PACHHPEJAEJEHUE MAKCBEJIJIA-BOJIBIIMAHA

Yactuiipl uaeanbHOTO Ta3a, HaXosIuecs Mpu Temieparype T B o0beme
V BO BHEIIHEM MOTEHUUAIHLHOM TI0JIE, XAOTHYECKHM JBUTAIOTCS IO BCEM
HaIIPaBJICHUSIM U CO BCEMM CKOpocTsAMH. [lomyunum pacnpenesieHus: 4acTuil Mo
CKOpPOCTSIM, HUMITyJIbCaM, DSHEPruM U KoopauHataMm. PacnpeneneHue mo
CKOpOCTSIM 0€3 BHENIHEro moJisi mojiyuuia YorepctoH B 1843 r. u MakcBemn B
1859 r. Pacnpenenenus mno mmmyJsibcaM UM KOOpPAMHATAM BO BHEIIHEM IMOJIE
ycTtaHoBuJ bosbiiman B 1866 .

Pacnipenenenne mo CKOpOCTSAM, UMITYJIbCaM M JHEPTUU 0O€3 BHEIIHETO
noJisi  HasbIBaeTCcsi  pacnpedenenuem Makceenna. PacripeieneHue 1o
KOOpJMHATaM BO BHEILIHEM T0JI€ — pacnpedenenuem borvymana.

PacnpenesieHusi Mo KOOPAUHATAM M UMILYJIbCAM

NneanbHblii paBHOBECHBbIM Tra3 U3 N TOXIECTBEHHBIX YAaCTHUI[ MPHU
(UKCUPOBAHHBIX TeEMIIEpaType U 0O0bEME OMNUCHIBACTCS KAHOHUYECKUM
pacrpeaeeHueM

N
dW(X):%HWl(Xi)dXi.
" i=1

IDIOTHOCTE  BEpPOATHOCTH  pacHpeleNeHus Mo  (Pa3oBOMy IPOCTPAHCTBY
MHKPOCOCTOSTHII 9acTHUIIbI | ¢ TaMmuinbToHnanoM Hi(Xj) paBHa

1 g~ HL(X) /KT

X:) = —
w (Xj) 7
rac
dX;=—dfgdip:
= g d Pj,

leje-Hl(xi)/dexi |

JIns TpeXMEpHOW KIIACCHUYECKOW YaCTHIIbI, JABHXKYIIEHCS IOCTYHATEIbHO BO
BHEIITHEM T0JI€ C TMOTCHIIUAJIbHOM AHeprueit u(X,Yy,z), UCIoIb3yeM

1
Hy(Xq) =%(p§ +pg+pg)+u(x,y.2),

1 .3 .3
dXq{=—d>rd”p.
h3



Kunernueckass dHeprus, 3aBUCALNAs OT HUMIIYJIbCa, U IOTCHIUAJIbHA
DHEPrusd, 3aBUCALIASA OT KOOPAUHAT, SIBJIAIOTCS CIAraéMbIMU aMWIbTOHUAHA. B
KAaHOHMUYECKOM PpACHPENCIICHUH TaMUIbTOHHAH HAXOIUTCS B IIOKa3arTele
SKCHOHEHTHI. [lo3TOMy pacnpeneneHuss Nmo KOOPAMHATAM W HMMITYJIbCaM
SBJISIIOTCSI COMHOKHUTEISIMUA B PE3YJIBTUPYIOIIEM PACTIPEACICHUN

Wi (P, 1) =Wy (P) Wy (1),
Z1=L1p Ly,

rae
W p(P) — pacnpedenenue Makceenna, T. €. BEPOSITHOCTb OOHapyKCHHSI

UMITYJIbCa YaCTUIIbI B €IMHUYHOM MHTEpBaJE OKOJIO 3HaYEHUS P;
Wy ((r) — pacnpedenenue bonvymana, T. €. BEPOATHOCTH OOHAPYKEHUS

KOOpAHHATHI YaCTHUILIBI B € AMHUYHOM HHTCPBAJIC OKOJIO 3HAYCHHUA I,

PACITPEAEJIEHUE MAKCBEJIUIA

YacTuna raza npu Temreparype I MOXKET UMETh TEIUIOBYK) CKOPOCTb OT
OYCHb MAaJbIX JI0 CKOJIb YTrOJAHO OOJBIIMX 3HaAYeHUU. BeposTHOCTH pazHBIX
3HAYEHU oTiamyaroTcs. [lomyuuM pacnpenesneHus mo MMMyJIbCaM, CKOPOCTSIM,
OHEPTUSIM B JIEKapTOBBIX U C(PepUUeCKUX KOOpJAWHATAX O€3 BHEIIHETro MOJs.
JInss aTOMOB y4YWMTBIBAEM JIMIIb IIOCTYIATEIBHOE JBWXEHHE. [a3 cuuraem
TPEXMEPHBIM.

Pacnpene.ﬂeﬂne 110 UMIIYJIbCaM

B nekapToBbIX KOOpJMHATAX UCIOJIb3yEM

1,2 2 2
My kin =5 (P + Py + P7),

\ 3/2
7, =— (2nmkT)%/2,

h3

1 3 .3
dX1=—d rd p.

3

Kanonuueckoe paciupCaciaICHUC AJIs1 YaCTHUIbI

AW (Xq) = e~ HIOXD/KT gy
24
HOquaeT BU/



1 2 2y 043, 43
dvvl(x,y,z,px,py,pz)=h3—zlexp[—m(px+py+pz)}d r d3p.

HuTerpupyeM 1Mo KOOpIuHATAM, UCIIOIb3YeM
j d 3 —v ,

MOJIy4YaeM GE€POAMHOCHb OOHAPYHCEHUA YACMUUbL 234 C UMHYIbCOM 6
unmepease (p,p+dp)

APy Py. o) = oxp| 5 (95 + 5 + B2) | dpx, c, -

(2rmkT)%/?
=W( Py ) W(Ppy)W(Py) dpy dpy dp,, (2.41)

I'’AC RJIOMHOCMb 6EPOAMHOCMU

W(py) = (2.41a)

1 1
—exp( —P j
(2nmkT )2 2mkT "

— 6€posaAmHoOCHb oﬁuapyofceuwl yacmuuyusl C npoekuueﬁ umnyjibca Ha ocov X 6
COUHUYHOM UHmepeae 0K0J0 3Ha4eHus Py U C 1100bIMU npoekuyuamu Ha

ocu Y u Z. BBITIOJIHSAETCS HOPMUPOBKA

Q0
| w(p;)dp; =1
—00
¢ yuetoM uHTerpana Ilyaccona
.
_f e X2 dyx=/ma.
—00

PacnpenesieHue o NpoeKUMU CKOPOCTH

B (2.41)

dW (px, Py, Pz) = = (p§+py+ pz)}dpxdpydpz

—exp{
(2rmkT)%/? 2mkT

3aMCHACM UMITYJIBC Ha CKOPOCTh
pi = mVi , dpl = dei ,

HaxXO0auM PacClpCACIICHUC 110 IIPOCKIHUAM CKOPOCTHU



3/2
m m 2 2 2
dWy (vy, vy, V,) = (27:?) exp[—ﬁ(vx +Vy +V7 )} dvy dvy dv,  (2.410)

— 6EPOAMHOCHb OOHAPYIHCEHUA YACMUUBL CO CKOPOCMAMU 6 UHmepeadie
(V,v+dv).

WUnterpupyem (2.410) no vy u v, B mpenenax (oo, o0), MCHOJIb3yeM
unrerpan Ilyaccona. Ilonydyaem eepoammuocmv obnapyycenus uwacmuypl c

npoexuyuen ckopocmu 6 unmepeaie (Vy,Vy +dvy)

2

m mv
dWy (vy) = T exp[—ﬁ} dv, = f (vy) dvy, (2.42)

r1e hynkyua pacnpeoenenus no npoeKyuu CKOpoCmu

2
f(v) = M) _Tdnlvg) _ | _m exp[ mVXJ (2.422)

dvy, n dv, \2rkT | 2kT

— OMHOCUME/IbHOE HUC/II0 "Hacmuu c npoekuueﬁ CKopocmu 6 COUHUYHOM
Unmepease 0Koio \Vy ,

N — KOHYenmpayua yacmuy — YUCIO YACTULl B €IUHULIE 00bEMa CO BCEMHU

CKOPOCTSIMH;

dn(vy) — KOHLEHTpAIUS YACTHUI] CO CKOPOCTSIMU B HHTEpBaJie dVy, OKOJIO Vy ;

dn(v,)
dvy

OKOJIO Vi .

— KOHOCHTpalHA YacCTUull CO CKOPOCTAMH B CAMHHUYHOM HHTCPBAJIC

[Tpu vy =0 dyHKIIMS MakcuMallbHa

m

f(0) =

=A
2nkT

Brimonnsercs HOPMHUPOBKa



o0

Jawa(v) = [ F(vy) dvy =1,

—00
j dn(vy) =n.
CrnenoBaTenbHO:
e [pu JIIOOOM TemIepaType III0Ia b MOl KPUBOM paBHA €AMHUIIE;
e ¢ pocroM I MakcUMyM TIOHIKAeTcs, Tpaduk pacHmpsercs,
YBEJIMYUBACTCS BEPOSATHOCTh OOHAPYKUThH YACTHILY C OOJIbIIIEN CKOPOCTHIO;
e npu T —0 c yueroM

2
5(x) = lim —_e~x"/¢

e—0
pacnpenesneHne CTaHOBUTCS J1eNbTa-(QyHKIIUEH

fr 0(vy) =3(vy),
qaCTUIIbl OCTAHABJINBAKOTCA.

Cpeansisi M cpeHssi KBAAPATHYHAS NPOCKIUHN CKOPOCTH

["amunpTOHMAH U pacnpeneneHue (2.42a) 3aBUCAT OT KBapaTa CKOPOCTH,
HaIlpaBJICHUS O- U MOPOTHB OCU X pPaBHOBEPOSATHbL. CpemHsiss MNpoeKuus
CKOPOCTH

Vy = [V Wy (vy) = [ vy T (v) vy =0.

Cpennuil kBagpaT OpOECKIIUU CKOPOCTH

V2 = [vZ Wy () = j Vi f(vy) vy,

—00

" CpCaHAA KBaapaTUdHasd IMMPOCKIHA CKOPOCTH

) KT
Vx.ea = \/g = ‘/ﬁ : (2.420)

YBEIMYHMBACTCA C POCTOM TemiepaTypbl. i mgokaszatenbctBa (2.420)
MOJICTABIISIEM PACTIPECIICHUE (2.42a)

2
_mvy
P = 21 kT Xp{ 2kTJ’

HaXO0JIUM



0 1/2 2
2 B m 2 mvy kT
I vy T (vy)dvy —Z(MJ va exp{— T JdvX =

—Q0

rac uCIoJIb30BaHO

2

kT (3) 1
7=2, a==—, |2 |=2Vx.
H

m

’ m _
f(VX,éé.): me 1/2z0,6A

Pacnpenenenue B chepruyecKuX KOOPANHATAX

o0
sz a1 a(”l)/ZF(Z—Jrlj,
0 2

BeimoHsaeTcs

[Tonyuum pacrpesiesieHue 1Mo MOAYJIF0 CKOPOCTH M IO yrjlaM, UCIOJIb3YsI
cepudeckre koopauHatel. B pacnpenenenun (2.410)

3/2
( m m 2.2 .2
dWy (vy,Vy,V;) = (mj exp[—ﬁ(vx +Vy +V; )} dvy dvy dv,

IIEPEXOUM OT JIeKapTOBBIX K c(hepruuecKUM KoopanHaTaM. Mcnonszyem
2
dvydvydv, =vodvdQ,
rac
dQ=sin60d6do, v)% +v§ +vz2 =v2.

[TomygaeM BepOSATHOCTH, OOHAPYKEHUS YACTUIIBI C MOJIYJIEM CKOPOCTH B
uHTepBasie dv OKOJIO V M B UHTEpBAJIEC TeJIECHOro yriia dQ OKoJIO HanpaBJIEHUs

(¢, 0)

3/2 2
dn(v,0, ) m mv=- | 2
dWy (v,0,0) = = exp| ——— |vedv dQ, 2.43
i(v.0.0) === (anTj p[ ZKT] (2.43)
rae  dn(v,0,p) — KOHIEHTpalMs YacCTUI[ CO CKOPOCTSIMH B YKa3aHHBIX

MHTECpBAJIaX, N — KOHOCHTpAaUs 9aCTHUl CO BCCMH 3HAYCHUSAMU CKOPOCTH.

Pacnipenesnenue mo MoayJar0 CKOPOCTH

Wuterpupyem (2.43) 1o yriiam, y4uThIBacM

de:4n



U HaxOJIUM  GEPOAMHOCHMb  OOHAPYMHCEHUA  HaACMUUbl C  J100bIMU
HANPAGIEHUAMU OBUNHCEHUA U C MOOYyTem cKopocmu 6 unmepeaie (V,V+dv)

exp "o v2dv = F(v) dv, (2.44)

3/2 2
mv
dW;(v) =4
1Y) n(anTj

rae hynKkyua pacnpeoeenusn no Mooyulo CKopocmu

3/2 2
Fvy=WM _1dn(v) 4n(£} exp| — V2, (2.44a)
dv n dv 27KT 2kT

WM OTHOCUTEJIBHOE YHCJIO YacTUI[ C MOJYJEM CKOPOCTH B €AUHUYHOM
WHTEpBaJie OKOJIO V;

dn(v) — KOHIIEHTpAIMS YaCTHII C MOJIYJIEM CKOPOCTH B MHTEpBaje (V,V+dv);

dn(v)
dv

OKOJIO V.

— KOHOCHTpauA 4acTul ¢ MOAYJICM CKOPOCTH B CIMHUIHOM HMHTCPBAJIC

Breimmomasaercs HOpMI/IpOBKa B@pOSITHOCTI/I
o0
jdwl(v) = j F(v)dv=1.
0

[Inomane mox KpuBOW paBHA €AMHUIE MpU 000N Temmeparype. DyHKIUSA
MaKCHUMaJibHA TIPU Haubo1ee eepoamnon ckopocmu Vi . Ilpu v<<vy rpaduk
apisgercs napadonou. [lpu v>>vy; QyHKIUA SKCHOHEHIMANbHO yObIBaeT. C
pPOCTOM TeMIEpaTypbl MAaKCUMYM pacHpEACTCHHUs] MOHUKACTCA U CIABUTAETCS
BIIPABO, YBEJIWYUBACTCA BEPOSTHOCTh OOHAPYXHUTh YACTHILy C OOJIbIIEH

CKOPOCTBIO, YMEHBIIACTCS BEPOSTHOCTh OOHAPY)KUTh YACTHIy C Majou
CKOPOCTBIO.

HauboJiee BeposiTHAsi CKOPOCTH



Jlnst  HauOosiee  BEpPOSATHOM  CKOPOCTH  (QYHKIIHMS
MaKCHUMaJlbHa
F(v3) =max.
N3 ycroBus
Ol
Vo lv=vg

c yuetoMm (2.44a)

2
F(v)=C exp[—%) v2

HaXO0JIUM HanboJsee BEPOIATHYIO CKOPOCTh

2KT
VB: ?

Cpennsisi CKOpOCTh

Hcnonp3zyem
Vsjvdwl(v)zj'v F(v) dv.
0

[Toncrasnsiem (2.44a)

3/2 2
F(v):4n( m j exp _mv_ v2,
21kT 2KT

_ f8kT
V=, |—.
m
IIpy BBIYMCIEHUH UCTIOJIB30BAHO

o0
sz a1 a(”l)/ZF(Z—Jrlj,
9 2

HaXO0JIUM

2
z=3, azﬁ, A2)=1.
m
Cpennssi KBaJpaTHyHasi CKOPOCTh
Js
- o0
v2 = JVZF(V) dv,
0
HaXOJIUM

pacupCaciICHUA

(2.45)

(2.46)



v =2 = /% (2.47)

Pacnpenesenue mo snepruu

B pacnpenenennn mo Moayio ckopoctu (2.44)

3/2 2
m mv< | o
dWy(v) =4 ——— |v-d
H(V) n(anTj exp[ ZKTJV \

2
mv® 12 172 2 2
— =g, V—,/—ms , vodv= 3/2\/_d8

I € — KUHETHYEeCKast dHeprus dactuilpl. [lonydaeM eeposmuocmuv 3nepzuu
yacmuywl 6 unmepeae (g, €+ de)

3aMCHSIEM

1 _e/kT
dW, () = ekl Je de=w(e) de, (2.48)
rae pacnpeoenenue Makceenna no snepzuu
dW(e) 1ldn(e) 2 —e/KT
W(e) = Jee (2.48a)
de  n de +/n (kT)3/ 2

— OTHOCHUTEJIBLHOE YUCJIO YAaCTHI] C IHEPIUeH B €IMHUYHOM MHTEpPBAJIE OKOJIO &;
dn(e) — KOHIIEHTpAIMA YAaCTUIl C SHEPTUEH B UHTEpBaJe (g, € +dg);

dne)
de

BrinonHsieTcss HOpMUPOBKaA

TW(S)dgzl, Jdn(e) =n.
0

— KOHLOCHTpaOus 4aCTull C BHGPFHGﬁ B CIMHUYHOM HHTCPBAJIC OKOJIO €.




[Imomaae moa KpWBOW paBHA €IWHMIE MpH JII0O00W TemmepaType. DyHKIUS
MaKCUMaJlbHA TIpU Hauboee eepoamuou Inepeuu e;. Illpu e<<ey rpaduk
ABJIAETCS Napalolol ¢ TOpPU3OHTANBHOM ocblo. Ilpm e>>gy (QyHKUUA
HKCIIOHEHIIMAIBHO yObIBaeT. C pOCTOM TeMIlepaTypbl MaKCUMyM (DYHKIIUU
NOHWXAETCSI U CABUTAETCS BIPABO. Y BEJIMUYMBAETCS BEPOSTHOCTh OOHAPYKUTh
YacTUIly C OOJIbIIEH HHEPruen, yMEHbIIAETCS BEPOSATHOCTh OOHAPYKUThH
YaCTULY C HU3KOM DHEPTUEH.

HauboJs1ee BeposiTHasi SJHepTrUsi

[Ipu Hambomee BepoOSITHOM HSHEepruu  (QYHKIUS  paclpeaeaeHus
MaKCUMajbHa

W(ez) = max.
N3 ycroBus
dw(e) 0
de e=¢y

¢ yuerom (2.48a)
W(e) = C Ve e ¢/KT

HaxoauM HanboJjiee BEPOATHYIO YHEPTHIO

:, :%kT | (2.49)

Breimmoasaercs
2 1
w(ey)=,— —=
(6a) e kT
Cpennsisi 3Heprus

Hcnosp3yeM MmI0THOCTh BeposTHOCTH (2.48a)

W(S) \/_ (kT)3/2 \/_ e—S/kT ,

MOJTy4aeM CPEIHIOI0 SHEPTHUIO

£=[ewe) da:%kT | (2.50)
0

Pesynprar coriacyercs ¢ TEOPEMOU O PaCIpPeNeTIeHU KUHETUYECKOW YHEPIUun
TPEXMEPHOM YacTulIbl 110 cTeneHsM cBoOobl. [Tpu T =300K Haxoaum
1

€ ~—>nB.
30

10



HpI/I BBIYUCIICHUHN

o0

Ig w(e) de=

3/2 o€/ KT 3
de=—KkT

HCIIOJIB30BaHO

Ixze_X/adx=aZ+1F(z +1),
0
a=kT, z=3/2, F() 3\/_

MOTOK YACTHIL

YacTumpl Taza B COCyJ€ HMMEIOT BCEBO3MOXKHBIC HAIpaBICHUS U
BEJIMYMHBI CKOPOCTU. EC/IM B CTEHKE COCy/Ta UMEETCS OTBEPCTHE, TO U3 COCY/Ia
B BaKyyM BBIXOJWUT MOTOK dacTuil. [Ipm mamom pasmepe OTBEpCTHS IO
CPaBHECHHMIO C pa3MEpOM COCyJa M C JUIMHOW CBOOOJHOIO IMpoOera 4acTHIIhI
HaJMYKME OTBEPCTHS HE H3MEHSCT CYIIECTBEHHO pAaCIPECICHHE YacCTHI] IO
CKOPOCTSIM, KOTOPO€ CYIIECTBYET B 3aKphITOM cocynae. Halimem kommdecTBo
YJaCTHI], BBIXO/IAIIMX W3 OTBEPCTUSA 3a EAUHUIY BPEMEHHU, M BEIHYHUHY
UMITYJIbCa ¥ SHEPTUH, KOTOPhIE OHU TIEPEHOCAT 3a CAMHUILY BPEMCHH.

ILl10THOCTH MOTOKA YACTHIL jz no ocu Z ecmo cpeduee Uucjio uacmuuy

2aza, npoxooauwiux 3a Ic uepez eOUHUUHYIO NAOUWLAOKY, NEPHREHOUKYIAPHYIO
ocu Z. HezaBucumbie JBHXKEHUS MO X M Y HE BIMSIOT HA PE3YyJbTaT, O3ITOMY
CUMTAEM ITU CKOPOCTH HYJICBHIMHU.

[IycTh B HauyalbHBIM MOMEHT YaCTHUIIBI CO CKOPOCTSIMH B HWHTEpBaJe
(V4,V, +dv,) 3amodHAIOT WIMHAP C 00pa3yromel JIMHOU V,, MmapajuieibHON
ocH Z, ¥ Tuiomaibio ocHoBanust S =1. Konuentpanusa yactun dn(v,). Yepes lc
BCE ATH YaCTHUIIbI IEPECEKYT MPaBbId TOPEL LUIMHIPA U BBIMAYT U3 Hero. Mx
YHUCJIO PAaBHO MPOU3BEICHUIO 00BheMa ITUINHAPA Ha KOHIICHTPAIUIO YaCTHI]

v, dn(v,).

11



CYMMI/IpyeM 10 BCCM 3HAYCHUAM CKOPOCTHU C MOJIOXKUATEIbHOMN HpOCKLII/Ieﬁ 141
MOJIy4acM IIJIOTHOCTD IIOTOKA YaCTHI]

E: j v, dn(v,).

v;>0

Hcnonszyem (2.42a)

dn(v,)=n f(v,)dv,
rac

f(vy)= Lexp _mv)%

XN 2kT 2kT |’

TOT A
J2=n v, Fv,)dv, . (2.51)

0
Brruuciisiem uaterpan

0 00 2
m mv kT
f dv, =, [—— exp| -——= |dv, =, [— |,
gvz (V) dv, \ 27KT gvz Pl o [NV \ 2xm

rac uCIi0JIb30BaHO

o0
IXZ oXlag, 1 a(z+1)/2r(2_+1),
) 2

2
z=1, azﬁ, Al =1.
m
[Tosmyuaem
— kT 1
= 2tm 4 (2:52)

— IUIOTHOCTh MOTOKA YacTHUll, ABUKYLIUXCSA B MOJOKUTEIBHYIO CTOPOHY OCH Z,
WM YUCIO COYAApEHUW YacTUI] CO CTEHKOW E€JWHUYHOW miomand 3a 1 c.
Vcnonb30BaHa cpeaHsist CKOpocTh (2.46)

_ 8kT
v:,/—.
m

Takoit xe morok (2.52) mumer B Jr000M HampaBieHHHW B rase. Uem BbIIIe
TeMrepaTypa U KOHIIEHTpaIKs, TeEM OO0JIbIIIE€ MUIOTHOCTh MOTOKA YaCTHII.

Ecnu kaxknast yacTuiia HeCeT 3apsji €, TO UX JBHKEHHUE B OIpPEICTICHHOM
HaMpaBJICHUHU CO3Ja€T IJCKTPUUECKUM TOK, INIOTHOCTh TOKa

Je=€] —lenv
e Z 4 '

12



PesynbTupyrolmii TOK OTCYTCTBYET M3-3a PaBHOIIPABHUS BCEX HAINPABIICHUU.

HOTOK UMITYJIBCA

I[I1oTHOCTH MOTOKA MMILYJIbCA |, no ocu Z ecmb cpeOHuUl UMNYIbC,

nepenocumulii. yacmuyamu 2a3a 3a Ic uepes eouHuuHyro naoWLAOKYy,
nepnenouKynApHylo ocu 7. PaccmaTpuBaeMoe 4HMCIIO YaCTHI] CO CKOPOCTSIMH B
uHrepBaie (V,,V, +dv,) paBHO

v, dn(v,)=nv, f(v,)dv,.

Kaxxnas yactuiia HeceT UMITYJIbC P, = MV, . OO UMITYJIbC
2
nmvy f(v,)dv,.
CyMMupyeM 10 TTOJI0KUTEIbHBIM 3HAUYEHUSIM CKOPOCTH U TIOJTy4aeM

=mnjv22f(vz)dv2=%nkT. (2.53)
0

[Ipu BeIYMCICHUN

2
kKT
v f(v,)dv vZe mvz dv, =—
Jz(z)z,/ j 1=

2

mvy,
X _
Fv) = 21 kT ¥ 2kT

HCIIOJIB30BaHO

2

222, azﬁ, z{§j:£
m 2 2

Ecin creHka moriomaer Iajarolyde Ha HEE 4YacTHUIlbl, TO HMITYJIbC
YacTHUI] NepeaaeTcs CTeHke. [lepenanubiii UMITYJIbC 3a €IUHUILY BPEMEHU PABEH
JIEUCTBYIOIIEH cuie. Eciii UMITyJIbC TOJy4YaeT €AMHULIA UIOMAAA CTEHKHU, TO
CUJia paBHA JAaBJIICHUIO Ha CTEeHKY. ClieioBaTeNbHO, CTEHKA, IMOTJIONIaroIias
YaCTHIIEI, UCIIBITEIBAET JaBJICHUE

o0
sz a1 a(”l)/ZF(Z—Jrlj,
9 2

1
Riae =1, ==nkT.
11 5

Ecnu cTeHka ynpyro oTpakaeT nmajaroliue Ha Hee YaCTUIlbI, TO TaBJICHUE
YIABAUBAECTCS

13



Pog =21, =nkT .

N m
[TosrydeHHOE pPaBEHCTBO C YYETOM n:V’ N =—Np sBiIs€TCS ypaBHEHUEM
1l

NACAJIBHOI'O I'a3a

PV = NKT = RT .
u

IIOTOK SQHEPI'MHN

I[InoTHOCTL MOTOKA JHepruMm E, no ocu 7 ecmv cpeonas nepzus,

nepenocumasn yacmuyamu 2aza 3a Ic uepe3 eOuHuYHYIO NAOWLAOKY,
nepneHoOuKyaapHuyio ocu Z. Yactuiia HeCeT SHEPIrulo, CBA3AHHYIO C JBUKEHUEM

I10 TPEM HAIIPABJICHUAM
m m
€= —(v)% +v§) +—v§.
2 2

JIn1s1 MOTOKa BAOJIB OCU Z OCH X ¥ Y PABHOIIPABHBI, TOTAA

m
s=mv§+5v§.

JIBroKeHUs. Mo OCsM X, Y M Z IPOUCXONIT HE3aBUCUMO, COOTBETCTBYIOIHE
BEPOSITHOCTH TEPEMHOXKAIOTCA. YHCIO YacThl, NpOoXoadlux 3a lc uepes
CAUHUYHYIO IUIOIIAJKY, TIEPIEHAUKYJSIPHYIO OCH Z, CO CKOpPOCTAMH B
uHTepBaie (V, V+dv) paBHO

N dWj (vy) dW (vy) v, dWy(vy),

rae dWi (Vi) — BepOSTHOCTh HAJIWYMS y YaCTHIIBI TPOSKIIUU CKOPOCTH HA OCh | B
uHtepBaine (Vj, Vi +dvj). YMHOXKaeM Ha 3HEPrur0 4YacTUIbI, CYMMHUPYEM IO
BCEM BO3MOKHBIM MPOEKLIHIM, U NTOJIYYaEM IUNIOTHOCTh OTOKA YHEPTUU

E,=n [ edwiv)dWy(vy) v, dwy(v,).
v, >0,
—00<Vy ,Vy<oo

[ToxncraBnsgem

m
8=mV§+EV§,

HaXOAUM
E, =mn [[[ vig Wi (vie) dWi (vy) v, AW (v,) +

v,>0
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+ 0 1T W () v (vy) V3 QW ().

v, >0

HNuTerpaisl pa3nensrores

E=mn [ vidwiv) [ dwi(vy) [ vodwi(v,)+

—00<V, <00 —00<V,, <00 v,>0
mn 3
i j dWj (vx) j dW (vy) j vz AWy (v, ).
—00<V, <00 —00<V, <00 v,>0

Hcnonp3yeM HOPMUPOBKY BEPOSITHOCTH

[ dw(v) =1, [ dwyvy) =1,

—00<V, <0 —OO<Vy <00

NOJIy4aeMm

mn
;=mn [ vidwi(yy) | Vo AW (v) + == [ viawy(v,).

—00<V, <00 v,>0 v,>0

m

J1J1 BBIYUCIICHUSI HHTETPAJIOB UCIIOJIB3YEM:
BEPOSATHOCTS (2.42)
AWy () = T (V) dvy,

AWy (v,) = f (v,) dv,,
IUIOTHOCTH MOTOKa yacTull (2.51)
0 —_—
n [ vy dWi(v,) =n v, f(v)dv, =],
v,>0 0
CpeHUI KBaJpaT NpOEKIMU cKopocTH (2.420)

KT

[ vEdwi(v) = jvﬁf(vx)dvxzvﬁzF

—OO<VX <00 —0

B pesynberare
o0
E, =KT E+?[v§ f(v,)av, .
0

Brruucngaem
o0 o0 2 3/2
3 , m 3 mvs 2 kTJ
vy f(v,)dv, =, [—— | v5exp| — dv, =, [—| — :
'(g 2 T(v2) v, 27kT '([ z p[ ZKTJ z Tc(m
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rac yarcHo

2
_mvy
Fvz) = 21 kT Xp( ZKTJ

0.0]
I e XPlag, 1 a(z+1)/2r(2 +1j’
9 2 2

M HUCIIOJIB30BaHO

723, a=2T  A2)=1.
m
C yuetom
gL
z 2mm
HaXOqUM
mn 't V3 £ (v,)dv, =KT Jy .
29

B pesynbrare naomnocms nomoka snepzuu
E,=2kT j,. (2.54)

CJ'IGI[OBEITGJ'H)HO, CpB@H}l}l IHepsus uacmuubl 6 nomoke

gineie = 2KT, (2.54a)
YTO MPEBBIIIACT CPESIHIOK0 SHEPTUIO YacTUIlbl B rase (2.50)
F=2KT.
2

IIoTOK He $BISETCS PABHOBECHBIM COCTOSIHUEM, K HEMY HE IPUMEHHUMA
TeopeMa O paclpeIeICHUH YHEPTUM 10 CTENEeHsIM CBOOObI. bonbiuii BkiIaa B
MOTOK BHOCST 00Jiee OBICTpPhIE YACTUIIBI.

BBITEKAHUE I'A3A U3 OTBEPCTHUSA COCYIA B BAKYYM

Halinem 4dumcimo dacTuil, BBIXOISIIMX M3 KPYIJIOTO OTBEPCTHS COCyIa C
ra3oM B BaKyyMm IIOJi pPa3HbIMM yIJIlaMM WU C Pa3HbIMU CKOpocTsMH. Pazmep
OTBEPCTHUSI CYMUTAEM JOCTATOYHO MAJIbIM II0 CPAaBHEHUIO C XapaKTEPHBIM
pa3MepoM cocCyjia, YTOOBI BBITCKAIOIIUH MOTOK OBUI cllabbiM. B 3TOM ciydae
pacmpeieieHUe 4YacThIl B COCYJI€ OCTaeTCsi PABHOBECHBIM M IPHUMEHUMBI
MOJTyYCHHBIC paHee QyHKIIUU pacipeieaeHus.
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Hauano cucrtembl KOOpAWHAT COBMEMIAEM C LEHTPOM oTBepcTus. Och Z
HaIMpaBjsieM TMEpPIeHIUKYJISIPHO IUJIOCKOCTH OTBEPCTUS  IUIOMIaAbi0  S.
Hcrnonb3yeM pacrpeneeHue 4YacTHI] rasa IO CKOpPOCTSIM B CHEpUUYECKHUX

KoopauHaTax (2.43)
3/2 mv2
j exp| ——— v2dvsin0 do do.

dn(v,0,¢)=n
(v.0.¢) (anT KT

s Kpyraoro oTBEpCTUs pacupeesieHUe He 3aBUCUT OT yIJjla (), UHTETpUpyeEM
IO () ¥ TIOJTy4aeM KOHIIEHTPAIUIO YaCTHII

3/2 mv2
j exp| ——— sin0 do v2dv, (I1.5.6)
2kT

dn(v,0) =n 27{

21kT
JIBIDKYIIUXCA C MOJYJEM CKOpPOCTH B wuHTepBasie (V,v+dv) mon yrjiom
(6,6+d0).

Uucno BeUIETAOMMX 3a 1c 4YacTuIl moj yrjioM O K OCH OTBEPCTHS CO
CKOPOCTBhIO V MPONOPLUHOHAIBHO AS(OPEKTUBHOM IUIOMAAM OTBEPCTUS B
HAIPaBJICHUU JABUKECHHUS, TIOKa3aHHOW HA PUCYHKE

Seff =S €0s0,

a TaKK€ CKOPOCTH YaCTUIl U KOHLIEHTPALNU

dNgyt (v,0) = Seg v dn(v,0),

[Toacrasnsiem (I1.5.6) n HaxonuMm uucno wacmuy, eviiemarouiux 3a Ic uepes
omeepcmue naowaovio S ¢ mooyiem ckopocmu (V,Vv+dv) noo yziom
(6,6+d0)

2kT

dN v,0)=nS 2
out( ) “(an.l_

3/2 mv2
j exp[——} sin© cos0 do v3dv. (IL.5.7)
Wurterpupyem (I1.5.7) mo moayinto ckopoctu B uHtepBaiie (0,00), HCHONIB3YS
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o0
sze‘leadx:ia(”l)/zr z+1 ’
2 2
0
z2=3, azﬁ, A2) =1,
m

U HAXOJWM YHCJIO YaCTHI], BBIICTAIOMHUX 33 1C CO BCEMH CKOPOCTSMH ITOJ
yriiom (6, 6+ do)

dNgy () =Sn /Z"—Tm 5in20d0 =S J, sin20 do, (I1.5.8)
I

I'JI¢ IUIOTHOCTh IMOTOKA YaCTHII, IOIXOAIIMX K OTBEPCTHIO, paBHO (2.52)

— kT 1 _
JZ:n,/—:—nv.
2rm 4

Ucnons3ys (I1.5.8), momydaeM YMCIIO 4YacTHIl, BBUICTAIOIIMX B €IWHUYHBINA
WHTEpBAJI yrja OKOJIO 3HaueHus O, Win (QyHKIOUIO paclpeaesICHUs 110
HaIpaBJICHUSM

dNout (0) _ j, Ssin2e.
do

@yHKIMs [O0Ka3aHa IIYHKTUpOM Ha pucyHke. llpu 0=0 pacnopenenenue
3aHyJsIeTCs M3-3a OOpalieHusi B HyJb TelecHoro yriaa dQ=2xsin6do, gepes

KOTOPBIA MET MOTOK YacTHIl. MakCUMyM pachpeaesieHus] COOTBETCTBYET 0 =
45°.

T,n

NY

Pacnpenenenue (I1.5.7)

3/2 my2
dNgyt (v,0) =nS 27{ j exp[—ﬁj sin© cos0 d6 v>dv

uHTerpupyeM 1o yriy 0 B uarepsaie (0, /2). Ucnonb3yem

2ntkT
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/2 /2 nl2 1

.[ sinBcosO do = j sined(sine):lsinze =—,
. 5 2 0 2

HAaXOJIUM YHCIIO YaCTHIl, BBUICTAIOMUX 3a 1lc MO BceM HampaBICHUSIM CO
CKOpPOCTSIMH B UHTEpBaJE (V,V+dv):

3/2 2
m mv 3
dN V)=nnS| —— exp| ——— (v dv. 11.5.9
o) =70 0| exp| -2 159)

Nurerpupyem (I1.5.8) mo yriy, unu (I1.5.9) no ckopoctu, u mnosydaem
YUCI0 uacmuy, GbLICMAIOWUX UYepe3 Omeepcmue 3a CeKyHOy co 6cemu
CKOpOCMAMU U NOO 8CeMU YeTlaMU

kT

Noyw =NnS,|— =1, S. I1.5.10
out o 1z ( )

Pe3ynpTar 0ueBUAEH, MOCKOIBKY IUIOTHOCTh MOTOKA YAaCTHUI[ |, PABHO YHUCIY
YaCTHLI, ABIXKYILIUXCS CO CKOPOCTSIMU 0<V, <00, U MPOU3BOJIBHBIMU Vy , Vy, U

MEPECEKAOIINX CIUHUYHYIO TUIOIIAJKY, NMEPIECHINKYISPHYIO OCH Z, 3a OJIHY
CEeKyHAy. Bce 3TH 4yacTULbI BBIXOJAT YEPE3 OTBEPCTHUE.

TEPMOJJIEKTPOHHASA OMUCCHUA

VY snemeHTOB niepBoii rpynmnbl Tabuiel Menneneena (Li, Na, K, Cu, Rb,
Ag, Cs, Au) BaJIGHTHBIH JIEKTPOH CJIa00 CBsi3aH ¢ sjpoM. [Ipu 0ObeAMHEHUH
aTOMOB B KPHCTaJUI BO3HUKAIOT B3aWMHBIC BO3MYIICHHS | BaJCHTHBIC
AIEKTPOHBI OTCOCIHMHSIOTCS OT aTOMOB, CTAHOBATCS CBOOOAHBIMH W TaKOM
KPHUCTAJUT HA3BIBACTCSA «METAJUIOM» OT TPEUY. UETOAAEV® — «KOMATh PYIY».
PemieTka MOJOKHUTENBHBIX HOHOB JKpaHUPYET 3apsja  JJCKTpOHA Ha
pPacCTOSIHUSIX TOpsIKa Iepuoda pemeTkh. B pesynbpTaTe 3JIeKTPOHBI HE
OKa3bIBAIOT CMJIOBOT'O BO3JECUCTBUS IPYT HA pyTra U 00pa3yroT UAcalbHbIN ras.
KoHIeHTpanus 37IeKTpOHOB MPOIOPIMOHANIbHA KOHIICHTPAIIMH Y3JI0B PEIICTKH

n~10%%cm 3. [Ipu T ~ 300K cpennsis sHeprus 31€KTpOHA

E:EkT ;iaB,
2 30

OH JIBUXKETCS CO CKopocThio ~ 100 kMm/c.
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Ha rpanune metaii—BaKkyyM CyIIECTBYET ABOWHOMW 3JIEKTPUUECKUMN CIIOH,
MPENATCTBYIOMIUM BBIXOAY 3JIEKTPOHOB M3 MeTajia. BHenmHuii ciioii oOpasyer
00JaKO  DJIEKTPOHOB, KPATKOBPEMEHHO BBIXOASIIMX IO HHEPUUU U
BO3BPAIIAIOIINXCS HA3a]l O] IEMCTBUEM HNPUTSKEHUSI HE CKOMIIEHCHUPOBAHHBIX
[IOJIOKUTEIIbHBIX MOHOB. BHYTPEHHUN CIIOM CO3JAXOT IOJOXKUTEIbHBIE MOHBI
Y3JIOB PEIIETKH, HE CKOMIIEHCUPOBAHHBIE BBILICAIINMUA 3JICKTPOHAMMU.

OO0bem MeTasia JJIsl SJIEKTPOHA OKa3bIBAe€TCS MOTEHIIMATBHOM AMOU C paboTOi
Boixona A=53B. IlockonbKky € << A, TO W3 METa/Ula BBIXOAWUT Majas 4acTb
AJIEKTPOHOB, COOTBETCTBYIOIIMX  XBOCTYy  pacmpeneneHuss  Makcsenna.
BeposTHOCTB BBIXOJ1a 3JIEKTPOHA U3 METAJIA paBHA 3aIITPUXOBAHHOM TUIOLIAN
Ha PUCYHKE pacIpelesIeHus INIOTHOCTH BEPOSATHOCTH 1O dHepruu. Hanuem oty
BEJIMYUHY .

W(S) A
C

0,64c}

A €

®opmysa Puyapacona. MUHUMaIBHYXO CKOPOCTb DJJIEKTPOHA V),
HEOOXOMMYIO /JIsi BbIXOJA W3 METajula, HaXOJUM M3 3aKOHA COXPAHECHMS

SHEPIUu
2
2 \/ m

[To aHajmormm C TUIOTHOCTBIO TOTOKAa YacTWIl BIoJb ocu Z (2.51),
NEPIICHINKY/IIPHON TTOBEPXHOCTH METaJlIa, B BUJIE

j_z: '[Vz dn(v,),
0

rac
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2

mvsy
Xp| — dv,,
Pl =2k |92

dn(VZ) = m €

HaXO0auM IINIOTHOCTL IIOTOKa 3JICKTPOHOB CO CKOPOCTLBIO, HpeBBIHIaIOIHGﬁ

IMOPOTroBOC 3HAYCHUC
1/2 © mvzz
jexp ——= v dv, .

o0
i = d =
(Dout IVZ n(v,) n(anT KT

Vo Vo
HNuTerpain BeryuciisieM 3aMEHOM apryMeHTa

vz2 =t, v,dv, :%dt,

o0 2 0
Iexp _mvz v, de:1 j exp _n t dt:k—Te_A/kT.
2KT 2, 2KT m
Vo v0:2A/m

B pPE3YyJabTAaTC IIJIOTHOCTD IIOTOKA 3JICKTPOHOB U3 MCTAJlJIa

- kT _ — _
(J)out=n,/2—e ATKT T, e ATKT, (I1.5.12)
Tm
3nech
— kKT 1 _
JZ:n —=—NYV
2mtm 4

— INIOTHOCTL IIOTOKA JJICKTPOHOB, ABWKYIIHUXCA H3 o0ObeMa MeTauia K

MMOBCPXHOCTHU; MHOKHUTCIIb
e—A/ KT

:Wl,out
SIBIIIETCS BEPOSITHOCTBHIO BBIXOJA JJIGKTpOHA W3 MeTauia. J[as TIOTHOCTH
3JIEKTPUUECKOT0 TOKA TEPMOAIMHUCCHHU TMoydaeM ghopmyny Puuapocona (1901

r.)

Je =€lout =%en\7 e KT (11.5.13)

TeopeTndeckue M dKCIIEpUMEHTAIbHBIC HCCIIeIoBaHus Puyapacona B obiactu
TEPMODJICKTPOHHOU 3MHCCUU yaocToeHbl HoOeneBckoit mpemuu 1928 1. DtH
pe3yabTaThl  OTKPBUIM  IIyTh  PAa3BUTHUS  JIAMHOBOU  IJIEKMPOHUKU,
MPOCYIIECTBOBaBIIEH a0 cepeauHbl XX Beka. EW Ha CcMeHy mnpunuia
HOJIYNPOBOOHUKOBAA I/IEKMPOHUKA.
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OysH Bunbsimc Puuapcon (1879-1959)

BpeMH BBIX0/Ia YACTHUILBI M3 NOTEHINAJIbHON SIMBbI

Y dactuipl, HaxOAAIMICHCS B IOTCHIIMAILHOW sIME TIyOMHOH A,
Oylarogapsi TEIJIOBOMY JIBUXKEHUIO UMEETCSI BEPOSTHOCTh MOJYYUTh SHEPIHIO,
JIOCTAaTOYHYIO JIJISI BBIXO/IA U3 SIMbI, TO €CTh JIJI1 TPEOJOJIECHUS MOTCHIUAIBHOTO
Oapbepa BeicoToi A. Halimem XapakTepHOe BpeMsi OKUJAHUS TaKOM >HEpPruw,
TO €CTb 8pPeMs 6bIX00A T.

[IpuMeHsaeM K OJTHOM YaCTUILIE ONPEICIICHUE TIIIOTHOCTH MOTOKA

| 1
(Dout = (umcno Bermenmmx yactui)/(Bpemst BbIxoqa) = —.
T

[Toncrasnsiem (I11.5.12)

: KT —A/KkT
=n,—e :
(Dout o
HaxoauM 3akoH Appenuyca (1889 r.)
1(A) =19e™M KT, (I1.5.14)

rIe To — XapakrepHoe Bpems Beixona npu A=0. Bpems evixooa uwacmuubl
go3pacmaem IKCHOHEHUUAAbHO C POCHMOM  21yOUHbl  AMbl. 3aKOH
UCTIONIB3YETCSl  JUIS  ONUCAHUS TEMIIEPATypPHOW 3aBUCHUMOCTH  CKOPOCTH
MPOTEKAaHUS TEPMOAKTUBHPOBAHHBIX TMpolieccoB — auddys3uu, pacmana,
WU30MEpH3allMd B TBEPJBIX TENaX W aTOMHBIX KiacTepax. Hanpumep, s

TepMHuecKoi (pparmenTtauuu gysuepeHa Cgy MOJIYUYEHO T ~10cu DHEPrus

akTuBarmu A~ 6,53B.

BeposTHOCTh COOBITHSI OOpaTHO BPEMEHH €ro peajlu3alnd, TOTJa M3
(I1.5.14) momy4yaeM BEpPOSTHOCTh IPEOJOJCHUS YaCTUIICH ITOTEHIIMAIbHOTO
Oapbepa

W (A) =Woe A/KT.
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Pesynprar cormacyerca ¢ ¢Gopmynoit PuuapacoHa u ¢ BEpPOATHOCTBHIO
TYHHEJIBHOTO TEpexoa.

CBante ABryct AppeHunyc
(1859-1927)

AppeHuyc — MBEACKUH (PU3UKO-XUMUK U acTpopU3MK, JaypeaT
Hoo6enesckoit npemun no xumuu 1903 r. Pazpaboran Teoputo mpoBOAMMOCTH
AJIEKTPOJIMTOB HA OCHOBE OUCCOUUAWUU MOEK)Jl PACTBOPEHHOTO BEILIECTBA HA
WOHBI. 3aJI0KUJT OCHOBBI Xumuueckoii kunemuxku. B 1896 r. o6ocHOBa poJib
YIIIEKUCIIOTO Ta3a B HAPHUKOBOM I¢hghexme aTMOCHEpBHI.

Connue ¢ temneparypoud ~ 5000 K mmeer MakcumMym U3Iy4eHUs B
ONTUYECKOM U OymkHeM mH(ppakpacHoM muanazone A = (0,4—1,5) mxm. Takoe
U3ITy4eHHUE HE 3aJepKUBaeTCsl aTMOC(hEpOoil U MPOXOJIUT K 3eMJIE.

3emiia umeer temmneparypy ~ 300 K, ee TemioBoe u3iydeHUE JEKUT B
nanbHeM HH(MpakpacHOM auamna3zone A = (8-28) MKM W MOrJomiaeTcs rasamu
CO, u H,0, Bxomsmmumu B cocTaB arMoceprl. B pesynbrare magaromias Ha

3eMJTI0 DHEPTUs TMPEBBINIACT BBIXOJSIIYI0 JHEPTHIO, TeMIleparypa HIKHUX
cioeB atMocgepsl nosbimaercs. [lapaukosiit addext s 3emnn AT =39K.
Atmocdepa Beneprsr Ha 96,5% COCTOMT M3 YIJIEKMCIIOTO Ta3a IMOJ JTaBICHUEM
93 arm., mapHukoBbii 3(dekt AT =504K, B pesynapTaTe Temmeparypa
noBepxHoctu Beneprr 470°C.
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AppeHuycC BBIABUHYJ THUIIOTE3y O HAHCnEpMUU — KU3Hb Ha 3eMIe
BbI3BaHA JKMBBIMU CIIOpaMH, IMOMABIIMMU Ha 3EMJII0 C JIPYyTHX IUIAHET Ha
KoMeTax u actepouiax. Ceiluac 3Ta runoTe3a CUUTACTCS] HauOoJIee BEPOSTHOM.
Kocmuueckuit 3087 «Poszerra», 3amymennsii B 2004 r. EBponenckum
KOCMUYECKMM areHCTBOM, mnpubau3mics Kk komere «67P/UypromoBa—
['epacumenko». OT 30HAa oTHenuica MoAyib «@Puna» M cen Ha KoMery 12
HOs10pst 2014 1. CocTaB KOMET OJM30K K BEIIECTBY, U3 KOTOPOTO 00pa3oBaiach
3emna 4,5 muwumapaa jetr tomy Hazan. OgHOW W3 3ajad 30HAa SBJSETCS
UCCJIEIOBAaHUE COCTaBa KOMETHI M TTOMCK aMUHOKHUCIIOT, KOTOPbIE MOTJIA OBITh
3aHeCEeHbl Ha 3eMJII0 M MOIJIM CO3JaTh Ha HEeW Hayaino >XusHu. Komera
pasmepom ~10 kM HaxoauTcsa Ha paccTosHUM 600 MUIUIMOHOB KM OT 3€MIIH,
curHaia OoT Hee ujer 28 MuH. B Hacrosinee BpeMs ammapar He paloTaer,
MIOCKOJIbKY €r0 COJIHEUHbIE OaTapen OKa3aJIuch B TEHU OT COCEIHEH CKaJbl.

PACITPEAEJIEHHUE BOJIBIIMAHA

Nneanpusiii raz n3 N yactuil Haxonutces B ooseMe V nipu temmneparype 7
BO BHemrHeM mosie. [lomydum pacripeaenenue dactuil no oobemy cocyna. [lpu
OTCYTCTBUM BHEIIIHETO TIOJISI BCE TOYKM OOBEMa pPaBHOIPABHBI. TeIIoBOE
JBIDKCHUE pa30pachIlBaeT YacTHUIIbl Ta3a C PaBHOM BEPOSTHOCTHIO IO BCEM
TOYKaM oObeMa M KOHIICHTpallMs 4YacTUIl HE 3aBUCUT OT KoopauHat. B
CTallMOHAPHOM MOTCHUHUAIBHOM TIOJI€ YacTHUIlAa MMEET MOTEHIMAIbHYIO

sHepruio U(r) U Ha Hee JICUCTBYET cuia
ou(r)
f =—gradu(r), f,=- ,
g (r) z pe

HalpaBJiCHHasT B CTOPOHY OBICTPEHIIEr0 YMEHBIICHUS MOTEHIIUAIBHOM
sHeprum. Cuia nepeMeliaeT 4acTUIlbl ra3a B yKa3aHHOM HaIlpaBJICHUM, HO UX
pa3OpaceiBacT TEIIoBOE JBMXKeHHE. KOHKYypeHIMS STHX TEHISHIMH CO3JacT
PaBHOBECHOE pacnpeeieHUe KOHIIEHTPAI[MK YacTHIl 110 KoopauHaTtam n(r).

Pacnpenenenue mo koopauHaram

[Ipu mocTosSHHBIX mapaMmeTrpax raza — oOwbeme V, uymcie dgactui N,
TeMnepaTrype | BBINOJHSIETCS KAHOHUYECKOE PACIPEICTICHUE MUKPOCOCTOSHUM
1o ($a30BOMY MPOCTPAHCTBY. {71 4acTHUIIBI Ta3a B BUAE MaTePUATBHON TOUKH
BEPOSITHOCTh OOHAPYXUTh MUKPOCOCTOSIHUE B 00bemMe 0X7 OKOJIO TOUKH X

paBHa (2.17)

1
dW, (Xq)=—
1(X1) -

oM (X1)/ dexl, dXq :%d?’r d3p.
1 h

B ramunsToHMaHe HYaCTHUIIbI
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1
Hl(p,r)=%p2 +u(r)

cJlaracMbIC C HMITYJIbCaMU 51 KOOpAWHATAMH  Pa3dCJICHBI, IIO3TOMY
pacupCaciCHusa 10 HUMITYJIbCaM MW KOOpJAHWHATaM ABJIAOTCS HC3aBHUCHUMBIMUA
COMHOXUTCIIAIMHU

1 _
Wa(rp) =3 e KT 4% d3p = dwy  (p) dWy (1)
1

HNuTerpupyem no uMmnyiabcam, UCIOIb3YsI HOPMUPOBKY
[dwy 5 (p) =1.

[Tonyuaem pacnpeoenenue bonvumana no koopounamam, viivd BEPOSTHOCTD
OOHaApy)KEHHS dYacTHUIIBI B DJJIEMEHTE oObeMa d3r = dx dydz okono TOYKH
r=(xy,2)
dN (X, Y,2) e—u(x,y,z)/kT
N Ie—U(X,y,Z)/kT dX dy dZ
Vv

dxdydz, (2.54)

dWi(x,y,2) =

rae u(r)=u(X,y,z) — HOTEHLMaJIbHAs SHEPTUsl YaCTHUIIbl, HAXOJAIICHCA B
touke I'. Toraa uncio gactuil B 3ieMeHTe oobeMa dV OKOJIO TOUKHU I
o-u(r)/KT

dN(r) = N dWy(r) = N e SRy dv, (2.55)

\Y

BGpOHTHOCTI) M 4UCJIO 4aCTHUILl HOPMHUPOBAHBI

[dwi(n=1, [dN(r)dv =N
\ \

3
**

o/ VN, T

PaCHpeI[eJIGHI/IC 10 KOOpAWHATaM
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Ecin moreHumanbHas OHCPIruA 3aBUCUT JIMIOb OT OJIHOM KOOpAUHATHBI

. . ou(r)
u=u(z), TO BIOJb OCH Z ACUCTBYET CWIIA C Mpoekuuen f, =— el MEICIIEHHO
z
BBIJICJISIEM IIMUIMHAPUIECKUM 00BeM raza ¢ 00pa3yroliei BA0Jb OCH Z.

ZA

I'a3 mox nevictBUEeM CUIIBI

B dbopmyne (2.54)
e—u(x, y,2)/KT

dWi(x,y,2) = Ie—u(x,y,z)/dexdydz
Y,

dxdydz

BBIITIOJIHAEM MHTECTPUPOBAHUEC IO X U Y B IIpEJiCiIax NMIMHApPA, U HAX0IUM

dN(z) e U@/ KT g

dWy(z) =wy(z)dz = _Ie_”(z)/dez’ (2.55a)
riae
dWi(z) — BepoATHOCTH OOHAPYXKEHUsS 4YACTHUIBI B CJO€ IHJIMHJIpA
TOJIMHON dZ OKOJIO Z;
W (z) — IUIOTHOCTH BEPOSTHOCTHU, T. €. BEPOSTHOCTH OOHAPYKEHHS

YACTHIIBI B CJIOC €IMHUYHOM TOJIIHUHBI OKOJIO Z;
N — gucno yacTuil B 00beMe BCETo MUIUHIPA.
W3 (2.55a) mosryyaem 4uCiIo 4acTHIl B UHTEpBaie (z,Z +dz) oObema NUIMHAPA

e—u(z)/kT
dN(z)=N je_“(z)/dez dz. (2.56)

B mwmHzape ¢ monepedHpIM ceueHrneM S M oOmuM 4uciaoM dactuil N B
uHTepBane (z,Z+dz) ¢ oobemom

dvV =Sdz

HaxXOoIUTCA YHUCJIO YaCTHUI]
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dN(z)=n(z) Sdz.
i konyenmpayuu
dN(z) dN(z)
dv  Sdz

n(z) =

u3 (2.56) nonyvyaem
N e—u(z)/ KT

n(2) :§Ie—u(z)/dez :

(2.56a)

BrimonHsiercss HOpMUpOBKa

jn(z)dz:%.

Dopmy.Ja boabumana

PaccmoTpuM ra3 B OJHOPOJAHOM TIOJIE€ TSKECTH C YCKOPEHHUEM
CBOOOJITHOTO TaJeHUs § W C CUJIOM TsDKECTH MQ, NEWCTBYIOIICH BHU3 Ha
yactuily maccod M. Ock Z HampaBisieM BBepxX. TermioBas sHeprus KT
pacKuIbpIBa€T YAaCTUIBl ra3a IO pa3HbIM BbicoTaMm. [lojx neicTBUEM CHIIbI
TSHKECTH MQ KOHUEHTpanus N(z) yMmeHblaeTcs ¢ BbIcOTOM Z. [loTeHimanbHas

OHCPIUA 4aCTHUILIbI
u(z)=mgz.

KoniieHTpanuio Ha BEICOTE Z HaxoauM u3 (2.56a)

_ N —u(z)/KT
n(z)= SJ'e—u(z)/kT "

¥ ionydaeM gpopmyny Bonvymana
n(z) =n(0) e M9/ KT (I1.6.1)

rae n(0) — xonuentpauus npu z=0. PacupeneneHne KOHIEHTPAIIUNA YACTUIL

rasa 110 BbICOTC ITOKa3aHO Ha PUCYHKC.

n(z)

Ha BpICcOTE
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_kT

Z
1mg

KOHLICHTpALYsI YMEHBIIACTCS B €= 2,72 pa3

n(z;) :%n(O).

C poctoMm TemmepaTypbl pPacTeT Z;, YMEHBIIAETCS YHUCIO YAaCTUI[ HAa MajbIX
BBICOTAX M YBEJIMYUBACTCS YUCJIO YACTHI] HA OOJIBIIIMX BHICOTAX.
[Lnomwane nox KpUBOM pacupenciIeHus
o0
N

J n(z)dz = 3

0
paBHA YKCIy YAaCTHUI[ B BEPTUKAJIBHO PACIOJI0KEHHOM LWIMHAPE C €AMHUYHBIM
MOTIEPEYHBIM CEUCHUEM.

Ecnu yactunp! 3anonssioT muianHap 0 < Z < oo ¢ monepevyHbIM CEUCHUEM
S, TOra 4uciio 4acTull B LIUJIMHAPE

N =[n(r)dv =S [n(z) dz=$n(0) [e ¥ dz =S n(0) LU
0 0 Mg

[Tomyyaem KOHIEHTpanuo npu Z =0

N mg
n0)=——
© KT
1 OKOJIO TOYKH Z
n(z) = Mg —mgz/kT
S kT
[Lnomaae nmoa KpUBOu
o0 o0
j n(z)dz = N mg je‘ng/kT gz=-N,
5 S kT 5 S

e

J’e—mgz/kT dz = KT
mg

0

BeposiTHOCTh 00HapyKeHUs1 YaCTULbl B UHTEpBaie (z,z + dz)
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n@)dz _ e "Xz _mg _mgzir g,

dWy(z) = = (I1.6.2)
T ; —mgz/KT kT
jn(z)dz je 92/KT gz
0 0
CpenHee MoJ0KEHUE YaCTULBI
o0
7=[zawy(2) =9 [zemKTg, ST _RL__N_ " g1 695
KT 5 mg ug Sn(0)
IJIe KCII0JIb30BAHO
o0
I 25e7 234z = a5 (s +1),
0
2
OJ? 7 e—mgz/kT dz = (k_T]
0 Mg
N mg
n(0)=——.
© S KT
N3 (I1.6.2a) mony4yaem 4KCIIO YACTHUIL B IUIUHIPE
N=Sn(0)z. (I1.6.3)

_ kT
Cpe,Z[H}I}I MMOTCHIHMAJIbHAA DHCPIrud 4aCTUIlbl C YYCTOM Z =—— paBHaA
mg
Eror =MQZ =KT .
OTOT pe3ynbTar CIEAyeT TaKKE M3 TEOPEMBI O PACIPEAEICHUH TEIJIOBOU
JHEPrUU IO CTENneHsAIM cBOOOIbI. i1 OqHOW cTeneHu CBOOOABI HMCIONb3YyEM

(2.38) u (2.39)
— 1
gito=blal, gifo =y KT

J{nst noTeHuuaIbHOM SHEeprum U(z) =mgz napametp t =1, Toraga

5”0 =KkT .

Yacrubie 3Havenus. [Ipu T = 300°K g Bozmyxa o = 29 kr/kmounb U3
(I1.6.2a) monyuaem

7=Ez8 KM.

ng

Cton6 Bo3ayXa ¢ €IMHUYHBIM MOTIEPEUYHBIM ceueHueM, coaepxaniuii N gactui
C Maccoil M Kak/iasi, CoO3/1acT JaBJICHUE HA OTIOPY
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P=mgN.

Jlns HopManbHOTO faBiieHus P = 760 MM p.c. HAXOJIUM YHUCJIO YaCTHIl B CTOJI0E
BO3/yXa €AUHUYHOTO MONEPEYHOIO CEYECHUS

Nt —PNa 54105802
mg  ug

N3 (I1.6.3)

N=Sn(0)z
HOJ'Iy‘-IaCM KOHI_ICHTpaI_[HIO MOJ'IeKy.TI y HOBCpXHOCTI/I 3EMJIM — UYUCTI0
Jlowmuoma

n(0) = sN_— =2,687-10%cm 3.
Y4

CpaBHUBaeM C KOHIIGHTpallM€ DJICKTPOHOB MPOBOJUMOCTH  MeETajlia
n~102 3.

Woraun Hozed JTommuar (1821-1895)

I'a3 B uenrpugyre

Hentpudyra — 370 HMIMHAPUYECKUN COCY]] C Ta30M painycoM R, niauHou
oOpasyromieli H, Bpamarommuicss BOKPYT OCH C YTJIOBOM CKOPOCThIO ®. B
CUCTEME OTCUETa BpAIIAIOWIETOCS COCyJa HAa  4YacTUILly JCUCTBYET
1eHTpoOeKHas CUjla MHEPIMHU, HApaBJICHHAs OT OCH BpaieHus. B pesynbraTe
KOHIEHTpAIMs ra3a yBEJINYUBACTCS C YIAUICHUEM OT OCU. TemIOoBOE NBUKEHUE
pa3OpachiBa€T YACTHIBI MO BCeMy 00BeMy cOCyda, KOHKYpUPYS C
IIEHTPOOEKHONW  CHJIOHN. [lentpudyra  ucCHoap3yercs B  aTOMHOU
MPOMBIIICHHOCTH JIJIsl pa3/iefieHUus] U30TOIOB, EPEBEICHHBIX B Ta3000pa3HyI0
dazy. B xumum, OWONOTrMH, MEAWIIMHE OHA TPHUMEHSETCS ISl pa3leleHUs
KUJIKUX (QpaKIuii BEIMIECTB C PA3HOU INIOTHOCTHIO.

[Tomyyum  paguanmbHOE — paclnpencsieHHe  KOHUEHTPAlUUW  YacTHI,
npeHeoperas CUIoN TSHKECTH.
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B cucreme orcuera, CBA3aHHON C BpaAIOUIUMCS COCYIOM, JIEUCTBYET
IIEHTPOOEKHAsI CHJIa HHEPITUU

TOr'1a
u(r):—j fodr.

[loacraBnsieM EHTPOOCKHYIO CHIY W HaXOAUM TOTCHIMAIbHYIO JHEPTHUIO
MAaTepPUaJIbHON TOUKHA MAaCCOW M, HAXOIAIICUCS Ha PACCTOSHUHU I OT OCH

r
u(r) e Ir dr = —%mcozr2 :

0
Pacnipenencuue bonpimana (2.55)
dWy(r) = Ae U(N/KT gy
B IIWJIHHIPUYECKUX KOOPIHHATAX
r=(r,9,z), dV=rdrdedz

C OCBIO Z BAOJb OCH BpaliCHHUA 110J1y4acT BU
AWy (r,¢,2) = Ae UV KT rdr dop dz.

WurterpupyeM 1mo z U ¢, U A0 LHEHTPUPYTH TOJy4aeM BEpPOSTHOCTh
HAXO0KJICHUS YACTHIIBI B IIMJIUHAPUICCKOM CIIOC PanyCcOM I TOJIIMHOM dr

2.2
dWy(r)=B exp[mCO ' ] rdr (I1.6.4)

2KT

BepOHTHOCTB HauTH qacTUuny rasa B CAMHUILIC o0beMa Ha pacCTossHUU I OT
OoCH
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dWi (r)

w(r)=—"1",
rje 00beM HMWIMHAPUYECKOTO CII0S
dV =H 2nrdr.
Haxoaum KOHUEHTpaLUIO YaCTUIL
dWy (r)

=N =N——2,
n(r) (") 2nrdr H

rne N — uncno gyactunr B nieHTpudyre. [loacraBnsem BepositHocTh (11.6.4) u
10JIy4aeM

2
mm- 2
n(r) =n(0) exp| ——r~ |, I1.6.5
(r)=n(0) p(ZkT ] ( )
rae n(0) — KoHUEHTpalus Ha OCH BpamieHus; N(r) — KOHIIEHTpAIus Ha

pacctosiHAM I' OT ocu. KoHIIeHTpalusl yBeIMUMBAETCA IPU YAAIEHUH OT OCH.
ITonHoOE YMCI0 YacTHIl

R R
N =[n(r)dv =H [n(r)2zrdr =mH [n(r)d(r?)
0 0
¢ yuerom (I1.6.5) momyuaet Bun

R 2
mo~ 2 2
N =nH n(0) | exp| ——r° [d(r°).
H n(0) | p(m j (r°)
0
NuTerpupys, HaxoauM KOHIIEHTPALMIO HA OCH BPAlCHUS

-1
2 2n2
n(0) = Nm® ex Lm(o R ]1 .

o R 11.6.6
2nHKT | P 2T (116.6)

OpHeHTaHI/IOHHaH MOoJIApU3aAlUA TUIICKTPUKA

J{M3J1eKTPUK HE COJIEPKUT CBOOOIHBIX 3apsiioB, B €ro 00beMe UMEIOTCS
JUIIb ceéA3aHHble 3apadbl. CBA3aHHBIMU SIBIISIIOTCS PA3HOMMEHHBIC 3apsibl,
BXOJ/SILIIME€ B COCTAB MOJIEKYJbI, KOTOPbIE CMEUIAIOTCA Ha MUKPOCKOMUYECKHE
PacCTOSIHUS TIOJ JEWCTBUEM BHEIIHETO 3JIEKTpUUECKOro moiist. Takoe siBieHue
HA3bIBACTCS HOIApUZAUUEIL.
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Ecnu meHTpbl MOJIOKUTENBHOTO W OTPULIATENBHOTO 3apSA0B MOJIEKYJIbI
COBIIAJIAIOT MNPU OTCYTCTBUM TMOJIA, TO BKJIIOYEHHE TMOJI pa3ABUTAET 3THU
HEHTPBI, MOJIEKyJla AePOPMHUPYETCS, BO3HUKACT HOAAPUIAUUA CMEULCHUS.
Ecnu neHTphl 3apsiioB HE COBMAAAIOT, TO KaXKAas MOJIEKYJa MOJIpU30BaHa Mo
CBOEMY HalpaBieHUI0. M3-3a XaOTMYHOCTH HANPABICHUW MOJSApU3AUSA ras3a
OTCYTCTBYET. DBHellHee 1moJie NOBOpPAaYMBAET  MOJEKYJIBI, BO3HUKAET
opuenmauuoHHasa noaapuzayusa. B oboux ciyyasx moJjie CO3/aeT JUMOIbHbIN
MOMEHT JUAJIEKTPHKA, 3TOMY MPOTUBOJEHUCTBYET XAaOTUUYECKOE TEILUIOBOE
JBH>KCHUE.

Crenenp MOJIIPUA3ALUU KOJINYECTBEHHO XapaKkTepU3yeT
OuljieKmpuuecKkas 60cnpuumM4ueocms — Ko3HPUIMEHT MPONOPLHUOHATEHOCTH
MEXKy SJIEKTPUUYECKUM IOJEM M JUIMOJBHBIM MOMEHTOM E€IMHUIIBI 00beMa
BEILIECTBA, U HOAAPUIYEMOCHb — KOIPDUITMEHT MPOMOPIUOHATEHOCTH MEXTY
AJEKTPUYECKUM TIOJIEM W CPEJHUM JUNOJIBHBIM MOMEHTOM MOJICKYJIBI.
PaccMOTprM OpHUEHTAIMOHHYIO MOJISIPU3ALUI0 IUAJIEKTPUKA, COCTOSIIETO W3
MOJIEKYJI TUTTIOJICH.

[HoasApHBIA JMAJIEKTPUK COJEPKHUT MOJISIPU30BAHHBIE  MOJICKYJIBI
(mampumep, cynbbua Bogopoga H3 S™). Momnekyna UMeeT 21eKmpudecKui
OUNOJIbHLIL MOMEHM

po=al,

rae  — MOAyJb 3apsiaa WoHa; | — paccTosiHHMEe MEXay IICHTpaMH HOHAMH.
Jlimoyi MOJIEKYJT HanmpaBJICHbl XaOTUYECKU. BHENIHee 3JeKTprudeckoe noyie E
MMOBOPAYMBAET JIUMOJM M YCTAaHABJIMBAECT JUIOJIbHBIE MOMEHTHI BJOJIb IOJIS,
BO3HUKAET OPUEHTAIIMOHHAsS noJisspu3anus. TerioBoe IBUKEHHUE pa30pachiBaeT
HarpaBJIeHUsl nunoJie. Halinem cpeoniorw npoekuyuio ounonvnozo momenma
Ha4 HanpaeiieHue nojaA, KOTopas OIPEIENAeT CTENEHb MOJApU3aALUN
JADJICKTPHUKA.

PaccMoTpyM OJHOPOJHOE 3JICKTPUYECKOE TM0JI€ HaNpsbKeHHOCThIO E,
HampaBJjeHHOe 10 ocu Z. M3 3akoHa E=—grad¢ cieayer, 4To MOTEHIIUAJ TOUKHU

T0JI1 YMEHBLIAETCS ¢ POCTOM Z
o(2)=¢(0)-Ez.

9KBI/IHOTGHHI/I2UIBHBI€ NOBECPXHOCTH NCPHCHAUKYJISIPHBI OCH Z U (p_ > (02 3ap51)1
(g UMECT 3HEPruro U = (¢, Toraa nOTCHUHAaJIbHAasA DHEPIryus AUIO0JIsI

u=q(p, —¢_)=-0E(z, - 7).
N3 pucyHka Haxoum
z, —z_=lcoso,

c yuerom ql = py nomydaem
u(8) =—pg Ecoso.
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Haitnem  pacnpeneneHue  BEeKTOopa  AUIIOIBHOTO  MOMEHTa IO
HarpaBJIeHUsM IIpu Temreparype 1. Mcnonszyem pacnpenenenune boisbiimana

(2.55)

e—u(x, y,z)/KT dxdy dz

dWy(x,y,2) =
1 J‘e—U(X,y,Z)/deXdde

B CepUUYECKUX KOOPJMHATAX C OChIO Z, HANPABJICHHOW MO MOJI0. DJIEMEHT
o0beMa

dxdydz = rédrdQ.

[lonyyennas noreHumanbHas »Heprus U(0)=-pgEcos® He 3aBucUT OT
panuyca. PacnipeniesieHrie MHTETpUPYEM 110 PAINYCY U MOJTydaeM
—UO)/KT 4y

dWa (0, ¢) = Ie_U(e)/deQ ’

rac 3JICMCHT TCJICCHOT'O yIjia
dQ=sin6dodp=-d(cosO)de.

[ToreHmanbHast SHEPTUSL HE 3aBUCAT OT yria ¢. MaTerpupyem mno ¢

dQQ= -2 d(cos0),
HaxoIuM

e YO/ KT 4 (cos0)

dW,; (0) = :
100 je‘“(e)/de(cose)

J{ns1 yripoleHusi BBOJUM

a= FI)(LTE — OMHOCUmMEIbHAA IHEp2UA 33aum00eﬁcmeuﬂ,
cosO=x, —mw<O0<m, -1<x<1,
TOT 1A
—@ :pO—Ecose =ax.
kKT kT
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[Toyuaem

ax
AWy () = X _ ().

j e dx
-1

BrraucisieM HOpMUPOBOYHBIN UHTETPAII
a_,-a

1

e —¢€
J.eaXdX:=————————,
-1 a

HAXOJIUM pacnpeoesieHue opueHmayuil OUnoa1bHO20 MOMEHMA

_dWm)_ & ax (I1.6.7)
dx od _oa

Wy (X)

Cpeouasn npoekyus OunoabHO20 MOMEHmMA HA HATIPABJIEHUE TOJIS

1 1
P = Pgc0s6=po X = P | xw(x)dx=—02 [ xedx.

1 e —e? )
I/IHTCFpaJ'I BBIYUCIISAEM 110 HACTAM
u=x, dv=e*dx, v:leax,
a
; 1 1
j xeXdx==(e? +e7%) - (e* —e7?).
-1 a a
[Tosmyuaem
p=p E—l =p (ctha—lj=p L(a) (I1.6.8)
rae L(a) — ¢pynkuyus Jlanscesena.
L(a) &
1p----===-==p=========- prmmmmm——— ===

N e ecmmaay
@ CE TR LR Y ]

G S ——

oV

B citabowm moste
po E <<kT, a<x<l,
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pa3jaracMm B pAald

ctha;£+1a—ia3,
a 3 45
IoJryyaem
L(a);la, a=PE
3 KT
2
=_P0 g _
= O FE=yE,
SR
I'AC opuernmayuoOHHAA ROJIAPU3YEMOCHLD
2
-l
3kT

oOpaTHO-TIponOpIIMOHanbHa  Temmeparype. CrenoBaTenbHO, 6  C1adom
6HeuwHeM noJjie CpeoOHull OUNOAbHBIIL MOMEHM MOJIEKYibl RPONOPUUOHAICH
HANPANHCEHHOCMU NONA U YMEHbUIACMCA C POCHLOM MeMNePamypul.
B cuiibHOM 071€
po E>>KT, a>>1,
a —a
ctha= % —1,
e“ —e

L(a)zctha—l—ﬂ,
a

P="Pp-

B cunbHOM TmoOJie BCE€ JUIOIA OPUEHTUPOBAHBI MO TIOII, BO3HUKAET
HacvlujeHue noaAPpU3IyemMoCcmu.

JlamxeBeH pa3paboTal CTAaTHCTHYCCKYIO TEOPHI0 IlapaMarHeTh3Ma B
1905 r. u momyumn pesynbrar, aHamoruunbii (I1.6.8). [lebGait mpumeHun B
1911 r. cratuctuueckuii Meton JlaHkeBeHa 1151 ONSPU3ALNHI TUJICKTPUKOB U
HazBan ¢yukuuio (I1.6.8) umenem JlamxeBena. B uyects JleOast Ha3BaHa
BHECHUCTEMHASl €OUHUUA INNEKMPUUECKO20 OUNOIbHO20 MOMEHMA

1 [T (ze6aii) = 1-107 exq. CI'C = 3,33564-10Y Ki-m.
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o5 T i |
[Tons JlamxkeBen (1872-1946) [Tetep [ebaii (1884—-1966)

TEPMOJINHAMMNYECKHUE ITIOTEHIHUAJIbBI
OcHOBHBIE MOJI0KEeHUA

CratucTnyeckasi BeJIMYMHA XapaKTEPU3YET MUKPOCOCTOSTHUE CUCTEMBI.
Hampumep, 11 rasza: ramuwibToHHaH H(X), BeposATHOCTh OOHapyKEHUs

COCTOSIHMSI Taza B eauHHuIle oObema (a3zoBoro mpoctpanctBa W(X). s
YaCTUIBl: IUIOTHOCTh BEPOSITHOCTH OOHapyX eHHs KoopauHaTthl W (1),
IUIOTHOCTh BEPOSITHOCTH OOHAPYKEHUSI SHEPTUU W ¢ (€).

TepmoauHamuyeckasi BeJUYUHA XapPaKTEPU3YET MAaKpPOCOCTOSIHUE
CUCTEMBl W SIBJISICTCS CPEAHUM 3HAYECHHEM CTATUCTUYECKOW BEJIUYMHBI 10
MUKPOCOCTOSIHUSIM (pa3oBoro aHcamoOsisi. Hanmpumep, BHYTpEHHsISI SHEPTUs ra3a

U=H(X) paBHa cpenHeMy 3HA4Y€HHUIO TaMWIbTOHMAHA Ta3a MO (azoBOMY
ancamOmt0. B oOmeM ciaydae TepMoaumHaAMU4ecKas BEJIWYWHA 3aBHUCUT OT
TEKYIIEr0 COCTOSIHUSI CUCTEMBI U OT MYTH MEPEX0/ia B 3TO COCTOSIHUE.
TepMoanHaMuyecKMil MOTEHIMAJ 3aBUCUT OT COCTOSTHUSI CUCTEMbI U HE

3aBUCUT OT IYTU MEPEXO0Jia B 3TO COCTOSHUE. ITO MOHSITUE B TEPMOJIUHAMUKY
BBes1 ['u00c B 1874 r. TepMoauHaMu4YecKre MOTEHIMAIBI OTIIMYAIOTCSI HAOOpOM
CBOUX apryMEHTOB:

e BHyTpeHHss 3Heprus U (S,V,N);

e cBoOoaHas sHeprust F(T,V,N);

® XHUMHUYECKHI MOTEHIIUAN L MOKET UMETh pa3HbIE apTyMEHTHI;

e suTponus S(U,V,N);

e TepMoaMHAMHUYECKUH rmoTennuan ' mdoca ®(T,P,N);

o Q-norenuman Q(T,V,pu).
IToTeHnmanamMu He SIBISIOTCS.

e paborarasa A;

e rMepeaaHHas razy teriora Q.
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CoOTHOIIIEHUSI MEX]y MNOTEHIMAJIaMH, IMOJIYYEHHbIE MHPU IMOCTOSSHHOM
yucie yactull N, coxpaHsatoTcs u rpu nepeMeHHoM N.

CaolicTBa NOTeHUHAJBbHON PyHKuMHM O(r) :

1. MaTerpan QyHKIMHM MEXy HAa4aJIbHBIM COCTOSIHMEM A U KOHEUHBIM B He

3aBUCUT OT (POPMBI ITyTH
B

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

2. Ilpu B=A wuHrerpan paeH Hymto. CienoBaTelbHO, HW3MEHEHHUE
MOTEHIMAaNa MPHU MEePEX0/ie CUCTEMbI U3 HEKOTOPOTO COCTOSIHUS 10 3aMKHYTOMY
MyTH B UCXOJTHOE COCTOSIHUE PABHO HYIIIO.

3. Ilepexox wmexay OECKOHEUHO OJM3KUMHU 3HAYEHUSIMH apryMEHTa
COBEpILIaeM, MPOXOJs MOCIEAOBATENBHO MO y4acTKaM, MapaliebHbIM OpTaM
CUCTEMbl KOOpJMHAT, TOrJa W3MEHEHHE (YHKUUM PaBHO HOJIHOMY
ouggepenyuany apzymenmos

ch)(x,y,z):(an dx+[a£) dy+(a£)j dz.
OX V.2 oy %2 0z X,y

Jlns notennuana @ sneMeHTapHOE M3MeHeHne obo3Hauaercs kak d O, nua He
norermmana — 60 .

YciioBHe paBHOBECHSI CHCTeMBI. B TepMOIMHAMUKE JIOKA3BIBAETCS, UTO
€CJI CHCTEMA NPUXOANT K PABHOBECHIO B PE3yJIbTaTE HEKOTOPOIO MPOIECCa, TO
6 DAGHOGECHOM COCMIOAHUU IKCMPEMAJIeH MOMm HOMEHUUan, apymeHnbl
KOmopozo ne usmenaomcea 6 xode npoyecca. IIpu 5TOM SHTPONHUS JOCTHIaeT
MaKCHMyMa, OCTaJbHble MOTEHINAIa MUHUMAIbHBI B COCTOSHMU PAaBHOBECHS
CHCTEMBI.

XUMHYECKHUM MOTEeHIHAJ

Jmg omucaHus raza Ha ypPOBHE COCTABJISIOLIMX YaCTUL[ HUCIOJb3YETCS
MaKpOXapaKTEPUCTUKA — XUMHUYECKUU ITOTCHLMAT, KOTOPBIM MOXET HMETh
pa3HbIE apTyMEHTHI.

B cucremy nobapisemM 4acTHIly, 4acTh TEPMOJUHAMUYECKUX BEIUYUH —
T,V,P,N,... MeHsdeTcss.  HaxomuMm  U3MEHEHHE  TEPMOJMHAMUYECKOTO

MOTEHIMAaNIa, Y KOTOPOro aprymMeHThl, oTiudaromuecs oT N, HE MEHSIOTCS B
mporiecce A00aBICHUS YaCTUIBI, 3TO HW3MEHEHHE pPAaBHO XHMHYCCKOMY
MOTCHIHUATY.

XUMHAYECKUN MOTCHUUAT CUCTEMBI | SIBISIETCS YHEPr€THUUYECKOW MEpOu
YHOPSIOYMBAOIIHX ITPOIICCCOB B MPOTUBOIOJIOKHOCTh TCIUIOBOM SHepruu KT —
Mepe Oecrmopsigka. PaBHOBECHOE COCTOSHUE CHCTEMBI SIBIISICTCS PE3YIbTaTOM
«KOHKYPEHLIMU» MEXKTY MOPSAKOM U Xa0COM.
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Jlns mporiecca S,V = const mosrygaem

oU (S,V,N)

SV,N)=
u( ) N

(2.149)

SV
Xumuueckuii nomeHuyual paeeH UZMEHEHUI) GHYMPEHHell IHepeuu npu

oobaenenuu uwacmuuysvl, eciu cucmema coxpausem oovem 8V =0) u He
oomenueaemca menaom (8S =0). C yuerom (2.149) u (2.32), (2.34)

dU(\/,S,N):(a—Uj ds{a—UJ dV+(a—Uj dN
0S VN oV N,S ON V.S

dU=TdS—-PdV npu dN =0,
noJiy4aeM NoJiHbIi Aud depeHnnan BHyTpeHHEN SHEPTUH

dU =TdS-PdV +pdN. (2.150)
Ecnu Bapuanuu

5S=0, V=0, SN=0,
TO
SU(S,V,N) =0,

4TO SIBJISIETCS YCIOBUEM JKCTpeMyMa. B pesynbrare uzonuposeannan cucmema
HOCMOAHHO20 00beMa PAGHOBECHA NPU MUHUMYME 6HYMPEHHEN IHEPZUU.
Hns npouecca T,V =const

oF(T,V,N)

2.151
N (2.151)

n(T,V,N) =

TV

Xumuueckuii. nOMEHUUA1 paeH U3IMEHEHUI0 C80000HOI IHepzuu npu
oobaenenuu uacmuywvl, ecau cucmema coxpausem o00vem OV =0) wu

memnepamypy (8T =0). C yuerom (2.151) u (2.38), (2.40)

dF(\/,T,N):(Ej dv{ﬁj dn(ﬁj N,
N 1N T N N N N 1

dF =—PdV —SdT nmpu dN =0,
noJjtyyaeM moJiHbli quddepenian cBoO0HON SHEPTUM

dF =—PdV —SdT +udN . (2.152)
Ecnu Bapuanuu

0T =0, 8V=0, oN=0,

TO BBITIOJIHACTCA YCIIOBUC OKCTpEMYyMa
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SF(T,V,N)=0.

Cucmema ¢ nOCMOAHHBIM 00bEMOM, MeEMNEPAMYpOU U YUCIOM HACHMUY,
HAX00UMCA 8 COCMOAHUN PAGHOBECUS NPU MUHUMYME CB0D0OHOIL IHEPZUU.

XUMHAYECKUN TOTCHUUAI PABEH HU3MEHEHUIO JHEPIrMU CHUCTEMBI IIpU
OpUOIMKEHUH YacTUIBl K YacTHI[AaM CHCTeMbl. EciM 4YacTHIbl B3aUMHO
MPUTATUBAIOTCS, TO IPU UX COJMMKEHUM CHUJIA MPUTSIKEHUSI COBEPIIIACT padoTy,
pacxoaysi DJHEPrui0 B3aUMOJCWUCTBUS CHUCTEMbI, U OHA yMeEHbIIaerca. B
pe3yabpTaTe O0aA CUCHIEMbl NPUMAZUGAIOWAUXCA HACMUY XUMUYECKUU
nomenyuan ompuyamenbubli. ECIM 4acTUlbl B3aUMHO OTTAJIKUBAKOTCS, TO
npu UX CONMMKEHUW BHEUIHSS CHJIa COBEpIIaeT paboTy, YBEJIWYUBASI SHEPTUIO
B3aMMO/JICUCTBUSA CUCTEMBI. B pe3ynbrare 014 cucmemsvl OmmanKu8aOuyuxcs
yacmuy Xumui4eCcKuii HOMeHyual OJ10HCUMEIbHbLU.

XUMHAYECKUM TMOTEHIMAJA M YHWCJIO 4YacTUI[ CHUCTEMBI — B3aUMHO
3aBUCHMBIE BENUYMHBI. XUMUUECKU NOMEHUUAI HAXOOUMCA U3 YCI06UA
HOPMUPOBKU HA YUC/IO YACMUY, CUCHEMbL, €CIU IMO YUCIO COXPAHAEMCA.
Ecin dacTuipl He UMEIOT 3apsaa U UX YHUCIIO HE COXPAHSIETCSA, TO XUMUYECKUMN
ITOTEHIMAJI PABHOBECHOM CUCTEMBI PABEH HYJIIO.

DJIeKTPOXUMHUYECKUA TMOTeHHuaJ . BHelmHee NOTEHUHMATbHOE MOJIE
M3MEHSAET SHEPTUI0 YACTUL] U XUMUYECKUHN MOTEHIMA CUCTEMBI, OH IMOJIy4aeT
3aBUCUMOCTb OT KOOPJMHAT U Ha3BAHUE — IIEKMPOXUMUYUECKUU ROMEHUUAl

w(r)=p-+u(r), (2.153)

rJie L — XUMHYSCKUN MOTeHIMa 0e3 BHEIIHEro moJjist; U(r) — SHeprusl 4YaCcTHUIIbI,
HaXOJAIICHCA BO BHEIIHEM Tmojie B Touke I. J[yig dactuimpsl ¢ 3apsaom ( B
AIEKTPOCTATUYECKOM TOJIE

w(r)=pu+qo(r),

rae @(r) — 2JEeKTPHYECKHUA MOTEHIMAA TOYKH TMOJs, TJIe HAXOIUTCS 3apsi.
Jlanee [OOKas3bIBacICs, 4YTO 60 6Cex MmMOUKAX PABHOEECHOU CUCHEMbl
INEKMPOXUMUYUECKUT NOMEHYUAI OOUHAKOBBLIL, TIOOTOMY OH XapaKTepU3yeT
HE YacTHIly, & CHCTEMY YaCTHLI.

Xumuueckui noteHiman BBena ['m66¢c B 1875 r., 3/EeKTpOXUMUYECKUM
noreHuuai — ['yrrenreim B 1929 r.
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ST
Oneapa Apmann ['yrrenreiiv (1901-1970)

YciaoBusi TepMOAMHAMUYECKOT0 paBHOBecusi. Paccmorpum cucremy,
conmepxarnryto (a3el 1 u 2, HampuMep, BOAY W Map B U30JIUPOBAHHOM COCYJIe
IIOCTOSIHHOTO 00OBbEMA.

V,N,U =const.

Haiinem xumuyeckue noTeHIuabl (pa3 B COCTOSSHUU PaBHOBECHSI.

W3 (2.150)
dU =T dS —PdV +pdN

U3MEHEHUE BHYTpEeHHEHN 3Hepruu Juist gpasbl k =1,2
Uy =Ty 6Si — B 8V + pi SNy . (2.154)

JIns1 1301MPOBAHHOM CHCTEMBI Bapralluy

dU =8U, +38U, =0,

dV =0dVp +9dV, =0,

ON =8N;+0N, =0.
Jlig oTAenbHBIX (a3 moayyaeM COOTHOLIEHUS

dU; =-38U,, &V;=-6V,, ON;=-0N,.

Bemnunnet U,V,N sBisitorcss aprymentamu sHTponuu  S(U,V,N). Ilpu

nepexojie CUCTEMbl Mexay (azamMu apryMeHThl HE MEHSIOTCS, TOrja B

PABHOBECHOM COCTOSIHUM SHTPONUS CUCTEMBI HKCTPEMAJIbHA U €€ Bapualus
dS(U,V,N)=0.

13 (2.154)
6Uk :Tk 88k - H(SVk + Uk 8Nk

BbIpaKa€M BapUalul SHTPOINUHU IMOJCUCTCM
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89, = 5U) + sv, — K 5N, |
Ty Ty Ty

DHTpoONuUA aAANTUBHAS BEIMUYUHA, TOT/AA JJ1s1 BCEH PAaBHOBECHOM CHCTEMBI

85 =55, + 85, =| = —— |sUy+| 2 -T2 |5y, 4| M2 _ M1 5N, 0.
T L T, T

Bemnunnel 6Uq, 6Vq 1 6N1 B3aUMHO HE3aBUCUMBIC, 3TO IA€T

T1=Ty, R=P, m=uy

— 8 COCMOSIHUU PABHOGECUA 60 6CeX MOUKAX U (ha3zax cucmemvl 00UHAKOBDL
memnepamypa, O0agjileHue u xXumuyveckuii nomenyuan. Ilpun HaTUIHH
BHEIITHETO ITOJIS I0JIydacM

b = 1 (2.155)

— JIEKMPOXUMUYECKUII NOMEHUUAI PABHOBECHOU CUCMEMbl O0OUHAKOE 6
PasHbIx hazax u 6 pazHvix mecmax 00HOU (ha3bl.

Ecnmm xmMmudeckue MOTEHIMAIbl B pPa3HbIX (¢azax OTIMYATCSA MpHU
OJIMHAKOBBIX TEMIIEpaTypax 1 JaBICHUIX

w>up, Ty=To=T, R=PF,

TO paBHOBecusi Her, wuuer auddysus. CorjgacHo BTOPOMY Hayaly
TEPMOJIMHAMUKH YHTPONHUS YBEITUYNBACTCS

1
03 =?(M2—H1) 0Ny >0.

[Ipu py >py momyuaem 0N <0, ciaegoBaTeNbHO, YACTHUIIBI IEPEXOIAT U3 (Pa3bl

1 B dazy 2. Hacmuuyvl nepemewiaromca 6 my cHOpOHY, 20€ XUMUYECKUIL
HOMEHUUAI MEeHbUIe, NOGLIUAA €20 GeIUYUHY U GbIPAGHUBAA XUMUUECKUE
HOMEHUUAIDL.

BohlunciieHue XUMHYECKOro TmOTeHHHMada. PaccmMoTpeHHble paHee
TEPMOJIMHAMUYECKUE TOTECHIIMAIbl ObUIM BBIPAXKEHBI YE€PE3 CTATUCTHUUYECKUM
WHTErpaj KaHOHUYECKOro pacrnpeneneHus. [loaydnm aHAIOTUYHBINA pe3yJbTatr
JUIS. XUMHAYECKOTO MOTEHIMaNa, BEIPa3uB €ro 4epe3 CTaTUCTUYECKUN MHTerpal
YaCTHUIIBI.

B (2.151)
oF(T,V,N
n(T.V,N) _FIV.N)
oN v
nojcrasisieM (2.79)
F=-kTInZ

U TI0JTy4aem
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olinz

— KT
H oN

(2.156)

CratucTUYecKMil ~ WHTErpaJl  HMACAJbHOTO  Ta3a  BBIpaXaeTcs  uepes
CTATUCTUUECKUI UHTErPAJl YACTUIIBI

N N
ZZZl ~ eZl |
N! N

N
rae N!;(Ej npu N >>10, Torga
e

INZ=-NInN+NInZ; +N,

olnZz Zl
=In—==.
ON N

N3  (2.156) HaxoguM  CBA3b  MEXAY  XUMHUYECKUM  TOTCHIIMAJIOM
MHOTOYaCTUYHOI'0 UACATIBLHOI0 T'a3a U CTATUCTUUYECKUM MHTErPajIoM YaCTUIIbI

Z
- kT InZL,
H N

7, =Ne KT (2.157)
J1J1s1 Ta3a co CIOXKHBIM JBM)KEHUEM YaCTHI] HCITOJIb3yeM (2.82)

Zl = Zl,trans Zl, rotat Z1,osciII Z1,interna|
u u3 (2.157) Haxoaum

Zl,trans
H:—k-l['n N +1In(Zy, rotat Z1,0scill Z1,internal) |-

I[J'I}I ra3a aTOMOB JIMIIb C ITOCTYIIATCIIbHBIMHA ABUKCHUAMUA YaCTHI]

Z1,rotat Z1,osciII Z1,interna| =1,
ucronb3yem (2.83)

v
L trans = 3 (2momkT )3/ .

U3 (2.157)
7
=—kT In=L
H N
oJIy4aem
3/2
u(T,V,N) = —kT In{%:l, (2.158)
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rie Nn=N/V — xoHneHTpamusa dyactuil, N — 4uciio yactuil raza. Xumuueckuit
HOMEHUUA1 yeeauuueaemca ¢ poCMoM  KOHUeHmpauuu 2a3d, C
YMEHbULeHUEM MeMNEPamypbl U MAccbl YACMULbL.

AKTHBHOCTH CHCTEMbI

OrnpenensieM aKTUBHOCTD rasa
A=et/KT (2.159)

AKmuenocmov xapaxmepuszyem OMHOCUMENbHbLIL 6KIAO YROPAOOUUBAIOWUX
U XAOMUYEeCKUX Npoueccos cucmemsvl B BUAC OalaHca MEXKIY XUMUYCCKUM
MOTEHIIMAJIOM U TETUI0BOM 3Heprueit. 13 (2.157)

Z
— kT In=L
H N
HaxXoauM

Akt _ N
74}

Z1=—. 2.160
1= ( )

J1J1 ra3a Mk ¢ OCTyNaTeIbHBIM IBMKeHHeM dacTuil u3 (2.160) u (2.83)

7= % (2rmkT)¥/?

ojry4aem
h3n

A= .
(27mkT )32

(2.161)

Axmuenocmo ynop}wouuearomux npoueccoe pacmem npu ROHUMNCEHUU
memnepamypsl U npu yeée/ildeHuu Konuenmpauuu sacmuy.

Jnst renus ipu HOpMalibHbIX ycnoBusix T =300K, P =10°Tla u3 (2.158)
u (2.160) nonyyaem

u=-0,35B, A=82.10"".
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Knaccuueckuit 2az coomeemcmeyem @vbiCOKUM memMnepamypam, HU3IKUM
KOHUeHmpauyuam, 001bWUM DPACCHOAHUAM MeHcOy HaAcCmuuyamu, Koz20a
NPOAGNACMCA UX NPUMAINCEHUE, NOIMOMY XUMUYECKUI NOMEHUUAN
ompuyamenvHolii u axkmuenocmy mana. Cnadoe B3aUMOACHCTBUE YaCTHI
HECYIIECTBEHHO BJIMAET HAa BHYTPEHHIOK SHEPIUIO ra3a U MO3BOJISIET CUUTATh
ero wuaeanbHbiM. OOHApyKEHHOE TMPUTHKEHHE MEXAy 4YacTULaMH Trasa
ABJIIETCSI KBAHTOBBIM 3((PEKTOM, CBSA3aHHBIM C OOMEHHbIMU cuiIamu. Hx
NOSIBJIEHUE CJEAYET U3 TOKIECTBEHHOCTH MHMKPOYACTHUIl OJHOW MPUPOABI. ITO
IIOJIO)KEHUE HE COIJIaCyeTCsl C OOBIIEHHBIM OINBITOM, HMMEIOIIUM JIEJO C
MaKpOOOBEKTaMHU, CpPEAM KOTOPBIX HET CTPOr0 OJMHAKOBBIX, U BHOCUT B
KJIACCUYECKYIO (PU3UKY AJIEMEHTHl KBAHTOBOM MEXAaHUKH.

PacnpenesieHue 4acTuil o0 YpOBHAM SHEPrum

Bo3mokHbIE ~ 3HA4Y€HMs ~ SHEPIMM  YacTHIIbl,  HaxoAsuleiics B
MaKpOCKOIMUYECKOM 00BheMe, 00pa3yroT MHOXKECTBO OJIM3KO PaCHOJIOKEHHBIX
JIUCKPETHBIX YPOBHEW, WM COCTOSIHUM, C DHEPTreTHUYECKOM IUIOTHOCTBIO ((€).
YacTuiipl UaeadbHOTO Ta3a, HaXOAUIMEecs Ha OJIHOM YPOBHE SHEPIHM, WU B
OJIHOM COCTOSIHUH, OTJIMYAKOTCS NPOCKIUSMU HUMIYJbCAa U TOJOKEHUSIMU B
npoctpanctBe. Haitnem cpennee unciio yactul N(e) B COCTOSTHUU C SHEPTUEH €
JUIsl Ta3a ¢ PUKCHUPOBAHHOW TEMIIEPATYPOU U XUMUYECKUM MOTEHIIMAIOM.

BeposiTHOCTh OOHapyKEHUs YacTHUIbl C SHEPrUell B MHTEpBaje (g, €+ dg)

OTMCHIBAETCSI KAHOHUYECKUM pacripeesieHuem (2.89)

dN (g) :i

dW (e) = -
1

e—S/kTgl(g) dgl

Torma cpegHee YKMCIIO YacTHUIl C dHEprue B MHTEpBaie (g, e+deg), rme €>0,

PaBHO
dN(6) = N dWy(c) = e
24

—¢elKT 91(8) dS.

Hcnonb3yem XMMHUYECKU MOTEHIIMAT U aKTUBHOCTD (2.160)

N _ Ao en/kT
74}
pacrpeie/icHHE IMOIy4JaeT BH/I
dN () =n(e) g1 (e)de, (2.162)

rae gq(e)de —yuciao ypoBHEW WM COCTOSIHUM B UHTEpBaie (g, €+ dg);

m(e) = e e KT _ pge/kT (2.163)

45



— pacnpeoenieHue Yacmuy no COCMOAHUAM, VI HACENeHHOCMb YPOGHA, TO
€CTh CpPEJHEE YHUCJIO YacTULl B OJHOM COCTOSHUM C J3Hepruen &. DyHKuuA
pactipenenenus N(e) mokaszana Ha puc. 2.30. 13 (2.163) caenyer:

1. Yewm Bblllle YpOBEHb YHEPTUHU, TEM MEHBIIIC HA HEM YaCTHIL;

2. Tlpu HU3KOM TeMIiepaType 3aIroJIHEHbBI JIUIIb HIDKHUAE YPOBHHU € € < | |;

3. Brimonnsercs

A=n(0),
AKMUBHOCMU 2A3a PAGHA HACEIEHHOCMU YPOBHS ¢ IHepzuen €=0;
A Nn(g)
1
oo yroseeneenanai
o..‘ . "“
. e
'0..' '0..' A
h.. ay T
n.,....
Ly
; ; Al 15T
. -I; ------------ e s s sessemsnn >
0 B 0 €

Puc. 2.30. Pacnipenenenust 4acTUIl 1O COCTOSTHUSIM
npu temneparype T u temmneparype T'>T

4. Tlpu TNOBBIIICHUH TEMIIEPATYPhl XMUMUYECKUN TMOTEHIMAT W aKTUBHOCTH
ra3za yMeHbIaroTcs corsiacHo (2.158) u (2.161)

u(T,V,N) = —kT In M |
h=n
3
A= ul 372"
(27mkT)

HACEJICHHOCTh HMYKHUX YPOBHEH ¢ € <||L| yMEHbIIAeTCs, BEPXHUX YPOBHEH C
€ >>| | yBemuumBaercsa. YacTHIbI MEPEXOAIT MEXKIY YPOBHSIMH, 3aIOJIHSSA

BEPXHHUE YPOBHU U OCBOOOK/1asl HUKHUE;
5. BrinonHseTcss HOpMUPOBKA

n(w) =1

— XUMUYECKUII NOMEHUUAN pPAGeH IHEPUU YPOGHA C HACETEHHOCHDbIO
eounuya. [l KIACCHMYECKOr0 Ta3a YPOBEHb XUMHYECKOTO ITOTEHIMAla
HaXoauTCs B Hedu3nueckod oOmactu »HHeprun up=e<0, TOKa3aHHOU
IMyHKTUPOM Ha puc. 2.30;
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1
ogeeeeeanes yooseen e
."0 E"o
O" .
h.. 0..
. v,
n.... v T
n.....
- - 4 3
T .| IS S
4
0 B 0 €

Puc. 2.30. PacnpeneneHue KIaCCUUE€CKUX YaCTHIL [0 COCTOSTHUAM

6. Ilnomans nmox kpuBou N(e) B uHTEpBaie (|,0) paBHA TEIUIOBOM SHEPTUH

o0 o0
[n(e)de=e"XT [ /KT de =kT .
n n

Breinmonasercsa

[n(e)de=kT /KT = AKT .
0

[Inomans nom kpuBod N(e) B wuHTepBasie (0,0) paBHA MPOU3BEICHUIO
TEIUIOBOM SHEPTUU HA aKTUBHOCT.

7. Cornacao (2.162)
dN(e) =n(e)gy(e)de

cpeoHee uucio uacmuy ¢ IHepueil 6 eOUHUUHOM UHMEPEaAe 0KON0 € PAGHO
NPOU36EOCeHUI0 NIAOMHOCMU COCHOAHUI HA YUCA0 YACMUY 6 O0O0HOM
cocmoanuu
dN(e) _
de

g1(e) N(e). (2.164)

IHpumep

I'enmii mpu T =300K, P=10°Tla nmeer CPEIHIOK TEIJIOBYIO YHEPIUIO
aromMa

(T =300E) :ng ~3,5.107%5B.

Panee nonydeno
u=-0,353B,

A=82-10".
U3 (11.2.11)
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21V
gl(s,V)=%<2m)3’2£

c yuetoMm m=26,6-10" 21 gr rpu V =111 HAXOAUM IUIOTHOCTb COCTOSIHUN
01(8); 2,740%(B)™.
N3 (2.163) u (2.164) nonyyaem
n(g)=2,0-1077,

dN(B)

=5,45-10*(3B) .
de

Hecmorpss Ha Manyro HaceIeHHOCTbh YPOBHEWU ﬁ~10_7, YUCJIO YacTHll,

NpUXOOAIINXCA Ha HMHTCPBAJI B OJHWH JJICKTPOH-BOJIBT OKOJO CPCAHCIO

SHAYCHHUA SHCPIrUHU, JOCTHUIaCT BCINYHHLI ~1O41. DTO CBSA3aHO C IIp€3BbI‘IElI‘/'IHO

OOJBIION MIIOTHOCTHIO COCTOSSHUM, BRI3BAHHOM MaJIOCThIO mocTossHHOM I1nanka.

XUMHYECKHH MOTEHIUAJ U IJIOTHOCTL COCTOSIHUM
HopmupoBka Ha yucio dactul raza N ¢ yaerom (2.162) u (2.163)
dN (e) = 1(€) g (&) ds,
ne)= plk—e)/kT

JTaeT

N = [dN(e) = [ (e) gy (e)de=e"T [e /KT g (e) de, (2.165)
0 0

rae gi(e) — aHepreTuyeckas IMIOTHOCTh COCTOSHUN YacTHIlBI B 00beMe ra3a V.

N3 (2.165) BbIpakaeM XUMHUUYECKHU TIOTEHIMAJ Ta3a 4Yepe3 IUIOTHOCTH
COCTOSIHUIM YaCTHIIbI M YMCJIO YaCTHI] T'a3a

(T N =—KT In %Te—g’” ore (2.166)
0
DTOT pe3yabTar clielyeT Takxe U3 Popmysibl CBOOOAHOM FHEpTrUH (2.92)
e
F = kTN In ﬁje‘g’” g1(c) de

0

U U3 OTPEICNICHUs] XMMUYECKOTO noTeHnuana (2.151)
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oF(T,V,N)

u(T,V,N)= N

TV

CornacHo  (2.166) Xxumuueckuii  nomenyuan  Kiaccudyecko2o  2as3a
OMpUUAMEIbHLLIL, YETUYUBACMCA C POCHIOM HUCAA YaACmuy U ¢
YMeHbUuieHUuem memnepamypul, 4To coriacyercs c¢ (2.158) nns atomapHOTO
rasa

u(T,V,N) = —kT In{M}.

h3n

BeposiTHOCTH Onpee/IeCHHON IHEPIUH Yy YACTHIbI

BeposaTHOCTh HEKOTOPOW IHEPIUU YACTHUIIBI 3aBUCUT OT SHEPIrEeTUYECKOTO
CIIEKTpa, OT TEMIIEPATYPbl U XMMUYECKOTO MOTEHIIKAIA Ta3a.

HenpepbiBHbBIIT criekTp. BeposTHOCT, 00HApYKEHUS SHEPTUU YACTHUIIBI
B uHTepBaie (g,€+de) nmomydaem u3 (2.162), (2.163) u (2.165)

AW () = dNN(S) _ %ﬁ(g) 0,(c) de = %e(u—?’)’ KT 4,(e)de. (2.167)

Jlnst 3aganHoi pynkuuu sHepruu f (g) cpenHee 3HaUeHHE

pu/KT oo
© - [ fe)e /KT gy(e)de. (2.168)
0

f(T,N) =

JIMCKpeTHBIN CIEeKTP. Y KJIACCMYECKOTro ra3a ¢ JUCKPETHBIM CIEKTPOM
{&j}, rae 1=1,2,3,..., ypoBHU HE BBIPOXKJEHBI U Qp(gj) =1, TOrga BEpOSTHOCTH
HHEPTrUM YACTHUIIBI &j MOJTy4YaeM Mo aHaioruu ¢ (2.167)
1 (u—e:
W(ai):ﬁe(“ &) /KT (2.169)

Y cnoBre HOPMUPOBKH BEPOSITHOCTH
D w(gj) =1
i

JacT YMCJIO HaCTUIl raia
N =t/ KT Sremei /KT (2.170)
i

N3 (2.170) BeIpakaeM XUMMUYECKUI MOTEHIINAT
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w=—KTIn %Ze—gi’” | (2.171)
i

Ucnonb3ys (2.169), ang yncia yacTuil Ha YPOBHE & U JJIsl (YHKIIMHU DHEPTUU
f (¢) momyuaem cpegHue

n_i =N W(Si) = e(u_gi)/kT )
u/ KT
N

e

f(T,N)= 3 fg)e ik (2.172)

®opMyibl IPUMEHUMBI JUIsI U30TEPMHUUYECKOTO Ta3a J000H pa3MEpHOCTH U C
IIPOU3BOJIBHBIM 3aKOHOM JUCIIEPCHM, €CIM Tra3 KJIaCCUYECKUH, TO €CTh
aKTUBHOCTH MaJa

A=eKT 1, (2.173)

TEPMOJNHAMMNYECKHUE TIOTEHLHUAJIBI CUCTEMBI
C IEPEMEHHBIM YUCJIOM YACTHUL

[IpumepoM cHCTEMBI C TIEPEMEHHBIM YHCJIOM YaCTHI[  CIYXXKHUT
MOJCUCTEMA, SIBISIONIASCS YacThlO OOJBIION CHUCTEMBbI, KOTJa YaCTHUIIbI
MEePEXOASIT MEXAY OTHACIbHBIMHU MoJicucTeMaMu. J[pyroil mpumep — ypoBEHb
SHEPIruU B CIIEKTPE MHOTOYPOBHEBOM CUCTEMBI, KOT/Ia YaCTHUIIbI O] IEUCTBUEM
TEIUIOBOIO JBMXKEHHSI TEPEXOIIT MEXKAY pa3Iu4yHbIMU ypoBHsMH. [Ipu
TEPMOJMHAMUYECKOM PABHOBECHUU CHUCTEMbI BCE €€ MOJACUCTEMbl U YPOBHH
SHEPTUM HWMEIOT OJWHAKOBBIM XUMUYECKMM TMOTeHIMan. TpeOyercs HaWTu
BEPOSITHOCTh OIPECIICHHOTO YHUCJa YacTUIl B TOJCHUCTEME WA Ha YpPOBHE
SHEPIHUH, a TAKXKE CPEHEE YUCIIO YACTHII.

Cucremy C MOCTOSTHHBIM YUCTIOM YaCTUII OTUCBIBAIOT
TEPMOJMHAMUYECKHUE TTOTEHIAAIIBI:

BHyTpeHHss sHeprus U (S,V,N),
cBoOoaHas sueprus F(T,V,N),
surporus S(U,V,N).
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OTU MOTEHIMAbl 3aBUCIT OT 4ucia 4yactuil raza N, mo3ToMy OHM HE MOTYT
BXOJUTh B  HOPMHUPOBOYHBIA MHOXUTENb (PYHKIHUU  PpacrpeqercHus,
ONMUCBHIBAIOIIEM CHUCTEMY C TMEPEMEHHBIM 4YHUCIOM dactul. [us 3Toro
UCNOJIb3yeTCs omeza-nomenyuan Q(T,V, 1), HE 3aBUCAIINN OT YKCIA YaCTUIL

CHCTEMBI, HO 3aBHUCSIIMH OT €€ XHUMHYECKOIro IIOoTeHIMana. (Q-MOoTEeHIIHA
ompenensiercss npu nomoud nomenyuana ITuooca O(T,P,N). Ilpu

OMNpPENCIICHUM U BBIBOJIE O3THUX HOBBIX [MOTEHIIMAJIOB PYKOBOJCTBYEMCS
MOJIOKEHUEM, YTO COOMHOUIEHUS MeXHcOy NOMEHUUAIamMu, noyueHHble npu
nocmosaunom N, coxpanarwmecea u npu nepemennom N.

OyHKIMA KAHOHUYECKOTO pacipeiesIeHUs

F-H(X)
dW-|-1V,N(X)=e kT dX

c (¢uxcupoBanueiMu I, V, N onuceiBaeT paBHOBECHYIO CHCTEMY.
HopMupoBoUHBIiT MHOXHUTEIb COAEPKUT cBOOOAHYIO0 SHepruto F(T,V,N).

O06o001IaeM KaHOHUYECKOE paclpe/eieHUe Ha Ccliydyall CHCTEMBI C
MEPEMEHHBIM YHCIIOM YacTHIl, PUKCUPYS

T, V, u=const.
Takast cucteMa ONUCHIBACTCS 00bUIUM KAHOHUYECKUM pacnpe@eﬂeuuem, rac

HOPMHUPOBOYHBIN MHOKHUTEIL COAEPKUT oMera-noreHuuan Q(T,V, ).

Tepmoaunamuyecknii morenuuan I'nooca O(T,P,N)

[Torennman ['mb66ca ompenensiercss B TEPMOJUHAMUKE YEPe3 CBOOOIHYIO

HEPTHUIO
®(T,P,N)=F +PV. (2.174)

bepem nonnbiii nuddepenmuan (2.174)
dbo=dF +PdV +VdP,

U nozctaBisieM nuddepernman cBoooaHoM sHeprun (2.152)

dF =—PdV —SdT +udN,

NoJIy4aem
dd=-SdT +VdP+pnudN. (2.175)
N3 onpenenenus mosHOro AuddepeHiinana Haxoaum
oD
pTP)=—= -
NI p

o1



Xumuueckuii ROMEHYUAN cucmemsl pagen usimenenuro nomenyuana I'uooca
npu OobaeéneHuu yacmuubl 6 Ccucmemy, eciu npouecc uoem npu
Quxcuposannvix memnepamype u 0aéieHuu.
[Tpu
0T =0, 6P=0, 8N =0,

u3 (2.175) noayyaem ycaoBHeE dSKCTpeMyMa

SD(T,P,N)=0.

CrnenoBaTenbHO, cOCmOAHUE ¢ NOCMOAHHBIMU 0AB/ICHUEM, MEMNEPaAmypoil u
yuciaom — uwacmuy — HAXO0umca 6  pAeHosecuUU  npu  IKCmMpemyme
mepmoounamuyeckozo nomenyuana I'uooca.

[Tpu U3MEHEHUH YKCIa YacTUIl M Hem3MeHHBIX 7' 1 P u3 (2.175)

dd=-SdT +VdP+udN

MOJy4aeM
dd(T,P,N) =u(T,P)dN .

HNurterpuposanue no N gaer

®(T,P,N)=N u(T,P). (2.176)

[Ipu T,P=const mepmoounamuueckuit nomenyuan Iuooca paeen

XUMUUECKOMY nomeHuyualy, YMHOMNCEHHOMY HA HUCI0 yacmuy Cucmemaol. 3
(2.174)

®(T,P,N)=F +PV
u 13 (2.176) BeIpaskaeM CBOOOIHYIO SHEPTHUIO

F=—PV+NuT,P). (2.177)

Omera-nmorenumana Q(T,V,pu)

OMera-noreHiyan, JApPYroe  Ha3BaHUE  00IbWION  NOMEHUuan,
OTpeesieTcss B TEePMOAMHAMUKE Yepe3 CBOOOHYIO IHEPTUIO

Q=F-Nup. (2.178)
Hcnonszyem (2.177)
F=—PV+Np
U TI0JTy4aeM
Q=-PV. (2.178a)

OJneza-nomeHuuaJl Heé 3asucum AGHO om Huciaa uacmuuy cucmemaol. Omeza-
nomenuua edunuubt oovema 2aza PAaBEeH 0a6/1eHUI0 CO 3HAKOM MUHYC.

52



BeIpazuMm yepe3 oMmera-rmoTeHIIMAI YHCIIO YaCTHIl, SHTPOIUIO U JIaBJICHHUE
raza. Onpenenenue (2.178)
Q=F-Np
nuddepenurpyem
dQ=dF —Ndu—pdN.
[MoxcraBisiem (2.152)
dF =—SdT —PdV +pudN,

[10JIyYaeM
dQ(T,V,u)=-SdT -PdV -Ndp.
CnenoBaTenbHO,
5.
Tl
__ __Q
Nk, V'
No_K (2.179)
Y
rae yureHo (2.178a)
PV=-Q. (2.180)

Cootnoruenue (2.180) sBAsICTCS ypasnenuem coCmMoOAHUS CUCIEMDL.
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BOJIBIHOE KAHOHUYECKOE PACITPEJAEJIEHHUE

PaBHOBECHBIN HEabHBINA Ta3 C TMOCTOSSHHOW TEMIIEpaTypol M 00beMOM
T,V =const, oOMEHHBAIOIIMICS OHHEPrueld M dYacTUIlAMHU C TEPMOCTATOM,
OmHChIBaeTCs  OOJBIIMM  KAaHOHMYECKUM  pactpenenenueM. OHO  JaeT
BEPOSATHOCTh TOTO, YTO CHUCTEMA MMEET 4uciIo yactull N W HaxoauTcs B
anteMeHTe oobema dX (ha30BOro MpocTpaHCTBA OKOJIO TOYKH X.

Pacnpenesienue MUKPOCOCTOSIHMN 10 (pa3oBOMY NPOCTpPaHCTBY. lIpu
T,V,N =const ra3 onuchIBacTCs KAHOHUYECKUM PaCIIpEIeIICHUEM

F-—H(X)
dWT,N(X):e kT dXx .

CB0OOJIHYIO PHEPIUIO BhIpakaeM uepe3 (Q-moTeHIuman, He 3aBucsumid ot N, u
ciaraemoe, cojaepaiee N, ucrnonnssys (2.178)

F=Q+uN.
[lonyyaem eepoamunocme mozo, umo cucmema npu memnepamype T umeem

N uacmuy u naxooumcs 6 3n1emenme oovema dX oxono mouku X gpazoeozo
npocmpancmea

d\/\ﬁr(X,N)zexp{QJr“NkT_H(X)}deNX. (2.181)

HaitgemM cTaTHUCTMYECKHMI WHTETPAJl PACHPEACICHUS W BBIPA3UM 4YEPE3 HEro
MAaKpOXapaKTEpUCTUKHU cucTeMBbl. [lolyuynMm pacrnpeneseHue MUKPOCOCTOSIHUN
10 YMCITy YaCTHI] U 110 SHEPTUMU.

CraTucTuyeckuii MHTErpaJl

YcnoBue HOPMUPOBKH BEPOSTHOCTH BKIIFOYACT BCE BO3MOKHBIC 3HAUCHHS
qHCJIa YaCTHUI[ CUCTEMBI M JJII KaKJIOr0 YHCJIa YacTHI[ YUYHUTHIBA€T BCE TOYKHU
COOTBETCTBYIOIIEro (ha30BOTO aHCAMOJIst

> [dwr (X, N)=1.
N=0

[Toncranoska (2.181)

d\/\ﬁr(X,N):exp[QJr“N _ H(X)}dx

KT
Jaer

o0
T euN/kTJ‘e—H/kT dX =1, (2.182)
N=0
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OmnpepensieM CTATUCTHUECKUN HHTErpajl OOJIBIIOrO pacipeIeIeHUs
0
ZA(T 1) = Ze“N’ije—H’dex. (2.182a)
N=0
Ycenorue (2.182) ¢ yuetom (2.182a) monydaet Bu

KT 7.1

n Jact
Zp=e QKT

Q=—KT InZg. (2.183)

Hcnonb3yeM CTaTUCTUYECKUM MHTErpal KaHOHUYECKOro pacnpenenenus (2.78),
(2.79)
J’e—H/deX _7 :e—F/kT ,

1 AaKTUBHOCTH

13 (2.182a)

(o 0]
N=0
noJIyyaem

(e 0] (e 0] o0
N=0 N=0 N=0
[Moacrapisem (2.184) B (2.183) u HaxoUM
B o _(WN—F)/KT _ o AN _—F/KT
Q(T,A)=—KTIn > e =—kTIn ) A%e . (2.185)
N=0 N=0
Jnst raza u3 N oiMHAKOBBIX YacTHI] UCTofibdyeM (2.80)
_ 153N
Z= m(zl) :
[ToxcraBnsiem B (2.184)
(e 0] (e 0] 1

|
N=0 N=0N'

YYUTbBIBACM
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- 1 N X
me :e,

N=0
HAaXO0IUM
ZA=exp(Zy et/KTy (2.186)
B coortnomennu (2.160) ~
o/kT _ N

Zy

XHMHMYECKUH TOTEHIMAI [l CBS3aH CO cpeauuM uucioMm dactur, N. U3 (2.186)
oJTy9aem

ZA:eN,
N =InZa4. (2.187)

CmamucmuuecKkuii unmezepai 001611020 KAHOHUYECKO20 pacnpedefzeuu;l
PABEH IKCROHEHme om cpeduezo yucjia vacmuy cucmemol.

W3 (2.183), (2.187), (2.160) 1 (2.180)
Q=—kT In ZE,

InZz=N,
N =AZy,
PV =0

Haxoaum oMEera-rmoTcHunuaJI nu ypaBHeHHe COCTOsHMUMA Ira3a
Q=-kT N=-KTAZ, (2.188)
PV =KTN. (2.189)

VYpaBHenue (2.189) o06o0maer ypaBHeHue MenneneeBa—Knamneiipona Ha
CITy4aii UJeabHOTO ra3a ¢ IEPEMEHHBIM YHUCIIOM YacCTHII.

Boabiioe kKaHOHMYeCKOe pacnpenaeaeHue

B (2.181)

dWr (X, N) :exp[
ucnoib3zyem (2.184)

Q+pN —H(X)}deNX
KT

e O _7
MoJTy9aeM OOJIBIII0e KAHOHUYIECKOE pacTpeieTICHUE
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d\/\ﬁr(X,N)z%&exp[m_k—_l;l(X)}deNX . (2.190)

BepositHocts N yacTun B cucreMe Haxoaum, uHTerpupys (2.190) no
($ha30BOMY IPOCTPAHCTBY

WT(N)zjd\Aﬁr(x,N)zziAe“N’kT [erHOOKT gx .

C yuerom (2.78) u (2.79)
Ie—H/kT dx :e—F/kT ,

noJiy4aem npu tremmneparype T eepoamuocmes N uacmuy cucmemol

WT(N)zzie(“N‘F)’kT. (2.191)
A
Hopmuposka
D Wr(N)=1
N
BBIMOJTHSETCS coryiacHo (2.184)
o0
3" (NPT _7
N=0
Hcnonb3zyem
e—F/ KT _ Z,
zZ=z{NINI,
TOr/a
oFkT _ 1 zN .
N!
VYuuteiBaeM akTUBHOCTS (2.160)
Z,'

TOrIa

B pesynberare

_ N
o(IN=F)/KT _ N ile,
Z;) NI

yIpoIaem

S7



o(UN—=F)/KT :i(N)N.
N!

B pesynbrare BepostHocTh N yactuir cuctemsr (2.191)

W_I_(N):%e(uN—F)/kT
A

c yuetom (2.187) ~

ZB :eN

BeIpakaetrcsi pacnpeodenenuem Ilyaccona (1.32)

1 <\N_-N
WT(N):m(N) e .

[Ipu cpegnem uyucie yactui raza N MOJydeHa BEPOATHOCTh TOTO, YTO
uzmepenue nact N gacTuil.

TepMoauHaAMUYeCKHE XaPAKTEPUCTUKH CUCTEMbI
€O CpeTHUM YHCJIOM YacTul N

MakpoxapakTepUCTUKH CHUCTEMBI C TMEPEMEHHBIM YMCJIOM YaCTHIL
BbIpa3uM yepes HOPMUPOBOYHYO IIOCTOSIHHYIO CTaTUCTUYECKOTO
pacupenencHus ZA.

Ourponus. Mcrnonssyewm (2.179)
S :—anﬁTl\/M.
[Toncrasnsem (2.184) u (2.187) B Buae

Q=-KkT InZz=—kT N,
HaXO0IuWM SHTPOIIUIO ra3a

0 0 = oInN
S=k—(TInZg)=k—(TN)=kN | 1+T : 2.192
GT(T A aT(r ) ( ’ oT j ( )

Yuciao yactun. Mcnons3yem (2.179)

o 22
ORI v
J51
Q=—KT InZ4,

HaXO0auM CpCAHCC YUCIIO YACTUL CUCTCMBbI
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rac UCII0JIb30BaHa aKTUBHOCTD

A o A

A=eKT - ga=gp, =229
KT ou KT 0A

C yuerom (2.183)

0.0]
N=0

OZ A o n AN —F/KT <
AlZn = > NA"e =Z4 >, NWr(N),
T N=0 N=0

IJIe UCIOJIb30BaHo (2.191)

Wy (N) _ 1 ANg-FiT

ZA
N3 (2.193)
N:A((?InZA)
oA )q
u (2.183)
Q=—kT In ZE,
1
INZz=—"7-20
AT

noJiydacM CpCAHCC YHCJIO YaCTull Ia3a

Sy a(OINZAY) A (0Q
N(T)_A( oA )T_ kT(@AjT'

C yuerom (193a)

8ZAj -
Al — | =Z N N),
(&A i ANZ::o Wr (N)

HaXO0JIUM

Nm = A (%A)
N(T)_ZA(aA)T %NWT(N).

(2.193)

(193a)

(2.1936)

(2.194a)

(2.1946)

PG3y.TII)TaT ABJACTCA  OHLPCACIICHHUCM CPCAHCIO 4YMCIda 4YaCTul B TCOPHHU

BEPOSTHOCTEM.

BuyTpennss dHeprus. /[ KaHOHUYECKOTO paclpeaeiIeHrs BHYTPEHHSSA

sHeprus (2.93)
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U = kT2 oinz
or

O6o001aeM 3TOT pe3ynbTaT JJisi OOJBIIOTO KAaHOHUYECKOTO pachpeiesieHus U

ImoJrydacM CpCIHIOI0 SHCPIUio rasa

T o2 [ 0INZAY 4 oQ
U )=kT ( oT jA_Q T( jA’

oT

rac UCI10JIb30BaHO

1
INZi=——Q,
AT
@'nZA__i(Ej_i_ia_Q
oT OT\KT ) kT2 KT oT '

C yuetom (2.183)

i(_ij :L(F T ﬁ),
oT\ kT ) kT2 oT

npu ¢pukcupoBaHHoM A u3 (2.195) nomydaem

(2.195)

m:sz(alnzAj _E(aZ_Aj ! i(F_T@jANe_Fm
oT '

oT oT

A ZA A ZANZO

Hcnonb3yem ypaBHenue ['mb06ca—I enpmromnbia (2.96)

oF
F-T—=U+(N),
p— 7(N)

U BEpOATHOCTH (2.193a)
\MI_(N):%ANe—F/kT,

A
B pPe3yJIbTaTe

U(T) =2 Ut (N)W(N).
N

(2.195a)

Pe3ynpTar gBnsieTCs ONMpENEICHUEM CPEAHETO 3HAYEHUS] BHYTPEHHEN >HEPruu

CUCTEMBI, YTO noATBepxkaaet (2.195).

PacnipenesieHue MUKPOCOCTOSTHU 110 JHEPTUU U YUCJITY YACTHIL
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B 00bIIOM KaHOHHYECKOM paclpeae/ieHHH 0 YHCITy YacTHI[ U IO
dazoBomy npoctpancTtsy (2.190)

dWy (X,N) = ZlAexp[“'\| _kTH(X)}dx

3aMEHSeM TaMHJIbTOHMAaH H Ha »Hepruto cuctembl E. DiemMeHT o00bema
¢dazoBoro mpocrtpancTBa OX BeIpakacM Yepe3 DHEPreTHYCCKYIO IUIOTHOCTH
coctostauii (2.16) 1 MHTEpBAT SHEPTUU

Jns raza c Temmeparypoil 7T TONy4yaeM GepOAmMHOCHb O0O0HAPYHCEHUA
cocmosanus ¢ yucaom yacmuy N u snepzueii ¢ unmepeane (E,E + dE)
ie(“N‘ E)KT g (E) dE. (2.196)

dWs (E,N) =
T ( )ZA

BepositHocTs o0HapyxeHuss N dyacTuip Ha ypoBHE ¢ dHeprued E mpu
Temneparype T paBHa

wr g(N)=

dWr (E,N) _ 1 ((uN-EykT (2.197)
gN(E)AE  Z4

Jucnepcus Yncjaa 4acTUI

OTKJIOHCHHMSI OT CPEAHEro 3HAYCHHUS MAaKPOCKOIMHYECKON BEIMUYMHBI
BbI3BAHbl XAOTHMYHOCTBHIO CHCTEMBI M OIMCHIBAIOTCS aucnepcueit. s
UIeaJbHOr0 rasa co cpeaHuM yuciaoMm uactur, N npu Temmeparype T
JUCIIEPCHS] YUCIIa YaCTHUI[ SBJISCTCS CPEIHEKBAIPATUYHBIM OTKIOHEHHEM OT
CpPEIHETO

_ 2 _ N2 _(N)2
Dy =(AN)“=N“—(N)“.
BhipazuMm aucriepcHio uepes3 craTucThueckuii uarerpai (2.183)

N=0

Hcnonb3yem BepositHOocTh N wacTuil cuctemsl (2.191)

1 _
A

HaXO0auM CpCAHCC KBAAPATUYIHOC YUCJId YaCTUIL
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N

AN

CyMMy ¢ mpaBoil CTOPOHBI BbIpaxkaeM 4depe3 ZA myTteMm AuddepeHunpoBaHUs
10 IIapaMeTpy |

OZA _ Z N (N —F)/KT

ou KT
25
0 ZZA Z N 2g(BN-F)/KT
op (kT)
[10JIy4aeM
2
N2y (KD 0%24 ) (I.7.1)
2
ZA \ ou T
13 (2.193)

u (I1.7.1) nHaxogum

) 2 325 )2
a N _ 2 ( 1 azAj _(kT)* o ZZA_[kT azAj |
op Ou\ ZA op ZA ou ZA o

[TepBoe cnaraemoe crpara coBmnanaaer ¢ (I1.7.1), Bropoe — ¢ (2.193), Torna

N _ N2 —(N)? =Dy
Op

[TonyuyeHo cpednee keadpamuunoe uucna yvacmuy

N2(T) = () +kT[6Nj (1.7.2)
ou )7
nu Oucnepcu}l yucja vacmuuy
2 ;
Dy (T) = kT(GNJ _(my?| ZNZA | (I1.7.3)
ou T ou T

HpI/IMeHI/IM MMOJIYUYCHHBIX PE3YJIbTATOB.
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I'az ¢ MoCTYNATCJIbHBIM JIBHKCHUEM YaCTHUIL

Jns aromapHoro rasza, coaepxamero B cpegHeM N gacTun ¢
MOCTYyNaTEIbHBIM JIBMKEHHEM Tpu Temmneparype 7, Hainem C-NMOTEHIMAa,

aucnepento Dy u oTHOcuTenbHy10 (uykTyannio oN /N uncia gacTu,
Owmera-noteHuuan noiaydaeM us3 (2.188)

Q=-kTN.
J1JI1s 9acTHII ¢ MOCTYIATeIbHBIM ABMKCEHHEM 13 (2.159) 1 (2.161)

h3m

(2nmkT)%/2

BI)Ipa)KaCM qepeg XI/IMI/I‘-ICCKI/Iﬁ IIOTCHIO AT CpC,Z[HCC YHUCIIO 4aCTHI]
.
N (T, ) =1V =— (2nmkT)¥2e/kT.
h

PesynbTaT noactasisem B (I1.7.3)

DNU)sz(@] :
ou )t

[Tomyyaem
Dy (T)=N(T)

— oucnepcus 4ucia 4acmuy pagHa cpeoHemy Yuciy 4acmuy, 4To COBNAJAET
c pesyabtatoMm D=n gna pacopenenenuss Ilyaccona. OTHocuTenbHas

bayKTyanms

SN _ Dy _ N Y2 (T1.7.5)

N N

cootBercTBYeT (hopmyute (1.37).

BoiBoa ¢popmyiibl bosbiiMaHna Ha OCHOBe
XHUMHUYECKOIr0 MOTeHI[MAJIa

®opmyny bBosnbimana (2.76) mns JOKambHOW KOHIIGHTPAllMK Tras3a B
MOTEHIHAIIBHOM T10JIE

n(r) — n(O) e—U(I’)/kT ’

IOJIYYHMM M3 yCIIOBHA TCPMOJMHAMHUYICCKOI'O PAaBHOBCCHA, BBIPAKCHHOI'O 4CPC3
BHCKTpOXI/IMI/I‘ICCKI/Iﬁ [HoreHouall.
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Hcnonb3yeM XHMHUYECKUH TMOTCHIHAN HACATbHOIO Ta3a aTrOMOB C
IOCTYIATCIIHBIM JBHKEHHEM (2.62a)

o] ]

hn
U DJIEKTPOXUMHUYECKHi moTteHnuan (2.59) B moyie ¢ mOTEHIIMAIBHONW dHEPIrHe
qacTulbl U(r)
p(r)=p-+u(r).
JIns TOUKM I nosryyaem
h3n(r
w'(r)=kT In#?)/2 +u(r).

(2rmkT)

[loTeHIMaNbHYIO HEPTrUI0 OTCUUTBIBAEM OT TO4ku I =0, momaras u(0)=0.

[Tomy4yaeMm 3JIEKTPOXMMUYECKUN OTEHINAN B HAYAJIE KOOPAUHAT
3

w(0) = kT In%.

(2rmkT)

[lpy TEpMOAMHAMUYECKOM PAaBHOBECHHM JJICKTPOXUMHUYCCKHA IMOTEHIHAI
OJIMHAKOB BO BCEX TOYKAX CHCTEMBI coriacHo (2.60)

n'(0) =p'(r),
TOT/Ia
3 3
KT |n%= KT In%+u(r) |
(2mkT) (2nmkT)
OObennHsIEM cllaraeMble ¢ Jjorapupmamu
KT Inm =-u(r),
n(0)
nojay4aeM ghopmyny boavymana
n(r) =n(0) e U(N/KT (I1.7.12)
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PacnpenesieHue 3JIEeKTPOHOB Y MOBEPXHOCTH METAJLJIA

JIBr>KyIIuecs: U3 MeTalljia dJEKTPOHBI MPOBOJAUMOCTH MPUTATHBAIOTCS K
MOJIOKUTEIHLHOMY 3apsily HECKOMIIEHCUPOBAHHBIX MOHOB W BO3BpAIlalOTCS B
MEeTall, Kak I[I0Ka3aHO Ha pucyHKe. OKOJO MOBEPXHOCTH MeETauia B
OKpPY’KaloIllel TUAIEKTPUUYECKON cpesie 00pa3yeTcsl 001aKo U3 BbUIETAIOLIUX U
BO3BpAIAIOIIMXCA DJIGKTPOHOB €  KOHIEHTpamued N(X), Trae ochb X
NepHeHANKYIsIpHa K MOBEPXHOCTH METajlyla M HauuHaeTrcs Ha Heil. [lomydyum
byHKIMIO N(X) pPaBHOBECHOTO pacHpeicieHUs W HaWJIeM XapaKTEepHYIO

TommuHy d 001aka IIEKTPOHOB HaJl MOBEPXHOCTHIO METaJIA.

O n(x)
L
CW )

[Ipu x>0 ucnonp3yeMm pacupeneneHue boibnmana
n(x) =n(0) e VKT —n(0) *0CI/KT, (TL7.12a).

r7ie MOTEHIMAaIbHAsl SHEPrusl JIEKTPOHA U(X) CBsi3aHA C MOTEHIUAIOM TOYKHU
¢@(X), r1e OH HAXOAUTCS

u(x) =—e o(x).

[ToreHmnman co3gaercst 3MEKTPOHAMH C 00BEMHOM INIOTHOCTBIO 3JIEKTPUIECKOTO
3apsiza
p(x) =—en(x)

cornacHo ypaeunenuio Ilyaccona
A _ 1/ _ 1
¢=0"(X)=———p(x),
808
rac 80 — BHGKTpI/I‘leCKaH HOCTOHHHaSI; e — I[I/IBJ'IGKTpI/I‘IeCKaSI HpOHI/IHaCMOCTB
cpenpl BHE MeTaiuia. [{J1d pacnpeaeneHus o OCH X moiy4aeM

" e
¢"(X) =—n(x).
€p¢
C yueroMm pacnpenenenus bonbnmana (I1.7.12a)
n(X) — n(o) e—U(X)/kT

MNOTCHIHAJIbHAA SHEPIHUA 3JICKTPOHA YAOBJICTBOPACT YPABHCHUTO
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2 2
u"(x) =—e@"(x) = —:_08 n(x) = — € gr;(go) a~UC)/KT

B pesynbraTe 3amava HaxOXIACHUS KOHIICHTPAIMU 3JCKTPOHOB N(X) ¢ yueToM
pacmipeznenenusi boribiMaHa cBelach K MOWUCKY (PYHKIMHA MOTEHIMAIbHON
HHEPTUHU BJEKTPOHA U(X) MyTeM peuieHus qudPpepeHnanbHOoro ypaBHeHUs

2
0(x) = — E1O) —uEo/kT (I1.7.126)
808

I'pannynbie ycaoBusi. [Ins nomydenuss yactHoro pemenus (I1.7.120)
HEOOXO0IMMO 33aJaTh TPAHUYHBIEC YCIOBHS HA MOBEPXHOCTH METallIa U BJIaIH OT
Hero. Konnenrparnus Baanu ot Metaiuia n(e) =0, Toraa ¢ yuerom (I1.7.12a)

n(X) — n(O) e—U(X)/kT ,
JUUISL 3a3€MJICHHOI'O MeTajlia
U(e0) =0, u(0)=0. (I1.7.12B)

HanpsiakeHHOCTh 3JIeKTpUYeckoro mnosss Ey, =—@' Ha OECKOHEUYHOCTHM paBHa
HYJII0, TOra u3 Uu(x) =—e ¢(x) Haxoaum

u'(«) =0, (I1.7.12r)
Pemienue ypaBHenust
2
un _ _e n(O) e—U/kT .
€pc

[ToHusuM KpatHocTh U depeHIIupoBaHUs. YMHOXaeM ypaBHEHHE Ha
u'dx =du, yuutsiBaeM U’dx =d(u’), HaxoaUM

2
u"u'dx =u'd(u’) = &) g-urkry, ,
€p¢

UHTETPUPYEM
2
.[u’d )= _&n©) Ie_“/deu .
€pc
[Tomyyaem
2
E(UI)Z — M e—U/kT +
2 €oe

Cp-

YuuteiBaeM rpaHudHbIe ycioBus Ha 6eckoHeuHocTH (I1.7.12B) u (I1.7.12r)

W() =0, u(e)=c,
HaXOIUM
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C1=0,

oo du_ [265Tn) _u
dx €0€ '

B ypaBHEHUHU pa3aenseM nepeMeHHbIe

’ 2
eU/ZkT du= w dx,
€p¢

IQU/Zdeu — M jdx
€p¢ ,

B PE3YJIbTATE

UHTETPUPYEM

OJIy4aeMm

2
gu)i2kt _ [ €N

280 € KT

Ha mnoBepxHoctu 3a3emieHHoro wmeramia ucnoae3dyem (I1.7.12B) u(0)=0,

HaxXoauM
c=1.

OO0benuHsIeM TapaMeTPhl, BBOIIS paccmoanue IKpanuposanus /levas

2808 KT
d= 5 :
e“n(0)

HOJIy9aeM
2
GU(X)/KT :(Hﬁj
d ]
2
M:In(MJ . (11.7.13)
KT d

@OyHkuus KoHmeHTpanuu ciuenyet u3 (I11.7.12a)

n(x) = n(0) e UK
[Moncrasnsem (I1.7.13)

d 2
n(x) =n(0) (m) :

KonienTpanus 351ekTpoHOB N(X) Kak (YHKIHUS pACCTOSIHUS JI0 MOBEPXHOCTHU
MeTasia, MoKa3aHa Ha PUCYHKE.

67



n(x) 4
n(0)

n(0)/4

0 d 2d

>
X
KonnenTparus yobiBaeT B ueThipe paza npu X =d . Paccrosaue Jlebas

2808 KT
e2n(0)

MOKa3bIBAaET XapPaKTEPHYIO MPOTSKEHHOCTh JJIEKTPOHHOrO oOOnaka y
NOBEPXHOCTH MeETajlla M HMMEET BEIWYMHY MOpsAIKa AaHICTpeMa, TO €CThb
pa3mepa aroma. PaccrosiHME yBENIMYHMBAETCS C POCTOM TEMIIEPATypbl U
JTUAJIEKTPUYECKOM IPOHMIIAEMOCTH CpElbl BHE MeETaula M YMEHBIIAETCS C
POCTOM KOHIIEHTPALIMH 3JIEKTPOHOB BHYTPHU METAILIA.

/loHOpHasi npuMech B MOJYIIPOBOJIHHUKE

ATOM-JOHOP TOJIYNPOBOJHUKA OTAAECT BAJICHTHBIA 3JIEKTPOH B COCTaB
AJEKTPOHHOIO ra3a MPUMECHOW MPOBOJIUMOCTH N-TUMA, U CTAHOBUTCS MOHOM C
3apsiioM +e. VIOH NPUTATMBAET 3JNEKTPOHHBIA ra3 M €ro KoHmeHTpauus N(r)

3aBUCUT OT paccTosiHus I 1o uoHa. Ilpu temneparype mosynpoBogHUKA | U
CpellHEe KOHLEHTpaluuu CBOOOIHBIX 3JIEKTPOHOB Ny HAWIEM paclpeiesieHHe

MOTEHIMAaJIa U KOHIIEHTPAIUHU YJIEKTPOHOB BOKPYT JIOHOPHOW MPUMECH, a TAaKkKe
pasMepbl 00JIACTH TMOJYNPOBOJHUKA, TJI€ CYIIECTBEHHO DJEKTPUYECKOE TMOJIe
JIOHODA.

Hauano xoopaunat r =0 BbIOMpaeM B TOYKE, T/I€ HAXOJUTCS WOH, TOTIa
€ro pacrnpeiesicHue IUIOTHOCTH 3apsiga eod(r). DJEeKTpUUecKoe Ioje HOoHa

HN3MCHACT KOHLOCHTPALHWIO JJICKTPOHHOI'O Trasa. Bo3nukaer I/136BITO‘IHa$I, I10
CpaBHCHUIO CO CPCAHNUM 3HAYCHUCM, IINIOTHOCTD 3apsia/ia

—e[n(r)—ngl,

rne nNg= n(oo) — CPpCAHAA KOHHOCHTpANHUA OSJICKTPOHOB IIPOBOAMMOCTH HaA
0O0JIBIIIOM PaCcCTOSAHUN OT MOHA. PGSYJ'IBTI/IPYIOHIEIH IJIOTHOCTD 3apsAaaa

p(r) =ed(r) —e[n(r) —no].

Pacnipenenenne noreHnmana CBs3aHO C pacHpeiesICHUEM 3apsija YPaBHECHUEM
Ilyaccona
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1
Ap=——-p.
808

Jlns paccmaTrpuBaemMoy 3aa4u M0Jy4aeM
Ap=——{=5(r) +[n(r) - N1}, (I1.7.13a)
€pé

re € — JOUAJIEKTpUYEecKas MPOHUIIAEMOCTh MaTepualia MoJynpoBoaHuka. U3
PAaBEHCTBA DJICKTPOXUMHUYECKUX IOTEHIMAIOB Pa3HBIX TOUYEK B COCTOSIHUU
PaBHOBECHS CUCTEMBbI

r'(r) = p'(e)
C y4eToM
@@”)::0’ n&m)::no,
cielyeT pacnpesenenue bonpiMana

n(r) — nO ee(p(r)/kT .
HpI/I OTHOCHUTEJILHO BBICOKOU TCMIICPATYPC kT >>E(p pasjiaracM 3KCIIOHCHTY B
pAa 110 MaJIOMY ITOKA3aTCJII0O U OCTABJISICM IICPBLBIC JIBA CJIAIaCMbIC

n(r)=ng £1+ E—(ij

TOrga

n(r)—ng =%(p(l’). (I1.7.136)

VYpasnenue Ilyaccona (I1.7.13a)

e
Ap=—A=5(r)+[n(r) —npl}
808
oJy4acT BU

e[ o en
Ap= 808[ (1) + X @(r)}.

[lepecTanoBKa cilaraeMmbIX JaeT mpexmeproe ypasenenue I'envmeconvya c
MPaBOW YaCThIO B BUJIE JAeIbTa-(DYHKIIUN

2 €
(A +u")e(r) =—3(r),
€pc
A€ 60J/1IHO60¢€ HUCTIO

e2n0

ggekT

w
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Pemenne ypaBuenus. /luddepenmanbHoe ypaBHEHHE ¢ TTOCTOSHHBIMU
ko3 dpuIMeHTaMu perraemM MeTooM peodpazoBanus Oypee. Mcnonaszyem

1 (g
S(r) = |qrd3,
M= [T

1

(2n)° [e'¥"o(a) d°,

o(r) =

. 2 2 2 ) .
_AelOT 0 4 0 4 0 i ol (AxX+Ayy+0z2) _
ox- oy~ oz

2 2 2\ AI0 2 iqg-
= (ax +ay +q7) e’ =q%e'I".
IToxcranoBKa B ypaBHEHUE

(= +p2)o(r) = ——5(r)
808

JacT
€

1 iOr 2 | . 2y A 3
—— e + d>q=
(Zn)gf (@°+u")o(q)dq .

1 iq-

L [elurg,

(2m)

CpaBHHMBaeM TMOJABIHTETpalbHbIE (PYHKUMM H  HaxoguM  (Qypbe-o0pa3

MOTEHIIUAama
n e 1
f0% Q" +p
riae  — BoJiHOBOM Bektop. OOpaTHbIM mpeoOpazoBanneM Dypbe MOIydaeM
MOTCHITH A

[Ipy BBIUMCIIEHWH HHTErpajia HCIOJIB3YEM B IMPOCTPAHCTBE BOJIHOBOIO
BEeKTOpa ( chepuueckre KOOpAMHATHI C OChIO (, BIOJIb BEKTOpa I, TOT1a

d3q =—q2dq d(cos6) do,

q-r=qrcoso,
o o0 q2 1 o 21
o(r) = dg | 9% d(cos0) | de.
(2n)%ege { q° +p° _'[1 £

[Tonmaraem C0SO = X M UHTETPUPYEM I10 YIIIY @
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1 -
o(r) = dg | e'9 *dx.
(Zn) e 8£q2+u _Jl

Breruuciisiem uaterpan
1

J‘eiqrxdxz_i(eirq _e—irq)’
1 Iqr
TOTZ1a
o0

o) =5 1| [ g 8

II’C]q
5 dq
(2m)%ege I 5 g% +p?

2
q+H

Bo BTOpoM nHTErpane 3amenseM q — —(

—|r

0 q 0 |rq

I 7 : 7 da= I 2 2 s 7 dd,

0d + H od t H
oJIy4aem

e o0
o(N=—p—= [ ——5dqg. (I1.7.138)

BorunciieHue HHTErpaJia

0 |rq
I 7 - > A
4 +H

IPOBOAUM INPU IOMOIIM TEOPUM BbIYETOB. KOHTYp WHTErpUpOBaHUsA B
KOMILIEKCHOM TUIOCKOCTH IPOXOJHT BOJIb BelleCcTBEHHOM ocu. C yueroMm r >0
3aMBIKa€M KOHTYP B BEPXHEH MOJIYIIJIOCKOCTH, KaK MOKa3aHO HA PUCYHKE.

Imq

Req

D710 o0ecreunBaeT 3aHyJICHUE MOIbIHTErPaIbHON QYyHKIIUU

eirq
f(q)=——>
q-+u

Ha Jyre KOHTypa UHTErPUPOBAHUS NPH

q=Rei(P=RCOS(p+iRSin(|), O<p<m, R—o,
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JIelCTBUTENBHO, TOCKOJBKY SINg >0, TO

qe™ = Rel® eifRcoso e—rRsm(p‘ 0,
R—o0

1

— 0.
q° +p

R—w

B pe3ynbprare mHTErpas Mo KOHTypa CBOAUTCS K MHTErpady MO BEIIECTBEHHOU
ocu. BHyTpH KOHTypa HaxOAUTCs ITOJIIOC B TOUKE

Go =ip.
Brruer B mosroce 11 MOABIHTETPATbHOM (PYyHKITMH
z
f(@)=22),
h(z)

rac

g(q)=e"q, h(g)=q*+p?,
uieM 1o popmyie

h'(dg)
Haxomgum
irq
Resq=iy, % — e,
q“+n° 2

[1o Teopeme 0 BbIYETaX UHTETPaAJl PABEH

irq
[ = dg=2ni Resq f(2) =mie ™.
20T +p

13 (11.7.138)

noJly4aeM pacnpeiesieHue NoTeHI[Mana BOKPYT JOHOPHON NpUMecH

e eH
Arege

o(r) = (I1.7.14)

Ananu3 pemenusi. OTKJIOHEHUE KOHIICHTPAIMK OT CPEIHET0 3HAYCHUS C
yuetom (I1.7.130)
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n(r)—ng = %w)

u (I1.7.14) paBHo
e’nyg e M
4rnggekT 1

An(r)=n(r)—ng =

[IoTeHMAI ¥ OTKJIOHEHHWE KOHUEHTPAlUM YMEHBIIAIOTCA B €~ 2,7 pa3 Ha
pacCTOSTHUM paduyca IKpanuposanus /ledas

goekT

2

o=l (T1.7.14a)
u e nO

Jnsa kpeMHUs
£=118, ng~10"cm3
[TIpu T =300K nonyuaem
o =130 A.

Haxomum
KT ~10eo(rp),

CJIEIOBATENBHO, YCIOBUE NPUMEHHMOCTH pemeHus KT >>e@ BBIIOIHSIETCA.
Panuyc Jlebas cpaBHUM CO CpPEHUM PACCTOSITHUEM MEXAY JIEKTPOHAMU

r: n_ll3 : ZOOA.

Kanas KUJIKOCTH B HACBIIICHHOM ITape

Metoabl MUKpPO- U HAHORJEKTPOHUKHU HMCIOJB3YIOT KPUCTALUIBI U Karulu
MHKPOCKOIIMYECKOr0 pasmepa. Mx ympaBnsieMoe BbIpallUBaHUE —SABJISCTCS
BOKHON TEXHHMUYECKOW 3amadeir. Paccmorpum o0pa3oBaHWEe Kamuid KUIAKOCTH
pamuycom R B HaceimeHHoMm mnape. IlomyyuM yciioBHST yBEIMYEHUS H
YMEHBIIICHUSI pazMepa Karim ¢ KO3OQPUIIMEHTOM MOBEPXHOCTHOTO HATSIKEHUS
G. AHaJllorMyHas 3ajadya BO3HUKAET IMPU BHIPAIIMBAHUU KBAHTOBOW TOYKU B
HACBIIIEHHOM PacTBOPE.

OO6pa3oBanue kamiau npoucxoauT npu nepexojae N yactuil mapa 1 B
KUAOKOCTH 2. [Ipy 3TOM XMMUYECKHAN NMOTEHIMAN apa [y JOJHKEH MPEBBIIATH

XUMHUYECKHUHU MMOTCHIHAJI KUIAKOCTH Lo
g

[Ipn wm3OoTEpMHUECKOM W H30XOPHYECKOM OOpa3oBaHuW Kamim T,V =const
CHUCTEMa paBHOBECHAs NpH MHHHUMYMe cBoOomHou »Heprum F(T,V,N). U3
(2.177)
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F=—PV+Npn(T,P)
C Y4ETOM DHEPTUU IIOBEPXHOCTHOTO HATSHKEHUS )KUIKOCTH Ug =S moiydaem
F=-PV+NnT,P)+cS,

rae S — IJI0IIA/lb MOBEPXHOCTH KaIlju.
[Ipu oOpa3zoBaHMM KamjiM M3MEHSIETCS XUMHUYECKUUA TMOTEHIUAl M

YBEJIMYMBACTCS IUIONIAJb IMOBEPXHOCTU KUIAKOCTH Ha AS =4nR2, rne R —
paauyc karmm. Haxonum usmMeHeHre cBOOOIHOM SHEPTruu

AF =(uy — )N +cAS :(pz—ul)%R3+4nR26, (I1.7.15)
V
3
4nR
rie N = 2 — YHCII0O MHUKPOYACTHI] XHJIKOCTH B Karuie; V. — 00beM
V
MUKPOYACTHIIBI.

B paBHOBecHOI cucTeMe pa3Mep Kaiuil He MeHsercs. PaBHoBecue
COOTBETCTBYET IKCTPEMYMY CBOOOJHON SHEPTUU

d(AF)
dR |r=R,
Hcnonb3yem
d(AF) A o
= —w)—R“+8ncR,
R (u2 — 1) y
TIOJTy9aeM PAGHOGECHbBLIL PAOUYC Kanjiu
Ry =2V (IL.7.16)
H1—H2
C yuerom
d?(AF) 8n
———>=(12—n)—R+8no
drR? v
BBITIOJTHACTCS
2
LAZF) =-8nc<0.
drR

R=Ry,

CrnenoBaTtenbHO, CBOOOIHAS AHEPrysi MaKCUMajbHa. Y CTOMYMBOE PAaBHOBECHE
COOTBETCTBYET MHUHUMYMY CBOOOJHOW SHEPIHH, MOITOMY COCHIOAHUE KANJU
Heycmouuugo. npu R >Ry kanna camonpouseonvno yeenuuueaemcs; npu

R < Ry Kannsa ucnapsaemcs.

Bo3HMKarOT BONIPOCHI:
Kak cTabunusupoBarh Kario paBHOBECHOIO pa3mepa’?
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Kak n3MeHuTcst cocTosiHue KaIlllli, €CJIN OHa 06pa3yeTc;[ BOKpYTI MoHa?

3apsiskeHHAsl KanJisi B HACKIIIIEHHOM Mape

HNoHn pamnmycoMm R; umeer 3apsia (, €ro OKpyXx aerT map C XUMUYECKHUM
noTeHmaioMm . [Ipu pg >y BOKpYTr HOHA 00pa3oBayiach Karuisl KUIAKOCTH
paanycoM R C xumMuueckuM noTeHIHuaioM L, . Haliiem u3MeHenre cBoOO HOM

SHEPrUu Mpu 00pa30BaHUM KaIlIu.
HcnonbzyeM o0003HaUYeHHs] M PE3YyJbTaThl MPEIbIAYIIEro IMpUMepa.
JIOTIOTHUTENBHO YYUTHIBAEM SHEPTUIO JJIEKTPUUECKOTO OIS KAl

2 2
encE dr
dW =pg dv = 2085 4pr2gr= 4 9T
87[80 grz
3nech
€ 8E2
PE = 0 — IUIOTHOCTb DJICKTPUYECKOM »HHEPruu TMojis B 00JacTu C

2
HaIpsKEHHOCTBIO E;

dV =4nr?dr — 06bem IIIAPOBOTO CJIOS PAIUyCcOM I ToJIuHoM dr;
€ — IUDJIEKTPUYECKAS] TPOHUIIAEMOCTb )KUIKOCTH;

E= 9 HANPSHKEHHOCTD MOJI BHYTPU Kamuy npu Ry <r <R;
dreger

E= LZ_ HAIPsHKEHHOCTH I10JI B BAKYYM€ BHE KaIlIH.
47'580 r

K Bxmamy 6e3 moms (I1.7.15)

(AF) = (2 ~hp) S2R? + 4nR%

n00aBisieM HM3MEHEHHE YHEPIHMHM DJICKTPUYCCKOTO IOJISI BHYTPU M BHE KaIlIH
pu ee 00pa3oBaHUU

2 | R R 2
q dr dr q 1j 1 1
AF)g = dVv = — | = |=- 1-= || ——=
(AF)e IPE 8meg Iiflgrz F-!Irz 87‘580( 8(R| Rj

TOorga
AF = (AF)O + (AF)E =
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[Ipu nocratouHo OOJBIIOM 3apsije ( U MaJIOM pa3Mepe HOHA R| TriIaBHYIO poJib

UrpaeT TpeThe ciaraemoe. OHO OTPULIATENIBHOE U YMEHBIIAETCS C YBEIUUCHUEM
panquyca kamu R. Ilpu yMmeHblIeHMM CBOOOJIHOW SHEPruu BO3pPACTACT
YCTOMYMBOCTh CUCTEMBI. B pe3ynbrare 3apsajcennas Kanisa ygeaudusaemcs
oajice 6 HEHACLIWEHHOM nape.

Ecnm kamig mosnydaer 3apsiy 32 CYET SMHUCCHUU DJIEKTPOHOB, TO, Kak
nokasayn Poanelr B 1882 r., mpm pocraroyHo maiioM pasMepe Ry <50 MkM,
Ha3bIBAEMOM npeden Pinea, xamias CTaHOBUTCS HEYCTOMYMBOM M3-3a
npeoOaagaHusl CUJl SJIEKTPOCTATUYECKOTO OTTAJIKUBAHUS HAJl MOBEPXHOCTHBIM
HaTsDkeHueM. Karuisi BBITATHMBaeTCs, U3 €€ KOHIIOB BbIOpachIiBaeTcs 3apsij,
NEePEHOCUMBIN CTpysiMHu kujkocTH. Kamms paguycom R ¢ 3apsiom ( crabuibHa
npu

2
g 1

6411:2806R3 )

[Tpenen Panes moaTBepskacH 3KcmepuMeHTanIbHO B padore D. Duft, T.
Achtzehn et al. Coulomb fission: Rayleigh jets from levitated microdroplets //
Nature 421, 128 (2003). Kamist aTHiIeHIIIMKONS R =24 MKM J10CTUTaeT mpejena
Panes mpu z20-106e, OHAa  BBITATMBACTCA B JJUIMICOUA, U3
MPOTUBOIIOJIOKHBIX TOJIIOCOB BBIOPACHIBAIOTCS CTPYU JIUAMETPOM ~ 1 5MKM,

paszOuBaronuecss gajgee Ha MeJIKMe Karuid. 3a Bpems ~ 200 MKc 3apsij Kamid
yMeHbllmaeTcss Ha ~1/3, macca — Ha ~1/30, ee dopma Bo3Bpaiiaercs K
chepuueckoi.

JxoH Yunbsam CTpaTT
(;mopn Paneit) (1842-1919)
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YCJOBUS IPUMEHUMOCTH
KJACCHUYECKOU CTATUCTHYECKOU ®U3BUKHU

Ha py6exe XIX—XX BB. AenaiCh MOMBITKH TPUMEHHUTH KJIACCUYECKYIO
CTaTUCTUYECKYI0 (PU3MKY JJIsI ONUCAHUSL HJIECKTPOMArHUTHOTO TEIJIOBOTO
U3JIyYEHUsI B TOJOCTH, DJICKTPOHHOIO Ta3a B MeTajlle, TEIJIOBBIX CBOWMCTB
kpucramuia. Oka3anoch, 4TO B 3TUX 00JIACTAX CIEACTBUA TEOPUU MPOTUBOPEUAT
OTIBITY.

IIpoTuBOpeuns MeKIy KIACCHYECKON Teopuel U IKCIIePUMEHTOM

TemnoeMKOCTh TBEpPAbIX TeJ. MeTajul COCTOUT U3 KPUCTAIUIMYECKON
PEIETKM HOHOB, NMOTEPSBIIMX CBOM BAJIICHTHBIE JJIEKTPOHBI, U D3JIEKTPOHOB,
CTaBUIMX CBOOOJHBIMU. JlJI1 OJHOBaJEHTHOTO MeETajula KOJIMYECTBO HOHOB
PaBHO KOJMYECTBY CBOOOJIHBIX 3JIEKTPOHOB U JJI MOJISl BEIIECTBA PABHO YHUCILY
ABoraznpo N p. TemmoemkocTs MeTamia

CV =C1+C2

BKJIFOYAET BKJIAJ DJIEKTPOHHOrO rasa C; u BKJIaJ HOHOB pelieTku Co.

CBOOOAHBIN SJIEKTPOH HUMEET 3 CTENmeHW CBOOOABI U IO TEOpPEME O
pacrpeeieHuH YHEPTUH IO CTETICHSIM CBOOOIBI €r0 CPEAHSS IHEPTUS

& =2KkT.
2

BHYTpeHHSISI SHCPIuAa MOJISI 1 MOJIsIpHAas TCINIOCMKOCTD 3JICKTPOHHOI'O I'a3a
_ 3
U M = N A€ = E RT ,

_duy 3

Cwm =Tqr 2R’

rae R=Njxk.

Hon pemerku uMeer 3 kosebaTenbHbIE CTENIEHU CBOOOJIBI, Ha KaXKIYHO
IIPUXOIUTCS TeIUIoBast dHeprust KT , Toraa cpenHss IHEPrus MOHa, BHYTPEHHSS
DHEPTHUsI MOJIS U MOJISIPHASI TEIUNIOEMKOCTh KPUCTAJUINYECKON PELIETKH

g =3KT,
Uy =3N KT =3RT,
(C2)m =3R.

JI71 MOJIApHOM TEMIOEMKOCTH METAIIA TTOJy4aeM
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CyIm =(Cm +(Co)m =4.5R,
JUTS TUDJIEKTPUKA, HE UMEIOIIETO CBOOOIHBIX 3JIEKTPOHOB:
(Gv)m =(Co)m =3R.

OKCHEepUMEHThl TpPH HOPMAJIbHOM M 0o0Jee BBICOKOM TeMIieparypax
noATBepKaatoT 3akoH Jrononra u [1tu (I1.4.3)

(Cv)m =3R

KaK JUIsl METaJUIOB, TaK U JJIsl IUAJIEKTPUKOB. Clea0BaTeNbHO, 271€KMPOHHbBLIL
2a3z He Oaem e6xaada 6 mennoemkocms memanna. llpu Temmnepartype,
CYLLIECTBEHHO  MEHBIIEH  HOPMallbHOM,  JKCIIEPUMEHT  OOHApY>KHUBAaEeT
3aBUCUMOCTh TEIJIOEMKOCTH OT TEMIIEPATypbl — IJIsl JUAIEKTPUKOB

CV ~ T3;
JJ11 METAJIJIOB
Cy ~(@T +bT3).

Jlnst oObsICHEHUSI 3THX pPE3yJbTaTOB HEOOXOAMMO YUHUTHIBATH KBAHTOBBIC
CBOMCTBA MUKPOYACTHII.

Marnerusm cuctembl 3apsaaoB. CornacHo TeopeMe bopa — Ban JI€BeH,
PaCCMOTPEHHOM paHee, CUCTEMA 3apsiOoB HE MPOSBISET MAarHUTHBIX CBOMCTB,
YTO IPOTUBOPEYMUT CBOMCTBAM MarHeTU3Ma psijia METAJUIOB.

[IpuunHOM PACXOXKIACHUS KJIACCHUYECKOM TEOPUH M DKCHEPUMEHTA
SBJIIOTCSL KBAHTOBBIE 3P (DEKTHI.

KBaHTOBBIC CBOHCTBA MUKPOYACTHII
YCJIOBHSI IPMMEHUMOCTH KJIACCHYECKOH TEOPHH

DKCHEpUMEHT TMOKa3bIBae€T, YTO MHKpOUYACTUIIA OOJAJaeT HE TOJBKO
KJIACCUYECKUMHU  KOPIYCKYJISIDHBIMM ~ CBOMCTBAMHM, HO W  BOJIHOBBIMH,
KBaHTOBBIMHU CBOMCTBaMH. B 007acTH MPUMEHMMOCTH KJIACCHUYECKOW (PU3UKHU
HE JIOJKHBI TMPOSBISATHCS BOJHOBBIE CBOMCTBA MHUKPOYACTHI. JTH CBOWCTBA
BBI3BIBAIOT CJICAYIONINE (DU3NUECKUE SIBICHUS:

1. JIBmxymiasics MUKpPOYACTHIIA C MOJYJIEM HUMIYJibca P OOHapy>KUBaeT
BOJIHOBBIE CBOMCTBA U XapaKTEPUYETCA OIUHOU 80Hbl Oe bpoiina
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rne h — mocrosnnas Ilianka. KBagpar aMIuMTyIbl BOJHBI HPOTIOPIIMOHAICH
BEPOSITHOCTH OOHApYKEHUsI YacTUIIbl. J[BUTasCh MO 3aMKHYTOMY ITyTH, BOJIHA
HAKJIaJbIBA€TCI Ha CBOE€ TMpoJobkeHne U uHTepdepupyer. Yactuua
OOHapy>KHUBAETCA TOJHKO HAa TAaKUX TPACKTOPUSIX U C TAKUM HUMIYJIbCOM, T
uHTepPepeHIus CO3/1aeT MAKCUMYM aMIUIMTYJbl  BOJIHBI. MakcuMyMm
uHTEep(PEpEeHIIMU BOSHUKAET, KOT/Ia Ha MPOTSHXKEHUHN TPACKTOPUM YKIIAIbIBACTCS
LIEJIOE YUCJIO JUIMH BOJH. B pe3ynbrare MMIyJNbC YaCTULBI, JBUKYILIEHUCS I10
paspelIeHHON TpaekTopuu N=12 3, ..., yIOBJIETBOPSET YCA06UI0 K6AHMOBAHUA

bopa—3ommepghpenvoa
[_ﬂp -dr=hn

n

— UUPKYJIAUUA umnyjibca 4acmuybl no mpaeKkmopuu KpamHa NOCMOAHHOU
Ilnhauka. 9Hepr1/151 YaCTHIIBI CBA3aHa C MOAYJICM HMITYJIbCA

_ P

€n om .

KBaHTOBaHME UMIyJIbCa MIPUBOJNUT K KBAHTOBAHUIO SHEPTUH MUKPOUYACTHIIBL. Y
MaKpoOObEKTa Macca BEJIMKAa W PACCTOSIHUE MEXIY COCEAHUMHU YpPOBHIMU
DHEPrHH TOpa3no MeHbine TeroBoi »Heprum ~1/30 3B mpu T = 300 K,
NO3TOMY KBaHTOBAHUE PHEPTUU HE MPOSIBIISAETCA.

2. CoCTOSIHME MUKPOYACTHUIbI 3aBUCUT HE TOJBKO OT DHEPIrUH, HO U OT
CIMHA — COOCTBEHHOTO MOMEHTA KOJM4eCcTBa ABMKeHUS. [Ipu dhukcupoBaHHOM
PHEPTUM Yy YACTHUIIBI MOXET OBITh HECKOJBKO COCTOSHUM, OTIMYAIOIINXCS
MPOEKIMEN CIUHA. DTO HA3BIBAETCSI BBIPOXKJICHHEM COCTOSIHUWA MO 3HEPTHU U
MEHSIET CBOIMCTBA ra3a 4acTHII.

3. ToXIecTBEeHHOCTh MHUKpOYACTHL M NOpuHUMN 3anpera [laynu npns
¢hepmuonos — 4actull ¢ NMONYLEIbIM CIUHOM, YTBEPKIAECT, UTO 08a u 0o.1ee
depmuona ne mozym ovimov 6 00HOM cocmoaHuu. OepMUOHOM SBIAETCS
MEKTPOH. B oTimume oT ¢epMUOHOB YACTHUIIBI C IEJIOYUCICHHBIM CITHHOM —
0030nbl (HampUMEp, KBaHTHI CBeTa (POTOHBI), MOTYT HAXOJUTHCS B OJHOM
COCTOSSHUM B HEOTpaHMYEHHOM KoJjmdecTBe. [loaromy raz ¢gpepmMuoHOB U ra3z
O030HOB MPOSBISIOT Pa3IMYHbIE CBOMCTBA.

OrpannurM 0O0JacTh 3HAYEHUM MMApPaMETPOB CHUCTEMBI, JJI1 KOTOPBIX
NpUMEHMMa KJIacCHYecKasi craTtucTthuueckas (u3MKa, TO €CTh KBaHTOBBIE
CBOICTBA HE CYIIIECTBEHHBI.

Boicokasi Temmeparypa. [l dYacTuibl B KyOMYECKOM SIIHUKE CO
CTOpOHOU L mpu JABMXKEHHU MEX]y MPOTHUBOIOJIOKHBIMU CTEHKaMH Ha IMyTH
MPOTSHKEHHOCTHIO 2L ycimoBue kBanToBaHMS bopa—3ommepdenbaa maer

2Lp,=hn,
rae N=12,3,..., ¥ IONyCKAET IUCKPETHBIE 3HAUCHUS UMITYJIbCA

79



h
=—n
2L

B PE3YJIbTATC SHCPI'UA YaCTHUILbI KBAHTYCTCA

Pn

_p_r21_ h? 5

gn=-N = n
" 2m  gm2

JIMCKpPETHOCTh CHEKTPA HECYIIECTBEHHA, €CIU PACCTOSIHUE MEXAY COCEIHUMH
YPOBHSIMH TOPa3/10 MEHbBIIIE TEIJIOBOM SHEPTUU

2
KT >>——. (2.197)
8mL
JInst cucteMbl ¢ XapakTepHbIM pasmepoM L =111, coaepauieil 31€KTPOHBI,
NOJIy4aeM
h® 13 A
——=3,4-10 yA,
2
8mL

YTO PaBHO TEIUJIOBOM 3Hepruu KT mpu Temrieparype ~108E. CrnenoBarenbHo,
K1accu4eckas meopus 6bINOJIHAEMCA OnA HacCmuly, HAX00AWUXCA 6
MAKPOCKORUYECKOM 00beme npu OMHOCUMETbHO 6bICOKOU memnepamype.

[Ipy nBUKEHWMM 4YacCTUIIBI Ta3a ¢ 3apsgoM ( ¢ HauboJiee BEPOATHOU
CKOPOCTBIO U UMITYJIbCOM

<
»
Il

aT
m

P; =+/2mkT

B MAarHUTHOM TIOJI€ C MHAyKIMEH B mpumeHuMa kiaccuueckas T€OpHs, eciiv
JUTHHA BOJIHBI Jie bpoiinig Mana mo cpaBHEHUIO ¢ pagnycoM OpOUTHI 3apsiia

R:&>>k: h )
0B P3

DTO OrpaHUYMBAECT BEJIWYMHY MArHUTHOIO TIOJISI CBEPXY M TeMIIepaTypy rasa

CHHU3Y
- 2mkT

hq

B<

Majasgs KoHUeHTpamus vacrtuu. JlnuHa BomHbl 1€ bpoiis
HECYIIECTBEHHA MPU OOJIBIIIOM PACCTOSHUU I MEXKy YaCTUIIAMU

r>>i=h/p.
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CornacHo pacnpeaeneHdo MakcBemia HauboJgee BEpPOSTHBIM UMITYJIBC
YacTUILIBI B Ta3e ¢ TeMneparypou 7T

Py =~2mkT ,

L

\2mkT

[Ipu cpenHeM paccTossHUM T MEXIy YacTHI[AMHU Ta3a Ha OJHY YAaCTHILY

TOT1a JUIMHA BOJIHBI J1e bpois

MPUXOUTCS CPEIHHUI 00BeM T3. Torma nmst N wactury B o6beMe cocyna V
KOHIIEHTpanus yactull N=N/V u T CBA3aHbl COOTHOIIIEHUEM

TBN ~V, T~= n_1/3.
N3 ycnoBus T >> A nonydaem

2mkT)Y2 5> hn'/3. (2.198)

Knaccuueckan meopusa uoeanvhozo 2aza 6vlnoJHAEMCA NPU OOCHAMOYHO
MA0il KOHUEHMPAUUU, 6blCOKOU memnepamype U He CIAUMKOM MAaou
macce wacmuywvl. Kax ciaenyer u3 Bbipakenus (2.158) nmns XxuMuyueckoro
noTeHuaifa

(2rmkT)3/2

u=—KT In
hen

B 00JlacTU TNPUMEHMMOCTH KjacCH4eckoil Teopun (2.198) xumMuueckuii
MOTEHIIMAJ ra3a OTPULIATEIbHBIN.
J{ns renust Ipu HOPMaIbHBIX YCIOBHSIX

n=P/KT ~2,5-10° 3,
m=p/Np~66-1072%3,
po_n
J2mkT
r~n3~3.107"f ,
n=-0,33YA,

~1072fi ,

BBITIOJTHSACTCS T >> A M KJaccuyeckas (pu3nka mpuMeHnMa.
JIJ14 3J1EKTpOHOB MeTasuia MpPU HOPMaJIbHOM TeMIlepaType

LT

N 2mKT

r~0,21ii , T<A.
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Knaccuueckasn puzuka ne npumenuma 0J1s 3J1eKmpoHHO20 2a3a 6 MemaJiie.
J{ns mosynpoBOJHUKOB B TabJ. | mpuBenaeHa JjiiuHA BOJHBI Ae bpoiins
AJIEKTPOHA ITPOBOAUMOCTH B HAHOMETPAX.

Tabauya 1. InuHa BoJHBI ¢ boiis B moaynpoBOgHUKAX

Temnepatypa Ge Si GaAs InSh
T=77E 12 15,4 58 134
T=300E 6 7,7 29 67

B y3K030HHBIX TIOTYNPOBOAHUKAX C IIMPUHON 3aIPEIICHHON 30HBI Eg <0,3 A,

Hanpumep INSb u INAS, KOHIEHTpaIUsA 3JICKTPOHOB IPOBOJAMMOCTH BEIIHKA,
r~10i1 , yCcI0BHE KJIACCUYECKOIO OMUCAHUS I' >> A HapylIaeTcs.

boabmoii o0beM (a30BOro MNpPOCTPAHCTBA, 3aHUMAEMbBIA Yy3JI0M
KPUCTAJUIMYECKON PELIETKH, 10 CPABHEHUIO C MOCTOsIHHOU [1nanka

AXq1=08x3py >> 1. (2.199)

OnyKTyauuy HUMIIYJIbCAa W KOOPAMHATBHI y3JIa PEIIETKH BBIPAXaeM 4Yepes
napaMeTpsl cucteMsl. [1o TeopeMe O pacrpenenceHuyd SHEPruv MO CTENEHSAM
CBOOOJIbI CpefHssi KHUHETHYECKass SHEeprus OJHOMEPHOTO JBWXEHHUS Y3Ja
KPUCTAJJIMYECKON PELIETKH

02 1
seei x =5 = KT,
TOTIa -
p)% =mkT

C yueroM py =0 temnoBas QpiykTyauus NpoeKINU UMITYJIbCa

OPy E\/(Apx)2 :\/p_)% =/mkT .

JI71sl MOTeHIMAIbHOM SHEPTUHU YIPYTUX KOJIEOAHUN ¢ YaCTOTOW (0 aHAJOTUYHO
HaXOJIUM

Eitox =0MX2[2=KT /2,
om

TeruioBast GpiykTyaiust KOOpJAMHATHI y3ia ¢ yueToM X =0 paBHa
5XE\/(AX)2 :\/xz :i ,/k—T :
®\m
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B pesynbrare

8x8pX=k—T.
(Q)

YcnoBrue MPUMEHUMOCTH Kilaccuieckoro onucanus (2.199)

AX1=0X0py >>1
IMOJIy4acT BU/

KT >> hw. (2.200)

Uem npoyHee KpUcCTal, TeM OOJbIIE YaCTOTa TEIVIOBBIX KOJIEOAHUM y3iia, Tak
s menn hol/K =230 E, o anmasza iiw/k =830E. C yeenuuenuem snepecuu

63AUMOO0CUCMEUA MENHCOY Y31aMU HYACMOma Ux Ko1e0anuil eozpacmaem.
CnenoBarenbHO, 4Ye€M IPOYHEE KPUCTAI, TEM MEHBIIE COIVIACHE C
KJIACCUYECKOW TEeOopUel Mpu MOHWKEHUH TeMiiepatypbl. Kinaccuueckas ¢usuka
HE IPUMEHUMA ISl IPOYHBIX KPUCTAJJIOB IIPU HU3KOW TEMIIEpaType.

Jlnst cucteMm, HapylAOIUMX XOTA Obl OJHO M3 IMOJYYEHHBIX YCIOBHIA,
HEOOXOJIMMO HCHOJIb30BaTh KBAHTOBYIO CTAaTUCTHYECKYIO (u3uky. s
HEPaBHOBECHOM CHCTEMbI KBAHTOBOE ITOBEJCHUE CYIIECTBEHHO HE TOJIBKO IPH
HU3KON TeMIlepaType, HO TakK€ IPU OTHOCUTEIBHO BBICOKOW TEMIEpPATYpE
~100 E, kak mokazaHo s nepenyTanHbix cucreM B 2010 1. B paGore V. Ve-

dral. Hot entanglement // Nature 468, 7609.
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KOJIVIOKBUYM

. da3oBoe MNPOCTPAHCTBO IS MJCAIBHOTO ra3a. MHKpPOCOCTOSHUE W
Makpococtossaue. ®a3oBeIii aHcamMOIb. UKCIo cTeneHe cBoOOIbl YaCTHIIHI.

Uucio  MHKpPOCOCTOSIHMM B 00BeMe g™ qd N p. IlmoTtHOCTH
MUKpOcOCTOSTHUH (hazoBoro ancamoO:s. Teopema JInyBuis.

. Kanonunueckoe pacnpenaejieHue. YcioBue IIPUMEHUMOCTH.
Craructuueckuit  unrerpain. (CpoOogHast sHeprus. IlpumeHnenue
ujeabHOMY ra3y. CTaTUCTUYECKUM MHTErpaj MOCTYyNaTeIbHOTO JABUKECHUS
YaCTUIIBI.

. Pacnipenesienne 3HepruM d4YacTulbl MO CTeNEHSAM CBOOOABLI IS
raMWJIbTOHHAHA CO  CTENEHHBIMM  3aBUCUMOCTSAMH. HeycTpanumas
MOTPENTHOCTh U3MEPUTEIBLHOTO MTPUOOpa C YIPYTron CUIIOMN.

. Pacnipeaesienne MakcBessia 1o MOIYJII0 CKOPOCTH M IO 3HEPTUM JJIS
KOHIIGHTpaIlMd 4YacTHull raza npu temmeparype 7. Haubonee BeposTHbe U
CpPEIHUE 3HAUCHUS.

. Pacnpenesenue bojgbuMaHa 1o KOOpAMHATE JUIS YKCIA YacTHUL Ta3a NpU
Temneparype I BO BHEIIHEM II0Ji€ C MNOTEHIMAILHOW H3Hepruen u(r).

®opmyna bonplumaHa I KOHLEHTPALMM YacTUL B OJHOPOJHOM IIOJIE
TSKECTH.

. TepmoguHaMuYecKkue MNOTEeHIMANAbI. BHYTpeHHSS >3HEprus, CBOOOIHAS
SHeprusi. XUMHYECKUMH M DAJICKTPOXMMHYECKUM NOTCHIMAbL. Y CIOBUE
paBHOBECUSL CHUCTEMBbl. XHWMHWYECKUM IIOTEHUHATl U CTATUCTUYECKUU
WHTETpal. 3aBUCUMOCTH XMMHAYECKOT0 TOTEHIIMAA.
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10.
11.
12,

13.

14,

IK3AMEH

bunomuansHoe pacnpenenenue. J[poOoBoit mrym.

MukpokaHOHHUYECKOE pacrpeieieHre. JHepreTuieckas miIoTHOCTh
COCTOSIHUM U €€ BHIYUCIICHUE.

MuKpOKaHOHMYECKOE pacipeaesieHue. BeiuuciaeHne u CMbICII 1aBJICHUS,
TEeMIIEPATypPbl, IHTPOIIUH.

Kanonuueckoe pacnpenenenne. CTaTUCTUYECKUN UHTETPal, BHYTPEHHSSA
sHeprus, sHTponus. [Ipunmun Jlanmayspa.

Pacnpenenenue TeraoBoi SJHEPTUH 110 CTEIIEHSIM CBOOOIbI. 3aKOH
Jrononra u Iltu.

Pacnipenenenue sHepruu mno creneHsM cBoooasl. Oiykryaruonnas 3/(C
AKTUBHOTO COMPOTHUBJICHUS.

Pacnpenenenne Makcgeiia 1o cKopocTy, 1o suepruu. CperHue 3Ha4eHUs
CKOPOCTH U DHEPTHUHU.

[1IOTHOCTB MOTOKA YaCTHI], TFIOTHOCTh OTOKA SHEPTUU.
TepMoanekTponHas smuccus. @opmyna Puuapacona. 3akon AppeHnyca.
Pacnpenenenue bonbimana. ['a3 B ieHTpudyre.

Pacnipenenenune bonpimana. [onspusanus ausaekTpuka.

XUMHUYECKNH NOTEHIINAJ U aKTUBHOCTE. BeIuncinenue 1 naeajibHOro
raza.

Pacnpenenenne yacTuil o ypoBHAM HEPTUHA HENPEPHIBHOTO U
JUCKPETHOTO CIIEKTPOB.

Bonpioe kanoHM4eCcKoe pacnpeaeraeHue. BoipaxkeHus AJisl uuciia 4acTHulil,
BHYTPEHHEU 2HEPTrUM, TUCTIEPCUU YUCIIA YACTHII.
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