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2.1. Ckopocmu 2a308bIX MOJIeKYyI.
Onbim LLUmepHa

B cpennne XIX Beka Obuia chopmylImpoBaHa
MOJIEKYJISIPHO-KUHETUYECKAsA TECOpHUs, HO TOIJa
HE OBLIIO HUKAKUX JTOKA3aTEJILCTB
CYIIIECTBOBAHUA CaMHUX MOJEKYJI. Bca Teopus
0a3upoBajgach Ha MPEANOI0KEHUN O IBHKCHUM
MOJIEKYJ, HO KaK HW3MEPUTh CKOPOCTh HX
IBUKCHUS, €CIIM OHU HEBUIUMBI.



TeopeTnku nnepBrIMHU HANLIM BBIXO. M3

YPaBHEHUA MOJIEKYISIPHO-KUHETUYECKOU TEOPHUH
ra30B U3BECTHO, YTO

2
Mo, ék'T
2 2

OTcloga cpeaHekBaapaTuiHasa CKOpPOCTb
paBHa:

kT
Uy = - (2.1.1)
m




ITonydeHa xopomas ¢gpopmyna ajs pacuera
CPEIHEKBAIPATUYHOM CKOPOCTH, HO Macca
MOJIEKYJIBI HEU3BECTHA.

3anuiieM 1o IpyroMy 3Ha4eHUue v :

o _ [3kNAT _ [3RT &12)
KB mNA “ *
A MBI 3HaeM, 4TO p-prP ,TOrHA
3P
v = |/, (2.1.3)
P

rjae P — naBiieHue; p — INIOTHOCTh. DTO YK€ U3MEPSIEMbIC

BCJIIMUUWHEI.



Hampumep, npu INIOTHOCTH a30Ta, PABHOU
1,25 kr/M>, mpu t = 0° C u P =1 at™m , ckopoctu
Monekya azota Ly =500M/¢
A BOTIOpOTa: v, = 2000 M/c

[Ipn 3TOM HHTEPECHO OTMETUTH, YTO
CKOPOCTB 3BYKa B I'a3¢ OJHU3Ka K CKOPOCTH
MOJIEKYJ B ATOM raze. 9T0 OObSICHSICTCS TEM, UTO
3BYKOBBIC BOJIHBI IIEPEHOCITCS MOJICKYJIaMH
rasa.



O. STERN

[lpoBepKa Toro gakra, 4YTto
aTOMbl N MONEKYIbI
noearnbHbIX ra3oB B
TEepMUYECKMN paBHOBECHOM
nyyke MMeLOT pasfnyHble
cCKopocTu, bbina
OCYLLECTBIIEHA HEMELKUM
| yyeHbiM OTT0 LLITEpPHOM
(1888 — 1969) B 1920 .




OnbiT LLTepHa
Cxema yctaHoBku O. LUTepHa
npuBeaeHa Ha pucyHke 2.1.

g
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[TnatuHOBass HWUTb A, TNOKpbITad CHapYyXWu
cepebpom, pacrnonaraeTcst BOoNb OCU KOaKCcUanbHbIX
UMnuHapoB S, S, BHyTpM umnuHOpOB
nogaepXUBaeTca  HWU3KOE  [OaBrieHne  nopsaka
[la. [Hp# nporiyckaHnM Toka 4vepes nnaTtuHOBYIO
HUTb OHa pasorpeBaeTcs OO0 TemnepaTypbl Bbllle
TOYKM nnaerneHusa cepebpa (961,9 °C). Cepebpo
NcrnapsaeTcd, M ero artomMmbl 4Yepes3 y3KMe LWENN B
umnuHape S, 1 guadparme S,  NeTAT K
oxXnaxgaemMom MNOBEPXHOCTU UUNUHApa 83, Ha
KOTOPOW OHU MOryT ocaxpgaTbcd. Ecnu umnmHapbl
81, 83 n gmnadpparma He BpaLllalTCd, TO My4OK
ocaxgaetcd B Buae Yy3kom nofiockn D Ha
NOBEPXHOCTU LUUNnHApa 83.



OnbiT LLTepHa

Ecnu xe Bca cnctema npmBoamnTCcs BO BpaLleHne
C yrnoBsowu ckopocTblo  ® = 2750 pan/c, TO
n3obpaxxeHue LWenn cMmellaeTcst B Touky D' n
CTAHOBUTCS pacnibiB4YaTbIM.



[TlycTb | — paccTtogaHne mexay D n, nsmepeHHoe
BAOMb MOBEPXHOCTM LMnuHapa S, [ = v,t,rae
Y JHaHeIRHasA CKOPOCTb TOYEK NOBEPXHOCTY
UmMnuHapa 83, paanycom R;
t =8,/ — Bpems NpoxXoxaeHNst aTomamm
cepebpa paccTosiHUA S,D=nh. Taknm
obpa3omMm, uMeem

[ = oRdrkypa
MO>XHO onpeaennuTb eesiu4uUHy CKopocmu
mensioeo20 O8UXXeHUs1 amoMoe cepebpa:

v =R/

OKCII



Temnepartypa HUTK B onbiTax LLTepHa
paBHANacb 1200°C, 4yTO COOTBETCTBYET
cpedHeKkeadpamu4YHoOU CKopocmu
monekyn cepebpa V., =584 M/cC

B akcnepumeHTe nony4durica pasépoc
3Ha4yeHuu ckopocmu om 560 do 640 m/c.
Kpome Toro, nsobpaxkenHue wenun D' Bceraa
OKa3blBarocb pa3mbITbiM, YTO YKa3bIiBano
Ha TO, YTO aToOMbl Ag ABUXYTCA C
Pa3NNYHbIMU CKOPOCTSIMW.



Takum 00pa3om, B 3TOM OIBITE ObLIN HE
TOJBKO U3MEPEHBI CKOPOCTH T'a30BBIX MOJCKYII,
HO U IIOKa3aHo, YTO OHU MUMEIOT OOJIbIION
pa30poc o ckopoctsam. [IpuunHa — B
XAOTUYHOCTH TEIJIOBOTO ABUKCHUS MOJICKYII.

Eme B XIX Beke /Ix. MakcBen
YTBEPKJIaJ, YTO MOJICKYNbI, O€CIIOPSI0YHO
CTAJIKUBASICh APYT C APYTOM, KaK-TO
«PACIIPEACTAIOTCA» IO CKOPOCTAM, IIPUUYEM
BIOJIHE ONPEACIEHHBIM 00pa3oM.



2.2. BeposiTHOCTH COObITHS.
IloHsiTHE O pacHpeaeJeHu MOJICKYJI ra3a 1o

CKOPOCTAM

C TOYKM 3peHust aTOMHO-MOMEKYAPHOro
CTPOEHMUS BELLleCTBa BESTNYMNHBI,
BCTpeyarLinecs B MaKpOCKOMMYEeCKOU

dousmke, MMeT CMbICN CPeaHUX 3HAYeHUN,
KOTOpble MPUHUMAKOT HEKOTOPLIE (PYHKLUUN OT
MWUKPOCKOMNYECKUX NepeMEHHbIX CUCTEMBI.
BennumHel  Takoro  poga  HasblBakOTCA
CTaTUCTUYECKUMMN. [Tpumepamun Takmnx
BENUYNH ABNAIOTCA OaBneHue, Temnepartypa,
MNOTHOCTb M Ap.



bonbLioe Yncno ctankuBarLmMXcs
aTOMOB M MOJIeKyrn obycrnaBnmBaeT BaXKHble
3aKOHOMEPHOCTU B NOBEAEHUN
CTaTUCTUYECKUX NEPEMEHHbIX, HE
CBOUCTBEHHbIE OTAESNIbHbIM aTOMaM U
MOneKynam.

Takme 3aKOHOMEPHOCTU Ha3bIBAOTCA
BEPOATHOCTHLIMU UNTN CTaTUCTUYECKUMMN



Maremarnueckoe OonpeaciIiCHuEe BEPOSITHOCTH
8EPOAMHOCHb KAKO20-TUOO COObIMUSL — MO
npeoei, K Komopomy Cmpemumcst OMHOULEHUE
YUCA CAYYaes, NPUBOOSUUX K OCYULECMBIEHUIO
cobvimus, K obuiemy 4uciy cay4aes, npu

OECKOHEUHOM YBeAUUeHUU NOCACOHUX:
/

. n
P=1im —
n—,o N
30eCch n’' — 9MCI0 pa3, Korga CoOOLITHE

IIPOU30IIIIO, a # — O0IIEE YHUCIIO OIBLITOB.
OTrcroga cienyet, 4To P MOXKET IIPUHUMATh
3HAYECHMS OT HYJISA 10 €AUHUIIBI.



[lo onpeaeneHuto Jlannaca,
8epPOSIMHOCMb - OMHoOWweHue
yucna 6nazonpusimHbIx criy4yaee K
YyucJly 03MOXXHbIX Crly4aes.

/

P = lim =~

n—,o0 N



OnpenenuTs paclpeacicHue MOJICKYI I10
CKOPOCTSIM BOBCE€ HE 3HAQUUT, YTO HYXKHO
OIIPEACINUTh YHUCIIO MOJEKYJ, 00JaJarolInuX TOU,

I MHOHU 3aJaHHOW CKOPOCTBIO. MO0 uucio
MOJICKYJI, MNPUXOISIIMXCSI Ha OO0 KaxkJIO0TO
3HAUECHU CKOPOCTHU PaBHO HYIIIO.

Bonpoc OomKeH OBITh MOCTaBJICH Tak:
«CKOJILKO MOJIEKYJI OO0JagacT CKOPOCTSIMH,
JICKAIUMM B HHTEPBAJIC,  BKJIIOYAIOIIEM
3aJIAHHYIO CKOPOCTB.



NTak, Morekynbl OBWXYTCS XaOTUYECKMW.
Cpean HUX eCcTb U O4YEHb ObICTPbLIE, N OYEHDb
MeasfieHHble. bnarogapsa 6ecnopsagovyHoMy
OBMXEHNIO WU CrlyYamHOMY XapaKTepy WX
B3aMMHbIX  CTOJIKHOBEHUWN,  MOJIEKYJibi

ornpeoesiEHHbLIM obpa3om
pacripedersisiromcsi rno ckKopocmsim. JOTO
pacnpegeneHue OKa3blBaeTCA

OOHO3HAYHbIM U €ONHCTBEHHO BO3MOXHbIM,
M He  TOMbKO  He  MPOTUBOPEYUT
Xa0TUYECKOMY ABWXEHUIO, HO UMEHHO UM U

OOYyCrioBMneHO.






Ham HeobxoOoMmo 3HaTb: CKOJIbLKO
MoJieKys1 obriadaem ckopocmsiMu,
JiexxawumMu 8 UuHmepeaarse, 8KJsiroyaro-
wem 3adaHHyr0 CKOpocmb?

Tak Bcerga ctaBATCA cTaTUCTUYEeCcKue

3ajauu.
Hanpumep: Ha nepenncun HaceneHus,
Korga ykasbiBaeTcda Bo3pacT 18 net — aT1o
He 3Ha4uunT, 4To 18 net, 0 yacos, 0 MUHYT.
JTa undpa cBNOETENBLCTBYET, YTO BO3PACT
NeXuT B MHTepBane ot 18 go 19 ner.



Mput Oyoem uckams yucio uacmuy (An)
CKOpOCHU KOMOPDBIX J1eHcam 6
ONPEoeIeHHOM UHmepeaie 3HAYCHU

ckopocmu Av (T.e. orvgo V+AVL ).

3aech An — uucio 61a2onpusmHuIX MOAEKYI,
ITOIIABIIMX B 3TOT MHTEPBAJI.

O4eBUIHO, YTO B €AUHUIIE OOBEMA YUC/IO
MaKux 01a2onpusmHbIX MOJIEKY]l MEM
oobuie, uem oovuie Av.



SIcHO TaK xe, UTO An 00121cHO OblMb
NPONROPUUOHAIbLHO KOHUEeHmpauuu moaexkyn (n)

YHucio An 3aeucum u om camoii ckopocmu,
TaK KaK B OJIMHAKOBBIX 110 BEJIMYHMHE UHTEpBAJIaX,
HO IPH Pa3HbIX a0COJIIOTHBIX 3HAYCHMSX

CKOPOCTH, YUCJIO MOJIEKYJI OyAET pa3InYHbIM

CMBICHI CKa3aHHOTO JIETKO IIOHATH U3 IIPOCTOrO
[IprMEpPa: HEOAUHAKOBO, YMCJIIO JIFOJIEH B BO3PAC-T
oT 20 1o 21 roga u ot 90 1o 91 rona.

1 Tak An = f(v)nAv



aras An = f(v)nAv
3necb f(V) - pyHkuus pacnpedeneHus
MOMEKYI MO CKOPOCTSIM, 1 — KOHLEHTpaLus
MOMEKY W

Av - nHTepBan 3Ha4YeHMNN CKOPOCTEMN.
[epeiins x npeneny, nonysnm - dpn = f(v)ndv

Duzuueckuii cmoicn  f(v) 6 mom, umo smo omno-
UieHUE YUCIA MONEKYTl, CKOPDOCHU KOMOPBIX JIeHCAM 6
OnpeoesieHHoOM UHmepeae CKopocmei, K oouiemy

YUCTY MOJIEK)]I 6 COUHUYHOM UHMEPBAe CKOPOCMeu:
0

(2.2.2)



Takum oOpaszom, f(v) — umeem cmwic
8epOAMHOCHIU, TO €CTh ITOKA3bIBACT,
KaKOBA 8epPOsSMHOCHb THO0N MOJICKYJIbI
ra3a B IMHUIIC 00bEMA UMETh CKOPOCTb,
3aKJIFOYCHHYIO B €IMHUYHOM MHTEPBAJIE,
BKJIFOYAIOIIEM 33JaHHYI0 CKOPOCTH .

B nanHOM cirydae f(v) Ha3bIBAKOT
NJAOMHOCHBIO 8€POAMHOCHU.



2.3. DyHKIUA pacnpeneieHus

MakcBeJiia
IIycTh MMeeTCsl n TOXKJIECTBEHHBIX
MOJIEKYII, HAXOISIITUXCS B |
COCTOSIHUH 0eCcnopsI04HOTO
TEIJI0BOI0 IBYOKCHUS npu

ornpeneiicHHou temneparype. llocine
KaXXJ0r'0 aKTa CTOJKHOBEHHUS MEXIY
MOJIEKYJIAMU, X CKOPOCTH
MEHSIOTCS CIIy4allHbIM 00pa3oM.

B pe3ynbrare HeBOOOpa3zumo
OOJIBILIOTO YHCJIA CTOJKHOBEHUM
yCTaHABINBACTCS CTaIlMOHAPHOC

PaBHOBCCHOC COCTOAHHNC, KOorga

YHACJI0O  MOJIEKYJI B 3aJJaHHOM
UHTEPBAJIE CKOPOCTEN COXPAHAECTCA
ITOCTOSIHHBIM.

——— —




B pe3ynbrarte KaXgoro CTONKHOBEHUS
NPOEKLMN CKOPOCTU MOJEKYIbI
MCNbITbIBAKOT Cly4YanHoe N3MEHEHUE Ha
AUX, Auy, AUZ, npnyem n3MmeHeHus
KaXXOoW NpOoeKL MM CKOPOCTH
He3aBUCUMbI OPYr OT Apyra.

Hangem B 3TUX YCNOBUAX, KAKOBO
ymcno Yyactuu dn n3 odLero Yymcna n
MMeEET CKOPOCTb B MHTEpBAane

oT Bo v+dv



[Ipn 3TOM, Mbl HE MOXXEM HUYEro
ornpegeneHHoro ckasartb O TOYHOM 3HAYEHUN
CKOPOCTU TOMN UM UHOW YacTULbI U, MOCKOJIbKY 33
CTONKHOBEHUAMU U OBMKEHUSMU KaXXO0N U3
MOJIEKYN HEBO3MOXHO NPOCNeanTb HM B ONbITE,
HU B Teopun. Takaa getanbHaa MHopmauuna
BPsSA N uvena Obl NPpakTU4eCcKyo LLEHHOCTD.

PacnpedeneHue Mmorekys udeasibHO20 2a3a
Mo ckopocmsim eriepebie 6b1s10 Nosiy4eHo
3HaMeHUMbIM aH2JTUUCKUM Yy4€HbIM LK.
Makceesiniom 8 1860 200y ¢ noMouw,bHo
Memododoe meopuu seposimHocmeu.



Makceenn xeunmc Knepk
(1831 - 1879) —
aHTMUNCKUN OUBUK.

OTbl MOCBSLLEHDI
aNneKkTpoaAnHaMuKe,
MOMNEKYNApPHOU U3mnke,
OOLLleN CTaTuKe, ONTUKE, MeXaHUKe,
Teopwun yrnpyroctn. YctaHoBUI
CTaTUCTUYECKUN 3aKOH, ONMUCbIBAOLLNN
pacnpeneneHmne Mornekyn rasa no
CKOPOCTAM.




BriBog (popMyiibl PyHKIIUN pacOopeaciICHUs
MOJIEKYII II0 CKOPOCTSIM €CTh B yucOHuke 0.1
Tropuna. u ap.(4. 1), mau N.B. CaBensena (T. 1).
MBI BOCIIOIB3YEMCA PE3YJIbTaTAMU 3TOTO
BBIBOJIA.






CKOpOCTh — BEKTOpHAS BennunHa. /s
npoeKuUU CKOpOCmu Ha 0cb X (X-0M COCTaB-
JSIOIIEH CKOPOCTH), HMEEM

dn_= f(v, )ndo_,

1 2 2
TOI'1A4 . Muy _ MV
f(Dx): dnx _ 1 ( - jze 2kT :Ale 2kT
ndo,  Jm\ 2kT

2

dn Moy

_ X 2kT

VITH f(Ux) T I/ldl)x o Ale ’




BHIHO, 4TO 10JIA MOJIEKYJI CO CKOPOCTBIO
VuephBHA HyITIO.

Mpuv, =0, f(v,)=4,

(B 9TOM (QU3UYCCKUN CMBICIT IIOCTOSTHHOM A ).

f(v,),
A

mv

kT
Ae

eV



f(v,)

nmv

2kT
A,e



[IpuBeAEHHOE BBIPpAXKCHUE U IpaUK
CIIPABEJINBBI JJIsI pacnpeoeierust MOAEKY1 2a3a
no x-viM Komnowenmam ckopocmu. O4EeBUIHO,
4TO M I10 y—bIM U Z—bIM KOMIIOHEHTAM CKOPOCTH

TAKKC MOKHO ITOJIYUHTD.

2 2

dn — dn -
Y 2kT Z_ 2kT
= Ae U = Ae “*'.

ndo, ndo_

mv




Beposimnocms TOTO, YTO CKOPOCTH MOJIEKYJIbI
OOHOBPEMEHHO YIOBJIETBOPAET TPEM YCIOBHUAM:
X — KOMIIOHEHTA CKOPOCTH JIC)KUT B UHTEPBAJIC
oTV_s0V, +dv, ;) — KOMIIOHEHTa, B MHTEpBATIe
0TV, 10V, + dv v Z— KOMIIOHEHTA, B UHTEPBAJIC
OTV_J0V, + dv_6yner paBna npousseoenuio
BEPOSIMHOCMEU KAHCO020 U3 YCa08Uil (cooblmuil)
8 OMOEIbHOCMU.

2

dn -

3
2= = A’e > dv_dv dv_,
. v

2 2 2 2
rge V- =V, +V) +V;



N
3/2 m1)2
n m

dn,,. = 73| 257 27y _dv ,du_.(2:3.2)
OTOU (POPMYJIC MOKHO JAaTh FT€OMETPHUICCKOE
MCTOJIKOBaHUE: dn oz~ 9TO YHCIIO MOJICKYIT B
Mapajieaenuresie co CropoHamu dv dv , dv,
TO €CTh B 00bEME ]/ — dv dU dD (pHcyHOK
2.4), HaxOaAIIEMCS Ha paCCTO}IHI/II/I 1) OT Ha4aia
KOOPJMHAT B IIPOCTPAHCTBE CKOPOCTEH.
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BennunHa (dnxyz) He MOXXET 3aBUCETb OT
HanpasneHnUsa BekTopa ckopocTu. [loaTomy
Hago nMony4vYnTb OYHKLUUIO pacnpeaeneHuns
MOJIEKYI MO CKOPOCTAM HE3aBUCUMO OT UX
HanpasfeHus, To eCTb NO abCOMTHOMY
3HAYEHUO CKOPOCTMN.

Ecnn cobpaTtb BMecTe BCe MOJSIEKY bl B
eagnHuLEe obbEMA, CKOPOCTU KOTOPbIX
3aksodeHbl B MHTepBane ot u Ao v + dv no
BCEM HanpaBfeHUsaAM, N BbIMYCTUTb UX, TO OHU
OKaXXyTcsl Yepe3 OHY CEKYHAY B LLApPOBOM
croe TonuwmHon du n pagnycom u (cm.

PUCYHOK).









DTOT Uapo8ou Clou CKIAAbIBACTCS U3 TEX
MapaljICICIIMICA0B, O KOTOPBIX TOBOPHUIOCH
BBIIIIE.

O0vém I9mMoz2o waposozo cios:

dQ = 4mv°dv
Oobuwee uucio moaexyn 6 cioe:
3/2 mv”
dn=—_| = e 2K dQ.

2\ 2kT



Orcrona cnenyet 3akon Makceenna —

pacnpeoenenue mMoaeKyi no adCoOaOMHbIM
3HAYEHUAM CKOPOCHEIL:

2
dn 4 ( m )'* -™ (2.3.3)
— = e 2Ty dy
p/
n ~m\2kT
dn

rae = — 70 BCEX YACTHI[ CIMHHYHOIO
00BbEMA, CKOPOCTH KOTOPBIX JIEKAT B UHTEPBAJIC

oTv 10 Y + dv.



[Ipu  dv = ionygaem nirommocme

geposAmHoOCmuU, U QYHKUUIO PACNPEOe1eHUs
MOJIEKY]1 RO CKOPOCMAM:

3
4 (m 2 (2.3.4)

_ DkT 42
/() nch) I\ 2kT ° v

OTa pynKuua 0003nauaem 00110 MOJAEKY
COUHUYUHO020 00BéMa 2a3a, adCOIOMHbLE
CKOpOCHU KOMOPBIX 3AKAI0UYEHbl 8 COUHUYHOM

UHmepeaie CKOpocmeil, 8KaA0YaArOuLeM OAHHYI0
CKOPOCHLb.




3

4 (( m )2
A=—— ,
O0o03HaYNM N T (2 1T j TOTa, U3
(2.3.4) mony4umnm:

WIDZ

f(v) = Ae kT2,

(2.3.5)

['pacduk 3TOoM PyHKIMY ITOKA3aH Ha puc. 2.6.



-

0 v

2 PucyHok 2.6




m1)2

BBIBOIBI: F(v)= de #Ty>.
- Buo pacnpeoenenus monexkyn 2aza no
CKOPOCHMAM, 0]151 KAMHCO020 2a3a 3A6UCUM
om pooa 2aza (m) u om napamempa
cocmoanusn (TI). /laenenue P u 00vém 2aza
V na pacnpeoenenue monekyn ne éausarom.

- B nokazamene cmenenu cmoum
OMHOULEHUéE, KUHemu4yecKkou IHepluu,

coomeemcmeyrouieil 0aHHOoU CKopocmu "V K

Cpeonell Inepuu menyi06020 OBUNCEHUA mvy”
MOJ1€K)/1 npU OAGHHOU memnepamype: kT



3Hayum pacnpeoenenue Makceenna
xXapakmepu3syem pacnpeoeienue MoJieKy1 no
3HAYEHUAM KUHemUUecKol Inepauu (mo ecmow
NOKA3b18Aem, KAKOBA 8EPOSIMHOCHb NPU OAHHOU

memnepamype umems UMEeHHO MaKoe 3HaAYeHUe
KUHemu4ecKkou Hepeull).
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Pacnpeaenenne Makceenna.avi




PaccmoTpum npedersibl npuMeHUMocmu
Ks1accu4YeCcKo20 ornucaHus pacripedesieHus
yacmuuy rno CKoOpocmsim.

[1na aToro Bocnonb3yemMca COOTHOLLEHUEM
HeonpeaneneHHocTen ['enseHbepra.

CornacHo 3ToMy COOTHOLLEHUIO KOOPAUHATHI
N UMNYNbC YacTULbl HE MOryT OOHOBPEMEHHO
MMETb onpeneneHHoe 3HavyeHne. Knaccmnyeckoe
onncaHne BO3MOXHO, eCri BbINOMHEHbI YCIOBUA:

AXAP_>>h, AyAP,>>h, AzAP >>h.



. . —34 .
apecy  11=6:62:107 Tk

doyHOameHTanbHaa KoHcTaHTa (MOCTOAHHAs
[1TnaHka), onpenensowas macwtab
KBAHTOBbIX (MUKPOCKOMMYECKMX MPOLIECCOB).

Takum obpasom, eCnszeja/cATglgg HaXQANTCA B
obbeme , TO B 3TOM Cliy4yae
BO3MOXHO ornucaHue ee OBMXXeHUs Ha OCHOBE
3aKOHOB KIaCCU4YECKOU MEXaHUKMN.



Hauobonee gepoamnasn, cpeonekeaopamuynas u
CPEeOHAA apupmemuyueckas CKOpoCHU MOJIEK)
2aza

PaccmMompumMm, Kak u3mMeHsiemcsi C

abcosiromHou gesluHUHoOU
CKopocmu 4yucJsio yacmuu,
NPUXOOALUMNXCA Ha €OVHUYHbIM MHTepBarn
CKOPOCTEMW, npw eJNHUYHOW

KOHLEHTpaLUnm Yactuu,

[ paduK doyHKLNN pacnpeneneHns
MakcBenna npuBeneH Ha puc. 2.7.



Pucynox 2.7

mn
Ae 2kTqy?

J(v)



N3 rpadpmka BUOHO, YTO NpU «Manbix» V, T.e. npu

(muz , JAJ\ij%M £(v) s38TeEM J (v)

2kT
OOCTUraeT Makcumyma A v ganee mo?

3KCMOHEeHUMarnbHo cnajaer  f(v)~e 247

F(v) A
1.0 exp(-ov°) 0




BennyinHa ckopoCTU, Ha KOTOPYHO
NPMXoAnUTCs MakCUMyM 3aBUCUMOCTMU f (D)
Ha3blearom HauboJsiee eeposimHouU
ckopocmbro. BenunynHy 3TOU CKOPOCTWU
HangeM 13 ycrioBUS paBeHCTBA HYIIIO

NpOn3BOAHOWU df (v) 0
dvvo

2kT




- [2kT
1)Bep -

m

— HauboJsiee eeposimHasi CKOpocmb
OOHOU MOJIEeKYIbI.

OJ151 OOHO20 MOJIsI 2a3a:

1)Bep = \/

2kN, T

UBep = \/

2RT

L

mN ,

|

2RT
L



Cpeonroro Keaopamuunyro CKOpoCcHib HauiecM
HCIT0JIB3YsA COOTHOIIICHUE muf{ 3

= =—kT
2 2
3kT _
V. . = .|—&f5 OOHON MONEKynbI.
m
3RT
V., = +-ARS-00QHOro MOns rasa.
1l




Cpeonssn apudmefnyqecmm CKOpOCHb =V

v.. =—|vn- f(v)dv,

cp
Py
rae #f (v)dv = dn — yKcno MoONEKyYN CO CKOPOCTBIO

oTr v 10V + dv. Ecnu noxncrasuts crona f{v) u
BBIYKCIIUTD, TO IIOTYYHM:

8kT 2,25kT
— 0151 OOHOU MOJIEK)JTb.

SRT 2,25RT
Ve = ~ — 0151 OOHO020 MOJIA 2A43d.
Tl 2




IHone3no 3nameo, umo

22

I,

DI{B

Voo Vs Vs



Dopmyna Makceenna 011 OMHOCUMETbHBIX
CKopocmeu

JI71s1 pereHns MHOTHX 3ajiad yI0OHO MCIO0JIb30BaTh
dhopmyny MakcBenna, IJie CKOpOCTh BhIpaKCHA B
OTHOCHUTEIBHBIX €AUHUIIAX.

OTHOCHUTEIBHYIO CKOPOCTHh 0003HAYUM 4Yepe3 U:

V
U = ) (2.3.13)

D
1 2kT
rae DBep = 7

BEP



ndu \/E

dopmyna Makceesinna 0nss omHocumeJsib-
HbIX CKopocmeu

DTO YPAaBHEHUE YHUBEPCAIBHOE.
B Takom Buae (PYHKIUS pacIpeaCIICHUS HE
3aBHCHUT HU OT POJAA raza, Hd OT TEMIICPATYPHI

(puc. 2.8).



UBep 1)Bep

PucyHok 2.8



3asucumocms pynkuuu pacnpeoeseHusn
Makceenna om maccol MOJ1eKyJ
U memnepamypul 2a3a

my <m, <m I <1, <1

e

f(v)

my 1,




N3 puc. 2.9 MOXHO mpocieauTbh 3a M3MEHECHHUEM
f (1)) [IpU U3MEHEHUU m U 1: My <M, < m, (mpur
T =const)uwmn T, <7, <T, (upu m=const ).

ITnowaos noo Kpueoit eéenuvuna nOCMOAHHAAA,
pasnasn eounuye (- f(v)=const=1 ), TO3TOMY BaXKHO
3HaTh KaK Oy/IET M3MEHSITHCS MOJIOKECHUE MAKCUMYMa
KPUBOM:

m T
f(DBep) ~ \/;9 UBep ~ ;

MaKkCBENMOBCKNA 3aKOH pacnpeneneHnsa no CKOPOCTAM U BcCe
BblTEKaAKOLWME CNeacTBUA cnpaBeasiBbl TOMbKO Ansl rasa B
PaBHOBECHOU cucTeMe. 3aKOH CTaTUCTUYECKUW U BbIMOSTHAETCS
TEeM nydule, Yem 0oribLLe YMCNO MOSEKYIT.



2.4. bBapomempuy4yeckas
gpopmyna

PaccMoTpuM €€ o1MH, OYEHb BAXKHBIU 3AKOH.

Ammocegepnoe oasnenue Ha Kakou-auod0
gvicome h o00ycnoeneno eecom  8viuie
Jexcamux cinoée 2asa.

Ilyctb P — JjaBieHHME Ha BBICOTE /A, a

P+ KgBBICOTE h+ Ah
(pucyHok 2.10).




P — pgha 2 N\

P+dP i
Pu N,

P = —— — INIOTHOCTH I'a3a Ha BEICOTE /1 "

P—(P+dP)=pgdh
P| ) T
h

ap=-rq, P __ng

RT P RT
In P = H gh FInC C = P, — JIaBJICHUE HA BBICOTE
RT h=0
_bgh

P=PFPe *



P+dP

P

ugh
RT
he

Pucynok 2.10

- bapomempuyeckasi popmyna



ITpruém dh >0 , dP <0, Tak KaK Ha OOJIbIIICH
BLICOTE JIABJICHUE MeHbIIE. Pa3HOCTH JaBiIeHUA
P — (P +dP) paBHa BecCy rasa, 3aKJIIO4€HHOIO B
00bEME HUIIMHAPA C MO0 OCHOBAHMS
pPaBHOTO eAMHUIIE U BbicOTOMN dA, P =pgh, p —
IUIOTHOCTH Ta3a Ha BBICOTE /1, MEUICHHO

yOBIBa€T C BLHICOTOH. P — (P + dP) = padh,

_lgh
P=FRe ™, (24.1)

rne £, — AaBjieHUE Ha BBICOTE h=0

OTtcrona

2JTO dapomempuyeckasn popmyna.



N3 6apomMeTprudecKor GopMyIbl CICAYET, UTO
P yOBIBaeT ¢ BBICOTOM TEM OBICTPEE, YEM

TsKEIIee ra3 (4em

OOJIBIIIE |1) KU YEM HUKE

TeMIleparypa (HapuMep, Ha OOJIBIINX BEICOTAX
KOHIICHTpAU JISTKUX ra30oB He u H2 ropasuao
OOJIBIIIE YEM Y IIOBEPXHOCTH 3EMIIN).

Ha pucynke 2.1]

| IBOOPAKEHBI ABE KPUBLIE,

KOTOPbIC MOXKHO TPAKTOBATh, TM00 KaK
COOTBETCTBYIOIIYE PA3HBIM L (ITPH OJJMHAKOBOM
T), 1m0 KaK OTBEYAIOIIHNE pa3HbIM 1, IIpH

OQUHAKOBBIX L.



P Pucynok 2.11
1, > 1,
K <M,

W7

O e
Taxkum odpa3zom, uem TsKe€ee ra3 (> 1) M 4eM HUKe
TeMIieparypa, TeM ObicTpee YObIBAET JaBJICHHUE.



2.5. PacnpeodeneHue bonbymaHa

PacnpeneneHne bonbLumaHa onpeaenser
pacnpegeneHne 4yactul, B CUIIOBOM MNose
B YCINOBUAX TENSIOBOINO0 paBHOBECUA.



bonbumaH JlroaBur (1844 —
1906) — aBCTPUUNCKNN DU3UK-

- TEOPETUK, OOUNH U3

k OCHOBOMOMOXHUKOB

ou

CTaTUCTUYECKON PU3UKMN.
OCHOBHbIE paboTbl B 06nacTtn KUHETUYECKOU
Teopumn rasoB, TepMogNHAMUKN N TEOPUU
na3ny4vyeHunsa. BelBen oCHOBHOE KMHETUYECKOE
ypaBHEHMe ra3oB, ABMn4A0Lleecsd OCHOBOU
don3nyeckon KMHETUKNU. BnepBble NpUMeEHUN K
N3Ny4vYeHunto NPUHLNNLI TEPMOAUHAMUKNA.



[1lyCcTb naeanbHbIN ra3 HaxoguTca B Norne
KOHCEepPBATUBHbIX CUI1, B YCIOBUSAX
TENNOBOro paBHoBecus. [1pn aTom,
KOHLIEHTpaUua rasa oygeT pasnmyHon B
TOYKax C pas3nnyHoON NoTeHLUManbLHOW
9HEepPrnen, YTo HeodbxoamMmo A
coOnogeHnst yCrioBUmn MeXaHU4YeCKoro
paBHOBECUS.

Hucrno monekyn e eOUHU4YHOM obbeme n
ybbieaem c yganeHnem oT MoBEPXHOCTU
3emnu, n daesieHue, B CUNYy COOTHOLLEHUS

P = 79¢€ ybrieaem.



Ecnn n3BecTHO YMCno MOJEKyn B
eaANHNYHOM obbeme, TO N3BECTHO U
naBneHue, n HaooboporT. [laBrneHne v
NSIOTHOCTb NPOMNOPLUMOHAaribHbI APYr ApYrY,
NMOCKOMbKY TeMMepaTypa B HALLEM Criy4vyae
nocTosiHHa. [laBneHme ¢ yMeHbLLIEHUEM
BbICOTbI AOSTKHO BO3pacTaThb, MOTOMY YTO
HUXKHEMY CNOI NMPUXOOUTCS BblOEPXUBATb

BEC BCEX PACNOJIOKEHHbLIX CBEPXY aTOMOB.



Hcxons u3 OCHOBHOI'O YpaBHEHHUS
MOJIEKYIISpHO-KUHeTHUeCKOl Teopun: P = nkT
3aMeHUM P U P B 0apoMeTpuuecKon popmyrie
(24.1) Ha n ¥ 1, ¥ TIOJTYYUM paACHpedeienue
bonvymana njast MOJIAPHON MACChI rasa:

_Hgh

. RT (2.5.1)

n=n,e ,
1€ 1, ¥ 1 — YUCIIO MOJICKY B CIMHUYHOM

00bEMe Ha BbIcoTe 1 = 0 U s, COOTBETCTBEHHO.




Pacnpeaenenye BonbumMaHa. avi




Takkak p=mN,, R=N,k ,T0
pacripedesieHue bonbuymaHa MOXHO

npeacTaBuUTb B BUAE:




C yMeHbLUeHMEM TemMnepaTtypbl YACIO
MOJIEKYIT HA BbICOTaX, OTNIMYHbIX OT HYIS,
y6biBaet. Mpu I'=0  tennosoe
OBWXEHME npekpallaeTcs, BCe MOSIeKYIbl
PACMONoOXunnucb 6bl HA 3eMHOWU
NOBEPXHOCTMW.

[1pn BbICOKMX TeMnepaTypax, HaobopoT,
MOJIEKYITbl OKa3bIBAOTCS
pacnpenernéHHbIMM Mo BbICOTE NOYTU
PaBHOMEPHO, a NMNSIOTHOCTb MONEKY!IT
MeaS1eHHO YObLIBAET C BbICOTOMN.



Tak kak U = mgh —norenumanbHas SHEPrus,

CII€OOBATCIIBHO, pacnpeoenenue bonvumana

XapaKTepU3yeT pacopeacICHUE YaCTHI] 110
3HAYCHUSIM IIOTCHIIMAIbHON YHEPIUMU:

U (2.5.3)

n=nye "

— Mo 3dKOH pacnpe&eﬂeuuﬂ yacmuu no
nROMEHUUA/IDHDBIM IHEPZUAM —pacnpe&eﬂerme

boavumana. 31eCh 1, — YUCIIO MOJICKYI B

eqnHuIle 00béMa B TaMm, Te [/ = ().



Ha puc. 2.12 noka3zana 3aBUCHMOCTb
KOHIICHTPALMH PA3JIMYHBIX Ta30B OT BEICOTHI.
BraHO, 9TO 4MCI0 00/1€€ TSKEIIBIX MOJIEKYII C
BBICOTOM YOBIBACT OBICTPEE, YEM JICTKHX.

n(h) |
n(0)
1,0
0,81
0,61
0,4

0,2 -

X Pucynok 2.12



N3 (2.5.3) MOXXKHO IIOJIYYHUTh, YTO OTHOIICHUE
KOHIICHTpaIny MOJICKYI B Toukax ¢ U, u U,
00JaJarIIMX UMCHHO TaAKUM 3HAYCHUEM

7 _U1 _Uz
11— KT (2.5.4)

14}
boabiman I[OKEZLBaJI, YTO COOTHOILIEHHUE (2.5.3)
CIIPABEJIMBO HE TOJILKO B IIOTCHIIMAIBHOM II0JIC
CUJI TpaBUTAIMU, HO U B JJIOOOM MOTEHI[MAJILHOM
I10JI€, JIJISI COBOKYIMTHOCTH JIFOOBIX OJMHAKOBBIX
YaCTHUIl, HAXOASIIMUXCSI B COCTOSHUM

Xd0OTHUYCCKOI'O TCIIOBOI'O ABUKCHMUAAA.



2.6. 3aKkoH pacnpeaejdeHuss MakcBelia-
boabnMaHa

B nm 2.3 Mbl IOIy4YWJIM BBIPAXKCHUE  IJIS
pacupeneicHus MOJIEKYI 110 CKOPOCTSM
(pactpenencHue MakcBeiia):

/ \3/2 _m_l)2
dn(v) = B e 2T y*dv.
V24T

(2.6.1)



3 3TOro Beipax€Hus JIETKO HAUTH
pacrpeieICHUE MOJIEKYJI Ta3a [0 3HAYCHUAM
KUHETUYECKON dHepruu K. /s 3Toro Hepgﬂz[eM
OT IEPEMEHHOM U K IEPEMEHHON K = o

. 2
2n (kT) 3/2 g2, kT QK — nf (K)dK,
Jn

riae dn(K) — 4ucino MOJIEKYJI, UMEIOIIUX
KMHETHUYECKYIO SHEPTHIO MOCTYNATEIbHOIO

dn(K) =

IBWKECHUS, 3aKJIFOYEHHYIO B MHTEPBAJIE OT K 10

K +dK.



Otcrona noayuum pynkuyuro pacnpeoeieHus

MOJIEKYJl RO IHEPUAM MEenjio6020 OBUIICCHUAL.
K

f(K) = %(ka PKY2e M 2e2)

Cpennsis kuHeTHdeckas < K > sHeprus
MOJIEKYJIBI HICATBLHOIO Ta3a:

<K>=[Kf(K)K = %kT,
0

TO €CTb ITOJYYHIIN PE3YJIBTAT, COBIIAIAOIINN C
IIPEKHUM PE3YIbTATOM, IIOJYYEHHBIM B 1I. 1.3.



Hrak, 3axon Makceenna oaém pacnpeoeyiernue
yacmuy no 3HAYCHUAM KUHEMUYECKOU IHeP2UU
a 3akon bonvumana — pacnpeoenenue uacmuy
no 3HaueHuAM nomenHuuavHou Inepzuu. O0a
pacHpeeaIcHus MOKHO OObCIMHUTD B €IUHbBIN
3akon Makceenna-bonvumana, COrnacHo
KOTOPOMY, YHCJIO MOJIEKYJI B €IMHUIC 00bEMA,
CKOPOCTH KOTOPBIX JIEXKAT B IIPEIACIaX OT V A0

v+ dv pPaBHO:

A - 3/2 U+K
dn,, » =n, e T vdv.
T m\24T 263




0O003HaUYUM

Torma

DTO U €CTh 3aKOH PACnpeoe1eHUs

E
KT 4o 2
dn =ny,Ae v dv.

Makceenna-boavumana.

31€ech n

E =U + KnonHas 3HEeprusl.

(2.6.4)

— YMCJIO MOJIEKYJI B €AUHHIIC O0bEMA B
TOMU TOUKE, Tine {J = ();

-

3/2
m
nszj .



B nocieaneM BhIpaXX€HUH, NOTEHIUAIbHAA U
KWUHETUYECKAs DHEPTUM, a CIICIOBATEIIbHO U
II0JIHAS SHEPrus £, MOT'YT IPUHHAMATh
HENPEPHIBHBIN Pl 3HAYCHUN. ECIn Ke dHEprus
YACTHULIBI MOXKET IIPUHUMATh JIMIIb JUCKPETHBIN
psia 3HaucHUU E , E, ... (KaKk 3TO UMEET MECTO,
HaIIpUMED, I BHYTPEHHEH YHEPIUH aTOMa), TO
B 3TOM CJIy4ae pacrnpeaeiacHue boabimana
UMEET BU:

_Ez'
N, = ANe Vi , (2.6.5)



rae N, — 9MCII0 YaCTHII, HAXOSIIUXCS B
COCTOSTHUY C dHepruei £, a A — koaddurmeHt
IPONOPLMOHAIBHOCTH, KOTOPBIM JOKEH
YIIOBJIETBOPSATH YCIOBUIO:

N N _E/
YN, =4) e " =N,
=1 =1

riae N — moJIHOE YUCIIO YaCTHUll B
paccMarpuBa€MOU CUCTEME.



Torga, OKOHYATEIILHOE BBIPAXKECHUE
pacupeaciacaus MacBeiuia-bonbimMana i
Clay4asl JMCKPCTHBIX 3HAYCHUN OyICT UMETh

BUI;
_E/
Ne kT
N. = _E/ .
Ze kT

(2.6.6)




2.7. Pacnpenenenue boze-OUHINTEHHA,
depmu-/lupaka

Eciaun y Hac umeeTca TEpMOAUHAMUYECKAs
CUCTEMA COCTOIIAA U3 [V 4acTull, SHEPIUHU
KOTOPBIX MOTYT IIPUHUMATh OUCKPeHtHble
3HA4YeHUsA , TO TOBOPIT O CUCTEME KBAHTOBBIX
YU CEIL.

IloBeneHne TakOU CUCTEMbI OITMCHIBACTCS
KBAHMOBOU CIMAMUCMUKOU, B OCHOBE
KOTOPOH JICKUT HPUHUUN HEPAZTUYUMOCIU
MOXICOCCIMBEHHBIX Yacmuuy.



OcHOBHAA 3aj1ada dDTOM CTATUCTHUKH COCTOUT B
OIIPCACIICHUHN CPEAHCTO YHUCIa < /N, >YaCTHIL,
HaXOJISIIUXCS B sTUeiike (pa30BOTO
IIPOCTPAHCTBA: «KOOPAUHATHI — IIPOCKIINH
UMITYIIbCa» (X, Y, Z U P, P, p_) YacCTHIL.

IIpu 3TOM HMEIOT MECTO IBA 3aKOHA
pacOpeaciICHUS YaCTHII 110 SHEPTHUIM (0dee

CMamuCmuKu):



pacnpeoenenue boze-diunumeinna:.

1 .
< N. >= , (2.7.1)
N’ (Ei_“y
e kT
pacnpedenenue Pepmu-lupaxa:
| . (2.7.2)

< Ni > (Ei—Hy
e kT 41



IIepBast (popMyiia ONHUCHIBAET KBAHTOBBIC
yacmuysl ¢ yeavim cnuHom (COOCTBEHHBIM
MOMEHT KOJHMYETCBA ABMKEHUS ). VX Ha3bIBAIOT
0030Hbl (HarpuMep, (DOTOHBDI).

BTopas ¢hopmysa onuchiBaeT KBAHTOBLIC
yacmuysl ¢ ROayueavim cnunom. YIX Ha3pIBarOT
hepmuonvt (HampuMep: ICKTPOHbI, IIPOTOHBHI,
HEUTPUHO).






