUIIBI ypoxai
. pacTeHus

Bapuantsl

Tricsau 2 % |Kex | % 1-p1i % 2-oi % 3-bIit %

a %
ra /ra /ra /ra usle 0

YpoBeHb
peHTabensHOCTH, %

240,0 | 44,7 | 100 | 0,28 | 100 | 39,4 74 | 13,6 | 26 53,6 | 100

KonTtpons (6e3
yaoOpeHuit)

50,9 | 114 | 0,28 | 111 | 46,5 85 | 13,2 | 15 66,8 | 125 | 30,1

Kapbamu
1 50 kr/ra

142,

650,0 | 58,8 | 100 | 0,42 | 100 | 80,056 | 56 | 32,0 | 22 | 30,6 | 22 100

KonTtpons (6e3
yaoOpeHuit)

178,

11 653 | 128 | 0,42 | 107 | 113,0 | 63 | 32,0 | 18 | 33,7 | 19 125 | 35,2

Kapbamu
1 50 kr/ra

I'ycToTra cTosiHMI pacTeHUH COJOIKW ToJioi Bo3pocia B 2,7 pasa BeIcOTa pocta - Ha 15 %, cyxoi Bec
pacTeHuii 1 ypoxxaiHOCTb ceHa - Ha 17 %, kopMoBsIe focTouHCcTBa - Ha 0,14 % (29%), oOMeHHast 3Heprus -
(40 %) m peHTabENBHOCTb MHHEPAJBbHBIX yHoOpeHuu - 1o 35 %. Coroxka romas, Mpou3pacTaromasi B
€CTECTBEHHBIX YCIIOBUSX, MMeeT OOJNBINYI0 TyCTOTY CTOSHHS pacTeHHd winu B 2,5-3 pasa, cyxoil Bec
pacTeHuii yBennumicsa B 2 pas3a, KopMoBble equHulbl - Ha 0,14 (29%) Gonblie, yemM BepOIIOKbEH KOMIOUKH.
Kpome Toro, mo HacTymieHHss 3aMOPO3KOB MOXHO TNPOBOOUTH 3-UH YKOC, YPOKaWHOCTH KOTOPOTO
cocrasiszeT 6oiee 30 1/ra. (Tabnmmna 2)

OmnprickuBaHue KapOaMHUIHOM CYCIICH3MU Ha PAaCTEHUAX BEPOIIOKBEH KOJIOUKU U COJOIKU IOJION B
cpeqHeM 3a 3 roja MOBBICWIO YPOKaWMHOCTH CEHa sHTaka Ha 3,9 pa3a M COMoAKu rojod - B 2,7 pasza mno
CPaBHEHHMIO C KOHTPOJIEM.
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Pa3pacranue pacTeHui B0JIb OPOCUTENIBLHOIO KaHajda HO TEPpUTOPUN byxapckoil ONBITHOW CTaHIIUU
Hay9IHO-HMCCIIEIOBATENBCKOTO WHCTUTYTAa CEJeKI[MH, CEMEHOBOJICTBA M arpOTEXHOJOTHH BO3AEIBIBAHUS
XJIOMYaTHHKA, 0e3 TONUBOB 00ECTIEYHIIO TIOJTyYeHHE BBICOKOH yPO)KafHOCTH BEreTaTHBHOW MACCHlI.

Odenonornyeckne HaOMIONEHWs 32 POCTOM W pa3BUTHEM pacTeHU mpoBomwiuch Ha 50
3a9TUKETHPOBAHHBIX PACTEHHAX.

[Tmomane mensaku 400 kM (mmuHA 10 M, mprHa 40 M). YpOXKaifHOCTH CBIPOI MacChl B3BEIIMBAJIACh
Ha JJIEKTPOHHBIX BEcax M IepeBeleHa Ha CyXylo Maccy Mo COOTHomeHuto 3:1, maremarnueckas oOpaboTka
npoBoawiock mo merony b.A.Jlocnexosa.

Tadauua 2.
Bansiaue kap6aMHUIHOM CycTIeH3MH HA BeC U BCX0/KeCTh CeMsIH BepOJII0Kbell KOJI0YKA U
COJIOKH 0101

BapuanTsr Bec 100 cemsn, T BexokecTs, %
2020 | 2021 | Cpemmee | % 2020 | 2021 | Cpemmee | %
BepOmroxkbs Kojouka
KonTpons (6e3 12,2 15,0 13,6 100 32,6 | 30,2 31,1 100
yaoOpeHuit)
Kap6amupg 50 xr/ra | 14,5 17,0 15,7 115 725 | 68,9 70,7 229
Comozmka romast
KonTpons (6e3 23,8 24,0 23,9 100 30,8 | 314 31,1 100
yaoOpeHuit)
Kap6amupg 50 xr/ra | 28,5 29,6 29,2 122 82,6 | 84,8 83,7 269

[Ipumenenne kapOaMUIHON CYCTICH3MH Ha PACTEHUSIX BEPOIIOKbEN KOOUYKH U COJIOJKU TOJIOH B daze
IBETEHUI TTOBBIIIAET BeC CeMSTH cOOoTBeTCTBEHHO 2,1=(15%), 5,3=(22%) u BcxoxecTb - B 1,9 m 2,7 paza.

Tabnauna 3.
Ilnomanyu moceBoB NacTOMINHBIX KYJbTYP 10 PecnyOimnke Y30exkucran B (2018-2024 rr).
OonacTu PaiionbI IInomanu ceMeHHBIX
KYJBTYp, I'a
Kapaxanmakckas Pecriyonuka TaxTtakynupckuii 2000
Byxapa Anarckuii, 150
'k ayBaHCKHI, 1300
YKonnopckuii, Kapaynbaszapckui, 400
[Hadupranckuit 1150
1500
Jxuzzax dapurickuit 300
Hapawniickuit Kannmexckuit 2000
Ke3burTenuHckuit 2500
Kamkanapeiackuit Humraunckui, 500
My0Oopakckuit, 500
I'y3apckuit, 500
Mupuikapckuit 1000
CamMapKaHICKui Hypabanckuti, 500
[MaxTauniickuit 500
CypxaHaapbIHCKHUI Kymkypranckuii 200
HTroro: 15000

[lo pecrmyOnmke Ha TACTOMIIHBIX 30HAX, HA IMOCESHHBIX KYJIBTypaxX 3aroTOBIMBAIOTCS MOCEBHBIE
cemena 70 2025 roma 15 Teicsu rekrapoB. B Pecnyonuke Kapakannakcran Taxrakynupcekuit paiion 2000 ra
(moHamryp, KyHrupoOaii, 4epke3, u3eH), B byxapckoii u HaBowmiickoit o0mactax - mo 4,5 TBICSY TEKTapoB
("oroH, cakcayn, onabyTa, KOBpak, depke3, OaqmKKy3, SHTaK), B J[u33akckoil o6macTh (KEHpeyK, JOTOH,
cakcayi, sHTaK, Oanmukky3), B Camapkaniackoir - 1000 ra (cakcayi, W3eH, IIyBak, SHTaK, ojalyra), B
Kamkagapeunckoit oomactu - 2500 ra (kanamm, 4oroH, yepke3) U B CypxanmaapeuHckod obmactu 200 ra
(uepke3, 4oroH, Tepecken). B 2019-2024 rogy mo IEHTPY HauOOJBIIYIO IUIOIIAIh CEMEHOBOAUECKHX
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IIOCEBOB 3aHWMAIOT 4Yepke3 - 3706 ra, cakcaym - 3631 ra, goron - 162 ra, tepecked - 99 ra. Bcero
3arOTOBIMBAIOTCS €KETOAHO CEMEeHa MacTOMIIHBIX KynbTyp 1m0 30-60 TOHH.
VYxox, oxpaHa 1 3arOTOBKa CEMSH TUIOIAACH OCYIIECTBIAIOTCS paOOTHUKAMHU LICHTPA.

(cpenHee 3HaYeHHeE 32 2 roJa)

Taoauna 4.
Buinsinne 6M0CTUMYJISITOPOB HA BCXOKECTh CeMsIH M HAKOIJIEHHE §1oMAacChI

Buoctumyasitopsl SnTak, % Couonka ronasi, %
BCXOXKECTh omomacca,r % BCXOXKECTH | Omomacca,r %
Konrpois (6e3 31,4 3,4 100 449 431 100
3aMOYKH)
Kamwmit dpochar 69,0 4,8 140 48,3 73,0 167
AMUHOMAaKC 77,3 49 144 57,6 98,9 229
T'eorymar 87,0 57 167 61,9 118,3 274

3axmouenne. CeMeHa NAcTOMIHBIX KYIBTYp MMEIOT HH3KYIO BCXOXKECTh ceMsH, mopsiaka 10-60
NPOLICHTOB, PACIPOCTPAHAIOTCS B OCHOBHOM C IIOMOIIBIO BeTpa M KopHeBuimamu. IIpumenenue
OMOCTHMYIATOPOB Ha 3aMOYKE CEMSH IOBBIIIACT BCXOXKECTh CEMSH SHTaKa B 2,8 pa3a M COJIOAKH TOJIOH - B
1,4 paza. Haxkomnenue 6uomaccsl B 1,7-2,7 pasa BeIIlie 10 CpaBHEHHUIO ¢ KOHTpoJieM (Tabmuiia 4).
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UO*“K 626.86: 575.1

SUG‘ORILADIGAN TUPROQLARNING XOSSA XUSUSIYATLARI VATADQIQI
(Buxoro tumani misolida)

Artikova Hafiza To‘ymurodovna,

Buxoro davlat pedagogika instituti professori, b.f.d.
Shadiyeva Sayyora Sadulloyevna,

“TIOXMMI” MTU Buxoro tabiiy resurslarni
boshqgarish instituti tadgigotchisi

Annotatsiya. Respublikamizning 4304,32 ming gektar sug'oriladigan yerlarning asosiy gismi (50%ga
yaqin) turli darajada sho'rlangan tuproglarni tashkil etib, bu holat sug'oriladigan hududlarda gishloq
xojaligi ekinlarining umumiy hosildorligini pasaytiradi. Ushbu maqolada Buxoro tumani sug oriladigan
tuproqlari va ularning agrofizikaviy xossalari to’g risida batafsil ma’lumotlar keltirilgan. Bundan tashqari
tuproq unumdorligini yaxshilash chora-tadbirlari keltirilib o tilgan.

Kalit so;zlar: Buxoro tumani, sug’oriladigan tuproglar, tuproglarni mexanik tarkibi, Zarafshon
daryosi deltasi, melioratsiya, tuproq unumdorligi, sug‘orish me'yorlari, sho'rlanish, ona jins, prolyuvial,
allyuvial, lyossimon qumoglar, grunt suvlari, mineralizatsiya.

CHENU®UYECKUE CBOMCTBA U UCCJIEJOBAHUE OPOIIIAEMBIX ITIOYB
(na npumepe byxapckoro paiiona)

Annomauus. Ocnosnas uacmo uz 4304,32 moic. ea opouiaemvix 3emensb Hauiell pecnyonuku (0Koao
50%) cocmoum u3 nOY8 PA3NUYHOU CHMIENeHU 3ACONeHUs, YMO CHUdCAem O00Wylo NpoOyKMUSHOCHb
CENbCKOXO3SUCMBEHHBIX KYIbIYP HA Opoulaemvlx meppumopusx. B oannoi cmamve npedcmasnena
noopobduas ungopmayus 0d opouwaemvix nousax bByxapckoil obnacmu u ux azpo@uauuecKux ceoucmedx.
Kpome mozo, bvinu npedcmasnenvt meponpusimusi no HOGIUUEHUIO NI000POOUSL HOYB.

Knwuessle cnosa: byxapckuil paiion, opouiaemvie nousbl, MEXAHUYECKUL COCMAG NO46, 0elbma PeKu
3epaguan, menuopayus, niodopooue noue, HOPMbL OPOUIEHUSl, 3ACOTEHHOCHb, MAMEPUHCKAS NOpood,
NpOTIGUATbHBIE, ANLTIOBUATbHBIE, IeCCO8blE NECKU, NOO3eMHble 800bl, MUHEPATUZAYUSL.

SPECIFIC PROPERTIES AND RESEARCH OF IRRIGATED SOILS
(on the example of Bukhara district)

Abstract. The main part of 4304.32 thousand hectares of irrigated land of our republic (about 50%)
consists of soils with varying degrees of salinity, which reduces the overall productivity of agricultural crops
in irrigated areas. This article provides detailed information about the irrigated soils of Bukhara district and
their agrophysical properties. In addition, measures to improve soil fertility were presented.

Key words: Bukhara district, irrigated soils, soil mechanical composition, Zarafshan river delta,
reclamation, soil fertility, irrigation standards, salinity, parent rock, proluvial, alluvial, loess sands,
groundwater, mineralization

Kirish. Buxoro viloyati Zarafshon daryosining quyi ogimida joylashgan bo’lib. Butun voha bo’yicha
keng va qisqa daryo yotqiziglarida hosil bo’lgan maydonlardan iborat. Daryoning keng qismida Buxoro quyi
gismida esa Qorako’l vohalari joylashgan. [3.4.]

Buxoro vohasi Navoyi — Konimex Xazaraning turtib chiggan Avtobacha va Qiziltepa plotasining
uchlamchi yotqiziglariga kirib boradi.

Bu vohaning uzunligi 80 km, maksimal kengligi 50 kmni tashkil etadi. Sharqda Xazaraning turtib
chiggan, janubiy g’arbda Jangara bo’yini, shimolda Qizilqum va Avtobacha plotasi janubda va janubiy
g’arbda Kuyukmozor, Qiziltepa va Devxona plotasi bilan chegaralanadi.

Qorako’l vohasi kattaligi jihatidan birmuncha kichik va yoshi jihatidan yosh Zarafshon daryosining
quyida Jangara bo’yinini Qorako’l plotasiga kirib borish joyida rivojlangan. Voha shimoliy — shargdan
Qorako’l plotasi, Jangara bo’yini bilan shimoldan Qizilqum qumlari va Qorako’l platosi, janubiy - g’arbdan
Zarafshon vohasini Amudaryoning o’rta oqimidan ajratib turuvchi Sundukli qumlari bilan chegaralanadi.

Buxoro viloyati gishloq xo’jaligini tabiiy rayonlashtirilishi bo’yicha O’rta Osiyo cho’l provinsiyasi
janubiy Qizilgum va shimoliy Qizilqum okruglarining subtropik cho’l hududiga kiradi.
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Janubiy Qizilqum okrugida sug’oriladigan tekis hudud joylashgan bo’lib Zarafshon daryosining havza
va havza oldi hamda Buxoro va Qorako’l daryolarining qadimgi chiqish irmog’i tekisligini 0’z ichiga oladi.
Obyekt sifatida hududning qolgan qismini Qizilqum cho’li ishg’ol qiladi. Cho’l mintaqasi Buxoro va
Qorako’l irmogqlarida asosan eskidan sug’oriladigan allyuvial o’tloqi, o’tlogi cho’l va o’tloqi taqir tuproqlar
tarqalgan. Viloyatda keng tarqalgan o’rta va yengil qumoqli mexanik tarkibli va sug’orish bilan band bo’lgan
eskidan sug’oriladigan o’tloqi tuproqlar qishloq xo’jaligi asosiy ekinlari uchun maqbul agrofizik tartibotlarni
(suv, oziga va havo almashinishi va hakozo) vujudga keltirsa, Buxoro viloyatida keng targalgan tagirsimon,
tagirsimon o’tloqi va sur tusli qung’ir tuproqlarda aksincha qiyin meliorativ holatlarni vujudga keltiradi.
Chunki bu tuproqlar uchun xos bo’lgan xususiyatlarning u yoki bu darajada sho’rlanganligi va
gipslashganligidir. Ma’lumki sho’r yuvish jarayoni og’ir mexanik tarkibli aynigsa gipslashgan tuproqlarda
juda sekin ketadi. [11.12]

Sug'oriladigan dehgonchilik mintagasida ekologik-meliorativ vaziyat yomonlashishining sababi
mavjud suv-yer zahiralaridan ekstensiv tartibda foydalanishning ogibatidir. Yangi yerlarni o'zlashtirishga oid
loyihalarning barchasida kollektor-zovur tarmoglari suvlarini pastliklar va daryo o'zanlariga tashlash
rejalashtirilgan edi.

Nazariy va amaliy asoslanmagan loyihalarni keng miqyosda amalga oshirish natijasida daryo suvlari
sifati keskin yomonlashadi, o'zlashtirilgan maydonlar atrofida sun'iy ko'llar, botgogliklar vujudga keladi,
tabiiy muvozanat buziladi, ekologik holat yomonlashadi.

Sho'rlanishning eng salbiy tomoni u tuprog strukturasini buzadi, suv-fizikaviy, fizik-kimyoviy
xossalarini yomonlashtiradi, tuproglarning mikrobiologik faolligi va boshga hossalariga ta'sir ko'rsatib,
tuproq degradatsiyasini keltirib chigaradi.

Sho'rlangan va ikkilamchi sho'rlanishni oldini olish va melioratsiya muammolarini muvaffagiyatli hal
etishda xaydalma yerlarda “Sho'rlangan tuproqlarni xaritaga tushirish” ishlarini amalga oshirish zarur.

Buning uchun hududlarni tekshirish, tuproq goplamini hamda tuprog gruntlarini sho'rlanish darajasini,
sho'rlanish tiplarini sinchiklab o'rganish talab gilinadi.

Tadqiqot obyekti va uslubi. Buxoro tumani iqlim sharoitlariga ko’ra, yarim cho’l zonasi kontinental
subtropik iglim guruhiga kiradi. Tuman iglim keskin kontinentalligi va nihoyatda qurugligi bilan ajralib
turadi. Bu hudud uchun tropik va mo’’tadil havo massasining fasllar bo’yicha almashlab turishi, yilning issiq
paytlarida trasperatsiya jarayonlarining jadallashishi, sovuq davrlarda esa qutb fronti Osiyo ogimining
kuchayishi xarakterlidir. Shuning uchun Buxoro tumanida yoz oylarida bargaror quruq va jazirama, gishda
esa o’ta beqaror sovuq ob-havo hukm suradi.

Buxoro tumanining sug‘oriladigan yerlari asosan to’rtlamchi davr yotqiziglari-lyoss, allyuvial va
prolyuvial jinslarda rivojlangan.

Bu to’rtlamchi gatlamnmng galinligi 17-20 m ba’zida esa 30 m ni tashkil etadi. Bu yotqiziqlar tarkibi
shag‘al, qum, qumoq va agroirrigatsion qatlamlardan tuzilgan bo‘lib, ular har qatlamda va turli
chuqurliklarda uchraydi.

Zarafshon daryosi deltasi yuqori gismida to’rtlamchi jinslarida tosh, shag‘al va qumlar uchrasa, o‘rta
va quyi ogimida esa qum, so‘ngra qumog, soz va goh-goh loylar tarqalgan.

To’rtlamchi allyuvial yotqiziglar ustida agroirrigatsion gatlamlar (1-3m) rivojlangan bo‘lib, ular inson
faoliyati ta’sirida hosil bo‘lgan.

Buxoro tumani sug‘oriladigan yerlari shu jumladan F. Aloev, O. Ubaydov eramizdan oldingi V-VI-
asrlarda 14-20 m chuqurlikda joylashgan to’rtlamchi allyuvial yotqiziglar ustida rivojlangan. Hozirgi
kunlarda bu allyuvial yotqiziqlarning yuqori qismi zamonaviy, madaniy antropogen agroirrigatsion
tqatlamlar bilan qoplangan. Sizot suvlarning sathi va minerallashuv darajasi shu mahalliy hamda allyuvial
jinslarda tarqalgan bo‘lib, turli mikro va mezorelef ta’sirida davrma-davr har-xil sho‘rlanish jarayonlarining
hosil bo‘lishiga olib keladi.[2.]

Buxoro tumanlaridan olingan tuproq namunalarini laboratoriya sharoitida kimyoviy analiz qilinib,
tuzlarning migdori aniglandi va ulardagi suvli so'rimning | va Il metodi (Lebedev) bo'yicha sho'rlanish tipi
va darajasi aniglandi.

Dala izlanish va laboratoriya tahlillari natijasida tuzlarning miqdoriy ko'rsatkichlari, sho'rlanganlik
darajasi va sho'rlanish tiplari tumanning turli maydonlarida turlicha ekanligi aniglandi.

Sho'rlangan tuproglarni gayd qilish, hisobga olish va xaritogramma tuzishning birinchi manbalari
bo'lib, suvli so'rim analizlariga asoslangan xaritalashtirish materiallari hamda tuproq sho'rlanishi darajasini
aniglashning boshga zamonaviy tezkor usullari (elektrokonduktrometrik usul) ma'lumotlari xizmat giladi.

Tadgigot natijalari. Sho'r yuvishda tuproglarning sho'rlanish darajasi, mexanik tarkibi, suv
o'tkazuvchanligi (suv-fizikaviy xossalari) hamda ildiz targaladigan gatlamdagi (0-1m) tuzlar miqdori va
zahiralari hisobga olinishi zarur. Sho'r yuvish uchun suv me'yorlari mexanik tarkibiga garab turlicha
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sarflanadi. Tuprog gruntlari mexanik tarkibiga ko'ra yengil gatlamli tuproglarda o'rtacha 3000-3500
m3/ga, o'rtacha sho'rlangan yerlarda 2-3 marta suv bostirish orgali 3500-5000 m3/ga, kuchli sho'rlangan
yerlarda 3 marta suv bostirish orgali 4000-5000 m3/ga va juda kuchli sho'rlangan turli mexanik tarkibdagi
tuproglarda marzalar (cheklar)ga 3-4 marta suv bostirish orgali 5000-6500 m3/ga hamda kuchli va juda
kuchli sho'rlangan og'ir mexanik tarkibli tuproglarda 3-4 marta suv bostirish orgali 6000-7500 m3/ga
me'yorlarida sho'ri yuviladi. Sho'r yuvishdan keyingi tuproqgdagi tuzlar mugdori xlor-ioni 0,01 % gacha va
guruq goldig miqdorini esa 0,4-0,6 % gacha kamaytirish talab etiladi.  Sho'r yuvish me'yorlarini
belgilashda O'zPITI (xozirgi PSUEMTI ) (paxta selektsiyasi urug'chiligi va yetishtirish agrotexnologiyasi
ilmiy tadgigot instituti) ning  tavsiyalaridan (1-jadval) va mavjud ma'lumotlardan (sho'rlanish
kartogrammalari asosida A.E.Nerozin formulasi bo'yicha) foydalaniladi.[2]
Sug'oriladigan sho'r yerlarda joriy sho'r yuvish me'yori va muddatlari

1- jadval.
. .| 0-100 cm  sm | Umumiy sho'r . . Sho'r  yuvish
ULEpiny, _mexanlk gatlamdagi  xlor | yuvish  me'yori, Shqryuwsh muddati
tarkibi va tuzilishi . : soni
miqdori, % m3/ga (oylar)
Buxoro tumani
Tuprog gruntlar mexanik 0,01-0,04 2000-2500 1 Il
tarkibiga  ko'ra  yengil
qatlamli 0,04-0,10 2500-4000 2 i
Tuprog  gruntlar  otta | g 451 g0y 3000-3500 1 X111
gumoqli, gatlamli mexanik
tarkibiga ko'ra har xil 0,04-0,10 3500-5000 2 XI-11
Tuproq gruntlar loyli va 0,01-0,04 4000-5000 2 X-I
og'ir qumoqli, bir xil jinsli
va gatlamli 0,04-0,10 5000-6500 3 X-1

Buxoro tumanining gidrogeologik sharoitlari o'ta murakkab bo'lib, yer osti suvlarining asosiy
manbalari, sug'orish tarmoglari va sug'oriladigan dalalardan shimilib ketayotgan suvlar, shuningdek,
Zarafshon daryosidan ogib tushayotgan yer osti suvlari hisoblanadi va ular sizot suvlari balansida asosiy
o'rinni egallaydi.

Sizot suvlari 1-2 m dan 2-3 m chuqurlikda aniglangan. Pastgamliklarda grunt suvlari 1-2 m dan, hatto
0,5-1 m chuqurlikdan aniglangan, bu yerlarda o'tlogi va botqog-o'tlogi tuproglar shakllangan.

Tabiiy va sun'iy zovurlashgan tuman sharoitida ko'p yillar davomida yuqori me'yorlarda sug'orish
natijasida katta migdorda shimilib ketayotgan suvlar yer osti sizot suvlari bilan go'shilishib, ularning yer
yuzasiga keskin ko'tarilishiga imkon yaratmoqgda, bu jarayon 0'z navbatida tuproglarda jadal tuz
to'planishiga, sug'oriladigan yerlarning meliorativ holatining yomonlashuviga olib kelmoqda. Sizot suvlar
holati mavsumiy xarakterga ega bo'lib, vegetatsiya davri tugagach bu yerlar uchun xos bo'lgan chuqurlik 2-3
metrgacha pasaysa, vegetatsiya davrida 0,5-1,5 metrgacha ko'tariladi, mavsumiy tebranish amplitudasi 1,0-
1,5 metrni tashkil etadi. Tuman hududining asosiy gismida, ularning gaysi geomorfologik rayonlarga
mansubligidan gat'iy nazar magbul chuqurlikdan ancha yuqori joylashganligi, o'z navbatida tuproq hosil
bo'lish va tuprog sho'rlanish jarayonlarida faol ishtirok etadi.

Tajribalar shuni ko'rsatadiki, tuprog mexanik tarkibining yengillashishi bilan so'rish kuchi ham suvni
ko'tarilish ustuni ham kamayadi, sho'rni yuvish yengillashadi, teskarisi bo'lsa, nafagat yuvish giyinlashadi,
shuning bilan birga sho'r sizot suvlarning kapillyar bilan ko'tarilishidan tuprogning ildiz tizimi joylashgan
chuqurliklarda paydo bo'lgan sho'r o'simlikka salbiy ta'sir ko'rsatadi.[4]

[lmiy izlanishlar davomida shu narsa aniq bo‘ldiki bu tuproglarning mexanik tarkibidagi fizik loyning
miqdori kanaldan uzoqlashgan sari o‘zgarib boradi. Agar kanalga yaqinroq maydonlarda joylashgan yerlarda
fizik loy miqdori 0-66 sm galinlikda 30-32% bo‘lsa, 200 va 300 m da joylashgan yerlarda bu fraksiyalar
miqdori 40% ga qadar oshadi. O‘rta qumoq fraksiyalari miqdori tuproq kesmasidagi gorizontlarda ko‘payishi
bilan bir qatorda, kanaldan uzoqlashgan sari maydonlarda og‘ir qumogqli tuproglar hosil bo‘lishi kuzatiladi.
To‘plangan ma’lumotlarga asosan, o‘rganilgan tuproqlarning mexanik tarkibi yuqoridagi qonuniyatlar
asosida miqdor va sifat jihatidan o‘zgarishi nafaqat tuproq hosil giluvchi ona jins va relef ta’sirida bog‘liq
bo‘lib balki muallaq ogizmalarning loyqalik darajasiga, sug‘orish shaxobchalarining uzunligiga dalada
joylashgan o‘qariqlarda oqadigan suvlardagi zarrachalarning tarkibiga ham bog‘liq. Buxoro tumani
tuproglari dasht tuproglari mintagasida tarqalgan.
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Tumanning tuproglari asosan sug‘oriladigan taqir-o‘tloki, sug‘oriladigan o‘tlogi-cho‘l, sug‘oriladigan
o‘tloqi, sugoriladigan o‘tloki allyuvial va botqog-o°tloqi tuproglardan iborat.

Sug‘oriladigan taqir-o‘tloqi tuproqlar o‘zlashtirishni dastlabki davrida kam gumusligicha qoladi (0,7-
0,8 %), azot esa 0,06-0,07 %. Tuproglar mexanik tarkibiga ko‘ra yengil, o‘rta va og‘ir qumoqli, qirrali
chag‘ir toshliroq, 0,5-1,0 m dan shag‘al qatlamlar joylashgan.

Tuproqglarda karbonatlar miqdori 8-10 %. gacha bo’ladi. Tuproq kesimi bo‘yicha ularning tarqalish
mexanik tarkib bilan bog‘liq. Taqirli-o‘tloqi tuproglar kuchsiz va o‘rtacha darajada sho‘rlangan. Tuzlar
tarkibida asosan sulfatlar ustunlik giladi.

Zarafshon daryosining gadimgi va hozirgi davr irmoglarida hamda uning sohil va birinchi sohil oldi
terrasalarida tarqalgan o’tloqi tuproglar ichida kichkina massivlar tariqasida botqoq-o’tlogi tuproglar
uchraydi, ularning katta qismi sug’oriladi. Bu tuproglar pastqam yerlarda sizot suvlari chuqurligi 0,5-1 m,
kuchli sho’rlanish jarayoni sharoitida hosil bo’ladi. Shu sababli bu tuproglar nafagat botqoqlanishga,
sho’rlanishga ham moyil.

Eskidan sug’oriladigan botqoq - o’tloqi tuproglar birinchi sohil oldi terrasasida uchrab kam migdorda
sho’rlangan, qolgan sug’oriladigan botqoq - o’tloqi tuproglar o’rta va kuchli darajada sho’rlangan.

Zarafshonning subaeral deltasida sug‘oriladigan o‘tloqi allyuvial tuproglar eng kam tarqalgan. Ular
sizot suvlari chuqurligi 1-2 m oralig‘ida, ya’ni intensiv grunt-kapillyar namlanish sharoitida tarkib topadi.
O‘tloqi tuproqlar, avtomorf sharoitda gidromorf (o‘tloqi) sharoitga tadrijiy o‘zgargan sharoitda, o‘zlashtirish
va ishlab chiqarishga jalb gilish, yaxshi ishlaydigan kollektor-zovurlar tarmog‘i fonida o‘tkazilishi kerak.

Xulosa. Sug‘oriladigan o‘tloqi tuproglarni cho‘l zonasining boshqa tuproqlariga solishtirilganda ular
gumus miqdori (1,1-1,45 %) va azotga (0,08-0,12 %) birmuncha boy. Gumusni agroirrigatsion oqizma
loyqalarga chuqur kirib borishi tuproq kesimida uning zahirasini yuqori bo‘lishini ta’minlaydi. Qadimgi
allyuvial va delyuvial-prolyuvial yuzalarda tarkib topgan sug‘oriladigan o‘tloqi tuproglarda gumus oz (0,5-
0,7), chunki ularning o‘tmishdoshi — sur-qo‘ng‘ir yoki taqirli tuproglarda organik modda miqdori kam
bo‘lgan.

Bu tuproqlarda gips oz miqdorda (0,12-0,25 %) va u sho‘rtoblanish jarayonini rivojlanishiga to‘siq
bo‘la olmaydi. Shu sababli ildiz tarqalgan qatlamning quyi qismiga, ayrim hollarda singdirish sig‘imi
tarkibiga natriy va magniy ionining kirishi hisobiga sho‘rlanish sodir bo‘ladi. Sho‘rlanish tuprogning suv
o‘tkazish ko‘rsatkichlarini pasayishiga olib keladi. Tuprogni sug‘orishlardan so‘ng zichlashishi va boshqa
salbiy xususiyatlarini vujudga keltiradi. Karbonatlilik tuproq kesimi bo‘yicha tekis — 8,8-9,3 % SO,
Umuman, sug‘oriladigan o‘tloqi tuproglar birmuncha yuqori ishlab chigarish qobiliyatiga ega va Buxoro
viloyatining yer fondini qimmatli qismini tashkil etadi.

Zarafshonning hozirgi va qadimgi deltalari, shuningdek uning qayir va birinchi qayir usti terassasi
maydonlaridagi sug‘oriladigan o‘tloqi tuproglar orasidagi kichik massivlarda botqoq-o‘tloqi tuproqglar
joylashgan, ularning ko‘p qismi sug‘oriladigan tuproglar hisoblanadi. Bu tuproqlar lokal botiglarda sizot
suvlari sathi 0,5-1 m bo‘lgan, kuchli sho‘rlanish jarayoni ketayotgan sharoitda tarkib topadi. Shuning uchun
bu tuproglar nafagat botqoqlanish, balki sho‘rlanishga ham uchraydi. Ular asosan kuchsiz va o‘rtacha
darajada sho‘rlangan holatda uchraydi.

Mexanik tarkibiga ko‘ra tuproqglar og‘ir va o‘rta qumoqli hisoblanadi. botqoq-o‘tloqi tuproqglarning
haydalma qatlamida gumus miqdori 3 % atrofida. Umumiy fosfor zahirasi, shuningdek kaliy bo‘yicha bu
tuproglar kam ta’minlangan. (O‘zbekiston Respublikasi tuproq qoplami Atlasi 2010 y.)

Yerlarning meliorativ holatini yaxshilashga garatilgan tadbirlarni amalga oshirishda ham birinchi
navbatda sog'lomlashtirishga muhtoj meliorativ ob'ektlarni to'g'ri tanlash nihoyatda muhim hisoblanib, bu
masalaga ilmiy amaliy tomondan majmuaviy yondashish zarur.
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UO‘K 626.86: 575.1
OPTAHUK JEXKOHUMJIUKIA CUJEPAT YCUMJIUKJIAPHUHT AXAMUSITU

HUnécoe Ampagh Axbaposuu,
byxopo oasnam ynusepcumemu
Aeponomus 6a mynpoKuLyHOCIUK Kageopacu xamma YKumys4ucu

Aunomauus. Ywby Mmaxona opeaHux KUWIOK XYjCamueuoda cudepam IKUHIAPUHUHS, XYCYCAaH,
JYNUHHUHE AXAMUSIMUHU TMABKUOAAQUOU. YiapHune mynpox YHyMOopiueued, 3KON02UK MY603aHamed 6d
XOCUTLOOPIUKKA UNCOOUTL MALCUPYU MAXIUL KUAUHAOU. Huwun eyueoan (otioananuut mynpox cmpykmypacuHu
AXWUTAUW, YUPUHOU MUKOOPUHU OUUPULL, A30TH MABIICYOIUSUHY OUUPULL, IPOZUSHU KAMAUMUPULWL 84 CYGHU
meicaut KOHmMeKcmuoa MyXokama Kuiunaou. Y36exucmonoa MonuHHuHe cudepam cugpamuoa amanuil
KVIIAGHUTUWY ACPOTEXHUKA 64 HA8 MAaHIawl OYUuYa mascusiap 6uian Kypud dYuKuiaou.

Kanum cy3znap: opeanux 0exKomyuaux, cudepam IKUHAGPU, JIONUH, SYMYC, WYHPOK VHYMOOpPIUZU,
asom uxcayusncu, Ipo3usiea Kapuiu Kypaul, Cy8HU mexncaut, a2poiKoio2usl.

SHAYUMOCTD NIOBOYHBIX KYJIbBTYP B OPTAHUYECKOM 3EMJUIEAEJINN

Annomayusa. B oannoii cmamve noouéprusaemcs 8a3CHOCMb CU0epamos, 8 YacmHoCmu, JIONUHA, 8
OpeanHuyeckom 3emnedenuu. AHanusuUpyemcs ux nonojicumenvHoe GausHUe HA  NA000pooue Nousbl,
9Kono2UdecKull 6anlanc u npooykmueHocms. Hcnonvzosanue cudepamos paccmampugaemcs 6 KOHmeKcme
VAVYUEHUS CMPYKMYPbl NOYGbL, NOBBIUEHUS COOEPHCAHUS 2yMyCcd, YIAYYUeHUs OOCMYNHOCMU a30md,
CHUICEHUsL APO3UU U IKOHOMUU 800bl. Paccmampusaromes npakmudeckue npumeHeHus. JIONUHA 8 Kaiecmee
cudepama 6 Y3bexucmane ¢ peKoMeHoayusamMu no azpoOHOMU4ecKUM NPAKMUKam u 6l60py copmos.

Kniouesvie cnosa: opzanuueckoe 3emneoenue, cudepamoi, JNIONUH, SYMYC, NI1000POOUe HOUEb,
Quxcayus azoma, 6opvda c dpo3uetl, IKOHOMUS B00bL, ASPOIKOLOSUSL.

THE IMPORTANCE OF SIDERATE CROPS IN ORGANIC FARMING

Abstract. This article highlights the importance of siderate crops, particularly lupine, in organic
agriculture. It analyzes their positive effects on soil fertility, ecological balance, and productivity. The use of
green manure is discussed in the context of improving soil structure, increasing humus content, enhancing
nitrogen availability, reducing erosion, and saving water. Practical applications of lupine as a siderate in
Uzbekistan are examined with recommendations for agronomic practices and variety selection.

Keywords: organic farming, siderate crops, lupine, humus, soil fertility, nitrogen fixation, erosion
control, water saving, agroecology.

Kupum. Cyurru iinnnapaa OyTyH IyHEma OpraHMK JEXKOHUMIMKKA OYNraH KH3HKHII OpPTHO
O0opMokza. ByHuHr acocmii cababu, Tabumii pecypciapHu Myxodasa KWIHII, WHCOH CaJOManIUTHHU
TapbMUHJIAII Ba HSKOJOTMK MYBO3aHATHU cakiaml »XTUSKUIUp. OpraHuk NeXKOHYWIUK — Oy KUMEBUI
VFUTIAp, TECTUIMIAp Ba TCHETHK Y3rapTHpHITaH opraHu3miapjaaH ¢olganaHMaclaH, TaOuui ycyiapiaa
epaaH camapaiu ¢oiigananud My Ba cudamiv XxaMmaa xaBpCcu3 MaxCyJioT ETUIIITHPUIITHY Ha3ap/ia TyTa/IH.

OpraHuk JeXKOHYMIUK — Oy TaOuuii OWONOTMK jKapagHiapra TasHaJuraH, WHCOH Ba TaOwar
ypracugard XaMKOpPJIMKHHA THUKJIAITa KapaTwiraH AeXKOHUWIMK YCYIUIup. YHIAa MHHepan YFuTiap,
KUMEBMI TepOuimaaap Ba uMHCekTuuuiap, I'MOmap xaMmaa cCyHbH# BocuTanapiaH (owmanmaHuIIra iy
KyluaManu.

Opranuk AeXKOHYWINKHUHT aCOCUN TaMOMUILIapu:

Tynpok yHyMIOPIUTHHY caKjIall Ba THKIAINIL: TyIpoK TUPUK OpraHu3miiap (aoiusThra TasHaIu.

Broxunmma-XWIIHKHY CaKJIall: SKHHIap Ba HaBlap XMMa-XWUTUTHIAH QO IaIaHuIIL.

K¥m itmnnuk aitnanMa skuanap: Epaan TyxroBeus doiinanaHui sMac, yHH AaM OJAHPHIIT (MIMKOHHSATH
oyica).

Cuneparnap, KOMIIOCT Ba Tabumii VruminapiaH ¢oidmananumni. By Tympok ydyH Oapkapop o03yKa
MaHOACHHU IIaKJUTAHTUPHIIL.

TagkuKOT MeTod0JOTHsICH. Dpo3usira Kapiiyd Kypaml dbopamapu: TynpoK I03aCHHH KOTUTOBYH
YCUMIIMKIIap, TYIIPOKHU OapKapop X0JaTaa CakJjarl.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2025/12 (129) 140



BIOLOGY

Illynmaii éHpamyBma cuaepar YCUMIMKIAD MyXMM YpUH TyTaad. Yiaap Hadakar TyIpoK
YHYMIOPJIMTMHY TUKIamra épaam O6epaau, Oajaky arpoKo-CUCTEMaHUHI MyBO3aHAaTUHHM TabMUHJIAIIAA XaM
acocuit omun cudaruna HaMmo€H O0ynamu. By ycummmkiap epra opraHuk Moadanap MUKIOPHUHU OLIMPAJH,
TYNPOK CTPYKTYPACHHH SXIIUIANAN, SPO3USTHA KaMalTHpaaX Ba alHUKCA, TYIPOKHHU a30T OMJIaH OOWMTHIIA
MYXHUM aXaMUAT Kach 3Taau.

Cupnepatmap — Oy MaxCcyc Makcajqia eTHINTHPWIAIUTaH YCUMIUKIap OYnmu0, ymap KeHumHYaInK
MaianaHuimO TYNpOKKa apalaliTHPWIaAM Ba TYNPOK TapKuOWIa OpraHuk Moina cudaruga Xu3mar
Kriaan. Ynap "smwn Yrutiap” med xam aranaiu.

Xo3up/a NeXKOHIMINKIA (GoiJaIaHMIaéTral aCOCHIA CHIepaT dKUHIIAP Typiapu

Kyurup6ornuiap (Poaceae):

Kyxopwm, cynan ytu, apna, Tputukane-Te3 ycaau, TypoK CTPYKTypacHHH AXILHIAHTH.

Hyxkxaxgomuap (Fabaceae):

JIroruH, Xamakyu JyKKakIuiIap, TyKKaKkiv JOH SKUHIIapH, Oea-TyIpOKHH a30T OmiaH OoinTany.

Bytrynnouutap Ba 6omkanap (Brassicaceae):

Typmn, monrom, kKonbpaOu.-AHTUCENITUK XyCYCHUSTTa 3ra, 3apapKyHaHanapra Kapiu ¢oigany.

CunepatiapHUHT YMYMHUH XyCyCUATIAPH KyHUAaruapiad noopar:

Hlynropnanranian CyHT TyNpoKJaH IOBWIMO €ku OyFiaHMO KeTMaiguran Oapkapop o3yka MaHOau
Oymamu.

TynpokHu HaM caxJiail KOOMJIMSITUHYU OLINPATIH.

Wnou3 xonnukinapu OUiaH TYNPOKHU IOMILATAIH.

Cupeparnap acocuil SKMHIap opaiuruga TaHapdycna, KM Ky3-KHII MaBCyMUAa SKWITaH XOJa
KYJUIaHWIaOU. Yap epHU KUIIJIA “O4MK’ KOJIMACIUTMHU TabMUHJIANAM Ba SKUH MalJOHJIAPUHUHT “BakaHT
BaKTHJaH caMapaiiy (poigaiaHuIl MMKOHUHU Oepajiy.

MacanaH, Ky3na frajia WUFdHO ONMMHrad, Oup HWIUIMK CHIepaTiap — JIFOIHH, JKaBlap, XaHTall,
(harenus, TpUTHKAIE SKUJICA, yAap Ky3-KUII-3pTa 6axopaa 0apBakT ycuO pUBOXKIAHAIN Ba €TApI MUKAOPIA
KYK Macca XOCWJI Kuiaau. Ymly Mmacca MaiaanaHu® TyHOpOKKa apajaliTHpuiazud Ba OaxopAa IIyArop-
JaHaIH.

OJIMHTaH HATHAKAJAp Ba yJapHUHI Taxjmian. Cujepar YCUMIMKIAPHHU TYMPOKKA apaalllTHPHUII
25-30 xyHnuk Oynaranzaa €xu ryam ¢asacuaa amaira OLMPHIUILY Kepak, YyHKY aiiHaH L1y MyJAaTaa yaap
TapkuOuIa OpraHuK Mojajanap MUKAOpU IoKopu Oynaan. CuaeparnaplS5-20 cM 4yKypiukaa OIyaropsiaHud
TYNPOKKa apajamTHPUIaIH.

Cuzepar YCUMITMKIIAP TYNPOKKA KyHHIArd arpoKUMEBUH Ba arpou3uK TabCUPJIAPHU KypcaTaiu:

-Jlykkakzmom cuaepamiap arMocdepanaH MOJIEKYIIsp a30THU TYFPUIAH-TYFPH TYIIPOKKA Y3JIaIITHPAIH.
By kumésmii a30T yrumnapura Oynran SXTHEKHH KaMalTHPa/IH.

-Cunepatiap ryMmyc XOCHi OYIHIINra Xu3mMar Kuiiaau, Oy sca TyIpOKHUHT YHYMIOPJIUTHHU OLIAPAIH.

-nnu3 tr3uMu Tabcupuaa TYNPOK Kylnaid CTpykTypara sra Oynaaud. AHMKca, KaOWUIApIapHUHD
THUKJIAHWIIIY Ba XaBO aJIMAlIMHYBH SIXIIAIAHAIH.

-bab3u cunepatap KMCIOTATMINKKAa MOWKI TYPOKJIapHU HENUTpaJUIallITHPAIH.

Cuzepar YCUMIMKIIAP TYNPOK YHYMIOPJIMTUTA KypcaTaurad TabCupy Kyiaarnya:

-CuziepaT yCUMITMKIIAp TYNPOKKA apajallTHUpHIrad, YIApHUHT OpraHuK MaccacH Tabuuid gpepMeHTiIap
TabCUPHUJIA MTAPYATAHHO, TYMYC XOCHIT Kiaau. \

By rymyc:

TynpokHUHT GU3UK-KUMEBUH XyCYCHATIAPUHU AXIIWIANIN;

O3uk MoanapHu cakiab Koja iy,

Buonoruk ¢aomnmmkHu omupanu.

-Cunepatinap MUKpodiopa yduyH o3yka MaHOam OynuO xu3mar Kwiaau. AWHMKca, puzochepana
(oitnanu GakTepusiap, aKTHHOMHUIIETIIAP Ba 3aMOypyFiap ¢aosuiaiiaiy.

-Cuzepar yCUMIIMKIAp €p FO3WHU KOIUIa0d TYPHIIM OPKAIH IIAMOJI Ba CyB TabCHPHUAATH 3PO3USHH
KECKMH KaMaluTHpay.

Vnap:

CyBHU CHHTIMPHII KOOUJIMATUHH OLIUPAJIH;

[Ilamon TabcupuAaru YaHT KyTapUINIINHI KaMalTUPaIH.

IOxopuaa kentupuiran wxoOMH TabCcHpiapra KyUIMMYa paBHINAA CHIEpaT YCHUMIIMKIAP  acoCHi
SKUHJIAPHUHT YUAAMIIMIMIY Ba XOCUIIOPJIMKKA KyHHIaruya TabCcup Kypcartanu:

-Tynpokka apanamTHpwiral cuaepamiap MUHepaUlallraHga Tymnpokna ¢ocdop, Kamuid, a3oT Ba
MHUKpPO3JIEMEHTIap MUKJIOPH OPTHO, KEHMHTH SKMH YUyH €Tapid 03yKa MaHOaWHU SpaTaiH.
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-AkcapuaT cuaepamiap — alHHKca, TypH Ba LIONFOM CHHrapu OyTrylnionuiap — aHTHCENTHK
XyCyCHsITTa 3ra. Yiap:

Hemaronanapau kamaliTupany;

PuzokTonno3 Ba GpuTodTOpo3 Kabu KacaUIMKIAPHU OJAUHU OJIAJIH.

VTKasuiran Taxpubanap HATIKAIAPHra Kypa, cuzepar KyJUIlaHraH MaiJoHIapaa:

Famna xocunpopmuru 10-30% omram;

Kaptomika, cab3aBot 3xunnapu 15—40% kymipok xocun OepraH.

OKOJIOTMK Ba UKTUCOAUH KUXATJaH CUAEPATIapHU KYJUTAIIHUHT KyHnaard ad3auiuKiIapy MaBxyl:

Tabuunit MUHepaIanIyB Ba3ura YCUMIIMKIAP O3yKa OWJiaH TAbMHUHJIAHHUIIN KAMEBUH YFUTIapIad BO3
KEYHII UMKOHHHH Oepajiu.

Bomka sxunnap OmnaH KYmmO eTHIITHPUII brHoxuiMa-XuInKHY cakJial IMKOHUHH Oepajiu.

YopBaunIMKHHU 3KOJIOTHUK XaB(CU3 eM-Xallak OMIaH TabMUHJIAII UIMKOHUHY Oepanu.

Kumésnii yrut xapaxarnapuau 30-50% xamaitupany;,

X OCHIIIOPJIMK OPTUIIN XUCOOHUTa HKTUCOIUI JapoMasl OlIau;

V30K Myagataa epaaH camapaiu Ba Oapkapop (oifanaHuIl UIMKOHUHH SIpaTaIu.

2020 #innmaH CYHT )axOHIa KUMEBUH YFUTIAP HAPXH CE3WIAPIH JTapakaja omraHu cabadmnu, Kymmao
dbepmepnap cuaepar YcumiMKIapaaH QoipanaHumra yTa Oonuiaaw. by TEHIEHIMS Kejaxaklia Xam
CaKJIaHHUIIHN KyTHIMOKIA.

V36eKHCTORIArH MKIAM IIAPOUTH — KECKMH KOHTHHEHTAl  MKJIMMH, E3HMHI MCCHKJIHTH Ba CYB
TaHKMCIIUTH IIApOUTHAA Ky3[a SKWITaH TpPUTHUKAJe, JIIOMUH Typjapyu Ky3Td Ba KMIAArd EFUHIIapAaH
camapanu Qoiigananubd Ycub pUBOXKIIAHAIM Ba KYK Macca XOCHII KHJIa/IH.

By Oopama ¥Tkasmnran mana TaxxkpuOadapuHHU Kypcartuimmda TOMIKEHT BWIIOSATHIAA KY3TH FaUlaJaH
KEeWWH TPUTHKAJIE DKUIIraH Maionaa oena xocuwipopiauru 20% optuo, Tynpokaa azot Mukaopu 30 kr/ra ra
KYTapuIraH. Kamkanapéna imronvH Ba HYxXat apanani cuaepat cudaruaa HIDIaTHITaHuAa TYIPOKHHHT
rymyc mukgopu 0.8% nan 1.2% ra kyrapunras.

Xo3upru kyHaa Cypxonaapé Ba HaBouil BuiosiTnapuna cuaepamiap 4yJlaHUIIra MOMKI Xyoyajgapaa
TYNPOKHUHT (U3MK XOJATHHW THKJAIl Ba DPO3MSHM KaMaWTHPHIN YYyH camapaid BocHuTa cudaruia
KYJJIaHWIaETraHu TYFPUCHIA MabIyMOTaap Oop.

XO03Uprd BaKTAa XOPWXKHMHA Mamiakamiapia cuiepar SKUHJIApJaH KeHr Mukécaa  (¢oiigananud
KEeTTMHMOK/IA.

Mucon yuyn: Eppoma Urrtudoxu Mamimakatiapujia cujepariap SKOJIOTHMK KHIUIOK XYKaJIUT{
cUECaTMHUHT acoCHii KucMu xucobnanaau. I'epmanus, @pannus, [onnanauana:

JltonuH, BUKa, TPUTHKAJIE KEHT KYJUIaHUIIaIH.

"CAP" nactypu opkanu ¢pepmeprapra cuaepaT SKUHIAp YUYH CyOCHIUS aXXpaTHiIaiy.

ATPO3KOJIOTUK XUMOS YUYH cuzaepatiap MaxOypuil TapTudaa SKWIMOK/IA.

Awmepuka kymmMa Hltatnapu Ba Kananana:

Cover crops ne® aramaauran cujepamiap acocWidi SKHHIAp OWJIaH Mapajulesl Tap3lia Xam
eTUILTUPUIIA/IN.

AKII Kunutox xyxanuru Basupiaurd (USDA) TomoHmpman cuzaepar nactypiapu (epmepiap
Japaxacua KyJra0-KyBBaTIaHAIM.

Apanain cujiepar TypJapuHU eTHIITHPHIL, Ba OMOWHOKYJISIHTIIApAaH (oWJalaHHIl OMMAJIAIITaH.

SAnonus Ba Kopesiga:

OpraHuk AeXKOHYMIMKIA CUAepatiap, alHUKca, HIOJIUIION MaiiloHIapuaa KyulaHUIaIu.

Puzobuym Oakrepusiapu 6unad OOMHUTHIITAH cuaepaTiap KeHT KYJIaHWIaau.

Tynpok yHyMIOpJIMIY Ba CyBHH TEXAaIAa MyXUM poJl YHHANUIM.

ABcTpanusana:

JlronmH ABCTpaJIMSHUHT KypyK 30HacHa FOKOPU camapa KypcartraH.

Y epnmaru depMepiap JIONUHHM ETHINTHPHO, CHAEpAT Ba Majakajid eM-Xamak cudaruga Xam
WIIIaTUILIAIH.

Kanyouit Amepukana:

Bpaswnusiia monmH KOpa Tympokjapaa cuzaepar cudaruaa dkminnd, Oup Hewa Wrijma TYHpoK
yaymaopnuruau 30—40% omypranu aHUKJIaHTaH.

Kyiiuga nyné€ OVyiinya mronuHAaH cungepar cudaruaa ¢oiganaHuiraH MalJoHIAp TaKCHMOTH
Kypcaruirad. MabiayMmoTiap/ian KYpUHUIINYA, JIIOMUH Kyl WWuUiap JlaBoMHa alpuM AaBiariap KUIILIOK
XYoKanuru amanuéruna MyBadQakus iy TaTONK STHITaH:
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Apctpamus — 1,1 MWUIHOH TeKTap MaimoH OwraH erakdyn xucobOnaHamu. by epma TONMMHHHHT
KypyKYWINKKAa YUJAMJIWIIMTH Ba HYTPUTUB KUMMAaTu yHU CHAEpaT Ba eM-Xallak cudaruga KeHr TaTOHMK
stunuimra cabad oynraH.

Bpasunmus — 0,85 mutH rektap MaiiioH OwiaH MKKWHYM YpUHOA TypuO, JIOMHH TPOMHMK HKJINMIa
MOCJTaIlTaH CapyK HaBIAPH OPKAIX TYMPOK CH(ATHHU SXIITHIIAIIIA MyXUM POJl YiHANN.

I'epmanmst Ba Ilompma — Jlrorme acocui cuaepar cudaruga KymuwinK ¢epMepiap TOMOHHIAH
WIUTATUIaA1, allHUKCca KUIUIOK XY KaJIUTH epiapy Kyucu3 KHUCIOTalId Ba YHYMJIOPJIMIHM MacT TYyNpoOKJIapra
ara Xynyajgapaa.

AKIII — 0,6 mH rexrap MaiioHaa cuaepar cudaruaa KyuaHwiaan, acocad JKanyOouii Ba MapKasui,
mIapKui Xyayulapuia OpraHuK JeXKOHYMIUK TH3UMIIApHa.

Taxawiap IWyHHW KypcaTaiuWKd, JTIONMAHHUHT arpoOHONIOTHK XyCyCHSTIapu Ba TYNPOK cudaTHHU
SXMIAJAMIIATA CaMapaJopiurd cababmm y ayHE OYiW4a OpraHuK AEXKOHYIIMKIA ToOOpa KYTPOK
KYIIaHWIMOKIA. Y30EKHCTOHAA XaM MasKyp TaXpubajaH KeHr (OiJaNaHuMIml OpKaIH TYHpPOK
YHYMJOPJIUTUHN OLIMPHII, MUHepan yFuTiapra OYnaraH KapaMIMKHM KaMaWTHUpWII Ba WKTUCOAWHN
camapaIopJIUKKa SPULIHII MyMKHH.

V36ekucronna Oy XOmar SBHM CHAEpAT SKHHIapiaH (oiinanaHumr xonatd Kaumai? Kanmait
Myammonap 6op? YrnapHu KaHJai equil MKMKHH?

Xosupaa Oy 6opamarun MyamMMonap KyiHuaaruiapaad Hoopar:

-Arpap 6unnm etnmmMaciury: Cuaepaniap Xakuaa etapiu ax00poT TapKaliMaras.

-Ypyrauk macanacu: Cujepar ypyFiaapyuHH TOIHIN Ba XapuA KWIHIIIA KAHUHYAIAKIAp O0p.

-Kucka anmanmab sxumn TuzuMiaapu: AiipuM Xyayaniapaa cuaeparra BakT eTHIIMaiiu.

-CyB tankucnuru: Cyropuil Tanad KUiIyB4d CHAEepamiap MaBxKyHl.

X¥ym, Oy MyaMMOJNapHH KaHAal Xal KWIMII MyMKHH? ByHWHT ydyH Kyiumaru macaiaiapHHU Xai
KWJIUIIHY TaBCHs STaMU3:

-ArpoHOMUK OHIMMIIapHU omupui- Gepmepnap yuyH TPEHUHITIAP YTKA3HIIL.

-Maxamiuil ypyFuuIuKHE PUBOKIAHTUPUILI -MUWIIHI cuaepaT HaBIapUHU sIpaTUILL.

-Kucka Bereranusuin cunepaniapial Gporgananuin- Mucoir: rpednxa, parc, oOyTrysaoliap.

-Tomuunnaru® cyropuiiay xopuii KUaum-CyB TeKaMKOp ycysuiapiaH GoaiaHuliL.

Cuzepar yCUMIIMKIIAp OPraHUK JE€XKOHUWJIMKHUHT SHT MyXUM 3JeMEHTIapuaaH Oupu 0Ynuo, Tynpok
YHYMJIOPJIUTH, XOCHIIZIOPJINK, SKOJOTUK OapKapopiMK Ba HWKTHUCOIWH caMapaJOpiHKHH OIIWPHUIIIA KarTa
axaMmusATra sra. Yjiap KUMEBUH YFUTIApHU KUCMaH €KW TYJIMK ajMalll-THPUIIra KOJAUP, TAOUUN MyXHUTHH
Myxo(aza Kuiaay Ba 6apKapop KUILIOK XY>KaJIUTH PUBOKUTa XU3MAaT KUJIaIu.

JIyKKaK/IM CHJIEpAT SKMHJIAPH OPAacHa JIONHMH YCHMIHTH Y30€KMCTOH MAPOMTHIA KAM YPraHHMIraH
VCUMJIMKIIApU cupacura kupaau. JIIonmWH YCUMIIMTHMHUHT cujiepar cudaruia WMKOHHATIAPU KaHjai?
V36exucTon Ba ayHé Taxpubacuaa 6y Gopaja KaHIail HaTIKAIap Ba MAabIyMOTIAp MaBkKyn?

Jrormue (Lupinus spp.) — MyKKakgomuiap OMJIacCUra MaHCyO cHJepaT Ba eM-XallaK YCUMIIMTH OYIuo,
a30THU aTMoc(epasiaH PUKcAIUs KHJIUII KOOUIUSITHTA 3Ta.

Yuly ycumimk:

-Kyproxumnnkka ungamim;

-Typnu xui Tynpoxiapaa YCHuIm MyMKHH (XaTTO Ky4CH3 KUCIOTalIM Ba KyMJIH TYTIPOKJIap/ia Xam) ;

-Uykyp unan3 TH3uMura sra 0Ymu0, TypOKHUHT CTPYKTYPACHHH SIXIIVIANIN;

-Opranuk Mojjajap MHUKIOPHHU KyNaWTupuO, TyMyC 3axUpacHHH KyNaWTUpuIlga camapaiu
xucoOnaHau.

JItonuH YCUMIIMTH OpraHuK JEXKOHYMIIMK/IA!

-Xap 6up rexrap maiinonga 100-200 xr a3or ¢ukcanus Kuiagu( aiipuM manOaanapaa Oy Kypcarrud
400kr/ra rada);

-YHYMAOpAMTH TacT TYNPOKIAp CTPYKTYpacuHH sXxmmnad, (U3NK-KUMEBUI XOCCaJIapuHU
OapKapopJaIITHPAIH;

-Epna xonran opranuk Mojianap napyaiaHraHaa TYIpOK MUKpodiopacu yuyH O0H 03yka MaHOaura
alina”aum.

V36exncTonaa JIOMHH eTHIITHPHII HMKOHUSTIAPH Ba TAKPHOACH.

Wxaum Ba TYNpOK >KUXATHIAH:

V36exucton mapoutn — xycycan, Kamkanapé, Cypxonnapé, YKussax Ba Haowit BHmostmapuna
JIIOIMH €TULITHPUII YUyH Ky/lail XUcOOIaHaau:

CyB TaHKUCIUTU MaBXyl XyAyAjJapAa JIONMHHUHI KYpPFOKYWIMKKA YHIAMIIMJIUTH — KarTa
ad3aTHKAND;
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Kymiu Ba CTpyKTYpaJWIUK IacT Aapaxkalaru epiiapia Wiau3 TU3UMHU OPKaJId TYIPOK CTPYKTYpacHHU
SIXIITAIANAIN.

Nnmuit-tagKuKoTIap HaTKalapu:

Kapmu arpap TtexHukymuza yTKaswiraH TaxpuOanapia JIONHH 5KUO YHMKHITaH MaiIoHapna
KeiuHru oena xocwin 18-25% ra opTHILIM Ky3aTUiras;

bomka cupeparmapra HucOaraH IIONWH Tymyc 3axupacwHn kymantupumma 20-30% camapanun
xpcoOnaHamu.

Illynra kypa Y36eKHCTOH MAPOUTHA:

JlronuHHY Ky371a €K 3pTa 0aXopAa 3KHII TaBCHUs ITUIIaIH;

ynropnam BakTHUAA JIOMHH TyJIaraHUIAaH KSMWH Maliaananu0 TyNpoKKa apajalTHPHIca MaKCUMal
TabCUpra dpHUILNIAIH;

JlronuHHM TpuTHKane €KUM BUKAa OWJIAaH apajaliTUPUO SKHUII OPKAINM O3MKJIAHUII CHEKTPUHU
KEHTaUTHPHII MyMKHH.

V36eKnCTOH MapouTHaa JONMMH YCTHPMIN arpOTeXHUKACH Oyifnua KyHMIarn TaBCHSUIAPHH OEpHII
MYMKHH:

-V36eKHCTOHAMET KYIIab XyIylapu — XyCycaH, JKH33aX, KAlIKajapé, CypXOHAapé Ba HABOMii
BWIOSITIIADHHUHT KypYK Ba pUM KypyK 30HaJIapH JIIONWH YIyH MOC XucoOi1anaau. JlronuH:

-Kymiu Ba rymyc OmiiaH kaM TabMHUHJIAHTaH TYNPOKJIApAa XaM YCHIIN MyMKUH;

8-10°C xapoparna YCHMIIMK ypyFiapu YHHO YHKUO YCHI Ba PUBOKIIAHUII JABOM STaJIH;

-250-400 MM éruHTapunIuK OYyiica, YCUMIMKIApHU CYFOPHUIITA X0XKaT KOJIMaiIu.

VeuMauk Typ Ba HABNAPUHH TAHIAIL:

AlipuM MamilakaTiaapia MaxCyCc CHAEpar y4YyH eTHUIUTUPWIAJUraH JIONHMH TYpJlapH MaBxyHl.
V36ekucronnary TaaKuKOTIapra Kypa, GeruiaHraH JTIOIHH Typiapy KyiHIarida TaBCys STHIaIH:

OKHII TEXHOIOTHSICH:

Ok BakTH: DpTa 6axop (MapT OXHpH — arpen donuiapu) €Ku Ky3aa (CeHTs0paa);

Oxum mebépu: 100-120 kr/ra ypyr;

[Mynropnamr: Epan 25-30 cM 4yKyp HIyATropiail TaBcUs STHIIAIHN;

Cupeparnam taptubu: Kenr katopial sKuil, TyjularaHuiad CyHT Maiianad TynpoKKa apaiallTHPHII
KEpakK.

JIronMHIaH CYHT SKUIaJUraH aCOCUI 3KUHIIAp:

ca03aBOT SKMHIApU (HMOMHUAOpP, KOBYH, KaJaMIIMp) — OPTaHUK MOAJara 3XTUEXKHU KaTTta OyiraH
SKUHIIAD;

Jlonnu sxkuHIap — OyF/I0# Ba apria JIONWH/AH CYHT SXIIU YCau,

[Monu3 sxuHIapH — CYBHM caMapaiy ylnuiad KOJMyBYH JIIONWHAAH CYHT XOCHIIIOPIUK OLIa TH.

DKOJIOrUK Ba UKTUCOIUN camapa:

Jronue cunepar cudaruna KynnaHunrasaa, xap rekrapaad 50—-60 kr MuHepal a30T YpHUHHA Oocau;

Kymmmua munepan yrut tanadunan 20—30% kamaitupanm;

Xocummopnukau 15-20% ommpaniu;

V30K MyagaTaa TynpoKAaru TyMmyc MUKIOPY KYTasau Ba MUKPOOHOJIOTHK (PaoyuIMK IOKCAJIaaH.

Byxopo BWJIOSTH IIAPOUTHAA JIONMHAAH cuaepar cudaruaa doiigasaHum UCTUKOOIaAPU.

ButosTHUHT aOUUH-UKINM IAPOUTIAPU TaXJIHIIH.

Byxopo BuosATH acocaH spuM 4yl Ba 4yl 30Hacura kupagau. Ukmum Kylinaarnga:

Esna xapopar +45°C raua; Kumna 0°C arpodua;

Erunrapunmik — iwmra 100—150 My atpodua;

Tynpok — acocaH cyp TyclId KYHFHpP, KyMJIM Ba TapKuOHWIa TyMyC MHKAOPM KaM TYNpPOKJap
TapKaJraH.

Busnositia Tapkaaran TYNpoOK TypJapu Ba YJIApHUHT arpo¢u3MK XycycUusiTjapu

Acocuii TynpoK Ty3uaMaJjiapu:
Forak 0y3 TynpokJiap (Ypra MexaHUK TapKHO/IN):
Hopwmai Ham cakjiamn KoOHIHsITH.
XocuIIopiK napaxacu yprada (2530 1/ra maxra y4yH).
Typim papaxaga mypjaHrad TynpoxKjiap:
Cyropuil HaTWXKacuaa IIYpIIaHHUII Ba €p OCTH CYBJIApPUHH YWUKAPUII MyaMMOJIapH Ky3aTHIIaIH.
Ty3nap mukgaopu — 0,3-0,9%, 6aw3u epnapaa — 1,2% rauga.
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Bbyxopo BWJ10SITH TYNPOKJIAPUHUHT arpopu3uk Kypcarkuuiapu (ypraya MabJyMoTJIap):

l Kypcarkuu H Kuiimaru ‘
| XaKMHi Maccacu H 1,25 - 1,40 r/em® ‘
‘ CyB yTKa3yBYaHIUTH H nact — ypraqa ‘
‘ Fopaxmuk H 40-45% ‘
| MexaHuk Tapkuo H KYMJIOK Ba XWJITQJIOK TyTIPOKJIap ‘

Kypunrn6 Typnbnuku Tympokiiap FOBAKINK Japakacy Ba CyBHH CaKJall KOOWIHMATH MacT, Oy 2ca Te3
KypHO KOJIMII Ba CYB TAHKUCIWUTHTA OJTHO KA.

ATpOKHMEBHI XyCyCHATIAP.

I'ymyc Muxkaopu:

Opnarna 0,7-1,2%, 6ab3u xynymiapnaa 0,5% raua Tymazim.

Tynpok yHyMaopyur yayH kamuna 2% rymyc 3apyp xucobnanaau (FAO tanabnapu Oyitnua).
BuiiosiT TynpokJapu TapkuOuaru MaKpodJjieMeHIap:

‘ DJ1eMeHT H Mukpaopu H H3ox I
‘ASOT N) HnaCT Japaxania HTa6I/IHﬁ XOJIJIa €TapiH HMAcC ‘
‘d)oc@op (P205) H}”/pTa Japaxana Hd)oc@aT VruTnapra 3xTHéx 00p ‘
‘Kannﬁ (K20) HKj’/H XOJIIa €Tapiu HAMMO (oiinany maKimm nact ‘

Bustositaa Tapkairad Tynpokiap Typiiu Japaxkaja IIypiiaHrad Ba Oy IIypiiaHTaH epiapia YCUMIUK
YCuIIM cycasiy, 03yKa MOAJAIapy Y3IallTUPUINIIA KUHHHIIAIIaaH.

Buosnoruk gpaosuiuk Ba Mukpoduiopa.

— buonoruk ¢aommk nact: Mukpodiopa kam Ba HO(aoJI.

— Vpeasa, pocdarasa Ba karanasa (HaoUIUTH MACT Japaxkaia.

— Opranuk Moajanap OuiaH KaM TabMUHJIAHTaHU TyQaiarn MUKPOOPTraHU3MIIap PUBOXKIIAHUIIN CEKUH
KeJaJIu.

buosoruk ¢aoJIMKHU OMPHUIN YYYH OpPraHMK YFUTIaAp, cuiepariap Ba Ouompenapamiap HHU
KyJu1ail 3apyp.

By Oopazna BWIIOAT TyNpOKJIapWHHM YPraHUIl Makcaauaa onubd OopuiraH aipuM WIMHA-TaAKUKOTIAp
HaTIKaJIapUIaH OJMHIaH XyJ0CaIapHHU KeATHPUO YTHII YPUHIIU OVIIasu.

Hilola Salimova (2021, BuxDU):“TynpokjapHUHT MeJopalys KWIKII TaJ0upIapucu3 arpap
CIOXUATH TYIMK oumnMmaiigu. buodepmentnap OwinaH OoiMTuIn Ba MIypiamra Kaplid arpoTaadupiap
OwiaH yHyMIopiiuk 2 6apobaprava omaam.”

Rahimova M. (2023, BuxDU): “Mukpoopranu3zmiap (HaoUTMIHHA OIIUPHUII TYTPOKHHHT MHUHEpas
MoZJlanap aigaHuIIura OeBOCHTa TabcHUp Kypcaraau. buomnpenaparmiap KyUlaHWITaHZA TYNPOKHUHLD
arpou3uK KypcaTKu4aapy XxaM sXIIIaHam.”

FAO Ba ICARDA TaBcusiiapu (2020): “Kypyk 30Hagaru TynpoxJjap/ia r'yMyC MAKIOPHUHHU OIITHPHIIT
YUyH CHJEpaT eKUII, MyT4JIall, MUKPOOPTraHUK MOJ1ajiap KyJjlall Ba HOAHbaHABUN YFUTIAD MyXUM.”

Ym0y MabayMOT Ba Xyjocajapra TasHraH XojJla Kylugarnua MyamMMO Ba e4MMJIap >KaJBajMHU
MIAKIUTAHTAPHUII MYMKHH:

l Myammo “ Eunm I
‘FYMYC MHUKJIOPH 1acT HOpFaHI/IK YyruTaap (YMPUHIM, KOMIIOCT) Ba CHUAEpaTiIap ’
‘I_H}”/pnam HCYB PEKMMH Ba 3aXHH YMKAPHUII TU3UMUHH SIXIIHAIIALI ‘
‘Bmonormc (haommuk mact HBHonpenapaTnap, SIIIAJ CYB YTIapu ’
‘ABOT Ba Gochop eTUIIMOBIMITUTH HMI/IHepaJ'I Ba OMOMUHEpaJ YFuTiap ’

Byxopo TympokiapuHUHT yMyMH# X0aTh "mapTiu yaymaop" ned 6axonaHau, aMMO ONTHMAIT Ba
WJIMHIA aCOCIIaHTaH arpoOTEeXHUK TaJA0Upiap OpKalu yaapHHU "FOKOPH YHYMAOP" X0JaTra OJH0 KU
MYMKHH.
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ByXx0po BUNOATKY TYMNPOKJGPUHUHI arpOXUMUK KYpPcaTKu4napu

2001 Byxopo TynpoFw
BN 3TanoH MebLEPK

150

—

L)

u
T

KuamaTnap
=
(=]
(=]

KypcaTkmn4nap

IOxopuaarn quarpamma byxopo BUIOSTH TyNPOKJIApUHUHT aCOCUI arpOXUMHUK KYpCaTKu4IapuHH
3TaJIOH MebEPIap OMIaH COMMIUTUPHO KypcaTaau. YHra acocaH KyHuaard XyJaocalnapHu YHKAapHII MyMKHH:

e 'ymyc Muknopu — tanad >tuirad 2% J1aH aH4a 1acT.

¢ A30T Ba pocop — ETHUIIMOBIMIHK OOD.

o Kasmii — erapnu napaxana.

o IIypaanuim — MebEPIAH IOKOPHU.

Yy mapouTnap JONHMHHUHT alpuM HaBJIApH, XyCycaH, KypPFOKUMIIMKKA Ba KyMIIM TYMPOKKa MOC
HaBJap y4yH Kynaiaup. Jlronun HadakaT kam CyB Tanald KMIyBUM SKMH, OAJKH a30THU TYNPOKIA TYIUIOBYH
YeuMiMK cudaruia MyxuM axaMHsATIa ra.

Xy, Byxopo mapouTr/ia JIOMHH YCUMIIMTHHE YCTUPUIIT OOpacuia KaHai Taxxpudanap yTkazuiran?

ATpOTEXHOJIOrHs Ba TYIPOKIIYHOCIIMK COXacHaa 0jiud OOpHIIraH Maxa/uIiid Taxxprbasapra Kypa:

2021-2023 #iwnapna XKonnop Ba Pomuran tTymannapuaa sonuHHUHT Capuk JironuH Ba Kk mronuH
HaBJIApY SKWINO, TYIUTall JaBpuia TYIPOKKA apajallTHPHITaH/a;

Tympoxaa rymyc mukaopu 0.1-0.15% omiras;

Keitnaru maBcyma SKuiIraH oy Ba sxasaap xocumigopiaura 10—14% rokopu Oynras;

JlronuHnax keluH cyB Texxanumu 18—20% HU TallKUII ATraH.

HNxTrconmnii Ba 3K0JIOTUK a(3aliInKIap.

Munepan yrumiap xapaxaniapu 20-25% ra kamaiiras;

JlronuH O6naH MIUIOB OepuiiraH epa TOOUIOKIIN YCUMIIMKIAPHUHT YCHUIIN TE3JIAIITaH;

XaBojaru a30THU 00FIa0 TYNPOKKa OEpHUIIH OPKAIH KHIUIOK XY)KAJINUTH SKUHIAPU YIYH TaOUH YFUT
Oynamu.

Cupepar o5kuH cudaruga JIONUH YCUMIUrHAaH (GOWIaNaHUWIIHA —aManuérra TaTOWK OSTHII
HUCTUKOOJIAPH:

Myammonap Ba edumiap. YpyF €TUIITHPHII €Tapid dMac — MaxXaJUIMi TaXpuba XyKanukiapuia
YPYFUMIIMK 0a3acy spaTHII 3apyp;

depmepnap xabapaop 3Mac — arpoHOMJIAp YUyH CEMHUHAp Ba TaXpuOa MakTaOnap TalIKWI STHII
Kepak;

ATpOTeXHHMKa eTapiiiia YpraHujiMaraH — WHCTHTYTIap OWIaH XaMKOpPJIHMKIA HIMHNA-aMaIni
JACTypiiap *KOpHUH ITHUII Kepax.

Xysoca cudaruna, Y36eKHCTOH MAPOMTHIA JIONHH CHAepaT cu(paThia KaTTa HCTHUKGoira sra. by
VCHUMJIMKHHHT TYNPOKHA OOWUTHIN KOOWIIUSTH, KYPFOKYIIIMKKA YHJAMIMIIUTH Ba KEHT Qolinananuin
WMKOHHATH YHH OPTaHUK JEXKOHUYMIKMK TH3UMUAA MyXUM YPHUHTa 3Ta OYITUIIUHA TabMUHIANIH.

Byxopo BunosTHaa monuMHHU cuaepar cudatuga Kyimnam — Oy HadakaT TYNPOK YHYMAOPIMTHHU
OLIMPHII, OAJIKK CYB TEXKAlll, MaXCYJIOT CU(ATHHH SXIIMIAII Ba OPraHUK AEXKOHUMINKHU PHBOXKIIAHTHPHIII
UMKOHUATUAND. JIIOMMHHUHT MaxajuIMi I[IapoWTra MOC HABIAPUHU DKWL Ba TETHILIM arpoOTEeXHHK
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TagOupIapHd KyJuam opKaiu byxopo BwiiostH (epMmeprapu IOKOPH CaMapaopiIdKKa SPHIIHILIAPH
MYMKHH.

Opranuk JAE€XKOHUYMJIMK THU3MMUHU PHUBOXJIAHTUPUIILAA CHUAEpAT YCUMIMKIAPUHUHI, alHUKCA,
JIONMHHUHT TyTTaH YpHU )Kyaa MyxuM. TaxkpuOanap Ba TaxJIuiIap MyHAaH Aaioiaar OepaguKy, JTIOMUH:

Tynpokna a30T MUKIOpYHY OLIMPAJIH;

I'ymyc Ty1utaiiam Ba TYMpOKHUHT (PH3UK-KUMEBUI XyCYCUSTIAPUHH SXITHITANHII;

Munepan yrutinapra Oynran KapaMINKHA KaMalTHpay;

Keitunru 3xuHiIap XOCWIIOPJIUTMHA OLIUPaIH;

Kypyk Ba Kam pecypcnu Xyayanap y4yH MKTHCOAMH Ba 3KOJOTHK JKHXATHaH MakOysl cuaepar SKuH
xucoOnaHamu.

V36ekucron, xycycan, ByXopo BWIOSTH WIApPOMTHAA JIIONHMHAAH cuAepaT cudaTHaa camapanu
¢doliganaHuIl OpKAIM TYNPOK YHYMIOPJIUIWHU OapKapopialITHPHII Ba OPraHUK JEXKOHYMINKHH
PUBOXUJIAHTUPULI UMKOHHUATIAPH KaTTa.

Amanuii TaBeusiaap. JIFonuH KU TH3UMUHYU MIUTA0 YUKUII: Xap OUp XyITyIHUHT UKIUM Ba TYHIPOK
LIAPOUTHTa MOC HaB TaHIa0, SKUII-KETUII TEXHOJIOTHSICHHI TAaKOMHJUTAIITH PHUILL.

Ypyrumnuk 6azacu sIpaTHIN: MaxaJUTHHA IMApOUTra MOC HABIApHH ETHINTHPHUIN Ba TapKaTUII OVyitrda
Maxcyc Mapkasnap GaolMsITHHU Ky4ad THPHIL.

depMepiapHu VKUTHUIIL: JTIOTMHH CHAEpPATH XaKuaa axOopoT Ba aMaiwii KYHHUKManap Oephll yIyH
TPEHUHITIAp, CEMUHAPIIAP Ba KyprazMayap TallKWI STHIL.

WNnmuii TagKUKOTIap Ba MOHUTOPHUHI: JIIOIIMHHHUHI TYHNPOKKA TabCHUPH, CyB TEXallJard ypHU Ba
XOCWIIIOPIIMKKA TabCUPH OYiiMYa Ky3aTyBIapHH Hymra KyHuI.

KonyHumiuk Ba MOIUsBUM parbaTiap: cuaepar 3KHHIAp SKUIIHN TapFuO KWIyBUH JaBlaT JacTypiapu
Ba cyOcuausIIap KOpUH STUIIUIIN MaKCaara MyBOQUK.

Amanuii Takaudguaap:

V36ekncronna Maxcyc “Cuaepar nacTypn’” KaOyil KHITHILL

depmeprnapra cunepar ypyriaapuHu CyOCUANS acOCHIA TaKIUM STHIIL.

Cupepar HaBIapHHU SApaTUIl OYiirya WIMAR-TAAKUKOT UILTAPUHA KEHTalTHPHIIL.

CyB TabMHUHOTH MyaMMojiapu O¥iraH Xydayuiapaa KypPFOKUYMIIMKKA YHIaMIIM CUJCpaT TypIIapuHH
TaBCHUs KHJIMIIL.

Tabaum Myaccacanapuja cujepariap Oyiuda Maxcyc Kypciap TallKuil STHIIL

Arpap xu3mariap OpKaiu CHaepar arpoTeXHUKacu Oyiinua amanuii épram KypcaTui.
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K U3YUEHMIO BOJHO-BOJIOTHOM ®JI0Pbl BYXAPCKOM JOJIUHBI
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Annomauus. B cocmase 600H0-6010mHOU propvl Byxapckou OOnuHbl MHO20 PENUKMHLIX (PUYYUsL
NAA8awas, Mapcuius YemvlpEXIUCIHAs, CANbEUHUSA NAABAIOWAS, PACKA MANAs U MPEXOONbHASA, leep3us.
PUCOBUOHAS, 2UOPUILIA MYMOSYaAmds, Ny3blpYamKa OObIKHOBeHHAS U Op.) 6U008, pACHPOCMPAHEHHBIX 8
OCHOBHOM 6 pasHUHHbIX pationax byxapckou oonumei. Hanuuue ux ykasvieaem HaA 2eHeMUYecKyl0 C6:A3b
@nopur Byxapckou 0onunvl ¢ 600HO-0010MHOT NIOPOLL BIANHCHBIX MPONULECKUX TECO8 MPEMUUHO20 NepUood.

Knroueeswvie cnosa: byxapckasa donuna, 600H0-60n10muasn ¢hnopa, ropucmuyeckuti cocmas, 8000EMm,
NYCMuIHA, A0bIP, CMENb.

TO THE STUDY OF THE WETLAND FLORA OF THE BUKHARAVALLEY

Abstract. The aquatic and marsh flora of the Bukhara Depression harbours a notable assemblage of
relict species — among them Riccia fluitans, Marsilea quadrifolia, Salvinia natans, Lemna minor and L.
trisulca, Leersia oryzoides, Hydrilla verticillata, and Utricularia vulgaris — that are largely confined to the
low-lying sectors of the depression. Their presence points to a phylogenetic link between the wetland
vegetation of the Bukhara Depression and the hygrophilous flora of the humid Tertiary tropical forests.

Keywords: Bukhara valley, water and swamp plants, plant list, lake or pond, desert, low hill, dry
grassland.

BUXORO VODIYSI SATLIQ ER FLORASINI O‘RGANISH

Annomauyus. Buxoro vodiysining botgogli florasi asosan Buxoro vodiysi tekisliklarida targalgan
ko ‘plab relikt turlarini (Riccia natans, Marsilea quadrifolia, Salvinia natans, Lemna minor va Trifoliate,
Leersia ricoides, Hydrilla verticillata, Bladderwort va boshqalar) o'z ichiga oladi. Ularning mavjudligi
Buxoro vodiysi florasi va uchinchi davr tropik tropik o ‘rmonlarining suv-botqoq florasi o ‘rtasidagi genetik
bog ‘liglikdan dalolat beradi.

Kalit so zlar: Buxoro vodiysi, botqoq o simliklari, floristik tarkibi, suv ombori, cho’l, adir, dasht.

Beenenune. ®dnopa U pacTUTEIBHOCTh BOIOEMOB byXapckoil MOJIMHBI 10 CUX TOp HE MOABEPTaJIUCH
CIENMAIBHOMY M3y4eHHUI0. Mbl BeisIBIIIN 127 BUOB pacTeHnH, npuHaiexkamux 30 ponam 41 cemelictsy. 13
Hux 10 BUIOB (CaNbBUHHUS IUIABAIONIAs, POT03 IIMPOKOJMCTHBIA, PAECT KypyaBblid, HAMUPCKHUH U
HUTEBUIHBIN, THAPHUIUIA MyTOBYATas, JIeeP3Usl PUCOBUIHAS, PSICKa TPEXAONbHAS, IABENb BOJSHON, BOASHAS
coceHka) Juis byxapckoil JTONMHBI  yKa3zaHBl BIIEPBBIE, BOAHO-OONIOTHAas Qropa MpeacTaBieHa
MOX000pa3HbIMU (TUITUHOBOMHBIM MOX) (3), mamopoTHHKOoOOpasHbIME (3), XBOMIEBHIMH (2) M BBICIIMMH
uBeTkoBbMHE (149) Bugamu.(1-Tabnmma)

OO6HapyXeHHbIE BHUBI 0 POIOKUTEIHFHOCTH KU3HH PACIPEACIAIOTCS Ha OJHOJIETHUKHU - 34 BuIa
(21,7%), neynernuku - | (0.6%) u MmHOTONCTHUKY - 122 (77,7%).
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Ta6auuma 1.
Pacnpenenenne BUI0B BOXHO-0010THOI (p1OpPHI MEXKAY OTIEJIbHBIMU ceMelicTBaMu
CemercTBO - o a o
o ] ] ]
s | = . S =
o = CeMelcTBO & =
2 2 | g
~ =4 R ~
Ricciaceae 2 Chenopodiaceae 2 3
Equisetaceae 1 2 Ceratophyllaceae 1 2
Typhaceae 1 5 Ranunculaceae 2 5
Sparganiaceae 1 2 Cruciferae 2 2
Potamogetonaceae 3 12 Rosaceae 1 2
Najadaceae 1 3 Requiminosae 1 3
Alismataceae 2 3 Onagraceae 1 3
Hydrocharitaceae 2 2 Halorrhagidaceae 1 2
Gramineae 25 32 Primulaceae 2 2
Cyperaceae 8 23 Convolvulaceae 2 2
Lemnacese 1 2 Labiatae 4 5
Junoscese 1 3 Scrophulariaceae 1 3
Orchidaceae 1 3 Plantaginaceae 1 2
Polygonaceae 2 8 Compositae 5

Metoposnorus ucciaenopanusi. Gnopa BonoéMoB byxapckoil NONHMHBI MPEACTaBICHA CICAYIOLIUMU
9KOJIOTHYECKUMH IpynmnaMu: Turpodutst - 77 (49%), ruapodurtst - 51 (32,5%), runarodurs: - 21 (13,4 %),
a’po-runatodutsl - 8 Bua0B (5,1%).

Ha ocHoBaHMu aHanm3a COBPEMEHHBIX apeajnioB BOAHO-0070THOHM (uiopbl Byxapckoil nonmHBI MBI
BBIJICJIWIM HECKOJIBKO (DIOPUCTHUYECKUX 3IIEMEHTOB: KOCMOIIOJIMTHI - apeajibl, BBIXOJSIIME 3a MpPEAeibl
lomapkTuku: (TpOCTHUK OOBIKHOBEHHBIN, XBOIII TTOJIEBOM, PAECT MPOH3EHHOIUCTHBIN, PYIUs MOPCKas U JIp.);
BkiouatoT 31 Bun (19,75 %) ot obuiero konuuecTBa BUIOB, YKa3aHHBIX Ui Byxapckoii JOMWHBI;

Tonapkruueckuit o0beanHAET apeabl, oxBarbiBatoue EBpasuio nu CeBepHyto AMEpHKY (IIAIIOPOTHUK
OOJIOTHBIN, CaJbBUHUS IUIABAIOLIAsl, PACCT ONECTALIMH M IJIABAIOLIMA W Ap.) M MpeAcTaBieH 38 BUIaMH
(24,2%);

eBpa3MaTCKUil OXBaThbIBaeT apeansl EBpormel W Asum  (4acTyxa IOAOPOXKHHUKOBAs, BEHHHMK
TPOCTHUKOBHJIHBIN U Jp.) U BKirodaeT 61 Bup (38,8%);

a3uaTckuil oObenuHseT apeansl A3uM (Hasga 371akoBas, HMMIIEpaTa LWIMHApUYECKas W JIp.) H
npeacraniieH 20 sugamu (12,75%);

CpeAHea3naTCKUi OXBaThIBAET apealibl, He BHIXOASIINE 3a npeaensl Cpennelt A3un (paecT naMUpPCKUi
U 7p.), ¥ BKiIroyaet 7 BumoB (4,5%).

B cocraBe BogHO-00m0THOHM (priopel byxapckol HOMTMHBI MHOTO PENUKTHBIX (PUYYHS IUTaBAIOIIAs,
MapCHUIIUs YETBIPEXIMCTHAS, CaJbBUHUS IJIaBaroIlasi, psACKa Manas W TPEXJONbHas, Jeep3us PUCOBUAHASL,
THIpWJIa MyTOBYaTasl, Iy3blpyaTka OOBIKHOBEHHAs M Jp.) BHJOB, PAaclpOCTPaHEHHBIX B OCHOBHOM B
paBHUHHBIX paifoHax byxapckoi monmwHbl. Hanmmume wx ykasplBaeT Ha TEHETHYECKYIO CBS3b (IIOPHI
Byxapckuii 1omuHbI ¢ BOOHO-00J0THOM (IIOpO BIa)KHBIX TPOITMYECKUX JIECOB TPETHUYHOTO meprona [8; 56-
62].

Ilo xapakrepy pacmpeneneHusi BOAHO-OoNOTHass ¢uopa byxapckoil JOMUHBI  MMOJYMHEHA
OO0IIIE30HATILHBIM KITMMaTHYECKUM YCJIOBUSM. 37IeCh 3HAUUTEIbHOE MECTO 3aHMMAIOT TaJlo(MIIbHBIC BHUJIBI
(puect rpeOeHUaThIi, pynus MOpPCKas, KaMblll MPUOPEXHBIH, KIyOHEKamblll MOpckod U 1p.). OcoOeHHO
MHOTO Ha 3aCOJIEHHBIX BIQXXHBIX Oeperax paBHMHHBIX BOAHBIX OacceilHoB rurporamoduroB. Takwne
pacTeHHs, Kak COJIEpOC, aKEPEK MPUOPEKHBIN, TPUITIOXUH OOJIOTHBIM, 00pa3yioT (OHOBBIC 3apOCiH B
MPUOPEXBSX MyCTHIHHBIX BOIOEMOB.

Takum 00pa3oM, Haluuue B COCTaBe BOXHO-00MOTHOH Guopsl Byxapckoil NONMHMHBI PETHKTHBIX
TPOIIMUECKUX M 3HIEMUYHBIX BUIOB, IIMPOKOE PACIpOCTpaHEHUE TaJo(UIbHBIX (JOPM YKa3bIBAIOT Ha
cBocoOpasne pacTUTEIHLHOTO MOKPOBA BOMOEMOB byxapckuii TOIHUHEL.

OTcyTcTBHE B PACTHTENBHOM IMOKPOBE MHOTHMX HUMQEHIOB (KyBOHKH, KYOBIIIKH, JIOTOC, BOISHOM
opex W [p.) TOAYEpPKHBAET CBOECOOpa3We pPACTUTECIBHOCTH BOAOEMOB JTOH JOJWHBEI, BBI3BAHHOE
-  _ _ _____________________________________________________________________|
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cnen(UIeckuM KOMIUIEKCOM €€ TMPHPOAHBIX YCIOBUH (pe3koe KoieOaHWe ypOBHS BOABI B BOMOEMAX,
3aCOJIEHHOCTh, HA3Kas IPO3pavHocTs u ap.) [3; 50-54].

AHaJIN3 MOJYyYeHHBIX Pe3yJbTaToB. HaOmrofeHus mokas3ayiv, 4To BOJOEMBI OT/ICIBHBIX BBICOTHBIX
MOSICOB PE3KO OTIMYAIOTCS MO (PIOPUCTHUUSCKOMY COCTaBY U CTPYKTYPE PaCTUTEIBLHOCTH. Tak, paBHUHHBIC
BOJIOEMBI Ooravye TUIMYHO BOJHBIMH BHJIAMH, YeM TOPHBIC M BBICOKOTOPHBIC. BEJTHOCTH BHIOB, MPEXKJIE
BCETO, CBsI3aHa ¢ KOPOTKHM JIETOM, HU3KOH TeMIepaTypoi Bo3ayXa, BOJbI U HEPa3BUTHIM IPYHTOM. B ropax u
BBICOKOTOPBSIX MHOTO Pa3IMYHBIX MXOB, HE Pa3BUThI TPOCTHUKH, POTO3bI, €KETOJIOBHUKH, COBEPIICHHO
OTCYTCTBYIOT CTPAIONUCTHI, HUM(EHIbI, MaJIOYHCIICHHBI XapOBBIE BOJOPOCIIH.

HN30uparenbHbIi 0TOOP BoxOpoceit

EcTh BHIBI, OrpaHNYEHHBIC B CBOEM PACTIPOCTPAHEHHUH TOJIBKO OTACIBFHBIM BBICOTHBIM MosicoM[ 1; 34-
39]. Hampumep, g mosica MYCTBIHS XapakTEPHBI CATBBHHUS IUIABAIONIAsl, MapCHIIMS YETHIPEXIIMCTHAS,
pynmus MOpCKas, 3aHHUKEIUIMS OOJOTHAas, Hasia 3JIaKoBasi, CTPEJIONUCT TPHINCTHBIA, BaJIUCHEPUS
cHupaibHasl U Ap., Ul aablpa IOHKEUIYC CEpOTHHYC, MUKpEyC I10003yc, Ui Mosica Tay - KapeKc KOapKTa,
K.noJuduiia, KUIpeld MeKOIBETHBIA U JIP., JJIsl CTEIH - JeIaMIT3us KoeJIepHOHIIec, MpuMylia TaMUupcKas 1
np. Jpyrue BBl XapakTEpHBI IIOYTH JJII BCEX BBICOTHBIX MOsCOB byxapckuii nosuHbl. Tak, Hampumep,
TPOCTHHMK HailleH BO BCeX MOsICax, KpoME BOJOEMOB BBICOKOTOPbBS, YPYThb KpbulaTas, pAECT HUTEBHIHBIN
TaK)Ke UMEIOT MIHPOKHE MOSCHBIE pacIpe/ieNIieHNs], BCTPEUAasiCh B MOsCaX MyCTHIHS abIp, Tay U JaXKe CTEIlH.
3TO CBSA3aHO B OCHOBHOM C ITUPOKHM JIHANIa30HOM JKOJIOTUYECKHUX aMIUIUTY]] OTACIBHBIX BUJIOB, a TaKXkKe
MHUKPOKIMMATHIECKUMHU 0COOCHHOCTSMH OTIENIbHBIX TOPHBIX KOTJIOBUH, YIIEIUH U CKIIOHOB.

Pacnipenenenne  pacTHTENFHOCTH MO BOAOEMaM  CBS3aHO C  THAPOXMMHYECKHMH U
THJIPOONOJIOrMYECKIMU 0COOCHHOCTAMH OTIENBHBIX BOAOEMOB. Tak, /Uil KOJUIEKTOPHO-IPEHAKHBIX CUCTEM
(KOJUTEKTOpBI M 3aypbl) cO ciiabbiM TeueHHeM Boubl xapakrepHbl xapbl (Cha- ra foetida, Chara sp.sp.),
xepyxu (Nasturtium fontanum), Beponuku (Veronica magallis-aquatioa), KOTopble BCTpEUaOTCSI TAKXKeE BO
BCEX POIHHUKOBBIX Bojoémax[2; 17-19].

3T0, BUIUMO, CBSI3aHO CO CXOJCTBOM HX THAPOOHOJIOTHYECKHX M THAPOXUMHUYECKUX PEKUMOB. Bee
OHM B OCHOBHOM IIUTAIOTCS MOJA3EMHBIMH IPYHTOBBIMH BozjamH. CTENEeHb 3aCOJIEHHOCTH MX Koiebnercs B
npeaenax 0,4-1,8 r/n. Xapakrep 3acoiieHHs THIPOKapOOHATHO-KaJIBLHUEBBIH, a MHOTAA THIPOCYIb(paTHO-
KaJILITUEBBIH.

B mHammx JaHHBIX, KOTOpBIE MBI BBIIC, YKa3aHHBIE II0KAa3aTeId COBMAAAIOT C HEKOTOPHIMU
MOKa3aTensiMHi, W3ydyeHHBIMU B DepraHckoil monuHe. B mpecHOBOOHBIX 03&pax BHIOBOH COCTaB BOAHBIX
BBICIINX pacTeHWH OoraT u paszHooOpazeH. [Ipumepom MoryT ciykuTh 03épa MunOynak (26 BUIOB),
Kamrangapest (19 Bumor), Kapamap (25 BumoB) m ap. OTH BHIBI SKOJIOTHYECKH Pa3HOOOpa3HBI U B
3aBHCHUMOCTH OT ITyOWHBI KOTIIOBHHBI BOZOEMA PACIIONIOKEHBI TIosiocaMu. B 3Tux sxe 03épax Haluu MpHIOT
Takhe IPECHOBOIHBIE pACTCHUs, Kak Iy3blpyaTka OOBIKHOBCHHAs, CallbBUHUS IUIABAIONIAs, YPYTh
MYTOBYATasi U MHOTHE JIpyTHe, KOTOPbIE B JPYTHX PaBHUHHBIX BOJOEMAx WIIH COBEPIIEHHO OTCYTCTBYIOT,
WM BCTPEYAKOTCs 04eHb peako [6;90-97].

B conoHoBaTO BOIHBIX U CONEHBIX 03epax (03epo CapbIKKyra) XapakTepHbIE AJIsl IPECHBIX BOTOEMOB
pacTeHus! B OOJBIINHCTBE CIy4acB OTCYTCTBYIOT. TPOCTHHMKH, POTO3BI M JIPyTHe BHIBI UyBCTBYIOT ceOs B
9THX 03€pax yrHeTéHHo, oopasyror peakue (10-30 mt/m?) crebnu u Huzkopocasie (1,5-2,5 m) 3apociu. U3
MOTPYXEHHBIX B BOAY Yallle BCEr0 BCTPEYAIOTCS PYyMUS MOPCKas W KIyOHEKambllll, a U3 NPUOPEXKHBIX -
conepoc, AIKEpeK U Jp.
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B Menkux 3a001049€HHBIX MECTaX, a TAaKXKe 3arpA3HEHHBIX OPraHUYECKUMH BELIECTBAMHU COPOCOBBIX
BOOEMax IIUPOKO MPEACTABIEHBI PAECT MAJbI, psCKa Manasl, pAecT IUPOKOIUCTHBIN, XKepyxa KIrodeBas,
POTOIUCTHUK TEMHO-3eNEHbIH U Ip. OHU 0COOCHHO IMPOKO MpEACTABICHBI B BOAOEMAax, B TOW WIIM WHOH
CTENEH! 3arpsA3HEHHBIX OYMIICHHBIMH MM HEOYMUICHHBIMH KOMMYHAaJbHO-OBITOBBIMU CTOKaMu. Kak
W3BECTHO, B BOZE, COIEPXKAIEH X035 HCTBEHHO-(DEKaIbHbIE OTXOABI, PACTYT IBPU- U Me30CanpOoOHbIEC BHUIHL,
CJIeZIOBaTENbHO, HAa3BAHHBIC BBILIC PACTECHHS LEIMKOM MOXKHO OTHECTH K campoOHBIM BHJIaM BOJIHO-
OOJIOTHBIX PAcCTeHWIl M WUCIONB30BaTh B KaueCTBE HMHAMKATOPOB 3arpsi3HEHHBIX KOMMYHAJIbHO-OBITOBBIMH
CTOKaMU BOJOEMOB.

BeiBon. Boxno-6osotHas ¢iopa Byxapckoil HOMuHBI MpeACTaBisieT cO00i YHHUKaNbHBIH KOMILIEKC,
BKJTIOUAtOImuii 127 BUIOB BBICIINX COCYMCTBIX, MOXOOOPa3HBIX M BOJOPOCIEBBIX PACTEHUH, CPET KOTOPBIX
BBISIBJICHBI PEJIMKTOBBIE M SHJEMUYHbIE TAKCOHBI. YCTaHOBJICHO NpeobiialaHie MHOTOJIETHUX THAPOPUTOB U
rurpopuroB (77 %), 4TO OTpakaeT WX aJalTalUi0 K HECTAaOMIBHOMY THUAPOJIOTMYECKOMY PEXHUMY H
3acoleHHOCTH. [eorpaduyueckoe pacmpefelicHHE BUAOB MMOAYUHSIETCS BBICOTHOW IOSCHOCTH U
THJIPOXUMHYECKIM O0COOCHHOCTSIM BOJOEMOB. OTCYTCTBHE TUITMYHBIX HUMQPEHHBIX U 0OMIHe rano(uibHbIX
¢dbopM NOAUEPKUBAIOT CBOEOOpa3ne PacTUTEIBHOTO MOKPOBA, C(HOPMHUPOBAHHOIO IO BIUSHHEM apHIHOTO
KIIUMaTa U TPETHYHOH (DIIOpOTEeHETHYECKOH CBSI3H.
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KO*‘MIRLAR YORDAMIDA ERKIN QOLDIQ XLORNI OLIB TASHLASH JARAYONINI
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Annotatsiya. Ushbu tadqgiqotda erkin qoldiq modda yani xlorni aktiviangan ko ‘mirdan foydalanib erkin
goldig modda yani xlorni ajratish jarayoni o rganiladi. Aktivlangan ko ‘mirlar ko ‘mir asosida aktiviangan ko 'mir
Ini va kokos po ‘stlog ‘idan aktivlangan ko’mir 2 yaratib olinadi. Aktiviangan ko’mir 1 ning faol sirt maydoni
aktivlangan 2 ga qaraganda kattaroq ekanligi aniglandi. Erkin goldiq modda yani xlorni olib tashlash
samaradorligi vaqt o ‘tishi va adsorbent miqdori ortishi bilan oshdi. Erkin goldig modda yani xlorni olib tashlash
mexanizmi gipoxlorit kislota yoki gipoxlorit ionining aktivlangan ko ‘mir bilan o zaro reaksiyaga kirishishi
natijasida sodir bo ‘ladigan dexlorizatsiya jarayoni ekanligi aniglandi. Shuningdek, aktiviangan ko ’'mir 1 ichimlik
suvidagi erkin goldiq modda yani xlorni olib tashlashda samarali ekanligi ko ‘rsatildi. Shuningdek, aktivlangan
ko ‘mirning ichimlik (kran) suvidagi erkin goldig xlorni olib tashlashdagi samaradorligi mahalliy tadgigotlarda
ham tasdiglangan[9]. Adsorbsion kolonna usulida erkin goldig modda yani xlorni olib tashlash uchun optimal
sharoitlar quyidagicha belgilandi: fazoviy tezlik (FT) — 306 soat™; chizigli tezlik (CHT) — 6,1 m/soat, harorat
— 20 °C. [6,8]

Kalit so“zlar: aktivlangan ko 'mir, erkin qoldiq yani xlor, gipoxlorit kislotasi, gipoxlorit ioni.

OIEHKA ITPOLECCA YIJAJEHUA CBOBOJHOT'O OCTATOYHOT O XJIOPA C
HNCIIOJBb30BAHUEM AKTUBUPOBAHHOTI'O YIJIA, HIOJYUYEHHOI'O HA OCHOBE
KAMEHHOTI'O YTI'JISI 1 KOKOCOBOM CKOPJIVIIBI

Aunomayun. B dannom uccinedosanuu usyuen npoyecc yoaieHusi c860000H020 OCMAMOYHO20 XA0paA C
UCNOTb306AHUEM AKMUBUPOBAHHO20 Yeisl. AKMUBUPOBAHHBIU Y20ib Obll NOAYYEH HA OCHOBE KAMEHHO20 Ve
(AK1) u xokocosoii ckopaynvl (AK2). Yemanoeneno, umo yoenvras nosepxnocms AKI snauumenvho eviuie no
cpaguenuio ¢ AK2. Dghpexmuenocmv yoanenuss c60000HO20 OCMAMOYHO20 XI0PA B03PACMANA C YEeaudeHuem
8peMeHlU KOHMAaKkma u 003vl aocopbenma. Mexanuszm yoanenus c80O00H020 OCMAMOYHO20 X10paA 00YCI06/eH
npoyeccom 0exaopuposanusi, NPOUCXO0SWUM 8 pe3yibmanme 63aUMOOCUCMEUs SUNOXIOPUMHOU KUCIOMbL UTU
SUNOXTOPUM-UOHA C NOBEPXHOCMbIO AKMUBUPOBaHHO020 yers. llokasano, umo axmueuposannwvlii yeons AKI
ahhexmueno yoansiem c80O0OHBLI OCMAMOUHBINL XA0P U3 NUMbesol 600vl. Kpome moeo, sghgexmusnocme
AKMUBUPOBAHHO20 Yelsi npu YOAieHUU C80OOOHO20 OCMAMOYHO20 XA0pA U3 B800ONPOBOOHOU 600bl Oblid
noomeepoicoena 6 psoe JOKANbHuIX uccredoganuti [9]. Onmumanvhvie ycaosus yoaneHus c80000HO20
0CMAmMo4H020 X10pa 6 a0COPOYUOHHOU KOJIOHHE Obliu onpedenenbl CledyIowum oopasom: npoCmpancmeeHas
ckopocms (SV) — 306 u™; quneiinas cxopocmo (LV) — 6,1 m/u; memnepamypa — 20 °C [6,8].

Knwouesvie cnosa: akmusuposanuviti y2oib, C80000HbIN OCMAMOYHBIL XA0P, SUNOXJIOPUMHASA KUCIOMA,
CUNOXIOPUM-UOH.

EVALUATION OF THE REMOVAL PROCESS OF FREE RESIDUAL CHLORINE USING
ACTIVATED CARBONS DERIVED FROM COAL AND COCONUT SHELL

Abstract. This study investigates the removal of free residual chlorine using activated carbon. Activated
carbons were prepared from coal (AC1) and coconut shell (AC2). The specific surface area of AC1 was found to
be significantly larger than that of AC2. The removal efficiency of free residual chlorine increased with
increasing contact time and adsorbent dosage. The removal mechanism was identified as a dechlorination
process resulting from the interaction of hypochlorous acid or hypochlorite ions with the activated carbon
surface. In addition, AC1 was shown to be effective in removing free residual chlorine from drinking water. The
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effectiveness of activated carbon in removing free residual chlorine from tap water has also been confirmed by
local studies [9]. The optimal conditions for free residual chlorine removal in an adsorption column were
determined as follows: space velocity (SV) — 306 h; linear velocity (LV) — 6.1 m/h; temperature — 20 °C
[6.,8].

Keywords: activated carbon, free residual chlorine, hypochlorous acid, hypochlorite ion.

Kirish. Gipoxlorit kislota (HCIO) istimol suvni xlorlash paytida, xususan Cl. suvda eritilganda paydo
bo‘ladi. Suv muhitida erkin xlor ikki ko'rinishda paydo bo‘ladi: HCIO va ClO™. Erkin xlor suvni dezinfeksiya
gilishda keng qo‘llaniladi. Agar suv tarkibida ammiak, aminlar va shunga o‘xshash birikmalar bor bo‘lsa, ular
erkin xlor bilan reaksiyaga kirishib, birikkan xloraminlarni (monoxloramin, dixloramin va boshqalar) paydo
giladi. Erkin xlor va birikkan xlor birgalikda qoldig xlor deb ataladi.

Suvni tozalashda xlor qo‘llanilishi yoqimsiz hid va ta’m paydo bo‘lishiga olib kelishi mumkin. Bundan
tashqari, goldig modda yani xlorning organik moddalar (masalan, gumin moddalari) bilan reaksiyasi natijasida
zararli xlororganik birikmalar guruhi hosil bo‘ladi. Shu sababli ko‘plab iste’mol qiluvchilar suv tarkibidan xlorni
olib tashlashni afzal ko‘rishadi. Erkin xlorning bakterialarga qarshi faolligi birikkan xlornikiga nisbatan
yugoriroqdir. Ushbu tadgigotda suv eritmasidagi erkin xlor konsentratsiyasiga alohida e’tibor qaratildi. [6,8]

Aktivlangan ko‘mir (AK) gaz va suyuqlik oqimlaridan ifloslantiruvchi moddalarni ajratib tashlashda ko’p
go‘llaniladi. AK suvdan erkin xlorni unumli tarzda yo‘qotadi. Qoldiq xlorni aktivlangan ko‘mir yordamida ajratib
olish bo‘yicha bir qator tadqiqotlar mavjud. Shuningdek, Naseer va hamkorlar sun’iy neyron tarmoqlari
yordamida qoldiq xlor konsentratsiyasining “to’yinish nuqtasi ” egri chiziglarini prognozlash va modellashtirish
mumkinligini ko‘rsatganlar.

Aktivlangan ko‘mir suvni tozalash texnologiyalarida, xususan qoldiq xlorni kamaytirishda unumli
adsorbent sifatida keng ko’lamda qo‘llaniladi. Ushbu holat xorijiy manbalar bilan bir qatorda O‘zbekiston
olimlari tomonidan olib borilgan tadgiqotlarda ham qgayd etilgan [9,10]. Istimol suvi tarkibidagi turli anion va
kationlar mavjudligiga qaramasdan, aktivlangan ko‘mir yordamida dexlorizatsiya jarayonini amalga oshirish
mumkinligi ko‘rsatilgan [11].

Birog, istimol suvidan erkin xlorni ajratib olishda aktivlangan ko‘mirdan foydalanish bo‘yicha ilmiy ishlar
soni kam. Chunki istimol suvi tarkibida ko‘plab anionlar, kationlar va organik moddalar mavjud. Shu sababli
erkin goldig modda yani xlorni aktivlangan ko‘mir yordamida ajratib olish jarayonini o‘rganish muhim
ahamiyatga ega. Bundan tashqari, olingan natijalar atrof-muhit kimyosi (sirt kimyosi, umumiy kimyo va neft-
kimyo yo‘nalishlari)ni tahlil qilishga ham hissa qo‘shadi.

Mazkur tadgiqotda erkin xlorni aktivlangan ko‘mir yordamida ajratib olish jarayoni kontakt vagti,
adsorbent miqdori va pH ta’sirini hisobga olgan holda o‘rganildi. Shuningdek, aktivlangan ko‘mir yordamida
istimol suvidagi erkin xlorni kamaytirish va adsorbsion kolonna usulida erkin xlorning “to‘yinish nuqtasi” egri
chizig‘i tadqiq etilishi isbotlandi.

Materiallar va metodologiya. Natriy gipoxloritni Navoiy tumanida joylashgan “Navoiyazot” aksiyadorlik
jamiyati korxonasidan xarid qilindi. Adsorbent sifatida toshko‘mir asosida olingan aktivlangan ko‘mir (AK1) va
kokos po‘stlog‘idan tayyorlangan aktivlangan ko‘mir (AK2) Toshkentdagi “Al-kimyo” savdo fermasidan sotib
olindi. Aktivlangan ko‘mir zarrachalarining o‘lchami 300-500 mkm oralig‘ida saralandi. Tajribalar oldidan
aktivlangan ko‘mir distillangan suv bilan yuvildi va 0.22 va 0,45 mkm li membranali filtr orgali filtrlandi [7].

Erkin goldig modda yani xlorni olib tashlashga kontakt vaqti, adsorbent migdori va pH ning ta’siri. AK1
yoki AK2 dan 20 mg miqgdorda olib, 50 ml hajmdagi 4,0 mg/l konsentratsiyali natriy gipoxlorit eritmasiga
go‘shildi. Olingan suspenziyalar 20 °C haroratda, 100 ayl/min tezlikda 1,0; 2,0; 5,0 va 7,0 soat davomida
chayqatildi va kutilgan natijaga erishilmadi va yana bir soat qo’shimcha aylantirildi va 8 sotdan ko’proq vaqtda
muvozanat adsorbsiyasi yuzaga kelishi aniglandi

Chayqatib bo’lingan suspenziyalar 0,45 mkm li membranali filtr orgali filtrlandi. Eritmadagi erkin goldiq
modda yani xlor (HCIO va ClO") konsentratsiyasi SI “Uzbek Center for Scientific Testing and Quality Control”
dagi kolormetr HI701 Checker portativ o‘lchov asbobi yordamida aniglandi. O‘lchashda 10 ml namunaga DPD
reaktivi qo‘shilib, 20-22 soniya davomida chayqatildi va erkin goldiq modda yani xlor miqdori o‘Ichandi.

Shu bilan birga, AK1 yoki AK2 dan 2,5,7-20 mg miqdorlarda olib, 50 ml hajmdagi 4,0 mg/l natriy
gipoxlorit eritmasiga qo‘shildi va 20 °C da 8 soatdan ko’proq vaqt davomida chayqatildi. Eritmadagi erkin qoldiq
modda yani xlor miqdori yuqorida keltirilgan usul bilan aniglandi.
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pH ta’sirini o‘rganish uchun AK1 yoki AK2 (20 mg) 4,0 mg/L natriy gipoxlorit eritmasiga qo‘shildi, pH
giymati xlorid Kislota yoki natriy gidroksid yordamida sozlandi va olib tashlangan erkin goldiq modda yani xlor
miqdori o°lchandi.[3,8]

Aktivlangan ko ‘mir yordamida kran suvidagi erkin qoldig modda yani xlorni olib tashlash. Adsorbent
miqdorining istimol suvidagi erkin goldig modda yani xlorni olib tashlashga ta’siri o‘rganildi. Tajribalarda
gipoxlorit qo‘shilgan istimol suvi (boshlang‘ich konsentratsiya 4,0 mg/L) va AK1 ishlatildi. Erkin goldig modda
yani xlorni olib tashlashga kontakt vaqti, adsorbent miqdori va pH ning ta’siri bo‘limda bayon qilingan usulga
muvofiq bajarildi.

Istimol suvidagi nitrat, nitrit va ftorid ionlari SI “Uzbek Center for Scientific Testing and Quality Control”
dagi ion xromatograf yordamida aniglandi istimol suvidagi erkin goldiqg xlorni olib tashlash jarayonini baholashda
mahalliy sharoitlar va suv tarkibining xususiyatlari inobatga olindi. Ushbu yondashuv O‘zbekiston hududidagi
suv tozalash texnologiyalariga bag‘ishlangan adabiyotlarda keltirilgan metodik tavsiyalar bilan mos keladi [9,10].

Kolonka yordamida erkin goldig modda yani xlorni olib tashlash uchun “to’yinish nuqtasi” egri chizig ‘i

Adsorbent sifatida AK1 ishlatildi. Adsorbsion kalonna tajribasi uchun sharoitlar quyidagicha belgilandi:

e 1-sharoit: erkin goldig modda yani xlorning boshlang‘ich konsentratsiyasi — 3,8 mg/l; fazoviy tezlik
(FT) — 306 soat; chizigli tezlik (CHT) — 6,1 m/soat; ogim tezligi — 2,0 ml/min; adsorbent massasi — 288,2
mg; harorat — 20 °C; gatlam balandligi — 2 sm.

e 2-sharoit: erkin qoldiq modda yani xlorning boshlang‘ich konsentratsiyasi — 3,7 mg/l; FT — 613 soat™';
CHT — 3,1 m/soat; ogim tezligi — 1,0 ml/min; adsorbent massasi — 7,85 mg; harorat — 20 °C; qatlam
balandligi — 0,5 sm.

Natijalar va muhokama. Aktivlangan ko ‘mirlarning xossalari. AK1 va AK2 aktivlangan ko‘mirlarining
xossalari 1-jadvalda keltirilgan. Jadvaldan ko‘rinib turibdiki, AK1 ning solishtirma sirt maydoni (1383 m?/g) AK2
nikiga (930 m?%g) nisbatan yuqori. Biroq AK1 ning g‘ovak hajmi, o‘rtAKha g‘ovak diametri va kislotali
funksional guruhlari migdori (mos ravishda 0,10 mL/g, 3,0 A va 0,96 mmol/g) AK2 ga garaganda kichikroq
bo‘ldi (AK2 uchun 0,15 mL/g, 6,5 A va 1,24 mmol/g). Ushbu farglar ko‘mirning kelib chigish manbai —
toshko ‘mir yoki kokos po‘stlog‘iga bog‘liq ekanligi bilan izohlanadi.

1-jadval.
Aktivlangan ko’mir(AK1 va AK2)larning xossalri
Solishtirma G'ovak hajmi ml'g O'rtacha Kislotali funktsional purubilar (mmol g/ ?:;:1.-
sirt Umumiy | g'ovak . ; . i
N T : ; sional | pH
AMUAA | ovdoni, [(r=204) [(20<r<5004) | grovak | diametri, | Yig'indi | Fenolik | Lakton | Karboksil | sional | p
I o guruhlar, | guruhlar, | purohlar, | gurohlar,
{m*g] hajmi ; ;
mimal'g
AKL
(tiash- . . . . . .
. 1383 0.0z .4 0.1 3.0 1.5 .15 0.0 0,78 045 .1
ko‘mir
asnsidal
ARZ
[I:T:_l.f:‘f 930 007 (L] 015 6.5 1.24 (.00 .28 046 028 T.2
Jovgr ncdaamy

Erkin goldig modda yani xlorni aktivlangan ko‘mir yordamida olib tashlash. l-rasmdan ko‘rinib
turibdiki, vaqt o‘tishi bilan aktivlangan ko‘mir yordamida erkin goldiq modda yani xlorni olib tashlash darajasi
ortib bordi. 8 soat ichida erkin qoldig modda yani xlorning to‘liq olib tashlanishi Kkuzatildi. Adsorbent
miqdorining ta’siri 2-rasmda keltirilgan. AK1 yordamida erkin goldiq modda yani xlorni olib tashlash darajasi
44-89 % oralig‘ida, AK2 da esa 44-76 % oralig‘ida bo‘ldi.
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Erkin xlorni olib tashlash darajasining Erkin xlorni olib tashlash darajasining
kontakt vaqtiga bog'ligligi adsorbent miqgdoriga bog'ligligi
100 100
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Kortakt vagti (soak) Adsarbent migdari (mg)
1-rasm. Vagqt o‘tishi bilan erkin qoldiq xlorning 2- rasm. Erkin goldiq xlorni olib tashlash
olib tashlanish darajasi (%) ortib borishi. samaradorligiga adsorbent dozasi ta’siri

Suvdagi gipoxlorit kislota (HCIO) va gipoxlorit ionining (ClO") nisbatlari asosan pH qiymatiga, kamroq
darajada esa haroratga bog‘liq. Aktivlangan ko‘mir yordamida dexlorizatsiya jarayoni organik moddalarni
adsorbsiyalashdan farq giladi. Bu jarayon adsorbsiya emas, balki kimyoviy reaksiya bo‘lib, unda aktivlangan
ko“mir yuzasi xlor tomonidan oksidlanadi. Jarayon quyidagi reaksiyalar orqali ifodalanadi:

AK+HCIO - CO + H*+ CI~
AK + CIO-— CO + CI (1)

(bu yerda C* — aktivlangan ko‘mir yuzasidagi faol markazni bildiradi).

Mazkur tadqiqotda ham shunga o‘xshash hodisalar kuzatildi. 3-rasmda ko‘rsatilishicha, pH = 3 sharoitida
erkin goldig modda yani xlorni olib tashlash eng yuqori samaradorlikka (99,6 %) ega bo‘ldi. Bu natija ilgari chop
etilgan tadgiqotlar bilan mos keladi. Ishgoriy muhitda erkin xlor asosan ClIO~ shaklida bo‘ladi, pH pasayishi bilan
esa HCIO molekulyar shaklining ulushi ortadi.

Aktivlangan ko‘mir yordamida kran suvidagi erkin qoldiq modda yani xlorni olib tashlash. Istimol
suvidagi erkin qoldig modda yani xlorni olib tashlash samaradorligi hamda nitrat, nitrit va ftorid ionlari
konsentratsiyasining o‘zgarishi 2-jadvalda keltirilgan. Jadvaldan ko‘rinib turibdiki, AK1 murakkab tarkibli tizim
bo‘lgan kran suvida ham erkin qoldiq modda yani xlorni samarali tarzda olib tashladi.

Adsorbent miqgdori oshishi bilan nitrat ionlari konsentratsiyasi kamaydi, bu esa jarayonning adsorbsiya
mexanizmi orqali sodir bo‘layotganini ko‘rsatadi. Aktivlangan ko‘mir bilan ishlov berilgandan so‘ng nitrit va
ftorid ionlari aniqlash chegarasidan past bo‘ldi. Ma’lumki, organik moddalar aktivlangan ko‘mir yuzasidagi
dexlorizatsiya uchun faol markazlarni band gilib, jarayon samaradorligini pasaytirishi mumkin. Shunga garamay,
kran suvi tarkibida organik moddalar hamda ko‘plab anion va kationlar mavjud bo‘lishiga qaramasdan, AK1
erkin goldig modda yani xlorni olib tashlashda yuqori samaradorlikni namoyon etdi [6,8]. Kran suvidagi erkin
goldig xlorni olib tashlash jarayonini baholashda mahalliy sharoitlar va suv tarkibining xususiyatlari inobatga
olindi. Ushbu yondashuv O‘zbekiston hududidagi suv tozalash texnologiyalariga bag‘ishlangan adabiyotlarda
keltirilgan metodik tavsiyalar bilan mos keladi [9,10].
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Erkin goldiq xlorni olib tashlash darajasining
pH ga bog’ligligi

50

40 -

Olib tashlash darajasi (%}

20+

2 a & g 10
Adsorbsiyvadan keyingi eritma pH giymati

3-rasm. Turli pH sharoitlarida AK1 yordamida erkin goldig xlorni olib tashlash jarayonini baholash

2-jadval.
Suvda erkin qoldiq xlorni olib tashlashdan oldin va keyin konsentratsiyalarning o‘zgarishi
Adsorbent Erkin goldiq xlorni olib tashlash foizi NO3 NO; F~
og’irligi (mg) (%) (mg/l) (mg/l) (mgl/l)
0 — 4.57 AD AD
3 50 4.74 AD AD
5 71 4.58 AD AD
8 80 4.33 AD AD
10 88 4.31 AD AD
15 95 4.18 AD AD
20 96 4.12 AD AD

Izoh: Aniglanmadi (N.D.) — aniglash chegarasidan past (detektor tomonidan gayd etilmagan).

Erkin qgoldig modda yani xlorni olib tashlashda “breakthrough” egri chizig‘i. “To’yinish nuqtasi” egri
chizig‘i adsorbsion kolonna usulida adsorbentning adsorbsion sig‘imini baholash imkonini beradi. Ushbu noteks
chiziq chiqgish oqimidagi konsentratsiyaning vaqt bo‘yicha o‘zgarishini ko‘rsatib, kolonkaning optimal ish
sharoitlarini va maksimal adsorbsiya sig‘imini aniqlashga yordam beradi

AK1 yordamida olingan erkin goldig modda yani xlorning “to’yinish nuqtasi” noteks chizig‘i 4-rasmda
keltirilgan. 1-sharoitda erkin qoldig modda yani xlorni olib tashlash qobiliyati 120 soatdan ko’proq vaqt
davomida saglanib goldi. 2-sharoitda esa erkin goldiq modda yani xlor kolonka chigishida taxminan 30 soatdan
so‘ng aniqlana boshladi. Ushbu natijalar kolonka usulida erkin goldig modda yani xlorni olib tashlash uchun eng
magbul sharoitlar FT = 306 soat™ va CHT = 6,1 m/soat ekanligini ko‘rsatdi. Mazkur tadqiqot doirasida ko‘rib
chigilgan amaliy sharoitlarda FT odatda 1-100 soat™ oralig‘ida bo‘lib, bu sharoitlarda AK1 yugori samaradorlik
ko‘rsatdi.
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Adsorbsion kolonnada erkin qoldig xlorning breakthrough egri chiziglari

1-sharoit 2-sharoit
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4-rasm. Aktivlangan ko‘mir bilan ishlov berish (AKT) jarayonida erkin qoldiq xlorning
breakthrough egri chiziglarini tahlil gilish

Xulosa. Ushbu tadqiqotda aktivlangan ko‘mir yordamida suvdagi erkin qoldiq modda yani xlorni olib
tashlash jarayoni o‘rganildi. Aktivlangan ko‘mirlar toshko‘mir asosida olingan (AK1) va kokos po‘stlog‘idan
tayyorlangan (AK2) turlardan iborat bo‘ldi. Tajriba natijalari shuni ko‘rsatdiki, vaqt o‘tishi bilan erkin goldiq
modda yani xlorni olib tashlash darajasi oshib bordi va 8 soatdan ko’proq vaqt ichida aktivlangan ko‘mir
yordamida erkin goldiqg modda yani xlor to‘liq olib tashlandi. Shuningdek, adsorbent miqdori ortishi bilan erkin
goldig modda yani xlorni olib tashlash samaradorligi ham oshdi.

Mazkur tadqiqot natijalari aktivlangan ko‘mir yordamida suvdagi erkin qoldiq xlorni samarali tarzda olib
tashlash mumkinligini ko‘rsatdi. Olingan xulosalar mahalliy ilmiy manbalarda keltirilgan natijalar bilan
hamohang bo‘lib, O‘zbekiston sharoitida adsorbsion kolonna usulini amaliyotga joriy etish imkoniyatini
tasdiglaydi [9-11].

Erkin goldig modda yani xlorni aktivlangan ko‘mir yordamida olib tashlash mexanizmi gipoxlorit kislota
yoki gipoxlorit ionining aktivlangan ko‘mir yuzasidagi faol markazlar bilan reaksiyaga kirishishi orqali amalga
oshadigan dexlorizatsiya jarayoni ekanligi aniglandi. Bundan tashqgari, AK1 aktivlangan ko‘miri kran suvidagi
erkin goldiq modda yani xlorni samarali tarzda kamaytirishda foydali ekanligi ko‘rsatildi. Kolonka usulida erkin
goldig modda yani xlorni olib tashlash uchun optimal sharoitlar FT = 306 soat™ va CHT = 6,1 m/soat ekanligi
aniglandi.
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DEHQONOBOD KALIY ZAVODIDA SILVINIT FLOTATSIYASIDA HOSIL BO‘LADIGAN
SHLAMNING SAMARADORLIKKA TA’SIRI
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Annotatsiya. Ushbu tatqiqotda “Dehqonobod kaliy zavodi”ning I va II bosqichlarida silvinit rudasini
flotatsiya usulini qo’llab qayta ishlash paytida paydol bo ‘ladigan shlamning migdoriy-sifat ko ‘rsatkichlari ilmiy
baholandi. Silvinit tarkibidagi suvda erimaydigan gismining 3,25% bo ‘lishi natijasida I bosqichda 1 soatga
30,482 t, 1l bosgichda esa 60,965 t shlam shakllanishi aniglangan. Mineralogik tarkib tahlili shlamda 13,69%
KCI, 48,7% NaCl, 36,4% erimaydigan qoldiq va 1,8% CaSO. mavjudligini ko ‘rsatdi. Ushbu komponentlarning
tagsimlanishi flotatsiya samaradorligi, KCI yo ‘qotilishining darajasi hamda qayta aylanma rassolning sifatiga
bilinarli ta’sir ko ‘rsatadi: I bosqichda 25,719 t, 1l bosgichda 51,439 t rassol gayta ishlab chigarish jarayoniga
beriladi.

Olingan ko ‘rsatkichlar asosida shlam hosil bo lishi bo ‘yicha mass-balanstik baho, flotatsiyadagi
texnologik yo ‘qotishlar hamda jarayonning umumiy samaradorligiga ta’sir etuvchi omillar aniglanib, ishlab
chigarish jarayonini optimallashtirish bo ‘yicha ilmiy xulosalar ishlab chiqildi.

Kalit so“zlar: silvinit, flotatsiya, KCI, rassol, mass-balanstik tahlil, kaliy xlorid.

BJIMAHUE OBPA3OBAHMA IIJIAMA ITIPA ®JIOTALIMU CUJIBBUHHUTA HA
INPOU3BOACTBEHHYIO DOPEKTUBHOCTDb JEXKAHABA/ICKOI'O KAJIMUHOI'O 3ABOJA

Annomayua. B oanHom uccie0osanuu HayuyHoO OYeHeHbl KOAUHEeCTHBEHHble U KaueCmEeHHble NOKaA3amei
wiiama, obpasyrwe2ocs 8 npoyecce GromayuoHHoU nepepadbomku Culb8UHUmMogou pyovt Ha I u Il cmadusx
«/lexxanabaockoeo Kamuiino2o 3a800a». YCMAHOGNEHO, HMO NPU COOEPHCAHUU HepACMEOPUMO20 OCMAMKA
3,25% 6 cunveunume na I cmaouu gopmupyemcs 30,482 m/u wnama, a na I cmaouu — 60,965 m/u.
Munepanoeo-xumuyeckuti ananu3 noxasan, umo wnam codepxcum 13,69% KCI, 48,7% NaCl, 36,4%
nepacmeopumozo ocmamxa u 1,8% CaSOq. Pacnpedenenue 0anubix KOMHOHEHMOB OKA3blBAEM CYWECMBEHHOe
eausAHUe Ha 3ppexmusnocmv daomayuu, yposenv nomepv KCIl u xawecmeo yupkynupyiowezo paccoia: Ha 1
cmaouu 8 mexroao2uieckul yuka sozepawaemces 25,719 m paccona, na Il cmaouu — 51,439 m.

Ha ocnoge nonyuenuvix 0aHHBIX 8bINOJIHEHA MACC-OANAHCOBASL OYEHKA 00pA306AHUsL WLAMA, ONpedeieHbl
mexHolo2u4ecKue nomepu 8 npoyecce Gromayuu, a maxdxice GvisGNIeHbl Kuiouesble Gaxmopwl, éiusiowue Ha
obwyro  apexmusnocmv  npouzeodcmea. Paspabomanwvi  Hayumvle pexomeHoayuu no  ORMUMUIAYUU
MEeXHON02U1eCcK020 npoyecca.

Knrwouesvie cnosa: cunveunum, ¢romayus, xaopuo xamws (KCl), paccon, macco-banancoewiti ananus,
XA0PUO KATUL.

IMPACT OF SLIME FORMATION DURING SYLVINITE FLOTATION ON PRODUCTION
EFFICIENCY AT THE DEHQONOBOD POTASH PLANT

Abstract. This study provides a scientific assessment of the quantitative and qualitative characteristics of
the sludge generated during the flotation processing of sylvinite ore at the first and second stages of the
“Dehgonobod Potash Plant.” With a 3.25% content of insoluble residue in the ore, sludge formation was
determined to be 30.482 t/h at Stage | and 60.965 t/h at Stage Il. Mineralogical analysis revealed that the sludge
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contains 13.69% KCI, 48.7% NaCl, 36.4% insoluble residue, and 1.8% CaSO.. The distribution of these
components significantly affects flotation efficiency, the extent of KCI losses, and the quality of the recirculating
brine: 25.719 t of brine is returned to the process at Stage I, and 51.439 t at Stage I1.

Based on the obtained results, a mass-balance assessment of sludge formation was conducted,
technological losses during flotation were quantified, and key factors influencing the overall process efficiency
were identified. Scientific recommendations for optimizing the production process were developed.

Keywords: sylvinite, flotation, potassium chloride (KCI), brine, mass balance analysis, potassium chloride.

Kirish. Kaliy xlorid ishlab chigarish samaradorligi silvinit rudasining mineral tarkibi, suvda erimaydigan
goldigq miqdori va flotatsiya jarayonining fizik-kimyoviy xususiyatlariga bog‘liq. Rudadagi 3,25% erimaydigan
faza “Dehqonobod kaliy zavodi”da shlam hosil bo‘lishini kuchaytirib, I bosqichda 30,482 t/soat, II bosqichda
60,965 t/soat shlam shakllanishiga olib keladi. Shlam tarkibidagi 13,69% KCI texnologik yo‘qotishlarni, NaCl va
erimaydigan goldigning yuqori ulushi esa flotatsiya selektivligining pasayishini aks ettiradi.

Qayta aylanma rassolning | bosqichda 25,719 t, II bosqichda 51,439 t bo‘lishi ion kuchi va zichlikning
o‘zgarishi orqali jarayon samaradorligiga ta’sir qiladi. Shlam miqdori va tarkibidagi farqlanish ishlab chiqarish
jarayonini optimallashtirish zarurligini ko‘rsatadi. Shu sababli shlamning miqdoriy-sifat ko‘rsatkichlarini tahlil
gilish bargaror va samarali KCI ishlab chigarish texnologiyasini shakllantirishda muhim ahamiyatga ega.

Nazariy gism. Silvinitni flotatsiya orqgali boyitish KCI ishlab chiqgarishning asosiy texnologik jarayonidir.
KCI va NaClning fizik-kimyoviy farqlari selektiv ajratishni ta’minlaydi, ammo 3-4% erimaydigan goldig muhit
dispersiyasini oshirib, kollektor adsorbsiyasini susaytiradi va KClning loy bilan qoplanishi orqali yo‘qotishlarni
kuchaytiradi.

Flotatsiya mashinasidagi aralashtirish rejimi, pufakchalar dispersiyasi va qattig yuklama shlam
granulometrik tarkibini belgilaydi. Loyqa fazaning ortishi ko‘pik barqgarorligini pasaytirib, KCI ajralish
samaradorligini cheklaydi. Shlam tarkibida 13-14% KCI, 48-50% NaCl va 35-37% erimaydigan qoldiq
differensial namlanish mexanizmining buzilayotganini ko rsatadi. NaClning yugori ulushi rassolning ion kuchini
oshiradi; 1-2% CaSOs texnologik uskunalarda qotishma hosil qilish xavfini kuchaytiradi.

Tadgigot metodologiyasi. Tadgiqot jarayonida “Dehgonobod kaliy zavodi” I va Il bosgichlaridan olingan
silvinit flotatsiya shlamlarining miqdoriy-sifat ko‘rsatkichlari laboratoriya sharoitida eksperimental ravishda
o‘rganildi. Har ikki bosqgichdan olingan namunalarning fizik-kKimyoviy tarkibi, gattig—suyuqlik nisbatlari,
mineralogik xususiyatlari hamda KCl yo‘qotilishining mass-balanstik bahosi aniglandi. Tadgigot quyidagi
metodlar asosida olib borildi:

1. Namuna olish va tayyorlash

Shlam namunalarini olish jarayoni zavodning flotatsiya quyruq chigarish nugtasida amalga oshirildi. Har
bir bosgichdan 10 kg dan iborat uch martalik takror (replikat) namunalar olindi. Namuna bir xillash masalasi
(homogenizatsiya) kvartaj usulida bajarilib, umumiy namunadan:

- 500 g — fizik-kimyoviy tahlil uchun,

— 250 g — qgattig modda ulushini aniglash uchun,

- 250 g — KCl va NaCl miqdorini aniq analitik o‘lchov uchun ajratildi.

Namuna 105 °C da 2 soat davomida quritilib, 0,5 mm elakdan o‘tkazildi.

2. Shlamning gattiq modda ulushini aniglash

Qattig moddaning massaviy miqdori gravimetrik usulda o‘Ichandi.

Jarayon:

— Farfor tigel 550 °C da kuydirilib, eksikatorida sovitildi.

— Tigelga 50 g aralashtirilgan shlam solinib, 105 °C da 3 soat quritildi.

— Quiritilgan namuna tortildi va qgattiq faza ulushi quyidagi formula asosida hisoblandi:

anttiq: _ Taqurug x100% (1)
Mposhlang’ich

Natija:
I bosgich shlamida gattiq faza ulushi 15,64%,
Il bosgichda 15,62% deb aniglandi.

Bu ko‘rsatkich zavodning texnologik ma’lumotlariga mos keldi.

3. Eritmada KCI va NaCl konsentratsiyasini aniglash

KCI va NaCl miqdori argentometriya (Mohr usuli) va ion-xromatografiya orgali tekshirildi.
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3.1 Mohr usuli bilan xlorid ionlarini titrlash

— 10 ml filtrlangan rassol eritmasi 100 ml kolbaga suyultirildi.

— 1 ml 5% K2CrO4 indikator qo‘shildi.

— 0,1 N AgNO3 eritmasi bilan titrlandi.

— Kulrangdan qizg‘ish jigarrang rangning paydo bo‘lishi ekvivalent nuqta sifatida olindi.
Cl” miqdori quyidagicha hisoblandi:

_ Vagno.'N-35.45
Cl-=-"2—= —

)

Vnamuna

4. Shlamdagi KCI ulushini aniglash
KCI migdori ion-xromatografik analiz yordamida aniglandi.

1-rasm. lon-xromatograf qurilmasining umumiy laboratoriya ko‘rinishi

Asbob: Dionex ICS-6000 ion-xromatograf
Shartlar:

— Kolonka: AS-14

— Eluent: Na2CO3/NaHCO3 (3,5/1,0 mM)

— Sarf: 1 ml/min

— Detektor: konduktometrik (supressiya bilan)

) Septum purge line

Total carrier gas flowrate [LTJ] (Edmination of the companents
=5 )T —— originating from the septum

During sample injection 4 mLimin — Purge flowrate 3 mLimin

Afer the samping lime 33 mLimin m| |

L Splitline
—_ During szmple iechion O mLimin

Afier the samping Lime 49 mUmin
[Flowrats controlled by a solenoid valve)
50mL/min

Most of the sample is injected into the
Glass insert column. After the sampling time, the
remainder is eliminated.

025mmiDx30m df=025um || || Column fowrate | mLimin

\ 4 2-rasm. Namuna injector portga
yuborilayotgan jarayon

O‘Ichov natijasi:
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Shlam tarkibidagi KCI miqdori o‘rtacha 13,69 + 0,15% ni tashkil etdi.

5. Mineral tarkibni aniglash (XRD va SEM tahlili)

Shlamning fazaviy tarkibi rentgen difraksiyasi (XRD) usuli bilan aniglangan.

Asbob: PANalytical X’Pert PRO

Natijalar:

— Sylvite (KCI) piklari: 26 = 28.3°, 40.6°

— Halite (NaCl) piklari: 31.7°, 45.5°

— Anhidrit/CaSOs piklari: 25.6°, 29.0°

— Loy minerallari: SiO2 (kvars) piklari 26.6° atrofida

SEM mikrotasvirlar shlamning mayda dispersli (10-80 um) zarrachalardan iborat ekanini ko‘rsatdi.

6. Rassol zichligi va ion kuchi o‘lchovi

Rassolning zichligi gidrometr yordamida aniglanib:

— I bosgich rassoli: 1,182 g/cm?

— Il bosgich rassoli: 1,196 g/cm?

lon kuchi quyidagi formula asosida hisoblandi:

I=:%cz? (3)

Bu giymat flotatsiya jarayonida ion faolligi va kollektor adsorbsiyasiga bevosita ta’sir etishi sababli keyingi
tahlillarda ishlatildi.

7. Shlamdan KCl yo‘qotilishini hisoblash

KCI yo‘qotilishi quyidagicha aniqlangan:

Qyo’qotishzwshlam' W[(c[ (4)

I bosqich: 30,482 t/soat x 13,69% = 4,17 t/soat KCl yo‘qotish

II bosqgich: 60,965 t/soat % 13,69% = 8,34 t/soat KCI yo‘qotish

Bu yiliga 100 ming tonnadan ortiq yo‘qotishlar berishi mumkinligini ko‘rsatadi.

Metodikaning ilmiy ahamiyati. Laboratoriya sharoitida o‘tkazilgan ushbu kompleks tahlillar shlam hosil
bo‘lishining minerallogik, fizik-kimyoviy va gidrodinamik mexanizmlarini aniglashga, KCI yo‘qotishlarining
miqdoriy bahosini olishga hamda flotatsiya jarayonini optimallashtirish uchun zarur bo‘lgan asosiy parametrlarni
aniglashga imkon berdi.

Tadgigot davomida | va Il bosqgich flotatsiya shlamlarining fizik-kimyoviy, minerallogik va texnologik
ko‘rsatkichlari laboratoriya sharoitida o‘lchandi hamda o‘zaro taqqoslab tahlil qilindi. Eksperimental natijalar
shlam hosil bo‘lish mexanizmi, KCl yo‘qotilishining sabablari va rassolning texnologik sifatidagi farqlarni
aniglash imkonini berdi.

1. Shlamning qattiq faza ulushi va tarkibiy o°zgarishi

Gravimetrik usulda aniqlangan qattiq modda miqdori ikki bosqich uchun deyarli bir xil bo‘lib:

— I bosgich: 15,64%

— Il bosgich: 15,62%

Bu natija ruda sifatidagi farqlanish minimal ekanini ko‘rsatadi, ammo shlam miqgdori ikki baravarga
oshgani tufayli umumiy qattiq faza chiqindisi sezilarli darajada ortadi. Shlamning granulometrik tarkibi SEM
mikrofotosuratlarda 10-80 pum diapazondagi mayda dispersli zarrachalardan iborat ekani aniglandi, bu esa
flotatsiya jarayonida zarrachalarning ko‘pik fazasiga chiqishini qiyinlashtiradi.

2. KCI va NaClning miqgdoriy tagsimlanishi

lon-xromatografik tahlil natijalari shlam tarkibida sezilarli migdorda gimmatli mineral — KCI saglanib
golayotganini ko‘rsatdi:

— KCI: 13,69 + 0,15%

—NaCl: 48,7%

— Erimaydigan qoldiq: 36,4%

— CaSOa: 1,8%

Muhokama. KCIning 13-14% bo‘lishi flotatsiya jarayonidan to‘liq ajralmayotganligini bildiradi. Bu
quyidagi omillar bilan izohlanadi:

1. Loy minerallari KCI sirtini qoplab, kollektor adsorbsiyasiga to‘sqinlik qilmoqda.

2. NaClning yuqori ulushi rassolning ion kuchini oshirib, KCl—pufakcha yopishish tezligini
pasaytirmoqda.
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3. Erimaydigan qoldigning ko‘pligi aralashtirish zonalarida “mexanik tiqilish” effektini yuzaga
keltirmoqda.

3. Rassol zichligi va ion kuchi o‘zgarishi

O‘Ichov natijalariga ko‘ra:

— I bosgich rassoli zichligi: 1,182 g/cm?

— II bosgich rassoli zichligi: 1,196 g/cm?

Ion kuchining ortishi flotatsiya jarayoniga quyidagicha ta’sir giladi:

— pufakchalar ko‘tarilish tezligi pasayadi;

— kollektor molekulalarining KCI sirtiga adsorbsiyasi kamayadi;

—KCl selektivligi susayadi.

Bu texnologik muvozanatning buzilishiga olib kelib, II bosqichda shlam tarkibida KCl yo‘qotilishi
yugoriroq bo‘lishi kuzatildi.

4. KClI yo‘qotilishining mass-balanstik bahosi

Hisob-kitoblarga ko‘ra KCl yo‘qotilishi quyidagicha bo‘lgan:

I bosgich: 30,482 t/soat x 13,69 % = 4,17 t/soat KCI yo‘qotish

Il bosqich: 60,965 t/soat x 13,69 % = 8,34 t/soat KCI yo‘qotish

Yillik yo’qotish: (4,17 + 8,34) x 8000 soat ~ 100 080 tonna/yil KCI yo‘qotish

Muhokama: Bu ko‘rsatkich ishlab chiqarish samaradorligi uchun juda sezilarli bo‘lib, yillik KCI ishlab
chigarishning 15-18% gacha yo‘qotilayotganini ko‘rsatadi. Bunday yo‘qotishlar flotatsiya jarayonida
optimallashtirish zarurligini aniq ko‘rsatadi.

XRD difraktogrammalar:

4, XRD tahlil natijalari

— KCl piki (28,3°) intensivligi pastlashgan — KClIning loy bilan goplanishini bildiradi.

— NaCl piklari kuchli (31,7° va 45,5°) — NaClning ustunligini tasdiglaydi.

— CaSOs4 piklarining mavjudligi cho‘kma hosil bo‘lish tendensiyasini ko rsatadi.

mV 5

200
150+

100+

50+

4] 4 & & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 min

us
8
1

PN Solution

Amino acids

Cations in PN

‘ X Blank

r T T T T T T T T T 1
0.0 2s 50 7.5 10.0 128 15.0 17.5 20.0 225 28.0
min.

3-rasm. Xromatograf monitorida natija (xromatogramma piki)

Muhokama: CaSOa ning mavjudligi ishlab chiqarish tizimida qotishmalar, inkrustatsiyalar hosil bo‘lishi
xavfini oshiradi.
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6. Umumiy texnologik tahlil

Natijalar shuni ko‘rsatadiki:

I bosgich:

— Shlamdan olingan rassol sifati bargarorroq

— KCl yo‘qotilishi kamroq

— Loy miqgdori nishatan past

Il bosgich:

— Ruda hajmi katta, aralashtirish zonalari ortigcha yuklangan

— Jon kuchi yuqori — KClI selektivligi pasaygan

— KCl yo‘qotilishi ikki baravar yuqori

— Shlam miqdori tez ko“paymoqda

Demak, 11 bosqgich flotatsiya tizimi qo ‘shimcha optimizatsiyani talab giladi.

Xulosa. Tadgiqot natijalari shlam tarkibi va migdori flotatsiya samaradorligiga bevosita ta’sir ko‘rsatishini
ko‘rsatdi. Rudadagi 3,25% erimaydigan qoldiq I bosqichda 30,482 t/soat, II bosqichda 60,965 t/soat shlam hosil
bo‘lishiga olib keldi. Shlam tarkibida 13,69% KClning saqglanib qolishi flotatsiyada mineralning to‘liq
ajralmayotganini tasdigladi. lon-xromatografiya, gravimetriya va XRD tahlillari NaCl, KCI, erimaydigan qoldiq
va CaSOuning jarayon selektivligiga salbiy ta’sirini aniqladi. Rassol zichligining 1,182 dan 1,196 g/cm® gacha
oshishi ion kuchining ortishiga va KCI ajralishining pasayishiga sabab bo‘ldi. KCI yo‘qotilishi I bosqichda 4,17
t/soat, II bosqichda 8,34 t/soat bo‘lib, yillik yo‘qotish 100 ming tonnadan oshadi. Bu flotatsiya tizimini
optimallashtirish va qo‘shimcha qayta flotatsiya bosqichlarini joriy etish zarurligini ko‘rsatadi.
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SQLDA MA’LUMOTLARNI FILTRLASHDA FUNKSIYALARDAN FOYDALANISH
SAMARADORLIGI

Toshpo‘latova Shahnozabonu Bobomurodovna,
Buxoro davlat universiteti talabasi
shahnozatoshpulatova982@gmail.com

Annotatsiya. Ushbu maqolada SQL tizimida ma’lumotlarni filtrlash jarayonida funksiyalardan
foydalanishning ahamiyati va samaradorligi yoritilgan. Ma’ lumotlar bazasi bilan ishlashda filtrlar
yordamida kerakli yozuvlarni tanlab olish jarayoni muhim bosqichlardan biri bo‘lib, funksiyalar
qo ‘llanilganda ushbu jarayon yanada qulay, aniq va tezkor bo‘ladi. Matn, son va sana bilan bog ‘lig
funksiyalarning filtrlashdagi roli, ularning amaliy qo ‘llanilishi hamda foydalanuvchiga tagqdim etadigan
ustunliklari batafsil ko 'rib chiqgiladi. Shuningdek, katta hajmdagi ma’lumotiarni qayta ishlashda
funksiyalardan foydalanish natijasida tizim samaradorligining oshishi, qidiruv mezonlarining
moslashuvchanligi va tahlil jarayonlarining optimallashuvi hagida ham fikr yuritiladi. Magolada funksional
Yondashuvning real amaliyotdagi afzalliklari, uni qo‘llash misollari va ma’lumotlar bilan ishlash sifati
ganday yaxshilanishi chuqgur tahlil etilgan. Ushbu annotatsiya mavzuning mazmunini gisga va izchil yoritib,
magolaning nazariy-amaliy giymatini aks ettiradi.

Kalit so‘zlar: SOL, ma’lumotlarni filtrlash, funksiyalar, agregat funksiyalar, matn funksiyalari, sana
Sfunksiyalari, ma’lumotlar bazasi, optimallashtirish, qidiruv samaradorligi, SELECT operatori, LIKE
operatori, UPPER(), LOWER(), COUNT(), SUM(), ma lumotlarni gayta ishlash.

3®OEKTUBHOCTD UCNOJb30BAHUA ®YHKINN ITPU ®PUJIbTPAILIUN
JAHHBIX B SQL

Annomayusa. B oannoii cmamve paccmampusaemcs 3HaveHue u 3@HexmueHocms UCNONb306AHUS
@yuxyui npu gurempayuu dannvix ¢ cucmeme SQL. Ilpoyecc ombopa neobxo0uMvIx 3anuceu A611emcs
OOHUM U3 KTIOYe8blX YMAnoe pabomul ¢ 6a3amu OAHHbIX, U NPpUMeHeHUe PYHKYULl Oeaaem dmom npoyecc
bonee yOOOHBIM, MOUHBIM U onepamugnbiM. 1100pobHO ananusupyemcs poib MeKCmosblX, YUCIO8bIX U
0ammubvlX QYHKYUll 8 unempayuu, ux npaKxmuyeckoe npuMeHeHue u npeumyuecmsa O0is noab308amenel.
Taxoice paccmampueaemcs nogvluleHue npou3e00UMeNbHOCIMU CUCHeMbl npu 00pabomke 60abuUX 00bEMO08
OaHHBIX, 2UOKOCMb YCI08ULL NOUCKA U ONMUMU3AYUS AHATUMUYEeCKUXx onepayui. B cmamve npueedenvi
npumepsl UCNONb30BAHUA PYHKYUOHATLHO2O NOOX00Ad U NOKA3AHO, KAKUM 00pA30M NpumeHeHue hyHKyull
noguvliuaem Kawecmso pabomul ¢ OaHHIMU. AHHOmMayus ompasicaem cooepicanue padomvl U NOO4EpKUsaem
eé meopemuyeckylo u NPaKmuyeckylo SHauuUMOCho.

Knrouesvte cnosa: SQL, unvmpayusi oaumnvlx, QyHxyuu, acpecamuvie @OYHKYUU, MEKCMOGbLE
dynxyuu, Qynxyuu oamel u 8pemeHu, 6a3a OAHHLIX, ONMUMUIAYUS, IPHeKMUBHOCMb HOUCKA, Onepamop
SELECT, onepamop LIKE, UPPER(), LOWER(), COUNT(), SUM(), obpabomxa 0anHbIX.

EFFECTIVENESS OF USING FUNCTIONS IN DATA FILTERING IN SQL

Abstract. This article explores the significance and effectiveness of using functions in the process of
data filtering within SQL systems. Filtering plays a crucial role in retrieving relevant records from large
datasets, and the use of functions greatly enhances accuracy, flexibility, and processing speed. The study
examines the practical application of text, numeric, and date functions, highlighting their role in improving
guery precision and simplifying data analysis tasks. Additionally, the article discusses the impact of
functional approaches on system performance, especially when working with large volumes of data, and
emphasizes the advantages of optimized filtering conditions. Real examples demonstrate how the use of
functions contributes to higher data quality and more efficient database operations. This abstract provides a
concise overview of the content and underscores the theoretical and practical value of the research.

Keywords: SQL, data filtering, functions, aggregate functions, text functions, date and time functions,
database optimization, query efficiency, SELECT statement, LIKE operator, UPPER(), LOWER(), COUNT(),
SUM(), data processing.
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Kirish. Zamonaviy biznes, ilmiy tadgiqot va sanoat jarayonlarida ma’lumotlar hajmi tobora ortib
bormogda. Shu sababli, katta hajmdagi ma’lumotlarni tez va samarali tahlil gilish ehtiyoji kundan-kunga
oshib bormoqda. Ma’lumotlar bazasida saqlangan ma’lumotlar ustida interaktiv tahlil olib borish
foydalanuvchiga real vaqt rejimida garor gabul gilish imkonini beradi va ish samaradorligini sezilarli
darajada oshiradi. SQL (Structured Query Language) — ma’lumotlar bazasini boshqarish va so‘rovlar orqali
ma’lumotlarni olish uchun eng ko‘p ishlatiladigan vositalardan biridir. Ushbu tilning funksiyalari, xususan
matn, son va sana bilan bog‘liq funksiyalar, ma’lumotlarni filtrlash jarayonini sezilarli darajada
soddalashtiradi va natijalarni anigroq olishga yordam beradi. Masalan, UPPER() va LOWER() funksiyalari
yordamida matn bo‘yicha qidiruv katta-kichik harflardan mustagil amalga oshiriladi, SUBSTRING() va
boshqa matn funksiyalari ma’lum qismlarni ajratib olishda foydalidir, ROUND() va ABS() kabi son
funksiyalari esa hisoblashlarni soddalashtiradi. Ko‘plab tadqiqotlar va maqolalarda SQL funksiyalaridan
foydalanish samaradorligi alohida ta’kidlangan. Masalan, Ivanov va boshqalar [1, 2] o‘z maqolalarida biznes
jarayonlarida ma’lumotlarni filtrlash va qayta ishlashda UPPER(), LOWER() va agregat funksiyalarning
afzalliklarini ko‘rsatgan. Shuningdek, Petrov va Smirnov [3] maqolasida katta hajmdagi ma’lumotlarni
interaktiv tarzda filtrlash va tahlil gilishda SQL funksiyalarining samaradorligi batafsil yoritilgan. Shu bilan
birga, Kumar va Sharma [4] maqolasida sog‘ligni saqlash sohasida bemorlar ma’lumotlarini interaktiv tahlil
gilishda COUNT() va GROUP BY operatorlarining samaradorligi batafsil yoritilgan. Ushbu tadgiqgotlar [5,6]
shuni ko‘rsatadiki, SQL funksiyalari yordamida ma’lumotlarni tezkor, aniq va interaktiv tarzda filtrlash
imkoniyati mavjud, bu esa foydalanuvchi uchun qulay tizimlarni yaratishda muhim ahamiyatga ega. SQLda
ma’lumotlarni filtrlashda funksiyalardan foydalanishning amaliy jihatlarini o‘rganish va foydalanuvchi
uchun interaktiv va samarali tizimlarni ishlab chigish. Shu magsadda maqolada quyidagi vazifalar bajariladi
SQL funksiyalarining imkoniyatlari va ishlash printsiplari tahlil gilinadi, ma’lumotlar bazasidagi katta
hajmdagi ma’lumotlar ustida interaktiv filtrlash metodlari ishlab chiqiladi, amaliy misollar yordamida
natijalar vizual tarzda ko‘rsatiladi va foydalanuvchi uchun real vaqt rejimida ma’lumotlarni boshqgarish va
filtrlash imkoniyatlari yaratiladi.

Yechiladigan muammo va masalaning qo‘yilishi. Hozirgi kunda biznes, ilmiy tadgigot va sanoat
sohalarida ma’lumotlar bazasiga tushadigan ma’lumotlar hajmi sezilarli darajada ortib bormoqda. Ko‘plab
foydalanuvchilar va tashkilotlar ma’lumotlar bazasidagi kerakli ma’lumotlarni tezkor tarzda izlash, filtrlash
va tahlil gilish imkoniyatlarini gidirmoqdalar. Shu nugtai nazardan, yechiladigan muammo quyidagicha
shakllanadi. SQLda ma’lumotlarni filtrlash jarayonida funksiyalardan foydalanish orqali tahlil jarayonini
tezlashtirish, natijalarni anigroq olish va foydalanuvchiga interaktiv boshgaruv imkoniyatlarini yaratish.

Ushbu muammoni yechish uchun quyidagi masala qo‘yiladi.

Ma’lumotlar bazasida saqlangan katta hajmdagi ma’lumotlarni interaktiv tarzda filtrlash va tahlil
qilish zarur.

Matnli ma’lumotlar bo‘yicha qidiruvni Katta-kichik harflardan mustaqgil amalga oshirish,
ma’lumotlarning muayyan qismlarini ajratib olish va filtrlash kerak.

Sonli va statistik ma’lumotlar bo‘yicha o‘rtacha, maksimal, minimal ko‘rsatkichlarni aniglash va
guruhlash zarur.

Natijalarni foydalanuvchiga qulay vizual tarzda ko‘rsatish va real vaqt rejimida interaktiv boshqaruv
imkoniyatini yaratish talab gilinadi.

Tijorat kompaniyasining sotuvlar ma’lumotlar bazasida quyidagi vazifa mavjud:

Har bir mahsulot bo‘yicha har oy sotilgan migdorlarni aniglash.
Har bir mahsulot guruhi bo‘yicha umumiy sotuv summasini va o‘rtacha qiymatni hisoblash.
Faqgat ma’lum minimal miqdordan yuqori sotuvlar bo‘yicha natijalarni filtrlash.
e  Matn bo‘yicha qidiruv katta-kichik harflardan mustaqil bajarilishi kerak.
Amaliy misol.
SELECT
ProductGroup,
UPPER(ProductName) AS ProductNameUpper,
SUM(SaleAmount) AS TotalSales,
AVG(SaleAmount) AS AverageSales,
COUNT(*) AS SaleCount
FROM Sales
WHERE SaleAmount > 100
GROUP BY ProductGroup, ProductName
HAVING SUM(SaleAmount) > 500
ORDER BY TotalSales DESC;
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- UPPER(ProductName) funksiyasi matn gidiruvini katta-kichik harflardan mustaqil giladi.

- SUM(SaleAmount) va AVG(SaleAmount) agregat funksiyalari yordamida umumiy va o‘rtacha
sotuvlar hisoblanadi.

- GROUP BY ProductGroup, ProductName operatori ma’lumotlarni mahsulot va mahsulot guruhi
bo‘yicha guruhlaydi.

- HAVING SUM(SaleAmount) > 500 orgali fagat muayyan minimal summadan yuqori guruhlar
filtrlanadi.

- ORDER BY TotalSales DESC esa natijalarni eng yugori sotuvdan eng pastgacha tartiblaydi.

Ushbu yechim foydalanuvchiga katta hajmdagi sotuvlar ma’lumotlarini interaktiv tarzda filtrlash,
guruhlash va tahlil gilish imkonini beradi, natijalarni tezkor va aniq olishni ta’minlaydi. Shu bilan birga,
SQL funksiyalari yordamida jarayon samaradorligi oshadi va garor gabul gilish tezlashadi.

Masalaning yechilishini tekshirish va SQL funksiyalarining samaradorligi. Katta hajmdagi
ma’lumotlar bilan ishlashda asosiy muammo — kerakli ma’lumotlarni tez va aniq aniqlash, ularni filtrlash va
tahlil gilishdir. SQL funksiyalari bu jarayonda samaradorlikni sezilarli darajada oshiradi.

1. Filtrlash jarayonining optimalligi:

SQL funksiyalari yordamida filtrlash shartlarini moslashtirish va optimallashtirish mumkin. Masalan,
matn funksiyalari (UPPER(), LOWER()) yordamida foydalanuvchi qidiruvini katta-kichik harflardan
mustagqil qilish mumkin. Bu esa ma’lumotlarni qidirish tezligini oshiradi va inson xatolarini kamaytiradi. Shu
tarzda, so‘rovlar aniq natija beradi va foydalanuvchiga kerakli yozuvlarni tez topish imkonini beradi.

2. Guruhlash va agregat funksiyalar:

Katta hajmdagi ma’lumotlarni guruhlash va umumiy statistika olish uchun SUM(), AVG(), COUNT(),
MAX(), MIN() kabi agregat funksiyalar qo‘llaniladi. Bu funksiyalar natijalarni avtomatik ravishda hisoblash
va tartiblash imkonini beradi, shuningdek, tahlil jarayonini tezlashtiradi. Masalan, bir kompaniya sotuvlar
ma’lumotlarini guruhlab tahlil qilganda, har bir mahsulot guruhi bo‘yicha umumiy va o‘rtacha sotuvlar aniq
va tez hisoblanadi.

3. Shartli filtrlar va samaradorlik:

WHERE va HAVING operatorlari bilan birgalikda ishlatilgan funksiyalar orqali ma’lumotlarni
yanada samarali filtrlash mumkin. Masalan, fagat minimal giymatdan yuqori yoki ma’lum kriteriyalarga
javob beruvchi yozuvlarni tanlash, natijalarni anigroq giladi. Bu esa interaktiv tizimlarda foydalanuvchi
qgarorlarini tezkor gabul gilishga yordam beradi.

4. Interaktiv tahlil va vizualizatsiya:

SQL funksiyalari natijalarni tezkor tarzda chigarish imkonini berib, ularni vizualizatsiya gilish uchun
ham qulay bazaviy asos yaratadi. Natijalar jadval, diagramma yoki grafik ko‘rinishda taqdim etilganda
foydalanuvchi uchun qulay interaktiv tizim hosil bo‘ladi. Bu katta hajmdagi ma’lumotlar bilan ishlashda
xatolarni kamaytiradi va garor gabul gilish jarayonini soddalashtiradi.

5. Amaliy tadgiqotlar va maqolalardagi dalillar:

Ko‘plab tadgiqotlar va ilmiy maqolalar SQL funksiyalarining samaradorligini tasdiqlaydi. Masalan,
Johnson va boshqalar o‘z tadqiqotlarida tijorat kompaniyalari uchun sotuvlar ma’lumotlarini tahlil gilish
jarayonida agregat funksiyalardan foydalanish natijasida hisobotlarni avtomatlashtirish mumkinligini
ko‘rsatgan. Shu bilan birga, Kumar va Sharma maqolasida sog‘ligni saqlash sohasida bemorlar
ma’lumotlarini interaktiv tahlil qilishda matn va guruh funksiyalarining samaradorligi Yyoritilgan. Bu
tadqiqotlar SQL funksiyalari yordamida ma’lumotlarni tezkor va aniq tahlil qilish imkonini berishini
tasdiglaydi.

SQLda ma’lumotlarni filtrlashda funksiyalardan foydalanish samaradorligi bir necha jihatdan
namoyon bo‘ladi: Katta hajmdagi ma’lumotlarni tezkor filtrlash va guruhlash, natijalarni avtomatik hisoblash
va tahlil qilish, interaktiv va vizual tizimlar orgali foydalanuvchi qulayligini oshirish, garor gabul gilish
jarayonini optimallashtirish.

Eksperiment va olingan natijalarning tahlili. SQL funksiyalarining ma’lumotlarni filtrlashdagi
samaradorligini baholash uchun eksperimentlar amalga oshiriladi. Ushbu eksperimentning magsadi — SQL
funksiyalari yordamida katta hajmdagi ma’lumotlarni tezkor, aniq va interaktiv tarzda tahlil qilish
imkoniyatini tekshirish.

Eksperiment shartlari:

- Ma’lumotlar bazasida turli mahsulotlar, sotuvlar summasi, sanalar va mahsulot guruhlari mavjud
bo‘ladi.

- Har bir mahsulot guruhi bo‘yicha umumiy va o‘rtacha sotuvlarni hisoblash, fagat ma’lum
minimal miqdordan yuqori sotuvlarni tanlash talab etiladi.

- Matn bo‘yicha gidiruv katta-kichik harflardan mustaqil bajarilishi shart.
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- Olingan natijalar interaktiv va vizual tarzda taqdim etiladi, masalan, diagramma yoki jadval
shaklida.

Eksperiment jarayoni:

- Avvalo, ma’lumotlar bazasida filtrlar va agregat funksiyalar yordamida so‘rovlar bajarildi.

- Har bir guruh bo‘yicha umumiy sotuvlar, o‘rtacha sotuv va sotuvlar soni aniqlab olindi.

- Katta-kichik harflardan mustagil matn filtrlari yordamida gidiruvlar sinovdan o‘tkazildi.

- Natijalar vizual tarzda bar chart va line chart orgali foydalanuvchiga tagdim etildi.

Olingan natijalar:

- Matn funksiyalari samaradorligi: UPPER() va LOWER() funksiyalari yordamida barcha matn
qidiruvlari to‘g‘ri va katta-kichik harflardan mustaqil bajarildi. Natijalar aniq va bir xil formatda chigarildi.

- Agregat funksiyalar samaradorligi: SUM(), AVG(), COUNT() funksiyalari orgali har bir guruh
uchun umumiy va o‘rtacha sotuvlar aniq hisoblandi. Bu katta hajmdagi ma’lumotlar bilan ishlashda vaqtni
sezilarli darajada gisqartirdi.

- Filtrlash va guruhlash: WHERE va HAVING operatorlari bilan birgalikda ishlatilgan
funksiyalar fagat minimal shartlarga javob beruvchi yozuvlarni tanlash imkonini berdi, bu esa natijalarni
foydalanuvchi ehtiyojlariga moslashtirdi.

- Interaktiv tahlil: Vizualizatsiya natijalari foydalanuvchiga qulay va intuitiv tarzda tagdim etildi,
har bir guruh bo‘yicha natijalarni solishtirish imkoniyati yaratildi.

Eksperiment shuni ko‘rsatdiki:

- SQL funksiyalari yordamida ma’lumotlarni filtrlash samaradorligi sezilarli darajada oshadi.

- Katta hajmdagi ma’lumotlar bilan ishlashda natijalar tezkor va aniq olinadi.

- Interaktiv vizualizatsiya foydalanuvchi uchun qulay garor gabul gilish va tahlil gilish imkonini
beradi.

- Matn, son va guruh bo‘yicha filtrlar kombinatsiyasi ma’lumotlarni tahlil qilish jarayonini
soddalashtiradi va xatolarni kamaytiradi.

SQLda ma’lumotlarni filtrlash jarayonida turli funksiyalardan foydalanish mumkin. Ular quyidagicha
kategoriyalarga bo‘linadi:

Agregat funksiyalar: SUM(), AVG(), COUNT(), MAX(), MIN()

Misol:

SELECT ProductGroup, SUM(SaleAmount) AS TotalSales

FROM Sales

GROUP BY ProductGroup

HAVING SUM(SaleAmount) > 500;

Matn funksiyalari: UPPER(), LOWER(), SUBSTRING(), CONCAT()

Misol:

SELECT UPPER(ProductName) AS ProductNameUpper

FROM Sales

WHERE ProductName LIKE 'Lap%";

Sana va vaqt funksiyalari: YEAR(), MONTH(), DATEDIFF()

Misol:

SELECT * FROM Sales

WHERE YEAR(SaleDate) = 2025;

Shartli funksiyalar: CASE WHEN ... THEN ... END

Misol:

SELECT ProductName,

CASE WHEN SaleAmount > 500 THEN 'High'
ELSE 'Low' END AS SaleCategory

FROM Sales;

Xulosa. Ushbu maqolada SQLda ma’lumotlarni filtrlash jarayonida funksiyalardan foydalanish
samaradorligi keng qamrovda o‘rganildi. Tadqiqot natijalari shuni ko‘rsatdiki, SQL funksiyalari
ma’lumotlarni dinamik tarzda filtrlash imkonini beradi, murakkab so‘rovlarni soddalashtiradi va
ma’lumotlarni tozalash hamda standartlashtirish jarayonini sezilarli darajada tezlashtiradi. Bu esa
dasturchining ish samaradorligini oshiradi va ma’lumotlarni boshqarish jarayonini yanada qulay qiladi.
Aynigsa, matn, sana va raqamli qiymatlar ustida ishlov berishda funksiyalarning qo‘llanilishi so‘rovlarni tez
va aniq natijalar bilan ta’'minlaydi. Shu bilan birga, tadqiqot natijalari shuni ko‘rsatdiki, funksiyalardan
haddan tashqari yoki noto‘g‘ri foydalanish tizim samaradorligini pasaytirishi mumkin. Aynigsa, katta
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hajmdagi jadvallarda ba’zi funksiyalar indekslardan samarali foydalanishni cheklab, so‘rovlarni
sekinlashtiradi. Shu sababli, filtr shartlarini indekslarga moslash, funksiyalarni fagat zarur hollarda qo‘llash
va ma’lumotlarni oldindan tayyorlash samaradorlikni oshirishning muhim omillaridan hisoblanadi. Masalan,
matnlarni giyoslashda UPPER() yoki LOWER() funksiyalarini ogilona ishlatish, sanalarni tahlil gilishda
DATEPART() va YEAR() funksiyalarini maqsadga muvofiq qo‘llash so‘rovlarni tezlashtiradi va noto‘g‘ri
natijalarni oldini oladi. Amaliy tahlillar shuni ko‘rsatdiki, SQL funksiyalari orqali ma’lumotlarni filtrlash
jarayonini optimallashtirish tizim samaradorligini oshirishda muhim rol o‘ynaydi. Masalan, matnlarni
giyoslashda UPPER() yoki LOWER() funksiyalaridan ogilona foydalanish, sanalarni tahlil gilishda
DATEPART() va YEAR() funksiyalarini maqsadga muvofiq qo‘llash so‘rovlarni tezlashtiradi va noto‘g‘ri
natijalarni oldini oladi. Shuningdek, murakkab shartlarni soddalashtirish, ma’lumotlarni tozalash va
standartlashtirish orqali ma’lumotlar bazasining barqaror ishlashini ta’minlash mumkin. Kelajakda
funksiyalarning samaradorligini oshirish bo‘yicha bir qator istigbolli yo‘nalishlar mavjud. Jumladan, turli
DBMSlarda (masalan, MySQL, PostgreSQL, SQL Server) funksiyalarning ishlash tezligini solishtirish,
so‘rovlarni paralel ishlashga moslash va caching mexanizmlarini joriy etish imkoniyatlari tadqiq gilinishi
mumkin. Shuningdek, katta hajmdagi ma’lumotlar bilan ishlashda analitik so‘rovlar va funktsional
optimizatsiya metodlarini ishlab chigish SQL so‘rovlarining tezkorligini sezilarli darajada oshiradi. Umuman
olganda, SQL funksiyalari ma’lumotlarni filtrlash jarayonida kuchli va qulay vosita sifatida ahamiyatlidir.
Ularni oqilona va magsadga muvofiq ishlatish tizim samaradorligini oshirishga, ma’lumotlarni tez va aniq
gayta ishlashga, shuningdek, tizim resurslaridan optimal foydalanishga yordam beradi. Shu bilan birga,
funksiyalarning samaradorlikka ta’siri, indekslar bilan muvofiqligi va so‘rovlarni optimallashtirish zarurati
doimiy e’tiborda bo‘lishi lozim. Tadqiqot natijalari SQL funksiyalarining afzalliklarini, ularni samarali
go‘llashning ahamiyatini va ma’lumotlarni filtrlash jarayonini yanada optimallashtirish zaruratini aniq
ko‘rsatdi.
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UO‘K 004
“BTEC” XALQARO DASTURI QANDAY SAMARA BERADI?

Xo‘jayev Sulaymon Sultonovich,
Buxoro davlat universiteti Axborot tizimlari va
raqamli texnologiyalar kafedrasi katta o ‘qituvchisi

Annotatsiya. Pearson BTEC — bu 1984-yilda tashkil etilgan, amaliy mashg'ulotlarga yo ‘naltirilgan
kasbiy talim va malaka dasturlari tizimi bo ‘lib, talabalarga kasbiy ko ‘nikmalarni o ‘rgatishga qaratilgan. Bu
tizimning asosiy magqsadi talabalarni bandlikka yoki oliy taslimga tayyorlash, ularga hunarli sifatli ta'lim
berishdir. Dastlab Buyuk Britaniyada yaratilgan, BTEC dasturlari 40 yildan ortiq vaqt davomida dunyo
bo ‘ylab o‘qitilib kelinmogda. Ular ansanaviy akademik ta'limga mugqobil bo ‘lib, qo‘lga o ‘rgatish orgali
amaliy ko ‘nikmalarni rivojlantiradi. Pearson BTEC 24 dan ortig fan sohasida, jumladan, biznes,
texnologiya, ijodiy san'at, elektron sport va boshgalarda malaka oshirish imkonini beradi. BTEC dasturlari
sanoat ekspertlarining ishtiroki bilan ishlab chigilgan, bu talabalarga zamonaviy ish bozori talablariga
javob beradigan ko ‘nikmalarni egallashga yordam beradi. BTEC o ‘qituvchilarga ta'lim berishda
moslashuvchanlikni ta'minlaydi, shu bilan birga onlayn va sinf muhitida o ‘qitishni qo ‘llab-quvvatlaydi.
BTEC talabalarni kasbiy malakalarni egallashga undaydi va universitetda o‘qish yoki ishga kirishda
yordam beradi. Pearson yetakchi xalgaro ta’lim tashkiloti bo‘lib, Texnikumlarda o ‘qish muddatlari va
davomiyligi kasb murakkabligi va o ‘quvchining ta’lim darajasiga qarab belgilanadi.

Kalit so‘zlar: ta’lim, tarbiya, yoshlar tarbiyasi.

HACKOJIBKO 2OPEKTUBHA MEKAYHAPOJAHAS ITPOT'PAMMA BTEC?

Annomayus. Pearson BTEC — smo cucmema npoepamm npogeccuonanvrozo obpasoeanus u
o0byuenus, ocnogannas 6 1984 200y. Ona opuenmupogana Ha npaxmuyeckoe oOyyeHue u HAnpaeieHd Ha
npuodopemenue cmyoeHmamu npo@ecCUOHANbHbIX HA8bIK08. OCHOBHOU Yelblo dMOU CUCHEeMbl ABTAEeMCsl
n0020MOBKA CMYOEeHMO8 K mpyooyCmpoOUCmsy Uil noay4eHur) 8blcuieco 00paz0eanus, npedoCcmasisns um
KayecmeenHoe npogeccuonarvnoe oodpazoganue. Ilpocpammer  BTEC, usnauanvho co30anuvie 8
Benuxobpumanuu, peanuzyromes no ecemy mupy yoice 6oaee 40 nem. Onu [61510MCA ANTbMEPHAMUBOL
MPAOUYUOHHOMY — AKAOEMUYeCKOMY O00pA308anUI0, PpA36UBAs NPAKMUYECKUE HABbIKU HOCPeOCmEOM
npaxmuyeckozo ooyyenus. Pearson BTEC npedocmagnaem xeanugurayuu no oonee yem 24 npedmemuuim
obnacmsm, GKIOYAs OusHec, MexHoIo2UY, meopuecmseo, kubepcnopm u Opyeue. Ilpoepammur BTEC
paspabamelearomcs ¢ yiacmuem OMpACLe8blX IKCHEPmOos, 4mo nomozdem CmyOeHmam npuoobpemams
HasvblKU, omeedarwue mpebosaHusIM  cospemerHozo  pwvinka mpyoa. BTEC  npedocmaensem
npenodasamensim cubKoCmsb 8 NPenooasanull, no0oepIHcUas 00yueHue 6 OHAAUH - U AYOUMOPHBIX CPEOdXx.
BTEC noowpsem cmyoenmog noayuamv npo@hecCUOHATbHYIO K8ATUDUKAYUIO U NOMO2Aem UM YUUMbC 8
YHUgepcumeme unu Haumu pabomy. Pearson — eéedywas mesxcoyHapoouas 0opazosamenvHas opeaHu3ayus, d
NPOOOIAHCUMETLHOCIb U OTUMENLHOCHb 00VHUEeHUSI 8 MEXHUYECKUX KOIEOHCAX ONpedensitomcst CLONCHOCTHBIO
npogeccuu u yposHem 00pa306anus Cmyoenmad.

Knroueswle cnosa: obpasosanue, socnumanue, 80CNUMAHUE MOLOOENCU.

HOW EFFECTIVE IS THE BTEC INTERNATIONAL PROGRAM?

Abstract. Pearson BTEC is a system of vocational education and training programs, established in
1984, focused on practical training, aimed at teaching students vocational skills. The main goal of this
system is to prepare students for employment or higher education, providing them with quality vocational
education. Originally created in the UK, BTEC programs have been taught around the world for over 40
years. They are an alternative to traditional academic education, developing practical skills through hands-
on training. Pearson BTEC provides qualifications in over 24 subject areas, including business, technology,
creative arts, e-sports and more. BTEC programs are designed with the participation of industry experts,
which helps students acquire skills that meet the demands of the modern job market. BTEC provides teachers
with flexibility in teaching, while supporting teaching in online and classroom environments. BTEC
encourages students to gain vocational qualifications and helps them to study at university or get a job.
Pearson is a leading international education organization, and the duration and duration of studies at
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Technical Colleges are determined by the complexity of the profession and the level of education of the
student.
Keywords: education, upbringing, youth education.

Kirish. Pearson — 70 dan ortiq davlatda 35000 dan ziyod xodimga ega bo‘lgan, o‘gitish orqali
insonlarning hayotida sezilarli o‘sishga erishishni ta’minlash magsadida barcha yoshdagi odamlarga yordam
ko‘rsatish ustida g‘ayrat bilan ishlayotgan dunyodagi lider ta’lim beruvchi kompaniya. O‘quvchilar
kompaniya manfaatlarining va unga yo‘naltirilgan harakatlarning markazi hisoblanadi, chunki ta’lim
tizimining rivojlanishi umuman insonlarga ijobiy ta’sir etadi. Biz sizga va o‘quvchilaringizga qanday yordam
berishimiz mumkinligi to‘g risida qualification. pearson. com. sayti orqali ko‘proq bilib olishingiz mumkin.

Texnikumlarda Angliyaning “BTEC” xalqgaro ta’lim dasturi joriy etilishi hagida avval xabar berilgan
edi. Dastlabki bosgichda ushbu dastur 14 ta texnikumda tajriba tarigasida joriy etiladi. “BTEC”
dasturi bitiruvchilarga 70 ta davlatda tan olinadigan diplom beradi va 200 dan ortiq xorijiy universitetlarga
kirish imkonini yaratadi.

Mavzuga doir adabiyotlar tahlili. Pearson BTEC Oliy Milliy malakalari o‘quv dasturiga
o‘quvchilarga qaratilgan yondashuvga asoslanadi. Talabaning ishga joylashish va oliy ta’limda muvaffaqiyat
gozonishi uchun zarur bo‘lgan amaliy, shaxslararo va fikrlash qobiliyatlarini rivojlantirishga qaratilgan
moslashuvchan, modulli tuzilma mavjud. Ular eng yangi kasbiy standartlarni ifodalaydi va talabalarga ish
uchun ko‘nikma va xatti-harakatlarni rivojlantirish imkoniyatini beradi, masalan, guruh loyihasida ishtirok
etish yoki mijoz topshirig’ini bajarish. Talaba talabalarga kasbiy tan olinishi yoki a’zo bo‘lish yo‘lida
yordam berish uchun professional yoki savdo malakasidan yoki tanlangan professional organlarga a’zolikdan
o0zod qilishni so‘rashi mumkin.

Pirson yetakchi xalgaro ta’lim tashkiloti bo‘lib, dunyo bo‘ylab 784 ta markazga ega va uning
bitiruvchilarining 90 foizi ish bilan ta’minlanadi. Bu dastur texnikumlarda o‘quv muddatlarini kasb
murakkabligi va o‘quvchining ta’lim darajasiga qarab moslashtirish imkonini beradi. Masalan, “Ekspeditor”
kasbida 9-sinf bitiruvchisi 3 yil, 11-sinf bitiruvchisi esa 2 yil o‘qiydi. Pearson BTEC International Level 3
Biznes boshqaruvi malakalari, birinchi navbatda, biznes sohasida, avvalo oliy ma’lumot orqali, biznesda
ishga joylashish yoki, muqobil ravishda, kichik o‘quv kurslari orqali ishga kirishni xohlovchi 16-19 yosh
guruhidagi talabalarga mo‘ljallangan. Kichik biznesda ishlash.

Edexcel, BTEC va LCCI malakasi. Edexcel, BTEC va LCCI malakasi butun dunyoda tajribadan
o‘tgan va tan olingan, akademik va kasbiy malaka taqdim etadigan malaka berish bo‘yicha Buyuk
Britaniyada eng yirik tashkilot hisoblanadigan Pearson tomonidan beriladi. Qo‘shimcha ma’lumot olish
uchun  qualifications.pearson.com  saytimizga  tashrif  buyuring. Bundan  tashqgari, siz
qualifications.pearson.com/contactus sahifasida biz bilan bog‘lanish uchun berilgan to‘liq ma’lumotlardan
foylangan holda ham bog‘lanishingiz mumkin.

40 yillik muvaffaqiyatli ish tajribasiga ega bo‘lgan VTEC malakalari hukumatlar, sanoat sohasi va oliy
ta’lim tomonidan xalqaro darajada tan olingan. VTEC malakasi o‘quvchilarga to‘g‘ridan-to‘g‘ri yoki
yugqoriroq darajadagi o‘qish yordamida muayyan bo‘sh ish o‘rniga ishga joylashishga imkon beradi. Karyera
uchun o‘qish VTEC markazlari, loyihalar asosida baholash uchun qo‘llaniladigan modullarga asoslangan,
moslashuvchan tuzilma va bilimlarni o‘zida mujassamlashtirgan, o‘quvchilarga mo‘ljallangan o‘qitishga
yondashuvni taklif etadi.

Tadgigot metodologiyasi. VTEC bandlik sohasi va oliy ta’limdagi muvaffaqiyatli faoliyat uchun
zarur bo‘lgan amaliy, shaxslararo va fikrlash ko‘nikmalarining uzviy rivojlanishini ta’minlashga qaratilgan.
O¢zbekiston Respublikasi uchun VTEC malakalarini ishlab chigishda biz ko‘plab davlat muassasalari, ish
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beruvchilar, oliy ta’lim tizimi vakillari va kollejlar bilan, ularning ehtiyojlarini qondirish maqsadida ish olib
bordik. Biz ish beruvchilar tomonidan ko‘proq qadrlanadigan lavozimlarda gaysi mehnat resurslariga talab
mavjudligini tushunish hamda bilim va ko‘nikmalardagi bo‘shliqlarni aniqlash magqsadida turli sanoat
tarmog‘idagi manfaatdor tomonlar bilan keng ko‘lamdagi tadqiqotlarni o‘tkazdik. Ish beruvchilar tarmoqqa
oid so‘nggi talablar borasida chuqur bilimlarga ega, ishlashga va jamoada faoliyat olib borishga tayyor
bo‘lgan yangi xodimlarni izlashadi. Oliy ma’lumot oluvchi o‘quvchilar keng ko‘lamdagi tadqiqotlar
o‘tkazish, tahlil yozish va muddatlarga amal qilish ko‘nikmalariga muhtoj bo‘ladilar. VTEC malakasi
to‘plangan tajribalarni o‘quvchilarga yetkazish uchun o‘qitishning keng qamrovli va chuqur bo‘lishini
ta’minlaydi.

Pearson ushbu zarur ehtiyojlarga asoslanadi va quyidagilarni taklif etadi:

* har biri aniq maqsadga ega bo‘lgan VTEC malakalari ko‘lami har bir o‘quvchining o‘qish dasturini
tanlovini qanoatlantiradi va belgilangan o‘sish rejalarini amalga oshirishga yordam beradi

* ish beruvchilar uchun muhim bo‘lgan bir qator bilim, ko‘nikma va xulqni tan oluvchi, O‘zbekiston
Respublikasi uchun ishlab chigilgan professional standartlarga mos keluvchi bir gator VTEC malakalari

» ish beruvchilar va oliy ta’limning ehtiyojlari bilan chambarchas bog‘liq bo‘lgan tegishli materiallar

 o‘quvchilarga rivojlanishda yordam berish uchun tanlab olingan baholash va loyihalar; barcha
baholash va loyihalar biz tomonimizdan sizning va ish beruvchilarning yordamida, o‘quvchilarni barcha
uchun umumiy bo‘lgan bilim va tushunchalar bilan ta’minlab, kadrlarga bo‘lgan mahalliy talablarni
gondirish uchun ishlab chigiladi.

Olingan natijalar va ularning tahlili. Mazkur malakalar to‘liq yoki noto‘liq ish kunida o‘tiladigan
kurslar sifatida taklif etilishi va alohida tarzda yoki VTEC ning boshga kurslari bilan birgalikda taqdim
etilishi mumkin. Biz kurs davomida o‘quvchi va o‘qituvchilarning kafolatlangan va eng yuqori darajadagi
tajribaga ega bo‘lishlari uchun resurslar bilan qo‘llab-quvvatlab turish bo‘yicha xizmatlarning to‘liq turlarini
tagdim etadi.

Dasturdan kutilayotgan asosiy samaralar:

e Ta’limning muvofiqligi: Kasbiy ta’lim dasturlari o‘zaro muvofiqlik va uzviylikka ega bo‘lib,
bitiruvchilar oliy ta’limga o‘tishda o‘zlashtirilgan modullari va to‘plangan kreditlari asosida bakalavriatning
muayyan bosgichidan davom ettirish imkoniga ega bo‘ladi.

o Texnikumlarning mustaqilligi kengaytiriladi: Texnikumlar fanlar soni va soatlarini 30 foizgacha
o‘zgartirish, mahsulot ishlab chiqgarish va sotish imkoniyatiga ega bo‘ladi. Shuningdek, ular kontrakt asosida
ish beruvchilarning buyurtmasiga ko‘ra kadrlar tayyorlash huquqiga ega.

¢ O‘qitish jarayoniga ish beruvchilar keng jalb qilinadi: Ta’lim dasturlari ish beruvchilar talabi asosida
shakllantiriladi. Natijada, muayyan hududlardagi o‘rta bo‘g‘in kadrlari bo‘yicha ehtiyojlar qondiriladi.

e Yakuniy attestatsiya tizimi yangilanadi: Bitiruvchilarning bilim va ko‘nikmalari ish beruvchilar
ishtirokida amaliy imtihonlar orgali baholanadi.

Dastur ta’siri: “BTEC” dasturiga asoslangan texnikumlar bitiruvchilarining rivojlangan davlatlarda
yugori daromadli ish joylariga joylashish imkoniyatlari oshadi. Shuningdek, 180 nafar pedagogning malakasi
oshiriladi va yiliga 1,680 nafar o‘quvchi o‘qishga gabul qgilinadi.

Xulosa. Texnikumlarning moddiy-texnik bazasini mustahkamlash va ragamlashtirish uchun maxsus
jamg‘arma tashkil etiladi. Jamg‘armaga Oliy ta’lim, fan va innovatsiyalar vazirligining byudjetdan tashqari
jamg‘armasidan 50 milliard so‘m va Davlat byudjetidan 2025-yilda yana 50 milliard so‘m ajratiladi.

ADABIYOTLAR:

1. O‘zbekiston Respublikasi Prezidentining 2024-yil 16-oktabrdagi “Kasbiy ta’limda malakali
kadrlar tayyorlash tizimini yanada takomillashtirish va Xalgaro ta’lim dasturlarini joriy qilish chora-
tadbirlari to ‘g ‘risida Qi PF-158-son Farmoni

2. https://xabar.uz/talim/texnikumlarda-xalgaro-talim-da

3. https:/lyuz.uz/news/talim-islohotlari-uchun-xalgaro-standartlar-zarur

4. https:/lyuz.uz/news/professional-talim-tizimi-va-xalgaro-andozalar
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UO“K 62-1
O‘LCHASH QURILMALARIDA NEYRON TARMOQLARDAN FOYDALANISH

Tursunov Alisher Ravshan o ‘g ‘li,

Qarshi davlat texnika universiteti

Shahrisabz ozig-ovgat muhandisligi fakulteti o ‘qituvchisi
alishertursunov260@gmail.com

Axmedov Akbar Akramovich,

Qarshi davlat texnika universiteti

Shahrisabz ozig-ovgat muhandisligi fakulteti o ‘qituvchisi
akbarakramovichl111l@gmail.com

Annotatsiya. Ushbu ishda o‘lchash qurilmalarida sun’iy neyron tarmoglaridan foydalanishning
nazariy asoslari, amaliy imkoniyatlari va afzalliklari yoritilgan. Neyron tarmoglarining murakkab
funksiyalarni o z-o zidan o ‘rganish, signallarni gayta ishlash, chizigli bo Imagan jarayonlarni modellash va
shovqinli ma’lumotlar sharoitida anig natija chigarish qobiliyatlari zamonaviy o ‘Ichash tizimlarining
samaradorligini oshirishda muhim o rin tutadi. Tadgiqot natijalari neyron tarmoglar asosidagi o ‘lchash
tizimlari an’anaviy algoritmlarga nisbatan yuqgori moslashuvchanlik, aniglik va tezkorlikka ega ekanini
ko ‘rsatadi. Ish sanoat avtomatikasi, metrologiya, elektronika, tibbiyot diagnostikasi, energetika hamda loT
tizimlaridagi aglli sensorlar uchun amaliy ahamiyatga ega.

Kalit so“zlar: neyron, tarmog, kibernetika, sensor tizimlar, signallar, kremniy, uzatuvchi funksiya.

HCHOJIb30BAHUE HEMPOHHBIX CETEM B U3MEPUTEJIBHBIX IIPUBOPAX

Annomayua. B 0annoil pabome uznodcenvl meopemuieckue 0CHO8bI, NPAKMUYECKUe 803MONCHOCHIU
U NpeuMyujecmeda UCHONb308AHUS UCKYCCMBEHHbIX HEUPOHHLIX cemell 6 USMEPUMENbHbIX Npubopax.
Cnocobnocms HetpoHHbIX cemell K CAMOCMOSMENIbHOMY O0YYeHUI) CAOJNICHLIM QYHKYUAM, 006pabomke
CUCHANO8, MOOENUPOBAHUI0 HEIUHEUHbIX NPOYecco8 U 6bl0aye MOUYHBIX pe3YIbMAmo8 6 YCI08USX
SBAUIYMACHHBIX ~ OAHHBIX — UepAem  BAXCHYI0 pPOTb 8  NOGbLUEHUU  IPDEeKmugHocmu  COBPEMEHHbIX
uzmMepumenvuuvix cucmem. Pezyiomamovi ucciedo8anus noxaswvléaiom, Ymo uMepumenbHvle CUCHEeMbl Ha
OCHOBe HeUpOHHBIX cemell 001a0aom 3HAYUMENbHO Ooabulell  A0anMUEHOCMbIO, MOYHOCMbI) U
bvicmpooeticmeuem NoO CPAGHEHUI0 ¢ MPAOUYUOHHBIMU afeopummamu. Paboma umeem npaxmuueckoe
3HAYeHue 051 NPOMBIULIEHHOU ABMOMAMUKY, MEMPOLO2UU, INEKMPOHUKU, MEOUYUHCKOU OUACHOCHUKL,
SHEpeemuKU, a MaKdice UHMENIEeKMY AIbHbIX CeHCOPHBIX cucmem 6 cocmase 10T-mexuonoauil.

Kntouegvle cnoea: weiipon, cemv, KubOEpHemuKd, CeHCOPHble CUCMEMbl, CUSHATbL, KPEeMHUL,
nepeoamoyHast YyHKyus.

APPLICATION OF NEURAL NETWORKS IN MEASUREMENT INSTRUMENTS

Abstract. In this work, the theoretical foundations, practical capabilities, and advantages of using
artificial neural networks in measurement instruments are discussed. The ability of neural networks to
independently learn complex functions, process signals, model nonlinear processes, and produce accurate
results under noisy data conditions plays an important role in enhancing the efficiency of modern
measurement systems. The research results show that measurement systems based on neural networks
demonstrate significantly higher adaptability, accuracy, and speed compared to traditional algorithms. The
study has practical significance for industrial automation, metrology, electronics, medical diagnostics,
energy systems, as well as intelligent sensors within 10T technologies.

Keywords: neuron, network, cybernetics, sensory systems, signals, silicon, transfer function.

Kirish. Sun’iy neyron tarmoqlar nazariyasini yaratishda konnektsionizm (inglizcha connection —
bog ‘lanish) katta ta’sir ko‘rsatdi. Konnektsionizm — bu inson miya (tafakkur) modellarini yaratish, o‘rganish
va rivojlantirish bilan shug‘ullanuvchi sun’iy intellekt bo‘limidir. Konnektsionizm nuqtayi nazaridan neyron
tarmoglarni qurish konsepsiyasining asosi shundan iboratki, neyronlarni juda sodda avtomatlar yordamida
modellashtirish mumkin. Miyaning butun murakkabligi, uning moslashuvchan ishlashi va boshga muhim
xususiyatlari esa aynan neyronlar orasidagi bog‘lanishlar bilan belgilanadi. Har bir bog‘lanish — bu signalni
uzatuvchi sodda elementdir.
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Bunday yondashuvga ko‘ra neyron tarmoq modeli quyidagi xususiyatlarga ega bo‘ladi:

e Tizimning bir xilligi  barcha elementlar juda sodda, tizimning xulg-atvori asosan bog‘lanishlar
tuzilishiga bog‘liq;

e Ishonchlilik — ishonchsiz elementlardan tashkil topgan tizim ko‘p sonli bog‘lanishlar hisobiga
bargaror ishlaydi;

o Golografiklik — tizimning bir gismi buzilganda ham umumiy xususiyatlar saglanib goladi.

Faraz qilinishicha, bog‘lanishlar tizimining keng imkoniyatlari — eski alogalarni gayta faollashtirish
(demaskirovka gilish) va yangi alogalar yaratish — modelning sodda elementlardan tashkil topganligi,
ularning ishonchsizligi va ba’zi aloqalarning buzilishi kabi kamchiliklarni qoplaydi.

Neyron tarmoglarning matematik modellari rivojlanishining dastlabki bosgichlarida konnektsionizm
nihoyatda muhim rol o‘ynadi. Chunki u neyron tarmog‘i tomonidan amalga oshiriladigan induktiv xulosalar
mexanizmlarini tushunishga yordam berdi va ko‘plab amaliy masalalarning yechilishiga imkon yaratdi.

Birog real vazifalarga mos matematik neyron tarmog modellarini yaratish uchun inson miyasining
biologik ishlash prinsiplari bo‘yicha yanada chuqur ilmiy tadgiqotlar talab etiladi.

Kibernetikaning asoschisi Norbert Viner o‘zining asosiy asarini “Kibernetika yoki hayvon va
mashinada boshqarish hamda alogqa” deb nomlagan. Bu ta’rif orqali Viner boshqaruv qonunlari tirik va jonsiz
tabiat uchun umumiy ekanligini ko‘rsatdi va shu bilan kibernetikaning fundamental ekanini belgilab berdi.
Endi kibernetika nuqtayi nazaridan insonning sensorial tizimlari funksiyalarini umumiy ko‘rinishda ko‘rib
chigamiz.

Qo‘llanilgan metodlar. Inson atrof-muhit va organizmning ichki muhiti haqidagi ma’lumotlarni
sensor tizimlar yordamida oladi, bu tizimlarni [.P.Pavlov analizatorlar deb atagan. Zamonaviy
neyrofiziologiya nugtayi nazaridan sensor tizimlar — bu periferik retseptorlar (sezgi organlari), ulardan
keluvchi nerv tolalari (0‘tkazuvchi yo‘llar) va markaziy nerv tizimi hujayralari (sensor markazlar)dan tashkil
topgan maxsus nerv tizimi bo‘laklaridir. Sensor organlarda tashqi ta’sir energiyasi asablardagi signalga
(retseptor potentsiali) aylantiriladi, u esa keyinchalik nerv hujayralarining impulsli faolligiga — harakat
potentsialiga o‘tadi. O‘tkazuvchi yo‘llar orqali bu potentsiallar sensor markazlarga yetib boradi, bu
markazlar hujayralarida nerv signallarining gayta ishlanishi (gayta kodlanishi) sodir bo‘ladi.

Sensor tizimning barcha bo‘g‘inlarida signallarni kodlash va tahlil qilish bilan bir vaqtda dekodlash —
ya’ni sensor kodni “o‘qish” ham amalga oshiriladi. Dekodlash jarayoni sensor markazlarning motor (harakat)
va assotsiativ miyaning qismlari bilan o‘zaro bog‘ligligi asosida amalga oshiriladi. Motor tizim
hujayralarining nerv impulslaridan esa qo‘zg‘alish yoki tormozlanish yuzaga keladi. Natijada harakat (amal)
yoki harakatsizlik (to‘xtash) vujudga keladi.

Alohida ta’kidlash kerakki, sensor tizimlardagi informatsiya tashuvchisi elektr tabiatiga ega. Demak,
sensor tizimlarning asosiy funksiyalari quyidagilardan iborat:

e signallarni qabul qilish (retsepsiya);

o retseptor potentsialini impulsli faollikka aylantirish;

e boshlang‘ich faollikni sensor markazlarga uzatish;

« sensor markazlarda signalni gayta ishlash (transformatsiya);

« signallarning xususiyatlarini tahlil gilish;

« signallarni identifikatsiya qilish;

e garor gabul gilish.

E’tibor berilsa, insonning tashqi muhit ta’sirini sezishi hagidagi mazkur tavsif boshqgaruv
sistemasining ishlashini fiziologiya terminlari orgali tasvirlashdir. Boshqgaruv tizimidagi datchiklar rolini
retseptorlar, boshgaruvchi EHM (kompyuter) vazifasini inson miyasi, ijro mexanizmlari vazifasini inson
mushaklari, harakat dasturi generatori vazifasini esa yana miya bajaradi.

Biologik boshqaruv tizimlarining markaziy bo‘g‘ini — bu miya bo‘lib, u 100 milliarddan ortiq nerv
hujayralari neyronlardan tashkil topgan. Har bir neyron o‘rtacha 10 000 ta bog‘lanishga ega.

Inson miyasining aniq ishlash mexanizmi hali-hanuz sir bo‘lib qolmoqgda. Shunga garamay, bu
hayratlanarli darajada murakkab “protsessor’ning ayrim jihatlari ma’lum. Inson miyasining asosiy elementi
— bu neyron deb ataluvchi maxsus hujayralar bo‘lib, ular eslab qolish, fikrlash va oldingi tajribani har bir
harakatga qo‘llashga qodir. Aynan shu xususiyat neyronlarni boshqa tana hujayralaridan ajratib turadi.

Inson bosh miyasining po‘stlogi — bu galinligi 2-3 mm bo‘lgan, neyronlardan tashkil topgan tekis
qatlam bo‘lib, uning yuzasi taxminan 2 200 sm? ni tashkil etadi. Bu oddiy kompyuter klaviaturasining
yuzasidan ikki baravar katta demakdir. Miya po‘stlog‘ida taxminan 10'° neyron mavjud bo‘lib, bu taxminan
Somon yo‘lidagi yulduzlar soniga teng. Har bir neyron 10°-10* boshqa neyronlar bilan bog‘langan. Umuman
olganda, inson miyasida 10'* dan 10'* gacha neyronlararo bog‘lanish mavjud. Inson aqlining kuchi bazaviy
elementlar (neyronlar) soniga, ular orasidagi bog‘lanishlarning Xxilma-xilligiga, shuningdek, genetik
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dasturlanish va ta’lim-tarbiya jarayoniga bog‘liq. Alohida neyron murakkab tuzilmaga ega bo‘lib, uning
o‘zining tarkibiy qismlari, kichik tizimlari va boshqaruv mexanizmlari mavjud. U juda ko‘p miqdordagi
elektroximik bog‘lanishlar orqali axborotni uzatadi. Neyronlarning qariyb yuzdan ortiq turli sinflari mavjud.
Neyronlar va ular orasidagi bog‘lanishlar birgalikda an’anaviy kompyuterlardagi hisoblash jarayonidan farqli
ravishda nobinar, begaror va nosinxron jarayonni hosil qiladi. Sun’iy neyron tarmoqlar esa murakkab
miyadagi eng asosiy elementlarni model giladi, bu esa olimlar va tadgigotchilarni muammoni yechishning
yangi yo‘llarini izlashga undaydi.

Hozirgi vaqtda neyronlar uchta katta guruhga bo‘linadi: retseptor neyronlari, effektor neyronlar va
oraliq (inter) neyronlar.

o Retseptor neyronlar sensor ma’lumotlarni miyaga kiritish uchun xizmat qiladi. Ular tashqi muhitning
sezgi organlariga ta’sirini (masalan, yorug‘likning ko‘z to‘r pardasiga, tovushning eshitish maqsurasiga
ta’siri) o‘zlarining aksonlari orqali elektr impulslariga aylantiradi.

o Effektor neyronlar ularga kelgan elektr signallarni ijro organlariga, masalan, mushaklarga,
aksonlaridagi maxsus sinapslar orgali uzatadi.

e Oralig neyronlar markaziy nerv tizimini hosil giladi va retseptorlardan olingan ma’lumotni gayta
ishlash hamda boshqaruv signallarini effektorlarga yetkazish uchun mo°‘ljallangan.

Inson va yuqori darajadagi hayvonlarning bosh miyasi kulrang modda va og moddadan tashkil topgan.
Kulrang modda — bu neyronlar, dendritlar va aksonlar to‘plamidir. Oq modda esa miyadagi turli sohalarni,
sezgi organlarini va mushaklarni bir-biriga bog‘lovchi tolalardan tashkil topgan. Bu tolalar elektr izolatori
bo‘lib xizmat qiluvchi maxsus miyelin qavati bilan qoplangan.

Miyada tuzilishi jihatidan o‘zaro ajralgan bo‘limlar mavjud: miya po‘stlog‘i (kora), gippokamp,
talamus, miyachok, amigdal va boshqalar. Har bir bo‘lim murakkab modulli tuzilishga ega. Miya tuzilishida
alohida o‘rin egallagan bosh miya po‘stlog‘i (katta yarim sharlar po‘stlog‘i) eng muhim bo‘lim bo‘lib,
hozirgi kunda asosiy assotsiativ axborot qayta ishlash jarayonlari aynan shu yerda sodir bo‘ladi, degan fikr
gabul gilingan.

Sensor sohalar bilan po‘stloq o‘rtasidagi, shuningdek po‘stlogning turli qismlari o‘rtasidagi
bog‘lanishlar fizik jihatdan paralleldir. Bir gatlamdagi hujayralar boshga gatlamga proyeksiya giladi, va bu
proyeksiyalar ko‘plab tarmoqlanuvchi va qo‘shilib ketuvchi tolalardan iborat bo‘ladi (ya’'ni, proyeksiyalar
divergent va konvergent).

Olingan natijalar va ularning tahlili. Hozirgi kunda miyaga vizual (ko‘rish) ma’lumot kirishi eng
yaxshi o‘rganilgan jarayonlardan biridir. To‘r pardadan kelayotgan qo‘zg‘alishlar po‘stlogqa tartibli
topografik ko‘rinishda yetadi, ya’ni to‘r pardada yaqin joylashgan nuqtalar po‘stlogqda ham yaqin joylarni
faollashtiradi. Ko‘rish tizimida turli murakkablikdagi vizual stimullarga javobiga qarab oddiy, murakkab va
gipermurakkab neyronlar ajratiladi. Sun’iy neyronlarda tabiiy (biologik) neyronning ishini taqlid gqilish
uchun juda tik (keskin) o‘tishga ega bo‘lgan nelinear qo‘zg‘alish funksiyasi kiritilgan. Bu funksiya neyron
chigish signalining ikkilik (binar) holatini takrorlash imkonini beradi: 1 — qo‘zg‘algan holat, 0 —
tormozlangan holat. Bu holatlar orasidagi o‘tishning chegarasi (porogi) Co deb ataluvchi doimiy siljish
giymati orgali boshqariladi.

Shuni ta’kidlash kerakki, sun’iy neyron
ichida analog sxema yoki ragamli neyron-
imitator uchun zarur bo‘lgan tashqi quvvat
manbai  mavjud. Shu sababli biologik
neyronlardagi kabi elektroximik energiyani
tiklash uchun zarur bo‘lgan “o‘lik vaqtni”
(refrakter davrni) kiritishga ehtiyoj yo‘q. Bu
esa kremniy asosidagi sun’iy neyronlar ancha
yuqori tezkorlikka ega ekanini anglatadi.

1-rasm. Asosiy (bazaviy) sun’iy neyron:

e x1, X2 — Kirishlar;

e Ci, C2 — og'irlik koeffitsiyentlari;

e Co —siljish (porog) giymati;

e X — summator;

e F(.) — nelinear faollashtirish funksiyasi

(qo‘zg‘alish funksiyasi).

l-rasmda sun’iy neyronning soddalashtirilgan modeli tasvirlangan. Modifikatsiya qilingan kirish
signallari ai, a» summatorga uzatiladi, u asosan kirishlarning og‘irliklar bilan ko‘paytmasini yig‘ish
funksiyasini bajaradi. Summator uchun turli operatsiyalarni tanlash mumkin: arifmetik o‘rtacha, eng katta
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giymat, eng kichik giymat, YOKI (OR), VA (AND) kabi amallar, ular turli natija giymatlarini hosil giladi.
Ko‘pchilik tijoriy dasturiy paketlar muhandis-dasturchilarga yuqori darajadagi dasturlash tillari yordamida
o‘zlarining maxsus summator funksiyalarini yaratishga imkon beradi. Ba’zan summalash funksiyasi vaqt
bo‘yicha ishlashini ta’minlaydigan
faollashtirish funksiyasi qo‘shilishi

Chigish bilan murakkablashtiriladi.
Q 'yTat' 2-rasm. O‘tkazish funksiyasi
1 4 namunasi
Har ganday holatda ham
0.8 summalash funksiyasining chigishi
ma’lum algoritm asosida uzatuvchi
98 funksiyadan o‘tadi va natijada
- chigishda (0 yoki 1, -1 yoki 1 yoki
J boshqa biror son) hosil bo‘ladi.
— Mavjud neyron tarmoglarda
’ o uzatuvchi funksiyalar sifatida
s 5 Kirish  sigmoid, sinus, giperbolik tangens va
_'1 _('),5 ' o ' 0],5 ' o',s i anrma boshqa  funksiyalar  qo‘llanishi

mumkin. Uzatuvchi funksiyalardan
birining namunasi 2-rasmda ko‘rsatilgan. Barcha sun’iy neyron tarmogqlari asosiy blok — sun’iy neyron
asosida quriladi. Mavjud ko‘plab variantlar va farqlar samarali neyron tarmoqlarini yaratishda iste’dodli
ishlab chiquvchilarga ijodiy yondashuv uchun katta imkoniyat beradi.

Sun’iy neyron tarmoqlarini yaratish va ulardan foydalanishning yana bir qismi alohida neyronlar
orasidagi ko‘plab bog‘lanishlarga taalluglidir. Inson miyasida guruhlanish shunday amalga oshadiki, axborot
dinamik, o‘zaro ta’sirli va o‘z-o‘zini tashkil giluvchi tarzda gayta ishlanadi. Biologik neyron tarmoglari uch
o‘lchamli makonda, mikroskopik elementlardan tashkil topgan bo‘lib, juda turli xil ulanishlarga qodir. Inson
tomonidan yaratilgan sun’iy tarmoqlarda esa jismoniy cheklovlar mavjud. Hozirgi vaqtda mavjud bo‘lgan
sun’iy neyron tarmogqlari alohida sun’iy neyronlarning gatlamlarga birlashtirilgan ko‘rinishidir. 3-rasmda
sun’iy neyron tarmoqlarining tipik tuzilishi ko‘rsatilgan. Ba’zi tarmoqlar faqat bitta qatlam yoki hatto bitta
elementdan iborat bo‘lishi mumkin bo‘Isada, ko‘pchilik amaliy tizimlar kamida uch xil qatlamdan iborat:

|
<’f> -

S R Al . " S

T

3 —rasm. Oddiy neyron tarmog tushulishi

1. Kirish gatlami

2. Yashirin gatlam

3. Chigish gatlami

Kirish qatlami neyronlari ma’lumotlarni
kirish  fayllaridan  yoki  bevosita elektron
datchiklardan gabul qgiladi. Chigish gatlami esa
axborotni tashqi mubhitga, qo‘shimcha kompyuter
protsessoriga yoki boshga qurilmaga uzatadi.
Ushbu ikki gatlam orasida bir nechta yashirin
gqatlam  bo‘lishi mumkin; bu qatlamlardagi
neyronlar har xil tarzda bog‘langan bo‘lib, har bir
yashirin neyronning Kkirish va chigishlari boshga
neyronlar bilan ulanadi.

Neyronlar orasidagi bog‘lanishning
yo‘nalishi neyron  tarmoqlarining ~ muhim
jihatlaridan biridir. Aksariyat tarmoglarda yashirin gatlamdagi har bir neyron avvalgi gatlamdagi barcha
neyronlardan signallarni qabul giladi va ko‘pincha kirish qatlamidan ham signal oladi. Signallar ustida amal
bajarilgach, neyron o‘z chiqish signalini keyingi qatlamdagi barcha neyronlarga uzatadi — bu oldinga uzatish
(feedforward) deb ataladi. Agar teskari aloga mavjud bo‘lsa, chiqish qatlamidagi neyronlarning chiqish
signallari oldingi gatlamlarga qaytariladi. Neyronlar orasidagi ulanish turi tarmoqning ishlashiga katta ta’sir
ko‘rsatadi. Ko‘pgina neyron tarmoqlari dasturiy paketlari foydalanuvchiga bog‘lanishlarni ixtiyoriy ravishda
qo‘shish, o‘chirish yoki boshqarish imkonini beradi. Doimiy ravishda moslashtiriladigan bog‘lanish
koeffitsiyentlari qo‘zg‘atuvchi ham, tormozlovchi ham bo‘lishi mumkin.

Amaliy masalalarni yechishda neyron tarmoqlarni qo‘llash.
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Obrazlarni klassifikatsiya qilish. Bu vazifa — kirish obrazining (masalan, nutq signali yoki qo‘lda
yozilgan belgi) belgi — vektori ko‘rinishida berilgan holda, uni oldindan belgilab qo‘yilgan bir yoki bir necha
sinfga mansubligini aniglashdan iborat. Mazkur usulning mashhur qo‘llanilishlariga harflarni tanish, tilni
aniglash, elektrokardiogramma signallarini tasniflash, gon hujayralarini ajratish kiradi.

Klasterlash (kategoriyalash). Klasterlash vazifasini yechishda o‘quv to‘plamida sinf yorliglari
bo‘lmaydi. Klasterlash algoritmi o‘xshash obrazlarni bir Kklasterga joylashtirish prinsipi asosida ishlaydi.
Klasterlash ko‘pincha bilimlarni ajratib olish, ma’lumotlarni siqish va ularning xususiyatlarini o‘rganishda
go‘llanadi.

Funksiyalarni approksimatsiya qilish. Faraz qilaylik, bizda o‘quv tanlov (ma’lumotlar to‘plami)
mavjud: (X1, y1), (X2, ¥2), ..., (Xn, ¥n), ya'ni kirish—chiqish juftliklari. Bu juftliklar shovqin ta’sirida buzilgan
noma’lum R funksiyasi tomonidan generatsiya qilingan. Approksimatsiya vazifasi — ushbu noma’lum
funksiyaning E ko‘rinishdagi yaqinlashmasini topishdan iborat. Funksiya approksimatsiyasi ko‘plab ilmiy va
muhandislik sohalarida modellashtirish masalalarini yechishda zarurdir.

Oldindan aytish (prognozlash). Faraz gilaylik, bizda vaqtning ketma-ket lahzalarida olingan n ta
diskret o‘lchovlar mavjud: {y(t:), y(t2), ..., y (t.)}. Vazifa — keyingi lahzada y (t. + 1) giymatini oldindan
aytishdan iborat. Prognozlash biznes, ilm-fan va texnikada juda muhim ahamiyatga ega (masalan, fond
bozoridagi narxlarni oldindan bilish, ob-havo prognozi).

Optimallashtirish. Matematika, statistika, texnika, fan, tibbiyot va iqtisodiyotdagi ko‘plab
muammolar optimallashtirish masalalari sifatida ifodalanishi mumkin. Optimallashtirish algoritmining
magsadi — barcha cheklovlarga mos keluvchi, magsad funksiyasini maksimal yoki minimal giluvchi eng
yaxshi yechimni topishdir.

Ma’no bo‘yicha murojaat qilinadigan xotira. An’anaviy kompyuterlarda xotiraga faqat aniq manzil
orqali murojaat qilish mumkin, bu manzil xotira mazmuniga bog‘liq bo‘lmaydi. Manzil noto‘g‘ri
hisoblangan taqdirda, butunlay boshqa ma’lumot chaqirilishi mumkin. Assotsiativ xotira yoki ma’no
bo‘yicha murojaat gilinadigan xotira esa mazmun orqali qidirishga asoslanadi. Xotira mazmuni hatto qisman
kirish yoki buzilgan ma’lumot bo‘lsa ham esga chaqirilishi mumkin. Assotsiativ xotira multimedia axborot
bazalarida qo‘llanishi mumkin.

Boshgaruv. Dinamik tizimni ko‘rib chiqamiz: u(t) — boshqaruvchi kirish ta’siri, y(t) — tizimning shu t
lahzadagi chigish signali. Etalon modelga ega boshgaruv tizimlarida magsad — tizim etalon model belgilagan
kerakli trayektoriyada harakat gilishi uchun mos kirish signali u(t) ni hisoblab topishdir. Bunga misol sifatida
dvigatelning optimal boshgaruvini keltirish mumkin.

Shu bilan birga, neyron tarmoqlar ayrim sohalarda an’anaviy hisoblash usullaridan ustunlikka ega
bo‘lishiga qaramay, mavjud neyron tarmoqlari hali mukammal yechim darajasiga yetmagan.

Xulosa. Neyron tarmoqlar asosidagi o‘lchash tizimlari an’anaviy algoritmlarga nisbatan yuqori
darajadagi moslashuvchanlik va adaptivlikka ega bo‘lib, real vaqt rejimida ishlash qobiliyati bilan ajralib
turadi. Bu esa sanoat avtomatikasi, elektronika, metrologiya, tibbiyot diagnostikasi, energetika, transport,
atrof-muhit monitoringi va loT tizimlaridagi aglli sensorlarning rivojlanishida muhim ahamiyat kasb etadi.
Yakuniy xulosa sifatida aytish mumkinki, neyron tarmogqlarni o‘lchash qurilmalariga integratsiya qilish
ularning funksional imkoniyatlarini kengaytiradi, inson omili sababli yuzaga keladigan xatoliklarni
kamaytiradi va o0°lchash jarayonlarining ishonchliligini oshiradi. Kelgusida ushbu sohada yanada
takomillashgan algoritmlar, chuqur o‘rganish modellaridan foydalanish va aqlli sensor tizimlarini yaratish
orqali o‘lchash texnologiyalarining samaradorligini yuqori bosqichga olib chigish imkoni mavjud.
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“Axborot xavfsizligi” yo ‘nalishi 1-kurs magistranti

Annotatsiya. Ushbu tadgiqot tashkilotlarda Biznes uzluksizligini boshgarish tizimini (Business
Continuity Management - BCM) loyihalash va modellashtirish usullariga garatilgan. Ma’lumki, zamonaviy
ragamli igtisodiyot sharoitida tashkilot jarayonlarining qisqa muddatga to ‘xtab qolishi moliyaviy
yo ‘qotishlar, mijozlar ishonchining pasayishi va brend obro ‘sining kamayishiga olib kelishi mumkin. Shu
tufayli tadgigot asosan risklarni aniglash va BCMning nazariy va amaliy asoslari tadqiqi o ‘rganilgan.

Kalit so‘zlar: biznes uzluksizligini boshgarish, BCM (Business Continuity Management), risk,
risklarni boshqarish, biznesga ta’sir tahlili (BIA), tiklash strategiyalari, favqulodda holatlar, tashkilot
bargarorligi, ragamli igtisodiyot, axborot tizimlari xavfsizligi, korporativ boshgaruv .

METOAbI MOAEJIUPOBAHUA CUCTEM YIIPABJIEHUSA HEIIPEPBIBHOCTBIO
BU3HECA B OPTAHU3AIIUAX

Annomayua. J[lannoe uccrneoosanue NOCEAUEHO MemMoOdM NPOEKMUPOBAHUS U MOOeTUPOBAHUS
cucmem ynpaenenus nenpepvisHocmvio ousneca (BCM) 6 opeanuzayusax. Hzeecmno, umo 6 yciosusx
cospemMeHHOU YUPpoeoli SIKOHOMUKU KPAMKOBPEMEHHOE NPePbléanHue OPeaHU3AYUOHHBIX NPOYECCO8 MONCEm
npusecmu K (QUHAHCOBbIM NOMepsAM, nomepe 008epusi KIUEHMO8 U CHUNCEHUI0 penymayuu OpeHOaq.
Tlosmomy uccnedoganue 8 OCHOBHOM COCPEOOMOYEHO HA GbIABIEHUU PUCKOS U U3VHUEHUU MeopemuiecKux u
npaxmuyeckux ochos BCM.

Knroueswie cnosa: ynpasnenue nenpepwisnocmoio 6usneca, BCM (Business Continuity Management),
DUCK, YHpaeieHue puckamu, aHaiu3 eo3oeticmeusi Ha oOusnec (BIA), cmpamezuu e6occmanognenus,
ypessblualinble CUMyayuu, OpeaHU3AYUOHHAS YCMOUYUBOCMb, YUPPosas IKOHOMUKA, 0e30nacHocmy
UHOPMAYUOHHBIX CUCMEM, KOPNOPAMUBHOE YNPABTIEHIUe.

METHODS FOR MODELING BUSINESS CONTINUITY MANAGEMENT SYSTEMS IN
ORGANIZATIONS

Abstract. This study focuses on methods for designing and modeling Business Continuity Management
(BCM) systems in organizations. It is known that in the conditions of the modern digital economy, a short-
term interruption of organizational processes can lead to financial losses, loss of customer trust, and a
decrease in brand reputation. Therefore, the study mainly focuses on identifying risks and studying the
theoretical and practical foundations of BCM.

Keywords: business continuity management, BCM (Business Continuity Management), risk, risk
management, business impact analysis (BIA), recovery strategies, emergencies, organizational stability,
digital economy, information systems security, corporate governance.

Kirish. Zamonaviy tashkilotlarning bargaror va samarali faoliyat yuritishi ularning ichki va tashqi
jarayonlarining uzluksiz ishlashiga bevosita bog‘lig bo‘lib, bunda axborot tizimlari, ma’lumotlar
almashinuvi, texnologik infratuzilma, xizmat ko‘rsatish tarmoglari va inson resurslari muhim o‘rin tutadi.
Ragamli igtisodiyot sharoitida har ganday xizmatning gisqa muddatga to‘xtab golishi ham jarayonlarning
izdan chigishiga, mijozlar ogimini kamayishiga, moliyaviy yo‘qotishlar ortishiga va brend obro‘sining
pasayishiga olib kelishi mumkin. Aynigsa bugungi globallashgan muhitda xavf omillari ko‘payib bormoqda:
tabiiy ofatlar, texnik nosozliklar, elektr ta’minotidagi uzilishlar, dasturiy xatoliklar, kiberhujumlar,
ma’lumotlar yo‘qolishi va xodimlarning tasodifiy xatolari tashkilotning uzluksiz ishlab turishiga real tahdid
soladi. Bunday sharoitda tashkilotning favqulodda holatlarga tayyorligi nafagat texnik choralar bilan, balki
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puxta o‘ylangan, oldindan rejalashtirilgan va muntazam sinovdan o‘tkaziladigan boshgaruv tizimi bilan
ta’minlanadi.

Biznes uzluksizligini boshgarish tizimi (Business Continuity Management — BCM) tashkilotning
faoliyatini himoya qilish, yuzaga kelgan uzilishlardan minimal zarar bilan chigish va iloji boricha gisga vaqt
ichida qayta tiklanishni ta’minlashga qaratilgan kompleks mexanizmdir. BCMning asosiy vazifasi
favqulodda holat yuz berganda biznes jarayonlarini to‘xtatmasdan davom ettirish uchun zarur bo‘lgan
strategiyalar, resurslar va amaliy choralarni oldindan belgilashdan iboratdir. Bu tizim nafagat axborot
texnologiyalari bilan bog‘lig jarayonlarni, balki tashkilotning barcha bo‘limlari faoliyatini o‘z ichiga oladi:
boshgaruv, moliya, logistika, kommunikatsiya, xavfsizlik va inson resurslari[1-3].

lImiy-uslubiy yondashuvlar BCMning nazariy asoslari bilan birga real amaliyotda qo‘llanilishi
mumkin bo‘lgan anig mexanizmlarni ham tagqdim etadi. Gap shundaki, biznes uzluksizligini boshgarish
oddiy favgulodda vaziyat rejasi emas, balki tashkilotning umumiy boshgaruv tizimiga integratsiyalashgan,
doimiy ravishda yangilanib boriladigan strategik jarayondir. Shu nuqtayi nazardan, mazkur tadgigotning
magsadi mavjud metodik materiallar va hujjatlarni tahlil gilish orqali BCM tizimini loyihalash prinsiplari,
funksional bosgichlari, amaliy talab va mexanizmlarini chuqur o‘rganishdan iboratdir. Bu orgali BCMning
zamonaviy tashkilotlar uchun nagadar muhim ekani va uni to‘g‘ri joriy etish biznes jarayonlarining
davomiyligi, ragobatbardoshligi hamda xavf-xatarlarga bardosh berish gobiliyatini oshirishini ilmiy asosda
yoritish ko‘zda tutiladi[4-6].

Metodologiya va adabiyotlar tahlili. Mazkur tadgiqotning metodologik asosini biznes uzluksizligini
boshqgarish bo‘yicha mavjud uslubiy go‘llanmalar, xalgaro standartlar, ilmiy adabiyotlar va amaliy
go‘llaniladigan BCM modellari tahlili tashkil etdi. Tadgiqot jarayonida BCMning hayot sikli asosiy
konseptual yadro sifatida olingan bo‘lib, ushbu sikl risklarni aniglash va baholash, biznesga ta’sir tahlili
(BIA), strategik rejalashtirish, tiklash mexanizmlarini ishlab chiqgish, hujjatlar yaratish, sinovlardan o‘tkazish
va tizimni muntazam ravishda yangilab borishni 0°z ichiga olgan kompleks jarayon sifatida talqin gilindi.

Korporativ boshqaruvda risklarni boshqarish va risk darajasini pasaytirish yo‘llari (Mallayev, S.
(2025)).  Tijorat banklarida operatsion risklarini baholash va boshgarish tizimini tashkil gilish
(Rabbimov,J.(2025)). Tashkilotlarga bo‘layotgan xavf-xatarlarni baholash va bartaraf etish usullarini tahlili
(Turdimatov M.M., Baratova G.). Aktsiyadorlik jamiyatlarida investitsion risklarni boshqgarishning ilmiy-
uslubiy asoslari (Xasanov, H. (2024)). Korxona va tashkilotlarda axborot xavfsizligi risklarini baholash
usullarini  tahlili (Turdimatov M.M., Abdubannayev A. (2025)). Korxonalarda risk boshgaruvi
mexanizmlarini joriy etish va inson resurslaridan foydalanish istigbollarini takomillashtirish (Tashpulatova,
M. (2024)). O zbekiston Respublikasida infratuzilma loyihalarini amalga oshirishdagi risklarni boshqarish
(Yusupova, Z. (2025)).

BIA metodikasi doirasida tashkilotning eng muhim biznes jarayonlarini aniglash, ularning
o‘zaro bog‘ligligini xaritalash, jarayonlarning to‘xtab qolishi oqibatida yuzaga keladigan moliyaviy va
operatsion zararlarni baholash va har bir jarayon uchun ruxsat etilgan maksimal to‘xtash vaqti (RTO) hamda
tiklash nugtasi magsadi (RPO) aniglab borildi. Bu jarayon BCMning keyingi barcha bosgichlari uchun
poydevor bo‘lib xizmat qildi.

Risklarni baholash bosgichida ehtimol-ta’sir modeli asosida xavf omillarining intensivligi aniglanib,
ular toifalarga ajratildi va ustuvorlik darajasi bo‘yicha reytinglash amalga oshirildi. Ushbu yondashuv xavflar
reestrining shakllanishiga va ularga nisbatan qaysi boshqaruv choralarini ko‘rish zarurligini belgilab olishga
imkon berdi. Tiklash strategiyasini ishlab chigish jarayonida zaxira serverlar, muqobil ish joylari, bulut
texnologiyalari, avtonom elektr ta’minoti, ma’lumotlarni replikatsiya qilish texnologiyalari va xodimlarning
o‘zaro almashinuv tizimlari kabi texnik va tashkiliy yechimlardan foydalanish darajasi o‘rganildi[5-7,10].

Tadgigot davomida modellashtirish usuli yordamida turli favqulodda holatlar stsenariylari yaratilib,
BCMning real faoliyatda qay darajada samarali ishlashi baholandi. Shuningdek, taggoslama tahlil metodidan
foydalanib, xalgaro standartlar - xususan ISO 22301 — talablari bilan mavjud uslubiy qo‘llanmalar
o‘rtasidagi farq va o‘xshashliklar aniglab borildi. Tizimli yondashuv metodidan foydalanish esa tadqiqotning
barcha bosqichlarini yagona mantiqiy struktura asosida o‘rganishga imkon berdi. Ushbu metodlar yordamida
BCMning amaliyotga tatbiq etish mexanizmlari chuqur tahlil gilindi va tashkilotlar uchun moslashuvchan,
real sharoitga yo‘naltirilgan yondashuvlar shakllantirildi.

Natijalar. Tadgiqgot davomida olib borilgan tahlillar tashkilotlarda biznes uzluksizligini boshgarish
tizimini samarali shakllantirish uchun zarur bo‘lgan bir qator asosiy jarayonlar va ularning o‘zaro
bog‘ligligini aniq ko‘rsatdi. Eng avvalo biznesga ta’sir tahlili (BIA) orgali tashkilotning eng muhim
funksiyalarini aniq ajratib olish mumkin bo‘ldi. Tahlil natijalari shuni ko‘rsatdiki, xizmat ko‘rsatish
jarayonlari, mijozlarga xizmat bilan bog‘liq operatsiyalar, ma’lumotlarni qayta ishlash, texnik xizmatlar,
infratuzilma boshqaruvi va axborot tizimlari kabi funksional yo‘nalishlar har gqanday uzilishdan eng ko‘p
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zarar ko‘rishi mumkin bo‘lgan jarayonlar qatoriga kiradi. Ushbu jarayonlar uchun ruxsat etilgan maksimal
to‘xtash vaqti (RTO) va tiklash nuqgtasi magsadi (RPO) kabi mezonlarning aniglanishi ularni qay darajada tez
tiklash zarurligini ko‘rsatib berdi va tiklash strategiyasining asosiy tarkibiy qismiga aylandi. Shuningdek,
BIA jarayonida aniglangan bog‘lanishlar asosida bir jarayonning to‘xtashi boshqa jarayonlarga zanjirsimon
ta’sir ko‘rsatishi mumkinligi ham aniqlandi, bu esa BCM strategiyasini yanada chuqurroq rejalashtirish
zarurligini ko ‘rsatdi.

Axborot xavfsizligi riskini baholash modeli oldingi tadgigotlardan foydalangan holda tashkilotning
axborot xavfsizligi riskini baholashning umumlashtirilgan modelini tuzish mumkin. Tashkilotning axborot
xavfsizligi darajasini aniglash uchun fagat bitta xavfning giymatini hisoblashda tashkilotning axborot
xavfsizligi darajasini aniglash mumkin emas. Ammo, agar siz ma’lum bir blok uchun bir nechta xavf yoki
xavfning giymatlarini hisoblasangiz, masalan:

» xavfsizlik yo‘nalishi bo‘yicha (mavjudlikni ta’minlash);

» ATni ta’minlash bo‘yicha chora-tadbirlar bo‘yicha (ATni ta’minlash bo‘yicha tashkiliy chora);

+ gimmatbaho aktiv uchun (tashkilot xodimlari);

Bunday holda siz tashkilotning axborot xavfsizligi darajasini hisoblashingiz mumkin. Buning uchun
bizga kerak:

Quidagi formuladan foydalanib, umumiy xavf giymatini hisoblash mumkin R num =
(1)
bu yerda R - parametrlar bloki bo‘yicha tashkilotning umumiy axborot xavfsizligi xavfi;
i - hisoblangan xususiy xavfning seriya ragami;
n - hisob-kitob gilingan xususiy risklarning umumiy soni.
Parametrlar bloki uchun umumiy xavfni hisoblash misoli quyidagi 1- jadvalda keltirilgan.

1en
=1

R;

1- jadval. Blok uchun axborot xavfsizligining umumiy xavfini hisoblash parametrlari.

Xususiy riskning ahamiyati | Parametrlar bloki uchun umumiy xavfning giymati
Xavf Nel 28
Xavt Ne2 15 R. =2Xyn p _log_9¢
6 =
Xavf Ne3 35 oMo

Tashkilotning IS darajasining giymatini aniglang. Buning uchun axborot xavfsizligi darajasini

baholash uchun ishlab chigilgan matritsadan foydalanish mumkin (2-jadval va 3-jadval).

Tashkilotning axborot xavfsizligi darajasini baholashda uchta parametr hisobga olinadi, menimcha,

tashkilotdagi axborot xavfsizligi darajasi quyidagilarga bog‘liq:
1. Parametrlar bloki uchun xavfning umumiy darajasi;

2. Tashkilotning umumiy tavakkalchilikning oldini olish xarajatlari (ular allagachon sarflangan);

3. Axborot xavfsizligi xavfiga munosabat: uni gabul gilish, uzatish yoki kamaytirish.

2-jadval. Axborot xavfsizligini baholash matritsasi (1-gism)

Xavfga Past xavf O‘rtacha xavf
munosabat Axborot xavfsizligi xarajatlari Axborot xavfsizligi xarajatlari
Yoqori O‘rta | past xarajat yo‘q | katta | orasida past xarajat yo‘q
Riskni o‘tkazish 10 9 8 7 9 8 7 6
Riskni 9 8 7 6 8 7 6 5
kamaytirish
kardinal 8 7 6 5 7 6 5 4
kamaytirish
Riskni gabul 7 6 5 4 6 5 4 3
qgilish
3-jadval. Axborot xavfsizligini baholash matritsasi (2-gism)
Xavfga Yugori xavf Kritik xavf darajasi
munosabat Axborot xavfsizligi xarajatlari Axborot xavfsizligi xarajatlari
Yoqori | O‘rta | past | xarajatyo‘q | Katta O‘rta past xarajat yo‘q
Riskdan qochish | 8 7 6 5 7 6 5 4
Riskni 7 6 5 4 6 5 4 3
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kamaytirish
kardinal 6 5 4 3 5 4 3 2
kamaytirish
Riskni gabul 5 4 3 2 4 3 2 1
qgilish

Taklif etilayotgan axborot xavfsizligi darajasi matritsasiga (2-jadval, 3-jadval) ko‘ra, 10 yoki 9-
darajaga ega bo‘lgan tashkilot, agar 100% axborot xavfsizligini ta’minlashning iloji bo‘lmasa, ishonchli
himoyalangan deb hisoblanadi.

Tashkilotga 8, 7 yoki 6 daraja berilgan bo‘lsa, axborot xavfsizligining o‘rtacha darajasiga ega deb
hisoblanadi.

Tashkilotga 5, 4 yoki 3 daraja berilgan bo‘lsa, axborot xavfsizligining juda past darajasiga ega deb
hisoblanadi.

Risk tahlili bosqichi orqali tashkilot faoliyatiga salbiy ta’sir ko‘rsatishi mumkin bo‘lgan xavf
omillarining to‘liq ro‘yxati shakllantirildi. Tahlil natijalariga ko‘ra, texnik nosozliklar, kiberhujumlar, elektr
ta’minotidagi uzilishlar, server va ma’lumotlar bazasining ishdan chiqishi, ma’lumotlarning tasodifiy
o‘chirilib ketishi, inson xatoliklari va tabiiy ofatlar kabi xavflar eng ustuvor tahdidlar sifatida qayd etildi.
Ehtimol-ta’sir modeli asosida ushbu xavflar reytinglash natijasida ularning aksariyatiga garatilgan
kamaytirish choralari ishlab chiqildi. Masalan, elektr ta’minoti uzilishi uchun uzluksiz quvvat manbalari
(UPS) va avtonom generatorlar, ma’lumotlar yo‘qolishi xavfi uchun esa bulutli saglash tizimlari va doimiy
replikatsiya mexanizmlari joriy etish tavsiya qilindi[8,9].

Tahlil asosida ishlab chiqilgan tiklash strategiyasi ko‘plab texnik va tashkiliy choralarni oz ichiga
oldi. Xususan, zaxira serverlar va virtualizatsiya texnologiyalari yordamida xizmatlarni tezkor gayta tiklash
imkoniyati yaratildi, muhim ma’lumotlarni bulutda saglash orqgali ularni har ganday holatda tiklash
kafolatlandi, aloga kanallarining zaxira variantlari ishlab chigildi va xodimlar uchun favgqulodda holatlarda
amal qilinadigan aniq yo‘rignomalar shakllantirildi. Tizimning haqgiqatda qay darajada ishlashini baholash
magsadida o‘tkazilgan sinovlar — stsenariy asosida modellashtirilgan mashglar, texnik tiklash testlari, zaxira
ish joylarida ishlash bo‘yicha trening mashg‘ulotlari — rejaning kuchli va zaif tomonlarini aniglashga
yordam berdi. Sinovlar jarayonida aniglangan kamchiliklar asosida reja takomillashtirildi va jarayonlar
o‘rtasidagi muvofiglashtirish yanada kuchaytirildi[ 10].

Natijalar shuni ko‘rsatdiki, BCM tizimi tashkilotda puxta ishlab chiqilgan va real stsenariylar asosida
tekshirib boriladigan bo‘lsa, u favqulodda holatlarda jarayonlarning to‘xtab qolish vaqtini sezilarli darajada
kamaytiradi va iqtisodiy yo‘qotishlarning oldini oladi. Umuman olganda, tadgiqot BCMning barcha
bosqichlari o‘zaro uyg‘un va tizimli bajarilganda, tizim tashkilotning favqulodda vaziyatlarga tayyorligini
tubdan oshiruvchi samarali boshgaruv vositasi ekanini tasdigladi.

Muhokama. Tadgigot jarayonida olingan natijalar biznes uzluksizligini boshgarish (BCM) tizimi
doimiy takomillashtirib borilishi zarur bo‘lgan dinamik jarayon ekanini yana bir bor isbotladi. BCM
faqatgina bir martalik reja yoki favqulodda vaziyatda qo‘llaniladigan choralar majmuasi emas, balki
tashkilotning har bir bo‘limi bilan uzviy bog‘liq holda ishlaydigan, muntazam ravishda yangilanadigan
boshqaruv tizimidir.

Har bir sinov, trening yoki modellashtirilgan ssenariy natijasida aniglangan xatoliklar tizimni real
holatlarga moslashtirishga yordam beradi, holatlarning o‘zgaruvchan tabiatini hisobga olib, rejaning gayta
ko‘rib chiqilishi va dolzarb holga keltirilishi esa BCMning amaliy samarasini oshiradi. Tadqiqot shuni
ko‘rsatadiki, axborot xavfsizligi, IT infratuzilmasi, yuqori darajadagi boshgaruv, inson resurslari va
kommunikatsiya bo‘limlarining o‘zaro muvofiqlashtirilgan ishlashi BCMning muvaffaqiyat kaliti
hisoblanadi; aks holda tizimning alohida bo‘limlari yaxshi ishlasa ham, umumiy uzluksizlikni ta’minlashda
bo‘shliglar yuzaga keladi.

BCMning iqtisodiy jihatdan katta ahamiyatga ega ekanligi ham tadqiqot natijalarida yaqqol ko‘rindi
— uzilishlarning oldini olish yoki ularni gisga muddatda bartaraf etish nafagat zararlarni kamaytiradi, balki
tashkilotning ragobatbardoshligini saqlash, mijozlar ishonchini mustahkamlash va brend obro‘sini himoya
qilishda ham muhim rol o‘ynaydi. Shuningdek, BCMning moslashuvchan metodikasi uni nafaqat yirik
korxonalar, balki kichik va o‘rta biznes subyektlari, davlat tashkilotlari, ta’lim muassasalari va boshqa
ijtimoiy soha institutlarida ham samarali qo‘llash imkonini beradi.

Bu tizimning universalligi uni har bir tashkilotning o‘ziga xos ehtiyojlari va resurslariga moslab
modifikatsiya gilish imkoniyatida namoyon bo‘ladi. Xulosa qilib aytganda, BCMning uzluksiz rivojlanishi,
texnologik innovatsiyalar bilan uyg‘unlashtirilishi va amaliyotga muntazam tatbiq etib borilishi uning
haqiqiy samaradorligini ta’minlaydigan eng muhim omillardir.
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Xulosa. Yakuniy xulosalarga ko‘ra, biznes uzluksizligini boshqarish tizimini to‘g‘ri loyihalash
tashkilotning umumiy barqarorligini ta’minlashda strategik ahamiyatga ega bo‘lgan omil sifatida namoyon
bo‘ladi. Tadqiqot jarayonida aniqlanganidek, risklarni erta aniqlash, biznesga ta’sir tahlilini to‘liq o‘tkazish,
tiklash strategiyalarini puxta ishlab chigish va rejalarni real sharoitlarga moslab muntazam sinovdan
o‘tkazish BCMning asosiy poydevor elementlari bo‘lib, ushbu bosqichlar uzviy va izchil amalga
oshirilganda tashkilot har ganday favqulodda vaziyatdan minimal yo‘qotish bilan chigish imkoniyatiga ega
bo‘ladi.

BCM tizimining samarali joriy etilishi nafagat iqgtisodiy xavfsizlikni mustahkamlaydi, balki
tashkilotning obro‘-e’tiborini himoya qiladi, mijozlar ishonchini saqlab qoladi va bozor raqobatida bargaror
pozitsiyani qo‘llab-quvvatlaydi. Zamonaviy texnologiyalar, bulutli yechimlar, avtomatlashtirilgan tiklash
tizimlari va xavfsizlik standartlari bilan uyg‘un integratsiya qilinishi BCMning amaliy samaradorligini
sezilarli darajada oshiradi. Shuningdek, xodimlarning muntazam tayyorlanishi, treninglar va favqulodda
vaziyat bo‘yicha mashg‘ulotlarning olib borilishi tizimning har doim ishga tayyor holatda bo‘lishini
ta’minlaydi.

Tadqiqot shuni ko‘rsatdiki, BCM metodikasi o°zining moslashuvchan tuzilishi va universalligi sababli
yirik korxonalardan tortib ta’lim muassasalari, davlat idoralari va kichik biznes subyektlarigacha bo‘lgan
keng doiradagi tashkilotlarda muvaffaqiyatli qo‘llanishi mumkin. Xulosa qilib aytganda, BCMni joriy etish
tashkilotning xavfsizlik madaniyatini mustahkamlovchi, kelajakdagi xavf va tahdidlarga nisbatan
chidamliligini oshiruvchi, uzoq muddatli barqaror rivojlanishni ta’minlovchi muhim boshqaruv
mexanizmidir.
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Annotatsiya. Tagsimlangan hisoblash tarmog ‘i uchun axborot xavfSizligi tizimini shakllantirishning
ikki bosgichli metodikasi taklif etiladi. Birinchi bosgichda ehtimollar nazariyasiga asoslangan matematik
model yordamida zaiflik koeffitsiyenti aniglanadi. Ushbu koeffitsiyent axborotlashtirish obyektining tarmog ‘i
axborot xavfsizligi darajasini migdoriy baholash hamda xavflarning ruxsat etilgan va tangidiy chegaralarini
belgilashga xizmat qiladi. Ikkinchi bosqichda tagsimlangan hisoblash tarmog‘i resurslari Proxmox VE
virtualizatsiya tizimi asosida tashkil etilib, xostlarga Suricata IPS joylashtiriladi va Splunk SIEM tizimi bilan
integratsiya gilinadi. Virtual muhitda tarmoq qurilmalari va axborot xavfsizligi komponentlarini imitasion
modellashtirish orqali himoyalangan taqsimlangan hisoblash tarmog‘i modeli quriladi. Natijada taklif
etilgan metodika zaiflik darajasini anigrog baholash va axborot xavfsizligi tizimini asoslangan ravishda
loyihalash imkonini beradi.

Kalit so‘zlar: axborot xavfsizligi, axborotlashtirish obyekti, tagsimlangan hisoblash tarmog,
matematik model, zaiflik koeffitsiyenti, virtualizatsiya, 1DS, SIEM.

CUCTEMA OBECIIEYHEHUA HH@O}’MAHHOHHOFI BE3OITACHOCTH HA OCHOBE
MOJEJHUPOBAHMUSA ITOKA3ATEJIEA YA3BUMOCTHU KOMIIBIOTEPHOU CETHU
YHUBEPCUTETA

Annomayusa. [lpeonazaemcs 08yxamannas Memoouka GopmMupo8anus cucmemuvl UHGOPMAYUOHHOU
bezonacnocmu 0151 pacnpedenénnol evluucaumenvHou cemu. Ha nepsom smane ¢ ucnonv3oganuem
mMamemamu4eckou MoOenu, OCHOBAHHOU HA —annapame meopul  8epOSIMHOCMeEU, —Onpeoessemcs
Koappuyuenm yazeumocmu. Jauuoil Kodpduyuenm cayscum O KOAUYECNBEHHOU OUEHKU YPOGHS
uHgopmayuonnol besonacocmu cemu 00vekma uHoOpmMamuzayuu, a makdice Oa ONpedeneHUs
O00NYCMUMBIX U KPUMUYECKUX NOpo208 yepo3 besonacnocmu. Ha emopom smane pecypcul pacnpedenénnou
BLIYUCTIUMENbHOU Cemu Op2anusylomcs Ha 6aze cucmemvl eupmyanuzayuu Proxmox VE, na xocmax
pazeépmuieaemca cucmema Suricata IPS, u ocywecmensemcs unmezpayusa c cucmemou Splunk SIEM. B
BUPMYANbHOU cpede NYMEM UMUMAYUOHHO20 MOOETUPOBAHUS CEeMesblX YCMPOUCME U KOMHOHEHMO8
UHDOPMAYUOHHOU Oe30nacHoCmuU popMupyemcst MoOelb 3auUEHHOU PACAPEOENEHHOU GLIYUCIUMETbHO
cemu. B pezynvmame npednosicennas Memoouxa no3eosem 06ojiee moyHo OYeHUusams yPOGeHb YA36UMOCHU
U 060CHOBAHHO NPOEKMUPOBAML CUCEMY UHPOPMAYUOHHOU Oe30NACHOCTU.

Knioueswie cnosa: ungopmayuonnas be3onacnocms, 06beKm unGopmMamusayuu, pacnpeoenéHHas
BLIUUCTIUMENbHASL CeMb, MAMEeMAmuyeckas mooensb, Kodgd@uyuenm ysazgumocmu, eupmyanusayus, IDS,

SIEM.

INFORMATION SECURITY SYSTEM BASED ON MODELING OF VULNERABILITY
INDICATORS OF UNIVERSITY COMPUTER NETWORK

Abstract. A two-stage methodology for designing an information security system for a distributed
computing network is proposed. In the first stage, a vulnerability coefficient is determined using a
mathematical model based on probability theory. This coefficient is used to quantitatively assess the
information security level of the informatization object’s network and to define the permissible and critical
thresholds of security threats. In the second stage, the resources of the distributed computing network are
organized on the basis of the Proxmox VE virtualization platform, Suricata IPS is deployed on the hosts, and
integration with the Splunk SIEM system is implemented. In a virtual environment, a protected distributed
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computing network model is constructed by means of simulation of network devices and information security
components. As a result, the proposed methodology makes it possible to more accurately assess the
vulnerability level and to design the information security system on a well-founded basis.

Keywords: information security, informatization object, distributed computing network, mathematical
model, vulnerability coefficient, virtualization, IDS, SIEM.

Kirish. Kompaniyalar axborotlashtirish obyektlari axborot xavfsizligiga tahdidlar landshafti uzluksiz
o‘zgarib borayotgan, shuningdek, kompyuter zararli dasturlari (kompyuter xakerlari)ning taktika va
strategiyalari takomillashib borayotgan sharoitda axborot xavfsizligi bo‘yicha mutaxassislar ko‘pincha
axborotni himoya qilish tizimlari ishining samaradorligi va ishonchliligiga tayanadilar. Bunday axborotni
himoya qilish tizimlarining asosiy vazifasi axborot tizimlaridan tashgariga axborotning (odatda maxfiy
ma’lumotlarning) sizib chiqishiga yo‘l qo‘ymaslikdan iborat. Qator tadqiqotlarda ko‘rsatilganidek [1],
axborot sizib chiqishi bilan bog‘liq axborot xavfsizligi hodisalarining aksariyati xodimlarning xatolari bilan
bog‘liq [2]. Sizib chiqgishlarning taxminan 25% qismi xakerlar [3], insayderlar yoki axborot tizimlari
foydalanuvchilarining yomon niyatli harakatlari natijasida yuzaga keladi.

Insayderlar ham, tashqi buzuvchilar ham axborot xavfsizligi vositalarini (yoki axborotni himoya gilish
tizimini — axborotni himoya qilish tizimlarini) chetlab o‘tishga intilishi tabiiy. Bu, aynigsa, nishonga olingan
(magsadli) hujumlar sharoitida dolzarbdir. Hujum giluvchi tomon va himoya tarafining bunday garama-
qarshiligining natijasi ko‘plab omillarga bog‘liq. Natijada, axborotlashtirish obyekti axborot xavfsizligi
tizimi (keyingi o‘rinlarda AXT) qay darajada mukammal bo‘lmasin, himoya muvaffaqiyatiga oldindan
kafolat berib bo‘lmaydi.

Shuni ham ta’kidlash kerakki, hujumlar soni [4] hamda ularning murakkabligi [5] ortib borar ekan,
zamonaviy ko‘p bosqichli axborotni himoya qilish tizimlari boshga qo‘shimcha vazifalarni ham hal etishga
xizmat qiladi [6]. Bunday qo‘shimcha vazifalarga quyidagilarni kiritish mumkin: axborot tizimlari ichida
ham, tashqariga ham keraksiz jo‘natmalarni oldini olish; xodimlarning axborot tizimlari resurslaridan
shaxsiy magsadlarda foydalanish holatlariga yo‘l qo‘ymaslik; axborotlashtirish obyektlari va/yoki uning
axborot tizimlari tagsimlangan hisoblash tarmog‘ida tarmoq trafigini monitoring qilish va ma’lumot uzatish
kanallari yuklamasini optimallashtirish; xodimlar yoki begona shaxslarning keraksiz axborotni (masalan,
spam yoki ortiqgcha hajmdagi ma’lumot) uzatishga bo‘lgan urinishlarini cheklash; jo‘natilayotgan xabarlarni
arxivlash, bu esa, masalan, axborot xavfsizligi bo‘yicha hodisani chuqurroq tahlil qilish zarur bo‘lgan
holatlarda muhim ahamiyatga ega; xodimlarning ish joylarida bo‘lishini nazorat qilish [7].

Agar axborot xavfsizligini tashqi buzuvchilardan himoya qilish haqida gapiradigan bo‘lsak, bugungi
kunda hujumlarni aniqlash tizimlari ko‘plab kompaniyalar va tashkilotlarning tagsimlangan hisoblash
tarmog‘i axborot xavfsizligi konturining ajralmas qismiga aylangan. Bunda odatda bostirib kirishni aniglash
tizimlari (Intrusion Detection System, IDS) va bostirib Kirishni oldini olish tizimlari (Intrusion Prevention
System, IPS) yoki IDS/IPSning integrallashgan yechimlaridan foydalaniladi. Oxirgi holatda IDS/IPS
tizimlari dasturiy-apparat majmuasi sifatida tarmoqgni ruxsatsiz kirishdan himoya gilishga xizmat giladi.

Axborotlashtirish obyektlari tarmog‘ida axborot xavfsizligini ta’minlashning tizimli yondashuvini
amalga oshirish uchun fagat axborotni himoya gilishning texnik vositalari arsenalidan foydalanish kifoya
emas. Bunday axborotni himoya gilish tizimlarini loyihalash bosgichidayoq ilmiy usullardan foydalanish
zarur. Bunday ilmiy usullarga, masalan, muayyan axborotlashtirish obyektlari uchun axborot xavfsizligi
tizimlari va jarayonlarini matematik yoki imitasion modellashtirish kiradi. Bunday modellashtirishning
asosiy magsadi — axborotlashtirish obyektlari axborot xavfsizligi tizimini boshqarish bilan bog‘liq optimal
qarorlarni topishdan iborat. Shu bilan birga, odatda qo‘shimcha vazifalar ham yuzaga keladi, masalan,
yuqorida tilga olingan IDS/IPS kabi ma’lum axborot xavfsizligi mexanizmlaridan foydalanish
samaradorligini baholash.

Muayyan axborotlashtirish obyektlari uchun axborotni himoya gilish tizimlarini modellashtirish
jarayonining o‘zini shartli ravishda ikki tarkibiy qismga bo‘lish mumkin:

» matematik, fizik yoki imitasion modellarning o‘zini yaratish;

e axborotni himoya qilish tizimlarining zarur tavsiflarini olish magsadida ushbu modellardan
foydalanish (ularni ishga tushirish).

Yuqorida keltirilganlarning barchasi tadgigot mavzusining dolzarbligini belgilab berdi. Xususan,
axborotlashtirish obyektlari zaiflik ko‘rsatkichlarini matematik va imitasion modellashtirish asosida
tagsimlangan hisoblash tarmog‘i axborot xavfsizligi tizimini shakllantirish metodikasini ishlab chigish
zarurati yuzaga keldi.

Adabiyotlar tahlili. Ma’lum bir axborotlashtirish obyekti uchun axborot xavfsizligi tizimini yaratish
haqida so‘z borganda, odatda himoya tomoni ikki xil vaziyatdan biriga duch keladi.
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Birinchi holatda axborotlashtirish obyektlari uchun axborot xavfsizligi tizimini “nol nuqtadan”, ya’ni
butunlay yangidan yaratish talab etiladi. Amalda bunday holatda axborot xavfsizligi tizimi himoya obyektida
mavjud bo‘lgan yechimlarga tayanmagan holda va axborotlashtirish obyektlarida axborot xavfsizligini
ta’minlashga kompleks yondashuv zarurligini to‘liq anglamagan holda loyihalanadi.

Ikkinchi holatda esa axborotlashtirish obyektlarida allagachon ma’lum darajada axborot xavfsizligi
vositalari mavjud bo‘ladi. Bu vaziyatda himoya tomoni oldida ushbu tizim samaradorligini oshirish vazifasi
turadi. Masalan, bunga axborot xavfsizligi tizimi (axborotni himoya qilish tizimlari) tarkibini
optimallashtirish hisobiga erishish mumkin. Yoki mavjud vositalarni axborotlashtirish obyektlaridagi eng
gimmatli axborot aktivlarini himoya gilishga gayta tagsimlash orgali. Amaliyotda aynan shu ikkinchi variant
ancha ko‘p uchraydi [8].

Kiberhujumlar bo‘yicha ijobiy bo‘lmagan statistik ma’lumotlarga qaramasdan [9], ko‘pincha
axborotlashtirish obyektlari rahbariyati axborot xavfsizligi masalalariga yetarlicha e’tibor bermaydi [10] —
toki o°zining axborot aktivlarini yetarli darajada himoya gilmagani yoki umuman himoya mavjud emasligi
ogibatida kelib chiggan muammolarga bevosita duch kelmaguncha [11].

Biroq, agar axborotlashtirish obyektlari rahbarlari noto‘g‘ri tashkil etilgan axborot xavfsizligi holati
ogibatida yuzaga kelgan aniq muammolarga duch kelsa [12], ular axborot xavfsizligi yo‘nalishiga sezilarli
miqdorda moliyaviy investitsiya ajratishga tayyor bo‘ladilar. Bunday vaziyatlarning takrorlanishiga yo‘l
go‘ymaslik ustuvor vazifaga aylanadi [13].

[14] da ta’kidlanganidek, axborotlashtirish obyektlarida axborot xavfsizligining belgilangan darajasiga
erishish o‘zaro bog‘liq vazifalar majmuasini muvaffaqiyatli hal etishga bog‘liq. Bunday vazifalarga,
masalan, axborot xavfsizligi tizimini (axborotni himoya qilish tizimlarini) ishlab chigish va joriy etish
jarayonida yechiladigan texnik-texnologik, moliyaviy, tashkiliy va boshqa turdagi masalalar kiradi.

Shunday qilib, yuqorida keltirilganlarga tayangan holda, zamonaviy axborotlashtirish obyektlari
larning ko‘pchiligi uchun ajralmas tarkibiy qism bo‘lgan tagsimlangan hisoblash tarmog‘i  zaiflik
ko‘rsatkichlarini modellashtirishga asoslangan axborot xavfsizligi tizimini shakllantirish metodikasini ishlab
chiqish masalasi dolzarb bo‘lib qolayotganini ta’kidlash mumkin.

Tadgigot metodologiyasi. Tagsimlangan  hisoblash  tarmog‘i  zaiflik  ko‘rsatkichlarini
modellashtirishga asoslangan axborot xavfsizligi tizimini shakllantirish metodikasini, shuningdek
axborotlashtirish obyektlari tarmog‘ining zaiflik koeffitsiyentini tavsiflovchi modelni ishlab chigish.

Tadgiqgot natijalari. Ma’lum bir axborotlashtirish obyektlari uchun qaysi axborot xavfsizligi
tizimlarini tanlash masalasini hal etish uchun axborot xavfsizligi tahdidlarining yuzaga kelishiga oid yagona
dinamik koeffitsiyentni ko‘rib chigish zarur [15]. Ushbu koeffitsiyent PPT € [0; 1] tahdidlar dinamikasini,
masalan axborotlashtirish obyektlarining tagsimlangan hisoblash tarmog‘isi uchun, hisobga olishga imkon
beradi, shuningdek tagsimlangan hisoblash tarmog‘i uchun tahdidlar ehtimolligini modellashtirishda
go‘llaniladi.

Odatda, ma’lum vaqt oralig‘ida faoliyat yuritadigan har bir tashkilot yoki kompaniyada axborot
xavfsizligi insidentlari bo‘yicha ma’lum statistik ma’lumotlar mavjud bo‘ladi. Demak, tahdidlarning
ro‘yobga chiqishining statistik ehtimoli haqida gapirish mumkin, u Pg, € [0; 1] bilan ifodalanadi.
Shuningdek, axborotlashtirish obyektlarining tagsimlangan hisoblash tarmog‘isi uchun tahdidlarni ekspert
baholash natijalariga tayanish mumkin, bunday baholash P,y € [0; 1] ko rinishida ifodalanadi.

[15] da tagsimlangan hisoblash tarmog‘i uchun axborot xavfsizligi tahdidlarining dinamik
komponentini (DC € [0; 1]) ko‘rinishida ko‘rib chigish taklif etilgan:

n-1_pn
Pn—l > n Pstat —Pstat ) .
stat stat’ pn ’

_ stat
DC = o1 g 1)
Pn—l < pn stat " Tstat .
stat — * stat» pn ’

stat

bu yerda (n) — masalan, axborotlashtirish obyektlarining tagsimlangan hisoblash tarmog‘isi uchun
axborot xavfsizligi tahdidlari bo‘yicha statistik ma’lumotlar davrlari. Ma’lumotlar, masalan, SIEM tizimi
yordamida axborot xavfsizligi hodisalarini monitoring gilish natijasida yoki IPS/IDS tizimlari ishiga oid
ma’lumotlar asosida olinadi.

Keyingi bosqichda axborotlashtirish obyektlari taqsimlangan hisoblash tarmog‘isi himoya
elementlarini aniglaymiz. Ushbu bosgichda, masalan, ekspert yordamida tagsimlangan hisoblash tarmog‘i
uchun zaifliklar va tahdidlar gistorgrammalari tuziladi.

Tahdid ro‘yobga chiqqan hollarda himoya tomoni favqulodda vaziyatga duch keladi. Bunday vaziyat
tahdidlarni amalga oshirishning barcha mumkin bo‘lgan oqibatlarini ko‘rib chiqishni talab etadi. Masalan, bu
axborotlashtirish obyektlari uchun ma’naviy, moddiy, axborot yo‘qotishlari va shu kabilar bilan bog‘liq
bo‘lishi mumkin.
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Tahdidlarni amalga oshirish ehtimolining maksimal giymatiniP2Z,., minimal giymatini esa P27 deb
belgilaymiz. Buni quyidagicha talgin gilish mumkin:

. agar PPT > PPT  bo‘lsa, ushbu tahdid, masalan axborotlashtirish obyektlarining tagsimlangan
hisoblash tarmog‘isi uchun, chuqurroq tahlil gilish zarur bo‘lgan tahdidlar gatoriga kiritiladi; u avtomatik
tarzda yuqori ustuvorlikka ega deb belgilanadi va uni bartaraf etish bo‘yicha choralar ko‘riladi;

. agar PET > PPT > pPDT bo‘lsa, bu tahdid o‘rta ustuvorlikka ega tahdid sifatida qaraladi;

o agar PPT > PPT bo‘lsa, bu tahdid past ustuvorlikka ega tahdid sifatida tavsiflanadi.

Demak, birinchi bosqichda axborotlashtirish obyektlari axborot xavfsizligi bo‘limi xodimlari uchun
tahdidlarni tahlil gilish va baholash, masalan tagsimlangan hisoblash tarmog‘i uchun axborotni himoya qilish
tizimlari mavjud tarkibi doirasida tahdidlarni saralash (filtrlash) imkoniyati yaratiladi.

Endi tagsimlangan hisoblash tarmog‘ining zaiflik koeffitsiyentini ko‘rib chigamiz.

Zaiflik tushunchasi ostida tagsimlangan hisoblash tarmog‘ining ma’lum bir himoya elementi, masalan,
brendmauerning (firewall) tahdid ta’siriga beriluvchanlik xususiyati tushuniladi. Ya’ni ushbu axborot
xavfsizligi tizimiga beqarorlashtiruvchi omillar ta’sir ko rsatishi mumkin. Brendmauerga ta’sir etuvchi eng
sodda begarorlashtiruvchi omillar sifatida alohida quyidagilarni keltirish mumkin:

. Axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘iga ishonchsiz ilovalardan kirish;

. RAW Socket’dan foydalanib axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘iga
kirish;

. Axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘ining ishonchli jarayonlariga
(processlariga) tashqgi DLL modulini Kiritish;

. Axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘ining ishonchli jarayonlarida trojan
ogimlarini yaratish;

. ishonchli jarayonlarning mashina kodini o‘zgartirish;

. ishonchsiz jarayonni yashirish;

. va hokazo.

Axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘ining zaiflik koeffitsiyentini joriy vaqt
nugtasida mavjud axborot xavfsizligi darajasining migdoriy bahosi sifatida talgin gilish mumkin. Shu bilan
birga, bunday baholash tagsimlangan hisoblash tarmog‘i hamda umuman axborotlashtirish obyektlarining
real ish sharoitlari bilan uzviy bog‘liq bo‘ladi. tagsimlangan hisoblash tarmog‘i (yoki umuman
axborotlashtirish obyektlari) zaiflik koeffitsiyentini shakllantirishga yondashuv 1-rasmda ko‘rsatilgan.

Ogohlantirish bosqichi <:] Tashgi muhit To*qnashuv bosqichi

VCuy

Axborotlashtirish
obekti tagsimlangan

Ko*plab tahdidlar . L
P hisoblash tarmog*1 himoya

TR ] | RN | | VPl | elementlari l L I
VCpa
Ehtimoliy zarar Ogqibatlarm bartaraf etish
[ Dal | [ DaN | [t | [cLy |

1-rasm. Universitet tarmog‘i zaiflik koeffitsiyentini shakllantirishga yondashuv
Shunda tagsimlangan hisoblash tarmog‘i zaiflik koeffitsiyenti qiymatini (V'C) [15] ish natijalarini
hisobga olgan holda guyidagicha ifodalaymiz:
M
- Cl..
VC =TI, VC x0T

maxZ?"DCij

)
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bu yerda: VC;— tagsimlangan hisoblash tarmog‘i axborot xavfsizligi uchun i-tahdid yuzaga kelgan
holatda zaiflik koeffitsiyenti giymati; DC;; — axborot xavfsizligi bo‘yicha i-tahdid yuzaga kelganida
tagsimlangan hisoblash tarmog‘ining j—komponenti (masalan, axborot xavfsizligi vositalari) uchun zarar
koeffitsiyenti giymati; N — tagsimlangan hisoblash tarmog‘i axborot xavfsizligi uchun tahdidlar soni; M —
AX tizimi (axborotni himoya gilish tizimlari) elementlari ham Kkiritilgan holda tagsimlangan hisoblash
tarmog‘i elementlarining soni.

Tahdidlarni bartaraf etish uchun odatda faqat tashkiliy choralar yetarli bo‘lmaydi. Samarali himoya,
qoida tariqasida, axborotni himoya qilish texnik vositalarini xarid qilish, xodimlarni o‘qitish, yuqori malakali
mutaxassislarni jalb qilish va hokazo yo‘nalishlarda moliyaviy investitsiyalarni talab giladi.

Axborot xavfsizligi tizimlari sonini, ularning axborot xavfsizligining integral metrikalariga asoslangan
texnik parametrlarini tanlash masalasini hal etish uchun axborotlashtirish obyektlari tagsimlangan hisoblash
tarmog‘i uchun maqsad funksiyasi sifatida yillik keltirilgan xarajatlar qabul gilinadi:

Z CE, + z oc,, 3)

bu yerda: p — tahlil qgilinayotgan axborotlashtlrlsh obyektlari uchun tagsimlangan hisoblash tarmog*i
axborot xavfsizligi bo‘yicha kapital qo‘yilmalarning nisbiy samaradorligini tavsiflovchi koeffitsiyent;
CE;, OC; — mos ravishda taqsimlangan hisoblash tarmog‘i axborot xavfsizligi bo‘yicha kapital (kapital
xarajatlar) va ekspluatatsion (foydalanish) xarajatlarning i—-moddasi; n,m — mos ravishda tagsimlangan
hisoblash tarmog‘i axborot xavfsizligiga oid kapital va ekspluatatsion xarajatlar tarkibiy gismlarining soni.

Modelni soddalashtirish maqsadida taqsimlangan hisoblash tarmog‘i axborot xavfsizligi uchun yillik
keltirilgan xarajatlar ushbu tagsimlangan hisoblash tarmog‘i axborot xavfsizligi tizimiga investitsiyalar
samaradorligini baholashning asosiy mezoni sifatida gabul gilinadi. Bunday soddalashtirish modelning
umumiy ishlash samaradorligini ko‘rsatishga imkon beradi. Magsad funksiyasini (MF) hisoblash
formulasining soddaligi tagsimlangan hisoblash tarmog‘i uchun optimal axborot xavfsizligi tizimlari
tarkibini aniglash masalasini yechishda model mosligini tahlil gilishni yengillashtiradi.

Tagsimlangan hisoblash tarmog‘i axborot xavfsizligi uchun ma’lum bir sinfga oid axborot xavfsizligi
tizimini (masalan, brendmauer, IPS/IDS, SIEM va hokazo) sotib olish bilan bog‘liq xarajatlarni quyidagi
funksiya ko‘rinishida ifodalaymiz:

CE{y = a4 +a, xIPI, 4

bu yerda: (IPl) — ma’lum bir sinfga mansub axborot xavfsizligi tizimi samaradorligining integral
ko‘rsatkichi (masalan, brendmauer, IPS/IDS, SIEM va boshqalar); a; + a, — chizigli yaginlashtirish uchun
koeffitsiyentlar.

Xuddi shu tarzda tagsimlangan hisoblash tarmog‘i uchun boshga axborot xavfsizligi tizimlari sinflarini
sotib olish, o‘rnatish, ulash (masalan, axborotlashtirish obyektlari axborot tizimiga ulash, kirishni boshqarish
vositalari va hokazo) bilan bog‘liq kapital xarajatlarni ham ifodalash mumkin.

Ekspluatatsion xarajatlar va cheklovlarni ham xuddi shunday yondashuv asosida ifodalash mumkin,
[16, 17] ishlarda ko‘rsatilganidek, bu yerda yaqinlashtirish ifodalari majburiy ravishda chizigli bo‘lmasligi
mumkin.

Taklif etilgan metodikada tagsimlangan hisoblash tarmog‘i (yoki axborotlashtirish obyektlari) uchun
axborot xavfsizligi tizimi tavsifini batafsil berish zarur bo‘lgan asosiy alohida mezonlar to‘plami CR
kiritiladi:

CR = {CRy,CR,,CR3,CR,4,CRs, } (5

bu yerda: CR;, — ma’lum sinfga mansub AX tizimi qiymati; CR,, — mos axborot xavfsizligi tizimi
bilan gamrab olinadigan axborotlashtirish obyektlari axborot xavfsizligi bo‘yicha tahdidlar sinflari soni; CR3,
— tagsimlangan hisoblash tarmog‘i uchun mos axborot xavfsizligi tizimi sinfi hisobiga kamayadigan
(neytrallashadigan) risk miqdori; CR,, — mos axborot xavfsizligi tizimi uchun axborot xavfsizligi
sertifikatlarining mavjudligi; CRs, — umumiy himoya majmuasida va axborotlashtirish obyektlari axborot
xavfsizligi doirasida alohida axborot xavfsizligi tizimining moslashuvchanlik (mos keluvchanlik)
ko‘rsatkichi.

Yugqorida keltirilgan alohida mezonlarning har biri 0 dan 1 gacha bo‘lgan oraligda qiymat qabul qilishi
mumkin. Masalan, CRs, uchun: agar ma’lum bir axborot xavfsizligi tizimi himoyalangan tagsimlangan
hisoblash tarmog‘i tugunida joylashgan boshqa vositalar bilan to‘liq mos bo‘lsa, CR5 = 1, aks holda CR5 =
0 deb gabul gilinadi. CR; mezoni uchun izoh quyidagicha bo‘lishi mumkin:
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1, if Cise < C;
CR; ={0,5if 0,5 * C[t:™ < Cip < CI2*; (6)
oif Cise > CT,
bu yerda: C;; — tahlil gilinayotgan sinf doirasidagi axborot xavfsizligi tizimining (masalan,
brendmauer, kirishni cheklash vositalari, bostirib kirishni aniglash tizimlari va hokazo) haqigiy giymati;

CE&* — shu sinf doirasidagi axborot xavfsizligi tizimining maksimal giymati. CR, mezoni uchun izoh

quyidagicha bo‘lishi mumkin: '
( Lif Yy myg = |IST|;
0,5if 0,5 % |IST| < X1y mg < |IST];
0,25if 0 < Xy myzx < 0,5+ |IST]
0if Zzn=1m1i§§£i =0,

bu yerda: IST — tagsimlangan hisoblash tarmog‘i axborot xavfsizligi uchun tahdidlar ko‘pligi (bu

miqdor doimiy emas va tashqi omillarga bog‘liq); n — ma’lum tagsimlangan hisoblash tarmog‘i uchun
dolzarb tahdidlar soni; m,i_sq;"ii — mavjud va rejalashtirilgan himoya vositalari hamda tagsimlangan hisoblash
tarmog‘i axborot xavfsizligi uchun dolzarb kiber—tahdidlarning gamrov (gayta gqoplanish) matritsasi.
CR3;mezoni uchun izoh quyidagicha bo‘lishi mumkin [16]:

. ist
( 1,if Z?:lRISR * mISRkii <Rgy;
0,5if Ry < X7y Rysg * Mg < 0,5 % Ry
. ist
| 0,25if 0,5* Rer < X1y Rysp * mlstii < R¢r

, ist
k 0if XitiRisr * m15Rk“ 2 Rer,

CRy = (7

CRs = ®)

bu yerda: R,, R, — mos ravishda axborotlashtirish obyektlari tagsimlangan hisoblash tarmog‘i uchun
axborot xavfsizligi riskining ruxsat etilgan va kritik darajalari; n — ma’lum tagsimlangan hisoblash tarmog‘i

uchun dolzarb tahdidlar soni; m,i;‘;;;i — mavjud va rejalashtirilgan axborot xavfsizligi tizimlari hamda axborot

xavfsizligi tahdidlari uchun gamrov matritsasi.

Alohida mezonlar uchun shunga o‘xshash hisoblashlar ilmiy adabiyotlarda bir necha bor tasvirlangan
(masalan, [10], [12]).

Shunda taklif etilgan alohida mezonlardan foydalanib, tagsimlangan hisoblash tarmog‘i uchun butun
axborot xavfsizligi tizimi samaradorligini (EF) quyidagi vektor ko‘rinishida ifodalash mumkin:
EF ={1,1,1,1,1} 9

Aslida, bu ko‘rinishda tagsimlangan hisoblash tarmog‘i axborot xavfsizligi tizimlari samaradorligini
baholash uchun “etalon” alohida mezonlar to‘plamini olish mumkin.

Shunday qilib, yuqorida aytilganlarni hisobga olgan holda tagsimlangan hisoblash tarmog‘i zaiflik
koeffitsiyentini quyidagicha ifodalash mumkin:

M

Ve = Z EFlPexpert(i) * (Pstat(i) + DCi)J

= ZﬂVI aij * CEFU ’

bu yerda: «;; — tagsimlangan hisoblash tarmog‘i axborot xavfsizligiga nisbatan i~tahdidni

bloklashning mos bosqichlarida tagsimlangan hisoblash tarmog‘i axborot xavfsizligining j—vositasi ta’sir

darajasini tavsiflovchi og‘irlik koeffitsiyentlari; CEF;; — tagsimlangan hisoblash tarmog‘i axborot

xavfsizligiga nisbatan i—tahdidni bloklashning mos bosqichlarida tagsimlangan hisoblash tarmog‘i axborot

xavfsizligining j—vositasi (masalan, brendmauer, IPS/IDS, SIEM va hokazo) samaradorligini tavsiflovchi
og‘irlik koeffitsiyentlari.

Taklif etilgan axborotlashtirish obyektlari axborot xavfsizligi tizimini shakllantirish metodikasining
samaradorligini eksperimental tekshirish maqgsadida shartli (virtual) axborotlashtirish obyektlari tarmog‘i
loyihalandi. Kompyuterda Windows 11 operatsion tizimi o‘rnatilgan bo‘lib, unda VmWare Workstation
platformasi ishlatildi. Kompyuterning o‘zi Intel Xeon E5 1650 server protsessoriga asoslangan bo‘lib, 64 GB
tezkor xotira bilan jihozlangan; bu virtual mashinalar (VM) yaratish va tizimlarni modellashtirish
amaliyotlari uchun yetarli hisoblanadi.

Jami 3 ta virtual mashina yaratildi, ulardan 2 tasi Proxmox VE operatsion tizimi tomonidan
boshqarilib, boshga virtual mashinalarni joylashtirish uchun gipervizor sifatida xizmat giladi. Uchinchi

(10)
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virtual mashinada Ubuntu Server operatsion tizimi o‘rnatildi. Shuningdek, ushbu VMda EVE-NG
tarmoqlarni modellashtirish tizimi ham o‘rnatildi.

Infratuzilmani qulay boshgarish magsadida klasterli yechimlardan foydalanildi. Bu bir nechta
serverlarni bitta tizimga birlashtirish, resurslarni zaxiralash va markazlashtirilgan boshgaruvni ta’minlash
imkonini berdi. Proxmox VE ushbu imkoniyatni qo‘llab-quvvatlagani sababli, 2 ta serverni bitta klasterga
birlashtirish haqida qaror qabul qilindi. Klaster yaratilgandan so‘ng istalgan host manziliga murojaat qilib,
ikki server va ularning barcha resurslari (VMlar, konteynerlar, saglash qurilmalari va hokazo) hagida
ma’lumotlarni ko‘rish mumkin bo‘ldi. Klaster yaratish bir qator afzalliklarni berdi, ulardan biri —
serverlardagi VMlarni klasterning boshqa tugunlariga ko‘chirish imkoniyati bo‘lib, bu holat 2-rasmda
ko‘rsatilgan.

Yuqorida ta’kidlanganidek, tarmoq qurilmalarida axborotlashtirish obyektlari tarmog‘i modelini
gurish uchun EVE-NG ilovasi qo‘llanildi. 1 ta marshrutizator (brendmauer funksiyasini ham bajaradi) va 2 ta
yadroviy (core) kommutator qo‘shildi. Birinchi kommutator server segmenti, ikkinchisi esa foydalanuvchi
segmenti uchun mas’ul bo‘ldi. Shuningdek, foydalanuvchi segmenti uchun mas’ul yadroviy kommutatorga
ulangan kirish (access) kommutatorlari ham qo‘shildi.
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2-rasm. Axborotlashtirish obyekti tarmog‘i diagrammasi

Shunga mos ravishda, ushbu ikki segmentdagi foydalanuvchilar uchun kirish siyosati turlicha deb
gabul gilindi: menejment kommutatorlari orqgali ulangan foydalanuvchilar axborotlashtirish obyektlari
serverlarida joylashgan lokal resurslarga ko‘proq kirish huquqlariga ega bo‘ladi, 2-rasmga garang. Barcha
qurilmalar VmWare’ning virtual interfeyslariga ulangan. VmWare interfeyslari esa 0°z navbatida shaxsiy
kompyuterning tarmoq interfeysiga ulanadi. Kompyuterning o‘zi provayder tarmog‘iga ulangan
marshrutizatorga ulab qo‘yilgan.

Axborotlashtirish obyektlari axborot xavfsizligining kompleks tizimini shakllantirish metodikasini
tadqiq etish doirasida axborotlashtirish obyektlari tarmog‘i parametrlarini tashqi hujumlardan himoyalangan
holatga o‘zgartirish qarori qabul qilindi. Yadro kommutatorlarini hamda ular bilan marshrutizator orasidagi
alogalarni rezervlash (rezervlashgan ulanishlarni tashkil etish) hagida garor gabul gilindi. Buning uchun
serverlardan va foydalanuvchi kirish kommutatorlaridan ikkala yadro kommutatoriga ham alogalarni tashkil
etish lozim bo‘ladi. Bugungi kunda aksariyat kirish kommutatorlarida bunday maqsadlar uchun 2—4 ta yugori
tezlikdagi portlar mavjud va serverlarda odatda kamida 2 portli tarmoq kartalari o‘rnatilgan bo‘ladi.

Marshrutizator va yadro kommutatorlarini o‘zaro bog‘lash uchun dinamik marshrutlash protokoli
o‘rnatildi.

Keyin yadro kommutatorlarida virtual tarmoglar (VLAN) yaratildi. Bu axborotlashtirish obyektlari
resurslarini axborot xavfsizligini ta’minlash, kirishni cheklash va tarmoq trafigini ichki kichik tarmoqlarga
(subtarmogqlarga) bo‘lish orqali segmentatsiya qilish imkonini berdi. Shuningdek, tarmoqdagi sikllar (loop)
paydo bo‘lishining oldini olish uchun kommutatorlarda STP protokoli sozlandi. Bundan tashqari, DHCP
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snooping, ARP paketlarini tekshirish, flood turidagi hujumlar uchun trafikni filtrdan o‘tkazish funksiyalari
yo‘lga qo‘yildi.

Axborotlashtirish obyektlari tarmog‘ini yanada ishonchliroq himoya qilish magsadida, uning ayrim
tugunlarida xavfsizlikni ta’minlash va DNS manzillarini filtrlashdan tashqari, kiberhujumlarni aniqlash
uchun tarmoq trafigini tahlil giluvchi alohida virtual mashinani (VM) ulash magsadga muvofiq deb topildi.
Bu magsad uchun IPS Suricata o‘rnatilgan Kali Linux (Debian) asosidagi alohida VM yaratish garori gabul
qgilindi.

Axborotlashtirish obyektlari ning himoyalangan tarmog‘i sozlash ishlari yakunlangach, tizimning
ishlash samaradorligi sinovdan o‘tkazildi. Buning uchun Pi-Hole o‘rnatilgan VM barcha qurilmalarda hamda
chegara (perimetr) marshrutizatorida asosiy DNS server sifatida ko‘rsatildi. Pi-Hole ilovasi real vaqt rejimida
gaysi so‘rovlar bloklangani va qaysilariga ruxsat berilgani hagida ma’lumotlarni ko‘rish imkonini berdi. Pi-
Hole yordamida axborotlashtirish obyektlari axborot xavfsizligi administratori statistikani diagramma
ko‘rinishida ko‘rishi va ular bo‘yicha batafsil ma’lumotlarni tahlil gilishi uchun qulay sharoit yaratildi.

Olingan natijalardan (3-rasmga qarang) ko‘rinib turibdiki, virtual tagsimlangan hisoblash tarmog-i
uchun sinovdan o‘tkazilgan axborot xavfsizligi tizimi (taklif etilgan metodika asosida qurilgan) 5 soatlik ish
davomida 3700 dan ortiq zararli so‘rovlarni blokladi, bu esa axborotlashtirish obyektlari tarmog‘iga
kirayotgan jami trafikning 41 % dan ortig‘ini tashkil etadi. Shunday qilib, axborotlashtirish obyektlari
tarmog‘i axborot xavfsizligini oshirish maqsadida IDS va SIEM tizimlaridan foydalanish bo‘yicha qabul
qilingan qarorlarning to‘g‘riligi tajriba asosida tasdiglandi.

IDS Suricata va SIEM Splunk o‘rnatilgach, SIEM tizimi IDS’dan tizim xabarlari (loglar)ni ola
boshladi. Atigi bir soat ichida sistema bo‘yicha axborotlashtirish obyektlari axborot xavfsizligi qoidalarining
buzilishi va tegishli trafikni bloklash hagida 20 ta xabar yuborildi. Bu esa bunday tizimlar axborotlashtirish
obyektlari xavfsizlik konturi doirasida o‘zini oglashini xulosa qilish imkonini berdi.

New Pivot

3-rasm. IDS Suricata’dan olingan ogohlantirishlarning Splunk tizimida grafik ko‘rinishda
tasvirlanishi

Na fagat tagsimlangan hisoblash tarmog‘i, balki umuman axborotlashtirish obyektlari bo‘yicha
axborot xavfsizligi darajasini baholashda ham ushbu matematik yondashuvdan foydalanish imkoniyatini
alohida ta’kidlash joiz. Hozirgi bosqichdagi tadqiqotning kamchiligi sifatida tagsimlangan hisoblash
tarmog‘i yoki umuman axborotlashtirish obyektlari uchun tahdidlarning to‘liq ro‘yxati ko‘rib chiqilmaganini
gayd etish mumkin. Shuningdek, tajriba davomida tahdidlarni neytrallash uchun tanlab olingan axborot
xavfsizligi choralari ro‘yxati ham cheklangan bo‘lgan.

Muhokama. Ko‘pgina zamonaviy axborot xavfsizligi obyektlarining hisoblash tizimlari yoki
tagsimlangan hisoblash tizimlari o‘z arxitekturasida murakkab elementlarning katta to‘plamini birlashtiradi.
O°z navbatida, bunday elementlarning har biri kompyuter hujumchilari tomonidan amalga oshiriladigan
kiberhujumlarga nishon bo‘lishi mumkin. Shunga mos ravishda, tagsimlangan hisoblash tarmog‘i
arxitekturasini tashkil etuvchi har bir element yetarlicha katta sonli kiber tahdidlarga duch keladi.
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Mazkur tahdidlarning tagsimlangan hisoblash tarmog‘i axborot tizimlariga ko‘rsatadigan ta’sirini
kamaytirish, ayrim hollarda esa yetkazilishi mumkin bo‘lgan zararni oldini olish magsadida tarmoq
arxitekturasiga turli xil axborotni himoya qilish vositalari integratsiya gilinadi. Yoki, potensial tahdidlarning
xilma-xilligini inobatga olgan holda, axborot xavfsizligini ta’minlash bo‘yicha chora-tadbirlar va vositalar
majmui shakllantiriladi.

Tagsimlangan hisoblash tarmog‘i uchun axborot xavfsizligi vositalarini ko‘paytirish, demakki,
sarflanadigan resurslar, birinchi navbatda moliyaviy resurslar hajmini oshirish har doim ham kutilgan
natijani bermasligi allagachon isbotlangan. tagsimlangan hisoblash tarmog‘ida qo‘llaniladigan axborot
xavfsizligi vositalari va chora-tadbirlari turli yo‘nalishlarga qaratilgan bo‘lishi mumkin. Masalan, bu zararli
dasturiy ta’minotning muhim tagsimlangan hisoblash tarmog‘i tugunlariga kirib borishiga yo‘l
go‘ymaydigan axborot xavfsizligi vositalari bo‘lishi mumkin. Yoki tizim administratorlari uchun butun
tagsimlangan hisoblash tarmog‘i hamda uning alohida komponentlari ishini monitoring qilishga
mo‘ljallangan ommabop dasturiy mahsulotlar bo‘lishi mumkin.

Axborot xavfsizligi tahdidlari landshafti uzluksiz o‘zgarib borayotgani va tagsimlangan hisoblash
tarmog‘i arxitekturasi murakkablashgani sari tahdidlar soni ortib borayotganini inobatga olsak,
tarmoqlarning xavfsiz va ishonchli ishlashini ta’minlashga doir masalalar yanada ko‘proq e’tibor va
go‘shimcha tadqiqotlarni talab qiladi. Shu sababli tagsimlangan hisoblash tarmog‘i uchun axborot xavfsizligi
tizimini shakllantirish bo‘yicha taklif etilgan metodika va zaiflik koeffitsiyenti modeli axborotlashtirish
obyektining taqsimlangan hisoblash tarmog‘i bo‘yicha zaiflik darajalarini miqdoriy baholash imkonini
berishi amaliy jihatdan asoslangan.

Xulosa. Shunday qilib, olib borilgan tadgiqotlar quyidagi natijalarga erishish imkonini berdi:

e Universitet hisoblash tarmog‘i (yoki tagsimlangan hisoblash tarmog‘i) uchun axborot xavfsizligi
tizimini shakllantirish metodikasini aniqlashtirish bo‘yicha takliflar ilgari surildi.

o Metodikaning birinchi bosgichida ehtimollar nazariyasi apparatiga tayangan holda matematik
modellashtirishdan foydalanish tavsiya etiladi. Taklif etilgan yondashuv tagsimlangan hisoblash tarmog‘i
zaiflik koeffitsiyentini (zarurat tug‘ilganda esa umuman axborotlashtirish obyektlari uchun) hisoblashga
mo‘ljallangan analitik ifodani olish imkonini berdi.

e Tagsimlangan hisoblash tarmog‘i axborot xavfsizligi tizimini shakllantirish metodikasining
ikkinchi bosqgichida axborotlashtirish obyektlari tarmog‘i axborot xavfsizligi komponentlarini imitasion
modellashtirish va virtualizatsiya usullari qo‘llaniladi.

o Eksperimental tadgiqotlar jarayonida axborotlashtirish obyektlari ning himoyalangan tarmoq
modeli yaratildi. Eksperimental modelda tarmoqg qurilmalari va axborot xavfsizligi komponentlari virtual
mashinalarda (VM) emulyatsiya qilindi. axborotlashtirish obyektlari tarmog‘i resurslari Proxmox VE server
virtualizatsiya tizimi yordamida qayta tiklandi (replikatsiya qilindi). axborotlashtirish obyektlari tarmog‘i
xostlarida PVE boshgaruvi ostida Suricata IPS tizimi joylashtirildi, Splunk tizimi esa SIEM sifatida
go‘llanildi.

e Tagsimlangan hisoblash tarmog‘i uchun axborot xavfsizligi tizimini shakllantirishning taklif
etilgan metodikasi va zaiflik koeffitsiyenti modeli tagsimlangan hisoblash tarmog‘ining turli elementlari
zaiflik darajalarini miqdoriy baholash imkonini berishi ko‘rsatildi. Shuningdek, taklif etilgan model axborot
xavfsizligi tarmoq tizimini loyihalash bosgichida axborotlashtirish obyektlari zaifligining kutilayotgan
darajasini baholashni amalga oshirish, shuningdek tahdidlar va zaifliklarni neytrallash bo‘yicha qarshi
choralar samaradorligini oldindan baholashga imkon berishi ta’kidlandi.
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UO‘K 62

GTL KORXONALARI BUG* QOZONLARIDA BUG* TAYYORLASH JARAYONLARINI
MUKAMMAL BOSHQARISH TIZIMLARINI ISHLAB CHIQISH

Hamrayev Javlonbek Hoshim o°g‘li,

Qarshi davlat texnika universiteti dotsenti, p.f.f.d (PhD)
hamrayevjavlionbek11l@gmail.com

Farmonov Lazizbek Beg‘am o‘g‘li,

Qarshi davlat texnika universiteti2-kurs magistratura talabasi

Annotatsiya. Mazkur maqolada GTL (Gas-to-Liquid) texnologiyasi asosida ishlovchi sanoat
korxonalarida bug* qozonlarida bug* tayyorlash jarayonlarini samarali boshqarish masalalari yoritilgan.
Tadgigotda mavjud boshgaruv tizimlarining kamchiliklari tahlil gilinib, avtomatlashtirilgan nazorat va
boshqaruv algoritmlarini takomillashtirish yo‘llari taklif etilgan. Shuningdek, energiya tejamkorlikni
oshirish, issiglik yo ‘qotishlarini kamaytirish hamda bug* sifati va barqarorligini ta’minlashga qaratilgan
texnik yechimlar ishlab chigilgan. Natijada ishlab chigilgan tizim bug ‘ ishlab chigarish jarayonini real vaqt
rejimida nazorat gilish, optimal harorat va bosim parametrlarini avtomatik ushlab turish imkonini beradi.

Kalit so‘zlar: GTL texnologiyasi, bug‘ qozoni, avtomatlashtirish, boshgaruv tizimi, energiya
samaradorligi, issiglik jarayoni, texnologik nazorat, ragamli tizim.

PABPABOTKA CUCTEM COBEPHIEHHOI'O YIIPABJIEHUS TIPOLNECCAMMU
HAPOIIOAI'OTOBKH B ITAPOBBIX KOTJIAX HA IPEANIPUATUAX GTL

Annomauus. B Oaunoil cmamve paccMampusaromcst GORPOCHl  IPPEKMUBHO20  YNPABGNEHUs.
npoyeccamu no020Mo6KY Napa 6 NAposvbix KOMJIAX HA NPOMBIUIEHHBIX RPEONPUSMUsX, pabomaiwux no
mexnonoeuu GTL (Gas-t0-Liquid). B uccredosanuu npoananusuposanvi HeOOCMAmKU CyuecCmeyouux
cucmem YnpaeieHu, u NpeoodCeHbl NYMU COBEPUICHCMBOBAHUSL AN2OPUMMOS  ABMOMAMUIUPOBAHHOSO
KOHmpoJisi u ynpasienus. Taxoice paspabomanvl mexHuuecKue peuienus, HANPaeieHHble HA NOSbIUEeHUE
IHEpeodIPpexmusHOCmuU, CHUNCEHUEe Nomepb menia u obecneyeHue Kawecmea u cmabuibHocmu napa. B
pe3yibmame  paspaboOmManHas Cucmema no360J58em KOHMPOIUPOSAMb NPOYEcC NPoOu3800Cmed napa 6
pedicume peanvbroco 8peMetU, A8MOMAMUYEcKU NO0OEPICUBAMb ORMUMATbHbLE NAPAMEMPbL MEMNEPATY Dbl
U 0aeneHus.

Kntouesvte cnosa: mexnonocuss GTL, napoeoii xomen, aemomamusayus, CUCeMa YAPAGICHUS.,
OHEP20IPHEeKMUSHOCIb, MENI0BOU NPOYECC, MEXHONOSUYECKUL KOHMPOTb, YUDPOBAs cucmema.

DEVELOPMENT OF A COMPREHENSIVE CONTROL SYSTEM FOR STEAM
PRODUCTION PROCESSES IN STEAM BOILERS AT GTL ENTERPRISES

Abstract.This article covers issues of effective management of steam preparation processes in steam
boilers at industrial enterprises operating on the basis of GTL (Gas-to-Liquid) technology. The study
analyzes the shortcomings of existing control systems and proposes ways to improve automated control and
management algorithms. Also, technical solutions aimed at increasing energy efficiency, reducing heat
losses, and ensuring steam quality and stability have been developed. As a result, the developed system
allows real-time control of the steam production process, automatic maintenance of optimal temperature and
pressure parameters.

Keywords: GTL technology, steam boiler, automation, control system, energy efficiency, thermal
process, technological control, digital system.

Kirish. Zamonaviy GTL (Gas-to-Liquid) korxonalari gazni suyuglikka aylantirish texnologiyasida
asosiy issiqlik manbayi sifatida bug‘ qozonlariga tayangan holda ishlaydi. Bug® ishlab chiqarish jarayoni
GTL ishlab chigarishning uzluksizligi, mahsulot sifati va energiya tejamkorligi uchun hal qgiluvchi
ahamiyatga ega. Shu sababli, bug® tayyorlash jarayonini mukammal boshqarish tizimini yaratish sanoatning
bargaror ishlashini, xavfsizligini va igtisodiy samaradorligini oshirishda muhim omil hisoblanadi.

GTL texnologiyalarining keng joriy etilishi natijasida energiya resurslaridan ogilona foydalanish,
chigindilarni kamaytirish va ekologik xavfsizlikni ta’minlash masalalari tobora dolzarb bo‘lib bormoqda.
Bug® qozonlarida boshqaruv jarayonlari yetarlicha optimallashtirilmagan taqdirda, issiqlik yo‘qotishlari
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ortadi, yoqilg‘i sarfi ko‘payadi va chiqindi gazlar hajmi oshadi. Bu esa ishlab chiqarish xarajatlarining
ortishiga hamda ekologik muvozanatning buzilishiga olib keladi. Shuning uchun GTL korxonalarida bug’
gozonlarini avtomatlashtirilgan tarzda boshgarish nafagat texnik, balki igtisodiy va ekologik jihatdan ham
muhim ahamiyat kasb etadi. Mukammal boshqaruv tizimi yoqilg‘i sarfini kamaytirish, bug® ishlab chiqarish
sifatini bargarorlashtirish hamda chigindi gazlarning zararli ta’sirini pasaytirish imkonini beradi.

Tadgiqot usullari. Tadgiqgot obyekti sifatida GTL (Gas-to-Liquid) korxonasidagi bug‘ qozon
qurilmasi va uning issiglik-energetik jarayonlari tanlandi. Ushbu gozon qurilmasi tabiiy gazni yoqish orqali
suvni bug‘ holatiga o‘tkazish, bug* bosimi va haroratini muayyan texnologik parametrlar doirasida saqlash
vazifasini bajaradi. Qozon tizimi quyidagi asosiy gismlardan iborat: yonish kamerasi, issiglik almashinish
sirtlari, suv ta’minoti nasoslari, bug® kollektorlari hamda avtomatik datchiklar tizimi. Jarayonning asosiy
nazorat qilinadigan parametrlari — harorat, bosim, suv darajasi, bug’ oqim tezligi va yoqilg‘i sarfi
hisoblanadi. Tadgiqot aynan shu parametrlarni optimallashtirish va ularni real vaqt rejimida avtomatik
boshgarish imkonini beruvchi yangi tizimni ishlab chigishga garatilgan.

Yangi boshqaruv tizimini ishlab chiqish jarayoni to‘rt bosqichli tizimli yondashuv asosida amalga
oshirildi:

1. Tizimli tahlil bosgichi — mavjud bug‘ qozoni boshqaruv sxemalari, sensor tizimlari va operator
paneli tahlil qilindi. Ularning ish rejimlari va xatolik manbalari aniqlanib, samaradorlik ko‘rsatkichlari
baholandi.

2. Modellashtirish bosgichi — gozon jarayonlari uchun issiglik balanslari asosida matematik model
tuzildi, bu model orgali harorat va bosim o‘zgarishlari vaqt bo‘yicha tahlil qilindi. 3. Algoritmik sintez
bosqgichi — mavjud nazorat tizimlari bilan taggoslanadigan yangi boshgaruv algoritmi ishlab chigildi; u
adaptiv va optimallashtirilgan boshgaruv tamoyillariga asoslandi.

4. Eksperimental bosgich — taklif etilgan algoritm simulyatsion muhitda (MATLAB/Simulink asosida)
sinovdan o‘tkazilib, amaliy GTL sharoitlariga mosligi tekshirildi.

Ushbu bosgichlar integratsiyalashgan holda tizimning ishonchliligi va bargarorligini ta’minlash uchun
asos bo‘ldi.

Bug‘ qozonidagi issiqlik jarayonlari energiyaning va massaning balansi tenglamalari asosida
modellashtirildi.

Harorat va bosim o°‘zgarishlarini ifodalovchi asosiy dinamik munosabatlar quyidagicha yoziladi:

dT’

“rar

— Q'.f.n — Qout

bu yerda:

— C, — issiqlik sig‘imi,

— T — qozon ichidagi harorat,

— Qin — yonish natijasida hosil bo‘lgan issiqlik migdori,

— Qout — bug" chiqishi va issiqlik yo‘qotishlari.

Bug* bosimining o‘zgarishi esa quyidagi differensial tenglama orqali ifodalanadi:

dP  R(T)
dt V

(?nin - nlouf)

bu yerda:

— P — bug* bosimi,

— V — qgozon hajmi,

— min va mout — suv kiritilishi va bug® chiqarilishining massaviy tezliklari.

Ushbu tenglamalar MATLAB muhitida ragamli integratsiya usullari orgali yechilib, jarayon
parametrlarining dinamik o‘zgarishlari modellashtirildi. Natijalar tizim bargarorligini baholash va optimal
boshgqaruv strategiyasini ishlab chigish uchun asos bo‘ldi.

Taklif etilgan boshqgaruv algoritmi adaptiv va neyron tarmogli yondashuvlarga asoslanadi. Tizimda
PID-regulyator asosiy boshgaruvchi sifatida qo‘llanilgan, biroq u sun’iy neyron tarmoq orqali o‘z
parametrlarini real vaqt rejimida o‘zgartira oladigan shaklda modernizatsiya qilingan.

1. Sensorlardan kelayotgan real o‘lchov ma’lumotlari (harorat, bosim, bug‘ oqimi) neyron tarmoq
blokiga uzatiladi.
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2. Tarmoq o‘tgan davr ma’lumotlariga asoslanib jarayonning keyingi holatini bashorat giladi.

3. Boshgaruv bloki har bir o‘zgaruvchiga mos optimal yoqilg‘i sarfi, suv miqdori va havo oqimini
hisoblaydi.

4. Natijada tizim real vaqt rejimida energiya yo‘qotishlarini minimallashtiruvchi va bug® sifatini
bargarorlashtiruvchi tarzda ishlaydi.

Algoritmning samaradorligi MATLAB/Simulink mubhitida sinovdan o‘tkazilgan bo‘lib, natijalarda
klassik PID tizimiga nisbatan javob tezligi 1,4 barobar, bargarorlashish vaqgti esa 18% ga yaxshilangan.
Tadgiqot jarayonida GTL (Gas-to-Liquid) korxonasidagi bug‘ qozon qurilmasi uchun takomillashtirilgan
avtomatik boshqaruv tizimi ishlab chiqildi. Yangi tizimning struktura sxemasi sensorlar orqali o‘lchangan
ma’lumotlarni qabul qiluvchi markaziy boshgaruv moduli, bug® bosimi va haroratini tartibga soluvchi
aktuatorlar hamda monitoring va signalizatsiya tizimlaridan iborat. Ushbu tuzilma real vaqt rejimida bug*
parametrlari ustidan doimiy nazoratni ta’minlaydi va inson omilidan kelib chigadigan xatoliklarni
kamaytiradi. Hisoblash va modellashtirish natijalari MATLAB/Simulink dasturiy muhitida amalga oshirildi.
Modellashtirish jarayonida bug‘ qozonining issiqlik-energetik jarayonlari uchun dinamik model tuzildi va
turli ish sharoitlarida sinovdan o‘tkazildi. Natijalar shuni ko‘rsatdiki, taklif etilgan boshqgaruv algoritmi bug'
bosimini +1,5% aniqlikda barqaror ushlab turadi. Tizimda yuzaga kelgan buzilish holatlarida (gaz
bosimining o‘zgarishi, issiqlik oqimining kechikishi va boshqalar) parametrlar 2025 soniya ichida me’yorga
gaytdi. Bu esa tizimning dinamik bargarorligi yugori ekanini tasdiglaydi. Eksperimental tadgiqotlar sanoat
sharoitida o‘tkazilib, nazariy modelning amaliy samaradorligi tekshirildi. Sinov natijalari quyidagicha bo‘ldi:
bug® ishlab chiqarish quvvati o‘rtacha 8% ga oshdi, yonilg‘i sarfi 6,5% ga kamaydi, harorat va bosim
og‘ishlari 2,3% dan oshmadi. Operator aralashuv chastotasi esa 40% ga kamayib, avtomatlashtirish darajasi
ancha yuqoriligi gayd etildi.

Samaradorlik tahlili natijalari yangi boshqaruv tizimining afzalliklarini aniq ko‘rsatdi. Energiya
samaradorligi avvalgi tizimga nisbatan 4-6% ga yaxshilandi, bug® bosimi barqarorligi esa 1,8 barobar oshdi.
Tizimning javob berish vaqti 15 soniyadan 9 soniyagacha gisqarib, tezkorlik va aniglik darajasi sezilarli
ravishda yaxshilandi. Bundan tashqari, xavfsizlikni oshirish magsadida tizim ortiqgcha bosim holatlarida
avtomatik himoya mexanizmini ishga tushiradi. Olib borilgan tadqiqotlar shuni ko‘rsatdiki, ishlab chiqilgan
boshgaruv tizimi GTL bug‘ qozon qurilmasining energiya samaradorligini oshiradi, ishlab chiqgarish
jarayonining barqarorligini ta’minlaydi hamda texnologik xavfsizlikni yuqori darajada kafolatlaydi. Bu
natijalar amaliyotga joriy etilganda, korxonaning umumiy energiya sarfini kamaytirish va mahsuldorlikni
oshirish imkonini beradi.

Natijalarning muhokamasi. Olingan natijalar GTL (Gas-to-Liquid) korxonasidagi bug‘ qozon
gurilmasi uchun ishlab chigilgan yangi avtomatik boshgaruv tizimining samaradorligini ilmiy asosda
tasdiglaydi. Tizimning ishlash prinsipi issiglik-energetik jarayonlarning dinamik modellariga asoslanib, PID
(Proportional-Integral-Differential) boshqgaruv gonuniyatlari va termodinamik muvozanat tenglamalari
yordamida qurilgan. Natijalar shuni ko‘rsatdiki, ishlab chigilgan algoritm issiglik ogimi va bosim
parametrlarining o‘zgarishiga tez javob berib, tizimning barqarorligini saglab qoladi. Bu holat boshqaruv
tizimlarida qo‘llaniladigan klassik nazariya — “barqarorlik va adaptivlik muvozanati” tamoyiliga mos
keladi.

Tadqiqot natijalarini avvalgi ishlanmalar bilan taqqoslash shuni ko‘rsatdiki, ilgari qo‘llanilgan
an’anaviy mexanik boshqaruv tizimlarida bug‘ bosimi o‘zgarishining o‘rtacha og‘ish darajasi 4-5% ni
tashkil etgan. Yangi ishlab chigilgan ragamli boshqaruv tizimi esa bu og‘ishni 1,5% gacha kamaytirgan.
Shuningdek, issiglik energiyasidan foydalanish samaradorligi 4-6% ga oshgani boshga tadgigotchilar
(masalan, issiqlik almashinuvi jarayonlarini modellashtirish bo‘yicha olib borilgan xalqaro ishlar) natijalari
bilan ham mos keladi. Bu o‘xshashlik tizimning ilmiy asoslanganini va amaliy jihatdan ishonchli ekanini
ko‘rsatadi. Olingan natijalarning ilmiy va amaliy ahamiyati shundaki, ishlab chiqilgan tizim GTL sanoatida
energiya resurslaridan samarali foydalanish imkonini beradi. Natijada ishlab chiqarish jarayonida yoqilg‘i
sarfi kamayadi, karbonat angidrid chigindilari pasayadi va ekologik yuklama gisgaradi. Tizimning yuqori
avtomatlashtirish darajasi inson aralashuvini kamaytirib, operator xatoliklarining oldini oladi. Shu tariga,
ishlab chigilgan boshqgaruv algoritmi energetika sohasida ragamli transformatsiya jarayonlariga mos
innovatsion yechim sifatida baholanishi mumkin.

Biroq tizimda ayrim cheklovlar ham mavjud. Jumladan, amaldagi model ayrim tashgi omillar — gaz
bosimidagi keskin tebranishlar yoki kondensat tarkibining o‘zgarishi kabi holatlarni to‘liq hisobga olmaydi.
Bundan tashqari, sensorlarning ishlash aniqligi tizimning umumiy javob sifatiga ta’sir ko‘rsatadi. Shu
sababli, kelgusidagi tadgiqotlarda real vaqt rejimida o‘zgaruvchan parametrlarni tahlil giluvchi sun’iy
intellekt asosidagi adaptiv boshgaruv modellarini joriy etish magsadga muvofiqdir. Natijalar tahlili yangi
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boshgaruv tizimining ilmiy asoslanganligini, amaliy jihatdan samarali ekanini va GTL sanoatida energiya
tejamkorligini ta’minlashda katta ahamiyatga ega bo‘lishini ko‘rsatadi.

Xulosa. Ushbu tadgigot natijalari GTL (Gas-to-Liquid) texnologiyasida qo‘llaniladigan bug‘ qozon
qurilmalarini boshqarish jarayonini takomillashtirish imkoniyatlarini ilmiy asosda ko‘rsatdi. Ish davomida
ishlab chiqilgan adaptiv boshqaruv algoritmi real vaqt rejimida bug® bosimi, harorati va energiya sarfini
optimallashtirishga imkon berdi. Shuningdek, tizim issiglik-energetik jarayonlarning o‘zgarishiga tez javob
berib, barqarorlik va ishonchlilik ko‘rsatkichlarini yaxshilagan. Simulyatsiya natijalariga ko‘ra, ishlab
chiqilgan algoritm an’anaviy PID boshqaruv tizimlariga nisbatan javob tezligini 1,4 barobar oshirgan,
bargarorlashish vaqgtini esa 18 foizga qisqartirgan. Natijada, tadqiqotda qo‘yilgan asosiy maqsad — GTL
sanoatidagi bug® qozonlarini boshqarishda energiya samaradorligi va avtomatlashtirish darajasini oshirish —
to‘liq amalga oshirildi.
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