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1 BBeµ;eHue 

K HacTOJIIIl,eMy BpeMeHH 01:crrepHMeHT8JlhHL1e ARHHLle, JIOJly"leHHLle MeTO)\OM ueyrrpy

roro pa.cceaHHJI HeHTpOHOB lKH)\UIM reJIHeM He -4, CBH)\eTeJihCTBYIOT O TOM, "ITO IlllOT

HOCTh 6ooe-IOHAeHCaTa (BK} ORBHCHT OT TeMrrepaTyp1,1 [1-3). IIpH OTOM n OCHOBHOM 

COCTOJIJIHH lKH)\IOro renH.ll He - 4 B IOH)\CHCO.Te HO.XO)\JITCJI Mettee 0.1 BCex 3TOMOB. ,r:t;JJJ1 
o6'bJICHCHH.ll OToro JIBlleHUH rrpe}\nar8JIHCh p80HLle <{>UOH"ICCIHe MOIJ;eJIH lKH)\IOro reno 

He - 4. Kai: rrpaBHJIO, OTB MO)\eJIH HBllJIIOTCJI cf>eHOMCHOJIOrH"leCIHMH, u B OCHOBHOM 

rrpHBOAJIT I 'lacTH'IHOMy cornacu10 C 01:crrepHMCHTBJihllhlM.H peoynhTO.TaM.H, [4-10). 

B HacTOJIIIl,CH pa6oTe MLI HCClleJ\YCM JIBllCHUe 6ooe - IOH)\CHcanuu B paMiax ocf>
<{>ei:TuBnoii Moµ;enu, OT1Hc1,ma19u~eii :lKHJ\ICHH renHi He - 4 1Ca1C 11eHACMh111,1i rao Booe 

-8iinnITeii:ua (B-8). 1Ia1111L1ii: nonxon oTnH'laeTCJI OT Monenu Boron106oBa AJIJI cna6o

HeHACMhHoro .rao~ B-8 [11,12] TeM, "ITO B HeM Ha MHEpOCJrOITH'ICCIOM yponue YAaeTCJI 

onucaTh lKHAJrBH renui He - 4 n 6onee wupo1toM BHTepBBJie TeMnepaTyp. B n.2 AB
eTCJI onucanue o<I><f>eITHBHOH MO)\eJIB HCH)\CMhHOro raoa B-0 Ha OCHOBe MBltpOCltODH

'leCICOH TeopHH. Ho oa1rouon coxpaue11HJ1 oueprHH 11 BMrryn1,ca AJIJI nap1,1 JrBaHTon1,1x 

'10.CTBII nony'lena OIIPeAeJICIIHWI 08.BBCHMOCTb MClKAY JrBaHTOBl,IMB COCTOHHBJIMB B no

J:aoauo, "ITO B .lBaHTOBl,IX nponeccax pacces:HHJI BOMeHeH11e 11MrrynbCa. '10.CTHill,I npH 

CTOJI.lHOBeHBB BCer)\a cym.ecTnyeT. Bnaro):\apH ):\O.HHOMY ltBO.HTOMCXaHH"leCJrOMY cnoii

CTBY BOO.HMO)\CHCTBBJI raMHnbTOHHaH HCH)\CMbHOro 6ooe-raoa yrrpolll,aeTCJI, OcHOBHl,IM 

AOnym.enueM MO)\eJIH 6ooe-raoa JIBllHCTCJI rrpe}\IJOJIOlKCHBe o HepaopeweHHOCTB rrepexo

AOB 0.TOMOB rrpu BX B08.HMO)\CHCTBHH MClKAY HO.)\ltOH)\eHCO.THl,IMH COCTOHHBHM11, IIpH 

OTOM nepex0)\1,1 MClKJ\Y JCOH)\CHCaTJll,IM COCTOHHUCM B Ha)\JtOH):\CHCO.THl,IMB COCTOJIHB

JIMB H o6paTHO paopeweJII,I, ,II;BJiee npB DOMOIIl,B <{>BOB"leCJCOro ycnoBHH JIOI803HO, 

'ITo xuMu'lecxui noTennBan paccMaTpBBaeMoi MOAeJIH raoa no"IT11 paBeu uyn10. B n.3 

npBBO)\BTCJI pac'IeT ITJIOTHOCTH BK )\JJJI lKB)\JCOro reno, lrOTop1,1i paccMaTpBBaeTCJI Ital: 

rao, OITBCLIBaeMLIH "1tOHACHCO.TOM"' CB060):\HLIMB JIPOAOJJhHl,IMH <{>OHOHII.MB B 3TOM8.MH. 

PeoynhT3Tl,I pac'IeTOB IIOIC80l,IB3IOT cymecTBOB3HBe aTOMOB B ltOH)\eHCaTHOM COCTOJI

HBB rrpu TeMrrepaType T < T0 (rAe T0 - TeMrrepaTypa 6ooe-JCOH)\euc311uB). IIpHBOAJITCJI 

oneHJCB )\JJJI BeJIB'IBH Po B V (rAe V - CICOpOCTh <f>ouonoB), 

2 Mop;enb ueuµ;eaJibHoro raoa Booe -0:e:HmTeiiua. 

PaccMOTpHM CBCTeMy, COCTOHIIO'IO HON O)\Bllal:OBl,IX 6ecCJIHHOBl,IX 6ooe-'JacTHII, naxo

)\Hlll,BXCJI B o6'beMe V. IIycTb rao HOCTOllbIO paopeJKeH, 'ITO paccMaTpHBO.IOTCJI TOJlhJCO 

6Buapu1,1e CTOJIJCHOBeHHH 3TOMOB. 06ooH3'111M BMJIYllhCl,I O.TOMOB AO CTOJJIHOBCHHH 'le

peo Pi Hp;, a BMJIYllbCl,I 3TOMOB nocne CTOJlIHOBeHHH - 'lepeo pi
1 

11 p;'. B MeTO)\e 

BTOpB'IHOro IBaHTOBaHBJI C Y'ICTOM Oal:0118. coxpauenu HMJIYllbCa AllJI na.p1,1 8.TOMOB 

f8.MHJibTOH11aH CHCTeMl,I rrpHHHMaeT cneJ\YIOIIl,BH Bll)\: 

(1) 

rrpH'IeM 

- - ... , ... , ... 
p=p1-P1 =Pz -Pz, (2) 



r;o.e p - HOMelleHHe HMilYllbCa 'lacTHD;hl npH CTOllXHOBeHHH, m - Macca aTOMa; Ur -
napm,ni: IlOTellD;HM BOaHMO;D.e:OCTBH.B aTOM0B 6ooe-raoa B npocTpaHCTBe HMilYllbC0Bj a;, Op - COOTBeTCTBeHHO onepaTOpbl "pmK;D.eHH.B" H "yHB'ITO)f(eHH.B" CBO0O):\HOH 'la

CTllD;hI C BMilYllhC0M p B C0CT0.BHBB C BOllllOBOH <l>YHXD;Be:o ,Pp 

1 (i21rpr) t/J;= ,/Vexp -h- , (3) 

r;o.e ; - pa;o.Hyc-BeXT0p 'IRCTlID;hI c lIMilYllbC0M p. OTMeTJIM, 'ITO onepaT0phl "po

. JK):\eHH.B" a; H "yHH'ITOJKeHH.B" OfJ CB060;D.HOH 'IRCTBD;hl B C0CTO.BHBB C HMilYJlhC0M p 
Y/J.0BlleTB0p.BIOT ORX0HaM X0MMYTRD;HH ;D.JI.B 6ooOHOB. 

IlapHbIH ~oTeHD;Hall BOaHMO_AeicTBHJI U; aTOMOB ?ooe-raoa B npocTpaHcTne HM-

nynhC0B llMeeT BHP, 

U; = f exp(- i2~~}U,~ [ 1t}tiV (4) 

rp,e U12(r) - 011epru.11 BOaHMo;o.eicTBH.B MeJK;o.y napoi aToMoB B xoopp,HHaTHOM npo

cTpaHcTBe, naxo;o..a~xc.a na paccTO.BHHH r ;o.pyr OT ;o.pyra. 

Cne;o.yeT OTMeTJITh, 'ITO O}J.HO'IRCTlI'lllll.B BOJIHOBa.B q>yHXD;B.B tpp nplI Hallll'IHH ycno

BHH nepno;o.n'IH0CTH onpe;o.eJI.BeT XBRHTOBble COCTO.IIJIH.B raoa 

hn -- -- , P- Vl/3 (5) 

rj\e n -BexTop, XOMilOHeHTbl XOTOporo paBHbl n;enoMy 'IHCJly. Tor):\a HMilYlILC p npH

IIHMaeT XBaDH}J.HCXpeTHble OHa'leHH.B. qT061,1 npHBeCTlI raMHJlhTOJIHaH CHCTeMbl X 60-

nee npOCTOMY BHAY, paccMOTpHM ·oaxoH coxpa11eJ1H.B 0Heprnn All.II napbI XBaJITOB.blX 

'IRCTHD; 

~+£:...-~_!2.._ !:=- ' 

I 
2 2 •

2 
•
2 1 h 

2m 2m 2m 2m ~t 

rp,e h - IlOCTO.BHHa.B IInaHJ:a; ~t - BpeM.B BORHMOP,eicTBB.B napbI 'IRCTHJJ;. 

IlpH OT0M,Y'IHThIBll.B C00THOIIJeHHe (2),nOJiy'laeM 

pf 0, 

;pi-ft21 #ff. 

(6) 

Tau1M o6paooM, HO oaxoua coxpaueHH.B oneprirn: B BMnynLCa ;D.JI.B naphl xna11TOBhlX 

'IRCTBD; nony'laeM, 'ITO' BOMeHeHl!e HMnynhCa npH CTOllXHOBeHHH OTllll'lH0 OT HYJI.B, ll 

M0AYllh paoH0CTll HMilYllbCOB napbl ue MOJKeT couna;o.aTb C llOMeHelllleM HMilYJibCa npH 

CTOJIXHOBeHHH. 8To oHa'lHT, 'ITO npH XBaHTOMexaHB'lecxoM nop,xo;o.e.BOaBMO;D.eicTBne 

ABYX XBaHTOBhlX 'IRCTllD; npllBO;D.llT BCer;o.a X cyll.\eCTBOBaHlllO npon;ecca nepe;o.a'IH BM

nynhca OT OJI.HOH 'IRCTBD;hl ·:x ;o.pyroi. Ilp11 OTOM Ha BMilYJlhChl 0TBX 'IRCTHD; ncer;o.a uana

raeTCJl onpe;o.eneuHa.a crumb. B xnacc11'lecxoii 4>HOu11:e l!Mnynhchl BOaHMo;o.eiicTBYIOII.\HX 

'IRCTHD; ll BMilYllhC nepe;o.a'IB npB CTOllXHOBeHB.BX HOOII.BHCB.Mhl. IlOOToMy'npB XBaHTO

MexaHH'leCXOM nop,xo;o.e II: npon;eccaM pacce.aHH.B raMHJlhTOHHRH CBCTeMbl npHHB.MaeT 

cne;o.yJO~ BB;o.: 

2 

'· ' 

') 

.).\ 

'f' 

iI = L 
2
P

2 

at a,+ 
2

1v L u,(L a~ ap;-ir) (La~ ap;+;). 
r-10 m #O pi Pl 

(7) 

)larree BbUleJieHHeM B C}'MMax onepaTopoB "polK.IleHrni" H "yttH'ITOJKeHHll" aTOMOB C ny

neBhIM HMnyn1,coM raMHlihT0IIHRH CllCTeMbI npeo6paoyeTC.ll x BHAY 

HJIJJ: 

iI 

+ 

+ 

" p2 ·+· + 1 "u. (·+· ·+· L.J ;:;-aral 2V L.J r a0 a_-P + a,ao + 
#O - 711 ,#O 

" ·+. )(•+• •+. L.J api api-l a0 ail+ a_- ao + 
pi #O,pi FP p 

•+. ) a-a• 
pif.O ._, • Pl p1+p 

,p,.,..-p 
L 

6y)leM arrrrpoKCHMHpoBaTb raMHJibTOHHaH (8), HCilOJlb3Yll CJieJlYK)mHe 

(8) 

npe;o.nmmJKe-

1 ). qucno aTOMOB B 11:oH)\eHcine No MHoro 6on1,IJJe e):\HHHJJ;hl. IlpH OTOM onepaTop1,1 

at !::= No 1'
2

; iio !:= No 1/
2 

MOJKH0 C'IHTRTh C • 'lllCJlRMH, ' 

2). Ilpep,nonoJKHM, 'ITO paccMaTpHBaeMa.a M0}\eJlb raoa o6na;o.aeT cne;o.yK>II.\HM c.Boii

CTB0M: nepexo;o.1,1 aTOMOB, CBJIOaHJlble C BX BOaHMO):\eHCTBHeM, HO O}\HOro Haj\K0H)\eH

caTJIOr0 C0CTOJJHHJJ B j\pyroe HR}\KOH}\ellCRTH0e COCTOJJIIHe,He paopeIJJeHhI, a nepexO}\hI 

aTOMOB HO Ha}\X:0HAeHCaTHbIX COCTOHHHH B K0HAeHCaTH0e COCTOHHHe 11 o6paTHO pao

peilleHU. Tor)\a npu p # 0, ij f 0 

at a<i = N1/,(p - if) , (9) 

rj\e 6(p - if) - CllMB0lI KpoHexx:epa, Np - onepaTop 'IHCJla 'laCTHD;, HRXO/J..1111.\HXC.B B 

0/J.H0'laCTH'IH0M C0CT0HHHH tpp• 
IIpH OTHX ycnonn.ax raMHlihTOHHaJI CHCTeMbl npHHHMaeT CJieAY1011.\HH BB)\: 

H' " p2 •+• 1 "u. u (·+·+ . . •+• = L.J ;:;-a,a,+ '>V L.J r"O a1 a_1 + ara-,+ a,ar+ 
#O _m - #0 . 

+ a_-pa~p) (10) 

,ll;aHHI,IH raMHlihT0HHaH ananorH'leH raMHJlhTOHHaHy ooronK>fioBa. CJie;o.yeT, O}\HRX0, 

0aMeTHTh, 'ITO raMHlihTOHHaJI BoronK>fioBa nony'leH npH IlOM0II.\H yCJIOBH.11 Maxpoci:o-

Illl'lecx:oro oanon11e11H.B KOH}\eHCaTa no cpaimeHHIO C UOllllI,IM 'IHCJI0M BCex HR)\11:0HAeH

caTHhlX 'IRCTHD;, :Et TO JU>eM.B Kai: npH nony'leHHH p,anHoro raMHllhTOHl!aHa na 'IH

CJIO 'lacrnu, 3aIIOJIHJIIOIUHX HeKOH)leHcaTHbie KBaHTOBble COCTOllHHll, HHKaKIIX AOnymemtii He BBO)lHTCJI. 

HMeHHO UOOT0MY ;o.aHHbIB. U0AXOA UOOBOll.!leT paCC'IHTaTb UlI0TH0CTh BK npu TeMne

paType T < To. 
IIox:a:lKeM Tenepb, 'ITO XHMH'lCCJrnii no·reHD;HM j\aJIHOH M0}\elIH raoa U0'ITll pa

BCH HynJO. ,UnJJ 0T0ro npej\CTRBHM raMHllhT0HHan 60libillOro J:RH0HH'lecx:oro ancaM6n.a 

ru66ca I' 

t = b-µN. (11) 

3 



Tor)\a Y'llITLIBa.R, 'ITO U; = U_j, II oaxoH KOMMyTaL\IIII )\JI.II orrepaTopoa "poJKAeHm1" 

B "yHB'lTOJKeHIIll
11 

RTOMOB C BMJIYJihCOM P, raMIIJlbTOHIIRH t MOJKHO npBBeCTB K BllAY: 

A ( p
2 

) A+A 1 (A+A+ A A A+A ) ' f = L - - µ. o; Off+ -v L UvNo o; o_p + OffO-p + 2op Off + 
p-/O 2m 2 p-/O 

No'°' + -L.JU.• 
2V p-/o P 

(12) 

l£To6u rrplIBeCTB raMIIJlbTOHIIaH I' x )\IIarOHaJibHOMy BIIAY, BOCJIOJIWyeMCH rrpeo6-

paoOBRHIIeM Boromo6oaa: 

a;= (b; + L;b::1>)/ Ji - L} , (13) 

r}\e L; -AeiicTBHTeJihHa.R, CHMMeTpH'lHM q>yHKL\HJI OTHOCHTeJihHO BMrryn1,ca p; bl , 
b; - orrepaTopu "poJK)\eH1I11" II "yHH'lTOJKeH1I11" KBan1I'lacTH1\hl c HMrryn1,coM ji. 

Tor}\a raMIIJILTOHIIaH t rrpeJ\CTaBJIJleTCJI B BH)\e 

A A+A 1 ( p
2 N0 Up ) f='°'eJJ.b•+-'°' e•--+--+µ. 

L.J P P P ., L.J P 2m 2V ' 
p-/0 - p-/0 

(14) 

r)\e e; rrpe)\CTaBJIHeT co6oii 0Heprino KB8.0ll'lacTH1\l,l C HMJIYJibCOM i H paBHa 

~ 2 2 1/2 

e:r1 = [(L _ µ) + p NoUp _ 2µNoUp] 
· 2m mV V 

(15) 

IIplI OTOM AJI.11 L} IIMeeM cneAYIOll.lee a1,1paJKe11He: 

2 ( p
2 

NoUp )!( p
2 

NoUp ) L.= -e·+-+--+ µ. e•+-+--+µ. 
P P 2m V P 2m V 

(16) 

Ro oxcrrepHMeHTa HOBeCTHO, 'ITO rrpH p-+ 0 , e;-+ 0 , JIOOTOMY HO (15) CJie}\yeT, 

'ITO µ MOJKHO C'lHTaTL paBHhlM uynIO. 

TerrepL MLI rrpe.I{JIOJIOJKHM, 'ITO aTOMLI C HMnynLcaMH, He rrpeBLIIllaIOIIIHMH HeKoroporo 

ipauwmoro mmym.ca Po,y'lacTBYIOT B rrpo11eccax pacceJ111H11, a aTOMhl,Y KOTopux HM

rrynLcu 60Jibllle Po,JIBJIHIOTCJI CB060AHUMH 'lRCTHL\RMH. TaxHM o6paooM, HaJIH'lHe rpa

HII'lHOro IIMJIYJILCa Po AJIH aTOMOB,y'lacTBYIOILIHX B rrpo11eccax pacceJIHIIll,rrplIBOAHT K 

TOMY, 'ITO napm.iii JIOTem1uan BOaHMOAeiicTBBH aTOMOB raoa B rrpocTpaJICTBe IIMJIYJih

COB UP rrpe)\CTaBJIHeTCJI TaKHM, 'ITO UP= 0 rrpB p ), po, 0TO ycnoBHe o6ecJie'lHBaeT 

CXO)\HMOCTL cyMM, BXOAJ!IIIHX B Bhlpa:lKeHHe )\JI.II raMIIJILTOHHaJla CHCTeMU. 

IIpH 0TOM raMIIJILTOJ!HaH H rrpBHHMaeT BB)\: 

iI = L :: a;av+ 2~ }: U;No( a;a~;+ a;1L;+ 2a;a;) + 
p-/O O<p:SPo 

No '°' + 2V L.J Ufl 
O<p:SPo · 

(17) 

HJIH J!Ce 

4 

J 

J 

iI= '°" A+• 1 '°' ( pi NoUp) '°' p
2 

A+• L.J c:p--b,; bi+ - L.J ei - - + -- + L.J -ofl o; , 
O<p:$_"" 2 O<p:SPo 2m 2V p>po 2m 

(18) 

rne 

c:• = f(L)2 + P2 NoU,, l i/2 

" L 2m mV J (19) 

2 (' p
2 

NoUp) ( p
2 

NoUp) L.= -e:•+-+~ / e•+-+--
v P 2m V P 2m V (20) 

TaKBM o6paooM, JKHAICBH renuii: He - 4 MO:lKHO orrucaTL coaoxyrr11ocTLIO "xoH)\eH

caTa", CB060}\Hh!MB KB30H'l3CTH1\aMH C HMJIYJILCaMB HO HHTepanana O < p $ Po H 

CB060I\HhIMB aTOMaMH C HMJIYJILCRMH p > Po• 
Haii:AeM Terrep1, Jll'IA raMHnhTOHHaHa II rrpH BU6ope rroTeH11Hana napHoro ooaHMO

neiicTBHH 3TOMOB B rrpocTpaHCTBe HMJIYJILCOB U; TaKHM o6paooM, 'lT06hl ICB8.0H'la

CTil1\hl, OJIHChIBaIOIIl,HC ICOJIJleICTHBHOe ABHJKeHHe aTOMOB rana,JIBJIHJIHCL npO)\OJILHhlMH 

q>OHOHaMH. Tor)\a npH O < p $ Po RMeeM, 'ITO '°fl = pv. Y'lHTLlBaJI OTO, AJIH JIOTeH1\HM3 

rrapHoro ooanMOAeHcTBIIll aTOMOB B rrpocTpaHCTBe nMrryn1,coB U; JIOJIY'lHM 

NaU; 2 P2 

--=mv --
V 4m 

(21) 

Tax xax npa p > po: Ufl = 0, To rpaHH'lHhlH nMrrynLc p0 = 2mv. B OTOM cnrrae 

)\JI.II 0HeprHH BOaHMOAeHCTBIIll Me:lKAY rrapo:ii: aTOMOB B KOOPAHHRTHOM rrpocTpaHCTBe 

HaXO)\HM 

Vh2 I (2mvr) 2
1 (- 2mvr) . {2mvr (2mvr)} U12fr)= 47r2 r 5 Noml3- -h-- 1+-h- sm -h-+arctg -h- . (22) 

II pa TaxoM rroTeHL\HaJie ooaHMOAeii:cTBIIll raMHJILTOHHaH II oarrHChlBaeTCJI B BHAe 

• •+· 1 ( mv
2 

5p
2

) p
2 

+ H = L pvb; b; + - L pv + - - - + L -a; a; . 
O<p:SPo 2 O<p!,po 2 8m p>po 2m _ 

(23) 

B COCTOHHHH CTRTHCTH'lecxoro pa1moBeCHJ1 cpe)\HHe 'lHCJIR OaJIOJIHeHHJI CB060AHhlX 

RTOMOB- N; H q>OHOHOB n; c HMJIYJibCOM p JIO 60JiblllOMY KRHOHH'leCKOMY RHCRMMJO 

fH66ca rrpeACTaBJI.IIIOTCJl n BHAe 

N ' ~ 1 ; = o; o; = -------;;, 
exp( 2,,...T) - 1 

- A+A 1 
n; = b;b1 = exp(£¥;) - 1 

npe:'leM k - nocTOJIHHM BOJILL\MaHa. 

5 

(24) 

(25) 



3 0 nnoTBOCTH BK )KHµ;xoro renu.11 He - 4 

TerrepL Hama oaAa'la CBOAHTCH 1: Haxo.lKAeHHK> rrnoT11ocTH BK 11eHAeanLHoro raoa B-B . 

.n:nJ[ OTOro BocrronwyeMCJI 4>opMynoii: 

No+ L N1+EN1=N. (26) 
O<p$J>o p>J>O 

Y'lHTLrnaa npeo6paooBaHHe BoronK>fioBa, AJIJI cpeAHHX queen oanonHeHBJI aTOMOB 

· B COCTO.IIHHH c HMnynLCOM HO rrpoMe.lKyTKa O < p $ Po HMeeM cneAYIOll..lee Bh!pa.lKeHHe 

_ ~ 1 + L'~ .. +· Lt (·+·+ -. -. -) _!1_ 
.Nt = a1 a1 = ~bfbt+ -V b1 b.: + bi!b.:P + L2 

1 - 'p 1 - f P 1 - f 

IlpuMeH.11.11 TeopeMy Bnoxa-Ae ,!1.oMHHHCHca 

b;tr = bpb_·r = o , 

a TaJ:lKe y'IHTLIBM 011a'Je11ue L} 

L} = ( 1 - 2:v r / ( 1 + 2:v r • 

(27) 

(28) 

(29) 

j:\nJ[ cpeAHHX 'lHCen oarronHeHBJI aTOMOB B COCTOJUIHH C nMrrynLCOM no HJITepBana 

0 < p $ Po HMeeM: 

- p f 2] p . 2 NP= - 1 + (2mv/p) n,r + - [1 - 2mv/p] 
4mv 8mv 

(30) 

,IJ.anee AnJ[ rrnoTHOCTH BK uMe~M cneAYIOll..lee Bhlp=enue: 

no(T) = 1- ~ E N1= 1---½v E p (1 + (2mv/p)2
) n,-

#o 4mv O<p$J>o • . 

1 " ( / )2 1 " ~ ~ L-, p 1- 2mv p - - L-, a1 a, . 
8mv O<p~o N p>p0 

(31) 

HocKon1,1:y llama oaAa'la CBOAHTCJI K acc.neAOBRHHlO TepMOAHHSMH'leCKHX CBOHCTB 

raoa, TO Bceri~e. Heo6xoAHMO y'lHThlBB.TL TepMOAHH8.MH'lec1mii rrp~enLHLIH rrepexoA 

rrpu ycnoBHH V -+ oo , N -+ oo , rrpuqeM yAenLHLIB o6'beM 

V 
Vo=N 

OCTB.eTCJI IIOCTOJIHHLIM. 

no(T) = 
2 • 

1 
_ 21rt1om3 v3 _ 1rt1ok1 ~ [lff=- z3dz _ 41rvomk2T2 [lff=- zdz _ 

3h3 h3mtf> lo e" - 1 h3 v lo e" - 1 

4v21rt1o(mk)3'2T312 hoo z 112 dz 
-- • (32) 

h3 1l!l.!!!. e" - 1 •T 

TeMrrepaTypy 6ooe-KOHAeHca.D;HH T0 HaHAeM rrpa rroMOll..lH ee orrp~eneua.11, a HMeHuo, 

no(T =To)= 0. Torµ:a HMeeM cneAYK>ll..lee ypB.BHeuue 

6 

•
00 z 1l•dz 111 z 3dz 111 zdz y 4 

y2·5J. ---+ --+ y2 --+ - = 3.97y2.5, 
• 11 er - l o e"" - 1 o e"' - 1 24 

(33) 

• , 2 

rAe y = •7:; . 
Eho ypaBHeHue 6yAeM peman, cneAYK>ll..lHM o6paooM. ,UorrycTHM, 'ITO y ~ 1 , Torµ:a 

(II z
3
dz = 1r

4
, (II zdz = 7r

2
, 100 z

112
dz = Y0.5e-11 • 

lo e" - 1 15 lo e" .- 1 • 6 11 e" - 1 

Iloµ;cTaBml.ll OTB OHB.'leHHJJ B ypaBHe1rne (26) u pemaa:, rrony'IHM y = 19.5. Torµ;a 

IIpH To= 2.19K AJI.R CKopocTH <l>OHOHOB HMeeM OHa.'IeHHe v = 210M/c, KOTopoe IIO'ITH 

Ha 11 rrpoueHTOB OTnH'IaeTCJI OT 3KCilepHMeHTam,Horo pe3y11LT3T3 t1 = 237M/c. Ilpu 

OTOM OTJIOllJellHe rpaHH'IHOrO HMrrynLca K IIOCTOJJIIHOH IInaHJ:a paBHO Pf = 2.65.J-1. 

Cne~yeT OTMeTH'l'L,'lTO B npe~JJO.lKe!IIIOH Jlto)lenu B OCHOBHOM COCTOJIIIHH .lKH)lIOro re

JIHJI He - 4 B KOHAeHC8.Te 11aXOAHTCJI 0.096 Bcex 8.TOMOB. 0To OHa'IeHne cornacyeTCJI 

C peoym,TaToM, IIOJiy'leHJILIM B pa6oTe [4], rµ;e B J:011):leHcaTe npn a6COJIIOTHOM Hyne 

TeMrrepaTyp1,1 118.XOJ\HTCJI 0.078 BCeX 8.TOMOB. Cyll..leCTBOB8.HHe 8.TOMOB B °KOIIJ\e!IC8.TIIOM 

cocToH111111 cneAYeT 110 Toro 4>a1:Ta, 'ITO rrp11 mo6LJx TeMnepaTypax T < T0 : n0(T) > 0, 

a npa T > T0 : no(T) < 0. 

8 oai:nJO'IellliH pacCMOTpllM OCHOBIILJe rronoJKellBJI pa60TLI, PaccMaTpHBB.eTCJI 11e11-

i:1eanhHLIH paope:i1<e1111L1ii rao B-8, B 1:oTopoM Y'IHTLJBB.JOTCJJ TDnL¥o 61111ap111,1e CTon1:110-

Be11HJ1. ATOMLI raoaoaIIOJIJIJIIOT J:BaHTOBLJe COCTOBHIIJI 8.TOMOB C µ;11c1:peTHLIM cnei:TpOM 

IIMIIyn1,coB, B IOTOpOM HaxOAHTCJI .1[0HAeHC8.THOe COCTOJJJIHe. Ho 08.IOHOB coxpatte1rnii 

OHeprun H HMnyn1,coB µ:nJJ napu KBaJITOBUX 'IacTH~ rrony'IB.eTCJI orrpeµ:ene1111M cBJ101, 

MeJKAY KBaHTOBLIMH COCTO.IIHBJIMH. OcHOBHOe CBOHCTBO Moµ:enn oa,mK>'IB.eTCJI B TOM, 

'ITO rrepexOAhl 8.TOMOB, CBJJoa11111,1e BX BOllHMOAeiicTnHeM, 110 OJ:IHOro 118.1\IOH)\eHCB.THOro 

COCTOJIIIIIJI B Apyro_e JIRAKOH)\eHCaT11oe COCTOJIHHe He paopeme111,1, a nepexOJ\l,l 8.TOMOB 

no H8.AIOHAe11ce.T11ux cocToJ11111ii: B IOHl\e11caT11oe cocToJ11111e H 06paT110 paopemenu. 

IlpeAIIOJJOlKenue o rpaHH'lHOM HMnynhCe Po 110. napuui rroTell~Han BOllBMOI1eHCTBHJ1 UP 
aTOMOB 6ooe-raoa B HMnynLCIIOM npoCTpllHCTBe IIpHBOJl:HT K TOMY,'IT06LJ CyMMLI BXO)lJl-

11.lHe B I'3MH11LTO!llf3H, CXO/lHllHCL. BL16op JIOTeHl.1113113 B331fMO/leHCTBIIJI B itMrrynLCHOM 

npocYpaHCTBe C/lellaH TaK, 'ITO KB33H'I3CTHI.ILI npe.l1CT3BJUJIOT co6oii npoµ:onLHLIC 4>0-

HOHLI. BTo AenB.eTCJJ AnJ[ Toro, 'IT06LJ ynpocTHTh pac'leT nnoTHOCTH BK. <i>B.ITH'Ieci:u, 

Tai:oii JIOAXOA IIpH pemeHHH 08.)\a'IH lKHJl:IOro renH.JJ He - 4 IIpHBOAIIT I peoynhT8.TllM, 

O'le111, CXOAHLIM C peoynLT8.TaMH, Hony'le!IHLIMII npu IIOMOll.111 MOµ:e.nu BoronJ06oB8.. 8 
'IacTHOCTH, BBi\ oneprHH .IBOOH'IacTnq B 06e11x MO/lenJIX 0/llfHaKOB. 0AH8..IO, B OTJIH'IHe 

OT MO)\enH Boronl06oBa, A8.Hllaa: Moµ:en1, IIOJ:8.01,lB!leT CYll..leCTBOBaHne 1:011µ:eHCB.TllhlX 

llTOMOB rrpu T < To n H npu OTHX lKC TeMrrepaTypax IIOOBOJl.lleT pacC'lHT8.Th nnoT
HOCTJ, BK • 

ABTOpL1 BLip:ucaIOT 6naronapHOCTL H.M.flnax:11.lle, HSoqeny, B.IOwaHxaIO 3a rroneJHLie 

o6cyx.neHIIH naHHOH pa60TLI. 
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