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OU3UKA NJIA YIJIYBJIEHHOI'O N3YUEHMUA 3. CtpoeHue u cBoiicTBa
BellecTBa

Y4eOHUK NPUHLOUNHMAJIBHO HOBOro Tuma. llociemoBaTesNlbHOCTh — U3JIOXKEHHS
COOTBETCTBYET JIOTHYECKOH CTPYKType (PU3MKH KaK HAYKH U OTPAKAET COBPEMEHHBIE
TEHACHLUMH €€ TpenojaBaHus. MaTepuan pas3felneH Ha  oO0si3aTeNbHBIA U
JOTIOJIHUTENbHBIN, YTO TO3BOJIIET CTPOUTH Mpouecc OOydeHuss ¢ y4eTom
UHIMBUAYAIbHBIX  CHOCOOHOCTEH  ydalmMxCs,  BKJIIOYAash  OPraHM3allMi0  UX
CaMOCTOATENbHOM paboThl. 3a7auu CITy KaT KaK JIs MOy YeHUsI HOBBIX 3HAHHM, TaK U JJIsI
Pa3BUTHSI HABBIKOB UCCIIEIOBATENLCKON A TEIBHOCTH.

Jnsg  ydammxcsl INKOJ, THUMHA3HMH, JHLIEeB C YIIyOJNeHHBIM H3yYeHUEM
(U3NKO-MaTeMaTHYECKUX MAMCLUUIUIMH, a TakXe JUIsI TOATOTOBKHM K KOHKYPCHBIM
5K3aMEHaM B BY3bl.

OI'JIABJIEHHUE
1. TEOPUA OTHOCHUTEJIbBHOCTHU

§ 1. [IpuHUMIT OTHOCUTENIBHOCTH 9
Pasronpasue nnepunanbHbix cucteM orcuera (10). TlonsTre coOpiTust
(10). Kimaccnueckue npencraBieHus: O BpeMeHH U npoctpancTse (11).
IIpeobpazosanus ['ammnest (11). ITpuHIMT OTHOCUTEIBHOCTU U
snekrpoauHamuka (11). OTkas ot knaccuueckux npeacrasieHui (12).
IToctynaTe! Teopun oTHOCcUTENbHOCTH (13). BTOpOii mocTynat u 3aKoHbI
MexaHuKH (14).

§ 2. PenATuBUCTCKAst KWHEMATHKA 15

[Ipouenypsl n3mepennti (15). OqHOBpeMEHHOCTH COOBITHIA U
cuHXpoHm3anus 4acos (16). M3mepenue paccrosamii (17).
OTHOCHUTENBHOCTH OTHOBPEMEHHOCTH cOOBITHH (17). OTHOCHTEIBHOCTH
NPOMeEKyTKOB BpeMeHH (18). OTHOCUTENBPHOCTh MPOCTPAHCTBEHHBIX
paccrosiauii (20). Knaccnmuecknii mpenen (21).

§ 3. IlpeobpasoBanus JlopeHia 22

IIpeobpazosanus Jlopenua. MHTepBan mexay coObrTusiMu (23).

WuBapuanTHOCTE MHTEpBana (24). Knaccudukarus natepsaios (24).
3akon npeoOpazosanust ckopoctu (25). Abeppanus ceera (27).

§ 4. PenaTuBuCTCKast TUHAMHKA 28
WNwmnynec u 3HEprus (28). Penstuructckas Macca (29). DHEprus nokos
(29). Kunetnueckas sHeprus (29). [IponopuoHanbHOCT MacChl U
sHeprud (30). DkBUBaJeHTHOCTD SHeprun U Macchl (31). O 3akone
coxpaneHus Macchl (32). Macca NOKOsl 1 KBAHTOBBIE 3aKOHOMEPHOCTH
(32). BeiBox BeIpaskeHust 11t uMyJibca (33). BeiBox BeIpakeHUs st
sHepru# (36).

§ 5. IlpumMepsl peNATHUBUCTCKOIO ABMKEHUS YaCTULL 37
Cas13b 5Heprum 1 umMItysibca (38). JIBrkeHue 1oy 1edCTBIEM MOCTOSTHHOM
cmibl (38). JIBmkeHne B MarHuTHOM moie (39). YckopuTenb Ha BCTPEYHBIX
ny4kax (39).

I1. BAKOHBI MUKPOMMPA. YACTHULILI Y1 BOJIHBI 44
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§ 6. CBeTOBbIE KBAaHTHI
dotoanexrpuueckuii 3¢ dekt (44). DxcnepuMeHTaIbHbIE
3akoHOMepHOCTH poTtorddexTa (45). Kunernueckast sHeprust
doroanektponHos (45). CoorHomnenne [Inanka (46). YpaBHeHue
Oiinmreiina (47). KopryckyisipHbIe 1 BOJIHOBBIE CBOHCTBaA cBeTa (47).
HeBo3moxkHOCTD Klaccuueckoro oobsicHeHus poroaddexra (48).
JBoticTBeHHas npupoaa ceeta (49). @otonsl (49). Ddpdext Komnrona
(50). 3akons! coxpanenus B 3¢ pexre Komnrona (50). JluckperHbrit
XapakTep B3anMOACHCTBUSI cBeTa ¢ 3yekTponamu (52). KopnyckysipHoe
obwsicuenue 3 dexra Jomnepa (52).

§ 7. I'paHULBI TIPUMEHUMOCTH KJIACCUYECKOH (PH3HKH
CootHomenns HeonpeneneHHOcTel. Jndppakuns 31ekTpoHoB (54).
3aposkneHue KBaHTOBOU Teopuu (54). AdcTpakiuy, iexkamye B OCHOBE
kiIaccudeckoit gpusuku (55). O knaccuueckoM nerepMuan3Me (56).
CootHotenns HeonpeneneHHocrel [ efizendepra (56). Mmumocparus
COOTHOIIEHUsI HeomnpeneiaeHHocTel (57). I’ paHuLIbI MPUMEHUMOCTH
KJIACCUYECKHX MpeacTaBiIeHui (59).

§ 8. CBeT — 4acTHULbI WJIU BOJTHBI?
KopnyckynspHo-BomHOBOM Ayanu3M (61). HaCcTHIIBI U BOJTHBI B
KJlacCuueckoi ¢usuke (62). MBICIIEHHBIN OMBIT, CHUMAIOIIUN JIOTHYECKUE
npotuBopeunst (62). @oToH — KBaHTOBBII 00BeKT (65). Bonnel ne bpoiins
(66). BomHOBBIE cBO¥icTBA MHUKpouacTHL (67). Eme o rpannmax
KJaccudeckoro onucanus (67).

§ 9. 3aKOHBI IBIKEHUSI B KBAHTOBOH (pU3HKe
Ponb cpencts Habnmronenus B kBaHTOBOH (usuke (70). BeposTHOCTD B
KJIacCU4YeCcKOor 1 KBaHTOBOH (pusuke (70). OmucaHne COCTOSHUSI CUCTEMBI
B KBaHTOBOH (pusuke (71). Ilpunnmn coorBercTBus (72).

[II. ATOMBI, MOJIEKYJIbI, KPUCTAJIJIbI

§ 10. Ctpoenue aToma
Tomconosckast mopens atroma (74). Onbirel Pesepdopna (74). Paccesinue
Ha Oompiume yriel (75). OtkpeiTue aromuoro siapa (75). [lnanerapraas
mozenb atroma (76). IToctynatsr bopa (76). Ilpasuno kBantoBanwus (77).
YposHu 3Heprun atoMa Bogopoaa (78). Cnexrpanbasle cepuu (78). ATom
bopa u npunmmn coorserctus (79). CoBpeMeHHbBIE IPENCTABICHUS O
crpoennu aroma Boznopona (80). [TocrosiHHast TOHKOH cTpyKTYypHI (81).
ATOMBI ¢ HECKOIBKUMH 3yiekTpoHamH (82). [punimm [aymnm (83).
MHOro31eKTpOHHBIE aTOMBI (83).

§11. MI3mepenust B aTOMHOMN (pU3HKe
Omnprrer JIx. Tomcona (85). Onbrrsl X. byma (86). Oneiter P. Musinkena
(86). AnckperHOCTD 3neKTpUieckoro 3apsana (87). « B3pemmpanne»
snektpoHa (88). Maccel atoMoB 1 Mosieky 1 (88). [IpuHImn nefdcTBus
macc-criekrporpada (89). Cenexrop ckopocrteit noHOB (90).
Macc-cniektpomerp ¢ nonepeuHoit Gpokycuposkoii (90). Pasznenenne
u3oronos (91). DnekrponHas ontuka (91). Pa3pernatromas criocoOHOCTH
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(92). Atomuas egunua Maccel (92). TouHble U3MEPEHUs] ATOMHBIX Macc
(93). Konmuectso Bemectsa. [locTtossraas ABoranpo (94). MonsipHasi
macca (95). Pasmepsr atToMoB 1 MoJieky I (95).

§ 12. MoznexyJbl
Xumunueckue cuibl 1 pusuka (97). MonHast ¢Bsi3b Mexny aromamu (98).
KosanenTHas cBsi3b (99). Bzaumonerictsue atomoB B MoJiekyie (100).
Konebanust atomoB B Mosiekysie (101). DHeprust XUMHYECKUX
npespawennii (101). Bzanmonetictere mexay monexynamu (102).
Monenbablie noreHmans (103). Monekyna B xumuu u B ¢pusuke (104).

§ 13. Kpucramibl

Monokpuctanisl 1 nonukpuctamisl (106). I'eomerpus kpucrasios (106).
CummeTtpus kpuctaummdeckoi pererku (107). Kpucranmmueckne
cucremsl U kiaccel (107). Cummerpust u pusndeckue croiictsa (108).
Monexynsipable kpuctauinl (108). Mornbie kpuctasusl (109).
Kosanentaere kpuctamisl (110). Merammnueckue kpuctamisl (111).
Bonoponnas ceszb (112).

IV. OCHOBbI TEPMOJMHAMUWKHU

§ 1 4. OcHOBHBIE NOHATHA TEPMOJUHAMUKU
Tepmoaunamudeckast cuctema (1 15). BHemrHue u BHy TpeHHUE
napametpsl (116). CocrosiHne TepMonnHamMuyeckoi cuctemsl (116).
Tepmogunamuveckuii nponecc (116). CranuoHapHbIe 1 pAaBHOBECHBIE
coctosinus (117). Bpems penakcaunu u nokanpHoe paBHoBecue (117).
3aKOH COXpaHEeHHMs U MPEBPALICHUS SHePruu B TepMoanHamuke (117).
BryTpennss sueprus (118). Temneparypa (119). Usmepenne
temnepatypsl. Tepmomerp (119). DMnupruueckas TeMnepaTypHas LKana
(120). Beicokue u Huskue temmnepatypsl (120). M3onupoBaHHas cuctema u
TepMmoanHamuueckoe pasHosecue (121). YpaBuenue cocrostaus (121).

§ 15. YpaBHeHue cocTosiHUsA ra3a
I'a3 B cocyne — mpocrast TepMoanHaMuaeckas cucrema (123).
Wzomnpoueccor (123). 3akon botins-Mapuorta (123). 3akon [lapns (124).
3axon I'efi-JIroccaka (125). I'a3osbrit Tepmomerp (125). IlIkana Kenbpuna
(125). YpaBuenue cocrostaus rasza (126). YpaBuenne MenneneeBa —
Knaneiipona (127). Uneansbiii ra3 (127).

§ 16. IlepBblil 3aK0H TEPMOJUHAMUKU
@ynukuus cocrostaus (131). BHyTpeHHss sHEprHst Kak (pyHKLUS COCTOSHUS
(131). Pabota u Terora kax GopMbl H3MEHEHHUS! BHY TPEHHEH SHEPTUU
(131). Pabora B TepmonuHamuke (132). Annadatiueckue mponeccs (133).
Pabora BHeurHux snextpudyeckux cui (133). Teruora (134). Ilepsbrit
3akoH TepmoauHaMuku (134). KBasucraTnueckue mporecchl Ha
p—V-mnarpamme (135). TermmoemkocTs (136). M3oxopuueckuii nporuecc
(136). Uzobapuueckuii mpouece (136). Annadarnueckuii nmpouecc (137).
Uzorepmuueckuii npouecc (137). Ternosoit aeuratens (138). Lukn
terutoBod MatuHbl (139). KITJL Termosoit mamuns! (139).

§ 17. Ilpumepsl npUMeHEHUs IEPBOro 3aKOHA TEPMOIMHAMUKH
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Ounepretnueckuii Oananc (141). Teruora u BHyTpeHH:s sHeprus (141).
Temnora u pabora (141). Ilpumep npuMeHEHNsT IEPBOTO 3aKOHA
tepmoauHamuku (141). Eme onnH npumep NpuMEeHEHHUS IEPBOTO 3aKOHA
tepmonuHamMukH (142). 3meeBuk kak Teruiosast MainHa (144). Msmepenue
TeryioeMKocTH rasa (145).

§ 18. BTopoii 3aK0H TepMOAMHAMMKHI
Hanpasnenne Termosbix nporneccos (148). HepaBHOLIEHHOCTD pa3HBIX
BuzoB sHepruu (148). OOparumeie 1 HeoOpaTumble ipoueccer (149).
Paznuuanbie GopMyTUPOBKH BTOPOTO 3aKOHA TepMoauHaMuku (150).
DxBuBaNeHTHOCTH (popmyupoBok Knaysuyca u Tomcona (150). ITpunrmmn
Kapareonopu (152). YcnoBus monyyeHHst MAaKCUMalbHON paboThI (154).

§ 19. MeTonbl TEpMOJUHAMHUKHN U UX PUMEHEHUS
KIIJ] Bcex oOpaTUMBIX TETUIOBBIX MaliuH onquHakoB (159). Pabora
U/IeaJIbHOTO ra3a B n3oTepMudeckoM npotuecce (160). BoiBoa ypaBHeHus
annabater (161). KIT/I unkia Kapuo (162). Hepaserctso Knaysuyca
(163). OuTponus kak pyHKIUs coctosiHuA (163). O0BenHEHHOE
ypaBHEHUE MEPBOTo 1 BTOpOro 3akoHoB (165). Croboanas sHeprus (165).
TepmoanHaMyka AUAJIEKTPUKOB U MarHeTUKOB (166). 3aBHCUMOCTD
BHYTpeHHeH sHeprun oT odobvema (168).

V. OCHOBEI MOJIEKYJISIPHO-KMHETHYECKOU TEOPUU

§ 20. DkcnepuMeHTaIbHble OCHOBAHUS CTATUCTUYECKON MEXaHUKHU
Tennosoe nerxkenue monekyJ (170). HaOmonenue 6poyHOBCKOTO
nswkeHus (171). 3akoromepHocTr OpoyHOBCKOTO ABMKeHus (171).
3aBHCHMOCTb CPEAHETr0 NepeMeleH st OT BpeMeHH (172). DkcrepuMeHT U
craructrueckas mexanuka (173). IlocraHOBKa 3a71a41 B CTATUCTUYECKOH
mexanuke (174). CraTuctudeckast MexaHuka u TepmonuHamuka (175).

§ 21 MonexynsapHO-KMHETHYeCKas TEOPHsI UIealbHOIO ra3a
dmnueckas moaens rasa (176). BbiBog OCHOBHOTO ypaBHEHHUS
KUHETUYECKOU Teopuu uneaabHoro ra3a (176). CTOIKHOBEHHE MOJIEKY JIbI
co crenkoit (177). O ponu cronkHOoBeHUH Monekyn (177). CymmupoBanne
no BceM MostekytaMm (177). Cpennee 3HaueHue kaapara ckopoctu (178).
WneanpHbIN Ta3 B CTATUCTHYECKON MeXaHUKe U TepmoarHamuke (178).
dusnueckuii cMbich Temmnepatypel (179). PaBHOpacnpenenenne sSHepriuu
no crenedsiM ¢cBoOoel (180). JlaBnenue rasa u temmnepatypa (180). Cmecu
pasnmuusbx ra3oB (180). O mukpockonmuueckux moneisx (181). pyroi
BbIBOZ OCHOBHOTO ypaBHeHus (181). Eme pa3 o ponu cronkaoBeHmi (183).
Eme onun BeIBOI 0cHOBHOTO ypaHeHus (183). O xapakrepe
CTOJIKHOBEHHsI cO CTeHKOM (185).

§ 22. Ctatuctrudeckue pacrpeneieHus
3axonsbl xaoca (186). Pacnipenenenue monekyn no Beicore (187).
Bbapomerpuueckas popmyna (188). Pacnpenenenue bonsumana (189).
Pacnipenenenue no npoexuun ckopoctu (189). @yHkuus pacnpeneneHus
(189). Hopmuposka ¢yHkuun pacnpenenenus (190). Pacnpenenenue mo
TpeM npoekuusM ckopocta (190). Pacnipenenerne mo MOAyJIFO CKOPOCTH
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(191). 3aBUCHMOCTD pacnpeneseHHs [0 CKOPOCTSIM OT TEMITEPATY PbI
(192). OxkcniepumMeHTaNbHAs KpuBas pacnpenenenus Maxcsea (192).
Brraucnenue cpeqnux sHaueHuit (193).

§ 23. TennoBoe paBHOBECHE B CTATUCTUYECKON MEXaHUKeE 195
OnykTyanun Makpockonuyecknx napamerpos (195). [IpoctpancTBeHHOE
pacnpenenenue MoJiekys (196). BepostHocTH pacipeneneHuii MOJIEKY T
1o nosioBUHaM cocyaa (196). BepossTHOCTh paBHOMEPHOTO pacipeneneHus
(198). Ob6mme 3axkonomeproctH paykryaunu (199). Craructuaeckuit
noaxon (200). PaBHble BepOosSTHOCTH MUKpOCOCTOSIHUH (200).

Cratuctudeckuii Bec Makpococtostaust (200). DHTpOMNUS U TeMIepaTypa
(201). 3agaua o pacmupenun rasa B nmycroty (202). Pacnpenenenue
I'u606ca (203).

§ 24. CraTuctudeckas mpupoaa HeOOPATUMOCTH TETUIOBBIX MTPOLIECCOB 205
I'mmorernueckwmii Beunblit aBuratens (205). O HeoOpaTUMBIX mpoLeccax
(206). HeoOpaTuMmbie mpouecchl U pa3pylierne nopsiaka (207).

DnyKTyany Kak OTKJIOHEHHUS OT BTOPOT'O 3aKOHA TepMoguHaMuku (207).
Crarucruueckas runoresa (208).

§ 25. Ta3bl, xxuaKocTH, Pa3oBbIe MEPEXOIbI 209
®a3bl 1 KOMIIOHEHTHI TepMOIUHAMUYecKol cuctemsl (209). Ma3oBbie
npespawenns (210). PaBaosecue da3 (210). Mcnaperne 1 KOHASHCALHS
(210). dasnenne HachimeHHoro napa (211). Kunenue (211). LienTpst
napoobpazosanms (213). Ileperperas sxxunkocts (213). Kputnueckas
temnepatypa (213). Paznuune mexxny razom u mapom (214). Termora
ucrnapeHus u kounencanuu (214). Bnaxuocts Bo3ayxa (214). Usmepenue
BJIQKHOCTH Bo3ayxa (215). [ToepxHocTHOE HaTskenue (215). Cuna
noBepxHOCTHOroO HatspkeHus (216). [ToepxrocTHas sneprus (216).
Cwmauusanue (217). Kanmsipasle sisnenust (218). Kanumnsipaoe
nasnenue (218). Kanunnspabie BonHb (219).

§ 26. PeanbHble ra3pl. YpasHeHue Ban-nep-Baansca 220
O mopnensx peanpHOro rasza (221). Monens TBepabix mapos (221). Mozaenb
Ban-nep-Baanbca (222). Yuet pasmepo moneky s (222). Yuer
B3aUMOJIEHCTBHS MEXAY MoJieKyJamMu (222). PeHOMEHOJIOrHIeCKHi
xapakTtep ypaBHeHus1 BaH-nep-Baanbca (223). M3oTepmbl
Ban-nep-Baanbca (224). DxcnepuMeHTaIbHBIE H30TEPMBI DHIpIOca (224).
MeTtactabunbHble cOCTOSTHUS (226). AGCOTIOTHO HEY CTOHYNBBIC
cocrosinust (227). Kputudeckoe coctosinue Bemiectsa (227).

§ 27. ®a3oBble IEPEXOBI 229
Huarpamma cocrostanii (229). KpuBast paBHOBECHS ap— KUAKOCTH (229).
ITepexon map— xunkocts (230). M3oxopudeckuii nepexoxn nap—
xunkoctsb (231). Habmonenne xpuruaeckoro cocrosinus (232). Kpusast
paBHOBECHs KUIKOH 1 TBepaoH ¢a3 (232). Tpoiinas Touka (233).

KsanTosble xunkoctu (233). Mcnapenne TBepaoro tena (234). [Ipasuio
da3 ['uboca (234).
VI. ATOMbI U U3JIYYEHUE 236



§28.

§ 29.

§ 30.

§31.

§32.

Hznydenue ceeta aToMaMu 236
Pasmep aroma u nimna BosHbI (236). CrionTaHHOE M3nyueHue (237).
Knaccrueckast Mopenb CIOHTaHHOTO U3ny4eHus (237). Bpems xu3an
B030y:kneHHoro aroma (239). lllupuna ciekTpanbHbIX JuHIN (240).

[MupuHa MuHUA ¥ COOTHOLIEHHE HeonpeneneHHocrel (240). Ymupenue
CHEKTPAJbHBIX JIMHUN U3-3a CTOJKHOBeHUH (240). lomnepoBckoe

yIIUPEHNE CIIEKTPAIbHBIX JTHHUH (241).

HsnyueHue cBeTa HarpeTeIMH TE€IaMU 242
Tennosoe uznyuenue (242). CriekTpaibHbIN COCTAB TEIUIOBOTO U3y YESHUS
(243). Uznyuenne kak ras GpotoHos (244). 3aBUCUMOCTb IJIOTHOCTH

SHEPTrUH OT TeMrepaTypsl (245). TemnepaTy pa noBepxHOCTH 3emiH (246).
BrmysxneHHoe usnydeHue. KBaHTOBBIE yCUITUTENN U TEHEPATOPHI CBETA 247
BeposiTHOCTB CITIOHTAHHOTO TIepexo/a U BpeMs sku3Hu (247). BeposTHOCTH

BBIHY KJIEHHBIX niepexonoB (249). Mazeps! u nazepsl (250).

KorepentHoctb naszepHoro usnyueHus (250). Ycuienne cBeTa ak THBHOM
cpenotii (250). Meronsl co3nanusi akTUBHOM cpenel (252). PesoHaTopsl

nazepa (252). @opMupoBaHue KOrepeHTHOro usiydenus (253). Crekrp
Ja3epHOro usny4enus (253).

DNeKTpUUeCcKUil TOK B razax 255
I"a3oBbrit pa3psan (255). Hecamocrositenbublil paspsan (255). Monuzaums u
pexomOuHanus (256). HecamocrositenpHast mpoOBOAUMOCTH (257).
ITonBMKHOCTB 3JEKTPOHOB M HOHOB (257). KBasuneitrpanbHoCTh (258).
[11OTHOCTH TOKA MPH HECAMOCTOSTEIBHOM paspsiae (258). 3akon Oma

(259). Tok Haceimenus (259). DkcnepuMeHTaIbHOE U3YYEHNE Tra30BOT0
paspsina (259). CamocrostenbHbIi paspsia (260). Monnzanus

3JIEKTPOHHBIM yaapoMm (260). IMuccus 31eKTPpOHOB U3 karoaa (261).

Trerommii paspsin (262). Koponnslii paspsn (262). Dnekrpudeckas nyra

(263). OnbiTel @panka u I'epua (263). JIMCKPETHOCTb YPOBHEN SHEPTUH

atoma (264).

DNeKTpUUECKU TOK B XKUIKOCTSIX 265
DnexTponuThl (266). DnekTpoauTudeckas auccoruanus (266).

HeoObrunblie snexTponutsl (267). MoHHast mpoBoauMocTs (267).

Dnextponus (268). 3akonsr Papanes (268). 3akonsl Papanes u

3NeMEHTapHbIA 3apsan (269). XuMuieckne UCTOUHUKY TOKa (269). Tok B

LIETH C TaTbBaHU4YECKUM 35ieMeHTOM (270). [loTeruuman B ienu ¢
rajIbBAHMYECKUM 3J1eMeHTOM (271). Axkkymysitopsl (272). [IpumeneHust
anexrponusa (273).

§ 33. Ilnazma 274

KonnexTuBHOe nBrkeHNe yacTull B ruiasme (274). KpasnHeHTpaIbHOCTD
riasmsel (275). [Inasmennsie konebanus (275). DkpaHUpOBKA
KYJIOHOBCKOTO B3auMozneicTaus (276). [IpoctpaHcTBeHHbIE MacIuTadObl B
tasme (277). IlpocTpaHcTBEHHAst OTHOPOIHOCTD 1ia3Mel (278). ITnasma
U aHanu3 pazmepHocteit (278). Bonnsl B mnasme (280). [Ipumenenus
ruta3msl (280).



§34.

§35.

§ 36.

§37.

§ 38.

§ 39.

§ 40.

VIL. 3JIEKTPOHHBIE CBOMCTBA TBEPJIBIX TEJI 282
DJEKTPOHHAS CTPYKTypa KPUCTAIIIOB 282
JIM3IeKTPUKH, TTOJTy IPOBOAHUKH, METAJLTEI (282). YpOBHH SHEPrUU
3JIEKTPOHOB B KpucTayutax (282). DHeprerudeckue 30HbI (283).
3anonHeHune 30H B amaekTpukax (284). CoOCTBeHHBIE MOy IPOBOAHUKH
(284). ITpumecHsle monynpoBogHuku (284). Metasusl (284).

CranuoHapHbIe COCTOSIHUS 3JIEKTPOHOB B KpucTase (285).

KBaszuummynbe (286). DdhdexTuBHas macca (286). DMEKTPOHBI U ABIPKU B
noJynpoBogHuKax (287). O6 31eKTponpoBOJHOCTH KPUCTAILIOB (288).
PaBHOBECHBIE 1 HEpaBHOBECHBIE HOCUTENH (289).

DJIEKTPOHHBIE CBOICTBA METAJJIOB 290
puaumn [Taynm u snexrponsl B MeTaiiax (291). Umnynsc @epmu (291).
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. TEOPUA OTHOCHUTEJIbLHOCTMH

§ 1. MpuHUMN OTHOCHTENBLHOCTH

Teopns OTHOCHTEJIBHOCTHM — 3TO (hM3nueckas TEOpPUS NMPOCTPAHCTBA M
BPEMEHH, T. €. TEOPHUA IIPOCTPAHCTBCHHO-BPEMEHHEIX 3aKOHOMEPHOCTEH,
CIIpaBEmJIMBRIX OIS JIOOHX ¢u3nueckux mpoueccoB. CorsacHo obmieit
TEOPHH OTHOCHTEJIBHOCTH (HA3BIBAEMOM TAKXE PEASITHBUCTCKOM TEOpHEMH
TATOTEHHS) CBOMCTBA IMMPOCTPAHCTBA-BPEMEHHM 3aBUCAT OT ACHUCTBYIOMIUX
B paccMaTrpuBaeMoi o0nacTu mosed TaroreHdd. YacTHas, WiIH CIELH-
aJIbHAS TEOpPUS OTHOCHUTEJBHOCTH OMHUCHIBAET CBOMCTBA IPOCTPAHCTBA-
BPEMEHM B YCJIOBHMSX, KOrga BJIMSHMEM TINOTCHUS HA 3TH CBOMCTBA
MOXHO NpeHeOpeusb.

OnuceBacMbIC TEOPUEH OTHOCHTEJBHOCTH SBJICHHUS — KX HA3BIBAIOT
peasimusucmckumu — OOHAPYXHBAIOT cebs MPH CKOPOCTIX NBHXEHHUS
Tesa, OMM3KMX K CKOpocTd csera B Bakyyme c¢ = 3-10% m/c. Ckopocrts
C — 3TO npedenvHast cKOpocms PACIIPOCTPAHEHHS JIIOOBIX B3aUMOAEHCT-
BUH ¥ CHIHAJIOB U3 OOHOM TOYKH MPOCTPAHCTBA B Apyrywo. IloHITHE MIpe-
IEJIbHOM CKOPOCTH TpedyeT riiy0oKoro m3MeHeHUs OObIYHBIX (KJaccuye-
CKHX) IPOCTPAHCTBEHHO-BPEMEHHBIX ITPENCTABJCHNUM, OCHOBAHHBIX Ha
IIOBCEAHEBHOM OITHITE, OrPAHMYEHHOM HAOMIONEHMIMH CPaBHHUTEJIBHO
MEIJIEHHHX (v<<¢) OBUXEHUH.

Bce aBnenunsd B 3aMKHYTOM (PHU3MUECKOH cHCTeME OYOyT NMPOMCXOAUTH
TOYHO TaK X€, €CJIM BCKO CUCTEMY MEPEHECTH B APYro€ MECTO MJIM Kak
L(EJIOC MOBEPHYTh HA HEKOTOPHH yroja. B 3TOM nposBiasSIOTCS cgolicmaa
cuMmempuu 3aKOHOB MPUPONBI, OTPAXAKIMNE 00HOPOOHOCMb NMPOCTPAH-
ctBa (T. €. paBHOIIPABHE BCEX TOUEK) M €ro uzomponHocms (paBHOMpa-
BHE Bcex HamnpasyeHui). HemsmeHHOCTh (pu3nmuyeckux 3aKOHOB € Teue-
HHAEM BPEMEHHU OTPAXAET OCOHOPOOHOCMb BpDeMeHlU.

Hapsany ¢ Takoil HHBAPMAHTHOCTHIO (HEM3MEHHOCTbIO) 3aKOHOB IPH-
POARI IO OTHONICHHUIO K NAPaJUICJbHBIM NMEPEHOCAM M NOBOPOTAM B ITPO-
CTPAHCTBE M CABHATY BO BPEMEHH HA ONBITE YCTAHOBJICHA TAKXE MHBApH-
AHTHOCTh 3aKOHOB (PH3MKM OTHOCHTEJBHO npeobpa3osdaHuii 0duxeHust,
T. €. IepPexXoaa OT OOQHOW MHEPIHUATBbHON CHCTEMB OTCYETA K APYIroM: BCE
ABJIEHUS B 3aMKHYTOH (PHU3NUECKOM CHCTEME MPOTEKAIT OAMHAKOBO
HE3aBUCHMO OT TOIO, MOKOUTCH OHA B HEKOTOPON MHEPUMAJIBHOM CHUCTE-
ME OTCUETA HMJIM ABMXKETCHS KAaK LEI0€ C MOCTOSHHOM CKOPOCTBIO. JTO
yTBEpXAEHNE 00 SKBUBAJIEHTHOCTH (PaBHOIMPABHH) BCEX MHEPIHAJILHBIX
CUCTEM OTCUETA COCTABJISET CONEPXAHME MPUHLUNA OMHOCUMENbHOCMU.
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PaccMoTpuM JI€XAIMUE B OCHOBE CHENHANBHOH TEOPHAH OTHOCHTEb-
HOCcTR husMyecKue npeanoceuikn Gosee moxpobuo. Iponenas xakoii-Hu-
6yap 3KCNEPMMEHT M TMOBTOPHB €I0 MPH TOYHO TAKMX XE€ YCJIOBHUSX B
APYroM MECTE M B APYrO€ BpeM#, MH IOJYYHM TOT XE CAMHIii Pe3yJib-
tar. DTOT 3aMeyaTeabHHH (PaxT — BOCIIPOM3BOAMMOCTH J1AGOPATOPHBIX
ONBITOB — HAXOAUT CBOC BHPAXCHHE B HE3aBHCHMOCTH (PM3MYECKUX 3a-
KOHOB OT TAKHX OOCTOSTEIBCTB, KaKX MOJOXEHHE B MPOCTPAHCTBE M BH-
6op MomenTta BpemeHn. HesaBucuMocTs siBennit B 3aMKHYTOMN ¢husmue-
CKOlf CHCTEME OT MECTAa M MOMEHTA BPEMEHH SBNSETCS CJAEHCTBHEM OX-
HOPOZHOCTH TPOCTPAHCTEA M BPEMEHH.

PaBHONpaBHE HMHEPUHAJBHBIX CUCTEM OTCueTa. OMBIT MOKA3HBAET,
UTO HApAAy C TAKOH HE3aBHCHMMOCTHIO CYIIECTBYET ONpEAc/cHHAA HE3a-
BHCHMOCTh (PM3NYECKUX SBJEHHN OT COCTOSHHS ABMXEHHS, KOTOpas 3a-
KJIIOYAETCA B PABHOMPABAM BCEX MHEPIMATBHBIX CHCTEM oOTcuera. Pas-
HOMEPHOE H MPAMOJMHEAHOE ABMXCHHE 3AMKHYTOH CHCTEMB KaK ILEJIOTO
HE BJMAET Ha XOA IPOIECCOB, MPOMCXOASIIMX BHYTPH CHCTEMH. ITO
yTBEPXACHHUE, BNEPBHE BhCKa3aHHoE [anmieeM Mg MEXaHUMUECKHX SAB-
JICHHH, MOATBEPXKIAETCA BCEH COBOKYMHOCTHIO HAIIUX 3HAHME O NMPHPORE
H HA3HKBAaETCS MPHHIHUIIOM OTHOCHUTENBHOCTH. _

MHuorue ¢u3nyeckue 3akoHN popMymmpyorca npu moMomu gudde-
pEHUMATBHBIX YpaBHEHU. Buny 3THx ypaBHEHHI HE 3aBHCHUT OT HA4Yajib-
HOTO COCTOSAHMA CHCTEMH. TaKOBH, B YaCTHOCTH, YPABHEHUS MEXAHUKH,
KOTOpBIE MAaTeMAaTHYECKN BHIPAXAOT BTOPoit 3akoH Heiorona. CornacHo
NPAHIANY OTHOCHTEJBHOCTH MaTeMaTHuyeckas (opMa TakuxX 3aKOHOB
A0JXHA OBITH OMMHAKOBA BO BCEX MHEPIHAIBHBIX CACTEMAX OTCYeTa. [Ipy-
I'MMH CJIOBAMH, YpPAaBHCHUS JBMXEHHUS NODKHE OBITh LHEapuanmmbl OTHO-
CHTEJBHO NMEPEX0A OT ORHOM MHEPIUAIBHONA CHCTEMBI OTCYETA K APYTOH.

IlousTne CcOObITHA. PaccMOTpMM onmMCAaHME HEKOTOPOIO SBJCHHA B
NBYX MHEPUMAIbHHX cHCTeMax orcuera K m K. Cucrema K' nsmxercs
OTHOCHTENBHO K € MOCTOSHHOM CKOPOCTBIO v. YCJIOBMMCA HanpaBJIeHUE
y by OnHOMMEHHKX occH B K u K' Bribupats
k |K ONMHAKOBHIM, 4 OCA X M X HAIpPaBUM BAOJb
sBexTtopa v (puc. 1). IlycTs Hauano oTcyera

—_— ppeMern ¢ = (0 BHO6paHO B TOT MOMEHT,
x xoraa touku O u O coBnanann.
/o o — ] “I'Ionoxelme HEKOTOpO# MAaTepHaib-
HOM TOYKHM ONpEAENSIETCS KOOPAMHATAMM
z H BPEMEHEM X, y, z, [ B cucreme K u xo-

Puc. 1. Cucrema orcuera K asu- ODIMHATAMH W BpemeneM x,y,z,t B
metca oTHOCUTENsHO K €0 ckopo-  npyrojy cucteme K. COBOKYHMHOCTb Tpex
CTHi0 U BIOIL OCH X HPOCTPAHCTBEHHHX KOODAMHAT M BPEMEHH
6yneM Ha3wBaTh cobbimuem. Taxnm obpasom, cOOHTHE, TPOMCXOASIICE
C HEKOTOpOH MAaTepHaJbHOM YACTHUCH, ONMpEAENseTcs MECTOM, TE€ OHO
NPOM3ONLIO, H BPEMEHEM, KOIa OHO IPOM3OMLIO.
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KnaccuHueckue NPEACTABJICHHS O BPEMEHM M mpocTpaHcTee. Kax cea-
3aHH MEXAy co00M KOODAMHATH M BpeMd ORHOTO H TOTO Xe& cOOHTHS,
ecJIM ero pacCMaTpHMBaTh B cucreMax otcuera K m K'?7 B Hepenatusuct-
ckoil ¢M3uKe MPUHAMAIOCh KaK OUCBUAHMIN (PAKT CYmECTBOBAHAE E€AM-
HOTO MUpPOBOIO BPEMEHH !, OAMHAKOBOIO BO BCCX CHCTEMAax OTCYETA:

= ¢t'. B neCTBUTCIBHOCTH BO3MOXHOCTh M3MEPATh BPEMS BO BCEX CHC-
TEMAaxX OTCYETAa MO OTHHUM H TEM XE 4acaM CBH3aHA C MPEAMOJOXEHHEM
0 CYmECTBOBAHHMY CHTHAJIOB, PACMPOCTPAHAIOmMMXCA ¢ 6ecKoHEUHO 0B~
oM CKOPOCTHIO.

Taxum 06pa3oM, COMIACHO KIACCHUECKUM IPEACTABICHAAM, €CJIA ABA
COORITHS TMPOMCXORAT OOHOBPEMEHHO B HEKOTOPOHM CHCTEME OTCUETa, TO
OHH SBJSIOTCI OQHOBPEMEHHHMHE M B moboit apyroil cucreme. TouHo Tak
X€ MPOMEXYTOK BPEMEHH MEXAY ABYMs COORTHSAMH, B CHIy abcomior-
HOTO XapaKTepa BPEMEHH, NOKEH OHTH ONMHAKOBHM BO BCEX CHCTEMAX
otcueta. [Ipeamonaranoce TakXxe, a BepHEE, CUATANIOCh OUEBUAHBIM, YTO
AJMMHA TBEPAOrO CTEPXHS Wi BOOOmE PACCTOSHUE MEXAY AByMS TOYKa-
MH, H3MEPEHHOE B HEKOTOPHIl MOMEHT BPEMEHH, ONMHAKOBH BO BCEX CH-
CTEMax OoTcyeTa.

IpeoOpa3opanus anunes. 3 3Tux npeanonoxeHnii OAHO3HAYHO BHI-
TeKaer obmuit BUX MpeoSpazoBaHusl, CBA3HBAIONIEr0 KOOPOAHHATH H Bpe-
MS HEKOTOPOro coOHTHSA X,¥,z,! B cuCTeME K ¢ KOOpDIHHATAMH H BpEMe-
HeM 3Toro xe cobmrtusa x',y',z',t' B cucreme K'. B camom nene, cpaBHH-
Bas KOOPAMHATH ONHOM M TOM X€ yacTHOM B CHUcTeMax orcuera K u
K', HEMeNIeHHO MOoMyYaeM

x=x'4+vt, y=y, z=z2, t=t. (1)
Ot GopMyAH HOCAT Ha3BaHME npeobpasosanull Tarunes.

N3 npeobpasopannit [annies MoOXHO cpa3y MOJAYYHTh KJACCHUECKHIA
3axon npeobpa3o6anust CKOpocmu YacTHIH IPH NEPEXOAE OT ORHOK CH-
cTeMHl oTcuera X Apyrod. Ilycrs u = dr/dt — ckopocTs HEKOTOpO# 4a-
craun B K, a u' =dr'/dt’ — cxopocrs Toit xe yactuns B K'. TTockons-
Ky dt = dt’, u3 npeoSpasosanmii Fanunes monyuaem

u=u+v, w,=u, u=u, (2)

Takum 06pa3oM, npeobpa3oBaHHE CKOPOCTH YACTHIH MPH MEPEXONE
or K x K’ cBOAHTCA MPOCTO K BEKTOPHOMY CJIOXEHHIO OTHOCHTENBLHON H
MEePEHOCHOK CKOPOCTEH, T. €. K CJIOXCHHIO BEKTOPOB U’ H V.

VYpasHeHHE ABUXCHHS KJAACCHUECKOH MeXaHuku ma = F He MeHser
CBOETO BHJA IIPH MEPEXOAE OT OXHOH MHEPIMANLHON CHCTEMH K APYIOi,
T. €. OHO MHBAPHAHTHO OTHOCHTE/IBHO npeobpa3osannit Nanmnes. Opyrn-
Mu coBamMu, npeoGpaszosasns 'annies ynoBNETBOPSIOT NPUHIMIY OT-
HOCHTEbHOCTH B OTHOMIEHUH 3aKOHOB MEXAHMKH.

IIpMHOMI OTHOCHTEABHOCTH u.“anexrpommauuxa. A xax ofcrour
maeno B anextpoguHamuke? UTO roBOPHT ONHT O PACIPOCTPAHEHHM
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MPHHILAINA OTHOCHTEIBHOCTH HA 3JIEKTPOMATHUTHHE gsaenusa? IIporexa-
0T J¥ JIEKTPOMATHUTHHE ¥ ONTHYECKHME MPOECCH — B3aUMONEHCTBHE
3apsSAOB U TOKOB, PACNMPOCTPAHEHHE CBETa — ORMHAKOBO BO BCEX HMHEP-
IMAJTBHBIX CHCTEMAX OTCYETa WM PABHOMEPHOE MPSIMOJMHEHHOE ABMXE-
HUE 7a6opaTopuM, HE OKA3HBAS BJIMSHUAS HA MEXAHMUYECKHE SBJICHUS,
CKa3KBAETCd HA JEKTPOMArHUTHHIX ABsieHudx? Bcd coBokymHOCTH 3kC-
[IEpPUMEHTAMBHEIX JAHHHX TOBOPUT O TOM, UTO NMPHUHIMI OTHOCHTEJbHO-
CTH DPACIpOCTPAHACTCA HA BCE SBJIEHUA: KaK MCXaHWUYECKUe, TaK H
SJEKTPOMArHATHHIE M ONTHMUYECKHME NMPOUECCH TNMPOTEKAIOT OAMHAKOBO BO
BCEX MHEPUMAJMBHEIX CUCTEMAX OTCYETA.

Hcropuueckn Haubosee BaXHHE OMBITH, MOATBEPKIAIOMUE YHUBED-
CaJIbHKH XapakTep MPUHIMNA OTHOCHTEJIBHOCTH, — 3TO 3JIEKTPOAMHA-
muueckmit onut TpoyroHa u Hobng ¢ 3apaXeHHHM KOHASHCATOPOM,
MOABEMICHHRIM HA YNPYroM HUTHM, U ONTHYEeCKUH onmT MajikenbcoHa u
Mopan ¢ uTEpdEPOMETPOM CHELHMATBHON KOHCTPYKUMHM. B 3THX Omm-
TaxX, MOCTABJIEHHHX CIOEUMANBHO AN OOHAPYXKEHUS BIUSHUSA ABMXEHUSI
cBa3aHHON ¢ 3emsteil nabopaTopuy HAa B3aUMONECHCTBME 3aPSANOB M PAaC-
MPOCTPAHEHNE CBETA, OBLI MONMyUEeH OTPULATEIBHEM Pe3y/IbTaT: HUKAKO-
IO BJHSHMS 0OHAPYXeHO He Omuto.

OnHako ypaBHEHHS OJJIEKTPOOMHAMMKM 0OPH HEPEXOAE OT OXHOM
MHEPIHAIBHON CUCTEME K APYIOoM, B OTJIMUME OT YPAaBHEHWH AMHAMHMKH
HpioTOHA, He SBASIOTCY MHBAPMAHTHHIMH OTHOCHTENBHO mpeobpasosa-
uuit Tammnes. TlpocThie cooOpaXeHHMd MOKA3HIBAKOT, UTO mnpeobpasosa-
Hug lanuiaes He yOOBJETBOPSIOT NPUHIMAY OTHOCUTENBHOCTH B OTHO-
IEeHUM 33KOHOB JJIEKTPOOMHAMMKY M OoNTHMKM. B camoMm nene, cornacHo
ypaBHeHHsIM MaxcBesuia CKOpocTb PaCHPOCTPAHEHHS JJIEKTPOMArHUTHRIX
BOJIH, B YACTHOCTH CBETA, B BAKYYME OQMHAKOBA MO BCEM HAMPABJCHUIM
u paBHa ¢ = 3-10'%cm/c. Ho, ¢ nmpyroit CTOpPOHH, B COOTBETCTBHH C
KJACCUUECKMM 3aKOHOM I1pecOpa3oBaHMs CKOPOCTH, BHITEKAIOMMM M3
npeobpasopanmit [asimned, CKoOpocTb cBETA MOXET OWTH 1O BCEM Ha-
MpaBJIEHUSM DABHA ¢ TOJILKO B OAHOM MHEPUUAILHOM CHCTEME OTCUETA.
Hanpumep, ecm cKOpocTs cBera pasHa ¢ B cucreme K, To B K' cser
JOJKEH DACIIPOCTPAHITHCA B MOJNOXHMTENLHOM HAMPABICHUM OCH X CO
CKOpOCTBIO ¢ — ¥, @ B OTPHUIATENBHOM — €O CKopocteio ¢ + v. Ortcroaa
MOXHO CAEJNATh BHIBOL, YTO YPABHEHHSA JJIEKTPOOUHAMUKH HE MHBAPH-
AHTHH OTHOCHMTENBHO mpeobpasosanmit Canuned.

Taxum 00pazoM, MEXAY IMEKTPONMHAMMKOM M KJACCHMUECKOM Mexa-
HMKOH MMEIOT MeCTO Ompefe/ieHHhe mpoTuBopeuud. OMBITHHE NAHHBIE
CBHMJCTEJBCTBYIOT O TOM, YTO NPUHIMI OTHOCUTCJIBHOCTH PACIPOCTPAHI~
eTCd HAa BCe ABJIEHUSA, KAK MEXAHUYECKHE, TAK M IEKTPONUHAMHYECKHE
M onTHYecKue. B To xe Bpems npeobpa3osanus lanunes ymosjaeTsops-
0T NPUHIMIY OTHOCUTEABHOCTH B OTHOIMICHWH 33KOHOB MEXAHWKH M HeE
YAOBJETBOPSIOT B OTHOIIEHWH 33KOHOB YEKTPOAMHAMMKH M ONTHKH.

OTxa3 ot KJacCH4EeCKUX npencrasieunit. Ha py6exe XI1X u XX Bexos
tbusuka nepexusana riyOOKMil KpH3NC, €AMHCTBEHHO INPABHIILHEIA
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PEBOJIIOLMOHHEI BEXOX M3 KOTOPOro ObUI HE33aBUCHMO HANAEH TAKMMH
raraaTaMi, Kak A. Ilyankape u A. DiiHmTeifH, neHoi 0TKa3a oT xJaccu-
YECKUX MPENCTABJICHUI O MPOCTPAHCTBE U BPEMEHH M OT OCHOBAHHHX Ha
Hux npeobpasosaunit lamwnes. U Ditsmrein, u [Tyankape onupanucs Ha
pa6orun X. A. JlopeHna, BecbkMa 61M3KO MOROMIEAIETO K PEIMIEHHIO MPO-
0J1eMBl, HO HE CYMEBILErO CAENATh OCAEAHUIA PEIUNTENbHEIA MAr.

OT1xa3s ot npeolpa3zoBanuit annied ¥ BBEACHHUE BMECTO HMX HOBHIX
npeobpaszosanuii — npeobpasosanmin JIopeHa, OCTABASIOMUX MHBADH-
AHTHHIMH TIpH MEPexXone OT OOHOM MHEPLUATBHOM CHUCTEMBI OTCUETA K
APYrofl ypaBHEHHS JJEKTPOOMHAMMKM, 3 HE YDAaBHERUA MEXAHWKH, Tpe-
Oyer mepecMOTpa M YTOUHEHHS 3aKOHOB KJIACCMYECKOH MEXaHMKH. Pe-
WIAIOMMAM IArOM HA 3TOM NYTH OKA3anCs KPUTHUYCCKMHA MOAXOR K HC-
HOb3yEMOMY B KJIACCHMUECKON (PH3MKE MOHATHIO abCOMIOTHOTO BPEMEHH.

Knaccuueckme mnpencTasieHus, NOYEPMHYTHE M3 MOBCEIHEBHOIO
ONHTA M KAXyMHUECTd HATMAXHBIMU U OUYEBMAHBIMHU, B ACHCTBUTENILHOCTH
OKA3aJINCh HECOCTOITENbHRMY, MHOINE MOHATHS M BEJIMUMHE, KOTOPHIE
B HEPEJATHBUCTCKON (PM3NKE CYUTANINCh AGCOMIOTHHIMH, T. €. HE 3aBHCY-
(MMM OT CUCTEMH OTCUETA, TEOPUS OTHOCHUTEJIBHOCTH NMEPEBENA B DAHT
oTHOocuTenabHuX. Hanpumep, cuntasureecd aGCOMIOTHRIM MOHSITHE OXHO-
BPEMEHHOCTH ABYX COOBITHIl B AeHCTBUTENBHOCTH ABJISETCA OTHOCHTE/b-
HBIM: ABA YAAJEHHHX COOBITHA, NPOMCXOAIUINE OJHOBPEMEHHO B HEKO-
TOpO# CHCTEME OTCUETA, HE ABJIIOTCS OQHOBPEMEHHBIMU B APYIOM CHUC-
TeMe, ABMXYOICHCI OTHOCHTEJbHO niepsod. JIpoMexXyTok BpeMeHH
MEXAY COORITHSAMH, PACCTOIHHME MEXY TOUKAMM B MPOCTPAHCTBE — 3TH
BEJIMYHHBI TAKXE SBJISIOTCA OTHOCHTE/NbHEIMHU.

Bce ¢usuueckue IBJIEHUI NPOMCXOAST B MPOCTPAHCTBE M BO BpEMe-
HM; [MO3TOMY HEYIMBHMTEJIbHO, UTO BHECEHHOE TEOPHE OTHOCHUTEILHOCTH
YTOUHEHHE HEKOTOPHIX OCHOBHHIX IMOHATHI, B OCOOEHHOCTH BO33peHUH
Ha NPOCTPAHCTBEHHBIE M BPEMEHHKIE U3MEPEHUS, 3aTPOHYJIO B KOHEYHOM
cuere BClO u3uKy.

IlocTyaarsl TEOPHUM OTHOCUTENBHOCTH. TeopHd OTHOCHUTENBHOCTH
OCHOBAHA HA ABYX NPHHLMIAX, WIM MOCTYJATaxX:

1) NpMHUMI OTHOCHTENBHOCTH;

2) NPUHUMI CYIECTBOBAHUA MPEREbHOM CKOPOCTH PACHPOCTPAHEHUS
B3aUMONEHCTBHA.

OTM OPUHUMME CONEPXAT HACTOJIBKO CWIBHHE M O0mue yTBEp-
XAEHUS, UTO €OBA JIM BO3MOXHO NOBOPHTh O KAKMX-JHOO «pemaromux»
OMKITAX, JOKA3HBAKIMHKX UX CNPABENIMBOCTL. YOEXIEHNE B CIIpaBEAJIH-
BOCTH 3THX NPUHIUMNOB 3MXAETCS HA OECUMCICHHBIX ONMBITHHIX MpPOBEP-
Kax CJAeqCTBHH TEOPHHM OTHOCHTEJBHOCTH, KOTOPAd OCHOBAHA HA O9THX
npuHuMnax. Croga OTHOCHTCA BCA COBOKYMHOCTH 3KCIMEPUMEHTAIbHBIX
JAHHHX, TOJYUEHHHX MPH H3YYCHUH ABHXEHHUS OBICTPHX YACTUL, B
mpubopax ¥ YCKOPUTENSX, ATOMHBIX M SOEPHBIX MPOLECCOB M T. M.

ITpuHOMO OTHOCUTENBHOCTH, KaK yX€ OTMEUAJIOCh, ECTh YTBEPXKACHHE
00 sxausarenmuocmu écex uHepyUAnbHBIX cucmem omcuema. PasHomnpa-
BHE BCCX HMHCPIMAIBHRIX CHCTCM OTCYETa DPACMpOCTPAHAETCA HA BCE
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aBJeHHd, Ha BCIO pn3uKy. PacnpocTpanenne npuHoMna OTHOCHTEAbHOCTH
Ha 3JICKTPOMAarfMTHHIEC ¥ ONTHYECKHE SIBJACHUS IPUBONUT K BEIBOLY O TOM,
YTO CKOPOCTH CBETa (97IEKTPOMATHUTHHIX BOJH) B IIyCTOTE BO BCEX MHED-
[MaJBHEIX CUCTEMAX OTCYETA OfMHAakoBa. OTCIona cpa3y BUAHA HeoOxonu-
MOCTb HEPECMOTPA KJACCMUECKMX NMPEACTABIECHUI O MIPOCTPAHCTBE U BpeE-
MEHM, TAK KaK OCHOBAHHBI Ha HUX KJIACCHUECKHIi 3aKOH npeobpaszoBadus
CKOPOCTHM HAXOAMTCA B NMPOTHBOPEUMH C HEU3MEHHOCTHIO CKOPOCTH CBETA.

Bropoil mocTynaaT yTBEPXKAAET, UTO JIIOOKE B3aUMOOEHCTBUS MEXIY
TEJAAMM PACHPOCTPAHAIOTCS B IYCTOTE C YHUGEPCANbHOU KOHEHHOU CKo-
pocmbr0, HE 3aBHCAIIEN OT ABMXEHHUS TEJM U PABHOM CKOPOCTH CBETA B
Bakyyme c¢=3-108 M/c. DTa cKOpOCTh Ompeneiser TOT NPOMEXYTOK
BPEMCHHM, [OCJE KOTOPOrQ AC TEJa MOXET NOUTH NEPBHN CHTHAJ, al0-
WMl 3HaTh 00 M3MEHEHHM, MPOMCINERMIEM C ADYIMM TEIOM. 3HAUeHHE
3TOr0 BTOPOro MNOCTYJIATa CBS3aHO C TEM, YTO B ONPEAC/ICHHUM NMOHITHM,
OTHOCSIIUXCS K IIPOCTPAHCTBY M BPEMEHH, DYHRAMEHTAAbHYIO DOJb Wr-
paer mepexaya CMrHaJIoB ¢ IPEAE/IbHON CKOPOCTBIO.

Ilepegaua cUrsanoB, B NPUHIUANE, BO3MOXHA HE TOJBKO NPH ITOMO-
0¥ 3JICKTPOMArHUTHHIX BOJH (CBETa), HO M NPH NOMOIMY BOJH APYroi
NMpUPOOE. MBICTMMO, XOTY NPAKTHUECCKH M IIOKA HCOCYIIECTBHMO, HUC-
MOJIb30BAHUE TPABUTALMOHHBEIX BOJH. He MCKIIOYEHO OTKPHTHE KAKHX-
JM60 HOBHIX IOJIEH, CIOCOOHBIX NepenasaTh cUTHaIH., MOXHO, HAKOHEI,
NpencTasuTh cebe nepenauy CUrHANOB MpU NOMOLIM NPENeabHO OHICTPRIX
yactuy. OqHaKo DPUHIUI CYHIECTBOBAHMS YHMBEDPCAJIBHOM NpERE/IbHOM
CKOPOCTH pacIpoCcTpaHEHHs B3aUMOACHCTBMH YTBEDPXAAeT CYMECTBOBA-
aMe oBlero mpenesia o9 CKOPOCTM NEpPEefaud KaKuX-Tubo AeHcTBHA M
CHUTHAJIOB M NPWAAET CKOPOCTH CBETA B BAKYYME YHMBEPCAJIBHOE 3HAue-
HHE, HE CBA3aHHOE ¢ (DM3MUECKOM MPUPONOH B3AHMOACHCTBHSA, 4 OTpa-
XAI0mee HEeKOTOpoe OOBEKTHBHOE CBOMCTBO IIPOCTPAHCTBA WM BPEMEHM.
OueBHaHO, YTO BTOPOH HOCTYJIAT YTBEPXAAET B TO XK€ BPEMS, UTO He-
BO3MOXHO ABMXKEHHE TCJA CO CKOPOCTHIO, MPEBHINAIOIIEH MPEACHAbHYIO
YHUBEDPCATLHYIO CKOPOCTH C.

BTopoi#i rocTysaT 1 3aKoHsl MexaHuku. OTMETHM, YTO BTOPOH MOCTY-
JIaT HAXOAMTCA B HPOTHBOPEYMH C NPUHATHM B KJIACCUYECKON MEXAHHKE
criocofoM ONUCAHUS B3aUMOIEHCTBUS MATEPUANBHEIX YACTHL, BKIOYA0-
ImUM B ce651 NpeanosoXXeHNUE O MTHOBEHHOCTH pACIPOCTPAHECHUI B3aUMO-
medcTsuit. B camoM nene, CMABI, AGHCTBYIOIMME HA KAXAYIO U3 YaCTHIL
€O CTOPOHH OCTAJIbHHIX, CUMTAIOTCI B KJIACCMUECKOH MEXAaHWKE 3aBHUCS-
DMMY OT NOJOXKEHNS YACTHUI, B 3TOT XK€ MOMEHT BpeMCHHU. 3MeHeHue
MOJIOXEHHS KAKOH-100 M3 YaCcTHL MIHOBEHHO OTPAXXAeTCd HA OCTaNb-
HuX. [ToaroMy BTOpON MOCTY/IAT HEM3OEXKHO TPEOYET YTOUHEHMS 3aKO-
HOB MEXaHUKH.

MexaHuka TEOpHMM OTHOCHTEJILHOCTH B MPEACJBHOM CJIydyae, KOraa
CKOPOCTH ABMXKYIIMXCH TEJ MaJH [0 CPABHECHHIO CO CKOPOCTBIO CBETA C,
MEPEXORAUT B KJIACCHUECKYK) MEXAHUKY, OCHOBAHHYK® HAa MIrHOBCHHOCTH
pacnpocTpaHenus Biaumoneicreuit. Tonpko Gonpmoi BEJIMYMHOM CKo-
POCTH paCcHpOCTpaHEeHHd B3amMopneicTsmit obpacaaerca Tor ¢akr, uro
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I MAKPOCKOHMMUYECKUX T B GOJABIIMHCTBE CJIy4aeB JOCTATOMHO TOU-
HOM 'OKa3HBAETCd KJIACCHUECKAsd MEXaHWka. B GOJBIIMHCTBE Cayuaes
CKOPOCTH, C KOTOPHRMM MPHUXOAUTCS MMETh AEJI0, OUEHb MAJIH IO CPaB-
HEHUIO CO CKOPOCTBIO ¢. TloaToMy B TO Bpems, KorAaa Obuia co3naHa Te-
OpMS OTHOCHTEJBHOCTH, €€ IKCIEPUMEHTATBHOE MOATBEPXKICHUE MOXHO
ObUTIO HAWTH JIMIIE B MCKJIFOUNTENBHO TOHKHMX ONTHUECKUX M 2JIEKTPOAHU-
HAMHUYECKUX ONHITAX. B HacTodmee BpeMs B GOJbIIMX YCKOPHUTENAX 3a-
PAXEHHBIE YACTHIK HEPEOKO DPA3TOHSIOTCS A0 CKOPOCTEH, COCTABIALIO-
mux 999% u Gonee or ckopoctH ceera. g pacuera TPAEKTOPHIM CTONb
ORICTDRIX UYACTMI, NOJB30BATHCA MeXxaHukoil HbIOTOHA yXe Hesnb3d.
B 3TOM CMBEIC/IE MOXHO CKAa3aTh, UTO TEOPHA OTHOCUTEJBHOCTH B HALUH
JHHU CTaj]a WHXEHEPHOH HAYKOH.

s B uem aakmouaercs duaMueckoe cofiepkaHue NPUHIMNA OTHOCHTENBHOCTH?
s UTo B (pU3MKE MOHUMAIOT NOA coGbITHEM?

e Ilokaxure, 4TO KIaCCHYECKUE NMPEACTABJCHUS O MpPOCTPAHCTBE U BpEMEHH
NpUBOAAT K npeobpasosaHuaM lanunes.

e [louyemy npeobpaszoBaHusg [aiuies HECOBMECTUMBI ¢ NPEACTAaBICHUEM O CY-
LUeCTBOBAHMM KOHEYHOI MpPEAe/NbHOM CKOPOCTHU pacrpocTpaHEHUs B3aMMO-
AeicTBUIN?

» Kaxkue NnoCTynartel JieXaT B OCHOBE TCOPHUH OTHOCUTENIBHOCTH?

o [IloueMy npeanonoXeHHe 0 KOHEWHOCTH CKOPOCTHU paclpoCTpaHEHUs B3aUMO-
OeHCTBUM TpeGyeT yTOYHEHUS 3aKOHOB KJIACCUUYECKOM MEXaHUKU?

§ 2. PenATHBHCTCKAA KMHEMATHKA

ITocTynaTh TEOPHH OTHOCHTEILHOCTH TPeOYIOT BHECEHHUS M3MEHEHMH B
OCHOBHHE (PM3NUECKME MOHATHS, OTHOCSmMMECHS K IPOCTPAHCTBY U Bpe-
meru. Ilpexne Bcero HeoOXOOMM 4HAJM3 OCHOBHEIX H3MEPHMTEIbHEIX
onepauui, ONpenediolMX NPOCTPAHCTBEHHO-BPEMEHHEIE COOTHOIIEHUS
Mexay cobumruamu. [naBaoe, uTO BHEC/IA TEOpUS OTHOCHUTENBHOCTH B
[IOCTAHOBKY BOMPOCA 00 M3MEPUTENbHLIX ONEepanusaX, COCTOMT B TOM, UTO
moboe pusnueckoe MOHATHE (HAMPUMED, M3MEPEHUE IIPOMEXYTKOB Bpe-
MEHH M DACCTOSHHN) HYXHIAETCd B ONpEeneSCHHH.

IIpoilenypsl n3MepeHuit. MaMepenune speMeny MoXxeT OHTh, B IpUHIM-
ne, MPOM3BEAEHO NMpPU NMOMOIIM JKO0ro mepuoguueckoro npomecca. Hau-
0o/IbIIEH TOUHOCTBIO B HACTOSAMEE BpeMA 00JANalOT Yachl, OCHOBAHHEIC
HAa MCNONB30BAHUM COOCTBEHHHX koyeDaHMil MONAEKyX aMMuaka (Mone-
KYJIpHBIE YAChl) WIHA aTOMOB pe3us (aTomuele uackl). OCHOBaHHOE HA
KoneOaHUIX ATOMOB M3MEPEHME BPEMEHH OCOOEHHO YZOOHO TEM, UTO
30€Ch MPUPOAA NMPEROCTABMIA HaM, B CHIY TOXAECTBEHHOCTH ATOMOB Of-
HOTO M TOIO X€ W30TOna, Habop COBEPMIEHHO HACHTHYHHX uacos. Bruac-
HATb, UAYT /M BHODAHHBIE B KAUECTBE ITAJOHA UACH PABHOMEPHO, —
6ECCMEICJIEHHO: 3TO 1O ONPEREIEHUIO TaK.
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OJHOBPEMEHHOCT: COOLITMIT ¥ CHHXPOHM3aLMS 4acoB. UTo 3HauuT
H3MEPUTh NPOMEXYTOK BpEMEHH Mexay coOnruamu? DTO 3HAUMT
CpaBHUTh MeXAy co0oif MOoKa3aHud BHOPAHHHIX B KAUECTBE ITAJOHA
YaCcoB B MOMEHTH HACTYIUIEHMS 3THUX COOWTHH. A [/ 3TOr0 HYXHO
yCTaHOBHTh ONHOBPEMEHHOCTH DACCMATPUBAEMOTO CODHITHA C OpPYruM
COBHTHEM — TMPOXOXAEHHEM CTPE/JKH 4acOB UYEPe3 OMpeAcsieHHOe pe-
nenne. Takum 06pasoM, BCe HAmMM CYXOEHHS, B KOTOPHX BPEMS HI-
paeT kakyw-Jubo poab, BCerna SBASIOTCA CyXAeHHsMu 00 odHodpe-
MEHHBLX CcOObLMUSLX.

INousaTHE OAHOBPEMEHHOCTH COOLITHI, MPOMCXOASIIINX B OQHOM H TOM
Xe MECTe, «psSaoM», He HyXaaercs B onpenencHuu. IloaroMy ang mame-
PEHUd MPOMEXYTKA BPEMEHHM MEXJY ABYMS COOLITHIMH, ITPOMCXONSIIIM-
MU B OOHOM MECTE€, AOCTATOYHO MMETh B 3TOM Xe Mecre uach. Ho kax
BBITh C «yOAJEHHRIMA» COOLITUIMH, HPOMCXOASIIMMH B DA3HBIX MecTax’?
II1s u3aMepeHns NPOMEXYTKA BPEMECHH MEXAY TAKMMHA COOBTHIMHA HyX-
HO MMETh B TCX TOUKAX, IIC OHM POMCXONAT, CHHXPOHHO UAYIHE MACH-
THYHEIE YACHI.

Ho kak y3HaTh, UTO HaXOQAmUeCd B PA3JHYHBIX TOUKAX A U B uach
HOYT CMHXPOHHO, MJIM, YTO TO X€ CaMOe, KaK y3HaTh, YTO ABA ONpedc-
JIEHHHX COORITHE B TOUKaxX A H B npoMcXogsaT OgHOBpEMEHHO? Y3uamb
3TO HeJsb3sl, HYXKHO CHavana AaTh onpedesienue, YTO TAKOC OMHOBPEMEH-
HOCTh AJIS TPOCTPAHCTBEHHO YAAJNEHHHX TOueK. be3 Ttakoro ompene-
JIEHUS HEBO3MOXHO CPABHHBAThH IO BPEMEHM COORITHA, MPOMCXOAIMME B
pa3JIMUHHIX TOYKAX.

DAHIUTEAHOBCKOE ONMpeaeicHNE ONHOBPEMCHHOCTH OCHOBAHO HA He-
3aBUCHMOCTM CKOPOCTHM CHTHA/a, PACIPOCTPAHSIOWIErocs C MpeaeasHOR
CKOPOCTBIO, OT HamnpassieHud. [1ycTh ¥3 TOUKH A B MOMEHT BPEMEHH [

nmo uacam A ornpasasgerca curHan (puc. 2). Hycts spems npuxona

A B
t t'

1
@)
@ t'=1(t,+ 1)) @

Puc. 2. K onpeaenesmio NoHsT1st OXHOBPEMEHHOCTH COOBITUI

v

CHTHana B B W OTpaxceHWs Ha3ax HAa vacax B ectb t'. HakoHen, mycts
OTPa’KEHHHI CUTHAJI IPUXOOUT B A B MOMEHT f, o uyacam A. Torna mo
OTIPEIE/IEHMIO YaCH B A M B MIyT CHHXPOHHO, ecmu t = (1, + £,)/2.
Kak yxe oTMeuanoch, B HEPEIATUBUCTCKOM (DH3MKeE NMPUHIMAIOCh KaK
HeuTo caMo coboit pazyMeromeecs CymecTBOBaHIE EXMHOTO MUPOBOTO Bpe-
MEHM, HE 3aBHCSIIETO OT CHCTEMHE OTCYETA, U NO3TOMY HESBHO AOMYyCKa-
JIOCh, YTO NMOHATHE ONHOBPEMEHHOCTH B Pa3HLIX TOUKAX NPOCTPAHCTBA HE
HyXZIaeTcs B OHNPEAeIeHNH, a 1oboit criocod CHHXPOHU3auMK Yacos (my-
TEM CBETOBHX CHIHAJIO0B WIM IyTEM MEPeBO3KM XPOHOMETPOB) AOJIXKEH
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JaTh OMHO M TO Xe. MB YBUNM, UTO HAa CAMOM J€J/I€ 3TO HE TaK. EC/Iu yach
B B CHHXPOHM3HMPOBAKEI C YACAMH B A C NOMOMBIO CBETOBHIX CHIHAIOB, 1
xpounomerp C, CBEPEHHRIH C YACAMM B TOUKE A, IEPEBO3NTCI 3aTEM B TOUKY
B, To ero noka3aHud B TOUKE B HE COBNAAYT € MOKA3aHUSIMY HaXOAAMMXCS
Tam uacos, a GyAyT 3aBUCETh OT CKOPOCTH mepeBo3ku. Cosnanenue Oyner
JIAIOE OpH 6ECKOHEUHO MAJIOM CKOPOCTH IIEPEBO3KH X POHOMETPA.

H3mepeHue paccrosuuii. Onepanyuio U3MEpeRMsd PAcCTOSHUMA C TOUKH
3peHHd MOCTYJATOB TEOPHM OTHOCHTEJBLHOCTH HAaubosee pasyMHO Ompe-
KEJUTh HA OCHOBE «PaJHOTOKALMOHHOrO» crocoba: M3 HEKOTOpOro INyH-
KTa NOCBUIAIOTCS CBETOBHIE MJIM PAXUOCHTHATH, KOTOPHIE MOC/JAE OTpaXxe-
HUS OT Ha6MIONaEeMOro NpEAMETAa BO3BPAIAOTCA B TOUKY OTIpPABJIEHHS.
Ilpu sTOM M3MepgeTcd BpEMS MPOXOXICHUSA CHIHAJIA Tyda M oOpaTHO mo
yacaM, CBS3aHHLIM C PagHOJIOKATOpOM. PaccrodHue ao npeoMeTa mosy-
4al0T, YMHOXA44 OAMHAKOBYIO [TO BCEM HAINPABJIEHHAM CKOPOCTb CUTHANA
Ha NOJIOBMHY BpeMeHM mpoxoxpeHus: [ = c(t, —1,)/2.

B NpMHIMIHAILHOM OTHOWEHHH 3TOT CHOCO0 BaXeH MOTOMY, YTO B
HEM HM3MEPEHME PACCTOIHHMI CBOOUTCS K M3MEPEHMIO BPEMEHM M OTHAna-
eT HeoOXOOUMOCTb B OTHC/JBHOM ITAJIOHE NJIMHEL

PanuonokaguoHHEN Cnoco0 W3MEpEeHMd PACCTOSHMNA HE gBJALETCS
ENMHCTBEHHO BO3MOXHRIM: MOXHO ObUI0 OBl MO ONPENE/NEHHIO B KAUECTBE
M3MEPUTENbHO! NPOUEAYPH NPHHATH CNOCO6 HENOCPEeACTBEHHOrO HAIO0-
XEHMI XEcTKMX Macitabop (smHeek) win crmocol Tpwanryasuun. On-
HAKO 3TH cnocoOn MeHee yOOBJIETBOPUTE/IbHBI, TdK KAK CYMIECTBEHHO
ONMpaoTCS Ha CBOMCTBA TBEpAKX Tei. Ho abcomoTHO TBEpOKX TEa B
NpUpoNe He CyMECTBYET, peanbHHE (Puanueckue Tesia Jumb npubiu-
XKEHHO MOryT paccMaTpPuBaThCd Kak TBepable M ofnajaiomue Heu3MeH-
HEIMH T€OMETPHUECKMMH Da3MEPaMH.

OTHOCUTENbHOCTE OJHOBPEMEHHOCTH cOOBITHi. JI0o CHMX 1Op Hamu
PacCyXIEHHS OTHOCIJINCh K KaKOH-IMO0 OOHOM MHEPIHUAIBHON CHCTEME
orcuera. ByneM Teneph paccMaTPUBATh COOBITHS, MPOMEXYTKHA BPEMEHH
M PACCTOAHMS C TOYKM 3PCHUA PAa3HBHIX CHCTEM OTCUETa.

B HependaTuBHCTCKOM DH3MKE BpeMd IBaAeTcd a6COMIOTHRIM: A1 BCEX
CHCTEM OTCYETa BBOTUTCS OXHO U TO X€ BpeMs. JTO 3HAUMT, UTO €CIH 1BA
COOBITHSI MPOMUCXONAT OOHOBPEMEHHO /IS KAKOrO-HMOyas Habmoparend,
TO OHM SBJISIOTCS OXHOBPEMEHHRIMH M AJS JIIOOOTO Apyroro: MoHATHE Of-
HOBPEMEHHOCTH ABAIETCd aOCOMOTHHIM, HE 3aBHUCAMMM OT CHCTEMBI OT-
cuera. OnHako yTtBepxaenue 06 aGCOMIOTHOM XApaKTepe ONHOBPEMEHHO-
CTH OCHOBaHO Ha IPEATIONOKEHHUH O CYyIIECTBOBAHHHY CHTHAJIOB, PACIIPOCT-
PaHSIOMMXCS MIHOBEHHO, ¢ OeCKOHEUHO 60IBINOM CKOPOCTHIO.

IToxaxeM, 4YTO BTOpOH HOCTY/IAT TEOPMM OTHOCHTEIBHOCTH, YyTBEp-
XKIAOMUH CYOIECTBOBAHME INPEAEAbHOM KOHEYHOM CKOPOCTH CHI'HAJIOB,
BBIPAXAET OTHOCHTEJBHEI XAapAKTEP ONHOBPEMEHHOCTH. YTBEPXKIECHHE,
YTO ABA NPOCTPAHCTBEHHO YHNAJAEHHHX COOBITHS MPOMCXOOST ONHOBpE-
MEHHO, MpuOOPETAET CMEICA TOMBKO TOTNA, KOIAA YKA3aHO, K KAKOH CH-
CTEME OTCUETA 3TO YTBEPXIEHHE OTHOCHUTCA.
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PaccMoTpuM onfTbh ABE MHEPUMATbHHE cHcTeMH orcyera K u K,
npuueM K’ OBIKETCA OTHOCHTEbHO K B MOJIOKHUTENIHHOM HAMpAaBICHAN
ocu x (puc. 3). TlycTh M3 HEKOTOpPOH TOUKM A HAa OCH X OTIPABJISIOTCS
CHIHAJIN BO B3aMMHO NPOTHBOMOJIOXKHHX HAMNpaBjeHUAX. PaccMoTpum
MPUXOA CHArHajgoB B TOUkM B u C cucreMu K', paBHOYAAJEHHEE OT A.
OueBMOHO, YTO CUTHAJIWN AOCTHI-

K K v HyT B u C OgHOBpPEMEHHO IO Ya-
- cam cucremst K.

B A c Jlerko BupeTh, OAHAKO, UTO 3TH

ANAN K AN Xe€ ABa COOLITHS — INPUXOX CHrHa-

/0 0’ x X  noBB BuC, — OQHOBPEMEHHHE B

z fz’ K', orHions He 6ynyT ogHOBpeMeH-

Puc. 3. OtHOCHTeNBHBIA Xapaktep Omxo-  HBIMH U Habmonarens B cucreme

BPEMEHHOCTH COBBITHIL K. B camom pene, cornacHoO nNpuH-

LHAITY OTHOCHTEJIBHOCTH CKOpPOCTH
cHrHayioB B cucteMe K TakXe He 3aBHCHT OT HAnpaBJICHWd, HO TOYKa B
OTHOCUTEJBbHO K OBMXETCS HANpPABO, HABCTPEUY NMOCJAHHOMY B HEE CHUT-
Hany, a touka C — [0 HANpaBJIEHHIO OT NOCJAAHHONO B Hee CUrHana.
ITosToMy ¢ TOUKH 3perud Habmopatens B K CHTHaNy, pacHpOCTPAHSIO-
DIEMYCS C KOHEYHOM CKOPOCThK), NMPUXOOUTCS HA MYTH B B npeomosesaThb
MeHbIIEE pacCcTodHuE, yeM Ha nyTtd B C. CnemosaresbHO, B cucreMe K
CHTHaja B TOYKY B npuzer panpme, ueM B C, U, 3HAUHUT, NMOHSATHE OOHO-
BPEMEHHOCTH COORITHI SIBJSETCY OTHOCHTEIbHEIM.

OTHOCUTEIBHOCTh NMPOMEXYTKOB BpeMeHHu. [TokaxeM Temepb MCXORd
M3 OCHOBHHIX MOCTY/IATOB TEOPMM OTHOCHTEJIBHOCTH OTHOCHTENBHHI Xa-
paKkTep NpOMEXYTKOB BpEMEHHM MeXay coOmrnamu. ITycte nBa cobatug
B HEKOTOPO# CHCTEME OTCUETa, CKaxeM B K', IPOHCXOAST B OXHOM M TOi
XE TOYKE M IPOMEXYTOK BPEMEHM MEXRY HMMHM PABEH T, MO UACAM CH-

cremsl K', DTOT mpOMeXyTOK BPEMEHH HA3KBAETCH COGCMGEHHbLM Gpe-
menem. Kakum Oyner npoMeXyTOK BPeMEHH MEXAY ITHMH Xe COOHTH-
IMH, €CIH €ro U3MEPUTh MO 4YacaM cUCTeMH K, OTHOCHUTEJBHO KOTOPOH
K' mBuxercs co ckopocTeio v?

19 oTBETa HAa 3TOT BONPOC PACCMOTPHM MEICJIEHHHH OMEIT CO «CBE-
TOBHRIMM YaCAMHK», YCTPOEHHEIMHU CeRyomuM obpa3oM (puc. 4). Ha kou-
[aX CTEPXHS IJIMHK [ 3aKPEIUIEHH ABA Mapa/UIebHEX 3epkana. Mexay
3epKanaMM JBMXETCI KOPOTKHH CBETOBOM MMMIyJnC. IIycTh ator mpubop
HemoXBUXeH B cucreme K ¥ ero CTepeHb paclosioXeH MEPHeHINKY-
JIIPHO CKOPOCTH CHCTEeMH oTcueta K OTHOCHTENbHO K.

PaccmoTpuM OgMH UMK TAaKMX Yacos, T. €. BHIXOX CBETOBOIO HM-
MyJbCa OT HIDKHEIO 3€pKaja U €ro BO3BPANICHUE MOCJIE OTPaXeHHd OT
BEPXHETO 3epKajia ¢ TOYKM 3PEeHUs KaxAoi U3 CUCTEM oTrcyera. B cu-
creme K’ ofa paccMaTpuBaeMmIX COGHITMS TPOMCXOAAT B OQHOM M TOM
X€ TOUKE M NMPOMEXYTOK BPEMEHM Mexay Humu (coOCTBEHHOE BpeMs)
paseH 1,=2l/c.
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C Toukm 3peHus cHcTeMH K 4ach HaxXOOsATCS B OBHXEHMH H CBETO-
BOM MMIYJbC HOBIKETCS MEXAY 3epKajiaMmu 3uraaroobpasHo (pwuc. 4).
CheT npd 3TOM MIPOXOQUT 33 OXMH LMKJI GoNbIIMMA MyTh, H, CAEHOBATEIb-
HO, MPOMEXYTOK BPEMEHH T MEX/]y STHMH Xe COOLITUAMM, U3MEPEHHbil

Y ¥

vt

0’ x 0 = x
z' z

Puc. 4. CBeT NPOXORMT OT OAHONO 3epKajia A0 APYroro u O6paTHO 3a pasHoe BpEMS B
PasIMUHBIX CUCTEMAaX OTCUeTa

B cucTeMe orcyera K, Goabme, ueM B K ©> To- B aTHX paccyxpmeHHsx
MBI OHHPAEMCS Ha TO, YTO, COIVIACHO BTOPOMY HOCTYJIaTy, CKOPOCTb CBE-
Ta ¢ onnHakosa B K u K.

Haitnem cBa3sb T # T, Kak BHaHO M3 puC. 4, NpOHACHHEI CBETOM 34

ONMH LMKJ IyTh pased 2VI%+ (vt/2)%, u nns onpeneseHUs T MOXHO
HAMUCATh YpaBHEHHE

ct=2VI% + (v1/2)?,

OTKyZAa
21 1

T=-—

C Vi—v¥e?
Ho, kak MH BHaend Buiue, 2//c paBHO TMPOMEXYTKY BPEMEHH T,
Mexny 3tuMu coOurtusamu B K'. Tloatomy

= (1)

1—v¥c?

TakuMm 00pa3oM, NMPOMEXYTOK BPEMEHH MEXAY ABYMS COORITHSMH
3aBHUCHUT OT CHCTEMH OTCYETd, T. €. SABJAAECTCSH OTHOCHTCIbHHIM. TaK KadK
npu 060t OTIMYHOH OT HYJIS CKOPOCTH T > T, TO COOGCTBEHHOE BpeMs
MeHbIIE, UeM NMPOMEXYTOK BPEMEHH MEXAY 3TUMH Xe COONTHUSMH, M3-
MepeHHH B 1000# KPYrost cucreMe oTcyueTa. ITOT 3PdeKT Ha3HBAIOT
penstmusucmcKuM 3amedneHuem Wia «pacTaxeHuem» speMend. C TOUKH
3pexus Habmogatens K WIEHTHUHEE MO YCTPOWCTBY ABMXYIIMECS UAChl
(T. e. yvacel B K') MAyT MenJeHHee, yeM ero coOCTBEHHbIE.
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Tlonuepkuem, yTO 3aMeA/ICHNE BPEMEHH SBASETCH CCACTBHEM HHBA-
PHAHTHOCTH CKOpOCTH cBeTa. OHO, pazymeeTcs, He 3aBHCHT OT KOHKpET-
HOM KOHCTPYKIMH YacoB.

PaccmoTpennnit penstuBUCTCKUN 3ddekT 3aMeqneHns BpeMeHH SB-
JIETCY B3AMMHEIM, KaK TOro TpeGyeT MpUHIMII OTHOCHTEIBHOCTH, T. €.
NOCTY/1aT O paBHONPABUM MHEPLUANBHEX cUCTeM oTcyera K u K': ¢ Tou-
K 3peHus Habmiopatens B cucteMe K MenieHHee MAYT 4YacH, CBSA3aH-
HElEe ¢ cucreMoit K.

OTMeTuM, UTO B HPUBEOEHHAIX PacCyXACHUSIX QIMHY CTepXHs [ B Ha-
MpaBJieHAH, NepeHAUKYISPHOM OTHOCHTE/IBHOM CKOPOCTH CHCTEM OTCUE-
Ta Kn K', MBI CYHTAJIM OIMHAKOBOHM B 0obemx cucreMax orcuera. Eciaum
TEPEATIONIOXHTD, YTO 3TO HE TAK, TO MOXHO CPa3y NPUMTH K IPOTHBOPEYHIO
¢ paBHOnpasueM cucreM K u K'. B camom mene, paccMOTPHM CIETYIOIIMH
MBICIEHHHIH OnKT. PaciosoXuM BIOIb OCH y' CHCTEMBI K' xecrxknit crep-
XEHb, UIMHA KOTOPOrO B 3TOH CHCTEME paBHA [, ¥ BIOJb OCH y CHCTEMBI
K pacnonoXuM TOYHO TAKOM Xe CTEPXEHb, T. €. AJHMHA 3TOIO CTEpPXHHA
pasHa [ nag vabmonarens 8 K. B HEKOTOpHI MOMEHT 3TH CTEPXHH OKa-
3RIBAIOTCA PAAOM, U HPEACTABIASETCS BO3MOXHOCTD CPABHHTD MX HENOC-
PEACTBEHHO — KOHEI, OJHOTO U3 CTEPXHEH MOXET CAEAATb METKY Ha py-
roM crepxHe. CoBIAzET M 9TA METKA C KOHLOM crepXHa? IpuHunn or-
HOCHTE/PHOCTH AAET MOJOXHTEIbHEIN OTBET Ha 3TOT BOMPOC: METKa
COBITAZIACT C KOHLOM CTEPXHS, T. €. IIMHA CTEPXKHS B HANpaB/JEHNH, 1ep-
TIEHANKY/ISPHOM OTHOCHTEIBHOM CKOpocTH cucreM oTcueta K w K, omu-
HaKoBa B obeux cucreMax. Ecaum 6H coBnamedus He OBLIO, TO OXHMH U3
crepxHei okasancs OBl nIMHHEEe APYroro C TOUKH 3peHus obenx cucrem
OTCUETA, YTO POTHBOPEYUT MPHHIIUITY OTHOCHTEIbHOCTH.

OTHOCHTEJBHOCTH MPOCTPAHCTBEHHBIX paccToaHuit. Tlokaxewm Teneps,
YTO IIMHA TBEPHOTO CTEPXHS, PACMOJIOXKEHHONO BAO/Ib HAalpaBaeHUs OT-
HOCHTEJIBHOM CKOPOCTH CHCTEM

y K y’ K, a 4
v orcuera K u K (puc. 5), Gyner
o pasnMyHol B O9THUX CHCTEMax.
o0 IlycTh cTepxeHb MOKOMTCH B CHC-

a8 |

v O =

teme otcuera K'. Ero pnuny, us-
MEPEHHYIO B 9TOi CHCTEME OTCUe-

K K 6 ra, Ha3HBAOT COOCTBEHHOM NIN-
— . Ho#. OGo3naumM ee uepes [, a

0 0 _——— . JUIAHY B cucTeMe K, OTHOCHTEb-
A S @ x x'  HO KOTOpPOH CTEpXEHb NBHXETCH
%o €O CKOpoCThIO v, uepe3 I. Haitnem

Puc. 5. Jlmua TBEpROrO CTepXHs pasimuna CBA3b MEXIY I u l,. Ins aroro

paccMOTpUM 1Ba COOWTHS: @)
MPOXOXJEHUE HAuaia CTEPXKHA MHUMO TOUKH A Ha OCH X CUCTEMH K U 6)
MPOXOXJiEHNE KOHLIA CTEPXHS MHMO 3TOi Xxe Toukd. B cucreme K atu co-
ORITHS TIPOHCXONAT B OJHON TOYKE, U MPOMEXYTOK BPEMEHH MEXIY HUMHU
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B cucteMe K sBJsercs cOOCTBEHHBIM BpeMeHeM T, Tak Kak CTepxeHb
ABUXETCS OTHOCHTENBHO K CO CKOPOCTBIO v, TO MOXHO Hamucarth | = vt

Ho ¢ Touku 3peHns Habmogarens B cucreMe K' Touka A ABUXETCS BAOJIb
HETIOABUKHOIO CTEPXHS HAJIEBO C TAKOH Xe CKOPOCThIO, TO3TOMY [, == T,

A€ T eCTh MPOMEXYTOK BPEMEHHM MEXY COOHTHSIMH q M 6, N3MEPEHHAIH
no yacaM B K. Tak kak © = to/V1 — v?/c?, T0, KOMGMHHpYS COOTHOMIE-
HHSA [ == UTy M {j = vT, HAXOOHUM

2 2
1=10\/1 —%. (2)

Mul IpuxoguMM K BRIBOAY, YTO AJMHA CTEPXHS 3aBHCHT OT CHCTEME!
OTCUETa, B KOTOPOM OHA H3MEPICTCH, T. €. SABJASETCAd OTHOCHTEJbHOI.
[Tpu 110605 OTIMUHOM OT HYJIS CKOPOCTH [ < [,, T. €. JUIMHA CTEPXHS AB-

ngeTca HauboMpUIeH B TOM CHCTEME OTCUETA, B KOTOPOM CTEPXKEHD MOKO-
urcq. JBHXyLMeCs OTHOCHTENBHO HAOMIONATENS TENA COKpALATCS B
HAMPAB/JACHAN CBOETO IBMXXCHHS., DTOT PEJSTHBHCTCKuM 3DdexT HocHT
Ha3BAHUE JIOPEHEEQ COKPAULEHUSL.

JlopeHuEeBO COKpaIeHNe ABMXYIHEIOCS CTEPXHHA OTPa’kKaer OTHOCH-
TEJBHBN XapakTep PacCTOSHHAS MEXIY TOYKAMH B TEOPHU OTHOCHUTEIb-
HOCTH (T. €. 3aBHCHMOCTD PacCTOSIHHS OT CHCTEMH OTCUETd) WM HE CBHA3a-
HO C KakuMH-THO0 IponeccaMu WM SBICHMSIMH B camMoM crepxHe. OHo
TeM He MEHee npeacrasidger coboil BnoaHe peanbHu# addekT, cTonp Xe
peasbHBIA, KK, HAMPUMED, 3aBUCHMOCTh CKOPOCTH Teja oT Buibopa cu-
CTEMK OTCYETA.

B ro/HOM COOTBETCTBHH C MPUHOMUIIOM OTHOCHTEABHOCTH 3DEKT CO-
KpaumiCHAA AJHHBE CTCPXHS SBASETCH B3aWMHAIM! €CJIM TAKOH Xe€ Ccrep-
XEHb MOKOUTCH B cHCreMe orcuera K, TO €ro pIMHa B 3TOH CHUCTEME
OTCY€Ta paBHa l;, a B CHCTEME K' nnuua 6yner MEHbLIE B COOTBETCTBHH

C MpUBENEHHOM dopMyIont.

Knaccudyecknit npeaes. Kak BugHO M3 noayueHHod dopMyn, addext
COKpaIneHus [JIMHE 33BUCHT OT OTHOCHTE/NbHOM CKOPOCTH v CHCTEM
OTCUEeTa M CTAHOBHUTCA OCOOEHHO 3aMETHHRIM JIIS CKODOCTEH, CpaBHM-
MBIX CO CKOpOCTBIO CBerta. [lpu v—> ¢ gauHa crpemurca Kk Hymo: [— (.
3aBUCHMOCTD JIOPEHIIEBA COKPAIIEHHS OT CKO-

pocTu moka3aHa Ha puc. 6. Ipu Manmx ckopocTsx 1/,

(v=<c) I= 1y T~ 15 T.€ pacCrOSHHE MEXIY
TOYKaMH U IPOMEXYTOK BPEMEHHM MEXIY COORITH-
AMH TipuOOpETaloT MNpPaKTUUECKH abCoMIOTHBINA
CMBICZI B MOJHOM COOTBETCTBUHU C KJIACCHUECCKUMHU
MpENCTABACHUSIMHA O IPOCTPAHCTBE U BPEMEHH,
¢hOpMHUPOBABIIMMHUCA Ha OCHOBE MHOTOBEKOBOTO 0 1 v/c

OnbiTa HA6/IIONEHMH HaX CPABHUTEIBHO MEIVIEHHB"  pu 6 3amucHMOCT Co-
MH NBHXECHHSAMH, MPOUCXOAAIIUMH CO CKOPOCTSI-  kpamesus JMHBI OT OT-
MH, MAJBMH 110 CPABHEHHUIO CO CKOPDOCTBIO CBETa,  HOCHTEJIBHOM CKOPOCTH

1
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¢ Kakue cobeiTvs cuuTaloTcsl onHoBpeMeHHbIMM? Kaxk npoussogyutcs cuHXpo-
HU3aLusg yacos?

¢ B ueM 3akfiouaeTcs OTHOCUTENbHBI XapaKTep OQHOBPEMEHHOCTH COBBITMIH?
e Yo HasbiBaeTcs coOCTBEHHBIM BpeMeHeM U cOOCTBEHHO RIKHOI?

+« Ilonyuure BuIpaXeHUS IS PeNSTUBUCTCKUX 3P PeKTOB 3aMeqeHUsd BpeMeHU
¥ cOKpallleHUs AJIMHBI, UCXONS HEeroCpeACTBEHHO M3 [IOCTYJIATOB TEOPHUM OT-
HOCHTEJILHOCTH.

e [Ilonyuure ¢dopMysty Ons snopeHueBa COKpalleHWS MJIMHBL, paccMaTpuBas
LIMKJI CBETOBbIX 4YACOB, PAaclOJIOXEHHBIX BAONb OTHOCHUTE/ILHOM CKOPOCTH
OBYX CUCTEM OTcYeTa.

§ 3. Npeobpasosanus JlopeHuya

[MonyueHHnie B § 2 Ha OCHOBE MOCTY/aTOB TCOPHH OTHOCHTEABHOCTH
dopmynsl (1) n (2), CBA3KBAIOMME MPOMEXYTKH BPEMEHHM H DPacCTO-
AHMS MEXAY TOYKAMH B pDasHEIX CHCTEMAX OTCYETA, MMO3BOJASIOT Ha-
NUCATh PENATHBACTCKME 3aKOH npeobpasoBaHUs KOOPAMHAT M BPEMEHH
IIPOM3BO/IBHOIO COOHITHS IIPW MEPEXOAE OT ONHOM CHCTEMHl OTCUETa K
Apyroil. DTOT 33KOH HOMXEH 3aMEHUTh OCHOBAHHHIE HA KJIACCHYECKHMX
NpencTaB/IeHUaX O MpOCTpaHCTBe H BpemeHH npeobpasosauus [anmies.
PaccMorpuM, Kak # B § 1, onucauue HEKOTOPOro coOHTHS A B [BYX
MHepIHAJIbHLIX CHCTEMax orcuetra K u K'. Tlyctb KOOPAMHATH H BpeMs
aToro cobsitus B cucreMe K ecTb x, y, zu t, ascucreme K — x', y', z'n
t' (puc. 7). Kak u npexne, cuuraeM, uTo
S 4 npu ¢t =0 rouku O n O’ cornanator. Pac-
T 'T CTOSIHHUS B HATIPAB/ICHMH, TIEPMEHAMKY ISP~
o) f HOM OTHOCHTEBHOM CKOPOCTH v CHCTEM OT-
0 1]? %’  Cuera, KaK yxe OBUIO NOKa3aHO, OMHHAKO-
)z/){ BB Kn K, nosromy y=y nz=7:z"
Puc. 7. KOOPAMHATH! GAHOTO U TO- Koopnuuara x ects cobcTBeHHAS ANMMHA
10 Xe CobbITM A B ABYX CUCTEMAX lo orpe3ka OB, HenogsuxHoro B K-cuc-
orcueTa ) teme. [nuHa [ 3TOoro Xe oOrpe3ka B
K'-cucreme, rne M3MepeHHe TPOM3BOAMTCE B MOMEHT BPEMEHH f, eCTb
x' + vt'. Yunrusas cootHowenue (2) npemmAymero naparpada Mexay
co6CTBEHHOH VTMHOM HEKOTOPOTO OTpe3Ka [, M ATMHOM [ 3TOro Xe orpe3ka
B CHCTEME OTCYETA, OTHOCHTEIBHO KOTOPOH OH ABHXETCH CO CKOPOCTDBIO v:

yK y1K

2

v
I=1¥1— 2
MBI MOXEM HarnHucaThb -
v
x' + vt'=le - =,
[
OTKyna , ,
x +ut
x =

,/1_02/02' (1)
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Ho moxHo paccyxnarp u mHaue. Koopauuara x' ects coOCTBeHHas
nauHa otpe3ka OB, HenonsuxHoro B K'-cucreme. J[1MHa 31oro xe or-
pe3ka B K-cucreme, uaMepseMas B MOMEHT BpeMeHH f no yacam K, pas-
Ha x — vt. CHOBa YUMTHBas COOTHOLIEHHE MEXAY I/IMHON OTHOTO H TOTO
Xe OTpe3Ka B IBYX CHCTEMax OTCYEeTa, MOXKEM HanHucaThb

x'= x—ut ) (2)

1 —v%/c?

Q®opmynn (1) u (2) npencrasasior coboit MCKOMHEH 3aKOH npeoOpa3oBa-
HHS KOODIMHATH x npyu nepexone or K' k K u o6patHo. Bagrule BmecTe,
OHH [O3BOASIOT HAUTH CBS3b MEXIY BPEMEHEM { U 1’ OHOIO M TOIO XE CO-
GurTus B 00enx cucremax orcuera. Uckmouas w3 (1) n (2) cuavana x', a
3aTeM x, HAWAEM

v v
'+ —=x' t——
o2

1— vt 1 — vt

Ipeobpa3zosanus JlopeHua. UHTepsan Mexnay coObituamu. Takum
obpasoM, penaTuBucTcKue GopMy/n npeobpa3oBaHUs KOOPOMHAT HEKO-
TOPOro COOHTHS TIPH MEPEXOE OT OMHON HHEPLIHANBHON CHCTEMBI OTCUETA
K APYTO# MMEIOT BHX

ot t'+32— x'
x=_-x*uz'“;) y=y’7 Z—_—Z’, t=__c—2—2’- (4)
1—v?/c 1—vi/c
Otu HOpMYyIH HA3HBAOT npeobpasocanusmu Jopenya. OHU 3aMe-
HAIOT npeobpasobaHus [anmnest, CnpaseqMBLIE JHOb B [PEAEIbHOM
CJIydae Maaslx MO CPABHEHUIO CO CKOPOCTBIO CBETA OTHOCHTEJBHAEIX CKO-
pocreit. Ipn v<<c npeobpasosanns Jlopenua (4) nepexomar B npeo6-
pasosanus ammies. 3T1o 03Hauder, YTO TEOPHS OTHOCHTEJIBHOCTH HE
OTBEpraeT MOJHOCTBHIO KJACCHMUECKHE IIPENCTABAEHHS O MPOCTPAHCTBE M
BPEMEHH, a BKIIOYAET UX B ce0 Kak npeneabHbiil C1yyai, CripaBeniu-
BHIHA /151 MENJIEHHKX OBIXeHuit, Teopus OTHOCHTEIBHOCTH HE OTBEPraeT
KJIACCHUECKYI0 (PH3MKY, a ONpENesseT rpaHHLE. €€ TPUMEHUMOCTH.
IMpeo6pasosanusa JlopeHua BHPAXalOT OTHOCHTEIBHHIA XapakKTep
NIPOMEXYTKOB BPpEMEHH MEXIY COONTHUAMH M PacCTOSIHMH MEXAY TOUKa-
Mu B npocrpaHcTBe. Onuako Haubosiee XapakTEpHOR UEPTON TEODHH OT-
HOCHTEJIFBHOCTH AIB/ISIETCS HE YTBEPXACHHE OTHOCHTEJBHOTO XapakTepa
MPOCTPAHCTBA M BPEMEHH, a yCTAHOB/JIEHHE aOCOMIOTHHIX, HEe 3aBUCAIIUX
or BHbOpa CHCTEM OTCHETA 3aKOHOB IIPHUPONAL
3agaua HaxoxpeHHs a0COMIOTHOIO BHIPAXEHHS 3aKOHOB TMPHPOJEI
TECHO CBf3aHa C OTHICKAHMeM a0COMIOTHHIX, MHBAPHAHTHHX BEJIMUUH.
OnHa 43 TaKMX BEJIMUUH YIIOMUHAETCS YXE B OCHOBHHX TMOCTYJaTax —
3TO MakKCHMAajbHast CKOPOCTb pacCnpoCTpaHeHHs B3aUMONEWUCTBHIA,
paBHas CKOPOCTH cBeTa B Bakyyme c. J{pyroil BaXHOM HHBapHaHTHOU
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BEIMYHMHOHA ABASETCH NPOCMPAHCMEEHHO-GPDEMEHHOU UHMEPBAL MEXAY
COOBITHAMM, ONpENEeNsIeMblil CAENYIOMHM COOTHOIICHHEM:

Sp=Vcih —ih, (5)

rae f;, — MPOMEXYTOK BPEMEHN MEXAY COOWTHIMH B HEKOTOPOMH cHcTe-
Me OTcyera, a [, — BHIPAa’KEHHOE B TOH K€ CHCTEME PACCTOSHHE MEXIY
TOUKAMH, B KOTOPHIX MPOHMCXOAST paccMarpuBaeMule coOwtuda. B uacr-
HOCTH, €CJIM OXHOMY W3 MPOMCXOASMMX COORITHM COOTBETCTBYIOT KOOp-
AMHATH X, =y, = z; = 0 u MoMeHr spemeny ¢, =0, a BropoMy — Ko-
OpAMHATH X, Y, Z ¥ MOMEHT {, TO MHTEPBAJT MEXIY HUMH

S=Vci?— x*—y? — 22, (6)

ITycrs, Hanpumep, nepsBoe coOWTHE MpeacTasaser cofoil BCOEIMIKY
cBera, MPOMCXOASIyl0 B Havyane koopmuHat mpu ! =0, a BTOpoe —
npuxon poHTA 3TOW CBETOBOHM BOJIHBL B TOYKY C KOODAWHATAMH X,y,Z B
MoMent spemeHu f. Torma x2 + y* + z2 = c%? W uHTEpBAX AAS TAKOH
naput coburuit S = 0. KoopauHarel  BpeMs BTOpOro COGHITHS B APYroi
cucreme orcuera K 6ymyT IpYrMMHM, HO M /I HEX B CHJIy HHBAPHAHT-
HOCTH CKOPOCTM CBETa OYyHET BHIMOMHATHCS TAKOE XE COOTHONIEHHME

n” 1”2 2 2 ” ]
x +y 4z =c* u, carenosareapdo, S =0. Takum obpasoM, ecam
a8a COOBITHA CBSI3AHBI MEXAY COOOM CBETOBRIM CUTHAJIOM, TO MHTEPBA
MeXAY HUMH PAaBEH HYJIO BO BCEX HMHEPIMANBHHIX CACTEMAX OTCYETa.
DTOT pE3yJbTAT ABAKAETCd MATEMATHYECKHM BRIPAXEHHEM 20COTIOTHOrO
XapakTepa CKOPOCTH CBETA.

UHBapUaHTHOCTb MHTEpBAna. Jas moGoit apyroi mapel cobsiTHil, He
CBA33HHBIX CBETOBBIM CHIHAJIOM, HHTEDBAJ OTJHWYEH OT HYJAd, HO BC/IH-
YHHA €r0 BO BCEX HHEPIHANBHBIX CHCTEMAX OTCYETa OXHHAKOBA:

242 2 2 ?

2 2
At —xt—y—22=cU" —x"—y -2,

B arom serko yOenurbes ¢ nomonibio npeobpasosannit Jloperna (4),
MOACTABHB B JIEBYIO YaCTh BRIPAXEHHST I X, ¥, Z U [ 4Epe3 KOOPIUHATEL
H BpeMs 3T0ro xe cobutus x', y', z' u t' B mpyroit cucreme orcuera. Un-
BAPMAHTHOCTh MHTEPBAJA O3HAYAET, YTO YTBEPXICHHME «IBa COORITHS
pasgencHsl MHTEPBANOM S» MMeer aOCOMIOTHHIA XapakTep, T. €. OHO
CIIpaB€aIABO BO BCCX MHEPIHANBHRX CHCTEMAX OTCUETA.

Kaaccuduxauus aHTepsasnos. [IoHaTHE HHTEPBANA MEXAY COONTHAMM
apasercs 0000mEHNeM MOHATHN TIPOMEXYTKA BPEMEHH M PacCTOSHHS
MEXIy TOYKaMH. B 3aBHCHMOCTH OT TOIO, KakKas COCTAaBASIOmAas — Bpe-
MEHHAS WJIM [POCTPaHCTBEHHad — npeobiagaer B PacCMaTpPHBaEMOM
HHTepBaj€, BO3HMKAeT [€NeHME MHTEPBAJOB HAa BpeMeHUnonobHhe
H [pocTpaHCTBEHHONonoOHbie, Jlas BpeMeHMNOgoOHOrO HMHTEpBaja
c%?,> 1%, 1.e. §3,> 0. B arom cayuae Bcerna MOXHO HAHWTH TaKylO

cucremy orcuera K', B KOTOPO# paccMaTpuBaeMble COOHITHS TIPOMCXOMAT



§ 3. IPEOBPA30BAHMS JIOPEHLIA 25

B OOHOH TOuke, T.€. [j, =0, N MPOMEXYTOK BPEMEHH MEeXAy HHMH B
TaKOH CHCTEMe OTCYETa ABJIAETCH COOCTBEHHBIM BPEMEHEM I, = T,

S%Z = cztfz - 1%2 = czti - ll = .[2

TaxuMm 06pazoM, 115 COONTHIM, pa3NeNeHHEX BPEMEHMNONOOHEM HH-
TEPBA/IOM, BCETNA CYImMECTBYET TAKas CHACTEMA OTCYET2, B KOTOPOH 3TOT
dHTEpBan (C TOYHOCTBIO [0 MOCTOSTHHOTO MHOXHTENS C) MpPEACTABALAET
coBOH MPOCTO MPOMEXYTOK BPEMEHH T, MEXAY STHMH COOnTHSMH. {19

3TUX COOLITHII NOHATHS «PAHBUIC», «I03XEe» HMEIOT a6COMIOTHRIA XapakK-
rep. OUEBHOHO, YTO MEXAY TAKMMH COOWTHSIMH MOXET MMETh MECTO
NPUYHHHO-CIEACTBEHHAS CBHA3b.

IIJm conmﬁ, pasneeHHbIX NTPOCTPAHCTBEHHONONOOHRIM HHTEDBA-
aoMm, ¢}, < 1, 1.e. S3,< 0, a uHTEPBAN ABISETCS MHHMBIM UHMCIIOM.

B 3roM cnyuae BCerna MOXHO HalTH Taxylo cHcremy orcueta K', B Ko-
TOPO# 3TH COOMTHS MPOHCXOAST ONHOBPEMEHHO, T. €. f), = 0:

242

Cztl - 12 t12 - lizz = “‘1122.

n=¢

AGCOAIOTHAS BEIHYMHA MPOCTPAHCTBEHHOMOMOOHONO HMHTEpBAJa
npeactasaser coboit MPOCTPAHCTBEHHOE PACCTOSHHE MEXOY COOHITHMAMH
B TOM CHCTEME OTCUETA, B KOTOPOM 3TH COOHITHS NMPOH3OLUIH OJHOBpE-
MeHHO. [TOHSTHS «ONHOBPEMEHHO», «PAHbUIE», «ITO3XKE» IS TAKHX CO-
6I:ITH171 OTHOCHTEJBHAI: BCErAa MOXHO yKasaTh TAKHE CHCTEMBI OTCUETA,
B KOTOPBHIX MEPBOE COORITHE MPOMCXONHT PaHbIIE BTOPOrC, H TAKHE, B
KOTOPHIX BTOPOE HPOHCXOAHT paHblue mepBoro. SICHO, uto Mexay cobni-
THSAMH, IS KOTOPHX TEPHIOT aGCOMOTHHHN CMHEIC/ OHATHS «paHblle» H
«T03XE», HE MOXET OBITh MPHYMHHO-CIEACTBEHHON CBA3H.

Bripouem, HEBO3MOXHOCTb MPHUMHHON CBA3H MEXAY COORTHAMH,
pa3meJEHHBEIMH HpPOCTPAHCTBEHHOMOAOOHEIM HHTEPBANOM, A8 KOTOPRIX
l,, > ct|,, HEMOCPEACTBEHHO BHAHA M3 TOrO, YTO HUKAKOH CHTHA/, HH-

Kakoe B3aMMOICHCTBHE HE MOXET paClpoOCTPAHITLCS CO CKOPOCTHIO,
foabeR c.

PasHui Hy/I0 HHTEPBANT MEXAY COOHITHAMH, CBA3aHHBIMH CBETOBLIM
CHTHAJIOM, HAa3BIBAIOT CBETOMONOCHEIM.

MonguepkHeM eme pa3, Y0 pa3feNeHHE HHTEPBAJOB MEXAY COOHITH-
AMH Ha BPEMEHHIONOOHKE H MPOCTPAHCTBEHHOHONOOHEIE BCIEACTBHE HH-
BAPHAHTHOCTH HHTEpBAja ABJAAETCH 40COMIOTHRIM, T. €. He 3aBUCSIOAM
OT CHCTeMul OTCUeTa.

3axoH npeobpazosanns ckopoctu. [Ipeobpasosanus JIopeHna n18 Ko-
OpAMHAT U BpeMeHM COORITHS NPH MEPEXONE OT ONHOM HHEPIHAIBLHOH CHC-
TEMBL OTCYETA K APYTOH MO3BOJILIOT Cpa3y MOJYUHTh M 3daKOH 1peodpaszo-
BAHMS CKOPOCTH udctdnbl. [TycTh HEKOTOpas 4YacTHUA 3a MaJKH mpome-
XKYTOK BpeMeHHm Af o vyacaM cHcTeMH orTcuera K mepemecrwiach 3
TOUKH C paAHyC-BEKTOPOM I B TOUKY C PagHyCOM-BEKTOpOM r + Ar. Torma
MO ONpEefeseHHI0 CKOPOCThIO U 3TOM YAaCTHIH OTHOCHTE/IbHO CHCTEMH K
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HasnBaeTcs mnpenes oTHomeHus Ar/At npu At—0. Cxopocrsio u’ 3T0M
X€e 4acTHI B CHcTeMe orcuera K 6yner npenen orHomenus Ar'/At’, rae
At' u Ar' — NpOMEXYTOK BpPEMEHH M M3MEHEHHE PajMyca-BeKTopa B K’
IJIS TOM Xe Naphl COOKTHH, T. €. 1/ KOHEUHOIO M HAYaIbHOIO MOI0XKEHHUH
yactunH. [IpuMenss npeobpa3sosauns Jlopenna (4) K KOHEUHOMY M Ha-
Ya/IbHOMY M10JIOXKEHMAM YACTHLA ¥ BEIUMTAS UX MOYWIEHHO, TI0TyYHM
, , Al + 5 AX
Ax=25EY8E  Ay= Ay, Az=AZ, A=—rb—

1—v2/c? 1—v¥/c?

Pasgenus MOWIEHHO NEPBHE TPH PABEHCTBA HA UETBEPTOE, HAXOAMM

Axl ! 2 !
CL A &2\ ¥
Ax At Ay _ At [ Az __ At [4
At v ax’ At |4 Ax At L+ ax'
2 At ¢ Ar c* at

IMepexons B aTux ¢opmynax K npeneny npu At—0, At'— 0, moayuum

] 2 ’ 2
’ v ’ v
u 1 —— u | ——

_ utv 7 2 2 2
— Uy =——"—"""7j, u _

—1+.‘_’_u” v, 2= v o, ™
CZX 1+_C-Eux 1+;5ux

Uy

Brpaxenus (7) mpeactaBasior cofoil 3aKOH npeobpa3oBaHMs CKOPO-
CTH YACTHOH NPH IIEPEXOAE OT OQHOM HMHEPUHUANBHOU CHCTEMH OTCUETa
Kk apyrod. OrMeTHM, YTO NMOMEPEUYHHIE K HANMPAaBJACHHUIO OTHOCHTE/NbHOM
CKOPOCTH CHCTEM OTCYETa KOMIOHEHTH CKOPOCTH YACTHLBI U, M U,, B OT-

JIMYHE OT MOMEPEeYHBIX KOOPAUHAT y M z, HE OCTAIOTCH HEHM3MEHHEIMH.
DTO CBA3aHO C TEM, YTO MPH MEPEXONE OT ONHOM CHUCTEMBI OTCUETa K
Apyroit BpeMs npeobpasyeTcd.

B npenenpHOM ciydae v<< ¢ peastusucrckue dbopmynu (7) mepexo-

9T B hopMy/Iel KIACCHYECKOH MEXaHUKH:
' ! ’
U, =u, ‘v, u=u, U,=u,

PensruBuCTCKUil 3aKOH npeoOpasoBaHMs CKOPOCTH COTrIacyercd, pa-
3yMEETCs, C MCXOMHAIM MOCTYNAaTOM 00 MHBADHAHTHOCTH CKOPOCTH CBETA.
PaccMoTpuM, HanmpUMeEp, B CHCTEME OTcueTa K' CBETOBOM MMITyJ/bC, pac-
NPOCTPAHAIOMMACS BROAb OcH x. J[19 TaKoro MMIIyJibca u; =c,

u'y =y, =0. Torna, cornacHo (7), A1 CKOPOCTH STOTO Xe MMMy/bCa B

cacreMe orcuera K noayuum

__ctv __ — _
Uy =170 =06 u, =0, u =0,

T. €. AMITIyJ1bC H B CHCTEME K PacrnpoCTpaHACTCad BOOJb OCH X CO CKOpO-
CTBIO C.
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AGeppauns csera. B kauecTse npuMepa NpUMEHEHHUS PEJISTHBHCTCKOTO
npeo0pa3oBaHds CKOPOCTH PacCMOTPHM TOYEYHbIt HMCTOYHHK CBETa,
noKosmuicsa B cucreme K' ¥ PaBHOMEPHO H3ITy-
YAl CBET IO BCEM Hampasyienusm (puc. 8).
PaccmoTrpum te 50 9, cseToBOro noroka, KOTopue
HCTOUHMK H3/JyuyaeT B mepenHion nonycdepy B
cacreme otcuera K'. C Touku 3peHus nabiona-
Tend B cucreMe K, OTHOCHTEIBHO KOTOPOHM HC-
TOUHHUK ABUXETCHA CO CKOPOCTBIO v, H3JAYUCHHUEC P
yXe OTHIONb He OyneT u3oTponHeM: 3t S0 Y, 6y- g
OYT HM31y4yaTbCsl NPEMMYIIECTBEHHO BNEpEn B zr
KOHyC ¢ yrioMm & (puc. 9), mpHHeM COS d=v/c. p. s m CTIONBHOKHBIA HC-
B camom nmene, B cucreMe K Jyd CBETa, OF-  TOuHMK cHETA M3yuaer
PAHHMUMBAIOMMA pacCMATPHUBAEMHIA IMYYOK, HA-  PABHOMEPHO 1O BCEM Ha-
' " NpaBJCHUSIM
npasJeH BAOAb OCH y H gaas Hero u, =0,

r

yK

x'

u; = ¢, u, = 0. Iepexons B cucremy orcuera K, Mbl A7 ITOTC XK€ ayua
nonyuuM, cornacHo dopmynam (7),

1
u,=v, u;,= 1 —v¥c?, u,=0,
OTKyna
u v
cos & = ﬁ—x_z = rx
ux+uy

ITpu CKOpOCTH HCTOUHHKA v, GIU3KON K CKOPOCTH CBETa, My4OK CBETA
CKOHLEHTPUPYETCS B Y3KHI KOHYC, HanpaB/JICHHLIHA BIIEPER 110 ABHXEHUIO,
C OChIO, COBNAAAIOIEH C HAMPABIEHHEM ABHXKECHUS UCTOYHHKA.

CoBeplEeHHO aHAJOMMYHO C MOMOIIBI0 PENSTHUBHCTCKOIO 3aKOHA mpe-
06pa3osaHuMg CKOpOCTH OOBACHSIETCS SBJCHHE 3Be3fHOR abeppauuy.
IOeuxymuiica Habmogatenp o0HAPYXHUT HC-
KaXeHue KaPTUHH 3BE3NHOro Heba: mis Hero Y
BceseHHast «CXaTa» B HAllPABJEHHH ero IABH-
XEHUA 10 CPaBHEHHMIO C KAPTHHOM, KOTOPYIO
BHAMT B TOM X€E HanpasJICHUN HENOTBUXKHEIH
OTHOCHTENbHO 3Be3X Habmomarens. Eciam
neuXymuics Habmonatens Oymer MeHaTb
CBOIO CKOPOCTbD, TO OH 00HAPYXXHT, UTO 3BE3J-
Hoe HeBO «nepenuBaeTCd» BOKPYr Hero: Ha-
npasJjieHns], B KOTOPhIX OH BHAUT 3BE3MH, Oy-
YT BCE BPEMS MEHSTHCH, He 00pasys mocro- Puc. 9. Jina nabmoxarens, o7-
SIHHRIX YIVIOB ZpyT ¢ pyroM. MMenHo B TakoM :gi"z‘z’;:"m';‘::‘égé’:’ ":‘;;g‘;_
TO/I0XEHUU HAXORMTCH HAOMIONATENb HA 3EM- e 1 gmagercs MOTPOMHBIM
ne, obpamaromeiica sokpyr Conuna. Kaxnsie
noaroxa ckopocrb 3emtn B ee ropuutoM aeuxenun (30 km/c, 1. e. 1074¢)
MeHsSIeT HalpaBJIeHHE Ha MPOTUBONONOXHOE. B aGeppauuu csera 38e3x 06-
HapyXHBAETCSA, KOHEUHO, HE CaMa CKOpOCTh 3eMJIH, a ToT (hakT, uro 3Ta

z
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CKOPOCTh M3MEHAETCS: B PAa3HOE BPEMS IOfid MOJIOXKCHHS 3Be30 CABHHYTH
M0-pPa3HoOMYy.

e [lokaxuTe, 4TO B Ipede/ibHOM CJlyyae MaJibiX CKOpPOCTeH v << ¢ npeoOpa3oBa-
Hus JlopeHua nepexomar B npeobpasoBanus Panunes.

¢ Tlonyuure U3 dopmyn npeobpazoaluit JlopeHla BbIPaXEHUS Ui PENIITUBH-
CTCKoro npeo6pa3oBaHus MPOMEXYTKOB BpeMeHU MeXAY ABYMS cOOBITHAMMU
W I JIOpEHLEeBa COKpAllleHHs OIMHBI QBUXYILETOCS CTEPXHS.

e Yro takoe uHTEepBaJ MEXAY ABYMS COObITHAMM? [[oKaXkUTe ero MHBapHaHT-
HOCTh.

* B Kakux cliyyasx WHTepBaJl MeXAY OBYMs COOBITUAMY Ha3bIBAaeTCH CBETOIO-
no6ubeiM? BpeMenunogo6HeIM? MpocTpaHcTBeHHoNono6HbIM? [loacHuTe cBa3b
aToit KnaccudUKaluHH MHTEPBAJIOB C BO3MOXHOCTBIO MPHYMHHO-CIENCTBEH-
HOM CBA3M MeXAy COOBITUSMU.

o TloueMy npu OBMKEHMHM cHcTeMbl oTcueta K' BOOJIL OCH X CUCTeMb! Mpeol-
pasyroTCsd He TOJIBKO X-TIPOEKUMS CKOPOCTH YaCTHUBI, HO TakXe U y- ¥ z-
npoekyuu?

o Kak pensruBucTCKas KMHeMaTHKa 00bACHAET SBJcHUE 3Be3nHOM abeppauuu?

§ 4. PensiTMBMCTCKAA OMHAMMKA

Teopust OTHOCUTENBHOCTH TPEOYET MEPECMOTPA H YTOUHEHHS 3aKOHOB Me-
xauuku. Kak Mbl BHAEIH, yPAaBHEHMS KAACCHMUECKOH NHHAMHKHU (BTOpOM
3akoH HbIOTOHA) yAOBJIETBOPAIOT MPHHUMITY OTHOCUTENBHOCTH B OTHOLIE-
Huu npeobpasosanmit ['anmneq. Ho sens npeobpasoanns ["anwnes gonx-
HBl ObITH 33aMeHeHH npeolpasosaHusmy Jlopenna! [loatoMy ypasHeHus
AMHAMHKH CIEAYET U3MEHHTh TaK, uTOOH OHHA OCTABANHCH HEM3MEHHBIMU
MpH MEPEXOAE OT OAHOH HHEPHHMATBHOA CUCTEMBI OTCUETAa X APYIOH Co-
raacHo npeobpasoanumam Jlopenna. [Ipu Maneix ckopocrax (v<«c)
yPaBHEHUS PENSITUBHCTCKON JMHAMMKH IOJIKHEL IEPEXOIATD B KJIACCHUE~
ckue, ubo B 3T0# 061aCTH HX CIIPABENTMBOCTD IOATBEPXKAAETCA HA OMBITE.

WUMnynsc ¥ aneprud. B Teopun OTHOCUTEIBPHOCTH, KaK M B KJAACCHUYE-
CKOW MEXaHHKE, NS 3aMKHYTOH (DU3MYeCKOH CHCTEMBI COXPAHSIOTCH
HMOYJABC P H SHEprusd E, OMHAKO PENATHBHUCTCKHE BHIPDAXEHHS VIS HHX
OT/IHYAIOTCH OT COOTBETCTBYIOIIMAX KJIACCHUYECKHX:

2
mayv mayc

p 1 —v?/c? ' E 1—v2/c2’ )
30eCh my — MAacca YacTHUA. 3TO MAcca B TOM CHCTEME OTCUETA, TAE 4a-
cTrna nokoMrcd. YacTo ee HA3BBAIOT Maccoil noxos dactHubsl. OHA CoB-
NMagaeT ¢ MacCoM YaCTHOR B HEPEASTUBHCTCKOM MEXaHHKeE.

MoXHO NMOKa3aTh, YT BRIpaXxaemas opmyaama (1) 3aBHCHMOCTb HM-
Ny/JbCa M HHEPTHH YACTHI OT €€ CKOPOCTH B TEOPHH OTHOCHTEIBHOCTH C
Hen30eXHOCThIO CJIENYeT M3 PENATHBHCTCKOrO 3¢hdeKkTa 3aMenICHHAS Bpe-
MEHH B ABHXKYIIEHCS CACTEME OTCYeTa. D10 OYAET CIeNaHO HAXE.
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PensTuBucTckue 3Heprust m umnysasc (1) yIOBJAETBOPSIOT ypaBHe-
HHSM, AHAJIOTHYHBIM COOTBCTCTBYIOINHM YPABHEHHMSM KJIACCHYECKOH

MEXAHHUKH; d dE
P _ — .
—d—t'—zF, Ft_“sz' (2)

PeastuBuctrcxas macca. MHorna xoagduumeHT nponopumOHaIbHOCTH
B (1) MeXzy CKOPOCTBIO YaCTHUH M €€ WMITYJIbCOM

me= (3)

1—v¥/c?

Ha3KIBAKOT peasumusucmcekol maccoi yactunsl. C ee moMomplo BrIpaXxe-
uus (1) A% MMIY/IBCa M SHEPTMM YaCTUIBI MOXHO 3aMMCaTh B KOMIAK-
THOM BHAE
p=myv, E=mck 4)
Ecnu pensiTHBHCTCKON 4acTHUE, T. €. 4acTHUE, IBMXYMENCcs CO CKOo-
pocThi0, 61M3KO0M K CKOpPOCTH CBeTa, COOOIMMTDH AOMOJHMTENBHYIO SHEp-
I'vio, YTOOBl YBEJIMYMTH €€ MMITYJIBC, TO CKOPOCTh €€ MPH 3TOM YBEIH-
YMTCS OYEHb HE3HAYMUTEBHO. MOXHO CKa3aTh, Y4TO JHEPrUsSl YACTHMLH M
ee MMITy/bC YBEIMUHMBAIOTCA TEHEpb 3a CYET POCTA Ce PEIATHBHCTCKOMN
Macchl. Jtor addekr Habmonaerca B paboTe yCKOpHTEed 3apsXeHHEX
YACTHI BBHICOKMX JHEPIUM ¥ CryxuTt Hambosee yOCOUTCABHEIM IKCIICPU-
MEHTAJIbHEIM MOATBEPXAEHHEM TEOPHH OTHOCHTEBHOCTH.

Dueprus noxos. Camoe 3ameuarensHoe B dopmyie E = mc? zakmo-
yaeTcsd B TOM, UTo HOKosuieecd Tejo obnagaeT Heprueil: nonaras B (1)
v =0, nonyuyaem

E, = myc (5)

Ouepruto E, Ha3HBAKOT 3Hepzueld NOKOsL.

Kuneruyeckas 3ueprusi. Kunetnyeckast 9neprus yactuusl £, B HEKOTO-
POi CMCTEME OTCHETA ONpENENseTCs KaK Pa3HOCTh MEXLY €€ MOMHOM SHep-
rueit E = mc? u sHeprueit nokos E, = myc?. C nomompo (1) nmeem

E, = mc® — mgc? = myc? [~ — 1). (6)
* 0 ° ( [ —v¥/c?

Ecnm cxopocTh yacTHubl Maja MO CpaBHEHHMIO CO CKOPOCTBKO CBeTa,
dopmyna (6) nepexomuT B oObiuHOE Bmpaxewue E, = mg*/2 ans xn-
HETHYECKOH IHEPruM YaCTHUH B HEpESIITHBHCTCKON (m3mke.

Paznmume MeXOy KJIACCHYECKHMM M PEASTHBHUCTCKUM BHIPAXEHHSMH
I/ KHHCTHYECKOM JHEPIUM CTAHOBHTCS OCOOCHHO CYMMECTBCHHBIM, KOI-
Ja CKOPOCTh 4acTHUH mpubiimxaeTcs XK ckopocrd csera. llpm v—¢
PENIITUBHCTCKAS KHMHETHYecKas sHeprus (6) HeorpaHmueHHO BO3pacra-
er: vactula, ofjajapomasi OTJMYHONX OT HyJS MAaccoi MOKOs m, M
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Exf EBUXYIIAsicA CO CKOPOCTBIO CBeTa, AOJIXKHA
6bi1a 611 MMETh GECKOHEUHYI0 KHHETHUECKYIO
, OHepruio. 3aBHCHMOCTb KMHETHYECKOH 3HEp-
MM OT CKOPOCTH 4YacTHMIH [0Ka3aHa Ha

puc. 10.

%mou

IponopiuoOHaAbHOCT MAaCChl ¥ SHEPryH.
0 c v W3 ¢opmyant (6) ciegyeT, 4TO mpm pasrode
TEja NPUPAMEHNe KMHETHYECKOM JHepruu Co-
Puc. 10. 3aBuCMOCTE KMHE- 1oy p g aeTeq IPOMOPMMOHATBHBIM MDA pAILIC-
THYECKOH JHEprMuM Tena OoT .
CKOpOCTH HUEM E€ro peasTMBUCTCKOM MacCul. BcrmoMumm,
YTO BAXHEHIIMM CBOWCTBOM JHEDPIUM SIBJISET-
cs1 ee CrocoBHOCTh TIpeBPallaThC U3 OAHON (OPMEI B APYTYIO B 3KBHBA-
JIEHTHBIX KOJMYECTBAX IpPH pa3JMYHBIX (PH3MYECKHMX mpoueccax -—
MMEHHO B 3TOM 3aKJKOYAETCH COMEPXAHME 3aKOHA COXPAHEHUS JHEPIUM.
[To3TOMY €CTECTBEHHO OXHAATH, UTO BO3PACTAHUE PEJISITHBHCTCKON Mac-
cHI Tesia GyAeT MPOMCXOMMTH HE TOMBKO MpY COOOIIEHMM eMy KMHETHUE-
CKOi 9HEprum, HO U TpH JOOOM APYIOM yBEJIMUECHMM SHEPrUM TENa He-
3aBUCHMO OT KOHKPETHOrO Buia sHeprmm. OTCIOZA MOXHO cOeiaTs (yH-
AAMEHTANBHOE 3aKJIOUEHHE O TOM, uTO [O0JHAS JSHEPrHs Tena
MpPOMOPHUOHAIEHA €r0 PeJISTHBUCTCKON MACCEe HE3aBHCHMMO OT TOrO, M3
KAKMX KOHKDETHHIX BUIOB JHEPLHH OHA COCTOMT.

[MosicHuM cka3zaHHOE HA CAEXyOUEeM MpocroM mpumepe. PaccMoTpum
HEYIPYTOe CTOJKHOBEHME OBYX ORMHAKOBHIX TeJl, NBHMIKYHMXCS HaBCTpE-
4y ApYT APYTY C OMMHAKOBLIMH CKOPOCTSMM, TAK UTO B PE3yJIbTaTe CTOJI-
KHOBEHMS 06pa3yercd OfHO Tejo, Kotopoe mokourcs (puc. 11a). Iycts

u

@" @ -~

* v Hocne | ITocne
CTONKHOBEHUA | CTONIKHOBEHUA
|
i
JLo CTOIKHOBEHMS JI0 CTOAKHOBEHUS
a 6

Puc. 11. Heynpyroe cronkHOBeHHe, HabmOaeMoe B PasHbIX CUCTEMAxX OTCUYeTa

CKOpOCTb KAaXAOIO M3 TeJ A0 CTOJKHOBEHMS pPAaBHA U, 4 Macca MOKOsS
m,. Maccy noxos o6pazosasurerocs Tena obosHaumm uepes M. Tenepp
PAcCMOTPHM 3TO Xe CTOJKHOBEHHME C TOUKHM 3peHMs HabMomaTens B Apy-
roit cucreme orcuera K/, OBMKYINEHACS OTHOCHTEIbHO MCXOTHOM CHCTEMB
K sBneso (puc. 116) c manoit (HepenarmBHUCTCKOH) CKOPOCTBIO —U.
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Tak xak u<<c¢, TO Qg npeoOpa3OBAHMsA CKOPOCTH MpH mepexone or K
K K' MOXHO MCMOJB3OBATH KAACCHYECKMI 3aKOH CJIOXKEHHS CKOPOCTEH.
3aKoH COXpaHeHMs MMITYJIbCA TpedyeTr, YTOOK MOJHBINA MMITYJIBC TEJA KO
CTOJIKHOBEHMsI ObLT paBeH MMITYJIBCY OOpasosasiuerocs tena. o cTonk-

HOBEHHUS TTOTHBIHA HMITYJIbC CHCTEMHEI paBeH 2mu, rae
m=my/V1 — v}/c? — penATMBMCTCKAs MacCa CTAJIKMBAIOWMXCS TEJ;

IoCJIe CTOIKHOBEHMS OH paBeH Mu, n6o BcaeacTsme u<<c¢ maccy obpa-

30BaBlIErocs Tesia 1 B K' MOXHO CYMTATH PaBHOM Macce mokos. Taxmm
oOpasoM, H3 3aK0HA COXPAHEHMS MMIIYABCA CAEAYET, yTO MACCa MOKO0d
oOpasoBaBlIerocs B pe3y/bTaTeé HEYNPYroro COYAApeHMs TeJia paBHa
CyMMC PEAATABUCTCKMX MACC CTAJKMBAKIOMXCI 4yaCTHO, T. €. OHa 60]11:—
me, yeMm CyMmMa MacC mokKos MCXOOHBIX YACTHIL:

2mg,
M,=2m=

Vi—v¥c?

PaccMOTpeHHbIN PUMEP HEYTPYIOr0 COyAAapeHMs ABYX Tes, NpH KO-
TOpPOM MPOMCXOINMT MPEBPALIEHHE KHHETHUYECKOH SHEPrMH BO BHYTPEH-
HIOK0 SHEPTHIO, NMOKA3KLIBAECT, YTO YBEJINYEHNE BHYTPEHHEH SHEPrUM Tesa
TaKXe COMPOBOXNAETCS MPOMOPLHOHANBHEIM YBEJIAYEHNEM MAcCH. JTOT
BBIBOZ JNOJIXEH OBITh PacrpOCTPAHEH HA BCE BUIHI SHEPTHM: HArDETOE Te-
A0 mMmeer OGOMBIIYI0 MAcCy, 4eM XOJOAHOE, CXaTas MpPYXHHA HMMEET
GoaBLIyI0 MacCy, 4eM Hecxarad, M T. II.

> 2m,,.

JKBUBAJEHTHOCTb 3HEPrHM ¥ MACChl. 3aKOH IPONOPLHOHAIBHOCTH
MacCChl ¥ JHEDPrHMH SIBJSETCS ONHMM M3 CAMBIX 3aMEUaTEeAbHBIX BEIBOJOB
TEOPMM OTHOCHTEJBHOCTH. B3auMOCBSA3b MAacCh M IHEPruM 3aCayXHBAET
noapoGHOro 06cy XaeHus..

B ksaccmyeckoit MEXaHMKE Macca Tejla ecTb (PM3HUEeCKas BEJMYMHA,
SIBJIFIOIIASACS KOJTUYECTBEHHOM XapaKTEPHUCTHKON €r0 HHEPTHRIX CBOHCTB,
T. €. MEPAa MHEPTHOCTH. JTO MHepTHaa Macca. C Opyroi CTOpoHBI, Macca
XapaKTepuayeT crocoBHOCTh TeNla CO3AABATH I0J1€ TSrOTEHMS. M HCIILITHI -
BaTh CHJIY B MOJIE TATOTEHUA. DTO TAroTElOWAas, MM rpaBUTALMOHHAS,
Mmacca. lHepTHOCTE m CrIOCOOHOCTD K MpaBUTAIMOHHEIM B3aMMOIEHCTBHSIM
NIpEACTABISIOT COB0i COBEPIIEHHO PA3TMYHEIE TPOSBIEHMS CBOMCTB MaTe-
pun. OOHAKO TO, YTO MEPH 3TUX PA3IMUYHLIX MPOsBIeHui 0003HAYAKOTCS
ONHHM H TEM X€ CI0BOM, HE C/Iy4ailHo, a 06YCJIOBJIEHO TeM, YTO 00a CBOIX-
CTBA BCETNA CYIMECTBYIOT COBMECTHO M BCEIa APYT APYry MPONOPLHAOHATE-
HbI, TAK YTO MEpPHI 3THX CBOMCTB MOXHO BEIPAXATh OOJHHM M TEM XE€ 4YmMC-
JIOM MIpH HagJeXameM Brbope equHML H3MEepeHHs.

PaBeHCTBO MHEPTHOM ¥ rpaBHTALMOHHON MAcC ECTh SKCIEPUMEHTAJIb-
HEI DAKT, TOOTBEPXACHHEIA C OrPOMHOM CTEMEHBK TOYHOCTH B OIBITAX
Ortsewa, Oukke u aAp. Kak xe ciegyeT OTBe4aTh Ha BOMPOC: €CTh JiM
Macca MHEPTHAs ¥ Macca rpaBMTANMOHHAS ONHO M TO Xe Mau Hetr? [lo
CBOMM IPOSBJIEHMSIM OHHM DPA3/IMYHEL, HO MX YHCIOBHIE XapaKTEPHCTHKH
IIPOMOPLUMOHAIBHEE APYT APYry. Takoe NMONMOXEHHE BEmed XapaKTepusy-
IOT CIOBOM «3KBHBAJIEHTHOCTD».
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AnayorsyHbiil BOIPOC BO3HMKAET B CBSI3W C MOHATHSIMH MACCH! TTOKOS
H JHEPIrHM MOKOS B TEOPHH OTHOCHTEJbHOCTH. [IpOSIBJICHHS CBONCTB Ma-
Tepru, COOTBETCTBYIOUIMX MACCE M 3HEpruH, OecClOpHO pasimuunl, Ho
Teopusl OTHOCHTEJIBHOCTH YTBEPXHAET, uTO 3TH CBOMCTBA HEPA3PHIBHO
CBSI3aHHl, NTPONOPLMOHATIBHEI APYT APYry. I103TOMy B 3TOM CMBIC/IE MOX-
HO FOBOPHTH 00 9KGUBANEHMHOCMU MACChL NOKOSL U IHepzuu Nnokos. Br-
paxalomee 9Ty 5KBMBAJIEHTHOCTh COOTHOLIEHME (5) HA3KBAETCS Gopmy-
a0l Jlinwmerina. OHa 03HAYAET, YTO BCAKOE M3MEHEHHE JHEPrUM CHC-
TEMBl COMPOBOXHAETCHI JKBHBAVCHTHHIM HM3MEHEHHEM €€ MacCel. JTO
OTHOCHTCSI K H3MECHEHHMSIM Pa3IMUHBIX BUAOB BHYTPEHHEH IHEPrHH, NpH
KOTOPBIX MACCa IMOKOSI MEHSETCS.

O 3akoHe coxpaHeHus Macchbl. ONEIT IOKa3LIBAET HAM, YTO B IPOMAHOM
GoNBIIMHCTBE (PH3HUECKHX MPOLIECCOB, B KOTOPHIX M3MEHSETCd BHYTPEH-
Hss SHEprus, Macca MOKOsl OCTAeTCsa HemaMeHHoi. Kak 3T0 corsiacosath C
3aKOHOM IPOIOPIHMOHANIBHOCTH MACCH M 9Heprun? Jes1o B TOM, 4To 06biy-
HO MOAABJAOINAs yacTh BHYTPEHHEN JHeprum (M COOTBETCTBYIOmEH eif
MACCH [10K0$1) B IPEBpAIEHUSIX HE YYaCTBYET M B pE3YJIbTATE OKA3LIBAET-
€1, YTO OMNpejeNsieMasl H3 B3BEIIMBAHMS MACCa NMPAKTHYECKM COXpaHIeT-
Cs1, HECMOTpPS HA TO, YTO TEJO BHIAESET MM MOMIOIAET JHEPrHI0. DT
obBbSCHIETCS MPOCTO HEAOCTATOYHOM TOUHOCTBHIO B3BewmBaums. s mi-
JIOCTPALMH PACCMOTPHM HECKOJIBKO YKCJIEHHEIX IPUMEDPOB.

1. DHeprus, BHICBOOOXHAKOINANACS MpH CropaHud HedTH, npu B3phiBe
IMHAMATA M TPH APYTHUX XMMHUECKHX MPEBPAEHHSX, MPENCTABISETCS
HaMm B Maciutrabax moBcEAHEBHOrO Ommita rpomapHoit. OgHaxo ecnwm me-
PEBECTH €€ BEJIMYMHY HA S3HK 9KBHBAJEHTHON MACCHI, TO OKAXETCS, YyTO
sTa Macca He cocrasaseT u 10710 monHoit BenamumHN Maccw mokos. Ha-
npumep, mpu coegmHeHMn | r Bomopoma ¢ 8 r kumciopoma BHAeaseTcs
okomo 102 9pr smeprum. Macca mokos o6pasoBaBIeics BOXNH Ha
Am = AE/c? =~ 107° r MeHbmeEe Macchl HCXONHHIX BEIECTB. Takoe usme-
HCHHE MACCH CIMIIKOM MAJO0 IS TOro, 4ToOH ero MOXHO GbL10 06Hapy-
XUTB C TIOMOLIBIO COBPEMEHHBIX MPHOOPOB.

2. [Ipn Heynpyrom CTOJMKHOBEHHH ABYX 4aCTHL, O | I, pa3orHaHumix
HABCTpEYy ApYr APyry A0 ckopoctu | xm/c, nobaBouHas Macca MOKOS
CAMMIUEHACS Maphl COCTABASET

2
Am = (2-"’" ): ¢~ 107!,

2

(Ilpm Tako# CKOpPOCTH MOXHO I0/Ib30BATHCS HEPEASITHBHCTCKHM BEIpA-
XEHHEM /I8 KHHETHYECKON JHEprun.) DTa BeNIMUMHA HAMHOIO MEHBIIE
MIOTPEIHOCTH, C KOTOPO MOXeT OnTh mamepeHa Macca I r.

Macca NMOKOs ¥ KBAaHTOBbIe 3aKOHOMEPHOCTH. ECTECTBEHHO 3amaTh
BOIIPOC: MoYeMy Mpu OOBIUHBIX YCJIOBHAX MOAABASIOMAS YacTh JHEPrHU
HAaXOAMTCH B COBEPLIEHHO MMACCMBHOM COCTOSIHMM K B IIPEBPAINEHMSIX HE
yuactsyer? Ha 31oT BOmpoc Teopusi OTHOCHMTENBHOCTH HE MOXET AaTh
oreera. OTBET CAEAYET MCKATh B 00/1aCTH KBAHTOBRIX 32KOHOMEDPHOCTEIH,
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ONHOM M3 XapaKTEepHHX OCOOEHHOCTEH KOTOPHIX SBJISIETCS CYUIECTBOBA-
HME€ YCTOMUMBRIX COCTOSHMH C THCKPETHBHIMM YPOBHSMH JHEPTHH.

Ilns 37eMeHTapHBIX YaCTHL SHEPrus, COOTBETCTBYIOINAsS MAacce Mo-
Kos, smbo npespalmaerca B akKTHBHYIO (opmy (M3ajlyueHme) HEMTnKoM,
aubo Bosce He mnpeBpamaerca. IIpumepoM MOXET CIyXHUTh NMpeBparme-
HME MAph 3JeKTPOH—MO3WTPOH B raMMa-majJyyeHue.

¥ aToMOB MOaBAgKOINAd YACTh MACCH HAXOAMTCA B hOpMe MacCHl mo-
KOS 9JIeMEHTAPHAIX YACTHL, KOTOpas B XMMHYECKHAX peaKnuiaX HE m3Me-
Hsercsa. Jlaxe B aiepHbIX peakuusX SHEPrusi, COOTBETCTBYKOIMAS Macce
MOKOSI TSIKEABIX yacTul (HYKJIOHOB), BXOASIMX B COCTAB siep, OCTAETCs
naccuBHoi. Ho 3gece akTuBHAsS 4acTh 3HEPTUM, T. €. JHEPIUsS B3AUMOAECIH-
CTBHS. HYKJIOHOB, COCTABJISIET YXe 3aMETHYIO JOJIO0 JHEPTUm TOKOsI.

Taxum 00pa3oM, 3KCIEPUMEHTAIBHOE MOATBEPXIEHHE pPEISTHBHCT-
CKOTO 3aKO0HA MPOIOPLUOHATBHOCTH JHEPTHH ITOKOS ¥ MACCH [TOKOS CJie~
OYET MCKATh B MHUpE QHU3HKH 3JIEMEHTAPHBIX YACTHL U SACPHO# DH3nKH.
Hanpumep, B siZepHnix peakuMsax, UAYMHX C BEJICACHHEM 3HEPIUH,
MacCCa MOKOsl KOHEUYHRIX IPOAYKTOB MEHBINE MACCH IOKOS S7€p, BCTyma-
omux B peakumio. CooTBeTCTBYIOmas 3TOMY M3MEHEHHIO MACCH 3HEp-
mst Amc? ¢ XOpOLIEHl TOYHOCTBI) COBMANAET C M3MEPEHHON HA OIBITC
KMHETHYECKO#l JHeprueit o0pasyomuxcs YyacTHil.

s Kak uMnynbc v 3Heprusl YacTHLLI 3aBUCHAT OT €€ CKOPOCTH B PENSITUBKCT-
CKOIl MexaHuke?

s Kakas ¢dusvueckasd BenHuMHA HasbiBaeTcs Maccoi yacTuuwsl? Yto Takoe
Macca nokosi? Yro Takoe pensituBHcTcKas macca?

e Tlokaxure, 4TO PENATUBUCTCKOE BhIpaxeHHe (6) Ons KUHETHUECKOH SHEPTUH
NepexoduT B 0ObIUHOE KNAaccHYecKoe MpU v <K c.

s Yro Takoe aHeprus nokos? B ueM zaknwuaercs MPHHUMITHANBLHOE OTIMYME

PENSTUBUCTCKOIO BLIPAXKEHUS ISl DHEPTUM Tejla 0T COOTBETCTBYIOUIEre Knac-
cuyeckoro?

s B Kkakux GusHUeCKUX SBNCHHAX 0DHAPYXHUBaeT cebsl dHeprus nokos?

e Kak noHuMath yTBepXKIeHHe 06 KBHBAJEHTHOCTH Macchl K oHepruu? Ilpu-
BEAWTE MPUMeEPBl NPOSBIEHUS 3TOM HKBHUBAIEHTHOCTH.

L4 COXpaHS{CTCS{ JIK Macca BEUIECTBA IIpU XUMHUECKUX HpCBanlCHMSlX?

A BsIBOjg BbIpaxeHus A8 ummyiabca. Jagum obocwosaHme ¢op-
myn (1), mpuBedeHHHBIX Bhime 6e3 M0KA3ATENbCTBA, AHAMM3UPYS TIPO-
CTOM MBICJIEHHEIN OMBIT. /()19 BHISCHEHHA 3aBHCUMOCTH MMITY/IbCA 4a-
CTHHB OT CKOPOCTH pPACCMOTPHM KapTHHY alCOJIOTHO ympyroro
«CKOJIb3SIIIEro» CTOJKHOBEHMS ABYX OZMHAKOBHIX yacTuil. B cmcreme
K, ueHTpa MacC 5TO CTOJKHOBCHHME HMMCEET BHJA, TOKA3aHHBIM Ha
puc. 12a: 10 cTONKHOBEHMs yacTup | U 2 ABMXKYTCS HABCTpeuy ApYr
IPYTY C OQWMHAKOBEIMH IT0 MOZYJIX CKOPOCTSMH, MOC/AE CTOJKHOBEHHMS
YACTHIB! PasjeTAOTCd B MPOTHUBOMOJIOXKHEIC CTOPOHBI C TAKMMH Xe
N0 MOXYJIKO CKOPOCTSIMH, KAaK M IO CTOJIKHOBEHMs. [ pyrumu cnosamm,

2 E. M. Byruxos u ap. Kuura 3
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MPH CTOJKHOBEHMH MPOMUCXOIMT TOJBKO MOBOPOT BEKTOPOB CKOPOCTEM
KaXJ0# M3 yaCTHIl HAa OOMH M TOT Xe Heboapmoi yron O.

Kax 6yzmer BHIVISAETE 9TO X€ CTOAKHOBEHHE B APYTHX CHCTEMAX OT-
cuera? Hampasum ochk x B0 OucCceXTpHCH yriia 6 u BBENEM CHCTEMY
orcuera K, ABHXYmYIOCS BIOJb OCH X OTHOCHTENBHO CHCTEMEI IEHTpA
Macc CO CKOpPOCTBIO, PaBHON X-COCTABJSIIOMENA CKOPOCTH YaCTHIIE! /.
B oroit cucTeme OTCyeTa KapTHMHA CTOJKHOBEHHS BHIVISIHT TakK, Kak
moKasaHo Ha puc. 126: yactaua ! ABMXETCS NMapasulesibHO OCH Y, H3-
MEHHB [IPH CTOJIKHOBEHHMH HANPAaBJIEHHE CKOPOCTH M MMITYJIbCA HA IPO-
THBOIOJIOXHOE.

CoxpaneHue y-COCTaBJISIOIMEH MOJAHOr0 HMMITYJIbCA CHCTEMBI 4ac-
THL, IPH CTOJKHOBEHMHM BBIPAXKAETCH COOTHOLIEHHMEM

pyy + Dy = ﬁly + ﬁzy,

e P, u P, — HMIIYJBCH YaCTHL MOCJe CTONKHOBeHms. Tak Kak
Dy =—pPiy B Dyy =—Dy, (puc. 126), TpeboBaHme COXpaHEHHS HM-
OyJbCa 03HAYAET PABEHCTBO Y-COCTABJIAIOIMMX MMIYJbca yacTuy | u
2 B cucreMe orcyera K:

-~

ply=p2y'

Teneps, Hapany ¢ K, BBegeM B pacCMOTPEHHME CHCTEMY OTCYeTa
K', xoTopast IBMXETCS OTHOCHTC/IBHO CHCTeMB K, meHTpa Macc co
CKOpPOCTBIO, paBHOM X-COCTaBAAIOmMEN CKopoct vactmuu 2. B aroit

Kq vi K
Yo
{ 4
6 -~—-B
XO @/\\X EH x!
a (7} ¢}

Puc. 12. K BbIBOAY 3aBHMCHMMOCTH MACCh! TENa OT CKOPOCTH

cucreMe K uactmma 2 A0 M HOC/AE CTONKHOBEHHS ABMXETCS Mapaj-
aeapHo ocu ¥ (puc. 126). TIpuMeHss 3aKOH COXPAHEHHS MMITYJIbCA,

y6Gexnaemcs, uTo B ITOH CHCTEME OTCYETa, Kak M B cucTeme K, mme-
€T MECTO PABEHCTBO y-COCTABJSIOMMX MMITYyJbca yacTul / m 2:
1 -~
ply - pZy‘
Ho u3 cumMeTpun XKapTuH CTOJIKHOBEHHs Ha puc. 126,68 Jerko cae-
JIaTh BEIBOX O TOM, YTO MORYJIb HMITYJIbCA yacTuubl | B cucreMe K pa-

!
BEH MOIYJ/II0 HMITYJIBCA YACTHLH 2 B CHCTEME OTcyeTa K , MOITOMY

~1
Piy = Doy
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ComnocTasisis ABa MOCAEOHNX PaBEHCTBA, HAXOMHM P, = p;y, T. €.

Y-COCTABAAIOIIAR MMITYJIbCA 4acTHUbl / ONMHAKOBA B CHCTEMAaX OT-
! !

cuera K u K'. TouHo Tax Xe HaXOOHUM Pay = D2y dpyrumm cnosamm,
Y-COCTABJIAIOMAN UMITYJIbCa 1000 YacTHO b, NEPNEHANKYISpHAS Ha-
MPABJIEHAI0 OTHOCHTENBHOM CKOpPOCTH CHCTEM OTCUETa, OAMHAKOBA B
ITHX CHCTEMAX. B 9TOM M 3aK/JI04AETCH IVIABHBIM BRIBOX M3 PACCMOT-
PEHHOrO MEICJICHHOIO IKCIIEPHMEHTA.

Ho y-cocraBasiomas cKOpOCTHM 4acTHIBI MMEET Pa3JIMyHOE 3Haue-
uue B cucremax orcuera K u K'. Cornacio dopmynam npeobpasopa-

HHSL CKODOCTH
"= V1 — v2/c2
up, =u VI —v¥/c?,

I'me v eCThb CKOpOCTh cuctemnt K' orHocurensHo K. Takum obpazom,
B K' y-cocraBnsomas ckopocti yactuusl / MeHbure, ueM B K.

3T0 yMEHBIIEHHE y-COCTABASIOWEN CKOPOCTH YacTHIsl / TIpu mepe-
xone oT K kK K' HenmoCpeACTBEHHO CBSI3aHO C PeJISTHBHCTCKHM mpeofpa-
30BAHKEM BPEMEHH: OOMHAKOBOE B K M K' PaccTosSHUE MEXAY LITPHXO-
BLIMHU JMHUMSMH A 1 B (puc. 126, 6) yactuna / B cucreMe K' mpoxogut
3a Gosnpuree Bpems, ueM B K. Ecin B K 510 Bpems paBHO T, (co6cTBeH-
HOE BpeMs, Tak Kak 00a coORTHS — mepeceyeHne MTPHXOB A u B —
poUCXOAdT B K npy 0JHOM M TOM X€ 3HAYECHUM KOOPAMHATH X), TO B
cucreme K' 910 Bpemsi 6oiblie M paBHO T = To/V1 — v¥/ct.

BcmoMmHag remepp, YTO Y-COCTABJSIOMIAS HMMITYJIbCA 4YaCTHIbI [
ogmHakoBa B cucreMax K m K', MBI BHOMM, 4TO B cucreme K', rme
y-COCTaBJAIOMAS CKOPOCTH 4ACTHUB MEHBIIE, 3TOM 4aCTHUE HYXHO
IpPHTHMCATD KaK OBl 6OMBLUIYIO MACCY, €C/IM [OX MACCOU MOHUMATh, KaK
¥ B HEPENSTHBUCTCKON (puanke, K0P uuHeHT IpomopuHOHaNbHOCTH
MEXAY CKOpOCThIO M MMITyJbcoM. Kax yxxe oTmeuasock, 3T0T K03¢d-
(buumenT HaA3BIBAIOT MHOTAA PEJSTHBHCTCKONH Maccoi. PensgrmBucrt-
CKas MacCa yacTHLBl 3aBHCHT OT CHCTEMEI OTCYETA, T. €. ABJISETCS Be-
JIMYKHHOM OTHOCMTeNabHON. B To¥ cucreme orcuera, rme CKOpPOCTh ya-
CTULBI MHOIO MEHbIIE CKODOCTH CBETa, MJIS CBSA3H MEXAY CKOPOCTBIO
H HMMIIYJBCOM YACTHIEI CIPABENNMBO OOHIYHOE KJIACCHYECKOE BHIpA-
XEHHE p = myv, TIe m, eCTh MAcca 4aCTHIB! B TOM CMHCJE, KaK OHA
MOHMMAETCS B HEPENISTHBUCTCKON (buamke (Macca mokos).

Bynem cumraTh, uTO B paccCMaTpUBACMOM HAMHM «CKOJB3SIIIEM»
CTO/IKHOBEHHMH CKOPOCTP 4, 4acTuubl / B cucreme K MHOro MeHplIe
CKOpOCTH CBETA, T. €. €€ Macca B cucreMe K eCcTh macca IOKOs mg, H
Piy = Mgl Hanncas aHajOrMuHOE BHIPAXEHHE AJIS Y-COCTABJSIO-
meil uMmyasca B cucreme K’

[ 1
ply - muly)

rae koapuimedT NponoOpHHUOHANBHOCTH, T. €. PENATHBHCTCKAS Mac-
ca uvactunsi, obo3Hauen GyKBoii /7, BHAMM, 4TO PABEHCTBO Piy = Piy
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Gymer obecneueno, ecnim xoagduumenTy m B cucreme orcuera K
NpUOKUCATh 3HAaYeHue, Kasaemoe Gopmysoit (3):

PR

1—v?/c?

T. €. YMEHBUICHHE MOMEPEeYHON COCTABIATIOIWEH CKOPOCTH YaCTHIBL
npu nepexone oT cucreMbl K x K' HOMXHO GHTE CKOMIICHCHPOBAHO
sBo3pacraHueM Ko3achdHuueHTa NMPONOPHHOHAIBHOCTH #1 MEXAY CKO-
pOCTBIO M MMIyibcoM. M3 mpuBegeHHOro BHIBOAA SICHO, YTO ITO BO3-
pacTaHuMe PEJSITHBHCTCKOR MAcCChl, BHI3ZBAHHOE IBHXEHHCM CHCTEMBI
0TCYETa, AEWCTBHTENIBHO CBHU33HO C DENSTHBHCTCKMM KHHEMATHUC-
ckuM 3dexToM 3aMenIeHus BPEMEHM.,

Bosspamasce x puc. 12, BcnoMumM, yT0 OBUT PACCMOTPEH Cayuvait
CKOJB3AINEr0 CTOJIKHOBEHHS, KOIZI3 COCTABJASIOMAS CKOPOCTH YACTH-
UH BAOAB OCH y ObIa MHOrO MEHBIIE COCTaBAFIOME# €€ CKOPOCTH
BROJb OCH X. B 5TOM mpemesnbHOM cnyvae BXOASAS B MOAYUYEHHYIO
opmysny orHOCHMTEsIBHAs CKOPOCTH v cucTeM K K' MPaKTHYECKH
COBIIAZAET CO CKOPOCTBIO yacTHust / B cucreme K. ITosromy HampgeH-
Hoe 3HayeHwe Kos3ddruumeHTa NpPOMOPHMOHANIBHOCTH MEXAY y-CO-
CTABJISIONIMMH BEKTOPOB CKOPOCTH M MMITYJIbCA CIPABEAJIMBO M AJis
caMuX BeKTOpOB. TakmuMm o6paszom, coordHomedue (3) moxasado.

BbIBOJ BhIpAXEHHS AJS 3Hepruy. BriscHum Teneppb, K KaKMM H3MeE-
HEHWSM B BRIPDAXECHHM IS JHEPrUM YACTHLE NpUBOAMT dopMmya s
PEJISTUBMCTCKOTO HMITYJIbCA.

B pensTMBHCTCKO MexaHMKe cujia F BBORMTCH TakuM 00pasom,
yTOOB COOTHOLICHHME MEXIY MPUPALIEHMEM MMITYJIbCA YacTHUB Ap H
UMITyJIbCOM CHJIH FA? OBLTO TAKMM X€, KaK M B KJACCHYECKON PH3nKe:

Ap = FAt.
Bynem cumTaTh, 4TO 3HEpPrUS £, YaCTUIE! B PEJIITHBHCTCKOM MEXaHH-

Ke, KaK M B KJIACCHYECKOi, IpencTaBaseT co0oil BeIHunHy, H3MEHEHNE
KOTOpOi1 Ha nepeMemeHun Ar pasuo pabore AeicTByomeit cunt F:

AE, = FAr = FvAt = vAp = vA(mv). @)
3necy mepeMelneHne yacTHUE Ar 3a BpeMs Af BBIpaXEHO yepes ee
ckopocTb v. U3 dopmynnr (7) 1 6ymem uCXOAMTH Mpu BHIBOAE Bbipa-

JKEHHMS IS PeJISTHBHCTCKOM JHEPIUH.
Mepenumem dopmyay (3) crexyrommuM obpazomM:

m2(1 — v¥/c?) = m}.
YmHOXHB 06€ yacTn Ha c? m PacKpHIB CKOOKH, MOSY4YHM
m2c? — (mv)? = m3c?. (8)

Ilpn gBuXeHuH dacTHLB NMOX AeicTBHeM CHIHL F ee CKOpOCTh M MM-
nyJasC MeHstoTcs. /s HaxoXpeHws NpHpalieHus Jepoit uactu (8)



§ 5. MIPUMEPBI PEJATHBICTCKOIO ABUKEHUSA YACTHLL 37

BOCIIOJIb3YEMCSL T€M, uYTO NpUpaImeHue xkpaapara ioboil nepemMeHHOix
BeJIMuMHE! f 33 MaJIEA POMEXYTOK BPEMEHH MpHOIMKEHHO PAaBHO

A(fY) = (f + A2 — fA= 2fAf.

Npumenas aty ¢opmyny K paseHcTsy (8) m yumTsiBasi, uTo mpa-
Bas 4acThb OCTAeTCH IPH 3TOM HEHM3MEHHOH, NOJAydyaem

2mcA(mce) — 2mvA(mv) =0,
OTKy[a ITOCJE COKPAEHUs Ha 2m UMEEM
A(mc?) = vA(mvy). )

[paseie yacty B Bapaxenusx (7) u (9) cosuanaror. [losromy nesas
yacte (9) mpencrasasier coOoi MpUpameHne KMHETHYECKON SHEpTHH
YaCTHULbI:

AE, = A(mc?). (10)

Takxum 06pasoM, NMPUpAIIEHHME KHHETHUYECKOM SHEPTMHM YACTHIEL
paBHO MPHPALIECHHID €€ PEeJSTHBHUCTCKOM MAacChl, YMHOXEHHOMY Ha
KBagpaT CKOPOCTH CBETA. Tak KAk KHMHETHYEeCcKas IHEprus MoKOos-
meics YacTHusl paBHA HYMO, TO B3 AuddepeHuHaIbHOr0 COOTHOLIE-
s (10), onpenensioniero KMHETHYECKYID JHEPTHIO C TOYHOCTHIO 0
KOHCTAHTH, HeMemIeHHo caenyer dopmyna (0). A

e Kak ¢ nmoMollbio MBICEHHOrO 3KCITEPUMEHTA MOXHO [T0Ka3aTh, YTO COCTaB-
ngomas UMIYJabCa YacTHIbl, MNEeprEeHAMKYNsSpHAs HAMPaBIeHHUIO OTHOCH-
TENLHOM CKOPOCTH IBYX CHUCTEM OTCYETa, OJMHAKoBa B 0DEMX 3TUX CHCTe-
Max? Kakyio pofib MpH 3TOM UrpaioT coobpaxkeHust cUMMeTpUM?

s [TlosicHUTE CBS3b 3aBUCUMOCTH pCﬂSlTMBMCTCKOfﬁ Maccobl YHaCTHLbI OT €€ CKOPOCTH
C PENATUBUCTCKHUM KUHEMATUHUCCKHUM BQ)(I)CKTOM 3aMEeANICHUA BPEMCHU

e KakuM 06pa3soM MOXKHO MPUUTH K PENSTHUBUCTCKOM dopMye Ans KHHETHYe-
CKOM JHEPrUM, OCHOBBLIBASICH HA ITPOMNOPLIMOHANBHOCTH MeXIy NpHUpameHHUs-
MH KUHETHYECKOU 3HEPTHHM U PENaTHUBUCTCKOM Macchl?

§ 5. NMpumepbl PenaTUBUCTCKOTO ABMIKEHMA HacTHy

Qopmynsr (1) npemsiaymero maparpaca Bmecte ¢ ypaBHeHusmm (2),
BHIPAXAKOMMUMHK 3aKOH MX M3MEHEHHS, CJYXAT OCHOBOWM IJi paccCMOTpe-
Hust o0HX 3afay PeSTHBUCTCKOM MexaHumku. Bmecro stux ¢opmyn
MOXXHO MCNONb30BaTh ABE ppyrue pOpMYJnl, KOTODHE IOJYy4alOTCH M3
HHX MCKIIOUCHHEM CKOpPOCTH V:

E? — p*c* = mjc* (1)
¥ nowieHHbIM aeneHnem dopmyn (1) § 4:

c2

V=z:p. (2)
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Ces3b 3Heprun U umnyasca. Coornomenne (1) ycraHasamBaer cBa3b
MEXOY SHEPTHei U MMIIYJIbCOM YACTHMLH B PEISTHBHCTCKON MEXaHHKE.
DHeprua ¥ MMITYJbC YACTHIHI 3ABMCAT OT CHCTEMHI oTcuera. Ho mpasas
yacte B (1) mpeacrasiaser coboit PeSTHBHCTCKMIA MHBApHMAHT. DTO 3Ha-
YMT, YTO M CTOSINAs B JIEBOH yacTh KomOmHaums E? — p2c? m3MmeHso-
IMMXCS MpH MEpeXOoae OT ORHOM CHCTEMbI OTCUETA K Jpyro# SHEpruu m
MMITYJIbCA OCTAETCH MPU TAKOM MEPEXONE HEM3MEHHOM.

[ng yabTpapessSTHBMCTCKMX YaCTHL, 2JHEPrUs E XOTOpHIX MHOrO
GoJIblIe SHEPrUM MOKOS mocz, cootHowenre (1) MOXHO mpubAMKXEHHO

nepenucars B BHAE
~pe  (E>myc?). (3)

OQopmyna (2) BHpPaXaeT CKOPOCTb PEISTHBUCTCKOM yaCTHLBI 4epes
ee SHeprul0 M mMmyjasC. B ornmuue ot dopmyrn (1) § 4 atu dopmynn
He TepaIoT CMBICAA JaXe NMPH ¥ = ¢ ¥ M0ITOMY IPHUIOAHH A/ BCex Oes
HCKJIIOUEHHS. PEASTHUBACTCKAX 00bexToB. HacTo oHM oxasniBawTcsa bosee
yOOOHEIMH M B NMPAKTUYECKUX [PUIOKEHALX.

JBUXEHHE NOJ AEHCTBHEM NOCTOSHHOM cuiabl. B xauectse mepsoro
npuMepa pacCMOTPHM IBHIKEHHE MMepBOHAYAJIBHO MMOKOMBIIEICS YaCTHIIH
C 3apsfoM ¢ W MAaccoi TOKOs /m, B OXHOPOXHOM 3JIEKTPHUYECKOM IIOJE
HanpsxeHHocTn E. [eicTsyromas
Ha vactany cwna F mocrosgHHa ©
pasua gE. Ilooromy w3 3axoua m3-

i MeHeHus mMnyabca Ap = FAt He-
MENIEHHO CIEAYET, YTO
—Ft .
UTV O+ mic? p = Ft. (4)
IlopcraBnss 910  BHIpaxeHue
0 t s MMITYJIBCA 4acTUOH B GOpMyTy

(1), monyuum

E?= (Ft)’c* 4+ m}c*.  (5)

Puc. 13. CxopocTb HacCTHUB! NPU ABMXKE-
HUM B OJHOPOAHOM 3NEKTPHUECKOM None

Teneps ¢ momomblo (2) HAXOAMM CKOPOCTH YaCTHObl U CILyCTS IpO-
MEXYTOK BpEMEHH ! MOCJE HAyaja JBIKCHMS:
Rt
V= (6)
mOv 1+ (Ft/moc)

Ecmm Ft/myc<<1, T. e. aneKTpuyeckoe nmoje cnaboe wim Majao spems
IBMXEHHMS, TO B MOAKOPEHHOM BeIpaxeHun B (6) MOXHO mpeHeGpeun
BTOPHIM CJIaraeéMbIM, H JJIsi CKOPOCTH TMOIyyaeTcsd oOH4HOE HEpeIsITHBH-
CTCKOE BHIPAXKCHHE:

R
v=—1. @)

my
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Ecma Ft/myc>>1, 1o non xopHeM B (6) MOXHO npeHeSpeyb equHHLIEH

110 CPAaBHEHMIO CO BTOPHM CJIaraeMHM. BujmHo, 4To npH 3TOM CKOpPOCTH v
crpemutcd K ¢. Ha puc. 13 noka3ana 3apucHMOCTb CKOPOCTH v OT BPEMEHH.

JIBMXEeHHe B MarHHTHOM noJje. IlepeitaeM K pacCMOTPEHHIO JBHXCHHUS
3apsAXEHHOM YacTHIIN B OMHOPOAHOM MarHuTHOM nosie. Ilockoneky xesicr-
BYIOIIA# Ha YacTHIy CO CTOPOHH MAarHMTHOro nosd cuna JlopeHua nep-
NECHONKYJISPHA CKOPOCTH YaCTHIH, TO CKOPOCTh HE MEHIETCH N0 MOAYJIIO
H, CJIE€AOBATEJIbHO, HE MEHAECTCS M PEJATHBMCTCKAad Macca YacTHIH m.
[ToaToMy 3aKOH M3MEHEHHS NMNYJIbCA YACTHIIH 3AMKAIIETCS B BUAE

dv
m——=qgv X B.
=T ®)
Ecnu cxopocTs v MepHneHauKyASpHa BEKTOPY MHAYKLUMH MarHUTHOIO
nosas B, TO yacTHia XBMXETCH NO OKPYXHOCTH M €€ YCKOPEHHE PABHO
v%/R, rae R — paxuyc OKpyXHOCTH. B 3TOM ciyuae ypasHenue (8) maer

2
m % = qub. ®

Jnas yrnoBoii ckopocTH ofpaimieHus o, CBS3aHHOM C JIMHEHHON CKo-
POCTBIO v OOBIYHBIM COOTHOIICHMEM v = w_R, ¢ momompio (9) Haxomum

w0, =12, (10)
m .
Buipaxenne (10) uMmeer Takoii Xxe BUA, KaK ¥ HEPEAATHBUCTCKas dop-
MyJa Ajad Yra0BO# CKOpOCTH oOpameHus B MarHWTHOM IOJE, TOJIBKO B
3HAMEHATEE CTOMT PEAATHBUCTCKAsA MACC3 YaCTHLH /m, CBI3aHHAA C €€
Maccoi MOKOst m, COOTHOWICHHEM
my

m=———
v1 —v2/c?

YcxopuTeas Ha BCTPEYHbIX NyYKaX. B KauecTBe TPETHETO NpUMeEpa pac-
CMOTPHM YCKOPHTENDb 3aPSXEHHBIX Y3CTHI[ H3 BCTPEYHEIX Nyykax. Brigc-
HHM, B 4YEM NMPENMYIECTBO TAKMX YCKOPHUTEIEH 10 CPABHEHHIO C OOBIUHE-
MH YCKOPHMTENSIMH C HENOABMXHOMK MHUIEHBIO, ¥ YCTAHOBHM COOTBETCTBHE
MEXNY KHHETHUECKON 3Heprueit yactuus E, B 0OBUHOM ycKopuTesae u
IKBUBAJICHTHOM SHEprueH E; B YCKOPHTEJIE CO BCTPEYHBIMH MyYKAMH.
OxHol U3 BAXHEHIIUX XapPAKTEPUCTUK YCKOPHUTE/S SBJASETCH TA NOJIS
KHHETHYECKOM JHEPruM pasorHAHHBIX 3JEMEHTaPHBIX YACTHL[, KOTOpas
MOXeT GBTh MCHOJB30BAHA AN peakuuu 00pa3oBaHMs HOBHIX UYBCTHIL.
B 0OBIYHBIX YCKODHTENSX, KOTA YaCTHUIA-MHMIZEHb HEMONBHXKHA, TpeGo-
BAHHE COXP3HEHHS HMMNYAbCa HCKIIOUYAET BO3MOXHOCTb INPEBPALICHUS
BCEH KMHETHYECKOH SHEPrIM YaCTHIH-CHAPSAa B JHEPreTHUECKHUH KBH-
BAJIEHT MACCH TOKOS HOBRIX YaCTHILI, 00pa3yiomuXxcs NpH CTOJKHOBEHMHM.
B caMoMm gene, A0 CTOAKHOBEHHS CYMMapHHI HMITyIbC CHaDSNa ¥ MHIUCHH
OT/IMYEH OT Hyns. Takoi Xe CyMMapHHit UMITYJIBC HODKEH OHTD M nocte
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CTONKHOBeHMs. [TosroMy 0OpaszoBaBminecss B Pe3yAbTATE CTOJIKHOBEHHMS
YACTHIH HE MOTYT HAXOAHTBCH B IOKOE H, CJICAOBATEIbHO, YACTh HAUAJIb-
HOM KMHETHYECKON SHEPTMM CHAPAJA MEPEXOOUT B KHHETHUECKYIO SHEp-
THIO YACTHIL [TOCJE CTOJKHOBEHHS.

OnHAaKO ecU CTANKUBAIOMIMECT YACTUIH C PABHBIMH MACCAMH JIETST
HABCTPEuy APYr HPYTY C ONUHAKOBRIMH CKOPOCTSIMHM, TO B DE3y/abTaTE
HCYNPYTOro yAapa BCS KMHETHUECKAS SHEPrus HAJACTAIOMMUX YACTHI, MO-
XeT OHTh MCHONMB30BAHA IS POXACHMS HOBHIX YACTHIL MOCKONBKY Ha-
YaJIbHBM MMIIYJIBC CUCTEMHB PABEH HYJIO, TO HUYTO HE 3aNPEHIaeT MO-
KOMThCS 00pa30BaBLINMCS B PE3YJIbTATE CTOJKHOBCHUS UYACTHLAM.

OLEHHUM BHAYAJIEC «BHIUTDHILI» B SHCPTHU AJS IPOCTOTO CAyYas CTOJM-
KHOBCHHUS OOVHAKOBHIX HEDPCAATHBUCTCKMX 4acTUL. Mcrmoab3ys 33akoH
COXPAaHEHUS UMIYJbCa, JETKO ybeauThCs, UTO B 3TOM CJAydae MpH He-
NOABUXHOM MHUIICHH AJS peaknuu 00pa3soBAHMS HOBBIX YACTHUI[ MOXET
OBITh UCMIONb30BAHA TOJIBKO TMOJIOBMHA KMHETHUECKONH SHEPIUU HANETAIO-
wek vactuun E.: AE = E, /2. Ecnu Xe CTOJKHYTCS ABMXYymMecs Ha-
BCTPedy OPYT APYTy YacTHOH C KHHETUYECKMMH dHeprusmu E,, To nag
pEAKIMM MOXET OhIThb HMCHONb30BAHA BCS MX KUHCTHUECKAS DHEPIHUS
AE = 2E,. TakuM 06pa3om, HCHOib3ys YCKOPUTENb, cOCOOHHIM paso-
THAaTh YaCTUUB X0 KUHCTHYECKOH 3HEPTHM E,, MBI MOXEM C NOMOMBIO

HaKOMUTEbHRIX KoJel NOBHCUTh 3¢h¢hEKTUBHOCTh UCTIOIb30BAHUS KHHE-
THYECKON 3HEPruM B UETHIPE pa3a.

Unes ycTpocTBa HAKOIMTE/IBHHIX KOJEL MMOKA3aHA Ha puc. 14. Ily-
YOK YACTHI U3 YCKOPUTEJS € MOMOIIBK OHCTPOAEHCTBYIOMEr0 MArHUTA-
nepekauareas A pasgeasicTCs Ha ABa MyYKa, KaXKIHHK U3 KOTOPHIX €
MOMOIIBK) CHCTEMBI OTKJIOHYIOIUMX MArHUTOB A M B Hampasasercs B
CBOE KOJBLO, Iae obpamaerca mo opbure Onaromaps ynep>XHUBAKOMIEMY
MaTHUTHOMY [OJIIO, TEPHEHANKYASPHOMY IUIOCKOCTH pucyHka. Ha o6-

meMm yuactke CD npoucxomsar
£ CTOJKHOBEHUS ABUXYIMUXCS Ha-
— § BCTpEYy ApYT APYTY YACTHIL,

HWrak, B HEPENSTUBHCTCKOM
Cnayyae HEYNpyroro CTOJKHOBE-
HHUY 4aCTHI[ OAMHAKOBOM MACCHI,
OfHA M3 KOTOPHX IMOKOMTCH,
T. €. IPM MCHOJIb30BAHUHN HEMOM-
BUXXHOM MMIIECHH, TOJBKO IIOJIO-
BMHA IICPBOHAYAJIBHOM 3HEpPruu
MOXET MepedTH B SHEPIHIO TO-
KOS  POXOAIOMUXCS  YaCTMIIL.
A xak ofcrouT nmenmo B cayuae
PCISITUBUCTCKUX UACTHI[, € XOTOPHIMH MMeeT Hea0 (H3uKa BBHICOKHX
anepruit? OKaswBaeTCH, UTO IS HEMOLBMXHOM MHIZEHH Heso obcrout
eme xyxe. Yro6m yOemuThcst B ITOM, TIPUACTCH TIATEIBHO
paccMOTpeTh 3aKOHHW COXPAHCHHUS IHEPTHM U HMMIYJbCA NPHU CTOJKHO-
BEHUH PEJSTUBUCTCKUX YACTUIL.

Puc. 14 HaxonurennHsle KOJMbLA
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PaccmoTpuM HEYNpYroe CTOAKHOBEHHE PEASITHUBUCTCKOM HACTHUUBI C
MAcCCO# MOKOsl M, C TAKOM Xe MOKOSIIEACS 4aCTHIEH.

Bynem uckartp 3Hepruio AE, KoTopast MoXeT OHTb UCIOIb30BAHA S
06pa3oBaHMs HOBRIX YACTHIL B 3TOM ciyuae. O6oznaumm uepes M, non-
HYIO MAaccy HOKOSI CUCTEMBI ocsie cTonKHOBeHus. Toraa AE ecTh He uTo
MHOE, KaK YBEJMUCHUE FHEPrMH MOKOS YACTHUL, KOTOPOE NPOU3OILIO B
paccMaTpUBacMOM CTOJKHOBECHUM:

AE = Myc? — 2myc2. (11)

Haipem tenepb M, — maccy noKkost 4ACTHUIL CHCTEMBI HOC/IE CTOJIK-
HOBeHUS. [IpUMCHHUM K CTONKHOBEHMK) 3aKOHHI COXPAHCHHUS DJHEPIUM M
umnyabca. M3 dopmynmr (1) BHpasuM KBagpaT UMIyabca JHO00M yacTH-
1Bl p? uepe3 ee MOJHYIO SHEPrUK E:

1 E?
pr= —- mac®.
c (12)
IMonuas 3HEprus PeASTHBUCTCKOM yacTHHW E €CTh CymMma DHEPIMH TIO-
KOd 4HacCTHUhI U €€ KAHETHYECKOI SHEPruun:

E =2myc* + E,. (13)

DHeprus, KOTOPOH XapaKTEPU3YIOT YCKOPUTEIN, — 3TO KUHCTHUECKAS
SHEPrUsl PAa3OrHAHHHIX yacTHL E,. YUnTHBas, UTO 70 CTOJKHOBCHHS O4HA

M3 YacTHI, noxomaach (p, = 0), 3anmmmeM KBaapaT UMITyJIbCa BCEH CHCTE-
MBI 10 yAapa P2, paBHHIIA KBaApaTy UMIY/JIbCA HAJCTAOMICH YaCTHILHI p%
(12), B Buge

c

myct+E \?
P = (—————"C “) — mige?. (14)

CornacHO 3aKOHY COXpAHCHUS 3HCPTVH MOJHAS SHEPTUsS CUCTEMBEI IT0C/IE
cronkHOBEHUs E' Takas Xe, KaK M O CTOJKHOBCHHS, T. €. DABHA CyMMeE
JHEPrUA MOKOST 00EMX UYACTHL M KHHCTHYECKOH DHEPTrHM HANCTAIOMICH
YACTHIIHL:

E'=2my*+E,. (15)

3anyweM Teneph KBaApaT MMIY/IbCA CUCTEMEI IIOCJIE CTOJKHOBEHHS C
nomompbio (12) u (15):
2 E? 2.2
P == — Myc* =

CZ

2
(Zmoc +E,
¢

2
) — M3, (16)

[Tosnstit uMnyabe cucTeMu 10 ynapa (14) u nocne ymapa (16) oBosna-
YEHBl OMHOM W TOM Xe OyKBOM P, TaK Kak HOJHBN MMMOYJIC CUCTEMBI
coxpansiercs. IIpupasuuBas npasue yacty paseHcTs (14) u (16), nocne
OpocTHX rpcobpasoBanuit Haxogum M,

E \ 12
Mo==2mo(1+ "2) : (17)

2myc
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Tenepy ana AE B (11) nonyunm

AE=2moc2('\/1 +% -—1). (18)

MoC

Jlerko BHAETH, YTO U1 HEPEISTUBMCTCKON YACTHI(H, KMHETHUECKAS
3HEPIUs KOTOPOi MHONO MEHbIIE 3HEprum moxost E, <<mgyc?, Bhpaxe-
Hue (18) maer pesynbrar, MONYYCHHHIA paHEEe JMEMEHTAPHBIM IIyTeM:
AE=E_/2. [ing 3TOr0 JNOCTATOYHO BOCNO/Jb30BATHCS MPUOTHKEHHOM
dopmynoii
Vi+x=~14x/2 npu x<<I.

B npOTHBONOIOXHOM YJAbTPAPENATHBACTCKOM C/Iyyae, KOrna KMHETH-
yecKas JHEPrus YACTHIBl MHOTo GosbIie 3HepruM nokos: E, >>myc?, B
dopmyne (18) moxno npeneOpeub EOMHHMIIAMH 10 CPaBHEHHIO C
E,/(2myc?). Torna Bupaxenne (18) npunumaer Bun

AE ~VE, 2myc?. (19)

Ecan, Hanpumep, M xotum umerh AE = 20 9B npu cTronKHOBEHHHN
TIPOTOHOB (JHEPrHs MOKOS MPOTOHA 2myc’~ 1T3B), T0o ¢ moMowBIO

dopmynst (19) ybexnmaemcs, 4To HEOOXONMM YCKOPHUTEb, PA3TOHKIOMIMM
nporoHs 10 3Hepruu E, &~ 200 I'aB. Takum obpasom, B paccmarpusae-
MOM MPUMEPE MOXET 61:('1‘1: HCNOJIB30BAHA TOJBKO aecaras 4acth KHHE-
THYECKO# SHEpruM NMpoToHa (a He NOJIOBMHA, KAK ObU1O OBl B HEpEAATH-
BUCTCKOM CJIy4ae).

WUrak, u3-3a penasTUBUCTCKHX 3DPEKTOB A0S KMHETHYECKOH IHEp-
TMY PA30THAHHHX YACTHI[, KOTOPas MOXET OBTh UCMOAb30BAHA AIS PE-
AKUUM, Y YCKODUTEJEH C HEMOABMXHON MHUIIEHBIO MafacT C POCTOM
Heprud. B yckopurese Xe HAa BCTPEUHBIX NMYUKAX H B PEIATHBHCTCKOM
Cyyae BCS KMHETHYECKAS JHEPTUs CTANKHUBAIOLUXCH YACTHI, MOXET Te-
peifTH B SHEPTHIO MOKOS POXKAAIOMMUXCH UACTHIL.

WuTepecHo mOAYYUTh COOTHOMIEHHE, CBA3BBAIONIEE KHHETHYECKUE
JHEPrMH¥ YACTHIL B yCKOpHTENE ofmunoro tuma E, M B YCKOpHTEJC Ha

BCTPCUHBIX My4yKax E;, NPH KOTOPHX MOAYYAETCS OXHA M TA X€ JHEPrus
AE, cnocobHas npeBpaTUTHCA B SHEPIHIO MOKOS POXIAIOMUXCS YACTHIL.
B yckopurene Ha BCTpeyHHX nyykax AE = ZEL. B yckopuresne ¢ Henon-
BIXXHOM Mumensio AE omnpenensercs dopmynoir (18). Ilogcrasass B
Hee AE = 2E,, HaXonuM
E 2
E, =2my,c? =41 —1. (20)

2
mgc

B y/bTPapeNsTHBHCTCKOM CIyuae, Korna E, >> myc?, a1a (opMyna npu-
HAMAeT BHA

’

E ~ mo:z . (21)
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U3 npuseaeHHuX GOpMY/I BUAHO, YTO BHMIPHIN IPH MCIOJb30BaHUA

YCKOpUTE/NEH Ha BCTPEUHBIX NMYyYykKax ocOOEHHO BEMMK AMS JIEMKMX Yac-
THI[, HATIPUMED SJEKTPOHOB, I KOTOPHX moczzO,S MbosB. Taxk, gna
YCTAHOBKH CO BCTPEYHHMH NyYKAMH, YCKOPSAIOWIEH 3JIEKTPOHB 10 3HEP-
ruu E, = 130 M3B, sHeprust E, 5KBMBaJIEHTHOTO YCKODHUTENS C HEMOA-

BHXHOM MMIIEHBIO COCTaBasier, cornacHo dopmyne (21), npumepno
70 'sB, . e. B 520 pa3 Gosapwie!

TIpy KakuX YC/OBUSX 3HEPrys YacCTHULB! NPONOPLMOHANAbHA UMIYAbCY?

TMokaxwure, uto NpHY YCKOpEHUH yacTUlbl oA IeACTBUEM MOCTOSHHOM CMUABI
€€ CKOpPOCTb CTPEMMTCH K KOHCYHOMY Npeacay.

IoueMy B yCKOpHTENSX, PA3rOHAIOLIMX YaCTHUBI 40 BBICOKMX 3HEPruil, ne-
pHon obpauieHUs B MarHUMTHOM IOjie He ocTaercs NMOCTOSHHbIM?

B yeM 3aKklo4aeTcs NpeMMYIIECTBO HCHOML3OBAHMS BCTPEYHBIX MYUYKOB B
¢du3vKe BLICOKUX 3HEpPrui?
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§ 6. CBeTOBbIE KBAHTHI

Opna ¥3 BeyMuadIIUX PEBOJIONHUM B (DHU3MKe, CBI3aHHAS C OTKPHTHEM
KBAHTOBHX 3aKOHOMCPHOCTEH, NMpuuiiack Ha Havano XX cronerus. Okxa-
3a70Ch, YTO PAX SKCOEPUMEHTANBHHNX (PAKTOB, OTHOCAIIMXCS K ATOMHBIM
SABJCHHUSAM, B OPUHIMUIE HEBO3MOXHO OOBSICHUTL B paMKaxX Kjaccuue-
CKO#t MEXAHMKHM M JJEKTPOAMHAMHUKH, MOJYUYMBIIMX K 3TOMY BPEMCHH
BIIOJIHC 3aKOHYCHHBIN BHUA.

®@orosnexrpuuecknii addexr. Hanbosee spko orpaHUUEHHOCTD Mpen-
CTABJICHUH KJACCHYECKOU (u3uku obHapyXmnaa ce6s B aBicHHM doTo-
addexra, orkpmroro I'. ['epuem u BmepshEe MOAPOOHO MCCAETOBAHHOM
A.T. CrosetoBaIM.

denenue ¢oroacddexkra 3akmouUacTCI B BHPHIBAHMHM 3JICKTPOHOB
M3 BEIIECTBA namalomuM Ha Hero cseToM. OCHOBHHIE YEPTH 3TOrO
ABJEeHHS CcBOAATCH K chaexywomemy. [Tyyok ceera, maparowuii Ha no-
BEPXHOCTh MCTANAa, OCBO-
Goxmaer u3 Merasaa IJCKT-

//

=== POHK TMpHA  YCJAOBHH, YTO
== yacroTa CBETa BHIIE oOmnpe-

—= [EJIEHHOIO KPUATHYECKOTO

3HAUEHUS, 3ABUCSMIETO  OT
poma wmerana. Kommuecrso
BHIDHBAEMBX B  EAMHHMILY
BPEMEHH  3JIEKTPOHOB  TpH
HEU3MCHHOM  CIIEKTPATBHOM
COCTABE HATYYCHHS IPOTIOp-
MOHAJBHO MajamWeMy Ha
HOBEPXHOCTh METAJIA CBETO-
BOMY [OTOKY.

K momenry orkpweitus do-
Puc. 15. [Ipoctedimuii oubir no naGmopenwio  Todddexra B 1887 r. eme uHu-
doroaddexra yero He ObUIO  M3BECTHO

00 9JMeKTpOHAX, OTKPHITHX
IIx. TomcoroM TosBKO mecaTh Jjer cnycrs B 1897 r. Opnako akcnepu-
MEHTAJBHO ObLJI0 YCTAHOBJIEHO, YTO META/T [IPH OCBEUICHHH TEPSET
HMEHHO OTpHIATE/NbHHI 3apsn.

S
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DOKcnepuMeHTadbHbe 3aKoHoMepHOCTH (PpoToaddexra. IIpocreiimuii
cnocob mabmopgate doroaddexr — 310 OcBemAaTh YABTPadHOIETOBLIM
H3JIYUYCHHEM 3apAXCHHYIO LIUHKOBYIO IUIACTHUHY, COCAUHCHHYIO C JJIEKT-
pomerpom (puc. 15). Ecm 3apspx mnacTHHE NOMOXUTENBHBI, TO 061y-
YEHHE e¢ HMKAK He BAMACT HA OmICTpOTY paspsanku asexkrpomerpa. Ho
©C/I¥ 3apal MUIACTUHBI OTPULATENBHEINA, TO WU3JMYUCHHUE IJIEKTPHUECKOM
Ayrd OueHb OmcTpo paspskaer amektpoMmerp. Cpasy nocie OTKpBITHS

U, 0 U
Puc. 16. Cxema  3KCHEPUMEHTATLHOM Puc. 17. 3asucumMocTe cuibl GOTOTOKE
YCTAHOBKM I H3yueHHUH (boroad)- OT TIPHIIOKEHHOINQ HAMPSOKEHHUT IpHU
dbekta HEU3MEHHOM CBETOBOM OTOKE

37EKTPOHA CTAJIO SICHO, uTo GoToaddeKT cBA3aH UMEHHO ¢ 0cBoOOXaE-
HUEM HUMCIOMMXCH B METAJIJIE 3MEeKTPOHOB. Eciu anexTpoHBl, Mcmyckae-
MBIE OTHHUM 3JIEKTPOROM (MX OOBIYHO Ha3WBAKIOT (HOTOINEKTPOHAMHU), CO-
OpaTh Ha APYroM JJEKTPOAEC B BAKYYMHOU KO0j0e M 3aMKHYTh MEXAY
anexTpoaamu uens (puc. 16), To cMnaa Toka B Hel Oymer NpOmoOpIMO-
HaJbHa CBETOBOMY IIOTOKY. BeChb NOpOIECC nMpOTEKAET MPaKTHUECKH
MI'HOBEHHO, T. €. 6e3blHePUUOHHO.

Ecnn, He MEHS9 CBETOBOIO MOTOKA, YBEJMUYHBATH pA3HOCTh
NOTEHUMANOB MEXAY DIACKTpPOnaMu, TO cuiaa Toka (doroToka) Hapa-
craer. [Ipy HEKOTOPOM HaNpSIKEHUM OHA JOCTUTAET OMpPENEICHHOIO
MaKCHMMAaJNbHOIO 3HAUCHUS, MNOCJIC YETO TIEPECTACT YBEJIHYABATHCH
(puc. 17). Dro makcumanpHOoe 3HAUCHUE (HOTOTOKA HA3BIBACTCS MOKOM
Hacvlujenus. SICHO, yTo HachmeHUE HOTOTOKA HACTYHAECT TOTHA, KOraa
BCC HCOyCKAaeMble (OTO3NEKTPOHBI NMOMAXAIOT Ha BTOPOH 3JJICKTPOM.

OcB060XIEHHBE U3 META/Ia CBETOM JJEKTPOHH 001amarT HEKOTO-
POM KMHETHUECKOM JHeprued. Jta IHCPrUs BO3PACTAET C YBEIUUEHHEM
YACTOTH Nafalomero CBeTa.

Kuneruueckas 3Heprus $Goto3neKTpoHos. OCTAHOBUMCS HA TOM, KaK
MOXHO M3MEpPHUTb KMHETHUCCKYIO IHepr#io (orosnekrporos. U3 rpadu-
ka Ha puc. 17 BuagHO, uTO cuia (HOTOTOKA OTIMYHA OT HYAd U NPH OT-
CYTCTBUM PWIOXEHHONO HANDSXEHus. EC/IH M3MEHUTh NOMSIPHOCTh Oa-
Tapeu, TO TOK YMEHBIIMTCS M NpHU HEKOTOPOM HampsbkeHun U, cuwna
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TOKa 0OpaTHTCH B HyAb. 3TO TAK HA3MBAEMOE 3alepXuLBarouiee Hanps-
Xerue, IpU KOTOPOM BCE BRIPBAHHKIC CBETOM 3JIEKTPOHH BO3BPAMAOTCS
Ha K4TOM, M3 KOTOpOro OHM Owutk BuIpBaWM. 3Hauenue U, 3aBUCHT OT
MAKCHMAJIbHOM KHMHETHMYECKOH 5HEPIHM, KOTOPYK) MMEKOT BHPBAHHBHIC
CBETOM DJIEKTPOHH. Mamepsast 3agepXHBalolee HAMPIXKEHHE M HpHMe-
HSisl 3aKOH COXPAHEHHs JHCPIHH, MOXHO HAldTH 3TO MAaKCHMMAaJbHOE 3Ha-
YCHHUE KHHCTHMYECKOM SHEPTUH:

Hpn M3MEHCHHM HHTCHCHMBHOCTH CBCTA CHAJMA TOKA HACHIIICHUA [H

TAKXKE MIMEHSAETCH, HO, KAK TMOKA3AJIM ONBITHI, 3aN€pXMBAIOINEEC HAMpS-
xeHHe U, OCTAETCS HCH3MCHHBIM. JTO O3HAYAET, YTO MaKCHMAaJbHas
KHHETHYecKass SHeprus (OTOITEKTPOHOB HE 3aBUCHT OT MHTCHCHMBHOCTH
ceera (Ipu €r0 HEM3MEHHOM CHEKTPasJIbHOM cocraBe). C TOuKM 3peHHS
BOJHOBBIX HPENCTABJICHHM O CBETe 3TOT (PakT HeoObscHMM. Begh uem
GoIbIMIE MHTEHCUBHOCTh CBETE, TeM OOJBIIME CHJIBI ACHCTBYIOT Ha 3JEK-
TpPOHHI B OCBELIEHHOM METanie U TeM (0sibluasi JHEPTUS OJKHA, Ka3a-
JIOCh Obl, IEPERABATBCA CBETOM 3JICKTPOHAM.

TIHATETbHBIE OMBITH MOKA3AIM, UTO KMHETHUCCKAS DHEPIHS 3JCKT-
DOHOB, HCITyCKAEMHX [OBEPXHOCTHIO METa/LTd, OCBEINAEMON BHIMMBIM
MM yAbTpaMONECTOBLIM CBETOM, HE 3aBHCHT OT MHTCHCHMBHOCTH M3Ny-
YEHMS, 4 3aBUCUT JHWb OT POAA MCTA/NA U OT YACTOTHI M3AYUYECHHS V.
Teoperuueckoe 00bsicHeHMe HaOMIORaeMOi 3aKOHOMEPHOCTH OBUIO maHO
B 1905 r. A, DiHmTCHOM HA OCHOBe I'MNoTe3n [I1aHka O TOM, UTO CBET
U31y4acTcsl ONPERENCHHHIMH [MODHHSIMY, IPDUYEM SHEPrUsl KaXaoi Ta-
KoM mopuuu onpexensierca dopmyaoi E = Av.

Coornomenue Ilnanka. 3rta dopmyna Gruia npennoxena [Lnankom
npH paspaGoTKE TEOPUM TEMJIOBOrO ManyueHus. [lociaenosarenbHoe mpu-
MEHCHHE KJIACCHUCCKOM 3JIEKTPOAMHAMUKHU K TOU NpobieMe NpUBOXIIIO
K duanyecku GECCMBICIEHHOMY BBIBOAY O TOM, UTO CNEKTPANBHAS I[UIOT-
HOCTBb PIB.TIy‘-ICHPISI HarperToro reéJjia A0JIXHa HCOrPaHHUYCHHO BO3pacTaTh B
06/1aCTH BHICOKMX YacTOT. DTOT NapafOKCANbHBIA BBHIBON M3 KJIACCHYe-
CKHX NPEACTABJEHHH noyuyus oOpasHOC HA3BAHUE «yJLTPAdUOIETOBOMH
KaTacTpoghhl».

Takoe NpOTHBOPEYHE TEOPUHM M SKCHEPUMEHTA He BO3HHUKACT, CCIH
HPEANONIOXKHUTE, UTO BEIMECTBO HCOYCKAET JEKTPOMATHUTHYIO JHEPIHIO
HC HENpEpPHBHO, 4 OTAEJbHRIMHU MODUUAMH — KGaHmMamil, SJHEPTUS KO-
TOPHX MNPONOPUHUOHAJIbHA YacTOTE v HU3JIYYCHUSA!

E=hv.

Kosdduiuent nponopiiHOHAIBHOCTA A NOJMYYHMJI HA3BAHUE NOCMO-
snHod ITnanxa. Yucnosoe 3HAuCHHE nOCTOSHHOM [lnaHka pasHO
6,626 10734 IIx-c. [TocTpoenHas [11aHKOM TECOPHsl TEIUIOBOTO U3IYUEHUS
MpEBOCXOAHO COIMIACYETCs € OIKCIEPUMEHTOM, ONHAKO MOJOXEHHOE B
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OCHOBY 9TOH TEOPHM IIPEANONOKEHUE O3HAYAET, UTO 3AKOHH KJIACCHYE-
cKOif (hM3UKHM HENPUMEHUMBI K ONMCAHUIO ABJICHUS TEILIOBOTO M3/IYUCHHUS.

Ypasuenue DinmreiHa. Onucusaomee doroaddexT ypasnenue Iiin-
wmeltina Bmpaxcae'r 33aKOH COXpPAHECHUSA JHCPIrUHU B SHCMGHTapHOM aKTe
B3aUMOJEHCTBUS CBCTOBOIO KBAHTA, HMEIOMIETO SHEPTHIO AV, C DIEKTPO-
HOM Meérasua:

hv=m202+A. (1)

B 3TOM BHpaXeHMU A — TaK Ha3elBacMas padoma 6ulx00a 3ACKTPOHA
U3 METa/aa, T. €. MUHMMANbHAS SHEPTUs, HEOOXOAMMAS WIS YAAJACHUS
JNEKTpOHA M3 Mertawna, mulk, /2 — MakCUManbHas KHHETHUECKAas
3HEprus ocBobOXAaEMOr0 MEKTPOHA.

W3 ypasHeHus (1) MOXHO caenaTh BHIBOA, YTO CBET C YaCTOTOM Vv,
MEHBIIEH HEKOTOPOIO 3HAUEHHUS V,,,, ONPEAEASCMOIO COOTHOMICHHEM

hvy,, = A, BoOOmEe HE MOXET BH3WBATh (OTOId(EKT B BEmecTse C

AAHHBIM 3HaueHHeM pabOoThl BHXOAA, TAK KaK SHEPIus Av KBaHTA OKa-
3bIBACTCH MCHBIIE pabOTH BmXoma. JTa 4YacToTa v, ONPEACHSCT TaK

HA3KBAEMYIO KpacHyro eparuyy dotoaddekra. Y uuHKa KpacHas TpaHH-
ua doroaddexra npuxonurcs Ha OMUXHIOKL yabTpaduONEeTOBYIO 06-
JACTh CEKTPA. Y HEKOTOPHX APYTHMX METAJIOB, HANIPUMED y HATPUS U
KaJaus, 5Ta FPAHMLA JEXHUT B BUAMMOU 06nacTH cnekTpa.

HderanpHOe M3y4yeHUE OMLITHBIX NAHHHIX NOKa3ano, Yto A B BHIpa-
xenun (1) geHCTBUTENBHO COBMAfacT C YHUBEPCAIBHOM TNOCTOSTHHOM
h=6,626-1073 Ixx-c, 3HaucHHE KOTOPO# BIEPBLIC OLLIO HANACHO M3
ONBITOB MO CHEKTPaJIbHOMY COCTABY TEIUIOBOTO M3JIyYEHHMS.

KopnyckyJsipHble H BOJHOBbIE CBOHCTBA cBeTa. [lonHTaeMcs NOHATS,
fOUEMY JJIEKTPOH OOBIYHO IOIVIOMACT TOJALKO OAMH KBAHT DHEPrHH He-
3aBUCHMO OT MHTCHCMBHOCcTH Hamyuenua!. Camoe mpocroe o6bscHeHHE
3TOTO 4BJICHUS 3aK/JIOHACTCH B CIACAYIOIIEM: CBET COCTOMT M3 UACTHII,
T. €. U3 H3JYUCHHBX MOPUUH CBETOBOH JHEPruM E = hv, KOTOpHIE CO-
XPAaHSIOT CBOI0 MHAWBHAYAIBHOCTH B MPOLIECCC DACHPOCTPAHCHUS H B
AaJNbHEUIIEM, IPU CTOJKHOBCHUU C 3JICKTPOHOM, NIEPECAAKOT €MY BCHO
CBOKO 3IHEPrHIo.

DTO NMpPEeanoJIOXKCHAE MOAKPENISCTCS PAa3/JIMYHBIMY ONBITAMH, HANIPH-
MEp TAKUMHM, KOTHa Ha (HOTOIIACTUHKY HANPABJISIOTCS JIyYU OUEHb HHU3-
KO MHTEHCHBHOCTH. Ha IutacTHHKE HOJIy4aroTCcs XaoTHYECKH pasbpocaH-
Hble TEeMHEIE TOUYKH, PACIPERCJEHHBIC CO CPEAHCH IUIOTHOCTBIO, MPOMOp-
VOHANBHONH HMHTCHCUBHOCTM CBeTa. JIj1s O4YEHb HMHTEHCHMBHOTO Iy4Ka
PacnpefesICHNE TOYEK CTAHOBUTCS HACTOIBKO ILUIOTHBIM, YTO OHM NPAKTH-
yecku cauBatorcs. [Ipy Takoit MHTEHCHBHOCTH MTyYKa CBETA JUCKPETHOCTD

! TIpy OueHb BLICOKOM MHTEHCMBHOCTH CPOXYCHMPOBAHHONO NA3EPHOIO UAMYUeHUs BO3MOKEH
miorodoTounblit horosddexr, Xoraa OZHOMY 3NEKTPOHY JNIEDERAETCS BHEPrusl Cpa3dy He-
cxonbkuK Gotonos. Jas muorodoronnoro doroaddexra xpacHas rpaHvua OTCYTCTBYET.
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AKTOB B3aMMOAEHCTBHS cBETA C (POTOIUIACTUHKOH yXKe HE NMpOoSBisercs, U
My4YOK CTAHOBHTCS MOXOXHUM HA TO, UTO B KJACCUUECKOWU (pU3uUKe HA3HBa-
€Tcd CBCTOBOHM BOJIHOM.

XoTg NpeAnosoXeHue, UTO CBET COCTOMT M3 JIOKAJIM30BAHHHX uac-
THLl, MO3BOJSET MpPOCTO OOBICHHTH (POTOINEKTPUYECKHUMA 3deKkT, OHO
HE COrnacyercs C OrPOMHOM COBOKYIHOCTBIO IKCHEPHMEHTOB, NMpPHUBOXS-
WUX K BBIBOAY, YTO CBET ABJsAETCS (DOPMOM BOJIHOBOIO JBUKCHHUS.
BcrmoMEMM uepenoBaHUE MHTEHCHBHOCTH AUMPAKIMOHHEIX TOJIOC CBETA,
Nafaomero Ha 9KpaH Nnocjie NPOXO0XACHMS depe3 OgHY WIM HECKOJLKO
menei. Jacro MMeeT MECTO TakOe SBJCHHE, YTO NpH ABYX OTKDBITHIX
wensx, OAM3KMX ApYT K OPYry, MHTCHCUBHOCTD CBETa B HEKOTODBIX
MECTax JKpaHa OymeT OueHb Masid, B TO BPEMs KaK B TEX XE MECTax
Mpy HDPONYCKAHUM CBETA TOJBKO YEpPE3 OfHY WICJb HAOMIOZAETCS BHICO-
Kasi WHTCHCHBHOCTb. OTH PE3YJIBTATH JIETKO OOBSCHSIOTCS NPERIoo-
KEHMEM, YTO CBET MpEACTAaBaseT cO60i BOJIHBI, KOTOphIE, WHTEpbhEpU-
pys, MOryT yCHIMBAThca WM ocnabnsrbes. Ho MX coBepmenHo HEBO3-
MOXHO OOBSCHMTb, €CJM INPCANONOXHUTH, UTO CBET COCTOMT M3
KJIACCMUECKUX YaCTUI-KOPNycKys. Takme 4acTHunl JOJKHB ObL1M OB
NPOXOMUTL WIN Yepe3 OfHY, MWJIHM Yepes3 ApYTYIo Wedb, d HaJauyue BTO-
poif meau ensBa JM MOTJIO Obl EAMSATH HAa XapAKTEp ABMXXEHUS YACTHIL,
NPOXOASIIUX YEPE3 HEPBYIO IICJIb.

HeB03MOXHOCTD KJIaCCHYECKOro o0bsacHeHus dorosddexra. Mox-
HO JM OOBACHUTH 3aKOHOMepHOCTH (hoToddhdekTa MCXORST M3 BOJHOBBIX
npeacrasiacHuit o ceere? [TompoByem paccMmoTpers dotodddexkT ¢
KJ3CCUUCCKONH TOUKHM 3pCHUA. B3anMoneiCIBys C IJIEKTPOHOM, Haxo-
ASIGUMCS BHYTDHM aTOMa, H3JIyUCHUE MEPEeRacT €My CBOIO DJHEPruio.
Onexrpor OyaeT MOIOMmMATh JHEPIMI0 CBETOBOH BOJIHBI, mOKa OH HE
ocsobonurca u3 aroma. O6psacHure ypasnenue (1) MOXHO, mpegno-
JIOXHB, YTO CBOMCTBA aTOMa TAKOBH, YTO JJCKTPOH OYAET COXPaHATh
MOJYYEHHYK) OT CBETAa DHEprMI0 M HAaXOOUTBCSI B aTOME KO TEX mOp,
NOKA HE HAKOMHUT €€ A0 BEJHUMHW Av, TOCJHE YEr0 MOKMIAAET ATOM.
Ecau 6bf aToM REHCTBHTENBHO 00/Maman TAKMMH CBOHMCTBAMH, TO RIS
CBETA C OYECHb MaJEHBKOM HMHTEHCHBHOCTBIO (horoaddext He aomxeH
Ob1 Ob1 HAOMIORATHCS B TEUEHWE OUEHb AOJIOr0 BPEMEHM, TaK Kak
ROJMXKHO OnI0 OB MPOMTH 3HAYMTEABHOE BpEMd, UTOOR HAKOIHJIACH
Heobxonumass nopuus SHeprun. COOTBETCTBYIOINME OMLITBl IPOBOAM-
JIACh € METANIMYECKHMH MBUIMHKAMM M OoueHb Cjaalbim ceeroM. [Ini-
JIMHKYM OBLIM HACTOABKO MANK, 4TO norpeboBanock 6ul MHOroO uyacos
A1 HaKoIIEHMUS sHeprud hv. OgHAKO HEMEMJICHHO MOCJE HAuyajda MX
OCBEIEHUS MOSBJAJIOCHE HEKOTOPOE KOJHUECTBO (hOTOANMEKTPOHOB,
Wrak, 3Ta nonsitka OOBSICHCHHS HE YAAJIAChH, -

Takosa Xe 6ruta cyanba BceX OCTANbHBIX MOXOOHKIX MOMBITOK 0OBAC-
HEHHUs 3aKoHOMcpHocTel ¢doToaddexra Ha OCHOBE BOJHOBHIX MPEACTAB-
JICHHHA. DTO 03HAYaeT, UTO BOJHOBAS TEOPHA HE crnocoOHa OOBICHHTH
BHE3AMHYIO JIOKAJN3ALMIO KOHEUHBIX MOpPUMN JHEPFrHM Ha OXHOM Kjac-
CHYECKOHM YaACTHLE.
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JBoiicTBeHHas npupoaa ceera. O6obmenne NaHHHX Pa3sTUYHBIX OINbI-
TOB NPHBEJIO K CJACAYIOUIMM HE H3BECTHRIM PAHCE BAXHBIM BBIBOAAM:
BO-TICDBEIX, K TIPEACTABJICHHIO O JABOWCTBEHHOM XapaKTepe 3JEKTPO-
MArHUTHOTO HM3JIyYEHUS, NpPOSBJAIONIETO TO BOJHOBBIE, TO KOPIYCKY-
JISIpHBIE CBOMCTBA, ¥, BO-BTOPHX, K YTBCPXIEHUIO O CYUICCTBOBAHMUH
OUCKPETHBIX 3HAUCHWH HEKOTOPHX M3 TeX (DU3NUECKUX BCIMYMH, KO-
TOpHlE, NO NPEACTABJCHUAM KJIACCHUECKOM (DU3UKM, MOIJIM MEHATHCS
HENpEphIBHO.

Hrax, ogna rpynma ONHITOB yKa3niBAET, YTO CBET — 3TO YACTHIHI,
KOTOPbIC MOTYT OBITH JIOKANH3OBAHK; APYyras Xe rpynma He MeHee y6e-
OUTENbHBIX OMBITOB AOKA3BIBACT, YTO CBET — JTO BOJAHH. Kakoe xe u3
3TMX YTBEPXICHUU mpaBWwibHO? BOMpoC cTOMT TAK: MOXHO JM HANTH
COMHOE TPEACTABJCHUE, OOBSCHSIOIEC BCE HALIM CBEJEHUS O MPHPOAE
csera? [Tozxe Mu BepHEMCS K 0OCYXAEHHUIO 3TOrO BOMpOca, a rnoxa Oy-
A€M OpOCTO CYMTATH, YTO CBET CymecTsyer B ¢opMe KBaHTOB-(POTOHOB,
KOTOpHIE TIPH HEKOTOPHIX YCJIOBHAX NPOSIBASIOT cefs nogo0HO YacTuLaM,
a Npy¥ ApPYTUX — NOHOOHO BOJTHAM.

®oToHbL MH yXe HOXpOGHO paccMaTpUBajyu BOTHOBLIC CBOMCTBA CBETA.
Teneps paccmorpum GoJiee OETAABHO CBET C KOPIYCKYJSIPHOM TOUYKH
3penund. B reopum Ilnanka sHeprug ¢oroHa £ cBs3aHA ¢ YaCTOTOMH CBETA
V COOTHOUIIECHHEM

E = hv. (2)

CornacHo TeOpuM OTHOCUTENBHOCTH DHEPIUsl BCErga CB43aHA C Mac-
COM COOTHOIUCHUEM

E = mc
[TooToMy pensTBMCTCKas macca (oToHA

=5 3
m=73. (3)

[Tockoabky (DOTOHBE HE CYICCTBYIOT B COCTOSHHH IIOKOSI, TO HX
Macca mokos my =0, a mMacca m, onpencisemas copmyoir (3), 3to
Macca ¢oToHA, OBUXKYIIErOCS B BAKYYMeE CO CKOPOCThEIO ¢. MMmy.sc
¢hoTOHA PABEH MPOM3BEOCHHUIO €O PEJATHBUCTCKOM MACCH HA CKOPOCTH:

p=mec=—=—, (4)

Ormerum, uto ¢opmyna (4), nawmomas cBs3b MEXAy JHepraei dorona
E W ero MMIy/JbCOM p, SBJASICTCS Y4CTHHIM Cay4yaem OOmEro CooTHo-
LWICHAS, CBA3BIBAIOWICIO SHEPrAio, MMIYJABC M MAcCy MOKOd 000N ua-
CTHULHI:

2
(%) = m3c? + p%
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I¢ddext Komnrona. OnbT nokasuBaer, YTO CBET MOXET B3aWMOAEiH-
CTBOBATh C BEIIECTBOM TOJILKO MYTEM AKCKPETHHX MPOLECCOB, MPH KO-
TOPHX MCIYCKAETCH WM moromaercs uenstit xsanr. C Kopmyckynsp-
HOM TOUKM 3pCHHS B3aMMOJCHCTBME MEXAY BCIIECTBOM X CBETOM ONu-
CBIBAETCY KAK MOrJIOM[CHUE, WCIYCKAHMe WAM paccesHue (HhoToHOoB,
COIMPOBOXJAMOIIEECE M3MEHEHHEM KX JHEPIHM M MMIIYJbca. DKCIepu-
MEHTAILHO paccesHde (POTOHOB HA DJEKTpOHAX OBRUIO MCCIENOBAHO
A. Komnronom B 1923 r. B ero onnTax uepe3 BEmECTBO C JIETKMMHM aTO-
Mamu (rpacdur, mapadun) nponmyckascs My4OK PEHTTCHOBCKMX Jyueil
yactor v. M3amepenns KommroHa nokasanu, YTo B PACCEAHHOM PEHT-
TEHOBCKOM CBETE, HAPSIAY C M3JYUYCHUEM HEM3MEHHOM QJIMHB BOJIHBI, M0-
SBJISIETCS PEHTTEHOBCKOE M3JIYUYCHUE C HECKOJBKO 0osbmielt JnunHOM BOJI-
rn. HaGmogaeMoe nm3MeHeHwe MMHB BOAHWM AA = A’ — A 3asucuT or
yrsa 6 MeXIy HanpasJIEHUEM MEPBUYHOrO MyYka M HANPABJICHUEM pac-
CEIHHOrO CBETA CJAELYIOIUM 00paszom:

(9)

A) = 2k sin? % ,

MpuueM MoCTOSHHAA k, HAWAcHHAs U3 skcnepumenTta, pasHa (0,0024 um.
3akoHbl coxpanenns B a¢dexkre KoMmnrona. Ins obpsicHenus adxpexra
KomnroHa NpyuMEHUM 3aKOHH COXPAHCHHS JHEPrUM M MMITYJIbCA K CTONIK-
HOBEHHMIO PEHTTCHOBCKOTO (DOTOHA ¢ DMEKTPOHOM, KaK ecau 6u ¢doron
nipexcrasaan cofoit 0OHuHY 0 yacTHy. B aToMax JICTKUX 371EMEHTOB I
yOAJCHUS IJJICKTPOHA HYXHA OJHEPrus IMOpsaxa
10 3B, uTO IPUMEPHO B THICIUY PAa3 MEHBINE IHEPIAK
peHrrenosckoro ksanra hv = 10 x3B. Iloatomy
SJIEKTPOHH B ITUX ONBITAX MOXXHO CUMTATH IPAKTH-
YyecKd CBOOOOHBIMM, JHEpPrus IOKOS 3JIEKTPOHA
myc?=0,5M3B u orHomenue Av/(myc?)<<l.
Puc. 18. K ofwacue- CJICHOBATEBbHO, MOKOMBIUMHCS KO CTOJIKHOBEHMS C
nuio adpdexra Komn-  (POTOHOM MM JBUTABILMICH B aTOME C HEPEIATUBU-

CTCKOH CKOPOCTBIO 3JIEKTPOH U MOCJIE CTOJKHOBEHMS
OCTAHETCH HEPEJIATUBIUCTCKUM. 3aKOH COXPAHEHUS SHEPrHH NPy CTOJIKHO-
BCHUH B NIpeHe0OpeXEHNA HAYALHOM SHeprueil SJeKTpOHa 3aNUCHBACTCS
B BHAE

2
hv=hv' + 22— (6)

b
2mg

IIe p — MMIYJbC 3JEKTPOHA IMOCAE CTOJAKHOBEHHA C (OTOHOM. 3aKoH
COXPAHEHUS MMIYJIbCa

Py =Py + D (M

e py ¥ Py — MMIyJbCH (POTOHA 10 M NOC/E PACCESHAS, 3aNHIIEM C
HOMOMILIO TEOPEMBL KocHHYcoB (puc. 18) B Buae

P*=p} + pg¢ — 2pypy <08 6. ®)
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HoxpcrasnseM B 3TO paseHCTBO BHIPAaXEHUE IS MMNyanca GoToHA yepes
Er0 YacTOTy Py = Av/c M KBajgpaT WMIIyJIbCa 3JIEKTPOHA M3 3aKOHA CO-
xpa"enus sHepruu (6):

2mph(v— V') = h—2 (v + v'2 — 2vv' cos 9).
c

[Mepenucas 310 ypasHeHUE B BHAC

h I2
v—v'=—" v+ —2v'cos O )]
2mye v )

M Y4uTHBas, 4T0 hv/(myc?*)<<1, BUAMM, YTO U3MCHEHME uaCTOTHI
Av = v — v MaJIO O CPaBHEHUIO C caMoit uacroroi v. [Toaromy B mpa-
BOit uactu (9) moxHO v’ 3amennts HA v. Torma o OTHOCHUTENBLHOTO
CABMra 4acToTsl Av/v MpU paccestHUu cpasy noaydaem

A h

&Y — (1 —cos 6). (10)

v mo(:2

3HaK «—» MOKA3bIBAET YTO YACTOTA PEHTTCHOBCKOIO M3JYUCHUI IIpH
paccesHHMM YMEHbLIAECTC. JTO eCTECTBEHHO, MOCKOJMBKY (hoTOH oTHaer
4yacTh CBOCH dHepram d7exTpony. Tenepb nepeiaeM or 4acToT K AJTMHAM
BOJIH. DTO JIETKO CHEAATh, YUUTHBAHA, YTO OTHOCHTCIBHOC W3MCHEHHE
YyacToTH NpM paccesHum mano: Av/v<<l1. Torma

AdAR=—S_~S (1——“—1).

v+ Av v v
Tak kKak ¢/v = A, TO U3 3TOr0 BEIpAXCHUA UMEcM AA = —AAv/v n co-
ornomenue (10) mepemucniBaercs B BUIE
2 .
Ak=—h—(1—-cose)=—l1—sm29. (11)
myc mac 2

3Ora dopmyna cosnamaer ¢ (5), ubo semuuna h/(myc), kax gerko ybe-
ouThCd, kak pa3 pasHa 0,0024 um. 3ra mMelomas pasMEepHOCTb AJTHUHBI
KOMOMHAMS TPEX YHMBEPCANIBHBIX IOCTOSHHBIX TOJYYHId HA3BAHUE
KOMNMOHOGCKOU OAUHbL GOAMbL INCKTPOHA.

HMHTEpEeCHO OTMETHTH, UTO U3MCHEHME MJIMHH BOJHB DEHTTEHOBCKO-
ro uanyuenns B asicHuu Komnrona, kak sugHo u3 (11), e 3aBucHr
OT AJIMHBI BOJTHBE NAJAIONIEr0 U3Jy4YeHHs. A KaK OOBSCHUTBH CYIIECTBO-
BAHME B CHEKTPE PACCESHHOrO HANYYEHUS €mME U HECMEMIEHHON JH-
Huu? Bce Do B TOM, 4O BHYTPEHHHE JJIEKTPOHH, OCOOEHHO B TsXe-
JIEIX ATOMAaX, CBY3daHH HACTOMBLKO IMPOYHO, YTO IHEPrHs, HEoOxOomumas
I ¥X yOAJICHUS, YXE€ CPaBHUMA C JHEPTUEH PEHTTCHOBCKUX KBAHTOB
M, CJEOOBATENbHO, BHYTPEHHUE 3JIEKTPOHBI HEJb3s PACCMATPMBATH KAK
cBobonunie. [Toaromy mpu coymapennu ¢oToH OOMeHMBAETCH JHEpruein
¥ MMIYJIbCOM C ATOMOM B ILEJIOM, 3 TaK KaK Macca aToMa OuYcHb Be-
JIMKa, TO 1O 33aKOHY COXPAHEHUS MMIyJAbca (DOTOH NIpakTUUecKM He
nepenaer emy cBocH osHeprunm. CeAOBaTENbHO, JHEPTHs KBaHTa Av
Py TAKOM PACCEIHNN HE H3IMEHsueTcd. ['aMMa-KBAHTH, pacCedHHHIE
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BHYTPEHHUMH 37IEKTPOHAMHM, 00Pa3yloT HECMEIMEHHYIO KOMIIOHEHTY, a
BHEIIHAMY — CMEMEHHY©. M3 nmpuBeneHHmx paccyxaenmit scumo, mo-
yemy adpexr Komnrona uenn3s uHabmopate B BUAMMON 001acTy criek-
rpa. Jlesio B TOM, uTO JHEPrusd (DOTOHA BUAMMOTO CBETA COCTABSET
JINIIB HECKOJIBKO 3J7IEKTPOH~BOJIBT (13B=1,6-107"Ix =
=1,6-10"'2 5pr). Jing Takoro cBeTa gaxe BHEMUHHE 9JIEKTPOHKEI B JIer-
KHX aToMaxX HEJb3s CYMUTATh CBOOOTHBIMU.

JMCKpeTHBIA XapaKkTep B3aNMOJeHCTBHS CBETa € 3JeKTpoHaMH. Onbi-
bl KOMIITOHA IpKO MPOAEMOHCTPUPOBA/IM, YTO JHEPTUA M UMITYIbC (oTO-
Ha AcHCTBUTENBHO BRIpaxarorcs cdopmynamu (2) u (4), a Takxe T0, 4To
3aKOHb COXPAHCHUSA JHEPTMHM U UMITY/IbCA BBHIMOHSIOTCS MDY MHAWBHILY-
aJpHBIX Mponeccax paccessHusl. 3aKOHH COXPAHEHUs MOryT OBITE IIpOBEpe-
HH eme 0osiee TOMHO, ec/IM MCCISA0BATh DJCKTPOHK otaauu. CooTBercr-
BYIOIIME M3MEPEHUs! MOKAa3aJM, YTO MPH ITOM 3NCKTPOHH mpuobperaior
TE X€ CaMble UMNIYJIBC U SHCPTHIO, KOTOpHIE Tepder POoToH.

Kak u B cayuae ¢doroaddexra, 0OpICHUTE OCOGCHHOCTH SIBAEHAS
Komnrona ucxons U3 BOJHOBOM TOUKM 3peHMs HA CBET He yaaercs. Bsa-
UMOZEHCTBYS] C IJJICKTPOMArHUTHOX BOJIHOM, KJIACCUUYECKUH 3IJEKTPOH
mor Oni moayuath M000E KOAMYECTBO SHEPrMU. B crekTpe paccesHHOro
M3JIyuCHUs] Npu HAGMIONCHUMU NOA 3aJaHHBIM YoM O MOXHO ObLTO 6H
OOHApYXHTh PA3/IMUYHBIE 3HAUCHUS ONI% W3MCHEHUS IUIMHB BOJHH IIpH
M3MCHECHMA WHTCHCUBHOCTH W3JYUEHWS WIM BpPEMEHM dKcrmosunun. On-
HAKO B OMHITAX OBIJIO OOHO3HAYHO ITOKA3aHO, UTO IpM 3aJaHHOM 3HAYC-
HUM yria HabnroaacTcs TOJMBKO OJHO 3HAUEHHE CMCHICHHMS AJIMHBL BOJTHH
HE3aBUCHMO OT WHTCHCMBHOCTH M3JIy4eHUS M BpeMeHU obnydenus. ITH
dakTsl yKasHBaOT HA TO, YTO MPOLECC MEPEOAUM FHEPIHM M HMITYJIbCa
ABJSIETCH HE HENMPEPBIBHBIM, KAK JTO IpPEICKA3HBACT KJIACCHUECKas TEo-
pusi, 3 QUCKPETHBIM.

KopnyckynspHoe o0bacHenne addekra Jonaepa. Ho ne scerna somn-
poC O MPHPOAE CBETA CTOMT TAK KATENOPUYHO: MM KBAHTHI, MWJIM KJac-
cuueckue BoaHN. CyniecTByer paa 9BIEHUH, JOMYCKAUUX KOPPEKTHOE
obbsicHenue ¢ moboii U3 3TMX TOUECK 3pcHUs. Takos, Hanmpumep, pac-
cmorpeHHuit panee 3ddexr dornepa. 310 THIUYHO BOJIHOBOE, HA MeEp-
B B3MISH, 9BJCHUAE MOXeET OBThL OOBSICHEHO C TOUKHM 3PEHUS MPEACTAB-
Jienus: 0 cBere Kak o moroke ¢oronos. [Toxaxem aro. [lycrb «3akpen-
JIEHHH#» HETOOBMXKHBIA atoMm ucmyckaer QOTOH ¢ sHeprueih Av npu
TICPEXOAE aTOMa U3 OJHOTO COCTOSIHUS C OINpPCACACHHOM IHEPrueH B apy-
roe. Pasnocrs SHEprui 3THX COCTOSIHME AV HE 3aBUCHT OT TOTO, IMOKO-
UTCH ATOM WIHA OBUXKETCH.

Ipu ucnyckanun oTona cBOGOMHO ABUKYIIMMCS ATOMOM MMITYJIBC
aroMa M3MEHSercd, MOCKOJBKY MCIymeHHHH (HOoToH obiagaer MMITy/ib-
com. CrnenosarenbHO, KHUHETUYECKAA JHEPIUsS ATOMA TAKXKE M3MEHIETCH.
Oueprua ¢dorona hv', HCOYIEHHOTO ABMXYMAMCH aTOMOM, OT/IHYAETCH
OoT AV BCAEACTBUE M3MEHEHHS KHHETUYECKON IHEpruu aroma.
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Ha ocHOBanMHM 3aKOHa COXPAHEHMS JHEDIHHU

2 2
hv'—hv=—%—%, (12)
e p — MMOYJBC aroMa g0 uchoyckasus ¢oroxa, p; — mnocae
ucnyckauus, M — Macca aroma.

HavanpHetii M KOHEYHHA WMMITYJBCH D,
aTOMa MOXXHO CBA3aTh C UMITYJIbCOM HCHY- /\
cKaeMoro (oToHa Py, C MOMOIIBIO 3AKOHA A P———— )
coxpaHenus ummysabsca (puc. 19): Pyt ——

P=p; + Dy (13) Puc. 19. K obvacrenuio addbex-

Ta Jlorepa npH  UCIyCKaHUHU
Iepenocst py, B pasecrse (13) B epyro  $oTOHa MBWXYMUMCS aTOMOM
4acTb, BO3BONS TOJYYEHHOE PABEHCTBO B
KBAalpaT ¥ y4YMTHIBAS, YTO HMIYJIBC (POTOHA KPAaMHE MAJ] MO CPABHEHMIO
C MMITYJIbCOM M3JTy4alollero aToMa, MoaydaeM

p* — 2ppy cos 0 ~ pi. (14)
C nomoupo (14) coornomenne (12) MOXHO mepenucars B8 BUAE

hv’—hv=—l%pq, cos 6. (15)

Ioncrasnss B (15) uMnyabc HCOymeHHOTO (OTOHA py = hv'/c 1 yun-
THIBAd, 4TO p/M eCTh CKOPOCTh ABUXCHHS v HM3JYUaIOIIEro aroMa, Ha-
XOoUM
) 'y
v —v=v —Cos 0,
oTKyna A
v v
w3 cos © (16)

C TOUHOCTBIO [0 WICHOB MOpsiaka v/c. DTo €cTh OOHUYHOE, HEPENSITUBH-
CTCKOE BHIpaxeHue mrg asieunus Jomnepa.

H3noxennnie 30eCh HakTh TOBOPAT O TOM, YTO OCHOBAHHBIE HA KJ4c-
cuucckoll (PU3MKe MPENCTABICHUS O MpUpPOAE cBera TpebyioT paxukasb-
HOTO NEepecMOoTpa.

e TlepeunciiuTe OCHOBHBIE IKCMEPUMEHTANIbHBIE 3aKOHOMEPHOCTH ¢hoTo3dhhek-
ta. Kakue u3 HHX BCTYNawT B NMPOTUBOPEYME ¢ OCHOBHBIMU IpEACTaBJIEHH-
AMU KJacCUYEeCKOM U3UKH?

e QO0OBacHUTe (DU3NUECKMIT CMbIC] YpaBHeHMs DitHwiTedHa ans dorosddexra.
KaxkoBa ¢B#3b 9TOM0 YpaBHEHHUs C 3aKOHOM COXpaHeHUs SHeprum?

e Kak cBS3daHA 3Heprus KBaHTa CBETa C €ro YacToToi M € JUTMHON BOJIHLI?

e KakMe M3 M3BECTHBIX BAM ONbLITOB CBHAETE/LCTBYIOT O BOJTHOBBIX CBOMCTBAaX
cBeTra?

o Kakue onsiThl CO CBETOM HE AONYCKaWT 06BSCHEHMS HA OCHOBE BOJHOBBIX'
npencTasneHuin?
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e B uem nposBisercs ABOMCTBEHHbIN XapakTep cBeTa’
e Kak cBszanbl MeXAY coboit sHeprug U uMnyisc ¢oroHa?

e Kak nposBisioTcs KOPHYCKyJipHble CBOMCTBA 3JIEKTPOMAarHUTHONO H3nyue-
Hug B sBneHuH KoMnTtoHa?

e Ha yeM ocHoBaHa KOpmNyCKyJsipHas Tpakroska seneHus Honsepa?

o Kaxue sBeHHS CBUAETENbCTBYIOT O TOM, UTO 3aKOHBI COXPaHeHUS SHEpruu
M UMIYJIbCA BBIIOJHAKOTCH B 3/IEMEHTApPHbIX aKTaX B3aMMOLECHCTBUSA CBeTa C
BetuecTsoM?

§ 7. I'paHHLUbl NPHMEHHMOCTH KNACCHYECKOH (PH3HKH

B nmaneHeitmem mosBwaMCh cmie 0ojiee OWIETOMISIONIME DKCIEPHMEH-
TajbHBIC (DAKTH, CBUACTCABCTBYIOMME O HEMPUMEHUMOCTH HpPEACTaBJIC-
HMI KJaCCHUYECKOi (PU3MKHU K ABJICHUSIM MHKPOMMDA.

CooTHowesns HeompenenaeHHocteW. [Judpakuus 3INeKTPOHOB.
B 1927 r. amepukanckue cusukn J. Ixepmep n K. dasuccon obuapy-
XWIM, YTO HYYOK 3JIEKTPOHOB OMpENEJICHHOM JHEpPruHM, NpOorIeauuni
CKBO3b KPUCTAJ/L1 M MONABIIMIA HA (OTOIUIACTUHKY, HABaJ JudpaxKiHOH-~
HYIO0 KapTHHY TaKylO X€, KaK M MNpOIIeAmMHA CKBO3b KPHUCTALT MyYOK
PEHTICHOBCKHX WM Yy-ayuei. [Ipu srom paudpakumonHas kapTuHa He
3aBUCEAA OT MHTEHCHUBHOCTH JJICKTPOHHOIO MyuyKa; T4 X€ KapTuHa Moj-
yuanace B MNPEACAbHOM CAY4ae BechbMa CAA0BIX MYYKOB, KOrAd MOXHO
OBLJIO CUMTATH, YTO 3JCKTPOHBI MAAAIOT HA KPUCTAJUT HOOZUHOUKE.
Takum 06pa3oM, 0Ka3aaock, YTO 37EKTPOHAM, KAK ¥ (POTOHAM, MpHU-
CYIIM ONpeAc/ICHHHE CBOMCTBA, XapaKTEpHHIE [Jis BOJIH, @ HE JUIA 4ac-
THI|; PUYEM ITU BOJHOBHIC CBOMCTBA NPUXOAMJIOCH TIPUITMCHIBATh KaX-
AOMY JJICKTPOHY B OTAEJBHOCTH, a4 HE BCCH COBOKYMHOCTH 3JIEKTPOHOB B
nyuke. BMmecre ¢ TeM Kaxpsil 57eKTPOH, momagas Ha (OTOMIACTHHKY,
RAaBaa MOYEPHEHUE TOJILKO B OMHOM MECTE, B OAHOM 3EPHE CBETOUYBCT-
BUTEJBHOIO (JIOS, M JIMHOIb COBOKYMHOCTb IMOYCPHEBIIMX 3C€pEH AABAJA
ouhpaKuOHHYI0 KAPTHHY pacnpeneseHusi HHTCHCUBROCTH NMPOMICAIIEro
nyuykd. Arak, B OAHUX YCJIOBUAX IPH MPOXOXIEHHH CKBO3b KPHCTAILI
JJIEKTPOH BeEj Ce0sl KaK MPOTAXEHHAd BOJIHA, a B APYIMX — INPH nomna-
OaHWU Ha 3epHO hOTOCAOS — KakK CTPOro JOKANM3OBAHHAY YacTula.
Ha ocHosanum mnpeacraBiaeumii KaaccHueckoil (uamku Takoe pasiu-
yMe B MOBCAEHUM IJIEKTPOHA B PA3HHX YCIOBUAX OOBSICHUTD HE YIAIOCH.

3apoxjeHHe KBAHTOBOM TeOpHH. Bce 3Tm sBneHMs OBUIM NMpaBWIbHO
0ObACHEHH TOJIbKO KBAHTOBOM MexanuKoi. McTopus cO3AaHNs KBAHTOBOM
MEXaHUKH ICANTCS Ha ABa neprona. Iepsrii mepuoa — ¢ Havana XX cro-
JIETHE ¥ 10 KOHIA €ro NEPBOii YETBEPTH — 3TO MEPHOA CO3NAHUS TaK HA-
3HBAEMON «CTapoii KBAHTOBOM TEOpUN», B OCHOBE KOTOPO#H JIEXAT FHIIOTE-
3a [1naHka o AMCKPETHOM XapaKTepe W3NYYCHHS HarpeTHX TeJ, YpaBHe-
uue Ditamreiina s ¢doroaddexkra n reopus aroma Bopa. Crapaa
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KBaHTOBas TEOPHs HE MPeCTaBasia coboif CTPOXHOI, JOrNYecKH 3aMKHY~
TOU HayKd. YIa4HO OINCAB HEKOTOPHE IKCIEPUMEHTANbHEE (PAKTH, OHA
APOSBUIA MONKYIO HECHOCOOHOCTD NpaBUIIbHO OOBICHUTE M KOTNYECTBEH~
HO OMKUCATH BCE MHOrOOOpasHe yANBUTENbHRX ABJIEHHA MEKPOMHpA.

K xonuy nepsoii uerBepru XX Beka cTajio SICHO, uTO HEOOXOaMMa
Teopus, KOTOPasi C CAMOIO HAYa/ia BHISICHMIA Obl, MOYEMY KJIACCHYECKAS
(HM3MKa HENPUroAHa NPy aHANN3E ABJEHUH aromHoro macmraba. Kakue
Xe YepTH KJAcCH4ecKoro cniocoba omucanus PU3NUECKUX SBJCHUN ne-
JIAIOT ero HEeNnpuMEHMMBIM K MHKPOOOBEKTaM H TA€ NPOXOAUT rpaHMLa
MPUMEHUMOCTH MPEACTABNACHMIA Kaaccudeckoit duankn?

AOcCTpaxuuM, rexamue B OCHOBE Kjaccuyeckoi ¢pusukn. Knaccuue-
CKOE€ OINUCAHME (PUIMUECKOTO IMPOLECCA KM SBJCHUS XaPAKTEPU3YETCs
psagom abcrpakuuii. [Ipexne Bcero ato abcoaromusayus TIOHATHS QU3K-
4YecKoro Ipouecca, 3aKIovaiomascs B MPearnojoXeHNH O HE3aBMCHMO-
CTH SBJICHUWI OT YCJIO0BMIl ux Habmonenus. EquucraenHoe 00CTOATENBCT-
BO, CBS3aHHOE C YCJIOBUAMU HAOMIONEHHMS, KOTOPOE YUUTHIBAJIOCH B KJIAC-
cHYeCKOi (PM3UKEe, — 3ITO BHOOP CHCTEMB OTCUETA: 10 OTHOMIEHHIO K
OBYM NPOU3BOJIBHO ABUXYIUMMCS OTHOCHUTENBHO APYT APyra CUCTEMAaM
OTCUETa OOHO U TO Xe spneuue Oyaer umers pasnuuHblil Bua. Ousnue-
CKMif mpouecc B MHEPHWAABHOM CHUCTEME OTCYETA PACCMATPUBAJICH KaK
HEYTO, MPOMCXONAINEE HE3ABUCHMO OT HAO/MIOneHNS 32 ITUM MPOLECCOM,
a HE KaK €BJEHHE, KOHKPETHO I03HABAEMOE IIpPA MOMOIU OIpene-
JICHHBIX CPEICTB MCCICAOBAHUS.

IMospueiimuee pa3suthe PH3MKM HOKA3a0, 4To abcomorusanus ¢u-
3MUECKUX MTPOLECCOB HE SBJKETCH JOrHYECKH HEOOXOAMMOM, a NPEACTAB-
aset coboit JoNnymeHue, KOTOpoe NPEKPAaCHO OMpasIBBAJIOCh MPU U3yde-
HUH MAaKpOCKONMYECKHX $BJACHMH, HO KOTOpOE OKa3aJoCh COBEPLIEHHO
HENMPUIOAHBIM B MHUKPOMUDE.

JledcTBUTENBHO, KAdCcuyecKas (PU3nKa UMENa AesI0 C TEIaMK KPYITHO-
ro macmraba, Mo OTHOMIEHHIO K KOTOPHM BO3ZEHCTBHE, CBA3aHHOE C H3ME~-
PEHMEM, Urpajo COBEPIIEHHO HUYTOXHYIO poas. Hanmpumep, ocsemenne
yT60aBHOrO NOAA HaXe CAMBIM IPKUM CBETOM IIPOXEKTOPOE U TEJICBU3IM-
OHHAasi ChEMKA MATYa HUKAK He CKa3eBaOTC Ha rojere ¢hyTbonbHoro Ms-
ya. B Tex cayuasx, KOrna BIHSHHE U3MEPEHNs OO0 3aMETHBIM (BEAb OAB-
JIEHHE CBETA MPOXEKTOPOB B MPUHIKUIIE HECKOIBKO U3MEHSIET TPAEKTOPHIO
M$ya), ero MOXHO ObUIO Y4€CTh ¥ BHECTH COOTBETCTBYIOHIME MOMPABKY.
IIpuHuMnranpHas BO3MOXHOCTE ITONO HUKOIAA HE BHI3HBAJIA COMHEHHIA.

Bropas aGcTpakuus, DONycKaBuascs B Kjiaccuyeckod dusmke, Onina
TECHO CBA33Ha C MEPBOM M 3aKI04ajach B TOM, YTO npH u3ydeHuu u-
3UUECKUX SBJACHMH CUMTANOCH BO3MOXHOI CKOJIb YTOXHO MOAPOOHAA de-
manu3ayust ONKHCAHNS 3ITUX SBiCHMA. JpyruMH CIOBaMH, CUMTAIOCH,
YTO MOXHO HEOTPAHMUYCHHO YTOYHATH Rabmonenue 1 Habmonarp PasHue
CTOpPOHH OJJHOTO ¥ TOIO Xe (PM3NYECKOro Mpouecca, He HapyIas CaMoro
aBiaeHns.. Hanpumep, yBelmumMBas 4YacToTy KaApOB TEJIEBH3MOHHOM
CbEMKH, MOXHO HEOrPAHMYECHHO YBEJMUMBATbL TOYHOCThH ONpENECIEHHd
MONOXEHNS H CKOPOCTH (hyTGONBHOrO MAva.
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O xnaccuueckoM nerepMuHusMe. C orumu asymsa abcTpaknuamu, Mc-
MONb3yEMBIMH B KJIACCUYECKOH (hu3MKe, C mpeanoaoxeduem ob abco-
JUOTHOM Xapakrepe Qu3nuecKux Mmponeccos (B CMBICIE MX HE3aBUCUMO-
ctu Or ycnosuii Habimomenust) ¥ 0 BO3MOXHOCTH CKOJb YTOOHO HETasIb-
HOMO WX Onucanus (B IIpegene — HUCUEPIHBAIOMIE TOYHOTO M
BCECTOPOHHETO) CBA3AHO MOHATHME O JIAMJIACOBOM MEXAHMYECKOM HETEp-
MHUHH3MC, COMTACHO KOTOPOMY MOXHO ONpPEACTUTh COCTOSTHUE HCCIENye-
MO CHCTEMH B JI000M MOMEHT BPEMEHM, KOJIb CKOPO M3BECTHO €¢ Ha-
YaJbHOE COCTOSTHUE.

Bonpoc 0 mpUMEHHMOCTH KJACCHUECKOro crocofa omucanus — 310
BOMIPOC O BO3MOXHOCTHM MCIOJIb3OBAHMS TIEPEUYMCACHHEIX abCTpakumi
MPH AHANMM3C KOHKPETHOTO siBjieHUA. Ecnu B KAKOM-TO KOHKPETHOM Ciy-
4Yae YCTAHOBJCHO, YTO 3TH a6CTPAKIMU HETIPUMEHMMBI, TO KJIACCHUYECKOE
OTIMCAHME HEBO3MOXHO, M, CJIEH0BATENLHO, TEPSIOT CMBIC/ KJIACCUYECKUE
MpEOCTaBeHMs O CBOMCTBAX M3y4uaeMOro o0beKTa, HAMPHMED O Ero JBU-
XKEHUU 0 OmpefeieHHol Tpaekropuy,

CooTHOomIcHHA HeonpenenenHocrei IeitzeHOepra. Ilpemesnnl mpume-
HUMOCTH TpEACTABJIEHMI KIACCHUCCKOM (U3UKM, T.e. KJACCMUeCKOro
cnocofa OMUCAHUA SBICHUI MUKPOMHApPA, YCTAHABAUBAIOTCS TAK HA3HIBA-
eMBIMU coomHowenusMu Heonpedenennocmed eisenbepra. Paccmar-
pHBasl pasaudHBE COCOOB M3MEpEHMS NMOJA0XEHWs YacTHuM, [eitzeH-
fepr mpHIIea K BHIBOAY, YTO YCJIOBUS, GAArONpUSTHRIE AT TOYHOTO M3-
MCDEHHMS DOJIOXKEHHS  YaCTANM, HEOAArONpUATHH IS TOYHOTO
M3MEPEHMS €€ MMITYJIbCa W, Ha060poT, yC/I0BUS], OarONMpPUATHRE AJAS M3-
MEpEHHUSI MMITYAbCA, HEOAAarOMpPUSATHHL /1 MU3MEPCHUS MOJIOXKEHUS 4ac-
tuel. OpHo M3 coornomeHu#M [eiraenbepra cssizpiBaer Mexay coboit
HEONpEAEAEHHOCTH B 3HAUEHMSAX KOODAWHATH YaCTHHB X M COOTBETCT-
BYIOLIE# KOMIIOHEHTH MMIIYJIbCA p, B ONUH M TOT XC MOMEHT BPEMCHU:

AxAp, = h. (1)

Beanuuus Ax u Ap, HENpasWIbHO OBLIO OB MOHMMATB TOJBKO KAaK
HETOUHOCTH ONHOBPEMEHHOTO M3MCPCHHMS BEMUMH X M D, MOCKOJBKY

CaMblil TEPMUH «HETOYHOCTb» KAK OB Mpeanonaraet, 4ro CYymeCTBYIOT M
«TOYHBIC» 3HAYCHAS X U P, HO TOJBKO OHM MOYEMY-TO HE MOryT OHITDH
uamepeHsl. Ha camMoM fesie mo COBpeMEHHBIM IDEACTABJICHUAM HEBO3-
MOXHOCTP TOYHOTO M3MEPEHHA €CTh CAEACTBUE TOIO, YTO HACTHLA MO
CBOECH mpHpoae HE UMEET ORAHOBPEMEHHO TOYHOIO 3HAUCHUS KOOPAMHATHI
U COOTBETCTBYIOIIEH IPOEKUMM MMIIyAbCd. DTa HEBO3MOXHOCTH €CTh
MPOSBJICHNE NBOMCTBEHHOK KOPIYCKYJASPHO-BOJHOBON MPHPOOH MaTepH-
anpHBIX MMKpPOOOBEKTOB. AHANOTMUHEIE COOTHOIICHUS CIPABEAJIMUBHL M
OJi APYrAX KOOPAWHAT U KOMIIOHCHT UMITYJIbCA:

AyAp, = h, (2)

AzAp_ = h. (3)
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Kpome coorHomennit (1)—(3) crnpaseqinBo CooTHOMEHUE, CBI3HIBA-
10niee HEONpEeNeNEHHOCTh B U3MEHEHHHM SHEPTMM YaCTUHBL U HEorpene-
JIEHHOCTh B MOMEHTE BPEMEHM, KOId 9TO U3MEHEHHE NPOM30IUIO;

AEAt = h. (4)

3TO COOTHOILUEHHE MOJYYIIO Ha3BaHME HepaBeHcTBa Bopa—Teitsen-
6epra. Ouno dakruuecky o3Havaer, UTO ONpPERC/IEHHE IHEPIHM C TOYHO-
cThi0 10 AE NOMXHO 3aHATH MIPOMEXYTOK BPEMCHU, PABHBIM M0 MEHbIICH
mepe At ~ hA/AE. Takum o6pasoM, ecid U3yuaemas CUCTEMa HaXOOUTCH
B HEKOTOPOM COCTOSIHMM B TCUCHUE BpeMEHU Af, TO ce SHEPIHsl UMECT He-
OnpeneseHHOCTh He MeHee AE ~ h/At, mockoneky A¢ — HanbGoneummit
MPOMEXYTOK BPEMEHH, B TEUYCHUE KOTOPOTO MOXHO U3MEPATH IHCPIHIO.

CoorHolEeHUS HeonpenenedHocTelk eitsenbepra aBAGIOTCS OMHUM M3
¢pyHaaMeHTanbHBIX 3aKOHOB NpupoAsl. OHU CrpaBeqIuBH A1 JIIOOBX Ma-
TepUaAbHEX OOBEKTOB — 3JIEMEHTAPHEIX UYACTHI, KBAHTOB CBETd, 4TO-
MOB, MOJCKYA U 1. A. CrpasemansocTb COOTHOINEHMH HEOMPEAETEHHO-
cre#f, KaK ¥ BCEX APYraxX (yHAaMEHTAJIbHBX 3aKOHOB IPUPOAHI, MOATBEP-
XAAETCH BCEH COBOKYMHOCTHIO MMEIOMMXCSH IKCIICPUMEHTAIBHBIX (hAKTOB.

HUnmocTpaymMs COOTHOWEHUs HeonpenecaeHHocTen. [Tpownmocrpupy-
em HepaseHctso [eitsenbepra (1), paccmarpusas mudpakuMio IIOCKOM
CBCTOBOM BOJIHH HAa Y3KOM HICTH.

[TycTe Ha HEMPO3PAYHKIM 3KPAaH A CO LICJIbIO INMPHHON Ax nagaer cie-
BA IL10CKAs MOHOXpoMaruueckas sostHa (puc. 20). Ha yaanenHom skpaue

B

1Y

Apy

n

Zr L

Puc. 20. Mudpakiusa ceeTa Ha menm

B (na puc. 20 pazmep miesu CHJILHO NpeyBEINYeH M0 CPABHEHMIO C PACCTO-
SHHUEM MEXAY KpaHaMmu) Habmopaercs AU@pPAaKyMOHHAS KAPTUHA, pac-
MpefeieHNe OCBEIEHHOCTH JJIsi KOTOPO# ITOKA3aHO HA 3TOM XE PUCYHKE.

IMouty sech aucparnpoBaBmMiA CBET NPUXOAUT B 001aCTh HA IKpaHE
B, orpannueHHYIO MIaBHBIM MAKCUMYMOM. YTJIOBYIO IINPUHY ITONO Mak-
CUMyMa JIErKO BuuucauTh. Hanpasienue Ha OnvxaiumMil MUHUMYM Xa-
pakrepusyercs yriaoM 0, onpenensieMeiM u3 yCJIOBUSA

Axsin 6= A. 5
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PaccmorpuM Teneps 3ty nudpakuMOHHYIO KaPTHHY € TOUKH 3DEHMS
MIPEACTABJICHAS O CBETE KaK O COBOKYIHOCTH CBETOBHX KB3aHTOB — (ho-
toHoB. Kaxawii doToH, npomenmnit uepes menb, NMONARaeT B onpene-
JIeHHY10 TOUKYy Ha okpaHe B. IIpeackasars, B KaKyl0o HMEHHO TOUYKY MO-
majer OTAENBHHN (POTOH, IMPUHUMIKANBGHO HEBO3MOXHO. ONHAKO B co-
BOKYNHOCTH OO/IBIIOE YHMC/IO MONABMMX Ha JKpaH B ¢doToHOB naer
ouhpakUOHHYIO KapTHHY, nNpeacTasneHHyo Ha puc. 20. Ha nepmii
B3MISR MOMIO OB MOKA3arhCd, 4TO AU(MPAKUMOHHYIO KAPTHHY MOXHO
OOBACHATE B3aUMOICHCTBAEM MEXAY pa3nuuHbMu (HOTOHAMH, MPOXOXs-
MMM Yepe3 ImeNb, T. €. TOJBKO B PAMKAX KOPHYCKYJISPHHX IpPEACTaB-
aeunii. OgHAKO, YMEHbIIAS WHTEHCUBHOCTh CBETA A0 TAKHMX NPEHEsIOB,
korga B Mool MOMEHT BpEMEHH MEXZY MCTOYHMKOM CBETA M IKPAHOM
Oyoer HaXOMUTHCH B CPEAHEM TOJBKO OOMH (JOTOH, MOXHO yOeauThCd,
4TO pacrpeneienue GpOTOHOB, NMONABIIMX HA IKpaH 33 JOCTATOUHO GOJb-
HIOH MPOMEXYTOK BPEMEHH, mo-nipexHemy Oymer onpenenstecs aud-
PAKIIMOHHOM KapTuHo#t. Takum ofpasom, gudpakuus NMPeaCTaBaAseT co-
60# CcTATUCTUUECKOE CBOMCTBO OTHENBHOro (POTOHA.

ITpocaenum, kak npoucxoaur ABuxenue ¢oToHa B 3rom npubope. Mo
IIEJM B DKpaHE A pachpoCTPaHSETcd IUIOCKas MOHOXPOMATHUECcKas BOJ-
HA, T. €. HAM TOYHO M3BECTECH UMIIYJIC (POTOHOB

peltot (6)
HanpasiacHHEIA 1o ock z. Cocrasisiioniass AMIyiasca (POTOHA O OCH X
pasHa HyJIIO, T. €. U3BECTHA TOYHO, HO 3aTO COBEPIICHHO HE ONpeacJIeHa
x-koopaunarta ¢dorona. Ilpu nmpoxoxaenun orona yepes mens B 3kpa-
He A mupuHa meau Ax Gyaer CIyXuth Mepol HEONpPEAEAEHHOCTH 3Ha-
yerud x-koopouHarn ¢orona. B camom gene, dakt nmosisaeHus ¢orona
Ha JKpaHe B mo3sosiser caenarth U TOT BHBOA, 4UTO (POTOH IPOHMK
CKBO3b LUEJb; B KAKOM X€& UMEHHO TOYKE IIEJ¥ 370 MPOU30NUIO HEU3BE-
crHo. Jasee, M0 KOPHYCKYASPHEM MPEACTABJCHAIM, BO3HUKHOBEHHE HA
oKkpaHe OUbpPaKINOHHON KAPTUHB CACAYET UCTONKOBATh B TOM CMBICIIE,
4YTO Kaxuuil (POTOH, NMpoiiAs uepes mesn, OTKJIOHAETCd b0 BBEpX, JH-
60 Buu3. Ho nns sroro ¢oToH momXeH npuoOpecTH COCTABISIOMYIO UM-
nyssca Ap,, HEPICHAMKYIAPHYIO HANPABACHUIO NEPBOHAYANLHOIO OBHU-
Xenust. Monysip monHoro ummyabsca ¢otoHa p, KaK BMOHO u3 dopmysn
(6), npu aroM He MeHsgeTcsd, n00 OCTAaeTCs HEM3MEHHOH [TMHA BOJIHBI.

TTockonpky Goapmas wacTe hOTOHOB momagaer B 00JACTh IJIABHOTO
MAaKCUMyMa, HO MPUHIUITHAILHO HEBO3MOXHO NMpPEACKa3arb, Kyaa nona-
oeT Kaxauit ¢poroH, TO M3 puc. 20 SCHO, UTO MEpa HEONPENEJICHHOCTH
X-KOMIIOHEHTH MMIYJbca Ap  1OC/IE MPOXOXACHHA YEPE3 INEAb €CTh

Ap, = psin 0. @)
Iepemuoxas nowiesHO (5) u (7) ¥ yuuTHBA4 COOTHONICHHE MEXIY

uMIyascoM (poroHa ¥ auHOIM BoHH ceeta (6), mosyuaeM 11 MOMEHTa
BpeMeHH, korgd (JOTOH MPOXOAMT YEPE3 IIEb,

AxAp, = h,
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yt0 coBnagaer ¢ ¢popmynoit (1). INoguepkHEM, YTO NPOAESAHHHIA BHBOT
HE SBASETCd AOKA3ATEJBCTBOM COOTHOUICHMH HEONPEAENEHHOCTEN, a
npeactasager coboil MHMb WLTIOCTPANMIO X CNPABEAIHBOCTH IS KOH-
KPETHOTO Cayyas.

I'pasyibl NPUMEHUMOCTH KJacCcuuyeckux npeacrasaenunit. CoorHome-
HHS HEOMPEAE/ICHHOCTEH YCTAHABAMBAOT NPHHUIMIMAJBHYIO TPAHULLY
MPUMEHHMOCTH 3aKOHOB Kiaccuueckoi duanku. Ucnonabaya ux, MoXHO
BHISICHHUTH, CIIPABENIMBE JIH IIPEACTABJEHNS KJIACCHMUeCKoil DHU3NKK pns
ONHMCAHNE KOHKPETHOTO seieHnsg. COBEpUIEKHO OUEBUAHO, UTO NS MAK~
POCKONMHYECKKX OOBEKTOB — IUIAHET, MCKYCCTBEHHWX CMYTHAKOB, ap-
TWUIEPHICKHX CHAPSAOE KJIACCMYECKOE ONMMCAHHUE ABJSETCHS COBEPIHCHHO
npasuibEEIM. Jlerko yOemuTes, YTO MpH J000M AOCTHXUMON TOUHOCTH
HU3MEPEHHI KOOPAMHAT M UMITYJIBCOB 3THX OOBbEKTOB COOTHOUIEHNS HEOM~
PEOENEHHOCTEN BBIMOMHIIOTCS C OTPOMHBIM 3aMacoM H, CJIEJOBATENBHO,
KBaHTOBHE 3(PEKTH HMKAK HE NPOSABASIOTCH.

PaccmoTpum, Hanmpumep, MeTa/uTMueckMid mapmk ¢ maccod 0,01 r.
Ecnu Mul ONpexennM €ro nojoxenue ¢ ToyHoctsro Ax ~ 0,001 cM, mo-
CTYNHOM HAMIEMY 3PEHHI0 B NOJE MUKPOCKONA, TO, COMMIACHO COOTHO-
IICHHK HEONPENC/ICHHOCTENR, HEONMPENESEHHOCTh CKOPOCTH TaKOro IHa-
pHUKA PaBHA

>

Ap o~ hx6-10722 cu/e.
m mAx

Ay =

Taxkas TOYHOCTh JIEXHUT HANEKO 33 NPEACTAMH BO3MOXHOCTEH u3Me-
pEHHH.

TTocMoTpHM, KAaK OOCTOMT HEIO NMPH M3yUECHHH CBOMCTB Oonee men-
KMX OOBEKTOB, HAanpuMep 31ekTponoB, OKa3KBAETCS, YTO OOHO3HAUHOIO
OTBETA HA BOMPOC, NPUMEHHUMH JIM MIPEACTABJCHUS KIACCHUECKOH pH3n-
KH, B 3TOM CIy4ae JaTh HEJb3s — BCE 3aBHCHT OT TOTNO, KAKOE SBJICHHE
H3yyaerca.

PaccmoTpuM BHAYasie MYyYOK JIEKTPOHOB B KHHECKOIE TEJACBH30pA.
B coBpeMeHHOM TenEBH30pe ycKopsmouwee nanpskenue U =~ 15 kB. Pa-
30THAHHHM TAKOM PA3HOCTHIO MOTEHUHKAJIOB 3JCKTPOH o0napaer M-
nynascoM p=vV2melU. Iopcraenas B 3ty POpPMyNy 3HAUEHHA MACCH
SJIEKTPOHA m, €ro 3apsaa e M YCKOpPAWWEH pasHOCTH MOTEHUHANIOB,
Haxonum B cucreme CI'C: p=6,6-10"'8 r-cm/c. Dror mMnynsc Ha-
npasjicH BROAB ocH TpyOku. duamerp nyuka, opMHPYEMOrO B COBpE-
MEHHHIX TeJEeBH30pax, He Oupaer menbme d = 1073 cm (mns Tenesmso-
pa MEHBUIMI JHAMETP NPOCTO He HyxeH). DopMupys nyuoK, MH TEM
caMbIM (DHKCHUPYEM KOOPAMHATY 3JEKTPOHA B NEPICHAUKYASAPHOM OCH
NMy4yKa HAnpaeBJACHMM € TOYHOCTBXO AX, paBHOM aguHaMeTpy mnyuka d.
B cumiy COOTHOIICHMS HCONPEACHCHHOCTEH IIPH 3TOM 3JEKTPOHY
COOBLIAETCA HEKOHTPOMMPYEMBI UMNYabC Ap, NEPHEHANKYNAPHEI OCH
MmyyKa:

Angz 6,6-107% r-cm/c.
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Ces3aHHAd C 3THM HCONPEAEJIEHHOCTh B HANPABIEHHH NBMXCHUS
3neKTpPoHa A© ONpPEAENALETCS OTHOMICHHEM

AQ = AT” ~ 1076 pap.

[Tockonbky ANMHA NMyTH 3MEKTPOHA B KHHECKONE HE ITPEBHIMIAET
[ ~ 1 M, TO HEKOHTpOJAHpYEMOEe cMemeHHE AS 31EXTPOHA HA 3KPAHE, BH-
3BIBAEMOE KBAHTOBKIMH 3(deKkTamu, T. €, HEONPEOENEHHOCTHIO B HANPAB-
JIEHMM ABMXXEHHUs 27exTpoHa A0, He npepocxoguT AS < IAO=10"*cm,
T. €. MEHbLIE AMaMeTpa nyuyka. Mtak, JBUXeHHE ITEKTPOHOB B KHHECKONE
TENIEBM30Pa MOXHO PACCMATPMBATH C NOMOIIBIO 33KOHOB KJIACCHUYECKOMH
¢pu3uku.

PaccMoTpuM Tenmeps 3JIEKTPOH B aTOME BOmopoma. Mssectno, uro
pasMep atoma Bojopoxa d pased npubmmanrensuo 1078 cm. Knaccmue-
CKOE€ OMMCAHME TMOBENEHUS VIEKTPOHA B aTOME INMPEANOJAraeT, YTo eMy
MOXHO MPHUMKUCATH ONMPENEIEHHYIO TpaeKTOopuio. B mnanerapHoi mMopenn
aTtoMa 37eKTpoH ofpawaercs BOKpyr sapa. Inamerp ero opOMTH MOXHO
CYUMTATh PAaBHHIM pa3Mepy aToMa. B KIacCHuecKoil MEXaHHKE YC/IOBHE
€ro IBMXEHHS MO KPYroBod opbute pamuyca r — BTOPOM 3aKoH Heroro-
HAa — HMMEET BUA

N
™~

muv e

OTcrona nonyyaeMm mJIss MMIYJdbCA JIEKTPOHA p = mu:

m.~1. - reM
p=e\/;~2 10720 —. (8)

OnHAaKo ¢ MOMOIIBIO COOTHOMEHUS HeONPeneaeHHocTel ybexnaemcs,
YTO E€CAHM IIEKTPOH HAXOXUTCS BHYTPHM ATOMA, T. €. HEONPERENEHHOCTD B
3HAYEHNHN ero KOOPAHMHATHL Ax HE NMPEBOCXOZMT PasMEPOB aToMa d, To
COOTBETCTBYIOUIAS HEOMPEREJIEHHOCTh B 3HAYEHMH MMNYJbsca Ap oka-
3niBaeTcs OONbIIE, YEM CAM MMIYJIBC, BHUNCASEMEIN o dopmyne (8):

~ h ~ h ~ . —20 I'CM
APNH~E~6,6 10 O_C_'

I/ITaK, I JIEKTPOHA B ATOME KJIACCHUYECKOE OITHCAHHUE HENPHUIOAHO.
Haﬂee HA KOHKPETHBIX INpHUMEPAxX 6yIXCT NOKAa3aHo, YTO € MOMOUILIO CO-
OTHOMIEHUH HCOHPCHCHCHHOCTCﬁ MOXHO HE TOJBbBKO Y6CIH{TI)CSI B TOM,
CNPABEIJIMBR WJIM HET KJIACCHUCCKHME 3aKOHB B ONPEACACHHBIX CHUTYyaL U~
49X, HO 1 MCCJIEAOBATb HEKOTOPBIC CBOJMCTBA KBAHTOBHIX OGBCKTOB.

o Kaxue onbiThl CBHUACTENLCTBYIOT O HAJIMUMM BOJIHOBBIX CBOMCTB Y 3JIEKTpO-
HOB?

e Kaxue abcTpakuuy Nnexar B OCHOBE KJIaCCH4ECKONO crnocoba onucaHus ¢u-
3UYECKUX SIBJIEHU?

e B ueM 3axmouaercss abcTpakuus, cefisaHHas c abCoMOTH3alMeN MOHATHS
_¢usnueckoro nponecca? Hoschure npumepamu.
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e B uem 3akmouaercs abcTpakuus, cBA3aHHas ¢ BO3MOXHOCTbIO CKOJIb YIOAHO
noApoGHOM AeTanu3auuy onucaHusa aeaeHuin? IloscHUTE NpUMepaMu.

e CdopmyaupyitTe cOOTHOLIEHHA HeomnpeneieHHocteil Feisenbepra u pasbic-
HUTE UX OUIMHECKUI CMbICI.

e [Iloschure, noueMy Benuuunbl Ax u Ap, B coorHomenuu (1) HenpaBUIbLHO
MOHUMATL TONBKO KaK HETOYHOCTH OMHOBPEMEHHONO M3MepeHUs KOOPAMHATHI
X W MpoeKUHH UMNynsca Ap,.

e Kakum obpasom sBneHue AMdpakuMK CBETa Ha LIEJHM MOXHO HCMOJIb30OBATH
U1 MJLTIOCTPali COOTHOLIEHHs HeonpedeseHHocrei [Nefisenbepra ans do-
TOHOB?

e [loscHuTe, KakuM obpasom npu aAudpaklMM MOHOXPOMATHUYECKOM BOMHBI Ha
WieJIM MOXHO MOAY4MTh ycnoBus (5) Anas HanpaBieHUs Ha Gmuokaimuin K
LEHTPabLHOMY MaKCUMYMY MHUHUMYM auchpakLUHOHHONU KapTHHBI.

e Ilouemy coortHoweHus HeonpemeneHHocren Deitsenbepra He HaxkJIaIBIBAOT
HMKaKUX OrpaHyueHUR Ha KAaccuyeckoe OMUCaHUe HBUXEHHUS MaKpocKomu-
yeckux ten?

e Kak B KOHKpPETHBIX CJIY4asX C MOMOLUbIO COOTHOWIEHHUN HeolpeneneHHoCTeH
MOXHO BLISICHUTb BO3MOXHOCTb HCIOJIb30BAHMA KNACCHUECKOM MEXaHUKH
ONA ONMUCaHUS ABMXEHUS 3eKTpoHa?

§ 8. Ceer — uvacTHUbl HNK BoOAHBI?

KOopuycKyaspHO-BOJHOBOIM Ayanu3m. Ilonpobyem MCHOABIOBATH COOT-
HOLIEHNS HeONnpene/IeHHOCTeH, uTOoON pasobpaThcs B BOMPOCE: UTO XK€
BCE-TAKH TAKOE CBET YACTHLHI WM BOJHE? KakK MBl BHAEIH, HEKOTOPHE
ONTHUYECKHE ABJIEHUS CBUETENABCTBYIOT B [TOJIb3Y BOJHOBHX IPEACTABJIC-
HUM, ApyrHe MOryT ObITh OOBACHEHBI TOJBKO € KOPIYCKYJSPHON TOUKH
3peHus. HaxoHer, CymeCTBYET LenHd paa ONTHUECKHUX SBJICHHH, KOTO-
pH€ HOMycKaT 0ObSCHeHNME KAK C TOYUKM 3PEHMs BOJHOBHIX, TAK H C
TOUKH 3PEHHS KOPNYCKYJSPHEIX IMPEACTABJEHHIA O CBETE.

PaccMOTPEB HECKOJNIBKO NMPHUMEPOB, MBI MOr/ yOeauTsCH, UTO nNpH
AHANM3e KOHKPETHHIX SBJIEHUH 3TAa JBOWCTBEHHAS NMPHPOAA CBETA HUKAK
HE MeIana HAMNM PACCYyXACHUSM M HE NMPHUBOAWIA K JIOTHYECKHMM nIpo-
tHBOpeuHsM. HaMm TobKo HYXHO ObUTO BHOPaTh, HA BOJTHOBOM MHJIM KOP-
MYCKYJSPHOM S3hIKE BECTH PACCMOTPEHHE, M MOCIENOBATENBHO NMpHAED-
XHBATbCS BHIOPAHHOIO criocofa onmucaHuns.

IIpoTHBOpEYHE BO3HHUKAET TOABKO TOTAA, KOTNA MKl NBITAEMCS COCTa-
BUTh O0miEe INPEACTABAEHHE O CBETE. JIEHCTBUTENBHO, COOTHOHMIEHHE
E = hv nnu p = hv/c CBI3HBAET BOJIHOBHE H KOPMYCKYJNSPHBIE CBOHCT-
Ba (HOTOHA: NMPABLIE YACTH COAEPXAT BEJHYHHY V, ONPEAELIIEMYIO U3 HH-
TepdePEHIIMOHHRKX SBJCHUI, a4 JEBHE 4acTH, £ M p, XapaKTEpU3yOT
dotoH xak vacruiy. Ho MMEHHO 3TH-TO CBOMCTBA CBETA M HE MOrYT
OHITE JOrMYECKH HENPOTHBOPCUMBO OODSACHEHK KJIACCHUECKOH dH3ukoif,
00 ¢ TOUKH 3PEHNs KIACCHMYECKON (PM3MKH MOHSTHS BOMHB W YACTHIH
ABJKI0OTCS B3aMMOMCKTIOUYAIOUIUMH.
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YacTuupl 1 BOJHBE B KJaccuyeckoi ¢usuke. eiicteurensuo, B kaac-
cuueckoi Pu3KKe YaCTHLA BCEIAd ABMXETCS O ONPEAEIEHHON TPAEKTO-
pHH B B KAXAKH MOMEHT BPEMEHH MMEET ONPCACACHHRE KOOPAHHATH M
CKOpocTb. ECnu BOAM3M TPAEKTOPHH PACHOIOXHTH NPErPaghl, KOTOPBIX
TPACKTOPDUS HE 34aNCBACT, TO YACTULA IIPOCTO «HEC 3AMETHUT» TAKHX IIpe-
Ipaf, ecau, Pa3yMEETCs, OHH HE OKA3WBAIOT HA HEE CHIOBOTO BO3XEMCT-
BHS MOCPEACTBOM KaKUX-1ub0 moneil. 19 BOJIHOBOIO ABMXKEHHUS Xapak-
TEPHO MOHATHE TNPOTSKEHHOrO (GPOHTA BOSHEI (HJIM BOJIHOBOH MOBEPX-
HOCTH), H TEM CAMBIM OTCYTCTBYET NPEACTABICHHE O KaKou-1ubo
TpaekTopun. IloMemieHNne NMperpag Ha MyTH BOJIHBI IMPHHIMIIHAIBHO H3-
MEHSET YCJIOBAS €€ PACHpOCTPaHeHus. Pasimuns B CBOACTBAX 4ACTHL M
BOJIH HACTOJIBKO CYIUECTBEHHH!, YTO HE BO3HHKAET [JAXE MBICJIH O BO3-
MOXHOCTH COYETAHHS 3THX CBOHICTB y OQHOIO obsexTa. U TeM HE MeHee,
B SBJICHUSX MHKPOMHMPA 0Ka3ajoCh, YTO 3TH CBOMCTBA IPOABJISIOTCS Y
OAHHX M TeX Xe 00BEKTOB.

MuICIEHHBIH ONbIT, CHUMAIOUIMHA JorHueckue nporusopeuns. ns
AUTIOCTPALMM BO3IHMKAIOWIMX JIOTHYECKMX TPYIHOCTEH, a TakXe Ind
HEMOHCTPALMHK TOrO, KaK OHHM NPEONOJIEBAIOTCS KBAHTOBOHM Teopue, pac-
cMOTpHM NORPOOHEE yXe YNOMMHABLIIMMCS BHIUIE IPOCTOM MEICIEH-
HBI1 EUAPAKLUUOHHBIA ONBIT, CXEMATHYECKH NPEACTABJICHHEIA HA
puc. 21. PeanbHble ONMBITH, KOTOPHE MOIYT OBTHL OCYECTBACHH, Gosee

B
A

—
T

L 3%

Puc. 21. Audpakums ceera Ha ABYX WIEAAX

CJIOXHBI, HO MX PE3yJIbTATH NMOATBEPXAAIOT CHPABEMIMBOCTD 3aKJIHOUE-
HHUM, CACJIAHHBIX B PE3Y/IBTATE aHANMN3a 00CYXKAAEMOIO 30ECh MBICIEHHO~
IO OnkiTa.

HUcrounnuk cBETa S OCBEMIAET 3KPAaH A, B KOTOPOM INPOPE3aHH IBE
menn. PaccrosHue oT A 00 B BEIMKO MO CPABHEHUIO C PACCTOSHUEM
d Mexny WenaMu, KOTOPOE B CBOK Ouepeab MHOIO GOJblUE AJIMHB
CBeTOBOM BOMHH. Ha cBeTouyscTBHTE/SbHOM 3KpaHe B Bo3HuKaer aud-
PAKLKOKHKAS KAPTHHA, MPUYEM B MecTax NHPAKLHMOHHEX MAKCUMYMOB
BRIpDHIBaeTCH Haubosmpmee uucno ¢otoanekTpoHoB. Kak u B pasoBpan-
HOM BHIIE ONKTE ¢ AUPpaKuMel HA OFHOM IIENM, IKCHEPUMEHT ITOKA-
3aniBaer, uTo AMGPAKIMOHHAS KApPTHHA COXPAHHTCA M B TOM CJayuae,
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eC/I1 B KaXABH MOMEHT BPEMEHHM MEXAY HCTOYHHKOM H 3KDAaHOM B
cpeadeM OyneT HAXONUTHCA TONMBKO OAMH (POTOH. Pacnpenesiesue MHO-
xecTBa (DOTOHOB, MONABINMX HA HKPAH 33 OCTATOYHO GOMbUION Npo-
MEXYTOK BPEMEHH, NO-NPEXHEMY OyIeT ONMPEAcAsAThC KIACCHUECKOM
KapTHHON mu(pakuuMu OT ABYX INeJeid, XOTs Npu BHPHBAHUK HOTO-
3JCKTPOHOB u3 3KpaHa B doroHw BegyT cebs Kak YaCTHIBL, Kaxnuas
13 KOTOPHX BHOHMBAET 9JEKTPOH B ONMPEACACHHOM MECTE IKPaHa.

Ecmn 3akpeiTe OomHy #3 menei, To0 wHTepdhepeHUHOHHBE MNOJOCH
NpoNagaT — PACHPEAC/ICHHE MHTEHCHBHOCTH HAa 3KPAHE CTAHOBHTCA
TAKUM Xe€, KaK npu QUdpakuud HA OXHOM IE/u, M NPH OYEHBb y3KOHi
[IEJTA CTAHOBUTCS MPAKTHYECKH PABHOMEPHHIM. [103TOMy MHI BRIHYXIe-
HBl CYHTATh, YTO NPH ABMXKCHHM OT UCTOYHMKA CBETA vepe3 WIEMH IO
9KpaHa B uanydeHue BeneT cels xax BOJHA. EC/AM MONMBITaThest 0OBsC-
HUTh PE3YABTATH ONBTA C NOMOWILIO NPEACTABJICHHY O CBETE KaK O Ya-
CTHIIAX, TO HYXHO CYMTATh, YTO KAXAKIH POTOH, MO-BHAHMOMY, NIPOXO-
OUT TOJIBKO yepe3 omHy u3 meneil. Ho torma, B paMKax 4McTO KOpmy-
CKYJISPHHX NPEICTABJECHHI, MOXHO OhUIO 6B CIIPOCHTB: KaKuM obpasom
MOTOK HE3aBUCHMEIX (DOTOHOB, KaXHBIH M3 KOTOPHIX INPOXOAUT TOMBKO
yepes OgHy M3 weiei, Moxer o6pa3zoBaTs AM(PPAKINOHHYIO KAPTHHY,
HabmonaeMyo Jumb npu Haauuuu obeux wenein? Wmm, apyrumu cro-
BAMH, KaKUM 00pazoM wiesib, uepe3 KOTOPyw ¢OTOH HE NMPOXOAHT, HE
MO3BOJSET EMY IONACTh HA TE MECTA 3KPAaHa, Kyaa oH Mmor Obl monmacTs,
ecau 6w 9ra weas Obia 3aKpuTa?

B aroit dopMynmpoBKe BOnpOCA mpearnosaraercs, YTo GOTOH HeHCT-
BHTEJIBHO MPOXOAUT uepe3 oxHy M3 menci. C TOuky 3peHHs KJIAccHue-
CKOif TEOPHMH 3TO NOMYIIEHHE SBASETCA ECTECTBEHHBIM, MO0 npenmonara-
eTca, uTo B Mo60it MoMeHT BpeMeHH doToH (Kak M Jyuobas apyrad yac-
THLUA) HABHUXKETCH IO ONPEREICHHOH TPAEKTOPHMH, T.€. HMeEET
ONpERE/ICHHHE KOOPAMHATH,, HROCTynHEE wu3mepenmo. CoBpeMeHHas
KBAHTOBAd TEOPHS OTKA3BIBAETCS OT 3TOTO AOMYIUECHHS, YTBEPXAas, YTO
TOBOPHTH 0 NOJOXEHMH OTOHA MMEET CMEICA JIUIIb B TOM CJIy4ae, eC/iH
[PH [MOCTAHOBKE OMNBITA MBI 1103a60THMCS 06 ONpEnEICHUH €ro KOOPAM-
HATH. 3HAYUT, €CJM MK XOTHM CUMTATbh, YTO KaXAbM (POTOH neicTBHU-
TEAbHO, MOXOOHO YACTHIE, MPOXOOUT TOJMBKO YEPE3 ONHY M3 HIEICH, MBI
AOJXHB NOCTABHTh KAKOM-JIMGO M3MEPHUTENbHBI NMPHOOP, KOTOPHIA ORI
¢ukcupoBan HaMm ¢akT npoxoxacHud ¢oTroHa uepes onpencsCHHYIO
wens. Ecmn Mp monpofyeM ¢ nOMOWIBIO CCUHANBHHX cYeTyukoB C H
D dmxcuposaTh, uepe3 Kakoe OTBEPCTHE NPOXOAMT KaxXnaulil ¢GoTOH, TO
ofnapyxum, uTo nudpaKUKOHHAS KAPTHHA HA 3KPaHe B paamoercs.
INonpoGyeM OOBICHUTH 3TOT IKCIEPHMEHTAIBHBIA (AKT, HCHOAB3YS CO-
OTHOWIEHHUs HeompenaeacHHOCTel [eilacHOepra. BuACHHM, MOXHO 1M B
NpHHLMIE HAOTIONATh HA 3KpaHe B mHTepdEPECHUMOHHBIE TOMIOCH, ECJTH
TOYHO OINPEAE/ATh, YepPe3 KAKHE OTBEPCTHSA MPOXORHUT (HOTOH.

Ecti ¢ moMOWbi0 CYETUMKOB, YCTAHOBJICHHBRIX HEMOCPEACTBCHHO
BO/IM3M OTBEPCTMHl B SKpaHe A, MB OyneM Onpenesdarn, Yepe3 Kakoe
MMEHHO OTBEPCTHE NPOXOAWT KaXIu# ¢(OTOH, TO TEM CAMBIM MH
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HEHCTBUTENbHO 3aCTABMM CBET IIPOSBJIATH KOPIYCKYJISPHHE CBONCTBA,
100 TONBKO AT9 YACTHLK MMEET CMBICA YTBEPXICHHME, UTO OHA NpONLIA
yepe3 OnpenesIeHHOE OTBEPCTHE, A/ BOJHBI BOIIPOC O TOM, YEpE3 KaKoe
OTBEPCTHE OHA npouuia (pasyMeeTcs, eClM OTKPHTH 00a), soobme sm-
IIEH CMHCIA.

IOns TOro u4ToOW YBEPEHHO CYIUTh O TOM, YEPE3 KAKOE OTBEPCTHE
nipoutesi GOTOH, HYXXHO C ITOMOIIbBIO CYUETYHKOB ONPEACAATh €r0 KOOPAH-
HATY X C HOCTATOYHOM TOYHOCTHIO, Tak uToOH owmbka Ax B ompene-
JIEHHH KOOPAMHATH (oToHA Onina Ol MEHbmE MOJOBHHBI PACCTOSHHS
MEXAY OTBCPCTHAMH:

d
Ax < =, (D)
2
OnHako He CnemyeT CTPEMMTBCS OMNMpPEeeNaTh X-KOOPAMHATY (OTOHA
CAMIMKOM TOYHO, TAK KaK B CHJIy COOTHOIIEHHUS HEONPENENEHHOCTEMN
IeitsenGepra

AxAp .z h (2)

3TO NPUBOAMT K CAMMKOM OONBINOM HEONPENESeHHOCTH B 3HAUEHUM X-
KOMIOHEHTH MMITYbca ¢GoToOHAa ¥ RucdpaKIMOHHAY KAPTHHA HA 3KpaHe
B 3aBenoMo pasmMaxercs, T. €. HAM TOINA He yaacTcs HaOMonaTh B 9TOM
ONBITE NMPOABJICHUEC BOJHOBHX CBOICTE CBETA.

Urak, nna HabnmogeHns OZHOBPEMEHHOIO [POSBJIEHHS CBETOM KOP-
OYCKYNSIPHHX M BOJHOBEIX CBOMCTE HEOOXORMMO ONpPENENSTh KOOPXUHA-
TY (OTOHA C MAKCHMAJIBHON HEONPERCAEHHOCTBIO, COBMECTHMOM C BEIpa-
xeuneM (1), T. €. ¢ BOSMOXHOCTHIO YCTAHOBJAECHHUS, YEPE3 KAKOE OTBEP-
cTHe npomen GOTOH, HAaesach PU 3TOM, YTO BHOCMMAsS NPH H3MEPEHUHN
KOOPAMHATH HEOMPEAENECHHOCTh B 3HAYECHHH HMMIOYJnCA Ap, eme He
OPUBERCT K MOAHOMY Pa3MHTHIO HHTEPGEPEHIIMOHHKX M00C. BRsicHuM,
COBMECTMMEI JIH 3TN YCJIOBHS.

KakoBa MakCHMajJbHO JOMYCTAMAasd HEONMPEAECJECHHOCTh B 3HAUCHUH
MMIyJIbCa Ap , KOTOPas €lle HE NPHBOAMT K MOHOMY YHWUTOXEHHIO
nudpakMOHHOM KapTHUHBI? JIudpakuuoHHAS KAPTHHA OT OBYX OTBEP-
cTuil, HaOmomaeMast Ha 9KpaHe B, COCTOMT M3 UEPEAYIOMIMXCH CBETABIX
M TEMHBIX NOJOC. YrjoBoe paccrosHue AO mMexny HanpasIeHUSIMH HA
COCEOHME MAKCHMYM H MHHHUMYM ONpelensercs U3 ywioBus dAO = A/2,
IOCKONMBKY MaKCMMyMB! PACTIONOXEHH B TEX TOYKAX IKpaHa B, pasHoCcTb
X04a RO KOTOPEIX OT OTBEPCTHI B JKPaHE A paBHA LENAOMY UHMCIY NJIMH
BosiH. HeonpeneneHHocTs B 3HAUCHMM MMNy/IbCa Ap, MOXHO BBIPA3HMTh
yepe3 HEONPENECJACHHOCTh Hanpasiesus umnyasca AO;: Ap = pA6,.

UuTepdepeHUHORHNE IO0CH, OYEBMAHO, HE OYMYT MOJHOCTBIO PAa3Mbl-
THI, TONbKO ecn AB, < A6, T. €.

Ap, A
) <ﬁ'
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HUcnons3ys COOTHOUIEHHE MEXIY MMITYJIbCOM (POTOHA M AJTHHOM BOJI-
HBL A = h/p, MOXHO NEPENMUCATL ITO HEPABEHCTBO B BHJE

2dAp, < h. 3)

Taxum o6pa3oM, 19 MPOSBICHUS BOJHOBLIX CBONCTB CBETA B ITOM
ONKBITE AOJXKHO BBITOJHATHCH HepaBeHCTBO (3), a nas nposBiaeHns Kop-
NyCKYJSPHBIX CBOMCTE — HepaBeHCTBO (1). O6bennusas 9TH HEPABEHCT-
Ba, IOJy4aeM yCIOBHE OXHOBPEMEHHOIO IIPOSBJICHHS CBETOM KOPNYCKY-
JIPHBIX A BOJHOBBIX CBOHCTB:

AxAp, < h/4.

Ho 3T0 yci10BHE NpPOTUBOPEYUT COOTHOMIEHUIO HEONMPEAC/IEHHOCTEH, a
IMOTOMY HE MOXeT OBTh BHINOJMIHEHO. MITaK, YCTAHOBUB, Uepe3 KaKHeE OT-
BEPCTHS NPOXOXAT (GOTOHBI, MBI TepgeM AUGPAKIMOHHYIO KAPTHHY U HE
MOXEM IOBOPHTb O IpOABJieHNA (GOTOHAMHM BOJHOBHIX CBOWMCTB. MM pac-
CMOTpPENN yNPOIEHHEBIA MBICICHHBIN onblT. B Gonee croXHOM BapHaHTE
NofOOHEIE ONBITH REACTBUTENBHO ObLTA IOCTABAEHBI M IOJHOCTHIO TOX-
TBEPOM/IM PE3YJIbTATH NMPUBEACHHOTO 3AECh AHANM3A.

oneeaem Hekoroprie urord. Kax Mur Bugeau, OTHeIbHBIE POTOHBL 00~
HAapYXHBAIOT BOJHOBOE HOBCAEHUE, 3aKTIOUYAIOIWIEECS B TOM, UTO KAXKIBIH
doton npoasageT uHTEPGEPCHUNOHHBIE CBOMCTBA HE3ABUCHUMO OT APYTUX
¢oronos. Ho, monanag Ha okpan, HOTOHE 00GHAPYXKHUBAOT KOPNYCKYAAP-
HOE NMOBEACHHUE, 3aK/TI0UAIOLIEECS B TOM, YTO OHHM B3aMMOIEMCTBYIOT C BE-
INECTBOM TOJIBKO B ONpENE/EHHEX Toukax, EciM npu 3TOM He genath mo-
INBITKH 9KCIEPHMEHTANbHO HAabmonarh TpaekTopun JOTOHOB A0 nomana-
HHMY MX HA JKpaH, TO, OponycTui Gonpwoe umcao OTOHOB, ME OyneM
Ha0monaTe Ha 3KpaHe AU@PAKUMOHHYIO KAPTHHY, IPEACKA3BIBAEMYIO
BOJHOBOM Teopuel. Ho mpenckasaTts, B KaKoe MECTO 3KPaHA NMONAZET
onpeneneHsslil GOTOH, HEBO3MOXHO. JTO MOXHO CHENATh TOJMBKO B BEPO-
ATHOCTHOM CMEICJIE. BEPOSTHOCTh MONACTh (GOTOHY B 06AaCTh MUHHMYMA
mana. Ins mpoBEPKHM TAKOIO NPENCKA3AHUS HYXHO DOAbIIOE UNCI0 (oTo-
HOB. Ecnn xe uKcupoBaTh TPaeKTOPHH (DOTOHOB A0 NONANAHUS HA IK-
paH, TO (GOTOHH BOBCE HE NPOSBASIOT BOJHOBBIX CBOICTE.

PoToH — KBAHTOBbIK 00beKT. Kak Xxe nmommmars tor dakr, uto ¢o-
TOHH BRICTYNAIOT HMHOraa B OONMMKE 4acTHL, a MHOrAA B o0iuke BoaH?
KBanToBas TeopHs OTBEUAET HA JTOT BOMPOC TAK: (GOTOH MPEACTABILECT
co60if KBAHTOBEIA OOBEKT, 4 KOFAA MBI ONMCHIBAEM €r0 MOBEAECHHE KaK
NOBENECHME YACTULB MM BOJMHB, MBI HABS3bIBAEM KJIACCHUECKOE ONMCa-
HUE 3TOMY OOBEKTY, MMEIOUIEMY CYIMECTBEHHO HEKJIACCHUECKYIO MPHPO-
ay. PaccMarpuBaTh nosegeHue GOTOHA MMEET CMEIC/, TOABKO MCXOAd W3
pe3ybTATOB W3MEPEHMH, COBEpmIAEMBIX HAA HuM. [1oaToMy TO, KakK mo-
BegeT cebst POTOH — KaK YacTHIA WM KaK BOJHA, 3aBUCHT OT Xapak-
TEpa NPOBOAMMOIO HAJ HHUM HM3MEPCHHS.

HTak, uTO XK€ Takoe CBET — YACTHOW WK BOJAHH? H#B TO, HH
apyroe. Mu MOXEM 3aCTaBMTb MATEPHANBHHN OOBEKT, KOTOPHIA MBI

3 E. Y. Bytukos u gp. Knura 3
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Ha3bLBAEM CBETOM, MPOSBAATb JIMOO KOPIYCKYJSPHHE, JUOO BOJHOBHE
cBofictBa. HO B NpHMHUMIIE HEBO3MOXHO OCYUIECTBHTH JKCIICPHMEHT, B
KOTOPOM CBET OJNHOBPEMCHHO MpOSBisI OB M T€, W APYI'ME CBOMCTBA.
OTHM YCTPAaH4EeTCH JIOTMYECKas TPYAHOCTh. JleHcTBHTENRHO, HAM GOJb-
HIE He HYXHO MEITATbCA NPEACTABUTH cebe, Kak 3T0 (GPOTOH MOXer
OBHITh OJHOBPEMEHHO M BOJIHON, M uacTHUeil. Tenmepp KOpNycKyJgpHO-
BOJIHOBO# Ayanu3M MBI MOHMMAEM B TOM CMBICIE, 4YTO cBeT obnapmaer
nOMeHYUANbHOU BO3MOXHOCMbIO TIPOSBJATb M BOJHOBHIE, H KOpNy-
CKYJISPHBIE CBOMCTBA, HO OHM HHMKOIJA HE NPOSBASIOTCS OXHOBPEMEHHO.
CoorHomenns E = hv B p= hv/c 03Ha4awT, YTO MEXAYy ITHMH B3a-
MMHO HMCKJIOYAIOMMMHA APYr APYra CBOHCTBAMH HMMEET MECTO IKBHBA-
JIEHTHOCTh B TOM CMBICJIE, YTO MEPH 3THX CBOMCTB BCErNa IIPONOPLIH-
OHANBHEL. DT CBOCTBA donoaxsrom APYr Apyra, ubo TOJIBKO HX CO-
BOKYMHOCTbh HAET MNOJHOE NOpeacTasneHue o ceere. Ho, kak
MMOKa3KBaOT COOTHOWMICHHS HEONMPENE/ICHHOCTEH, B JIIO0OM SBJICHHH B
33aBHCHMOCTH OT KOHKPETHHIX YCJIOBHMI PEajM3yeTCs TONBKO OAHA BO3-~
MOXHOCTb.

KopnyckynsapHO-BOJIHOBOH Ayann3M NPUCYLI HE TOJMBKO (JOTOHAM, HO
U JI0OBIM ODYTMM MHKDOOOBEKTAM.

Boausl ge Bpoias. Mu yxe ynoMuHamm 06 3KCIIEPUMEHTAX, B KOTO-
prIX Habmonanacs Au@pPaKkiMg IMEKTPOHOB NPH IPOXOXICHUN HX CKBO3b
kpuctaane. Ho eme DO OCYIMECTBJIEHHS TAKUX IKCIEPUMCHTOB, B
1924 r., Jlyn ne Bpoitip npeanonoxmi, 4TO BCE YACTHLIK AOJIXHK 061a-
JATh BOJIHOBHIMH CBOMCTBAMH, MOJOOHBIMH BOJHOBHIM CBOMCTBAM CBETA,
H BBEJ KOJHUYECTBEHHOE COOTHONICHHE MEXAY AJIMHOM COMOCTAaBJISIEMOM
YACTHIE BOJIHEL M HMMIYJIBCOM YACTHULH, AHAJIOTHYHOE COOTHONICHHIO
MEXAY AJIMHOM BOJIHBEI M MMITYJI6COM (POTOHA:

=2 (4)
p

Heckonnxo ser cnycrs IxepMmep M [[3BHCCOH, M3yuas DacCesHHE
9AEKTPOHOB KPUCTa/u1amMu, o0HApyxwin AudpPaKkiHIO JCKTPOHOB, ITO-
2oOHY0 nudpakUuH CBETA HA PelieTKE. ATOMBI KPHCTa/UIa HHMKENd, KO-
TOpPBIA HCIONB30BAJICS B ONBITE, 00pa3yOT peryaspuyro kondburypaumio,
KoTopas peicrByer mopobHo audpakuuoHHOM pemieTke. MakCHMyMB B
pacnpeneacHuu PACCESHHBIX KPUCTAJIJIOM 3NEKTPOHOB HAaXOOW/IHCh HA

TEX MECTaX, A8 KOTOPHX BHIIOJHSIOCH YCJIOBUE

nA = d sin 6. (5)

Ho 3T0 yc/ioBuME COBIAZAET ¢ M3BECTHBIM YCJIOBHEM IS MAKCHMYMOB
npu pudpakiuu BOJIH Ha pemieTke ¢ nepuoaoM d. Bruumncaenuoe no (§)
3HAUEHHE MJIMHB BOJIHK A COBMAZaio CO 3HAYCHHEM, JABAEMHM (4), C
norpemHOCT0 10 1 %. CnenosatensHo, 3MEKTPOHK!, OTPAXAACh OT KPH-
crasuta, gudpardpyrOT TOUHO TaK Xe, KaK ecid OB OHHM OBUTH BOJHAMH
C AJIMHOM, NpencKkas3anHoi ae BpoitaeM.
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BoJaHOBbIe CBOMICTBA MHUKPOYACTHL,. Pe3yJIbTaTH 3TOTO ONEITA HMEIOT
dyHramenTanpHOE 3HAUCHUE, HOO OHM JEMOHCTPHPYIOT BOJHOBBIE CBOM-
CTBA BEWIECTBA, KOTOPLIE HE MOTYT OBITH MOHATH B PAMKAX NPENCTABJE-
HHHA O TOM, YTO BEIIECTBO COCTOMT M3 KJIACCHYECKHX 4acTHL. Bosiee nos-
DHHE ONBITH NOKAa3aaH, YTO M APYIHE YACTHILE BEmECTBA, XAXKE TaKue
OTHOCHTENBHO KPYIMHBIE, KaK MOJIEKYJIBI, TAKXE NPOABAKIOT BOJIHOBHLIE
CBOMCTBA.

Korga peansHOCTb NPOSBJICHNS BOJHOBHBX CBOMCTB MHKPOYACTHLLAMH
CTaNa OYEBMAHOM, BO3HMKJIA HEOOXOAMMOCTh KAK-TO MHTEPNPETHPOBATDH
BOJHEI fe Bpoiing, npuuaTe UM onpeneneHHbIN ¢u3nueckuit cMeica. [To-
ABUNACH KOHUEIIIUS «BOJIHBI-IIWJIOTA», B KOTOPOH MPERNONarajaoch, 4To
BOJHA B KAKOM-TO CMBICJIE «YNPAaBJgeT» OBHXEHUEM yactuubl. Ho wme-
JBIA pal JKCIEPUMEHTANbHBIX (DAKTOB MOKA3BIBAJI, YTO TAKOE BeCbMa
HArIIQHOE NMPENCTABJICHME HE NPUBOXMT K BHYTPEHHE HENPOTHBOPEUM-
BOM KAaPTHMHE MOBeAeHUd MHUKpouacTui. [1paBuIbHOE TONKOBAHHME 3TOrO
BOAPOCA CTAJI0 BO3MOXHBIM TOJIBKO [1OC/IE CO3XAHUS KBAHTOBOM MEXAHM-
k. [Toka mMpr 6ymeM mpocTo cumTaTh, UTO cooTHOUieHuMEe (4) naer HaMm
IMHY BOJHBI, KOTOPYIO CJIEAYET COMOCTABASATH AIOOOMY MATEPHATBLHOMY
06BEKTY, €C/IM OMBIT NOKA3LIBAET IIPOSIBICHAE 3THM 00BEKTOM BOJHOBRIX
CBOMCTB.

Elle 0 rpaHMIIax XjaaccHyeckoro onucaHud. [IpeacraBieHus o BOMHAX
e Bpoitis MOXHO, HApAOY ¢ COOTHOIIEHUSMHU HeonpeaeneHuocrein I'eii-
3enfepra, MCMOJL30BATh ANsi BRISCHEHHUS BOMPOCA O TOM, KAKOM Teo-
puei, KBAHTOBOH WIHM KJIACCHYECKOH, CAEAYET OMUCHBATh KOHKpPETHOE
apaende. [ 3TOr0 HyXXHO CPABHUTDH CONOCTABALEMYO 110 dopmyne (4)
M3yuaeMOoMy OOBEXTY HIHMHY BOJIHE C XaPAKTePHbIMH DA3MEPAMM B CO-
OTBETCTBYOLIEN 3aaue, UMesl B BUAY, UTO BOJIHOBEIE CBOMCTBA 0ObEKTA
HE MIpaloT CYIECTBEHHOM POJNM, 1MOKA 374 AJAMHA BOJHH HE CTAHET CO-
H3MepUMOH € XapakTepHuiMm pasmepamu. Hanpumep, gnumHa BOJMHE
3/IeKTPOHA, HAXOASIIETOCA B ATOME BOZOPOAd, CPABHMMA C pasMepamu
camoro atoma. Ilostomy kmautoshie 3dekTl B 9ToM cayuae OymyT
BECbMa CYLICCTBCHHRIMM, U NMPEICTABJICHHS KJIACCHUYECKOH Du3nKu 3aech
3aBEAOMO HENPHAMEHUMEL.
CpasHuM Teneps QAMHY BOJIHEL e Dpoiing, conocrasngemyio 3emie,
C pasmepamu 3eMHOM opbuthl. Tak kak macca 3eman M = 6-10% r, cko-
pocts 3emsn Ha opbute v~ 30 kM/c, a paccrosuue or 3emn o Con-
Hua R~ 15-107 xm, 1O
A h -
IR = SR~ 37107

Ora sennunna dantacTuuecku Mana. CreqoBaTeNbHO, BHXEHNE 3eMin
- 6ymET NPEBOCXOAHO OMMCHBATHCH KJAACCHMUECKOH MeEXaHMKOl. JIlroOme
BOJIHOBHE MM KBAHTOBHE 3(dexTh 6ynyT B 9TOM CIyyac MEHbLIE, YEM,
Hanpumep, 3¢GdEKTH, BHI3BAHHLIE CTOAKHOBEHHMEM 3E€MJH C IPOTOHOM
WM SAEKTPOHOM, COAEPXAIIMMCHE B KOCMHYECKHX Jy4ax.

3
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3anava

Hns ymeHblleHMs pa3MepoB MATHZ Ha 3KpaHe 3JICKTPOHHO-JIYYeBoit Tpy6Ku
MOXHO Ha MYyTH pPa3’orHaHHONo yCKOPSIOIIMM HanpsXKeHHEM 3/IeKTPOHHOIO Ny4Ka
nomecTuth aBe nMadparmbl ¢ oTBepcTHAMM (puc. 22). IMokaxwure, yro ais BTO-
pOoro OTBEpCTHS CYLIECTBYET ONTUMAJILHLIN IuamMerp, ofecneunBaioMil HauMeHb-
MM pasMep NATHa Ha 3KpaHe.

Peurenue. Iocsie NpoxoXACHUS yCKOPSIOLLIETO MPOMEXYTKa ¢ HANpSKeHHU-
eM U anexTpoHbl B TpyOKe ABUXYTCS PABHOMEPHO C NMpaKTHYECKM OQUHAKOBBIMH I10
MOZYJII0 UMITY1bCaMH P, ONPERENAEMbIMH U3 COOTHOMIEHUS

2
-=eU. 6)

2m
ByneM cHavana paccMaTpHBAaTh 3JIGKTPOH KakK KJaccHuecKyio yactuuy. Ilyctsb
OTBEpCTHe B NepBoi AvadparMe HACTONBKO Maso, YTO €r0 MOXHO CYUTATb TO-
yeuHbIM. B 3TOM Ccaydae aMamerp NATHA Ha 3KpaHe Obll Obl TEM MeHblLE, YeEM
MeHblIe OTBEPCTHE BO BTOpOi AuadparMe. Yriosoit pasMep MATHa, KaK BUOHO
M3 puc. 23, onpepenseTcs COOTHOMIEHHUEM

8 =dll, N

rie d — QuaMmeTp OTBEPCTHS BO BTOpol AuadparMe, a I — paccTosiHHE MeXOy
auabparmamMu. Takum 06pa3oM, NATHO OT KJACCHMUYECKHMX YacTUL MOXHO Obllo

L
!
[ ! d
] ———— D)
\ 9
-5 o+ | ! _
|4
Puc. 22. ns yMeHbIICHMS pa3Mepa MNATHa Ha Puc. 23. VrioBoit paamep myuka
9KpaHE MOXHO MCNO/bL30BaTh ABe Anadparmsl ¢ 6 3aBucUT OT AMamerpa d OTBEp-
OTBEPCTHAMM CTust BO BTOpOH auadparme

6bl CeNaTh CKOMb YrofHO MaJjbiM. OJHAKO H3-32 KBAHTOBBIX ABJIEHUIM yMEHblUlE-
HHUe auaMeTrpa auadparMel ¢ HEKOTOPOro MOMEHTa NPHUBOAUT K PACILIMPEHUIO MAT-
Ha. OUEHUTb KPUTHUYECKUI AUAMETP OTBEPCTUS MOXKHO C TTOMOUIbIO COOTHOMIEHUS
HeonpeneneHHocrel 'eitsenGepra.

Ecsim anexTpoH npoules CKBO3b 0TBEPCTHE BO BTOPOil Anacdparme, To Heonpene-
JIEHHOCTb B 3HAUCHUHM eI KOOPAUHATH B HaNpasJjieHUHM NoMepek Ny4ka Ax onpege-
JISeTCS pa3sMepoM OTBepcTHA d:

Ax=~d. (8)

Takas ToKaaM3auus 3J1eKTpoHa NPUBOAMT K MOSBJIEHUIO Y HEIO HEKOHTPOAUPYEMOi
COCTaB/IAIOILEN UMIYJIbCa MOMNepPeK NyyKa:

Ap, =~ hlAx = hld. ' 9

B pesy/bTaTe nocie TIPOXOXACHHUS QHadparMel NOSBJIAETCS HEOTIPENEIEHHOCTD B
HalpaBJ/ieHUH ABUXEHUS 3JIEKTPOHA, XapaKTepusyemas yriom 0,
Ap, & (10)

a~
~

0 —_
®op pd
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U3 (10) cnepyer, 4T0 NPH yMEHbUIEHHH AHaAMETPa OTBEPCTHSR d MPOHUCXORHT pac-
IIHpEeHHe fyHKa U KakK CIeCTBHE YBelHYeHHe NATHa Ha 3KpaHe TPpyOKH. Y MeHb-
1uaTh OTBEPCTHE B aHadparMe CleayeT oo Tex 1op, f0Ka pasMbiTHe Myuka O, He
CPaBHSAETCH C ero YIVIOBLIM pasMepoM O, onpeaensieMbIM KNACCHYECKHMU TPAEKTO-
pusaMH snekrpoHoB: O, = 0. Orciona ¢ nomowsio (7) u (10) onpepensem onTH-
MaNbHbIH pasMep oTBepCTHs BO BTOpoit anacdparMe:

d=~vVhilp. (11)

DTOT pe3yILTaT MOXHO MOAYUUTh HHAYE, KCII0Ib3Y A FIpEACTaBJIeHHE O CBA3aH-
HO# C 3/IeKTPOHOM BOJIHe ae bpoitna
A =nh/p. (12)

Ecnu khaccuyeckomy NpeacTaB/IEHMIO 0 ABHXEHHH 3JIeKTPOHOB IO oripeae-
JIeHHbIM TPaeKTOPHSAM COOTBETCTBYET NpPHOMIKEHME FEOMETPHIECKON ONTHKH, TO
NposBAEHUIO KBAHTOBbIX CBOMCTB oTBevaeT Andpakuus BosH ge Bpoiina. Aud pax-
LIMOHHbIE ABJIEHUS Jal0T OTKJIOHEHME OT reOMETPHUUECKON0 3aK0Ha pacnpocTpaHe-
Hugl Jy4yeit Ha Yr/bl NOpsSAKa OTHOLEHHS AJIMHbLI BONHBI K PA3Mepy NpensarcTBHS
unu orsepctHd. Iloatomy

esonﬂ = Md.

Toacrasnds cwoga BMecTo A fae-6poitneBckoe BoipaxkeHue (12) ang aivHbl Bo~
HbI 3JIEKTPOHA, NPHUXOAMM K MpeXHeMy cooTHoteHHo (10).

s  QueHuWTe ONTHMAaJbHBLIA SUAMETP OTBEPCTHUS B TPYOKE ¢ TaKMMH XapakTepu-
CTUKaMU: yckopsiomee Hanpskende U = 10 kB, paccrosuve mexay auad-
parmMaMu [ == 1 cM, paccTosiHue g0 3KpaHa L = 0,5 m.

o TloscHuTe, B KaKOM CMbIC/IE B COOTHOWEHUAX E = AV 4 p = Av/c neBble ya-
CTH XapaKTepu3ywoT (oTOH KaK YacCTHUY, a [paBble — KaK BOJHY.

e TIlouemy B KNnaccuueckod Gu3HKe NpencTaBlieHHd O BOJIHE H O YacCTHUE He-
IIPUMEHUMBI K KaKOMY Obl TO HH ObiJI0 0OZHOMY H TOMY Xe O00BEKTY?

o IloscHHTe, KakKuM 00pa3oM B MbICJCHHOM oOnbiTe N0 AMPPAKUMH Ha gBYX
LeNSX NPOUCXOAMT TMOJIHOE PasMbITHEe HHTepGEPEHUMOHHBIX M0J0C, €C/H
HKCHPOBATH LEND, Yepe3 KOTOPYK NMPOXOAUT KaXabiH U3 ¢OTOHOB.

o Ilokaxure, NoYeEMY BO3MOXHOCTDL NPOABJICHUA SJICKTPDOHOM B3aHMOHCKTIOUA-

OUIHX KOPHYCKY/ISpPHbIX KW BOJMHOBbiX CBONCTB HE NPUBOAHT K JIOTHYECKOMY
NPOTHBOPEYHIO.

o Yo rakoe sosnHbl ge Bpoina? Kak anuna sonHel ae bpoina 3aBHCHT oT Mac-
Cbl ¥ CKOPOCTH 4acTHubI?

» Kak npuMeHuTh NpeacTaBlieHMe 0 BONHAX fe Bpoid K BLIICHEHHIO BO3MOX-
HOCTH KJ12CCHYECKONO onHcaHHA?

§ 9. 3aKOHBI ABHIKEHMA B KBAHTOBOW (H3nKe

WTak, Mul BHOEAW, YTO MHOTHE HABJIEHHS B MHKPOMHpE HE ONHMCHBAIOTCH
KJIAaCCHMYECKON (PU3MKOA M, MOJb3yACh COOTHONICHHMSAMH HEONpEXesIeH-
Hocteir [Deilzenbepra, MOXHO YCTAHOBHTb TpPAHHMUL NPHUMEHHMOCTH
KJIACCHMUECKOr0 Crnocoba omuMcaHds npu PACCMOTPEHMH TEX MJIM HMHBIX
KOHKDETHHX #BJIeHUA. B Tex ciayuasx, KOrma KJIACCHYECKOE OMMCAHME
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OKA3BIBAETCA HEINPHIOTHRIM, HeoOxomum Oonee COBEpPIIEHHHI crocob
onucaHusa (PU3NYECKHX SBJICHUH, KOTOPHIH AOJIXEH YYHUTHIBATD BO3MOX-
HOCTb NMpOSABJCHUS M3y4aeMHMH OObEKTAMH KAK KOPIMYCKYJIAPHHX, TaK
M BOJIHOBBIX CBOWCTB.

CospemenHasi KBAaHTOBAg TEOPUS BEJET cBOe Hayano ¢ 1926 r., xorna
3. lpépunrepom GbLIO MPEAIOKEHO YPABHEHHE, HOCAIIEE HEIHE €r0 UM
4 Jiexailee B OCHOBE KBAHTOBOM MEXaHUKH. PasyMmeeTcs, HM3JIOXEHHE
KBAHTOBOM MeXaHMKH BRIXOAMT 33 PAMKH IIKOJIBHOTO Kypca (PM3MKH, HO
MBL MOXEM OBCYANTH Pa300paHHbIE BEIMIE IKCIEPUMEHTAIbHEIE (aKTH U
yeTKO c(hopMyIHPOBATh, KAKOH AOXKHA OBITE KBAHTOBAS TEOPHS, CII0CO6-
Has MOCNEAOBATEIBHO OOBIACHUTD BCe CBOeoOpasue SBJICHUI MHKPOMHpA.

Poab cpeacrs HaOmogeHua B xBaHToBoi ¢usuke. O6cyxnas npuum-
HbHl HENPUMEHHMMOCTH MPEACTABJICHUN KJIaCCHYECKOH (PH3MKM B MHUKPO-
MHpE, MEL BHAEJIM, YTO 3TAa HENPUMEHUMOCTH 00yc/ioBieHa psaaoM aber-
paxumii, JOMycKaBIIMXCA B KJaccudeckoi dusuke. B xmaccnueckoit ¢u-
3MKE MOJIMaJMBO  NpPEANoJiarajach HE3aBHCHMOCTh  (hH3MUYECcKHX
HponeEccos or crnocoboB HAGMIOAEHMS M BO3MOXHOCTh HAGMOAATH OXHO-
BPEMEHHO BCE CTOPOHBI JAHHOIO rpouecca. B o61acTu KBaHTOBHIX sBJIE-
HHUI 3TO He Tak. BcnomHmMTE, Hanpumep, onuit ¢ Audpakuueit GoToHOB
Ha OBYX INEJIAX: ONPENEsidas, YEPe3 KAKOe OTBEPCTHME IPOXOMMT KaXIhii
$OTOH, MEI 3THM H3MEPEHMEM NPHHIMIUAILHO M3MEHLUIM NPOTEKAHUE
¢duanyeckoro mpouecca, Tak yto AudpakUMOHHAs KAapTHMHA HAa JKpaHe
OKAa3kiBaJacCh MOJHOCTBIO PA3MBITOM.

AHanM3upys 3TOT ONHIT, MhH MPUXOAMM K BRIBOAY, YTO OCHOBO HO-
Boro cnocoba OMMUCAHMA SABJICHMM JOJIXKEH OHITb IBHEI yueT PEajibHBIX
@03moXHOCmeld U3Mepenuil, MPOBOAMMEIX Haj MHKpooOvextamu. Heob-
XOAMMBEIM MOCPEAHMKOM IPH M3YUEHHM TAKHX OOBEKTOB SBJISIOTCH Npu-
6opbi: ATOMHEIA OOBEKT MOXET NPOABUTH CBOM CBOMCTBA, TOJIBKO IIpO-
B3aMMOJENCTBOBaB ¢ npubopom. Hanpumep, nyTh MAKPOYACTHILI CTAHO-
BHATCH BHAMMEHIM B DE3yJbTaTe KOHACHCAIMM NapoB B Kamepe BuibcoHa
WIM B DE3y/IbTATE NMOYECPHEHMH 3epeH (POTOIMYJIbCHH, U T. r. IIpu atoM
IpuGOpLEL M YCJIOBMA OMBITA JOJIXKHHL OMHMCHIBATBCH KJAACCUMECKU, TTYTEM
3aaHMg 3HAYCHWI ITapaMerpoB, xapakTtepusyomux npubopm. [Tapa-
METPH 3THX TpHOOPOB MOTYT, PAa3yMeercs, 3afaBaThCH JIAID C TOYHO-
CTBIO, AOMYCKAEMOH COOTHOMICHHUSIMH HEONPEACIECHHOCTEM,

BepoATHOCTH B KAaCCHYECKOH M KBAHTOBOW (pu3HkKe. B ocHOBY HOBO-
ro cnocofa onucaHus NOBENEHHMS MHKPOOOBEKTA CJAEAYET IOJOXHTH pe-
3yJIbTATH B3aHMONCHCTBMS 3TOro 00BEKTa C KJACCHMUYECKH ONMMCHIBAEMBIM
npubopoM. CpoiicTBA aTOMHOrO OOBEKTA BHIBOAATCA M3 PACCMOTPEHMS
pPe3yJIbTATOB TAKMX B3aMMOIEHCTBMIA. JTO HE MCKJIKOYAET BO3MOXHOCTH
BBEJCHMA TAKMX BEJIWYHH, KOTOpPHE XAPAKTEPU3YIOT CaM MHKPOOOBEKT
HesaBucuMo ot npubopa (3apsn, Macca YacTHUK H T. A.), HO B TO X€
BPEMS MO3BONSET U3YyYaTh NOBENCHHME OOBEKTA C TOM ero CTOPOHH (Ha-
OpuMep, KOpPNYCKYJMpHOM WJIM BOJHOBOM), HPOSBJIEHHE KOTOpOH
obyciosieno ycrpoicTsoM mnpubopa. Takum ofpazoM, nossiasercs
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BO3MOXHOCTh DACCMATPUBATD M TOT CJAyYail, KOrAa pasHHE CTOPOHB
pasHele CBOMCTBA 00bEKTa HE NpOABAAIOTCH ogHospemeHHo. ITo Bopy,
CBOIICTBA, INPOSABJMIOINNECS TPH G3AUMHO UCKAFOUAFOWUX YCAOBHUAX
(BcnoMHETE OBCYXAEHME KOPNYCKYISIPHO-BOJAHOBOIO AyaansMa), donoa-
HRFOM OPYT APYFa B TOM CMEICJIE, YTO TOJIBKO MX COBOKYIHOCTb Xapak-
TepU3ayeT OOBEKT MOJHOCTBIO. B 3TOM 3axmouaerca coOpMyIMPOBAHHEN
H. BopoM npuxyun donoanumenbnocmu, KOTOPHH CHIpasl OrPOMHYIO
posib B 00OCHOBAHMHM COBPEMEHHOM KBAaHTOBOM TEOpHMH. PaccMaTpuBaTh
ONHOBPEMEHHOE IMPOSIB/ICHHUE JONOJHMTEAbHLIX CBONHCTB HE MMEET CMBIC-
na. TakuM of6pazoM, B HOBOM MHOZXOAE M HE BO3HMKAET BHYTPEHHEIO
NPOTHBOPEYHS B MOHATHHM «KOPMYCKYJIAPHO-BOJHOBOM AYAJA3M».

Hrtak, B OCHOBE ONHCAHUS — pPE3yNbTATH B3AUMONCHCTBHA MHKDO-
obwexra ¢ npubopom. Ho onsit nokaswBaeT, 4To NP JAAHHHIX BHEIMHHX
YCJIOBHAX PE3YJIBTAT B3AMMOAECHCTBHMA 00bEKTA ¢ IPUOOPOM HE SBJIAETCH
ONHO3HAYHO ONpeNesieHHHM, a ofJiafaer JIMIIb HEKOTOPOH BEPOATHO-
cThi0. BcnoMHuTe TOT Xe AU(DPaKITMOHHKE ONHIT: KaXxauit (PoToH nomna-
Jan B ONpPEAEJEHHOE MECTO 5KpaHa, HO NPEACKa3aTh TOYHO, B KAaKOE
UMEHHO, ObUIO HEBO3MOXHO; CyLIECTBOBAJIA JIMIOb ONpEAe/ieHHAs BEpO-
ATHOCTb NMONMafgaHus (POTOHA B TO WM HMHOE Mecto. Taxum obpasom, B
onucaHue MUKPOOGBEKTA, Er0 COCTOSHUS U MOBENEHUS BBOAMTCH HOBHIA
JJIEMEHT — MOHATHE 6EPOSIMMHOCMU, 4 TEM CAMHBIM M IIOHSATHE NOMEH-
LUQNbHOIL BO3IMOXHOCIU.

IToHg9THE BEPOATHOCTH UCIONB3YETCS U B KJACCHYECKON (PM3MKe npu
H3YYCHUH CBOMCTB CHCTEM, COCTOAIMUX M3 GOJIBIIONO yMcjia yacrtuu. Be-
POSITHOCTH BBOASATCA TOrJA, KOTAa YCJIOBHMS OIKITA HE M3BECTHHI MOJIHO-
CTHIO M 10 HEHM3BECTHRIM MAPAMETPAM NMPUXOJUTCH MPOBOOMUTH yCPEmHE-
Hue. HanpuMep, npu paccMOTpEHUM OBMXEHHMS MOJIEKY/ B rase HaM He-
H3BECTHH KOOPAMHATH M CKOPOCTH KaXxmoi MosekyJnl. [Toatomy MoxmHo
[OPEACKA3ATh TOJIBKO BEPOATHOCTH MONANAHUSA YACTHUH B TO WM HHOE
Mecto. B xiaccuueckoit (PM3MKE BEPOSTHOCTH OTPAXAIOT HENOJHOTY
dopmyupoBKH 3azaud, KOTOpad, OBITH MOXeT, MPAKTHYECKH M HEHM3-
6exHa, HO B NPHHIMIE YCTPAHMMA,

OnucaHHe COCTOSHHA CHCTEMHB B KBaHTOBOM ¢u3uke. B xsaHTOBOI bu-
3MKe BEPOSATHOCTH MMEIOT COBCEM MHOM XapaxTep. 30ech OHM ITPHHUMAK-
a7bHO HEOOXOMMMEL; MX BBENCHHE XapaKTePU3YeT He NMOJHOTY YC/IOBHA, a
OOBEKTHBHO CYyLIECTBYIOIIUE IPU AAHHBIX YCJAOBHAX NOTEHUMAABHEE BO3-
MoxHOCTH. ClieqyeT OTMETHTD, YTO B IPOLECCE CO3AAHMS KBAHTOBOM TEO-
PHH BHICKA3biBAJ1ACh TOYKA 3PEHM, YTO BBEEHUE NOHATHS BEPOITHOCTH H
B KBAHTOBOH MEXaHHUKE BCE-TAKH CBSI3AHO C TEM, YTO HA CAMOM JEJIE MHUKPO-
00bexTH 06/IANAIO0T OLPEAE/IEHHOM, HE M3BECTHOM HAM BHYTPEHHEH CTPYK-
Typoit. [T03TOMy B KBAHTOBOM MEXAHHUKE, KAK H B CTATUCTHUECKOH (pHu3nKe,
NPUXOAMTCA CYUTATD, YTO HEPEMEHHEIE, ONMMCHBAIOMIME 3TY BHYTPEHHIOKO
CTPYKTYPY, paclpefefcHH CayuaiHuiM oOpasoM. MHumun crosamu, B
KBAHTOBYI TEODHIO IOHATHE BEPOATHOCTH BBOJMTCS TOJIBKO MOTOMY, YTO
OHA HE ABJIAETCH IOMHON; OHA CTAHET MOJHOM TOJIBKO TOrAa, KOraa 6yayT
HaNIECHH BEJINYMHbI, XaPaKTEPU3YIOMUE BHYTPEHHIOW CTPYKTYPY YaCTHLL.



72 1. 3AKOHBl MUKPOMHPA. YACTHIIH M BOJIHEI

Ho B HacToslnEee BpeMA MOXHO YTBEPXAATh, YTO KBAHTOBAS TEOPHS, OCHO-
BaHHAS HA NMOHATHH BEPOSTHOCTH PE3y/IbTATA B3AUMOACHCTBHA 0OBEKTA C
npubOpOM, 0Ka3a1aCch HCKIIOYHTENBHO YCIEIHON M, HA060POT, HET HUKA-
KHMX KCIIEPHMEHTAIBHEX (DAKTOB, KOTOPHIE CBHACTEILCTBOBAIH Ol O HE-
[O/IHOTE KBAHTOBOMEXaHUYECKONO ONMCAHNS IOBEACHUS MUKPOOOBEKTOR.
Ipomonxnm 06CYXIeHHE OCHOB KBAHTOBOM TeopuH. W3 cKxasaHHOro
BRIIIE SICHO, YTO 33JaTh COCTOSHHUE KBAHTOBOIO 00bEKTA — 3HAUYMT 331aTh
pacnpenenacHne BEpOATHOCTEN, MIH MOTCHUMAILHBIX BO3MOXHOCTEH IO-
JIYUEHHS TONO WJIM HHOIO PEe3y/AbTaTa B3aMMOAEHCTBUA ofbexTa ¢ mpubo-
poM. To o6CTOATENBCTBO, YTO AOKHEL 3aXaBATHCHA BEPOSITHOCTH TAKXE U
IS TEX BEJIMYHH, H3MEPEHNS KOTOPHIX HECOBMECTHMEI, MOKA3LIBAET, YTO
peub MAET UMEHHO O MOTCHUMAMbHEIX BO3MOXHOCTSX, a HE O 3HAUEHHAX
BEJIHYHH CAMHX 110 C€6€, BHE CBS3H C YCJIOBHSIMH HX H3MEPCHHA HaA OITHITE.

TIpHMHIMI COOTBETCTBUMA. Termepp MOXHO CKa3aTh HECKOAbKO CJOB M O
TOM, KAKHM AOJXCEH OHTb MATEMATHUCCKHH ANNapaT KBAHTOBON TCOPHH
MO CPAaBHEHHIO C MAaTEMaTHUECKMM AMIaparoM Kiaaccuueckoi ¢uauxu.
B xnaccuueckoit puanke MaTeMaTHUeCKUil annapar XOKEH X3BAaTh 3HA-
YEHHd OIpenejacHHHX (PU3HYECKHUX BEJIMYHMH, T. €. uMcaa. B KBaHTOBOM
TEOPHH MATEMATHYECKHMH ammapar Ao/DKeH NABaTh HE TONbKO BO3MOX-
HEIC 3H3UEHUS (PU3MUYECKUX BEJUUYMH, HO M BEPOSTHOCTH MOJIYyUYEHHS HA
OMNBITE TEX WIH HHLIX BO3MOXHEIX 3HAUEHHH DTHX BEAMUHH.

B xBaHTOBOH TeopHH CHOPMYAMpPOBAHHEE TPEGOBAHMA MOryT OHITH
BHIMOJIHEHB caenyomuM obpasoM. CocrossHMe M3yuaeMoi CHCTEMH Xa-
PakTepH3yeTca ONpeXEAeHHOM (yHKUHEH, HA3bIBAEMONA BOJHOBOH KN
Y-pyHkumeir. BosHoBag QyHKUMI XapaxTEPH3YET COCTOSHUE CHCTEMH B
TOM CMBICJIE, YTO Yepes 3Ty (PYHKUHIO BEIPAXKAIOTCA BCE BEPOATHOCTH IS
pe3yabTaTOB HM3MEpPcHHS HAx cucreMoi. BosHoBas ¢yHxums onpene-
aserca u3 ypasHcHusa lIpénuHrepa — OCHOBHOIO yPaBHEHHS KBAHTOBOI
MexaHuku. Kaxpmoi ¢usnueckoil BeJMUMHE COMOCTABAAIOTCA Onpene-
JICHHRIC MAaTEeMaTHYECKHME ONEpauuu, KOTOpHIE CIEAyeT MPOAEaaTh Han
Y-pyuxnuen, yrodn nonyunts Heobxommmywo mugopmaumio. Orciona
BO3HHKAeT MOHATHE onepamopa COOTBETCTBYIOMEN H3nyecKoil BEJnUH-
Hbl. B xBaHTOBOH MEXaHHMKeE Kaxnoi (H3nyecKoH BeJHUYHHE, HANpPUMED
JSHEPruH, KOOPIMHATE, HMIYJIBCY, CONOCTABJICH ONPEeACICHHHM Oneparop.

Kak snfuparorcs camu oneparopni? IIpy OCTPOCHHH KBAHTOBOM Te-
OpHH OPPOMHYIO POJIb CHIFPAJI TAK HA3BIBAEMBIH MPHHLMI COOTBETCTBHA,
copmynupoBanHuii BopoM: 3aKOHE KBAHTOBOH (PM3MKM AOIXKHE OHITH
copmynnposaum TakuM o0pasom, uTOOH B KJAACCHUECKHX TDAHMIAX,
KOTAd, HanpuMep, B HM3yyaeMBIil IPOLIECC BOBJEYEHO MHOIO KBAHTOB,
ITH 33XOHBI MPHBOAMIN OB K KJIaCCHUECKHM YPaBHEHHSAM IS YCPEAHEH-
HBIX BeJIMuMH. Vicnonp3oBaHne npuHOMNA COOTBETCTEMS MO3BOJIIIO HAM-
TH BHJ ONEPATOPOB, COMOCTABJISIEMHIX ONPENEACHHHM (DH3MYECKHM BE-
anunHam, Ho ofmmx mpasmi cocTaBAEHAS ONEPATOPOB A (PU3UUECKHUX
BEJIMYMH yKa3aTb HeJb3s.

TpeGosaHue YHOBJIETBOPEHHS NPHHUMIIY COOTBETCTBHS OTHIOAD
HE 9BASETCS TPHBHAJIBHHIM. BO3HMK3E€T BONPOC, Kak COIJIACOBATh
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KBAHTOBHIN TNOXXOX, OCHOBAHHBIA HA PAaCCMOTPEHUHM BEPOSTHOCTEH, ¢
KJIACCMUECKNM, JOMYCKAIOMUM TOYHOE MPEACKA3aHHE MOBENEHHUS CHCTE-
MHE. PaccMoTpHM ¢ 5T0i TOUKM 3pEHHS yXe pa3oOpaHHblil BHILE MPHMED
paccessHust ¢pOTOHOB CBOOOAHBIMH 31eKTPOoHAMH. Kak BHAHO M3 OpMy bl
(11) § 6 «CBeTOBHE KBAaHTH», YBEJIAYEHUE NJMHEL BOJIHE NDH CAMHMAY-
HOM aKTe paccesiHus (hOTOHA paBHO 2//(mgC), YTO MPHMEPHO COCTABJIS-
et 10719 cM. 3TO CAMIMKOM MancHbKAsl BEIMYMHA, yTOOb ee MOXHO Obi-
JIO 3aMETHTh NPU PACCESIHUM PATHOBOJIH C AJIMHOM BOJHH mopsaka 1 cm
u Hosapime. COOTBETCTBYIOIINE TAKHM BOJHAM YacCTOTH OKA3HBAIOTCH IO-
psaxa 10'° I'u, tax uro sxeprus omsore ¢poroHa cocrasasier 107! spr,
win 107* 5B. Jlerko nogcuMTaTh, XKaKyK HAHGOABIIYIO DHEPIHI0 MOXET
NMPHOGPECTH IEXTPOH B PE3Y/IbTATE PaccesHMs ONHOINO Takoro ¢oroHa.
C nomowsro dopmysnt (10) § 6 maxomum, uto AE,,, = hAv ., cocTas-
asier 10714 3B, Jlng Toro utobu B pe3yanTaTe PACCESHMS DPAXHOBOJIH
npuoBpecTd 3Heprui0 Bcero B 1 3B, 27eXTpPoH AO/XeH paccesaTs Mo
menbmeit mepe 10'* xpamTos! Pasymeercs, HEab3s TOUHO MPENCKa3aTh
pe3yabTaT KaXXOro HHAMBHIYAJbHOIO akTa paccesiHus. Ho peaysabrarn
paccessHMsT Takoro OoJIBLIONO YMC/ida KBAHTOB, KOTOpoe (hakTuyecku
npepcrasaser co0oif HempephlBHBIA MPOLECC, MPAKTHYECCKH BIOJHE
ONpeAc/CHHBIE M COBNANAIOT C TEM, UTO XAET XAS 3TOIO C/IYYas KJAACCH-
ueckas 5JCKTPOAMHAMMKA.

Mu HOCTPOMJIM KAUCCTBCHHYIO KAapTHHY KBAHTOBOM MEXAaHHUKH U IO-
SICHWJIM Ha IpUMeEpe, YT0 B NpexeJie, NPH MEPEeXoac K KIaCCHUECKHM YC-
JIOBHMSIM, PE3yJbTATH KBAHTOBOX TEOpHM MEPEXONST B PE3Y/bTATH, Na-
BaeMbie Kaaccuueckod ¢u3ukoi. C moMowpio COOTHOMIEHHNA HEOMmpene-
JICHHOCTEN MOXHO [ejaTh OUEHKM TIPAHMUB MPUMEHHMOCTH 33KOHOB
kJjaaccuueckolt ¢maukn. OnHAKO 373 rpaHHANA HE SIBASICTCS YETKO OYEp-
YEHHOMW, ¥ pa3BHUTHE (DHU3NKH HE Pa3 NABAJO ITPUMEPH! BTOPXCHHS KBaH-
TOBHX 5(h@deKToB B 06/aCTh, KAXYMIYIOCS abCOMIOTHO KAACCHYECKOH.
C HEeXOTOPHIMH M3 3THX MPHMEPOB Mbl €IIe BCTPETHMCH HHUXKE.

® O6macuure, yeM obycnoBjicHa ocobas ponb cpeacTs HabJroAEHHS B KBaAHTO-
BOW (pU3KKe IO CPaBHEHMIO C KJIACCHUYECKOM.

e PasngcHure comepkaHue NpuHUMNa gononaxuTtensHocT bopa. Kakum o6pa-
30M 3TOT NPHHLIAI CHUMAaET MPOTHUBOPEYMS B NMOHATUM «KOPIYCKYJISPHO-BOM-
HOBOU Ayau3m»?

e B ueM nNpUHUHKNKANbHOE PA3/IMUKE MKCIIOL30BAHUS IOHSATHS BEPOSATHOCTH B
KJlacCHUECKOi K B KBaHTOBOM ¢u3nke?

o Kak 3agaercs cocTosHue QU3HUecKOi crcTeMbl B KBaHTOBOU ¢u3nke?

e UeM oTnHualoTCH TPeGOBaHMA K MaTeMaTHYECKOMY annapary B KjaccHuye-
CKOI W B KBaHTOBON uanke?

® UYro Ttakoe BonHoBas (yHKUMS M 4TO Takoe orieparop GUIUYECKOWN BeU-
unHb?

e B uem sakmouaercs npuHuun coorserctBus Bopa? IoscHure ero posib B
dH3HKe.



lll. ATOMbI, MONEKYIbl, KPUCTANNDI

§ 10. Crpoenue atoma

[ocae orxpurua Jx. TOMCOHOM 37EKTPOHOB CTAJIO FACHO, YTO 3Ta Yac-
THUA BXOAUT BaXHEHIIEeH COCTABHOM 4acThio BO BCe atoMul. OCHOBaHHAS
HA 3TOM rMIOTE3E MCTOPHYECKH IEpPBAd MOJE/b aTOMa ObUTA NpeaIoxeHa
camuM [ x. TomconoM.

TOMCOHOBCKaA MOAeab aToMa. Moxesns ToMcoHa OriIa TOCTPOEHA TAK,
yTo6hE MOXHO OBUIO OOBLACHMTH HabJAIOAaEMOE HA ONBITE HCIYCKaHHE
BO36Y XJCHHEIMM HEB3aHMOJEHCTBYIOMMMH Mexay cofoit aToMaMH noy-
TH MOHOXPOMAaTHYECKOIO CBETA.

I ucrnyckaHus MOHOXPOMATHUYECKONO CBETA J/IEKTPOH B BO3OYyX-
XEHHOM aToMe, MO KJIaCCMYECKUM MPEACTABJICHHAM, HOJXEH COBEPIIAThH
rapMOHMYECKoe XosebaHue COOTBEeTCTBYMOmIed uacToTh. IToaroMy mnpwm
CMEIEHUHN 3JIEKTPOHA B ATOME M3 IOJIOXEHHS PABHOBECHS HA HErO A0M-
XHA XEHCTBOBATH KBA3MyNpyrasd, T. €. MPONOPUHMOHAIbHAS CMEIICHHIO,
Bo3Bpawamwman cuia. Tak monyunmrcs, eCiM CYUMTaTh, YTO aTOM Ipen-
crasasieT coboi wap, MOJOXHTEAbHBIA 3aPs KOTOPOrO, PaBHbIA MOAY IO
MOJTHOTO OTPHLATENBHOIO 33pAAa 3/JEKTPOHOB, PABHOMEPHO Pa3Masad Io
BceMy ofbeMy aroma.

TOMCOHOBCKOM MOZEJMM aToMa OBUI3 YrOTOBAHA OUYEHb HEJOAras
XH3Hb, XOTS OTAE/BHBIE €€ IMOJIOXKEHHS, B YACTHOCTH MPEACTaBICHHUE O
KBasHynpyroi cwie, YAEPXHBAIOIIEH 3NEKTPOH B aATOME, COXPaHMIHM
CBOE 3HAYEHHE NO HACTOAMMENO BPEMEHH. JTO IPEACTABIEHHME HCHOJIb-
3YETCS B TEODMM B33HMONEMCTBHMS CBETA C BEINECTBOM, OOBACHAIOMEH
XMCIEPCUIO CBETA, T. €. 33BUCHMOCTD CKODOCTH CBETA B BELIECTBE OT
AJIAHEL BOJIHBL

Oneitol Pesepdopaa. B nauane aeparucornix romos Pesepdopa npucry-
MAJI K CBOMM 3HAMEHHMTHIM ONLITAM MO 30HAMPOBAHHIO ATOMOB C IO-
MOWbI0 anba-yacTUl, HCNYCKaEMHX pPAagHMOAKTHBHHIMHM BELICCTBAMM.
Macca atux uactun, npuMepHo B 8000 pas Gosbime MAacchl 9JIEKTpPOHA,
MOJIOXKMTE/IBHEIA 33apS PABEH YIOBOCHHOMY 3JJIEMECHTADHOMY 3JIEKTPH-
yeckomy 3apaay. CKOpOCTh MCIYCKAEMEIX PaRHO3KTHBHBIM IPENapaToM
anbda-vactun cocrapiger okoio 1/15 ckopocru csera. Takumm yacTu-
namu Pesepdopn GoMOapAMPOBAT aTOMBI TIXKEIHIX 3JIEMEHTOB.
OJIeKTPOHH BCJICACTBHE CBOEH Majiolf MAacCHl HE MOTYT 3aMETHO H3-
MEHHTb TPAaeKTOpHIO asbda-uacTuun. HaMeneHwe TpaekTopuH, T.e.
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paccesHne anbga-yacTHI, MOXET BH3IHIBATHCA TOJBKO TIXEJIOH
MOJIOXKHMTEJIBHO 3apAXKEHHOH 4acTpi0 artoma. [1o3aToMy M3 OHHTOB MO
pacceaHuI0 anbga-yacTin, MOXHO ompe-

JEJIMTb XAPAKTED pACupeacsICHUS I10JI0- PanuoakTusHbIl npenapar

XKUTEJBHOTO 3apsad M MacCel BHYTPH / Inadparma
aToma. g Sxpan
Cxema onumros Pesepdopna noxasa- / / L
Ha Ha puc. 24. U3 mcryckaembix pagno- ! I
AKTHBHBIM H30TONOM aab(a-uacTHL, ¢ N

noMomp0 auadparM sBHAcaderca mny-

YOK, KOTOPBIM NAafaceT Ha TOHKYIO ¢osb-
ry M3 Hccaexyemoro marepuana. Pacce- Paccemsaiomas  Muxpockon
AHHHC aab@da-yacTAusl MNONAaA3T HA oera

S5KpaH, INOKPHITHIN CEPHHUCTHIM LIMHKOM. ~
TMomaganue xaxnoi anba-yaCTHIE CO-

3MaeT KOPOTKYIO BCHOBIIKY CBera (CumH- .

TH/ALMIO), XOTOPYK MOXHO Hab/o-
HaTh B MHKPOCKOIL.

Paccesnune na Oonsmme yrapl [lpu
M3yYEHUM pPACHpPENENCHAS pPACCESHHbIX
anpda-uactuy, 6sUT0 OBHApyXeHO, uTO
HEKOTOpbIE M3 HHX OTKJIOHHWJIHCH OT
NEepEOHAYAIBHOTG HANpAaBjEHUs HA OueHb Oonbluime yram. JToT pe-
3y/abTAT OBLT OUEHBb HEOXHAAHHHEM, «JTO MOYTH CTO/b XE€ HEBEPOSTHO,
rosopun Pesepdopa, — xak ecaum OH Bhl BBICTPEIWIH 15-HIOMMOBBIM
CHApaaOM B KYCOK TOHKON Oymard, a cHapsx BO3Bparwica Ow x BaM
¥ HaHeC BaMm ynaps. [eUCTBUTENIBHO, €CJM CUMTATh JEKTPHUYECKHH
3apsa 4TOMa PACHPEAEEHHHM 10 BCEMY €0 ofbeMy, TO CO3ZaBaEMOE
HM 3JJIEKTPHUECKOE M0je OyAeT HACTONBKO Caa0hM, UYTO' HE CMOXET
OTKJIOHHTPH INPOJETAMYI0 a/1b(ha-4yacTHLy Ha 33METHHIE YIIHL

Puc. 24. Cxema onbiToB Pesep-
dopna

OTxpeiTHEe aroMHOro Ajapa. OueBMAHO, YTO aabha-yacTUId MOXET
OnTh oTOpOImEHA HA3ax JMIb [IPA YCJIOBHM, YTO IOIOXHTEIbHEIH 3apsia
a4TOMa M €ro Macca COCpenoTOYEHH B O4YeHb MajoM ofbeMe BHYTDH aTO-
Ma. TakuM 0OpasoM GHIJIO OTKPHITO amomMHOe S0pO — TEJO MAJBIX Pas-
MEpOB, B KOTOPOM CKOHLEHTPHPOBAHLI BECh IO/IOXKMTE/IbHEIM 3apsay aTo-
Ma M ITOYTH BCSA €ro macca.

M3yyas noAacyeTOM BCHHILEK B PA3HHIX MECTAX JKpaHa pacrpenene-
HHME paccessHHHX ajabda-vyacruy mo ymiaM, Pesepdopa cMor omenuTts
paamepu sapa. Okasanocs, YTo sApa MMEKT AMameTp nopsaka 10713—
10712 ¢M. D10 B COTHM THCAY pa3 McHblIE AUAMETPA CaMOro atoma. Ua
ITHX Xe€ ONKTOB YAaJI0Ch BHOCJIEACTBHH ONMPENESINTD U 3apan aapa. Ecau
NpUHATD JJIEMEHTAPHHN S/MEKTPHUECKUA 3apsA 33 CAMHHILY 3apdna, To
3apan oboro aapa B TOYHOCTH PABEH HOMEDPY OAHHOIO XHMHYECKOIO
sneMenTa B tabauue Menngeneesa.
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IInaneraprad moaenb aroma. Omurel Peaepdopaa ecTECTBEHHEIM my-

' TEM IPHUBOIAT K niaaHemapHoi moleau amoma. B neHTpe aroma HAXo-
TUTCS MOJOXHTENBHO 33PIXCHHOE SIAPO, B KOTOPOM COCPEAOTOUEHA 110y~
TH BCA Macca aroMa. Tak Kak aToM B LEJIOM JIEKTPHUYECKH HEHTpAJICH,
TO YMC/O0 5JEKTPOHOB B aTOME, KaK M 3apsj ero siupa (B eXMHHUAX dsie-
MEHTAPHOIO 33apaxa), pPaBHO MOPSIKOBOMY HOMEDY 3/IEMEHTA B NMEPHO-
OAYECKON cHCTEME. DJAEKTPOHH 61arofaps XyJOHOBCKOMY MPHTIXEHHIO
K sapy ofpamaioTcs BOKPYT HEro moxOGHO TOMY, KaK miaHeTsl obpama-
1ot Boxpyr CosHua,

IlnanerapHas Mogeab aTOMa NPENCTABJASETCS COBEPLUICHHO HEoOxo-
nuMOit [Tt OOBSICHEHHS ONLITOB 1O PAcCEesHHIO anbépa-yactur, OxHAKO
OHA He cnocobHa oBGBACHATL caM (DAKT CKOJBKO-HAOYHb NpPOXOIXKH-
TCJBHOTO CYILIECTBOBAHMSI aTOMA, T. €. €M0 yCTOHYMBOCTb. B camom ne-
JI€, COMJIACHO 3aKOHAM KJACCHUECKOM JIEKTpOMMHAMHKHM NBHXYIUHHACS
C YCKOPEHHMEM 3apsx OOMXKeH H3Jy4aTh YHOCSIIME JSHEPIUI0 371eKTpo-
MArHHTHHE BOMHEL [103TOMY 3/eKTpOHH JO/XKHH Own 6B 33 OueHb
kopotkoe Bpemsi ( ~ 1078 ¢) pacrepsiTe BCIO CBOKW JHEPIHIO M yHacTh
Ha aapo. OgHAKO B HEMCTBUTEABHOCTH HEBO3OYXHECHHEIE ATOMBI YCTOM-
YHBHL M MOIYT CymjeCTBOBATh HEOrPAHMUCHHO HOAIO, HE wM3Jyuas
3MEKTPOMArHATHLEIX BOAH. OnaTh HAMMUO SBHOE MPOTHBOpeuue Habmio-
JAEMbIX HA OIMBITE CBOMCTB C MPEICTABJACHHIMH KJI3CCMUYECKOH (hH3HKH.

Ioctynatel Bopa. Ucropuuecku neppas MOMBITKA paspelIEHyd 3TOTO
nporusopeuns Oeuta npeanpuasta H. Bopom, xoropmit chopMynnposa
OCTYJIATH, HECOBMECTHUMBIE C KJACCMYECKOM MEXaHHMKOH W 37eKTpo-
AMHAMUKOM, HO MO3BOJIMBIIME MHOIOE MOHATb B ITOBEACHHH 3TOMHBIX
CHCTEM.

[Tepsruiit nocrynar bopa riacur: atoMHasi CHCTEMa MOXET HAXOOHUThH-
Cca TOJbBKO B 0C06blx CMAauULOHApHBIX, WA KBAHTOBHIX, COCTOSHUAX,
KaXIOMY M3 KOTODHIX COOTBETCTBYET OIpPENE/ICHHAsE JHCPrHS CHCTEMHL.
[To3TOMy BO3MOXHBEIE 3HAUCHHMS SHCPrHM aTOMa 00pasyrT AMCKpPETHHIA
Ha00p. B CTaUMOHAPHOM COCTOSIHMHM ATOM HE M3Jydaer.

CornacHo BTOpOMY mnoctysaary bopa m3nydeHHE CBETA IPOHCXO-
IMT TIPM HEPEXOAE 4TOMAa M3 KBAHTOBONO COCTOSHHMS € Oosbuieit sHep-
raued E , B KBAHTOBOE COCTOSHHE C MEHbIICH 3Hepruen E, . OHeprug

hv u3anydyenHoro ¢OTOHA paBHA pPAa3HOCTH JSHEPrMd KBAHTOBHX COC-
TOSIHUH:

hw=E —E,. )

BosmoxeH M OOpaTHHI MpPOLECC, B KOTOPOM ATOM MEPEXORMT M3
KBAHTOBOTO COCTOSHHMS C MEHBIIEH 3JHEprueil B COCTOSIHME C Oosbiueit
sueprueit. [lpm 3roM npoHcxomuT uorIomeHHE (PDOTOHA C 3JHEPruci,
paBHOM pAa3HOCTH SHEPIHi ITHX KBAHTOBHIX COCTOSTHMM. st asemeH-
TAPHBIX AKTOB MNMEPEXONa aTOMa M3 OJHONO KBAaHTOBOINO COCTOSIHHS B
ApYroe ¢ MCNYCKaHHEM HJIH MOMIOMEHUEM ¢(HOTOHA BHINIOMHSIETCS 33KOH
COXpPaHEHHMSI JHEPIUH.
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Ha ocxose arux nocrysnatos Bopy yxamock moCTpOMTH TEOPHMIO HpO-
CTCHIIEro aTOMa — aTOMa BONOPORAE, COAEPXKAINErO TOJBKO OAMH JJIEKT-
poH. DTa Teopus MO3BOAMAA OOBSACHMTbD YCTAHOBJICHHHLIE HA OMEITE
meeinapckuM yuutenem ¢pusuku M. basrpmepoM 3aKOHOMEPHOCTH B J1H-
HEHUaTOM CUEKTPE M3JYyUeHHs] aTOMa BOAOPOXA.

IIpaBua0 KBaHTOBaHMA. {1 onpencsicHNsl CTAUMOHAPHHIX COCTOSHHIM
aroma Bopopoxa bop B 1913 r. npemnoxwa onpeaeicHHOE <«IPaBHIIO
KBAHTOBAHHMSE», COIVIACHO KOTOPOMY MOMEHT HMITYJAbCa 3JIEKTPOHA, obpa-
WEAKOMEToCss BOKPYr 91pa, MOXET HPHHHUMATh TOJbKO NUCKDETHHE 3HA-
yeHHS, KPaTHLIE NOCTOsHHOM [1nanxa:

h= h/2mn. (2)

[IpaBuno KBAHTOBAHMS, NPUBOXALIECE K IHPABWIbHBIM, COMMACYIO-
MHAMCS C OMBITOM 3HAUeHHUSM SHEPrUfl CTAUMOHAPHHX COCTOSIHHMH aTo-
Ma Bomopoxa, Owisio mo cyTH nesna mpocto yragaHo Bopom. Ie Bpoitas
CMOr nath (PM3UUECKYIO MHTEPNPETALHMK MPABMIY KBAHTOBAHHMS, OCHO-
BbIBASICh Ha IIPENCTABJEHUSIX O BOJHOBHIX CBOHCTBAX 3siekTpoHa. OH
ApENNONOXMI, UTO KaXAas AONYCTAMAsi OpOMTa SJEeKTPOHA B ATOME
BOXOPOXa COOTBETCTBYET BOJIHE, PACMPOCTPAHSIOWIEHCS MO KPYry OKOJO
sapa aroma. CraunoHapHas BOJHA, OTBEUAOWIAsl 3JEKTPOHY B paspe-
IIEHHOM KBAHTOBOM COCTOSHHMM, MOXeT OBTb NOJy4YeHA, TOAbKO €CIAH
BOJIHBI HEIPEPHIBHO MOBTOPAIOT cebd mocje Kaxiaoro HOJHOrO obopora
BOKpYT sxpa.

3xech MOXHO YBHMAETb 3HAJIOTHIO CO CTANHMOHAPHONH KAPTHHOM CTO-
SYUX BOJIH B CTPYHE C 33KPCILICHHRIMH KOHUAMH, B 9THX nmpmMepax u3
KJIaCCHUYECKOM (pM3NKH naxe il HENPEPHBHHX BOJH TOXE BO3HUKAET
IMCKpETHHI HAGOp paspemeHHHX 4acToT. Taxkum o0pasoM, MOSBICHHE
JHCKPETHRIX 3HAUCHMH (PU3MUECKUX BEJMUMH B KBAHTOBOH (PM3HNKE CBSI-
3aHO C BOJHOBRIMM CBOWCTBAMH 3JIEKTPOHOB, BXONSIMX B ATOMHYIO CH-
cTeMmy.

WTak, B CTAUNOHAPHOM KBAHTOBOM COCTOSSHMHM aTOMa BOXOpPOAA HA
IJnHE OpOMTH 3JJIEXTPOHA HOMXKHO YKJI3AKBATLCS ILEJNOE UYHCJIO AJIMH
BOJIH Ae Bpoitng A, T.e.

ni = 2nr, (3)
e r — paguyc kpyrosoit opGurn. Iloncrasnss B 3TO COOTHOMIEHHE
IUIHHY BOJIHH fe Bpoitns A = h/p, nonyuum

n L 2nr,

i p
WIn
=k = nh 4
mur=--, T.€. mur=nh. (4

DTO ycnosue coBrnagaer ¢ OOPOBCKMM IIPABH/IOM KBAHTOBAHUSI OPOMT
37eXTPOHA B aToMe Bogopona. KaxaoMy cTanMOHapHOMY COCTOSIHMIO CO-
OTBETCTBYET CBOE LEAOYMCAEHHOE 3HAUEHHE KGAHMOGOZO HUCAA M.



78 ITI. ATOMBI, MOJIEKYJIbI, KPUCTAJJIbI

YposHM 3HEPruM aToMa BOAOpPOAd. B mnanerapHoit Momenu aroMa
BOZOPOAA MPaBUIO KBAaHTOBAHM (4) MO3BOASET Cpa3y HANTH 3HAUYCHHUS
SHEPruM aTOMa B CTALMOHAPHHIX KBAHTOBHIX COCTOSIHMSAX. KMcmonbays
BTOpOX 3akoH HbloTOHA mag anekTpoHa, ofpamamomwerocss BOKPYT siapa
MOX AEWCTBHEM CHJIML KYJOHOBCKOTO IPHTSDKEHHMS (B rayccoBoit cHc-
TeMe EXMHUIL)

=5, )

¥ BBIPAXKEHHUE /I NMOJHON SHEPruM SJIEKTPOHA3 B aTOME, COCTOSImEd M3
KHHETHYECKO# SHEPrHH OpOMTANbHOIO HBHXEHHS H MOTEHLHMAIbHOMN
SHEpPruu B3aUMOIEHCTBHUS C SAAPOM

m? e (6)

2 r’

E=

nosyuaeM ¢ nomombio (4) panuycsl 7, PA3pelIeHHHIX OPOUT U 3Hepruu
E,, cTauMOHAPHBIX COCTOSIHHM:

2
rn=i7n2=aon2, (N

me
E__me“l__RI (8
ST T R @)

3necs R= me*/(2h?) = 13,6 3B — suepeus uonusauuu aToMa BOXOPO-
Ad, T. €. MUHHMAJIbHAA SHEPTUs, KOTOPYIO HYKHO COOBWHUTH aTomy Bo-
HXOpona B OCHOBHOM COCTOSIHMH (B COCTOSIHMH C HAMMEHbLIEH SHEPrHei c
n=1) n1s Toro, 4todH YRAJIATH U3 HEro 37eKTpoH. Bennuuna

2
ay= th2=°’53' 1078 e (9)

HaswBaETCH Bopodckum paduycom. DTo pamuyc Onmxaimen x sapy op-
OHUTH 371€KTPOHA B MTaHeTapHOM Monesnu aroMa. OH XapakTepusyer pas-
MEp aTOM3 BOLOPOHA B OCHOBHOM COCTOSIHMH ¢ SHEpruci

E, =" — _R=—13,6 5B 10)
1= 252 - - ’ ’ ( )
B KOTOPOM CBOGONHBI ATOM MOXET HAXOOHMTbCS CKOJb YTOXHO IOJIFO.
Bpems XH3HH cBOOOXHONO aTOMa B BO3OYXIEHHBIX COCTOSHHSIX COCTAB-
aser npumepno 1078 ¢,

CniexTpajbHble CEPUH. JHEPrUs XBAHTOB CBETA, HCIYCKAEMOro BO30y X-

JCHHBIMM aTOMaMH BOAOPOAA MpH mepexonax B 00ee HU3IKKUE SHEPreTH-

YECKHE COCTOSIHMSI, OIpenesisieTcsi, B COOTBeTCTBMHM C ¢opmynoin (1),
Pa3HOCTHIO SHEPTHil HAYATbHOMO M KOHEYHOIO COCTOSIHMIA:

1 1 (1%

hv=En—Em=R(———). (11)

m?  n?



§ 10. CTPOEHUE ATOMA 79

Iepexonsl HA ypoBeHb ¢ m =2 u3 cocTosHui n =3, 4, ... obpasyior
YTIOMMHABINYIOCS BHILIE CEPHIO CIIEKTPAJbHBIX JUHUN BaneMepa, npuxo-
ASImYICS Ha BHAMMYIO 00jacTh crekTpa. Ilepexomm Ha yposeHb ¢ apy-
rum (DUKCUPOBAHHEIM 3HAYEHHEM m ODpa3yioT npyrue CEPUM CEKTPA b-
Hbix JAnHEni. Hanpumep, nepexonsl Ha ypoBeHb ¢ m = | 00pasywooTr ce-
puio JlaitmMaHa, Jexamyo B yjabTpadmoneroBoit ofnacru crnektpa. Bo
BCEX CNyyagax HalsromaeTcsl XOpolIee COracue MeXAy MOMOXEHHEM Jiu-
HUK B CIIEKTPE M TIpenckasauuamu no dopmyne (11).

AtroM Bopa 4 MpMHUHMN COOTBETCTBHSA. [loMyUueHHbIE ¢ MOMOMBIO TO-
crynaroB bopa ¢hopMysanl Aist yacTOT CHEKTPAJybHEIX JIMHHMA, W3ayuae-
MBIX 4TOMOM BOAOPOnd, MPOTHMBOPEYAT MPEACTABJICHUAM KJACCHMUYECKOMN
¢pm3KKH, COTTACHO KOTOPBHIM 4ACTOTAa M3JIy4yaeMOro CBETA AOJIXHA COBIIa-
aTh C YACTOTOM OOpAIUCHUS DACKTPOHA BOKPYT siApa. OgHAaKO OHM YAOB-
JIETBOPSIOT MIPUHUMIY COOTBETCTBUS.

B npuMeHeHMM K aTOMY BOAOPOHA TMPHUHUMII COOTBETCTBUS O3HAYAET,
yTo ueM OO0JbLIE KBAHTOBOE UMCIAO A CTALUOHAPHOIO COCTOSHHUS, TEM
Jiyylile BRIOJIHSIIOTCS IS HErO 3aKOHH Kiaaccuyeckou dusukn. Ilo mepe
YBEJINYEHNS N PAAMyC OpOUTH JIEKTPOHA BO3PACTAET, & PA3HOCTh JHEP-
il OBYX COCEOHMX ypOBHe#l crpeMurcs K Hyso. llpu oTtomM ckaukoo0-
pasHble MEPEeXOxbl MEXAY COCEXHUMHK YPOBHSMHM CTAHOBATCS MOYTH IK-
BUBAJICHTHHIMM HETNPEPHIBHOMY mpoueccy. B oTom npexenbHOM ciiyuyae
pe3yAbTaThl KBAHTOBOW TEOpUM HOJIKHBI COBHARATb C PE3Yy/IbTATAMMU
KJIACCMYECKON TEOpUH.

IMpumennm ¢opmyay (11) mig nepexona atoMa MEXAy ABYMS COCEN-
HUMM ypoBHaMu E, u E, |, CuMTas KBAaHTOBOE 4YMCIO 7 OOMBIIMM:
n>>1. Torga

1

_l_n-m-n_ 2
(n~Nn?* n? n*(n—172 n®

u (11) gng 4yacToTH M3IYy4yaeMOroO CBETAa AAET

me* 1

WUcnonb3ys soipaxenue (7) ana paamyca opOMTHI SMEKTPOHA B n-M CO-
CTOSHUN
2
_p2 Rt
Tp=nts
nepenumem ¢dopmyny (12) B Buge
e

V=
2xm

Ho ToyHO Takoe Xe BhIpaXEHHE OIS YaCTOThl CBETA, H3AYYAEMOro
9MEKTPOHOM, ofpamalnomumcs 1Mo Kpyrosoil opbute pammyca r,, Aaer
Kiaccuueckas teopus. [ eHCTBUTENBHO, ¢ TOYKM 3PEHHS KJIACCHYECKOH
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JAEKTPOOMHAMUKM BPAMIAIOIUNACY 110 KPYyrosOH opdure 9JexTpoH
AOJIXEH M3MyyaTh JJEKTPOMArHUTHLIE BOJMHBI C YACTOTOH Vv, PABHOMH ua-
crore oOpameHus ONEKTPOHA BOKPYr anpa. [lpuMenss k OBmxe-
HHIO J7EKTPOHA TO KPYTOBOH OpOMTE € uyacToToif v BTOPOM 3aKOH
HpyioToHa,

~

4
m-4nvir ==,
,

n

noJsiyyaem

e
v= —2_:tm1/2r3/2 .
n
WNrak, B obnactu GOJIBIIMX KBAHTOBLIX YMCE] KBAHTOBAS TEOpUS AAET
TOT X€ CIEKTP HM3JyUYEeHMS, YTO M KJAACCHUECKAd.

CoBpeMeHHbIE PeACTaBJCHAS O CTPOSHHH aTOMa Bojopoaa. To, uro
Ha OCHOBE IMOCTYaTOB Bopa ymasoch momyuyuTb NPABHIbHBIE KOJUYECT-
BEHHBIC COOTHOUIEHMS IJIS 4TOMA BOZOPOAA, CBS3aHO C TEM, YTO CAMH
OTH TIOCTYJATH SBJAKIOTCS CJAEACTBHEM (DYHOAMEHTANbHHEX TOJOXEHMMA
COBPEMEHHOM KBAHTOBOI TCOPUM.

CornacHO KBRHTOBON MeXaHHMKe OECCMBICICHHO NOBOPUTb O ABMXKE-
HUM JJIEKTPOHA B aTOME MO onpeaescHHon opbure. MU3MYECKUH CMBICH
HMEET TONbKO BEPOSTHOCTH OGHAPYXMTH JJEKTPOH B TOM MJIM WHOM Me-
cre. KBaHTOBOMEXaHHWYECKOE paCHPENcNEHUE TUIOTHOCTH BEPOSTHOCTH
MECTOHAXOXACHNS DJEKTPOHA B ATOME MOXHO NPEACTABUTbL B BMIE HE-
KOTOpOro 061aKa, OKPYXaIOMENO Sap0 ATOMA.

Kaxnoe crauMOHapHOE COCTOSHUE XapPaKTEPU3YeTCs HE ONHMM KBAH-
TOBBIM YHUCJIOM M, HA3KBAEMHEIM TJIABHHIM, 4 ONPEREJICHHHIM HaGopom
KBAHTOBBIX YHCEJ. JTOMY CTAUMOHAPHOMY COCTOSHUIO COOTBETCTBYET
cBoe 06JaKO IJIOTHOCTH BEPOSTHOCTH, MMEIOLICE ONIPEOCTIEHHYIO PO~
CTpPaHCTBEHHYIO KOHburypaumio. OgHOMYy M TOMY X€ 3HAUCHHIO
[JIABHOIO KBAHTOBOTO UWMCIA 7, ONPEACHSIOIIEr0 JHEPIHIO aToMa

E, = —me*/(2h*n?), coorBeTcTBYET NpU n > 1 HECKOABKO PAa3TMYHBIX

COCTOSTHHIA C ORMHAKOBOM SHEPrUEH, pa3MyaoNMXCd BHIOM ITOro 00a-
ka. Jng cocrogHmit co chepuyeCcKU-CUMMETPHYHBIM ODAKOM BEPOIT-
HOCTb OOHAPYXWTb MEKTPOH HA HEKOTOPOM PACCTOSHHMM OT SIAPA MMEET
MakKCHMyM, KOrja 9T0 PACCTOSHHUE PABHO PAOMYCY COOTBETCTBYOMmEH O0-
POBCKOM OpOUTH!
2 2

r, =—sn-
n mez

QopMysel o8 SHEPTHH CTAUMOHADHBIX COCTOSHMH E, W paauyca
2/IEKTPOHHOrO 00/1aKa 7, MOJIYYEHB! IPK UCIIOMB30BAHMM HEPEJISATUBUCT-

CKOH MEXAHMKH, YCJIOBUE IMPUMECHHUMOCTH KOTOPOH COCTOMT B MAJIOCTH
CKOPOCTH 3JCKTPOHA MO CPABHEHMIO CO CKOPOCTHIO cBeta. Hambosbuiei

3
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CKOpOCThIO 00:1a5aeT 3J7IEKTPOH, HAXOAAMIMHCS B COCTOSHMM C n =1,
T. €., Ha 936lKe Teopun bopa, nBuxymmiica mo 6muxaiieit k aapy pas-
pemeHHoi opbuTe. BripasuMm CKOPOCTb SAEKTPOHA v YEpe3 paguyc 3TOMH
opbuth a, = h%/(me?). YpaBHeHuE NBMXEHMS MO KPYroBOit opbuTe pa-
AMYCa a, MO NCHCTBHUEM KYJIOHOBCKOM CHBI TIPUTSIXEHUS K 9OPY UMEET
BHA

mv2 €

b
2y a3

~

OTKyIa, MOACTABNAS ag, HAXOAUM

2 2\ 2
2 _ & __|e.
v= ao—- (Tl) ) (14)
C nomompioo (14) HaXOOUM OTHOLIEHHUE v/C:
v _ g, (15)
¢ ke

INoncTasasg Cx0xa YUCAOBHIE 3HAUEHMS e, h ¥ ¢, Oasg Oe3pasMEpHOI mo-
CTOSHHOM a MOJy4YaeM 3HAYEHUE

=73103~ L 16

a=173-10 R (16)

Bugso, uto HambosblIEe BO3MOXHOE 3HAUEHUE CKOPOCTH DJJEKTPOHA B

atroMe somopona B 137 pas Medsime CKOpocTH cBeTta. Taxkum obpasom,

OTOT ATOM HPEACTABISET COOO0H HEPEAIATUBUCTCKYIO CHCTEMY CO CpaBHM-
TEIbHO MENJICHHO ABHXYIIAMCS DJEKTPOHOM.

TlocToAHHAs TOHKOH CTPYKTypnl. KoHcTaHta « urpaer cyHmaMeH-
TaJbRYI0 posib B aToMHOM ¢m3uke. OHA W3BECTHA TOx HA3BAHUEM r110-
cmostHnol monkoti cmpykmypsl. Takoe Ha3BaHUE OOBICHAETCI TEM, UTO
BIIEPBHIE OHA TOYBUJIACH B (PM3UUECKOH TEOPUM MPH HAXOXKACHMM pead-
THBUCTCKHX [TONPABOK K YPOBHAM SHEPrHN B ATOME, KOTOPHIE OKA3a/1UCh
nporopumMoHansHemMu (v/c)? = a2

TlocTogHHag TOHKOM CTPYKTYPH SBJKETCS ONHOM M3 UCTHHHO dyHna-
MEHTaNbHBIX KOHCTAHT MPUPOABI, KOTOPAsi ONPENEAIET HE TONBKO peid-
TMBUCTCKNE IONMPAaBK¥, HO M CaMy CTPYKTypy atoma. [loscHum aTto.
CpaBHUM DHEPTHIO KYJOHOBCKOTO B3aMMOACHCTBHUS JJEKTPOHA C SAPOM
IpH PacCTOSHUHM MEXIY HMMH, paBHOM GOPOBCKOMY paauycy a,, C SHep-
TUeil MOKOS 3JMEKTPOHA mck:

2 4

(4 e
= g2,

aomc2 n2c?
Mpl BHOMM, UTO XapakTepHad AN aTOMa JHEPIUS BHIPAXKACTCH UEpe3
JHEPIUI0 MOKOS 3JEKTPOHA U MMOCTOSIHHYIO TOHKOH CTPyKTyphl. Tak kak
a?<<1, To 3HEpPrug CB43M 3JEKTPOHA, T. €. DHEPrUd, HeoOxoaumasd mis
TOro, YyTOOHI OTOPBATL IJJEKTPOH OT aTOMA, MHOrIO MCHBLIIEC IJSHEPruv
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NIOKOSt 27EKTPOHA. JTO 03HAYAET, UTO ATOM INpPEACTaBAseT coboit cpaB-
HUTENIPHO «PBHIXJIYIO», €1a00 CBA3AHHYIO CHCTEMY.

B3auMopneiicTBHE MEXIY 3apsSKCHHBIMH YACTHIAMH, NPONOPLMOHANBHOE
€%, OCymeCTBASETCS 4epe3 3AEKTPOMArHUTHOE rosie. [103TOMy MOCTOSH-
Has TOHKOH CTPYKTYpw a = e%/hic npeacrasnser coGoil eCTECTBEHHBII
be3pasmMepnslil TAPAMETDP, XAPAKTEPUIYIOIUN UHMEHCUBHOCME dNeKm-
POMazHUMHOZO 83aumodelicmaus. Huxe Mbl yBUAMM, YTO UIMEHHO ITUM
napaMeTpoM  ONpPENENSIIOTCS  OCOGCHHOCTH  M3/y4YEHMS  DNEKTPO-
MAarduTHBIX BOJH {CBETA) ATOMAMM.

ATOMBI C HECKOJBKKMH 37eXTpoHaMHi. COCTOSHHUS 3JICKTPOHOB B Hosee
COXHBIX aTOMaxX, COREPXAIUX HECKOAbKO 2JIEKTPOHOB, XapaKTEpHU3Y-
eTcq TAaKMM Xe HA00pOM KBAHTOBBIX YHCE, YTO M Yy aTOMa BOZOPOZA.
OnHako 31ech JHEPrus ICKTPOHA 3aBUCHT HE TOMBKO OT IVIABHOIO KBAH-
TOBOTO YMCJA M, XapaKTECPU3YIOIIEND pPa3Mep JJMEKTPOHHOro obraka B
OAHHOM COCTOSIHMM, HO M OT APYIMX KBAHTOBHIX YMCEJ, XaPaKTEPU3yIO-
WUX KOHGUIypauuo 3Toro obnaka.

ATOM C HECKONBKMMH ODJIEKTPOHAMM MPEACTABAAET COGOM CIOXHYIO
CHCTEMY B3aMMOACHCTBYIOIIMX APYr C ZPYTOM DJEKTPOHOB, ABMXYINUX-
¢ B KYJIOHOBCKOM Iosie gapa. CornacHo KBAHTOBOW MEXAHHMKE B OT-
CYTCTBME BHEWIHMX BO3ACHCTBMI Takasd CHUCTEMA MOXET HAXOOUTHCS
TOMBKO B ONPEACTACHHBIX CTAUMOHAPHEIX COCTOSHWSAX, XapaKTepusye-
MBIX AUCKPETHHIMH 3HAUCHUIMHM 3Hepruu. CTPOro roBOpd, OPH 3TOM
MOXHO PAacCMarpMBaTh TOJBKO COCTOSHHS BCEH CHCTEMH! B uesoM. Ho
TEM HE MECHEE OKA3bIBAETCSH, YTO A ATOMA MOXHO NpPUOIHXEHHO ro-
BOPHUTB O COCTOSIHMSIX KaXIOro 9J€KTPOHA B HEKOTOPOM 3¢GhEeKTHBHOM
mosie co chepuuecKoil CMMMETPHEI, KOTOPOE CO3AAETCS SAPOM M BCEMH
OCTaJIbHEIMU JJIEKTPOHAMHM. SICHO, YTO 1HOJE, NEMCTBYIOMIEE HA HEKOTO-
PHI 3JIEKTPOH, 3aBHUCAT OT COCTOSHMS BCEX OCTAMBHBEIX 3JIEKTPOHOB.
[ToaroMy cOCTOSIHMS BCEX JJAEKTPOHOB B aTOME ACGJDKHBI ONPEACHIThCS
ONHOBPEMEHHO.

3agaua OnpeneyICHN CTANMOHAPHBIX COCTOSHUMN DJIEKTPOHOB B aTOME
C HECKOJIBKUMH 2JIEKTPOHAMHM HE MOXeT OnTh pemeHa Touno. OpHako
CYWECTBYIOT pa3/MuHble NPUOTMXEHHBIEC METOAB!, KOTOPHIE NO3BOMKIOT C
OYEHb BBICOKOH TOYHOCTBIO PACCUMTHIBATL HAOMIONAEMBIE CBOMCTBA aTO-
MOB. EXMHCTBEHHBIN aTOM, /19 KOTOPOTrO 3Ta 3a7a¥a MOXET OHTh pelne-
HAa TOYHO, — 3TO ATOM BOmOpoAa (mnu BOOOPOAONONOCHHIA MOH, T. €.
HOH ¢ OfHMM JJIEKTPOHOM, Kak, Hanpumep, He', Li®* n 1. a.). Paccun-
TAHHBIE TI0 KBAHTOBOH MEXAHUKE YPOBHY DHEPTMM aTOMAa BOIOPOAA OKa-
3a/MCh COBMAJAMOMIMMM C TE€MH, KOTOpbIE faBsana crapas teopus bBopa.
Ycnex Teopum Bopa cBg3aH ¢ TeM, yTO OHA BBENA B (PM3UKY ATOMA I1O-
cTosHHy0 TI1aHKa B BUAE COOTHOWIEHUS

rp~h,

CBSI3BBAIOMIETO NOMOKEHHE U UMIYJIBC MEKTPOHA. Bce BhIBOAH! U3 Teo-
pun Bopa SBASIOTCS CASACTBHEM 3TOTO COOTHOWIEHHS, NPEACTABISIOMETO
co00it yacTHbiil cryyall cOOTHOWIEHU HeonpeneaeHHocTei [eiizenbepra.
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Muorue BBIBOABI, MO CYIIECTBY, HE CBSI3aHBI C UCHONL3YEMOH B TEOPUM
Bopa kJ1acCHUeCKOil KAPTHHOM ABUXEHUS 3JIEKTPOHA BOKPYT sipa.

Yrto6bl MOMYUMUTh MpeacTaBicHue o060 BCEH AMEKTPOHHOIM 060I0uKe
4TOMa, HYXHO PAaCCMOTPEThb, KAKUM 00pa30M MPOMCXOJUT 3aMOJHEHUE
ONEKTPOHAMHM DPa3PEIUCHHBIX CTAUMOHAPHBIX COCTOSHMI OTAENBHBIX
ONEeKTpOHOB. B arome, HaxopgumieMcs B HEBO3OYXAEHHOM COCTOSHMH,
D7IEKTPOHHBIE COCTOSHUS OO/DKHBI OBITE 3AMOMHEHH T4AKMM 00pasoM,
yTOOBl JHEPrMd BCEH €ro JJIEKTPOHHOM ODONOYKH HMENa HaMMEHbpIIEe
BO3MOXHOE 3HavyeHne. KOHEYHO, HAaNMEHbIIEE 3HAYEHNE JHEPTHN NOMY-
YKI0Ck Obl, €CTM Obl BCE 2JIEKTPOHB HAXONMINCh B HAMHU3LIEM BO3MOX-
HOM COCTOSHUH, T. €. B cocTogHuy ¢ 1 = 1. Ho onniTHble gauyLIe cBUAE-
TEJLCTBYIOT O TOM, YTO 3AMOJIHEHUE JIEKTPOHHOM O6OI0UKM 3TOMA Mpo-
NCXOZUT MHAUE.

Hpunuun IMayan. B 1925r. B. [Taynmm ycranoBun obmuil KBaHTOBO-
MEXAHUUYCCKMI MTPUHIMII, COMVIACHO KOTOPOMY B JIOGOM CMCTEME B KaX-
ZOM pPaspeuIeHHOM COCTOSIHMM HE MOXET HAXOAMThCA 00see OomHOro
3JIEKTPOHA.

IMpuanun Ilaynm me mmeer ananora B kKiaccuueckoil ¢manke. On
CBSI34H C HEpa3JIMYMMOCTBIO TOXAECCTBECHHBIX 4ACTHIL B MUKPOMHUPE: ITE-
PECTAHOBKA MECTAMH OBYX JJIEKTPOHOB B CHUCTEME HE MOXET M3MEHUTH
ee cocrogHud. [IpuHnun [layam maer x4 K NOHUMAHMIO 3JIEKTPOH-
HOH CTPYKTYpbl XUMHUYECKMX OJJIEMEHTOB M MO3BOJISET OOBSACHATL TOT
dakr, 4TO XMMHUUECKNE CBOMCTBA HEKOTOPHIX ATOMOB C DA3HBIM YMCJIOM
OJIEKTPOHOB OKa3BIBAIOTCA CXOOHBIMM. BrIpaxxesueMm sroro daxkra asisa-
€TCS MEPUOAUYHOCTD XUMHUUECKUX CBONCTB 3IJIEMEHTOB, HAUIEOUIAd OT-
paXEHUE B OMIIMPUAYECCKM YCTAHOBJICHHOH MEPHUOAMYECKOH CHUCTEME
Menneneesa.

MHOro3J1eKTPOHHbIE ATOMBI. [JOMEITAEMCS TOMYYATH OBLIEE MPEACTAB-
JieHHE O CTPOCHHUM THXEJbIX aTOMOB, T. €. ATOMOB C 60Hb1[IPIM 3Ha-
YeHNEM 3apana gapa. DMeKTPoHHoe O0MAaKO TAKUX aTOMOB MMEET CJIO-
UCTYIO, WJIH, KakK roeopsr, obosnodeunyro, cTpykrypy. Ha nepsmiit
B3I MODIO Oml IMOKa3aThCsd, UTO Pa3Mep 3JACKTPOHHOrO O0naka moJi-
XEH MOHOTOHHO BO3DaCTarh MO MEPE MEPEXOona K Bce Oonee u Gosee
TSXEJABM aTOMaM, TaK YTO TAXENBHE aTOMBl OOJIXKHH OHTH ropasio
kpynsee aroma somopopa. OQHAKO B [EHCTBUTENBHOCTH JTO HE TaK.
Haunem c «ronioro» sapa » OyaeM mo OgHOMY HNOCAEXOBATCIBHO IIPH-
6aBaaTh K HEMY BCE HOBBHIE IMIEKTPOHHL. IS MEPBOTO 3MEKTPOHA, MO-
MELIEHHOIO B MOJIE 9Apa ¢ 3ap4A0oM Ze, MOXHO BOCIOJb30BATHCH TEMH
Xe opMysaM#, yTO ¥ IJIs ATOMa BONOPOA3, 3aMEHHB B HHUX e2 Ha
Ze?. DHeprus CBS3M TAKOro 31eKTpoHa 6ymer B Z2 pas Gosbime, ueM
B aTOMe BOAOpONA, a PACCTOSHHUE OT sApa — B Z pa3 MeHbuEe paguyca
a, nepsoil 60poBcKoit opéuTh B aTome Bojgopoxa. JTo xe Oymer npu-
OJIMXEHHO CHPaBENIMBO M /IS BTOpPOro npubapnseMoro snekrpona. Ho
yro Oymer mocse NMpubGaBICHUS N 3TEKTPOHOB?
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Ha Gospmux paccTOSHUSX OT SAPA MOJIE TAKOro MOHA OyneT moxoxe
Ha nosie aapa ¢ 3apsaoM (Z — n)e, Tak Kak panee npubaBaeHHEBIE JIEK-
TPOHBI, Haxomsmuecs OAM3KO OT gApa, YACTHYHO DKPAHHPYIOT €ro 3a-
psa. ITosToMy JIErKO MOHSATH, YTO MOCAECAYIONME SEKTPOHBE OKA3LIBA-
OTCS BCe MEHEE M MEHEEe CHJIBHO CBY3aHHEIMM C gapom. Ilocne mpubas-
JIEHNs Tpepnociaensero, T.e. (Z — 1)-1o, 97EKTPOHA JMEKTPUUECKOE
nosie noHa Byrer mopobHO nomo 067aKa ¢ CyMMapHBIM 3apsaoM +e. Pa-
anyc aroro obnaka 6ymer opHOro nopspka ¢ GOPOBCKMM panmuycoM a,.

TToaroMy oHEpris CBSI3M MOCAETHETO IMEeKTpoHa Oyner CpasHUMA ¢ JHED-
rHeil CBS3M J/IEKTPOHA B aTOME BOAOPOAA, T. €. HOPYAKA AECATH DJIEKT-
POH-BOJIbT, & OKOHYATEJIbHBIM PA3MEP MHOIOJJIEKTPOHHOIO aroma Gyner
630K K pasMepy aroMa BOZOPOAA M COCTABMT HECKOJBKO aHICTPEM.

Iaxe rakoe rpyboe mpeacraBacHue 0O OJJIEKTPOHHOM CTPYKTYpE Td-
XEJI0r0 aTOMa MO3BOMIIET OUEHUTD, K KAKOH 001aCTH CHEKTPA OTHOCHTCS
U3Ty4yeHUE, CBI3aHHOE C MEPEXONAMH TE€X WIM MHBIX JJIEKTPOHOB. Jlerko
y6enquThed, YTO M3MEHEHHUE COCTOSHMS BHEMHMX JJIEKTPOHOB CBA33aHO C
W3Jy4CHUEM WIM HOTJIOMIEHUEM 3MIEKTPOMATHUTHBIX BOJH OMTHYECKONO
nuanasona. [109ToMy BHeImHUE S7EKTPOHBI YACTO HA3BIBAIOT ONTHYECKH-
mu. HaoGopor, nepexogsl BHYTPEHHHX, ONMM3KHMX K SAPY aTOMa DJIEKT-
POHOB COOTBETCTBYIOT yAbTPAdHMONETOBOM MM PCHTI'CHOBCKOM 00/MacTy
CIriexTpa.

TTonBogs WMTOrM, MBI NPUXOOMM K BHIBOAY, YTO X HAXONAIIMMCH B
aToMax OJEKTPOHAM 3aKOHBl KJIACCHMYECKOH (U3MKM, BOODIIE roBOpH,
HenpuMeHuMsl. Takue hyHIaMeHTanbHbe CBOKCTBA aTOMOB, KaK MX yC-
TOMUYMBOCTb, WIH OCOGEHHOCTH XMMHMUYECKOIO MMOBEACHUS, XapakTepuaye-
Mbi€ NEPUOAUYECKON CHUCTEMO oneMeHToB Meupeneesa, mporuBopeyar
Kaaccnyeckoi puanke U TpebyIoT g1 CBOErO OOBSCHEHNS HOBBIX TIOHSI-
TPII‘/'II COBPEMEHHON KBAHTOBOW (hH3NKHU.

o [Jlokaxure, uto B npeanoxeHHoi ToMcoHOM Mopenu aToma BOAOpOAa Ha
3NEKTPOH, HAXOAAWMACA BHYTPH aToMa, HEMCTBYET CHUNa, [IPOMoOpUUOHAIb-
Has ero CMEIICHHI0 M3 LEHTpa aToma.

. Hoqemy B ONbITAX M0 pACCECAHUID anbcba—qacmu aToMaMH 3JJIEKTPOHBI, BXO-
OfliHE€ B COCTAaB ATOMOB, HE HUIPalT HHUKAKOM ponn?

o Tlokaxure, YTO MONOXUTENbHBINA 3apan, pacnpenefeHHblil 110 BceMy obbemy
aroma, He Mor Obl OTKJIOHMTH anbéa-yacTUuy B onsitax Pesepdopaa Ha
Gonsuire yrasl. QueHuTe HaubOMbLIMIA BO3MOXHEIN Yyron paccesHUs ansda-
4yacTUUBI B TAKOW MOAENH paclipefc/icHUs 3apsifia B aToMe.

e [Jlouemy sijepHas Mofenbk aTOMa MOXET ObITh TONLKO AMHaMHueckoi? Hdpyru-
MU CJIOBAMH, MOYEMY B PaMKaX TakoH MoAe/ld 3/JeKTPOHbI B aTOME He MOryT
MOKOUTLCA?

o [Jloyemy B nuaHeTapHON Mopesd aroma rpaBWTAllMOHHAf CWJIA MPUTAXEHUS
3MIEKTPOHOB K SIAPY HUKAKOM ponu He vrpaet?

e OGpacHuTe, B YeM roctynatel Bopa nporusopeyatr KJ1accHYECKOH MeXaHuKe
W 3JIEKTPOAUHAMUKE.
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e [losicuuTe cBA3L MpasKiaa KBAHTOBAHUA ¢ runotesod ge Bpoitna o BonHOBBIX
CBOWMCTBAX 3JIEKTPOHA.

o [lonyuute ¢opmynet (7) u (8), onpenensioniyie pagdychl op6UT U 3Hepruu
B CTALMOHAPHBIX COCTOAHMEX ATOMA BOAOPOAA.

e Uto Takoe MOCTORHHAR TOHKON cTpykTypbl? Kakylo ponw oHa urpaer ang
00BACHEHUSA CTPOEHUS U HabMoJaeMblX CBOWCTB aToma?

o [lokaxute, 4To dopMysbl Teopuu Bopa O/ 4acTOT CHEKTpanbHBIX JHMHUIA
aTroMa BOHOPOAA YIAOBNETBOPHIOT MPUHIMUIY COOTBETCTBHS.

o Cdopmynupyiite npuHuun [laynu v oO6bficHUTE, KAKKMM 06pA30M OH KCIONb-
3yeTcs ANf O6BACHEHHS MEPHOAHYHOCTH XMUMMHYECKHX CBOMCTB PasMUuHbIX
371EMEHTOB.

e IloueMy pa3Mepbl TAXKEIbIX MHONO3/JEKTPOHHBIX ATOMOB MPAKTHUYECKH TAKME
Xe, YTo W y aroma sopopona?

§ 11. MamepeHus B aTOMHOH DH3MKe

[To3HaKOMMBIINCh C OCHOBHBIMHM IMIPEACTABJCHUAIMH O CTPOCHHH aTroma,
OCTAHOBMMCS TENEPh HA TEX JKCIEPUMEHTA/IBHHX (PAKTAX, KOTOPHIE MO-
CMyXHTH (DYHAAMEHTOM [JIsi Pa3BUTUS OTUX NPEACTABICHHIA.

OneiTel ToMcosa. YIesibHBI 3apg] YaCTHOEL, T. €. OTHOIICHHUE JJIEKT-
PHYECKOro 3apsgAa JacTUIH K €€ MAcCe, MOXHO ONPENEInuTh, U3ydas OT-
KJIOHEHME MyYKa JBUXXYIIMXCH YaCTHUL] [TONEPEUHBIMU NEKTPUUECKUM U
MArHUTHBIM nojasmu. M3MmepeHue yaeapHOTO 3apsaa 3JCKTPOHA TAKHM
MeToaoM OruIO Brepsbie BHNOMHEHO IxX. TOMCOHOM C MOMOIIBIO KATOR-
HBIX Jydeil. KatonHele iyun B AeHCTBUTENBHOCTH MPEACTABASIOT COBOiX
Ny4yoK OBICTPHIX 3AEKTPOHOB B TPYOKe, M3 KOTOPOil BBHIKAUAH BO3AYX.

Ecan 6ul Bce yacTMUBl B MyYKE WUMEIN ONMHAKOBYIO CKOPOCTb, TO
ONMpeneanTh OTHOLIEHUE X 3aPsAa e K MACCE m MOXHO OnLto OBl cregy-
omum cnocoboM. OTKIOHEHNE z MyYKa YaCTUL, 1apaasiebHONO MaacTH-
HaM KOHAEHCATOpa, JSACKTPHUSCKHM [IOJIEM HAnpsXEHHoCcTn E
(puc. 25), onpeneasercs COOTHOMEHNEM

z=£ﬁ=1££(i)2_ (1)

Usmepsis z, MOXHO OnTo 6Bl HAUTH YAEABHHIN 3apsm e/m, ecaum 6wl
OBLIa M3BECTHA CKOPOCTh YACTHL, v. ITY CKOPOCTH MOXKHO ONPEREIHUTH,
€CJi1 KPOME 3JIEKTPHUYECKOro CO3JaTh MArHMTHOE IIOJIE, MEPNEHOUKY-
JIIPHOE IMyYyKy YacTHL M 9JCKTPUYECKOMY MO0, W nopodparh €ro mH-
ayknuo B rak, yToBH NMy4OK HE OTKJIOHsics. KoMnencauus peiicTBus
SJEKTPUYECKON M MArHMTHOM CW OymeT NPOMCXONMTb MpH BHINOJHE-
HUH YCJIOBHUS

eE = euB, (2)
orkyna v = E/B.
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HNmenno takuMm nyrem Jix. ToMcod Bnepseie U3Mepusl e/m nisd Ka-
rogueix Jyyeit B 1897 r. Oxasanoce, YTo gisi KaTOAHBIX JyyeH npu Jio-
6oM COCTaBE OCTATOYHOrO rasa B TpyO6xe u npu JyuoboMm Marepuane

U

304
<Y

{

Puc. 25. K pacuery OTKJIOHEHMS ITy4Ka 3JEKTPOHOB B OQHOPOAHOM 3JIEKTPUYECKOM MoJe

9/JIEKTPOAOB OTHOWICHUE e/m MMEET OJHO M TO XE€ 3HAUCHHE. YCTAHOB-
neune 210ro (hakta ¥ OBHJIO MO CYINECTBY OKCIIEPUMEHTAbHBEIM OTKDHI-
THEM 3JIEKTPOHA.

Onpite! Byma. OgHa U3 TPyngHOCTEN B 9THX MCCAETOBAHMSX COCTOSIA B
TOM, YTO JJIEKTPOHHI B NYYKE KATOAMEIX Jyueld obnamasu 6onabmummM pas-
O6pocom cxopocreit. A8 MCKIIOUEHUS BAMsSHUS 3TOro pasbpoca TomcoH
B IPYrMX MOAMMUKANMSX OMBITA MCIOMb30BAN NapaLICTbHBIE JIEKTPHU-
yeckoe W MArHuTHoe mond. Ilocne mpoxoxmeHus yepe3 Takue mosis ya-
CTHIBI C €AMHCTBEHHBIM 3HAYCHUEM ¢/m W PA3JTNYHEIMM CKOPOCTIMH 00-
pasyior Ha ¢oromnacTuHke cien 8 Buae napabonst. Ilo copme aroil na-
pabonnl MOXHO ORUIO ONPENENNTb e/m CO 3HAUMTENBHO Oosaplieit
TOYHOCTBIO. [IpMMeHsia Takoi «Meron napalos» K HOHHBIM IIyYKam
(anogunM syuam), Ix. Tomcon B 1912 r. oTKpELI M30TONBI HEPAMNOAK-
THBHBIX 3JIEMEHTOB.

Onpenenedne yaeabHOrO 3apsaaa 2MEKTPOHA MOXKHO BBUTOJMHUTD C HMC-
[0JIb30BAHMEM TOJIBKO MATHUTHOIO 10Jsi. Takue U3MepeHns ObUIM BHEp-
pole phitonHeHH B 20-e rognt X. Bymem meromoM (OKYCHpPOBKH Myuka
2/IEKTPOHOB B IIPOAOIBHOM MarHuTHOM none. [IpopoibHas doxkycuposka
pacxoasamerocs Oydyka 27eKTPOHOB Oaina paccMorpeHa B § 16 kuuru 2
Kypca. ITOT METON TO3BOJSET BHIMOJHUTH H3MEPEHNS C GONBIIEH TOY-
HOCTBIO, HO npexbapisier 0oee XecTKue TpeBOBAHUS K XapPaKTEPUCTH-
KaM 3JICKTPOHHHIX MYYKOB.

OneiTh! MujuinkeHa. M3 oneIToOB ¢ MOHHEIMM MYYKAMH MOXHO ONpexe-
JINTH HE TOJMBKO e/m, HO ¥ CaM DJIEKTPUUCCKUI 34PN, €C/IM U3 HE3ABHCHU-
MBIX UCTOUYHHKOB NOAYYNTs NHDOPMAUNO 0 Macce woHa. OgHAKO TaKUMH
MerogaMM He YyAaercs HOJMYYHTh TOYHOIO 3HAUCHHS 3JJIEMEHTAPHOTO
2JIEKTPUYECKOTO 3apsAaa e.

TouHble W3MEPEHUS 9JIEMEHTAPHOrO 3apdga ORUIM  BBHIOJHEHH!
P. MiuiMkeHOM B CEPHH KJaccHuyeckux onbitoB 1908—1916 rr.

3TH ONBITH NPHHECIH HEONPOBEPXHMOE J0KA3aTENbCTBO AMCKDETHO-
CTH 3NEKTPUUYECKUX 3APIHOB B MPUPOAE.
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MuwiukeH M3Mepsa INEKTPHUYSCKHMH 3apd MAJIRIX Kanejek Macna,
HUCNONBb3YEeMOrO ANl CMAa3KM YaCOBHIX MeXaHN3MOB. CXeMa ero yCcraHoB-
KM nokasaHa Ha puc. 20. B TmareabHO HM3rOTOBJICHHBIA NJIOCKHMHA KOH-
JIEHCATOP Y€pE3 OTBEPCTHE B BEPXHEH IL1aCTHHE MOTYT MONAaAaTh MEJIKUE
KAl Macia, MNOAYYEHHBIE C TOMOIIBIO
CHOenHaJbHOro pacnuuturend. Utobnl koH-
BEKI{HOHHBIE TIOTOKH BO3AYXa HE BJIMSLIU ]
Ha NOBENEHNE KaNneab, KOHACHCATOP NOME~ :
MAJICS B 3AMUTHHRIA KOXYX, TEMIIEpaTypa E + C
d JaBJEHUE BHYTPH KOTOPOrO NORZEPXKH-~
BaJINCh MOCTOSIHHBLIMH.

Ha nnacTuHB KOHIEHCATOpa NonaBa-
JIOCh TOCTOSIHHOE HANPSXEHHE OT HCTOY-
HHKa B HECKOJbKO KWIOBOJABT. B xoxme
onelTa 3TO HANPSXEHNE MOXHO Obl10 u3MeHAThb. [Ipu pacneiienuu
Macaa obpasyrommecs Kamay, Kak npaswio, 3apsKaroTcd W, nonagas
B KOHIEHCATOP, ABHXKYTCS [Oj AECACTBMEM CHJIBI TSXKECTH U NPUIOXECH-
HOrO 3JEKTPUUECKOrO0 MoAs. JABMXEHHE OTAECMbHOH KAl MOXHO Ha-~
O/0gaTh B MHKPOCKOM uepPe3 CHEeUMAaNbHOE OKOINKO.

C noMOmpbI0 PEHTIEHOBCKOTO M3NYYEHHMS MOXHO HOHM3MPOBATH BO3-
AyX MEXAY NIACTHHAMM KOHReHcartopa. Torma sapsp xamwid, a ¢ HUM H
CKOPOCTb YCTAHOBMBIIEIOCS OBMXKCHUS B BO3AYXE B TOM XK€ 3JEKTPH-
YECKOM TI0JI€ MOTYT CKAyKOM M3MEHUTBhCH. MaMepsia ckopocTH yCTOsB-
IEerocd ABYMXXEHHS OHOM M TOM X€ KaIUT¥ B OQHOM M TOM X€ 3JEKTpHU-
YECKOM MOJIE, MOXHO CPaBHATh €€ NPEXHUNl W HOBHIA 3apsibl ¢ # ¢ .
Ecnm kamrs mana, a 3JeKTPUYECTBO MMEET aTOMHCTHUYECKOE, AMCKPET-
HOE CTPOEHHE, TO MOXHO OXHAATb, YTO 3aPsSA KAId COCTOMT U3 HE-
60LIIOr0 YKMC/IA IMEMEHTAPHRIX 3apsfoB. B TakOoM ciyvae OTHOLIEHHE
q'/q 6yner oTHOmEHUEM HEGOMBIMX LETRX unces. HMeHHO 3TO M Ha-
6moxanoch B oneltax MuJuIMKeHa.

Puc. 26. Cxema onwitos Munau-
KeHa

JXMCKPeTHOCTb JJIeKTpHuUecKoro 3apsja. B pesynasrare 6buto Hamex-
HO YCTAHOBJIEHO, YTO B OpUpONE JIO0BIE 3NEKTPHYECKUE 3APAABL CO-
CTOST W3 AUCKPETHHIX NOPIMEA onpencaeHHOH seauuuHul. Takaga Be-
AuunHa 0003HAUAETCS UYEpe3 e W HA3ZKIBAECTCH JeMeHMapHulM IAeKm-
puseckum 3apsdom. Ero umcnosoe sHaueHme pasmo 1,602-107'9 K.
3apsan 3aekTpoHa paseH —e, TOUHO TakMM Xe TOJOXUTEJbHHIM 3a-
psnoM ofnagaer nosutpoH. Eme Gosnee 3aMeuarensHuM (DAKTOM SB-
JISETCS PABEHCTBO NO BEJNYMHE 3apIAa 3/ICKTPOHA M NOJOXHUTEJILHOTO
3apsaa nporoHa. IlocnenHee paBeHCTBO ORUIO NPOBEPEHO B OUEHB TOH-
KNX SKCOEPUMEHTAX, KOTOpHE 3aKJIOUAJIMCh B HCCACIOBAHMM IJIEKT-
pPOHEHTPAIPHOCTH aTOMa BOAOPOAA M MOJIEKYJH Bopgopona. Mx pesynb-
TATHI CBHAETEJNBCTBYIOT, UTO SJIEKTPOH M NPOTOH MMEIOT ORMHAKOBHIE
3apsAms C MOrpemHocTbI0 A0 10720,

Ilo coBpeMeHHHM MPEACTABICHUSAM 3NEKTPOH M NPOTOH — 3TO
COBEpPIIEHHO pa3HHE, OUYCHb HJAJEKNE JADYr OT Apyra Mo CBOHM
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XapakTepUCTHKAM SJeMeHTapHple vactunnl. CoBHajeHue WX 3JIEKTPH-
YECKMX 3apYA0B € TAKOH (paHTACTHYECKON CTENEHBIO TOYHOCTH HE MIME-
€T B COBPEMEHHOM (pU3UKE HMKAKOro rmybOKOro Teopernueckoro oboc-
HOoBaHus. KBaHTOBaHME 3EKTPUUECKOrO 3apsgna M 1o Ceil AeHb npep-
CTABJSETCY TAMHCTBECHHBIM YHHMBEPCAJIBbHBIM 3aKOHOM npupond. Hukro
HE 3HAET, MOYEMY IJCKTPUUYECKHUE 3apsAbl BCEX 3aPSXKEHHBIX 3JIEMEH-
TAPHBIX YACTHIL B TOYHOCTH OIMHAKOBHI.

OneIT NOKAa3eIBAET TAKXKE, YTO JJACKTPUYECKUE 3APSABR BCEX 3apda-
XEHHBIX JJIEMECHTAPHBIX YACTHI[ HE TOJBKO OAMHAKOBHI, HO ¥ HE 3aBUCAT
OT COCTOSIHMS MX [JBUXEHHS. JJEKTPUUECKAS HENTPAIBHOCTh YCTAHOBIE-
HA HA OIKITE Y /IS ATOMA TI'e/Ig ¢ MOYTH TAKOM XK€ BRICOKOH TOUHOCTBIO,
KaK ¥ O/ MOJIEKYJIB BOXOPOAa. ATOM refus [MOCTPOEH M3 TEX XE 3apd-
JKEHHBIX «KHPIAYMKOB», YTO U MOJEKYyJa BOZOPOAd, — OBYX HPOTOHOB
M IBYX JJEKTPOHOB, — HO JABMXYTCY ITH YACTUIHI B aTOME rejvs CO-
BEpIIEHHO MHAYE, HEXEIU B MOJEKYJIE BOXOPOAA.

«B3semmBanne» 3nekrpona. OneTel MWUIMKEHA, B KOTOPHIX OBLT M3-
MeEpEH JJIEMEHTADHBIA 3JIEKTPUYECKMI 3ap4n, MOXHO pacCMaTrpPMBaTh M
K3dK «B3BCIIMBAHME» IJJIEKTPOHA, MACCy KOTOPOrO HEMOCPEACTBEHHO
onpeaenuTs HEBO3MOXHO. VIaMepus 3apan snekrpoHa, MwinukeHn cmor
ONPENEINATL €10 MACCY, BOCIIOIb30BABIINCh HAUACHHEIM TOMCOHOM OTHO-
LIICHUEM 3aPAAa K MACCE B OMHITAX MO OTKJOHEHMIO JEKTPOHHHBIX ITyY-
koB. Curyauus 34ecb OO HEKOTOPOH CTENEHN dHAJNOTHYHA «B3BEINMBA-
Huoo» 3eman B onoite Kasenanma o nmaboparopHOMy NU3MEPEHMIO Ipa-
BUTAUMOHHOM  TOCTOSHHOM: B3BECHTb 3EMIK0  HENOCPEACTBEHHO
HEBO3MOXHO, HO MOXHO OIIPEOE/NUTh MPOU3BEACHUE €€ MACCH HA rpaBM-
TAUMOHHYIO TOCTOSHHYIO M3 acTPOHOMHWUECKMX HAOMIOAEHMA, T. €. 1o
OTKJIOHCHMIO JABMXYIIMXCH TS IPABUTALMOHHEBIM NOJEM 3eMJH.

Maccbt atoMoB u Moiekyn. Haubomee TouHnle MeTonsl M3MepeHMS

Puc. 27. Cxema Macc-cnekTpomeTpa ¢ GOKYCHMPOBKOH ORHOPOAHBIM MarHMTHBIM NOJEM

Macc atoMOB M MOJIEKYJI OCHOBAHBI Ha (j)oxycnposxe NYyYKOB 3apsXEH-
HBIX YACTHI — HOHOB 3TNX aTOMOB HJIHM MOJIEKYJ — NOpHA NOMOWIH
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Pa3MUHBIX KOMOMHALMIA SJIEKTPUYECKMX WM MArHUTHHX noned. Ycrpo-
€HHBIC HA TAKOM MPHHOUIE NpUOOPH HA3LIBAIOTCH Macc-criekTporpaca-
mu (B cryuae dororpaduueckoil perncTpauny) M Macc-CeKTpOMETPaMU
(npu snextpmueckoif permcrpaunu). Ilepsmif Macc-cnexrporpad 6sLT
u300peTed n nocrpoed @. AcToHOM.

Cymecrsyer Gonsmioe pasHooOpasme xoHburypaumit  monei,
HCONL3yeMux B JTx npubopax. B wuaubonee pacnpocTpaHEHHOM
Macc-cnekTporpade ¢ OAHOPOAMBIM MArHUTHEIM IIOJIEM MOHHI, oBpazo-
BAHHLIE B KOHHOM HMCTOYHMKE, BhuieTawoT n3 mean S (puc. 27) B BHIe
pACXONSAIIETOCH My4Ka. PacmpocTpaHssch B BaKyyMe, 9TOT IyYOK B
MAarHUTHOM MQJIE€ PA3nesdcTcs HAa MYUYKH HOHOB € PA3HHIMU 3HAUCHMS-
MH OTHONIEHMA 3apsga K Mmacce. Kaawii Takod MydyoK, HECMOTPsL Ha
pa36poc CKOpocTeit HOHOB, MAarHHTHOE 1one cobupaer B cBoem dokyce,
T. €. (DOKYCHPOBKA MYYKOB Y4ACTHI[ C PA3HBIMM 3HAYCHHAMH e/m IpO-
UCXOINT B pasHuX Mmectax F,, F,, F,, ... CpasHuBas monoxeHus ¢o-
KyCOB, MOXHOQ ONpEREIHTb OTHOMIEHNS MACC MOHOB B PA3HBIX MyuKax.

Tpunumn aeicreus Mmacc-cnekrporpada. [ToscHuM nmpuHun oxy-
CHPOBKM PACXORAIIETOCH MyUYKa 3apAKEHHBIX UYACTHI[ HA IIPHMEpPE METO-
1a HOKYCHPOBKH IMONEPEUHBIM MATHUTHBIM IOJIEM HA MPOTSKEHHHU ITO-
JIOBHHHL OKPYXHOCTH (7 pagHaH).

[TycTp HCTOUHHK MOHOB HaxoauTcs B Touke S (puc. 28) m mycrs
BCE YACTHIH XAPAKTCPHU3YIOTCS OJHAM H TEM XE€ 3HAYCHUEM YHETb-
HOTO 3apspa e/m. DyReM CuMTaTh, YTO BCE HMOHBI BBLICTAIOT H3 HC-
TOYHHKA € ONHHAKOBOM MO MOAYJIO CKOPOCTHIO, HO C HeBoabmMM
pa3bpocoM MO0  HANpaBJIEHHIO.
HUoH, ckopocTe KoTOpOro Ha-
mpasjeHa BBepx HA puc. 28,
ABUXETCS B MArHWTHOM MoJie,
NEPIEHAHKYISPHOM  IIOCKOCTH
PHCYHKAa, IO OKPYXHOCTH pa-
OHYCOM

mv
R=—. (3) S F o AB
Jpyroit MOH, BHUIETAIOWIHH MOX Puc. 2§. Dokycuposxa MOMEpeuHbIM ORHO-
HebonbwuM yriaoM a (puc. 28), PORHBIM MATHUTHRIM f0zeM

B OJHOPOTHOM MAarHUTHOM IIOJIE

IBHXETCH IO TaKOH XE& OKPYXHOCTH, MOBEPHYTOM KAaK LEJ0E BOKPYT
HauyanbHO# TOUKK S. 3Ta OKPYXHOCTh mepecedeT auamerp SA nepsoi
OKpYXHOCTH B Touxke B. Jlerxko Buamers, uTO

AB=12R(1 — cos @) = 4R sin? 3 ~ Ra®. (4)
XoTs MAKCHMMAJIbHOE PACXOXAEHIE TPAEKTOPHH ITUX ABYX MOHOB, KaK

BUIHO U3 pHC. 28, paBHo Ra, paccrogHie AB, MponopuyoHaabLHOE KBAajx-
paTy MaJjoro yryia «, 3HaunTeabHO MeHbiue. [ToaToMy, ecin HCTOUHMKOM
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S CAYXHT mENb, Yepe3 KOTOPYIO BJETAIOT MOHHEI, TO AB Oyxer «maobpa-
XeHNeM» ITOH IEeN B BUAE CPABHUTENBHO y3Koit nmosocku. Takum ofpa-
30M, IONEPEYHOE ONHOPOAHOE MArHUTHOE NoJie (POKYCUPYET pacXONaIImii-
€S MYMOK, AEHCTBYS Mono0HO WMIMHAPUMECKOH JIMH3E,

CenexTop cKopocteii MOHOB. JIng nosiyueHns MyvKa HOHOB C OAM-

HAaKOBHIMH IO MOAYJO CKOpO-

A D CTSMM  WICIONB3YIOT  (QHIBTPHI

ckopocreit. Cxema camoro mpo-

cToro (pusbTpa CKOpPOCTEH MOKa-

-——- 3aHa Ha pHC. 29: myvyox 3apsa-

XEHHBIX YacTHI[ C pas3nyar-

MUMUACT CKOpOCTIMHM

HpPOIyCKAETCH YEpe3 CKPEMIEH-

B Hule anekrpuueckoe (E) m mar-

gutHoe (B) mnona. QueBmpHoO,

Puc. 29. Cxema duabTpa ckopocTeit 3apsoken- UTO YEPE3 MaJiO€ BHIXOAHOE OT-

HBIX HaCTMIL BEPCTHE CMOTYT NPOUTH TOJBKO

TE€ WOHBI, CKOPOCTh KOTOPHIX

ynosnersopser ycaosuio (2). Monnl ¢ npyruMu ckopoctamu GyayT 3a-
nepxaHsl puadparmoi D.

o
b
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Macc-cniekrpoMeTp ¢ nonepeuHoi goxycuposxoi. Ha puc. 30 noka-
3aHa cxema macc-cnekrpomerpa A. Jlemncrepa ¢ dokycuposkoit Ha T
pamnas. MloHbI, co31aBacMEIE HCTOYHRKOM A, MPUOOPETAIOT OZMHAKOBYIO

Puc. 30. Cxema macc-ciektpomerpa Jlemncrepa

JOMOJHNTEbHYI0 IHEPTHIO MO AEHCTBIEM YCKOPSMIOIIEH PAa3HOCTH MOTEH-
pManos U, npuioXeHHOH MEXAY MCTOYHUKOM A M BHIXORHOHK menbio C.
Yepes mensb S, caerka pacXoRAMMIACI MyUYOK MOHOB IONanaeT B 061acTs,
rjae nefCTByeT NonepeuHoe OAHOPOgHOe MarauTHoe none B. Mourl, o61a-
HAOINME PasNUMHEIMI 3HAYEHNIMH e/m, B cooTBeTcTBrH C (3) doxycupy-
IOTCS B Pa3HBIX MECTAaX, TAK KaK IBUXKYTCH [0 OKPYXHOCTIM Pa3HHX pa-
auycoB. Bxogamyio B (3) CKOPOCTbh v MOXHO ONpPENEIUTD N3 YCAOBUS

mvz

——=eU, %)
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B KOTOPDOM IpeHe0peraeTcs MepBOHAYAJbHOM KHUHETHYECKOM SHeprueit
TEIUIOBOTO ABMXXEHHUS MOHOB MO CPABHEHMIO C JHEpruel, mpuobperaeMoil
UMM IIpU pasroHe B JjexTpuueckom nosne. C nomousio (3) u (§) nnsa
KBafpaTa paguyca OKPyXHOCTH MOJydaeM ’
=225 (6)
€ B
TonbBupasg yckopsiomee Hanpsxenne U WM MHAYKUUM MAardUTHOTO
nons B rak, uroOw npu naHHOM e/m panuyc R nprobperan HyXHOE 3Ha-
YEHHME, MOXHO BHITYCTHTb UEPE3 BEIXOTHYIO INEND S, MOHE JTIOO0H MaCcCh.
[Tpu 3TOM MOXHO HE TOJBKO H3MEPITh MACCHI HOHOB, HO M KOJTMUECTBEHHO
HCCIENOBATh COCTAB MCXOAHOIO BEHIECTBA: CHJIA TOKA MOHOB 4Epe3 KOoJi-
JIEKTOP P CIyXWT MEPOH KOJTMYECTBA NOHOB JAHHOM MAacChI.

Paznenenne H3oronos. Ha TakoM xe npuHumMne neidcTsyroT nabopa-
TOpPHBIE ¥ [POMBIIUIEHHBIE YCTAHOBKHM 10 Pa3jeieHUI0 HN30TOMOB
27IEKTPOMArHNTHRIM MeToZoM. CxeMa Takoil pa3ieuTeJbHOM YCTAHOB-
K1 mpueexeHa Ha puc. 31. YcTaHOBKAa pa3sMemiaeTcs BHYTpH OGObmIOn
BAKYyMHON KaMephl, MOMEHMICHHOA MEXAy NOJIIOCAMH 3JEKTPOMATHHUTA.

HicTouHuk

)
2

4

Puc. 31. Cxema 3;1eKTPOMATHHUTHOH Pa3AEeNTMTENBHON YCTAHOBKH

B oTinuMe OT M3MEPUTENBHHX MACC-CIEKTPOMETPHUECKHX HpHOOPOB B
yCTAHOBKAX AJS pPa3jeJICHMs M3OTOMOB CHJIA MOHHOIO TOKA B MYy4YKe
B MWUIMOHH pa3 6osbuie.

JaexTpoHHas ONTHUKa. J[BHXEHNE NMYYKOB 3apSXEHHBIX YacTHI B OT-
KJIOHAIOIMX # (QOKYCHUPYIOmMX CUCTEMAX MacC-CrexTporpaoB MOXHO
pPacCMaTpHUBaTh aHAJIOTMYHO MPOXOXACHUIO CBETOBLIX IIYYKOB B ONTHYE-
ckux npubopax. Ha aToit aHanordum OCHOBAHA NPHUKJIanHas HAyKa -
3JIEKTPOHHAY M VIOHHAs reoMerpuyeckas ontuka. OHa noayumia 6oab-
mwoe passuTne G1arogaps pasHoOGPasHBEIM MPAKTUYECKAM TIOTPEGHOCTAM
B TakuX 00/acTSX, KaK MEKTPOHHAS MUKPOCKOIHS, TEJECBHACHNE, PO~
H3BOJACTBO 2JIEKTPOHHHX MHKPOCXEM M T. 1.
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B cospemeHHHnX npubopax, Iie MCMOJb3YIOTCH MEKTPOHHBIE U MOH-
HEIE MYyYKH, yaaercsd AOOMTBCA COBEpIIEHHOM (hOKYCHPOBKH My4YKa dac-
THL C 3aJaHHEIM 3HAYEHMEM e/m, 00JafaromuUX HEKOTOPHM pa3bpocom
KaK MOAYJf CKOPOCTH, TaK W e HaNpaBJeHUd.

Paspemaiomass cnocOOHOCTs. OCHOBHOM XapakTEPUCTHUKOW KayecTsa
MaCcC-CMEKTPOCKONMUECKONH CHCTEMBI SIBJISETCSA €€ pa3peniaimas crnocob-
HOCTb. 3T0 INOHATHE MEPEHECCHO M3 TCOPUN ONTHUYECCKHUX CIIEKTPAJIBHBIX
npnbopos. I'osopsT, 4TO Macc-criekTporpac obnaaaeT paspeurawuei crno-
COBHOCTHIO r, €CIM MUHNMAJbHAS OTHOCHTE/IbHAS PA3HOCTh Macc Am/m
n1a aByX OMH3KMX [0 MAcCe YacTHI, PEMMCTPUPYEMBIX pa3fenbHo, onpe-
HEIICTCS PABEHCTBOM

Am/m=1/r.

B xopomux COBpeMEHHBIX MacC-CIEKTPOMETPAX paspelamas Crocob-
HOCTB gocTuraer sHaueHus 8104, Ha prc. 32 nokasaHa TMIIHUHAS CHeK-
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ATOMHbBIE EAMHMIIbI MACCHI

Puc. 32. CnekTp Macc M30TOMOB PTYTH

TpPOrpaMMa, NoJy4eHHas Ha Macc-CIEKTPOMETpe, NPENHA3HAYCHHOM [
M30TOMHUYECKOrO aHaan3a.

ATOMHas eIMHHLA Macchl. Macc-crnexTpoMeTpinueckKie METOIHl JIEXKAT
B OocHOBe Haubosiee TOUHBIX M3MEPEHMH MacC aTOMOB M MojieKyn. Tak
KaK B MakpOCKOMMMECKMX MacmtaGax MacChl aTOMOB M MOJIEKYJ OUEHBb
Majhl, B W3MEPEHHAX M pacuerax yHAO6HO WCMO/ib30BaTh He abcommoT-
Hble 3HAueHMA Macc (B KWIOrpaMMax), a OTHOCHTENbHEE. 110 Mex-
AYHApONHOMY COIJIAIIEHMIO MAcCH BCEX aTOMOB M MOJIEKYJ] NPHHETO
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CPaBHMBATh C Maccoift aToma ymiepoxa, ToyHee ero msoroma '?C. Vr-
Jepox BHIOpaH MOTOMY, UTO OH BXOAMT B OIPOMHOE YHCIO XMMHYECKHX
COEMHEHNM.

3a aToMHYI0 enuHuKy Macck npuHMMaercs 1/12 maccel u3orona yr-
nepopa '2C, urofm B 3TOif wWIKaje MacCH MPOTOHAa M HEHTpOHA Ghuim
OG/IM3KM K eIMHWLE, a MACCa aTOMA JI000ro XMMUUECKOro 3JIEMEHTA Bhi-
paxanach YHCIOM, GJM3KHMM K LEIOMY.

OTHOCHTEIbHOM ATOMHOH (MM MOJEKYJISAPHOM) Maccoit M, BemecT-

BA HA3HBAIOT OTHOWIEHME MACCH aToMa (WIM MOJIEKYIH) m, NAHHOTO
Bewecrsa K 1/12 macce m atoma yraepona '2C:

=M
M, = T2meg - (7

OTHOCUTENBHBIE MACChl BCEX XHMHUECKUX 3JIEMEHTOB M3MEDEHH
oueHb TouHO. CKJIafnBas OTHOCHTEIbHLIE ATOMHBIE MAacChl 3JEMEHTOB,
BXOASIIMX B COCTAB MOJIEKYJIH ONMPENEICHHOIO BELIECTBA, MOXHO, 3HAS
Ero XMMHYECKY (GopMyay, NpubnMKEHHO BBHIYHCIHTbL OTHOCHTEIbLHYIO
MOEKYISipHYIO Maccy. HanpuMep, OTHOCHTENIbHAS MACCa MOMEKY/Ib BO-
mer H,O pasna 2-1 + 16 = 18, ecm ara monekyna conepXut Hanbosee

1 16
pacnipocTpaneHrsie u3oronul (H u '90.

TouHble U3MEpPEeHNs ATOMHBIX MacC. JIJIs TOUHHIX ONpene/seHUE HEH3-
BECTHOW MAacChl KAKOro-J1ub0 MOHA HEOOXOXHMO MOCTPOHTh IPafyHpOBOU-
HYI0 KpHBYIO MAacC-CIIEKTPOMETPA. JTa KpUBas CHauana CTpoHTCs rpybo
nyTeM BHIOOpA LEMOYKM MacC aTOMHEIX HJIX MOJEKYJISpHEIX WOHOB, OT-
JRYAIOMMXCH MPUOIU3NTENbHO Ha OQHY ejWHMIY Macchl, Hanpumep C,
CH, CH,, CH;, CH,. Ecnu and naHHO# HEMOYKM MacChl MOHOB H3BECT-
HHL C norpewHocrsio, Hanpumep, 0,1 % (uTo Jerko pocTaraercs xuMu-
YECKMMHN METOAAMM ), TO C TAKOM X€ MOrPEMIHOCTHIO MOXHO [OCTPOUTH
rpadmk 3aBUCHMOCTH KOOPAMHATHL JHHMM B CIEKTpe Macc Ha oTomna-
CTMHKE OT OTHOCHMTE/NbHOM Maccel. 3ateM 3Ty rpyOyio rpagyMpoBKy
YTOUHSIOT. JTO MOXHO CACNaTh, HANpUMEp, TAKMAM CrocoboM. YMeHb-
MMM yCKOPSIOMIEE HANPSDKCHNE NMPU HEM3MEHHOM MAarHUTHOM MOJIE Ha-
cT01bK0, uToOR Ha Mecto quHmn CH, monana nuuna CH,. Torma sce
HOBbIE [TOJIOKEHUS MACCOBBIX JIMHHH OyXYT COOTBETCTBOBATL 3HAUECHMAM
Macc, U3MEHMBIIMMCA B oTHomenun 16/15.

ITocne Takoif rpagyMpOBKM MOXHO HM3MEDUTh OUEHb MAaNEHBKYIO
PasHOCTh MACC MEXAY HEKOTOpOH HEHW3BECTHOM MAcCOi M JTaJIOHHOM.
Cpean MHOXeCTBA YIVIEBOROPONOB MOUTH BCETAAa MOXHO MOpo6paTh
oueHb OJM3KMe MO Macce CoenquHeHud. JBe Gau3kume MmacCel 06pasyioT
TaK Ha3wWBaeMblil ayOieT B criekTpe Macc. IIpmMepoM MOryT cayXuTs
worel 0 w '2CIH, (xmcnopon m meran). Ecam oTHocHTenbHas mo-

I'PEUIHOCTh HM3MEPEHUs pPasHOCTH MacC Am 3THX WMOHOB COCTABJSET
Bcero 0,1% (YTO COCTaBJNAET HECKOJNBKO COTHIX [HOJEH OT ATOMHOM
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eAMHAIB MACCH), TO OTHOCHTEJIbHAS TOTPEMIHOCTh M3MEPEHMS MACCH
nora 'O pocruraeT omHON MM/UTHOHHOR. MLmrocTpaumeil Takoro Meto-
Ia MOXET CAYXHUTb puc. 33, Ha KOTOPOM MpPHUBEXEHHE ABA CHUMKA He-
CKOJBbKUX OJM3KMX MAaCCOBHIX JIMHMIA,

O6parnM BHMMAHHME HAa TO, YTO 3TOT xyOneT oO6pasoBaH ATOMHLIMHK
YHCIAMH, MOCTPOEHHBIMM K3 OJHHAKOBOTO YHCIA NMPOTOHOB, HEHTPOHOB
W 3/EKTPOHOB. Pasznnume B Maccax KOMIOHeHTOB aybiera oBycnoemeHo

NH, '’cH,

160 N 2cH,

Puc. 33. ®oTOCHMMKM MACCOBBIX JIMHMIA

TEM, YTO y aTOMAa KHUCJIOpOoja BCE MPOTOHH M HEHTPOHH HAXORATCA B
OOHOM s1pe, 3 B MOJEKyJ€ METaHa — B pasHeX. [loaToMy sHeprus
B3aHMOAEHCTBUSE NIPOTOHOB M HEHUTPOHOB B ITHX CHCTCMAax pa3/inyHa,
YTO MPUBOAMT K Pa3jINuusaM B JHepruu noxkos u Macce 'O u ZCIH,.
Macc-crexTpoOMeTpHUECKNe METOAbl MO3BOJISKOT OMNPEAEISTh HE TOJIBKO
OTHOCHTE/IbHBIE, HO M aOCOMIOTHBHE 3HAYEHUS MAcC aTOMOB H MOJICKYJ,
XOTH9 M €O 3HAYMTEJBHO MEHBHIEH TOUHOCTHI. YMEHBUIEHHE TOYHOCTH
00yCI0BIEHO TEM, YTO abCOMIOTHHIE HSMEPEHNs MACC ATOMOB BHIMOJIHS-
OTCS KOCBEHHO, H HAa HX BBIUHCIASEMOM 3HAUEHHH CKAa3BIBAIOTCA Kak
IOTPENIHOCTH M3MEPEHHUH MAapaMETPOB IKCIEPUMEHTAIBHON YCTAHOBKH
(reoMeTpruECKNX pasMepoB, HAMPSXKEHHOCTEH IOJIEH, YCKOpAIOHIEro
HANpSXEHHs H T. 1), TAK M TOYHOCTb, C KOTOPON W3BECTEH JJEMEH-
TApHBIN JJIEKTpHUEcKMit 3apsn e. Jsig maccel aroMa ymiepoxna maMepe-
HUS JAOT 3HaueHue mye = 1,995-107% kr.

Komuuectso Bemecrsa. Ilocrosnnas Asoraapo. Hambonee ecrecr-
BEHHOM eIMHMLEN /19 N3MEPeHUs KOJIMYECTBA BEIECTEA B KaXIOM Teje
MOMVIO OBl CAyXHTh YHACIAO MOJEKyJ Wan atomoB. OfHAKO 4UCAO MOne-
KyJ B m0060M MaKpOCKOMMYECKOM TEJIE 0ueHb Beanko. I[ToatoMy paa xa-
PAKTEPHUCTHKM KOJNYECTBA BeWIECTBA YA0OHO MCIIONB30BATh HE abCoMIoT-
HOE YMCJO0 MOJIEKYJI, & OTHOCHTEJIBHOE.

B mexnayHapogHoit cucreme epmHnn (CH) KomnuecTso BemecTBa
U3MEPSIOT B MOAsXx. Monp — 39T0 opgHa W3 OCHOBHmX eauHny CU:
1 MO — 3TO KOJANYECTBO BEINECTEA, B KOTOPOM COAEPXKHTCH CTOJIBKO
XK€ MOJIEKyJl WIH aTOMOB, CKOJbKO ATOMOB COAEPXUTCA B yIyIepone
Maccoit 0,012 xr.
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Monp 106010 BEmEcTBa COAEPXKUT OHHO M TO XE€ YMCJAO ATOMOB
WM Monekya. 3To unciao obo3Hauvaercs N, M HasbBACTCH MOCMOSIH-
Hou Asozadpo. TlocTOosHHYI0 ABOragpo MOXHO HAWTH, €CIN Pa3EaNTh
Maccy OfHOIO MOJIA yIVIlepoga Ha Maccy OFHOIO aToMa yIJIepoaa:

0,012 kr/mon 1
= —KPRTE — 6021023 (8)

1,995.1072 kr MOJTTB

A

Konnuecrso Bemecrsa v, T. €. UNCI0 MOJIEH, PABHO OTHOLIEHHIO UMC-
na Monekyn N B JaHHOM TeJIe K NMOCTOSHHON Amoranpo N,:

=FN;. 9

MoaspHas macca. [ls XapakTepuCTHKH KOHKPETHOTO BEINECTBA Haps-
AY € OTHOCHTEJbHON MOJIEKYJIPHON Maccoi M, B (pM3uKe M XMMUM ITH-~
POKO HCNOIb3YEeTCd MOAspHast macca M. MonsipHO# Maccoil Ha3wBaXOT
MacCy AAHHOTO BEIIECTBA, B3ATOIO B KOJIMYECTBE OXHOro Moisa. Monsap-
Hasi Macca paBHA NMPOH3BEIEHHIO MacChl M, OXHOM MOJIEKYJbl JaHHOIO
BELIECTBA HAa MOCTOSHHYIO Aporagpo N,:

M= moNA. (10)

Ecin B dopmyae (9) uncantens nu 3HAMEHATENb ZOMHOXHUTb HA Mac-
Cy OXHO# MOJEKYJHI My, TO JUIS KOJMYECTBA BEMECTBA V B TEJIE MOXHO

HAnncaTh
(11)
rae m = mgN — Macca Tena.

Pa3smepbl ATOMOB ¥ MOJieKyJd. IIpexcrasienne o pasMepax OTHEAbHBIX
ATOMOB H MOJIEKYJ MOXHO MOJMY4YuTb pa3HeiMu crrocobamn. Ecam npen-
MOJIOXKHUTb, YTO B KOHACHCUPOBAHHOM COCTOSHHMM (T. €. B XUAKOH MU
TBepaoit (hasze) aTOMH HIM MOJIEKYJR BEINECTBA <«COMPHKACAIOTCI»
APYT € APYIOM, TO, ONpPENETHB MPUXONAIINACA HA OXHY MONEKYJIYy OOb-
€M, MOXHO OUEHNTb ee pasMepul. Hanpumep, m =1 r BOxHl 3aHHMaeT
obveM V=1cmM3 u conepxur N=N,m/M Monexyn, rae
M = 18 r/monb. TloaroMy npuxopsiumitics HA OQHY MOJEKYdy 0ObeM
cocrasnser 3-1072 cM3, a ee ymHeiHbl pasmep r ~VV =~ 31078 em.

Cornacyomy ocs ¢ 3THM 3HAUEHNEM OLEHKY Da3MEpoB MOJIEKYJ
MOXHO NMOJyudTh (€3 KCHONB30BAHMA MOCTOAHHOM ABOrajgpo, ecnm o6-
PATHTBCS K IIPOCTOMY OMHITY MO PACTEKAHWIO KAIJIM MACIA HA [OBEPX-
Hoctn Boam (omuiT Jlenrmiopa). [IpennosoXus, 4TO B MACISHOM HAT-
HE MOJIEKYJIB DACMONaraloTcs B OAWH CJIOH, MOXHO OLEHUTH TOJIIMHY
C0s, a TeM CaMbiM W JIMHEHHBIA pa3Mep MOJEKyJ Macna, pasze-
JnB 00BEM pacTeKIIeics KAl Macia Ha Iiomanab o0pa3oBaBIIerocs
NATHA.
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Bonee HageXHYH MHGOPMALMIO O PACCTOSHUSX MEXAY aTOMAMH B
TBEPABIX TEAAX M XUAKOCTHAX AAOT ONLITH MO aucdpakuum peHTreHo-
BCKOIO M3JIY4eHHS -— DEHTI€HO-CTPYKTypHbIt ananu3. OxasmBaercd,
4YTO MOJIEKYAH MHOTHX BEIIECTB MMEIOT pasMepm nopsaxa 1073 om.
JInwe MoONEKYyabl MOIMMEPOB M HEKOTOPHIX OpPraHMYECKUX BEIIECTB

Puc. 34. DnexTpoHHblit cHMMOK (ara T-2 ¢ ysenmuenmeM B 180 000 pas

(6enKOB) MOryT HMETb 'MI'AHTCKME Pa3MEpPhbl, UTO MO3BOJSET MOJTYUYUTH
HX n300paxxeHHe B IJEKTPOHHOM MHKPOCKONE, Ha KOTOPOM OTYETJIMBO
pasIMUEMa UX CTPYKTypa (puc. 34).

e [loueMy B omnbITax M0 OTKJIOHEHUIO Ny4yKa YAacCTHMLl B JIEKTPUYECKOM WU Mar-
HHUTHOM TMOJIIX MOXHO OIPeJIEINTL He 3apsifl YacTUlpl, a TOJILKO OTHOIIEeHUE
3apsaa k mMacce?

e [lokaxwuTe, 4To CJ€l, OCTABJSEMBIN Ha (GOTOMNACTUHKE MMYYKOM 3apsKeHHBIX
qacTdll, TMpolleUIUX Yepes MorepeyHsle, NMapasvie/ibHble APYT APYTY 3J€KT-
pHUecKoe W MarHUTHOe MoJid, uMmeeT (opMy napaboisl.

o [losicHute uzelo Meroda (POKYCHpOBKM ¢/1abo pacXoAsilerocsl nyyka 3JIeKT-
pONHOB TPOJO/ILHBIM MAarHHTHLIM I10JIEM.

e MuMKeH B CBOMX OMbLITAX CHAa4ajla MUCIOJL30BAJ KalesbKU BOABI, OAHAKO
3aT¢M NEcpellich K 4aCOBOMY MacJly. Kak Bbl ARyMaere, € YEM ITO cBa3aHo?

. HO‘ICMY yCTaHOBJICHHAA HA ONBITE JICKTpUUECKAA HCﬁTpaﬂbHOCTb MOJIEKY JIbl
BOoAopoda MU aToOMa TIe¢JIMA  CBUAETEJILCTBYET HE TOJMBKO O PAaBCHCTBE



§ 12. MOJIEK VJIBI - "

3JIEKTPUYECKUX 3aPAMA0B IeKTPOHA U MPOTOHA, HO U O HE3ABUCUMOCTH BEJIH-
YUHBI 3apsAfla KaxXaod YyacTUllel OT ee ABUXeHUa?

o [IlpoBenure nogpobHoe conocTaBjieHWe onblta MUJUIMKEHA TO «B3BELIUBA-
HHUIO» 31eKTpoHa W ombiTa KaBeHauuia no «B3BelIMBAHUIO» 3eMIH.

o JloscHure npuHUMN (POKYCHPOBKHM MOHOB B IOMEPEUYHOM MATHUTHOM MOJE.

e  OObacHHUTE NIpHUHLHATI HENCTBUS MacCC-CIIEKTPOMETPpA U €ro NpUMEHEHUE AN
KOJHUYECTBCHHOIO HUCC/icaoBaHUd CoCTaBa BELIECTBA.

e Kakyio Be/MUMHY Ha3bIBAalOT paspelialolied crnocoGHOCTLIO Macc-CHeKTpo-
MeTpa? Urto oHa xapaktepusyer?

e Kak BBOAMTCA aTOMHAas eAnHMLA Macces? TToueMy OHa OCHOBLIBAETCS Ha aToO-
me yriepoga 2C?

e Yr0 Takoe OTHOCHTesIbHASE aTOMHas WIH MoJieKyJspHast Macca? Ilouemy npu
€€ BbIUMUCJIEHHUH C MOMOILBLI0 XUMUYECKOI (GOpMYJIbl BEUIECTBA Mbl T0JIyyaeM
npUGIMXeHHbIE 3HAYEHUS?

o Tlosicuute, KakuM 06pa3oM AOCTHrAETCS OTHOCHTEbHAS TouHOCTh 1076 npum
MacC-CreKTporpaMuecKoM U3MepeHUH maccel v3otona '$0 ¢ ucnons3osa-
HueMm gybnera 2CIHH, u 0.

e Tlpu cropanuy yrnepoga 12 r yrnepoaa coeauHunuck ¢ 32 T Kuciopopa.
W3meHUIOCh 1M B pe3ynbTaTe€ 3TOM XUMHYECKOH peaKUMM KOJMUYECTBO BE-
uiecta?

e CKoJIbKO MOJIEKYJT BOAbI COHEPXMTCs B Karje ofbeMom 1 cm3?

e Kax MoXHO OLEHUTb pa3Mephbl OTAE/ILHBIX MOJIEKYJ?

§ 12. Monexynsl

Bce Tena cocTodT M3 ATOMOB WJIH MOJIEKYJI. UTO YAEPXKHBAET ATOMBI
B MoJiexyae? ATOMBI COEAMHSIOTCS B MOJIEKYJH CHJIAMH, KOTOpHIE
OOBIUHO HA3BIBAKOT XHMHUYECKMMH. KoHeuHo, HUKAKWX (yHIAMEHTANb-
HHIX «XMMUYECKUX» B3aMMOREHCTBMI B MPUPOIE HE CYLIECTBYET. JTH
CIJIEL BCEria CBOAATCA K M3BECTHHIM HaM (pyHAaMeHTaNbHbHIM usnue-
CKHM B3aMMOJCHCTBMSM, MPUYEM OMPEAEIAIOIYO0 pPoiab B GOpMHUpOBA-
HUM XAMMWYECKHMX CBS3€ll MTPAOT 2JIEKTPOMATHUTHRIE Ciutnl. [Iposisie-
HUA DTHX CHJI, HECMOTPS Ha EAMHYI (PU3NYECKYI0 NPHpORy, Ype3Bhb-
yaiHo pa3sHooOGpa3Hbl. boraredmnit ONMHT W3yueHUS PE3yJHTATOB
NEWCTBHS CHJI MEXIY aTOMaMH HAKOIUIeH B XMMWUW, HO JIMIIb C pas-
BATHEM KBAHTOBLIX MPEACTABIEHWI YHANOCh AATh OOBSICHEHME Pa3HO-
06pa3HHIM MPOYBICHHSM 3THX CWJI Ha OCHOBE (hyHAAMEHTANbHHX (u-
3MYECKNX 3aKOHOB.

XuMuueckue cuibl M Gu3vKa. MHOrMe MoJIEKyJIBl COCTOST BCEIO M3
HECKOJIBKMX aToMOB. OXHAKO CYWIECTBYIOT M TUTAHTCKUE MOJIEKYJIHI,
HANpUMEp MOJIEKYJIB Oe/IKOB, KOTOPhIE COZEPXAT HECATKH WM Jaxe
COTHHU THICSY ATOMOB. Posb (DM3MKHM COCTOMT B TOM, UYTOOH OOBACHNTH
4 E. U. byruxos u gp. Kuura 3
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XMMUYECKOE B3aNMOJEHCTBME ATOMOB, T. €. TO, KaK ATOMB COGHVHS-
IOTCS B MOJIEKYJbl, A 3aTeM o0pasyroT mMakpockonuueckue rtesna. Oxa-
3BIBAETCS, UTO MPH MEPEXOAe OT MUKPOCKONHMMECKMX SBJEHWA K Max-
POCKOMMUECKMM B HEKOTOPHRIX CIYYasX PoJIb KBAaHTOBHIX 3ddexToB co-
XpaHsSieTcd, T. €. KBAHTOBag MNpUPOAA TPOSBALIETCS HE TONBKO B
MHUKpPOMHUpE, HO 1 B MHOTOUMCIECHHHX CBOMCTBAX MakpooOmexToB. Ha-
NIPUMEDP, BLICOKAS 3INEKTPONPOBOAHOCTD MEIM N €€ IMPAKTUUECKH IM0JI-
HOE OTCYTCTBHE y KBapua OOBSCHAIOTCS B KOHEUHOM CUETE HMMEHHO
KBaHTOBHIMK 3(dexramu. CymecrBoBaHHE NOCTOSHHHIX MArHUTOB W
CBEPXIIPOBOXHUKOB MPEACTABASET C000i1 OCOOEHHO S(pKue [MpHMEpH
MIPOSIBJIEHUS KBAHTOBHIX 3((EKTOB B MaKpOMMPE.

MoXHO BHIEMUTh JBA NPUHUMIIMANBHO pA3JNUHBIX MEXaHW3Ma,
00ecreunBammx CBs3b aTOMOB B MOJIEKY/Jax: 3TO TaK Ha3bIBAEMbIE
UOHHASL N KOBQJIeHMHAs CBSA3H.

Housas cBu3b MEXAY aroMaMM. THNNuHLIA NpeacTaBUTe b HOHHOH
CBS3M — XOpOWIO M3BECTHAg MOBAapeHHas COJb, HA3bIBAEMAs B XWMHH
xaopucteiM Hatpuem (NaCl). KakuMm 06pasoM nsa pasHOpONHHEIX aTo-
Ma — aTOM MeTasula HAaTPMs M aToM rasa xJopa — o0pasyroT ycronuu-
BOE coegnHeHHe?

ATOM HATpud MMeeT ONMH JJIEKTPOH HA BHEMmHe# 000/I0uKe; aToM
XJ10pa MMEET CEMb 2JIEKTPOHOB HA BHENIHeH 000JI0UKE, IIE€ B MpPHHIMIIE
MOXET HaXOAUThCS BOCEMBb JJEKTPOHOB, T. €, €MY HENOCTAET OJHOIO
2JIEKTPOHA N0 3aMOo/JHEHWUS BHEHMHe# 060s10uku. Ecnm oxuH 271eKTpoH
aToMa HaTpusd MepexaTh aTOMy XJopa, TO M y TOro, U y Apyroro ofpa-
3YI0TCH MAKCUMAJIbHO YCTOMUMBEIE 37IEKTPOHHHE KOHGHUIypauu nu3 ue-
JIMKOM 3aIOJHEHHBRIX 000siouek. YToOH OTHATH JJ7EKTPOH y aToMa Ha-
TPpHUS, HyXHO 3aTpaTturh Hepruio 5,1 3B. Ilpu saxsaTe 3Toro anextTpoHa
HEATpaabHBIM aTOMOM XJopa ofpasyercs oTpuuaTeabHui woH Cl7, n
pu 3TOM OCBoboXAdercs aHeprus 3,7 3B,

Kasanoch 61, obpasosanue Monekynn NatCl™ suepreTnueckm He-
BHITOJHO, W TaKO€ COECAMHEHUWE HE MOXET OnTh YCTOWUMBHIM. OnHako
MEXAY HOHAMHM C 3apsaMHM IPOTHBOMOJIOXKHLIX 3HAKOB CYHIECTBYET
JJIEKTPOCTATHYECKOE MPUTSKEHNE, U MpH UX COMIKEHWM MOTEHUHANb-
Has SHEprus B3auMojeicTBUs yOusaer. [Ipn paccTOSHUM MEXAY LEHT-
paMu AByX MOHOB, paBHOM 1,1 HM, y6BUIb IIOTEHUMANBHON SHEPTHUM B3a-
MMOJEHCTBIS KOMIIEHCHPYET 3aTpaThl 3Heprun B 1,4 5B, neobxommMmule
IS Mepexofa 3JeKTpOHA OT aTOMa HATPUS K aTOMY xJjopa ¢ obpasosa-
HUeM aByX MOHOB. [lpu nanbHeiimeM cOJAVMXKEHUNM HOHOB ITOSBJISETCH
yXe BHIWIDHII B JHEPIWH, UTO NPHUBOAMT K 00jiee CHJIBHON CBS3M MOHOB
B MOJIEKYJIE.

OnHako MOHB MOTYT COAMXATBCA JIMUIb A0 HEKOTOPOro mpexena
(0,24 HM), COOTBETCTBYIOMIETO PABHOBECHOMY PACCTOSHHIO MEXIY HOHA-
MK B MoJnexkyse. Ha TakoM pacCTOSHUU KyJIOHOBCKHE CHJIBI MIPUTSXKEHUS
YPaBHOBENINBAIOTCA CHWIAMHK OTTAJIKMBAHNS, MMEIOMUMHK HEJEKTPOCTa-
THYECKOE TIPOMCXOXAEHHE M CBA3aHHHIMK C MpPOSBJEHWEM INPHHUMIA
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IMaynn. Jeno B TOM, YTO NpH COMMXEHHA NOHOB AOCTYNHAS AJs KBAXE-
HHS MX 9JEKTPOHOB 00/MaCTh MPOCTPAHCTBA yMEHHIIAETCS, 4 ITO B CBOKO
ouepenib HEH30EXKHO BEAET K YBEJHUCHNKO KMHETHYECKON IHEPIHH J/eK-
TPoHOB. DTO Cyry6o KBaHTOBHIH 3(D(eKT, KOTOPEI MOXHO oObICHMTEL
TIOMOIIBIO COOTHONMEHNs HeompeaeneHHocred [efseHbepra: npu ymeHs-
meHuH OofJIaCTH ABMXEHHUS, T. €. HEONpeaeJeHHOCTH 3HAUEHNS KOOPIH-
HaT, Hen30eXHO PAacTeT HeoNpeAe/JeHHOCTh 3HAUEHHS UMIYJIbCa, a Clie-
OOBATEJBHO, H CAM MMIIYJILC.

O6ycnoBnenHune npuHUAIOM [laynu cunel OTTaAXKMBaHuA NpeHeOpe-
XHMO Majhl, MOKa DACCTOSHAE MEXAY MOHAMH 6oJibmie PaBHOBECHOTO
3JHAUYEHHUH, U PE3KO BO3pPACTAOT NPpH TIONBITKE C6Hﬂ3ﬂTb HWOHbI HA MEHb-
uiee pacctosigue. VIMEHHO 0 TAKOM Xapaxrepe 3aBUCHMOCTH CHJI OTTaJI-
KMBAHHS OT PACCTOSHMS TOBOPUT TOT (PAKT, UTO PACUET SHEPIUM CBA3H
noHHOM Mojekyan NaCl, B KOTOPOM YuHTHIBAETCHS TOJBKO 3JIEKTpPO-
CTATMYECKOE B3aUMONENCTBME HMOHOB, AAET XOPOWIO COIIACYIINEECS €
onklToM 3HayeHue 5,5 3B. Curyauns sgech aHAJOrMYHA Paclpeae/IeHuio
MOTEHIAATBHON JHEPrUM ynpyroi aecopManiu OBYX IOCJHEAOBATEIBHO
COENUHEHHLIX MPYXHH PAa3HOM XECTKOCTH: B OCHOBHOM JHEepruio 3anaca-
€T MeHee XecTKad NpPyXWHa, T. €. Ta, y KOTopoit MeHsme Ko3dhduuueHT
XecTKOCTH k. DT0 06CTOATENLCTBO MO3BOJISET CUMTATh MOHBI TBEPABIMHU
mapaMu OMpefeneHHoro paguyca.

KosaneHTHas ¢Bu3b. lOHHAs CBA3b, BO3HMUKAIOMASY B PE3y/IbTATE Nepe-
X0a OFHOTO MJIM HECKOJIbKHMX 3JIEKTPOHOB OT OJHOTO aTOMa K APYTOMY,
XapaKTepHa AJS COSNMHEHMM, B KOTOPHIX YUACTBYKT XHMHUYECKHME 3JIe-
MEHTH 13 MPOTHUBOMO/I0XKHAIX KOHIIOB Ieproaa cucrembl Menneneesa. Ko-
BAJIEHTHAA CBA3b BO3HAKAET BCJAEACTBHE 0000IECTBIEHUS ATOMAMH OHO-
r0 MJA¥M HECKONbKAX 3JEKTPOHOB M XAPAKTEPHA [/ OAWHAKOBBIX HJIH
GIM3KKMX MO CBOMM XMMHUYECKUM CBOMCTBAM ATOMOB,

B npocTeiimem Buae KOBAJAEHTHAS CBA3b PEAM3YeTCSd B MOJEKYJasap-
HOM HOHe Bopopona HJ, B xoTopoM 06a MPOTOHA MMEIOT BCETO OXMH 00-

LM JIEKTPOH. DJIEKTPOCTATHYECKOE OTTAJKHMBAHNE MPOTOHOB CTPEMHUT-
ca passasuTh Mosnexysy. Ho, ¢ Apyroit CTOpOHRI, SHEPTHS CBS3U 3JIEKT-
pOHAa B MmOJIe ABYX MPOTOHOB, XOHeuHO, OoJsbpOIe, yeM IpPH HATHUYHA
TOJIBKO ONHOTO MPOTOHA. [IpH Ompeme/seHHOM PAacCTOSHHN MEXZY NPOTO-
namu (0,1 aM) BTOpOI pakTOp okasniBaeTca Oosiee CYMIECTBEHHBIM, YTO
ofecrmeunBaeT YCTONYMBOCTD TAKOM CHCTEMHL. /1 yZajeHHsS ORHOIO M3
NPOTOHOB M 0OpPa3OBaHHMs aTOMAa BOAOPOAA B OCHOBHOM COCTOSIHMM Tpe-
fyercs aHeprus 2,55 3B. Eme nmpouHee OKa3nBaeTCd KOBAJEHTHAS CBU3b
B HeHTpanpHOM Mosexyse Bogopoaa (4,48 aB), rae ona ofpasyerca aBy-
Mg 3J1eKTPOHAMH.

s XOBAJCHTHOM CBSA3M XapaKTepHA onmpefesieHHas MpoCcTPaHCTBEH-
Has HaNpaBJIEHHOCTb ¥ HACHINAEMOCTb. Y aTOMa YIVIEPOAA €CTh YEThIpe
3JIEKTPOHA, CHOCOOHBIX Y4YacTBOBATH B 0OpAa30BAHMM KOBAJIEHTHHIX CBSI-
seit. ITpocreHmnit npuMep yriepoRHBIX COeRMHEHHH NaeT MOJIeKy/J1a Me-
taHa CH,, B xOoTOpOii NpocTPaHCTBEHHAS HANpPAaBJICHHOCTh KOBAJIEHTHHIX
.
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CBsI3eM MPOSBISETCS B TOM, YTO YETHIPE aTOMAa BOXOPOAA PACNo/IaranTcs
B BEPIIMHAX NMPABHJIBHOIO TETPA3APa, B EHTPE KOTOPOrO HAXOAUTCS ATOM
yIJIepona, Tak YTO YLl MeXAY BCEMH BAIEHTHBIMHU CBS3SMH ORMHAKOBEI
(puc. 35). HachmeHHOCTD CBA3ei MPOMBASETCS B TOM, YTO GOMIbINE YEThI-
pex aToOMOB BOAOPOAA ATOM YIVIEPOAA MPHCOSAMHUATD HE MOXET.

B peficTeNTENBHOCTH B NPHPOAE MPAKTUYECKN HE BCTPEUAETCS YHUCTO
MOHHHIX M YMCTO KOBAJICHTHHIX CBY3€H, X MOXHO TOBOPHUTH JIMLIb O IIpe-
MMYIECTBEHHO WOHHOM HWJIM KOBAJICHTHOM XapakTepe TOW MM HMHOU
cBs3H. [IpeuMymecTBEeHHO KOBaJCHTHAS XHMHUECKAs CBS3b XapaKTepHa
ong takux monexya, kak H,, CO u 1. 4., a Takxe ana GonblUMHCTBA
OpraHM4YEecKUX MOJIEKYJ; HoHHas — mig monexyn Cs, KCl, mHorounc-
JICHHBIX MOHHBIX KPUCTAJLIOB.

JIByxaToMHbIE MOJIEKYJIBl, COCTOSINME M3 PA3HBIX aTOMOB, ofsanmaoT
JJIEKTPUYECKUM OUIIOJBHEIM MOMEHTOM, TaK KaK Yy HUX LIEHTPH I10JI0-
XUTEJBHOTO M OTPHLATEJBHOTO 3aPSAOB CMELICHB OTHOCHUTENBHO ADPYr
Ipyra BROJIb COCAMHSIOIEH 91pa aTOMOB IIPSIMOIL.

BaauMoneicTse aTOMOB B Moaexyie. PaccMoTpum noapobHee B3auMo-
HeicTBye obpasyomux MoJIeKyny aToMoB. HecMOTpS Ha BCIO CJIOXKHOCTh
YIOMSHYTBIX BHIIIE CHJI NPHUTSXKEHUS M OTTAJKMBAHUS, AEHCTBYIOIMX
MEXIY 3AeKTPOHAMH B SApaMH 3TUX ATOMOB, MO’KHO CPABHHTE/ILHO IIPOCTO

U]l

Ty

i
/o

Puc. 35. Cxematuueckasi Wi-
JNIOCTPAUMS CTPOEHHS MONEKY-
Nbl MeTaHa. ATOMBI BOAOPOZA

Puc. 36. 3aBUCHMMOCTD MOTEHUMAND-
HOM 3HEPTUM B3AUMONRENMCTBUS aTOMOB
B JIByXaTOMHOW MOeKyne OT pacCrosi-

PacrioNOXKeEHbL B BEPLIUHAX HUSI MEXAY HUMH
OPaBUIBHONO TETPAIAPa, MM B

YE€ThIpEX M3 BOCBMHU BEPUINH

ky6a, B 11eHTpe KOTOPOrO Haxo-

JUTCS ATOM YIJIEPORA

dbeHOMEHOIOrMUECKHN OMUCATD PE3YNBTHPYIOIIEE B3ANMOAEHCTBHE ATOMOB
B MOJIEKYJIE ¢ IIOMOMIBIO rpachiika 3aBMCUMOCTH MOTEHINABHON SHEPrUU
OT PACCTOSHHUS MEXIY ATOMaMH,

Ilpun moGoM npupome cva XpHUBasg MOTEHIHANBHOM JHEPIUU ABYX-
aTOMHOM MOJIEKYJIH HMEET XapaKTepHBI BUJ, NMOKA3aHHHIA Ha puc. 36.
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Jra KpUBas OMMCHIBAET BCE AETAIM B3aMMOACHCTBUS MEXIY ATOMAaMH.
Jlis Haxogsmuxca Ha OOMBIUMX PACCTOSHUSX aTOMOB Ipeofnagaer cuia
[PUTSXEHNS, MPHYEM 3TA CHa OBICTPO YMEHBLIAETCHS C YBEJHUEHHEM
paccroguus Mexay Humu. [Tpu cOnmkeHus atoMOB KpyTH3HA rpaduka
(HAKJIOH KAcaTeJbHOM) YBEINYMBAETCS, YTO TOBOPUT O BO3PACTAHUH CH-
JIBl OPATSXKEHAs aToMoB. [Ipu mansHeilmem cOAMXEHMH aTOMOB CWia
[IPUTSKEHNs HAUMHAeT YORBAaTh M 06pamaercs B HYJb NPH HEKOTOPOM
3HAUEHWHM 7, PACCTOSHMA MEXHy HuUMH. B 3TOoif TOuKe MOTEHUHMATbHAS

SHEPrus uMeeT MMHMMYM. Ha paccTOsSHMSX, MEHBIIMX 7o, Pe3yJbTHPY-

OIIas CH/IA YXE MMEET XapakTep OTTA/IKUBAHUS, MPUUEM OHA PE3KO
BO3pacTaer npu cOMMXKEHUM ATOMOB, O YEM CBHETENLCTBYET OLICTDBIN
pocT KpyTu3HH rpacmka U(r) nesee TOUKH 7,

Konebanunss atoMOB B MonexyJse. PaccrosHue r, (puc. 36) coorser-
CTBYET YCTOMYMBOMY IOJIOXEHUIO paBHOBecHs atomoB. Ha Ttakom pac-
CTOSSHMM ApPYr OT APYra B MOJIEKY/Ie HAXOAATCA HEMOABHKHBIE ATOMBL
B HemocpencTBeHHON OKPECTHOCTH TOYKHU ry KpuBYI0 U(r) MoXHo arm-
MPOKCHMHUPOBATh MApabosioi, T. €. CYATATL 3ABUCHUMOCTH MOTEHIHANb-
HOM OHEPTMH OT CMEUICHHS M3 5TOr0 MOIOXEHWS KBAAPATHUHOH. DTO
03HAYaeT, YTO ABMXKEHNE aTOMOB B MOJIEKYJIe MDHM MAaJbIX CMELIEHMSX
U3 MOJIOXEHUS PABHOBECHSH, PACCMATPUBAEMOE HA OCHOBE KJIACCHUYECKON
MEXaHMKH, NpeacTapasgeT cofod mouTH rapMoHmuyeckoe Konebanue. Ho
B OTJIMUME OT IOTCHUMAJbHOM DHEPrUM rapMOHMYECKOTO OCHM/UIATOPA
MOTeHUMAbHAA sMa Ha rpaduxe U(r) B OeHCTBUTENLHOCTH aCMMMET-
pruHa. DTO 3HAUMUT, YTO C YBEJUUEHHEM aMIUTMTYAbl KOJAeOaHMN OHH
CTAHOBSTCHS AHIAPMOHUYECKMMH. AHrapMOHM3M KOneOaHUM NMPOABISET-
C4 B TOM, YTO CpPegHEe pACCTOSHME MEXAYy aTOMaMH, a8 TEM CaMhIM
M CPeAHMH pa3Mep MOJEKYJibl, BO3PacCTAET C yBeJMYEHHEM OSHEPrHH
KonebaHui.

Fny6una noreHUManpHOM SMBI HA pHC. 30 XapakTepu3yeT IHEPruio
CB3M ATOMOB B MOJIEKYJIE, T. €. SJHEPIUK, HEOOXOOUMYK A/ TOrO, YTO-
Obl Pa3BeCTH ATOMHE M TEM CaMbiM pa3pYIIATh MOJEKYIY. DTa SHEprus
onpenensaer Temwoso# addexr xumMuuecknx peakuui. [Ipu Taxux peax-
LHUSX 13 MOJIEKYJI OXHOTO COpTa 00pa3yIoTcs APYrHe MOJIEKYJISI, T. €, Of-
HU XUMHUYECKUE CBSI3W Pa3pbiBAIOTCSA, a Apyrve BO3HMKAKT. UTO Gonb-
we — pabora paspeia M pabora o6pa3oBaHMs HOBHIX CBs3ei? B mpu-
pone Mhl CTAJKNBAEMCH C PEAKUUIMH 00OMX THIIOB.

DHeprud XMMHUYECKMX mnpespaueHnis. Temnosnie scddekTn peakiuii,
T. €. pe3yJbTHUPYIOIIEe BHACNCHHE WM MONIOIICHHE 3HEPrHU — 3ITO
GOJIbIIEH YACTHK) BEJUYUHBI MOPIAKA HECKOJBKHX COTEH KWIOMXOYJeH
Ha MOJb, YTO COCTABJISET OKOJIO OXHOTO 3JIEKTPOHBOJILTA HA ONHY MOJIE-
kyny. Hanpumep, peaxuus cropanus yriaepoaa (rpadura) ¢ yueTom Bhl-
IOeJIeHUS YHEPrUd 3amiChHIBAETCS TaK:

C +0,—CO, + 4,1 3B, (1)
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T. €. ipH 00pa30BaHUM KAXAON MOJIEKYJIH YIVIEKHCIIONO Iasa BHIEASETCS
sHeprus 4,1 3B.

C noMompio TaKAX ypaBHEHHH MOXHO HailTH Temwrosbie 3ddekThl
XMMUYECKHX NMPEBPAMEHKI, A8 KOTOPHIX IO TeM WX HHHIM IPHUNHAM
HE rogsarca npsMeie cnocobbl m3Mepennit. Hanpumep, ecan 6n1 asa aTo-
Mma yriepoaa (rpadmra) coemMHHINCH C OZHOU MOJIEKYJION BOZOPOAE, TO
obpazosasncs OH ra3 aueruaeH:

2C + H,— C,H, + 7. (2)

Hanpamyio Takas peakuus He uaeT. TeM He MeHee MOXHO pacCUMTATh
ee terwioson addext. Hapsaxy ¢ paccMOTpeHHO#M BhILE peaxumueil OKHC-
JIEHNS YIJIEPOAa 3amyIIeM elne ABEe M3BECTHHE DPeaKiUM OKYMCJICHHWS BO-
A0poaa M aueTHJICHA:

2H, + 0, 2H,0 + 5,9 9B, ’ (3)

2C,H, + 50,~ 4CO, + 2H,0 + 27 3B. (4)

OTH paBeHCTBA MOXHO IT0 CYIIECTBY TPAKTOBATh KAaK YpaBHEHHS
O/ HEPIHH CBS3M MOJIEKYJ M ONEPHPOBATH C HUMH, KaK C OObBIYHBIMU
anreOpaMuecKMMM paBeHCTBAMM. BuiyteM mnowreHHo u3 (4) cHavana
paBeHcTBO (3), a 3areM ymHoXenHoe Ha 4 pasencteBo (1). Torma mo-
JIyYuM

2C + H, — C,H, — 2,35 3B. (5)

D10 03HAyaeT, YTO /IS MHTEPECYIOIIETO HAC NMPEBPAIIEHUS ABYX aTOMOB
yIJIepoRa ¥ MOJIEKYJIBl BOZOPOZA B MOJIEKYJY METaHAa HEoOXORMMO 3a-
TPaTUTh 3Hepruio 2,35 3B.

B3aumopeiticTeue Mexay Mosexynamu. Mexay monekynamu meicTBy-
IOT CHJIBI, OUEHb MOXO0XHWe Ha CHJIbl MEXAy aTOMaMH, O KOTODHIX TOBO-
PHUIOCH BREIDIE. DTH CHJIBI TAXXE MMEIOT MEKTPOMArHUTHYK NpPHPOAY.
Kpneas moreHuua sHON 9HEPruM BaauMopeicrsus atomoB (cM. puc. 36)
KayeCTBEHHO NpPaBU/IBHO NEpeaaeT M OCHOBHbIE YepTH B3aMMOAEHUCTBHSA
Mosekya. OgHaKko MeXAy STMMM B3aMMOAEHCTBHSIMHM HMMEIOTCS M Cymie-
CTBEHHBIE Pa3/JIUUMS.

IMpexnae Bcero, CymecTBEHHO pas3/JMYaIOTCS PABHOBECHBIE PAaccTOs-
HUS MEXAy aTOMaMH OXHOI MOJIEKYJIBl M aTOMAMH ABYX COCENHHX B3a-
HMOAENCTBYIOINX MoJeKys. Hanpumep, aTtoMbl KHCIOpOaa B MOJIEKYJIE
O, maxonarcs Ha pacctosHuy 0,12 EM. ATOMHE KHCIOPOZa PasHHIX MO-
JIeKyJ1 B 3aTBEPAEBIIEM KHCJIOpOAE HAXOAATCS APYr OT APyra Ha pac-
crogaun 0,29 HM.

Bonpmioe pasnvure ecTh HE TOABKO B PAaBHOBECHBIX DAacCTOSHMSX,
HO M B ryOMHE MOTEHUMAMBHON SMBL A8 «uyXXAX» ATOMOB ITa IMa
cymecTseHHO Menbue. [1oaToMy MOMEKY/IH JIErue OTOpPBATH OXHY OT
ApYro#, 4YeM pasfenuMTh MOJEKyJay Ha artomnl. Eciam sseprus, Heol-
XOA¥Mas /IS paspHBa CBf3ed MeXAy AaToMaMH  KHCJIOpOAa,
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ofpasyomumMn MoJIeKyay, coctasiasger okomo 4,3 3B, To ang ymaneHus
Ha 60JbIIOE PACCTOSHHE ABYX MOJEKYJ KHCJIOpoAa HeoOxoaumas sHep-
g B 50 pa3 meHbme.

OnHaKo pa3nuuusd MEXATOMHBEIX CWI B MOJIEKYJIE M MOJIEKYJISPHBIX
CHJI MPOSBJIAIOTCS HE TOMBKO B KOJIMUESCTBEHHHIX XaPAaKTEPUCTUKAX MMO-
TEHHUaJIbHOM KpHBoit, Kak yxe oTMeuanoce BHIOIE, ATOMBI COETMHSIOT-
CS B MOJIEKYJly C BIOJIHE ONpENc/IEHHEM UHCJIOM ApYyrux atomos, Ecim
ABa aTOMa BOOOPOAA OOpa30BaJM MOJEKYNy, TO TPETHH yXe He MOXET
MPUCOENUHATHCA K HAM 1 3tod uemd. Hudero momo6Horo mui He Ha-
XOAMM B MEXMOJIEKY/ISIPHOM B3aMMOJEHCTBMM. 3[ech OTCYTCTByeT Ha-
CHIIAEMOCTh CHN B3amMopelcTsmsa. [lpuranys x cebe oasoro cocena,
MOJIEKyJla HH B XKOE# Mepe He yTPauMBaeT CHOCOOHOCTH MPHTATHBATD
ApYrEX.

MoneabHble nOTeHIHadbl. KBaHTOBAaS MEXaHuUKa HA OCHOBE M3BECTHOTO
CTPOEHHMS ATOMOB ITO3BOASET NPUOJIMXEHHO PACCUMTHIBATH MOTEHIIUANB-
HbIe KPHBHIE X B3aMMOAEACTBHSA B MosieKynax. OaHako CaenaTh 3To aas
MEXMOJIEKYISIPHOTO B3aMMOAEHCTBUS 3HAYMTEIBHO cjoxHee. IToaTomy
IJIS ero TEOPETHYECKOTO OMMCAHMA ODBIYHO HCXOAST HE M3 MEPBHIX
INPHMHLANOB, @ MCIONB3YIOT HEKOTOPHIE MOE/IbHBIE MOTEHIMAN LI, 100H-
pas BXOASIIME B BeipakeHue mig U(r) mapamerpsl TakuM o6pasoM, YTo-
6nl pacyeThl Ha OCHOBE ITHX MOTEHIHUANOB XOPONIO COMIACOBBIBAJIACH C
SKCNEPUMEHTaAbHEIME JaHHbIMu. [IpMm TakoM (HEHOMEHOJIOrHYECKOM
MOAXOAE Yalle BCero moan3ynTcs noreHuunanoM Jlennapaa-Ixonca:

U(,)=_ra_6+_r% (a, b>0). (6)

Tlepsoe craraeMoe ONHMCHIBAET MPHTSKEHHE MEXAY MOJEKYIAMH,
npeobnanaomee Ha GOJBIUMX PACCTOSHUSX r. 3aBHCHMOCTH CHJI MPHUTS-
JKEHUS OT pACCTOSHMA TAaKad K€, KaK y ABYX JJIEKTPUUYECKUX ).‘(HI'IOJICX'/'I,
XOTS 3Ta MOJE/]b MOXET MPAMEHSAThCA M A/ MOJEKYJ, He obaanarommx
COBCTBEHHBIM MOCTOSHHBIM JUMOJBHBIM MOMEHTOM. BTopoe ciaraemoe B
npasoit yacty (6), umermee 6oee CHIbHYIO 3aBUCHMOCTD OT 7, OMHCHI~
Baer npeobnagamomee Ha MaJBX PACCTOSHUAX OTTAIKHBAHHME MOJEKYIL.
K xopomemy cornacuio ¢ JaHHEIMH IKCIIEPHMEHTOB MPHBOLUT ROMyINe-
HHE, YTO MOTEHUMAJbHAS SHEPris CMJ OTTAJKMBAHMS BO3PACTAET C
YMeHbIIEHNCEM DAacCTOSHHMS MMEHHO 1o 3akoHy r~'2, uto cooTBeTcTByeT
CHJIe OTTaJIKMBAH¥MY, IpornopuroHansHoit r~ 13, CHasl OTTaNKNBaHUS CBS-
3aHbl ¢ npuHOKOoM [layam u He MMEIOT HArISAHOTO KJIACCHUYECKOro o0b-
acaerns. KauecTsBeHHBIH B NOTEHUHAJBHOM KPWBOIl, ONMHCHIBAEMOHX
dopmynoit (6), copnagaeT ¢ nokasaHHnM Ha puc, 36. [Tapamerpw a u
b B (6) cBA3aHBI NPOCTHIMH COOTHOIIEHHSMH C YOJIOXKEHAEM M TNIyOMHOM
HOTEHIHANBHON aMbl. OHH ONpEAEnAITCS U3 PA3NTUYHBIX JKCIEPUMEH-
TAJMBHBIX AAHHHIX, MMOJY4YEeHHBIX npy u3MmepeHun auddysuun, Temnonpo-
BOAHOCTH, BSI3KOCTH H T. A.

IposeneHHble B MOC/AEAHHE TOAK KBAHTOBOMEXAHMYECKHE DACYETHI
NO3BOJIAIH OBOCHOBATH HCIIO/Ib3YEMBIE MOJEIbHEIE TOTEHIMANH M B 3Ha~
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YHTEJBHON CTENeHH pa3obpaThes B PM3MUEcKod MPHPOAE CHJI MEXMoJe-~
KYJISPHOIO B3aMMOACHCTBHA.

Monexyna B xuMuu 4 B m3uxe. [Ipeacrasnenus o TOM, 4TO TaKoe
MoJieKysna, B (PM3MKe M B XMMHHM HECKOJBKO Pas3JHuanTcd. B Xxumun
O MOJIEKYJaMH IIOHMMAT HANMEHBIIME OJMHAKOBHIE CTPYKTYDHBIE
3JEMEHTHl BEMECTBA, M3 KOTOPBIX OHO MoXeT OwTh mocTpoeno. Ha-
npuMep, € TOYKY 3PEHUS XMMMKA [MOBAPEHHAd COJMb COCTOMT M3 MO-
nekyn NaCl. OngHako B HEHCTBUTENBHOCTH OTHENBHO OT MaKpPOCKOITH-
yeckoro ofpasna BelecTsa TAaKasd MOJNEKYJNa CYIIECTBOBATH HE MOXET.
B kpucrasLie moBapeHHOM coMM y kaxporo moHa Na¥ umeercs 6 6au-
xaumux cocegeir — unoHos Cl™, HaxomamMxcsd OT HErO HA OOMHAKO-
BOM paccrosuud (puc. 37). Co Bcemu mecThio cocenssmu mor Nat cpa-
33H COBEPIIEHHO OAMHAKOBO. Tak Kax HY ORHOMY M3 COCENe#t Heb3d

Puc. 37. B xyGuueckoit pemetke xpucrasna NaCl xaxpiit MOH HaTPUS MM X10pa OKPYXEH
LECTBI0 MOHAMH TPOTUBONOJIONKHONO 3HAKA

OTAATb IIPEAIIOUYTEHUE, TO B ONPEACJICHHOM CMBICJIE BeChb KPHUCTALN
NaCl cneayer paccMaTpMBaTh Kak EOUHYK THFAHTCKYK) MOJIEKYJIY
(cBepxMonexyay).

B ¢usnke mox Momexyslamy MOHMMAIOT HAaHMEHBIUNE OJUHAKOBHIE
CTPYKTYpHBIE O0pa30BaHMS, COXPAHSIOIIME CBOK HHAMBHAYAIbHOCTD
[p¥ pPa3fejieHHN BElleCTBA HA Takue Mesabyaimme vactd. [Ipum takmx
NpPEeBPamEHUIX BENIECTBA, KaK pacTBOpPeHuE, IUIABJCHWE, HUCNAapeHue,
¢dhusnueckne Monekyasl He paspywarrcd. Hampumep, B crakane cian-
KOTO Yas «IUIaBaKOT» MOJIEKYJIBl caxapa. A BOT B COJICHOW BOXE HHMKa-
KHX MOJIEKYJT IOBAPEHHOH COJM HE CYILECTBYET: BCE CTPYKTYPHHIE CBS-
3n NaCl B pacTsope paspymarTCs M MOBapEHHAs COJIb B PAcTBOPE Cy-
HIECTBYET B BHAE OTAENbHBIX T[OJIOKHUTEAbHRX HOHOB Nat m
oTpuuarensHnx uoHos Cl~.

e CyluecTsyer M KaKOi-TO 0COGbINM BHUIL XUMHYECKHX CHJ, YAEPXHUBaIOMIHUX
aToMpl B MOJIEKYJaX, WAM W 30€ch BCE CBOOMTCA K M3BECTHHIM B (u3lMKe
dyHnaMeHTanbHBIM B3auMoneicTeusM? Eciu ga, To K KakuM UMeHHOo?
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e [Ilokaxure, 4TO 3HEPrHs, KOTOPYIO HYXHO 3aTPaTHTb AN TONO, UTOOLI pa3BecTH
Ha GeckoHeunocts HoHbl Nat 1 CI™ ¢ paccrostus 1,1 um, cocrasnser 1,4 3B?

o TlosicHUTE aHaNOrHI0 CHN MPUTKKEHUS M OTTaJKMUBAHHUA MEXAY HOHAMM B
MOJIEKYJIE C CHJIaMH YNpPYIroCTH TOC/ENOBATENbHO COEOMHEHHBIX MPYXHH
pastofi xectkoetd. TlokaxuTe, uTo 3amacaeMast B HUX MOTEHLMaNbHA] IHep-
rig obpaTHO MPOMOPUHOHANbHE XECTKOCTH.

e Yem obbacHseTCH MpocTpaHCTBEHHAS HANMpPasIeHHOCTh U HACBILIAEMOCTb KO-
BafeHTHbIX CBA3eMH?

e Ilo rpaduKy 3aBUCMMOCTH MOTEHLIHANbHOM 3HEPrUH ABYXaTOMHOM MOJIEKYJIbf
ot paccrogius (puc. 36) nocTpoiite KauecTBEeHHBI rpad MK 3aBUCHMOCTH OT
pPacCTOSHUSR ACHCTBYIOMIEH MEXAY aTOMaMH CHIIbI.

e Kak BbibpaHo Hauaso oTcyeTa noTeHuUanbHOM 3Hepruy Ha rpaduke U (r),
roKasaHHoM Ha puc. 367

o [IlosicHUTe, moueMy ABMXKEHWE aTOMOB B MOJEKYNE fIpY MajblX CMEIEHHAX
npeacTaBaseT cobod rapMoHuueckoe Konebanue. YeM onpenmensercs uacrora
aToro Kosnebanua? Kak ona cBasaHa ¢ KpyTHsHo# Kpusoit U(r) s6nu3u aHa
NOTeHLHaNbHON SIMbI?

e TloueMy mpH yueTe aHrapMoHusMa KoneGaHW aToMOB cpelHMit pasMep Mo-
JIEKY bl YBEJMUMBAETCH ¢ POCcTOM 3Hepruu Konebauuit? I'me npu Kosnebanusx
B aCHMMMETPHUYHON NOTEHUKANbHOM AMe aTOMbl NPoBoAsT Oonblie BpeMEHHU:
Ha PacCTOAHMAX — MEHBIUWX MM GOJBIIMX paBHOBECHOro 3HaueHus r,?

e TIloscHuTe, roe HMCMONb30BAJICA 3aKOH cOXpaHeHHs 3HEPrud B MpUBeOcH-
HOM B TEKCTE€ MpHUMeEpe KOCBEHHOINO pacuera Teluiosoro 3ddekra XuMHue-
CKOHM peakiliH.

e OnuuixTte pa3nHuie MOTEHIWANBHBIX KPUBbIX /151 B3aWMOAEHCTBHSA aTOMOB B
MOJIEKYJIE M1 aTOMOB pa3jM4HbIX MOJEKYJI.

e Kak cBs3aTh ryOHHY M NOJOXEHHE MOTEHUWANBHON SMbI A1 KpuBolt U (r),
onuchiBaeMoi noreHuuanoM (6), co 3HaueHUAMH HEHOMEHONOrHYeCKHX na-
paMerpoB a U b?

e OnvuuTe pasnuude NPEOCTaBICHHUM o0 MoJieKyJaX B (U3UKE U B XHMUH.

§ 13. Kpucrannw

AToMnl GONBIIMHCTBA BEMIECTB, HAXONSIIMXCHS B TBEPAOM COCTOSHHH,
o0pasyioT peryisapHyl nepuoduueckyro pewemxy. MHorue M3 Taxmx
BENIECTB BHEMHE HE BLIMVIAAAT KaK KPHUCTA/UIbl, MO0 OHM MOCTPOEHHI
M3 MHOXECTBA XaOTHYECKH OPMEHTHPOBAHHEIX MEJIbYANIMIMX KPHUCTAJ-
JUKOB, T.E€. MMEIOT noaukpucmanauueckyro cmpycmypy. K HEUM OT-
HOCSITCS. MHOTME IOpHBIE NOPOAH, META/LIh M CHnasbl, KpynmHHle oxu-
HOYHBIE KDHUCTA/UTHI HA3BIBAIOTCH MOHOKpucmaiiamu. B rnpupone
BCTPEYAIOTCS MOHOKPHCTA/UTHL PAa3JMYHEIX pasMepoB: OT TPOMANHBIX
(R0 cOoTeH KWIOrpaMMOB) KpPHCTA/UIOB TOPHOrO Xxpycrans (KBapna,
puc. 38), daoopura (puc. 39), moseBoro mwnara A0 MEIKHX KPHCTAI-
JIOB aiMasa ¥ [p.
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MOHOKPHCTAJIALI ¥ MOJUKPUCTANAbL [I/isi MHOrMX NMpPaKTHYECKHX Ie-
Jleil KPUCTa/UTHl BRIDAHIMBAIOT B JabopaTopuaX. 31O TaK HasbiBaemhle
CHHTeTHYEeCKHe Kpucra/utel. Haubosnbmee 3HaueHne UMEOT NMOTYIPOBOA-
HUKOBBIE, TLE303JICKTPHUECKME M CErHeTOIEKTPHUECKNE KPHCTAJUTHL

Puc. 38. JIpy3a KpuCTaLIOB NOPHOIO Xpy- Puc. :}9. Kpucramn dmooputa (CaF2), ume-
cranst omuit GopMy okraszpa

ITocneanne rognl Bee Conboiee MPAaKTHYECKOE NMPHUMEHEHHE IOMYYaroT
TaK Ha3HBaeMule Xudkue kpucmaibl — BENIECTBA, codeTaromue B cebe
HEXOTOpHIE CBOWCTBA XHUAKOCTEH (TEKydyecTh) C OmpedaeseHHOM mpo-
CTPAaHCTBEHHOH YTOPSANOUEHHOCTHIO B PACHOJIOKEHAH MOJEKYJ, NpPOSB-
NAI0WENcS B aHU30TPONMH Paia Puanyecknx CBOMCTB, XapaKTEPHOU mig
TBEPABIX KPHCTAJLIOB.

ITo xapakrepy CWI CBS3M MeXJy aTOMaMH MM MOJICKYJAMH KpH-
CTasisl AEMAT HA YEThIPE OCHOBHEIE TPYIB: HOHHEIE, KOBaJICHTHHIE,
META/LTNYECKHE W MOJIEKYJISPHBEIE KPHCTAJUIBL.

T'eoMeTPHS KPHCTAJJIOB. BeIpocline B DaBHOBECHHIX YCJIOBHSX MOHO-
KPHUCTAJIJIB MMEIOT (OPMY MHOTOTPAHHMKOB TOH WM HHOM CHMMETDHHU.
T'paHN TaKMX KPUCTA/UIOB IVIOCKMe, pefpa MeXay rpaHsIMH IPAMOJIH-
HelHbIE, YIVIBE MEXIY COOTBETCTBYIOIMMHM IPAHSIMH KPHCTAJUIOB OZHOIO
M TOTO X€ BEHm[ECTBA IOCTOSHHBIE. B 3THX MaKPOCKOMMYECKUX CBOMCTBAX
KPHCTAJ/UIOB HAXOQMT CBOE OTpaXeHHE HX peryJspHoe BHYTPEHHee
CTpOCHHE.

ITpocTpaHCTBEHHYO CTPYKTYPY KpHCTA/UIOB MOXHO HNPENCTAB/IATH
cefe KaKk COBOKYIHOCTb MOBTOPSIOWMNXCH B MPOCTPAHCTBE OXHHAKOBEIX
anemenmapHbix aueek. Bech Makpockonnueckuit ofpasen KpUcTawia no-
CTPOEH M3 TAKMX JJEMEHTapHHX sfyeek Mogo0HO TOMY, KaK CTEHa Io-
CTPOEHA W3 OQMHAKOBEIX KHpnuuell. Braromaps takoMy crpoenuio pis
KPUCTA/LIOB XapaKTepPEH OanbHull nopsdox B PacIoNIOXEHHH aTOMOB,
MPOCTUPAIOIHUIACT HA MaKPOCKOMMYECKHE PACCTOSHUA. DTHM CTPYKTYpa
KpHCTA/UIOB OTJIHYAETCs OT amopdHeXx Te1 (TakMX, Kak CMoJa,
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[TACTMACCH M T. A.) ¥ XHAKOCTElH, TAe ONpeAe/]eHHBIA MOpIRoX B pac-
TIOJIOXKEHMN MOJIEKYJI PAcIpOCTPAaHSAETCS TO/AbKO HA OnmxaHmee OKpy-~
XeHNe KaxAo# MOJEKYJHl.

CuMMeTpud XpUCTaJIMYeCkon pemieTkd. Kpucraimueckaa pemerka,
XapakTepu3ylomas PaBHOBECHOE pacloJIOKEHHE ATOMOB B HAEATIBHOM
6eCKOHEYHO MPOTSKEHHOM KPHCTasLUie, ob1afaeT onpeseeHHON CHMMET-
pueit. [lpexpae BCErO 3TO MPAHCASLUUOHHASL cuMmempusi, T. €. CHMMET-
pHs IO OTHOMIEHHIO K MApa/UIe/IbHLIM NEePeHocaM, MpH KoTopuix 6ecko-
HeuyHas KPHUCTAJUIMYECKas pemieTka COBMELAeTCs cama ¢ coboit,

Hanmensmiee paccrognue, rnpH TPAHCASIMH Ha KOTOpOE pemieTxa co-
BMEIIAeTcs cama ¢ cofoif, HaseBaeTCs MPOCTPAHCTBEHHEIM nepuodoM.
TpexMepHad NMpPOCTPAHCTBEHHAS pEIIETKA XaPaKTePHU3YETCS TpeMsa oOc-
HOBHBIMM TIEPHUOAAMHM, KOTOPHIE, OUEBHAHO, COBNAaoT ¢ pebpamu ane-
MEHTApHON SYCHKH.

KpoMe TpaHCASuMOHHON CHMMETPHM KPHCTa/UIMyecKas pemerkKa Xa-
paKTepHU3yeTcs HEXOTOpOW moueunol cummempuei, T.e. npeobpasosa-
HHSMH CHMMETPUH, OCTABJISIOIYMH HENMOABHMXHOM KaKyw-1ubo TOUKYy.
Tonsxo Takyl CHMMETPHIO Y MOTYT MMETh TEJa KOHeyHHIX pasmepos. K
3/IEMEHTaM TOUYEYHON CHMMETPUM OTHOCATCH LEHTP CHMMETDHH, npo-
CTHE OCH CHMMETPHH M IUIocKocTH cuMmeTpud. Hanmpmmep, Hammume y
KPHUCTAJUTMYECKOH PEmIeTKH OCH CMMMETPHH TPEThEro nopsjaka O03Haua-
eT, uTo IpH NOBOPOTE BOKPYr Hee Ha TpeTs obopora (120°) pemerka co-
BMemaeTca caMa ¢ coboi. )

Tena XOHEUHHIX pPa3sMEpPOB MOryT MMETh OCH CHMMETpHH J106oro
nopsinka. Hanmpumep, B OCHOBAaHMH NpPaBUIBHOM IUPAaMHABI MOXET Je-
XaTh TPABHJIbHHLIA MHOTOYIOJBHHK C JKO6BIM YHCJIOM CTOpoH. Ho y
6eCKOHEUHOH KPHUCTA/IMYECKON DEMIETKM MOTYT OBITB OCH CHMMETDHH
TOJBKO BTOPOrO, TPETHEro, YETBEPTOrO M MECTOro mopsakos. CBg3aHo
3TO ¢ TeM, YTO TOYEYHAS CHUMMETDHS 3XECh NOJLKHA COYETATHCH C
TPaHCIALUOHHOMN.

ITonsaTh, YTO OCeHl APYTHX MOPAOKOB, KPOME MEPEeUYHCIEHHHX, ObITh
He MOXET, IPOILE BCEr0 Ha MPMMepe MOKPHITHS IUIOCKOCTH MpaBHJIBHEI-
MM MHOTOYronbHuUKamu. [leficTBuTeNIBHO, MAPKET H3 OXHHAKOBHIX ILTH-
TOK B BUAE MPaBIIBHBIX MHOTOYTOJBHHKOB, KOTOPEIMM MOXHO BBICT/IATH
[I0JI, MOXET COCTOSTHb TOJIBKO M3 TPEYIOJbHHUKOB, KBAXpParoB M LIECTH-
yroasHAkoB. KOHEYHO, IUTMTKA MOryT OBITh M BBITSHYTHIMH [PSMO-
YIOJBbHUKAMH, HO 5TO AACT OCb CHMMETPHH TOJIBKO BTOPOIO MOpPSIKa.

Kpucraaiuyeckde CHCTEMbl B KJACChl. Y PasHnX KPUCTA/UTHYECKHX
peIeTOK IO-pa3HOMY COYETAIOTCS YIOMUHABINHMECS BHIIIE 3JEMEHTH
cumMerpan. OkasniBaeTcs, uto cymectsyer 230 pasIHuHBIX coyeTaHuit
OTHX 5/JeMEeHTOB, Ha3hBAEMBIX [IPOCTPAHCTBEHHHIMH rpynnamu. Bee oHu
ObLIM TEOpETMUECKH MPEacKasaHu pycckuM kpuctamtorpadom E, C. Pe-
JOPOBEIM M HE3aBHUCHUMO OT Hero Hemeukum yueHhM A. [llenduiuncom.
230 mpocTpaHCTBEHHEIX DY M0 XapPakTepy CHMMETPHH MOTYT ObiTh
OTHECEHH K ONHOMY M3 32 KJIACCOB, KOTOpble rpynnmupylorcs B 7

i
pe



108 III. ATOMBI, MOJEKYJIbl, KPUCTAJLIBI

KpHUCTa/UTNYecKuX cucTeM (win cuHronmit). K ogHomMy xpucramtmyecko-
MY KJAcCy OTHOCATCA DEIIETKH ¢ OAMHAKOBEIMHM HalopamH 3JEMEHTOB
TOYEYHOU CHMMETPUH, IIPUBOALNIMX K COBMENMIEHNIO IKBUBAJIEHTHRIX HA-
npaBJaeHui B xpucrauie. K ogHON KpHCTa/LTHYECKO#M CHCTEME OTHOCATCS
PElETKN C OAMHAKOBEIMY HAG0paMM 3JIEMEHTOB CHMMETDPHH JJIEMEHTAD-
HoM syeiikn. B yactHocTH, xpucrasn NaCl (cm. puc. 37) oTHOCHTCS XK
KyOHUecKoM CHHIOHMA U MMEET rPaHEeLEHTPUPOBAHHYIO KYOHUECKYIO pe-
meTKy. B Tako# pemieTke onvHAKOBHE MOHH (Hanpumep, MoHn Nat)
HaXOAATCA B BepIUMHAX ¥ B LEHTPax rpaHeil anemenTtapHoro xyba. Ecian
’Ke OOQWHAKOBHIC MOHHI PACMOJNIOXEHH B BEPHIMHAX Ky0a ¥ B €ro LEHTpE,
TO PENIeTKA HA3BIBAETCS OObEMHOLIEHTPHPOBAHHON KyOnueckoit. Mmen-
Ho Tax xpucraumayercs CsClL

CumMeTpus K ¢du3uMeckHe CBONHCTBA. Bce KpHucra/im ogHOro knacca
MMEIOT OAMHAKOBYI0 CHMMETDMIO MAaKPOCKOIMHMYECKMX (u3uduecKnx
coitcts. Hampumep, kybnuueckue KpucTawinl BexyT cebs Kax M30TpoOmn-
Hbl€ TeJia B OTHOHICHUH MPOXOXKIAEHHS CBETa, 3JIEKTPO- M TEIUIOIPOBOL-
HOCTH, TEIUIOBOrO pacimpesusa. Ho oHy aHM30TPONMHE B OTHOHICHHM YII-
PYrHX H Mbe303JIEKTPHYECKHUX CBOMUCTE.

CHMMETPHIO KPHUCTATMYECKONM PEMETKN W PacloNIOKeHNe ATOMOB
B DJJICMEHTapHOW SYEeWKe MOXHO OupedeSuTh C INMOMOIILI0 PEHTrEHO-
BCKOTO CTPYKTYDHOIO aHaju3a, 3JieKTpoHorpadum u HeiflTpoHOrpa-
¢dun. Bo Bcex 3THX MeTORAX MCHONL3YETCS SBJAeHMe aundpaknuu
BOJIH Ha TPEXMEPHO! IMEepHOAMYEcKOil CTPYKType, KOTOpad Io Cyiue-
cTBy mnpenacrasnser cofoit nudpakumoHHyKO pemerky. HecMmorps Ha
pasaMuHyl0 (U3UYECKYI0 NPUPOAY pPeHTreHOBCKMX (T. €. JJIEeKTpo-
MATHUTHBIX) BOJH ¥ BOJH MAaTepuu (OJEKTPOHHbIX HAM HEWTpPOH-
HBIX), co3maBaeMad uMyu audpakuMoOHHAS XapTHHA NO3BOJSET Orpe-
OeJUTh PACHOJIOKEHHE ATOMOB B KDUCTALTUYECKOW pemeTke M pac-
CTOSHAS MEXAY HUMHM, T.e. mnepuoabl pewetkyn. JudpakuuonHas
KapTvHA BO3HMKAET, KOTAA AJIMHA BOJHBEI MEHbBOIE NEPUOAA peweT-
KH. B mpOTMBHOM CJayyae KpuCTa/ur BegeT cebs kak CIjomHas cpe-
A4, JMImEeHHas BHYTPEHHEH CTPyKTyphl.

Monexkynapusie kpuctaaast. OcraHoBuMmca noapobHee HA xapakTepe
CH/I CBSI3M MEXIY aTOMaMy MM MOJIeKyJaMH B Kpucrasnax., OnucaHsas
BBIOIE KJACCH(PUKAUUS KPHUCTAAIOB MO CAMMETPYM HE 33BUCHUT OT THMA
3THX CHJ, HO AJS KaxXJOr0 THMa CHJ XapaKTepPHbl OIpefeIeHHEIE
CTPYKTYPHI.

Hau6osiee npocTeie NMPeACTABUTENN MOJEKYIAPHBIX KPHUCTAJLUIOB 3TO
KPHCTa/LJibl MHEPTHLIX ra3os (aproH, KPUITOH, KCEHOH ), XOTS MOCTPOEHK!
OHH HE M3 MOJIEKYJI, & U3 OTAEJbHHIX aToMOB. TaKkue KpHCTAJLTHl CYIIeCT-
BYIOT JIMOIb NPH HU3KUX TEMIEPATypax. ATOME HHEPTHHIX Fa30B MMEKOT
LEJMKOM 3a0/IHEHHBIC BHEMIHNE 37IeKTPOHHBIE 000JIOUKH, IOITOMY Npo-
CTPAHCTBEHHOE pachpenesieHne NEeKTPOHHOrO 3apsaaa B HUX chepruyeckn-
CHMMETPHYHO, 3 3HAYEHHUs IHEPrHH HOHU3AUUH OUEHb BHICOKH.
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JHeprusa CBS3M ATOMOB B MOJIEKYJIIPHOM KDHCTa/UIE MaIa MO CpaB-
HEHHIKO C JHEPrueil MOHM3auuM (IOpSIfKa OXHOTO TPOLEHTA M MEHEE).
ITosTomy pacnpene/ieHHE 3JEKTPOHOB B aTOMAaxX KPHCTA/UIa HE3HAUM-
TEABHO OT/IMYAETCH OT PACHpPENCNEHUsS B CBOOOMHBIX aTOMax, OCTABASICh
Io4YTH CHEPUUECKU-CUMMETPUYHBIM. TaKME aTOMBI MOXHO PacCMaTpH-
BaTh KaK INaphl OXMHAKOBOIO pPagMyca, o0pasyiomue CTPYKTYpPY C ILIOT-
HOW YMAaKOBKOM, IIPH KOTOPO# 00beM CBOGORHOIO MPOCTPAHCTBA MEXIY
CONPHKACAIOIIMMAC UaPaMH MMHHMAJIEH.

PacnonoxuTh OXMHAKOBHE TBEPAHE NIADHl B IIPOCTPAHCTRE TAK, UTO-
Obl OCTAIOMMNCHE MEXAY HUMH Oo0beM OBLT MHHUMAJEH, MOXHO ABYMSH
cniocoBamu. OnuH criocod NPUBORMT K CTPYKTYpe, obnamatomei rekcaro-
HanbHOM cuMMerpued. Jpyroil crocod zaeT CTPYKTYpY € KyGHueckoi
CHMMETPHEH, @ HMEHHO Ipa-
HEIeHTPHPOBAHHYIO KyOuue-
ckyw pewmerky (puc. 40).
Takyo CTpyKTypy HMET
KPHMCTAJJIBl MHEPTHHIX Ta3oB.
Yacte obmero ofbema, 3aHu-
maemoro mapamu (ko3ddu-
LUEHT 3aMO0THERNS), COCTaB-
ager 0,74 xak ans xyOuue-
CKOH, TaK " ans
reKCarOHaJILHOM CTPYKTYp C
IUIOTHOM YIIAKOBKOM.

AHAMOTNYHYIO CTPYKTYPY
AMEIOT MOJIEKYJISIDHBIE KDH-
craansl, o0pa3oBaHHHE He
OTACABHRIMM  ATOMAamH, a
OXMHAKOBBIMH HEIOMAPDHBIMM  Puc. 40. I'paveuenTpupoBanHas  kKyOuueckas

MOJIEKY/IAMH, TAKHMH, Kak CTPyxrypa ¢ MI0THOM ynaxkoekoi. IlnorHoymnako-

BaHHBbIE C/MIOM TBEPAbIX IIAPOB JEXKAT B ILIOCKO-
MOJIEKyJld METaHa CH4' B CTSX, NEPNEHAMKYNSIPHBIX auaronanu kyba. Onma
MOJIEKYJISPHBIX KPHCTA/UIAX  Takad naoCKOCTh BUAHA Ha MECTE CPE3aHHOM BEp-

ATOMBI CBS3aHBl B MOJIEKYJH  kHb kyba

3HAUHTENbHO CHJIbHEE, YEM

CBA3aHW MexXay cofoil Monekynnl, ofpasyromme kpucrann. [losromy
MOJIEKYJIE 3AeCh B 3HAUATENLHOM CTENEHH COXPAHSIOT CBOX WHAMBHAY-
aJbHOCTh, B3AMMOAEHCTBYIOT MeXxay coboit Tak Xe, KakK W B raszoofpas-
HOU base, ¥ NId ONMCAHMS WX B3aMMONENCTBHS MOXHO HCIOJb30BATH
PacCMOTPEHHHIE B TPEABAYINEM Haparpade MoAEabHHE MOTEHIMUAIEL,
Hanpumep noTerunan Jlennapna-Ixonca. Camulii OOIMPHBIN KJIaCC MO-
JIEKYASPHBIX KPUCTAUIOB COCTABISIOT Pa3Hoo0pasHue OPraHHuUecKUe co-
equaeHns. OHM MoryT OnTh 00pa3oBaHK KakK HeCOMbIIMMM MOMEKYJIa-
MH, TaK H ruraHTckumu (Gesku ¥ BHPYCH ).

HloHubie xpucrannbl. MIOHHBE KPHCTANIB OCTPOSHH M3 ITOJTOXHTE b~
HEIX M OTPHIATEIBHBIX HOHOB., Tak Kak B CpPeXHEM HMOHB HPOTHBOIO-~
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JIOXHONO 3HAKa DACIOI0XeHH OavXe ApYr K APYrY, UEM HOHHW OZHOIO
3HaKa, TO KYJIOHOBCKOE MPUTAXEHHE NpeobranacT Hax OTTAIKMBAHMEM,
U 00pa3oBaHME KPHCTA/UIA OKA3BIBAETCH DHEPreTHUECKH BHITOTHEIM.
DNIEeKTpoCTaTHUECKOE B3aNMOAEHCTBHE HMOHOB RAET IPABHJIBHOE, COrna-
CYIOUmIEECS C ONBITOM 3HAYEHHE JHEPIMH CBS3M KDPHUCTamia, HO OXHO
JUMIIb 3TO B3aUMOJEHCTBHE HE MOXET OOBACHHTL YCTOMUMBOCTH KpH-
CTa/UIa: ONs CYIECTBOBAHMS DABHOBECHHIX PACCTOSHHMI MEXAY MOHAMH
0043aTeNbHO OOMKHE NeHCTBOBATH CHMJIR OTTANKMBAHMS, KOTODHE HE
CBOASTCS K KYJIOHOBCKOMY B3aMMONEHCTBHMIO MOHOB. IIpmpona 5THX cun
BCKPBIBAETCA TOMLKO B KBAHTOBOM MexaHuke., OHH 0OYCIOBNEHE TeM,
YTO 3JeKTPOHB NOAYNHA0TCH npuHuuny Ilaymu. C Takumu criaMu Mul

yX€ CTaJKHBAMHCh NpH oOCYXIAEHHH PABHOBECHS ATOMOB B MOJEKYJeE.
ek TpoHHEIE 00OMOUKH BCEX WOHOB MPOCTONO, T. €. COCTOAMENO M3
ABYX COPTOB MOHOB, KPHCTQ/Ia A0 KOHLA 33IIOJHEHH VIEKTPOHAMH TaK
Xe, KaK Y aTOMOB HHEPTHHIX Ta30B. DTO 3HAUUT, YTO pacCIpenencHue 3a-
psama B HUX CHepHUECKH-CHMMETPHYHOE M MOXHO OXWAATb, YTO B HOH-
HOM KpHUCTaJule 3ta ChepHuecKass CHMMETPHS COXPAHAETCS, HECKOJIbKO
HAPYHIASCh TOMBKO B 00JaCTH CONPHKOCHOBEHHSA IMEKTPOHHAIX 06010ueK
COCEHMX HMOHOB. [[pyrMMH ClOBaMH, B MOAENAX CTPYKTYPHI HOHHBIX
KPMCTA/LIOB, KaK M B C/Iyyae KpHUCTaJ/UIOB MHEPTHHIX ra30B, MOXHO
UCIIONB30BATh MPEACTABIEHHE O TBEPABIX HENPOHHLAEMBIX INApax, CO-
[IPHKACAIOIUXCA APYr C APYIOM.

_ ) OnHako 370ech B 0OmEM Cayuae

?‘- MOHAM [pPOTHBOIOJIOXHEIX 3HA-

KOB COOTBETCTBYIOT WIADH pa3-

’?: JUYHBIX Pa3MepoB, M OT TOroO,
@:/ ~—

' -L | HACKOJILKO CHJIbHO DA3JIMYAIOTCH
— =
N 5 ~

3TH pasMEPH, KPHCTawr obpasy-
| t €T PEImETKY TOI0 WIM HMHOIO TH-
nma. Tak, HanpuMmep, B yXe yro-

-
0:\\ - \\,Cl)/ MHHABIIEMCS HOHHOM KpPHCTasLIe
@ i NaCl, cxeMaTHueckoe B3aUMHOE
\\é/’ PACIIONIOKEHHE HOHOB KOTOPOIO
ObUIO0 TOKa3aHO Ha pwuc. 37, B

Puc. 41. Monens kpucrania NaCl ua conpu-  REHMCTBHTEILHOCTH Gosree Menkue
KacaluMXCcs TBEPAbIX IHAPOB ABYX paiMepos, HWOHBI Na+ pacnonaramTca MeXx-
KOTOPBIE COOTBETCTBYIOT MOHAM Nat u Ci,u Ay KPYMHBIMH HOHaMH CI-, rak
CXeMa MX PacIOoNOXKEHMS B NPOCTPAHCTBE YTO TOYTH HE OCTAETCH MYCTHIX

npomMexyTkos (puc. 41). Tlpu
3TOM KaK Te€, TaK W JPYTME MOHH 00pa3yioT OOMHAKOBHIE IPaHEIEHTDH-
poBaHHHIE KyOMUeCKHe penleTKH, BJIOXEHHBIE APYr B ApYyra.

KoBaneHTHbe XpUCTANAbl. B KOBaJEHTHBIX KPUCTA/LIAX, TAKHMX, KakK
yonepon (anmas), repMaHMii ¥ KDPEMHHIA, CBS3b MEXAY OXWHAKOBHIMH
aTOMaMM HMMEET TY X€ NPHPORY, YTO U CBSA3b ATOMOB B MOJIEKYJIE
BONOPORA, IAE KOBAJEHTHAS CBA3b PEAJU3YETCH B CBOEM MpoCTeiimem
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pune. KosanenTHas cBS3b BecbMa IIPOUHO CKpPEIUISET aTOMbl B KpH-
cramne. Ilo cBoeil cuse OHA CpaBHMMA CO CBSI3bI0 B MOHHHX KPHCTaJI-
JIaX, HECMOTPS HA TO, YTO OCYHIECTBJISIETCSA OHA MEXAY HEHTPANbHHMM
aToMaMM, a HE MEXAY HMOHAMM.

KoBajseHTHas CBS3b XapaKTEPHM3YETCS SBHO BBIPAXEHHBIMH CBOMCT-
BAMHU HACHIOEHHOCTH M HANpaBJEHHOCTH. TaK, B KPHMCTA/LIax yriepoxaa,
repMaHug ¥ KPEMHHS, MMEIOIIKAX CTPYKTYPY ajMa3a, KaXablit aTOM 110-
MeIaeTcs B UEHTPE TeTpasapa, oOPa30BAHHOIO UYETHIPbMS TAKMMHM XE
aTOMaMH, SBJISIOIMMHUCH ero Oauxaimu-
mu cocenamu (puc. 42). Takoe pacmono-
XEHHE IPHBOAHNT K «IIPOCTOPHOW» B reo-
METPHUYECKOM CMBICIE YIIAKOBKE ATOMOB
kpucramwia. Koshpduumenr 3anoaneHuns
Ang CTPYKTYpel ajiMmasa paeen 0,34, uro
CYILIECTBEHHO Menbile ero 3Hauenus (0,74
AN CTPYKTYPHI IUIOTHOM ymakoBkd. B or-
JIMUNE OT TUIOTHOM YNAKOBKH, INE UHCIO
Oruxaimmux coceneir pasHo 12, B CTpyK-
TYpe THIIA anMa3a C TeTPasApHUUYECKHUMHU
CBA3SMH KaXIB aTOM MMEET TOJBKO Ye-
motpex mpxajininx coceseh. Eat 42 Tooctmscmenies s

Taxoi XapaKTep CTPYKTYPbl KOBAJIEHT-  yo griee, Syt o e res
HBIX KPHMCTAJIJIOB oSycnonnen TEM, UYTO KO- B LIEHTpE TeTpas3zpa, 06pa3oBaH-
BaJIEHTHAd CBA3b 00pasyercs OOBIYHO ABY- HOMO ero Gmwxastummi cocens-
MS 97EKTPOHAMH, 10 OAHOMY OT Kaxporo MW — atomamn A, B, Cu D
M3 COCOUHSAIONUXCS aTOMOB. ATOMY ymie-
poAa, KPEMHHS WJIH repMaHus HE XBATAET YETHIPEX IJIEKTPOHOB IS
o6pa3oBaHus LEJIAKOM 3anoJHEHHON BHemHel obonouku. [TosTomy onm
B COCTOSHHH 00pa3oBaTh HMEHHO YETHIpE HANPABJEHHHIE CBA3H C COCE-
OSMH B pelieTKe. JTUM o0bACHAETCS HANPaBJIECHHOCTh M HACHINAEMOCTH
CBR3el B KOBAJNECHTHLIX KPHCTA/LIaX. KpHCTa/thl ¢ KOBJICHTHHMH W
WOHHBIMH THMIAMH CBS3H MOXHO pacCMATpPMBATh KAK HEKOTOPHIE mpe-
JEJbHBIE CIYYAH, MEXAY KOTOPHIMM MMEETCS UENBH PSR KPHCTAJUIOB,
ofnagaromux MMPOMEXYTOUHBIMH THHaMu cBs3n. Crola OTHOCATCHS MHO-
rue nonynposogHukoseie marepuann (GaAs, InSb, ZnS).

MeTaannuecKre KpPUCTanibl. MeTannsl oOpasyioT eme ORMH THI Xa-
PAKTEPHBIX KPHCTA/IMUECKHX CTPYKTYp. OHHM OTIMYAIOTCH BHICOKOI
3JIEKTPOIIPOBOAHOCTHIO, H TTO3TOMY MOXHO AYMAaTh, UTO B 3HAUNTEJLHON
YAaCTH JEKTPOHHE B METAJIE XOAXHHE OBTh CBOOORHEIMM, HE CBS3AHHBI-
MH C ONpENENIEHHHMH aTOMaM#, uTOOM HMMETh BO3MOXHOCTb nepeme-
IMATBCH 10 KPHUCTAMLIY HAa MaKPOCKOMMUECKHE pacCcTosHus. Takue cro-
COOHBIE IPUHAMATD YUACTHE B 3/IEKTPONPOBOXHOCTH JJIEKTPOHB HA3HIBA-
IOTCS 31eKMPOHAMU npoBodumMocmu.

Merasnmueckast cBsi3b, KaK MPaBIJIO, BO3HMKAET MEXAY aTOMaMm#,
MMEIMUMH OTHH—ABA /MEKTPOHA HAa PHXJION BHEIIHEH 000J0UKE, KO-
TOpPBHIE CPABHHUTENBHO /1200 CBSI3aHH C KOMIAKTHRIM OCTOBOM aTOMa,
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COmEpXaluM 3anoJHEHHble 37MeKTpoHHble obosmouku. Cronma npexnae
BCETO OTHOCHTCA IEJOUHBIE M IICJOUHO3EMEJbHBIE MeTannu. Kpucran-
7B MENOYHEIX META/UIOB MOXHO NPEACTABIATH Ce0e B BUAE NPABHIBHO
PACIIONIOXKEHHBIX MOMOXHUTEILHBIX HMOHOB, MOrPYXEHHHX B 0Oojee wiu
MEHEee OXHODOAHYID OTPHUATENBHO 3apSDKEHHYI «KMAKOCTL» M3
SMIEXTPOHOBR.

B orinuMe 0T KOBaJEHTHHRIX KPHCTANIOB, CBA3H aTOMOB B METAJLIAX
He 00/1372a10T CBOMCTBAMM HANpaBIeHHOCTH M HachmaemocTd. [losTomy
METAJUIBl, KAK M MOJEKYJAPHBIE KPUCTAJIB MHEPTHHIX Ta30B, MMEIOT
TEHACHUMIO KPUCTA/UIM30BAThCA B IUIOTHOYIIAKOBAHHEIE K ONM3KHE K
HHM CTPYKTYpel. Hanpumep, reKCaroHaapHyIO INIOTHYI0 YIIAKOBKY 06pa-
3YKOT KPUCTA/UTHl Oepuinus, Kobaasra, uuHka. Ky6uueckyo rpaHenes-
TPUPOBAHHYIO PEHIETKY C TAKUM Xe K0d(pPUUUCHTOM 3an0oNHEHNA obpa-
3YIOT KPHUCTA/UTHl aJIOMHHHMS, MeaM, 30/0Ta ¥ kobansra (mapyroi xpu-
craannyeckoi momudukauun). KyGuueckyo o0beMHOUEHTPHPOBAHHYIO
peueTky 06pasyloT KpUCTaLIsl XpoMa, JUTas, MoaubaeHa u ¢geppomar-
HATHOIO XeJes3a.

BopoponHas css3b. PaccMOTpeHHas BhIlIEe KIACCH(DHUKAUMUA KPHUCTA-
JIOB IO YETHIPEM OCHOBHBIM THIIAM IO XapaKTepy CHJI CBA3HM HE OXBa-
THIBAET BCEX CJy4YaeB. B UaCTHOCTH, M3 He€ BHIAJAIOT KPHCTAJUIH C
TaK Ha3BIBAEMBIMH BOJOPOAHBIMHM CBA39MH. BogopoaHas cBa3b HMeeT
IMPeMMYLICCTBEHHO HOHHHN xapakTep. B 1mpenenbHOM cayuae Takou
CBI3M aTOM BOJAOPOAA TepsSeT CBOM CAWHCTBEHHHIM SJIEKTPOH, OTAABas
ero OJHOMY M3 ABYX aTOMOB MOJIEKYJB, M IPEBPAMIACTCH B «TOJIBIA»
MpPOTOH, MMEIOLMH HUUYTOXHO MaJkle
pasMepsl MO CPaBHEHHIO C HCXOTHBIM
atromoM BogopoAa. Ilporor wMoxer
YMECTUTBhCS B Y3KOH «IICTH» MEXRY
aTOMaMH, OCYWECTBJISS CBS3b MEXAY
Humu. MMeHHO Tak oOCTOMT aemo B
orpuuaresbsHoM Mone HF, (puc. 43).

Puc. 43. Cxema o0pa3oBaHust BOIO- BO}lOpOZ:(HaSX CBSI3bh OTBETCTBEHHA 33
ponmoit cBsian Mexay vonamu QTOpa  B3aMMOACUCTBHME MEXAY MOJEKYIaMHU
s HFZ soxs (H,0) u ofycioBnmBaer Bmecte

C SJEKTPOCTATHUECKHAM IMIPHUTIXKCHUEM
ICKTPUUYECKMX JAUIIONBHBIX MOMEHTOR STHX MOJICKYJ YAWBHTEILHBIE
¢u3nYECKNE CBOMCTBA BOAK M JIbAaA.

e YeMm oTiaMualoTcs MOMUKPUCTANIBI U MOHOKPHUCTA/UIBl € TOYKHU 3PEHUA MX
cTpoeHUd U ¢uU3MUecKUX CBOUCTB?

e Yro Takoe aneMeHTapHasa f4eika Kpucranana?
s B ueM3akmouaercs TpaHCASLMOHHAS CUMMETPUS KDUCTA/UIUYECKOH pelueTku?

e JloueMy B KpucCTallaX MOFYT CYLIECTBOBATh OCH CUMMETPUM TOMBKO BTOPOIO,
TPETHETO, YETBEPTOTO M IIECTOrO MOPSAAKOB?
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ITokaxure, YTO OAUHAKOBBIMU MJIUTKAMU B BUAE MpaBUNIbHBIX MATUYTOJIbHU~
KOB HEJb34 HACTaThk ﬂaPKCTHblﬂ moJI. HO‘{CM)’ 9TO HCBO3MOXHO B CJlyyae
MJIUTOK B BUAC CEMUYIOJIbLHUKOB, BOCbBMHUYIoJIbHUKOB, U T, A,

ITouemy ans BURKMMOTO CBETA, T. €. 3JCKTPOMATHUTHAIX BOJH ¢ AJIHHOMN BOJIHB
ot 400 go 700 HM, Henb3s Habmogath QMG PAKUMIO HA KPUCTAJUTUYECKOM pe-
weTke?

IMosicHuTe, KakUM 06pa3oM IUIOTHO YNAKOBaHHbIE LIApbl MOryT ofpasoBaThb
TEKCArOHaNbHYI CTPYKTYPY, YUUTBIBAS, YTO LEHTPBI TPEX COMNpPHUKACAIOLIHMX-
CH WAapoB JieXaT B BEPLIMHAX TPABUILHOIO TPEYrONBHMKa,

IMoyeMy ofHO /UlIL 3NEKTPOCTATHUUECKOE B3aUMOACICTBHE HE B COCTOSHHU
06BbACHUTL YCTOMYMBOCTE PELIETKM MOHHBIX KPUCTA/LTOB?

Kakue ocobeHHOCTH 3anmofHeHUs JJICKTPOHHBIX obosouex HoHoB HarwT BO3-
MOXHOCTb pacCcMaTpuBaTh MX B MOJE/IAX PECUIETOK MOHHBIX KPHUCTAJJIOB Kak
TBEPAbIE HCIMTpOHHLIAEMbBIC U.lapbl?

IToueMy QS KOBaJIEHTHBIX KPUCTA/UIOB XapaKTEPHbl CTPYKTYPhl C MaJibIM
yucaoM Gauxammuux cocenci?

Yem 00BbACHAETCH CYMIECTBOBAHUE 3JICKTPOHOB MPOBOAMMOCTH B METa/uldde-
CKUX Kpuctammax?
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§ 14. OcHoBHblE NOHATHA TEPMOAMHAMHKH

Okpyxaomnii Hac MAP, BOCOPHHAMAEMBI HAMHM UYepPe3 OIIyUIeHWs, CO-
CTOMT H3 MAKPOCKOMHUYECKHX OOBEKTOB, T. €. TEN, KOTODHE BEJHKH IIO
CPABHEHHMIO C ATOMHBIMH Pa3MEPAMHM M COAEPXAT OTPOMHOE YHMCJIO aTo-
MOB H MOJEKYJ. DTOT MHD HeoOWualHO pa3HOOOpa3eH M CIOXEH; OH
BKJIIOYAeT B ce0d rasnbl, 1J1asMy, XHAKOCTH, TBepine Tena, Guonoruue-
CKME OPraHM3Mbl PA3HbIX CTeneHel pa3putud. M3yueHumeMm stux ofbek-
TOB 3aHAMAIOTCA Pa3Hble CTECTBEHHHE HAYKH — XMMH#A, OHoorus, re-
0J0rMs H T. A. Posb (PM3MKHM 33K/IOYAETCH B YCTAHOBJEHMHM Haumbonee
obmmx, GyHIAMEHTANLHBIX 3aKOHOB, JIEXAMMX B OCHOBE BCETO CYIIETO
U XapakTepH3yowMx mo0ble MaKpOCKOIMMUYECKMe CHCTEMBL. [aBHas
UeNh — BRISCHHTH, KAKMM 06pa3oM, ucxoas u3 HeGombIIoro uncaa Teep-
A0 YCTAHOBJEHHBIX NMPOCTHX (PU3MUECKHX 3AKOHOB, IIPUMTH K IOHHMA-
HHUIO HaBm012eMOr0 Ha OMBITE UPE3BHYANHO pa3HOOOPa3HOrO NOBENEHUH
MAaKpPOCKOIHYECKUX CHCTEM.

o cux mop Mul M3y4a/d MpPOCTHE (DH3MYECKHE CHUCTEMBI, IS KaX-
IO M3 KOTOpEIX OBLIH CIIPaBENIHBH CBOH 33KOHH JABHMXXCHHS, CBOH IH-
HaMHKa. B OMHUX CAyuasx 5TO 33KOHBH KIACCHUECKON MEXaHWKH, B ApY-
I'MX — 3JICKTPOXMHAMMKH, B TPETbHX — KBAHTOBOM MexXaHMKH. [Ipum
ITOM MBI, KaK NPaBWIO, UACAIH3UDOBAIH HM3YUAEMYIO CHCTEMY, OTBJIE-
Kasach OT INPHCYIIETO BceM 0e3 HMCKMouYeHHs OObeKTaM CBOMCTEA, a
MMEHHO OT TOrO, uTo JKOO0 caMa cucteMa, aubo €€ COCTaBHBIE YAaCTH CO-
BEPIIAIOT XAOTHUECKOE TEIIOBOE [ABMXECHHME. 3aKOHOMEPHOCTH 3TOrO
ABMXKEHHA — ofmme aas o0beKToB moboit (M3ndYecKoil NpUpoan, ONu-
CBIBAEMBIX PAa3HbBIMM OMHAMHUYECKMMHM 3aKOHAMH. YHHBEPCANBHBIN Xa-
PaKTED TEIUIOBOIO ABMXEHMA NPUAAET HCKIIOUHTENBHYIO POJb HAYKE,
3aHMMAIONIENCS U3YUEHHEM €10 3aKOHOMEPHOCTEH.

THIAYHEE MAaKPOCKOIMYECKHAE CACTEME, C KOTOPHIMH MBI CTaJKHBA-
eMCH B TIOBCEAHEBHON XHM3HHM, cofepxar nopsaka 102 B3aumopeicTBY-
FOIOMX ATOMOB, MOJEKYJT HIH APYTHX MHKPOOOBEKTOB. HaM M3BECTHH MX
CTpoeHHe M B3auMozaeucTsue. Pu3nMyecKkne 3aKOHbI, ONMCHIBAIOIIME IH-
HAMHUYECKOE MOBENEHHE ITHX MUKPOOOHEKTOB (3aKOHH KJIACCHYECKOM M
KBAHTOBOM MEXAHMKH, IJEKTPORMHAMHKH), TAKXE XOPOLIO HM3BECTHHL
Mul yBepeHhl B HMX CHOPaBENIMBOCTH HPHMEHHMTENBHO K NOBEXEHHIO
aToMoB 1060 MaKpPOCKOITHYECKOM CHCTEMB, OVAb TO XHAKOCTh, TBEPAOE
Temo wad XuBoM opranuaM. Kasanoce O, 3Toro B mnpuHOMIE
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OOCTATOYHO O TOIO, YTOOH HA OCHOBE HM3BECTHOH MHMKPOCTPYKTYpDHI
MAaKPOCKOMMUYECKON CHCTEME BHIBECTH ee HabmonaeMuie CBOMCTBA.

OaHako OKa3bIBAETCH, YTO PEaNN30BaATh TAKYIO IIPOrpaMMy COBEPLIEH~
HO HEBO3MOXHO, IOKA MH HE pacrnoyiaracM METOAAMH, KOTOPBIE HAXORH-
JUCh O B COOTBETCTBHHM C HEOOHIUAMHOM CJIOXHOCTHIO TAKMX CHCTEM.
C0XHOCTH MaKpPOCKOMHYECKOH CHCTEMBI 03HaYaeT He TOJIbKO HEBO3MOX-
HOCTb MHTEPECOBATHCH MOBEACHUEM BCEX BXOASIUMX B HEE MOJEKYJ WU
atoMoB. Bo MHOIMX CIyyasx CIOXHOCTb IPHBOAUT K IOABJIECHHIO HOBBIX
KauecTR, KOTOPhIE MOTYT OKA3aThCs BEChMAa HEOXHIAHHBIMH,

IOas oObACHEHHUS CBOMCTB MAKPOCKOIIMUECKMX CHCTEM, COCTOSLIMX M3
OrPOMHOIO YHCIA YaCTHL, HEOOXOAMMO Mpexzae BCero copMyJupOBaTh
HOBHIC [OHSATHHA, OTBEYAIOWIME TAKOMY KauecTBY, KaK HeoOnuaiHas
CJIOXHOCTb CHCTEeMBl. McTOpHMueckM mpH¥ HM3YUECHHMH MAakKpPOCKOIHYECKHX
CHCTEM HE3aBHMCHMO CJOXWINCh IBa PA3MHUYBHX IOAX0AA — CTATHUCTH-
YEeCKHI ¥ TEPMOAMHAMMYECKHH.

CTaTHCTHYECKUN HOOXOd, WJIH CMAMUCMUYECKAs. MeXaHuKa, OCHO-
BEIBACTCA HA OIPENCNEHHLIX IpEACTaBJICHHAX O CTPOCHUHM BEIECTBA.
TepmoanHaMuueckui NOAXON, WIN mepMOCUHAMUKQ, TIDEACTABISET CO-
601 (DEHOMEHOIOTHUECKYIO TEOPHIO, OCHOBAHHYK HA HeOOMBIIOM UMCIE
TBEPAO YCTAHOBJICHHEIX HA ONBITEe 3aKOHOB. McTOpHueckn tepMoguHamMu-
Ka MOSBHJIACH PAHBINE CTATHCTHYECKON MEXaHUKH, KOrfa eme He Cymie-
CTBOBANO CKONBKO-HMOYAb HANEXHO MOATBEPXAEHHBIX HA OMBITE MpEd-
CTaBJCHHUI O MOJIEKYJ/ISIpDHOM CTPOCHHHM BEHICCTBA.

IleHTpannHbE TNOHATHS TEPMOAMHAMHMKH BBOAATCH HE C IOMOILILIO
IIPEACTABJIEHUA O BHYTPEHHEM CTPOCHMHM H3YYacMOM CHCTEMBl, a4 Ha
OCHOBe O3KCIepuMeHTa. TepMogMHAMHKA OIEpPHpYer TOJBKO MAakpo-
CKOMMMYECKUMHU BEJIHYMHAMM: [3BJCHHEM, TEMIIEPATYpPOl, SHEpruci
CHCTEMHL ¥ T. A.

TepMoa¥HaMUKa KOHIUEHTPHpYET BHUMAHHMEC HA 33KOHOMEDHOCTSX
npespameHnit sHeprud. OHa no3BOJMIIET YCTAHOBHMTH, B KAKOM HaIlpaB-
JICHH! MOTYT IPOTEKATh PA3HUYHbIC (PH3HUECKUE HIH XMMHUYECCKHE IIPO-
LECCH B TEX MJIM MHHIX CHCTEMAX. TepMOAMHAMMKa BCKPHBAET rybokue
CBA3¥M MEXAY PAa3TNYHHLIMHM CBOHCTBAMH BEINECTBA: pacmosaras 3KCIepH-
MEHTA/NbHHMH RAHHBIMH O KaKHX-TO OJHMX CBOMCTRBAX OIpPENETICHHOIO
BEIECTBA, MOXHO METONaMM TEPMOAMHAMHKHM DacCUMTATh HEKOTOpPHIE
ApyTHe ero csoicTBa. B sToM pasaene 6yayT noapobHO U3MOXEHB OCHO-
BHl TEPMOAMHAMMUECKOTO IIOXXOAA.

TepmoanHaMudecxas cucrema. OaHO U3 OCHOBHBIX MOHATHM TEPMOAH-
HAMUKH — mepmodunamuueckas cucmema. Ilog TepmoamHaMMuecko#n
CHCTEMOM [TOHMMAETCA COBOKYITHOCTD TeN Jr060# (hPU3NUECKOoit IIPHPOa 1
J000r0 XHMHUYECKOTO COCTABA, XaPAKTEPH3yeMas HEKOTOPBIM UHCJIOM
Maxkpockonuueckux napamempos. Taxumu napaMmerpamu Moryt OHTb, B
YACTHOCTH, AaBJEHHE, 00bEM, HANPSKEHHOCTb MEKTPHUYECKOTO M Mar-
HUTHOIO MOJEeH, INEKTPUUYECKMH ¥ MArHUTHRI QUMNONBHBIA MOMEHTH H
T. 1. OnpengeneHde MakKpOCKOIIHUYECKMX MApPaMETPOB B TEPMOXMHAMHKE
OAETCH yKAa3aHHEM Cr1ocola MX M3MEepEHNs Ha OIbITE.
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Hanpumep, raz B cocyae xapakTepuayeTcs JaBIEHHEM, KOTOPOE H3-
MEPAETCS TaK Xe, KaK B T'MAPOCTATHKE, M 00BEMOM, KOTOPH 3aBHUCHT
OT pazMepoB cocyaa. [INoaeKTPHK, IOMEIEHHBIN B 3EKTPHUECKOE TOJIE,
[OAAPU3YETCS, T. €. NPHODPETAET IMEKTPUYCCKUI TUNOILHEIN MOMEHT,
3HAUEHHE KOTOPOIO TAKXE PacCMATPHUBAETCH KaK MaKPOCKOIMHYECKHM
napamerp.

BHewHue M BHYTpeHHHE napaMerpsl. Ecnm xakywo-aubo cosokyn-
HOCTB TEJ OPHHATH 33 HMHTEPECYIOWYI0 HAC TEePMOOHHAMHUUECKYIO CH-
CTEMY, TO BCE OCTaJbHHE TENa CASAYET PacCMaTpUBaTh KaK BHEHIHHE
[I0 OTHOLUEHHIO K JTOM CHCTEMe. B COOTBETCTBMH C 3TMM M XapakTe-
PH3YIOIIME CHCTEMY MAKpPOCKOIMYECKHE IMApAMETPHl TOAPAa3AEIOT Ha
BHEIIHWE M BHYTPEHHHME. BHEMHMMM HA3LIBAIOT TAKHME NAPaMETDHI,
3HAYCHHUA KOTOPHIX 33A3I0TCH HE BXOAAIIMMH
B DAcCMaTPHBAEMYK CHCTEMY TelaMH. 3Haue-
| HUS BHYTPEHHMX MapaMeTpoB ONpPEAENaITCH
TIRR peakuued camoil CHCTeMH Ha BHEUIHHE YCJIo-
3 : Bug. Hexoropnle w3 mapaMeTpoR B 3aBHCHMO-
CTH OT YCJAOBMM MOTYT BHCTYIATh nubo Kak
: : BHEUIHHE, OO Kak BHyTpeHHHe. Hanpumep,
Sl AABJEHME Ta3a B COCYAE MOXET DPacCMaTpH-
BaThCs KAk BHYTPEHHWI napaMetp, ecnu uk-
Puc. 44. B cocyne, 3akphi-  cynopaty, ofbem rasa. OGbeM B 5TOM cayuae
TOM TNOPLIHEM, JAaBaeHHE
rasa sanaercs ememmmvy  SBJISCTCS BHEIUHWM NapameTpoM. Ecnm Xe ras
yCIOBMAMM HaXOAMTCS B COCYAE, 3aKPHITOM INOPUIHEM, K
KOTOPOMY  [PHJIOXEHA MOCTOSHHAas  Cuaa
(puc. 44), TO BHemHMM mapamerpoM OYACT RABJAEHHE, TAK KaK €ro
3HAUEHHUE 33A3€TCS BHENIHMMH ycnosuamu., OObem rasa 3gech MOXHO
pacCMaTpHMBaTh KaK BHYTPEHHHH Napamerp.

CocTosHnEe TepMOAVMHAMUYECKOM CHCTeMbl. B MexXaHHMKe COCTOSHHE
CHCTEMBI B HEKOTOPEII MOMEHT BPeMEHM ONpeAcnsdeTcs 3aAaHHEM 3Haue-
HHMH KOODAWHAT M HMMITYJILCOB BCEX BXOAAIMX B Hee yacTvy. [lonmmae-
MOE B TaKOM CMEICTIE COCTOSHME MBI OyaeM HAa3blBATh MUKPOCKOHUue-
CKUM CcOCMOsiHUeM CHCTEMBl WIH MukpococmosiHuem. Hapany ¢ Hum
MOXHO pacCMaTpuUBaTh MAKPOCKONUYECKOE COCMOsiHUEe WIH MAKPOCO-
cmosiHue, XapakTepHu3yeMoe 33AaHMEM TOMbKO MaKPOCKOMMUECKMX Ia-
pameTpoB. ONHOMY M TOMY € MakpOCOCTOSHHIO CHCTEMEI MOXET COOT-
BETCTBOBATh MHOXECTBO €€ Pa3/IMUHBIX MHKDPOCOCTOSHHM. B TepMoanHa-
MHKE PaccMaTpHBaIOTCH TOMHKO MAKPOCKOIIMUYECKHE COCTOIHUSA, KOTOPHIE
B AaNbHEMIIEM A1 KPaTKoCTH OyaeM HaselBaTh NPOCTO COCTOSHHAMH.

TepMoaNHaMU4ECKHI npouecc. Bcakoe H3MeHEHNE B TEPMOAHHAMHAYC-
CKOM cHCcTEME, CBA3aHHOE C M3MEHeHHeM X0Ta OBl OOHOIO M3 €€ MaKpo-
CKONMYECKHX NapaMETpOB, HA3BIBAETCH MepMOOUHAMUUECKUM npoyec-
com. [IpyruMn cnosamu, TEPMORMHAMMUECKHM IIPOLECC B CHCTEME €CTh
U3MEHEHHUE €€ COCTOSIHUS.
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CrauyosHapHbie ¥ PasBHOBECHblE COCTOAHMS. COCTOSHHME HA3RIBACTCH
CMAUUOHAPHBIM, €CTH BCE MAKPOCKOITHUYECKHME MApaMETPhl CHCTEMEL HE
MEHSIOTCA €O BpeMeHeM. CTauMOHAPHOE COCTOSHHME MOXET HOAREPXH-
BATbCH BHEINHMMH 10 OTHOIIEHHIO K CHCTEME rnponeccamu. Hanpumep,
HEM3MEHHHIH BO BPEMEHH MEPENaf TEMIEPATYP MEXNY KOHIAMH CTEPX-
H MOXHO CO3[aTh, HArpeBas BCE BPEeMS OOMH €I0 KOHEN W OXJaxaas
ApYrom.

Ecnu cTaumoHapHOCTh COCTOSIHMS He OOYC/IOBIEHA BHEWHHMH IpO-
LECCAMH, TO COCTOSHME HAZHBAETCA PAGHOGECHHIM YIH COCTOSTHHEM mep-
Modunamuuecko2o pasnodecus. Korna MakpockOIHMueckas CHCTEMa Ha-
XOAMTCH B COCTOSHMH TEPMOAMHAMMUECKOTO PABHOBECHMSA, TO BCE MAKpO-
CKONMYECKME UaCTH, HA KOTOPEIE MOXHO MBICIEHHO MJIH pPEAJIbHO
pa3BuTh 3Ty CHCTEMY, TAKXKE HaxXOQgTCHd B PABHOBECHHM KaK CAMH MO ce-
6e, Tak M APYT C APYroM.

BpeMs penakcauud ¥ JIOKaJbHOe pasHosecue. M3 moboro HepasHO-
BECHOTO COCTOSIHHA 3aMKHymMas, WIH U30AuUpOBarHasl, cucmema, T. €.
CHCTEMA, HHKAK HE B3aMMOIEHCTRYIOLIAA C OKPYXEHHEM, NPUXOAUT B
COCTOSHHE TEPMOAMHAMMYECKOIO PABHOBECHS 33 HEKOTOPOE BPEMS, Ha-
3nlBaeMoe apemeHem penaxcayuu. Hexoropble M3 MaKPOCKOMMUECKHX
napaMeTpoB MMEIOT OIpeneaeHHBE NS BCEH CHCTEMBl 3HAYEHHS TOJLKO
B COCTOSHHHM DABHOBCCHA.

B HEKOTOPHIX CJIyuasx BCIO CHCTEMY MOXHO MBICJEHHO Pa3fejuTh Ha
cmabo B3aMMOAEHCTBYIOIIME M2XAY CO00H MAaKPOCKOMHUYECKHE YacTH,
PaBHOBECHE B KOTOPHIX YCTAHABJIMBAETCH 3HAUMTENBHO GBHICTPEE, YEM BO
Bced cucreme. [IpM 3TOM MOXHO TNOBOPHTH O JOKAILHOM PAGHOBECUU,
KOrZla MakpOCKOMHYECKHE MAPaMETPHl WMEKOT OIPEAC/eHHBIE 3HAUECHUS
I KaXAOH M3 TAKUX YacTei, HO 5TU 3HAUEHHWI MOTYT OBITH pPa3HBIMH
019 pa3JAYHRIX YACTeH CUCTeMBl. XapaKTepHEIC BPEMEHA YCTAHOBJICHUS
JIOKAJIHHOIO PABHOBECHA MOTYT CYMIECTBEHHO (HA HECKOJIBKO MOPSIIKOR)
pPa3nIuuaThCH AN DA3HEX MAKPOCKOIHMYECKMX NMapaMeTpoB.

B HepaBHOBECHRIX CHCTEMAax CYWIECTBYIOT nOMOKU, CBS3aHHEIE C Ie-
pEHOCOM MAcCHl, 3apsja, SHEPTMM H T. II. M3 OJHOIO MecTa B ApYroec.
Korna B cucreMe cymecTByeT JOKAaNbHOE PAaBHOBECHE, 3TH IOTOKHM
OOHIYHO TPONOPUHOHAILHE IpaAueHTaM (T. €. GBICTPOTE H3MEHEHHS B
HPOCTPAHCTBE) ONpedeNeHHHX MaKpOCKONMYECKMX mnapamerpos. Ha-
IIpUMEP, MOTOK BEHIECTBA IIPOTIOPLHOHANECH IPajAMEHTy NABJICHHS, MO-
TOK 3JEKTPHYECKOrO 3apsna — SJEKTPHYECKHMH TOK — IMpONOpUMOHA-
JIEH rpagNeHTy HOTEHUHANA, T. €. HAIPAXEHHOCTH 3JeKTPUYECCKOTO I0-
Jsg, A T. A.

3axoH cOXpaHeHUS M TNPEBpalleHUs SHEPIUMH B TEPMOAMHAMUKE.
Kak yxe orMeuanoch, TEPMOAMHAMMKA 33HMMAETCH MOMCKAMHM COOTHO-
WIEHMI MEXY PasTHYHBIMM CBOMCTBAMH BELIECTBA, HE yryOnaach B ae-
TaJ¥ ero BHYTpeHHero cTpoeHus. OHa OCHOBAHA HAa M3yUYEHHUH DHEPreTH-
YEeCKNX NpeBpameHHit ¥ OMPacTCd Ha 3aKOH COXPAHEHHMS SHEPIHH.
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3axoH COXPaHEHHWS] JHEPrHM HABIAETCH BCEOOBEMIIIONMMM 3aKOHOM
npupoasl. ME He 3HaeM HHM OJHOIO MCK/IIOUEHMS M3 Hero. Bonee Toro,
ecny OOHAPYXHMBAETCH, UTO B KAKOM-THO0 (hPM3NUECKOM SBJICHHHM 3HED-
Mg HE COXpaHAETCHd, TO ITO O3HAYAET, YTO 37eCh MPOCTO OKa3anach HE
yUTeHHOM KakKad-T1o u3 ee opm. UmeHHO MHOr00Opasne pasIMyHBIX BH-
IOB DHEPruM M OCODEHHOCTHM NPEBPAMMEHHWIA DHEPrMHM M3 OJHHX BHAOB B
apyrie 1 o0yCIoBIMBAIOT 3D ¢HEKTHBHOCTD TEPMOAMHAMUYECKOTO MORX0-
Aa K u3yueHuio npupoasl. O6wime cymecTsyromux (GopM SHeprum, cro-
COOHEIX K B3aWMHEIM TPEBPALIEHNSM, BHOENSCT 33KOH COXPaHEHHS
JHEPIHHU M3 APYIMX (DYHAAMEHTAJIBHBIX 3dKOHOB, TAKHX KaK 3dKOHE CO-
XPAaHEHHUH MMIYJIbCAa ¥ MOMEHTa MMIIYJbCa.

CyuiecTBOBaHHE MEXAHHYECKOM, SJEKTPOMATHHTHOW, saepHOM H
Apyrux hopM SHepruHM O3HA4aeT, UTO 3TOM (H3ANUECKON BESTMUHHE HEMb-
34 AaThp o0IICro onpeaejeHus, TPUMEHUMOrO Cpa3y KO BCEM e BHAaM.
B to Xe BpeMd OTCIONA CAEAYET, YTO OOLIMA 3AKOH COXPAHEHMS SHEPIHH
HEJb3s BHIBECTH M3 Apyrnx (PM3NUeCKHX 3aKOHOB, XOTH AJH KaXJ0ro 3
BUIOB SHEPrMM €€ COXPAHCHHUE BHTEKAET U3 COOTBETCTBYIOWMX AWHAMH-
YECKHX 3aKOHOB A/ TeX ABJICHUN, B KOTOPHX HE IIPOMCXOAAT mpeBpa-
LIEHUS SHEPTHH B APYFHe BHIHL

Benukuit ¢pannyscknit yuensii A, [lyankape BEpaswn 310 Clenyw-
muMH choBaMH: «[IocKoMBKY MEL He B COCTOSHMH AaTh ofmee onpene-
JIEHME DSHEpr'Md, 3aKOH COXPAHEHUS SHEPruM CJAEAyeT pacCMaTpHBaTh
MPOCTO KAK yKa3aHHe HA TO, YTO CYMIECTBYyeT HEYTO, OCTalmeecs IHo-
CTOSHHEIM B J11000M (puanueckoM nponecce. K kakuM Onl OTKPHITHSM HH
upuBenH Hac OyaymMe SKCIEpHMEHThI, MBI 3apaHee 3HaeM, YTO ¥ TOoraa
6yner Heuro, obnanawmee CoCOGHOCTBIO COXPAHATLCH, W STO HEUTO MHI
MOXEM HA3BIBaTh JHepzuel».

BHyTpeHHsis 3Heprus. Bce rena cocrosT ¥3 atoMOB M MOJIEKYJ, HaXo-
OAIIAXCA B HEITPECTAHHOM TEIUIOBOM, XaOTHUeCKOM ABMXeHHH. [TosTomy
JdXe eCJIM TEJNO B LEJOM HENOABHXKHO U MMEET HYJIEBYIO NOTEHIHAJIb-
HYK0 DHEPruIO, OHO TEM HE MeHee O0najaer SHEprHeH, CBA3aHHOl C
BHYTPEHHUM JBHXEHHEM COCTaBISIOIMX €r0 aTOMOB M MOJIEKYJ H C MX
B3ammoneicrsueM. MHaue rogops, Jo0OMY KOJUIEKTHBY aTOMOB HJIH MO-
JIEKYJ BCETNa MPUCYINA HEKOTOpasa gHympennsas sHepeus. Ecnu paccmat-
pHBAaTh BEYTPEHHIOK CTPYKTYDPY BEHIECTBA, TO BCETAd MOXHO KOHKDPETH-
3MPOBaTh (hOPMBI M HOCHUTENSA 3TOM BHYTpeHHeit 3Heprud. Ho Tepmoam-
HaMHMKa CO3HATEJIbHO OTBJCKAECTCS OT BHYTPECHHEW CTPYKTYPH
M3YUYAEMRKIX CHCTEM, MMOITOMY B TEPMOAMHAMHKE BHYTPEHHIOI JHEPTHIO
HeoOX0AMMO PacCMAaTpHBaTh Kak ocobyro ¢opmy sHepeuu. Ilpu atom, pa-
3yMeeTcd, MOJAE3HO TOMHHThH, YTO B KOHEYHOM cueTe BHYTPCHHSAS 3HEp-
IMS BCETAa CBA3aHA C XA0THUECKUM TEIUIOBRIM ABHXEHHEM 00pasyrommx
CHCTEMY YacTHL ¥ UX B3ammozaeicrsuem apyr ¢ apyrom. Ilosromy mHOC-
I3 BHYTPEHHIOIO 3HEPIHIO HA3hIBAXOT TEIUVIOBOM SHEPIHEH.

BHYTpeHHSIS SHEPrus 3aBMCHT OT MHTEHCHBHOCTH TEILIOBOIO RBHXE-
Hug. [N XapaKTEPUMCTHKM 3TOH HWHTEHCHBHOCTH CAyXHT ocofas
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dusnuyeckas BenmunHa — memnepamypa. TeMmneparypa MIpaer Bax-
HYIO pOJIb HE TOJBKO B TEPMOAMHAMHUKE, HO ¥ BoOOmE B du3nKe.

Temnepatypa. Ilpeacrasnenne o TeMnepaTtype, Kak M NpeacTaBJEHUE O
CUjie, BOILIO B HAayKy uepe3 HAamM YyBCTBEHHHE BocnpuaATHS. Hamm
ONIymeHNs MMO3BOJSIOT pa3iMyaTh KAUECTBEHHHIE Ipajalyy CTEMEHN Ha-
IPETOCTH: XOJIOMHBIM, TEIUIHH, ropsuuit. OMHAKO B OCHOBY KOJIMUECTBEH-
HOTO ONpPEHE/CHUS TEMNEPATypPh ¥ MOCTPOSHMS TEMIEPATYPHOH IIKAJIbi
OOJIXHEL OHITh MONAOXEHH OObeKTHBHEE (DH3MUECKHE 3aKOHOMEDPHOCTH,
cBOOOAHNE OT CyObeKTHBM3MA YYBCTBEHHHX BOCnpusartuii. B denHomeno-
JIOTM4ECKOM MOAXO0OE K TEIJIOBHIM SIBJIEHUSIM TEMIepaTypa BBONMUTCA ye-
pe3 MOHATHE TEPMOAMHAMUUECKOrO paBHOBecHd. K moustuio teMmepary-
pbl MOXXHO MpPUMUTH HA OCHOBE KOHKPETHHIX HPUMEpOB M IOCIEXYIOMIETO
0606meRus.

Ecnu nBa Tena, teMnepaTyphl KOTOPHIX MPH ONEHKE HA OCHOBE Ha-
WX ONIYMIEHH#A CHJIBHO pazjduyaroTcs (HanpuMmep, pacKkasICHHEI KYCOK
METa/Jia ¥ XOJIOOHAd BOJAA), MPHUBECTH B COMPUKOCHOBEHHE, TO ropsyee
TeJo OYHET OX/MAaXAATECH, 38 XOJOOHOE — HArpeBaThCd A0 TEX MOP, MOKa
B 3TOM cHCTEME He MPEeKpaTITCd BCAKUE MAKPOCKONUYECKUE H3AMEHEHUS.
B TakoM cnayuae roBoOpAT, UTO STH TE€JIA MPHUILIM B COCTOSIHUE TEPMOAM-
HAMHUECKOIO PAaBHOBECHS M HUMEKWT oduHakosyrd memnepamypy. Onwur
MOKAa3bBAET, YTO B COCTOSIHME PABHOBECHUS B KOHIIE KOHIIOB NMPUXOIUT
J1000€e YHMCI0 CONpUKACAIOmMXCH Tea. ECMY KaKHe-TO ABa TE/1a HAXOAST-
Cd B DPABHOBECHU C TPETBMM TEJIOM, TO OHU HAXOOATCS B PABHOBECHH
Mexny coboi.

ITosTOMy AmJISl CyXOEHHS O DAaBEHCTBE H/IM DPA3IUUYMM TEMIIEPATYP
AByx Ten A v B Heo6a3aTe/IbHO NPUBONUTD HX B COMpPUKOCHOBEHME ApYr
¢ ApyroM. MOXHO BOCIO/NB30BATHCH BCIOMOraTeIbHHM TPETHUM TENIOM
C, NpUBOOMMEIM MOOYEPEAHO B KOHTAKT ¢ Tesiamu A u B. Takum cnoco-
oM MOXHO yOeOUTLCH TOJBKO B PABEHCTBE WJIU B PA3JUYHU TEMIEPATYP
ten A u B. Inga TOro urobm M3MEHUTE UX TEMIEPATYPHl, HYXHO yCTa-
HOBHTb MeEMNepamypHyrO WKany, T. €. I0 OOPEAEACHUIO BBECTH NPABU-
Jia, 10 KOTOPHBIM KaXHOH TEeMIepaType CTAaBUTCS B COOTBETCTBUE OIIpe-
aeseHHoe uucao. B BuCope Takux mpasBHa MMEETCs GOMBUION NMPOM3BOJ,
HeofxoguMo e 00eCHeunTh B3AUMHYI0 OTHO3HAYHOCTb TEMIIEPATYDP M
COMOCTABASIEMBIX UM YHUCEJL.

HM3mepenne Temnepatypsl. Tepmomerp. Ilpu cosganmd temrepatyp-
HOM [KaJH HYXHO OCHOBHBATBCH HA KAKOM-AHOO CBOMCTBE BEmiecTsa,
3aBucAneM Or TeMrepaTypsl. ONKT MOKA3BBAET, UTO NPAKTUUECKH BCE
duanueckne cpoiicTBa Tea U3MEHAIOTCA ¢ TeMmneparypoil. Tak, npd Ha-
rp€BaHUM MHOIHC TeJd PACIUPAIOTCH, JJACKTPUUECKOE CONpOTHBJICHHE
META/JIOB BO3PACTAET C MOBBIIEHHEM TEMIEPATYpH, a NOJYIPOBOAHU-
KoB yOmBaer, ¥ T. 1. Bce momoOHbie gBJieHHS B MpHMHLMIE MOXHO HC-
NOMB30BaTh IS CO3NAHUS NPUOOPOB NSl M3MEPEHHMS TEMIEPATYpPH —
mepmMomempog.
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OcCHOBHOW UYaCTbIO TEPMOMETPA ABJISETCA MepMoMempu1eckoe meo,
IpPUBOAMMOE B TEIUIOBOM KOHTAKT C OOBEKTOM, TEMIEPATYPY KOTOPOTO
HANO U3MEpPUTh. B XHMAKOCTHHX TEPMOMETPaX TEPMOMETPHUYECKHUM Te-
JIOM CJIyXUT Au00 pTyTh, MO0 MOAKPALIEHHHIA CTIUPT, @ O TEMIEpPATYpE
CYNAT M0 U3MEHEHUIO 00beMa XMAKOCTH — MO BHCOTE CTOAOMKA B Ka-
nuispe. B TepMOMETpax CONpOTHBICHHS TEPMOMETPHUECKUM TEIOM
CTYXHT, HAMPHMEP, METAJUTMUECKAs MPOBOJOKA, a TEMIEpATypa orpe-
NENSETCH NO €€ INEKTPUUYECKOMY CONPOTHUBACHHUI.

BaxHeie TpeOOBaHMS, MpeAbABISEMbIE K TEPMOMETDY, — YYyBCTBH-
TEJIBHOCTh ¥ TOYHOCTh U3MEPEHMH, & TAKXKE BOCTIPOM3BONUMOCTS PE3yJib-
TaToB, 18 MpaKTHYECKOTO NMPUMEHEHHS BAXHO, UTOOBl TEPMOMETp HE
H3MEHAN TeMHepaTypy Teaa, ¢ KOTOprM OH l'IpKBOlIHTCSI B KOHTAKT. HO-
3TOMy ero l{yBCTBHTC.TIbeIﬂ INEMEHT NOJJIXKEH 6bITb AOCTATOYHO MaAJl.
Hakoser, BaXHO ¥ TO, HACKONLKO GHICTPO yCTaHABAMBAETCH TEPMOIHHA-
MUUECKOE PABHOBECHC TEPMOMETpA C 3TUM TEJIOM.

DMnUpYYecKas TeMIepaTypHAd WIKAJXA. YCTPoACTBO OOAbIMHCTBA
TEPMOMETPOB OCHOBAHO Ha TPEAMNOJIOXEHHUH, YTO NMOJIOXEHHOE B OCHOBY
u3MepeHus (U3uYeckoe CBOMCTBO TEPMOMETPHUCCKOTO TEja JIMHEHHO
3aBUCHT OT Temueparypul. [s MOCTPOCHHS WKansl BHOMPAIOTCS ABE TaK
HA3KIBAEMEBIE penepHble MOUKU, KOTODHIM NPHNMCHIBAIOTCH POU3BOJIb-
HBEIE 3HAYEHUS TEMIEPATYPHI, a WKANad MEXIY HUMM XCAUTCS HA paBHEHIE
4acTv. JTHM yCTAHABJIMBAETCS CAMHUIA M3MEPCHHS TEMIEpaTypHL.

Paubize B KAUECTBE PENIEPHHIX TOUEK BHIOMPANHCh TOUKA IUIABJICHHS
JIBIA M TOYKA KMOEHHS BOIH NpU HOPMAJBHOM arMocdepHOM naBieHHUU.
B mxane lleancus nepBo# penepHOi TOUKE MPUCBAUBANIACH TEMIEPATY-
pa 0, a sropoit — 100 rpanycos eancus (0 °C—100 °C). Cospemennas
TEMIMEepPaTypHAs UIKAJia, COXPAHAst MPEEMCTBEHHOCTh CO CTApOM, OCHOBBI-
BAETCS Ha TAK HA3RBAEMOM TPOMHOH TOUKE BOAH, KOTOpas obnamaer ro-
pasfo nyymed BOCIIPON3BOXMMOCTEIO.

VeraHosneHHAd OHNMCAHHLIM BhRIMIE CrOCOOOM IIKAaJNa TEMIEpaTyphl
HA3bIBACTCA SMNUpuUMEcKOl memnepamypHou wKaioid, a H3Mepsemas
TEMIepaTypa — 3IMIHPUUYECKOH TeMnepartypoit. B 3asucumocTé OT Bhi-
6opa TEpPMOMETPUYECKOIO TEJIA MOXHO OCYMIECTBUTb MHOXECTBO SMIU-
PHUECKUX TEMIIEPATYypPHHX IKajn. M3 BCceX IMMIUPUUECKHMX IIKAJA HAU-
OOMBIMMH MPEUMYMICCTBAMHE 00/afaeT TaK HA3KBAEMAS MIEAIEHO~-TA30-
Bad IHKAJa TEMMEpaTypH, B HAAMEHBIICH CTENEHN 3aBUCAMAs OT
XUMHUYECKOM MpUPOAR BEMIECTBA, BHIOPAHHOIO B KaYECTBE TEPMOMETpPH-
yeckoro Tesia. BrbWpas MMEHHO TAKYK WIKady, MB NpHOAMXaeMcs K
Hpeany, Xorga TEMIEpPaTypHas MKana soolme He 3aBUCUT OT TEPMOMET-
puuyeckoro tena. IlpuHnunuanpHas BO3MOXHOCTE NOCTPOEHUS! TEPMOOH-
HaMuyeckod («abconoTHOM»), He 3aBHUCSIMIEM OT TEPMOMETPUYECKOTO
TEJa IIKAJH TEMIEpATYpHl, YCTAHABJIUBAETCA B TEPMOOWHAMHKE. DTOT
Bonpoc ByneT pacCMOTPEH HHXE.

BbiCOKHE M HH3KHE TeMIepaTtypsl. Ha rpaxtike o/ H3MEPEHMS TEM-
MEPATYp B PA3HHX MHTEPBANAX, B TOM YHUCAE OYECHb BBICOKMX U Ou€Hb
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HU3KHUX TEMIEpPaTyp, UCNOAB3YIOT METOAH, OCHOBAHHHEE HA PA3HBIX (hH-~
3HUCCKHUX SBJRCHHAX. HaanMep, JUI1 U3MECPECHH S OUCHb BRICOKHX TEMIIE-
paryp (Beme 1000 °C) npUMEHSIOT ONTHYECKUE MUPOMETPH, APOrpagy-
MPOBAHHEIE HA OCHOBE 33aKOHOB TEIVIOBOTO uManyueHHs. OueHn HHM3KHE
temnepatypsl (uuxe 1 K) onpeneastior no M3amMepeHUIM MarHUTHOM BOC-
IIPMEMYUBOCTH HEKOTOPHIX MAPAMATHUTHHIX coseit. Pasymeercs, ans us-
MEDEHUS TEMIEPATYP B TAKMX O6IACTAX NPUXOAUTCSA MCMOAb30BATb CBOU
penepHele TOukU. BaxHo, uToOH UCHO/B3yeMBIE B PAa3HEIX WHTEPBANAX
TEMIIEPATYp METOAH HM3MEDEHMH AABAJAM COBMNANAIOLIME PE3YyJALTATH B
Tex 00/1acTaX, ri€ OHH NMEPEKPEIBAIOTC.

M30MpoBaHHAR CHCTEMAa H TepMOJHHaAMuyeckoe pasHOBecHe. Kak
yXe OTMEUasoch, CHCTEMA, HE OOMEHUBAOMAACS SHEPTUEH M BEIECTBOM
C BHEUWIHUMM TenaMy, HA3HKBACTCI HM30AMPOBaHHON. B repmopuHamuke
Ha OCHOBEe 00OOLIEHMS ONLITHRIX AAHHBIX NPHHUMAETCS KAK MOCTYJAAT
ccaywomee yTrepxacHue: yobas W30JMPOBAHHAS CHCTEMA DAHO MM
N03HO 00S3aTENLHO MPUXOZUT B COCTOSHHE TEPMOAMHAMHYECKONO paB-
HOBECHS ¥ CAMOMNpPOM3BOJILHO M3 HErO BHIATU HE MOXET.

OnsIT NOKA3bIBAET, YTO B COCTOSHHMH paBHOBECHS HE BCE MAKpPOCKO-
MHMYECKHE NapaMETPhl, KOTOPHE MOXHO HCIO0/L30BATh A ONUCAHUS CH-
CTEMBI, SBASIOTCS He3aBUCHUMBIMU. HesaBUCHMBI TOJIBKO BHELIHUE rapa-
MeTpsl. Hanpumep, ecnu HEKOTOpOE KOAMYECTBO ra3a HaXOAUTCI B COCY-
A€ OonpeaesaeHHoro o0beMa Mpd  HEKOTOPOM TEMIlEpatype, TO Ero
JAaBJEHHE MMECT BIOJIHE OMpeneseHHOe 3HAUEHHE, KOTOPOE ORHO3HAYHO
BHIpaXaercd yepe3 o0beM U Temmeparypy rasa. Jpyrumu ciosamu, piist
OMpEREIEHHONO KOJHMUYECTBA rasa pasieHue asisercd ¢pyHkuuei obbema
¥ TEMIEpPATypHl.

D10 nonoXeHHe UMEET YHHBepCasipHHMIit xapaxTtep. Kak ofobmenne
ONMBITHHX AAHHBIX B TEPMOAMHAMMKE MPUHHUMAETCH, YTO B COCTOSHHUH
paBHOBecud B J1000i CHCTEME 3HAYEHHUS BHYTPCHHUX [APAMETPOB SBJIsA-
10TCs QYHKIMIMH BHEIIHAX MapAMETPOB M TEMIIEPATYpHI.

YpasdHenne cocrosuus. OyHKUMOHAIbHAS CBS3b, BHPAXAOmas
33aBUCHMOCTb KakKOro-ju60 BHYTPEHHETO TapaMeTpa OT 3HAUEHHId
BHCIOHHUX IIAPAMETPOB U TEMHCDATYDRI, HA3WBACTCH YpasHeHuem CO-
cmosihust. KOHKpDETHHH BHR 3TOTO YpPABHEHUS 3aBHUCHT OT pacCMaTpu-
BAEMOH TEPMOAMHAMHMUECKOM cucTeMul, JIag Kaxxjgoro BemiecTBa Xapak-
Tep 2TOH (PyHKIMOHANBHON CBS3M HMHAUBUAyaJed. [losToMy TepMonu-
HAaMUUYECKHE CBOMCTBA OMMCHBAIOTCS CBOMM /IS KaXJON0 BEWECTBA
ypaBHEHMEM COCTOSHMA. B TepMogmHaMuke MOCTYAMPYETCS TOJABKO CY-
ICCTBOBAHUE YDPABHEHUS COCTOSHUS, & €r0 KOHKDETHHl BUO Gepercs
M3 OmBITa.

OxasslBaeTcs, YTO HEKOTOPYI WHGOpPMAIHIO O CBOMCTBAX CHCTEME
MOXHO MOAYYHUTh, OMUPASCh TOJABKO HA (PAKT CymIECTBOBAHUS ypaBHE-
HHUS COCTOSIHMSL M HE 3Has €ro sBHOro Buma. EciM Xe M3BECTEH SBHHIM
BHA YpaBHEHUS, MOXHO NOAYYuTh Oosiee OETANBHYX UHGPOPMALHIO.
B cnenyomeMm maparpage GygeT pacCMOTPEHO YPaBHEHUE COCTOSHHS
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ang Haubonee mpOoCTOM TEPMONUHAMMUYECKOH CHCTEMH raza, HaxomsIie-
rocs B 3aKpHITOM cocyfe.

s Yrto noHuMaloT Nnox TepMoAUHaMuueckor cucteMoi? KakuMu napaMerpamu
OHa XapaKrepuayercs?

o UYt0 Takoe BHEHIHHE K BHYTPEHHHE NapaMeTpbl TCPMOIIHHaMH‘leCKOil CUCTEMBI?
e Buem pas3/IMYHe NOHATHUI COCTOAHUS CUCTEMbI B MEXaHHUKE U TepMOZlHHaMMKe?

¢ B Kakom ciyyae COCTOSHUE TEPMOIWHAMMUYECKOHW CHCTEMBI ABJISETCH PaBHO-
BeCHbIM? UeM OHO OT/IMUaeTCH OT CTALIHOHAPHONO COCTOSHHA?

e [IlepeurcauTte U3BECTHBIE BaM BUIbI SHEPTUU U PUBEAUTE NIPUMEPBI ABJIEHUIA, B
KOTOPBIX MPOMCXOAAT MpeBpalleHus SHEPIM U3 ONHOM0 BUAA B JPYIoil.

s [JloueMy B TepMOZMHAMHKE BHYTPEHHIOIO SHEPrHi0 CJIEAYET PacCMaTpuBaTh
Kak ocoOblit BuA sHeprun? Uto npeacraBaseT coGoii BHYTPEHHAS SHEPrus C
TOYKH 3PEHWUS MHKPOCTPYKTYPpb! BeluecTa?

e [IpuBenuTte npUMEPB!, WIIOCTPHUPYIOUIME CYOBEKTHBHBIA XapakTep OLEHKH
TEMMEPATYPbl BO3AYXa, BOABI MJIM OKDYXalOUMX MPEIMETOB Ha OCHOBE 4YB-
CTBEHHBIX BOCMPUATHH,

e Kak BBOAWUTCH MOHATHE TEMINEPATYpbl B TepMOAWHaMUKe?

o Kakue Tpe6oBaHUA NpPexbABAAIOTCA K TEPMOMETPHUYECKOMY Tejly, BhIGpaHHO-
My I8 SMAMpPHYEeCKOH TeMrepaTypHoH uikasel? Ilouemy ang usmepeHud
reMneparypbl B HHTEpBane oT 1°C go 10 °C Henb3s MCMoNb3oBaTh BOLY B
KayecTBe TePMOMETPHYECKOro Tena?

e [IloueMy PTYTHbIN W CIHPTOBOM TEPMOMETPHI ¢ DABHOMEDHBIMM [IKaNaMH Oa-
10T COBMAJaloUIMe MOKA3aHMWA, CTPOro roBops, TOJbKO B pENEPHBIX TouKax?

e B KakoMm HanpaBjieHHH Pa3BUBAIOTCH MPOLECCH! B 3aMKHYTBIX TEPMOAMHAMM-
YecKHUX cUcTemax?

e Uro TaKOE YpaBHEHMUE COCTOSHHUS B TEpMOAMHAMIUKe? BBIBOZWTCH /1M OHO Te-
OpPETHUECKH B paMKaX TepMOIUHAMHKMU?

§ 15. YpaBHeHne COCTOStHMWR rasa

BoabMeM HEKOTOpOE KOJAMYECTBO rasa ONpENESIEHHOTO XHUMHUECKOTO CO-
cTaBa, HanpUMeEp a3o0Ta, KUCIOpOAAa UM BO31YXa, ¥ 3aKJIOUMM €ro B CO-
cyn, 00beM KOTOPOro MOXHO U3MEHSTH MO CBOEMY ycMorpeHuwo. Bymem
CYHTATh, YTO Yy HAC UMEETCS MAHOMETP, T. €. npubop Ais U3MEpEeHUs
JABJICHUS ra3a, ¥ TEPMOMETD Qs MaMepeHus ero remmeparypsl. Omslt
NOKA3hIBAET, YTO MEPEYHCACHHHE MAKpPOCKONMUUYECKUE MApaMETpHl foJ-
HOCTBIO XapaKTEpHU3YKT ra3 Kak TEPMOAMHAMUUECKYKO CHUCTEMY B TOM
C/iyyae, KOrga 3TOT ras COCTOMT M3 HEWTpAIbHHIX MOJIEKYJI, He obnana-
OmUX COOCTBEHHHIM JUMOJBHBIM MOMEHTOM.

B cocrosHMM TEpMOOWHAMMYECKONO PAaBHOBECHS HE BCE 3TH napa-
METpH HE3aBMCUMbI, OHM CBA3aHH MeXAy cobOil ypaBHEHHEM COCTOS-
ausd. UYToOH TNOMYYUTH 9TO YpPABHEHUE, HYXHO BOCHOJb30BATHCS
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yCTAHOBJICHHbIMHM HA ONBITE 3aKOHOMEPHOCTAMH TIOBEACHUS raia MpH
W3MEHEHHM KAKUX-THOO BHEIDHHMX napaMeTpos.

a3z B coCylde — nOpocTas TepMOXHHaMH4YecKas cHcreMa. [Ipumem
CHAauaja, YTO HU KOJMYECTBO rasa, HY €ro XMMHUYECKUI COCTAB BO BpEMs
OMBITA HE MEHSIIOTCH, TAK UTO PEYb MOMAET TOJBKO O TPEX MaKpPOCKOMM-
YECKMX MapaMeTpax — OaBjieHud p, obbeMe V u temneparype ¢°. s
YCTAHOBJECHUS CBSI3BIBAKONINX 3T NapaMeTpH 3aKOHOMEpHOCTEH yxnobHo
3a(DMKCHPOBATE 3HAYEHHUE OJHOIO M3 NMApaMETPOB U CJAEKUTH 33 MU3MEHE-
HUSMM OBYX ApYrMX. BymeM CuMTaThb, uUTO BH3BBAEMbiEe HAMH M3MEHeE-
HUA B ra3e [MpOMCXOAST HACTOILKO MEAJIEHHO, UTO B 11000if MOMEHT Bpe-
MEHU MakKpOCKOIMMYECKUE NapaMeTpsl p, V, !°, XapakTepu3yrnMe Bech
ra3 B COCTOSHUM TEPMOOUHAMMUYECKOTO DPABHOBECHS, HMEKOT BIIOJIHE
OIpenencHHBE 3HAUYEHN,

Haonpouecchl. Kak yXxe oTmeuanoch, U3 obOro HEpaBHOBECHOTO CO-
CTOSHUS TEPMOAMHAMUYECKAS CHCTEMA MPHXOAUT B COCTOSHHE pABHO-
BECHSl 332 HEKOTOpOE BpeMs -— BpeMsd penakcanud. YtolH npu npo-
UCXOOAIMUX B CHCTEME HIMEHEHMIX MAKPOCKOIAUECKME IapaMeTphl
UMEIY BIOJHE ONpEAENeHHHE 3HAUEHMs, XapAKTEPHOE BpeMs ITUX M3-
MEHEHHN JOIXHO OnThH MHOro 0oJibiie BPEMEHU penakcapud. JT0 yc-
JIOBHE HAKJAAHBAET OrpAaHHUCHHS HA JOMYCTUMYK CKOPOCTh MpOIECCa
B Trase, Npd KOTOPDOM COXPaHSIOT CMBICJ €I0 MAaKpPOCKONMMUYECKHE Ma-
paMeTpHl.

TIporeccnl, NpoTEKAKMIME TP HEM3MEHHOM 3HAUEHUM OfHOIO U3 Ma-
DAMETPOB, NPUHATO HA3MWBATh u3zonpoueccamu. Tak, npomece, NPoUCxo-
IS Ipu NOCTOSHHOW TEMIEPAType, HA3BIBAETCH W3OMepMUMEecKUM,
P4 MOCTOSIHHOM o0beMe — u3oXopuueckum (U30XOpPHBIM), MPH MOCTO-
SHHOM [ABJEHMH — u3obapuieckum (M300apHBIM).

3axon Boins-Mapnorra. Mcrqpuuecky nepBHM B rase ObU1 IKCnepu-
MEHTAJIbHO W3y4yeH HW30TEpMHYECKMI npomecc. AHITHACKHA (PUIUK
P. Boiinp u HesaBucuMoO OT Hero dpanunyackuit pusux 3. Mapuorr ye-
TAHOBWJY 33KOH U3MeHEHWs o0beMa Np¥ U3MEHEHU NABAECHUS: A
AAHHOTO KOJMYECTBa A00T0 ra3a rpu HeM3MEHHOHM TeMneparype ofvem
00paTHO nponopuyoHaieH aasnenuo. OOwyHO 3akoH Boitns—Mapuorra
3aMUCHIBAIOT B BUIE

pV =const (f° = const). (1)

Ina moanepXaHus MOCTOSHHOM TEMITEpaTyPhl UCCAENy€EMEI ra3 g0~
XEeH HAXOOWTbCH B XOpOIIEM TEILAOBOM KOHTAKTE C OKpYXamomed cpe-
Joi, UMermeil HeM3MEHHYI0 TeMnepaTypy. B aroM ciyuae roBopsr, uTo
ras HaxOOUTCS B KOHTAKTE C mepmocmamom — OOJIBIIMM TEILTOBEIM pe-
3EpBYapoM, Ha COCTOSTHHE KOTOPOTC HE BAMSIOT JIOOHE U3MEHEHHS, PO~
HCXOASLIME C MCCAEHYEMBIM ra3oM.

3akon Boiing—MapuoTra Xopowro BHIMOJHAETCH A BCEX ra30B U MX
cMeceidl B INMpOKOM AMAnasoHe TeMnepaTtyp U nasienuit. OTKIOHEHUd OT
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9TOr0 3aKOHA CTAHOBSITCA CYIIECTBEHHHIMY JIMIIL NMpH JABACHUAX, B HE-
CKOJIBKO COTEH Pa3 NPEBHIAINNX aTMocdepHoe, 1 np# AOCTATOYHO HU3-
KX TEMIEpaTypax.

TTpoBepuTh CipaBeg/IMBOCTL 3aKOHA Boitgs—MapuoTTa MOXHO coBceM
IIPOCTRIMM CpexcTBaMu. /IS 3TOrO AOCTATOYHO MMETh 3aMasiHHYIO C OHO-
IO KOHIA CTEKJISHHYIO TpyOKy, B KOTOpOit CTONOMK PTYTH 3aKPHIBAET HE-
KOTODOE KONUUecTBO Bo3ayxa (Tpybka Mensge). O6peM BO3nyXa MOXHO
MU3MEPATh THHEHAKOM Mo JIMHE BO3AYIWIHOro cTonba B TpyOke (puc. 45), a
O JABJICHUHX MOXHO CYAMTh MO BHICOTE CTOAOMKA PTYTH NpH PA3HEIX OpH-
eHTauMuaX TpyOKH B MOJIE TIXKECTH.

s HAISAHOrO M300paXeHNs U3MEHEHUI COCTOSIHUS rasa M IMpPOUC-
XOASIOMX C HUM MpOHECCOB YAOOHO HCMONB30BATh TAK HA3HIBAEMBIE
p—V-guarpammsel, rae o ocd abcuuce OTKIANBIBAIOTCH 3HAYECHUST 0Obe-
Ma, a Mo OocH OpaMHAT — aAasieHus. Kpusas Ha p—V-muarpaMme, COOT-
BETCTBYIOINAS U30TEPMMUECKOMY TMIPOIECCY, HA3WBAECTCH u30MepMOiL.

P
fey <ty

O —————— —
LA LI LN LA I RN L B

Po

14

Puc. 45. Ilpocreitumit npubop s rnposepku Puc. 46. Hzorepmbr rasa Ha
3akoHa Bomns—Mapuorra (tpybka Menspe) ¢ p—V-puarpamme

Kak cnenyer ua 3akoua Boitna—Mapuorra, razosbeie U30TEpMBl NpEA-
cransor coboit runepbonel (puc. 46). Uem BHIIEe TeMIeparypa, TeMm
Nafblic OT KOOPDAMHATHHIX OCEH pACHOJIOXKEHA COOTBETCTBYIOIAS HM30-
TepmMa.

3axkod Illapas. 3aBUCHMOCTL AABJIEHUA rasa OT TEMIEPATYphl NpY He-
u3MeHHOM o0beMe OHNa IKCNEPUMEHTANLHO YCTAHOBIEHA (DPAHILY3CKHM
¢nzukom XK. Illapnaem. CornacHo 3akony lllapss, pasnedue rasa npu
NIOCTOSAHHOM O00BbCME JUHEHHO 33BHCUT OT TEMIIEPATYDHL:

p = po(l + at®) (V =const), (2)

rae p, — aasnexue raza npu 0 °C. OkasmnBaercsl, YTo TEMIEPATYPHKIH KO-
aUnMesT JaBaeHNd o ONMHAKOB JUIS BCEX Ta30B ¥ pased 1/273 °C™L
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3axoH Ieii-Jlioccaka. AHAJIOTMYHBIA BH UMEET ¥ 3aBHCHMOCTE OObeMa
rasa OT TEMIEPATYpH NpY HEH3MEHHOM HABJIECHUU. DTO OBLUIO yCTaHOB-
seHo Ha onwite (panmysckuM dusuxkom K. Iefi-JlroccakoM, xoTopwii
Hames, YTO TEMNEpaTypHHH KoadpdUnueHT pacIupeHus OgMHAKOB As
BCEX ra3oB. 3HAUEHHE ITOr0 KOIDDUIIMEHTA 0KA3a10Ch TAKMM Xe, KaK
u koaddunuenra a B 3akone Ulapnsa. Taxum obpasom, sakou eit-Jlroc-
caka MOXHO 3aNUCATh B BHIE

V=Vl +at’) (p=const), (3)

rae V, — obwem raza npu 0 °C.

CosnageHue TeMneparypHHXx Koadduuuenros B 3akoHax [lapas u
Ieii-Jlroccaka HE CIyyarHO M CBUACTEJLCTBYET O TOM, YTO 3THU yCTAHAB-
JNIMBAEMBIE HA OMNBITE ra30BHIC 3AKOHEI HE ABASIOTCS He3aBUCHMbIMH. Hu-
Xe MBI nogpofHee OCTAHOBHMCH HA ITOM.

TI'azossiit TepMoMeTp. Tot dakr, yro Bupaxaemas 3akoHamu [Llapna u
Tei-Jlroccaka 3aBMCUMOCTD JaBJICHUS WIM 00bEMA OT TEMAEPATYPH OQH-
HAKOBA /1 BCEX ra3os, AenaeT ocobeHHO yXOOHEIM BhIGOp rasa B xaue-
CTBE TEpMOMETPUUYECKOTO T€s1a. XOTH HA MPAKTUKE HCHONB30BATH ra30-
BhIE TEPMOMETPH B CHJIy MX I'DOMO3JKOCTH M TEIUIOBOM HHEPIIMOHHOCTH
HEeyno6HO, MMEHHO MO HHM MPOM3BOOUTCH IpafyHpPOBKA APYTHX TEPMO-
MeTpoB, Oonee yAOOHHX A [PAKTHUECKUX [PUMEHEHHMI.

MIxana KeapsuHa. 3aBUCHMOCTD JaBJAeHKS WM oObeMa oT TemMnepary-
pu B 3akoHax Hlapns u leii-Jlioccaka craHer ewe mpomge, ecnu nepeitn
K HOBO# TeMNEpaTypHOH wKane, norpebosas, yToOH AMHEHHAS 3aBHCH-
MOCTb MpPEBpATIIACE B APSIMYIO HpPONOPHHOHATLEHOCTD.

W306pasus Bupaxaemyw dopmynoit (3) saBucuMocTh ofbema rasa
or Temnepatypsl (puc. 47) u npogonxus rpadux V({°) saeso go mepe-
CeyeHUs C OChK) TEMIEPATYPHI, JIETKO YOEeQUThCS, YTO NPOROAKEHHE Ipa-
(uxa mepecekaeTr oce !°NpH 3HAYECHUU TEMIECPATYpHl, pasHOM —273 °C,
nockoaeky o = 1/273 °C~L. MeHHO B 3Ty TOUKY HYXHO INOMECTHUTE Ha-
YyaJxo0 HOBOM TEMMEpaTypHOM mIKakel, YTOOR MOXHO 6BUIO 3amuCaTh
ypastenus (2) u (3) Kak ApIMYK MNPOMOPUHOHARALHOCTB., ITY TOUKY
HA3HBAKT a0COMOTHHM HyJeM TeMmepatyprl. Macitab HOBOM IIKamH,
T. €. EAMHHIA M3MEPEHHSA TEMMEPATypH, BHOUpaETCHd TAK XE€, KaK U B
mwkane [lenscus. Ha HOBOM TeMmmeparypHO# WIKaje HYJH rpagycos
Lleancus coorserctByer Ttemneparypa T, =-+273 rpagyca (TouHee

273,15), a nwbas apyras temneparypa T CBf3aHa C COOTBETCTBYIOMIEN
Temnepatypoit 1° no mkane llesncus cOOTHOMEHKUEM

T=t'4+T, unm T=¢+273. 4)

Bsenenuas saech TeMreparypHas IIKana HasuBaercsa wxanol Keswo-
Guna, a EAVHULA U3MEPEHUS, COBMANA0MAs C rpagyCcoM kaisl [lenbcug,
Ha3uBaETCd kesabaukom ¥ obosHavaerca 6yxsoit K. Muorma sra mkana
HasbBaeTCd MeXIyHapORHOM NMpakTHUYECKOH LIKANOH TEMNEpaTypHl.
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[Ipn ucnonb30BAHUM TEMMEpPATypHOU IKaigw KeanBuHa rpaduk 3a-
koua [eii-Jlroccaka nmpvHUMAaeT BUX, MOKA3aHHHH Ha puc. 48, a dopmy-
sl (2) v (3) MOXHO 3anuCaTh B BUZE

T
P=ro, (V = const), (5
T
V=V,3 (p=const). (6)
0
{ 3
v v i
I
|
|
<
/// o |
L - 0 273K T
-273°C 0°C t 0 °C)
Puc. 47. Bblpaxkaemasi 3aKOHOM Puc. 48. T'padux sakoma leii-
Teit-Jlioccaka 3aBUCMMOCTE Ofbe- Jlioccaka B TEMTIEPATYPHOM
Ma rasa OT TEMIepaTypbl Hpy no- wkane KenpBuua

CTOSHHOM N aBJICHHH

Koadduuuent nponopumonansHoctd Vo/T, B (6) xapakrepusyer Ha-
k0" rpaduka V(T') Ha puc. 48.

YpasHeHHe COCTOSHHS ra3a. DKCIEepHUMEHTANbHBIE Ta30BHE 3aKOHH
JAT BO3MOXHOCTE YCTAHOBUTH YpaBHEHHME COCTOSHMSA rasa. [Insg atoro
AOCTATOYHO BOCHOJL30BATHCH JAOOBIMY OBYMS M3 NPHBEAEHHBIX 3aKOHOB.
TTycTh HEKOTOPOE KOIMUYECTBO ra3a HAaXOXHUTCH B COCTOSHHMM C oObemom
V,, Aasnenuem p, u remmeparypoit 7. Ilepesenem ero 8 apyroe (mpo-
MEXYTOUHOE) COCTOSHHE, XapaKTEpU3yEMOE TEM X€ 3HAUCHHUEM TeMile-
paryps T' =T, 1 HEKOTODHIMM HOBBHIMHM 3HAUeHHSAMH oObema V' 4 mas-
aeuus p'. Tlpu M30TEPMUUECKOM MPONECCE BHMOMHAETCS 3aKOH Boiaa—
Mapwnorra, noaromy

pV,=pV. (7

Teneps nepeBeacM ra3 u3 MPOMEXYTOYHOTO COCTOSHUSI B KOHEYHOE
COCTOSIHHE C TEM K€ 3HAUEHWEM oovema V, = V', 4To M B mMpoMeXyTou-
HOM COCTOSIHUY, ¥ HECKOTOPBRIMY 3HAUCHUSIMU NABJCHUSA U TEMIEpaTypH
p, u T, TIlpu ¥30XOpUueckoM mpouecce BrmonHsercs 3akon lapns,
MO3TOMY
Ty Ty

T p T_1 s

P,=D (8)



§ 15. YPABHEHHE COCTOSHHA I'A3A 127

nockonbky T' = T,. Toncrasnss 8 (8) p'= p,V,/V' u3 (7) u yuutnpas,
yro V' = V,, OKOHUATEJBHO MOAYYAEM

PV, — PV, (9)
T, T, *

Mul M3MeHHIH BCE TPYM MAKpOCKOMMYECKUX napamerpa p, V u T, u
TeM HE MeHee cooTHomeHue (9) mokassBaer, UTO AAs JAHHOrO KOJaUye-
crBa rasa (uucia Mmosme# v=m/M) xomOuHauusa napamerpoB pV/T
HMMeeT OJHO ¥ TO X€ 3HAYEHHE, B KAKOM Obl COCTOSHMM ITOT ras He Ha-
xopwicd. DTo 03Hauaer, yto ypasHenue (9) mpencrasiser coboit ypas-
HEHHWe COCTosiHuA rasa. Ero HasmmawT ypaBHeHueM Kianeitpona.

B npuBenesHoM BmBOAe ypaBHeuus (9) He HCMOM»30Bancsd 3aKOH
[eit-Jloccaka. OpHako JErKO BUAETH, UTO B HEM COXEPXATCH BCE TPU ra-
30BBIX 3aKOHa. [leitctBuTenpHo, noxarast B (9) p, = p,, nonyuaem nis

\4
13062 pUUECKOTO NPOLECCA COOTHOWEHME — = CONSt, UTO COOTBETCTBYET
sakony leit-Jlroccaka.

Ypasueuune MeHjeneesa—Kianeiipona. BospMeM opuH ‘Mone rasa npu
HOPMaJBHHEIX yCIOBUSX, T. €. nipu T = 273,15 K (0 °C) u nopMannHOM
atMmocdepHom AaBieHuu p, = 101 325 ITa (1 at™). B coorserctBum c
YCTAHOBJEHHHIM HA OMBITE 3aKOHOM ABOragpo OgMH MOJb JO0OrO rasa
(renus, a30Ta, KACJIOPOAA ¥ T. A.) 3aHUMAET MPHA HOPMAJIbHLIX YCIOBHAX
onuuaxkoBuil obbem V= 22,414 aurpa. ITosroMy pist oxHOro Moas Jio-
Goro rasza xomGuxauust p,Vy/T,, obo3Hauaemas yepe3 R U HaswBaeMmas
yHuadepcanbHoll 2a3060l nocmosiiol (MM MOJISIPHOM razoBoi NMOCTOSH-
HOM ), UMEET OfHO UM TO XK€ 3HAUCHHE:

_ PoVo __101325-22,414-107% Ma-m3 _ JIx 10
R= Ty 273,25 K-Mone 8,3145 Monb-K (10)

C yuerom (10) ypaBHEeHuE COCTOSHUMS OXHOrO Moas Jr00ro rasa
MOXKHO 3aMucaTh B BHAE

pV = RT. (11)

Vpasuenue (11) serxo oGoOWIMTL A MPOM3BOALHONO KOJHYECTBA
raza. Tak Kak IpH Tex Xe 3HAYCHUSAX TEMIMEPATYPH W JABJACHUS V MO-
JIell raza 3aHMMarT B v pa3s Gosbmmit o6bemM, ueM | Moab, TO

pV == vRT. (12)

B Takom BHUae ypaBHeHHE COCTOSIHUS rasa BIEPBHE ObUIO MOJYyYEHO
pycckuMm yuensm J1. Y. MengencessiM. I109TOMY €ro Ha3mBAaXT ypaBHE-
nueM Mengeneesa—Kuanefipouna.

HUpxeansHpii ras. Ypaeueuue cocrosuus raza (I11) wmma (12) Owio
HOJyYEHO HA OCHOBE YCTAHOBJIEHHBEIX HA OMBITE ra30BBIX 3aKOHOB. JTH
33KOHB BBHIMOMHAKTCH NPUOAUXEHHO: YCJIOBUS HMX NPUMEHUMOCTH
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pasauyHH 1JIs pasHeIX razos. Hanpumep, ans renus oHY CHpasesiMBE
B Gonee IMMPOKOM QMANA30HE TEMNEPATYp U AABJEHMI, YeM IJId yrie-
KHMCA0ro rasza. IlpubiXeHHEIM SBAMETCS M YpaBHEHUE COCTOSHUS, IO-
JIyueHHOEe U3 NpUOAMKEHHEIX ra3oBHX 3aKOHOB.

Beegem B paccMoTpeHHe (H3MYECKYI0 MOAENbL — ulealvHblli eas.
Mox sTuM OyneM MOHMMATL CHCTEMY, AJs KOTOpo# ypasHenue (11) uim
(12) seasercst TOYHHIM. 3aMeEUaTEALHON OCOOEHHOCTRIO MAEATBHOIO ra3a
SIBJISETCS TO, UTO ETO BHYTDEHHSS JHEPIUsl NPONopHHUOHAibHA abcomoT-
HOHM TeMrepaType M HE 3aBHCHT OT 00beMa, 3aHUMAEMOIO ras3oM.

Kak u BO BCEX OpYTMX Cayyasix MCrosn30BaHus pusmueckux moxe-
Jied, TIpUMEHMMOCTh MOJIEC/IM MEaIkHOTO ras3a K TOMY MJIM MHOMY peaib-
HOMY ra3y 3aBHCHMT HE TOJIBKO OT CBOMCTB CamoOro rasa, Ho ¥ OT Xapak-
Tepa BOMpoca, Ha KOTOpH TpeGyerca Haitty orser. Takas Moxens He
03BOJISET OMMCATh OCOOCHHOCTH MOBENEHHsS PA3AMYHBIX ra3oB, HO Bhi-
SBSET CBOMCTBA, 0OmuUe /A BCEX ras3os.

C npuMeHEHHEM YpaBHEHUS COCTOSHMS MAEATLHOIO rasa MOXHO MO-
3HAKOMUTHCH HA NMPUMEPE KOHKPETHHX 3a7a4.

3anaumn

1. B ogHom GannoHe obweMoM V| Haxogurcss asor Mpu OaBjleHUMH p;. B
ApyroM Bamone o6bveMOM V., HaxomMTCS KMUC/IOpOA mMpM AaBiieHMU p,. Temne-
patTypa rasoB coBMajaeT ¢ TeMAepaTypoH okpyxamiuedt cpeael. Kaxoe ycra-
HOBMTCS JaBJIEHHE ra3oB, eCJH OTKPbITh KpaH TpyOKH, coefMHsouler 3tH 6an-
JIOHbI Mexay coboi?

PeweHue. [Tocne oTKpeIBAHUS KPpaHa ras Ua 6annona c 6osee BLICOKHM JaB-
JleHHeM Byner NocTynarth B Apyroit 6an/ioH. B KoHue KOHIIOB JaBIeHHe B GauoHax
BbIpaBHsETCH, a ra3bl nepeMewmaorcd. Jaxe ecau B nipoiecce nepeTekaHus rasos
TeMMepaTypa U3MEHUIACh, [10C/IE YCTAHOBICHHS TEMJIOBONO PaBHOBECHUS OHAa CHOBA
CpaBHAETCA C TEMIIEpaTYpoit OKpyXalollero Bo3ay xa.

Jlna peuieHUs 3alayd MOXHO BOCIOJIb30BAThCH YPaBHEHUEM COCTOSAHUSA Hae-
anpHoro rasa. O603HA4YMB Yepe3 v; U v, KOJMUECTBO rasos B 6a//I0HAX 00 OTKPhIBA-
HHU#A KpaHa, HMeeM

p1V1 = VlRT, p2V2 = ‘VzRT. (13)
B KOHEYHOM COCTOSHUM CMECH I'a3o0B COAEPXKHUT Vv + Vy MoOJEN, 3aHUMAET 00BEM

V, + V, 1 HaxoguTca NP JaBJIEHUY p, KOTOPOE HYXHO OoNpenenuTs. [IpuMenss
K CMecH ra3os ypaBHeHUe MeHpeneesa —Knaneipona, umeem

p(Vl + Vz) = (‘Vl + Vz)RT, (14)
Beipaxas v; H v, U3 ypasHenu#t (13) W noacrasnsas B (14), HaxoauMm
= PVitplb, (15
VitV,

B vyacTHOM ciydae, KOrga HMCXOAHble NaBJIeHHS ra3oB OJUHAKOBbI, JaBJIEHHE
CMECH N0CJIe YCTAHOBJIEHUS paBHOBECUS oCTaeTcd TakuM xe. IHTepeceH npenens-
HbIA cayuad V, — ©, COOTBETCTBYIOLUIMHA 3aMEHE BTOPOro cocyAa arMocdepoit. Us
(15) npu sToM nonyuaeM p = p,, rae p, — AaBneHue arMocdepbl. TakoM peaynbrat
OueBHIEH U3 O6LIMX coobpakxeHUH.
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OGpaTuM BHUMaHHE Ha TO, 4TO Bblpakaemblit dopMyJio#t (15) pesyiibTat coot-
BETCTBYET TOMY, UTO AABJICHME CMECH ra30B PaBHO CyMME MapliMaibHblX AaBACHUI
KaXoro M3 rasos, T. €. JaBJIEHUI, KOTOPble UMeN Obl KaX/blit U3 ra3os, 3aHUMAas
NpH TOM Xe TeMIepaType Bech o6bem. JlefcTBUTeIbHO, MaplUabHble JABACHUS
Pi ¥ pj KaX[0ro ra3a MOXHO HaHTU ¢ MoMOILBIO 3aKona Boitis—Mapuorra:

VZ
Vi+Vy

p: — p Vl pl —
1 1—,,l+‘,2 s 2= P2

Buarno, 4To nonHoe JaBfieHUe p, paBHOE CYMMeE NapUManbHbX AABJICHHUMN
py + p,, Boipaxaercs dopmynod (15). YTeepxAeHHE, YTO A3BJCHHE CMECHU XH-
MHYECKH HEB3aMMOJCHCTBYIOIMX Ta30B PaBHO CYMME NaplHanbHbIX JaBNEHUIL,
HasbiBaeTca 3akoHoM [anbToHa.

2. Hctonus neyb, B Ja4HOM JIOMHKE TeMriepaTypy Bo3dyXa nosbicunu ot 0 g0
20 °C. Kak npu aToM U3MEHUNACh NJAOTHOCTL BO3AYXa?

Peweunue. ScHo, uto 06beM nomellieHHs TPY MPOTAMIMBAHMH [ICHH HE U3ME-
HHUJICS, TaK KaK TEIJIOBbIM pPacLIMpEHHeM CTeH MoxHO NpeHebpeub. Ecau Obi Mbl
HarpesaliM BO3LYX NPH Heu3MeHHoM o6beMe V B 3aKpBITOM COCYHE, €ro JaBJicHUE
BO3pocJio Obl, HO MNOTHOCTh OCTanack Obl Heuwamenuoi. Ho gaubii JOMUK He rep-
METHYEH, MOITOMY HEU3MEHHBIM 0CTAeTCS JaBJICHUE p BO3yXa, paBHOE HAPYKHO-
My aTmocdepHOMY nlaBiieHHIO. SICHO, 4TO NpU NOBBLINICHUH TeMilepaTypbl T SoJXHE
HM3MEHUTLCS Macca M BO3AYXa B NOMELIEHMH: KaKasi-TO €r0 YacTh AOMXKHA BBIATU
4yepes LUESH HapyYXy.

MoncuuTaTh MIOTHOCTH BO3AYXA MPOLUE BCEMO, OCHOBBIBASICh Ha YPABHEHUH CO-
CTOSIHUS:

=rm 1
pV = RT, (16)

rae M = 29 r/Mons — MoAspHas Macca Bozayxa. OTciofa st MIOTHOCTH BO3-
ayxa p = m/V umeeMm
p=2Mr a7
RT
ITpy HeUsMeHHOM AaBJICHMH IJIOTHOCTE 00paTHO MpPONOpPIIMOHANBHA abCOMIOTHOM
TemnepaType. [lo3ToMy Ans OTHOLIEHHS [UIOTHOCTER p/p, MpH TemrnepaTypax
T =293 K u Ty =273 K cooTBETCTBEHHO HAXOIHUM

3. B OyThIKy eMKocTbo V) = 0,5 1 CKBO3b repMETUHHYIO MpoOKy BCTabjieHa
OTKphITast ¢ 00OMX KOHILOB TOHKas CTeKAsHHAs TpyOka guameTpom d = 5 mM. B
TpyGKe HaXogUTCs CTONOMK NMoakpallleHHoM sBoabl. Kak GyaeT H3MeHSThCS MosloxXe-
Hue cronbuka ¢ TemiepaTypon? OLeHHUTE, HAa CKOJIBKO IPajyCoB HYXHO HarpeTb
OYTBINKY, uTOOb! CTONOUK BOZLI MEPEMECTHIICS HA 1 CM.

Pewmenune. IIpu paciinperuu Bo3ay Xa 8 OYThIJIKE €0 AaBJICHHUE, PABHOE CYM-
Me aTMOC(EPHOIO naBJICHHS M MMAPOCTATHUYECKONO AaBJIEHHUS CTONOHMKA Bofbl B
TpYOKe, OcTaeTCS HEM3MEHHBIM, MT0KAa Bofa He BblIMBaeTcs U3 Tpyoku. Ilosromy, B
COOTBETCTBHH C 3akoHoM ['eit-Jlioccaka, 06beM Bosgyxa B OyThliaKe MponopiuoHa-
neH aGeonioTHOM Temnepatype: V ~ T. Otcioga cienyer, 4to AV AT u

Av _Ar (18)
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B nauxom cnyuac AV = SAh, rae S = nd*/4 — BHyTpenHee cedeHHe TpyOKM, a
Ah — uaMeHeHHe nonoxeHUs cTonGMKa BoAbl MPH HArpeBanuu sosgyxa. Us (18)
cllefiyer, 41O

Ah =

wuix

AT
b (19)

[ockonbky BHYTpeHHHIA 00BeM TPYOKHM MHOMO MeHbllle o6bema OYTBIIKH, TO
npy pacuerax MoxHo B (19) 3aMeHUTs 00bem Bo3ayxa V Ha eMKOCTBb GyThisku V.
SHcHo, uTo cTONGUK BOAbI HE OYRET BLITONKHYT U3 TPYOKHM TONBKO MPH OUEHb MaJbIX
M3MEHEHUSIX TeMnepatypbl. UToGbl OUCHUTE U3MEHEHHE TEMIIEPATY Pbl, [pH KOTO-
pOM CTONOUK MOAHMMAETCS Ha 3adaHHoe paccTosHue Ah, Nepenuiem (19) cneay-
1owuM 0bpazom:

TS
AT—TV—OAh.

Tonaras ans ouenku T = 300 K, nonyuaem AT = 0,1 K. [IpusenerHas onerka
MOKA3bIBAET, YTO C MOMOLUBIO 3TOMO O4eHb NPOCTOro YCTPOHCTBA MOXHO OGHapy-
XUTb U3MEHEHHE TEMITEPATY pbl BIJIOTH 20 0,01 K, Tak Kak Jlerko 3aMEeHHTb H3MEHe-
HUE MMONTOXKEHUS CTOH6HK8 Ha 1 MM,

o Yro Takoe BpeMs pelaKCaluMH JJIs TEPMOAMHAMHUYECKON CHUCTEMBI?

o Kakue orpaHU4eHHUs JOIXHBI OBITE HaNOXEHBI HA CKOPOCTh NIPOTEKAHMS [1PO-
HECCOoB B ra3e, YTo6bl B N1000M MOMEHT BPEMEHU UMENH CMBIC]T MAKPOCKOMHYE-
CKHe napameTpsi p, V, {°, onMchiBaoLlMe ra3 B COCTOSHUM paBHOBECHS?

e Uem onpenensieTcst 4MCJIOBOE 3HaYCHME KOHCTAHTHI B MPABOM YaCTH YpaBHe-
HUs 3akoHa Boitigs—Mapuorra (1)?

e UYro uMelOT B BUOY, KOT4a IOBOPSAT, YTO M3yvacMas CHCTEMA HAXOQMTCH B
KOHTAKTE C TEPMOCTATOM?

o [lpeanoxure crnocod npoBepkH 3akoHa Boins—MapuoTra ¢ moMoulbio onu-
caHHoro B Tekcte npubopa (cm. puc. 45).

e Kakue npeuMyuiecTsa aact sblGop rasa B KauecTse TEPMOMETPUUECKOrO TeNa?

o Kak cBasan BeIGop Haualla oTcueTa Temnepatyp B Wkane Kenbsuna co 3ua-
YeHHUEM TeMriepaTypHoro koaduumenra paciinpeHus rasa?

e Kak ycraHaBliuBaeTCs CBS3b TCMIEpaTyp, U3MEpeHHBIX Mo wkane Llenbcus
M wmkane Kenosuna?

e Bhisenure ypaBHeHHe COCTOSHMSA rasa, MCNojibays 3akoHsl Boiis—MapuorTta
u leit-JIoccaka.

e Ypauenue KnaneiipoHa GblIo MONY4EHO C MCIMOB30BAHMEM TOJIBKO JBYX ra-
30BbIX 3aKOHOB, OfHAKO COAepXHT B ceGe Bce TP 3akona. Kak 310 cBsizaHo
¢ TeM (bakTOM, 4TO Yy ra3oB TeMileparypsble Ko3(QdHUUHEHTH JgasleHus M
00beMa ONMHAKOBbI?

e Yro Takoe yHuBepcalibHas rasosas nocrosHHas? Kak oHa cBssaHa ¢ 3ako-
HOM Asoraapo?

o Kakyw (u3UuecKYI0 CHCTeMy Ha3blBalOT MfealbibiMm ras’om? Uem onpene-
NFI0TCS YC/IOBUS NPUMECHUMOCTH 3TOM Mogenn? OT Hero 3aBUCHUT BHYTPEHHSS
3Heprus ujeasbHoro rasa?
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o MoxHo 11 00BSICHUTH YCTAHOBJICHHBIM Ha ONbITe 3aKoH [lansToHa ans cMmecu
rasos, onupasick Ha ypasHeHue Menneneesa — Knaneiipona?

e OueHuTe MaccCy BO3AyXa, BHIXOASLUETO M3 LIE/EH OTAIJIMBAEMOIO NOMEIHEHHS
ob6bemoM 50 M3 npu mosslienHy TemnepaTypsl oT 0 go 20 °C.

o Kak #sMeHHUTCH 4YYBCTBUTENBHOCTHL K M3MEHEHUSAM TeMmllepaTyp NpOCTOro
ycTpoicTBa, OMHMCaHHOro B 3adaue 3, eClM BepXHee OTBEPCTHE TPYOKMU 3a-
TKHYTb?

§ 16. MepsBbiH 3aKOH TEPMOAHHAMMHKMH

B cocTosiHUM paBHOBECHS TEPMOAMHAMMYECKAs CUCTEMA Xapakrepuayer-
Csl ONPEJCNCHHBIMA 3HAUCHUSMH MAKPOCKONMYCCKUX NAPaMETPOB. Ortn
NapaMETphl CBS3aHH MEXAy COOOM ypaBHEHMEM COCTOSHHA.

DO yHKUMS COCTOsHMSA. JI1000it BHYTpEHHMI TapaMerp sBaseTcs (yHK-
UMed BHELIHMX IapaMETPOB M TEMIIEPATYPH. B 3TOM ciyuae roBopsr,
4yTO OH mpeactaBnaser coboit gynkyuro cocmosnus. Oyuxuuamm co-
CTOSHASA MOXHO CYMTATh JIIOOHE XapakTepu3ylolue cucteMy dusnue-
CKMC BEJMUUHE, 3HAYCHMS KOTOPHX HE 3aBUCAT OT IPEABICTOPUA U
MOJHOCTHIO OINPENEJSIOTCH COCTOSHMEM CHUCTEME B JAHHHEHA MOMEHT
BPEMEHH.

BuyTpenHsf SHEeprus xak QyHxkuus coctosuus. OnHoi M3 BaXXHEH-
muX GYHKUMAA COCTOSHAS TEPMOAMHAMMUYECKOH CHCTEMHL ABJISETCS €€
BHYTPEHHSAS JHEPTH, NPUPOIa KOTOPOH B TEPMOJUHAMHMKE HE KOHKpeE-
TM3Npyercsd. BHYTpeHHsas JHEprMsl pacCMaTpHBACTCH B TEPMOOUHAMUKE
Kak ocobas dopMa 3HEPruy, CriocobHas K NpPEeBPaLICHUSM B apyrue Gop-
MBI, HalpuMep, B MEXaHMYECKYI0 — KMHETHYCCKYI0 WJIM IMOTCHI[HAb-
Hy — 3Hepruo. Korga cucrema oKas3bniBAeTCS B JAHHOM COCTOSHUAM, €€
BHYTPCHHSAS DJHEPrUs IMPUHMMACT COOTBETCTBYIOLIECE ITOMY COCTOSHHMIO
3HAYCHUE HE3ABHCUMO OT TOr0, M3 KaKOTO APYyroro COCTOSHHUS M KaKAM
CnocoboM CHCTEMA TEPENIa B JAHHOE COCTOSHHME. 3TO XapaKTepHoe /s
J3HHOIO COCTOSHMS 3Ha4YCHUEC BHYTPCHHEH SHEPIrUM 3aBMCHT TOJBKO OT
BHEIMIHUX NAPAMETPOB M OT TEMIICPATYPH.

3aBMCUMOCTh BHYTPEHHEH 3HEpPIWM OT TEMIIEPATYPhl Y BCEX BCTpE-
YAOUWMXCS B OKPYXAIOUWIEM MHDPE TEPMOAMHAMMYECKMX CHCTEM TakKo-
Bd, YTO ¢ POCTOM TEMIIEPATYPH BHYTPCHHSIS SHEPIrUs TaKXeE yBEIMYH-
BaeTCH.

PabGora u Tennora Kak (JOpMbl M3MEHEHHMS BHYTPEHHEH JHEPruM.
Ilpu B3aMMOZEHCTBUH TEPMOOUHAMUYECKOH CHCTEMBEI C OKpPYXaiowmeH
cpenoil mpoucxonut oOMeH 3neprmeit. IIpy 3TOM MOXHO BBUIEJMTH ABA
NPAHUMTAANBHO PA3JMUYHEX Coco0a Mepeaauu JHEPTMM OT CUCTEMHL K
BHemauM TenaM (wayn maobopor). IlepsHiil criocob mamMenenns BHYTpEH-
HEW 3HEPIMM CBY3aH C cogepuienuem pabombl N1€UCTBYIOIINMHU HA CUCTE-
My BHEIMHHMMHM cwiaMu. 3gech pabora MOHMMAETCS B TOM XE CMEICIE,
50
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KaK B MEXAHMKE U dJeKTpopuHaMuke. B repmonnuamuke paboma suipa-
KAeTcsd yepe3 MaKpOCKOIUMUYECKME MAapaMETPhl, HAIpUMeED KaK NPoH3Be-
neHUEe JaBJCHMS HA U3MeHeHne ofbema.

Bropo#t criocof u3MeHeHWs BHYTPEHHEH JHEPruM, HE CBA3AHHBIA C
coBepuicHuMEM paboTH, HA3WBAETCH mensonepedaqeii. Ilpu nepeoM cro-
cobe M3MEHEHME BHYTPCHHEH JHEPruM paBHO paboTe BHEINHMX CHJI HAaj
cucremoir. IIpM BTOpOM cCmocofe MOAYYEHHOE CHCTEMOH KOJMYECTBO
BHYTPCHHEH JHEPruy HA3BIBACTCH meniomou.

[MoguepkHeM, YTO MOHATHE PAabOTH TIPUOLUIO B TEPMOAMHAMMKY M3
MEXaHMKHA M JJCKTPOAMHAMMKHU. B OT/IMuMe OT ITOrO NOHSTHE TEILIOTH
BO3HHUKAET B CAMOH TEPMOIMHAMMKE M HE MMCET 3HAJIONOB B MCXAHHKE
¥ 3nekTpogMHaMuke. Baxuo, uto u pabora, n temnora — 310 dUaMUE-
CKME BEJMUMHH, XaPaKTCPU3YIOWINE NPouecchl, B KOTOPHIX U3MEHSETCH
BHYTDPCHHSS JHEPrHs TCPMOAMHAMUYCCKOM CHUCTEMH, B TO BpeMs Kak
BHYTpDEHHsig JHeprus xapakrepusyer ee cocmosuue. Ilostomy umeer
$U3UUECKHIA CMBIC/T TIOHSTHE JHEPrUM, 3AIIACCHHOH CHCTEMOH, HO HEb3S
FOBOPHTh, YTO CMCTEMA 3aMacja KaKoe-TO KOJMUYECTBO paboTsl WM Tem-
note. Wam, npyruMy CoBaMM, MOXHO NOBODUTh O COBEPIICHHOK padorte
W TCPEeNanHoi TEIUIOTE, HO HE MMCEET CMHICJa MOBOPHUTh O COOEpXaumen-
cs B cucreme paboTe WM TEIUIOTE. DTO 3HAUMT, UTO HM TEIUIOTA, HM pa-
foTa HE 9BASIOTCH, B OTJMYHE OT BHYTPEHHEH 3HEPruM, MPYHKIUSAMM CO-
CTOAHHL.

PaGoTa B repMoauHaMuke. PaccMoTpuM nogpobGHEe HEKOTOPHE BOIIPO-
CH, CBSI33aHHHE C IPONECCAMM COBEpIICHMS paboTH ¥ teroobmena. ITo-
AyuyuM OpMyay, TO3BONSIOWIYID paccyuTaTts paboTy, coBepmaeMyro
NP} MEAJICHHOM M3MEHEHMM o0beMa KakKoid-1mbo TepMOomMHaAMUYECKOH
CHCTEMEI, HAIIPUMED Ta3a, HAXOASIIErocs B COCYAC, 3aKPHTOM MOABUX-
HuM nopmdem (puc. 49). Ilycrs npmwloXeHHas K IMOPIIHIO BHEIIHSAS
cuna F MenneHHo MepeMEInaeT IOpuicHb

n3 nonoxcuus / B Onu3koe mnonoxedue 2 ¢ ;
TaK, 4TOOH cuay F MOXHO ORUJIO cuMTaTh
nocrosinHoi. Cosepmaemas cwiolt F pabo-

Ta A paBHA MPOM3BEAEHMIO CHUJIH HA repe- 3
meuieane Ax:

A= F-Ax. (1) =
Ec/v gBMXEHME TIOPIIHS MPOMCXogurt 0e3 Ax
YCKOpeHHsd, TO Cuaa F ypaBHOBELIMBACTCH 1 2
CH/I0M [ABJICHMSA rasa Ha TOPHICH: Puc. 49. K BbumcieHuio pa6otst

npu M3MEHEHHUH obpema

F=pS, (2)
rne S — rmiomane nopmus. IIpu moxcranoske F u3 (2) B BHpaxenue
(1) Bo3HMKaeT mpousBegeHue S-Ax, XapaKTepU3ymomee H3MEHEHUE
AV 3aHuMaemoro rasom obsema V. Tax kak oObeMm V yMeHbImaercs, TO

S-Ax = —AV. 3)
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Teneps Bupaxenue (1) nisg paGoTn peHCcTBYIOMIEH Ha MOPMICHb BHEMNI-
HEH CHNB MPUHUMAET BUA

A= —pAV. (4)

Koraa Buemnss cwna cxumacer ras, 1.e. AV <0, ee pabora noso-
xutenpna. M naoBopor, KOrpa ras pacmMpsieTCs, MEAJICHHO IEPEABUTAN
nopiens, pabora yaepXMBarolied NOpIieHb BHCIHEH cunkl F oTpuua-
tennna (A < 0).

Hapsiny ¢ paboroii BHemne#d CUJIBL MOXHO paccMaTpusaTh pabory
CHJIH, C KOTOPOH ra3 AaBAT HA TNOpmEHb. DTy paboTy MpUHATO Ha3h-
Bate palboroil, coBepmaeMOit rasoM, WM pabomoi zasa. OueBUAHO,
uto pabora raza A omnmuaercs or paboTel A BHemHER cMAR F TOJBKO
3HAKOM:

A=—-A (5)

AnmabatHueckue nmpoueccsl. ECaM cXaTtue uayM paciimpeHne rasa mnpo-
ucxoguT 6e3 TerutooOMeHa C OKpYXamluei cpemoit, To uaMenenne AU
€ro BHYTpEHHel sHeprud U paBHO paboTe BHEWIHEH CHIIBL

AU = A. (6)

YuntaBasg cootHomenue (5), 3T0 BHPaXEHHUE MOXHO 3aIUCATh M TAKUM
obpazom:

A = —AU. (N

Korga ras pacumpsercs 6e3 TernoofMeHa ¢ OKpYXCHUAEM, OH COBEPIIACT
nonoxurenpuyro pabory A' >0 3a cuer cBoeit BHyTpeHHEH suepruu U,
3amac KOTopo# npu 3toM ybmisaer (AU < 0).

TIpomecct, mMpoucxonsiye B OTCYTCTBHE TEIIOOOMEHA C OKPYXato-
mei cpenou, HasWBaTCY aduabamuueckumu (apnabatammum). Ina
NpPaKTHYECKOH pPEaNM3alMA TAKMX TIPOLMECCOB HYXHH ONpPEACIEHHBIC
ycaoBus: aubo 3aKMOUATh CUCTEMY B 000JJ0UKY € HU3KOM TEIIONpo-
BOTHOCTHIO, 1100 IPOBOAUTH NMPOLECC AOCTATOYHO OHCTPO, YTOOR! BHYT-
DEHHSS JHEDPTHs HE YCIENa 3aMETHHM 06pa3soM M3MEHWThCH M3-3a TeIl-
noobmena. B 3tomM ciyuae rosopat o6 aguabaTMyecKod M30JSLMH
CHCTEMBL,

PaboTa pHELIHNX BIEKTPHYECKMX CHN. BHEIIHNE CHIH, COBEPIIAOLINE
pabory Haja CUCTEMOM, MOTYT MMETh 3JIEKTPOMarHUTHYIO npupony. Ecim
B CHCTEME eCTh CBOOOIHBIE 3NCKTPHUYECKUE 3APSAH, TO NPH IPHIOKEHUHN
BHEIIHEIO JIEKTPUYECKOrO MOJAA CHJIH TOJS COBEPIIAIT paboTry, xorna
TIPOMCXOAMT MEPEMEMICHNE 3TUX 3apsipoB. Hanpumep, ecim sapsn g me-
peMeraercs U3 TOYKM € MOTEHIMAJOM ; B TOYKY C IOTECHIMAJIOM ¢,,
TO CHJIH IOJIS COBEPmAT padory

A=q(p;— ;) = —q- Ay, (8)
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rae A¢ — pPa3HOCTb IOTCHUMAIOB MEXAY KOHEYHON M HAYAJBHOH TOY-
kamu, Pabora BHEWUHMX 3/IEKTPUUECKUX CUJ B OTCYTCTBHE TEII00GMeHa
CBS3aHA C MI3MEHEHHMEM BHYTPEHHEH JHEPIMU CUCTEMBI TEM XE COOTHO-
menneMm (6). 3nech TakXe B HEKOTOPHIX CAyuYasx YXOOHO rOBOPUTh HE O
paoTe BHEMIHMX CHJ HAaja CUCTEMOM, a O padoTe camMO#ll CHCTEMBI Hap
BHEIHMMM TeAaMu. Tak, mpy 3apaaKe aKKyMyJISTopa €CTECTBEHHO TO-
BOpHUTE O pafoTre BHEIWIHMX CWJI, 33 CUET KOTOPOH MPOMCXORMT yBEIMYe-
H¥e BHyTpeHHed osueprun. OmHAaKo nMpy paspsaake akKyMyJsTopa, Korga
OH MCHONB3YETCS B KAYECTBE MCTOYHMKA NMUTAHAS B KaKoi-nub0 aymeKkT-
PUYECKOM LEN, ECTECTBEHHO TOBOPUTh O paboTe, COBEPIIAEMON CaMuMm
AKKYMYJIATOPOM, & HE BHEIIHMMM CHJIAMH, XOTS ITH BEJUUMHEL, KaK U
NpEXIE, OTMYAOTCH TOJBKO 3HAKOM,

Tennorta. IlepeiinemM k 6onee mompobHOMy oOCYXZEHMIO TerwioobMena.
Yrobm OH MpOMCXOAMJI, HYXHO NMPUBECTH CUCTEMY B KOHTAKT C TEIaMH,
MMEIOWMMHA IPYTYI0 TeMIepatypy. [lepenaua BHYTpEHHEH 3HEPTUH NIpH
TEIUIOOOMEHE IPOMCXOONT OT CHCTEME B OKDYXawIUYi0 CpeRy, ecid
TEMIIEPATYpPa CMCTEMBI BHIIE, YEM Y OKPYXEHHMs, U HA060pOT, cuCTEMa
TO/IyYaeT JHEPrUI0, €CAM €€ TEMIEpPAaTypa HUXE, YeM Y OKDYXEHHs.
[Tpouecc Terutonepegayy MPOMCXONMT OO TEX TOp, TOK2 CYLIECTBYET
pa3HoCcTh TeEMIeparyp. ECIM B Mpomecce TEMnonepesays He CoBepmaeTt-
cs pabora, TO M3MEHEHME BHYTPEHHEN SHEPIMM PABHO NEPCHAHHOMY CH-
CTEME KOJMYECTBY TEIUIOTH Q:

AU = Q. (9)

IIpouecc Temoneperaun MOXET MPOMCXOAUTH HE TOJBKO NPU HEMOC-
PENCTBEHHOM COIPUKOCHOBEHMM TEJ, HO M uepe3 uanydeHue. Vmenno
takuM myrem 3emnd nonyuaer sHepruio CosHua.

B Toit MM MHOM Mepe TEILT00OMEH MMPOMCXOANT TIPAKTUHECKH BO BCEX
MaKpOCKOIMMYECKUX mpoueccax. Ilpencrasnenne 00 ammabatuyeckoMm
MPoLECCE —— ITO HEKOTOPAas MAeannianus.

Ilepesiit 3axoH TepMoamnaMuku. B cepemvne XIX Beka wnccieno-
BAHMSIMM MHOTMX Y4Y€HBIX, B NIEPBYI0 ouepens HEMeEIKoro Bpaua P. Maii-
epa, aurnmickoro duanka JIx. Ixoyns u Hemeuxoro ¢usuka I'. Tenp-
Mro/ibua ObiIa TBEPAO YCTAHOBJIEHA 3KBMBAJICHTHOCTb TEIUIOTH M pabo-
TH, T. €. BO3MOXHOCTb MX CPaBHEHHMS M M3MEPEHHMS B OAHMX M TEX Xe
emuHuuax. Tem caMuiM ObUTA 3a/710XEHA OCHOBA A1 00OOMICHHMS 33aKOHA
COXPAHEHMS SHEPrMM HA TEIUIOBHIE MPOUECCH M as opmupoBauus ob-
LIErO TIOHATHS IHEPrUM KAK (DU3UUYECKON BEIMUYMHEL

CornacHo 3aKOHY COXPAaHEHMS HSHEPruM, JHEpPTUS HE BO3HUKAET M
HE MCYEe3aeT: OHA TOJBKO MEepexoauT M3 OgHON (hOpMBI B APYTYIO M
or ogHOM (PuanuecKoil CUCTEMH K Apyroi. IlepBbli 3aKOH TEpMOAUHA-
MUKH MAaTEMaTUYECKN BRIPAXAET KOMMUYECTBEHHYIO CTOPOHY 3aKOHA CO-
XpaHeHns W npespameHus sneprun. Ero moxHo copmymmpoears cie-
ayromuM obpazoM.
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V3menenue BHyTpeHHEN 3HEPTUN cUCTEMH AU = U, — U, B pesyns-
TATE MNPOILECCA MEePEeXOAa M3 HAYAJBHONO COCTOSHMS B KOHEUHOE PABHO
CyMME COBEpIIaeMOR HAA CHCTEMON BHEIIHAMH CHWIaMH paboTH A M mo-
JIYYEHHOTO CHCTEMON KO/MIMUYECTBA TEIUIOTH :

AU=A+ Q. (10)

CopepxaHue NEPBOrO 3aKOHA TEPMOAMHAMMKM MOXHO BHIDA3HTh M
takuM obpasoM:

Q=AU+ A (11)

— CoO01IEHHOE CHCTEME KOJTHYECTBO TEIUIOTH PABHO CYMME M3MEHEHHS
BHYTPCHHEH DJHEpPTMM M COBEPMICHHOM cucremoit paborm. EcrecrBeHHo,
4TO 3TH (HOPMY/INPOBKM IKBMBANEHTHH, TAK KaK A' = — A B cuny coot-
nwomenns (3).

[IpuBeneHHNe GOPMYIMPOBKYU NEPBOrO 3aKOHA PABHO3HAUHHI yTBEp-
KACHUIO 0 HEBO3MOXHOCTH BEYHOTO ABUTATENS, T. €. MAMIMHKEI, COBEPIIA-
omei pabory 6e3 3aTpaT IHEPrUM.

KBasucraTdyeckue mnpoueccsl Ha p-V-mmarpamme. ITpouecc mepe-
X04a CHCTEMBI M3 JAHHOIO HAYAJIBHOIO COCTOSHHS B OMPEREJICHHOE KO-
HEYHOE COCTOSHME MOXHO OCYIIECTBUTh pasnuuHeiMu criocobamu. Ilpu
3TOM CoBEpliaemas Haj cucTemoit pabora A um mepepasaemMoe ei
KOJIMYECTBO TEIUIOTH (Q 3aBMCAT OT CHO-
coba mnepexoma. Pasymeercs, ux cymma, P
paBHas HM3MCHEHMIO DHEPTHH CUCTEMH, BO
BCEX CIy4yadax 6yZer ogHA WU Ta XeE. -
Iloscaum 310 HA npuMepe mpocredmei
TEpMOXMHAMUYECKOK CHCTEMBl — WA~
HOro rasa. PapHOBECHOE COCTOSHUE OJHOTO b,
MOJS HAECANBHOIO ra3a XapaKTepu3yercs
3ajaHUEM IBYX 1apaMeTpoB, HaNpUMEp
gasneHns u ofpema. Tperwmit mapamerp —
TEMIIEpaTypa HAXOAUTCA mpU ITOM W3 Puc. 50. p—V-punarpamMMma upe-
ypaBueHus cocroguns Menpeneepa—Kua-  @1pHOrO rasa
neitpora. Ilosromy cocmosnue mons ume-
4JIbHOTO ra3a MOXHO H300pa3uTbh moukol HAa ABYMCPHOH nuMarpaMme
(puc. 50), a xgasucmamuueckuii npoyecc, npeacTasasommit coboit no-
CJIEIOBATENbHOCTh PABHOBECHHIX COCTOSHHI, — HENpPEpPHIBHON JuHUueld.
Pa6ora AA', cosepmaemas rasoM Ipyu H3MEHEHHH ero obbeMa Ha MaJyio
BesHYMHY AV, paBHA HPOM3BEAECHMIO JABJCHUS HAa MaMeHeHue obbpema:

AA = p-AV. (12)

N3 puc. 50 BugHO, yTo 9Ta paboTa YKCIAEHHO PAaBHA IUIOMIAAM 3AMTPH-
XOBAHHOM T0IOCKH BHCOTOM p v mupnuoit AV. ITosromy pabora, coBep-
maemas ra3oM IpH PACIINPEHUH M3 COCTOSHMS / B COCTOSHHE 2 MO NMyTH
a, paBHA IUIOWIANAM KPUBOMMHEMNHOM Tpaneluu, OrpaHMYEHHON rpadukom

o

0 ¥ av v, v
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npouecca M ocklo abcumce. Pabota, coBepmiaeMas BHEUWIHMMHA CHIAMH
HAJ ra3oM IpY 3TOM Npouecce, KaK YXe OTMEYasoCh, OTJAMYAETCI OT pa-
OOTH rasa TogbpKO 3HAKOM. Temeph JIETKO BHACTD, UTO PAOOTH BHEIIHMX
CWJI, COBEPILAEMHIC ITPH PACIIMPEHMM Ta3a M3 COCTOAHUS / B COCTOSHME
2 no nytaM a u b, paznnunun. Ho usmenenue sHyTpeHHed sHeprau rasa
U, — U, ue 3aBucuT OT nyty nepexopa. CrnepoBaresisHO, coolmaeMsie
razy TIp¥ 3THX IpOLECCAX KOJAMYECTBA TEIUIOTH, Kak caeayetr w3 (10),
OyAYT TakXe pas3IM4HHL.

TennoemMxocTh. [lonyuaemoe cucremolt B Xoge KBAa3UCTATHUECCKOIO
MPOLECCA KOJMYECTBO TEIUIOTH XapakTepuayercs (PM3MUYECKON Beanum-
HOH — mennoemkocmupio. TeEmNOEMKOCTRIO HA3BBACTCH OTHOLICHME
NEPEeaaHHOr0 CHCTCME Ha Y4YACTKE MpOLECca KOJMYECTBA TEIIOTHI
AQ x mpouCuIeAnIeMY HA 3TOM YYAacTKE M3MCHEHMIO TEMIIEpATypH CH-
crembl AT:

- 80

=37 (13)

KonuuecTBo TEIUIOTH, NOIydYaemoe CHCTEMOH IIPM M3MEHEHHM ee
Temnepatypu Ha AT, 6yZeT HEOAUHAKOBRIM JUIS PA3IHYHHIX IPOMECCOB.
[Moaromy 6yner pasHOi M TemnoeMKocts. TakuM 00pa3oM, TeILIOEM-
KOCTh SBISETCA XapaKTEPUCTMKOM HE CAaMOro BEWIECTBA, a omnpexe-
JIEHHOTO TIPOLIECCA C AAHHEIM BCLICCTBOM.

C noMowpio NCPBOrO 3aKOHA TEPMOAMHAMMKH MOXHO TOJYYUTh BH-
paXeHue g8 TETUIOEMKOCTH 1IPM pa3Hmx npoueccax. [I1s aroro ypoGHO
BOCTIO/Ib30BATHCS TEPBHIM 3akoHOM B ¢dopme (11). Ilpumensas (11) x
MaJIoMy YYaCTKy IIPOLecca M pACCMATpUBas CHCTEMEI, Y KOTOPHIX BHIpA-
XeHue s cosepuiaemoit paborm umeer sug (12), monyuum

— AU AV
C—AT—{—pAT. (14)

H3oxopHyeckHii mpouecc. Bauncaum ¢ nomowpio (14) rernoemxoctu
OZHOIO Mo MACANBHOIO rasa Iipyd pa3nvdyHhIX IPOLCCCax. HJISX N30~
XOPHYECKOTO INpOLEcca, NMpH KOTOpoM o0BbeM rasa OCTAETCS HCM3MEH-
HEM, AV =0, HaxoguMm

AU

Temnoemkocts Cp, monyuwnaa Ha3BaHWC MOJISPHOM TEIUIOEMKOCTH IIDH

nocrositHHoM ofbeme. OHa XapakTepuayeT Ipouecc HAarpeBaHusd rasa B
3aKPHTOM COCYHE.

H30b6apuyeckuil nponecc. Korga rasz saxmoued B OWIMHAD C BEPTH-
KaJIbHBIMM CTEHKAMH, 33KPHTHI CBepXy MOpLIHEM C TPY30M, TO Harpe-
BaHue raza OymeT NpoucXoguTh NpH MOCTOSHHOM AaBjieHmu (puc. S1).
Takoe u3obapuueckoe HarpeBaHUE COMPOBOXAACTCS PACHIMPEHHUEM rasa,
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IpH KOTOPOM OH, MOAHMMAS IOpPIUEHb ¢ TIPysoMm, cosepmaer pabory.
ITosToMy TEILUIOEMKOCTh ra3a IIPU IOCTOSIH-
Hom passnenun C, OoJsiplie, MEM TEIJIOEM-
KOCTh TIIpH HocTosinaoM obbveme Cy,. U3 ypas- T
HEHMS COCTOSHHS ONHONO MOJISI MACAJBHOIO

raza pV = RT 1py NOCTOSHHOM AABJCHUM P
HaxoguM p-AV =R-AT. Teneps ¢ mo-
Mompo (14) nonyyaem

C,=Cy +R (16)

Coornomenne (16) HasmBaeTcs ypaBHCHUEM
Maiiepa.

- -

p = const

Puc. 51. Uaobapuueckoe Ha-
rpesaHue raza

Annabatuueckuit npouecc. [Tpn orcyrcrBum TEIIooOMEHa C OKpYy-
XKaIOWMMHA TEJAMH TEIUIOEMKOCTh paBHA HYMO, a NEPBHA 33KOH TEP-
MOIMHAMMKA ITIPMHUMAET BHI

AU = A4, (17)

4YTO, E€CTECTBEHHO, coBmaaaetr ¢ (6): maMeHeHNE BHYTPEHHEH 3HEPruu
CHCTEMBI TIPOMCXOAMT TOJBKO 3@ CYET paboTH BHEIHUX CHJI. DTO Xe ca-
MOE MOXHO BHPA3UTh MHAUYE: MpH aguabaTMdYCCKOM IIPOLECCE COBEpHIa-
emas cucTemoit pabora A' passa yOmrIM BHYTPCHHCH JHEPIWM CHCTECMEL

A'=—AU=U,— U, (18)

IIpn paclMpeHMM cuUCTEMA COBEpmACT MOJOXHUTEALHYIO paboty
A'>0, Ho A< 0, ¥ ce BHyTpcHHSAS 3Heprus yOmpaer. J[1s MaeanbHOro
rasa, y KOTOpOro BHYTDEHHSSl JHEPrs pac-
TET C YBEJIMUCHUEM TEMIEPATYPH U HE 3aBU-
cuT oT ofbeMA, JTO O3HAHAET, YTO YIpA Anu-
a0aTMUECKOM paCIIHpEHHN ra3 OyaeT oxJsrax-
narbcs. I1pn apuabarudeckoM CXatMu TaKoH
ragz Oyzer HarpesaTscs.

Takoe TOBEACHME TO3BOJSET TOHSATD,
noyemMy Ha p—V-OMarpamMe MAeasbHOro ra-
33 rpahMK KBa3UCTATHYECKOro aguabatnue-
CKOTO IPOLECCA MAET Kpyue rpaduka wnso-
tepMuueckoro npouecca (puc. 52). Heictsn- 0 v
TCBHO, TPM M3OTEPMMUYECKOM DACIMPEHHMM  pyc 52, Usorepwst 1 aguaba-
TeMIepaTypa TOCTOSHHA, @ NpU aguabaTv- ta mpeansHoro rasa ma p—V-
yeckoM — yOHBaer; mnojToMy apuabara Avarpamme
HOJIXKHA TIEPECEKATh M3OTEPMBI, COOTBETCT-

Bytomue BCe Gonee u Bonee HU3KMM TEMIEPATYPaM, B PE3ysbTare 4ero
AaBicHME TIpH PACIIMPCHMM fajaer GRICTPEe, YEM HA M30TEPME.

fel |

H3orepMmudeckuit npouecc. IIpn M3oTepMuUEcKoOM pacmIMpEHMH He-
aJIpHEIH ra3 coBepmaer paboTy TOMBKO 3a CYET MOABOAMMOM K HEMY



138 1IV. OCHOBbBI TEPMOJAMHAMUKH

TEIIOTH, TAK UTO €r0 BHYTPCHHSS 3HEPrusg BO BPEMsS TAKOro nponecca
HE MCHACTCS:

A=0Q, AU=0. (19)

[Ipn M30TEpMUYECKOM CXATHH MACAJBHHIN ra3 COBEpLIAET OTPHLIATEJIb-
Hyto paGory. IIpn aToM Teriora or Hero orBogutcs: Q < 0.

TenjoBOi ABHUraTeJb. TEIUIOBHIMH ABHIATEAIMH HA3BBAIOT MAMIMHHE,
KOTOpHIE PEclpasyioT BHAEAAIOMYIOCS IPH CXHIAHMH TOIIMBA BHYT-
PEHHIOIO JHEPTHIO B MEXAHHUYECKYIO. IlepBbie pasHbIe 1O KOHCTPYKIHH
M HA3HAUECHMIO MMAPOBHIE MAIUMHH MogBuAMCh Ha pybexe XVII—XVIII
BekoB B Aurmu ¥ Opanumn. Crnycrs moacroneruss U, [onsynoBeM B
Poccun u . Yatrom B AHraum 6bH CO3AaHE YHHBEPCAJIbHHEE ITAPOBLIE
MAlIMHKE, PUIONHLIE A PasJHYHEIX HYXA. VX mosBienne mpousseno
HACTOSINYI0 TEXHHYECKYIO PEBOJIIOLHIO, YTO AaJI0 OCHOBAHME 0Opa3HO
Ha3BaTh NOCJICAOBABLICE 32 3THUM CTOJICTHC «BCKOM MApa».

Bo propo#t monoBuHe XIX Beka mOSBHAMCH ABMFATEAU BHYTPEHHETO
CropaHus, MOJyuyMBIIHE ocobeHHO Goabmoe pacrnpocrpadenne. HauGo-
Jiee COBEPIUCHHBIMA OKA3aJIMCh TAK HA3KIBAEMBIC YETHIPEXTAKTHHIC JBH-
raTend, paspaboTaHHEIE HEMEIKHM KOHCTpykTopom U. Orro.

ITpumeHnM mepBHI 3aKOH TEPMOAMHAMMKY K aHAAn3y paboTh Tem-
noBoit MammHe. Hecmorps Ha Gosbiioe pasuooOpaime, BCE TEIUIOBHIE
ABHMTaTEIM MMEIOT 00mMit npuuuun aeicrsus, HasHauenne moGoro ne-
pHOOMYECKN AECHCTBYIOLIENO TEIIOBOTO
ABUTATENS COCTOMT B COBEPLICHHM ME-
XAaHAYECKONA PabOTH 33 CueT UCIOab30-
BAHHA BHYTPEHHEH B3HEPIUH, O UEM

0 KPaTKO, HO HE COBCEM TOYHO TIOBOPAT

1 KaK O MPEeBpAmEHUH TEILIOTH B paGory.

% TpuanurmaneHas cxema  mofoi
‘/r% ‘;59/ A=Q-Q, TENNOBOH MAWAHH, €CAH OTBAEYULCS OT
A" €€ KOHCTPYKTUBHHX OCOGEHHOCTE!, BhI-

Harpesateas
T

0 IISEMT TaK, KaK MOKa3aHo Ha puc. 53.

2 Ee o6g3aTebHBIMH 3JIEMEHTAMHU SBJISI-

IOTCS [Ba TEIUIOBBIX peE3epByapa: wa-

x°”°‘;‘”""“" zpesamens ¢ HEKOTOPOH TEMIEPATYPOit

2 T, u xo0n00unbHux C TEMIEPATYpPO’

L<q T,, MEHbIIEH TEMIIEPAaTYPH HarpeBaTe-

Puc. 53. Tlpusumnuanssas cxema J4. POMb XOJOAWILHHKA MOXET BHINOJ-
TEMIOBOM MAIIMHbI HATH OKpYXammas cpea. Ecin npocro

NpUBECTH HATPEBATENb B  TEIUIOBOH
KOHTAKT € XOJOAWILHMKOM, TO BHYTPEHHSS JHeprHs HarpesaTens Gy-
[ET MEepefaBaThCsd XOJOAWIBMHKY IMyTEM TerUiomepenaun Ges comepiue-
Hug paborel, Jng coBepmieHMst MeXaMmuecKoit paGoThl 0043aTesnbHO
ROMXHO OHTb MPOMEXYTOUHOE 3BEHO — TAK HA3HBAEMOE paboiee me-
20, B KAUECTBE KOTOPOrO MOXeT GHTh MCIOAB30BAaH, HAMPUMED, ras B
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LWIMHAPE, 33aKPRITOM NOPIHEM. Y INEpHOAMYECKHM ASHCTBYIOmeN Ma-
IIMHBL BCE MPOLLECCH € pafouuM TeJOM IOBTOPSIOTCSH, TAK YTO OHO me-
PHOAMYECKH BO3BPALIACTCHE B HCXOAHOE COCTOSAHHE,

IMKJ Ten10BOM MaluKHbL. Mexanuyeckas pabora cosepmaerca npu pac-
NIMPCHMH ra3a B LWIMHAPE, IIpH KOTOPOM OH NMPOXORUT Yepes psas COCTOs-
HH# BOJb HEKOTOPOI KpUBOH @ Ha puc, 54. 11 Toro yrolnt paGouee Teno
BEPHYJIOCh B MCXOTHOE COCTOSHHME [, ra3 B UWM/IMHApPE HYXHO CXATh, IS
Yero Haj HUM IpHAETCS CoBepiuTh pabory. Ho
gra pabora 00s3aTEIBHO A0XHA ObBITb MEHb-
nre, ueM paGoTa, COBEpIICHHAS ra30M IIpH pac- 1
mupeHun. Ha p—V-guarpamMe paGora rasa
paBHA MJIOIARM KPHBOJIMHEHHOM Tpaneuuu
nmoj Kpueoi a. UToOwl npH CXaTHH rasa coBep-
KIACh MeHbIIasg pabora, xpusad cXatus b
JOJIXHA JIEXaTh HUXe KPUBOH a: cXaTue rasa
IOIXHO IPOMCXOAUTD 1pu 00J1ee HU3KMX TEM-
mepatypax, UeM pacmMpeHue. Puc. 54. Uunkn  remnosoro
Pa3HocTb ILI0maAci nog KpUBKME a 4 b, f“’e"'”a’"e"“ Ha p—V-pnarpam-
T. €. IomManb, OrPAHMYCHHAHA 3aMKHYTOH
KpHBO#l /—ag—2—b—!, paBHa pabore A', co-
pepuiaemMoit paGounM reroM 3a MKk Ha ocHOBaHMM Mepsoro 3akoHa
TEPMOAMHAMMKH 3Ta pabora paBHa Pa3HOCTH MEXAy TEIWIOTOR Q;, mo-
JTy4eHHOH pabouyMM TEJIOM 3a LMKJI OT HArpeBaTenNs, H TEwIoTol Q,, oT-

JaHHOH MM XOJOMMIbHHMKY, H00 pafouee TEIO0 NOCiIe COBEPUICHUS LUKJIA
BO3BPAMIAETCA B MCXOJHOE COCTOSIHME, TAK UTO €I0 BHYTPCHHAH SHEPrus
NMIPUHUMACT HCXOQHOC 3HAUCHHE!

A= Q- Q2~ (19)

pA

<o

0 14

KIIJ renaosoit mamuHbl. OTHOLIEHNE COBEPINCHHON 33 LMK paboThl
A’ K KOMHYECTBY TEIIOTH Q), OTYYEHHOMY 3a LIMKJ OT HATPEBATENS, Ha-
3HBAETCH KOIhduyuenmom nore3no2o delicmeus TEIUIOBON MalIMHEL 1.

[

=4 20
=4 - (20)

MaxcuMaabHO BHIMOAHOM Onuia OB TEILIOBAd MauIMHA, Y XOTOPOH BCs
nonyueHHas TemwioTa Q; Mpespamainack 6m B pabory: A'= Q,. Onnaxo
HAa OCHOBAHHHM ONBITa YCTAHOBJICHO, YTO 3TO HEBO3MOXHO.

K o6cyxpenuio KITJ Termnosol MamMHHE MBI €me BEPHEMCH MpH
H3Y4YEHHUH BTOPOIO 3aKOHA TEPMOAMHAMHKH.

e Yto Takoe PYHKLHA COCTOAHHA TEpMoAMHaMHUuecKkoh cuctempl? Kakue du-
3UUYECCKHEe BCJIMUHKHBI, XAPaKTCPpHUIYIOIIHUE CHUCTEMY, MOXHO pacCMaTpPHBaATh

KaK QyHKIHYK COCTOSHUAT

e TlosacHuTe, MoyeMy BHYTPEHHAS SHEPTHA TEPMOAWHAMHUECKON CHCTEMBI AB-
nseTcs QyHKUMel COCTOSHUA.
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Yro takoe Tensota M pabora? KakoBa HMX €BA3b C BHYTpeHHei 3Heprueir?
IosicuHuTe CXOACTBO M pa3jHuMe 3THX (DU3UUECKHX BETHUHMH.

MoXHO /1 TOBOPHUTL O KOJHYeCTBe TemJoThl MM paboTsl, 3anaceHHOi cuc-
Temoi? SBnsroTcs an Tensota ¥ pabota PYHKUHAMH COCTOSAHUS CUCTEMBI?

Iyctb Ha puc. 49 cneBa oT NOPLIHA UMIMHAP coobliaeTcs ¢ atMocdepoi. UTto s
9TOM cJlyuae ciefyeT MOHMMATh NMOA cHiioit F, pabota KoTopoit paBHa — p- AV?
Yemy pasHa 37a cHJla, €CJIM laBJIeHME ra3a B LIMJIMHAPE PAaBHO P, a AaBJIEHHE aT-
Mocepsl paBHO po?

IMoscuure, noueMy paboTa rasa rnpu u3MeHEHHH ero o6beMa OT/IMYAeTCH 3Ha-
KOM oT paboTh! BHEWIHEH cwisl, AedcTByoulei Ha MoplueHs. [loueMy ato
YTBEPXAEHME CIIPABENJIMBO TO/IBKO NpPH AOCTATOYHO MEAJIEHHOM paBHOMep-
HOM JABHXEHMH NOpIUHA?

ITycte ras B ycnosusix agdabaTHuecKod H3OJSLMH COBEpLUAET OTpHULATENb-
HY®W paboty. HTo npu 3TOM NMPOMCXOAMT C €ro BHYTpeHHeit sHeprueir?

TToxkaxure, 4TO NEPBbIK 3aKOH TepMogMHaMuKu B dopme (10) umm (11) ak-
BMBAJIEHTEH YTBEPXAEHHUIO O HEBO3MOXHOCTH BEUHOIO JBUratesid.

IMosicuuTe, noueMy Touka Ha p—V-guarpamme MOJHOCTBIO XapakTepuayer
COCTOSHHME ONPEAEJIEHHOTO KOJMYECTBA HAEAJILHOMO ra3a. eMy cooTBETCTBYET
mobas Kpusas Ha Takoi guarpamme?

Kak no rpaduxy HexoToporo npouecca Ha p— V-guarpaMmme MOXHO ONpeAeuTh
coseplIaeMyto cucteMoif pabory? B xakoM cayuae pabora rnosoxuresnsHa? oT-
pyuardyaTensHa?

Hoqemy TENJIOEMKOCTh HEKOTOPONO KOJIMYECTBA BELIECTBA 3ABHCHUT OT MPOUCXO-
AAUIero ¢ HUM npouecca? Ob6BsIcHUTE, NMo4YeMy TENJIOEMKOCTL NPH NMOCTOAHHOM
AaBJIECHHUH CP Bcerga 6osblle TENJOEMKOCTH IPH IMIOCTOAHHOM obveme Cy.

YeMmy paBHO 3HaucHUE TeIUIOEMKOCTH AJs aguabaruueckoro npouecca?
MoXHO Jiu NPOBECTH € HMAEaNBLHBIM ra3oM Takoi Mpouecc, Npy KOTOPoOM Terl-
JI0EMKOCTh OyAer oTpHLATeNbHON?

O6mnacHuTe, rouyeMy Ha p—V-AdarpaMme uieaslbHOTO rasa aguabata upaet
Kpyue H30TEPMBI.

O6BAcCHUTE YCTPOMCTBO U MPUHIMI AEHCTBUS TEMJIOBOIO ABUFATEJS.

IMosicuute, nouemy pabora, coBepluaeMas TEIJIOBBIM ABWratesieM 3a ORWH
LMKJI, H3obpaxaeTcs Ha p— V-auarpaMMe IUIOWAABI0, 0XBATbIBAEMOLT 3aMK-
HYTOH KPHMBOHM 3TOIO UMKJA.

Yro takoe KIT/l tennosoro asuratens? Yem onpengensiercs ero aHayeHue?

§ 17. MNpumepsbl NnpHMEHEHHSA
NepBOro 3aKOHa TEPMOAHHAMMKMH

IlepBuil 3aKOH TEPMOAMHAMHKH, KaK M 33aKOH COXPAHCHHUS JHEPIHH B
MEXAHHUKE, YACTO JAET BO3MOXHOCTh HCCJIEA0BATh TEIUIOBHE MPOLIECCH B
MaKpOCKONMUUCCKHX CHCTEMAax AaXe B TeX CJIy4YasX, KOrna HaM HE HM3Be-
CTHHl J€TaTM MHUKDPOCKONMUYECKON KAPTHUHEI U3YYAEMHIX SBJICHHIMA.
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SHepreruueckKuit 6ananc. Ilepeniit 3aK0H YHUBEPCANEH, OH IPHMEHUM
KO BceM 0e3 MCKIIOUYEHHMS TEIUIOBhIM MPOLIEcCaM B ToOnix cucremax. Kaxk
M BCAKMHA 3aKOH COXPAHCHHMS, OH He JACT ACTANbHON MHGOPMAIUHU O XO-
J€ 1ponecca, HO I03BOJISET COCTABHTh ypaBHEHHe OanaHca, ecaM 3apa-
HEC M3BECTHO, KAKHME HHEPIETHUECCKHME MPEBPAIICHUAS IPOMCXONAT B pac-
cMaTpuBaeMoil cucreMe. B aToM maparpacde Mm paccMoTpHM HpHUMeEpH
HCIO/Ib30BAHMS IIEPBOr0 3aKOHA TCPMOAHMHAMMKH.

Tennota ¥ BHYTPEeHHAR 3HeprHd. [IpeXne BCero ciejlaeM HECKOJILKO
3aMEYaHMA O CMHCJIE BXOAAINMX B YPABHEHHUE IIEPBONO 3aKOHA BEIH-
yuH. Koxmuectso mepegaHHod TEmaoTH OBUIO OMPENETEHO KAK MEpa
H3MEHEHMS BHYTPEHHEHW JHEPruM CHCTeMBbl NMpu Ttervtonepeaaue. Ho He
BCErga MOABEAEHHE K CHCTEME TEIUIOTH MPUBOAMT K HM3MEHEHHUIO €€
BHYTpeHHe# sHeprum. Hampumep, mpH M30TEPMHUYECKOM PACITMPEHHH
HACATPHOIO rasa MOXBEJEHHME TEIUIOTH HE CONMpOBOXIAETCH YBEIHUE-
HUEM BHYTPEHHEN SHepruH rasa. BHyTpeHHSI SHEprus MECaabHOrO ra-
33 33aBMCHT TOJBKO OT TEMIEPATYPHI M IpPH H30TEPMUUECKOM MpPOLLECCE
He MEHSeTcd, HO ras cosepmaer pafory, ¥ BEIMYMHA 9TOM paboTH
paBHAa NOABOAMMOMY K CHCTEME KOJIMYECTBY TEILIOTHL

Tennota u pabora. CosepireHne BHEIUHUMH CHJIAMH MEXaHHUECKOM
paboTH Haj CUCTEMOM TAKXE MOXET HE COMPOBOXIAATLECI U3MEHEHHEM €€
BHYTpPEHHEH 3Hepruu. ECIM CXUMATh MACAMLHHYN ra3, MpMHUMAd Mephl
K TOMY, uTOOBI €ro TeMIEepaTypa Npy ITOM HE YBEJIWUUBANACH, TO BHYT-
PEHHSSI JHEPrHY ra3a octaHercs 063 M3MeHCHHUS, 4 OKPYXAIOMUM TeaaM
neperieT HEKOTOPOE KOJHMYECTBO TEIUIOTH, PABHOE COBEPIICHHOW HAX
rasoMm IpH ero cxarum padore.

IIpuMep NMpHMeHEHHS IEPBOr0 3aKOHAa TEPMOJAMHAMMKH. [Ipumenas
NEepBHH 3aKOH TEPMOJUHAMHUKHM, HYXXHO BCETAa BHUMATEIbHO CJICAUTH 32
TEM, K KAKAM U3MCHCHHUSM B CAMOIi CUCTEME MOXET IIPUBCCTH NOABEAECHUE
K Hell TEIUI0TH H coBepiueHue paboTwl. [I0SCHUM 3TO Ha CAECAYIOMEM IIpH-
mepe. Ilpenacrasbre cebe, YTO B KOMHATE HA HEKOTOPOE BPEMS BKIIOUMIIN
J7eKTPUYECKHH HArpeBaTesb, B PE3y/JbTATE YEr0 TEMIEPATypa BO3ayxa
ysesnumiack ot T, g0 T,. Moxer mokasaThCcs, UTO B PE3yabTaTe 3TOrO
BHYTPCHHSS JHEPIUY BO3AyXa B KOMHATE yBEJMYMAAch. [IpoBepuM, Tak
JIM 3T0. ByaeM cunTaTh BO3AYyX HACATBHBIM ra3oM. B cocTosHuu Temnosoro
paBHOBECHS BHYTPEHHSAS SHEPrMd OAHONO MoJIS NMpONOpUMOHAIbHa abco-
JIIOTHOM TEMIIEPAType, 4 JHEPrud BCETO BO3AYXa B KOMHATE MpONOpHMO-
Ha/abHA KoaudecTsy (Yucay Moneit) rasa, HAXORSErocs B KoMHare. [lo-
3TOMY BHIDAXCHHE JIJI9 JHCPTUH MOXHO 3aIIHCATDb B BHIE

U=Cy+T, (1)

rme m — Macca po3dyxa, M — ero MongpHas Macca, C, — MOJISpHAS
TEIJIOEMKOCTh NIPH MOCTOAHHOM ofBEME.
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Bocnonbaoeasimuce ypasrerueM Menaeneesa—Kiaaneilpona pV =
= (m/M)RT, 3amMeuaeM, 4TO BHPAXECHUIO A1 BHYTPCHHEN SHEPTrHH BO3-
ayxa U MOXHO npuaaTth BHA

U=c, 2. (2)

O6reM V xoMmMHAaTh HE H3MeHseTca Ipd pabore HarpesBaTend, He
H3MEHSETCS M JaBJIeHHE p BO3AyXa B xomHare. OHO paBHO aTMmocdep-
HOMY, IOCKOJIBKY KOMHATa He repmeruyna. Torma us cdopmynn (2)
BUAHO, YTO BHYTPEHHSS OJHEPrus BO3AyXa B KOMHATE HE HM3MEHAETCH
npH npoTamMeanud. Cpa3y BO3SHHUKAIOT BOMPOCHL YTO IIPOMCXOAMT C
notpeb/aSEMOi OT CETH 3JJEKTPOIHEPTHEM M 334YEM MBI BOOOHIE BKITIO-
yaeM anekrponarpeBaresns? OTBeyas HA BTOPOH BOHPOC, OTMETHM, YTO
AJ18 4YeJIOBEKAd MMEET 3HAUCHHME HE JHEPrus BO3AyXd, a €ro TteMmepa-
Typa, KOTOpas MOBBIIAETCS MpH MporarnsiuBaHuM. YTo Kacaercs smep-
rMd, nOTpeC/iIeMOl HArPEBATE/EM OT CETH, TO OHA LICJIMKOM <«BRIXO-
ONT» HAPYXy: Macca BO3gyXa B KOMHATE IPU HArPEBAHUHU IpH IOCTO-
SSHHOM JaBJICHMM YMEHbIIAEeTCH.

WUrax, BHYTpeHHSIS 3HEPrud BO3AyXa B KOMHATe Ipu pabore Harpe-
BATEJISI HE MEHSETCS, HECMOTPS HA MOBHIIcHUE TeMiepaTtypsl. Ho nuxa-
KOr0 Mapagoxca B 3ToM HeT. [lepBHii 3aKOH TEPMOOMHAMHUKH, pazyme-
€TCsl, CIIPaBEJINB M B 3TOM ciyuae. [IpocTo npu HarpeBaHUM U3MEHSET-
Cf caMa paccMaTpuBaeMas CHCTEMa: KOJHYECTBO BO3ayXa B KOMHATE
YMEHBIIAETCS.

Elle OAMH npyMep npHMMEHEHHS MEPBOro 3aKOHA TEPMOAUHAMHUKU.
PaccMoTpuMm Temepb CTAMOHBAPHABIN MMOTOK MAEAJIbHOIO ra3a, mpoTcKar-
IEr0 uepes JAMHHYK COHpaasHylo TpyOxky — 3MeeBux (puc. 55). Ha
BXOZA€ 3MeeBHKA MOAAEPXHMBAIOTCS MOCTOSHHEIE NaBJICHHUE p; U TEMIIEpa-
typa 7,. Ha Brixome 3MeeBMKAa NOAREPXKUBACTCAOCTOAHHOE HABJICHHE
D, ¥ u3Mepserca temneparypa T,. [Ipexne Bcero moacuuraem pabory,
COBEPIIAEMYIO IIpH MPOXOXACHUH YEpE3 3MECBUK OXHOTO MOJSA rasa.

O xakoit paGore maer peub? MuI 3HAaeM, 4TO ras, a TOYHEE, CHJIA
XaBJEHUSA rasa, coBepimiaer paboTry mpd MNepeMEmMEHHUHM MOPUIHS HKJIH
M000r0 Apyroro Teidda, OrpaHUUYMBAIOMIEIO 3aHMMAEeMHIH ra3oM oOmbeMm.
TaxuMm TEJIOM HBJISETCH, HAmpuMmep, o00J0YKa PE3MHOBONO LIADHKA,
aedopMupyrOIIascs IpH €ro HanoJHeHMH rasoMm. OOmee BhIpaxeHHe
1 paBoThl cuaH AaBaeHus rasa naercda dopmynont (12) mpeanaymiero
naparpada:

AA = p-AV. (3)

OTMETHM, 4YTO HAJHYME TEAd, OrpaHMuUMBAOmMEro o0BEM rasa, co-
BEPUIEHHO HEOOXOAMMO 4 TOrO, uToOM MOXHO OBUIO FOBOPHTBH O cO-
BEpIIAaEMON ra3om pabore: ras, paclIHpIIOn(UACAd B IycTOTY, paboTH
He copepiiaer!

ITosicuum 370. IlpeacraBum cele cocya, pasaeNCHHHN NEPEropoaKom
Ha /IB€ YAacTH: 0 OAHY CTOPOHY OT MEPEropojKH HAXORUTCA ras, Io



§ 17. IPUMEPB] IIPUMEHEHH A JIEPBOFO 3AKOHA TEPMOJIHHAMHKH 143

Apyryo — BakyyM. [Ipu BHE3AaIHOM YAAJICHHHU MEPErOPOAKY ra3 3aros-
HSET Becb COocyd, oOmem rasa ysenumuusaercsa (AV > 0), nasiesue rasa
p > 0, onraxo pa6oth ra3 He coepmaer: AA = 0. ®opmyna (3) B atom
Cllyyae HEMPUMCHHUMA. -

Hapsany ¢ paboroit, coBepimaemoit ra3zoM, MOXHO pacCMaTpUBaTh pa-
60Ty BHENIHUX CHJI, COBEPIIAEMYIO HAJ ra30M IIPH NEPEMEMEHMH TIOPII-
Hg. OuyeBMAHO, YTO NPU PABHOMEPHOM IIEPEMEMEHHMH MOpWIHA padora
AA, cosepmiaeMas Han rasoM, NPOTHBOMOJIOXHA M0 3HAKY M PaBHA 10
Moxyo pabore raza AA', T.e. AA= —p-AV. Tak 0 Kakoil Xe pabore
uper peun? Benb HMXakux mopmHen 3geck HeT! OOHAXO HA CAMOM fene
«IIOpPIIHHK», T. €. BHELIHHE TEJAA, NOMACPXUBAIOMME 3aXAHHKIE XABJICHUS
Ha BXOAE M BHIXOAE 3MEEBMKA, 3[ECh €CTb, M OHH-TO M COBEPMIAIOT pa-
00Ty Hax MPOTEKAIOmMMM razoM. Oty paboTy MOXHO MOACUMTATH CIACHY-
OmUM 00pasoM.

PaccMOTpUM ra3, 3aK/MIOYEHHBIH MEXNYy BXOAHEIM S; M BHIXOZHHM

S, ceueHusMu 3Meesuka (puc. 55). Borencrsue cTanMoHapHOCTH MOTOXA

Macca 3TOro ra3a He MCHACTCS CO BPEMECHEM, T. €. €CJIN 3a BpEM4 At ye-
pe3 BXOAHOE CEUEHHUE MpONILIa Macca ra3a Am, TO TOYHO Takas XE Macca
BRIIIJIA M3 3MEEBHKA.

ITycre o6beM, 3aHMMAEMHIt MaccOi Am Ha BXOZE NPHU AABJICHHAHU p,
n remneparype T, paseH AV, a 00beM Ha BHIXORE U3 3MEEBHMKA PABCH
AV,. I'a3, HaXOOUBIIHICA MEXAY CEUCHH-

aMu S| B S,, Tenepb 3aHUMAET HOBOE I10- Sl'l ;SZ
JIOXEHHME: UAymas 3a HAM nopuus rasa p,! ' p,
AeHcTBOBAaNA HA HEro ¢ cwion F, = p,§,, am Tam

HUIymM# BIEPEXN ra3 OKA3KBAN COMPO- | |
tusiaenue F,= p,§,. Takum o6pasom,

Puc. 55. IlpoxoxpeHue rasa yepes
pa60oTa BHEITHMX CHJI HAaJ PACCMATPUBAC-  sveenux
MEM rasom AA=p AV, — p,AV,. llo-
CKOJIBKY BO BpEMs IpoNecca AaBJCHHS ra3a HA BXOAE W BHIXOAE
OCTAIOTCH IOCTOSHHHMH, TO Pa60Ta BHEIUHMX CHJI NpH IPOTANKMBAHHH
yepes 3MEEBUK OJHONO MOJA ra3a paBHA

A=pV,— PV (4)

e V| u ¥V, — o0beMul, 3aHUMAaeMbIe OAHNM MOJIEM rasa MpH yCJIOBUAX,

CYmECTBYIOMUX HA BXOAE M HA BHIXOAE 3MEEBHKA cooTBeTcTBEHHO. Co-
IJIACHO ypaBHeHMIO Menneneesa—Kianelipona MOXHO HAnHcaTh

pV,=RT,, pV,=RT,

ITosromy coBepuraeMasl Hag OSHHMM MOJIEM ra3a pabora pasHa
A=R(T,—T,). 5)

Teneps o6paTuM BHEHMAHHE Ha OFHY OCOOGEHHOCTh PACCMATPHBAEMOIO
mpuMepa: B TO BpPEMS KaK TEMIEpPATypa rasa Ha BxoA€ B 3meeBHKk T
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3adaemcs, Temneparypa Ha Buixoae T, usmepsiemcs. HanommmM, yto

xaeieHue B ofoux cayyasax 3agaercd. OT uero Xe 3aBUCAT TEMIEPATYpa
rasa Ha Buixofe? OQUEBHAHO, OT YCJIOBHMI €ro MPOXOXAEHUS yepes 3Mee-
BUK. YeM Xe MOryT pasnvuyarecs 3TH ycjaoBug? Tonbko MHTEHCHMBHO-
CTHIO TEIUI0OO6MEHA MPOTEKAIOmIErO MO0 3MEEBUKY rasa ¢ OXPyXaromen
cpenoit. PaccMoTrpuM BHAauase ciydait, Koraa temioo6Mer BooOwmwe or-
CYTCTByeT — 3MEEBMK anuabaTuuecky U30AMPOBAH OT OKPYXAWOmei
cpeant. Kakosa npu aToM teMnepatypa ra3a T, Ha seixoge? Mcmonesys

NEPBLIA 3aKOH TEPMOOMHAMMKH
Q4+ A= AU, 6)

nonyyaem A= AU, tax kak Q = 0. [TockosbKy BHYTpEHHSS SHEPrus
MREAJIbHOTO ra3a MpomoOpPHHMOHAJbHA TEPMOAMHAMUUYECKOH TeMIiepartype,
HMeEM

AU=U,— U, = Cy(T,—T)). )

TToncrasass Bupaxenus (5) u (7) B ypasuenue (0) m yuuMTHIBAS, 4TO
B orcytcrBue teroobmena Q =0, nonryuaem

R(T,—T3)=Cy(T,—T)),

a rak xak C, >0, 10 orcrona nemenanenuo caeayer T\ =T,

TakuMm o6pa3oMm, TeMIEpaTypa HACATBHONO ra3a npu aguabatuye-
CKOM TITPOXOXACHMM 4Yepe3 3MCEBUK HE MEHSETCH, a cOBepuiaeMas [pu
aToMm pafora, kak BMAHO M3 (5), paBHa mymo. Jas toro 4yrobnl pabora
Onl1a OTMYHA OT HyJIH, HEoOXx0auM Teroobmen. Jlerko ybeaurscs, uro,
korga ras monyuaer remwrory (Q > 0), cosepmaemas nag HuM pabora
oTpuIaTeNsHa M, HaoOoport, npu Q < 0 cosepmaemas nag raszoM pafora
nojaoxureapia: A > 0. JeACTBUTENbHO, MOACTABASIS B yPABHEHHUE MNEP-
Boro 3akona (0) seipaxenus (5) u (7), monyyaem

Q= (Cy +RY(T,—T)). (8)

Cymma C,, + R paBHa MOJISIPHOH TEIIOEMKOCTH MAEAIbHOIO ra3a mpu mno-
CTOSTHHOM AaBJieHun C,, moIToMy ¢opMyty (8) MOXHO 3amMCATE U TAK:

Q= C,(T,—Ty). 9)

M3 37010 BRIPAXEHHUS BUOHO, 4TO 3HAK AT =T, — T | cOBMAgaeT CO 3Hd-
koM Q. Ecan, nanpumep, Q < 0, 1. e. ra3 npu IpoxXOXIAECHHH Yyepes 3Me-
eBuK oraaer Temnory, 0 T, < T, ¥ u3 Beipaxenus (5) BUAHO, UTO CO-
BeplIAEMas [IpH ITOM HAA ra3om pabora monoxurensHa: A > 0.

3MeeBHK KaK Ternjosad MawuHa. Vcxoas 3 NOJNTYyYeHHBIX DE3yJIbTa-
TOB MONKITAEMCS MPEACTABUTh cefe, KaK MPOMCXOAMT MPOTEKAHME rasa
yepe3 3MeeBuK. ECIM B 3MEEBMKE ra3 0XJ1axpaeTcs, T. €, OTZaeT TEIUIo-
Ty (Q<0), TO coBepmaemas Haa raszoM pafoTa IOJOXHTENBHA -—
BHEIIHUE CHJIBl <«IPOTAJKMBAIOT» ras yepe3 3MeeBMK. Eciam Terutora
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moaBoaMTcH K rasy (Q > 0), To Hamw 3aMeeBUK MOROGEH TEIUIOBOM MAMIM-
HE — ra3 caM cosepmaer pabory Haja BHEmHHMHE tenamu., U oBparture
BHHMAHHE, UTO 3TOT PE3yJbTAT HE 3aBHCHT OT TOTO, KAKOBA BEJIMYMHA
JABJICHMS ra3a Ha BHIXOOE M HAa Bxoae. EAMHCTBEHHOE yCJIOBHE IIpH
3TOM — OABJICHHE HA BXOXE AOKHO ObITh 0OJbIIE AABJEHUS HA BHIXOAE,
MHAYE ra3 MpocTO MOTEYET B 0OPATHYIO CTOPOHY.

Kax Obuto BRISICHEHO, mpH apuabaTHUECcKOM IIPOTCKAHHMM rasa uepes
3MEEBHMK COBEpllaecMas Hag HUM patora paBHa Hymo. He kaxercs nm
BAM CTPaHHBIM 3TOT pedyabTar? JIerko npuayMaTh Takod onbit, B XOTO-
poM Haj rasom paGora coBepmaercs, a TEIUVIOOOMEHA C OKPYyXalmen
cpexoit ner. [eicTBUTenbHO, mompoOyeM MOpH IOMOIH KOMIpPEeccopa
NPOKAYMBATh UEPE3 3MEEBHMK ras B BaKyyM. [Insg Toro urobml mpoiecc
MOXHO OBUIO CUMTATH CTALMOHADHBIM, CEUEHHE BHIXOZHOTO OTBEPCTHSA
CAENaeEM MHOTO MEHbBLIE CCUEHHS BXOAHOrO. 3MEEBHK TEILIOH3OMUPYEM
OT OKPYX4IOuICd CpPexnl.

CosepuraemMass KOMIIPECCOPOM HAjA rasoM padora HOJMOXHTEIbHA H
paBHA IOJIHOM COBepLIAEMON Haj rasom pabore, nbo, KaK yXe OTMeua-
JIOCh, BHIXOAS B BAKYyM, ra3 pabots He cosepmaer. Tax Kak HeT oGme-
Ha TEIUTOTOM, HAJHMOO MPOTMBOPEYME C YTBEPXIACHHEM O TOM, YTO NpH
aauabaTHUecKOM IpPOTEKaHnH pafoTa pasHA HYJIIO.

DT0 MpOTHBOPEYHE BO3HMKJIO MOTOMY, UTO HpM IIPOKAYMBAHHUM Irasa
B BAKYYM IIPOMCXOAAT U TAKHME DHEPreTHUYECKHE MPEBPANICHUS, KOTOPHIE
OLLIM COBEPIIEHHO HECYMIECTBEHHH B Pa300paHHOM BHIIE TIPUMEpE.
JelcTBUTENBHO, MEPBEIM 3aKOH TEPMOAMHAMHUKH HCHOJI30BANCA B BHAC
Q4+ A= AU, roe U — BHyTpeHHAd dHeprud raza. Ilostomy npu uc-
MOJTb30BAHMM TAKOM (GOPMYJTMPOBKH MEPBOTO 3aKOHA TEPMOAMHAMMKH
3apaHee MOJYAJMBO MPEANO/Iaraercd, 4ro B PaCCMAaTPHBAEMBIX IIpOLEC-
Cax HEe MPOMCXOAMT HM3MEHEHUS MEXAHMYECKON SHEPrUM CHCTEMH, T. €.
HE MEHAEeTCd MOTEHIUAMBHAS SHEPTHS ra3a KakK UEeJIoro BO BHELUTHEM IO-
Jie, HE MEHAETCS M KMHETHYECKAS SHEPrus ABHXEHHS rasa Kak LEsoro,
HE BO3HHMKAET B ra3e HUKaXHX MAaKpPOCKOMMUECKHX MOTOKOB. Tenepsb yxe
CTAHOBUTCH {CHO, YTO MpH MPOKAYMBAHMHM ra3a B BAKyyM BO3HHUKAET
MaxXpOCKOMHUYECKHI HAMPABJICHHBIM MOTOK, KHUHETHUECKYIO SHEPIUIO KO-
TOPOTO HEOOXOAMMO YUHMTHBATh. Pafora XOMmpeccopa B ITOM cCaydae
KaK pa3 M ONpPEHENIET KMHETHUECKYIO SHEPrui0 TOro MOTOKA.

Ecam Bxoa ¥ BpIXOn 3MeeBMXAa paCIONIOXEHHE HAa Pa3sHOM BHCOTE, TO B
YPABHEHHUM 34KOHA COXPAHCHUS IHEPIUM HEOOXOAMMO YUUTHIBATH U M3ME-
HEHHE MOTEHUUATbHON SHEPTUH Ird3a B MOJIE TSKECTH, TOZO0HO TOMY KaK
3TO AENajNOoch B rMAPOAMHAMUKE MIpH BHIBOJE ypaBHeHNI Beprysumn.

HW3mMmepeHue TEMJOEMKOCTH raza. 3MEEBHK, NMOMEIICHHBIA B KaJOpH-
METP, MOXHO HCIOJIb30BaTh A1 U3MEPCHUS TEIUIOEMKOCTH rasa. Jleso B
TOM, YTO HEIMOCPEACTBEHHOE M3MCPEHUE TEIUIOEMKOCTH ra3a mpH IocTo-
SHHOM 00beMe C,, 3aTPyXHHTENBHO, TAK KAK AT 33KTIOUEHHOTO B COCY
rasa Macca, a CJI€0BATEILHO, M TEIUIOEMKOCThL BCErAa MaJjbl 110 CpaBHE-
HHIO C X 3HAYEHHMIMH IS COCyAa M Kanopumerpa. Hepes sMeeBuk
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MOXXHO NPONYCTUTh OOJBIIYI0 MAcCy rasa, TaK YTO TEMIEPATYPa BOAH B
KaJIOPUMETPE MOXET 3aMETHO H3MeHHUThcd. Takum 00pasoM ypaercs
peogosIeTh OTMEUCHHYKO BHIIE TPYAHOCTb.

3Hagq TEIIOEMKOCTh KaJOpUMETPA C BOJIOH, 110 U3MEHEHHMIO €r0 TEM-
mepaTypsl MOXHO IOACYMTATh KOJMUECTBO NEPENAHHONM rasy TEmIOTH
Q (B nepecueTe Ha OQUH MOJIb NMPOMEAMWIEIO ra3a). 3TO KOJIHMUECTBO TEN-
JIOTHL CBS33aHO C U3MCHCHUEM TEMIEPaTypH ra3a dopMysoit (9), uro no-
3BOJISICT PACCYMTATD BEdMUMHY C, — TEIUIOEMKOCTb ra3a MpH MOCTOSH-

HOM paBjeHuH. TemroeMxocTb C,, MOXHO 3aTEM HAWUTH C IIOMOMIIbIO
ypaBHenus Maiepa: C, = Cp — R,

3apgaua

B BepTHKaNBHOM UHMIMHAPUYECKOM cOCYAe NOJ MACCHBHBIM MOpIUHEM Ha-
xoautcs 1 Monb wuaeanpHoro rasa. [IpuoXHMM K MOPIIHIO HEKOTOPYK CUIY M
COXMEM a3 HACTOJBKO, YToObl 3Ta cuja coBeplinia 3agaHHylo pabory A.
3aTeM nopuleHb OTYCKAEeM M 4YEpe3 HEKOTOPOE BpeMS OH YCTaHaBIMBAaeTCS B
HOBOM [0JIOXeHHM paBHosecus. Omnpegenuth, Ha CKOJNBKO TpajycoB Temmepa-
Typa rasa B KOHEYHOM COCTOSHMM OTJMYaeTCs OT HavaldbHOW TeMIeparyphl,
cyutad rad aguabaTU4YecKy H30NIMPOBAHHBLIM.

Pewenune. o npunoxeHus BHellHeit CU/bI MOPUIEHL HAXOAWICH B Me-
XaHHWYECKOM paBHOBECMHM: Pa3HOCTb CHJ JaBJleHHs lasa NoA NOpIUHEM W aT-
Mocdepr! Had HMM ypasHOBEIIMBaja JEHCTBYIOLLYIO Ha MOpPIUEHb CHAY THXe-
ctu. [IpunoXxuB AONONHUTENBLHYKO CHJY, Mbl HapylllaeM 3T0 paBHOBECHE, H
noplueHn Inepemewaercs BHU3. [Ipu nepemeilleHHU MOPIIHSA BCe AEHCTBYIOWIME
Ha Hero BHeuIHWE CHJIbI COBEPINAKOT MOJIOXKHMTENLHYI paboTy: KpoMe 3ajJaHHOM
B ycnoBuM paboThl A MPUIOXKEHHOH CUbl 3To ellie pabora aedcTsywouiei Ha
noplleHsL CBepXy Ccubl atMocdepHoro xgasjaeHMss M pabota CWIBL THXECTH.
PaGora Bcex 3THX CUJ paBHAa WM3MEHEHMKIO BHYTDEHHEM 5HEpruy rasa M KMHe-
THYECKOI 3Hepruy MOpIUHS.

ITpu cxatuun agMabarvuecky U30IMPOBAHHOIO ra3a ero TeMneparypa u jgasJe-
Hue BospacraloT. [ToaToMy nocse npexpauieHus AeHCTBUS MPHIIOXEHHOH CHJIBI ra3
HauyMHaeT PacilMpPATLCS, Y nopuieHb byaer nepeMeniatscsa sBepx. Ilpu aTom cuna
atMocdepHOro AaBleHHMS U CUJIa TAXECTU COBEpIlAT OTPHLATENLHYIO paboTy.
B KOHIIEe KOHLIOB KHHETUYECKA S IHEPIUs NOPILLHA 06paTHTCA B HYJIb, M OH YCTAHOBUT-
Csl B HOBOM IM0JI0XKEHH Y PaBHOBEC s, ITO HOBOE MOJIOXEHUE PABHOBECUS NOPILHS 6y-
JeT PAaCIoNoXeHO BhIIlle HCXOAHOTO Ha HEKOTOPYIO BeIMUMHY Ah.

IMonnas pa6oTa, ckjaaabiBarOascs u3 paboThl A NPUIOXEHHOH cHJbl, paboThl
Ay CHIBI TSKECTHU M pabOThI A, CUIILI aTMOCEPHOIO 1aB/IEHUA HA BCEM Nepeme-
HIEHUHW NOPILUHSA OT Ha4aJIbHOIO MOJIOXEHMS, B COOTBETCTBUH CO CKa3aHHBIM BhIIlE,
paBHa U3MEHEHHUIO BHYTPEHHeMN aHepruy rasa AU:

A+ Ay + Ay = AU (10)

Tax xak KOHeuHoe MoNoXKeHue NOpIIHA Ha AA BrIllie Ha4yanbHOIO, TO O4EBUIHO,
4TO

A = —mg-Ah, A, = —poS-Ah, (1)
rge m — Macca nopluHs, S — ero niowans, p, — atMocdepHoe RasjeHue. HUs-
MeHeHMe BHYTpeHHell aHepruum AU Haxopasiuerocs Moj MOpIUHEM OAHOIO MoOs
WZleaTbHOTO rasa OnpelesseTcs TONAbKO U3MEHEHUEM ero TemnepaTyphl AT:

AU =Cy- AT. (12)
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Moacrasaga (11) u (12) B (10), nonyyaem
A — (mg + ppS) Ah = C,,- AT. (13)

Bo BTOpoM cyaraemom JieBod yacty (13) BhiHECEM 3a CKOOKM MJIOWAAL MOPLIHS
S. Torna S- Ak pasHo u3MeHeHMIo obveMa rasa AV, a mg/S + p, — AaBnieHue rasa
p. OIMHAKOBOE B HAYA/IbHOM M KOHEUYHOM cocTostHuax. Iloatomy (13) nepenuceisa-
eTcH B BUAC

A—p-AV =Cy-AT. (14)

IpuMenss ypasHeHne MeHpeneesa — KnanefipoHa K HauaIbHOMY U KOHEYHOMY
COCTOSHHSIM rasa, uMeeM

p-AV =R-AT. (15
Tenepr cooTHouienue (14) nNpUHHUMaeT BUA
A= (Cy + R)-AT.

Tak kak Cyp +R=C, TO ANd HIMCHCHMA TeMIlepaTypbl AT umeem:
AT=A/CP.

e MoXHO 14 NPUMEHATE MEPBbIM 3aKOH TEPMOAMHAMHKH K MpolieccaM, B Ko-
TOPBIX H3MEHSAETCHd XHMHYECKMH COCTaB MJIM KOJIMYECTBO BellleCTBA B pac-
cMaTpuBaeMoi cucreme?

o Bcerma sy noaBedeHUe TEIUIOTBI K CHUCTEME NPUBOOUT K YBEJHUEHHIO €e
BHYTPEHHeit sHepruu?

o [Ilo noxasaHusM Kakoro npubopa — TepMoMeTpa UM H6apoMeTpa — MOXHO Cy-
IMTh 0 BHYTPEHHEH DHEPTHUH BCETO BO3AY XA, HAXOASLIErocs B Bailel KoMHaTte?

o [Ipu npoxoXjeHHH rasa uepes 3MEEBMK Mbl COCTABJsieM YpaBHeHHME JHepre-
TUYecKoro HajaHca, B KOTOPOM HE YUMUThIBAEM KHHETHYECKYH 3HEPruio no-
TOKA rasa, cudras majaok ero ckopocThb. [Ipu aToM Mbl He 3aboTuMcs o 3a-
KOHE COXpaHeHHWs uMIMyJbca. MenJeHHOCTE NMPOTEKAHM rasa MoXHo obecrie-
YHTh, HANpUMep, C IOMOIIBI0O IIOPHCTOM IePeropoiKH BHYTPH 3MeCBHKA.
IMosicHuTe, NOoUYeMy Takasd fleperopodxa, obecneynsas CoxpaHeHye UMMNYJIbCa,
He BJIMSET Ha JHEPreTHUYecKUH banaHc.

e [loueMy TEnJOEMKOCTL ra3a ApY MOCTOSHHOM o6beMe Cp, TPYAHO M3MEPUTH
Ha omkiTe HemocpeacTseHHo? Kak 3Ty TpPyAHOCTb MOXHO NpeodoieTh Ha
npaxruke?

e B NMPUBEACHHOM DPCHICHUM 3aJauyM YTBEPXAAJIOCh, YTO KOHEYHOE NOJIOXKeHUe
NOopUIHA PacrioJIOXXEeHO Bblille HayaJIbHOIO. D.oxa)xme, YTQ 3TO AEHCTBUTENb-
HO Tak.

e B yc/oBMM 3a1aum Npeanosarajoch, YTO [IPUJIOXKEHHAS CHJla NepeMeliaeT nop-
eHb BHU3. M3aMeHUTCH /M OTBET, eC/Id CYMTATh, YTO OHA NepeMeliaeT nopIlueHb
BBepXx? OnuuinTe NPoLECcCH, TPOUCXOAAULHE B CUCTEME B ITOM CiIyyae,

§ 18. Bropoi 3aKOH TepMOAHHAMMKH

ITepBHiit 3aKOH TEPMOANHAMUKYA — OAHMH M3 caMuix ofmux u dyHmamen-
TaJIbHHX 3aKOHOB Ipupoabl. He M3BECTHO HHM OXHOTO mpomecca, rae XOTh



148 1V. OCHOBbl TEPMOAHHAMHKH

B Kakoit-to Mepe Habmwoganoch O ero HapymeHue. Ecau kakoit-nu6o

IIpOECC 3aNpemieH NEPBLIM 3aKOHOM, TO MOXHO OHTb abCOMIOTHO yBe-

PEHHRIM B TOM, YTO OH HHUKOrga He npousoiger. OqHAKO TOT 3aKOH HE

AdeT HHKAKHUX yxaaamm 0 TOM, B KAKOM HAIlpaBJICHUH pa3BuBarOTCA

[POLECCH, YAOBJIETBOPSIONIKE NPHHIMIY COXPAHCHUS SHEPIHUH.
ITosicuuM 3TO TIpUMEpaMH.

HanpasjeHue TENJI0BBIX NMPOLUECCOB. IIepBHi 3aK0H TEPMOAMHAMUKH
HWYEro HE TOBOPUT O TOM, B KAKOM HAMPABJIEHUH IIPOMCXOAUT TEII000-
MeH MEXy NPUBEJCHHAMH B TEIUIOBOM KOHTAKT TEJAMHM, HAXORAAMMMH-
cst mpu pasHsix Temmueparypax. Kak yxe o0cyXaasocs BhIIe, TEMLI000-
MeH [POMCXOAMT TdK, UTO TEMIEPATYPHl BHIPABHMBAIOTCS M BCS CHCTEMA
CTPEMHMTCSE K COCTOSIHMIO TEILIOBOrO paBHOBecus. Ho mepBHit 3akoH HE
Obi1 6Bl HApyWeH, ecyiu Obl, HA000POT, MEPeAaya TEIIOTH IPOMCXOAMIIA
OT TEJNd ¢ HU3KOM TEMIIEpaTypoH X Teny ¢ Gosee BHICOKOW NpH YCIOBHH,
YTO MOJHBIM 3aMAC BHYTPEHHEH JSHEPrUU OCTABAICH OB HEH3MEHHBIM.
ORHAKO MOBCEAHEBHLIA ONBIT MOKA3BIBAET, YTO CAMO COBOM JTO HMKOrma
HE [1POMCXOXHT.

Opyroil mpuMep: IMpy MaJACHUM KAMHS C HEKOTODOH BBICOTHI BCS KH-
HETNYECKAs OSHEPrud €ro IOCTYIATENBHOIO IBMXKECHHMS MCUE33ET mpH
yadpe O 3€MJII0, HO MPHM 3TOM YBEJMUMBAETCS BHYTPEHHSAS JHEpPruf ca-
MOro XaMHS M OKPYXAIOImHMX €70 TEX, TAK YTO 3aKOH COXpAHEHHS JHep-
I'MM, pasyMeercd, He OKaamBaerca HapyweHHbsM. Ho nepeomy sakony
TEPMOZHMHAMHUKH HE MPOTHBOPEUMS OHl M 0OpATHBIM MPOUECC, IPH KOTO-
POM K JIEXAMEMY HA 3eMJIE KAMHIO Iepenuio Onl OT OKpyXarommx npea-
METOB HEKOTOPOE KOJIMUYECTBO TEINOTH, B PE3yJIbTATE YETO KAMEHb MOA-
HsIca Obl HA HEKOTOpYI1o BHCOTY. OAHAKO HMKTO HMKOrxa He Hal:ogan
TaKHUX CAMONPOM3BOJILHO IOACKAKMBAIOIMX KAMHEH.

HepaBHOUEHHOCTh PA3HBIX BMIOB 3HEPrun. BayMuBasace B ota 4 apy-
rue oJOCHBIE MPHUMEPHI, MbI IIPUXOIHUM K BHIBOAY, YTO NEPBLIA 3aKOH
TEPMOAMHAMHUKY HE HAKJIAABIBACT HUKAKHUX OrPAHUYCHUN HA HAMpPaBJIe-
HUE OPEBPANICHUIN SHEPruM M3 OJHOIO BHMAA B APYrOi M HA HANPABJICHHE
TIEPeXOna TEIUIOTH MEXAY TeNaMH, Tpedys TOJbKO COXPAHEHHS TOJHOTO
3amaca 9HEPruM B 3AMKHYTHX CHCTEMax. Mexny TEM OmuiT MOKa3HBAET,
YTO pasHble GUObL IHEP2UU HE PAGHOUEHHb. B OTHOLUICHUHU CIIOCOOHOCTH
MPEBPAIMATHCH B IPYTHE BHIKL.

MexaHMUECKYO JHEPIu0 MOXHO LETUKOM NPEBPATHTh BO BHYTPEH-
HIOK 3HEPruIo Moboro Tesra HE3aBMCHMO OT TOMO, KakoBa Obula ero TeM-
neparypa. JeicTBUTENBbHO, 000€ TENO MOXHO HATPETh TPEHHEM, YBE-
JIMYUBAA €0 BHYTPEHHIOK SHEPrMI0 HA BEIMYUHY, PABHYK COBEPIICH-
HOit pabGore. TOYHO TaK XE€ 3JIEKTPUUYECKAst SHEPrus MOXET OnTh
LEAUKOM TIPEBPAmMIEHA BO BHYTPEHHIOK, HANPHMED HNPH IIPOXOXACHHU
3JIEKTPUUECKOTO TOKA YEpe3 COMPOTHUBJICHHE.

st 06paTHRIX MpEBPANICHUIT BRYTPECHHEH S3HEPI'UU B JPYTHE BUIH CY-
OIECTBYIOT ONPEACJICHHRIC OrPaHHYCHHUS, COCTOSIOME B TOM, YTO 3amac
BHYTPEHHCH SHEPIYHM HH NPH KAKUX YCIOBHAX HE MOXET NPEBPATHTHCH
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LEAHKOM B Apyrue Buabl 9Heprud. C OTMEUEHHBIMH OCOOEHHOCTSIMH 3Hep-
FeTHMUYECKHX NPEBPAIIEHNI CBA3AHO HAIDABIEHHUE [IPOTEKAHMUS PO ECCOB
B NpUpone. Bropoil 3aKOH TEPMOAMHAMUKM, OTPAXAIOIMIMI HAIpaBJICH-
HOCTb €CTECTBEHHBIX IPOIECCOB U HATATAIOMMI OTPAHUYEHUS Ha BO3MOX-
HBlE HAMNPABJACHUS JHEPTETUUECKUX IPEBPALICHUN B MAKPOCKOMMYECKMX
cucTeMax, NpeacTasaser coboi, KaK U BCAKUMM QYHIaMEHTAIBHAIN 33KOH,
obobmeHue HONBIIONO YUCTA ONHTHHX DAKTOB.

Yrobel scHee npenctasurh cebe uauUeCKoe COmepXaHME BTOPOrO
3aKOHA TEPMOOUHAMHKY, DACCMOTPMM IoZpoOHee Bompoc ab obpaTumo-
CTHM TEMJIOBHX HPOLECCOB.

Obparnmbie M HeoOpaTHMbie NPOLECChi. ECIM TOCTATOUHO MENJIEHHO
W3MEHATh YCJIOBMA TaK, uToOBl 0P 3TOM CKOPOCTh MPOTEKAIOMErO B
PACCMATPHBAEMOl CUCTEME mporecca ObIa 3HAYMTENLHO MEHBIIE CKOPO-
CTHM PEeNaKCallMH, TO TaKoW npouecc Oyner GM3NUECKH NpeacTasasTh CO-
6o¥ Uenouky OJH3KHX APYr K APYry PaBHOBECHBIX COCTOSTHHMIA IToaromy
TAKOM MPOLECC ONUCHBACTCS TEMM XE CAMBIMM MAKDPOCKOIMMYECKHMH a-
pPaMeTpPaMM, UTO WM COCTOSHUE PABHOBECUS. DTU MENJIEHHBIE MPOIECCH
HAa3HBAKOTCA PAGHOGECHbIMU WIM Kdazucmamuyeckumy. IIpu Takux npo-
ILECCAX CHCTEMY MOXHO XAPAKTEPU3OBATh TAKMMH NApAMETPAMM, Kak
NaBjeHUE, TEMIEPATYPa U T. . PeaJbHHE MPOLECCH SBASIOTCS HEpaB-
HOBECHBIMH U MOTYT CUMTATHCS PABHOBECHBIMM ¢ OOIBLICH HJIM MEHBIIEH
TOYHOCTHIO.

PaccMOTPUM CIEAYIOIIME IPUMEDSHL.

IlycTh ra3 HaXOmUTCH B UMIMHAPUYECKOM COCYAE, 3aKPHITOM HOPII-
HeM. EC/IM BRIABMTaTh TOPIIEHD ¢ KOHEYHOM CKOPOCTHIO, TO PAaCIIMpEHHE
rasa 6yner neobpaTuMeim npouieccoM. JeCTBUTENBHO, KK TOJBKG MIOD-
merb OyAeT BHABMHYT, NABJIEHUE Ta3a HENOCPEACTBEHHO y MOpLIHS Oy-
AET MEHbIIE, YEM B APYIMX YACTAX HHJIMHApPA. Takod MpOecc Hemn3s
nposectd oOpaTMMO 4epe3 Te XE HPOMEXYTOUHbIE COCTOSHMS, TaK KAK
Npy BABUTAHMH TIOPUIHS OOPATHO ¢ KOHEYHOW CKOPOCTBIO BOIM3M nopim-
Hg OYAeT npoMCXOOUTb HE paspeXeHHe ra3a, a ero cxarue. Takum 00-
pa3oM, BHICTpPOE pacCIIMpEHME MM CXATHE rasa Aaer npumep meoOparu-
MO0 HpoLecca.

Yrobnl paciIMpUTh ra3d crporo obpatuMeiM 00pasom, HYXHO BHIIBH-~
rarb nopueHp 6eckoHeuHo Menserno. [Ipu 3ToM nasneHue rasa Oyner B
KaXZaseli MOMEHT BO BCeM o0beMe OIMHAKOBHIM, COCTOSHuE rasa Bynmer
3aBHCETh OT MOJIOXEHHUS TIOPLIHA, 4 HE OT HAIPABJICHUS €ro ABMXEHHS,
u npouecc Oyxer oBpaTHMBIM.,

Haubonee apko HeoOpaTMMOCTh IPOLECCA PACIIMPEHMS rasa IpOsB-
JISeTCH TOTAA, KOTNa PACIIMPEHHE TIPOMCXOMUT B IyCroTy 6e3 coBepiue-
HUS MEXAHMYECKOH paboTHI.

Heo6paTUMBIMK SBASIOTCS BCE IPOLLECCHI, CONPOBOXIAAIOIMECS TEMN-
n000MEHOM MEXIy TeJIaMH, MMEKOIMMHU pasHale remneparypsi. Heobpa-
THMOCTh TAKOTO TEIUIOOOMECHA OCOOEHHO OTUET/AMBO BUAHA HAa NpUMEpe
BHIPABHUBAHMSA TEMIEPATYD TEJ, NPUBENCHHBIX B CONPUKOCHOBEHHE.
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HeoOpaTtuMbiMi SBISIOTCS HPOLECCH, NPU KOTOPHIX MEXaHMyecKas
SHEPrus HEPEXOAMT BO BHYTPEHHIO NMPU HAIMYUM TPEHMS, O YEM 4acTo
rOBOPAT KAaK O BRUIEJECHUM TEIJIOTH Onaromaps TpeHuio. B orcyrcreue
TPEHUsS BCE MEXAHMUECKME NPOLECCH nporekanu 6n ofpartumo.

Takum 06pasom, paBHOBECHHE 0OpATUMBIE MPOLECCH ABASIOTCH abc-
TPAKOMEH, M HA NPAKTUKE M3-33 CYMECTBOBAHMSA TPECHUS M TEIUI0OOOMeHa
ne Berpevarorcs. OOHAKO MCCIEqoBaAHME PABHOBECHBX MPOIECCOB B TEP-
MOJAMHAMMKE NAET BO3MOXHOCTDb YKa3aTh, KaK CIEAYET HPOBOAMTH HpO-
LECCH B PCAIbHBIX CUCTEMAX, YTOOB MOYYNTh HAMIYULINE PE3YIbTATH.

Pasnuussbie GOPMYMPOBKA BTOPOrO 3aKOHA TepMOAMHAMHUKH. Vcro-
PHUECKM OTKDPHITUEC BTOPOrO 33aKOHA TEPMOOMHAMMKHU OBLIO CBA33aHO C
HM3yUYyeHHEM BOIPOCA O MAKCUMAasbHOM K03(UUUEHTE NONE3HON0 NEHCT-
BHS TEILIOBHX MAIIWH, IPOBEACHHEM ¢paHny3ckuM yuenmMm Canu Kap-
Ho. [Tosguee P. Knaysuyc u Y. Tomcod (nopn KensBuH) npemioxuiu
pasJNYHLIE TI0 BUAY, HO 3KBUBAJICHTHBE (hOPMY/IMPOBKM BTOPOrO 3aKOHA
TEPMOOHHAMMKH.

Cornacno dopmynuposke Knaysuyca, HCBO3MOXECH NPOIECC, CAMHCT-
BEHHBIM PE3yJIbTATOM KOTOPOro Obu1 Obl epexon TeIVIoTH OT Tena ¢ Go-
5iee HU3KOM TEMIEPATYPOol K Teay ¢ 6osiee BHICOKON TEMIIEPATYPOIL.

TomcoH chOpMySIMPOBA BTOPOil 33KOH TEPMOOUHAMUKH CIIEAYIOIUM
00pasoM: HEBO3MOXEH NEPUONMUYECKMIl NPOLECC, ENMHCTBEHHBIM KOHEU-
HEIM pE3yJIbTATOM KOTOpore Obuio GH coBeplicHme PaloThl 3a CHeT Tem-
JIOTHl, B3SITOH OT OAHOIO KakKoro-To Teia.

BripaxeHUe «CAMHCTBCHHBIM PE3YJIBTATOM» B 3TMX (hOPMYIMPOBKAax
03HAYaeT, YTO HUKAKUX APYIdX U3MEHCHMN, KPOME YKa3aHHBIX, HU B
paccCMaTpUBACMBIX CUCTEMAX, HM B OKPYXAIOUIMX UX TEAAaX HE MpPOUCXO-
ouT. YCIOBHas CXeMa TAKOro poia MpoLecca, 3anpemeHHOro Nocryna-
toM Knaysuyca, nokasana ua puc. 56, a mpouecca, 3anpemeHHOro mno-
cryaarom TomcoHa, — Ha puc. 57.

B dopmynupoeke ToMcoHa BTOPOM 3aKOH TEPMONMHAMHMKH HAKJIAnbl-
BAET OTPAHMYECHUSA HA INPEBPAINEHME BHYTPEHHCH JHEPIHM B McXaHUye-
ckyw. U3 dopmynuposku TomcoHa crenyeT, YTO HEBO3MOXHC HOCTPO-
UTh MAMIMHY, KOTOPAs COBEpLIAia 66 paboTy TO/IBKG JIUIIb 34 CYET MO-
Jy4YeHVs TeIUIOTH M3 OKpyXamome# cpeas. Takass runorernyeckas
MAIIWHA NOJYYWIA HA3BAHUE BEYHOIO ABMIaTe/ig BTOPOro PoAa, TaK Kak
BCJICACTBUE HEOrPAHUYEHHOCTM 3aracoB BHYTPEHHEH 3HEPTMM B 3eMIle,
okeaHe, armocdepe rakas MamuHa Obia O [Jis BCEX MPAKTHUECKMX
Lie/ied 3KBUBAJICHTHA BEUHOMY OBUIATEIIO.

Beunnit gsuraTtesib BTOPOTO pofa HE HAXOAWUTCS B IIPOTHMBODPEYHH C
NEPBHIM 33aKOHOM TCPMOAMHAMHKHK, B OTJIUYME OT BEYHOrO JBHUraTeas
nepBoro pona, T. €. YCTPOMCTBa Jist coBepmenus paboThl Boobuie Ges uc-
MOJIb30BAHMA MCTOYHMKA DJHEPIHH.

OxsuBaieHTHOCTs dopmynuposok Kiaaysuyca u TomcoHa. Jxsu-
BAJICHTHOCTh (DOPMY/MPOBOK BTOpPOrO 3dKOHA TEPMOXMHAMMKHM, IIpea-
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noxeHHbnx Koaysmycom m ToMCOHOM, YCTaHaBAUBAETCH IIPOCTHIMHM
pacCyXACHUAMH.

IIpepnonoxum, uto nmocryaar Tomcona sHecnpasepsmB. Torma mMox-
HO OCYIIECTBHTH TaKOH IPOLECC, EAMHCTBEHHBIM De3yJbTaTOM KOTOPOro
6ni10 6B1 coBepiuenme paboThl 3a CYET TEMJIOTH, B3STOH OT E€IMHCTBEH-
HOro MCTOYHMKa C TeMnepatrypoit 7. Oty pabory MoXHO OmJo OH, Ha-
npuMEp NYyTEM TPEHMS, CHOBA UEJMKOM IpPEBpPaTUTh B TEILIOTY, IEpe-
JaBaEMYIO TEJly, TEMIIEpaTtypa KOTOpOro Buule, YeM 7. EQMHCTBEHHBIM
PE3y/IBTATOM TAKOTO COCTABHOrO Ipouecca Obul Obl MEPeXon TEMNOTH
oT Tena ¢ teMneparypoit T K Tteny ¢ Oonee BHICOKOW TeMmeparypoi.
Ho 3ro mporueopeumwno Om nocrynary Koaysuyca. Wrtak, nocryaar
Kiayauyca He MOXeET OBITh CIIPABENJIMBBIM, €CIM HEBEPEH NOCTYJaT
TomcoHa.

TlpenmosoXuM Teneph, UYTO, HAODOPOT, HECUPABENJIMB TOCTYJAT
Knaysuyca, ¥ nokaxem, uto npu 3roM nocryiar TomcoHa takxe He
MOXeET BHNOAHATbCA. [ToCTpoMM OOHUHYIO TEIUIOBYIO MAIUIMHY, KOTOpas
Oyner paborarh, mosydast HEKOTOPOE KOJIMYECTBO TEIIOTH (), OT Harpe-
BaTend, oraaBad (Q, XOJOAWIBHHKY M Npespamas pasHocts Q, — Q, B
pabory (puc. 58).

INockonsky nocrynar Kiaysuyca Npeanonaraercs HEBEPHBIM, MOXHO
OCYIMECTBUTD MPOLECC, CAMHCTBEHHBIM PE3yIbTaTOM KOTOPOro Oyner me-
pexon KOJIMYECTBA TEIUIOTH, PABHOro (J,, OT XOJAONHIbHUKA K HArpesBare-

mo. CxeMaTHuecKd 3T0 IOKA3aHO B NpaBoit yacty puc. 58. B pesyanrare

I
Q &
I
Q Q
Q
h<h n<n 2
A=Q
Puc. 56. Tpunuunu- Puc. 57. Tpuuuu-  Puc. 58. Kombunupys C Ternosoit
anpHas cxema FUnoTe- nuasbHas Cxema rM-  MAIUMHOI YCTPOICTEO, M306pakeH-
TUYECKOTO YCTPOACTBA, TIOTETUYECKOrO HOe Ha puc. 56, B KOTOpOM Hapy-
B KOTOPOM HapyuaeTcs yCTpOiCTBA, B KOTO-  wWwaercd nocrynar Knayauyca, no-
nocrynar Knayanyca poM Hapylaercs  JIydaeM CuCTeMy, B KOTOpPOH Hapy-
noctynat TomcoHa waetcs nocrynatr Tomcona

Harpesateab Oymer otaasaTe paboueMy Teny TeIUVIOBOH MamIMHBI KOJIMYe-
CTBO TEMIOTH (J; ¥ NOJIyYaTh IIPH NMPOLECCE, NPOTHBOPEUALIEM HOCTYIATY
Knaysuyca, KOJM4ECTBO TEIVIOTH (,, TAK YTO B IeJioM OH OyaeT oTaaBarh
KOJIMYECTBO TEIUIOTH, pasHoe @, — Q,. VMenHo Takoe KoaMYecTBO
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TEnAOTH MauMHa IpeBpamaet B pabory. B xononunbpHuke B LiE10M HUKA-
KMX U3MEHEHHMH BOOOIIE HE MPOMCXOAUT, MO0 OH OTHAET U MONYYAET OOHO
M TO X€ KOJHYECTBO TEMNOTH (J,. Teneps BuaHoO, 4rO, KOMOUHUDYS Oeit-
CTBHME TEIJIOBOM MALIMHB ¥ NPOIECC, NPOTUBOpEUAINUi noctynary Kuay-
3MyCa, MOXHO NOJIYUMTb NIPOLECC, TPOTHBOpeyamuit moctynary ToMcoHa.

Takum obpasom, nocrynarnt Knaysuyca u Tomcona subo oba Bep-
Hb, Jub0 003 HEBEPHM, M B ITOM CMBICJIE OHU JSKBUBAJEHTHH. KX
COpaBeNINBOCTh IS MaKPOCKONMYECKHMX CHCTEM IOATBEPXAAETCs Bce-
MU MMEIOLIMMUCH DKCIEPUMEHTAbHMMK (hakTamu.

HNpusuun Kapateonopu. Dusuueckoe comepXaHue BTOPOrO 3aKOHA
tepMoxgrHaMuK B QopmysaupoBkax Knaysuyca m Tomcona Bripaxa-
€TCS1 B BUE YTBEPXXAECHUS O HEBO3MOXHOCTY KOHKPETHHX TEILIOBBIX
npoueccos. Ho MOXHO maTe ¥ Takyio OPMY/JMPOBKY, KOTOpasd HE KOH-
KPETHU3UPYET BHAA MPOIlEcca, HEBO3MOXHOCTh KOTOPOTrO YyTBEpXKAAETCH
otuM 3akoHoM. Takas QopMmyaupoBka HAa3HBaeTCs npuHUMIOM Kapa-
reopopu. COIMNAcHO 3TOMY NPUHUMIY BOJIM3M KAXOONO PABHOBECHOTO
cocTosnus 000 TEPMOAMHAMMYECKOH CHUCTEMBI CYINECTBYIOT APYTHeE
PABHOBECHBIC COCTOSHHUS, HENOCTIKMMEIE W3 MEPBOrO aauabaruyeckum
YTEM.

ITokaxem 3xBUBAJEHTHOCTh (hopmynuposku TOMCOHa M HpUHIMNA
Kapareonopu. I1ycTs npou3BonbHAS TEPMONMHAMWYECKAS CUCTEMA KBa-
3MCTATHUECKA MEPEXOAUT W3 HEKOToporo cocrosaus [ B Oauskoe
COCTOSIHME 2, MOJyyas HEKOTOpoe KonuyectBo TemaoTh Q> 0 M cosep-
mwias pabory A. Torma B COOTBETCTBMM C NEPBHIM 33KOHOM TEPMOMM-
HAMUKH

Q=U,— U, + 4. (1)
BepueM cucteMy aamabaruuecky U3 cocrosHus 2 B cocrosuue /. Torma

B TAKOM 0ODATHOM IpOLIECCE TEIUIOOOMEH OTCYTCTBYET, M MEDPBBIH 33K0H
TEPMOAMHAMMKH JAET

0=U,—U,+ 4", (2)
rme A" — cosepmaemas cucremoit pabora. CxmanmBas (1) u (2),
nosy4aem

Q:AI+A”>O. (3)

Coornomenue (3) nokaswBaeT, YTO B TAKOM LMKJIMYECKOM IPOLIECce
CHCTEMA, BO3SBPATMBILINCH B UCXOOHOE COCTOSHME, NpeBpatwia B pabory
BCIO I[MONIYYEHHYIO TemnoTy. Ho 3170 HeBO3MOXHO COT/IaCHO BTOPOMY 3a-
KOHy TepMoguHaMmuku B ¢opmynuposke TomcoHa. 3HAYUT, TAKOU LMK-
JMYECKMi PoIEece HeocymecrBuM. [1epBHIif ero 3Tan BCETna BO3MOXEH:
Ha 3TOM 3Tane€ K CUCTEME NPOCTO MOABOAMTCS TEMJIOTA, M HUKAKUX APYy-
I'MX YCIOBMI HE HakaanunBaeTcsl. [I09TOMY HEBO3MOXHEIM 3AECh ABISFET-
€4 TONBKO BTOPOHM 3TaNl, KOraa IO YCJIOBUIO CHCTEMa AONXHA BO3Bpa-
MAThCAd B HCXONHOE COCTOsHME ammabaruueckd. JIpyruMu croBamu,
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cocrosiHue | amuabaTHyeck¥ HENOCTUXHMMO Hu3 OJM3KOr0 K HEMY
COCTOSTHUS 2.

[Mpuxoun anuabaTHYECKOH HEROCTMXKUMOCTH O3HAYAET, YTO MPAKTH-
YECKH BCE peasibHble (PH3UYECKNE NPOLECCH MPOUCXONAT ¢ Teroobme-
HOM: aguabaTuyeckue NPOLECCH — 3ITO PENKOoe UCK/IOUEHHUE, PsmoMm c
KaXIHM PaBHOBECHBIM COCTOSHHEM €CThb MHOXECTBO IAPYIMX, NEPEXOoX B
KoTopeie ofs3are/ibHO TpeOyer TemnooOMeHa, ¥ JIMIIb B HEMHOTHE M3
HMX MOXHO MONACTh anuabaruuecKu.

Ha ocsoBe npuBeacHHBIX (GOPMYAMPOBOK BTOPOro 3aKOHA TEPMOAM-
HAMHKH MOXHO NOJYYHMTH pe3ysipraThl KapHo A/ MaxCUMaJIbHO BO3-
MOXHOIO kKo03dduuyeHTa NoJae3HOro AeHCTBUSI TCIUIOBHX MamuH. [[as
TEIUVIOBOM MAlllMHbI, COBEPIUAIOMIEH LMK MEXAY HarpeBareaem ¢ (PuK-
CHPOBaHHOH TteMmepaTypod 7 ¥ XOJOOAWIHbHUKOM C TeMneparypon 7',

K03 PUIUEHT MONE3HOTO ACUCTBUA HE MOXET MPEBHINATH 3HAUEHHS

Tr,—T
n=-—7—. (4)

Haubonsuiee sHaueHue 1, onpeaensemoe gopmysnoi (4), mocrura-
erCsd y TEMJIOBOH MalIMHb, COBEpPIAONIEH oOpaTHMBIl LMKJI, HE3ABU~-
CMMO OT TOro0, 4TO HCIOJB3YEeTCs B KauectBe pabouero rtena. 3rto
YTBEPXIEHUE, HA3KBAeMOe 00BYHO meopemoi Kapro, Byner nokaszaHo
HUXE.

Llnkn sBiagercs oOpaTMMbIM, €CIM OH COCTOMT M3 OOpATHUMBIX TIpoO-
LLECCOB, T. €. TAKNX, KOTOPHIE MOXHO IPOBECTH B a1000M HanpasJeHUH
yepes ONHY M Ty Xe LUENOYKY PABHOBECHHX COCTOSTHUH.

EQMHCTBEHHMM OOpPATUMBIM IMKJIMYECKMM IIPOLIECCOM, KOTOPBIA
MOXHO OCYHIECTBMTH MEXIY HArPEBATENEM M XOJOAWIBHMKOM C (DMKCH-
DPOBAHHEIMH TEMIEpATYDAMM, SBAKETCS TaK HazmBaeMBli uyukn Kapho,
COCTOAIIMI M3 OBYX M30TEPM M ABYX aiM-
abar. [ns waeanbHOro rasa TakoW LUK ph
n3obpaxed Ha puc. 59. Ha yuacrke /-2
ras UMeeT TEMIEpaTypy, PaBHYIO TEMIE-
parype Harpesatens 7', U H30TEPMUUYECKH
pPacIIMpseTCs, NOAyuYass KOJMHUYECTBO TEIi-
snoTel Q, or Harpesareas. [Ipum 3atom ras

COBEpIIAET MOJOXHUTENbHYIO paboTy, pas-
Hyl0 foayueHHo#l terutore. Ha yuacrke 0 >
2—3 ras pacumupsierca aguabaTHUEcKd, U

IIpM 9TOM €ro TEMIeparypa moHuxaercs Fuc. 59. Uuka Kapho na p—V-

AUarpaMme MACaJIbHOIO raia

or T, no 3Hau€Husl, PABHOTO TEMIIEPATYPE

xonopunpHuka T,. CoBepmaemas rasoM Ha 3TOM ywactke pabora paBHa
yObIM ero BHyTpeHHeh sHepruu. Ha cienyiomem yuacrke 3—4 ras uso-
TepMUuecku cxumalor. [Ipy 3TOM OH OTOAET XOJOOWIBHUKY KOJIHUYECTBO
Tennothl (J,, paBHOC COBEpIIAEMOit Hajx HuM npu cxatuu pabore. Ha
yyactke 44—/ ras aavabarvyeckd CXHUMAKOT N0 TeX MOop, I0Ka ero
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TEMIIEpaTypa HE MOBBICUTCH A0 3HaucHus T,. YBeJuueHHe BHYTPEHHEH

SHEPrMM ras3a IpU 3TOM PAaBHO PaboTe BHELIHUX CHJI, COBEPLIAEMOI rpu
CXKAaTHMH Tasa.

Lukn Kapuo siBaseTcss €IMHCTBEHHBIM 33MKHYThIM IPOLECCOM, KO-
TOPHIT MOXHO OCymecTBUTh oOparumuM obpasoM. B camom nmene, amua-
GaTruecKue MpoLEeCcCH OOpATUME, €CIM UX NPOBOAMTH NOCTATOUHO MeEN-
JIEHHO, T. €. KBasucratuuecku., M3orepMuueckue npoweccsl — 310 eauH-
CTBEHHBIE TIPOLIECCH C TEMIO0OMEHOM, KOTOPHE MOTYT OBITh MPOBENEHE
obparumeim obpasom. [Tpu /mo6oM apyroM rpolLecce reMrneparypa pabo-
Yero Tenaa M3MEHSAETCS M, COTVIACHO BTOPOMY 3aKOHY TEPMOOMHAMMKH,
Tena000MeH ¢ HArPEBATENEM MJIM XOJIOAMIBHUKOM HE MOXET OHTh 06pa-
TUMBIM: OOMEH TEIUIOTOM NP HAMYMK KOHEWHOM PA3HOCTHM TEMIEPATyp
HOCHT Xapakrep NpubJMXKeHus K TENIOBOMY DAaBHOBECHUIO U HE SBIASETCS
PaBHOBECHHIM TPOLIECCOM.

Pasymeercst, oOMEH TEIUIOTOR B OTCYTCTBME pAa3HOCTHM TEMIEPATYP
npoucxonaut OeckoHeuHo MepsiedHo. IToaromy obparumsiit nuky Kapao
nponoXKaeTcs GECKOHEYHO HOJANO M MOMmHOCTh TEIUICBOM MAIIWHE MpU
MakcumanbHo Bo3MoxuoM KIII, onpemensemom dopmynoin (4), crpe-
MuTCH K HyJ10. [Ipoueccs B n1060it peanbHoM MamuHe 0043aTeNbHO CO-
nepxar HeoOpaTuMble 3BeHbs, W, CaeaoBatensHo, ee KIIJI Bcerna meHb-
e Teoperuyeckoro npenena (4).

Yca0Bus NONYYEHHS MAKCHMAaNbHOM padorsl. [IpeobpaszoBaHue BHYT-
pPEHHEH IHEPrUM B MEXaHUYECKYIO, KaK CJEIyeT U3 BTOPOro 3aKOHa Tep-
MOIMHAMUKM, HE MOXET OHTh NPOM3BENCHO TOAHOCTHIO. J1st TOrO uToOH
NPEBPATUTb B MEXAHUUYECKYIO JHEPrUi0 MAKCUMAIBHO BO3MOXHYIO YaCTh
BHYTPEHHEH JHEPrUH, HEOOXOMUMO UCHONB30BATh HCKITIOUMTENBHO obpa-
TUMBIE TIPOLEcCH. [t WUTIoCTpalMu PAacCMOTPUM CIENYIOIUN TpUMep.
[Tycts uMeeTcss HEKOTOPOE TENO, HE HAXOOAUIEeCS B COCTOSHMM TEIUIO-
BOTO PABHOBECHMS C OKPYXAIOWIEH Cpeood, HanpuMEpP MACANbHHHA ras B
UHJIMHAPE C IOpUIHEM, MMEIOmM remneparypy 7, 0ojee BHCOKYIO,
yeMm TeMneparypa Okpyxamomeid cpean T
T (puc. 60). Kakum o6pasoM MOXHO NONYYMTh Ha-
uboBLIYIO paboTy HpH YCIOBHM, YTO B KOHEYHOM
COCTOSIHMM ra3 NOJIKEH 3aHMMaTk TOT Xe 00BeM,
4YTO M B HAYAJHHOM?

Ecnu 661 Temrieparypa rasa Ohuta paBHa TeM-
Puc. 60. K nonydenmio I[E€PATYPE OKPYXAMOWmEH CpERbl, T. €. rad Haxo-
MaKcUMansuoit paboTst Auacs 681 B TEILIOBOM PABHOBECHU C OKPYXEHH-

eM, TO Hukakoit paborm BooOmie noay4yurh OrLIO
Ol HEBO3MOXHO. [IpeBpalicHie BHYTPEHHEH IHEPTMU B MEXAHUYECKYIO
MOXET NPOMCXOAMTH TOABKO B TOM CiAyuyae, KOrga HAYAJbHOE COCTOSHHE
BCEH CHUCTEMB HE SIBAKSETCH PABHOBECHBIM.

Ho npu wepaBHOBECHOM HAYaJbHOM COCTOSHMM IIEPEXOX CHCTEMB B
COCTOSHUE PABHOBECHS HE 0DA3aTEBHO COMPOBOXAACTCH MPEBPAICHUEM
BHYTDCHHEH 9HEPrMM B MEXaHMueckywl. EcaM rpocTro rnpuBecTH ras B
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TENJIOBOM KOHTAKT C OKPYXAIOMEW CpeloH, HE AaBast €My PaclIMpPSThCH,
TO a3 OCTBIHET U HUKAKOH paboTH rpu 3TOM coBepiueHo He Oymer. Ilo-
ITOMY IJIs1 BO3MOXXHOCTH COBEpHICHMS paloTrhl HEOOXOAMMO NpexocTa-
BUTH a3y BO3MOXHOCTh DAaCUIMPATBCH, UMES B BHAY, YTO HOTOM €ro
NPUAETCH CXKATh, TAK KAK IO YCJIOBUKO B KOHEYUHOM COCTOSHHMM ras J0JI-
XKEH 3aHUMATh TOT Xe O0beM, YTO U B HAUAJILHOM, N

Ilng nonydyeHus MaKCMMAJIbHOM paboTH nepexon M3 HAuyaIbHOro
COCTOSHYSA B KOHEUHOE NOJIXEH ObTh NpousBeneH o0paTumo. A 310 MOX-
HO CAEJaTh, TONBKO MCIO/IB3YS anuabaTHUECKUE H M30TEPMUYECKHUE TIPO-
ueccnl. Ytak, ras cregyer anuabaTHuecKy PAcIIHPAThL A0 TeX NOpP, MOKa
ero TeMneparypa HE CTAHET PAaBHA TEMIEPATYPE OKPYXAIOMEH Cpeabl
7T, a 3aTE€M U30TEPMUMUYECKH CXKATh PH 3TOH TEMOEpAaType A0 KCXOOHOIro
obbema (puc. 01). CopepmaeMas razoM npu aauabaTwueckoM pacLiMpe-
M /—2 paboTa, KaK BUIHO M3 PUCYHKa, Oosblie Toi paboTH, KOTOPYIO
npUIeTcs COBEPUIMTh HAA ra3oM TPH HM30TEPMHMYECKOM CXatuu 2-—3.
Maxkcumanpias pabora, KOTOPYK MOXHO MOJYYWTh NPH TEPEXOAE Trasa
U3 COCTOAHMd | B COCTOAHWE 3, pPaBHA IUIOMANY 3aIITPUXOBAHHONO HA
puc. 61 KpHUBOJHMHEHHOrO Tpeyroibuuka [—2—3.

VayueHnsle 3aKOHOMEPHOCTH RAEHUCTBHS 00PAaTHMONO TEN/IOBOTO IBM-
raTens TO3BOJSIOT PACCMOTPETh NMPUHUMIB (DYHKUMOHUPOBAHUSA XOJIO-
MWIBHOM MAIIMHHE M TEIUIOBOro Hacoca. B xonodunvmold mawune Bce
IPOLLECCH MPOMCXONAT B 00parHOM ([0 CPAaBHEHMIO C TEIUIOBEIM ABHUIra-
tenem) HanpaBneHuu (puc. 62). 3a cuer COBEPUICHUS MEXAHUYECKOM
pabornl A or pesepByapa c Gonee HHM3KOH Temmeparypoil T, OTHUMA-
ercst HeKOTOpOE KOMMuecTBo Temnorn Q,. [Ipu arom pesepsyapy ¢ 6o-
Jlee BBICOKOW Temneparypo T, posib KOTOPOTNO BEIIOJHACT OOBIYMHO OK-
pyXammas cpena, NEpenaercs KOJIMUYECTBO TEIVIOTH ), PABHOE CyMME
A+ Q,. Benencreue ofpaTHMOCTH paccMaTpMBAEMOR MALIMHH /IS HEe
CNpaBenINBO COOTHOLICHUE

A__Th—T, (5)
0,+4 T, '

KOTOpOE B COOTBETCTBUU ¢ (4) MOXHO paccMaTpHBAaTh KakK Koa(duLMeHT
TOJIE3HOTO NEUCTBUS COOTBETCTBYIONIEH TEIJIOBOM MAIIMHBI.

s XONOOHIBHON MAMIMHE HAauOOABIIMA MHTEPEC MPEACTABJIAET KO-
JMYECTBO TEIJIOTH (J,, OTHUMAEMOE OT OXJIaXAaeMoro peaepsyapa. Ms
(5) nna Q, umeem

A

= . 0
Qz T1/T2_ 1 ( )
I'padmk 3aBucuMocTH (J, OT TeMHepaTyphl OKpyxaromed cpennl 7',

(nns obparumoro npouecca) uscOpaxen Ha puc. 63. Bugno, uro mpu
T,>>T, oruumaemas temnora Q,— 0. Ho npu manoii passocTu Temie-

patyp T, — T, orHoueHue Q,/A MOXET NPUHNMATD OOJIBIINE 3HAYECHUS.
Jpyrumu cioBamu, 3QHEKTUBHOCTD XOIOOMIbHOM MAITMHB! NIPH OJH3KUX
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sHauenusix T, u T, MOXeT OHTh BecbMa BEJIMKA, TaK KaK KOJIMYECTBO Ter-
JIOTH (),, OTHUMAEMOE OT OXJAXAAEMbIX TEJ, MOXET 3HAUMTENBHO Ipe-
BBILATD PaboTy A, KOTOPYIO B PEaNbHEX XOJOAWIbHBIX MALIMHAX COBEP-
MAET KOMOPECCOp, NPUBOAUMBEM B ACHCTBHME 3/ICKTPOABUTATENIEM.,

B TexHuueckOod TEPMOOUHAMHUKE /IS XapaKTEPUCTUKHM XCJONWILHOU
"‘MAIUMHB WCIOJb3YETCH TAK HA3LIBAEMBIH XONONNNABHHHU KO3IDMHUIHMEHT ¢,
onpenenseMull KaK OTHOUIEHHME KOJHYECTBA TEIUIOTH (),, B3ATOrO OT OX-
JAXIAEMEIX TEA, K pabore BHCIHQHPIX cun A

1
e=Z= T, —1 " ™

B ornuuue or KIIJI rensioBoro asurarens (4), XOJOOMIBHEIMK KOdg-

(ULMEHT € MOXET TPMHMMATh 3HAYEHUS, OO/MbLUME EOMHMILHL.

Fopsunit pesepeyap

T,
’ 1
g
T<T
Q1 =A+Q,
a
sPatouee
AL
17
Q,
Xonoxaueli pesepeyap
T
0 2
Puc. 61. Ilpouecc mosydeHuss Maxcu- Puc. 62. [IpuHUMIMANBHAS CXEMA XO-
MaJibHOM paboTsi HA p— V-auarpaMme JIOVIGHOM MAIHHbI

B peanbHBIX NPOMBILULIEHHEIX ¥ OGHTOBHX yCTaHOBKax t=3 u Boee.
Kaxk Bumso u3 (7), xonoauwnsHbiit Ko3gpUUMEHT TeM 6ojblue, uem
MEHbIIIEe PA3/IMYAIOTCH TEMIIEPATYPH OKPYXAOmed CPEAB M OXJIaxpjae-
MOTO TeJia.

PaccMoTpuM Teneps pabory TEIIOBOrO Hacoca, T. €. XOMONWIbHOM
MALIMHBE, paboTalomieil ¢ LEJbK HATPEBAHUS TIOPSYETro pe3epByapa
(oTanIMBaeMoro MOMEIEHMS) 33 CYET TEIUIOTH, OTHATOM OT XOJIOAHOIO
pesepeyapa (OKpyxawmieit cpeast). [IpuHnuMnuanbHas cxema TENIOBO-
O Hacoca MACHTMYHA CXEME XOJONMJIbHOM MamuHm (cM. puc. 62).
B ornMuue OT XOJOOMABHOM MAalUMHB A8 TEIJIOBOrO HAcOoCa OpaKTH-
YECKMH HMHTEpPEC Tpeacrasnser He Q,, a (J; — KOJUYECTBO TEMJOTHI,

nosnyyaeMoe HarpepaemniM tenom: Q= A+ Q,. s Q, aHaNOTMuHO
(6) umeem

A
Qi =17y, - (8)
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I'padux sroit 3aBucuMocri usobpaxeH Ha puc. 64. Ilpu T, >T,
remnora Q,— A. Ilpu Manoi pasdoctu T — T, KOAMYECTBO TEMIOTH,

4
Q2 ! Qll '
I |
| |
| t
| |
! {
I
H |
| |
Af === Ao Ty
| | |
| | o ! _
o ., n o 5 I
Puc. 63. 3asucumocts Temnotsl Q2, Puc. 64. 3asucumocts TeI-
OTHUMAEMOH ¥ OXJ2aXZAaEMOro pesep- notel ()], MOCTynamuei B
gyapa, or TeMnepatypsl 7’1 OKpyXaio- OTANIMBAEMOE [IOMELIEHHUE,
wen cpegbl otr ero Temnepatrypsl T’y

nepenaBaeMoe HArpeBaeMoMY TENy, MOXET 3HAUMTENbHO IPEBBHIMIATH
pabory A. B 9TOM C/yyae CTAHOBSITCH COBEPUIEHHO OYEBHIHBIMHM MpE-
HMYIIECTBA MCHONB30BAHMS TEILIOBONO HACOCa MO CPABHEHMIO C HENOC-
PEACTBEHHBM OTAMNMBaHMeM, xorga pabora A (HanpuMep, 3/1€KTpO-
SHeprusi) HENMOCPEACTBEHHO TPEBPAMIAETCSd BO BHYTPEHHIOIO JHEPIUIO
OTAITMBAEMONO TIOMEIIEHHSL.

B Texuuueckoi TepMOAMHAMHUKE A8 XapakTepucTuku 3ddeKTUBHO-
CTH TEIJIOBHX HACOCOB BBOAMTCS TAK HA3BBAEMBIM OTONMTEALHBNA KO-
¢$unuedr ¢, , paBHbR

e =1 (9)
A 1=T,T,
IMpusenennsie dopmyant (7) u (9) cnpaBennusn A 0OpaTMMBIX Ma-
wuH. [ peasbHHX MAIIMH, IOe NPOLECCH TMOJHOCTBIO WIM YaCTHYHO
HeoOpaTuMsl, 31U GOPMYJIBI AAIOT OLEHKY XOJIOAMJIBHONO M OTOIHTENb-
HOro k03¢ dHIHEHTOB.

WUtak, npy UCnONb30BAHMM TEIIOBOrO HACOCA OTAIIMBAEMOE NOME-
EHKME Tonyyaer OojblUE TEIUVIOTH, YEM IpH HENOCPENCTBEHHOM OTall-
supaaud. Ha 310 obcrosrenscreo eme B 1852 1. ofpati BHMMaHUE
Y. ToMCOH, npenyioXuB UAEK TaK HA3HKBAEMONO AMHAMUYECKONO OTOILIE-
HUS, 3aKTIOYAIOMYIOCH B orenyiomeM. Termiora, noayyaeMas npu CxKu-
TaHUM TOILUIMBA, MCIIOJIb3YETCA HE RJS HENOCPEACTBEHHOrO o0OrpeBaHuUst
TIOMEMEHMS, 4 HANPABJIAETCS B TEIVIOBOM NBUIraTe/lb AJA MIOJYYCHUS Me-
xaHuueckoit paborsl. C nmoMompio 3T0# paboTH NMPUBOAMTCA B ACHCTBHE
TEIUIOBOM HACOC, KOTOPHM u oborpeBaer nomemenue. [1pu manoif pas-
HOCTH TEMIMEPATYP OKPYXAomed Cpeabnl ¥ OTAIIMBAEMOro NOMENmICHUS
NOC/IEAHEE NOJIYYAET TENJIOTH 3aMETHO BOJIbIIE, UEM €€ BHIIEIACTCS IpH
CXUraHUM TOIUIUBA. DTO MOXET IMOKA3aThCS MapagoKCaIbHBIM.
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B neficTBUTENBHOCTH HUKAKOIO NApafAOKCa B TEIUIOBOM HACOCE U OU-
HAaMHUYECKOM OTOIUIEHUHM HET, YTO CTAHOBUTCH COBEPIIEHHO SICHBIM, €C-
I BOCHIOJB30BATHCH TIOHATHEM KauecTBa BHYTpPEHHEH 3Heprum. [lop
Ka4eCcTBOM BHYTPEHHEN 3IHEPTHM TOHMMAETCd €e CHOCOOHOCTL mpeBpa-
maTbCd B APYru€ BUHIHI. B sToM cMHC/Ie HaMBBHICIIHM KayeCcTBOM Xa-
PaKTEpU3YETCA DHEPrHs B MEXAHWUYCCKOM WIM DJICKTPOMATHUTHOU (pop-
MAaX, TaK KaK €€ MOXHO MOJIHOCTHIO IIPEBPATUTh BO BHYTPEHHIOK IIPH
moboit remneparype. Uro xacaercs BHYTPEHHEH DHEPIHM, TO £€ Kaue-
CTBO TEM BHIIE, YEM BHILIE TeMIepaTrypa Tena, B KOTOPOM OHa 3ana-
ceHa. Bcsaxuil ecrectBenHO uayluil HEOOpPATHMBIA TPOUECC, HATIPUMED
NEePexox TEIIOTH K Telay C 6ojaee HU3KOH TEeMIEpatypo#, Beder K
0DeClCHMBAHUIO BHYTPEHHEH OHEPrHU, K CHUXKCHHIO €€ KauecTBa.
B 00paTUMBIX TIPOLECCAX CHUXKEHMS KAYECTBA JHEPIUU HE NPOMCXOIOUT,
MIOCKOJIBKY BCE DHEPreTUYECKHE NPEBPAMEHUS MOTYT HATH B o0paTHOM
HATIPABJICHUH,

Tlpu obsruHOM criocoOe OTAIIMBAHMS BCS TEIUIOTA, BHRAEISIOMASCS
Npu CXHUrdHuM TONIMBA IIPH HAarpeBaHUH CHUAPAIH DJEKTPHUYECKHM TO-
KOM WJIY NOJy4YaeMas OT FOPSYero pesepByapa u T. Il., EPEXOAUT B MO-
MEIIEHUE B BUIE TAKOTO X€ KOAMYECTBA TEIJIOTH, HO npH Oojiee HU3KOM
TEMIIEPAType, 4TO TpEACTaBiasger coboi KauecTBEHHOE ObEecLieHUBaHUE
BHYTpeHHEH dHEpruu. TErnoBod HAcOC WJIM CHCTEMA IMHAMUYECKOTO
OTOIUICHUS YCTPAHAIOT HENOCPEACTBEHHHM HeoOpaTHMHIH TeruioodmeH
MEXNY TeJIAMH C Pa3HRIMH TEMIEPATypPaMu.

[pu paboTe TENI0BOrO HACOCA MJIM CMCTEMBI JUHAMUUECKOrO OTOILIE-
HUS NPOUCXOAMT NOBHLICHHE KaueCcTBa BHYTPEHHEH DHEPIUH, nepenaBa-
€MOH OTAIUIMBAEMOMY INIOMEIICHUIO U3 OKpyXamwmei cpeast. [1pu masoi
pasHOCTH TEMIEPATyp, KOTAa KauyecTBO ITOHM DHEPIUH CYIIECTBEHHO HE
YBEMUUBAETCH, €€ KOJHUYECTBO CTAaHOBUTCA Oosbiie, YeM U obssicHsaeTCs
BbICOKA 3P EeKTUBHOCTD PAOOTH TEILIOBOIMO HACOCA M AMHAMMYECKOIO
OTOILIEHUS B LIEJIOM.

e [IlpuBenure npumMeps! SBIEHUN, KoTopble YIAOBIETBOPSAIOT 3aKOHY COXpaHeHUs
3JHepryH, HO TeM He MeHee HuKoraa He HabsofaloTcs B npupofe.

e B uem nposBnseTcs HepaBHOUEHHOCTL PasHblx BUAOB SHepruu? Ilpounmoct-
pUpYiiTe 3TY HepaBHOLEHHOCTh Ha NpuMepax.

e Yro takoe oGpatumbslii Tennosoit npouecc? IprBeante npumepsl o6paTUMbIX
1 HeobpaTHUMbIX NPOLIECCOB.

o Kakum TtpeboBaHMAM [0/1KHA YHOBNETBOPATh (PU3MUecKas cucTeMa, 4ToOsi
MeXaHHWYecKue rnpoueccol B Hell nporekanu obparumo? Iloscuure, novyemy
TpeHue U AUCCUNANMA MeXaHUUYecKoM 3Hepruiu AeNaloT BCe npouecchl HeoO-
pPaTUMBIMHU,

e [lpuBeaure pasnuuuble GopMyAUpOBKM BTOPOIO 3aKOHA TEpMOAWMHAMUKM,
Hokaxure sxBuBalleHTHocTh opmynupoBok Knaysuyca u TomcoHa.

e Yrto o3Hawaer npuHuun KapaTeonopu NpUMEHMUTENBHO K HeanbHoMy raszy?
HosicHuTe oTBeT, Mcnonb3ys p—V-AuarpaMmy AJIs M300paxXeHUs ero cocTo-
SHUS.
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e Ilokaxurte, uTo GUINMECKUIT CMBIC]T BTOPOrO 32KOHa TEPMORUHAMUKU 3aKI0-
YaeTcs B YCTAHOBJICHUH HEPa3PbIBHOM CBSI3M MEXAY HEOOpaTHMOCTBIO pealib-
HBIX TMPOLECCOB B NpPHpoAe U TEN00OMEHOM. -

e CdopMynupyiiTe ycnoBus, NPH KOTOPbIX KOIPHHULIMEHT NOJE3HOrO AeHUCTBUS
TEIJIOBOro ABUrarens, paboralouiero rno o6paTUMoMy UMKy, Gbil 6bt 6G1U3-
KUM K eqUHULE.

e [Ilokaxwure, uro uMk1 KapHo — 3To eAMHCTBEHHbIH 0OpaTHUMBbIT HUKJIHue-
CKHUH 1pollecc ANS ABUraTess, UCIONB3YIOULIErO ABa TErJIOBBIX pe3epByapa C
$HMKCHPOBAHHBIMHM TeMIiepaTypamH.

e [lpu obcyxaeHUH YCNOBUM MoJlyyeHUs MaKCHMasbHOW paboTbt HE yUMThIBa-
Jock aTMocdepHoe JaBlieHHe, AeHCTBYOLlee Ha MopuweHb cHapyxu. Kak
y4eT 2Toro AaBJCHHSA CKaXETCS Ha TPUBENEHHBIX PacCyXIEHHUSX H Ha pe-
3yabTare?

e T'a3 B UMJAMHApPE, 3aKPbITOM MOPIIHEM, UMeeT TaKyio Xe TeMrepaTypy, uTo M
OKpYXalolHni Bo3ayX, HO Gonee Bbicokoe (MM Gonee HU3KOE) JaBIEHHE, YEM
nasneHue B atMocdepe. Kakue npoiiecchl clieayer rpoBecTH ¢ rasoM, YTo6bt
MOJYUYHUTh MaKCHMAaJBHYIO M0Ne3HYI0 paboTy 3a cUeT HepaBHOBECHOCTH CHc-
tTemnt? W3o6pasute 3T nipoiteccht Ha p—V-guarpamme, cuMTas ras B LU-
JIMHApe WAeasbHbIM.

e Taz B UMIMHApe, 3aKPbITOM MOPILIHEM, HMEET Takoe X€ AaBlieHHe, KaKk M
OKpYXalollHil Bo3ayX, Ho Gonee BrICOKYIo (UM Gonee HU3KYIO) TemIlepaTy-
py. KakHe npoueccet ciieayer rnpoBecTH ¢ rasoM, 4rtobbl MOAyYHTh MaKCH-
Ma/IbHYI0 TOJIE3HYIO paboTy 3a cueT HepaBHOBECHOCTH cHcCTeMbl? M3obpasu-
Te UX Ha p—V-anarpamme.

e PaccMoTpuTe ABE pa3lUyHbie CXeMbl JHUHAMHUECKOIO OTOMJIEHHS, B KOTOPBIX
TEMnoBas MalIMHa oTgaeT TENNOTy (), NMGO OKpyXalowlei cpeae, nHbo oTan-
nuBaeMomy rnoMeittenuro. [lokaxure, UuTo B ciydae, Korga BCE mpoiecchl 06-
paTuMei, obe cxembl UMelOT ogHHakoBYIo 3ddrekTHBHOCTL. Kakas cxema oka-

xercs s3pdexTUBHee B peanbHONW CHCTeMe, KOr4a NPOLECCHl HeNlb3s cUUTaTh
MOJIHOCTbK O6paTHMBIMH?

§ 19. Meroabl TEPMOAHHAMHKH M HX NPUMEHEHHS

B npempiaymiem naparpade 6su1a npuBeneHa 6e3 10Ka3aTeapcTBa Teope-
ma KapHo, BHIpaXamomas MakCHMMAaJIbHO BO3MOXHBIA KO3(GUIHEHT Mo~
JIE3HOTO AEVCTBMS TEIUIOBOrO ABMIATENs YEPE3 TEMIIEPaTYPHl FOPSYEro U
XO/JIOAHOTO TEIUIOBLIX PE3€PBYapoOB:
T
=1-22, 1
1 7 (1)
W3 BToporo 3akoHa TepmomMHaMUku caexyer, uro KIIJL rertoeo#
MamuHsl, paboraomei no o6paTEMOMY LMKy, He 3@BHCHT OT TOIO, Ka-
KOe BEelIeCTBO MCHOJIb3yeTcs B KayecTBe pabouero tena.

KIIJI Bcex 0OpaTUMBIX TENIOBHIX MAIUMH OJMHAKOB. YObegutbCs B
5TOM MOXHO C NOMOmBI CHeAyomuX paccyxienmi. IIpeamomoxmm
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npotusHoe, T. €. uto KIIJ m y oguoil u3 AByX oOpaTUMEIX MaIlMH, pa-
foralomux npu 3agaHHBIX Temueparypax T, u T,, Gonblue, yeM y apy-
roit: 1> 1. JlonycTuM, UTO 3@ OgHMH LMK/ 06e MAMMHH OTAAIOT XOJO-
AMIBHMKY OOMHAKOBBIE Koanuecrsa temwiots:: O, = Q,. Torma mammua,
y katopoii KIIJI Bauue, 3a uMka npespamaeT B pabory Goablee KOJM-
yecTBO TerwoTH:: Q) > Q) M A, > Aj.

IMycrs Temeps mammua ¢ Gonpmmm KIIJL paGoraer B npsmom, a c
menpmum KITJI — B ofpaTHOM HampaBHCHWMH, T. €. KaK XOJORHWIbHAS
MamuHa. 33 cuer coepmeHus paboTsl A BHeIHMMM TenaMmu OT XO-
JIONHOTO pe3epByapa OTHHMAETCSl TEIvora Q’2 ¥ TEpefaeTcss ropsuyeMmy
peaepsyapy Temnora Q,= Q,+ A. B pesymbTate HX COBMECTHOIO
AEHCTBHS 33 IMKJA DOJy4YaeTcs CJaeaylomui pedyastar. XoJoaHWIbHHK
moiy4aer or pabouero Teja MEPBOM MAIUMHBI CTONBKO XK€ TEILIOTHI,
cKobKo oTpacT pabouemy Tesy Bropodt (Q,= Q,), T.e. B XOMOAMIb-
HUKE HHKAKAX M3MEHEHMH He mnpomcxomur. Ilockoabky A >A1, TO
JUIIs yacTu paboThl A, AOCTATOYHO mJisi MpPHMBENEHHsS B NEWCTBHE XO-
JopwnbHod Mamumubl., HarpeBatenas otmaer temaory Q,, a moJdy4aer
MeHbIIYK TEwIoTy Q), T.e. B LeaoM otmaeT roabko Q, — Q. Mrax,
reniota Q, — Q;, B3ATas OT HArpemaTessd, LEJMKOM TpPeBpaIIACTCS B

nosie3anylo pabory A, —A'l, a XOJIONW/IbHHMKY NIPH 3TOM HHMKAKOH Tem-
JIOTHl HE Mepenaercs. JTO MNPOTUBOPEUUT BTOPOMY 3aKOHY TEPMORMHA-
Mk B (opme nocrynara Tomcoma. 3HauuT, IPeqNOIOXKEHHE, UYTO
1> v, HEBepHO.

Touno Takue Xe PACCYXAECHUS MOKAXYT, YTO s oOpaTHMEIX Ma-
ILIMH OKAXETCH HEBEPHHIM M NIPEANIONOKEHME, YTO 1 > 1). MBI npuxoxuM
K BBIBOOY, YTO Bce ofpaTmMble MAalIMHE MMEOT opgnHakossit KIIJ.

IlpuBeneHHOE nOKA3aTeNIbCTBO TeopeMbl KapHO OCHOBHIBAJIOCH HA
npeanosioxennu 06 ofpaTMocTH 00enx TEIUIOBHIX MALIMH, O03HAUYAK-
WIEM, YTO JIOOYIO M3 HMX MOXHO OBLIO 3aCTABUTH ACHCTBOBATH B 0bpar-
HOM HamnpassieHud. Ecin ogna w3 mamus, anpumep ¢ KIT v, ueobpa-
TMMA, TO W3 TPUBEAEHHBIX PaCCyXIEHM CAexyeT TOJBKO, YTo 1< 1:
KI1J, mwoboit HeobpaTumoi Tertosol Mammun MeHbiue KT/ o6paTumoii
MallvHe, paboramomei npu Tex Xe Temnepartypax T, u T,

Hesasucumocts KI1J[ obpatumoii Temnosoii Mammue OT popa pabo-
YEro TEAA MO03BOJseT Ajsa Noaydyenus ¢opmyian (1) BubpaTs mpocrei-
uree pabouce Teslo — MueaNbHHIA ras.

Hna pacuera KI1I uukna KapHo ¢ upeansHbIM ra3oM HaM HOHAmO-
BaTcst Brpaxenue NuIst paboThl, coBeplIaeMOd MIAECAJBHHM ra3oM B H30-
TEPMHMUECKOM HpouecCe, ¥ ypaBHeHHe apuabaThl MAEaIbHOTO rasa.

Pab®ora uaeanrHOro rasa B u3orepmMudeckom npouecce. Ilycrs onus
MOJIb MAEAJBHOTO ra3a M30TEpMHUUYECKM paclumpsercs or obeema ¥V, po
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obvema V,. CoBepiiaeMas npu 5ToM pafora BHIPAXACTCS ONpPERCTCHHBIM
MHTErpajIoM:
V!
A= pv)av. (2)

4

JaBmenue raza p(V) MOXHO BHPA3UTh C MOMOMIBIO YPABHEHMS COCTOS-
us: p = RT/V. I1ockonbKy B M30TEPMHUYECKOM NPOIECCE TEMIEPATYpa
MOCTOSIHHA, TO BeipaxcHue (2) nmpMHMMAaeT BUI

Vzd v

Vv 2
A=RT( “-=RTIn-2.
| 5 7 (3)

4

BoiBon ypasHeHus anHalars. Ypasuenue aguabaThl HACAJbHOIO rasa
MOXHO TIOJTYUYMTh, HCHOJHJSySI HepBbﬂ"‘I 34aK0H TEPMONHHAMHUKH H ypaB-
HEHHE COCTOSHms. Tak Kak B aguMabaTHueCKoM MPOLECCE TEroobMeH
HC NOPOMCXOAHUT, TO nepsmi{ 3dKOH TEepMOAHMHAMHMKH 3aNHUCHIBACTCA B
BHUAC

dU+ pdV =0. (4)
[Ipnpamenvie BHyTpennei sHeprum dU = C,dT, mOCKOJLKY BHYT-

peHHsS JHEprus MAeaabHOrO rasa He 3aBUCHT OT O6beMa. Breipaxenue
aas dT MOXHO NOJy4YHMTh M3 ypaBHeHus CoCTOsiHMS pV = RT:

pdV +Vdp=RdT. (5)
C yueToM npuBencHHHMX Bmpaxewu#d wia dU u dT ypaBeenue (4)
MEepENUCHIBAETCA B BHUAE

Cywdp+C,pdvV =0, (6)
IAE MBI BOCTIOJIb30BAJIMCh TEM, uTO Cj + R= Cp. Beemem obBo3naueHue

AJsl OTHOLIEHHs TEI10eMKOCcTed C, u Cy:
C . .

=2

Y CV * (7)

Pasnenus obe uactu (6) Ha npoussencHue pV, noayuyaeM auddepennu-
ajNbHOE ypaBHEHME, BHPAXAIOMEE 3aBUCHMOCTb JABJICHMS HACAIbHOIO
rasa or obbeMa B aguabaTHYECKOM MpOLIECCE:

dp dv __ o
Hurerpupys (8), moayusaeM
pyi=¢C, (&)

rae xoHcranta C COXpaHseT CBOC 3HAUeHHE B Teuenue apmabaTuue-
CKOro mpomecca. 910 M €CTh ypaBHEHME anuabaTel HIeasbHOTO rasa.

6 E. U. Bytuxos 1 zp. Kuura 3
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Ero MoXHO 3ammcaTh ¥ B JPYrMX nepeMeHHBIX, Hampumep V u T.
Ins atoro moxuo npocro noacrasuth B (9) p= RT/V u3 ypasHeHus
COCTOSIHUS:

TV = (. (10)

Auanornuno ypaBHeHue aguabaThl MOXHO 33anMCaTh W B mnepe-
MeHHBIX p u T.

KITJ uuxna Kapuo. Teneps y HaC eCTh BCE HeOOXOAMMOE U1 IOy 4YeHHS
dopmynst (1). Paccmorpum nuka Kapuo ¢ upeanbHbIM ra3oM, HOKasaH-
HHui Ha puc. 59. ['a3 nosyyaer KOoauueCTBO TEMIOTH ; OT HarpeBaTend C
TeMneparypoil Ty Ha H30TEPMUYECKOM yuacTKe 1—~2 M OTHAET XONOTH/Ib-
HUKY C Temnmepatypod T, KOJWYECTBO TEIUIOTH (J; HAa M30TEPMHUYECKOM
yuactke 3—4. Ha apnabatmueckux yuactkax 2—3 u 4—/ remnnoobMena
HeT. [TockosibKy BHYTPEHHSAS JHEPrUs HACAJILHOTO I'a3a NPU H30TEPMUIYC-
CKOM MPOIIECCE HE MEHAETCs, TO TeluloTa (); paBHAa COBEPIIACMOH rasoM
paboTe IpH M30TEPMUUECKOM pacummpenuu ot V, go V,. IToatomy B coot-
setcTeHM C (3) uMeem

12
Q, = RT, 1nT,%. (11)
AnanornuHo pis TEIWIOTH 0, MOXHO HAamHCaThb
12
Q, = RT, 1n7,§. (12)
Teneps ana KIII uukiaa Kapuo umeem
— 1— — T, In <V3/V4)
"="g = =7 n (Vv (13)

Jlerko BuAETb, uTO OTHOHIeHMe Jjorapudmos B (13) pasno exuumnme. B
camoM paene, ¢ nomompio (10) ana apuabar 2—3 u 4—1 umeeMm

TV =Tv1, Ty =Tl (14)

W3 osrux paeencrs caepyer, uro V,/V, = V,/V,. WUrak, ana KIII

mukaa Kapro ¢ ugeansHeiM razom mostyuaeM dopmyay (1):
T

=1—-2

n T,

B cuny mokasasHo# BHIIE TeopeMnl 310 Boipaxenue aas KII uepes

teMnepaTypu T, u T, cnpasemiuso ajs uukia Kapwo c¢ mobeiv pabo-

YHUM TEJIOM.

®opmyny (1) MOXHO KCIOIB30BATH AJisi ONPEACJCHUS TepMOMHA-

MHMUYECKOM TEMMEPATYphl, HE 3aBHCAMENA OT CBOMCTB KOHKDETHHIX Tep-

MoMeTpuueckux Tesi. YToOe ORHO3HAYHO ONPERAE/TMTh TEPMOAMHAMMUEC-

CKYI0 WKady, HeoOXoauMO 3ajaTh 3HAYEGHAE TEMIOEPAaTypH B
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HEKOTOpOH penepHod Touke. B xauecTse Ttakoil ToukM BHIOMpaercs
TPOWHAA TOYKA BOAHL,

HepaseHnctso Kinaysuyca. [IpuBeneHREbIE pe3yabTaThl HO3BOJISIOT OATh
BTOpOMY 3aKOHY TEPMOOMHAMHKHN KOJIHMYECTBEHHYIO (POPMYJIMpOBKY B
BHMZE HEKOTOPOro HepaBeHcTa. dis n1o60ro KpyroBoro nponecca Mexmy
TEnJIOBBIMM pe3cpByapamu ¢ temneparypamu Ty u T, (T, >T,) cmpa-
BEIJIBO COOTHOMIEHUE, HA3BIBAEMOE HEpaBeHCTBOM Kiaysmyca:
Qx*stTx"‘Tz. (15)
& T,
3necy ; — KOJMYECTBO TEMJIOTH, MOJIYYEHHOE OT pe3epByapa C TEMIIE-
patypo#l T, a Q, — KOJIMYECTBO TEILIOTH, OTAAHHOE PE3EPBYapy C TEM-
nepatypoil T,. 3HaK PaBEHCTBA AOCTHraeTcs B ClAydae oOpaTUMOro mpo-
1ecca, KOTOphIM, KaK MHEl BHAEIH, MOXET ObITh ToabKO UK Kapro.

Durponus xax ¢yuxuusa cocroauusa. Uz (15) caexgyert, uto

Q1 Qz
Xl X2 16
T, T, (16)

Ecau yClIoBHTBCS CUMTaTb TETUIOTY, MOAydYaeMylo pabouuM TEJoM,
MOJIOXKUTEIBHOM, a8 0THAaBAEMYI0 — oTpHunartenbsoi, o (16) moxuo ne-
peEnucaTh B BUIAE

g, O

rie 0; >0, a Q,<0.

Hepasencrso (17) Moxuo ofobmuth HAa cayuait 1060ro Kpyrosoro
npouecca, B KoTopoM paBouee Teno oOMEHUBAETCS TEIIOTOM C He-

CKOJBKMMH TCIUIOBBIMM DPC3CpPByapaMH C PA3JIUUYHbBIMKH TCMIOCPATYypaAMH
Ty, Ty Ty oot

s Z<o. (18)

Ecnu TeMnepaTypa HA NPOTSXCHHM KPYTOBOTO MAPOILECCA M3MEHSET-
Cst HEMpEPHIBHO, TO cymMMa B (18) oBbiuHbIM 00pasom HpeBpamAcTCA B
HHTerpaj no 3aMKHYTOMY IyTH, Tak Kak pabouce Teno, mpoias uepes
psA  NPOMEXYTOUHBIX  COCTOSHHMM, BO3BpALIAETCS B MCXOAHOE
COCTOSTHME:

§ <o, (19)

rae nox OQ moHmMaercs mojiyuaeMas (MM OTHasacMas) TewioTra Ha
9/IEMEHTAPHOM YYACTKE KPYIOBOIO NpOLECCA, HACTONBKO MAJIOM, uTOGH
TEMIOEPaTypy MOXHO OHUIO CYHMTATH MOCTOSHHOM.

6
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B cayuae ofpatuMoro kxpyrosoro nponecca B (19) dumrypupyer sHak
PABEHCTBA, T. €. MHTErPA] N0 3aMKHYTOMY KOHTYPY DaBEH HYJIO:

$ EL=o. (20)

3T0 03Bauaer, YTO HOA MHTErpasoMm CctomT auddepeHinan HEKOTOpou
(hyHKIMH COCTOSIHMS TEPMOAMHAMMYECKOM CHCTEMBI: CyMMa €€ npupa-
mEeHuid BAOJIb 3AMKHYTOrO rMyTH o0pamaceTcss B Hy/ib NIPH BO3BPAIUCHHU
CHCTEMB B MCXonHoe cocTosaHue. CUTyaims 3q€Ch TaKad Xe, KaK U IIpU
BBEACHUM MOHATHS MOTCHIMAIBHOM JHEPIUM B MEXAHUKE, I1e HE3ABHCH-
MocTb paborel oT GhOpMBl TpackTopuu (a CJAEAOBATENBHO, PABEHCTBO HY-
710 paboTw 1o JKIOOMY 3aMKHYTOMY KOHTYPY) CBHACTE/NbCTBOBAJA O Cy-
UIECTBOBAHMM (DYHKIIMM COCTOSIHAS MEXAHUUECKOM CHCTEMBI — MOTEH-
pmanbpHoM aneprun. Mrak,

&
2 = gs, (21)

rape S — uHekoropas QyHKIMA COCTOSHMS TEPMOANHAMMUECKON CHCTEMEL,
Ee Ha3WBAWOT sHmponueyd. JHTPONHs B KaXKAOM COCTOSHHMU CHCTEMBI
MMEET BMNOJIHEC ONpPEne/JeHHOE 3HAYCHHUE, HE 3aBHCSMICE OT TOro, KakuM
obpasom (obpatuMo MM HeoOpaTHMMO) CHCTEMA IONAJIa B AAHHOE COCTO-
auue. [Tpu oBpaTHMOM MPOIECCE W3MEHEHHME JHTPOMHHM HA HJICMEHTAp-
HOM YYacTKE, rae TeMmmneparypa T CUMTAETCHd NOCTOAHHOW, PaBHO OTHO-
IIEHHUIO KOJAMYECTBA NepenaBaemoit Temnorsl 8Q K abCcomoTHOR Temme-
parype. @opmyna (21) no3soasieT i KaXHoi KOHKPETHOM CHCTEMBI C
M3BECTHHIM YPAaBHEHVMEM COCTOSHMS HAWUTH SBHBIA BUA 3TOH dyHKuuu.
IMpu meobpatumom npouecce 4S > 3Q/T.

3anava

UneanbHblil ra3 HAXOOUTCS B OZHOM IMOJIOBUHE TEMNJIOU30JHPOBAHHOIO COCYAa,
pasjesleHHOro reperopoAKoit Ha ABe paBHble YacTH. OnpeaeUTL H3MECHEHHE SHTPO-
MM T'a3a, ec/lM eperopoaKa BHE3aHo paspyLlaeTcs U ras 3anoJIHseT Bechb cocya.

P e w e H Me. [Tockonbky ras He nosyvaer TeNoTbl (COCYA TEMJION3OIMPOBAH) U
He coBepuaeT paboThl (OH pacLIMpSETCS B BAKYYM M HUKAKOIO repemeieHus oK-
PYXKAIOUIUX TeJl HE IPOUCXORMUT), CrO BHYTPEHHSAS 3HEPrHA OCTAETCH HEM3IMEHHOM.
BHyTpeHHAS 3HePrus HAeaslbHOIO rasa IMporopUUoHalbHa ero TeMnepaTtype U He
3aBUCHT oT 06beMa, M03TOMY TEMIIEPATypa r'a3a B pe3yJibTaTe OMMCAHHOIO Npouec-
ca He HaMeHsieTcs. TIporcxonsMi ¢ ra3oM npouecc HeobpaTuM. ORHAKO 3HTpo-
MM KOHEUHOIO COCTOSIHMA ra3a, ABNsiach QYHKIHEN COCTOSHHS, HE 3aBUCHUT OT TO-
ro, KakMm IyTem rona’s ras B 370 KOHeuHoe cocTosiHue. [T03TOMy MOXHO paccMoT-
peTh O6paTHMBbIN HM30TEPMUYECKHI mpouecc, MPUH KOTOPOM ra3 pacllupsiercs,
nepeMetias neperopoaky, roka He 3aiiMeT Beck 00beM cocyaa.

KosmuecTBo TemnmoTel, rojyyaeMoe MAealbHbIM ra3oM IMpH HM30TEPMHUECKOM
npoilecce, paBHO coBepluaeMoii MM pabote:

Q=A’=vRT]n;’—=vRT]n 2,
13

Tak Kak V,/V; = 2.
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BCIICI]CTBHC NOCTOAHCTBA TEMIIEPATYPbl H3AMEHCHUE IHTPOINTHU CHCTEMBI 3a1TH-
CbIBa€Tcsa B BUJE

AS=—?—=vR In 2.

O0BeanHeHHOe YPaBHEHME MEPBOTO ¥ BTOPOrO 3axOHOB. Mcrmoansys
(21), MOXHO 3aMMCAaTh PABEHCTBO, BHIPAXAIOMIEEC ¥ TEPBBIA, W BTOPOIA
3akousl Tepmonnuramuku. [Jaa obpatumsix nponeccos u3 (21) caemyer,
4TO

30 =T dS. (22)
Honc'rasnsm B ypasﬂemle OEPBOro 3aK0HA TEPMOAHHAMMKH
dU = 8Q + 84, (23)

KOJIMYECTBO TEIIOTH 80, BHPAaXEHHOE C momombio (22) uepes npupa-
HIEHHUE JHTpONUHK dS, MOMydaeMm

dU =T d§ + 3A. (24)

Ecau cucrema m30TPONHA ¥ COBEPIIAET TOJBKO MEXAHMUECKYIO pabo-
Ty, T0 A= —p dV un (24) 3annucHBAETCA B BUAE

dU=TdS— pdv. (25)

Qopmyaa (25), oObERUEAIOMAS MEPBRINA M BTOPOHK 3aKOHH TEPMORH-
HAMHUKH, Ha3bIBacTCA (DyHRAMEHTAIBHBIM PaBeHCTBoM ['ub6ca.

Csobonmnas asueprus. Coornowenue (25) BhIpaXaeT MNpUPAIIEHHE
BHYTPEHHEH JHEPrUM MpH U3MEHEHHM COCTOSHHMS CHCTeMnl. B kxauecTse
HE33BHCHMBIX NEPEMEHHHX, 3aAalOMUX COCTOSHUE TEPMOAMHAMMUECKON
CHCTEMBI, MOTYT MCHOJIb30BATHCA PAa3HBIe MAKPOCKOMMUYECKHE NaPaMET-
pol. B (25) Takumu HE3aBHCHMBIMH TEPEMEHHBIMHM BHICTYNAKOT o0beM
V u surponud S. B npaktuueckux mpHIOXEHMAX HMCIOJb30BATH JHTPO-
NUK0 KaK He3aBUCHMYIO NEPEMEHHYK Heynobuo. Bonee ynobroi dusm-
YecKOoil BenunHOl Onjla 66l TeMnepaTypa, KOTOPYIO MOXHO, Kak u 00b-
eM, M3MePITH HENOCPeaCTBEHHO.

ITepediT K HE3aBUCHMBIM NEPEMEHHBIM T° M ¥V MOXHO CHACKYIOMMM
obpasom. Beepem eme oaHy dyskumo coctosiHus F, CBA43aHHYIO C BHYT-
peHHed sHeprued U COOTHOMIEHMEM

F=U~=TS. (26)

Oyukimio F Ha3uBaOT c60600HOU snepeuel cuctemel, g ycTaHoB-
JeHMs €€ (PU3NUYECKOro CMBICAA 3aMMIIEM €€ NPHPAIEHUE NPH MaJIoM
M3MCHEHHH COCTOSHMS CHCTEMBI:

dF=dU—TdS— SdT. 27)
Tloncrasnsas ciopa dU n3 (25), nonyuaem
dF =—8dT — pdV. (28)



166 IV. OCHOBBI TEPMOXHMHAMUKHA

BunHo, yTe HE3AaBMCHMBIMM NIEPDEMEHHBIMH, ONPERETHIOIMUMH COCTOS-
Hue, A GyHKuun F 9BASOTCS Temneparypa U obvem. Ecin uaMennts
COCTOSIHAE CHUCTEMHE M30TEPMHUYECKH, T. €. cunrarh dT = 0, To, KaK Bum-
Ho n3 (28),

dFT=const =-—p dv.

Bennuuna —p dV npeacrasiaser cofoit paboTy BHEIIHMX CHJ HAX Cuc-
TEMOif npu u3aMeHeHUMM ee obbeMa Ha dV. Takum ofpasom, pabora
BHEIIHMX CHJI NPH H30TEPMHUUYECKOM ITPOLECCE PABHA M3MEHECHMIO CBO-
GoaHOM IHEPrHM CHCTEMBEI,

TepMOAMHAMHKA JHIJIEKTPUKOB U MArHeTHKoB. [losyuenHbic Beimie
TePMOOMHAMHUYECKUE COOTHOMEHMS HO3BOJISIOT MCCAENOBATh IHEPreTH-
YeCKMEe MPEBPALIEHMS B CAMBIX PasHbiX (puanueckux cuCTemax. B uacr-
HOCTH, MOXHO pAacCMOTPETh pOJb TEIUIOBHX SBJCHUH B pa3JIMUHbIX
31EKTPOMArHUTHEX mpoueccax. OxasnBacTcs, UTo, Kak M B CAy4ac pe-
aJbHBIX MEXaHHUECKMX CHCTEM, MpPAKTHUECKH JIOOBIE 3HEPreTHYECKHE
NpEBpanieHys CBA3aHbl ¢ HEOOPATHMBIM BHIIEJIECHHEM TEILIOTH.

ITycrs, HanpuMep, 3aNOTHEHHBIA IU3JACKTPUKOM KOHACHCATOP 3aps-
XaeTcd OT HEKOTOpOro HMCTOYHMKA nuTaHudA. [Ipm H3meHeHwmM 3apsana
KOHAEHCATOpAa HA dq BHEINHME CHWIN (MCTOYHMK NMHTAHMS) COBEPMIAIOT
Hax HuM paborty

dA=¢dg, (29)

rae uepe3 ¢ 0003HAUCHO HAampsXeHue Ha KOHAEHCATOPE, T. €. Pa3HOCTh
NOTEHLUAJIOB MEXAY €ro O0KJIanKaMu., ITO HANPSXEHHUE B KaXIbA Mo-
MEHT MPOMOPUMOHAIBHO 33PsiNy KOHAEHCaTopa ¢:

9_ 4

=% (30)
B 3tom BmipaxeHmn C == eC, — €MKOCTb KOHAEHCATOpa, paBHAs NpO-
M3BEOCHUIO QUITEKTPHYECKON MPOHWLIAEMOCTH € OUIJIEKTPHKA B 3a30pe
Mexny oOkmagkaMn Ha eMKOcTh C, TOTO Xe KOHAGHCATOpa B OTCYyT-
CTBME IMONEXTPuKa. B Hamem ciyuac ocHoBHoe cooTHomenue (24),
BHIPAXAIOMmee MEPBHIA U BTOPOA 3aKOHBH TEPMOAWHAMMKW, 3ANHCHIBA-
€TCa B BHIC

dU =T dS + ¢ dg, (31)
wm, nocae noacraHoeku ¢ u3 (30),
dU =T ds + 2%, (32)
eCy

OTMeTHM, 4YTO BHYTpEHHAS SHeprud U pacCMaTPHBAEMOM CHCTEMBI
(3apAXEHHONO KOHAEHCATOPA) BKJIIOUAET B Ce0S M 3/IEKTPOCTATHYECKYIO
sHepruio. B npuHupne ¢ nomompio (32) MOXHO 66L10 GBI MOSYYATH BHI-
paxenwe AN 3TON BHYTDEHHEH SHEPIMH, CHA4Yala NPOMHTEIPHPOBAR
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(32) npu mocTOSHHOM SHTPONUA ¥ ACOABHE 3aTEM M3MEHEHHE BHYTpEH-
HEA JHEPrU¥M NpM HOCTOSAHHOM 3apsafe. OgHAKO NPAKTHYECKH CAEIATH
3TO 3aTPYAHMTE/BHO, NOCKOABKY 0pH anuabaTuyeckoMm mpolecce
(S = const) MeHseTcd TEMIEpaTypa CHCTEMbl, a BMECTE C Heil u am-
37IEKTPUYECKAS [IPOHULAEMOCTS €.

OO6oiiTr 9Ty TPyIHOCTH MOXHO, BOCNO/Ib30BABIUCH BMeCTO (32) aHa-
JIOTHYHBIM COOTHOLIEHMEM ANd CBOOOAHOM sHeprum F. B paccMarpHBae-
MOM ciayuae Bmecro (28) umeem ans dF:

dF = —S dT + i’-g. (33)
0

3T0 COOTHOIIEHHE YXE JIETKO NMPOMHTErpHpoBaTh npum T = const, Tax
KakK NpH NOCTOSTHHOM TEMNOEPATYPE AMIJICKTPHYECKAs MPOHULAEMOCTh &
T4KXE HEW3MEHHAd. B pesysnbrare nojyyaem

F(T, g) = F(T) + —2—"5— (34)

3nece F(T) — cBofomHas 3HEPrMS CUCTEMBl B OTCYTCTBHE 3JEKTpPH-
YECKOoro 3apsaa. Mel HE paccMaTpuBaeM €€ 3aBUCHMOCTb 0T o0peMa, no-
CKOJIBKY CUMTAEM, UTO B MHTEPECYIOMMX HAC MPOUECcax N3MEHEHnE 00b-
eMa Ma’no.

C noMompio MOJIy4YEHHOro Bhipaxenus (34) MOXHO BEpDHYTbCS K
sHyTpeHHei oueprum. U3 (26) umeem

U=F+TS, (35)

rAE 3HTPONMIO S MOXHO Haita ¢ momompo (33):

¢ de 3
S-————S(T)+22€ 7 (36)

3aecy S(T') — SHTPONMS CMCTEMbI B OTCYTCTBHE 3apsaa (He3apaKeHHO-
ro KOHAEHCATOpa), MoJiyuaemass B pe3yabrare auddepesuupoBaHus
nepsoro wicHa B npasoi uyactu (34). [Toacrasnas (34) u (36) B (35),
HOTyyaeM

q2 T de
U(T, ) = U(T) + 3% (1 +I dr) (37)

Tepsoe caaraemoe B npaBoi yactu (37) — 3TO BHYTPEHHAS DHEPrUs
HE3apsIKeHHOro Kouaencaropa U(T) = F(T) + TS(T), saBHoe BHIpaXe-
Hue aJis KOTOpOM Hac 3pech He WHTepecyeT. Bropoe cnaraemoe paer
BKJIAJ BO BHYTPCHHIOIO 3HEPIMIO CHCTEMBI, CBSA3aHHBIA C HANAYMEM 3a-
paaa Ha KOHJEHCATope.

B asnexTpocraTke ApH BHBONEC BHIPAXEHHS IUIS SHEPTHH 3aPSIXEH-
HOTO KOHAEHCATOPa MBI PeHEOperain TEIUIOBBIMA MPOLIECCAMY U CUMTA-
JIi, YTO JHEPrHs 3apsXKEHHOIO KOHAEHCATOpa paBHAa paboTe S1EKTPH-
YEeCKMX CWUJI, COBEpIIaeMoi Npu ero sapszxe. [Ipu sToM mis sHeprum
KOHAEHCATOpa Mmojiyuasoch Bupaxenue ¢2/(2¢C,). U3 suipaxenus (37)
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BHAHQO, YTO 3TO CHPABENJIMBO TOJABKO B TOM CJydde, KOTNA AMIJICKT-
pUUECcKas MPOHUILAEMOCTD € HE 3aBHCHT OT TeMnepatypsl. B obmem cay-
43ae JHEPreTMUECKUE MPEBPAMICHUS B MPOUECCE 3apsSAKH KOHAEHCATOPA
nMeloT 0oaee CIOXHBIA XapakTep.

IMpeanonoxuM, 9TO NPOLECC 3apdaKHM KOHACHCATOpA HPOHCXOTUT
M30TEPMHUUECKH. B 9TOM Ciyuae M3MEHEHME BHYTPEHHEH 3HEPIUH, Onpe-
ACASEMOE BTOphIM CilaracMeiM B npaeod uactu (37), me pasuo pabore
BHemHux cun ¢*/(2eC). Korma auanexTpuueckas NnpoHMIAEMoOCTh &

ybuiBaeT ¢ pocrom Temneparypm (1. €. de/dT < 0), 3amacacmas KOHIEH-
CATOpOM 3aBHMCSMIAS OT ¢ JHEPrud MeHbiue paboThH BHEmMIHMX CHA. JTO
03HAYaEeT, 4TO B Mpouecce agunabaTUUEcKON 3apsAKM TEMMEPATYPA KOH-
aeHcaropa OyaeT MoBHOIATHCH, a NMPU PaspsAke — MOHMXaThcA. K BEHI-
BOAY O IMOHHXCHMM TEMHEPATYPHl MBI IPHILIM, paccmMaTpupasa obpaTu-
Mpie nporecchl. [loatomy Takoi adpexkT MoxeT HabaIOIATHCS JHILb TOr-
Ia, Korna HEoBPaTHMBIM BBUIEJICHHEM IXOYJCBOM TEMIOTH B BEIIECTBE
MOXHO npeHebpeus.

CoBepIIEHHO AHAJOTMYHO MOXHO PACCMOTPETb TEMJIOBBIE MPOLECCHI,
CONPOBOXAAKOIINE HAMAarHMYMBAHUC U PA3ZMATHUUYMBAHHMEC MATHETHUKOB.
Anuabarnueckoe pasMAarHMUMBAHNE NAPAMATHHTHHIX COMed MCHOJIb3YeT-
CA B KPMOTEHHOM TEXHHUKE KaK METOnR MOJyUYeHHsl HauboIee HU3KHX TEM-
neparyp, 6auskux K abcoaIOTHOMY HYJIO.

3aBHCHMOCTb BHYTPEHHEH 3HEPruH or 00bema. Mudopmaumio o caa-
31 PA3/IMYHBIX TEPMOJUHAMHUCCKHUX XAPAKTCPHUCTHK MOXHO NOaAy4aTb
u3 obmux coorrowenmii Tna (25) u (28) ¢ nomompbio dopMaNbHEX
MaTeMaTHYecKuX npueMos. Hanmpumep, ¢ NOMOMIBIO 3THX COOTHOLIEHHH
JIETKO HAWTH 3aKOH 3aBUCMMOCTHM BHYTPEHHEH OJHEPIuM CHUCTEMBI OT €€
obwema. [leiicreuresnpHo, pasmeaus (25) Ha npupamenue obbema 4V,

HaXOomuM
oU a8
W —r(B) —p 38
(av)r (av)r (38)

Ho u3 (28) caenyer, uto (95/9V )y = (9p/oT)y. Iloatomy (38) nepenm-
CHLIBAETCA B BHAE

=T@%V—P- (39)

Ecnu ussecTHO ypaBuenue cocrosuua p == p(V, T), to (39) nosso-
JiISeT HAWTH 9BHWM BUJ 33aBMCHMMOCTHM BHYTPEHHEH JHeprud oT obbema.
Hanpumep, nas uneansnoro rasa pV = RT, (9p/oT), = R/V = p/T n
(0U/0V); = 0: BHYTpEHHAS SHEPrUsi MACAJBHOTO rasa HE 3aBMCHT OT
obbema.

. npOBC}lHTC AOKa3aTeNIbCTBO TCOPEMBI KapHO C TNOMOIIBI TAKHX pacCyxpuc-

HUI1 OT [IPOTMBHOIO, B KOTOPLIX WCIONL30BaNCS Gbl BTOPOM 32KOH TEPMOAM-
HaMuku B dpopmynupoeke Knayauyca.
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IoueMy npu BeIBofe ypasHeHust aguabatel (9) BennuuHy v B guddepeHun-
aJbHOM ypaBHeHHH (8) MOXHO CUMTAThL NoCTOsHHOM?

Houemy npu Buibope obweit dopmynsr (1) gna KIIJL rensoBoro gBurarens
paccMaTpuBaeTcsl YacTHbIM ciyualt — UMK KapHo ¢ upeabHbIM ra3om?

Hoschure, nouemy Hepasenctso Knaysuyca (15) unn (16) MoXHo paccMatpH-
BAaTh KaK ajbTePHATUBHYIC (POPpMYTMPOBKY BTOPOIO Havasia TEpMOOUHAMUKH.

MNosacHure, KakuM obpaszoM U3 cooTHoweHUsa (20) creayer BBIBORZ O CYLleCT-
BOBAHUM HEKOTOPOi ¢YHKLHU COCTOAHMS.

IMoueMy BhIpaxkeHWe (21), cBa3biBalollee NPUpalleHUe SHTPONUU ¢ Mepena-
BaeMOM TEIJIOTON, CrpaBellMBO TOJbKO A8 o6paTuMblX npoueccos?

Houemy ypashenue (24) wmn (25) MOXHO paccMmaTpHBaTbh Kak COOTHOWIE-
HUe, BbIPAXAKLIEE U NMEPBBIA U BTOPON 3aKOHBl TEPMOOUHAMUKU?

HMokaxwure, urto pabota mpeasbHOro rasa npu aanabaTUYECKOM paclIMPeHHUH
MoxeT ObITE HalneHa no dopmyne
{
A= pory (PVi— pVa).
ITpn kakux ycnosusax paboTa BHEWIHUX CHUJ HaX TePMOZUHAMHYECKONH CHUC-
TeMOH paBHa HU3MEHEHHI0 cBoOOOHOI! 3Heprumn?

Houemy npu dopMyUpoBKe 3aKOHA COXPAHEHUS SHEPrHU B TepMOLHHAMUKE
HCII0JIL3YIOT NMOHATHE BHYTPEHHEH JHEpruM, a He cBobogHoi sHepruu?

HoacHute, noueMy npu aguabaTHUECKOHN 3apanKke KOHAEHCATOPa C AHUIJIEKT-
PHKOM €ro Temreparypa rnosblinaercs, Koraa de/dT < 0.

HosacHure, Kak MeTogaMH TEPpMOOUHAMHUKH oKa3aTh, YTO BHYTPCHHAA 3HEP-
rMA WAcasbHOro ra3a He 3aBUCHMT oT ero obbeMa.



V. OCHOBbI
MONEKYNAPHO-KMHETUHECKOM TEOPHUM

§ 20. 3ucnepumeHTanbHbLIE OCHOBAHHA
CTATHCTHYECKOH MEXAHMKH

OCHOBHOE MIOJIOXEHHE MOJICKyﬂﬂpHO-KHHeTH‘{CCKOﬁ TEOPHH CTPOECHHUS BE-
mECTBA, BHTECKAIOLICE N3 ONTHMTHHX (bamon, 3aKJIIO4YacTCa B TOM, UTO 410~
MK ¥ MOJIEKYJIH, U3 KOTOPHX COCTOAT BCC MaKpPOCKONMHUUYECKHUE TE/1a, HA-
XOOATCA B COCTOSHUHN HENPCPHBHONC Xao0THYECKOIO TCIUIOBOTC ABHXCHNUA.

Tennosoe AsMXenne Moaekya. Hanbonee ybGeguTe/bHHM ONBITHHM
¢hakToM, HAMISIHO MOATBEPXIAIOMIUM XAOTHUECKHA XapaKTep TEIUIOBO-
ro XBUXEHHS M 3aBHCHMOCTD HHTEHCHBHOCTH 3TOIO ABMXKEHHA OT TeMIle-
PaTypH, ABASETCA OPOYHOBCKOe JauXenue.

Bnepsnie 310 sBnedue Habmoman aurauiickuit 6oraunk P. Bpoyd B
1827 r., paccMaTpuBas B MHMKPOCKON B3BEMIEHHHE B BOAE KPOIIEYHHE
chepnueckue YaCTHYKH — CHOPH ILIAyHa. BPOYHOBCKOE IBUXEHHE
MOXHO HaOmomats u B rase. Ero coBepmaior, HanpuaMep, B3BEMIEHHHE
B BO3AYXE MEJIKHE YaCTHLH NBUIK WK AuMa. MonekyasapHo-KHHeTHYe-
ckas Teopus OpOYHOBCKOro HBMXEHHMA Obuia cozpaHa A. DiHmTEiHOM
To15k0 B 1905 r. B Hacrosmee BpeMs TepMHH «OPOYHOBCKOE RBHXXEHHE»
Ucnonabrayercs B §0Je€ MUPOKOM CMHCAE. BPOyHOBCKMM ABMXXEHHEM Ha-
3HBAIOT, B YACTHOCTH, APOXAHHE CTPENIOK UyBCTBUTEABHHX npuGopos,
KOTOpOE MPOUCXOMUT H3-33 TETUIOBOrO ABHXKEHHSA MOJIEKYJ B CAMOM IIpH-
fope U B OKpyXaloWEeil cpexe.

Habonast 8 MEKPOCKOI 33 JBUXEHHEM B3BEHICHHHX B JKHAKOCTH
MEJKHX YACTHL, MOXHO OOHApYXHTb, YTO KAXAasd YAaCTHUA COBEpUIAET
xaornueckoe asuxenne. Ilpeacrasnenne o xapakrepe OnyxpaHuil 4yac-
THOB MOXHO NOJTy4YnTh, €CJIH (DHKCHPOBATH €€ MOJOXEHUE B IOJIE 3pe-
HHASL N3MEPHTENBHONO MMKPOCKOIIA Yepe3 paBHHE [IPOMEXYTKH BPEMEHH.
CoeaunuB NOCAEAOBATENABHHE TOJMOXKEHAS YACTHIH NPIMBIMH, MH I0-
JIYYHM JOMAHYI0 JHHHIO, NOKOOHYI0 H3obpaxewHo#d Ha puc. 65. Ha-
[IPaBJIeHHS COCEAHUX YUACTKOB JIOMAHON JIMHAH COCTAB/ISIOT BCEBO3MOX-
HHE YrJsl APYT ¢ APYroM, TaK 4YTO He YAaeTcs NOAMETHTb HHKAKOH 3a-
KOHOMEPHOCTH B M3MECHEHHH HANPaBJICHHS JoManoil JuHMu. YeM Kopoue
[IPOMEXYTKH BPEMEHH, YEPe3 KOTOPHE (PUKCHPYETCH NMOJOXECHUE YACTH-
s, TeM 6onee u3noMaHHON Oyaer BRIIANETh «TPACKTOPWS» UYACTHILH:
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TOUKH A, B, C, ... dukcupyoT nonoxenue yacruus yeped 30 cexymn,
a rouku I, 2, 3, ..., COEAMHEHHHE IITPHXOBOH JHHHUEH, (HUKCUPYIOT ee
MOJIOXKEHUE YEepe3 KAXAHE 5 CEeKyHA.

HabGmonenne Opoynosckoro nsuxenums. Ecnm mabmonars 3a
OBHXEHHEM Cpady HECKOAbKHX B3BEMIEHHHX B XWAKOCTH 4aCTHL, TO
MOXHO 3aMETUTh, YTO OHH ABHXYTCS TO B Of-
HY CTOPOHY, TO B NPOTHBOMOJIOXHEE, TO NMOX
yraoM Jpyr K apyry. OTciona MOXHO cAenaTth
BBIBOA, uT0 Habnmonaemoe OpOyHOBCKOE ABH-
XKEHHE HE CBA33HO C NEPEMENIEHHUEM ITOTOKOB
XHMIKOCTH, TaK KaK B 3TOM CIyuae COCEAHHE
yaCTHIBl BCErAa MNepeMewanuch Onl BMecTe.
Ha omHTE Xe B yCJOBHSX TEpMOXHMHAMHYE-
CKOTO PaBHOBECHS HHMKAKOH COIacOBAHHOCTH
B ABMXEHUH COCENHHMX YacTHi He Habnomaer-
CS, ABUXYTCA OHM COBEPIIEHHO HE3ABHCHMO
APYT OT Apyra.

Hamenss remneparypy, Ipu KOTOPOit npo-
BOAUTCS ONBIT, MOXHO 3aMETHTh, YTO C YBe-
JHUYEHHEM TEMNEPATYPH HHTEHCHBHOCTH Opo-
yHOBCKOI‘O ABHXEHUSA paCTBT, ¢ NOHHUXEHHUEM
TEMIEpPATypPH OHO 3aMHpaeT.

Takoit xapakTep OBHXEHUA MO3BOMAET
HOpeanoNoXiTh, YTO OpOyHOBCKAs YacTuua
OBHXETCs MHOX AENCTBHEM yaapoBs, Iodyvae-
MHEX OT MOJIEKYJ XHAKOCTH, B KOTOPOH OHa Puc. 65. Bpoyuoscxoe neu-
HaxoauTcd. Ecim npHw 3TOM CUMTATB, UTO  KeHue
TEIVIOBOE OBHXEHHE MOJEKYJ KMIAKOCTH SB-

JISeTCH XA0THUECKHUM, TO MOXHO OOBPICHHUTH BCe HAOMIONAEMHE Ha OMHTE
3aKOHOMEPHOCTH GPOYHOBCKOIO ABHXEHHUS.

3akonomepHoCcTH OpoyHOBCKOro asuxenus. Ha nepsmii Barisg mor-
10 OB 10Ka3aThCs, UTO COBEPIIEHHO XAOTHYECKHi, OeCnopanouHmil Xxa-
paKkTep yaapoB OTAENAbHHX MOJEKYJ HOKEH ObUt 6H NpUBOAHTE K TO-
My, uTO OpOYHOBCKAs 4acTHIIA, Macca KOTOPOM BO MHOro pas GoJbme
MAcCH MOJEKYJIn, BOOOWwe He moJKHA 6nu1a OH 3aMeTHO HepeMeInaTh-
ca. B camom pene, aeiicrBMe ynapos, NOJyYeHHHX OpOyHOBCKOM ya-
CTHIEH C OJHOW CTOPOHH, AOJIXHO NMOJMHOCTHIO KOMIIEHCHPOBATHCH YAa-
paMH ¢ MPOTHBONOJIOXHOM CTOPOHHN. B Takoil curyanum, Kasanoce OH,
OpOyHOBCKAas YaCcTHI@ MOXET TOJBKO «APOXaTk» Ha Mecre. Ommubka
TAKOIO pPACCYXACHHS 3aKIIOUAETCA B TOM, UTO CAYYAWHHI npouecc
MOIMEHIETCA, M0 CYIECTBY, PETYJSAPHAM YEPEHOBAHMEM BO3ACHCTBUI
C IPOTHBOMOJIOXHHX cTopoH. HO Takoe uepenposanme yxe He sBasSeTcs
CAy4aiHHM NpOECcCOM, a obnanaer BHICOKOH CTENEHbIO YHOPAIO-
yeaHocTH. CTEneHb yNOpSAOYCHHOCTH TAKOIO YEpEeAOBAHHS HE OT/IH-
Yaercs OT CTENeHM YNOpSOOYEHHOCTH I@pornecca, B KOTOPDOM Bce
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HCNHTHIBAEMBE YACTHLEH TOMYKH MPOUCXONAT B OJHOM HAIpPABJICHHH.
Ecym, Hampumep, pe3ysnbTaT ONHOTO TOMYKA XaPaKTEPH3YETCS HEKO-
TOPDHM paccTosHMEM [, TO peayabrar nociaefoBaTensHocTu N ynops-
JOUYEHHRIX TOMYKOB HpormopuMoHaned senumumde NI, Ecam xe nocne-
MOBATENBHOCTE 3THX N TONUKOB HOCHT CAYYaWHHIH XapakTep, TO uX
pesysasTat mpotopumoHanen VN, ITokaxeM 3To.

ByneM ¢ moMoOmpl0 M3MEPHTEILHOTO MHKPOCKONA ONpefensaTh pac-
CTOSHHE, Ha KOTOpoe OPOYHOBCKAS YacTHUA YOAJSETCs OT HAuaaa Koop-
AVHAT 34 BpeMs t, MHOTOKPATHO MOBTOPAS 3TOT OMMT. BCakuil pas Mm
OyaeM MoayyaTth pa3HLE 3HAUEHMS 3TOrO PACCTOSIHMS, OMHAKO B G0sb-
DIMHCTBE ONMHTOB OYAYT MOJYUYaThcs OMM3KUE APYT K APYTY 3HAUYCHUS M
JMIIb M3PEAKA 3aMETHO OTIMYAIOIINECT OT OCTaJbHhIX. MoXHO BBecTH
cpenHee paccTOSHUE, HA KOTOPOE YyXORMT YACTHLA OT HAuyana Koopau-
mar. HanpasneHus nepeMenicHuil B OTOEABHBX OMKTAaX MOryT OLITH CO-
BEPIIEHHO PA3/JMYHBIMH, MOCKOJBLKY BCE HANpAaBJACHHUS PABHOBEPOSATHEL.

3aBHCHMOCTb CpPeJHero nepeMemeHnsi oT BpeMeHHn. 3ajaya CoCTOUT
B TOM, 4TOOB HAWTH 3aBUCHMOCTH OT BPEMEHHM CPEAHErO PACCTOSHUS, KO-
Topoe OyneM 0603Havath (R).

Pasnenum uHTEpECyiomiee Hac speMs HaOMOgeHus ¢ Ha Gosbmoe
YHCJIO0 PABHHIX MaJblX NIPOMEXYTKOB Af TaKHX, YTO B TEUCHHUE KAXHOro
MTPOMEXYTKA YaCTHLA MCIHITHIBAET OrPOMHOE YHCIO YAAPOB €O CTOPOHHI
Monekya xuakoctd. I1o cymecTBy, Takoe paccyXAEHHE 03HAYAET MHO-~
FOKpPaTHOE MOBTOPCHME ONMBITA IO M3MEPEHHUIO CPEIHErO PACCTOSHUSA,
NPOHAEHHOTO YACTULIEH 3a Bpemsa Af, IpHUEM KaXABII pa3 MBI COBME-
MAaeM Ha4yajJo KOOPOHMHAT € IOJIOXEHHEM YACTHLIH B KOHUE Hpeanay-
mero npoMexyTka spemedn At. Jipyrumu croBaMH, 370 TaKOH Xe€ OITHIT,
KaK M PaCCMOTDEHHBIM BBHINIE, TOJILKO OCYIUECTBASEMBIX 332 MPOMEXYTOK
BpemeHn At, a He t. ITockonbKy H 3a NMPOMEXYTOK Af YacTHUA HCIIH-
TBRIBAET OrPOMHOE YHMCJIO YXAPOB, BCE NPUBEACHHELIC BBIOIE PACCYXKIEHUS
OCTAKOTCH B CIUIE: HANIPABJIEHHUE NEepeMEmenns 3a KaxXablil «mwars At co-
BEPHIEHHO NPOM3BOJIBHO M HUKAK HE CBA3aHO C HANPpPABJICHUEM IepeMe-
MEeHNH B Jpyrue MpoMEXYTKH, a PAcCTOSHHUE, MPOXOAMMOE 4YacTHLEH 3a
At, 6yaer IPUMEPHO ONMHAKOBHM A1 OOBIIMHCTBA IIPOMEXYTKOB.

Hns opocroThl 6yaeM CYATATH 3TO PACCTOSHHE OQUHAKOBBEIM JJIS BCEX
maros M 0603HaudM erc uepes L.

IlIycrs B pesyabprare N TakMX MOCKENOBATENbHBIX MIATOB 4acTHIA
0Ka3anacb B TOYKE € pagmycoM-sekTopoM R,. Torna mocse ouepemHoro

mara OHa Nonajna B TOUKY
Ry+1 =Ry + Ly, ¢y
rae Ly., — Bekrop nepememenus 3a (N -+ 1)-i1 war, nMeomuit npo-

H3BOJIGHOE HANPABJIEHUE W ONpeaeneHnylo yuHy L. Paccroauue yacrn-
bl OT Hayaua koopauHar nociae (N + 1)-ro mara pasuo

Ry, =VR% +2RyL-cos ¢ + L2. (2)
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3necy ¢ — yron Mexny BeKropamu Ry u Ly, ;. Hafttu cpennee 3nauenne
IPaBO YACTH 3TOrO BHPAXCHNUS 3aTPYAHUTENBHO, HO0 YCPENHATE HYXHO
KBAApATHHIA KOpeHb, a B o0wEM Ciyyae cpeanee 3naueHue byHKuuu
He PpaBHO O9roil (DyHKIMM OT CpegHero 3HaueHud AapryMeHTa:
(f(x))y = f({x)). Jerko 3amerutb, uro ecnu BossectH (1) wim (2) B
KBaapar:

R% . =R%+2RyL-cos ¢+ L2, (3)

TO CPEAHEE 3HAUEHHE KBANAPATA CMEIIEHHS MOXEeT OHTh JIErKO HaMAeHo.
IToaromy OyAeM HCIONB3OBATH Qs XAPAKTEPHCTHKH YAaJeHHs BpoyHOB-

CKOH YaCTHIIBI OT Hauaja KoopouHat He (R), a V(R%) . YcpenHas ey
U mpaByio uyacTi (3) ¥ yuaTHBAs, UTO YIOM ¢ C PABHON BEPOSTHOCTHIO
nMpuHUMAaET ao0ne 3Hauenns or 0 no 2m;, T. €. {cos ¢) =0, nonyuaem

(R%, ) = (R%Y) + L% (4)

Vcnonp3ys MeTox MaTEMaTHUYECKOM MHAYKIMH, HA OCHOBE COOTHOMIE-
aug (4) nerko nokasars, 4TO

(R%) = NL2. (5)

TaxnM o6pazoM, cpefHee 3HAUEHHE KBAAPATA CMEIIEHMS IPONOPLH-
OHAJIBHO YHCJY HIArOB, 4 IMMOCKOJABKY INATH COBEPIIAIOTCSE 33 OQMHAKOBHIE
NMPOMEXYTKH BpeMeHu Af, To

(R = qt. (6)

3T0, KOHEUHO, HE 03HAYAET, YTO CPEeAHEe CMEEHHE ITPOITOPLMOHANb-
HO BpeMEHH. DpoyHOBCKOE ABMXXEHHE YAaCTHLH TAKOBO, YTO CPEIHHIA
KBaApaT CMElEHHUS PACTET MPONOPLUMOHANBHO BpeMeHH. [IpyruMu crosa-
MH, KBaAPaTHBIA KOPEHDb U3 (R%) pacreTr co BPEMEHEM HPONMOPLHOHAIBHO
Vi. Ora Bennunsa, T.e. V(R?), HasmBacMas CpeaHyM KBanpaTHUYHBIM
3HAYEHUEM R, He pasHa CpeAHEMY 3HAUEHHUIO PACCTOSHHA (R) yacTHUbI
OT Hauasia KOOPAMHAT CIYCTS NMPOMEXYTOK BPEMEHH f, KOTOPOE MHEI XOTE-
an onpeneautb. OQHAKO MOXHO [OKA3aTh, YTO 3TH BEJIMYUHEI OT/IMYAIOT-
€4 TOJIBKO NMOCTOSHHEIM MHOXHTE/IEM. [103TOMY cpegnee paccTosane 6po-

YHOBCKOM 4aCTHUBI OT Hayajia KOOPAMHAT TAKXE MPOMOPLHUOHATILHO vt
(R) = BVT. (7

CosepmeHHo oueBnaHO, uto K03hduuuenTn a u f B hopmynax (6)
u (7) 3aBHCAT OT HHTEHCHBHOCTH TEIUIOBOrO ABHMKEHHS MOJEKY] XHUI-
KOCTH, yA4pH KOTOPHIX IPHBONST K OPOYHOBCKOMY JBHXEHHIO B3BEMICH-
HOM YACTHUH, T. €. B KOHEYHOM CYETE OT TEMIEpPATypHL.

DKCHEepHMEHT M CTATHCTUYECKas MEXAHMKa. V3yuenHne 6poyHOBCKOrO
ABHKEHHS CHIrpaso GONBMYI0 Poib B PA3BUTHH MOJEKYISAPHO-KHHETH-
4YeCKOM TEOPHH CTPOEHHMA BemecTsa. ViMeHHo GpOyHOBCKOE ABUXKEHHE HE
TOJIBKO NPHHECIO HEONPOBEPXHMOE JOKA3ATE/ILCTBO PEaIbHOCTH ATOMOB
H MOJIEKYJI, HO H NO3BOJIWIO BIIEPBHE IMOACYHUTATH KOJHUECTBO MOJIEKYJT
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B MaKPOCKOINUUYECKOM 0ObEME BEmIecTRa, T. €. ONPENCAUTh 3HAUEHHE TIO-
crosHHO! Asoraapo: N, = 6,02-102 monn~!. Takum o6pasom, 6vuIO
OKOHYATENIbHO YCTAHOBJICHO, UTO TEIIoBas (opMa ABHXEHHS MATEpHH
00ycNoB/IeHA XA0THYECKHM ABHXEHHEM aTOMOB HJIM MOJIEKYJ, U3 KOTO-
PHX COCTOST MAKPOCKOMHYECKHE Tesd. [TOC/eNHIO TOYKY B 3TOM BOI-
poce mOCTaBUIH ONMHTH bpannyackoro ¢usuka X. [leppena, srnonnes-
Hbole B Hauase XX Bexka. TeM caMbIM Onlsia nogBefeHa HAAEXHAs JKCIIe-
puMeHTanbHas 6a3a NMOJ CTATHCTHYECKYI0 MEXAHHKY, KOTODAs M3ydaeT
CBOHCTBA MAKPOCKOITMYECKHX CHCTEM MCXOAS M3 ONPEAENEHHHEIX MOIE/b-
HBIX [IPEACTABJAEHHA O BHYTPEHHEH CTPYKTYpE BELIECTBA.

ITocTaHOBKAa 3371344 B CTATHCTHYECKON MeXaHUKe. 3agaucii CTATHCTH-
YECKOH MEXAHHKH SIBJISIETCS YCTAHOBJICHUE 33KOHOB TMOBENCHHH Makpo-
CKOMMMUYECKHX CHCTEM, COCTOSIIUX M3 OPPOMHOIO YUHCIA YACTHL, HA OCHOBE
U3BECTHHX THHAMUYECKNX 3aKOHOB MOBENCHMS OTOEAbHBIX yactuu. Jpy-
I'HMH CJI0BAMHM, CTATHCTHYECKAS MCXAHMKA YCTAHABAUBAET CBA3b MEXIY
3KCIEPUMEHTANBHO M3MEPSEMBIMH MAKPOCKOIMMYECKUMH BEIHUMHAMM,
XapaKTEPH3YIOMMUMHU CUCTEMY B LIEJOM, TAKMMH, KaK JABJCHHE, OOBEM,
TEMIIEPATYPa, HANPSXKEHHOCTh 3JACKTPHUECKOTO IOJASt U T. K., © MUKPO-
CKOMHYECKHMH XaPAKTEPHCTUKAMHU CHCTEMBI, TAKMMH, KK MACCHI H 3aps-~
OB COCTABJMIOIMX CHCTEMY YACTHI, HX KOOPIMHATHl H HMITYJIbCH U T, 1.

IToscauMm ckaszaHHoe Ha mpuMepe. [lpocreifmeit cucremoil, cocros-
mei u3 OOMBIIOre YHCIA YACTHL, ABJASETCS ra3, 3aHMMAIOLIMI HEKOTO-
priit 00beM. C TOUKH 3pEHHS MEXAHMKH COCTOSHHE TAKOH cucreMsl (1. e.
£e MHKPOCOCTOSIHME) ONPEAEseTCs 3aAaHMEM NOJOXEHMH M CKopocreil
BCEX MOJIEKYJ ra3d, YHC/IO0 KOTOPBIX B MaKPOCKONUYECKOM O0bEME or-
pomuo. Hanpumep, Becero 1 cmM® Bo3nyxa mpu HOPMANbHHX YCJIOBHSX CO-
nepxut 2,7-10'° monmexyn. M3-3a amXeHus MOJEKY] MEXAHHYECKOE
COCTOSIHHE HenpepblBHO u3MeHsierca. OaHAako ONBIT NMOKA3BIBAET, YTO
IIpH HEM3MEHHBIX BHEMIHMX YCIOBHAX JI00as MAKPOCKOITHYECKAS CHCTE-
Ma paHo WM NO30HO NPUXOAUT B CTALMOHAPHOE COCTOSHHE, IPH KOTO-
pOM, HECMOTPS HA M3MEHEHHE MEXAHHUECKOIO COCTOSIHMS, TAKHE MaKpo-
CKOIMHUYECKHE MMAPAMETPHI, KAK, HANPHMEpP, TEMNEPATYpa, MIOTHOCTD,
JABJIEHHE, XAPAKTEPH3YIOMME MAKPOCOCTOSIHHE CHCTEMBI, OCTAIOTCSI He-
H3MEHHBIMH. I H30/IMPOBAHHON MAKPOCKOMUYECKOH CHCTEMB 3TO Oy-
JET COCTOSHHME TEIUIOBOIO PABHOBECHI.

TaxuMm 00pazoM, ONpeae/neHHe COCTOSHMA CHCTEMBl B CTATHCTHYE-
CKO# MEXaHUKe SBJISAEeTCS ropa3fno MeHee AeTaJU3NPOBAHHBIM, YEM B Me-
XAHKMKE, TAK KAK OMHUPAETCS JHUIb HAa HeGOABUIOE YHCIO MaKPOCKONHYe-
CKHX MapaMeTpoB, U3MEPSAEMEIX HA onmre. B GOnMbmUHCTBE C/yyaes Ta-
KOE COKpaujeHHoe Onucavue CHUCTEMBl ABJSAETCA BIOJHE AOCTATOUYHBIM,
6o Hac, KaKk NPaBHJIO, COBEPIIEHHO HE MHTEPECYET AeTaabHas uHdop-
Mandsd O ABHXEHUH OTAENBHHEX MOMEKYL

Ho 3HaueHns MAaKpOCKOMHYECKUX NAPAMETPOB, pa3yMeeTcs, 3aBUCAT
OT JBMXCHHUS MONEKYJ, W 33aA4aya CTATUCTHUECKONH MEXAHMKH — BHIPA-
3UTh CBOWCTBA CHCTEMH B LIEJIOM YEpe3 XapaKTEPUCTHKH OTHACIAbHHX MO-
JIEKYJI, T. €. NEepEKHHYTh MOCT MEXIY MAaKpO- M MHKPOCKOMHYECKHUMH
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ONMMUCAHUAMH CHCTeMbl. [Ipu 3ToM Tpefyercs yCTAHOBHTH CBSI3b MAaKpo-
CKOIIMYECKUX INTapaMETPOB CHCTEMB CO CPEAHHMH 3HAYCHHAMH MHKDO-
CKONMYECKUX BEJMUMH M JATh CIIOCO0 BHUNC/AEHHS ITHX CPEfHHX 3HAYE-
HH{ HAa OCHOBE 3aKOHOB ABMXEHHSA OTAENbHHX MOJICKYI.

CraTucTHyeckas MEXaHHKa ¥ TepMoanHaMuka. HanomeuMm, yto B or-
JUYHE OT MOJIEKYJIAPHO-KHHETHUYECKOW TEOPHHM TepMOAUHAMUYECKHN
MOAXOA HE ONMHUPAECTCA HU Ha KAKHUEC MOOEJbHBIC NMPEACTABACHUA 06 aToOM-
HO-MOJIEKYJISIPHON CcTPYKType BemecTBa. OCHOBHHE NMOHATHS TEPMOOHU-
HAMMKH BBOOATCS HAa OCHOBE (DH3MUECKOTO IKCIEPUMEHTA, U MOITOMY
OHA OMEpPHPYET TOJBKO MAKPOCKOMHYECKUMH BEJMYMHAMH: JABJIECHHEM,
TEMIEPATYPOi, 00beMOM U T. 11. TepMOAMHAMHMYECKHIA MOOXON OT/IHYA-
ercs 6onbmoi obmHOCTEI0 U npocTtoroi. OH AaeT BOIMOXHOCTB PEMATh
MHOrMe KOHKDETHBIE 3afayn, He Tpefys HUKAKHX CBEACHHM O CBOMCTBAX
ATOMOB WIH MOJEKYJI.

HenocratkoM TepMOAMHAMHUYECKOrO METOAA MOXHO CUHTATh TO, YTO
IIPH €10 HCIOAb30BAHHU OCTAETCS HEBHIABAEHHOM CB3b Mexny Habsmwo-
HAEMBIM ABJICHHEM U o0YCTOBAMBAIOMMM 3TO SBJICHUE MOBENEHUEM MO-
sexyna. Ecau MBI, HanpuMep, TEPMOAMHAMHYECKHM METOAOM YCTAHOBHM,
YTO METAJUIMYECKHH CTEPXEHDb IPU HATPEBAHMM NOXKEH YIJIHHATBHCA, a
PACTAHYTHA PE3HHOBHIL XIyT — COKPAIIAThCA, TO MBL HE CMOXEM 00b-
SICHHTb, KAKHE OCODEHHOCTH CTPOEHHS BEWIECTBA HPHBOAAT K TAKOMY
pasJIHYMIO B NOBEAEHUH NPU HarpeBaHUH. Ecam Xe 3TO Hac He yRoBJET-
BOPAET U MBI XOTHM ITOHATbD, MO4YEMy TakK MPOHUCXOOHUT, TO MH JOJIXKHBI
0BpaTUThCA K CTATHCTHYECKON MEXAaHMKE, TAK KAK B PAMKAX TEPMOJH-
HAMUKH HEBO3MOXHO BCKPHITh IyO0KMiM (hH3HUecKHil CMEICI MAKpPOCKO-
HUYECKHUX NMapaMETPOB ¥ MX CBA3b C MHKPOCKONMYECKHUMH NMapaMeTpaMu.

CrarucrHueckas MEXaHHKAa ¥ TEPMOAWHAMHKA [OATOE BPEMS PA3BU-
BAJHCh HE3ABHCHMO, MO0 TEPMOAMHAMHUKA OCHOBHBAJIACH HA 3KCNEpDHU-
MEHTa/bHEIX (pakTax, B TO BpeMs KaK B OCHOBE CTATHCTHYECKOH Mexa-
HHKH JIEXANH TMIIOTE3H 00 aTOMHO-MOJIEKY/ISAPHOM CTPOSHHH BEIIECTBA
H KHHETHYECKON NPHUpOAE TEIIOTH, AOCTOBEPHOCTD KOTODHIX BBI3HIBAIA
COMHEHHE A0 TEX NOP, [IOKA 3TH FMITOTE3L! HE OLUIM MOATBEPXKIACHBI KC-
nepuMedransHo. C TexX nop ornana HeoOXOAMMOCTh B PE3KOM pPAa3rpaHu-
YEeHHH MEXAY TEPMOAMHAMMKON U MOJIEKYJISAPHO-KHHETHUECKOH TEO-
pHei, U B HACTOswmEe BpeMs OHHM (PAKTHUECKH CAWUINCH B EOUHYIO HAY-
KY ~— CTAaTHCTHUECKYK TCPMOOHMHAMHKY.

JeicTBATENbHO, KAaK MBI YBHAMM, Haubosiee MOMHBIE MTPENCTABIEHHS
0 CBOMCTBAX cHCTEM GOJBIIONO YHMCAA YACTHL, A3ET COBMECTHOE UCIOJb-
30BAHHE TEPMOAWHAMMKH H CTATHCTHYECKOH MEXaHHMKH.

e QObBAcHHUTE, MoYeMy OpOYHOBCKAsl YacTHLA He «TOMYETCS» HA MECTe, a CUc-
TEMaTHYECKH CMEILAeTC M3 HauyaJbHOrO MMOJIOKEHHS, HECMOTPS HA TO, YTO
MOJIEKYJIbl OKpYXalilleit cpenpl B paBHOU Mepe GOMOGapAvpylOT ee cO Beex
CTOPOH.

e TIlouemy cpenHee 3HaueHHe COS ¢ PABHO HYMIO, €C/JH apryMeHT ¢ NMpUHKHMaeT
¢ PaBHON BEPOATHOCTBIO Ni0Oble 3HavyeHus ot O no 2x?
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e JlokaxuTe, UCMOAL3YS METOH MaTeMaTHYecKOW MHAYKLUMH, YTO CpeAHM
KBaJpaT cMellleHHsi OpOYHOBCKOH 4YacTHubl 32 N 11aros MnporopuHoHajieH
yucay wmaroB N,

e Kaxk 3aBUCHUT cpeiHee cMelleHHe BpOyYHOBCKOM YacTULbl OT YKC/a waros N?
OT BpeMeHU HabmoneHua?

e TloueMy K03hHLIHEHTBI NPONOPUHOHAILHOCTH & U B B dopMynax (6) u (7)
3aBUCAT OT TEMIEpaTypbi?

e B uem cocrout NpUHUHITHANBHOE OTJUYHUE NOoOX04a K HM3YYECHUI0 MAKPOCKO-
NUYECKHUX CHUCTEM B TEPMOZHHAMUKeEe U B CTAaTUCTHYECKON MexaHUKe?

e Kaxk B CTaTUCTUYECKON MEXAHHKE MAaKPOCKOMUYECKHE MNapaMeTpbl CUCTEMBI
CBSI3aHbl C MHKPOCKONMUYECKUMH XapaKTEPUCTUKAMH UCTONBL3YeMbIX (UK~
YeCKUX Mopesiell cTpoeHUs sellecTsa?

§ 21. MoneKynApHO-KHMHETHYECKAs TEOpPHHA MAEanbHOro rasa

CraTucTHyeCcKas MEXaHUKA JAET BO3MOXHOCTh YCTAHOBUTD CBS3b MEXAY
MaKPOCKOITMYECKHMH NMAPAMETPAMH GOJIBIION CUCTEMB H CPEIHHMHU 3Ha-
YEHHSIMH MHKDPOCKONMMYECKHUX BEAMYHH, XAPAKTEPHU3YIOMMX OTHAE/JbHLIE
MoJeKynH. [IpouaniocTpupyeM 3To HAa MPOCTOM, HO BaXHOM TpPHMEpE
YDPaBHCHHMS COCTOSHMS HMAEAJMBHOIO raaa.

B paspexeHHOM ra3e pacCTOSHHMSA MEXAY MOJIEKYJAMH BO MHOrO pas
HPEBHIIAIOT X PasMEpH. Tak KaK MOJEKYJH 3JEKTPHUECKH HEATDPAIh-
HHl, UX B3aUMOECHCTBHE Mexay coboil NMPOSBASETCS TOMBKO HA MAaJbIX
paccrosausx. [ToatoMy GOMBIIYIO YACTH BPEMEHH MOJIEKYJBI rasa mpo-
BOOST B CBOOONHOM ABMXEHHH, ¥ MX KMHETHUECKAS JHEPrHs B CPEOHEM
npeobaafaeT Hax MOTEHUHATBHON.

Pu3uyeckas Mojaeas rasa. BMmecro Toro ytoGnl paccMaTpHBATH pEAJIB-
HBI ra3, BBEAEM €ro mpocTeiimyr (u3nueckyo MOAENs — HACAIbHBIA
ra3. byaeM cunrarh, UTO HAEANBHBINA a3 — 3TO COBOKYNHOCTb OTPOMHOIO
YHCAA OAMHAKOBRIX MOJIEKYJ, PAa3MEphl KOTOPHIX NpeHeGpeXuMo Masbl.
B pamkax takofl Mooes CYHTAETCH, UTO MOJNEKYJH ABUXYTCS MO 3aKO-
HAM KJACCHUYECKOH MEXAHHUKH M B3aUMOLEHCTBYIOT Mexay co00i TOJIBKO
BO BPEMSI CTOJIKHOBEHH, KOTOPHIE UMEIOT XapPAKTEP YNPYTore yaapa.

BbiBOJ OCHOBHOTO YPaBHEHMS KWHETHYECKOH TEOpHM WIeaNbLHOro
raaa. Fas 34KJIIOYEH B COCyI(, H B COCTOSHHH TCIVIOBOIO PABHOBECHA
HUKAaKHX MaKpPOCKOIMMYECKUX OBHXECHHIA B HEM HE NpoHcxXonuT. Pac-
CUMTAEM Q[ABJICHHE, OKA3bIBAEMOE HACAJIbHBIM ra3oM Ha CTEHKY cocCyna.
Oag 3TOro HyXHO CONOCTABUTH 3TOT MAKPOCKOMHMUYECKHHI MApAMETpP C
peaynasraroM GoMOApAHPOBKH CTEHKH OTAEABHRIMH Moiekynaamu, Cym-
MAapHOE HeHCTBHME MOJICKY/JI HA MOBEPXHOCTh MOXHO 3aMEHHTbh OXHOM
HENnpephIBHO ACHCTBYIOMEN CHIONH, TAK KAK MOJEKYJ OYeHb MHOIO H
HX CTOJIKHOBEHHS CO CTEHKOM MpoHcxomar odeds yacto. CorsnacHo 3a-
KOHAM guHAMHKH HpioTOHA, 3Ta cuia paBHA MOAYJI0 H3MEHEHHS NEp-
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HNEHAUKYISpHON K CTEHKE COCTABJAIOMIEH MMITYJIbCA BCEX MOJIEKYJI, KO-
TOpHE MCIBITHIBAIOT CTOJKHOBEHHUS C HEH, 33 EOUHUIY BPEMEHH.

CTONKHOBERHE MOJEKY B CO CTEHKON. XOTS MECTO M BpEMS YAapa KaXx-
AOW MOJIEKYJIH O CTEHKY COBEDIIEHHO HECYMIECTBEHHBI, HAYNHATD IPUXO-
IOUTCA C PACCMOTPEHHS YAAPA OTAENBHON Mosiekyanl, [Toka s nMpocToTH
NPEANTOJIOXKHUM, YTO MOJIEKYJIB CTAJIKHBAIOTCA CO CTEHKOM 36COJIIOTHO yo-
pyro. Korna MosiekyJ1a OTCKAKMBAET OT CTEHKH, IIPOEKIHAS €€ CKOPOCTHU Ha
HAMpaBJIEHHE HOPMAAH K CTEHKE MeHsieT 3Hak. Hanpasum och x o Hopma-
au x crenke (puc. 66). O6o3Haunm yepes
v, IPOEKIHIO CKOPOCTH MOJIEKYJIBI 0 yAa-~
pa, a uepes v, = —v, — HocAe yaapa. Ua-
MEHEHHE HUMITYJIbCA MOJEKYIbL IIPH CTOIK~
HOBEHHH (O CTEHKOH m(v, —v,) paBHO
—2muv,, a nepenaBacMuil CTEHKE HMITYJIbC
pasen 2muv,,. ITO OTHOCHTCH K EJUHHYHOMY
CTOJNKHOBEHHIO.

A

kv

O poau croaxHoBeHHH Mmoiexya. [lpu
MMO/CYETE NABJEHUS Tra3a MOXHO HE AOY- 2
MAaTh O CTOJKHOBCHHAX MOJIEKYJT MEXDY

coboil 6,1arofaps XaoTHYHOCTH MX TEMJIo- Z
BOI'O ABMXEHUSA. €C/TH B PE3YAbTATE CTOJI- Puc. 66. Vupyroe CroaxHoBeHwe
KHOBEHHSL DPAacCMaTPHBAEMasl MOJIEKY/JAa MOJEKYJbi rada CO CTCHKOM cocyaa
H3MEHHUT CBOIO CKOPOCTH, TO B 60J1bm0M

agcaMbse MOJEKYJ B COCTOSIHMM DABHOBECHS HA CMEHY €l HENPEMEHHO
MpUAET APYras MOJIEKYJIA, NMOJYyYHBIUAS TAKYIO XE CKOPOCTh B PE3y.b-
TATE APYIrOro CTOJKHOBEHHS.

Tak xak AaBJjeHHE ra3a 3aBUCHT OT €r0 TEMIEPATYDPH U 00beMa U He
3aBUCHT OT (GOPMH COCYAa, BO3BMEM AJIS MPOCTOTH cocyn B opMe Tps-
MOYIOJIBHOIO mapasutenennnena. Ipurascs Kak cpobogHast, MOnexkyna
NPOXOAUT PACCTOSHHUE [ MEXAY MPOTHBONOMOXHBIMU CTCHKAMH 33 BPEMS
/v, TaK 4TO BTOPOE CTOJKHOBEHUE C TOM Xe CTEHKOH MPOU3OHAET CITYCTS

Bpems 2//v,. CenosaTennHo, 3a nocratouHo 6osbmoe BpeMs ¢ MOJIEKy.1a
HaHECET MO JAHHOHN CTEHKE vxt/ZI ynapos, NEPEAaBas eil KaXxabli pa3 uM-
nyabe 2mv, . B peayabrare 3a BpeMs t 3Ta MOJIEKY.1a IIEPEAACT CTEHKE MM-
IyJIbC, PABHBIH

2mu, v t/21.

CyMmuposaHue no sceM MoJjexynaMm. JIns HaxoxneHns uMIyJbca,
NEPeaBaeMoOro CTEHKE BCEMH N MOJIEKYJIAMH ra3a, HYXHO CJIOXKHTh pe-
3ynbTATH ACHCTBHA BCeX Mosekya. CHiy AABJICHHS HA CTEHKY MBI IO-
JIyyuM, Pa3gesuB MOJHBIA nepeaaBaeMHi MMITYJIBC Ha Bpems f, a NaB-
JleHue p — pAsAC/MB ITY CHAY HA IUIOMARS S crenkH:

P=% EU%::‘ (1)
i=1
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3necy V = SI — obbvem cocyna, B KOTOPOM 3aKJIIOYEH Tas, a v,, — Mpo-
€KUM CKOPOCTH I-i MOJIEKY/IH HA TEPHEHAHKYIAPHYIO K CTEHKE cocyaa
ocs x. O6patuM BHUMAaHME HA TO, YTO CyMMA KBaApaToB v?%,, meNeHHas

HA 4yHCIo MoneKyn N, npeactasaser cofoi cpeguee 3HAYEHHE KBaapaTta
NMPOEKIMHA CKOPOCTH OAHON MOJIEKYJIHI:

N
(W) = 7:; > vk (2)
i=1
[Moaromy copmyay (1) MOXHO mepenncaTs B BUAE
p="% (2. 3

Cpennee 3HaYeHHEe KBAApaTa CKOPOCTH. Bxonswmyio B (3) Benmuuny
(v2) MOXHO BBIPAa3UTh YEPE3 CPENHEE 3HAUEHAE KBAAPATA CKOPOCTH MOJIE-

Kynu (v?). B camom nene, v?=vZ + o2+ 12 [lna cpensux 3mauenwi,
OUEBHMAHO, CipaBeqanBo (v2) = (v2) + 2y + (v?). Tak Kak B cocrosi-
HHM PaBHOBECHS BCE HANPABJICHUS B Ta3¢ PABHONMPABHEI, TO

@) = (v}) = () =3 (D). (4)
Teneps BuipaxeHue (3) npuHHMaeT BUK
p=35 A, (%)
win
p=75 mn?, (6)

e n= N/V — cpenHee UMCIO MOJEKYJ] ra3a B equHuue obpema, win
KOHLEHTpAUHUs MOJIEKYJI.

Bupaxenue (§) win (6) HA3WBAIOT OCHOGHbLM YDAGHEHUEM KUHemU-
uyeckou meopuu udeanbHozo zaza. MaxpockonmuueckMil NMapaMmerp, Xa-
paKTEPU3YIOMHUMA ra3 B LEJIOM, — AABJEHHE p — BBIPAXEH 3AECh yepe3
CpeaHee 3HAYEHHE MHUKPOCKOMMYECKOro napaMmerpa — KBAaApaTta CKOpo-
CTH OTHE/IBHOM MOJIEKYJIhI.

WneanpHuii ra3 8 CTATHCTHYECKOH MeEXaHMKe M TEPMOIHHAMHKE.
PaccmorpuM moapobHee mosyuennoe ypasHenne. B ero mpasoit yacru
MOXHO YBHIETh CPEIHIO KMHETHYECKYIO 3HEPTHIO ONHON MOJIEKYJIH

(e) =5 m(v?). (N

Tak kak BHYTpPeHHSS JHEPIHs MAEAIBHONO ra3a COCTOMT TOJIBKO H3
KHHETHYECKON 3HEPIMM XAOTHHECKOTO TEIUIOBOrO IBHXXECHUS €T0 MoJe-
KYJ, TO npou3BefeHHe N (&) W npeacrasiaser coboil BHYTPEHHIOIO JHED-
0 U uneansHoro ra3a ua N mosnexyn. [Toaromy ypasuenne (5) MOXHO
Mepenucarb B BHAC

pV =§ U. (8)
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Taxkum oOpazoM, B pacCMaTPUBAEMOM CTATHCTHYECKOH MOREIM Hie-
aJIbHOIO ra3a NpPOM3BeACHNE NABJIEHUE HA O0beM paBHO (C TOUHOCTBIO A0
MHOXHTENS 2/3) BHyTpeHHe# sneprum U.

B TepMoaMHAMuKe MOEANbHHM ra3oMm OBUT HA3BaH ras, AJas KOTOPOTO
TOYHO BHIOJIHSAETCS IMOMpHueckoe ypasHenwe Knaneipona—Menpgene-
eBa. Cpasuusas (8) ¢ ypasHenuem Kianeipona—Mengeneesa

pV =RT, (9)

MOJIyYaEM BHIPAXEHME [T BHYTPEHHEH JHEPTUM OHHONO MOJS HAEAJIb-
HOTO rasa:

U=3Rr. (10)

Mbl BMjMM, YTO BHYTDPEHHSIST SHEPrUs MAEAJTBHOTO rasa MponOpIuo-
HaNpHA TEPMOJMHAMHUUYECKON Temneparype 7' M He 3aBACHAT OT o0Obema.
3TO 3HAYMT, UTO PACCMOTPEHHAS 37ech CTATHCTUYECKAS MOHENb anek-
BAaTHA TPENCTABJEHMIO 00 MACAIbHOM ra3e, BBEACHHOMY B TEPMONMHA-
MHUKe. DTd MOENb COOTBETCTBYET OJHOATOMHOMY ra3y, MOCKOJIBKY €O
MOJIEKYJIH PACCMATPHMBAJINCH KAK MATepnajIbHEIE TOUKHM, BCS KMHETHUE-
CKasl HHEPIUS KOTOPHIX CBOAWTCS TOJMLKO K SHEPIWM IOCTYNATEIHHOIO
ABHUXECHHNS. ,U,JISI ABYXATOMHBIX X MHOI'CATOMHEIX MOJCKYJI HCOGXOI(HMO
Ob10 Obl YUHTHBATD €II€ M KMHETHYECKYIO SHEPIUIO MX BPAINCHMS KakK
UEJI0r0 ¥ SHEPIYI0 KoJe0dHMi BXOASIOMX B HUX ATOMOB.

Hcnonp3ysa cootHomenne (10) nis BHyTpPEeHHEH SHEPIHM OJHOATOM-
HOTO ra3da, MOXHO MOJYYHTh SBHOE BHIPAXKEHME IS €T0 MONSPHOM TEm-
noemxocta Cp, IpM MOCTOSHHOM o6beme:

dU 3
Cy=S7=3R (11)
Buaro, uTo 5TO yHMBEPCAaJbHAs MOCTOSIHHAS BEIWYMHA, HE 3aBHCSMAs
OT XMMHYECKOTO COCTABA ra3a, ero MOJSPHOM MACCH M APYIUX XapakTe-
PHUCTHK Ta3a B yCJOBHMSX, KOTHA K HEMY NMPUMEHMMA MOIENb OHOATOM~
HOroO MAEanbHOIo rasa.

®Ousnyeckuit cMbica Temneparypbl. CootHomenno (10) MoXxno mpu-
AaTh APYro# BUA, €C/IM PACCMATPMBATL HE BHYTPEHHIONW SHepruoo U ox-
HOTO MOJS ra3a, a CPEAHIO KWHETHYECKYIO JHEPTHIO, TPUXOASINYIOCS
Ha OHY MoJIekyay (&) = U/N:

(e) =34, (12)
rac yHHBepcaﬂbHaﬁ NOCTOSAHHAS
k=2, (13)
A

paBHasd OTHONICHWIO YHHBEPCAJIBHOM ra3oBO#l MOCTOAHHOM R K MOCTOSH-
Ho¥i ABoragpo N,, Ha3zwsaetcs nocmosnnoi Bonrvymana B 4eCTb BHIA-
omerocs ascrpuiickoro ¢usuka Jl. BosrsiMana, oCHOBOIOOXHUKA TEO-
PHM KVHETHYECKUX SIBJICHUI.
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Qopmyna (2) mO3BONSIET YCTAHOBUTH (DMINUECKHUI CMBIC/ TEpMOIM-~
HaMu4uecKoi TeMrnepatypH 7 — ¢u3uueckoi BeJMUMHE, KOTOpad Onuia
BBEAcHA paHee (heHOMEHONOrMyecky. ITOT MAKPOCKOMMUECKMiA mapa-
METp, kak BuaHO w3 (12), xapakrepusyer cpefHee 3HAYEHUE KMHETHYE-
CKOH 3HEPruM XaoTHMYECKOIO TEIJIOBOTO NBYMIKEHMsI ORHOM MOJIEKY/IH B
COCTOSIHMM TEPMOAMHAMHUYECKOTO PABHOBECHS.

MHTEpECHO OTMETUTD, YUTO CPENHSS SJHEPIUS TEILJIOBOTO ABYKEHHS MO-
JIEKY/1 3aBMCHT TOJIBKO OT TEMIEpaTyphi rasza. [1py naHHoi TeMnepartype
CPEAHsS KMHETHYECKAS SHEPIUs MOCTYNATEIbHOTO XA0THYECKOTO JBHXE-
HUS MOJIEKY/I HE 3aBMCHT HM OT XMMMYECKOrO COCTABA I'a3a, HM OT MaCChl
MOJIEKY/1, Hi OT UABJACHUS I'd3a, HU OT 00beMa, 3aHMMAEMOTO I'a30M.

PaBHOpacnpeneieHie JHEPruy No cTeneHaM cBodoanl. Monekyna ox-
HOATOMHOTO MAEAJIBHOTO I'a3a, PACCMATPNBAEMAS KAK MATEPHUAIbHAS TOY-~
K4, MMEET TPM CTENCHM CBoOObl. PaBEHCTBO cpeiHMX 3HAYEHWH KBanpa-
TOB NPOEKIMI CKOPOCTH MOJIEKY/IHI, BEIPAaXaeMoe cooTHoweHuem (4), no-
3BONSIET CHENATh BLIBOJ O TOM, YTO HA KaXIYIO cTeneHb CBOOOIHL B
COCTOSIHMM TEPMOAMHAMUYECKOTO PABHOBECHS B CPENHEM TPUXOAMUTCS O~
Ha ¥ T4 X¢ JHeprus. DTa oHeprus, kak caegyet w3 (12), pasda kT/2.
Oxa3sniBaeTcs, YTO 3TOT Pe3yJIbTAT UMEET YHMBEPCAJIbHHEIM XapaxTep:
CPEHHSS KuHemuteckass SHEPTHs, MPUXONSMASCS HA KaXAYK CTENEHb
cBoOofbl, OOMHAKOBA W paBHa &T/2. DTo yTBEPXAEHHE OTHOCHTCS HE
TOJABKO K ra3aM, OHO CIIPABEN/IVBO /1Sl TCILUIOBOTO JBMKEHUS MOJEKY B
XKHAKOCTSX ¥ TBEPAMX TENdX, MOHOB M 3JEKTPOHOB B MJA3ME M JAXE
IUIs. MAKPOCKOMMYECKUX TEJ, COBEPINAIOIIMX OPOYHOBCKOE JBHXKEHHE B
pe3y/NbTATE XaOTHYECKMX YAAPOB MOJEKYJ OKPYXAIOWIEN CpEBI.

Jasxenne rasa u remneparypa. CoorHomeHus (7) u (12) nossoasior
HEePEnnCcaTh OCHOBHOE YPABHEHME KUHETHUECKOW TEOPUM MIEAIBHOTO ra-
3a (6) Tak, YTO HABJCHME T'a33a BHIPAXAETCS TOABKO YEPE3 €r0 KOHIIEH-
TPALMIO ¥ TEMIIEPATYPY:

p= nkT. (14)

CMecH pasiMyHbIX ra3oB. IToCKosbKy B COCTOSHHMM TeIJIOBOTO PABHO-
BECHS CPEIHSIS KMHETHYCCKAS SHEPrUsl MOJIEKYJI 3aBHCUT TOJBKO OT TEM-
MepaTypbl, TO B CMECHM T'a30B CPEIHUE KWHETUYECKHME SHEPrdyl MOJIEKYJI
pa3HuIX COPTOB OAMHAKOBBIL:

mywd  myd) 3

7~z — 3k (15)

[TosToMy Jierkue MOJEKY/IH ABYXYTCS B CPENHEM GLICTPEE TSIKENHIX.
ITonHoe maBneHWe CMECH MACANbHHX Ta30B PAaBHO CYMME HaBJICHWN,
KOTOpBIE MMeJT OH KaXIHIH M3 ra30B, COCTAB/ISIOMMX CMECh, CIH YIAIUTh
M3 COCcyna oCTajabHHEE ra3nl. B 9ToM MOXHO yOeauTscs, OyKBaJbHO MOBTO-
psisl npUBENEHHbIN BHBOX YpaBHEHMS (0) ¥ yuWTHBas, YTO MMITYJIbC, Me-
pefaBaeMui CTEHKE MOJIEKYJIAMY KaX/OTO copra, 00yC/I0BMBAET TO AaB-
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JIeHHe, KOTOpOEe CO34aBan OH OAMH ITOT ras. DTOT 3akOH OHJI OTKpPHT
onHTHHM nyteMm JIX. [[a1bTOHOM ¥ HOCHT ero ums.

Kaxk Bbl MOHMMAaETe YTBEPXAEHME, YTO B pPa3peXEeHHOM rase U3 3JIEKTPUYECKU
HEATpaJsbHBIX MOJEKYJ MX KMHEeTHYecKasl 3Heprusi B CpefHeM NpeoOnafaer
Haa MOTeHLHWaNbLHON?

OnuiIKTe MOAEb WAeaslbHOMO ra3a, MCMNOJb3YEMYIO B MOJIEKY/ISIPHO-KUHETU-
yeckoit Teopuu. Kakyio posis UrpaloT B 3T0i1 MoaesM coGCTBEHHBIE Pa3Mephl
MOJIEKYJl ¥ KX CTOJIKHOBEHMS Mexay coboit?

YeM omnpepesseTcsl MMIYJbC, NepelaBaeMblii CTEHKE MOJIEKYJION B eAMHMY-
HOM cOyAapeHWH c Her?

CdopmMynupyiite OCHOBHbIE 3Tanbl BLIBOAA ypaBHeHHUsS (5) KHHETUYECKOMN Te-
opuu rasa. Kakue runoTessl nosoxeHsl B OCHOBY BbiBoAa?

IlpuBenure apryMenThl, MOATBEPXIAKOLIME 3aK/IOUEHWE O PABEHCTBE Cpea-
HUX 3Ha4YEeHWUW KBaJpaToB [TPOEKLUMM CKOPOCTEN MOJIEKY/Ibl HA OCM X, y, Z.

TlpuBenure coobGpaxeHUs, CBUIETE/NLCTBYIOUIME O COOTBETCTBHH PACCMOT-
peHHOM CTaTHMCTHYECKOW MOJe/M MAealbHOIO rasa M MOAEIM MAeal/lbHOTO ra-
3a, NPUHATON B TEPMOAMHAMUKe.

Tlosicaute, nouemy dopmyast (8), (10) u (11) npuMeHMUMBl TOJNBKO WIS Of-
HOATOMHOTO rasa.

Kak cpepHsist sHepryst XaorHueckoro TerioBoro ABMXeHUs MOJIEKYJl CBS3aHa
Cc TeMiepatypor cMcrteMbl?

KakuMm o6pasoM B craTMcTHYecKO#l MexaHHKe pacKpblBaercst pU3MUeCKMt
CMBICJT TeMIlepatypbl?

Kakoil BbIBOA O CKOPOCTSIX TENJIOBOMO ABMXKEHMWS MOJIEKYJl pasHOd Macchl B
CMeCH ra3zoB MOXHO cjeliath Ha OCHOBe NpelcTaBieHUit 0 paBHOpacnpeneie-
HUM KMHETHUYECKOH SHEepruM Mo creneHsM csobonbi?

A O MMXpPOCKONIMUYECKUNX MOJAEAX. BepHeMcd eme pas K IpHBEICH-
HOMY BRHIIIE BHBOAY OCHOBHOTO YPABHEHHMSI KWHETHYECKOW TECOPUHM HAEL-
anpHoro rasa. [Ipexzae Bcero otMeTeM To 00CTOSTENBCTBO, UTO B MEXA-
HMKE ¥ 3JIEKTPOAMHAMMKE [IPY MCIONB30BAHMU PA3NMYHEIX (hu3uye-
CK¥X MOJ€eJIEH MBI pACCMATPUBAIY XaPAKTEPUCTHKY H3YUaeMOM CHCTE-
MBI, JOCTYMHBIE HEMOCPEACTBEHHOMY HAO/MIONCHHIO M M3MEDCHUIO B
sxcnepumeHTe. Ho B cTATMCTHYECKOMH MOJE/IY I'a3a MUK POCKOITHUECKUE
NMapaMeTpHl, XapaKTEPU3YIOMME OTHAEAbHBIC MOJIEKYJIbI, HEMOCPEACT-
BEHHO He HAO/I01ai0TCd, a ¢ OMBITOM CPABHMBAIOTCH TOJILKO UX YCPEa-
HEHHHIE TI0 BCeMY aHCaMO/I0 MOJIEKYd 3HAaYeHMs, Yepe3 KOTOPHE Bhi-
paxarTCs MakpocKonuyeckue napametpol. [loatoMy ocofoe 3HaucHue
3xech npuodperder oGOCHOBAHHOCTD MPEANOIOXEHHHA OTHOCHTEIBHO
MMKPOCKOMMYECKOA KAPTUHK PACCMATPUBAEMHBIX ABJIEHHUM.

PaccMOTpUM ¢ 9THX MO3MUMA JOMyLIEHHs, KOTOphe ObUM CHeaa-
Hb TIpu BhiBofe ypasHenus (§) wim (6).

Jpyroi BEIBOR OCHOBHOFO ypasHeHus. IIpexpae Bcero Moryr moka-
3aThCs He BHoMHE yOeaurenbHuMM cooOpaxkeHws, MPUBEAEHHKE RS
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00OCHOBaHUS BO3MOXHOCTH MpeHeOpeub CTOJKHOBEHMSIMU MOJIEKYJI.
ITooToMy mpuBeneM HECKOJIBKO MHOM BHBOX, B KOTOPOM 3TOT BOIIPOC
uccaenyercs Gosee TmaresbHO. Byxem, Kak ¥ pasHsle, yaap Mosexky-
/Il O CTEHKY CUMTaTh abCOMIOTHO YIPYrHM, TaK YTO NepefaBaeMHi
CTEHKE IpH COMHUYHOM YAApe HMIYJIbC DaBeH
2mv,. YureM Teneps, YTO yNAPSIONIMECH O CTEHKY
MOJIEKYJIHl WMMEIOT PaszHHE 3HAUYCHMS NPOEKIIWi
CKOpPOCTH v,. PacCMOTpPHUM Te MOJIEKYJH, y KOTO-
S phiX MPOEKIMS CKOPOCTY HA OCh X JIEXUT B MAJIOM
MHTEpBRAJE 3HAaueHMii oT v, Ao v, + Av,. Ilycts
YMCIO TAKHX MOJEKY/ B eAMHMIIE o0beMa paBHO
An(v,). 3a BpeMst At 0 CTCHKH JOJIETAT ¥ CTOJIK-
HYTCS C HEM TOJIBKO T€ U3 HUX, KOTOPBIE HAXOASTCS
BHYTPH CJiosl TOJIIMHOMK v, At, TIPHIETAoOWEero K
: yuacTKy creHkM romany S (puc. 67).
2 ITpoMexyTok BpeMeHM Af MOXHO BHOpaTh
Puc. 67. K soruc.  HACTOJIBKO MAsbiM, 4TOOH TOMMMHA cnos v Af
femwio  jgasieHus  OBLIA MHOTO MEHbIIE J/IMHB CBOOOZHOTO mpobera
raia Monexkya. Torma CToNKHOBEHMIH MOJIEKYJI MEXAY
cofoif B 3TOM CJioe MNpPaKTHYECKM He Oyner.
Hrak, 4Mio yRapoB, HAHOCMMHX DPacCMATPMBAEMBIMH MOJIEKY/IAMM
3a BpeMs Af, pasHo An(v,)v,SAf, a nepeaBaeMH¥ NpH ITOM

CTEHKE MMITY/JIbC paBeH
2mv An(v,)v, SAt.

Orcroma nasieHue Ha CTeHKY Ap, co3naBaeMoe STOM rpynmnoi Mose-
KyJa, paBHO

Ap=2mviAn(v,). (16)

ITonHOEe naB/ieHMe, CO3NABAEMOE BCEMY MOJIEKYJIAMY, TOIYYMM, IIPO-
cymmupoBas (16) mo BceM rpynmaM MonexyJ, CKOPOCTH KOTODHX Ha-
NPABJICHH K CTEHKE, T. €. MO BCEBO3MOXHHM 3HAYeHMsM v, > 0:

p= 2m z viAn(vx) (Ux > 0). (17)

BcreacTsye XaOTMYHOCTH TEIJIOBOTO ABMXKCHHS B COCTOSSHMH PaB-
HOBECHSI YMCJIO JIETSIIUX K CTGHKE MOJIEKYJ CO CKOPOCTHIO, JieXamen
B MHTEpPBAJE OT v, A0 v, + Av,, B CDEAHEM PABHO YUCHY JCTAIMUX OT
CTEHKM MOJIEKYJ] €O CKOpocTelo or —v, mo —(v, + Av,), T e
An(v,) = An(—-v,).

Tax xak nop 3HakoM cyMmul B (17) cromT KBagpaTt NPOEKUMH
CKOPOCTH, TO CYMMa TOJIbKO MO MOJIOXHTEJIbHHM 3HAYEHUSAM v, paB-
Ha TIOJIOBMHE CyMMHl MO BCEBO3MOXHBIM U, : (18)

p=m), vZAn(v,).
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Jlerxo cooBGpa3utb, uto cymma B (18) cB43aHa cO cpegHMM 3HA-
YeHHEM KBAaXPaTa NPOeKUyMH CKOPOCTH MOJIEKYJIH Ha och x. B camom
nene, CpeaHee 3HAYCHHE vi MO COBOKYNHOCTH M3 N MOJIEKYJ onpeae-

nserca opmynoit (2). Ho B (18) dakTuueckw crout Ta xe camas
CyMMa, TONBKO CYMMUPOBAHWE MPOW3BORMTCS HE IO OTHEJBHKIM MO-
JexyaaM, a 1o IpynnaM MOAEKYJd B eAvHuue of0beMa, MMemmux
MOYTH OXVMHAKOBHE 3Ha4YeHMs v,. Iloaromy (18) moxHo mepenwcats

B BHIAC
p = mn(v?), (19)

A€ N1 eCTh CpeJHee YWCIHO MOJIEKYJ B eavHMIe ofbbeMa ¢ mio0nmMM
CKOpPOCTAIMH, T. €. KOHIEHTpanus. JlansHeHmye pacCyXacHus He OT-
JIMYAKOTCS OT MCMONAb30BAHHMX paHee. B CHTy PaBHONpPABHs BCEX Ha-
TIPABJICHHA NIPY XaOTHMYECKOM TEILUIOBOM JBMKEHUM (v?;) = (v¥)/3, n,
caenosateabHo, dopmyna (19) npuHumaer Bug

=1 2
=3 mn{v*),
yto coBnajgaer ¢ dopmynon (6).

Eme pa3 0 poas cTOAKHOBeHui. Teneps MH Moxem Oosnee yeTko
chopMyIMpoBaTh COOOPaXXeHHUST O TOM, YTO CTOJKHOBEHWS MOJIEKYJ
MexAay co0Oil He BAMSIOT HA MOJyYeHHmN pe3yabrart. Ilpu moxpcuere
YKCAa YAAPOB O IJIOWAAKY Mbl CUMTAIM, YTO BCE MOJIEKY/IH M3 Bhile-
JICHHOJ IPYNNB CO CKOPOCTIMM OT v, O v, + Av,, jJexamue B cJioe
TONMWHONK v, Af, AOCTUralOT CTEHKM B TEUCHHE IIPOMEXYTKA BPEMEHH
At. Ho Ha caMOM felie HEKOTOpHiE M3 HUX HE AOJETST KO0 CTEHKM, TaK
KaK B Pe3yJIbTaTe CTOJIKHOBEHMIH MOI'YT M3MCHMTb HANpAaB/JICHUE CKO-
pocti. Ho KpoMe Takux CTOJIKHOBEHMI, B PE3Y/IbTATE KOTOPHIX MoOJIe-
KYJIBl «yXOOST» M3 BHYIEJIEHHOM rPynikl, B Ta3e MPONUCXORAT CTOJIKHO-
BEHWS, MOMOJIHAIOINME ITY IPynny Moiekya. B cocrosHnu Temsosoro
paBHOBECHSI, KOTHA B ra3e OTCYTCTBYIOT MaKPOCKONMYECKME MOTOKH,
CpegHee YUCJIO MOJEKyY/ B Kax/I0i rpynmne He MEHSETCS CO BpEMEHEM,
HECMOTPS Ha YacThi€ CTOJIKHOBEHMS MOJIeKyJt. [To3ToMy CTOIKHOBEHMS
He MOTYT H3MEHWUTb CPETHETO pe3yJbTaTa YAAPOB MOJIEKYJ O CTEHKH
cocyaa, seipaxaemoro dopmynoit (6).

E1ne oViH BbIBOJ OCHOBHOTO ypaBHeHMs. B 000X npuBefeHHBIX BH-
BOAAX OCHOBHOIO YPaBHEHMsI KHHETMYECKOH TEOPHM MACATBHOIO rasa
¢urypupoBana npoeKuMs CKOPOCTH HA HAIIPABJICHHE HOPMAIM K CTEH-
Ke COCyna, M HaBJieHHe ra3a BHIPaXanoCh 4Yepe3 CpefHee 3HaueHHe
KBafpaTa 31oit npoexumu (v2) (dopmysn (3) u (19)). 3atem 3naue-
HUe (vi) BHPAaXasaoch uepe3 (v?) Gnaromapd 3KBMBAJNEHTHOCTH BCEX
HarnpasJieHMii B H30TPONHOM rase. MoXHO NMOCTPOHTHL paccyxaeHus
TaKkuM 06pa3oM, YTOBH ¢ CAMOro HAyasna YYecThk 3Ty H30TPONHOCTh.
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ITockonbKy maBjieHne rasa He 3asucHr ot hopMHl coCyna, Bo3bMeM
cocyn cepuueckoit GOpMe1, B KOTOPOM CHAUa/Ia MMEETCH TOJIbKO OnHA
monexysna. Ha puc. 68 mokasaHo ceueHue 2TOro €COCyna IUIOCKOCTHIO,
NPOXOASIIE# Yepe3 TPAEKTOPUIO MOJIEKYIHL M
ueHTp cocyma. IIpm abcomorHo ympyrom

v CTOJIKHOBEHHMH CO CTEHKOW H3MEHEHHE HM-
MyJbCa MOJEKY/BbI, KAK BUAHO M3 3TOrO pu-

CyHKa, ARaeTcd BHIPAXEHHEM 2muv-Cos d.

! HMmMeHHO Taxkoii MMIIYJIBC NEPEHaeTCs CTEHKE
TI0 HOPMAJIX K HEHM 1P KaXAOM CTOJIKHOBE-

‘ H¥MH, TaK KakK yroia o Mp¥ NocAe0BaTENbHBIX

YIPYTHUX CTOJKHOBEHMSIX CO CTEHKOM OCTaeT-
ca npexHuM. Tak Kak jaBJieHue B rase onpe-
AeadeTcss MOLYJeM MMITy/IbCca, epeXaBaeMo-
IO MOJEKYJIAMH CTEHKE N0 HOPMAJTH K HEi,
Puc. 68. Cronuosenpe TO MOXHO MPOCYMMHPOBATh 3TH MORY/IM JUIS
MOJNEKYNLl rasa co cren- IOCJIEXOBATEIBHMX CTOHKHOBeHﬂﬁ, HEB3W-
Ko#1 cepuueckoro cocyaa  pasi Ha TO, YTO IPY KaXAOM COyRapeHUH HOD-
MaJIb K CTEHKE MMEET CBOE HAMpaBJICHME.
Kak BuaHo u3 puc. 68, paccrosiHue, mpoxo-
AMMOE MOJIEKYJION MEXIY JIOORMM ABYMS OCJIEAOBATEAbHBIMY COyad-
PEHUSIMU CO CTEHKO#, paBHO 2R-cos «, rae R — paauyc cocyaa. ITo-
JTOMYy 34 NPOMEXYTOK BPEMEHU { MOJEKY/]d HAHECET MO CTEHKE
vt/(2R-cos @) ynapoB ¥ nepefacT mo HOPMAaJ K Hell MMIyJisc
vt _ mvt
2R-cosa R

2mv-cos a

BuaHo, yTo mepefaBaeMuil 10 HOPMAajay MMIYJbC 3a Bpemd ! He 3a-
BHCUT OT HaIMpABJIEHUS NBHXEHHUS MOJIEKYJIH.

Ins momcuera MMIlysabca, MEPERABAEMOrO CTEHKE MO HOpMaau
BCEMHM MOJICKYJA3MM rd3d, HyXHO CJOXUTh DEe3yJbTATH HAECHCTBUA
BCex Mojiekya. Korma 3Tux MoOsIeKyn MHOTO M OHM ABMXYTCS Xao-
THYECKH, JIO00# y4acTOK CTEHKM HCIHTHBAET OXMHAKOBOE BO3/EH-
CTBHE, M IS HAXOXJIECHUI [ABJCHUY p HYXHO NIPOCTO pPa3neIuTh
CYMMapHH#A MNEepEefaBacMHil MO HOPMAJIM KMIyJbC HA BpeMs [ M

IUIOINAAb MOBEPXHOCTH cocyaa 47R%:
N

=" 2 20
p=""5 iglv,. (20)

3nech CyMMY KBajpaTOB CKOPOCTH BCEX MOJIEKYJ MOXHO 3aMEHWTb
[POM3BEACHHEM IOJIHOTO YMC/a MoJieKyal N Ha cpefgHee 3HaueHuWe
KBafpata MX CKopocTH (v2):
mN (v?
p= ___%l . 1))
4R
YuurtwmBas, uto o6vem cdepuueckoro cocyaa pasex (4/3)nR3, su-
auM, uto (21) cosmagaer ¢ momyueHHoil padee dopmymoit (5).
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OtMeTHM, YTO B 5TOM BmBOAE Ko3thdumiuent 1/3 B BHpaxeHun mis
P TIOSIBJIIETCS. He B PE3y/IbTaTe YCPEFHEHHS KBAAPATa MPOEKLMM CKO-
pocTy vZ, a KaK mpsiMoe CJIENCTBHE TPEXMEPHOCTH (HM3HYECKOro Mmpo-
CTPaHCTBaA.

O xapakTepe CTOJIKHOBEHHMH CO CTEeHKOW. Bo Bcex npuBemEHHBIX
BBIBOAAX OCHOBHOTO YPAaBHECHMS MPEANO0Jarajoch, Yro CTONKHOBEHWE
MOJIEKYJIH €O CTEHKOM COCYAa MPOMCXOAMT MO 3aKOHAM yNPYyroro yaa-
pa.

Ha camoM gene 3To MpeAno/OXeHME TaKXe fBISETCS HeCymecT-
BeHHHM. UToOm y6eaurTbcs B 9TOM, PAacCMOTPHMM ra3 B IPSMOYIOJb-
HoMm cocyne (puc. 69), B xoTopoM cTeHku A ¥ B 001amanT pasHEMHM
CBOMCTBAMM: yaap MOJIEKYJ rasa o CTeHKy A abComoTHo ympyrwit, a
0 cTeHky B — Heympyruit. Ecim Ont
NaBJICHME ra3a HA OTM CTEHKM OBUIO
pa3JIMYHHM, TO B OTCYTCTBHME TPEHMS
0 NOACTABKY COCYA C Ta30oM MpHIIe
6H B JBMXEHHE mnom HEHCTBHEM
BHYTPEHHUX Cwi. Tax kak cocyx B
IBIKCHUE HE NMPUXONWUT, MK JOJIK-
Hbl 3aKJIOYHATH, YTO B COCTOSHMM Puc. 69. Creuku cocyma A u B pas-
TEMJIOBOTO PABHOBECHS NABJICHWE Ta-  Hble: YAAp MONEKyn O CTenky A af-
3a He 33BMCHMT OT XapaKTepa B3auMo- f{‘é’;’ﬁ;;*gng npyru#t, o crenky B —
HCHCTBMS €r0 MOJIEKYJ CO CTCHKAMH.

O6BSCHAETCS 5TO TEM, YTO B CTALiM-

OHAPDHOM COCTOSIHMM MOJICKYJIb HE HAKaIUTMBAIOTCI HA CTEHKaX:
CKOJIbKO MOJIEKYJI PWIMIIAET K CTEHKE NPY HEYNPYIroM yaape, CTOJb-
KO X€ OT HEe ¥ yJCTAeT, MPUYEM B CPEJHEM C TAKOM XXe CKOpPOCThIO,
TaK KAK TEMIIePATYypPH CTCHKM M ra3a B COCTOSIHHH TEILIOBOIO pPaBHO-
BECHSI OOQVHAKOBHI.

B orsvume or npeanosioXeHu#i 0 XapakTepe CTOJIKHOBEHWMH MoJe-
KyJ MeXay coboit M co CTEHKOH cocyda, NPMHIMIINANBHO BAXHKIM
OKA3hIBAETCS JOMYIIEHWE O TOM, 4YTO Ta3 MACAJbHEIN, T. €. €0 MOJe-
KYJH HACTOJIBKO MaJIkl, YTO MX MOJIHHIM CoOCTBEHHHI ofbeM Mana mo
CPaBHEHUIO C 00bEMOM 3aHMMAEMOIO ra30M COCYAd, M UTO MOJEKYJIhl
B3aMMOIEHCTBYIOT TOJIBKO BO BpeMs CToJIKHOBeHui. Tonbko mig rasa
C TAKMM¥ CBOMCTBAMH M CIpaBeaauBo ypasHeHue (0). [as peayibHeIx
ra3oB OHO BEINOJHSETCS Wb NPUOIYKEHHO. A

B ueM cneunduka MOJNEKY/ISPHBIX MOAeNed, UCNONb3YeMbIX B CTATHUCTUYe-
CKOi1 MexaHHuKe, B CPaBHEHUM ¢ PU3HUECKMMM MOJENSIMH B MeXaHWKe MaK-
POCKONMYECKHUX Tesl W 3JIeKTPOAHHAMUKe?

TosicHUTE, MOYeMy NPY BbIBOJE OCHOBHOMO ypaBHEHUS KMHETHUECKOIk Teopuu
ra3za y4eT CTOJIKHOBEHMI MeXAy MOJIEKY/aMH He BIMSET Ha OKOHYaTeNbHBIi
pe3ynbLTar.

OO6BACHMTE KaueCTBEHHO, NodeMy B CepHUECKOM COCYAE UMMYJbC, Nepeaa-
BaeMBI MOJIEKYJION MO HOPMAaJH K CTeHKe 3a 6oblioe spems, He 3aBUCHUT OT
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yrna mafieHusi Ha CTeHKY. PaccMoTpuTe TakXe NpeAenbHbIA Clay4ai CKOJb-
3A1UEro NajeHUs, COOTBETCTBYIOWIMI ABUXEHHUIO MOJIEKYJIB MO OKPYXHOCTH
paauyca R.

e PaccMorpuTe Heynpyroe CTOJIKHOBEHME MOJIEKYNbl CO CTeHKOM cocyma. Ka-
KMe MpeanoioXeHUs 0 MEXaHU3ME B3aUMOMCICTBUS CO CTEHKOM HeoBX0AMMBbI
B 3TOM cJ/ly4ae, 4ToObl MOZIE/ib OMMCLIBANIA COCTOSHUE TENJIOBONO paBHOBECHS?

e B HeKoTOpbIX hU3UUYECKMUX TEOPUAX paccMaTPHUBAETCS MOJIENb ABY MEPHOTO Hjle-
aJIbHOro rasa, MoJIeKy/Ibl KOTOPOro MOFYT ABUIaThCS TOJILKO B O{HOS MJIOCKOCTH.,
BriBeaute OCHOBHOE ypaBHEHHe KMHETHUeCKoH TeOpPUM TaKoro rasa, NoHUMas
oA €ro AaBJieHWeM CUJTYy, AeHCTBYIOIY 10 Ha eQUHMLLY AMMHBI PaHULbL.

§ 22. CrarucTuyeckue pacnpegencHus

ITosHuI X20C, KOTOPHIM XapaKTEPH3YETCs TEIUIOBOE ABMXKECHUE MOJIE-
KYJI, MMEET CBOY 3aKOHH.

3axoHbl Xaoca. HecMOTps Ha To, 4TO KaXas MOJIEKYJIa I'a3a IPH CTOJIK-
HOBEHMAX C APYTMMHM MOJIEKYJIAMM ¥ CO CTEHKAMM COCYAa BCE BPEMS M3Me-
HSIET CBOIO CKOPOCTh, MAKPOCKOMHUYECKOE COCTOSHUE ra3a B TEPMOAMHAMY-
YECKOM PABHOBECHH HE H3MEHSETCS. DTO MO3BOJISET CYMTATH, YTO B rase
CYMECTBYET HEKOTOPOE B CPEAHEM HEM3MEHHOE BO BPEMEHHU pacnpedee-
HUe MOAEeKY no ckopocmsam. [ efCTBATENPHO, KAK MBI BUAEIH, ITPH KaH-
HOIt TeMnepatype CpegHee 3HAUYEHME KBAAPaTa CKOPOCTH MOJIEKYJ HMEET
ofnpeaeneHHoe 3HaueHne, OQHaKO CPeay MOJIEKYJE B JaHHKIA MOMEHT Bpe-
MEHM eCTb ¥ GHCTPHE, ¥ MEAJIEHHBIE, ¥ MOXHO ITOCTABMTh BOMPOC: CKOJIb-
KO B CPEXHEM B ra3e MOJEKYJ MMEET TO WM MHOE 3HauYeHMe CKopocTh?
Jpyroi npeacraBasgionmi HHTEPEC BOMPOC — KaK HAWTY CPETHIOI CKOPO-
CTb, HE 3HAS 3HAYEHUHN CKOPOCTU OTAEABHBEIX MOJIEKYJI?

OnpeneseHHOE pacnpefesieHue MOJIEKYJI 1a3a 0 CKOPOCTSIM yCTaHaB-
JIMBaeTcs BCErTa, KOTAA ra3 PUXOAMT B PABHOBECHE, HE3aBYICHMO OT TOTO,
KaKoBO OHLIO HayanbHOE COCTOAHME CHUCTeMH. EC/m faxe B OTKauyaHHHIA
COCyq BIYCTHTb CTPYIO I'd3a, B KOTOPOM BCE MOJEKYJIb MMEIOT MOYTH OfH-
HAKOBHE 10 MORYJIO ¥ HAMpPABJEHUIO CKOPOCTH, TO CILyCTS HEKOTOpOe
BPeMS B PE3YJIbTATE CTOAKHOBEHMIM MOMEKYJI HATIPABJIEHHOE JBYKEHUE B
rase mepefieT B XaoTHYECKOe, NPY KOTOPOM BCE HANpABJEHMS CKOPOCTel
GynyT BCTPE4AThCH OXMHAKOBO YACTO, 4 B PACTIPEAETICHMA MOJIEKYJE IO MO-
ayaro ckopocTy Gymer HaGionaThCs ONpEAEACHHAd 3aKOHOMEPHOCTb.

PaBHOBECHOE COCTOSHME Ta3a XapakTepU3yercs He TOMbKO pacrpene-
JICHMEM MOJIEKYJI TIO CKOPOCTSIM, HO M IO KOOPAMHATaM. B otcyrcreme
BHELIHMX MONEH 570 pacnpeneieHue GyaeT OJHOPDOAHHIM, T. €. ra3 pas-
HOMEDHO paclpefeasdeTca MO BCEMY O0beMy COCyaa: B JIIOOHX DaBHHX
MaKPOCKOMMYECKUX OOBEMaxX BHYTPH COCyAa B CPEAHEM HAXOMMTCS ORHM-
HAKOBOE YHCJIO MOJIEKYJL

A xak o6CTOMT AEJIO MpPHM HAVYMH AEHCTBYIOMENO HAa MOJEKYJIH IO~
Jisl, HanpuMep Mo TaxecTH? XOopomo HIBECTHO, YTO JaBJIeHHE BO3RyXa
yOuBaer ¢ Bucoroit. CrenoBarenbHo, yORBaeT M KOMHEHTPARMS MOJie-
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Ky Bosayxa. Hampumep, Ha Brcote Dnubpyca (5600 M) masnenwe co-
CTaBJseT JAUIIb NONOBUHY KABJICHMS HA YPOBHE MOpS, T. €. KOHLEHTpa-
U MOJEKYJ] TaM yxXe BABOC MeHbime. OTCIONa, KOHEYHO, HE CIERYeT
JeNaTh BHBOM, YTO HA BABOE OO/bIHEl BHICOTE COBCEM HET MOJIEKY/ BO3-
AKyXa, — CAMOJETH JIETAIOT ¥ IOPA30 BHILIE.

PacapeneneHue MOAeXynR no Beicote. Haity 3akoH pacnpenenenus Mo-
JIEKYJI Ta3a C BHICOTOH B OOHODOXHOM HOJIE TSIKECTH MOXHO M3 yCJIOBHSA
MEXAHMYECKOrO paBHOBecHs. PaccCMOTPHMM BEepPTHMKAJIBHHIM Croq0 rasa ¢
I0IAaRbo ocHOBaHMs S (puc. 70) ¥ BRIEIMM B HEM MBICIEHHO HA BRICOTE
Z CJIOM TONIMMHOM Az HACTONBKO MAJIOM, YTOOK IUIOTHOCTD rasa £ MOXHO
OBUIO CYNTATDH B MpEAENax 3TOTO CI0S MOCTOSHHOM,

HO B TO X€ BPeMs 3Ta TOJIOUHA J0/KHA OHTb TaKOH, zA
yTOOH BHYTDY BRIICJIEHHOTO CJIOS OBLIO MHOTO MOJIE-
KyJ1 ¥ MOXHO ObUIO OB rOBOPHTBH O MPOU3BOXMMOM
MMM JaBJICHUM,

IIprMeHVM K 9TOMY BHIIEJIEHHOMY CJIOKO rasa e i
YCJIOBME MEXAHHYECKOIO pPABHOBECHS mopobHo To- z+Az[EL-YY
My, KaK 3TO AEJaNoch B TMAPOCTATHKE IS CJIOS
XUIKOCTH, PAE Mbl, MCIOJb3yS NMOHATHE AABJICHWS,
COBEPUIEHHO HE WHTEPECOBAINCH €ro MOJIEKYJISPHO-
KWHETHYECKON mpupomgod. Mu MoXeM Tak HOCTy-
marb, n6o RKaBAeHWe rasa Ha CTEHKY Cocyha, pac-
CMaTpUBAEMOE KaK Pe3y/IbTAT Nepefaud MOJAeKyaa- Puc. 70. Pasuosecue
MM HMIYJbCA CTCHKE NPY CTOJIKHOBEHUAX, M THJ-  MbICICHHO BRIIENEHHO-
POCTATHYECKOE JABJICHUE B Ta3€ WM XHAKOCTH Ha x):gé’f:a rasa B none
ONHTE M3MEPAIOTCI OQUHAKOBO, O{HUMM ¥ TEMH Xe
npufopaMu ¥, CIEROBATENbHO, MPEACTABASIOT CO-
60i1 OMH ¥ TOT Xe MAKPOCKOMUYECKMI napaMeTp pacCMaTpHBAaEMOM CH-
CTEMHI.

YcioBue MeXaHuyecKoro paBHOBECHS BRIICJAEHHOTO CJIOS Td3ad COCTO-
HT B TOM, YTO JEHCTBYIOMIAs Ha HEro CWia TSKECTH yPAaBHOBEIIMBAETCS
CHUJIAMM [aBJICHUS HA BEPXHEE M HYMXKHEE OCHOBAHMS. B mpoexuyu Ha oCbh
z (puc. 70) 310 yCIOB¥ME 3aNMCHBAETCA B BHAE

p(2)S — p(z + Az)S — pgSAz=0.
Tak kax naBjeHne Ha BHCOTE z + Az MOXHO 3am¥CaTh B BHAE
p(z+Az) = p(z) + Ap,
TO YCJIOBHE PABHOBECHS NMPYHMMAET BAX
Ap=—pgAz. (1)

Bxogsmas B (1) mIOTHOCTh ra3a p 3aBUCHT OT HaBJEHWS. BH-
pasuM ee M3 ypaBHeHus Menneneesa—KianedpoHa pns npovsBoab-
HOM Macce rasa m,

m (2)
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rie M — wmonspHas Macca. C noMombio (2) monyyaem

m Mp
Noncrasasem sto Bhpaxkenue B (1) wm mepexoguM K mpegeny mnpu
Az—0. Tax xak npenen orHomenus Ap/Az npu Az—0 ectb mpoms-
BogHad dp/dz, To moaydaem cieaywoomee auddepeHIManbHOE ypaBHe-
Hue s ¢yHkumm p(z):
dp _ Mg 4
dz  _rRT P (4)
3To ypaBHEHME TOBOPHT O TOM, YTO IIPOM3BOAHAL MCKOMOH (yHKIMH
IPOIOPIMOHANbHA caMoi (yHkumu. Kak m3BecTHO, eAMHCTBEHHOMR (DYHK-
LMen, 061agaronei TakuM CBOMCTBOM, ABISETCH HSKCIOHEHTa, M, CIeno-
BATEbHO, PEIIECHNE TAKOTO yPABHEHUS TP TOCTOSHHKIX g ¥ T MMEEeT BUA

p(z) = Cexp (——A;g;). (5

3Hayenne noctogHHOU C ONpeaensdeTcs M3 YCAOBMS, YTO AABICHME
Ha BhicoTe z =0 paBHO BETMUMHE p:

p(2) = po exp(-4E). (6)

BapoMerpuueckas ¢opmyna. Qopmyny (6) MOXHO mHepenucath B
HECKOJbKO WHOM BWIC, YYWTHIBAs, YTO MoJgpHag Macca M pasHa

POM3BENCHUIO MACChl MOJIEKYJABL M
ph Ha NOCTOSHHYIO ABoragpo N,:

D, p(z) = po exp (—-'Ziz)- (7)

Cooraomernne (6) wim (7) Hazw-
BaeTCHd Gapomempuyeckod Qopmynod.
Bripaxaemasi €10 3aBUCHMOCTb AaBJe-
HUd Ta3a p OT BHICOTH z rpadmueckm

0 7 Tpexcrasieda Ha puc. 71.
OTMeTHM, YTO MPUMEHMMOCThL 6a-
Puc. 71. 3aBucumocTn paBAcHMS ra3a poMeTpuueckoii GOPMYJIH K PeanbHOM
3eMHO# atMocdepe BeCbMa OorpaHuuye-
Ha, Taxk Kak atMoc(epa npakTHYECKHM HIKOTHA HE HAXOAUTCH B COCTOSTHUY
TEILIOBOTO PABHOBECHS ¥ €€ TEMIIEPATYPa MEHSICTCH C BLICOTOM. Y UNTHIBAS

CBSI3b MEXY AABJCHUEM ra3a ¥ KOHIECHTpalyeH MOIEKYJI

p = nkT,

u3 (7) monydyaeMm pacnpegesicHWe MOJeKy/] HO BHICOTE BO BHEIIHEM
nose:

n(z) = ny exp (——rzgz). (8)
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Pacnpenenenne BojabiMana. Jlerko 3aMeTUTh, YTO B UMCIHTENE MOKA-
3aTeNd IKCIOHEHTH B (8) CTOMT MOTEHUMANBHAS SHEPTHS MOJEKYJIHI,
HaXOAAMIEHCA B MMOJIE TSXECTH HA BHICOTE z: £,(z) = mgz, T. €. aty dop-
MYJIy MOXHO NMEPENMUCATh B BHAC '

n(z) = ny exp (—EZ(;)). 9

3TOT NOAyYEHHHIH HA KOHKPETHOM NPHMEPE Pe3y/bTaT HMEET BECh-
Mma obmmit xapakrep. Qopmyna (9) maeT paBHOBECHOE paclpeneeHUe
MOJIEKYJl B IPOCTPAHCTBE B JI0OOM MOTEHIMAILHOM [I0JI€ M HA3ZHIBAETCS
pacnpedenenuem bonvymana.

O6imas Teopys PaBHOBECHHIX CTATUCTHUECKHUX DacpencacHHM Oblia
cosgana J[x. F'u66com. OH nokasazn, uTO B COCTOSHHH TEILIOBOTO pPaBHO-
BecHs npu TteMmneparype T 3aKOH pachnpenc/CHHs MOJEKYa mo arboi
XapakTepU3yIOMECH HX COCTOSHHE BeJMYHHE (KOODAMHATE, CKOPOCTH,
SHEPrMH) HMEeT IKCMOHEHIMAJIbHBIA XapakTep, MPUYEM B MOKAa3aTese
DKCTIIOHEHTH, KaK ¥ B (9), CTOMT B3ATOE CO 3HAKOM MHUHYC OTHOLICHME
XapakTEpHOM SHEPrMM MOJIEKYJH K BEAHYHHE KT, KOTOpas mnpomop-
UMOHANMbHA CPEAHCH KUHETWMUYECKOW DHEPrMM XaOTUYECKOTO ABHKECHHUS
MOJIEKYJL.

Pacnpenenenne 1o npoexkuun ckopoctu. B yactHocTH, pas pacnpexne-
JICHHS MOJIEKYJ ra3a ro MPOEKHUH CKOPOCTH HAa Kakoe-nubo HanpasJe-
HUE B MOKA3aTE]E IKCIIOHEHTH CTOMT OTHOLIEHHE 3aBHCAmied Ot 9TOM
MPOEKIMH YACTH SHEPrUH MONEKYAH K kT

2
e(v,) mvy

f(vx)—aexp( kT) —aexp(—ZkT . (10)

Bennumna f(v,) nHaswmBaercs ¢yukyueld pacnpedeseHust MOJEKYJA MO

HpPOEKUHHA CKOPOCTH Ha ochb x. IIponssencnne f(v,)Av, paBHO CpEAHEMY

YUC/ly MOJIEKYJ ra3a B eOMHALE 00beMa, y KOTOPHIX NMPOEKIHAL CKOPOCTH

Ha OCb X JIEXHUT B MHTEpBAaJE OT v, A0 v, + Av,, noxobHO TOMy Kak

npouspencHue n(z) n3 dopmynn (9) Ha Az gaeT cpegHee UHCIO MOJie-
KYJl, z-KOODZAHMHATA KOTOPHIX JEXHT MEXAY z U z + Az

Oyuxuus pacnpenenesns. OcranosuMcsa noapobHee Ha CMBICAE DyHK-
uuy pacnpepenesns f(v,). [Ipexae scero noguepkHeM, uro 6eccMBICaeH-
HO 3aAaBaTh BOMPOC O TOM, CKOJBKO MOJIEKYJ HMEKIOT CTPOrO OMpeac-
JIeHHOE 3HAUYEHHE v, Harpumep poBHO 500 M/c. Ckopee Bcero, B AaHHKIA
MOMEHT BO BCEM COCYAE € Fa30M HE OKAXETCS HU OMHOM MOMEKYJIH C TAKHM
3HAYEHHEM v, TAK KaK YHCJIO MOJIEKYJI Ta3a XOTh H OYEHD BEJHMKO, HO BCE
X€ KOHEUHO, B TO BPEMS KaK JOMYCTUMHEX 3HAUEHUH v, OECKOHEUHO MHO-

_10. [T0oaTOMy HMEET CMEICS TOBOPHUTH TOMBKO O CPEAHEM YMCJIE MOJEKYJI B
enuHuE 00beEMa, 3HAUEHHE NPOESKN UK CKOPOCTH KOTOPHIX HA OCh X JIEXHT
B MHTEpBaJIE OT v, JIO v, + Av,, Hanpumep ot 500 no 501 m/c.
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Hopmupoexa ¢byukumn pacripenenenns. Harnagsoe npexcrasaenne o
3aKOHE PACHpPEAENEeHHS MONEKYA MO NPOSKUHH CKOPOCTH AaeT rpacduk
dyukumn f(v,), onpegensemoit opmysoit (10), koTopsiit mpuBEneH HA
puc. 72. Inomann 3amMTPUXOBAHHON MOJAOCKHA HA 3TOM PHCYHKE, paBHasd

A
flu) b g
- \Aux
~— .
0 Uy
Uy UgtAu,

Puc. 72. I'paduk yuxunu pacnpenenenns f(v,)

f(v,)Av,, naet, KaK MBI BUOCJIH, CPENHEE YHCIO MOJICKY 1 ra3a B ENHHHILC
00BeMa, Y KOTOPHIX MPOEKUS CKOPOCTH U, JIEXUT B YKa3aHHOM MHTEpBa-
ae Av,. Teneps aerko coo6pa3uTh, UTO MOMHAS ILIOMANb, OrPAHHYCHHAS
rpachukom yskuud f(v,) ¥ OCBIO v,, AAET YHCIO MOJEKYJ], Y KOTOPHIX
v, MMeeT JiIoObe 3HaUeHNS OT — o JI0 ©, T. €. JAET MOJHOE YHCIIO MOJIEKYI
B eaMHHNE oopeMa. UMEHHO M3 9TOr0 yCjOBHS, HA3HIBACMOIO YCIOBHEM
HOPMMPOBKH (DYHKIMM pacrnpelcaeHns, H ONPEAEICTCS IOCTOSHHAS a B
dopmyne (10). Ins ee HAXOXAEHHS HYXHO IIPOMHTEIPHPOBATH PYHKIHIO
f(v,) 00 v, OT - 7O © ¥ NPHPABHSATH PE3Y/ILTAT KOHUEHTPALMU MOJIEKY X
n. DTO AaeT cAeayrmee 3HaueHHe NOCTOSHHOM a:

= m 11
P (1)

QyHKIMA PACTIPEAEAEHHS MOXHO AaTh M HECKOJNBKO HHYKIO MHTEpI-
peranuo. BMecTto TOro 4To6n rOBODHTH O TOM, CKOJBKO B CDEXHEM MO-
JEKy/a B €AMHALE 00bEMAa MMEIOT 3HAUEHHE v, B 3aAaHHOM MHTEpBaie,
MOXHO I'OBODHTb O TOM, KAKOBAa BEPOSITHOCTb TOr0, UYTO HAayraa BHOpaH-
HAsl MOJIEKY/IAa HMEET 3HAUEHHWE U, B 3TOM HHTepBane. DTy BEPOSTHOCTH
MOXHO NOHMMAaTh KAK OTHOIICHHE CPENHEr0 YMCIA TAKUX MOJEKYJa K
NOJAHOMY YHCIy MOJEKyn B eauHuune obbema. O6osHauas €€ depes
q(v,)Av,, MOXEM HANHCaTh

a(v) =1 7(v,) = 77 exp (—;1”;). (12)

PacnpeneneHue no TpeM mpoexuusM ckopoctH. M3-3a monnoit xao-
THYHOCTH TEILUIOBOTO JABMXCHUS B COCTOSHHM DABHOBECHS MOXHO CUM-




§ 22. CTATUCTHYECKHE PACIIPENENXEHUSA 191

T4Th, YTO BCE HANpPaBJCHHS PABHONMpPABHH. B mpoTmBHOM Ciyuae B raie
CYMEcTBOBAaNO OB HEKOTOPOE NMPEWMYINECTBEHHOE HANPABJICHHE JBHXKE-
HHSL MOJIEKYJ H, CJIEOBATENBHO, CYILECTBOBaX OB HANpPABACHHKAIA TOTOK
rasa, 4ero HeT B COCTOSHMM TEIUIOBOrO paBHoBecus. Iloatomy, ecim
BHGPaTh m0OKE TPH B3aMMHO NMEPHCHANKYASPHEX HANPABACHUA X, Y, Z,
TO (DYHKUMH PACHPEACACHUS MOJEKYA IO MPOEKUMAM CKOPOCTH Ha 3TH
HanpaejJeHus OyayT uMmers oauH H TOT xe Bun (12).

MOXHO NOCTaBHTH BOMPOC, KAKOBA BEPOSTHOCTb TOro, YTO HAYram
BHIOPAHHAs MOJEKYna ra3a 6yAeT MMETh 3HAUCHHUS TPEX MPOEKUHH €€
CKOPOCTH V,, U, ¥ v, B 33JaHHHIX MHTCPBaNaxX: MPOCKUHS HA OCb X B

MHTEpBANE OT v, 10 v, + Av_, HA OCb y — OT v, X0 v, + Avy, HAa OCb
z — OT v, 10 v, + Av,. BeposaTHOCT, HMETB, HANPUMED, v, B 3afaHHOM

HHTEPBAJC HE 3aBUCHT OT TOr0, KAKOBH 3HAYECHHS OBYX APYIHX MpPOEK-
OM# CKOPOCTH MOJEKyJH. JTO 3HAYHT, YTO BEPOSATHOCTh TOTO, UTO BCE
TPpM MPOEKUUH CKOPOCTH JIEXaT B 3aJaHHHX MHTEPBAIaX, paBHA NpPOH3-
BEACHHUIO BEPOSTHOCTEH OIS KAXAOH M3 MPOCKUMH B OTACIBHOCTH:

q(vysvy,0,) Av Av A, = g(v, ) Av, - g(v,) Av,g(v,) Av,.

Teneps ¢ momombio (12) MoXeM HAanMCaTh

32
G(vs0,50,) = (ﬁ) exp [_2,% (v2 +v2 + 2)] (13)

B nokasarene skcnoHeHTH B (13) dakTHueckH CTOHT KBampaT CKO-
POCTH MOJEKYJIH, W TMOKA3aTEAh PABEH OTHOLICHUIO €€ KHHETHYECKOM
oHeprum K kT. Takum o6pasoM, 3ta (PyHKUHS PACMIPEACACHUS 33BHCHT
TOABKO OT MOAYJIS CKOPOCTH, HO HE OT ee HanpaejieHHsd. PacnpexencHue
MO CKOPOCTSM, KAaK M CJEIOBaN0 OXHAATh, OKA-
3BHBAETCS PABHOMEDHHIM IO BCEM HANpaBJCHH-
M, T. €. H30TPOMHBIM B IIPOCTPAHCTEBE.

Pacnpenenenne no MOAYJIW cKopoctu. Te-
MePs JIETKO MOJYUYHATh BBIPAXEHHE AJMS BEPOSIT-
HOCTY TOIO, uTO Hayrajg BHOpaHHas MoJeKyJa
HMEET MOOYJIb CKODOCTH B 3aJaHHOM HHTEpPBAJC
OT v 10 v+ Av, HE3aBHCHMO OT TOro, Kak 3Ta
CKOpPOCTh HamnpasicHa. A 3roro HYXHO Hai-
TH, UEMy  COOTBETCTBYET  MPOMSBENCHHE b, 73 yi1anomoi croit B
Avavysz IJIsSL BCEX MOJIEKYJ, MOXYJb CKOPO-  ppocrpancree ckopocTeit
CTH KOTOPHX JIEXHT B 33/JaHHOM HHTCPBAaJE OT

v 10 v + Av. EciM nocrponTh CHCTEMY KOODIH-

HaT v,,v,,v, (pHC. 73), TO NErKO BUAETH, UTO MOJEKY/JIAM C OAHHAKOBHIM
3HAYECHUEM MOAYJIS CKOPOCTH v COOTBETCTBYIOT TOYKM HA MOBEPXHOCTH
chepul paamyca v ¢ HEHTPOM B Hayane KoopauHat. MosmexkysaaM co CKo-
POCTIMH B HHTEPBAJIE OT v OO0 v+ Av COOTBETCTBYET INAPOBOM CJIOH
Tonmuubl Av. [Tosromy npoussenennio Av, Avy,Av, B paccMaTpuBacMoM
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CJIy4ae COOTBETCTBYET 00BEM ITOrO MApOBOTO CJIOS, PABHEIA MPOU3BENE-
HHIO IUIOMAZAM MOBEPXHOCTH C(IEpH HA TOAMMHY CJI0os, T. €. 4mviAv.
BripaxeHne A1 BEPOSITHOCTH TOTO, YTO MOJIEKYJAa HMEET MOAYJb CKO-
POCTH B 3aJaHHOM HHTEpBajae, paBHO npoussencHuio (13) Ha 4mv?Av:

m 32
q(v)Av=4n(—m) exp( 2kT) vAv. (14)

Ecnu mac MHTEpECYeT cpegHee YMCAO MOJEKYJA B €AMHHUE 00BbeMa ¢
TAKVUMH 3HAUYCHASMH MOAYJS CKOPOCTH, TO MHI JO/KHB YMHOXHTH (14)
HA KOHIEHTPALHIO rasa n:

3/2
f(v)Av—4nn(2 kr) exp( m) v?Av. (15)

3asucamoctds ¢yHkuME f(v) OT CKOPOCTH MOKa3aHa HA pHC. 74. Ora
(YHKUAS MMEET MAKCUMYM NPH 3HAUCHHH v = V2kT/m, Ha3HBaeMOM
Haubosnee BeposATHON cKopocThio. HassaHue CBS3aHO € TEM, UTO BEpOSIT-
HOCTb HAyraj B34TOH MOJEKYJIE Ta3a MMETb CKOPOCTb B MHTEpBAJE 3a-
maHHOro pasMmepa Oyamer HamGonbmei,
fﬂl KOIA JTOT MHTEPBAJ PACnOJOXEH IOX
MakCMMyMOM KpUBO# GYHKOHMH pac-
NpEAE/JEHAs, T. €. KOrga OH COAEDPXHUT
B ce6ec HaMBEPOSTHEHINYIO CKOPOCTD.
[Tnomwanp, orpaHHYEeHHAS rpaduKOM
¢yHKIHHK ¥ OCHIO v, AAET NMOJHOE YUCIIO
MOJIEKY/1 B efuHALE oObeMa A.

!
|
i
I
|
|

-

L]
0 V2kT/m v  3aBMCHUMOCTbL pacnpeaejeHuss 1o
Puc. 74. Tpadmk makceernonckoro CKODOCTAM  OT Temneparyper. [lpn
pacnpenenesdus MOJEKya rasa 1o cko- [OBBIIICHHHM TEMINCPATYPHI KPHBAA pac-
pocram MpEACACHAS MOJIEKYJ MO CKOPOCTIM
nedopMHpyETCS TaK, KaK [OKA33aHO HA
puc. 75. MakcuMyM KDHBOH CMemaercsa npM yseauueHun T B obnacrts
fonpnMx 3HAYEHHA v. MakcuManbHoe 3HaueHde f(v) NpH 3TOM y6niBa-
€T, TaK YTO IUIOmAAb NMOA KPUBOM OcCTa-
€TCS HEU3MCHHOM.

[MpuBeneHHbie BHImE (PYHKOMH pac-
NpeaecHAs MOJIEKYJ Ta3a MO CKOPOCTIM
OBIM BROEPBHIE NONKYYEeHH MakcBesnoMm u>
HOCSIT €TO HMS4.

IKCnepuMeHTaNbHAS KPUBas pacrpe-
nejeHns Maxceena. DKCIEPHMEHTaNb-
Puc. 75. Oynkumm pacnipefienesus  goe H3MEPEHHE CKOPOCTEM MOJEKYN W
:;’:::i"m;as:p:%pg';q’o”“ P npoBepka 3akOHa pacmpenencHus Makc-

BEJUIA OCY IIECTBASIOTCS Pa3IMIHEIMH Me-~
TOAAMH, UCIIONB3YIOMMMH MOIEKYASpHHEE nyukd. ONMH U3 NEPBHIX TAKAX
onutoB 6su1 npogenan O. [Urepuom B 1920 r.
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B akcrepuMeHTanbHOM ycTaHoBKe 1lITepHa MCnonb30BaIMCh 1B KOAK-
CHAJIBHEIX LWIHHADA, CKPEIUIEHHRIX Mexny coboi (puc. 76). wmuuapu
MOXHO IPHUBECTH BO BpPAMmICHHE C ONDEACICHHOH YIJIOBOM CKODOCTBIO.
Baoap ocn O nuiauHAPOB HATIHYTA TOHKAS IUIATHHOBAS IMPOBOJIOKA, MO-
KpHTas cnoeM cepebpa. [Ipy nponyckaHuu SAEKTPHYECKOrO TOKa MPOBO-
JIOKa Harpepaercs, H cepebpo
HAuMHAeT Hcnapartbced. Bea yc-
TAHOBKA MOMCHICHA B HEMpe-
PHBHO OTKAYHBACMbIH BAKyyM-
HBI# COCYA.

HUcnapuBmyecs aToMml ce-
pebpa JIeTAT [PAMOIUHEHHO.
ITponereB CcKBO3b mpopess A
BO BHYTPEHHEM [[MJMHADE,
OHH OCEeJaloT Ha OXJIaXIAaeMoK
MOBEPXHOCTH BHCHIHETO WHU-
JHHApPA, obpa3ysd Ha HEM UETKYIO MOJNOCKY B MeTajinmdeckoro cepebpa
(puc. 76a). Ecniu muIMHAPH NPUBECTH B OBLICTPOE BPAImMEHHE C MOCTO-
SHHOM YIJIOBOM CKOPOCTbIO, TO MOJIOCKA OCAXACHHHX AaTOMOB HAa MO-
BEPXHOCTH BHEINHETO [MJIMHAPA OKA3RBAETCH CMEIIEHHOM OT MPEXHETOo
HOJIOXEHHS Ha HeKoTopoe paccrosHde ! (puc. 766) ¥ 3aMeTHO pa3MEI-
T10i1. CMenmeHue BRI3BAHO TEM, YTO 33 BPEMS IpOJieTa ATOMOM PacCTo-
SHUM OT mie/IM JO BHEHIHETO LWJIMHAPA BCS CHCTEMA YCIEBAET MOBEp-
HYTbhCS Ha HEKOTOPHIH yroa ¢. Ilo CMEmeHHI0 MOJIOCKM MOXHO CYAMTb
0 BEJHYMHE CKOPOCTH aTOMOB cepefpa. PasMBITHE NMOMOCKH NMPOMCXOMMAT
HOTOMY, 4YTO ATOMH cepefpa MMEIOT pPa3JMYHBIE CKOPOCTH, H TaKOM
ONBIT B IIPHHLHUNE AAET BO3MOXHOCTH HM3MEDHUTH pACHpPENEJCHME 10
CKOpPOCTSIM ATOMOB IYyYKa.

BriocaenCcTBUM aHAJIOMMYHBIC OMEITH HEOAHOKPATHO BOCHPOH3BOMM-
JMCh B Pa3/IMYHEIX BAaPHAHTAX Oi1d PasHEIX BEWECTB. B uacTHoOCTH, Ta-
KU€ ONBITH AABAJIH BO3MOXHOCTb BHIJENSATh U3 IYYKA rPYNNBl ATOMOB,
CKOPOCTH KOTODHIX JIEXKaJIH B ONPEACACHHOM 3aJaHHOM WHTEDPBAJIE CKO-
pocreit. Bo Bcex ciayuasx GbUIO HOAYUYEHO XOPOINEE COMIACHE C 3aKOHOM
MakcBenna pacnpenefieHus MOJEKYA IO CKOPOCTSIM.

Puc. 76 Cxema oneiros IltepHa

BhluncleHre CpejHUX 3HAYeHMH. 3HAHHE CTATHCTHYECKMX (QYHKIHMA
pacnpeneieHus KAeT BO3MOXHOCTH BHYMC/ASTH CPEAHHE 3HAUCHHS MHK-
POCKONHYECKMX MAapaMETpPoB, HE 3HAS WX 3HAUCHHA y OTHAENbHEIX
MOJIEKYI.

Hanpumep, ¢ moMompio (pyHKuMH pacnpeacieHns BonbuMaHa MOX-
HO HAaWTH BBHICOTY LIEHTPA MAacc MOJIEKYJ rasa B nose Tsaxectu. Koopam-
HATa z, HEHTPa MacC N MaTepHaibHHIX TOUEK OMMHAKOBOM MAcCHl Ompe-

zensercs opmyaon

Zc=

z|~

N
2z (16)
i=1

7 E.11. Bytnixos u ap. Kunra 3
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HaM HeuM3BECTHH KOODAMHATH z; OTAEABHRIX MOJEKYJA, HO (PyHKmus

pacnpeneneHus boaprMasa roBopuT o TOM, CKOJBKO MOJEKYJT MMEIOT
3HAUCHHS B HHTEPBAJIE OT Z 10 2z + dz:

dN = n(z)dz. (17)

Teneps, npu BEuMCACHEM mo popmyiae (16) MOXHO cHauana crpyn-
NMUPOBATh CAAra€Mh€ z;, JEXAamude B HHTEpBaNe OT z 10 z + dz. Ux
BKJAx B CyMMy paseH zn(z)dz. 3areM ocTaeTcs MpOCYMMHPOBATh IO
BCEM TAaKUM IPYIIaM, T. €. IPOMHTErPUPOBATh MO z OT O g0 oo:

z, =% S zn(z) dz. (18)
0
[Moacrasnss coxa n(z) u3 (8) ¥ yunThBag, uTO

]

N= S n(z) dz, (19)
0
MOC/NE BHYUCACHUHA MOaydaeM
2, =4 (20)

C nomompio (DyHKUMH pacnpenencHus MakcCBENIa MOXHO BBRIYHC-
JIUTh CPEAHUC 3HAUYCHHUSA BCAMYHMH, 3aBACIINUX OT CKOpOCTCﬁ MOJIEKYJI.
Jlns 3TOro HyXHO pa3OHTb MOJIEKYJBl HA IPYNIBl C IPHMEPHO OXMHAKO-
BBIMH 3HAQUCHHSMH CKOPOCTEH, JeXAal(UMH B HHTEpBAJIE OT v 10 dv,
HAWTH BKJIAA KAaXOOH TAKOM IPYNIbl B BRIYMCASEMOE CPEAHEE, a 3aTEM
NMPOCYMMHPOBATh MO BCEM IDYNNaM MOJIEKYJ, T. €. NMPOHHTEIPHPOBATH
mo v ot 0 o «. HanpumMep, nng HaXOXICHASA CPEAHETO 3HAUYCHUS KBaa-
paTa CKODOCTH HYXXHO BBHIYHCJIUTH MHTErpas

]

(v?) = S v2q(v) dv, (21)
0
rae q(v) onpepensercs dopmynoit (14). Pacuer maer sHaueHne
ot =% (22)

4YTO COOTBETCTBYET (PH3MUECKOMY CMEICTY TEMIEPATYPH KAK MEPH Cped-
HEN KUHETHMUECKOM DHEPIMHM XaOTHUYECKOIO TEIUIOBOTO MOCTYNATEJIbHOroO
aswxeHdq monekya (cM. ¢opmyan (7) u (12) npeasaymero naparpada).

Ins cpemHero 3HaueHus aOCOMIOTHOM BEJIMUMHBI CKODOCTH, AHAJIO-
ruyHO (21), MOXHO MOJYYHTh

(vy = (S) vg(v) dv= \’ik—nf = \’ % (23)

Hanpumep, nas Mosekya asora (M = 28 r/Mons) np#d KOMHATHOM
reMneparype noayuaem (v) = 470 m/c.
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e Kak Bbl MOHUMaETe YTBEpXKACHUE O Xa0TUYHOCTH TEMJIOBOrO ABUXeHUA? Urto
3HAUYMT, UTO Xa0C UMeeT CBOH 3aKOHbI?

e U3 kakoro ¢dusnuecKkoro ycnoBHs BbIBOOWUTCS PaBHOBECHOE pacrpeneneHue
MOJleKy rasa B nose TaxecTu? I'me npu BeiBope 6apoMerpHuecKoit opMybt
HCTonb3yeTcs NMPpeanonoxeHue 0 MoCTOSHCTBE TeMnepatypbl?

o Tlouemy Gapomerpuueckas dopMyna HeMpUMEHUMA K 3aBUCUMOCTH OT BbICO-
Thl OaBJIEHUS B XUAKOCTH?

o Kakoit pusnueckuii cMbicn UMeeT byHKUMS pacrpenc/ieH|s MoNeKy Nl Mo Koop-
aunaram? no ckopoctaM? Urto obuiero umeloT st GyHKLUMM pacnipeneeHus?

e O6bscuure, novemy rpadMk GYHKUMM pacnpeneNieHuUs Mo NpoeKLMH CKopo-
CTH MMEET CUMMETPHUHYK (dopMy, a KpuBas paclipefe/leHUs MoJIEKYN Mo
MOZYJI0 CKOPOCTH aCHMMETPUYHA.

e Kak obbacuutb, uto cpenHee M Haubonee BeposiTHoe 3HAUCHMS MPOEKIUUH
CKOpoCTH Ha Jiloboe Hampas/fieHWe paBHbl HyJIO, 4 COOTBETCTBYKOLIHE BEU-
YUHbI /11 MOAYJIA CKOPOCTH OTJMUHBI OT HYJS M HE paBHbI APYr Apyry?

e Kak, 3Has QyHKUMIO paclpeicneHus 1o MpPoekKUHUH cKopocTH f(v,), nony-
YUTb (GYHKLUHUIO paclpeneleHUs Mo MoLy/J0 CKopocTH?

e Uro MOXHO CKa3aTh O CBOWMCTBAX KpHBOM, OMHUCHIBAKOIICH pacnpeneneHue
MoseKyn no ckopocram? Kakoii cMeiCcK UMeeT orpaHHuYHBacMad 3T0i KpUBOHN
owans?

e Kaxk U3MEHSIOTCS ¢ TeMNEpaTypoi MoJloXXeHUe MaKCUMYMa KpUBoit GyHKUUHU
pacnpenesicHUsS MoJIeKys 1o CKopOCTSM M ero BeicoTa?

e HaiiguTte KoMUYECTBEHHYIO CBA3b CMelleHUs MONOCKU 0CaXXAEHHBIX ATOMOB B
onbiTe IlITepHa ¢ xapakTepHoll CKOPOCTbIO MOJIEKYJI.

§ 23. TennoBoe paBHOBECHE B CTATHCTHYECKOK MEXAHMKE

TensoBoe paBHOBECHE — 9TO BCErAA AMHAMUYECKOE paBHOBecue. Ten-
JIOBOE JBHXCHHE ATOMOB WJIH MOJEKYJ], U3 KOTOPHX COCTOHT MaKpPOCKO-
nHyeckad CHCTeMa, HMKOr#a He npekpamaercd. [103ToMy MakpoCKomM-
YECKUE BEAUUMHBL, XaPAKTEPU3YIOMHKE CHCTEMY B LEJIOM, CTPOrO roBops,
HHKOINA HE OCTAKTCA NOCTOSHHHIMHM, 4 WMCOHTHBAKT Majabe Hecrnops-
NOYHEIE KONcHbaHUA BOMH3M HEKOTOPHIX CPEAHMX 3HaucHmit. Takue xao-
THYECKHE OTKJIOHEHUS OT CPEAHMX 3HAYCHHH TEX WJIM MHHEX BEJIHUMH,
MPOHCXOASINAE B TCUCHHE MAJIBIX MPOMEXYTKOB BPEMCHH, HA3hIBAIOTCS
daycmyayusmu. OTHOCHTENPHAS BenMYMHA (AYKTYauuid Tem Goabuie,
YeM MEHbIIE Pa3MEPH M3Y4YaeMOH CHCTEMHI.

DiyKTyaiiMn MaKpOCKONMYEeCKMX napaMerpos. Spkuit npumep ¢ayk-
TYanuid — 3TO APOXKAHHME 3€PKaablid YyBCTBHTEJBHOIO raJibBAHOMETPA.
Makpockonnueckas cucTeMa, COCTOAMIAA M3 IMOABHXKHON KATYIIKH rajib-
BAHOMETpA, MOIBCIICHHOH HA YNpYrod KBApLEBONH HHUTH, B COCTOSTHHH
MEXaHHUECKOTO DAaBHOBECHS OhL1a OB COBEPIIEHHO HEMONBHXKHOM, €CaH
6B He TEIUIOBOE ABMXXEHHE. YAaph MOMEKYJ] BO3AyXa, COBEPIIAOIIHX
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TEIUIOBOE ABHMKEHHE, NMPHBOAAT XK TOMY, YTO Yroji MOBOPOTA 3€PKAIbHA
HCIOBITHBACT XaOTHUECCKHE KOJ’ICGHHPIS! B6.J'IP13PI NOJIOXCHUS MEXAHUUECCKO-
ro paBHoBecHsl. (DAKTHUECKH 3TO TO Xe OpOYHOBCKOE OBHXECHHE, KOTO-
po€ OTJHUYACTCA OT PACCMOTPEHHONO BHINE ABHXCHHSA B3BCIICHHOMA B
KUAKOCTH YAaCTHHH TOJIbKO TEM, UTO 3AECh PACCMATPHBACTCH HE nocry-
NaTeJbHOE, 4 BPANIATE/IBHOE ABHKEHHE BOAH3HM YCTOMUMBOrO, a HE 6e3-
Pa3aUYHONO NMOJOXKCHUSA PABHOBCCHS. WUHTEHCHBHOCTD TAKOro IBUXKEHUSA
3aBHCHT OT TEMMEPATYDPH, OHO NPHHHMIIHAJIGHO HEYCTPAHHUMO ¥ CTABUT
Npeaen 4yBCTBUTE/IbHOCTH H3MEDUTEABHOH annapaTryph.

IIpocTpaHCTBEHHOE pacnpejaeneHne mMoaekya. OCHOBHHE 3aKOHOMED-
HOCTH NyKTyanMit MOXHO MOAMETHTH, PACCMATPUBAA NPOCTPAHCTBEH-
HOE pachpeie/iCHUE MOJEKYJ HACAIBHOrO rasa BHYTPH COCyAa B CO-
CTOSIHAY TEIUIOBOTO pPaBHOBeCHS. B cpepneM ras paBHOMEpPHO 3amoJi-
HAET BECh COCYHA, T.C€. KOHIECHTPAIMSA MOJIEKYJ] BCIOLY ONMHAKOBA.
PasgenuMm MBICIEHHO COCyA Ha ABE paBHHE yYact¥. [IycTs umcao mo-
JIEKyJn (JeBa paBHO n;, cnpaa — n, CyMMa n; + n, ecTh nOJAHOE
YUCJIO MOJIEKYJN B COCYAE.

B paBHOBECHHM B CpefHEM 1, = N,, HO TaK KaK 3TO PABHOBECHC AWHA-
MHYECKOE, TO B KAXAKH MOMEHT BDEMEHH BCJEACTBHE XaOTHUECKOTO
OBHXEHHS 5TO BEPHO JIMIb NPUOJHXEHHO, MOTOMY UTO MOJEKYJIB HE-
NPEPHIBHO MEPEXOAAT M3 OXHOM MOJIOBUHHE COCYyJa B APYIyl M obpaTHo.
B npuHpune HAUTO HE MEMAeT UM BOODIIEe B KAKOM-TO MOMEHT BPEMEHH
coOpaTbhcd B ONHOM NOJOBHHE cocyaa. OpaHAako Takoe coBuTHe Oymer
KPaiHE MaJIOBCPOSITHHIM.

Yrobu ybeqHuThCA B 3TOM, PACCMOTDHM, KAKUMH CIOco0aMu MOJIEKY-
JIbl MOI'yT pachpencnsThcs MEXAY NOJOBHHAMH cocyaa. OnHy Monekyny
MOXHO Pa3MECTMTh B COCYyAE AByMa crocobamd — aubo B JeBOH, Ju60
B IpaBoif ero monoBuHe. VMcxoms M3 cUMMeTpHHU, €CTECTBEHHO NMpEAMNO-
JIOXHWTb, UTO BEPOSITHOCTb HANTH MOJIEKYJY B KAKOH-TO OAHOMN MOJIOBUHE
cocyaa pasHa 1/2, ecns, KOHEYHO, COCYyA pa3fesieH HA CTPOro PaBHEHE
yactd. [[BE MOJNEKYAbl MOXHO DAacHpeaesdTbh B cocyae YeThpbMs (22)
ciocobamu, M60 AN KAXKOOro M3 ABYX Cnoco0OB pacnpeac/ieHdus OXHOM
MOJIEKYJIBl CYHIECTBYET ABa crocoba pacnpemencHus apyroi. Jasg Tpex
MOJEKY/ 4HCIO cnocoBoB pacnpenenenus paBHo BocbMu (2%), tak kak
JUIS KAaXAO0ro M3 UETHPEX BO3MOXHHIX BAPMAHTOB DACMpEneseHHs nep-
BHX JBYX MOJIEKYJl €CTh ABE BO3MOXHOCTH PAacHpEAc/JECHHS TPEThEH MoO-
JIEKYAH, U T. 4. B caydae N Mosiekysn uuca0o crnocofoB pacnpeneacHus
pasHo 2V,

BeposSTHOCTH pacnpeleneHnii MOJeKyJ no fOJOBMHAM cocyaa. By-
A€M CUMTATh, YTO BEPOATHOCTh HAXOXAcHuS 000 Hayrag B3ATOM MO-
JIEKYJIH B OMPEACACHHOM MNMOJOBHHE COCYAa HE 3aBHCUT OT TOro, Irac B
STOT MOMEHT HAXOAATCS BCE OCTAJbHBIE MOJEKYJIB. DTO BEPHO Jnd Mac-
aJBHOTO Ia3a, MOJEKYJH KOTOPOrO HE B3aMMOAEHCTBYIOT MEXAY COGOM
M UMEIOT NPEHEeBPEexXUMO Mannie pasMepel, TAK YTO HX COOCTBEHHBIA
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00beM 3HAUMTEABHO Menblle 00beMa cocyna. B aToM cyuae Kaxpsii us
2N cnocoboB pacnipeneneHus N MOJEKYJ B COCYAE HMECT OAHY H Ty Xe
BEPOATHOCTb, paBHyi0 (1/2)N. PaspsacuuM sTo nompobHee.

Monexkyap rasa HaxoasTca B TEMJIOBOM ABMXCHHH, H HX PACIOJOXe-
HHE B COCYHAE HENpepHBHO M3MeHAeTcs. [IpeanonoxuM, 4ro M MOXeM
AenaTh MrHOBEHHHE «ororpadum» monoXxXeHus MONEeKya B cocyae. Ha
KaXIod Tako# «pororpaduu» MH YBHOHM ONMH M3 MBEICIMMEX CIIOCOBOB
pacnpenencHus Mojaekysas. PacnpemencHus Ha Jr00BX OBYX CHHMKAax
CUMTAIOTCS OAMHAKOBEIMM, ECIM B KAKOM-1M00 MMOJOBHHE COCyAa, HANpPH-
Mep JIeBOH, Ha OBOHMX CHUMKAX HAXOAATCS OOHH H TE XE& MONEKYJIHL.
YTBEpXAeHHE O paBHOM BeposTHOCTH Beex 2V pacnpenenendit osHauaer,
4TO Kakoe-nubo pacrpepencuue OyaeT BCTpeuaThcs HA CHUMKAX HE 4a-
me ¥ He peXe APYrux, B CPEAHEM OOWH pa3s B KaXkKAoH Cepuu, cogepxka-
mei 2¥ «pororpacmii».

PasMectuTs Bce N MOJEKysn B OXHOH NOJOBHHE COCYyAa MOXHO TOJIb-
KO ogHHM cnocoboM. [ToatoMy BEpOATHOCTH TOrO, YTO BECH a3 CaMOIMPO-
M3BONBHO coBepeTcs B OHOM MoaoOBUHE cocyaa, pasua (1/2)VN. Ilpm
foapmmx N 3TO OucHb Manas senduuHa. Hampumep, pad rasa, coaep-
xamero scero 100 Mosekysn, BEpPOATHOCTb TAKOrO0 COORITHS paBHA
27100 =~ 10730, B cpegHeM TonpKO HA OXHOM w3 10°° cHUMKOB MBI 6mI
YBHMAEAM, YTO OAHA M3 MOJOBHH cocyaa nmycra. (UToOH mpeacTaBuTh ce-
6e, HACKOJbKO BEJMKO ITO YHC/I0, BCIOMHHM, UTO, MO MPEAAHHIO, M30-
6peraTeap mAaXMaTHOM Mrphn moTpeboBan B Harpanmy «sceros 264 =~ 1019
3EpEH MIEHHMIB. DTO 0Ka3a10ch GonbLie, YeM KOAMYECTBO 3€PEH, KOTO-
poE MOXET yMECTHTbCA B ambape BHCOTOM 5 M  mmpusoid 20 M, npo-
tanyBmeMcs ot 3emin 10 Connpa.) Y 310 ang rasa, COCTOSIIENO BCETO
u3 cTa Moiekya! A A ogHOro Mo rasa, rae YMCIO MOJEKYJ COCTaB-
aser 6-10%3, BEPOATHOCTD BCEM MOJIEKYJ/IAM OKA3aThCSl B OJHOM MOJOBH-
HC COCyAa HACTOJBKO Majia, 4TO MPOCTO HEBO3MOXHO HAWTH A/1s Hee
nogXOAsLIee CPABHEHHE B MUPE 06pa30B, JOCTYMHEIX YEJ0BEYECKOMY BO-
obpaxeHuio.

PasaMecTuTs N MOJIEKYJZ B COCYAE TAaK, YTOOH B ONpeAc/IEHHON IOJIO-
BUHE COCyAa OBUIa TOJBKO OAHA MOJEKYJa, 4 B APYIoff OCTaJbHHE
(N — 1), moxHO, OueBMAHO, N Crrocob6aMi, HOCKOJBbKY B NEPBOH IOJIO-
BHHE COCYAa MOXET NPM 3TOM HAaXOOUThCH Jjobasg u3 N monexkyn. Bepo-
STHOCTb TAKOrO PACTIPEHAENCHHS MOJEKYa paBHa N/ZV,

IToxcuuTaeM Tenepp BEPOITHOCTH TOTO, UTO B ONPECJEHHOH MOJIO-
BHHE COCYAA HAXOOMTCS 33JaHHOE YHUCJIO A MOJIEKYJ. DTa BEPOSTHOCTDb
PaBHA OTHOINEHHIO UMCHA CnocofoB pacnpeaencHus, Npd KOTOPHX B BEI-
6paHHOI MOJOBHHE COCYAA HAXORATCs AoOme n Monekyn, K 2¥ — non-
HOMY UYHCJIY BO3MOXHEIX PaCNpEAcICHHUIA.

Yucsio TAKMX pacnpeneseHnil, OueBHAHO, PABHO YHCAY CMOCOBOB, KO-
TOPHIMH MOXHO BHIOpDAThL M1 MOJIEKYJ M3 COBOKYMHOCTH N MOJEKYJ, T. €.
YHCAYy coueraHuit 3 N no 7. ITO YMCIO COUETAHHN PABHO

o (1)
Cy= n'(N—n)! *
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TloaToMy BEpOATHOCTB P, TOro, UTO B Kakoi-HUOyabL, HAMpUMEpP JEBOIA,
MOJIOBHHE Cocyaa HAXOAUTCA n MOJICKYJI, paBHA

ak (2)

" NN =)t

Takoe pacnpenc/sicHHE BEPOSATHOCTEH HA3HBACTCS GMHOMUAJILHEIM.

BeposTHOCTL PABHOMEPHOT'O pacnpenejeHns. Tenepp ¢ nomomsio (2)
JIEPKO PacCYHTaTh, KaK YacTO Ha Hawmx «dpororpaduax» 6yayr scrpe-
YaThCs TE WM HHBIE pacnpenencHus Monekya. [ng rasa us 100 mosnexkyn
BEPOSITHOCTb TOTO, YTO MOAEKYJIB PACTIPEREAITCS MEXAY MOJOBHHAMH CO-
cyna CTporo NoposHY, npubausuTensHo passa 1/18, 1. e. takoe pacnpe-
JeeHHE BCTPEYAETCd B CPEOHEM OMH pa3 Ha KaXaeie 18 CHUMKOB.

Wrak, cTporo paBHOMEPHOE pPACOPEACHCHHE MOJIEKYA 0O obbeMy
BCTPEYAETCS HE TaK YX M 4acto. Ho ecnu ME MOACYHTAEM BEPOSTHOCTH
TAKHX PACHPEOCNCHHN MOJIEKYJ, IPH KOTOPHX B OJHOH MOJOBHHE COCY-
na 6yneT Ha ABe, YETHPE H BOOOIUE HA HEGOIBINOE YHCIO MOAEKYA Oosb-
e, YeM B APYrod, X MPOCYMMHDYEM 3TH BEPOSTHOCTHM, TO MEI YBHINM,
YTO BEPOSTHOCTh MOSBACHHSA JOOOro M3 TAaKHX pacnpeaeacHui Byner
61M3Ka K EAUHMIIE, 2 OYEHb HEPABHOMEPHKIE PACIPEAEAEHUS, NPH KOTO-
PhIX YHCJIO MOJIEKYJI CIIPaBa ¥ CJCBA PAa3JHuYaeTCd CHIBHO, OyayT BCTpe-
YaThCcsd KPaWHE peaKo.

ITpepcraBneHne O XxapakTepe pacnpeaeseHHs BepostHocted (2) maer
puc. 77, mocrpoennnit aag rasa us N = 20 monekya. ITo ocu abcmucc
OTJIOXEHO YKCIO MOJIEKYJ B OfHOM (HAmpuMED, JICBOM) MOJOBHHE COCY-
13, a N0 OCH OPAMHAT — BEPOSITHOCTH COOTBETCTBYIOHNIMX pacmpenese-
Huil Moneky/s. [IpuBeNeHHYIO 3aBHCHMOCTb BEPOSITHOCTEH OT 72 MOXHO

r} { N=100

PA N=20
0 5 10 15 n 0 20 40 60 80 =n
Puc. 77. BepostHocrs TOMO, UTO B COCYAE, CO- Puc. 78. Ta xe BeposiT-
nepxamem 20 Monexyn rasa, n MOJEKysn Ha- HOCTb B CJIyYae, KOIXa co-
XOMATCH B ORHOM MOJIOBUHE COCYAA, @ OCTalb- cyn comepxut 100 mone-

0XapaKTEpH30BaTh IUIABHOM KPHBOHl — ormbaromeii, KOTopas nmoxKa3aHa
MITPHXOBOH nuHuUEH Ha puc. 77. C yBenMyYCHUEM MOJAHOTO YHCJa MOJE-
KyJ rasa 3ra KpHBas CTaHOBHTCS Bce Oonee u Gonee ocrpoit. s
N = 100 oua npuBeacHa Ha puc. 78.
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TakuM oOpa3oM, 3HaHue (DYHKUMU pacnpeneneHnd BEpOATHOCTEM
MO3BOJAET HE TOJbKO BHUYHUCIATH CPEAHNE 3HAUCHHUA MAKPOCKOMMYECKUX
apaMETpoB, HO ¥ HAXOAUTH XAPAKTEPHHE OTKIOHEHHS 3THX BEJHUYHH
OT CBOMX CpEOHMX 3HAYCHMIA, JAIOMME NPENCTABJCHHE O BEINYMHE
daykryauni.

O0mue 3axoHomepHocTd Paykryaumit. Temeps M MOXEM CHEA4aThb
CAEAYIOWMi o0MMi BHBOA: €CAU MOJHOE YMCJIO MOJEKYJT B M3y4yaeMoit
CHCTEME BEJNMKO, TO (IyKTyaluu IUIOTHOCTH, COOTBETCTBYIOMME Cy-
LIECTBEHHO HEOTHODOAHOMY PAacTpeleIeHHI0, NMOYTH HHUKOTAa He BO3-
HHUKAIT.

OnucaHHple BHINE 33aKOHOMEPHOCTH CIOPABENJIMBW HE TOJBKO /IS
tbaykTyanuit worHocTy, HO M Aag GAYKTyanui APyrux MakpocKomuye-
CKHX napaMeTpoB. EC/IM YMCI0O HACTHL B CHCTEME OUEHb BEJIHMKO, TO OT-
HOCHMTE/IbHAS BEIMUMHA IyKTyaumit 00oro napaMerpa oueHb Masa Imo
CPABHEHHUIO CO CPEAHHMM 3HAUEHHMEM ITOrO MapaMerpa U el MouTH BCerna
MOXHO npenebpeus. [TosToMy Mu 0ORUYHO He Oco3HaeM (AKTa CymiecT-
BOBaHHMA (IYKTyaudi, KOrma UMEeM neao ¢ OOMbmuMH MakpoCKOmAue-
ckuMH cucreMaMu. Ho ecsm cucremMa KOCTaToOuHO Mana, To QayKTyamun
MOTYT OHITb JIETKO OGHAPYXEHH M YaCTO UMEIOT OObHIOE 3HAYECHHME.

Kak yxe ynoMuHanOCh, TEIIOBHE (DIYKTYaLUH CTAaBAT IPENET UyB-
CTBUTEIBHOCTH JIIOOBIX M3MEpUTENbHHX npubopos. Ilpu usMepeHHnu ma-
JIEIX 3HAYEHUH (PU3MUECKUX BENMUMH WM CAalmx curaanos daykTya-
MU B YyBCTBUTEILHOM 3JIEMEHTE M3MEPUTENBHOIO mpubopa MOTYT OKa-
3aTbCd CPaBHMMHIMH ¢ u3Mepsaemoit BeauuuHoi. (Paykryauus,
BO3HUKAIOIHE B CAMOM U3MEPUTENILHOM HpHOOpE, 3aTPYAHSIOT U3MEpPE-
HUS ¥ MNOITOMY HA3HWBAKOTCH IMyMaMHu.

e [louemy nmpH XaoTHHECKOM TENJIOBOM ABMXEHUH BCE MOJIEKYJ/bI MaKPOCKONH-
YEeCKOro KOJMYeCTBa ra3a He MOFYT CaMOMpPOH3BOIbHO cobparbes B OQHOM No-
NoBuHe cocyna?

e Yro Takoe ayKTYaUHH MaKpockKonuuyeckHx napamerpos? Ilpusegure npu-
Mepbl NOfABJCHUA GAYKTyauuit B GHIHUECKOM SKCNEpUMEHTE.

o Kakue coo6paxeHHs Bel MOXETE NPHUBECTH B MOJIb3Y NPEANONOXKEHUs O paB-
HOI BEPOATHOCTH KaXzo¥t MoJieKyJie uaeasbHOrO ra3a okasaThcd B OJHOH M3
MOJIOBUH cocyna?

e Kak nozcuutats BEpOSTHOCTb TOMO, HTO B OMPENeeHHO NOJNOBHHE COcyna
HaXORQUTCH M MOJIEKY] ra3a U3 rojaHoro yucaa N?

e Yemy paBHa cymMMa BeposTHocTeH P,, naBaembix ¢opmynoit (2), rmo BceM
3HaueduaM n ot 0 po N?

e Kak usMeHseTcs BUZ GYHKUHMU paclipefe/leHHs STUX BepoATHOCTe! ¢ yBelH-
yeHHeM TMOJIHOro Yucaa N Moniekyn rasa?

e KakoBbl MakcuMalbHble 3HaueHUS BepoATHocTe! P, Ha puc. 77 u 78?7

e Kak orHocHTenbHas (AyKTyauHs MaKpOCKOMHYECKUX [apaMeTPoB 3a3BHCHUT
OT pa3MepoB CHCTEMBI, T. €. OT Yucla MosleKyn N7
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A Cratucrtudeckud mnoaxon. Ha npuBencHHOM BHmE npumepe
pacueTa BEPOSTHOCTEN pacmpeneieHUs MOJEKYJ MAEaJbHOTO ra3a Iio
TIOJIOBMHAM COCYA3 MOXHO NMpPONWLIIOCTPUPOBATL OCHOBHHE Mueu I'ub-
0ca MoCTpoeHUs PaBHOBECHOM CTATHCTHYECKOM MexaHuMKH. Ilpu 3ToM
BCE MAKPOCKOIMYECKHE XAPAKTEPUCTHKM PACCMATPHUBAEMON MOJIEKY-
JIADHOH MOAEIU TEPMOAMHAMHYECKOH CHUCTEMBI AOJXKHH BBORUTBCH
0e3 CCbUIOK H3 TEPMOAMHAMHUKY, H TOJBKO 3aTEM MOXHO HAHTH UX
TEPMOAHHAMUYECKUE 3KBUBAJICHTHI.

OCHOBHOE MOHATHE CTATUCTHYECKONO METOAA — 3TO MHUKPOCKOIIH-
Yyeckoe CocTogHME. 3aAaTh €ro — 3HAYMT 3a4aThb MEXaHUYECKOE CO-
CTOSIHHE CHCTEMHBI, T.€. KOOPOMHATH M CKODOCTH BCEX MOJIEKYJ B
OOMH MOMEHT BpeMmeHH. Ho B HExoropeix Cayuyadx KOCTATOYHO B
onpeneicHue MHKDPOCOCTOSIHMS BKJIIOUATh TOJILKO YacTh XapaKTepu-
CTHUK OTACJBHHX MOJEKyJ. Tak, B NPUBEACHHOM IPUMEPE MHEI IOA
MHKpocoCcTOsSiHUEM (DAKTHUECKH MOHMMANU TONABKO HHEGOPMAIUIO O
TOM, B KAKO} NOJIOBHHE COCYAAd HAXOAMTCI Kaxnad Monekynaa. Ilox
MAaKpPOCOCTOSHUEM B 3TOM CJAY4Ya€ NMoHuMaercd HHGoOpMAUUd O TOM,
CKOJIBKO MOJICKYJI HAXOOUTCA B JICBOﬁ, a TEM CaMBIM H CKOJIBKO B
NpaBoy MOJIOBUHE COCyna.

PaBHble BEPOSITHOCTH MHKpOCOCTOsHMIl. OCHOBHOM TIHIOTE30H B
meToge T'ubbca IBAgETCH MPEATNIONOKEHHE O PABHOM BEPOSTHOCTH pe-
aJIn3allun mo6ux BO3MOXHKX MHKPOCKOITHYECKHX COCTOSSHHMH 3aMK-
HYTOH CHCTEMHI, /IS KOTOpOH 3aduKCUpOBAHBI SHeprud, o0bem H
YUCAO yacTull. VIMEHHO 3TO NpEeanosioxXeHue B PACCMOTPEHHOM BhHIIIE
npuMepe NPABOAWIO K OMHOMMANBHOMY pPAacCIpeneJeHUI0 BEpPOSTHO-
creit P,. 'mnoresa paBHO# BEPOSTHOCTH PasjMYHBIX MHUKPOCOCTOS-
HUH CYMTAETCH CNPABEIJIUBOM HE TOJBKO AJAY MACAIBHOIO ra3a, HO M
19 mobsIX CKOJMIb YrOXHO CJAOXHBIX TEPMOAMHAMHUYECKHX CHUCTEM.

CraTHCTHUECKMH BeC MAKPOCOCTOAHUS. BEposATHOCTH peanu3anuu
Pa3JIMYHKX MAKPOCOCTOSSHUM INPH 3TOM, B OTJIMUHME OT MHKPOCOCTOS-
HUIA, yXe He PaBHH APYT APYry, NOCKOJBKY Ka’XA0€ MaKpOCOCTOSIHUE
MOXET OBITh PEaM30BAHO CBOMM BIOJHE ONPEAEJECHHBIM YHCJIOM
MHUKpOCOCTOSHUYM. Tak, MakpococTosHuE, B KOTOPOM BCE MOJIEKYJIEE
HAXOAATCA B OAHOM (J1€BOM) IOJIOBHHE COCYAd, PEAJH3YETCs EqUHCT-
BEHHBIM MHUKPOCOCTOSHHEM, 4 MAaKPOCOCTOSHHME, KOrga B JIEBOH II0JI0-
BUHE HAXOAHMTCS ORHA M3 N MoJeKyJ, peanusyercs N pasNdyHbBIMH
MMKPOCOCTOSTHUSIMHU.

Cmamucmuueckum Gecom WA mepMOOUHAMUYECKOU GepOSIMHO-
CMbFO HEKOTOPOTO MAaKPOCOCTOSIHUS CHCTEMBI HA3KIBAETCH YHCIO pas-
JIMUHEIX MUKPOCOCTOSHMA, KOTOPHIMH MOXET OHITh PEaTM30BAHO AAH-
HOE MakpococTogHHME. B paccMOTpPeHHOM NpHUMEpE CTATUCTHUYECKHM
BEC MaKPOCOCTOSHHMS C OMPENCACHHHM YUCAOM A1 MOJICKYJ B JIEBOM
HOJIOBMHE — 3TO 4MCJIO CIOCOGOB TAaKOro pacrpeneneHuss N MOJEKYJ
rasa no moyopuHaMm cocyna. OHo paBHO yMCHy coueranuit C%,.

'
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Kak onpeaenuTs MOHATHE TEMNOBOIO PABHOBECUS IMpPHU CTATHUCTH-
yeckoMm moaxoxe? PaccMOTpUM nBe TEPMONMHAMMYECKHE CUCTEMHI,
HAXOAANMECS B TEMJIOBOM KOHTAKTE M 00pasyiommue BMECTE 3aMK-
HYTYIO CUCTEMY C ompepesneHHo# sHeprueil E. Yucno uactun u obm-
em ofeux mopcucTeM (DHKCHPOBAHBI, HO OHM MOryT OGMEHMBAaTBCH
sHeprueit B dopme Terutonepeaaun. IlycTs Ha Aom0 mepBOM MOACH-
CTEMBI NMPHUXOAMUTCH 3HEprud E,, a Ha A0MIO BTOPOM — OCTajJbHAdg
sHeprug E — E|. YuCNO MUKPOCOCTOSHUHA BCEH 3aMKHYTOH CHCTEMHI
W(E,|E) paBHO Ipu 35TOM NpPOM3BEACHHUIO UHCNA Pa3jNYHBEIX MHK-
pococTosHUH nepeoit nopcuctemnt W (E|) Ha YMCIO MHKPOCOCTOSI-
Huit BTOpO# moxcuctemMn W,(E — E|):

W(E|E) =W (E\) W,(E—E)). (3)

3nauenne W(E,|E) 6yaer pasHbM B 3aBUCHMOCTH OT TOIO, KaKas
4acThk £, NMOJHOA 3HEPTUH E NPUXOAUTCH HA MEPBYIO IOACHCTEMY.

Tennodoe padHoGecue MEXAY TOACHCTEMAMH ONPENCTIETCH KaK
MAaKPOCKOMMYECKOE COCTOSTHUE C HAUBObULUM CIAMUCMUYECKUM Ge-
COM, T. €. COCTOSHME C TAKMM PAacClpENc/j€HUEM SHEPIrHM MEXAy Ioj-
cucteMamu, npu Koropom W(E,|E) xax ¢ysxkung E, UMEET Makcu-
MaJibHOE 3HaueHue. B pazo6paHHOM MpuMEpe COCTOAHUIO PABHOBECHS
COOTBETCTBOBAJIO PACMPENE/ICHUE MOJIEKYJ MEXIY IOJIOBUHAMH COCY-
Aa MOPOBHY.

HaifineM, npu xaxoM YC/IOBHMM CTaTHCTHYeCKui Bec W(E||E)
MaxkcumasieH, [IpupasuseM HyJ0 NpousBomHy dW(E||E)/dE:

dW \(Ey) dW(E—~E))
AW (ED AWEZED . (4)

dE, Wat W, dE,

ITpoussogHag or W,o(E — E|) mo E| paBH& B3STOH C NPOTHBOIIOIOX-
HHM 3HAaKOM MNpou3sogHOHM or W, mo ee aprymenry E,=E —E,.
ITostomy (4) MOXHO 3anuCaTh B BUIE

L AWy 1 4V, (5)

PaseHcTBO (3), BHIpaxaiouee ycjJOBHE MAKCUMYMa CTATHCTUYECKORO
BECA, PABHOCWIBHO PAaBEHCTBY MPOM3BOAHHIX OT JIOrapu@mos:
dinW din W
= dE, (6)
1 2
DHTPONMS U TEMUEPaTypa. B craTUCTHYECKOH MEXaHUKE IHTPONHS
S ¥ TepMOOMHAMUYECKAs TemrepaTypa T OIpefensiorcs CAexyomu-
MH pPaBCHCTBAMMU!
S=kln W, )]

dS _ ,dhWw
E—k dE * 8)

S|



202

V. OCHOBBI MOJEKYISPHO-KMHETUYECKON TEOPHH

ITpn Berumcienun nmpoussopHoit B (8) obneM cucreMu ¥V U yucao ya-
CcTHI B Hed N cnegyer cuuTaTh (PUKCUPOBAHHBIMHM ITaPAMETPaMM.

Onpenenenue remnepatyps (8) 00yC/IOBJIEHO TEM, UTO B COCTOS-
HUM TEIUIOBOIO DAaBHOBECHSH, XaPAKTEPU3YIOMIMMCS paBEHCTBOM
TEeMIepaTyp, MMEHHO Takas BeJMYMHA, KaK BuaHO u3 (6), ogunako-
Ba y o0eHx MOACHCTEM.

Onpenenennas pasenctBoM (7) SHTponUs KaK XapakTepUCTHKA
MaKpOCOCTOSIHMS TEPMOXMHAMUUECKONH cucTeMHl obiagaer ciemyro-
IUMHA CBOMCTBaAMMU.

Bo-niepBHIX, SHTpONNS agAMTUBHA: SHTPOIIUS BCEH CUCTEMH paBHA
CYMME SHTPONHUI COCTABJAIOMMX €€ yacreid. DTO HENOCpeaCTBEHHO
cnenyeT u3 paBeHcTBa (3).

BO-BTOprX, JHTpPOMUA CUCTEMBI MAKCUMMAJbHA B COCTOSHHU TEII-
JIOBOrO paBHOBECHS. JTO 3HAUMT, YTO BBeAeHHas onpexenenuem (7)
IuTponua 06nagaeT TAKMM Xe CBOMCTBOM, UTO M JHTPONUs, BBEAEH-
Hasg B TEPMOOUHAMHKE: COIIACHO BTOPOMY 3aKOHY TEDMOAMHAMUKH
JHTpONUS 3aMKHYTOM CHCTEMH UMEET MaKCUMAJIbHOE 3HAUEHHE B CO-
CTOSHMH TEIUIOBOIO PAaBHOBECHS.

[TokaxeM cornacoBaHHOCTh onpeaeaeHuit suTponuu (7) u Temme-
patypsr (8) c ompejeseHMIMH JTHX BEJIWUYMH B TEPMOAMHAMMKE.
[Tycrs nBa Tena ¢ pasEnMM Temneparypamu T, u T, IpUBOOATCH B
TEIJIOBOM KOHTAKT. B pesynabrare TemnooOMeHa OHM NPUXOASLT B CO-
CTOSSHME TEIUIOBOIO pAaBHOBECHSA. DHTponuMs S BCEH CHUCTEMH IIpH
JTOM yBEJUUYUBAETCH. 3anUImEeM BhIPAXKEHUE AJd U3MEHEHHus S:

ds,

E—E: AE2 > 0. (9)

ds
AS=AS, + AS, =+ AE +
1

[TycTe HEKOTOPOE KOJHUYECTBO TEILIOTH AE NEPEXOAUT OT Teaa C
tremneparypod T, k reay c temneparypoi 7,. Ilpu 3toMm smepras

E, nepsoro Tena BO3pacraer, a OJHeprua E, ybuiBaer:

AE, = —AE,= AE > 0. B coorserctBuu c onpeneaesauem (8) mpo-
U3BOAHHE B (9) paBHH OOpaTHEIM TeMIlepaTypaM Tex:
ds, ! as, 1
dE, " T’ dE, T,°
Teneps (9) nepenucuBaercd B BUIE
1 1

Orciona caeayer, uro T,> T, T.€. YTO IPH TEIUI00OMEHE IHEPrUs

mepexoguT OT Tena ¢ fosee BHICOKOHM TeMIeparypoil K Teay c Gonee
HHU3KOH TEMIIepaTypoi.

3anaua 0 pacmiMpeHHH rasa B nycToty. [lokaxeM, UTO CTaTHUCTH-
yeckoe onpeaeneHue (7) sHTponud S MPUBOTUT MPH DEMICHWH 3a7a-
yy 0 HeoOpaTHMOM PACHIMPEHHM Ta3a NIpU pa3pymEHUH MEPErOPOaKH
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B cocyre (cM. § 19) x ToMy Xe pesyJabTaTy, uTO M TEPMOOMHAMHYE-
ckoe onpegencHue. HanoMHuM ycimoBue 3apauu.

HpeanbHuit ra3 HAXOOQUTCS B OOHOM IIOJIOBUHE TEILIOH30JIMPOBAH-
HOMO COCyAd, pasfejIeHHOIO Neperopoakod Ha ABE PABHHE YacCTH.
OnpeaennTts U3MCHEHUE JHTPOIIMH Ia3a, e€C/IM NEPEropoAKa BHE3AIMHO
paspymaercd U ra3 3anoJHUT BECh COCYA.

CratTucTuyeckuil BeC HAYaJIBHOrO COCTOSHUS ra3a paseH eAMHHUIIE:
W, =1, TaK XaK CywecTByeT JHIIb OXHO MUKPOCOCTOSHHE, IIPU KO-
TOPOM BCE MOJIEKYJIH HAXOASATCS B OAHOW ITOJIOBUHE COCyAa. B Koneu-
HOM COCTOSSHUM MOJIEKYJIH PAaCNpEAE/IeHBl IO ITOJIOBUHAM COCYAA IOY-~
TH TOPOBHY (CTPOro IOPOBHY, €CAM OTBAeubcd or duiykryammit).
Bcnencreue uCKIIOUMTEIBHOM OCTPOTH MAaKCMMyMa KPHBOX pacrpe-
IeJICHUS BepOSTHOCTEl PAa3/IMYHHX Pacrpeac/ieHui MoJIeKysa rasa mo
MOJOBMHAM COCYAA NPHUOJMXEHHO MOXHO CYHUTATh, UTO BCE OCTANb-
ane (2¥ — 1) MMKPOCOCTOSIHMI CHCTEMBI COOTBETCTBYIOT KOHEUHOMY
MAaKPOCOCTOSTHUIO:

W,~ 2N — 12V

[Toaromy B coorBercTeum ¢ (7)
AS=k(ln Wy—1In W) = &N In 2.

ITpu cTporoM pelieHHu CAEAYET BOCIOIb30BAThCH dopmymoi (1) mpu
n = N/2:

— N2 — N
Wy=CP=—s, (10)

u dopmyaoin Ctupaunsra
n! & (2nn)'2nn,
B pesynsTare uMeeM
In szNln2—-%lnN.

IMockoneky N = 103, 10 In N~ 50, ¥ nns SHTpOnMH NOAydaem
NpeXHEee 3HaueHue
AS=kNIn 2, (1

Pacnpenenenue I'mo0ca. I'unoresa ['ub6ca o paBHO#! BepoATHOCTH
BCEX MHMKPOCOCTOSHMM 3aMKHYTOH CHCTEMB IIO3BOJISET IMOAYUYUTH
(yHKUMIO pacmpefesieHus BEPOSTHOCTER mns Joboit Maioil momcu-
CTeMbl, HaxXoOdmedcs B TEIUVIOBOM KOHTAKTE C OYEHb OOMbmON cu-
CTEMO# — TEPMOCTATOM.

PaccMOTpUM 3aMKHYTYIO CHCTEMY, COCTOSIIYIO M3 paccMaTpuBae-
MOH mnoacHcTeMs M tepMoctara. ITycrs E, — sHeprus Bcedl 3aMKHY-

TOM cHCTeMbl, a £ — JHEprus BHEEJCHHOM MOACHCTEME. Torga Ha
ROJIK0 TEPMOCTATa IPUXOAUTCH JHeprus E,— E. OuesuaHo, 4TO Be-
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postHocte P(E) mnopcucreMe MMETh JHEprHi0 £ MponopIuOHANbHA
YHCNY MUKpOCOCTOssHUME W(E, — E) tepMmocrata ¢ sHepruei E, — E.

[MosTomy nng oTHomeHus ABYX BepostHocTed P(E,) u P(E,) MOXHO
HAanucarhb

P(E)  W(Ey—E)

P(E)) ~ W(E,—Ej -~

Wcnonbsys onpenenenue sutponuu (7), NEpenumeM 3TO OTHOMEHHE
B BUIE
P(E) AS
i A a9 12
B(Ey P (12)

rae AS=S(E,— E,|) — S(E,— E,). YuuTHBasg, YT0 JHEPrHUM INOA-

cucreMH E; u E, Manm 1o CpaBHEHUIO C JHEPrHEA TepMocTara,

BHIpaXeHHE AAS AS MOXHO NPHOJAMXEHHO 3aNUCATh CIEAYIOIUM

obpasom:

_ds
dE

ds

E + E,,
uny, ¢ yuetom (8),

1

Honcraenaa AS B (12), Haxopqum
P(E) E,—E| _ exp (—E\/kT)

PEy P a7 T (mEJKD

WUrak, MBI nomyyaeM, YTo BEPOSTHOCTB TOrO, YTO Majiad MOACH-
CTeMa, HAaxXOoAAasAcd B TEIUIOBOM KOHTAKTE C TEPMOCTATOM IIpU
remneparype T, Gymer umerb SHepruio E, NPOIOPUHOHANBHA SKC-
nonenre exp (—E/kT):

P(E) ~ exp (— %) . (13)

®opmyna (13) maer pacnpeaesieHde BEPOATHOCTEH mist joboi
(pu3HUecKOil BEJIMYMHH, XapaxTepuayoomei noxcucreMy. Ilpu srom
B NOKAa3aTreJse 3KCIIOHEHTH UIpacT poJib JIMIMB Ta YaCTh 3HEPTUH INOQ-
CUCTEMBI, KOTOPast 3aBMCHUT OT 3TOH BEJHUMHEL

Ecnu, Hanpumep, B KauecTBe MOACUCTEMH B3STh OOHY MOJIEKYJY,
to (13) maer pacupeneneHue A €€ KOOPAMHAT, CKOPOCTH, MAarHuT-
HOrO MJIM JJIEKTPUUYECKOrO MOMEHTA, M T. 4. B uacrHOCTH, paccMarpu-
Bas pacIpeneseHHE BEPOSTHOCTEH A/IS MPOEKUMH CKOPOCTH v, HyX-

HO B34Th B KauecTBe E Ty yacTb KMHETHUYECKON JHEPIruH, KOTopas 3a-

1 2
BHCHUT OT v,, T. €. 5 mvZ. B pesynsrare cpasy npuxoaum x dopmyne

(12) § 22. [1pu s310oM K03hdHIMEHT NTPONOPLUHUOHATBHOCTH TIEPER IKC-
MOHEHTOM MOJAYYaeTcsd U3 yCJIOBMS HOPMHUPOBKHM: CyMMa BCEX BEPOAT-
HOCTEH ROJXHA ObITh PAaBHA €OUHHULE. A
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o [IIpusenure coobpaxenus, obGoCHoBbIBaloliMe BblpaxeHue (3) ana uucna
MUK POCOCTOSHHI COCTABHOI 3aMKHYTOM cHcTeMsbl. [Ipu KakuUxX ycnoBUSEX 310
BbIpaXeHHE CNpPaBenIuBo?

o Kak nonumaercs YCJIOBHUE TCNJIOBOINO PABHOBCCUA B CTaTUCTUUECKON MexaHHKe?

e O6nBACHUTE, NOYEMY COCTOAHHIO TEMJIOBOIO PABHOBECHUA WJIEANIbHOIO rasa B
cocyne COOTBETCTBYET pacnpelelieHue MOJEKYJ NOPOBHY MEXAY NOJIOBUHAMMU
cocyna.

o Kak onpenefsioTca 3HEprva U TeMnepaTypa B CTATUCTHYECKOM MeXaHHKe Ha
OCHOBE NPENCTABJICHUSA O CTATHCTHYECKOM BECE MaKPOCKONHUYECKOND COCTOS-
HHUA CUCTEMbI?

o IlosicHuTe, noueMy 3HTPONKS S, onpelenseMas paBeHCTBOM (7), yBenuuuBa-
eTCs NpH Nepexofe 3aMKHYTOH CHUCTeMbl B COCTOSHME TEPMONHHAMUYECKOIO
paBHOBECHA.

s [IpuBenuTe ZOBONB!, CBUIACTENILCTBYIOUIME O TOM, YTO CTATHCTUYECKHE OIpe-
oefleHus suTponuu (7) U TeMmrepaTypsl (8) cornacylrcs € onpeAe/eHUIMU
9THX BEJIMYUH B TEPMONHMHAMUKE.

o TIloscHuTe, MoueMy B NpUBENEHHOM BhiBoue pacnpeleneHus I'm66ca cuura-
JIOCh, UTO BEPOSITHOCTb MOACUCTEME UMeTb 3HEpPru E nponopuHoHalbHA
YUCY COCTOAHMUM TepmocTaTa ¢ 3Hepruei Ey — E.

s TI'me B BBIBOOE pacnpepelienus I'n66ca HMCno/b30BaNoCh MpeArnonoXeHHe o
TOM, YTO BblfeJleHHas MONCHCTEMa MHOIO MeHblle TepmocTaTa?

o TIlokaxwure, Kak U3 obuiero pacnpeneneHus I'nG6ea (13) nonyuure Gapomer-
puueckyro Gopmyny.

§ 24. CrarucTuyeckas npupopa
HeoOpaTHMOCTH TENNOBbLIX NPOLECCOB

TepmoauHAMUYECKMHA TOAXOA HE IO3BOJISET BCKPHThH BHYTPEHHIOK
NpUpOAY HeoOpaTUMOCTH PeasIbHBIX HPOLECCOB B MAKPOCKOMMYECKUX CHC-
remax. Onupasch Ha SKCIEPUMEHT, OH TONBLKO ¢uxcupyer ¢dakr Heobpa-
THMOCTH (BTOPOi 3aKOH TEPMOAUHAMHKH ). Mo1eKy A9 PHO-KUHETHYECKIIT
MOAXOA MO3BOJIAET MPOAHAJM3UPOBATH INPUUMHL! TAKOH HEOOpaTUMOCTH
peanbHBEIX MPOLECCOB U ONpPEeAe/IEHHON HANPAaBJIEHHOCTH JHEPreTHUECKHX
npeBpameHuiA B IpUpoae.

CdroreTMYecKMi BeuHbId ABHraTelb. PaccMOTPUM C TOUKH 3peHHUd
MOJIEK YIS PHO-KUHETUUECKOH TEOPHHM MOLEJIb THIOTETHYECKOrO «BEYHO-
ro» ABUraTeaAs BTOPOro poaa, usobpaxennyio Ha puc. 79. [Ipeanono-
XXMM, YTO I3TOT BEUHHIA gBUrarenb paboraer ciaeayromum obpasom: ras
CaMOINPOM3BOJBLHO COOMpAaeTcd B JIEBOi MOJIOBUHE LHAMHADA, IOCAE YEro
MOopmeHb IOABMIAlOT BIUIOTHYKO K rasy. [IpM TakoM mnepeMemeHuH
BHEIIHUE CHIM pafoTH HE COBEPINAIOT, TAK KaK COOpaBIOMIACA B JIEBOM
ITOJIOBMHE ra3 He OKA3hIBAET AABJIEHUS HA MOPMICHb. 3aTEM MOABOAMM K
rasy TEIUIOTY M 33CTAaBJISEM €ro M30TEPMUUECKH PACINMPATHCS A0 TIPEX-
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Hero oObema. Ilpm sTOM ras cosepmaer paoTy 3a CYUeT HOZBOXHUMOM
rerioTH. [locse Toro Kaxk MOPIIEHbL mepeiifeT B KpailHee [paBoOe IoJo-
xenue, OymeM XaaTh, 1OKa ras CHoBa He cobepercs CaMOTIPOM3BOJILHO B
JICBOM TOJOBMHE COCYAd, M 3aTEM IOBTOPSEM
BCE CHOBA. B peayspTaTe mosy4uaach mEpUORU-
YECKM ACHCTBYIOOAd MAlIMHA, KOTOpas COBEp-
waer paboTy TOJMBKO 3a CUET HOJYYCHUS TEILIO-
TH OT OKPYXAIOmICH CPEAHI.
MonekyiapHO-KMHETHUECKAS TEOPUS TMO3BO-
AgeT cpasy oObACHMTb, MOYEMY TAKOE YCTPOM-
creo He Oyaer paborars. Kak Mul Bumesnu, sepo-
STHOCTH TOrO, YTO ras, COAEPXAWMil BojabnIOE
YWCJIO MOJIEKYJ, X0Ts Omf OOVIH pa3 caMornpous-
BOJIBHO cobeperca B ONHOM TIOJIOBMHE COCyna,
HUUYTOXHO Maaa. Yl yX COBEPUIEHHO HEBO3IMOX-
HO cebe mpeacraBuTh, YTOOBI 3TO MOIVIO MOBTO-
pATBCA pa3 3a pa3oM Mo Mepe paloThl MAaUWIMHEL

O HeoOpaTumbix npoueccax. Teneps MoXHO
yKa3aTh, KAKOM CMEICJI BKJAQHIBAETCS B IOHH-
THEe HeoOpaTHMOro npouecca: Npouece SBISETCH
HeoOpaTuMbiM, ecau oOpaTHHEIM Npouecc B Aed-
Puc. 79. Oaun u3 sapuan-
ron  «mounoros xanrarens CTBMTCJIBHOCTH IMOUTH HMKOIAA HE NPOMCXONAT.
BTOPOTO POxa Crpororo 3anpera pjd Takoro npouecca Her —
OH IPOCTO CAMIIKOM MAajOBEPOSTEH, YUTOOH €ro
MOXHO ObLI0 HabnioaTh Ha ommre. Tak, paccMOTPCHHHRIHA NPUMEp Bed-
HOrO ABHIaTes BTOPOTO POla OCHOBHIBAJICH HA TIPEAINOJIOXEHHHM O BO3-
MOJHOCTH CaMONPOM3BOJBHONO COCPEXOTOUCHHS ra3a B OXHOM IOJIOBUHE
cocyaa. Takoi npouecc aBisgeTca oOpaTHHIM A1 MPOLECCAa pacIUpeHHus
raza B NycroTy. PacmMpeHue ra3a B MyCcTOTy NpEACTaBisgeT coboil oguH
u3 Haubonee APKUX IPUMEPOB HeOOPATMMEIX NPOLECCOB — OOpaTHHIA
NpPOLECC B MAaKPOCKOMHMYECKOH CHCTEMe HHUKOraa He Habiogascs.

Taxum 00pa3oM, ¢ TOUKH 3PEHMA IPEACTABJEHUH CTAaTUCTHYECKOM
MEXaHMKHN BTOPOM 3aKOH TEPMOAMHAMUKM YTBEPXAAET, UTO B IPUPOAE B
MAKPOCKOMMMYECKUX CUCTEMAX IPOLECCH PAa3BUBAIOTCHd B TAKOM HaNpae-
JICHWHM, KOT7Ia MEHEE BEPOSTHHIE COCTOSHHUSA CUCTEMH 3aMeHsdoTcs Ha Bo-
Jee BepogaTHuie. Takaqa MHTEpIpeTanusa BTOPOro 3aK0Ha TEPMOIUHAMUKH
6nu1a BNEpBHIE TpEeAJOXeHa BoabumaHoM.

[Tpu paccMorpenuu yKTyanuil IUTOTHOCTM MAEAJIBHOrO rasa Gwuto
BHIICHEHO, YTO COCTOSIHMSA ra3a, IPM KOTOPHIX PAcIpenceHHE MOJIEKyJI
0/1M3K0 K paBHOMEPHOMY, BCTPEUAIOTCS ropasgo uamie, 4eM JaJeKue OT
PaBHOBECUS COCTOSHUS C CHJILHO HEPABHOMEPHHIM PACNPEREICHUEM MO-
JieKyJ. JIpyruMu CJIOBAMM, COCTOSIHUS C HEPABHOMEPHEIM paclpeReIeHU-~
€M MOJIEKYJI 0 00BbEMY, IIPH KOTOPHBIX YUCJIO MOJIEKYJI B IPABOH U JICBOM
MOJIOBMHAX COCYAd CHJIbHO Pas/IMYaloTCHd, MMEIOT ropasfo MEHBbIIYIO Be-
POSTHOCTb, YEM COCTOSIHMS C TOUYTH PABHOMEDHHIM PpaclpefcsIeHUEM,
6JM3KUM K paBHOBECHOMY. MTak, HEOOpaTHMEIA mpouecc mpubaxeHus
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K PAaBHOBECHIO — 3TO Ilepexod K Hambojee BEpOSTHOMY MaKpOCKOIHUE-
CKOMY COCTOSIHHIO.

HeoOparuMmbie npoueccsl ¥ pa3pyienue nopsaxka. CKasaHHOE BHIIE
0 mpupose HeoOpPaTMMOCTH pPEaJIBHEIX HPOLLECCOB MOXHO C(HOPMYJIMpPO-
BAaTb M HECKOJIBKO MHaye, MOXHO cKasaTh, UTO HEOOpAaTHUMBIA MEpEXOX
K PaBHOBECHI) — 3TO NEPEXOXA OT B CHJBHOH CTENEHU YIOPSIOUEHHBIX
HEPaBHOBECHHIX COCTOSHUM K MEHEE YINOPANOUYEHHHM, XAO0THYECKUM
COCTOSSHUSIM.

Ilpu pacmupeHuy rasa B MYCTOTY HAyaJbHOE COCTOSHUE, KOTAa ras
33aHMMAET YacTh IPETOCTABJIEHHOrO eMy o0beMa, ABIMETCA B 3HAUUTE/b-
HO# MEpe YNOPSAOYEHHHM, B TO BpEMS KaK KOHCYHOE COCTOSHUE TEIIo-
BONO PAaBHOBECHH, KOIZa ra3 pABHOMEDHO PAcIpencsieH 1o BceMy ofmemy
COCYyZa, #BASETCS COBEPMICHHO HEYNOPAZOUYCHHBIM.

Hpyroit npuMep — HanpaeBjEHHKHA Ty4YOK MOJIEKYJ ra3a, BXOXAMIUMN
B OTKAYAHHBIA COCYA. YCTAHOBJICHHE PABHOBECHONO MAaKCBEJLJIOBCKOIO
pacupeneeHns MOJIEKYA 10 CKOPOCTAM Ipencrasiser cofoi Heo6GpaTu-
MBI TNPOLECC NEPEX0Aa CUCTEMABI U3 YNOPAAOYEHHOro COCTOSHUS, KOrha
BCE MOJICKYJIH HMMEIOT NOYTH OAMHAKOBBIE II0 MOAYJIIO M HAIPAaBJICHUIO
CKOPOCTH, B KOHEYHOE COCTOSIHUE, XaPAKTEPU3YIOLIEECs [TOTHOM Xa0THY-~
HOCTBIO ABUXCHUSI MOJIEKYJL

C 310A TOUKM 3PEHHUY JIEFKO IOHSATh YCTAHABJAMBAEMYIO BTODHIM 3a-
KOHOM TEPMOAMHAMMKHU OINPEACACHHYIO HAlpPaBJICHHOCTH JHEPreTHuc-
CKMX MpEBpamcHUil B 3aMKHyTo# cucreme. Koraa resno monmyuaer Heko-
TOpOE KOJMYECTBO TEIUTOTH 33 CUET COBEPIIEHMs MEXaHMYECKOoi paboThi,
TO 2TO O3HauaeT HeobpaTuMoe mNpeBpalleHUE KWHETHUYECKOH JHEPTHH
YHOPSAOUEHHONO MaKPOCKONMUYECKOrO ABMXEHUE B KUHETHUUECKYIO JHEP-
rHI0 Xa0THYECKOTO XBMXEHNA MoJeKys. IIpespamenue TermioTH B pado-~
Ty, HaolopoT, 03HAUAeT NpeBpPAMEHUE IJHEPIMH GECIIOPSACUHOIO ABHXE-
HHS MOJIEKYJI B SHEPIHMIO YIIOPSAOUYEHHORO ABHXEHUS MAKPOCKOIIAYECKO~
fO TEJa — TAakKo#d CAaMONPOM3BOJIBHHU IIEPEXO0N, KaK MEl BHAECIH, B
MPUHLMIE BO3MOXEH, HO MCKJIIOUUTE/NHHO MAaJIOBEPOSTEH.

®IyKTyanMd KaK OTKJIOHEHMS OT BTOPOro 3aKOH3 TEPMOANHAMUKH.
HeoGpaTuMeiil xapaxrep NpoLECCOB IEPEXOxa B COCTOSHHE TENJIOBOrO
pDaBHOBECHS, YCTAHABJIMBAEMEIH BTODEIM 33KOHOM TEPMOAMHAMMKH,
CIpaBeJIMB TOJIbKO I8 Bonbmux Makpockomuueckux cucreM. C Tepmo-
AMHAMUUYECKOH TOUKM 3peHUs M30JMPOBAHHASA CUCTEMA, NPUINENmMAst B
COCTOSIHHE TEIJIOBOrO PABHOBECHS, HE MOXET CAMOIIPOM3BOJILHO BHIATH
u3 sroro cocTosHusd. OnHAKO CTATUCTHYECKAS MEXAHMKA JOMYCKAET CY-
mecTBoBaHue (IyKTyanuil, KoTopble (PaKTHUECKH IIPEACTABIAIOT coboi
CAMOIIPOH3BOJIBHEIE OTKJIOHEHNS CHCTEMBI OT PABHOBECHS.

Kak yxe oTMeuaysoch, ueM GoJbIIE YACTHL, B CHCTEME, TEM MEHBINE
OTHOCHTENbHAS BeMMUMHA (QIAyKTyauuii J000r0 MakpocKOMUUECKOro na-
paMeTpa, ¥ OIS KOCTAaTOYHO GOJMBImON cucTeMH GayKryauusmMu Boobme
MOXHO npeHeOpeub. VIMEHHO MO3TOMy AJIS TAKUX CHCTEM CIPABENIHMB
BTOpPOil 33aKOH TEPMOAMHAMUKH, B KOTOPOM YTBEPXKAACTCS BO3PACTAHME
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JHTpPONMH B 3aMKHYTHIX cucteMax. IIpu craTMcTHuecKOM ompeneaeHud
SHTPOIIMM BTOPOI 3aKOH yrpauuBaer aOCOMIOTHHIA XapaxTep W IpeBpa-
IAETCH B CTATHCTUUECKHHA 3aKOH; 33 KAKUM-TMO0 3aXaHHEIM COCTOSHUEM
3aMKHYTOH CHCTeMBI OYAyT ClemoBaTh COCTOSHHS, 60/ie€ BEPOSTHHIE
€C/M He ¢ HeoOXOXUMOCTBIO, TO B MOAABSLIOMEM OONBIIMHCTBE CIy4aes.

B cucremax ¢ HeGOABIIMM YHCIOM YACTHL, OTHOCUTEABHAS BEIMYKMHA
dbnykryaumit Benuka, T. €. CAMONPOU3BOIbHKE OTKJIOHEHUS KaKOM-1mubo
BEJIMYMHHE OT €€ CPETHEr0 3HAYCHHS MOryT ORITh CPABHHUMEI C CAMHM CpPefi-
HUM 3HaueHueM. Takas cucTeMa yacTo CaMOTIPOU3BOJIBHO BRIXOAUT U3 CO-
CTOSIHUS DABHOBECHS, M BTOPOH 3aKOH TEPMOAMHAMHUKM 34E€Ch HEIPHUME-
HuM. XapaKTepHH PUMEP HapylieHUs BTOPOrO 3aK0HA TEPMOAMHAMHUKY
B I0CTATOUHO MaJikIX CHCTEMAX — OGpPOYHOBCKOE ABHXEHHE, IIPH KOTOPOM
B3BCIICHHAA B XMAKOCTH MaKPOCKONHMYECKAS YACTULA MOJyYyaeT KUHETH-
YECKYI0 SHEPTuI0 OT MOJIEKYJl OKPYXarWed CPensl, XOTd TeMmepaTypa
CpenH He BHIE, YEM TEMIIEPATYypa caMoil OpOYHOBCKOM YaCTHILKL.

e Kak cratvcTHueckas MexaHuKa 00bsicHseT HeoOpaTMMOCTh peallbHbIX TernJIo-
BbIX Mpoueccos?

e Ilpuseaure HpHUMepbl SABJIEHHI, B KOTOPbIX HABII0AAETCA CAMOIPOU3BOILHbBIN
BBIXOZ CUCTCMbI M3 COCTOSHHS TepMOIUHAMHUYECKOT0 paBHOBECHS.

L] Hoqemy YOpAHOUEHHBIE COCTOAHHA XapaKTepU3YHTCH MeHblleH BCPOATHO-
CTBIO MO CPAaBHCHHIO C Heyﬂopﬂﬂo‘{GHHbIMH?

s CraTHcTHYecKas rumortesd. HeusbexHOCTh TemnoBHX MPOHEC-
COB B NPUPOAE IIPUBOJUT K TOMY, UTO CTATHCTHYECKAHd MEXAHUKA CH-
CTEM MHOTHX YACTHUL, HE MCYEPNHBACTCH 33AKOHAMHU OOHUHON MEXaHH-
k1 (XOTS M ONMpAaercd Ha Hux), a tpedyer obs3aTeNbHOr0 BBEIEHKS
OONOJHUTENBHON cmamucmuyeckoll zunome3st B TOH WK UHOH op-
M€, HANPUMED B BUIAE MPEATIONOXEHUS O PABHOM BEPOATHOCTH pas-
JIUYHBIX MMKPOCOCTOSIHUM 3aMKHYTOM CUCTEMEI,

Ho B Tex c1yyasx, KOIIa TEIUIOBKIC IPOLECCH OKA3HBAIOTCH HECY-
L{ECTBEHHEMH, ONPENEJICHHEYIO HHPOPMAHIO O CBOWCTBAX TEPMOAKHA-
MHYECKOU CHCTEMBI MOXHO MOJIyYUTh, OMTHPASICh TOJIBKO HA MEXAHHYE-
CKHe npeacTasaeHusd. TerIoBbe Poneccs IPaKTHUECKH OTCYTCTBYIOT
B YCJIOBMSX TEIUIOBOH M30/ISLMHU NPH HAMYUY MEXaHUYECKOrO PaBHO-
Becus. B 3TMX Clyuadax mporexalmue SBJACHUS oO0paTHMEl M MOXHO
KCIIOIL30BAThE MOAENb anuabaTHYeCcKoro npouecca.

[MToxaxeM, HAIpUMep, KaK MOXHO IIOJYYMUTh ypABHEHHE anuaba-
TH /i1 OZHOATOMHONO MACAJIBHOINO ra3a, OCHOBHIBASICH HA CYILECTBO-
BAHUM aaMa0aTUUECKUX MHBAPUAHTOB B MCXAHMUECKHX CHCTEMAX.
HanomauM (cM. KH. 1), uto aguabarvueckuM MHBADMAHTOM HA3HIBA-
eTCd XapaKTEPU3YIOmas MEXaHMUEeCKyl CHCTEMy BEJIMUYMHA, COXpa-
HSAIOWALCH IpYU MENJIEHHOM M3MEHEHMM BHEITHMX MApaMeTpos. B ua-
CTHOCTH, /IS AapHKa, YIPYrO OTPaxalomerocs OT ABYX NapaJuie/ib-
HEIX CTEHOK, KOTOpHE MEIJIEHHO COMIMXAIOTCS MM pa3gBUraioTcd,
anuabaTMUeCKMM MHBAPMAHTOM SBASETCS MPON3BENEHUE PACCTOSHUS
MEXAY CTEHKAMM HAa MOXYJib CKOPOCTH IIApHUKa.
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B MexaHMUYecKOi MOAEAM MACATBHOTO ra3a Kak COBOKYIHOCTH Of-
HO2TOMHBIX MOJIEKYJ, YINPYro OTpaxalmuxXCsl OT CTCHOK chepuue-
CKOro COCyaa, anuabaTMueckuM MHBAPMAHTOM MPH MEINEHHOM U3ME-
HeHuu ofbema ¥V cocyna GyHer NpoM3BENECHHME XAPAKTEPHOTO JIMHEMN-
HOrO pasmepa (pamMyca) R COCyAa Ha MOAYAb v CKOPOCTH MOJEKYJIBL.
B oTcyTcTBHE TEMI00OMEHA TAKAs MEXAHUYECKAS MORENb AREKBATHO
ONMUCHIBAET peaJbHHWM anuabaTHUECKMIt TNPOECC CXATHS WM
paciupeHus. Ilpum 3TOM coxpaHsger CBOH CMBICT W YK3A3aHHHBIY
annadaTnyeckuil mHBapuant: Ruv = const. [Tockoneky paguyc R mpo-

nopumoHaseH YV, a MORy/Ib CKOPOCTH v MPONOPIHOHANEH V7', TO

VV VT = const,

HJIH
TV?3 = const.

Jlerko BuAETh, YTO 3TO COBMAAAET C MOJYYEHHHIM BHIIE ypaBHE-
HUEM aaMabaTh B MepeMEHHBX T M V Ang OAHOATOMHOrO MAEAIbHOrO
rasa, MocKOAbKy B 310M cryuae y=C,/C, =5/3. &

e [IpH KaKUX YCJIOBHSX K CHUCTeMaM K3 0OJIbLIOTNO YHCJIa YaCTHLL NPUMEHUMBI
YHUCTO MeXaHHUYECKHe 11peCTaBJIeHHUsl, He ONHPAIOUIMecs Ha CTATUCTHYECKY IO
runoresy?

e [lonyuure ypasHenHe aguabaThl HAeasibHOrO rasa, paccMaTpuBas COCYA LIH-
JNHHApHYecKoi GopMbl, 06EM KOTOPOrO H3MEHsETCs IpU MeMJIeHHOM mnepe-
MEUICHHH TOPILIHS.

§ 25. la3wl, WKHpKOCTH, (ha30Bble fiepexonbl

CTaTHCTMYECKAS MEXaHUKA ITO3BOJSET OOBICHAUTh HA OCHOBE HEKOTOPHIX
MOJIENEI HE TOJNBKO CBOMCTBA BEIIECTBA B ra3000pa3HOM COCTOSHHUM, HO M
NMPOLECCH NEPEX0AA BeMEeCTBa M3 OQHOI0 COCTOSIHUS B Jpyro€, B TOM YHCIC
¢a30BHIE MPEBPAMCHHAS ra3—XNAKOCTh, )XKUAKOCTh—TBEPAOE TEAO H T. A.

®a3bl 1 KOMIIOHEHTBI TEPMOIMHAMHYECKOH cuctembl. Da3old Bemie-
CTBA HA3KBAETCS €r0 MaKpOCKOMMYECKas OOHOPOAHAS YACTh, OTACICHHAS
OT APYFYX YacTeH rpaHmuamu pasaena. Hanmpumep, B 3aKpHTOM COCYyAE
HaJ HEKOTOPHIM KOJMYECTBOM BORZE HAXOOMTCHA CMECh BO3AYyXa C BOAS-
HEIMH MapaMu. JT0 dsyxgasnast CHCTEMA, COCTOAmMAs M3 ABYX das:
XugKoit (Boga) M rasoobpa3Hoi (cMech BO3gyxa M mapos Bopsl). Ecsum
6n BO3ayxa B COCyA€ He ObUIO, TO B CHCTEME BCE paBHO ObuIo OH fBE
a3 — xuakag (Boga) M rasoobpasnaa (mapml BOAH), TAaK UTO paiae-
JIEHHE BemecTBa Ha (a3l BO3MOXHO M B OMHOKOMMOHEHTHOH CHCTEME,
a HE TOMBKO B CMECH Pa3HBEIX BEILECTB.

Ecnu x Boge go0aBMTb CIMPT, TO YKCAO (pa3 B CUCTEME HE M3MEHHT-
Cfl, Tak KakK MpH pasBENCHUM COHPTA B BOAE ofpasyerca ¢u3Muecku on-
HopoxgHas xunkocts. Ecm xe k Boae ao6aBHTh PACTUTENLHOE MacJio, TO
MONYYHUTCH CHCTEMA C ABYMS XHMAKMMH (pa3zaMH — MAcjJiOM M BOAOI.
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Ilpu nopcuere wMciaa ¢a3 HE MMeeT 3HAYEHHS, COCPEAOTOYEHA M
onpenacnenHas $a3a B OQHOM MECTE WIM COCTOMT M3 HECKOJbKHX YACTEH,
OTAEJICHHBIX OfHA OT Apyroi apyrumu daszamm. Tak, Kaneabku TYMaHa B
Boanyxe obpasyoT ¢ HUM AByxdazHyio cucreMy. CMech rasos, Oymyum
MHOTOKOMITOHEHTHOI CHCTEMOi, BCerna 06pasyer onHodasHyo CHCTEMY.

@a3oebie npespamieHus. [IpuMepamn (asoBuiX NMPEBPAUIEHHH MOTYT
CAyXHThB HM3MEHEHHMS azpezamHnozo cocmosHusi BewecTBa. Ilop
arperaTHbIMH COCTOSHHSMHM IMOHMMAIOT TBEPAOE, XUAKOE M ra3oodpasxoe
COCTOSHMS BeuiecTsa. MHOrna B KayecTBE UYETBEPTOIO ATPErdTHOIO CO-
CTOSHHS BEIIECTBA BHIOCASIOT TUIA3My. TBEpAOE M XHUAKOE COCTOSHMSL
BEUISCTBA HA3BIBAIOT KOHOEHCUPOBAHHbIMU.

Hcnapenuem MM napoobpa3odanuem HA3HBAIOT Nepexoj BEIECTBA
M3 KOHICHCHPOBAHHOIO COCTOSAHMS B razoo6pasnoe. OOpaTHhlit mepexoq
Ha3nlBaeTcda kouOeHcayuell. I1epexon M3 TBEpAOro COCTOSHHUS B XHUIAKOE
Ha3bIBAETCA MJadeHieM, 3 OOpaTHBI MepexOn 3amgepdesdaHuem WIH
xpucmanausayuell.

TBepgoe cOCTOSHME ONHOrO M TOrO XE BEUECTBA MOXET pEaJM30BbI-
BAThCS B HECKOMbKMX KpHCTALIMyecKnx Momudmkaumsx. [Ipespamenue
MoguduKauMit Apyr B Apyra TOXe aaet npuMmep ¢$a3oBOro mepexona.

Pasuosecue ¢a3. [Tpn Kaknx ycjaoBuax pasnuuHsie (pa3bl MOTYT HAXO-
IMTbCH B paBHOBecMU? [Insl MEXaHMYECKOTO PABHOBECHMS JABJCHHE IO
pa3HBIE CTOPOHBI rPAHMIIK CONPHUKACAIOMMXCH $a3 AOIKHO OblTh OQMHA-
KOBHM. [{1% TEroBoro pasHosecHs ha3bl JOMKHE HMETb OAMHAKOBYIO
TEMIIepaTypy.

Pasnosecue ¢as — 3To0 BCerga AMHAMMYECKOE PABHOBECHE, MOCKOIb-
Ky MOJEKYJH, COBEpIIAS XdO0THYECKOE TETUIOBOE ABMKEHHE, HENMpPEpPHIB-
HO MEPEXOAAT YEPE3 rPaHHIy M3 ONHOW ¢asu B Apyryw u obpartHo. Ho
3TH NOTOKM KOMIECHCHPYIOT APYT Apyra.

Hcnapenye ¥ XOHAeHCanus. PaccmoTpuyM nogpobHee OANH M3 MpOCTeii-
IMUAX NPUMEPOB (ha30BHIX MPEBPANICHAR — MCMAPEHME XHUIKOCTH M KOH-
JEHCAUHMIO Mapa.

KonanyecTBO XHMOKOCTM, HAJHMTOH B OTKPHTHN COCYD, NOCTENCHHO
yMeHbiaeTca. [Ipd 3TOM MNOKHAAIOT XHAKOCTh NPEMMYIIECTBEHHO OBICT-
pHIC MOJIEKYJBI, KMHETHUECKAS 3HEPrusl KOTOPHIX AOCTATOYHA AJId Npe-
ONOJEHUS CHA NPUTSXECHUS CO CTOPOHHR! APYTHX MOJEKYJ XHMIAKOCTH B
NMPUNOBEPXHOCTHOM cJjI0€. B peayabTaTe BHYTPEHHAS JHEPIUS XHMOKOCTH
yMEHbIIAETCH, M €CJIM HE MOABOANTH K HEH TEILIOTY, TO B IpOLECCE MC-
MapeHus €€ TeMIepatypa OYOeT NMOHMXAThCH.

OOHOBPEMEHHO C MCMAPEHHMEM MAET M ODpaTHHIH NMPOLECC KOHXEHCA-
MM, T. €. BO3BPAIIECHHE YACTH MOJIEKYJ M3 N1apa B XHUAKOCTb. B OTKpw-
TOM COCYZAE MCIApEHHE OOBIYHO HE KOMIEHCHPYETCS KOHACHCALMEN M KO-
JIMYECTBO XHAKOCTH YMEHBINACTCS.

EciM cocyn mIOTHO 3aKPHTh, TO BCKOPE YCTAHOBHTCS JMHAMHYECKOE
PaBHOBECHE M YPOBEHb XHUAKOCTH He Oyner uameHsaTecsa. Ilap, Haxons-
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HAHCS B JHHAMUYECKOM PABHOBECHH CO CBOEH XHMAKOCTHIO, HA3HIBAIOT Ha-
colujernbim napom. HazsaHue NOquepKUBAET, YTO B JAHHOM OOBEME NpH
JAHHOW TEMIMEpAType HE MOXET HaXOAMUThCH 060/IbuIee KOMUYECTBO napa.

Hanuymue gpyrux ra3oB WAM IAPOB HAA MOBEPXHOCTHIO XMIOKOCTH HE
BJAMSET HA mpouecc o0pa3osanua mapa. MakCHMAJNbHOE AaBAECHHE Napa
JAHHOMO BCIIECTBA, T. €. €r0 M3KCHMAaJIbHOC NapuHaJbHOC O3aBJIACHHE,
PAaBHO AABJACHMIO HACHILIEHHOrO apa COOTBETCTBYIOMIEH XHAKOCTH H HE
33BUCHT OT NPUCYTCTBHUSE JPYIMX rasos.

JlaseHue HacbluleHHOro napa. bynem nocreneHHO yMeHpmath oObeM
napa HaA XUAKOCTbIO, BABHTas 3aKpPHBAKINMA cocyn mnopumeHb. [ipwu
5TOM YacTb BELIECTBA MEPEHZeT M3 ra3oo0pa3Hoi ()ashl B XKHAKOCTb, HO
J3BJCHHE IIdpa HC U3MEHHUTCH, CCJAM NMOLACPXKMBACTCH NMPEXHAS TEMIIE-
parypa. DTO 3HAYMT, UTO AABJIEHUE HACHIIEHHONO NMapa 3aBHCUT TOJBKO
OT TeMriepaTypsl. Takoi ONKITHHIA (DaKT MOXHO KaueCTBEHHO OObSCHHTH
HAa OCHOBE MpEACTABJACHHUI CTATUCTHYECKOH MEXAHMKH.

YKCAO BRUIETAKOMINX M3 XUAKOCTH MOJEKYJ YEpe3 yYaCTOK IpaHMIIH
eIMHUYHON IUIOMIAAM HE 33aBHCHT OT TOIO, CKOJbKO NMdapa HAXOAMTCH HAn
XHAKOCTbIO. B AHHAMMUYECKOM PABHOBECHM YMCJIO BBUICTAIOMMUX K BJAETA-
OmMKUX MOJIEKY/ OJAHAKOBO. 3HAYMT, M UYMCJIO MOJCKYJ, BJICTAIOIIUX B
KHUOKOCTb YEpe3 eANHUYHYIO MOBEPXHOCTb, HE 3aBHCUT OT 3aHMMAcMOTO
napoM obbema. Tak Kak 3TO UHCIO NpH JAHHOW TeMIEparype onpepe-
AseTcs KOHUEHTPauue! 7 MOJIeKYJI 1apa, TO KOHIEHTPAUMS, & TEM CAMBIM
U gaBneHuMe p = nkT, HE 3aBHUCAT OT 00bEMa, a ONpEEeNqiOTCd TOJBKO
TeMnepatypoi. [Jgs Kaxgoro BEUEeCTBd NABJEHHME HACHIMEHHOro napa
MpK J3aHHOM TEMIEpPaType UMEET CBOE BIIOJHE ONpPEAENeHHOE 3HAUCHHE.

C yBenuMucHNEM TEMIEPATYpHl JABJACHHE HACHIMIEHHOrO Mapa pacrer
ObicTpee, YeM NABJEHHE MAeaIbHOro ra3a. Tak MmpOHCXOMMT MOTOMY, 4TO
C YBeJMYCHHUEM TEMIICpaTyphl AABJCHHE HACHINEHHOrO NMapa pacTeT HE
TOJMLKO BCJACACTBHE YBEAMUCHHMS CPEIHEH KWHETHYECKOH 3HEPrdM MOJE-
KYJ, HO K BCIEACTBUE YBETHUCHUS KOHIEHTPALMH 11 MOJIEKY/, T. €. ILIOT-
HOCTH napa, 3a CUET Nnepexoa YaCTH BEIISCTBA M3 XHUAKOH ¢)a3nl B razo-
o6pa3Hy1o. IMEHHO yBEAHUCHHE XOHUEHTPAUMH MOJEKYJ HACHIEHHOIO
napa U SBASETCS rJIaBHOM MPUUYMHOM pPOCTa NABJICHUSA C TEMIEPATYPOH.

Korpa Bcg XHMOKOCTb B 3aKPHTOM COCYAE MCHAPUTCS, NAP NPH Jajb-
HeHIneM HArpeBAHHHM THEpPecTaHET OHITh HACHILCHHBIM, M €ro JaBJACHHE
[Ipy MOCTOSHHOM 06beme OyaeT BO3pacTaTh NpPONOPLHUOHATLHO TEPMOAM-
HAMHYECKON TEMIEeparype, KaK M y HIeasbHOro rasa.

Kunenme. ITo Mepe ysennuenus TeMnepaTypsl MHTEHCHBHOCTh HCHape-
HUS XHUAKOCTH B OTKPHTOM COCyAe yBenwumBaercs. Hakoneu, mpu He-
KOTOPOii TEMIIEPATYPE XHAKOCTh HAYMHAET KHMIIETH; IO BCeMy ee 00beMy
06pa3yoTcs OHCTPO pacTywue My3bpbKH Napa, NOAHKMAOIIMECT HA 10—
BEPXHOCTb. DTO 3HAUUT, YTO NPH KUICHUM MCOADEHUE XUAKOCTH MPOMC-
XOOHUT HE TOMbKO C €€ OTKPHTON MOBEPXHOCTH, HO ¥ BHYTpPb My3HPbKOB.
SICHO, YTO pPOCT MYy3HIPHKOB 32 CUET MCIIAPEHMS B HUX BO3MOXEH JHMIIb
IpU TaKO# TEMNEPATYpE, KOrAd JABJCHHUE BHYTPHM NMy3HpPbKA, T. €. AAB-
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JICHHE HACHIUEHHOrO NMapa, CTAHOBUTCS PABHHIM JABJICHHIO XHMAKOCTH HA
naunoit rnybune. [ToaTroMy TeMnepaTypa KMNEHus KMAKOCTH 3aBUCHT OT
BHEIIHero AasjacHusA. Ha BeicoTe 7 KM Hapg yposHEM MOpS TEMIEpaTypa
KuneHus soam cocrasaser npumepuo 70 °C. Haobopor, temneparypa
KUNECHHAA B TEPMETHUECKH 3aKPHITHX ABTOKJIABAX, [AE MOANEPXKHBAETCS
MOBHIIEHHOE AABJIEHHME, 3HAuuTeabHo Bume 100 °C. .
UnrepecusiMu ocobeHHOCTAMH 0671313€T KUNEHHE HA IPAHULE HE-
CMEILIMBAIOIMUXCH XUAKOCTEH. VX MOXHO nMponeMOHCTPHPOBATh CAENYIO-
MMM MPOCTHIM ONBITOM. B CTEKASHHHMW cOCyq HAJIMBAIOT HEKOTOpPOE
KOJIMYECTBO ueThpexxytopucroro yraepoaa (CCl,), a cBepxy cJIO# BOAHL

[Mpu wopMmasibHOM atMocdepHOM nasiacHuu sBoga kumut npu 100 °C, a
YETHIPEXXJIOPUCTHIN yriaepoa — npu 76,7 °C. Ecau MeIJIeHHO HarpeBaTh
COCYZ B BOmAHOI 6aHe, TO HO IpaHMIIE PA3Aend 3TUX HECMEMIMBAKOIIUXCS
XMAKOCTEH KHmeHue HauuHaetcs npu 65,5 °C! Kak obbacuuts 510
gaeaenue?

Kuneune Hacrynaer, xoraa AaBJACHHE HACHIMIEHHOIO Mapa CPaBHIET-
cs C NaBJIEHMEM B XHIKOCTH HA TO# riyOuue, rae 0Opasyercs My3nipex.
JaBaeHue XUAKOCTH CKAAABIBACTCS M3 aTMOCHEPHOTO JABJACHHS M THA-
pOCTATHYECKOTO AaBJenus CTonba xuakocTv. Ecam BrcOoTa crosba xu-
KOCTH B COCY/€ HECKOIBKO CAHTHMETPOB, TO TMAPOCTATHYECKOE JABJICHUE
COCTABJ/IAET HECKOMBKO THICAYHBIX OT HOPMAJNbHOro 4TMOChEpHOro u ero
MOXHO HE NpUHHMATh BO BHUMAaHHE. [laBiaeHue HACHIICHHBIX NapoB
KHAKOCTH ONpPENEISeTCd €€ TEMIEPaTypoil. B Boae My3sIpbK# COEEpXKaT
TOABKO napst Boast, npu 100 °C gasienmne HacKmeHHOTO napa BOAH paB-
HO HOPMAJbHOMY aTMOCHEpHOMY. B YETHIpEXXJIOPMCTOM YIJIEPOAE my-
3pipbKu conepxat Toabko napel CCl,, u naBneHuc HACHINEHHHX M3poB
pasHo arMocdepaomy npu 76,7 °C.

Ha rpaunue pasmena 3THX XuaxocTed my3bpbKH COAEpPXKAT KAK Ma-
pu CCl,, tak u mapsr onsl. JlaBnenne B 3THX NMy3HPbKAX, H3 OCHOBA-
HUH 33K0HA [JanpTOHA, PABHO CyMME MAPINAILHEX JABJCHHI NapoB BO-
gl u CCl,. ITostomy nasneHue, paBHOE aTMOCHEpHOMY, YCTaHABIAMBA-

€TCH B My3HpPbKAaxX, HAXOAMIIMXCH HA TpaHMIEe, TNPH TEMIEpaType,
mensmei 76,7 °C. Tlpu 51o#t Temmeparype ¥ HayWH4ETCS KHUIIEHHME Ha
rpanuie pasgena. OnuiT MOKAa3nBAET, UTO 3TO MPOMCXOAMT NMPH TEMIe-
parype 65,5 °C. DTy TeMOepaTypy MOXHO yCTAHOBUTb 0€3 OmbITa, mog-
Oupas Takyo TEMIEpAaTypy MO TabiuuaM 3aBUCHMMOCTH IABJCHMS HACH-
meHHbIX napo sognl u CCl, oT TemnepaTypsl, Ipx KOTOpPO#H CyMMa AaB-
neHuit pasua armocdepuomy. IIpum 65,5 °C naBacHue napoB BOXHI
cocranser 192 MM pr. ct., a nasnenne mapos CCl, — 568 mm pr. cr.
Wcnonb3ys sty 1udpsi, MOXHO CAE14Th BHBOM, UTO B K4XIOM MYy3bIphb-
Ke, o0pa3oBaBwIeMCcs Ha rpaHuue pasgena, mMoaekyn CCl, Gyaer nouru
B Tpu pasa Gosblue, deM MOJEKYJ] BOABL. A Tax KaK M Maccd MOJIEKYJHI
YETHPEXXJIOPUCTOr0 YIJIEPOAA B AEBATh paz 0onbIE MAcCCH MOJEKYIH
BOAHI, TO €ro MCIIAPEHUE MPOMCXOAMT NOYTH B 25 pa3 ObiCTpee, 4eM HC-
napeHue Boau., Habmonas KuneHue B NOrpaHUYHOM C/I0€ B TEYEHHE HE-
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KOTOpPOro BpeMeHH, MOXHO yGeautbest, uTo HixHul cioit CCl, Bhkuma-
€T 3HAYMTEIBLHO OHICTpEE, YEM BEPXHMN CJIOW BOJHL

IlenTpst napooOpasosanus. s nponecca xuneHus HEOOXOMUMO, YTO-
6m B XHMIOKOCTH CYIIECTBOBAIM HEONHOPOAHOCTH — 33apOAHINK ra3000-
pasHOM (hasnl, UrpaIOIIME POAb IEHTPOB napoobpasosanms. OOBYHO B
KMAKOCTH HNPHCYTCTBYIOT PACTBOPCHHHEIEC Tra3bl, KOTOPHEC BBHICASIOTCS
Ny3HpbKaM# H3a JHE K CTEHKAX COCYJd ¥ HA B3BELICHHHIX B XUAKOCTH
neUIHHKAX. [Ipu HarpesaHuM 3TH Ny3HIPbKH YBEAMUMBAIOTCA KakK 3a
CYET YMEHBIUIEHHS PACTBOPUMOCTH rda30B C TEMINEPATYpPOH, TAK M 33 CUET
HCOAPEHUS B HHUX XXHUAKOCTH. YBEJMUHBIINECS B 00beME My3mIpPbKu
BCILTHIBAIOT TI04 ACMCTBHEM apXMMEAOBOM BeITaNKUBAaWOWEH crinl. Ecan
BEPXHHE CJIOM XHUAKOCTH MMEIOT BOJIEE HU3KYIO TEeMIepParypy, TO BCIEH-
CTBME KOHJCHCAUMHU IIapa JaBJACHME B HHMX DE3KO N3AdeT M NY3bIPpbKH
«33XJIONKIBAIOTCS» C XaPaKTEepHBIM myMoM. [To Mepe mporpeBaHus BCed
XKHUAKOCTH IO TEMnepaTryphl KHMIEHHMs Ny3BIPbKU IEPECTAOT 33 XJIOMKI-
BAThCA M BCTUILIBAIOT HA MOBCPXHOCTb: BCS XHMAKOCTb 33KUMAECT.

Ileperperas XUAXOCTb. XKMAKOCTh MOXHO HArpeTh ¥ XO TEMIIEPATYDHI,
NpeBHITAIOUICH TEMIIEPATYPY KNNEHUS DU AdHHOM jgaBjeHun. s storo
€€ HYXKHO THIATEJIbHO OYKUCTUTH OT paCTBOPEHHKHIX Ta30B ¥ MEXaHNUYECKHMX
npumeceit. LlenTpn napooOpa3oBaHus B TAKOH XHIKOCTH MPAKTUYSCKH
OTCYTCTBYIOT, ¥ KMIEHHE HE HAUMHAETCS AaX€ TOTAd, KOrAa TeMIepaTypa
3aMETHO NPEBLIIAET TEMIEPATYPy KANMEeHus. Takas »XHUAKOCTh HA3HBAET-
Cs meperperoif. D10 Heycrodumeoe cocTosHue. lleperperas XHOKOCTb
6ypHO 3aKUNAET NMPU NOSBICHUK B HEH LEHTPOB NapooOpa3oBaHusL.
SIBneHue OHICTPOrO 3aKMNAHMs MEPETPETOM XHUIKOCTH HUCIONb3yeTCs
B NY3blpbKOGOU kamepe — COBPEMEHHOM npubope ANs perucTpayun ua-
CTHUI{ BHICOKUX 5Hepruif. [IpoxoxnaeHue 3apaXeHHOH YACTHIE 4Yepes me-
PErpeTy0 XHIKOCTh NPHUBOAKT K 00Pa30BAHUIO BIOJb CICAA YACTHINH 33-
poammel ueHtpos kunennd., O6pasyomue-
cS H4 3apONBILIAX Ny3WpbKH AoCTHrawT pas- et
MEpOB B NOJM MHJUIMMETPA M MOryT OHTh
chororpadupoBadsl Npu OOKOBOM OCBEIE-
HUM HMIYIbCHBIM MCTOUHUKOM cBeTa. M3y-
YEHUE TPEKOB B NMY3HPLKOBHIX KaMepax Mmo-
3BOJIMJIO OTKPHITh M MCCAENOBATh MHOIO HO-
BHIX 3JICMEHTAPHHIX Y3CTHL.

KuakocTh

HacoenueHusii

KpuTuueckas remneparypa. [Ipu ysenuue- I, T
HHH TEMOCPATYphl OJHOBPEMEHHO C POCTOM  pye 80. 32BMCHMMOCTD MIOTHO-
NAOTHOCTH HJCHIWICHHOrO napd MPOMCXOAMT  CTU XHUIAKOCTH U €€ HACBILEH-
YMEHBINEHUE TIOTHOCTH >KMAKOCTH BCJIEACT-  HOTO Mapa OT TeMNEpaTypsi
BHE €€ TEIJIOBOro pacimupenud. Eciu Ha on-

HOM rpacduke K306pa3nTh 3aBHCUMOCTH TUTOTHOCTH JKMAKOCTH M €€ HACH-
MEHHOrO napa OT TEMIEpPaTypPsl, TO IPK HEKOTOpPOi TeMneparype T, Ha-
3HIBAEMOH kpumuueckoy, obe xpuseie causatorca {puc. 80): mwioTHOCTD
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XKUAKOCTH CTAHOBUTCH PABHOM IUIOTHOCTH HACHIUEHHOro napa. Ilpu xpu-
THUYECKOM TEMIEPAaType UCUE3AET pa3anuue HE TOABKO B ILIOTHOCTH, HO ¥
BO BCEX ApYruX PU3HUECKKUX CBOMCTBAX XMAKOCTH M HACHIEHHOIO Napa.

[lonarue xpurTnyeckoit reMneparypu Ob10 BBegeHo . V. Menpene-
eBhIM. Kaxnoe BewecTBO XapaKTepu3yercsl CBOEH KPUTHUYECKOM TeMIe-
patypoil. Hampumep, y Boam 310 374,15°C, a y okucu yriepona
CO, — okono 31 °C.

Paznvure Mexgy ra3oM M napoM. CylmecTBOBAHHE KPUTHUECKOH TEM-
nepaTtypsl MO3BOJILET IPOBECTH Da3JIMYKE MEXAY ra3oM u mapoM. [as
MO>KHO MMEPEBECTH B XKMIKOE COCTOSHHKE MYTEM CXATHS TOJABKO NPH TEM-
neparype Huxe KpurHdeckoi. Ilosromy Bemecrso B razoobpasHoM co-
CTOAHHY NPU TEMIEPATYPE HUXKE KPUTHUECKON M HA3HIBAIOT MApPOM.
Takum oO0pa3zoM, HMKAKOH MPUHIMINAIPHON Pa3HUILI MEXTy MapoM
U rd3oM HeT. DTO AEJCHHE YCAOBHO M MMCCT CMEICI NMOTOMY, YTO MHI
NPUBHK/IM K CYHIECTBOBAHHIO B JOBOJbHO Y3KOM HHTEPBAJIE TEMIIEpa-
Typ. [Tosromy razom o6BYHO HA3HBAKT BEIMECTBO, NABJACHHE HACHIIIECH-
HOro Mapa KOTOPOro MpH OOBIYHEIX TEMIEPATYpPaX BHIIE aTMOCEHEPHOro
(vanpumep, yraexucnslid ra3). Hampotus, MCNONB3yIOT TEPMHMH «Hapy,
KOrga mpu KOMHATHOM TeMIeparype OaBACHME HACHIUEHHOrO Mapa Be-
[IECTBA MEHbINE aTMOCHEPHOrO gaBieHus (HanpuMep, BOASHOM map).

Temnora ucnapeHus v XoHaencauuu. Pazossie Nepexoanl, TAKUE KAK
HCAapPEHME ¥ KOHACHCALNUS, BCErRa COMPOBOXKAAIOTCS MOTIOMEHHEM M
BHIACJIEHHEM TEIUIOTH. KOIMUECTBO TEMIOTH, KOTOpOE HEODXOAMMO Co-
o6muTh BEWECTBY AJI9 TOro, YToOB MPEBPATHTb €0 M3 XUAKONo COCTO-
GHMS B Ta3000pa3HOE NPy MOCTOSHHOM TEMOEPATYPE U MOCTOSHHOM NAB-
JEHUHM, HA3HBAECTCH menaomol ucnapenus (WId TEIUIOTON mapoobpa3zo-
Banns). Takoe e KOJUYECTBO TEIJIOTH BHIAENACTCHS NPH KOHACHCAMHM
napa B XHAKOCTb DK TE€X XE YCIOBUAX. PazanyamoT ydenbHyro TEIIOTY
ucnapeHust (M3MEPAETCS B [XOYJISIX HA KWIOTpaMM) ¥ Moaspuyro (u3-
MEpAETCI B AXOYAAX HE MONb).

Tennora ucnapeuns 3aBucuT OT TemmepaTypu. C pocToM TeMmepa-
TypH OHa YMEHbIIAETCH ¥ NP KPUTUUECKOH TeMmmepaType obpamaercs
B HYJb.

Tennora napoobpa30BaHus NpPeACTABAgET COOOM YACTHHIM Cayvait
menaomur pa3o60z0 nepexoda. Ilpyroit nmpuMmep — mennoma niagie-
Husl, TOrJIONIAEMAS MDY IUTABJEHUHU ¥ BHIICASIOMANACS IIpH KpHCTAJUIIM-
3aUMH.

BnaxHocTe Bo3nyxa. Boagnoit map B 3eMHO#t aTMocdepe, HECMOTPS Ha
OrpPOMHBIC OTKDHITHE BOJHBEIE MOBEPXHOCTH, HE SBJSETCH HACHIIEHHEIM.
Conepxaaue BOASHOIO Mapa B BO3AYXE XapaKTEpU3yeTCS BJIAXHOCTBHIO
Bosayxa. OT BAAXHOCTH BO3AYyXa BO MHOrOM 3aBUCAT COCTOsHME Ouo-
cephl, CAMOUYBCTBME UENOBEKA, pabOTOCIOCOOHOCTb TEXHUYECKHX
YCTPOHNCTB, COXPaHHOCTb 3AaHuUi ¥ Mpou3BEACHMH MCKYCCTBA.
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BnaxxHOCTE BO3QyXa XapakTepU3yKOT MapUHUaJIbHBIM OABJICHUEM IIa-
pOB BOABI, KOTOPOE MHOrAA Ha3HBAOT abcoatomuou araxuocmoio. On-
HaKO 3HaueHue A0COMOTHOR BNAXKHOCTH €LIE HE MO3BOJALET CYAUTh O
TOM, HaCKOJIbKO BOASHOM Nap B AAHHHX YCJOBUAX AANCK OT HACHIIEHHS.
Ho uMEHHO OT 3TOro 3aBHCHUT MHTEHCUBHOCTb MCNAPEHKUA BOAR C OTKPHI-
THX MOBEpXHOCTEH. UTOOH XapakTepu3oBaTh Onu30CTh COCTOSHMS BOMS-
HBIX NAPOB K HACHILICHHIO, BBOOAT OMHOCUMENLHYIO GAAXHOCMb.

OTHOCHTEIbHAS BJ4XHOCTh — 3TO OTHOINEHHME NMAPILUATBHOINO HAB-
JICHUS p BOZYHOIO MNapa, COAEPXAUICroCs B BO3AYXE NpU AAHHOMK
TEMIIEPATYPE, K A3BACHHIO P, HACHINCHHOIO Napa NpH 3TOH TEMIEepaTy-
pe. OTHOCHTENbHYIO BAZXHOCTh ODBIYHO BHIPAXAIOT B MPOLEHTAX:

¢=-2-100 %. (1)
Po

Ecsu noHmXaTh TeMOepatypy BO3Oyxa IIpH HEU3MEHHOM COgepXa-
HUM B He#l MapoB BOgml (T. €. MpM HEW3MEHHOH aOCOMIOTHOM BIaXHO-
CTH), TO OTHOCUTENbHAS BAAXHOCTh Oyner BO3pacTaTh u MpH HEKOTOPOM
temneparype mocturdHer 100 9, T.e. map CraHET HACHUICHHHIM. JTY
TEMNEPATYpPY, NPH KOTOPOH COACpXKamuMHCS B BO3AyXe Mdp CTAHOBMTCS
HACHIUIECHHBIM, HA3KBAIOT MOuKOU pochl. [1pH OXJIaXIeHNH BO3XyXa a0
TOUK¥ POCH HAUMHAETCH KOHACHCALMH MAaPOB BOAH. JTO NPOSBISETCH B
06pa3oBaHuM TYMAHA W BHIAJCHMM POCHI.

H3mepedue BJIAXHOCTH BO3nyxa. [[ns uamepeHus BAaXHOCTH BO3AYXA
CYMECTBYIOT NMPHOOPHl TUrpOMETPHl M NCuXpoMeTpsl. [eicTere KOHICH-
CAyUOHHOIO rMrpoOMETPa OCHOBAHO HA U3MEPCHHMH TOUKHM POCH, T. €. HA
U3MEPEHUN TEMIIEPaTypPhl OXJIdXZAEMON MOBEPXHOCTH B TOT MOMEHT,
KOrga OHA 3amoTeBacT. 3Has TOUKY POCH ¥ TEMIIEPaTypy BO3AyXa, MOX-
HO MO CHENHMAJBHBIM TAGIHUAM ONpPEAETNTh NMAPLKAIBHOE JABJICHHUE ra-
pPOB BOAK ¥ OTHOCHTEIBHYK BI2XKHOCTh.

JleificTBME NMCUXPOMETPA OCHOBAHO HA 3aBUCHMOCTH WHTEHCHBHOCTH
HCMAapEHKs BOAH OT OTHOCHUTENBHOM BAAXHOCTH BO34yxa. OH COCTOMT 43
ABYX TEPMOMETPOB, WIAPUK OIHOrO K3 KOTOPHIX CyXO¥, a INapuK Apyroro
0OEPHYT MOMOCKOH BA3XHOW TKAHH, KOHEL KOTOPOH NOrpyXeH B BOAY.
[To pa3HoOCTH MOKA33HMH CYXOro M BJAAXHOIO TEPMOMETPOB € MOMOLIBIO
CHEeNMATbHEX TA0/MI| ONMpPENENMIOT BAaXHOCTh BO3AYXA.

IToBepXHOCTHOE HAaTSXeHHe. B TepMonuMHaMuUyecKO# CHCTEME, COCTOS-
wei u3 Heckoabkux a3, Bcerna umewoTcs rpaHuus paspena. C atumun
MexhazHnMy rpaHUlAMy CBSI3aH Psi CBOWUCTB CHCTEMBI, K OOCYXACHHIO
KOTOpPHIX MBI M IEPEXOAUM.

B xuaxoii ¢ase Ha MONEKYIH BEMIECTBA AEHCTBYIOT CHJIE IIDHTSIKE-
HHS CO CTOPOHBI OKpyXawmomux Monekya. Korga Mosmekysia HaXOOUTCS B
rayOuHE XHAKOCTH ¥ YAAJIEHA OT MOBEPXHOCTH, TO 3TH CHJIH ACHCTBYIOT
BO BCE CTOPOHH M B CPEHEM YpaBHOBEMMBAOTCH. ECin xe Mosekyia Ha-
xoauTCs BOJIM3Y NOBEPXHOCTH, TO ACHCTBHE HA Hee APYIHUX MOJIEKYJ Ipu-
BOAMT K MOSABJCHHIO PAaBHOAEHCTBYIOHMEN CHJIBI, HANpPaBJICHHOH BHYTpb
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xupKocTd. s ysenuueHns CBOOOZHOM MOBEPXHOCTH XHAKOCTH YACTb
MOJIEKYJ IOAXKHA nepeiTy U3 00beMa B MOBEPXHOCTHHIA CJTOH, a AI 3TOrO
HeoOXOAMMO COBEpPIIMTh HeKoTopyw pabory. IToatoMy cCymecTBOBaHME
MOBEPXHOCTH XHUIKOCTH CBA3aHO C AOMOTHATENbHOM JHEPIUEH.

MTosepxHocmHas snepeuss — 310 U3OHTOK MOTEHUUAIbHOK SHEPIUM
MOJIEKY] B NMOBCPXHOCTHOM CJIOE N0 CPABHEHUI) C 3HEPrHE# MOJEKY]
BHyTpH (a3 (T. e. B oObemMe Basu OT rpaHuIs ), OAYCIOBACHHKN OTME-
YEHHHIM Ppa3NUYUEM MEXMOJIEKYAdPHBIX B33UMOACHCTBMH B TpaHKUa-
wmux aszax.

CHuna moBepXHOCTHOro HatsxeHus. Cuiaa NMOBEPXHOCTHOIO HATAXKE-
HUS — 3TO CMJA, KOTOpAasd NENCTBYET BAOJb FPAHMIIN pasfnesid, HApH-
Mep BHOJb MOBEPXHOCTH XHAKOCTH,

7% NEPNEHAUKYASPHO JuHMK (peasbHOMH
WM MBICTEHHOM ), OrpaHMuYMBAIOMIEH

3Ty HOBEPXHOCTh. B CymecTBOBaHMM

/ % CH/IB  TOBEPXHOCTHOTO HATSXKEHUS

< 7 % 2 MOXHO yOEnMThCS C MOMOIIBIO CAENY-
IOIKX MPOCThIX OMEITOB.

Puc. 81. Iletns 13 HHTKM Ha MbLUILHOM Haubonee HAr/siAHHE OMBITH C HC-

nieHke MOJIb30BAHMEM MBUILHOM ruieHkKu. [To-

JIOXHM TIETJIIO M3 HUTKH HA MBUIBHYIO
IJIEHKY, MOMYUEHHYO NPy oOMAKKHBAHUM IPOBOJIOYHOIQ KAPKACa B MBLIb-
Hom pacteope (puc. 81). Iloka MbLIbHAasg MJIEHKZ BHYTPH NMETAM 1ENA,
NEeTAS coxpaHser by NpugaHHyw eil dopmy (puc. 81a). Ecm xe
IUIEHKY BHYTPM HETIH MPOTKHYTh, TO HUTh NPUHMMAET (DOPMY OKPYKHO-
cty (puc. 816). Takag dopma obecneunBacT MUHKMANILHYIO IIOWAAb OC-
TaBIeics HAa KaPKace IUICHKH ¥ TEM CAMHIM MUHHMAJIBHOE 3HAUYEHHUE €
MMOBEPXHOCTHOK SHEDPIUH.

bBaarogaps MOBEPXHOCTHOMY HATSKEHUIO XHAKOCTb B OTCYTCTBHE
BHEUIHUX CHJI NMPHHUMAET POpMY Wapa, T. €. KMEET MHHHUMAJIbHYIO Npu
JaHHOM o0ObEME MOBEPXHOCTh ¥ COOTBETCTBEHHO MHHUMANBHYIO
NOBEPXHOCTHYIO JHEPrMi0. Tak OnBAET B HEBECOMOCTH, HANMPUMED B Ka-
OMHE KOCMHMUECKOro Kopabas, rae HEeBO3MOXHO HA/MUTb BOAY B CTAKaH,
U npu cBOOOAHOM NAJCHUY HOXKIEBHX KATMENb.

IoBepxHOCTHad 3Heprusd. KonmuuyecTBEeHHO nogepxHocmuoe namsixe-
Hue O XapakTEpU3yETCd OTHOLICHMEM MOAYJAY F CHUJIH NMOBEPXHOCTHOIO
HATAXEHUs, JCHCTBYIOWENR HA TPaHHUIly MOBEPXHOCTHOrO C10s, K AJUHE
FPaHHUIM [, WIK, YTO TO XK€ CAMOE, OTHOINEHUEM MOBEPXHOCTHOH 3HEp-

ruu U, K TI0manu S NOBEPXHOCTH:

U
c=§= 2

B ciyuae miocKoif MOBEpXHOCTH XMAKOCTH CHJIA TIOBEPXHOCTHOIO Ha-
TAXEHHMS HE 3aBUCHT OT TOrO0, HACKOJBKO MOBEPXHOCTb «PaCTAHYTa».
Crporo rosops, CaMO TOHSATHUE «PACTAXKECHHE» AJIS TAKOH MOBEPXHOCTH
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JIMIIEHO CMBIC/AA: UTOOB YBEJWUMBATH ILTOmMAAb MOBEPXHOCTH, BHITATH-
Bad B MOBEPXHOCTHBIM CTO# #3 00beMa BCe HOBHIC ¥ HOBLIC MOJIEKYJIHI,
HEOOXOAMMO, B OTJIMUME OT Cayyas

pacTArMBaHMS pPE3NHOBOH IUIEHKH, .

NpHKIAABBATh MOCTOAHHYIO CHIY, /

TaK KaK MOBEPXHOCTHHIA CJIOH, yBe-

JIMUYUBALACh MO IJIOWAAHA, HE MEHSET

CBOMX CBO¥CTB. F

HUmedHO 3TO CBOMCTBO cMa MO-

BEPXHOCTHOIO HATAXEHUSA IPHBOIUT L__J
X

K SKBHBAJEHTHOCTH [BYX OIpexae-

JeHuil BennuuHu o B hopmyne (2).

B camoM nefe, pabora, coBepuie- Puc. 82. K sorumcnenuo paborsr npu

’ ! YBEIMHEHHH NOBEPXHOCTH NJICHKU

Mds NPU MEPEeMEUICHUM OTPAHUUYMBA-

KIEH MBUIBHYIO IUVIEHKY NEPEMBIUKH

anunoit | Ha paccrosume x (puc. 82) paBHa Fx = 20ix = 20AS, e
AS = [x — yBeAUUCHHE TIOMAAY MOBEPXHOCTH OXHOH CTOPOHH ILIEH-
ki, J7a pabora paBHAa NPUPALUECHUIO MOBEPXHOCTHOM SHEPIHM TUICHKH
AU, = 20AS.

CMmayunsanve. BoaencTeue B3anMOAEHCTBHS MOJIEKY.T XHUAKOCTH C MOJIEe~
Ky/IaM¥ TBEPABIX TEJ BO3HMKAET cMauudanue — SBJICHHE, NPUBONIUIEE K
HCKPHBJICHMIO CBOOOIHOI MOBEPXHOCTY XUAKOCTH ¥ MOBEPXHOCTH TBEPRO-
ro tena. Ecu cuaa B3aMMOZEHCTBHS MEXIY MOJIEKYJIaMU XUAKOCTH M

- —

Puc. 83. Kpaesoit yron B ciydae cmauusanms (@) v Hecmauusauus (6)

TBEPAOTO Tena OObIle CUJIhi B3AUMOACHCTBUS MEXAY MOJIEKyJaMH CaMOii
XHAKOCTH, TO TOBOPST, UTO XKMAKOCTh CMa4idaem TBEPAYIO MOBEPXHOCTh.
B arom cayuae yroa 6 Mexay MIOCKOCTbIO, KACATEJbHOH K MOBEPXHOCTH
XUAKOCTH, ¥ MOBEPXHOCTHIO TBEPAOrO TE/a, HA3HBAEMHEH KPAEBRIM YIJIOM
WM YoM cMauuBaHus, Oyaer octpuM (puc. 83a). B mpoTHBHOM cayuae
yron 0 Gyner tynnmM (puc. 836). I1pn nonHoM cMmauusanuy 6 = 0, npu
nosHoM HecMauynBanuu 0 = n. HanpuMmep, Boga cMauMBacT YHCTOC CTEK-
JIO ¥ HE CMAYMBAET MOBEPXHOCTh, NOKPHTYIO napadbuHoM.
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CMauuBaHUEM ¥ HECMAUYMBAHUEM OOBICHAIOTCS MHOTHE XOpOLIO 3HA-
KOMEIE HaM gBjaeHud. IlogpeM xepocusHa no (UTWIIO JaMIIbl, BO3MOX-
HOCTb BLITCPETBCH MOJIOTEHIIEM — 3TO NPUMEDH SIBJACHMM, IEJIMKOM
00yc/IOBNEHHBIX CMaunBaHueM. HampoTus, miaBaHue NOKPHTONH TOHKMM
C/IOEM XHMPa CTAJIPHON UrOJKM HA MOBEPXHOCTH BOAEI, TE(IOHOBHE Kac-
TPIOY ¥ CKOBOPOHKH, B KOTOPHIX HE IMOAropacT Muma, 6eraromue 1o Bo-
I€ Ha JIMHHEX TOHKHMX HOrax XYyKH-BONOMEPH — BO BCEX ITHX CAyuya-
X MBI CTANKHUBAEMCH C HCCMAUNBAHUCM,

KanunnapHele fBjeHus. IlorbeM uin onmycKaHue XHAKOCTH B Y3KUX
TpyOKax-KamWLISpax BCJCACTBHE HBJICHHMS CMAYMBAHMS HA3HIBAIOTCH
kanunaprbimu  sienenusmu  (puc. 84). Bricory A, Ha koropyw
MOAHKMAEETCH KHUAKOCTb (TUTIOTHOCTBKO p), TOJMHOCTBIO CMAayuBAKOMIAL

Puc. 84. JXXuakocrb B KanMLUIsSpax

CTEHKM Kanuwjngpa pagnyca r, MOXHO HAaWTH, NpHPaBHUBAA BEC CTON-
OMKa NMOgHSBUIEHCS XHMAKOCTH CHIE NMOBEPXHOCTHOTO HATSIXEHHS, ACH-
CTByIOmIEH MO BEPXHEMY MNEPHMETPY CTOIOMKA:

pgnrih = 2nro,
OTKyAa

=2 (3)
per

KanunnapHoe nasjiedve. VICKpHBACHHE NOBEPXHOCTH XUAKOCTH, BHI-
3RBAEMOE CHJIAMY TMOBEPXHOCTHOIO HATSKEHMS, BEACT K TMOSIBICHUIO M3-
OWTOYHOro aBACHHA Ap B XMAKOCTH, HA3HIBACMOrO KaNWLISPHEIM.
B cayuae cepuyeckoit MOBEPXHOCTH 3TO AABJACHHME CBSI3aHO C paJHycOM
ee KpuBH3HH r ¢hopmynoi Jlamnaca:

ap=2. (4)

Oty (OpMyay JErKO MOJY4YMTh C nomompio (3), ecau yyecTb, YTo
136HITOYHOE TMAPOCTATHYECKOE JABJICHME Y OCHOBAHUS CTON0A XUIKOCTH
B KamWUISpe JOMXHO KOMIEHCHPOBATHCH M3MEHEHUEM HABJICHHS, 00ycC-
JIOBJICHHEIM UCKPHMBJICHMEM CBODONHOW MOBEPXHOCTH XMAKOCTH.

Qopmyny Jlaruiaca MOXHO NOJTYYNTh ¥ MHAYE, HANPUMED CPAaBHUBAL
pabory pAV, COBEpIIAEMYIO NpPH BRIYBAHHH MBUIBHOTO ITy3HIpd, C yBe-
JIMUYEHUEM MOBEPXHOCTHOM 3Hepruu OAS MBUIBHOH ILUICHKH.

Qopmyny Jlamnaca (4) MOXHO MPMMEHATb KaK K BHIIYKJIOH, TakK u
K BOTHYTOH MOBEPXHOCTH. B Cilyyae BOrHYTOH NOBEPXHOCTH HYXHO
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cuntarb r <0 M CcOOTBeTCTBEHHO Ap < (; /IS BHIIYKJION, HA00OpPOT,
r>0u Ap>0.

3anaua

Ha kakyto BbICOTY NMOAHWUMETCS XHUAKOCTb MEXIY ABYMS Napasie/lbHbIMU Bep-
TUKaMbHBIMH CTEK/IAMH C Y3KUM 3a30POM MeXAY HUMHU, PaBHBIM /, €CJIM KOHLbI CTe-
KOJI NIOrPY3UTh B XKMAKOCTb, MOJTHOCTBIO CMaYMBAIOULYIO CTEK10?

Pewenue. I[Ipu nomoM cMauuMBaHuUM cBoboaHas MOBEPXHOCTb XHUAKOCTH B
y3KOM 3a3ope MEXAY CTEKJaMU NMPUMET LUMIMHAPHUYECKYIo POopMy, NpUyeM aua-
MeTp 2r 3Tolo UMJIMHpa paBeH TomuuHe I 3a3opa. [ns onpeneneHys BbICOTHI NMOAb-
eMa MOXHO NMPUPABHSATDL BeC NMoAHABIIEHCS XUAKOCTH pglLh cyine NoBepXHOCTHOro
HaTsXeHHUd 20L, neficTByoleli BRob Beelt ANMHbL 2L rpadMLbl XXUAKOCTH CO CTEK-
oM B 3a3ope:

pgllh = 20L.
Orcoaa

29
pgl

O6paTvM BHMMaHME Ha TO, 4TO 3Ta BHICOTA BABOE MEHbILE BbLICOTHI MogbeMa B
Kanuiaspe, AMAMETP KOTOporo paBeH wiMpuHe 3a3opa. COOTBETCTBEHHO BIBoE
MeHblIE U BeTM4MHA KaU/UISPHOIO AaBJIEHHS, CO3/1aBaEMON0 LMITUHAPHUYECKOH MO~
BEPXHOCTHIO 110 CPaBHEHUIO co chepHIecKOi.

KanujaspHoie BOAHbL. CHIB [OBEPXHOCTHOTO HATSKCHUS, KAK M CHJIBI
TSKECTH, UIPAIOT BAXHYIO PO/ib B 00pa3oBAHMM BOJH HA IOBEPXHOCTH
Bofbl. Posb 2TMX CHUT pas/iiduHa AJig BOJH PA3HOM JUIMHBL IS QOCTATOU-
HO KOpDOTKHX BOJIH, KOIN@ KPHUBU3HA IIOBEPXHOCTH XHMOKOCTH BEJIHMKaA,
npeob1amaoT CHIbl [IOBEPXHOCTHOIO HATSKGHHA; B CIy4yae NIMHHBIX
BOJIH, HA00OpPOT, 3TMMH CHiaMM MOXHO npeHebpeun. [loaromy menkas
psifb HA BOOE — 3TO IO CYWECTBY KAamwuisipHbie BOHbL CoobpaxeHus
pasMepPHOCTH MO3BOJISIOT JIEMKO HAWTHM XapakTep 3aBUCUMOCTH CKOPOCTH
v pacHpOCTPAHEHUS KAITWLASIPHBIX BOJH OT IJIOTHOCTH XMEKOCTH P, IIO-
BEPXHOCTHOTO HATSIXEHHA O M JUTMHBI BOJAHH A. COCTaBiss BHIPAXEHUE

v= Cp o¥A*

M BRIIMCHBAs COOTBETCTBYIOIIEE PABEHCTBO PA3MEPHOCTEH, HAXOMUM

U=C‘inj.

TouHas gUHAMMUECKas TEOpHs gaeT s GeapasmepHoro xoadduin-
enra C 3HAueHHWE, paBHOE V2.
e UYro takoe a3kl U HTO TAKOES KOMMOHEHThI TEPMOOMHAMHUECKOW CUCTEMBbI?

e TlpuBegute NpUMepbi MHOrogasHbIX ONHOKOMIOHEHTHBIX CHCTEM W OfHOdAa3-
HbIX MHOTOKOMITOHEHTHBIX CHCTEM.

e Kaxue ¢azobbie npeppailleHUs Bbl 3HaeTe?

e [Ilpu Kakux ycnoBusx pasiuuHeie dasbl MOTYT HAaXOAUTLCA B paBHOBECHH?
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§

Y10 TaKkoe HacblllleHHbIM Nap? O6bACHHUTE, NOYEMY ero JaBreHue He 3aBUCHT OT
obbeMa.

HO‘{CMY AapJIEHHE HACBILEHHOIO nmapa C yBEIHMYEHHUMECM TEeMIICpPaTyphbl pacTeTr
Gb]CTpCC, YEM NaBJCHHE HMACAJIbHOIO raza?

ObObscHUTe, MOYEMY TeMilepaTypa KHUIIEHHUS XHUAKOCTH 3aBHCUT OT BleElUEero
nasieHus. Iloyemy Npu onpefesicHHOM JaBJEHHUM TEMIEpaTypa KHIIEIMS Ha
rpaHuile HeCMEIIUBAIOMMUXCS KUIOKOCTEN HUXE TEMIEPATYPbl KUIEHUI KaX-
oo¥ u3 Hux?

EcJsiH cTakaH ¢ Bono# NOJIOXUTE Mo KoJIoKOJ1 BO3RYUIHOMo Hacoca, TO MpH BbICT-
POM OTKauMBAHMU BO3Y Xa BOAA B CTaKaHe 3akunaer. O6bAcHUTE, NoyeMy,

Ha ueM ocHOBaH NMpUHLMI OeHCTBUS NY3blpbKoBoM KaMepbi?

Yto Takoe KpurTuuecxkas Temnepartypa? Kak cBssaHo pasnuuue MoHATHHI
«ra3» U «nap» C KPpUTHYECKOH TeMiepaTypoi?

Mosacuure GU3UYECKYI® NpUpoay TemoTel NapooOpasosanus, [louemy oHa
ofpalaercs B HY/Mb NPH KPUTHYECKOM TeMiepaType?

Yemy paBHA Pa3sHOCTb [OKA3AHUM CYXON0 M BJAXHOIO TEPMOMETPOB B IICUX-
pOMETpe MpH OTHOCHTENbHO BaXHocTH Bo3pyxa 100 %7

YeM obycnoBleHO pasivMuMe SHEPrMu MoJIEKYJ, HaXonfliMxcid B ofbeme
XUIKOCTH U Ha ee roBepxHocTu?

IToyemy moxneeas Kanns B ¢sobofHoM MoJfieTe€ HEMHOIMO CIIIOCHYTA, a Kall-
J1a, CBHCAIOILAN C BOJOIMPOBOAHOIO KpaHa, — BbITAHYTA?

Hoqcmy TOHKaf CILToOWHAA BCPTHKA/IbHAA CTPYS BOAbI, BRITCKAKIASA U3 Kpa-
Ha, Ha HEKOTOPOM pACCTOoAHMH pacnagaeTcd Ha oTHe/bHbie Kanau?

IloueMy y nuoBLa 1nog BofoM BosjoChi cBoOOZHO Pa3BEBAIOTCH, U Cpasy CJM-
nawTCcs, Kak ToMbKo IJIOBEIl BBIAAECT U3 Bopbl?

Kakyw ¢opMy NpMHHMMAaCT Karuls BOAbI Ha TOPU3OHTANIBHON HEPEBSHHOMH,
CTEKNAHHOM U aMOMMUHUEBOMH MoBepXHocTH?

ToueMy Kailjif Bogbl HA& PACKaJIEHHOM CKOBOPOLE COXPAHAET 11apPoobpasHylo
¢hopMy, HECMOTPS Ha To, YTo BOAA CMauyMBaeT MOBEPXHocTb MeTajsa?

I'ne npu sbiBoge Gopmyssl (3) UCMONB30BAHO MPeaNoONOXKEHHE O ToM, HTO
XMAKOCTh NOJHOCTBIO CMaydUBaeT BHYTPEHHIOK TMOBEPXHOCTh Kanuanspa?

YeM obbacHACTCH pasiidyiie OPMBI MOBEPXHOCTH KHUAKOCTH B y3KOM KanUi-
nspe U WwupoKoit Tpybke?

IIpH nMogbeMe XHUAKOCTH B KalMUJISpe Ao BbICOTbl /I CHilBI MOBEPXHOCTHONO
HaTAXEHUSA coBepilalor paboTy mgh, roe m — Macca cTosiba XHAKoCcTH (Jo-
Kaxure 310). Ho moTeHuuanbHas SHeprus 3Toro cTosba paBHA TosbKo
mgh{2. Kak 3T0 corfacyercsi ¢ 3aKoHOM COXPaHEHHUsl 3Hepruu?

26. PeanbHbie ra3sl. YpaeHeuue Ban-pep-Baanbca

IToBenenune peasbHHX ra30B B TOH WIM MHOH CTENEHM OTJIHYAETCS OT I10-
BEJEHUS MACAJBHOIO rasa, ONMCHBAEMOrO ypaBHeHHeM MeHmeneesa—
Knaneiipona. OTK/IOHEHHs 33aBMCAT HE TOJABKO OT TOr0, ¢ KakuM ra-
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30M — KHCJIOpPOOOM, a30TOM M T. . — Mbl MMEEM IE€JI0, HO M OT TeX
yCIOBHH, B KOTODHX Haxomutca ra3. Yem Oosiee paspexeH ras um uem
BHIIE €0 TEMIIEPATYPA, TEM MEHEE 3aMETHH 3TH OTKJOHeHud. [loatomy
MIPUMEHHUMOCTb MOJIEIM WIECANBHOIO ra3a K KakoMy-aubo peasbHOMy ra-
3y OIpeneaseTcs HEe TOJIBKO CBOMCTBAMM CaMOTO ra3a, TAKMMH, Kak pas-
MEDH M MAacCca ero MOJIEKYJ M B3aMMONCHCTBUS MEXIy HUMH, HO U yC-
JIOBHSIMH, B KOTOPHIX HAXOOUTCS ras.

O Mojensx peaibHOro ra3a. BaauMonmelcTBue MEXAy MOJEKYJIAMH TO-
r0 HJIM MHOIO PEAaJIbHOIO ra3a MMEEeT HACTOJIbKO CJIOXKHEI XapakTep, YTo
HEBO3MOXHO MOJYYUThb YPABHEHHE COCTOSIHHS, KOTOPOC KOJHUYECTBEHHO
NPABHABHO OMHCHBAIO Obl NOBEJCHHME PEANBHOIO rasa BO BCeM obmacTe
BO3MOXHBIX M3MEHEHMH €r0 TEMIIEpATYPHl ¥ IUIOTHOCTH. MoXHO, oxHa-
KO, HAIHCaTh NPHOMMXKEHHOE YDPABHEHHE COCTOSIHMS PEaspHOrO rasa,
YUMTHLIBAIOHIEE OCHOBHLIE KAUECTBEHHBIC OCODEHHOCTH MEXMOJIEKYJISIp-
HOIO B3aMMOJEHCTBHUA.

B mopcaM uacasbHOrO raza He yYHTHIBAJOCh HH B3aMMOICHCTBHE
MOJIEKYJI Ha DAcCTOSHHK, HHM KOHECUYHBIM pasMcp CaMHX MOJIEKYJL.
HanoMumuM, 4TO CHAbl B3aUMONEHCTBMS MEXZY MOJEKYJIaMH HUMEIOT
JJIEKTPOMArHUTHYIO TIPUPOAY, XOTS B LIEJIOM MOJIEKYJIH JIEKTPHUECKH
He#lTpanbHb. Ha 60ablUMX pacCTOSHMAX Npeo0/agaloT CHUIK IPUTSKE-
HUS MEXJY MOJIEKYJAMH, @ HA MajHX — CHIH orTankuBauud. Cran
NPHUTSXKEHHS MEXAY MOJEKYJIaM# ORICTPO yORBAIOT C YBEIHUEHUEM PAC-
CTOSHHMS MEXAY HUMHM, M MOITOMY NPH Majoi IUIOTHOCTH ra3 Beaer cebs
KaK upeaspHbil. Ho Tem He MeHee CWiABl IPHUTSIKCHUS CYUIECTBEHHEL,
TaK KaK MMEHHO OHH NPHBOIAT K KOHACHCALMM ra3a B Xugkocts., Or-
TaJKHUBAHME MOJIEKYJ HAa MAJbIX PACCTOSHUSX HACTONbKO OLICTPO BO3pa-
CTAeT NMpH uX COMMXKEHHM, YTO C XOPOUIEH TOYHOCTHIO MOJIEKYJIbl MOXHO
CUMTATh TBEPOBIMM B3aMMHO HE NPOHMKAIIIMMH TEJIaMU M TOBOPUTH 00
ux cobcrBeHHoM o0beme u IPEKTHBHOM muaMeTpe. ITOT 0OBEM CTABHMT
npenes BO3MOXHOMY CXATHIO rasa.

Monenb TBEPABIX MAPOB. IIPUBENEHHBIE COOOpaXKEHHUS I03BOJSIOT
HPEIUTOXKHUTh NPOCTEARYI0 MHUKPOCKOIIMUYECKYX MOJEIb PEaThbHOro ra-
3a — MOMEJb TBEPAMX mapoB. B artoit Mogesm MoyIeKy/H paccMaTpuBa-
IOTCS KAK TBEPALIE WAPL PaiMycad ry, B3@aUMOAEHCTBYIOMME TOMbBKO MPH
CONPUKOCHOBEHHUH APYT ¢ Apyrom. Kpome paguyca r,, cHCTeMa XapaxkrTe-
puayercst Maccoit m MosiekyJs (IapoB), UX KOHUCHTPAaUMEH n 1 CpemHei
KMHETHYECKOH 3Heprueir temnosoro apwxkenus (3/2)4T.

Yro6u pazobpaThCa B CBOMCTBAX TAKOH MOJEIH, HAMAEM COOTBETCT-
BYIOIMH eit 6e3pa3MEPHEIA [apameTp v, COCTaBJICHHBIN M3 ry, M, N U
kT. TockonbKy BpPeMs BXOOUT TOMBKO B kT, T0o kT B 6e3pasMepHpIi na-
paMeTrp Yy BXOAUTb HE MOXeT. HO TOrma HE MOXET BXOOUTb B HETO M
Macca m. A M3 OCTABIUMXCS BEJUUHH Iy K 11 MOXHO COCTABMTb TOJIKO

OOMH HE3aBMCUMBIH 0Oe3pasMepHhBIil mHapaMmerp vy = rgn, dusnueckni
CMBICJI KOTOPOTO — OTHOWIEHHE COGCTBEHHOIO 00beMa IHApa K CPENHEMY
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ofbeMy, NPUXOOSIIEMYCS HA OOHY MOJeKyay B rase. [IpemeabHomy ciy-
Y30 MIEeaJbHOIO ra3d COOTBETCTBYET CHJIBHOE Pa3pexXeHue, T.e. y<< |1,
KOTId JHEPruUs B3aAUMONEHCTBUS MOJIEKYJ NOJXHA CTATh [IpeHEOPeXuMO
MaJsIoi 1o CPABHEHHUIO C JHEPrueil TEIUIoBoro aBuxeHus k7.

B cripHO €CXAaTOM rase OTHOWIEHUE CPEOHEH JHEPruM B3aMMOMEHCT-
BUS MOJIEKYJ K MX KUHETHUYECKOH HHEPIHHM OODKHO 3aBHCETh OT TEM-
NEepaTypH, MOCKOJbKY € YMEHBbIICHHEM TEMIIEPATYDPH OTKJIOHEHHE pe-
aJIbHOTO rasa OT MAEAIbHOIO CTAHOBHTCS BCe DOosnee u 6osee 3aMETHBIM.
OpHako B MONEJM TBEPABIX [MAPOB 3TO OTKJIOHEHHE OIpPENCAsieTCs
TOJIBKO [apaMeTpoM Y M, CJAEOOBATEJbHO, HE 3aBHCHT OT TEMIIEPATYPHI.
[Toatomy mociaenoBaTeIbHAS MUKPOCKOINMUYECKAS MOMNEIb PEaabHOIO ra-
33 JOJIKHA YYMTHIBATh B3aUMOREHCTBHME MOJIEKYJ APYr € OPYIOM M Ha
PACCTOSIHHM, @ HE TOJIBKO IIPH HEMOCPEACTBEHHOM COMPHKOCHOBEHHH.

Moznens Ban-pep-Baannca. [Ipucrynas K noayyeHHIO NpUOTHXEHHOTO
yDPaBHEHHUS COCTOSIHUSI PEANBHOTIO rasa, OyneM CUMTaTh, YTO B3aMMOMEHi-
CTBHME MOJIEKYJI IIPUBOIUT JUIOb K HeGOMbIIKM [ONPABKAM B YPABHEHUU
COCTOSIHUS MAEANBHOIO raza. [Ipu mocTaTouHO BRHICOKMX TEMIIEPATYpax U
MaJbiX IUIOTHOCTEX Ta3d MCKOMOE yPaBHEHHE NO/DKHO IPUBOOUTH K TEM
Xe pe3yJbTaTaM, YTO U ypaBHeHHe Menpeneesa—Kianeiipona.

Vuer pasmepos Moaexya. IIpexne BCEro yureM KOHeWHHE COOCTBEH-
Hble pasMepsl MOeKys1. (DakTUYECKH ITO [PUBOAUT K TOMY, UTO IPERO-
CTABJIEHHHIH MOJIEKYJIAM ra3a mas OBHXEeHus o6beM Oymer MeHbe 06b-
ema cocyma V. [ToaToMy B ypaBHEHMM COCTOSHHS OTHOIO MOJIS MIEA/Ib-
HOro ra3a 3ameHnM obwem V Ba V — b, rme b — xapakrepHas s
JAHHOIO ra3a IO0JOXHUTE/JbHAS [IOCTOSHHAS, YUMTHIBAIOMAS 3aHUMAEMBII
MOJIEKYIaMH OFBEeM:

p(V — b) = RT. (0

W3 aroro ypasHeHUs BHAHO, uTO 00beM rasa V He MOXeT OHTb che-
JIaH MeHbIIe, ueM b, Tak Kak 1pu V — b nasieHue ra3a p HEOrpaHUYEH-
HO BO3pactaer. PasymeeTcs, He cienyer OXHOaTh, YTO IPH 3HAYEHUSX
V, 6iu3kux x b, ypapHenue (1) Gyner mpaBMAbHO ONMCHIBATH TIOBERE-
Hue rasa, ub0 0 CBOEMY CMBICAY MOCTOSHHAS b SBAAETCS MAJOR mo-
IpaBKOM: b<< V.

YyeT B3aMMOREHCTBHSA MEX]Y MOJIEKyJaaMd. YUTEeM Temepb NpOosBsi-
foureecss HA GOBINMX DPACCTOSHHMSX IMPUTSKEHHE MEXAY MOJEKYIAMH.
[MpuTsaXeHue MOKHO HPUBOIATE K YMEHBIICHUIO OKA3HIBAEMOIO razoM
NABJICHKS HA CTEHKH COCYNd, TAK KK HA KAXIYIO HAXOASIUIYIOCs BOMM3H
CTEHKH MOJIEKYJNy OYHeT neicTBOBATH CO CTOPOHHEI OCTAJABHBIX MOJIEKYJ
rasa cuia, HanpaBJIeHHAs BHYTPb cocyna. [IoaToMy naBjieHHE HA CTEHKH
p 6ynmeT MeHblIe 3HAYEHUS, qaBaeMoro smpaxenueM (1), HAa HekoTOpyIO
BEJUUHMHY P (2)

__ _RT !
p_V—-b p
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OT uero MOXeT 3aBMCETh BeauuuHAa p'? MOXHO OXMEaTh, uto B
rpy6oM npubamXenuu cwia, REACTBYIOMAS HA KaXAYI0 MOJEKYNY CO
CTOPOHBI BCEX OCTAJAbHBIX, OYHET NpPONOPLMOHANBHA UYHUCTY OKPYXAK0-
IUX MOJIEKYJ, T.e€. IUIOTHOCTH rasa. (CJIeqoBATENbHO, M IONPABKA K
IIEpenaBaeMoMy omodenbHOU MOJEKYA0H MMIYJIbCY NMpU yAApe O CTEHKY
[POIIOPUMOHANBHA ILTOTHOCTH rasa. [Jompaeka xe K mnepenaBaeMoMy
npu ynapax O CTEHKY BCEMHM MOJIEKYJaMH MMIyaecy (T. €. K naejie-
HH0) OyReT NponopuMoHajJbHA Kgadpamy MIOTHOCTH ra3a WM, YTO TO
Xe camoe, 00paTHO mMpOIOpPUMOHAIbHA KBAApaTy obbema. [ToaroMy BhI-
paXKeHHe JUIS P MOXHO 3aIIMCATh B BUJE

’ a
p = 72 (3)
e a — XapaxkTepHas AJs AAHHOIO ra3a MHoJOXHTenbHas IMOCTOSIHHAS.

ITockoabky p', Kak u b, siBAgETCHE Manoi NOIPABKOH, HOMKHO BHIIOI-
!

HATbCS HEPABEHCTBO a/V2<< p. [Moncraeass p u3 dopmynn (3) B ypas-

Henue (2), noayuum

2y —p) = 4)
p+V2)(V b) = RT. (4)

Ypasuenue (4) HasuwBaercs ypasHenuem Ban-dep-Baanbca. OHO
OpUOMUKEHHO YuMTHIBAET OCODEHHOCTM IIOBEAEHMS DPEAJbHOIO Ta3d,
00yCIOBJICHHBIE MEXMOICKYIAPHEM B3aUMONEHCTBUEM B COOCTBEHHEIMH
pasmepaMu Mojekya. IlocrosinHme Ban-nep-Baanbca a m b onpene-
JISIOTCS ONBITHHM NYTEM: HX 3HAUCHMS IUIS KAXKAOro rasa BHOMpaoTc
TaKuM 00pasoM, uTobu ypaBHeHue (4) HAMIYYOIMM 06Pa30M OMUCHIBAIO
[OBEAEHUE NAHHOIO rasa.

®eHOMEHOJOTHYECKHH Xxapakrep ypasHenns Baun-nep-Baainca. He
C/IefyeT pacCMATPUBATh IIPHBENCHHLIE BHIE PACCYXAEHUS KaK CTPOruit
BHIBOJ YPaBHEHHUSI COCTOSIHUSL peanbHOro raza. OHu npenctasiasior coboit
rpuMep (HEHOMEHOJIOrHUECKOrO MOOXOAd, IIPH KOTOPOM KAYeCTBEHHBIM
B 3aKOHOMEPHOCTH YCTAHABJIMBAETCS C IOMOIIBIO HABOOSMIMX cooOpa-
KEeHHMI, 4 KOTNYECTBEHHEE XapAKTEPUCTUKU — B JAHHOM CIydyae [ocro-
SHHBE @ U b — HAXoOATCs U3 CPaBHEHUS C dKcrepumentoM. Kak u Bes-
Koe (PEHOMEHOJIOrHUECKOEe COOTHOmEHUE, YpaBHenue Ban-agep-Baannca B
HEKOTOPOM 00J1acTH — npM OOCTATOYHO BHICOKUX TEMIEpATypax M Ma-
JBIX IUIOTHOCTSX — [AeT [PaBWIbHOE KOJUUYECTBEHHOE OMUCAHHE
CBOMCTB peajbHOIO ra3a, TOrAa Kak BO BCed 001acTu usMeHeHMs mapa-
METPOB OHO JA€T TOJbKO KaUeCTBEHHYIO KAPTUHY IIOBENCHUS rasa.

KpoMe ypaBHenus Bau-nmep-Baassca Obin0 mpemoxeHo MHOro apy-
MMX 3MIIMPHYECKUX YPABHCHHH COCTOSHUS PEasIbHHX ra3oB. Hekoropuie
U3 HEX N3I0T JYyJInee COrJIACKE C OMBTOM 33 CueT 0OIbIero Yucaa BXO-
OSIuX B HUX (PeHOMEHOIOrHUECKHX MOCTOSHHBX. OMHAKO IPH KAYeCT-
BEHHOM MKCCJICAOBAHMHU IIOBENEHUS DPEANbHBIX 4308 ynoOHO MCIONB30-
BATh MMEHHO ypasHeHue Ban-nep-Baansca Gnaromapst ero mpocrote u
SCHOMY (DU3MYECKOMY CMBICITY.
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Hzorepmbl Ban-aep-Baannca. Jns wMccienoBaBuMs mNOBENeHMS rasa,
MOAUMHSIOWIETOCS YpaBHeHUIO Bawu-nmep-Baanbca, paccmorpum oripene-
JIieMBI€ 3THM YDABHCHHMEM HM30TEPMHI, T. €. KPHUBLIC 3aBUCUMOCTH P OT
V npu 3agaHHBIX 3HaueHusXx temriepatypw 7. C 31oif uenabio nepenu-
mem ypasHeHue (4) B Buue

3 RT\ 2 a,, _ ab_
% (b+p)V+pV 2 0. (5)

IMpu PUKCHPOBAHHLEIX 3HAUEHMSX p U T ITO YPaBHEHHUE TPETheEi cTe-
NEHM OTHOCHTEIbHO V. YpaBHEHME TPEThEH CTENEHW MMeeT MuOO OnMH,
nub0 TPX BEMIECTBEHHHBX KOpHS. [102TOMY npH JaHHBIX 3HAYEHUSX [aB-
JEHUS ¥ TEMNEPATyph ypaBHeHue (5) maer aubo opHo, uboO TpH 3HA-
ueHus 0fbeMa. 3T0 3HAUMT, YTO Ha p—V-ouarpaMme U30TEpMa IEpece-
KAeT IOpHM30HTAJIbHYIO NpAMYIO p == const /b0 B OaHOi TOuke, Jub0 B
TPEX TOMKAX.

Ha puc. 85 npuBeneHH H30TEpMbI, COOTBETCTBYIOINUE pA3JTMUHBIM
sHauenusiM temnepatypu T, > T, >T,>T,. H3orepma, cOOTBETCTBYIO-

mas goCTarO4yHoO BBICOKOH TEMIIEpAaTypeE TI’ MaJI0 OT/IMYAETCH OT HM30-

ph

[
|
|
!
|
l
[
l
1
|
[
|

0 b V
Puc. 85. M3orepmbl raza Bau-nep-Baanbca Ha p—V -guarpamme

TEPMBI HAEANbHOIO rasa, M OXHO M3 CaMHX CYIIECTBEHHHX OTJIHYUM
3aKJII0UAETCH B TOM, YTO 3HaUeHHe 0ObeMa V HU NPy KAKUX NABJIEHHUSX
He Moxer Omth MeHblie b. IIpu mocraTouHo HM3KMx TeMmnepatypax T,

n T, M30TEPMbl CONEPXAT BOJNHOOOpa3HBIH yyaCTOK, TaK YTO Npsmast

p = const TPHXIEL nepecekaeT n3orepMy. CymecTByeT HEKOTOpas TeM-
neparypa T, Takas, uTO COOTBETCTBYIOIIAsl il M30TepMa OTHEASET BCE
MOHOTOHHBIE M30TEPMBI, JEXKAIUE BHIIE HEe, OT «ropbaThiX», JeXAaIuX
Huxe. Takasd TeMrneparypa U COOTBETCTBYIOWIASL €l M30TEpPMaA HOCST HA-
3BAHUE Kpumu1eckux.

DKcrnepMMeHTadbHble H30TepMBI Juapioca. s Toro YTo6nl BRSCHUTH
CMBICJI 3TO# HA NMEPBHIH B3MISK BECbMA CTPAHHOM 3aBUCHUMOCTH, CIEHYET
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obpatuTecst K onury. Ha puc. 86 moxa3aHbl MOIyYEHHBIE IKCHEPUMEH-
TaJbHO U30TepMbl yriekucioro ra3a CO,. [Ipu Bhcoxux Temneparypax
9TH M30TEPMBI OUEHb MOXOXHK HA M3OTEPMBl MIEAJBHOIO rasa. [Ipu Hu3-

p

0 ¥ 72

Puc. 86. DkcneprMeHTansHbie M30TEPMB! YIAEKHUCHIOIO rada

KHX TEMIIEpATYpaxX XapakTep M30TEPM CYUIECTBEHHO APYTOK: Y HUX HMeE-
€TCS TOPHM30HTAJBHLIA YYACTOK, HA KOTOPOM JABJICHHME OCTAETCS IIOCTO-
SHHBIM, HECMOTDPH Ha M3MEHEHHuE 0OneMa.

PaccmoTpuM, KakuM (PM3MUECKHMM IIPOLECCAM COOTBETCTBYIOT pas-
JMYHBIE YYACTKHM M30TEPM. [IpM M30TEPMHMUECKOM CXKATHH OTHOTO MOJS
YIJIEKMCAOTH Ha yyactke AB (puc. 87) ona seaer cebs nogobHO mueann-

o4

4

Puc. 87. CpaBHenue IKCIepMMEHTRNBHOM H30TEepMEI C U3oTepmoi Bau-aep-Baansca

HOMY rasy: JasjeHue BO3pacTaeT npu yMeHbmeHun obvema. [Ipu nanb-
HEHIIEM CXATHUM NABJCHHE B COCYNE OCTAETCHS HEM3MEHHEIM, a4 B COCyne
MOSBASETCH XHAKAS YMIEKMCI0Td. Tak mpomo/Xaercs Ha BCEM YyacTKe
BC, noka B Touke C BeChb ra3 He CKOHZEHCUPYETCS B XHIKOCTh. YUaCTOK
BC cooTBETCTBYET PABHOBECUIO MEXXY XHAKOH YIVIEKHUCIIOTOM U €€ Ha-
ChIINcHHLIM mapoM. HdanbHelmmMe NONbBITKH CXATHS XHAKOCTH CONpO-

8 E.H. Byrukos u ap. Kuura 3
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BOXIAIOTCS PE3KMM YBEJIMUYEHUEM NABJCHUS MPH CAMOM HE3HAYMTEb-
HOM yMeHbIIeHuM o0beMa.

HanoxuMm Ha rpahuk 3KCHepuMEHTAIbHO [TOJYUEHHON M30TEPMBI Te-
opeTHYecKyIo KpuByIio Ban-nep-Baanbca mig To# Xe camoi TeMiiepaTyphl.
[TapameTpnt @ 1 b MOXHO BHOpPATh Tak, yToOH Ha yuactke AB, cooTseT-
CTBYOIIEM ra3000pa3HOMY COCTOSHUIO, 06€ KPUBHE NPAKTHYECKH COBIA-
gann. D10 3HAYMT, YTO ypasHeHue Ban-nep-Baanbca sriosHe ynoBaeTBo-
pUTETBHO OIMCHBAET CBOMCTBA MApoB, HaJeKuX OT HacheHus. Kpyrtoi
XOJI TEOPETHUYECKOH M30TepMH HA yuactke CD KayecTBEHHO MPABHJIBHO
IEPENAET MANYK CXKHUMAEMOCTh >KUAKOCTH, XOTS IKCHEPUMEHTANbHAS
U30TEPMa HA 3TOM YUACTKE MAET ele Kpyue. Ho BoaMHOOOpasHhIHi yuacToK
TEOPETUYECKON M30TEPMBl COBEPIIEHHO HE IOXOX HA COOTBETCTBYIOUIEE
€My IUIATO IKCHEPHMEHTANbHON KPHUBOM,

Meracrabuabubie cocTosHus. OQHAKO OKA3LIBAETCS, UTO DS COCTOSI-
HU, nonagarmux B 06aacTh «ropboB», MOXET OHITh IKCIEPUMERTANBHO
OCYILECTBJIEH Ipu cobmonenun orpeneneHnux ycaosuil. Tax, B coBon-
HOM OT NBUTH M 3aPSKEHHBIX YACTHL MPOCTPAHCTBE YAIETCS TIpH MOCTE-
[EHHOM CXATHY HOAYYUTh HAPH NP JaBaeHuM, O0bIIeM NaBAEHHUS HA-
CHIIEHHLIX [1apPOB IIpM NAHHOM TeMieparype. Takue napsl Ha3HBAKTCSH
nepecolujeHHbIMU, N UX COCTOSIHUS NOCTATOYHO XOPOIIO ONHMCHLIBAIOTCH
yuactkoMm BB, teopetHueckoi u3orepMu (cM. puc. 87). ITH cocTosiHnS
IIPH MOSBJAEHUH LEHTPOB KOHACHCALMA — MOHOB, ILLIKHOK, MEJIbYaRIINX
KAIeJeK — CTAHOBATCH HEYCTOMUMBBHIMM, M IEDECHINEHHBNA nap MPHO-
BEHHO KOHAECHCHPYETCS B TYMaH.

[TepechmeHHB AP MOXHO IOJYYMTh HE TOJBKO IPH H30TEPMHUE-
CKOM CXATHH, HO U [PH OXJIAXICHMHM HACHINEHHOro rnapa. [loatomy ero
HHOIMA HA3HBAIOT TAKXE NepeoxnaxaeHHuM. Takoit crocob nonyuenns
TEepeCHIIEHHOr0 rapa HKCHoab3yeTcs B kamepe BuibcoHa, Hamepumiest
LUEPOKOE [PUMEHEHUE HA 3ape SaepHOM (PM3MKH AJS PErHCTPALMH 3a-
PSOKEHHBIX YACTHLL.

AKupxas yriekucaora npu HOCTENEHHOM U30TEPMHUUYECKOM pacIIupe-
HHUM MOXET COXPAHUTHCS B XXMAKOM COCTOSIHUHM U IPH OABJIEHHHM, MEHb-
1eM AABJEHUS HACHIUECHHHIX NMAPOB IMpHM OAHHOM Temmeparype. Takue
COCTOSIHMSL, KAK YX€ OTMEuasoCh, HA3LBAIOTCS [IEPErpeToil XHUAKOCTIO,
U MM cooTBETCTBYET yuacrok CC, TeopeTuueckoit m3orepmsl Ban-mep-
Baanbca. Ileperperast XuAKOCTh MOXeT ObITh NMOTYYEHA TAKXeE HArpeBa-
HHEM XUIKOCTH IPH IOCTOSSHHOM OABJCHHMH, €CJIM [IPUHSTh MEPH K TO-
My, uTOObl XXHAKOCTh U CTEHKH COCYHA HE COAEPXajn PACTBOPEHHbLIX ra-
30B, KOTOpbie NpU HArpeBaHMM MOTYT BHAEASTbCS € 00pasoBaHueM
[Iy3bIPHKOB M CTAHOBHTHCS 3apoabimamu HOBOH ¢hasw. [Ipu mossiaennn
LEHTPOB KUIEHUS MEPErpeTas XHUIKOCTh MFHOBEHHO 3aKHUITAET.

TaxuMm 00pasoM, YYacTKu AB; n DC| TeOpeTU4YECKOH K30TEPMHI CO-

OTBETCTBYET COCTOSHHMSIM BEIIECTBA, KOTOPHE, XOTH U HEYCTONUYUBH, HO
MOryT OHTb OCYIIECTBJIEHR AKCIIEPUMEHTAIBHO. Takue COCTOSHUS Ha3bl-
BAIOTCH MemacmabunbHbimu.
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AGcomoTHO HeycToiuussie cOcTOAHHA. COCTOSHMS BEmwecTsa Ha
yuactke C;B; (cMm. puc. 87) spasiorcss abCOMIOTHO HEYCTOHYMBRIMHU U
BOOOINE HE MOTYT OCYIIECTBASTHCS B IPHUPONE, TAK KaK MM COOTBET-
CTBYET yMeHbIIEHUE NABJICHHd NpU Ckatuu. [IpencraBuM Ha MUHYTY,
YTO TAKHE COCTOSHHUS BO3MOXHEL [IycTb HeOOsbmIas YacTh BELIECTBA
ClyuaiHO CXkajnach B pedysnbrare (uykryauuu IutoTHoctu. Torga pas-
JIeHNE B JTOM MECTE YMEHBIOHTCS U CTAHET MEHBIIE J3BJICHUS OKpPY-
XKAOLIEA CPefbl. D70 NpUBENET K NaJbHEANIEMY CKATHIO BHIIEICHHOIO
BEWIECTBA M T.J. — CHUCTEMa CaMOIPOM3BOJIbHO BHIXONMUT M3 TAKOIO
HEYCTOMYUBOIO COCTOSHUSA.

Ecau HEYCTOHUMBOCTD COCTOSHMM, COOTBETCTBYIOMMX yuactkam CC,

u BB, o0ycn0BaMBanack HATHYHEM LEHTPOB KOHNEHCALMU ¥ KUIICHHUS

u noToMmy OBUla B NPMHUMIE YCTPAHUMOH, TO HEYCTOHUYMBOCTH COCTOS-
Hu# Ha yvactke C B, CBs3aHa ¢ HEn3OEXXHEIMH TENI0BMMH (BaykTyauu-

MU WM IPUHIMIIMAILHO HeyCcTpaHuMa. [103TOMYy Takue COCTOSHMS TEO-
PETHUECKON U30TEPMBI HUKOTNA HE OCYMIECTBJSIOTCH.

Hanuuue HeOoCymeCTBUMOro y4actka Ha u3orepMmax Baw-nep-Baasab-
€a IpH TEMIEPAaTypax HUXEe KPUTUUECKOH 03HAUYAET, YTO [PH MOCTEHIEH-
HOM M3MEHEHHHM O0BEMa BEIIECTBO HE MOXET BCE BpeMs OCTaBATHCH OX-
HOPORHBIM: B HEKOTODHIA MOMEHT NOJDKHO IPOM30RTH PacCc/JIOCHHE Beme-
cTBa Ha B¢ asnl — XHAKYIO M ra3oo0pasHylo.

B cBsg3u ¢ 3THM MHTEPECHO OTMETHUTH, UTO IMIMPHUECKOE YPABHEHHE
Ban-mep-Baanbca, noayueHHoe C HeJbl0 BBENEHHMS MasbiX MOIPAaBOK K
YPAaBHEHHMIO COCTOSIHMS MICAJbHOIO rasa, akruueckm okasanoce 3d-
dexTuBHHM B ropasno 6Gonee mupokoit obnactu. B camom mene, oHo
yKa3an0 Ha CyINeCTBOBAHME KPUTHYECKOH TEMIEpaTypsl U Ha Heobxomu-
MOCTh PACCJIOCHHUS BEIeCTBA HA (a3wl NP TEMIEPaTypax HUXeE KPUTH-
yeckoi. OHO Takxe OTPa3wI0 BO3MOXHOCTb CYmCCTBOBAHMS COCTOSHMI
MEePECHINECHHOIO 1apa ¥ MEepPerpeTon Xum-
KOCTH, KauYeCTBEHHO OIHCaI0 MaIYI0
CXKUMAEMOCTb XHAKOCTER M T. I.

i

KpHrH4eckoe COCTOSHHEe BelecTsa. \K

[TpocsenuM, KaK U3MEHSIETCS O Mepe I0-

BHIIIEHUS TEMMEPATypu 00aacTh cocyme- ~

cTBOBAaHUS ABYX a3 Ha p—V-nquarpamme. S~

[TpsMoanHEHHBIA YYacTOK 3KCIEPUMEH- M N ~-

TanbHOK M3OTEPMBI YMEHBIAETCS € POC- >

TOM TEMIIEDATYPH M IIpH KPUTHYECKOM

TemmepaType CTATHBAETCS B OFHy Touky Evc: 88. Tpammusi pasuosecis
Pa3HUYHBIX 4)3.3 Beliecrea Ha

K na puc. 86. Ecin coenuuuth MexXny €O~ pZ ) arpamve

60if TOUKHM HAYasNd TOPH3OHTAIBHBIX yya-

CTKOB HA BCEX M30TEPMAX, 4 TAKXE TOUKH

KOHUOB 9THX YYaCTKOB, TO IOJIyYHM HEKOTOPYIO KpuBylo MKN (puc. 88).

JTa KpUBas NPENCTaBJIseT COO00M rpaHMLy, OTACASIOLLYIO COCTOSHHS, B

KOTOPHIX BEIIECTBO CYNIECTBYET B ABYX HAXOASIUXCH B paBHOBecuu ¢a-
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3ax, ot ognodazHeix cocrosiHni. CooTeeTcTBYIOmMUE TOUKe K faBjieHue u
o6beM nosyurn HaspaHue Kpurtuueckux. COCTOSHUE BELIECTBA B TOUKE
K HaswBaeTcs kpumuueckum COCMOSIHUEM.

B kputuyeckoil TOUYKE CIIMBAIOTCS B OOHY TPHU TOUKH, B KOTOPHIX rO-
PU3OHTAJIBHHA YYACTOK IKCIIEPUMEHTANBHON M30TEPMEI IIEPECEKAET U30-
tepMmy Ban-nep-Baannca.

B kpuTHuecKOM COCTOSTHUY MCYE3AET PA3TMYME MEXAY XHAKOCTBIO M
ra3oM, HET ¥ HMKAKOH rpaHuub pasnesna mMexny Humu. [Ipu atoM Tepsi-
IOT CMBIC/T TAKHME NOHSTHS, KaK ITOBEPXHOCTHOE HATSIXKEHUE, TEIIOTA a-
poobpasopanus.

CXMMaeMOCTh BEIXECTBA NPM NPUOTUXKEHUM K KPUTHUECKOMY COCTO-
SHUI0 HEOTPAHMYEHHO BO3pacTtaer: rpaduk HU30TEPMBI B OKPECTHOCTH
JTOH TOUKH UAET rOPMU3OHTAJIBHO M, CJIEXOBATEJbHO, MAJOE U3IMEHEHHE
o0bemMa BemecTBa He COIPOBOXAAETCH M3MEHEHUEM NABJICHHUS. JTO IpH-
BOAUT K CYHICCTBOBAHHMIO OOJMbIUMX (DAYKTyamMil [IOTHOCTH B KPUTHYE-
CKOM COCTOSTHUM, KOTOpPHIE NPOSBJISIOTCS, HAIIPUMED, B SIBJCHUM KPHTH-
YECKO# OnanecUeHUMH -— CUJIbHOM pacCesHMM CBETa HA CIyyaWHRIX
HEOAHOPOTHOCTSIX.

Ipanuub paBHOBeCHs pasHbX (a3 BemecTBa Mexay coboi mnoxasa-
HH Ha puarpamme coctogHuit (puc. 88). 'panuua KS sBasieTrcs uucro
YCJOBHOH M COOTBETCTBYET MCTOPHMYECKOMY IEJEHHIO ra3oobpasHoro co-
CTOSIHUS HA 11ap U «MCTHUHHLIA ra3» B 3aBUCMMOCTH OT TOIO, HAXOOMUTCH
i BEUIECTBO IIPM TEMIIEpaType HIXKE W/IM BhIIE KPUTHUYeCKO#. B or-
Juune OT rpaHuusl MKN Ha 2T10ii guarpamme, IPH IEpEXONe uepe3
rpaHuny LKS HUKAKHUX KayeCTBEHHBIX M3MECHEHMIl B BEIIECTBE HE IIPO-
HCXOIUT.

e B kakux sBleHUSX OOHApYXMBAIOTCS OTKJIOHEHMS TMOBENEHUS peasibHbIX ra-
30B OT NpeackasaHud Mopenu ugeasbHOro rasa?

e [MoueMy Mogenb TBePABIX HIAPOB HE B COCTOSHUM OOBACHUTH PAKT yCHIIEHHMS
OTKJIOHEHUS CBOICTB PeasibHONO ra3da OT HMAeasIbHOTO MpPH MOHUXEHHMH TeMrie-
patypbi?

o Kakoit ¢uanueckuit cMbiCT MMEIOT MapaMeTpel @ U b, GUrypupymwure B
ypaBuenuu BaH-nep-Baaneca? KakoBa ux pasmeprocts? Kakum o6paszom
ONPpeNesAIOTCA UX 3HAYEHUS IS peasibHbIX rasos?

¢ B yem sakjiouaercs (eHOMEHOJorMYecKMi xapakTep ypaeBHeHus Bau-zep-
Baansca?

e C yeM cBA3aH KayeCTBEHHO pas/iHuHbIf BuA M3oTepM Bau-nep-Baasneca npu
pa3HbiX TeMmnepaTypax?

e Onuiuute PusudeckHe MPOUECCH NPH U3MEHEHUM 06bEMAa CUCTEMBLI, COOT-
BETCTBYIOILME Pa3HbIM YHACTKAM 3KCMEPUMEHTANbHOR U30TEPMBbI.

e Kak npakTHYecKH MOXHO OCYIECTBHUTh MeTacTabu/bHbie COCTOSHHS, COOT-
BeTCTBYWOWME yuacTkaM CC; u BB TeopeTHuecKoil n3otepmel Ban-pep-Ba-
ansca (puc. 87)7

e [loyemy yuacrtok B;C, TeoperHyeckoil uaotepmbl (puc. 87) mpHHUHUNHAILHO
HEOCYUIECTBHM Ha OnbiTe?
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o TlosacHure, xakUM oOpa3oM ypasHeHHe BaH-mep-Baanbca yxassbiBaer Ha He-
00X0AHMMOCTb PACCJIOEHHS BellecTBa Ha (asbl MPH TeMMnepaTtypax HHUXe Kpu-
THUYECKOH,

o Yro rakoe xpUTHUecKoe coctoaHHe? KakuMu ceofictBaMu obnanaer seuwecr-
BO B KPHTHYECKOM COCTOSHUM?

e ITosacHure, nouemy npu nepexoae uepes rpaHuuy LKS na puc. 88, paspens-
OUYK ras 4 nap, HUKaKMx KauyecTBEHHBIX W3MEHECHHWH B COCTOSTHUM Belle-
CTBa He IPOUCXOAUT.

§ 27. Masosbie nepexopb!

[Mepexon BeujecTsa u3 OXHOM hassl B APYryo NpH 3afaHHOM JABJICHUH
MPpOUCXORUT BCELAA NPH CTPOro onpeResieHHoi Temneparype. Hanpumep,
ec/Ad HarpeeaTh Jiex NP HOPMAJbHOM aTMOCHEPHOM IABJIEHUH, TO OH
HAYHET MJIABMTHCA npH ZocTHxeHuyn Temnepatypu 0°C, # sra temmepa-
Typa, HECMOTpPS. HA NOXBOX TEILIOTH, OyAET OCTABATHCI HEM3MEHHOU 1O
TeX HOp, I10Ka BECh JIGA HE pacTaer ¥ HE NpEBPATHTCSA B BORXY. B mpo-
Lecce MIaBJEHMS JIEeX ¥ BOXA CYUIECTBYIOT OOHOBPEMEHHO, HAXOOACh B
TENJIOBOM PABHOBECHH APYT C APYroM. Eciy npexpaTUTh MOXBOX TEILIO-
THI, TO JIEA ¥ BOAA OyIyT COCYyWECTBOBATb NpH STOM TEMIEpAaType Heor-
PAaHUYECHHO JOJITO.

OunarpaMMa cocrosHdd. Eciu M3MEHuUTDh NaBjcHUE, TO M3MEHUTCH M
Temriepatypa ¢dasosoro nepexona. JpyramMu coBaMH, COCYECTBOBAHKE
IByx ¢as B paBHOBECHH BO3MOXHO JIMIUb MPH CTPOTO ONPEAECTCHHOM CO-
OTHOIIEHNH MEXAy NABJIEHHeM H temnepatypoit. Eciu nsobpazuts arty
3aBHCHUMOCTh B BHAC KPHBOH B cHCTEME KOOpAMHAT p—7T, TO NONMYyUYUTCS
TaK Ha3nlBaeMasd duazpamma cocmosiHull.

KpHBas paBHOBECHS NAP~XHIKOCTh. PaccMOTpMM pguarpammy COCTO-
auuil s $HasoBoro mepexoga MEXAy KHMAKOCTBIO M ee napoM. Bcnom-
HUM, uTO Ha p—V-puarpamme (puc. 86)
pPaBHOBECHIO MEXIY >XXKHMAKOCTBIO M MapoM
COOTBETCTBYIOT TOPM3OHTANBHBIE YYACTKH
IKCHEPHUMECHTANBHBIX M30TEPM. [ OpH30H-
TaAbHBIH XOX HM30TEPMBl Ha 3THX Y4acTKax
COOTBETCTBYET TOMY, YTO NPU NAHHOU TEM~
fepatype He3aBHCHMO OT o0beMa paBHOBE- —
CHE MEXAY XHAKOCTBX M I1apOM BO3MOXHO ., T
TOIBKO MPX ONPENC/IEHHOM HABJCHHMH. [10-  puc.89. Kpueas pamsosecus
ITOMY a9 NOJMYy4YCHHd KPUBOH PABHOBCCHS  xuaxocrtu M napa Ha p—7T-mm-
XUOKOCTH ¥ napa Ha p—T-guarpamMme arpamMe

HYXHO Ha OCH abCuMcC OTJIOXWUTh 3HAue-

HUS TEMIEpaTypel A8 KaXHod M30TCPMBI, a4 HA OCH OpAMHAT AaBJie-
HUe, COOTBETCTBYIOIIEE €€ NOPU3OHTANBHOMY y4Yacrky. B pesyssrare
MOAYYMTCH KpuBas, u3obpaxeHnas Ha puc. 89: masneHme, npm KOTO-

Ias
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pOM XHMAKOCTh U IAP MOTYT HAXOAHTHCS B PABHOBECHM, BO3PACTAET C
YBEJIHYCHHEM TEMIIEPATYPHI.

Kpusasg cocymecTBoBaHHS 3aKAHYMBACTCI B KPHTHYECKOH TOYKE, TAK
KaK u3 p—V-auarpaMM BHAHO, YTO IO MEpe NMOBHINEHHI TEMIEPATYpPH
FOPH30HTAJIBHHN YYACTOK M30TEPM CTAHOBHTCSI BCE MCHBLINE M MCYE3aer
IpH KPUTHYECKOH TEMIepaTrype — INpH TEMICpaTypax BHIIE KPHTHYE-
CKOil XMAKOCTb CYIMIECTBOBATH He MOXeT. [1o Mepe npubOauXeHHd K Kpu-
THYECKOH TEMIEpPaType TUIOTHOCTh HACHIMEHHOIO NMapa BO3PaCTAET; Hpu
T =T, oHa CTAHOBHUTCA pABHOM IUTOTHOCTH XHAKOCTH H map BooOme

CTAHOBHTCH HEOTJIHUUMKIM OT XUAKOCTH.

Kpusag pasHOBECHS XHAKOCTH M napa Ha p—T-aHarpaMMe Aaer 3a-
BHCHMOCTH A3BJCHHS HACHIIEHHHX I1apOB OT TEMIEPaTypul. B To Xe ca-
MOE Bpemsd 3Ta KPHBag AAacT 3aBHCHMOCTb TEMIEPATYPH KHIEHUS XHI-
KOCTH OT AaBJIEHWSH, TAK KaK KHIECHHE TPOUCKOIMT IIPH TAKoil TeMmepa-
Type, KOrga AaBJEHHE HACHINEHHOIO 1apa B Ny3HPbKaX CTAHOBHTCH
PaBHHM AaBAEHUIO B XHAKOCTH. [103TOMYy MHOrma OHa Ha3HBaETCH KPH-
BOW KHIICHHA.

KpuBas paBHOBECHS XHIKOCTH M Napa Mpeacrasaser coboil HeKoTo-
pyio rpanury Ha p—T-auarpaMme. Tak Kak Npx 3aAaHHOM AaBneHuH 6o-
Jiee BRICOKHM TEMIIEPATYPaM COOTBETCTBYET 1ap, a Gosiee HH3KHM TeMIie-
patypam — XMAKOCTh 4, Hao0OopoT, MpH 3aNaHHOl TeMmmeparype Gonee
HH3KHM JaBJICHHAM COOTBETCTBYET nap, a 6osee BHICOKHM JABAECHHSNM
XHAKOCTD, TO 00NACTh CIPAaBA ¥ CHU3Y OT KPHMBOM PABHOBECHS COOTBETCT-
BYET razoobpasHoii, a 061acTh C/ieBa M CBEPXY OT Hee — XHAKOH dase.

Nepexon nmap-xXuAKocTb. CymmecTBOBaHHE KPHTHUCCKOM TOYKH HA
KPHBOI PaBHOBECHS XHMAKOCTH H Napa OTYCT/IHBO AEMOHCTPHPYET OTCYT-

CTBHE NPUHIMIHMANBHOM PA3HMIIN MEXTY
ph XUIKAM H Tasoo0pa3sHHM COCTOSHHSMH
f I npuMepoM. Bo3bMEM Map B HEKOTOpOM
2 g 13 cocrosunu A (puc. 90) u nepeseneM ero
B : ’ B XHAKOCTh B COCTOSHHH, H300paxeH-
4
U

o>l MOXHO OCYIIECCTBHTh Pa3HHIMHM ITyTSIMH.
A | . Moxno, Hanpumep, oxMaXxaaTh ras npu
0 T, T  NOCTOSHHOM NABJACHHHM p, A0 TEX MOp,
coctosmus A B xwakoe B no pas- T g» @ 33TEM MOAHATH AaBJEHUE NPU MO-
HbIM iyTaM H2 p—T-AuarpamMe CTOSIHHOM TEMIepaType M0 3HAYCHHS pg
(nyte / Ha puc. 90). B nponecce u3oba-
3TOl TOYKE CHCTEMA PACcCAaMBaeTcd Ha aBe (ashl, TaK KaK MPOHCXONHUT

KOBACHCAIMS NaPa B XUAKOCTb.
MOXHO MEepeBEeCTH CHCTEMY M3 COCTOSHMS A B COCTOSHME B 1o myTH

[ e e — — —q Bemiecrsa. [logcHUM 3TO ClIERYIOIIAM

HoM TOoukoi B. Takoe npespamenue

Pic. 90. Tlepexon 13 rasoobpassoro  OK2 TEMIIEPATYpPAa HE CTAHET PaBHOM
PHUYECKOrO OXJaXAcHUS NMyThb [ MepecekacT KPUBYIO DaBHOBECHS, H B
2, cHayana H30TEPMHUECKH CXHMad ras 70 AaBJCHUS pg, & 3aT€M H30-



§ 27. ®A30BBIE INEPEXOXBI 231

Gapuuecku oxJIaxaas a0 Temneparypu 7 5. B aTOM ciyyae konneHcaums
papa M paccJOcHHME Ha ABe (asH MPOM3OMAET B NPOLECCE H30TEPMHUC-
CKOTO CXaTHA.

Ho nepexox MeXxay TeMH Xe COCTOSHHAMH A H B MOXHO NMPOBECTH
M TakuM crocoboM, TIpH KOTOPOM HMrae He OyIeT MpoHCXOOHTh CKauyKo-
00pa3HOro M3MEHEHHs COCTOSHHE H BEIIECTBO Bce BpeMd Oyner ocra-
BATHCE OJHOPOIHHIM. JTONO MOXHO AOOHTBCH, OCYIMECTBiAS MpPOLECC B
00xon KpUBOH COCYIIECTBOBAHMS MApa M XHMAKOCTH, HANDHMED MO MYyTH
3 Ha puc. 90. OcymecTBids Nepexox MO 3TOMY NYTH, MH HHIAE HE
yBHAEAH OH KOHAEHCAUMH H, CJISHOBATEIbHO, He CMOF/MM OW cka3aTp,
YTO BEIIECTBO MEPECTANO OHTh Ta30M M CTaN0 XHAKOCThIO. U TeM He Mme-
HEE H B OTOM CJIy4ae Mbl MOMAZEM B TO X€ CAMOE KOHEYHOE COCTOSHHE,
B KOTOPOM PAacCMATPHBAEMYIO CHCTEMY Mbl CUMTAEM XHIKOCTBIO.

B 06mqm:xx YCIOBMIX Fa3bl ¥ XKHUAKOCTH HACTOJNBKO CHJIBHO OT/IMUYA-
10TCS APYF OT APYra no IUIOTHOCTH, YTO He NPEACTABASCT HUKAKOTO TPy-
Ia pasnmumuth Mx. Ho, Kax MHl BHAEAH, PasiMuMe MEXAY ITHMH COCTO~
SHASMH BEHIECTBA B JACHCTBUTEAHOCTH HE MPUHLMIHAIBLHOE, 4 CKOpee
KOTHUYECTBEHHOE. PasnHuMe B ILTOTHOCTH CKa3HIBAETCH Ha MHTEHCHBHO~
CTH B3aHMOZECHCTBHS MOJMEKYJ] H HA XapaKTEpe TEMIOBOTO ABHXXEHHS.
Ho u ra3 npu TeMmeparypax BHIIE KPHTHYECKOH MOXHO CXaTh XO Ta-
KO# CTEMEHM, YTO E€ro0 IUIOTHOCTh CTAHET GOABLIE XAPAKTEPHOIO 3HAYE~
HHSA IJIOTHOCTH XHMAKOCTH.

H3oxopuyeckuit nepexox nap—xXUakocts. PaccMoTpum Temeps mpo-
mecc Mmepexona BemecTBa M3 ogHoH (a3 B IPYryw, MPOMCXOASIIHN
npH HEeM3MEHHOM oObeMe. ByneM HarpemaTh 3amasHHYK® amnyny, co-

o |
\
D,
%
I TeN <
b S~
- I P
O KKK v
Puc. 91. 3anasuHas aMnyia ¢ Kug- Puc. 92. lNoseaenue rpanuue! pasaesa s
KOCTBIO ¥ €€ HACBIIUECHHLIM MapoM 33aBMCMMOCTH OT ofbeMa ammysbt

AEPXAMY0 HEKOTOPOE KOMMYECTBO XUAKOCTH M HAXONAIMUiACS Hajx ee
MOBEPXHOCTBIO HACHIeHHH nap (puc. 91). Ecnu BuyTpennmit ofpem
aMnyns V, npeBHmMAaeT KPHTUUECKHI ofbeM Vyp» COOTBETCTBYIOMINIH

HaxoqqaueMycs B aMiyse KOAMYeCTBy Bemecrsa (puc. 92), To npsMas,
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COOTBETCTBYIOIAS M30XOPMYECKOMY HArpEBaHMIO, IIPOMAET crnpasa OT
KPHTHYECKOM TOUKHM M MO MEpe HArpeBaHMd KOJMHYECTBO XHUIKOCTH B
amnysie 6yaer yMEHbUIaThCH, MOKA BCE BEUNIECTBO He obpaTurcd B map
B Touke C,. IIpH 3TOM rpaHMIA XHIKOCTH OIYCKaeTcd M HCYe3aer y
HUXXHEro KoHna aMnyssl. Ecam obpem ammynsl V, MEHbOIE KPHTHYE-
ckoro obvema V,, TO mpu HarpesaHuy nap OymZeT KOHAEHCHPOBATHCH,
MOoKa BCE BEDIECTBO B aMIyJe HE MPeBPaTUTCd B XHAKOCTb. JTO TPO-
usoiger B rouke C,. 'panyua pasgena XMAKOCTH M Napa NOTHMMAETCS
M HMCUE3AET y BEPXHENO KOHUA aAMMYJIBL

Habmoaenue KpATHUECKOro cocrosHud. Ecru, Hakowen, o6pem am-
nyJBl paBeH KPHTHYECKOMY, TO IpPaBHMnd HCUE3HET [AE-TO NOCEpenuHe
aMITysibl, ¥ NPOM3OHAET 3TO, KOraa TeMmliiepatypa CTaHET PaBHOW KPHUTH-
yeckoit. Ecan o0beM aMOysbl JIMIIb HEMHOTO OTJIMYAETCH OT KPUTUYE-
CKOro, HarmpuMep MEHbLIE KPUTHUECKOIO, TO NpH HArpeBaHWH rpaHuua
KHUOKOCTh — Map B aMIlyJie nepeMeuiaercs BBEpX, HO Ucue3aeTr BCe-Taku
paHBIIE, YEM JKOXOOUT IO BEPXHEro Kpad aMmyJihl.

Tpn obvemax amnyanl ¥, u V,, 3aMETHO OTIMYAIOMMUXCS OT KPH-

THHecKoro obsema V,, MCUESHOBEHME FPaHMIBI pasfena B Toukax C, u
C, TpOMCXORMT MpH TEMIIEPATypax HXe KpuTuuecko. [Ipu manbhed-

[IeM HArpeBaHMyY aMmIryJbl HUKAKMX BUAMMBIX M3MEHEHUH BEHIECTBA HE
MPOYCXOOUT, B TOM UMCIAE€ X B TOuKax D, ¥ D, npd Temneparype, pas-

HON KpUTHYECKOH.

KpuBas paBHOBECHs XHAKOHM M Teepnoil ¢a3. AHaIOruuHsM o6pasom
Ha p—T-ouarpaMMe COCTOSHUN MOXHO PaCcCMOTPETH KPHBYIO PaBHOBE-
CH4 XUAKOM ¥ TBepao# ¢as. ITa xpuBas BHIPAXAET 3aBUCUMOCTb TEM-
[epaTypsl [UIABJIEHUS OT JABJICHUS M HA3BIBAETCS KPUGOU NJIAGNEHUSL.
[lo cpaBHEHMIO ¢ KpMBOH DAaBHOBECHS XHAKOCTH M Mapa OHA UMEET JBE
XapakTepHsie 0COOEHHOCTH. Bo-mepBEiX, Ha KPUBOM ILIABJICHUSA OTCYTCT-
BYeT KPUTHYECKAs TOYKA. JTO CBA3aHO C TEM, YTO MCTHHHO TBEpHHIE,
T. €. KPHCTA/INUECKHE, TeNa o0NafaloT ynopsaaoueHHOH MOJIEKYASpHOi
CTPYKTYpPO#l ¥ NOPUHOUNHANBHO OTIMYAIOTCS OT >XHAKOCTEH H rasos
csoeil anmsorponuei. [lepexox MeXay XHAKOCTBIO M KPUCTAIOM HE
MOXET GHTE MPOM3BEACH HEMPEPHBHEIM 00pasoM, KakK 3TO MOXHO che-
JIATh AJM9 XUAKOCTH M rasa B 0O0XOR KpUTHYECKOM Touxku. Bcerma moxno
TOYHO yKasaTh, K Kako# (ase — Xuaxo¥ WiM KpHUCTA/UIMUECKOd — o1~
HOCHUTCS TO WJIM MHOE COCTOSHHE BCIIECTBA.

Bo-BTOpHIX, HAKJIOH KPUBOH ILIABJICHHY HA p—T-IHAarpaMMe MOXET
OBITH Pa3HBIM, B OTJIMUYKE OT KPUBOM KUIIEHHUS, IAe AABJICHHE BCEraa BO3-
pacTaer ¢ ysesMueHueM Temneparypsl. Eciu nipu miasnenuu obbem Be-
LECTBA YBEJIMUMBACTCS, TO KPHBAA IUIABJICHUS HAKJIOHEHA B TY X€ CTO-
pOHY, YTO M KpuBas kuncHud., HanomHum, yto Nmpy ucnapedun obbem
BCErna BOspacTaer. Haxsion KpuBoi riasiaeHus OydeT MpOTHBONOIOX-
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HHEIM, €CTM MpH IUIABJAeHAM 00beM YMEHBINAETCH, KAK 3TO IPOMCXOMNMT,
HanpuMep, NpH TASHUM JIbJa M [JIABJCHUM YYTyHa.

Tponxas Touyka. [IBe ¢asnl BemecTsa MOryT HAXOXUTHCA B PABHOBECHH
APYT C APYroM BAOJb KPUBHIX COCYIIECTBOBAHUS HAa p—T-gHarpamme co-
crogunil. Tpu ¢dassl OZHOrO ¥ TOrO Xe BEUIECTBA MOTYT OXHOBPEMEHHO
HAXOOUTLCAd B PABHOBECHH APYF C APYIOM JIMIDL B OXHOH ONpegesIeHHON
Touke Ha puarpamme p—T. B 3TOM TOuke CXORATCId BMECTE KPHBHIE
naasjgeHus U KuneHus. Touku pasHOBecHs Tpex ¢a3 Ha3kBAXOTCA TPOHU-
HhIMH TOYkKaMu. Hanpumep, y BoAsl OXHOBPEMEHHOE CYIECTBOBAHHUE B
paBHOBECHH JIbAd, BORBL M Mapa BO3MOXHO TOJBKO IIPH XaBJICHUM
4,62 mM pr. cT. 1 temueparype 40,01 °C.

TpoilHaa TOYKA BOAB! OYEHD YHAOOHA B KAUECTBE CTAHAAPTHOM TOUKH
TEMIIEPATYPHOI IIKAJH, TaK KaK €€ BOCHOPOM3BEACHME, B OTJIHUYHUE OT
TOUKH KHUICHWS WIHN IUIABJCHHUS, HE Tpebyer CnenuajpHOro Nomaepxa-
HUS ONPEREJCHHOTO JaBJICHUS.

Cxemarnueckass AuarpaMma COCTOSIHMM U1 BEHIECTBA, HMMEIOMETO
TpH (passl — TBEPAYIO, XUAKYIO M raszoo0pasHylo, MoKasaHa Ha puc, 93,
Haxsion kpuBoil mwiasnesus AB nzobpaxeH od Ciyuas, KOrga IUIaBie-
HHE CONpPOBOXAETCS yMCHbIICHHEM o0beMa, Kak y Jbaa. B ommuue or
KpHMBOH pDaBHOBECHY Napa M >KUIKO-
ctu  AK, oxaHuHBAaOmeica npu ph B
KPHUTHUYCCKOU TEMIIEPATYpPE B TOUKE
K, xpuBas mwiasjieHus AB nponon- |
Xaercs HEeOrpaHuyeHHo. K

Kpusas pasHOBecus TBEpaoro Do} —————

Kupxkoctb
TE€Na C raaoM Ha p—T-guarpamme Trepoe
YXOOMUT B HAuaso KoopauHar. [ ecr- Teno
BHTEJBHO, MO 3aKOHAM KJjaccuye- '\ 4
CKOM MEXaHUKHM IpPH CTpEMJCHMM Pif————= To | las
TeMIepaTyps K aGCOMOTHOMY HYIIO | N
TEILUIOBOEC ABHMXKCHUE TpPeKpamacTcs. 0 T T

HernogBysXHHIC ATOMBI 3aHUMAIOT Ta-

KOE pacloJoXeHHe, NpPH Kotopom Puc. 93. p—T-auarpaMma  pasHOBECHBIX
NOTCHIMANBHAS  JHEPrMs  B3a-  COCTOMHMM BenlecTsa

UMOREHCTBUS MHUHHMMAJIBHA. JTO

pacrnosioxeHse NpeacTasiger cofoit peryaspHyio HPOCTPAHCTBEHHYIO pe-
mieTKy. IToaToMy npy aGcomOTHOM HyJIE TeMOEPATy P JIH060€e BEDIECTBO C
TOUKH 3PEHHS KJIACCHUECKOH MEXAHUKHU JOAXKHO OBITh KPUCTA/LIMYECKHM.

KBaHTOBBIE XHAKOCTH. CyIMECTBYET TONBKO OXHO UCKJIIOUEHUE U3 ITO-
ro MpaBuJia: rejuil OcTaeTcd XHUAKUM HPU BCeX TEMIIEPATYpPax BIUIOTH OO
a6CoTIOTHOrO HyJIS, €CHM AaBJeHHE HE NpeBHIacT 25 atM. 3TO MCKIIO~
uenye oObACHIETCS KBAHTOBEIMH 3ddekTamu. Borencrsue mManoit mMaccu
aroma resus ero gebpoitnesckaq anuHa soausl A/(2mkiT)Y2 npu Huakux
Temnepatypax (MOpsiKa HECKONbKHX KEJHbBUHOB) OKA3KLIBACTCS CPABHM-~
MO €O CPERHMM PacCTOSHMEM MEXAYy aTtomamu. B pesyapTare mpucy-
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[{HEe ATOMAM TeJIHS BOJHOBHIE CBOICTBA M ONPENEAIIOT MOBEACHHE reus
NpH HA3KHX TEMIEpaTypax. ¥ Bcex APYrMX OMHOATOMHHX BEHIECTB Ae6-
poiUTeBcKas IUIMHA BOJIHH HACTOABKO Mana MO0 CPABHEHHIO C MEXATOM-
HHM PacCTOSHHEM, YTO HX ATOMB MOXHO PACCMATPHBATH KaK KJIACCHUC-
CKHME YacTHUH BIUTOTH [0 OYEHb HH3KMX TEMIEPATYD, NPH KOTOPHX Mpo-
HCXORMT KPHCTA/UTH3ALMS.

Tosopar, YTO NPH HU3KKHX TEMNEPATYPAX TEIHi TPEACTABALET CO-
6oit ksanmosyro Xudxocme. CBOMCTBA KBAHTOBHX XHIKOCTEi, obpaso-
BaHHHX pa3mM4YHHMHA usoronamu 3He u 4He, oxasuBaioTcs cosepmen-
HO pasnMyHHMH. JT0 OObACHIETCS pA3MYMEM CTAaTHCTHUYECKHX
coiicts atomoB 3He u 4He, MOAYMHSIOMMXCS KBAHTOBHM 3aKOHOMEP-
HOCTSIM.

Hcnapenue TBepAOro rena. /lmarpamMma cOCTOSHHMIT MO3BOJSET Cpasy
OTBETHTb HAa BOMPOC, YTO MPOM3OMAET C BEIIECTBOM MNpPH €ro Harpe-
BaHMM WM cXatud. EciM, HanpuMmep, BEMECTBO B ra3oo0pasHOM Co-
crogHuy, m3o0paxaemoM toukod C Ha puc. 93, noaseprHyTh HM30TEp-
MHYECKOMY CXATHIO, TO NPOMCXOASINMI C HUM TMpouecc H300pasurcy
BEPTUKANbHOM IUTPHXOBOM nuHUEH. BuaHO, YTO NpH AaBJieHMHM p; ras
sarBepaeer, a oOpa3oBaBLOMIICS KPHCTA/UT NP AABAEHUH p, paciuia-
BHTCH.

W3 auarpaMMel cymiecTBOBaHHE (a3 BMAHO, YTO KPHCTA/UL MPH U30-
OapuuecKoM HarpeBaHUHM He 00I3aTEbHO HOJIKEH IIPOXOXMTH uepes cra-
OWIO XHAKOIO COCTOSHMS I TOro, uTOOHW IpeBpaTturhcd B ra3d. Ecau
AaBJACHHUE BHIOE TPOMHOM TOUKH, TO NMPH HATPEBAHMHM KPHUCTAILT AEHCT-
BHTE/NBHO CHAYyana pacCIUIAaBMTCS, 4 MOAYYMBMANACK XMAKOCTH 3aTEM HC-
napurca. Ho npu naBnenun HMXe TPOMHON TOYKH KPHCTAJ/LI NPH HArpe-
BaHHH cpasy Ipespamaercd B nap. Takoil nmepexox HA3WBACTCA Cybau-
Mayued wi BO3roHkoi. FIMeHHO Tax Beger ceOs TBepaas YracKHCIoTa
NpH HOPMAJIBHOM aTMocchepHOM AABNICHHM, TAK KAK €e TPOMHOI Touke
COOTBETCTBYET AaBJcHUe 5,1 aTm.

Ipasmno ¢a3 'mdbca. Ytak, B OMHOKOMOOHEHTHON CHCTEME, T. €. B
BEMECTBE ONpPEAEACHHOr0 XHMMHUYECKOIO COCTaBa, BCE TPH (pasnl MOTYT
HAaXOAMTLCA B PABHOBEeCHH. B MHOIOKOMITIOHEHTHOM CHCTEME B PaBHOBE-
CHM MOXET OJHOBPECMEHHO HaxXOmuThes Gonbiee yucno das. Kak Guuio
ycranosaeHo I'ub6coM, B cucTeMe, cocTOSmER U3 N KOMOOHEHT, MOXET
HAXOAMTLCA OXHOBPEMEHHO B paBHosecHHM He Oonbme, yeM N + 2 ¢as.
310 MaKCHMMaNbHOE YHCIO (a3 COCYIECTBYET B CAMHCTBEHHOM COCTOS-
HuM. MeHblee YHCA0 a3 MOryT COCYIECTBOBATh BAOJb KPHBHX PaBHO-
BECHH, T. €. IIPH Pa3HBEIX JABJCHUIX M TEMNECPATypax.

s Kak ¢ nmoMowpbio ceMeiiCTBA IKCNEPUMEHTANBHBIX U30TEPM TOJYUHTh KpH-
BYIO paBHOBECHS Map— XHUAKOCTs Ha p—T-Auarpamme?

e Kakue axcnepuMeHTanbHbie (GaKTsl CBUAECTEALCTBYIOT 06 OTCYTCTBUH NMpHH-
LUHNUANBGHOM Pa3SHULBI MeXAY XHUAKUM K ra3o06pasHbIM COCTOSHHSIMH Belle-
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CTBa, HECMOTPS Ha CYIlleCTBoBaAHWE YETKOH rPaHulbl MEXAY HUMH — IO-
BEPXHOCTH XHAKOCTH?

Kakum o6pa3oM MOXHO NepeBecTH XUAKOCTb B ras, MHHYS PacC/IOeHHE Be-
ectsa Ha $asui?

N306pasnure KaueCTBEHHYIO KAPTHHY KPHUBoH PaBHOBECHS XHAKOH M ra3oo6-
pa3Hoit (a3 I MHONOKOMITOHEHTHOM CHCTEMBbI, HAIpUMepP AN BO3AyXa.

Kaxk Beger cebs rpaHuula pasfesia XHAKOCTH U rasa B 3anadHHofi aMmmyne
MpY nepexofie Yepe3 KPUTHUECKYIO0 TEMIIepaTypy, eciii obbeM ammyist Gonb-
Uie Wi MeHbllle KPUTHUYECKOro obbeMa BewecTBa, HaxXOASILerocs BHYTPH
aMImynbi?

Y10 NMpPOMCXORUT C MOBEPXHOCTHBIM HATSXKEHHeM IO Mepe MPHOIHXEHUS
TEMIEPATYPhI K KPUTUUYECKOM?

TMoueMy renuit mpu HOPMaJLHOM aTMOCHEPHOM OaBJIEHHU OCTAETCH XUAKHM
BILJIOTH OO CAMBIX HH3KHX Temrepatyp?

MNoueMy tpu a3l HeKOTOPOro KONMYECTBA BelleCTBA MOTYT HAaXOAUTHCS B
PaBHOBECHH MeXay coboit ToabKO B TpOMHOM TOuYKe, T. €. MPH CTPOro ofipe-
JelleHHbIX 3HAYCHUAX TeMIIepPaTyphl, AABJACHHUA U 0Obema?

ITpu KakMX YCNAOBUSIX KPHCTa/LUl NPU NOBLILIEHUH TEMIMEpaTyphl MpeBpaiua-
erca B ras, MUHys Xuakywo ¢asy?
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§ 28. ManyyeHHe cBeTa atoOMaMmM

B npenbigymie# riiaBe OCHOBHI CTATHCTUUECKOHM MEXAHMKU MPHUMEHSUTHCH
JJT9 ONMCaHUs HAOMIORAEMBIX CBOMCTB TAKMX MAKPOCKOMHUYECKUX CHCTEM
MHOIMX YacTHI, TAC KaXAas H3 yacTvl NOOUMHSIIACh 3aKOHAM KJIACCH-
yeckoit MexaHuUKKN. B maHHO#M riase GyRAYT paccMaTpuUBAaTBhCS MAKpPOCKO-
NHYECKHE CHCTEMBl, COCTOSNIME M3 YacTHL, NOAYUHSIOMMUXCA KBAHTOBLIM
3aKOHOMEPHOCTSIM.

KBsanToBas MExaHUKa MO3BOJSET TOJBKO HA OCHOBAHWHM H3BECTHOIO
3apsga aTOMHOIO 4Apa, a TEM CaMbiM H YHCJIA 3JEKTPOHOB, HAWTH CTa-
[MOHAPHHIE COCTOAHHMS 3JEKTPOHOB B CBOOOZHOM aTOME M pacCYMTATH
MHOTrME CBOWCTBA ATOMOB, B TOM UHC/IE HX ONTHYECKHE cniekTpui. Kpo-
ME TOr0, Ha OCHOBE KBAaHTOBOI MEXaHHKH MOXHO pacCYHMTATh M3MEHE-
HHE CTAHOHAPHBIX COCTOSHMH aroma MNOX OCHCTBHEM BHEIDHHMX 3JEKT-
PHUYECKHX W MArBUTHHIX 0OJIefl. DKCIEPHMEHTANbHO 3TH H3MEHEHHd
[POSIBASIOTCS B CHEKTPax HCHYCKAHWS Y TMOMIOMECHHUS CBETA aTOMAaMH.
Msmenenusa cnekTpa mox XeMCTBMEM BHEIIHENO MArHUTHOIO mons (9B-
JeHue 3eeMaHa) ¥ MOx HEHCTBMEM SJACKTPUUECKOrO nois (sBjeHHe
IItapka) sensiorcd 3¢dexTHBHBIME CPEACTBAMM HM3YUCHHS CTPYKTYPHI
BELIECTBA.

Pa3Mep aToMa H AJHHA BOJHbI. M31yyaeMhulil aTOMOM CBET MMEET AJTH-
HY BOJIHBEI, COCTABJISIOIYIO HECKOJBKO THICAY aHICTPEM, YTO HA TPH MO-
psaaKa OpeBOCXOXUT pasmep aroma. [TokaxeM, uto GosbIIas AyIMHA BOJI-
Hbl HM3JIyUGHHS SBIASETCHd NPSMBIM CJIEACTBHEM MAJIOCTH MOCTOSIHHOM
TOHKOW CTPYKTYPH @ = e%/h¢, XapakTepuaylomeR Cuiy B3auMOnCHcT-
BHS 3JIEKTPOHA C JJIEKTPOMArHMTHEIM TOJIEM.

Paccrosurve Mexay YpOBHAMM JHEPrdM ONTHUECKOrO JJIEKTPOHA,
onpenessiomee cornacHo dopmyne E, ~— E, = hw 4acToTy M3/1y4aemMoro

aTOMOM CBETA, MO MOPSAKY BEJIHUYUHEI PAaBHO SHEPTUH CBSI3M 3JIEKTPOHA
B arome Bogopoxa me*/h2. Tlo3ToMy AAMHA BOJSHEL M3IYyUEHHMS A DaBHA

2 A3
x=%z2n;—e4. (0

BrimesiMM B 3TOM BHIPaXKeHHM GOPOBCKMEl pamuyc a,= h%/me?, xa-
pakTepuayOmuil pasmep usnayvyaromero aroma. Torma ocrarommuiica
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MHOXHTENL Hhc/e? paBeH OOpaTHOH BEAMYMHE TNOCTOSHHONM TOHKOIK
CTPYKTYPHI:

A= 2% a, =~ 1000 a,. (2)

Bonpiuasg IITMHA BOMHBEL U3JIYUYCHHS O CPABHEHHIO C pasMepoM atoma
HMEET, KaK MHl YBHAMM, BaXHue (HINYECKHE CIICACTBHS, 3aKII0OUYAI0-
OIMecs B TOM, YTO CIEKTPAJIbHEIC NUHAM U3TYUYECHHS MMCIOT MAIYyI0 LIM-
pHHY, @ BpeMs XH3HM aToMa B BO30YXIEHHOM COCTOSHMH BEJIHKO MO
CPaBHEHMIO C MEPHONOM KOAeOaHUIM B M3TyuaeMoil BOJHE.

CranoHapHble COCTOSHUS aTOMOB, ONpEeJe/isicMEIe KBAHTOBOM Mexa-
HUKOM, SIBJISIOTCS JOUCKPETHHMH. MM COOTBETCTBYIOT CTPOrO Ompene-
JieHHble 3Hauenus sHeprur. Haxonamuiica B 8036yXXAEHHOM cTanMOHAP-
HOM COCTOSHHAM aTOM B OTCYTCTBHE BHEIIHMX BO3JACHCTBHMH, COIIACHO
KBAHTOBOH MEXaHHKE, AOJXEH OCTAaBATBCYd B O5TOM COCTOSHHH CKOJIb
yrogao poaro. OHAKO ONBIT MOKA3BIBAET, UTO 3TO HE TAK: CIYCTS HEKO-
TOpPOE BpeMsd BO3OYXACHHBIH aTOM CaMONpPOH3BOJIBHO MEPEXONUT B OC-
HOBHOE COCTOSIHHE, MCITyCKas NPH 3TOM KBaHT CBeTa. Takoe HajTydyeHue
HA3BIBACTCH CNOHMAHHbIM.

CrnioHTaHHOe H3nyuyeHHe. PaccMOTpHM CHOHTAHHOE H3JTyuyE€HHE aTOMOB
noapobuee. [TokaxeM, YTO npd CIOHTAHHOM MHEpExoae B OCHOBHOE CO-
CTOSHHE aTOM HCOYCKAeT HYr BOJH KOHEUHOH MPOTSXEHHOCTH. JTO B
CBOIO OUepeab O3HAYAET, YTO HITYYAEMBIH UM CBET HE SBJISETCH CTPOrO
MOHOXPOMATHYECKHUM, a PacnpencsieH B HEKOTOPOM YaCTOTHOM MHTEpPBa-
Je. JIpyruMuU CJIOBAMM, COEKTPAJbHBIC JMHUHU, COOTBETCTBYIOMIME CHOH-
TAHHOMY HM3JIYUCHHMIO aTOM3, HMMEIOT HEKOTOPYIO KOHCUHYIO IUMPUHY.
310 TaK Ha3nBaEMAas ecmecmeeHHas UUPUHA CIICKTPAJIbHBIX JTHHUH.

JIlnst mpocToTH GyAeM paccMaTpUBAThL CAydasi, KOraa COOHTAHHOE U3-
JIyyeHue MPOHCXOMUT NpPY NEPEXORAAX 3JCKTPOHA MEXAY COCTOSHUSMH C
GOJPIIMMH KBAHTOBHIMH YHCJaMH. Torna Ha OCHOBAHMY MPUHIMIA COOT-
BETCTBYS MPOLECC U3JYUCHHUS CBETA SJICKTPOHOM MOXHO PACCMATPUBATH
kaaccudeckd. Kak 6n10 mokasaHo, npenckassiBaeMblil KBAHTOBOH TEO-
pueit CEKTpP U3syYyeHns aToMa BOAOPOAA NMpH OOMBLIMX KBAHTOBHIX UMC-
Jlax COBHANAET CO CHEKTPOM, MPEACKA3BIBACMBIM KJACCHYECKOHM TeopHei
H3NyJyeHHs: o0pamaomuiics 0o opOHTe 3/EKTPOH M3NY4yaeT CBET, 4Yac-
TOTA KOTOPOIO paBHA 4acToTe OO0pameHus 5/eKTPOHA.

KuaaccHyeckas MOLeJlb CIOHTAHHOTO M3ldydyeHus. Mamyuas amektpo-
MAarHUTHHIC BOJTHBEI, ATOM TEpSeT 3Hepruio. Pammyc opGHTH 31eKTpoHa
P 5TOM HOCTENEHHO YMEHBIIAETCH, UTO HA KBAHTOBOM $3HIKE COOTBET-
CTByeT Mepexony U3 cocTosuus ¢ Gosee BHICOKOM 5Heprueil B Gonee HU3-
KOe KBaHTOBOE cocTosiHMe. OueHNM BpeMsl, B TEUEHHE KOTOPOro MpOMC-
XOOUT 3TOT MEPeXOn.

JIBMXXeHUe SACKTPOHA MO KPYroBOH OpGHTE MOXHO MPEACTABHTH KaK
CYNEepHo3NuHIo ABYX PFAPMOHUYECKHX B3aMMHO NEpHNEHAMKYASPHEIX KOJIE-
Gauuit, CABUHYTHIX APYr OTHOCHTEABHO Apyra no dase Ha 1/2. AMMTyaa
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9THX KoneOaHuil paBHA Paguycy OpOUTHL, T. €., MO NOPANKY BEJINUMHHL,
pasmepy u3ayvanopiero aroMa. JBIXymuics C YCKOPEHHEM 3apsaa U3/y-
\ Yaer IIEKTPOMAPHMTHHIEC BOJIHHE, HO-
ITOMY C KaX[OHM H3 3THX Kosebanuii

N SIS CBS3aHA JJIEKTPOMATHMTHAS BOJIHA. Tak
\\x +y? Kak IJIMHA so?mm BEAMKa MO CpaBHE-

z

HUIO C PasMEPOM aTOMA, T. €. C AMIUIH-
TYyRo¥ KoneGaHUil 3CKTPOHA, TO s

|
6 |
T ONUCAHNS H3JIyUYCHHS aTOMa MOXHO
! _ BOCHOJIB3OBATBHCS PE3yJbTATAMM, MOJIY-
N ; . ~7 'y UCHHHIMM TIPH DACCMOTPEHHMH MH3Jyue-
A Ve HUA JBUXKYIIErocd 3apsaa.

O6e wu3nyyaemnle BpAMAIOMUMCS
3JIEKTPOHOM BOJIHBI THOJISPH30BAHEL BO
Puc. 94. K yCpemseHMio N0 HANPaB-  paapng NEPNEHNMKY/TSPHEIX HaIpaB-
JIEHUSIM TUIOTHOCTH NOTOKA H3nydae-

MOt oHeprM JICHHSX, OHM HEe HHTepdepupylor, U
MOTOMY HX MOXHO paccMaTpuUBaTh

orpenbHo. Haiipem MOMHOCTD, YHOCHMYKO Kaxmoit 3 stux sonH. Cpen-

Hee MO BPpeMEHM 3HAUEHUE MJIOTHOCTH MOTOKA JHEPrUd BOJHHL HA pac-

CcTOSHMM r OT aroma paerca dopmynou (10) § 28 xuurnm 2.

Tax kaK B pacCMaTpHMBAEMOM CJIyuae BEIMUMHA 3apaa ¢ paBHA 3apd-

Iy 37€KTPOHA e, TO B 310l dopmyne ¢g? crexyeT 3aMeHuTh Ha e?, mocae
YEro OHa MPHHUMAET BHX
Uy = o'l sin? 6. (3)
8x c3r2

Yro6r HANTH NOJHYK MOIIHOCTh, H3JY4aeMYIO 110 BCEM HANPABJICHU-
M, MOXHO YCPeXHHTD {3) IO Yray 6 ¥ YMHOXHTB NOJTyYEHHBLA PE3YIBTAT
Ha 4xr2, Kax sugHO ¥3 puc. 94,

2 2
s .2 X +y
sin“ 6 = r—2 . (4)
2y = 2y == 2y = L 2
Tak kak (x<) = (y*) = (z%) =7 r%, YCPCNHCHHE BHIPAXCHHS (4) o
BCEM HANpaBJICHHSAM RAET
(sin? ) = % .
IToaTOoMy MOJIHAY K3JTyYaeMas OCUMLTITOPOM MOIMHOCTh P paBHA
1 e20'a?

C

Wsnyyaemas aTOMOM MOIIHOCTH BABOE Gonsbie. 3amensd B (5) aMmuiu-
Tyny xonebaHuit A Ha GOPOBCKHIl pamMyc a, W OTOpPacHBas HECYmIECT-
BEHHBIA NPH OUEHKAX MHOXHTENAb 2/3, nosyuaeMm JUI H3Iy4aeMou arTo-
MOM MOLIHOCTH P cienyiomee HpHOIHXEHHOE BEIDAXCHHE!
2
e"wa
P 0 (6)

3
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BpeMst Xu3HH BO30yXaeHHOro aroMa. Temepp Mb MOXEM OLEHHUTH
NPOMEXYTOK BPEMEHM 1, B TEYCHHE KOTOPOTO NMpOAOJXKAETCS EIUHHMU-
HBIH aKT M3J)yueHHusd, T. €. Mchmyckaercd oxMH (doroH ¢ sHeprueit hw:

hw hed
1= T (7N

e w ao

C TOUKM 3pEHHUS KJIACCMYECKON (PMBMKM aTOM HAYMHACT M3JYYaTh
Cpasy Xe MOCJIe TOro, Kak OH IMonagaeT B BO30YXACHHOE COCTOSIHHE, U
3TOT MpOLECC HIMTCHA B TEUCHME BpeMeHM 1. [10 KBAHTOBOM TEOPUM M3-
ayyeHue (HOTOHA W TIEPEXOl] ATOMA B OCHOBHOE COCTOSIHUE TPOMCXONUT
CKauykoM. B Kako# MMEHHO MOMECHT BPEMEHHM 3TO NMPOM30MACT, HEM3BeE-
CTHO. MOMEHT CaMONpPOM3BOILHOIO MCIYCKAHMA (POTOHA €CTh CayyaiHas
BEJIMYMHA, a BpEMd T MOXHO NOHMMATh KaK CPEAHEE BPEMS XU3HH aTO-
Ma B BO30YXIEHHOM COCTOSIHHH.

W3 dopmyan (7) BuaHO, YT0 00YC/IOBJEHHOE CTIOHTAHHRIM U3Jyye-
HUEM BpeMs XHM3HM aTOMa B BO30YXKAEHHOM COCTOSHMM OOPaTHO mpo-
NOPIMOHANBHO KYOY YaCTOTHL M3JYUYCHHUS,

PaccMOTpMM NpOM3BEACHUE T, KOTOPOE C TOYHOCTHIO A0 MHOXHMTENS
27 RACT OTHOWEHUE BPEMEHU XH3HH BO30YXACHHOTO ATOMA K TIEPUOAY KO-
nebanuit. CorlacHo KJIaCCUMYECKUM MPEACTABJCHUSM 1 OMPENENIeT UMuC-
J10 K0s1e0aHmit 33 BpeMs BRICBEUNBAHUS. [ pyrMM C1I0BAMM, 3TO €CTh YMCIIO
BOJIH B OTAENHLHOM M31yyaeMoM atomoM Iyre. C nomousio (7) uMeem

e’

~
WL~ =53
0

e w
IIpoussenenne wa, paBHO CKOPOCTH v JJEKTPOHA HA opbute B aTome. B
OOpOBCKOI MOAENM aTOMA v/Cc PaBHO TMOCTOSAHHOM TOHKOH CTPYKTYPH .
ITosToMy BRIpaXXeHHE ANA T NIPUHUMACT BUX

ottt L (8)

Taxk kak o = 1/137, 10 wt = 107. Ina onrrueckux yactor w =~ 1015 ¢ L.
OrTciona moJryyaeM [ BPEMEHH M3JTyueHMs ouenky T~ 1078 ¢,

TakuMm 00pasoM, B OTACALHOM HM3JAydyaeMOM aTOMOM LYyre Comep-
xurca okoao 10 muwumoHoB BosaH. [lpocTpaHCTBEHHAS NPOTAXEHHOCTH
TAKOro Iyra COCTABJASET HECKOJIBKO METPOB. JTO O3HAYAET, YTO COOT-
BETCTBYIOIIAS CIIOHTAHHOMY H3JyUYEHHIO CBOOOZHOIO aTOMAa CIEKTpPab-
Hasi JIMHUS MMEET KOHCUYHYIO CCTECTBEHHYIO IMUPUHY AW, CBI3AHHYIO
C AJMTEJLHOCTBIO OTAEABHOro uyra t cootHomenueM (5) § 34 kuu-
™ 2, A€ pacCMaTpUBAJIACH CBA3b AJMTEILHOCTH LYFa BOJH C UHTEP-
BaJIOM COOTBETCTBYIOUIMX €My YACTOT:

1Aw = 2. 9)

CornacHo ¢opmyse (8) OoTHOmIEHME eCTECTBEHHOM WIMPHUHEL Aw K
YACTOTE JUHUHM o PaBHO

3
Lo _ o <107 (10)

® 2%
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IDupuHa cnexTpanbHbIX THHUA. Ha oneiTe nmonoXxeHHe YPOBHEN 3Hep-
MU ATOMA ONPEAENIeTCs M0 HAGMIONEHAIO CEKTPAIbHAIX JHHUH, Tak xak
JIMHUS M3JYUEHNS UMEET KOHEUHYIO INUPUHY, TO YACTOTA M3JIYUECHNS  H,
CJICAOBATENBHO, JHEPTHs BO3OYXIEHHONO COCTOSHMS aTOMa HE HMEIOT
CTpPOro onpeaeseHsoro 3auenus. [uprHa 8030y XIEHHOTO YPOBHS 3HED-
ru AF paBHa Npou3BeAEHUIO moctoduuoi [InaHKka HAa IMHMpPHUHY ChEKT-
panpHOM JTUHHMH A w, U3JIyYaeMOH NPU NEPEXOAE C ITOTO YPOBHS:

AE = hAow. (1)
OTtHomeHHe WMPHHB BO30YXACHHOTO YPOBHSA K PACCTOSHHIO MEXTY
ypoBHsMH, Kak BUAHO M3 (10), paBHO BCero ogHOH AECATUMHUILTMOHHOM.
Takum o00pazom, H3-332 CIOOHTAHHBIX MNEPEXONOB BO30yXKACHHEIE
YPOBHM JHEPTMH aTOMA MMEIOT XOTH M Majayld, HO KOHEUHYIO IMUPUHY,
a paBacMble KBAHTOBOM MEXAHHUKOM CTPOro AMCKpPeTHHIE 3HAUECHHUS JHep-
'MH 3THX YPOBHEH CJENYyEeT NMOHMMATh KAaK CpPeaHME 3HAaueHmd. becko-
HEUYHO y3KHM SIBJSIETCS TOJBKO HAMHM3IIUKA YPOBEHb SHEPrMM, COOTBET~
CTBYIOWIMA OCHOBHOMY COCTOSIHUIO atoMa. Bo30YyXIECHHBIE COCTOSHHS
aToMa, CTPOIO roBopsi, HE ABAAIOTCA crauuoHapHhiMu. OHHU MOAyvarOTCS
CTPOro AMCKPETHBHIMM TOTHAA, KOTAa pacCMAaTPHUBAETCS H30JMPOBAHHLIN
aToM. [lng MoayyeH!Us UCTHMHHOM KAPTHHE HEOOXOAMMO AaKe CBOOOMHbIMR
aTOM pacCMaTpUBATh BMECTE C JJIEKTPOMATHHUTHBIM ITOJIEM.

IvpuHa JTUHUI ¥ COOTHOLIEHKE HeonpeneJeHHOCTel. Y mupeHne Bo3-
OyXIEHHBIX YPOBHEM JHEPIUM ATOMA BCIEACTBHE CTIOHTAHHBIX MEPEXOTOB
HAXOJMTCS B TIOJTHOM COOTBETCTBHH C COOTHOUIEHNEM HEOTIPEAeIeHHOCTE |
Bopa—Teisenbepra. [Toacrasaga B (11) Aw = 25t/1 u3 (9), nonyyaem

AEt1=2nh=h. (12)

HeonpeneneHHOCT B 3HAYEHMM JSHEpruM BO30YXXHACHHOIO YPOBHS
AE cBa3aHa C HEOMPEAECACHHOCTHI) B MOMEHTE CIMIOHTAHHOIO mepexona
B OCHOBHOE COCTOIHHE T cooTHOmeHWeM (12). 3T0 MMHHMMAa/JbHAA He-
ONpENEeNEHHOCTh 3HAYEHUS JHEPruM, AONMyCKaemas HepaBeHCTBOM Bo-
pa—Teitaenbepra, smpaxaemnm opmymnoir (4) § 7.

YimupeHne ypoBHEW SHEPIMM ATOMA MPOSIBASIETCS HE TOJBKO B HCITY-
CKAHMM, HO M B TOTJIOUIEHNM CBETA: JAHMM TMOTMIOWEHMS TaKXe HMEoT
KOHEUHYIO IMUPUHY. ATOM MOXKET NEpedTH W3 OCHOBHOIO COCTOSIHUS B
B030yXAEHHOE, MOT/AOIIAS CBET B ONPEAEICHHOM MHTEpPBAJIE YAaCTOT,
NpYYEM MHPUHA 3TONO0 MHTEPBAsa OOYC/IOBJEHA LIMPUHOM BO3DYXIeH-
HOrO YPOBHS JHEPIHMU.

Ymupenue CHeKTPaabHLIX JMHUA H3-3a CTOJKHOBeHu#. [[o cux mop
MBI pacCMATPMBAJIN INUPHUHY CHEKTPAJIBHHX JIMHUM H30JHPOBAHHOIO
aTOMa, HAXOHAILENOCS B MOKOE OTHOCHTENBHO HaOmiopaTens. 31a mMpu-
HAa 9BNAETCS BHYTPEHHMM CBOMCTBOM atoma. Halnoomaemsie Ha OMmITE
3HAYCHHUS INMPWHBL CNEKTPAJbHEIX JHHHMH, KAaK NPAaBWIO, 3HAYKUTCIABHO
0oMpIme MX €CTCCTBEHHON IMMpPUHH. JIONOJHUTENHHOE YITMPEHHUE JIMHHUMA
CHEKTpa pa3peXkeHHOTO rasa OOYCJIOBJCHO TEIUIOBHIM ABMXKEHMEM aTo-
MOB M HX CTOJKHOBCHUSIMH.
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Ecau cpennee BpeMs cBOOOAHOrO ABMKEHHUS aTOMOB MEXIY CTOJKHO-
BEHHMSMM 1; MEHbLIE BPEMEHH XH3HM aTOMa B BO36YXIEHHOM COCTOSTHUM
1, T0 5(eKTHBHOE BpeMs HENPEPHIBHOIO M3JIyUYEHMS 11yra BOJH COKpa-
waercs Ao 3Hauenus 1. [lupuna 1uHui Aw B 3TOM CTyyae OnpenessieTcs

dopmyaoit (9), B KOTOpoi T 3aMEHEHO HA T;. TaK KakK 4acToTa CTOJIKHO-

BEHUI 33BUCUT OT KOHIICHTPAWHH ATOMOB, TO YINIMPEHME CMEKTPAJIBHBIX
JIMHYUHI 33 CUET CTOJKHOBEHHW YMEHBINAETCS TIPH NTOHWXEHUH NABICHUS.

JonnepoBCcKoe yuMpeHue CneKkTpaabHbix auHMit. I1pn Hu3koM nasre-
HHMHM NpeobaaRammM CTAHOBUTCS YIIMpPEHUE, 0DYCI0BNEHHOE SBAEHHEM
Homnepa. M3-3a TEI0BOrO ABMXKEHHUSA M3JyUYaOIIME aTOMBI UMEIOT pa3-
JAMYHBIE TIPOEKLIMH CKOPOCTH v, HAa Hampasjenue Habmonenud. IToatomy
JOILIEPOBCKMIA CABMI YACTOTH M3y YEHUS OT-
HOCHTEJBHO YaCTOTH W, H3JYYEHMS HENox-
BHXHOro atoMa (w — wg)/w, = v,/c Oyner
paznMucH y pasHBIXx aTOMOB. B pesyibrarte
Ha0.100aeMast CTIeKTpaabHas IMHHUS, IBJII0- .
mWAasaca Cynepro3uumes y3Kux eCTECTBEHHBIX !
JIMHUHW H3JIYUEHHI MHOI'MX ATOMOB, yIHNHDS- @y
erca. MHreHcuBHOCTh M3nyuenus [(w)dw B Putc. 95. KoHryD CHEKTDAABHOL
CHeKTPajbHOM MHTEPBAJE YACTOT OT ® JO Jmﬁ;m.‘d)opMT;]pKoroporpo‘o6yc-
® + dw MPONOPUMOHAIbHA UNCAY ATOMOB, nopneHa AOIUIEPOBCKMM YIIM-
M3JyYAIOIMX CBET B 9TOM UHTEpBase. YToOm  penmnem
HAaWTH UMC/IO TAKHX ATOMOB, HYXHO B ¢bop-
MYJE I/ MAKCBEJUTOBCKOM (DYHKIIMM PACTIPENCAEHNS IO CKOPOCTSIM 3aMe-
HUTb v, Ha c(W — w,y)/w,. B pe3yabraTe nonyuum

M2 (0—wp?

I(u))du):loexp —Eﬁ“—on—' d(D, (13)

Y

rae [, — MHTEHCMBHOCTb M3y4YEHHS HA YACTOTE w,, 8 M — Macca arTo-
ma. KoHTyp crnexTpaabHOi auHHM, onmuceiBaeMerii dopmynoit (13), no-
Kasan Ha pHc. 95. [lpuxumag 33 IIHPUHY JNMHUM MHTEPBAJ 4acTOT Aw,
Ha TPaHMIIAX KOTOPOTO MHTEHCHBHOCTb B € pa3 MEHbIIE, YEM B LICHTpE
JIMHHUM, TIOJTYUUM

M (Aw)2

2T \ 20,
OTKYAA A HOIJIEPOBCKOM IIMPHHE! JIMHHHM MMEEM

_ 20 {ZkT

N oruiepoBcKas WM PHHA CTICK TPAJIbHBIX JMHUH OPONOPLHOHAIBHA KOP-
HIO M3 TEPMOAMHAMMUYCCKOM TeMNEpaTyphl ra3a. Tak Kak JOILICPOBCKAA
[IMPHHA 3HAUMTELHO NPEBHIIAET ECTECTBEHHYIO, TO YBUACTDb ECTECTBCH-
HYIO MIUPUHY JHHUM MOXHO JHIIb B CHEHMAJBHEIX YCIOBHSX, HANIPHMED
HaOnonas U3jyyeHHe Myuka aTOMOB B HAnpasieHuM, TEepPNeHANKYJIsp-
HOM MX CKOPOCTH.
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e B kxakoM cOOTHOLIEHUM HAaXOAATCA pa3Mep aToMa BOHOPOAA M IJIKHA BOJIHbLI
uanyyaemoro UM cBeta? Kakum o6pa3om B 370 COOTHOMIEHME BXOAMUT 110CTO-
SIHHAs TOHKOM CTPYKTYPhl a = e2/Ac?

e ITouemy aBe KOrepeHTHbIE BOHDI, NOJISPU3OBaHHbIE BO B3aUWMHO NEPIEHUKY-
JISPHBIX HamNpaB/eHUSX, He UHTEPDEPUPYIOT, T. €. MEPCHOCHUMbBIE UMK IHEP-
FUU NPOCTO CKAafbiBawoTcs?

e Kak 3aBUCHT H3nyyaeMasi aTOMOM MOLUHOCTb OT YacTOThl obpalieHHs 3/eKkT-
poHa M OT pa3Mmepa ero opOUTHI?

e Yro Takoe ecTecTBeHHAs HMIMPUHA CNEKTPAdbHbIX JUHUR?

e Kak cooTHOmEHHE MEXAY Pa3MEpPOM aToMa W JJIMHOM BOJHBI CBS3aHO C Ma-
106 ecTeCTBEHNON INHPUHOH CNEKTPaabHbIX JTUHUI?

o Kakum o6pa3oM IJIHUTE/ILHOCTE OTAEALHONO Lyra BOJIH, HU3JIyUaeMbIX aTOMOM,
CBSI33HA C €CTECTBEHHON LIMPHHOMN CrEKTPaabHON AUHUM?

o ITouemy ypoBHH 3HepruM BO3OYXKOeHHbIX COCTOSHMUII arOMa MMEIOT KOHeu-
Hyio mupuHy? YeM onpepensiercs 3ta mMprHa?

o Hoqemy B HM3NYUCHUM CBETA pa3peXeHHBIMH ra3aMu Haﬁmonaemaﬂ HIKpHHa
CNeKTpajbHbIX JUHUI 3HAYUTEILHO NPEeBOCXOAUT €CTECTBEHHYIO lllMpMHy?

e TlosicHuTe, KakuM 06pa3oM MaKcCBE/JIOBCKOE pachpefdeieHUe aTOMOB MO CKO-
poctam rposiBiasieT cebs B ¢opMe KOHTYpa CHEKTpaibHON JIMHHUK.

o Kak ponneposckas miMpuHa cNEKTPaabHON JUHUK 3aBUCHUT OT TEMMNEpPaTyphbl
raza?

§ 29. M3anyyeHne cBeTa HarpeTbiIMH TENaMu

CrieKTpaZibHHI COCTAB M3JYyUEHWS OTIEAbHBIX BO30YXIEHHEIX ATOMOB
MpPEACTABAsSET CO60M HAOOP CPABHHTEABHO Y3KMX JIMHMI. DTO 3HAUMT,
YTO M3JIy4YaeMBIH pa3peXEHHBIMM ra3aMy WM NapaMH CBET KOHIEHTPH-
pyeTca B Y3KHX CMEKTPAJbHHIX MHTEPBaJax BOIM3H ONPENENCHHBIX Yac-
TOT, XapaKTEPHBIX AJS ATOMOB KaXJ0ro COpra.

Tennosoe H3nydeHwe. COBCCM HMHOM BHA HMMEET CHEKTP M3NYUCHHS
TBEPAHX M XHMAKHX Te, HATPETHIX 1O BHICOKOW TEMOEpPATYphl. B 3TOM
H3JyUEHNUH, HA3BIBAEMOM  MENA0abiM, TPUCYTCTBYIOT  JJIEKTPO-
MarHUTHHIE BOJHBI BCEX YACTOT M3 OUEHB IIWPOKOIO JHANA30HA, T. €. €ro
CTEKTP IBAGETCS CHAOULHbLM.

YroOst MOAYYHTH HPEACTABJECHHE O XAPAKTEPE TEIUIOBOIO H3jyue-
HHUS, PACCMOTPHUM HECKOJBKO T€J, HATPETHIX A0 pa3IMYHON TEMIeEpaTy-
PH ¥ NOMEIIEHHBIX B 3aMKHYTYIO TI0JOCTh, BHYTPCHHHUE CTCHKH KOTOPOM
TMIOJIHOCTBIO OTPAXKAIOT NMAajaninee Ha HuxX uanayueHHe. OnHT MokasplBa-
€T, YTO TAaKas CUCTeMa, B COOTBETCTBHM C ITOJIOKCHUAMM TEPMOIHHAMH-
KM, DAHO WJHM NO3AHO OPUXOANUT B COCTOSHME TEIUIOBOIO PABHOBECHS,
NpH KOTOPOM BCE Tena NpuoOpeTaroT OgMHAKOBYIO TeMmepaTypy. Tak
NPOMCXOAUT M B TOM C/AyYae, €M BHYTpHM mojocty Oyaer abComroTHBIM
BAKyyM M TeJa MOryT OOMEHMBATLCS JHEPrueil TOJBKO MYyTEM H3Nyue-
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HUSL M MOIVIOLUEHMS JNEKTPOMATHHUTHHIX BOJH. TO MO3BOJSET NpUMeE-
HUTH IIpY U3YUYEHMHU TAKOH CUCTEMBI 3aKOHBl TEPMOAMHAMUKH.

B pasHOBecHm BCE Te€a B €NMHMIYY BPEMEHH NMOIJIOIMAIOT CTOJBKO Xe
SHEPruH IJEKTPOMATHUTHLIX BOJIH, CKOJIBKO M3J1y4aloT, a IJIOTHOCTD JHEp-
TMU U3JIYUCHHH, 3aN0JHSAIOMErO MOJOCTh, JOCTUIAET HEKOTOPOM onpene-
JICHHOW BEJIMYMHBI, COOTBETCTBYIOIIEH YCTAaHOBMBIICHCA TEMITEpaType.
Takoe uanyucHUe, HAXOASIEECS B TEPMOIMHAMMYCCKOM PABHOBECHH C Te-
JIaMM, UMCIOIMMH ONPEAEICHHYIO TEMNEPATypy, HA3BIBAETCS pasHoaec-
HbIM WM HepHbiM U3TyueHueM. He ToJIbKO IIOTHOCTh SHEPIUH, T. €. MO/~
Hag SHEPrus CAMHHKI 00bEMA, HO M CTIEKTPA/IbHELI COCTAB PABHOBECHOTO
H3JIyYCHMS, 3ATIOJHSIOMErO NOJ0CTh, 3aBUCUT TOJIBKO OT TEMITEPATYPH U
COBEPILEHHO HE 3aBUCHT OT CBOMCTB TEJI, HAXOASIOMXCS B TIOJIOCTH,

CrnexTpajbHBi COCTAB TEIJIOBOT0 H3JNY4YeHHS. YHHUBEPCAIbHBIN
XapaKTep CHEKTPAJBHOIO COCTABA PABHOBECHOTO M3JIYUCHMS, KaK BTIEp-
Boie mokasan Kupxrod eme 8 1860 r., HemocpeacTBeHHO Cieqyer U3 BTo-
poro 3akoHa TEPMOOMHAMMKM. B CaMOM fesie, NpeanoyoXuM IIPOTHBHOE,
T. €. YTO CNEKTPaJbHBIA COCTAB 3aBMCUT OT MPUPOABI TENA, C KOTOPHIM
M31YUYECHME HAXOMUTCS B PABHOBECHH. BO3bMEM ABE TOJIOCTH, B KOTOPHIX
U3JIyUCHUE HAXOOUTCS B PABHOBECHUU C PA3HBIMU TEJAaMH, MMCIONIUMH,
OZHAKO, OAMHAKOBYIO TeMmepatypy. CoeqnHMM MOJOCTH HEOCONBIIMM OT-
BEPCTHEM TaK, uTOObI OHM MOIM OOMEHHBATBCA HagyucHueM. Ecnau
MUIOTHOCTH JHEPrMM M3JYUCHUS B HUX PAa3JMUHBI, TO BO3HMKAET HAMPAB-
JIEHHBIA TIEPEHOC JAYYUCTON SHEPTrMM, KOTODHIA MPUBEAET K CAMONPOM3-
BOJIbHOMY HApPyUEHUIO TEIUIOBOTO DABHOBECMS MEXOY TENaMM, T. €. K
BO3HHKHOBEHMIO HEKOTOPON Pa3HOCTHM TEMOEPATYP. DTO NPOTHBOPEYHT
BTOPOMY 3aKOHY TEPMOAMHAMHKH,

NS 9KCNEpHMEHTANBHOTO U3YUEHHS CIEKTPATbHOIO COCTaBA PABHO-
BECHOTO M3JIYYECHUS MOXHO NMPOAEJaTh HeOOJIBIIOE OTBEPCTHE B OKPYXa-
omei noaoctk obosnouke. UsnyueHue, BHIXOASUIEE HAPYXY UYepe3 OT-
BEPCTHE, XOTH U HE SBJACTCS PABHOBECHBIM, 00/1amaeT TEM HE McHee B
TOYHOCTH TAKMM XE€ CHEKTPAJILHBIM COCTABOM, YTO M 3aNONHSIOIIEE MO-
JIOCTH PaBHOBECHOE M3JyueHue. Brixopsduiee 43 OTBEpCTHS H3NYyYeHHE
OTJIMYAETCI OT PAaBHOBECHOIO TOJILKO TEM, YTO OHO HE ABJSETCS M30-
TPOMHKBIM, TAK KAK PACNPOCTPAHSETCH B ONPENCICHHOM HANpPaBJCHMUH.

Ecnu yBeMUUATs TEMIEPATYPY B MOJOCTH, TO GYAET BO3pACcTaTh YHO-
CcMMas BHIXOASIOUM M3 OTBEPCTMS M3JYUYEHHMEM 3JHEPrHs. OTO O3HAYAET,
uTo OOBEMHAS IUIOTHOCTh JHEPrMM PABHOBECHONO M3NyYEHHS DPACTET C
TeMIepaTypoid. ITOT POCT MPOMCXOAMT OYEHb OBRICTPO, KAK MBI YBHAMM
HHXE, NPONOPUMOHANIBHO YETBEPTOM CTENEHU TEPMOIMHAMUYECKON TEM-
nepatypbi. C yBeIMUEHMEM TEMINEPATYDPH M3MEHSETCS ¥ CEKTPAaNbHBII
COCTAaB M3JyyeHHs, NPUYEM TAKMM 00pa3oM, UYTO MAKCMMYM CMEINAETCS
B obsacts 6ojiee KOPOTKHX BOJIH: BBIXOASIOMIA U3 OTBEPCTUS B ropsuei
neyn CBET MMEET KPACHOBATHIA OTTEHOK NpPHM CPABHHUTENBHO HEBBICOKOM
TEMIEPATYPE ¥ CTAHOBUTCH XKEJTHIM U Jaxe GebIM no Mepe ee pocra.

Y10 MOXHO YBHAETH, 3a/ISIHYB UEpe3 OTBEPCTHE BHYTPhL IOJIOCTH,
B KOTOPO#l M3JIyueHHE HAXOAUTCH B paBHoBecuw ¢ Tenamu? Tax Kak
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CBOMCTBA BBIXOASIIETO M3 OTBEPCTMS W3JIYYEHHS NPH TEIIOBOM PaBHO-
BeCUMM He 3aBHMCSAT OT NMPHUPOABl HAXOZSAIUXCS BHYTPH NOJOCTH TEN, TO
H3JIyyeHHEe HE MOXXeT HEeCTM HMKakKoi uadopMapuu o6 ITHX Tenax,
KpoMe HX TeMmnepaTyphi. M neficTBUTENBHO, 3arJISHYB BHYTPh MeEyH,
MBl HE YBHOMM HM NpeaMeroB Ha (boHE CTEHOK NOJOCTH, HH CAMUX
CTEHOK, XOTSl B a3 OyaeT nomamath MHOro csera. KOHTYpH mpegme-
TOB BHYTPH TOJIOCTM HE OYAYT BMOHHEL, BCE OYAET MPEACTABISATHECH ONHM-
HAKOBO CBETJIBIM.

Bo3aMOXXHOCTb pa3fMyaTh MPEAMETHI TOABAIETCH TOJIBKO NMPH UCMOAb-
30BAHMM HEPABHOBECHOTO HM3JyyeHus. EC/M maXe 3T0 M3JyuyeHHUE HCXO-
AUT OT PACKaAJIEHHHX TEN M €ro CNEeKTpPasbHbI cocTaB 0/JM30K K PaBHO-
BECHOMY, TEMIEpaTypa M3Jyyalromei NMOBEpPXHOCTH HOJKHA OHITH BhHIIE
TeMIepaTyphl OCBEMACMBIX NPEAMETOB.

Bce naGumomaeMele Ha OTBITE 3aKOHOMEPHOCTH YEPHOIO M3JIyuyeHHs
onvcuBapTcs opmynoi [lnaHka, monyyeHHOH HA OCHOBE OTKasa o

dES dE4
dw di

1 1 1 —

0 2,5 50 7.5 liw/kT 0
a G

Puc. 96. PacnipeseneHre 3HEPruM MO 4acTOTaM B CIIEKTPE DABHOBECHOIO MaayueHus (@) u

CrexTpasibHas IUIOTHOCTh PABHOBECHOIO M3NyYeHHs NPM PasHeix teMneparypax (6)

>y

HETIPEPBIBHOM XapakTepe npomecca M3anyucHud. JlaBaemoe dopmysoit
[lnaHka pacrnpeneseHHE HEPIMM 10 YACTOTAM B CHEKTPE PABHOBECHOIO

M3y YEHns
dE _ e’ (oo )7
do - 23| P T

nokasaHo Ha puc. 96a. Ha puc. 966 nokasaHa crnexTpa/ibHas ILUIOTHOCTH
pPaBHOBECHOIO M3JyYeHMsl KaK (DYyHKIMS JIMHB BOJHHE NPH HECKOJBKHAX
TEMIEPATYPax.

H3nyuyeHne xax ras (porToHOB. PaBHOBECHOE TEILIOBOE M3JyueHHE
MOXHO paccMaTPHMBAaTh KakK ras, cocroamuid #3 doronos. PoronHkI ras
ABJISETCS MACANBHEIM, TAK KAaK PA3HbIE IJNCKTPOMATHUTHEIE BOJHBL B Ba-
KyyMe He B3auMOAeMcTBYIOT Apyr ¢ apyroM. Ilostomy ycranosienue
TEIJIOBOrO paBHOBECUS B (DOTOHHOM ra3e BO3MOXHO TOJIBKO NPH €ro B3a-
WMOAEHCTBHU C BEIOECTBOM.

MexaHu3M YCTAHOBJEHHS TEIUIOBOrO pDAaBHOBECHS 3aKJIIOUAETCA B
MOIJIOIEHMM ONHUX M MCOYCKAHMM ApYrMX (POTOHOB BeEIECTBOM.
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B03MOXHOCTP TOr/IOMERHUS U UCIyCKaHUA (POTOHOB NPHBOAMT K Xapak-
TEpHOI 0COOEHHOCTH (POTOHHOIO ra3a: YNC/IO YaCTHI B HEM HE SBJISETCS
MOCTOSIHHEIM, 4 CaMO ONpPENeNsercsd M3 YC/IOBHS TEpMOAMHAMHYECKOIO
paBHOBeCHS.

IIpeacraBaenve o ¢GHOTOHHOM ra3e MO3BOJISCT OUEHbL MPOCTO HANTH
3aBMCHMMOCTb IUIOTHOCTH JHEPTHM PABHOBECHOTO U3JYUEHMS W OT TEPMO-
AMHAMUYECKON TeMrnepaTypsl T. DTO MOXHO CAENaTh, BOCMOJB30BAB-
WHCh COO0PaXEeHNUIMU Pa3MEPHOCTH. JHEPIrUI0 eAMHMIE 0ObeMa H3sy-
YEHMS] MOXKHO TPEACTABUTH B BUAE NMPOM3BENEHMS CpemHero unucaa ¢oro-
HOB B CAMHMIE oObeMa n, PABHOMEDHO 3aMOJHSIOMHMX TOJOCTb, HA
CPERHIO 9HeprHio oxHoro dortoHa (E):

w=n(E). (1N
Beanuuuel, OT KOTOPEIX MOXET 3aBUCETh CPeaHAd sHeprus GoToHa U
uucao GOTOHOB B €AMHHMIE O00beMa PABHOBECHOTO M3JYyUYEHMS, — 3TO

TepMOAMHAMMUECKas Temneparypa T, mocrosHHad DBosbsimana k, cko-
pocts cBera ¢ u nocroseHas [Inanka A. IHockonsky paBHOBecHOE M3ny-
YEHHE B TOJIOCTH HE 3aBUCHT HH OT Pa3MepoB M (POPME! MONOCTH, HU OT
MPUPOALI TEJ, HAXOASIIUXCS B TOJOCTH, HY OT BCINECTBA €€ CTEHOK, TO
TaKWE MapaMeTPhl, KAK pa3Mephl TEJM U TIOJIOCTH, M TAKUE KOHCTAHTHI,
KaK 3apsiasl M MACCH 3JCKTPOHOB U sifiep, HE MOTYT (OnrypupoBaTs B BHI-
PaxXeHMIx giaga n u (E).

3aBUCHMOCTDb MIOTHOCTH 3HEPrHHM OT Temnepatypol. CpenHsas aHep-
rug (HOTOHA TEIIOBOTO M3JAYUEHHs MO NOPSAKY BeawudHnl pasHa KkT:
(E) = kT. PasmepHoCTb urcaa (GOTOHOB B eauHune ofbema n ects L3,
W3 sennumn T, k, ¢ 1 ki MOXHO COCTABMTD €JHHCTBEHHYIO KOMOMHALMIO,
MMEOMY pa3MepHOCTh AAuHBL 310 ch/kT. Iloaromy KOHUEHTpanus
doToHOB 1 mponopunoHasHa senuuune (kT/hc)d. TloncTaBnss 310 BhI-
paxenue B (1), MOXeM HamucaTh

4
w=C, = T4, (2)

rne C; — HekoTophii Ge3pa3MepHBI MHOXKMTED.

®opmyaa (2) nokaswBaeT, 4To OOLEMHAS IUIOTHOCTh SHEPIUM PaB-
HOBECHOIO M3JIyueHHs MPONOPLMOHANbHA YETBEPTOM CTENEHH TEMMNepa-
Typh B monocTd. Takoi OBICTPHIA POCT IUIOTHOCTH JHEPIMH C TEMOEpa-
Typoii 00yCJIOBIEH HE CTONBLKO POCTOM CpexHeit sHepruum (OoTOHOB (KO-
TOpas TponopuyMoHasisHa T), CKOJBKO YBeJIMUeHHeM uncaa (POTOHOB B
MOJIOCTH, KOTOPOE MPONOPIMOHANBHO KYOY TEMIIEPATypHI.

Eciii B CTEHKE INMOJIOCTH MMeeTcd HeOOJBIIOE OTBEPCTHE, TO MOTOK
OHEpPrMM H3JYUYEHMI | yepes eqMHUUY IUIOMARM OTBEPCTHS TIPONOPIHM-
OHAJIEH NPOM3BEACHUIO IUIOTHOCTM JHEPrMM B MOJOCTH HA CKOPOCTb
cBeTa ¢!

= K e oma
"_CZHTCZ_T = oT", (3)
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rie ¢ — HOCUT Ha3BaHHe nocrosHHOi Credana—~Bonsumana. Tounmit
pacyer, OCHOBAHHBIA HAa NMPUMEHEHMM CTATUCTHYECKOW MeXaHMKM K o-
TOHHOMY Ta3y, JacT IS Hee 3HaueHue, paBHoe
2.4
o="%_—56710°% 2,
60%7c Me-K

Takum 06pa3oM, MONHAS UHTEHCUBHOCTb M3JIyUeHMS M3 OTBEPCTHS Ipo-
TIOPIMOHA/IBHA UETBEPTOM CTENEHM TEPMOAMHAMHMYECKOM TEMIEPATYPHl B
MOJIOCTH.

UsnyueHne ¢ NOBEPXHOCTH HATPETHX TEJ OTJIHYAETCH OT U3NYyUYEHHUS
U3 OTBEPCTHH B CTEHKE NOJIOCTH. MHTEHCHMBHOCTH M CHEKTPAJBHEIA CO-
CTaB 3TOrO M3JYUYEHUS 3aBHCAT HE TOJBKO OT TEMNEPaTyphl, HO M OT
CBOICTB M3ayuaromero Teaa. Ho B0 MHOTHMX CIyYasix NpH ONEHKAX MOX-
HO CUMTATH, UTO ITH OTIUYHSA HEBEAUKH.

TeMmneparypa nosepxHocTu 3emun. B xauectse npuMepa npuMeHeHHUs
33aKOHA TeIIOBOro nanyueHus (3) pacCMOTPUM BOIIPOC O CpefHeE TeMnepa-
Type 3eMHOI1 noBepxHOCTU. ByaeM cuurars, UTO TelwioBoit 6ananc 3emuun
onpenenseTcs riaBHEM 06pa3oM MOTJIOMEHUEM HEPTUM CONHEUHOTO M3~
JIVUECHHUS ¥ M3JIyUYECHUEM SHEPIHUH B
NPOCTPAHCTBO, @ POJIb MPOIECCOB,
HAYIOMX BHYTpH 3emun, HeBeIH-
¢ R@ ka. [lonHbI# OTOK SHEPrMN, U3Jy-
yaemoit COJHIIEM, B COOTBETCTBUM

4 2
¢ (3) paBen oT¢-4x eTe—
Puc. 97. K oueHke cpeaHei TeMnepaTypbi ( ) p c RC’ A C
3EMHO TIOBEPXHOCTH reMnepatypa nosepxdoctu Cons-
1a, a Rc — ero pagmyc. Bynem
CUMTATH, UTO BCA SHEPTUS CONHEUHOrO M3IyUeHNs, nagammas Ha 3emmo,

noryiomaercs. C noMoieio puc. 97 serko NOHATH, UTO KOJIHUYECTBO 1OTJI0-
maeMol 3emieil B EAMHUILY BPEMEHHM SHEPrUM paBHO

oT¢ -4nR% ffr- . (4)

Takoe Xe KOJMUECTBO IFHepruy 3emias JOJXKHA M3aydyaTh, MHAUE ee
TeMnepatrypa He OyAeT ocraBaTthes mocTosHHOM. Ho manyuaemas ¢ no-
BEPXHOCTH 3eMJIM JHEPrHs TaKXe HaxoauTcd ¢ momompo dopmyast (3),
B KOTOpPYIO B 3TOM Cly4ae CJeAyeT NOACTABHTb TEMIIEPaTypy 3eMHOM
nosepxHoct T. TlpupaBumBas morox M3nyuaemoil 3emireil SHeprum
oT*-4nR? nornomaemoit e sxepruu (4), Haitnem

11’2R 5
T::Tcu.i _TC' ( )

M3 370oro BripaxeHMs BuAHO, uro G onpeacnenus T HeoOxoxumo
3HAaTh TOJLKO Temneparypy nosepxsoct ColHIZ M YIioBOH auamerp
Conuua 2R./r, suaummiit ¢ 3emum. Jror auametp pasel 0,01 paguana,
a temnepaTtypa nosepxsoctu Conrua cocrasaser npumepto 6000 K. ITo
dopmyne (§) Haxomum T = 300 K.
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B saxmoueHne otMeTM, YTO CHIEKTP U3AYyUYEHHS HATPETHIX TE SABJIS-
€TCA HACTOJILKO MMPOKHUM, YTO K03 buuMeHT Noaesnoro AeHCTBUS JaMn
HAKATUBAHNA W JPYTHX OCBETHTEABHBIX MPUOOPOB, OCHOBAHHKX HA M3y~
YEeHHUH PaCKaIEHHHIX TeJ, COBEPIIeHHO HuuToXeH. O6aacTh BUAMMOTO CBe-
TA COOTBETCTBYCT JIMIIbL Y3KOH MMOJIOCE B CNIEKTPE TEMIOBOrO U31YUEHHS.

e [loueMy nAOTHOCTb HEPrMKU U CNEKTPAbHBIA COCTAB PaBHOBECHONO H3Jjyue-
HUS, 3aN0HAOEro NONOCTb, 3aBUCAT TOJILKO OT TeMnepaTypbi? [louemy atu
BEJIMUMHBI HE MOTYT 3aBMCETb OT CBOMCTB TE€J, HaXOASIMHUXCH B MOJAOCTH, M
OT MaTepHana ee CTeHOK?

e [loueMy BbIXOAdiliCEe HAPYXY W3 OTBEPCTHSA B MOJIOCTH U3NydeHue, He SBJIS-
fCb PaBHOBECHBIM, UMEET TEM HE MEHEE TOT X€ CNeKTpafbHbIil cOCTaB, YTO
Y paBHOBECHOE W3nyueHHWe BHYTpH nojoctu? Benb Monexyswi rasa, BhuaeTa-
1OLME HApPYXY Yepe3 OTBEPCTHE B CTEHKE COCYAA, B CPENHEM KUMEWT 60/b-
HIYIO 3HEPrHIO, YEM MOJIEKY/bl B COCYAE.

e IloueMy, 3arnsHyB Yepe3 OTBEPCTHE BHYTPb PacKaJCHHOI MEYH, Mbl HE YBU-
OUM 4EeTKHX KOHTYPOB HaXONSUWIMXCH TaM NpPEAMETOB?

e [Ilouemy uanyueHHe B MOJOCTH, T. €. COBOKYNHOCTb HAXOANUIMXCH TaM ¢oOTO-
HOB, MOXHO DACCMATPMBAThL KaK HJeasibHbi ras?

e TloueMy Aisl yCTaHOBJIEHUS TEPMOAMHAMHUYECKONO PaBHOBECHS B rase poTo-
HOB HeoOxoauMo B3auMogeicTBHe (POTOHOB C BEIECTBOM?

e Kak koHueHTpauus ¢OTOHOB B PaBHOBCCHOM M3JIYUCHUH 3aBUCUT OT TeMIle-
patypbi?
e Kak ¢ nomompo coobpaxeHHil pasMEpPHOCTH MOKa3aTh, YTO HCHycKaemas

TENIOM 3HEPrus TEMJOBOIO M3JIYYeHHUS NPONMOPUHOHA/IbHA YETBEPTON CTEMNEHM
TePMOAMHAMHUECKON TeMnepaTypsl Tena?

e Ecay Bca npuxonsmas Ha 3emmio oT ConHua 3HEpPrus B KOHEUHOM cuYeTe
H3/lyyaeTcs B NPOCTPAHCTBO, TO KAKOM CMBICT UMeeT yTBepxaeHue, yro CoJ-
Hlue JapyeT XU3Hb BCeMy cyuwemy Ha 3emne?

§ 30. BoinyKpeHHOe M3nyveHwe.
KsaHTOoBble ycHnuTenn M reHeparopbl CBera

CnoHTaHHOE N3JlyyeHue BO3OYyXIEHHOTO 4TOMA ¢ TOYKH 3PEHMS KBAHTO-
BOM Teopuu NPOMCXOAUT ckaukoM. [IpeackaszaTe MOMEHT WCIYyCKaHMS
aToMoM (POTOHA HEBO3MOXHO, MOXXHO T'OBOPHMTb TOJIBKO O CPEAHEM Bpe-
MEHM XH3HH T aTOMa B BO30YXIAEHHOM COCTOSIHUH.

BeposSTHOCTH CIIOHTAHHOTO NEPEXoAa u BpeMsd Xu3Hu. [lycts reneps
Mbl MMEEM COBOKYIHOCTb OUEHb OOJIBIOONO YMC/Ia ATOMOB, KOTOpHIE 00-
pa3syloT HACTOJBKO CWJIBHO Da3peXeHHHI a3, YTo B3aMMOACHCTBHEM
MEXIY aTOMaMHM MOXHO npeHeOpeus. Kaxsii aToM MOXET HaXOAMTHCH
B Pa3IMUYHHX KBAHTOBBIX COCTOSHHUIX, KOTODAIM COOTBETCTBYET HUCKpPET-
HHI PSR YpPOBHE# SHepruu. ByneM A mpocTOTH! CYMTATE, YTO ATOM MO-
XET HAXOAUTHCS TOALKO B IBYX COCTOSIHHMAX: OCHOBHOM C 3Heprued £, n
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BO30YXAEHHOM C gHepruel £,. Eciu kakoi-uubyas aToM B MOMEHT Bpe-
MEHH ! HAXOOMTCH B BO30YXIAEHHOM COCTOSHHM, TO B MOC/IEXYIOMMI UH-
TepBaa BpeMEHH Al OH MOXeET JMO0 OCTAThCA B ITOM COCTOSHHUH, JUOO
NnepeiTH CKAYKOM B OCHOBHOE COCTOIHHE, MCIYCTHB (POTOH C oHEpruci
» — E;. OG03HaYUM BEPOSTHOCTb CHOHTAHHOIO MEPEexXoia aToMa B eau-
HHIly BPEMEHH U3 BO30YKIEHHOIO COCTOSIHMS B OCHOBHOE uepes Aj;.
ITycts B MOMEHT BPEMEHU ¢ B BO30YXIEHHOM COCTOSSHMM HAXONATCH
N, atomos. Tak KaK aTOMBEl He B3aWMOACUCTBYIOT MEXAY COOOM, TO me-
PEexXOx B OCHOBHOE COCTOSHHME OHM COBEPIIAIOT HE3aBMCMMO APYT OT APY-
ra. [loaromy unuCI0 MCIIYIEHHBIX 33 MPOMEXYTOK BpeMeHu Al (DOTOHOB
An nponopuHoOHANBHO N,

An= N,A, At. (1)

Ecau npu 5ToM HMKaKMX MPOLECCOB BO30YKAECHUA ATOMOB HE ITPOMCXONHT,
TO M3MEHEHUE UKCJ1a Bo30yXaeHHbIX aToMOB AN, cornacHo (1), paBHo

BeposTHOCTL CIIOHTAHHOTO MEPEXOAa B NMHMIY BPCMEHH A, He 3a-
BHCHT OT BPEMEHH. [103TOMYy pelleHHe yPABHCHHS
dN
2
7 = —IN2(0) 4y
UMEET BUI
No(1) = Nygexp(—Ayt), (3)

rxe N,, — Hekoropas mocrosHHas. Ilonaras B (3) =0, suauM, uTO
N, PaBHO umMcay BO30YXXICHHBIX aToMoB npu ¢ == 0.

TakuM 00pasoM, B OTCYTCTBHE BHEIIHMX BO3ACHCTBMH UMCJIO BO3-
OyXAECHHBIX aTOMOB YOMBAET CO BPEMEHEM IO IKCIMOHEHUMABHOMY 3a-
kOHY. [IpOMEXYTOK BpEMEHH 1, B TEUEHHE KOTOPOTO UHCNO BO36YXaeH-
HbIX ATOMOB B PE3YABTATE CIOHTAHHOTO M3NYUCHUS YMEHBINAETCS B €
pas, — 3TO €CTb CPEHHEE BPEMS XH3HM aToMa B BO30YXIEHHOM COCTO-
auun. Kak sugno us dopmyan (3),

1=1/4,, (4)

BeposTHOCTD CHOHTAHHONO M3Jy4yeHHS OOPATHO MPONOPIMOHAHHA
BpeMenn xu3um t. Kak crenyer n3 cdopmysn (7) § 28, ata BeposaTHOCT
NPOTIOPIHOHANBHA KYOY YAaCTOTH H3JyueHMs.

HesasucuMplit, CIyyafiHbI XxapakTep NMPOUECCOB CIOHTAHHOIO nsny-
YEeHUsI ATOMOB MPOSBJSETCH B TOM, YTO PA3IMUHBIE ATOMBl M3JIYUyalOT
HEONMHOBpPEMEHHO M He3aBucuMo. [Toaromy (asm, HanpaBJEHUS Paclpo-
CTpAaHEHHs W COCTOSTHUS TMOASPU3ALMM PA3HBIX LYTNOB BOJH HE COIVIAcO-
BaHHI APYr C APYTOM. DTO NPUBOAKUT K OYEHb BAXHOMY CJENCTBHIO: CROH-
MAHHOE U3LYHEHUE HEKO2ePEHMHO.

B npucyTCTBMM 3J1EKTPOMArHUTHOIO NOJISL, KPOME CTIOHTAHHOTO U3Jy-
yeHus, OyAYT NPOMCXOAMTH M mponecchl Bo3OYXAEHHS aTOMOB, T. €.
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NEPEXoas! M3 OCHOBHOIO COCTOSHMS B BO30YXAECHHOE C TMOMIOIEHMEM
¢doToHoB ¢ 3HeprHed hw = E, — E,. BeposTHOCTh TaKOro mepexopa mpo-

MOPUHMOHANTBHA 0OBEMHOM IUIOTHOCTM JHEPrMM 3JEKTPOMATHUTHOTO IMOS
w(w) Ha yacTOTE MEPEXOAa M HEKOTOpPOMY KoadduumeHry B,,, xapax-

TEPU3YIOEMy BePOSTHOCTb Bo30yXmeHus AaHHOro atoma. I[TosHoe wmc-
JIO MepeXofoB An M3 OCHOBHOTO COCTOSIHMSI B BO30YXJE€HHOE 32 mpome-
XKYTOK BpeMEHHN Af MPOMOPUMOHAABHO YHC/TY ATOMOB B OCHOBHOM COCTO-
suun N,. Jloatomy

An = N B ,w(w)At. (5)

Ecsu aroMbl HaXOX4TCH B TEPMOAMHAMHUYECCKOM PABHOBECHM C 3JIEKT-
POMAarHUTHBIM [OJIEM, TO YHCJIO [TEPEXOAOB ¢ MOIVIOMEHUEM (POTOHOB M
C MX HCOYCKAHMEM JO0IXHO OniTh OpuHaKoBO. OCHOBHIBASICH HAa 3TOM,
MOXHO, npupasauBag (1) u (5), HainTH BUR PyHKuMK w(W), T. €. CHEK-
TPaJLHOE pacnpene/ICHUEC JHEPruM PAaBHOBECHOrO uajdyuenus. OnHako
MOTy4YarOIIUMACST TIPM 3TOM Pe3yJIbTAT HE COIMMIaCyeTcs € 3KCIEePUMEHTOM
U ¢ ¢popmyoit [1nanka. DiHmTeiH BIEpBLIE NIOKAa3as], YTO A/ TMOJIYyde-
HUS COTJIACYIOLIETOCH € OMBITOM PE3Y/IbTaTa HEOOXOAMMO IPEATIOIOXKHMTS,
YTO 3JIEKTPOMarHUTHOE TOJe BHI3HIBAET HE TOJBKO MEPEXOALl ATOMOB M3
OCHOBHOTO COCTOSIHMSI B BO30YXIEHHOE, HO M MEPEXOABl U3 BO3OYXHeH-
HOrO COCTOSIHUS B OCHOBHOC C M3JiyucHMeM (poTOHOB. Taxue nmepexonsl,
B OTJIMYME OT CIIOHTAHHBIX, MOJYUMIU HA3BAHUE UHOYYUDOBAHHOZO WM
BLIHYKOEHHOZO U3NYHEHUSL.

Yucao BHIHYXICHHBIX NEPexoaoB 3a BpeMs Af NpONOpPIMOHATBHO,
KaK ¥ YMCJI0 NEePexXOfoB C MOIVIOUEHUEeM (POTOHOB, IUIOTHOCTH 3HEPrUM
3JICKTPOMAarHUTHOIO MOJIS Ha YacTOTE MePEXOAd, YMCJAYy aTOMOB B BO3-
OyxneHHOM coctosHuM N, U HeKoTopoMy KoaddunueHry B,,, xapaKTe-
PHU3YIOMIEMY BEPOSITHOCTH TAKOro nepexona B atoMe. C y4eToM CIIOHTaH-
HOMO U3JIYYCHMS MOJIHOE YMCJIO NEepeXOfoB 3a BpeMms Af u3 BO3OYXHeEH-
HOIO COCTOHUS B OCHOBHOC PAaBHO

An = [N,A; + N,B,w(w)]At. (6)

B COCTOSHHMM TEPMOAMHAMMYECKOIO PABHOBECHS CJEAYET MNPUPABHATH
npasbie 4acT¥ B BrpaxeHusx (3) u (6) u yyecTb, 4TO OTHOMIEHUE YHC-
71a aTOMOB B BO30YXAEHHOM COCTOSSHMM K YKMCJIYy ATOMOB B OCHOBHOM CO-
CTOSIHAM, B COOTBETCTBMH C PABHOBECHBIM CTAaTHUCTUYECKHMM pacmpenene-
nueM I'ub6ca, pasHO

Ny _ E,—E, _ ho
N_1 = €Xp (—T) = eXp (—ﬁ) . (7)

BeposTHOCTH BBIHYXKJEHHBIX NepexoxoB. Jerko y6eaurscd, 4ro Bepo-
ATHOCTH B, u B,; AJIa aTOMa J3HHOrO COPTa paBHHI ppyr apyry. ledncr-
BUTEJBHO, NMPH OYCHb BHICOKOH TeMmneparype, xorma k7T > hw, IUOT-
HOCTH SHEpPIruM W, MPOMOPLHOHANbHAS YECTBEPTOHA CTEMEHM TEMITepaTy-
pbl, CTAHOBHTCS HAcTOJMbKO Oonpmoit, yro B opmyne (6) MoxuO
npeHedpeub MEPBHIM CaraeMblM [0 CPAaBHEHMIO CO BTOPHIM. OTO
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O3Hayaer, YTO B PABHOBECHH HPH BHCOKOH TEMIEPATYPE BHHYXICHHOE
u3nydeHue npeobnanaer Hax CIOHTaHHWM. [IpupaBHMBasg mius 3THX yc-
noBui npaseie uactu (3) u (6), umeem

N|B;, = N,By,;. 8)

Tak kak npu paBHOBECHH npu kT/hw—> , cornacuo (7), N;— N,, To
u3 (8) monyuaem B, = B,,.
BepoarHocti B, M B,; 3aBHCAT TOJNBKO OT CBOMCTB aTOMa M HE 3a-

BHCST OT BHEWIHUX YCJIOBHH, B KOTOPHIX mpoucxonar nepexops. [losro-
My TOJIyYEHHOE npu T — © DAaBEHCTBO B,, U B,; CIIpaBEAINBO BCETAA, B
TOM YHCJIE U B OTCYTCTBHE TEIUIOBOTO PAaBHOBECHS.

Ma3epsl 1 Jia3epbl. BHHYXIEHHHE NEpexon HAOUTH BaXXHOE NpPaKTHUE-
cxoe npumeHeHne. Ha HX OCHOBE CO3NaHH KBAHTOBHE T€HEPATODH H3JY-
UYEHHS Ma3epH, FreHEpHPYIoIKMe B MUKPOBOJXHOBOM MANIA30HE, H Ja3CpPH,
H3J1yYaiomye B ONTUYECKOM AMana3oHe oT HHGPaKpacHHX a0 yabrpadu-
oneroBux ayueii. Hanbonee cymecrBennas ocoGEHHOCTb KBAHTOBHIX Te-
HEpPaTOpPOB, C KOTOPO#M CBS3aHH MPAKTHUYECKH BCE UX 3aMEUYATEIbHHE
CBOWCTBA, — 3TO KOZEPEHMHOCMb CO3NABAEMOI0 MMH U3/TyUEHHUS.

Ieno B TOM, YTo BOJHH, HCMYMICHHHE B PE3Y/JBTaTE¢ BHHYXICHHEX
nepexonos, o6ManaoT CIEayIOmER BaXHOW 0COGEHHOCTHIO: MX YacTOTa,
¢asa, HanpaBJeHNe PACHPOCTPAHCHUS M COCTOSHUE MONASPU3ALMM TOYHO
TAKHE Xe, KAK M Y U3JyuycHHUs, BH3BaBImero nepexoan. Unaue rosops,
(bOTOHBI, MCITYUIEHHHE MPH BHHYXICHHOM H3Jy4YE€HWH, HEOTJIHUMMH OT
¢OoTOHOB, BH3LIBAIOMMX 3TO M3JAydeHHe. [loaTOMy npM MHAYUMpOBaH-
HOM M3NYyYECHUM YBEIUYMBAIOTCH TOJBKO aMIUINTYAA M SHEPrHsi BOJHHL

KorepenTHOCTb Ja3epHOro uany4eHusi. [IoSCHNUTHL KOr€peHTHHIA Xa-
paKkTep BHHYXICHHONO M3JYYeHHS MOXHO crenyiomuM obpazom. [Ipo-
LEeCC BEIHYXIACHHOIO M3JMyYEHHS SBJASCTCH OOpaTHHM M0 OTHOMIEHHIO K
noryiomenno. [Ipu pacrnpocTpaHEHUH My4yKa JydYed B MOMIOMAIOLIEH
cpefe MPOMCXOOUT YMEHBIIEHHME WHTECHCMBHOCTH, HO IOJHOCTBIO COXpa-
HSIOTCH CBOHCTBA KOF€PEHTHOCTH. JTO BHOHO XOTs OH M3 TOro, 4to B
00X MATEpdEPEHIMOHHLIX ONBITAX MPOXOXIAEHHE My4YKa CBera depes
cepuit GWIBTD, YMEHBUIAIOMMIA WHTEHCUBHOCTh 063 M3MCHEHHS CIEKT-
pajIbHOrO COCTaBa, HE pa3pymaer mHrepdhepeHIMOHHOM Kapruwl. ITo-
3TOMY MOXHO OXHIATh, UTO IIPH MPOXOXJACHUM CBETA Yepe3 Cpeay, co-
AepXamyo BO30yXIeHHHE aTOMBI, B PE3yJbTaTE BHNHYXRCHHOIO H3Jy-
yeHns: OyeT MPOMCXOAMTH YCHJICHHE PaclpoCTPAHAIOMEHCS BOMHN [1pH
COXPaHEHUH €€ KOTEPEHTHOCTH.

Ycuaenue CBeTa aKTHBHOM cpenofi. [Tycts napayieAbHHE My40K MOHO-
XPOMATHYECKOrO M3JIYYEHHAS YaCTOTH ), COOTBETCTBYIOMIEH PA3HOCTH Ka-
Kux-snb0 NBYX YypOBHEH 3HEDrHM aTOMOB CpPEAn, DAcNpOCTPAHACTCS
CKBO3b 3Ty cpeny. MaMeHenue YncIa (POTOHOB B NOTOKE HA NPOTIXEHAN
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paccrosHuMd Ax = cAf 3a CYET NPOLECCOB NOMIOMIEHNS M BHHYXICHHOIO
H3JIYYECHHS PABHO

An = [N,Byw(w) — N, Bjw(w)] éci . &)

BkiianoM CIIOHTaHHOrO M3JYy4YEHHS B PACCMATPHUBAEMEIN MOTOK (PoTo-
HOB MOXHO rpeHe0peyb, TaK KaK CIOHTAHHOE M3/IyYeHHE PacrpocTpaHs-
ercs [0 BCEM HAlpPAaBJICHUSM M B HANPABJICHUH PACCMAaTPUBAEMOrO MyyKa
OKaXeTCs HMYTOXHAs €ro 4acTs. Tak Kak B, = B,,, 1o (9) moxHo nepe-

ITHCATh B BHAE
An = (N, —~ N))Bw(w) &% . (10)

Ora dopmyna mo3BoASET MOHATH OCHOBHYIO HIEI0 PaGOTH KBAHTOBO-
ro ycwmreas. Ecam 4yMcI0 atoMoB B BO30OYXIEHHOM COCTOSHHMHM N,

MCHBIIE YHCJIA ATOMOB B OCHOBHOM COCTOSHMH N,, TO NPH pacmpocrpa-

HEHHH BOJHH romiomeHne Oyner mpeobaanaTh Haj BHHYXIECHHEIM H3-
JIyUEHHEM H MHTEHCHBHOCTb BOJHH Gymer yOuBarbh. Tak oOwmuno u 06-
CTOMT J€JI0, €C/TM BOJHA DACIPOCTPAHSETCS B CPEAe, HAXOAMBIIEHCS B
COCTOSHMH TEDMOIMHAMMYECKOTO PABHOBECHS WM GJM3KOM K HEMY.

Ho ecnm B cuny Kakux-Mbo MPHYMH 4MCAO BO3OYXIEHHEIX aTOMOB
N, MpEBOCXONMT YMCIO aTOMOB B OCHOBHOM COCTOSIHMH N, TO 1O Mepe
pacnpoCTPaHEHNs BOJHH 4MCI0 (POTOHOB B myuke Gymer HapacraTh —
BOJNIHA OyoeT yCHIMBATHCS.

HaiineM 3aKoH, 10 KOTOPOMY GynEeT M3MEHATHCS MHTEHCHBHOCTD BOJI-
HH 110 MEpe €€ pacnpocTpaHeHuMs B cpeme. IlpomsBemeHme oObEMHOM
[UIOTHOCTH JHEPIHH BOJHH w(w) HA CKOPOCTb CBETA ¢ €CTHh ILIOTHOCTD
NOTOK3 3HEPrHH, NMEPEHOCHMOI BOJIHOM:

J = cw(w).

Tak Kak M3MCHEHHME MOTOKa (POTOHOB HA MPOTSXKCHHU OTPE3Ka AX
paBHO cAn, TO M3MEHCHHUE TOTOKA SHEPrMM Aj HAa 3TOM Xe oTpe3ke Ax
pasHO AiwwcAn. YMHOXas obe yactu paBenctea (10) Ha Awc, Hailnem

. h .
AJ=Tw(N2—N1)312]Ax- an
Iepexons x npeneny npu Ax— (0, nooyuyuM ypasHEHuE NI (PyHKOUH
j(x) — NIOTHOCTH MOTOKA SHEPIMH — B BHAC

%: aj(x), (12)

rae 3apUcsmuii o X kKoaddbuumenr a paseH
G=E‘:2(N2—Nl)Blz. (13)
Pemenue ypasHenud (12) umeer Bug
Jj(x) = joexp(ax). (14)
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3pech jo ecTh IJIOTHOCTh AOTOKA SHepruM nyuka fapu x = 0. [Ipn a> 0
MOTOK 3HEPrMH HApacTaeT MO Mepe PacnpoCTPAHEHUS BOJHH, a HPU
a < 0 y6uBaer. Ecin N, > N;, 1o a > 0. B atoM ciyuae cpena HasbiBa-
eTCd aKmuaHoU.

Meroubl CO3naHUA aKTHBHOM cpenbl. Kaknm xe obpasoMm ynaercs mo-
JYUMTh CHJIBHO HEPABHOBECHOE COCTOSHHE BCIUECTBA, B KOTOPOM
N, > N,. B aaBucumocTu or Tvna pafouero BEIECTBA 3TONO MOXHO JO-
OUTHCH PA3HBIMH METOHAMHU. B UMITy/IBCHBIX TBEPHOTEIBHBIX KBAHTOBBIX
reHepaTopax, HanpuMmep B PyOHMHOBOM J1a3epe, MCIOMb3YETCS ONTHue-
CKag HAKayKa CBETOM MOUIHOM MMIYJbCHOM JIAMITBI — BCOBIMKH. B 1o-
JIYIPOBOJHHUKOBLIX Jla3epax HEMPEPHIBHONO NCHCTBHS HEPABHOBECHOE CO-
CTOSHHE JOCTHraeTcs IPH IMPOIMYCKAHUM 3NEKTPHUECKOIO TOKA 4Yepes
p—n-nepexon. B razoBsix sasepax aTtoMe paGouero BewecrBa Bo3Gyx-
OAKOTCH 3JICKTPUUCCKUM pPa3PSIAoM.

PeszoHaTops! Jiazepa. B kBaHTOBBIX reHepaTopax Jis MOAYYEeHUS MOHO-
XPOMATHUYECKOro KOrepeHTHOrO UanyucHusd, noMuMo addekra ycunenus
BOJIHEI ITPH ITPOXOXAEHUH YePE3 AKTUBHYIO CPENY, UCIIOIb3YETCS MOMIOXK-
TenbHas ofpaTHad cBg3b. HacTh M3/IyuaeMoil CBETOBOM JHEPrUM BCE Bpe-
M JOJIXKHA OCTAaBaThCS BHYTPHU pabouero BelecTsa, BHA3KBAY BHIHY XACH-
HOE M3JIyUeHHE CBCTA BCE HOBRIMM BO30YXIEHHBIMH aTOMaMH. JTO oCymie-
CTBJISIETCH C MOMOWIBIO 3epkan. O6biuHO padouee BElECTBO MOMEIIAETCS
MeXJy IBYyMS Napasie/bHEIMA 3€PKaJiaMH, OfHO U3 KOTOPHIX MOJIYMPO3-
pauno (puc. 98). Taxyw cucremy Ha-
3BIBAIOT ONMUYECKUM DE3OHAMODOM.
— Bosuuxuiag B KakoM-aub0 Mecre B
pe3ynprate CHOHTAHHOIO MNepexoxa
CBETOBAd BOJIHA YCHJIMBAETCH 33 CYeT
BHIHYXJEHHOIO UCIYCKaHUd TPU pac-
Puc. 98. Ontuyeckuit pesoHatop ¢ ak-  ppPOCTPAHEHNM YEPE3 AKTMBHYIO Cpe-
TUBHOM CDEAOH ay. DddexTuBHo 6yayT ycuaMBaTBCH
TOJILKO T€ BOJIHBI, HANpPaBJCHUE pac-
NPOCTPAaHEHUs! KOTOPHIX COBMAJAET C OChIO PE30HATOPA, TaK Kak Npu BCex
HPYTUX HANpaBJICHUAX BOJIHA OLICTPO MOKMHET NPERE/bl AKTHBHOMN CPEMHL.
Hositnsg 7o nosynpo3payHoro 3€pKaja, BOJIHA YAaCTHUHO BHIXOAUT HAPYXY,
a yacTMYHO oTpaxaercd Ha3dan. OTpa3uBLIagCca BOJIHA JAET HAUAIO HOBOM
saBuHe ¢oTOHOB. JIpoiing BAOJIL pe3oHAaTOpa OT OJHOTO 3€PKaja Ao Apy-
roro nyTh L yepe3 aKTUBHYIO CPeny, BOJHA B COOTBETCTBMU ¢ PoOpMynoit
(14) ycunurcs B e*F pas. Orpasusmasics OT BTOPOroO 3€pKaJia BOJHA CHOBA
Ha JIMHE Pe30HATOpa ycunmeaercs B e~ pas u T. n. TakuM obpa3som, Ha-
JIMYME 3epKa’ yBesuuuBaer 3PhEeKTUBHOE pacCTOSHUE, KOTOPOE Pacipo-
CTPAHAIOMAsCH BAOAL OCH Pe30HATOPa BO/IHA IIPOXOXUT B aKTUBHOM cpefe.
OueBHMAHO, YTO FeHepanus BO3MOXHA TOJIBKO TOTAA, KOTAa najamnmas
Ha MOJIYNPO3PayHOE 3€PKajo0 MOC/IE OYEPETHOrO NPOXOAa BOJHA MMeeT
SHEPTHIO HE MEHBIIYI0, YEM DK NMPEALAYIIEM MafeHUN. JTO 3HAUHT, YTO

A
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YCHWICHHE CBETa B aKTHBHOM CPEle JOJIXHO OBTH JOCTATOYHO OO/MBIIMM,
MPEBLIIAOIAM HEKOTOPOE 3HAYCHME, HA3NBAEMOE NOPOZOBLIM.

@OopMHPOBaHHE KOTE€pPeHTHOro uajiydyenus. ONTHUYECKUR DE3OHATOD,
00pa30BaHHLIA 3€PKaJaMH, NIOMMMO OCYLIECTBIECHHS HeOOXOMMMOR mjis
BO3HMKHOBEHMS I€HEPALHUH MMOJOXHTEJIBHOM 0OPATHON CBSI3M, BHIFIQIHS-
eT M APYIYIO BaXHYIO (PyHKUMIO — (POPMHUPYET KOFEPEHTHOE MOHOXPO-
MaTuuecKoe uanydeHue. [ng Toro yrobsl BHIXOAALIEE YEpe3 HOJIYMpPO3-
payHOE 3EPKaJ0 H3JIydcHHEe OBUIO KOrepEHTHHIM, HEeOOXOAMMO, uTOGHI
COCTaBJISIIOMIME €0 MOC/AeHOBATENbHEIE BOTHOBHIE YT GBLIM COracoBa-
HBI IPYyT C IPYroM.

K mosnynpospaunoMy 3epkany mOAXOQAT TOXAECTBEHHEIE LYTH BOJH,
BO3HMKIIME TIPY BHIHYXKIEHHHIX TEPEXORaX B aKTMBHOM CPEAE M3 ENMH-
CTBEHHOIO CMOHTAHHO MCIYIOEHHOro uyra. JacTs U3 HUX BRIXONMT Hapy-
XKy, 4acTh orpaxaercs. OTpasuBHIMECH LYTH MPOXONIT Uepe3 PE3OHATOP
Tyaa U oOpaTHO M CHOBA BO3BPAMIAIOTCH K MOJYNPO3PAYHOMY 3EPKATy.
O6pazoBaBuiasgcs B PE3yJbTaTE Pa3HOCTh XOAA AOJKHA OBITh PaBHA Lie-
JIOMY YMCJY JJIMH BOJIH:

=nr, n=1,2, .. (15)

Tonbko B 9TOM CJiyyae BHIXOAfLICE HAPYXYy HanyudeHue Oyaer crporo
MoHoxpoMmaTuueckuM. OTCioga c/eayer, YTO KBAHTOBHI FEHEPATOP MO-
XeT CO34aBaTh MOHOXPOMATHMYECKYHK) BOJHY HE MPOM3BOJIBHOM YaCTOTHI,
a Auub ¢ JACKPETHHIM Ha0OPOM YacTOT ®,, COOTBETCTBYIOMUX JOMYCTH-
MBIM 3HAYEHMSM JUIMHH BOJHBI A, = 2L/n. Dror Habop yacror onpene-

nsgerca dopmyoi
w, = e Xy,
*n (16)
Onrtuueckuil pe3oHarop, o0pazoBaHHbIM 3€PKATaMHi, MOXHO paccMaT-
puBaTh KaK KosieDaTeIbHYIO CHCTeMY, B KOTOPO# COBCTBEHHEIE HOPMAJih-
uhe Konefanus (MOOB) MMEKOT BHJ CTOSYMX 3JIEKTPOMAHHTHHIX BOJIH C
yajaM¥ Ha 3epkanax. JacToTel Takux kosieGaHMil ONMpene/igioTCS TOUHO
takuM xe yciosueM (16). [ToaToMy KBaHTOBBIM FEHEPATOP MO CYLIECTBY
npencrasnger coboi aBTokone6aTENMBHYIO CHCTEMY, B KOTOPOH BO3MOXHBI

HE3aTyXawiue Kose0anug Ha ONHOM M3 coOCTBEHHRIX YaCTOT pe€3oHaropa.

S

CrexTp JIa3epHOro M3jayyenus. Bo30yx1EHHHIN YPOBEHb JHEPIUHM aTO-
MOB 3KTHMBHOM Cpellbl BCErga MMEeT KOHEUHYI mupuHY. [losromy ycu-
JICHME CBETa MPY BBHIHYXAECHHBIX MEpexX0oJaX MPOMCXONMT HE Ha OXHOM
ukcupoBaHHOH 4acTOTE, 8 B HEKOTOPOM UHTEPBAJIE 4acToT Aw, omnpe-
AEASEMOM IIUPMHOM CriekTpanbHoit JuaMM. OOBIYHO HA MHTEPBAT Aw
MPUXOAUTCS HECKONBKO COOCTBEHHMX uacToT pe3oHartopa (puc. 99). He-
KOTOpPHIE M3 HUX MOTYT OKa3aThCs B MHTEPBane Aw;, B KOTOPOM Ko03d-
(bULMEHT yCUIeHUS MPEBOCXOMUT MOPOroBOE 3HAUEHME.

Ha 3Tx yacroTax u BO3MOXHA reHepauus naayueHus. Ecam B unrep-
Bas Aw, MONAAAa€ET TO/IbKO OffHa COGCTBEHHAS YaCTOTa PE30HATOPA, TO, Ka-
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3a710¢h OH, JIa3ep HENPEPHBHOIO ACHCTBUS NOJIXEH FeHEPUPOBATh CTPOro
MOHOXpOMaTuueckuil ¢cBer. ONHAKO MO pgAy NMPUUMH 3TO, KOHEYHO, He
TaK, XOTH M3/yYeHUE TAKOr0 OMHOMONOBOIO Jia3epa o0siafaer OueHb BhI-

COKOIl CTENMEHbI0 MOHOXPOMATHUHOCTH.

T~ U neiicTBurensHO, mMIMPHHA JTMHEM JIa-
alw) Aw 3EPHON0 M3JTyYEHHUS MOXET OBITh MHOTO
- 1 MEHBUIE HE TOJBKO AOILIEPOBCKOM, HO ¥

E€CTCCTBEHHON HIMDHMHBI CHEKTPAJIbHBIX
suani. [Iupuna sasepHOd JTMHUM MO-
Xer 6uTh JOBeneHa no 3HaueHua 10714
-] © O or camol uactorel. COOTBETCTBYIOLIAS
TaKOM MOHOXPOMATUYHOCTH IJIMHA LyTra
Puc. 99. B npenenax KOHTypa CNEKT-  yqnanegrHpIx BOJH AOCTUTAET COTECH KH-
PaJIbBHOM JIMHUKM HAXOAMTCH HECKOJIb-
KO COOCTBEHHBIX 4aCTOT pE3oHaTopa JIOMETPOB.
Hawubosee cymecrBeHHOM MpUYM-
HOM HeCcTabMJILHOCTHM 4YaCTOTH reHepa-
UMM SBJASIOTCS CAyYaiWHBE M3MEHEHMS JJIMHBI Pe3oHAaTopa L, BHI3BIBae-
MBIE, HAfPUMED, TEIUIOBHIM PacmMpeHueM, BUOPALUsIMH M T. 1.
3aMeyarebHOH YEpPTOH JIA3€POB, TECHO CBI3aHHOM C KOrepPEHTHO-
CTHIO CO33aBAEMOr0 MMH H3JIYUCHMS, SBISCTCH WCKIIOUMTENbHAR CIOo-
COOHOCTD K KOHUeHmpayuu c6emoaol 3nepzuu: K KOHUCHTPAILMY B CIIEK-
Tpe — OuYEHb Y3Kaf CIEKTPAJbHAS JMHUA W3JIYUCHHUS, KOHUCHTPAUHHK
BO BPEMEHM — BO3MOXHOCTb IOJy4aTh CBEPXKOPOTKHE MUMIIYJIbCH CBE-
Ta, K KOHLEHTPA MK B MIPOCTPAHCTBE U 10 HANPABJACHUIO PACIIPOCTpaHe-
HUS — BO3MOXHOCTBH IOJIYUaTh MPAKTHYECKH NapPa/UICJbHBIA TYYOK,
PacXOUMOCTb KOTOPOrO OMPEHESCTCS TOALKO HM(PPAKIUOHHEIMM 3ch-
pexTaMud M TO3TOMY Ou€H» Maja, M cPOKyCHpOBATH BCE M3NYYCHME B
Masoit 06JacT C pa3MEPaMM TMOPSAKAa MJIMHH BOJIHEI.

e Kak cBssano cpenHee BpeMs XH3HM aroMa B Bo3OYXIOEHHOM COCTOSHUU C
KJIaCCHMYECKHM TpeACTaBJIeHHEM O HETIPEPLIBHOM M3JIyYEHHH M C KBAHTOBBIM
npeAcTasjienneM 0 cKaukoobpasHoM Nepexoge aToMa M3 Bo3OyXAeHHOIO co-
CTOSIHUA B oCHOBHOE?

e Kak BpeMs XM3HM T aTomMa B BO36y)KJJCHHOM COCTOAHHMM CBA3aHO C BeposdAT-
HOCTBIO CIIOHTAHHOIO nepexoua?

e Yto Takoe BhiHyXjAeHHoe HalydeHue? Kakue TeopeTuueckue coobpaxkenus
MPHUBENHU K BLIBOAY O €r0 CYLIeCTBOBaHMM?

o Kax MoxHo mokasaTb, 4TO BCPOATHOCTDL TMorJioleHus (I)OTOHa " BEPOATHOCTDL
BLIHYXAEHHROrO M3J/IyY€HuS OOMHAKOBLI A4 NAHHOIO Nnepexona B atome?

e Uem BHIHYXJEHHOE M3JlyueHHe oT/IHYaeTcs oT criontaHhoro? Ilouemy asekrt-
poOMarHuTHbie BOJIHBI BHI3BIBAIOT TNepeXonbi He TOJBKO C MOMJIOIUEHMEM SHep-
I'MH BOJIHBI, HO M ¢ MCTyCKaHueM uafiyueHus?

e Yem obycroB/ieHa KOrepeHTHOCTb MCIYCKaeMoI'0 CBeTa NpPH BBIHYXAEHHOM
u3nyyeHuu?

e Tlouemy npu aHanuse paGoThl KBAHTOBOIO YCHMJIMTENISI MOXHO HE YYMTbIBaTh
CrHOHTaHHOe u3jiyueHue?
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e CdopmyaupyiTe OCHOBHbIC 3TANBI BbIBOAA 3aKOHA HapacTaHUs MHTEHCHUBHO-
CTH CBETa N0 Mepe ero pacnpocTpaHeHHs B aKTHBHON cpege.

e Ob6mbsacHuTe, Kakum obpasom Grnaronaps AByX3epKajbHOMY pe30oHATOpY B Jia-
3epe ocyllecTBisieTcd noMoXuTeabHasi obpaTHas CBA3b.

o KaxoBa ponb 3epkan pesoHatopa B ¢OpMHUPOBaHHH KOTEPEHTHOIO U3JTyueHHUs
nasepa?

e Yem 0ObAcHSIETCS BO3MOXHOCTb IEHepaLMu M3JyueHus JasepoM cpaly Ha
HECKOJIbBKMX MOJax pesoHatopa?

e OO6bscHUTe, MoyeMy cCheKTpaibHas JIMHUS JIa3€pHOTO M3NyuyeHUs MoXeT
MMeTb LUHPHHY, MHOIMO MEHBLUYIO eCTeCTBEHHOMH IHMPHHEI CHeKTpasbHOM JIK-
HUM aToma.

§ 31. DneKTpH4ecKHMK TOK B rasax

B 0OBIYHHEIX YCJIOBMSX ra3n HE FIPOBOAST JEKTPHUUYECKMil TOK, TaK Kak
WX MOJIEKYJIB 3JIEKTPM4YECKM HelrpaspHu. Hanmpumep, cyxoi Bo3gyx —
3TO XOPOIIMM M3OJATOpP, B YEM MBI MOTJIM YOENHMTHCS C MIOMOUIBIO CAMBIX
MPOCTHIX OMBKITOB MO 3nektpocratuke. OMHAKC BO3AyX M APYTUE€ rasn

Puc. 100. Bo3ayx CTaHOBUTCS MPOBOAHMKOM JIEKTPHUUECKOTO TOKA, €CJIM €10 HOHU3UPOBATb

CTAHOBATCH IPOBONHUKAMH 3JIEKTPMUYECKONO TOKA, €CJIM B HUX TEM WIH
MHBIM COCO00M CO3AaTh MOHBEL. [IpOCTEHMMI OMBIT, MJUIOCTPUPYIOIMHAMN
NpOBOMMOCTh BO3QyXa IIPM €r0 HMOHU3alUUM IUIAMEHEM I[IOKa3aH Ha
puc. 100: 3apsix Ha IwiacTMHAX, COXPAHAIOUUNCS B TeUeHHE RJIUTEIBHOIO
BpeMEHM, OBICTPO MCUE3aeT MPH BHECEHMM 3aXKXEHHOM CMUYKM B TPO-
CTPAHCTBO MEXAY IUIACTHHAMH.

Casosslit pa3paa. [Ipouecc npoxoXmeHHUS 3JEKTPHUYECKOrO TOKAa vepes
ra3 OORIYHO HA3HIBAIOT 2A30¢blM PA3PSAOM (MM 37EKTPHUECKHM Da3psg-
oM B rase). 'a3oBHe paspsabl MoApasAcASIOTCS HAa ABA BHAA: CaMOCTO-
ATEJbHHE W HECAMOCTOATE/ILHHE.

HecamocTosTenbHblit pa3ps. Paspsa B rase Ha3WBAIOT HecamoCmosi-
MenbHbIM, ECAN ANS €ro NOJACPXAHMS HEOOXOAMM BHEIIHMI HUCTOYHUK
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voHuzauuu. VMloHs B rase MOryT BO3HMKATh IMOX AEHCTBMEM BBICOKHX
TEMNEPATyP, PEHTTEHOBCKOIO M yJAbTPa(MOJIETOBOrO U3/Jy4YEHUS, PagHo-
aKTUBHOCTH, KOCMMYECKHX Jy4eH U T. i. Bo BCEX 3THX CAyuasix mpouc-
XOIUT OCBOOOXIEHME ONHOIO MJIM HECKOJBKMX 3JIEKTPOHOB M3 3JIEKTPOH-
HOM 000JIOUKM aTOMa WJIM MOJICKYJIH. B peaysbrare B ra3e NMOSBJISIOTCH
MOJIOXHTEIbHEIE HMOHH M CBOOOAHmE 3aekTpoHH. OcBobomuBLIMECS
3JEKTPOHBl MOTYT TNMPUCOCAUHATHCH K HEHATPANbHBIM aTOMaM WU MOJe-
KyJiaM, npeBpamas UX B OTPULATEIbHbIC MOHHL

Houusauus u pekoMOunauus. Hapany ¢ npoueccaMu uonusayuu B ra-
3¢ MPOMCXONST M 0OpaTHHIE MPOUECCH pekomOUHQLUU: COENUHSIICh MEX-
Ry coboii, NOMOXHTENbHHE M OTPMUATEALHHE WOHBI MIHM OJIOXHUTE/b-
HEIE MOHH Y 9JICKTPOHB! 06Pa3yrOT HENTPATBHEIE MOJIEKYJ/IBl UM aTOMEI.

ViaMeHEeHNE CO BPEMEHEM KOHIIEHTPALMHM 7 MOHOB, O0YC/IOBJEHHOE
OOCTOSHHBIM MCTOYHHMKOM HOHHM3alMM M TNpOLeccaMu pekoMOmHauuH,
MOXHO ONMUMCATh CAERYIOIMUM 06pa3oM. JOfMyCTHM, UTO MCTOUHMK MOHH-
3alMM Co3faer B eqMHMNE o0beMa rasa 3a equHHLY BPEMEHH ¢ TOI0XU-~
Te/IbHEIX MOHOB M TAKOE X€ YHMCJIO 3JekTpoHOB. Ecm B rase HeT anexT-
PUUECKOrO TOKA M MOXHO NpeHefpeus yXxopoM HOHOB M3 paccMaTpuBae-
Moro obwemMa wu3-3za auddysmH, TO EFMHCTBEHHBIM MEXaHM3MOM
yMEHbIIEHNs] KOHUEHTPAMM MOHOB n GyneT peKoMOMHALMS.

PexoMOnHALMs TPOMCXORMT TpH BCTPEYE MOJIOXMTEABHOIO MOHA C
571eKTPOHOM. YHCJIO TAKMX BCTPEY MPONOPLUMOHAIBHO KAK YMC/Y HOHOB,
TaK M YKCIY CBOGONHHIX 3JIEKTPOHOB, T. €. MPONOpuHMoHanbHo n. [Toaro-
My y6bUIb YMCJa MOHOB B e€fMHMIE 00BEMa B €QMHULY BPEMEHM MOXET
GuITh 3aNMCAaHA B BHAE an?, rAe o — IOCTOSHHAs BEJIMYMHA, Ha3bIBae-
Mas k03QPUIHEHTOM PeKOMOHHALIMH.

TIpu cripaBemIMBOCTM BBENECHHHX TMPEANOJIOXEHNA ypaBHeHMe Oa-
JIAHCA MOHOB B ra3e¢ 3anumeTcs B Buje

Z—'tl =gq— an? (1)

Mu He GyneM pemars 310 AudepeHnuanbHoe ypaBHEHUE B obmeM
BMJIC, 4 PACCMOTPHM HEKOTOPHIE MHTEPECHHIEC YACTHHIE CIYYaH.

TIpexnae BCEr0 OTMETUM, UYTO NMPOLECCH MOHM3ALUM M PEKOMOMHALMH
yepe3 HEKOTOPOE BPEMS JOJIXHBI CKOMNEHCHPOBAThH APYT LPYra M B rase

YCTAHOBMTCS FOCTOSHHAN KOHueHrpauus n,. M3 (1) Buaso, uto mpu

dnf/dt =0
__ 44 2
n, = ‘/; N ( )

CranyonapHas KOHLEHTPALMs MOHOB n, TeM 0oJbile, UeM MOIIHEE
UCTOYHMK MOHW3AIMM M YEM MEHbIIe Ko3dduuueHT peKkOMOMHANHNH q.

[locsie BHIKIIOUEHMS HMOHM3aTOpa yOHBaHME KOHLEHTDALHH HOHOB
n(t) omuceiBaercs ypaBuenueM (1), B koTopoM HyXHO nonoxurs ¢ =0,
a n,, NPUHSTH B KAUECTBE HaYaJIbHOro 3HaueHUsS KoHueHTpauuu n(0):

dn_ 2
E——an .
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IlepermcaB 3TO ypaBHEHHE B BHIE d—; = —qdt, NOCJIE MHTETPUPOBAHNS
n
MOJIYYaEM
L — ._1_ = at
n) n,-
OTKYyJia "
= 3
n(t) l+n at’ G)

I'padmk sroit ¢yuxuum nokazad Ha puc. 101. OH npexcrasaseT co-
Goil runepbosy, aCHMIITOTAMM KOTOPOil SIBJSIOTCH OChb BDEMEHM ¥ BEPTH-
kanpHas npamas t= 1/(an,). Pasymeerca, dusmueckuil CMBICT umeer

JIAIIL YYACTOK IMnepbosibl, COOTBETCTBYIOmMiI 3HaueHusM ¢ > 0. Orme-
THM MEJIEHHBIA XapakTep yOmBaHus
KOHLICHTPALMH CO BPEMEHEM B CPaBHE-
HUH C YaCTO BCTPEUYAIOWIMMHCSH B (DU3H-
K€ TMpOLECCAMM 3KCHOHEHIMAIbHOIO

3aTyXaHMs, KOTODHE peaau3YITCH, \\

. nk
|
|
]
KOIJ]a CKOPOCTh yORBaHMSA xakoM-1mbo : \
I
I
|
l

'
\
\

BEJMUYMHBl TPOTNOPILUOHANBHA TEPBOM
CTENEHU MIHOBEHHOIO 3HAYCHUSA 3TOM
BEJIMUMHEL.

P

HecamocTosiTeIbHas 1IPOBOIUMOCTbD. ‘ >
[Mpouecc cmagaHus  KOHLEHTPALMHK 0 z
HOHOB IMOCJE TNpeKpauicHus HehcrBusg  Puc. 101. Y6ulsanue KOHHEHTpanmu
MOHKM3aTOpa 3HAYMTENBHO YCKOpSETCq, MOHOB B rase nocic BRIKIIOYEHUS HC-
TOYHHKA HWOHH3ALMH

€CJI¥ ra3 HaXO[MTCH BO BHEHIHEM 3JIEKT-

pPUYECKOM [0Jie. BEITArMBas 31K TPOHbI

¥ HOHH HA 3JIEKTPONHI, 3JEKTPUUECKOE MOJIE MOXET OYeHb ObiCTpPO 06pa-
TUTB B HYJIb 5JIEKTPOIPOBOZHOCTH ra3a B OTCYTCTBME MOHK3ATOPA.

Ong yacHeHHS 3aKOHOMEPHOCTEH HECaMOCTOSTENBHOrO paspsna pac-
CMOTPHMM [/ TIPOCTOTHI C/Iy4ay, KOFJa TOK B MOHM3YEMOM BHCIOHMM HC-
TOYHMKOM Tra3e TEYET MEXIY RBYMs IUIOCKMMH 3JICKTPOXAMHM, Napas-
JIeJIBHBIMHU IpDYT ApYry. B 3TOM cnyuae MOHHI ¥ 3JIEKTPOHBI HaXOJATCH B
OQHOPOMHOM 3JICKTPHUYCCKOM MOJIE HAMPSXKEHHOCTH £, paBHOH OTHOmIC-
HHK TPHIOXEHHOTO K 3jeKTpoaaM Hanpsxeuus U K paccrosHui [
MEXJY HUMH.

IToABMKXHOCTE 3JEKTPOHOB M HOHOB. [1pH NOCTOSHHOM MPHIOXKEHHOM
HanpsAXEHUU B LIENM YCTAHAB/IMBAETCS HEKOTOPAS NOCTOSHHAA CUJIA TO-
Ka I. DTO 3HAUMT, UTO 3JIEKTPOHH M MOHE B MOHM3OBAHHOM Ia3e¢ ABH-
XYTCS C MOCTOSHHBIMK CKOpocTAMHU. YTo0n ofbsacHUTH 3TOT BaKT, HYX-
HO CUMTATh, YTO KPOME MOCTOSIHHOM YCKOPSIOWEH CHIIBI 3JEKTPHYECKOTO
10711 HA JBUXKYIUMECS MOHKI Y MEKTPOHB AEUCTBYIOT CHJIBL COMPOTHBIIE-
HHUS, PACTYIIHE C YBEJNYECHUEM CKOPOCTH. DTH CHJIBI OMUCHIBAIOT YCPEA-
HEHHH# 3¢@dEKT CTONKHOBEHMH 3JIEKTPOHOB M MOHOB ¢ HEMTPaJbHBIMH
aTOMaMH ¥ MOJIEKYJaMM rasa. Biaropaps cusiaM COMpOTHBJEHMS YCTa-

9 E.H. Bytnkos u ap. Kuura 3
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HABJ/IMBAIOTCH B CPEAHEM IOCTOSHHBIE CKOPOCTH V., K V; 3JIEKTPOHOB H
HOHOB, NMPONOPLUMOHAJILHEIC HANPAXECHHOCTH E INIEKTPUUYECKOrO IOaI4:

ve=—bE, v,=bE. (4)

Koagdunuents nponopinuoHanssHocTd b, ¥ b, Ha3WBAKOTCH NOJBUX-
HocmaMmu 3MEKTPOHA U KOHA. [IOABMXHOCTH MOHOB M 3JIEKTPOHOB MME-
IOT pa3HeIC 3HAUCHUS M 3aBUCAT OT COPTAa rasa, €ro IJIOTHOCTH, TeMIe-
paTypel M T, 4.

IT/IoTHOCTL 3JIEKTPHUYECKOTO TOKA j, T. €. 3apPSA, NEPCHOCHMBINR 3/1eK-
TPOHAMH M HOHAMH 33 EMHHULY BPCMCHHU YCPC3 CAMHHYHYIO IUIOIUANKY,
BHIPaXaeTCqd Yepe3 KOHUEHTPALHIO 3JCKTPOHOB 1, M MOHOB 1;, MX 3apf-
Al —e ¥ e, ¥ CKOPOCTH YCT2HOBHMBIIETOCS NBMXECHHUS V, U V!

ji=—enyv, + enyv,. &)

KBa3uHedTpaabHOCTb. B OOBIUHEIX yC/IOBUSIX MOHM3OBAHHBIA ra3 B Ie-
JIOM 3J7IEKTPOHEATPANEH, MK, KAK FOBOPAT, kKdasuHelimpaneH, ubo B Ma-
nbix 06bEMaX, COACPXKAIMKX CPABHMTEIBHO HEeOOMbIIOE YHMCIO 3/EKTpPO-
HOB ¥ HMOHOB, YCJOBHC 3JICKTPOHEHTPANbHOCTH MOXET W HADYHIATHCH.
DTO 3HAYUT, YTO BRIMOJHAETCS COOTHOHICHUC

—en, + en, = 0. (6)

ByneM pns mpoCTOTH CYUMTATH, YTO WOHBI ONHO3apsaaHue. B 3roM
CTyyae KOHLICHTPALMM HMOHOB M 3JIEKTPOHOB ONMHAKOBBL N, = n, = n.

Torpa ¢ moMompo (4) BHIpaxeHue /s IUIOTHOCTH TOKa (§) MOXHO 3a-
nUcaTs B BHIE
j=ne(—ve + vi) = ne(be + bl)E (7)

IINOTHOCTh TOKA MM HECAMOCTOSTENbHOM paspsane. UYrobw nony-
YUTh 33KOH HU3MEHCHHSA CO BPEMCHEM KOHIIEHTPALH HOCHTENECH TOKA
NpU HECAMOCTOATEIBHOM Pa3psiic B rase, HyXHO HAPSIAY € NMPOLECCAMHU
HOHHM3ALMK BHEIIHMM MCTOYHMKOM M DEKOMOMHALUMM YUECTh TaKXe
yXOn 3JIEKTPOHOB M MOHOB Ha 3J€KTPoxbl. YMC/IO YaCTHL, YXORSLIHX
B EOQUHHLY BPEMEHH HA 3JIEKTPOA Iviomamd S M3 obwema SI, pasHO

jS/e. Cxopoctsb %—';— yOBIBAHUS KOHLCHTpAauuu n(?) TAKUX YACTHIL[ MBI

MOJIYUHM, Pa3fedB 5TO YUCIO0 HAa o0beM S/ ra3a Mexny 3/eKTPOZaMH.
Toaromy ypaBHeHue Oananca Bmecto (1) Opd HanmMuMM TOKAa 3amu-
WETCH B BHAE dn _ — ant— 7 ®)
dt el ”

dn

dt
— g2 4
g=an"+ ;. (9

s ycraHosneHus: pexuma, xorna —— = 0, u3 (8) nonyyaem
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Ypasuenue (9) no3sosser HAUTU 3aBUCHMOCTb IJIOTHOCTM j yCTaHO-
BUBLIENOCS TOKA NPH HECAMOCTOSTENBHOM pa3psie OT NPHIOXEHHOro
Hanpsokeunss U (MM OT HanpsaxXeHHOCTH moud E).

IlBa mpeme/BHBIX CJ1yuas BHAHBI HEMOCPEXCTBEHHO,

3axon Oma. Ilpn Hu3skoM manpaxeuuu, xorpa j— 0, B ypasaerun (9)
MOXHO npeHebpeyb BTOPEIM CJIAraeMbIM B NPABOR YacTH, NMOCJIE YEro no-

JIydaeMm n = %. N3 dopmynn (7) npu 3T0M uMeeM

j=e{L(b +b)E. (10)

I110THOCTE TOKA j NPOMOPLIMOHANBHA HANIPAXKEHHOCTH MPUIOKEHHOrO
3JIEKTPUYECKOro noJjd. Taxum o6pa3oM, O/ HECAMOCTOSTEJIBHOIO raso-
BOIO Pa3psa B CAA0bIX 3JEKTPUUYECKUX NOJIX BHIOJHAETCH 3aKoH Oma.

Tox HacsimeHHuR. [Ipn HU3KO KOHIEHTPALUHU N 3JEKTPOHOB U MOHOB B
ypasaenun (9) MoxHO npenedpeus nepBuEIM (KBAAPATHYHBIM 110 1) Ciara-
eMBIM B n1paBoit yactu. B 9ToM npubsmXeHNN BEKTOP IVIOTHOCTH TOKA Ha-
NpasjieH BLOIb HAMPSKEHHOCTH 3JEKTPUYECKONO MOJIs, a €ro MONY/Ib

j=qel (1)

HE 3aBHCUT OT NPHIOKCHHOIO HANPIXEHUS. DTOT Pe3ysbTaT CIPABEN-
JIMB IS CHWIBHBEIX 3JIEKTPUYECKHX rojeil. B 3TOM ciyyae roBopsT 0 TOke
HACHLIICHHUS.

O6a pacCMOTPEHHBIX NpEREJbHEX CAyYast MOXHO HCCAENOBATH U HE
obpautasace K ypasHeHmio (9). OnHakKo TaKUM NyTeM HEMb3A NPOCIIe-
IOUTh, KaK NPHU YBEJUUYCHUM HANPIXKECHUS TPOUCKXOTUT NEPEXOX OT 3aK0-
Ha OMa K HEJIMHEWHOW 3aBMCHMOCTH TOKA OT HANPSIXEHHS.

B mepsOM npeacspHOM Ciiyyae, KOrga TOK O4YeHb MaJj, OCHOBHOI
MEXAHU3M YAAJEHUS 3JEKTPOHOB M MOHOB M3 O6sacTu paspsga — 3T0
pexombunamus. [To3ToMy mig CTanMOHAPHOH KOHIUEHTPALMH 71 MOXHO
BOCIOJIB30BATECH BhIpaXeuueM (2), uto npu yuere (7) HEMERJECHHO
naer dopmyay (10). Bo sropoM mpeaespHOM caydae, HaobopoT, mpe-
Hebperaercs pexoMOuHanueir. B CHIBHOM 3JIEKTPHUYECKOM IOJIE 3JIEKT-
POHBI M HOHE HE YCNEBAIOT CKOJBKO-HMOYAB 3aMETHO PEKOMOMHHpO-
BaTb 32 BPEMS IMPOJETA OT OZHOIO 3JEKTPOAA A0 APYIOro, €CAM KOH-
LECHTpALMS HMX JOCTATOYHO Maja. Torpa Bce 0Opa3yeMble BHEUIHHM
HCTOYHHUKOM 3JIEKTPOHHI M MOHB ROCTHUIalOT 3JIEKTPOJOB M TOJHAd
IUIOTHOCTh TOKa paBHa gel. OHAa nmponopuyuoHaibHa AJAMHE [ MOHU3AIU-
OHHOW KaMEpHl, IMOCKOJIBKY IMOJHOE UMCJIO IPOU3BOTUMEIX HOHH3ATOPOM
3JIEKTPOHOB M HOHOB MPOMOPLMOHAIBHO [.

JKCnepyMEHTAaIbHOE M3yUeHHME ra3oBoro paspsaa. Busoan Teopuu
HECAMOCTOSITEIBbHOIO ra30BOr0 pa3paaa NOATBEPXAAIOTCH SKCIIEPHMEHTA-
mu. s uccaeqoBaHus pa3psna B raze yxoOHO UCIOJb30BATh CTEKJSH-
HyI0 TPpyOKY € ABYMS META/UTMUECKHMH 3JCKTPONAMH. DJIEKTPUHECKAL
CX€Ma TaKO# yCTAaHOBKH Mokasana Ha puc. 102. ITogsmxHocTu 3aexTpo-
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HOB ¥ MOHOB CWIBHO 3aBHCAT OT AaBiacHus rasa (ofpaTHo mpomopmuo-
HANHHO JABJCHHIO), MO3TOMY OMNBITHI YROOHO TIPOBOOMTH NMpPH MOHUXEH-
HOM J1aBJIEHHM.

Ha puc. 103 npeacrasneHa 3aBuCHMOCTh CHJIK TOKa / B TpyOKe OT
OPHJIOXEHHOTO K 2MeKTponaM Tpybkm Hanpsxeuus U. Honwsaumio B
TPY6KE MOXHO CO3HaTh, HANPHMED, PEHTTEHOBCKMMH HIM YJabTpaduo-
JIETOBHIMU JlydaMu JuGo C MOMOIIBIO ¢1360r0 pagMOAaKTUBHOIO Mpena-
para. CymeCTBEHHO TOJIbKO, YTOOH BHEIMHMA MCTOYHMK HMOHOB OCTa-

Ik

- >

. B C
) Lir—=
(D
o :
p A 0 v
Puc. 102. Cxema yCTaHOBKM ansd Puc. 103, JKcnepUMEHTANbHAR BOJbT-aM-
H3yuyeHHs ra30BOr0 paspsaa repHas XapakTepHCTHKA Ta30BOr0 paspsaa

BaJICa Heu3MeHHHM (g = const). JluHelHuit yuacTok OA BoJAbT-aMmep-
HOH XApaKTEPUCTHKH COOTBETCTBYEeT O007aCTH MPUMEHMMOCTH 3aKOHa
Oma. Ha yuyactke AB cuia ToKa HeJMHEHHO 3aBHCHT OT HATlPSXCHHUS.
Haumnag ¢ TOUKM B TOK JOCTHraeT HacmmieHus /; M OCTaeTCH moCcTo-

IHHBIM Ha HEeKoTopoM yuactke BC. Bce 310 cooTBETCTBYET Teoperuue-
CKMM INpEnCKa3aHHsIM.

CaMocrostreanHbii paspaa. Omumako B Touxe C CHOBA HauMHaercs
BO3pacTaHME TOKA, CHauajna MEMIEHHOE, a 3aTeM OuYEHb pe3Koe, ITO
03HAa4yaeT, YTO B ra3e MMOJBMJICS HOBHIA, BHYTPEHHHUH HCTOYHHMK HOHOB.
Ecau Termepb yOpaTh BHEIIHMI MCTOUHMK, TO pa3pda B ra3e He mpe-
Kpamaercs, T. €. U3 HECAMOCTOSTE/IBHOIO paspsd IMEPEXOOUT B CaAMO-
cmosmensneil. [Ipy caMocTofITEIBHOM pa3paie 00pPa30BaHHE HOBBIX
3JIEKTPOHOB M MOHOB NPOMCXOMUT B pe3yJIbTaTe BHYTPEHHHMX MPOLIECCOB
B CaMOM rase.

Houuzanus 371eXTpOHHbIM yaapoM. Hapacranue Toka mpm nepexope
OT HECAMOCTOATC/IBHOIO pa3pgaa K CaMOCTOATEJIbHOMY ITPONCXOOUT Jia-
BUHOOOpA3HO M HA3BIBACTCH daekmpuueckum npoboem zaza. Hampaxe-
HUE, TIPH KOTOPOM IMPOUCXONMT NMpoboi, HA3KBAETCH HANPSXKEHHUEM 3a-
xuranua. OHO 3aBMCHT OT pPoaa rasa u OT NMPOM3BEACHHS RABJCHMA ra3a
p Ha pacctogHue [ MEXIy 3JEKTPORAMH.

IpoueccH B rase, OTBETCTBEHHHE 332 JaBHHOOOPAa3HOE HApACTAHME
CHJIHR TOKA IPH YBECAHUYCHHMH NPHIOXKCHHONO HANpAXCHHSA, CBA3aHH C
HOHM3auuell HEHTPanbHHX aTOMOB WJIM MOJEKy]d Tra3a CBOOGORHEIMH
NIEKTPOHAMH, PA3OTHAHHRIMHM IJEKTPHYECKHM MOJEM A0 AOCTATOYHO
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GonpmMx JHeprumit. KmHernueckas aHeprus 371eKTPOHA mepen odepen-
HEIM CTONKHOBEHHEM C HEHTPAJIbHEIM aTOMOM HJIM MOJIEKY/NOH Tponop-
LMOHAJIBHA HANPSKEHHOCTH MEKTPUUECKOrO ot E v pmHe csoboaHo-
ro npobera 3jeKTpoHa A:

2
m
Ly (12)

2

Ecnu a1a sHeprusa gocTaTouHa Aas Toro, YTo0K HOHM30BaTh HEHTPAJIb-

HHIIl aTOM WJIM MOJICKYJY, T. €. IPEBOCXORNT PaboTy moHM3auuu A

eEN > A,

TO IPH CTOJKHOBEHUH 3JEKTPOHA C ATOMOM MJIM MOJIEKYJION HMPOMCXOXAT
X MoHM3auMs. B pesysprare BMECTO OQHONO 3/JEKTPOHA BO3HHKAIOT JBA.
OHM B CBOKO ouepexp PA3TOHSIOTCH 3AEKTPUUYCCKUM IOJEM M MOHH3YIOT
BCTPEUAIOIIMECS HA MX NyTH aTOMEl WIM MOJEKYJH W T. 1. Ilpomecc
pPa3sBUBACTCH JABUHOOOPAa3HO M HA3KBACTCH 3JIEKTPOHHOH JIABUHOIL.
OmnucaHHBIH MEXaHU3M HOHM3ALNHM HA3BIBAETCA WOHU3IauUell 3exmpoH-
HblM yOapoM.

OKCIepUMEHTANBHOE OOKA3aTEJbCTBO TOIO, UTO MOHM3AUUd HEHT-
panbHBIX aTOMOB ra3a NPOUCXOAUT B OCHOBHOM (jaromaps yaapam
2JIEKTPOHOB, a HE MOJIOXHUTEJbHEIX MOHOB, Obuto mano IIX. TayHces-
noM. OH 6pasl MOHM3ALUOHHYIO KaMEpY B BHAC LUTMHAPHYECKOIO KOH-
IOEHCATOPA, BHYTPEHHMM JJIEKTPOZOM KOTOPONO CAYXHJIA TOHKAs Me-
Ta/UTMYecKasi HATh, HATAHYTad MO OCM WWIMHApPAa. B rakoit kamepe yc-
KOPSIOIIEE 3JEKTPUUECKOE I0JE CHIBHO HEOZHOPOAHO, M OCHOBHYIO
poJsib B MOHM3AIHUHU WIPAIOT YACTHIB, KOTOpHE nonagaloT B 06JacTh
Haubosiee cuabHOoro nmois BO/mu3uM HuTH., ONKET MOKA3HWBAET, YTO NpH
OZHOM W TOM Xe HANpsKCHUN MEXAY SJEKTPOAAMH TOK paspaaa 6osib-
me B TOM CAyuyae, KOrga IOJOXHUTENbHRIN MOTEHIMAN MojaeTca Ha
HUTH, a HE Ha BHewHui LwTuHAp. MiMeHHO B 3TOM cnyuae Bce co3na-
jomue TOK CBOOOOMEIE JEKTPOHE 00A3aTENBHO NpPOXOXAT yepe3 ob-
sacth HauGojiee CHIBHONO Mo,

IMuccHf 3NEKTPOHOB M3 KaToAaa. CaMocrogTe/IbHuM} pa3paa MOXeET
OHTB CTAMUOHAPHLIM JIMIIB ITPH YCJIOBHUH MMOCTOSHHONO NMOABJICHUSA B ra3se
HOBHIX CBO60I(HI:IX JJIEKTPOHOB, TaK KAaK BCE€ BO3HHKAIOUIUEC B JABUHE
3JIEKTPOHB JOCTUTAXOT AHOAA M BRIOBIBAIOT U3 MIpel. HoBrie 3g€KTPOHE!
BRIOMBAIOTCH M3 KaTonaada noJOXUTCJNIBHBRIMHU HOHAMH, KOTOpPHIE IIPpH OBH-
XKEHHHU K KAaTORY TaKXe YCKOPSAIOTCA JJIEKTPHUECKHUM 1ojieM u nipuolbpe-
TAIOT OOCTATOUHYIO MUISE 3TOIO SHEPruio.

Ka'ron MOXET HUCIHYCKATh JSJICKTPOHR! HEC TOJBKO B pC3yJbTATC 60M-
6apaMpoBKH MOHAMHM, HO U CAMOCTOSTE/IBHO, TIPH HATPEBAHHH €10 0 BH-
COKOM TeMmmeparypnl. Taxo# Npoulecc HAZKBACTCA MeEPMOINEKMPOHHOIL
amuccuell, Ero MOXHO PacCMaTpuUBaTh KAK CBOEIO pona UCMAPEHHE JNeK-
TpoHOB M3 MeTanna. OOHYHO OHO MPOMCXONMT IPH TAKHX TEMIEPATY-
pax, KOIZAa MCIapeHHe CaMoro Marepuasa KaTtoaa ewme Mano. B ciayuae
CaMOCTOSITE/IHONO Ta30BOr0 paspsad KaTon OOHUYHO DasorpeBaeTcs He
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HUTBIO Hakajaa, KaK B 3JIEKTPOHHHIX JaMIax, a M3-3a BHIACJACHMS Ter-
JI0TH 1ipu GoMOGapauMpoBKE €ro MmoJoXHTe bHEIMU noHamu. [loaromy xa-
TOI HCIYCKAaeT JCKTPOHH Aaxe TOrxd, KOrxa 3HEpPrusi MOHOB HENoCTa-
TOYHA JJI BHIOMBAHMS 3JEKTPOHOB.

CaMoCTOSTE/IbHRI PAa3PSa B ra3e BO3HUKAET HE TOJBKO B PE3YyJbTATE
nepexona oT HECaMOCTOSI TEIbHOIO NpPH MOBRIICHUU HANIPSXEHUS U yaae-
HUM BHEIITHETO MCTOUYHMKA MOHM3AIUHU, HO U IPU HENOCPEACTBEHHOM ITPH-
JIOKEHUHU HAnpAXXEHUS, NPEBHINAIOMENO IIOPOroBOE HANPIAXEHNE 3aXKUra-
Hud. Teopus mokassBaeT, YTO A1 3a>KUTaHUS pa3psaga J0CTATOUHO CAMOI0
HE3HAYMTEJHLHOIO KOJMYECTBA MOHOB, KOTOPHIE BCErAa NMPUCYTCTBYIOT B
HEHTPANBHOM ra3e XoTd Ob M3-3a eCTECTBEHHONO PaAMOaKTUBHOIO PoHa.

B 3aBucuMOCTH OT CBOHMCTB U AABJICHUS ra3a, KOHGUTYpaUMH IJIEKT-
POMIOB M NPIIOKEHHOIO K 37eKTPOAAM HANpPIXEHUS BOSMOXHEI Da3/iny-
HBEIE BUAB CAMOCTOSTENBHONO Paspsaa.

Taewwuin pa3paa. [Ipn Huskux gasjicHUIX (BECATHE M COTHIE AOJHM
MWTMMETPA PTYTHOrO cTosba) B TpyOke Habmomaercs maerowuid pas-
pstd. [As 3aXXUraHus TICIOIIENO Paspaia JOCTATOYHO HANPSUKCHUS B HE-
CKOJIBKO COTEH WM JaXe JECITKOB BOJBLT. B TJEIOIIEM paspsae MOXHO
BHIIENUTh YETHIPE XapaKTepHHE 007acTH. DTO TEMHOE KATONHOE IIPO-
CTPaHCTBO, TJewmee (WM OTpULATENBHOE) cBedeHue, (apaneeso TeM-
HOE NMPOCTPAHCTBO U CBETAMMHCS IOJOXKHTEABHBIN CTOA0, 3aHUMAOIINH
66AbIIYI0 YaCTh MPOCTPAHCTBA MEXAY AHOLOM U KaTOAOM.

IMeprrie Tpu obnactu Haxoxatca BOau3au xaroga. UMeHHO 3pecs npo-
HCXOOHUT PE3KOE NACHUE NOTEHIMANA, CBI3aHHOe ¢ 601bLI0N KOHIEHTPA-
uuel oJOXUTEJBHEX HOHOB HA IPAHMIE KATOXHOIO TEMHOIO IPOCTpPaH-
CTBA M TJICIOWErO CBEYCHUA. DJEKTPOHEI, YCKOPEHHHEE B 00/1IaCTH KaTON-
HOIO TEMHOIO NPOCTPAHCTBA, NPOU3BOAAT B 00JACTH TJACIOMIEO CBEUCHHS
HHTEHCUBHYIO YJAPHYIO MOHM3auuio. Tjewomee cseueHue obycnosiaeHo
pekoMOMHALMEH HOHOB U 3JIEKTPOHOB B HEHTPAJbHBIE ATOME MU MOJIC-
KyJsl, g nosoxurenpsoro crosba paspaga XapaKTepHO HE3HAUUTENb-
HOE MaZEHME NOTEHUMANA M CBEUEHUE, BH3HBAECMOE BO3BPALICHUEM BO3-
OyXAEHHBIX ATOMOB MJIM MOJIEKYJI rd3a B OCHOBHOE COCTOSIHUE.

KoponHslit pa3paj. [Ipn cpasEuTENbHO BEHICOKMX OABJCHHUAX B rase (mo-
panka arMocdepHoro) BOJM3N 330CTPEHHBIX YYACTKOB NPOBOAHMKA, IZE
3JEKTPUYECKOE T0JI€ CHJIBHO HEOXHOPOAHO, HAGMI0RAETC pa3psana, CBETS-
mascs 06JacTh KOTOPOro HAMOMKUHAET KOPoHy. KopouHelld pa3psd nHOrza
BO3HUKAET B ECTECTBEHHBIX YCJIOBUSIX HA BEPXYWIKAX AEPEBbEB, KOpabeab-
HBIX MQuTax U T. 1. («OTHH CBATOrO DabMa» ). C KOPOHHEM Pa3PSHOM MpPH-
XORMTCH CYMTATBCA B TEXHUKE BRICOKMX HANPIXEHHUIH, KOrga 3TOT pas3pan
BO3HUKAET BOKPYT I1POBOXOB BHICOKOBOJIBTHHIX JTMHHIA 3JIEKTPONEPERAYHN U
NPUBOAMT K TOTEPIM 3JeKTposHeprun. [losesHoe npakTuueckoe npume-
HEHUE KOPOHHHIN Pa3psa HAXOQUT B 3JEKTPOWIbTPAX A OYUCTKHU IpO-
MBIDLIEHHKX a30B OT MPHUMECEH TBEPAKX U XUIKHX YaCTHII.

IMpu yseauyeHHH HANPSKEHUS MEXAY MEKTPOAAMH KODOHHKINA pas-
DPSA TEPEXORMT B UCKPOBOU € TOJHHM NpoboeM NpOMEXYyTKa MEXIy
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snexrponamu. OH UMEET BUA NyykKa SIPKUX 3Ur3aroo0pasHBIX pa3BETBJIs-
IOIUXCY KAHAJOB, MFHOBEHHO NPOHU3HBAIOIIUX Pa3pAAHHIA NpOMeEXy-
TOK M NPUXOTJMBO CMEHSIOMMUX ApYr Apyra. Mckposo#t paspsa compo-
BOXIA€eTCH BHAEAEHUEM 00JbIIOr0 KOJMHYECTBA TEILIOTH, SIPKHM 1oay6o-
BaTO-0€/JBIM CBEUEHMEM U CHJIBHBIM TOTpecKMBaHMEM. Ero MoxHo
HabmonaTh MeXay mapukaMmu 3jexkrpodopHoi mamuue. [Ipumep ru-
raHTCKOrNO MCKPOBOIO pa3psfa — eCTECTBEHHAs MOJIHMS, IIE CWJIa TOKAa
nmocruraer 5-105 A, a pasnocts morenuuasios — 10° B.

[TockosbKy MCKpOBOW paspan npoucxogur npu arMocdepuom (u 6o-
Jiee BRICOKOM) JIABJIEHMHM, TO HANPSIXKEHHE 3a’KMraHUS BECHMA BEJIMKO: B
CyXOM BO3AYXE NPU PACCTOSHUU MEXAY 3JeKTpogamu | ¢M OHO cocTas-
aser oxkoqo 30 xB.

Onexrpuueckas ayra. CneuncdpuuecKuM MPaKTHYECKH BAXKHHIM BHIOM
€CaMOCTOSTEJBHOIO ra3oBOr0 paspafa gBJSETCS Jaekmpuueckas oyaa.
IIpn CONMpPMKOCHOBEHMM ABYX YIOJBHHX WM METAJUIMYECKUX 3JIEKTPO-
OB B MECTE MX KOHTAKTA BHAEHSIETCH OOJBINOE KOJMMYECTBO TEILIOTH
u3-3a GOJIBIIONO COMPOTHBJICHMS KOHTAaKTa. B pe3ysbTare HAYMHACTCH
TEPMOIJICKTPOHHAS 3MHUCCUS W TNPH PA3ABUXEHUM 3JEKTPOROB MEXAY
HUMHU BO3HMKAET SPKO CBETHMASCSd AYra U3 CHJIBHO HMOHU30BAHHOIO
Xopomo mposBoasgmero rasa. Cuina Toka aaxe B HeGonbmoN ayre xo-
CTHracT HECKONBKMX aMmnep, a B OoJbImoH ayre — HECKOJBKUX COTEH
amnep npu HanpsoxeHun nopsiaka 50 B. DaexTpuueckas ayra muMpoKo
NPUMEHSETCd B TEXHMKE KaK MOMIHBIH MCTOYHUK CBETA, B 3JJIEKTPO-
rneyax M s 3JIEKTPOCBApKH,

Oneitet @panka u 'epua. Ipu sxcnepuMeHTaIBHOM U3YyYEHMH ra3oBo-
ro paspana L. Opasxom u I'. I'epuem B 1913 r. 6610 nOyYeHO HOKA3a-

—_61( c? A !
@A)

|
|
|
|
|
]

B, 0 49 9.8 U

Puc. 105. 3aBMCHMOCTD TOKA OT YCKO-

Puc. 104. Cxema onsitos Ppanka u Iepua
PSIOIEND HANPSDKEHMS B ONbITaX

TEJBCTBO CYLIECTBOBAHUS CTAIMOHAPHBIX COCTOSHMIA aTroMa € QUCKpET-
HBIMU 3HAUYCHUSIMU JHCPIHM, CHIrpaBllice BAXHYI0 POJb AJIS IMOATBEPXK-
Aenuns passuBapmeiica H. Bopom teopun atoma.

Cxema ycraHosku Opauka u 'epua noxasana Ha puc. 104. Creknsas-
HHEI COCYR C TPEMS 3JICKTPOXAMM 3arOJHEH NapaMu PTYTH HPU HH3KOM
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AABJICHUH. Ba’rapesx El €O34acT yCKOpawomee 3JCKTPHUCCKOE 110J1e, IIpU-

ueM ganpaxeHue U mexay karogoM K u cetkoit C MOXHO peryampo-
BATh C MOMOMmIBIO MOTEHIUOMETpA. MeXay ceTKoi M aHOOOM CO3XAETCA C
noMouisio 6arapen 5, cnaoe 3amepXuBaomee moJe C HanpsXEHHEM
oxojio 0,5 B. Oto nose npensTcTByeT nomagaHM0 HA AHOL MEMJICHHBIX
9JCKTPOHOB. JJIEKTPOHH HUCNIyCKalTcs KaTtonoMm K, mogorpeBaeMbiM
INMEKTPHUECKUM TOKOM.

Ha puc. 105 noxaszana nojsyyeHHAas B 3THUX OMBITAX 3aBUCHMOCTb
CHIBl TOKAa / B AHOOHOW LIEMU OT yckopsiomero Hanpsxenus U. Orta
3aBHCHMOCTb UMEET HEMOHOTOHHHIH X3apakTep ¢ MAKCMMyMaMM MpU Ha-
npaxenusx U, xpathunix 4,9 B.

JRCKpeTHOCTh ypoBHEH HepruM aroma. OOBSICHHTb TAKY10 3aBUCH-
MOCTb TOKAa OT HANPSKEHUS MOXHO JUIUb HAJUYHUEM Yy aTOMOB DTYTH
OMCKPETHBIX CTAlMOHAPHBIX COCTOSHMiA. Eciam O OMCKpETHRIX CTanu-
OHAPHBIX COCTOSHUHA y aToMa He ObIo, T. €. €r0 BHYTPCHHSAS SHEPrUd
Morja 6ul npuHUMATh 00ble 3HAUEHHS, TO HEYIPYIHE CTOJAKHOBEHHS,
COIMPOBOXJAAIOMUECT YBEJIUYECHUEM BHYTPEHHEU IHEPrMM aToMa, MOITH
OBl MPOUCXOOUTHL MPHU JIOOHIX JHEPrHsX 3JEKTPOHOB. ECim Xe auck-
pPETHHRIE COCTOSHUS €CTh, TO CTOJKHOBEHHUS 3JICKTPOHOB C aTOMAMM MO-
ryT OHITH TOXABKO YNPYIMMH, ITOKA JHEPrus 3JEKTPOHOB HEZOCTATOYHA
JUIS TIEpEBOAA aTOMA M3 OCHOBHOIO COCTOSHHMS B HanHM3mee BO30yx-
JNEeHHOE.

Tlpn ynpyrux CTONKHOBEHMSX KMHETHYECKAS IHEPTUS 3JIEKTPOHOB
NPaKTHYECKM HE MEHSETCHd, TAK KAaK Macca 3JeKTPoHAa MHONO MEHbIIE
MaccHl aToMa pryTu. B 3THX yCJIOBUSX YMC/IO 3JEKTPOHOB, ZOCTUTAIOMIUX
aHOOA, MOHOTOHHO YBEJIMYMBAETCA C pocToM Hanpaxenus. Korma ycko-
pAIoNIee HAMPSXKEHUE ZOCTUraeT 3HaueHus 4,9 B, CTOJIKHOBEHUS 3NEKT-
POHOB ¢ aTOMaMyu CTAHOBATCA HEYNpPyruMu. BHYTpEHHsSS 3Heprus aro-
MOB CKAUKOM YBEJUYUBACTCA, 4 3MEKTPOH B PE3yJIbTATE COyAapeHHUs Te-
pSEeT MOYTH BCIO CBOI0 KMHETHUYECKYIO 3HEPIHIO.

3amepXxuBawmee rojie He MPonycKaeT TaKXe MEAJECHHBIE 3JIEKTPOHBI
K AHOAY M CHJA TOKa pe3ko ymeHomaercd, OHa He obpamaerca B Hysb
JIMIb IOTOMY, YTO YaCTh 3JEKTPOHOB JOCTHUIAET CETKH, HE UCNHTAB He-
yOpyrux coyzapeHui. Bropod u mociaenyiomue MakCHMYMEI CHJIB TOKA
MOJIy 4aroTCst TOTOMY, UTO IpPH HANpSXEHUsIX, KpaTHuX 4,9 B, sxexrpo-
HbI HA MYTH K CETKE MOIYT HCIBITATh HECKOJIBKO HEYIIPYTUX CTOJIKHOBE-
HMH C aTOMaMU pPTYTH.

Wrak, HEoOXOMMMYIO /IS HEYIPYIOro COyAAPCHUS SHEPIHIO 3JIEKT-
poH mpuobperaer TOJABKO IOCAE MPOXOXAEHUS PAa3HOCTH NOTEHIUAJIOB
4,9 B. OTo 03HAYaET, UTO BHYTPEHHAS JHEPFUS ATOMOB PTYTH HE MOXET
U3MEHUTBCS HA BEJMYNMHY, MeHbIYI0 AE = 4,9 3B, 4To U moKkasnBacT
OUCKPETHOCTh JHEPreTUUECKOro cnexrpa aroMa. CripaBemMBOCTD 3TONO
BHIBOZIA NOATBEPXAAETCS €IIe ¥ TEM, UTO npH HanpsaxeHuu 4,9 B paspsan
HAYMHAET CBETUTHCH: BO3OYXACHHHIE ATOME IPH CIIOHTAHHHIX MEpPEXo-
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AaX B OCHOBHOE COCTOSHME M3JIy4alT BAAMMEINA CBET, YaCTOTA KOTOPOIO
COBMAmAET ¢ BRIYUCAEHHON o dopmyne Aw = AE.

B knaccuueckux onmrax Opanka n 'epua MeTomoM 371EKTPOHHOrO
yaapa ObUIM ONpPERETEHH HE TOJBKO MOTEHLMANH BO30YXAEHHS, HO M
HOHHM3ALMOHHbBIE NMOTCHIMAIL PIAA ATOMOB.

e IlpuBennte NpuUMEp OMBITA MO NEKTPOCTATHKE, W3 KOTOPOrO MOXHO cAefaTthb
BBIBOX O TOM, UTO CYXOil BO3AYX — 3TO XOPOLIMIl W3OMNATOP.

e I'me B TexHUKe MUCMOAL3YIOTCS H30NUPYIOLIME CBOMCTBA Bo3ayxa?

e Yro Takoe HecaMOCTOSTEAbHBbIN ra3osbiil paspsax? Ilpu Kakux ycroBUsSX OH
npoTekaer?

e llogcHure, moueMy cKopocTb yObIBAaHVSL KOHLEHTpPauuH, o0yCNOBieHHAS pe-
KoMOHHauHeN, NporopuHoHanbHA KBAAPATY KOHUEHTPAUMH 3IJEKTPOHOB W
voHoB. [ToueMy 3TH KOHUEHTPallMH MOXHO CUMTATh OQUHAKOBBLIMM?

o ITouemy nns3akoHa yObIBAaHHS KOHUEHTPAUHH, BeipaxaeMoro opmynoii (3), He
HMMEET CMBIC/IA BBOAUTEL NMOHATHE XapaKTEPHOro BPEMEHH, HIHPOKO MCIIOIb3Ye-
MOTO A1 3KCTIoHEH(UANBHO 3aTYXa0LMX [1POLECCOB, XOTS H B TOM U B IPYIOM
cJjiyyae npouecchl MPoRo/xaloTcs, Boodie roBops, 6eckoHeuHo nonro?

e Kak no-saiemy, novyeMmy B olpegesieHUSX MOABUXHOCTEN B dopMmynax (4)
I/ 3IEKTPOHOB M HOHOB BbIGPAHBI MPOTHBOIOMIOKHBIE 3HAKH?

e Kak cuna Toka npu HeCaMOCTOSTENILHOM Fa30BOM Paspsfe 3aBUCHT OT MpPUIIO-
sxeHHoro Hanpsxenus? [ToyeMy ¢ pocToM Hanps>keHUS IPOHCXOXUT IEPEXOR OT
3akoHa OMa K TOKY HAChILUEHUa?

e DaeKTPUYECKHil TOK B Fa3e OCyLIECTBJSETCH KaK 3NeKTPOHAMH, TAK U HOHA-
My, OQHAKO Ha KAXIOblil M3 3NIeKTPOROB fIPUXOAAT 3apAnbl JIHLIL OZHOTO 3Ha-
Ka. Kak ato corjlacyeTcsl ¢ TEM, UTO BO BCeX y‘{aCTKaX nocnenoaarenbﬂoﬁ
Henu cufla ToKa oguHakosa?

e [loueMy B MOHM3AUMH ra3a B paspsfe u3-3a cOydapeHHil HaubONbLIYIO ponb
WUrpaoT 37€KTPOHbI, a He MONOXHTENbHbIE HOHbI?

e Onuiuvre XapaKTepHble MPU3HAKKM PA3IUUHBIX BUIOB CAMOCTOATENLHOIO Fas3o0-
BOTO pa3psfa.

e [ITouemy pesynbrathl onbitoB MPpaHka U I'epua CBHOETENLCTBYIOT O QUCKPET-
HOCTH ypOBHeM 3HEprUM aTOMOB?

e Onuinute duUzHUecKHe NMPOUECCHl, MPOUCXOAAUIME B ra3opa3psgHod Tpybke
B onbitax Ppanka 1 Iepua, NpH MOBBLIIIEHUH YCKOPSAIOLIETO HAMpPAXeEHUS.

§ 32. OneKTPHYECKMH TOK B MHMAKOCTHAX

B oOTHOmEHMHM CBOMX 3JICKTPUUYECKHX CBOMCTB >XHAKOCTH OTJIHYAKOTCS
f6onpmuM MHOroobpasueM. PacniaB/ieHHBE METa/LTh, KaK U META/UIb B
TBEPXOM COCTOSHHM, UMEIOT BHICOKYIO 3JIEKTPOMPOBOXHOCTD, CBA3AHHYIO
¢ 60JIBIIOH KOHUEHTpauue CBOGOMHBIX 3JIEKTPOHOB,

MHoOrMe XHIKOCTH, HATNPUMEP YKMCTas BOAd, CMPT, KEPOCHH, HBJS-
IOTCS XOPOIINMM JUIJTEKTPUKAMM, TOCKOJBLKY HMX MONEKYJIH 37MEKTPO-~
HEHTPAJBHBL M B HUX OTCYTCTBYIOT CBOOOMHBIC HOCHTEAM 3apsna.
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Daexrponutsl. OcobHIit KIACC JKUAKOCTEN COCTABISIOT TAK HA3BIBAECMBIE
anexkmpoaumst, X KOTOPEHM OTHOCATCA BOAHEIC DACTBOPH HEOPraHUue-
CKHMX KMCJIOT, COJIEH M OCHOBAHUM, pacIIaBkl MOHHHX KPUCTAJUIOB M T. 1.
I 3JEKTPOJMTOB XApaKTEPHO HAJMYUE BHICOKMX KOHIICHTPALMIA
HOHOB, O0YC/IOBJMBAIOIUX BO3MOXHOCTh IMPOXOXAEHHS 3JEKTPUUYECKOro
TOKA. DTH MOHH BO3HUKAIOT NPH ILIABJEHUHM M NPH PACTBOPEHMH, KOIrna
MoJ BJAMSHHUEM 3JIEKTPUYECKHUX MOJIEH MOJIEKYJ PACTBOPUTENS MPOUCXO-
OUT PAa3IOXKEHUE MOJIEKYJ PACTBOPSEMOrO BEUIECTBA HA OTHACJBHEIE IO-
JIOKMTEJBHO M OTPHUATEIBHO 3aPAXKEHHBIE MOHB. Taxkoi npouecc Hasw-
BAETCS aeKmpoaumueckoll duccoyuayuel.

DnexTpoauTHyecKas auccounanusa. CTencHb AUCCOUMALMU O AAHHOIO
BEWIECTBA, T. €. JOJS MOJEKYJ PAacTBOPEHHOIO BEMIECTBA, PACHABIIMXCS
H3d MOHHE, 33BHCMT OT TEMIEPATypH, KOHUEHTPALUU pACTBOpA M
IU3JIEKTPUUECKOH ITPOHUIAEMOCTH pacTBopuTens. C yBEIHMUEHHEM TEM-
nepaTypel CTENEHb RUCCOLMALMM  pacTeT. VIOHH IIPOTHBONOJIOXKHEIX
3HAKOB MOIYT PEeKOMOMHMpPOBATh, OObEAUHAACH CHOBA B HEHTPAAbHEIE
MosiekyJisl. [Ipu HEM3MEHHEIX BHEIMIHMX YCJAOBHMSIX B PACTBOpPE YCTAHAB-
JIMBAETCH QUHAMMYECKOE PABHOBECHE, ITPH KOTOPOM IPOIECCH PEKOoMOu-
HAaIU¥ U QUCCOLMALUM KOMIICHCHUPYIOT APYyr apyra.

KauecTBeHHO 3aBMCMMOCTDH CTENEHM TUCCONMALMHM ¢ OT KOHIEHTpa-
MM H PACTBOPEHHOIO BEMIECTBA MOXHO YCTAHOBHMTH C ITOMOILUBIO CNEAY-
JOIUX MPOCTHX paccyxaenuit. Ecim B equHuue oOnema cogepXurcd n
MOJIEKYJI PACTBOPECHHOIO BEUIECTBA, TO Gn W3 HUX AUCCOUMMPOBAHHI, a
ocransubie (1 — o)n He guccounuposaHel. UNCIO 371€MEHTAPHEIX AKTOB
AUCCOMUANMU B EANHHLE 00beMa PacTBOPA NPONMOPLUHOHANBHO YUCTY HE-
pPaCIEIVIEHHBIX MOJIEKYJT M no3ToMy paBHo A(l — a)n, roe A — xosd-
¢duULNeHT, 3aBUCSIUUI OT IPUPOAR! 3JICKTPOJUTA U TeMmepaTyphe. Yucio
aKTOB peKOMOMHALUU TNPONOPUUOHAIBHO YHCIY COYXApEHWI pasHo-
MMEHHREIX MOHOB, T. €. IPONOPLMOHAJBHO YMCAY KaK TEX, TAK U OPYIHX
nosos. IloatoMy oHo paBuo Ba?n?, mie B — xo03¢HUIMEHT, NOCTOSH-
HBIA /IS JAHHOrO BEHIIECTBA IIPU ONpEAEJCHHON TeMreparype.

B cocrosHuM guHaMuue 2 A ] OBECHY

OTKyaa
YAi 2 2_41 (1)
i—a Bn° —

OrHomenue A/B HE 3aBUCHT OT KOHLECHTpauuu 7. BuaHo, 4To uem
MEHBINE KOHLEHTPAUMS pacTsopa, TeM o OauXe XK eAuHMUe: B OYeHb
pa3baBjeHHBIX PAaCcTBOPAX NPAKTHUECKH BCE MOJIEKYJIB PACTBOPEHHOIO
BEHIECTBA TUCCOLMMPOBAHEL,

YeM BHIIE AUIJCKTPUUECKAS NPOHMLIAECMOCTb PACTBODHUTENH, TEM
Gosbine ocnabigI0TCH MOHHEIE CBS3M B MOJIEKYJIAX PacTBOPEHHOIO BEIe-
CTBA M, CIENOBATENBHO, TeM 6ojbumie cTeneHb agucconManuu. Tak, cons-
Has kucnora HCl maer anexTposuT C BBICOKOH 37€KTPONPOBOXHOCTHIO
npu pacrsopeHud B BoAe (e = 81), B TO BpeMs Kaxk ee pacTBOp B 3TH-
sosoM 3dupe (¢ = 4,3) oueHs IIOXO NPOBORMUT INEKTPHUUECKHIA TOK.




§ 32. QNEKTPHYECKUI TOK B XUJIKOCTIX 267

HeoObiyHble 31eKTpoauThi. BeTpeualoTcs m BecbMa HEOGRUHBIE 5EKT-
posuTH. Hanpumep, 5AEKTPOIHTOM SIBJSETCH CTEKJIO, NMPEACTABJISIOMEE
co00if CHJIBHO MEPEOXIAXACHHYIO XHUAKOCTh, 00JaAaonyio rpoMamHoi
BH3KOCTBIO. IIpM HArpeBaHUM CTEKJIO pa3MAryaercs W ero BH3KOCTh
CWIBHO yMeHbmaercs. [IpucyTcTBy1omme B CTeK-

e voHn Hatpus Na* mpuobperator 3ameTHyIo 120 B 7
MOXBUXHOCTh, M CTAHOBUTCH BO3MOXHHEIM IpPO-
XOXACHHE 3SJEKTPUYECKOrO TOKA, XOTH MpH
OOBIUHEIX TEMINEpATypax CTEKJO SBASETCH XOpO-
UM H30J9TOPOM.

Harngnsoit peMoHCTpauuei 3TOr0  MOXET
CIYXHUTh ONBIT, CX€Ma KOTOpOrO MOKa3aHa Ha
puc. 106. Crexnsnuas najouka AB BKIIOYEHA B
OCBETHTENBHYIO ceTh uepe3 peocrar R. [oxa na-
JIOYKA XO0J0gHAf, TOK B LIEMM HAUYTOXHHEHN HM3-3a m
BRICOKOrO CONPOTHBJIEHHS CTexna. Ecnu naaouxy
HArpeTh Ta3oBO# TOPEJIKOA 1O TEMHEPATYPH  pu. 106 Femoncrpaums
300—400 °C, To ee CONPOTMBJIECHME YMANET NO  37eKTPOMPOBOAHOCTH
HECKOJBKHX ACCATKOB OMOB M HHTb JIAMIOYKM J/  Crexna npu HarpesaHWu
packaauTcd. Tenepb MOXHO 3aKOpPOTHTh JiaM-
nouky kJwouoM K. IIpu 310M CONpPOTHB/ICHUE LENMHM YMEHBIIUTCS W CAJIA
TOKa BO3pacTeT. B Takux ycrnosusax nanouxa 6yaeT 3¢bexTHBHO Harpe-
BATBHCH JJEKTPUUECKUM TOKOM M PACKanaThCs A0 SPKOro CBEYEHMS, AaXe
ecnu ybpaTs ropesky.

Honnas nposoauMocTh. [IpoxoxaeHne 371eKTPUYECKOro TOKA B 3J1EKT-
ponuTe onuchBaercs 3akoHom Oma

j=oE. (2)

OeKTpuydecKui TOK B JJIEKTPOJUTE BO3HMKAET NMPH CKOJb YIOJHO Ma-
JIOM HPHUJIOXKECHHOM HAIPSXCHUU.

HocurenssMm 3apsaaa B 3ACKTPOJUTE SBAGIOTCS MOJOXHMTEJIBHO M OT-
PULATE/NbHO 3apaXEHHEE WOHH. MEXaHM3M 3JIEKTPONPOBOTHOCTH
SNMEKTPOJUTOB BO MHOIOM CXOZEH C OINMHCAHHBIM BHIUIE MEXAHU3IMOM
3/1eKTPONPOBOAHOCTH ra3oB. OCHOBHHE OTJUYMS CBI3AHE C TEM, YTO B
rasax COMPOTHMBJICHUE ABIXEHHIO HOCHTEJEH 3apsna oOyc/IOBJIEHO riaBs-
HBIM 00pa30M MX CTOJKHOBEHUSMM C HEHTPaNbHBIMM aToMamu. B snmex-
TPOJUTAX NOZBHXKHOCTh MOHOB OOYCJIOBJICHA BHYTPEHHMM TpPEHMEM ——
BS3KOCTBIO — IIPH UX JABUXECHUM B PacTBOPUTEJIC.

[Tpn noBHIIEHNN TEMNEPATYPH NPOBOAUMOCTD JEKTPOJUTOB, B PO~
THBOUOJIOXHOCTD METa/UIaM, YBEJIMUYMBAETCH. DTO CBA3aHO C TEM, UTO C
POCTOM TEMIIEPATYPH BO3PACTAET CTENEHD ZUCCOLMANUM M YMECHBIIACTCS
BSI3KOCTD.

B oTanumue OT 3JEKTPOHHOH NMPOBOAUMOCTH, XapaKTEpHOM aas Me-
TaJUIOB M MOJYTIIPOBOXZHUKOB, [NE MPOXOXKACHUE 3JEKTPHUECCKOIO TOKA HE
CONPOBOXAAETCH KAKUM 6bl TO HM OhLIO M3MECHEHHEM XMMHUECKOIO Co-
CTaBa BEIIECTBA, MOHHAS NPOBOAMMOCTD CBSI3aHA C NMEPEHOCOM BEIICCTBA
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¥ BBHICJICHHUEM HaA 3JICKTPOAAX BCHICCTB, BXOAAIIUX B COCTAB IJNCKTPONH-
ToB. Takoit IIPOLICCC HA3KIBACTCHA 31eKMPOAUIOM.

OaexTpoiu3. IIpn BHaeseHMM BelEcTBA HA 3JEKTPOAE YMEHBINAETCH
KOHIEHTpAIUs COOTBETCTBYIOLIMX MOHOB B IPUMLIKAIOMIEH K 3JEKTPORY
obnactu snexrposura. Tem caMuiM 31eCh HApyMAETCS OMHAMHUYECKOE
paBHOBECHE MEXAY AuccomManuedl u pexoMOMHALMEH: MMEHHO 31€ch
MPOUCXORUT pa3J0XKEHUE BEIIECTBA B PE3y/bTATE 3JEKTPOJIN3A.

Ouexrposn3 Bnepsnie HaGmopanca B 1800 r. npu pasnoxeHuu BOXH
TOKOM OT BOJbTOBA cToa0a. Uepe3 HECKONBKO JIET 3HAMEHUTHIH XUMHK
I. I3Bn OTKpBLUI HATPHIii, BRIZECJWB €r0 IyTEM 3JEKTPOJM3a U3 EAKOro
HaTtpa. KosnuecTBeHHBIE 3aKOHK 3JEKTPOIN3a OBLTH SKCIIEPUMEHTANBHO
ycranosnean M. Qapaneem B 1833 r. Ux serko ofocHOBaTh MCXoas u3
MEXaHU3Ma SBJCHUST 3JICKTPOSM3A.

3axkoun ®apanes. Kaxanit won ofsajaer IJEKTPHUYECKUM 34aPSAOM,
KPaTHEIM 3JEMEHTADHOMY 3apsaxy e. [pyruMu cloBaMu, 3apsg HOHA
paBeH ve, Iie v — LEJI0¢ YMCJI0, pABHOE BAaJCHTHOCTH COOTBETCTBYIOLIETO
XMMHUUECKOrO 3JeMEHTA WiK coenguHenus. [IycTh npu mpoxoxpeHuu ToKa
Ha 3JIEKTPOAE BRAEANJI0CE N uoHoB. Mx 3apaa mo abcomoTHOM BeTHUMHE
paBeH Nve. [To10XUTENBHBIE MOHB ZOCTUTAIOT KATONA U MX 3PS HEWT-
pann3yercd 3JeKTPOHAMU, PUTEKAMIMMY K KaToAy 1O HPOBOAaM OT UC-
TOYHHUKA ToKa. OTpHUUATEbHEIE HOHBI ITOAXOAAT K AHOXY M TAKOE X€ KO-
JIMYECTBO IJIEKTPOHOB YXOQUT M0 IIPOBOAAM K UCTOYHHKY ToKa. [1pu arom
10 3aMKHYTOH 3JIEKTPUYECKOM LIEITU ITPOXOAUT 3apan ¢ = Nve.
O603Hauum Yepe3 m Maccy BEUIECTBA, BRIACAMBILETOCT HA OXHOM M3
3JIEKTPOIOB, a Yepe3 m, MacCy uoHa (aToma wiu Moeky.an). OueBuaHo,
4yto m = m N M, CJICXOBATENBHO, m = mg/(ve). YMHOXUB UYMCJIUTEND U

3HaMeHaTeb TOi APobK HAa NMOCTOAHHYIO ABOrazpo N ,, MOMy4uM
My 3
==, (3
rae M = N,m, — aToOMHaqd HJIM MOJISpHad Macca, a F — nocmosnunas
Dapades, onpeaeaseMas BHPAXECHUEM

F = NAe. (4)

U3 (4) suano, yTo nocrosuHas (Papamed UMEET CMBICI «OTHONO MOJS
3JIEKTPUYECTBA», T. €. ITO CYMMAPHEIH 3JIEKTPHYECKUH 3apga OqHONO Mo-
JI9 SJIEMEHTApHBIX 3apaaoB: F = 96485 Ki/mosb.

Qopmyaa (3) comepxur oba saxona Papages. OHa rosopur o ToM,
4YTO Macca BHACIMBLICIOCS NPH 3JEKTPOJH3E BEIIECTBA IPONOPHHOHAb-
Ha mpomenmemy o unenu 3apany (mepswit 3akon Papanes):

m = kq. (%)

Koapduunenr &k = M/(vF) = m/(ve) Ha3bBAETCA 3INEKTPOXUMH-
YECKHMM 3KBHBAJICHTOM JAHHOIO BEUIECTBA M BHIPDAXAETCS B KWJIOTPaM-
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max Ha xysoH (kr/Kum). OH umeer cMBIC OOpaTHOH BEJMHUHHH YAE/Ib-
HOTO 3apsaa MOHA.

D/IeKTPOXMMHYECKMH SKBHBANIEHT k MPOMOPUMOHANIECH XMMHUECKOMY
SKBMBAJICHTY BemecTsa M/v (BTopoi 3akoH Papanes).

3axonm ®apanes m aneMeHTapHbiit 3apan. Ilockonsky BO BpemeHa
QPapanes npencTapaeHUds o0 aTOMAPHON MPUPONE IJEKTPUUECTBA eme He
CYLIECTBOBANO, SKCAECPUMEHTANBHOE OTKPHTHE 3aKOHOB JJIEKTPOSN3a
6bUT0 Dasek0 He TpusManbHeM. Hanporus, umenHo 3akoum (Papanmea
AOCIYXWIM NO CYIIECTBY NEPBHM 3KCIAEPUMEHTANBHBIM NOKa3aTebCT-
BOM COPaBEIIMBOCTH THX NPEACTaBICHHIA.

HUsmepenne Ha oneiTe nocrosiHHoi (Papames nossonmnc B 1874 r.
BIEPBHE MOJYUMTb YHCJIOBYIO CUEHKY 3HAUYECHHSA JJIEMEHTAPHOrO 3apsaaa
3a00JM0 A0 APIMBIX M3MEPEHHH 3JIEMEHTapPHOTO JIEKTPHUUECKOro 3apsiaa
B ONHTax MHWUIMKEHa C MacASHHMH KaIaIMH. 3aMeyaTeapHo, YTO uaes
aTOMapHOH CTPYKTYDH IIEKTPHUECTBA MNOJYUYHJIA HEIBYCMBICIEHHOE
JKCMEePUMMEHTANBHOE NOATBEPXKACHHE B ONHITAX MO AMEKTPONMU3Y, BHIMOJ-
HeHunix B 30-e roant XIX Beka, xorga gaxe uaess aTOMapHOrO CTPOEHHUS
BENIECTBA €IIEe He pasfensiach BCEMH yUeHnMH. B 3HameHuTOi peun,
npousHecedHo# B KoponesckoM obmecTe u nocssimeHHoN namatu Papa-
nest, FenpMronpl TakuM 00pa3oM KOMMEHTHPOBA 3TO 06CTOATENBCTBO:

«Ecin M npM3HaeM CymecTBOBAHME ATOMOB XHMHUECKHX IJIEMEH-
TOB, TO MH HE MOXEM H30eXaThb M AaJIbHEHINEr0 3aKJIIOYEHHS, UTO
971eKTPUYECTBO, KaK MOJIOXHTENbHOE, TAK M OTPHUATENBHOE, PasneseHo
Ha onpeleseHHHE MEMEHTapHHE KOMMYECTBa, KOTOPHeE BeayT ceds xak
ATOMB 3JIEKTPUUECTBA®,

XVMHYECKHE MCTOYHUKH TOKd. Ecam kakoit-mubo merann, Hanpumep
UMHK, [Orpy3uTh B BOAY, TO HEKOTOPOE KOMHUYECTBO MOJIOXHTENbHBIX
HOHOB LIMHKA Zn'* nog BAMSHHMEM MOJSIPHHX MONEKY] BOAE HAauHET Ie-
PEXOOUTE M3 MOBEPXHOCTHOIO CJIOS KPHCTA/UTMUECKON PEImeTK METasna
B BOOy. B peaysprare UMHK 33apSAMTCS OTPHMUATENBHO, a8 BOAA MOJIOXH-
rensHo. Ha rpaHuue MeTtaxwia ¥ Boan o0pasyercs TOHKMIA CJI0#, Ha3hi-
BAaEMBIl O0BOUHbIM 21EKMPUYECKUM CAOEM; B HEM CyIECTBYET CHIBHOE
JNIEKTPUYECKOE MOJE, HANPSXEHHOCTh KOTOPOrO HAaNpasJieHa OT BOAH K
MeTanny. 2TO noje NpensTCTBYeT AaAbHeAMeEMY Nepexony NOHOB HMHKA
B BONY, ¥ B PE3y/bTaTe BO3HUKAET OUHAMUUECKOE PaBHOBECHE, MPH KO-
TOPOM CPENHEE UMCIO MOHOB, MPUXOOAINMX M3 META/Ia B BOLY, PaBHO
YHCJy HOHOB, BO3BPAINAIOIIMXCS M3 BOAW B METAJLI.

JuHAMHMYECKOE PABHOBECHE YCTAHOBMTCA M B TOM CAyuae, eciau Me-
Ta/Ul NOrpy3uTh B BOOHRI pacTBOP COMM TOTO X€ MeTasia, HanpuMep
LHMHK B pacTBOp UMHKOBOro kynopoca ZnSO,. B pacrsope conp mucconu-

upyer Ha noHH Zn** u SO, ~. O6pasoBaBmnecs NpH ITOM HMOHH UMHKA
HAYEM HE OTIMYAKOTCS OT MOHOB LWHKA, NMOCTYAMBIIMX B PacTBOp C

anextpona. ITOBHIIEHHE KOHUEHTPAUMHM HOHOB NVWHKA B IJIEKTPOIHTE
obseryaer mepexon ITMX HOHOB B METAJUT M3 PacTBOPa M 3aTPynHseET MNe-
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pexon 3 Meraia B pactBop. I1oatoMy B pacTBOpe LMHKOBOTO Kynopoca
MIOTPY>KCHHEIA [{HHKOBBIA D/IEKTPON XOTH H 3apsSXacTCid OTPHIATEIBHO,
HO csabee, ueM B YHCTOH BOIE.

[Ipyu norpyxeHun MeTajiia B PACTBOP META/UL HE BCErNa 3apskaeTcs
orpuuarenspHo. Hanpumep, ecan Meassiil 91€KTPod NOrPy3dTh B PACTBOP
mexHoro kynopoca CuSO,, To monsr Cu** HauHYT M3 pacrBopa OCaX-

NAThCA HA 3JIEKTPOAE, 3apsKas ero noJaoxurennsHo. HanpsxenHocts no-
JIS B IBOWHOM 3JICKTPHYECKOM CJIO€ B NAHHOM CJIy4ac HAmnpasJeHa OT
MEOH K pacTeBopy.

TakuM 00pasoM, NpPU NOTPYXEHHH META/UIA B BOAY WJIM B BOXHEIHA
pacTBOp, COAEPXAUIMHA MOHEL TOTMO XE METas/a, Ha TPaHHIE METaLia C
pPacTBOPOM MEXAY HHMHM BO3HHKAET PasHOCTh MOTCHUHUAIOB. 3HAK M Be-
JIMYMHA 3TOH pasHOCTH MOTCHLMAJIOB 3aBHCHT OT THHAa Metasnaa (Mens,
IMHK H T. [.), OT KOHIICHTPALKMHY HOHOB B PACTBOPE M MOYTH HE 3ABHUCHT
OT TEMIIEPATYPH M AABJICHHS.

IlBa smekTpona W3 PasHeIX METAJJIOB, NOTPYXCHHHIE B JJEKTPOJIHT,
ofpasyior zarseanuueckui nemenm. Hanpumep, B anemente Bonbra
LIMHKOBHIA M MEIHBIH 3JIEKTPOAH TOrpyXeHH B BOAHHII PAaCTBOP CEPHOMH
KHMCIOTH. B nepBHi MOMEHT pacTBOp HE CONCPXHMT HM HOHOB LUMHKA, HH
nouos Meaud. OHAKO B JANBHEHIIEM ITH MOHBI MOCTYNAKOT B PACTBOP C
3JIEKTPONOB M YCTAaHABIMBAETCS AUHAMHueckoe paBHoBecHe. [loka amek-
TPOAB HE COCAMHECHRL APYT C APYrOM MPOBOAOM, NMOTECHUHAJ INEKTPOIUTA
OOMHAKOB BO BCEX TOUYKAX, @ MOTCHIMAJIH 3JICKTPOAOB OTIHUUYAIOTCS OT
NoTEeHIHAna 3JAeKTponauta Onarogaps o6pasyomuMcs JBOMHBIM CJI0SM
Ha UX TpaHdue ¢ 3aektponuroM. [Ipm 3TOoM 3NEKTPOAHHIH NMOTEHIMAI
uueka paseH —0,763 B, a menn 40,337 B. Juexrpogsuxymas cuna
ameMeHTa Boabra, CKIaguBamOmascd M3 ITHX CKAYKOB TNOTEHIIMAJIOB,
Gyner pasua & = 0,337 — (—0,763) = 1,10 B.

TOK B UeNHY C raAbBAHNYECKNM 3J1eMeHTOM. Eciu amexTposs! raapBaHu-
YECKOTO IEMEHTA COCAHHUTD IIPOBOOM, TO JMEKTPOHH 110 3TOMY TIPOBORY
O6YyAYT NepeEXOANTD C OTPHIIATEIBHOIO 31eKTpona (HHK) HA TIOIOXHUTETb-
HE (Mexs), YTO HApyIIaeT AMHAMMUECKOE PABHOBECHE MEXAY JEKTpPO-
OaMH M JJEKTPOSIMTOM, B KOTOPHEH OHH norpyeni. Vonn uMHKa HaUHYT
IEPEXONUTh C JEKTPOAA B PACTBOP, TaK uToOB MOAAEPKMBATH ABOHHOIM
IJIEKTPUUECKUI CJIOM B NIPEXHEM COCTOSHUH C HEM3MECHHBIM CKauKoM [10-
TEHIIMA2 MEXIY IJEKTPOACM M IJAEKTPOTHTOM. AHAJNOTHUYHO ¥ MEXHOIO
371€KTPONA HOHBE MEIM HAUHYT IEPEXOAUTD M3 PACTBOPA M OCAXKAATHCH HA
anextpone. IIpH 3TOM OKOJIO OTPULATENBHONO INEKTPORa obpasyercs He-
moctatok HoHOB SO, 7, a Yy NOJOXUTENBHOrO ~— H30BITOK TAKMX HOHOB.
O6mee unco uoHoB SO;~ B pacTBOPE HE U3MEHUTCH.

B pe3ysbTate ONMMCAHHEIX NMPOLECCOB B 3aMKHYTOH nemu Oyager mom-
ACPXHUBATHCA IIEKTPHUECKHI TOK, KOTOPHH B COCIUHHTEIBHOM NPOBOZLE
€o30aeTCs ABMXEHHEM JJIEKTPOHOB, a B dJCKTPoIuTe HoHamu. IIpu npo-
XOXAEHHH 3JEKTPHUECKOrO TOKa MPOUCXOAUT NMOCTENEHHOE PACTBOPEHUE
HMHKOBOIO 3JIEKTPORA M OCAXKAECHHE MEAM HA MOJIOXHTEABHOM (MEXHOM)
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anexrpone. Konnentpauus noxos SO, yBelTMUMBAETCH Y LHMHKOBOTIO
3/IEKTPOAA M YMEHBIIAETCS Y MEQHOTO.

IHoTeHunan B LenH ¢ rajJpbBaHu4YecknM 3jdeMeHToM. Onucannas xap-
THHA TIPOXOXJCHHS 3JIEKTPUUECKOrO TOKA B HEONHOPOAHOH 3aMKHYTOM
LIETH, COAEPXameH XUMHUYECKHMH 3JIEMEHT, COOTBETCTBYET pacmpenee-
HHMIO TOTEHLMANA BAONb LEMH, CXEMATHYE-
CKH mokasaHHoMy Ha puc. 107. Bo BHemHe#

LENH, T. €. B COCAMHIIOMEM IEKTPORBE TIPO-

BOAE TMOTEHUMAN IUIABHO TOHHXAETCSd OT

3HAUCHHS P, HA TOJOXHTEIHHOM (MEIHOM)

ajexTpoae A OO0 3HAUEHUS ¢, HA OTPHLA-

reasHOoM (IMHKOBOM) J7€KTpone B B COOT- Il]

BETCTBUH C 3akoHoM OMa Insl OQHOPOOHOIO

npoBoaHuka. Bo BHyTpeHHeH menwu, T. €. B

SAEKTPOTHTE MEXAY SJEKTPOAaMH, MOTEH-

LMAM NJIABHO TOHHMXAETCS OT 3HAuUeHMs ¢, PHC 107. Pacnpenenenue no-
TEHLMA A BROAb UENH, COAep-

BOJHM3HM IIMHKOBOIO 3JEKTPONA AO 3HAYECHHT  wamed xuMMUECKHI OrieMeHT

¢, BOMM3M MemHOro snekTpoaa. Ecnu BO

BHEIIHEH LEMH TOK MAET OT MENHOIO 3J€KTPOHa K LMHKOBOMY, TO BHYT-

DM 3JEKTPOJIMTA — OT LIMHKOBOIO K MegHOMy. CKaukM NOTEHIMAJIOB

P — @; U @, — P, B OBOMHHIX ITCKTPHUECKHX C/IOSX CO3NAIOTCI B pe-

3y/IbTATE ACHCTBUS CTOPOHHMX (B NAHHOM Cly4ae XUMHUYECKHMX) CHIL

IIBMXEeHHE DICKTPHUYECKHUX 3apHa0B B ABOMHEIX CJOsSX Ojarogaps CTo-

POHHMM CHJIAM TIPOMCXOAMT NPOTHB HANPABICHHS AEHCTBHS /1EKTPH-

YECKHUX CHIL.

HaknoHaniM yuacrkam u3MeHeHH noteHnuana Ha puc. 107 coorser-
CTBYIOT JEKTPHYECKHE COMPOTHBJICHHUS BHEIIHETO M BHYTPEHHEIO yua-
CTKOB 3aMkHyYTOH nenu. CyMMapHOe NMajeHHE MMOTEHUMANa BAOMb 3THX
VYACTKOB PaBHO CYMME CKauykOB [OTCHUHMAJA B ABOMHHIX CJIOSX, T. €.
anextpopsrwxymei cuae (QLC) anemenra.

TpoxoXaeHHE ITEKTPHUECKOTO TOKA B aJIbBAHHUECKOM 3IEMEHTE OC-
JIOXHAETCH NOOOYHEIMH MPONYKTAMH, BRIACISIONIMMHAC HA 3IEKTPOAAX, U
NMOsIBJICHMEM TIEpPenana KOHUEHTpanuu B 3aeKkTponure. O6 3THX ABICHHIX
roBOPSIT KaK 00 asnexmponrumuueckoll noaspusayuu. Hanpumep, B a1e-
MeHTax BosgbpTel MpH 3aMBIKAHMM 1(ENHM IOJOXHTEIbHBEC HOHH HY nBu-
XKYTCS K MEAHOMY 3JICKTPOHY M OCAXAAIOTCH HA HeM, B pesynbraTe uepes
HEKOTOPOE BpEMSI MEOHEIA 3JAEKTPOX KaK Obl 3aMEHSIETCS BOXOPOAHBIM.
Tax xak a1eKTpoaHu norenuuan sogopoaa Ha 0,337 B unxe aaexrpon-
HOro noreHuuana mexgu, to I C asneMeHTa yMEHBINAETCH NMPUMEPHO Ha
TaKyIo Xe BeJuunHy. KpoMe TOro, BRZEASIIOMUACT HA MEAHOM JJIEKTPOAE
BONODPO YBE/JIMYHBACT BHYTPEHHEE CONPOTHBICHUE EMEHTA.

Inst yMeHpIIEHUsT BPEAHOTO BJIUSHHS BOXOPOHA MCNIOAB3YIOTCA HETO-
JASPU3ATOPHl —— pas3/IMuHBC OKHCAuTe 4. Hanpumep, B Haubonee yrmor-
peGurensHoM snemente JleknaHme («Cyxue» GaTapeiku) MOSOXUTE/b-
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HEIM 3JIEKTPOAOM CIYXHT rpacbMTOBHI CTepXEHb, OKPYXEHHRI crpec-
COBAaHHOH Maccol nepekucu mapraHna MnO, u rpadura.

AxkyMmyagTopol. IIpakTHuecku BaxXHOH pa3sHOBMOHOCTBIO raJbBaHHYE-
CKHMX 3JIEMEHTOB SBJSIOTCH QKKYMYAsLmopbl, J19 KOTOPHX TOC/IE pa3psii-
KH BO3MOXEH 00paTHELA Mpouecc 3apstku ¢ MpeobpasoBaHUEM 3JIEKTPH-
4YecKO# JHEPruH B XMMMYECKY10. BemecTsa, pacxonyemsie NMpH moayue-
HUM 3JIEKTPUYECKOr0 TOKA, BOCCTAHABJIMBAIOTCH BHYTPH AKKyMYyJdropa
nyTeM 3IeKTPONN3A.

HaunGonsmee pacnpocrpaseHue NOAYYMIM CBHUHIIOBEIE, WIHM KHCIOT-
HBEIE, AKKYMYJSTOPH. DNEKTPOABI aKKYMYJAATOPA H3rOTABJIHBAIOTCS M3
ABYX PEMIETYATHIX CBMHIIOBHIX IUIACTHH, 3aNOJHEHHRIX NACTOH M3 OKHUCH
ceuana PbO. B akkymynarop sanameator 30 %,-HEEH pacTBOpP CEPHOM KHMC-
noth (c naorrocThio 1,2 r/cmM®). Ha noBepxHOCTSX miacTHH oBpa3yercs
caoit cepHokucaoro ceuHna PbSO,. Urobn akKyMyasTop CTaa HCTOYHH-

KOM TOKd, €ro HeOOXORMMO 3apsaguTh. IIpM NpONYyCKAHHH TOCTOSIHHOTO
INEKTPHYECKONO TOKA HA IJJIEKTPOAE, COCAHHEHHOM C NOJIOXHUTEJIbLHBIM
MOJIOCOM BHITIPAMHTE/S, OTPHUATE/IBHREIC HOHKI SO;' HEHUTpaANU3yIoTcs

M NpH COEOUHEHHM C CCPHOKHMC/BIM CBHHIIOM M BOgoit oOpasyior mepe-
kuce cBuHna PbO, B cooTBercTBMM ¢ peakumer

PbSO, + SO;~ + 2H,0— PbO, + 2H,S0, + 2e.

MonoxurensHuie nosst H* aBMXyTCS K 3n€XTPOAY, COEANHEHHOMY C OTPH-
LATENBHBIM MTOIIOCOM BHIIPSIMUTENS, H HEHTPATM3YIOTCS HA HEM B PE3Y./Th-
TATC PEAKIIUHA '

PbSO, + 2H* + 2e—Pb + H,S0,.

BuaHo, uTto NpH 3apsRKe aKKyMyJaaTopa NOBHINAETCH KOHIEHTPALHMS
CEPHOM KHCAOTHL, YTO BEJET K YBEIMUCHHIO IUIOTHOCTH J/EKTPOHTA.

Takum 06pa3oM, B IPOIECCE 3APSAKH CO3XACTCI pPe3Kas aCHMMeETpus
JJIEKTPOAOB: OXMH CTAHOBHUTCH CBHHIIOBHIM, APYrOM — H3 TNEPEKHCH
CBMHIA. 3apsXEHHBH AKKyMyJAATOP NPEACTABAseT CO0OM ranpBadHuue-
CKHH 3N1EMEHT, CIOCOOHHH CYXHUTh MCTOYHAKOM TOKA.

IIpn nOOKAIOUEHHH K AaKKyMyJatopy MorpebHTencit anekTpu-
YECKO#M DJHEPruM uepes [enb MOTEYET IMEKTPHUESCKHMH TOK, HanpapJe-
HHE KOTOPOrO MPOTHBONOIOXHO 3apAAHOMY TOKY. XHMHYECKHE PEaKIIUu
uayT B 0OPaTHOM HANPABJICHHHA H AKKYMYJIATOP BO3BPAIXAETCS B HCXOHOE
cocrosiHne. 06a anekrpona OyAyT noKpuiTh cioeM coau PbSO,, a xoHneH-
Tpauys CEPHOM KHC/IOTH BEPHETCS K NEPBOHAYANBHOMY 3HAUEHHIO.

Y sapsaxexHoro akkymynsropa JJC cocraBaser npumepso 2,2 B.
Ipu pa3psnke oHa moHuxaercd xo 1,85 B. JanbHeiimyo pa3paaky npo-
H3BOJUTH HE PEKOMEHAYETCH, TAK KaK npouecc o0pa3oBaHus CEPHOKHC-
JIOTO CBHHIA CTAHOBUTCH HEOOPATMMBIM M AKKYMYJISITOD MOPTHTCH.

MakcuManbHNM 3apsiK, KOTOPhiH MOXET OTAATh AKKyMYJSTOp MpH
paspaake, Ha3wBAETCSl €ro eMKOCTHI0. EMKOCTh akkymydsaropa oOHYHO
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usMepaerca B amnep-yacax. Oua tem Gonpme, ueM GoabIme MOBEPX-
HOCTH ILIACTHH.

IIpuMeHeHUs JNEKTPOAN3a. DJEKTPONU3 HMCTOMB3YETCH B METALIYp-
run. HauGonee pacnpocrpaHeHo 3MEKTPOIMTHUECKOE MONYUEHHE ATIO-
MHHHMS 4 uucToit Meau., C NoMOompbiO 3JEKTPOM33 MOXHO CO3AaBaTh
TOHKHE CJIOM OJHMX BEIIECTB Ha NMOBEPXHOCTH APYIMX C LEIBIO MOTyYe-
HUS JE€KOPATHBHHX M 32MMTHHX NOKPHTHI (HUKEJIHPOBAHHE, XPOMHUDO-
saue). [lpouecc nomyyeHus] OTCTAMBAEMBIX TMOKPHITHI (raasBaHOIUIA-
cruka) 6m paspaboran pycckum yueHnM B. C. SIkofH, NpUMeHHBIIAM
€ro A M3rOTOBJICHMS MOJHIX CKYJABNTYD, yKpamamoummx Mcaakuesckuin
cobop B Cauxr-IlerepOypre.

s Yem otnuuaeTcs pUIMUECKUR MEXAHU3M 3JIeKTPONPOBOAHOCTH B MeTajllaX U
aJyieKTposnrax?

e [losicHure, mouyeMy cTeneHb AUCCOLMALMU AAHHOTO BElllECTBa 3aBUCHUT OT JU-
3JIEKTPUYECKOM TPOHMULIAEMOCTH PaCTBOPHUTES.

s  OObAcHUTE, MoYeMy B CUJIBHO pa36aBJIEHHBIX PacTBOpaXx 3JIEKTPOJIUTA MPaK-
TUYECKU BCE MOJIEKYJIbl PpACTBOPEHHOrO BelECTBA JUCCOLMUPOBAHDL.

\
s TlosacHure, B YeM MEXaHU3M 3/1€KTPONPOBOXHOCTH 3/IEKTPOSIUTOB CXOJEH C MEXa-
HU3MOM 3JIeKTPOIPOBOAHOCTH rasos. [ToueMy npy HeU3MEHHBIX BHEIUHUX Y CJIO-
BUSIX 3/IEKTPUUECKUIi TOK MPOMOPLIUOHAJIEH MPUIOXKEHHOMY HanpsxeHuo?

o Kakywo posib npH BeIBOAE 3aKOHa 3JIeKTpo/in3a (3) Urpaer 3akoH coXpaHeHUs
3JlekTpUyeckoro 3apsina?

o [losicHure cBa3b JJIEKTPOXUMHUYECKOTO 3KBUBAJieHTa BEIUECCTBA C YZACJ/IbHbIM
3apAOOM €0 MOHOB.

o Kak MOXHO Ha OmbITE ONPEAE/IUTL OTHOLIEHHE JIEKTPOXUMUYECKUX 3KBUBa-
JIEHTOB Dpa3HbIX BELIECTB, €CJAM HMEETCS HECKOJIBKO 3JEKTPOIUTHUECKHUX
BaHH, HO HET NpUGOPOB A/ U3MepeHUs CUJIbI ToKa?

e Kakum oﬁpaaom ABJICHUEC 3JIEKTPOJIM3a MOXHO HUCIMOJ/Ib30BaTh AJist CO3faHUsd
CYETYUKA pacxona JJICKTPOIHEPru™ B CETHU MOCTOAHHOIO Toka?

s Ilouemy sakonbl Papajes MOXHO paccMaTpMUBaTh KakK 3KCllepHMEHTaJIbHOE
[0Ka3aTeAbCTBO MpENcTaBsieHUit 06 aToMapHO NPUPOAE 3JieKTpuuecTBa?

s Kakue npouecchl NPOUCXOAAT MPU IOrPYXEHUH METaJUIMYECKUX 3JIEKTPONOB
B BOAY W B JMCKTPOJIMT, COAEPXKAIUMUA HOHBI 3TUX METa/UIoB?

e  Onuuure Mpoueccsl, TMIPOUCXOAAIINE B 3JICKTPOJIUTE BOM3H AJIEKTPOAOB
raJibBaHUYECCKOIO JJICMEHTa MpPU MPOXOXACHUU TOKaA.

o [loyemy BHYTDH rafibBaHUYECKOro 3JIEMEHTa MMOJIOXKUTE/bHBIE HOHBI OBUXYT-
cd OT OTpHUATEILHOro (LIMHKOBOro) 3JIeKTpoaa K IMOJIOXUTeJIbHOMY (MegHo-
My) asiexrpony? Kakum ofpasom B Lenu BO3HUKaeT paclpefesieHUe MOTeH-
nMania, 3acTaB/isSIOUIEe UOHB! OBUraThCd MMEHHO Tak?

o Tlouemy cTeneHb 3apsSOXKEHHOCTH KUCJIOTHOTO aKKYMYJISTOpa MOXHO IPOBEPSATh
[pU MOMOLILU apeoMeTpa, T. €. pubopa AJist U3MepeHU MJIOTHOCTH KUAKOCTU?
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e Yem B npUHUMMTHUAIBHOM OTHOWIEHUM OTJIMYAIOTCH TIPOLECCHl B aKKyMYJISTO-
pax oT [poueccoB B «CyXux» Gatapeikax?

s Kakag yacTe 3JIeKTpUYECKOM 3HEPTrUH, 3aTPaYE€HHOM B IIPOLIECCE 3aPANKU aK-
kymynaropa ¢ 3JC &, Moxer ObITb UCMONBL3OBAHA [IPU €r0 Pas3psafKe, eciu
B rpouecce 3apsikH akKyMyJISTOpPa Ha ero KJeMMax MOQIepXHBajioch Ha-
npsaxenue U7

§ 33. Mna3ma

Bo BCEX pacCMOTPEHHEIX BHUIE SBIACHUSX, CBI3aHHEIX C MPOXOXICHHEM
3JIEKTPHYECKOrO TOKA B ra3ax M XHAKOCTIX, B3AUMOZEHCTBUE HOCHTEICH
3aps/a APYT C APYroM ObUIO HECYIECTBEHHO M3-33 MAJION MX KOHIEHTpA-
uud. OCHOBHYIO POJTH MIPAJIO B3AaUMOACHCTBHE SJICKTPOHOB KJIH HOHOB C
HENTPA/IBHBIMK YACTHLIAMH — ATOMaMH H MoMeKy1amu. OJHAKO Cymect-
BYET LEJBA pax SBJACHHUHA, B KOTOPHX B3aMMOICHCTBHE 3aPSIXXCHHBIX Yac-
THIL ZPYT C APYFOM MTPaeT onpeResIonyo poas. B TakoM cayuae rosopar
O NPOSIBJICHUM IUIA3MEHHKIX CBOHCTB., UTo Xe Takoe riasma’

Boofme mia3zmoi Ha3BAOT CHCTEMY, COCTOSINYIO U3 00/IbLIOrO unc-
Ja TOABMXHHX 4YacTHIl, MO KpaWHe# Mmepe 4acts KOTOPHX obgamaer
DJeKTPHYECKHUM 3apgaaoM. TEepMHH «IUIa3Ma» IIHPOKO MCNONB3Yyercs B
COBpPEMEHHOM (pu3KKe. DTOT TEPMHH NMPHUMEHSIOT K HOHU30BAHHOMY rasy
MpH TaKUX YCJIOBHAX, KOTAa CHUJIaMH B3aMMOICHCTBHSI COCTABJISIONIAX
€ro 4acTHIl HEMp3s npeHebperats. I11a3moit HA3HIBAIOT H AMEKTPOHHBINA
ra3 B MCTaalax M NOJYHPOBOAHHKAX.

ITnasma — 270 Haubosee PACHPOCTPAHEHHOE COCTOSHUE BELHIECTBA B
npupoze. 3BEe3fbl MPEACTaBAAIOT COOOH TMLAHTCKUE CTYCTKH Topsuei
n1a3Mul, BHEIIHHH HOHM3UPOBAHHEIN C/IOM 3eMHOM aTMocdepst, pagHau-
OHHBIC TIOSCA, HEKOTOPHIC THITHI KOMETHRIX XBOCTOB, HAKOHEI] IUIAM Map-
TEHOBCKOH IIEYH — BCE 3TO NMPHUMEPH CUCTEM, SBJSIIOIIMXCSH ILIA3MOM.

KONNeKTHBHOE JABMKEHHWE 4acTuy B nna3me. OTIHUATENbHEE CBOMCT-
Ba IIa3MEl CBA3aHKI C TEM, UTO B €€ COCTAB BXORST CBOOONHBIC YAaCTHIIHE,
ofamaonme 3JIEKTPHYECKHM 3apagoM. Hosnie, HeOOBIUHBIE NI HEHT-
paJBHOIO rasa CBONCTBA ILIA3MEL O0YCNOB/IEHH TEM UPE3BEYANHO CHIb-
HBEIM BO3ZEMCTBHMEM, KOTOPOE OKA3HIBAIOT DJICKTPHYCCKHE W MATHHUTHBIC
Moy HA [JBHXEHHE 3apsXEHHHX Yactuiy. Ha He#dTpansHbie 4acTHIint
SAEKTPHYECKHE M MArHHTHHC TO/S OKA3HBAKOT TOPA3f0 MEHBINEE BO3-
aeicreue. B rase HelTpasbHBIX 4acTui HHGOPMALHUS O JOKATHHOM H3-
MEHEHHMH COCTOSHHS, HANPUMEP 00 YBETMYEHHM KOHIIEHTPALMH YACTHIL
B KAKOM-1ub0 MecTe, NEpPeRaeTcd TOALKO B PE3yJbTaTe CTONKHOBEHHH
YACTHIIL.

B m1asme xapruHa HHAg. B orMuMe oT HEHTPAJAbHBIX YACTHI], KOTO-
pbie B3aMMOAEHCTBYIOT APYTr C APYroM TOJLKO HAa MAJHX PacCTOAHHAX,
3apSKCHHBIE YACTHIB B3aMMOACHCTBYIOT C MOMOIIBIO AAJIBHONCHCTBYIO-
mHUX KYJTOHOBCKAX Ciul. IIpM JIOKaIbHOM HM3MEHEHMHM COCTOSIHHS B ILIa3-
M€ BO3HMKAIOT 3JIEKTPUUECKOE M MArHUTHOE NOJISI, KOTOPHE ACHCTBYIOT
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Ha BCIO IL1a3My B UenoM. B pe3dyaprare B IL1a3Me BOSHHKAIOT KOJLIEK-
THBHBIE ABHXCHHS 4YACTHI — KOJEOAHMS M BOJHEL,

CkopocTs nepefaur HHGOPMAIMHK O JOKANBHHX BO3MYIMIEHASX ONpe-
AEMSeTCS CKOPOCTBIO PACHPOCTPAHEHMS JJEKTPOMATHHTHHIX BOJH B
nnasme. MMeHHO HaMuMe TaKuMX CrenH@HUYECKHX KOUIEKTHBHBIX NpO-
LECCOB B NIA3ME — BOJH, B KOTOPHX MPOMCXOOST KOJEOAHHS KaK dac-
THI TUIa3Mbi, TAK M COMPOBOXAAIOIIUX ABHXEHHE 3APKEHHHIX YACTHIL
2JIEKTPDOMArHATHHIX NOJIEH, — M MO3BOJISET I'OBOPHTH O IUIa3ME KaK o
YETBEPTOM ATPETATHOM COCTOSHHM BEHIECTBA.

l'asopaspganag Ia3Ma, KaKk NIpPaBmiIo, NpPeacTaBaser coboit cMecsk
TpEX KOMITOHEHT: CBOOOAHBIX 3/IEKTPOHOB, MOJOKHTEABHHX HOHOB H
HEHTPAZBHBIX ATOMOB MM MOJEKYJI. DJIEKTPOHH — 3T0 Haubosree mo-
ABHXHAA 4acTh TAKOW ILIA3ME, H HMMEHHO C ABMXXCHHMEM 3JIEKTPOHOB
CBsi3aHH ee HauboJee MHTEPeCHHE CBOWCTBA. VOHHI Xe BCAEACTBHE roO-
paspo Gonsmieit Macce Beryt ceGs Gonee «naccMBHO», Gnaromapst uemy
BO MHOPHX CAyuyasX MOXHO BooOme npeHefperats X ABHXEHHEM H pac-
CMAaTpPHUBATh MOHHYIO YACTh IIA3MBI KaK HEMOABHXKHEIA MTOJOXHTEIbHBIH
¢boH, HA KOTOPOM HpPOMCXOOUT ABMXXEHHE 3EKTPOHOB. Takoe rpulim-
XEHHE ONHOKOMITOHEHTHOM ILIa3Mel TeM G0JICE ONpaBaaHo AT INEKTPO-
HOB B META/NAX, IAE ABHXEHUE MOHOB BOOOLIE OrPAHMUEHO KOIEOAHH-
MY BOJIM3H NOJOXEHHUS PABHOBECHUS.

KBa3uHEeRTPaAbHOCTH Maa3Mbl. OMHUM U3 BAXHEHIIHNX CBOMCTB [J1a3MBE
SABJISETCH €€ CTPEMJICHHE K COXPAHEHHIO PABEHCTBA MJIOTHOCTEH I1EKTPH-
YeCKOro 3apsia NOJIOXUTEIbHEIX H OTPHIIATEIbHEX YacTHll, B camom aere,
IPY BEICOKOM TUTOTHOCTH 3aPSXKEHHBIX YACTHIL B IIa3Me aXe MAJioe Tpo-
CTPAHCTBEHHOE pA3JE/TICHNE NOJOXHUTEIBHEX H OTPULIATE/IBHHX 3apAI0B
NpHBENO0 Obt K MOSBJCHHIO 04eHb CUIBHBIX DJEKTPUYECKHUX TOJEH, cCTPpeEMSI-
HIMXCS BOCCTAHOBHTH JIOKAABHOE HAPYNICHHUE
3nexTpoHeiTpansHocTH. [loaroMy B cpenHeM
(B mocraTouHo GonsmoM ofseMe WiM 3a 0-
CTATOYHO GOMBHION TPOMEXYTOK BPEMEHH)
naa3Ma AOMXKHA OBITh TIOYTH HERTPAILHOM,
HUJIH, KK TOBOPIT, K6a3UHelimpaibHOU.

I1na3mennnie koneoauus. OneHuM pasMepn
06beMa U TIPOMEXYTOK BPEMEHH, B KOTOPHIX
BHITIOTHSIETCS KBA3HHEATPAILHOCTh TUIA3MBL.
IMpencrasum cebe, UTO B IUIOCKOM CI0€ OXHO-
pPOMHOH HEHUTPAJBbHOW B I11€JIOM IIa3MEl BCE L
3NEKTPOHH CMECTHITHCH HA PACCTOSHHME X BON-  poc 108, K mowony dopmyss:
HOM M ToM Xxe Hanpasaeany (puc. 108). Bo3- g acrorsr mnasmesswix xo-
HHKAIOMEE B PE3YIbTATE TAKOIO CMEMEHHS  aebauuit

3/IEKTPOHOB DPE3Y/IbTHUPYIONIEE pacrpenee-

Hue 3apsmoB OygeT TaKMM Xe, KaK B IUIOCKOM KOHAEHCATope. DNeKTpH-
yeckoe NoJie B IUIa3Me Onpeaeasiercd IUIOTHOCTHIO 3apiaaa Ha «o0KIanKax»
TAKOr0 «KOHACHCATOPa». IIpHM CMEMECHHH 3NCKTPOHOB B CJOE TOJMIHUHBL [
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(puc. 108) HapywieHHe HCHTPANLHOCTH TIPOMCXOMUT TOJMBKO B TOHKMX 06-
JACTAX TOMMHHE X BOJM3H rpaHuL CJ10s1: C1eBa 06pasyeTcs H3GLTOK moso-
XHUTEIHHOTO 3apsifa, CupaBa — OTPHUATEARHONO. EC/H KOHUEHTpanuio
SNEKTPOHOB B HEHTPAJILHOM TUIa3Me 0003HAYXTD YEPE3 1, TO MPH CMEme-
HHH BCEX 3JCKTPOHOB B CJO€ HA PACCTOSHHE X 3apsfl O HA E€OMHHULE
Iiomanu «o0Kaanku» OyaeT pased nex. I103ToMy HanpsXeHHOCTh nond £
B XOHAeHCaTope OyAeT paBHa (B rayCCOBOM CHCTEME CAHHHI)

E = —4no = 4nnex. @)
Heﬁcﬁ;ymman Ha XaXOue¥ 21eKTpoH B ooe cuia F = ¢E, Gyner

MMPONOPLIHOHANHFHA CMEMICHHIO JJIEKTPOHA X M, KaK BHOHO u3 puc. 108,
HATPABJEHA B CTOPOHY, NPOTHBONOJOXHYIO CMEMICHHIO!

= —4nne?x. (2)

IMoaroMy anexTpoHH OyayT cOBEpmATh rapMOHHUECKHE KonaeOaHud, ua-

CTOTAa KOTODPBIX (Dp onpencasacTCd BhPAXCHUCM
2

2 __ 4xmne

wp - m ’ (3)

rae m — macca dnexrposa. B CU seipaxxeHue arst 4acToTH W, HMECT BUJ
2
2 he

Wy = (3a)

Jra uacrora w, — OAHA M3 BaXHCHUINX XapaKTePHCTHK IUIasMu. Ee

HA3BIBAIOT NAA3MeMHOU uacmomotl, a camu KonebaHus Iyia3MEHHBIMH
MM JICHIMIOPOBCKMMHM, [0 UMEHM aMmepukauckoro ¢dusnka U. Jleurmio-
pa, BNEPBHE MCCICAOBABHIETO 3TH KOJEOaHHM.

Takum 00pa3oM, B pe3yJbTare pasgeseHus] 3apsioB B IUVIa3Me BO3-
HHKAIOT JJIEKTPUYECKHE TOMd, BHI3HBAOMHE KoneOaHHud yacTHin. ITH
KONe0aHus CTPEMSATCHS BOCCTAHOBUTH KBAa3MHEMTPANBHOCTh IIasmmul. Sc-
HO, YTO 3aMETUTh OTK/JIOHEHHS IUIa3Mbl OT KBA3MHEHTPATBHOCTH MOXHO
TOJMBKO Ha MPOTSKEHHH BPEMEHH, MAJIOTO MO CPABHEHMIO C MEPHOLOM
nnasMeHHuX KoseOaHuit. B cpenHem (3a MHOro nmepuomos Kosebamwit)
miasma Befet cefd Kax xBasuHeirpanabHag cpena. [lepuon mia3MeHHBIX
xonebannit T, = 27/w, — 9TO XapaKTEPHHA BPeMEHHOH MacmTal pas-

ACJICHHAS 3apsinoB B IIa3Me.

DKpaHNPOBKA KYJOHOBCKOIrO B3aMMOAeHCTBUA. Temepb oLeHUM mpo-
CTPAHCTBEHHHIN MacmTad paspeieHds 3apsaaoB B KJACCHUECKOH ILIasme.
Yem Mmoxer ObiTh BHIZBAHO CAMONPOM3BONLHOE pasfeicHUE 3apsuoB?
OuesupHo, payKTyanunsiMu NpoCTPaHCTBEHHOTO PACTIPENE/CHUS YacTHIL,
00yCNOBNICHHHIMA MX XAOTHUECKHM TEIUIOBHIM IBUXEHMEM. Xapakrtep-
Hadgd CKOPOCTh v TCIUVIOBOIO ABHXCHHS JJICKTPOHOB 3aBHCUT OT TCPMOAH-
HaMuueckoit tremneparypul T: (v) ~ vkT/m. [lpocTpaHcTBeHHBI# Mac-
mTal pasgesecHUs 3apsSmoB ONMPEAC/SETCS MPOM3BEACHHEM XapakTepHOM
TEIVIOBOM CKOPOCTH Ha BPEMd IBMXCHHUS B OQHOM HanpasjieHnd. Uem xe
onpenenserca 310 BpeMa’?
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B ornuune OT rasa M3 HEHTPANHHBIX YACTHL, TAEC 3TO BPEMS PAaBHO
BPEMEHH CBOOOAHOIO ABHXKEHHUS IJMEKTPOHA MEXAY CTOJKHOBEHHMSIMHM C
aTOMaMH WIH MOJIEKY/JaMH, B IJIa3ME XapaKTepHOE BpeMst CBOGOIHOIO
OBMXKEHHS 3JEKTPOHA OTpEnesercs MEepHONOM IUIa3MEHHEIX KosaeGaHui
T,= 2n/wp. JeACTBUTENBHO, NPH NPOCTPAHCTBEHHOM Pa3ACICHUH 3apsi-

[OB BO3HMKAIOT MIa3MCHHBIE KOMCOAHU, KOTOPHE CTPEMATCS BOCCTAHO-
BUTH JJCKTPOHEHTPANBHOCTh, [IpH KomeGaHUAX CKOPOCTH MEKTPOHA 32
NOJOBHHY NEpPHOJA M3MEHSET CBOE HANpaB/JICHUE HA MIPOTHBOMOJIOXHOE.

Taxum oOpa3om, Ond OUEHKHM pa3Mepa 06JacTH MPOCTPAHCTBEHHOIO
pasfescHUS 3apSf0oB HYXHO XapakTEPHYIO TEIUIOBYIO cKopocts VAT/m
YMHOXHTL Ha BpeMs ABHXCHHS, KOTOpOE IO MOPSAKY BEIHYMHE €CTh

/o, = Vm/4nne®:
kT 1 kT
rp ~ V£ e (4)

JTa BeJMYMHA HOCHT Ha3BaHue ae0aeBCKOro pagMyca 3KPaHUPOBAHHUA,
no uMeHH aHmuitckoro ¢u3nka I1. [lebas, KOTOpHIl BHEPBHIE BBE €€
MPH M3YYEHHUH IKPAHUPOBKH KYJIOHOBCKOIO B3aMMOACHCTBHUSI 3apaXeH-
HEIX YACTHI] B JIEKTPOJINTAX.

Ha paccrosHun neacBckoro paamyca TPOUCXOOMT IKPAHHMPOBAHME
KYJIOHOBCKOrO Tojs jaoforo 3apsaa. [IpuuMHOi 3TOr0 3KpaHMPOBAHMS
SBJASeTCS TPEHMYINECTBEHHAs TpYNMHpPOBKA BOKPYr moboro sapsga
3apsDKEHHEIX YacTHL, TPOTHBONOJIOXHOIO 3Haka. Ky/IOHOBCKME CUIH
CTPEeMATCd MAKCHMAIBLHO NpUOIH3UTE K BHECEHHOMY B ILIa3My NpoGHO-
MY 3apsny 3apAXeHHbE 4ACTHIBE IPOTHBOMO/IOXKHOIO 3HAKA, @ XAOTH-
4YECKoe TEIUIOBOE ABMXCHHUE MPENnATCTByeT 3ToMy. B pedynwrare BOKpYr
npoOHOro 3apsaaa BO3HHKAET NPOCTPAHCTBEHHO HEONHOPOOHOE pacnpene-
JIEHHE JJIEKTPOHOB, TPUBOAALIEE K IKPAHHPOBKE €r0 KYJIOHOBCKOTO MO
Ha PAcCTOSHMH TOPSAKA Ae0aeBCKOrO pajuyca rp.

TIpocTpascTBeHHple MacIuTaOp1 B naa3me. UToOwt IasMa coxpaHsia
KBa3HHEUTPANLHOCTh, 3aHMMAaeMas €10 obnacts (T. €. ee JMHEHHHIH pas-
Mep L) HOJXHA HAMHOTO NPEBOCXOANTH ne0aeBCKUM Paguyc ry: rp<< L.
ToJBKO NPH BHNOJIHCHAH YCJIOBUS KBA3UHEHUTPANBHOCTH IIa3Ma MPOSIB-
€T KOJUIEKTHBHLIE CBOMCTBA, a HE BegeT ceOsl Kak mpoctas COBOKYTI-
HOCTb 3apsSXEHHHX yactuu. Y3 paccMorpeHHoil Bhie ¢U3NUecKoi Kap-
THHH JKpaHHPOBAHHA KYJIOHOBCKOIO BS&HMOﬂeﬁCTBHS{ caeayer, 4to une-
GacBCKUH pagMyC OJKPAHHPOBAHHA MAOJXEH HAMHOIO TMPEBOCXOTHTH
CpenHee pacCTOSHHUE (r) MEXAY 3apsDKECHHBMH YaCTHUAMH: (r) << rp.
Urak, urols 3/1€KTPOHEHTPANbLHAY B LIEJIOM CACTEMA 3JIEKTPOHOB H
HOHOB MOIJIA PAaCCMATPHBATHCH KAK IIa3Ma, HEOOXOMMMO BHIIOSHEHHE
yCJIOBHH
(ry<<rp<<L. (5)

IlepoMy U3 ycmoBui (§) MOXHO MPUMAATHh HECKOJBKO HMHOM BHA. Tak
KaK CpPeAHee pacCTosHHUE (r) Onpencnasiercsd KOHLCHTpPauMel n anexrpo-
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HoB ((r) ~ n~'3), 10 ¢ nomompeo (4) mas rp 3TO YCJIOBHE MEPEeNnUChi-
BaeTcs caeayomum obpasom:
ean/3

7 <L (6)

B umcnuresne 370ro BHPAXEHHS CTOUT JHEPrus KYJIOHOBCKOTO B3aHMO-
JAEHCTBUA YaCTHL, HAXOASIIMXCH HA PacCTOSAHHH (r) APYr OT Opyra, a B
3HAMCHATENE — XapaKTepHas JHEPrud HMX XAOTHUECKOIO TEIJIOBOIO
asuxenns. Takum o6pasoMm, B KIACCHMYECKOH Ina3sme (T. €. Korma jABH-
XEeHHEe YacTHL MOAUMHSETCH 3aKOHaAM KJIacCHYecKoM (pU3uKM) CpenHss
JHEprus KyJOHOBCKOrO B3aMMOACHCTBHA Maja Mo CPABHEHHUIO C JHEPrueH
TEIUIOBOrO ABHXKCHHS.

IIpOCTPaHCTBEHHAs ORHOPOAHOCTH miaa3mpl. Kak coBmecturs npen-
CTABJICHHUS O MPOCTPAHCTBEHHOM HEONHOPOAHOCTH PacrpencscHus 3apsi-
[OB B IIa3Me NMPH 9KPAaHMPOBAHMM MOJS OTACABbHHIX 3aPSN0B ¢ Makpo-
CKOTIMYECKOM ORHOPOAHOCTBIO TUIA3MH B 11€/10M?

YrobH IKCIEPHUMEHTANBHO O0HAPYXHTH NPOCTPAHCTBEHHYIO HEONHO-
POZHOCTb pacnpeneJeHHs 3apsiioB, HYXHO BBECTH B ILIA3MYy 30HAM IUTI
H3MEPEHHUS JIOKAMbHBX XapaKTEPUCTHK 3AEKTPHUEcKoro nons. Ecau ra-
KHE HM3MEPEHHS BO3MOXHH A4 00JacTeit, pa3sMepnl KOTOPHIX MEHBIIE
nefaeBCcKoro pajdyca, a BpeMEHa H3MEPeHHd MEHbINE mepuoga maas-
MEHHHIX KOJEOAHHH, TO JIOKAJBHBIC M3MEHSIOMMECS CO BpPEMEHEM
HEONHOPORHOCTH AEHCTBUTENLHO OyayTt oOHapyxeHni. s peanpHBix
npubopos, 001aR3IOMUX HHEPHHUOHHOCTHIO, JOKAJIBHHEE [TOMS 32 BpEMS
HabMONCHUS YCPENHAIOTCS M B PABHOBECHH IUIA3Ma NPEACTdeT KakK cra-
[MOHApPHAA NPOCTPAHCTBEHHO-ONHOPONHAS CHCTEMA.

I1a3Ma H aHa U3 pa3MepHOCTeHd. XapaKTepHBH TS I1a3Mbl TPOCTPAH-
cTBeHHRI MacmTal (aebaeBckHil panMyc rp) M XapaKTe PHEII TPOMEXYTOK
BpeMeHH (MEPHON IVIa3MEHHBEX KO1e0aHuit) MBl OCHIJIM HAa OCHOBE Ha-
CASIHOM GHU3MYECKOM KAPTHHBL ABUXKCHUS 3apsiios B Iuasme. OnHako ato
MOXHO CAeIaTh 3 CO00paXeHUi pa3MePHOCTH, He KOHKPETH3UPY KapTH-
HEI IBUKEHHUI YACTHL B pacCMaTPABaeMOit MofenH rasmut. [lokaxem aro.

IMonHocThIo MOHM30BAHHAS ONHOKOMIIOHEHTHAs KBAa3HHEHTPANbHAS
ia3Ma B COCTOSIHMH TEPMOAMHAMHYECKOTO PABHOBECHS XapaKTepH3yeTCs
yeTHIPHMS MapaMeTpaMH: 3apsaaoM YacTHUL e, MX Maccoi m, KOHUEHTpa-
nuei n u remneparypoit T. Herpynso yGeautscs, UTO M3 ITHX BEJHUYMH
MOXHO COCTABUTE TOJIBKO OAMH HE3aBUCHMHI Ge3pa3MepHHit TapaMeTp ¥:

82nl/3

s ™

COBNANAIOMIHIA C IEBOM YacThiO HepaBeHcTBa (6). [TocTostuHas Bonpumana
k B 9TOM BHIPaXXEHHMH MOSIBJISETCS MOToMY, 4to B cucreme CI'C temmnepary-
Py, XapakTepU3yIOMYyO CPEAHIOI IJHEPTHIO TETUIOBOTO ABMXXCHHU I, HEOOX0-
AMMO BHIpasutb B 3prax. Ipyrumu ciaosamu, ecnu depe3 T obosHaueHa
TeMmepaTypa B KEIbBHHAX, TO B 3prax el COOTBETCTBYET Be1nunHa kT,
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Jns roro 4yrtoOH HANTH XapaKTEPHEIA A/ PacCCMATPHBAEMOM CHCTe-
MBI IapaMeTP, HMEOIMHUA Pa3MEPHOCTh BPEMEHH, CJEAYET CHAYyasaa HaM-
TH J1000# napamerp, HMEIOMMA TaKYIO pa3MEPHOCTb. MOXHO B34Th, Ha-
ApHMEP, OTHOMEHHE CPEJHEr0 pAcCTOSHHS MEXAY 4acTHUAMH
(ry ~ n"Y3 x cxopoctn Temnosoro asuxenus (v) ~ VkT/m. Janee
3TOT mapaMerp CJAEAYET YMHOXHTh HAa NPOH3BOJABHYIO QyHKuM0 6e3pas-
MEpPHOIO MapaMmerpa, CYmeCTBYIOIErO NI 3TOH CHCTEMHL

Wrak, camuit o6muil BUA napaMerpa, HMEIOMENO PasMEepHOCTh Bpe-

MEHH, ,
t=n""’m/kT f(y). (8)

Qopmyna (8) naxe Ge3 xoHKpernsaunu suaa ¢yukumn f(y) nosso-
JISeT CAENaTh MHTEPECHHE BhIBOARL. [Ipexne BCEro OTMETHM, YTO B pac-
CMOTPEHHOI BHIIE MOZENM ra3a M3 HEATPATBHHIX WACTHL, TAE Yy = nrj
(ro — pamMyc MeXMOJEKYIIPHOTO B3aMMOAECHCTBUA), OTCYTCTBYET ma-
paMeTp, UMEIOIHI pasMEePHOCTh BPEMERH, HE 3aBMCAmMHMHA OT TeMmepa-
TYpH rasza. [ pyriMH C10BAMH, BCE BO3MOXHBIE B TAKOH CUCTEME HEDPAB-
HOBECHHIE MPOLECCH ONPENENSIOTCS CKOPOCTAMM X30THUECKOrO TEMIOBO-
ro ABMXEHHS MOJEKYJL

HHaue ofcTrouT neno B miasme, rae Ge3pasMepHhlit mapameTp v, na-
Baemniil dopmysnoit (7), cam cogepxnr Temmeparypy T. Jlerko Bupers,
yro ecnm B (8) BuOpars B KauecTBe MPOM3BOJALHON (DYHKUMH
f(y) =y Y2, 10 pna mapamerpa f, HMEIOMErO Pa3MEPHOCTb BPEMEHH,
NOAYUYUTCS BHIPAXKEHHE, HE COAEPXALIEE TEPMOAHHAMMYECKON TeMmepa-
Typu T, @ TéM CAMbIM H CKOPOCTH TEILIOBOTO ABHMXEHHMS UACTHIL

12 12 112
t = nm13 (ﬂ) (——” ) = (L"-) . )
kT n'f3e? ne?
Oro 3HaueHHe, KaK BUAHO U3 Gopmy.nl (3) p1s MIa3MEHHOR YaCTOTH @,
COBMAAAET C NEPHONOM ILIAIMEHHRIX Konebanmit 21/ w,.

He3aBUCHMOCTD XapaKTEPHOTO BPEMEHH OT CKOPOCTH — 3TO MPH3HAK
rapMOHHYecKHuX Konefanmit, TakuM o6pa3oM, TONBKO H3 AHANH3A pA3MED-
HOCTE# MBI TAKXe IIPUXONMM K Hiee TUIa3MEeHHbIX K01e0annil, KauecrBeH-
Hag (HM3NuUEcKas KAprHHA BO3HMKHOBEHMS KOTODHIX OBUIA PAacCMOTPEHA
Brume. [1ponoskas aHANOTMYHEIE PACCYKAEHHI, MOXHO IMPUHATH K MOHS-
THIO M K OLIEHKE 3HaYeHH 1e6aeBCKoro paguyca 3KPaHUPOBAHHUA 7).

[TpuBeneM YUCIOBHE 3HAYCHUA XAPAKTEPHBIX JIEHIMIOPOBCKKX HACTOT
U nebaeBCKMX pamuycoB. i THIHMYHON KJIacCHYecKol nabopaTopHoi
NNasMe C KOHUEHTpauMe#t 31eKTpoHoB n = 10 cm™®  momyuaem
w,~ 5 10! ¢!, uro NpUMEPHO B THICAYY pa3 MEHbIIE YACTOTH BHANMOTO
cBera. 3naueHHe 1e6aeBCKOro paamyca rp 3aBHCHT OT TEMAEPATypH. B ua-
CTHOCTH, IPH TePMOSAEPHbIX Temneparypax (kT =~ 10* 5B) rp &~ 1072 cm.

PaccmaTpupas rasmy Kak KojaebareNbHYK CHCTEMY C XapaKTepHOM
cobcTBenHOM YacTOTOIM Wy, ECTECTBEHHO BBECTH NPEACTABJIECHHE O AMCK-
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PETHHIX KBAHTOBHIX JHEPreTHUYECKHX COCTOSHMAX. KBaHT 3Heprum xose-
6aHni ¢ vacrorToi w, cornacHo ¢opmyae [l1anka E = hw n1a npuse-
ICHHOTO BHIE 3HAYEHHA W, cocramnser 5-107'6 spr~ 3-107% 3B. Yxe

npu KOMHaTHO# TeMneparype T =~ 300 K sHeprns TEILIOBOrO ABUXEHHS
yactHy pasHa kT =~ 4-107'* s3pr &~ 1/40 3B. D10 03HaYaeT, YTO KBAHTO-
BaHME IIa3MEHHHX YPOBHEW IHEPTMM HE Mrpaer posiH M TEIJIOBOE ABH-
XEeHHE YaCTHI, MPUBOAMT K BO36YXICHUIO NIA3MEHHBIX Konebaumii, uro
Ha KBAaHTOBOM S3BIKE COOTBETCTBYET POXJEHHMIO 60/bIIOrO uMCAA KBAH-
TOB KOJIe0aAHMt — IJIa3MOHOB.

Boadbl B naa3zme. BrisenenHas M3 COCTOSHMS TEPMOIMHAMMUYECKOrO
paBHOBECHS ILIa3Ma CTPeMHUTCS Haubosiee OBICTPHIM MYTEM PENAKCHPO-
BaTh K PABHOBECHOMY COCTOSHMIO. B oTsimume 0T rasa HeMTpanbHHIX ya-
CTHL, IIE TAaKOWM IpOUECC PENakCauMM OnpenenseTcs UCKIIYMTENbLHO
mepegavedl JHEPTMH OpPM MEXYAaCTHUHHIX CTOJIKHOBEHHMAX, I1a3Ma M3-
0aBJ/1IeTCa OT HEPABHOBECHOCTH MPEHMYIIECTBEHHO MYTEM BO30YXAeHHS
K01e0aHMit M BOJIH. DTO TAK HA3HKBAEMHBE NJA3MEHHEIE HEYCTONUMBOCTH,
KOTOpEIE OKAa3aJIUCh OCHOBHOM TMIperpamoifi Ha nyTH OCYIIECTBIEHHS
YOPaBaSEMON TEPMOSIAEPHOM PEAKIINH,

[Mna3menusie kose0aHUs — 3TO MO CYWIECTBY 3JIEKTPUUECKHE TIPO-
NOJbHEIE KO€0aHMs, B KOTOPEIX MATHHUTHOE TOJIE NPAKTHUECKH OTCYTCT-
BYET, 4 BEKTOP HANPAXEHHOCTH 3JIEKTPHUYECCKONO MNOJid HANIPABJIEH BAOJIb
OBMXEHMS yacTHl. KpoMe TakMX npofosbHLIX KosieGaHuUil, B I1asMe, KaK
M B PYrUX MaTEPHAJILHEIX CPEAAX, BO3MOXHO PACIPOCTPAHEHHME OOBIYHBIX
MONMEPEUYHKX JEKTPOMATHHUTHHIX BOJH. I8 HEX IIa3MeHHAd u4acToTa
@, IPEACTasser COG0M rPAHMUHYI0 YACTOTY. DJIEKTPOMATHUTHBIE BOJTHBI

C YaCTOTOM MEHbIUE W, HE MOTYT MPOHMKATD B ILU1a3MY, TaK KK MX HH3-

KOYACTOTHOE 3JIEKTPHUECKOE TMOAE IKPAHUPYETCs CBOCOAHBIMM 371€KTPO-
Hamy riasmbl. [Tanaromas Ha rpaHuIy IU1a3MBl BOJIHA NPH w < @, OTpa-
XaeTCqa OT rpaHHUILK. Ecnm xe yacrora BHCKTpOMaI‘HHTHOﬁ BOJIHBI BBIIIC
TIa3MEHHOM YaCTOTH, TO TaKad BOJHA MPOHMKAET B ILIA3MYy.

Ins moHocdepHo#t 1a3Mpl MpaHNUa Mpo3payHOCTH MONANaeT B AMa-
NAa30H METPOBHIX paguoBONH. [103TOMY pPagmMOCBA3hL ¢ OOBEKTAMHM B KOC-
Moceé BO3MOXHA TO/ABKO B AMANA30HE METPOBHIX M JELMMETPOBBIX BOJIH.
OrtpaxeHue BOJIH AVIMHON B HECKOJILKO AECSTKOB METPOB OT MOHOCKhEepH
UCIIO/Ib3YETCA AN 3EMHOM PaaMOCBA3M Ha GONBILME PACCTOSHHUS.

IIpuMeHenus na3mbl. [11asma mupoko npuMeHdgercs B Texuuke. ['aso-
paspaaHas rIasMa Cy XKHT AKTUBHOM Cpeoit B ra30BHX J1a3€pax — KBaH-
TOBBIX MCTOYHHMKAX KOT€PEHTHOIO ONTHUYECKOro u3yueHud. [InasmenHeie
CTPYH HCTIONB3YIOTCH B HOBBIX NMEPCAEKTHBHBIX MarHMTOTHAPOAHHAMMYE-
CKHX reHEepaTopax 3/JeKTPHUECKO 3Heprun. B HoBRX mpubopax — mnas-
MOTPOHAX — CO3I3I0TCH MOI(HBIE CTPYH IUIOTHOM I11a3MHBl, IPUMEHIEMBIC
IS Pe3KH U CBApKM METAJLIOB, OypeHHs CKBaXHH B TBEPAKX HOPOAAX M
T. A. B masme ycKopsAIOTCS MHOIME XHMMHUECKHE PEAKIHH H MOTYT NIPOHC-
XOIUTh PEaKuMH, HEBO3MOXHEE B OOHUHKX ycioBHaX. Bonrpmue Hanex-
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AL CBSI3aHK ¢ 00y3maHMueM BRICOKOTEMNEPATY PHOM MIA3MBI A/1sl OCYHIECT-
BJICHUS YIPABJISIEMOM PEAKUMHU TEPMOSTEPHOTO CHHTE3A.

YeMm oTnvuaeTcs NoBefeHMe HOCUTenel 3apsifa B Mia3Me U B rase U3 Helr-
panbHblX aTomos?

Yro Takoe kBa3MHeNTpanbHOCTb Nia3Mbl? YeM KBasHHEHTPAIbHOCTD OT/IMUA-
€TCs OT UCTHUHHOM HelTpanbHOCTHU?

KakoBa npuumHa cyllecTBOBaHUS NAa3MeHHbIX NeHTMIOPOBCKUX KoJebaHuin?
Yem onpenpensiercs ux yacrora?

Kak MOXHO OLIEHHWTh paguyc 3KpaHUpOBAHUS 3/EKTPHUYECKOrO M0/ BHECEH-
HOro B nnasmy npo6Horo 3apsiza?

B KakOM COOTHOLIEHMM HaxopaTcs Ae6aeBCKHWH paguyc SKpaHWpOBaHUS CO
CpeflHUM pacCTOSIHHEM MeXZY 5/7eKTPOHaMM MNJa3Mbl M pasMepamMH 3aHUMa-
eMoil nasMoit obnactu?

Kak coBmMecTHTb MpeACTaRJeHWs O NMPOCTPaHCTBEHHON OZHOPOZHOCTH I1a3-
MBI ¢ 2KpPaHUPOBAHUEeM KYJNOHOBCKOINO B3aUMOAEUCTBUA 3apsfoB I1/1a3Mbl?

ITosicHuTe, moueMy B Maa3Me, B OTAMUHME OT HEMTPAbHOIO rasa, CylUIECTBYET
XapakTepHbINl BpeMEeHHONW MacluTab, He 3aRUCSINMIL OT TEeMIepaTypsl.

Yem na3MeHHble KoJeGaHUs OTIUYAIOTCS OT 3/1EKTPOMArHUTHBIX BOJIH, KO-
TOpbIE MOTYT PACMPOCTPAHSTLCH B Maa3me?

YTo TaKOe Mi1a3sMeHHble HeYCTOMUUBOCTH U B UEM NMpUYNHA UX BO3HUKHOBeHUs?

Kakue NpakTHUYCCKHUE NMPUMEHEHHKUA NNa3Mbl BaM MU3BECTHbBI?



Vil. SNEKTPOHHbIE CBOMCTBA TBEPAbIX TEN

§ 34. DneKTPOHHAA CTPYKTYpPa KPHCTANnos

Jro6oe MakpOCKOIMMYECKOE TEJIO COCTOMT M3 aTOMOB H MOJIEKYJI, TIOAYH-
HAIOIHXCS 3aKOHaM KBaHTOBO#H ¢msuku. Iloatomy obmacHenme 60sib-
WIMHCTBA HAOMIOAaeMBIX CBOMCTB MAKpPOCKOMHMYECKMX TeJ Ha OCHOBE
npeacrassieHuit 06 KX MIKPOCTPYKTYPE HEBO3MOXHO 0€3 MCHO/Ib30BAHMS
KBAHTOBBIX 33KOHOB,

JIM3jeKTPHKY, MOJAYNPOBOAHMKY, Meranan. HauGonsmmit nporpecc B
TIPUMEHEHHH KBAHTOBOH MEX3aHMKHM K MAaKpPOCKOMMYECKHM CHCTEMAM [0-
CTHTHYT ApPH H3YYEHHMH TBEPOBIX TeJ, T. €. Te, 0DNajalomMX KPHCTasl-
aM4eckoil cTpykrypoit. [lepsoe, uro HyXHO 3HATh N1 OOBICHEHHS Ha-
6100a€MBIX  ANIEKTPHYECKMX, MATHHMTHHIX, TEILVIOBHX, ONTHUECKHX H
APYIHX MakpOCKOMMYECKHX CBOMCTB, — 3TO YPOBHH 3HEPIHUH 3/7EKTPO-
HOB B Kpucrayuie. CTporo roBops, B KPHCTA/LIE, KAK H B OTAEJBHOM aTO-
M€, MOXHO pacCMaTpHBAThb TOJIbKO COCTOSHHE BCEH CHCTEME B IEJIOM.
Tem He MeHee, Kak B B aTOMe, C XOpOmell TOYHOCThIO MOXHO TOBOPHTD
O COCTOSHMSX OTHAE/bHHIX 3JIEKTPOHOB B HEKOTOPOM MOTEHIHAJIBHOM
IPOCTPAHCTBEHHO-MEPUOAHYECKOM [10J1€ KPUCTAJLIA.

YPORHHM 3HEPrud IJEKTPOHOB B KPHCTAMNax. Ilosyyurs xauecTseH-
HOe ApEeACTaBAEHHE O CTPYKTYPE JHEPreTHUECKOrO CHEKTpPa 3JIEKTPOHOB
B TBEPAOM TEJE€ MOXHO, MPOCJAEAHMB 33 TEM, KAK YPOBHH IHEPIHH H30-
JMPOBAHHEIX ATOMOB HM3MEHSAIOTCS NpHU OOBEAMHEHHM 3TUX aTOMOB B
kpucramn, Jonycrum, uto N OAMHAKOBBIX ATOMOB DPacmojIOXKEHH B
NIPOCTPAHCTBEHHON pEmETKE €O CTOAb OOJBIIMM MEXATOMHEIM DPAcCTO-
SHHMEM, YTO MX B3aMMONCHCTBHEM APYr C APYrOM MOXHO mnpeHe6peus.
SCHO, UTO SHEPreTHYECKHME YPOBHHM J/IEKTPOHOB B TAKOM THIIOTETHYE-
CKOM KpuCrasie OyayT Takue Xe, KaKk M y H30/JIHPOBAHHOIO aroMa.
Pasumua Gymer TONBKO B TOM, YTO TENEPh KAaXAOMY YDOBHIO SHEPIUH
COOTBETCTBYET B N pa3 6oJbine pas/IMUHBX 3/IEKTPOHHHIX COCTOSHHIA,
yeM B OIHOM AaTOME.

ByneM mocreneHHO yMeHbLIAaTh MeXaroMHoe paccrosHue. ITo mepe
coamxenna sce Gonee u Oosiee CymECTEEHHMM CTAHOBUTCH B3aUMOAECH-
CTBHE MEXAY AaTOMaMM, KOTOpOE CKA3BBAETCS HA YPOBHSAX JHEPrHH
3MeKTpOHOB. PaBHOBECHOE pacCTOAHHE MEXAY aTOMaMH B KDPHCTA/UIE
IpUOIH3ATENBHO TAKOBO, HTO JMEKTPOHHHEE ODONOYKH, COOTBETCTBYIO-
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e BHemHMM (BaJEHTHHIM) 3JJ1EKTPOHAM, NPUXOAST B CONPHUKOCHOBE-
Hue. [Ipy 3TOM 2/1EeKTPOHH BHYTPEHHHX JJEKTPOHHBIX 000/M0ueK, pas-
MEPH KOTOPHIX MAJbl MO CPAaBHEHHMIO C MEXATOMHEIM DPAaCCTOSHHEM B
KpACTA/LAEe, TOYTH HE «UYBCTBYIOT» IOMdA, CO3A3BAEMOI0 COCEAHHMH
aTOMaMM, H HMX COCTOSIHME B KPHCTAJUIE NOYTH HE OTJIHYAETCH OT CO-
CTOAHMS B M30JMPOBAHHOM aTOME,

DueprerHyeckue 30Hbl. Hanbonee cuibHOMY BO3MYINAOMEMY BO3HEii-
CTBHIO COCEHHUX aTOMOB MOABEPraloTCH CAMBEIE YAAJICHHBIE OT SApa 3JIeK-
TpoHbl. B pesynbraTe B3aMMOAEHCTBMSA C COCEMHUMHM ATOMAMH KaXXIbii
YPOBEHb JHEPIrMM BAJIEHTHHX 3/€KTPOHOB pacmiernuisgercds Ha Gonbmoe
uypca0 GAM3KO pACmoNOXEHHBIX YPOBHEH, KOTOPHE MOXHO DaccMaTpH-
BaTh KaK KBA3HMHENPEPHIBHYIO 30HY pa3pemIEHHBIX 3HAYECHMM SHEPruu
3JIEKTPOHOB.

Tak Kak COCTOSHAS MCXONHOM CHCTEMH YHAJICHHHX APYr OT Apyra
ATOMOB M3MEHHIOTCH NpPH MX COMMXEHMH HENnpepuBHHIM 00pasoM, TO
UMCJI0 Pa3pemeHHBIX KBAHTOBBIX COCTOSSHMM 3/ICKTPOHOB B KPHUCTAJLIE
HOJIXHO OBITh TAKMM Xe, Kak B HcxogHo#t cucreme. [loaromy umcio
YPOBHEHN B KaXAOHi 30HE paBHO MOJHOMY YHMCJy aTOMOB B KpHCTawie N.
OnHako mMHMPHMHA pA3pPEWIEHHOH 3IHEPreTHUECKON 30HH HE 3aBHCHT OT
TOJTHOTO YMC/IZ aTOMOB B KPHCTa/L1e, a AJIS AAHHOIO BEIECTBA onpene-
JIieTCs TOJIbKO MEXaTOMHBEIM paccrosHHeM. [Ipm yBenmueHum umciaa
ATOMOB B KPHCTA/UIE BO3DAaCcTaeT JMMb yCTOTa JHEPreTHUECKUX Y POB-
Hel B mpenesiax paspeticHHON 30HBL Tak KakK YMC/I0 aTOMOB B KPHCTaJI-
ne senuko (N ~ 10%23), 10 5HepreTHYecKHit CNeKTP 31EKTPOHOB B mpe-
Aejiax pa3pemieHHOH 30HR MOXHO CUMTATH MPAKTHUYECKH HETPEPHIBHEIM,

Hac uaTepecyor miasHeIM 00pa3oM JHEPreTHUeCKHe 30HH, COOTBET-
CTBYIOIIME BHEMHUM, T. €. BAJIEHTHRIM, 3JIEKTPOHAM aTOMOB, nlo MMmeH-
HO OHHM ompeaensor OCOAbMMHCTEO HAOMOAAEeMBIX MAKPOCKOMHUECKHX
CBOMCTB KPHCTALIOB. EciM ypoBEeHh 3SHEPruM BAaNEHTHOIO 3JIEKTPOHA
aToMa B OCHOBHOM COCTOSHMHM OBLT 3aMONHEH 3J1EKTpO-

HAaMH LEJMKOM, T. €. OBLIM 3aHATH BCE PA3JMYHHE CO- E

CTOSHHAA C ZAHHBIM 3HAYCHHEM JHEPIUH, TO H B KPH-

CTajsIe COOTBETCTBYIONAd HEPreTHUeCKas 30Ha Oyner ——
3an0JIHEHA MOMHOCTHIO. B 3TOM ciiyuyae 30HA HA3HBa-

eTCqd 8ANeHMHOU. %

BanenrHas 30Ha OTAejJeHA OT DPACNONOXEHHOM
BHIIIE PA3PCHIEHHON 30HBI, BO3HMKINEH M3 HaMHHM3- Puc. 109. Cxema
mero Bo30YXIEHHOIO YpPOBHS 3JHEPTHH 3aTOMA, HEKO- OHEPrETHUECKHX
TOPHIM SHEPreTHYECKMM HHTEPBAJIOM, HA3BIBAEMBIM O KPMCTALIA
3anpewjennol 3onoi. Korma KpHCTasn HaxomuTcd B
OCHOBHOM COCTOSHHH, T. €. COCTOSHMM C HAHMHH3MEN JHEprues, sce
paspemeHHble 30HBI, PACMOJOXEHHHE BHINE BAJIEHTHON, NYCTHl — B
COOTBETCTBYIOIHMX 3THM 30HaM COCTOSHHAX 3JIEKTPOHOB HET. JlMarpam-
Ma JSHEPreTHUEeCKHMX 30H KPHCTA/UIA CXEMATHYECKH TMOKa3aHa Ha
puc. 109. 3anosHeHHBIe JIEKTPORAMH YPOBHHM SHEPTrUM 33MTPHXOBAHKI.
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3anonHeHye 30H B JMINEXTPHKAX. Takoe 3ano/JHEeHHE JHepreTuue-
CKHMX 30H 5/IEKTPOHAMHM XapaKTEpHO mid dusaexmpukod. B nossocTbio
3aNO/MHEHHOM BaJIEHTHOM 30HE OHANEKTPHKOB CBOOOOHBIX YPOBHEH 3Hep-
run Her. [To3TOMy nop AeiCTBMEM MNPWIOXEHHOIO K KPHUCTANLIY JSMEKT-
PHYECKOrO mnOJg 3NEKTPOH B 3amOjaHEHHOM 30HE HE MOXET HM3MEHHTb
CBOETO COCTOSHHMS., JTHM OOBACHAETCS OTCYTCTBHME 3JIEKTPONPOBOAHOCTH
Y OM3JICKTPHKOB.

CoOcTreHHbIe MOJYIIPOBOAHMKH. EC/IH B KpUCTA/U1E HIMPHHA 3aTPEIEH-
HO# 30HHI (T. €. pPACCTOSHHE OT 3aN0JIHEHHOM BaJIEHTHOH 30HH A0 Osmxai-
mei CBOOOMHOM 30HBI) HEBEJMKA, TAK UTO B TEIUIOBOM PABHOBECHM NpH
KOHEUHOH TEMIIEPATYpPe YACTb IEKTPOHOB M3 BAJIEHTHON 30HH B PE3YJib-
TaTe TEIIO0BOro BO30yXAEHMs OKa3bBaeTcs B CBOGOAHOH 30HE, TO KpH-
crann npeacrasiaser coboit cobemaennbil noaynposodnux. Haxopsmuecs
B NMOYTU NyCTOM 30HE 3IJIEKTPOHH MOJ ACHCTBHEM BHEIIHErO 3JIEKTPH-
YECKOro NoJisi MOTYT M3MEHHTh CBOC COCTOSIHHE, T. €. YCKOPSTbCA. 310 03-
HAuaer, YTO B TAKOM KPHUCTAJLIE 3JIEKTPUUECKOE Nosie co3aaer Tok. [1oaro-
MYy HaxopsmHMecs B MOYTH MYCTOM 30HE 3/IEKTPOHEI HA3BIBAIOT 3/1€eKMPO-
Hamu nposodumocmu, a caMy 30Hy — 30HOU npogodumocmu. Tak Kak ¢
pPOCTOM TEMMEPATYPHI YMCJIO 3JIEKTPOHOB MPOBOAMMOCTH YBEJIHUMBAETCH,
3JIEKTPOTIPOBROAHOCTD MOJIYNIPOBOAHMKOB PACTET C TEMIIEPATYPOH.

IIpuMecHbie NMOAYNpOBOAHHKU. KpoMe COOCTBEHHBIX NOJYTIPOBOXHH-
KOB, B KOTODHIX 3/JIEKTPHUECKM TOK BO3MOXEH Gjaropaps TOMy, uTQ
YaCTh INEKTPOHOB M3 BaJICHTHOM 30HH TEIUIOBOE ABHXXECHHE NEPEBOAMUT
B 30HY IPOBOAMMOCTH, CYLIECTBYIOT TaK HA3BIBAEMBIE npuMecHble NOJLy-
npoeodHuxu. B NpUMECHBIX NMONYNPOBOAHHUKAX HOCHTE-
JIM TOKA mogBsOTCs Onaropapd mepexomaM 3JeKTpo-
7 HOB HE M3 OJHOM JHEPreTHMYECKOHM 30HBL B APYIylo, @ C
m SHEPreTHYECKHX YPOBHEH aTOMOB IpHMecH B CBobosx-

HYIO JHEPreTHUECKYIO 30HY, WM M3 3an0/IHEHHON 30HH

Ha CBOOOAHBIE DSHEPreTHUYECKMe YPOBHHM npumeceil. B

3TOM CJAyvae JJeKTPHYECKUE CBOMCTBA KpPHCTALIA
Puc. 110. B me. OUCHD CHJIBHO 3aBHCAT OT KOHUEHTPALHMHA NpUMECEH.
Tajane 30Ha npo-

BORMMOCTH 3a-
nonera oanext- MeTaaabl. EciM B OCHOBHOM COCTOSSHMM HM30JIHPOBAH-

POHAMM YACTHYHO  HOTO ATOMA YPOBEHb JHEPIMM BAJICHTHOIO 3JIEKTPOHA
6bL1 3anosHEH YAaCTHYHO, T. €. TOJABKO uacTh pa3pe-
IIEHHBIX COCTOSHMHA C JAHHOM JHEPruefl 3aHATa EKTPOHAMH, TO H TIPH
00pa30BaHMM KPHUCTALIA M3 TAKMX AaTOMOB COOTBETCTBYIOMIAs JHEpPreTH-
yeckaq 30Ha Oyner 3anojHeHa Jaumb yactuuHo (puc. 110). B arom cay-
yae B 30HE MMEIOTCH HE 3aHSTHIEC IEKTPOHAMH COCTOSHMSA, T. €. BO3MO-
XeH 3/IEKTPUUECKHE TOK MO AedCTBMEM NMPUAOXKEHHOro nojs. Tak kak
YHC/IO0 3JEKTPOHOB B ITOH UACTHUYHO 3aNO/IHEHHOM 30HE MPOBOAMMOCTH
OueHb BEJHKO — HE MEHbIIE, YEM UMCJIO ATOMOB B KPHCTAJLIE, — TO M
NPOBOAMMOCTE TAKOrO KPHCTAIA BEJMKA. JTO — MemaJiiibl,
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XapakTepHOe 18 METAJUIOB 3aN0JHEHME 30H MOXET TIOAYUHMTHLCH H B
TOM Cyuae, KOrga y M30JHMPOBAHHOIO 3TOMa YPOBEHL JHEPI'MH BAJICHT-
HBEIX 3JIEKTPOHOB 3aNOMHEH LEJHMKOM, HO npH cONHMXEHHH aTOMOE B KPH-
CTAJ/U1 IPOMCXOAUT HACTOJIPKO CHUJIBHOE PACIICIUICHHE YPOBHEH, UTO BEp-
XHAS IEJMKOM 3amnoOJIHEHHAS 30Ha M COCEeqHAs C
He#l nycras 30HZ HAUMHAIOT NEPEKPHBATHCA. B
3TOM CJIyuyae HauMEHbIee 3HAMEHHE JHEPruM KpH-
CTa/a COOTBETCTBYET TAKOMY 3aMOJIHEHMIO JHEP-
reTHYeCKHMX 30H, KOrga 4acTbh JIEKTPOHOB C BEPX-
HMX YPOBHEH 3amOJHeHHOH 30HH MNEPEXOOUT HA
HMXXHHME YPOBHHM nyctoit 30HH (puc. 111). Puc. 111. Pacnpese-

TakuM o6pa3oM, Ae/ICHAC TBEPABIX TEJX HA AM-  jenue 37eKTPOHOB 110
3JIEKTPHUKH, NOJYNPOBOAHMKM M METAJUIBl, OCHO-  JHEPIETMHECKMM YDOB-
BAHHOE B MNEpPBYI0 Ouepenb Ha pasjuyMn px HIM B CiIywae népe-

. KpbITME CBOOORHON U
3/IEKTPHYECKOTO COMPOTHBICHHS, MMeeT mox coboir ;o - a0
ryQOKy10 OCHOBY, CBSI3AHHYIO C DasjiMuUMEM MX
S/IEKTPOHHOM CTPYKTYPH. PasaMyHBf Xapakrep
3aMN0JIHEHNS SHEPreTUUECKUX 30H B AMINIEKTPMKAX M METAIAX MPHBO-
IUT K MCKJIIOUMTENBHO GOJILIIOMY DPA3JIMUMIO MX MEKTPHYECKHMX COMpPO-
TuBaenmit. Tak, y UMCTHX META/UIOB TPHM HH3KHX TEMNEPATypax
YIENBHOE CONMPOTHBAEHUE MOXET OmTh BCero smmb 10719 Om-M, B TO
BpeMsl KaK y AuIJEKTPHKOB C AOCTATOUYHO YHMCTOH MOBEPXHOCTBIO OHO
Moxer nocturHyTh 10% Om-M. Takum 00pasoMm, COMPOTHBJIEHHME HH-
3/IEKTPMKOB M METAUIOB MOXeT ornmuarbca B 1030 pas!

Pasznnumne Mexny MpoBOAHMKAMHM M AMIJNEKTPHKAMHM NPOSBJISETCH HE
TOJIBKO B 3JIEKTPUYECKOM COMPOTHBJICHHH, HO M BO MHOIHX JPYIMX CBOM-
CTBAaX, HAampHMep ONTHUYECKHX: YMCTHIE OXHOPONHHE IHMIJIEKTPHUYECKHE
KPHCTAJLIH NPO3PayHul B BUAMMOl 0O/1aCTH CnekTpa, a METauil — HET.
3aro MeTasThl XOpOWIO OTPaXaloT BHOMMHEIHA CBET.

CrauuoHapHble COCTOSHHSA 3JNEKTPOHOB B Kpucraine. PaccMoTpum
Teneps noapobHee CTAUMOHAPHBIE COCTOSHHS 3JIEKTPOHOB, COOTBETCTBY-
omue KakoR-nuo paspemeHHON SHepreTHueckoit 3oHe. [lockoseky
BXONSIIHE B COCTAB TBEPAOrO TejJa aTOMbl 00pa3yrOT NPaBUAbHYIO KPH-
CTaJNIMYECKYIO PEMIETKY, TO NMOTEHUHMAIBHOE 1N0J1€, AeHCTBYIOmEe Ha Ka-
KOU-u00 3JIEKTPOH CO CTOPOHH SHEP M BCEX OCTAJbHBIX 3JIEKTPOHOB,
UMEeT NPOCTPAHCTBEHHO-MEPHOANUECKHUI XapaKTep.
KBaHTOBOMEXaHMUECKOE DEMEHMEe 3a0auM O ABMXXEHMH JJIEKTPOHA B
noJie NEPHOAMYECKONO NOTEHHMAIA MPHBOAMT K CJEAYIONMM pe3ysbTa-
tam. CTauMOHAPHBIE COCTOSHUA IJEKTPOHA B TAKOM MOJI€ BO MHOIOM Ha-
MIOMMHAIOT COCTOSSHMA cBoGomHOro anekrpona. Cocrosnme cBobogHON ya-
CTHIB XapaKTEepU3yeTCd ONpeAcJeHHHM 3HAUCHUEeM HMMIYJbCa p, Mo-
CKOJIBKY A1 CBOOOAHON YACTHIE HMILYJbC SIBJASETCA COXpaHsomeincs
BeauuMHOM#, Tak Kak MMITYJIC MMEET CTPOrO ONpPEnc/JCeHHOEe 3HAUYEHHE,
TO BCJAEACTBHE COOTHOIIEHWS HeompeaenaeHHocred I'eiizenbepra xoopam-
HATHl JIEKTPOHA HE MMEIOT ONPENEe/JCHHOrNO 3HAUCHHS: B TAKOM COCTOS~-
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HHMHM 3JeKTPOH Kak Onl «pa3MasaH» IO BCEMY NMPOCTPAHCTBY B TOM CMBIC-
JIE, UTO BEPOSTHOCTH OOHAPYXHThH €10 B JIOOOM MECTE OIMHAKOBA.

Keazmumnynasc. Kak 1 y csoboguoit yacThipl, COCTOSHUSA 3/E€KTPOHA B
NEPHOANYECKOM TOJIE XAPAKTEPU3YIOTCS BEKTOPOM p. B oTimume ot mm-
nysnsca cBOGOAHON YACTHHB BEKTOP P B KPHCTA/UIE M3MEHSETCS B HEKO-
TOPOM OrpaHMYeHHON 00JIACTH, pasMep KOTOpO# 3aBMCHT OT PACCTOSHUS
MEXOY aTOMaMH.

Tak MOXHO CYUHTATh NOTOMY, YTO JHEPrUs 3JEKTPOHA €(p) B KpH-
CTasIC TpeacTasaseT coboi mepuopnueckyo dyHkuuio ummyabea. Co-
CTOSTHMS 3JIEKTPOHA C OJUHAKOBOH 3HEprueil, B KOTOPHX MMNYJbC P OT-
auyaercs Ha nepuop ¢byHkuun e(p), H3MUCCKM IKBHBAJIEHTHH. JTO
o3HauaeT, uro 007aCTh M3MCHEHMS WMNYJbCA JJIEKTPOHA B KPUCTAJLIC
MOXHO OrpaHUUMTh sueiKoif ¢ newTpoM 8 touke p = 0 mpocrpancTsa
nMIysabscoB. Takas gueiika HaswBaercs sonod Bpunarosuna. Iloguepk-
HEM, 4TO 30HAa DpuilosHA ompedesieHa Kak s4eika NMpPOCTPAHCTBA MM-
nyabcoB. Ee He cienyer myTath ¢ JHEPreTHUYECKON 30HOM, NMOHMMAaeMoH
KaK MHTEPBAJ PAa3peMIEHHBIX 3HAUEHMH IHEPrUi.

WUrak, 3HaueHHd HMIYJIbCOB 3JICKTPOHOB B KDHCTAIE, COOTBETCT-
BYIOIIME BCEM BO3MOXHBIM COCTOSHHSIM, JIeXaT B 30He DBpwimosHa,
¢hopma KOTOpO# OmpenenseTcs THNOM CHAMMETpPHM Kpucraana. Oxasu-
BAETCS, YTO pasMephl 30HHW DpuunosHa o0paTHO NPONOPIHOHAJBHE
paccTOSHUAM MeXAY aToMaMH Kpucraana. Bce 310 cnpaBepnuso mnsd
37IEKTPOHOB, HAXONSAMmMMXCH B w000t JHeprermueckod 30He. UToOH
HOAYEPKHYTh OTJIMUMS HMITY/IbCA SJEKTPOHA B KPUCTAJUIE OT MMIIyJbCa
CBOGOHON YACTHIH, KOTOPHI MOXET NPHHMMATb miobbie 3HAuYeHMA,
Jexamuit B Npedesiax 30HH DpWITIosHa MMNYJbC 37IEKTPOHA B KPH-
CTa/ne HAa3WBAWT Keazuumnyibcom. OQHAKO, KaK M CBOOOXHAS 4aCTH-
1a, 3JIEKTPOH B KPHCTA/IE, HAXOAAMIMICH B CTAUMHOHAPHOM COCTOSSHHH
C ONpenesieHHHM 3HAYCHHEM KBA3MUMITYJIBCA, HE JIOKAJIM30BAH, T. €. C
pABHOII BEPOSTHOCTBIO MOXeET GhTh OBHapyXeH BOMM3M moboro ysna
KPHCTAJUIMYECKOH PEIIETKH.

DddexkrusHas Macca. B kaxpoit M3 paspemicHHBIX SHEPreTHYECKHX
30H nepuonmueckas ¢yHkuus e(p), namomas 3aBHCUMOCTb JIHEPrUM
JJIEKTPOHA OT €ro KBAa3MUMIMYJbCa, MMEET AOCTATOMHO CJOXHBIA BMA.
OnHako B OKPECTHOCTSX TOYEK IPOCTPAHCTBA MMIIYJILCOB, COOTBETCT-
BYIOIIMX MHHMMyMaM # MakcumymaM e(p), ee MOXHO amnmpo-
KCHMMHPOBaTh KBaAPAaTHUHON (YHKIMEH KBa3MMMMysbca. B uacTHOCTH,
B6AM3M MHHMMyMa 5SHEPIMM B HEKOTOPHIX KPHCTA/LNaX 3aBHUCHMOCTh
SHEPrMM 3J7IEKTPOHA OT P MOXHO MPEACTABMTH B TAKOM X€ BHAEC, KaK
M ons cBOOOMHON YACTHUB, C TOM TOABKO pasHHIEN, YTO Macca CBO-
GONHOro 3/EKTPOHA AOMKHA OHTHL 3aMEHEHa HA HEKOTOPYIO spdery
muanyio maccy m*:

2
e(p)= pt’

2m
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rA€¢ KBA3MMMNYAbC P OTCUMTHIBAECTCH OT TOYKH IMNPOCTPAHCTBA UMy b~
COB, COOTBETCTBYIOMIEH MUHMMYMY 3HEPrHH, a 3HEpPrus OTCUMUTHIBACTCH
OT AHA 3HEPreTHYECKON 30HHI.

B 1ol 0o6sacTM NPOCTPAHCTBA MMIYJIbCOB, TAE JHEPrMA INEKTPOHA
JOCTHraeT MakCMMyMa, BHPAXEHHUE IS JHEPTUH 3JIEKTPOHA MOXHO 3a-
nHCaTh B BUAE

2
() = g — L @)

Tae €, — 3HaueHHe JHEPIMM B TOYKE MaKCMMyMa. 3Hauenus 3ddexTns-

HO# Maccul m*, durypupyromue B hopmynax (1) u (2), pasHue B pasHbIX
SHEpPreTHYECKHX 30HAX.

DdpexTHBHAS Macca m® MOXeT OHTh Kak 60MbIIE, TAK M MEHBIIE
Macch cBOGOAHOro 3s1exTpoHa m. Bosee Toro, oHa MoxeT OHTHL aHM-
30TPONHONA, €C/IM CBOMCTBA NECHCTBYIOMEINO Ha 3JIEKTPOH MEPHOAMYECKO-
ro moJisi KPHCTA/UTMMECKOW PEmeTKH Pas/M4YHH [0 pa3HBIM Hanpassie-
HuaM. [Tongarue 3ddekT™MBHON MaccH B (DM3HKE TBEpOOrO TeNa BBOIMT-
Cs A/ TOro, uTOOH MAaKCHMAasbHO MPHOAM3MTD ONMCAHHE ABMXKCHHS
3JIEKTPOHA B Pa3pEIIEHHOM SHEPreTMUECKOH 30HE K ABMXEHHIO CBOOOA-
HOIO 3JIEKTPOHA.

3aBHCHMOCTb IHEPIUH 3JIEKTPOHOB 30HB MPOBOAMMOCTH M BaJICHT-
HOM 30HH OT KBAa3MMMIIYJIbcAa P CXEMATHYECKM NOKa3aHa Ha puc. 112
U1 Ciyuas, KOrda MHMHHMYM 30HBI TIPOBOAMMOCTH M MAKCHMyM BaJicH-
THOM 30HH PACMOJIOXEHH B OfHOH TOUKE MPOo-
crpancrsa umnysscos (npu p = 0). B cooreer-
creud ¢ dopmyaamu (1) u (2) rpadukm sTHX
3aBUCHMOCTEH mpexactasasior coboit napabossl,
NpHUYEM AJ19 BaJICHTHOH 30HBI BETBHM TAaKOH ma-
pabonn HanpaBieHH BHM3. 3HaueHus 3ddex-
TUBHO¥ MacChl m' B 30HE IIPOBOOMMOCTH H B 0
BAJIECHTHOM 30HE pa3/iM4HbI £g

DJEeKTPOHBI M JABIPKH B MOJY[NPOBOXHMKAX. / \

Konuenuns 3s¢bekrusHoit Maccu  0cobeHHO
Nose3Ha TMPH ONMMCAHMHM NEKTPOHHHIX CBOMCTB Puc. 112, 3amucumocts
nostynposoauukos. CoorHomenue (1) mcnonp- —OnCPTMM OJEKTPOHOR 30HbI
POBOAMMOCTH M  BaJIEHT-
3yercs Wi JJIEKTPOHOB B 30HE MPOBOAMMOCTH,  noit 30Mbl OT KBAIUMM-
KOrga 3anojHEHH JIMIOb COCTOSAHMSA BOJM3M  nynsca
aHa 3oubl. CoorHomenme (2) wuCnONb3yeTCs
NPH ONMCAHMM JBMXKEHUS 3JIEKTPOHOE BO/JH3M MOTO/MKA 3aHOJHEHHOM
BAJNEHTHOH 30HH, INE NP KOHEYHHIX TEMMEPATypax OCBOCOXIAIOTCH
COCTOAHMSA 3a CUET MNepexofa HEKOTOPOrO KOJMYECTBA OJNEKTPOHOB B
30HY OPOBOOMMOCTH. JJIEKTPOH, NPHMHAMIEXKANMA K TakKoi rpynne
SHEPreTHYECKHX COCTOSHMI, pearMpyer Ha BHEIUHEE 3JEKTPHUYECKOE
noje Tak, Kak ecjau Ou OH ofsaman OTpHUATENbHOM MACCOd, T. €. NpH-
ofperan OH yCKOpeHHME B HAanpaBjeHWH, MPOTHBOMOJOXHOM AEHCTBY-
omeil Ha Hero cuie.

€

~
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IiBmxeHne BCeX 3JIEKTPOHOB BAJIEHTHOH 30HB, B KOTOpPOA He 3a-
NMOJIHEHO JIMImb OJHO COCTOSHHe BOAM3HM ee MOTO/IKA, SKBHBAJCHTHO
OBMJKEHHIO HEKOTOPO# 4acCTHIbI, KOTOPYIO OORYHO HA3BIBAIOT MOAOXKU-
menbHOU Obipkold M NPOCTO Obipkoli. JBIpKa MMEET MOJIOXKHMTEIbHBIH
3apsA, TAK KaK COOTBETCTBYET OTCYTCTBHIO 3JIEKTPOHA B HAHHOM COCTO-
AHMY, ¥ TOJIOXMTENbHYK Maccy m', Tak Kak moj AeHCTBHEM I0Js
npuolperaer YCKOPEHHE B HAaNpaBsieHHMH CUnbl. [ 30HH, KOTOpas 3a-
NOJIHEHa TNOYTH OO0 IOTOJKA, KAK B Cyuyae BAJCHTHON 30HH ITOAYMPO-
BOOHMKA (MM NI HE NOJHOCTHIO 3aMOJHEHHBIX 30H B HEKOTOPHIX MeE-
tamnax), Gosee ynoOHO TOBOPHMTH O ABMXEHMHM ABIPOK, 4 HE 3JEKTpO-
HOB. Tl03TOMY MpH ONMHUCAHAM DSJEKTPHUECKONO TOKA O BKJAANE 30HHI
MPOBOAMMOCTH M BAJIEHTHOM 30HE TOBOPIT COOTBETCTBEHHO Kak 00
3JIEKTPOHHOM M O JHIPOYHON MPOBOAMMOCTH.

JIBuXeHHEe 2JIEKTPOHOB M ABIPOK B OAHOM M TOH Xe SHEPreTHUYECKOH
30He noA AeHCTBHEM NPHAOXEHHOIO 3JIEKTPUUECKOTO TOJIS MOXHO I10-
SCHATh C MOMOIUBIO Cheaylomed rpy6oit MexaHmueckoil aHanorun. Pac-
CMOTPHMM 4YETHPE CTEK/ISHHHE TPYOKM, 3amasHHble ¢ 000MX KOHUOSB,
KOTOpHIE PACIOJIOXEHH ropu3oHTanbHo. [Tycth ogna m3 Hux 6ynmer my-
CTOM, Apyras UeJMKOM 3anOJIHEHA BOJOM, TPEThs MMOYTH IEJAMKOM 3a-
MOJIHEHA BOAOM, a4 YeTBepras CONEPXHMT HeCOo/BbILOE KOJIMUYECTBO BOHI.
Ecnn omMH M3 KOHHOB Kaxnmo#f TpyOku npuMmoAHaTh, TO Ha BOAY B
TpybGkax OyneT AeiCTBOBATH Cid, NOAOOHO TOMY, KaK BHEMHEE 3JIEKT-
PHMUYECKOE 10/1€ AEUCTBYET HA JJIEKTPOHH B KpHCTasne. B mycroit Tpy6-
Ke, OUEBWIHO, HE TNPOM30MAET HMKAKOro nepeHoca. Takxe He npo-
M30MIeT HHUKAKOIO MEpPEeHOCa B MOJHOCTRIO 3aNMOJHEHHOM Tpybke, mo-
CKOJIbKY UacTHifbl BOAH, NMOXOOHO 3/EKTPOHAM B 3anOJHEHHOH 30HE,
MOTYT TOJIBKO OOMenMBarbcad Mectamu. OmHAKO MOXHO Halmioparts,
KaK BOAA MEPEMEIMAETCS OT OXHOIO KOHLA@ K APYIrOMY B IOYTH IycTOH
TpyOKe, B TO BpeMs KaK Iy3BIPbKM BO3AyXa ABMXYTCS B NMPOTHBONO-
JIOXXHOM HampasJeHMH B TOYTH MO/HOM TpybOke. B mocnennem cnyuae
npoucxondmue B TpyOke MaMeHeHHs ynoOHO ONMCHIBATH HA A3HIKE JBH-
XeHMS Ny3bPbKOB BO3AyXa, XOTHA BHENIHME CWIkl IPHBOAST B JBHXE-
HHME MMEHHO BOAY.

006 3nekTponpoBOAHOCTH Kpuctannos. OnucaHHas BHIIE KapTHHA
OBMXKEHHS JJIEKTPOHOB B KPHUCTALNAX TMO3BOJLET CHENATh HEKOTOPHIE
BHIBOJE 0 MEXAHM3ME 3JIEKTPONPOBOIHOCTH. [IpoBOAUMOCTs MOXeET OHTH
06yc0B/IEHA 3/IEKTPOHAMH 30HHI, 3ANOJHEHME KOTOPONX MOXET MEHATh-
€4 B IIMPOKMX TIPEAEAX: OT MOUTH NyCTo# A0 nourH 3anosHeHHo#. Oua,
OUYEBMAHO, HEBO3MOXHA B 30HE, KOTOpas CoBepmeHHO nycra. OHa He-
BO3MOXHA M B HEJIMKOM 3aN0JHEHHOH 30HE: eC/IM BCe COCTOSHMA B JHEp-
reTHYECKO 30HE 3aHATH JJCKTPOHaMM, TO npuHumn Ilayam He pomy-
CKAaeT HMKAKOTO OTKJIMKA HAa BHEIMIHEE 3JIEKTPHUUECKOe MOJIE. DNEKTPOHH
LEJHKOM 3anoJHEHHOM 30HB MOTYT JMmb OOMEHMBATBCH COCTOSHHAMH,
HO 9TO HM K YeMy HE€ MPHBOIUT, MOCKOJILKY /MECKTPOHH HEDPA3THUMMEL
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IIpoBOoOMMOCTE B TIOYTH MYCTON 30HE OCYINECTBIAETCH IIEKTPOHAMU
C MOJIOXHUTENbHOM MAacCol M OTpULATENbHHRIM 3apsuoM. ITposogumocth
HOYTH 3aOTHEHHOH 30HB O0YC/IOBJIEHA OBMXXEHUEM HeGOJIbIIOrO Yucia
HE3aHATHX COCTOSHMA — MOJOXHUTEIbHEX ABRPOK, KaXaas U3 KOTOPHIX
MMEEeT MOJOXUTEJbHYI0 3(hMdEKTHBHYI0O MacCy M NOJOXHUTENbHBIH
SJIEKTPUYECKUI 3ap4n.

PaBHOBECHbIE ¥ HEPABHOBECHBIE HOCHTENH. B COGCTBEHHHIX mOIy-
[POBOAHUKAX [PH OTAMYHHIX OT abCOMIOTHOTO Hy/Is TEMMepaTypax
UMEIOTCH KAK DJEKTPOHbI B 30HE NPOBOAMMOCTH, TdK M ABIPKH B Ba-
NEeHTHOHN 30HE. JpyrMMu ciroBam#, mpM KOHEYHOM TEMIEpaType moiy-
NPOBOOHUK HAXOMMTCS HE B OCHOBHOM COCTOSHUHM (T. €. COCTOSHMHM C
HauHM3LIEH 3HEPrHed), a B HEKOTOPOM BO30OYyXIEHHOM COCTOSIHUH, KO-
TOpOE, OAHAKO, SBJISETCS COCTOSHUEM TEPMOOMHAMHMUYECKOTO pAaBHOBE-
CUS C XapaKTEPHBIM UIS HETO pachpencjeHUEM JJIEKTPOHOB MO pas-
pELIEHHBIM YPOBHSM JHEPIUu.

DNEeKTPOHBl U JBIPKH, KOHLEHTPALWSA KOTOPbIX COOTBETCTBYET TAKO-
My TEPMOAMHAMMYECKOMY DABHOBECHIO, HA3HBAIOT PAGHOGECHbLMU.
CuIbHOU 3aBUCHMOCTHIO PABHOBECHOM KOHUEHTPALMU CBOOODHBIX HOCH-
TeJeit OT TeMIEpaTypnl OObICHAETCS GBHICTPHI POCT 3JIEKTPONPOBOTHO-
CTH MOJYIPOBOOHUKA IPU YBEJIMUECHUH TEMITEPATYPHL.

CBo0OIHBE HOCUTENX TOKA B MOJYNPOBOAHUKE MOTYT CyIECTBOBATH
HE TOJMBKO Barogaps TepMHYECKOMY BO30yXIEHMIO KPUCTAJLIA, HO U B
pesynbTaTe BHEWHMX Boaacicreumit. Hampumep, npu ocBemieHMM Kpu-
CTanna B pe3yibTaTe NOTJIOMmEHUs (GOTOHOB MOTYT MPOUCXOOUThL mepe-
XOAW 3JEKTPOHOB C YpOBHEH SHEPruM BAaJICHTHOW 30HH HA YPOBHHM
SHEpPruM 30HH NpoBomuMOCTH (BHyTpeHHwWit doroaddexr). Has artoro
sHeprusi OTOHA HOMXKHA OhITh HE MeHbLIE IIMPUHB! 3ANPEIEHHON 30-
Hbl. Kaxpapii nomiomeHHHH (POTOH pPOXAAET HOMONTHUTEIBHO mnapy
J7EKTPOH—ABIPKA. B pesyjabrate npu OCBEemEHWM KOHLEHTPALUS CBO-
OGOOHBEIX HOCUTE/EH CTAHOBHTCH Bhime paBHoBecHOW. [TostoMy BO3GyX-
JaeMHEE CBETOM HOCHUTEIM TOKA HA3RKBAKOT Hepashodechbimu. O0ycnos-
JIEHHOE CBETOM YBEIHYEHHUE IJIEKTPONPOBOLHOCTH KPUCTAJLIA HA3BIBAIOT
pomonposodumocmuro.

Hapany ¢ npoueccamu oToBo30yxneHus HEPABHOBECHHIX HOCHTENCH
ugeT oOpaTHbil mpouecc pexomBuHauuu TEKTPOHOB M JHIPOK, NMPH KO-
TOPOM 3JICKTPOH BO3BPAmA@eTcs M3 30Hb NMPOBOOUMOCTH HA CBOOOAHOE
MECTO B BAJIEHTHOI 30He. 06 3TOM mporecce HHOraa roBopar kak ob aH-
HUTWISIAM 3JEKTPOHHO-ABIPOYHOM naphi.

TMpu NpPOROMXKHUTENBHOM OCBEMEHMN YCTAHABIMBAETCS CTALUOHAp-
HO€ 3HAYeHWE KOHUEHTpAaLUMM HEPAaBHOBECHHIX Hocurtesed. Ilocie mpe-
KpaleHusl OCBEIIEeHHsl KOHLCHTPALUs CBOOOAHBIX HOCUTENEH MOCTEeneH-
HO BO3BpPamaeTCss K CBOEMy DAaBHOBECHOMy 3HaueHuio. [Ipu 5TOM KOH-
LHEHTPaUus HEPAaBHOBECHRIX HOcUTEened yOmBaeT CO BpeMeHEM o
SKCIOHEHIMAJbHOMY 3aKOHy, a XapaKTEpHOE BpeMd €€ yMeHbHICHUs
(3a xoropoe KOHueHTpauus yOniBaeT B e = 2,72 paisa) HaseBaeTcs
8pemeHeM XU3HU HEPABHOBECHHX HOCUTENEH TOKA.
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Kax u cBoBoaHad vacTHUa, 3JEKTPOH B KPUCTAJUIE MO AEHCTBHEM
MOCTOSIHHOTO AJIEKTPUYECKOTO IO ABMXETCS PABHOYCKOPeHHO. MHpMu
C/I0BAMHM, MACAIBHO DEryJISpHOE MEPHONUYECKOE MOTECHUIMAJBHOE MOJIE
HE OKA3HBAET CONPOTHBIICHUS NEKTpHYecKoMy TOKY. 3akoH OMa B mae-
ANbHOM KPHUCTAJ/UIE HE MOXET BHIOJHATHCH, TAK KAK OH UMEET MECTO
TOJMIbKO TOrga, KOrAa OBUXEHUE 3aPSI0B B 3JEKTPUYCCKOM IIOJI€ MPOMC-
XOOUT C MOCTOSHHON cpemHe# ckopocTbio. CONPOTUBIECHUE IJAEKTPHU-
YECKOMY TOKY B PEaJbHOM KDUCTAsUIe O0yCNOBJAEHO HE NMOTEHLMAIbHE--
Mu OapbepaMu NEPUOAMYECKOTO MOJSA, 4 OTCTYIJICHUSMU TI0NS PeaJbHO-
0 KDPHUCTA/la OT CTPOTOM NEepHOAMYHOCTM JMOO 3a CUYeT TEMMOBHIX
konebaHuit aToMOB, 00pasylomux KpucTami, b0 33 CYET pasaMYHOTO
pona nedekTOB pemeTKn — npuMecel, BAKAHCUM M T. M.

e Kak 00BSICHUTH CYIIECTBOBAHHE Pa3pPELIEHHBIX U 3aNPELIEHHLIX DHepreTude-
CKUX 30H DNEKTPOHOB B KPUCTaNNaxX, UCXOAS U3 MPEACTaBACHUI O AUCKpeT-
HBIX SHEPreTUUECKHX YPOBHAX SNEKTPOHOB B U30/UPOBAHHBIX aToMax?

e Yem ornuyaercs 3anONHEHHE SHEPreTHUYECKUX 30H B MONYNPOBOAHHKAX, AW-
NeKTpUKax U Merannax?

o YemornuualoTcs Apyr oT Apyra coGCTBEHHbIC U IPUMECHBIE ONY1POBOAHUKU?

e Yrto Takoe KBa3HMUMNYNbC 3NEKTPOHA B KPUCTaNfe ¥ 4YeM OH OTJIHYAETCH OT
“MNynbca cBOGOAHOM yacTULbl?

e Yro rakoe 3oHa BpunmosHa? O6bacHuTe, 3aueM BBOAUTCS 3TO MOHSTHE.

e [IloueMy B cTal{HOHAPHOM COCTOSHUM B KPHUCTalie, KOTOPOE XapaKTepHU3yeTcs
OIpEAENCHHBIM 3HAYEHHUEM KBA3UUMITY TbCA, DEKTPOH HE JIOKANM30BaH, T. €. C
PaBHOM BEpPOSTHOCTBIO MOXET GbITh 0OHapyXeH B6M3U moboro ysna petuerku?

o Yro nonumalor noa 3¢ dekTUBHON Maccod anekTpoHa B Kpucrtanne? IMouemy
S 3aBUCUMOCTH SHEPrUM 3JEKTPOHA OT KBa3sUUMIIYNbCa HCMONL3YIOTCH
pasubie BoipaxeHus (1) u (2)?

» Yro Takoe monoXxurenpHas AbipKa? B Kakux ciyuasix ABUXEHUE IJIEKTPOHOB
B KpHUcTayne YAoOHO ONHUCBIBATE, MCMONb3Ys MOHATHE AbIPKU?

e [loscHure pony npuHnuna Ilaynu B o0bscHEeHUH HEBO3MOXHOCTH BKnaja
3MIEKTPOHOB LIENMKOM 3aMOIHEHHON SHEPreTHYECKOM 30HbI B JIEKTPOIN POBOA-
HOCTb Kpucranna.

e Yto Takoe paBHOBECHbIE U HEPABHOBECHbIE HOCHTENH TOKa B Kpuctamne? Ka-
KUM cnocoboM MOryT co3aaBaTbCs HEPaBHOBECHBIE HOCHTENU?

e MoXer Ny BLIMONHATLCH 3aKoH Oma B MaeaNbHOM CTpOro NEpUOAUUYECKoM
Kpucrannuyeckoit crpykrype? Ilouemy?

e Kakue NpHuMHBI BLI3LIBAIOT CONMPOTHUBIEHUE DNEKTPUUECKOMY TOKY B peanb-
HOM Kpucranne?

§ 35. DneKTpPOHHbIE CBOMCTBA METannos

Muorre MakpoCKOMAYECKHE CBOMCTBA METAJ/UIOB, OOYCIOBJICHHHE HAIA-
YMEM B HUX 3JIEKTPOHOB MPOBOXUMOCTH, HEBO3MOXHO OOBICHUTH HA OC-
HOBE KJIACCUYECKOM CTATUCTHYECKOH Mexannkn, OObaCHeHNE MoBexeHus
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KOJIJIEKTHBA 3JEKTPOHOB MPOBOAMMOCTY TPeOYET 0083aTEILHOTO NPHBIIE-
YEHUS KBAHTOBHIX 3aKOHOMEPHOCTEH.

IIpuauun IMayan u 3eKTpoHLI B MeTaJilax. PaccmorpuM nonpobuee
CBOMCTRBA 3JIEKTPOHOB IIPOBOOUMOCTH B METAJLIAX, CYUTAS AJH NPOCTOTHI,
yto ux 3ddexkTHBHAT Macca M3OTPOMHA, @ YUCIO 3JEKTPOHOB MPOBOM-
MOCTH B 00pasiie paBHO YHCAY aToMOB MeTtauia N. menHo tak ofcrour
€0, HANPUMED, Y LIEJIOYHBX METAJUIOB. XOTH NOBENECHUE OTACIbLHOTO
3/EKTPOHA NPOBOAMMOCTY B KPHUCTA/UIE OYEHb CXOQHO C NOBEACHUEM
KJACCHUYECKOM CBOOOMHOM YACTHUIIB, CBOMCTBA KOJJIEKTUBA TAKUX 3JICKT-
POHOB pE3KO OTJMYAOTCS OT CBOWCTB KJacCHUECKOro rasa. IlpuuuHa
3TOMY — NpuHuun Hayjm, COrjjaCHO KOTOPOMY B KAXJIOM KBAaHTOBOM
COCTOSHUU MOXET HaxXONMThCH He 0osiee OXHOIO 3JIEKTPOHA.

Npunugun IMaymm npHBoauT X TOMY, YTO AaXe NMpu abCOMIOTHOM Hy-
Jie TeMnepaTyphl TEKTPOHBl HE MOTYT HaXOOUTHCS B COCTOSIHUH MOKOf,
TaK KakK HEJb3s BCE JIEKTPOHBI IOMECTUTh B COCTOSHUE C PABHEIM HYJIIO
AMIyJabcoM. OKa3biBaeTCs, YTO YPOBHIO SHEPIMU C HYJIEBHIM HUMITYJIbCOM
COOTBETCTBYIOT TOJBKO ABA PA3IMYHBIX KBAHTOBBIX COCTOSHHS. HOSTOMy
TOJBKO ABA M3 N 37€KTPOHOB MOFYT UMETb PABHBIE HYJI0 UMIYJILC H
SHEPTrHUIO. BceM ocTaJIbHBIM JIEKTPOHAM
MPpUACTCA 3aHMMAThb COCTOSHUA C OTIHY- f“
HBbIM OT HYJIS UMIYJbCOM U JHEPIHCH.

1

Hmnoyasc Pepmu. Ilpu  temneparype
T = 0 K cucrema 271eKTPOHOB OynaeT UMeTh
HAMMEHBIIYK BO3MOXHYIO SHEPrHI0, €CId
BCE COCTOSHHUS C UMIYJIbCAMH, MCHBIIMMU »
HEKOTOPOTO MPEAETbHONO 3HaueHus, Hasp- O P D
BAEMOTO umnynscom Depmu pp, OynyT 3a-
HATH, 4 BCE COCTOSHUH C OGJBIIMMH UM- : :: 31:1 L?('T g}{:;‘;’;‘; ‘;‘éggmi’x
nyabcamMu — mycTel. DyHKUMS pACHPENe-  wyne Temnepatypei
JIeHUS 3JIEKTPOHOB 1O coctosHuAM f(p),
Japlas BEPOATHOCTH 3ATIOTHEHUS OAHHO-
ro COCTOSHUS C MMIYJILCOM P, Oyaer, ciepoBaTtensHo, npu T'= 0 K pas-
Ha exwHUIE npyu |p| < py ¥ paBHa HymO npy |p| > pp (puc. 113).

3unaueHne uMnyiabca PepMu 3aBUCHT OT OOBEMHOM KOHICHTPALMH
3JIEKTPOHOB B 30HE NpoBoauMocTu 2 = N/V, rae V — ofbem obpasua. Xa-
pakTep 3TOH 3aBUCUMOCTH MOXHO YCTZHOBUTb Ha OCHOBAHMM COOTHOIIE-
Hui HeonpenenaeHHocTeh [eitaenbepra. IMycts obpasen MeTasta umeer
¢hopmy nPSIMOYTOJILHOIO NapasUiesienunena co croposamu L, L, L,. insa
3JIEKTPOHA, HAXOASILEToCs BHYTPHA 06pa3ua, Haubobmag HEOpeneaeH-
HOCTH B 3HAUEHUH X-KOOPAMHATH paBHA pasMepy o0pasiia B 3TOM Hanpae-
JICHUH; I0O3TOMY HAMMEHBINAS HEONPEACTEHHOCTD €r0 X-KOMIIOHEHTH UM-
nyjabca Ap, ONpPENETSETCs COOTHOMWEHUEM :

Ap, ~ & . (1)

x
X




292 VII. 3TEXTPOHHBIE CBOICTBA TBEPABIX TEN

Taxue Xe COOTHOUIEHHMS CNPABENJIMBH M IJIS Apy, Ap,. Tlostomy ans
NIPOM3BENCHUS HEONMPENEAEHHOCTEN UMeeM
#* & :
AprpyApz ~ LxLxLx _7 . (2)
Tockonbky Ap, eCTb HAMMEHbINAH HEONpPENENCHHOCTh 3HAUEHUS D,
COBMECTUMAS C YCJIOBUEM NpebhBaHMA 3JIEKTpoHa BHyTpu obpasua, to
3TO — Ta HAUMEHbIIAg BEJIMYUHA, HA KOTOPYIO CAEAYET U3MEHUTH 3HA-
YEHHWE p,_ A/ TOro, 4TOOH MOXHO OBUIO CYMTATh, YTO SJEKTPOH HaXo-
OUTCS B JPYrOM KBAaHTOBOM cocrosHuu. IloaroMy mnpousseneHme
AprpyApz naer ofbeM SUEHKM B NpPOCTPAHCTBE MMIIYJIBCOB, B Hpene-
nax KOTOpPOM npu M3MEHEHWM MMITy/IbCca ICKTPOHA €r0 COCTOSHUE HE
MEHSIETCS. JTO O3HAYAET, YTO N JIEKTPOHOB B COOTBCTCTBUM C IIPUHLIM-
nom I[laygu 3aHUMAIOT B MPOCTPAHCTBE MMIIYJBCOB 00bEM, MPOMOPLMO-
HanpHbI NAp Ap Ap,. B cootBercTBuM C (2)

3 -
NAp,Ap,Ap, ~ N % = in, (3

B OCHOBHOM COCTOSHUM JHEPrusi CHCTEMB! DJCKTPOHOB HMMCET Hau-
MCHBHIEC BO3MOXHOE 3HAUCHUE. JHCPrUsS KaXAOIO  JICKTPOHA
e(p) = p%/2m*, ecn saddexTUBHAas Macca m* u3oTponHa. [loatomy npu
T =0 K OyayT 3anoiHeHs BCE COCTOSHUS B MPOCTPAHCTBE HUMIIYJIbCOB,
JexXalmue BHyTpu cepsl paguyca pg. JTOT paguyc MOXHO HAHTH, mpu-
paBHuBas ofbeM YACTH NPOCTPAHCTBA MMMYJBCOB, AaBaeMoil dopmyo
(3), ofwemy mapa paguyca pp C LEHTPOM B HAYaJe KOODAMHAT:
(4/3)mpd. Mosromy pi = hin, otkyna

Pp hntf3. (4)

Oneprus ®epmu. Haubonbluas sHeprus, KOTOPYH MOXET UMETh
3J71eKTPOH, MPOBOAMMOCTH B MeTtaiyae npu T = 0 K, 310 3Heprus snek-
TpoHa € p = pg
2 2,2/3
p n &
ep = 2L & K2 (5)
2m m

*

Ona nasnisaerce snepzuel Pepmu. HTepecHo cpaBHUTD SHepruo Pepmu
£p C XapakTepHOH TEIIOBOM SHeprueit k7. s THMMYHEBIX META/LIOB KOH-
LEHTpalMs 5JICKTPOHOB NPOBOAMMOCTH COCTaBiAseT oOkono 10—
10% cMm73, a apdexTuBHAS Macca m® 6au3Ka K Macce cBOGOXHOIO 3JIEKTPO-
Ha. [Toartomy o popmyae (§) merko nOACUUTATD, YTO £ OKAZHBACTCS MO-
pSKa HECKOJNBKMX 3JEKTPOHBOJLT. Jlerko yOemuTsCs, YUTO TEIUIOBAs
sHeprus kT CTAaHOBUTCH CPABHUMON C sHeprueit PepMM TOJIBKO HpH TeM-
nepatypax npubmuxaromuxcd k 50 000 K! [Jng Bcex METAJLIOB IpU BCEX
TeMIepaTypax BIUIOTb 40 TOYKM IUIaBieHus kT << eg.
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HerpynHo nomcuurtaTh CKOPOCTh 2JEKTPOHA, OOMamaroImero sHep-
rueit e, OHa oxa3mBaercs paBHOM npumepHo 10%M/c. Takum obpa-
30M, Bcaeacteue npuHouna Ilayam 371€KTPOHH MPOBOOUMOCTH B MeE-
Tannae npu abCOMIOTHOM HYJIE TEMIEPAaTypH OTHIOAb HE mokosrcs. Ho
BCE€ X€ HUX MaKCUMaJbHas CKOPOCTb B COTHH pa3 MEHbUIE CKOPOCTH
CB€Ta, YTO OMpPaBABIBACT MCIOJIb3OBAHUE IS IJEKTPOHOB B METAJ/LUIAX
NPEACTAaBJIEHUN HEPEJATUBUCTCKON (usmKu.

O BKJaJe INEKTPOHOB B TEIJIOEMKOCTb MeTajmna. [IpM nophimeHuu
TEMIEPATYDPhl OT a0COMIOTHOrO HyIs A0 HEKOTOPOTO 3HavueHus T CpeaHss
JHEPrusl KAaXAOW YaCTHIB, COMIACHO MPENCTABJICHUSM KJIACCUUYECKOHN
CTATUCTUYECKOX MEXaHWKH, NOKHA BO3PAacTH HA BEIWMYMHY NOpSAKa
kT. Ho pna mogunHsomuXxcs npunuuny Ilayau 31eKTPOHOB B MeTasLie
310 He Tak. IIpm Temmeparype aGCOMIOTHOIO HYJS JIEKTPOHBI HPOBOIM-
MOCTH y>X€ UMEIOT SHEPIHIO MOPSAKA &, KOTOpasi BCcerna MHOIO Gobiie
kT. Jta sHeprus HE CBA3aHA C TEIUIOBHIM OBU-

XEHUEM DJIEKTPOHOB. [IpM MOBBIUEHUU TeMIe- A
patyphi ot 0 K no T OTHIONb HE KaXAIhH 3J1€K-
TPOH MOXET yBEJIMYUTh CBOIO JHEPrHI0 HAa Be- ! =
JUuMHY nopsaka kT, Tak Kak miast GOJbIIMHCT-
B2 JJIEKTPOHOB BCE COCTOSHMS, OTCTOSIINE OT ,
NaHHOTO MO JHEPrUM HA BEIWUMHY nopsaka kT, p‘
3aHSATH JPYTIMHU JICKTPOHAMM. F

YBEIHMUHTE CBOI0 3HEPIHIO CMOTYT TONBKO  Puc. 114. TemneparypHoe
3JIEKTPOHBI, 3aHMMAKOIMUE COCTOSHUS B MHTEP- pasMeiTue kpas (yHKIME
BaJI€ LIMPUHOH NpPUMEPHO kT OKOJNO &p. [loaTo-  PACHPEACICHMA  3IEKTPO-

. HOB B MeTaJuie

MY TEIUIOBOEC ABUXKEHHE NMpU KOHEYHOU Temiie-

paType MOpPUBOAMT K PasMBITHMIO CTYNEHbKYU

¢yrkuum pacnpenencHns f(p) B y3KOM WHTEPBaJC 3HAYCHUH SHEPTUH
nopsaaka kT (puc. 114). OcHoBHA® 4acTh 3JEKTPOHOB OydeT 3aHUMATh
T€ Xe€ COCTOsHMSA, 4To M npu abcomoTHoM Hysne. O Takux CBOMCTBAX
¢byHKIUYN pacnpencseHUs IOBOPAT KAaK O CUNbHOM GblPOXKOEHUL INEKT-
POHHOIO rasa B METaJutax.

Ornuuue ¢pyHKUMM pacnpeneaeHus 3JeKTPOHOB MPOBOOUMOCTH B Me-
TaJie OT MAKCBEJUIOBCKOH (HyHKIMM pacnpenencHus KJIACCUYECKOTO rasa
obbacHseT 0cOGEHHOCTH HABMI0OAEMBIX 3JIEKTPOHHBIX CBOMCTB METAJLIOR.
CpaBHuUM, HanpUMEp, TEIUIOEMKOCTH KJIACCMYECKOTO OXHOaTOMHOTO rasa
¥ BHIPOXZEHHOTO ra3a 3JEKTPOHOB POBOAUMOCTH. B cocTogHMM TeroBo-
IO PAaBHOBECUS B OMHOATOMHOM KJaCCHYECKOM rase CpeOHsas SHeprud xa-
OTMUYECKOTO ABIKEHMS OfHOM uactuusl paBHa (3/2)kT. Ilostomy BHYT-
peHHas SHEprus Bcero rasa u3 N uactuy paBxa (3/2)NkT, a ero temo-
€MKOCTh NpM NOCTOSHHOM obbeme paBHa (3/2)Nk ¥ He 3aBUCHT OT
TeMIepaTypH.

B BHpOXZEHHOM 2JE€KTPOHHOM raze B TEIUIOBOM OBIDKEHHMM MOXET
y4aCTBOBATb JIMIIb YACTh JJIEKTPOHOB mopanxa kT'/ep, NOCKOJbKY UMEHHO

TaKasl JOJIS TIOJTHOIO uX uuciaa N CONEPXUTCH B UHTEPBAJe IUPUHOM OKO-

b
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N0 kT B6an3u sHeprun Pepmu ep. Kaxapiit u3 3THX 3JEKTPOHOB NpPUOG-

PETAET QONOTHUTEALHYIO JHEPIUI0 nopaaxa k7T, U, CIeA0BATENLHO, MOJI-
Hasl JHEprusl XAaOTHYECKOTO TEIJIOBOIO ABMXEHUS IJIeXTPoHOB E mo mo-
PSAKY BEIMUMHEL PaBHA
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[To cBOEMy CMBICTY 3Ta JHEPrusl NpeACTABasieT coOOH BKAAm DJIEKT-
POHOB NPOBOJUMOCTH BO BHYTDPCHHIOIO 3Hepruro Merasna. [Hoaromy nns
TEIUIOEMKOCTH JIEKTPOHHOIO ra3a nojayyaeM BhIpaXeHue
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(¢ TOYHOCTBIO O YUCIOBOTO MHOXHUTENS MOPSAKA SOUHULIH).
IMockoabky kT/ep<<<1 (Hanpumep, npu KOMHATHON TeMmmepaType 3TO

OTHOIIEHME paBHO Beero jumb 1/200), TO TEMIOEMKOCTH BHIPOXAECHHOTO
37IEKTPOHHOIO ra3a NPUMEPHO HA BA MOPANKA MEHBIIE TEILIOEMKOCTH
KJaCCUUECKOr0 OMHOATOMHOIO ra3a ¢ TEM X€ UUCIOM yactul. [lo3romy
[pY KOMHATHOW TEMIIEPATYPE MOJAPHAS TELJOEMKOCTh META/UIOB MpaK-
THYECKM LICJUKOM ONPENeIseTCs BKJAAAOM PEUICTKY M MOYTH HE OTIUYA-
€TCH OT MOJISPHOH TEMJIOEMKOCTH AUJIEKTPUKOB, B KOTOPHIX 3JIEKTPOHB
IIPOBOTUMOCTH OTCYTCTBYIOT.

I pyroe BaXHOE OTJIMUME TEIUVIOEMKOCTH 3JIEKTPOHHOIO rasa (7) sa-
KJIIOY3ETCA B TOM, YTO OHA MPOMOPUMOHAIBHA TEMIEPATYpE, B TO BpeMs
KaK TEIJIOEMKOCTb KJACCHUYECKOINO ra3a OT TEMIIEPATYPH HE 3aBUCMT.

DIeKTpONpPOBOIHOCTh MeTajiioB. Hapany co ceofictBaMu KOJUIEKTHUBA
3JIEKTPOHOB TTPOBOAMMOCTH, KOTOPHIE OH MPOSBASET B COCTOSHMM PABHO-
Becusl, OONBLIOH MHTEPEC NPEACTABISET U3YUEHHE MOBENECHUS IIEKTPO-
HOB TIPOBOJMMOCTH B MeETa/UI€ B HEPABHOBECHOM COCTOSIHMM, KOTA OHH
OBUXYTCS MON ACHCTBUEM NPHJIOXCHHHIX BHEHMIHWX nodeid. Takue npo-
LecChl HashBAIOTCH si@neHUssMU nepenoca. Ilpumepamu sBIEHuW mnepe-
HOCa MOTYT CJAYXHTb TEIUIONPOBOOHOCTb, 3JEKTPONPOBORHOCTD, 3didekt
Xonna, TepMOIIEKTPUUECKHUE SBJIEHUS U T, A.

OcranoBumcs nogpoOHee Ha OAHOM M3 Hambosiee BAXHHX HEPABHO-
BECHHIX TPOLIECCOB — MPOXOXIEHNM 3MEKTPUYECKOTO TOKA B MeTaslie,
omuchiBaeMOM 3akoHOM Oma. 3akon Oma gBiSeTCs OHUM M3 CAMBIX
PAHHUX IKCIEPUMEHTAJIbHBIX OTKPHTHI B 001aCTH 3JIEXTPUUECKOTO TOKA
B semecTBe, COMIACHO 3TOMY 3aKOHY IUIOTHOCTh 3JEKTPUUECKOTO TOKA
NpONOPHMOHANPHA HATIPIXEHHOCTH TIPWIOXEHHOIO 3JIEKTPUUECKOTO MO-
ag: j= oE. 310 ypaBHeHuE OnMUCHBAET HAOIIOAaEMOE NOBEACHNE OUEHb
MHOTMX BEIIECTB B IIMPOKOM AMAnasoHE yCIOBWA.

3axkon OMa Heyib3s BRBECTH TOJIBKO M3 3aKOHOB 3JMEKTPOAMHAMUKH,
ONUCHIBAKINUX ITEKTPUYECKOoe mose. Ero MOXHO HmoayyuTh Ha OCHOBE
U3yYeHHUs IPOLECCOB, MPOUCXOASIINX B BEMIECTBE MPH IPHIOXEHHH
JJIEKTPUYECKOTO nossi. MHTepecHO OTMeTUTh, YTO B pa3HHX BEmECTBAaX
5TH NPOLECCH MOTYT CHJIBHO Pa3/IMUaThCHd, HO HE3aBUCUMO OT XapaxkTepa
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NPOLIECCOB PACCEsSHUS HOCUTENICH CBA3b MEXAY IUVIOTHOCTHLIO TOKA M Ha-
TIPSXEHHOCTDIO TIOJIS NP HE CIMIOKOM CHJIBHBIX TOMSX BCErAa OKashBa-
€TCH JTUHEHHOM.

B Merawiax CONPOTHBICHHE 3JICKTPHYECKOMY TOKY 0OOyCIOBIEHO
paccessHUeM 3JEKTPOHOB MPOBOAMMOCTM HA TEIUIOBHX KOne0aHuax pe-
IIETKM U XaOTUUYECKU pACHOJIOXEHHHX AeeKTax Kpucraia — B upe-
aJbHOM pemieTKe CONPOTHBICHUEC OTCYTCTBYET. (DEHOMEHOIOTMUYECKH
OMUCATh MPOLECCH PACCESHUS DJIEKTPOHOB NMPOBOOUMOCTH MOXHO IyTeM
BBEOCHUS TAK HA3HBAEMOTO GPEMEHU PeaKcayuu.

Bynmem paccyxparb ciaeayoomum obpasom. B cocrosHum pasHoBecus
dyHKIMS pacnpeneeHus 3JEKTPOHOB O MMIYJIbCaM cepruecKn-CUM-
Merpuuna. [TosTomy cpeqHsisi CKOpPOCTh JIEKTPOHOB paBHA HyJII0 M HU-
Kaxoro HanpasJeHHOTO NepeHoca 3apsaa,
T. €. JIEKTPUYECKOr0 TOKA, HET. -

TpunoxeHHoe 3IeKTPHYECKOE IIOJIE B etk
BhI3bIBAET WCKaXeHWe (DyHKLUM pacnpe-
JeneHus. B oTaMuMe OT HM30TPOIHOrO
TEIUIOBOTO BO3OEHCTBHUS, KOTOPOE MOIJIO
TOJBKO pa3sMBITh Kpail pacmpenesneHus,
He Hapymas ero cgpepuyeckod cuMMer-
pUH, HANPAaBIEHHOE NEWUCTBUE BHELIHETO
MOJIs BHI3HBAECT CABUI BCETO pacmpeaese-
uus (puc. 115). Ha srom pucyHke moka-
33HO, XaK Mnox AcHCTBUEM SjaekTpu- Puc. 115, Cmemenne cdepuue-
YeCKOTO TOJsi CMEmAETCs B MpPOCTpaHCTBe CKOHA nosepxHoctn Qepmu non

ACHCTBMEM MPHJTOKEHHOTO IEKT-
UMIyJNbCOB cdepa paauyca pp, BHYTDH PHUECKOrO TIONS
KOTOPOY PAaCIONOXEHK 3aHATHIE JJIEKTPO-
Hamu cocroguud. CpenHsis 3alUTpuxoBaHHas o01acTb COOTBETCTBYET
COCTOSHUSIM, KOTODHE 3aNOJHEHH 3JEKTPOHAMHU KAK A0 IPHJIOXEHHS
SJIEKTPUYECKOTO MOJs, TaKk U nocjie. HesamTpuxXosaHHAS 4YACTh COOT-
BETCTBYET COCTOSTHMSIM, KOTODhi€ AO MPHJIOXEHUs mojas Oblin 3anosHe-
HH, 4 NOCJAE MNPHIOXEHUS NOJS OKa3anuch HE 3aHaThiMu. Hakowuen,
ABAXAH 3aMITPUXOBAHHAA O0JACTH COOTBETCTBYET COCTOSHUSM, KOTO-
phl€ OKa3aJuCh 3aNOJHEHHBIMM TIOC/AE TPHJIOXEHUS mnons. BugHo, uto
Tenepb YUCIO 3JEKTPOHOB, ABMXKYIIUXCS B HanpaBacHUM ACUCTBUS CHU-
JIN JJIEKTPHUYECKOTO Mo, 0osbme, 4YeM XBHXYIIUXCH B IPOTHBOIO-
JIOXXHOM HamnpaeneHuw. (718 TAKOrO0 CABUHYTOIO B MPOCTPAHCTBE UM-
IyJbCOB PACIpPEeRencHUs CPEAHSAS CKOPOCTb YX€ OTJIMYHA OT HYJs, 4YTO
O3HayaeT HaJWvMe TOKa B oOpasue.

IMycTh B HEKOTOPHI MOMEHT BPEMEHH BHEMIHEE 3JIEKTPUUYECKOE IOJIE
BuKIouaeTca. QueBMAHO, YTO CHCTEMA 3JIEKTPOHOB OYAET BO3BPAMATh-
cs B COCTOSIHME TEIJIOBOrO paBHOBecus. IIpeanoNoxum, YTO CKOpOCTb
npuOINXEHHS K PABHOBECHIO B KaXAHii MOMEHT NMpONOPUMOHANBHA BE-
JIMYHMHE OTKJOHEHUS OT PaBHOBecHs. TOraa ¥ M3MeHEHME CpemHeil CKo-
POCTH HAIPABJICHHOTO NBMXEHHS 3JEKTPOHOB OyneT mpoNCXOIATD MO Ta-
KOMy Xe 3akoHy. Tak KaKk B paBHOBECHH CpPEeHSs CKOPOCTb paBHA HYy-
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JI0, TO HM3MEHEHUE CKOPOCTH TPOMCXONUT NPOMOPLMOHAJIBLHO CaMoM
cpeqHed CKOpOCTH:
dw) (v) (8)

dt T

[MockoabKy pelIeHUe 5TOr0 YPAaBHEHHUS UMEET BHI
(u(1)) = vy exp(—t/1), $9)

TO T €CTh BPEM$, B TCYEHHUE KOTOPOIC CKOPOCTh HAMPABJICHHOTO ABUXE-
HUg yOniBaer B ¢ pa3. OHO HA3HIBAETCH GpeMeHEeM pEenaKCayull.

3aKkoH M3MEHEHUY CPEHHEH cKopocTd (v(!)) HanpaBJICHHOTO OBYUXE-
HAS 37EKTPOHOB IpoBogMMOCTH (9) MMEeT B TOYHOCTH TAKOX XE€ BHA,
YTO M YPABHCHHUEC NBMIKCHUS TEJa B BA3KOH cpene mom AEHCTBUEM CHIbI
TPEHUS, NPONOPLUMOHANBHONR CKOPOCTH:

m
F S _‘[— V.

3TO HAaBOZMT HA MBICJIb, YTO B3aUMOACHCTBHME DJIEKTPOHOB IPOBOIU-
MOCTH C KOJIeDaHUAMU PEHMIETKH ¥ NPUMECSMH, NPUBOAAINEE K ONMCHIBA-
emoil ypaBHcHueM (9) pesakcamum cpeaHeil CKOPOCTH, MOXHO Y4YeCThb
NYTEM BBCACHMS HEKOTOpPOM 3¢deKTHBHOMR, HENpephBHO ACHCTBYOIEN

m
Ha 3JIEKTPOH CHJbl Tperus Fp) = — —v.

[Mpn HanuMuuM MOCTOSHHOINO 3JEKTpUYeckoro nojs E Ha 3JIEKTpPOH,
KPOME CWJIBl TPpEHHs, AeHCTBYeT eme cuna —eE, rne e — abcomorHas se-
JIMYMHA 3apSAa JICKTPOHA. B CTAMOHAPHOM COCTOSHUU 3JEKTPOH ABU-
XETCH C TAKON MOCTOSHHON CKOPOCTBIO, MPYU KOTOPOI 3TH CUIH ypaBHO-

m ~
BeINBAKOTCA: —eE = -V Takoit xe Oyaer cpeaHsas CKOPOCTb (V) ABUXe-

.- et
HUS JIEKTPOHOB B METa/Lie nox acucreueM nonas E; (v) = — " E.

[InotHocT, TOKA j, OOYCHOBAEHHOIO HANpPABACHHHEIM NBHMXKEHHEM
2JIEKTPOHOB CO CKOpPOCTBIO (Vv), paBHa —en(v). IloncraBasgs cronga 3Ha-
YyeHue (v), HaXOOuM

2
ji="lE=0E. (10)

m

910 u ecth 3akoH Oma. BriumcreHue BpeMeHHM peNakcaluu T W,
C/IEAOBATEBHO, YACABHOM 3JJIEKTPHUECKOHM NpOBOAMMOCTH © Tpebyer
AETAJIBHOIO PACCMOTPEHUS MEXAHU3MOB PACCESIHUS 3JEKTPOHOB MPOBO-
OUMOCTH.

OmnncanHas Beime ¢u3myeckas KapTuHa JEKTPOIPOBOTHOCTH META-
JIOB OCHOBHIBAJIACh HA MPEANOIOXKEHUH, YTO NEPEHOC 3apaaa o0ycosieH
TOJIBKO JICKTPOHAMU 30HH INIPOBOAUMOCTH. Bo MHOrHIX Merauiax, OqQHAKO,
2JIEKTPONPOBOAHOCTE ONPENEAAETCS IEKTPOHAMH HECKOJIbKUX JHEPreTH-
yeckux 30H. Hampumep, 371€XTpONpOBOAHOCTH XKeJ€3a CO3TAETCH Kak
5JIEKTPOHAMU 30HH NMPOBOOUMOCTH, BOHUKUICH U3 45-YPOBHEH U301MpO-
BAaHHOTO ATOMA XX€JIe3a, TAK M JHpPKaMu U3 3anoqHeHHol Ha 80 9%, suepre-
THYECKOH 30HHI, BO3HUKImMEHN U3 3d-yposHeit atoma xesie3a. Ho u B cryuae
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OB POYHOM MPOBOAMMOCTH OCTAKOTCS CIPABENIUBRIMYU PA3BUTHE HPENCTAB-
JICHHS O POJIM pacCesHUs HOCUTENel Toka Ayis oObsacHeHus 3akoHa OMma.

Ilna3mMeHHble CBOMCTBA META/UIOB. [IpM M3yyeHHMH 3JIEKTPOHHBIX
CBOMCTB METAJLIOB, TAKUX, KAK TEIUVIOEMKOCTh M 3JC€KTPONPOBOAHOCTD,
CHCTEMY CBOOOHBIX 3JEKTPOHOB MOXHO OBLIO paccMaTpUBaTh KaK COBO-
KYNHOCTb HEB3aUMOAEUCTBYIOIMUX MeXay coboit uacruu. Bce Habmonma-
eMble CBOMCTBA OOBICHSTNCh B3AUMOAEHCTBUEM JIEKTPOHOB MPOBORMMO-
CTH ¢ KOneDAaHMAMM KPUCTAIMYECKOH pemreTku u gedekTamu ee cTpykK-
TYpPH — NPUMECIMU, BAKAHCUAMU U T. I.

OngHako CywmecTByeT LEAnM psi SBJICHUM, B KOTOPHX B3amMopeicr-
BUE JICKTPOHOB UTPACT ONpPEOEadiomyl0 poab. B Takux Ciyvyasx roBo-
PAT O NMPOSBJICHUM JJIEKTPOHAMU TIA3MEHHBIX CBOMUCTB.

Brime npu mayyeHUM IUIa3Mbl MBI CYUMTAIM, YTO K YaCTULAM, U3 KO-
TOPHIX COCTOUT IUIA3MA, MOXHO NMPUMEHSTh 3aKOHBI KJIACCUUYECKOH ¢u-
3uku. B rasopaspsagHoi u TeMm Gosee B MOHOCHEPHOI IL1a3Me ITO AEHCT-
BUTEIBHO Tak, N0O TaM PACCTOSHHME MEXAY JJIEKTPOHAMM MHOrO Oonbme
ux 1e6poiiaeBckoil QIMHE BOJIHEL.

Ho pns mmasmel, npemcTaBasiiomeit CoO00# 2JEKTPOHH B MeTasuiax
WM [OJyNPOBOOHUKAX, CUTyalMs coBceM wHas. CHIbHOE BHIPOXAEHUE
3JIEKTPOHHOIO ra3a B META/UIE O3HAYACT, UYTO CPEOHEEC PACCTOSHUE MEX-
AY 3JEeKTPOHaMM OJHOTO MOPSAKA ¢ WX neOpoisieBCKOH NIMHON BOJHEL
h/pg nns 2nekTpoHOB ¢ uMnyabcom Pepmu pp. Crporas teopus mias-

MEHHHX CBOMCTB METAJUIOB OUEHb CJIOXKHA, OXHAKO OCHOBHHIE 3aKOHO-
MEPHOCTH MOXHO YCTAHOBHMTH C MOMOIIBI0 aHAJM33 Pa3MEPHOCTEM.
IloBeneHue 371€KTPOHOB MPOBOJUMOCTH ONMUCHIBAETCH KBAHTOBOH Me-
xaHukoii. [ToaToMmy MBI ZOMXHBI OXHAATH, YTO B hopMyJIax, BrpaXar-
mUX CBOMCTBA TAKOH ILJIa3Mbl, HApsAy C mapamerpamu e, m, n, kT nos-
BUTCH nocrosHHaga ITnanka A. Teneps Hapsany ¢ Oeapa3MepHsIM napaMer-
poM v, nasaemniM ¢opmysoit (7) §33 u xapakrepH3yHOIUM
KJIACCMUECKYIO 11a3MY, NOABUTCH eme OnuH GeapasmepHsiil napametp I:

2,.2/3
r=2r_. (11)

QusnuecKuil CMBICA 3TOTO MAapaMeTpa JIerko ysaCHHTh, obpamasch k
dopmyne (§): T' npencraBnser coboit orHomenne sHepruun Depmu ep K

XapakTepHOH TeroBoit sHeprmu kT. Ecmu <<, T.e. e<<kT, 70

3JIEKTPOHHBII a3 IO CBOMM CBOMCTBAM O/JM30K K PACCMOTPEHHOM BHILIE
KJaccuueckoil rnas3me. Tak OGniBaer B NOJYNPOBOAHAKAX NPH HE CIWII-
KOM BOJbHIMX KOHIEHTPALUAX 3JEKTPOHOB NMPOBOJUMOCTH U HOCTATOUHO
BBICOKUX TEMII€paTypax.

Kax Mb! BUAENH, OIS JJIEKTPOHOB B META/UIAX NPH BCEX TEMMEPATY-
pax BIUIOTb OO TOUKM IUIaBiIeHUs &p>> kT u, ciaenosaresbHo, [ >>1.
Ins tako¥l mIa3MH NOTEHUMAJIBHYIO SHEPIHIO KyJIOHOBCKOTO B3aUMO-
AeficTBUA 3NEKTPOHOB e2n'3 cienyeT cpaBHMBATD HE C KMHETHYECKOH
sHepruedl TemwIOBOro ABuXeHus kT, a ¢ oSHepruei (Qepmu
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ep = pi/2m =~ h*n™3/m. Crenens 61M30CTH SMEXTPOHHOM IUIA3MBI B Me-

TA/UTaX K HAEAJbHOMY ras3y XapakTepusyeTcs OTHOUIEHMEM 3HEPIUH B3a-
umoneicTeus kK sHepruu Pepmu, T. e. 6e3pa3MEPHBHIM NAPAMETPOM, KO-
TOpEI npuHATO 0603HAUATD r:

ean/3 2

r=-"Sn_ _£fn (12)

s h2n2’3/m - H2n

HeTpyaso BumeTh, YTO NApamerp r NPONOPLMOHAJNEH OTHOMIEHHIO
CPEOHEr0 pacCTOSHUS MEXAy aexTpoHamu n~ '3 x Goposckomy pamumy-
cy a, = h/(me?). JnekTpOHHHI ra3 B Meraswie 6bUl On 6130k K uae-
anbHOMy rasy npu ro<<l.

N3 dopmyant (12) TakXxe BHAHO, YTO B NMPOTUBOMOJIOXHOCTD KJaC-
CHYECKOM IJ1a3Me 3JEKTPOHHEIA ra3 TeM 61uXe K MACAJIbHOMY rasy, uem
BRILIE €r0 KOHIEHTpanus. KOHEYHO, mpu yBeIMUYEHUM KOHLEHTPALMH
3MEKTPOHOB 7 MOTEHLMAILHAA JHEPTUS UX B3AMMONCHCTBUS BO3PACTAET.
B wlyuyae KnacCMyeckoil IUIa3Mbl, TA€ KMHETHUECKas JHEPTUS HE 3aBH-
CHT OT KOHUEHTPALUK, TUIa3Ma C POCTOM KOHLEHTPALUU [0 CBOMM CBO¥-
CTBaM BCE MEHbLIE HaMOMUHA/IA Oh MAEAbHEIA ras.

Ilnst 37EKTPOHOB B META/UTE, KAK Mbl BHAEIH, BCAEACTBUE TPUHIMNA
IMaynu kuHETHUECKasi SHEPrUsl PACTET C yBEJIUUEHUEM KOHIEHTDALUH
kak n%3. TToaToMy, HECMOTPS HAa YBEITMUCHHE MOTEHIMATLHON SHEPIHH,
KOTOpas pacteT kak n'/}, oTHouIeHue MOTEHIWAIbHOM SHEPIrUM K KUHE-
THUYECKOH yOniBaeT. [IpyrMu CJIOBaMu, OTHOCHTEIbHAS POJIb B3aMUMO-
AEHCTBUS DJIEKTPOHOB MpPU YBEIMUEHWM MX KOHLEHTDALMA CTAHOBUTCH
BCE MeHbme U MeHbme. OXa3bBaETCH, YTO A/ PEaJbHEIX METAJLIOB Ma-
pamertp r, 60NbIIE €AMHULB, T. €. KOHIEHTPAUUS SJIEKTPOHOB BCE-TAKM

HEJOCTATOYHO BBICOKA VISl TOTO, uTOOB! SJEKTPOHHBIA ra3 MOXHO ObUIO
CUMTaTh MACANLHEM. [{/19 SNMEKTPOHOB B MeTajule 0oee MOAXOOALIMM
ABJISETCA HA3BAHME «IJIEKTPOHHAS XHUIAKOCTb», YEM «IJIEKTPOHHBIA raa».
TeM He MEHEE MOCIENOBATEAbHAS TEOPUS JJIEKTPOHHOH XHAKOCTH Me-
TaJ/UIOB MOKA3aJid, YTO MHOIME CBOHCTBA, MOJyYeHHEIE B MOoenu cBofoa-
HEIX 3/EKTPOHOB, KAUECTBEHHO OCTAKTCSH CHPABEAJUBRMHU U HpPU YUETE
37IEKTPOHHOIO B3aUMOACHCTBUS.

Kak u s KnacCHYecKOM IUIa3MBI, AJS 3JEKTPOHOB NPOBOXUMOCTH
B METaJUle XapakTepPHO CyLIECTBOBAHUE IUIA3MEHHBIX KosebaHui, o0yc-
JIOBJICHHHIX KYJIOHOBCKMM B3aMMONEHCTBUEM 3JEKTPOHOB M MOHOB KpPHU-
crasnunyeckoi pemerkn. B Boipaxenwe (3) § 33 mas wacrorm Iias-
MEHHBIX konebaHuil w, HE BXOAMT HM Temmepatypa T, HU NOCTOSHHAS
IMnanka A. 10 COOTBETCTBYET (PM3UUECKOH MPUYNHE BO3MOXHOCTH CYy-
ImIeCTBOBAHMS IUTa3MEHHHX Kosebauuit: OHM OOYCIOBICHH KYJIOHOB-
CKUM B3aUMONEACTBUEM 3APSKEHHBIX YACTHUI, 4 HE TEM, KaKUMH 3a-
KOHAMH =~ KJACCHYECKUMU HAM KBAHTOBHIMHU HIOJXHO ONMCHBATHCS
OBUXEHHE,

OHeprust KBaHTA IUIA3MCHHEIX Konebanuit (masMona) hw, mpu xa-

PAKTEPHBIX I8 META/UIOB KOHUEHTPAUMSX 3JCKTPOHOB IMPOBOUMOCTH
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okassiBaercs Oosabme sHeprun DepMyu e — MaKCHMaJBHON SHEPruUM

3JeKTPOHOB /I MeTaJUIa B OCHOBHOM COCTOSSHMM. [103TOMY muiasMeHHuE
koNe6aHud B MEeTa/UIaX He MOTYT BO3HHKATH 33 CYUET SHEPTHH ABMXEHUS
OTACJILHHWX 5JIEKTPOHOB, B IPOTHBONOJIOXHOCTh KJIACCMYECKOH ILUIa3Me.
[MnasMeHnne KoNE6AHNHS B META/UIAX MOTYT BO30YXNAaThcH TOJBKO MpO-
JeTalomuMH yepe3 obpasen GHCTPHME 3apSXKEHHBIMH YACTHUAMM HIH
NanAIOOMMH JJIEKTPOMATHHTHEIMM BOJIHAMH. Posib miasMedHHX Koseba-
HUH B COCTOSHHHM PABHOBECUS CBONUTCH MO CYWIECTBY TOJIBKO K SKPAHH-
POBAHHIO KYJOHOBCKOTO B3aMMOJICHCTBHS 3MEKTPOHOB. UMEHHO nmosTomy
Mones cBOOOAHKX 3/7EKTPOHOB KAYECTBEHHO BEPHO OOBACHAET MHOTHE
SJICKTPOHHHE CBOMCTBA METAJUIOB.

Yacrora niasMeHHHX KoneOaHui ®, TPEACTaBsSCT cofoit rpaHuy-

HYKO 4acTOTy AJd 3JEKTPOMATHMTHHX BOJIH, KOTOPHE MOTYT Pacnpoct-
PaHSATLCS B IW1a3Me. BOJHH ¢ 4acToTOM, MEHbIIEH @ , HE MOTYT MPOHH-

KaTh B IJIa3My, TaK KaK HU3KOYACTOTHHE 5JEKTPOMATHUTHHE MOJS Ta-
KMX BOJAH JOKPAaHMPYIOTCH 3apsXeHHHMM YacTULAMHK  IUTa3MH.
IMagaromas Ha rpaHULy IJIa3MBl BOJIHA IPH o < W, OTpaxaercs OT rpa-
HuOel. ECIH Xe yacroTa 3/JeKTPOMATHUTHOM BOJIHE BHINE ILUIA3MEHHOM
YACTOTH, TO TaKad BOJHA NMPOHHKAET B IUIA3MY.

KoupenTpauns cBoGoAHHX 3/IEKTPOHOB B MIEJOYHHX METALIAX TaKo-
Ba, UTO 4YacTOTa IUIA3MEHHHX KoJe0aHuil COOTBETCTBYeT yiabTpaduorne-
ToBoll obnactu cnektpa. Ilosatomy B yabTpadmosnerosoit obnacta me-
JIOUHHE METAJUTH MPO3PAuHH, XOTH B BURAMMON U mH($ppaxkpacHoit obna-
CTAX CHNEeKTPa XOpomo OTPaXaloT INafalmee Ha HHX H3JYUueHHE.
HanomuuM, uto g8 voHocdepHOM IIASMH IPaHHULA 1PO3PAYHOCTH NO-
najaeT B AMANA30H METPOBHX PATHOBOJIH.

e [loscHuTe, nouemy paclpeReieHue NEKTPOHOB TPOBOXHMOCTH B METa/LIE 110
paspeuwleHHbIM HEPTETHYECKHUM YPOBHSAM PE3KO OTIHUYAETCSA OT COOTBETCTBY-
jollero pacrpefeieHus Qi rasa KAacCHUECKUX YacTHll, XOTA [OBEREHHE OT-
JIENBHOTO 37€KTPOHA NPOBOOHMOCTH B KPHCTa/lle€ CXOAHO C NoOBeAEeHHEM
KnaccuHueckodl CBOOOXHOM YaCTHLIbL.

e Yro takoe umnynaec Pepmi? Kak ara sesmuuHa cBA3aHa C KOHLEHTpalueil
3JIEKTPOHOB NPOBORUMOCTH B MeTanne?

e UYro takoe sHepruss Pepmu? Kak oueHHUTH CKOPOCTL 37eKTPOHA B MeTanje,
obnanawouiero sHeprueit, pasHoi sHepruu Pepmu?

e UYeM 0OBACHAETCS Malbid MO CpPaBHEHUIO ¢ KPUCTA/MNMYECKOM pelieTKoH
BKJajl 3/IEKTPOHOB NPOBOAUMOCTH B TEMIOEMKOCTh METANNOB?

e [losicHHTE, MOYEMY TENJIOEMKOCTb BBHIPOXACHHOIO 3/IEKTPOHHOrO rasa Npo-
MOPUMOHAJIbLHA TeMIIEpaType, B TO BPEMs KaK TENAO0EMKOCTb KJAACCHUECKOro
rasa oT TEMIEPATYpbi HE 3aBUCHT.

e Uro Takoe Bpems pelakcauuu A8 INEeKTpoHoB B Meranne? PaswsacHure
CMBICJI 3TOTO NOHATHS HAa NpMMepe 3aTyXaHUs HaNpaBACHHOIO ABHXKEHUS
3JIEKTPOHOB.
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e Kak obwachsiercs zakodH OMa Ha ocHoBe mpeacTaBieHui 06 addekTusHoi
cUnie TPEHUs, REMCTBYIOIEH HA 3/IEKTPOHbI HPOBOXMMOCTH MpPH HX Hampas-
JIEHHOM JABUXeHUH MORX OCHCTBHEM 3AeKTPpUvecKoro nons?

e Ilouemy, B MPOTHBOMONOXKHOCTD KJIACCHUECKOI Ia3Me, 3/IEKTPOHHBIN I'a3 B Me-
TajJ1aX C YBEJMUEHHEM KOHLUEHTpalMH MpubanXaercs Mo CBOUM CBOMCTBAM K
uneanbHOMY rasy?

e [lokaxure, UTO 3HEPrids KBAHTA MIa3MEHHbIX KonebaHuil B pealbHOM Merasl-
Jie MPEBOCXOAUT MaKCHUMAaJbHYIO 3HEPTUI0 OTACAbHOIO 3jieKTpoHa. K xaxum
CJERCTBUSM 3TO T1PUBORUT?

e [louemy, cTporo roBops, CBOOORHbIE 3/IEKTPOHBI B META/IC HEKOPPEKTHO pac-
CMaTpPUBaTb KaK Haea/jbHbIN ras?

o Yem o0baCHAETCS MPO3pauyHOCTb IUEAOYHBIX META/IOB B YNbTpadHoIeToBoil
obnactu cnexkrpa?

§ 36. DneKkTpOHHbIE CBOWMCTBA NONYNPOBOJHHKOB

Kak yxe orMmeuasnoch, 5JCKTPHYCCKHE CBOWCTBA IOJIYIPOBOXHHKOB
O4YEHb CWILHO 33BUCHT OT HAJMHMYHS M KOHUCHTPAUMHM TEX WIU HHBIX
npumeceil. Yrobu pazobparsca B 9THX Bompocax, HYXHO UMETh TpPEd-
CTaBJICHUE O NMPHUPOAC M HHEPICTHUECKOM CIEKTPE COCTOAHMH 3JICKTPO-
HOB, CBY3aHHHX C ATOMAMH NPHUMECCH.

Poas npuMecei B noJaynposoaHukax. Haubosbmee sausHue Ha CBO-
CTBA TOJIYNPOBOXHUKOB OKA3HBAKOT TAK HAa3HBAaEMBIC JOHODHbIE U aK-
yenmopHhole npumecu (Mnu donoper ¥ axyenmopst). O KoHOpax MH yxe
ynoMuHanu B § 34 npu xnaccudukanuu nonynpoBogHMKkoB. Hanuuwue
NOHODHHIX MpUMeEced B KPUCTA/UIC MPHBOAMT K MOSNBJICHHIO XONOJIHU-
TENBLHHX Pa3pPEIMICHHHX SJEKTPOHHHX YPOBHEW SHEPIHH, JICXKAMMUX B 3a-
IpEellEHHON 30HE BOJAM3M AHA 30HM OPOBOOMMOCTH. AKUENTODHHE IpH-
MECH IPUBOAST K MNOABJICHHIO JOMOJHHUTENBHHX YPOBHEH B 3ampeeH-
HOM 30HE, JeXamuX BOJH3M NOTOJKA BAJIEHTHOM 30HB. BaXHOo, 4TO B
ofoux c1yyasX MPUMECHHE YPOBHH OTAE/JICHH OT COOTBETCTBYIOWMX Pa3-
PEMEHHHX 30H SHEPTeTHYCCKMMH HHTEPBAJIaMH, MAJIBIMH 10 CPABHEHUIO
C IIUPHHOU 3aNPEUICHHON 30HH.

JoHopsl. B KauecTBe NpocTOro NpuMepa AOHOPHOIO LIEHTPA B MOAY-
NMPOBOAHHUKE PACCMOTPHUM KPHUCTA/UT KPDEMHHH, B KOTOPOM ORHMH M3 y3-
JIOB pelieTkH 3aHST aToMoMm docdopa (puc. 116). Kpemuuit xpucras-
Ju3yercd B pEMETKE THna anMma3sa, e KaxAHid aToM HMEET 4YEeTHpE
6uXxaimx cocena, PacmoJIOKEHHHX B BepMIMHAX NPABIWILHOTO TET-
pasapa, B UEHTPE KOTOPOrC HAXOAMTCH paccMaTpuBaeMulii artom. Ye-
THpPE 3JEKTPOHA M3 BHEIIHEH 3JEKTPOHHON OOO0JOUKM KAaXAOIO aroMma
yuacTBywT B 00pa30BaHHM HANpPABJACHHHX KOBAJEHTHHX CBS3eil ¢ ue-
THPHMS OKPYXAKOMUMHU €0 TAKUMH Xe€ aToMaMy KpemHns. B xapruue
SHEPreTHYECKHMX 30H KPHCTAANA KPEMHHUS 3TH 3JeKTPOHH 3aHMMAIOT
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KBAHTOBHE COCTOSIHMS BAJIEHTHOH 30HHI, NPHYEM INpPH A6COMIOTHOM HY-

JIE TEMMEPATyphl 5Ta 30HA OKA3hWBAETCS IOJHOCTHIO 3AMOHEHHOM.
[Mpumecuuit atom ¢docdopa, 3aHuMarOmuH

cocemHIo0 sueiky B Tabmuue Mennencesa, si” Nsi” Nsi”

HMEeT NaTh JJIEKTPOHOB BO BHemHed obosou- \ A e

ke. Yernpe u3 HHX YyuacTBYKT B ofpa3osa- si € s

HUYM KOBAJICHTHHX CBH3EH C COCEOHMMHM aTo- |/ \ ,

mMamMe kpeMmHHuda. [larwil onexrpon docdopa S Si_
OKa3HBAETCH JHMIIHUM, OH HE HyXeH ns of- N , /
Pa30BaHUA KOBAJICHTHHX CBA3€i. DTOT 3/€KT- /S‘vs‘\
pOH He BHOMHE CBOOONEH, MOTOMY UYTO SAPO g i si”

M

aroma ¢ocdopa o00aZaACT NONOXKHUTEIBHEIM
3apanoM, Ha EAUHHLY OospmuM, yeM AApo Puc. 116.  Cxemaruueckoe
aToMa KpeMHHUs. B pesyJnTate sTOT SNEKTPOH ﬁgﬁgﬁ’:‘ﬁe:;‘;’gp:’;‘;:gfaﬁé
ABHXETcs B KPUCTAwIE 1o GonblIoi OPOHTE  ypemuus

BOKPYT TNPHMECHOIO aToMa, mnogobHO ToMy,

KaK ZBMXETCS 3JEKTPOH BOKDYT gipa B atoMme Bogopona. Ha puc. 116
3Ta opbura nokasana. PasMepH Takoil OpOHUTH BEJIMKH 0 CPABHEHMIO C
MEXATOMHHM DAacCTOSHHUEM B KPUCTAJLIC.

Bonpmoit pamep OpOHTH U Manas 3HEPTUS CBSI3M TakKoro 3JEKTPOHA
oOBACHAIOTCS TEM, 4TO CWJa B3aMMOIEHCTBHA €ro ¢ sapom atoma ¢oc-
¢dopa oc1absena AMINEKTPHYCCKUMY CBOWCTBA-

MH Cpeibl KDUCTA/UIMYECKOH DEIIETKH KPEM- ¢
HU4, U TeM, uro 3PdeKTUBHAY Macca SJEKTPO-

HAa B 30HE NPOBONMMOCTH KPEMHHUS MEHbHIE

Macchl CBOGOAHOIO 3/1EKTPOHA.

Takum o06pa3zoM, 31EKTPUYECKH HEHTpaIb- 0
HOE COCTOSIHME MPUMECHOTO LIEHTPA MOXHO e
NPENCTABHTL KAK JIOKAJM30BAHHOE COCTOSHHE
37eKTpOoHA (BJIEKTPOH CBS3aH C TNPHUMECHBIM €
LEHTPOM), NPHYEM DHEPIUS ITOTO COCTOSHUS &g

HA JAHArpaMMe 3JEKTPOHHHX yPOBHEH SHEPIHH
KPMCTAasIa JEXHT B 3alPElICHHON 30He BOIH-
34 JHA 30HH nposomumocTd (puc. 117). U3 ra- Puc. 117. Yposku sneprunm
JAOHOPOB M 2KLENTOPOB

KOTO JIOKQJIM3OBAHHOIO COCTOSHHUS 3JEKTPOH
MOXeT OHTh NepeBeneH B HEJIOKAJNHM30BAHHOC
COCTOSIHME 30HH NpPOBOAMMOCTH, €C/IHM €MY COOOIIMTL HONOJIHUTEILHYIO
SHEPrHIO, He MEHbIYK &, [IpH 35TOM HOHODHHIA WEHTD CTAHOBUTCS
HOHU3OBAHHKNM, TaK KaK HA HEM JIOKATH30BAH HM3OHTOUHHN MOJOXH-
TeJAbHHH 3apan.

DHeprus 3JeKTPOHA HA JOHOPHOM LEHTpPE cocrasaseT okoso 0,01 aB,
NeATOMY NPH OOKUYHBIX TEMIIEPATYPAX MPAKTHUYECKH BCE JOHOPHHIC ICH-
TPH MOHH30BAHH.

Axuenrtopsl. B xpucra/iax xpeMHHS H repMaHHs JOHOPAMH MOTYT CJ1y-
XHTh He TOJBpKO aroMH docdopa, HO M ATOMH APYTHX JIEMEHTOB METOM



302 VIL. QJEKTPOHHBIE CBOMCTBA TBEPJBIX TEJX

rpynnsl Tabnuus Menneneesa. B npoTHBONOIOXHOCTh 3TOMY MPHMECH
SJIEMEHTOB TPEThCH IPYNNBI B TAKUX KPHCTAJLIAX SIBJASIOTCH aKUeENnTopa-
MH. B aToM CiIyyde NpH 3aMEmEHHH OJHOTO M3 OCHOBHBIX aTOMOB KpH-
cTajia, HAOpHUMep atoMoM 6opa, Aas o0pa3oBaHMS HANDPABJEHHHX KO-
BAJICHTHHIX CBS3€H C COCCASMH HE XBATAET OJHOIO JJCKTPOHA.

IIpencraBasieTcss €CTECTBCHHHM, YTO OJHA M3 4YETHIPEX BAJECHTHHX
CBA3€i, HAMPABJECHHNX K 00py, HOJXHA OCTATLCH HEHACHIEHHOH. D10
COOTBETCTBYET OTCYTCTBHIO 3/J€KTPOHA B 3aMOJHCHHOM BAJICHTHOH 30HE,
T. €. IOJIOXUTENBHON JupKe. [IpocTpancreeHHOE NOMOXKEHHE OTCYTCTBY-
IOmCH CBS3M MOXET H3MEHATBECH, MEPEXoAs OT OXHOTO H3 COCEAHHUX C
TIPUMECBI0 aTOMOB KPEMHHUS K APYToMy.

Haun6onee mnpocTo TAaKyX CHTYaUMIO MOXHO ONHUCATH, HCNONL3YH
MPEACTABJIEHUE O CBS3aHHOM AHIPKE, ABUXYMEHCHS B KYJOHOBCKOM IIO-
e, co3paBacMoM 3(PEKTHBHNM OTPHUATENLHHM 3apSIOM —e, MPOUC-
XOXICHHUE KOTOPOIO CBH3aHO C TEM, YTO 3apsad aapa NPHMECHOTO aroma
Ha eqMHUIY MEHbIIe 3apsaa sapa aroma kpemHus. Kak u B ciayuae
JOHOPOB, 3TO MNOAE€ oCKabAEHO AMAJEKTPHUECKOH MPOHHIAEMOCTHIO
kpucraumueckoin pemetku. [lockonmeky um ana gwepku sddexTuBHag
Macca B JAHHOM CJIyYae MEHbIIEe MACCH CBOOOJHOrO 37€KTpoHa, TO pa-
auyc 60OpoOBCKOE OpOUTH IBIPKH, ABHXYHIEHNCS BOKPYT TNPUMECHOTO
IeHTPa, npocTupaercs Ha Gospmoe (MO CPABHEHHIO C TOCTOSIHHOM pe-
METKH) pPACCTOSIHME. DHEprus CBI3M ABIPKM HEBEJIHMKA, NMO3TOMY COOT-
BETCTBYIOMUN AKIENTOPHOMY IEHTPY JHEPreTMYCCKHHA YPOBEHb JJIEKT-
pOHA JIeXHUT B 3alpPCUICHHON 30HEC HEMHOIO BHINE NOTOJKA BAJCHTHOH
soun (pmc. 117).

Isipxa, cBI3aHHAA C AKUENTOPHHM IEHTPOM, MOXET OHTbh nepese-
XEHA H3 JIOKAJTHM30BAHHOTO COCTOAHHUS B HEJIOKAJIU30OBAHHOE COCTOSHHE
BAJICHTHOM 30HH, €CJIM €il COODIIUTHL AONOMHHTEIBHYIO SHEPIHUIO, Ipe-
BOCXOHSIIYI0 SHCPTUI0 HOHM3AUMH AaKLENTOPHOTO IEHTPa &,. AKUENTOp-

HBIM LIEHTP NMPH 3TOM CTAHOBHMTCH OTPHUUATENBHO 3apIXKCHHBIM.

DHeprus cBS3M ABIPKH HA aKUCIOTOPHOM ICHTPe, KaK M B CJIyyae Jo-
HODHBIX LECHTPOB, TAKXKE M3MEPACTCS COTHIMH JOJAMH 3jJEKTPOHBOJIBTA.
IMosTomy NpH OOHUYHKEIX TEMIEPATYPax ¥ AKUENTOPHBIEC LEHTPH MPAKTH-
YECKH IOJHOCTHIO MOHHU30BAHHI,

D IeXTPONPOBOAHOCTD MOJNXYNPOBOXHUKOB. [IpoBoauMocTs KpHCTALIA,
o6yC/OB/ICHHAS HAJMYUEM HOHOPOB, MOCTABASIOMMX 5JCKTPOHH B 30HY
NIPOBOTUMOCTH, HA3BIBAETCS IPOBOAUMOCTHIO n-THIIA (OT aHIUL. negative —
OTPHLATENBHHI), @ IPOBOIUMOCTb, 00YC/IOBIEHHAS AKUENTOPHHME NIPH-
MECSIMH, IOCTABJSIONIMMH MOJIOXHUTEIHHE JHPKY B BAJICHTHYIO 30HY, —
NIPOBOIUMOCTHIO p-THNA (OT AHTL. positive).

D1eXTPONPOBOAHOCTh META/UIA NPH HM3MEHEHHH BHEIIHHMX YCIOBHH
MEHMEeTCH TOMbKO H3-3a U3MEHEHHS BPEMEHH peflakCauHuH, KoTopoe 3a-
BHCHT OT TEMICPATYPH U KOHLEHTpAUUH Ne¢heKTOB KPUCTA/LIMYCCKOMN
pewerky. OgHAKO YHC/IO HOCHTENEH 3apsafioB — CBOOOAHHX 3/IEKTpO-
HOB — OCTaeTCH MOCTOSHHBIM. B mosfynpoBoiHHKE REIo 06CTOMT coBep-
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meHHo MHaue. [1aBHasg npyumHa u3aMeHEHUS SJEKTPONPOBOXHOCTH IO~
JIYIPOBOOHHKA 3aKJI0YAETCS B HM3MEHEHHH KOHUEHTDAUHUH HOCHTE/IeH
3apsga.

Co6cTBCHHBIN NMOMYNPOBOAHMK MPH AOCOMIOTHOM Hy/e TEMIEPATYPH,
KaK ¥ AUANEKTPUK, HE COOCPKHUT CBODOAHBIX HOCHTENEH, TAK KAK BaJjieH-
THAas 30HA 3aMOJIHEHA UEJIMKOM, a 30Ha npoBoAauMocTH mycta. C nosw-
meHneM TeMNEePaTypH YacTh JJICKTPOHOB NEPEXONNT M3 BAJEHTHOH 30-
HH B 30HY HpoBoaumocTH. Konuentpauus cBOOOXHHX HOCHTENEH mpH
9TOM 3aBHMCHUT OT OTHONIEHHS XapaKTepHOH TCIUIOBOM sHepruM k7T K mmu-
pHHE 3aNpEeuICHHOM 30HH.

B npuMecHBHIX MOJYNPOBOAHHMKAX MOMBJICHHE CBODOMHHX HOCHTENEH
NpH HU3KUX TEMITepaTypax CB43aHO B OCHOBHOM HE C MEPEXOAOM 3JeK-
TPOHOB B 30HY IPOBOAMMOCTH M3 BAaJICHTHOH 30HHI, a C MOHU3ALHMEN JO-
Ka/JM30BAHHHX 3JEKTPOHHEIX COCTOAHUI, SHEPTUH KOTOPHX JIEXKAT B 3a-
MPEUICHHONA 30HE.

Peanbunie KpHcTa/nBl Becerga coaepXxar npuMecH. [lostomy cober-
BEHHAS TPOBOOMMOCTL MpeobsagaeT TONBKO B OYEHL YHUCTHX MOJYIPO-
BOIHHMKOBHX KDUCTA/UIax NPH CPABHUTEJIBHO BHICOKHX TEMIIEpaTypax.
[Ipu rny6okoM oxnaxacHMH COOCTBEHHHIN NOMYNPOBORHHK HEM3OEXHO
HOJIXEH CTATH MPHMECHHM,

PacnpexeneHue HocuTeded Toxka no 3HeprusM. Kax pacnpepenens
3/EKTPOHH B 30HE MPOBOAMMOCTH MOIYNPOBOJAHHUKA U NAHIPKH B BAJICHT-
HOM 30HE M0 YPOBHAM dHepruu? D710 HyKHO 3HATh J/is MOCTPOEHUS MHK-
POCKONMYECKONH TEOPHHM DJIEKTPONPOBOAHOCTH M APYrHx Habmiomaemuix
CBOICTB, OOyCJIOBJIEHHHX 3J€XTpoHaMH. KauecTBeHHO OTBET Ha 5TOT
BONPOC MOXHO JATh, OCHOBHBAACH HA 3HAYEHUU OGe3pa3MepHOro mnapa-
metpa I', onpexensemoro dopmysioit (11) npeanaymero naparpada:
2,.2/3
r=27—. (1
m*kT

Jlerko BHMAETH, UTO STOT MapameTp MpeAacTaBaser coboil KBaApaT OT-
HomeHus Re6poineBckoi IMHEL BOJHN yacTHUH A/p, uMeromel xapak-
TEPHN TEIIOBOM MMIYALC p=Vm kT, K CpDEAHEMY DACCTOSIHHIO MEX-
ny uwactunamu (r) ~n '3 [ipm I'<<1 noseaesme HocHTEIECH TOKA
onpeneafaeTcs 3aKOHAMH KJIAcCHUYecKoM Gu3nKky ¥ ux GyHKUusS pacnpe-
JeJIeHU IO SHEPTUAM U CKOPOCTSM TaKas XKE, KaK y ra3a KJNACCHYeCcKHX
vactun. [Ipp I'>>1 neobxogumo yuuThHBATH nHpuHuun [layau, wubo
CpenHee PACCTOSTHHE MEXAY YacTHIAMH MHOTO McHmime AeOpoiteBcKoi
IVIHHB BOJIHBL. B 9ToM ciyuae, Kak M y METaJUIOB, pACHpEAC/ICHHE HO-
CUTENCH TOKA MO YPOBHAM DJHEPTMH UMEET BHJ CTYNCHBLKH: NOYTH BCE
COCTOSHHS C MMITY/JILCAMHA, MEHBIINMY UMITYJIbca DepMu, 3anOJHEHH, C
GoapmHUMHE BMIyJbcaMu — cBOOOAHBL Bce dM3uueckHe cBOUCTBA mpH
3TOM OOYC/IOBIEHE BKIANOM HOCUTENEH € SHEPTHIMM, COOTBETCTBYIOMIM-
MH 0671aCTH Pa3MBITHS 3TOH CTYNEHbKH.

B nosynpoBOJHHKAX €O CMEMAHHOK IMPOBOAUMOCTHIO, TAEC OOHOBpE-
MEHHO €CTh H SJICKTPOHH B 30He NPOBOAMMOCTH, M ABIPKH B BAJICHTHOM
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30He, mapameTp I’ ang KaXaoro TMma HOCHTECNEH MMECT CBOE 3HAUCHHE,
Moxer OnTbh, HAPUMED, TAK, YTO PACHPEACACHHE HJEKTPOHOB ONMCH-
BAETCH CTyNeHYaToOH (hyHKUMEH, a JHPOK — MAKCBEJUIOBCKOM. B ofHy-
HHX YCJOBHMSIX B NOJYNPOBOJHMKAX, HCMOMb3YEMHX BO MHOIHMX JJIEKT-
POHHHX YCTPOMCTBAX, paclpeic/ieHHe HOCHTE/JEeH TOKAa ONMCHBAETCH
KJIACCHYECKOW MAKCBEIOBCKOH GyHKuMen,

Oddexr Xonna. peacrasienne o AHPKAXx Kak 0 cBOOOTHBIX HOCHTE-
JSX TOKA C MONOXHUTEMBHHEMY 3apaaamy ObUIo BBEAEHO /1 TOTO, YTOOH
HArJIGAHO ONUCATh BKJIAA B 3JIEKTPONPOBOAHOCTb BAJICHTHOH 30HH, 1104Y-
TH LEJUKOM 3aNOJHCHHON 3JCKTPOHAMH. YOeauTe/ILHOE ROKA3ATEeIbCTBO
peaNbHOCTH MOJOXHTENBHEIX JHPOK AaeT aggexm Xosna, OTKPHTHA B

1879 r., 3370110 1O BO3HMKHOBCHHS NPEICTABJICHHUHA O CAMHX IHDPKAX.
Oddexr Xomna MOXHO HAGMIOAaTh NPU OPOXOXACHHH IJICKTPH-
JYEeCKOTO TOKa B JIOOHIX TBEPAHX MPOBOAKLIMX TENAX, MOMEINEHHHX BO
BHEMHee MarauTHoe noste. OH 3aKMI0UaeTCd B MOSBJACHHHM BHYTDH TIpO-
BOASIIEIO TEJMAa JJEKTPUYECKOrO NoJs, HanpsxeHHocth E koToporo mep-
NMEHAUKYASPHA Kak HHAyKU#M B
B BHECIIHETO MATHHUTHOIO MOJIdA, TaK
/ U IUIOTHOCTH j OPOIYCKAaeMoro ue-

' e I , bes obpasen Toxa.
- PaccMoTpuM  mpamoyronbHyo
v IUTACTHHKY M3 NPOBOASLICTO BEIe-
" /‘/ / CTBA, NMOMELIEHHYIO B OQHOPOIHOS
MArHuTHoe 1ojie ¢ ueEAykuaueil B
/ —> (puc. 118). Ilycts ok I mpony-
ckaercq uepes obpasew ciesa Ha-
Puc. 118. K ofbachenmio addexra Xonna  1IpaBO, KaK INOKA3aHO HA PUCYHKE,
U OCYLIECTBASICTCS ONHUM THUIIOM
HOCHUTEJECH € 3apalioM ¢, KOTODPHIH
MOXeET OBTh KaK MOJOXHUTEILHHEM, Tak U orpuuarensHbM. O6o3Hauus
KOHIIEHTPAUMIO HOCHTE/JeH uepe3 n, a ux apeidoByio CKOPOCTh uyepes
v, 3amumeM BHPAXCHUEC O18 CUIAH Toka [ B BUIC

I =jS=gnvld. 2)

Ilpu HanoOXEHHH MATHUTHOIO NoJAs B Ha ABMXYyIIMECH B IUTACTHHE
HOCHTE/MH ToKa acicrsyer cuia JlopeHua

Fy=%uB, (3

HANpABJECHHAA NEPNCHANKYNSPHO KAK MATHUTHOMY HOMIO B, Tak u cko-
POCTH V HanpaBJCHHOIO ABMXCHHS HocuTened. B pedyabrare Ha Goko-
BRIX IPaHSX IUIACTMHH CKaIUTMBAIOTCS 3aPSibl MPOTHBOMOJIOXKHOIO 3Ha-
Ka, co3garomue 3nektpryeckoe noie E, JeficTByromas co CTOPOHH 3TO-
rO MmoMAg Cwia

F =gE (4)
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ypasHosemusaeT cuiy Jlopenua, obecneunsas HANPABAEHHOE ABUXEHHE
HOCHUTeJNeH ToKa MNapasiesbHO OGOKOBHM TIpaHSM MiacTHHbel, Hanpuwme
3NeKTpUUecKoro noag E, nepneHauKyISpHOTO HANPABIEHHIO NBHXCHHUS
3apsaaoB, 03HAYAET, YTO MEXAY ToukaMu A ¥ C HA IPOTHBOMOJOXHBIX
rpaHsx o0pa3ua, KOTOPHIE B OTCYTCTBHE MATHHTHOIO NOJAS HMEJH OfH-
HAaXOBHH NOTEHLHAJ, TENEPh NOSBASETCS HEKOTOPAs Pa3HOCTb MOTEHIH-
anoB U, nponopuHoHanabHas HANPSXEHHOCTH nosd E:

U= Ed. (3

IMpupasuuBag npassie uacrd BHpaxeuuil (3) u (4) ¥ noacrasngas B

nonyuusmeecs pasencrso v u3 (2) u E u3 (§), naxogum
v=-L1, (6)
nge d

®opmyna (6) cnpaBengMBa Kak VI MOJAOKHUTEMbHBIX, TaK U AJg9 OT-
PHUATENbHBX HOCUTENCH 3apsaa. 3aBHCAOMA TOJILKO OT CBOWMCTB MAaTe-
puasna raactuHe (HO HE OT ee pa3mepoB) KoahPHUUEHT mporopuuo-
HaspHOCTH B {6)

R=-L Q)
nqc
Ha3wBaercs nocmosHuoid Xosna. 3Hak moctosHHod Xosna cosmagaeT
€O 3HAKOM HocHTeneid 3apsna. [lostomy ans o6pasuos ¢ SMEKTPOHHOH H
ABIPOYHOM TPOBOAHMMOCTBI0 NOCTOSHHAg Xo0J/UIa MMEET MPOTHUBOMOIOXK-
Hble 3HAKH.

Hamepenuq nmoctosHHo# X018 HEABYCMBICJICHHO MOATBEPAWIH CY-
LIECTBOBAHME MOJIYMPOBOAHUKOB KAK C 3JEKTPOHHOM, TaK M ¢ ALIPOUHOM
npoBoaUMOcTEIO. Bosnee Toro, mocrosanas Xoswia oka3anack INOJOXH-
TEJbHON M AJI1 HEKOTOPBIX METAJUIOB, HANPUMED /I Xeae3a, yTo obyc-
nosaeHo 809%,-HHM 3aMOHEHUEM JHEPreTHUECKON 30HBI, BO3HHUKIIEH M3
3d-ypoBHS 3HEPrMH M30JHPOBAHHOTO ATOMA Xese3a.

e TloueMy 3ieKTpUYeCKHME CBOHCTBA NONYMPOBOKHUKOB OYEHb CHUABHO 3aBUCHT
OT Hanuuus npumecen?

e TloACHHTE AHANOTMIO MEXNOY AOKAAHIOBAHHBIM COCTOSHHEM 3MEKTPOHA Ha
NPUMECHOM LIEHTPE W COCTOSIHUEM 3/IEKTPOHA B aTOME BOonopofa. [louemy pa-
ZHyC OPO6UTL 3MEXTPOHA, CBA3AHHOIO C NIPUMECHBIM ‘LIEHTPOM, MHOTO GoJTblie
6oposckoro paguyca ay = h* (me?)?

e UYro sBASETCA aHAOTOM MOHHU3ALMM ATOMA BOXOPOAA /IS HEMTPALHONO M10-
HOPHOIO NPUMECHOTO LieHTpa B KpUcTanne?

e  OnuunTe OH3IUUECKYIO MOIE/b NMPUMECHOTO AaKLENTOPHONO LEHTpa B NMOAY-
MPOBORHUKOBOM KpicTase. [MoueMy B paMxkax TakKoW MOOENd 3HepreTHue-
CKUe YPOBHH JIOKAN30BAHHBIX 3/IEKTPOHHBIX COCTOSHMI NeXaT B 3alpeuleH-
HOW 30HE BOAM3M NOTONKA BANEHTHOMN 30HLI?

e Kax ob6bscCHUTH MOHHM3ALHIO aKUENTOPHOIO LEHTpa, He npuberas X KoHUEMN-
LMY NOMACXKHUTENbHBIX AbIPOK, & PACCMATPHUBAS NEPEXOA NNEKTPOHA U3 COCTO-
AAHUS B BaJICHTHOM 30HE HA NPHUMECHBIN YpOBeHb?

i1 E.M. Bytukos tt ap. Kuura 3
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e B ueM coCTOUT NPUHLUMHANBLHOE PAa3AMUME MPUYHH U3MEHEHHS 3]EKTPONPO-
BORHOCTH META/UIOB M TMONYNIPOBOXHUKOB [Ipid M3MEHEHUH BHEWHMX Yycno-
BUN?

e JlosichuTe, NoveMy B peanbHbIX 00pasuax coBCTBEHHBIX IOy pPOBORHUKOB
NpH OueHb HU3KUX TeMNepaTtypax npeobiafacT MpUMECHas NPOBOKMMOCTD.

e TIloueMy MpU HU3KOM KOHLEHTPALMU HOCUTENEH TOKa B MOJYNPOBOOHHKAX UX
pacnpene/ieRue 110 3HeprusM OYIET KNACCUYECKUM, a MPH BLICOKON KOHLIEH-
Tpauuu (YHKUHS paclnpefeneHys HMeeT BUL crynmeHbku? Kak uameHurtcs
dyHKIMS pacnpeReneHUs NPy MOBbILIEHHU TeMIEpaTyphi?

e Yro takoe addexr Xonna? Kaxum obpasom oH No3BONSET CYAHUTb O 3HAKE
HOCHUTeNEN 3apsana B MccnelyeMom obpasue?

e OO6mbacHuTE, IOYEMY Ha NPOTHBONOJOXHbIX HOKOBLIX IpaHsx obpaslia B Mar-
HWUTHOM II0Jie NpH TNPOMYCKAHWK TOKA CKaI/IHBAIOTCH 3apsfbl MpPOTUBONO-
JOXKHOrO 3HAKa, XOTH 3/EKTPUUECKHUN TOK NEPEHOCHUTCH 3apARAMU ORHOTO
3HaKa.

§ 37. NMonynposoaHKHKOEbIe NpHBOPHI

TonynpoBOMHHKOBHE MATEPHAH MHPOKO MPUMEHKIOTCS B COBPEMEHHOM
anekTPOHHKE. [lonynpoBoAHNKOBEE NPUOOPH — AHMOAM, TPAH3UCTOPHI,
UHTErPAJILHBIE CXEMBI — BBITIOJIHAIOT Te X€& (PYHKIMM, YTO M 3JIEKTPOH-
HEe BaKyyMHHe gaMnsl. Ho ux rabaputH u norpebnsemas sHeprus Ha-
CTONABKO MEHBIIE, UTO OHH CACMATM BO3MOXHBIM DEemEHHUE NMPHHIMIU-
anpHO HOBHX 3ajau. Hanpumep, cOBpEMEHHHN KOMIBIOTED CONEPXHT
CTONBKO (PYHKUMOHANbHHX 3JCMEHTOB, YTO CAMO €ro CymecTBOBaHHE
BO3MOXHO TOJIEKO 0/1arofaps o4eHbs MAjoMy pasMEpPy 3THX 3JIEMEHTOB:
Ha KPEMHHEBOM MOHOKPHCTa/Ule pasMepoM okono 6,5 MM yMmemaetcs
HECKOJILKO COTEH ThICAY TPAH3HUCTOPOB, COSHUHCHHEBIX B CI0XKHYIO 3JIEKT~
PUUECKYIO CXEMY.

ITouTd BCE MOAYNPOBONHMKOBEIE MPHOODH MMEIOT B OCHOBE MOHO-
KpUCTAL1, COAEPXAuii ABe uiau Bosee o0naCTH € pPa3/JHUYHHMH NpH-
Mecamu. Ha rpanupax ofnacreit ¢ pasHHM JIETHPOBAHHEM BO3HHKAIOT
TAaK HA3HBAaeMHeE nepexodsl. [lepenann KOHUEHTpaLMM npuUMeceil B Ie-
pexone ¥ BO3HHKAIOWME 67arogaps 3ToMy 3J€KTPHYECKHE IOJS BHI3H-
BalOT LEJHNA PAX CYDIECTBEHHO HeJMHEHHHX 3ddeKkToB B 3nexTponpo-
BOOHOCTH, 61arofapd KOTODHM M (YHKIHOHHDYIOT MNOJYNPOBOXHHKO-
Buie mpubopébI.

p-n-nepexoani. [1puHuun AeicTBHUS G0MBUIMHCTEA NPUGOPOB MOXET OHThL
MOHST HA OCHOBE MPOCTEMIIETC NMEPEXOAA, HA3HBAEMOTO p— H~nepexodoM.
10T nmepexod NpeAcTasaser coboil cucTeMy M3 OBYX MOJYNPOBOAHMKOB,
HAXORSAMMXCH B KOHTAKTe, TPHYEM B OJHOM M3 HUX B KAYECTBE HOCHTEACH
npeob1afaoT MeKTPOHNM (n-TH1), a B APYyroM — AbIpKy ( p-THm).
OcTtaHoBHMCH NOAPOGHEE HA KAYECTBEHHOM ONHMCAHMHM CBOWCTB p—n-
nepexona. Takoil nmepexoq MOXeT OHTb H3TOTOBJEH MHOXECTBOM CIIOCO-



§ 37. IOJYIIPOBOJXHHUKOBKIE ITPUBOPHI 307

608, Hanpumep nuddy3neit ROHOPHHX MPHUMECEH C ORHONO KOHIA U AK-
UENTOPHHIX NMpHMeceil ¢ MPOTHBOMOJOXHONO KOHLA IepMaHus ¢ cober-
BEHHOM NPOBOIMMOCTBIO, Tak uTOOH

BO3HMK mepexol OT n- K p-of1acrty B p +eig ::e— n

4 +6,5le-©" a
OueHs TOHKOM cioe mopsmka 1074 cm. +
Cxema Takoro p—n-mepexoga nokasaHa I
Ha puc. 119. Ik
+ —_

Ecnn 6H p- u n-obnacru He 6ulIM B — 6
KOHTAaKTE APYT C APYIOM, TO Kaxpad U3 '‘— P *3jty n
HUX conepXxasna Obl onpeneIcHHOE 4HC- il *é"

JI0O HENOIBMXHHX JOHOPOB M aKIEITO- usKoe
,|_COTpOTHBIEHHE

poB, mOKa3aHHBIX Ha puc. 119a kpyx- i

KaMH C IUIIOCAMH M MHHYCAMH B HHX, &

TAKXE HOCHTEJINM — DJAEKTPOHB M mHp- || p ~ - 8

KM, MOKa3aHHHE 3HAKAMH MHHYC H > - I

nmoc (6es kpyxoukos). Tak kak aru Bricokoe

He conpuKacamoumecs ofnacTu 37eKT- CONpOTHBICHHME

pHyecKku HCﬁTpaJIbHH,uTO B KaXHOH M3  pyc 119. CxeMa p—n-nepexona, B
HHX YHCJIO HOCHTENECH 33apgaa pPaBHO  KOTOPOM p- M n-00nacTH MOHOKPH-
YKUC/Iy aTOMOB npuMecH. KoHeuHo, f6n1a- craua OTJIMHAIOTCH  TONLKO  THUIIOM
Toaps TEIJIOBOMY JBHXKEHHIO B Kaxmoi PHMEceH

u3 obsacreit MOryT BO3HUKATb H JJIEKT-

POHHO-JHIpOYHLE NapH (co0cTBEHHAs NMPOBOOMMOCTB), HO HA 3TOM pHU-
CYHKE OHH A9 NMPOCTOTH HE NOKA3AHBHL

Jnddysna a1eKTPOHOB U AbIpOK. OCHOBHDBIEC M HEOCHOBHBIC HOCHTEIH.
TMockoABKY Ha CAMOM Jene p- U n~-00JaCcTH epeXoia HAXOAATCS B KOHTAK-
Te, TO AEHCTBUTE/IbHAY KAPTUHA OTJIMYACTCS OT HAPUCOBAHHOM Bhime. Ha-
uboee BaxHoe oTanuue onpepeagercs auddysuei 3EKTPOHOB U3 IPABOM
n-obaactu B IEByI0 p-obnacts u auddy3ueil ALPOK BO BCTPEUHOM HANIPAB-
neuun. B pesynbrare stod auddysuu mapymaercs 37eKTPOHEHTpPasib-
HOCTL y TPaHHL p- ¥ n-00acTeil ¥ B nepexoie BO3HUKAET JJIEKTPUUECKOE
noJie, nNpensTcTeyomee gaasHeimeit 1uddy3un 2IeKTPOHOB U AHPOK ue-
pe3 nepexon. YCTAHaBIMBACTCS AUHAMHUECKOE PABHOBECHE, 1TPH KOTOPOM
B MPUJIETalONIKUX K NEePeXoay 061acTIX HAPANY C OCHOGHbIMU HOCUMELIMU
(anexTpoHaMy B n-00JacTH M AHPKAMU B p-06JaCTH) MOABISIOTCA Heoc-
HOGHbLE HOCUM AU ¢ 3APSAAMH IPOTHBOMO/IOXKHOTO 3HaKa (IBIPKH B n-06-
JIACTH U 3/IEKTPOHH B p-obnactu). BosHukinee B mepexone sn1eKTPUUECKOE
noJsie NPeACTaBasieT coboil NOTeHUaTbHRI 6aphep ANS OCHOBHHIX HOCHTE-
Jeil U, HANIPOTHB, «KPYTOH CKJIOH» O/ HEOCHOBHHX, CTPEMAIIMIACSH BEpP-
HYTh UX B TY 00/IACTb, TIE OHM GLLIM OCHOBHHIMH,

BosabT-aMnepHas XapaxkTepHUCTHKAa p-n-nepexoaa. JTo AWHAMMYe-
CKOE PaBHOBECHE HAPYINAETCH MPH BKJIIOYEHHH p—n-MEPeXoAa BO BHEUI-
HIOK 3JEKTPHUYECKYIO UEeNb, NMPHYEM PEe3y/IbTATH OKA3WBAKTCH COBEP-
IIEHHO pPa3fIMYHBIMU B 3aBHCHMOCTH OT NOJSPHOCTH NPHJIOXKEHHOTO K
nepexoay HampsxeHust (puc. 1196, ¢). Ecam nosnstpaocTs HanpsiXeHus
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TaKad, Kak moka3saHo Ha puc. 1196, To s1eKTpUUEcKHil TOK uepe3 p—n-
nepexox o0yc/ioBJACH ABMXKCHHMEM OCHOBHHX HOCHTENEH Kaxpoul obna-
CTH: BKJIaJ B TOK AAXOT JIEKTPOHEI, MEPECEKAIOMMUE epexoy Clipasa Ha-
JIEBO, M JHIPKH, NEPECEKAIONNE €ro cjesa Hampaso. [Ipu Takod moasp-
HOCTH MPHJIOKECHHONO HanPSXKCHHUS NOTCHUMANBLHHN 6apbep B mepexone
noHmxaercsd. UeMm 60/1bme NPUIOKEHHOE HAMPSKEHUE, TEM 3HAUUTE/Ib-
Hee MoHMXeHHe O6apbepa, M 3/7EKTPOHaM K AHpKaM Jerde auddynnupo-
BaTh uepe3 nepexoxn. [1oaTomy B oTMumMe OT oaHOPOAHOrO obpa3ua, rie
cnpasenus 3akod Oma, 3A€Ch 3aBUCHMOCTb TOKA OT HANPSIXEHUS UMEET
APKO BHIDAXKCHHHI HEAMHCHHBN XapakTep.

Ecnu npuioxeHHoe HANpSXEHHE UMEET NMPOTHBOMNOMOXHYK NOJIKp-
HOCTb, KaK 10Ka3aHo HA puc. 119@, snekTpHueckwit Tok uepes p—n-
nepexoy oO0ycJI0BAEH ABMXKEHMEM HEOCHOBHBIX HOCHTENCH KaXIou o6-
JIACTH: BKJAA B OTOT TOK RXAIOT 3JICKTPOHHl, NEPECEKAIOMME MEPEXOoN

CNE€BA HANpaBo, ¥ JHPKH, MEPECEKAIOUIHE €ro
] cripaBa Haneso. Teneps MOTEHUMANBLHHM Oapnep
B TNEPEXORE YBCAMYHMBACTCH C DPOCTOM MPHJIO-
XEHHOTO Hanpaxenus. OXHAKO A/ HEOCHOB-
HEIX HOCHTEnCH 510 HE Oapbep, a KpyTo#
cioyck. TlosroMy mpH Takofl NOMAPHOCTH TOK
yepe3 Mepexof, XOTd M CYUIECTBCHHO MEHbIIE
TOKA NpPH «IIPIMOM» TPIIOXKEHHOM Hampsxe-
Iy j HHH, HO BCE X€ OH PACTET NPHU YBEJAHMYCHHUH Ta-
Koro «obpaTtHoro» Hanpsxenud., CxeMaTHyeckH
BHI BOJBT-aMICPHOW XAPAKTEPUCTHKHU p—n-Tie-
(_ pexoaa noka3ad Ha puc. 120.
Puc. 120, BooT-ammep- OKCMOHEHIHATbHEA XapaKTep PocTa CHIL TO-
was  xapaxtepucrka K@ TIDH TIDSIMOM HANDSDKCHHH CBS3aH C TEM, 4TO
p—n-niepexona MpEOAO/CHHE OCHOBHBIMU HOCHTC/AAMH TOTEHIH-
ansHOro Gapbepa o6yCc0BJICHO HX TEILIOBHM JABH-
XeHuem: 6apbep MOTYT NPEOOAETh TOABKO AOCTATOYHO «OHCTPHIE» HOCH-
renu. Uucno HocHTe e ¢ SHEPTHeH, npesNmaomeil BHcoTy 6apeepa, npu
MAKCBEJLTIOBCKOM PAacpeae/ICHHH SKCIIOHEHIMAIBbHO 3aBHCHT OT OTHOMmIE-
HUS BHCOTH 0apbepa k xapakTepHou Temtosoit saeprua kT. Takas skc-
MOHEHMAILHAS BONBT~-AMNEPHAS XapAKTEPHUCTHKA THIMYHA /IS UACAITb-
HOMO p—n-MEPEXoAa C IIOCKON IpaHMUel MEXAY p- U n-ob1acTammy.

Ilpu ysennuenun o6paTHOTO NPHIOXKEHHOIO HAMPSXEHHA POCT CH-
Bl TOKA C HAnpsXeHueM ObICTPO 3aMemnseTcss M OH HOCTHraeT HAaChI-
LIEHUS, MPHYEM 3HAUEHHE CWIK TOKA HACHUICHUS OTHOCHTEJIbHO HEBE-
JHKO (1O CPaBHEHHIO ¢ CHION TOKAa MpPH NPSMOM HampsaxXeHuH). Manoe
3HAYEHHME CHJIH TOKA HACHIIEHHS OOYCIOBJIEHO TEM, UTO UHCIO HEOC-
HOBHHX HOCHTENEH, OCyIIEeCTBASIOMUX MNepeHoc 3apsaa npm obpatHom
HANpPSXEHHH, HEBEJIMKO U YXE€ NpPU CPABHUTENbHO HEGO/MLIIOM Hamps-
XKEHMH BCE OHH mepeceKaroT o0iacts p—n-nepexopa. Ilpu 6ossmmx
3HAYeHHaIX oOpaTHOTO HaNpsKeHHs Hacrynaer npoboil, T. e. JaBHHHOE
HApacTaHHE TOKA, MPUBOASMES K Pa3pymeHHMIO p—n-nepexoa.

Iyexp (eU/kT)]
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Hesnuuennnlit, acuMMeTpryHeIE xapaxTep 3aBHCHMMOCTH CWIH TOKA
yepe3 p—n-nepexon OT NPWIOKEHHOTO HANPSKCHUS ITO3BOJISET HCIONb-
30BaTh TAKOH IOJYIPOBOAHUKOBLIM ZHON 1151 BBIIDSIMJIEHUS NEPEMEHHO-
r0 TOKa, AETEKTHpOBaHus (HeMOAYJASUMH) M APYrHX mnpeobpazoBaHmi
JIEKTPUYECKHUX CHTHAJIOB.

Tpanzucrop. Ho6apagad B MOHOKPHCTA/UL €Ie OAHH p—n-TIEPEXOR HAH
HECKOJIPKO TAKHX IIEPEXONOB, MOXHO NOJIYUHUTb MPAH3UCMOpPbLL, UYEThI-
PeXCI0MHBIE JHONBI U APYTHE NPHOOPHI, MO3BONLIOWHE C IOMOLIBIO CJid-
OBIX CHTHAJOB YNPABAATbL HPOTEKAHUEM IIEKTPUUYECKOIO TOKA.

TpaH3uCcTOp — 3TO TPEXIAEKTPORHEIN NpubOp, aHATOTMYHLIN BAKY-
YMHOI 37IEKTPOHHO# Jamne — Tprony. OH mosydyaerca npy nocjaenosa-
TEJBHOM BKJIIOYEHHM IBYX D—MN-TIEPEXOR0B, HANIPUMED B KOHDHIYypauuu
n—p—n (puc. 121). Y3kuit c0if ¢ HIPOBOAMMOCTBIO p-THNA Kak Obl 3a-
XAaT MEXIY ABYMS CJIOSMU C 7EKTPOHHON IIPOBOAMMOCTRIO. TY TOHKYIO
001aCTh MEXOY ABYMS p—n-IIEpexonaMd Ha3bBAOT 6a30i TPaH3ucTopa,
a mpUMBIKAOOMe K Hel obmactw smummepom M koasekmopom. Ilpm
BKJIIOYEHUH TPAH3UCTOPA B IEKTPUUECKYIO HEIb [0 CXeMe, MOKa3aHHON
Ha pHc. 121, aMuTTEpOM CAYXUT JIEBBIA n—p-TIEPexon, a KOJLIEKTO-
POM — NpPaBH# p—n-NEPEXOL.

TpaH3uCcTOPHOE yCHIEHHE €1a00r0 CurHana BO3HMKAET 33 CUeT TOro,
yTo ¢1a0sll CHrHAN B LENM SMUTTEP—0a3a BBI3BIBAET CHIIBHOE H3MCHE-
Hye 0O0JIBIIONO TOKA, MPOTEKAIOMIEI0 MEXAY 3MHUTTEPOM M KOJUIEKTOPOM.

YcuauTens Ha TPau3WCTOpe. TPAaH3UCTOP MOXET OWTh BKJIIOMEH B
37IEKTPHYECKYIO LIETb MHOrMMHU Criocobamu. Ipocreituias cxema ¢ obmei
6azoit Hanbosee ynobua nig ananmsa paborsl TpaHsucropa. K amurrepy
(meBoMy mepexony Ha puc. 121) npunoxeHo npsaMoe NOCTOSHHOE HATIPA-
xeHue okoso 1,5 B. Conporusnenne Ry, mopagka SO0 Om. Ha uero u mo-
Aaercs NEPEMEHHELIN CUIHAM, KOTopsli Tpedyercd ycunuts. K KomiekTo-
py npuiaoxeHo 60see BuCOKOe o0paTHOE HAmpAxeHuwe, Hampumep 9 B.
Conporusnesne R, B BRIXOHOM nenu umeer nopsaok 104 Om. C uero
CHUMAETCH YCHJICHHBIA CHTHAN.

Dnextponn, npopudbyHnuposaswme w3 smurrepa B 6asy, cTaHo-
BATCA TaM HEOCHOBHBIMM Hocutedamu. B obiacru cnaboro mond Mexmy
n—p- 1 p—n~IepexofaMy OHY ABMXYTCH XAOTHYECKM K MOTYT OKA3dTh-
cs BOMsu p—n-nepexona, oraensomero 6asy or kosutekropa. 371ech
OHM OKa3bIBAIOTCA B 00IACTH CHJIBHOIO MO, 3aTATMBAIOMEIO MX B KOJI-
nexkTopHhuii nepexoa. Ilpu 3ToM 371eKTPOHBI IPHOOPETAIOT AOTONHHTE h-
HYI0 DHEPIUIO OT MO, TAK KAK CIYCKAIOTCH 110 «KPYTOMY CKJIOHY» 3TO-
ro nepexoaa. Ilpoxoas uepes KOMIEKTOPHYIO LIENb, OHU CO3JAI0T HANps-
XKEHHE HA BHIXOJHOM COMPOTHBIEHUH R, ., KOTOPOE NPEACTABJISET COOOH
VCWJIEHHRIA OTKJMK HA CHCHAM], MPUAOXEHHBIH K Oaze.

TlpH #OCTATOMHO TOHKOH 6aze GosbHIAS HOAA 3JEKTPOHOB, MPOHHK-
mux B 6a3y uepes nepswiit n—p-nepexox (99 % u Gonee), npoxopur ue-
pe3 xomrexrop. Hoatomy adpdextusrocts npubopa senuka. Koadduuu-
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eHT YCWICHMS MOXHO OLEHHTD clexywomuM oOpasom. IToutu Bce Hanps-
XEHHE B IEMH IMHUTTEPA NMPHXONATCS HA BXONHOE COMPOTHBJCHHE R, ,

MO3ITOMY TOK Yepe3 SMUTTEP MOXHO 3ammcarb Kak Uy /R, . Ecan Bech

3TOT TOK MPOXOAHT 4Yepe3 KOLIEKTOp, TO HAMpsXeHHe Ha BEIXOXHOM CO-
NpPOTUBJICHUH OyNEeT NpEeBHMATh HAaNpsXeHHe HA BXOAHOM B R, /R,

L 1.4l
-} 1|
L -
Basa
Bxon []RgMouoxpucramu- Rc[ Brixon
- uecknit Ge | -
\ |
1%
Imurrep n-tun ) petun | KOVIEKTOP
p-Tin

a

Puc. 121. Cxematiueckoe M306paxeHne TPaH3UCTOPa, B KOTOPOM ABE 1-001aCTH MOHO-
KPHCTAJLIA Pa3AENEHbI Y3KO¥H 061acTbIO C POBORMMOCTBIO p-Tina (a) M ycroBHoe M3olpa-
EHHE TAKOIO TPAHIUCTOPA HA NEKTPHUUECKUX cxeMax (6)

pa3. Bo cronbko xe pa3 Bo3pacTaer MOLIHOCTh BBIXOAHOrO curuana. Hc-
TOYHMKOM MOIHOCTH, BHNCAJIOMEHCS HA BHXOIHOM CONPOTHBICHHY,
aBasercs 6atapes, BKAIOYEHHAS B LEOb KOJUIEKTOPA.

TpauzucTOp ¢ p—n— p-CTPYKTYpoil paboTaeT TaK Xe, KaK TOJBKO UYTO
OMMCAHHEIA n— p—rn-TPAH3UCTOP, HO TOIBKO 31ECHh NEPEHOC 3aPAAa U3 Le-
O¥ 3MHATTEPa B LENb KOJUIEKTOpa uepes obnacrb 6asH OCyIIeCTBASETCS
NOMOXHTENbHHMH AHPKamMu. [10aTOMY Bee HanpSXeHUS 306Ch HMEIOT 06-
PaTHYIO MOMAPHOCTS.

Hnterpanbuble CXeMpl. B pasiHuHHX 3neXTpOHHHX npufopax TpaH3H-
CTOPH, IMOIH, PE3HCTOPH , KOHAECHCATOPH COCAMHSIOTCS B CIOXKHHE 31EKT-
puuecKHe uenu. PassuTie TEXHOMOIMH B TEUEHHE TOCEAHUX RECATIIETHH
MO3BOJIKJIO CO3AATE TaK HA3KBaeMule G0NbIIne HHTErPaIbHEE CXEMH, B KO-
TOPHIX TPaH3HCTOPH, AMOAK, CONPOTHBJICHAS M EMKOCTH MOXHO MOMYYATD
B OXHOM MOHOKPHCTaJLIE (TUTaCTHHKE KPEMHHUS HJIM repMaHus), bopMupys
MHKPOCKOIMHYECKM MANHE p- U 7-001acTH. 3aTEM ITH 3/IEMEHTH CBA3BIBA-
0T ApYr € APYTOM, METAJUITM3MDPYS COOTBETCTBYIOIME YYACTKHM MOBEpX-
HOCTH KpHcTaana. KOHZEeHCATOPH B TakOM KPHCTA/UIE AENAIOTCS C To-
MOMIBIO OKCHAHMX MOKPHTHHA, HapaiqMBaeMuX Ha noBepxmuoctH. Murer-
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pasibHas CXeMa Ha OXHOM MOHOKPHCTAJLTE MOXET BHIIOMHATD QYHKIHAH L~
Jioro npu6opa, HampIMep NPOLECCOPA B KOMITBIOTEDE.

Ceeromuonst. IMonynposogsukosne MpHOOPH, KPOME 3AEKTPHYECKHX
uene#, HaXOAAT elle M LEAHN PAR APyruXx npuMeHennii. Baxuehmmmu
M3 HUX ABJASIOTCS ONMTHYECKHE MPHMEHEHHS: CBETOM3IyYalomue THOAN |
Jla3zepH Ha p—n-TIEPEXONaX, CONHEYHHE GaTtaper, XeTEKTOPH H3/IyueHHS
M TEHEPATOPH MHKDPOBOMHOBOTO M3JIyYECHHS,

OKasHBaercs, YT0 p—n-nepeXoit, H3TOTOBJCHHEIE HA OCHOBE COEIN-
HEHHMI 3/IEMEHTOB TPETbel M naroi rpynn rabmuun Mennmeneesa A3BY,
Takux, xKak apcenun rawms GaAs, ¢ochun rammms GaP, arTnmonMg
uHaug InSb, Moryr npeoOpasoBHBaTh HH3KOBOALTHHI INEKTPHUSCKHHA
TOK B CBET C NOBOJIbHO BHCOKOM 3 (dexTHBHOCTBIO. DTO ABJIeHHE, HA3H-
BaeMOE INEKTPOMOMHHECHEHIMEN, ORUT0 OTKPHTO eme B Havaae XX Be-
Ka B Kpucrasnax xapbuna xpemuns SiC.

Hau6onee a¢dexTnBHAS 3JEKTPOMOMHHECUEHIMA MOXET OHTE OCy-
LecTBJIeHa B p—n-nepexone, rae, NPonyckas TOK Yepe3 KOHTaKT, MOX-
HO CO3JaTh BHCOKYK KOHIEHTPALHIO HEOCHOBHHX HocHreneid., Onruue-
CKOE HM3JIyUYCHHE BO3ZHHMKAET NpPH PEKOMOMHALMM 3/IEKTPOHA M IHPKH,
T, €. B NPOLECCE MEPEXOAA IMEKTPOHA M3 30HH MPOBOZUMOCTH B OHO M3
cBOGOAHKX COCTOSIHMI BafICHTHOH 30HH. DHEPrus HCMOYCKaEMOTO IpH
3TOM CBETOBOIO KBAHTAa M, CJIEXOBATENbHO, YaCTOTa H3JIyyeHHs ONpene-
JISIOTCS Pa3HOCTBIO SHEPrHil /IEKTPOHA B HAYANBHOM M B KOHEYHOM CO-

Eh EA
E, Ao Eg Ao
M% ﬁ4 =~ Epy
a 6

Puc. 122. Cxema IHepreTH4ecknx 30H B KPHCTALIAX A%BS Ha PHC. @ NOKAa3aHO PABHOBEC-

HOE pacnpeaeseHne NEKTPOHOB N0 YPOBHAM 3MEPrHH, TIPH KOTOPOM CBET NOrNOIIAETCHA, 2

Ha PHC. 6 — CHJIBHO HEPABHOBECHOE PACNPEACNCHHE INEKTPOHOB C HHBEPCHE!H 32CENEHHO-
cre#t, HeobX0oaMMOe AN YCUIEHHUA CBETa

CTOSHHSX. DTa IHEPrHs HECKOJABKO QONbIIE MIMPHHH 3anpelmeHHod 30-
HEH, 3 COOTBETCTBYIOLIAS 4acTOTa y COMBIIMHCTBA MCMOJMB3YeMHX KpH-
CTAJUIOB MPHUXOAMTCS HA BHUOMMYIO WiH GAMXHION uHppaxpacHyo o0-
nacts cnexkrpa. Tak, CBeTOgMOAM H3a OCHOBE TBEPHOIO pPacTBOPa
GaAs,_ P, ucnyckalor xpacHmi#i cBer, a Ha ocHope GaP ¢ mpumechio
asora — 3€JICHHIH CBeT.

Bufop Marepnanos THna coenmxenuﬁ A’B% nponukToBaH TEM, UTO
y HMX JHO 30HH IPOBOIHMOCTH M TMOTOJIOK BAJNIEHTHON 30HH Pacroso-
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XeHbl B OJHOW TOUKe MPOCTPAHCTBA MMMOYJbCOB mpn p =0 (puc. 122).
DTUM OHM OT/IHYAIOTCH OT TEPMAHHS M KPEMHHUS, Y KOTOPHX MHHHMY-
Mbl 30HH IPOBOJUMOCTH DACIOJOXEHH MPH OTJMYHBIX OT HYJs 3Haue-
HUSX KBasSHHMIYJbCa, B TO BpeMs Kak MAaKCHMYM BAJIEHTHOM 30HBHI
TIPUXOAUTCS HA 3HaueHue p =0.

B sreMentapHoM akte moromeHds (orona ¢ ofpasosaHMeM maphl
9/7IEKTPOH—ABIPKA M B o0paTHOM mponecce pexOMOMHANHMH 2/71EKTPOHA M
AOBIPKM C HCnycKaHueM ¢oroHa HApAOy ¢ 3aKOHOM COXPAHEHHs DHEPrMH
JOJDKEH BBIMOJHATHCS 3aKOH cOxpaHeHus umnynabca. UMnyisc dorona
Aw/c HACTONIBKO MAJ 110 CPABHEHMIO C XAPAKTEPHLIMY 3HAUYEHUIMH KBa-
3UMMIYJIBCOB 3JIEKTPOHA M ABIPKH IIPU JAHHOM TEMIIEpATYpe, YTO Ha
puc. 122 onrtnueckue nepexoas! u300paxaioTcs BEPTUKANbHBIMHM CTpEI-
kamu. HanpuMep, npn peKoMOMHAUMH 3JIEKTPOH MOXET MEPEHTH M3 30-
HBI TIPOBOAMMOCTH TOJIbKO B TAKOE HE 3aHSATOE COCTOSHUE BAJICHTHOH 30-
Hbi, KOTOPOMY COOTBECTCTBYCT TAKOC XC 3HAUYCHHUC KBA3IMHUMIIY.JIbCA, Ka-
KOe OBIO y HEro B 30HE MPOBOAHUMOCTH.

IIonynpoBOAHUKOBbBIE Jazepnl. CIIOHTAHHLIE MEePEXOXBl JJIEKTPOHOB M3
30HBI TIPOBOAMMOCTH HA CBOOOAHBIE MECTA B BAJIEHTHOH 30HE B CBETOAM-
042X CONMPOBOXIAKTCS HEKOrePEHTHHIM ONTHYECKMM H3JIyYEeHHEM, TaK
X€, K4aK M CTIOHTAHHBIE NEPEeXOfbl M3OMHPOBAHHOTO ATOMA U3 BO30yX-
AEHHOIO COCTOSHUSA B OCHOBHOe. Jlng MOJIyyeHHUs KOTEPEHTHOIO ONTHYE-
CKOIO M3JYUYEHHs, T. €. I CO3AAHMA JA3epPa, HYXKHO 0DeCeuuTs yCio-
BHA TpeoONafaHus BHIHYXIEHHOIO M3JIyYeHUs Hall COOHTAHHHIM. B mo-
JIYIIPOBOAHHUKOBOM Ja3epe, TaK Xe€, KaKk U B rasoBOM, KOrepeHTHOE

Tox

Konrakr
3arpybsiennas
MOBEPXHOCTb

AxTHBHAS
ofnacte

oxepemnoe

Konraxr H3JTIyYEHHE

Puc. 123. Cxema ycTpoicTea NonynpoOBOAHMKOBOIO Jladepa

BLIHYXICHHOE H3JIyYeHHE BO3IHHKAET IIPH MHBEPCHM 3ACEIEHHOCTEH
DHEPIeTHYECKMX YPOBHEH BAJIEHTHOM 30HHI U 30HEI IIPOBOAMMOCTH, KakK
MoKa3aHo Ha pHuc. 1226. Takyio uHBEPCHIO 3aCENIEHHOCTEHN ITOJIYUAIOT My~
TEM HAKaUKH 3JEKTPOHOB IPONYyCKAHUEM TOKA uepes p—n-nepexon. 06-
paTHas CBsI3b HM3Jy4YeHHI C AKTHBHOM cpepod, HEOOXOAMMASR IJIg BO3-
HUKHOBEHHMS J1a3ePHOM TeHepaluMu, peaiuayerca 61arogaps TATeNbHO
OTIOJIMPOBAHHBIM NAPAJLIEIbHBEIM GOKOBHM rpaHaM MOHOKpHCTaLIA, 06-
pasylomuM ontuueckuil pesonarop (puc. 123).
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®@otoauonpl. [TonynposoaHukoBbie npHOOPHI, B KOTOPHIX HCIOMB3YETCH
obpaTHel mpouecc npeoOpazoBaHUS IHEPrUM H3AYYEHHS B IEKTPH-
4YECKYyI0 JHEPrHiO, Ha3ulBAOTCH ghomoduodamu. OHH HAXOHAT MIHMPOKOE
NPUMEHEHME B COMHEUHBIX Oarapeax.

Posb npouneccos pexomOuHanuu. [Ipusenersoe BHIIE OMMCAHNE TIPUH-
UM AeHCTBHS MOJMYTIPOBOSHUKOBHX NPHUOOPOB COAEPXHT PAX YIIpoIle-
Hui. [71aBHOE ynpomeHue 3aKI0UaeTcs B TOM, YTO He PACCMATPUBANACDH
poJIb TNpPOLECCOB PEKOMOMHAUMM 9JEKTPOHOB M AMIPOK. Mexnmy Ttem
HMEHHO PeKOMOMHALIMS ONpPEAE/IsSeT MHOTHE XdPAKTEPHHIE YEPTH 3JIeK-
TPOHHHIX SBJIEHHIA B IIOyIIPOBOAHMKAX.

B HEKOTOPHIX NOJTYIPOBOXHUKOBHIX LIENSX, HANPUMED B p—n-Tepe-
XOfAe, TNPY HPOXOXAEHHH HIEKTPUUECKONO TOKA NPOMCXOAUT CMEHA TH-
na Hocuresaed Toka Baosb nenu. Ecm B n-ofsacTv TOK mepeHocdT
IJIABHEIM 06pPA30M 3JIEKTPOHBL IIPOBOJHMMOCTH, TO B p-00/1acTH 3TOT Xe
TOK NEPEHOCAT ITIABHHM 00pPasoM ABIPKH BAJEHTHOM 30HBL, DJEKTPOHH
M ABIPKM JBHXYTCH B TAKOM LIENM HABCTPEYy APYr APYry, npubimxa-
I0TCS K p—n-Tepexopy M, Hepecekasd ero, CTAHOBATCH HEOCHOBHBIMH
HocuTteasamu. I1OBBIUEHHAS KOHLEHTPANMS HEOCHOBHBIX HOCHTENCH B
APUMBKAIOMUX K p—A-TEPEXOAY YYACTKaX [PUBOJUT K MHTEHCHBHOMN
pPEKOMOMHAINHA 3EKTPOHOB ¥ ABIPOK.

Ananornusbiil peKoMOMHAHOHHBIA MEXAHU3M «Iepenaud scradern»
OT HOCHUTEJICH OZHOTO TUNA K APYTMM MMEET MecTo BOM3M KOHTAKTA HO-
BOASAIENO METAJUTMYECKOIO IIPOBOAHMKA C TOJYNPOBOAHUKOM p-THIIA.

SIBHOE pACCMOTPEHME pOJM HPOLECCOB PEKOMOMHAIMM [O3BOJSET
OOBbACHUTh OCHOBHbBIE OCOOEHHOCTH AEHCTBHHA TPAH3MCTOPOB. [ HOp-
ManpHO# paboTH TPAH3UCTOPA HEOOXOOMMO BHINOJHEHHE JBYX BAaXHBIX
ycaosni. Ipexnae scero 6aza ponxuna OuITh ZOCTATOUHO TOHKOM. Kpome
TOr0, KOHIEHTPALMS IPUMECEH B IMUTTEPE JOIXHA HAMHOIO NPEBOCXO-
OUTh KX KOHIIEHTpAUMIO B Oase.

O ToMuMHE H JerHpoBaHAn 0a3nl TpansucTopa. Tonkag 6a3a xena-
TENbHA II0 HECKOMbKMM OpuumHaM. Bo-nepssix, mna 3¢dexTusHoM pa-
GOTH HEOOXOAMMO, YTOOH B KOJJIEKTOP NONAMN BCE T€ HOCHTEIH, KOTO-
pule NOKUHYIHU 3MuTrep. Ho HeKoropule n3 HocuTeNei nensbexHo OyayT
nudGyHaMpoBaTh K JJEKTPHUECKOMY KOHTAKTY 0a3nl BMECTO TOTO, UYTO-
Onl, nepecexas 0a3y, MOXOAMUTH A0 KoiekTopa. Hons 3neKTpoHOB, Ha-
HEeAmHX AOPOry K 06a30BOMy KOHTAKTy, 3aBHCHT OT reoMerpud 6assl u
TEM MEHBIIE, YeM TOHbime 0a3a. DTOT TOK, KOTOPHIA HA A3HKE BAKYyyM-
HBHIX JTAMI MOXHO HA3BAaTh CETOMHBIM TOKOM M KOTODHIH ROMXEH OHITH
KaK MOXHO MEHBIIE 10 CPABHEHHIO C TOKOM B LEnH SMuTTepa (KaToma),
TeM MeHblie, YeM TOHbIIe 6a3a.

Bo-BTOpBIX, ¢ YMEHBIIEHHEM TOJMMHBI 033K NAAaeT BEPOSTHOCTD TO-
FO, YTO SMUTHPOBAHHHI IEKTPOH peKoMOHHHUpYeT B Oa3e, Ipexne ueM
nponuddyrmmupyer x kowtekropy. [Tockonbky TOK TpaH3ucropa B 6ase
CO3AaeTCs HEOCHOBHHMM HOCHTENSMM, HX PexoMOMHAIMS BecbMa Bepo-
ATHA M AOKHA OHTH CBEEHA K MUHHMYMY.
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B-TpeThuX, XapaKTepHCTHKHM TPaH3HMCTOPA YXYAWAIOTCS MpPH BHCO-
KHX YaCTOTax CHTHAJIOB M NPEAE/TbHAS YACTOTA OMPEAENSETCS B OCHOB-
HOM TtonmuHoi 6a3sn. IIpuGop MoXer yHOBNETBOPHTENBLHO paboraTs
TOJBKO O TeX nop, noxa spems audysnu Hocureneit uepe3 6asy MeHb-
nie nepuofa KojeOaHMi YCHIMBAEMOIO CHTHAJNA: €C/IM HAMpPSXEHHE MO-
MEHSET 3HaK Mpexae, YeM GOJBIIMHCTBO SMHUTHPOBAHHHX 3JIEKTPOHOB
nepeceuer Ga3y, OHM yXe He NaAyT BKJana B TOK LEMM KOJUIEKTOpA.

Jlerko NoHATL M NPHYAHY TOrO, MOUEMY CTEMEHb JIETHPOBAHUs 6asn
AOMXHA GHTb CYMIECTBEHHO HIXE, YEM y IMATTepa. Bo-nepBux, uem BH-
uie CTeneHb JErnpoBaHus 6asH n—p—n-TpaH3uCcTOpPa, TeM Gombme oHA
comepXxuT aHpok. CaenoBare/bHO, B BEPOSTHOCTD TOTO, UTO 3JIEKTPOH pe-
KOMOMHHMpYET C ANPKOi npexnae, YeM AOCTHTHET KOJUIEKTOpa, Gonbiue, a
3T0 HeXenaTe/bHO. BO-BTOPHX, KOrAa K IMHTTEPY NPHIOXKEHO HANpsKe-
HME B [IPSIMOM HAMPABJIEHHH, BO3HHKAET HE TOJILKO OTOK /IEKTPOHOB U3
aMurrepa B 6asy, HO M AHPOUYHHI nOTOK U3 633 B amurrep. Yrobu na-
Pa3UTHHIA MOTOK M3 6a3H B HMUTTEP 6B MHOIO MEHbIUE NOTOKA H3 IMUT-
Tepa, CTeneHb JErupoBaHAs 6asH A0/XHA OHTH MANOM.

PexoMOHHauMs B na3epe. PexoMOMHALMSA 3/1EKTPOHOB M JHPOK HIrpaer
6onbmyio posb M B paboTe mOMYNPOBOAHAKOBOIO J1asepa, rae HHBEpCHaAs
3aCENICHHOCTD ROCTHIASTCH IPONYCKAHUEM TOKA Yepes p— n-nepexoxn, mpH-
BOASAIIENO K YBEJHUEHNIO KOHLEHTPAIMH HEOCHOBHHX HOCHTENEH mo obe
cTOpoHH nepexona. Béausu p—rn-nepexona uger pexoMOuHALMA 31EKTPO-
HOB # AHPOK. [TpH HU3KKMX 3HAUECHASX CHIH TOKA Mpeobnaxamomei MoxeT
6HTb Ge3nanyyaTeabHas PeKOMOHHALMS, HO KOTA HEPaBHOBECHHE KOH-
UEHTPAHN HEOCHOBHHX HOCHMTENEH CTAHOBITCS NOCTATOUHO Gosabmuymu,
Bce 6osbmee 3HaueHNE IpHOOpeTaeT pexoMOMHALMS ¢ HCTTYCKAHHEM (POTO-
HOB, NPHMBOZAINAS K HEKOTEPEHTHOMY ONTHUECKOMY M3NydeHmo. [lpu
oueHb 60IbMMX KOHUEHTPAUMAX HEOCHOBHHE X HOCHTEJIEH, KOIAa CO3AaeTcs
VHBEPCHs 3aCENEHHOCTE M BHHYXIEHHOE Majnyuenne npeobiagaer Hax
CIOHTAHHKM, HCIYCKAEMHI CBET CTAHOBHTCS KOPePEeHTHHM,

e Yro rakoe p—n-nepexoa? Kak oH ycrpoex?

e Kakue npHuMHBI NPUBOAAT K MOABJEHMIO 3/IEKTPHUECKONO NOMA M MOTEHLIM-
anbHoro 6apbepa Ha rpaluue p- U n-obnacreir?

e YT0 Takoe ocHoBHble M HeOoCHOBHBle HocuTenu? IToueMy HEOCHOBHblE HOCH-
TeNHu 3apaja cocpefoTodeHbl BOAM3M p—n-nepexoaa?

e [louemy aneKTpuueckoe rnofie B p—n-nepexone npeacrasnser coboii 6apbep
LIS OCHOBHBIX HOCHMTENEH ¥ KPYTOH CK/OH AN HEOCHOBHBIX?

e Kaxk usmensercs noTteHuMaNbHblil Gapbep MeXay p- M n-obnactamu npu
NpHUJoXeHMH K HEMY NnpsaMoro ¥ obpaTHoro HanpsaxeHus?

e Yem o6bACHSETCH acHMMETpHUHBI BHA BONMLT-aMMEPHONH XapaKTepHCTHKH
p—n-nepexona?

e Hapucyfite cXeMbl ORHOMONYMEPHONHOTO M ABYXMOAYREPHONHONO BHIMPAMH-
Teneit ¢ UCMoAb30BAHUEM MOMYNPOBOXHUKOBBIX JHOKOB.
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Kak yctpoen TpaHsucrop p—n— p-tuna? Onuinre, Kak o paboraer B cxe-
Me ycunuTens ¢ obuieit 6asoii.

Paccmorpure paboty B KadecTse yCHIMTENS TPaH3WCTOpa p—n-—p-Tuna. B
KaKoi MoJApHOCTH HJONMXHB ObITh BKJIIOYEHB MCTOYHMKH [OCTOSHHOMO Ha-
NpAXeHUs BO BXOAHOM M BbIXOAHOM Lenax?

Kak ouesutp K03 PHLMEHT ycHlerus TpaHaucTopa?
YTto Takoe MHTerpansHas MHUKpocxema?

MosacHKTe, NoYeMy NoJynpoBOKHHUKOBblE KPHUCTANABI JIOMOLAIOT H U3NYYaloT
CBET B BMAUMON W GiMxXHelt MHPpakpacHoli obnacTy cnexkTpa.

Kakue 0COOEHHOCTH CTPYKTYPblI 3HEPreTHUeCKMX 30H KPMCTaN/I0B TMMa
A3B? onpenensioT HX npuMeHeHWe B KauecTBE MaTepHana Aff M3rOTOB/ECHMA
CBETOAKON0B M MONYNPOBOAHUKOBBIX Jia3epoB?

Kakyio po/ib MUrpaeT 3aKoH COXpaHeHMs MMIy/bCa B Npoueccax B3aumMogeli-
CTBMS CBETA C EKTPOHAMM M ABIpKAMM B IOy POBORHMKAX?

Kakum 06pa3oM OCYILECTBSeTCS MHBePCHS 3aceNeHHOCTell B MOMyNnpoBos-
HUKOBbBIX Nlazepax?



Viii. ATOMHOE QPO U INEMEHTAPHbBIE YACTHLLbI

§ 38. CrpoeHue aromHOro sppa

CymecTBOBaHUE ATOMHBLIX SIAED BIEPBHIE OBUIO IKCIIEPUMEHTANILHO JOKA-
3aHO B 3HAMEHUTHIX onuTax Pesepdopaa no paccessmio anvda-yacruir.
B 3Tux OmHITAX yaajoch TAKXE yCTAHOBUTL pa3mepnl aapa. Okasanocs,
uyto guaMmerp sapa mmeer nopsmox 1072—10713 M, B wmrore Bosmmkia
IUTAHETAPHAS MOJEAb aToMa, KoTopad ORLIAa AETaabHO pa3paboraHa
H. Bopom. Teopusa Bopa mo3ssomuna oObscHuTh MHOrMe HabomaeMsie
CBOMCTBA ATOMOB.

AtoMuoe AApPO Ha 3eMiie M B KOCMOCe. MHOTOUHCIIEHHBIE OIBITHLIE
thakrer, Takue, KaK €CTECTBCHHAS M WUCKYCCTBEHHAHd DPAgHOAKTHUBHOCTD,
SAIEPHBIE PeaK1MK, CBUACTEIbCTRYIOT O CJIOXKHOM CTpoeHHu aapa. OgHaxko
B OKpPyXalomeM HAC 3eMHOM Mupe aTOMHBIE SApa, KaK IPaBWiIo, CymIecT-
BYIOT TOJIbKO B CBOMX OCHOBHBIX JHEPreTHUECKUX COCTOIHUIX. BoabiunH-
CTBO 9aep BeRyT ce0d COBEPLIEHHO NACCUBHO, BHICTYNAS JIUIIb HOCHTES-
MH JeKTPHYECKOTO 3apsSfa M Macchl, ¥ HUKAK He IPOABJISIOT CBOMX BHYT-
PEHHUX MUHAMHYECKHX CBOHCTB. MakTuveckn HA 3emie Bce MHTEPECHBIE
ANEPHLIE IBJICHUS IIPOUCXOASAT TOJIBKO B CO3A3HHOM PyKaMH UEJI0BEKA MC-
KYCCTBEHHOM MUPE 9XEePHBIX PEAKTOPOB ¥ YCKOPHUTEAEH 3aPIKEHHBIX Ya-
crun. Haubosiee Bneuat/isiomue SBJIEHUS PASLITPHIBAIOTCH B MMTAHTCKHX
YCKOPHTEIX, CIOCOOHBIX COODMIUTD PA3rOHIEMEIM YACTHIAM- «CHAPATAM»
OrPOMHBIE JHEPTUH, HE BCTPEUAOmuecs B OOBUHBIX yCIOBHAX.

Wnaue obcrour apeno B Macwradbax BceneHuoi. JHeprernueckue
[peBpAmEHU, NPOUCXOAAIIME B HEAPAX 3Be3d, KBA3apOB U JIPYrUX KOC-
MHYECKNX OOBEKTOB, — 3TO aPEeHAa MpPOSBJCHUS AHHAMHUYECKHX CBOMCTB
4IEp M JIEMEHTAPHHIX 4acTHn. B KOHEYHOM HTOre MMEHHO 3THM IIPO-
1eccaM Mul 0093aHEI BCEMH JOCTYNHBIMM HA 3eM/Ie MCTOYHMKAMM SHEp-
rmu. W cam coctaB OKpyXAlOmero Hac CEerogHs MATEPUATBHOTO MHpA
mpeacrasaserT cof0i IMpOAYKT SREPHBIX pPeakuuit, IPOMCXOASIMX Ha
DpPOTSXEHMM HCTOPUHN BeeseHwHoM.

Cocras atoMHOro sapa. Ilo cospeMeHHbIM NpeAcTaBIeHUIM 9IpPoO aTo-
Ma JI000ro 3J1EMEHTA COCTOUT U3 NDOMOHOG N HelimpoHOG3, HA3KIBAEMBIX
nykaonamu. OCHOBHBIE XapAKTEPUCTHKH CTAOWIBHHX S7ep — 3TO 3apsi-
dogoe uucao Z, paBHOE YMCIY [POTOHOB, BXOASIIMX B COCTaB Hjpa, 4
Mmaccogoe vucnao A, PaBHOE HOJHOMY YHCAY HYKJOHOB B sape. Uucio
N HeHTpOHOB B sifpe, OYEBUAHO, PABHO pa3HOCTHM A — Z.
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Tak xax 3apga npoToHa DpeacTasasgeT coboil IneMEHTapHHLH ojo-
XHTeAbHBN 3apsaR e = 1,6-1071% Ku, to anexrpuueckuit 3apax sapa pa-
BeH Ze. B HefiTpaspHOM aTOME MOJHOE YHCJIO JIEKTPOHOB B JJIEKTPOH-
HOH obonouke pasHo Z. [Toaromy sapsamosoe uncyio Z sapa COBOANAET ¢
MOPAAKOBRIM HOMEPOM 3JIEMEHTA B IEPUOZUUECKON cHcTeMe Mennencena
M ONMpeResseT BCE €r0 XMMHYECKHUE CBOMCTBA.

Hapsny ¢ TepmMuHOM «gapo aToMas» HCIOAb3YEeTCd TAKXKE TEPMHH
nyxaud. HyKIMZE ¢ OJUHAKOBRIMYA 3aPANOBLIMH UHCAAMH Z, HO PasaHy-
HBIMY 4YHMCJIAMU HEHUTPOHOB N, HA3WBAKOTCAd U3omonamiu, TAK KaK COOT-
BETCTBYIOT OJHOMY M TOMY X€ XUMHUYECKOMY IJAEMEHTY, T. €. ORHOMY H
TOMY Xe MecTy B Tabmuue Menmeneesa. XuMUUECKHE MEMEHTH MMEIOT
[0 HECKOJIbKY W30TONOB ¥ B IPUPORE BCTPEUAIOTCH B BUJE CMECEH onpe-
AEJIEHHOTO IIPONEHTHOTO cOCTapa. HyXIuAH ¢ ONHMHAKOBHIMHE MAacCOBKIMH
yncnamu A, Ho ¢ pasanyEnivu Z u N, Haswsawrca usobapamu (T. €.
OAMHAKOBO TSXEJILIMH).

Maccu npOTOHOB M HEHTPOHOB OUYEHb OJMM3KM: MAacca InpoTOHA
m, = 1836,15m,, macca we#irpona m, = 1838,68 m,, rae m =
=0,91095-10"3 kr — Macca anekTpona. [loaToMy Macca HyXauaa
NPaKTHYECKH OINPENEATeTcs OOmMUM UHCIOM A BXOASMHMX B HErO HYKJIO-
HOB, a HE 3HaueHuaMu Z u N. 3a aTOMHYIO equHHIy Maccsl (a. e. M.)
npuauMaror 1/12 yacts Maccn Hykanaa m3orona yrnepona ‘2C, conep-
xamero 12 Hyxaonos. I103TOMY B aTOMHBIX E€IMHHIAX Macca Jroboro
HYKJIOHZ IIOUTH HE OTVIMYAETCH OT eNWHUNBL. B 3TuHX enuHMmax Mmacca
sapa npubIHXEHHO PABHA MACCOBOMY UHMCIYy A.

Oneprus cs%3u. HeTouHoe coBnageHue Macchl HYKJIMAA C €r0 MACCOBBIM
YHCAOM ODYCJIOBJIEHO HE TOJBKO PA3JIHYMEM MACC IIPOTOHOB M HEHTPO-
HOB, HO ¥ TEM, UTO MX MACCHl HE CKJAALIBAIOTCSA aAgUTHBHO B MAacCy 00-
pa3yeMoro MMy Hykiamaa M.

M< Zm,+ Nm,.

PasHocTh MeXny CyMMOM MacC IPOTOHOB M HEHTPOHOB Zm, + Nm,

u Maccof gapa M unasmBaercd degpexmom Mmaccel. JedekT Maccu onpe-
AEndeT sHepeuro céa3u Anpa £ ,, T. €. Ty JHEPIUIO, KOTOPYIO Heobxomu-
MO 3aTpaTUThb, ‘IT06H pacmendTh gAp0 Ha OTHCJAbHBLIC HYKJIOHKL:

E.=(Zm,+ Nm, — M)c (1)

Coorsomenne (1) saBagerca cieactsueM OOmIEH PENSTUBHCTCKON
dopmynst E, = myc?, ca3biBaomeii SHepruio nokos MoGoro Teaa ¢ ero
maccoit m,. OYEeBHAHO, UTO SHEPIHs CBS3HM XapakKTePU3yeT B3auMOAEH-
CTBME MEXIY HYKJIOHAMH B SApE.

Anepubie cunpl. Cuasl, yAePXHUBAIOMME HYKIOHB B SApE, HA3bIBAIOTCH
sifepublmu. ITH CHABI NPEACTABASIOT COBOI MpPOSBJCHAE CAMOr0 MHTEH-
CHBHOIO U3 M3BECTHBIX B (PU3NKE B3aUMOACHCTBUH — TAK HA3HIBAEMOIO
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CUNBHOZ0 63aumodeticmeus. AnepHsie CuIn, ASHCTBYIONME MEXIy ABY-
M$ TIPOTOHAMH B SiAPE, NPHMEPHO HA ABa HNOpPAAKA 00JIbIle KYJIOHOBCKHX
971eKTPOCTATHYECKMX CWI, ASHCTBYIOmuMX MexXay HumM, u B 103 pas
fosbllie CUA MX TPABUTAUMOHHOIO B3aMMONEICTBUA.

Ha ocHOoBaHMU ONBITHHIX AGHHBIX MOXHO 33KJIIOYHTb, YTO HEHTPOHH
M TIPOTOHBI B AAPE B OTHOIIEHMM CIJIHHOTO B3aMMOAEHCTBUS BeRyT cedd
IPAKTHYECKH OAMHAKOBO. SACPHBIE CHJIB MEXIY ABYMH IHIPOTOHAMH,
OBYMS HEHTPOHAMHM MM IIPOTOHOM M HENTPOHOM HepasaudyuMml. [Tosro-
MY NPOTOHH ¥ HEATPOHH B 4PE PAaccMarpuBAIOT KAaK jABA PA3JTMYHBIX
3apSIfOBLIX COCTOSIHHS OZHOHM M TOWi Xe uvacTHun—HYKJAoHA. Hesasucu-
MOCTb SIACPHBIX CWJI OT 33PSAROBOrO COCTOAHWS HYKJOHOB HA3KIBAETCH
U30MONUYECKOU UHBADUAHMHOCMbIO.

HeiictBre suepHBIX CH OBICTPO CnagdaeT ¢ PACCTOAHMEM: HA PAcCTo-
aaugx Gomemux 2-107Y cm ux neicrsme He mpossiasercs. Bruors zo
paccrosuus nopsaxa 0,7-107!3 cm onu mposRAMIOTCE KaK CWIH mpUTH-
JKEHMSI, HA MCHBIIHX PACCTOSHHUAX — KAK CHJIBl OTTAJIKHBAHHS. CHJIbI
OTTAJIKMBAHAA HACTOJIbKO OBICTPO PACTYT ¢ YMEHBUIEHHWEM DACCTOAHHS,
YTO HYKJIOHBl B sap€ MOXHO PdCCMaTpPHBATh KaK CONPHMKACAIONIMEcS 4a-
CTHIBI HEM3MEHHBIX Pa3MEpOB.

PasMmepni saep. PasMeps saep 3aBUCAT OT YHCAA COAEPXAMMXCA B HUX
HYKJI0HOB. CpefiHAd KOHLIEHTPAUMA HYKJIOHOB B SApPE ANA BCEX duep C
A > 10 mpakTuyecku OguHAKOBa. DTo o3HAyaer, YyTo oOBEM sApa NpH-
MEPHO INPONOPIIMOHANEH YHCIY HYKJIOHOB A M, CEJOBATENBbHO, €I0 pa-
muyc npomopiuponanen Al3:

R=R,A3, (2)

rae Ry~ 1,2-10712 cm. TTnotHOCTD spepHoil MATEPHH UPE3BHIYANHO BeJH-
Ka MO CPABHEHMIO C TUIOTHOCTBHIO OOBIYHBEIX BEHIECTB M COCTABJISET OKOJI0
1014 r/cm3. Takas IUIOTHOCTb BEMIECTBA XapaKTEPHA M V1S HEKOTOPHIX
KOCMHUYECKHX OOBEKTOB, HANPUMEDP HEHTPOHHBIX 3BE3 — IIYJIbCAPOB.

OxasmiBaeTcs, YTO SHEPrus cBA3M E,, TakXe INPUMEPHO IPONOPIHO-
HANbHA YHCIY A HYKJIOHOB B 47pE€, TaK YTO yAEJbHAsds SHEDPIHI CBA3H
E_/A (. e. 3Heprus CBS3u B pacyeTe Ha OJUH HYKJIOH) cnabo MeHsdeTcs
npu usmenennn A. s GonpmuucTea sytep 3Havenue £ /A nexur B
unrepsane or 6 50 8 MaB/uyxioH.

DHeprusi CBSI3H H COOTHOLIEHHMS HEONMpeAeJeHHOCTeH. YienbHyio
SHEPTUIO CBI3H MOXHO OLEHUTb HA OCHOBE M3BECTHHIX Pa3MEpOB AApa C
NOMOIIBIO COOTHOMIEHHHM HeonpeaenenHocred [eitsenfepra. Koraa myx-
JIOH HAXOMUTCS BHYTDPH A1pa, T. €. JIOKATU3OBAH B 06J1aCTH pasMepoM Io-
paaka R, HeonpeneaeHHOCTb Ap B 3HAYEHNH €T0 MMITYJIbCA COCTABASET

Ap~ h/R.

Tak Kak caMmo 3Ha4YeHHEe MMIIYJbCa p HE MOXET OHTb MeHbLIE 3TOi
. HEOTIPEAETIEHHOCTH Ap, TO 3Ty X€ OleHKY MOXHO MCHOJb30BATh ¥ R/
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MMIIy/1bca HyKJOHa p. COOTBETCTBYIONIEe TAKOMY WMIIYJIBCY 3HAUEHHE
CKOPOCTH HYKJIOHa MaccH m = 1,7- 10724 r cocTaBasieT HECKOIBKO HeCs-
THIX IOJIeH ckopoctu cBetd. [lo3TomMy ero KMHeTHYecKas SHEprus onpe-
AeNgeTcsd HEPEJITHBHCTCKUM BHIDAXXEHMEM U PABHA
2 h2
E, =2~ ~ 10 MaB.

T m 2mR*

Tak Kakx HyKJIOH B SiAPE HAXOAUTCS B CBY3aHHOM COCTOSHHUH, TO IJIy-
OMHA MOTEHUMAJBLHON MBI, B KOTOPOM OH ABHXKETCH, UMEET N0 KpaiHei
MeEpe TAaKOH XE MOPSAAOK BEJIHUYHHKI.

Ilonaraga HeonmpeaeICHHOCTh B 3HAUYCHUH MMILYJIbCA OJHOIO MOPAAKaA C
CaMMM MMITYJIBCOM, MH 33aBEIOMO CYHTA/IH, YTO IOBEACHNE HYKJIOHA B -
pE HesIb3s ONMMCHBATH KAK JBUMXKEHHE KJaccHueckoHd vyactmiul. K takomy
’Ke BEIBOAY MOXHO IIPMITH Ha OCHOBE NPEACTABIACHMI O BOjHax ae bpoii-
as. Ecv olieHUTH 3HAUCHNE MMITY/TbCA HYKJIOHA HA OCHOBE M3BECTHOHU U3
ONbITA SHEPTUH CBA3U HA HYKJIOH M IOJACYMTATE COOTBETCTBYIOIMYIO TAKO-
My HMIOYJBCY AJTMHY BOJHH g€ Bpoiins, To oHa oxaxercs Toro xe nopsi-
K4 BEJMYMHK, YTO ¥ pasMep aapa.

3Hayenue yaenabHOR sHEpruM cBa3u 10 MaB/Hyksod cocraBaser me-
Hee OJHOIO IMPOLEHTA IHEPrUM NMOKOS HYKJIOHA mpc2 = 1 I'3B. IToaromy

AEHCTBUTENPHO MOXHO CYHTATH, YTO SAPO COCTOMT M3 OTAEAbHHX HYK-
JIOHOB, KOTOPHIE COXPAHSIOT CBOK MHAMBHAYAJBHOCTh M BHYTPH SIpa.
AHajorsyHbpe coo0paXeHHUd NOKA3HBAIOT, YTO B COCTAB 4Apa HE Mo-
IyT BXOAMTb 3JEKTPOHH. EC/IM 37eKTPOH JIOKANM30BaH B SApE, T. €. B
obnactu pasamepom R~ 107!3 cM, TO ¢ MOMOIIBIO COOTHOIIEHHMI HEOMpe-
JENEHHOCTE! MOXHO yOEANTBCH, UTO OH OYAET YIbTPAPENSITHBHCTCKUM C
KMHeTHYecKol sHeprueit £, =~ pc ~ 0,2 '3B. 31o 3HaueHne cymecTBen-

HO NpPEeBOCXOAUT M JHEPIMIO TOKOd 3J1eKTPoHAa, paBHyio 0,5 MaB, n
JHEPruIO CBA3M fAApa B pacueTe Ha OfHy uacruiuy. IlocnegHee, ecrect-
BEHHO, HECOBMECTHMO C IPEANOIOXKEHMEM, UYTO ICKTPOH HAXOOUTCH
BHYTpH sapa.

KanenbHas moaenas sapa. O npubauXeHHOM MNOCTOSIHCTBE YAEIbHOM
JHEPTUHU CBS3H A/ PA3MVYHBIX SAED TOBOPAT KAK O HACHINEHWH saep-
HuX cwl. OHO (pakTHUeCKN 03HAYdeT, YTO KaXANU HyKIOH dddexTHBHO
B3aNMOAEHCTBYeT HE CO BCEMH HYKJIOHaMHM sapa (B 3TOM Ciayyae npu
A>>1 >Heprus cBs3u 6buIa Ob MPONOPUMOHANBHA A2), 4 JIMIIL CO CBOMM
OMMXANILIUM OKpyXeHHEeM. JTa CUTyauus AC HEKOTOPOH CTENEHH aHa-
JIOTHYHA TOHM, KOTOpAas BCTPeYdeTcd NPH ONMHUCAHMHM B3AMMOAEHCTBHMS MO-
Jexysa xXuakoct. Takas arajsorus B CBOE BPEMS MOCTYXWIA OCHOBOM
IJIsE CO3NAaHMA TAK HA3nBaeMOH kaneabHoU MmoOesau 91pa, B KOTOPOM
MPUHMMAETCS, YTO SAPO Bexer ceOs nogoOHO KaIjie HeCKUMAeMOoMi 3aps-
xenHo# xuakocty. C nomompio GopMyasl (2) MOXHO OnpegesuTh He-
KOTOPHE NAapaMeTph TAKOH smepHoi XuakoctH. Ist KOHHEHTpauH#
HYKJIOHOB B SiApe, OUEBUIHO, MOXHO HAMNCATH

A _
n=——s= 33z1038c1w 3
(4/3)=R 4nRy
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Orciona IS TUIOTHOCTH SAEPHOTO BELIECTBA MMEEM
p~ myn=~1,4-10" r/cM®,

YTO COBMANAET C NMPUBEAEHHKIM Bhille 3HAueHHEM. HeTpyaHO oueHHTH H
cpennee paccrosHue (r) MexXay HyKJIOHAMH B sjpe:

(N~n1Px23-1071 cm.

ITockoIbKY KOHIEHTPAIMsS 7 HYKJIOHOB, IUIOTHOCTh P BEIUECTBA B
AApE, a TAKXE CPEAHEE PACCTOSHME (r) MEXAY HYKJIOHAMH MPAKTHYECKH
OJMHAKOBH BO BCEX SAPAax, TO AACPHOE BEMECTBO B KAIEJBHOH MOAEIH
aapa MOXHO CUHTATHh NMPAKTHUYECKH HECKHMACMbIM.

KanesibHasg MOAE/b [MO3BOJMIA OMHCATh HE TOJBKO OCHOBHOE COCTOS-
HHE SApa, HO M HEKOTOPHE U3 Bo30yXAEHHHX COCTOSHHIA, PACCMATPHBAS
ux Kak kosebGaumsa dopmbr moBepxHocTH Kamwmn. OXHAKO 3Ta YpE3BH-
YyaifHO MPOCTAasd MOMEJb HE B COCTOSHMH OOBSCHHTH BCErO MHOrooOpasmus
HaOJI0gaeMBIX CBOMCTB ATOMHBIX Saep.

KyJIOHOBCKOE OTTAJKMBAHNME MPOTOHOB. JHEPrUs CBI3M HYKJIOHOB B
a7pe YMCHBIIAETCS M3-33 KYJIOHOBCKOIO OTTAJIKMBAHUS MEXXY MPOTOHA-
MH. DTO KYJIOHOBCKOE OTTAJKHMBAHHE SBJAETCS NANBHONEUCTBYIOIIUM B
OTJIMYUE OT «KOHTAKTHOIO» CHJIBHOIO B3aMMOAEUCTBMS, AEHUCTBYIOIIETO
TOJIBKO MEXAY CONMPHKACAIOIHUMHUCH HYKJOHamu. [ns nerxux apep ag-
(bekT Ky/JOHOBCKOIO OTTAJKHMBAHUS HE MrPAeT CYIIECTBEHHOU POJIH, HO
ON9 TAXENBX SOep CUTYyauMs yxe WHas. B camom pene, sHeprus kyJao-
HOBCKOTO OTTA/JKWBARMS OMNPEAENASeTcsd IOMAPHHM B3aUMOACHCTBHEM
BCeX Z TNPOTOHOB g1pa M I[OTOMY IPOIOp-

uuoHanpHa Z(Z — 1), T.e. NpONOPHHUO- 13
HajpHa Z2 npu Z>>1, DHEprus npuTsxe- 128
HHUs HyKJIOHOB M3-32 CHJIBHOTO B3aMMOJEN- T
CTBHS, KAaK yXe€ OTMEUYAIOCh, MPOMOPIHUO-

HAJMbHA TIOJTHOMY uMCay RykiaoHoB A. Tax
KaK YMCIa [TPOTOHOB M HEMTPOHOB B YCTOM-
YMBHX SAPAX NMPUOTM3NUTENBHO OAHHAKOBHI,

Hzoronst

Yucno Heirrporor NV
(v
S

=)
o
Tt rrr 11111

64
TO 5T1a 3HEprus ¢(HaKTHUYECKH [PONOPIHO- 56
pansHa Z. [losatoMy c poctoM Z pons Ky- 28
JIOHOBCKOHl 3HEPIrHMM YBENWUWBACTCS. DTHM 32 '
OOBACHAETCH yMEHBIIEHME YAETbHOM JHEP- 16%
L5

TMH CBSI3M TAXEJIHX S4ep ¢ BO3pacTaHmeM Z. 8
SlgepHBEIe CBS3M MEXAy HYKJIOHAMH Ha- 0 81624 40 56 72
nGosiee MpPOYHH, KOrga YMCJAA MPOTOHOB H Hucso nporonos Z
HEATPOHOB Z U N OAWHAKOBH, T. €. B gape Puc. 124. Uucino npoToHOE u
Kak On 00pasyloTcs MNPOTOH-HEATPOHHHIE HEATPOHOB B CTAGMIBHBIX SAPax
napu. IloatoMy y Jerkux CcTaGHIbHHIX
sapep, TAE POJb KYJOHOBCKOIO B3aMMONEHCTBHA HEBEJMKA, YHCIA
[IPOTOHOB ¥ HEHUTPOHOB OAMHAKOBH., OfHAKO y Axep ¢ GOMBIMMHU ATOM-
HHMHM HOMepaMu 19 o0ecrneyeHus yCTORUMBOCTH TPeOyIOTCS AONOIHM-

IS Tl Y S Y T |
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TE/AbHblE HEUTPOHH. DTO OO0YCJIOBNAEHO BO3PACTAHMEM OTHOCHTE/IBLHOIM
pOJIM KYJIOHOBCKOTO B3aMMOACUCTBHA MEXAY MPOTOHAMHU. YCTOHUHBOCTD
gApa C PocTOM Z [OCTHrAeTCs BIUIETEHHEM BCe OONBLIErO 4MCJIa Heil-
TPOHOB. DTO OTYCT/IMBO BUAHO M3 AMArpaMMH YCTOMYMBHIX H30TOIMOB,
MMOKA33aHHOM HAa puc. 124. Y sgmep 3/1eMeHTOB, CAEAYIOMHKX 33 CBHHIOM
(Z>82), yxe Tak MHOTO NPOTOHOB, YTO IOJHAg HX CTAOMIBHOCTDH
OKa3hIBAETCS BOOOIE HEBO3MOXHOM.

Haunbonsmei ycToMUNBOCTEIO M PACTIPOCTPAHERHOCTHIO B IPUPOJE OT-
JNMYAIOTCA SAPA, Y KOTOPRX YHC/IO MPOTOHOB MJIM YHCJIO HEUTPOHOB PABHO
OIHOMY W3 TaK HA3WBAaEMHX maeuueckux uucen: 2, 8, 20, 28, 50, 82, 126.
Ecnu y aupa oqgHOBpEMEHHO ABJISIOTCS MArt4eCKMMH KaK 4YUCIO HEXTpO-
HOB, TaK ¥ YHCJIO [IPOTOHOB, TO TaKHe ABAXAB Maru4eckKne sapa OTadya-
10TCa 0co0eHHO G0IBIIOA YCTONUMBOCTBIO. TAKUX SAep BCErO ISTH: ‘,‘_He,

160y 40 48 208 %

30, 30Ca, 30Ca n %§7Pb. IloBnmeHnas ycTOMYMBOCTD MArMUYECKHX SHEP

00BsCHAETCA B TAK HA3KHBAEMOM 060.10ueyHOU MOBenbO Aapa.

e Kak npossiser ce6s aTOMHOE SAPO B 3€MHBIX YCJIOBUAX U B Maciutabax Bcee-
JleHHOo?

e Kak cBgsaHbl Mexay coboit MOpSAKOBBIA HOMEp 3JIEMEHTA B HEPUOOUYECKOMX
cucTeMe ¢ 3apsgoM ero sgpa?

e Uro Takoe uzoTorbl U H3obapsl?

e TIloueMy Macca sapa He paBHa CyMMe macc o0pasywIUHX ero npoToHOB M
HeHATpoHOB?

e Kak ¢ nomMouiblo CoOTHOLEHWI HeompeaeieHHOCTel ONEHUTh SHEPIHI0 CBA3U
HYKJIOHOB B gape?

e TloyeMy MOXHO CYWTaTh, 4TO BXOAAILIME B COCTAB 2TOMHOIO SApa MPOTOHBI U
HETPOHbI COXPaAHSIOT CBOIO WHAMBUAYaJILHOCTL U BHYTpH sapa? Ilouemy B
cocTaB Sfpa HE MOTYT BXOOMTb 3JIEKTpOHBI7

e Uro Taxkoe kKanejbHas Moaels sapa?
¢ [loueMy OTHOCHTEJIbHOE YMCJI0O HEMTPOHOB B SApe OoJibille y TAXeNbIX sgep?

e Kaxue aToMHble Spa OT/IMYAIOTCS HaMGoJiblied yCTORYUBOCTbIO?

§ 39. PapuMoanTMBHOCTL., figepHble peaxiiuu

Hapsny co cTabWibHBIMHM sapamMu CyIIECTBYIOT PAJMOAKTMBHHIE sApa, B
KOTOPBIX IPOHCXOOUT CAMOIPOM3BOIBHOE M3MEHEHME cocTaBa. Bonbmas
YacTh M3BECTHHX PAAMOAKTHBHHIX Sf€p MOTYyUYeHA MCKYCCTBEHHO ITYTEM
GoMOapAMPOBKH MHIIEHEd PA3TMUHBMHA YacTHNAMU. FI3BECTHO HECKOMb-
KO BHAOB PagMOAKTHBHOTO pacnajna.

Ansda-pacnap. Ilpn a-pacnane u3 sapa CIIOHTAHHO BHUIETAET aibha-ya-
ctuua — saapo aroma rems $He. Tpu aroM sapapoBoe uncno Z sapa B co-
OTBETCTBHH C 3dKOHOM COXPAHECHHUA JJIEKTPHUYECKOTO 3apana )’MCHBIIIECTCSI
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Ha /184 ¥ 00pa3yercd sapo HOBOro XMMHUUYECKOTO 3/IEMEHTA, KOTOPHIH CBH-

HYT OTHOCHTEIbHO MCXOQHOIO Ha JBE KJETKH NEePHOAMYECKOM CHCTEMRI.
Urobu a-pacnan GBI BO3MOXEH, HYXHO, YTOOW SHEpPrus CBI3H HC-

XotHoro (MartepuHCKoro) siapa E  (Z, A) Obiia MeHbIIE CyMMBI SHEPIUH

cBsi3u obpasyromerocs (mouepHero) siapa E_,(Z — 2, A — 4) u 3Heprun
cBa3n anbda-vactuun E (2, 4). Kunernueckas snpeprua E, BeUIeTaro-
meil anbha-yacTvuH ONPEACAAETCsS 3aKOHOM COXPAHEHMS SHEPruu

E,=E(Z—2,A—4)+ E_ (2,4) — E,(Z, A). N

B coorHomenuu (1) He yuTreHa KMHETHUECKAs SHEPrus OTAAYM Anpa,
[IOTOMY YTO Macca JOYEpHEro sAapa Bcerad MHOro GoJbnie Maccw anbda-
yactuusl. [Ipu sToM, pasymeercs, cumraercs, YTr0 MATEPHHCKOE sapo
HermogBuXHO. Heckonpko MHaye yc/goBHE BO3MOXHOCTH anbda-pacnapa
MOXHO C(POPMYTMPOBATE TAKMMH CJIOBAMH: Macca ([MOKOS) MATEPHHCKO-
IO AAPA AOJXHA OHTH OOJIbIIE CYMME MACC IOKOSI AOUEPHETO 9Apa M Bhi-
neramomei anbgha-yacTHmhl.

B npocreitmeit Teopum a-pacnana, mpemioxeHHoi I I'amoBmM,
MPeAnoaaraeTcs, 4Yto aubda-yacTvua yXe CYWECTBYET BHYTPH Mare-
PHHCKOTO S7(pa, KOTOPOe 9BIAeTCA /IS HEe CBOErO posid MOTEHUMAIBHOM
aMoi. JHeprus asibkha-yacTHLs B Sape HEJOCTATOUYHA AJIS NPEORONEHUS
OrpaHMYMBAIOMIETO 3Ty SIMY IIOTEHUHANBHOTO 0apbepa. Brter anbda-ua-
CTHLIB M3 97pa OKA3BIBAETCS BO3MOXHBIM 06narogaps KBAHTOBOMEXAHH-
YECKOMY TYHHEJbHOMY 3PdekTy, 3aKmOoyaromeMycs B OTJHYHOH OT HY-
JI BEPOATHOCTH MPOXOXAECHHS YACTHHH ITOf MOTEHIMANBHHIM 0aphepoM
KOHEYHHX pa3mMepoB. MoMeHT BruleTa anbha-yacTuin U3 AApa Henpen-
cKasyem, IOCKOJBKY SIBJIEHHME PafAMOAKTHBHOIO PACHafa MMEET BeposiT-
HOCTHHIA xapakrep. KBaHToBas Teopus MO3BOJISET HAWTH JIMIIb BEPOAT-
HOCTb pacnand 3a eJUWHULY BPEMEHM WM O00pPATHYIK €l BeIHuMHY, Ha-
3BIBAEMYIO CPEJHUM BpEMEHEM XH3HM PaAHOAKTHBHOIO SApa.

Bera-pacnapn. Ilpu f-pacmage u3 sgpa BHUIETAIOT MIEKTPOH M 3JIEKT-
pPOHHOE aHTHHeWTpHHO. CyIecTBOBAHUE ITOH IEKTPHUECKH HeATpasib-
HO yacTHIH GBUTO npeanosoxero [Taymm g oObsICHeHud KaXymerocs
HapylleHNs 3aKOHA COXPAHEHHS JHEPIMH B 3JeMEHTApPHOM akTte [-pac-
naga. B B-pacnane pacnpezesneHne HEPrHA MEXAY BBUIETAIOMMUM 3J1€K-~
TPOHOM M AHTHHEHTPHHO MMeeT CiiyuaiiHnit xapakrtep. [losromy B oT-
JMYyMe 0T ab(a-yacTul, BEUIETAIOMMX U3 JAHHOTO SAPA C BIOJHE OMpe-
OEMCHHON SHeprueil, BHUICTAOIMHE JEKTPOHW MOTYT HMMETh DA3HYIO
JHEPrHIO.

[Tpu B-pacnane BrUIETAOMMUH SNEKTPOH He CYyINECTBYET BHYTDH sipa,
a ofpasyercd TaM NpH NPEBPAIEeHMH HERTPOHA B IPOTOH. B atoM cMeice
rOBODAT, YTO -pacHajy — 3TO He BHYTPMSEPHEIH, 4 BHYTPHHYKJIOHRBIH
npouecc. Ox 3aTparuBaer Gonee myGoKMe H3MEHEHHS CTPYKTYPH Beme-
crBa, yeM a-pacnan. Teopus B-pacnaza 6suta paspaborana @epmu Ha oc-
HOBE MpPEAIIOJIOXEHHS O TAK HA3HIBAEMOM C1a00M B3aHMOAEACTBHM, OIM-
CHIBAIONIEM NPEBPANIEHNE HEHTPOHA B IIPOTOH.
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HectabuabHOCTs HeiTpoHa. Takoif mpouecc MPONCXOOUT HE TOJBKO
BHYTPH 51pa, HO M CO CBOOOAHHIM HEHUTPOHOM, CpEefHEe BpeMsl XH3HH
KOTOPOro cocTaBnasieT 0kono 15 munyT. ITpun atoM Heitrpon )n pacmana-

ETCSl Ha TPOTOH |p, 31exTpor e ¥ AHTHHEHTPHHO V:
1 ! ~
ot = p+ e+ (2)

Ilpn B-pacnage MaccoBoe UMCJIO A gapa HE MEHSAETCH, 4 3apaO0BOe
YMCA0 Z YBEJWUMBAETCS HA EAMHHLY: 00pa3yeTcs HOBHI XMMHYECKHit
3JIEMEHT, KOTOPHI CABMHYT B NEPHOAWYECKOHN CHCTEME BIIPABO HA OfHY
KJIETKY.

Hapsny ¢ anekTpoHHHM (-pacnagoM CymeCTBYeT MO3UTPOHHEIM B+-
pacmag, npu KOTOPOM M3 sAPa BBUIETAET MO3UTPOH € M 3/1eKTPOHHOE

HedTpuHO V. [Ipy MO3MTPOHHOM pPAaAMOAKTMBHOCTH OAMH W3 IIPOTOHOB
SAApa MpeBpamaeTcss B HEUTPOH ¢ MCIYCKAHHEM NMO3WTPOHA M HEHTPHHO.
B nepuoguueckoif cucTeMe MPOMCXOAUT CABHF BJIEBO HA OOHY KJIEeTKy Oe3
M3MEHEHUs MaccoBoro yucaa. dag cBoSOZHOTO MPOTOHA B OOMUYHHX yC-
JIOBHSIX TAKOH pacnax HEBO3MOXEH, TaK KaK €r0 Macca MeHbIle MacChl
HEUTPOHA.

TFamMa-pacnaja. B ormmnume ot a- m P-pagvoakTHMBHBHIX PaclagoB Tak
Ha3blBadeMas y-PafHOAKTHBHOCTDH SAEP HE CBI3aHA C M3MEHEHHMEM BHYT-
PEHHEN CTPYKTYpPH 9Apa ¥ He CONPOBOXIAETCS W3MEHEHHEM 3aPAN0BOIO
HJIM MACCOBOTrO ymces. Buarer u3 sapa y-kBaHTa ((oTOHA BEHICOKOH IHEp-
rEM) IPOMCXOQUT IPH CIIOHTAHHOM IEpexXOAe sApad W3 HEKOTOPOro AOJI-
TOXHBYMIETO BO30YXAEHHOIO COCTOSIHNS B OCHOBHOE COCTOSIHME.

3akOH pagHOAKTHBHOTO pacnana. PagvoakTHBHHI pacnajy He 3aBUCHT
OT BHEHMHHX YCJIOBMI B HIMPOKOM HHTEPBAaJie M3MEHEHMS TAKHMX Iapa-
METpOB, KaK TEMIIEPATYpPa M AaBjeHHe. 3aKOH PaaMOAaKTHBHOIO pacnana,
T. €. 3aBUCMMOCTE OT BPEMeHH ynucia N(t) eme HEe paclaBIIMXCH K JAH-
HOMY MOMEHTY siep HEKOTOPOro pagHOaKTHBHOIO 00pa3ua, JIErko mosy-
YHUTH U3 NPEAMOJIOKEHNUS, UYTO BEPOSATHOCTh PACHafd ABALETCS MOCTOSH-
HO# A1 JAHHOIO BUAA sAeP BEAWUYMHOM, HE 3aBHUCAMEH OT TOrO, CKOJIb-
KO BPEMEHH YXE <«IPOXHIO» NAHHOE PAZUOAKTHUBHOE SAPO. 33 MAaJIblil
MPOMEXYTOK BpeMeHU Af KOJIMYECTBO HepacnaBmmxcs saep N(f) usme-
HUMTCA Ha 4yucjao AN, NPONOPUMOHAZIBHOE KOJUYECTBY MMEIOIMMXCS Saep
N(2) v aromy npoMexXyTKy Af:

AN = —AN(f)At. (3)

KoadpunyenT nponopuHoHaIbBHOCTH A — 3T0 U €CTh He 3aBHCSIIAs
OT BPEMEHH BEpOSATHOCTH pacmaza sapa. 3Hak Muryc B (3) coorsercr-
BYET YMEHBUIEHHIO CO BpeMeHeM 4YMCJa Hepacnasmmxcs spep. Popmyna
(3) osnauaer, uro ckopocth dN/d! HM3MEHEHHS HCKOMON (PyHKIHUH
N(t) nponopumoHanbHa camoi GyHKImH:

—&t—== -‘XN.
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Orcrona creayer, uto N(t) yOniBaer co BpeMeHEM IO SKCIOHEHIMAIb-
HOMY 33KOHY:
N(t) = Nye™, : 4

rae N, — HayajibHOEe YMCI0 PaaMOaKTHBHHX daep npw ¢ = 0. Moxuo
[0Ka3aTh, YTO BEJMUYMHA T = 1/A — 3TO cpeaHee BpeMs XHW3HM PagvO-
AKTHBHOIO S7pa.

YacTo 3aKOH PafAMOAKTHUBHOIO pacnana (4) 3almMCHBAOT B BHIE

N(t) = N, 2747, (5)

KCIOIb3yd OCHOBaHME 2 BMECTO e. B 3TOoM cayuyae BesimumHa T Ha3biBa-
ercs nepuodom noaypacnada. OueBuano, uto T — 3TO BpEMS, B TEye-
HHE KOTOpPOTO pacnapaeTcsl IONOBHHA MEPBOHAYAJIBHOIO KONMUYECTBA
anep. CpasuuBas npasnie yactu ¢opmya (4) u (5), BuanmM, uTo

T=%In2=rln2z0,7lt. (6)

Bo3pact 3emun. 3aKOH PAAMOAKTHBHOTO PACHANA MO3BOJSIET OLUEHHTD
BO3pacT 3eMJIM HA OCHOBE M3BECTHOIO IPOLIEHTHOTO COACPXAHMS B ypa-
HOBOU pyA€e PaaMOAaKTUBHHX M30Tonos ypana ZsU u 35U. UaMepennnie
BPEMEHA XHW3HH OSTHMX  H30TONOB  COCTABASIIOT  COOTBETCTBEHHO
1, =6,52-10° ner u 1, = 1,02-10° ner. VX NpPOUEHTHOE COAEPXAHME B
ecTecTBeHHOM cMecHu cocTasaset 99,3 % nnsa B3U u 0,7 % nas Z3U. Ec-
TECTBEHHO MPEANOI0XHITh, YTO B MOMEHT 00PA30BAHMS XMMHUYECKMX
3JIEMEHTOB, B TOM UMC/E YPAH4, COAEPXAHME ITHX H30TONOB OBLUIO Ofu-
HakoBuM. [losTomMy B BHpaxeHuu (4), 3a[IMCAHHOM 1Sl KaXXOIO M30-
TOMNA ypaHa, CJAEAYyEeT B3ATh OAMHAKOBHE 3HAYCHWA N, H COOTBETCTBYIO-
e MMEKMEMYCS B HACTOSINEE BPEMs IIPOLEHTHOMY COCTABY 3HAUCHMS
Njyzs ¥ Nysgt

Nyg = Noe ™1, Nyps=Noe'la,
OTKyAa
Nass o Nos e _ 007
NoggtNoyzs  Noyg % U

Dro paer pia ¢ 3Hauenne 6-10° ger, uTO XOPOWO COrIACYETCS C APYrU-
MM OLEHKaM¥ Bo3pacTta 3emum uian COTHEYHOM CHCTEMEI, MTOYYeHHEIMHU
Ha OCHOBE I'e0JJOTHYECKMX M KOCMOJIOTHMUYECKHMX COO0paXeHMit.

Anepnsle peakuyu. Jdepras peaxiyus — 3TO B3AMMOAECHCTBHE ATOMHO-
TO #Apa C APYTMM sSiAPOM WJIM JJIEMEHTAPHON YACTHHEH, B PE3ybrare
KOTOPOroO MPOMCXOAUT M3MEHEHHME er0 COCTaBa M CTPyKTypH. M3-3a ko-
POTKOAEHCTBYIOMETO XapaKTepa SACPHHX CHJI SAEPHbE PEaKUHH [TPOUC-
XOAT Npu cONVMKEHNN YACTHIL HA paccTosiHus rmopaaka 10713 cm.,

IIpy amepHHX peakKUHMAX BHIIOJHSAIOTCA 3aKOHH COXPAaHEHHMs JHEp-
FMH, WMITyJIbC3, MOMEHTa HMMITyJIbCA, JJIEKTPHUYECKOTO 3apdana, 4mMciaa



§ 39. PAIMOAKTHBHOCTbD. SIHEPHBIE PEAKLIMHN 325

HyKJI0HOB (OapuonHOro 3apspa). Kpome Toro, BHIIOJHSETCS 3aKOH Co-
XPaHEHNs TaK HA3KIBAEMOTO JIENTOHHOIO 3apsiad, COFNACHO KOTOPOMY
POXIEHHE ITEKTPOHA 00S3aTE/bHO COMPOBOXIAAETCH POXIACHHEM 3IEKT-
POHHOIO AHTMHEHTPHHO, 3 POXIEHNE MO3UTPOHA POXIEHUEM JIEKTPOH-
Horo HedrpuHo. OOp4a3OBaHME 31EKTPOH—IIO3UTPOHHOM MAapH MOXET
NPOMCXOANTD M Oe3 MOSBJECHUS HEATPHHO M AHTHHEHTPHHO.

Iepras UCKycCTBeHHas gAepHas peakuus ObNa ocymectsieHa Pe-
aepdopaoM npu obayyeHnH a30Ta anbgha-yacTHHAMM:

N +4He — YO+ IH.

Ipyn amepHHX PeakKUHAX MOTyT 00pa3OBHIBATHCHA HOBHIE PAAMOAKTHE-
HBIE M30TOIEL, KOTOPEIX HET HA 3eMJIE B ECTECTBEHHOM cOCTOSIHMH. Panno-
AKTHBHOCTD S4pa, BO3HMKAIOIIAS B PE3yAbTATE AJEPHOIM PEaKUMH, HAZH-
Baercsa uckyccmaennoil. Ona 6bLIa OTKPHITA HA SAEPHOM PEAKLMHA

BALHfHe — 3P+ in.

Papuoaktususiit n3oton docdopa 3¢P* npencrasasier cofoit MCTOUHMK
B*-nanyuenns. Ero sapo ACIycKaer Mo3uTPOH U ANEKTPOHHOE HEATPUHO:

3P — 39Si+ Je+v.

CymecrpoBanue HeiATPoHA OBLIO O0HAPYXEHO A0 OTKPHITHA HCKYCCT-
BEHHOII paanoakTUBHOCTH. HeilTpoH ObUT OTKPHT HA SAEPHOM peakuuu

3Be+3He — '2C + In.

CosgaHue ycKopHTesel 3apsKEHHBX YacTHL 3HAYMTENbHO PACIIMPUIO
BO3MOXHOCTH OCYIECTBJIECHHUS PAa3/JMYBHX SAEPHHX peakumil. Temeps
B KauyeCTBE CHApamoB 1 OoMOAPAMPOBKHM SAEP-MHMINEHER MOXHO HC-
MOJIBb30BATh HE TOJBKO anb(a-yacTHIB, MCIYCKAEMEEe DPAgMOAKTHBHHI-
MM TIpENapaTaMH, HO W Pa3OTHAHHBIE O BEICOKOH 3HEPrMM HPOTOHHI,
HEATPOHH ¥ 3JeKTpPOHH. [lepBoe pacmernsieHHe Aapa, BHITOJHEHHOE C
MOMOIIBI0 MCKYCCTBEHHO DA30THAHHHIX IPOTOHOB, OHUJIO OCYIIECTBJIEHO
HAa peakuyuy

i+ P — #He + $He.

SnepHule peakUyy MOTYT IIPOMCXOOUTDH TAKXE M NOA aeCTBHEM ram-
Ma-KBAHTOB JOCTATOUHO OONBHINX IHEPIHil — TAK HAa3HBAaeMue gomo-
sadeprble peaxyuu. OHH CTAHOBATCS BO3MOXKHEIMM, KOF[Aa DJHEPrus ram-
Ma-KBaHTA [PEBRIOIAET JHEPrHIO OTACICHUA HYKJIOHOB OT SApa.

DHepreTHYECKHE NPEBPALEHHA NPU ANEPHBLIX peaxkiUax. SpepHHIE
PeakHHH COMPOBOXAAIOTC SHEPreTHYECKAMM TNpeBpameHusaMu. [1oRaTh
XapAKTEP 3THX MpPEBPAIIEHNH MOXHO C HOMOIBIO rpadhyka 3aBUCHMOCTH
yIENbHOM JHEPruM CBA3H HYKJIOHOB B SAPE OT MACCOBOTO YMCJA SApa
(puc. 125). DkcnepMMeHTANbHOE 3HAUEHHE YHEPIUM B pacyeTe Ha OIMH
HYKJIOH cocTasiseT okoio 8 MaB/nykion. CHauana ¢ poctoM MaccoBoro
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yncna A ona ysesmumpaercs or 1,1 MaB/nyxion y sapa aeitrepust 2D
no 8,8 MaB/nyxuioR y usorona xesnesa 3¢Fe, a sateM nmocreneHHo yGbi-
Baer no 7,6 MaB/nryxyon y m3sorona ypana
Z8U. Takoe noBefeHHME YAEJNbHONW SHEPruu
CBSI3M OOBSCHSAETCH HEMOJHHM HACHIICHHEM
ANEPHBIX CWJI y JIETKMX sfep, KOraa 4McIo
cocefeit y KaXAoro HyKJIOHA MEHbLIE, ueM
3TO BO3MOXHO MPH MX IJIOTHOM YMAKOBKE, U
BO3DACTAHNEM DOJIM KYJIOHOBCKOTO OTTAJIKH-
BAHWS INPOTOHOB B 4Apax C GOJIBU.IPIM Macco-
BhIM YHCJIOM.

XapakrTep 3aBHCHMMOCTH YAEJIbHOH 3Hep- Puc. 125. 3asncumocts ynesb-
rMH CBSI3H OT MACCOBOTO UMCIa OObACHAET e :::;’m" fAEp OT MAccoBO-
BHIEJICHME JHEPTMM KaK NpPH AEJECHHH TH-

XeNHX SAep Ha OCKOJIKH, JIEXAIME B cepe-

OVMHE MEPHOAMYECKOH CHCTEMH JIEMEHTOB, TdK M IIPM CHHTE3e JIETKHX
anep. [ToaToMy BO3MOXHB ABAa MPUHLHNHMAIBHO PA3JMYHEX criocoba oc-
BOOOXACHMS A0EPHOM IJHEPTHM VTS MPaKTHYECKOTO IMPUMEHEHHS.

Ly /n, M3

P T T N S T SO Y S U0 O 1

40 80 120 160 200 240
YHc10 HYKIOHOB

9
8
7
6
K]
4
3
2
1
0

Jenenune taxenbix spep. IlepBuiii MyTh CBA33aH C MCMIOJb30BAHNEM pe-
aKUMM Ae/eHusi, KOTOPast MOXET OHITh OCYINECTBAEHA IS JJIEMEHTOB OT
TPAHCYPAHOBHX A0 Xene3a. [IpakTuyecky aid 370 LEN HCIOIb3yeTcs
ypas. [Ipu obnyuenun 23U HeHTPOHAMM ero SApO 3aXBATHBAET HEATPOH
¥ JCJIUTCS HA 7BA PAOVOAKTHBHHIX SAPA-OCKOAKA ¢ MACCOBHMM YHC/IAMM
mopaaxa 100, m1s KOTOpHIX yAe/abHAS JHeprusa CBA3H OAM3Ka K Makcu-
ManbHO#. [IpH 3TOM B KaX/A0M 3/IeMEHTAPHOM aKTe Pacnaja sigpa ypasHa
obpasyercs OT ABYX M0 u€THpex Heirrponos. Hanpumep,

BU+in — U — ¥Ba" +§Kr* + 3 in,

BU+in — U — '40Xe* +§iSr* +2 fn.

[TockopKy B KaXAoM 4KT€ HMCIOYCKAeTc HEHTPOHOB 6osbmIe, yem
OMIOMAETCS, TO NPH AETEHNH 23U MOXET BO3HMKHYTb CAMOMONAEPXKH-

BAIOWIAACH LenHas peaxyus, T. €. TPOLECC, B KOTOPOM OmnpeneJeHHas
AfepHAsl PEAKUMS BRI3BBAET MOCAEAYIONIME PEAKILMH TAKOIO XE THMA.

Ins ocymecTsneHus HEMHOM peakumn HeoOxommmo, yTolm Tak Ha-
3BBAEMBIT KO(pUILHEHT pPA3MHOXEHHS HEHTPOHOB — OTHONIEHHE
YHC/1a HEMTPOHOB B KAKOM-JTHOO NOKOJEHMM K YKCIAY HEATPOHOB npen-
OIECTBYIOIErO MOKOMeHus — Ovin Gospme eauHuub. KoadpdpuumenT
PasMHOXCHHS ONpPEAEASETCS HE TOJbKO YHCIOM 00pa3ylomuxcs B Kax-
IOM 3JEMCHTAPHOM AKTE HEHTPOHOB, HO M YCJIOBHAMH, B KOTOPHIX
MPOTEKAET PEAKIHA: 4acTb O0OPa3ylomMXCs HEHTpOHOB NOrJaomacrcsd
MOCTOPOHHUMH SAPAMH WIM YXOOHT 332 npefean 30HH peakuuu. Mu-
HUMAJIbHAS MAacca ypaHa, NpH -KOTOPOHl BO3MOXHA LEIHAS DPEAKLHs,
Ha3WBACTCS KpUMUMECKOU MAaCCOU.
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IpeoSnanaromuit B npupoRHOil cMecH u30Ton 25U TakKe MOXET 3a-

XBATHBATh HEHTPOHH. [Ipu 3TOM O06pasyercs pPagMOaKTMBHBIA HM30TOI
HENTYyHUS:

238 1 239171+
55U +on — 35U vl ZIND* + Se+v,
KOTOpPHIi B CBOK OYEPENb B Pe3ybrate f-pacnana NpeBpamaeTcs B ILTy-

TOHHUH:

239 239 0
3 Np* 2imun S4FUT et v

[InyToHW# OTHOCHTENBHO cTabWiaeH (mepwod mosmypacmaga 24000
JIET) ¥ TAKXE MOXET HCIOJb30BATECA KAK SAEPHOE TOILIMBO B SOEPHBIX
peaKuMsIx.

VYcrpoicTBo, B KOTOPOM OCYINECTBJSETCS yIpaBiseMas siiepHad Hef-
Had peakuusd, COMPOBOXIAIOMANCH BHICJCHUEM JHEPIUH, HA3BHIBAETCH
sdepubim peaxmopom. TlepBHI 9nepHEH PEAKTOP MOCTPOEH B zeKalpe
1942 r. 8 CIIIA nox pyxosoacreom J. Qepmu.

B moboM amepHOM PEaKTope MMEIOTCH CAENYIOUIHE OCHOBHBIE YaCTH
(puc. 126): akTHBHAs 30HA, Iie HAXOAUTCS SACPHOE TOILMBO, MPOTEKAET
HEMHAS peaKuMs AEJEHHS SAep M BBUAENSETCS JHEPrus; OTPaXATENab

Perymupyiowue OTpaXatens  qeqnogGmermmx

CTEPXIIN
Snu\mm Typpuna

7z z
Y o
7 Z %

AXTHBHAS 30Ha

Teneparop

TemaoHocuTe b Koxaencatop

Puc. 126. Cxema 3HEpreTHYECKOrO SAEPHOTO PeakTopa

HEUTPOHOB, OKPYXAIOIHUA aKTHBHYIO 30HY; TCIUIOHOCHTENb, OTBOASMHIA
BRUIE/ISIIOMIYIOCS SHEPrHi0; CHCTEMA PEry/JHPOBAHUd [ENHON peakuuw;
pazvauMoOHHAas 3amiHTa.

00 3x0j0rMYeCKHX NpodneMax sAepHO dHepreTMxu. BOTBIIMHCTBO
oBpasyomuxcd B PEaKuMAX JEJICHHS SNEP-OCKOJKOB pagHOAKTHBHH W
AAT HAYaJA0 LEJANM LCNOYKaAM NOCJIEROBATCIBHBIX npenpamenm‘fx TANA

WVKr* —» PR + S+ v;

3e 37
-(I)Rb. “Sr + —le + v,

27%4c

OSI‘ 28—;6 38Y + _ole + V.
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O6pa3oBanve GOJBMIONO YWMCAA PAAMOAKTUBHBIX HYKJIWAOB CTABUT
CEPBbE3HBIE HKOJIOTNYECKHE TPOOIEMEI PH PA3BUTHH AAEPHOI SHEPTETHKH.

Peakuyu cunre3a. Bropoil Myt oCBOCOXIEHUS SHCPHOM 3HEPTHH CBS-
3aH ¢ peakuvsamu cuHre3a. YroOel OCYymeCTBMTh PEAKIMIO CHHTE3a,
HYXHO cO/MauTh aapa Ao paccrosHuit 107!2 cM, Korga npostBasieTcs Aei-
CTBYE SACPHHX cwi. [Ipy 3TOM MpuxoayMTcs NMPEOROIEBATh KY/JIOHOBCKOE
OTTAJIKMBAHUE SAEP, /S UEr0 WX HEoOXOAMMO pa3orHaTh A0 OUYEHb
Gosbmux ckopocTeil. Peakuyu gaepHOro CMHTE3a CTAHOBSTCH BO3MOX-
HEIMH Ipy Temrneparypax nopsaaka 108 K. Bupeadiomasncs npy cIMsHun
JIETKMX g€p SHEPrus B PACUETE HA OQWH HYKJOH eme Gosblie, YeM rpu
pacnage Tsaxenanx saep. Hanpumep:

ID+32D — 3T+ H+ 4,0 MaB;
2D +3D — 3He+ in+ 3,25 MaB;
ID+3T — %He+ in+ 17,7 MaB.

INonyueHue BHICOKMX TEMOEPATYP M YAEPXAHWE HATPETOM 5O MILIH-
apaa rpalRycoB IUIA3MHE MpPEACTaBaser co00il TPYAHEMIYI HAYUHO-TEX-
HUYECKYIO 3334y Ha IIYTH OCYIHECTBJICHUS YIPABALEMOTO TEPMOSAEP-
HOIO CMHTe3a. TEM HE MeHEe, OCYLIECTBJICHUE YIPABIAEMON peaKUuu
CHHTE3a OYEHb 3aMAHUMBO 0,1aropaps IKOJTOTHYECKOH YHCTOTE IMPOLLEC-
COB ¥ MMPAKTHYECKY HEWCYEPIIAEMARIM 3aI1acaM TEPMOALECPHOIO TOILIMBA.

e [losicHuTE, MouYeMy IMIPEANOJIOKEHHE O CYMECTBOBAHWUM C-UAaCTHUBI BHYTPH
S0pa He NMpPOTHBOPEYHUT OCHOBHBIM MPUHUMIIAM KBAHTOBOI GH3UKH.

¢ Kak HaliTH KMHETHYECKYIO 3HEPIHI0 BblJIeTAOWEH W3 pafAHoaKTHBHOIO SOpa
o-4acTULI?

e [Ilouemy fB-pacnap csegyer cuMTaTh BHYTPUHYKJIOHHBLIM, a He BHYTpHSHep-
HBIM TIPOLECCOM, Kak a-pacnan?

¢ [louemy BbUIETalOIIME W3 SAPa NMpU B-pacnaje 3/7€KTPoHbl MOryT WMeETb pas-
Hble 3Hepruu?

o Tlodemy B 0ObIUHBIX YCJIOBUAX HEHTPOH HEYCTOHMYMB M pacnajgaercd Ha mnpo-
TOH, 3JIEKTPOH U AaHTUHENTpUHO, a NPOToH — crabuiieH?

e Kak MoxXHO Ha oNbiTe pa3gesiMTb pasHble BUABI PafHOAKTHBHBLIX H3JydeHHi
(¢, B, ¥) u3 opHoro pagmMoaKTHBHOro npenapata?

e Kak Ha ocHoBe 3akoHa pPagMOaKTWBHOIO pacnaja OUEHWUTH BO3PacT 3eMJiu?

e Bospact 3emMiM — HeckoJIbKO MMJIJIMAPHOB JleT, a MepHoAd nojiypacriaga pa-
oug — 1600 ner. IoueMy ke Ha 3eMile eule COXpaHUIOCh KaKoe-To KoJihye-
cTBO paaus?

¢ Yro Takoe HCKYCCTBEHHas paguoakTHBHocTs? C ueM cBA3aHa BeicOKad 3¢ dek-
THBHOCTB 00JIy4eHUS HEMTPOHAMH 1J1S CTUMYJIMPOBAHUS SAEPHBIX peakiui?

e [loyemy BbIfesieHVEe BHYTPHUSAEPHOH 3HEPrHK BO3MOXHO KakK IIPU peaklHU8X
JeJieHns TSXeNbIX SOep, Tak M NPy CUHTe3e JIErKMX saep?
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e B ueM cyThb 3KOJIOrHYECKHX NpoGJieM, BOZHUKAIOWIMX B CBA3M C Pa3sBUTHEM
SimepHON 3HepreTUKH?

e C uyem cBs3aHbl TPYAHOCTH HA MYTH OCYLUECTBIEHUS YNIPaBAIEMON peaxLHH
TEPMOSIIEPHOrO CHHTE3A?

§ 40. DneMeHTapHble 4acTHILbI

B coBpemeHHON (PM3NKE TEPMHH JJeMeHmMapHble wacmuiybl ynorpeb-
JISETCH HE B CBOEM ODBIYHOM 3HAUEHWH YETO-TO NEPBUUYHOIO, HEPA3IOXH-
Moro Ha fosee npocToe, a VI HANMEHOBAHUS OONBIION FPYIIIE METbYai -
mux cyOpaAepHBIX YacTul,. B o1y rpynmy BXOANT NPOTOH, HEUTPOH, 31K~
TpoH, (DOTOH, N-ME30H, MIOOH, HEHTPHUHO HECKOJNBKHUX THIIOB, TaK
HasplBaeMble CTpaHHbe yacTuubl ( K-Me30HH, FHIIEPOHB!), OYaPOBAHHHE
YACTHIBl, IPOMEXYTOYHBIE BEKTOPHBIE DO30HBI ¥ T. 4. — BCETO K HACTOS-
memy Bpemenn uapectHo bonee 350 yacTuL, B OCHOBHOM HeCTAOMIBHEIX.

BoBMMHCTBO NEPEYNCIEHHBIX YaCTUL, HE YAOBJIETBOPSIOT OOBIYMHOMY
ONPeAcIEHUI0 IJIEMEHTAPHOCTH, MOCKOJABKY II0 COBPEMECHHBIM NIIPEACTAB-
JICHUSIM OHH CaMH GBJISIOTCH COCTABHBIMH cHcTeMaMu. O6bemuHaIomui
HX [PU3HAK 3aKJIIOYAETCS B TOM, YTO OHM NPEACTABIAIOT (POpMy MaTte-
PHMH, HEe aCCOUMHPOBAHHON B SApa ¥ aTOMEL.

IIperpauesus 3J1eMEHTAapHbIX yactui. Haubosmee BaxHoOE CBOWCTBO
BCEX 3JIEMEHTAPHBIX YACTHL, — CIOCODHOCTH K B3aUMHBIM NPERPAIICHHM-
M, T. €. CHOCODHOCTH POXKAATHCA ¥ YHUUTOXATHCSA (MCIYCKATHCS ¥ IIOT/I0-
oiathed). Bee npoueccs ¢ 3J1eMEHTapHHMH YaCTHIIAMH, BKJIIOYAd UX pac-
Mafbl, IPOTEKAIOT YEPE3 NOCJEHOBATENBHOCTD AKTOB IOIVIOMICHUS M HCITY-
CKaHM4, B KOTOPBIX HENPEMEHHO BHIIOTHAIOTCS 3aKOHBI COXPaHEHU.

DOynnaMeHTalbHble B3auMOAEHCTBMA. TIpouecce ¢ yuacTdem pasnuy-
HEIX 27EMEHTAaPHHIX YaCcTHL, CHJIBHO pPa3juyaloTCd 1O HHTEHCUBHOCTH
NPOTEKAHHUd, T. €. [0 XapakTEPHhIM BPEMEHAM M 3Heprusm. B coorser-
CTBHH C 3TUM B3aUMONEHCTBHUS, B KOTOPHX OHH Y4acTBYIOT, (hPeHOMERO-
JIOTHYECKH NOAPA3AEASIOT HA CWIbHOE, 3JEKTPOMArHuMrTHoe, caaboe
rpasuTauMonnoe. CHIbHOE B3aUMOAECHCTBHE NPUBOANT K Haunbonee
HOPOYHOM CBA3M 3JEMEHTAPDHHX YaCTHL, MMEHHO OHO OOYCJOBIMBAET
CBSI3b IIPOTOHOB ¥ HEMTPOHOB B ATOMHHEIX Sjpax.

DJeKXTPOMArHUTHOE B3aUMONEIHCTBHE OTBETCTBEHHO 3a CBSI3b ATOMHHBIX
97IEKTPOHOB C SAPaMH ¥ CBA3b ATOMOB B MOJIEKYJIaX ¥ KOHAEHCHPOBARHEIX
cpepax. Mexnay aneMenTapHRIMA YACTHIAMH 3TO B3aUMONEHCTBHE OCyIIIe-
CTBSETCS YEPe3 NEKTPOMArHUTHOE 0JI€E; 14 €10 CYINECTBOBAHHUS HAMU~
yHe 3JEKTPUYEcKOro 3apaaa y uacTuun He obgsartensHo. Hanpumep, He
ob61analomui 31EMECHTapHKM 3aPSa0oM HEWTPOH MMEET MArHUTHHH MO-
MEHT ¥ YYaCTBYET B 3JIEKTPOMATHUTHOM B3aMMOIEHCTRBHHY.

Cnaboe B3aMMONEHCTBHE NPOYBASETCS B CPABHHUTEILHO MEAJIEHHO
HPOTEKAONUX MPOLECCAX PACHaAd HEKOTOPHIX 3JEMEHTAPHHX YaCTHL, K
atomumux spep. Hanpumep, 6aarogaps cnaboMy B3amMOAEHCTBHIO CBO-
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Goxumit HEUTPOH pacnanaercd Ha MPOTOH, JIEKTPOH H IJIEKTPOHHOE aH-
tHHeiTpuHO. HecMOTpd HA CpaBHMTENBHO MAIYI0 HHTEHCHBHOCTH H KO-
POTKOAEHCTBHE, C1ab0e B3aMMOAEHCTBHE UIPAET OUEHb BAXHYIO POJIb B
ycrpoitictse Bcenennoii. Hanpumep, ecnmm 6B yaanoch «BBIKTIOUATB»
cnaboe BaammoaeiicTeue, To noracao 6s1 ConHue, Tak xak 6u1 GBI He-
BO3MOXEH MPOLECC NPEBPAIEHNs MPOTOHA B HEWTPOH, MO3HTPOH M Heil-
TPHMHO, B PE3YJILTATE KOTOPOIO YETHPE MPOTOHA B KOHEYHOM CUETE CHH-
Te3upylorcd B sapo 3He. DTor mpouecc cayXHT HMCTOYHMKOM SHEPrHU
ConHua u 60JbIOMHCTBA 3BE3N.

Bce 6€3 MCKIIOUEHHS 4ACTULL YYACTBYIOT B IPaBHTaUMOHHOM B3aH-
MOJEACTBIH, KOTOPOE, OAHAKO, Ha CYGaTOMHHIX pPacCTOSHMSAX MOPSAKA
10713 cM ¥ MeHbIIE HE MrpaeT MPaKTHYECKH HUKAKOH POJH.

B 3aBHCHMOCTH OT CIOCOOHOCTH K y4aCTHIO B TEX HJIM MHBIX BHAAx
B3aMMOIENCTBHIl BCE JNMEeMEHTapHEE YACTHLH, 33 HCKAoueHHeM ¢oTo-
Ha, pa3OHMBAIOTCA HA ABE OCHOBHHIE PYNIHI AXPOHE M JIENTOHH. Axpo-
HH HapsiAy C MEKTPOMArHATHHM M C1a0KM B3anMOXEHCTBHEM yYacTBY-
IOT B CWIBHOM B3aMMOAEHCTBHH. JIENTOHK yYacTBYIOT TONBKO B IJIEKT-
POMATHATHOM U C1a60OM B3aMMOAEHCTBHIX.

Toucku eaMHOro B3auMoaeicTsus. OrHocuTeNbHAA POAb Pa3HBIX BH-
J0B B3aMMOAEHCTBHI (CHJIBHOIO, 3J€KTPOMATHUTHOrO, caaboro) B mpo-
geccax € 9JIeMEHTAPHLIMA YacTHUAMH 3aBHCHT OT 3HEpruM yacruu. Ilo-
3TOMY ACACHUE B3aMMOACHCTBHMIT Ha BHAN B 3aBMCMMOCTH OT MHTCHCHB-
HOCTH MNPOLIECCOB HANEXHO OCYMIECTBISCTCS TOJLKO NPH HE CIMIIKOM
BHICOKMX SHEpruax. B coBpemeHHOit ¢m3nke pacreT yBepeHHOCTb, YTO
BCE B3aHMOJENCTBHS B NPUPOAE TECHO CBA3aHK MeXAY coloit M mo cy-
HIECTBY SIBJISIOTCA Pa3JTMYHEIMH IIPOSBJICHUSIMH HEKOTOPOIO EXHHOIO IO-
nsa. O6peInHEHHE BCEX B3aMMOZEHCTBHM OCTAETCA MOKA HEPEMIEHHOM 3a-
naueit pusnyeckoi Teopuu.

OueHb BaXHEIM 3TANOM HAa 3TOM NYTH CTAJ YCHEX B CO3AAHHMH TEO-
puH, OObEeAMHHUBIIEH 3JEKTPOMATHMTHOE M ¢1a00e B3aMMOAEHCTBHSA B
eanMHOE TaK HAa3bIBaeMoOe 3JexTpocaaboe B3anMoReicTerue. B aToit HOBOIA
TEOPUH INEKTPOMATHATHOE IOJE M Moje ¢aaboro B3aMMOAEHCTBHSA pac-
CMAaTpUBAIOTCA KaK Pa3Hbie KOMIOHEHTH OAHOTO NOJIg, B KOTOPOM Haps-
Ay ¢ KBAHTOM 3JIEKTPOMATHUTHOTO OIS (POTOHOM Y4acTBYIOT TPH HOBBIX
YACTHIH ~— NPOMEXYTOUHHE BEKTOpHHE 6o3oan WY, W, Z9% Heobxo-
IUMOCTb CYIIECTBOBAHHMS 3THX YACTHI[ BRITEKACT B HOBOM TCOPHM H3
dHAJIOTHM C 3JIEKTPOMATHUTHBHIM B3aNMOACHCTBHEM, IAC 3JIEKTPHUYECKHH
3apsag MrpacT JBOMHYIO POJib: ¢ OOHOH CTOPOHBI, OH ABJSETCS COXPaHSI-
OMeica BEIMYMHON, ONPEREIMIOmEN caMo CyMECTBOBAHHE B3aHMONCH-
CTBHS, & C APYrOi CTOPOHHE — HCTOYHHKOM 3JIEKTPOMArHMTHOIO NOJA,
KBAHTH KOTOPOTO OCYIIECTB/SIOT B3AUMOLEHCTBHE MEXAY 3apSXEHHNMM
yacTHaMi. Byayuu anasormuyEEMH (HOTOHY, HOBBIE HACTHI[H BCE Xe€
PE3KO OTJIMYAIOTCA OT HErO0 HAJIMYMEM 3apsIAa M MAacChL.

Onexrpuyeckmit 3apsy y WH-6o3ona rakoit Xe, XaK M y IpOTOHA,
y W™ — Kak y anexTpona, a Z°-6030H snextpuuecky ueirpases. Ho-
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Bad TEOPHS HE TOJILKO NPEACKA3a/a CYIECTBOBAHME 3THMX YacTHI, HO
H TO3BOJIIJIA BHIPA3UTh HX MACCH YEPE3 M3BECTHHE M3 ONHTA KOHCTaH-
TH, XapaKTEepU3yIOMHKE 3JIEKTPOMATHHTHOE M cJaboe B3auMOAEACTBHS
npu HH3KHX JHEPrHsX. Onn 0Ka3a/uch paBHEMH
My+ = my- ~ 81 3B u m, ~ 92 I'sB. Boapmas Macca 3THX 4acTHLl

(npumepuo B 100 pa3 Gonbime, YyeM y NpoTOHA) HE AABAJA BO3MOXHO-
cr# o0HapyXHUTh MX W MCCJIEAOBATb IKCNEPHMEHTANRLHO, NOKA HE OBUTO
AOCTATOYHO MOMHEIX yckopureneir. B 1983 r. B Xenese Ha ycxopure-
Jie, A€ NPOMCXOAWIM CTONKHOBEHHS NPOTOHOB H AHTHIIPOTOHOB BO
BCTPEYHBIX myukax ¢ Heprueit 270 B B xaXAaoM nyuke, BCE TPH 4Ya-
craunl GeUtH OTKPHTH. VX Macce oxasasncs B GeCTsmeM Cornacuu ¢
TEOPETHYECKH NPEACKAZAHHKMH 3HAYCHUSMH.

O mexaHn3me pyHIaMeHTAIbHBIX B3aUMOReACTBHMA. Fxes o ToM, uto B
MHEPpE 3JTEMEHTAPHKX YaCTHII B3AUMOAEHCTBHE OCYIECTBAIETCS IOCPEACT-
BoM obMena KBaHTaMu Kaxoro-aubo nosd, poaunacs B ¢usuke eme B 30-x
rogax XX Beka, xorna X. IOkasa npeanosoxus, 4ro CuabHOE B3aHMOAEIH-
CTBHE MEXY HYKJIOHAMH 00S3aHO CBOMM IPOHCXOXIEHHEM TMNOTETHYE-
CKHMM 4acTHLAM, TOJYYHBIIMM Ha3BaHHE ME30HOB. Maccy aTmx yacTuig
MOXHO OLIEHHTH C MOMOIIBIO COOTHOMEHM HeonpeneneHuocrei. Heonpe-
neaeHHocTh AE 3HAUE€HHd SHEPruy Sapa Npu MCITyCKAHMM HEKOTOPOIf ya-
crunbl (ME30HA) MAcchl M MOPSAKA 3HEPrHM ITOH vacTuus: AE = mc?.
D1a HeoNpenEeIeHHOCTh B 3HAYECHHH SHEPTUH CYIIECTBYET B TEUCHUE Bpe-
MEHH Af npoJIeTa ME3OHA BHYTPH 91pa, KOTOPOE AAETCS OTHOMEHHEM Pa3-
Mepa aapa R x ckopocTs yacTuul v = p/m: At & Rm/p. Bxoaamee cioga
3HaUYeHHE HMMITYJIbCAa p OUEHHM M3 COOTHONMEHHA HEOMpPENCJCHHOCTEM,
yUHTHIBAS, YTO ME3OH JIOKAJH30BAH BHYTPH aapa: p = h/R. Orciona cie-
nyer, uro At~ mR*h. Tlogcrasnsa AE w At B COOTHOmEHHE
AE-At ~ h, nosy4YnM OLIEHKY IUIst MACCH ME30HA m:

~_h'_~ . 25 p ~ s
m~ o= ~3-107% r ~ 300m, ~ 150 MB. (1

YacTHupl ¢ TaKO# Maccoit ORI BIOCENCTBHH OTKPHTH HA ONBITE H
NONYyYMIN Ha3BaHHE T-ME30HOB (nuOHOB). CymEcTBYIOT TPH BHAa MHO-
HOB: ", 71 M 7%, MaccH KOTOPHX COCTABNAT m + = m_- ~ 140 M3B,
m_o = 135 M3B.

Panuyc GpyHnaMeHTaNbHBIX B3auMoneicTsnid. OnucaHHas BHIIE UAEs
0 TOM, YTO (PU3NUECKMIT MEXAHN3M B3aMMOLEHCTBHS 3aKJIOYAETCst B 00-
MeHE KBaHTAMH HEKOTOPOro IOJs, OKa3ajach OYEHb ILUIONOTBOPHOIA.
HaitnenHas cB93b MEXAY PanHycOM AECHCTBHS CHJI M Maccoil oOMeHHBa-
€MBX YACTHI[ HMEET YHHBEPCANBHEN XapakTep: Iig JIOGHX BUZOB B3a-
HMOZECTBUA paguyc CwI, Kak BHAHO u3 (1), ofparHo mponopHHoHANIEH
Macce YacTHIH:

R~ )

me
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DJIeKTPOMAarHUTHOE B3aMMOAEHCTBYE XapaKTEPU3yeTcs OECKOHEUHEIM
paguycoM AeHCTBHMS CWI, ¥ HO3TOMy Mmacca ¢oToHa pasna Hymo. Kak
MBI BHJEIH, 19 SACPHHEX CHI ¢ pamuycoM neitcrBua 10713 em macca me-
30Ha okasasack okoso 150 MaB. B cayuae ciaboro s3ammoneiicTsus pa-
AMyc neiicTua cua cocrasaser 107'6 oM, uTo maet mnsg MaccH BeKTOp-
HEIX GO30HOB NPHUBEAEHHOE BHIIIE 3HAYEHUE.

Obcyxnaemas CBA3b MEXIY MAccoil 0OMEHMBAEMON YaCTHLH ¥ pagu-
YCOM COOTBETCTBYIOILIECIO B3aMMONENHCTBHS 1O CYIMECTBY OTPAXaer Kop-
[yCKYJSPHO-BOJIHOBOM Ayanu3M, NPUCYMUN BCEM KBAHTOBLIM OOBEKTAM.
Ie#cTBUTENBHO, KBAHTY NOAA C 9Hepruedt E = Av, paccMaTpuBaeMoMy

KaK YacTMIA, CJIEAYET COMOCTABUTh BhIpaxenue E = mc2, OTKyda Ajas
paguyca B3aMMOACUCTBHY MMEEM
[4 h -
RxA===—, (&)
v mc

Benuuuny h/(mc) Ha3BIBAIOT KOMRMOHOGCKOU OJIUHONE GOJIHbL UACTH-
1l ¢ Maccodt m. VIMeHRO OHA XapaKTepusyeT NPOCTPAHCTBEHHHIH MacmTad
B3aMMOJEHCTBHA, OCYILECTBAIEMOrO OOMEHOM YACTHILAMM TAKOM MacCHl.

CsoiicTBa 3nexTpocnaboro s3ammoneidcTsud. Bonbmag macca npo-
MEXYTOYHHX BEKTOPHHX GO30HOB ¥ CBA3AHHHI C 3TMM OYCHb MAJIEIA
paguyc caaboro B3aWMOAEHCTBUS NPHUBOAAT K BAXHHIM A HAac Caen-
cTBUSM. BaxkmeMmadq BHITEKAOmas OTCIOAA OCODEHHOCTE 3aKJIIOUAETCH
B TOM, YTO NP HHM3KHX IJHEPrusax OOyCJIOBJCHHHE CAa0HM B3aUMO-
IEHCTBMEM TPOLECCH IPOTEKAIOT OYEeHb MemiaeHHo. Jlaxe mpu Temme-
paTypax ¥ IUIOTHOCTSX, KOTOphle TOCHOACTBYIOT B uentpe Conuua,
0ByCI0BACHHEE CIabhM B3aUMOAECHCTBUEM MNPOLECCH CHHTE3a NpOTO-
HOB B JIETKHE SApa NPUBOAST K CKOPOCTH BHIAE/NCHHUS TEIJIOTH HA €ay-
HuLy Maccel, nputmusutensHo B 100 pas MmeHbmeil, uem mpum ecre-
CTBEHHOM OOMEHE BEHIECTB B OPraHU3Me UeJOBeKa. MeaeHHOCTb ITHX
mpomeccos ofecmevuBaer mocreneHHoe «Buropakue» ConHua Ha naH-
HOM 3Tane ero SBOJIOUMM, KOTAAZ OHO CBOMM H3JIYYyEHHMEM AAET XHU3Hb
BCEMY 3EMHOMY.

IIp¥ BHICOKMX SHEPrdaX, AOCTHXHMMHIX HA COBPEMEHHHIX YCKOPHMTE-
J9X ¢ BCTPEUHHEIMHM IIPOTOH-AHTUIPOTOHHEIMH IYYKAMH, CHTyauMd Kap-
OUHAIbHO M3MeHseTcd. OOMEH TSKEILMH BEKTODHBIMM 6030HaMM Npo-
HCXOMUT Teneps CToap Xe dpdekTusHo, Kak U o0men ¢oroHamu. Ilpu
OUEHb BHICOKHMX DJHEPrHsax ciaboe B3aMMOOEACTBHE MOXET CTaTe gaxe
CIWJIbHEE JJEKTPOMArHUTHOIO. 37ech 3aKOHH OORYHOM 3/71€KTPOAMHAMH-
ku yxe He paborator. [IpaBwibHOe omucaHue NIPOmECCOB AAET HOBAs
TEOPNA — TEOPHUS 3JNEKTPOCIAbOro B3aUMOACHCTBHMS, YUMTHIBAKOIAL
kak oOmen ¢oToHaMu, Tak ¥ OOMEH MPOMEXYTOUHHIMH BEKTODHEIMH
6o3oHamMu. Jta Teopud npoposrKaer reopuro Makcsesta B obnacts Ma-
JIEIX DPAcCTOSHMM WM, YTO TO Xe caMoe, B 00JIaCTh BLICOKMX OSHEPruii.

CuabHoe B3aumoneiicrese. Kpapku. 3HaunresbHEE yCIEXW AOCTUTHY-
TH B [OCJICAHNE TOAK M B TEOPUM CWIBHONO B3aMMOAEHCTBHS, IAe HyK-
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JIOHH yXe NepecTaqu Wrpatk ponap MCXoOHmx uacrun,. Okaszanoce, 4yro
BCE afPOHH MOXHO NPEACTABATH KaK COCTAaBHHIE yacTHLH, obpasosan-
HHIC M3 Tak Ha3HIBAEMHX KGAPKOG.

KBapku Gmsaror mectd copToB. B cTpoeHnu okpyXaiomero Hac Mupa
HauboJIee BaXHH u- M d-KBAPKH, W3 KOTOPHIX NOCTPOEHH NPOTOHH U
He#Tponul. Kpapku 061a0ai0T APOOHEIM 3JIEKTPHUYECKHMM 3apaaoM. 3apsn
u-xkBapka cocraeaser +2/3 snemenTapHoro 3apspaa, 3apsaa d-KBapka
—1/3. Tlporon cocToMT M3 ABYX u- ¥ ogHoro d-keapka. Heilirpon cocro-
UT U3 OAHOIO u- M NBYX d-kBapkos. Korna d-xBapk BHYTPH HEHTDOHA
OpeBpam@eTcs B W-KBApK, 3apa)  HYKJIOHA  H3MEHAETCs  Ha
(+2/3) — (—1/3) =1, urto Bocnpuuumaercd HabmomareneM Kak npe-
BpAIEHNE HEWTPOHA B IIPOTOH.

KBapku He HAOMOAAOTCS B CBODOAHOM COCTOSIHMH M 110 COBPEMEHHBIM
NIPENCTABJIECHUAIM IPUHIMINAILHO HE MOTYT CYIMECTBOBATh CaMH no cebe
BHE aApOHOB. Beaxad nonuTka 0CBobOMUTL KBAPK M3 «3aKJTIOUEHHUI» B a-
poHe Hen3DeXHO 3aKAHYMBACTCS POXIACHUEM NAaPH KBAPK—AHTUKBApK,
o0pa3yroimux B COBOKYITHOCTY Me30H. BaaumopeiicTeue MeXay KBapkamu
B aAPOHE OCYIIECTB/ISETCS MOCPEACTBOM 00MEHA TaK HA3BIBAEMBIMH 2J1FO-
oHaMU — THNOTETHYECKUMH INEKTPHUECKH HENTPATHbHRIMA YACTULAMY C
Hy/eBo# Maccoi noxkos. OCHOBHOM BKJIAM B MacChl IPOTOHOB M HEUTPOHOB
JaOT HE KBAPKH, M3 KOTOPHX OHH COCTOST, @ CHU/IbHOE B3aUMOACHCTBHE
MEXAY KBapKaMu, o0yCJOBJEHHOE IIIOOHAMH. B aToM cMmeicie rosop4r,
YTO IIIOOHH EPEHOCAT MacCy, XOTS CaMH e He obagaior.

CocTosn¥e KBAPKOB XapakTEPU3YKOT PSOM KBAHTOBBIX YHCE], MOMY-
YMBHIMX 3K30THMYECKME HA3BAHHS, OAHO M3 KOTOPHIX — LBET a0 Ha-
3BaHUE BCEH Hayke, ONUCHBAIOUIEH B3aUMOACVUCTBUE KBAPKOB C IVIIOOHA-
MH, — KGaHMO06as xpomodurnamuka. TMIOTE3a KBAPKOBOM CTPYKTYPH
oKasanach HeoDXOAMMOM NS NOHMMAHMS AMHAMMKY DA3JHYHEIX MPO-
LECCOB € yyacTuem agpoHoB. KpomMe Toro, sTa runoresa mo3sonmaa o0b-
SICHUTD IMIMPUYECKH YCTAHOBJICHHYIO KIacCH(UKAUUIO agpoHOB.

BHyTpeHHHe CMMMeTpHH. PyKoBoasmas mjies B Pa3BHTHM TEOPHM 3J1e-
MEHTAaPHBIX YaCTUL, OCHOBAHA Ha NPENCTABICHUHM O BHYTPEHHUX CHMMET-
pusax. Hanpumep, cuibHOe B3aMMopeHCTBHE CHMMMETPHYHO OTHOCHTENb-
HO NOBOPOTOB B abCTPAakTHOM M3OTOMHMYECKOM NpocTpaHcTBe. OnHuM U3
MPOSBJICHUN 3TOM CUMMETPHH SBJISETCH 3apsioBas HE3aBUCHMOCTD
anepubix cwi. Tak HasbiBaeMasd KajuOpPOBOYHAS CHMMMETPHMS OTBEYACT
TOMY (axKTy, YTO HEKOTOPHIC COXPAHSIOMMUECS BEIMYUHEI, HA3HIBAEMEIC
«3apspamp» (HanpuMep, 3JEKTPU4ECKMA 3apsd), SIBASIOTCS OXHQBPE-
MEHHO HMCTOYHMKAMH TIOJICH, MEPEHOCAIINX B3aMMOACHCTBIS MEXIY Ya-
cTHLAMy, 00/MafalIMY JAaHHEIM THIIOM «3apgaa». C KaxaeiM THIIOM
cHMMMeTpuM B (hU3UKE CBSI33aH ONPEHEJACHHEIN 3aKOH COXPaHEHW,

AHHHATHASAOHS YacTHUH W anTmyacThusl. Coolpaxenns cuMMerpuu
INPUBOAST K HEM3DEXHOMy BHIBOAY O TOM, YTO y KaXJAOH 3JIEMEHTAPHOM
YaCTHIH CYIMIECTBYET «ABOWHUK» — aumuxacmuya, Kotopas oTJIHuaeT-
¢4 OT YacTHUH TOJABKO 3HAKOM HEKOTOPHIX XapaKTEPUCTHK B3anMoAcii-
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cTBUil (HanmpHMep, 3JEKTPUYECKOTO 3apsia, MaTHHTHOIO MOMEHTA, JIEM-
TOHHOrO M DApUOHHOrO 3apana). Y HEKOTOPHIX HACTHL[, B YAaCTHOCTH Y
¢oTOHa, AaHTHYACTHIIA COBIAJaeT ¢ camoil yactnuei. Takue vacruum
Ha3HBAKT UCTUHHO HEWTPAJIbHLIMU,

IIpn BCTpEYe YACTHUHI CO CBOCH AHTHYACTHLEH TMPOUCXOMHUT MX QH-
nuzunsyus. Hanpumep, npy anHMIMUISLAY 3JI€KTPOHA M IO3UTPOHA OHH
NpeBpamalTcs B A8a, TPH HIX HECKOMBKO Y-KBAHTOB. OOWH y-KBaHT
H3JYUYUTHCI HE MOXET, TAK KAK 3TO HECOBMECTHMMO C 3aKOHaMH COxpa-
HeHnd. [Ipy aHHUMWISHUY TAXEABIX YaCTHL, M aHTHUYACTHL, BO3HUKAIOT
HE CTOJBKO Y-KBAHTHI, CKOJIBKO APYIHE JErKve 4YacTHObl, HanpaMep n-
ME30HH [P¥ aHHUTWIAIYMY NPOTOHA M antunmporoHa. Hapsay ¢ anHuru-
ASUdei OPU KOCTATOYHO OOMBIION SHEPIUA BO3MOXEH W o0paTHHIM mpo-
LECC poxOeHus napvl 4acTHUIAa—HTHYACTHILA.

Benukoe o0Onenunenne. 3HAUATEABHHE YCHINS NPHIAralTCs B
Hacrodulee BPEMs B MONBITKAX PACCMOTPETh HA EAMHON OCHOBE HE TOJIb-
KO 3/IEKTPOMAar€HuTHOEe M c1aboe, HO W CWIbHOEe B3aumopeiicteue. Ha-
6monaeMule Oonpmue Pasauyus MEXAY ITHMHU B3aUMONCHCTBUIMH CUH-
TAKTCA ODYC/IIOBJIECHHBIMHM HApyIICHHEM CHMMETPHH MPH AOCTYNHHIX B
HacTogumiee BpeMs JHepruax. UxX eauHadg NpupoAa MOXET NPOSBMTHCS
TOMbKO NPH JHCPTHHM YACTHI[ BO BCTPEUHHIX Myuykax mopsiaka 104 I'sB.
IIpy 5TOM KBapk¥ H JENTOHH OKaXYTCd ONHOTHIHBIMH OOBEKTAMH
H CTAHYT BO3MOXHHEIMH UX B3auMHuule npespameHus. CaeacTeueM Takux
NpeicTaBeHN SBWIOCH MNPEICKA3aHME HecTabWILHOCTH CBOBOOHOTO
IPOTOHA CO CPpeARuM BpeMeHeM Xusuu 1030—1032 ner, uto cymecTenHo
npesHmaeT Bodpact BeeneHnoit. D1a Teopusa M3BECTHA OO HA3BAHHMEM
Benukoro obbenunenus. Teopus, KoTopas CyMeeT BKIIOUNTH ¥ I'PaBUTa-
MIO, yXe 3apanee nonywwia Hassanue CynepoGbeauHEHHE.

Teopuu Benmkoro oOpbequHEHUsS aKTyajbHHE UMb IOPUA CTOJMb BRICO-
KHX 9HEPrusax, KaKue MOriy OHTh TOAbKO HA CAMBIX PAHHMX 3Tanax cy-
miecTrosanusa Bceenennoit. Takum ofpazoM, msuka 371eMEHTapHHIX Ya-
CTHL, NPOPHIBASCH B OONACTh BRICOKMX SHEPruif, COCAUHMIACH C COBpE-
MEHHOM KocMosormeii — Tteopuest asomouuu Bcenennoit. Ilosasmwnace
HOBag Hayka — KOCMOMMKpodm3nka.

o Kaxoi1 cMbICl BKNAfbIBaeTcs B MOHATHE «dNIeMEHTapHas 4acTHLa» B COBpe-
MeHHO! usmke?

e VYKaXHTe poib KaxXaoro M3 Buios GyHOaMeHTaNbHBIX B3aUMONENCTBUI B
pas3nMuHLIX PUIHHECKUX SABJICHUAX.

o Jlouemy cnaGoe B3aumoneiicTBHE, HECMOTPS Ha CBOIO MaJiyl0 MHTEHCHBHOCTb
M KOPOTKOAEHCTBYIOLIMI XapaKTep, Urpact oueHb BaXHYIO pojlb B 3BOJIIOLMH
Bceenennoir?

e Kak ¢ nomombio COOTHOWIEHUS HCOHPC}JCIICHHOCTCIZ OUCHHUTb MacCCy ME30HA,
ICPEHOCAUIENO CHIILHOE B3auMoneicTeHe?

e Kaxkosbl coBpeMeHHble HU3HUECKHe [PEACTABIEHHS O MEXaHMU3ME B3aHMO-
IeiiCTBHS B MUpE 3/EMEHTApHBIX YacThu?
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Kaxk cBszannl Mexay coboit paiuyc neficTeusa CHJI M Macca 4acTHL, oGMeHoM
KOTOpsIMH O6YC/IOBNEHO AaHHOE B3aumopeicTaye?

Yro Takoe KOMATOHOBCKAS AIHHA BoHbl yactulpl? Kax oHa cBssaHa ¢ npo-
CTpaHCTBEHHLIM MacluTaboM B3auMozeHCTBMA, OCYIIECTBSEMOrO 06MeHOM
TaKUMH yacTHLAMH?

Kakyio pons wrpaeT mansiii paguyc cnaboro B3aUMONCACTBHA B 3BOMIOL MM
ConueuHoit cucTembl?

MoueMy emuHas TEOPHS 3NEKTPOCNaGoro B3aMMONENCTBUA aKTyaslbHa TONLKO
npu Buicokux sHeprusax? Ilpu Kakux umeHHO?

IoueMy npOTOHBI M HEATPOHBI HE SABAKIOTCA B MCTHHHOM CMBICTIE 3neMeH-
TapHBIMH yacTHLUAMHU?

Kakyio pons UrpaioT coobpaXeHHUss CHMMETPHUH B TEOPUH 3JIEMEHTAPHBIX 4a-
crvn?

Tlokaxure, YTO HEBO3MOXHA aHHUrHUIAUMUSA 3JICKTPOHA U [MO3UTPOHA C pOX-
OeHHEM TOJIBKO OOHOIO KBaHTAa.



