KIIACCUYECKAS CTATUCTHYECKASA ®U3UKA

OCHOBHBIC ITOJIOKCHUSA

O0bekT — WAcaNbHBIM a3  MHUKPOYACTHI,  MHOAUYMHSIOLIUXCS
KJIACCUYECKOW MEXaHMKE W OINMCBHIBACMBIX ypaeHenuamu Iamunvmona. It
ypaBHEHUsS  SABJISIFOTCS ~ 3aKOHAMW  JMHAMMKM,  3allMCAaHHBIMH  4Yepe3
2aMUIbMOHUAH — TIOJHYI0 DSHEPrUIO, BBIPAXKECHHYI) YE€pPe3 KOOpPJIUHATHI H
UMITYJIbChI YacTUIl. BIOOp 3TUX MEpPEMEHHBIX BbI3BAH TEM, YTO MUKPOYACTHUIIBI
MOJYUHSIOTCS 3aKOHAM KBaHTOBOM (pu3uku. HeompeneaeHHOCTU KOOpAUHAT U
MMITYJIbCOB YaCTHUIIBl CBSI3aHbI COOTHOIIEHHEM ['eii3eHOepra oxdp>h, dTo

CYIIIECTBEHHO HCIIOJB3YETCS MPU CTAaTUCTHYECKOM OIMHMCAHWM JaKE B paMKax
KJIACCUYECKOU (PU3MKHU. YUHUTHIBACTCS TAKKE TOXKISCTBEHHOCTh MUKPOYACTHII.

3agaya — HaWTH CTAaTHUCTHUYECKHWE pACTPENCICHUS XaOTHYECKH
JMBIDKYIIMXCS ~YacTHI[ Ta3a IO KOOpJAWHATaM, UMITyJIbcaM, DSHEPIHUH.
Hcnons3yetcs meron ['ud6ca, paspadorannsiii B 1902 T.

Jxo3aits Yumnapa I'u6oc
(1839-1903)

OcHOBHbBIE NIOHATHSI: MUKPOCOCMOAHUE 2A3d, MAKPOCOCMOAHUE 2A434a,
¢azoeoe npocmpancmeo, @yukyua pacnpeoenenHus no - Gazoeomy
npocmpancmey.

MuKpocoCcTOsIHHE CUCTEMbl YACTHI[ — COBOKYMHOCTh KOOpPJUHAT U
UMITYJIbCOB BCEX YaCTHIl ra3a, 3a(MKCUPOBAHHBIX B OJWH MOMEHT BPEMEHHU.
MukpococTosiHue oToOpaxaercss Touko X B ¢pazoeom npocmpancmee. C
TEUEHHEM BPEMEHH MUKPOCOCTOSHUE M3MEHSIETCS M TOUKa MEepeMeIlaeTcsl Mo
($ha30BOMY IIPOCTPAHCTBY.

DyHKUMA pacnpeaesieHUsi IJIOTHOCTH BEPOATHOCTH  W(X) —

BEPOSATHOCTh OOHApPYKCHHUS MHKPOCOCTOSHHMS Ta3a B eIuHHIC o0beMa
da3oBoro mpocTtpaHcTBa OKoJIO TOoukd X. DyHkmus W(X) 3aBHCHT OT

MAaKpOCOCTOAHUS I'a3a.



CraTucTuvyeckuii HHTErpaja Z — HOPMUPOBOYHAS NMOCTOSIHHASL (DYHKLIUU
pacnpeeneHus..

MaxkpococTosiHre — COCTOSIHHAE Ta3a Kak €MHOro 1enoro. OnucsBaeTcs
mepmoouHamuyecKumu e@eauyunamu — Ttemiepatypod 7, naBieHueM P,
BHyTpeHHel sHeprueil U, ceoboanoi sueprueit F u np. O1HO MakpoCOCTOsTHUE
peann3yeTcss MHOKECTBOM Pa3HbIX MUKPOCOCTOSIHUM, 0Opa3ylolmux ¢hazoewtii
ancamons. TepmonnHamuueckas BEJINYMHA, XapaKTepU3yIomas
MaKpOCOCTOSIHUE, TOJy4YaeTcss ycpeaHeHueM 1o (a3oBoMy aHcamOIo ¢
UCIOJIb30BAHUEM  (DYHKLIMM  pacupeleieHHs, U BbIpakaercs  4epes
CTaTUCTUYECKUMN MHTETpall Z.

®A30BOE TPOCTPAHCTBO CUCTEMbI YACTHILL

MukpococTosiHAe BCeX YacTHIl ra3a oroOpaxaercs TOYKOW (a3oBoro
IPOCTPAHCTBA

X = (01,92, Gn; PL P2.-s Pn)s

rae g U Py — 0OOOIIEHHBIE KOOpPAMHATA U UMITYJIbC YACTUIBI CUCTEMBI; N —

YUCJIO CTeneHed CBOOOABl CHUCTEMbl. YWCIO N paBHO YHUCITY MPOSKIUI
KOOpJIMHAT BCEX YACTHI] U MPOHOPIIMOHAIBHO YUCIY YacTull. Yucimo npoekiun
MMITYJIbCOB PABHO YMCIY MPOCKIMUN KOOPAUHAT, MOITOMY YUCIIO HE3aBUCUMBIX
KoopAuHaT (a3oBOro mpocTpaHcTBa paBHO 2N. sl KaXIOH CHUCTEMBI
UCIIOJIb3YETCs CBOE (ha30BOE MPOCTPAHCTBO.

Koopannara yacTuipl U €€ UMIYJIbC C TCUCHUEM BPEMEHH H3MEHSIOTCS
COTJIACHO ypasuenusam I'amunvmona

dg _oH (2.1,2)
dt  Jpy ’ ’
do __oH (2.1,6)
dt OQk ’

Yunesam amuneron (1805-1865)



I'amuabTOHMAH — TIOJHAas OHECprusaA CHUHCTCMbI B BHIAC CYMMBI
KHMHCTHUYCCKUX U IIOTCHIHNAJIIBHBIX BHGPPI/Iﬁ BCCX YACTHI, BbIpAXXCHHAA 4YCPC3
KOOPpAHWHATHI U UMITYJIbChI YaCTHUIL

n
H(X) =Y Egei (Pk)+Eit (0. Up.emnr0n)-
ki

JIst HepeNATUBUCTCKOM YacTUIIBI K MacCoil My KUHETHYecKas YHEPTUs

p
ééi(pk):ﬂ-

JIn1s1 KOHCEepBaTUBHOW CUCTEMBI IOJIHASL SHEPTHUS COXPAHSIETCS
H(X)=E

¥ MUKPOCOCTOSIHUS HaXOJSATCSA HAa TUIEPIIOBEPXHOCTH (Ha30BOTO MPOCTPAHCTBA.
Jns uaeanbHOrO rasa OTCYTCTBYET B3aMMOJICHMCTBUE MEXKIYy 4YacTULUAMHU H
Ei10(0,02,...,0,) ONUCHIBAET B3aUMOJEHCTBUE YACTHUL C BHEITHUM I1OJIEM.

YPaBHeHI/IH I'amMuiabTOHA 1OJ151 OJHOMECPHOI'0 JBMKCHHHA YaCTHUIDI.

Hcnonp3yem raMuibTOHUAH
2
p
H(X, p)=—+E;75(X).
(X, p) om i16(X)

W13 ypaBuenus ["amumibrona (2.1,a)

dx_oH
dt op
C YYETOM OTPE/CICHUS CKOPOCTH
dx
— =V
dt
M0JTy9aeM U3BECTHOE COOTHOIIICHUE MEXKTY UMITYJILCOM H CKOPOCTHIO
v="F,
m
Ypasaenue ["amunbrona (2.1,0)
dp__oH
dt OX

ABJICTCA BTOPBIM 3dKOHOM HrroTona

d_p:_dE'I'Té ~F.
dt dx



CnenoBatenbHo, ypasnenus Iamunvmona aenawomca yHu@uuupoeanHoi
¢opmoni  3anucu  uzeecmHvIX  YPAGHEHUINl  MEXAHUKU HA  OCHO8e
2aMUIbIMOHUAHA.



Yucio crenenei cBo00abI

Yucsio creneHeil cBOOOAbI CHCTEMBbI N PaBHO CYMME CTETIeHEH CBOOOTbI
COCTaBJISIFOIIMX HE3aBUCUMBIX YacTUll. Eciu ectb N OJMHAKOBBIX YacTHIl U Y
kaxaoi f cremeneit cBoOOIBI, TO

n=Nf.

Yucjo creneHeii cBodoanl wactuubl f ecmov uucno nezasucumvix
Koopounam, onpeoenarnuux ee nojodcenue ¢ npocmpancmee. Vzmenenue
KOOpJIMHATHI O3HAYaeT JBIKEHWE, Torna f — uucno nezasucumwvix 6uooe
O0BUIICEHUAA.

Amom, paccMaTpUBacMbIii Kak MarepuajgbHas TOYKa, HMEET B
TPEXMEPHOM MPOCTPAHCTBE JEKAPTOBblE KoopauHatel (X,Y,Z2) m f =3.
M3MeHeHne KOOpJIMHAT AAeT TPU HE3aBUCUMBIX IOCTYIATENIBHBIX JIBH)KCHHS
BJIOJIb B3aMMHO MEPIEHAMKYJSIPHBIX OCed. BpamarenbHoe JBUKEHUE HE
U3MEHSET KOOPJINHAT.

Jleyxamomnasn monekyna. JIBa atoma uMerOT 6 KoopauHar. Eciam Mexny
aToMaMH JKeCTKas CBs3b JUIMHOW |, Torma koopauWHATBHI CBS3aHBI TEOPEMOM
[Tudaropa — ypaBHEeHUEM

(X —x)° +(y2 —y)? + (22— 11)* = I°.

He3zaBucumbiMu sBisitorest f =3-2-1=5 koopaunat. Mx u3meHenue maer 3

MOCTYyNATEIbHBIX U 2 BpAIlaTENbHBIX JBHKEHUSI BOKPYT Ocell X U Z. Bpamenue
BOKPYI OCH Y HE HM3MEHSET KOOPAMHATBI aTOMOB M HE CBSI3aHO C 3aTpaTou
DHEPIUU.

L
A
<]®

X

Ecomu cBsi3p Mexay aromamu ympyras, TO aTOMbl KOJEOJIOTCA
OTHOCUTEIBHO JPYT JApyra, U A00aBISIIOTCS 2 CTENEHH CBOOOJbI, CBS3aHHBIE C
KMHETUYECKON M TIOTCHIIMAJIBHOW DSHEPrUsiMU KOJeOaHUM, B pe3yJbTare
f=5+2=7.

N-amomnas monexkyna N >3. Atombl umeroT 3N KOOpAMHAT, YaCTh U3
HUX 3aBUCHUT JIpyT OT Jpyra Ojarojaaps CBsI3sSIM MeEXay aromamu. B uucio
CTEIeHe CBOOO bl MOJIEKYJIbI JA0T BKJIAJIbI:

HE3aBUCUMBIE TOCTYIIATEIIbHBIE JBHKECHUS MOJIEKYJIbl BJOJb JECKAPTOBBIX
oceu X, Y, Z;



HE3aBUCHUMBIE BPALLICHHS BOKPYT TPEX IEKAPTOBBIX OCEM.
B pesynbrare qis xectkux cBsazet f =3+3=6.

OcTanpHbIe KOOPAWHATHI OJOKUPOBAHBI CBSA3SIMH MEXKIYy AaTOMaMH, YHCIIO
OsiokupoBaHHBIX cBsi3ei (3N —6).

Ecnmm Bce cBs3M ympyrue, TO Ha KXy NPUXOIUTCS IO JIBE CTCIICHH
CBOOO/IbI, B pe3yJIbTaTe
f=6+(BN-6)2=6(N-1).

Hanpumep, s N =3 nonydaem f =12.

«BbIMep3aHue» cTeneHeil cBO0OIbI

Monekyna COCTOMT M3 aTOMOB, aTOM COAEPXKHUT SAPO M AIEKTPOHBI
000JI0YKH, SIPO COCTOUT W3 HYKJIOHOB M ME30HOB, HYKJIIOHBI U ME30HBI — W3
KBapKOB U TJIIOOHOB. DTH CTPYKTYPHBIE 3JIEMEHTHI 00JaJat0T 6HYmMpPEeHHUMU
cmeneHamu c60000vl. Ecnu >HEprusi CBS3U €| CTPYKTYPHBIX 3JIEMEHTOB

MHUKPOYACTHUIBI BEJIUKA [0 CPABHEHHIO C TEIUIOBOM dHEprueit g >>KT , To npu

KOMHATHOW  TEMIEpaType  6HYympeHHue  CmeneHu  ceo600vl  He
AKMUGU3UPYIOMCA U HE NPOAGTIAIOMCIA — «BLIMEP3AIONL)).

[Ipy NOHWXKEHUH TEMIEPATYpbl Tra3a, COCTOSIIEr0 W3 MOJEKYI,
«BBIMEP3AIOT» KoJIeOaTeNbHBIC ABUKEHUS MOJIEKYJ, BBI3BAHHBIC YIPYTUMH
CBA3SIMHM, W JJIi MHOINOaTOMHOW MoOJIeKyldbl ¢ N >3 B TpexMepHOM
npoctpaHcTBe f =6.

[Ipy  panpHEWIIEM  TOHWKEHUM  TEMIIEPATYpbl  «BBIMEP3AOT»
BpallarenbHbie IBMKeHud u f =3.
[Ipu T — 0 «BBIMEP3AIOT» U MOCTYIATEIbHBIC JTBUKECHUS, TEMIOEMKOCTh

CTPEMUTCSI K HYJIIO COTJIAaCHO mMpembemy HAuauay mepmoOuHAMUKU, TIOITOMY
f -0.

Pa3mepHocTh (ha30BOro npocrpancrsea

Ecimn uncno creneneit csoOonsl yactuisl f, To mist N He3aBHCHMBIX
YACTUIL[ YMCJIO CTEIEHEN CBOOOIbI
n="FfN,

TOTrga C€ Y4UYCTOM KOOPAHMHAT MW HMIIYIIBCOB pa3mMepHoCHib ¢a308020

npocmpancmed 2asa
2fN.

Yuc10 MUKPOCOCTOSIHUI B 3JIeMeHTe 00bemMa

OnemeHT 00beMa (pa3oBOro MPOCTPAHCTBA PABEH



dVsp, = dgy dap...dg, dpy dp,..dp, =d Ngd Np.
[Ipu N =1, f =1, n= fN =1 HaxXoIUM €IUHUIY U3MEPECHUS

Vo1=[pl[X] = xkr-m%/c = Jlx-c =[h],

rne h — nocmoannana Ilranka. MuUKpodacTUIBI — MOJIEKYJbI, aTOMBI,
QJIEKTPOHBI TMOJUYUHSIOTCS 3aKOHAM KBAaHTOBOW MEXaHMKHA. MUKPOUYACTUIIBI
OJIHOM IIPUPOJBI TOXKASCTBEHHBI IpYr ApYyry. Teopema 0 4acTOTHOM I10J10Ce 11
COINPSKEHHBIX NEPEMEHHBIX B mpeoOpazoBaHnu Dypre Ox Ok >1/4m naer B

KBAHTOBOI MEXaHHKe coomuowenue neonpeoenennocmeii Ieiizenbepza
dVy =3xdp=h,

CBSI3BIBAIOIIEE HEOINPEACICHHOCTH KOOPAWMHATHI M UMIYJIbCA YaCTHUIIbL. IJTO
OrpaHUYMBAET CHU3Y (a30Bbld 00bEM, 3aHUMAEMbIi MHUKPOCOCTOSIHUEM
onHoMepHoro aBwxkeHus f =1 omgnon wactuiel N =1 ¢ n=fN=1. Toraga B

2 fN -mepHOM dazoBom MPOCTPAHCTBE MUHUMATbHBLI 00vem

MUKpococmoanusa h N,

dMNgg ™

B pesynprare B onemente (a3zoBoro oodbema
P HaXOJUTCS YUCI0 PU3UYECKU PAZTUYHBIX MUKPOCOCHOAHUIL

_di di

9d "p. (2.2)

dx =12 ¥
hINNT

4TO SIBJISIETCS O€3pa3sMepHBIM 3jeMeHTOM (pazoBoro oobema. Muoxutensb N!
YUUTBHIBAECT MOHCOECHBEHHOCHb MUKPOYACMUY, — VX B3aUMHasl NEpEeCTaHOBKA
naet N! ¢busmdeckn OMHAKOBBIX COCTOSIHHUM, KOTOpPHIE MOJDKHBI YUUTHIBATHCS
OJIHOKPATHO.

Ywuciio MUKPOCOCTOSIHHM, KOTOPOE MOXKET OBITh B KOHEYHOM 00BbeMe Vy

(ha30BOro MPOCTPAHCTBA, MOJy4aeM HHTErprupoBaHueM (2.2)

AX:Ljdiqdip. (2.2,2)
h NN
X

JI1si KOHKPETHOTO MaKpOCOCTOSIHUSI HE BCE MHUKPOCOCTOSIHHSI PEATU3YIOTCS C
OJIMHAKOBOW BEpOATHOCTHIO. CTENeHb WX peaau3alluy ONHUCHhIBACT (YHKITUS
pacrpeneseHus.

[Ipy OTCYTCTBUM BHEUIHErO MOJII KOOPJUHATHI U UMIMYJIbChl YACTHUIl HE
CBSI3aHbl MEXK]ly COOO0U M MHTErpupoBanus B (2.2,a) pa3ienstorcs

N
hNNty Ty h™N1y

Y p



rae V — 00beM KOOPAMHATHOTO MPOCTPAHCTBA, TO €CTh 00BEM COCY/Ia C Ta30M;
V, — 00BbeM HMITyJIBCHOTO IPOCTPAHCTBA, OCTYITHBIN [T JaCTHUIL rasa.

NvnyabcHas yacth a30BOro npocTpaHcraa

JUia uneanbHOro CBOOOAHOTO rasa MOTEHUHMaldbHas sHeprus Ejjq =0,

noiHass odHeprus E  u3onMpoBaHHOW CUCTeMBbl TMOCTOSSHHA MW paBHA
KUHETUYECKON SHEPTUU

1. 2 2 2
E=—(pf+p5+..+p5), n=FN.
> (pL + P2 Pn)

[Tonmygaem ypaBHeHUE Cheps

ol + p3 +..+ p? _
2mE

CrnenoBaTenbHO, MUKPOCOCMOAHUA UOEAIbHO20 2a43a C NOJIHOU Inepzuen E
npu  OMCYMCMEUU  GHEWIHe20 NOJAA  HAX00AMCA 6  UMHNYIbCHOM

npocmpancmee Ha c@epe paouycom ~/2mE. Heobxoammo HaUTH 00BEM
TaKOTO MPOCTPAHCTBA C Pa3MEPHOCThIO N >>1.

O0beM U mII0AAL N-MEPHOH chepbl
Ha ocHoBanuu pasmepHocTu i1 o0beMa N-MepHO#l cdeprl paguycom I,
111 00beMa MapoBOTo CIIost ToMuHON dr 1 TSt TUToIaau cephl morydaem

V,=c,r",

dV,, =c,nr"dr,

dv 1
S, =— "N _¢c nr",
n dl’ n

HaiineM 1OCTOSAHHYIO C,, BBIYMCIMB CXOIALIMNCA HHTErpaig II0 BCEMY
MIPOCTPAHCTBY

2
Ih=[e™"av,
B JICKAPTOBBIX U CPEPUUECKUX KOOPAUHATAX.
B ACKAPTOBLIX KOOPpAHMHATAX
dV, = dx dXo...dXp,

2 =x2+ X5 +..+ X2,

HHTCTPAJIbI PACHCIIIAOTCS



2 2,2 2 0 ) n
= | j...je‘(xl+X2+---+Xn)dx1dx2...dxn: [ ey | =n"2,

—00 —Q0

rjie ucnoyib3oBad unmezpan Ilyaccona (noxaspiBaercs B kypce MMO)

° 2
I e X dx=+/r.

—00

B chepuueckux koopamHaTax

dV,, =c,nr"dr,
TOrIa

—r? F; —r? n-1 1 X[ N
In:Je dV, =nc, je r dr:Encn 5 )
0

rac UCII0JIb30BaHO
o0
2 1~(n
_[e ey —Z A 2
2 \2

0

I'amma-gynkuyua Beraucnsercs no Gopmynam
I'n+1)=n!, n=012,..,
I'z+1)=zT(),

r(%jzx/E, r(gjzéﬁ, r(@:%ﬁ,

N
I'(N)=+/2nN (Ej npu N >>1.
e

CpaBHMBaeM pe3ybTaThl B IE€KAPTOBBIX U CHEPUUECKUX KOOPAUHATAX

1 ~( N
l.=n"2 1. =Znc A{—j
n n 2 n 2

2nn/2
“nr(n/2)

HaXOJIUM
Cn

[Tonydaem 00beM N-MEPHOTO 1Iapa, MIAPOBOTO CJIOS U MIOAIb cPepbl



2nn/2 "

Vo=—" ", 1.2.1
" nAn/2) ( )
n/2
dv, = 2% pn-L (11.2.2)
I'(n/2)
n/2
_ an 27[ n_]_. (H23)

Sy = == r
dr  A(n/2)

B wyactHocTm mpu n=3 ¢ yderoM I'(3/2)=n/2 HaxomuM WH3BECTHBIC
COOTHOLIEHUS

V3 :%n r3, dV3 =4n rédr, S3 = 4mr?,

DIUTUTIICOU]T C II0JIyOCSIMU A,- YIOBJICTBOPSCT YPAaBHCHUIO
n .2

>t

i=1 A
CpaBHuBaeM ¢ ypaBHEHUEM cepbl

n Xi2

2 5=b

i=1 A
ob6o6maem (I1.2.1)

n/2
V, = 2n i ,
nA(n/2)

Haxoaum 00BEM N-MEPHOTO 3JIJIMIICON A

2nn/2

=W(A1'A2‘---‘An)- (I1.2.1a)

n



da3zoBasi TPACKTOPUA

C TedyeHHEM BPEMEHH CHUCTEMa M3MEHSET CBOE€ MHUKPOCOCTOSHHUE 3a CUET
JBW)KCHUS 4YaCcTHIl, W TOYKa X TMepememaeTcs 1o (a3oBod TPaeKTOPHH
coryiacHo ypaBHeHusM ["amuiibroHa (2.1)

qu . oH dpk _ oH

dt  opy dt ok .

da3zoBbIN aHCAMOJIb

MakpocoCTOsIHE  CHCTEMBI ~ XapaKTepU3yeTCsd MAaKpPOCKOMUYECKUMHU
TEpPMOJAMHAMUYECKUMH BeIuYMHamMu: uuciom dvactui, N, Temmneparypoit T,
oowemoM V, naBnenueMm P, BHyTpeHHei sneprueit U, cBoOoaHOM sHeprueit F,
sHTporued S wu aApyrumu. OJHOMY MaKpOCOCTOSIHUIO COOTBETCTBYET
MHOKECTBO Pa3JIMUYHBIX MHUKPOCOCTOSIHHM, MEHSIOIIUX CBOE IOJIOKEHUE B
($ha30BOM IIPOCTPAHCTBE C TEYEHUEM BpeMeHU. Bce OHM HaxXoaaTcs B mpejesiax
HEKOTOpOM oOnactu (a30BOro MPOCTPAHCTBA, TPAHMIIBI KOTOPOM 3aBUCIT OT
MaKpoXapakTepucTuk. Ma3oBble TPACKTOPUH MUKPOCOCTOSHUI HE BBIXOJAT 32
npeaenbl  ykazaHHoOW oOmactu. [lo wucTeyeHMHM HEKOTOPOTO BpEMEHHU
MHUKPOCOCTOSIHUE BO3BpAlla€TCd B CBOE HAYaJIbHOE MOJIOKEHHE CO CKOJIb
YTOOHO BBICOKOW TOYHOCTBIO. Da306viit ancamonb ecmbv MHOICECMEO
MUKPOCOCMOAHUIL C 0OUHAKOGLIMU MAKPOXAPAKMEPUCIMUKAMU, 6Ce MaKue
MUKPOCOCMOAHUA OMHOCAMCA K 00OHOMY MAKPOCOCHMOAHUIO.

PacnpenesneHue MUKPOCOCTOSIHUM (Pa30BOT0 aHCAMOJIA

Touka X ¢a30BOro mpoCcTpaHCTBa OMUCHIBAET MUKPOCOCTOSIHUE CUCTEMBI.
Crenenp peanu3aiisi CHUCTEMOW JOMYCTHUMOTO COCTOSIHHUSI MOKET OBITh
pa3IMYHON U  OMHCHIBACTCS BEPOATHOCTHIO. [l OGECKOHEYHO MaJioro
0e3pazmMepHOro oobeMa
~ d fN q fN

dX = 9 P

hN N1

OKOJIO TOYKM X BBOJAUM BEPOSITHOCTh peanu3anuu Mukpococrosiuust dW (X).
BepostHoCTh peanu3anui B €IUHUYHOM OOBEME OKOJIO TOYKHM X Ha3bIBACTCS

dynukyueii pacnpedenenus, inu naA0MHOCMbIO 8EPOAMHOCHU
dW (X)

W) =%

(2.3)

BGPOHTHOCTB HaXOXACHUS CUCTCMbBI B MHTCPBAJIC dXx

dW (X) = w(X) dX (2.3,3)



YIIOBJIETBOPSIET YCIOBUIO HOPMUPOBKHU
IdW(X):Jw(X)dX =1, (2.4)

I/l UHTETPUPOBAHUE BEJETCS 0 BceMy (ha30BOMY IPOCTPAHCTRY.
MakpocKONUYECKO XapaKTEpUCTUKOW SABIISIETCS CpelHee Mo (pa3oBoMy
aHcamOuto BenuuuHbl F(X), 3aBUcsIIel OT Touku X (pa30BOro MPOCTPAHCTBA

F=[FOOwX)dX . (2.4,2)

3amaya CTaTUCTUYECKOW (PU3UKU COCTOMUT B TOM, YTOOBI JIsi (PUKCUPOBAHHOTO
MaKpOCOCTOSIHUSI CUCTEMbl HAUTH (DYHKLMIO PACHpEaeSICHHs] MUKPOCOCTOSIHUI
no (a3oBoMy MpocTpaHCTBY W(X) M BBIYHCIUTH MaKpPOXapaKTEPUCTUKH

CUCTEMBI.

Jproauyeckasi THIOTe3a YTBEPXKIAET, 4YTO cpedHee no (hazoeomy
ancamonlo pasHo cpeonemy no epemenu. Eciu NpUTOTOBUTH MHOKECTBO
OJIMHAKOBBIX CHCTEM B OJHOM M TOM K€ MAaKpOCKOIHMYECKOM COCTOSHUH WU
HalTU CpelHEEe II0 UX MHUKPOCOCTOSHHSM B OJWH MOMEHT BPEMEHH, TO
pe3yabpTaT COBIIAJAET C YCPEOHEHUEM [0 MHUKPOCOCTOSHHSM, KOTOpPbIE
IIPUHUMAET OJIHA CUCTEMBI C TEUEHHEM BpeMeHH. CIIeI0BaTEIbHO, YCPEIHEHUE
no ¢a3zoBoMy aHcamMONIO W 1O (a30BOM TPACKTOPUU JAIOT OJIMHAKOBBIM
pe3ynbTar.

[T;moTHOCTB BEPOSITHOCTH w(X) IIPOIIOPLIUOHAIbHA YUCITy

peaTu3YIONIUXCSA  MHUKPOCOCTOSSHUM B eauHMIle oObema  (Ha3oBOro
IPOCTPAHCTBA, TO €CTb MJAOMHOCHU MUKPOCOCMOAHUN. YCTaHOBUM OOLIUE
cBoiictBa W(X), ucnosib3ysa ypaBHeHus ['amunbroHa. Pe3ynbrar HaszbiBaeTcs

teopemont JInmyBuis.

TEOPEMA JINYBUJLJIA

PaBHOBECHBIM ra3 ONHUCHIBACTCS TOCTOSHHBIMH TEPMOAMHAMUYCCKUMHU
napamMeTpaMHd W CTAallMOHAPHBIM, TO €CTh HE 3aBUCAIINM OT BpPEMEHH,
ramuiabToHuaHoM H(X). Makpococrosinue peanin3yercs pa3oBbiM aHcaMmOJieM

MUKPOCOCTOSIHUM. DTO MHOXECTBO TOYEK C TEUYECHHEM BPEMEHHU JBHKETCS 10
$ha30BOMYy MPOCTPAHCTBY. 3aKOH UX TMEPEMEIICHUS OIKCHIBACT TeopeMa
JInyBumng — npu oOseuxcenuu moyek (hazo06020 ancamoéna NIOMHOCHD
Mukpococmoanui W(X) 60016 mpaeKmopuu o0cmaemcsa NOCMOAHHOU U

3jaesucum om camuivmoHUAHA
dw(X,t
—gt )_0, w(X)=w[H(X)]. (2.5)



AHANOTUYHO TeYeT HeC)KMMaemasi >KHAKOCTh, COXpPaHssi CBOIO IJIOTHOCTb.
Teopemy nokaszan ¢panmy3ckuii marematuk JluyBumas B 1838 r. Teopema
UCIIOJIB3YETCSl JJIi  TIOJIy4eHHs SBHOTO BHJAa (YHKIHMH pacrpeaesieHUs
COCTOSIHUH 1O (pa30BOMY MPOCTPAHCTBY.

Kozed JInyBusmib
(1809-1882)

PaccmoTpuM OeckoHeUHO Manblii 00beM (pa30BOro MPOCTPAHCTBA B
dbopMe MWIMHIApPA C OChIO BIOJIb OJHOM M3 OOOOIIEHHBIX KOOPJIMHAT (.

OcHoBaHus HWIHHIPA Sq =Sy =S MEPHNEeHIUKYIIPHBI OCH, JTMHA 00pa3yroliei
dqy . MukpococTosHHs ¢ TIOTHOCTBhIO W(X,t) BXOJAT B OOBEM U BBIXOJAT U3
HETO.

JIns  HaxoKAeHus 4Yucla BOWIEAIIMX 3a lc depe3 ceyeHue Sy
MHUKPOCOCTOSIHUM MPEACTaBUM KX B BHUJE TOYEK. YUHMCIO TOYEK B €IUHHIIE

d .
obbema paBHO W. Eciii Bce TOUKHM ABUTAIOTCS CO CKOPOCTHIO B _ 4k, To 3a lc

qepe3 CCUCHHUC Sl HpOﬁﬂYT COCTOsHUA, KOTOPLIC B HadyaJIbHbIX MOMEHT

3aMOJHSIN [UWJIUHAP C OOpasylolmiei, paBHOW CKOPOCTH. YMHOXaeM 00bheM
IUJIMH]IPA HA IJIOTHOCTh COCTOSIHUIM, MOJIy4aeM YMCIIO BOUIEAIINX COCTOSIHUM

qu Sl'



At =1c

cnsomeiianes
[\ »qk 31
A

.—P

%

OT TOYKM K TOYKE Ha OCH Jk MCHACTCA IUIOTHOCTH MI/IKPOCOCTOHHI/Iﬁ

w(X,t) ¥ UX CKOpOCTb, TOTJIa YUCIO COCTOSHUM, BBIXOJAIINX YE€PE3 CCUCHUE

So paBHO

. o(way) }
W dg +——=dqy |Sy,
{ OQ

rae ma WGy = f(X) ucrnonp3oBaHo

f(x+dx)= f(x)+df (x)= f(x)+%dx.

Ecnu mmotHOoCcTh W(X,t) M3MEHSIETCS C TEYEHUEM BPEMEHHU, TOrJa B

o0beMe MOSBIISIOTCS U UCUE3aI0T COCTOsIHUSA. 3a 1¢ B o0beme S dqy mosiBisieTcs
YUCJIO COCTOSHUMN
ow

Sdq, —
Ok o

Kaxmnoe cocTOosSiHHE OINMCBHIBAET PEAbHYI0 CHUCTEMY, MO3TOMY BBIMOJIHACTCS
ypasuenue 6ananca

«YUCIJIO TTOSIBUBIIHUXCI COCTOSHUN» =
= «YHUCJIO BOUIEIIINX COCTOSIHUN» — «YHUCJIIO BBIMIEIIINX COCTOSHUN:

oW . . 8(qu)
Sdg, —=wdq, S —| W@, + ——22dq, |S
dk P dk { dk o dk

Cokpariraem ogo0OHbIE



ow  o(wdy) _

ot oo
PesynpraTr 0000maem Ha cinyuyaii usmeHeHus Bcex fN  koopamHat m N
UMITYJTHCOB
fN . .
8_W+Z{8(WQK)+3(WPK)}_
ot k=1 aqk 6pk

PackpbiBaeM Kpyribie CKOOKH

a\N ow ow odx Pk
P — [+w | 2K K=
a thké‘q P }L %L ’ J

k aCIk apk

[Tocnennsisi ckoOka paBHA HYJIO cOTJlacHO ypaBHeHUsM ["amumbToHa (2.1)

q oH b oH
k=%, ' Pk=7 -
Pk 00k
[Tonyuaem ypasenenue ./Iuyeumm
oW
Z ( a0k Pk )

noyrydaem meopemy Jluysunns
dw(X,t)
dt
Ionnasa npouseoonasn no epemenu om nJiAOMHOCHIU MUKDPOCOCMOAHUI PAGHA

Hynto. ClenoBaTenbHO, HIOMHOCHb MUKPOCOCHOAHUIL (ha306020 aAHCAMONA
He UBMEHAEMCA NPU €20 0BUNHCCHU.

(2.5,6)

IMpumep

JI1s oTHOMEPHOTO JIBMXKEHHUS CBOOOJHOM YACTHIIHI 3alHIIEM YpaBHEHUE
JIuyBumns u HaiigeM ero pemenue. CpaBHUM pPeE3YyJIbTAT C PELICHUEM
ypaBHEHUN | aMUIIbTOHA.

VYpaBuenue JIlnyBuins (2.52)



fN
oW . OW . oW

—+§, Gk —+ Pk=—|=0
ot ]

IJI1 OMHOMEPHOTO NBUKEeHUs yacTulbl ¢ fN =1 umeer Bua

—+X—+ p—=0. (I1.2.2)

. dx . d .
I[JIH HOJ'IyLIeHI/I}I XEE n pEd—I: I/ICHOJ'IBBYCM raMmnuJIbTOHHUAH CBO6OI[HOI/I

YaCTHIIbI
H(x,p)= p2/2m.

W3 ypaBuenwuii ["amunsToHa (2.1)

dp_ oH dx oH

dt ox' dt op

HaXO0JIUM

3anaeM HavanbHble yenoBus X(0) =X, p(0) = pg. Pemaem nuddepenunansubie
ypaBHEHUS U TTOTy4aeM U3BECTHBIC ()OPMYJIIBI PABHOMEPHOTO JBHKCHHUS

p=Po, X=xo+%t, t0. (I1.2.3)
B (I1.2.2)

oW oW _ OwW
—+X—+p—=0
ot OX op

noactasigem (I1.2.3) u nonydaem ypaBHeHuwe JIMyBWIUISL AJIsI MJIOTHOCTH
BEPOSATHOCTH W(X, p,t) OOHapy>KeHUs 4acCTULIbI B MOMEHT t ¢ KOOpIAMHATON U

UMITYJIbCOM B €IMHUYHOM MHTEPBAJIC OKOJI0 3HaueHus (X, P)

oW Poow _
ot m ox

0.

YPaBHeHI/II{) YAOBJICTBOPACT
w(X, p,t) =wo (X0, Po) 8(P — Po) S(X —%0 _%tj,

rae Wo(Xg, Pg) — pacmpeneneHue IUIOTHOCTH BEPOSTHOCTU OOHApYKEHUs

YaCTUIIbI B HAYaJIbHBI MOMEHT BPEMEHHU.
[ImoTHOCTL BeposiTHOCTH W(X, p,t) ompenenser TPaeKTOPUIO W 3aKOH

ABUKCHUA 4aCTUIIBI B (baBOBOM MMPOCTPAHCTBE, KaK U YPABHCHUA I'amuabpTOHA.



Eciu nmpu t=0 pamg vacTUlbl 3aJaHbl HE HayalbHBIE YCIOBHUS, a UX
pacnpeneneHue B (pa3zoBOM NMPOCTpaHCTBE Wy (Xg, Pp), TO AMHAMHKA YaCTULbI

OIKCHIBACTCSA HE ypaBHEHUSAMH [ aMUJIbTOHA, a BOJIOIMOHHBIM YPaBHEHHEM
JInyBuiis (2.5a).

CaencrBusi TeopeMmbl JInyBusuis

A. CornacHo Teopeme % =0, cieIoBaTeIbHO

w(X,t) =const.

Uucino MUKPOCOCTOSIHUM B €IMHHUIIE 00bEMa COXPAaHSETCS NpPH MEepeMELICHUN
MUKpPOCOCTOSIHMI 10 (ha30BOMy MpocTpaHCTBY. Kaxaoe MHKpPOCOCTOSIHHE
OTMUCHIBAET PEAJbHBIM OOBEKT, M UYUCIO MHUKPOCOCTOSHUN HE HU3MEHSETCH.
Torna ¢hazoswiii 00vem nemenma ancamona Hne usmenaemcsa ¢ meyeHuem
eépemenu

dX =dx?,

u3MeHsiercss Juib  (Gopma oO0beMa. AHAJIOTMYHO BeneT ceds 00beM
HEC)KUMaeMOU KUAKOCTH. Y UUThIBacM

dX =|J|dx?,

rae J — sikoOuaH npeoOpa3oBaHUs MEXAY HaudadbHBIMU X0 u TEKYLIUMH X
KOOpJMHATaMHU, M0Ty4aem

oq /o) ooy/oq3 .. oog/opd
| J|= =1. (2.6)

opn /o) opn/oad .. apylapg

Mooyne sakodouana, ceaszvigaouieco HauaabHble U meKywue Qazoeie
Koopounamul, paeen eOunHuye. Pe3ynbTaT UCIOJIB3YETCS MpPU IPOBEPKE
BBINIOJIHEHUS T€OpeMbl JIMYBUILIIS JJ1sl KOHKPETHOM CUCTEMBI.

[Ipyn onHOMEpPHOM JBUKEHUM YaCTULIBI B (pa30BOM IMIOCKOCTH (X, Py) U3

(2.6) monmydaem
ox/ox®  ax/op?

=1. (2.6a)
opy / ox? opy / 8p2

b. Jlna cranuoHapHOM cucTeMbl (YHKIUSI pacrpeneseHus sIBISIEeTCS
MakpoxapakTepuctukon. CoriaacHo Teopeme JIMyBWIISI OHA HE MU3MEHSIETCS C
TEYECHUEM BPEMEHH, IIOATOMY MOMKET 3aBUCETh TOJBKO OT HHTErPajIoB
JIBWKEHUs. Ecin cucTtemMa Kak 1€JI0€ HEMOJABMKHA M HE BpAIACTCs, TO



dynukyua pacnpedenenusn 3aeucum oOm RNOAHOU IHEPSUU, MO €CHb Om
2aMUIbMOHUAHA

W(X) =wH(X)]. (2.60)

B. /111 paBHOBECHOM M30JUPOBAHHON CUCTEMBI
H(X)=E=const.

Cucmema c¢ pagHoll 6epOAMHOCBIO O0OHApPYHCUBAEMCA 6 J11I000M U3
O0OCHYNHBIX MUKPOCOCHOAHUIL.

I'. Teopema HEe BBITONHSACTCS Ui JUCCUIATUBHBIX CUCTEM, T. €. IIPHU
HaJu4Yuyl TPEHHS MW HEYIPYyIrux coyjapeHud. JluccunatmBHas cuia,
JNEUCTBYIOIAss Ha TEIO CO CTOPOHBI CPEZbl, HAIPaBJIEHA IPOTUB CKOPOCTH
JIBMOKCHUS TeJla OTHOCUTENIBHO cpenibl. YpaBHeHus ['amunbToHa B Bujae (2.1) B
JTOM CJIy4ae HE IPUMEHHUMBI.

Hpumep. UneaabHbIi ra3 AByXaTOMHBIX MOJIEKYJI

Mexny aromamMu MOJIEKYJbl JEHUCTBYET yIpyras CBsA3b, AaTOMBI
coBepuiatoT KoseOaHus. Takas cucTeMa Ha3bIBACTCS  OCUUIAMOPOM.
Monekynsl He3aBUCHMMBI Apyr oT apyra. [lomaraem, 4tro mnocrymarensHOE,
BpalaTeJibHOE U KoJIeOAaTeIbHOE  JBUKEHUS  MOJIEKYJbl  MPOUCXOIAT
HE3aBUCUMO, U MEXAYy HUMHU HET oOMeHa sHeprueil. s konedaTenbHOTro
JNBUKEHUSI MOJIEKYJIbl HaiijieM (ha30BYI0 TPAeKTOPUI0O MHUKPOCOCTOSIHUS U
IIPOBEPUM BBITIOJIHEHUE TEOPEMBI JIMyBUILIA.

Jnst  monmydeHust (Ga3oBOM  TPACKTOPUH  HM30JMPOBAHHOW  CHCTEMBI
3aIMCBIBAEM €€ TaMWJIbTOHHUAH U MPUPABHUBAEM €r0 OCTOSHHOM SHEPTHM.

1. JluneitHoe KojJeOaHWE MOJEKYJIbl TPOUCXOAUT C YaCTOTOH ® W
NOCTOSIHHOM 3Hepruei E. ['aMuiibToHNaH npupaBHUBAEM MOJIHOW SHEPTUH

2 2,2
Mm“X
H(xp) =2+ —E.
2m 2
B ¢da3oBoM mpocrtpaHcTBe (X,p) MHUKpOCOCTOsSIHHE ¢ E =const aBHiKeTCs IO
TUIIEPIIOBEPXHOCTH C TOCTOSIHHOM 3HEprueil. DTo maeT ypaBHeHHE (Pa30BOM

TPACKTOPUU MUKPOCOCTOAHUA

2 2
p+ X =1.

2ME  2E/me?

YpaBHEHHUE SABISICTCS DJLTUTICOM, CPABHUBAEM C KAHOHUYECKOH (HOpMOit
X2 y2

—t -1

a~ b



HaXOIuM II0JIyOCH

a= 2_I52 b=+2mE,

IIOKa3aHHbIC HA PUCYHKE. MHOKECTBO MUKPOCOCTOSIHUN JBUKETCSA 110 OJHOU U
TON ke (ha30BOM TpaeKTOPUU. MHUKPOCOCTOSHHS OTIMYAKOTCA MEXIYy COOOM
HavyajabHOU (pa3om.

pA
b
0 a§<

2. HaxoguM dYHCIIO MHKPOCOCTOSHHM, BBIYHMCISS Oe3pa3MepHBId 00BeM
($ha30BOro MpoOCTpaHCTBA, OrpaHUYeHHOr0 (a3oBoil TpaekTopueil. Mcnonb3zyem
(2.2a)

1 N, N
AXN =————|d d .
§ thN!I P

Jlins paccmarpuBaemoro ciydas f =1, N=1, uHTerpan paBeH IUIOMIAIN
y

DILIAIICA
2E
mab=—,
0
TOTJIa YUCIIO MUKPOCOCTOSHUI
1 2nE  E
N=AX;=-mab=""—= = (11.2.4)
h ho Ao
h
rie h=—. IlockOJIBKy N — MEeJI0€ YHCI0, TO JIHEPIUA OCUUIIAMOPA

27
K6AHmMyemcs, mo eCmb MOMCEm NPUHUMAMb MOJIbKO OUCKPEHHbLI HAOOop
3HAYEeHU

E, =hon, (T1.2.4a)

rae ho — xkeanm 3nepzuu. Yucno mukpococmoanuit pagno 4uciy K6anmoe
Inepzuu ocyunamopa AX1=n=12,..

Ha pucyHnke 1okaszaH cnekmp 3Hepzuu 2apmMOHUYUEeCK020 OCUUIIAMOPA.
['opusoHTanbHAsT JIMHUA — JYPO6EHb 3IHEpP2uU TIOKA3BIBAET BO3MOXKHOE
COCTOSIHME ocuwuisAtopa. Benmumna Ej=7%® paBHA SHEpruv KBaHTA, WU



UHTEpBay IKeuoucmanmnozo cnekmpa. Ha yposue E, ocumuiarop umeer n
KBAHTOB SHEPTUH.

A
Ej n=3
ihco
Eo n=2
E1 n=1
01

3. IlpoBepum BBIMOIHEHHE TeOpEeMbl JINyBUILIS, BHIYUCINB AKOOUaH

ox/oxg  ox/opg

Jl=
91 opl/oxg oplopg

Heobxomumele pyHKIIMH
X=X(t;X0, Po), P=P(t; X0, Po)
TOJTyYUM U3 ypaBHeHUH ["amuibToHa (2.1)

dx oH dp_ oH

dt ap  dt  ox

HCHOHBSyeM raMMJIbTOHHAH OCHUJIIIATOpPA

2 2,2
p mm“X
H X, = + ’
(x.p) 2m 2
IoJy4aeM
dx p
— =— — CBiA3b CKOpOCTI/I C I/IMHYJIBCOM,
dt m
dp 2

— =—M®°X =—KkX — 2-#1 3aK0H HproTOHA d_p =F,
dt dt

rae k=mo? — KO3 PUIIUEHT KECTKOCTH yNnpyrou cuisl F, Torna

o=+/x/m.

Jlist pemieHust CUCTEMbI JIBYX YypaBHEHHMU nuddepeHiupyeM mnepBoe
ypaBHEHHUE

d’x_1dp

dt2 madt’

MOACTABJIACM BTOPOC U IMOJYYACM YPABHEHUE CAPDMOHRUUECKUX Koniebanuii



2
dt
OO11iee pelieHne
X(t) = Asinot + Bcoswt,

TOrIa

p(t) = m% = Aom coswt — Bom sinmt.

I[JIH HaXOKIACHHA 11apaMCTPOB AnB HaKJIaJIbIBACM HAYaJIbHBIC YCJIOBHUA IIPHU
t=0

X(0)=B=xg,
p(0) = Aom = pg,
noJyyaem
A=PO By,
®m

B pe3ynbrare 3aKOH U3MEHEHUS KOOPAWHAT MHUKPOCOCTOSHUSA C TECUYECHHEM
BPEMEHU

x=&sinmt+xo cosmt,
®m

p =—Xgomsinot + pg cosomt .

CrnenoBaTenbHO, MUKPOCOCHOAHUSA NEPEeEMEUuiAlomces no 3JITUNCY HO YaACO80ul
cmpeJike ¢ Kpy20680ii 4acmomoii o.

4. BrruuciasieM SKkoOuaH

ox/oxy ox/opg cos mt isin ot
|J|= = ®m =1.
PG BIWo| | o msinot  coso

Teopema JInyBHUILUIS BBITIOJIHSIETCS.
[Tomyuum byHKIIMIO ~ pacrpeeeHus MHKPOCOCTOSIHUM ~ JJId
M30JIMPOBAHHON CUCTEMBI.

MUKPOKAHOHMNYECKOE PACHHPEJAEJIEHUE
OcHOBHbIC IOHATUSA U ONPeEAeIeHUS

Ob6vexm — U30IMPOBAHHBIN PAaBHOBECHBIN HlealibHbIN Ta3 u3 N yactuil B
o0beMe V ¢ nosHoM sHepruei E.

H3onuposannaa cucmema — 4epe3 TPAHUILY CUCTEMbI HE TMEPEXOJAT
YaCTHIIbI U SHEPTHUSL.



Pagnosecnasa cucmema cralliOHapHa, €€ MaKpOXapaKTEPUCTUKH HE
3aBUCAT OT BPEMEHU.

Hoeanvuwtii 2a3 — 4aCcTULIBI HE3ABUCHUMBI APYT OT JIpYyra, UMEIOT MaJible
pa3Mepsbl, HE B3aUMOACHUCTBYIOT Ha pacCTOAHUU. CBS3b MEXKIY SHEPTUEH raza u
€ro MUKpPOCOCTOSTHUEM onuchiBaeT PyHkuus ['amunbTona H(X).

JI71 COCTOSTHUM MUKPOKAHOHUYECKOTO PacClpeaeICHUS

N,V, E= const.

Pacnpenenenue MUKPOCOCTOAHUM 110 (pa30BOMY IIPOCTPAHCTBY

Cucrema U30JIMpPOBaHA, SHEPTHS COXpaHAETCA
H(X)=E.

B pesynbrare ¢hazoeviit ancamons naxooumcesa 6 pazoeom npocmpancmee Ha
2UNEPNOBEPXHOCMU NOCMOAHHOU IHEP2UU, BCE €€ TOUKH paBHONpPaBHbI. BHe
TUNIEPIIOBEPXHOCTH  MHUKPOCOCTOSIHMSL  OTCYTCTBYIOT.  (CremoBartelsbHO,
6EPOAMHOCHb OOHAPYMHCEHUA cucmemvl 6 eouHuue oovema hazo06020
npocmpancmea oO0Ko0J10 mouku X, WIN @QYHKYUA MUKPOKAHOHUYECKO20
pacnpeoenenusn Aeaaemca oeaivma-QyuKyuei

1

W(X):Q(E,V,N)

S[H(X) -E]. (2.7)

BeposiTHOCTH peanu3anuyd MHKPOCOCTOSIHMI OJWHAKOBA BO BCEX TOYKAX
THIIEPIIOBEPXHOCTH. Y CIIOBHE HOPMUPOBKH (2.4)

jw(X)dx =1,
rac
fN fN
dx :W,
h™NNT

JTa€T HOPMHUPOBOYHYIO TOCTOSHHYIO
Q(E,V,N):jS[H(X)—E] dX . (2.8)

Oynkuuto Q(E,V,N) BeIpazuM yepes 3HEPreTHUECKYIO MIIOTHOCTh COCTOSTHUM.

JHepreTuyeckKas MJIOTHOCTH cocTosiHuil gy (E,V)

OmnpeneseHue MIOTHOCTH coCcTOsiHUI. HaOop BO3MOXHBIX 3HAYEHU
DHEPIUM CUCTEMbl HA3bIBACTCA IJHepzemuueckum chnekmpom. l'az3 B
OTpaHUYECHHOM O0BEME WMEET JUCKPETHBIA CIEKTp, 3aBUCALNIANA  OT



COOTHOIIIEHUSI MEXIy HHEpPrueidl M WUMITyJIbCOM YaCTHI[BI U OT BEINYUHBI
obbema. Uem Ooibilie 00BEM, TEM MEHBIIIE PACCTOSHUE MEXITy ypoBHsSMH. Ha
PUCYHKE TIOKa3aH TIPUMEpP DHEPreTHYecKoro cmekrpa rasa. [lpu
MaKpOCKOITMYECKOM 00BEME Ta3a pacCTOSHUE MEXKITY YPOBHSIMHU MAJIO U CIIEKTP
KBa3UHENPephIBHBIN. CIIEKTp HE 3aBUCHT OT TEMIIEpaTypbl U OT BHYTPECHHEH
DHEPTUU Ta3a. DTH BEJIMUMHBI BIUSIOT Ha CTEIICHH 3allOJTHCHHOCTH YPOBHEH, a
He Ha wux Hamuuue. JIIS XapaKTEpHCTHKHA  CIEKTpa HCIOJIB3yeTCs
IHepzemuyeckasn naomuocms yposueit g(E) — uucno ypoeneii 6 eOunuunom

unmepeane nepauu 0Kkono 3nauenua E. B xiaccnueckoil (usnke ypoOBEHb
HEPrUU COOTBETCTBYET MHUKPOCOCTOsIHUIO, Torna Q(E) — smepzemuueckan

njiomHocmb Mquococmwmm? .

E A

AE=1| E —}g(E)

HaitneM cBs3b MEXAY DHEPIETUYECKOM IUIOTHOCTBIO U PACHPENCICHUEM
MUKPOCOCTOSIHUH 110 (ha30BOMY MPOCTPAHCTBY.

BripakeHue /51 IJIOTHOCTH COCTOSAHUM. MUKPOCOCTOAHUS C SHEPTUEN
H(X)=E waxomarcs B  (a30oBOM TMPOCTPAHCTBE HAa  3aMKHYTOU

THIIEPIIOBEPXHOCTH. UWCIIO MHUKPOCOCTOSIHMM BHYTPH THIICPIIOBEPXHOCTH
paBHO Oe3pa3zMepHOMYy 00BeMy (ha30BOTO MPOCTPAHCTBA

MNEV)= [ dx=—— [ dMgqa™p. 2.9)

NN
H(X)<E N <e

[Ipn yBenumueHun sHepruu Ha OE TUNEPHOBEPXHOCTh CABUTAETCS, OO0BEM
($a30BOro MpocTpaHCTBA BHYTPU HEE BO3PACTAET, YUCIO MHKPOCOCTOSHUMN

YBCINYHUBACTCA HA

B pesynbrare smepecemuueckas naomHoCHb COCHIOAHUIL CUCMEMbl PAGHA
yeenuuenuio (paz06020 oo6vema npu 603paAcmanuu IHEPUU HA OUHUUY

gN(E,V){wj : (2.11)
O VN



[IpuBeneHHbIE COOTHOIICHUSI MPUMEHUMBI TAKKE K OJHOM YacTHIle. 3HAYOK A,
ucnob30BaHHbIl B (2.9) — (2.11), MokeT manee ymycKaThCs ISl YIPOICHHS
3anucen.

IIpumep. IIJIOTHOCTH COCTOSAHUM OCHUJIISITOPA

HaitneM »oHepreTtuyeckyro IUIOTHOCTH COCTOSSHUM TapMOHHUYECKOTO
ociuuisiTopa ¢ 4vactotol ®. Hcmonbdyem pesynbrar ([1.2.4) nna uwucna
MUKPOCOCTOSIHUN C DJHEPTUEH €

€

AXq=—.
1 ho

13 (2.11) nmpu N =1 mony4aeM niaomHocmos CReKmMpa cOCMOSHUIL YaCHULbl

oAX; 1
01 = =

os 710
JHepzemuyeckana NAOMHOCMb KO1€0AMENbHBIX COCMOAHUI O00PAMHO

NponoOpuUOHAaIbHA Yacmome, He 3agucum om o0vema u Inepeuu. Pesynprar
coryacyercs co crnekrpoM ocumnsitopa (I1.2.4a)

rae €& =ho — WHTEpBAl 3KBUIUCTAHTHOIO CIIEKTpa. Yucio ypoBHEU B
1 1
€AMHUYHOM MHTEPBAJIC SHEPTUM PABHO J) = —=—.
g ho
g n=3
3
ho
€9 n=>2
€1 n=1
0

HOpMI’IPOBO‘IHaﬂ MOCTOAAHHAA MUKPOKAHOHUYECCKOI'0 pacnpeacjacHus

B BeIpaxkeHHe 111 HOPMUPOBOYHOM MOCTOSHHOM (2.8)

Q(E,V,N):jS[H(X)—E] dx
nojcrasisieM (2.10)
dX =gy (E,V) dE,
[10JIy4aeM
Q(E,V,N) :IS[H(X)— Elgn(E.V) dE.



OubTpylolllee CBOWCTBO JeibTa-QyHKIIMM CHUMAET UHTETPaj U 1aeT
Q(EV.N) =gy (EV). (2.11a)

CJ'IGI[OBEITCJ'II)HO, HOpMUpOBOUHAA noOCmMosIHHaA MUKPDOKAHORUYECKO20
pacnpedeﬂeuuﬂ PAacHa 9H€p2€mull€CKOﬁ HJIOMHOCMU COCMOAHUIL 2A3d.

MukpoxkaHOHUYECKOE pacnpe/eieHue

U3 (2.7)
w(X)=éB[H<X)—E]

c yueroMm (2.11a) mony4aeM maomHoCmb 8EPOAMHOCHU OOHAPYIHCEHUA
MUKPOCOCMOAHUIL 2a3a 0K010 mouku X (haz06020 npocmpancmea

W(X) = — = S[H(X)—E]. (2.116)

gn(EV)
[Tonyunm nasnee:
yrcio MukpococtosiHuit AX \ (E) rasza ¢ ¢ukcupoBaHHO# 3Hepruei E;
YHCJIO MUKPOCOCTOSIHUM AX1q(€) yacTULbl C PUKCUPOBAHHOU SHEPIUEH €;
YHEPreTUYECKYIO INIOTHOCTh COCTOSIHUM gy ra3a u3 N gacTu;
DHEPreTUYECKYIO INIOTHOCTh COCTOSIHUN OTEJIbHOM YaCTULBI O .

Yucii0 MUKPOCOCTOSTHUM ra3a

Hnsa raza m3 N yacTui, HaXOAAIIMXCA B OSCKOHEYHO MAajiOM JJIEMEHTE

di

obbema ¢a3oBoro mnpocrpaHcTsa d qu P, YHACIO MHUKPOCOCTOSIHUM pPaBHO

0e3pasMepHOMy 00beMy (2.2)

_di di

qd "p

dx = 1= ¥
hINNT

Uucino MHKpPOCOCTOSIHUKA B KOHEUYHOM o0beMe Vy (pa30BOro mpoCTpaHCTBA
M0JIy4YaeM UHTETPUPOBAHUEM

_ _ 1 N, 4N
AXN—jdX—WJd qdMNp.
Vy "Vy

MukpococtosiHust ¢ (QukcupoBaHHOM  3Heprueit E  HaxomsaTcs  Ha
runiepnoBepxHoct H(X)=E, rne H(X) — raMuibTOHHAH CHUCTEMBI. UHCIO

COCTOSIHUW BHYTPH THIIEPIIOBEPXHOCTH



MXyE)=—— [ d™Mga™p. (2.12)

N
h™ Ny x)<E

[Ipr OTCYTCTBMM BHEWIHETO CWJIOBOTO BO3JICUCTBUA KOOPAUHATHI H
MMITYJIbCBl 4YaCTUI[ HE 3aBUCAT JPYr OT Jpyra, TOTJAa HWHTETPAIbl IO
KOOPAMHATAM U 110 UMITYJIbCaM Pa3AeIIsIIOTCS

N
1 Vs
NV Vp) =g [d™q [dNp=—gvy . (219)
hENLy v, h™N!

rI1e
_[ d fq =V; — o0beM cocyna, B KOTOPOM HaXOOUTCs ras;
Vf
N

d™Ng=| [dfq| =Vv{';
Vf Vf

j a™ p=Vp N — 00BEM HMITyJIBCHOTO HPOCTPAHCTBA, AOCTYNHBIA 1yist N

Vo

YacTHII r'asa.

Jl1d maeanbHOTO M30JIMPOBAHHOTO KIIACCUYECKOTO Ta3a ¢ MOTCHIHAIbHON
sHeprueit U =const u maccaMu 4acTUll M, HE 3aBUCAIIMMH OT HAMNpaBJICHUS,
MOJHAsI W KHWHETUYECKAasi SHEPruu IOCTOSHHBI M CBSI3aHbI C HUMITYyJIbCAMU
OUCHEPCUOHHBIM COOMHOUIEHUEM

1,2 2 2
E-U=— )
2n1(p1'+ PS> +...+ Pp)

B uMmynsCHOM POCTPAHCTBE MOMyYaeM YpaBHEHHE CPephl

pf +p3+..+ Ph _
2m(E -U)

Mukpococmoanusa uoeanvHo2o 2a3a ¢ nOaAHOU IHepzuell £ u nomenyuanvnoii
anepeuenr U =const Haxooamcsa 6 UMHYAbCHOM RPOCMPAHCHIEE HA chepe

paouycom p=.2m(E—-U). NmnynbcHOE TPOCTPAHCTBO MMEET PAa3MEPHOCTh
n=fN. Ins fN -MepHoro mapa paguycom p oobem

2an/2
VoN =
NTINAN/2)

pr

Jliis ra3za w3 N gactui B oobeme Vi ¢ moHoM sHeprued E>U u3 (2.13)



v

AXN (Vg Vp) = ——

Vo,N

IIOJIy4aeM JOIYCTUMOE YHUCIIO MUKPOCOCTOSTHAM

2 v

N /2
NT(fN/2) thN![ZT‘m(E—U)] - (2.14)

AXy (E V) =

He Bce MHMKPOCOCTOSIHHSI pEaIU3yIOTCd CHUCTEMOM C  OJMHAKOBOM
BEPOSATHOCTBIO, 3TO 3aBUCUT OT €€ MAKPOCOCTOSTHUS.

Yuc/10 MUKPOCOCTOSTHUM YACTHIBI

JInst yactuilbl 000O0IIEHHBIE KOOPJUHATHI (| M1 UMITYJILCHI ), BXOJAIINUE B
BBIPAXEHUS JIJISI KHHETUYECKOU PHEPTUM U TTOTEHIIUAIbHOW YHEPTHH, CBSI3aHbI C
MIOJIHOW PHEPTUEH € OUCHEPCUOHHBIM COOMHOUIEHUEM

&(0, p) = &kin (p) +u(a).

MukpococtosiHusl ¢ (pUKCHpOBaHHOM 3Heprued & Haxomarcs B 2f-mepHom
($a30BOM MPOCTPAHCTBE Ha THUIMEPNOBEPXHOCTH &=¢(p,q). Yucno cocTosHUi

BHYTPH TUTICPIIOBEPXHOCTH morydaeM u3 (2.12)

MXNE) =—— [ dMNgd™p
h N x)<E
npu N =1 B Buze
AXq(e) = —— fqdf
e)=— [ d'ad'p. (2.15)
" s(pa)

PaccmoTpum yacTHble ciiydau pyHkiuuu €(p,q).

CrenenHasi 3aBUCMMOCTD IHEPIUMA 0T UMITyJIbCa

e=sp' +u(q),

rie S U t — BEUEeCTBEHHBIE YHCIIA; P — MOJYJIb UMITyJIbca. DUKCUPYEM SHEPTUIO
€ M KOOPJAHWHATHI (|, Toraa B f-MepHOM HMMITyJIbCHOM MPOCTPAHCTBE TOJydaeM

cthepy pagmycom
p(a) ={le—u(a)]/ s}
B (2.15)



S

AXq(g) =
1 hf

j dfqdfp
&(p.a)
MHTETPAJ 10 UMITyJIbcaM paBeH 00bemy f-mepHoTO 1mapa

o f/2

Vi @0 =t 772 u(a)/ syt

Janee pe3yibTaT HMHTErpUPYEM IO KOOpJUHATaM OOJACTH, OTpaHUYCHHOU
MIOBEPXHOCTHIO U(Q) =€, U U3

Axl(a>—if j Vi ea)d g

(q)<e

MOJIy4aeM
o f/2

fr(f/2)hfstt

[e—u(q)] "td q. (2.16)
u(q)<e

AXq(e) =

OTcyTcTBHE BHENIHUX CHJI O3HA4yaeT, YTO DHEPrusi YacTHIIb,
HaxoJdIelcs B o0beme cocyaa V¢, HE 3aBUCUT OT KOOPAHMHAT, a 3aBUCUT OT

AMITYJIbCa
e=¢(p), u(g)=u=const,
torza B (2.15)
1

AXq(e) =
1 hf

[ dfadfp
e(p), Vs
VUHTETPUPOBAHKS II0 KOOpPAWHATAM M UMIIyJbcaMm pasueisatores. [lomyyaem
YUCIIO COCTOSIHUM YaCTULbI C DHEPTUEH €

Vs
AXq(eVs) = Vn.f (€), (2.17)

rme Vp¢(e) — 00BEM HMIYIbCHOTO MPOCTPAHCTBA, OrPaHHYCHHBIN

TUIIEPIIOBEPXHOCTHIO € =¢€() .
JI1s1 yacTUIbl ¢ 3aKOHOM JTUCTIEPCUH

g=sp'+u,

rae S, t m U — BEIIECTBEHHBIC YHWCJA, MOJYJb HMITYJbCa p:[(s—u)ls]llt.
Hcnons3yem o0bem 1apa



27’5”2

Y = [(e-u)/s]™,
uu3 (2.17) npu €>Uu noiyyaem
27[”2 ; £t
AX1(e V) =— —u)/s]'". 2.18
eV = Ry LW/ (2.18)

B yvacTtHOCTH, 171 KJIACCUYECKOW YaCTULIbI C DHEPTUEU € = p2 /2m+u B cocyne
C pa3MepHOCTHIO f momyyaeM 4rciio MUKPOCOCTOSIHUM:

f =1: AXl(a,L):%[Zm(g—u)]l/Z:%Zp; (2.18a)

f=2: Axl(g,S):zhizsm(g—u)zhs—znpz; (2.186)

f=3: Axl(g,V)=%[2m(a—u)]3’2:igfnp‘f, (2.188)
3h h33

rne Vi=L, Vo =S, V3=V — nnuHa, miomaap 1 00beM, 3aHITbIe OJHOMEPHBIM,
JBYXMEPHBIM U TPEXMEPHBIM I'a30M, COOTBETCTBEHHO. B (2.18a) MHOXUTEND 2
YUMTBIBAET JIBA HAMPABIICHHUSI UMITYJIbCA OJJHOMEPHOTO JIBHKEHHUSI.

JHepreTnyecKas MJI0THOCTH COCTOSTHUI ra3a

Jns raza ¢ uucinom uvactuip N B oObeme Vi c¢ sHeprueid H(X)=E

MUKpPOCOCTOSIHUSI HaxoJATcs B (a30oBOM NPOCTPAHCTBE HA 3aMKHYTOU
TUIEPIIOBEPXHOCTUA. UYMCIO MHKPOCOCTOSIHUKA BHYTPU THIIEPIIOBEPXHOCTH
AXN (EV¢). IIpu yBennuennn 3Heprud Ha dE TMNEPIIOBEPXHOCTDH CIBUTAETCA,

00BeEM (baBOBOFO IIPOCTPaHCTBA BHYTpHU HEC BO3pacTacT, YqUCIIO
MUKPOCOCTOSTHUH YBEITUIMBACTCS HA
dAXN =gN(E,Vf)dE. (219)

3Hepzemuuec1<aﬂ njiaomnocmbs cnekmpa COCMOAHU paeHa yeesiudeHuro
yucia MuKPOCOCmO}lHuﬁ npu eospacmarnuu IHepcuU Ha eduuuuy

OAX N (EV¢)
OE '

gn(EVe) = (2.20)

g 3akona gucnepcnn E—-U = (pl2 + pg +..+ p%)/Zm, rae U =const, u3
(2.14)



2 v

AX (EV¢) =
N(EVE) INT(IN/2) h NN

[27m(E ~U)] /2 (2.20a)

u (2.20) npu E >U moiry4yaeM IJIOTHOCTh COCTOSIHHI

1 VY 2amE-uy ™2
C(fN/2) n NNt E-U '

an(EV) = (2.21)

BHCPFCTI’I‘ICCKEIH MJIOTHOCTh COCTOSIHHI YaCTHIbI

[Tomy4yeHHBIE COOTHOLICHUS JJISI UICATBHOIO ra3a MPUMEHUMBI K OJHOMN
YaCTHUIIE, MOCKOJbKY B UJCAIIbHOM ra3€ YacTHUIbl HE3aBUCHUMBI APYT OT ApPYra.
[LIOTHOCTH COCTOSIHUM YaCTHIbl pPaBHA YHCIY COCTOSHUW B E€IUHUYHOM
WHTEPBAJIC SHEPTUU OKOJIO 3HAUYCHUS €

oX1(e.V¢)
(V)= (2.22)
€
Jl4 3aKoHa qucnepcuun
a:spt+u(q)
u3 (2.16)
fl/2
2
AXy(e)=—"——— | [e-u(@]"d"q
fr(f/2h's u(q)<e
HaxXO0JUM
2 '/2 —1+f ity f
01(e) = — | [e—u@] ™. (2.23)
tr(f/2)h's u(Q)<e
B yactHOCTH, 11
s:p2/2m+u(r)
u3 (2.23) nonydaem
. 2 0 \1/2 dx
f=1: gi(e)=—(2m) —_— (2.24a)
h u()zf)ggﬂls—u(x)
2
f=2: gl(g)zh—’;mS(g), (2.246)

f=3: gl(g):f]—’;(zm):"”2 [ Je-u(r)d®r, (2.248)

u(r)<e



rae S(g) — miomanab, orpaHudeHHas kpuBo U(r)=¢. B (2.24a) qa f =1
MHOKUTEJIb 2 YYUTHIBAET JIBA HAITPABIICHUS UMITYJIbCA.
Ecnu HeT BHENIHUX CUJI, TO SHEPTUS YaCTUIIbI HE 3aBUCUT OT KOOPJUHAT

e=e(p),
torga u3 (2.17)

Vi
AXq(e V) :h—pr,f ()

u (2.22) cnenyer
Vf de’f (8)

Vi)= 2.25
gl(8 f) hf de ( )
g nucnepcun
S:Spt+u,
rae S, t u U — BemecTBeHHbIC uncia, u3 (2.18)
fl2
2n f flt
AXq(eVs)=—= —-u)/s
1(e:Vt) fRTI2)n [(e-u)/s]
IIpu €=U HaX0AUM
fl2
2m Vs 1+ 1t
Ve)=— —u : 2.26
gl(8 f) tA(f/Z)hfsf/t(g ) ( )
B yactHOCTH, 11
€= p2/2m+u
u3 (2.26) nomyvaem:
L [2m 2L
f =1: L)=—,|—=—, 2.27
g1(e, L) S prpiaiy (2.27a)
) 27
f=2: gl(S):h—ZSm, (2.2706)
f=3: gl(s,V):%V(Zm)g’/z Y :4:—;/m2v, (2.278)

rae V=,/2(¢—u)/m — cKOpOCTb YacTUIbL. B IByXMepHOil cHCTeMe IIOTHOCTh

COCTOSIHUM HE 3aBUCHUT OT DJHEpPruM, IMO3TOMY CHEKTP  YaCTHIIbI
DKBUAUCTAHTHBIMN.

Bripazum TepMOAMHAMUYECKHE XAPAKTEPUCTUKU MAKPOCOCTOSHUS —
BHYTpPEHHIOIO dHepruto U, naBinenune P u sHTponuio S 4epe3 CTaTUCTHYECKUE



XapaKTePUCTUKA MHUKPOCOCTOSIHMM — ramuibToHMaH H(X), 3aHUMaeMbIii
oobem azoBoro mpoctpanctBa AXy(E,V) u sHeprermueckyro IUIOTHOCTb
coctostHui gy (E,\V).

XapakTepuCTHKN MAKPOCOCTOSIHUSA

Cratuctuueckass BeJMYMHA OMUCHIBAET MHUKPOCOCTOSIHUE CHCTEMBI,
HallpyuMep  BEPOSITHOCTb  TOSIBICHUSI ~ MHUKPOCOCTOSIHUS,  BEPOSITHOCTH
OMNPENCIICHHON »HHEPruu WM KOOPAMHATHI 4YacTUll. XapaKTepUCTUKaMU
MAaKpOCOCTOSIHUSL ~ SIBIIAFOTCS TEPMOJWHAMUYECKHE BEIUYUMHBI W CpPEIHUE
3HAYEHUSI CTATUCTHUYECKUX BEIUYMH, YCPEOHEHHBIX MO MHUKPOCOCTOSIHUSM
dazoBoro ancamOJs1. B o01ieM ciryyae TepMoarHaMUUYecKas BEJTUYUHA 3aBUCUT
OT TEKYLIErO COCTOSIHUSI CUCTEMBI U OT ITYTH IEPEX0JIa B 3TO COCTOSTHUE.

TepMoanHaMmuyecKnid MOTEHIIMAJ 3aBUCUT OT COCTOSIHUSI CUCTEMbI U HE
3aBUCUT OT IIyTH IepexoJa B TEKYIlee COCTOsHWE. TepMoanHaMUYECKue
NOTEHIHAIBl  OTJIMYAIOTCA HaOOpaMHM CBOMX apryMEHTOB, HaIlpuMep,
BHyTpeHHsisi  sHeprus  U(S,V,N); cBoOogHas  sHeprus F(T,V,N).
[Torennmanamu He siBisitoTcsl padota A u temiora Q. TepmoauHamuveckue
noTeHIHAIbl Ucoyib3oBasl [ 160c B 1874 r., Tepmud BBen [Isep [drorem B 1886
r.

YcioBue TepMOAUHAMHUYECKOT0 paBHOBecusi. B TepmoamHamuke
JIOKA3bIBAETCS, UYTO €CIM CHUCTEMA IPUXOJUT K PABHOBECUIO B PE3YJbTATE
HEKOTOPOI'0 Mpolecca, TO 6 PABHOBECHOM COCHMOAHUU IKCHPEMAleH HOom
mMepMoOuUHaAMUYECKUII NOMEHUUAN, aPZYMEHMbl KOMOPO20 He UMEHAIOMCA
6 X00e npouecca.

CaoilicTBa moTeHUHAJIBbHON PyHKIHHM O(r) :

1. UnTerpan QpyHKIMK MEXy HadyadbHBIM COCTOSTHUEM A 1 KOHEYHBIM B He

3aBUCHUT OT (DOPMBI MyTH
B

[dor)=am) =B)-o(A).
A

2. Ilpu B=A wunHrerpan paeH Hymto. CienoBaTeabHO, HN3MEHEHUE
MOTEHIIMANIA MPU MEPEXOJI€ CUCTEMBI U3 HEKOTOPOT'O COCTOSIHUS 110 3aMKHYTOMY
MyTH B UCXOJTHOE COCTOSTHUE PABHO HYJIIO.

3. DnemMeHTapHOE€  W3MEHEHHUE  MOTEHIMAla  SIBISETCS  HOJIHbIM
oughpepenyuanom apzymenmos. llepexon Mexay OECKOHEUHO OJIM3KUMU
3HAYCHUSIMU apTyMEHTa COBEpIIIaeM, MPOXOs MOCIEAOBATEILHO MO YUacTKaM,
napasuiesibHbIM OpTaM CUCTEMbI KOOPJIUHAT, TOTJa

dq)(x,y,z):[agj dx + 62} dy+(8£)) dz.
OX y.Z oy X.2 0z X,y



Jlis moternuana ® s1eMeHTapHOE M3MEHeHne 00o3Havaercs 3nakom d O, s
He noteHmana — 5O . PaccmotpuM psia GyHKIMI COCTOSHUA.
BuyTrpennss IHEPrus U=U(,S,N). [TonmHoM SHepruei

MUKPOCOCTOSIHUSI CUCTEMbl B TOuke X siBisgercs ramwibToHuaH H(X). O

CKJIQJIPIBACTCS M3 KHHETHUYECKOM M NOTCHIHUAIBHOW SHEPIUHA BCEX YACTHI]
CUCTEMbl W 3aBUCUT OT MHUKPOCOCTOSIHUSI Traza. Buympenunsaa nepzusn
A6nAemca NOJAHOU IHepZuell CUCHeEMbl, YCPEeOHEeHHOU no pazoeomy
aHcamonro

U =H(X), (2.31)

U BBIpQXXEHHOM uepe3 oOO0ObEeM, YHUCIO YAaCTHUIl M DJHTPOIHUIO CHUCTEMBI.
BHyTpeHHsis dHeprust sBisgeTcs (PYHKUUMEH COCTOSHMS, €€ IOJIHBIN

nuddepenunan

dU(\/,S,N):(@j dV+(@] ds{@j dN . (2.32)
N IN.s S NN N s
W3 nepBoro Havajna TepMOJUHAMUKHI
dU =3Q —05A, (2.33)

Y3 ONPEAECICHUN IHTPOIUH

dQ=TdS
U paboThI

SA=PdV

JUIS PaBHOBECHOT0, 00paTuMoro mpoiecca mpu N = const Haxoaum

dU =TdS-PdV . (2.34)

J[laBnenne P paBHO CpeHEN CUIIE, IEUCTBYIOLIECH CO CTOPOHBI ra3a Ha €IMHUILLY
oA cTeHku cocyaa. CpaBHuBaeM (2.34) ¢ (2.32) u nojyyaem

T :(%SJJV,N | (2.36)

B coctosiHuu paBHOBECHUSI BHYTPEHHSISI SHEPTUSI MUHUMAJIbHA.

OuTponusa S=SWU,V,N) — or rped. evipénmw — «oOpamare», mepa
HEeoOpaTUMOCTU TpeoOpa3oBaHusi SHEpruu. [[is paBHOBECHOr0 0OPaTUMOrO
MpOIECCa YBEIMUYEHUE SHTPONUU MPOMOPIIUOHATIEHO KOJIMYECTBY MOTYYEHHOTO
TeIUIa U ONpeAesieTcs



_3Q _dU +Pdv
T T

ds , (2.36a)

I7Ie MCTOJIb30BAHO MEPBOE HAUal0 TepMOJUHAMUKH. [IOHSTHE SHTpONUM BBEN
Knay3uyc B 1865 r.

Pynoned Knaysuyc (1822—1888)

DHTponus ABIIETCS QYHKIMEH COCTOSHHS W BBIpaKaeTCs 4epe3 BHYTPEHHIOKO
SHEPrui0, 00HEM 1 YHCJIO YaCTHII,

dS(u,v,N):(ﬁj du +(§j dv +(§j N, (2.37)
U A N Ny Ny
CpaBHuBas ¢ (2.36a)
ds — dU + PdVv |
T
OJIy4YaeM
(ﬁj _1 (2.37a)
U j oy T
(@] P (2.376)
Ny T

B cocTosiHnm paBHOBECHS SHTPONUS MAaKCUMAJIbHA.
CroOoanasi sneprusi F=F(V,T,N) sBisercs QyHKIUEH COCTOSHUS U

BBIpAXKAETCs yepe3 00bEM, YHCIIO YACTHI] M TEMIIEPATYPY, TOT 1A

dE(V.T,N) =(5—FJ dv +(8—Fj dT +(5—Fj dN . (2.38)
N TN LIV VAN ON v 1
B TCPMOANHAMUKE OIMMPCACIIACTCA B BUIC
F=U-ST. (2.39)

HNudbdepenmmpyem
dF =dU -TdS -SdT,

nojacrasisiem (2.34)



dU =TdS-PdV,

noJIy4aeM
dF =—PdV - SdT. (2.40)
CpaBnuBaem c (2.38) mpu N = const, 1 HaxoauM
p- —(a—Fj | (2.41)
oV )t
sz{éf). (2.42)
oT N

B cocTostHum paBHOBecHs cBOOOHAS YHEPTUS MUHUMAJIbHA.
Jns  ycraHoBieHUS  (HU3WYECKOTO CMBICIAa CBOOOJHOM  DHEPrUU
paccMOTpuUM u30TepMHuuecKkuii npouecc. 13 (2.40)

dF =—PdV —SdT
npu T =const ¢ yuetom dA=PdV nomydyaem
—(dF)t =0A.

C60000Han IHepzua A6AAEMCA YACHbIO 6HYMPEHHEN IHEPeUL, KOMOopas npu
uzomepmuydeckom npouecce nepexooum ¢ paoomy. 13 (2.39)

F=U-ST

cienyer F =U — cBoOOmHas DHEprus paBHA BHYTPEHHEN JHEPIrUU IMIPU
y T 50 p p VAV p p

T —>0.
Crsi3aHHasi JHepPrusi paBHa Pa3HOCTHU MEX]y BHYTPEHHEH M CBOOOHOM
SHEPrUsIMU
U-F=ST.

Ceazannasa suepzusa 3Imo UACmMb GHYMPEHHEU IHEPZUU, KOomopas npu
U30MepMUUecKomM npoyecce He MO Cem Ovlmb npespawiena 6 paoomy u
evloensemca 6 eude menaomol. 11oHSITHS CBOOOIHON W CBSI3aHHOW SHEPTHM
BBea ['enbMronbi B 1847 r.



I'epman ['eapmroosir (1821-1894)

et T

Boelpazum TepMOAMHAMUYECKHE MAaKpOXapaKTEpUCTUKH Tra3za 4Yepe3
CTaTUCTUYECKHE BEJIMYMHBI, ONKUCHIBAIOIINE MUKPOCOCTOSIHHUSL.

Bapuanus uncjia MUKPOCOCTOSIHUN NPU U3MEHEHUH 00beMa

JUJ1s1 ©30JIMPOBAHHOIO ra3a SHEPIUs COXPAHSIETCA,
H(X)=E.
VYpaBHEHHE ONUCHIBAET B (pa30BOM MPOCTPAHCTBE TUNEPIIOBEPXHOCTH X (E,V)
¢ puxcupoBanHbMH 3HaueHusMH E, V, N. ®opmyny (2.10)
dAXy =9N(E\V) dE

WHTETPUPYEM M HAXOAUM YHCIO MUKPOCOCTOSHUN BHYTPH paccMaTpUBAaEMOMU

TUIIEPIIOBEPXHOCTH
E

AX N (E,V):jgN(E',V) dE’. (2.43)
0

Vcnonb3yst MUKpOKaHOHUYECKoe pacnpenencuue (2.8) u (2.11a)

gn (E\V)=Q(E,V,N),
Q(E,V,N):IS[H(X)—E] dXx ,

MOJIy4aeM SHEPIETUYECKYIO TIIIOTHOCTh MUKPOCOCTOSIHUH

gn(ENV)= [ B[H(X)-E]dX.
XN (EV)
Pe3synbrar nmoacrasisiem B (2.43)

E
AXN(E,V)zj'dE’ j S[H(X)—E]dX .
0 Xy (E'V)



[lepecTaBnsieM MOPsAOK MHTETPUPOBAHUI

E
AX N (EV) = j dx jB[H(X)—E']dE'.
(X) 0

Yucno mukpococrtosHuii AXpN(E,V) BHYTpH  THIIEPIIOBEPXHOCTH

BappUpyeM 10 00beMy NpH TOCTOsIHHOM »3Hepruu. OT oObema 3aBUCUT
raMWJIbTOHUAH, TOT 1A

o oH o
N oV oH'

(anj j dXJ'—S(H E"dE'.
(X) 0

B aprymeHT o-pyHKIHMH BXoaaT cuMMerpuuHo H u E', 3amensiem

0 0
RS % — ,
oH OE'

MOJIy4aeM

(‘%—Xj =— j j j dxde(H E')=

(X) 0 (X) 0

=— j —8[H(X) E]dX .
(X)

[Ipu BBIYMCIIEHNH BHYTPEHHETO UHTErPaia YYTEHO

b
Jdf (0=1(0)- (@,
a

Ha HwkHeM npegene 6(H —0) =0, nockonabky H #0.
Hcnonb3yeM MUKpOKaHOHUYECKOe pacnpeencaue (2.110) B Buae
8[H(X)-E]=gNn(E.V)W(X),
TOrz1a

anj
== | =—gn(EV) w(X)dX .
2. Ik

Hcnonb3yem onpenieneHue cpeaHero Ais pacnpeaenenus W(X)



j fOX)wW(X)dX = F.
(X)

[TonyyaeM uzmenenue uucia MuKpoCOCmMOAHUNI C ROCMOAHHOU IHEp2uell npu
yeenuyeHuu o0vema 2a3a Ha eOUHULY

OAX oH
(a—vjE = —gn(EV) ~ (2.44)

CraTucTnuecknii CMbICJI HaBJICHUSA

/laenenue P paBHO cpenHell cuie, NEUCTBYIONIEH CO CTOPOHBI ra3a Ha
€QUHUILY TUIOIIAIA CTEHKU cOoCyna. Beipa3um aBiieHHE Yyepe3 CTaTUCTUYECKUE
XapaKTEPUCTUKU MUKPOCOCTOSHUM.

U3 (2.35)
- (8
v )y
u (2.44)
oH 1 OAX
oV __gN(E,V)( oV j

BBIPAXKAEM JIaBJICHUE YEPE3 XAPAKTEPUCTUKU MUKPOCOCTOSIHUI

p_laax (2.64)
g oV

raie g =9gn(E,V); AX =AX\ (E\V).

Jma raza ¢ 3akoHoM gucrepcun  E = p2/ 2M  HCIIOJIb3YEM YHCIIO
MUKpococTosiHu# (2.20a)

2 vN

N /2
AX = 2ntmE ,
NT(NT2) p Ny o)
HaxXO0JUM
OAX N
o Vo
oAX N
=" = AX 2.64
J oE 2E ( 2)
N3 (2.64) nomyvyaem
p_2E (2.65)



/Jlasnenue 2aza nponopyuoOHAIbHO KUHEMUYECKOU IHEPZUU eOUHUYbL 00beMa
U 00pamHuo NPONOPYUOHATLHO YUCTLY CHIEeneHell C60000bl YacCmULbL.

Temneparypa, SJHTpoONIUA
U CTATHCTHYECKHE XapaKTEePUCTHKH

Yucno mukpococrosauil cucrembl AXy (E,V) sBIsieTcs MOTEHIIMAIbHOU
dbyHKIMEH ¢ MoaHbIM quddepeHnmanom

OAX BAX
d[AX(E,V)]:(—j dE+(—j dV = g(dE + P dV),
oE N N e

d(InAX):&(dE+PdV), (2.66)

rie yureno (2.20) u (2.64)
OAX OAX
— | =9, || =P9
oE N N e
Hcnonp3yeM mepBoe Hadaio TEPMOJAMHAMUKH ISl 0OPaTUMOTO PABHOBECHOTO

nporecca
dE+PdV =TdS.

N3 (2.66) HaxoauM COOTHOILICHHE MEXIy CTaTUCTHYECKUMU AX,Q U
TepMOJAMHAMUYECKUMHU S, T XapaKTEepUCTUKAMU CUCTEMBI

g9
d(InAX)=——T4dS. 2.67
( ) AX (267)
Pasnenum 3aBucumoctu B (2.67).

CraTtucTHYeCKHH CMBICJI TEMIIEPATYPHI

TennonzonupoBaHHbIE MOACHCTEMBI | M 2 TIOKa3aHbl Ha PHUCYHKE.
PaccMoTpum mporiecc mpuBEAEHUS UX B TEIUIOBOM KOHTAKT M TEpexofa K
TEPMOJUHAMUYECKOMY PaBHOBECHIO.

[Ipy BBIABIKEHHH TEIUIOM30JIMPYIOMIETO CIIOS MEeperopoaku a-b remio
MEPETEKAECT MEXAY MOJICUCTEMAMU. JHEPTHUSA BCEH CUCTEMBI COXPAHSETCS

E1+E2 =E =const,
Bapualnmumn 3Hep1“I/II71 CBA3AHBI
SE, = —5E,.

Yucio MI/IKpOCOCTOHHI/Iﬁ BCEM CHCTEMBI pPaBHO IPOMU3BCACHHUIO 4YHUCJIA
MI/IKpOCOCTOHHI/Iﬁ COCTaBJIAIOIIINX HE3aBUCUMBIX ITOJCHUCTEM



AX (E, Ey) = AX{(Ey) AX5(E — Ey).

a

NOVLEL | Ny Es
b

Termon301MpoBaHHBIE TOJCUCTEMBI 1 1 2

TepMmoguHamMnuyeckoe paBHOBecHe OIpeIeseTcd Kak HauoOoJee
BEPOSATHOE COCTOSIHME, B KOTOPOM CHCTEMa HaXOJUTCS OOJBIIyI0 YacTb
BPEMEHH, COBEpIIas KpaTKOBpPEMEHHbIC (IyKTyalmu. MUKpPOCOCTOSIHUE B
CBOEM JBWXEHUU TIO0 (Pa30BOMYy MPOCTPAHCTBY MEpPEMEIIAeTCsl B Mpeeax
obnmactu QazoBoro aHcamOmsi. MakcuMaabHOMY BPEMEHU COOTBETCTBYET
MAKCHUMaJIbHOE YHCJIO MHUKPOCOCTOSIHUW, Yepe3 KOTOPBIE MPOXOAUT CHUCTEMA.
[losToMy dhazoewviit ancamone paeHoBecH020 COCMOAHUA  COOEPIHCUM
MAKCUMAIbHOE HYUCI0 MUKPDOCOCMOAHUN U 3QHUMACM MAKCUMATbHbLI
¢gazoevtit 0o6vem. HepaBHOBeCcHasi cucTeMa, MpEIOCTaBIICHHass caMoul ceoe,
CaMOITPOM3BOJIBHO TIEPEXOJUT B PABHOBECHOE COCTOSIHUE II0 MCTEYEHUU
BpEMEHHU pelakcanuu t. YUciao MUKpPOCOCTOSIHUM ee ¢da3oBoro ancamoOmuss AX
V3MEHSETCS C TEYEHUEM BPEMEHH, KaK MMOKa3aHO HA PUCYHKE. JIBOMHOU KOHTYP
B MOMEHT T + 0t MOKa3bIBaeT Hamu4Yue QIyKTyaluid, COBEPIIAEMbIX CHCTEMOU B
PaBHOBECHOM COCTOSTHHM.

tA
T+dt |
i AX(t = t+dt) i
", AX(t=T1) K d

N3menenue (hazoBoro ancaMOIIs py Mepexoie CUCTEMbI
B PaBHOBECHOE COCTOSIHUE 32 BpeMsl pellakcaliu T



HakitapiBaeM yciaoBue 3KCTpeMyMa Ha YUCIIO0 MUKPOCOCTOSTHUN CHCTEMBI
B PAaBHOBECHOM COCTOSIHUU
d3(AX) =0.
Bapeupyem
AX = AX1(E1) AX(E3)
I10 IIepeMEHHON Eq

90 g, = 9OXY 5 Ax, +ax, X2 OB 5
dE; dE; dE, &F
C yuerom
d(AXj)
——V —q; 8E,=-8E,
dE; gi 2 1
HaXOJIUM
AX1  AX,
9 92

AHanmornyHo BefeT ce0s TeMmIeparypa COIVIACHO  o0uiemy  Havasuy
mMepMoOuUHaAMUKU — NpU  MENni1060M  PAGHOGECUU  memnepamypa
évipagHusaemca 60 eécex noocucmemax. COIOCTaBISIEM BEJIWYUHBI U IS
PABHOBECHOW CHCTEMBI MOJIy4aeM

AX =gkT, (2.68)

rje ¢ yderoM pasmepHocte KT — mennoeas mnepeusa. Ilpu paccMoTpeHuu
KOHKPETHBIX CUCTEM M CPaBHEHUHW PE3YyJIbTAaTOB ¢ GOpMyJIaMUi TEPMOIUHAMUKHU
Janee mokaszaHo, 4to K — moctosHHast bosbigvana. CoriacHo (2.68) uwmciio
MUKPOCOCTOSIHUH ~ paBHO  TMPOHU3BEACHUIO  DHEPreTHYECKOW  IUIOTHOCTH
COCTOSIHUA Ha TEIUIoByt0 »Hepruto. ClieloBaTeNbHO, MUKPOCOCHOAHUA
dhazoeo20 ancamona cozoaromes menoeoil Inepzueil.

Jns knaccuueckoro raza w3z N wgactuiy ¢ sHepruer E, ¢ 3akoHOM

nucriepcuun E = p2 /2m, ¢ f crenensiMu ¢cBOOOABI YaCTHIIBI ITOCTaHOBKA (2.644)

B (2.68) aer BbIpaXXEHUE SHEPrUU ra3a U CpPEHEW PHEPrHM YacTHUIbl Yepe3

TEMIIEPATYPY
e-furn, s=E-Tyr (2.69)
2 N 2
B pGBYJIBTaTe YCTaHOBHeH CTaTI/ICTI/IquKI/Iﬁ CMBICJI TeMHepaTprI ,
OTCUMTBHIBAEMON MO IuKaje KenbBUHA — memnepamypa HponopuuoHaIbHA

cpeoHell KUHemu4ecKoll IHePZun Yacmuubl.



B (2.65)
2 E
p=<=
fVv
nojctaBisgeM (2.69) m modydaeM HM3BECTHOE B TEPMOJMHAMUKE YpaBHCHHE
UJICATLHOTO ra3a

p=Nyr —nkT,
Vv

rne N=N/V — xouueHrtpauus 4actuil; K — mocrosHHas bonbnmana. Tewm
caMbIM YCTaHOBJICH CMBIC] IOCTOSIHHOM K B (2.68).

CraTucTnyeckmnii cCMbICJI IHTPOIIHUA

13 (2.67) u (2.68)
dnAX)=—2_Tds, gkT =AX
AX
HaXOqUM
kd(InAX)=ds, (2.70)
\NnuTerpupyem

kjd(InAX):k In AX =jd3=3+c.

Bri6upaem ¢ =0, mOCKOIBKY CHUCTEMA B OJJHOM MUKPOCOCTOSTHUU AX =1 umeer
HYJIEBYIO DHTPOIUIO B COOTBETCTBUU C MPEMbUM HAYAIOM MEPMOOUHAMUKU .
B pesynbrare

S=kInAX, (2.71)

[ToslydeH CTaTUCTUYECKHUM CMBICT SHTPONUU — IHMPONUA HPONROPUUOHATIbHA
Jaozapupmy uucina Mukpococmosanuil gazosozo ancamonsn. N3 (2.68) u (2.71)

I0JIy4yaem
S =k In(gkT). (2.71a)

@®a30BbIll 00BEM CHUCTEMBI, COCTOSIIEH M3 HE3aBUCHUMBIX MOJACHUCTEM 1 M
2, paBeH MPOU3BECHNUIO 00bEMOB, KOTOPbIC OHHU 3aHUMAIOT:
AX =AXq1 AXo.
N3 (2.71) nosyyaeM aJiuTUBHOCTb SHTPOIIUU
S=5+9Sy (2.72)
— IHMPORUA CUCIEMBL PAGHA CyMMeE IHMPONUIL HE3ABUCUMDBIX NOOCUCHIEM.

13 (2.20) u (2.70)

_AX  qanax)=tds
OF K



HaxoaIum
g 1 6AX aInAX 188

AX AX OE  OE  KOE
Hcnonb3yem (2.68)

AX =gKkT,
oJy4aeM
1.8 (2.73)
T OE
N3 npuBeA€HHBIX COOTHOIIEHUH CIIEAYET:
1. Cornacno (2.71)
S=kInAX
BBIIOJIHSIETCS
AX =eSTk, (2.74)

YUC/I0 MUKPOCOCMOAHUU (a3z06020 ancamoOna cucmemvl Yeeaudueaemcs
IKCHOHEHUUAIbHO C POCHIOM IHMPONUU.

2. UYem Oomnpllle  BO3MOXHBIX  MHKPOCOCTOSIHUM,  PEaTU3YIOIINX
MaKpOCOCTOSIHUE, TE€M MeHbIle HWHGOpPMAIMM O CHUCTEeMe. Y BEIMYCHHE
SHTPOINUU O3HAYAET YMEHbIIICHHE MH(POPMAIMH O CHUCTEME U YBEJIMYCHHE €€
XaoTUYHOCTH. Uem OoJjiee ymopsijoueHa CUCTEMa, TEM MEHBIIE €€ DHTPOIIHUSL.
JIna KoHmponsa u ynpaeieHus Cucmemoil HeoO0X00UMO CHUMCAmb ee
IHMPONUIO.

3. Cormacno (2.73) uem Hudce memnepamypa, mem Ovicmpee
YMeHbWaemca IHMPONUA ¢ HOHUMCEHUEM 3IHepeuu cucmemvl. [lid
YMEHBIIIEHUSI IHTPONUHU CIEAYEeT CHWXKATh TEeMIEepaTypy M HCHOJb30BATh
nepexojibl ¢ Manoil aneprueit. CornacHo meopeme Hepucma, vnv mpemovemy
Hauany mepmoounamuku, npu T —0 y moboit cucteMbl S—>0 u oHa
3aHUMAET JIMIIb OJJHO MUKPOCOCTOSIHUE.

4. Jlns 3aMKHYTOrO OOpaTUMOTO MpoIllecca BBINOJHACTCS PAGEHCHIBO

Knay3zuyca
flds = [_]]ST—Q =0,

WIN 6mopoe Havano mepmoounamuku. Cien0BaTebHO, JHMPONUA AGIAECHICS
dynkyueii cocmoanus.

INPUMEP 1

ATOM Maccol M ¢ TaMWIBTOHMAHOM Hj= p2/ 2Mm U DHEpruenm g
HaXOJUTCS B TPEXMEPHOM M30JIMPOBAaHHOM oObemMe V, rie Bce TOYKU U



HalpaBJICHUS  paBHOIpaBHBI. Haltm  MakpoxapakTepucTuku  (Ha3oBOTO
ancam0Ois1. PaccMoTtpets raz uz N aTtomoB.
Cucrema n30JIMpOBaHa, TOT1a

Hi=¢, &= p2/2m.

®da3oBbIii aHCAMOJb MHKPOCOCTOSHUM YaCTHI[BI HAXOJHUTCS B HMMITYJIbCHOM
MPOCTPAHCTBE HAa TPEXMEPHOU cdhepe paauycom

p=.2me.

MHUKPOCOCTOSIHMSI ~ OTJIMYAIOTCS  HANpaBICHUSIMH BEKTOpa HMIyJIbca H
HOJOKEHUSIMH B 00beMe V. UHCII0 MEKPOCOCTOSTHHIM CHCTEMBI IIPH OTCYTCTBHU
BHEIITHETO T0J1s1 BeIpaXkaeT (2.20)

N
AXN: v J.dip.

N |
[Ipu f =3, N =1 nonyyaem
v 3

p(e)

Hcnonb3zyem o0beM mapa

f d3p = ﬂrcp3 = ﬂn(Zma)y2 :
3 3
p(e)
HaxoauM 4unciio MI/IKpOCOCTO}IHI/Iﬁ

4V 3/2

DHepreTHYecKas IIOTHOCTh COCTOSIHUN YacTHIls (2.22)

] ‘(le
1 os V

3AXy 2nV
91(eV) :§T1=%(2m)3/2\/g. (I1.2.5)

paBHa

Ilhomnocms cocmosanuil  Kiaccu4weckoii 4acmuysl NPONOPUUOHATIbHA
00vemy \, 0ocmynnomy ona wacmuysl, U KOPHIO KGAOPAMHOMY U3 IHEPZUU.



g(e)

0 > c

DHepreTuyeckas IIOTHOCTh COCTOSTHUN YaCTHUIIbI

W3 (2.68)
AXl = gl(E,V) kT

u (I1.2.4), (I1.2.5)
AX, = 2T

3/2 _2nV 312 - 3AXg
3?(2”]8) , gl(S,V)—F(zm) \/E—ET

HAaXOJIUM TEIUIOBYIO YHEPTHUIO
_AXq 2

kT =221 -

R (11.2.6)

CrnenoBaresibHO, CpEOHSAS SHEPrus aTroMa, MPONOPIMOHAIbHAS TEIUIOBOU
SHEpPrUu

e=—KkT.
2

[Ipn HOpMANTBHOW TEMIIEPATYPE
e(T =0°C)=3,5-102yA~ 3—10yA.
U3 (2.64), (I1.2.5)

1 0AX 3 AX
P]_:——, gl(g,V):——l
01 oV 2 ¢
u (I1.2.4)
AXy = 2™ omey32, A% _ A%y
3 h3 oV Vv

HaxOJUM JIaBJICHHE, CO3/aBaeMOi (a30BBIM aHCaMOJIeM, COOTBETCTBYIOIUM
OJTHOHM YacCTHIIE:

1
V 1

2¢
p=2%
173y

3 .
rae yureno (I1.2.6) €= EkT . I[lony4yeHo ypaBHEHUE UCATBHOTO ra3a U3 OJHOU

gactunpl BV =KT.
Ourtponuto HaxoauM u3 (2.71) u (I11.2.4)



4 v 3/2
Si=kInAXy, AXq=——"1(2me ,
1 1 1 3h3( )

IOJIy4aeM

S =k In{gz—\?{(zmg)yﬂ —kInve¥?y+c,

4 1
rae c=Kk In{g—g(Zm)gl 21, JIna nonusicenus IHMPORUU HYIHCHO YMEHbUIAMD
00vem cocyoa u IHepIuIo Yacmuybl.
Yacrubii caydaid — a3ot N2. Macca atoma

m=46,4X10" % kr.
[Tpu
V=11 T=0°C
MOJIy4yaem
£=3,5-10"%5B,

gy =0,5:0°° 1/3B.

Ha wunTepBasie sHeprum Ae=13B Haxoxpsrcs 10% YPOBHEH, CIIEAOBATEIIBHO,
Kaccu4eckuil 2a3 umeem K6asuHenpepuvléHvlii CHeKmp IHEPUu.
JUis N OOMHAaKOBBIX YaCTHUI[ MJICAIBHOIO Ta3a IOJIHASL DSHEpPrus

CKJIaAbIBACTCA U3 BHGPFI/Iﬁ OTACJIBbHBIX HaCTHUI]

rae Pj — NpoeKUus MMITyJbCa OJHOM M3 4YacTULl Ha JaeKkapToBy ocb. B 3N-

MEpPHOM HUMITYJIbCHOM TPOCTPAHCTBE IMOJy9aeM ypaBHEHHE chepbl painycom
P =+/2mE . O0beMa 1rapa BeramcisieM o dpopmyde (I1.2.1)

n/2
V=% ___p" n=3N.
nAn/2)
[Tosmyuaem
N N 3N/2
AXN =V—V3N 2 (2me)3N/2,
h3NNT h3 3NT(3N/2)
OAX 3. AX
IN = N =N
E A 2 E

TOrga



My _2E
gn 3N’
o8y Ny
oV V
N3 (2.68) AX = gkT Haxogum
moMN_2E 2
gy 3N 3

— memnepamypa nponopYUOHAIbHA CPEOHell SHEPSUU YACHULbL.
JlaBnenue

1My _NAXy N,
gn v V. gy V

yJOBJIETBOPSIET YPABHEHUIO HICAJIBHOTO ra3a

PV = NKT .

INPUMEP 2

N neanbHblii ra3 UMEET MOJIHYIO SHEPruto £ u coctouT u3 N He3aBUCUMBIX
MOJieKyJl1. Monekyna uMeeT wMaccy M U ABIACTCA  OOHOMEPHbBIM
2APMOHUYECKUM  OCUUIAMOPOM,  KOJIEOMIOMMMCI €  4acTOTOM .
[loctynatenbHble W BpalIaTEIbHbIC ABHXKEHUS MOJIEKYJI HE YYUTHIBAEM.
Haiinem sHEpreTHYeCcKy1o NIOTHOCTh COCTOSSHUM U TEMIIEpaTypy rasa.

["'aMunbTOHMAH Ta3a CKJabIBaeTCs U3 3Hepruii N oClMIISITOPOB

N
HX) =2 0P + (mox)2]
2

Jns wm3ommpoBaHHOTO rasa BbiodHsAeTcs H(X)=E, momydaem ypaBHeHuHE
aurconsia B 2N-MepHOM IPOCTPaHCTBE

N
Z pi2 +(m(’3xi)2
2mE 2mE

i=1

CrnenoBaTenbHO, MUKPOCOCTOSIHUA Tra3a ¢ sHeprue E naxonsarca B ¢daszoBom
IPOCTPAHCTBE HA MOBEPXHOCTH JUIMIICOUA C TapaMETPaMHU:

N monyoceit a=+2mE,

N rosyocei b=1 E
co\/ m



ab=2E/ w.

O0beMm aumuniconna HaxoauM u3 (I1.2.1a)

2nn/2

A :W(A&-Az-...-,&n), n=2N,

IOJIy4aeM

N N
V) = 2T aNpN _ L N L (Z“Ej |
2N AN) N N

Yucno mukpococmoanuil

vE o ey 1 (Y
AX(E)thN!_(N!)Z(%j SN2 e )

rae i=h/2n; ¢ = ho — KBaHT Y3HEPTUU OCLUILIATOPA.
DHepzemuyeckan n1OMHOCHb COCMOAHUIL

OAX . AX N N1
In = - =S NE
oE E (ND)g
TOrJa
AX_E
gy N
13 (2.14)
AX = gN kT
HaXOJAUM
E

E=NKT, kT=—.
N

Cpeonas Inepaus 00HOMEPHO20 2APMOHUYECKO20 OCUUIIAMODPA

== kT,
N



KAHOHMYECKOE PACITPEJAEJIEHUE

Oo0vekm — paBHOBECHBIM HJ€IbHBIN Ta3 W3 N 4acTull, HAXOASUIUXCS B
obbeme V B TepMocTare ¢ TemnepaTypout T, BBITTOTHSIETCS

N,V,T =const.

['a3 oOMeHUBaeTCsl PHEPTHEH ¢ TEPMOCTATOM 4Yepe3 CTeHKH cocynaa. [lomHas
sHEprus raza GIyKTyHupyeT, MUKPOCOCTOSIHUSI UMEIOT pa30opocC MO PHEPTUU U 110
KoopauHaTaMm (a30BOro MPOCTPAHCTBA.

Kanonun4yeckoe pacnpenejieHde JacT BEPOATHOCTh OOHAPYKEHHUS
MUKPOCOCTOSIHUSI 00BEKTa B 3JIEMEHTE o0beMa (pa30BOTO MPOCTPAHCTBA, a
TaKXe BEPOSTHOCTh OINPEJICTICHHOW SHEPTUUA Y MUKPOCOCTOSIHUSA.

Pacnpeaenenue MUKPOCOCTOAHUM 110 (pa30BOMY NIPOCTPAHCTBY.

['a3 pazgenuM MBICIIEHHO Ha JiBE mojcucTeMbl 1 u 2. Y uaeanbHOro rasa
MOJICUCTEMBl HE3aBHCHUMBI JIpYr OT JApPYyra, MNOTCHIUAIbHAS DJHEPrUsi UX
B3aMMO/JICMCTBUSl paBHA HYJIIO, TOTJIa TAMWJIbTOHHAHBI CUCTEMBI U IIOJICUCTEM

CBA3aHBI COOTHOIIICHUCM
H(X)=H1(X1)+Ha(X5).

Pacnipenenenusi MUKpOCOCTOSIHUM IO (pa30BOMY IPOCTPAHCTBY OIKCHIBAIOTCS
IUIOTHOCTBIO BEPOSITHOCTEM M BBIPAXKAIOTCSA 4YEPE3 TaMUIIbTOHHUAHBI COTJIACHO
teopeme JInyBriniA

Wy (X1) = [H1 (X1,
Wo (X2) = @2[Ha(X2)],
W(X1, X2) =0[H1(X1) +H2(X2)].

Jnst dyHKUM @, @1, 9 HMCHOJIB3YEM TEOpeMy 00 YMHOXEHUU BEPOATHOCTEU
HE3aBUCHUMBIX COOBITUI

W(X1, X2) =wi (X1) wo(X2),
I0JIy4aeM

¢(Hy+H2) =1(H1) 92(H2).

VYpaBHenue norapupmupyem

Ine(Hy +Hz) =Ingy(Hy) +Ing(Hy),
oepem nudpepeHiran

<P'2(H2)dH

Gl HR) )
92(H>2)

¢o(Hy +Hy) ¢1(Hyp) L

2



rae ¢j =do;/dH;. I[lockonbky dH, u dH, BelIMYMHBI HE3aBUCHUMBIE, TO
d(H1+ H2) =dH1+dH2.
PaBeHCTBO BBINOJIHAETCS TOXKIECTBEHHO, €CIU

¢(Hi+Hp) _@1(H) _ea(Hp) _ oo 1
o(Hy{+Hjy) o1(H) o2(H») KT

[IpaBas cTOpoHaA PaBEHCTBA SIBIAETCS KOHCTAHTOW, MOCKOJBKY IPUPABHEHHBIC
(GyHKIHMH 3aBHCAT OT pa3HbIX apryMeHToOB. BenumunHa KT MMeeT pa3MepHOCTb
sHepruu. Jlanee mokasaHo, 4to K — mocrosiHHas bonbimana, T — Temmeparypa.

CrnenoBatenpHO, @ =¢ — YyHUBEpcalbHas (YHKIUS TraMIUIbTOHUAHA,
yIOBJICTBOPSIONIAST YPABHEHHIO
do__ 1.
[0) KT
HNuterpupyem
o(H)=ce H/KT (2.74a)

HopMupoBOUHYIO IOCTOSIHHYIO MOJAaraeM C= eF /KT Janee nokasano, uro F —

c60000Han Inepeua cucmemsl. llomydaem eeposmuocmev o00HapyHceHUA
MUKPOCOCMOAHUA CUCHEMbl 8 eOuHuue odvema azosozo npocmpancmea
0Ko10 mouku X, WIA HIOMHOCMb 6EPOAMHOCHU  KAHOHUYECKO20
pacnpeoenenus

F—H(X)
w(X)=e K | (2.75)

Bepoamuocmo obnapyscenun muxpococmosanus 6 ooveme 04X ¢hazosozo
NPOCMPAHCMEA 0KOJ10 MOUKU X

F-H(X)
dw(X)=w(X)dX =e KT dX. (2.76)
CrarucTuyecknii uHTerpaa cucrembl. B (2.74a) nonaraem
HOPMHUPOBOYHYIO  MOCTOSHHYIO c=z71, [I0JIy4aeM  KAHOHUUeCKoe
pacnpeoenenue

W(X):%e—H(X)/kT,

dW (X) :%e—H(X)’dex . (2.77)

HopmupoBka BeposiTHOCTH



j dw (X) =1
aacT cmamucmuyecKuil unmezpai cucmemaosl
Z\V,T) :je—H(X)“‘de . (2.78)

CpaBuuBaeM (2.75) u (2.77), Haxogum
oF /KT _ 51

JlorapudmupyeM U MOTydYaeM COOMHOUIEHUE MexHcOy C80000HOIU IHepzuell u
cmamucmuuecKum UHmezpaiom

F=—KT InZ. (2.79)

Craructuueckuii uHTerpai B (2.78) BBIUMCISIETCS MyTEM MHTETPUPOBAHUS IO
MUKpococTostHUSIM (ha3zoBoro mpoctpanHcTBa. CormacHo (2.79) oH sBisieTcs
MaKpOXapaKTEPUCTUKON  COCTOSIHHMSI CHCTEMBI, 4epe3 Z  BBIPAXKAKOTCSH
TEPMOJIMHAMUYECKAE BENWYHUHBL. Cmamucmuueckuii uHmezpan cesa3vleaem
XapaKmepucmuKku Cmamucmuyeckou u3uku u mepmoOUHAMUKU.

Belpazum cTratucTHYECKUM HMHTErpajg ra3a 4Yepe3 CTaTUCTUYECKHUM
MHTErpaJl YaCTUIbI 3TOTO rasa.

CraTucrtuyecknii MHTerpaj 4acTuubl. B ujeanbHOM rasze 4acTHUIIBI
HE3aBUCHUMBI ApyT oT apyra. J{imsa raza u3 N TOXIECTBEHHBIX YaCTHI]

N N

1

H(X):ZHl(Xn), dX =N | |an,
n=1 "n=1

rae Hi(X,) nu dX, — raMuiIbTOHMAaH U YUCIO MUKPOCOCTOSHMM dacTuubl N. C
b_gagh

Y4ETOM CBOMCTBA IKCIIOHEHTHI €2+ uHrerpan (2.78)

Z(v.T) :J'e—H(X)/deX

pacmamaercss Ha npousBeaeHue N oAMHAKOBBIX HHTErpanoB. I[lomydaem
COOTHOIIECHHUE MEXK1y CTATUCTUYECKUMH UHTETpajiaMy Ta3a U YaCTUILIbI

Z_ZlN N eZl N
o N! = N ! (280)

npu N >>1 ucnonb3oBana ¢popmyna CTupiauHTa

Ni=(N/e)N.

Cmamucmuueckuii unmezpai uacmuubl



z;(v,T) = [e U0/ gx, (2.81)
rIe

1 ¢ . f
dX;=—d'qd'p.
hf

Bripaxxenne (2.81) o3HauaeT BBIJEICHHE OJHOM HE3aBUCUMOW YacTHIIBI W3
BCETr0 Ia3a, MPU 3TOM OCTaJIbHbIC YACTUIIbI PACCMATPUBAIOTCA KaK TEPMOCTAT.

YacTuiia coBepiiaeT HE3aBUCHUMbBIE JIBMXKEHHMS. TOCTyHaTEIbHOE,
BpalllaTelIbHOE, KOoJiIe0aTeIbHOE U BHYTPEHHUE. ['aMUIbTOHUAH SIBISETCS
CyMMOU raMUJIbTOHUAHOB OTACJIbHBIX JIBUKECHUN

Hq =Hj nocrt Hy spam +Hj kone6 + Hy suyrp.
N3 (2.81) naxoaum

2 :Zl, II0CT Z]_, BpalIll Z]_, KoJieh 211 BHYTD- (2.82)
Jns raza u3 N gactuig
1_N
Z= mzl .

J{ns moctynaTenbHOTO IBUXKEHUS fnaiee noiaydeHo (11.3.2)

V
Zy nocr (V,T) = ?(mka)?” 2, (2.83)

Jlnst BpamieHuss U KoyieOaHUsSI JABYXaTOMHOW MOJEKYJIbl C MOMEHTOM

UHEPIHMH J ¥ 9acTOTOW COOCTBEHHOro KoJyieOaHust o aanee HakaeHo (I1.3.8) —
(I1.3.10)

AP IKT  IKT
2 mpany (T)=———="—-, (2.84)
h 7
KT
Z1 xone6 (T)=—. (2.85)
ho

Pacnpenenenue  MHMKPOCOCTOSSHMHM  4YacTMUObl 1m0  (pa3oBomy
NPOCTPAHCTBY. Brijensem OHy 4acTuily rasa, pacCMaTpuBas OCTAIbHBIC KaK
tepmoctar. U3 (2.77)

W(X):%e—H(X)/kT,

dW(X):%e_H(X)/deX



mojriyaacm IINIOTHOCTD BCPOATHOCTHU u BCPOATHOCTD O6Hapy)KeHI/I$I
MHUKPOCOCTOSIHUS YaCTUIIBI B (ha30BOM ITPOCTPAHCTBE
1 —HIOO)/KT

]

Wl(x)=z—1

AWy (X ) = wy(X) dX = e M OOKT gy (2.86)
2

®dusnueckuii cmbica T. Jlokaxem, uyro napamerp 7 B KaAHOHHMYECKOM
pacrpeleneHun  ABIsieTCa  TeMneparypou. HMcnonwslyem oobujee nauano
mepMoOUHaAMUKU — eclu memnepamypa cucmem O0OUHAKOBAA, MO
npugeedenue cucmem 6 MENJA060U KOHMAKM He U3MEHAEem  UX
Makpococmosanuit. Jlo konTakta cucteM i=12 ux GyHKIUU pacnpeacieHus

(2.75)

Fi —Hi(Xj)

w(Xj)=exp T
|

B MOMEHT KOHTaKTa B CHJIy HE3aBUCHUMOCTH CUCTEM OOIllee pacrpeiesiCHUe 1o
TEOpEMEe YMHOXKEHHUS BEPOSITHOCTEH paBHO

Wi (X1, X2) =W(X1) W(X7) =

—exp| L+ 12 |exp| - Hi(X1) | Ha(X3)

KTy KT, KTy KTo

C TeyeHHMEM BpEMEHHM, TOpa30 MEHbIIEM BpPEMEHHM TEIIOOOMEHA ¢
OKpYKEHHEM, CHCTEMbI NEPEMEIINBAIOTCS 3a CUET OPOYHOBCKOTO JIBM>KEHHS.
["amMunpTOHMAHBI U3MEHSIIOTCH, ux CyMMa COXpaHseTCs
Hi(X1)+Ho(X2)=H(Xy,X,).  Ecam  TemmepaTypsl  cucteM  ObLIM

OAWHAKOBBIMHU, TO PACIpPEAEIICHUE, OIPEACIAIONEe UX MAKpPOCOCTOSHUS, HE
MOXET MEHSTbCS COIMVIACHO oO0ImeMy Hadalay TepMoAUHAMUKU. Jls
paccmMarpuBaeMoi  (GYHKIMM  3TO  BBIMOJHSACTCA  TIPH T1=To=T.

CnenoBarenbHo, T — TemMneparypa.

PacnpenesieHne MUKPOCOCTOSTHUI 110 JHEPTHH

Pacnpenesienne CcOCTOSIHHMII ra3a mo DJHeprum. OJJEeMEHT o0bema
¢$a30BOro MpPOCTpPaHCTBA Ta3a BBIpAKaEM dYEpPe3 DHEPTEeTUUYECKYIO IUIOTHOCTH
COCTOSIHUM U UHTEPBaJ SHEPTUU

dX =gN(E) dE.

B xaHoHnueckoM pacripenenenuu (2.76) u (2.77)



F—H(X) .
dW(X)=w(X)dX =e KT dX :Ze—H(X)”‘de

3aMEeHsieM TraMWiIbTOHMAaH H Ha sHepruro E. Jlng rasa c¢ temneparypou T
MOJIYYaEM 6EpPOAMHOCHIb OOHAPYHCEHUA MUKPOCOCHOAHUN C IHEpIueil 6
unmepeane (E,E +dE)

dW (E) =e(F=BVKT g (E) dE = %e_ EIKT g (E) dE . (2.87)
HopmupoBka BeposiTHOCTH
[dw (E) =1
aacT CTaTUCTUYECKUU I/IHTeraII rasa
0
Z(T,N)= e F/¥Tgy (E) dE. (2.88)
0

JI71st MaKpOCKOIMMYECKOM CUCTEMBbI OTHOCHUTENbHASI (DIYKTyalusi SHEPTUu
o0OpaTHO NPONMOPIUOHAIBHA KOPHIO KBAaJPAaTHOMY YHCJIA YACTHI] COTJIACHO
(I1.1.2)

Toraa GyHKIUS pacipeeseHus COCTOSIHUN raza 1o SHEPTUH

dW(E) 1 _
(B)_1, BTG (E)

WE) == "7

MMEET PE3KHW MaKCUMyM MpPU CPEAHEM 3HAUYEHUU SHEpruu. B pesynbrare
KaHOHUYECKOE PaCIpEeICICHUE MO YHEPrUU COBMAAAET C MUKPOKAHOHUYECKUM
pacripeieJieHueM, UMEIOIIUM BUJT JIeJIbTa-(QyHKIUH.

PacnipenesieHre COCTOSSHMHM 4YacTHUBI MO 3HepruM. Beiaensiem B rase
YaCcTHUIly, OCTAJIbHbIE YacCTHUIIbl paccMaTpuBaeM Kak Tepmoctar. B (2.87)
nojaraeM N —1, E —¢ 1 nonyyaem

AW () = dN(e) _ 1 e/t gy (e) de, (2.89)
N  Z
rmne
dWi(e) — BepoOSITHOCTb OOHApYXEHUSI YACTHUIIBI C SHEpPruedl B HMHTEpBaJIC
(g, e+dg);

dN (¢) — yucno yacTuil ¢ IHEepruen B uHTEpBaie (g, €+ dg);

N — gmcII0 yacTHIl rasa;
01(e) —sHepreTuyeckas MIOTHOCTh COCTOSTHUN YaCTHIIBI.



[Tpumensiem (2.88)

o0
Z(T,N)=[e" =gy (E) dE
0
K YacTHIIC

2(T)=[e g (e)de. (2.90)
0

CrenoBaTenbHO, CMIAMUCMUYECKUII UHMeZPan YAacmuuybl C8A3AH C ee
IHEpP2emuuecKoil nji10MmHOCHMbI0 COCMOAHUN npeoodpazosanuem Jlannaca. B

YaCTHOCTH, ISl CTENIEHHOM 3aBUCUMOCTH () (€) = a e BhrumcIEM WHTETpall U
HaXO0JUM

Z,M)=a kTP ra+b). (2.91a)

MakpoxapaKTepuCTHUKH U CTATUCTHYECKHI HHTErpaJl

TepMoguHaMHYECKHE XapaKTEPUCTUKHW Tra3a — CBOOOJHYIO DSHEPTHIO,
BHYTPEHHIOIO  DHEPrui0, JIaBJICHWE W  DHTPOMNHUIO  BBIPA3UM  4YEpE3
cTaTucTiueckuil uHTerpan. Ilokaxkem, 4To BBeJACHHas BenuunHa F sBisercs
CBOOOJIHOM YHEPTUEH.

CeoOognass snepruss F(T,V,N) <cBsd3aHa CO CTAaTUCTUYECKUM

HHTETPAJIOM coTJiacHo (2.79)

F=-kTInZ,
rae
7 :Je—H(X)/deX ,
z=zN /NI
[Tosyuaem
F = kTN |n(%zlj, (2.91)

npu N >>1 ucnonb3oBana popmyna Ctupiaunra

INNI=NIn(N /e).
IToncranoBka (2.90)

2,(T)=[e T gy(e) de
0

B (2.91) BbIpaxkaeT TEPMOJAMHAMHUYECKYIO BEIMYMHY Y€pe3 IHEPreTUUYECKU
CIEKTP YaCTHULbI



F = kTN In{% fee/kT gl(s)ds], (2.92)
0

rae gi(e) —aHeprernyeckas INIOTHOCTh COCTOSHUM YaCTHULIBI.
BuyTtpennsisi 3neprust U (S,V,N) onpenensercss cpeaHum 1o ¢Gha3zoBomMy
aHcaMOJII0 3HaY€HHUEM TTOJTHON IHEPTUU CUCTEMBbI

U EHEIH(X)dW(X).
Hcnonb3yeM KaHOHHYECKOE pactpeneiacHue (2.77)
4W (X) = —H(X)/deX

Y CTaTUCTHUYCCKUH uHTErpai (2.78)

Z(v,T)=[e MO gx
Haxonum
[Hx)e H/XTax
J‘e—H/dex

WHuTerpan B uymciIuTeNe BhIpaKaeM dYepe3 HMHTErpajl B 3HAMEHATele IyTeM
muddepenmnupoBanus o napamerpy (—1/KT)

IH(X)e‘H/deX —I ~HIKT g ___ 92
o(=1/KT) oL/ KT)

YuutbiBaeM
0 o 8 [8(1/kT)} 0 __q2.0
o1/ KT) a(l/kT) or oT oT T’

[TosmyyaeM BBIpOXKEHUE BHYTPEHHEHM OJHEPIrUM Tra3a 4Yepe3 CTaTUCTUYECKUU
VHTETPAJI ra3a

szaZ _20InZ

U= (2.93)
Z T oT
__ U .
CpenHIOI JHEPTUI0 YaCTHUIBl € =N BBIPA3UM 4Yepe3 CTaTUCTHUYECKUU
UHTErpai yacTuibl Z;. Mcnons3yem (2.80)
N

Zy

z="L,
N!



INZ=NInZ; -InN!,

olnZ N olnZ,
oT ot '
1 u3 (2.93) Haxoaum
g= _yr2dna (2.94)
N oT
Bripaxkenus s sHepruu raza (2.93) u yactuiisl (2.94) uacHTHYHBI.
B (2.94) noxacrasisem (2.90)
2= [ Tgy(e)de
0
OJIy4acM
e=[ee Mg (e)de, (2.94a)
0
U=N [e g (e)ede. (2.95)
0

B pesynbraTe cpenHsAs DJHEPrUS 4YacTULBl W BHYTPEHHSS DHEPIUs Tras3a
BBIPAXKEHBI YEPE3 IHEPreTUUECKUM CITEKTP YacTULBI 01 (€).

CpaBHuBaem (2.94a) c onpeneieHUEM CPETHETO

0
€= _[ ew(e)de,
0
[Tomydyaem, 4to € e/KT g1(e)=w(e) — BEpOSATHOCTH [JIsI SHEPIMM YaCTHULIBI

HAaXOAUTCA B €JUHUYHOM HHTEpBajie OKoJio 3HaueHusi €. [lockonbky Qq(e) —
YUCIIO YPOBHEW B €IMHUYHOM UHTEPBAJIE SHEPTUU OKOJIO 3HAYEHUS €, TOT1A

e~ elkT

—  6EpPOAMHOCMb 3ANONHEHUs Yacmuyeill YPO6HA C 3IHepeuell € npu
memnepamype T. C ygenuuenuem nepzuu CmMeneHv 3dce1eHHOCHU YPOGHA
Yacmuuamu yMeHbuaemcs.

YpaBuenue I'ud0ca—I'eabmMrosbua B TEPMOJAMHAMHUKE CBS3bIBACT
BHYTpeHHIOI sHepruto U co cBoOoaHou sueprueir F. Ilomyunm ypaBHeHwme,
UCIIOJIB3YSl CBSA3b 00X SHEPTHI CO CTATUCTUYECKUM HHTETPAJIOM.

Bripaxkaem cratuctuueckuii uHTerpai us (2.79)



Inzz—li,
kT

nojictaBisieM B (2.93)
oinz

oT

U =KkT?

HaxoauM ypaenenue I'uooca—I ' envmzonvua 6 oughgpepenyuanvnoit gpopme
U :—Tzi(EJ:F—Ta—F. (2.96)
OT\ T oT

YpaBHEHHE HW3BECTHO B TEPMOJAMHAMHUKE, CJICIOBATEILHO, paHee BBEJCHHAs
BenuunHa F siBnsierca cBoOOHOM »Hepruel ra3a. B (2.96) BHyTpeHHSsIs SHEPTHs
BBIpaKEHA uepe3 CBOOOAHYIO 3Hepruto. [loayunm o6paTHOE COOTHOIIEHUE.

B nepBoM paBeHcTBe (2.96) neperpynmnupoBbIBAEM COMHOXKHUTEIN

d(Ejz—idT.
T T2

HNurerpupyem B mpenenax (0,T), yuutsiBaem F/ T\T_)O:O, Y BBIpaXKaem

CBOOOJHYIO SHEPTHUIO YePE3 BHYTPEHHIOIO SHEPTUIO

T
F:nq'ju(z)dT'. (2.97)
OT,

[Tonyueno ypaenenue I'vooca—I ' envmeonvya 6 unmezpaivhoil gpopme.
Halinem BbIpaX€HHE M CTATUCTUYECKHAM CMBICI JABJICHUSA U SHTPOIIUM Ha
OCHOBE KAHOHWYECKOTO PACITPEICIICHHUS.
Jasaenne. B popmyny Tepmonunamuxu (2.44)

p :_(a_Fj
N )y

F=—kTInz

nojcranisieM (2.79)

H BbIpA’KacM HAaBJICHUC YCPC3 CTaTUCTUYCCKUH HHTCTPAJI

oz _kroz_ oV

P=KT UL ,
N Z oV Z, oV

(2.98)

rae n=N/V — koHIeHTpanus yacTull. B mocieaqHemM paBeHCTBE UCTIOJIb30BAHO

;.4 1z N
Nl'" zZov Zgov'



HpI/I OTCYTCTBHMM BHCIIHCTO IIOJIAA OSHCPIUA YaCTHIBI HC 3aBUCHUT OT

koopauHat. U3 (2.26) ipu €=5 p' Haxommm

27tf/2 V

,V == —1+f/t’ Ve =V .
gl(g ) tA(f/Z)hfsf/tg f
W3 (2.90)
o0
Z;=[e KT gy(e) de
0
ToJTydaeM
24 :Te_gm 09i(e) 4, _ 4
N g oV A
IJIe y4TEHO
9 _0
ov V
Bripaxenue (2.98)
P = nkT — %41
Z, Vv
JlaeT ypaBHEHHE HJICATHHOTO ra3a
P=nkT. (2.99)
OuTponus. B popmyny TepmoauHamuku (2.45)
S = _(8_F}
oT N
nojcrasisieM (2.79)
F=-kTInZ

Y BBIPAXKAEM SHTPOIMUIO YEPE3 CTATUCTUUECKUN UHTETPal

0 U
S=k— (T InZ)=kInZ +—, 2.100
=T In2) - (2:100)
rjae yureHo (2.93)
u=kr2dnz.
oT

I[J'IH CUCTEMBI U €€ HE3ABUCHUMBIX ITOACUCTEM 1 u 2 BBITIOJIHACTCA
Zasio =21Z2,

INZuapo =INZ1 +InZ,.



[Tosmyuaem:

u3 (2.79)

F=—KTINZ=F +Fy,
u3 (2.93)

u —kr22InZ ~U;+U,
u u3 (2.100)

0
S=k— (T InZ2)=5+8S-.
aT(r )=51+S

CnenoBaTenbHO, I CTATUCTHYECKHM HE3aBHUCHUMBIX IIOACUCTEM U BHUJIOB
JBYXKCHUN C60000HAA IHEP2USL, BHYMPEHHAS IHEPSUA U IHMPONUA AGTIAIOMCA
A0OUMUBHBIMU GE/IUUUHAMU.

CraTucTuyecKuii CMBICJ JHTPONMM B paMKaX KaHOHUYECKOTO
pacnpezaeneHus. Mcnosib3yeM BHYTPEHHIOIO YHEPTHIO

U zH(X)zIH(X)W(X)dX

u GyHKUMIO pacnpeneneHus (2.75)
F—H(X)

w(X)=e KT

C YCIIOBUEM HOPMHUPOBKHU
F—H(X)

je KT dX =1.

PesynbTarel nojacrasisieM B opmyiay TepMmoauHamMuku (2.39) st SHTponuu

_U—F__k F—H(X)__k F-H
T KT KT

S

Ucnons3ys ycpennenue f(X)= J f(X)w(X)dX Ha OCHOBE KaHOHHWYECKOTO
pacnpenenenus (2.75)
F-H(X)
w(X)=e K |

HaXOqUM
F—H(X)

S:—kji(x)e KT dXx
KT '

[Tonyuaem gpopmyny boavymana (1872 1.)
S:—k_[wlnde=—k Inw(X). (2.101)



SHmponusa nponopuyuoHaIbHaA CcpeoHemy no dazoeomy ancamono om
Jl02apupma n1omHocCmu 6epOAMHOCHU Peanu3auuu MUKpPOCOCMOAHUI.

JIropsur bonbiman (1844-1906)

[Ipu npuOAMKEHUN CUCTEMBI K COCTOSIHUIO PAaBHOBECHUSI YMEHBIIIAETCS €€
YHOpﬂ,HO‘ICHHOCTI), YBCJ'II/I‘-II/IBaeTCﬂ qUCJIO MPIKpOCOCTOﬂHHfI, peannsyfomnx cC
MaKpOCOCTOSHHC

j dX = AX.

CornacHo yCIIOBHIO HOPMUPOBKH BEPOSITHOCTH

IW(X)dX:WAX =1

cpenHee 3HaueHHe (QYHKIIMU paclpeeneHus odpaTHO 00beMmy (Ha3oBOro
aHcamoOJIst

w=(AX)"L.

[Tpy pubIMKEHNN K COCTOSHUIO PaBHOBECHUsS pacTeT AX, yMeHbIIaeTcs W,
toraa coriacHo (2.101)
S =—k Inw(X)

OHTPOIINA YBCINYHUBACTCA. B PABHOBECHOM cocmosanuu yucjio
Mulcpococmo;muﬁ u 3nmponusn oocmuzarom Maxkcumyma. 3Hmp0nu;1
Aenaemca M€p0ﬁ xXaomuyHocmu COCmMOAHUA CUCIIEMDbL.

C yuerom
w=(AX)L
n3
S =—k Inw(X)
HaxoaIuM
S=kInAX. (2.102)

DHmponus  NPONOPUUOHAIbHA  J102APUPMY UUCAA  MUKDOCOCHOAHUL
cucmembl. OTOoT  pesynbTar (2.71) Obu1  TOAYyYeH B paMKax
MHUKPOKAaHOHHYECKOTO pacIpe/IeICHUSI.



Hpunuun Jlangayspa

[IpeoOpazoBanue mHpoOpMaIMy CBS3aHO C 3aTpaTod sHepruu. Haiinem
MUHUMAJIbHYIO SHEPTHI0, HEOOXOIUMYIO JJIsl CTUPAHUSI WIM MOJydeHUs Outa
uH(popMmanuu. ITa 3HEprus BolIesAeTCA B IpeoOpa3zoBaresnie B Buae Tera. [lpu
OosplIMX OOBbEMax IMpeoOpazyeMod HH(pOpMaAlMU OTBOJ TEIJa U3
npeoOpazoBaTelis SBISCTCS BAKHOW TEXHHUYECKON MPOOIEMOii.

PaccmoTpum AUk, coaep Kalluil YacTUIy W UMEKOIMU B CEPEIUHE
CBEMHYIO MEPETOPOJIKY, PA3ACISIONIYI0 MOJOBUHBI sluMKa | U 2, mOKa3aHHbIE
Ha puc. 2.12,a. Eciin B HaYaabHBIA MOMEHT 4YacTHUIla OKas3ajgach B moJioBuHe 1
AIIMKA, TO BEPOSATHOCTHM OOHAPYKEHUsI YacTUUbl B sAlIMKaXx W =1, w, =0.

Konuuecmeo ungopmayuu o uacmuye, TO €CTb MEpPAa YMEHBLICHUSA
HEOIPEICJICHHOCTH HaIIeTo 3HaHus 00 00beKTe, paBHa I Oum.

BrlHMaeM mieperopojiky, 4YTO COOTBETCTBYyeT puc. 2.12,6. B cumy
CUMMETPHUM TOJOBUH SITUKA MO MCTECYCHUM BPEMEHM peEjlaKcalliy MoJiydaeMm
W3 =Wy =1/2. MH(popmanys 0 MOJOKEHUN YACTULBI MOTEpsiHA MOJHOCTBIO U

paBHa 0 o6um. Haiinem wW3MEHEHHUE OHTPONMHH CHUCTEMbl W MHUHHUMAIIBHOE
KOJIMYECTBA DHEPTUHU, CBSI3aHHOMN C ITUM IIPOILIECCOM.

Jlnst  M30JIMPOBAaHHBIX  00BEMOB  (pa30BO€ MPOCTPAHCTBO CHUCTEMBI
pacmagaeTcss Ha HE3aBUCHUMBIC MOAIPOCTPAHCTBA. ODHTPONHUS aJIUTHBHA U
dbopmyna bonsimana (2.101)

S =—k[wInwdX
HOJ’Iy‘—IaGT BU/L
S=—k> wilnw, (I1.3.16)

r7ie Wi — BEpOSITHOCTh OOHAPYIKEHHS YaCTHIIBI B 00bEMEe C HOMEPOM 1.

w=1 | wz=0 W,=0,5 + w=0,5

a O
Puc. 2.12. Yactnna B SIIMKE C IEPETOPOAKOH (a), u 0e3 Hee (0)

Jlst cocrosinuii Ha puc. 2.12 a u 6 HaxoauM

Sa =—k Z W Inwi =0,
i=1,2

Sa=—k > wilnw; =klIn2.
i=3,4



[Ipy W30TEPMHUYECKOM PABHOBECHOM IIEPEXOJE MEXKAY COCTOSHUAMU
YBEIIMYEHUE OHTPOIMUU IO OINPEACIICHUIO MNPOHOPLUOHAIBHO KOJIMYECTBY
pPAacCESHHOTO Tema

AS:Sé—Sa:kIn2=AT—Q,

OTKYyJ1a
AQ=KTIn2. (T1.3.17)

B pe3ynbrare BeinonHseTca npunyun Jlanoayipa (1961 r.) — cmupanue ouma
uHgopmayuu npugooum kK pacceanuro nepzuu KT In2 6 oxpysycarouwgyio

cpedy ¢ memnepamypoii T. Ilpu T =300 E nonyqaem
AQ=0,7kT =0,0178 3B.

Uem Oosbiie (U3MUECKUX BJIEMEHTOB, CBSI3aHHBIX C IPeoOpa3zoBaHUEM
uHpopmaiuu, TeM OOJibllle SHEPrus NepeKIIoueHus. PeanbHble 3aTpaThl
SHEPrUM HA CTUpPAHUE WIM CO3/aHue OuTa MHOOpPMAIMU B KOMIILIOTEpax
Bbimycka 2007 T. ¢ XapakTepHBIM pa3MepoM 3aTBopa TpaHzucropa 60 HM
COCTaBIISIIOT

AQ ~2500 5B ~10°kT .

K 2030 r. oxxunaercs pasmep 3arBopa 3 HM U
AQ=0,078 3B ~3KT .

[pyrue cMbICIIbI BEJIMYUHBI
kKT In2

— MUHUMAaJIbHAS SHEPIus, 3aTpadynBaeMas Ha Co3/1aHue OuTa HHPOpMaIIHH;

— MUHHMaJIbHasi BbICOTAa Oapbepa, HEOOXOomuWMmasl g pa3AelieHUus ABYX
COCTOSTHUH 3JIEKTPOHA, WK IPYroro HOCUTENS UH(pOpMaIH;

— HIKHMA TpeAen Jis SHEPTUM pealbHOro Ipoliecca MpeoOpa3zoBaHUs
uH(pOpMaIIMK, KaK noka3aHo skcrnepuMenTaibHo (Nature (2012) 483, 187).

C yuerom OO0JBIIOrO KOJMYECTBA NpeoOpazyeMoil KOMIBbIOTEPOM
uHpopmanuu pesynbrar ([1.3.17) uMeer BakHbIE TEXHUYECKUE TPHIIOKEHUS,
M03TOMY MOTY4HJI COOCTBEHHOE UM B uecTh Jlanmayapa.

o Jlammayspa sToT pesynbTaT moayuma B 1949 r. donm Heiiman —
aMEpUKaHCKUN MaTeMaTUK, YCTAaHOBHUBIIMI OCHOBHBIC NPHUHIMIBI PabOThI
KOMITBIOTEpPA M MATEMATUYECKUE OCHOBBI KBAHTOBOM MEXAaHUKH.
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Poned Jlanmaysp Jl>xoH don Heliman
(1927-1999) (1903-1957)

"!I‘

VYder kBaHTOBBIX 3 (EKTOB JJIsI YACTUIILI MACCOM M B sAIIUKE pazmMepom |

o6o06maet (I1.3.17) B Buae
2
AQ =KT In2+ -1 (In2)2. (T1.3.17a)

8m|2

Otknonerue ot Qopmynsl Jlanmayspa mpu T =300E cymecTBeHHO npH

pa3mepe 3arBopa | <1um. [lpu HU3KOW TeMmmepaType BTOpPOE ClIaracmMoe
CYIIECTBEHHO U TIpH 00 IbIIHNX .

CraTucTH4ecKMid MHTErpaJ NOCTYNATeIbHOI0 ABHKEHU S
1 MAKPOXapPaKTePUCTHKH ra3a

Nneanbupiii Ta3 u3 N MHUKpoyacTull HaxoauTcs B o0beme V mpu
temneparype 7. Haigem CTaTUCTHUYECKMH HWHTETPAT MOCTYNATEIbHOTO
JIBH>KEHUS ra3a, BHYTPEHHIOI SHEPTUIO U JaBIICHHUE.

1. Cmamucmuueckuii unmezpail uacmuybl

Hcnonp3zyem
7, = Ie_Hl(Xl)/kT dXy,

1.3
U raMHJIbTOHHAH ITOCTYIIATCIIbHOI'O ABHIKCHMA MaTepHaHBHOﬁ TOYKH

1 2 2. 2
H1=%(px+py+pz)-

IToncranoBka gaet

Lot -1 , 2. 2 9 3
Zy==5|| | exp| =—=(pix + Piy + Piz) | dpxdpydp, | dr =
1 3 I_[__[O Xp{kaT(plx"' Piy + pIZ):| Px0aPy DZJ



\ P1x
V| [ expl ——P o, |
h3 [_{O Xp{ 2kaj px]

YUureHo, YTO KOOpPAMHATBI W PA3HBIE IPOCKIMU HWMITYJIbCA PA3JICIICHBI.
Hcnonb30Bano

_[d3r:V.
V

[locnenHuii nHTErpan B KBapaTHBIX CKOOKax siBiseTcsa nurerpaioM [lyaccona

< 2
[ e /2dx=ra,

—o0
U  PpaBEH (ankT)ll 2, [lonyyaeM  cmamucmuueckuit  unmezpan
nocmynamenbhozo osudxcenus yacmuyot (2.22)

Vv
Z1 nocr= e (2nmkT)%2. (I1.3.1)

C yuetom
z=z]N /NI

HAXOJIUM CHIAMUCMUYECKU unmezpaji noOCmynamejibHo2o OBUIICCHUSA 2a3a

v\ (2nka TN’Z

IIOCT —

NIl p2
2. Buympennsas snepeus zaza

Beraucisiem (2.26)
u :sz(aanj .
\Y

oT

N3 7 :ZlN / N1 HaxonuMm
INZ=NInZ;-InNI,

TOTra
oInZy 75w
U =KT2N| —=LI10 | (I1.3.1a)
a )\
CpCaHsAA DHCPI'UA YaCTUILIbL
Ezg:sz(alnzlJ | (I1.3.16)
N oT A

Jist raza



v N (2nka TN’Z
ZHOCT:

NIl p2
BBITTOJIHSACTCA
oInZiipe 3N
oT 2T
oInZijpe _ N (I1.3.18)
oV Y,
Torma u3 (I1.2.26)
U= kTZ(—aln Z"'Tﬁbj
oT A
[10JIy4aeM
U=Ng=SNkT,
2
&= KT,
2

Pe3ynprar coBIagaeT ¢ BBIPAXEHUEM, HAMJAECHHBIM U3 MUKPOKaHOHUYECKOIO
pacnpenenieHus, a TakKe C U3BECTHON (POpMyIIol TEpMOJMHAMUKHI HU€ATBHOTO
rasa.

3. lasnenue zaza

W3 (2.98)
P KT olinZ
u (I1.3.1B)
onZim _ N
oV \
HaXOJUM
N
P=kT —
\Y

Y TIOJIy4aeM ypasHenue uoeanvnozo 2aza PV = NKT .

CraTHCTH4YeCKMH HHTErpaJ KoJjiedaTeJIbHOI0 IBUKEHH I

B nByxaTomMHOI MOJIeKyJie TPOUCXOIST KOJeOaHUsI aTOMOB C YaCTOTOH M
BJIOJIb OCH MOJeKyJbl. Haiinem craTuctuueckuid uMHTErpain KoyieOaHuid mnpu
temmeparype 7.

Monekyna SBIS€TCS JUHEWHBIM TapMOHUYECKUM OCHWUISTOPOM U
ONMCHIBACTCS] TAMIJIbTOHUAHOM



2 2,2

pS  Mw°X
Hi(p,X) =
1(p,X) ot

[ToxcranoBka B (2.17)
7y = [ POOKTgx, - ax, - %dx dp

aacT

2 o0 2

P Mo~ 2

" dp_{oexp —Tx dx.

1 o0
Z =— | exp| -
Lxoned h_J;O Pl = omkT 2KT

Hcnonb3yem unrerpan [lyaccona

® 2
Ie_x /adx:\/a,

—00

moay4dacMm OJjis1 HHTCIpaJIoB COOTBETCTBCHHO

N 27tmKT 1 ZT::T.
o\

B pesynbrate cmamucmuueckuii UHmMeZpan KoaeOamenabHO20 OBUNCCHUN
MONEKYIbl U3 Pa3HbIX amomos (2.23)

KT
ZI,KOJ'IC6(T) =—. (H35)
ho
I[JIH OJNMHAKOBBIX ATOMOB C yquOM X TOXKIACCTBCHHOCTU I/ICHOHB3yeM
1
dXy=——dxdp,
1= P
n HOHy‘IaeM
KT
2ho

Crarucruueckui HHTErpaJa BpamaTe/JibHOro I1BMKCHUHA

Monekyna wmaccol M COCTOMT U3 JBYX OJUHAKOBBIX AaTOMOB,
HAaXOJAIINXCS HA pacCTOSIHUM 2I, ¥ BpalllaeTcss BOKPYr neHTpa macc. Halnem
CTaTUCTUYECKUM MHTETPAJl BpallleHU IIpu Temieparype 7.

[Ipu BpalieHUM HU3MEHSETCS YIJI0BOE MOJIOKEHUE aTtomoB. Mcmoiap3yem
chepruueckue KOOPAMHATHI C IIEHTPOM B TOUYKE CHUMMETPUM MOJIEKysbl. Ha
PHUCYHKE YEpHBIM KpPyr — aroMm, BTOPOHM aTOM B CHUMMETPUYHON TOUKE HE
MMOKa3aH.



Vo
S ~d\/~
N /7 N,
U
> Y
¢ \‘\
X Ng

[Ipu BpalieHUM U3MEHSIOTCS YIJIbl (@ U 0, aTOM JIBHUKETCA MO OKPYKHOCTSIM C
paguycaMH, COOTBETCTBEHHO, rSinO wu . JluHeilHas CKOpOCTh paBHa
IIPOM3BEICHUIO PAaNyCa Ha YTIIOBYIO CKOPOCTH

. do

BJIOJIb N, . V., =FSIinO —,

O o dt
BIIOJIb Ng . V, —r@

OO0001IEHHBIMU KOOPJIUHATAMH (PAa30BOIO MPOCTPAHCTBA SIBIISIOTCS YTJIbI
¢ u 0. [lnga HaxoxaeHus: 0000IIEHHBIX HWMITYJIbCOB, COOTBETCTBYIOIIUX 3TUM
KOOpAMHATaM, BOCIOJIb3YyeMcCsl ypaeHnenuem Jlazpamsica, CBSI3bIBAIOIINM
UMITYJIbC CO CKOPOCTBIO

AL
~ o(dg/dt)

p

Kozed JIyn Jlarpanx (1736-1865)

dg
Ll g, —
(q dtj

Dynkyus Jlazpanica



3aBUCHUT OT KOOPpAHWHAT U CKOpOCTCfI. HpI/I OTCYTCTBHHA MOTEHIMAILHOM OHCPIrun

dbyukiusa Jlarpanxka paBHa KHHETHMYECKOW »dHepruu. [[ns aByxaToMHOU

MOJICKYJIBI C MOMEHMOM UHepUUU J= mr2 OTHOCHUTCIIBHO HpHMOfI,

NEPIICHIUKYJISIPHOM K OCH MOJIEKYJbl M TNPOXOASIIENM Yepe3 LEHTP Macce,
HaxoauM

2 2
dp d6) _kin_m, 2 o ] (dej .2 (d@]
LI 6,0,—,— |=E"" ' =—(v§+V,)=—|| — | +SIN“O| — :
( Pt dt) 7 o +ve) 2{ dt dt

[Tomy4yaeMm yriioBbI€ UMITYJIbCBI

oL _,de

P = S@oran  dt

oL sinzed—(p

== J .
Po d(de/ dt) dt
VYTI10BbIE CKOPOCTH BBIPAXKAEM YEPE3 YITIOBBIE UMITYJIbChI
do_1
dt 3
do 1

:—p .
dt  JsinZe

Pe3synbrarel nojcrasisgeM GopMyay KHHETUYECKOW SHEPTUH

_ 2 2
gkin _J (@j +sin29£d—(pj ,
2|\ dt dt

HaxXOoauM IraMuJIbTOHHAH BPpalllaTCIbHOI0 ABUKCHUS

1 2 p2
Hapam (6, ¢, Pg, Po) = = | PG +—a— |-
Bpal 0 Mo 2] 0 sin26

BbrumciiseM cTaTUCTHUCCKHMIM HHTErpail yacTullsl (2.17)

7= J‘e—Hl(X)/dexl,

rIe
1

dXq =
P

do 40 dp,, dpp,

MOoJIy4acT BU



1 e o0 p2 0 p2 27
Z1 spam=——=[d0 [ exp| ———2— |dp,, | exp| ——2— |dpy | do .
o 2!h2'([ _{O 23KT sin% ‘P_{O 20KT eg

WHTerpupyemM BHavaie 1o ¢, 3aTeM 10 Po, Pe ¥ 1o 0. MHTEerpans! no Pe u 1o Pe
ABJISIIOTCS MHTErpanBMu [lyaccona

° 2
je_x /adx=\/ﬁ.

—00

Haxonnum

TC
zl,BpaHJ:#zn (2n3KTYV2(2r3kTYY? [sin6 do,
0

T
jgnede=2.
0

B pe3yiabTaTe cmamucmuyeckui unmezpail epauiameslbHo20 O0BUIICCHUS
MOJ1€K)Jlbl

i 4n?JKT  JKT
,Bpar = = .
Y

(I1.3.6)

Teopema bopa — Ban-JIésen

Cucmema 3apa008, NOOYUHANWWAACA K1ACCUUECKOU (pu3uke, He
npoaeiaem MmazHumuwvlx ceoucme. Teopemy nokazan bop B 1911 r. u
He3aBucuMO Mucc Xenapuka Moxanna Ban JI€sen B 1919 .

Huse bop (185—1962)
Jloxazamenvcmeo
Hcnons3yem raMuibTOHMAH CUCTEMBI 3apsAnoB €, rae i=12,..,N, B

QJICKTPOMArHuTHOM II0JIC



H= Z_[p| — & A(r; ] +ZU (ri),
=1
rJe
A(rj) — BEKTOpPHBIM NOTEHIMAJ MAarHUTHOTO MOJISI B TOUKE HAXOXKJICHHS 3apsjia
€j , YYUTBHIBAIOLINM MAarHUTHOE B3aUMOJECHUCTBUE 3apAa,;
U (rj) — asiekTpruyeckas MOTeHIMaNbHasl SJHEPTUS 3apsaa €.

BrruuciisieM CTaTUCTUYECKUM UHTETPAII CUCTEMBI

H u(n) [pi & A(r;)]?

KT 3 3
Z:J'e deX_thN'HIe KT d r,llj{__[oe 2mkT  d°p;.

B uHTErpaie no nMmnysibcaM 3aMEHsEM NIEPEMEHHYIO0 HHTETPUPOBAHUS
14
Pi —&A(r) =pj.

brnarogapss 6eckOHEUHBIM TIpejeiaM CTAaTUCTHUYCCKUM HWHTETPall OKa3bIBACTCS
HE 3aBUCAIIMM OT MAarHUTHOIO IIOJIsI, CIIE€IOBATEIbHO, MAKPOXAPAKTEPUCTUKHU
raza He 3aBUCAT OT MarHATHOTIO T0JIs1. B pe3ynbrare KjiacCuueckuu ra3 3apsaoB
He 00J1aJlaeT MAarHUTHBIMUA CBOMCTBAMH.

Teopema He BBINOJHSAETCS, €ClU dHEpTus B3aumozAeicTBust U 3aBUCUT OT
MMITYJIbCOB 3apsA/I0B. B 3TOM ciydae 3aMeHa NEpEMEHHBIX COXPAHUT MarHUTHOE
none. Teopema He NpUMEHHMMA [JI1 YacCTHUI], TPOSBISIONIMX KBAHTOBBIC
CBOMCTBA.

PACHPEJEJEHUE TEIJIOBOM SHEPTUU
1O CTEIIEHAM CBOBO/1bI

PaBHoBecHBIN Ta3 ¢ pukcupoBanHbiMU V, N, T oOMeHUBaETCsl SHEPIrUei

C TEpMOCTAaTOM. MUKPOCOCTOSHHUS Ta3a HMEIOT pPa3HbI€ SHEPIrUM, SHEPTUs
YaCTHUIbI C TEUYCHUEM BPEMEHH XaOTUYECKM MEHseTCs. MakpoCOCTOSIHUE HE
3aBUCUT OT BPEMEHM, CPEJIHSs TEIUIOBas SHEPrysl YacTHUIbl ra3a IMOCTOSHHA,
3aBUCUT OT TEMIIEPATYphl, OT YHUCJA CTENEHEW CBOOOJBI YACTHUIIBI U OT €€
ramMuiibToHMaHa. Ecau cmenenu  c60000bl  uacmuuyvlt  6x00am 6
2AMUTBMOHUAH  CUMMEMPUUHO, MO HA KaxXCOyl0 CHMEeneHb Cc80000bl
npuxooumca  OOUHAKOBAsL  MEN108as  IHep2us, NPONOPUUOHATbHAA
memnepamype. TeopeMy NpeIIOKWI YOTEpCTOH B 1845 T., KONMMYECTBEHHOE
BeIpakeHue nan Makceemn B 1860 r. m boneiman B 1868 1. Teopema He
MPUMEHUMA JIJIs1 KBAHTOBBIX CUCTEM.



JIropeur boasuman (1844—-1906)

Hcnonb3ysl raMuiIbTOHMAH, HAUJAEM CPEIHUE 3HAYCHUS KUHETUYECKOM,
MOTEHLUUAJIbHON U TIOJTHOW YHEPTUM YACTHULIbI, BBI3BAHHBIE TEILIOBOM SHEPTUEH.

Il'amuabTronnan 4acrunbl ¢ | cremeHsaMu  cBOOOIBI  BKIIFOYAET
KUHETUYECKYI0 DSHEPIUI0, 3aBUCAILLYI0 OT MOJYJS MPOEKUUW HUMITYJIbCA, U
MOTCHIIMAJIBHYIO JHEPIrUIO0, 3aBUCAILYI0 OT MPOEKUUN KoopauHaTbl. Cuutaem
3aBUCHMMOCTH CTEIICHHBIMH, TOT /1A

(08 B o B
S t
Hi=2 exini + 2 Epot,j = 2.l Pi [ + X bjdy, (2.103)
i1 j=1 i1 =1
Trac
a<f — YHCIO aKTMBM3UPOBAHHBIX CTEMEHEH CBOOOIBI C KHHETHUYECKOM

DHEPIHUCH gyjp j U C UMITYJIbCAMH B TIpeiesiax —oo < pj <oo; @ >0;
B<f — 4uciO0 aKTHBU3MPOBAHHBIX CTENEHEW CBOOOABI C IOTEHIUAILHON
SHEPTHCH &gt j M € KOOPAMHATAMH B Tipeaenax 0<qj <oo; bj>0.



[Tonyyum cpennue mo (a3zoBomMy aHCaMOJIO 3HAYEHUS KUHETHUYECKOM,
MOTEHIMAJIBHON U TIOJIHOW YHEPTUM YaCTULIBI IPU TemIieparype 7.

Cpennsii  3Heprusi  4YacTullbl paBHAa  CPEIHEMY  3HAYECHUIO
raMmuJabTOHHUAHa 10 ()a30BOMY aHCAMOJIIO U BBIPAXKAETCS Yepe3 CTATUCTUUECKUM
UHTErpan coriacHo (2.94)

EZH_].:ZSKin,i +28p0t,j :szaiTlnzl. (2.104)
i j

B craTtuctudeckom nurerpaie (2.81)

hle :I...je_Hlldeql...dqf dp;..dp¢

¢ raMuJIbToHHaHOM (2.103)
9 S 4 t
Hi=> & pi[’ + X bjqj
i=1 j=1

uHTerpansl B KonmuectBe 2f  pasmensrorcs. [lomywaem mpowusBencHue
UHTErPAJIOB ISl KaXA0W aKTUBU3UPOBAHHOM CTENEHU CBOOOIbI

1
Zl:h_fHK‘ HP-,
. ]

ra€¢ KHUHCTHYCECKasad HW I[IOTCHIHAJIIbHAsA COCTaBJIAIOIIHNUE CTATHCTHYCCKOI'O
HHTCTPAJIa 4aCTUILIBI PABHBI

o0 e}
Ki= | e IRl g, =2fe™ KT oy

—00 0
T bt /kT
Pj E_[e 9] qu' . (2-105)
0
Hcnonb3zyem
J‘e—d x© dx = ]:-|_/ F(Ej ,
0 cd”® \c

rae c=-1/n, n=0,1,2,...,00, BBIYUCIISIEM UHTETPAJIbI

Kj=—2 (kT)”Sr@,

sail/ S

1 1Yt (1
P, =——(KT) r(—),



rae s,t=-1/n, n=0,12,...,00. C yuerom

zlzifHKi I1P;
h' 50
INZ; = InK; +>_InP; - f Inh,
u3 (2.104) | |
Z%+Z%:kT2§|nzl
HaXO0JIUM | J

0 0
ngin,i +ZS pot, j = kTZ{Za—TMKi +Zﬁ_TlnPjJ.

i j i J
Paznensiem BKI1aabl pa3HbIX BUJAOB YHEPTUU U CTEIICHEU CBOOOIBI

2 0

i =kT“—InK;,
€kin,i oT i
e =kt2Linp. (2.106)
pot, ) — oT I )
Bennuunael
1
K; = kTYYsT j
| — Sail'/s ( ) (S
_ Ut 1
PJ bllt ——(KT) F(t)
jgorapupmupyem

INK; =<InT +¢, c=In 21/ kl’sr(lj
S S a; S

1 1t 1
InP; ==InT +d, d=In k*'T
It [tbm @]

nuddepeHnrpyeM U mojrydaem

1
ekini = | pi =ng :

bt =1




BennauHbl yjnj U €pot,j HE 3aBHUCAT OT | U ], CIIEJOBATENBHO, BBIIOIHAETCS

T€OpeMa O PAaBHOM PACHPEAECICHUH TEINIOBOW HEPIUU MO aKTUBU3UPOBAHHBIM
CTEIIEHSIM CBOOOJBI YACTHIIBI. Y YUTHIBAEM BCE CTEIIEHU CBOOOIbI

p

€pot = ngot,j =Bepot, j
j=1

I
€kin :ngin,i =& Ein,i -
i=1

B pesynbrare cpedonue 3nauenus nomeHyuanbHoll, KUHeMu4ecKoil u noJaHol
IHEP2ULL YACMUYbL NPONOPUUOHAILHBL MEeMnepamype

B
Erin = — KT,
kin S

—:(E+%) KT . (2.107)

PaccMoTpum apyrou 4acTHBIN Clly4ald TEOPEMBI.
I'a3 B orpanmyeHHom oObeme. FEciu KoopauHata oOrpaHuyeHa
KOHEUHbIM wuHTEpBAIOM 0<( j <q jl> TO TMOTCHHHATIbHAS COCTaBJISAIOLIAS

CTaTHCTUYECKOTO MHTerpana dactuibl (2.105) s ocu | paBHa

dj1 t
—b;q; /KT
J. e Jql dq

0

Pj =

Pesynbrar epor j =KT /t u3 (2.107) He mpUMEHUM, BBIDaXCHUE &kjnj =KT /S

MOYKHO MCIIOJIB30BaTh, €CJIIM —0 < Pj < 0.

Hailinem cpeaHio0 MOTEHIIMATIBHYIO SHEPTUIO YAaCTHUILIbI JJIs1 Ta3a B COCY/IE
pa3MepoM A 10 OCH |, BIOJIb KOTOPOH JIEHCTBYET OJHOPOIHOE MOTCHIIMATEHOES
I10JIC

€ pot,j = bx,

HAapUMEP, SJICKTPUYECKOE WIM IpaBUTALMOHHOE. BepXHUil mpenen uHrerpasa
qj1= A>0, Torna



A KT
py = [e KT = KT (1_ o~bAVKT ) |
b
0

U3 (2.106)

1290 1hp.
SpOt,j_kT a_TInPJ

HaXOJIUM CPEIHIOI0 OTEHIIMAJIBbHYI0 SHEPTUIO YaCTULIBI ITpU Temrieparype 1

bA

_n (2.108)
CDAIKT 4

Epot,j =PX =KT -

TerioBoe nBH)KEHHE pa30pPACHIBAET YACTHULIBI ra3a PaBHOMEPHO IO BCEMY
0o0beMy cocyza. TOMY MPOTUBOACHCTBYET BHEUIHEE IMOJIe, ACHCTBYIOILEE Ha
YaCTUIY C CUJIOU

depot,j _
X ==
dx
HaIpaBJICHHON Ipu b >0 B CTOPOHY yMEHbIIEHUS KOOPAUHATHI X.

[Ipu HU3KOI TemnepaType CUI0BOE JEUCTBUE MPe00IaiaeT HaJl TEMIOBOM
sHepruer bA>>KT , Ttorna u3 (2.108) nonygaem

€pot,j =X =KT <<bA. (2.109)

CrnemoBarenbHO, X << A, 4aCTHIIbI TOJ JCHCTBHEM CHJIbI OKa3bIBAKOTCS OKOJIO
creHku cocyna npu X=0. CTeHKY Ipu X= A MOXXHO CUMTATh PACIOJIOKCHHON
Ha OeckoHeuHocTH U pe3ynbrat (2.109) coBnagaer ¢ (2.107)

— _B
npu B=t=1.
C YBCIWMYUCHHUEM TCMIICPATYPhl TCILIOBOC ABMIKCHUC PaCTCT M CPpCAHAA

KoopAauHata yBenuuuBaercsa. lIpum Beicokoi Temmeparype DA/KT =eg<<1
UCIIOJIb3YEM PA3JI0KEHUE

ef=lt+e+e2/2,

u u3 (2.108)
— bA
Epot i =PX =KT ——7—
pot, j DATKT
HAXOIUM
bX =bA/2<<KT, (2.110)
TOTa

X=A/l2.



[Ipu KT >>bA TemioBoe IBIKEHHE MpeoOiagacT HaJl CHJIOBBIM IIOJEM U
pa3OpackIBacT YaCTHUIIBI C PaBHON BEPOSTHOCTHIO IO BCEMY O00BEMY, CpEIIHEE
MOJIO’KEHHUE YaCTHUIIBI COBITA/IACT C CEPEANHOM coCyIa.

MNPUMEPDBI

1. Cpennsis KHHeTHYECKAsi HJHEPrusi CBOOOMHOM 4YacTHUbI TMPH
Temmneparype T.

Yactumia TpexMepHOro raza mpu Temmoeparype |  JBHXKETCS
MOCTYNATEIbHO BIOJb OCHU | =X, Y,Z. CocTaBisiomas KHHETUYECKON SHEPTUH

€aef i :ipizi —0 < Pj <©
To2m
CpaBuuBaeM ¢ (2.103)
o
eeei =8l pi I,
i=1
HaXOIUM
a=1, s=2, g :zi.
m
W13 (2.107)
—
SKI/IH = ; kT
OJIy4acM
1
Exumi = EkT . (I1.4.1)

/Jlna Kknaccuuecko2o pasnoseecnozo 2aza npu memnepamype T na xasrcoyio
HOCHYNAMEIbHYI0 CHMENneHb Ce0000bl YACHMUUbL NPUXOOUMCA MENni06as
KuHemuyecKkas IHepzus

Tyt
2

2. Cpennsis JHeprusi JMHEHHOI0 TapMOHHYECKOT0 OCHUJLISATOPAa MPH
Temueparype 7.

I"'amunbpTOHMAH

2 mw?x?

Hl(p,x):;m+ 5 , —0<X,p<oo,

cpaBHHBaeM ¢ (2.108)

a p
Hy=> g pi[*+ X bjla; [,
i=1 j=1



mojriyaacm

U3 (2.107)
— — o _ (a
Enor = lf KT, &wum =3 KT, € :(;+%j KT
HaXO0JIUM
— 1
=—KkT,
8KI/IH 2
1
=—KkT,
8HOT 2
e=KT. (IL.4.1a)

Ha nuneiinoe zapmonuueckoe koneovanue npu memnepamype T npuxooumcs
mennosan Inepeus KT, KoTOopas CKIagbIBacTCs M3 KHHETHYCCKOH W
MMOTEHIUAIbHON SHEPTUU.

MoJisipHasi TENJI0EMKOCTh
TPEXMEPHOI0, IBYXMEPHOI'0 U OJHOMEPHOI'0
MPOCTOro Tejia npu remueparype 7.

ITpocToe BemecTBO COCTOUT U3 aTOMOB OJHOI'O XMMHYECKOI'O 3JIEMEHTA.
Kpucramnuueckass TpexMepHas pelieTka yAEpKUBAeT aToM B y3Je
NOTEHUUAIBHBIM TIOJIEM. Y3€l SBISETCA TPEXMEPHBIM T'apMOHHYECKUM
OCLWJIIATOPOM C FaMUJIIbTOHUAHOM

+ax2+by2+c22.

2 2 2
Hy= Px_, Py .
2my  2my 2m,

CpaBauBaeM ¢ ramuibToHHaHoM (2.103) u3 Teopembl O pacmpeeieHun
YHEPTUH

o p
Hy = aj| pi [+ > bjqj,
i=1 j=1
HaXO0IuM I1apaMCTpPhbI
a=p=3, s=t=2.

N3 (2.107) nonydaem CpeaHIO0 TEIJIOBYIO SHEPTUI0 aTOMa

E:(g+%)kT=3kT.

S

Yucno y3710B B Mose Kpuctauia paBHO uuciy ABoraapo Na. BHyTpeHHss
SHEPruUst MOJIS



Upm =€ Np =3KNAT =3RT,
rae R=KkNp — yHuBepcanbHas ra3oBas MocTossHHas. MoJsipHas TEMI0EMKOCTb

(Cy )y = 3UM _3R. (11.4.2)

dT
Ilpocmobie meepovie mena oonadarwom o0OUHAKOBOU, He 3asuUcAUlell Om
memnepamypvl MONAPHOU menioemkocmoio — 3akon /rononza u ITmu (1819
r.). 3aKOH HE€ TPUMEHUM MpPU HU3KON TemmepaTrype U Jjisi OOBEKTOB, TJiE
CYILIECTBEHHBI KBAHTOBBIC SIBJICHUS.

Lep J{ronoHr Anekcus [t
(1785-1838) (1791-1820)
Ilnenka amomapHou moauwiunbsl oOpazyer JIBYXMEPHYIO

KPUCTAJUTMYECKYIO PEIIETKY, TOT1a
a=Pp=2, s=t=2, e=2KkT.

3akoH /rononra u [Itu nonyyaer Bua

(Cy)m =2R.

Ilposonoka  amomapnoii  moawunsl  00pa3yeT  OJHOMEPHYIO
KPUCTAJUIMYECKYIO PELIETKY, TOTAa
a=B=1, s=t=2, e=KkT.
MouJtsipHasi TEMI0EMKOCTh

(Cy)m =R.

TemnoBass payKkryauus pasHOCTH NOTEHUHAJIOB Ha pe3UcTope.

KonebaTenbHblli KOHTYp COACPXKUT pe3uctop R, ot mar. resisto —
«COTIPOTHBIIATLCSA». BHEMIHWIA CHUTHAT BBI3BIBAET B KOHTYpE KOJcOaHUSI.
Hanpsoxenue ¢ kongencaropa C mMoJaeTcss HA YCUINTENb CUTHAJIOB ¥V U janee
Ha pEerucTpaTop B BuIe ocumwiorpada, Kak MoKa3aHo Ha PUCYHKE. Y CUIIUTENb
uMeeT OOpaTHYI0 CBS3b U TMPOMyCKaeT KoJeOaHWs C HAMPSKCHHUEM,
MPEBBIIAIONIMM  HEKOTOpOoE€  moporoBoe  3HadueHue. OHO  gBIsAETCA
MHUHUMQJIbHBIM ~ CHUTHAJIOM, KOTOPBIM pPETHCTPUPYET yCTpoucTBO. [lns
YCTPaAHEHUS 3alTYMJIEHHOCTH TOJIE3HOT'O CUTHAJIA IOPOTOBOE 3HAYEHUE TOJIKHO



NPEBBINIATh BEJIMUYUHY (DIYKTyalldd HAIpPSOKEHUS, BBI3BAHHYIO TEIIOBBIM
JIBUKEHUEM 3apsAJIOB B pe3uctope. Hainem 3Ty BEIUUYnHY.

L He
R |—> >

Konebartenbubrit koutyp LCR ¢ ycunutenem ¥V

XaoTuyeckoe JBWIKEHHE DJJIEKTPOHOB B  pe3uctope R co3maer
KPAaTKOBPEMEHHBII TOK, KOHJEHCATOp 3apsiKaercs, B KOHTYpPE BO3HUKAIOT
Kojebanus. 13 onpenenenus 3IeKTPOEMKOCTH

C_Q

U

noaydacM CBA3b MCXKIAY CPCAHCKBAAPATHYHBIMHU 3HAUYCHUAMHU 3apsaga U
HaIIpsZKCHUA

Q2-c2u?.

Inekmpomexanuueckana AHAI02UA PACCMATPUBACT 3apsi] KOHJEHCATOpa Kak
OJHOMEPHBIM HMITYJIbC, HAIPSDKEHHE Ha KOHIEHCATOpE — KakK CKOPOCTb,
DIEKTPOEMKOCTh — Kak Maccy. Torma sHeprus 3apspKEHHOTO KOHJIEHCATopa
ABJIAETCS KUHETUYECKON DHEPTUEU

Q2

€apf =——, —0<Q<oo,
éej ,
2C

CpaBHHBaeM C KMHETHYCCKON 3Heprueu, Bxojsied B ramuibroHuan (2.103)
TEOPEMBI

o o s
Desaii=D alnl,
i=1 i=1

HAXOJIUM
a=1, s=2, g=1/2C.
W3 teopemsr (2.107)

mojiydacM CpCIHIOI0 TCINIOBYIO SHCPTUIO K0JIe0aTeIILHOTO KOHTYpa

]

~ Ly
2C 2



Haxonum cpenHee KBapaTUIHOE HAMPsHKEHUE HA KOHJEHCATOPe

— Q% KT
U = -
2 C

O

U QIYKTYyaIuio HapsKeHUsI

ouU E\/L7—Jz Z\/lﬁz\/g.

Yem eviuie memnepamypa u MeHvue INEKMPOEMKOCHb KO1e0ameibHo20
Konmypa, mem 00Jibuie (hayKmyayus HanpAa3ceHus Ha KOHOeHcamope.
[TapameTtpsl kosebaTenbHOro KoHTypa L, R, C BhIpakaem depe3 IMUPUHY

YaCTOTHOM IMOJIOCHI MPOIYCKaHUSI CUTHAJa AV U PEaKTUBHOE COMPOTHUBIIEHUE X
KOHTYypa

Av:i,
2L
L 11
RC 2rAvC’

MommHocTh, nepeaBaemMas OT KOHTypa K YCUIMTEI, JOCTUraeT MaKCUMyMa
IPU CO21ACOBAHHOI HAZPY3Ke, KOT/Ia BXOJHOE CONPOTUBIICHHE MOTPEOUTENS,
TO €CTh yCUJIUTENS Ry, paBHsieTCa conpoTuBieHuio ucrounuka X. [lonyyaem

l =21 AV Rl’
C

TOrga

uzz%T:znAlekT

U (IyKTyarust HanpsHKeHus

sU =\U2 = J27kT R{Av . (11.4.3)

[ns npuemHuka ¢ mnosocod nponyckanus Av=10kl'n, ¢ BXOIHBIM
conporuBieHueM Rp=10kOm wu Temneparypon T =290K mnomyyaem
baykTyanuio HampsbkeHuss Ha  Bxoje ycwiurtens  oU =16MkB, uro
OTPAaHUYMBAET €ro NPEACIbHYI0 UYyBCTBUTEIBbHOCThb. /1A noevluienusn
YYECMEUMEIbHOCMU NPUEMHUKA HEO00X00UMO CHUMCAMb MeMnepanmypy
pesucmopa.

TeroBbie  (QuIyKTyanu HAMpsDKEHUS HA  PE3UCTOPE  OOHAPYKUI
3KCNepuMEeHTAIBLHO J[>koHCOH B 1927 1. OH mOAKIIOUMI PE3UCTOP K BXOIY
YCWINTEINA, Ha BBIXOJE BO3HUKIA (IyKTyalus pPa3HOCTH IMOTEHIIMAJIOB.



JIxoHCOH HabJIrOAal, YTO B JUAMA30HE aKyCTUUECKUX YaCTOT V= (102 —104) I'o

JIUCIIEpCHST PA3HOCTH MOTEHUMAJIOB TEIUIOBOTO IlIymMa NIPONOPLHOHAIbHA
CONPOTHUBJIEHUIO U TEMIIEPATYPE PEUCTOPA

Dy ~RT.

Pesynbrar cornacyercs ¢ (11.4.3).

Jxxon beprpann /I»)xoHCOH
(1887-1970)

daykryannonHas J/[C akTHBHOI0 CONPOTUBJICHUSA.

PaccMoTpuM MexaHW3M BO3HUKHOBEHHS AJICKTPUYECKUX (DIyKTyalui B
NPOBOJAHUKE JUIMHOH | ¢ 3JCKTPOHHBIM THUIIOM 3JCKTPOIPOBOIHOCTH.
XaO0TUYECKHE TEMJIOBBIC NIBMKEHUS DSJICKTPOHHOTO Tras3a paszjaraeM B psj
Oypre. KoJUIEKTUBHBIE TMEPEMEIICHUS BJECKTPOHOB BJOJbL MPOBOJHUKA
paccMaTpuBaeM KakK CTOS'YME BOJIHBI CMEIIEHUW Tra3a OT PaBHOMEPHOTO
pacopeneneHuss €O BCEMHM BO3MOXKHBIMHA JUIMHAMHM BOJIH. Ha KkoHmax
MIPOBOJIHUKA DJIEKTPOHBI HE BBIXOIAT 3@ €r0 IPEAENbl U BO3HHUKAKOT Y3JIbI
cMelleHud. B pe3ynbprare mpoIojbHBIE CMELIEHUS Ta3a UMEKOT JUCKPETHBIN
CIIEKTP W SBJSAIOTCA CYMMOW CTOAYMX BOJH N=1 2 3,.., NOKa3aHHbIX Ha

PHUCYHKE.

0 npoBogHuk |

Crosiure BOJIHBI CMEILEHH ras3a
B IPOBOJIHUKE

Cmemenusi 3JMEKTPOHOB CO3[AI0T PAa3HOCTh NOTEHIMAJIOB Ha KOHIAX
npoBogHuKa. Haiimem QuykTyanuro HampsDKeHHS, paccMaTpuBas BOJIHBI Kak



JMHEWHBIC TAPMOHUYECKHUE OCITUJUIATOPHI M YUUTBIBAs, UTO MPHU TeMIieparype T
CpeIHss TEIJIOBasi SHEPTUsl OCHWILIATOpA paBHA KT .

Nimem 4wuciao BOJH B HHTEpBajie d4acToT dv. VY3abl Ha KOHIAX
IIPOBOJHMKA O3HAYalOT, YTO Ha JUIMHE MPOBOJHMKA | ykiagwiBaeTcs Ienoe
YHUCJIO IOJIYBOJIH N=12,..., Torga

A 2l
n—=1, n=—,
2 A
r71e A — JUIMHA BOJIHBI; N — YKCJIO HE3aBUCHUMBIX BOJIH B MpoBoaHUKE. C yueTom
JIBYX MPOEKIMH CMUHA 3JICKTPOHA MOJIYy4YaeM YMCJIO BOJH B MHTEPBAJIC YaCTOT
(0,v)

N:Zn:22—|:4—|v,
AV

rane A=V /v; V — ckopocts BosiHbIL. JuddepeHunpyem paBeHCTBO U HAXOAUM
YHCIIO BOJH B MHTEpBaJIe 4acToT dv

dN=4—|dv.
V

Kaxnmas BojmHa SBIAETCS JMHEWHBIM TapMOHUYECKHMM OCHHILTATOPOM C
TerutoBor dHepruen KT, Torna sHeprus dN BoJIH

AT

dE =kTdN = dv.

Bpewms pacnipocTpaHeHust BOJIHBI IO MPOBOJHUKY T=1/V , TeraoBass MOUIHOCTb

NEPCMCIICHUA 3JICKTPOHOB

dp = 9E _ kT dv

T

ceszana ¢ DJ1C 3akonom JIxoyns—JIenna

szﬁsedv.

st cpennero kBaapata Qypbe-KOMHOHEHTHI (aykTyanumonHot JJIC Ha
yacToTe v nony4daem gpopmyny Haiikeucma

g2 = 4KTR. (T1.4.4)

Pesynbrar yctanoBun B 1928 r. HalikBuct — oaMH M3 co3maTeniel TEOpUU
uH()OpMaITUH.



['appu Haiiksuct (1889-1976)

ITpu T ~300K 3/1C cnabo 3aBUCUT OT YaCTOTHI U B CIIEKTPEe PIIyKTyarun
NPUCYTCTBYIOT BCE YacTOThl — (IyKTyalluu HMEIOT «Oenbii crektp». U3
(I1.4.4) naxogum GIayKTyaIruio HaNpsHKEHUS Ha KOHITAX MPOBOAHUKA

8U =4/e2 Av = \JAKTR Av, (IL4.5)

rie Av — T1oJoca YacTOT, pPErucTpupyemas H3MEPUTETIEM CUTHAJIOB.
[TonydenHoe BeIpakeHue 01M3K0 K pesynbraty (11.4.3)

U = \[27KT R, Av

U3 MPEIbIAYIIEro npuMepa ¢ kojedarenbHbiM KOHTypoM. Dopmynsl (11.4.3) u
(I1.4.5) npuMeHUMBI, €CIM HE CYLIECTBEHHBI KBAHTOBbIE 3(P(PEKTHI, TO €CTh IPU
OTHOCUTENILHO BBICOKOH Temneparype

kT >hv,

raie v — MakcuMaiibHag 4actota B mnosioce Av. Ilpu T ~300K mnomydaem

v<10®TH. U3 (IL4.5) ciemyer, 4Tto ycmpoiicmeo, umelouwiee 6 ceoeii
INEKMPUYECKOUl  Uenu  OUCCUNAMUGHbLIL  IJIEMEHm  —  AKMUGHOE
conpomueieHue, AGIACMCA UCMOYHUKOM MEN106020 INEKMPUUECKO20
uiyma. Cucmema ¢ Hucmo peaKkmueHvIMU IJ1EMEHMAMU He WYMUM.

[TomydyeHHble pe3ynbTaThl SBISIOTCS CIEACTBUEM  (hIyKMYyauuoHHO-
OUCCUNAUUOHHOII Meopembl, KOTOpas YTBEP)KIAeT B YaCTHOCTH, YTO ec/iu
ecmb ouccunauus IHepeul, mo cyuwiecmeyem u (QayKmyauyus IHepeul.

Cpelesm MOTCHHHAJbHAA JHECPTIUA OCHULJIATOPA

FapMOHI/ILICCKI/I KOJ'IG6J'IIOIH&$IC$I dJacTula HUMCECT IIOTCHIUAJIBHYIO
9HCPIrur0, ONMMUCbIBACMY1O B O6H.I€M ClIy4ac NMOJIMHOMOM BTOPOI'O IIOPAJAKa

u(x):ax2+bx+c, (I1.4.11)



rme a>0; —oo<X<oo — CMEIICHHE W3 IOJOKCHHS paBHOBeCHS. TeIioBoe
JBIDKCHHE BBI3BIBACT CMCIICHUS YaCTHIIBI M YBEIMYHMBACT €€ MOTCHIHMAIBHYIO
sHepruro. Haiiem cpeHio MOTEeHITNAIbHYIO SHEPTHIO IIPH TeMIeparype 1.

BeruucnsieMm  TOTEHIIMANBHYIO ~ COCTABJISIIONIYI0  CTATUCTUYECKOTO
uHrerpana (2.105)

P= J‘e—u(x)/deX:

—00
° 2 KT 1 (b2
_ J‘ e—(ax +bx+c)/deX: Tf_exp =12 |l
a kT | 4a
—00
[JI€ UCIIOJIL30BAHO
o0 2 82
je_rx _Sxdx:\/iexp S
r 4r

—00
[Tomyyaem

2
InP:EInT+i b——c +In n—k )
2 KT | 4a \/a

Jliig cpenHeli moTeHnuanbHoi sueprun (2.106)
— 2 0
g7 =KT“—=InP
110 oT

HaxXoquM
— 1 b2
SA\:_kT+C—— H.4.12
o9 4a ( )

[Tpu b =-2vac nmoTeHIMaNbHAS YHEPTHS MTOJTyYaeT CIBUT apryMEHTa

u(x)=a(x—xp)%, xg=+cla. (IL4.13)

[lonoxeHne paBHOBECHS 4YacTULBl HaxoauTcs B Touke Xp. U3 (11.4.12)

Haxoaum
8-,-7(‘) = kT / 2. (H414)

Pesynerar coBmamaer ¢ (IL.4.1a), kotopelii coorBercTByeT Xg=0.

CJ'IGJIOBaTeJ'IBHO, CMeuieHue noJjioJiceHusl paenoesecun K0ﬂe6mou4eﬁc;1
yacmuubol noo oeilicmeuem NOCMOAHHOI CUJIbL HE U3MEHAEm ee cpedmoro
menjiosyro nOmeHyuaibHy10 Inepiuio.

HeycTpannMasi norpemHoCcTb NPYKUHHBIX BECOB.



TpeOyercs HailTM TpaBUTALMOHHYIO MacCy Tejla M U HEYCTPAHUMYIO
NOTPEIIHOCTh H3MEpPEHUs Macchl. Vcmonb3yloTcs Bechl, paboTalliue Ha
OCHOBE YNpYyToi Cuiibl ¢ KO3 PUIIMEHTOM )KECTKOCTHU K MpuU Temneparype 7.

JIns u3mepenus Macchl TENO MOJBEMIMBAETCS K MPYKUHE B OTHOPOIHOM
I0JIE TSKECTH C YCKOPEHHMEM CBOOOJHOrO MafeHWs (¢, KaK IIOKa3aHO Ha
pucyHke. [IpyxkuHa pacTaruBaercs Ha BEJIMYMHY X . ECIHM TEnO HENMOJIBUXHO,
TO CUJa TSHKECTH MY | yrpyras cuna f(X) =k X ypaBHOBELICHBI

Bechl Ha OCHOBE yIIpyroi CHJIbI

N3Mmepsist pacTsiKEHHUE IPYKUHBL X , OJIy4aeM IPaBUTAMOHHYIO MaccCy Tela

k_ 1_

m=—X=—X,

g C

TJI€ YY6CMEUMEIbHOCHb 6€C06 KAK OMHOUEHUEe USMEHEeHUA CUZHAIA HA
8bIX00¢€ K UBMEHEHUIO CUZHAA HA 6X00€

C= % _9 .
om «
Uem menbliiie KOd(PGUIIMEHT KECTKOCTU, TEM BBIIIE YyBCTBUTEILHOCTh BECOB U
TE€M CUJIbHEE Pearupyer CUCTEMA Ha BO3MYILICHUE.

XaOTUYECKUE TEIUIOBBIE JIBMKCHUS MOJICKYJ TMPYXKHUHBI, Tela U
OKPY>KaloIlleT0 BO3/1yXa MPUBOJAT K MUKPOKOJIEOAHUAM yKa3aTessl BECOB OKOJIO
cpeaHero 3HayeHus X . HeBO3MOXKHO CHSITh MOKa3aHUs MpuOOpa ¢ TOUHOCTHIO,
MEHBIIIEH CPEeIHEeW aMIUTUTYAbl XAaOTHUECKHX KOJeOaHWW yKazarTels, paBHOU

baykTyanuu

rae X=mg/x.



Haiizem X2, UCIIONIb3Ysl TEOPEMY O pACHPEACICHUU DHHEPrUU IO
creneHssiM  cBoOoxabl. Cucrema  ogHOMEpHas, Ha  TeIO  JCUCTBYeT
pe3YyJbTUPYIOLIAs CUJIa C MPOEKIUEN

Fy =mg —xX,
TOT'Ja IIOTCHIHAJIbHAA SHCPI'UA
X X
U(X)=—jdeX=—f (mg —KX)dX=%Kx2—mgx, —0< X< 0.
0 0

Cpasnenue ¢ (I1.4.11)
u(x) —ax®+bx+c

JaeT
a=x/2, b=-mg, c=0.
N3 (I1.4.12)
- 2
8-|-To=ikT+C—b—
2 4a
MOJy4aeM
_ — 2
u x)=1Kx2—m97:1kT—m=£kT—EKYZ.
2 2K

B mnocnegHem paBEeHCTBE HCHOJIB30BaHO Mg =kX. CpaBHHUBa€M BTOpPOE H
NoCJeAHEE BhIPAXKEHUSI pABEHCTBA MOCJIE YMHOKEHUS Ha 2

KX2—2ng:kT — kX2,
C yuetoM mg = kX HaXO0JUM
x2:k—T+X2, (E‘)X)2 :k—T.
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B pE3yJabTaTC MUHUMAJIbHAaA a0coroTHAas IOrp€IrHOCTb UBMCPCHHA MACChI
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Hozpeumocmb umepenusn ymeHosuiaemcsa npu ROHU ICEHUU memnepamypbl
u yeeiauuenuu wyecmeumesibHoOCmu 6ecoes. I/ICHOHBSY}I 4acToTy CBO6OI[HBIX

KOJICOAHUH CHCTEMBI (DI\/K/m, HaXOIUM OMHOCUME/IbHYI0 NROZPpEULHOCHLb

umepenun
om_o /k_T
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Mpr o=2r1-10A5, T=290E, m=10"4, momyuaem dm/m~10".

HeycTpanumasi orpenrHocTh NPYKHHHBIX BECOB
(ympolieHHOE OmKcaHue)

MakpoxapakTepucTuka PaBHOBECHOM CHCTEMbl MOCTOSHHA TOJIBKO B
cpenHeM. Ee wMukpoduykTyarusi BbI3BaHa XAOTHYECKUMHU  TEIJIOBBIMU
JBUKECHUSIMU MUKPOYACTHII.

N3meputenbHOE YCTPOMCTBO — SBIIIETCSI CUCTEMOM, XapaKTEPUCTUKHU
KOTOpPOW HCTBITHIBAIOT TEIUIOBbIE KojeOaHusi. HEBO3MOXHO HU3MEpPUTH
GbU3MYEeCKyl0 BEIUYMHY C TOYHOCTHIO, MEHBIIEH CpeAHEH AaMIUIUTYIbI
Xa0TUYECKUX KoJieOaHui ykazatenss mnpudopa. OILEHUM HEYCTPAHUMYIO
MOTPEIIHOCTh BECOB, Pa0OTAIOIIMX HAa OCHOBE YNPYroMl CHIIBI, HMCIOJIb3YS
TEOpEMY O pACTIPECICHIUN YHEPTUHU IO CTENEHSAM CBOOOIBI.

Teno MCKOMOM Macchl MOABEUIEHO HAa NPYXKUHE C KOIPOUIHEHTOM
KECTKOCTH K B OJTHOPOIHOM I10JIE€ TSKECTH C YCKOPEHUEM CBOOOIHOIO MaJeHUS
g. Ecin Teno HEmoABMKHO M HE YCKOPSIETCS, TO yIpyras cujia, BbI3BaHHAs
pacTsHKEHUEM MPY>KUHBI Ha pacCTOsIHUE X 10 3akony I'yka paBHa

f(x)=xX,
M CuJia TSDKCCTH Mg YPaBHOBCIICHBI
KX=gm.

N3MepuB cpenHee pacCTSIKEHUE IMPYKUHBI X, MOJYyYaeM TPABUTALMOHHYIO
Maccy Tena

K_
m=—X.

g

Xa0THYECKUE TETUIOBBIC JBUKCHUS MOJICKYJ MPYKUHBI U OKPYKAIOIIETO
BO3/yXa MPHUBOJAT K MUKPOKOJICOAHUSIM yKa3aTessl BECOB C aMIUTUTYI0U OX H



CO3Jal0T MOTPENIHOCTh U3MepeHust Maccbl dm. bepem nuddepeniman yciopus

PaBHOBCCHUA CHII
K OX=gom

H HaXO0JUuM aﬁcomomnyro ROCPEULHOCHLD UBMEPECHUA MACCDL
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rae 60X — UIyKTyalus MOJI0KEHHS CTPEIIKH BECOB.

Jlnst monyuyeHus OX HCIOJBb3YyeM TEOpPEMY — CMeuieHue NON0MHCEHUs
paesHogecus Koaedarueica 4acmuybl noo 0eiicmeuem nOCHmOAHHOU CUbl
He U3MEeHAem ee CPeOHI0 NOMEHYUAIbHYIO IHeP2UIl0 npu memnepamype T.
Torna cuutaem X =0 u nonydaem (QIyKTyaIuio

SX:V;—YZ :\/x:2.

Wuem X° u3 TEOPEMBI O PaCIpPEIeIICHUN TEIUIOBOM dHepruu. [loteHunanbHyro
DHEPIHUI0 YIIPYTOU CUJIIbI

U(x):Kx2/2, —00 < X <00
cpaBHHBaeM ¢ (2.103)

p
gito= 2 bjlaj [,
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HAXOIUM
B=1, t=2
W3 Teopemsr (2.107)
Enor = % KT

nmojadydacM CpCAHIOIO ITOTCHHHUAJIIbHYIO JSHCPIUIO, CBA3AaHHYIO C OAHOMCPHBLIM
TCIIJIOBBIM XdOTHUYC€CKHUM JIBHKCHHEM BCCOB

U (%) = S iex? = 2k
2 2
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noJjrydyaeM (pIyKTYyalHIo yKa3aTells BECOB
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Y HEYCTPAHUMYIO IMOTPEIIHOCTHIO U3MEPEHUS MaCChl
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Jlna  ymeHbuwieHua  NOZPEUWIHOCIMU  6e€C08  Heo0X00UMO  YMEHbULAmDb
memnepamypy u HceCmKOCmb RPYIHCUHBDL.

PesynpTrar mpuMeHUM I JIIOOBIX  aHAJNIOTOBBIX  U3MEPUTENBHBIX
YCTPOMCTB, HCMOJB3YIOIUX YIPYTyHO CHIY — BOJBTMETPOB, aMIIEPMETPOB,
raJibBAHOMETPOB U APYTUX IPUOOPOB.

enTpudgyra

[entpudyra — 310 OBICTPO BpalIAIOUIUNCA HWIMHIPUYECKUM COCYI,
HAIllOJJHEHHBIM Ta30M WIH JKUAKOCThIO. COAEpKUMOE HUMEET HECKOIbKO
dbpakuuii, OTIMYAIIMXCS IOTHOCTHIO. [loa neficTBUeM HEHTPOOESKHOM CUITBI
dbpakuust ¢ Oousbliel TJIOTHOCTBIO KOHIEHTPUPYETCS OJMKe K CTEHKE
UUIMHAPA, (QpaKiUsl C MEHbIIEH IUIOTHOCTHIO BBITECHAETCS B 00JAacThb OKOJIO
ocu Bpaienus. Llentpudyra ucnosb3yercs B siepHON (pU3MKe A pa3iesieHus
U30TONOB, MEPEBEACHHBIX B ra3000pa3Hylo (popMmy, B OHMOJIOTMU U MEAUIMHE
NpUMEHSIETCA Ui  pa3feyieHUusT KUJAKUX (Ppakuuii, pazauyaronmxcs 1o
MJIOTHOCTH.

PaccmoTpum ra3 B nentpudyre pagnycom R, Bpaiaromeics: ¢ 4acToToi
®. B cucreme orcuera, CBA3aHHOW C COCYJIOM, Ha YAaCTHUIy ra3a JEHUCTBYET
UEeHmpOoOedcHas cuna WHepyuu, HATPaBICHHAs OT OCH BpameHus. Yactuua
Maccol M, HaxondIlascs Ha pPACCTOSIHUM I OT OCH BpallleHHs, HMEEeT
NOTEHI[UATBHYIO YHEPTUIO

2
mo
u(r) ——ar?, a=—1,
2
Ha Hee JACHCTBYET IIEeHTPOOeKHAs Ccrjia

ou

fp=—"7= Mer :
or

HalpaBJICHHass OT OCH BpalieHus. [lepeMeneHno 4acTuil OT OCH BpaIlleHUs
MPOTUBOCTOUT TEIUIOBOE JBHXKEHUE, DPa30pachIBalOIEe YaCTUIBI MO BCEMY
o0beMy cocyna. HalineMm cpeHee paccTOssHME YaCTULIBI OT OCH BpalCHUS.



["a3 B uenTpudyre u rpa@uk NOTCHIINAIBHON SHEPTUN YACTHIIBI

BoluucisieM  NOTEHIMANbHYKO  COCTABJISIONIYIO  CTaTUCTHYECKOTO
uHrterpaia (2.105) B moysipHbIX KOOpJUHATAX

—u/KT p ar?/kT kT e
ste dS:ZnIe rdr=——(e"-1),
0 a

1€ UCII0JIb30BAHO.

dS =2nrdr — 3JIEMEHT JIOIIAIH

2
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= W — OTHOCHTEJIbHASI SHEPT U YaCTHUIII Y Kpas HeHTpUudyrHu;
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Torna

InP =In(kT) + In(e® —=1) +Inc.
Hcnonszyem (2.106)
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B pamkax KkiacCM4YecKoW CTaTUCTHYECKOW (U3MKKM TemmepaTypa

g1 =(KT)? InP,

MOJIy4aeM

JIOCTAaTOYHO BBICOKA, TOTJA €= aR? / KT <<1. PasnaraeM B CTEHeHHOM psaa u
yIepKUBaeM MepBbie 4 cllaraeMble
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2 R R’

r2 = A (11.4.16)
2 |7 kT

[lenTpoOexkHast cuia MHEPLUU CTPEMUTCS NEPEMECTUTh YacCTULBI K Kparo
HeHTpuyru. IToMy TPOTHUBOCTOUT TEIUIOBOE JBIKEHHE, pa3zdOpachiBaroliee
YaCcTHUI[Bl PAaBHOMEPHO MO BceMy 00beMy. C yBeJIMUYEHHUEM TEeMIIEpaTypbl 4acTh
YacTHUI] OKa3bIBaeTcsd OJM)KE K OCH BpaIllEHHS, I[MOATOMY C YBEIMYCHHEM

TEeMIIEPaTypbl r2 YMEHBIIAETCH.

BOITPOCHI KOJIVIOKBUYMA

1. ®a3oBoe MNPOCTPAHCTBO /i1 UACAIBHOrO raza. MHUKpPOCOCTOSIHUE U
MakpococTosinue. Pa3oBblid aHcaMOyb. Ywucio creneneit cBobdoabl. Hucio
MUKpPOCOCTOSIHMM. [IIOTHOCTH MHUKpOCOCTOSIHME — (pa3oBOro  aHcamoOJIs.
Teopema JInyBuius.

2. Kanonuveckoe pacnpeaejieHue. Ycnosue [IPUMEHUMOCTH.
Cratuctuueckuit  uHTerpan. CBoOonmnas osHeprus. [lpumenenme K
uaeanbHoMy razy. CTaTUCTUYECKUMH MHTErpall MOCTYMATENbHOTO JIBUKEHUS
YaCTHULIBI.

3. Pacnpenesienne JHEPruM YaCTHHbBI 10 CTeNEeHSAM CBOOOABI s
raMWwIbTOHHAHA CO  CTENEHHBIMM  3aBHUCUMOCTSMH. HeycTpanumas
MOTPEIIHOCTh U3MEPUTEHLHOTO MPUOOpa C YIpyrou CUIOM.

4. Pacnpenenenue MakcBe/uia M0 MOJYJIIO CKOPOCTH W TIO SHEPrUU IS
KOHIICHTpAIlMU 4YacTHI] ra3za npu Temieparype 1. Haubonee BeposiTHbie U
CpeaHUE 3HAYECHUS.

5. Pacnpenenenne BosbiMaHa 1o KoopAuHATE NI YMCIa YacTHIl Ta3a MpU
Temneparype 1 BO BHEIIHEM II0Ji€ C MNOTEHUHWAIbHOW 3Hepruen u(r).

®opmyna bonbiMana A KOHUEHTpPALMKA YaCcTUIl B OJHOPOJHOM IIOJIE
TSIKECTH.

6. TepmoanHaMuveckne MOTEHIUANbI. BHyTpeHHss1 sHeprus. XUMUYECKUM
U DJEKTPOXMMHYECKHW TOTEHUMAIbl. YCIOBUS PAaBHOBECHUS CHUCTEMBI.
XUMHUYECKAN TOTEHIMAI W CTAaTUCTUYECKUM HHTErpaji. 3aBUCUMOCTH
XUMHUYECKOTO IMOTEHIHAAIIA.



