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STUDY OF RAMAN SPECTRA OF DIMETHYLFORMAMIDE AND ETHANOL SOLUTIONS
Abstract

Raman spectroscopy provides invaluable information about structures and intermolecular bonding in solutions. To study changes
intermolecular interactions in ethanol and dimethylformamide mixtures due to increase of dimethylformamide concentration in
ethanol, we accomplish research on ethanol (CH3CH20H) and dimethylformamide ((CH3)2NC(O)H) binary solutions with
different mole fractions using a combination of Raman scattering techniques. We investigated Raman spectra from 400-3200 cm
- 1 exited at 785nm for solutions various dimethylformamide concentrations from pure ethanol to pure dimethylformamide at
room temperature and atmospheric pressure. The results show that an anomaly is observed at a 0.02 mol fraction of
dimethylformamide, which confirms that structural changes have occurred in the mixture.

Keywords: Raman spectroscopy, dimethylformamide, ethanol, intermolecular interactions.

HUCCIIEJOBAHUE CIIEKTPOB KP PAMAHOBCKHUX PACTBOPOB ITUMETUJI®OPMAMUIA U OTAHOJIA
AnHOTaLUA

CrekTpockonusi KOMOMHAIIMOHHOTO PAacCesHHs AaeT OeCHEeHHYI0 MH(QOPMALMIO O CTPYKTYpaX M MEXMOJEKYISIPHBIX CBS3IX B
pactBopax. Jliag W3ydeHHMs M3MCHEHHMII MEKMOJICKYISIPHBIX B3amMmozeiicTBui B cMecsx ortanoina (CH3CH20H) u
mumetmngopmamuna  ((CH3)2NC(O)H) mpu  yBenW4eHWH KOHICHTpAlMK JUMETHI(QOpPMaMHIAa B OSTaHOJE IIPOBEACHBI
UCCIIeIOBaHNSI OWHAPHBIX PAcTBOPOB J3TaHONA W AWMETHI(GOpMaMHIAa pPa3IHMIHOM MOJNBHOH [JOIM C WCIOIb30BAHHEM
KOMOWHAIINH METOA0B KOMOMHAIMOHHOTO paccesHus. MBI HCCIeOBaM CIEKTPhl KOMOWHAIMOHHOTO PAcCEesHUS B HAIa30HE
400-3200 cM—1 mpu 785 HM AN pacTBOPOB PAa3NUUHBIX KOHIEHTPALUH TUMETHI(POPMaMHIa OT YUCTOTO 3TaHOJNA IO YHCTOTO
JUMeTHIIpOopMaMuia TP KOMHATHOM Temmeparype W aTMOC(epHOM IaBIeHHH. Pe3ynbTaThl MOKa3bIBAIOT, YTO AHOMAIIHS
Habmonaercst npu 0.02 MonpHO# fHone AuMeTHiIGopMamMKIa, YTO MHOATBEPIKAAECT HATMYHE CTPYKTYPHBIX U3MEHEHHH B CMECH.
KnioueBsbie c10Ba: KOMOMHAIIMOHHOTO paccestHUs, AUMETHI(HOPMaMHU, STAHOJ, MEXKMOJICKYIISIPHBIE B3aUMOJCHCTBHSL.

DIMETILFORMAMID VA ETANOL ERITMALARINING RAMAN SPECTRLARINI O’RGANISH
Annotatsiya

Raman spektroskopiyasi eritmalardagi tuzilmalar va molekulalararo bog'lanish hagida bebaho ma'lumot beradi. Etanoldagi
dimetilformamid kontsentratsiyasining oshishi natijasida etanol (CH3CH20H) va dimetilformamid ((CH3)2NC(O)H)
aralashmalaridagi molekulalararo o'zaro ta'sirlarning o'zgarishini o'rganish uchun biz Ramanni targatish usullarining
kombinatsiyasidan foydalangan holda etanol va dimetilformamidning turli mol ulushlardagi binar aralashmalari bo'yicha
tadgiqotlar olib boramiz. Biz xona haroratida va atmosfera bosimida sof etanoldan sof dimetilformamidgacha bo'lgan turli
dimetilformamid konsentrasiyalari uchun 785nm da chigarilgan 400-3200 sm-1 oraligdagi Raman spektrlarini o'rgandik.
Natijalar shuni ko'rsatadiki, dimetilformamidning 0.02 mol ulushida anomaliya sodir bo’ladi, bu aralashmada structuraviy
o'zgarishlar sodir bo'lganligini tasdiglaydi.

Kalit so’zlar: Raman spectroskopiyasi, dimetilformamid, etanol, molekulalararo o'zaro ta'sirlar.

Introduction. Dmf (dimethylformamide), as one of the simplest amides, is widely used as a solvent and reaction reagent
in chemicals, synthetic pharmaceuticals, and other fields [1-10]. Ethanol is also very important because of its widespread use in
almost all fields. One of the unique properties of dmf ((CH3)2NC(O)H) is that it is miscible with ethanol (CH3CH20H) in
varying proportions, making it a widely usable solvent. Raman spectroscopy, as a fast, simple, reproducible, and nondestructive
experimental method, is usually used to study mixtures, liquids, and chemical compounds in solutions [11]. The Raman
characteristic peaks provide intermolecular vibration and rotation information, which helps to study the interactions between
molecules in ethanol solution.

In this study, we used Raman spectroscopy, carried out on dmf and ethanol samples, respectively, and Raman
spectroscopy of dmf and ethanol solutions, and their characteristics were analyzed.

Experimental. The dmf - ethanol (99.9%, Sigma-Aldrich, USA) binary solution was prepared by gravimetric method.
Raman spectra of dmf - ethanol binary solutions with varying concentrations (0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09
mole fraction of dmf), pure ethanol, and pure dimethylformamide were measured by MacroRAM Raman spectrophotometer,
HORIBA Scientific. MacroRAM is a fully automated analytical instrument used to measure and record the Raman spectrum of a
sample. DPSS laser is used as an excitation source with an excitation wavelength of 785 nm, a laser power of 450 mW, and
acquisition time of 30 s. A 685 lines/mm grating was used, which produced a spectral resolution of 8 cm—1.

Results and discussion
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Figure 1. Raman spectra of ethanol
Ethanol Raman spectroscopy.

The Raman spectrum of ethanol is shown in figure 1, from which it can be seen that the ethanol Raman spectrum has
eight typical characteristic peaks. The wave number positions of the eight peaks of ethanol are shown in table 1. The molecular
characteristic of ethanol is CH3CH2OH, and the seven characteristic peaks are structural responses of ethanol molecules. Peak 1:
880.8 cm—1 is the CCO skeleton symmetric stretching vibration, which is obviously unique to ethanol; peak 2: 1054.7 cm—1 is
CO scaling; peak 3: 1278.13 cm—1 is ethanol molecule CH2 deformation; peak 4: 1457.5 cm—1 is CH3 antisymmetric
deformation; peak 5: 2885.0 cm—1 is superposition of CH3 and CH2 symmetric stretching; peak 6: 2932.0 cm—1 is scaling for
asymmetric CH2; peak 7: 2973.2 cm—1 is scaling for asymmetric CH3. In summary, these characteristic vibration peaks are the
response of the alcohol CH3CH20OH molecular structure characteristics.

Table 1. Ascription of Raman spectroscopy of ethanol.

Number Raman shift cm-1 Ethanol vibrational modes

1. 880.8 CCO symmetric stretching

2. 1054.7 C-0O scaling

3. 1278.13 CH2 deformation

4. 1457.5 CH3 anti-symmetric deformation

5. 2885 Superposition of CH3 and CH2 symmetric stretching
6. 2932 CH2 asymmetric stretching

7. 2973.2 CH3 asymmetric stretching

Dimethylformamide Raman spectroscopy.

M
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Figure 2. Raman spectra of dimethylformamide
Table 1. Ascription of Raman spectroscopy of dimethylformamide.

Number Raman shift cm-1 Dimethylformamide vibrational modes
1. 661.4 O-C-N scissor

2. 865.3 C-N stretching

3. 1096 H-C-H rocking

4. 1441.4 H-C-H bending

5. 1662 C=0 stretching

6. 2936.4 C-H stretching

The Raman spectrum of dmf is shown in figure 2 and the wave numbers peaks are presented in table 2. The molecular
characteristic of dmf is (CH3)2NC(O)H, and the six characteristic peaks are structural responses of dmf molecules. Peak 1: 661.4
cm—1 is the O-C-N scissor vibration, which is obviously unique to ethanol; peak 2: 865.3 cm—1 is C-N stretching; peak 3: 1096
cm—1 is H-C-H rocking; peak 4: 1441.4 cm—1 is CH3 antisymmetric deformation; peak 5: 1662 cm—1 is C=0 stretching; peak 6:
2936.4 cm—1 is C-H stretching. In summary, these characteristic vibration peaks are the respond of the dmf molecular structure
characteristics.

Raman spectroscopy analysis of dimethylformamide-ethanol solutions.

~ - - -
ET T zoso Zo00 ZHSO

i —u
BT zasmnzaen ~EaEfe/cenn

Figure 3. Raman spectra of C-H stretching vibration modes of ethanol and dimethylformamide solutions.
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Figure 3 shows the Raman spectra of dmf - ethanol mixtures in the range of 2850-3000 cm—1. As a result of analyzing the

Raman spectra of the mixtures, it can be seen that an anomaly is observed at 0.02 dmf. It is at this concentration that hydrogen
bonds are strong, which we have studied in our previous work [12] and in which the infrared spectra of the mixtures have been
studied. Addition of dmf to ethanol in the proportion of 0.02 mole leads to an increase in hydrogen bonds in the mixture, that is,
between ethanol molecules.

sa00 a
WWavenumber.

Figure 4. Infrared spectra of dimethylformamide — ethanol solutions [12].

Conclusion. Studies have shown that hydrogen bonds between ethanol molecules in a 0.02 mole fraction of dmf are

greater than the number of hydrogen bonds in pure ethanol. In the analysis of the received Raman spectra in the range of 2850-
3000 cm-1, it can be seen that an anomaly was observed in the 0.02 mole fraction of dmf. It can be seen that the C-H bonds
between ethanol molecules are strengthened. The determined results are consistent with our results obtained by other methods

[12].
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OCOBEHHOCTH 3EEMAHOBCKOI'O PACIIEIIEHHS JIEKTPOHHBIX COCTOSHUM
PEJKO3EMEJIbHBIX NOHOB B KPUCTAJIJIAX TbF;
AHHOTaLUA

HccenoBaHbl CHEKTP ONTHYECKOTO MOTJIOMIEHUSI, CIIEKTP BO30Y)KACHHS JIIOMUHECIICHIINY U (POTOIFOMUHECIISHINS B KPHUCTAIIAX
TbF; B BumuMom auanasone crekrpa npu Huskoil temmeparype T = 90 K. Cpasuenue criekrpoB @JI u OIl, oTHOCAIIUXCS K
OIITHYECKHM IEPEX0NaM MEKIy MITAPKOBCKHMHE TOAyPOBHAMH MyIBTHIUIETOB "D, u 'Fg nona Tb® mpu T = 90 K, mossoser
COCTAaBUTh JUAarpaMMy ONTUYECKUX IEPEXOA0B MEXIY IITAPKOBCKMMU IIOJYPOBHSIMU U ONPEIEIUTh UX SHEPIHU U MOJIOKEHUS
IpU KOMOWHHUPOBAHUHU C MYJITUILIETAMHU ONTHYECKUX NIEPEXOT0B PEAKO3EMENBHOTO HOHA.

KiiodeBble cj10Ba: TIOMHHECIEHINHN, (DOTOMIOMUHECICHITHS, CIIEKTP TOTJIOMIECHHS.

FEATURES OF THE ZEEMAN SPLITTING OF ELECTRONIC STATES OF RARE-EARTH IONS IN ThF;
CRYSTALS

Abstract
The optical absorption spectrum, luminescence excitation spectrum, and photoluminescence in ThF; crystals in the visible range
of the spectrum at a low temperature T = 90 K have been studied. Comparison of the PL and OP spectra related to optical
transitions between the Stark sublevels of the the °D, and "Fg multiplets of the Th*" ion at T = 90 K makes it possible to draw up
a diagram of optical transitions between the Stark sublevels and determine their energies and positions when combined with the
multiplets of optical transitions of the rare earth ion.
Key words: luminescence, photoluminescence, absorption spectrum.

TbF; KPUCTAJIUIAPU TAPKUBUJIATH HOAWP EP NOHJIAPU DJEKTPOH XOJIATJIAPUHUHI 3EEMAH
BYJUHUIINIATH XYCYCHUATJIAPU
AHHOTAIHS

T=90 K xyiiu Temneparypazia CIEeKTpHHUHT Ky3ra KypuHagurad coxacuaa TbF3; kpucTamTapuHUHT ONITHK FOTHIIHII, JTIOMHHECIIUS
Ba (DOTONIOMHHECIHS YIFOTHIMIN CIIEKTPIApH TAAKMK KWiHHmL. T=90 K temmeparypama Tb®' mnommmr °D, Ba 'Fg
MYJNBTHILUIETIIAPUHAHT IITApK CAaTXOCTHIAPH opacuzaard ontuk yrunuiapura terunum OJI Ba OIl cnekTpaapuHK CONMIITHPHUII
MITAapK CaTXOCTHIAPH OPAcHAArd ONTHK YTHIIIAP AWArpaMMAacHHU TY3HWII, HOAUP €p MeTaulapH HOHJIAPHUAATH ONTHK YTHIIIAP
MYJNBTHILIETIApU OMJIaH OMpTraivK/a yIapHUHT €HePTHsIApH Ba XONATIAPUHY aHUKIIAII IMKOHUHH Oepap KaH.

KanuT cy3map: momuHecceHcus, (OTONIOMUHECCEHCHS, IOTHINII CIIEKTPH

BBenenne. Xopomio H3BECTHO, YTO pa3IMYHBIE COEAMHEHHs peaKo3eMenbHbIX sneMeHToB (P3D), B KoTOpBIX
KpPUCTAJUTMUECKOE OKpYykeHue P3 MoHa MMeeT HU3KYI0 CUMMETPHIO, XapaKTepU3yIoTcs Haubosee CUIbHBIMU MarHUTHBIMHU [1] 1
MarauToonTuaeckumu [2, 3] sddexramu. Oti 3dPdeKTH XOpomo MNposBIAIOTCS, koraa P3 woH mpencraBmser coboit
TpexBaneHTHBIT HoH Tepbust Th®'. B 3HauMTENBHON CTENMEHH 5TO OTHOCHTCSA K PEIKO3EMEIbHBIM NapaMATHHTHBIM IPAaHATAM
(amroMHHATaM W raulataM) M TPUPTOpPHAAM pPEAKO3eMEeNbHBIX MeTayuloB. Hampumep, cpemy peako3eMeNbHBIX TI'PaHaTOB
TepOneBble MapaMarHUTHBIE T'paHATHl MMEIOT OOJNbIINE KOHCTAaHTH Bepne [4] m camble BBICOKHE 3HAYEHHS MAarHUTHOTO
JIMHEWHOTO JIBYJTy4eTIPENOMIICHHUS, IEMOHCTPHPYSI IPH ITOM 3HAUYUTENbHYI0 MarHUTOONTHYECKYIO aHH30Tponuio [5,6]. B To xe
BpeMsi kpuctaii Tpudropuna Tepbus TbF; npu Hu3kol TeMmeparype NpOSBISET WIMPOKMH CIEKTP MarHUTHBIX H
MarHUTOONTHYECKUX CBOMCTB. Hampumep, B mapaMarHUTHOM (TI0 CYIIECTBY) KpUCTaiule TpudTopuaa Tepous GeppomMarHutTHoe
YIOPAAOUCHHE MATHHTHEIX MOMEHTOB Tb®' GBUIO HEOXKHIAHHO OGHAPYKEHO NPH H3YYCHHH TEMIICPATYPHON 3aBHCHMOCTH
MarHUTHOW BOCIPUUMYHUBOCTH W YAETHHOW TETNIOEMKOCTH B OPTOPOMOMYECKUX KpucTamiax ¢ T¢c = 3,95 K [8], B oTnmume or
aHTH(EPPOMAarHUTHOTO YIOPSJOUCHNUS, KOTopoe 00BIYHO HabmoaaeTcs npu Hu3koi Temmeparype (Ty < 3,8 K) B P3 kpucramnax
¢ poMOmYecKoit cummeTpueit [7].

UToObI OIpefeNuTh 38eMaHOBCKHE PACIIECIUIEHHS OCHOBHOTO M BO30YXKIEHHOTO ‘“KBa3HAYIUIETOB” HEKPAMEPCOBCKOTO
nona Th®* B kpucTamie GpTopuaa U CHMMETPHIO HX JJIEKTPOHHBIX COCTOSHHIA, MbI [TOAPOGHO M3YdHIH MOINOLIEHHE JTHHEHHO
TONAPH30BAHHOTO CBETA 3aMPEIIEHHOTO (B SMEKTPOAMIONsHOM npubmkennn) 4f — 4f 'Fg — °D, nepexona mpu temneparype T
=90 K B marautHoM nojie H mo 7,5 KD.

JleTanu 3KCIepMMEHTa M MOAroToBKa o0pa3uoB. Kpucramiel ThF; Obuin BelpamieHbl W3 paciuiaBa Mo METOIHKE
Bpumkmena B kamepe ¢ TpauTOBBIM HarpeBaTEeNbHBIM YCTPOICTBOM. 3aTpaBKd, OpPHEHTHPOBAHHBIE BJIONb OCH a
OpPTOPOMOHYECKOT0 KpUCTailia, OBUIM MCIOJIB30BaHbI /Ul BBIPALIMBAHKS KPUCTAIIOB. BhipalneHHble Kpuctawisl TbF; umenn
po3oBaThIi 1BeT, AuaMerp 1o 40 MM; B KpHCTalIaX He HaOIIONaJoCh pacceMBarolux BkirodeHuid. CopepikaHue mpumecein
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KHCJIOpOJa B BBHIPAIIEHHBIX KpucTayuiax He npesbimano 200 gacreidl Ha mmwmmmoH. OOpasipl KPUCTALIOB OBUTH BBIPE3aHBI U
OTIHOJIUPOBAHBI BOJb OCHOBHBIX KpucTamuorpapuueckux (100), (010) u (001) miockocteid, T.e. miockoctedl -3, -b u -C
OpPTOPOMOMUYECKOTO KpHUCTaJlla COOTBETCTBEHHO. [lokazarenu nmpenomieHus npu anuHe BoaHbl A = 530,9 HM cocrtaBisioT 1,605,
1,590 u 1,572 mst oceit -a, -b 1 -¢ cooTBETCTBEHHO [8].

Bce onTuyeckue CreKTpbl H3MEPSUIUCE C TIOMOLIBIO ABOHHOTO JU(PAKIIMOHHOTO MOHOXPOMATOPa BHICOKOTO Pa3peLIeHUs
MJIP-23 (JIOMO, Poccus). Criextps doromomunecnenun (BJI) nona Th** nepexoma °Dy — “Fg, KOTOpbIE HABIIONAIOTCS B
nana3one JuiH BoH 483-500 HM, ObUTH UCCICIOBaHBI CO CPETHUM ONTHYECKHM paspenicHueM 3-4 cM-1. Kak Bo3OyxicHue,
Tak 1 HaOmonxenne 3a OJI ocymecTBISIIMCH B MPONOJIBHOM reomeTpuu. HemomsipusoBanHOe (hoTOBO30YXKIEHHE IPOBOIMIN
PTYTHO# nammoit ¢ yisTpaduoneross (Y®) guasrpoM. Crextps! mornomenns ThF; mpu mepexoge 'Fg — °D, B auamazone
IuuH BOJH 481-491 HM perucTpupoBanu C HCHOJIB30BAHHEM JIMHEHHO MOJSAPU30BAHHOTO CBETA C IOMOINBIO OJHOIYYEBOTO
cnekrpooTomMeTpa Ha oOcHOBe MoHoxpomaropa MJIP-23. ChekTpel HOTJOUICHUS (CHEKTPHl ONTHYECKOH IUIOTHOCTH)
PETUCTPUPOBAIUCH C ONITHYECKUM pa3pelieHueM Jiydiie 2-3 ¢M-1 ¢ UCTIONB30BaHUEM METO/1a CTA0UIM3aLUH TOKa YCPEIHEHHOTO
(OTOYMHOKHTEISI BO BpeMsI CKAHHPOBAHUsI JIMHUM MOToIeHus [9].

Bce omTudeckne M MarHMTOONTHYECKHE CIIEKTPBI PETHCTPUPOBANNCH B OCHOBHOM Ipu Temmeparype 90 K. Jlms
HU3KOTEMIIEPaTYpHBIX H3MEpeHNi 00pa3Ilbl yCTaHABIMBAIN HA XOJOAHBIM JiepiKaTellb ONTHYECKOTO KPHOCTaTa, 3alO0HEHHOTO
xuaxuM azotoM (T =78 K).

Pe3ybTaThl 3KCIIEPUMEHTA U UX 00cy:KaeHne. CICKTPHI HOTIOIICHHUS H JIIOMHHECICHIHN ThF; B BHIMMOM JHamna3oHe

Bce onTmueckme uccienoBaHMS HPOBOIWINCH B OCHOBHOM C HCIIOJB30BAHHEM CBETOBOTO IIydYKa, MapauIeIBHOTO
Kpucramorpapuueckum ocsiM - b 1 - ¢ kpucraia ThF3.

M3BecTHO, YTO CHEKTPHI M3IMYYCHUS Pa3auyHbIX coeauHeHHH RE MoryT OBITH NeTanbHO M3YYEHBI KaK C IOMOIIBIO
cnektpoB PJIE, Tak U ¢ MOMOIIBIO TPaIUIIMOHHOTO MeToAa m3MmepeHus crekTpoB @JI [3]. U3ydeHne ceKTpoB ONTHYECKOTO
nornomenust P3 coenunennit B Y®-anana3zoHe 0OBIMHO OCIOXKHAETCS HEOOXOJMMOCTBIO MPUHATHS CIEIUAIBHBIX MEp, TaKHX
KaK WCIIOJb30BaHUE TOHKMX MOHOKpHcTaIoB (He Oosee 100-150 MKM) WIM KpPUCTAJUIOB C OTHOCHTENIBHO HH3KOW
KOHLleHTpauuei P3 noxos.

TlosTomy n3ydenne CBJI wacTo mo3BosisieT HampsMyIO ONpPENesTh YacTOTHI ONTHUYECKOro mHorjomieHus noHa RE B
KpucTauie (Hampumep, 4acTtothl repexonoB 4f — 4f u 4f — 5d). DkcrnepuMeHTaNbHBIC JaHHBIC 171 00pa3noB Kpucramia ThF;
TOKa3aHkl Ha puc. 1.

0.04 -

0.02

Intensity of luminescence (a..)

©0.00

Wavelength (nm)

Puc.1

B cnekrpamsHoM mumamazone 240-340 M B CBJI HaOmiomaroTcss pe3Kde JMHUM HW3IyYeHHs 3alpelieHHBIX (B
JJIEKTPOAUTIONEHOM TMpHOMKeHnH) nepexonoB 4f — 4f. Dro moxarBepxknmaercs cpaBHeHnem CBJI M crmekTpa moriomeHHs
Kkpuctaiia ThF3, 3aperucTpupoBaHHOrO B TOM JK€ CIIEKTpaJbHOM auama3oHe (cM. BcraBky Ha puc. 1). Tlockonbky mpu
OTHOCHTEIBHO HEOOJBIION WHTEHCHBHOCTH OITHYECKOTO IIOTJIOMIEHHS CIEKTpalbHbIe 3aBHCHMOCTH mormomeHus u CBJI
JIOJDKHBI B KaKOM-TO cTeneHH MOBTOPAThCS [3], U3 pUCYHKa XOpOLIO BUAHO, YTO 3HEpruu jJuHuil noriomenus u CBJI noutu
WJICHTHYHBI, XOTS MX WHTEHCHBHOCTH CHJIBHO pa3inu4aioTcs. B To sxe Bpems Hmwke 230 HM HaOMIOAaeTcsi MHTEHCHBHOE
norjomenne Y ®-u3nyueHuns, YTO TPHBOIUT K 3HAYUTENFHOMY YMEHBIICHHIO M HcKaxeHuio ¢opmel CBJI, BeposTHO,
BBI3BAHHOMY IIOBTOPHBLIM IOTJIOIICHUEM H3JIYYEHUS Pa3pCIICHHBIM (HO CIIMHY U qCTHOCTl/I) OJICKTPOAUIIOJIbHBIM NEPEXO0M
4(8) — 4f(7)5d B mone Tb**. MuTepecHo oTMeTHTh, uTo cormacHo [10] “od¢exTrBHas” MTMHA BONHBI mepexonos 4f — 5d,
OTBETCTBEHHBIX 3a (hapameeBckoe BpamieHue B ThF;, cocraBmsier 212 HM, T.e. B ClieKTpalibHOM 061acTu Hioke 230 HM.

C npyroii cTopoHEl, Bo30yxaeHne oboux mepexonos 4f — 4f u 4f — 5d, sneprum xotopeix HaxonsTcest B Y P-obmnacty,
npuBoanT k OJI, cBI3aHHOMN C n3IydeHHEM repexooB 4f — 4f. DTo Xopomro BUAHO Ha puC. 2, T/ie MOKa3aH CreKTp “cuHeil” OJI
MoHOkpuctauia ThF3. DJI, 3aperucTpupoBaHHas B CIEKTpalbHOM quanazone 483-500 HM, [OKa3aHa COBMECTHO CO CIEKTPOM
MOTJIOIIEHUSI, 3apETUCTPHPOBaHHOTO B nrana3one 482-490 um. O6a criekrpa Obutn 3amucansl npu T = 90 K ams a-mmockocTy.
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JlaHHBIe Ha pHC. 2 SICHO NEMOHCTPUPYIOT, YTO IIPU HHU3KOI TeMmIlepaType Bce JIMHHH IIOTJIOMIEHHS COCPEHOTOYEHHI B
nuana3one 482-490 HMm. JIMHMM ONTHYECKOTO MOTJIOLICHHUS, COOTBETCTBYIOIINE IEepexoaM ¢ HU3KHX IMOAYPOBHEH OCHOBHOTO
MyIBTHILICTA 'Fg B PaclICIUICHHbIC KPUCTALTHYCCKHM ToneM LIITapKOBCKHE MOAYPOBHH BO3OYXKICHHOTO MYyNBTHIIETA "Dy
OCHOBHOIT KoH(HTypari 4f(8) nona Th>* Bo rropumHOM KpHCTaITe, TOKa3aHbI Ha dur. 2 1 0Go3HAuaroTes wudpam 1, 2, ..., 5.
Jlpyrue nuHUYM MOTJIOIIEHNUs, 0003HaYEHHbIE KaK 6 H T.J., COOTBETCTBYIOT ONTHYECKUM IEPEXoJaM OT BBICOKOIHEPTeTHYeCKUX
TIO/(yPOBHEH My/IBTHIUIET ' Fg K IIOLYPOBHAM BO3GYKICHHOTO MY/IBTHIIIETa "Dy, CM. BCTABKY Ha pHC. 2.

W3 mpencraBieHHBIX JAQHHBIX ONTHYECKOTO ITOTJIOMIEHHS XOPOIIO BHUJHO, YTO Hapsly C IOHIKEHHEM TEMIIEpaTyphl

JUIMHHOBOJHOBBIE H KOPOTKOBOJHOBGIC JTHHHH HEpexofa 'Fg — °D, YMEHBIIAIOTCA H YBEIMUMBAIOTCS [0 HHTCHCHBHOCTH
cOOTBETCTBEHHO. Bollee TOro, KOPOTKOBOIHOBBIE JIMHHK CTAHOBATCS Gosee y3kumu. B To xe Bpems ®JI mepexona "Dy — 'F,
Habmonaemas mpu T = 85 K (cM. puc. 2) cocTOUT U3 TOBOJBHO Y3KUX JMHHUH JTIOMUHECHEHLIUH C XOPOIIUM pa3peIeHHeM, YTO
JIaeT BO3MOXKHOCTb HAJCKHOW MICHTU(UKAIMU NEPEeXOJOB M3JIy4CHHS M OIpENEICHUS SHEPTUi ITApPKOBCKHUX IOIYpOBHENl
MYJBTHIUIETOB “Dy 1 'Fg, 00bEIHHIIOMMXCS B ONTHUECKHE Tepexomsl 4f — 4f, ¢ JOBOIBHO XOpOIIeil TOYHOCTHIO B HECKONBKO
cm-1.
CpaBHenue cnektpoB ®JI u moryomeHus MO3BOJISET COCTABUTH HPHHIMIHANBHYIO CXEMYy ONTHUYECKHX IEpeXOfoB, HaHTH
SHEpruIo MOJYpOBHEH M yKa3aThb HX ITOJIOKEHMS NMPH OOBEIMHEHHWH B MYJBTHIUIETHl ONTHYECKHX HepexonoB. M3 pesypraToB
BUJIHO, YTO HECKOJBKO JIMHHUI W3ITydeHHs SIBISIOTCS PE30HAHCHBIMH, MOCKOJBKY OHH OZHOBPEMEHHO HAOIIONAIOTCS Kak B
criektpax OJI, Tak ¥ B crieKTpax MOTJIOMEHNS P OJJHUX H TEX JK€ YHEPTHsX.

Bonee Toro, muist GonbIIMHCTBAa HAWAEGHHBIX MITAPKOBCKHUX ITOIYPOBHEH MYJIBTHILIETOB "Fe 1 °Dy npu 90 K nabmomaercst
XOpolIee KOJIMYECTBEHHOE COOTBETCTBHE IO SHEPTUH ¢ JaHHBIMHU B [11]. MlHTEpecHO OTMETHTH, YTO “KBa3U-BBIPOKACHHBII
xapakTep moaypoBHeil mpu 115, 227 cm-1 U HEKOTOpHIX Apyrux B crekrpax ®PJI W MmoriomeHns B HAIIEM HCCICIOBAHUU
mpakTHdeckn He Habmromaerca. OIHAKO AETaNbHOE CpaBHEHHE HAHACHHBIX AKCIEPHMEHTAIbHBIX SHEPrHH INTapKOBCKUX
MOAYPOBHEH HCCIETYEMBIX MYIbTUILIETOB C 3HeprusiMu u3 [11] mneMOHCTpHpyeT KadeCTBEHHOE COOTBETCTBHE SHEPTHU IPYTHX
KBaHTOBBIX COCTOSHHH. [0 HalleMy MHEHHIO, JOTOJIHUTEIBHBIM MTOTBEPKICHIEM IPaBHILHOCTH HaWAEHHOW WACHTU(HKAIII
ONTHYECKHX MEPEX00B B cHeKkTpax noronieHus 1 OJI MoxxeT ObITh 3KCIepUMEHTAIBHOE HCCIIe0OBaHUE MONepeyHoro 3¢ dexra
3eeMaHa, M3MEPEHHOTO Ul PACIpOCTPAHEHHS CBETa BIOJIb KPHCTAJUIOrpadMueckux ¢ - U b - ocell opropoMOHUecKOro
KpHUCTaIIa.

3akai04eHne. DTO HCCICIOBAHHE ONTHYCCKHX CIEKTpoB noHa Th®" B kpucramte TbF; mo3BoseT HaM Caemath
CJIETYIOIYE BHIBOABIL:

- B criektpe BO30Y:KICHHUs JTIOMHHECHEHIMH THF3, 3aperncTpupoBaHHOM B a - ruiockoctd npu T = 25 K u 300 K B
cnekTpaabHOM auamnazoHe 240 - 340 mM, HaOmogaroTCs y3KUe JIMHUM W3nydeHus nepexogos 4f — 4f. Hmwke 230 HM umeer
MECTO 00JIaCTh CHIIBHOTO ONTHYECKOT0 HortomeHus Y @-n3imydeHus, 4To MPUBOAUT K PE3KOMY HCKaKEHHUIO (opMbI KpuBOi. [1o-
BUIIMOMY, 9TO BBI3BaHO ITOBTOPHBIM MOTJIOIICHUEM H3IYUSHUS Pa3pellieHHBIMH (110 CITUHY M YETHOCTH) JIEKTPOIAUIIOIBHEIMI
4f(8) — 4f(7)5d nepexonamu B Th®*

- Iloxazano, yro Bo30OyxneHue nepexonoB 4f — 4f m 4f — 5d sueprueit B YP-00macti NpUBOAUT K IOSBICHHIO
nHTEeHCHBHBIX noJioc PJI, cBsa3aHHBIX ¢ n3nydeHneM 4f — 4f mepexomon D, — 7F6 u°D, — 7F5

- CpaBaenne crektpoB @JI u mornomeHns, OTHOCAIIUXCA K ONTHYECKHM MepexojaM MeXIy INTapKOBCKAMH
MOIyPOBHAMH MyIbTHIIETOB Dy u 'Fg mpum 90 K, TO3BONAET COCTABHTH AMATPAMMY ONTHYECKHX IEPEXOLOB MEXIY
MITAPKOBCKMMH TOAYPOBHAMH, OMNPENEIHTh WX SHEPTHM M HUX IOJOKEHHS INpH OOBEIWHEHHHM B ONTHIECKHE ITE€PEXOIbI
MyJbTUILIETOB P3 Hona.
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HAHODSMVYIJICUSA BAPKAPOPJIUTMHU YHUHI' PEOJIOTUK XOCCACH OPKAJIU TAAKUK KWJINI
AHHOTanus

JlemoHuzanusuianran cypnia ypraya nuamerpu 12 HM Ba 40 HM KpeMHUI TUOKCHIU HaHO3appavalapUHUHI KOHUEHTPALUSICH
0.5% Ba 3% MaccaBuii yAyNIMAAard HaMyHajlap YATPATOBYIUIM JHCIEPraTopla JAUCIEPCHsUIaHand. XOocHa OynraH
HaHOCYIOKJIMKIApHUHT KOBYmKokmurd 304 K rtemmeparypajga OSKCIepUMEHTAN YpPraHWIAH Ba CEAWMEHTAIMs JKapaCHU
HaHO3appayajap YM3HKIM Yyadamura OOFIMK XONjAa TaAKHK KWiMHAW. Hartmwkamap Taxymnura Kypa HaHOCYROKIUKHHHT
KOBYIIKOKIMTH HaHO3appavaaap YH3HKIN YII9aMi KaMaiuiy OniaH opTud OOpUIIN Ky3aTHIIIH.

Kanut cy3nap: HaHocyloKinMK, HaHOCYIOKIMKJIAPHUHT KOBYIIKOKJIWIHM, KPEMHHMH AMOKCHUAM HaHO3appaydalapu YH3UKIH
ymyaMura OOFIMKINATH, CSMMEHTAIHS, TCHOHU3AIUSIAHTaH CYB.

UCCJETOBAHUE CTABHMJIBHOCTHA HAHOSM YJIbCUU MOCPEJACTBOM PEOJIOTMYECKHAX CBOMCTB
AHHOTAIHS

B nenonm3npoBaHHOM BOJE IUCTIEPTHPOBAIN HAHOYACTHUI] AUOKCH/IAa KPEMHHMS B KOHIIEHTPAIMHU ¢ MaccoBoit poxeit 0,5% n 3% u
CO cpemHMM auameTpoM dactun 12 HM u 40 HM HCHONB3ys yIBTPa3BYKOBOH Jucmepratop. McciaemoBaHBI peoIorHuecKue
CBOWCTBa TONyYeHHbIX HaHOG(MoMIoB Tpu 304 K B 3aBUCHMOCTH OT MacCOBOH KOHIIEHTpPAIlMd H JIMHEHHOTO pa3Mepa
HAHOYACTUI[ B JKUAKOCTH. AHANN3 pPe3ynbTaToOB IIOKA3all, YTO BA3KOCTh HAHOKHIKOCTH YBEIMYMBANACH C YMEHBIICHHEM
JMHEWHOTO pa3Mepa HAHOYACTHII.

KmroueBbie cioBa: HaHOXHAKOCT, BSI3KOCTh HAHOXKHIKOCTEH, 3aBHCHMOCTH JIMHEHHOrO pa3Mepa HAHOYACTHI[ JHOKCHAA
KPEMHUSI, CEMMEHTAIHs, IEHOHH3UPOBAHHAs BOJIA.

INVESTIGATION OF THE STABILITY OF NANO-EMULSION VIA RHEOLOGICAL PROPERTIES
Annotation

Silica nanoparticles were dispersed in deionized water at a concentration with a mass fraction of 0.5% and 3% and with an
average particle diameter of 12 nm and 40 nm using an ultrasonic disperser. The rheological properties of the obtained nanofluids
at 304 K were studied depending on the mass concentration and linear size of nanoparticles in the liquid. An analysis of the
results showed that the viscosity of the nanofluid increased with a decrease in the linear size of the nanoparticles.

Keywords: Nanofluids, viscosity of nano-liquids, dependence of the linear size of silicon dioxide nanoparticles, sedimentation,
deionized water.

Kupum. Harnocyroxmikiap TanryB4n CyIOKINK Ba HaHO3appadalap[aH TAIIKWI TONTaH MKKW (asamy timsumaup [1,2].
VYnap Typau Xun KUMEBHH peakTopiiap Ba 3aBOATAp/a, HIy JKyMIamaH TYpiH KypHJIMalapHH COBYTHINI, HUCCHKIMK HILIa0
YUKAPUII Ba TAMIMIIHUHT SHTU TH3UMIIAPHHH WIITA0 YUKHUIIIA, OMOTEXHOJIOTHS, HAHOTEXHOJIOTHS Ba MHKPOAJIEKTPOMEXaHUK
THU3UMIIApAa KyTaHWIMOKIa. FOKopuaarn MakcaamapaH TalIkapy yiaap sSHTH JJOpH-TapMOHJIap Ba KOCMETHKA MaxCyJIOTIapHHI
Joiinxanania, 10py BOCHTANAPUHU €TKa3uO OepuIuia, Typiau Xl MQIOCIaHTUPYBYM MOJJANIApHU aHMKNAI, XaBO Ba CYBHU
TO3ajall TH3MMJIADMHU HWIUIA0 YHMKMINAA, SHTCH MOMJaml MaTepuayuiapd, OyExmap, naknap HIDIad YUKApHUIIAAa KypPHITHII
MaTepHajuiapy Ba OOIIKa coxajapa KeHr Kyuanunamu [3].

HaHocyloKIMKIapHUHT KYJJIAHWIKII TOTEHIMANUAAH TYFpH (oianaHUI HAHOCYIOKIUKIApHU Talépiaml ycyiapura
6ormuK. HanocyroknmkinapHu TalépiallHMHT MKKHTA acoCHil yCynu MaBxyn OynmuO, Oy Omp OGOCKMYIM Ba MKKH OOCKHWIN
Taliépnam ycymuiapumup. bup Gockudwnm ycynna TYFpUmaH-TYFpH acoc (TallyB4M) CYIOKIMKAA HaHO3appadalapHU OyFIaTHII
JKapaéHy OpKaiu amaira ommpmiany. Mkku Gockuwim Taiépam skapaéHu, TYpiId XHJI MEXaHHK, (GH3HMK Ba KUMEBHH Hymiap
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Ownan (Maiinanan, 301-ren OoLIK. yeyJutap) épaaMuaa XOCHI KIJIMHTaH Ba TIDKOPATIa MaBxKy[ OYiaran HaHO3appadalapHH, acoC
CYIOKJIUTHIa HaHO3appavajapHu JucIepraudsamgan uoopar 6ymub, 6y ycyn kenr kymmanunanu. Ongaraa, 6omka ycysuiapra
Kaparanja yITpaTOBYIIIH AMCIIEpraTopiap CYyIOKIMKAA HaHO3appadalapHW JUCTIEPTallisjiall yIapHUHT arjoMeparusCHHU
KaMaWTHpUII YuyH Huulatiiaau. bapkapop aucnepeus Oy Taxkpuba amanuéru OunaH GOFIMK OYiraH KaTrra MyaMMOAUD, YyHKH
HaHO3appaJanap opacugaru Ky<@in Bad nep Bamic kyuu Ba Gomika tabcupiap Ty(daiiin KyKyHJIap OCOHIMHA WHFHIAIN SHHU
Koaryisiusra yupaiou. ByHpmalh xamumimmkiapra kapamaii, aucriepraTopiap HaHOCYIOKIMKIAPHH XOCWJI KHJIHMII Ba HIuIab
YHKApUII yYyH SHT ontuMan ycynaup. Koarymsmusra mMoHmumra TyQaiin HaHOCYIOKIMKIAp Y3MHUHT MCCHKIMK Y3aTHII
XOCCAaCHHHM HYKOTHIIM MyMKHH. lIIyHHHT ydyH y30KpOK MyanaTiu Oapkapop OynraH HaHOCYIOKJIMKIAPHU OJUII MYXHM.
Bapkapopik  HAHOCYIOKJIMKIApHUHT (U3MKAaBHH XYCYCHSTIApUHHM Y3rapTHPHIIM MYMKHH OyJraH acocuié MyaMMO
xucobmaHagy. by wnipa HaHOCYIOKIMKIAPHUHT OapKapOpJIUTHHU YPraHUII YCY/UIApHHU TaxXJIWl KWIHII MyXuMmaup. By
ycymnapra Kyiugarunap Kupagu: -MOTeHIMaN TaXJIMIN YCYIH; CHEKTPal TaXJIH YCYIIH; JIEKTPOH MUKPOCKOIHNS; EPYFINKHUHT
JUHAMUK COYMJIMIN YCYIIH; BU3yall Ky3aTyB yCYIu.

1. € - moreHTHMAJ TAXJUIU ycyJHu. HaHOoCyroKIMKIapHUHT OapKapopauruHu 6axonamaa { mOTeHIHal KaTTa
axaMmusTra sra. { MoTeHIHan JUCHepcust MyXHTH Ba AUCIIEPC 3appadara OMPUKTUPUITAH CYIOKIHKHUHT CTAllMOHAp KaTiaMiIapH
opacunara mnoreHIamiap (apkumup. { NOTEHIMANMHUHT CXEMAaTHK KypuHHIIN 1(a)-pacMzma Kypcartwiran. Anaduériap
Tax)uHra kypa { MOTEHIMaIMHUHT IOKOPH a0COIOT KHHMaTiIapuja HaHOCYIOKIMKIAp KYTMPOK MyIuar OapKapop XOJaTHHU
caxiaiiam [4] 1(6)-pacM. By ycynna KOBYIIKOKIMIH I0OKOPH HAaHOCYIOKIUKJIAPHUHT { MOTEHIMAIMHH YII9all OpKAIN YyJIapHUHT
0apKapOpIIMTHHY aHHUKJIAIl IMKOHHSATH YerapalaHraH.

(€] (mV)
CupTHit 3apsim 100 T~
- IOxopu mapaxanaru 6apKapopiHK
CTepH KamIaMi Ropa:2iap prapop.
80
60 T SIxmm GapKapopiHk
® Karra Xamzari cyloKmK
40 +
Wommap =~ <.+ CvpTui noteHuman —+ Bapkapop nucniepcus
~
- { noteHumnanu 20
Shel | Bexapop mucrepcus
T ——— — o LAnriomeparcusianran xonar

(a) b)
1-pacm. (8): - NOTEHUHMATHHHHT CXEMATHK TACBUPH. (0): {- MOTeHUMAJNHUHT TYPJIM KHiiMaT/iapuaa
HAHOCYIOKJIMKHHHT 0apKapop XoJaTJapu.

2. CnekTpan TaxJjmia ycyiau. beep-JlamOepT KOHYHHUra Kypa, 3pUTMAHUHT aOCOPOCHSCH dpUTMaaa MaBxKy Oyaran
EpYFIMKHY I0TYBYM HAaHOMATepHall KOHICHTPAIMACUTa Ba EPYFIINK TYJIKHH Y3YHJIUTUTA TYFPU TPOIIOPIUOHANL. YOy MUKIOPHi
yCyJ HAaHOCYIOKJIMKAA MaBKyJ| OyJIraH HaHO3appavdalapHUHT KOHIEHTPAIMACHHY aHUKJIAII yIyH nnuiatuirad [5]. By ycynna
MakcHMal EPYFIMK IOTWINII TYIKWH Y3YHIUTH Kali KMTHHAIN, KeHNHIaINK MabIyM KOHIIEHTPAUSIIH HAHOCYIOKINKIAPHUHT
EPYFIIHK FOTHIIAII JAPAKACHHN KAl KHUTHIT yIyH HIUTATHIAAN. EpyFTHKHIHT I0THINII JapakacH YOy HAHOCYIOKTHKHITHT
HOMabJIyM KOHLEHTPAMSICHHN aHUKJIamIa €paam Oepaau. HaHOCYIOKITMKIapHUHT GapKapopIUTuHK Gaxoail yuyH CHeKTpal
EpYFIMKHY I0TWINII YCYJIUJIaH KeHT (oiananum MyMKHH [6]. By ycys 6unan ¢akaTt 10KOpH KOHIEHTPALMSIN
HAHOCYIOKJIMKJIAPHUHT OapKapOpIUTrHHK 0axoJiail MyMKHH [6, 7].

3. DJIeKTPOH MHKPOCKONHS YCYJIH. DIEKTPOH MHUKPOCKONUS TYFpPUAAH-TYFpH MHKporpadusmap ned aramaguran
TacBUpJIApHU sipaTaad, Oy 3ca acoc CYIOKIMKAArd HAaHO3appadalapHUHT YIdamiiapy OYiHda TapKaldWIIN XaKuJa aHWK XyJIoca
Oepuiy MyMKrH. ByHUHT yayH ycynna HaMyHamaH yTaauraH JIEKTPOHIap OKMMHAAH ¢oiinananmnany. ONTHK MEKPOCKOIIaH
(hapk YIapoK, SIEKTPOH MHUKPOCKOIUIAp HaMyHa Kanmuaiuurd 0,5 MKM JaH KaM OyiraH MarepualUlapHH HAaHO Yiodamrada
OCOHTMHA aHUKJIal UMKOHMATHTA 31a. 0,1% XakmMIarn alfoMUHAN OKCHAN HaHO3appadany cyroKmukHuAEr TEM muxporpadusicn
3-pacmaa xypcaruirad [8]. DIeKTpoH MUKPOCKOITMSHAHT HT MaIIXyp YCYJUTapH TPAaHCMUCCHOH 3JIeKTpoH MuKpockomust (TEM)
Ba CKaHepJam 31ekTpoH Mukpockonuscuaup (SEM). By ycynHuHr canOuil ®uxaTH IIyHIAKU YpraHUIl ydyH Taii€pnaHagura
HaMyHa KpHUOTEH TeMIeparypanaprada My3JaTHIHIIA Ba YpraHUIl BaKyM MyXHUTHIa 0iu0 Oopuiuiun go3uminruanp. Hamyna

Tal/lepﬂalll )Kapaemma YHHUHT Cpr](TypaCI/I )Kl/l)l)ll/II/I 3rapmunapra yqpaum MYMKHH.

3-pacM. AsrroMuHMIT oKkcHIH HaHOCYIOKJIUKHUHT TEM Mukporpadust tacsupu|8].

4. Epy}‘nHKHnHr JMHAMMK COYUIIMIN YCYITH

Epy}‘nHKHMHr JTUHAMUK COUMITMIIN (LIYHUHTIEK, (POTOH KOPPEISILKS CIIEKTPOCKOMHMACH EKH EPYFIMKHUHT KBa3U-2JIaCTUK
coumMIIM Ae0 XaM aTajagu) HaHO3appadaJapHUHI arjoMepanus XOJaTHHM aHUKJIAIl Ba YiI4am ydyyH MyXuM ycyiamup [9].
MoHOXpoMaTHK Ba KOTEpeHT OynraH masep HypH KHUYMK 3appadaigap OWIaH ¥3apo TabCHPJAMTaHAd, COYMINII
WHTEHCUBIIMIMHUHT BakITa OOFIMK Y3rapHIIM Ky3aTWIaau. VHTEHCHUBIMKHUHT (QIyKTyanuscw, OMpHHUYM HaBOaTAa, KUYHK
3appavanap bpoyH xapakatuna Oynuiy OwiaH GOFIMK, NIYHUHT yUyH 3PHTMaaaru EpyrINKHA COUyBUMIIAp Opacuiark Macoda
BakT ytumm OwiaH Yy3rapu6 Typamu. Coumiran Epyrnuk arpodiaru 3appajap TOMOHHAAH KOHCTPYKTHB EKH Oy3FyHUH
uHTep(dEepeHIs Ky3aTHiIaad Ba Oy MHTEHCUBIMK (IIyKTyalUsIapuia COUYBYM 3appajap XapakaTHHHHI BaKT IIKaJacH XakKuzia
MabJIyMOT MaBXyA. 3appadajlapHUHI JIMHAMUKACH MabIyMOTIapd Taxpuba AaBOMHUIA Kaill] STHUIraH WHTCHCHUBIMK KHHMAaTH
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JKaJJBAIMHUHT aBTOKOPPEILIMACHIAH ONMHanu. HaTmkaBuif SKCIIOHEHIMAN aBTOKOPPEISIHSA (YHKIMSCHHH TaXJIMT KYJTHII
opKkanu, Z-ypraya ne0 aTajagurad 3appada yprauya rufpoavHaMuk ymdamu, CTokc-DHHINTEHH TeHrnamacuaad (oigaaanran
XO0J1JIa MHTEHCUBIIUK acocua Xucobiaanaau. Yoy ycyn épaaMuia NOIUINCICPCIIMK HHICKCH, 3appadaJapHUHT yrdaMu Oyiinda
TaKCUMJIAHHUIIMHYE XaM aHHUKJIAIl MyMKHH. Y Cyl oJaui 6yncana, HaTW)KaHUHT MITOHWIMIMIY HAMYyHAHUHT ONTHK XyCYCHUSITU Ba
KOBYIIKOKIUTH KaOW mapameTprnapra OOfiauK. bab3uma Taxiaumi KWIMII y4yH HaMyHaJard HaHo3appada KOHLEHTpPaUUsICHHU
KaMaHTHPHII YI9yH YHH acoC CYIOKIUTH &paaMuIa CYIoNTHpUII Kepak Oynamu. LIyHuHT yayH OapKapOpiIMKHY TaxJIHI KYUIHII,
€KM TypJIM 3appadanap YIMaMHHH aHUKIANl y9yH Yoy ycynmaH (olmanaHMIIAaH OJIWH YPraHWII OOBEKTHHU CHHYKOBIIHK
OunmaH Taxmwl KWidm (MHCOJ yYyH 3appavyaijap KOHLCHTPALMSICH Y4yYH FOKOPHM dYerapaHd aHUKIAII) JKylda MYyXHMIHUP.
Hano3appauanap KOHIIEHTpamusIcH I0KOpH OyITaHa KYIKappa COYMIIMII XOJHCAacH HATIKaJa KaTTa CHCTEMATHK XaTOJIUKIIAp
naiigo 6ymanu.

5. Buzyan Kky3aryB ycyad. Busyan Ky3aTyB ycyiaM HaHOCYIOKJIUKIApHUHT OapKapOpiIMIMHH OaXOJAIIHHHT KEHT
TapKaJraH, OCOH Ba 3HT ap30H ycyauaup. 'apun Oy ycyn dakaT BU3yals Ky3aTyBiaapra OOFINK Ba MablIyM BaKTHH Tajab KUiICaza,
ylap HaHOCYIOKJIUKIAp OWilaH MIUTAiANTraH TaAKUKOTYMIAP Opacujia dHT Kyn uuutatuiummra cabad 6ynran ycynaup. Chepuk
3appanap yuyH Ctokc KoHyHH (1-TeHriama) knuuk auametpnu (Dy,) 3appamap ydyH uykum Te3nurd () KaMpoK SKaHIMTHHU
TYIIYHTHPAIH.

= gD%Z(pnz - ps)/18ns (1)

Bynna g — spkuH Tymmm Te3NnaHUIIH, pPp, - HAaHO3appadanap 3UWINTH, Ps VA 1) - MOC PaBHUIIA acOC CYIOKIUTH 3UWINTH
Ba KOBYIIKOKJIUTH.

I'paBuTanMSHUHT HaHO YI4amMard 3appadaiapra TabCHPH JKyAa KaM O¥ica xaM, yJIapHHUHT arjJoMepIaHul TeHICHIHUACH
ynapHu OyHIall Ky4jiapra Ce3rHp KWiIaaM, ITyHHHT YYyH XaM IIacTKH KUCMHJIA YYKHHIM Xocui Oynmamu (4-pacm). Uykum
JKapaHMHM ypraHuii, HpoOMpKaja cakiaHAéTraH HAHOCYIOKJIWKHHHI TaIlKd TabCUPJIApCH3 ¥3-Y3WIaH arioMepanusra
yUYpallMHU KaWj OSTHIIHM ¥3 HYura ojiaad. HaHOCYIOKIMKIArM YYKUHIM 3appadalapHUHT SrajularaH XaXMura Kypa
HAaHOCYIOKJIMKJIADHUHT GapKapOpJIUTH XaKuia Xyjiocara KEeJIMIIMMHU3 MyMKHH. HaHOCYIOKJIMK TH3UMIIapuaard 4ykMa Typiapu
(hroKyISIIMsITaHTaH YYKWHAW, JUCIIEPC YYKUHIN Ba apajam yykuHawapra oymuHamm [10].

—

4-pacm. HaHocyHKINKIapaAa 3appavyajJapHUHT arJioMepanusic TyQailim 4y KA.

HaHnocyroxnmik 6apkapOopJIUriHU 0axosaml yqyH 4yKMa jkKapaéHUHUHT KeHUHTH TaCHU(DU IYKUHAN (HOTOCYPATHHH OJIHII
Omnan Oaxonmanagu [11, 12, 13]. Kamepangan ¢olinanaHuin HaHOCYIOKJIUKIAPHUHT OapKapOPIUTHHA Ky3aTHIIAA CEIMMEHTAINS
(hoTocyparaaprHi OMUII YYyH MOC KypwiMa SKaHIUTuHH ucOotnamu [14, 15]. Hanocyroknmkmapaa HaHO3appadaapUHUHT
KOHIIGHTPAIMSACH BAakKT YTHIIN OwiaH AouMuii O¥ynca, Gapkapop XucoOmaHmu. bapkapop HaHOCYIOKIHMKIApHH OJNHWII YIyH
Ky3aTHII BaKTH/Ia OJIMHTaH (haTocypaTiap KyJUIAaHHIINII YCYIAaH YHYMIIU (OiaIaHuII OMIaH OOFIIHNK SKaHIUTH W OJaTaH M.

IOxopraa  Taxyiunm — KWIMHTAH — yCYJUIApHUHT  0apyacuja  HAaHOCYIOKJIMKIAPHM  YpraHuil  y4dyH  TypJHu
yerapajaHuIniap(HaHo3appaya KOHLEHTPaLUsICH, HAMyHaH! YPraHMII Yy4yH Talépiamia Mypakka0 skapaéHiiap, KOBYIIKOKINK
Ba onTHK maddodauk, HUCOaTaH y30K BAaKT Tauad KWIMHHINKM OWJIaH OOFJIHMK) MaBXyJ SKaHJIUTUHHU Kypauk. Hanocyrokmumap
Gapkapop XxoJjaa OYJIMII BaKTH YerapaJaHraHJIurd yJIapHUHT JUarHOCTHKAcHaa IOKOpHAA CaHajiraH 4yerapajlaHWILIapAaH XOJIH
OyIITaH TAAKUKOT YCYJUTAPHUHHU WIITA0 YNKHUITHA TaK030 ATaJIi.

2. JkcmepuMeHTan KHCM. YmOy TagkukoTAaa amopd Ba THAPOGMIT KPEeMHUH IHOKCHON HaHO3appadajapHIaH
¢oiinanannnran. Hano3appauanap AEROSIL®Fumed Silica (ICepmanusi) KOMITAHUSICH TOMOHHAAH TAKIUM STHUITAH OK PAHTIIH
KykyH OYmuO, ypraua umsmkimm ymyamu 12 M Ba 40 HM, To3ammk napaxkacu 98% wubopar. Acoc CylOKIMK cudarnaa
JIEMOHM3AIMSIaHraH yITpa To3a CyBIaH (oigamaHuiIIu.

Bapkapop QHCHEpCHsHH ONUII YYyH JEMOHM3alMsUIaHTaH CyBAa HAHO3appavyalapHUHT TacTIabKH arjioMepalsCHHH
OJIMHM OJMII Yy4yH cycneHsusulap 20 muHyT maBomuaa 100 Bt Ba 22 kI'm uacroTaga uuutaiigurad yaTpaTOBYLUIH
mucnepraropaa (ultrasonic disintegrator type UD-11 automatic, IToima) necniepeustianau (5-pacm).

5-pacm. YITpaToBYILIN JUCHEPraTop.
Yuzmaga: 1-YaATpaToBYILII reHepaTopH; 2-Me30 31eMeHT TYTKHYH; 3-1e30 3JIeMeHT; 4-HaMyHa (HAHOCYIOKJIHK)
COJTMHAIMTaH WAMII; 5-KyBBaT MaHOau.
Vpranunaétran HaMyHaHMHI peoNOrHK Xxoccanapu Xaake (IepMaHms) KoMIaHuscHHMHT Peoctpec 600 KypuiMacuaa
Ypranmwiay. ABTOMATIANITHPIITAH YITdall KypyIMacHHHHT OJIOK CXeMAacH 6-pacMaa KypcaTHIITaH.
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6-pacM. ABTOMATIAIITHPUWITAH YI4am KypHIMACHHUHT 0JI0K-cXeMacH.

Unsmana: 1-aiiimaHMa XapakaTHH y3aTyBUM KHCM; 2-HaMyHa OWJIaH ¥3apo TabCHP KWIYBYHM LWUIMHIP; 3- TEPMOCTaTHK
KOOWK, TOMMHI XapopaTHH CakjIaml ydyH CyB aiIaHMO IOpaauraH KUCMH; 4-pakaMiy OOIIKAapyB THU3MMHra 5Tra TepMOCTaT; 5-
MTHEBMATHUK aiJIaHWII TH3UMHTA 3Ta PeoMeTp OJOKH; 6-KoMIIpeccop; 7-IOCTHPOBKA YIyH BEPTHKAT XapakaTIaHyBUH ITHEBMATHK
MEXaHU3MIIM CTOJI; 8-YiJamnt skapaéHUHH OOIIKApUII Ba MabIyMOTJIapHM Kaifta mnutam yayH RHEOWIN nactypu ypHatuinran
KOMIIIOTEP.

Ymby yckyHa €paaMuga HAHOCYIOKIMKIAPHUHT KOBYMIKOKINTHHUHT CHIDKHII TE3JIUTUra OOFIHKINIH YpPraHWUIIH.
Vimaosnap cumkum tesmurn 900 s gam 2000 s rava GYiraH opanuFHaa aMara OMMPHIAA. KYpcaTHiran CHIDKMII Te3Hri
JMAaTa30HU YIYOBIAPU YUyH Xap OMp KOBYMIKOKIUK crekTpu 600 cekyHa NaBOMMIUTUTHA aHUKIAHTaH. KydIaHWI 9HT KHYUK
kuiimata 0,00523 Ila gan 1,536 Ila rava amanra omwmpunau. Hamyna temmepartypacu 3140.1°C moummuii Xxapoparia TaniKu
TepMocTat épamMusia CaKJIaH .

HanocyrokmkinapHUHT nespiu 0apya KYJUIaHWIMIIN OKyBYaHJIMK OWiaH OOFIMK OYnraHivra cababiM, KOBYIIKOKIHK
ynapraH QoigataHunaa Xal KHWIyBYH OMHJI XucoOnananan. by oMuin Typiu Mamiakatiapiard Kymiab TagkHKOT TypyXJIapuHA
CYHITH HWIIap NaBOMHIa HaHOCYIOKJIMKIAPHUHT KOBYIIKOKJIMTHHU 3KCIIEPUMEHTAI YPraHWII yUyH TaJKUKOTIAap YTKa3WIIra
yamanu [16-18]. HaHOCYIOKIHKIAPHUHT KOBYIIKOKIMTH HadakaT HaHO3appadajap KOHIEHTpauuscura, OalKh YIapHUHT
YM3MKIIN YII9aMATa XaM OOFIIHK SKAHIUTH aHUKITAH]IH.

HaHocylOKIMKIApHUHT KOBYIIKOKIWIH OyiKM4a 3KCIEPHMEHTal MabIyMOTIAPHH ONUII OMp Heda oMWIIap OmiaH
Mypakka0amaai: MOHOAUCIIEPC CYCIICH3MSIAp XOCH KIIHIIJArd KHHHHIMINKIAD, 3appadanap KOHIEHTPAUACHHH, YH3HKIN
YIrdamMIapHU TaKCUMJIAIIHUHT OUp XWUIMTHHY, arjoMepalisUIaHrad 3appadajapHUHT MIAKIDIaHWIIMHA aHUK YITYAITHUHT TYpIIH
yciryOuii MyaMmmostaps Ba Gornkanap ymly anabuériapaa Tax,il Kumaras [ 18,19-21].

3. Hatmkamap Ba Myxokama. YOy TaJKUKOT/Ia HAHOCYIOKJIMKIIAp Taiépiaml xxapaéHuia HAMyHAaHHHT XapopaTH XOHa
xapoparuaa (295 K) 6ynran. bynaa nuamerpnapu 12 am, 40 HM Oynaran amopd xonatuaaru SiO, HaHO3appadalapy OJUHUO, YHU
JevoHm3asIanrad cysra 0,5% Ba 3% MaccaBuil yrmynmiapzaa KymmoO 3appadanap CyBra TYIHK UYKHO KETHIIN yIyH 5 MHHYT
KyTHO, CYHT XOCHII OYJraH apajalniMaHy Jucriepranus KWmHI. Hanocyrokmuk Taii€pnanigara ONprHYN KHJIaJurad Basudamus
YATPATOBYIIIH JUCHEPTaTOPHUHT CYCIIEH3UATa ONTUMAal TabCHUpP BAKTHHU TONHWIIAWP. ByHTa HaHOCYIOKIMK Taiépmamina
JUCTIepranys TabCHP BAKTHHUHT Y3TapuIly OWIaH arperamysuiap YM3HKIN YI9aMH XaM y3rapad HaTmwkaga Oy y3rapuim
HAHOCYIOKJIMK PEOJIOTUSICHTA XaM TabCUp KWINIIK KypcatwiraH [22]. ByHaaH onivHIM TaAKUKOT HATH)KAIAPHMHU3 XYJIOCacUra
[23] Ba ¢doiimanannnran anadbuériap xyaocacura Kypa, IMCIIepraTop HaMyHara JAecrepraius KWIim BakTd 20 MUHYT peXuMuia
KaOyn kwiauHmy. Xocwun OynraH HaHOCYIOKJIMKIIApAa CeIUMMEHTAlus jkapaéHW YPraHWIMIIKM YYyH ILIHIIA WIMIDIapra coymb
kyiuimu (7-pacm). Hamynanapna 35 xyH BakT 1aBOMHIA BY)XKYAra KeJIaJWraH y3rapuiuiap Kaijg 5tu6 copunan. Yoy BU3yat
Ky3aTHII HaTwKajapura Kypa, HaHO3appadalapHUHT YU3UKIN ymdamu 40 HM HaHOCYIOKIHKIApAa KYNPOK MHUKIOPAA UyKMa
xocui1 0yimu. Macanad 9n3ukin ymgamu 40 HM OYnraH KpeMHUH AMOKCHI HaHO3appavajaapAaH TAIIKWI TONTaH HaHOCYIOKIIHK
(0.5% maccaBnii yirym) mMMmaHuHT 15 MII XQ)KMHHE STajiaraf 34d. 35 KyH BakT YTraHJaH KeWHH CYIOKIMKAArd HaHO3appadaaap
arperanysIcy Ba TPaBUTAINS TAbCHPH HATIDKacHIa | MII 4YKHHIM XOCHI Oynan. By Ky3aTnmumap HaTmKacuaa KelraH XyJI0CaMu3
Kyiunarminap: SiO, HaHO3appadanapuIaH nOOpaT HAHOCYIOKIMK Tai€piail sbHU AMCIepraTopiap OMiIaH WIUIAm jkapaéHuna
HaMyHara JWCIepralys TabCHPU ONTHUMaJ BaKTWHH TONHII Myxumaup; HaHocyrokink Tal€pramiia HaHO3appayagap YH3HKIN
yIrdamMy KaH4ya KUYHMK OyJica CeAMMEHTaIHs JKapaHH IIyHYa CeKHH Ke4au.

@) (b)
7-pacM. (2)-HAHOCYIOKJIMK TaliépiaaHranaad keiimnru xoaatu (40 HM, 0.5% maccaBuii yaymaa taiiépaanran). (0)-
HAHOCYIOKJIMK TalépjaaHranaan 35 KyH YTranaaH KedHHIH X0J1aTH.

VYcKyHa aHUKINTHHU TEKIIUPHUII YYyH KPEeMHHH JHOKCHUIH HAHOCYIOKIMKHH KOBYIIKOKIHK KO3 QHIMEHTHHN
IT9AIIIAH OJMH JEMOHH3AIMs KIIHHTAH CyBHHHT KoBYIIKoKkmury 31°C Temmeparypana ymaanmn. OnuHran KuiiMatiap TypiId
amabuériapaa ONMHTaH HaTIXajap OwmaH TakkocnaHau [24]. To3a CyBHHMHI KOBYMIKOKIMK YYyH YIT9aHTaH SKCIEPHMEHTAl
KuiiMariaapun amabuérna [24] xenTHpwiraH KWHAMaTIapura sKWHAAQH MOC Kelgu. TankukoTiaap [25] IIyHHM KYpCaTmukd,
HaHO3appavyalapHH KYIIMII acoC CYIOKJIMKHHHT KOBYIIKOKIMruHH Hioton €xku HiotoH Oynmaran xoccara y3rapTHpaiu.
IIyHuHT yuyH YpraHuIIHUHT OMpUHYM Basudacu HaHOCYIOKIMKHUHT HioToH €xku HioToH 6yiMaran XxoccacMHU aHUKJIAII 31
(8-pacm). Cyrokiukauar HIOTOH X0ccacHHU UoJaiaiiiuran TeHramMma Kyiiaard KypHHHILTa 5ra:
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T=nA 2)

Oy TeHriIamaza T-CHIDKUII KYWIAHUIIH, 1)-KOBYIIKOKINK KoedduimenTn Ba A- crupkuil te3nuru. Harmkanapnan 6usra
MabJIyM OYmaukn (8-pacM) CHIDKHIN TE3IWTHMHHHI Xap KaHAall KuilMaTuaa HAHOCYIOKIMKHHHI JHHAMHUK KOBYIIKOKJIHIH
y3rapmac KuiiMaTra sra. ByHnaH KypuHagMKy TagkuKoTAa YpraHwiaran HaHocyrokimukiaap (0.5% Ba 3% koHmeHTpammsiapaa
xaMm) HrioTon KoHyHIapura 6yiicyHaau.
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8-pacM. HaHOCYWOKJIHMK KOBYIIKOKJIUTHHUHT CHJIZKUII Te3JTUTHIa Ba HAHO3appa4ya KOHIEHTPAIUACHTA OOFJIUKINTH: (a)
0.5% maccauii yayu Ba (6) 3% maccaBmii yaymi.

Xynoca ka0 aiTranaa, SKCIEpUMEHTal HaTIDKallap TaxXJIMIK IIyHU KypcaTaluKd, HaHO3appadyaiap YU3UKINA YI9amMu
HAHOCYIOKJIMKHUHI KOBYIIKOKJIUTH Y9yH MYXUM axaMHATra sra. 3appadanap YM3UKIH YT9aMH KHIHKIAIICA, KOBYIIKOKIMK
opTaju. YpraHmiaéIran CyIOKITHKHHHT KOBYIIKOKIHTHTa GOFNMK 6y HATHyKa CYIOKIMKIArH HAHO3appada yYaMHHH Gaxomar
Y4YyH HIUIATUII UMKOHUATHHY Oepanu. By XynocaHu Tacnukimam ydyH ypraHwiaérrad Xap OMp HaMyHaHUHT KOBYIUIKOKJIHIH 5
MapTa TaKpopaH YirdaHau. YJIapHUHT ypTada KuiimMat 9 Ba 10 pacMiapaaru rucrorpammanapaa kentupwiras. 1y 6uman 6upra
HAHOCYIOKJIMK KOBYIIKOKIUTHHHUHT a0COJIOT KMIMaTH YHIAardn HaHO3appadyaJlapHUHT MaccaBUil KOHIIEHTPALMSACHTa XaM OOFIIHK
SKaHIMTH ymOy pacMmiaplaH KypuHHO TypuOmu. Mucon ydyH 12 HM 1M 3appadajd HaMyHaJIApPHHHT KOBYIIKOKJIHIH
CONMINTHPUITAHA KOHIEHTpanuscu 3% MaccaBHH yIymIAard HaMyHaHUHT KOBymKokmurd, 0,5% MaccaBuil ymymimara
HaMyHaHUHT KOBYIIKOKIUTUra HIucOaTaH 39 % OpTraHvHY KYPUIIUMU3 MyMKHH.
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9-pacm. HaHOCYIOKJIMKIAPHHHT THHAMHK
KOBYIIKOKJMIMHUHT 3appaya yiadamura oorsmkanru (0.5%
MaccaBHil YIyIIHIATH KOHIEHTPALMSICH YIYH).

10-pacM. HaHOCYIOKJIMKJIAPHUHT AHHAMHMK
KOBYIIKOKJIHTHHUHT 3appaya yI4aMura 60FJIuKIMTU
(3% maccaBmii yJIlymiaaru KOHIEHTPAIMSICH YYYH).

Xysoca. OnuHraH TaOKAKOT HATIKANapy TaxXJWIHIAH, HaHO3appajlap YyiauyamMu KamMain® Oopumm Ownian
HAHOCYIOKJIMKHUHI KOBYHIKOKJIMK Koddduiuuentn optud OopuIM aHMKIAHIM, XycycaH, Tapkubmaa 12 um  SiO,
HaHo3appaJyaiapu OYJIraH HaHOCYIOKJIMKHUHI JUHAMHUK KOBYIIKOKIMK KOd()(UIMEHTH acoc CYIOKIMK cudaTHaa OJIMHraH
CYBHMHI' KOBYIIKOKIHK Ko3(duuueHtura Hucoatan 1,1 mMapTa kaTTa SKaHIMTH aHUKJIaHAW. YOy HaTika chepHk 3appanap
yuyH Crokc konyHu (1-tenrmama) SiO, HaHO3appauanapu acocuja Tai€piaHraH HAHOCYIOKJIHKIIAP YYyH YPUHIHM SKaHIUTUHN
ucOoTIaay. 3appadanapHUHT MaBXy[MIMTH KATTHK 3appajap Ba CYIOKJIHK YpTacHIard y3apo TabCHPHUHT CHUPT MaiiOHHHU
ommpann Ba Oy 3ca ¥3 HaBOaTuaa ypraHwiaéTraH HaMyHaIarn KOBYIIKOKIMKHHU opTumura oian0d kemagu. Ly Gmman Gmpra
BU3yal Ky3aryBaaH 40 HM yI4amiii HaHOCYIOKIHKAA 35 KyHIAH CYHT 4yKMa XOCHJ OYNUII skapaéHu Ky3atwign. Kpemawnit
JMOKCHUTH HAHOCYIOKITMKHUHT KOBYIIKOKINTH Ba OapKapOPJIMTHHU OUp BaKT[a YpraHWII HaHO3appadaiap YM3HKIN yIdaMd Ba
HAHOCYIOKJIMKHUHT OapKapopJIMTH Xakuga Te3 Ba aHWK Xyjoca OJIMII MMKOHHUATH MaBXyIUIMTMHH Kypcatau. Hatmka
HAHOCYIOKJIMKJIQp PEOJIOTHK XOCCAIAapMHU OOIIKApHIJa KHYMK YIdamjard HaHo3appalaplaH caMapai (oimanaHum
MYMKUHJIMUTHHE KypcaTau. KoBYIIKOKIMK KO3(G(UIMEHTHHUHT HaHO3appajap yayamura OOFNIMK paBHILA Y3rapuiIura oiuo
KenyBuM (DU3UK JKapa8HIApHUHI MEXaHU3MJIAPUHM TYIIYHTHUPHUII MakKcaanaa HaHO3appavalapHUHT CHUPT XYCYCHUSATIapuaaH
Kenuob YMKHO KyIIMMYa TaAKHKOTIAp OJIHO OopHT Tanad 3THIIaIu.
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OLIY TA'LIM MUASSASALARIDA “YADRO ENERGETIKASI” MAVZUSINI O'QITISHDA INTERFAOL
USULLARDAN FOYDALANISH USLUBLARI
Annotatsiya

Oliy o"quv yurtlarida yadro energetikasi mavzusini o°gitishda ta'lim berishning interfaol usullarini go’llanilishiga doir masalalar
tahlil gilinadi. Ma'ruza, amaliy va seminar mashg ulotlarida talabalarning interfaol o’quv faoliyati hagida umumiy ma’lumot
berilgan. Xususan, talabalarning o'quv faoliyati “talaba — o'qgituvchi” ilmiy-tadgigot munosabati kabi fundamental konseptual
yondashish tamoyillariga asoslangan. Oliy ta’limda bo’lajak pedagog kadrlar tayyorlash jarayonini samarali tashkil etishda
zamonaviy pedagogik texnologiyalarni ta’limda qo’llash natijasida bu sohada yaxshi mutaxassis va yetuk kadrlar tayyorlashga
erishiladi.

Kalit so'zlar: yadro energetikasi, davlat ta’lim standarti; kashiy vakolat; fundamental fanlar metodologiyasi, seminar, amaliy,
interfaol.

METO/bI UCITIOJIb30BAHUS HUHTEPAKTUBHBIX METOAOB INTPU OBYUYEHUU TEMA «SIIEPHAS
SHEPI'Usl» YUYPEXKJIEHUS B BBICILIEM OBPA3OBAHUN
AHHOTAIHS

AHATU3UPYIOTCS BOMPOCHI, CBA3aHHBIC C WCIOJH30BAHUEM WHTEPAKTUBHBIX METOJOB OOYUCHHS IMpPU MPENOIaBaHUU SACPHAS
SHEpPrus B BhICHICH MIKoJe. JIEKIMM, NPaKTHYECKUE 3aHSATHS M CEMUHAPBl TMPEIOCTABISIOT OOIIyI0 HWHpOpMAIHI0 00
WHTEPAKTUBHOHN yueOHOW AEATEIHPHOCTH CTYJACHTOB. B WacTHOCTH, yueOHAsl JeATELHOCTh CTYACHTOB OCHOBaHA Ha MPUHIIAIAX
(hyHIaMEHTaTbHOTO KOHIENTYAJIFHOTO MOIX0/a, TAKOTO KaK MCCIIEIOBATEIbCKAE OTHOLICHUS «yUCHHUK-YUUTENb». B pesynsTare
MPUMEHEHHS COBPEMEHHBIX IEAarorMYecKuX TEXHOJIOTHH B 00pa3oBaHMHM TpH S(PQPEKTUBHOW OpraHH3aldl Mpolecca
MOJATOTOBKH OYIYyIINX YYUTENel BBICIICH IITKOJBI JOCTUTAETCS MOATOTOBKA XOPOIIUX CHEHHAIICTOB M 3PENbIX KaJpOB B ITOM
coepe.

KnwueBble cioBa: SlnepHas SHeprus, roCyIapCTBEHHBIH 00pa30BaTENbHBIA CTaHAAPT; MPO(ECCHOHANBHBIA aBTOPHUTET;
MeTo0JIoTHs HYHIaMEHTAILHON HAYKH, CEMUHAPCKasi, IPUKIIaTHAs, HHTEPAKTHBHAS.

METHODS OF USING INTERACTIVE METHODS IN TEACHING THE SUBJECT " NUCLEAR ENERGY" IN
HIGHER EDUCATION
Annotation

Issues related to the use of interactive teaching methods in the teaching of nuclear energy in higher education are analyzed.
Lectures, practical and seminar classes provide general information about students' interactive learning activities. In particular,
students' learning activities are based on the principles of a fundamental conceptual approach, such as the "student-teacher"
research relationship. As a result of the application of modern pedagogical technologies in education in the effective organization
of the process of training future teachers in higher education, the training of good specialists and mature personnel in this field is
achieved.

Keywords: Nuclear energy, state education standard; professional authority; fundamental science methodology, seminar,
applied, interactive.

Kirish. Hozirgi zamon ta’lim tizimining asosiy tendensiyalaridan biri axborotlashtirilishidir, asosan o’quv — ta'lim
jarayonlariga uni tuzish va optimallashtirishga undovchi turlicha axborot vositalari uslublarini joriy etish bilan bog’lig. Oliy
ta’limning axborot maydoni umuman muassasalar va texnika universiteti xususan, samaradorlik va sharoitlarni ta'minlash uchun
moljallangan uning barcha tuzilmalarining o°zaro ta’sirining va o'quv jarayoni sifatini oshirishdir. Biroq, fagat multimediya
0°quv vositalarini joriy etish materialni o zlashtirishni talabalarning motivatsiyasini oshirish bilangina, ularning mustagilligini
faollashtirish mumkin emas, balki bo"lajak mutaxassisning kop girrali vakolatlarini aniq tarzda to"g'ri shakllantirishdan iborat.

Shu munosabat bilan talabalarga xususiy holda (individual) va diffirensial tarzda yondashish asosida oqitishning optimal
shakllari uslub va amallarning aniglash zaruriyati yuzaga keladi. Innovatsion o’qitish usullaridan biri bu interfaol ta’limdir.

Shaxsga yo naltirilgan, rivojlantiruvchi ta’lim paradigmasi, uni tashkil etishning interfaol usullari va shakllarini faol joriy
etishga imkon beradi va talabaning samarali fikrlash faoliyati va 0 quv bilish gizigishini shakllantiradi.
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Natijalar va ularni muhokama gilish. A.A. Verbitskiyning fikriga ko'ra, talabaning faoliyatdagi o’rni va mashg uloti
pozitsiyasi, ganchalik xilma — xil bo’lsa, kelajakdagi mutaxassis ya'ni shaxs rivojlanadi, chuqurroq fikrlashga harakat giladi.
O’quv jarayonida interfaol usullarni o’rganish, avvalambor, yugori malakali mutaxassislar tayyorlash sifati bilan bog’lig [1].

O’qitishning interfaol usullarini jalb qilish, talabalarning faol o'quv va bilim, ko'nikma va malaka faoliyatini
shakllantiradi. G.M. Gazizovaning fikriga ko'ra, ushbu usullardan, xususan tabiiy fanlarini o"qgitishda yuqori samaradorlikka ega
bu talabalarning faolligini ta'minlaydi (0°quv jarayonida gatnashish faollashidir); tajribaga asoslangan; ehtiyojlar va shaxsiy
rag batlantirishga tayanadi, talabalarga hurmatni namoyish etadi; do’stona munosabatlarni yaratadi [2].

Yadro energetikasi mavzusini o’qitishning eng keng targalgan usullari:

1. Muammoli ma'ruza. Boshida o’qituvchi va o’ quv materialini tagtim etish jarayonida muammoli vaziyatlarni yuzaga
keltiradi va ularni tahlil gilishga talabalarni jalb giladi. Muammoli vaziyatlarda mavjud bo’lgan garama — qgarshiliklarni yechgan
holda, talabalar o"qituvchi yangi vazifalar sifatida ma’lum gilishi kerak bo’lgan xulosalarga mustagqil ravishda kelishlari mumkin.
Muammoli ma‘ruzalar bo'lajak mutaxassislar tomonidan Yadro energetikasi mavzusining printsiplari va gonunlarini ijodiy
0 zlashtirishni ta’minlash; talabalarni o’quv va bilim faoliyatini kuchaytirish, ularning mustaqil auditoriya va auditoriyadan
tashqari ishlari bilimlarni o*zlashtirish va ularni qollashni mashq qilish.

Yadro energetikasi mavzusida ma'ruza o'qiyotganda talabalarga “Yadro enrgiyasi”, “Yadro reaktorlari”, “Yadro reaksiyasi”
mavzulari bo’yicha muammoli amaliy darslar o'giladi. 1-rasmda Yadro elektr stansiyalarining umumiy ko‘rinishi tasvirlangan.
2. Rejalashtirilgan xatolar bilan ma‘ruza (ma‘ruza — provokasiya)

#
1-rasm. Yadro elektr stansiyalari.

Ma'ruza mavzusi e’lon gilingandan so'ng o’gituvchi unda nima gilinishini xabar qiladi, har xil turdagi ma’lum
miqdordagi xatolar ya'ni ular informatsion, uslubiy, xulq atvorli va boshgalar. Ma'ruza oxirida talabalar xatolarni nomlashlari
kerak. Ushbu ma’ruza tomonidan ishlab chigilgan talabalarning kasbiy vaziyatlarini tezkor tahlil qilish, so'zlashish
ko'nikmalarini rivojlantirish to’g’ri yoki noto’g’ri ma’lumotlarni ajratish uchun mutaxassislarning roli bilan ma‘ruzada
rejalashtirilgan xatolar nafagat funksiyani rag'batlantirish, shuningdek boshgarish kerak. Oldindan talabalarning mavzuga
tayyorgarlik darajasini baholash mumkin va u 0z navbatida materialda ularning yo'nalish darajasi tekshiriladi. Xatoliklar
sistemasi yordamida o’qituvchi kamchiliklar, ularni muhokama qilish paytida ularni tahlil gilgan holda, talabalar bilan o quv
materialining tuzilishi va uni o"zlashtirishning giyinchiliklari hagida tasavvurga ega bo"ladi.

Misol uchun Yadro energetikasi — energetikaning atom energiyasi (yadro energiyasi) dan elektr va issiglik energiyasi
olish magsadida foydalanish bo’limi hamda fan va texnikaning yadro energiyasini elektr va issiglik energiyasiga aylantirish
usullari va vositalarini nazariy jihatdan ishlab chigish hamda ularni amalda tatbiq gilish masalalari bilan shug ullanuvchi
sohasidir. Yadro energetikasining texnik asosini atom elektr stansiyasi (AES) tashkil giladi. Energiya manbai esa atom reaktori
(yadro reaktori) hisoblanadi. Parchalanish yadro reaksiyalarida uran va plutoniy yadrolarining bo’linishi natijasida issiglik
energiyasi ajraladi, keyin bu energiya xuddi oddiy issiglik elektr stansiyalaridagidek elektr energiyasiga aylantiriladi. Organik
yoqilg’i (ko'mir,gaz,neft) zahiralari kamayib qolgan taqdirda insoniyatni energiya bilan ta’minlashda yadro yo'qilg isidan
foydalanish hozircha eng ishonchli yo'l hisoblanadi. Shuning uchun ko’pchilik rivojlangan mamlakatlar (AQSH, Buyuk
Britaniya, Fransiya, Kanada, Yaponiya, Germaniya, Shvetsiya, Rossiya, Hindiston, Pokiston va boshqgalar)da issiglik va
gidroenergetika manbalaridan boshga energiya manbalaridan, shu jumladan, birinchi navbatda, yadro energiyasidan
foydalanishning yuqori samarali usullarini o°zlashtirishga doir ishlar jadal ravishda olib borilmoqda. O zbekistonda Yadro
energetikasiga doir ilmiy tekshirish ishlari O zbekiston Fanlar akademiyasi Yadro fizikasi instituti ish olib boriladi.

Yadro energetikasiga doir eng tashvishli muammo — bu AES larni ishlatish jarayonida xavfsizlikni ta’minlash hamda
ajraladigan suyuq va gattiq radioaktiv chigindilarni zararlantirish muammosi. AES larda bunday chigindilardan tashqari
radioaktiv izotoplarning uchuvchi birikmalari ajraladi, radioaktiv aerozollar ham hosil bo’lishi mumkin. Radioaktiv gazlar va
aerozollarning ma’lum gismi yaxshilab maxsus ishlov berilganidan so’ng atmosferaga chigarib yuboriladi, suyug va gattiq
radioaktiv chigindilar esa maxsus omborlar (“qabristonlar”) ga to'planadi. Biroq, Yadro energetikasini taraqqiy ettirishning eng
asosiy muammosi ko'p miqdordagi zararli chigindilarni ko'mib tashlashning tejamli va ishonchli usullarini ishlab chigishdan
iborat. Bu borada ko pchilik rivojlangan mamlakatlarda 20-asrning 70- yillaridan beri ilmiy tekshirish va tajriba sanoat ishlari
olib borildi hamda ba’zi usullari ishlab chigildi va amalda joriy gilindi (chigindilarni yerga chuqur ko mib, galin beton to'siq —
sarkofag bilan o’rash, konteynerlarda okean tubiga tashlash va b). Lekin hozirgacha eng ishonchli, xavfsiz va tejamli usullari
ishlab chigilganicha yo'q. 2-rasmda Yadro rekatorlari tasvirlangan.

2-rasm. Yadro reaktorlari.
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3. Ma’ruza suhbat jarayoni, eng keng targalgan va nishatan sodda talabalarni ta’limga faol jalb gilish shaklidir. Ushbu
ma’ruzada o°qituvchining tinglovchilar bilan alogasi to'gridan — to"gri gabul gilinadi. Ma'ruza dialogining afzalligi shundan
iboratki, talabalar etiborini mavzuning eng muhim jihatlariga garatish, mavzuga oid savollar, bazi xususiyatlarini hisobga olgan
holda o’quv materialining mazmuni va taqdim etish tezligini aniglash imkonini beradi. Tinglovchilarning ma'ruza — suhbatdagi
ishtiroki turli xil usullar bilan, savol — javoblar, axborot va muammoli xarakterga ega bo’lishi, talabalarning materialni idrok
etishga tayyorlik darajasini bilish orqali taminlanishi mumkin. Masalan, ma'ruza paytida “Yadro energetikasi” mavzusiga
0°gituvchi tomonidan talabalarga quyidagi savollar bilan murojaat gilish mumkin:

Yadro reaksiyasi

Yadro reaktorlarini boshqarish

AES larida chigindilar muammosi

Savollar butun guruh talabalariga beriladi va faol bo’lgan talabalar joylaridan turib javob berishlari mumkin. O qgituvchi
talabaning aynan o°ziga yoki bir nechta talabalarga savollar beradi. Vaqtni tejash uchun savollarni iloji boricha shakllantirish
tavsiya etiladi va aniq javoblar beriladi.

Davra suhbati usulining asosida yadro fizikasi kursida o°rganilgan muammolarni jamoaviy muhokama gilish printsipi
yotadi. Bunday darslarning asosiy maqgsadi talabalarga imkoniyat berishdir, kasbiy faoliyat shakllarini ragbatlantiradigan
sharoitlarda nazariy bilimlardan amaliy foydalanishdan iborat. Bunday ma‘ruza bolajak mutaxassisning kasbiy vakolatini
shakllantirilishiga imkon beradi.

Bilimlardan professional foydalanish — bu fan tilini erkin egallashi, ravon tariflar, tushunchalar bilan aniq amallar
o'tkazishdan iborat.

Yadro energetikasi mavzusini o’rganishda yuqoridagi usuldan foydalanish Oliy ta’lim muassasalari talabalarning bilim
faolligini, ularning o’rganilayotgan fizik hodisani chuqurroq anglash uchun motivatsiyasini yanada oshiradi mavzu bo’yicha
go shimcha ma’lumotlar olish, 0gishni ijodiy jarayonga aylantirgan holda izlanishlarni rag batlantiradi [3-6].

Oliy ta’lim talabalarining qgobiliyatlarini keyingi kasbiy faoliyati uchun asos sifatida rivojlantiradi. Ta'lim standartga
muvofig ma’ruzani o°zlashtirgan bitiruvchi yoki mutaxassis tegishli vakolatlar, kashiy mahoratga ega bo’lishi kerak [7].

Talabalarning faol amaliy faoliyati turli fanlarni o'rganish jarayonida talabalar tomonidan ushbu malakalarni
shakllantirish samaradorligini belgilaydagan zarur shartlardir.

Talabalarning amaliy faoliyatini aktuallashtirish - ta’lim muassasalari o’quv strukturalari uchun murakkab vazifa
hisoblanadi. Buni hal gilish uchun va talabalarning xususiy individual ishlashlari uchun moddiy — texnika baza, yetarli
miqdordagi texnik vositalar zarurdir. Bundan tashgari, ta’lim muassasalari o’quv tuzilmalarining auditoriya fondi muassasaga
amaliy o quv faoliyatini tashkil etishlari uchun ruxsat berilishi lozim [8].

Taklif etilgan konsepsiyaning sinovi (aprobatsiyasi) M. Ulug'bek nomidagi O'zMU Fizika fakulteti, Yadro fizikasi
kafedrasida amalga oshirildi va ushbu kafedra talabalari sinovdan o’tmoqdalar. Talabalar uslubiy ko'rsatmalardan va kafedra
o"gituvchilari tomonidan tayyorlangan materialdan foydalanadilar[9].

Taqdim etilgan konseptual yondashuvning istigbolligi va potensiali shunda namoyon bo'ladiki, “talaba - o'qituvchi”
ilmiy - tadgigot munosabati talabalarning keyingi ilimiy ishiga muvofaqqiyatli bo’lishiga yordam beradi [5].

Xulosa. Ko'rib chigilgan interfaol o"qgitish usullari, avvalambor, amaliyotga yo naltirilgan o qitish konsepsiyasini amalga
oshirishga, mutaxassislarni ta’lim dasturida belgilangan kasblarni shakllantirishga imkon beradi. O qitishning interfaol shakli va
usullarini ta’'lim jarayoniga tatbiq etish, o°gitish motivatsiyasi ko'tariladi, shaxsga yo'naltirilgan o’qitish modeli amalga
oshiriladi. Interfaol tarzda o"qitish, o"zaro fikr almashinuvi bilan boglig bilimni rivojlantiradi, jamoat ishlarini faollashtiradi va
bu bo'lajak mutaxassislarning kasbga oid gizigishlarini shakllantirishda zaruriy tashkil etuvchi bo’lib hisoblanadi. Interfaol
o'qgitish uslublarini qo’lanilishi interfaol format talablarni ko'zda tutilgan fanlar bo'yicha tayyorlash davrida muddati
uzaytirilgan bir gator tadgigot loyihalarida talabalarning uzviy bog'langan va mustaqil o’quv faolligini birlashtirish imkonini
beradi.

Ushbu maqola Ne AM-I13-2019062031 “Yadro energetikasi”, “Yadro tibbiyoti va texnologiyalari”, “Radiatsion tibbiyoti
va texnologiyalari” fanlari bo‘yicha bakalavr va magistrlar uchun multimediali darsliklarini yaratish nomli innovatsion loyixa
doirasida yozib tayyorlangan materiallarning pedogogik tahlili asosida yozilgan bo’lib, darsliklar mualliflariga minnatdorchilik
bildiramiz.
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A THEORETICAL STUDY ON THE MOLECULAR STRUCTURE OF NITROETHANE COMPLEXES
Abstract

In this research, the most stable dimer and trimer of nitroethane were determined using the Density Functional Theory (DFT)
method. Geometrical parameters and vibrational frequencies corresponding to their optimized molecular structures were
analyzed. The calculated and experimentally determined vibration frequencies were compared and found to be in good
agreement. The vibrational frequencies were assigned based on the potential energy distribution (PED). Raman spectra of
nitroethane complexes (dimer, trimer) were also simulated to evaluate the effect of intermolecular hydrogen bonding on
vibrational frequencies.

Key words: nitroethane, hydrogen bond, Raman spectra, DFT method.

TEOPETHYECKOE UCCJIEJOBAHUE MOJEKYJISIPHON CTPYKTYPBI HUTPOITAHOBBIX KOMILTEKCOB
AHHOTanUs

B sToM mccnenoBannm Hanbosiee CTaOWIBHBIC TUMEp M TPUMEp HHUTPOITaHAa ObUIM OIpeneeHbl C MCIONB30BaHHEM METOoIa
teopun (ynknuonana rmrotHoctd (DFT). Beum mpoaHamM3upoBaHBl T€OMETPUYECKHE IMapaMeTphl M 4YacTOTHI KoJieGaHWi,
COOTBETCTBYIOIINE HX ONTHMH3MPOBAHHBIM MOJICKYJSIPHBIM CTPYKTypaM. PacdeTHbIe M SKCIIEPUMEHTAIBHO OIpeIeTIeHHEIe
YaCTOTHI BHOpauy OBUTH COIOCTAaBIECHB! M OKA3AIINCh B XOPOIIEM coriacku. YacToTsl konebanunii O MPHUCBOEHBI HA OCHOBE
pactpeneneHus noteHuanbaoi sHeprun (PED). CriekTpsl KOMOMHAIMOHHOTO pacCesHIS HUTPOITAHOBBIX KOMIUIEKCOB (IHMeEp,
TpUMep) Takoke OBUTH CMOJETHPOBAHBI IS OIIEHKH BIMSTHUS MEXMOJIEKYIISIPHBIX BOJOPOIHBIX CBSI3eH HA YaCTOTHI KOJIEOAHHIA.
KiioueBble ci10Ba: HUTPOITaH, BOJOPOHAS CBAA3b, criekTpbl KP, meton DFT.

NITROETAN KOMPLEKSLARINING MOLEKULYAR STRUKTURASINI NAZARIY O‘RGANISH

Annotatsiya

Ushbu tadgigotda nitroetanning eng bargaror dimeri va trimeri Density Functional Theory (DFT) usuli yordamida aniglandi.

Ularning optimallashtirilgan molekulyar strukturalariga mos geometrik parametrlari va tebranish chastotalari tahlil gilindi.

Hisoblangan va eksperimental aniqlangan tebranish chastotalari 0’zaro solishtirildi va yaxshi muvofiqligi aniqlandi. Tebranish

chastotalari potensial energiya tagsimoti (PED) asosida tayinlangan. Molekulalararo vodorod bog‘lanishning tebranish

chastotalariga ta’sirini baholash uchun nitroetan komplekslarining (dimer, trimer) Raman spektrlari ham simulyatsiya qilingan.

Kalit so’zlar: nitroetan, vodorod bog‘lanish, Raman spektri, DFT usuli.

Introduction. Despite the fact that intermolecular forces are weak compared to chemical bonds in molecules, they play a
key role in a wide range of important fields of physics, chemistry and biology [1].

Non-empirical methods are widely used in the analysis of noncovalent interactions in biological objects [2-5]. Modern
quantum-chemical methods have long been used to interpret the vibrational spectra of nitro-compounds [4,6,7], and individual
scaling factors are often used to compare calculated results with experimental results.

The application of the Density Functional Theory (DFT) approach to calculate vibration frequencies produces superior
results than ab initio methods, as is known from the literatures [4, 6]. In this research work, the mechanism of the formation of
molecular clusters of nitroethane in the gas phase, which belongs to the group of nitro compounds, has been studied. Nitroethane
- is an organic liquid with a chemical formula C2H5NO2, similar to nitromethane in many physical and chemical properties. In
order to determine the molecular structure in nitromethane, nitroethane and nitrobenzene liquids, D. Roy and A. Kovalenko [8]
used the reference interaction site model (RISM). The formation of various dimers in these liquids by weak hydrogen bonding
and Van der Waals interactions was determined by DFT-D3 and RISM calculations. Also, the solubility parameters of these three
substances in different substances were calculated and compared with the experimental results.

It has been established that molecular complexes in different concentration solutions of nitroethane in acetone are formed
by dipole-dipole and dipole-induction intermolecular effects [9]. For this, the density of the binary mixture and the ultrasonic
speed were measured at different temperature ranges.

In Ref. [7] measured the Raman and IR spectra of liquid and solid nitroethane as a function of pressure. Also, using
experimental and DFT calculations, it was determined that nitroethane changes from an amorphous state to a crystal in the
pressure range of 1.59-1.63 GPa.

Despite the fact that the interactions between nitroethane molecules and the vibration frequencies are estimated by non-
empirical and semi-empirical methods [4,8], the mechanism of formation of molecular clusters in the gas and liquid phase of
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nitroethane and the problem of determining the vibration frequencies cannot be considered fully resolved. Therefore, this study
aims to determine the stabilization of nitroethane complexes by hydrogen bonding and van der Waals effects.

Computational details. All calculations were performed in the Gaussian 09 package [10] at the B3LYP/6-311++G (d, p)
level in the DFT approximation. GaussView 6 graphical interface was used for visual representation of calculation results [11].
Potential energy distribution (PED) analysis was carried out to more accurately and quantitatively describe the contributions of
the group of atoms in the molecule to the normal modes of vibration. PED analysis was performed using VEDA 4.0 software
[12].

Results and discussions. Optimal geometries of the most stable dimer and trimer of nitroethane calculated at the
B3LYP/6-311++G(d,p) level are presented in Fig. 1. Calculations showed that the most stable dimer of nitroethane is formed
using two C-H...O weak hydrogen bonds. H-bond lengths are 2.44 A. The most stable trimer of nitroethane is formed using three
C-H...O H-bonds. The bond lengths are 2.33, 2.36 and 2.52 A, respectively.

a)

c)
Figure 1. Optimal geometric structures and MEP surfaces of nitroethane complexes: dimer (a,c) and trimer (b,d)
The intermolecular interaction energies required for the formation of dimer and trimer complexes are 4.51 and 10
kcal/mol, respectively. The bond lengths of N=0O and C-H functional groups participating in hydrogen bonding of nitroethane
dimer increase by ~0.004 A compared to the monomer. In nitroethane trimer, this change is equal to ~0.005 A (Table 1).

Table 1
Geometric parameters of nitroethane monomer, dimer and trimer
Bonds Bond length, A Bonds Bond length, A
1.2189
0(10)-N(8) 1.2211 igigg 1.2268
: 1.2228
1.2259
0(9)-N(8) 1.2215 ig%gg 1.2192
: 1.2047
15182
N(8)-C(5) 15195 igi?g 1.5185
: 15153
1.0914
H(7)-C(5) 1.0876 188%2 1.0912
: 1.0877
1.0903
H(6)-C(5) 1.0022 igg?; 1.0017
: 1.0925
15136
CE)-CL) 15101 12132 15135
: 1.5195
1.0901
H(4)-C(1) 1.0925 iggg; 1.0898
: 1.0890
1.0907
H)-C(1) 1.0896 1'3832 1.0909
: 1,024
1.0932
H(2)-C(1) 1.0920 oo 1.0929
: 1.0925

Its electrostatic potential is characterized by the electron density distribution of the atoms in the molecule. Also, with the
help of electrostatic potential surfaces, it is possible to obtain information about the size, shape, charge density and chemical
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reactivity characteristics of molecules [13]. Figure 1c,d shows the electrostatic potential surface of nitroethane dimer and trimer.
Depending on the level of electrostatic potential, the surfaces are represented in different colors. The electrostatic potential of the
molecule is shown in order of increasing in the order of orange<yellow<green<blue. It can be seen from the MEP surface that the
distribution of electron densities on the surface around the C=0 functional group of the nitroethane molecule is the lowest and
orange in color, and has the smallest electrostatic potential. Also, on the surface around the O-H group, the electron density
distribution is highest and blue, which indicates that it has the greatest electrostatic potential.

For nitroethane, high-wavenumber region contains symmetric stretching (3046 cm-1) and anti-symmetric stretching of
CH3 (3110 and 3130 cm-1), symmetric stretching (3074 cm-1) and anti-symmetric of CH2 (3154 cm-1) modes. As can be seen
from Fig. 2, the symmetrical stretching intensity of the vibration modes CH2 and CH3 is stronger than their antisymmetrics.

Raman Intensity, arb.u.

0 5(’)0 10’00 15'00 20’00 25’00 30’00
Frequency, cm™
Figure 2. Theoretical Raman spectra of nitroethane

By comparing the calculated and experimentally determined vibration frequencies in the harmonic approximation, it
was found that they are in good agreement with each other. The theoretical frequencies are slightly different from each other due
to the fact that they are calculated in an isolated medium, without taking into account anharmonic effects, and the experimental
frequencies are observed in the liquid phase. Additionally, using the potential energy distribution, the fraction of vibrational
modes in the nitroethane molecule was estimated (Table 2). Calculated frequencies are given without any scaling factor.

Table 2
Raman calculated frequencies and assignment of the vibrational modes for nitroethane*
Frequency, cm-1
Mode Calculated [Elﬁp?elrlsriwental Assignment PED (%)
1 19.56 - tH2C1C5N8 (19) + tCIC5N80O9 (70)
2 223.91 221 TH2CIC5N8 (95)
3 287.63 285 3CIC5NS (71)
4 480.29 497 SC5N8O9 (72)
5 597.60 583 vN8CS5 (44) — 6ONO (23) — yO10C509N8 (20)
6 701.74 616 yO10C509N8 (47) — 30O9N8O10 (11) + tCIC5N8O9 (10)
7 816.41 805 TH2CIC5N8 (70)
8 885.59 876 vO10N8 (14) + S09N8O10 (47) + YN8C5 (22)
9 999.83 995 vC1C5 (51) — vN8C5 (12) — tH2C1C5N8 (15)
10 1115.84 1102 SH2C1H3 (11) + tH2C1C5N8 (37) + vC1C5 (28)
11 1152.81 1136 SH6CSC1 (13) — tTH2CS5CI1INS (50)
12 1283.84 1264 SH6C5CI (66)
13 1353.07 1328 tH6CSN8O9 (70)
14 1400.21 1367 SH2C1H4 (13) + SH3C1H4 (21) + vO10NS (42)
15 1429.42 1396 SH2C1H3 (11) + SH2C1H4 (11) + 3H3C1H4 (20) — vO10N8 (37)
16 1481.48 1448 SH6CSH7 (80)
17 1489.71 1448 SH3C1H4 (28) + tH2C1C5N8 (11) + tTH4C5CINS (13) — SH2C1H4 (46)
18 1505.33 1471 SH2C1H3 (57) — SH3C1H4 (10) + tH2C1C5N8 (19)
19 1618.97 1576 vOINS8 (91)
20 3046.03 2972 vC1H3 (17) + vC1H2 (83)
21 3073.92 - vC5H7 (13) + vC5H6 (82)
22 3110.24 - vC1H2 (95)
23 3130.00 2999 vC5H7 (72) + vC1H3 (71) — vC1H2 (14)
24 3154.48 3024 vC5H7 (72) + vC1H3 (12) — vC5H6 (13)

*1 — torsion, v — stretching, & — bending, y — out-of-plane vibration
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Figure 3. Theoretical Raman spectra of N=0 (a) and C-H (b) stretching vibration of nitroethane

Figure 3 shows the characteristic peaks of the Raman spectra calculated for the monomer, dimer and trimer of

nitroethane, corresponding to the stretching vibrations of NO and C-H functional groups. It can be seen from the Fig. 3 that due
to the intermolecular hydrogen bonding in the formation of the complex, the spectral band corresponding to the N=0 stretching
vibration in the formation of the dimer shifted to a lower frequency by 6 and 9 cm-1 compared to the monomer. For trimer
formation, this shift is equal to 6, 15 and 17 cm-1. The Raman spectrum of C-H stretching vibrations of the CH2 group shifts to a
lower frequency by 1-2 cm-1 in dimer formation, and by 2-7 cm-1 in trimer formation.

Conclusion. In this study, the optimal geometric parameters and vibrational frequencies of the most stable dimers and

trimers of nitroethane were calculated at the B3LYP/6-311++G(d,p) level in the Gaussian 09W package. Nitroethane molecules
form dimer and trimer complexes through weak hydrogen bonds. Changes in bond lengths and vibrational frequencies caused by
intermolecular forces during the formation of complexes were analyzed.

10.
11.

12.

13.
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VIBRATION FEATURES AND HOMO-LUMO ANALYSIS OF DIMETHYLSULFOXIDE: RAMAN SPECTRA AND

QUANTUM-CHEMICAL CALCULATIONS

Abstract

In this work, the Raman scattering spectra of Dimethylsulfoxide (DMSO), which is a strong solvent, were compared with the
results calculated by different methods. The geometric parameters of DMSO monomer, dimer and trimer were studied. PED
(potential energy distributions) was analyzed using VEDA 4.0 (vibrational energy distribution analysis). The energies of each
electron orbital were studied with the Highest occupied molecular orbita (HOMO) and the Lowest unoccupied molecular orbita
(LUMO).
Keywords: DMSO, HOMO-LUMO, solvent, Raman spectroscopy, hydrogen bonding, PED analysis.

KOJEBATEJBHBIE OCOBEHHOCTU 1 HOMO-LUMO AHAJIN3 AUMETUICYJIb®OKCHUJIA:
CHEKTPBI KP 1 KBAHTOBO-XUMUWYECKUE PACUYETbBI
AHHOTAIUS

B oaroit pabore chekTpel KOMOWHAMOHHOTO paccessHus auMeTmwicynbpokcuga (AMCO), sBISOmErocs CHIBHBIM
pacTBOpUTENIEM, CPABHUBAINCH C PE3yJbTaTAMH, PACCYUTAHHBIMH DPa3HBIMH METOJaMH. BBUIM H3y4eHbl T€OMETPUYECKHE
nmapameTpbl MoHOMepa, aumepa u Tpumepa AMCO. PED (pacmpezneneHne HOTCHIMAIBHOW >HEPTHH) MPOAHAIU3UPOBAHO C
ucrionszoBanueM VEDA 4.0 (amanu3 pacrpeneneHusi KoyeOaTeNbHOH dHEPrHH). DHEPTUI0 KaXIOW SIIEKTPOHHOW OpOHTAIN
paccMaTpHBalM C BBICIICH 3aHATOM MoneKysipHoit opouroit (HOMO) u Hu3Iueil He3aHaTO# MoneKysipHoii opouroit (LUMO).
Karwuessie cioBa: IMCO, HOMO-LUMO, pactsopuresb, PaMaHOBCKast CIEKTPOCKOMHS, BOJAOPOHAS CBsI3b, PED-ananus.

DIMITILSULFOKSIDNING TEBRANISH XUSUSIYATLARI VA HOMO-LUMO ANALIZ: RAMAN
SPEKTRLARI VA KVANTO-KIMYOVIY HISOBLASHLAR
Annotatsiya

Bu ishda kuchli erituvchi hisoblangan Dimetilsulfoksid (DMSO) ning Raman sochilish spektrlari turli metodlarda hisoblangan
natijalar bilan solishtirilgan. DMSO monomer, dimer va trimerlarining geometrik parametrlari o'rnatilgan va xususiy tebranish
chastotalari VEDA 4.0 (vibrational energy distribution analysis, tebranish energiya tagsimoti tahlili) dasturi yordamida PED
(potential energy distributions, potensial energiya tagsimoti) analizi qilindi. Yuqori to‘ldirilgan molekulyar orbitali “Highest
occupied molecular orbital” (HOMO) va pastki to‘ldirilmagan molekulyar orbitali “Lowest unoccupied molecular orbital”
(LUMO) bilan birga bir necha elektron orbital energiyalari o‘rganildi.

Kalit so'zlar: DMSO, HOMO-LUMO, erituvchi, Raman spektroskopiyasi, vodorod bog'lanish, PED analiz.

Introduction. The study of the interaction of a solvent with a substance by hydrogen bonding using spectroscopic
methods has long been known. Molecular spectroscopic measurements are one of the important methods in studying the
interaction of a substance with its internal and external environment. These methods are; magnetic resonance, fluorescence,
ultraviolet absorption, infrared absorption, and Raman scattering spectroscopy methods. Especially in recent years, the Raman
spectroscopy method has been widely used in the study of molecular structure, intermolecular and interamoecular H-bonds [1-
10]. Understanding the structure of a liquid and the intermolecular interactions in the liquid phase is important for a detailed
study of the microscopic aspects of solution formation processes[11].

DMSO ((CHs),S0O) is a molecule with a plane of symmetry Cs containing S and O atoms that has been used for many
years because it is a good inorganic solvent. The two methyl groups of this molecule have equal potential, and the hydrogen
atoms in these groups are arranged differently relative to the oxygen and sulfur atoms. It is a strong associate due to the H-bond
formed by the hydrogen atoms in the methyl group. Due to its ability to penetrate quickly through human skin, it is important to
study the structure of the DMSO molecule in medicine due to its use as an anti-arthritis and bursitis drug [12]. The DMSO group
S=0 has two potential centers. Accordingly, the protonodonoric property occurs in oxygen or sulfur, which have valence electron
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pairs [13]. The spectral range corresponding to the S=O stretching vibration of the DMSO molecule is between 1000 cm™ and
1100 cm™, and this has been widely studied because of the strong change in spectrum during hydrogen bond formation [14].
Because DMSO and water have similar properties, they are almost always used as a solution in experiments and water-related
processes [15]. In biology and medicine, DMSO is also widely used due to its high freezing point in aqueous media [16]. Many
properties of DMSO change due to the interaction of hydrogen bonds in the solution of DMSO with water. For example, in 1
mole DMSO and 3 mole water system, the freezing point is -70°C [17]. Many properties of DMSO change due to the interaction
of hydrogen bonds in the solution of DMSO with water. For example, in a 1 mole DMSO and 3 mole water system, the freezing
point is -70°C [17]. Using quantum chemical calculations, hydration of the DMSO in an aqueous medium and a shift in the C-H
spectral band toward a higher frequency were observed as a result of the elongation of the S=0 band [18].

In determining the optical and electrochemical properties of organic compounds, it is important to study the Highest
occupied molecular orbital (HOMO) and the Lowest unoccupied molecular orbital (LUMO) [19]. Since HOMO is the outermost
orbital, it acts as an electron donor in it. In contrast, LUMO has the innermost electron acceptor orbit [20].

Based on the above, in this study, the geometric parameters of DMSO monomers, dimers and trimers, specific vibration
frequencies were calculated and compared with the experiment, and the energies of HOMO, LUMO electronic orbitals were
calculated.

Experimental and calculation methods. The experiments were taken on a 1200 line/mm diffraction grating
InViaRaman spectrometer, using a Spectrum Stabilized Laser Module with a wavelength of 785 nm and a power of 100 mW as
the excitation source. The Renishaw CCD was recorded using a camera detector. The calculations were performed in the
Gaussian 09 program, based on the DFT method and a set of BL3YP/6-311+G(2d,p) bases. Since the d orbitals on the sulfur
atom are involved in the S=O (d « p), double bond, it is necessary to select the appropriate set of bases to adequately describe
the electronic structure of the molecule in these orbitals. To calculate the structure and vibration frequencies of the DMSO
molecule, we used a set of bases 6-311+G(2d,p) (in Gaussian 09, HF, DFT, MP2 methods), argumunted by the functions f on the
sulfur atom and the diffuse s and p functions on the sulfur and oxygen atoms [ 21]. PED analysis was performed using VEDA 4.0
software.

Results and discussion

a. Vibration frequency analysis. Figure 1 shows the DMSQO’s Raman scattering spectra. Since DMSO is a nonlinear
molecule, it has 24 fundamental vibration frequencies according to formula 3-N-6. Table 1 shows the fundamental specific
vibration frequencies (in fractions) taken experimentally and calculated in three methods (HF, DFT and MP2). Figure 1a shows
the Raman scattering spectra of the liquid DMSO obtained experimentally, these spectral bands are complex and have multiple
vibration maxima. In the experiment, the C-H symmetric stretching vibrations correspond to the bands 2999 cm_; and 2916 cm™.
In the theoretically calculated results, the bands 3130 and 3038 cm™ in the DFT method correspond to these bands with an error
of 4%. The results calculated in HF and MP2 correspond to 3269, 3182 and 3181, 3071 cm™.

Raman Intensity, arb.u.

p—

=00 1000 1500 2000 2500 3000
Raman shift, cm?

Figure 1. The Raman scattering spectra of DMSO are: a) experimental b) HF, c) DFT and d) MP2.

In the experiment, bands 1422 cm™ and 1312 cm™ correspond to the C-H symmetric bending vibration. In theoretical
calculations, the results obtained by the HF and MP2 methods (1480 and 1362 cm™) showed that the bands coincided with an
error of 4%. The value obtained by the DFT method is 1333 cm™ and differs by 7%. These bands obtained in HF and MP2
correspond to 3269, 3182, and 3181, 3071 cm?, respectively. For 1312 cm? symmetrical bending vibrations, the DFT and MP2
calculation results are experimentally consistent with 1312 and 1340 cm™. In HF, this band is 1458 cm™ and the difference is
10%. The 1046 cm™ band consists of a combination of S=O stretching, CH symmetric bending and CSC torsion vibrations. The
value of this band calculated by the HF method corresponds exactly to the 1054 cm™ experiment with a 1% difference. In the
DFT and MP2 methods, however, this band is 10 and 8% different from the experimental value, corresponding to 951 and 970
cm’?, respectively. The combination of CH asymmetric bending and CSC torsional vibrations correspond to a 955 cm™ band.

Table 1. Raman Vibrational Frequencies and Assignments of Normal Modes of DMSO

= Calculated Frequency/cm?
\g
S HF o DFT EXP' MP2 EX"' Assigment (PED)
2 =1 Calc. Calc. Calc.
g g
S w
el
<
c
5]
8
[e]
1 3281 3143 3192 CH asym str (98)
2 3279 3142 3191 CH, sym str (22), CH; asym str (75)
3 3275 3135 3185 CH; asym str (98)
4 2999 3269 0.92 3130 0.96 3181 0.94 CHjz sym str (98)
5 2916 3182 0.92 3038 0.96 3071 0.95 CHjz sym str (99)
6 3178 3035 3070 CH; sym str (99)
7 1596 1476 1506 CH; asym bend (72), CSC asym tor (23)
8 1578 1457 1487 CH; asym bend (71), CSC asym tor (20)
9 1576 1455 1484 CHj sym bend (71), CSC tor (20)
10 1563 1441 1469 CHj; asym bend (77), CSC asym tor (20)
11 1422 1480 0.96 1333 1.07 1362 1.04 CHz sym bend (94)
12 1312 1458 0.90 1312 1.00 1340 0.98 CH; sym bend (98)
13 1163 1072 1097 S=0 str (83), CSC asym tor (10)
14 1127 1022 1041 CH, asym bend (22), CSC asym tor (60)
15 1046 1054 0.99 951 1.10 970 1.08 S=0 str (14), CH, sym bend (19), CSC tor (55)
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16 1029 925 942 CH3 sym bend (18), CSC tor (56)

17 955 979 0.98 891 1.07 907 1.05 CH3 asym bend (22), CSC tor (68)

18 700 762 0.92 652 1.07 692 1.01 S-C str (90)

19 671 723 0.93 623 1.08 669 1.00 S-C str (95)

20 384 400 0.96 363 1.06 368 1.04 CSC asym bend (11), CCS out bend (75)
21 335 350 0.96 310 1.08 308 1.09 OSC bend (89)

22 306 306 1.00 280 1.09 290 1.06 CSC bend (80), CCS out bend (11)

23 254 223 247 CSC asym tor (98)

24 117 210 0.56 180 0.65 196 0.60 CSC tor (94)

Abbreviations: str, stretching; bend, bending; tor, torsion; sym, symmetric; asym, asymmetric; out, out of plane

For the theoretically calculated values (HF, DFT, and MP2), 979, 891, and 907 cm™, respectively, were consistent with
the experimental result (difference of 2, 7, and 5%). The remaining 6 frequencies correspond to vibrations involving sulfur,
carbon, and oxygen atoms, with a difference of £10 according to the experimental results. However, the CSC obtained in the
experiment was quite different from the calculated frequencies of the 117 cm™ band corresponding to the torsional vibration.
Hence, when comparing the frequencies of the Raman scattering spectra obtained experimentally for DMSO, the capabilities of
the HF, DFT, and MP2 computational methods were the same, corresponding to a difference of + 10.

b. Optimization geometry and parameters of DMSO. Figure 4.2 shows the optimal geometry of the DMSO
for the monomer, dimer, and trimer states calculated in the DFT. Figure 2 a) shows a monomer of DMSO with a dipole moment
of 4.15 D and Cs symmetry. Figure 2b shows the dimer of the DMSO, and during the formation of the dimer, four hydrogen
bonds are bonded and a closed structure is formed. Two of these bonds are formed by the 016 and N13 and N19 atoms of the
DMSO. The next two H-bonds are formed by the O6 and N3 and N9 atoms of the DMSO. All the bond lengths are the same 2.4
A and the complex formation energy is 5.98 kcal/mol. The dipole moment of the dimer decreases sharply relative to the
monomer and is equal to 0.0008 D. This is due to the orientation of the molecule, i.e. the dimer molecule is located almost
symmetrically and has S,, has symmetry. The trimer, on the other hand, has Cs symmetry and the trimer formation energy is 8.91
kcal/mol (Figure 2c). The trimer has six H-bonds.

Table 2. Geometrical parameters of DMSO

Atoms Methods Atoms Methods
HF | DFT | MP2 HF | DFT | MP2

Bond length (A) Valence angle
C1-H2 1.083 1.091 1.091 H2-C1-H3 111.3 1115 1115
C1-H3 1.082 1.090 1.091 H3-C1-H4 109.8 110.2 110.0
C1-H4 1.081 1.089 1.089 H2-C1-H4 109.8 110.1 110.1
C1-S5 1.800 1.831 1.812 H2-C1-S5 109.7 109.5 109.8
S5=06 1471 1.501 1.503 H3-C1-S5 109.3 109.0 108.4
S5-C7 1.796 1.831 1.812 H4-C1-S5 106.8 106.5 106.9
C7-H8 1.082 1.090 1.091 C1-S5-06 106.4 106.7 106.4
C7-H9 1.083 1.091 1.091 C1-S5-C7 98.2 96.5 95.7
C7-H10 1.081 1.089 1.089 06-S5-C7 106.4 106.7 40.8

Dihedral angles S5-C7-H8 109.3 109.0 108.4
H4-C1-S5-06 67.3 67.6 68.3 S5-C7-H9 109.7 109.5 109.7
H2-C1-S5-06 -173.6 -173.4 -172.4 S5-C7-H10 106.9 106.5 107.0
H3-C1-S5-06 -51.4 -51.2 -50.4 H8-C7-H9 111.3 1114 1115
C1-S5-06-C7 104.0 102.4 101.3 H9-C7-H10 109.8 110.1 110.1
06-S5- C7-H8 51.4 51.2 50.4 H8-C7-H10 109.8 110.2 35.0
06-S5- C7-H9 173.6 173.5 172.4
06-S5- C7-H10 -67.4 -67.6 -68.3

In this case, another DMSO molecule is attached to the closed chain by two H-bonds. The H23 and H29 atoms and the O16 atom
are H-bonded and the bond length is 2.37 A. The length of the H-bond increased with the bonding point of the third molecule
(026---H13=2.58A 026---H19 = 2.58A).

The 026 atom forms two more H-bonds with the H2 and HS atoms, the bond length being 2.50 A. This means that
DMSO molecules form weak non-classical hydrogen bonds in the form of C-H--O, mainly through oxygen atoms, in the
formation of aggregates. The dimer aggregates of DMSO are in a closed form, and in the trimer one oxygen atom forms up to 5
bonds (one chemical and four hydrogen).

Figure 3 shows the Mulliken charge distribution calculated for the DMSO monomer in three different HF, DFT, and MP2
methods. The C1, O6, and C7 atoms of the molecule are negatively charged, with values averaging -0.50, -0.60, and -0.50,
respectively, and the remaining atoms are positively charged. The largest charge is sulfur at S5 and its value is 0.808 for the HF
method. This value is 0.596 and 0.683, respectively, for the DFT and MP2 methods.
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Figure 2. Optimization geometry of DMSO. a) monomer, b) Figure 3. Mulliken Charge distribution chart of DMSO

dimer and c) trimer
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The charges of the H2 and H9 atoms are the same and average 0.129, while the charges of the remaining hydrogen atoms (H3,
H4 and H8) are also the same average 0.170. It can also be seen from Figure 3 that the charge values calculated by the MP2
method are large for all atoms. In the second place, the amount of charge obtained by the HF method is large, and the smallest
value is for the DFT method.

¢.HOMO and LUMO analysis. Using theoretical calculations, it is also possible to obtain information about the orbitals
of the molecule and the transitions between them. The highest occupied molecular orbital HOMO and the lowest unoccupied
molecular orbital (LUMO) also called frontier molecular orbitals (FMO). FMO plays an important role in optical, electrical and
quantum chemistry[22]. HOMO also characterizes this electron transfer and LUMO electron receiving ability as well as charge
transfer [23-24].

Table 3. HOMO, LUMO and other orbital energies as well as orbital forms of DMSO.

2 Name of orbital Energy (ev) Shape of orbital 2 Name of orbital Energy (ev) Shape of orbital
N &
1 HOMO-20 -88.952 = - 13 HOMO-8 -0.476 *

1 -
2 HOMO-19 -19.086 - 14 HOMO-7 -0.466 *

< - <
3 HOMO-18 -10.204 - 15 HOMO-6 -0.464 “
=~

-
4 HOMO-17 -10.203 4 16 HOMO-5 -0.434 *

‘e~ o - D
5 HOMO-16 -8.026 ‘ 17 HOMO-4 -0.411

e e &
6 HOMO-15 -5.989 - 18 HOMO-3 -0.400

= el o %
7 HOMO-14 -5.989 = 19 HOMO-2 -0.364

-2 >
8 HOMO-13 -5.982 > 20 HOMO-1 -0.279

- >
9 HOMO-12 -1.016 _ A 21 HOMO -0.240 ?
10 HOMO-11 -0.797 i — 22 LUMO -0.003 =
11 HOMO-10 -0729 ¢‘. 23 LUMO+1 0.014 “
12 HOMO-9 -0.611 n 24 LUMO+2 0.020 8

The total number of electrons in the DMSO is 42, with electrons with opposite spins placed in 21 orbitals. The last 21
obital is HOMO with an energy of -0.240 eV, and the difference between the LUMO energy is -0.003 eV, which is -0.237 eV,
which is the energy required for the electron to transit from the high-occupied orbital to the next unoccupied orbital. As can be
seen from the table, the lowest orbital of the DMSO corresponds to HOMO-20, the corresponding energy is -88,952 eV and
differs from the HOMO energy by 88,712 eV.

Conclusion. When comparing the frequencies of the Raman scattering spectra obtained experimentally for DMSO, the
capabilities of the HF, DFT, and MP2 calculation methods were the same, corresponding to a difference of + 10.

- DMSO dimer molecules form closed structural dimers. Dimer formation occurs mainly through weak non-classical
hydrogen bonds in the form of CH:--O. The energy of dimer formation is 5.98 kcal/mol, the dipole moment decreases sharply
relative to the monomer, and one oxygen atom in the trimer forms up to 5 bonds (1 chemical and 4 hydrogen).

- When calculating charges, the charge values calculated by the MP2 method are large for all atoms.

- The total number of electrons in the DMSO is 42, which means that electrons with opposite spins are placed in 21
orbitals. The difference between HOMO energy is -0.240 eV and LUMO energy is -0.003 eV and is -0.237 eV.
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SPECTRAL FILTRATION OF A LIGHT CONTINUUM IN A TWIN-CORE FIBER
Abstract
This article proposes and experimentally implements a fiber coupler based on twin-core fiber formed by the convergence of two
light guiding cores by fusion and splicing of a small (several cm) region of the fiber. The possibility of spectral filtering of the
light continuum in a such fiber coupler with the generation of narrow bands of radiation or the formation of spectrum-modulated
radiation with a width of up to 1 nm is shown.
Key words: Broadband Light, Directional Coupler, Fiber Tapering, Twin—Core Fiber, Ultrashort Pulses.

CIIEKTPAJIBHASA ®UIbTPALIUA CBETOBOI'O KOHTUHYYMA B IBYXJKHJIBHOM BOJIOKHE
AHHOTaLUA

B nmanmHO# cTaThe MpEIOKEH M SKCICPHMEHTAJBHO PEaTn30BaH BOJOKOHHBIH OTBETBHTENb U3 IBYX)KHIBHOTO BOJIOKHA,
(hopMHpyEMBIii ITyTeM CONMKEHHSI ABYX CBETOBEAYIINX JKUII TIPH CIUIABJIICHUU U PAcTsHKKE HEOONMBIIOro (HECKOJIBKO CM) yyacTKa
TaKoro BOJIOKHA. Iloka3aHa BO3MOJKHOCTh CIHEKTPalIbHOH (WIBTPAIlMM CBETOBOIO KOHTMHYyMa B TaKOM BOJIOKOHHOM
OTBETBUTENIE C 00pa30BaHWEM Y3KHX IIOJIOC H3IyYeHUs WiIM (HOPMHUPOBAHHEM MOIYJIMPOBAHHOTO II0 CHEKTPY H3Iy4EHHs
UIMPUHON BIUIOTH 10 1 HM.

KnioueBbie caoBa: I1IMpOKOMONOCHEINH CBET, HaNpaBICHHBIH OTBETBUTENb, CY)XEHHE BOJIOKHA, JABYXKIJIBHOE BOJIOKHO,
YIBTPAKOPOTKHE UMITYIIbCHI.

IKKI O‘ZAKLI NURTOLADAGI YORUG‘LIK KONTINUUMINI SPEKTRAL FILTRLASH
Annotatsiya
Ushbu magqolada, ikki o‘zakli nurtolalarning kichik (bir necha sm) qismini eritish va ularni bir-biriga yaqinlashtirish yo‘li bilan
hosil gilingan tarmoglagich taklif etiladi va eksperimental tarzda amalga oshiriladi. Nurlanishning tor chiziglarini hosil gilish
yoki 1 nm gacha bo‘lgan kenglikda modulyatsiyalangan yorug‘lik spektrini shakllantirish uchun bunday nurtolali tarmoqlagichda
yorug‘lik kontinuumini spektral filtratsiyasi imkoniyati ko rsatiladi.
Kalit so‘zlar: Keng polosali yorug‘lik, yo‘nalishli tarmoqlagich, ikki o‘zakli nurtolalar, ultra qisqa impulslar.

Kirish. Optik toladagi to‘lqin nurlarini samarali spektral filtrlash, almashtirish va multiplekslash imkoniyatlari uning
tarmogqlagichini to‘lqin xususiyatlarini nazorat qilish darajasiga bog‘liq. Keng qo‘llaniladigan qobigni polirovka qilish usuli bilan
qurilmani ishlab chiqarish jarayonida ikkita parallel nurtolalarni o‘zaklarini yaqinlashtirganda yoki birlashtirishda muammolar
paydo bo‘ladi. Ushbu qurilmaning parametrlarini onlayn nazorat qilishning iloji yo‘qligi sababli belgilangan giymatlarga erishish
uchun tegishli tuzatishlar kiritiladi. [1]. Bu tuzatish, birinchi navbatda, o‘zaklar orasidagi masofani birlashtiruvchi to‘lqin aloga
parametrlariga bog‘liq. Ushbu parametrlar polirovka joylashuviga va olinadigan qobiq qatlamining qalinligi bilan qat’iy
belgilanadi [2].

Eritish usuli bilan ishlab chiqarilgan nurtolali interferometrlar bunday kamchiliklardan holi bo‘lib, ularning to‘lgin aloqa
xususiyatlarini to‘g‘ridan-to‘g‘ri tarmoqlagichni ishlab chiqarish (tarmoqlash) jarayonida o‘lchamlarini yoki geometriyasini biroz
o°zgartirish orqali tuzatish mumkin. Masalan, nurtolalarning birlashgan qismini ozgina bo‘ylamasiga cho‘zish.

Nurtolali interferometrni yasashda ko‘p tarmogqli nurtolalardan foydalanganda interferometr yelkalari bir xil nurtolaning
turli xil yorug‘lik yo‘naltiruvchi o‘zaklaridan iborat bo‘lsa, bu yuqori barqarorlik va sozlash aniqligiga erishish uchun katta
imkoniyatdir, chunki bunday tuzilishdagi interferometr yelkalarining uzunligi avtomatik ravishda bir xil bo‘ladi. Nurtolani ishlab
chiqarish jarayonida yorug‘lik yo‘naltiruvchi o‘zaklar orasidagi masofa tanlanadi. Bizning tadqiqotlarimiz shuni ko‘rsatdiki, ikki
o‘zakli nurtolada uning kichik gismini eritish va cho‘zish usuli yordamida yo‘nalishli tarmoglagich hosil gilish mumkin, bunda
uning har bir yorug‘lik yo‘naltiruvchi o‘zagida yorug‘lik intensivligini samarali boshqarish mumkin. Bunday nurtolalarning
boshga qismlarida, agar o‘zaklar orasidagi masofa yetarlicha katta bo‘lsa, yorug‘lik ularda ikkita mustaqil to‘lqin sifatida, shu
jumladan nochiziqli modada tarqaladi. Yana bir ahamiyatli jihati shundaki, xususiy kiruvchi lazer nurlanishini ma’lum spektral
va kinetik xususiyatlarga ega yorug‘lik kontinuumiga aylantirish imkoni mavjud. Keling, ixtiyoriy ikki o‘zakli nurtoladagi
yorug‘lik to‘lqinlari orasidagi aloga xususiyatlarini ko‘rib chiqaylik.

IKKi o‘zakli nurtoladagi yorug‘lik to‘lqinlari orasidagi tunnel to‘lqin aloqasi

Ikki o‘zakli nurtola bo‘ylab tarqalayotgan yorug‘likni yo‘naltiruvchi o‘zaklar o‘rtasidagi to‘lqinli aloga ular orasidagi
yorug‘lik energiyasining o‘zaro almashinuviga olib keladi. Ikki o‘zakli nurtolalarda bunday o‘zaro ta’sirni umumiy strukturaning
nosimmetrik va assimetrik supermodlari o‘rtasidagi “bieni” deb hisoblash mumkin,[1].Ushbu qurilmada to‘lqin aloganing
ulanishini bog‘langan modalar nazariyasi yordamida tushuntirish mumkin.Bu nazariyada nurtolaning ikkita o‘zagi turli xil
targalish konstantalari bilan simmetrik (juft) va antisimmetrik (toq) supermodlarni qo‘llab-quvvatlaydigan ikkita bir modali
to‘lqin tuzilishi sifatida qaraladi [2].
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To‘lqin aloqa koeffitsienti ifodasi k., ikki o‘zakning o‘zaro ta’sir kuchini miqdoriy jihatdan tavsiflaydi va ma’lum bir
uzunlikdan o‘tganda nurtolaning o‘zaklaridan biriga kiritilgan yorug‘lik ikkinchisiga qanday ulanishini ko‘rsatadi. k. nurtolaning
tuzilishiga, yorug‘lik o‘tkazuvchi o‘zaklarga, qobigning nur sindirish ko‘rsatkichlari farqiga va juft va toq supermodlarning
targalish konstantalari farqiga proportsionaldir.

Tadqiqot uchun, ikki o‘zakli nurtolada yorug‘likning tarqalishini ikkita yorug‘lik yo‘naltiruvchi o‘zaklari orasidagi
davriy o‘tkazilishining fizik xususiyatlarini o‘rganish uchun yorug‘lik to‘lginlarining ikkita namunasi tanlab olindi, ularning
parametrlari 1-jadvalda keltirilgan.

Jadval 1. IKkki o‘zakli nurtolalarning to‘lqin aloqa parametrlari

Parameter nomi Nurtola Nel Nurtola Ne2
Uzunlik, m 100 100
Qobiq diametri, mkm 125 125
O°‘zak diametri, mkm 6 8
O‘zaklar orasidagi masofa, mkm 24 32
Shartli ajratilgan to‘lgin uzunligi, nm 600 1200
Shartli ajratilgan to‘lqin uzunligidagi o‘zakning nur

sindirishJ ko‘jatkichiCl o ) 1458 1454
O‘zak va qobiqning nur sindirish ko ‘rsatkichlari 2.4%10° 3,.2%10°
o‘rtasidagi farq

Yorug‘likni yo‘naltiruvchi o‘zaklarda GeO, 23% 31 %

kontsentratsiyasi

Nurtolalar “trubka ichidagi sterjen” usulida ishlab chigarilgan [3,4] (eritilgan kremniy (SiO,) dan tayyorlangan shisha

sterjenga simmetrik tarzda joylashtirilgan ikkita teshik burg‘ulash va ularga GeO, bilan qo‘shilgan eritilgan kvars sterjenlarini
kiritish, keyin esa bunday kompozitsiyada kerakli diametrgacha nurtolani cho‘zish.

1-rasmda mikroskop ostida og yorug‘lik bilan olingan Nel nurtolaning ko‘ndalang kesimi tasvirining fotosurati (a), va
nurtolaning gisqga 15 sm segmentidan o‘tgandagi geliy-neon lazer nuridan foydalanilgandagi interferension manzarasi (b).
Nurtolaning ko‘ndalang kesimi tasviri uning geometrik parametrlarini juda aniq ko‘rsatadi, Nel nurtolada bir modali, 0,63 nm
to‘lgin uzunligidagi kogerent yorug‘likning targalishini interferentsion manzara sxemasi ko‘rsatadi. Shunga o°xshash

xususiyatlar to‘lgin uzunligi 1,064 mkm bo‘lgan neodim lazer nuri yordamida Ne2 nurtolada aniglandi (1-rasm c, d).

1-rasm. Nel (a, b) va Ne2 (¢, d) nurtolasining chiqish qismidagi ko‘ndalang kesimi geliy-neon/neodim lazer nuridan
foydalanilgandagi interferension manzara fotosuratlari.

Asosiy (LPg;) modali samarali maydon diametri va yorug‘lik o‘tkazuvchi o‘zak diametrlarining shartli ajratilgan to‘lqin
uzunligi 10% ga oshishi natijasida, Nel nurtolada yorug‘lik nuqtasining diametri 6,6 mkmni Ne 2 da esa- 8,8 mkm tashkil etdi.
Xuddi shu modada yorug‘likni qobiqda tarqalgandagi to‘lqin uzunliklari Nel nurtolada 1000 nm va Ne2 da esa 1600 nm ya’ni
ikki martaga ko‘p. Qobiqda yorug‘likning bunday tarqalishi va o‘zak sohasiga yaqinlashishi tabiiy ravishda o‘zaklar orasidagi

nurtolali aloga koeffitsiyentini keskin oshiradi (2-rasm).

KOO 1000 1200 1400 1600
4 T v v 2s

20 20
15 ERE

10 - -

Moda maydoni diametri, mkm

s

T T T T T o
400 GO0 BOO 1000 1200 1400 1600
To'lgin uzunligi, nm

2-rasm. Nel (ko‘k chiziq) va Ne2 (chiziqli qizil chiziq) nurtolalaridagi moda maydonlari diametrlarining nurlanish to‘lqin
uzunligiga bog‘liqligi.
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Aloga koeffitsienti k. to‘lqin aloga parametrlariga va qo‘shimcha ravishda yorug‘lik to‘lqin uzunligi A ga ham bog‘liq
bo‘lganligi sababli, yorug‘lik ikki o‘zakli nurtoladan o‘tganda va uning har bir o‘zagidan chiqishida, nurtolaning to‘lqin aloqa
xususiyatlariga qarab, belgilangan spektral xususiyatlarga ega yorug‘likni olish mumkin. Bizning tajribalarimizda, nurtolaning
kichik, ~ 1 sm kesimida aloga koeffitsiyenti k. kuchli, effektivligi sezilarli darajada oshirilgan tarmoglagich yasaldi.

Bunda, to‘liq nurtolali strukturani amalga oshirish uchun tarmoqlovchi bir necha metr uzunlikdagi ikki o‘zakli
nurtolaning oxirida joylashtirildi. Nurtolaning boshlang‘ich qismidagi lazer qo‘yilganda u generator vazifasini bajaradi. Neodim
lazeri ikkinchi garmonikasi A, = 0,532 mkm (nurtola Nel) yoki birinchi garmonikasi A, = 1,064 mkm (nurtola Ne2)
nurtolalardan o‘tganda uning oxiridagi yasalgan yo‘nalishli tarmoqlagichda oldindan berilgan ma’lum to‘lqin tanlaydigan
spektral filtr vazifasini bajaradi[5,8,9]. To‘liq nurtolali qurilmaning hosil qilgan yorug‘lik kontinuumi strukturasi 3-rasmda

ko‘rsatilgan.
lazer nurlanishi
. - = —

SAZST OGS

nurtola generatori tarmoglagich

3-rasm. IkKi o‘zakli nurtola generator-konvertorining sxemasi. Bir necha metr uzunlikdagi ikki o‘zakli nurtolaning
oxirida yo‘nalishli tarmoqlagich hosil bo‘ladi.
IKkKi o‘zakli nurtolada yorug‘lik kontinuumini spektral filtrlash

Eritish va bo‘ylama cho‘zish natijasida nurtola diametrining sirt taranglik kuchlari ta’sirida torayishi yorug‘lik
o‘tkazuvchi o‘zaklar diametrining kamayishiga, ulardagi yorug‘lik dastasi diametrining mos ravishda oshishiga va o‘zaklarni
o°zaro yaqinlashishiga olib keladi. Ushbu usul yordamida ko‘rinadigan sohada yorug‘lik kontinuumini spektral filtrlash natijasida
Nel nurtolada yo‘nalishli tarmoqlagich hosil bo‘ldi. 4a-rasmda nurtolali aloga koeffitsienti k. ning spektral bog‘ligliklari
ko‘rsatilgan, Nel ikki o‘zakli nurtolaning diametrini yarmiga gisqartirishdan oldin (chiziq chizig) va keyin (chiziq). Rasmdan
ko‘rinib turibdiki, Nel nurtolada to‘lqin aloganing ulanishi juda zaif (kontinuumning butun spektridagi maksimal qiymat 0,3 m™
dan oshmaydi) va fagat A > 550nm to‘lqin uzunligida sezilarli bo‘ladi.

Ammo nurtolaning diametri ikki martaga kamayishi (qobiq ham, o‘zaklar ham) va o‘zaklar orasidagi masofaning A ga
eksponensial bog‘ligligini ko‘rsatadi. Ko‘rinadigan spektr sohasidagi bir necha sm™! dan oshgan qiymatlar o‘zaklar orasida
yorug‘likning samarali o‘zaro o‘tkazilishi uchun <1 sm uzunlikdagi tarmoqlagich yetarli ekanligini ko‘rsatadi.

1000 T T T 0,5

- a -
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4-rasm. To‘lqin aloqa koeffitsienti k. ning spektral bog‘liqliklari, ikki o‘zakli nurtola Ne 1 (a) va Ne 1 (b) diametrini
yarmiga gisqartirishdan oldin (chiziq chiziq) va keyin (chiziq).

Spektrning infraqizil sohasida ishlash uchun mo‘ljallangan Ne2 nurtola to‘lqin uzunligi ikki marta katta bo‘lgan Nel ga
nisbatan o‘zaklar orasidagi masofa 33% kattaroq. Bu holat Ne2 nurtoladagi o‘zaklar orasida biroz kuchliroq to‘lqin alogasiga olib
keladi. 4b-rasmda k. aloqa koeffitsientining spektral bog‘ligliklari ko‘rsatilgan, Ne2 nurtolada oldin (chiziq chiziq) va keyin
(chiziq) diametri ikki martaga kamayadi. Rasmdan ko‘rinib turibdiki, bu nurtolaning toraymagan qismi, to‘lqin uzunligi 1,1
mkmdan kam bo‘lsa, k. amalda 0 ga teng. Ammo, uzunroq to‘lqin uzunliklarida masalan, 1,6 mikronda u keskin o‘sib, ~
3,5m™1ga yetadi. Birog, nurtola diametrining ikki martaga torayishi bilan k. ortadi va spektral mintagada 1 > 1,1nm 100m™?
dan oshadi. Bunday tarmoqlagich to‘lqin uzunligi 1,1 mkm dan ortiq bo‘lganda, yorug‘lik 1 sm dan kamroq masofada bir
o°zakdan ikkinchisiga to‘liq tarmoqlanishini anglatadi [6,9].

Tajribalarda spektrning ko‘rinadigan sohasida yorug‘lik kontinuumini hosil gilish va uni ikki o‘zakli nurtolada spektral
filtrlash quyidagicha amalga oshirildi. A,, = 0,532 mkm va P; = 38 kWt bo‘lgan lazer nuri 3m uzunlikdagi Nel nurtolaning
o‘zaklaridan biriga kiritilgan bo‘lib, unda yorug‘lik kontinuumi hosil bo‘lishi 5a-rasmda ko‘rsatilgan. Nurtola-generatorning
diametrini yarmiga qisqartirish natijasida uning oxirida hosil bo‘lgan tarmoqlagich orqali o‘tayotgan yorug‘likning ma’lum bir
qismi boshga o‘zakga o‘tadi (spektral filtrlash). 5a-rasmda ikki holatda, uzunligi L., 31 va 38 mm tarmoglagich orgali
uzatiladigan yorug‘lik spektrlari ko‘rsatilgan.

7 g 38 mm 4%4“ ““““l“““‘lllnm. 20 mm
500 550 600 M s 600 ; 800 ) 1000 : 1200 : 1400 : 1600 Nurtola generatori
To'lgin uzunligi, nm To'lqin uzunligi, nm

5-rasm. Ikki o‘zakli nurtoladan o‘tayotgan keng polosali yorug‘lik spektrlari.
(a-nurtola Neltarmogqlanganda A,, = 0,532 mkm , uzunligi 31 va 38 mm bo‘lgan tarmogqlagichdan o‘tishdan oldin va keyin, b-
nurtola Ne2 tarmoqlanganda A,, = 1,064 mkm uzunligi 12 va 2 mm bo’lgan tarmoqlagichdan oldingi va keyin).
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5b-rasmda 5 m uzunlikdagi nurtola Ne2 A, = 1,064mkm va P; = 30 kwt bo‘lgan lazer nurlanishi natijasida olingan
yorug‘lik kontinuumining spektri ko‘rsatilgan. Bunday kontinuumning spektri to‘lqin uzunligi 700 dan 1700 nm gacha bo‘lgan
infraqizil sohasining juda keng qismini qamrab oladi, shu jumladan optik yo‘qotish (1,55 mkm) va dispersiyaning (1,3 mkm)
minimal giymatlarida bo‘lgan eritilgan kvars nurtolalarida kuzatiladi. Shunday qilib, bunday qurilma yordamida olingan
yorug‘lik kontinuumi optik aloga va axborot uzatish tizimlarini sinovdan o‘tkazishda foydalanish uchun katta istigbolga ega
bo‘lishi mumkin. Nel nurtoladagidek tarmoqlagichning kichik uzunligida ham, yorug‘lik kontinuumining kuchli spektral
filtrlashiga erishish va yorug‘likning berilgan qismini tanlash mumkin. [7,10].

5-rasmdan ko‘rinib turibdiki, infragizilga yagin sohada dispersiya intervali 1,2-1,6 mkmda minimal yo‘qotishlar bilan
yorug‘lik kontinuumini generatsiyalash va spektral filtrlash mumkin. Intensivlik va yorug‘lik diapazonlari kengliklari nurtolaning
o‘zaklari orasidagi to‘lqinli aloganing kuchi bilan belgilanadi. Optik aloqa uchun amaliy ahamiyatga ega bo‘lgan tor yorug‘lik
diapazonlarining bunday tartiblangan ketma-ketligi mavjudligi yuqori samarali, shu bilan birga, oddiy ko‘p kanalli optik
yorug‘lik manbalarini, chastotali bo‘linish multipleksatsiyasi bilan aloqa tizimlarini yaratish mumkinligini ko‘rsatadi. Ma’lumki,
optik aloga tizimlarining o‘ta yuqori tezligini taminlash uchun chastotali multiplekslash tufayli, bu kanaldagi yorug‘lik
manbasining spektral kengligi 10 nm dan kam bo‘lishi kerak. Keling, spektrning ko‘rinadigan va infraqizilga yaqin sohalari
uchun mos ravishda Nel va Ne2 nurtolalardagi tor yorug‘lik diapazonlarini spektral filtrlash imkoniyatlarini ko‘rib chigaylik.

Jadval 2. IkKi o‘zakli nurtolada yorug‘likni spektral filtrlash uchun diapazonlar orasidagi masofaning hisoblangan

giymatlari
Yorug'‘lik chiziqlari orasidagi masofa
Nurtola Le AL A, A, A, M A .
Nel 31nm 22,7 nm 17,8 nm 14,9 nm 12,7 nm 11,3 nm 10 nm —
Nel 38 nm 24,4 nm 19,4 nm 15,5 nm 13,4 nm 12,1 nm 10 nm -
No2 12 nm 75,6 nm 52,3 nm 40,8 nm 34,7 nm 27,2 nm 25nm 0,8 nm
No2 20 nm 67,5 nm 44,9 nm 35,3 nm 28,6 nm 25,4 nm 21 nm 0,8 nm

Xulosa. Ushbu ishda biz bir modali ikki o‘zakli nurtolaning oxirgi qismini eritish va cho‘zish usullari bilan hosil
qilingan yo‘nalishli tarmoqlagichdan iborat nurtolali qurilmada spektrning ko‘rinadigan infraqizil sohasida yorug‘lik
kontinuumining shakllanishini o‘rgandik. To‘liq konstruktsiyasi "nurtola-generator" + "nurtolali tarmoqlagich" ko‘rinadigan
infragizil sohalar 500-600/700-1700 nm ga mo‘ljallangan nurtola uchun aloqa koeffitsiyenti va tarmogqlovchi uzunlik tanlashda
to’lgin uzunligi A = 0,532/1,064mkm bo’lgan lazer nurlanishi ta’sirida amalga oshiriladi. Bu manbadan, pikosekundli va
femtosekundli yorug‘lik impulslarini hosil qilish imkoniyatini hisobga olgan holda, ultratezkor lazer spektroskopiyasining turli
muammolarini hal gilishda foydalanish mumkin. Bunday qurilma yordamida olingan boshqariladigan spektrga ega bo‘lgan keng
polosali nurlanish optik aloga va axborot uzatish tizimlarini sinovdan o‘tkazishda qo‘llash katta istigbolga ega bo‘lishi mumkin.
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ANISOTHROPY OF ACOUSTIC AND ACOUSTOOPTICAL PROPERTIES OF LEAD MOLIBDATE CRYSTALS
Abstract

The anisotropy of the acoustic and acousto-optic properties of lead molybdate crystals has been studied by the Bragg light
diffraction method with a change in the direction of the wave vector of acoustic waves. The geometries of light diffraction with
the maximum value of the acousto-optic quality factor are determined. It is shown the possibility of control the efficiency of
Bragg light diffraction by changing the direction of the wave vector of an acoustic wave.
Key words: Acoustic wave, polarization, acousto-optic quality factor, Bragg light diffraction, lead molybdate crystals, acoustic
wave velocity.

AHM3O0TPOIINS AKYCTHUYECKHX Y AKYCTOOIITHYECKHX CBOMCTB KPUCTAJIJIOB MOJIUBJIATA
CBHUHIIA
AHHOTaALHA
HccnenoBana aHU30TPOMHSI aKyCTUIECKUX U aKyCTOONTHYIECKHX CBOMCTB KPUCTAIIIOB MO0 1aTa CBUHIIA METO0M BparroBckoii
TU(PaKIMU CBETA MTPU U3MCHCHUH HAIIPABJICHUS BOJHOBOTO BEKTOPA aKyCTUUCCKUX BOJH. OMpeecHbl TeOMETPHH JU(paKIuu
CBETa C MaKCHUMAaJbHBIM 3HAUYCHHEM KOX(P@UIMEHTAa aKyCTOONTHYECKOTO KauecTBa. [loka3aHa BO3MOXKHOCTH YIPaBICHUS
3¢ G eKTHBHOCTHIO BparroBckoit mudpakimy cBeta myTeM U3MEHEHHUS HATIPABJICHHST BOJJHOBOTO BEKTOPA aKyCTUUCCKON BOJIHBL.
KnrwoueBble ciioBa: AKycTHuecKkas BOJHA, MOJIApHU3aIis, Ko3(QOHUIIMEHT akyCTOONTHIECKOTO KauecTBa, bparropckas audpakiys
CBeTa, KPUCTALTBI MOJIMOIaTa CBUHIA, CKOPOCTh aKyCTHYECKUX BOJTH.

KYPFOILUMH MOJIMBAAT KPUCTAJLTIAPUJIA AKYCTUK BA AKYCTOOINTHUK XOCCAJIAPHUHT
AHM3O0TPOIIUACH
AHHOTAIHS
KyprommH MonambaaT Kpucrajulapuia akyCTHK Ba aKyCTOONTHK XOCCAJIapUHMHI AHU3OTPONMUSCH aKyCTHK TYJIKHHJIAQPHHHT
TYJIKMH BEKTOPH HYHAIMIIUHU y3rapTupuil OwnaH Bparr Epyrnuk audpaxuuscu ycyiauaa ypraHWiraH. AKYCTOONTHK cudar
KYpPCAaTKMYMHUHT MakcHMajl KUHMaTé OnnaH €pyFiIMK TU(PAKIUICHHUHT T€OMETPUsUIApH aHUKJIAHTaH. AKYCTHK TYJIKWHHHHT
TYIKAH BEKTOPHHUHT WYHAIWIINHA Y3TapTHPHUII OpKaid Bparr pyrimk mudpaknissCHHIHT caMapaJopiUTHHA Ha30paT KHIHIII
UMKOHUSITH KYpPCaTHITaH.
Kanur cy3nap: AKycTHK TYJIKHH, KyTOJAQHWII, aKyCTOONTHK cHu(daT KypcaTKudu, bparr anpakuusacy, KyproIuH MOIUOIAT,
AKYCTUK TYJIKWH TE3JIUTH.

BBenenne. B nanHoii paboTe M3ydeHbl aKyCTHYECKHE M aKyCTOOITHYECKHE CBOMCTBAa KpHucTamioB PbMoO,, KOTOpbIe MIHPOKO
UCIIONB3YIOTCS B KauecTBe paboueil cpemsl B akycroonTH4yeckux mnpubopax [1-4].Hamm Obuta m3ydeHa 3aBHCHMOCTH
aKyCTOONTHYECKOH JOOpOTHOCTH M, OT HampaBlieHWs] PAcHpPOCTPAHEHHS] aKyCTHYECKHX BOJH B KpHCTaLIOrpaduueckon
miockoctr(001). Kak u3BecTHO, 3TOT K03 duIMeHT ObUT BBeACH JIMKCOHOM B KAUeCTBE XapaKTCPUCTHUKH, KOTOPAs OMPEIeIAeT
WHTCHCHBHOCTH AM(PArHpOBaHHOTO CBETAa B MaTepHale HE3aBHCHMO OT pPa3MepoB Ibe30IpeoOpa3oBaTeNst W MOITHOCTH
aKyCTHYECKOH BOJHBI[S]:
n 13 n ; P »2(1)4)
M, = ———
oY M

e n; U N, - KOIQQUIMEHTH NPeIoMIICHHS MaJaromiero M IuQparupoBaHHOTO CBETa, COOTBETCTBEHHO, P - INIOTHOCTD
KpUCTasia, V- CKOpOCTh aKycTU4Yeckoi BoNHBL O¢dexTuBHas (oToynpyras MOCTOSHHAS, P.gp B BhIpaxkenuu (1) sApisgercs
CBEPTKOH 3HAYEHHI KOMIIOHEHT TeH30pa (HOTOYNPYTOCTH Piji:

pa(ﬁzﬁ pijklaiﬁj7k’(|] (2)

e o, Bj, Yk ¥ K- HaIPaBJIAIOMHNE KOCUHYCBI, COOTBETCTBEHHO, TTONAPU3ALIMU JU(PPAarMpOBAHHOTO U TaJAI0IIET0 CBETA,
HOJIAPHU3aLUH U BOJHOBOTO BEKTOpa aKyCTHUECKON BOJIHBI.

Takum o6paszom, kodhduienT M, 3aBHCUT OT reoMeTpHu TU(PAKIMU CBETa Ha 3BYKE, B YACTHOCTH, OT HAIIPABIICHUS
pacipoCcTpaHeHust aKyCTHUeCKOi BOIHBI[6,7]. Mcromnb3yst 3aBHCUMOCTh K03 (GHIIMEHTa aKyCTOONTHYECKOT0 KauecTBa KpHUCTaia
OT HaNpaBJICHUS BOJHOBOTO BEKTOpa 3ByKAa B KPUCTAJUIE MOXKHO ITONYYUTh BO3MOXKHOCTH YIpaBICHHUS 3((PEKTHBHOCTEHIO
Bporrosckoit andpaknuu cBeTa W BBIABUTH Hauboiee ONTHMAJbHBIC T'€OMETPUH AU(PPAKIUH UL ITOJIYYeHHS HanOoIbIIen
MHTCHCHBHOCTH T(parupoBaHHOTrO cBeTa [6,7]

I1. O6pa3us 1 MeToabI UccaegoBanus. O6pa3usl PbMoO, Osu1n OpHEeHTHPOBAHBI BAOIb KPUCTAINIOTPAQHIECKHX Oceit
[100] u [001]. M3mepeHmss HpOBOIMINCH INpH KOMHATHOHM TemIeparype MeToaoM bparrosckodl mu¢ppakmuu csera Ha
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akycrmuecknx BonHax ¢ uacroramu 400-1200 MIm, xoTopsle BO30YXIanuch KBapIEBBIMH IThe30IPE0Opa30BaTEIIIMU
X—cpe3a[8]. McTo4HNKOM CBeTa CIIy)KWJI IeJIHH-HEOHOBBIH Jazep (Ao=632.8-uM). Hampasnenue momispusanuy majgaromero Ha
o0paser cBeTa, OTHOCHTEIBHO IOJIPH3ALNH aKyCTHIECKOH BOJHEI OIIPEIEISUIOCH C TOMOIIBIO MOJPU3AIMOHHOTO aHAITH3aToPa.

OddexTuBHble GOTOYNPYrHe KOHCTAHTH U KOMIIOHEHTHI TeH30pa (POTOYNPYTOCTH, ONpenesinch MOAU(GHUIMPOBAHHBIM
MeronoM JlukcoHa-KosHa, Korna mbe30JaTYUKH MPUKICHBAIOTCS KaK Ha 3TallOH, Tak M Ha Hccienyemblid obpasen [8]. Ilpu
BO30Y)KIEHHH aKyCTHYECKHX BOJH CO CTOPOHBI 3TaJlOHA M3MEPSUTHCh 3HAUCHUs] MHTEHCHBHOCTU CBETa, AU(DPArHpOBAHHOTO B
sTajoHHOM I}, U uccnenyemom obpasie Iy, 3aTeM akycTudeckue BOJHBI BO3OYKAANHUCh CO CTOPOHBI 00pas3lia M M3MEPSIINCh
MHTCHCHBHOCTH CBeTa B oOpasue Iy, u satanone I,

Cxema MeTof1a IpH BO30Y)KIEHUH aKyCTHYECKUX BOJIH CO CTOPOHBI STAJOHHOTO 00pasia npuseneHa Ha puc. 1. Ha cxeme
NpUMEHEHB! ClIeIyIoIue 0003HAaYeHHs: 1-3TalOHHBIH oOpasen, 2 —HccieayeMblii oOpasen, 3-ITbe30AaTYMK,  — BOJHOBOM
BEKTOp aKycTHYecKoH BOJHBI, k; M Kk, — BOJHOBBIE BEKTOpa MaJaroulero W Au(pardnpoBaHHOTO CBETa, COOTBETCTBEHHO, lo-
MHTCHCHBHOCTH NTAJIAfOIIEro cBeTa, O — BHeNHMUIA yroa bparrosckoii audpaxuum.
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Pucynoxk 1. Cxema onpenenerus GOTOYNPYrux KOHCTAHT METOJOM JIMKCOHa.

3naveHne 3G exTHBHON (HOTOYNPYTroil KOHCTAHTHI IS KaXIOW HCCIEAOBAaHHOW reomeTrpuu bparrosckoit mudpaxmmu
CBETa ONPEeIsIIOCh U3 COOTHOIEHUS [9]:

1

Fplyn® n* 1 Telyn® af 1['1,,'2,,J?

L pVv e (n+1)AJ” va“ (n+l)“J|J 11

o ®
Heo6xomumMeie aist pacyeta 3HAYCHUS CKOPOCTH aKyCTHYCCKHX BOJIH BI0Jb oceid [100] u [001] onpeaernsutiuck no yriay
Bparrockoit qudpaknuu cBeTa Ha TUX BOJIHAX € TOYHOCTHIO MpumepHO 0.2%[9].

PesyabTaTthl U o0cy:kaenue. Ha ocHOBe M3MEpEHHBIX 3HAUCHHWH WHTEHCHBHOCTEH ITU(PPArHPOBAHHOTO CBETa JUIS
Pa3IUYHBIX HAINPABICHUI MONAPHU3AlMU CBETA M aKyCTHYECKOH BOJHBI M cOOTHOmmIeHHs (3) ObUIM OMpeneneHb 3HAUYCHHS
9} QEeKTHBHBIX (QOTOYNPYIUX KOHCTAHT D,py B KPHUCTAIIaX MOIMOIaTa CBUHLA. 3aTeM C TNMOMOIIBIO COOTHOmIEHHs (1) m
SKCIIEPUMEHTAIBHBIX 3HAUCHUH CKOPOCTH aKyCTHYECKHX BOJH M JJAHHBIX I10 IUIOTHOCTH U ITOKa3aTelsM npenomieHus u3 [10]
ObUIM paccUnTaHbI KO3 (GHUIMEHTHl aKyCTOONITHYECKOT0 KayecTBa M.

[Mony4yeHHble pe3yibTaThl Ul OCHOBHBIX KPHCTAIOrpadMUYecKUX HAINpaBlICHWH B KpUCTAUIaX MoyMOaaTa CBHHIA
npescTaBiIeHsl B Tabmume 1. Bextopsl q m y B Tabnmie yKa3bIBalOT, COOTBETCTBEHHO, HANPABICHHE PAacHpOCTPAHEHUS U
HOJISIPU3ALNH AKYCTHUECKHX BOJIH.

Tabmuma 1. CkopocTs aKyCTHYECKUX BOJH, () (EeKTHBHBIE (POTOYNPYTHE KOHCTAHTHI U aKyCTOONTHYECKas JOOPOTHOCTD B
kpucrammiax PbMoQy.

V, M,

q i 10%w/c Popo 1055 ¢/r
[100] [100] 3.78 p1,=0.240 241
[001] 2.46 P4=0.067 6.82
001] [001] 401 P3;=0.296 30.7
[100] 2.12 P4=0.067 10.6
010] [010] 3.78 p1,=0.240 283
[001] 2.46 P4:=0.067 6.82
[110] [110] 423 D11+P5s=03 251
[001] 1.64 Pe=0.013 7.29

Jnst onpeneseHust aHU30TponHy K03 UIMeHTa aKyCTOONTHYECKOTO KauyecTBa B KpUCTalliax, cornacHo Gpopmynam (1) n
(2) HeoOx0AMMO B MEPBYIO Ouepeb HAliTH KOMIIOHEHTHI BEKTOPA MOJISIPU3ALNH aKyCTHYECKUX BOJH, KOTOPBIH B 00IIeM cirydae
OTKJIOHSICTCSI OT BEKTOpa BOJIHOBOW HOpManu. J[is pelieHus! Takoi 3aJaud MOXKHO HCIOJB30BaTh CHUCTEMY alreOpanyecKux
ypasuenuit ['puna—Kpucropdens [5-7]:

2
[, SuprV 1y, = O, 4

rae [k 1 dj— COOTBETCTBEHHO, KOMIOHEHTHI TeH3opa I puna—Kpucropdens u tenzopa Kponekepa, V — ckopocTb
AKyCTHUYECKOH BOJIHBI, Yk — KOMIIOHEHTHI BEKTOpa MOJISPU3ALIH.

Komnonentsl Tenzopa ['puna—Kpucroddens, npencrapiasior coboil CBepTKy TeH30pa YINPYrMX KOHCTAHT, IO
HalpasJAIOIUIM KOCHHYCaM BOJHOBOM HOpMaJH K:

I ==c¢ K K

ik ijki i™a , (5)
B mockoctu (001), OpTOrOHanbHONH OCH CHMMETPHM YETBEPTOro MOpSJKa, NPU yIJIe MEXIy HallpaBlIeHUEeM
pacrpocTpaHeHHs aKyCTHYECKO#l BOJHBI 1 0chbi0 [100], paBHBIM (, HANPABIISAIOLINE KOCHHYCHI PaBHBI K1=COSQ, K=SiNQ, K3=0, 1
KOMIIOHEHTHI TeH3opa I'puna-Kpucroddeins 3anuceiBaiores B Buze:
T'11=¢11(COS®)2+cas(SiNP) 2+2C16C0SOSING
T 2=Cg6(COS(P)2+C11(SiNP)2-2C16C0OSPSING
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I'33=Cay
(6)
I'15=T"51=C16(C0S2@-SiN2¢)+(C12+C6)COSPSING
[13=['31=153=T3,=0
TloacranoBkoii B ypaBHeHHs (5) 3HaueHuit KommoHeHT Tenzopa I'puna-Kpucroddens [y u3 cootHomenuii (6) Gbuia
OIIpe/ieNiCHa 3aBUCHMOCTh (pa30BOH CKOPOCTH MPOROJBHBIX aKyCTHYECKMX BOJIH OT HAIpaBJCHUs BOJHOBOTO BEKTOpa B
mrockoctu (001) kpucramra, PbMoO,. Ilpm pacuere HCIONB30BAIMCH CIIEAYIOIINE 3HAYCHUS IUIOTHOCTH, YIPYTOH H
doroympyroii koucTanT:p = 6.95-10° kr/m®, ¢1,=10,92 10%° H/m?, ¢,=6,83 10'° H/MZ, ¢13=5,28 10 H/M?, c6=1,36 10'° HA
55=9,17 10" H/MZ ¢44=2,67 10 H/M?, c6=3,37 10'° H/M?, py=0.24, p1g=0.017, pe;=0.013, pee=0.05. JlOmOMHHTEIbHELE
BEJIMYMHBI, HEOOXOIUMBIE IJIs pacyeTa, Opanuch u3 [10].
Ha ocHoBe 3HauYeHHii CKOPOCTH MPOROJBHBIX M IONEPEYHBIX BOJH M ypaBHeHHH (6) u (8) ObUIM OmpeaereHs!
KOMIIOHEHTHI BEKTOpa MOJSPU3AIMUd M yroj OPUEHTAIlMU 3TOro BekTopa oTHocutenbHO ocH [100] B mmockoctu (001) u3
COOTHOIIEHUS:

2

7, pV -1,
v = arctg = arctg _—

71 T

Q)
Ot pe3yabTaThl B BHUAC OTKIIOHEHHSA BEKTOpa MNOJApU3alluM OT BOJIHOBOT'O BEKTOpa HNPUBCACHLBI Ha PUCYHKE 2.
MakcumanbHOE OTKJIOHECHHUE BEKTOpa NoJigpusaliui OT BOJIHOBOT'O BEKTOPA 3BYKa OKa3bIBACTCS PaBHBLIM 9.91 rpagyca. B 10 *xe

BpeMsl, JUIsl YeThIpeX HalpaBICHUH, Ipu ¢ = 290, 740, 119° u 164° HaIpaBJIEHUs] 3TUX BEKTOPOB COBMANAIOT M BJAOJIb HHUX
pacIpoCTpaHseTCs YUCTask BOJHA.

o
'\\ /\ \\ / \\ / \\ //
o\ /r \ \

L
—1
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PucyHok 2. OTKJIOHEHHE HalpaBJICHUs MOJIAPH3ALMH IPOJIOJIBHBIX aKyCTHYECKHX BOJIHAX OT HAIPABJICHHS BOJIHOBOTO BEKTOpA B
miockocta (001) 8 PbMoO,.

Pesysbratsl pacuera p3¢q,211n;1 qudpakMy CBETa HA MPOMOJIBHBIX M MOMEPEYHBIX aKyCTHYECKUX BOJHAX MOKA3aiH, 4TO
MaKCHUMaJIbHOE 3HaUeHHe pad,d]zCOCTaBI/IJ'IO 8,6 107 pu ¢p=35 TpamycoB s NPOA0IbHBIX BOJH U 0,37 1072 pu =82 rpajayca s

TMOTNEPECYHBIX BOJIH. HOJ’Iy‘IeHHLIe 3HA4YCHUA S(b(l)eKTI/IBHLIX d)OTOpryFI/IX KOHCTAHT HCIIOJIb30BAJIMCH IS pacy€Ta U3 BbIPAXKCHUS

(1) 3aBucuMoOCTH KO3 dHIMEHTa aKyCTOONTHYECKOTO KauecTBa OT HAIIPABJICHUS BOJHOBOIO BEKTOpA aKyCTHYECKUX BOJHBI B
mwiockoctu (001). Pe3ynbraTsl pacueTa NIpuBeICHBI HAa PUCYHKAX 3 U 4.

! \
a1+ | & | lar100]
0 5 10152(125:10l )

Ny, 10° "g’/ug\\

345

@
i3

255 555265
PucyHok.3 3aBucumocts ko3ddunnenta M, B kpucraiuiax PbMoO, oT HanpaBieHHs1 BOJHOBOTO BEKTOpa KBAa3UIIPOIOTBHBIX
aKyCTHYECKHX BOJH B Tutockocta (001)

. _ -1
BuzHo, uto B miockoctr (001)MakcHManbHOE 3HAYCHHE aKyCTOONTHYECKOH moGpoTHOCTH M, = 25,9 10™° ¢¥/kr, mms
MPOAOJIEHBIX BOJIH,pacTpocTpanstomuxcst nox yraom 60 wmm 150 rpagycoB x ocu [100]. B To e BpeMs MakcHmMaibHOE

3Ha4YEeHUE aKyCTOONTUYECKOW JOOPOTHOCTU AJIs MONEPEUYHbIX BOJH COCTABISIET 6,72 107 ¢¥kr IIPU UX PacpOCTPaHEHUU MOJ
yriom 85 unu 175 rpaxycos k ocu [100].

120 3 /“‘\ 60
135 ~ 45
150, ‘ { } : 30
a [ \

/ \ v \
165/ \\J !,// \5
S NI
'50"‘“\ =S E\}mwm

108 SR TT " oes
210 I ‘ \’ "330
225 ‘ l 316
240 _\_,/ L300

Pucynok.4 3aBucumocts ko3¢ dunmerta M, B kpucraiuiax PbMoQO,4 oT HarpaplieHUs! BOJTHOBOTO BEKTOpa KBa3HUIIONIEPEIHBIX
aKyCTHYeCKHX BOJH B mutockocTd (001)
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3akaoueHue. BHepBBIe HCCJIC0BaHa aHU30TPOIINA aKyCTOOIITHYICCKOI'O B3aUMOJICCTBUS B Kpucrajjiax PbMOO4 pu

M3MEHEHHH HalpaBleHUS PaCIPOCTPAaHEHUs aKyCTHUeCKUX BoJH B mutockoctd (001). ITokazaHo, 4TO A 9TUX BOJIH B IJIOCKOCTH
(001) wmmeroTcst 4 HampaBieHHs, SABJLSIONIMECS TNPOMOJBHBIMA HOPMANSIMH, BIOJb KOTOPBIX DPACHPOCTPAHSIOTCS YHCTHIC
HPOOJbHEIC BOJHBL. K0a(GUIMEHT akycTOONTHYECKOro KauecTBa MpH AU(GPAKINY CBETA Ha 3THX YUCTHIX BOJHAX paseH 25.1
10" ¢¥kr n Gmmsok MaKCUMalbHOMY 3Ha4YeHHIO Koddduimenta M, AiIs pacCMOTPEHHBIX TreoMeTpuil BparroBckoit
T pakyn.

Cnez[yeT OTMETUTH JOCTATOYHO XOpOLICC COBHNAACHUE PACUCTHBIX 3HAYCHUI KOS(b(i)I/IL[I/IeHTa AKYCTOOIITUYECKOrO

KayecTBa M, € €ro sKCIepUMEHTAIbHBIMU 3HAYSHUSIMH, UMeroIuMucs B nutepatype [11-13] mist nanpasnenuii [100] u [001].
TTomy4deHHbBIE pe3yabTaThl MOTYT OBITH HCIONB30BAHEI IPH CO3JaHUH HOBBIX MPHOOPOB aKyCTOONTHKH M aKyCTOJICKTPOHUKH Ha
KpHCTaJuIaX MOJIMOAaTa CBUHLIA.

10.
11.

12.

13.
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