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BB B’S13K0CTi HA JUCHEPCiI0 3BYKY B IPOCTOPOBO OAHOPIIHOMY KOH/ICHCOBAHOMY
003e-rasi

BuxopucroByroun ysaranpHeHe piBHsAHHS ['pocca—IliTa€BCEKOTO IJI KOHICHCATY Ta KBAaHTOBE KiHETHYHE piB-
HsHHS BonplMaHa JUIs TEeIutoBoi XMapHHHM, OTPUMAHO 3aMKHEHE JiHeapu3oBaHE PiBHSAHHS bojplMaHa, sike Omucye
HAJIKOH/ICHCATHI CTYICHI BIJIBHOCTI Ha (DOHI KOHJCHCATY. 32 CXEMOIO OMHUCY MOINUpPEHHs 3ByKy Ban Yan Ta YienOeka
JIOCIIZPKEHO JUCHEpCiiiHe CHIBBIIHOIICHHS MK XBHJILOBUM YHCIIOM Ta 4aCTOTOIO 3BYKOBOI XBHIII, SIKE BKJIIOUYA€E 3ra-
CaHHs, OB’ s13aHe 13 Koe(il[ieHTaMU MepeHoCy, 30KpeMa B A3KICTIO. Y poOOTi TOCHTIKEHO 3a/1a4y Ha BiacHi (yHKIIT
Ta BJIACHI 3HAYCHHs OIEpaTopa JiHEapU30BAHOTO iHTErpasia 3iTKHCHh KBAHTOBOT'O KIHETUYHOIO PiBHSIHHS boibiMaHa
JUIsl MOJIeTl cllabKo HeifealIbHOTO OJJHOPIAHOTO 003e-ra3y 3a HasBHOCTI B HbOMY 003e-koHaeHcary. CHCTeMy BIaCHUX
(GyHKIIN Ta 3HAYCHB OIEpaTopa JIiHEApU30BAHOTO 1HTErpaia 3iTKHEHb 3aCTOCOBAHO 10 TCOPETHYHOI'O OMHUCY 3BYKOBUX
XBHITb, PO3PaXyHKY Koe(ilieHTa B’ I3KOCTI.

KurouoBi ciioBa: 60o3e-ra3, KBaHTOBE KiHeTHYHE PiBHSAHHA boibiiMana, TiHeapu30BaHUH iHTErpaj 3iTKHEHB, Me-
tox Ban UaH—YneHOeka, koeimieHT B’ I3KOCTi.

IMocTaHoBka HaykoBoi mpoOaemMu Ta ii 3HaYyeHHs1. OCHOBHUM iHCTPYMEHTOM OIHCY HEPIBHOBAXKHUX
MPOLIECIB y PO3PIIKEHUX I'a3ax € KIHeTHYHI PIBHSIHHSA. Y KJIACHYHUX a3iB — 1€ KiHeTHYHE PiBHAHHS bombi-
MaHa. [Ipu omuci KBAaHTOBHX CHCTEM TOTOXKHHUX YACTHHOK BHUKOPUCTOBYIOTH PIBHSHHS YIiHra—YieHOe-
ka [15, c. 4], ske € KBa3iKITaCHUHUM PO3IIUPEHHAM PiBHAHHS BojbiiMaHa. 3HAYHO CKIIAJHIIIMKA OMKC KBaH-
TOBUX CHCTEM i3 CIIOHTAHHO MOPYIICHOI CHMETPIEr0, 0 SIKUX BiJHOCATHCS PO3piKeHi ra3u atoMiB boze
HIK4Ye TeMieparypu bo3e—ANMHIITalHIBCHKOI KOHIEH Cali. J[01aTKOBI TPYAHOIII ONUCY TAKUX CHCTEM I10-
B’s3aHi 13 HasBHICTIO bo3e—AWHMITaiHIBCHKOTO KOHZEHCATy. BilmoBimHa cucteMa piBHAHb JWHAMIKA
KOHJIEHCOBaHOTO 003e-Ta3y CKJIAJA€ThCA 13 KIHETHYHOTO PIBHSAHHS THITYy YTiHra—YJeHOeKa il aTOMiB Hajl-
KoHziecaty Ta piBHAHHS [ 'pocca—IliTaeBChKOTO, SIKE OMUCYE €BOJIONI0 XBHIIbOBOT (DYHKIIII KOHIECHCATHUX
ATOMIB.

PoboTy mpucBsSYEHO TEOPETUYHOMY OIKCOBI MPOIECY MOIIMPEHHS 3BYKOBUX XBHJIb Y PO3PIIKEHUX
ra3ax aromiB bose 3a HasBHOCTI Boze—AlHImTaliHIBCHKOTO KOHAeHCATY. OCKIIBKM Y MpOIeci MOMIMPEHHS
3BYKOBOT XBWIII BiJJOYBAarOThCS HE3HAYHI BiJXWJICHHS BiJI CTaHy JIOKAIbHOI TEPMOJUHAMIYHOI PiBHOBArHW,
BiJITIOBIJTHUH OMTHC MOYHA TIPOBOJIMTH HA PiBHI JiIHEAPU30BAHUX KIHETUYHUX PiBHSHb.

VY Hamii po0oTi N0OyA0BaHO PiBHSHHS, SKE ONUCYE cIa0KO HEPiBHOBAXKHI MPOLECH B PO3PLIKEHOMY
MIPOCTOPOBO-OHOPIIHOMY 003e-ra3i 3a HasIBHOCTI KOHACHCATy. BOHO MoeaHye JiiHeapu30BaHE KiIHETUYHE
piBHsHHSA Ta piBHAHHA ['pocca—IliTaeBchkoro. OnepxaHe piBHAHHS 3aCTOCOBAHO /0 OIMCY 3BYKOBUX XBHJIb
Y PO3TIISIIyBaHii crucTeMi. 30KpemMa OJIepKaHo W TOCIIPKEHO TUCTIEPCIHE CITIBBITHOMICHHS MiXK YaCTOTOO
Ta XBUJIBOBUM YHCJIOM 3BYKOBOI XxBWi. OJepKaHO TeMIEpaTypHY 3aJeKHICTh B’s3KoCTi rasy. [IpoaHa-
J130BaHO BIUIMB B’SI3KOCTI HA 3racaHHsl 3BYKiB.

Bukiaa oCHOBHOTo MaTepiaJty ii 00IpyHTYBaHHSI OTPUMAHMUX Pe3yJIbTATIB A0CiIKeHHSs
Jucnepciiine cniggionouienns
VY 1bOMy IMyHKTI KOPOTKO PO3TIITHEMO BUBEICHHS TUCIIEPCIHOTO CIIBBiJHOIIEHHS MiXX YaCTOTOIO Ta
XBWJIBOBUM YHCIIOM 3BYKOBOi XxBmili. Buxomumo 3 KKPB mis dyHKIil po3moaity aToMiB HaJIKOHACHCATY
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f(r, f),t) (1) Ta YPI'TI (2)—(3). Lli piBHAHHS ONMHKCYIOTh 00 ’€IHAHY JAWHAMIKY KOHJICHCATy Ta HaJIKOH-
neHcary [7]. BoHu MaroTh BUTIISA:

ABLY P gt (,,0)-vU(0)-V, (57,0 = Cal ]+ Gl 0] ®
P v(ng,)=RIf], @)
ot
VT(Q + 0, Vjﬁ =-Vu.. (3
o e e c
me U (7, y=ug (T )*ey| g\, Y+ N~ TYCTHHA KOHICHCATY, /i — TYCTHHA TCIUIOBOI XMapHHH,

U, — HaJIUIMHHA WIBUIKICTh, KOHCTAHTA TapHOi Baemoxii g=4zh’a/m, a — noexuna poscisuus [14].

OCKIJIbKY MU PO3TIIAAAEMO HPOCHOPOBO-00HOPIOHUL BUTIAJIOK, TO MOTCHIIAN YTpUMYyBaHHS MAacTKU Ueqe = 0.
Bennunna R[f] y piBHsHHI (2) Mae 3MicT Jukepena, siIke OMucye OOMiH YaCTUHKaMH MiX KOHICHCATOM Ta
HaJaKoHAeHcaToM (mpu mopanbimux obumcineHusx R[f] = 0, ockigbku posrisgaemo siBuiie auy3idHOT

piBHoBaru). IlpaBopydu y piBHsHHI (1) 3amucaHuil iHTErpan 3iTKHEHb, IO CKIANAETHCS 3 JABOX JOJAHKIB:
Coo[f] Ta Cyoff, @].

Clz[f 1q)]: (53)22;4 J.d_p'lj‘drjzj‘d@é'(mﬁc + I_jl - ﬁz - p’3)5(§'c + gp1 _ng _€~p3) (4)
x[é‘(f)— ﬁl)_5(p_ pz)_é‘(p_ ﬁs)][(1+ fl)fz fy— f1(1+ fz)(1+ fs)]!
20 b (s [ s(m o m  m\e(x x> =
Cal 1= [ b, [ dps[ dp.S(P+ B, — By — PuS(E, + 5y — Fps — Epa) -

x[(L+ f )1+ F,)f,f, — f,(L+ f, )1+ f,)]
Tyt f = f(p,r,L}, =Ry,
Iarerpan 3iTkHEHb (5) omMCye NBOYACTUHKOBI 3iTKHEHHS MK 30y/PKCHUMH aTOMaMH HaJIKOHJICHCATY,
Tomi sk (4) ommCye 3ITKHEHHS MK aTOMaMH HaJKOHJIEHCATYy, SKi «3aXOMWIIN» OJMH aToM KOHJEHCATYy.
OOuzBa iHTerpany 3a0e3nedyroTh BUKOHAHHS 3aKOHIB 30€peKeHHs eHeprii Ta iMmysbcy. [HTerpain 3iTKHEeHb
Cx[f] BogHOUAC 3abe3neuye 30epexkeHHs yrnciaa aToMiB y KoHaeHcati, Cyo[f, @] ommcye B3aemoito aTomis
KOHJICHCATy Ta HaJKOHJEHCATy, TOOTO MOXKJIMBI IEpeXoJH i3 KOHAEHCATy B TEIUIOBY XMapuHY i HaBIa-
ku [11, c. 3].
3acrocyemo piBHsHHSA (1)—(3) 10 onucy c1a0Ko HEPIBHOBAKHUX MPOIIECIB. 30KpeMa PO3TISTHEMO MPO-
1ec MOUIMPEHHS NePiOANYHOT0 30ypeHHs TYCTHHH, SIKE BiJIIOBI/Ia€ MOIIMPEHHIO 3BYKOBOI XBHJII. Po3risaa-
TUMEMO Majll BIIXUIICHHS BiJl CTaHy PiBHOBArd, KUl XapakTepU3yeTbCs mapamerpamu: N, ~_ — piBHO-

. . ~ . 1
Ba>XH1 I'yCTUHM KOHACHCATy Ta TCIUIOBO1 XMApWUHU; U, =V — HBUIAKICTb KOHACHCATY, fO = T -
ec +h 9o _1

C e . o e f

piBHOBaXkHa (pyHKIis po3moiny. [Tokmaaemo:
n=n,+on, on(pi,y=onpe -,
) ~" i 5~ N ’ N N
f =f,[1+ f,]h,

ne h<<0 — mana nonpaBaka 10 ¢yHkuii posnozainy. JlineapusoBana cucrema piBHsHB (1)—(3) 3BoauTHCS
JI0 OJTHOTO PiBHSHHS (6)

2 2.2
@ B9y

| ) 5 - ~ ﬂg k2 2
|(1+ fo)(czk[h)(t,')-o-a-\() cv L, W'B\Y)) T 1hL V) ] A= ai_% (6)
k? 2
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ae.
2 Ny

3/2
L,[h] = 2\/_ - (m\ [dE, j ) UE0 T+ 8~ & Gy jo (v +G ¢ —CF)x

x foo (14 foe)(1+ fou ) [, +hy+h, + ],

C=\p1amn) [ —0e3po3MipHa MBUJIKICTE, (o — YACTOTA 3BYKOBOI XBWI, K— XBUIbOBE uncio, f=1/kgT.

(7)

Mu oTpumanu 3aMKHEHE JiHeapu30BaHe PiBHAHHS bonblMaHa, sKe OMHMCye HAAKOHACHCATHI CTYIEHI
BUTRHOCTI Ha (hoHI KoHAeHcaTy. Lle piBHSIHHSI Mae GopMy IHTETPAITBHOTO PIBHSHHS IS aMILTITY]l TUTIOCKHX
XBWJIb. 3ayBaKUMO, 1110 y PiBHSHHI (6) 30epe)KeHHI JIUIIe OJWH JTiHeApU30BaHUH 1HTerpat 3iTKHEHb Ly[h].
Jonanok Lyo[h] BigkuHyTHI 3 OTVISIIY Ha T€, IO MU PO3IIISAAEMO sBHIIE TUdy3iitHOT piBHOBaru. Y piBHsHHI (6)
HEBIJIOMO aMIDTITYAHM TUIOCKUX XBWIb. [|JIS MOJANIBIIOTO JOCIHIDKEHHS PIiBHSHHA (6) BUKOHAEMO PO3KIIA[
BenmunHM h 3a cucremoro BiacHMX (YHKIIH orepaTopa JiHEapH30BaHOIO IHTErpaja 3iTKHECHb, sKi
BU3HAYAIOTHCS 13 PIBHSHHS Ha BIacHI QPyHKIIT ; Ta BlIacHI 3HAYCHHS A

Lolyi]=4y;. (8)

BiamosigHuii po3kiag Mae BUTIIS
ho(CFLI,W' (€)- 9)

Briepriie Takwii miaxin 1o po3B’s3Ky piBHSHHS bonbiiMaHa 3amporonyBaB YieHOek ta Ban Uan y 1952 p.
JUISL TOCITiDKEHHsI 3ByKy B MakcBeniBchbkomy rasi [16, . 1, 10]. ¥V wmiii po6oTi BOHH pO3B’si3aJik 3371a4y Ha
BJacHi QyHKIIT Ta BIaCHI 3HAYCHHS JIIHEAPU30BAHOTO OMepaTopa 3iTKHEHb ISl MOAET «MaKCBETiBCHKOT0»
rasy Ta 3aCTOCYB&JIM OTPUMAaHy CHUCTEMY BIAaCHMX (PYHKLIH Ta 3Ha4eHb 1O TEOPETHYHOI'O OMHUCY 3BYKOBHX
XBUWJIb, PO3PaXyHKY KIHETUIHUX KOe(Dili€HTIB B’SI3KOCTI Ta TETIOMPOBITHOCTI.

[MincraBumo posknazx (9) B (6) ta Bpaxyemo (8). Ilicnmst iHTerpyBaHHA 1O MPOCTOPY LIBHIKOCTEH
iHTerpabHe PiBHAHHSA (6) IEPETBOPIOETHCS HA CUCTEMY aNreOpHYHHUX PIBHSHB AJIsl KOSQIIi€EHTIB PO3KIAAY:

> a[ik(My +2AN, )+ 4Q, —iwd, |=0, (10)
Ie:
Mu =523 j def, (€ )1+ f,(S)l,, (€ ), ©),

1 V- " - . " -
Nm ij‘duloku}\J.‘i‘ IO\U}}//mkU}UZJ UUlO\U }\J.'f‘ IOKU )}//l kU}, (11)
1 (= 2\ (=
Qn =23 I defo (€ hyn(Cs (€),
O = Jdéfo(é)(l"' 7Y (&)) 72

i — BIacHe 3HaueHHs onepatopa Lyy[ ], 110 Biamosigae BuacHiit GyHKIT .

JucriepciiiHe CITiBBITHOIIEHHS MiXK 4aCTOTOIO Ta XBUJIBOBHUM YUCIIOM y HESIBHOMY BUTJISAJI — 1€ YMOBa
ICHYBaHHS HETPUBIAILHOTO PO3B’ 3Ky cUCTeMHU alreOpuuHuX piBHIHB (10). Llicto yMOBOIO € piBHICTH HYIIO
JeTepMiHAHTA, CKJIJICHOTO i3 KOS(IIliEHTIB IIPH HEBIJJOMHUX.

Tak My onxepkaiM AMCIEPCIHHE CHIBBIIHOIICHHS MK YacTOTOI 1 XBHUJIBOBUM YHCIIOM y BHIJIS[II
YMOBH PIBHOCTI HYITIO JIETEPMiHAHTA, IKHH Ma€e HECKIHUCHHUH MOPSI0K:

lik(Myy +2AN, )+ AQ,, —im,8,]|=0. (12)
Hns obunciennst (12) morpiObHO po3B’si3aTv 3aqady Ha BiacHi (QyKmii y Ta BIAcHI 3HAYCHHS A
iHTerpana 3iTkHeHb L[ y].

Ilpodnema susnauennsn enacHux QynKyiii ma e1acHuX 3Ha4eHb TiHeAPU30BAHO20 iHMeZPANA
3imknens Lo
3 orisiy Ha CTPYKTYPY iHTerpaia 3iTkHeHb (7), MOXKeMO 3aIicaTh MepIili YOTHPH BIIACHI PYHKIIII, sIKi
HOTPIOHI JUTS TOCHIDKEHHS BIUTMBY B’SI3KOCTI Ha 3racaHHs 4acTOTH 3ByKOBOI XBuiIi [16]:

» =1 @,=c¢, ¢3:C21 ¢4=303_C2' (13)
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Buiacui ¢ynkuii, opronopmosai 3 Barowo fy(1+ f;) momani B Tabmuui 1, ne z, =€/, g ,(z) -
172

g-byskuis boze—AlHmralina, A= (ZE}EA — JIOBKMHA TETJIOBOT XBUJIi 1e bpowis.
Tabnuyn 1
Iepuri yoTupu BiacHi pyHKii onepaTopa 3iTkHeHb Ly, 10151 603e-ra3y [2]
/13
% -
' 92 (%)
v 24° c
’ 932(%)
y 44°g,, (%) (Cz_ 3 93,2(20)]
’ 3(595/2(20)91/2(20)_395/2(20)) 209y.(2)
A3 2 2
v —F—(3c; -¢
) 395, (2) ( )

BriacHi 3HAaYeHHs, SKHM BiIIOBiTaloTh TpH mepin BiacHi dyHkiii 1, C, ¢’ KopiBHIOKTH Hymo. Lle
TIOB’sI3aHO 3 ICHYBaHHIM 3aKOHIB 30€peXeHHS YMCIIa YACTHHOK, IMITYJIbCY Ta €HEPTii, IKi BUKOHYIOTHCS TIPU
3ITKHEHHSX 9aCTUHOK. HacTymHi BracHi 3Ha4eHHs BiAMiHHI Bl HyJS 1 € Big’ eMHuME (quB. JomaTok A).

Busnaunmo BiacHe 3Ha4YCHHS A4, SIKE BIAMOBiNA€ YeTBEpTil BiacHii (yHKUIi y, onepaTopa 3iTKHEHb,
CITIBBIHOIIECHHSM .

B [dCigie+ 14 )w,,L[y/4] B 15
JdCig L+ |0)l//f D4.
[IpoBiBmIM mepeTBOpPEHHS, HaBENEHI B AOJATKy A, olepkuMo Bupas it A4 (15) Ta iX 3Ha4YEeHHA,
3Hal/IeH1 YNCeTbHUMHU MeToJaMu (Tabd. 2):

(14)

eom 1 .

4 3ﬂ2ﬂ_9/2/§‘ o J)' ( )

Tabauuys 2

BaacHi 3HaueHHs A4
TIT. A4, X10°

0,5 -0,099521
0,6 -0,175526
0,7 -0,292043
0,8 -0,474607
0,9 -0,739518
1,0 -1,241656

. . 1
[epekonyemocs, 110 4 Ma€ PO3MIPHICTH C .

Mampuuni enemenmu
MatpuuHi eneMeHTH, MOTPiOHI JUIs po3B’s3Ky nucrepciiiHoro criBBigHomeHHs (12), obunciroeMo 3a

¢dopmynamu (11), BUKOPUCTOBYIOUHM SIBHI BUpa3u JUId BiacHUX (pyHKUiH (Tadn. 1). JoknagHo He BUBOASYH
Mm, Qn Ta Ny, B IIbOMy IyHKTI OOrOBOPHMO CIiBBiHOIIEHHS MK MAaTPHYHUMH €JIEMEHTaMU Ta
Gi3MYHUMH BeTMYMHAMU. J[J1s1 1[bOro CKOpHCTaEMOCs 3B’ 3K0M Q-¢GyHKIiI bo3e—AflHinTaiiHa i3 TYCTHHOIO
HaJIKOHJIEHCaTy ~ 1 THCKOM P:

-~ 1

) (Zﬁ?fn :793/2(20)1

Ccodp o pP, 1
P_J.(zﬁh)33m fo _Wgsm(zo)-

39




Hayxkoeuit éicnux CxiOHO€8pORelicbK020 HAUioHanbHo20 yHieepcumemy imeni Jleci Ykpainku

Maewmo:
N M., = \/91,2(20)93/2(20) \/ Gy2(2) _ Ty
N 2 20,,(%) 2°
M2 + M2 = 93/2(20) 4 §g5/2(20)_ 93/2(20) 595/2(20) §,5'_E _ (16)
291/2(20) 693/2(20) Zgyz(zo) 693,2(20) 6

M2, = 29s,2) 952(%) _ 405,
3 93/2(20) S

fe vZ — 6e3po3MipHa MBHAKICTH 3BYKY B ifiealbHOMY rasi. JIOMHOKHBIIN 0, HAa MHOXHHK PO3MipHOCTI

) v
IIBAJIKOCTI (2/ ,Bm) 2, OJIEPIKUMO:

o2 2 5,BPI _ 5P
pm \6 - \3~

1 _10w(%)_ 10w(2) p2° _  B°
/14Q44 14 g7/2(20) g ~AZ (ZO) g7/2(20) (17)
[
-1
ne n= —& %%g‘r’%‘gjﬁ — Koe(ilie€HT B’ A3KOCTI.

Habnuostcene obuucnenns oucnepciiilHozo cniegiOHOueHHA
Hns amamizy mucnepciiiHoro criBBigHomeHHs (12) BHKOPUCTOBYBATUMEMO METOJ| IMOCIIiIOBHOTO
HAOMDKEHHS, SIKUH 3aCHOBAaHW Ha BpaxyBaHHI Pi3HOI KiJIBKOCTI PAJKIB 1 CTOBMIIB y AeTepMiHaHTi [16].
Taxa nponenypa eKkBiBaJeHTHA PO3KIIaLly AUCIEPCIHOTO CIiBBIAHOIEHHS 32 XBUJIBOBUM YHCIIOM.
Hynvose HaOmmkeHHsI 32 CTETIEHSIMH XBHJILOBOTO YHUCIIA BiIOBiJIa€ JETEPMiHAHTY, y sIKOMY 30epira-
€ThCS TIJIBKU TPHU PSJIKHU 1 CTOBIILI, 1O BiJINIOBIIal0Th HYJIbOBUM BJIACHUM 3HAYCHHSM OIepaTopa 31TKHEHb.

—a, kM, O
A =|kMy, +2AKN,,  —@, KMy =0. (18)
0 kM., -a,

PoskpuBiiu nerepminant (18), i BukoprcTapim criBBigHomeHHs (16), 01epKUMO PiBHSHHS, SKE OIHU-

CYIO€ He3eacarodi KOJIMBAaHHS!
2

;)

k2

BoHo Mae GikBaipaTHy CTPYKTYpY BiTHOCHO wo/K. Po3kianarouu po3s’si3ku B psi 10 J, OJEPIKYEMO B
HAGIIKEHH] O PiBHSHHS:

—Uf+ AT

% _gtepe o 19
k2 0 - 9 ! ( a)
2
O _ BNy _ SN ¢ (29 06)
k? 2 2
ne ¢=2£0"  _ Opepxanu BigoMi TUCTIEPCiiHI CHIBBIAHOMEHHS MK YacTOTOIO Ta XBHJIHOBUM YHCIIOM

JUISL IIBUAKOCTEH TIEPIIIOTO 1 IPYTroro 3ByKiB [9].

[MoOynyBaBIM 3aJIeXKHICTh NIBUIKOCTEH 3BYKiB Bi Temriepatypu (puc. 1), 6aunmo mo npu T = 0,1T,
BiOyBa€eThCs riOpuan3allisi X ABOX 3BYKOBUX MO/, SIKa OOrOBOPIOBATUMETHCS B LIl poOOTI HIKYE.

s oTpuMaHHS AMCHIEPCiIHOrO CHiBBiTHOLIEHHS, SIKE OB s3y€e (a30BYy MIBUIKICTH 1 YACTOTY 32acaro-
yyX KOJIMBaHb 3BYKOBOI XBWJII, JIOJIATKOBO BpPaxyeMo PSJOK i cToBmenpb y aerepminanti (12). Tak, mo0
OIMCATH BIUIMB B’S3KOCTI Ha 3racaHHs MEPIIOro 1 Apyroro 3BYKiB, NOCHUThH PO3MIISIHYTH JHUCIIEPCiiHE CIiB-
BIZIHOLIICHHS Y BHUTJIII JeTepMiHaHTa po3mipHocTi 4x4 [16]. BukopuctoByroun dopmymu (16)—(17),
OIEPIKIMO:
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—, kM, O 0
M 28N, KMy KM, |
* 0 kM,, —a, 0
0 kM 0 —w—-ilQ
24 o /1344 > . . (20)
B ey (S e ),
g7/2(zo) g7/2(20) S 2
o2 5 B Ran RA3 Roan QO B A\ RANn B
+0°K*| vy + 9" ) ) ) o oo
2 ) 92(%) 2 \° ) 2
u2 2UII T T T T T
u02 II\;

[Teprmiit 3ByK

L Jpyruii 3Byk
- TIT

ai &2 ad LK [T] 1 c

Puc. 1. KBagpaTu IIBUAKOCTEH NMepPIIOro i Apyroro 3s8yKy (HOpMOBaHi 10 IIBHIKOCTi NepUIOro 3BYKY
U, =5P/3m~, imeanbHoro rasy (g=0) mpu T = T, T, — kpuTH4YHa Temnepatypa), gn = 0,2kgT.. [loB:kHHA
PO3CisiHHS 1151 BNa:a= 2,75 um
OCKUTPKH MU PO3TIISIAEMO XBHJTIO, SIKA TIOMTHPIOETHCS B3ZOBXK OCI Z 1 3racae 3 BiJICTaHHIO, TO XBHIIOBE
YHCIIO0 € KOMIUIEKCHOIO (pyHKIiE0 K = 01 — iop, U151 AKOI peajibHa KOMIIOHEHTA g1 BianoBigae (asi xBuii, a
ysIBHA 0, — 3racaHHio (o1 Ta 0, € mogataumMu). Omke, —ImK > 0 (puc. 2 (6)) Ta U = wo/Rek, e U — dasosa

HIBUIKICTH 3ByKOBOI XBuIi (pHc. 3).
af x| } ! i .

©® — Imkg 2,

wrn

(@) — Rekp
=-= Rek;

Rek 3| —Imk

T

Lttt

o
=¥ ] o2 a4 0.8 am 1.8

Puc. 2. Banexuicts 0e3po3mipHoro xeuaboBoro yucia nepuoro (1) i apyroro (I1) 3BykiB Bix yacroru @ npu:
1) T=09T, 7#=012, 2) T=0,5T,, 7=015. gn/k,T, =0,2. Jlosxkuna poscisuns mis “Na: a=2,75um

1.0F = 035,
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Puc. 3. OGepHeHi KBaApPaTH XBUJIHOBOI0 YK CJIa MepIoro (a) i apyroro 3Byky (0) (HopMoBaHi 10 MIBUAKOCTI
NMepIIOro 3BYKy B HYJIbOBOMY HAa0/IM:KeHHi Uy (19A) npH T =T.) npu pi3uux yacrorax. gn = 0,2k T.. loBkuHa
PO3CisTHHSA JIs1 *Na:a=2,75um
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3anpoBaJMBIIN KBAAPAaTH IIBHAKOCTEH 3BYKiB CIIBBiTHOMIEHHSIM 1 = (2/ ﬁm)(a)g / Rek® ) ae 2/pm—

PO3MipHHN MHOXHHK, MA TTOOY/TyBaJIi X TeMIEpaTypHY 3aIeXKHICTh (puc. 3).

Sk 1 owikyBasiocst, mepIIni 1 Ipyruil 3BYK TiOpHAN3YIOTHCS MPH HU3BKUX TeMmIeparypax. Brepiue e
siBHIIE 00TOBOpeHO B poOoTi JIi 1 SIHra, mprcBsUeHii KOJIEKTHBHIM MOJaM B OJHOpigHOMY 603e-rasi [12].
3a Jry’ke HU3BKMX TeMIepaTyp, KOJNH u; ~ i, 3MIHIOETbCS (Di3MUHHMI 3MIiCT LMX JBOX MOJ B pe3ynbTarTi
ribpuauzamii. [lepmmii 3Byk Mae CKideHHY IIBHIAKICTH MPU MpsIMyBaHHI TeMmepaTypu no Hymsa. Otxe, B
HU3BKOTEMIIEpaTypHill 00JIacTi Mepuvid 3ByK — IIe KOJIMBaHHS T'yCTHHH KOHJEHcary. Buie temmeparypu
riopuan3anii nepvii 3ByK BiJlIIOBiJIa€ KOJMBAHHSM T'yCTUHU TEIUIOBOI XMapWHH, IPYTHH 3BYK — II€ B
OCHOBHOMY KOJIMBaHHSI T'YCTHHHU KOHZCHCATY.

JochimKkeHHs] AUCTIEpCifHNX CHIBBITHOIIEHD y nBOX HaOmmkeHHs X (18) Ta (20) mokasarmo, mo B’s3-

KICTh ICTOTHO HE BIUIMBA€ HA IIBUAKOCTI NEPILNOro i APyroro 3BykiB Ans @, <1. I'padiku 3a1eKHOCTI XBH-

JLOBOTO YMCIIA Bil YaCTOTH JUISl HE3racaloyHuX 3BYKOBUX KOJHMBaHB 30iraloThCsl 3 Tpadikamu, 300pakeHUMHU
Ha puc. 2 (a). Ha puc. 2 (6) 300paskeHO0 BILTUB B’ SI3KOCTi Ha 3TaCaHHS 3BYKIB.
Ha puc. 4 300paxxeH0 YuCeNbHI Pe3yNbTaTh IS TEMIIEPATYPHOI 3alIe)KHOCTI Oe3p03MipHOTO KoedillieHTa

B’A3KOCTi 77 =17/nv mt, B 00HOpioHomy Gose-rasi. Tyt UCIE(SkBTC / 3m)1/2 — IIBUIKICTH 3BYKY B
Ki1acuuHoMmy rasi npu 7 =7, 7, ! E\/E(sz)n(SkBTc / 7zm)1/2 — KJIACUYHMH CepelHiil yac 3iTKHEHb IpH
T =T,. 3ayBakuMo, L0 TeMIIEpaTypHa 3aJeKHICTh Koe(illieHTa B A3KOCTI KOHJEHCOBAaHOro 0o03e-razy B
nactui (U, ,#0) minkoMm BinMiHHA BiJ ii MOBEAIHKH B OAHOpPiTHOMY Oo3e-rasi. OCKUIBKM TyT I'yCTHHA
KOHJICHCATy B IICHTPAJIbHIN YacTHHI IMAaCTKH HabaraTo OiblIa, HDK IYCTHHA TEIUIOBOI XMapuHU (71, >> 1)

HaBiTh MpPU TeMIepaTypax, OJM3bKUX 0 KPUTHYHOI TEMIEpaTypH ., TO OCHOBHHM € BHECOK iHTerpaia
3iTkHEHE Co).

3
o
[ =]
o

0.00f, ; . ; . :
0.0 0.2 0.4 0.8 0.8 10 T/T,

Puc. 4. TemnepaTypHa 3ajiexkHicTh 6e3po3mipHoro koedimienra B’s3kocti gn/kg T, = 0,2. JloBxkuHA po3cCisHHS
nas BNa: a= 2,75 am

BucHOBKH Ta mepCHeKTHBYU MOAAIBLIIOTO MOCTIIKEHHA. MU TOCTIAUIN JUCHEPCiHHE CIIBBIIHO-
IICHHS MK YaCTOTOIO Ta XBUJILOBHM YHCIIOM 32 CXEMOIO OIKCY MOIMPeHHs 3ByKy Ban Uan Tta YienOeka B
HyJILOBOMY HAOJIM)KEHHI, KE OIKCY€E HEe3racaroyi KOJIMBAHHS 3BYKOBHUX XBWJIb, Ta HAOJIVDKEHHI, K€ BPaxo-
BY€ BIUIMB B’SI3KOCTI Ha 3racaHHs 3BYKYy. Y poOOTi HaBeJCHO YHCENbHI pe3yIbTaTH JUIsl MOJIET MPOCTOPOBO-
OJTHOPITHOTO 003€-KOHIEHCOBAaHOTO Ta3y. TyT MU MOKa3alli HAasBHICTh 3racaHHs MEepIIOTO 1 IPYroro 3BYKiB
Ta JOCIIINIH BIUTUB B SI3KOCTI Ta3y Ha MOTO BEIINYHHY.

Pobomy euxonano 3a cnpusuns Minicmepcmea oceéimu i nayku Yxpainu (OeporcOiodsicemuna mema
MNe 0113U002220).

JonaToxk A
2 g'm* (m 2
BrnacHe 3HaueHHS A4 BU3HAYAETHCA CITiBBiTHOIIIEHHSM (14), ne: L[z//4] = % m E L, [1//41
L[y ] = IdEAdEJdE@‘(E +6 =G - 54)5(02 +ey - - ci)x (A1)

X f02(1"' fos)(l"' f04)[1//4 T3 -y, — ‘/’] .
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PosrnsaeMo 6e3po3MipHMIA JTiHeapu30BaHUH 1HTETpal 3iTKHEHD (VIS CIIPOIICHHS TPOMI3IKUX 3aITUCIiB
MpamoemMo 3 0e3p03MipHUMH BUPa3aMu)

Lol ]= [de[de[ded( +& -, -, )ole* + 63 -2~} Jx (
% folw U+ £ )i+ folya +vs -y -y ] A2)
ne v, =w(c,). BHAcHiToK BUKOHAHHS 3aKOHIB 30€pEIKEHHs IMITyIIbCY Ta EHEPTil PH 3ITKHEHHAX YACTHHOK

iHTerpan (A2) 3a10BIIbHSE TaKi YMOBH:

L,(6)=0.Lp ()= 0. (A3)
Iuterpan 3iTkHEHD (A2) Ma€ BaXJIMBY BIACTUBICTH €PMITOBOCTI:

[degLly]=[dewLy[g] (A4)
ne ¢ =@(c,) Lla BracTuBiCTb IOB’A3aHA 3 IBOYACTHHKOBUMH 3ITKHEHHAMH i I06PE BifoMa JUIs KJIACHIHOTO
razy [5].

Takox, BHKOPUCTOBYIOYH PiBHOBa)KHE CITiBBIIHOIICHHSI:

Fofon U+ fos XU+ fou) = foafoa UL+ £ X1+ £, (A5)

(A2) MOoXHA TIepencaTH Tak:
J'dEng[z//i]z—%jdEIdEZIdE3J'dE45(E+Ez _é e, (e +et—c2 —c2)

Xfoﬁ)2(1+fo3)(1+f04)[‘//4 Ty -y, _‘//]2-

OcCKinbKY el iHTerpan 3anucanuii y uncenbHuKy (14), a 3Hamennuk (14) nogatauii, To 3 (A6) BUIHO,
1110 BJIACHI 3HAYEHHS BiJl’ €MHI.
BuxopuctoByroun criiBBiqHOMEHHS TS PYHKITIT PO3MOILTY:

(A6)

1 1 dfy
= 5 = 3 5 o, =— 0> 1 —+ =—,
fo | o] 1 =—Pgn fo( fo) da,
inTerpan sitkHens Ly,[y, | (A1) now’ssammii 3 L[y, ] (A2) criBsigsomenmsm:
d .,
Jo (l + /o )Lzz [l//i] = ELzz ['//i]ral =—/pgn,,. (A7)
1
Tomi, ckopuctaBmuch BiacTUBoCcTAMU (A3), (A4), MaeMo Bupa3 y uncenbHUKY (14):
d d
I3 =——[déL,,3c? —c* 3¢ —c¢* )=9——[dcL,|c? k2.

22 da] I 22[ z K z ) da] I 22[ z }z (AS)

Bukopucrasum (A6), I,, HaGyBae BUIIIIY:
O e e e
15, =—ZIdUJ uG UG U0 (C+ G~ G -G oL +C—C —cf)x (A9)
x (.6, N+ -
Ae F(cz,cg,cf,cf): Soo (L fos XU+ o)
3HIMaOYM IHTErpyBaHHS 0 C, Ta Cp TA MEPEXOUH 0 CHEepUIHOI CUCTEMH KOOPANHAT, MAaEMO
9 2z 2z 2z 1 1 1 0 )
|7 =~ [ dé [ dg, | dg, [ dy[ dy, [ dy, [ dc[dc,
2 0 0 0 -1 -1 -1 0 0
(A10)

0262 2 _ _
%S (2y2icyy, - coyy, - SCYLYs)
‘C)ﬁz - 037(23‘

i€, B pe3yJIbTaTi 00paxyHKiB, BBEICHO TaKi IO3HAYCHHS:

x F(CZ!Ezva;vEf(Cz))

~2(~\_ 2, 2, 2 ~ -
Cy (Cz)—c +¢5 65 4208, 01, — 2003 )13 — 26,63 X3,

2
T = C3 —CC3 X3

- )
C3X23 —CX12
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212 == 1= 32 )coslp—0,)+ s,
13 :\/(l_y2 Xl—yf)cos(qo—(/)3)+yy3,
20 == 92 1= 32 )cos(@s — 0, ) + yays.

3nameHHUK B (14) D, = .[dEfO(1+f0)(3czz —c2)2 =37""2g,,,(z,)

OcTtaTo4HO, MEePeXoAsyH 0 PO3MIpPHUX BETUYWH, MAEMO BUPA3 IJIsl YUCIOBUX 0OpaxyHKiB (15).
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JAmutpyk Upuna, Iluropun IlaBes, CBuA3UHCKUHA AHATONUI. BiausiHnue BI3KOCTH Ha IMCHEPCHIO 3BYKA B
NMPOCTPAHCTBEHHO-0JHOPOAHOM KOHIEHCHPOBaHHOM 0o03e-ra3ze. lcmone3ys oOoOmeHHoe ypaBHeHHEe I'pocca—
[MuTaeBckoro ISt KOHAEHCATa M KBAHTOBOE KMHETHYECKOE ypaBHEHHE bojiplMaHa IS TETIOBBIX aTOMOB, ITOJTYyYCHO
3aMKHYTOE JINHEApHU30BaHHOE ypaBHEHHE boibliMaHa, ommchIBaroNiee HaJKOHACHCATHRIE CTETIIEHH CBOOOIBI Ha (oHE
koHneHcara. [lo cxeme ommcanust pacupocTpaHeHus 3Byka Ban Yan u YienOeka uccieqoBaHO JUCIIEPCHOHHOE
COOTHOIIIEHHE MEX/y BOJHOBBIM YHCIIOM M YaCTOTOH 3BYKOBOM BOJIHBI, KOTOPOE BKJIIOUAET MOTJIOLIEHHE, CBA3aHHOE C
Ko3(h(puIMeHTaMH TIepeHoca, B YaCTHOCTH BSI3KOCTHIO. B pabore mccienoBana 3ajqada Ha coOCTBEHHblE (QYHKIMHU U
COOCTBEHHBIE 3HAUCHHMS OTEpaTOpa JIMHEAPU30BAHHOIO MHTErpaja CTOJIKHOBEHUH KBAaHTOBOTO KHHETHYECKOTO YpaB-
HeHust bonpivana st Mozenn ¢1ab0 HEMAETLHOTO OJHOPOAHOTrO 003e-Tasa NMpH HAJIWYMK B HEM 003e-KOHJIeHcaTa.
ITocTpoeHs! epBbIe YeThIpe OPTOrOHAIM30BaHHBIE M HOPMUPOBAaHHbIE COOCTBEHHBIE ()YHKIIMM M PACCUUTAHBI COOTBET-
CTByIOIINE COOCTBeHHBIE 3HaueHHsA. CucTreMy COOCTBEHHBIX (YHKIMI W 3HAYCHHWH OmepaTopa JMHEapH30BaHHOTO
WHTErpaja CTOJKHOBEHUH NMPUMEHEHO ISl TEOPETHUYECKOT0 OMMCAHMS 3BYKOBBIX BOJIH, pacdeTa Kod(h(uIeHTa Bs3-
KOCTH.

KiroueBble cjI0Ba: KBAaHTOBOE KMHETHYECKOE ypaBHEHHE boiblIMaHa, JNHHEApU30BAHHON HMHTETPANl CTONKHO-
BeHui, MmeTo] Ban Uan—YenOeka, KodQpGUITUEHT BSI3KOCTH.
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Dmytruk Iryna, Shygorin Pavlo, Svidzynskij Anatoliy. Viscosity Influence on Sound Dispersion in a
Uniform Bose-Condensed Gas. Using the generalized Gross—Pitaevskii equation for the condensate and the quantum
kinetic Boltzmann equation for the thermal cloud, we derive the closed set of linearized equations that describes
noncondensate degrees of freedom on the background of the condensate. Our analysis of the dispersion relation
between wave number and frequency of the sound wave is based on the Wang Chang—Uhlenbeck method. In this
approach we derive the dispersion relation that includes the dissipation associated with viscosity. We study the problem
of the eigenfunctions and the eigenvalues for the linearized collision operator of quantum kinetic Boltzmann equation.
We calculate the first few normalized eigenfunctions and eigenval ues for a weakly interacting uniform Bose-condensed
gas. We apply the set of the eigenfunctions and the eigenvalues to a discussion of the propagation sound waves and to
calculate the viscosity coefficient.

Key words. quantum kinetic Boltzmann equation, linearized collision integral, the Wang Chang—Uhlenbeck
method, viscosity.
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Ilerp Tpoxumuyk

MopenupoBaHue MPOLECCOB U SIBJICHUN PeJIAKCALMOHHON ONTUKU.
Kpucranioontudeckne acneKTbl

OOcyxaaroTcsi MpoOIEeMbl MOJICTTMPOBAHMUS TIPOLIECCOB U SIBIICHUH pellakcalmoHHO# ontuky. Kpucramnoonruyec-
KHE aCMEKThl PACCMATPUBAIOTCS HA OCHOBAHHMU KITACCHU(HKAIMU SBICHUN, B OCHOBY KOTOPOH MOJIOXKECHO Pa3jioKEeHUEC
BekTopa [ToWHTHHTa B psAA MO CTENCHAM HAIMpPSKEHHOCTEH 3JCKTPUIESCKOTO M MAarHUTHOTO TMOJEH. AHAIM3UPYIOTCS
BO3MOJKHBIE MEXaHU3MBI MIPEIIOIaraeMbIX SBICHUI.

KiaroueBble ciioBa: pernakcalioHHas OITHKA, KPHCTAJUIOONTHKA, HEMWHEWHas ONTHKa, BekTop I[loiHTHHTa,
pa3ioKeHue B Psill, TUIIICKTPpUIEeCKast P OHUIIAEMOCTh, MATHUTHAS IPOHUIIAEMOCTb.

IlocTanoBka Hay4yHO#i mpoOJieMbl U e€ 3HaYeHHe. PenakcallmOHHOW ONTHKOM OBLT Ha3BaH pas3ien
COBpeMeHHON (PHU3UKH, B KOTOPOM H3y4aroTCs IPOLECCHl HEOOPATHMOTO B3aUMOJICHCTBHS ONTHYECKOTO
u3nydeHust co cpenoi [16; 17]. HeoOxomumocTh co3iaHusi Takoro paszeiia (uU3uku Oblaa 00YCIIOBJICHA
TEXHOJIOTHYECKUMHU TTPUMEHEHHUSIMH JIa3€PHOTO M3myueHus. [t 3Toro Heo0XoaumMo ObLTIO CHHTE3UPOBATH B
€IMHYIO0 CUCTEMY KBAaHTOBYIO 3JIEKTPOHUKY (BKITFOYAsl HENWHEHHYIO ONTHKY W MapaMEeTPHUUECKYI0 KPUCTAILIO-
OIITHKY), PaJHallMOHHYIO (PH3HKY TBEPJOTrO Tena, GU3NIECKYI0 XUMUIO, GU3UKY HEOOPaTUMBIX MPOIIECCOB.
B ocHOBy penakcalliOHHOW ONTHKH ObLa IMOJIOKEHA JHEPreTHYECKU-XPOHOJIOTHYECKas Kiaccuukamus
MPOLIECCOB B3aUMOJICHCTBHS ONTHYECKOTO U3JTyueHuUs ¢ BemectBoM [ 16; 17].

PenakcaroHnHyo ONTHKY MOKHO pacCMaTpHUBaTh U KaK paclIupeHre HETMHEIHON ONTHKY Ha Oe3u3iy-
JaTesbHbIE MPOoIecchl [17], Tak Kak B OCHOBY HEJIMHEHHOM ONTHKH MOJIOKEHO PA3I0KEHHE B PST TOJIAPU3Y-
€MOCTH CpeJbl M0 CTENEeHSM HaIPsHKEHHOCTH 3NeKTpuueckoro mois. [Ipu aTom paccmarpuBaeTcs JHIIb
JeWCTBUTEIbHASL YacTh 3TOro pasniokeHus [17]. OmHako cymiecTByeT bl Pl MaTepuajoB (METaJlIbL,
HEKOTOPBIE TIOJTYIPOBOJIHUKH U T. 11.) ISl KOTOPBIX OTHOCHUTENLHBIE JIUDIIEKTPUYECKas U MarHUTHAS [TPOHH-
aeMocTu 0oJblie enquHHIBL [109TOMY, ecTecTBEHHO, HEOOXOAUMO PACIIHPUTh «HETHHEHHOOIITHIECKUIN
MOJXO/ W Ha Takue MaTepHajbl, BKIIOUUTh B PACCMOTPEHHE M KOMIUIEKCHYIO 4aCTh AMAIEKTPHUUECKON U
MarHUTHOM MPOHUIIAEMOCTH, a TaKKe MX TEH30PHOE MPOW3BENIEHHE, YTO COOTBETCTBYET KOA(PPHUIMEHTY
Bektopa llotinTuHra. Takoil moaxo; 1enecoo0pa3sHo UCIIOIB30BaTh JUTsl OIIMCAHUS MPOIECCOB HETMHEHHOM
W peNIaKkCaIlMOHHOM ONTHKH, a TAKXKE X B3aMMOCBSI3U M B3aMOBIUSHHSI.

[MosTOoMy nanHast paboTa ¥ MOCBAIICHA KPUCTAIUIOONTUIECKUM aclieKTaM MOJICIIUPOBAHUS TPOLIECCOB
peNaKkCalMOHHON ONITHKH.

H30:keHHe OCHOBHOTO MaTepuaia U 00OCHOBaHME NOJYYeHHBIX Pe3yJabTaTOB HCCJIEAOBAHUS.
SBneHus peJaKkcauuoOHHON ONTHKH MOKHO PacCMaTpHUBaTh KakK SIBJICHUS HEJIMHEHHON ONTUKU U NTapaMeTpu-
YEeCKOH KPHUCTAIOONTHKH C Oe3u3ilyyaTelbHOH pelakcanueidl mnpoluecca B3auMOACHUCTBHS H3ITyYEHHS C
BemecTBoM. Eciu B kitaccuueckoit kpucramtoonTuke [3; 5; 8; 9; 13; 17] paccmarpuBaercs, Kak MPaBHIIo,
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