AHOTANIA

['epamenko H.O. BmnuB rigpoauHaMiyHMX MOJ Ha KOJHUBaHHSI TUT Yy
HaJIIMHAKMX po3unHax “He — *He — Kpamigikamilina HaykoBa npams Ha IIpaBax
PYKOIHUCY.

Hucepramisi Ha 3700yTTA CTymeHs JIOoKTopa (inmocodii 3a cHerianbHICTIO
105 IpuknanHa ¢i3zuka Ta HaHOMaTtepiaau (raidy3s 3HaHb 10 [Ipupoauuyl Hayku). —
XapkiBcbkuil HamioHanbHuU yHiBepcuteT imeHi B. H. Kapasina MinictepcTBa
OCBITH 1 HAyKH YKpainu, Xapkis, 2025.

JucepTailito IpUCBAYEHO OCHIKEHHIO MOBHOTO HA0Opy TiIpOJMHAMIYHUX
MOJl y YHMCTOMYy TeNlii Ta y HaAIUIMHHUX po3uMHax °He — “He Ta ix BIUMBY Ha

PO3MMOBCIOKCHHA TCILNIAa Td KOJIMBAHHA Tiﬂ, 1o 3aHypeHi B I'eJIii.

JlocnikeHHs KBAHTOBUX CEpPEIOBHII Yepe3 CIIOCTEPEKECHHS 32 KOJIMBAHHIMHU
TiJI, 3aHYPEHUX Yy TeNid, 3aBKaAu OyJI0 MOTYXHUM IHCTPYMEHTOM JIJIsi BUSIBJICHHSI
VHIKQJIbHUX BJIACTUBOCTEH IIMX PEYOBHH. 3a OCTaHHI POKU OCOOJIMBO BEJIMKOI
NOMYJSIPHOCTI HAOyJIM KBaploBl KaMEPTOHM SK YHIBEpPCAJIbHI 30HAUA JUIS
JIOCIIIJIKEHHST PIJIKOTO TENiI0 MPU HU3bKUX Temriiepatypax. Lle ctano MoxiuBuM
3aBJSIKM  KUIBKOM BaXKJIMBUM BJIACTHMBOCTSIM KaMEpPTOHIB, $KI POOJIATH iX
HAJ3BUYAHO 3pYYHUMHU Ta €QEKTUBHUMHU IHCTpyMEHTaMu I (Pi3uyHUX
BHUMIpIOBaHb. 30KpeMa, BOHU € JIETKO JOCTYITHUMH Ta MAarOTh HU3bKY BapTICTh, IO
pPOOUTH IX MTOCTYMHUMH JISi MIMPOKOTO BUKOPHUCTAHHS B HAYKOBUX JTOCIIKCHHSIX.
KpiMm ToOro, KBapIioBi KaMepTOHHM MarOTh BHCOKY HAJIMHICTh, IO JO3BOJISE
MPOBOJUTH JIOBFOTPUBAJl E€KCHEPUMEHTH 0O€3 pU3UKY IMOJOMKM abo mOTpeOu B
yacTux KamiOpyBanusx. [IpocTtora cxeM BUMIpPIOBaHb, HU3bKAa BHYTPIIITHS
XapaKTEePUCTUKA NeMI(PyBaHHS Ta HEUYTJIMBICTH /10 MAarHITHOTO TOJSI TaKOX €
BOKJIMBUMHU TI€peBaraMu, IO JIO3BOJISIIOTH 3A1MCHIOBATH TOYHI BUMIPIOBAHHS B
CKJIQJHUX YMOBAX.

3aBASKM CBOIM YHIKQJIBHUM BJIACTUBOCTSIM KBapIlOBI KaMEpPTOHU CTajd
abTEPHATUBOIO BIOPYIOUMM JpOTaM, SKI TPAJULIAHO BHUKOPUCTOBYIOTHCS SIK

CTaHJApTHI PE30HATOPH Ul JOCHIDKEHHS piakoro remito. BoHu cyTTeBO



CIPOLIYIOTh EKCHEPUMEHTANbHY amnaparypy, 3MEHIIYIOUM TEXHIYHY CKIJIAJHICTb
BUMIpIOBaHb. [IpoTe 1iX 3acTocyBaHHS TMOB’S3aHE€ 3 TMEBHUMU MpoOIeMaMH,
3yMOBIIEHUMHU SIK (DISUMHUMU OCOOJIMBOCTSIMH, TaK 1 CKJIQTHIIIOI TE€OMETPIEI0
camux KameprToHiB. lle cTBoproe TpyaHOILIl TMpU iX BHUKOPUCTAHHI SIK
BUMIPIOBAIbHUX TMPWJIAAIB 11 BUBUCHHS MapaMeTpiB piAKOro reiiro. 30Kpema,
aKyCTHU4H1 e(eKTH Ta JUCUIATHUBHI MPOIECU CYTTEBO BIUIMBAIOTH HAa PE3yJIbTATU
BUMipIOBaHb. KpiM TOro, BHCOKOYAaCTOTHI KOJMBAaHHS KaMEpPTOHIB MOXYTh
BUKJIMKATH HemependadyBaHl SIBUINA, [0 YCKJIaJAHIOE 3a0e3MEUYeHHS BHCOKO1
TOYHOCTI BUMIPIOBaHb Y TAKUX CUCTEMaX.

[IIo6 MakcuManbHO BUKOPUCTAaTH TNE€pPEBard KBapLOBHUX KaMEPTOHIB Yy
BHUBYCHHI (DyHJaMEHTaIbHUX BJIACTUBOCTEH HAAIUIMHHUX PO3UYMHIB 130TOIIB TEIIilO,
HEOOX1JTHO JACTAIBHO JIOCHIIUTU X PE30HAHCHI XapaKTEPUCTUKU B PIAKOMY Teii SK
TEOPETUYHO, TaK 1 EKCIEepPUMEHTAIbHO. Takl JOCHIKEHHS AaayTh 3MOTY TIMOIIe
3pO3yMITH MeXaH13MU (POpMyBaHHS PI3HUX PE30HAHCIB, @ TAKOK BU3HAYUTH BIUIUB
aKyCTUYHMX 1 TIIPOJMHAMIYHUX €(QEKTiB Ha TOYHICTb BUMIPIOBaHb Yy MOJIIOHUX
CHCTEMaXx.

OcHoBHa MeTa 1i€l poboTH — nocmiauTu (Hi3udHI MEXaHi3MU, 1110 BU3HAYAIOTh
B3a€EMOJIII0 TIAPOAMHAMIYHMX MOJ (MEeploro Ta JApPyroro 3BYKIB, B’S3KOi,
nudy3iMHOI Ta TEMJIOBOI XBHWJIb) 13 TUIAMH, 110 KOJUBAIOTHCS B PIAKOMY Tedii.
30kpeMa, po3MISAAlOThCS TMPOIECH BUIPOMIHIOBAHHS I TOTJIMHAHHS €HEprii B
HAAIUTMHHUX PO3YMHAX, BHUBYAIOTHCS 3BYKOBI PE30HAHCH B KPUTUYHOMY Tenii, a
TAaKOXX aHAJI3yIOThCS PE30HAHCHI OCOOJMBOCTI MEPIIOrO 1 JAPYroro 3BYKIB Yy
HAJIJIMHHOMY Tefii Ta po3dyuHax Horo i30TomiB. JlOCHITKEHHS IUX SIBHUIIL
COpsSMOBaHE HE JMILIE Ha BJOCKOHAJICHHS METOJIB BHMIPIOBAHHS BJIACTUBOCTEH
PIAKOTO refito, a i Ha TauoIIe po3yMiHHs (HI3UYHUX TPOIIECIB, IO BiAOYBaIOTHCS B
[UX YHIKQJIBHUX MaTepiaiaxX 3a HU3bKUX TEMIIepaTyp.

OcobnuBa yBara B JaucepTaiii TPHUAUIIETHCS JTOCHTIPKEHHIO HAATUTHHHUX
PO3UYHHIB 130TOIIIB TEJIII0 Ta pO3poOIll TEOPii MOBHOI CUCTEMU T1APOINHAMIYHUX MO/

[IUX PO3YMHIB.



AKTyaslbHICTh 1MX 3aBAaHb 3yMOBJIEHA 3HAUHOK KUIBKICTIO HOBHUX
eKCMIEPUMEHTAJIbHUX PE3YNbTaTiB, OTPUMAHUX TPU 3aHYPEHHI OCIMIIOIOUYOTO
KBApLOBOTO KAMEPTOHA B HamWMHHI posuman °He — “*He 3 pisaumum
koHuenTpauismu *He — Big Manux 10 15%. 1li ekCiEpUMEHTH 103BOJINIIA BUSBUTH
BaXJIMB1 BJIACTUBOCTI, K1 BIAPI3HSIOTHCS BiJ XapaKTEPUCTHUK YHMCTOTO Teiilo, IO
Ma€ KJIF0UYOBE 3HAYEHHSI JUIsl pO3YMIHHS (PI3UYHHUX NPOLECIB Y TAKUX CHCTEMAX.

Opnicro 3 OCHOBHUX BigMiHHOcTed poszumuiB *He — “He € HasBHIiCTH
kBasivacTuHOK °He, M0 icHyIOTH y HUX 3a OyOb—SKUX TEMIIEPATYP, BKIKOYAIOUYH
oOnacTi, OJM3bKI 10 abCcoMOTHOro HyJs. JloCHiIKEeHHS NHUX KBa314aCTUHOK €
BKJIMBUM JJIs1 BUBUCHHS (DI3UYHUX BIACTUBOCTEH PO3UMHIB.

[Ile oaHi€r0 OCOOMUBICTIO TAKMX CUCTEM IIPU HE JIy’KE€ MAJIUX KOHILIEHTpALISX €
HaJ3BUYAHO KOPOTKMH dYac B3a€MoJii Mix KBasidacTuHkamu °He, 10 103BOJISIE
po3riAnaTi ix y TiApOJAMHAMIYHOMY HaOmmwkeHHi. lle mpumynieHHss ocoOauBO
BaKJIMBE /171 PO3YMHIB 3 BiJIHOCHO BHCOKMMHM KoHueHTpauismu *He (10 — 15%), y
SKUX TIPOBOIMIIUCS €KCIIEPUMEHTH, 10 BUSIBIIIM 11Ty HU3KY HE3BHUAWHUX SBUILI.

VY 1ux KOHIEHTpalIHUX MeXaxX OCHWJIALIT TBEpAOi CTIHKU, HAMPHUKIAI,
KBapIIOBUX KaMEPTOHIB, MOXKYTh 30y/PKyBaTH HE JIMIIE TEPIIMA 3BYK, a i Apyruid
3BYK, a TaKO)X TE€HEpPYyBaTH TEIUIOBY XBWIO. Lle TMOSCHIOETbCA OCOOIMBOCTIMHU
TIIEPEHECEHHsT Tella Ta Macd B HaAIuMHHUX posunHax °He — “He. 3okpema,
KOHLIEHTpaliiiHI Ta TeMImepaTypHi 30yIKE€HHS B TaKUX CYMIIIAX MOXYTh
peNaKcyBaTH SIK Yy BUIJISIAL XBWJIl JPYroro 3BYKY, Tak 1 y (opMi AUCUIATUBHOL
nu(y3iMHOT XBUJII — OKpeMoro (i3uyHOro mporecy, 1m0 BUHUKAE TPU 3MiHI
TeMIiepaTypu abo KOHIIeHTpalli B moaioHux cucreMax. L{i sBuma Oynu aetanbHO
BUBYCHI B JHCEpTalliifHiii poOOTI, € PO3MISIHYTO iXHIM BIUIMB HAa JUHAMIKY
PO3YHMHIB Ta MOXJIUBICTh BUKOPHCTAHHS OTPHUMAaHUX PE3yJbTATIB JJIS TIUOIIOTO
PO3YyMIHHS TEIJIONEPEHOCY M IHIUX (PI3UYHUX MPOIIECIB.

Jlo TakuMx YHIKaJbHUX SBHIL HAJIEXKUTh TaK 3BaHUM JAPYrUil 3BYK —
He3BHUaiiHa (opma TOMMPEHHS TEIUIOBMX XBHWIb Y HAAIUIMHHUX pPiIHHAX 3a
HU3bKUX TeMIriepatyp. Lle sBuie Mae KiIto4uOoBE 3HAYEHHS Il BUBYEHHSI KBAHTOBUX

PIAMH Ta MAaKPOCKOMIYHUX KBAHTOBUX €(DEKTIB.



Ha BigmiHy Bia 3BHYalHOTO (MEPIIOro) 3BYKY, SIKUH € aKyCTHYHOK XBHIICIO,
IO TOIIMPIOETHCS 3aBASKMA KOJUBAaHHSAM aTOMIB 1 MOJIEKYN, JPYTHil 3BYK
OB’ SI3aHUH 13 TEPMOJIUHAMIYHUMH MPOLIECAMU Ta KOJIEKTUBHUM PYXoM (pa3 piauHH.
VY mil XBWJII OCHOBHY pOJb BIJITPalOTh 3MIHH TEMIIEpATypu Ta KOHIICHTpaIlii
KOMIIOHEHTIB pifuHHU. TakuM 4YHMHOM, JPYTU 3BYK SIBJISIE COOOIO TETIOB1 XBHUII, 110
BUHUKAIOTh 4epe3 (a3oBe PO3AUICHHS Ta OCOOJMBUI MEXaHI3M TEIUIONEPEHOCY,
XapaKTepHUH JJIs1 HAATUTMHHOTO TeJIiIo.

V cymimax *He — *He apyruii 3ByK IpOSBISCTHECS HANCUIBHILIE TIPH BUCOKHX
konuentpamisx *He (10 — 15%). V Takux ymoBax HOro BIUIMB Ha MPOLIECH
TerionepeHocy, Audy3ii Ta 1HIMUX (PI3UYHUX SBUI CTA€ OCOOJIMBO MOMITHUM.
JocnimxeHHs: 1boro eeKTy T03BOJSIOTh TIUOIIE 3p03yMITH MOBEIIHKY KBAaHTOBUX
PLOMH 3a HAJHU3BKUX TEMIEpaTyp, a TaKOXK CIHPHUSAIOTh PO3BUTKY HOBHUX METOIB
BUMIPIOBAHHS TEPMOJIMHAMIYHHUX BJIACTUBOCTEH PIIKMX CyMILIEH.

OcTaHHIM 4YacoM IHTepec JO0 JPYroro 3BYKY 3HA4yHO 3piC uepe3 Horo
BUSIBJIICHHSI B HaHOcepenoBuiax. HoBiTHI AOCHiIKeHHs Teruionepeaadl y rpadesi,
rpadiTi Ta IHIIKMX ABOBMMIPHHUX 1 IIAPYBATHX Marepiajiax MoKaszaid, mo (HOHOHHA
ripoAMHAMIKa, BKIIIOYHO 3 IPYTUM 3BYKOM, Ma€ BaXJIMBI MPaKTHUHI HAcHiaku. Lle
BIJIKpUBA€E MEPCIEKTUBU ISl BUKOPUCTAHHS (DOHOHHUX TIPOJUHAMIYHUX €(EKTIB y
KepyBaHHI TEIJIOBUM OallaHCOM Yy CYYacHHX MIKPO— Ta HaHOEJIEKTPOHHUX
MPUCTPOSIX.

Pesynprati ekcmepuMeHTANbHUX AOCTIKEHb TMOKa3alu, IO JAPYTHid 3BYK B
TBEpAUX TUMAaX 1 piAWHAX OUIbIIE HE MOKHA BBaXKATH PIAKICHUM abo CyTo
aKaJeMIYHUM SIBUILEM. 30KpeMa, (POHOHHA TiAPOJAMHAMIKA MOXKE BIUIMHYTH Ha
MPOAYKTUBHICTh TpadeHy Ta rpadiTy SK TEIJIONPOBITHUX MaTepiamiB y
MIKpPOEJIEKTPOHIIIi, 110 BIIKPUBAE HOBI MOXKJIMBOCTI JIJIsi €(EKTUBHOTO YIPABITIHHS
TEIUIOBUMHU TTOTOKaMHU B HAHOPO3MIPHUX CHCTEMaX.

VY nucepTarlii aHaTI3yETHCSl IPUHITUTIOBA MOYKJIUBICTH BUKOPUCTAHHS JIPYTOTO
3BYKY Ui €(QEKTUBHOTO TEIUIOBIABEJACHHS, a TaKOX TMEPCIEKTUBUA HOTO

34CTOCYBAHH: B OXOJIOI[)KGHHi 00YHMCITIOBAJTBHUX HpI/ICTpO'l.B.



JlpyruM BaXJIMBUM MEXaHI3MOM € nau(y3ifiHa JUCUIIaTUBHA XBWIIS, sIKa €
YHIKIGHOK JUIS PO3YMHIB. Y HaIIIMHHUX po3umHax “He — ‘He, Ha BimMminy Bix
uucroro “He, mopsa i3 Apyroo 3ByKOBOIO XBHIICI0 BUHHUKAE IIE OJHA, CYTO
JUCUMATUBHA MOJa, sKa TAaKOXX BU3HAYa€ pelakcalilo TeMmIepaTypu Ta
KOHIIEHTpaIi. Y 1l Moxi eBojdromis 30ypeHb TeMIlepaTypu Ta KOHLIEHTpallii
B1I0YBa€ThCS T1J] BIUIMBOM TEIUIONPOBIIHOCTI, TepMOoau(dy3ii Ta MacoBoi audy3ii
pPO3UHMHY.

[cHyBaHHA [BOX HE3aJICKHUX MOJ, IIO BIAMOBINAIOTH 32 BCTAHOBJICHHS
pIBHOBaru TemImepaTypu Ta KOHLEHTpallli, BUMarae ix OJIHOYACHOTO BpaXyBaHHS
IpU ONHKCI PI3HMX NPOLECIB peakcamii B HaJUMHHMX po3umHax °He — “He.
Boanowac 3amaya mpo  NpOCTOPOBO—YAacOBY  €BOJIIOLIK  TEMIIEpaTypu Ta
KOHIIEHTpaLli 3aJIMIIA€ThCA HEPO3B’SI3aHOI0, TONPHU 3HAYHY KUIBKICTH MPOBEAECHUX
€KCIIEpUMEHTIB y WIi ramysi. bijgbiie Toro, neski eKCIepUMEHTalbHI PE3YJIbTATH
J0Cl HE MaroTh 3aJOBUIBHOTO TEOPETUYHOIO TMOSICHEHHS, L0 MIAKPECIIOE
aKTyaJIbHICTh MOJAJBIINX JOCIIKEHB Y 11K cdepi.

JlJIs TEOPETHYHOTO OMHUCY CIOCTEPEKYBAaHUX SBUI Yy UYHUCTOMY Telii Ta
HAJIUIMHHUX PO3YMHAX y IIMPOKOMY Jl1alla30Hi TEMIEpaTyp 1 KOHIEHTpaIliil 0yio
BUPILIEHO 3aJ]a4y pejiakcallii Ha OCHOBI MOBHO1 CUCTEMH T1JIPOJIMHAMIYHUX PIBHAHb
s posunHiB *He — “He. 3a momomoror mnepersopenns Dyp’e, dopmanizmy
HEEepPMITOBUX MaTpullb Ta QPyHKUINA ['piHa OyJ0 OTpUMAHO PO3B’SI30K LI1€1 CUCTEMH
JUISL  MHUTTEBOTO TOYKOBOTO JiKepena Temiaa abo TMOo4YaTKOBOro 30ypeHHs
KoHIleHTpallii. Po3B’s30k BupaxkeHo uepe3 ¢yHkIiii ['piHa, sSKi ONUCYIOTH J1Ba
OCHOBHMX MEXaHI3MM peiakcallli: JUCUMATUBHUM (3a paxyHOK TEIJIONPOBIIHOCTI,
mudy3ii Ta TepMoaudysii) Ta XBUIHLOBUN (3YMOBJICHHH MOIIMPEHHSM JIPYroro
3BYKY). Y pe3yibTaTi 3HalWJeHO 3arajbHe pIlIEHHS 3a/adl Npo pelaKcalliio
JOBUIBHOTO MOYaTKOBOT'O 30ypEHHS HAa HECKIHYEHHIN TpsIMii.

Ha nactynmHomy etani poO60TH, BUXOSYH 3 TTOBHOI CUCTEMH TiIPOJNHAMIYHUX
piBHSIHb, OyJO TPOBEAEHO JOCHIPKEHHS KOJMBaHb TYCTUHHU, TEMIIEpaTypH,
KOHIIEHTpaLli Ta TUCKY 3 METOK BU3HAYEHHS YMOB, 3a SKUX KOJUBAaHHS TBEPIOL

CTIHKM 30YyJKYIOTh MEpIIMA 1 IPYrHil 3BYyK, a TaKOXX TUCHIATUBHY AUQPY3iiHY



XBWJIKO B HAJIUIMHHOMY Tellii Ta aKyCTU4YHI XBWJIl B HaJKpUTUYHOMY remii. Bymo
BUKOHAHO OOYHCIIEHHS! BHECKIB IIMX MpOILECiB y (GOpMyBaHHS PE30HAHCIB MiJ] 4yac
KOJIMBaHb 3aKPUTHX KAMEPTOHIB.

30KkpeMa, PO3TISIHYTO EKCIEPUMEHTAIbHO CIOCTEepPEeXyBaHe 30YKEHHS
CTOSYMX XBHJIb TUCKY KAMEPTOHOM, III0 KOJUBAETHCS, a TAKOXX OCOOJMBOCTI MOSIBU
1 TIOBEIIHKY PE30HAHCIB 3aJIEKHO BiJl TEMIIEpaTypH Ta THCKY TeJio.

Y pe3ynbTaTi IUX JOCHIIKEHb OYyJ0 CTBOPEHO MOJEIb, SKa OMHCYy€e (i3UYHI
BJIACTUBOCTI PE30HAHCHUX SIBUILL, 1[0 CIIOCTEPIraIUCs €KCIEPUMEHTAIBLHO. 30KpeEMa,
JIETAIBHO JIOCHIIPKEHO PE30HAHCH, 110 BUHHUKAIOTH IiJ] Yac KOJIMBaHb KBapIIOBHX
KAMEPTOHIB Y HAAIUIMHHOMY TeJii Ta 1oro po3ynHax.

st mpoBeZieHHST TOPIBHSIHHS 3 €KCIIEPUMEHTAIbHUMHU JTaHUMH HEOOXI1JIHO
OyJ70 oTpUMaTH SBHI BUpa3u JJid JUCUTIATUBHUX KOEQILIEHTIB PO3YMHIB 130TOIMIB
reiiro. 3 II€0 METOI, B paMKax Tra30KIHETUYHOI MOJENi, fKa OIUCYE CyMILI
CJ1a0KOB3a€MO/IIFOYOTO Ta3y KBa31YaCTUHOK — (POHOHIB Ta JOMIIIOK, 1 BUXOAUTH 3
CUCTEMH KIHETUYHUX PIBHSHB ISl IUX YACTHHOK, OYJIO JOCIIKEHO ITHUCHUIIATUBHI
BIIACTUBOCTI SIK PiIKKX, Tak i TBepaux po3unnis *He — ‘He.

Posrnsmanucsa Taki sBUINA, SK MacoBa Ta chiHoBa audy3is, camoaudysis i
TEIUIONPOBIAHICTh, Y IIMPOKOMY Jiana3oHl TeMIeparyp Ta KOHLEHTpalii.
Oco6nMBy yBary NpUAiIeHO 007acTi, ae aomimku SHe MOKHA pO3IIANAaTH SK
KBa314YaCTUHKH, 1[0 BUIBHO PYXalOThCs KPi3b PIIUHY ab0 KpHUCTaJ, 1O JTO3BOIUIO
CYTTEBO CIPOCTUTH PO3PAXYHKU Ta OTPUMATH aHATITHYHI BUPA3U JJIS BIAMOBITHUX
Koe(DimieHTIB mepeHocy. Y pe3yibTaTi po3paxyHKIB OyJ0 OTpUMAaHO SIBHI BHpa3H
I Koe(iIieHTIB CIIHOBOI Ta MacoBoi audys3ii, a Takok KoedimieHTa
TeryIonpoBigHOCTI. JlJi1 mepeBipku moOy10BaHOT MOENI MPOBEICHO MOPIBHSHHSA 3
EKCIIEPUMEHTATLHUMHU JTAHUMH, 30KpeMa aHalli3 3aJIeKHOCTEH, M0 CIOCTEPITAIUCS
B €KCIIEpMMEHTAaX 31 CIIHOBOI pesakcarlii, Ta ()a30BOro po3/iJIieHHs] pO3UYHHIB.

[TpoBeneHi MOCHIKEHHS JO3BOJWIM JACTANbHO PO3IJISHYTH TOBEIIHKY
KBapIIOBUX KAMEPTOHIB y PIi3HUX EKCINEPUMEHTAIBHUX yMOBaX, IO JaJ0 3MOTY

HAAIUIMHHUX  PO34YMHIB. 30KpeMa, Oylo JOCHIIKEHO  EKCIepUMEHTAIBHO



CIIOCTEpEXKYBaH1 MEPIINA 1 APYTUil 3BYKOBI PE30HAHCH, 110 BUHUKAIOTHh YHACTIAOK
B3a€MO/I11 KOJIMBAaHb 3aKPUTOTO KaMEPTOHA 3 CEPEAOBUIIEM HATUTMHHOT CYMIIII.

BpaxyBaHHsi TOBHOTO HAOOpy Ti1APOJWHAMIYHMX MOJ| CHCTEMHU JO3BOJIHUIIO
3aMpONOHYBATH MOSACHEHHS] HE3BUYAMHOI MOBEIIHKY PE30HAHCIB JPYTroro 3ByKY, 10
Oyna 3adikcoBaHa B eKcriepuMeHTax. byno mokasaHo, 110 1151 OBEAIHKA OB sA3aHa 3
MEePEePO3NOITIOM E€HEPTii MIXK TUCUIIATUBHUM PEXKUMOM 1 PEKUMOM JIPYTOTo 3BYKY,
110 BIUIMBAE HA ()OPMY Ta IHTEHCUBHICTh PE30HAHCIB.

Kpim TOro, Oynu mpoBefeHl TEOpPETHYHI JOCTII)KEHHSI MEXaHI3MIB JHUCHIIALIli
€Heprii, 10 MPOSIBISIOTHCS B €KCIIEPUMEHTAX 13 KBapLIOBUMU KaMEPTOHOM, KMl
KOJNMBAECTECS B HAMIUIMHHMX po3dnmHax °He — “He 3 BHCOKOK KOHIIEHTPAIIECIO
nomimmox *He. 30kpema, JOCIIPKEHO MOMKJIIUBICTD i €()eKTUBHICTH BUITPOMiHIOBAHHS
KaMEpPTOHOM HE JIMIIE XBWJII JPYroro 3BYKy, aje U AuQy31HHOI AMCHUIIATUBHOI
XBUJI1, 1110 € CIEHU(PIYHOO 7151 PO3UYHHIB 130TOMIB TEIIIO.

B xomi awnamizy Oynu 3HaiAeHI 3B’SI3KM MK aMIUTITYJaMU KOJHBaHb
TeMIepaTypyu Ta KOHIIEHTpAIlli B IUX XBUJISAX, a TAKOXX BU3HAYEHO iXHI BIAHOCHI
iHTeHcuBHOCTI. Lle nmano 3mMory chopmymtoBaTu (i3udHE MOSICHEHHS JTOAATKOBUX
MEXaHI3MIB OCJa0JeHHS KOJMBaHb KaMEpTOHA B HAAIUIMHHUX PO3YHMHAX, IO
CIIOCTEpITAINCS B EKCHEPUMEHTAIIbHUX JOCHKEHHSIX. OTpuUMaHi pe3ynbTaTH
BIJIIFPAIOTh BAXKJIUBY POJb IS TMOJAJIBIIOTO PO3YMIHHS MEXaHI3MIB B3a€MOIl
aKyCTUYHUX PE30HAHCHUX CHCTEM 13 KBAaHTOBHUMH pIIUHAMH Ta MOXYTh OyTH
KOPUCHUMHU i1  pO3pOOKM HOBHUX METOIB NPEUMU3IMHUX BHUMIPIOBAHb Y
HU3BKOTEMIIEPATYPHUX (PI3UYHUX CHCTEMAX.

HaykoBa HOBHM3Ha pe3yJbTaTiB JHUCEPTALINHOTO JOCTIIHKEHHS TMOJIArae B
HACTYITHOMY: BIIEpIIE MOSICHEHO €KCIIEPUMEHTAJIbHO CIOCTEPEKYBaHE 30yIKEHHS
CTOSYMX XBUJIb KOJIMBAHb TUCKY KAMEPTOHOM, a TAKOX JETATbHO PO3IJIIHYTO MOSIBY
Ta BJIACTHUBOCTI PE30HAHCIB 3aJICKHO BiJl TeMIlepaTypu i TUCKY reinito. [loOynoBano
TEOPETUYHY MOJIENb, fKa OMUCYy€e (PI3MUHI MEXaHI3MH PE30HAHCHUX SBUII, IO
CIIOCTEpITaIMCs EeKCIEPUMEHTaIbHO. 30Kpema, BIEpIle PO3B’S3aHO 3ajadyy Ipo
OJIHOYAacCHEe 30Yy/KEHHS NEepIIoro Ta JAPYroro 3BYKIB Yy HAAIUIMHHOMY Teii

BHACHIIOK 30y/MKEHHS KaMEPTOHOM XBUJIb THCKY W EHTpOIIi, a TaKoXX MOSCHEHO



EKCTIIEPUMEHTAJILHO CIOCTEPEKYBaH1 3aJI€KHOCTI BJIACTUBOCTEH PE30HAHCIB BiJ
TEMIEPATypU Ta THCKY TEIiIO.

Brepie orpumaHo siBHI BUpa3u it KoedilieHTiB audy3ii, TermmonpoBiHOCTI
Ta TepMoaudy3ii IS PIAKUX 1 TBEPAMX PO3YHMHIB 130TOMIB TeNi0. Y pamKax
3alpOIOHOBAHOTO MIAXOAY TaKOX BJAJOCAd BU3HAUUTH SIBHUU BHUpa3 KoedilieHTa
camoaudysii JOMImIOK y TBepaux pozumHax °He — “He Ta mpomeMoHCTpyBaTH
BIJIOBIIHICTD PO3PAaXyHKOBUX PE3YJIbTATIB €KCIIEPUMEHTAIIBHUM JaHHUM.

Brnepuie, nmisixoMm po3B’s3aHHSA MOBHOI CUCTEMHU TIAPOAMHAMIYHUX PIBHSIHB
11 HaarumHAKMX posunHis *He — *He, 3HalineHo mucnepciiiHi CriBBiHONICHHS JUIS
MEPIIOTO Ta JAPYTOro 3BYKiB, @ TAKOXK TUCUNATHBHUX TEIUIOBUX XBWJIb. Bu3HaueHo
B32€MO3B’SI3KM MIXK aMIUTITY/IaMU BCIX TIAPOAMHAMIYHUX MTapaMeTPiB Y IUX MOJIaX.

Brnepire noBeneHo, 1110 BpaxyBaHHS JUCUIATUBHOL TU(y31HHOT TEIIOBOI XBHITI
J03BOJISIE TIOSICHUTH 3HUKHEHHSI PE30HAHCIB JPYroro 3BYKY, SIKl CIIOCTEpIrajucs B
excriepuMeHTi. OTpuMaH1 CIIBBIAHOIIEHHS MOKa3ajM, 110 MPHU MEBHUX 3HAUEHHSX
napameTpiB PO3YMHY XapaKTEpH1 Jisl IPYroro 3ByKy KOJMBAaHHS €HTPOIIi BIICYTHI,
a HATOMICTh 30Y/KYIOThCS KOJMBAHHS TEMIIEpAaTypu Ta KOHIEHTpalii, 10 €
XapaKTepHUMHU ISl TUCUTIATUBHOTO PEXKUMY.

Bnepme oTpuMaHo sBHI BHpa3d A aMIUNTYJ KOHLEHTpalidHUX Ta
TEeMIIepaTypHUX 30ypeHb, BUKIMKAHUX KOJWUBAHHAMH TBEPJOi CTIHKHM B Tedil.
[IpoBeneHi po3paxyHKH MOKa3ald, 0 CIOCTEPEKYBaHa B €KCIIEPUMEHTI PI3HUILIS B
OCJIa0JICHH] BIJKPUTOTO Ta 3aKPUTOr0 KaMEpPTOHIB MOXe OyTH 3yMOBIICHA
KOHKYPEHLI€I0 MK MEXaH13MaMH JPYTroro 3ByKy Ta 1uy31iHOT XBUIIL.

Bnepmie npoaeMOHCTpOBaHO, IO 3HAMACHUN y JucepTaiii MexaHi3m
OJTHOYACHOTO TIOMIMPEHHS €Heprii B JUCUNATUBHIA XBWII (32 paxyHOK
TEIUIONPOBITHOCTI) Ta y 3BYKOBI XBUJIl IpYroro 3ByKy MoOKe OyTH BUKOPUCTaHUIA

JUTsl CTBOPEHHS HOBUX €()EKTUBHUX METO/IIB TEIJIOBIABEACHHS B HAHOCTPYKTYpax.

KuirouoBi ciioBa: Teopisi KOHJACHCOBAHUX CEPEOBUIL, HU3bKI TeMIIepaTypH,
KBAHTOB1 KPUCTAJIM Ta P1IMHM, KOJIMBAHHS T 1 PIAWH, HAATUIMHHI PO3YUHHU, 3BYKH,

dazoBi nepexoau, AUQy3is.
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The dissertation is devoted to the study of the full set of hydrodynamic modes
in pure helium and in superfluid *He — “He solutions and their influence on heat
transfer and oscillations of bodies immersed in helium.

The study of quantum media through observation of oscillating bodies
immersed in helium has always been a powerful tool for revealing unique properties
of these substances. In recent years, quartz tuning forks have gained particular
popularity as universal probes for studying liquid helium at low temperatures. This
has been made possible thanks to several important properties of tuning forks, which
make them extremely convenient and effective instruments for physical
measurements. In particular, they are easily accessible and inexpensive, making
them widely usable in scientific research. Moreover, quartz tuning forks are highly
reliable, allowing for long—term experiments without the risk of failure or the need
for frequent calibration. The simplicity of measurement circuits, low intrinsic
damping characteristics, and insensitivity to magnetic fields are also significant
advantages enabling precise measurements under complex conditions.

Thanks to their unique properties, quartz tuning forks have become an
alternative to vibrating wires traditionally used as standard resonators for studying
liquid helium. They significantly simplify the experimental setup, reducing the
technical complexity of measurements. However, their use is associated with certain
problems caused by both physical peculiarities and the more complex geometry of

the forks themselves. This creates difficulties when using them as measurement



devices for studying the parameters of liquid helium. In particular, acoustic effects
and dissipative processes significantly influence the measurement results.
Furthermore, the high—frequency oscillations of the tuning forks can induce
unpredictable phenomena, complicating the achievement of high measurement
accuracy in such systems.

To fully utilize the advantages of quartz tuning forks in studying the
fundamental properties of superfluid helium isotope solutions, it is necessary to
thoroughly investigate their resonance characteristics in liquid helium both
theoretically and experimentally. Such studies will allow a deeper understanding of
the mechanisms of resonance formation, as well as determine the impact of acoustic
and hydrodynamic effects on measurement accuracy in these systems.

The main goal of this work is to investigate the physical mechanisms
determining the interaction of hydrodynamic modes (first and second sounds,
viscous, diffusion, and thermal waves) with bodies oscillating in liquid helium. In
particular, the processes of energy emission and absorption in superfluid solutions
are considered; sound resonances in critical helium are studied, and resonance
features of first and second sounds in superfluid helium and its isotope solutions are
analyzed. The study of these phenomena aims not only to improve methods for
measuring properties of liquid helium but also to deepen the understanding of
physical processes occurring in these unique materials at low temperatures.

Special attention in the dissertation is paid to the study of superfluid helium
isotope solutions and the development of a theory of the full system of
hydrodynamic modes of these solutions.

The relevance of these tasks is driven by a significant number of new
experimental results obtained by immersing an oscillating quartz tuning fork in
superfluid 3He — “He solutions with various 3He concentrations — from small
amounts up to 15%.

These experiments revealed important properties differing from those of pure

helium, which are crucial for understanding the physical processes in such systems.



One of the main distinctions of *He — “He solutions is the presence of *He
quasiparticles that exist at any temperature, including regions close to absolute zero.
Studying these quasiparticles is important for investigating the physical properties
of the solutions.

Another feature of such systems at not very low concentrations is the extremely
short interaction time between *He quasiparticles, which allows treating them within
the hydrodynamic approximation. This assumption is particularly important for
solutions with relatively high 3He concentrations (10 — 15%), where experiments
revealed a number of unusual phenomena.

Within this concentration range, oscillations of a solid boundary, such as quartz
tuning forks, can excite not only the first sound but also the second sound and
generate a thermal wave. This is explained by peculiarities of heat and mass transfer
in superfluid *He — “He solutions. In particular, concentration and temperature
excitations in such mixtures can relax both as second sound waves and as dissipative
diffusion waves — a distinct physical process arising from changes in temperature
or concentration in similar systems. These phenomena are thoroughly examined in
the dissertation, considering their influence on solution dynamics and the potential
use of the results to deepen the understanding of heat transfer and other physical
processes.

Among such unique phenomena is the so—called second sound — an unusual
form of thermal wave propagation in superfluid liquids at low temperatures. This
phenomenon is crucial for studying quantum fluids and macroscopic quantum
effects.

Unlike ordinary (first) sound, which is an acoustic wave propagated by atomic
and molecular vibrations, the second sound is associated with thermodynamic
processes and collective motion of the fluid’s phase. In this wave, temperature and
concentration variations of the fluid’s components play the main role. Thus, the
second sound represents thermal waves caused by phase separation and a special

heat transfer mechanism characteristic of superfluid helium.



In He — “He mixtures, the second sound manifests most strongly at high *He
concentrations (10 — 15%). Under these conditions, its influence on heat transfer,
diffusion, and other physical phenomena becomes particularly noticeable. Studying
this effect allows for a deeper understanding of quantum fluids behavior at ultra—
low temperatures and promotes the development of new methods for measuring
thermodynamic properties of liquid mixtures.

Recently, interest in second sound has grown significantly due to its detection
in nanoscale media. Advanced studies of heat transfer in graphene, graphite, and
other two—dimensional and layered materials have shown that phonon
hydrodynamics, including second sound, has important practical implications. This
opens prospects for using phonon hydrodynamic effects to manage thermal balance
in modern micro— and nanoelectronic devices.

Experimental results have shown that second sound in solids and liquids can no
longer be considered a rare or purely academic phenomenon. In particular, phonon
hydrodynamics may affect the performance of graphene and graphite as heat—
conducting materials in microelectronics, opening new possibilities for efficient
thermal flow management in nanoscale systems.

The dissertation analyzes the fundamental possibility of using second sound for
efficient heat removal and its prospects for cooling computing devices.

Another important mechanism is the diffusive dissipative wave, unique to
solutions. In superfluid *He — “He solutions, unlike pure “He, alongside the second
sound wave, there appears another purely dissipative mode that also governs the
relaxation of temperature and concentration. In this mode, the evolution of
temperature and concentration disturbances occurs under the influence of thermal
conductivity, thermodiffusion, and mass diffusion of the solution.

The existence of two independent modes responsible for establishing
temperature and concentration equilibrium requires their simultaneous consideration
when describing various relaxation processes in superfluid *He — “He solutions. At
the same time, the problem of spatiotemporal evolution of temperature and

concentration remains unsolved despite a significant number of experiments in this



area. Moreover, some experimental results still lack satisfactory theoretical
explanation, emphasizing the relevance of further research.

For the theoretical description of observed phenomena in pure helium and
superfluid solutions over a wide temperature and concentration range, the relaxation
problem was solved based on the full system of hydrodynamic equations for 3He —
“He solutions. Using Fourier transform, non—Hermitian matrix formalism, and
Green’s functions, the solution of this system was obtained for an instantaneous
point heat source or an initial concentration disturbance. The solution is expressed
through Green’s functions describing two main relaxation mechanisms: dissipative
(due to thermal conductivity, diffusion, and thermodiffusion) and wave-like (due to
second sound propagation). As a result, a general solution for the relaxation of an
arbitrary initial disturbance on an infinite line was found.

At the next stage, based on the full hydrodynamic system, oscillations of
density, temperature, concentration, and pressure were studied to determine the
conditions under which solid wall oscillations excite first and second sounds, as well
as the dissipative diffusion wave in superfluid helium and acoustic waves in
supercritical helium. Calculations of contributions of these processes to resonance
formation during oscillations of closed tuning forks were performed.

In particular, experimentally observed excitation of pressure standing waves by
the oscillating fork and features of resonance appearance and behavior depending on
helium temperature and pressure were considered.

As a result of these studies, a model describing the physical properties of
resonance phenomena observed experimentally was created. In particular,
resonances arising during oscillations of quartz tuning forks in superfluid helium
and its solutions were investigated in detail.

To compare with experimental data, explicit expressions for dissipative
coefficients of helium isotope solutions were needed. For this purpose, within the
framework of a gas—kinetic model describing a weakly interacting gas mixture of

quasiparticles — phonons and impurities — and based on a system of Kinetic



equations for these particles, the dissipative properties of both liquid and solid *He—
“He solutions were studied.

The phenomena of mass and spin diffusion, self—diffusion, and thermal
conductivity were considered over a wide range of temperatures and concentrations.
Special attention was paid to the region where 3He impurities can be regarded as
quasiparticles freely moving through the liquid or crystal, which allowed a
significant simplification of calculations and the derivation of analytical expressions
for the corresponding transport coefficients. As a result of the calculations, explicit
expressions were obtained for the coefficients of spin and mass diffusion, as well as
for the thermal conductivity coefficient. To verify the constructed model,
comparisons were made with experimental data, particularly analyzing the
dependencies observed in experiments on spin relaxation and phase separation of
solutions.

The conducted studies allowed a detailed examination of the behavior of quartz
tuning forks under various experimental conditions, which made it possible to
identify features of the interaction of their oscillations with the hydrodynamic
modes of superfluid solutions. In particular, experimentally observed first and
second sound resonances arising from the interaction of the closed tuning fork
oscillations with the superfluid mixture environment were investigated.

Taking into account the full set of hydrodynamic modes of the system allowed
proposing an explanation for the unusual behavior of second sound resonances
recorded in experiments. It was shown that this behavior is related to the
redistribution of energy between the dissipative mode and the second sound mode,
which affects the shape and intensity of the resonances.

Additionally, theoretical studies were conducted on the mechanisms of energy
dissipation manifesting in experiments with quartz tuning forks oscillating in
superfluid 3He — “He solutions with high concentrations of 3He impurities.
Specifically, the possibility and efficiency of tuning fork radiation not only of the
second sound wave but also of the diffusive dissipative wave, which is characteristic

of helium isotope solutions, were studied.



During the analysis, relationships between the amplitudes of temperature and
concentration oscillations in these waves were found, as well as their relative
intensities. This allowed formulating a physical explanation of additional
mechanisms of attenuation of tuning fork oscillations in superfluid solutions
observed in experimental studies. The obtained results play an important role in
further understanding the mechanisms of interaction of acoustic resonance systems
with quantum fluids and may be useful for the development of new methods for
precision measurements in low—temperature physical systems.

The scientific novelty of the dissertation results consists of the following: for
the first time, the experimentally observed excitation of standing waves of pressure
oscillations by the tuning fork was explained, and the appearance and properties of
resonances depending on helium temperature and pressure were considered in detail.
A theoretical model was constructed that describes the physical mechanisms of
resonance phenomena observed experimentally. In particular, for the first time, the
problem of simultaneous excitation of the first and second sounds in superfluid
helium due to the tuning fork excitation of pressure and entropy waves was solved,
and experimentally observed dependencies of resonance properties on helium
temperature and pressure were explained.

Explicit expressions for diffusion, thermal conductivity, and thermodiffusion
coefficients for liquid and solid solutions of helium isotopes were obtained for the
first time. Within the proposed approach, an explicit expression for the self-
diffusion coefficient of impurities in solid *He — “He solutions was also derived,
demonstrating agreement between the calculated results and experimental data.

For the first time, by solving the full system of hydrodynamic equations for
superfluid 3He — *He solutions, dispersion relations were found for the first and
second sounds as well as for dissipative thermal waves. Relationships between the
amplitudes of all hydrodynamic parameters in these modes were determined.

It was shown for the first time that considering the dissipative diffusive thermal
wave explains the disappearance of second sound resonances observed

experimentally. The obtained relations showed that for certain solution parameters,



entropy oscillations characteristic of the second sound are absent, while temperature
and concentration oscillations characteristic of the dissipative mode are excited
instead.

Explicit expressions for the amplitudes of concentration and temperature
perturbations caused by oscillations of a solid wall in helium were obtained for the
first time. Calculations showed that the experimentally observed difference in the
attenuation of open and closed tuning forks may be due to the competition between
mechanisms of second sound and diffusive waves.

It was demonstrated for the first time that the mechanism found in the
dissertation of simultaneous energy propagation in the dissipative wave (due to
thermal conductivity) and in the second sound acoustic wave can be used to develop

new effective heat dissipation methods in nanostructures.
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