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AHHoTauusi: B nanHoiil cratee: a) Ha npumepe sapa OMOJOTHUECKOW KIIETKH, HAXOMAALICHCS B
COCTOSIHUM MHTEp(a3bl, IOKA3aHO, YTO XaOTHUYECKOE JIBUKEHUE OPTaHeNI B CPETHEM MOXKET ObITh
YHOPSIIOYEHHBIM M MMETh JAMCKPETHBI HA0Op BO3MOXKHBIX YCPEIHEHHBIX COCTOSHHM. JlaHHBIC
YCpPEHEHHbIE COCTOSIHMS Siipa OIMUCBHIBAIOTCSA peIIeHUsIMH O00OOIIEHHOr0 CTalMOHAPHOTO
ypaBuenust Llpenunrepa; 0) BrickazaHo mpeanioxeHne O TOM, YTO CPeAH AWCKPETHOro Habopa
BO30YXK/IEHHBIX COCTOSIHUH si/jpa OMOJIOTMYECKOM KIIETKHM MMEIOTCS TaKHe COCTOSIHMS, KOTOpbIe
MPEIATCTBYIOT MPOHUKHOBEHHIO reHetndyeckoro marepuana (PHK w/wmmu JIHK) BupycoB uepes
sJIepHble TIOpbI B KapuoruiazMmy. [Ipeuioskensl criocoObl BBEACHUS siipa KIETKH B BO30YKJIEHHOE
coctosinue. He MCKIIIOUEHO, YTO JaHHBIM CIOCO0 BO3ACHUCTBUS HA SIPO W/WIN IPYTHE OPTaHeIUIbI
KJIETKU OKaxkeTcsi d((ekTUBHBIM criocoOoM OOprOBI ¢ BUPYCHOW HH(QEKIMEH, B TOM YHUCIE C
COVID-19; B) MaremaTnueckoe onucanne Bo30YKICHHBIX COCTOSHHI OpraHeul OMOJIOTHYECKON
KJICTKM HAaIpaBJIeHO HA YTBEP)KICHHE HOBOH «CTaTUCTUYECKON» HHTEpHpeTallud KBaHTOBOM
MEXaHUKH.

KnawueBble cioBa: spo OHONOTHYECKOW KICTKH, BO30YXIECHHOE COCTOSIHUE OpraHesul
OMOJIOTMYECKON KJIETKH, XaOTHYECKOE JBMIKCHUE OpraHelUl, MOJABICHUE BUPYCHOW WHQEKITUH,
HUHTCpHpCTaAluA KBaHTOBOU MEXaHUKU.

03.65.—w (Quantum mechanics)
05.30.—d (Quantum statistical mechanics)

Coxpamenus (Abbreviations)

BK — Ouonoruueckas Kierka;

ITAB — mJIOTHOCTB aMIUIUTY Il BEPOSITHOCTH;
[IMD — nonHasg MexaHU4YecKasi SHEPreTUUYHOCTb;

OIIPB — @yHKIMS JIOTHOCTU pacnpeiesieHus: BEpPOATHOCTH.
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1 Benenue
Kak wu3BectHOo, opranemisl BHyTpu Ouonorndeckoit kinetku (BK) (puc. la) naxomsarcs B
IIOCTOSTHHOM XaOTHYecKoM JBrkenuu [16,17,18]. Ho BO3MOXHO B 3TOM Xaoce €CTh IMOPSIOK?

['unoTessl, BpICKa3aHHbBIE B JAHHOM CTAaThe, MPEJIaraloT OTBET Ha ATOT BOIIPOC.

=W

VcaoBHbIi HeHTP

Bremuas KuAKasA cpeaa

Puc. 1. DykapuoTndeckas KIETKa: d) XAOTHYECKH OJIYXKIAOIIHE OPTaHeIIbl BHYTPH OHOIOTHYECKON KICTKH;
6) Guosoruyeckasi KjeTka C BBIJACICHHBIM SIPOM; 6) MOJIENIb OMOJOrMYeCKON KIETKH C XAOTHYECKH Oy IArOIUM
LEHTPOM Macc sifipa (KOTOPBI Ha3BaH K-SIPOM) B OKPECTHOCTH YCIOBHOTO IICHTPa
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CocpenoTounM BHUMaHHE TOJBKO Ha sipe OMOJIOrHUecKoi KieTKu (puc. 1 6, ), MOCKOJIBKY
OHO SIBJISICTCSI HanOoJee 3aMETHON OpTaHeIUION.

Bce nocnenyromue BbIBOABI, CIECIaHHBIE B 3TOM CTaTbe OTHOCHUTENBHO siapa bK, kacarorcs
JOOBIX APYTUX BHYTPUKIECTOYHBIX ABYMEOpPAaHHBIX OpraHesl (MUTOXOHIPUA, IIJIACUTIOB U T.11.) U
HEKOTOPBIX OJTHOMEMOpaHHBIX OPraHOMJIOB (JIN30COM, BaKyOJIel, CEKPETOPHBIX My3bIpel U T.1.),

Haxoaamuxcs B HOI[O6HBIX (1)I/I3I/I‘I€CKI/IX YCIIOBUSX.

2 Moaesb 0M0JI0THYeCKOH KJIeTKH C Xa0THYeCKH OJIY:KIAI0IIHM SIIPOM
PaccMOTpUM KUBYHO 9yKapUOTHYECKYIO OHMOJIOTUYECKYIO
KIIETKY B TICPUOJ MEXIY €¢ JeJIeHUEeM (T.€. B COCTOSIHHH
uHTEepa3bl).

[Ipocneaum 3a MoOBEIEHUEM KIETOYHOTO sapa (pHC.
1 6,6 u puc. 2), KOTOpOEe UMEET BUJ MAapOOOPa3HOTO Teja
CO CIICAYIONIMMHU TTapaMeTPaMH:

- paJiyCcoM TOpsIIKa

=3 mkm = 0,003 mm = 3-10°m, (1)

- Maccou nmopsaka Puc. 2. Llentp macc smpa BK (t.e.

9 5 MarepuaibHas TOYKa, YCIIOBHO
Mh~6-10"mr = 6-107kr, ) Ha3BaHHas  K-SAIpOM)  HENPEpPHIBHO

- 06JIACTBIO BO3MOXKHOTO TOSIBJICHHMS, OTPAHMYEHHOro  XA0THUECKH ONYyXJIaeT B OKPECTHOCTH
YCJIOBHOI'0 «UCHTpa» OHMOJIOrHYECKON

KJIETOYHOM MeMOpaHoi, T.e. pazMepamu BK ¢ paamycoM  xuerku, takum oGpasom, uto ee monHas

MCXaHU4YCCKasd OHEprusa E BCEraa
nopsaka

ro ~25mxm ~ 0,025 Mm =~ 2,5-10° wm. 3)

ocrtaercst mocrostHHoH (E = const)

Hentp macc sapa BK o0o3HaunM marepuaabHON TOYKOW ¢ Maccod My, u OyaeM Ha3bIBaTh
JAHHYIO TOUKY «K-siipom» (puc. 16 u puc. 2).

[Ipenmnonoxum, 4To cocTosiHME MHTEep(a3bl pacCMaTpPUBAEMON KJIETKH JUIUTCS OECKOHEYHO
noiaro, T.e. Oyaem mosaratk, uto BK B TeueHune qurensHOro BpeMeHH He MeHsercs. [Ipu stom
K-JIp0 HENpEepbIBHO  XaOTHYEeCKH OIyXkKJAaeT BO BpeMs BCEro Imepuoaa HaOMOJIeHUN B
OKPECTHOCTH YCJIIOBHOTO IIeHTpa (puc. 16 u 2) moa AeHCTBHEM MHOXECTBA HE CBSI3AHHBIX MEXKIY

co0o0i cHITOBBIX (PaKTOPOB.
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B pamkax paccmaTpuBaeMoil MOJENN TaKO€ HEMPEPHIBHOE XAOTHUECKOE JBM)KEHHUE K-s7pa
00yCJIOBJICHO HEN3MEHHOCTBIO €€ MOJTHOW MEXaHUUEeCKOM sHeprun E
E=T(xy,zt) + U(xy,zt) =const, 4
rae T (X,Y,Z,t) — KuHeTHYecKast SHEPIHsl K-/1pa, CBsI3aHHAsI CO CKOPOCTBIO €T0 JIBUKCHUS;
U (xy,z,t) — mnoTeHmuanbHas DSHEPruUs K-sapa, CBsA3aHHAs C YIOPYTMMH CBOHCTBaMHU
[UTOILIa3MBbI, CTPEMSAIICHCS BEPHYTh K-SIIPO B YCIOBHBIHN HEHTp (puc.l1s6 u 2).

Dueprun T (X,y,z,t) u U (X,y,2,t) K-sapa sBIseTCS CIydalHBIME (QYHKIUAMH BPEMEHH H
MECTa €ro TMOJO0XKEHUS OTHOCHUTEIBHO YCIOBHOTO LIEHTPA, HO 3THU SHEPTHUH IUIABHO IEPETEKAIOT
ApYT B JIpyra TakuM o0Opa3oM, 4TO UX CyMMa (T. €. MOJHAas MeXaHW4yecKas dHeprus K-supa k)
BCerja ocraercs nmocrosiuHoi (£ = const).

W3 naHHOTO yCnoBHS BBITEKAET, YTO XAOTHYECKash TPACKTOPHS ABUKEHUS K-AIpa MOXKET
paccMaTpuBaThCs KaK TPEXMEPHBIN CTAIlMOHAPHBIN CIIy4alHbII mpoliecc.

CKOpOCTh XaOTUYECKOTO TBUKEHHS K-sApa HEBEJIMKA 10 CPAaBHEHUIO CO CKOPOCTHIO CBETA,
MO9TOMY Ka)KJ]0€ MTHOBEHHE OHO 00J1a/1aeT KHHETHUECKOW YHEepTrueit

DX, Y, 2.8+ PE(X, Y, 2,0)+ Pr (X, Y, 2,t)
2m

n

T(x,y,2,t)=

2 2 2
WIIH KPaTKO T(p By pu) =2 (t)+ r;rfm P.() )

n
rae Px(t), py(t), p2(t) — MrHOBEHHBIC 3HAYCHHUST KOMIIOHEHT UMITYJIbCa OJTYKIAI0IIero K-sIpa.
Bua norennunansHoit sHepruu k-sapa U (X,Y,Z,t) KOHKpeTH3UPYeTCsh HUXKe.
JlelicTBue S, paccMaTpuUBacMOro K-sipa, B HEPEISITUBUCTCKOW MEXaHUKE ONpEACTICHO
cienyromumM oopazom [1]

S(®) = [T (P, Py P ) —U (X, ¥, 2,0t + EL.

4

JUist ynpoIIeHus BBIKIIaI0K pACCMOTPUM OJHOMEPHBIN BapUaHT JeHCTBUS

S(t):ti[T(pX,t)—U(X,t)]dt+Et, (6)

ty

HC OrpaHUYMUBasA TpPH ITOM O6H_IHOCTI/I BaKHIOquHﬁ, IMOCKOJIBKY B CJIydac TpEX H3MCpCHHI>i

YBEIIMYUBACTCA TOJIBKO YHCIIO HHT@I’”pHpOB&HHﬁ.
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W3-3a CIOXKHOCTH XaOTHYECKOTO JBM)KCHHUS K-iIpa Hac OyaeT HHTEepecoBaThb HE cCamo

neuicteue (6), a ero ycpennenue [2,3]

§:f[T(px,t)—U(x,t)dt+Et. (7)

7]
pr CAHCHHBIC KHUHHCTHUYCCKYI0O MW IIOTCHHHAJIIBHYKO OHEPIHUHn 6.]-[y}KI[aI'OH_Ier0 K-sgapa

MpeCcTaBuM B BUE [2,3]

o0

T D=5 [p(ppidp, . UxD= [ p(0U (s, ®)

rae p(px) — QyHKIMs TwioTHOCTH pacnpeneneHus BepostHocTH (PIIPB) py, T.e. mpoekimn
HMITYJIbCa K-AJIpa Ha OCb X;
p(x) — ®ITPB MecTa HaxXOKAEHUS IPOEKIMU K-si1pa Ha och x (puc.leé u 2).
[ToacraBnsass (8) B (7), MOMydydM YCPEAHEHHOE JIEHCTBUE TIOCTOSIHHO XaOTHYECKH

Omy>xmaroniero K-sjpa [2,3]

t, 1 ) o)
_ 2 _
S =[{== [ p(p,)p2dp, - [ PO (X)dx(dt + Et. 9)
t 2mn —0 —0
1
Eme pa3 OTMETUM, YTO JAHHOC YCPCAHCHHOC ,Z[eﬁCTBHe K-s[Apa MOJYUYCHO IIpHU yCI0BUHU, UTO
6I/IOJ'IOFI/I‘-ICCKa$I KJICTKAa B CPECAHEM OCTACTCA HEN3MEHHOU B TEYEHUE BCETO BpEMCHHA Ha6JIIOI[eHI/I$I.
HpI/I 9TOM BCC ycpeﬂHeHHHe XapaKTepI/ICTI/IKI/I Xa0THUYCCKOI'o AIBHUXXCHUS K-smpa OCTAaKTCA

ITOCTOAHHBIMH.

3 O0001menHoe ypasuenue llpenunrepa ajisi HenmpepbIBHO 0J1yKIAI01IEr0 K-s1ipa
[IpenacraBum ycpennennoe paeiicteue (9) B KoopAWHATHOM Bujae. JlJis 3TOTO BBIMOIHUM
cienyroiye onepanuu [2,3]:

1] 3anumem OIIPB p(x) B Buae npousBeneHus IBYX MIOTHOCTEH aMILTUTY bl BEPOSTHOCTH

(ITAB) w(x):
P(X) =y(x) w(x), npn yenosun [y (x)y (x)dx=1. (10)

B xBanToBO# (usuke [TAB y(x) Ha3pIBAIOT «BOJTHOBON (PYyHKIHEH.
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2] IpencraBuM yCpeAHEHHYHO KHHETHUECKYHO SHEPTHIO K-s1/ipa B Bue [2,3]

= T ntot o 0%y (x)
T=—"-npi= 2dp, =— |w(x dx. 11
o j APIPP, = 5= [w 0 =20 (11)
3] [IpencraBum ycpeqHEHHYIO OTCHIMABHYIO SHEPTUIO K-5/Ipa B BHJIC
U = [ p(0u ()dx= [y (U () ()dx. (12)

4] IpencraBuM MOJTHYI MEXaHUYECKYIO SHEPTHIO K-siapa B Buje [2,3]

—iEt/n

E=E= jih w(x)e= %dx = const , (13)

rie /i — npuBeaeHHas noctosiHuas [Lnanka (7 = h/2 7).
[ToncraBnss Beipaxenus (11), (12) u (13) B (9), nonyuum 3anuch yCpeaJHEHHOTO AEHCTBUA

Xa0THUYECKH OJY»KIAIOIIETo K-/Ipa B KOOpIAUHATHOM BUE [2,3]

a iEt/n

j{ j (x)a‘/’(x)dx _[y/(x)U(x)y/(x)dx+j |hw(x)e'E””wdx}d (14)

Mensis B (14) nopsa10k MHTETPUPOBAHUS MOTYYUM (PYHKIIMOHAN YCPEIHEHHOTO ACHCTBHS

s (] [ 0 7D Ly e U 01+ iy xp YD t)]d (15)

t —o

Okcrpemans y(x,t) pynkunonana (15) onpenensiercst ypapuenuem Ditnepa — [Tyaccona [2,3]

ih@l//(x,t) 3% Py (x.t)
X2

= +2[E —U ()] (x,1). (16)

n

O606mmenue ypaBHenus (16) Ha Tpu uzMepeHusi, uMeeT BUJ [2]

in QY2 3 G2+ AE Uy, 2 0lw(oy,z),  (7)

ot 2m,
2 2 2
rne V2 = aa >+ % + % oneparop Jlamnaca.

B ciyuae, koryia BosiHOBast (DyHKITHSI HE 3aBUCHT OT BPEeMEHH, T.e. korna y(X,Y,z,t) = w(X,y,2),

ypaBHeHnue (17) npunumaer Buj [2]
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3 #?

22m

Vi (x,y,2) + U(x Y, 2) w(x Yy, 2) =E (), (18)

n
KOTOpBI € TOYHOCTHIO A0 Kod(pduiueHnta 3/2 coBmagaeT coO CTAlMOHAPHBIM (BPEMEHH -
He3aBUCHUMBIM) ypaBHeHueM [lIpenunrepa [4,5,6].
BBeznem o6o3naueHus [2]:
en = E/mp (29)
- Ha30BEM 3Ty 0€3MacCOBYIO BEJIMUMHY «IIOJTHON MEXaHUYECKOW IHEPreTUUHOCTBIO» K-s1/1pa;
un(x,y,z) =U(X,y,z)/my (20)
- Ha30BEM 3Ty 0€3MacCOBYIO BETUUNHY «ITOTCHITMAIBHONU SHEPTETUUHOCTHIO» K-sI/Ipa.

C yuerom (19) u (20) ypaBHeHnue (18) MOXKHO MpeICTaBUTh B BUJE

2

4m

n

Vi (x,y,2)+ m[g, —u,(x, ¥, )]y (xy,2) =0, (21)
[Tomenum o6e yactu ypaBHeHus (21) Ha /i

2LVt (y,2)+ Lz, -0, (Y. )]y (4,2) =0, (22)

n

U y49TCM, 4YTO HUMECT MECTO CBA3b MCKIY OTHOIICHUCM /i/Mp 1 OCHOBHBIMH XapaKTCPHUCTUKaAaMHU

CTAIMOHAPHOTO CIy4aitHoro mporiecca (puc. 3), B KOTOPOM ydacTByeT Omyxaaromee K-sapo bK
[2.3]

h 207
- = =Ty (23)
mn Thr
rac
= 1\/ 2 + ol +o7 (24)
Gnr - 3 O-nx O-ny O-nz

— CPEIHEKBAIPAaTUYHOE OTKJIOHEHHE XAOTUYECKH OIY»KAAIOIIETo K-apa OT YCIOBHOIO IIEHTpa
(puc. 2 u 3);

Tor = %(Tnx + z-ny + z-nz) (25)

—  YCPEeIHECHHBIM WHTEPBAT aBTOKOPPEIIAINH PACCMAaTPUBAEMOTO CTAI[MOHAPHOTO CITy4aifHOTO

nporiecca (puc. 3).
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ti—1t;
Puc. 3. CranuoHapHble ciy4aiHble NpolecChl U3MEHEHUs MpoeKiuit Ha ocu X, Y u Z OAHOTO M TOTO XKe K-sJIpa,

Xa0THYECKH OIy’>KHAIOIIEro B OKPECTHOCTH YCIOBHOTO LIEHTPA, 3A€Ch Oni, Tni— CPEAHEKBAJPAaTUUHbIC OTKIOHCHUS H
HHTEPBaJIbl aBTOKOPPEJIALIUH, COOTBETCTBYIONINX CTAIMOHAPHBIX CIy4YaiHBIX Ipoueccos [2,3]

C yuerom (23) BelpakeHue (22) npuHUMAET BUJ

Vi (xy.2) + ni[en U, (% Y, )] p (%, y,2) =O. (26)

B pe3ynbTare HECIIOXKHBIX MPeoOpa3oBaHmii U3 BhIpakeHus (26) moaydaem [2]

Vi (x,y.2) + n%[en U, (6 Y, D] (% Y.2) =0, (27)

_ \ﬁ _ ﬁ 20,
nnrl 2 nr 2 Z_m

— MacIITaOHBIN TTapaMeTp UCCIETYEeMOT0 TPEXMEPHOTO CIIyYaitHOTO mpoliecca.

rac

(28)

Boipaxxenue (27) OyneMm Ha3biBaTh OOOOIIEHHBIM BPEMEHM-HE3aBHCHMbBIM ypaBHEHUEM
[penunrepa [2].

B onnomepHOM ciyuae ypaBHeHHe (27) nmpuoOpeTaeT BUJ

rIe

02w (X 2
TV 2 e U (01w (x) =0 (29)
Ox Noxa
3 3 202
- /_ - /_—"X 30
nnxl 2 nx 2 Tnx ( )

— MacIITaOHbIN MapaMeTp UCCIIEeyeMOro OJTHOMEPHOTO CIy4aifHOTO MpoIiecca.
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VYpaBuenue (27) mMO3BOJISIET OMNPEIACIUTh YCPEIHEHHBIE CTAllMOHAPHBIC COCTOSIHUS
Xa0TUYecKH Omykaaromiero K-sjapa bK, mpu ycinoBuu, 4To KieTka He H3MEHSIETCS B TCUYCHHE BCETO
BpeMeHH HaOmrogeHus. [lpu 3TOM OCTAalOTCS HEU3MEHHBIMH W OCHOBHBIC XapaKTEPUCTHKHU

HCCIIEyeMOro TPEXMEPHOTO CIIy4alfHOTO Mpoliecca: onr = CONSt, 7or = CONSt.

4 SInpo 6MOJIOTHYECKOI KJIETKH B OKPYKEHUH YIIPYro-HANPSIKEHHO# HUTOMIA3MbI
PaccmoTpuMm ciywail, Korja mnpu yJaJE€HUU K-spa OT YCJIOBHOrO LeHTpa (puc. lé m 2) B
OKpY Karolllel ero HUTOIIa3Me BO3HUKAIOT yNpyrue "HaTsKeHUs'", KOTOPhIE CTPEMSITCS BEPHYTh
K-AJIpO B JaHHBIN IIEHTP.

Ommemum, ¥mo Yyumoniazma Kiemku - 9mo 6s3Kast Heuokocmo (m.e. KOHYeHMPUPOBaHHbLil
BOOHBLU pacmeop 0OelKko8 u Opyeux eewecms), 6 KOMOPOU NpUCymcmeyem Ynpyedas Ccemka
noaumeprozco sewecmea [19].

PaccmMoTrpum  citywaid, Korja yOpyrue HaTSOKCHHSI I[HTOIUIA3MBI Oy B CPEIHEM
YBEJIMYUBAIOTCS TPOMOPIIMOHAIIBHO YAAIECHUIO K-pa OT YCIOBHOTO LIEHTPa

ov (X) = KuX, (31)
rae Ku= Ky/mn— 6e3maccoBblii K03()(OHUIMEHT yIPyroro HaTSKEHUS [IUTOILIA3MBbI.
B »TOoM cnyuae ycpeaHeHHass NOTEHIUANbHAsS SHEPIeTUYHOCTh K-fSApa MOXKET ObITh

MPUOIM>KEHHO TIPE/ICTABIICHA B BUJIC
1
U,(X) =~ [ ky,xdx = Ekuxxz. (32)
[Toncrasnss (32) B ypaBHeHUE (29), MOTYyYUM U3BECTHOE B KBAHTOBOM MEXaHHUKE ypaBHEHUE

"0JHOMEPHOTI'0 KBAHTOBOI'O TAPMOHUYECKOTO OCIIMILIATOpA"

o’w(x) 2 k, X
+ - x) =0. 33
R O () (33)
2 2 2
s () =T TV Ky (34)

HccnenoBanne JaHHOTO M3BECTHOTO YPABHEHUS MPUBOIUT K CIEAYIOIIEMY JHCKPETHOMY

psily COOCTBEHHBIX 3HAYCHUH MOITHON MEXaHHMUYECKOH dHepreTHUHOCTH K-sipa [7,8,9]:
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1
Enk :Unl\/k_ux(kJrEj’ (35)

roe K =1, 2, 3, ... — rI1aBHOE KBaHTOBOE YHUCJIO;
VK, = @no = 2zfno — cobcTBeHHAsT yIOBasi 4acTOTa «OAHOMEPHOTO KBAHTOBOIO TAPMOHHUYECKOTO

OCLUJUISITOPAY.
KaxmoMy JIUCKpPETHOMY 3HAYEHHIO TIOJHOW MEXaHHYECKOH JHEpPreTHYHOCTH é&nk  (35)

COOTBETCTBYET COOCTBEHHAs! BOJHOBAs (DyHKLUS, SBISIOMIAACS OJHUM W3 PELICHUN ypaBHEHUS

(34) [7.,8]:

k
ku

k 1/4
— i \/k_UX _ T i X _ \/k_uxx2
Vik (X) - r exp ' (36)
\/m 277nx1 \/k_ux dX ﬂnnxl 277n>(1

rae coryiacHo (23) u (30)
3 h 3 207
=.=-—=, =—X 37
T = 2m, N2 7, (37)

— MacITabHbIN MapaMeTp UCCIIEeyeMOro CTallMOHApHOTO CIy4aiHoro mporecca (puc. 3).

BehinuiineMm HECKOIbKO COOCTBEHHBIX BOJHOBBIX (DyHKIHi (36), OMUCHIBAIOIINX Pa3IHYHbBIC
YCPEOHEHHbIE COCTOSHUS MOCTOSHHO XaOTHYECKH ONY>KIArOIIero K-sSApa, OTKIOHEHHE KOTOPOIo
OT YCJIOBHOTO LIEHTpa MPUBOAMT K YIIPYTHUM HATSKEHUSM OKpPY Karollel ero HUTomIa3Msl (puc. 16
u?2),[7,8,9]

2

R exp{—X
T a2

}, npu k = 0; (38)

1 2X
(X)) =" ———¢, TIpH k=1; 39
¥ (X) r%\/; aoeXp{ 2a0} p (39)

1 4x? NG
W, (X) :—[——ZJexp{——}, mpu k = 2, (40)
’ 8a,v7 \ % 28,

= [Hne 41
rae 2 Jk (41)
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Buy xBagpaTa MoyiIs |wik|? cobcTBeHHBIX BOMTHOBBIX (ByHKIWMiT Wk (38) — (40) mpencrasnen
Ha puc. 5 [7,8,9]

| Yol

Puc. 5. ©yHKIMH NIIOTHOCTH PACTIPE/E/ICHUs BEPOSTHOCTH | Whk|? BOSMOKHOTO MeCTa HAXOXKACHUS K-Apa
B OKPECTHOCTH yCJI0BHOTO meHtpa [7,8]. IIpepbIBUCTBIME JTHHHSAME OTMEUCHBI BO3MOXKHBIE IpaHuiisl BK
B 3aBUCHUMOCTH OT CTCIICHU BO36y)K,I[CHI/I$[ K-gapa
W3 OIIPB, noka3zaHHbIX Ha puc. 5, cieayer, 4ro npu K = 0 Hambojee BEpOSTHOE MECTO
HaXOXJIEHUS K-g]lpa COBNAJAET C YCJIOBHBIM IIEHTpOM. Torjga kak B IEpPBOM BO30YKICHHOM
COCTOSIHHH, T.€. TIpH K = 1, K-S7Jp0 B OCHOBHOM HaXOJHUTHCSI B paiioHe chepbl ¢ paarycoM mopsiika
r/2. Bo BTopoM BO30YKI€HHOM COCTOSIHUH, T.€. IPU K = 2, K-51Ip0 ¢ HAaHOOJIbIIEeH BEPOSITHOCTHIO
MOKET HAaXOJUThCS, KaK B ILIEHTpE OMOJOTMYECKOM KIETKH, TaK M B cdepuyeckoil obnactu
O5M3KOM K ee nepudepun.
U3 Beipaxenus (35) caenyer, uro npu K = 0 monHas MeXxaHWYeCKas SHEPTeTUYHOCTh K-s/1pa
HE paBHa HYIIO

£no =’77Jk_ , (42)

npH 9TOM K-spo HENpephIBHO XaOTHYECKH OJy)KIaeT BO3JE YCIOBHOrO IeHTpa Tak, uro MITPB
00HapyX UTh €T0 B 3TOM 00JIACTH ONMUCHIBAETCS TayccoBOM (QyHKIMEH

NG 1 NG

1
() P=———expi— = =————exps —
|lr// O( )l ao /72' p ag (272_ nzx p Zo_fx

(43)
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N3 OIIPB (43), ¢ yuetom (41), cnenyer
1 T
o, =——a = |Im 44
w= 5% k. (44)

C yuerom (30) u3 (44) cnemyer, uto 0e3MaccoBblii KOIPOUIMEHT yNPYroro HaTsHKEHHUS

mUTOIIa3Mbl Ky 0OpaTHO  MPONOPIMOHAJICH  KBaApaTy yCPEAHEHHOro  KoddduIMeHTa

ABTOKOPPEJISIIMH UCCIICAYEMOT0 CIIy4aifHOro mpouecca 7, |
k, =——. (45)

C npyroii croponbl Ky , kak u3BecTHO [7,8], mpormopioHalieH COOCTBEHHOH YacTOTe
KoneGaHuil JAHHOTO «OJHOMEPHOTO KBAHTOBOTO TapMOHHYECKOTo ociumaaTopay Ky = (27fo)?
[cMoTpuTe BRIpaxkeHue (35)].

[MpeanoaoxuM, 4To Ik XaOTHIECKHU OJTyKAA0IIEro K-sapa K03 GHUIIMEHT aBTOKOPPEIIAIIUH
ciyyaitnoro mpomecca 7, =~ 3-1073c, Torma cormacuo (45) u (35) ero cobGcTBeHHAs YacTOTa

Kosie0aHui (T.e. IPOKaHUs ) MPUOIMIKEHHO paBHA

[3 1
f.,~. = ~647y . 46
0x 2 27TTnX 1’; ( )

OTO 03HayaeT, 4To Ha AP0 OMOJOTHMYECKOW KIETKHM MOryT 3((eKTHBHO (pe30HAHCHO)

BO3/ICHCTBOBATH BHEIIHUE KOJIeOaTeIbHbIE MPOIECCH ¢ YacTOTOM mopsiaka fm = fon~ 64 I'm.

Ecam cumraTh, YTO CKOPOCTH PACIPOCTPAHEHHUS 3BYKOBBIX KOJEOAHHMI B IIUTOILIA3ME
OMOJIOTUUECKOW KJIETKH NpuOImxeHHO paBHa VW = 1500 ™/c (3TO cpeaHsii CKOPOCTH
pacmpocTpaHeHHUs] 3BYKOBBIX KONEOaHHM B MATKMX TKAaHSIX Tella 4YeloBeKa), TO JJIHWHA BOJHBI
3BYKOBOT'O KOJIeOaHHS, CIOCOOHOTO CKa4yKOOOPa3HO M3MEHUTh YCPEIHEHHOE COCTOSIHHE K-sJIpa,

MpUOIMHKEHHO paBHA

v, 1500
=Y ~x——=~234Mm. 47
A\/n fon 64 ( )
Yacrota (46) m nnuHa BonHBL (47) — 3TO MpeABapUTENbHbIE (AIPUOPHBIE) OILIEHKH

XapakTepuCTHK 3(P(EKTUBHOTO BO30YKIAIOMIETO BO3JEUCTBUS Ha SAPO paccMaTpUBacMoOu

OHoJIornuecko kiaeTku. bonee ACTAJIBHBIC W YTOYHAKOIIUC CBCACHHA O BO3MYUICHUAX,
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crIOCOOHBIX 3((HEKTUBHO BIHATH HA YCPEAHEHHBIE COCTOSHUS S/Ipa M JPYTUX MOJOOHBIX OpraHesul

OMOJIOTUYECKOI KIIETKH, MOTYT OBITh TOJIY4YEHBI B PE3yJIbTaTe SKCIIEPUMEHTOB.

5 XaoTn4ecku Apoxkailee K-1Ipo — TPeXMepPHbIii KBAHTOBbIH rapMOHMYECKUH OCHWLISTOP
K-smpo xaoTudecku OMyKIaeT B TPEXMEPHOM OOBEME IMTOIUIA3MbI, OKPY>KEHHOM MEMOpaHOi
(puc. 1B u 2). B kadecTBe MareMaTHYeCKOW MOJEIU €r0 IOBEICHUS CIIEIYyeT paccMaTpUBaTh
KBAaHTOBBIM TPEXMEPHBIN TapMOHUYECKUN OCHMIUIATOP. B 3TOM citydae 00001IeHHOE YpaBHEHUE
[peaunrepa umeer Buna [7,11]

M Qv y,2) | kX Ky y kX
2 o 2

ey (x,y,2)= w(XY,2). (48)

DTO ypaBHEHHE PEIIAETCS METOJAOM pa3JieJICHUs IEPEMEHHBIX, T.€. HILETCS pEIICHUE B

crieayromiem Buze [7,11]

v(X,y,2) =y (Qw (V)w(2). (49)
ITpu aToM U3 ypaBHeHus (48) momyyaercs cucteMa ypaBHenui [7,11]
w(x) . 2 k, X2
il o SA7/AE Y T A X) =0, 50
2t ol (0 (50)
w(y), 2 Ky Y
—— -+ ey ——)w(y) =0, (51)
ay2 nr?yl ’ 2
w(z) 2 k,z?
+ —leg, — % 2)=0, 52
e O 4% 52)
Eq = En T8y T E - (53)

Kaxxnoe w3 9TuX  ypaBHEHMM  aHaJOTMYHO  YPaBHEHMIO A OJHOMEPHOTO
rapMoHn4eckoro ociuiaTopa (33), mo3ToMy mMojy4aeM TpuU HaOopa TUCKPETHBIX 3HAYCHHN

MEXaHUYECKON IHEPTreTUYHOCTH [§]

1 1 1
gnxk = nnxl\/k_ux(kx + Ej ' gnyk = nnlerw[ky + Ej ' gnzk = nnzl\/k_uz(kz + E) ' (54)

KOTOPBIM COOTBETCTBYIOT COOCTBEHHBIC BOJIHOBBIC (yHKIMK Buaa (36) [8]:


http://scask.ru/c_book_s_phis3.php?id=29
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k k 1/4
k k Ky X°
R I P Rt I )
\/E 277n>(1 \/k_ux dx 7l 277”X1
% k k m 1/4 v
1 uy Moy d uy ”yy
Vuly) == y- exp) - ’ ©7)
X \/m znnyl \/FW dy Ty 277ny1

" k . d k " 1/4 i
)= —— uz 7— thhn M uz e _ uz ) 59
Wnk ( ) I 277nzl ( \/ kuz dZ) {ﬂnnzlj Xp{ 277nzl } ( )

HpI/I OTOM JUCKPECTHBIM 3HAYCHUAM ITOJTHOM MeXaHWYECKOH OHCPIrCTHUYHOCTH

=~

gnk = gnxk + gnyk + gnzk (60)
COOTBCTCTBYIOT BOJIHOBBIC q)YHKHI/II/I BHUIa
V/nk (X’ y’ Z) = l//nk (X)‘//nk(y)l//nk(z)' (61)

[Ipennonoxum, 4to OuoNOrMuYecKas KJIeTKa SBJSETCs MmapooOpa3HbIM (T.e. chepuyecKu
CUMMETPUYHBIM)  OOpa3oBaHHEM. OTO  COOTBETCTBYET  H30TPOIHOMY  TPEXMEPHOMY
rapMOHMYECKOMY OCLHIUIATOPY C NMApaMeTpaMH 77, =1y = oy = oy U Ky =K, =k, =k, . B
3TOM CJIy4ae MoJHasi MEXaHU4YeCKasi SHEPTeTUYHOCTh K-SApa MOKET IPUHUMATh JUCKPETHBIN P

3HauYeHU [7]

3
EN = 77nr1\/k_ur(N + E} ) (62)

roe N =Ky +ky +k;, N=1,23,... — Ha3pIBalOT KPaTHOCTHIO BBIPOXKACHHS [7].
Onnako, nepemuosxas BoiaHoBbie ¢pyHkuuu (ITAB) (56) — (59), oOHapykuBaeM, 4TO HENb3s

sanmcatb ¥, (X)W, (V) (2) =, (r) . B KBaHTOBO#1 MEXaHUKE TO O3HAYACT, YTO HEBO3MOXKHO

BO30Y/IUTh K-S/IpO BO Bcex Tpex HampaieHusx X, Y u Z ogHoBpemeHHO [7]. To ectb cnemyer
OKMJIaTh, YTO MPU MOMBITKaX NepeBecT sapo BK u3 0HOTO yCpeaTHEHHOTO COCTOSHUS B IPYTOe
6osee BO30YKIEHHOE YCPEIHEHHOE COCTOSHUE, MOTYT BO3HMKATh JOMOJHUTEIbHbIE KBAaHTOBBIE

3 HEKTHI.
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6 YcpenHeHHBINE MOMEHT CKOPOCTH K-pa

JlononHuUTENbHBIE YPQPEKTH B CIIydae W30TPOIHOTO TPEXMEPHOIO KBAHTOBOI'O T'aPMOHHYECKOTO
OCLIWJLIATOPA BO3HHUKAKOT M3-32 TOTO, YTO BO BpeMs XAaOTHYECKOrO JBHMIKECHUS K-ilIpa B
OKPECTHOCTH YCJIOBHOI'O LIEHTPA, OHO IOCTOSIHHO MEHSET HaIlPaBJICHHE CBOETO JIBHXEHUs (pHC.

16 u 2). [ToaTOMY K-S1pO B Ka)Iblii MOMEHT BpEMEHH 00J1aJacT MOMEHTOM HMITYJIbCa
L=7%xp, (63)
rae  —paanyc BEKTOp OT YCIOBHOTO LIEHTpa 10 K-sapa (puc. 2);
P = M, U — MTHOBEHHOE 3HAYEeHHE UMITYJIbCa K-sS/pa.
[Ipu 5TOM BO3MOXKHBIE CpEIHHE 3HAYCHUS MOMEHTa MUMITYJbCa K-sjpa MOTYT IPHHHMATH
TOJIBKO TUCKPETHBIHN PsAJT 3HAYCHUH (T.€. KBAHTYIOTCS ), KaK Oy/IeT TOKa3aHO HIDKE.
[IpencraBuM BekTOpHOE ypaBHEeHUE (63) B KOMIOHEHTHOM BHJIE
L, =yp,—2p,, L, =2p,—xp,, L, =xp, —Yyp,. (64)

pre,I[HI/IM JaHHBIC KOMIIOHCHTBI

Li=yp,-2p,, Ly=2p,—xp,, La=xp,-yp,. (65)

BOCHOJ’IBL’»yeMCH KOOpAUHATHBIM IPCACTABIICHUCM YCPCAHCHHBIX KOMIIOHCHT UMITYJIbCA [2,3]

- Jo0Indp, =-in| (0L g - [ w(x)(— ih(fx—jw(x)dx s(— ma@x—J [vopcan 0
jp(p)pydpy —mjw(y) gy - Iw(y)( nhayjw(y)dy—(—nhﬂjw(y)w(y)dy, (67)

- _Oj;p( 0 =i [y E e _Zw(z)[— iha%}//(z)dz - (- m%ﬁmz)w(z)dz. (68)

[Moacrariss (66) — (68) B (65), ¢ yuerom (10), mosydrM KBaHTOBO-MEXaHHUYECKHE orepaTopsl [8]

coon( o o) ~ _mf( o oY o~ _nf @
L Sz L2l 2 L2 & 69
(y& Z@] ! i?m X&j (ﬁw ywj (69)

[Tonenum 06e yacTu BeipakeHuit (69) Ha My
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gzi(yg_zgj, azi[zg_xg} izi(xi_yij_ (70)
m m m,

m, mi\ oz oy . JU OX oz m, i\ oy ~ox
C yuerom (23), umeem
IAX:@ yi—zi , IAy:@ zi—x2 : IAZ:@ xﬁ—yg : (71)
i oL oy I ox oz i oy ~ox
rmae IAX, fy , fz — KOMIIOHEHTBI OTIepaTopa MOMEHTa CKOPOCTH K-sJIpa, T.K.
T - -
| =—=rxv, (72)
m,
B chepuyeckoii cucteme koopauHaT 6e3maccoBbie oreparopsl (71) umeroT Bu [8]
~ona o 0 0
Ix =-"|sin p——ctgd cosp— |,
i ( Vg (970050 a(pj
oo 0 . 0
ly =-2| cosp— —ctgdsin p— |, 73
y i( 9-g 9 coaq)j (73)
{,= O
T op’
OmnepaTop KBajpaTa MOAYJISi MOMEHTA CKOPOCTH K-sijipa paBeH [ 8]
A2 /\2 /\2 A2
I :Ix+|y+|z:—n§vgv(p, (74)
2
rae Ve =_ii(sin ei}%a—z. (75)
7 sin @ 06 00) sin“6op

JlaHHBIN oOmeparop, CBS3aHHBI C YCpPEIHEHHBIM MOMEHTOM CKOpPOCTH K-silipa, OyIeT

HCITIOJIB30BaH HUXKCE.

7 130TPONHBINA TPEeXMEPHbIH FAPMOHUYECKUH OCLULIATOP
O6o06mennoe ypaBHenue lllpeaunrepa (48) mist M30TPONHOTO TPEXMEPHOI'O TaPMOHHUYECKOTO

OCIHJUIATOPA MOXHO MPEACTaBUTh B BHE [8]

K =0, (76)

2
Vi (r)+ —I[e, - >

nrl

rae r =./x* + y? + z° — paccTosiHUE OT YCJIOBHOTO LIEHTpa J10 K-spa (puc. 2);
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10(,8) V3
v2_ L1020 Voo
r al’[ 8[’) r2 (7

— omneparop Jlamaca B cdepuuecKMX KOOpIAMHATAX, NPH STOM oOmeparop Vi = 3anaercs

BeIpakeHueM (75).
ITpu noacranoBke (77) B ypaBHeHue (76) u pazaeeHUH EPEMEHHBIX

v (r.0,9)=R(r)Y(0,9), (78)
nojiyyaercs ypasHenue [8,9]
1 0( ,0R() of . kr? 1 w2
ma[r pe j+n—nlr {Sn —T)}— 0 )V Y (0,9). (79)

PemenusiMu 1aHHOTO YpaBHEHHUS SBJIAIOTCS BOJTHOBBIE PyHKIHH [12]
(80)

\/k_u 3 Jheiay [\/_“j { \/_I’ } L(4/2) ﬂ 2, (6,0),

2
— r
72'[27%1} (2k+21+)M 27, 2n

Yan(1,0,0) =R (N)Y,,,(6,0) =

e L$|+l/2) 2 \/E 2

nl nxl

5 r* | — o6o0meHHbIec MoaIuHOMBI Jlareppa; (81)
Mhx
1
Y, (6,0) =(-1)" @+ =mt e™ P, (cos @) — cdepuueckue rapmonndeckue GpyHkmun; (82)
A7z (I +m)!
d Syrz dm P )
R, (cosf) = ﬂ(l_é: ) 4z + (5 —1) — npucoenvHeHHble GyHkuuu Jlexxanapa; (83)

&=cosd,
| — opOuTaTBPHOE KBAHTOBOE YHUCIIO;
M — nepudepuitHoe KBAaHTOBOE YUCIIO.

B amommnoui keanmoeou usuxe yucio M HA3LIBAIOM «MACHUMHBIM KEAHMOBLIM YUCTIOMY,
HO 3MO Ha3eauue He NoOXooum OJisi K8AHMOBOU Qu3uKu OUOIoU4ecKou KiemKu U Opyeux
AHANOCUYHBIX 00BEKMO8 MUKPO- U Makpomupos. Iloomomy 6 Oannoti cmamve yucio M
NPeooAHCceHO HA3bIBAMb «NePUDEPUTIHBIM KEBAHMOBBIM YUCTOM.

BosHoBbie ¢yHkiuu (80) COOTBETCTBYIOT COOCTBEHHBIM 3HAYCHUSAM TOJIHONW MEXaHUYECKOU

SHEPTreTUYHOCTH K-sipa [12]
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gnkl = nnrl\/k_ur[2k + I + gj = nnrl\/k_ur[N + gj (84)

roe N =2k + .

Ksajpatsl Moyiis BoHOBBIX Gynkimit (80) |y, (r,6,¢)[* (1.e. ®IIPB Bo3MoX)HOr0 MecTa

ITOKAa3aHbI HA PUC. 6.

HaxoxJieHus K-sapa BHyTpu BK) npu ¢ = 0 u pa3nuyuHbIX 3HAYEHHUSX KBAHTOBBIX YHCEI K, lum
=0,m=0 =2,m=0 k=4,1=1,m=1 =0,m=0

k=4,1=1,m=0 k=51=2,m=0 k=6,1=3,m=1 k=6,1=2,m=1

Puc. 6. @yuxupn miotHocTH pacnpenenetus sepositioctd (PIIPB) |y, (1,6, ) [> Bo3MOXHOr0 MecTa HAXOKACHHS

K-sipa mpu @ = 0 ¥ pa3InYHBIX 3HAYECHUAX KBAHTOBBIX uuceln K, | 1 m. Uem cBeTIiee MATHO, TeM GOJbIIE BEPOSITHOCT
MOSIBIICHUST K-sipa B JaHHOM oOmacTu. Pacdersl BBIMOJHEHBI ¢ WcHosb3oBanuneM Bbipaxenus (80) [12] wu
IIPECTaBIICHbI Ha BeO-CcTpaHuIIe:
https://upload.wikimedia.org/wikipedia/commons/b/b3/2D _Spherical Harmonic_Orbitals.png

W3 puc. 6 BUIHO, YTO KOXIAOMY HaOOpYy U3 TpeX KBaHTOBBIX umcen K, | 1 m cooTBeTcTBYeT
YHUKaJbHasi MPOCTPAHCTBEHHAs KOH(QUIypalusi YCPEAHEHHOI'O COCTOSHHUS XaOTUYECKOTO
npoxxanus K-sapa (T.e. @IIPB mecrta nosBienus k-s1pa BHyTpHU OMOJOTHUYECKON KIIETKH).

Kax uzeecmno, umeemcs ewe uemeepmoe cnunogoe keanmosgoe yucio S [5,6,7], komopoe 6

pacemampusaemom  ciydae, noceeii euc)wwocmu, CBA3AHHO C OOHUM U3 deyx BO3MOINHCHBLX


https://upload.wikimedia.org/wikipedia/commons/b/b3/2D_Spherical_Harmonic_Orbitals.png
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Hanpaeienuil 8paweHus YUmoniamsvl 6Hympu ouono2uveckou kiemru. QOOHaKo OaHuwlll npoyecc
8 9MOI cmamve He paccmMampusaemcs.

UYroObl AKCHEPUMEHTAIBHO 3a()UKCUPOBATh OJHY M3 NPOCTPAHCTBEHHBIX KOH(UTYpaLui,
MOKa3aHHbIX Ha pHC. 6, HEOOXOIUMO:

- o0ecrne4ynTh OTCYTCTBHE OL[YTUMOTO BIUSHHS BHEIIHUX M BHYTPEHHUX CHJIOBBIX
(akTOpOB Ha OMOJIOTHYECKYIO KIIETKY Ha BECh IIEPUO]T BpeMEHH Ha0IoeHus 32 siipoM BK.

- cAenaTh BHJCO3aIUCh XAOTHYECKOTO IMOBEJICHUS sIpa B TEUEHHUE JUIUTEILHOTO
MIPOMEKYTKa BPEMEHU;

- y4yecTb, YTO KJIETKAa B IIEJIOM MOXXET YYacTBOBATh B CIIO)XKHOM OpOYHOBCKOM W/WIIH
TEIUIOBOM JBW)KCHUH; 3TH JBW)KCHUS HEOOXOIUMO YCTPaHHUTh (DU3MYECKH WM HCKIIOYHUTH
MPOrPaMMHBIM CIIOCOOOM;

- y4YecTh, YTO SAPO OMOJOTMYECKOW KIETKH MOXET MEHSTh (OpMy, M €ro BHYTpEHHEE
coZiep)kuMoe (KapuoriazMa, XpOMaTHH, SIPBIIKO U JIp.) MOTYT H3MEHATHCS CO BPEMEHEM; ATO
MPHUBOAMT K Pa3MBIBAHUIO TPAHMIl TPOCTPAHCTBEHHOW KOH(PUTYpAIH YCPEAHEHHOTO COCTOSIHUS
JpO’KaHMs TaHHOUM opraHesuibl. [loaToMy criienyer ciaenuTh He 3a oBeJeHueM Beero sapa bK, a 3a
Xa0THUYECKUM TIEPEMEIIICHUEM TOJIBKO €ro IIEHTpa Macc, KOTOPBIH B 3TOH CTaThe YCIOBHO Ha3BaH
K-sapoM. [pyrumMu cioBaMu HEOOXOJUMO MPOTPAMMHBIM CIIOCOOOM BBISIBUTH IICHTP Macc sapa
BK (t.e. k-s11pa) 1 cleaUTH TOJIBKO 32 €0 MePEMEIIEHUEM.

- onu(dpoBaHHYIO, TMPOTPAMMHO-OYMILEHHYIO W  MaTeMaTH4YeCKh 0OpabOTaHHYIO
BUJIE03aITUCh XaOTUYECKOTO MOBEACHUS K-a1pa (T.e. ieHTpa Macc bK) Bocipoussectu ¢ 60mbuion
CKOpPOCTBIO, C OTOOpak€HHMEM JIaHHOTO CHJIBHO YCKOPEHHOrO TIIpoliecca Ha MOHMTOpe
KommbioTepa. CKOpOCTh BOCTIPOM3BENCHUS ABIKEHHS K-sApa JOJDKHA OBITh HACTOIBKO OOJIBIIOHN,
YTO JaHHAs TOYKa «pa3Ma3bIBaeTcs» Mo Bcel 00IacTu HaOIIOIEHNUS.

- eCIli BCE BBINIEyKa3aHHBIE JEHCTBHUSA YIACTCS BBITIOJHHUTH C JIOCTaTOYHO BBICOKOU
paspemiaroneil crnocoOHOCTBIO BHJEOANNAPATypbl, MaKCUMaJbHO YHUCTO U C HCKIIOYEHUEM
Pa3IUYHBIX MEIIAIUINX (aKTOPOB U BO3AEHUCTBHI, TO B COOTBETCTBUHU C M3JIOKEHHON B JTaHHOMH
CTaThe THIOTE301, Ha SKpaHe MOHUTOPA JIOJKHA BBIABIATHCS KOH(PHUTYpaIHs TEMHBIX U CBETJIBIX

nsaTeH (HamojoOue oJHOM M3 KOH(Urypanuil nmsaTeH, moka3zaHHbIX Ha puc.7). Ilpu 3TomM TemHoe
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IIATHO HA 3KPAaHC MOHUTOPA JOJIKHO 03HA4YaTh, YTO B 3TOM MECTC K-4APO0 MOABJIAJIOCH YallC, YEM B
TOM MECTC, T'AC 06pa3OBaHOCB CBCTJIOC IISATHO.
BO3MO)KHO, 4qTo KOH(bI/II‘ ypauusa JaHHBbIX TCEMHO-CBECTJIbIX IATCH OKaXXCTCA

COOTBETCTBYIOIICH OAHON M3 COOCTBEHHBIX BOJHOBBIX (QyHKIWi v, (r,0,¢) (trounee PIIPB |

Wun(1,0,0) |?) M30TPONMHOr0 TpeXMepHOro KBAaHTOBOTO TapMOHMYECKOro OCHMJLIATOpa (T.e.
HEraTUBY KOH(HUTypaIHii, TOKa3aHHBIX HA PUC. 6).

C moMomIpi0 3BYKOBBIX KOJIEOAHUH C pe30HAHCHOW YacTOTOH (T.e. C 4acTOTOW OIMM3KOW K
COOCTBEHHOW dYacToTe KOJeOaHWH paccMaTpUBAaEMOr0 H30TPOIHOTO TPEXMEPHOI'O KBAHTOBOTO
TapMOHHYECKOTO OCIHHIUISATOpa) MOBIUATH Ha sApo BK, Tem caMbIM U3MEHUTH yCpeqHEHHOE
COCTOSIHME XaOTHYECKOro IpoXkaHHs ero IeHTpa macc (T.e. k-sapa). [locie storo cremyer
MOBTOPUTH BCE BBHINICYKA3aHHBIC JEHCTBHUA Ui BBISIBICHUH Jpyroil KOH(UTypaluud TEMHO-

CBETJIbIX IISITE€H, COOTBETCTBYIOLINX 00Jie€ BO30YKIEHHOMY COCTOSIHUIO K-/1pa.

i a u -—
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Puc. 7. Tlpumepsl BO3MOXKHBIX KOH(UTypaluii TEMHO-CBETIBIX MSTEH, KOTOPbIE MOTYT OBITh
BBISBJICHBI B pE3yJbTaTe YCPEIHEHMS XAOTHUECKOTO JBIDKCHUS (IPOXKAHWS) K-sSaApa BHYTPH
Ouonornyeckoil KieTku. JlaHHble KOH(GUTYpaLUH MATEH MOTYT COOTBETCTBOBATh COOCTBEHHBIM
BOJIHOBBIM (DyHKUHMAM (1,6, ) (80) ¢ pasnuunbiMu HaOOpamu Tpex KBaHTOBBIX uncen K, | u
m
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He uckmoueHo, 4To AaHHbIe KOJeOaHHsT HEOOXOIMMO BO30YXIaTh OJHOBPEMEHHO C ABYX
IIPOTUBOIOJIOKHBIX KOHIIOB KaX/0r0 M3 TPEX B3aMMHO-IEPIEHIUKYJIAPHBIX HAIllpaBICHUH. ITO
IIO3BOJIUT UCKIIFOUHUTH BO3MOXHOCTh TPAHCIISLIMOHHOTO CMEIIEHUs K-Apa U3-32 OJHOCTOPOHHETO
BO3JICUCTBUSL.

Ecnu ocHOBBI KBaHTOBOM (hM3MKM OpraHesul OMOJOTMUECKOW KIIETKH, U3JI0)KEHHbIE B 3TOH
CTaTbe, OKAXYTCS BEPHBIMU, TO KBAHTOBBIN NIEPEXOJ] K-A]Ipa W3 OJHOTO YCPEAHEHHOTO COCTOSHUS
B JIPYro€ €ro COCTOsHUE (T.€. CKaYK00Opa3HOe U3MEHEHUE KOH(PHUTypallui TEMHO-CBETIIBIX MSATCH
Ha 9KpaHe MOHMTOPA), IOJDKEH MPOUCXOAMUTH MPH Iepefade AaHHOMY K-AApy AONOIHUTEIbHOU
MIOJTHOM MEXaHUYECKON SHEPreTHUHOCTH

Aén = enk— énk+j (85)
IJIe enk — [TOJHAS MEXAHUYECKasi SHEPTETUIHOCTD K-SIIpa B COCTOSIHUH K;
Enk+j — TIOJTHASI MEXaHMYECKasl JHEPIeTUIHOCTh K-s/ipa B cocTosiHuu K+j (3aech j = 1,2,3, ...).

B 5TOM oTHOmeHuM KBaHTOBas Ouodusuka (~103cM) HMYeM He JOMKHA OTIMYATHCS OT
KBaHTOBOH (u3uku daemeHTapHbIX wactul (~1073cM). PasHuma 3akmodaTbes TONBKO B
MacmTadax paccMaTpUBAaEMBIX IPOLIECCOB, KOTOPbIE OTIMYAIOTCS APYT OT Apyra npumepHo Ha 10
NopsAAKOB. Mexay TeM B COBPEMEHHOM HAay4HOM COOOIIECTBE HET COMHEHHM, YTO KBaHTOBas
MeXaHUKa TMPUMEHHUMA Ui OIHKCAaHHs MPOIECCOB B TPOMEXKYTOUHBIX MacmTabax, T.e. Ha
monekynsaproM yposre (~10~8cm) [13,14,15]. Hanmpumep, KBaHTOBO-MEXaHHUECKHMH METOAAMH

OITMCBHIBAOTCS OCHUJIIALMN aTOMHOM peUICTKU ((I)OHOHH), MOJICKYJISIDHBIC BI/I6paI_II/II/I nT.na.

8 OcoleHHOCTH MEepeBOIA K-/IPa B BO30Y K/IeHHOE COCTOSTHHE

Kak Opim0 ckazaHo B MpeAblAylIeM MYHKTE, IS TOTO, YTOOBI K-SIpO TEpeluio U3 OJHOTO
CTaOMIIBHOTO COCTOSTHUS B IpyTroe HY»KHO OKa3aTh Ha HETO TaKOe CHUIIOBOE BO3JIEHCTBHE, KOTOPOE
NPUAACT €My JOTOJTHUTEIbHYIO TOJHYI0 MEXaHMYECKYH0 dHEPreTHYHOCTh Aégn (85). OmHako npu
3TOM JIaHHOE BO3JICHCTBHE HE JOHDKHO HM3MEHHTH COCTOSIHHME XaOTHYECKOTO JIBIDKECHUS BCEU

OMOJIOTHYECKOM KIIETKU B OCJIIOM.
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Puc. 8. Xaotuuecku Oy XIarouid IIEHTP Macc Orosiornueckoii kietku (T.e. BK-s1po),
BHYTPH KOTOPOH XaOTHYECKH OIykKIaeT HEHTp Macc ee siapa (T.e. K-51po)

Bce, uTo OBUIO BBINIE HANMKUCAHO OTHOCUTEIHHO XaOTHYECKOro MoBeneHus K-aapa bBbK,
OTHOCUTCSI M K CaMOil OHMOJOrMYecKOW KIeTKe (OTIEJICHHOW OT BHEIIHEW cpeibl KIETOYHOU
MeMOpaHnoii). KiteTky Takke MOXHO TPEJCTaBUTh B BHJIC MaTePUAILHON TOYKH M Ha3BaTh ee bK-
sapoM. JlanHoe BK-spo Takke HEMpephIBHO XaOTHYECKU ONIyXkaaeT (IPOKHT) B OKPECTHOCTH
HEKOTOpOro ycIoBHOTO 1ieHTa (puc. 8). [loaromy ycpeanennoe nosenenue bK-supa Touno tak xe
MOKET OBITh OMHCAHO TUCKPETHBIM HaOOpOM pemieHuil o6oOieHHoro ypasHenus Illpenunrepa

Buaa (27), HO B 3TOM cllyyae BMECTO MacIITaOHOro mapamerpa 77, (23) B JAaHHOE ypaBHEHHE

nmoaCTaBuM MacIITaOHBIN napameTp

n, =—=, (86)

rIe

1
o, =§\/O‘fx+0‘fy+ofz (87)
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— CPEeIHEKBaIpaTUYHOE OTKJIOHEHHE XaoTuuecku Omyxnatomero bK-sapa (t.e. meHTpa Macc
Bceil OMOJIOTMYECKOM KJIETKHM) OT YCIOBHOTO IIGHTPAa PACIOJIOKEHHUS JIaHHOU

OMOJIOTMYeCKOM KIeTKH (puc. 8);
£, =2 (w g +r) 8)

— YCpPEIHEHHBIM HWHTEpBaJl AaBTOKOPPESALMH CTAallMOHAPHOTO CIy4ailHOTO Ipolecca, B
KOTOPOM HEMPEPHIBHO YYaCTBYET XAaOTUYECKH Oy KIAIOMIMKA LEHTP Macc OMOIOTHYECKOM
KJIETKH (puc. 8).

Hpe,[[HOJ'IO)KI/IM, 4TO YCPCAHCHHBIC XaPAKTCPUCTHUKU NAHHOTO CTALIMOHAPHOIO cnyqaﬁHoro
npouecca NMCHOT BEJIMYUHBI ITOPSAAKA
oc ~2310°m wu 1,~4-102c. (89)
Tak ke Kak B cily4ae ¢ K-IpoM, COOCTBEHHas 4acTOTa KOJeOaHUI Takoro KBaHTOBOTO

rapMOHHUYCCKOI'0 OCHUIIATOPA HpI/I6JH/I3I/ITCJH)HO paBHa

[3 1
foc = || = ~4,811. 90
’ 2 2rt, ! (%0)

9T0 €€ O03Ha4YacT, 4YTO Ha BK-HI{pO MOTYT 3(1)(1)6KTI/IBHO BO3JICIICTBOBATH 3BYKOBBIC

TrapMOHHUYCCKHUC KoJIeOaHUs JKUJIKOM CpCabl, Oprmammeﬁ 6I/IOJ'IOI"I/I‘ICCKYIO KIJICTKY C HHHHOﬁ

BOJIHBI IPUMEPHO PABHOU

1500

A = ¥_ ~ ~ 312.5 m. (91)
Oc

:

[Ipu cpaBHEHNH TOJTYYEHHBIX OLIEHOK pe30HAaHCHBIX YacToT (46) u (90), a Taxke JUIMH BOJTH
BO3MyIIaOIUX Konebanuit (47) wm (91), oOHapyxuBaem ciienayromee. YToObl W3MEHHUTH
yCpeIHEHHOE COCTOSIHHE TOJBKO K-siapa, mpu 3ToM bBK-s11po ocTaBUTh B NMpeKHEM COCTOSHUH,
pexoMeHayeTcs BO30yAUTh B OKpPY’Karollled MX BOJHOM cpelie 3BYKOBbIE KOJICOaHUS B y3KOM

nnamasone 4acToT Afmy ~ 10 + 15 'y ¢ Hecymmeit anmuHON BOJHBI opsiaka A, ~ 23,4 M.

I[aHHLIC AIIPUOPHBIC XapPAKTCPUCTUKU Bo36y>1<)1a}01uero BO3JCHCTBHUS Ha AAPO (I/IJ'II/I Ha

mo0yto mpyryto opranety) BK MoryT ObITh YTOUHEHBI B pe3yJIbTaTe IKCIIEPUMEHTOB.
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9 Pe3yabTaTsl

B naHHOI cTaThe BBICKA3aHA THIOTE3a, YTO BO BpeMs wuHTep(daszpl (T.e. KOrja >KuBas
Ouosiornyeckas KJIeTKa OCTAaeTCs B HEM3MEHHOM, CTaOMIBHOM COCTOSIHUM) HEKOTOpBIC YacTHUIle-
M01I00HbBIE OpraHeIyIbl KIETKH, XOTS U JIBUTAIOTCS IO CIOXKHBIM (Xa0TUYECKUM) TPAEKTOPUSIM, HO
WX TOJIHAs MeXaHWYecKash SHEPreTUYHOCTh M yCPeAHEHHAs KOH(UTypalus JBUKEHHS OCTaeTCs
Hen3MeHHOH. [lpu 3TOM nuckpeTHbIi HaOOp BO3MOXKHBIX 3HAUEHHUH MMOJHOW MeXaHHMYECKOU
sHepretuuHoctd  (IIMD) opranemnsl enk (B wactHocTH, simpa BK) u cooTBercTBYrOmUX MM
YCPEHEHHBIX COCTOSIHMH  |yhk|?, COOTBETCTBYeT pemIeHHSAM OOOOIIEHHOrO ypaBHEHHS
HlIpenunrepa (27).

Tlepexos OT OJHOTO YCPEIHEHHOTO COCTOSHMS OpPraHeiIbl |wnk|> B ee Apyroe ycpeaHeHHOe
COCTOSIHHE | Whk+j|* IOIKEH POMCXOAUTE MPH TIepeiaue JAHHON OpraHeie KBaHTa (T.e. MOPIHH)
[IMD Aen = énk — énk+j. Jannbiii kBauT [IOM MokeT OBITH mepeaH OpraHeijie MOCPEICTBOM
BOJHOBBIX (B YAaCTHOCTH, 3BYKOBBIX) BO3MYIIEHUW OKpYXKAIOIIEH €€ JKUJIKOW Cpeabl C
pe3oHaHCHON YactoTod frn mpuUMepHO paBHOW COOCTBEHHOM 4YacTOTe KoOJeOaHWN TaHHON
opraresuisl (frn = fon). dust Toro, 4ro0bl BO30OYIMTH TOJBKO HY)KHYIO OpraHesuty (B Y4aCTHOCTH,
sanpo BK), HeoO6xoMMo 9TOOBI BOJTHOBOE (3BYKOBOE) BO3MYIIICHHE OBUIO Y3KOHAIIPABICHHBIM U C
MaJbIM JMana3oHoM 4actor. Hampumep, nns Bo3Oyxnaenus siapa BK (T.e. mans mepeBoma ero B
APYroe YCPeITHEHHOE COCTOSHHE) alpUOPHBIE OLEHKH YaCTOTHl PE30HAHCHOTO BO3MYIIEHUS frn ~
64 I'n u quana3zona Bo3mymiarmux 4actot Afm ~ 10 + 15 I'm.

[Tocne Toro, Kak pe3oHaHCHas yacToTa fm U JUana3oH BO3MYMIAOMIMX 4acTOT Afrn OyayT
YTOYHEHBI B Pe3yJIbTaTe dKCIIEPUMEHTAIbHOM NpoBepkH 3P (HEKTUBHOCTU UX BO3JCHCTBUS Ha SJIpO
onHoit BK, 3BykoBoe M3IyuyeHHE C JaHHBIMH allOCTEPUOPHBIMH XapPAKTEPUCTUKAMU MOXKET OBITh
HaIlpaBJIEHO Ha BECh OPraHU3M WJIM HAa OJWH OpPraH, YTO MOXKET MPUBECTH K JOMOJHUTEIBHBIM
KOJUIEKTUBHBIM KBAaHTOBBIM 3 (eKTam.

[Ipu BO3BpAIEHHH OpTraHENIbl U3 BO30OYKIEHHOTO COCTOSHHS |Wnk+j|> B cocTostHME C
Menbeit [I9M |whil?, 0HA JOMTKHA H3TYYUTH BOTHOBOE BO3MYIIEHHE B OKPY/KAIOIIYIO €€ KIIKYIO

Cpelly C DHEPreTHYHOCTBIO MOpsaka Aéen = |eénk+j — énk|. TO €CThb B 3TOM CTaThe BBIJIBHIACTCS
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MPEIOJIOKCHHEe, YTO KBaHTOBas OWO(pU3MKAa BO MHOTOM T0J00HAa KBAHTOBOW Cy0aTOMHOIA,
ATOMHOM M MOJICKYJISIPHON (hU3HKE.

10 BeiBoasI

HckyccTBeHHBIN TIEpeBOJT OpraHesuibl (B 4aCTHOCTH, siipa) BK B BO30yKIeHHOE COCTOSIHUE,
MOXKET HMMETh IpaKkTU4YecKoe 3HadeHwe. Hampumep, HE HCKIIOYEHO, YTO TE€HETUYECKOMY
marepuany (JAHK w/unu PHK) BupycoB Oyaer cioxxHee nmpoHUKaTh BHYTPh siapa BK uepes ero
SIEPHBIE TIOPHI, €CITH OHO HAXOIUTCSI B OJJHOM M3 BO30YKJICHHBIX COCTOSHUN (CMOTpHUTE pHC. 7).
[ToaTOMy BO3MOXKHO, YTO CIOCOO 3BYKOBOT'O WJIM WHOTO MEXAHHYECKOTO BO3JCUCTBUS HA SIIPO
W/WUIM JpyrHe OpraHeulbl KJIETKH OKaxeTrcs 3(G(GeKTHUBHBIM crocoOOM OOpbObI ¢ BUPYCHOU
nHpexnueit, B Tom uucie ¢ COVID-19.

BroppiM He MeHee BaKHBIM AacleKTOM, 3aTPOHYTHIM B JaHHOW cTaThe, SBISETCS
NelbHelee 000CHOBAaHWE W TOJATBEPIKICHUE «CTATHCTUYCCKOW WHTEPIIPETAIMA KBAHTOBOU
MEXaHUKH», OCHOBBI KOTOPOM OBUIM W3JI0XKEHBI B cTaThsix aBTopa [2,3,20], u 3akitouyactcs B
CIIETYIOIIEM:

1] ecnu mrobas yactuia (HE3aBUCHMO OT €€ MaciitaboM, Oyab TO: DJICKTPOH B aTOME
BOZOPOJA, SIAPO OMOJIOTUYECKON KIIETKH, JKEITOK B siiflle, MyXa B CTEKJIIHHON OaHKe, KOHYHK
BETKH JIepPeBa, SMOPHUOH B YTPOOE MaTepH, SAPO B HEIPaxX 3BE3/IbI WU TUIAHETHI U T.JI.) TIOCTOSIHHO
XaOTUYECKH OJyKJIaeT (ApOXKUT, TPEMelleT, IIEBEIUTCS) B OKPECTHOCTH YCJIOBHOIO LIEHTpA,
TakuM OOpa3oM, YTO €€ TMOJHas MEeXaHW4YecKas dSHEeprus (TOYHEE HHEPreTHYHOCTh) OCTaeTCs
HEU3MEHHOH, TO YCpPEIHEHHOE TIOBEJIEHUS IIEHTpa MacC TaKOW YaCTUIBI OMUCHIBACTCSA
0000meHHbIM ypaBHeHueM Llpeaunrepa (27) ¢ macmrabHbIM TapaMeTpoM Buja (28);

2] mis Toro, 4toObl 3aUKCHPOBATH YCPEAHEHHOE COCTOSHHE OJyXKTafoIei YaCTHIIbI,
HE00X0IMMO B T€UEHHE JITTUTEIFHOTO MPOMEKYTKA BPEMEHU BECTH BUJICO3AMKCh €€ Xa0THIECKOTO
MOBE/ICHUS, a 3aTEM BOCIPOU3BECTH 3Ty 3alHCh ¢ O0NbINOI ckopocThio. IIpu 3TOM Ha sKpaHe
MOHHTOpPa OyJIeT BUICH HE caM ABIKYIIMICS LIEHTP Macc TaKOW YacTHUIIbI, a 00JIaCTh Pa3MBITHIX
TEMHO-CBETJIBIX ITSITCH, COOTBETCTBYIOIIMUX (DYHKITUM IUIOTHOCTH PaCHpeeIICHUs BEPOSATHOCTH
HAXOXICHUS YaCTHIIBI B PA3JIMIHBIX YYACTKAX JAHHOH 00JIacTH.

[IpennoxeHHBI METOJ] BBISBICHHUS YCPEOHEHHOW KOH(PUTYpallMd TOTO WIW HMHOTO

AUCKPETHOI'O COCTOAHUSA 6J'Iy)KI[aIDIJ.[efI HaCTHULBI COOTBETCTBYCT MJIMTCIILHOMY C60py JaHHBIX H
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CTaTUCTHUYECKONW 00paboTKe HKCIEPUMEHTAIbHBIX HAOIIOACHUH, TTOATOMY TaKOH MOJIXOJA Ha3BaH
«CTAaTUCTUYECKOW» MHTEPIPETALMEN KBAHTOBON MEXaHUKH.

Heobxooumo ommemumy, 4mo HA36aHUE «CMAMUCMUYECKAS. UHMePpNnpemayusi K6aHmMo8oul
mexanuku» npeonoxcena axaoemukom PAEH I'U. llunogvim.

JlaHHBI TNOAXOA K TPAKTOBKE KBAaHTOBBIX SBJICHUN JIMIIEH MHOTUX HEJOCTAaTKOB
KOIIEHI'areHCKOM, MHOTOMUPOBOM ¥ MHOTMX APYTHX MHTEpPIpPETaluil KBAHTOBOW MexaHUKuU. lIpn
3TOM HE MEHEee BaXXHO KOHCTAaTUPOBaTh, YTO KBAHTOBBIC A(PQPEKTH HPUCYIIH HE TOJIBKO
MUKPOMHUPY, HO MAKPOMHUPY; TOJIBKO JUIS TIOJyYEHHS YCPEIHEHHBIX XapaKTEPUCTUK XaOTHUECKOTO
MIOBEJICHUSI ~MAKpPOCKOIMYECKUX OOBEKTOB TpeOyeTcs 3HAYUTEIbHO OOJbllle  BpEMEHHU
HaOJIIOICHUS.

Ecnu, BbICcKa3zaHHas B JAHHOM CTaThe TMIIOTE3a O MOJYMHEHUHM XAOTHUYECKH OIy»KIAIOIIEero
neHrpa macc siupa BK 3akoHam KBaHTOBOHM (PHM3HMKH MOATBEPAUTCS SKCIEPUMEHTAIBHO, TO 3TO
OyZeT BECOMBIM BKJIQJIOM B YTBEP)KICHUU HOBOU, «CTaTUCTUYECKON» MHTEPIPETAUU KBAHTOBOK
MEXAHUKHU.
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