INPEAMCJIIOBUE

B maHHOM y9eOHOM 1TOCOOMM M3NAraroTcsl OCHOBBI (PM3WKH TIIa3MBI U
MPOIIECCOB, MPOMCXO/AIIMX B YCTAHOBKAaX M MpHOOpax, MpeIHASHAYEHHBIX IS
CO3/IaHMsI ¥ TIPAaKTHIECKOTO TpHMEHeHWs Tna3Mel. IlosTomy Hapsy c
«KIIACCHYECKMM»  H3JIOKEHNEM OCHOBHBIX TOHSTHH, XapakTEPH3YIOUMX
TJIa3sMy ¥ TIA3MOTIOIO0HEIC CPEJIBl, a TAKKE CTICIM(PUIECKIX CBOMCTB TNIa3MBbl
M TPOTEKAIONMNX B HEH SBICHWI, TPHBEICHBI CBEACHUS 00 SMHUCCHOHHBIX
SIBICHUAX, HWCIOJIB3YCMBIX IIPH TCHCPAIUM IUIa3Mbl, DJICMCHTaxX HOHHOHM H
9JICKTPOHHOH ONTHKH M O (PU3NKE HEKOTOPHIX OCHOBHBIX BHJIOB Ta30BBIX
pa3psIoB.

Takoe coderanuie B OTHOM MOCOOMM CBeIcHU 0 (pM3MKe MmTasMel, O
(rzrgeckoii MeKTpOoHMKE M 0 QU3NKE Ta30BOTO pa3psaa JACNacT 3To mocobme
Ooylee yHMBEpCABHBIM UL CTYJICHTOB, OYAYIINX WHKEHEPOB-(U3NKOB, W
aCMUPaHTOB, KOTOPHIM TIPHETCS WMETH JIENO C CO3JAHWEM M TPHMEHEHHEM
MTa3MEHHBIX YCTAHOBOK M YCTPOMCTB ¢ MCHONB30BAHNEM W IJIa3MBbl, ¥ TIYYKOB
3apSDKEHHBIX HacCTHI] B Pa3IMIHBIX WCCIEOBATENBCKIX W TEXHOJNIOTHIECKHUX
3a/1agax.

B ocHOBY mocoOms MOIOKEHBI Kypchl «Du3nKka miasMen», «BBeacHre
B ¢muky mnasmen» u «HumskoremmnepaTypHas mia3may», autacMeix B MADOU
CTyACHTaM (aKyimbTeTa DSKCICPUMEHTANBHON W TCOPETHYCCKOM (hI3HKH,
crienmarbHOro (paxymsTera Gusukn 1 GaKkyIbTeTa aBTOMATH3AINH IPHOOPOB 1
ycTaHOBOK. ba3oBHIii XapakTep 3TOro mocoOws, B KOTOPOM H3/IaraloTcsi OCHOBHI
(m3mHecKuX SIBICHMI KaK B CaMO# Ia3Me NpH ee 00pa3oBaHNH B TNIA3MEHHBIX
YCTaHOBKaxX, TAK U IPH T'CHEpAIUN ¢ €€ NOMOIIBI0 HOHHBIX M JJICKTPOHHBIX
My4KOB, JICNIACT €ro MOJE3HBIM JJIS CTYACHTOB, CHEIMANM3HPYIOMNXCI H B
(usmKe TOpsHEii MIa3MBI, TEXHOJIOTHH TEPMOSIEPHOTO CHHTE3a, U B IPYTHX



005acTsIX, CBSI3aHHBIX C IPIMEHEHHEM TUIA3MBI H TIOTOKOB 3apsDKEHHBIX JaCTHI]
B TEHEpaTopax M B YCKOPHTEISIX YacCTHI] B ITUIA3MEHHO-TEXHOJNIOTHIECKHUX
YCTaHOBKaxX, B INIA3MCHHBIX W HOHHBIX JIBIKWUTCIKIX U BO MHOTHX JPYTHX
00NacTsX.

Heckomsko cnoB o crpykrype kHurd. HamedeHHas BbIIle IENb
ompesienyna oTOOpP MaTepHala M TPHHATYI0O HaMM TIOCHEOBATENBHOCTh €ro
n3noxeHvs. ['maBa 1 mocBsmeHa KpaTkoMy OOCYXKICHWIO OCHOBHBIX TTOHSITHH,
YIOTpeOUTENBHBIX B OIMCAHWM IUIA3MEHHBIX SIBJICHWH ¥, 1O CYTH Jielna,
COCTaBJIIONIIX OCHOBY (I3MKH TJIa3MBI Kak COCTOSHMA BemmecTBa. B riase 2
o0cyxaloTca Hambojiee XapaKTepHbIC OCOOCHHOCTH TIOBCACHWS TDIA3MEI,
IOMENIEHHOM B MarHWTHOE Iojie. B riaBe 3 M31araloTca OCHOBHI MArHHUTHOMN
TH/IPOJITHAMMKH TIIa3MBbl M JIAHBI TIPOCTEHINNE €€ TPHIOKEHUS JUISL OTIHCAHMS
PaBHOBECHS IUIA3MBl M JUHAMHYCCKMX TIPOICCCOB B Hel. B rmase 4
00CYX/Ial0TCS BOJTHOBBIC CBOFCTBA TUTA3Mbl M YCIIOBHSL PacIIPOCTPaHESHS BOIH
B mna3Me 0e3 MarHWTHOTO TIONS M B MAarHWTOAKTHBHOM IasMe, a Takke
OCHOBHBIE THITHI MAaKPOCKOITMYECKMX M KHHETHYECKHX HEYCTOHUMBOCTEH,
KOTOPHIE MOTYT Pa3BHMBAaTHCS B INa3Me. DTH TIIABHI SBILIOTCS, 1O CYTH Jiela,
pe3yneTaroM  0000IICHMS, HEOOXOAMMOTO JIOMONHCHUS W KPUTHICCKOTO
TIEPEOCMBICIICHHSI MaTepHana, OmyOIMKOBaHHOTO aBTOPaMH paHee B MOCOOMSIX
[1,2]. Obcyxnennio (m3uKKM ITydKOB 3apsDKCHHBIX YacTHIl, BOIPOCaM WX
(OoKyCHPOBKM ¥ YCNOBWII paclpOCTPaHEHWS TOCBSLICHBI THaBHI 5 w 6.
TIpo6iteMBl SMHUCCHOHHON SJICKTPOHUKH OOCYXKIAKOTCA B TaBe 7 W, HAKOHEII,
3aKITIOYNTENBHAS TIaBa § /laeT KPaTKWil HKCKYpC B (M3MKYy OCHOBHBIX THIIOB
Ta30BBIX Pa3pAJIOB.

OTMeTHM Takke, 9T0 HaMM TPHHATa HyMepalsi pUCYHKOB ¥ GhopMyn
TIO TJIaBaM.



BBEJIEHUE

BceM HM3BECTHBI TPH arperaTHBIX COCTOSHMS BEIISCTBA — TBEPHOE,
XuIKoe, ra3zooGpasHoe. IlmasMy 9acTO HA3BIBAIOT 9YETBEPTHIM COCTOSIHHEM
BEIIECTBA — CAMBIM BBICOKOTEMIICPATYPHEIM, MMesI B BHY IICIOYKY IIPEBpaA-
MICHMIA: TBEPAOE TENO — KHIKOCTh — Ta3 — INIa3Ma, MMEIONIYI0 MECTO IIpH
nioBbImeHnH TeMmeparypsl (Sir William Croocus , 1879).
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Puc.B.1. 3aBucuMOCTE SHEPrOCOAEPKAHMS

OT TEMIIEPATYPHI

I'paduk 3aBHMCHMOCTH KOIH-
YecTBA DHEPIHH, CofiepXkaiieics B
HEKOTOpO# Macce BemecTBa (HampH-
Mep, B OJJHOM TPaMMe), OT €ro TeM-
meparypsl mogoOeH TpaduKy, TmoKa-
3aHHOMY Ha puc. B.1. TIpu mocrarou-
HO HM3KOH Temmeparype Jodoe Be-
OIECTBO HAXOAWUTCA B TBEPIOM CO-
CTOSIHUH, 110 MCPC TIOBBIILICHUS TCM-
mepaTypel  €ro  3HEProcojepiKaHue
pactet — 910 ydactok a — b. Hakion
OTpe3ka TpsMoit @ — b onpezenseTcs
TETJIOEMKOCTBIO BEIECTBA, a COOT-
BETCTBYIONMM YYacTOK Ha MIKale
TEMIePaTyp J0 TOUYKH b MOXET OBITH
¥ O49CeHb MaJBIM (JUis Bogopoda 13,9

K) u Becsma GosrbrmimM (711t Bonmbdpama 3643 K). B Touke b HaumHaeTcs mnaB-
JIeHNe, UL 9UCTHIX BEIIECTB TEMIIEpaTypa OCTaeTCs TOCTOSTHHOMN: SHEpTHs
3aTpadMBacTCs Ha pa3pylleHHe CBA3el, ONpee/IONMX YIIOPI09eHHOE pac



TTOJIOXKEHHE JaCTHI] BEIICCTBA OTHOCHTENBHO JIPYT Apyra. Bemmauna ygactka b
— ¢ OmpeIeNsieTcsl TaK Ha3bIBacMOM «CKpPHITON» TeruoToid tuaBneHus. [Ipu
JIANTEHEHIIIEM TOBBIIIEHHH TEMIIEPATYPhl Ha YIacTKe ¢ — d BEMIECTBO OCTAETCA
B JKHJIKOM COCTOSIHHH, PACTET SHEPTHS JBIKEHHS ero Mojtekyi. Hakion otpes-
Ka TpsMoi ¢ — d OTIpeIENIETCs TEIIOEMKOCTRIO BEIECTBA B KHIKOM COCTOSI-
unn. B Touke d HauMHAETCS KWIIEHHME, M BEMIECTBO MEPEXOHUT B Ta3000pasHoe
cocrosame. Ha otpeske d — ¢ TemmepaTypa OCTaeTcs TOCTOSHHOM, SHEpTHs
pacxojyeTcs Ha pa3pylieHHe CBsizel Mexay MoJieKylamu. BemmduHa ydacTka
d — a onpenenseTcs TaKk Ha3BIBACMON TeryioToH wcmapenws. HeoOxomumo
OTMETHTb, 9TO STH PACCYKICHUS BEPHBI MIPU HEKOTOPOM 3aJIAHHOM JIABJICHHM.
Ha camom Jiefie ¥ HaJl TBEPABIM TEJIOM BCETJIa MMEETCS HEKOTOPOE JaBJIEHHE
HACBIIICHHOTO TIapa, BECbMa Majioe s OONBITMHCTBA BemecTB. OIHAKO HAJ
HEKOTOPBIMH BEIECTBAMH OHO BCE K€ BEIWMKO (Hampumep, y #Hoja mupu
temueparype 387 K oHo coctaBiser 90 MM pT. CT.).

TlosTOMY TIpHBE/ICHHBIE BHINIE PACCYKACHUS UMEIOT XapakTep MIUTIOCT-
palliy M3MEHEHMS NMPHBHIYHBIX JUIS HAC arpeTaTHBIX COCTOSHHI BEIECTBA B
3aBUCHMOCTH OT TeMueparypsl. [1o Mepe pocTa TeMrepaTypsl YBETUYHBACTC
SHEPIUs MOJIEKYJI, YMEHBIIAIOTCS CBS3H M TOCHE HCTAPEHUS BCE MOJIEKYITHI
CTaHOBATCS CBOOOAHEIME. ECITH poIoiDKaTh YBEIMIUBATE SHEPTHIO STHX CBO-
6O/THEIX MOJIEKyY! (HalpuMep, HarpeBarh ra3), TO TPH B3aNMHBIX CTOJIKHOBEHH-
SIX MOJIEKYJIBI HAYHYT Pacmajarhcs Ha aToMbel. HO 9TO yXe TpHUHIMIHAIBHO

HOBBIH TIPOIIECC — 9acTh SHEPTHM 3aTPAdHBACTCA Ha TPOIECC, KAYSCTBCHHO
MEHSIONHI COCTaB Ta3a.
Xopormmo W3BECTHO, 4TO ra3 MPEACTABILCT COO00H COBOKYITHOCTH CBO-

6OIHBIX JaCTHI] — MOJIEKYJT (OOBITHO) MM aTOMOB (pexke). DTH JaCTHIIHI CTaJI-
KHBAKOTCA JIPYT € JPYTOM, CO CTCHKaMH COCY/Ia, M B Pe3yNbTaTe CTONKHOBCHMI
YCTaHABIMBACTCS BIIONHE ONpPEICIICHHOE pacrpesieieHue 9acTHIl 1O CKOpO-
crsM. TIpm kax o TaHHOM TeMIlepaType OCHOBHAS 9acTh YaCTHI] MMEET HEKO-
TOPYIO OTIPEIICIICHHYIO (HanboJiee BEPOATHYIO) CKOPOCTB, HO BCET/IA €CTh U



6onee MemIeHHRIC JacTHIIH U Goniee OpicTphic. UeM manbine oT Hamboree Be-
POSTHO# CKOPOCTH (M B CTOPOHY YMCHBIIICHUS M B CTOPOHY YBEJIMUCHUS), TEM
MEHBIIIE YaCTHI, UMEIOINX TaKylo, JAIEKYI0 OT Haubollee BEPOSTHOM, CKO-
pocts. Ha puc. B.2 nipesicTaBieHo B KauecTBE WLUNIOCTPAIMM OTHOCHTEIHEHOE
YUCIIO JacTHl] dn/ndv, TPUXOIAIICECS HA WHTEPBAJI CKOPOCTH dV, B 3aBHCHMO-

CTH OT BEJIMIMHEBI MOZIYISI CKOPOCTH V. DTO — M3BECTHOE pachpesencuue Max-
ceemna. Hanbonee BaskHO TO, 9TO TIpH JIIOOBIX TeMIlepaTypax BCET/Ia HMEIOTCS
OBICTPHIEC JaCTHIIBI, IPHYEM, TEM BHIIIIE TEMIIEpATypa, TEM UX OOIbIIe.

B 00bI9HBIX yCIOBMSIX, Ha-
TpuMep NpH KOMHATHOM Temrie-
paType, JOJIA TaKUX YacTHI] Kpaii-
HE Majla, TaK 9T0 DHEPTrHs MOjIaB-
JIAFOIIETO YHCIIa YaCTHI] HEA0CTa-
TOYHA JUISL TOTO, 9TOOBI paspy-
IIUTE MONEKYy (Win TeM Ooiree
aToM), TIOSTOMY TPAKTHIECKH
npeodaialoT TOMBKO TaK HA3bI-
BaeMBbI¢ YIIPYTHE CTONKHOBEHHS, B
pesynmbTaTe  KOTOPBIX  HOJHAas
KWHETHYeCKass SHeprus 00eMX CTAIKHBAIOIINXCSA HaCTHI] OCTaeTC HEH3MCH-
HOH. OTO THMMYHO I OOBIYHOTO Ta3a, TAKUE CTOJMKHOBECHUS W TPHBOIAT K
YCTaHOBJICHHIO MAKCBEJUIOBCKOTO pactpefefieHus (10 CKOPOCTAM MIIH SHEPTH-
AM, TaK KaK MPH JaHHOM Macce YacTHIBI €¢ KHHETHHIeCKas SHePTHs OHO3HAY-
HO OIPEJIENAETCS CKOPOCTHIO: E=mv?/ 2; TMpEIoNaraeTcs, 9To ra3 B
TIEJIOM TIOKOUTCST).

Hmerommecs Beeryia OBICTPEIC YaCTHIIH Pa30MBAIOT MOJICKYJIBI M JIAXKE
aTOMEI, HO WX HHYTOXKHO MaJlo, €CITH TeMIIepaTypa ra3a He Benmnka. IIporecc
pacrajia MOJIEKYJ Ha aTOMBI Ha3BIBAIOT Juccoyuayueti, Ipollece OTPHIBA DJIEK-
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Puc.B.2. ®ynxums pacnpeneneHus

TPOHA OT aTOMAa — UOHU3AYUell, a ATOM, TIOTEPSBIINI OIMH SIEKTPOH (VI



Gombie) — HoHoM. TIpH HOPMATBHBIX YCIOBHAX B 1 cM® BO3/yXa COEPKATCS

10° — 10° HOHOB, YTO HHYTOKHO MAJIO TIO CPABHEHMIO ¢ YHCJIOM MOJIEKYT 2.7+
10" B KaxIOM Ky6HueckoM canTiMeTpe. O[HAKO NPH TOBHIIICHMH TEMIIEPa-
TypHl Bce OOIBIIE CTAHOBHTCS OBICTPBIX YACTHII, BCE Hallle TMPOHCXOJIT TIPO-
IIeCCHl JIMCCOIMAIM M MOHM3aImy. B 3THX mporieccax 9acTh KMHETHIECKOH
9HEPTHH YacTHI] 3aTPadMBacTC HAa BHYTPHMOJIEKYISAPHBIC (MJIH BHYTPHATOM-
HBI€) TIPOTIECCHI; TIOITOMY KMHETHIECKasi SHEPTHS CTAJKMBAIONIMXCS JaCTHI] JIO
COyJIapeHMsI y)k€ He paBHa MX KHHETHYECKOH SHEPIruH TOCHe COYIAapeHHs.
Takue mporieccsl Ha3BIBAIOT Heynpyeumu. B OOBIIHOM Trase ponb HEyNpyrmx
TIPOIIECCOB TIPEHEOPERKNMO Malla, HO TIPH JIOCTaTOTHO BBICOKOH TeMIlepaType
OHHM TIPHOOPETAIOT CyIECTBEHHOE 3HaueHNe. B pesynbraTe 00pa3yloTcs HOBHIE

YaCTHIIBI: TIPM JIUCCOITHAIINH — aTOMBI, IIPA HOHU3AIINN — WOHBI U DJICKTPOHBI.
ITocnenuee ocobeHHO BakHO. ATOMBI, KaK M MOJICKYITBI, SIEKTPHIECKH HewH-
TPaNTbHEI, @ BOT HOHBI M SJICKTPOHBI MMEIOT IEKTPUIECKHe 3apssl. Hamaame
SMEKTPUYECKHUX 3apsIOB CYIICCTBEHHO MEHSCT XapakTep B3auMOJCHCTBHS
MEXKJIy JacTHIlaMH. Beap HEHTpabHBIC YacTHIIHI B3aUMOJCHCTBYIOT, TPy0o
TOBODPS, TOJBKO TPH HEMOCPEACTBEHHOM CTOJNKHOBCHHH, TOJOOHO YIPYTHM
OMJIBAPIHBIM IHApaM, TaK KaKk TMOTCHIMAN IOl CHJT B3aMMOJCHCTBHA HEH-
TpamsHBIX dacThl] (cwibl Ban-nep-Baamsca) 6bIcTpo YOBIBaCT C YBEIHICHHEM
paccTosAHUs MeXIy dacTiiaMi. TorJa Kak 3apsDKCHHBIC YacTHIBI CO3/al0T
BOKDPYT ce0f NPOTSHKCHHBIC SJICKTPHUCCKHE TOJS, 3HAYHTENBHO MEICHHEe
yOBIBAIOIINE C PACCTOSHHMEM, a MOTOMY M CHJIa B3aMOJICHCTBHS MEXJIy 3aps-
JkeHHBIMHM dacTriiaMu (cmna KynoHa) 3Ha9MTENBHO MeIIeHHee YOBIBaeT C
POCTOM pacCTOSHUS MeXJIy JacThiiaMu. IMEeHHO JanbHOJICHCTBYIONTI Xapak-
Tep CHII MEXTy 3apKEHHBIMH HacTHIIAMH M MPHUBOIHUT K KaYSCTBEHHO HOBBIM
— mrasMeHHBIM — 3(QdekraMm B rase, cojepkanmieM CBOOOIHEIC 3apsbl. ITO
Ka4eCTBEHHO HOBHIH Ta3, CoJiepKanIvil B 3aMETHOM HHCIIC 3apsDKCHHBIC JaCTH-
el Takoii ra3 u Ha3HIBaIOT TTa3Moil. CaM TEPMHUH «Ia3Ma» TIOSBHIICS B O0H-
xoj1e Hayku mocie padot Jlearmiopa u Tonkca B 1928 1., ¥ OBIT BBE/ICH IS



OIMCAHMS COBOKYITHOCTH SIBJICHUH, CONPOBOXKIAIONINX SIICKTPUIECKUI pa3pss
B rase. Jlerko MOHATH, 4TO MEXKIY ra3oM HEHTPaIbHBIX YAaCTHI[ M Ta30M-
TIa3MOM HEeT 9eTKOH IpaHuIIBl: OOBIYHEIN ra3 CTAHOBUTCS TIJIa3MO#, KaK TOJNIBKO
POIB B3aMMOZICHCTBIS 3apsDKEHHBIX JaCTHI] CTAHOBHTCS, €CIIH HE OTIPEIENISIO-
e, TO CYHmIECTBEHHOH I TMOBEJCHU JTaHHOUW cyOcTamim. O4eBHIHO, 9TO
9Ta TPaHHWIIA JOBOIBHO Pa3MBITast, B OTIIMIHE OT pe3knX ¢a30BBIX NEPexoIoB,
HMMEIOIIMX MECTO C MOBBIIMICHHEM TEMIIEPATYPEI H CONPOBOXKIAIOIINX IIPEBpa-
IIEHNE TBEPZIOTO TeNla B JKHIKOCTH, a 3aTeM JKHJKOCTH B ra3. HekoTopoe paB-
HOBECHOC KOJIMICCTBO 3aPsHKCHHBIX dacTHll (ompeaensemoe dopmynoii Caxa)
TIPUCYTCTBYET B Ta3e MpH JIIO00H TeMmepaType, HanpuMep, CBOOOIHEIC 3apsiIbI
B IUTaMCHU OOBITHOM cBeun. Ho Bpsy i CTONE CIa0OMOHN30BAHHEIH Ta3 MOX-
HO Ha3BaTh Ia3Moil. BMecTe ¢ TeM, B JalbHEHIIEM MBI YBHIMM, 9TO THIIHIHO
TIa3MeHHBIE TIPOTIECCH HAOMOAlOTCS B Ta3e-iasMe Jjaxke TOT/Ia, KOT/Jja HOHH-
30BaHbl TOJIBKO JIONH TIPOIIEHTa BCeX dacTHIl. MOXKHO pacCyXJaTe M 0T oOpaT-
HOTO: «MCTHHHAs» TIa3Ma COCTOMT M3 CBOOOJIHBIX HOHOB M JIEKTPOHOB M OC-
TAeTCS TIAa3MO# JI0 TeX MOp, MOKa NMPUMECh HEHTPAIBHBIX YaCTHI] HE U3MEHUT
CYIECTBEHHO ¢e CBOMCTB. Ho BO3HMKaeT BONPOC MOXHO JIM, HallpuMep, Ha-
3BaTh TIA3MOH HECKOMIICHCHPOBAHHKIE TIO 3apsily ITydKH YCKOPEHHBIX JacTHII,
IIMPOKO HCTIONB3yeMble B (DH3MHECKHX DKcrepuMeHTax? MoXHO M Ha3BaTh
TIa3Moil BeChbMa Pa3peKEHHBIH MeX3BE3/IHbIN MM MEKrajllakKTHIeCKuil ras,
VOHM3YCMBIH M3ITydeHreM 3Be3? OdeBHHA HEOOXOIMMOCTD KOJMMYCCTBEHHO-
TO KPUTEPWSI, TTO3BOJISIIONIETO ONPEIEINTD, SIBISICTCS JIN JJAHHA COBOKYITHOCTD
3apsDKEHHBIX M HEWTpanbHBIX dacTwr] ImasMmoil. Takol kpurepuii MOXHO
c(hopMyIMpPOBaTh, OMUPAsICH HA MOHATHSA JICHTMIOPOBCKOH 9acTOTEI M JcOacs-
CKOTO panmyca (WM JUTHHBI) SKpaHupoBanmsa. UMeHHO 5>TH (HyHIAMCHTAIBHEIC
B (pu3MKe MIa3MBl TApAMETPHI 33/Ia10T MHHUMAJTFHBIE XapaKTEPHBIE BPEMEHHOM
¥ TIPOCTPAHCTBEHHBIN MacIITaOBl TOICpKaHusA (WM CIIOHTAHHOTO HapyIie-
HPSI) KBa3WMHEHTPANBHOCTH TUTa3Mbl. ONHpasch Ha OTH TOHATHS, MOXKHO yCTa-
HOBHUTH, TI09EMy IIIa3MCHHBIE CBOMCTBA NMPOSBISIOT, HAa MEPBHIM B3IIA] pa3-
JIYHBIE CPeJBl — SIEKTPOHHBIH T'a3 B METAIUIAX, YNEKTPOHHO-IBIPOTHAS (CKU/I-
KOCTB» TIOJTyIIPOBO/IHIKOB HIIH, HATIPFIMED, pa3pekeHHBIH ra3 KocMoca.



JTH, a TaKKe JPYTHE CPENBl, HANPUMEP SIEKTPONHUTEI, K KOTOPBIM OT-
HOCATCA M «pabodre KUIKOCTH» JKMBBIX CHCTEM, WHOT/IA Ha3BIBAIOT IIIa3MO-
nonobueMu [3,4]. OTO MOmYEPKHMBACT BaXKHOCTh XAPAKTEPHBIX JUISA TUIA3MBI
3aKOHOB TP OITICAHNH CBOMCTB CTOJb GOJBIIIOTO M BAXKHOTO B MPAKTHIECKOM
TIPUMEHEHUH dHcia 00BEKTOB NPHPO/IBI. DNEKTPOHHAS TUa3Ma METAJUIOB Ha-
3BIBACTCA 6bIpodicOernoti. KpuTepueM BBIPOXKICHHS, Kak M3BECTHO, SBISCTCA
COOTHOIIIEHHE MEXy dHeprueii depmu, Bo3pacTalolei ¢ pocTOM KOHIIEHTpa-
IIMM 9acTHI, U TEIUIOBOM >Hepruci. Ecnu TemnoBas SHEPrHs MEHBIIC SHEPTHU
@epmu, TO TMa3Ma BHIPOX/IEHA W CYIIECTBEHHBI KBaHTOBHIE 3(ekTo. MBI
OyZIeM MMETE JICHIO C HeablpOXCOeHHOU TIa3MOH, T.€. C TaKO# MIa3Moi, B KOTO-
po#i KOHIICHTpAIs 3apsDKSHHBIX YaCTHI] JJOCTATOYHO Majia (WM TeMmepaTrypa
JIOCTATOYHO Beimka). CTporo TOBOPS, MHOTHE (DI3UKH BBOJAT JIOTIOJNHUTEITH-
HBEIC YCJIOBHMS — CUHTAIOT, HApuMep, 00A3aTeNIbHBIM KOMIIOHEHTOM TLIa3MBbl
9JICKTPOMArHuTHOS m3ydcHue. Ilocnemuee OecCOpHO BEPHO IS OGOJBIMIX
00BEKTOB W3 TUIOTHOM IJIA3MEI, HAPUMED, 3Be3]l. B HIUX M3IyICHHE «3arepTo»
— HBJIIYUYCHHUC MOXKCT BBIXOOWUTH JIMIIIb W3 CPABHUTCIIBHO TOHKHX HAPYXKHBIX
cnoes. B OOMBIIMHCTBE TabOPaTOPHBIX YCTPOHCTB ITa3Ma ONTHYCCKH TOHKAS,
W3ITydeHre He 3alepTo — OHO CBOOOJTHO NMPOXOJUT Jepe3 BCIO TIa3My.

Toasenem wtorn. Tlo cOBpeMEHHBIM TPEJICTABICHHAM TIa3Ma — Hac-
THYHO WTM TMOJHOCTHIO MOHM30BAHHBIH Ta3, B KOTOPOM OGBEMHEIC IIOTHOCTH
TIONIOXKHUTETIBHBIX ¥ OTPHIATSIIHHBIX 3apA/IOB TPAKTHYCSCKH OMHAKOBHL. Takoe
CBOWCTBO TIa3MBl Ha3BIBAIOT K8A3UHEUMPAIbHOCMbIO. 3apsKEHHBIC JaCTHIIBI
TJIa3MBI B3aMMOJICHCTBYIOT ¢ CHIIOH, U KOTOPOM XapaKTepHO O0anbHOOeticm-
sue. ITO OOCTOATENHCTBO OTIPEENSICT NCKIIOUNTENBHYIO PO B TNIa3Me, TOo-
MHMO NapHBIX CTONKHOBCHWI OTICIBHBIX YaCTHII, KOATEKMUGHbIX d¢hhexmos,
T.e. MOJiell OT MHOTMX YaCTHI, TPOABJIAIOMMXCS B HAPACTAHMH TUIA3MEHHBIX
KojieOaHuii, BOJH ¥ ITyMOB, B CBOK) OY€Pe/Ib BO3ACHCTBYIOMNX HA JIBIDKCHHC
gacTHl] Tia3Mel. Ecmi Bo30yX/JaeTcs JOCTATOYHO MHOTO KOJUICKTHBHEBIX CTe-
rieHel CBOOOJIBI, TO KONeOaHus TIa3MBI CTAHOBSITCS HEPETYISIPHBIME, OHa TIe-
PEXO/WT B TaK HA3BIBaEMoOe mypoOyienmnoe cocmosanue. B 3THX yclnoBusX cra-



HOBSITCSL CYIIECTBEHHBIMHM HenuHeHHble 3¢deKTs B3anMoAeHCTBIS KOJUIEK-
THUBHBIX BO30YX/eHMI (Moj) mna3mel. HenwHelHbie sSBIEHNS MOTYT OBITH Cy-
IMECTBEHHBI U B PETy/SIPHBIX TpoIleccax, HanpuMep, NpH BO3ACHCTBHM Ha
IasMy BOJNH KOHEYHOM amMiumTyael. TIOHATHO MO3TOMY, 9TO COBPEMCHHAs
¢uzuka ma3zMel — 510 Pu3KKa HeMHEHHEIX sBienwii. Eme oxHa 0co0eHHOCTE
3TOTO HOBOTO COCTOSTHMS BEUIECTBA — TUIA3MBbl — 3aKIIIOYAETCS B CHITBHOM BO3-
HCﬁCTBI/H/I HA HETO BHCUIHHX JJICKTPHICCKNX U MAarHUTHBIX HOJICfI, BBI3BIBAIO-
IIX TOABJICHNEC OOBEMHBIX 3apsIOB M TOKOB. BMeCTe ¢ TeM, CYIICCTBEHHOE
pazzaeneHvie 3apsyoB B IJIa3Me 3aTPY/IHEHO B CHITY €€ KBa3WHEHTPAbHOCTH: W3-
3a JIOCTATOYHO OOJBIIOHN TIOTHOCTH 3apsSKCHHOTO KOMITOHEHTA B IJIa3Me 00b-
€MHBIH 3apsiJ] BHI3BIBAI OBl TTOSIBIICHHE CITHIITKOM OOJBIINX COOCTBEHHBIX TTONIEH
TITa3MBl, 9€TO B JISHCTBUTEIFHOCTH HE TIPOUCXOANT. B onpeneneHHOM cMbIce
KBa3HMHEHTPaNBHOCTh TUIA3MBI €CTh MPOSBICHHWE TOTO CBOWCTBA, UTO TJIABHYIO
poNB B Ma3Me WrpaeT B3aWMOZIEHCTBHE HYaCTHI] HEPE3 CaMOCO2NACOBAHHbBIE
noas. B 5TOM OTHOIIEHNHM JITHAMWYECKHE TIPOTIECCH B IIa3Me SIBISTFOTCS BECh-
Ma CJIOXKHBIMH sBIeHWSIMH. OHM TpeOylOoT M3ydeHWS HE TONBKO JMHAMMKH
JacTHIl B 33J]JaHHBIX BHEIIHUX TOJSX, HO M OJHOBPEMEHHOTO YJeTa BITHSTHHS
COOCTBEHHBIX, COTIIACOBAHHBIX C JIBFDKCHHEM YaCTHIl SJEKTPOMArHUTHBIX TIO-
Nei, caMBIM CYIIECTBEHHBIM 00pa3oM CKa3bIBAIOIIMXCS Ha JIBIDKCHWH CaMHX
JaCTHII TUTa3MBI.

B 3axmoueHne HelWIIHE MOAYEPKHYTh, 4TO IU1a3Ma Bo BeenenHoi u B
Pa3zHoO0pa3HBIX TIPUPOAHBIX TIPOIECCaX W SBICHWSAX TIPE/ICTaBICHa BEChMa
rIpoko. MexkranakTiaeckas, MeX3Be3/IHast M MEKIUIaHETHas TTa3Ma, TasMa
3Be3] W 3Be3AHBIX atMmocdep, oT bembix Kapmkos mo Kpacuwix I'mrantos,
HEHTPOHHBIX 3Be3]l, MyJCApPOB M YEPHBIX JBIP, MJa3Ma BEPXHHUX CIOEB aTMO-
ctepsl TTaHeT ¥ T1a3Ma PaJIalHOHHBIX TIOSICOB, TJIa3Ma IPO30BHIX Pa3pszIoB U
ra3opaspsjgHas IUazMa J1abopaTOpHBIX YCTPOHCTB, «TepMOsZIepHasD IUiazMa
COBPECMCHHBIX TCPMOSZICPHBIX YCTAHOBOK — BOT JAJICKO HC TIOJTHBIH nECPCUCHb
TIpIWIOKECHUM Hayku o 1asme. HakoHell, B caMble TiepBbie MTHOBEHUS KH3HH
Bcenennoii nocie bompioro B3peiBa, kKorjia pouiics Hall MUp, Kak MOJaraioT,



BCIICCTBO TAKkKe HAXOIWIOCH B COCTOSHWH TOPAYEH IUIA3MBI, OTTrOJIOCKOM
KOTOPOTO SBJIACTCS PEIIMKTOBOC M3IYUCHHE, COCTOAMICE Ceigac M3 «XOJoj-
HBIX» (c Temmepatypoii oxono 2.7 K), a Torja «ropsanx» KBaHTOB, HaXo0-
JIUBIINXCS B PaBHOBECHH C TIa3MOH HyJOBMIITHONW TEMIIEpaTypbl — B COTHHM
MMUTHOHOB W MIJUTHAP/IOB IPaIyCoOB.



I'IABA 1

OCHOBHBIE IIOHATHS 1 CBOMICTBA
IIJTA3ZMBI

§1. O6pa3oBanue maa3mbl

Jlnst Toro 9ro0bl OOBITHBIN Ta3 TEpEBECTH B INIa3MEHHOE COCTOSHHE,
HeoOX0IMMO MOHM3MPOBATh 3aMETHYIO 9acTh MONEKyN wiu atoMoB. Ilporecc
HOHW3AINA ABJIACTCA ITOPOTOBBIM. YrtoOBI aTOM CTaI HUOHU3NPOBAHHBIM, JJICK-
TPOH B aTOME JIOJDKEH TMPHOOPECTH SHEPTHIO OOJBIMYIO, 9eM €T0 SHEPTHS CBS-
3u. Tlepenada sHeprum, 10CTaTOYHOM IS pa3phIBa 3TOH CBS3H, BO3MOXHA IPH
COY/IapESHNH aTOMA WJTH MOJICKYJTHI C JIPYTOi OBICTPO 9acTHIIEH — DIICKTPOHOM,
WOHOM, aTOMOM WIIH MOJICKYJIOH, TIpH B3amMOACHCTBIH ¢ (POTOHOM, TIpH BO3-
JICHCTBHH JIOCTATOYHO CHIIBHOTO SMeKTpudeckoro noist. CBoeoOpasHeIi mpo-
IlecC MOHM3AIMM — TaK Ha3bIBaeMask JIOPESHII-HOHM3AIN — BO3MOKEH TIPH JIBH-
JKEHUH OBICTPOTO aToMa B CHIIBHOM MarHWTHOM Tione. Jlerno 37ieck B TOM, 9TO B
COOCTBEHHOH CHCTEME OTCYETa, TO €CTh B CHCTEME KOOPWMHAT, OTHOCHTEIEHO
KOTOpPOi aToM HENOBWXKEH, Ha HETO, COTJIACHO TpeoOpazoBanmsM JlopeHia,
JieficTByeT snekrprdeckoe none E = (v/c) B. Ecim BeymmauHa 3T0TO TIONA J0C-
TaTO49Ha, aTOM MOXKET OBITHh HUOHU3HUPOBAH.

PaccmoTprM Tporiecchl, KOTOPBIE MOTYT TIPOM30HTH TIPH
CTOJIKHOBEHVH JIBYX OBICTPHIX (9HEPTHIHBIX) MoJiekyn AB u CD:



1) AB+CD —> AB+CD — Ynpyeoe pacceanue

2) AB+CD — AB*+ CD - Heynpyzoe pacceanue. Monexkyna AB*  okasa-
7ack B BO3OYXZEHHOM COCTOSHHM (3HA490K *).
Moxer okasaThes Bo3OyxkaeHHOH CD* wmn AB*
u CD* ommoBpemenno. IIomHas KuHeTHIeCKas
SHEPTHS YMEHBINUIACh HA SHEPTHIO BO3OYKIIe-
Husl. BO3MOKHEI pa3/IMIHEIe BHIEI BO3OYXICHMIT;

3) AB+CD >A+B+CD — Juccoyuayua. Onna w3 Monekyn Wi obe mMone-
AB+CD > AB+C+D KYJIBI pacIIATINCh Ha aTOMEI;
AB+CD > A+B+C+D

4) AB+CD —>AB"+CD+e — Honuszayus. Opna u3 Monexyn (unu obe)
AB+CD > AB+CD*+e¢ IOTEPSIA» SIEKTPOH U CTATa HOHOM.
AB+CD > A'B+BC*+2e

B pesynmpTaTe 3THX MpPOIECCOB, KaK MBI BH/IMM, TOSBHITICH HOBBIC dac-
THIBI: BO30YX/ICHHBIC MOJEKYIBI, OTHEJBHBIC aTOMBI, MOHBI W 3JICKTPOHEI.
OueBuHO, 9TO M00AA W3 MOJICKYJT MOXKET CTONKHYTBCA C JIIO00H M3 STHX HO-
BBIX YaCTHI], ¥ BCE OHM MOTYT CTalIKHBAaTBCA APYT ¢ Apyrom. Ilpm sTomM BO3-
MOXHBI HE TOJIBKO IIPSMBIC)» TPOIIECCHI, TIEPEUNCIICHHEIC BHIIIE, HO M 00pat-
Heie, HanpruMep, mporeccoM 0GpaTHBIM JTHCCOIMAIINY, ABISACTCS aCCoyuayus
— mporiecc 0OBSTMHEHIS aTOMOB B MOJIeKyJTy. IIporieccoM, 0OpaTHBEIM MOHI3a-
1MW, ABIACTCA pexombunayus. Cama mo cebe peKoMOMHAITHS MOXKET TPONCXO-
JIMTE TO-Pa3sHOMY, HAalpHMep BO3MOXHEI: — MPOUHAS PeKOMOUHAYUSA, U3TYYa-
MenbHAs pexombuHayus u OuccoyuamusHas pexombunayus. B oTimmume ot
VOHM3aIMH PEeKOMOWHAISA BO3MOXKHA TOJNBKO TPH HAMYUH «TPETHETO TeNay,
VHOCAIIETO HM30BITOK SHEPTHH, PABHBEIH SHEPTHH CBA3H PEKOMOMHHPYIOIIMX
gacTrll. TaKuM TPETBUM TEIOM MOXKET OBITH €IIe OJMH SJIEKTPOH, TOTZA 3TO
TpoiHast pekomOmHaws, POoTOH — M3MydaTeNnbHas PEKOMOMHAIMS, VIITH SHEp-
THSA CBSI3M aTOMOB B MOJICKY/SIDHOM HOHE — TIPH PEKOMOWHAIMH MOJNICKyJa
paspymaercs, MO3TOMY 3TOT TPOIIECC HA3HIBaCTCA JHCCOIMIaTHBHOM pe-
KOMOMHAIHEH.



ATOMEI 1 MOJIEKYJTBI HE MOTYT JIOJITO OCTaBaThCSA B BO3GYKICHHOM CO-
CTOSHHH, TTOCKOJIBKY BO30YX/ICHHBIC COCTOSIHHS MMEIOT BIIOJHE ONpPEIeICHHOS
KOHEYHOS BpEeMs XH3HH, CIYCTS KOTOPOS MPOMCXOAWT TEPEeX0J] B OCHOBHOC
COCTOSIHEE, CONPOBOXKIAIONIMICS M3TydeHieM KBaHTa. CleyeT OTMETHTb, 9TO
B aTOMaxX BO3MOXHEI BO30YXXJICHHBIE COCTOSHHS TONBKO SJIEKTPOHHBIX YPOB-
Hell, a B MOJIEKYJIaX — TakKe emIe BO30OYKICHMS KOJICOATSIBHEIX M BPAIIATEITh-
HBIX ypoBHeH. KomebaTenpabie BO30YKICHHUS OTMEYAIOT MHICKCOM V, HallpH-
Mep AB,, BpauatensHble, KaK MPaBHIIO, WHAEKCOM j Wi # (OT aHTIIHMICKOTO
rotation), Hanipumep DC; (umu DC,).

Bo30yxaeHHBIE 9acTHIIEI MOTYT CTOJKHYTBCA C JIPYTOM MOJICKYITOM,
aTOMOM, WJTH HOHOM, TICPeIaTh MM BCIO SHEPTHIO BO30YXKJICHUA (MITH 9acTh €¢),
WITH BBIJIENIUTH SHEPTHIO BO30OYK/ICHUS B BHJIE KBaHTA (VM HECKONBKUX KBaH-
TOB) 9JICKTPOMATHHWTHOTO W3JIy4cHU. 3HAYUT, MOSABJICHHEC BO30YXKICHHBIX
9acTHI] 00A3aTeNIEHO COMPOBOX/ACTCSA MOABICHHEM KBAaHTOB SJIEKTPOMArHUT-
Horo m3nydenus — ¢poToHoB. Tak Kak HacTHI] yXKe MHOTO: MOJICKYJbI, aTOMEI,
MOJIEKYJISIPHBIE M aTOMapHbIe HOHBI (B OCHOBHOM M B BO30YXK/ICHHBIX COCTOSI-
HWSIX), DIIEKTPOHBI, (POTOHBI, TO TUCIO BO3MOMKHBIX B3aMMOJICHCTBHH CTaHO-
BHTCS OYCHB GONBIINM W, CIICJIOBATENIBHO, yA00Hee yXKe pacCMaTpHBaTh BHIHI
B3aUMOJICHCTBHIA, X BO3MOXHOCTH (MJIM HEBO3MOXHOCTB), @ TIPH BO3MOXKHO-
CTH — BEPOATHOCTH TOTO WM HHOTO TWpoIecca.

Takyi0 COBOKYITHOCTE CBOOO/HBIX 3apSXKCHHBIX M HEHTPABHBIX YaCTHI]
¥ KBaHTOB DJICKTPOMArHUTHOTO W3JTY4CHUS aMmepukaHckuii ¢usmk Jlearmiop B
1928 r. nazBan miazmoii. Takum 00pa3om, mTasMa — 3TO Ta3, HO ra3 crnerudu-
YeCKHii: B HEM MOTYT MPHCYTCTBOBATEH 3apsDKCHHBIC YaCTHIBI, OYC€Hb CHITBHO
pasmugaronecs mo Macce (B THICSYH U JICCATKH ThIcSY pa3). Hampumep, moi-
HOCTBIO WOHM3MPOBAHHAsA BOJOPOMHASA Tla3Ma B KadecTBE MOJNOKHTEIBHOM
KOMITOHEHTHI COJICPXKHT HMOHBI BOJOPOJA, T.€. TONBIC» MPOTOHBI, a OTpPHIIa-
TENBHO 3apsDKCHHON KOMITIOHEHTOH, HeHTpaM3yIolel 3apsa)] IPOTOHOB, SIBIIS-
FOTCS 9EeKTPOHBI. Kak M3BeCTHO, MACCHI STHUX YaCTHI]

m,=1.67"10%*r,  m,=091"10"r



M JJI1 OTHONICHUSL 3THX MACC MOTydaeM IpHOMIDKEHHO m1, / m, = 1836. Maccel
3JIEMEHTapHBIX YaCTHIl 9acTO W3MEPSIOT B JHEPreTHHECKWX efuHuIax. Jims
9JIEKTPOHA W MPOTOHA COOTBETCTBYIONINE BETWYHHBI PaBHBI m,c 2=~511
KB, my,c 2; 938 M»B.

CTONKHOBEHUS 9acTHIL JPYT C APYTOM NPHHATO XapaKTEPHU30BaTh cede-
HMSIMH CTOJIKHOBCHMH ©. /[ ynpyrux CTONKHOBEHHMI aTOMAapHBIX MM MOJIe-
KYISIPHBIX 9acTHI] TIPH HEOONMBIIMX YHEPTHAX CTOJKHOBEHWH CEUCHHS MIMEIOT
TIOPSIZIOK KBaJipaTa MONEPETHOTO pa3Mepa HacTHI, a Ul CTONKHOBEHHH MeJl-
JIEHHBIX DJIEKTPOHOB C aTOMOM — OHM TIOpsI/IKa KBaJpara pasmepa atoma. Ha-
TIpuMeEp, KaK M3BECTHO, Pa3Mep aToMa
BOZIOPOJIA OTpesensieTcs pamuycoM Bopa a,= 0.529 - 10® cm, Tak aTo ceuenus
YHPYTHX CTONKHOBEHMI COCTAaBIAIOT G yy, ~ 107¢ cM®. Ceuerms monmsanmm
aTOMOB SJICKTPOHHBIM YJIapOM B MaKCHMYyME CEUEHHWI MMEIOT Tako# ke mops-
JIOK BenwawHbL. IIpy 5TOM Ha TIOpoTe MOHM3AlNM, T.€. KOT/A DHEPTHs Hayle-
TalOIIETO HA aTOM DIIEKTPOHA PaBHA DHEPTHH MOHW3AIMM aTOMa, CEdeHHe WO-
HM3aIMy 00panaeTcs B HOMb, 3aTEM TOCIE TIPOXOXKICHIS MAKCUMyMa YOBIBaeT
C POCTOM SHEPTHH CTONKHOBEHMUSL.

B xadecTee mpuMepa nmpuBeaeM HOpMyIy peKOMEHAOBAHHYIO B [5] I1a OLleHKH
BEJIIMYUHBI CCHCHUA MOHU3AIIMHW aTOMAapHOT0 BOAOPOJa WA BOJIOpOJIOHOJIOﬁHOI‘O aromMa
3NIEKTPOHHBIM YAAPOM:

RY n
2 £
o, =7ma.|— D (u), 1.1
rae sueprus R = (Puabepr) = 13.6 5B — sHeprus snexkTpoHa Ha IMEPBOM GOPOBCKOM
paiuyce atoma BOAOpona, [ — SHEprus MOHM3AIMH, 1, — THCIO SKBHBAIIEHTHEIX JJIEK-

TPOHOB B 000N0OYKe aToMa, £ — OpOUTATIEHOE KBAHTOBOE 9UCIO, £ — SHEPrHs HOHH3H-
pytomero snexrpoHa, a 4 = ( E - 1)/ I ®yuxuus @ (1) B 60poBCKOM MPHOIDKEHHH, CIIpa-
BE/THBOM, KOT/Ia KHHETHHY€ECKAs SHepTHs snekTpona semmka (u > 1),



o @u>1y= 27 g v+ 1.2)
u+l

n—m—.
0.012

CeueHus MOHM3AIMK NIEKTPOHHBIM YAAPOM IS YIIOTPEOUTENBHEIX HA TPAKTH-
Ke Ta30B IOKa3aHkI Ha puc. 1.1.
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Puc.1.1. Cegenys HOHU3AIMH SNTEKTPOHHEIM
YAApOM U3 OCHOBHOTO COCTOSHUS

Ceuenns poToMOHM3AIMH OOBITHO HA JIBA — TPH HOPSAJIKA HIDKE CCUCHMH

HMOHM3AIIMH IEKTPOHHBIM YIapOM.
B xadectBe mpuMepa mpuBeaeM GopMyndy mId pacuera cedeHus (HOTOMOHM3A-

LMY BOJIOPOA WIIH BOAOPOAOTIOA0OHOrO HoHa [5]:



s _29n_2aa§ co_ﬂAexp(-4Karcth)
o 32’ e/ l-exp(-2mk)
(1.3)
K= [——0o!)
0-0

th

rae o = 1/137 - mocrosuas TOHKON CTPYKTYPBL, Z — 3apsi/l MOHA, () — KPYTOBasl 4acTo-
Ta (POTOHA, HOHUBUPYIOWIETO ATOM, (Y, — TPAHUIHAS 9ACTOTA, HIKE KOTOPOH HOHM3AIHS
HEBO3MOXKHA. JIis BOAOPOAA TPAHMYHASL 9ACTOTA, M3MEPEHHAs! B OOPATHBIX CAHTHMET-
pax, kak 5To OGKITHO JETAI0T B creKTpockonuy, pasna 109678,758 cM™. MioGomsrmio
OTMETHTE, YTO, B OTIMYME OT CEdEHMs MOHM3ALMHU SIEKTPOHAMH, CEIeHHE (POTOHHOM
HOHM3AIMHA He OGpPAIIaeTcs B HONB HA TIOPOTE, & CTPEMMTCS, KAK JIETKO MPOBEPUTH, K
konegHoMy mpegeny. Ceuenre GOTOMOHM3AIMH aTOMA BOAOPOAa (OTOHAMM, SHEPTHS
KOTOPEIX MHOTO OONBINE SHEPTMM CBS3M DIEKTPOHA B ATOME, MOXKHO ONPEIENHTE C
TIOMOIIBIO TOPAa3A0 MeHee rpoMo3aKkoil hopmyisl [6]:

o [eM’]=23.8 477 [cm].
Ceuenyie (HOTOHOHM3ALMY I CHIIBHOBO3GYKICHHEIX COCTOSHMII C ITIABHRIM KBAHTO-

BBIM 9HCIOM /1 yMeHbInaeTcs nponopuuoHansio .

Haxosel, oTMETHM, 9TO I MOHH3AIIMK aTOMOB B SJIEKTPHYECKOM
monre (MoJIeBast MOHM3AIMA)  MOPOTOBOC 3HAUCHWE MOJA COCcTaBisier E ~
10® B/cm, a nonmsays w3 BO30YXKJICHHBIX COCTOSHIIH BO3MOMKHA TIPH MECHBIIINX
nomsix E ~ 10° B/ewm,



§2. KBa3snHeiTpaIbHOCTDb, IJIA3MCHHAS YaCTOTA

IMna3zma B 11e7I0M I0JDKHA OBITH YICKTPHHUCCKH HEHTPabHA, KOJTHICCTBA
Pa3HOMMEHHEIX 3aps/IOB B IOCTATOYHO OOJBINOI efMHMIIE e 00beMa paBHEL B
TIPOTHBHOM CJTydae BO3HMKHYT HJIEKTPHIECKHE TIOJISL, TEM OONBIIHE, 9eM 00ITh-
e JpcOataHe 3aps/oB, a CO3/IaHMe TAaKMX MOJel TpedyeT coBepmeHus padoThI
MO pazeneHuio 3apsanaoB. OUeBHIHO, YTO MPH OTCYTCTBHH BHEITHHX BO3JCHCT-
BHif 5Ta paboTa MOXET TPOM3BOINTECS TONBKO 33 CUET KHHETHIECKOM SHEPTHH
CaMUX 3apsDKCHHBIX YaCTHIL

IIpenmonoxuM, 9T0 B HEKOTOPOM
- . o0seMe (IyKTYaTMBHO pa30OILINCE 3a-
+ +|- cmoH psager (puc.1.2, camTaeM, 9TO MOHHI TI0-
+ |z dexTpOHOE KOSITCSL, @ DIEKTPOHBI YXOJIAT), U OLICHHM

HOHEI

- MaKCHMaJTbHOE PAacCTOSHHE TAKOTO Pac-
+4 xoxieHus. Pacxosmecs Ha paccTos-
+ 4= HHE X 3apABI CO3IAIOT SIEKTPHIECKOe

el noJye E = 4Ttnex. 3necy n — KOH-

Puc. 1.2. Cxema pasaenerms sapsios  UCHTPAIIMS TUTASMEL, & € — SNIEMEHTAPHBIH
3apsan (paBHEIH TI0 BENMYWHE 3apsTy
anekrpoHa). Cmiila ¢O CTOPOHBI TIOJI,

JICHCTBYIOIAS Ha SJICMCHTAPHBIN 3apsj, paBHa eFE; paboTa 1Mo pas3IeieHIO

3aps/IOB Ha PacCTOsIHUE d OKAa3bIBACTCS PaBHOM:

“ Am-e’n
A = [eFdx = 2 (14)
0 2

¥ OHA HE MOXET MPEBHINIATE KWHETHYECKYI0 SHEPIHI0 TEIJIOBOTO JIBIDKCHUS
YACTHITEI, [T OTHOMEPHOTO JIBIDKCHUS, Kak W3BECTHO, paBHyio (1/2)T (31ech,



KaK 3TO 9acTo JIeNaeTcs A KPaTKOCTH, MBI HCTIONB3yeM oGo3HadeHue T BMe-
cto npomseenenus kT, rne kz — mocTosHHAas BoybiMaHa, W3MEpSA, TEM ca-
MBIM, TEMIIEPATYPy B SHEPreTHIeCKNX eaunmax). Orciona

T
d= W (1.5)

Ha macmrabax, MeHpImx d, Bcerga OYAYyT BO3HUKATh SJICKTPHUCCKHUE TIONIS,
(nykryamu HeM36SKHEL. A BOT Pa30WTHCh HA PACCTOSHUSA, CYIICCTBCHHO
6orbme, 9eM d, gacTHIll He MOTYT. [103TOMY T1a3Ma | SBIICTCS KBAa3WHEHT-
paNbHON — HelTpansHas B GOMBITNX 00BEMaX, HO BCETJA C DJICKTPHYCCKIMHU
TIOJISIMH Ha PAcCTOSHMSX MaciuTada d, 3aBHCAINETO OT TEMIIEPATYPHl U TUIOTHO-
CTH TIa3Mel. Bemmauay d 00BITHO HA3HIBAKOT Oebaesckum paouycom (CM. Clie-
Iytonnuii maparpagd), ynotpeOurepHo Takke 0003HAYCHHUE 7,

Jlnst TepMosiZIepHO# TIasMBI ¢ mapamerpamu n = 101 oM, T
10* 5B, momyaaem d = 5-10° cM. DreKTpiUecKHe TONS Pas/eIeHHs 3apsioB
OyayT [eHicTBOBaTh Ha 3apsukeHHBIC YacTHIBL. [lonarad, 9T0 MOHBI MOKOATCH,
PaccMOTPHM JIBIDKEHHE HEKOTOPOTO BBICIICHHOTO DJICKTPOHA B TAKOM OJHO-
MepHoM Tione E (cM. puc.1.2). YpaBHEHHE JIBIDKCHHS DJIEKTPOHA OKa3bIBACTCS
CITe YIONINM

m X =—eE =—4nne ’x (1.6)

W COBIIAJIaeT TIO BUY C YPABHEHHEM JIBIDKCHHSA TS OJHOMEPHOTO OCIJHILIATO-
pa. CireioBaTeIEHO, HICKTPOH OY/IET COBEPIIATE KOJICOAHMS ¢ 9aCTOTOH

47ne’
= m— . (1.7)

e

p

DTy 9acTOTYy, ABISIONTYIOCS XapaKTEPHOH 0COOEHHOCTRIO TNIA3MBl, HA3EIBAKOT



MIa3MEHHOH (M 0003HAYAIOT B 3TOM CITydae Kak (0, MM (D) MM SICKTPOHHOMH

JICHTMIOPOBCKOH dacToToH (M 0003Ha"aloT Kak (r,). Ciremyer mouepKHyTh,
9TO OHA HE 3aBHCHT OT TEMITCPATYPEL

JIist TepMOSIEPHOM TIIA3MEI ¢ IUIOTHOCTEIO 1 = 10'* oM™ wacTora men-
IMIOPOBCKHX KOJIeGaHIi OKa3HIBAeTCA paBHOR M, = 6-10' ¢,



§ 3. JlebaeBcxmii pagnyc, neéaeBckmii CJI0M

Kaxmas 3apsbkeHHas 49acTHI[A B IUIa3ME B3aHUMOJACHCTBYET ¢ JAPYTHMMH

3apsDKEHHBIME. 9acTHIaMH. [103ToMy paclipezielieHue MOTCHIHANA (P SIeKTpo-
CTaTUYECKOTO TIONS BBIIENIEHHOHW JacTHIIHI ¥ OKPYXAIOMMX €€ J9acTHI] 3aBHCHT
OT MPOCTPAHCTBEHHOTO PACIONOKESHHS 3THX JacThll. B mone nanHO# YacTHIIBI
TIJIOTHOCTE 3apsDKEHHBIX JaCTHI] B PABHOBECHH JIOJDKHA

OBITH pacpeseNieHa 1o 3akony Bosmbimana

n =n,exp —eT—(p | (1.8)

T7¢ 1 — KOHIICHTPAIWMs YaCcTHIl HEBO3MYNICHHOH ITa3MBl BAAH OT BBIICIICH-

HO# 9acTHIIEI, (P — MOTEHIMAN SIIEKTPOCTATHIESCKOTO OIS,
Harmmmem Teneps ypaBuenne ITyaccona (B cdepudeckoil cucteme Koop-
JINHAT) JUTSA TIOJIS YaCTHI] TDTa3MBl, OKPYXKAIOMMX BBRIJICJICHHYIO  JacTHILY:
2
10

r or’

rIe n;, — KOHIICHTPAITN MOHOB U 3JICKTPOHOB ILIa3Mbl COOTBETCTBCHHO, Z—
KPaTHOCTh HOHH3AIMM HWOHA INIa3MBbl. lIJIS[ ONPCACICHHOCTH CYHATACM, YTO
mrasMa COCTOMT M3 JJICKTPOHOB U OJIMHAKOBBIX TTOJIOXKMTCIIBHO 3apsSDKCHHBIX
HMOHOB C OJIMHAKOBO¥H KPaTHOCTHIO NOHM3AIHH.

(r¢)=—4ne(Zn, -n,),



JI5is MHOTOKOMITOHEHTHON TJIA3MBI ¢ HOHAMH Pa3HBIX COPTOB M C Pa3HOM Kpar-
HOCTBIO MOHM3aIMM Heo6xommo Oruio GH B IPaBOif 9acTH NMPOM3BOAUTE CYMMHPOBA-
HUe IO BCEM COPTaM M BCEM KPAaTHOCTIM HOHM3aumu Jactul. CoorBeTcTByIomee 0606-
HIeHWe OYEBHIHO U MOXeT OBITh €3 Tpyaa MOIydeHo, TI03TOMY, YTOOR HE YCIOKHATE
(OPMBEI 3aICH OKOHUYATENBHEIX PE3YIIBTATOB, 37€Ch OTPAHNIUMCS YKA3AHHOMN MPOCTON
MOJIENBIO IBYXKOMIIOHEHTHON HOH-3JIEKTPOHHON  TUTa3MEL

YuTeM, 9T0 ILUIOTHOCTH SICKTPOHOB M MOHOB B IIOJIC BBIJICIICHHOH dac-
THITB TOTIMHSIOTCA 3akoHy BombiMana (1.8), ¥ mpemmonoxuM, 9To TeMIiepa-
Typsl T, 1 T; pactipeieneHui SJIEKTPOHOB M HOHOB TIIa3MBI MOTYT OBITH Pa3HBI-

Mu. OrpaHuYHBasICh THHSHHBIM NMPHOMIKEHHEM, T.€. caMTad ep| << T, pas-
JIOKUM BXOJIALIVME B pacupezieieHus BobiMana SKCTIOHSHTHI B PAJT. Y UiTEIBAs
KBa3HHEHTPANBHOCT IUIA3MBL, T.€. BEINIONHEHHEIM YCIOBHE ZHj;, = N, , IONy-

9KM YIPOLIEHHOE BEIpaXeHue i ypasHerws [Tyaccona:
o2 4nZ ez(nOeTe +n,T;)
——(ro)=
¥ or T[T,

_ ¢
(P=d—2, (1.9)

e 0003Ha9EeHO

TT.
d= L _ (1.10)
4nZe “(T ,ny, +T;ny;)

pamuyc Jlebas — Xiokkess.
Pemenme ypasuenus (1.9) (moremman Jle6as — XIOKKes) uMeeT cie-

JYIOIWH BUJT;

q e—r/d ,

o=
7

(1.11)



TIIe ¢ — 3aps]] BRIJICIICHHON HaMH «poOHOi» dacTuiel. Ecim 310 monmoxurens-
HO 3apsDKCHHBII HOH ¢ KPaTHOCTBIO HOHM3aIM Z, 10 ¢ =Z |e|.
BoOmi3n 9acTHITEI, HA PACCTOSHMSX << d, TOTCHIIHAJ TIOJISI COBIA/IACT ¢

MOTEHIMAJIOM TOJIsA, CO3/IaBaeMOro JacTHllel B BakyyMme ((p = ¢/r), a Ha pac-
CTOSIHUSAX r >> d MoJie HSKCMOHCHIMALHO OBICTPO 3aTyxaeT. B sToM cirydae
TOBODSAT, 9TO Ha TAKUX PAaCCTOSHUAX OT YACTHIIBI TUTa3Ma SKPaHUPYeT CO3/1a-
BaeMo¢ dacTHIleH dekTpraeckoe noje. [lostomy ypasuenue (1.9) unorma Ha-

3BIBAIOT VPAGHEHUEM 3KPAHUPOS-

Ku.
Q X ¥>>d TlomecTnM B TIIa3My TUIO-
\ CKMii OJIEKTPOJ, MMEIOIIMIA T10-
N X re
N » HIMal () MO OTHOWIECHWIO K
N JPYTOMy TIIOCKOMY 3IIEKTPOIY,
\ Y/IaleHHOMY OT TIEpPBOTO Ha Pac-
. \ - crosame X >> d (puc.1.3).
0 4 IIpumeM i1 TPOCTOTHI,
Puc. 1.3. Cxema pacionoxenus S1eKTPoI0B 9TO IMiasMa SBJSCTCA H30TCPMH-

geckot T, = T, u cocTouT W3
9JICKTPOHOB ¥ OJTHO3APSIHEIX HOHOB ¢ KPAaTHOCTBIO MOHM3aIM Z = 1, Tak 91O
YCIIOBHE KBa3HHCHTPATBHOCTH 3alMCHIBACTCS TEMEPh B BHJIC H(; =Hg, =H.

Tornma ypasuenue ITyaccona s pacupeee s TOTEHINANA BOJIM3H HIIEKTPO-
Ja ¢ yaerom (1.8) Oymer cneryronmim:

dE d? e

o dx(f = 4ne(n; —n,) = —8men,sh ?(p . (112)

IIpennonaraercs, 9TO0 OCh X CHCTEMBI KOOD/HMHAT IECPICHIVKYIIpHA K
SNEKTPOY.



Pemenvie 3Toro ypaBHEHMS B NpeAnonoxkeHuH, 9o e/T <<l, umeer
cIe IyIOIIHii BU/I;

E=Eye™,
rae Ey — HanpsoKCHHOCTE MOJIS Ha TTOBCPXHOCTH TUIACTHUHBI, PACTIONIOKCHHOMN
npu x = 0 [7]. MBI BH/MM, 9T0 HaNPsSDKEHHOCTH HIEKTPHIECKOTO TIOTSL, TTPOHH-
KaOIIETO B IJIa3My, SKCTIOHCHIIHAIBHO OBICTPO 3aTyXaeT. XapaKTePHOH BEIIH-
YUHOM JTMHEBI 3aTyXaHWs SIBISACTCS:

d= 8T—2 (1.13)
Tne

Bonee crnoxHas KapTHHA BO3HUKAET, €CITH B TUIa3My MOMEIICHO W30JTH-
POBAHHOS HE3APSHKCHHOS TEJO (HapuMep, TUIACTHHA, CM. puc. 1.4).

JetacEckmi

"-P*/ ok
—g~d L»>d —

0

7 >
\ Mpencaaii
EBa3HHERTpaNnEHoH
-l q:-nl NAaskel

Puc. 1.4 Pacnipenenenue NoTeHIMana BOIMH
HOMCIIICH]—IOﬁ B IIa3sMy IUIACTHHBL

Takoe Teo B mIazMe JTOJDKHO 3apsDKATBCS, PIHYEM, BBHY rOpasio



OoJbIIel TOZBMKHOCTH 3NEKTPOHOB, OOBITHO OHO TIPHOOpETAcT OTPHIIATENb-
HBII — TaK HA3BIBACMBIN N1aeaowuli — OTCHIMAN. BOIM3M IacTHHBI, Kak T0-
Ka3BIBAKOT YHCIICHHBIC pacdeTHl [8], BOZHMKACT CIIOKHOE PaCIpelICiCHHe T0-
TEHIMAaJa, KAa9eCTBCHHO TMOKa3aHHOe Ha puc. 1.4, BOnM3M miacTHHBI, Kak ¥ B
TIpEJBITyNIEM TIPUMeEpE, BO3HUKAET 1e0aeBCKHI CIOH C CYIIECTBEHHBIM pa3jie-
neHneM 3apsza. Pazmep 3Toro ciios mpuMepHO paBeH 1e0aeBCKOMY DPaiiycy
(1.10). Omnako mone, COTIIACHO PEe3yabTaTaM PAacdeTOB, MPOHHUKACT B ILIA3My
ropasio najeine, o0pa3ys BOIM3M TIACTUHBI @IPEICIION» KBa3HHEHTPABHON
mia3Mel. Teopust 3TOH CTPYKTYPHI CIIOKHA M 31eCh e¢ 00CYXKIaTh He OyaeM.

[naBarormuii MOTEHIMAN, KOTOPHIH MPHOOPETACT TEJIO, XOPOIIO ONHCHI-
Baercs dopmyioit

1 m, T
lewo|==T,¢n| ——= 1. (1.14)
27 \m, T,

Takoii pe3yabTaT HECIIOXKHO MOJYINTHh M3 CICAYIOMNX TMPOCTHIX CO00-
paxenmii. Ecii ¢ TedeHneM BpeMeHHM NOTEHIIMAN H30JHPOBaHHOMN INacTHHBI
TepecTaeT MEHATRCS, TO 3TO 03HAYACT, 9TO TOKH NMPHUXOAANIMX Ha Hee MOT0KH-
TENBHBIX ¥ OTPHIATENBHBIX 3apsioB KOMITEHCHPYIOTC. OIeHUBast TUIOTHOCTD
TIOTOKa HOHOB BJIAJIH OT TeNa KaK

Ji =Z"0"Ti’

a TUIOTHOCTh TIOTOKA 3JEKTPOHOB C YICTOM MX TOPMOKCHMS «HA ITOTCHIMAITE-
HOI ropke» Kak

J =ln vT,exp —M
e 4 oV 4 T ’

e



¥ IpUpPaBHUBASA WX, IpuxoamM Kk ¢opmyne (1.14).
Bepuemcs x popmyne (1.10). Ecmu B Helt monoxurts, 9to #n,=n;u 1,=
T;, To monyanm Beipaxenue (1.13). Ecim ke caurats, 9410 MIa3Ma SBISCTCS

CHJIbHO HEM30TepMHUdeCKOH, Tak 9T1o T; >>T,, TO MOIy4UM BBIpaXXECHHE, COBIIA-
nparoree ¢ dopmynoii (1.5) (Teneps ¢ Temuepatypoit T, B kadectse T), ¥ OTIIH-

gaonieecs OT BHIpaykeHwsI, onpezensiemoro dhopmynoii (1.13), Bcero B V2 pas.
TMostoMy B m060i TTa3Me NPOCTPAHCTBEHHBIC MACIITA0Bl SKPaHUPOBAHUS
JNEKTPUIECKHX Tonel ¥ (IIyKTyaTMBHOTO pa3/ieNieHVsI 3aps/ioB TPHUMEPHO
omuHakoBel. [Ipym 3TOM pazmyc SKpaHMPOBaHWS MOJST TPOOHOTO 3apsja WIH
JUIMHA CIOSI SKPaHHPOBAaHUS BHENIHETO SIEKTPHUCCKOTO MO COBIMAIAIOT. Tak
ke, KaK ¥ HAJIMYUe JICHTMIOPOBCKHX KOJIeOaHWi C IMIa3MEHHOM JacTOTO#H, 9K-
paHMpOBaHWE SIEKTPUYECKHX TIONeH — BaXkKHas XapaKTepHast 0COOEHHOCTH
TIIa3MEL

Tlog4uepkHeM B 3aKiIIOYeHME elle OAHO BaXHOEe 00CTOATENsCTBO. B mpemsimy-
meM maparpade mpu BeBoe HOPMYIIBI AN TEHTMIOPOBCKOM 9acTOTH MpeHebperanoch
BO3MOXHOCTBIO BOBICYCHUS B JIBIIKCHIE HOHOB, MPOCTO KAK 3HAYUTENEHO Oomee Mac-
CHBHO} KOMIIOHEHTHI IIIa3MEl. HeTpyaHo 0TKa3aThesa OT STOTO HPEATIONOKEHUS H, hak-
THYCCKH TMOBTOPSA OTOT BRIBOJ, HO, YYUTBIBASI TCIICPHh KOHCYHOCTH OTHOIICHUSA MaccC
9aCTHLI, MOXKHO TIOKa3aTh, 9TO monHas gopmyna, BMecto (1.7), A 9acTOTHI TIa3MeH-
HBIX KOJIeOaHUIf OKa3hIBAETCSA CIICIYIOIICH:

THE () 7; MOXKHO HA3BATh (QIEKTPOHHON» M «MOHHOI) JEHIMIOPOBCKAMH JACTOTAMH.
Y06kl HOMIEPKHYTh, KakuM 0Opa3oM BXOJAT MAPAMETPRI KOMIIOHEHT IUIa3MEL B ¢op-
myay (1.10) mna nebaeBckoro paauyca, IEepenuineM ee B BUe:



TOe rp,; — (GNEKTPOHHEIDY W «HMOHHEID mebacBckue pammychl. Kax Mb1 BumaM, obe
KOMIIOHEHTHI TJIa3MBI JAlOT BKJIAJ U B IUIa3MEHHYIO 9aCTOTY M B PAJUYC DKpaHUPOBA-
Hus. Ho 3TOT BKIIaj OKa3kIBaeTCA HEOJMHAKOBBIM: B BEIMYUHY PAJNYCa SKPAaHHPOBAHUA
TIpH CONOCTABMMEIX KOHIIGHTPAIMAX M TEMIEPATYPaxX WOHEI U SEKTPOHEI IIa3MEI JAIOT
PABHOTIPABHEIA BKJI4J, TOTJAa KaK B BEIUYMHY IUIA3MEHHONW YaCTOTHI BBUAY IOpas3io
MeHbIIEH Macchl OTPEJENTIOIHUI BKIIaJ AaeT 3IEKTPOHHAS KOMIIOHEHTa. JTa «HEpaB-
HOIIPABHOCTEY IEKTPOHHOH W MOHHOH KOMITOHEHT IIIA3MBI HMEET MPOCTOe OOBACHE-
nue. JlebaeBckuii paguyc SABISETCS 1O CYIIECTBY Camuieckol XapakTepuCTHKOM, OI-
penensomeil YCTAaHOBHBIIYIOCS JUIMHY SKPaHHPOBAHMS 3IEKTPOCTATHIECKOTO O, OH
HE 3aBHCUT OT MACCHI JACTHII, TAK KAK 33 JOCTATOYHO OONBIIOE BpeMs YCIEBAIOT Iepe-
cTpoutcs 06a KOMIIOHEHTA IUIa3MEI, HECMOTPS Ha CYNIECTBEHHOE pa3iMdue ux Macc. B
TO BpEMs KaK JIEHTMIOPOBCKASA YaCTOTA — 3TO OUHAMUYECKAA XaPAKTEPHCTHKA, OTpese-
JSIOWIAS OTKIMK IDIA3MBI HA JTHHAMHYECKOE M3MEHeHHe Hom. IIpu «BBICTpOM BKIIOUe-
HUW» TOJIS, O4EBHAHO, 9TO B IIEPBYIO Odepeasb OYAyT OTKIMKATHCS 3HAYUTENHHO MEHEe
MAaCCHBHBIE 3NEKTPOHEL 110 3TOM mpuduHe MIa3MEHHAs 9acTOTa Ul HOH-JJICKTPOHHON
TDTa3MEBI MAJIO OTIIMYAETCS OT DNEKTPOHHOM IEHTMIOPOBCKOH 9acTOTHL. OTMETHM, 9TO IO
TIOPSJIKY BETMYHHEL 1/(), eCTh BpeMs MpoJieTa JeGaeBCKOTO CIIOS TETUIOBBIM 3JIEKTPO-
HOM.



§ 4. UneaabHOCTH IJIA3MbI

Ilo aHajormM ¢ ra3oM IIA3My CUHTAKT UOEANbHOU, €CITN KHHETHICCKAas
SHEPTHA JBIDKCHHA €¢ JaCTHI] CYIICCTBCHHO OOJIBINE MOTCHIMAIBHON SHEPTHH
HX B3auMo/eiicTBus. B raze moTeHIMansHas SHEPTHS B3aUMOCHCTBHS YaCTHI]
obycrosieHa cunamu Ban-nep-Baanbca, B mrazmMe — KyJIOHOBCKHM B3aHMOJICH-
CTBUCM. DHEPTUS KYJIOHOBCKOTO B3aWMOJICHCTBUA JIBYX YacTHI C 3apsajioM e,

HaXOJSIMXCS Ha PACCTOSHUK R JIpyT OT Apyra, paBHa e ~/R. CpeHee paccros-

HH€ MEXKJy YaCTHI[aMM NPH TIOTHOCTH TIJIa3MBl 72 COCTaBISIET R~n '1/3, a KuHe-

THYECKasl YHEPTHS YaCTHIIHI TIO TIOPSKY BETMUMHBI paBHa TeMmeparype 7, u3-
MepAeMoil B SHEPTETHUECKNX eJMHIIAX. TakuM 00pa3oM, YCIIOBHE HIeabHO-
CTH TTa3MBI MOXHO C(POPMYITHPOBATE CIICIYIOIIIM 00pa3oM:

e’n"? <«<T
1501151
6
y=ﬂ<<1 (1.15)
T’ ’

T7ie Y — TaKk Ha3BIBac¢MEIH MapaMeTp HeHJICATbHOCTH.

OTOMy YCIOBHIO MOKHO TPH/IATh M HECKOJNBKO MHOW cMbich. CedeHue
KYJIOHOBCKOTO B3aNMO/ICHCTBYS YaCTHI] OTIPE/IEIACTCS aMILTUTYA0N pacCesHusL,
TI0 TIOPS/IKY BEIMIWHBI paBHOM

2

e
f~7

OueBnHO, TUIa3Ma SBIIETCS WICANBHOM, €CITM aMININTYIa PACCEesTHUS 3HAUYM-
TEJILHO MEHBINE CPEJJHEr0 MEXYaCTHIHOTO PACcCTOSHUS (B MPOTHBHOM Cilydae
CYIIECTBEHHBI KOPPEISAIMH B3AHMHOTO PACIIONIOKEHIMS YaCTHI)



f <<R~n""3,

¥ BHOBb IPUXOIUM K kputepmio (1.15).

Tone3Ho YCIOBHIO HICATBHOCTH IJIa3Mbl TIPHAATH GOJiee HaryIsHbIH
CMBIC]I, TS 3TOTO MOCTYITNM CIISAYIOMMM o0pa3oM. Brigemmim B 06BeMe mas-
MBI TAp ¢ PaJNycoM, paBHBIM paguycy JleGasi, ¥ mMOJCYNTAEM UHCIO YACTHI]
Np, coJiepKanyuxcs B 9TOM MIape:

N, =%nnr§ ~ 2 (1.16)

CpaeamB ¢ kputepueM (1.15), mpuxoauM K 3aKIOYCHHUIO, 9TO IUIA3Ma
SIBJISIETCS M/IEANTBHOM, €CITH IHCITO JacTHII B MIape ¢ 1e0aeBCKUM PajiiycoOM Be-
Jko. Yacto umMenHo 9ucio Np HCIONB3YeTcs B Ka9eCTBE MEPHl HJICaTbHOCTH
MM HEUJEATBHOCTH TIIIa3MBL.

IIpounmocTpupyeM NONMy9eHHBIN pe3yabTaT YMCICHHRIM MpuMepoM. Hampumep,
JUISL 3HAYEHUH TEMIEPaTypHl M IUIOTHOCTH, THITHIHBIX JUI TEPMO/IEPHON IIa3MHI (CM.
§2), momyuaem Np ~10° >>1, u Taxas nnasma ABIIETCA B BHICOKOH CTENICHM HACATBHO.
Torza xax /i IIa3MEBI THHEHHOM MOJIHUM, TUIIMYHAS TEMIIEPaTypa KOTOPOi COCTaBILI-
er ~10* K, a KOHIEHTpaIHs IPHMEPHO PaBHA KOHLEHTpALMH Bo3ayxa, ~10' cm, mo-
aygaeM Np~ 0.1. Takas mna3Ma sBiseTcs cnaboHeneansHolH, criocobHOM K pOXICHIIO
CaMONOICPKUBAIONIUXCS HENUHEHHEIX CTPYKTYp. BO3MOXKHO, kKak MOIaraiT, HMEHHO
TaKOBa MPHUPO/IA MAPOBOI MOIHIM, BO3HHKAIONIEH 9acTO IPU OORIIHOM I'PO30BOM pa3-
pazae. BnpodeM, IeTanbHEIN MEXaHW3M 3TOTO MMPHPOJHOTO SABICHHS MOKA OKOHIATEIIHLHO

HC BBIACHCH.



§ 5. Ilpsimbie 1 OOpaTHBIC MPOLECCHI B ILIA3MeE

Panee MBI YCTAHOBHJIH, 9TO B ra3e-mjia3Me MOTYT MPOMCXOIUTh HEYIIPY-
THe TMPOIECCH: BO30OYK/ICHNE YaCTHII, IUCCOIHAIASI MOJIEKY)T, MOHH3AINS dac-
1. OYeBUIHO, 9TO IOJDKHBI OBITHE M 0OpPATHBIC TIPOICCCH — CHATHE BO30YX-
JICHHSI TEM HITH WHBIM ITyTeM (TaKHe TPOIeCCHI
YaCcTO HA3BIBAIOT myuieHuem), OObCINHCHUE aTOMOB B MOJICKYJIEI (OOBIYHO Ta-
KO TpOIeCC HA3IBAIOT accoyuayuen), OObEINHEHNE JJIEKTPOHOB M HOHOB
(pexombunayus). Ipsmeie 1 06paTHEIC TPOIIECCH MOTYT OCYIIECTBISATHCS pa3-
JVYHBIMH ITYTSMHE: JITSL TIPSIMBIX TIPOTIECCOB HEOOXOMMMO COOOIIHTE JacTHIIAM
JIOCTATOYHYIO SHEPTHIO, UTOOBI Pa30pBaTh VACPKHUBAIOIINE WX CBSI3H, TIPH 00-
PaTHBIX TPOICCCAX MOJIKCH BBIACIIUTHCSI I/I36I>ITOI( OHEPIruH MopsaKa SHCPruu
cBs3u. TIpu 9TOM HEOOXOQMMO BHIIOJHEHHE 3aKOHOB COXPAHEHHS DHEPTHH W
UMIyIBCca. PaccMOTpIM 9TH mpoliecch mopodHee.

Bo3zbyscoenue u mywienue

Bo30yXxIeHHEIe COCTOSHMSA BO3MOXKHBI JUISL BCEX CIIOMKHBIX JaCTHIL - MO-
JIEKyJl, aTOMOB, MOJICKYJIAPHEIX ¥ aTOMAapHBEIX HOHOB (KpOMeE FIOHa aToMa BOJIO-
ponma). B Monekynmax ¥ MOJNEKYJSPHBIX MOHAX MOTYT OBITH BO3OYXIICHBI 6pa-
wamenvHvle, KonebamenvHble U NEKMPOHHBIE COCMOSHUA, a B aTOMax W aTo-
MapHBIX HOHAaX — TONBKO SJIEKTPOHHEIC. C SHEPreTHYeCKOM TOYKH 3pEHHUS, HaH-
6oree Jierko BO30YKIAIOTCS BPAIIATEIIBEHBIC YPOBHH, TPYIHEE KOJNCOATCIBHEIC,
ele TpyJHee SNeKTpoHHBIC. ECTM TPHHATE 3a SMUHUILY PacCTOSHHE MEXITY
9JICKTPOHHBIMHU YPOBHAMH OF,, TO PAcCTOSHIEC MEXKIY KOJICOATCIBHEIME YPOB-

/ m
wivu OF, , Gyzier MCHBIIE B V pa3, a MexXJIy BpalllaTeIbHBIMH YPOBHIMH

m
OF; emmie MeHBIIIE: B V pa3, rae M — macca MOJIEKYJIBI, a 1 — Macca DJIEKTpOHa.



Hanpwumep, st monexynst H, pacdeTHbie 3Ha49eHUs SHEPTHI BO30ykK/e-
HMS COOTBETCTBYIOIMX COCTOsHMN E,=4.73B, E,=0.5453B, E;=7 6107 5B.

Jns Bo3OYXKICHMA HEOOXOAMMO COOOMIMTE MOJICKYNIE COOTBETCTBYIO-
YO0 SHEPTHIO, HaNpUMep NP COYAapEHUH C JIpYTOi JacTHIIeH.

CxeMaTHIHO BO30YXKJICHHE TPH COYAAPCHHWH C DJJICKTPOHOM CHMMET-
praHO# aByxaTtoMHo# Monekynst (Hy, Ny, O, T.71.) mokazano Ha puc.1.5. B ta-
KHMX MOJICKyJIaX MOTYT BO30YXKNAThCA SJEKTPOHHEIC, OJ[HA BpalllaTeNbHAs M
O/IHa KoJjIe0aTebHass CTEIICHH CBOOOIHI.

OueBugHO, 9TO B 0OJIee CIIOXKHBIX MOJICKYJIAX OOJIBINIE YHCIIO BO3MOX-
HBIX K BO30YXKIICHUIO 8paujenus CTENCHEH CBOOOIBI.

CylecTBOBaHNE BPAIIATSIIEHBIX M KOJMICOATENBHEIX CTEIICHEH CBOOOIH B
MOJIEKYJIIPHEIX Ta3aX ONpeJeseT OCHOBHBIE CBOMCTBA Ca0OMOHM30BAHHOMN
MJIa3MBl 9THX Ta30B M JIa€T BO3MOXHOCTh MCIOB30BaTh WX B IJIA3MOXHMHYE-
CKUX U JIA3€PHBIX CHCTEMaX. J[eJT0 B TOM, UTO CE€UEHHs YIIPYroro H HEYIpPyroro
TPOIIECCOB TPH CTONIKHOBEHHH MOJIEKYJ ¢ BO30YIKIEHHEM KOJNIe0aTEILHBIX CTe-
TIeHe#H CBOOONBI TOYTH OJMHAKOBEI (OTIMYAKOTCS JIMIIF B HECKOJBKO pa3), a
nepeaBacMasi OT SJIEKTPOHA SHEPTHS OTIMYAETCS B COTHH M THICSAM pas. [lpu

YIPYTOM COYZApPEHHN MOIEKY-
Je mepenaerca Manast (~m/M) M Bosbydenue
JIOJISL DHEPTHH HIIEKTPOHA, a TIPH é apaligeniLA

BO3OYXIeHNM KojcOaHmii Tie-
penaeTcs SHEPTHsi, COOTBETCT-

BYIOLIasd DOHECPrHUM T1ICpexona, @ @ Bﬂ?ﬁymﬂguug
T.e. MacmTaba HECATHIX Jonei -0Q xomebanun
9NICKTPOH-BONIbTA. KonebaTens-

Hasi pelakcalus — Iepexo] Puc. 1.5. Cxema Bo30Y:KISHUS YAapOM
KoJe0aTeNnbHOH JHEPTHN B TETI-

JIOBYIO — BEChMa 3aTpy/HeHa (IIPH KOMHATHOH TeMIIepaType BEpPOSTHOCTE Mac-
mrra6a 107°-10"). TIosToMy CYIIECTBYIOT CHCTEMBI ¢ BHICOKO# KOeGaTebHO



TeMIepaTypoil TIpy Mallod TocTynarenbHOH (TeroBoi). Tak MoxHO obecrre-
YHTE BEICOKYIO UHGEPCHYIO 3ACENeHHOCMb KONeGaTeIbHO-BpanIaTebHBIX TIepe-
XOJIOB, T.€. CO3/IaTh aKTHBHYIO CPEY JUIA JIa3ePOB.

Jmst  cnaboMoHN30BaHHOH HH3KOTEMIIEPATypPHOH IIa3MBI XapaKTEPHO
6ompIoe  9HCIO  KONeGaTeNFHO-BPaNIaTelbHO BO30YXK/ICHHBIX MOJIEKYNT IO
CPAaBHEHMIO C YHCJIOM 3JICKTPOHHO-BO30YJICHHBIX. 3aceICHNe KOJIeOaTeTBHO-
BpAI[aTSIIBHEIX YPOBHEH NMPOUCXOUT aKTUBHO IIPH
HEKOTOPBIX XUMHYECKUX PeakiMax (HamprMep, TOPSHHE YTIIepo/ia B KHCIOPOJIe
¢ obpazosamueM, CO — 1o 90% sueprim accormanmm CO, uaer Ha BO30yxe-
HHE), B TIICIOMEM paspsae. TymmTs BO30YXKICHIE MOKHO Pa3TNIHBIMH ITyTSAMH
— M3JyYeHHEM (HCTIONB3YeTCA B Jla3epax), YaCTHYHBIM TEPEXOJIOM SHEPTHH
BO30Y)K/IEHWSI B SHEPIHI0 XMMHYECKMX CBsi3ei (MCIONB3yeTcs B TNIA3MOXH-
mum). [To Mepe TOBBIICHAS. TEMIIEPaTyphl Ta3a YBEJIHYHBACTCA YHCIIO JaCTHIL
C SIEKTPOHHBIM BO30YK/ICHHEM.

B OOBIYHBIX YCITOBHAX JEKTPOH HAXOJHWTCA B aTOME, MOJICKYIe (VM
WOHE) B OCHOBHOM COCTOSIHHH, COOTBETCTBYIOIIEM MHHHMYMY €TI0 MOTCHIIH-
anbpHOI 3Hepruy. [ToygnB HEKOTOPYIO 100aBOUHYIO SHEPTHIO (0T (HOTOHA WITH
JIPYTO# JacTHIIBT), SIIEKTPOH MOXKET NepeiiT Ha Oornee
BBICOKO JICXKAIIUi SHEPTETHUECKU YPOBEHb. BEpPOATHOCTE Takoro mpoiiecca
OTIpEIEIAETCS COOTBETCTBYIOIIMMH CEHCHHAMH BO30Y)KICHHS ¥ CHIIBHO 3aBH-
CUT OT cmocoba Bo3OYNIeHNI. Bo30yXkIeHre pu COYIAPSHUHN ¢ YacTHIIAMHU
ONpeieNsIeTCsl BETMIMHON OTHOCUTENBHOM CKOPOCTH, 3apS/IOBEIM COCTOSIHHEM
COYAapSIONINXCA JacTHI] M MMEeT PEe30HAHCHHIH xapaktep. BosGyxaenue do-
TOHAMH MMEET 4eTKWH Pe30HAHCHBIH XapaKTep JUII aTOMOB M aTOMapHBIX HO-
HOB M 60JIee «Pa3MBITO» ISl MOJIEKYJL.

B ofmeM ciydae OICHKY BEPOSTHOCTH TIPOIECCa BO3OYKICHUA SJICK-
TPOHOB aTOMHOW YacTHITEI (aTOMa, MOJICKYJIBI, HOHA) MOXHO MOJIYIUTh, CPaB-
HUBas BpeMs B3aNMO/ICHCTBHS YaCcTHI] ¥ BpeMs COOTBETCTBYIOMIETO TIEPEXO/Ia.
ATOMHBIE 9aCTHIIBI B3aUMOJICHCTBYIOT CBOMMH 3JICKTPOHHBIME 000I0YKaMH, U



eCcIi COIMKEHIE MPOUCXOIUT MEIJICHHO (T.€. OTHOCHTEIBHBIC CKOPOCTH aTOM-
HBIX 9aCTHI] MaJlbl IO CPABHEHHIO CO CKOPOCTBIO DJIEKTPOHOB B aTOME), TO WX
3JIEKTPOHHBIE O00OJIOYKH YCIEBAIOT MOCTENEHHO MEPECTPOUTHCS, a 3aTEM Bep-
HYTbCS B HCXOHOE cocTosiHue. Ecnm ke Bpemsi B3auMOAEHCTBUSL Mallo, TO
3JIEKTPOHBI 33 BPEMS £, (aiepeOpackIBalOTCS» Ha HOBBIH YPOBEHB, IPOHUCXOIUT
BO3OYXenue. TakuM 00pa3oM, BO3OYKIICHIE HE MPOUCXOMINT, €CITH £ 5 >> 1 .
To mopsAAKY BENMYMHH ¢ 5. = /v, TS @ — pa3Mep aTtoMa, a v — OTHOCUTEIBHASL
CKOPOCTh. T10 MOPAIKY BEJMUMHEL , MOXKHO ONPESINTh W3 MPHHIHIA HEOT-
PEACTICHHOCTH:

t,=h|dF,

rae OF — pazHocTs dHepruii yposHeil. [ToaToMy morydaeM ycioBue
a/v>>h|dE,

WM
adE/vh>> 1,

9TO M SABISCTCA KPHTEPHEM MAJIOBEPOATHOCTH TEPEX0Ja W Ha3BIBACTCA adud-
b6amuueckum xKpumepuem Meccu. O4eBHIHO, 9TO €CM Pa3HOCTh YpOBHEH OF
Majia, To mpolecc 6osee BeposTeH. Takue MpoIecCh Ha3BIBAIOT PE30HAHCHBIMH
(HanpuMep, pe3OHaHCHas Tiepe3apsika, B3auMHasd HeHTpamm3alys WOHOB, Tie-
penada Bo30YXKICHHS ).

CHATHE SIEKTPOHHOTO BO30YKICHUS BO3MOXXHO MHOTHIMH ITYTSMW, Ha-
npuMep:



AA* > A+y — 6blcéeuusaHue TP BO3BPANICHUM JJIEKTPOHA HA OC-
HOBHO} YpOBEHb BO3MOMKHO CTYIIEHUATOE IyT€M HCITyC-
KaHus psaaa GOTOHOB);

6)A¥*+BC > A+ BC — myutenue TP CTONKHOBEHHH € MOIIEKYIIOH, 3HEpIrus
BO30YKICHI NEPEXOAUT WK B KMHETHIECKYIO SHEPTHIO
9aCTHI], WM PACXOAYeTCS Ha JUCCOLMAIMIO MOJEKYIIEL

A+B+C TymeHue npu cOyAapeHUH C aTOMOM MAaJIOBEPOSTHO;

B)A¥+B > AB*+e — accoyuamusnan uonusayus. JHEPTHI PacXOAyeTcs Ha
HOHM3aIMI0. BecbMa BEpOATHBIN IPOLECC A1 HEKOTO-
PHIX COCTOSIHUIA;

r)A*+B >A+B +e — aghpexm Ilennuza; mpolecc MPOUCKXOINT, €CIU DHEp-
rus Bo3OykaeHHs atoMa A* B MeracTaGHIIBHOE COCTOS-
Hue GomblIe MOTEHIMANA HOHW3AIMH JACTUIIH B;

M) A*+ B —>B*+4 — nepedaua 8036yocoenus peanusyercs ¢ GOmbIION Be-
POSTHOCTBIO, €CIIH MAJI0 M3MEHEHHE SHEPTHM Iepexoa
(pe3oHaHCHEIH mporece).

BugHo, 910 HEKOTOPBIE Iy TH TYIICHWS IIPUBOST K 00pa30BaHMIO HOHOB
M SJICKTPOHOB, T.€. K BO3PACTAHHIO CTCTICHY MOHW3AIHH IUTa3MBI.

Honuzayua u pexombunayus

Tporeccs 00pa3oBaHust M pa3spylICHHs 3apsDKEHHBIX Y9aCTHI] OHpejie-
JUIIOT CYHIeCTBOBaHWE TasMbl. [ uonuzayuu atroMapHOW WM, MOTIEKYJISAp-
HO JaCTHITBI HEOOXOMMMO COOOIIUTE XOTS OBl OJJHOMY €€ HJICKTPOHY SHEPTHIO
6ONBIIYIO, 9eM SHEPTHS €0 CBSI3W C STOH dacTuiiei. DHeprus, HeoOXoauMast
JUTSL MOHM3AIINY, BBHIPAKCHHAS B DJIEKTPOH-BOJBTAX, YHCIIEHO PaBHA Pa3HOCTH
MOTEHIHAJIOB B BOJIGTAaX, KOTOPYIO JIOJDKEH MPOMTH SJIEKTPOH I ee mprobpe-
TeHwst. I1o3TOMy 9acTo TroBOPAT He 00 SHEPTHH WOHM3AINM, & O HOMeHyuane
uonuzayuu. Jlerde BCEro OTOPBATH MEPBHIH, KaK MPABHJIO, BHEIIHHIT SJIEKTPOH,
BTOPOH W TOCHEAYIOMHEC — BCe TpyAHee. Hambompnmiii TEpBBIH TTOTEHIMMAI
wormsanum He (24.5 B), nanmensimii Cs (3.9 B). Bropoit moteHiman o0s9HO



TIPEBHINIACT TIEPBHIH B 2-3 pa3a, HCKIMOYEHHEM SBIBTIOTCS NIETIOTHBIE METaJUTBI:
Hambosmas pasuuma y Li (5.4 u 75.6 B COOTBETCTBEHHO).

DHEPTHI0 MOHM3AINH MOXHO COOONIUTH MPH OJIMHOTHOM COYJIAPCHIH C
JIOCTATOYHO SHEPTHIHOMN JaCTHIICH (C SIICKTPOHOM, aTOMOM, HOHOM, (hoTOHOM),
HO €e MOXHO TIepe/IaTh U B MPOIlecce HECKOMBKUX COYIapeHHi, pUdeM B KaX-
JIOM TIepeflaeTCs SHEPTHSA MEHBIIe, 9eM HeoOXOMMO JJIS OTPhIBa DIICKTPOHA.
Ipu Kxaxao0M COyJapeHHM HacTHIIA TOJyYaeT JHEPTHIO, MEepeXOiuT B Goiee
BO30YXKIIEHHOE COCTOSAHHE, a 3aTeM HOHH3YETCA YK€ M3 BO30YXKICHHOTO CO-
crosms. Takast cmynenuamas uonuszayus 0COOSHHO BaXKHA B HHU3KOTEMIIEpa-
TYpHO# TIIa3Me, KOT/Ia SHEPrHs SJIEKTPOHOB MEHBIIIC TIOTEHITHANa MOHI3AIH.

Ipomeccom, 0GpaTHEIM WOHW3AINY, SBJIACTCA OOBCIUHCHHEC WOHA W
9JIEKTPOHA — 00pa3oBaHME HEHTPATBHOMN JaCTHIIH MJTH TOHIMKCHHES 3apsATHOCTH
WOHA, €r0 Ha3hIBAIOT peKombuHayuetl.

Ipu pexkoMOMHAIMH BEIICISCTCA SHEPTHA, PaBHAs SHEPTHUH CBS3U pe-
KOMOWHMPYIOIIMX 9acTHIl. JTa SHEPTHSI MOXKET BBIZIENHTHCS B BHJIE M3ITYICHNS,
WM MOXeT OBITH TIepe/laHa TpeThell JacThIle (OOBITHO OTHOMY W3 SJICKTPOHOB
miasMel). B mepBoM cirydae rOBOPAT 0 pekombunayuuy ¢ uznyuenuem (VI usy-
yamenvbrol pexomburHayuu), BO BTOPOM — O peKoMOUHAyuu npu mpouHbix
coyoapenusx (WM mpotnot pexombunayuu). O9CBUIHO, YTO BTOPOH CIIy-
Haii peamM3yeTcsl TP BBHICOKHMX INIOTHOCTAX TUIa3MBL. J[Jii HEKOTOPBIX aTOMOB
(wanprmMep, He) n Bo30y»KIEHHBIX MOHOB CYIIECTBEHHO 00pa3zoBaHHE agmouo-
HUBAYUOHHBIX COCMOSHUL N COOTBETCTBYIONIAsA PeKOMOWHAIMA. ABTOHOHH3a-
IMOHHBIM COCTOSHHEM Ha3BIBAIOT CBA3AHHOC COCTOSHHE BO3GYXKIECHHOTO HOHA
M DIICKTPOHA, €CIIM CyMMapHas SHEPTHS BO30YXICHUA OOJBIIC TOTCHIIHAJA
WOHM3aINK aToMa. Eci BO30YXICHO HECKOIBKO SJICKTPOHOB, M €CITH SHEPTHSA
BO30YXIeHUA OYIeT nepeiaHa OJHOMY ICKTPOHY, TO MPOU30MICT MOHU3AIIN -
SMIEKTPOH TiepeiiieT B CBOGOIHOE COCTOSAHWE, a MOH OCTAHETCA B OCHOBHOM
(HeBO30YKICHHOM) COCTOSHIH. ClIeyeT OTMETHTD, YTO BPEMS KU3HH YaCTHITHI



B aBTOMOHM3AIMOHHOM COCTOSIHUH 3HAYUTCIIBHO OOJBING XapaKTePHOTO aTOM-
Horo. BoamoxkeH u mporiece, 06paTHBIH acCOIMAaTUBHON MOHM3AINH — TaK Ha-
3BIBaeMast OuccoyuamusHas pexombunayus: AB*+ e —» — A+B; oH mpoxo-
JIAT depe3 aBTOMOHM3AIMOHHOS COCTOSHUE MOJICKYITH AB*. MHorma pekoMOu-
HaIMeH Ha3BIBAIOT W aCCOIMAITMIO MOJIEKYJ W3 aTOMOB, T.€. IIPOIIECCH THTA A
+2B—>AB+B, A+B+C -5 AB+C,umm A+24 —>A4,+ A.

Huccoyuayusn u accoyuayusn

Juccoyuayueii Ha3BIBAIOT MPOIECC Pa3/CICHHS CIOKHBIX MOJCKYN (VITH
MOJIEKYISIpHBIX MOHOB) Ha 0oJiee TPpOCTEIE MOJIEKYITBI, MM Ha aTOMBI (WITH MOH
W aTOM, HOH ¥ MOJIEKYJa). JHEPTUs pa3pbiBa MOJNEKYISIPHBIX CBSI3EH TOUTH BCe-
T/Ia MCHBIIIC SHSPTHH MOHW3AINH (33 MCKIIIOUEHUEM, oxaiyii, Monekyn CO, u
C,H,. Yacto muccormairiio o6JierdacT HaKOIJICHUE SHEPTHH Ha KOJeOaTeIBHO-
BpAI[ATELHBIX YPOBHIX MOJIEKYITHI.

Accoyuayueit Ha3BIBAIOT OOPATHBIN MPOIECC: OOBEIIMHEHNE aTOMOB
(WU MIOHA ¥ aTOMa) B MOJIEKYITY (FJTH IIPOCTRIX MOJICKYJ B Oojiee CITOXK-
HBIC).

Crnemyer OTMETHTB, 9TO W JMCCOIMAIINS ¥ aCCOIMAIMS HEPEIAKO OBIBAIOT
CITOKHBIMH, PEAILHO MHOTOCTAJMITHEIME, TIPOIIECCAMI: B HHUX YYaCTBYET HE
MeHee TPeX YaCTHI], M IPOCTOMY TPSIMOMY TPOIIECCY JTUCCOIHAIIH

AB+C - A+B+C
COOTBETCTBYET CJIOXKHBIH TPOHHOI MpoIiece acCOIMaIlii
A+ B+C—> AB+C,

Korga dactiia AB oOpasyeTcs B BO3OYXKICHHOM COCTOSHHM WM TICPEXOINT B
OCHOBHO€ COCTOSIHHE B PE3yJIbTaTe Psfia TOCIEAYIONMX MapHBIX CTONKHOBE-

.

HHH.



§ 6. Yopyroe paccessane

Ecmu B mporecce B3aMMOJEHCTBHS MONHAS TOCTYNATeNbHAS SHEPTHA
JaCTHIl OCTACTCSI HEM3MEHHOMH, TO TPOIIECC SIBISIETCS YIPYTHM paccesiaieM. B
cna0OMOHN30BaHHOM TTa3Me BaXKHBI B3aMMOJICHCTBYS C HEHTPaIbHBIMI 9acTH-
naMu. B mepBOoM mpHMOMIDKEHNM 3apsKCHHBIC JaCTHIIBI B3aMMOJICHCTBYIOT C
HEWTpaJIbHBIMH YaCTHIIAMM TaK K€, Kak M HeHTpaJbHBIC JaCcTUIE B3aUMO/IeH-
CTBYIOT MEXAy coboii. Ommako mpu Oojiee CTPOroM MOAXOJE HEOOXOAMMO
YIUTHIBaTh, 9TO 3apPsDKEHHAS 9aCTHIIA CBOMM TIOJIEM TOSIPU3YET HEHTPAITBHYIO
JacTHIly, M 3TO YCIOXKHJET Xapaktep B3ammojeicTeusi. CedeHuwe paccestHus
onpesiensaeTcsl He TONBKO TeOMETPHYECKHIMH pa3MepaMH HEeHTpabHOH 4acTH-
IIBI, HO M €€ TOJBIpu3yeMocThio. OcoOeHHO GONBIIOiH MOISIPH3yeMOCTRIO 00Na-
JIAI0T aTOMBI MIENOYHBIX METAIIOB M HEKOTOPHIE aTOMBI B BO30YXKIIEHHOM CO-
crostavm. Tlonspu3yeMocTs MOJIEKYIT CYIIIECTBEHHO HIXE, OHa ONM3Ka K TIOJI-
PH3YEMOCTH HE IIENOYHBIX aTOMOB. BepOSTHOCTH YHpPYyroro paccesHus Heii-
TPaNbHBIX JacTHIl cIabo 3aBHCHUT OT MX OTHOCHTENBHBIX cKopocteii. ITpoteccst
repeHoca B cabo MOHM30BAaHHOH TUIa3Me OYeHb ONM3KM K TAKOBHIM B Tase,
KpOM€, €CTECTBEHHO, TOJBIDKHOCTH — HAIIPABJICHHOW CKOPOCTH 3apsDKEHHBIX
YACTHII, MPUOOpeTaeMoil IMH IO JCHCTBHEM DIICKTPHICSCKOTO TIOJIAL.

Yrpyrue CTOIKHOBEHUS
3apSDKEHHBIX  9acTHI] HMEIOT

MHOM XapakTep, U B CHIIBHO 7o
HMOHW30BaHHOM TIa3Me WUMEHHO &
OHHM onpezersor popmy yHk- 4 72

1M pacripesieNieHust W MpoIec- P ¢ P

Ccbl mepeHoca. PaccMoTpuM L =

O

TIOBEJICHNE 3apsKEHHOM JacTH-
Puc.1.6. Cxema ynpyroro coyaapeHus

el (Ha3oBeM ¢¢ TMpoOHOF),
mpoJieTaiieii uepes 00maKo
TIOKOSIIMXCS 3aPsDKCHHBIX JacTHI] (HA30BEM X MOJICBEIMI). B mieansHoi



IUTa3Me Kaxzoe B3aUMOJICHCTBHE JIBYX 9acTHI] MOKHO PacCMaTpUBaTh HE3aBH-
CHMO OT HaJIM4Wsl OCTANBHBIX, HO TIPH BHIYHCICHHIN TTOHOTO CEYECHUS B3aHMO-
JIEHCTBYS HAJIO0 YI€CTh SKPaHUPOBAHHUE TL1a3MOI OIS IaHHOH JaCTHITHI.

Ecmm npoOHast gacThiia IBUXKETCS TaK, 9TO TPH OTCYTCTBHH B3aHMOJICH-

CTBISL OHA TpOJETeNa OBl MMMO TONEBOH HA PACCTOSHHMH [ (€r0 Ha3BIBAIOT
npuyenvusim napamempom, puc. 1.6), To ona oTkiIoHuTCs Ha yroia 0, samcs-

IIMH OT TIPHBEACHHON MAacChl 9acTHI] L, MX 3apsioB Z H OTHOCHTEIBHOH CKO-
pocTH v:

ZZ,e’
tg (02) =pL/p, pL= R (1.17)
v

rIe P - UPHIETBHEI TapaMeTp, Py KOTOPOM MpoOHas YaCTHIIA OTKIIOHAETCS
Ha yron T/2. Tlo cymiecTBy Takoe PacCMOTPEHHE COOTBETCTBYET ONFICAHHIO

JIBIDKCHUSL OJ[HOM 9YacTHITHI ¢ NPHMBEICHHOH Maccol |l B MOJIC IEHTPATBHBIX
cun. C moMonipio KnHeMaTtnaeckoro cootHommenws (1.17) Besoaurest popmyna
Pesepgopoa

2

do _ p |dp|_ Py

— =r = —< 1.18
dQ  sin0|d0| |2sin?(0/2) (19

CxopocTh TpoOHOH JacTHIIHI MPH YIPYTOM PACCEHUH MEHACTCS TOJIBKO
TI0 HANpaBICHHUIO, YMEHBIIA’ICH B MPOCSKIMH Ha TNIEpBOHAYAILHOE HalpaBiicHHE

Ha Ov=v (1 — cos0) u yBenuUMBasCH B TIPOEKIH Ha HANPaBIeHHE, TEPICH-
JMKYISApHOE K HadaibHOM ckopocTH Ha BemmmHy Av=1v - sin0. Kaxmas
M3 HMX OmIpejieiseT 3HaucHMe kKodddumentos nepenoca: Av — muddysmo,

Ov — BA3KOE TpeHME M TETNONPOBOAHOCTh. OHAKO TOUHBIE PACcUETH TIOKA3bi-
BAlOT, UTO WHTErPAJIbHBIE CEUEHHS STHX MPOIIECCOB OTIMYAKOTCS HE3HAUHNTE h-



HO W TI03TOMY OGBIYHO PACcCMATPHBAIOT BEIMUHHY OV, OTBETCTBEHHYIO 32 Pac-
cesame. TTpoBess MHTErpHpoBaHMe OV TI0 BCeM yriiaM paccesams O (wm 1o

BCEM 3HAYCHWSIM TPHIICIFHOTO MapaMerpa ), YMHOXHB Ha 9HCIIO TIONEBBIX
YACTHI] B ¢IMHUIIC 00bEMa 72 ¥ Ha TyTh MPOOHO# JacTHIIEI dx, MOXHO TOTYIHTh
BEJIMIIHY W3MEHCHUS CKOPOCTH YaCTHIIH B IEPBOHAYAIEHOM HAIPABIICHHH:

dv =-2nn vdx I(l —cos@)p dp,
moncTaeysis (1.18) u yauteBas, 9to
2
sin®(6/2) = %,
p*+p)

OKOHYATCIbHO MOJIyUHM:

dv =—4nny dx plj pdp (1.19)
2P +p”

OueBnHO, 9TO STOT MHTETpall JIOTapru(pMUTECKH PacXOoANTCsS Ha BEPX-
HeM mipezene. OHako cleayeT y9ecTb, 9TO PeaabHO BBIZICTICHHAS HAMH TIOJe-
Bas JaCTHIIA SKPAHHPYETCS OKPYXKAIOMICH MIa3Moi U e¢ Tojie GBICTPO YMECHB-
IIAETCS ¢ YBENMHIEHNEM PAaCCTOSIHISL. XapaKTePHOE PAacCTOSTHUE YKPaAHUPOBAHMS

— nebaeBcKkuii pajyyc d, 1 HHTETPHpPOBATh clleflyeT B mpefenax 0 < p < d. To-
713 TOJyIuM

dv=—4mnv p2dx L, (1.20)
| pi (S

Lo=tn(dp) - (1.21)



KynoHoeckuti nozapugm. Bemmanna L, ompenensercs paccesHUEM Ha MaJibie

yriel, 1 00BI9HO L, & 10--20 npy W3MEHCHUHN TapaMeTPOB IJIA3MBI B ITHPOKIX
Tipezienax.

MOoOXHO BBECTH OnuHy c80600H020 npobeza A i cevenue paccestus Oy
= — _ 2
—_— =, A=—0o, G, =47mp.L. (1.22)
Odenn BaXHO, UTO CEYEHNE PacCesHusi O, CHIIFHO 3aBHCHT OT SHEPTHH

YacTHIIB, OOPAaTHO TPOHMOPIIMOHAJBHO KBAJpaTy ¢¢ SHEpruM (WM KBaJpary
TeMIIEPaTyphl ):

~—~—. (1.23)

BBozpaT M mOHSATHE @pemenu pac-
ceanus WM KylIOHOBCKO20 epeme-
HU, OTIPEIIETISA €T0 KaK:
A 1
T, =—= . (1.24)
v  noy
Jlerko BHIETH, 9TO BpeMs pacces-

HUL OBICTPO PAcTET C TEMIIEpaTy-
B zaze poii
B naazme

T, ~T" (1.25)
Puc.1.7. TpaexTopus gacTuiy



JlpyruMu  ctoBaMM, TIO Mepe pOCTa  TEMIIEpaTyphl 3apsSKCHHBIC JaCTHIIBI
pacceMBalOTCA  MeJJICHHEe.

TpaekTopus 3apKEHHOM JaCTHIIBI B TIA3ME CYIICCTBEHHO OTIMYAeTCA OT Tpa-
SKTOPHH HeHTpaTbHOM JacTiis B Taze (puc. 1.7): B mmasMe — 5TO MEJICHHO
MEHSIONIAACA TIaBHAsK KPHBas.

Ilepe3apaoxka

BecsMa BaxXHBIM SIBIISIETCS TIPOIIECC Tepesiady 3apsjia OT 3apsDKEHHOH
YaCTHIIBI K HEHTpambHOMH:

A™+B<>A4+B".
B cnydae ToxaecTBeHHBIX dacTil A U B (KpoMe 3apsioBOTO COCTOSI-
HUA): A= B — T0 NpOIECC YNPYTHii: MOTHAA KUHCTHIESCKAs DHEPrus 00eHx

JacTHIl coXpaHseTcss HemaMeHHo#. Ecim ke 4 # B, To mpoliecc nepe3apsiKu
HEyNpyTwii, TaKk KaK SHEPruy HOHW3aIH JacThil A u B pasmmuel. Ecmu 1o-
TEHIMAJ WOHM3AIMK HEHTPATBHOH JacTHIIB OOJBIIE MOTCHIMAIA HOHM3AIINN
3apsuKEHHOM YacTHIEI, TO Ha BENMYMHY SHEPTHH, COOTBETCTBYIOITYIO 3TOH pas-
HUIIE, YMEHBIINTCS TOMHAs KHHETHYECKasi SHEPrus dacThi. B cmydae, ecimm
SHEPTUS WOHW3AIMH 3apsDKCHHON 9acTHIIB OONBIIC SHEPTIH MOHM3AIMN HEei-
TPABHOH YaCTHIIEI, TO M30BITOK SHESPTHH BRIJICIINTCS WITH B BHJIC KHHETHICCKOH
SHEPTUH YACTHII, WJIN TMOHIET Ha BO30YXKIeHUE (Y aTOMOB TMOCeIHEe ObIBacT
peaKo).



§ 7. PaBHOBecHs B Ij1a3Me

IIpu nonnom mepmoounamuyeckom pasHosecuu JOIKHO YCTAaHOBHTHCS
PABEHCTBO CKOPOCTEH BCEX MPAMBIX M OOPATHBIX TMPOIIECCOB, 4 TAKXKE PABCHCT-
BO BCEX TeMINEparyp (BpamaTeIBHBIX, KONCOATEIBHEIX, YICKTPOHHOMN, HOHHOMH,
aToMHO#). Takylo CIOXKHYK CXEMYy PacCMOTPETh KpaiHe TPYIHO, a MOXET
OBITE ¥ HEBO3MOXKHO. YacTO TOBOPAT O YACMUYHBIX PAGHOBECUSAX — TIPH MAJTBIX
TEMIepaTypax Tmo BCEM CTCTICHSIM CBOOOMIBI (KMHETHICCKOH SHEPTHH SJICKTPO-
HOB M WMOHOB, KOJICOATEIBHEIM, BPAMIaTCIbHBIM COCTOSIHHSAM), TPH OOJIBIIIIX,
KOTJIa MOJICKYJI I aTOMOB YK€ TPAKTHIECKH HET, — OT/CIBHO O TeMIIEpaTypax
XAOTHYECKOTO JBIDKCHUSA SJICKTPOHOB M HOHOB.

PaccMoTpiM npuMeEps MOHW3AIHOHHOTO PABHOBECHS B AaTOMAPHOM Tase
(paccMOTpEeHIEe MOJICKYJT PE3KO YCIIOKHACT 3a7ady — HaJl0 pacCMaTPHUBATh KO-
J1e0aTeTEHO BO30YXKIICHHBIC COCTOSHMS, aCCOIMATHBHYK MOHHU3AIMIO U T.1I.; HE
paccMaTpHBaEM TakkKe M aBTOMOHM3AIMOHHBIE cocTosHms). [IpocteiiimimMu, u
OTHOBPEMCHHO HANOOJICE JACTO BCTPCHAIOIINMICS, SABJIAIOTCS CIICIYIONINS TPH
ciydas GaaHca.

Bananc mencdy uonuszayueii 31eKmponnsim yoapom u
mpoiinoil pexomounayueii

TIporecc (mpamMoii/obpaTHsIif) CxopocTs mporecca
a +e — i +2e (MoHM3ALMA) w;=k; nyn,
i t2e — a +e (pexoMOuHaIHs) w,=kmn,>

3mecs n,, n; 1, — WIOTHOCTH aTOMOB, HOHOB M JICKTPOHOB COOTBETCTBEHHO, k;
k, — k03¢ rIMeHTH CKOPOCTH HOHM3AIMH U peKoMOMHAIK. CKOPOCTh POU3-
BOJICTBA, HANpPHMEpP, MOHHOH KOMITOHEHTHI B TAKHX MPOIECCAX OMPEeNeTcs
ypaBHEHHEM:

an .

H

—=w, —w .. 1.26
dt ! " (1.26)



B paBHOBeCHH CKOPOCTH MPSIMOTO M 0OPATHOTO MPOIIECCOB COBMA/IAIOT, TaK 4TO

JIOJDKHO OBITH W; = w, . II03TOMY KOHCTaHTa paBHOBECHS K, KOTOPYIO Ompee-

JIMM KaK OTHOWICHWE KO3(P(PHIMCHTOB CKOPOCTH HPAMOTO W OOpaTHOrO Tpo-

IIECCOB — 3/ICCh MOHM3AIINH ¥ PEKOMOIHAIINI) OKAa3BIBACTCS PABHOM:
g ki _nn

k n

r a

(1.27)

3ameTnM, 9TO BBE/ICHHAS TaKUM 00pa30oM KOHCTAHTA PAaBHOBECHS MMEET
Pa3MepHOCTH KyOa 0OpaTHO# JTHHEL.

Bananc mesrcoy pomouonusayueii u uznyyamenbHoui

pexombunayueii
TIporecc (mpamMoii/obpaTHsIif) CxopocTs mporecca
a+vy — i+ e (MoHM3ALMA) wi=k'n,j
i+ e —> a+y (pexombunaius) wh =k, nn,

3neck n,, n; B, — IWIOTHOCTH aTOMOB, HOHOB ¥ DIICKTPOHOB COOTBETCT-
BEHHO, k' j, k,’ — K03 HIHMEHTE CKOPOCTH (OTOHOHM3AINE M H3ydaTeIbHOM
pexoMOMHaIIN.

B paBHOBecHH

wi=w)p , (1.28)

¥ KOHCTAaHTa PaBHOBECHS, ONIPECICICHHAS TaK K€, KaK U B IIPCABIAYIICM CITydac,
OKa3bIBACTCA



k'yj _nn,
=it Bl (1.29)
k', n

(110 IPUHIMITY JICTATEHOTO PaBHOBECHS), TAK 9T0 B 000MX CITydasx

K

a

K =neni

(1.30)
n

a

Jis omnpejieneHysi COOTHOLICHMS YHCIA 3apsDKCHHBIX M HEHTpaJbHEIX
YacTHIl B IJIa3Me BBOJAT IIOHATHE CmeneHyu uoHusayuy o (MHOTIa STOT Iapa-
MeTp Ha3eBalOT KodGdHIHEeHTOM MOHM3aIMN) — OTHOUICHHE JHCIIa WOHOB K
CyMMe 9HCIla HFOHOB ¥ HEHTPaTbHBIX JaCTHII:

n; n;

o=—"="—=-1 n,=n,+n,, (1.31)
n,+n, n,
rie n, —NOomHas KOHIIGHTpAIlMsi HOHOB M aTOMOB (HadalbHas KOHIIEHTpa-
ms).
Jlerko yCTaHOBHTH CBSI3b MEXAY CTETICHBIO HOHH3AILMH M KOHCTAHTOH HOHM3a-

uuoHHOTO pasHoBecus K [9]. B mpeamonoxeHuw, 9o n; = H,, UCHOIB3YS (GopMyIsl
(1.27), (1.30) u (1.31), momygaeM COOTHOIIEHHE

n?=Kn,=K(ny—n;),

TpezicTaBIIomEee coboii KBagpaTHOE ypaBHEHHE OTHOCHTENBHO #;. Pemmme ero w moi-
crapuB pe3ynsTar B (1.31), BEIpa3HM CcTeNeHbh HOHU3ALMH Yepe3 KOHCTAHTY PaBHOBECHS
M Ha9aJTbHYIO KOHIIEHTPAIIMIO Ta3a:
K kY K
ad=——=|—| +—. (1.32)
2n, 2n, ng



ITpu Manoif cTeneHy HOHU3AIMHU, KOT/Ia KOHLEHTPAaLs HOHOB Maia, n; <<

K
Mg, HAXOTMM g, ~ |—  TaK 9TO

U

- |k
a=li~ 2 (1.33)

U U

T.€. CTENeHb MOHHM3AILMH OOpaTHO MPONMOPILMOHATEHA KOPHIO KBAJPATHOMY M3 HAYalb-
HOM TIIIOTHOCTH, TaK KaK KOHCTAHTA PABHOBECHA ABIETCH QyHKIHMEH TONBKO TeMmmepa-
TYpEHI Tra3a.

TIpu GoNBIION CTETIEHH HOHU3ALMH, KOT/Ia KOHIIEHTPALMS HEWTPAIBHBIX AaTOMOB
Mama, 1; >> n,, oirydaeM o—> 1.

Bananc mencdy uonuszayueii 31eKmponnsim yoapom u
uzIyuamenvnoi pexomounayueii

B npempinyieM mpuMepe mpeanoNarajgock, 9TO M3IMydeHHE 3alepTo U
HE BBIXOJMT U3 PEaKIoHHOro oOheMa. Ecim ke mmasma mpo3padHa JUTst W3ITy-
YeHHs, T.€. €€ TIOTHOCTh JOCTaTOYHO Majia, TO Majia CKOpOcTh (oTomoHM3a-
1MW, ¥ WOHW3AIS TIIABHEIM 00pa3oM o0yciioBiicHa coyaapenmsmu. B mmazme
MaJIoif TIOTHOCTH MAJTOBEPOSTHEI M TPOHHBIE
coyJapeHus, TIO3TOMY TJIaBHBIM KOHKYPHPYIOIIMM C MOHH3aIMell mporeccoM
SBJISCTCS M3JTy9aTeIIbHAS PCKOMOMHATIHS.

TIporecc (mpamMoii/obpaTHsIif) CxopocTs mporecca
a+e—> i+ 2e (Monusanys) w;=kn,n,
i+e— a+y (pexombunaius) wy, =k, nn,

ITpupaBHIBas CKOPOCTH IPSMOTO M 0GPATHOTO IPOIIECCOB, TOTyTHM



dopmyny Onveepma:

n, k.
K'=—=—1, (1.34)
n, k',
M3 KOTOPO# BHJIHO, 9TO CTETICHh HOHU3AINH
K!
a=—— (1.35)
1+K’

sBisiercst  GpyHKIMe#H  TONBKO OT TEMNEpaTyphl M HE 3aBHCHT OT ILTOT-
HOCTH.

Jlns mna3Mel, HaxosMmIeHcss B TEPMOAMHAMHIECKOM PaBHOBECHH, KOH-
CTaHTa paBHOBeCHsA K MOXeT OBITH MOJydeHa KaK 10 aHAJIOTHH ¢ KOHCTAaHTOH
XHUMHYECKOTO PAaBHOBECHS, TaK ¥ W3 KNHETHIECKHUX coobpaxkeHuH [9], 1 okazbl-
BaeTCs paBHOIM:

o \3/2
K :neni :gegi meT e—I/T
n g, \ 2nA’

a

TIe g e £, — CTATUCTHYECKHE BECA MOHOB, DIEKTPOHOB H aTOMOB COOTBETCT-
BeHHO, [ — SHEprus WOHW3AIMM aTtoMma, m', = mm; / (m,+tm;) —TpuBeICHHAS
Macca. OTBeHaroImas 3TOMY PaBHOBECHIO CTENCHb WOHM3AIMH O, KaK JIETKO
BBEIBECTH, ONPEEIICTCS COOTHONICHHEM

3/2

o :gegi m'eT I;e—I/T

> 1.36
l-a g, \2n#* ) p (136

rae p = (n; + n, + ny)T — naByieHNe, ONPENCIACMOE THCIIOM JAaCTHI] BCEX COPTOB
B eqummIle o0beMa. [loguepkueM, 910, KaKk M IOJDKHO OBITh B YCJIOBHSX TOJTHO-
TO TePMOIMHAMIIECKOTO PABHOBECHS, PABHOBECCHAS CTENICHb NOHN3AINH SABJIS-



etcst dyHKIEH TeMIepaTyphl M JIaBICHHS TUIa3MBl.

®opmyna (1.36) — popmyna Caxa — CBA3BIBaCT OCHOBHEIC (pyHIAMCH-
TalbHBIE XapaKTePUCTUKU B3aUMOJICHCTBYIOMMX YacTHI: MPHUBEIICHHYIO MacCy
(w1 TIporIecca MOHM3AIMH OHA TIPUMEPHO PaBHA MAcce IEKTPOHA M, C TOTHO-
CTBIO JI0O MAJIOTO OTHOIICHWSA m,/ m; THAC m; — Macca MOHA), CTATHCTHICCKHE
Beca JacTul (MOHA, SJICKTPOHA, aToMa), SHEPTHIO MOHM3AIMN aToOMa W TeMITe-
paTypy miasMbl ¢ KoHCTaHTol paBHoBecus K. dyHnaMeHTalbHBIE XapaKTepH-
CTHKH XOPOIIO M3BECTHEI: CTATHCTHYCCKMI BeC AIIEKTPOHA PABEH JIBYM, a CTa-
THCTUYECKHE BECca aTOMa M MOHAa PAacCUMTHIBAIOTCS He3aBHCHMO. OHH paBHEI
YUCITYy COCTOSHUM C JaHHBIM TJIABHBIM KBaHTOBHIM UHCJIOM, HANpUMeEp, Ui
aToMa BOJOPOJA, B COCTOSIHHH C INIaBHBIM KBAHTOBBIM YHCIIOM PABHEIM 71, CTa-
THCTHHUECKHH BeC paBeH 2n°.

Xota dopmyna Caxa (M ee aHaloru) IpUMEHMMA K IDIa3Me, HAXOJAIIeHcs B
TIOTTHOM TEPMOJIUHAMHIECKOM PABHOBECHH, €€ HCIIONB3YIOT MPH OLIEHKE U IS TNIa3MEl B
CIIydae HEMONTHOTO TEPMOJMHAMUIECKOro pasHOBecus. CleayeT UMETh B BUAY, KpOMe
TOTO, 9YTO OHA BEPHA JMIOb NPH HEKOTOPHIX YIPOINAIOIIUX MPEIIIONOKEHUIX OTHOCH-
TENBHO STOTO PABHOBECHS: Ta3 CUMUTACTCA KIACCHICCKHM, TOJIHHIIOIMMCS pacIpee-
neHuto Maxceenna—boneimana. TeM camblM, HaUMEHBINAS JUIMHA BOJHEL Je bpoiims,
SNEKTPOHHAS, JODKHA OBITE MEHBINE CPEIHEr0 MEKJACTHIHOTO paccTosHuA. IlnasMa
JoKHa OBITE Pa3peKEHHOM Ha CTONBKO, 9TO CPEAHEE PACCTOSHME MEXIY JaCTHIIAMH
BEIMKO 1O CPAaBHCHUIO C aMIUIMTYAOH paccesHus. Toraa 3IeKTPOHEI, HOHBI M aTOMEI
MOKHO PAaCcCMATPUBATh KaK CMECh HIACATBHEIX Ta30B. HakoHel, TemMmeparypa 3Toif cMe-
CH JOIKHA GHITH Majna B CPaBHEHWH C SHEpPrueil MOHU3ALMK — TOIBKO IPU 5TOM YCIIO-
BHH KOJUYECTBO BO30OYXKICHHEIX aTOMOB MAJIO IIO CPABHEHUIO ¢ THCIOM aTOMOB B OC-
HOBHOM COCTOSIHMH. B HEKOTOPHIX YCIIOBHSX OKA3HIBACTCS CYUIECTBEHHOMN CTYIEHIaTas
voHM3aImsI — 00pa3oBaHie 3apKEHHEIX JAaCTUIL U3 BO3OYKICHHBIX 4TOMOB, TOCTEICH-
HO «IOBO30YKIaeMBIX» IPH CTOIKHOBEHHSAX 9epe3 IOCIEAOBATENBHOCTh BO3OYKICH-
HBIX COCTOSHMI /0 MOHM3AIMH. Peanmsaims 3TOH BO3MOXHOCTH 3aBHCHT OT BPEMEHH
SKH3HH BO3OYXKIECHHEIX 4TOMOB, ITDIOTHOCTH 3IEKTPOHOB, IOTEHIMATOB HMOHW3ALMH
arOMOB B OCHOBHOM H B B036y)KJICH}]]>]X COCTOAHMUAX.

PeansHO ¢ MOMHOCTBIO TEPMOIU3OBAHHOM IIAa3MOH CTaJIKMBAIOTCA, MOXKAIYH,
TOJILKO aCTPOGU3HMKH, Ja U, BO3MOKHO, IIPH aTOMHEIX H TEPMOSICPHBIX B3pHIBaX. B



TEPMOSIEPHEIX YCTAHOBKAX CTPEMATCA TONYIHTH TAKYI0 TEPMOJH3OBAHHYIO IIIA3MY;
HaubGonee GIM3KK K Heif MIa3MBEI B UMITYJTbCHBIX «B3DHIBHBIX» CHCTeMax. B cucremax c
MArHUTHOM TepMOM3OJIALMei (aauabaTHIecKuX JIOBYIIKAX, TOKAMAKaX W T.J.) TUIA3MBI
BCETa HEPABHOBECHBIE, XOTS WHOIA M OCYIIECTBIIETCA YAaCTHIHOE — PABHOBECHE YC-
TAHABNWBAIOTCA (PYHKIMM pacnpeeleHus, GIM3Kue K MaKCBEIUIOBCKHUM, CBOH IS SJIEK-
TPOHOB M CBOM IS HOHOB,



§ 8. HepaBHOBECHOCTH IVIA3MEHHBIX CHCTEM

OGBIMHO B IIa3Me BCET/la €CTh JaCTHIIBI, OYCHb CHJTBHO Pa3IMIalONIHe-
¢ TO0 Macce: TOKENTBIE MOJICKYJIBI, aTOMBI M WX WOHBI, ¥ 3HAYNTEIBLHO Oojiee
JIETKHE HJICKTPOHBI (OTHOMICHNE MAacC MPOTOHA W JICKTPOHA
paBHO m,/m, = 1836). B3auMo/eHCTBHE TKEIBIX M JTETKMX YaCTHI] HE CHMMET-
PHYHO: JISTKHUE JaCTHIIH CHJIBHO PACCEHBAIOTCA HA TSDKEJIBIX M OYCHEB MEIICHHO
TIePEeIaloT UM CBOK DHEPrHIO, TOTAA KaK TSDKETBIC YAaCTHITRI Ha JICTKUX YacTH-
1IaX TOYTH HE PAaCcCCHBAKOTCA, HO JIOBOJIBHO WHTCHCHBHO TOPMO3ATCA. B 00Jb-
IITHCTBE CIIYYacB IJIa3My CO3JAl0T, MPUMEHSS YJICKTPHUICCKOS TOJIE: YU TIPsi-
MO MOMEMIAs B Ta3 JICKTPOIBI ¢ HEKOTOPOH Pa3HOCTHIO MOTCHITMANIOB (HATIPH-
Mep, IYTOBHIC TNIA3MOTPOHEI, TPUOOPH ¢ TICIONINM Pa3psoM, Z-ITHHIH U T.11.),
WIN WHIYKTUBHO HaBons mepemeHHyio OJIC B oOveme (mampumep, CBY-

W1a3MoTpoHk!, O-mman, Tokamaku 1 T.71.). TIOIBIDKHOCTH 3IEKTPOHOB M HOHOB
B JJICKTPUYECKOM TIONIEC CHIIBHO Pa3YaloTcsA, CeUeHHs B3aMOJICHCTBHA X C
aTOMApHBIMH YaCTHIIAMH Pa3HBIe, U OOBIYHO JIEKTPOHEI B DJIEKTPHIECKOM TI0-
Jie¢ TIPHUOOPETAOT OONBIIYIO YHEPTHIO, UM MOHBL. B pa3migHBIX MO KOHCTPYK-
1M CHCTEMaX Paspsibl Pa3BUBAIOTCS TIO-Pa3HOMY, HO, KaK MPABHIIO, HE TOIBKO
HamnpaBJICHHBIC CKOPOCTH, HO ¥ SHEPrHs, NpuoOpeTracMas SIICKTPOHOM B pa3psi-
Jie, Ooeline sHEepruw, MpruodpeTacMoit HoHOM. OCOGEHHO YETKO TO TIPOSBIIS-
eTcs B CabOMOHN30BAHHO# TTa3Me ra30Boro paspsiaa. PaccMoTpuM B kadecTBe
TpUMepa TOJOKUTEIBHEIH CTONO CTa0OMOHN30BAHHON TIA3MBI  TIICIOMICTO
paspsama (§ 51), cremeHp wWoOHM3AIM KOTOpOro coctaBiser ~0.01.

DT0 y9acTOK pa3psja, TJIe MOTCHINAI MCHACTCS HauOoJee TIaBHO M Ha-
MPSDKEHHOCTD HJIEKTPHYECKOTO TOJIS MPUMEPHO MOCTOSIHHAS, B THIMYHEIX yC-
JIOBMAX TJICIOMICTO Pa3psjia HANPSHKCHHOCTE MO He mpeBbimiaet  1-10 B/cm,
a gaenenue rasza coctaBisieT 1—-10 Topp. [ockoneKy maazma SBISETCS Cl1ado-
VOHH30BAaHHOM, MOJKHO CUHTATh, UTO 3aPSUKEHHBIE YaCTHIIH CTAJIKUBAIOTCS



TJIABHEIM 00pa30oM ¢ HCHTPaJIbHBIMM aTOMaMH, a CTOJIKHOBCHHSIMH WOHOB W
9JIEKTPOHOB MEX]y c000# MOxHO npeHeOpedb. CedeHus yIpyrux CTOJKHOBE-
HUI MEJUICHHBIX MOHOB W DJICKTPOHOB C aTOMaMHM M MOJICKYJIAMH Ta3a MOXHO
CUWTATh HE3aBHCAIMMH OT HEpruM dacTull, KoHeuHo, BENMYHMHBI CEYeHMI
3aBUCAT OT POJIa Ta3a, B KOTOPOM TIPOU3BOINTCS Pa3psjl, HO B THIMIHBIX YCIIO-

BHSAX CCUCHHEC YIIPYTOTO pacCEeIHUS JJII HOHOB MOXET JJOCTHTATh BEJIHIHHBI O;

~10™* cM?, Torma KaK JUTA SMEKTPOHOB OHO MPHMEPHO Ha MOPSIOK MEHbIE G;
~10" cM’. B 9THMX YCNOBMAX CpeIHAA JUIMHA CBOGOIHOTO mpoGera

A~ 1n,c

. i » TH€ n, - TNIOTHOCTB Ta3a, OKa3LIBAETCA MacmTaba A ~10-

10%cm 1 A,~102-10 cM 151 HOHOB ¥ 3ITEKTPOHOB COOTBETCTBeHHO. Temmepa-
Typa Tra3a oOBITHO TIPUMEPHO paBHA MOHHOH TeMIleparype W U pa3psya Ma-
JIOH MOIIHOCTH MOPSJIKAa KOMHATHOM TEMIIEPaTyphl, T.¢. paBHa npumepHo 0.03
5B, Torza KaKk SNeKTPOHHas TeMIepaTypa 3HaIHTEIHHO GOJBINE W COCTABIACT
~15B. O6cyM TpHYIHY TaKOTO HEPABHOBECHSL.

Ilox neficTBHeM 3IEKTPHUICCKOTO MO ¢ HANIPSHKCHHOCTRIO E, MOH MpH-
obpeTaeT Ha JUTMHE CBOOOTHOTO TIpobera MeXy COY/ITapeHMSIMA ~ SHEPTHIO

A8i= eE?\,i, (1.37)
a JICKTPOH SHCPTHIO
Ae,= A, (1.38)

CuwnraeM, 9TO HOHEI — OHO3APSJIHEIE, TAK UTO IO MOJYITIO 3apsijl HOHA paBeH
3apsIy SNEKTpPOHA. J[Jisi TpUBEICHHBIX BHIIIE MAPaMETPOB OIEHKA AT It
9THX BEINIHNH

Ae; =10*-107° 5B, Ae, =10°-107 sB.



Tox peficTBIEM SICKTPHYECKOTO TIOJS ¥ HOHEI, M DJICKTPOHBI MPHOOpe-
TalOT HAIIPAaBICHHYIO CKOPOCTh, KOTOPYIO MOXHO OIICHHUTE KaK

ek ek
<Au;, >=—-r,, <Au,>=-—--,. (1.39)
m, m

H e

B ¢dopmynax (1.39) BpeMs MEX]Ty CTONKHOBCHHSAMH JPIS SJICKTPOHOB M
HOHOB C HeﬁTpaJ'ILH]:IMH qacTHIIaMHU

(1.40)

riae (8(3,,- ) — CpeHss SHEPTHS HJIEKTPOHOB M HOHOB COOTBETCTBEHHO. BRHIY

ropasno OONBINCH MOIBMAKHOCTH SJICKTPOHOB (M3-3a MAJIOH MACCHI), IO BEJIH-
YHHE UX HampaBJIeHHAs CKOPOCTh 3HAYMTEBHO GOJBIIE HATPABICHHOH CKOPO-
cTi WoHOB. CpeTHis SHEPTUsS WoHa OYJeT MPAKTHYECKH paBHA CPEIHCH SHEp-
UM HEHTPAJIbHEIX YaCTHII, TaK KakK, IpHOOpeTas MeXIy COYAapEeHHsIMI MaJIyio

JIOTIONIHATENLHYIO SHEPTHIO TIopsiyka e;, ¥oH mpH coyiapeHuu ¢ aToMaMu e
OT/aeT, a MOCIEAHNE, MOMYYHBIINE SHEPTHIO TIPU COYIAPEHHH, TEPESHOCAT e
Ha CTCHKH. DJICKTPOH XKe, MPHOOpeTas MEXIY COYAAPCHHAMH SHEPTHIO OO0Jb-
IIyI0, YeM WOH, MPH COYAapeHHH C aTOMaMH TEepseT JIUIIb MAyl0 49acTh, 10-

panka (me /m, )(ee>, CBOCH cpenHeH >Heprum <ee). Ho B crammoHapHBIX

YCITOBUAX MMEHHO 9Ta Majiasi OTepsi SHEPTHH M OTPaHIYINBACT HA0Op SHEPTHH
SMIEKTPOHAMH B TIONE. T103TOMY CPEIHIOI SHEPTHIO SIIEKTPOHOB MOXHO Olle-
HUTB, TOTPeOOBAB OallaHca SHEPruw, MproOpeTacMoil B IOJIC U TPACSMOI TpH
CTONKHOBEHHSAX C aTOMaMH:

2

= ¢ —T . 1.41
m 2 2\lm, ¢ (14D

a e

ﬂ<8>;m‘3<Au‘*>2 ™, | £



IMockoneky BxozsIEee B 3Ty $HOpMyITy XapakTepHOE BPEMsi MEXK/Iy CTONKHOBE-
HUSIMH JICKTPOHA C HeHTpaJbHBIMM YacTHIIAMH T, B CBOIO OYepe/Ib, COTIACHO
(1.40), 3aBuCHT OT cpeHEll SHEPTHM DIIEKTPOHOB, TO, BEIpa3us u3 (1.41) <Se>

B SIBHOM BHJIE, TIOTY9HM

(¢,) =Ll A, | e (1.42)

2 m,
TomydeHHBIH pe3yaBTAT ML YUCIICHHBIM KO3 dummenTom (1/2 BMecto 0.43)
OTITMYAETCSA OT PE3yIIbTaTa PEHICHHS KMHETHIECCKOTO YPAaBHEHUS, TIPUBEICHHO-
ro B [20]. CpaBuus (1.42) u (1.38), MBI BHZIM, 9TO CPEAHSS SHEPTHS DIEKTPO-
HOB TIOCIIE€ MHOTHX CTOJIKHOBEHHWH OKa3hIBaeTCS 3HAYMTENBHO Oolbmie (Tpw-
MEPHO B KOPEHB W3 OTHOIICHUS MAacC HEHTPAIBHOM YaCTHITBI M DJICKTPOHA) Be-
JIMYWHBI JIOTIOJIHUTCIIBHON SHEPTHH, NMPHOOpPETacMOl 3ICKTPOHOM Ha JITHHE
cBoboaHOTO TIpobera. TToaToMy TiTaBHOH NPHYMHOH «IEperpeBa» SIEKTPOHOB
MO CPaBHEHWIO C MOHAMH SIBISCTCA, MO CYIIECTBY, HE TOJNBKO HabOp WMH He-
CKOJIBKO OOJBIICH HEPriM Ha JUIHHE CBOOOIHOTO mpobera, a ropasmo Gonee
crabblif TeMIT OTePh MONYYSHHOMH B IOJIe SHEPTHH TPH CTONKHOBEHHSAX C aTo-
MaMH.
TIpy GoNBOIMX HANIPSKCHHOCTAX TONA cpeausas sHeprus (1.42) cymecTBeHHO
BHIIIE TEMIIEPaTypsl ra3a. Kak ymoMHMHANIOCH paHee, 3TO o0ecriedWBaeT WH-
BEPCHYIO 3aCeJICHHOCTh B MOJICKYJIAPHBIX Ta3aX, TpaBja, TONBKO TPH HU3KHX
TeMIlepaTypax ra3a. BepOATHOCTH KolleGaTeNbHOH perakcaly o4eHb GBICTPO
BO3pacTeT ¢ TeMnepatypoil. [1o3TOMy W TIPHXOANTCA OXJaXAaTh Ja3ephl, Je-
JIaTh CHUCTEMBI C MPOTOKOM Ta3a, T.e. 00eCmednBaTh YCIOBHS, NPH KOTOPHIX
TeMIIepaTypa Xa0THIECKOTO JBIKCHHUS MOJIEKYIT CYIICCTBEHHO HIDKE, 4eM «KO-
nebarersHas» TEMIEpaTypa Bo30ykIeHHBIX aToMoB. Hanpumep, B nazepax Ha



OKHCH YTJIepo/ia TIPY KOMHATHO# TeMIepaType rasa JOCTIKHUMEI KolleGaTess-
Hele Temmepatypsl, pasabie 7000 — 8000 K. HepaBHoBecHOCTB, IIpH KOTOPO#
CPemHsSA SHEPTHS DIICKTPOHOB COCTABIICT CIMHHUITEI SJICKTPOH-BOJIBT, U TEMIIC-
paTypa OCHOBHO# Cpe/Ibl, KOTOpas HEeMHOro GONbIle KOMHATHOM, o0ecneunBa-
10T ¥ BOBMOXHOCTP HHTCHCHBHOT'O TIPOBC/ICHUS HCKOTOPBIX XUMUYICCKHUX PCaK-
M. DJIEKTPOHBI MEPEIAIOT YHSPTHIO HAa BO3OYKICHHE KONECOATEIBHEIX CTENe-
Hell ¢BOOOIBI MOJICKYII, a BRICOKAs KojieOaTeIbHas TeMIiepaTrypa obeceanBaeT
M BBICOKHE CKOPOCTH XMMHYECKMX peakimii. HeoOxommmo oTMETHTB, 9TO
Ipu 3TOM CymecTBeHHO Bo3pactaeT M KIIJI 1no BBIXOAy KOHETHOro
TPOJYKTa YCTAaHOBOK, OCHOBAHHBIX Ha Ta30BOM pa3ps/ie: SICKTPOHHOE BO30YK-
JeHre o0ecrieunBacT mepeady SHEPTHH UMEHHO Ha «HY)KHBIC» CTETICHH CBO-

607p1, a He paBHOMepHO Ha Bee. Tak KI1JI CO,-nazepa jmoseim g0 ~25%, 3a-
Tpatel sHeprun npu nomydern NO w3 N, m O, cHmzmm B 6 — 7 pas.

M1 paccMOTpenH HepaBHOBECHOCTE CIIa0OMOHI30BaHHOH 1na3Mel. Ho u
TIPaKTHYECKH TTOHOCTBI0 NOHH30BaHHAs TOpsdas Ta3Ma ToKe, Kak IIPaBHIIo,
He paBHOBecHas. HamprMep, B W3BECTHBIX TOKaMaKaX YCTaHABIHMBAIOTCA
pa3HBEIC TEMITCPATYPHl BIICKTPOHOB M MOHOB, HE TOBOPA yXe 00 OTCYTCTBHH
PaBHOBECHSI C H3IIyICHHEM.



§ 9. Ilpomeccnl perakcanum B IJIazMe

IIporiecchl penakcalyi NPUBOAAT K YCTAHOBICHHIO MaKCBEJIOBCKOM
(dyHKIMM pacnpeneNeHusT 9acTHI] TIO SHEPIHSIM, T.€. TEPMOMHAMHIECKOTO
PABHOBECHS, KOTJIa MOXKHO TOBOPHUTH O TeMmepaTrype. B cinaGomnoHn30BaHHOM
I1a3Me TeMIlepaTypa HOHOB PaBHA TEMIIEpaType rasza, MacChl HOHOB M aTOMOB
TIPaKTHYECKH OJIMHAKOBHI. TemIrepaTypa SJIeKTPOHOB MOXKET OBITh IPYTOH, deM
Y aTOMOB ra3sa, Iaxe TOTJIa, KOTJIa SJICKTPOHOB O4eHE Majio [8].

B 1oiHOCTBI0O MOHM30BaHHOH Ia3Me MPAKTHYECKH €CTh TOJBKO DIIEK-
TPOHHI ¥ IOHKI. PaBHOBecHe Oy/IeT yCTaHABIMBATHCS BCIE/ICTBHE KYIIOHOBCKHUX
coyJlapeHuH 3apshKeHHBIX 9acTHIl. Tak KaKk MacChl HOHOB M 9JICKTPOHOB CHIIBHO
Pa3NMYHBI, TO PACCMOTPHM OTHAENBHO SNEKTPOH-OIEKTPOHHBIE M HOH-WOHHBIE
B3auMoaeHcTBHA. Ipeamnonoxum, ato K coylapeHHi MPUBOIAT K MaKCBEIIIH-
3aIliM JTAHHOTO, HATIPUMeEp, SIeKTpoHHOTO aHcamOist. Tora BpeMst ycTaHOBITe-
HISI MAKCBEIUIOBCKOTO PACTIPEICTICHIS CPEIN SIEKTPOHOB

1
T, =K ——. (1.43)
nvT,G,
r7ie G KyJIOHOBCKOE CEYeHHE, a V ;, — TEINIoBast CKOPOCTH JJIEKTPOoHOB. Ioz-
CTaBIISIsS 3HAYEHHE KYIOHOBCKOTO cedenms O, w3 (1.23) m v, = /3T, / m,,

MOy UM
,/m
1, =K i—eTj/ 2. (1.44)
4ne’L, n

Crpormii pacdeT MOKa3kIBaeT, 4T0 K< 2. AHAJIOTHYHBIH pacueT Il uo-
HOB JIacT



_ 33 N a2
i =K 272 4 Ti ’
dnZ Ze'L, n

rae Z 1 ,— KpaTHoCTH HoHm3anny. CpaBHUM T, M T; JUIS PaBHEIX Temmepatyp 7T,
= T;, npemnonaraeM Z; = Z,= 1:

(1.45)

OTtkyga cnenyer T, << T

Tpuseneunbie GOPMYITHI IS BPSMEH CTOJIKHOBCHMI, KOHETHO, MMCIOT
JIUITs Xapaktep oneHku. JletampHbnii pacder [11] mokassBaeT, 9TO TpH KYJIO-
HOBCKOM CTOJIKHOBCHHH 3apsDKCHHOM YaCTHITBI COPTA «O» ¢ 3apsDKEHHON dac-
Tve# copra «[3» XapakTepHOE BPEMsI MEXTy CTOJKHOBEHUSIMH (BPEMSI TOPMO-
JKCHHS ) OKA3BIBACTCS PABHBIM

3y vz T -
‘CQB=—(21'C) 1/2 2a2 m, 0‘}3/2,
4 e.eshy
- (1.46)
= fa
Hop = ——
mg+m,

The €, € — 3apsjpl 9THX YacTHll, M, , Mg — Macchl, a l,s — NPHBE/ICH-

Hasg Macca. 371eCh MHIEKCH Ol B B 0003HA"YAIOT COPT MIa3MeHHBIX dacTol. Hc-
TOJB3YS 3Ty 00nIyIo (hopMyITy, MOKHO TONYyIHTs XapaKTepHbIC BPEMEHa dIIeK-
TPOH-3JIEKTPOHHBIX, SJIEKTPOH-MOHHBIX M MOH-HOHHBIX CTOJNIKHOBeHMi. Hanpu-
Mep, JUTA TUIa3MBI U3 3JICKTPOHOB M OJIHO3aPS/HEIX HOHOB TOJYYaeM ClIeIyio-
i Habop XapaKTEPHBIX BPEMeEH:



3 (Zﬂ:)—l/Z Te3|2 m2

T == ,
“ 4 e'Ln °

1/2
t =2"%1

ee e’

Ty :(2mi / me)]/z(Ti /Te)s/ztei‘

(1.47)

OTMeTI/[M, YTO NPHUBC/ICHHBIC XaPAKTCPHBIC BPECMCHA OTBCYAIOT Pa3HbIM
MpoIIeccaM, BEAYIINM K PEJIAKCAIliH EPBOHAYAIbHO HEPABHOBECHOTO pacipe-

JACICHMS TUIA3MCHHBIX YaCcTHI] K PaBHOBCCHOMY. B JaCTHOCTH, BPEMS Tei JJICK-
TPOH-HOHHBIX CTOJIKHOBEHHI OTBEYacT BPCMCHHU TOPMOKCHMS (Tquee, mOTCPH
HANPABJICHHON CKOPOCTH) SJIEKTPOHOB B Cpelie

HWOHOB, TOrJa KakK BpPEMs T;e OTBEUAJIO OBl BPCMCHU TOPMOKCHHMSI UOHOB HA
aekTpoHax. OUYeBHIHO, 3TH BpeMeHa CYIIECTBCHHO pasnu4aiorca. s Ha-
TISTHOCTH MPEACTaBUM, 9TO MY YT HACTONBHOTO TCHHHCA BIIETAeT B 00aKoO
apOy30B cpeHEro pasMepa; M4 OYIeT JIONTO METaThes MEX Ty apOy3aMu, mod-
TH HE cABHTas X ¢ Mecra. M HaoGopoTt, apOys, BieTaomuii B 00IaKo TaKimx
MsTaeH, Oy/IeT ABUTaThCS, TPAKTHIECKH HE MEHSSI HalIPaBIICHVS, HO PACIIBBIPH-
Bas MAYH M 3aMEJUIAA CBOIO CKOPOCTh. B TTasMe 9acTHIIBI — 3apsDKCHHBIC, Xa-
pPaKTep B3aMMOJICICTBUS HHOM, HO Ka9eCTBCHHO KapTHHA aHAIOTHYHAS.

Taxum 00pa3oM, caMoe KOPOTKOE M3 PETaKCAIIOHHBIX BPEMEH — 3TO
BpeMS, 32 KOTOPOE DIIEKTPOHBI TEPSIOT HAITPABIEHHYIO CKOPOCTh B CTOJIKHOBE-
HUSX ¢ MOHAMH. BpeMsi MakCBEUTM3aIlMK SIEKTPOHHON TOJCHCTEMEI, TO €CTh
YCTaHOBJICHHS SJIEKTPOHHO#M Temriepatypsi T, B v 2 pa3 Gomsmre. Cireyronmuit

M0 JUTUTENIFHOCTH TPOIECC — MAKCBEIUIH3AIMS HOHHOM MOJCHCTEMEI TUIa3MEI.
JITMTENBHOCTD 9TOTO TPOIECCa, B TEUEHIE KOTOPOTO YCTAHABITMBAETCS HOHHAS



Temmeparypa T;, IPUMEPHO B /mi /m, (~50 @t BoJOpOIHOW IUIasMBI) pa3
6ormIme.

B o6mem ciayaae T, u T; MOTYT OKa3aThCs pasimaHBIMHU. JIs ompesene-
HMSL XapaKTEPHOTO BPEMEHM DJICKTPOH-MOHHOH MM MOH-3IEKTPOHHOM peak-
Cal¥ 10 TEMIIEpaType, T.€. YCTAHOBJICHHUS €MHOM, KaK ¥ JIOJKHO OBITH MpH
MOJTHOM TEPMOIMHAMHYECKOM DPAaBHOBECHH, TEMIEPATYyPhl BCEX KOMIIOHEHT
MJ1a3MBI, CIIEAYET YIECTh, YTO M3-32 CHJIBHOTO PA3JIMYisi MAacC TPH CTOJIKHOBE-
HHH 9JIEKTPOHA ¥ MOHA TIEPEIAeTCI BECHMa MaJiast JIOJsl SHEPTHH, TOPSIKa OT-
HOIICHUSA Mace, m,/m;. [ToaTomy 5TOT Tporece emie 6ojee pmureneusiii. B 06-
IIEM CITydae JTHTEFHOCTE STOTo Tporecca coctasiser [10]:

3(m,T, +m,T,)"*

© 8 2nm,m n(ee,) L,

(1.48)

Hampumep, B m1a3Me, HarpeBaeMoil TOKOM, KOTJIa BRIJICIICHNE JDKOYJICBa TeIla
TIPOMCXOJIUT TJIABHBIM 00pa3oM B DICKTPOHHOH TOJICHCTEME, OBICTpee BCero
YCTAaHOBHTCS TEMIIEpaTypa JJIEKTPOHOB, 3aT€M — TEMIIEpaTypa HOHOB (HIDKE
9JICKTPOHHOMH) ¥ OYCHB JIONTO OYIET YCTaHABIMBATHCA (PEAIbHO JacTO HE YC-
TIeBacT YCTAHOBUTHCS) €IMHAsI TeMIlepaTypa. B aToM cirydae 9acTo roBOpsT O
HaJIM9MH «OTPBIBA» SJIEKTPOHHOM M HOHHOH TeMIIEpaTyp.

B dopmyne (1.48) T, u T; UMEIOT CMBICT HAYaJBHBIX TEMIEPATyp HA CTaJUH
NPEAIIECTBYIOMEH Ipoleccy penakcamyi. JIOGOMEITHO, KaKas TEMIIEPATypa YCTaHO-
BUTCS [OCIE 3aBEPIIEHIS STOro pouecca? YroGsl OTBETUTH HA 3TOT BOIPOC, 3AIMIIEM
ypaBHeHus Oananca. B mpocreiiineM ciiydae OHM 3aIlMCHIBAIOTCA B BHAE:

dar T,-T, dar, T,-T;

€ 1
dt T ’ dt T

OTH ypaBHEHHS OIMCHIBAIOT NEPEAAdy SHEPTHH MEKIY IEKTPOHHOH M MOHHOH
noacucTeMaMu. II0CKONIbKy, Kak 3/1€Ch IIPEATIONATAETCA, B IEIOM HET IOTEPh SJHEPTHH C

e

€ €



nepeadeil ee OKPYNKAIOIMM TelIaM, TO COXPAHEHHE SHEePTHU MPHBOAUT K COOTHOIIE-
HHIO

T, +T; =T,y +T;, =const.

Ilo 3aBepIIeHNH MPOLECCA PENAKCALMM B CHCTEME JIODKHA YCTAHOBUTHCS TEM-
neparypa T, o0mas Ans HOHOB M SNIEKTPOHOB, Tak 9ro Oyaer T,=T;=T. B pesynsrare
nonygaeM T = (Ty+T;o) / 2.

YacTo BMECTO XapakTEPHOTO BPEMEHHM MEXIy CTOJKHOBEHHSIMH T WC-
TIOJb3YIOT COOTBETCTBYIONIYIO YACTOTY CTOJNIKHOBEHUH V = 1.

B 3akmogenve npuBesieM nosesHble GopMyITsl U MPaKTHYECKHUX pac-
getos [12]:

2 2
s T .T,
A,; =4.5-10 —4—=3-10" =
nL n

c

=2 10'6£ ~3-10°T,>,

T 3/ Ze T 3/2 (1.49)
1, =0.67 7 ~4.5-107> ¢

nL, n

nL, n
Vi =1'5T 3/2 z22T 3/2°

IIpu pacdere 9HCIOBHIX KO(PUIMECHTOB 37¢Ch MPUHATO 3HAYCHWES L,
=15, THIMYHOE B TEPMOSZIEPHBIX TPIJIOKEHUIX IasMel. [Ipy TOJICTAHOBKE B
9TH GOopMyNHI TeMIIepaTypy ClelyeT BHIpasuTh B rpagycax KenbBuHa, a KOH-
IICHTPAIMIO — B O0OPAaTHRIX KYOMYECKUX CAHTHMETpaX, TOTa SAVHUIIAMI H3Me-



PeHUS TIOJYYCHHBIX BEJIYNH A, G, Teis Ve, OVAYT CM, eM, cu ¢! cootBerct-
BEHHO.

Hanpumep, i n30TepMIIECKOi JEHTEPHEBOMH TIa3MBbl B OTITUMAJIBHBIX
JUT TEPMOSIICPHOTO PEAKTOPa YCIIOBHSX, KOT/[a TEMIIEpaTypa M KOHIICHTPAIIS
mrasmer pasast T =10 K, n =10 em?, ¢ momompio s1Hx dopmyn momyaaem
CIETYIOIINE 3HAYCHUS

A =3:10%cm, G, =310 oM,
JUI JUTMHBI CBOOOTHOTO TpoOera M CCUCHHs KYJIOHOBCKHX CTOJIKHOBCHWIH, a
XapaKTEPHBIC BpEMEHA PEIIAKCAIIMOHHEIX IIPOIICCCOB OKA3BIBAIOTCS PABHBIMU, C

T, ~4.510%  t,.~6410" 1,~0.04, Te~0.8.



§ 10. Ilponeccol nepenoca B miiasme

Kak u B 0OBIYHOM ra3ze, IPH OTCTYIUICHWH OT TEPMOJMHAMHYECKOTO
PaBHOBeCHS B TUIa3Me MOTYT TPOMCXOHTH MPOIECCH MEPeHOCa MAcCHI, M-
MyiTbca M SHEPTHH, T.€. sBieHWs Auddy3nH, BA3KOTO TPEHWS M TEIIONPOBO/I-
HOCTH. [IpH HAMMYWUH HEOJHOPOTHOCTH IIOTHOCTH, UMITYITECA HITH TeMITepaTy-
PBI, BOSHMKAIOT NMOTOKH, TPOTOPIMOHANBHEIC TPaJHCHTy COOTBETCTBYIOUICH
Beymauabl. Ho B mmasme, comepikamieii CBOOOTHBIC 3apsAIbl, MOXKET TOSBUTHCS
¥ TIPOCTPaHCTBEHHAs HEOTHOPOIHOCTH PacTpeNieNicHus 3apsjga, |, ClelI0Ba-
TENTBHO, TIEPEHOC 3apsijia — MEKTPHICSCKHI TOK.

HamoMHmM, 9TO COTJIACHO Ta30KMHETHYCCKOH Teopmu kodddument
i dy3um MOKHO OTICHUTH Kak

p~(Ax Y/, (1.50)
rae Ax — cpemHee cMelleHIE YACTHITE TIPH XAOTHUYECKHX OTyXJaHuAX, a

T — BpeMsl MEXJy CTOJIKHOBeHHsIMH. Bemianna Ax TopsiiKa CpeHel JTHMHBI
¢cBOOOIHOTO TIpodera A, B MOXHO ITOKa3aTh, 4TO

D =13Mvr, (1.51)

T
TACV,y = 3— — TemmoBas CKOPOCTh JaCTHI] rasa.
T
m

H3BecTHH BBIpaskeHHs Ui K03 GHINEHTOB BI3KOCTH 1| M TEILIONpPO-
BOJ/THOCTH K rasa:

M ~ mnD, (1.52)
K~nD. (1.53)



TlosicrimM, xak BosHukaioT cootHomenus (1.51) — (1.53). B xagectBe oTnpasHOit
TOUKM OyJEM HOJIAraTh, YTO CEUEHHE YIPYTHX CTONKHOBEHWIT MOJEKYN SBISECTCS MPH-
GIMKEHHO TOCTOSHHOM BEMUMHOM, ONpEAENIEMOl Pa3sMepOM MOJeKylsl G~Ta’. B
5TOM CIIydae CPEAHS JIHHA CBOGOIHOro mpodera 3aBUCHT JIHIIE OT INIOTHOCTH Ta3a U
He 3aBUCHT OT TeMIepaTypsl A~1/(nG)~1/(na’ n). Hanpumep, mpy HOPMANBHBIX yCIO-
Busx (0 °C, 1 arm.) mIOTHOCTE Ta3a pasua wucay Jommugra n = 2.7-10° em®, a A

o

nmeer mopsaok 10 oM, ecmt @ = 54 . Eciu ra3 sBisercs claGoHEOHOPOJHEM, TO
CPEIHIOI TUHY CBOOOHOTO mpodera MOXKHO TaKKe CUMTATh HPHOIKEHHO TTOCTOSH-
Hoif Bemraunoif. ITycTs ra3 cnabo HeOQHOPOJEH IO OHOM KOOpAMHATE, HAIpUMEp, IO
KOOPJMHATE X M3MEHSAETCS INIOTHOCTh Ta3a. PacCMOTPHM INIOCKOCTB, TEPIICHIUKYIP-
Hyto ocH X. Ilo cMeIcTy cpexHeii JuHBL cBOGOAHOTO Tpobera — JTHHEL, B Tpeenax
KOTOpO# JaCTHIEI MOSKHO CUMTAThH ABIDKYIIUMUCS CBOOOIHO, — STy INIOCKOCTh Iepece-
KyT 32 €IMHUILy BPEMEHH CIIEBA HAIPABO BJONB OCH X BCES JACTHIIEI, HMEIOUIUE ITOTIOKH-
TENBHYIO TPOEKIMIO CKOPOCTH v, >0 M OTCTOSIIME OT HEe Ha PACCTOAHUE AV, v>0.
AHAJIOTHYHO, CIPaBa HAJIEBO B OODATHOM HANPABIEHMH IUIOCKOCTh IEPECEKAIOT BCE
YaCTHI[EI ¢ OTPHULATENBHON KOMIIOHEHTOH CKOPOCTH M OTCTOAIINE OT Hee Ha PaccTos-
nun / Avy/v /. UToOBL HAliTH Pe3yIbTUPYIONIMIA TIOTOK, HAJ0 TIPOCYMMHMPOBATH TI0 BCEM
STHM 9YACTHIAM. YUTeM, 9TO IPH M30TPOITHOM PACIIPECNIEHUH MOJIEKYI IO CKOPOCTIM
B JIaHHOM HAIPaBIECHUM B CPEAHEM, OYEBH/IHO, ABIKeTCA 1/6 9acTh MONEKyN TIpH Cpe-
Hell CKOPOCTH Xa0TUIECKOTO JBIDKSHHS Vy. TOrIA pe3ylbTHPYIOMAS IIOTHOCTL OTOKA
YaCTHII, MEPECEKAIOIMX BEIIENEHHYIO INIOCKOCTh B HANPABICHHH OCH X, IPUOMIDKEHHO
paeHa

Jy = ln (x —k)vT —ln(x + k)vT = —lva 6_n
6 6 3 Ox
MEI BHIUM, 9TO IDIOTHOCTE IIOTOKA OKA3EIBAETCA MPOMOPIMOHATBHOMN TpaaueH-
Ty KouueHTpauuu. Kosduiment mponopimoHatsHOCTH 3/ech U ecTh Ko3(uupenT
maddy3um (1.51). AHanoruaHoO, paccMaTpuBasi MEPEHOC TEIIa, ¥ YIUTHIBAA, 9TO Cpej-
HSS SHEPTHS TEIUIOBOTO IBIDKCHMS, HALPUMED, I OJHOATOMHOTO Ta3a COCTABILIET
3/2T, tne T — TeMmepaTypa ra3a, KOTOpPas TENEPh CIUTACTCS IIEPEMEHHON BEIIUIMHOM,



JUIA INIOTHOCTH TEILNIOBOI'O MOTOKA HAXOAHUM

1 3 3 1 oT  or
Lo (27 (=)= (x +2) | ==L S = 9L
x 6an(2 & )2 & )) 2T o T o
|
Kx—nAvy,
2n VT

gro cornacyercs ¢ (1.53). HamomuuM, 9To TeMmepaTrypy MBI H3MEpseM B 3HEpreTHIe-
CKHX €IMHHUIAX. BA3KOCTE BOZHWKAECT NMPH HANWYWH TPAJWEHTA CPEAHEH IOTOKOBOM
ckopocTH. Tak, eciu IPOeKuys V), cpesHe CKOPOCTH MEHSETCS TIO X, TO U3-3a OTCYTCT-
BUA GanaHca MepeHOCa UMITYIThCa B MPOTHBOIONOMKHEIE CTOPOHEI OT BBIAEICHHOM HaMHI
IJIOCKOCTH BO3HUKAET IOTOK y-H COCTABIIOIIEH HMITyIIbCa BAONb OCH X C IIOTHOCTHIO

(5]

nyx =n 4 T'INPT,

i pi (<] p — JIABJICHHUEC, a T— BpeMS[ Me)KlIy CTOIIKHOBCHUSAMMU. HOCKOJ'ILKy 1A OJHOKOMIIO-
HEHTHOTO Ta3a p = nT, a T=A/v;, TO OJIy4aeM

A T A 1
N~ pt~ nT —=mn ————==—mniv,,
vy m 3 /m 3

gro coBmagaet ¢ (1.52).

Ot BBIpaXeHus i1 Ko>PUIIMESHTOB MEPSHOCa MOXHO TMTPUMEHATH U
B pacderax Ko>(HIMEHTOB MEPEHOCa B IIa3Me, MMes, OJHAKO, B BHIY, YTO
ABJICHHS TICpEHOCA B TUIa3Me OMNPEJENSIOTCA TaBHBIM 00pa3oM YHIPYTHMH
CTOJNIKHOBEHVSIMH 3apspkeHHbIX dactuil. [lostomy 3aBucumMocTH kodddwinen-
TOB TIEPEHOCA OT TEMIEPaTypHI B TIa3Me M B Ta3e pasiugHbl. B o6imeM ciygae
9JIEKTPOHHAS ¥ MOHHAS KOMITIOHCHTHI IJIa3MBI MOTYT MMETE Pa3iIdHyIO TeMIIe-
partypy, ¥ TOTZIa pacCMOTpPEHHE TIPOIIECCOB MEPEHOCA YCIIOKHIETCS, a CaMH1



ko3¢ drmmenTs nepeHoca OYIyT 3aBUCETh OT KOHKPETHOTO COOTHOIICHUS TEM-
neparyp. B nanbHelmeM s IpoCTOTE OTpaHHYNM PacCMOTpPEHHE, TIaBHBIM
0o0pazoM, crrydaeM W30TEPMHUICCKOH TBYXKOMIIOHECHTHOM TTA3MBI.

Audysun

Ecm B paBencTBo (1.51) nojicTaBuTh 3HaueHke A U3 Bripaxkenus (1.22)

¥ TIPMHATD 5, = /3£ » TO TIOITyqHM
m

3’\/§T 5/2
4ne*L n\m

Koaddrmentsr quddby3mnm snekTpoHOB M MIOHOB, KaK MBI BUJINM, 3Ha-
IUTENFHO PAa3IIdaloTcs (B KOPEHb W3 OTHOIIECHUSI Macc) M O4EHBb CHITBHO 3aBH-

D = (1.54)

CAIT OT TeMIIepaTypsl (B 0OBIIHOM Ta3ze D ~T )-

Omnako Bce ocobenrocTH quddy3mm B muazMe 3THM HE OrpaHUIHBAKOT-
cs. Tak kak koo drmments! quddy3rm HMEKTPOHOB ¥ HOHOB CHIIFHO pa3iiida-
I0TCA, TO DIIEKTPOHBI, MMeromue Sompnmiii kodddmment muddyzmm, nomxHb
OB1 OBICTpee YXOIMTH M3 MECT, T7Ie TNIOTHOCTD TIa3MBbl OOJIBIE. YXOJI SIEKTPO-
HOB TIPHBEJICT K MOSBICHHUIO B IIa3Me BIICKTPHYSCKOTO TIOJS, TOPMO3SIIETO WX
YXOII ¥ YCKODPSIIOIIETO YXO1 MOHOB. B pesynbrate muddy3us miasMel B 1IEIOM
(Macca ma3Mbl aKTHaecKH 00yCIOBIIEHa HOHAMK) Oy/IeT IIPONCXOANTh OBICT-
pee wonHo# muddy3um, Bo3HNKAaET Tak Ha3zbIBaeMas ambunoaspnas oudy-
3un.

Omnpenennm cootBeTcTBYIOMMH K03 drmment amOvmonsproi auddy-
3WM, YIUTHIBas, 9TO B YCTaHOBMBIIEMCS JIBIDKEHHUH TTOTOK MOHOB OyJieT ompe-
JIeNATHCA Kak o0braHOM quddysmei, Tak ¥ MOIBIKHOCTHEI0 HWOHOB B BO3HH-
KaloIeM TEKTPHISCKOM ToJIe:



dn. d
Jj,=-D,— —b (p (1.55)
" dx “dx
rje b; — MOJABMXHOCTH WOHOB, () — TIOTEHIMAI SIIEKTPHIECKOTO O, AHao-
THYHO TOTOK DJIEKTPOHOB:

dn d
Jj.=—D,—%+b, (P (1.56)
¢ dx “dx’
rie b, — MOIBIMKHOCTE SJEKTPOHOB. Tak Kak Iia3Ma B IICJIOM KBa3HHEHTpaIb-
dn, dn, dn

Ha, TO, IPUHSAB W, = H; = N U —— = = ——, ¥ UCKITIOYHB E M3 ypaBHe-

dx dx dx
wmii (1.55) n (1.56), oGHapy¥M, 9TO TNIOTHOCTH TTOTOKA YaCTHII Ia3MBI TIPO-
TOPIMOHATBHA TPAJINCHTY €€ KOHIICHTPAIHH:

Db, +Db, dn dn
j=—"72——"tr—=-D —. (1.57)
b, +b, dx dx
KoaddrmenT nponoprmoHaIEHOCTH MEX/Ty TUIOTHOCTBIO TIOTOKAa Hac-
THI] ¥ TPAJICHTOM KOHIICHTPAIIMH W €CTh KO pUIMEHT aMONTIonsapHoit aud-
Pyzmm:
Db, +Db,

=
b, +b,
VuuTEIBasS, 9TO COTNIACHO COOTHONICHHIO OMHINTEHHA ITOBIKHOCTD

YacTHI] ¥ COOTBETCTBYIOMME Koddrmment muddy3mn cBs3aHB MEXITY co00i
COOTHONICHHAMH

(1.58)

ei = (|elD/T )e,iv (159)



a TaKke, YIUTBIBAs, 9TO COTJIACHO BEIpaxkeHHIo (1.54) momkuo 6vite D,>>D; 1,
KaK CJICJICTBHE, SJICKTPOHBI 3HAYHTEIIHHO TOBIDKHEE HOHOB, TOJIYJacM

T
D,=D,|1+==|. (1.60)
1
T,
OdeBUIHO, UMEIOT MECTO HepaBeHCTBA D; < D, << D,, KaK M JIOJIKHO
OBITH, COTJIACHO JIOTHKE HAIIMX PacCyXJCHHH: aMOMIIOISPHOE SIEKTPHIESCKOE
ToJIe YCHIIMBAeT TEPEHOC WOHHOTO KOMITOHEHTAa TUIA3MBI M, TEM CaMbIM, 5¢-
(exTiBHO yBenmmuuBaeT koo drment auddy3un mIa3Mel B IIEIOM TI0 CPaBHe-
o ¢ ko3 drmentom quddysm HOHOB; I SIEKTPOHOB — GOJIEe TTOIBIK-
HOTO KOMITOHEHTA TUIa3MBI — CHTYaIs o0paTHasL
Jlns m3orepmugeckoi masmel, koraa 7,= T; , moirydaem

Da = 2Di-

Cremyer iMeTh B BUJTy, 9TO KOT/Ia TOBODAT O auddysnm, To Beerza noz-
pa3ymeBaeTCs HalnWdue HEKOTOPOTro «(oHa» HENMOABIKHBIX HaCTHI] CPEIbI, C
KOTOpBIMH cTankuBatoTcs nuddyrnaupyrompe gactuipl. Camu «(hoHOBBIE» Hac-
THIIBI B JIBIDKEHHE HE BOBJICKAIOTCS, OCTaBAsSCh HENOABIDKHBIMH. CXOJ[HAsI CH-
Tyalusi IMEeT MECTO Ui cnab0 WOHW30BaHHOH IIa3Mbl, KOT/A 3apsDKEHHBIN
KOMIIOHEHT CTONbh MAaJOYMCIIECH, 9TO €r0 BIMSHHCM Ha HEHTpabHBIN KOMIIO-
HEHT TPaKTHIeCKH MOXKHO npeHebpedb. I1o 3To#i jke mprdanHe HeCyIeCTBEHHEI
CTOJIKHOBEHVSI 3apsDKEHHBIX JacTHIl JIPYT C JPYTOM, TaK 9TO OCHOBHYIO POIB
WUTPalOT CTONKHOBCHMS 3apsDKEHHBIX 9acTHI] ¢ HeHTpamsHBIMH. IMEeHHO OHHM
OTPENICIMOT BEIMIMHB KO3()(UIINCHTOB MOABIKHOCTH M, TEM CaMBIM, K03¢-
(rmmenTe muddy3mm 3apsoxeHHBx gacTril. UMeHHO i ¢1ab0 HOHN30BaHHOM
ra3opa3psIHo# mia3Mel 1 Obl BriepBrie pemnoxker [lortku (1924) mexanmsm
aMOumonsapuoH TudPy3HmH, KOTOPEIH 00CYKIAIICA BHIIIE.



Tennonpoeoonocms

B razokuHeTIHHYECKO#H TeoprH KO3 (UIMESHT TEITONPOBOTHOCTH TIa3MBI
oTIpe/IeNsIeTCs KakK

k~nD~T"2/ L m . (1.61)

OH CWJIBHO 3aBHCHT OT TEMIICPATYPHI M CJ1a00 (depe3 KyIOHOBCKHH JIO-
rapudm) 3aBHCHT OT TIOTHOCTH dactwil. Ilpm TemmepaTypax, HEOOXOIMMBIX
JUTSL TIONydEHHS YTIPABIIeMOH TepmosiiepHoi peaxun T ~10° K, k0sddemm-
€HT TEeIUIONPOBOTHOCTH, a, CJEJOBATEIIHHO, W TEIUIOBBIC MOTEPH, 00YCIOBIICH-
HEIC TETUIOMPOBOJHOCTBIO, CTAHOBATCSA HEZOMYCTHMO OONBIIMMH, KaK MOKa3bI-
BAKOT TPOCTHIC OILCHKH. [0 3Toi TprdamHEe HEOOXOIMMO TEPMOM3O0JHMPOBATE
TIa3My, TO €CTh UCKIIIOYHTH €€ MPAMO# KOHTAKT C OXJIAXK/IaeMBIMH CTCHKaMH.

TMockoneky mepenada >Heprun Hanbonee 3¢ dexTrBHa TpM CTONKHOBE-
HHM OJITHAKOBBIX 9acTHIl (CM. TIpeablaynuii maparpad), T0 MOXHO BBIICIUTE
OT/CBHO JJICKTPOHHYIO W MOHHYIO TEIIONPOBOAHOCTE. [IpH STOM COracHo
cootHommenmo (1.61), W3-3a CyIIECTBEHHOTO pazmmams Macce Kodduiment
3NEKTPOHHOH TENIONPOBOIHOCTH 3HAYHTEIHHO TPEBHIMAET (IPUMEPHO B KO-
PCHB W3 OTHOMICHHUS Macc) KO3 UIIMECHT MOHHOH TeIJIONMPOBOIHOCTH, TaK 9TO
TEIUIONMPOBOHOCTh TIONHOCTBI) MOHHW3OBAHHOM TIIa3MBI OTPECIACTCS TiaB-
HBIM 00pa3oM 3ekTpoHamMu. JletanpHeie pacuetsl [13] ¢ ucToMB30BaHHEM KH-
HETHYCCKUX YPABHCHUI MPUBOJAT K CIICAYIONINM 3HAYCHHAM STHX K03 duim-
€HTOB IepeHoca;

K; = 3.971,' T,~‘C,~,~/m,~, K. = 3.16ne Te Te,'/me. (162)



Bazkocmo

B cOOTBETCTBMM ¢ Ta30KMHETHYCCKHMH TPEACTABICHUAMH KO3 dum-
€HT BSI3KOCTH TUTa3MBbI OTIPEZIEISIETCS KaK

n=mnD~~mT ¥* /L. (1.63)

Koaddrment Bsi3kocTH Tak ke, Kak ¥ KO3 GHIEHT TETIIONPOBO/HO-
CTH, cnabo 3aBUCHT OT TJIOTHOCTH ¥ CHJTBHO 3aBHCHT OT TEMIIEPATyPHI, IPHIEM
ko3¢ dumreHT MOHHOI BA3KOCTH 3HAYNTEIIBLHO TPEBHIIacT ko3¢ dument smek-
TpoHHO# BzkocTH. CormacHo [13] Ayt MOMHOCTEIO HOHW30BAHHOM TNTa3MBI 5TH
koo drrienTH paBHBI:

nig 0.9671,' Titﬁ, ne = 0.73ne Te Teis (1.64)

JUTSL IOHOB M DJIEKTPOHOB COOTBETCTBEHHO.

IIpoeodumocmp (31exmponposoonocms)

Tak kak Tma3Ma COAEPXKHUT CBOOOIHBIC 3apsibl, TO TPH HAIOKCHHUH
BHEIIHETO SJICKTPHYECKOTO MOJA B Ta3Me BO3MOXEH MEPEeHOC 3apsana. OJTo
SIBJICHUC HA3BIBAIOT MPOBOJIUMOCTRIO (IJICKTPONPOBOAHOCTEIO). [lo ompenene-
HHUIO TUIOTHOCTh TOKA j ¥ HAaNpPSHKEHHOCTH SJEeKTpHdeckoro moist E cBa3aHbl
COOTHOIIICHHEM

J =cE =—G;lx—(p, (1.65)

rae G — IPOBOJIMMOCTB, a () — MOTEHIHA HIEKTPUIECKOTO TOMsL. Bripaxenme
(1.65) cooTBeTcTBYET, OUEBHIHO, MU pepEeHIMATBHON (GOopMe 3arCH OOBITHO-
ro 3akoHa Oma, BcmomuuM U= IR.



B mpocreiiiem ciydae Tpu He CIMIIKOM OOJBIINX HANPSKESHHOCTSIX
3NEKTPUIECKOTO TOJIST TPOBOIMMOCTE IIJIa3Mbl HE 3aBHCHT OT HAINPSHKEHHOCTH
IEKTPUIECKOTO TONSA, ¥ TUIOTHOCTh TOKa TPAMO TNPOMOPIHOHAIBHA HAmps-
s)eHHocTH. CelyeT MMeTh B BHY, 4TO NPONOPIHOHATEHOCTE TNTIOTHOCTH SJIEK-
TPUYECKOTO TOKA BeJIMINHE HANPDKSHHOCTH OIS HMEET MECTO He BCET/Ia, Jac-
TO 3Ta 3aBHCHMOCTE CIIOXKHEE, Jlayke B OJJHOPOIHOM Tione nipu E = const.

Jins ve cmmmkoM GoneImx (TTPHM JIAHHOM INIOTHOCTH M TEMIICpaType

ILUTa3MBl) HAIPSKEHHOCTSX Mol E = —d(p/dx MOXHO CUMTATh, 9TO BECh 3apsjl
TIEPEHOCHTCS DIIEKTPOHAMH, TaK KaK NMpHoOpeTaemMast SJIEKTPOHaMH B TIOJIE Ha-
TIpaBIICHHAs CKOPOCTh TPEBHIMIACT CKOPOCTh HOHOB, U >>u;. PaccMoTpuM yii-
pomieHHyo KaptrHy. [Ipeamonoxum, 910 3a BpeMst MEXAy JIBYMS KyJOHOB-
CKUMM CTOJIKHOBEHMSIMH C MOHaMH T,; SIEKTPOH MO JIEHCTBHEM DIIEKTpHUe-
ckoro nons E HabupaeTr yrmopsIoueHHYI0 CKOPOCTh U, T.C. UMIYIIbC M i, = F T
i» KOTOPBIH 3HAYNTENFHO MEHBIIEC WMITYJIbCa, OTBEHAIOIIETO €r0 TETIOBOMY
JIBIDKEHUIO ~M V., ¥ TIyCTh TIPH KKJOM CTONKHOBEHHH DJICKTPOH TEPSET T0-
Jy9eHHBIH MMITyJTbC HANpPaBIEHHOTO JIBIDKCHMS. JIpyrumu ciioBaMm, cia, yc-
KOPSTIOMIAs SNIEKTpoH F = eF, 1oivkHa OBITh YpaBHOBEIICHA CHIIOH TPEeHUS mu,/

T,;, BOSHHKAIONIECH N3-3a CTOJIKHOBEHHH C HETTOBHKHBIMI HOHAMM:

eE=mu,/T,;. (1.66)

Onpenermme w3 paBeHCTBA (1.66) 4, ¥ TTOICTABUB TOMYICHHOS 3HAUCHHE
B BBIPOKCHHC JIJISI MJIIOTHOCTH TOKA:

J=neu,, (1.67)
TOTy UM

j=ne*TE/m. (1.68)



CpaBHEB 5TOT pe3ynsTar ¢ dopmynoit (1.65), HaxoaUM BEIMYMNHY MPO-
BOJIMMOCTH TITa3MBbI:

G =net./m,. (1.69)

DTOT KIIaCCHYECKHIi Ppe3yNbTaT H3BECTEH Kak gpopmyna Cnumuepa.

Toxacrasue 3HaueHne T,; U3 GopMynsl (1.47), MOIyINM CIEIYIONMIYIO 3a-
BHCHMOCTE TIPOBOIHMOCTH OT NapaMeTPOB TIIa3MBbI:
3/2
GooTj:—~Te3/2. (1.70)
c
3neck yITEHO, 9TO TOCKOJBKY KYJIOHOBCKWIA jorapudm, L., sBiIsercs
MeIJICHHOH (yHKIMEH TeMIepaTypsl M IUIOTHOCTH IUIa3MBI, TO MOXHO TIpH-
OMDKEHHO CUMTATH €r0 MOCTOSHHOW BemmauHOH. Torsa, no cymiecTBy, IpoBoO-
JIMMOCTD sIBIsieTCs (yHKIEH TONBKO SIIEKTPOHHOH TeMIepaTyphl. AKKypaT-
HBII yIeT BCEX TUCIIOBBIX KO3(DHUIINEHTOB IPHBOINT [T BOXOPOIHOM TIIA3MBI
K cnemytonieMy pesynbrary [13]:

13
6=1966T""? o, 0.9-10

(L,/10)

Tlo BemuamHe MTPOBOJUMOCTH MOXHO PACCHHUTATh Y/ACIBHOC COMPOTHB-

JICHHE INIA3MBI P = O -,

IMockombky IIa3Ma MMEET aKTHBHOE CONpPOTHBIICHHE, TO BO3MOXKEH €€
HarpeB JIKOYJIEBHIM TEIUIOM. TIpH 5TOM pKOYNEBO Temto (C IIOTHOCTBIO TETl-

114

¢ B2, g

JOBBIIEIEHNS, KaK M3BECTHO, PAaBHOM j 2 /G) BBIIENAETCS TIIABHBIM 06pasoM B
3NEKTPOHHOH TOJCHCTEME TIa3Mbl. DIESKTPOHBI HaOMPAIOT IHEPTHIO OT JJIEK-
TpIHeCKoro o E (a 0HO MOXET OBITH BHEITHHUM, OT OTJICIEHOTO MCTOYHUKA)
M JIMIITG 3aTE€M B MPOIIECCe TEMIO00MEHa TepeIaloT 9Ty SHeprio noHaM. Takoit
HarpeB Ha3BIBacTCA OMIYECKIM HarpesoM. Ha ycTaHOBKax, MCTIONB3YIOMIMX



OMHYECKHI Harpes, yIaeTCsA JIOCTHYh TeMIlepaTypsl ~1k3B. OxHako mis gans-
HEHIIEro ¢¢ MOBBIIICHUS HEOOXO0IMMO MCKATh WHBIC MyTH. Jlemo B ToM, 910 ¢
pPOCTOM TEMIIEPATYPHI, BCJICIACTBUC YBCINYCHHUSA TPOBOIUMOCTH, >GdeKTHB-
HOCTh OMHYECKOT0 HarpeBa yMeHsInaeTcs. Kak M3BeCTHO, y/iebHAs MOIHOCTE
TIOTEPh DHEPTHM TUIA3MOH 3a CHET M3NIy4eHUs SBISETCS, HaNpOTHB, PacTYyHICH
dyuKIpel Temneparypsl (HanpuMep, ik TOPMO3HOTO MEXaHMU3Ma H3JIydeHHs

OHa NMPONMOPINOHATEHA TIPOU3BEICHHIO 2 w/TT ). B pesynmeraTe, Kak mMOKa3aHO
B [12], HagmHas ¢ HEKOTOPOH TEMIIEPATYPHI, HKOYJIEBO TEIUIOBHIJICIICHHE YiKE
HE MOXET KOMIEHCHPOBATh MOTEPH IIIa3MBI Ha U3ITyUCHHUE.

Cremyer ydecTh W €mIe OJHO UYPE3BHYAHHO BAXKHOE OOCTOATEITBCTBO.
@opmyna st npoBoanMocTH ma3Mel (1.69) BepHa B NIPEIONOKESHNM, HTO
HaOMpaeMast SIIEKTPOHOM B DIIEKTPHIESCKOM TIONE Ha JUTHHE CBOOOIHOTO TIpode-
ra SHEePrus 3HAUUTENBHO MEHBIIE CPelHEH TEIUIOBOH SHEpruu. JTO O3HaYaerT,
9TO 00JIaCTH €¢ MPUMEHIUMOCTH OTPAHHYICHA CIIAOBIME DJICKTPUICCKUMH MOJIS-
mu. B mone ¢ Oompineii HampsDKEHHOCTBIO DIIEKTPOH JIOJIKEH HaOHUpaTs OO0Jb-
OIyI0 SHEPTHI0. MeXIy TeM, C YBEIMYCHHEM SHEPTHH ESKTPOHA CSHEeHHE ero
KYJIOHOBCKOTO paccessHHs Ha WOHE, KOTOpPOe JOJDKHO OrpaHWdHBaTh HaGop
9Hepruw, OBICTPO, 0OPAaTHO NPONOPIMOHATBHO KBAaJpaTy SHEPTHHM, yOBIBaeT.
Tak 910 ¢ yBeMMUCHHEM SHEPTHH SIECKTPOHA GBICTPO YBEIIMUHBACTCS BPEMS €T0

JIBIDKEHUST MEXIY COyAapeHusMu (~V 3), CITE/IOBATENBHO, DIIEKTPOH MEXIY
COy/IapEeHMsIME MOXET YCTeTh HaOpaTh BO BHENIHEM IOJI€ WMITYJIBC, TPEBEHI-
IAIOINH UMITYJbC, OTBEYAIONIHI €T0 TEIUIOBOMY JIBIKeHMIO. Kputepuii Bo3-
HUKHOBCHHS TaKO# CHUTYAIIMM MOXHO ¢(hOpMyMPOBATE CICIYIONTIM 06pa3oM:

dET>m, v, . (1.72)

HpI/I BBITTOJTHCHUH 3TOT0 YCJIIOBHS 9aCTh JJICKTPOHOB IUIA3MBI ITOTIAAACT,



KaK TOBOPSIT, B PEIKIM ITAJIAIONIETO TPEHIS, KOT/A JACHCTBYIOIAsS Ha HUX 3¢-
(exTHBHAs cHNa TpEHWS YMEHBINACTCSI C POCTOM MX SHepruH. B pesymsrate
TIOTEPSI UMITYJbCa TIPY CTOJIKHOBEHMSIX ¢ MOHAMHM HE MOXKET OTPaHHINTh Habop
VMIIyITbCa SJIEKTPOHAMM BO BHEITHEM TIONIE, TAaK 9TO YacTh DIIEKTPOHOB MOXET
TepeiiTh B PEXWM HENPEePHIBHOTO YCKOpeHWs. Takwe SIIEKTPOHBI TOMYTHITH
Ha3BaHWE ITPOCBHCTHBIX» WM «yOeralonmx» 5IeKTpoHoB. Ecnmm mpemmmono-
KHUTB, 9T0 T = T,;, TO MOKHO ONPEJIENHTh HEKOTOPOE Tpe/eNbHOe 3HaUeHHE
nons E,, Tak HaseiBaeMoe nonre Jpaiicepa, BHIIE KOTOPOTO SIEKTPOHBI HAY-
HYT «yXOIWTH B IPOCBUCTY, T.¢. OYIYT HENPEPHIBHO yckopsaTees [11]:

E>E ,~0214Le/ r2 . (1.73)
Xp De

IpakTH9ecKH, 3aMeTHAs 9acTh HMEKTPOHOB IJIa3MBI HAYHHACT KYXOJIUTh
B IIPOCBHCTY yXke TIpu E > 0.1F ..



§ 11. {maexkTpuyeckas NPOHAIIACMOCTD IJIa3MBbI

IMoMecTHM Ma3My BO BHEITHEE MEPEMEHHOE SMEKTPHIECKOE MOJIe U T10-
TBITaCMCA TIPOCIICINTE M3MEHEHHE €€ CBOWCTB, MOCTENICHHO YBEIMYMBAS €TO
gacToTy. CTaTHgeckoe BHEITHES TIOJIe, KaK MBI yXKe 3HaeM, MPOHUKAET B TIa3My
Ha TOJMIMHY MacmTaba J1e0aeBCKOro CJIOA. JTO BHITCKACT W3 YPABHCHUS HKpa-
HMPOBKH (CM. §3), KOTOPOE, HAIIpUMED, JIS OJJHOMEPHOTO CITydas 3alHCEIBACT-
s B BHJIE:

d’¢_¢

ot =rT' (1.74)
De

3neck #p, — DIEKTPOHHHIH JebacBckuii pajuyc. YI0OHO HepenucaTh

3TO ypaBHEHHE, HCTIONB3Ys Hpe/cTaBneHue @ypee O~ @, exp(ikx ) roe k
— BOJTHOBOE 9HCIO. Pe3ymbTat Iy aMImIHTY/6! Hyphe-rapMOHHMKH TOTCHIHATA
Py, KaK JIETKO NPOBEPHTH, OY/IET CICAYIONIIM:

1
2
k (1 + W)(pk =0. (1.75)
De
CpaBHHM 3TO ypaBHEHHE C YPaBHEHHEM JIIS HHTYKIUH HIEKTPHEECKOTO
IoJIst
dD

—=0. 1.76
e (1.76)

Jlns pyphe-rapMOHMKH €ro MOXKHO 3aIHCATh B CIICAYIONIEM BHIC:

k’s, 0, =0, (1.77)



TIe §; — AMDIEKTpUYecKasl MPOHMIIAEMOCTh IUIA3MBl, OIMCHIBAIOMIAS OTKIHK
ITa3MBl Ha cTaThHdeckoe BoszzeiicTBue. Kak Bugum w3 cpaBHenws (1.75) u
(1.77), mmnekTprdaecKkas MPOHNUIIAEMOCTE

1

g, =1+—n.
k 2.2
k-rp,

(1.78)

OTKIINK TUTa3MBI HA CTaTHYECKOE BO3JICHCTBHE OKAa3BIBACTCS BIIOJHE HK-
BUBaJIeHTEH 3 dexTy nonsIpu3aimy 0OBITHOTO JIHINEKTPHKA, MOMEIEHHOTO BO
BHEIITHEE TIOJIe, XOTS, KOHETHO, MEXaHW3M TIOSIPHU3aIlHH WHOH: ecitn j1ebaes-
CKUil paJiyc Majll IO CPaBHEHMIO C XAapaKTepHOM JTMHOM BOJHEI, TO JIHDICK-
TpHUYecKasi TPOHHUIAEMOCTs OKAa3BIBAeTCS O4EHBb OOINBINOH M TOJEe B IUIA3My,
(akTHUECKH, HE TPOHUKACT.

IIpy HU3KKMX, HO HEHYNIEBBIX, JaCTOTaX () Ka9ECTBEHHO KapTHWHA HE W3-
MEHHUTCS — 3apsfibl OyJyT SKpaHUPOBATH BHEIHEE IOJE B CIOAX MaciiTaba

nebaesckux. [Tnazma Gyaer BecTH ceOs Kak MPOBOIHIK — BHEHTHEE MOJIC B HEE
He Oy/IeT MPOHNKATh.

Ho ecnu gacroTa nons Oyjier Belmka W OY/eT MPEBHIMIATE TNIa3MCHHYIO
9acTOTy, TO KapTWHA Ka4eCTBEHHO W3MEHHTCA: HICKTPOHBI ¥M3-3a MHEPINH He
OyIyT ycreBaTh MOACTPAUBATECA MO KOJICOAHUS TTOJIL, OHM OYAYT OCIMILTAPO-
BaTh OKOJI0 HEKOTOPOTO CpEJHEro TMomoxeHWs. B pesynbrare mone cMoxer
TIPOHUKHYTH B IasMy. 1o 5To# mprauHe, B IPOTUBOMOIOKHOCTh CIyqal0 HU3-
KHX 9acTOT, MPOHUKAIONIEee B TIa3My HOJIe MOXKHO CUHTaTh OJHOPOIHBIM. YTo-
OBl HaliTH JUANEKTPHIECKYIO TPOHUIIAEMOCTD TIIa3MBI B 3TOM TIPEIENe BBICO-
KHX 9acTOT, Oy/IeM CUNTaTh MEPEeMEHHOE MOJIE TAPMOHIMIESCKIM:

E =E g™, (1.79)



Cvmemenne Ax 5mexTpoHa M3 MONOMKEHMS PABHOBECHS MOJ JCHCTBHEM
TaKOTO MOJISt MOJKHO OIPEIEITUTh C TTOMOIIIBIO YPABHEHUS JBIKECHIS

< _ T _ iot
m,x =ek =eE ™,

- (1.80)
¢ %

Ax =- 5
mo

HO}IC‘II/ITaeM TETICPh HHAYKIHMIO TTOJIA B TJIA3ME

D =g E =F +4nP, (1.81)

rae P =nefAx — mmoneHbI MOMEHT eMHUMITEI 0OBEMa ILTA3MEI, 00Y-
CJIOBJICHHBIH CMCIICHHEM DIICKTPOHOB. IIpOM3BEN TOJCTaHOBKY, MHOIYIHM
BEJTMYMHY TUJICKTPUIESCKOMN MPOHMIIAEMOCTH
2
2
o, , 4mnne

g, =1-|—+|, w, =—m,

(O] m

e
ONMCHIBAIOMICH OTKIIMK IIIa3MEBI HA BHICOKOYACTOTHOES M OJHOPO/HOE DIIEKTPH-
JECKOE TOJIE.
Tlonyuennyo GopMyny mis AMAIEKTPUIECKOM MPOHUIIAEMOCTH MOXKHO MCIIONb-
30B4Th M NIPH PACCMOTPEHUH BO3JICHCTBHA HA IJIa3My 3JEKTPOMATHUTHON BONTHEI, 3aKOH
JIMCTIEpCHH KOTOPOIf onpezendeT ypasHenue (moapodHee cM. raBy 3):

N?=¢g, (1.83)

(1.82)

rae N = kc / ® — noxazatens npenomnenus. 13 popmyinst (1.82) ogeBuano, 9TO BRICO-
KOY4CTOTHBIE BOJIHBI C 94CTOTOM (O > (0, MOTYT MPOHUKATH B IIA3MY M PACTIPOCTPAHATE-
cs B Heili, Tak kak A HuX Gyzer N *>0. HanpoTus, B 06NacTH 9acToT ®<@, COTNACHO
(1.82) mpnexTpudeckas MPOHUIIAEMOCTh OTPUIIATENRHAS, TAK 9TO JJI JIEKTPOMArHUT-
HOM BOJHEI C TAKOH 9acTOTOM KO3 pUIMEHT TPETOMIICHHS OKAa3EIBAETCA YHCTO MHH-



MEIM, H HOHEPEeTHAst BOJIHA HE MOXET PACIPOCTPAHATECA B Iasme. OHAKO B 9THX yC-
JIOBMSIX BO3MOKHO PACTIPOCTPAHEHHE B IUIA3ME TPOAOJBHEIX — TAK HA3KIBACMEIX,
JIEHTMIOPOBCKHX BOJIH.

Kak MBI BHIMM, B CTATHYECKOM TIPEJENie U B BEICOKOYACTOTHOM TIPEIENe Iu-
SNEKTPUYECKass MPOHUI[AEMOCTh IUIA3MBI OIMCHIBACTCS PasiMuHEMK (opMynami. B
JefiCTBUTEIILHOCTH, 06 OHHM ABISIOTCA MpeAeIbHBIMH CIIydasMH OJHOMN Gonee oGuieit
dhopmysL:

1 o (1.84)
€ o=l——"F5, .
© o’ —k2rp,

00beIUHSIONIEH, KaK JIETKO BUAETh, 002 MPEIETBHEIX CITyqas.



I'JIABA 2

IINTASMA B MAT'HUTHOM IIOJIE

§ 12. OgHouacTHYHOE PACCMOTPECHHE

CyTb OTHOYACTHIHOTO PACCMOTPEHUS, WM TMPUOIIDKCHNS, B OMMCAHHH
MJIa3MEHHBIX TPOIECCOB CBOANTCSA K M3YUEHHIO JIBIKEHHS OTACTBHBIX YaCTHI]
MIa3MBl B TIOJISIX, KOTOPBIE CUMTAIOTCS 3aJIaHHBIMK HM3HAadaaeHO. TeM cambiM
npeHe0peraeTcs BIMAHMEM JIBIKEHUS YACTHI] TUIA3MBI Ha TIOJISL, «yMPaBJISIO-
IFe» WX JIBIDKCHUEM, T.€. mpeHeOperaercsa >ddexrtamm caMoCOriacoBaHMS
JBHXKCHHUSA YaCTHUIl U BBI3BIBACMOI'O MM HU3MCHCHUSA ITOJIA. B xauectBe IECPBOTO
mara Takoe MPHOIKEHNE BIOHE ONPABJAHO ¥ MOBCEMECTHO HCTIONB3YeTCH,
0COOEHHO, €CIM eCTh BO3MOXKHOCTB, TI0 KpaiiHeil Mepe, 3¢dexTHBHO ydaecTsh
BIMSTHHE TIOJEH OCTAJBHBIX YACTHI] IUIA3MBI Ha JBIDKCHHE KaKOM-THOO OXHOM
BEIZICICHHOM dacTriel. [TomgepkaeM, BMecTe ¢ TeM, 9To HenoydeT 3¢dexron
CaMOCOTIIACOBAHMUS COACPKUT B ce0e MHOXKECTBO HETIPHATHBIX «CIOPIPH30BY, H
B UCTOPHH Pa3BUTHS WCCIIEIOBAHMI B OOJIACTH YIIPABJISIEMOTO TEPMOSIZIEPHOTO
CHHTE3a TaKWX MPHUMEPOB NpejocTaTouHo. HampuMep, B KIIACCHUECKHX aKCH-
aJIbHO-CHMMETPHIHBIX  ana0aTHdecknx JoBymkax (cM. §18), mpexpacHo
YAEPKUBAIOIIMX OT/IENIBHBIE TACTHIIBI TIa3MBI OYeHb HU3KOM TUIOTHOCTH, KOTa
OTHOUACTHYHOE NMPHOIIDKEHHE BIIOJHE ONPABIAHO, C MOBLIMIEHHEM TIOTHOCTH
TJIa3MBI, KOTJa BCe OOJBIIYI0 POJIF HAYMHAIOT WIPaTh COOCTBEHHBIC IOJS
TJIa3MBI, TOSBISICTCA HEYCTOWYMBOCTh W YACPKAHWC IUIOTHOH INIa3Mbl Oe¢3
JIOTIOJTHUTETHHEIX YCHJTHI MTPOCTO HEBO3MOXKHO.

B o0imem citydae ypaBHEHNE [BIKSHHS 3apPKSHHON 9aCTHIBI B 33/IaH-
HBIX BHCIITHUX ITOJIIX UMCCT BH/.



mr =qE +45xB +F , 2.1)
C
TZI¢ TIEPBOE CIaracMoe¢ CHpaBa OTBEYACT CHJIC CO CTOPOHBI JJICKTPHICCKOTO
TIOJIsA, BTOPOE OMHMCHIBACT CHITY CO CTOPOHBI MAarHUTHOTO TONA (cma JlopeHta),
a mocneaHee 0003HagacT PABHOACHCTBYIOMIYIO MPOYNX BHENIHUX CHII, KOTOPHIC
MOTYT JCHCTBOBAThH HA YACTHILY.

Ypaeuenue (2.1) MoxeT OBITh IPOMHTETPHPOBAHO TONBKO B OTICIBHBIX,
Han0oJICe MPOCTHIX CIyJasX. DTO MOHATHO, €CITH YISCTh, YTO JICHCTBYIOIIVE Ha
YACTHITY OIS ABJLSIIOTCS (I)yHI(IH/ISIMI/I KOOpAWHAT ¥ BPEMCHU B, KPOME TOTO, 9TO
OHM CaMW¥ CBS3aHH ypaBHeHMsMH MakcBemta. [Tosromy paccMoTpuM Hanbojee
TIpOCTHIE, 9aCTO BCTpedaromuecs ciaydan. Tak, JeicTBHEM BHENIHWX, HEIJCK-
TPUYCCKUX CHJI, OOBITHO MOXHO TPEeHEOpPedsh, a DIIEKTPUICCKOES TIOJIC JacTo
OTCYTCTBYET. DTO COOTBCTCTBYCT JIBIDKCHUIO 3apPKCHHON JaCTHIIBI B TOCTOSH-
HOM BO BPEMCHHM MAarHUTHOM Tojie. PacCMOTpHMM CHadajia JBIDKCHHE B OJTHO-
POIIHOM TIOJIC, T.€. HE MCHSIONIEMCS B TIPOCTPAHCTEE.



§ 13. /IBmkeHne B NOCTOSIHHOM H OTHOPOHOM
MArHATHOM MOJIC

B cmydae ecim Apyrux cuil, KpoMe CHIIBI JIopeHIla HET, TO ypaBHEHHE
(2.1) nmeer Bu:

mv =1y xB , 2.2)
C
YMHOXAS CKAIAPHO TPABYIO W JICBYIO JacTH ypaBHeHuUA (2.2) Ha CKO-
pOCTh, YUHMTEIBAs, 4TO CHja JIopeHIa MepIeHANKYIIpHA K 000MM BEKTOpaM,
BXOJIAIINM B BEKTOPHOE TpOM3BeIcHNE (2.2), MOIydiM COOTHOIIICHHE
2
.2 _d my
mvy =—
dt

=0.

CJ'IC)IOBaTeJ'ILHO, KHHCTHYCCKAA SHCPIUA YaCTHIIBI COXPAHIACTCA:

2

= const. (2.3)

370 03HaYAET, YTO MOCTOSIHHOE BO BPEMEHH MarHMTHOE TIOJIE He MPOH3-
BOoAMT paboTel Haj dactumel. CrelmoBaTelbHO, MOIYJIb CKOPOCTH YaCTHIIEI,
3a/]AHHEIN HAYaJBHBIMHE YCIIOBHAMH, COXPAHAET IOCTOSHHOE 3HAUEHIE.

Pa3znouB BEKTOP CKOPOCTH Ha KOMIIOHEHTHI: HaPaUIeIBHYIO

v, = (vf )/B MarHMTHOMY TOMIO ¥ TEpPUEHIMKYIAPHYI0 V | =V —v"§ /B

K MarHMTHOMY TIOJTIO, TIOJIYIHM JIJIS TIPOZIONBHOTO YCKOPEHMUSL:

. eB . -
mv,=——@WxB)=0,
=27 ¢ *B)



T.€. IOCTOAHHOC U OJTHOPOJHOC MAarHUTHOC MOJIC HE MCHICT ITPOJOJIBHYIO KOM-
TMOHCHTY CKOPOCTH, CIICJOBATCIIBHO,

v, =(@B)/ B =const. (2.4)
JIJist OTepevTHOro YCKOPEHHUS MOJTydaeM
mv, =1y xB, @.5)
c
¥, KaKk MBI BHINM, NIONICPCHIHASI KOMIIOHCHTA MCHSCTCS TOJIBKO II0 HaIllpaBJIC-

0. Clie/I0BaTENbHO, YaCTHIIA PABHOMEPHO JIBIDKETCS BJIOJb CHJIOBOM JIMHUM
TOJISI, BPAIAsACh MPH STOM BOKPYT CHIIOBO# JIMHHH 10 OKPYKHOCTH C TIOCTOSH-

HOH yrnoBoii ckopocTsio. OlpeneuM paguyc 3TOH OKPYKHOCTH P H YITIOBYIO
CKOPOCTDH BPAIICHUS (.

Tak kak Vi SIBIISICTCS TIEHTPOCTPEMHTENBHBIM YCKOPEHHEM, TO, BCTIOM-
HUB oOmpesieNiecHNe BEMIHMHBI MOJYIS HEHTPOCTPEMHTENBHOTO YCKOPESHMST —
OTHOIIIEHVE KBa/IpaTa CKOPOCTH BPAICHUS K PafMyCy OKPYXHOCTH, WM TIPO-

V3BeJICHHE KBaJIpaTa YIIOBOH CKOPOCTH HA PajMyC OKPYXHOCTH, — MOXEM
3amImcaTh
2

. my
mv, =22t =298 = mpe’.
C
OTkya ¥ morydaeM TpeGyeMBie HaM BEIMIHHEL
_498

0=0,, = ; (2.6)
mc
v, _mev,

@.7)



Paguyc P japy HA3HIBAIOT IAPMOPOSCKUM PAOUYCOM TACTHIBI, @ YITIOBYIO CKO-

POCTE O japy — APMOPOBCKOU UMY YUKAOMPOHHOY Yacmomouy BPAICHHUS Jac-
THIIBI (JTS DTUX BEIWYHH YMOTPCONUTEIBHEI U IpyTHe 0003HAUCHUS, HATIPUMED,

¢ mHIeKCcoM «Bx»: Pgu (g, NOTICPKUBAIONINE B ASBHOM BHJIE, UTO OHH OTHOCAT-
S K CITydalo JBHKEHHS 9acTHIB B MAarHUTHOM 1ione). 13 cooTHomenmii (2.6) n
(2.7) BuHO, 9TO NUKIIOTPOHHAS 9aCTOTA 3aBUCHT OT MACCHI M 3aps/ia JaCTHIIHI,
HaNpPsHKCHHOCTH MArHWUTHOTO TOJA, HO HE 3aBHCHT OT BEIHYMHBEI CKOPOCTH
BpanIaoneicst B TI0JIEe JaCTHIIBI, a JAPMOPOBCKHH PaJIilyC 3aBHCHT OT COCTaB-
JOIIEH CKOPOCTH, TIEPIIEHANKYJISIPHONH K MarHUTHOMY TIOJIO, TIPHYEM C YBe-
JIMHIEHNEM €€ OH BO3pacTaeT MpsiMO POTIOopIHoHaIBHO. Clte/lyeT OTMETHTB, 9TO
BEKTOP YTIIOBOH CKOPOCTH TOJIOKHUTENBHO 3apsDKCHHOH HacCTHIBl aHmunapa-
JleieH, a OTPHIIATENTBHO 3apsDKEHHON JacTHITH (HalmpuMep, IIEKTPOHA) — napan-
JleleH MarHUTHOMY TIom0. Tak Kak JIBVKEHHE JacTHIEI 10 OKPYKHOCTH MOYKHO

YIIOOOUTE KPYTOBOMY TOKY j = g()/2T, TO BpPAIIEHWIO YaCTHIIBI B MarHUTHOM
M0JIe MOXHO COTIOCTABUTH MATHUTHBIH MOMEHT, PABHEIH MarHUTHOMY MOMEHTY
3TOTO KPYTOBOTO TOKA:

0=_§. 2.8)
C

3nech S — COOTBETCTBEHHO OPHEHTHPOBAHHAS IJIOMA b KPYTa, OXBATHIBAEMAS

JIAPMOPOBCKOH OKPYXKHOCTBIO, paBHast S = Ttpz. Toxcraemsist 3HaucHusA j 1 S B
ypaBHeHwue (2.8), momydaeM
>3 2
U= _[jﬂ, g="v./2
B B
MaruauTHelii MOMEHT BpaIaloeiicsi B MarHUTHOM TIOJIE YacTHIIBI BCET/a Ha-
TIPABIICH TMTPOTHB MArHUTHOTO TOJIA, CJICIOBATEIIFHO, TTOJIOKHUTEIFHO M OTPHIIA-
TEJIEHO 3aPsDKCHHBIC YaCTHITHl BPAMAIOTCS B MPOTHBOTMOIOKHBIX HAPABIICHHIX
(puc. 2.1). B o6meM cirydae TpaeKTOPHS JBIDKCHHS JaCTHIIE B TTOCTOSTHHOM M

2.9)



OJIHOPOTHOM MAarHHUTHOM TIOJIE TIPEICTaBIACT CO00M CIIpartb.

Hoxowumensisti  Ompuymiensioin
3apad 3p)

Puc.2.1 /Ipwkenye 3apsKEHHEIX JaCTHUIL B ITOCTOSHHOM
MAarHUTHOM ToJie (TIPOOBHAS CKOPOCTh HANPABIIeHA
BJOJE MarHUTHOTO TOJIA B 0OOUX CIIydasx)

KonkpeTHOE HampaBieHHe BpanIeHHS JacTHIBI B MarHHTHOM TIOJNIE CO-
OTBETCTBYET M3BECTHOMY «mpaBmiry JIeHIa», COTIIaCHO KOTOpOMY, Jtodast Me-
XaHWYEeCKass CUCTEMAa CTPEMWTCS JIBUTATBCA TaK, 9TOOBI TPOTHBOICHCTBOBATE
TIpyUdHHE, BRI3BIBAIONICH ee JBIDKeHNe. Bpamaromascs mo JTapMOpOBCKOH OK-

PYXHOCTH dacTHIIa BeZleT ces Kak JUaMarHeTHK — OHa CTPEMHTCS OCIHabHTh
OXBaTBIBAEMEIH €€ TApMOPOBCKOH OKPYKHOCTBIO TIOTOK BHEITHETO MarHUTHOTO
ToNst. DTO BHIPAXKAET CYTh TaK HA3BIBAEMOTO MPUHYUNG OUAMASHEMUIMA C8O-
600HbIX Yacmuy.

BoO3HHKAeT «3AKOHHELDY BOMPOC: eciM GBI BPALIEHHEe JACTHIHI 1O JIAPMOPOB-
CKOI OKPYKHOCTH BEI3HIBAIIO H3MEHEHHE MArHUTHOT'O TI0JI1, B KOTOPOM OHA BPANIASTCH,
TO 3TO AODKHO OBIIO GBI CKAa3BIBATHCA HA TPACKTOPHH €€ ABIDKEHUSA, 2 H3MEHEHHE Tpa-
eKTOPHH B CBOIO O9epe/b MPHBEIO GBI K JOMOIHUTENFHOMY HCKAKEHHIO IO U T.1. B
JEeHCTBUTEIBHOCTH, 3TO JIOXKHBIA IMyTh. B snexkrpoauHaMuke MOCTYIHPYETCS, 9TO TO-
9eUHEIE 3aPSKCHHBIE JACTUI(H B3AMMOIEHCTIBYIOT APYT C APYrOM depes IIOCPEeACTBO
ANIEKTPOMATHUTHOTO TIOJA, CO3/ABAEMOT0 MMM B OKPYXKAIONIEM IPOCTPAHCTBE, TEM
CAMEIM «CAMOJEHCTBHE» JACTHI[ MCKIIO9aeTca. Hampumep, B pacCMOTPEHHOM Ciydae
JBIDKCHMS BRIICTICHHOM JACTHIEL B 33{dHHOM MATHUTHOM IOJI¢ IIPE/TIONATACTCS, ITO



5TO MONE CO3AACTCS APYTUMH, JBIKYIIMMHCS 3aJaHHEIM 00pa3soM 3apsKeHHBIMH Jac-
THIIAMH, 3/IeCh YHECEHHBIMU Ha GeckoHedHOCTb. 110 3TO# MpHYMHe BIMSHHEM PaccMaT-
pHBaeMOlf JACTHIHI Ha BIDKEHHE HCTOUTHIUKOB MATHUTHOTO IIOJI MOXHO NpeHeOpeds, —
a TOJBKO TaK, BIHAA HA TPAEKTOPHH 3THX HCTOYHUKOB U 3aTPA9UBas COOTBETCTBYIOUIYIO
SHEPTHIO, YACTHIIA MOTJIA GBI «yNPABIATH CBOEH TpaeKTopHeii.



§ 14. /IBmkeHne B CAIILHOM MEIJICHHOMCHAIOMICMCS
noJie. [[peiidoBoe mpudamxenue

Ecni MarHuTHOE TONIe MEJICHHO MEHSETCS B MPOCTPAHCTBE W BO Bpe-
MCHH, TO, OBIKYLIAICSI B HEM YacTHIIA, TIPCKIC 9EM MOTYBCTCTBYCT BIIMSIHUC
W3MEHCHHS TIOJIS, COBEPIIMT B HEM MHOXECTBO JIApDMOPOBCKHX 0GOPOTOB, Ha-
BHUBASCh HA CHJIOBYIO JINHWIO MarHUTHOTO TIOJIA. DTO JBWXKCHHE, (PAKTHICCKH B
TOCTOSIHHOM TIOJIE, MBI Yoke M3yamii. [103ToMy MOXHO pacCMaTpHBAaTh JIBIKE-
HHE He COGCTBEHHO JacCTHIIEI, 8 €€ MTHOBEHHOTO IICHTPa BPaIeHHS, TaK Ha3bI-
BaeMOT0 BEAYHIETO IICHTPa (B 3apy0exkHO# MTepaType Tako# MOJX0a H3BECTCH
KaK npubnusicenue sedyujezoyenmpa — guiding center approximation). Crneny-
€T, OJIHaKO, UMETh B BHJY, 4TO B CITydae, €CJIM MarHHTHOE TOJIe MEHACTCS BO
BpEMEHH, TO HYXHO YJYHWTBIBATh M clabbie snekrpudeckue mois. CoriracHo
ypaBHeHMSIM MakcBenna, B CHITy

rot E = _10B

c o’
MEepPEMEHHOE BO BPEMEHHM MArHHTHOE TIOJI€ BBI3BIBACT MOSBICHHE BUXPEBOTO
3NEKTPHUIECKOTO TIONSL.

Ha Memrennoe IBIKEHME BEAYIIEro LEHTPa, ONPEIEsieMOro Kak mpo-
JIONIBHO#M CKOPOCTBHIO YaCTHIIEI, TAK M BJIMSHUEM CJIA00TO SJIEKTPHIECKOTO TOJIS
¥ CNa0BIX HEOTHOPOTHOCTEH MarHUTHOTO TIOJIS, HAIOXKUTCSA OBICTPOE BPAIICHHE
YaCcTHIEI BOKPYT CHJIOBBIX JIMHUM MarHuTHOTO Tond. Takoe pasaemsHoe pac-
CMOTpeHHe OBICTPOTO BPAIIEHUS YACTHIIBI 1O JIAPMOPOBCKOM OKPYXHOCTH W
MEJICHHOTO «Ipeiida» IeHTpa 3TOM OKPYXHOCTH OYHET CHpPaBEIJINBO, CCIH
W3MEHEHHE JIAPMOPOBCKOTO pajiilyca Ha OJHOM 000poTe OyJeT CYIIeCTBEHHO
MEHBIIIE CaMOT0 JIAPMOPOBCKOTO DPajlyca. JTO YCIOBHE, OUYEBHIHO, OymeT
BEINOJTHEHO, €CJIM XapaKTEPHOE BPEMST M3MEHEHHS MoJiel Oyler 3Ha4YHMTeBHO
Oobilie  BpEMEHM JIADMOPOBCKOTO 000pOTa, M €CITA XapaKTEPHBIH MpOCTpaH-
CTBCHHBII MacIITad M3MEHEHMS MoJicH OyIeT 3HAUUTENBHO TPEBHIIATE JIAPMO-

POBCKHIi pajinyc:



xap xap
Atnonx >> T JapmM ? Alnonx >> p Japm *
KommaectBeHHO 5TH KPUTCPHUM MOXKHO C(I)OpMYJ'II/IpOBaTL CIICYIOIIIAM

obpazom:

M <<1 , M <<1 ,
Y sapuB -
VB VE
P apm Z 1, P sapm T <<1. (2.10)

O‘ICBI/I,ZIHO, OTH YCJIOBHSL BBITIOJTHCHBI TCM JIYUIIC, YCM OOJIBIIE BEJIMYMHA
HaIPSHKEHHOCTH MArHUTHOTO TOJIS, TAK KaK JJADMOPOBCKAs YacTOTa BPAICHUS
YaCTHIIEl BO3PACTAET MIPSMO TPOHOPIMOHAIBHO BEJIMIUHE MATHUTHOTO TIOJIA, &
JAPMOPOBCKHI paJuyc YOBIBaeT 0OpaTHO MPOMOPIMOHAIBHO BEIIMIHHE Mar-
HHUTHOTO TI0JIs1. BMeCTe ¢ TeM, BeMYMHA HANPSHKEHHOCTH DJIEKTPHIECKOTO TTOJIS
E we nomxua ObITh crvmkoM Gomeimoit. Ha omHoMm o6opoTe dacTHiel e
CKOPOCTP JIOJDKHA MEHSATHCS HE3HAUHUTEBHO, HACTONBKO HE3HAYNTENHHO, UTO-
OBI BEITOTHAJIOCH YCIIOBHE

ﬂT ~ chﬂ«v .

napM

m my napM

ov~

Ortkyna ¥ nojiydaeM TpebyeMoe OTpaHNYCHNE HA BEIMYINHY HAIPSDKCH-
HOCTH JIEKTPUIECKOrO TOJA



E << B. @.11)
C

IIpu Bemomenywm ycnoswii (2.10) u (2.11) ncTuHHAs TpaekTOpHs Hac-
THITBI OOBIYHO TIPEJICTABISCT COOO0M MEICHHO M3rHOAIONTYIOCS CIHPAITh ¢ MEJI-
JICHHO MEHSIONMMCS PaJiycoM M IaroM. [IpoeKIis TPaeKTOpHH JacTHIIH Ha
TUIOCKOCTb, MEPIESHIUKYIAPHYIO K CHIIOBBIM JIMHHAM MarduTHOTO TOJS, TPe]-
CTaBISIET COOOH TPOXOHTY.

JIBmkenne BeAYIICTO MEHTpa OOBIMHO HA3HIBAIOT Jpelighosbim Osudice-
Huem, a TPHOTIIKEHHOS OTIHCAHNEe JIBIKCHHUS JaCTHIIB KaK JIBHOKCHHC BEAyIIC-
TO TeHTpa — Jdpetihogvim npubnusicenuem. PaccMOTpUM HEKOTOpHIE CITyHdaw,
TIpeICTaBISIONIMe OGIIHIf HHTEpeC, TaK KaK K HUM MOXHO CBECTH MHOTHE BHJIBI
JABOKCHMS 3aPSOKCHHBIX 9aCTHI] B HCOTHOPO/HBIX MAarHUTHBIX TTOJIX H B ITOJIAX
JIDYTHX BHEIIIHUX CHIIL.



§ 15. /IBmikeHne YacTANBI B OTHOPOTHOM MarHUTHOM IIO-
Jie 10/ ACHCTBUEM IOCTOSTHHOM CHJIBI

Ecma Ha gactuiry, momumo cunbl JlopeHia, 1efiCTByeT MOCTOsTHHAS CHIla

F ,» TO YPAaBHCHUC NBIKCHWS YaCTHITBI HIMECT BHT!

mv =Ly xB +F . (2.12)
c
PasnoxuB BekTOps V. U F Ha mepneHmuKyapHyio M MapajlIebHyIo
MarduTHOMY TIOJTIO KOMIIOHEHTEI, KaK 3TO YK€ JIeNaaoch B MPEABIIYIIEM Tapa-
rpade, onpeaenMm, 9To

mv,=F,, mv, =Fl+1v1 XB . (2.13)
c

Mu BHUINM, YTO TIPOAOIBHOC U ITONICPCTHOC JIBIKCHUA 9aCTUIIBI OKa3bIBAIOTCS
HE3aBHCHMBIMH, W MX MOXKHO PaccMOTpPeTh pazjiensHo. IIpu 3ToM cocrasiso-
miast CHJIBI, NapajuleJibHas MarHUTHOMY TOMI0, 00YC/IaBIMBaeT HEHYNEBOE IPO-
JIONIBHOE YCKOPEHME YacTHIBl, KOTOPOE W3MEHSET NMPOJAOIBbHYI0 KOMIIOHEHTY
ckopoctH. [loz neiicTBeM cocTaBIsONMIEH CHITBI, TIEPIICHAMKYIISIPHOW K Mar-
HUTHOMY IIOJIIO, JaCTHIIA COBEPIIAET CIIOXKHOE JIBIDKCHHE, ABILIOMIEECS CyTIep-
TTO3WIMEH BpalleHHsI JaCTHIH M CHCTEMAaTHIECKOTO cHoca (dpetigha) ¢ HEKOTO-
Poii IOCTOSHHOM CKOPOCTHIO. UTOOB YOEINTHCS B 3TOM, TIPEJICTABUM CKOPOCTD
MOMCPCYHOTO IBHKCHUA B BUJIC CYMMBI

—

vV, =V, +v,, (2.14)

e V ; — MOCTOSHHAA CKOPOCTB, 8V , — CKOPOCTh BPANICHHS BOKPYT BEIYIIEro

nentpa. Takoe mMpejCTaBIeHHE MOXHO WHTEPIPETHPOBATh W Kak TEPEXoj] B
JIBIDKYTIYIOCS ¢ IOCTOSIHHOM, HO 3apaHee HeH3BeCTHOM (1), CKOPOCTBIO CHCTEMY



kxoopauHat. [loncranoBka BeipaxeHus (2.14) Bo Bropywo u3 dopmyn (2.13)
Jlaet

m ;l =mv =ﬁl +%qu x§+%v*r xB . (2.15)

Tak Kak TepBEIe JBa CIaraeMBIX CTIPaBa — MOCTOSHHEIC BEKTOPHI, TO OHH MOTYT
KOMIICHCHPOBATE JIPYT Jpyra. OTO TO3BOJLIET MOTPEGOBATH BEIIONHCHHE pPa-
BEHCTBA

ﬁl+i17d xB =0.
c

Ot10 TpeboBaHNe M ONPEACIICT BEIMINHY CKOPOCTH Jipetica JaCTHITEI:

v, =5M. (2.16)
q B’
OcraBmasicst 9acTh ypaBHeHus (2.15)
mv;, = %‘7, xB (2.17)

OTIMCHIBACT BpAIlEHHNE BOKPYT BEAYHIETO IEHTPa, KaK 5TO OYEBHIHO U3 CPaBHE-
Hus ¢ ypaBHeHHeM (2.5). CKOpOCTh 9acTHIIHI B TAKOM JIBHXKCHHH, KaK MBI yKe
obcyXay B TpEABIyINEM maparpade, MOXKET TOJIBKO TMOBOPAYMBATECS IO
HaIpaBJIeHNIO, HE MEHICH 1o a0comoTHOH BemmauHe. BemwauHa ckopoctH
BpAIICHUA MOXET OBITH HaiflcHa TO HAYaJBbHOW CKOPOCTH YaCTHIIBI, KOTO-
Past, KOHETHO, JIOIDKHA OBITh M3HAYANIBHO 33/[aHAa:

— —

v, =[vi,,-v, | (2.18)



e v 10 — nmonepeuHast 1Mo OTHOLICHWIO K MAarHUTHOMY IIOJII0 KOMIIOHCHTa

HaganbHo#H ckopocth. Hanpumep, B gactHoMm cinygae v |, = 0 nonysaem

clF |
v,=v, = ) (2.19)
gB
Monyims CKOPOCTH BPAIICHUS ONPEACIICT PAIHyC OKPYKHOCTH:
o= mcey | (2.20)
B .

o KOTOpO#M BpaliaeTcs 4acTHIla B TOJBIDKHOM cHCTEME KOOPAMHAT,
JIBIDKYIIEHCS CO CKOPOCTRIO (2.16).
He cocraBnsier GONBIIOTO TPy/a HANTH M TOYHBIA 3aKOH MOTICPETHOTO
JIBYDKCHUS JaCTHIIBL:
FL=F,, +V,t +w(l—cos§r t)+
(2.21)

ViV,
L LIS
+—2 4 ging¢.
I/I}IHCKCOM HOJIb 3ACCHh TIOMCUYCHBI HAYaJIbHBIC 3HAYCHUA COOTBCTCTBYIOIINX
BCITHYIHH.
COCTaBHTH TpPEICTABICHHE O PA3HOOGPA3HMH BO3MOXKHEIX TPACKTOPHIL

TIOTIEPETHOTO JIBIKEHUSI MOJKHO 110 puc. 2.2.



r Vd
Mo

Puc.2.2. Tumsr BO3MOKHEIX TPaeKTOPHIL A1 HEKOTOPRIX
YACTHBIX CIIyYaeB HAIPaBJIEHHs HA9alIbHOH CKOPOCTH
TIOIEPETHOTO JBHKEHHUS YACTHIIBI B CKPEIIEHHBIX MOJIAX
(IO TpUXOBAs JIMHUS — MOJNOXKEHNE IIEHTPa JIAPMOPOBCKON
OKPYKHOCTH)

Kpome Toro, ciie[yeT OTMETHTb, YTO €CIIH MONEPeIHas KOMITOHEHTA Ha-
JAIBHON CKOPOCTH B TOYHOCTH COBIIA/IAET CO CKOPOCTRIO JApeiida:

Vo=V, (2.22)

TO, KaK 5TO CIEAyeT M3 3aKOHA JBIDKEHVS, JacTHIla JBHIKETCS PaBHOMEPHO

TIoTIepeKk MarHUTHOTO Moisl. Takas BO3MOKHOCTE TpE/ICTaBIAET OONBINOH MH-

Tepec B IpobeMe TPaHCIIOPTa YaCTHI] IONEPEK CHIIBHOTO MarHUTHOTO TOJIAL.
Hamy He BBICKa3BIBAIOCH HHUKAKHX IIPEATIONIONKEHHH O IPHPOJE CHIIBI

F', nostomy BEIBOZI 0 XapakTepe JBYKEHHS CTIPABEUIUB YIS OG0 MOCTOSH-

Hoit cunel I : mposiomsHOe (B 06IIeM ciTydae) YCKOPEHHE M CHCTEMaTHUeCKHit
CHOC ¢ TIOCTOSIHHO#H CKOPOCTBIO B COBOKYITHOCTH C PABHOMEPHBIM BPAIl[CHHEM B
MOTIEPETHOH 1O OTHOIIEHHIO K MArHUTHOMY TIOJTIO TIOCKOCTH.



W3 dopmynsr (2.16) cnemyer, 9T0 CKOPOCTH JApeiida He 3aBUCUT OT Mac-
CHI JACTHIIBI, HO 3aBHCHT OT 3HAKa €¢ 3apsja, eCIM CHjIa OT 3HaKa 3apsja He
3aBUCHT. [1oJIe3HO OTMETHUTH TaKXKe, UTO JCHCTBHE MOCTOSHHOM CHITBI, TIEPIIEH-
JUKYJISIPHOH K MarHUTHOMY TIOJTIO, TIPHBONT (B CPETHEM 10 OCIIMJUISIAM! ) He
K YBCIIMUCHUIO CKOPOCTH YacTHIIB, & K JBIDKCHHUIO €¢ TCPICHIUKYISIPHO K
MArHUTHOMY TIOJIIO ¢ TOCTOSHHON CKOpPOCTBIO. C TOXOXHMM SBIICHHEM MBI
BCTpEYaeMCsi B MEXaHHKe NPH H3YYEHWH TPEIEeCCHH OCH THPOCKOMA, KOria
TIPMJIOKEHHBIH K THPOCKONY MOMEHT BHI3BIBACT BpalllCHHWE €r0 OCH B HampaB-
JICHHH, TICPIICHINKYJIIPHOM KaK K MOMEHTY KOJINYECTBA JBHIKEHUS THPOCKOIIA,
TaK ¥ K MOMEHTY CHJIEI.



§ 16. [{peiid 3apsimxeHHBIX YACTHI BA0JIb IJIOCKOCTH
CKAQYKA MATHATHOTO OJIfA

B kauecTBe emie 0{HOr0 TOYHO Pa3peIIMMOro NpHMepa ¢ ApeH(pOBHIM
JIBIDKCHHUEM PAaCCMOTPHM 3a/1aqy O JBIKCHHH 3apsOKCHHON YaCTHIEI B MarHHT-
HOM TOJIe CO CKaukOM, CIICBa M CITPaBa OT IUTOCKOCTH KOTOPOTO MarHHTHOE
TOJIe OJHOPOIHO M OJIHHAKOBO HATIPABIICHO, HO MMEET Pa3Hyl0 BEJIMUHHY (CM.
puc. 2.3), mycth cripaBa Oyner B,>B;. Bue ckauka, rie moje OJHOPOIHO, Ha
PacCTOAHNM, TPEBHIIAIONIEM JIAPMOPOBCKHI PaJMyC, YacCTHIBI OIMHCBIBAIOT
OKpPYXXHOCTH, pa3Mep KOTOpHIX Oombime B oOmacTH cnmaboro monst (cineBa Ha

puc.2.3).
ORNO,
B| Bz = B1

R

3 \
D

v
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Puc. 2.3. CxeMa BO3HUKHOBEHMSA Jpeiiha MOnoKUTENEHOTO
3apsjIa Ha TPaHMIIE CO CKAYKOM BEHIMHEI MATHHTHOTO OIS



Ha MeHBIleM pacCTOSHWH TIPH JIBMXKCHHM HYacTHIBI €€ JTApMOPOBCKas
OKpPYXXHOCTB TI€PECeKaeT IUIOCKOCTh CKadKa, XapakTep €€ IBIDKEHHS PE3Ko
MEHSCTCA, TaKk Kak KaXJIBlii pa3 Mmociie MepecedeHus STOH TIOCKOCTH CKadKOM
W3MEHSETCS PaJIiyC OKPYXHOCTH. TpaekTopws nmpuodpeTaeT CIOXKHBIN Xapak-
TEp C HAMIHEM CHCTEMaTHIECKOTO «CHOCA» YacCTHIIHI BIOJb TIOCKOCTH CKad-
ka. Kax BuiHO M3 pHicyHKa, Apeiih) nepneHuKyIsipeH HanpaBJIeHUIO MarHUTHO-
TO TIONSL M €0 TPaJINeHTa, IPUIEM, OYEBHIHO, MEET TPOTHBOTIONOKHBIH 3HAK
JUTSL Pa3HOMMEHHO 3apsDKCHHBIX JaCcTHIl, OIS TeoMeTpuH puc.2.3 oH Hampas-
JIeH BBEPX JUISL TOJIOKWTENBHOTO 3apsiia, WM ObuU1 OBl HampaBieH BHU3,
ecm OB1 3apsi OB OTpHIIATENBHBIM. HeTpysHo moicauTaTs CKOPOCTE 3TOTO
npefida. ITycts s MPOCTOTH YaCTHIA TIEPECEKaeT INIOCKOCTh CKadKa 1o HOp-
mann. Tora 3a Bpems, paBHOE CyMME JIAPMOPOBCKHX TIONYTIEPHOJIOB JIISL 00-
JIaCTH CJIEBa M CTIpaBa

T T
At =T, +T, = —+—, (2.23)
0 o,
rie
A qB 12
Y .= ,
mc

III/[KJ'IOTPOHH]:IC JaCTOTHI, BBIYHUCIICHHBIC T10 3HAYCHHIO ITOJIA CJICBA cnpaBa oT
TJIOCKOCTH CKadka. YacTuila cCMeIaeTcsl BAOIb STOH MIOCKOCTH Ha JTHHY

v v
Ax :2(91 _92)22(,\ T ) (2.24)
Y, Y.

31eck v — CKOPOCTh 9acTHIIEI, KOTOpas TPEANONaraeTcsi N3HA4YaIbHO Hampas-
JICHHOM TEePIeHANKYISPHO TNIOCKOCTH CKkadka. O4eBHIHO, CKOpOCTH Apeiida
MOXHO ONPEJIENNTE KaK



Ax 2v B,-B, v AB
v, =—=" == , (2.25)
At mB,+B, =®n<B>
rne AB = B,—B, — BenuuMHA CKAa9Ka MarHUTHOTO IIOJSI, a <B> =

= (By+B))/ 2 — ero cpenmee 3naueHue. TloguepkHeM, UTO TOMydEHHOE peTle-

HHE — TOYHOS, IPUIEM B YCIIOBHAX, KOT/a JIpeiidoBoe mpuOInKeHIe 3aBeIOMO
HETPUMEHUMO: pa3Mep HEOJHOPOIHOCTH, KaK TPeJIonaraeTcs, J0JnkeH OBITh
3HAYUTEIHFHO MEHBIIIE, YEM JTAPMOPOBCKHE PaIHyCHI gacrui!

Bemrauna ckopoctH jpetida 3aBHCHT, O9EBHIHO, U OT YIia, HOJ KOTOPEIM Jac-
THIIA TIepecekaeT 00nacTh ckadka. Ml He 6yIeM OCTAHABIUBATECSA HA STOM MHTEPECHOM
BOMPOCE — 3Ty 3aBUCHMOCTh HECJIOXKHO IONYIHTh, II0 CYTH JIENa, TEM XKE CAMBIM ITyTeM,
KaKk U PacCMOTPEHHBIH BeIme Goiee MPOCTOi ciiydail MepneHANKYIIpPHOTO Tiepecede-
HUA.

Jpeiid Bo3HUKAET U TOM CIIydae, KOTJa CIIEBA U CIIPaBa OT HEKOTOPOI IIOCKO-
CTH MarHMTHOE IIOJIE N0 BEIUYMHE HE MEHAETCS, HO H3MEHSAET HalpaBlieHHe (CM.
puc.2.4). MaruutHas KOHUTYpaIHs TAKOTO THUIIA BOHUKAET B TaK HA3BIBAEMBIX MOKO-
6bIX CNOAX.

B nenTpe cHMMETPHYIHOTO, HAIIPUMED, INIOCKOTO TOKOBOTO CJIOSl MAarHUTHOE TO-
JIe PaBHO HYIIO, a BHE 3TOH LIEHTPAJIbHOH INIOCKOCTH, KaK 3TO CIeAyeT U3 3aK0Ha AmIe-

pa rotB =— J » Menser 3Hak. Ecim TommuHO#M cnos mpenebpeds, TONMyIHM CKa-

YOK HAIIPABJICHUA TTOJIA.
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Puc.2.4. Tpeiid monouTeNnsHOTO 3apsaaa
TIpH CMCHE HANTPABJICHUSA MArHUTHOT O ITOJIS

BHe cnost 9acTHIEI BpamaroTcs MO JJapMOPOBCKHM OKPYKHOCTSIM, 3/I€Ch — OJIH-
HAKOBOTO PaJuyca, HO ¢ MPOTHBOIONIOKHEIM HANPABIEHUEM BPAIISHU, U Apeiida Her,
€CIM pacCTOSHUE OT TUIOCKOCTH CIIOA TPEBHIIAET JIAPMOPOBCKHI pamuyc. dpeiid Bos-
HHKAeT, KOT/a JIADMOPOBCKAs OKPYKHOCTh IIEPECEKAeT 3Ty ILIOCKOCTb. TpaeKkTopHio
YaCTHIIEI MOKHO IIOIYIUTh CleAyIomuM o6pazoM. ITycTs mepecedenne mMIOCKOCTH CIIOS
YAaCTHIIEH — 10 HOPMAJH, TOTZA JIAPMOPOBCKYIO OKPYXKHOCTB CIEIYeT «paspe3aTsy
BJIONIb BEPTHKAJIHOTO JHAMETPa U 3aTeM, UL TOJOKHTENBHOTO 3aps/a, IIPaByIo MoNo-
BHUHY CIIEIYeT OTPAasUTh 36PKATBHO BBEPX, KaK 5TO H300pakeHo Ha puc.2.4. Ilpu 5ToM 3a
JapMOPOBCKHI HEPHOJ, CMEIICHHE BIONb CIIOA, OYEBHIHO, COCTABILIET JBa JIAPMOPOB-
CKUX JMaMETpa, TaK 9TO CKOPOCTS Jpeiiha I 5Toro caydas:



, A _dp &/y
‘A T 2n/§

ITpu mepecedeHUH «OOUIETO MOMOKEHID), MPH IMPOU3BOILHOM YITIE, CKOPOCTh
Ipeiida, OUEBHIHO, MEHAECTCA ¢ M3MEHEHHWEM YINA, HO HE 3aBHCHT OT BEJIMIHHBI Mar-
HuTHOTO MOMA! TToA9epKHeM, 9TO U B 3TOM ciiydae JpeiihoBoe npubmpkeHue HempHuMe-
HHMO.

2
=Ty, (2.26)
T



§17. Baxxueiimme THNBI Apei(POBLIX IBAKCHAN
YacTHII B IJIa3Me

PaccmoTpennsiii B §15 npumep JBIOKEHHSI 9acTHI] B MATHUTHOM TIONE
107l ACHCTBHEM JIOTIOIHUTENBHOH MOCTOSIHHOM CHIIBI SIBISIETCS TOYHBIM peIle-
HHEM HEPENITUBUCTCKUX YPaBHCHHUI JBIDKCHUS. BechMa BaKHBIM SBISIETCS TO,
9T0 3aKOHOMEPHOCTH, TIPHCYIIHE TOMY JIBIDKEHHMIO, COXPAHIOTCSI U B CIydae,
KOT7Ia TIOJIsI, ICHCTBYIONINE HAa JacTHILy, SBILIIOTC TiepeMeHHbIMI. OfHako Xa-
PaKTCPHBIC MacmTaObl HX H3MEHEHHI BO BPEMCHHU U IO TIPOCTPAHCTBY JOOJIKHBI
OBITB, KaK yke 00CYKIATOCH, JIOCTATOTHO MEJUICHHBIMH B CPABHEHHH C JIAPMO-
POBCKMM TEPHO/IOM OCITHJUISIINE JacTHIIEI M JTAPMOPOBCKHM Pa/IyCOM OTIHICHI-
BaeMoOi €10 OKPYKHOCTH COOTBETCTBEHHO. B 5TOM ciydae I CKOPOCTH JipeH-
(a BHOBE cripaBepBa hopmyna (2.16). C TeM JMIIB CYIIECTBEHHBIM OTIIIYH-
€M, UTO CKOpocTh Jpefida momkHa OBITH JOCTaTOYHA Malla, 3HAYMTENHHO
MEHBIIE CpeJTHEN CKOPOCTH XaOTHYECKOTO JIBIXKEHUS JacTHIl ma3Mel. [locies-
HSII, KaK M3BECTHO, OTIPE/ICIIETCS TEMIOBOH CKOPOCTBIO JacThil. TakuM obpa-
30M, TIPUXOMM K YCIIOBHIO

v, <<Lv,, (2.27)

OrpaHHYHBAIONIEMY, IIPHYIEM 33a49acTyI0 BeCbMa CYMIECTBEHHO, 00IacTh MpUMe-
HHUMOCTH JIpetihoBoro NpHOMIDKEHMS B ONMCAHWH JIBHOKEHWST JaCTHI] TUIa3MBI.
IIpeamonaras yka3aHHBIC OTPAaHWYCHUS BBIIOTHCHHBIMH, PACCMOTPHM KPaTKO
HEKOTOPBIE TPHMEPHI JApei(hOBBIX JIBIDKEHMI TLIa3MBI.

/lpeiigh 6 anekmpuuecxom none

TMpupona cumel I moxer GwITh M0G0, HAPAMED TPABHUTAIMOHHOM
MM SICKTpHIeckoil. B dacTHOM citydae 3IeKTpHaecKoil IPUPOJIBI CHITHL, KOT/Ia

—

F =eFE , noxyaum npeiid B 51eKTpHUECKOM NojIe



(2.28)

Hpeiidh B snekTprdeckoM Tose He 3aBHCHT OT 3HaKa 3apsjia — Ia3Ma
Jpeiidyer Kak 1enoe.

Teneps CTaHOBWTCS TTOHATHBIM CMBICH orpaHudcHusA (2.11), HamoxeH-
HOTO Ha 3HAYCHHE BEJIMYMHBI dJIeKTpHaeckoro noia. Heobxonumo, 9T00H CKO-
pocte npeiipa mom NCHCTBHEM DICKTPUYECKOr0 TONS OBLJIa 3HAYHUTCIHHO
MECHBIII¢ TCTIOBOH CKOPOCTH YaCTHIIBI, B IPOTUBHOM CJIy4a¢ HEJB3S TOBOPHTE
0 MEeJUIEHHOM JIBIDKEHHH BeAylnero 1neHTpa. CylecTBEeHHO, 9TO XapakTep JIBH-
JKEHUS JaCTHIIBI ONPEJIENACTCS MMEHHO COOTHOIICHHEM BEMWYHH Tioneii £ u B:
npu OONBIINX 3HAYEHMSX ToNs E BnwstHUEM Tons B MoxHO TipeHeOpeds, W,
OYCBUIHO, HC MOXKET MATH peun o Apeiide. [Ipy Mabx 3HAYCHUAX SIEKTPIYC-
CKOTO TIOJSL TI0 CPABHEHWIO ¢ MAarHUTHBIM YacTHIIA «3aMarHMYeHa» H MEICHHO
JpeiidyeT B MATHUTHOM IOJIE O JCHCTBHEM DIICKTPHICSCKOTO TOJISL.

/Jpeiigh 6 neoonopoonom maznumnom none (VB #0)

Jpeiid B HEOTHOPOIHOM MarHWTHOM TIOJiC CBS3aH ¢ KPUBHM3HOI Mar-
HUTHBIX CHJIOBBIX JIWHMH W C CHJIOH, BO3HHMKAIONICH TpH JIBMKEHWHM YaCTHIIHI
BJIOJIb KPUBOJIMHEWHBIX CHJIOBBIX JIMHMI. PaccCMOTpHM JIB€ COCTaBISIONINE STOH
CHITHI I COOTBETCTBCHHO MOJIYINM JIBE COCTABILIIONTNEe  Jpeiida.

o TlenTpobexHblii aApeiid. [Ipyu ABIMKSHUH YacTHIIHI, HABHBAIOIICH-
¢S Ha CHJIOBYIO JIMHMIO C PaJIiyCOM KPHBH3HBI R, Ha Hee JICHCTBYET LEHTPO-
OexHas cula MHEPIMH

. my
e I—

, (2.29)

M BO3HMKAET JipeiihoBast CKOPOCTE, paBHas 1O BEIITANHE



_emvy _vil_vi|VB]

1 , (2.30)
“ ¢RB §R § B
¥ HaTIpaBJICHHAS IO OMHOPMaIH (3a TUIOCKOCTh PHCYHKA, CM. puC. 2.5):
5 _Vi[BVB] @.31)
ub 5\’ B 2 ’ )
rfie vy — CKOPOCTh IieHTpoOexHoro apefida, a (0 — IMKIOTpOHHAS JacTOTA.
vV
VB VJ_

B

A/

R b@< nr

Puc.2.5. [peiid B HEOTHOPOIHOM MATHUTHOM IIOJIE

e TD'paguentnslii apeid. Cxopocts npeiida B HEOTHOPOIHOM TOJC
3aBHCHT TakXe OT COCTABJLIIONIEH CKOPOCTH YaCTHIIBI, MEPIEHINKYISPHON K
MAarHUTHOMY MOJIO. YTOIOONM BPamIalONIYIOCS BOKPYT CHIJIOBOM JIMHUHN Y9aCTH-
1y MarHUTHOMY JJHTIOJTIO SKBHBAJIEHTHOTO KPYTOBOTO TOKA. TOr/[a TOYHOE BEI-
paxkeHHne CKOPOCTH TPATUEHTHOTO Jipekida MOKHO TOYYHTh M3 U3BECTHOTO



BBIpaXKEHUS JUISL CHJIBI, IeHCTBYIONIEH Ha MarHUTHBINH JTUTIONE B HEOHOPOTHOM
oJe:

F =-0VB. . (2.32)

Jlist BakyyMHOTO MarHMTHOTO TOJNS, KaK MOXHO TOKa3aTh, CIPaBeTHBO
COOTHOIIICHYE:
VB i
=—, (2.33)
B R

rae R, HamoOMHUM, — painyC KPMBU3HBI CHIOBOMH M. [TosToMy nonepednast
KOMITOHEHTa CHJIBI, JIEHCTBYIONIEH Ha JIUIOb, OKa3bIBAETCS paBHoO#

. _B _
F = _UEn , (2.34)

e ¥ — eIMHHYHBIH BEKTOD HOPMAJH.

Mozcrapisist 310 3Hadenue [ | B Bepaxenue (2.16), monydaem

y
. v}[BVB]
v p = ~ —2 .
2 B

PeampHo MexaHM3M TpaJieHTHOTO Apefida COCTOUT B TOM, YTO YaCTHIIA
UMCCT Pa3JIMYHBIC PaaNyChl BPAIICHUA B PasHbIX TOYKAX TPACKTOPHM: YacCTh
BpPEMEHH OHA NMPOBOJMT B GoJee CHMIIBHOM TIOJE, 9acTh B Gonee cnabom. M3me-
HEHHE pajuyca M CO3JaeT apeii(, kKak 3To 00CYKIamM B MPEABIIYIIEM Tapa-
rpade.

CkopocTts npefida B HEOHOPOIHOM MarHUTHOM TIOJIE TIPEJICTABIISIET CO-

60ii cyMMy ckopocTeii TIeHTPOOSKHOTO M TPaHeHTHOTO JpeiidoB (Tak Ha3bI-
BaeMBIii Opetig) no bunopmanu):

(2.35)



_ > +vi[BVB]_ 1
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W2+ W, (2.36)

b

e b — opr GrHOpMam (cM.puc.2.5).

Cxopocts apeiida 3aBUCHT OT 3apsifia 9acTHIIB (SIICKTPOHBI M MOHEBI
JIpeiiyroT B pa3HBIC CTOPOHBI), OT €& MACCHI, OT HAMTPABJICHUSA CKOPOCTH dac-
TULBI TI0 OTHOIIICHWID K MarHUTHOMY TIOJIIO ¥ OT BCJIMYHWH HAINPOKCHHOCTH H
rpaaueHTa HampsXKEeHHOCTH MarduTHOTO Tons. BakHo 0TMETHTB, 9TO TpaekTo-
pHS BEAYLIETO IIEHTPa TPOXOINT B 0OJACTH MOCTOSAHHOTO 3HAa4eHUA B, Tak Kak

v,1B uv,1VB.
B neommopomuom MarmutHoM mnoie (VB # () smekTpoHs! M mOHEI

JpeiidyloT B pa3HBIC CTOPOHEI, CIIEIOBATENIBHO, B TIa3Me BO3HHKAET TOK C
TUTOTHOCTBIO:

j=Y.nev,, (2.37)

T/Ie TPEANoNaracTcs CyMMHPOBAaHHME TI0 COPTaM 3apsDKEHHBIX JacTHIL. JTOT TOK
Ha3bIBaIOT JpeiihoBBIM.

Janee ysumim, uto rpaguent gasnenns (Vp # () tacoke npusour K
TOSIBIICHHIO 1peiidOBBIX TOKOB.

Honsapusayuonnotii Opeiich
Korja gacTuiia NCIIBITBHIBAECT YCKOPEHHE, TO B JBIKYILIEHCS CHCTEME KO-

OpJIMHAT Ha Hee AEHCTBYEeT HMHEPIIMOHHAs CHila F=-m 17 , U BO3HUKACT
npeiid B coorBeTcTBIM ¢ yenosueM (2.17). B mmaszme gacTo MOSBISFOTCS TIepe-
MEHHBIE SJICKTPIYECKHUE MOJIA, ONPECIIeMBIe MECTHBIM pa3/elICHHEM 3apsIioB,



TaK Ha3bIBacMbIe MOISPU3AIMOHHBIE TIONsL. B 5TOM cimydae Ha dacTHIly JAeHcT-
ByeT TIepeMEHHasl CHJla, U BO3HWKAeT SIEKTPUIECKUi Jpeiid ¢ mepemeHHOM
CKOPOCTEIO

= E xB
v, =c———,
B

rne V' - npeiidoBas monspusamonHas ckopoctk; £ | — cocraBnsmomast snex-
TPHUYECKOTO TIONS, TIEPIEHANKYISIPHAs K MarduTHOMY Tomo. IMeHHO oHa M

~ g

BhisbiBaer apeiid. [Ipu nepemennom £ | mensercs u V > T-€. TIOSIBIISETCS yC-

KOpCHHMe, a, CICIOBaTeNbHO, M cuina mHepimm F, =-mv . Tlox meficTBHeM
9TO¥ CHITBI BO3HUKAET MOJSIPU3AIOHHBIH Jipeiid

. c*mE,
V., =7B—2 (2.38)

Benmmavnza v*rI 3aBHCHT OT MAaccCHl (OOJBIIAs BEIMIMHA Y HOHOB), 3apsia
YaCTHIIbI, HATPSDKCHHOCTH MAarHUTHOTO MOJISL B CKOPOCTH U3MCHCHUS DJICKTPH-

—

geckoro mojus. IMomspusalmonHBIt npeiid HampaBneH BIoMs BexTopa =
TIEPTICHMKYISIPHOH COCTaBILTIONICH TPOW3BOJHON 10 BPEMEHM OT HAlPsDKECH-
HOCTH HIIEKTPHIECKOTO TIOJIS — ITapalIeNIbHO WM aHTHIIApaJUIEIBHO EMY.
Jror npefid cozmaeT MOMSPH3ANMOHHBIA TOK — AHAIOT TOKA CMEIICHHS:
2

- —>

J.=nev, =p, FE L (2.39)

rae P, — MaccoBasi INIOTHOCTH IJIa3MBl.



MoOXHO OTIpE/IENIUTh M COCTaBISIONIYI0 £ | HMB3ICKTPHUECKOH MOCTOSH-
HOW TJIa3MBl, TSPICHANKYIIIPHYIO K MAarHUTHOMY MO0, J[00aBss Kk mosapu-

3alIOHHOMY TOKY Jj ~ TIONEPeYHyl0 KOMIIOHEHTY TOKa CMEIICHVS

J oM =—UF | (3mech TOUKOH OTMedeHa dHacTHAs TNPOM3BOIAHAS OT MO IO

4n
BpEMEHH), TTOTyIHM
2

> Tz 1 ¢’z
J=Jut e =4—n(1+4ﬂ:pm F)El. (2.40)

VuuteiBas Jjanee, 9To TUIOTHOCTh TOKA CBA3aHA C TIPOM3BOTHON TOJA 1O Bpe-
MEHH XOPOIIO U3BECTHBIM COOTHOIIIEHHEM

- & >
=2 F, 2.41
J an (2.41)
HaXOIUM
2
g, =l+4mp, %. (2.42)

Topouoanvnuiii opeiich u epawamenvnoe npeobpazoeanue

PaccMOTpUM TOBeNleHHE IUIa3MBI B MarHWTHOM TIOJIE TOPOMIABHOTO
coneHona. MaruuTHoOe ToJie TOPOMIATBHOTO COICHOW/Ia AaHAIOTHIHO MAarHuT-
HOMY TIONTIO TIPSIMOTO TIPOBOJIHWKA W YOBIBAeT C yBEeNHUYEHHEM OOIBIIOTO pa-
Jauyca no 3akony 1/R (puc.2.6). DTO CTAaHOBUTCS OYCBUIHEIM, SCIIH YIECTh, ITO

BEJIMYMHA TOKA HA CAVHUILY JUTMHBI OKPYXXHOCTH 2T(R — r) GonbIie, 9eM Co-

OTBETCTBYIOIIAsI BETMIHHA Ha OKPYXHOCTH 2TU(R+r), THE ¥ — paguyc mo-
mepedHoro cedeHus topa (cM. pmc.2.6). HeomHOpOIHOCTE MarHUTHOTO TOJS
BEHI3BIBACT BO3HUKHOBEHHE Jipeiidha, IPHBOIAIIETO K CMENMIEHHIO MOHOB Ha OJIHY



(Ha puc.2.6 — BHM3), a DJIEKTPOHOB HA JIPYTYIO (Ha pHC.2.6 — BBEPX) CTOPOHY
COJICHOMJIA, a, 3HAYMT, K TMOABJICHUIO JpeiioBoro Toka. Tak kak jpeiicoBbrit
TOK 3aMKHYTHCS HE MOXCT, TO BO3HHKACT PA3ZCICHUC 3apiA/IOB ¥ COOTBETCT-
BYIOMIEE MY MOJIIPHU3AIHOHHOE YIICKTPHICCKOE ToJe E.

B~ L
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Puc.2.6. TopougansHsri apeiid

Ho Temeps mosBICHIME 3TOTO MO MPUBOANUT K BOHUKHOBEHIIO Jpetida

IJIa3MBI B I[EJIOM B CKPENICHHBIX B3aHMHO NEpICHIUKYIIpHeX  E_| B momsx,
BBIOPACHIBAIOIIETO TIIa3My Ha HapyKHYIO CTEHKY TOPOHJIAIBHOTO COJICHOW/IA.
Takum oOpazom, B CBOOOHOM OT BHYTPEHHHMX TOKOB TOPOHIATBHOM
coJIeHOW/Ie TuIa3Ma He OyJieT ycToHdmBO yiepkuBaThes. KapTina npuHIIm-
abHO HM3MEHWTCS, €CJIM BHYTPH, B IICHTPE CEYCHMS COJEHOWIA, TOMECTHTH
TIPOBOJIHHK C TOKOM, HITH TIPOITYCTHTh TOK HEMOCPEICTBEHHO TIO TIIa3Me. ITOT

TOK CO3/aCT COOCTBEHHOE MArHWTHOE TONe By, MEPHEHIMKYIAPHOE K TIOMIO0
cojicHOn/1a B,, Tak 9TO cCyMMapHas CHJIOBas JIMHMS MarHUTHOTO TIOJS TOHMIET
TI0 BUHTOBO# TPAcKTOPHH, OXBATHIBAIOMICH OCh coleHoma. OOpa3oBaHie BIH-
TOBBIX JIMHIH MarHUTHOTO TOJIS TIOJIYYHIIO HA3BAHUC 8PAUAMENbHO20 (Ul



POMAYUOHHO20) Npeobpaszoeanus. DTH JTMHNY OYIYyT 3aMBIKATHCA CaMH Ha Ce-
631, ecimu koapuyuenm sanaca ycmouuugocmu, MPESACTABIIONME CO00#H OT-
HOIIICHKE 11ara BUHTOBOH CHJIOBOMH JIMHUY K JITTHHE OCH TOpa

_BZ a
B, R

Oyner paBeH OTHOLICHHIO IBYX I[ENTBIX YHCEN, T.C. PABSH PAIHOHATBHOMY THCITY
— OTHOIIICHHIO 9HCiia 0G0POTOB CHITOBOIM JIMHIK BOKPYT TOPa M 4MCiIa 000pOTOB
BOKpYT ocH Topa. [Ipu 3Ha4eHMAX 3TOH BEMIWHBI, HE PaBHBIX PalOHAIBEHOMY
YUCITY, CHJTOBEIC JITHUI, HUKOT/A HE 3aMBIKAsCh, 33 OECKOHETHOE IHUCIIO 060po-
TOB 00pa3yloT 3aMKHYTHIE TOPOHIATEHBIC MarHUTHBIC TIOBEPXHOCTH, BIIOMKCH-
HBIE JIpyT B pyra ¥ o0pa30BaHHBIE KaX/as ¢JMHCTBEHHOW CHIIOBOH JHHUEH.
BuHTOBEIC JTMHHM MarHUTHOTO TOJNS CAENAlOT HEBO3MOXHOH TOJSAPH3AIINIO
TUIa3MBI: TIePEMEIIasCh BIONb HUX, EKTPOHBI M MOHBI CO3IanyT Apeiidonie
TOKH, KOTOPEIE OYIyT B3aNMHO HEHTpAM30BaHbI, HEe OYAET pasJiciiCHUs 3apsi-
JIOB, HE TIOSABUTCA ¥ JJIEKTpHAecKkoe mone. Ce/IoBaTeNlbHO, HE  BO3HHWKHET M
TOpoMaNBHBIH Jpeiid, BeIOpackBalOmmii TIa3My Ha HapyXHYIO CTEHKY,
WMEIOIIHI MECTO B 6ECTOKOBOM TOPOMAATBEHOM COJICHOMIIS.

CyIIecTBEHHO, 9TO B KXKI0H TOYKE CBOE COOTHOIIICHWE BEJIMHH Mar-
HUTHBIX TIOJICH TOKAa M COJICHOMA (BeIb MATHUTHOE TOJIC TOKA OyneT yORIBaTh
1o 3akoHy 1/7 (r Manoe!) BoO Bce CTOPOHEI OT TOKa). [103TOMY CHIIOBEIC JINTHHH
PACIONOXKEHHBIX DSJIOM MarHUTHBIX TOBEPXHOCTEH CKPEIIMBAIOTCA, MpHUIEM
YTON HaKJIOHA HEMPEPHIBHO MEHSETCs ¢ m3MeHeHneM R. OOpasyercs cnokHast
MPOCTPAHCTBCHHAA CCTKA MArHUTHBIX CHJIOBBIX JII/H-II/[i/'I, MOJIydHUBIIAsA Ha3BaAHUC
wiup. Takas ceTka CYIIECCTBEHHO 3aTpyIHACT MepeMelICHNe TIa3MBl MOIepeK
MarduTHOTO TIOJIAL.

B cucremax tTvmia moxamax (COKpAIIEHHOE OT «MOK08AA KamMepa ¢ Maz-
HUMHbLMY KAMYWKAMYY) BHYTPH TOPOHIATEHOTO CONICHOM/IA IO MIa3Me TeqeT

q (2.43)



TOK, IMeeTCs BpalaTeJibHoe npeobpasosanne u ump. KonedHo, Tok pacmpene-
JICH TI0 CE€YEHMIO TIa3MEHHOTO NIHYypa (a TedeT He TONBKO B IIEHTPE), 3HAUHT,
peanbHas KapTHHA CIIOXHEE PAaCCMOTPSHHOH BBIIIE, HO BO3MOXHOCTh KOMITCH-
caipm ¢ dekTa TOpOUAAIBHOrO Jpeiida 0CTaeTCS B CHIIE.

Awmepukanckuit ¢isuk CrimTiep IoKasall, 9To BpamaTeIbHOE mpeodpa-
30BaHHE MOXHO TOMydHTh M Ge3 Toka B Ta3Me. Takoro THTa CHCTEMBI JIIS
ylepkaHVs TUIa3MBl TIOMydHIIH Ha3BaHWE cmenapamopsl. Bo3MOXHOCTE pea-
JIN3AIMH BPaNIaTeIFHOTO MpeoOpa3oBaHms 6e3 TOKa B IIa3ME MOXKHO MOSCHHTE
¢ TOMOIITBIO CXEMBI, H300paXkeHHO# Ha puc. 2.7.

Pa3pexeM (MBICIIEHHO) TOPOMIANBHBIH COCHOWJT TIOTIONAM U COEIIHHIM
€ro KOHIIBL: a) MPSIMOJIMHEHHBIMY YIaCTKaMH — TIOTydMM TaK Ha3BIBaeMBbIii peti-
cmpex (B MPAMBIX YIACTKAaX TOXKE CO3JACTCI MAarHUTHOE Tojie). CHIIOBEIC JIH-
HPHM MarHWUTHOTO TIOJSI 3aMBIKAIOTCS, JApei() 3apspKeHHBIX JacTHIl B TIPaBOi U
JIeBOM TOPOMIANBHEIX YacTAX MMeeT OJMHAKOBOe HampasieHue. [TosTomy mo-
TpeXXHEMY OCTAeTCS BO3MOXKHOCTh BO3HMKHOBCHHS TONSAPH3AIIMOHHOTO SJIEK-

Tpuaeckoro nons E u apeiida B nepnenukynsiprsix E1 B nomsx, HanpasieH-
HOTO K HapyXHOH CTEeHKe KaMephl; 0) HaKpeCT—TOMY49MM CTEJUIapaTop THIIA
«BOCBMEPKM» (B IPAMBIX YYaCTKaX TOXKE CO3/IaeTCS MAarHUTHOE Tojie). B sToM
CJTyd4ae MarHWTHEIC CHJIOBBIC JIMHWH MMCIOT BO3MOXHOCTE <TIPOKPYIHBATECS
BOKPYT OCH CHCTEMHBI M, BOOOIIIE TOBOPS, HE Oy/yT 3aMBIKATHCS: MOMKHO TTOKa-
3aTh, YTO HA KaXJOM «00XO/e» CHIOBAs JIMHHSA MOBOPAYHWBACTCA HAa YUCTBE-
PCeHHBII TPOCTPAHCTBEHHBIH YroJl MEXIY TOPOMIANBHBIMH YIaCTKaMH, TeM
CaMBIM CTAaHOBHTCS BHHTOBOH JimHMeH m peanmsyercs 3¢ dext BpamaresHoro
npeoOpa3zoBaHMs ¢ KOMICHCAIMEH TOpOMAANBHOrO Jnpeiida. ITO ke MOKHO
OOBACHATE HECKOJIBKO TIPOILIE: B peficTpeKe NP Mepexoe OT JICBOH MOJOBHHEI

TOpa K mpaBoii (puc.2.7,a) MeHseTcs HApaBlIeHHe Y BekTopoB B u VB, Tak
uTo HampaeleHue ckopocTH Apeiida V, ~B x VB coxpamsercs, Bo3mMox-

Ha MOJIAPH3aIMs TIa3MBl, BOSHUKHOBEHHE HJIEKTPUIECKOro mojist u T.1. B cren-
JlapaTope THIIA «BOCEMEPKI» CUTIIepa IPH MePeXoe OT JICBOH TOTOBHHEI



Puc.2.7. T'eoMeTpHs CTEIIATOPOB: a — THIIA pelCTpeliK,
6 — Tuma «BoceMepki» CHUTIEpa, B — CXEMa PACTIOIOKESHIS
06MOTOK TOpOUAANBHOTO oA (1) ¥ BUTKOB MHOTO3aXOAHBIX
06MOTOK (2) Ha TOPOMAANEHEIX JaCcTAX pelicTpeiika



TOpa K mpaBoii (puc.2.7,6), IpH IpexHel OpHEHTaIMM BeKTOpoB VB, 3a cueT
s¢pdexTa BpamIaATEIEHOTO TPEOOPa30BaHMA BOCCTAHABIMBACTCS HAIPABICHHC

BEKTOpa B, Tak 9TO HaNMpaBlICHHE CKOPOCTH Jipeiida V ; MeHseTcs Ha IPOTHBO-

monioxxHoe. [lonspusais HEBO3MOKHA — Kak GBI CO3/AIOTCS JIBA OJMHAKOBBIX
3NEKTPUIECKHX TIOJs, HANpPaBICHHBIX AHTHIAPAIIENBHO, T.€. KOMIIEHCHUPYIO-
IHX JpyT Jpyra.

Pacders! mokazanu (M OTBIT TOATBEPWIT), 9TO BMECTO MPOCTPAHCTBEH-
HOTO TIEPEKPEIMBAHMS KOHIIOB, T.€. BMECTO CO3/IaHWS MAarHUTHOH CHCTEMBI C
TIPOCTPAHCTBEHHON OCBIO, UTO SIBIISIETCS JOCTATOYHO CIIOKHOM TEXHWYECKH
3ajadeii, MOXKHO Ha TOPOMJAJIbHBIC 9acTH peHCTpeka HaKIaJbIBaTh JOMOJHH-
TEJIBHBIC CIICIHAIBHBIC MHOT03aXO[HbIC (OOBITHO JIBYX- WM TPEX3aXOIHBIC)
oOMoTkm. TIpu 5TOM TOKM B COCEIHMX BUTKaX BRIOMPAIOTCA TCKYIIMME B TIPO-
THBOTIONIOKHBIX HanpaBneHmsx (puc.2.7,B). B Takoii cucreMe Takke BO3HUKAET
BpalarensHoe NMpeodpa3oBaHye CHIIOBBIX JIMHWI MarHUTHOTO TIONS M CTAHO-
BHUTCS BO3MOXHBIM 00pa3OBaHWE BIOXKCHHBIX JIPYT B JIPyTa 3aMKHYTBIX Mar-
HUTHBIX TTOBEPXHOCTEH.

IIpaBnia, 3TH NMOBEPXHOCTH HAXOMAATCS BHYTPH HEKOTOPO# TpaHMYHOM,
Ha3bIBaE€MO# CeTapaTprCOi, 3aIOJIHSIOT He BCe CEUeHNE KaMephl U UMEIOT J10-
BOJIFHO clOXHYI0 ¢opMy. Ho cymmecTBo aena coxpamnsiercs:: mobo# cremnapa-
TOp SIBISIETCS WJICATbHON MarHUTHOM JIOBYIIIKOH JIJISL OTJCIBHBIX YacTHI] M CTIO-
co0eH XOpoIno yACPKUBATH TNIa3My 0e3 MPOMYyCKaHMs JIOTOHUTEIIBHOTO TOKa
B Heill. Tak Kak B TaKMX CHCTEMaX MMEIOTCS MAarHHUTHBIE CHIIOBBIC JINHHUH, HC
BBIXOJIAIINC 33 TPEACITBI CUCTEMBI (3aMKHYTHIE WM YXOJUIIHEe B OeCKOHEH-
HOCTB Ha 3aMKHYTOH HOBEPXHOCTH), TO TOJIOOHBIE CHCTEMBI Ha3BIBAIOT 3a-
KPBITBIMH (MHOT/[a 3aMKHYTHIMH).



§ 18. AxmaGaTnyeckne NHBAPMAHTLI

Kak wm3BecTHO W3 MeXaHWKH, Ji0Gad MexaHWdecKas CHUCTeMa, COBEp-
mraromas GUHUTHOS JBIDKCHHE, HampHMep, MaTeMaTHYeCKWil MasATHWK WITH
TPY3, HOJBEIICHHEIH Ha MPYXXHHKE, MEET TPAacKTOPHIO, 3aHIMAaonIyio B dazo-
BOM TIPOCTPaHCTBE OTPAHMYCHHYIO 0ONacTh (B MPOCTEHIIeM CiTydae OJJHOMep-
HOT'0 JIBKCHUS 5TO THIOCKOCTh 0000NICHHOTO MMITYJIb¢ca M 0000NICHHOH KOOp-
JHATHI, prc.2.8).

Ecmm sHeprHs 5TO# CHCTEMBI COXPAaHAETCHA, TO TPACKTOpPHS, OTBEHAOMAs 3a-
JIaHHO# SHeprim W, smisiercs 3aMKkHyToH. OXBaThIBaeMas 3TOH TpaeKTOpHeH
TUTOIIA/b, OYSBHIHO, ABISCTCA TOYHBIM MHTETpaIoM JBinkeHus. CyIIeCTBEeHHO,
9TO NPUOIKEHHOEe COXpaHEHWE S3TOH TUIOMIAN MMeeT MECTO M TOM Cilydae,
KOTJIa SHEPTHS CHCTEMBI MEHSETCS CO BPEMEHEM TOJ IeHCTBHEM KaKOTO-mHGo
BO3MYIICHUS (HANPUMEp, CIA00T0 TPEHUS, WJTH M3MCHECHUS JTHHEI MAsSTHUKA U
TOMY TIOI00HOE), HO 3TO W3MEHEHNE MEJICHHOS TI0 CPAaBHEHWIO C TIEPHOIIOM
HEBO3MYILICHHOTO JBIDKCHHA. Terneps 9Ta TUIOMAAb YK He SBISCTCS TOYHBIM
WHTETPaJiOM JIBIKCHUSA, U COXpaHeHHe MMEeT MECTO JIMIIb B CPEHEM

MO TEPUOTY HEBO3MYIICHHOTO JIBHKE-
 p . Teneps 5Ta MJIOMAME yXKe HE sB-
JBICTCSI TOYHBIM HWHTCTPAJIOM  JIBHKC-
HUS, ¥ COXpPaHEHHE UMEeT MECTO JIHIIb

4
/- \ B CpE/IHEM TI0 TIEPHOJY HEBO3MYIICH-
= HOTO JIBWXKeHM. B 3ToM ciydae roBo-
\_/ Q PAT O COXpaHCHHH aouabamuyeckozo
unsapuanma. Tlo pasMepHOCTH 5Ta
IIOIAb TPOIOPIMOHANBHA TIPOM3BE-

JICHUIO CcpeiHel 3a TepHOJ SHEPTHH
YaCTHIIEI Ha BEIMYMHY 3TOTO IIEPHOA:

Puc.2.8. «®a3oBrii moprpem
OJHOMEPHOTO OCIIIILITOPA

J~<W >T . (2.44)



ITosToMy, ecrmm Tpy M3MEHEHHH KaKOTO-THOO TIapaMeTpa CHCTEMBI Tie-
PYOA IBIDKEHWST YMEHBINACTCS (HAIpuMep, ST MaTeMaTHIECKOTO MAasTHHKA

TIEpHOJ], KaK U3BECTHO, OIPEIEAECTCS COOTHOIIeHHEM T = 2n,/£/ g , ¥ TiepU-

OJ1 YMCHBIIACTCA ¢ YMCHBIICHUEM JIJIMHEI MAasATHHKA), TO €€ SHEPTHS B CPSITHEM
BO3pacTaer.
Tprmpm aguadaTHdeckoil WHBAPUAHTHOCTH HAXOMUT BAXHEBIC MPHIO-

JKEHMSL K TpoOneMe yepkaHws TUIa3MBI — TI0 HEOOXOAMMOCTH TPaeKTOPHH
9acTHIl JIOJDKHBI OBITH (puHUTHBIME. PaccMOTpUM KpaTko HEKOTOPHIE TPHIIO-
JKEHVSL 5TOTO TIPUHITMTIA JUTS CITydast IBVDKEHHS 9aCTHI] B MATHUTHOM TIOJIE.

Hnaapuanmnocmb MAZHRUM 020 MOMERMA Ll Hacmuybl 60 6pemenu

Ecmi 3apsxeHHas 9acTHIA JIBIKETCS B OJJHOPOTHOM, HO MEHSIOMIEMCS

BO BPEMEHH MarHUTHOM TIOJIE, TO € JTAPMOPOBCKHI Pajiiyc M MePICHINKYIIp-
Has CKOPOCTh OYAYT MEHATBCA. DTO MPOMUCXOJUT TOTOMY, 9TO MHIYIIMPOBAH-
HOC MCHAIOIIIUMCSA MAarHvTHBIM TIOJIEM

r INEKTPUHECKOe OyIeT YCKOpATH (VTH
& 3aMEIIATh ) JaCTHILY.
PN F

BrifepeM IMIHHAPUYECKYIO CHUCTE-
My KOODAMHAT TAK, YTOOHI BEKTOp HATPS-

JKEHHOCTH MArHUTHOTO TONA OBUT Mapaiie-
JeH OCH Z 5TOH cHCTeMHI (cM. puc.2.9),

r

B (1]

EW torma B(t)=B()é,, tne €, — coor-
BETCTBYIOUIHH C/THHHYHEINA BEKTOP.
W3 3axona mHayKImu
Puc.2.9. T'eomerpus moneii (MarHuTHOS 10 -1
ToJte — yORBaeT ———B, =rot E=——>pF,
(2.45)

HAXOJIUM



E,=—1PB). (2.46)
2¢

TlofcTaBnss Temeph 3TH TONA B OCTABIIMECS ypaBHeHHA Maxceenna, 0OHApyXHBaeM,
q9ro

liE =rot B, =0, divl-? =0,
c o ¢ Tz

5 2.47)
divE =——E, =0,

ITosToMy ypaBHeHms MakcBellla YIOBIETBOPSAIOTCS TOXIECTBEHHO NpPU BRIGOpe
JIMHEWHOM 3aBUCUMOCTH HaNpsHKEHHOCTH MATHUTHOT'O TOJIA OT BpEMEHH, TaK 9TO:

B(t)=B,+B ¢, E,=-L1Pg, 2.48)

rae B — mocrosunas Bemuumua (CKOPOCTh M3MEHEHMS IOJLL), KOTOPAs MOXET OHITh

KaK TIOJIOKHTENBHOMN (T0Ie PACTeT), Tak M OTPUIATENLHOM (Tone yomBaer); B, — na-
9aIbHOE 3HAYCHUE TOJIA.

Tlonyuennoe pemenve ypasHeHuit MakcBemia — TOYHOE, HO HECKOIBEKO HCKYC-
CTBEHHOE: TPYAHO TPEACTABUTL cebe CHTYalMio, KOIJa MArHWTHOE IION€ HApacTaeT
cpa3y BO BCeM NpPOCTpaHCTBe. Ha MpakTike 9acTO MCHONB3YIOT MPHOMIDKEHHOE pelre-
HUe, CUUTAsA, 9YTO MOPOXKAAIONINE MATHUTHOE IOJIe TOKU MEHAIOTCSA HACTONBKO MEICH-
HO, 9TO TOKAMH CMEUIESHU (¥, TeM CAMBIM, BOTHOBEIM IIPOIIECCOM YCTAHOBIECHUS TTOJI)
MOXHO npeHeOpeds. Toraa hopMynst

R R - 1ps, .
B(t)=B(t)X. E =—EBB ), 2.49)
C

TMPUOIIKEHHO OMMCHIBAIOT pacTipe/ielieHue ToJeil MPpU MPOU3BONBHON 3aBUCHMOCTH B
(9), Memennoit Ha macrabax Bpemenu Af ~ L/c, rae L — pasmep o6macTH, 3aHMMaeMoit
TIOJIEM.
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Puc. 2.10. MnmocTpauus COXpaHeHHs MONEPEeYHOro aauabaTudeckoro WHBAPHAHTA B

c1abo mepeMeHHOM, METIEHHO OCIIUITHPYIONIEM ITONe

B =B (1 + & cos Qf); ® — TapMOpPOBCKasl 9aCcTOTa, |y — HAYAITFHOE 3HAUYEHHE



lIJIS[ WUTIOCTpanyy COXpPaHCHUS |l — MAarHUTHOTO MOMCHTA WM HOone-

peurnoco aouabamuyeckozo UHeapuarnma — TPU JIBIOKCHUM YaCTHIIBI B MICPE-
MCHHOM MAarHUTHOM TIOJIC OTPAHHYIHNMCS I‘py6I>IM l'IpI/I6J'II/DKeHI/IeM, caurasi, 9To

pazmanbHas CKOPOCTh TOXKICCTBEHHO paBHA HYIIO M PaJnyC OpOWTH — IOCTO-
SIHHBIH. B 9TOM npuOInmkeHny ypaBHEHUS JIBIDKEHHS CBOJTCS K BULY

my, =el

0s MV, = —ipB (2.50)
c

H, KaK He TPY/THO IPOBEPUTE, IAl0T COOTHONICHNE
2

d(vy|_vodB

— = —_—. (2.51)
dt| 2 2B dt
DTO 03HAYAET, YTO OTHOIICHHE
2
Vo
— =const (2.52)
B
coxpansiercs. [lepeo6o3HaIMB V—>V.L, TIOTyIHM OKOHYATENBHO
2
my -
L =T = const. (2.53)
2B

I'pyboe npubmkenye, HCIIONB30BaHHOE BHIIIE, BOBCE HE OOS3aTENBHO.
JeraneHble pacueTsl (cM., HanpuMep [11]) mokaseBaloT coxpaHeHue LU B 00-
IeM clTydae B YCIOBMAX MPHUMEHHMOCTH aJJHa0aTHIeCcKoTo MpHOmmKeHus. Jlist
WJUTIOCTPAIMH «KadecTBa» COXpaHeHHUs Ll Ha puc.2.10 mpuBeieHH pe3YIIbTaThl
TOYHBIX YHCICHHBIX PAacueTOB STOTO Mapamerpa JUls J9acTHOTO BHJIA OCIMIUIH-
PYIOIIETO MOJIA.



Hnaapuanmnocmb W wacmuybl 6 ROCMOAHRROM 60 6DEMERU U
H000H0p00HOM 8 npocmpancmee MaZHumnom nosne

Korpaa none B mOCTOSIHHOE BO BPpEMEHH, HO MEJIJICHHO MEHSETCS B TIPO-
CTPaHCTBE, TO MPH TCPEXOJIC JaCTHIIH M3 C1aboro moys B 6ojiee CHIBHOS Ha
Hee neficTByer cma (puc.2.11):

_ 0B dv
{\ ~— F =-U0—"=m—'; (59
Ft » B, 0z dt
F=-u4vB dz
v = (2.55)
Puc.2.11. BrrrankuBane 3apsoKeHHON dt
YACTHIIEI HEOAHOPOIHEM MarHuTHEM  [Tocrie mpeoOpa3oBaHKs BIIONb TPAeKTO-
II0JIEM pm Hoﬂqu
dB d(mv|
=== U (2.56)
dt dt| 2

TaI( KaK II0JIHas 3Heprw[ HpI/I JBHKCHHH B MAarHUTHOM IIOJIC COXpaHS[eTCS[
2
my mv]
T +——==const s

TO MOJIy4aeM
_gdB __d[mv,
dt | 2

9TO BO3MOXKHO, TOJIBKO CCJIN

d -
—-—(UB); 2.57
] dt(U ) (2.57)

pi=const. (2.58)



HerouHoCTs, JONyIIEHHAS IPH BEIBOJE, B JAHHOM CIIydae CBS3aHA C TEM, UTO
M3MeHeHUs B B NEpIeHAUKYISIPHOM HAIPABICHHM HE YYITEHEL OTO JOIYCTHMO JIHIIh
TMpY MEIJICHHOM W3MeHeHuu. B, T.e. ecmu BemonHserca ycnoeue (2.10). O6o6umas
ypaBrenus (2.53) u (2.58), MOXKHO CKa3aTh, YTO MATHUTHEIH MOMEHT IpeJCTABISAET
coboif amuabaTideckuii HHBAPUAHT JBICKSHUS 3aPDKEHHON JaCTHIIEI B MEIICHHO H3Me-
HSIOLIEMCS. MATHUTHOM IIOJE.

Orcrofa MOKHO CAENATh HECKOJIBKO MHTEPECHBIX BRIBOJOB. V3 BIIOIHE OdeBUI-
HBIX areOpandecKux BHIKIAI0K

2 22 2
mv 7y _mzvlc e
2B e’B? 2me

>B =const - pZB =const - @ = const 2.59)

CIIEZyeT, 9TO MATHUTHEIA NMOTOK, MPOHI3KIBAIONINIA TapMOPOBCKUI KPYXOK, aguabaru-
9ECKH MOCTOSAHEH. JTO 06CTOATENRCTBO MPUBOIUT K BEIBOJY, 9TO NPH W3MEHEHWH Mar-
HUTHOTO MOJIS JJAPMOPOBCKHI PaJIyC H3MEHAETCS 1O 3aKOHY:

1
pm —— (2.60)

R

T.€. 3HAYHTEIBHO MEJJICHHEE, 9eM B CIIy9ae MOCTOSHHOH HMOImepedHON CKOPOCTH.
AHaNOTHIHO TIOMyIHM:

my | p=const, (2.61)

T. €. MOMEHT KOJHMYECTBA JBIPKCHMS YACTHIII TAKKE OCTACTCSA aAuabarvdecKku IOCTO-
SHHBIM,



Hnaapuanmnocmb GeIUYUHDBL V- (

PaccMoTpyM J[BIDKEHHE YacTHIIBI B SIMUKE C YIPYTMMH CTCHKAMH
(pmc.2.12). IlycTh CKOPOCTH 9acTH-
I[BI, HaNpaBeHHas BJOJNL JIHA

SIIAKA, paBHaA V\\ , @ oJHa U3 CTC-

HOK SIIMKa JBWKCTCIA CO CKOPO-

ceio U<<vy, . Jlns 3apsokeHHOM

YaCTHIIBl «CTEHKOH SIIHKa» MOXET
OBITH O0NAcTB YCHJICHHOTO Mar-
HHUTHOTO TIOJISL, OT KOTOPO# JacTHila

N

,

oTpaxaeTcsl.
Puc.2.12. YacTuia B sIUKe ¢ ABIDKYIICHCS Tpu ympyroM oTpaskeHHH
CTEeHKOH OT JBIXKYIICHCS CTCHKM YacTHIA

M3MEHMT CKOPOCTh HA BEIHUHHY O
v =2U (cuantaeM Maccy cTeHKH OeckoHedHoit). Torma u3MeHeHHe CKOpOCTH
JaCTHIIHI 33 OJJHO TIOTHOE KoJleGanye

ot = %, (2.62)
Vi
6yner paBHO
dv I 81/' WU
—_—=—=—V,. (2.63)
a & 2!
dal

Takkax U = i TO TIONydaeM



dav -/
— 4= (2.64)
v, V4

WA
% HZ =const . (2.65)

COmnKalmmecs CTCHKH YBEIMIUBAIOT CKOPOCTh JaCTHITHL.



§ 19. Ilpumenecnne aguabdaTnyeckoro u apeiigosoro npu-
OTKeHnH

3epxanvnsie nogymku (npobromponsl)

Ha ucnonp3oBanim annadaTHYECKoi WHBAPHAHTHOCTH MarHUTHOTO MO-
MCHTA 3aPsDKCHHOM JaCTHIRI B MATHUTHOM ITOJIC OCHOBAHBI OTKPHITHIC MarHHT-
HBIC JIOBYIIIKH.

PaccMoTpuM JIBIDKEHNE 3apsOKEHHON JacTHIIBI B TIOCTOSHHOM BO BpeMe-
HH aKCHAIBHO-CHMMCTPUYHOM MarHHTHOM TOJi¢ COJICHOWIA, YCHJICHHOM Ha
o0onx xommax. ®opMa CHIIOBBIX JINHWH MarHWTHOTO TIOJIA IS 3TOTO CiTydast
m3obpaxeHa Ha puc.2.13,a.

[IycTs B HEKOTOPO# TOUKE A pOIMIACEH 3apsDKCHHAS YaCTHIIA, JIBIDKY-

IASICSL CO CKOPOCTHIO V , HalpaBJIEHHOM TOJ] YTIIOM OL K CHJIOBO# JIMHWK Mar-
HuTHOrO Mot (0<0L<TT). Vcnionk3ys onpejeieHne MoNnepevHoro aauabaTnde-

CKOTO MHBAapHaHTa (2.53), ¥ yuuTHIBad, 910 V | =V SINO. , MOXHO TOTY4HTH

COOTHOIIICHHC:
sinfa U 266
B mv?/2’° '

rie B — BenW4MHAa WHAYKIMH MarHUTHOTO TIOJISL B TOUKE «POXKIACHUS» 9aCTH-
B



TeB
i) ]

Cvaprparer wy -6

va i)

Puc.2.13. 3apshxeHHas 9acTHIIA B MATHUTHOM TIOJIe IPOOKOTpOHA

3aMeTiM, 49TO TOCKOJBKY TpaBast 9acTh (2.66) mpeacTaBiser coboit oT-

HOIIICHUE JIBYX COXPAHSIONIMXCS BENMYUH — aJHabaTHdeckoro MHBApHaHTa L 1
TIOJTHOM KMHETHICCKOH SHEPTHH mvy 2 /2, 10 9TO COOTHOIICHHME CHPaBEIJINBO HE
TONBKO B HAYABHOH TOYKE, HO W B JI000H Apyro# TOUKE BJONH TPACKTOPHH

YaCTHIIBI, €CITM T0J] BEMMHYMHAMH OL ¥ B TIOHMMaTh TEKyINe 3Ha4eHWs yriia
HaKJIOHAa W MarHuTHOH wHAykuun. MHsMu cnoBaMu, cornacHo (2.66) pm cme-

HICHHH YaCTHI[HI BIOJE TPACKTOPHH M3MEHEHHE OTHON U3 BeTMIHH Sin“0L wim B
BBHI3EIBACT TPOMOPIMOHAIBHOE H3MEHEHHe pyroi w3 Hux. Ho Torga Ml Bu-
JIAM, 9TO TIPH JIBIDKEHHWH B OOJIACTh ¢ YBEMYMBAIONIMMCS MArHUTHBIM TIOJIEM
10 Mepe POCTa BEMYHHBI HHIYKIIMH MarHUTHOTO TIOJIST YTOJI HAKIIOHA CKOPOCTH
YAaCTHIIBI TI0 OTHOIIEHHIO K CHJIOBO# JIMHHH, a, CJIEJ0BATENBHO, U MONEpeTHas



KOMITOHEHTA CKOPOCTH YaCTHIIBI V| JIOJDKHBI YBEIMUHBATECSA. ECIIH CHHYC 3TOTO
yTiia JIOCTUTHET TPEJISIHHOTO 3HAYEHNS, PABHOTO eIMHHWIE, TO OyAeT Vv =V,

a MPOJIONbHAsL CKOPOCTE YacCTHIlhl 0OPaTHTCs B HOJK, v||=0. YacTrma mepecra-
HET CMEMIAThCS BJIOJb CHJIOBOH JIMHWH — OHA OTPAsHTCSA M CTAaHET J[BUTATHCA
Ha3aJ] M0 HANpPaBJICHUIO K ICHTPY cHucTeMsl (puc.2.13,a), 3aTemM, mpoiigsa o0-
JIaCTh ¢ MUHHUMAJBHBIM MAarHUTHBIM TIOJIEM, JOCTHTHCT IIPOTHBOIIOJIOKHOTO
KOHIIa, TJIe TOJie BHOBh YBEJIMYMBACTCS, BHOBb OTPA3UTCS TETEPh 371€Ch, M TaK
qanee. JI[pyruMu croBamm, 9acTHIIA OKAXKETCS «3alepToidy MeXITy MaAzHUMHbI-
Mu npobramu (B aHTTIOA3BITHOM JIITEPATYPE — mirrors, a MpoOKOTPOH HA3BIBa-
10T mirror machine). O4eBUIHO, 9TO B TIOJIE JJAHHOH CHCTEMBI MOTYT YAEPKH-
BaThCS HE BCE YACTHIIHI, & TOJBKO T€, CKOPOCTh KOTOPHIX B TOYKE POKICHHUI
VMEET JIOCTATOYHO OONBINOH YroJl HakjIoHa K CHJIOBOH JIMHUM, ¢ TeM, 9TOOBI B
CEUCHMN ¢ HaNOOJTBIINM 3Ha9eHHEeM B (MJTH paHBIIe) 9acTHIIA OTpasmiack. Ot-
HOIICHHE MaKCHUMaJBHOTO MoNs B, K MUHUMalnsHOMY By BIOIbL OCH CHCTEMBI
(cm. puc.2.13,a),

R=B,/B,>1,

Ha3bIBAIOT NPOGOUHBIM OMHOULEHUEM, VI IS YIIEP’KaHWS 9acTHIL, POJIMBIIHNXCS B
IIEHTpE, He00X0aMMO, 9TOOR! OBLTO BEITIOIHEHO HEPABCHCTBO

sino, >1/4/R . (2.67)

JIst BceX OCTAMBHBIX YaCTHI] BETMYIHA Sin O JIOJDKHA OBITH elfe OoTb-
11e, 9T00BI OHM OCTABAJIMCH B JIOBYIIKE. A T€ YaCTHIIBI, JIJIsi KOTOPEIX BHITOJTHE-
HO 00paTHOE HEPaBEHCTBO

sino, <1/+/R , (2.68)

YHAYT U3 NOBYIIKH BJIOJIb CHJIOBBIX JIMHWH MarHUTHOTO TIOJISL
OTH HepaBEHCTBA HECTIOKHO 000CHOBATH ciexyrommM 00pazoM. O6o3HaduM



TIOCPEACTBOM (l,,, YTOJI HAKIOHA CKOPOCTH IO OTHOMICHHIO K CHJIOBOM JIMHWM MATHUTHO-
ro mojsA B o0nacTH, rie MHIYKIMS JOCTHTaeT MAaKCHMAJLHOTO 3HadeHus B=B,. Otu
BCIIMYHMHEIL JJOJDKHBL OBITH CBA3AHBI COOTHOIIEHUEM, KOTOPOC MOXKHO ITOIY4YUTh, IIPOCTO
3aMenus B (2.66) o Ha O, u B Ha B,
.2 =
sin“a, 2U
=—7.
B, my
HyCTL, Jainee, BO BCIMYMHA WHAYKIIMU MATHUTHOTO MOJIA B IICHTPE CUCTEMBI, TIC
TIEpBOHAYAIEHO pacosokeHa 9acTuua. Toraa coorHomenue (2.66) B 3TOM IOI0KEHHU
JOIDKHO GHITH 3aIMCAHO B BUJIE:

sina 20
- 2
By mv
TIpaBbie 9acTH B 3THX GOPMYNIAX COBMAAAIOT, CIEAOBATENBHO, TTOIYIaeM

.2 .2
sin‘a,, _sin‘a

B B,

m

’

. B, . .
sin’q,,, =—"-sin’q =Rsin’a .
0
HOCKOJ’ILKy JICBaA 9acTh OTOr0 PABCHCTBA HE NMPEBOCXOAUT €AMHUILY, TO BO BCEX «pas-

PEIIeHHEIX» IS ABIKEHHS YACTHLBL 00NACTAX JOWKHO ObiTh R sin Zu <1, T e. uac-
THIEI HABEPHAKA MOKUHYT JIOBYIIKY, €CIIH BHIONHEHO ycnosue (2.68). B mpotusHOM
cliydae, KOr/Jja BRITOJMHEHO ycioBue (2.67), 06nacTs ¢ MaKCHUMAIIBHBEIM TTOJIEM IS dYac-
THIEI OKA3BIBAETCS HEJOCTIDKIMOM, M OHA HE MOXKET IOKUHYTH JIOBYIIKY.

KoHyc HanpaBieHuid, B Ipeiefiax KOTOPOTO YaCTHIIH TOKHUJIAIOT JIOBYIII-
Ky, HOCUT Ha3BaHUC OnacHo20 KoHyca nomepb. CHCTEMBI, B KOTOPHIX BCE CHIIO-
BbIE JIMHUM BBIXOJUIT 3a TIpesiensl pabodel Kamepsl, Ha3bIBalOT OTKPHITHIMH, K
HPM OTHOCSITCSL BCE MTPOOKOTPOHHI. M3-3a CHMMETPHH TEOMETPHH YIEPKUBAIO-
IIET0 MArHUTHOTO IIOJ TAKHE JIOBYIIKH €IIC HAa3bIBAIOT AQKCUANbHO-
CUMMEMPUYHBIMU JIOGYULIKAMU.



Cnemyer OTMETHTB, 9TO YyCJOBHE yiepxkaHusa (2.67) B aKCHAIBHO-

CHMMETPHYIHOMN JOBYMIKE SBISICTCS YHUBEPCABHEIM — OHO HE 3aBHCHUT HH OT
3aps/ia, HA OT MacChl, HU OT BEIMYWHBI MOJYIS CKOPOCTH, a ONpPEZeNseTCs
JIVIITG OTHOIIIEHUEM TPOJIONBHON M MEPTICHMKYISIPHOH (110 OTHOIIICHHIO K Mar-
HHUTHOMY TIOJTIO) KOMIIOHCHT cKopocTh. [IpaB/ia, 3TO CHpaBeIMBO JUIA OTICIb-
HOM JaCTHIIBI: PEATbHO B TNTa3Me JaCTHIIHl PACCEHBAIOTCS TIPH CTOIKHOBEHMSIX,
HalpaBJICHHE BEKTOpPa CKOPOCTH TIPH 3TOM HW3MEHSETCS, MOXKET TOTacTh B
OMacHBIN KOHYC M HacTHIa TTOKHHET JIOBYINKY. MejieHHBIe 9acTHIIBI pacceu-
BalOTCA OBICTpee (TaK KaK JUIL HUX CEdeHHe KYIIOHOBCKOTO pacCestHus OoIrbIIe,

1
o, ~E—2 , CM. § 6), TOSTOMY OHM OBICTPEE YXOJIAIT, U B CIICKTPE JACTHI] BO3HH-

KaeT «mpoBaj» B 00acTH MajbIX ckopocteii. Kpome Toro, ¢ moBbimieHHEM

TUIOTHOCTH TDIA3MBI B UTPY BCTYTIAIOT COOCTBEHHEBIC TTOJIA TUIa3MBI. DTO — TIPH-
9IHA BO3HUKHOBEHHS HEYCTONIMBOCTH, O HEl Gy/IeM rOBOPHTH TIO3XKE.

Ecnui MarHuTHOE TONTe B IPOOKE HapacTaeT BO BPEMEHH, TO, BCIIC/ICTBHE
COXpaHeHHs TONEePETHOrO aauaGaTHdeckoro WHBAPHAHTA, YBEIMIHBACTCA MO-

JIYITh TIOTIEPEYHOH KOMITOHEHTHI CKOPOCTH V| W YIIYUINASTCS YAEPKAHNE — TP
9TOM W3MCHHTCS TPOoOOYHOE OTHOUICHWE B,/B) M OTpaXXeHWE YacTHI] TPO-
M30#IeT OKe K ICHTPY MPpoOKoTpoHa. Cle0BaTeIbHO, 00JIaCTh MPOIOIBHBIX
OCIIMIIAIIME JaCTHI] COKPAIIAaeTCS M, COTNIacHo (2.65), IO/DKHA YBEIMIUTHCA U

HpPOJIONTbHASE KOMIIOHEHTa CKOPOCTH V|| 33 CUET COMMKECHHS OTPaXAIONUX 9ac-
THIy YIPYTHX CTEHOK. TO4HOE penienue mojo0H0# 3aj1auu 0 IBIKESHHH JaCTH-
I[BI B ICPEMEHHOM W HEOJHOPOJIHOM MAarHHTHOM TIOJNC SIBJIICTCS CIIOXKHOM TPo-
OneMoi.

CreryeT OTMETHTB, 9TO TIPH CKaTHH PAacTeT M INIOTHOCTh YHC/Aa JacTHI,
TaK KaK IPH POCTE MArHUTHOTO TIOJISI BO3HUKAET BUXPEBOE SIEKTPIIECKOE 1O
¥ TIOsIBISIETCSL IpetioBasi CKOPOCTh, HalpaBIICHHAs TaK, 9TO YaCTHIBI coOMpa-
FOTCS K TIEHTPY CHCTEMEI.



Bemrauny HAIPSAKEHHOCTH SIEKTPHIECKOTO IO M COOTBETCTBYIOILYIO €l CKO-
pocTs apeiiha MOKXHO OUEHUTH ciexyiomuM o0pazoM. OGosHaguM paauyc 0ob6IacTH,
3aHATOH I1a3MOi, R(f), TOTIa H3 TEOPEMBI O LUPKYJILHH,

2 R@)
B

IE(de(p:—l I 9B rdr 2.69)

0 ¢ 0

nojy4aem
R dB

E, =——%: 2.70
¢ 2¢ dt (270)

ITpHOMIDKEHHO CYUTaEM MATHUTHOE TOJIE OJHOPOHEIM B IPEAENax OKPYKHOCTH C pa-
maycoM R(7). Onpenensa aanee cKopocTs Apeiiha

vy, =cB—e,, @2.71)

z

TPUXOAUM K COOTHOINCHUTIO

dB
drR __14B, @.72)
R 2 B,
HIN
R ZBZ =const . 2.73)

OTO COOTHOIIEHNE BRIPAKACT COXPAHEHHE MArHUTHOTO MOTOKA, TPOHU3KIBAIO-
IIeTo TONEPETHOe CEedCHUE NMOBEPXHOCTH (JaCTO HA3KIBAaeMOIl Opetigposoli noeepxno-
Cmbio), IO KOTOPOH JBIDKETCS 9acTHIIA MpH €€ apeiidhe B HEOTHOPOIHOM MArHUTHOM
mone (cM. puc.2.13,a,6) — emne oHOTO, TaK HA3BEIBAEMOTO MPembeco aouabamuyecKozo
uHeapuanma, MOCNe MOMEPEIHOTO, OTBEIAIOMETO ORICTPOMY BPAIIEHHIO IO JTAPMOPOB-
CKOIf OKPYKHOCTH, U MIPOAOIBHOTO, OTBEYAIONIEro 60lee MeUIEHHEIM IPOJIOTIBHEIM



OCLIMJIIALMSM 9aCTHIBI MEXIY TIPOOKaMH.

Hecmotps Ha BHemmHee cxoacTBO dhopmyin (2.59) u (2.73), oHM OTpaxaloT pas-
muanbie seneHus. Cormacuo ¢opmyne (2.59) MarHuTHbIH TOTOK, MPOHU3BIBAIOIINIA
JTAPMOPOBCKYIO OKPYKHOCTb, OTMCHIBAEMYIO JaCTHIIEH, OCTAETCS IOCTOSHHEIM, a BRIPa-
sxeHue (2.73) mokassiBaer, 9To paguyc o6IacTH, 3aHATOMH MIa3Mo#, MeHAeTCA TakK, 9To-
6Bl IOTOK depe3 3Ty 06IacTh ObLT MOCTOSHHEM. JacTHIE JODKHEI HE TONBKO H3Me-
HUTh pPaJMyC BpAIIEHUA, HO W MEPEMECTUTHCA MOMEPEK MO,

Ecmu nonoe aumcio gactir; N=n{) (rae () — 06meM maasmer) ocTaeTcs
TIOCTOSIHHBIM, TO, Ipy6O0 Onpe/ienas 06beM mrasmel kak (2 ~ R*(, monydaem

N =nyRiLy=nR*L,

r > B
nl=nyt, —0) =nolo 2 (2.74)
r 0

CrnenoBaTenbHO, 9¥CI0 JaCcTHIL TUIA3MBI B pacdeTe Ha eJJHHHIY TUIOIIA N
TIONEPEYHOTO CEUCHU (ITOTOHHAS TUIOTHOCTH) MEHSETCS BO BPEMEHH MPOTIOP-
IIMOHAJIEHO HANPsLDKEHHOCTH MarHUTHOTO TIOJISL.

Ipunyun «munumyma By

B nentpansHoit gactr mpodkoTpona (puc.2.13) MaruuTHOE TIOJNIE YOBIBA-
€T MO PajyCy OT HeHTpa, mostomy VB manpasnen x nentpy. Jlns omguHod-
HOI 9acTHIBI — 5TO HpHYWHA JApeiida Mo a3uMyTy BOKPYT OCH CHCTEMEBI, HO

YaCTHITEI PA3HBIX 3HAKOB Jipeiidyror HaBcTpedy npyr apyry (cm. puc.2.13,0),
BO3ZHUKACT JAPCHPOBEIH TOK, KOTOPEIH, OUCBIIHO, HATIPABJICH TaK, YTO BBHI3HIBA-
€T YMCHBIIICHHE MATHUTHOTO TOJIA CoicHOm Ta. [Ta3ma Kak OBl «BRITATKUBACT



yaepXkuBawIiee €€ MarHuTHoe moiie. Ecny MIOTHOCTH TUIa3MBl JIOCTATOTHO
Bennka, 1o 3ddext Oyner cymecTBeHHBIM. OH pealbHO UCTIONB3YCTC T W3-
MEpEHHS JIaBIICHUS TUIa3MBI IO BEJIMYWHE BBITCCHACMOTO TIONS — M3MEPCHHUS
TaK Ha3BIBaEMOTO JuamazHumuozo cuznana. Ecnm cucreMa MieanbHO CHMMET-
pUYHA OTHOCHTENIBHO OCH, TO JApeiidoBble MOTOKM 3aMKHYTBI, M HAKOILTCHUS
3apsjia He poucxoauT. [Ipu HapyIeHNH CUMMETPHH CIICHApHi TIOCHETYIOINX
coOmITHiT mproOpeTaeT MpaMaTHdeckuii xapaktep. [Ipeamonoxim, 910 Ha 60-
KOBO# TTOBEPXHOCTH TJIA3MBI BO3HHMKACT BRICTYN (cM. puc.2.13,0) — «ma3sMen-
HEIH S3BIK». JTO BO3MYIIICHHE CBOGOIHO «PacTeKaeTCsy BJIOJb CHIIOBBIX JIFHHI,
BBUJIy OTCYTCTBUA TPOTHBOJICHCTBHA TaKOMY PAacTEKaHHIO, a OTOMY GBICTPO
TIPEBPAIIACTCS B BRITSHYTHIN BJONb CHIOBBIX JIMHMH MarHUTHOTO TIONS XKeETO-
60xk. o 3o mpramHe 00CYXIACMyI0 HaMH cefiuac HEYCTOWIMBOCTE OOBITHO
HAa3BIBAIOT Jicenobkosol. B obmacTy xemodka apetidoBbie MOTOKM HE 3aMKHY-
THI, KaK 3TO CXEMATHTIHO TIOKa3aHo Ha puc. 2.13,0. [osToMy 31ech mpousoiiner
pazzeneHuie 3apsI0B M BO3HUKHET MOJBIPHU3AIMOHHOE dIEKTpHdecKoe mone F,
HaNpaBJICHHOE TaKMM 00pa3oM, 9TO pe3yNbTHPYIOMMIA Jpefid B CKpemeHHBIX

E xB nomix O6yner cnocoOCTBOBATh POCTY MEPBOHAYAIBHOTO BO3MYIICHUS,
3aBEPIIAIONICTOCS BEIOPOCOM TIIa3Mbl Ha CTEHKY KaMephI.

OTO mposBIEeHNEe JaMarHEeTH3Ma TIa3MBl: OHAa BCET/[a CTPEMMWTCS TEpeiiTH B
obnacte O6onee cnaboro MaruuTHOTO TTOJSL. TloaTOMY TIpM CO3/IaHVM CHCTEM TS
yHepKaHVs TIa3MBbl Hy)KHO PacrionaraTrh INIa3MEHHBIH CTYCTOK 1O BO3MOJKHO-
CTH TaK, 9TO0BI MarHUTHOE TIOJIE BO3PACTalO OT HETO BO BCEX HAIPaBICHHSIX,
T.€. PacroJylaraThb IiazMy B 00aCTH MHHHMAJIEHOTO MarHUTHOTO Toist. IMeHHO
10 BO3MOXHOCTH, TIOCKOJNBKY CO3/IaHWE KOH(UTrypani MarHWTHOTO TOJSI, B
KOTOPHIX TI0JI€ HapacTaio OBl BO BCEX HAIPaBICHHSX, OYEBHIHO, HEBO3MOXKHO.
Peus MOXeT MITH JINOIb 0 HAPACTAHMM HAPYXy B CPEJIHEM, KOT/Ia BKJIA)] yJacT-
KOB C ONarompusTHOH A7 yaepKaHusl KpUBU3HOH CHIIOBBIX JIMHWMI TIPEBAPY-
€T HaJ] BKJIAJIOM YIaCTKOB ¢ HeOIarompiaTHOH KPHBH3HOM, T/ie TOJie yObIBaeT.



D10, IO CyTH Jenma, W BHIpAXAaeT COJCPIKAHWNE TNPWHINNA <«MUHuUMyMa By.
VYupomenno (B neramsax cM. [11])COOTBETCTBYIOMIEE STOMY NPHHITAIY YCIOBHE
MOXHO copMyIMpoBaTh creayomM obpa3oM. BriziemiM MBICTIEHHO B Tipeie-
Jlax 00bEMa, 3aHIMAEMOTO THIa3MOM, CHIIOBYIO TPYOKY JUTHHOH /¥ CEUCHUEM S,
BBITSIHYTYIO BJIOJIb CHJIOBBIX JIMHHHM W HaMONHEHHYIO TJIa3Moil. B paBHOBecHm
Takas TpyOKa 3aHIMAaeT TOJIOKEHHE, OTBEUAIONIee MHHHMAIBHOH TOTEHIHAE-
Hoi1 sHeprun. Cama 1o cebe Takast TpyOKka moJ1 ACHCTBIEM CHIT JTABJICHUS CTPe-
MUTCA pacipuThes. [IyCTs U TPOCTOTEI IaBIICHHE TIIIa3MBI B TIPEIEax 3TOH

TPpYOKHM TTOCTOSTHHO — MBI TTIOCTYIIAeMCSI 37IeCh CTPOTOCTBIO PajIi HATTIS/THOCTH.
Hrak, miuazMa CTpEeMHUTCS YBEIIMIUTE CBOH 00BbeM

Q= Ideﬂ . 2.75)

TlosenuB ¥ JOMHOXUB MOJIBIHTETPATBHOE BHIpaKEHNE Ha BENHUNHY WMHJIYKITHH
MarHuTHOTO TIOJIS, 3anvmnIeM 5Ty GopMyiry B BHIe

Q= I(BdS ) ‘;—f . (2.76)
ITockobKy NTPOHM3BIBAIONIMH 3TY TPYOKY MarHUTHBIH ITOTOK
® = IBdS Q.77

TIOCTOSIHHBIH, TO 3Ty (TIOJIOKUTEIBHYIO!) TOCTOSHHYIO MOXKHO BEIHECTH 33 3HAK
WHTETpaia, ¥ MBI TOJTydacM

Q= @I‘;—f . (2.78)

Hurerpan 3necek Gepercs BIONb CHIOBOH JMHUK. UTOOBI PaBHOBECHOE
TIOJIOXKEHUE BHIICIICHHOM TNIa3MEHHOH TPYOKH OBUIO YCTOHYHBBIM, OHA JIOJDKHA
VMETh B 5TOM TIOJIOKCHHN MaKCHMAITLHETH 00beM. ClteIoBaTeIBHO, TIPH HOO0M
«BHPTYAIBHOM) CMEIIICHUH TPYOKH BapHAaIHs



O0MmomKu RPOOOSbHO20

Cmepixnu Hodpcpe

Puc.2.14. Cxema co3ianus N0 ¢ «MMHUMYMOM B» Puc.2.15. O6MmoTka «Beiic-

Gom»
5 J‘ﬁ <0
B

(2.79)
JIOJDKHA OBITH OTPHIIATEBHA. JTO M €CTh (B yIpomieHHOH hopme) comepixanme
NPUHYUNAG «MUHUMYMa By.

TpeyioxeHs! pa3uaHEe COCOOBI CO3IAHMS MAarHUTHBIX TIOJNEH, yIOB-
JIETBOPAIONINX HTOMY TIPUHIIMITY: HAIOKEHHE Ha MOJIe MPOCTOro MpoOKOTPOHA
«crepxueit Nodpde» (puc.2.14) (Ha3zBaHHBIX Tak 10 aMHIIMK aBTOPa, BIICPBEIC
TIPEIIIOKUBIICTO W PEATM30BABIIIETO MICIO TaKOH CTAOMIM3AINN), TPUMCHCHHE
CTICTIMATFHBIX KaTYIIIEK THMa «Oeiicoom» (puc.2.15) u mp. Cobmonenne npuH-
1una «MuHIMyMa By 00s3aTeNIbHO, MHAYE B OTKPBITHIX JIOBYIIKAX TIa3Ma yc-
TOMYIHBO HE YJICPKUBACTCSL.



IInasmennsie yenmpugpyzu
B Immmupnqecmx CHCTEMaX ¢ aKCHAIBHBIM TIOJIEM E " pa;manLHHM

nonem B (MIIH ¢ aKCHAILHBIM TOIEM B wu PaJHAIBLHEIM HOIEM E ) wiasma
OyZeT BpamaThCsa MO asuMyTy ¢ JApekdoBoil ckopocTeio V ; =C E Bropoii

BapHAHT KOHCTPYKTHBHO TPOIIE, €ro Uil ONPEICIICHHOCTH M OymeM 006Cyx-
nate. Bosmukaer neHTpoGexkHas cuma F =mv§ /7, Tem Gombmas, uem

6oJbIIIe Macca 9acTHIIBL. JTa IEHTPOOEKHAs CHIIa HAalpaBJieHa TI0 PaJiiycy U B
CBOIO OUEpeIb CO3/acT JpeiidoByI0 CKOPOCTE (Pa3HOTO 3HAKA JIJIA DJICKTPOHOB
¥ WIOHOB, HO B YIIPOIICHHOM PacCMOTPCHUH 3a0yieM 00 SIICKTPOHAX), CKIIaJIbI-
BAIOIIYIOCA CO CKOPOCTBIO Vz. Tak Kak TpH 3aJaHHOM pajyce 5Ta Jo0aBKa
pa3Has JUI 9acTHI] ¢ pa3HON Maccol, TO MeXIy JacTHUIlaMH BO3HWKAeT CHila
Tpenus F' 1, HalpaBJIeHHAs 110 KaCaTeIbHOH K OKPYKHOCTH, TOPMO3AIIAS TSDKE-
JIbIe ¥ YCKOPSIOIIas Jierkue NoHbl. 11071 ieficTBHEM 5TOi CHITBI TPEHUS MOSBHT-
¢ peiid) TOKENBIX YacTHI] OT HEHTPa, a JIETKHX — K 1EHTPY cucTeMbl. OHEI
OyIyT pa3zeNaThCs O MaccaM, Kak M B OOBITHOM 1eHTpudyre, HO CKOPOCTH
BPAIICHUA MOXHO CJIENaTh OONBIIMMH, 3HAYNT, MOXET OBITH OONBIINM UM KO-
s¢pdumeHT pasnenenus. PeaqbHO BCe CIOXKHEE M HAJI0 YIWUTHIBATh TPCHUC 32
CHeT CTOJIKHOBEHMIT C 3JICKTpOHaMu, TepMomuddy3uio, B3aUMOACHCTBHE CO
CTEHKaMH W T.J. Belercs MHOTO WCCNEIOBAHWI MO HMPUMCHEHHIO TOJXOOHBIX
IICHTPUQYT [T Pa3ICICHU SIEMEHTOB (MIH XUMHISCKUX COCIIIMTHCHMI) U JlaXKe
HM30TOIOB.



§ 20. SIBicHES nEpeHOCA B 3aMATHUYCHHOM MJ1a3Me

ITna3zma, noMenieHHass B MarHWTHOE TIOJI€, CTAHOBUTCS aHW30TPOIHOM:
HaIpaBJIeHUs BJOJb MATHUTHOTO TIOIL M TIONIEPEK MarHUTHOTO TIONST OKa3bIBa-
JOTCSI HEPABHONPABHBIMH. JTO CBS3aHO C TEM, 9TO XapakTep JBIDKCHWS 3apsi-
JKEHHBIX 9aCTHI] BJIOJb TTOJISL M TIOTIEpEK TOJSL pe3Ko ommaaercs. B omHopon-
HOM MarHMTHOM TIOJ€ TIPOJIONIEHOE JIBHKEHHE B OTCYTCTBHE JPYTHX CHII OCTa-
eTcst CBOOO/THBIM, a B TIOTIEPETHOM HAIIPABIICHWH JacTHIIA BPAIaeTCs O Jap-
MOPOBCKO# OKPYKHOCTH, PaJIyC KOTOPOH TEM MEHBIIE, 9¢M OOJIBIIe BETMIHHA
TIOJTSL.

Pazmmue B xapakTepe JBWKEHMS HacTHI[ HaXOJHUT CBOE OTpPakCHWE B
W3MEHEHNH CBOWCTB IIa3Mbl, B 9aCTHOCTH, MOXXHO OXHJATh CyHICCTBEHHOE
OTJINIHE B BEHUHMHE ITPOJIONBHBIX» M (TIOTIEPETHBIX» Koo duimenToB nepe-
Hoca. CBoeoOpasue Ta3MeHHOH CPeZIbl, OJTHaKO, B TOM, 9TO OHA 3a9acTyi0 He
CllelyeT IPOCTHIM, Ha MEPBEII B3I O4EBHIHBIM, CXeMaM. TakoBa, HaTpuMep,
CHUTYaI[ysi C TIPOBOJMMOCTBIO — TPOIONBHAS M TIOTEPETHAs MPOBOJMMOCTH OT-
JMYAlOTCS MPHMEPHO JIMIING B/IBoe. B 9TOM cirydae roBopsT O HAIMIHK HEKOTO-
pOro «MexaHW3Ma BOCCTaHOBJICHHSD, BRIPaBHHBAIOIIETO aHM30Tpormo. O0cy-
JKJICHVE TIPOIIECCOB TIEPEHOCa B «3aMarHMYeHHOI» Tra3Me HadHeM ¢ auddy-
3717 8

Audppysun

CTOJIKHOBEHHSI MEXJTy YacTHI[AMH OJHOTO COPTa B MarHHTHOM IIOJIe HE
TIPUBOJAT K MaKPOCKOIMMYESCKUM H3MEHEHMSIM MX PacIipe/IeNiCHUs B IMPOCTPaH-
ctBe [12], He nmpuBOIT, TEM caMbM, K auddysm. Tuddyzus BozmokHa mvmrs
NP CTOJNKHOBCHHM Da3HOPOAHBIX YacTHI], HAallpUMep HOHOB H DJIEKTPOHOB
mna3Mel. HanomuaumM, aro muddy3nonustii noTok (ecimm orBnedses oT 3¢ dekTo
tepmormbdy3zun m 6apoanddy3ur) MPONOPIMOHANEH TPAHECHTY KOHIICHTpa-
IIHH IDTa3MBl, TIPH TOM HAIlpaBlIeHHE II0TOKA IIPOTHBOIION0XKHO FPaJJHEHTY



KOHIICHTpAIH, a KO3()(UIMEHT NPOMOPIMOHATBHOCTH M €CTh K03 duieHT
mapdysum.

Koaddrmment npomoneroii muddy3nm nna3Mel, TOMEIEHHOH B Mar-
HUTHOE TIOJIE, MMCCT TaKyli0 K¢ BeIMUMHY, Kak u kodddumment muddyznm
TIa3MBl B OTCYTCTBHE MarHUTHOTO TOJIS:

1, T,
D”=D0=§uvTe =—71,. (2.80)

e

IMockoneky HepeMeleHne MONepeK MarHUTHOTO MO ITOCHE CTONKHO-
BEHIIL OIIPEJICIETCS BEIMIHHOM JIAPMOPOBCKOTO pajplyca P, a TakkKe BpeMe-
HEM MEX/Iy SIEKTPOH-MOHHBIMH CTOJKHOBEHISMH, T,;, TO KoddduimenT morre-
peanoii  muddy3mm, kak 910 cneayer W3 O0mEro - ompesieNeHus

D ~< (fl x)? > /1 (cm. §10), HOMKEH ONPEICIATECS COOTHOIICHHEM:
D~ (2.81)

Tockombky muddy3us mra3Mel HOCHT aMOMIIOIBIPHBIH XapakTep, TO B
KadeCcTBES XapakTepHOTO pasmepa B (dopmyny (2.81) crmemyer MOACTABIATH
MEHBIINI IapMOPOBCKHI painyC, B TAHHOM CIy4ae — SJICKTpOHHEIH. [Tockob-
Ky SICKTPOHHBIN TapMOPOBCKHI paiiyC ONPEACTSCTCS TEIUIOBOH CKOPOCTHIO

9JIEKTPOHOB V7, M DJIEKTPOHHOH IUKIOTPOHHOH 9acTOTOH (g,
e 'Be
v Te

U, ~—,
y Be
TO, TIOCTIE TIO7ICTAaHOBKH B (2.81), 1erko momyaurs
D = L (2.82)
= 5 .
(y Be T el




Bemmuna mpomssefieHus Y 5 T, XapaKTepusyeT 3aMarHMYEHHOCTH

gacTHl] (MHOT/Ia €€ Ha3BIBAIOT RAPAMEMPOM 3AMASHUYEHHOCU), T.€. XapaKTe-
pH3YeT CTENeHb BIIUSHUS MArHUTHOTO MOJIS HA WX JBIKeHue. Eciu 9T0 npowms-
BEJICHHE BEJIMKO, TO JacTHIIA MEXK/IY CTOJKHOBCHHSAMHE COBEpIIACT MHOTO JIap-
MOPOBCKUX 000poTOB. Bripaxkenue (2.82) mpuMeHMMO K CITydal0 CHIIBHO 3a-
MArHU9E¢HHOM TIIa3MBI, HO €ro HeTpyaHo o0o0umTe. B cimydae cmaboro mois

ko3 dumenTs npooapHOI 1 monepeunoi quddysmm nomkHe coBnagats D)
/Dy~1, a s cubHOTO TIONH, daktraeckn, D | / D "~ & 5. T )_2. TMosToMy

B 00mIeM citydae JI0JnkHO OBITh [13]:
1
"+ @ )

Ecmi ydgecTh pasnudue MOHHOM M 3JIEKTPOHHON TeMrepaTyp, TO BHIpa-
wenne i kodddrmmenrta quddysun monepex MO MPIHUMACT CIICTYIONIHIA
Bux [12]:

D, ~D (2.83)

T, +T, D,
T 1+ 5T . 2

e

D,
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B cHIIBHOM MarHUTHOM TONE, KOT/[a MapaMeTp 3aMarHH4eHHOCTH BEJHK,
quddy3us monepex Mo JODKHA TPOUCXOIUTh OdeHb MeeHHo. [lomaepk-
HEM, 9TO CYIICCTBEHHO OTIMYACTCS M XapakTep 3aBHCHMOCTH k03 duimenTon
muddy3rm ot mapamerpoB masmel. CorntacHo BeIpaskenmto (1.54), mmt xoad-

¢$rmenTa npogoneHoi muddy3um mmeem Dy~T /4, a TaKk Kak Mg, ~B, T, ~T

/0, o ms kodddrmenTa nonepedHol Uy 3aMATHIYCHHOM TTa3MBI
moTyqaemM



n
D, ~ = (2.84)

BT

Mu1 BuuM, 9to k03¢ drment npogomeHoil muddy3mm yMeHbIaeTcs ¢
POCTOM TUTOTHOCTH TIIa3MBI M PacTeT ¢ POCTOM €€ TeMIlepaTyphl, a morneped-
HO#, HallPOTHB, PAcTeT ¢ POCTOM ILUIOTHOCTH M YMEHBIIIAETCSI C POCTOM TEMITe-
patypst!

Tor daxkr, aTo ko3 Pument monepeanoii guddysun OBICTPO YOBIBACT ¢
POCTOM BEIMYMHBI MArHUTHOTO TOJIL M K TOMY K¢ JIOJKCH YMEHBIIATHCS TIO
Mepe HarpeBa IUIa3MBl, ¥ ONPEEIII0 HAZIeKy 00€CTIeanTs TEPMON3ONSIHIO
TITa3MBI C TIOMOIIBIO CHITBHOTO MarHUTHOTO TIoIit. K coxkalreHHIo, CyImecTBYIOT
¥ JIpyTHE TIPIYWHEI, TPUBOAIINE K BOSHUKHOBCHHIIO TIOTOKOB TUIA3MBI TTOTIEPEK
MAarHUTHOTO TOJIS, 3HAYNTEIHHO TPEBHIAIONIMX MOTOKH, BEI3BIBACMBIC KJIac-
cudeckoit ctonkHoBUTeNBHOH muddy3ueii. Hanbonee CymecTBEHHBIME W3 HUX
SIBILIIOTCSL HEYCTOHIMBOCTH, 0 HUX Oymem roBoputs nozxe. Ho u B ogHOpOA-
HOM TIOJIC, B CIIOKOWHOM OSCTOKOBOH MIa3Me MOTYT BO3HHKATh MCCTHBIC DJICK-
TPUYECKHE TIOIS, TIOSIBIICHHE KOTOPHIX TaKXKe MPHBOJUT K TIepepactipeIeIeHIIO
KOHIeHTparwy, K auddysem.

Takue mpoueccsl MOMydwId HazBanue TypOynentHoil muddysuu. KavectreHHO
MOXHO €€ OIHCATh, MPENIOIOKUB, 9TO MAaciiTab BO3HUKAIOMNX (IyKTyaIlMOHHBEIX
DIEKTPHIECKHX TONIEH ONPEAENSETCA COOTHONICHHEM:

el E~T. (2.85)

JIpyriMu clioBaMH, XapakTepHas SHeprus, KOTOpyIo HabUparT JacTHIEI (C 3a-
PAIOM €) B TONe, OKa3KIBACTCA IIOPAAKA TEIUIOBOM SHEpruu IasMEL. B mpezenax o6-

JaCTH, TMPOTKEHHOCTh KOTOPOi mopsaka £, miasMa jpeiidyer moj aelicTBueM CKpe-
meHHslx ExB noneii. Eciu HampaBieHUe MO MEHAETCS XAaO0THYECKH, TO B COCEIHUX
0o6nacTax ¢ M3MEHEHHEM HAMPABIEHUS NEKTPUYECKOTO TOJS MEHSETCA M HAMPABICHUE

Apetidha — mIa3Ma ABKKETCS CO CKOPOCTBIO



Y 2.86
E =C B ’ ( . )
u GecCropsAOIHO MEHSET HANpaBJICHHE CBOEro JBIDKeHHS. DIIyKTyallMOHHBIE S9EHKU
KHBYT KODOTKOE BpEMs, IOpSAKA BpeMeHu mponera 1T ~ £ /vy M3ydenue aBike-
HUS 9aCTHL B HOJOOHRIX TypOYIEHTHEIX NOJSX SBIETCSA CIOXKHOMN, CaMOCTOSATENbHOMN
3ajadeii. YIPOIIEHHO ero MOKHO TPaKTOBaTh Kak Jupdy3uto (4acTO UCTIONB3YIOT TEp-
MUH mypoyrenmuasn ouggysus) ¢ sbdextusneM xoadduimentom auddysuu, onpene-
nseMoM BemmauHO#H £ u3 (2.85) u v, u3 (2.86),
roN2 2

SICED RS A i 2.87)

T T eB

OTa moMydeHHAsT W3 HECTPOTMX KadeCTBEHHBIX CooOpaxeHmii dopmyna
(akTigeckn coBmazaer ¢ smmmpudeckoil Gopmynoii boma, momydennoi w3
aHaITN3a SKCIIEPHMEHTAIBHBIX PE3yIbTATOR:

D 1yp6

leT
D, =—S2 . 2.88
v “16e B (2.88)

Kosddmment muddysmm, onpenemstemsrii >Toil popmymoii, HOCUT Ha-
3BAHKE OoMOBCKO20 KO3(duyuenma ougysuu. 3aBUCUMOCTH BETHIHH D g0y

¥ D] OT BeIMIWHBI MAarHUTHOTO MOJIA pa3TnaHel. CpaBHUBAS BhIpakenws (2.82)
u (2.88), maxoamm umst otHomeHMs kooddrmmentoB  muddy3rm

D son/ D1~ ®p, Ti~BT ¥/, (2.89)

T.€. B 3aMarHM9cHHOH mIasMe, Korja 3a BpEMsI MCKITYy CTOJIKHOBCHUAMU DJICK-
TPOH YCHEBaeT COBEPIINTH MHOTO JIAPMOPOBCKHX OGOPOTOB, ONPEICIAIONIYIO
POJTb JTOJDKHA MTPaTh TypOynenTHas nquddysus. Chemyer OTMETHTD, 9TO ¢ YBE-

JIMGEHUEM TeMITEpaTyphl KoadpuimenT kmaccudeckoit quddysmm D) ymeHb-
MIAeTCA, a TypOYIeHTHOM D 15 — pacTeT. ITO 03HAYAET, 9To Juddy3Hs @10



BoMy» NpakTHYeCKH He OCTaBJIIET HAJICHK]] Ha JUTHTENRHOE YiIepikaHue ropsaeit
IUTIa3MBI MATHHTHEIM IIQJIEM.

Heoxnaccuyeckan ougpghyzus

Heo0xoquMo OTMETHTB, 9TO B PSJIC SKCIICPUMEHTOB CO CHOKOIHOM,
TIPaKTHHIEeCKH DPAaBHOBECHOM, XONOIHOW IUIasMoi (Ha Tak Ha3bBaeMbIX (-
Mawunax) HEOJAHOKpaTHO HaOmonamack auddysusa, xodddummeHT xoropoit
BeChbMa OJM30K K KIIACCHIECKOMY 3HAUEHMIO.

Ha pmpyrux ycraHOBKax, B 9aCTHOCTH, Ha CTEIUIapaTOpax H3MepsIeMoe
BpeMsI yZiepikaHMs TLTIa3Mbl COOTBETCTBOBaNO Kodddrmenty muddy3nm 3Haqm-
TEJIHO TIPEBHINIAIONIEMY KITACCHYECKUI M ONM3KOMY TI0 BENMYMHE K OTpee-
msiemomy dopmynoii Boma. B To ke BpeMs W3MEPEHHBIC Ha YCTaHOBKAX THIIA
TOKaMaKa, CO3JIJAHHBIX OTCUCCTBCHHBIMH YICHBIMH, BEJMIMHBI kK03(ddumenta
muddy3um okazammcs OONBIIE KIIACCHIECKOTO, HO 3HAYMTENHFHO MEHbIIE 00-
MoBCKoro ko3 drmmenta mud dysum.

IIpeBeimenne koahrmmenta auddy3nn B CTONKHOBUTETBHOM PeXUME
HaJI €ro KJIacCHIeCKHM 3HAa49CHHEM, TTONY9EeHHBIM UL OJJHOPOJHOTO TOMS, Ha-
XOIMT OOBIICHEHWE, KaK BHepBrie ObuT0 TokaszaHo Ildupmem u Illmorepom, B
W3MEHEHNH TEOMETPHH TONs. B reomerpuu HEOHOPOHOTO MAarHUTHOTO TIOJS
ToKaMmaka (puc. 2.16), CymecTBeHHYI0 poitb urpalot Apeiidel. dpetidopbie mo-
BEPXHOCTH OTIMYAIOTCA OT MarHUTHBIX OBepXHOCTEH. ITpH 3TOM CIBHT MOXeT
TIPEBHINIATE BEMIHHY JIapMOPOBCKOTO pajuyca. B pe3ynbrare npu cTONKHOBE-
HPM 9aCTHIIA CMEIIAeTCs TIONEPeK IOl Ha PacCTOSHUE, NMPEBBIIAIONIEe Jlap-
MOPOBCKHH pajiyc, 9T0 M BBI3bIBaeT 3 ekTHBHOE yBemmdeHue koddduenTa
nioriepedHo# nddy3umn, KOTOPEIH OKa3EIBAETCS PABHBIM:

D, =(1+¢*)D,. (2.90)

e g >1 — xoaddmmenT 3anaca yCTOWYIMBOCTH, PaBHBIH OTHOIICHHIO IIara
CHJIOBO¥ JINHHH K JUIMHEC CUCTEMBI BJIOJIb OCH.



KagecTBEHHO STOT Pe3yIbTaT MOXKHO MONYIUTh cleaylomumM obpaszoM. B BuH-
TOBOM IIOJI€ XaPAKTEPHBIM Pa3MEPOM SBJISETCS UIAT CHIIOBOW JIMHUM, ycTh 4. YacTuua,
ABUKYIIAACS CO CKOPOCTRIO V, IPONETAET PACCTOSHUE TIOPAKA IIATA 32 BPEMS Lypor~H/V,
M 32 5TO BpeMs cpeiih OBBIBAET IOMEPEK MO Ha PACCTOTHUE

hl‘[pOJI "‘th

mpor *
31eck v;— cKOpOCTh JApeiidha o GUHOPMAIH, KOTOPYIO, TPY6O CUMTast v~V ~Vr, OlEHH-
BaeM, cornacHo (2.36), xak

2 2
vi+2 2

I i IO & Sy 2.91)
2Ry 3 Ry p

rae R — GonbInoii paguyc Topa, M, — IMKJIOTPOHHAS 9aCTOTa, V; — TEIJIOBAsS CKOPOCTh
JBIKEHHA 9acTull. Torma

A v: h
hr[pon ~ Vg~ —V_~ 9Pz » (2.92)

TIe P, — TApPMOPOBCKUIA pajuyc, a g =h/2mR. —koahdrmmenT 3anaca ycroiauBocTh.

VBenudenue B ¢ pa3 XapakTepHOro pasMepa IPUBOANUT K COOTBETCTBYIOIIEMY
yBemmdeHuio koadduimenta muddysun, u B pescume Ildupwa — Llnomepa 1OMKHO
OBITH:

Dmm~¢q*D, (2.93)

3amenue 371ech ¢° Ha 1+¢°, 9TOBGHI MONYHHTh AKKYPATHEIH EPEXO/ K CITyHal0 MATHHTHO-
IO TIOJISL ¢ MPSIMBIMH CHJIOBBIMH JTMHUSIMH, Korza ¢ —> 0, mpuxomimM x gpopmysie (2.90).
IMomuepxueM elme pa3, 9TO TONMYyYEHHOE yBenmucHWe kodddumenrta
muddy3rm He cBA3aHO ¢ yd4eTOM KaKHMX-NHOO TypOYyNEHTHHIX IyJIBCAIlMH, a
JIVIITB ¢ aKKyPaTHBIM Y4ETOM T€OMETPHH MarHHTHOTO 1oJis. B aToM 1mane



dopmyna Tdpupma-IllmoTepa Takke OMMCHIBACT KIACCHYCCKYIO CTOJNKHO-
BUTSNBHYKO TH(Py3mo mormepek mojisi, HO B MarHUTHOM TIOJIC TOPOMIAITBHOMN
TEOMETPHH TIPH HATMIHMH BPAIIaTSIEHOTO MPpeoOpa3oBaHus.

Puc.2.16. Cxema 06pa3oBaHus TOKAIBHEIX MPOOOK B TOKOMaKax (a);
CXeMaTHIeCcKOe 300paxeHne MPOEKIMii TPaeKTOPHIA 3aMepTHIX YACTHUIL HA
cedeHue TOKaMaka, IeHIEepAUKYIIAPHOE K ero GombmoMy quamerpy (6 1 B)



IIpy 5TOM CTOJKHOBCHHS CHMTAIOTCA JOCTATOYHO HacThIMH. TToscHUM,
KaKk MOXHO TIONYdHTh OTBEYAIOUIYI0 STOMY TPeOOBaHMIO IPaHUYHYIO YacTOTY
cTonmkHOBeHMH. O4eBHIHO, HEOOXOIMO CPABHHUTH XapaKTePHOE BPEMs MEKITY
CTONIKHOBEHHAMH ~V' H XapaKkTepHOE MPONETHOE BpeMs ~h/v, C TeM, ITo0kI
noyauts A pexvma [pupma-Illnorepa:

v
V> Vi ~ —. (2.94)
qR
IIpy BHINOMHEHWH S5TOTO YCIHOBHS YaCTHIIBI YCTIECBAIOT CTONKHYTBCS
paHbIIle, 9eM TPONETIAT XapaKTepHbIH pa3Mep TOpPA/IKa ara BUHTA.

ITpu MEeHBIMMX 9aCTOTaxX CTOJNIKHOBEHHI, KaK BIIEPBEIE MOKa3anu ["anees
u Carjyieen [14], OKa3BIBaCTCA CYIICCTBCHHBIM YUECTE CIIE OHY BAOXKHYIO 0CO-
OCHHOCTH B XapaKTepe JIBIKEHHS JacTHI] B TOPOMAIBHOM T0JIe C BHHTOBBIME
CHJIOBBIMH JTHHUSIMH. BUHTOBBIC CHIIOBBIE NIHHIW, «HAMOTAaHHbBIC Ha TOP», CTy-
MAIOTCS HAa BHYTPEHHEM OOBOZIE TOpa W pa3pexkaloTcs Ha BHEITHEM (pHC.
2.16,a). YMecTHast aHANIOTHS: TPEJICTaBUM ceGe HAMOTAHHYI0 C IOCTOSIHHBIM
IIaroM 3 THOKOH TPOBOJIOKH MPAMYIO CIHpaik. ECiM ¢ M30THYTH B KaKOM-
00 MECTE, TO Ha BHYTPECHHEH 9acTH B MECTe M3rM0a BUTKY CTYHIAKOTCSA, a Ha
BHEIIHeH — pacxoaTes. B MecTax CTynmieHMsI CHITOBBIX JIMHHMI MarHMTHOE TOJIe
6OJIBIIIE ¥ TIOSTOMY 3/I€Ch PACIIONIaTalOTCs JIOKaBHBIE TPOOKK TaK ke, Kak U B
TIPOOKOTPOHAX, CIOCOOHBIE OTPaXaTh YaCTHIIHI, CKOPOCTHh KOTOPBIX MMEET JI0C-
TaTOYHO OONBIION YroNl HAaKIOHA 1O OTHOIICHWIO K HAINPaBICHWIO MarHHTHOH
cmnoBoii maNK. KOHEYHO, TeOMETpHsi MArHUTHOTO TIOJISL B 9THX «ITPOOKOTpPO-
Hax» CIOXHee, 9eM B aKCHAIFHO-CHMMETPHIHBIX JIOBYIIKAX, HO CYTh JieNla OC-
Ta€TCs MPEXKHEH: JaCTh YaCTHI] IJIa3Mbl ¢ MAJIOH POJIONBHON CKOPOCTBIO OT-



pakaercst B TpoOKax M OKa3bIBacTCs 3axBadeHHOMH. [IprMeHnTENEHO K TOKaMa-
KaM JUIL HUX CIIOKHIICS TEPMUH 3anepmbie yacmuysl. OCTaNbHBIC 9aCTHIEI, ¥
VX TMOJIAaBISTIONICe OONBITITHCTBO, HE YACPKUBAIOTCA B TPOOKax, a MOTOMY Ha-
3BIBAIOTCS npoiemHbiMy yacmuyamu. ECIM TOp TOHKMIA, TaK 49TO OTHOIICHWE

paguyca cedeHHs TOpa K pajuycy Topa SBJISLETCS Majiol BEMMUYWHON, € = r
/R<<1, TO «@poOOYHOC OTHOMICHME» B STOM CIy4a¢ OTIMYACTCA OT €IMHHIIBI

JMIIG Ha Maltylo BemmauHy ~E. [1o 3To# nmpuanHe, 09€BHIHO, 3aNIepTHIMU OYIyT
TG T€ 9acTHIH! (BCIOMHMM OTIPEICNICHNE yIila pacTBOpa ONMAacHOTO KOHyca

noteps (2.67)), Y KOTOPHIX Majla TMPOAOJIBHAS CKOPOCTH V I /v <4 & <<1.
HIX OTHOCHTENBHOE YHCITO 1O MIOTHOCTH (TIPH PABHOPACTIPEICIICHIM 110 YTIIaM)
<\/; << 1. B srom

MOJKHO JIETKO YOeIUTHCS, OIICHNB 0OBEM B CKOPOCTHOM TIPOCTPAHCTBE, TIPHXO-
JUIIIMICS Ha JIONIO 3alePTHIX YaCTHIL.

XOTs 3amepThIX 9acTHI] OTHOCHTEIHHO Majlo, HO OHM JIalOT 3aMETHBIH
BKyaz B muddys3mo. ITo CBA3aHO ¢ 0COOCHHOCTRIO MX TpaekTopwil. [Tockoneky
TIPOAOJIBHAS CKOPOCTEH 3alepPTHIX YAaCcTHI] Majla, TO 33 BpPEMs JIBIDKCHUA OT
oSk kK MpobKe OHM «BBIIPEiiPOBEIBAIOT MOMCPSK MATHUTHOTO TIOJIS 3HAYH-
TENBHO JAbIIE, YeM TPONETHBIC JacTHIIBL. JIeHCTBUTENBHO, JUMHY TOpsIKa

miara BUHTa 3ancpras 9aCTHIIa MPOJICTACT 3a BpEMs

t Ni,‘,L:tmmﬂ
oy V«/? «/?

M CMEINAETCS 32 cUeT Apetida monepex most Ha PacCTOSHNE

TaKXe, OUCBH/IHO, HEBCIHKO, U COCTABIACT M 3m/ I’lnpoJI

(2.95)



A

~V by ~—=>>h (2.96)
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[Ipu cTONKHOBEHMH, H3MEHWB CKOPOCTB, JaCTHI[A ONHINET JAPYTYIO Tpa-
€KTOPHIO, CMECTHBIINCEH TIPH 9TOM TONEPEK TOJSI B CPEJHEM Ha PACCTOSTHHE
(2.96), aTo n 0O6ycnaBmmBaeT yBenmndenue koo dumenrta b dysum.

Ocrnsiio 3amepThiX 9acTHII MEX/TY JTOKATEHBIMH IPOOKaMH COTIPO-
BOXJ1aeT «BbIApeiidoBanme» monepex MarunTHOTO nost. [Ipy 5TOM B Ipoekimm
Ha CeUeHHe TOpa MONePedTHOe CMENICHHE OTHOCHTENBHO CpeTHEl JIMHUN MEeHSI-
€T 3HaK, ¥ B Pe3yJbTaTe MPOEKIMS TPACKTOPHI 3alePTHIX JaCTHI] Ha Toneped-
HOC CEUCHHEe TOpa HANOMWHACT W3BECTHBIN CyOTpOmMYecKkwii  1iof

=

3amn

(puc.2.16,6,B) — 1o 310ii mpramHe roBopar o guddysmm «e bananosom pecu-
Mey. DneMeHTapHas Teopus [11] maeT ClieAyIonIyio OLEHKY U BETMINHBI KO-

s¢pprmenTa yermnenns muddys3um B 6aHaHOBOM peXiMe:
3/2
D ban  __ s -3/ 2= 5

>>1. 2.97)
D r

Camu «OaHaHBD» MOTYT CYIIECTBOBaTh, HE Pa3pylIasch, MOKa JacTOTa
CTOJIKHOBEHHI JJOCTATOTHO Majia

v
V<V, = qu V= vme . (2.98)



B o6omx pexuMax M YacTHIX CTONKHOBEHHM, V> Vi, H DPEIKHX

CTONKHOBEHHH, V< V. . kodpdmment mudpdysnn, odeBnaHO, Mpsmo mpo-

TIOPITMOHAJICH JACTOTE CTOJIKHOBSHMI (CM. puc. 2.17), HO yritoBo# ko3¢ duimm-
€HT 5TOH NIPONOPIHOHANLHOCTH CYHIECTBEHHO pas3HBIMH. B mpomexyTodnoit
00J1acTH 9acToT, KOrfa «OaHaHBD) YK Pa3pyIIalOTCSA, HO CTOJKHOBCHHSA €I
peakue, OCHOBHO# BKJIaJ B NG y3HIO 1at0T MedneHHble nponemuble Yacmuybl,

a xoaddrmmenT muddy3un MoITH HE 3aBHCHT OT 9aCTOTHI CTONKHOBEHHH — 3TO
pesicum naamo. Bemmauny koaddrmenta muddysrm B pexxnme nmnato MoxHO
OIICHUTH, TOJICTaBMB B dopmyiry Ilpupmma—IllmoTepa BMECTO 9aCTOTHI CTOJK-

HOBEHWH V = V. .
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Puc.2.17 3aBUCHMOCTE «HEOKIIACCHIECKOTO» KoddduimenTa
Juddy3HH OT JaCTOTHI CTONKHOBEHUIA



[IpeBenuenne xoxddrmenta muddy3rm Hax ero KraccudeckuM 3Hade-
HHEM TIOJYIHJIO Ha3BaHUE Heokaaccuueckou ougpgysuu, a teopus aneeBa u
CarpieeBa, 0GBSCHSIONIAA MPUYHHY 3TOTO NPEBBIIICHHS, HAa3BIBACTCS HEOKNAC-
cuyeckol meopueli oug@ysuu, VN, KPaTKO, HEOKAACCUKOU. IKCTICPUMEHTHI
TOTBEPIKIAIOT 3Ty HEOKIACCHIECKYIO TEOPHIO.

Tennonpoeoonocms

C TOYKM 3peHMS Ta30KMHETHYICCKOH Teopmu KO>(DUIMEHT TEImIonpo-

BOJHOCTH paBeH kodddmmenty muddysmm, yMHONKCHHOMY Ha IUIOTHOCTB
(1.61):

K = Dn.

OT0 TpaBmMII0 MOXeT ORITH (POPMANBEHO NMPUMEHEHO K INTa3Me, KaK st

BBIYUCIICHUA K|, TAK ¥ 1A K. Crefryer nvmme y4ecTh, 9TO B OTIHIHE OT Jud-
(y3um, BO3MOXKHOH JIMIITE TIPY CTONMKHOBEHNH Pa3HOPOHBIX YacTHIL, B IEPEHO-
ce Telula, HalpOTHB, TJIABHYIO PONb MTPAlOT CTOJIKHOBEHMS OJ[THAKOBHIX Hac-
il CleayeT IMETs B BUY, 9TO TPH 33JaHHOH IIOTHOCTH ko3dduiment Ten-

NIOTPOBOJTHOCTH BJIONb MarHMTHOTO MOJNS K|| COTNacHO BHIpakeHHaM (2.80) u
(1.61), mpomopimioHaeH MHE CBOOOTHOTO Tpolera JacTHITH M B MaKCBEIUTH-
30BaHHOH ITa3Me GOTBIIE JUTS SIEKTPOHOB (TIPMMEPHO B KOPEHb M3 OTHONICHHS
macc, ~ (m; /m,)"?, pas) , a K03 OHUIMEHT TEITONPOBOHOCTH TOMEPEK MATHHT-
HOTO TIOJIS, COTJIACHO BBIpakeHHIo (2.82), GoibIre st HOHOB (TaK ke TpHMep-
HO B KOPEHb M3 OTHOLICHUS Macc, ~ (m; /m,)", pas).

Taxum 06pa3oM, COTNIACHO KIIACCHIECKUM TIPEJICTABIICHUAM, B 3aMarHH-
YeHHOM TIIa3Me BJOJIb MAarHWTHOTO TIOJS TEIUIO TIEPEHOCAT TIIaBHBIM 00pa3oM

9JIEKTPOHBI, @ TTOTIEPEK MAarHUTHOTO TIOJISI — HOHBL.



OTMeTHM, 9TO HEOKIACCHICCKUE COOOPaXKEHHS MOTYT OBITH TICpPEHECe-
HBI ¥ Ha TSTUIOMPOBOIHOCTE. OCOOCHHOCTH JIBIKEHUS JaCcTHI] B TIOJIC CIIOKHOMN
TEOMETPUM W 37eCh TPHUBOIAT K M3MEHCHHIO BEIMUMHBEI K03 duimienra mpo-
1ecca nepeHoca termia. [Ipasa, B 9KCIIEpIMEHTaX Ha TOKaMakax HaOmoaercs
aHOMaJIbHO OOJTBINION 10 CPABHEHHIO ¢ HEOKJIACCHIECKHM TEILIONEPEHOC JIEK-
TPOHAMH.

Hpoaodumocmb RJIA3MbBL 6 MAZHUMHOM ROJE

¢ IIpoBoaUMOCTE MJIA3MEI BAOJL MATHHTHOTO moJs. Hanoxe-
HHE Ha IJ1a3My MArHHTHOTO TOJIS HE OKAa3bIBAET BIMSAHMS Ha JBIKCHHE 9aCTHI]
BJIOJTB TIOJISL ¥, CJIEIOBATENIBHO, HE BIMAET HA NPOJOJIBHYIO MPOBOIMMOCTS, OTI-
pPeAeseMyI0 COCTABISIOIIEH OSIEKTPHUECKOr0 MO, HANMPABICHHON Napa-
JIEIBHO MArHUTHOMY TIOJTIO:

' Te3/2
J1=0,E G, =0,~ ) (2.99)

rie Gy — NPOBOTMMOCTH TIJIa3MBI B OTCYTCTBHE MArHHTHOTO MOJIAL.

¢ Moasipu3zauusa miaasmel. Ecimm mna3smy, HaXOASIIyIOCS B MarHuT-
HOM TIOJTe, TIOMECTUTH B SJIEKTpUYecKoe noie E, meprneHuKyIspHoe K MarHuT-
HOMY TTOJIIO, TO COTJIACHO APeii(OBBIM MPEICTABICHHAM Y SJIEKTPOHOB M IOHOB

E
TIOSIBUTCSL OJTIHAKOBAst CKOPOCTh V gz =¢ z TosTomy Toka He Oyner, OfHaKO,

TIPOM30M/IET HEKOTOPOE pPa3ieNieHHe 3apsIoB — TIa3Ma TONSPHIYETCS: JacTH-
el GyIyT JBUTaTHCS TIO TPOXOHWIAM, CMETIASCH OT TIEPBOHAYAIBHOTO TIOJIOMKE-
HUS Ha HekoTophle Benudauunl A, A, Eciu npene6peds TeIoBoi cKOpOCTHIO,
NPHHSIB HAYATLHYIO CKOPOCTH PABHOH HYINO, TO TPOXOHIIA BEIPOXKIAETCA B IUK-



nowpry (puc. 2.2), a BenMUMHA CPETHETO cMemeHus A, ; 6y/ieT paBHa 1apMOpPOB-
CKOMY Pajiycy, KOTODBIH Clle/TyeT BBITUCIATE TI0 BenmduHe apefidoBoii ckopo-
CTH.

IIycTs BEKTOp HANPSIKEHHOCTH MATHUTHOTO TONA B HANpPAaBIEH BIONL OCH Z
CHCTEMEI KOOPAWHAT, 4 BEKTOP HANMPSIKEHHOCTH 3NEKTPHIECKOro Mo F - BIons och ¥
(puc.2.18). Cropocts apeiida B CKPEINEHHEBIX SJIEKTPUIECKOM U MArHHTHOM IOMAX Oy-

J€T HATIPABIIEHA IAPAIIETEHO ocH X. MOy CpeaHux CMEIIEHMi i JIeKTpoHa <A >
U MoHa <A> paBHBI COOTBETCTBEHHO:

~ mygc ~ m;vgcC
<h, >=pp, =Z—BE; <h; >=py =’e—BE, (2.100)

E
Tae v = C —, 4 3ap4aabl 94aCTHII IO BCIIMYMHC CUUTAIOTCA OJJUMHAKOBEIMH.
E B ’

3apsyIsL B CPETHEM «PA3OMYTCsD» HA BEIUGUHY

2
A A A'>=(me+mi)c E,

e (2.101)
é.

YMHOXHWB 3Ty BEIMYUHY HA 3apsA M HA INIOTHOCTb, TONYYMM IJUITONBHEI MOMEHT P
EJIMHMIIE 00beMa

=Pne’ 5 (2.102)

M TIOTIEPEYHYIO TTO OTHOIIEHUIO K HANIPABICHHIO MATHUTHOTO TIOJISl KOMITOHEHTY JTHIJIEK-
TPHUYECKOH MPOHUIIAEMOCTH TIA3MEL
2

g l=1+4n§=1+4npm ;—2. 2.103)

B o6enx dbopmynax p,, =n(m, +m;) —MaccoBas IIOTHOCTb IUIA3MEL



PacueTsl MOKa3LBAIOT, 9TO BETMYHHA € | MOXET OBITH GONBIIONH, TOITOMY TIO-
e B mia3Me CHIbHO ocnabnserca. Hanpumep, s AeiiTepueBoil Ma3Mbl ¢ mapamerpa-
v n=10""cm?, B=10’Tc nomyaaem € | ~ 10°. Ecii oneKTpraecKkoe Mole Me/FIeHHO
MEHSICTCS BO BPEMEHH, TaK YTO BPEMEHHOM MacIITal ero H3MeHeHMs 3HAYHTENEHO IIpe-
BHIIAET JTAPMOPOBCKHIA IIEPHOJ, TO NMpHBeAeHHAT (OpMyna It € | CHpaBeIMBA U B

sToM caydae. Hamomuum, aro dopmyna (2.103) panee Gbia momydena mpu paccMoTpe-
HHHY NONAPH3ALMOHHOTO Apefida.
JIlvpnekTpudeckiie CBOHCTBA TUIa3Mbl B MarHUTHOM TIOJIE TIPETEPIIEBAIOT

CYIICCTBEHHOC M3MCHEHHE, BEIIMIHHBI £ | B € | pa3sNuYHBl, ¥ JUDIICKTpHIC-
CKasl TMPOHMIIAeMOCTh 3aMarHW4eHHOH TUIa3Mbl CTAHOBUTCS TEH30PHOM BEIMYIH-
HOM. IIpi 5TOM KOMIIOHEHTa € | OCTaeTCsA TaKoM ke, Kak M B CITydae IIa3MBI
6e3 MarauTHOTO 1MOJIA. OHA 3aBHCHT OT YaCTOTHI MAJAONICH BOIHBI M IIOTHO-
CTH 4HCla 9acTHI] TUTa3MBI, TOT/[a Kak KOMIIOHEHTa &, — OT MacCOBOH ILIOT-
HOCTH TJIa3MBl ¥ HAIPSHKEHHOCTH MarHUTHOTO TIOJISL.

e Tlomepeunas npoBoauMocTh. KapTrHa co cBo6oaHEIM Apeiidom
TJIa3MBI B CKPCHICHHBIX TOJIAX CITPABEJTHBA JINIIH TPU YCIIOBUH, YTO HET TPH-
YWH, MEIIAIOMIUX YTOMY CBOOOJHOMY JBIDKCHHIO IJIa3MEL. Peamr3oBarh Takoi

CITyqaif MOXKHO, HANPEMeEp, B CIydae aKCHAIBHO-CHMMETPHHHOTO COJECHON/A C
JIONIOJTHUTCIIBHBIM PATHAITBHBIM DJICKTPHICCKUM TI0JICM. Ecmm oce Z HanpaBHUTh

BJIOJNIb OCH COJICHOM/[A, & OCh Y — 110 Pajuycy, TOraa ock X COOTBETCTBYET Bpa-
IIEHHIO TIO YTITY () BOKPYT OCH colleHonaa. Takue CHCTEMBI CYLIECTBYIOT, M B
JBIOKYIIEHCS TIa3Me YIaeTCsl HAKAIUIMBATE BECHMA 3aMETHYIO SHEPIHIO — T10
CYIIECTBY CO3/IAIOTCS TUIa3MEHHEIE KOHJICHCATOPHI C GOJBIINM 3HAYCHHEM € | .

Jlpyroe mpuMeHeHNE — IIA3MEHHBIC TICHTPU(YTH — OBLIO pACCMOTPEHO paHee.



Z(B) Ecmi ke 1o HampaBlIeHHIO
Opeiidha  BO3HMKAaeT  KaKoe-THOO
TIPENATCTBHE, TO MPONCXOIUT Tiepe-
- Ve pactpesicieHHe IUIOTHOCTH YACTHII,
™ Vi Tak Kak BOIM3M TIPEMATCTBHS 49ac-
3=

Y(E) THIBI HaKaIuMBAlOICL. B pesymbra-

TC BO3HUKACT TPAUCHT JTaBJICHUS H

=P
y / / F
cuna (B pacdere Ha OJHY 9YacTH-

X O uy) F = —Vp/n. O1a cuna npuso-

PHe18. C JINT K TIOABICHUIO JIOTOJHUTEBHO-

He.2.18. XZMa BngTaHOBnemm PO 1o npeiidha, mMpudeM SNEKTPOHBI H
BOAUMOCTH )

WOHBI IpeiidyioT B pa3HBie CTOPOHEBI

— Bo3HMKaeT ToK. Takum oGpazom,
BOCCTaHAaBIMBACTCA POBOAMMOCTE MONIEPEK MarHUTHOTO IO B.

Ha puc. 2.18 mone B HanpaBieHO BIOIb OCH Z, a ionie E — BIoms ocu ¥
¥ Bo3HMKaET Jpeiid Baoms ocn X. Eciu mMeeTcs kakoe-minbo mpensaTCTBIe, TO

BOJIM3M HETO TUIOTHOCTH MOBHIMIACTCS; BO3HUKAET V) M OTBEHAIONIAS eMy CHIIa
F. Jlpeiid mopn neiictBueM cutbl F HampaBiICH JJII MOHOB BJIIONE OCH Y, JUIA

9JIEKTPOHOB — aHTHNapayieibHo Y. TlosBhsieTCsT TOK j, HAaNpaBICHHBIH BIOTb

ocH Y, T.e. BJOIb BEKTOpa HANPSLKEHHOCTH SJIEKTPUIECKOTO TOJISI — MPOBOM-
MOCTb «BOCCTaHAaBJIMBACTCS». BBRIUHCISA STOT TOK, HAJ0 YUUTHIBATH TPEHHE,
BO3HHKAIOIIEE IPH OTHOCHTEIIHEHOM JIBIDKCHHUH SJIICKTPOHOB H HOHOB.

ToYHBIA BBIBOJ, CTPOTO YYHTHIBAIOUIMNA B3aUMOICHCTBAE MOHOB M JICKTPOHOB
[13], moxa3eBaer, 9T0 NONEpEIHAas MPOBOAMMOCTE HE PaBHA MPOJOILHOM, G| # G|, T.€.
TIPOBOIMMOCTB IIIA3MEI AHM30TPONHA. IIpy 3TOM OTHOIIEHHE G | /O 3aBHCHT OT 3apsI0-
BOTO 9KclIa HoHA. [l HOHOB ¢ Z = 1, HanpuMep, 71 BOAOPOIHOMN IITa3MBI



c,~050 (2.104)

B obmem ciydae TOK Te9eT IO YITIOM K HAIPABICHUIO SNEKTPHIECKOTO MO, H
3axoH OMa IS TIa3MBI BRITTISLAMT chemyroummM oopasom [13]:

D g, (2.105)
o, ©, enc

E_v'r

34ech crpaBa BRIIENEHEI BCE CAragMEIe, B KOTOPHIC BXOJUT IUIOTHOCTh TOKA, B
TOM 9HCIIEe TIOCIEAHee 3 HUX oTBedaet > dexry Xomna, a cnesa B popMyne burypupy-
er 3¢ dexTUBHOE TOIIE, paBHOE

I DU | -
E'=E +—VBl+—(Vp, -R; ). (2.106)
C éen

3zeck EpBOE ClIaraeMoe — HaNpPsKEHHOCTD JJIEKTPHIECKOTO MO, BTOPOE YIH-
THIBAeT 3GGEKT WHIYKINY, BO3HUKAIOMMIL IIPH NEPECEISHIN MTOTOKOM INIA3MBI CHIIO-
BHIX JIMHWH MarHUTHOTO TOJI, TPEThE CBA3aHO C IPAJTUEHTOM IEKTPOHHOTO JaBIICHUS,
a mocueiHee yduThIBaeT BimsAHHe Tepmo-DJIC, BO3HHMKaroOmIeH H3-3a mepmocuavl, B
CHJIBHO 3aMAaTrHUYCHHOM Ma3Me MPUMEPHO PaBHOM:

Ry =—-0.71n,(bV)YT, —%A”—e[b‘wel 5:% 2.107)

e” e

®opmyna (2.105) npeacTtasnger cobGoi, MO CYIIECTBY, OAHY U3 BO3MOKHBIX
¢dopm 3ammcu 3akoHa OMa JUid 3aMarHMYIEHHOM Ta3Mel. 3 He€ ciemyer, 910 B CHITb-
HOM MAarHHTHOM IIOJI€ B HAIPaBIEHHH BJONb IIOJII COOTHOIIEHHE MEXIY COOTBETCT-
BYIOIIEH KOMIIOHEHTOH HANPSHKEHHOCTH 3JIEKTPUYECKOTO MO M INIOTHOCTH JIEKTPH-
9ECKOTO TOKA TAKOE iK€, KAK U B OTCYTCTBUE MAarHUTHOTO IO



=1, (2.1082)

IMonepeqHas COCTABISIONIAN, OHAKO, IPETEPIICBACT CYIUIECTBECHHOE H3MECHEHHE:
st dexTHBHOE TIONIE OKa3BIBACTCSA MPAKTUYECKH MEPIEHANKYIAPHEIM K TOKY. ITpoexims
NOMEPETHOTO TOJISL HA TOK CBA32HA C MOHEPETHON KOMIIOHEHTOMH INIOTHOCTH TOKA COOT-
HOIIEHNEM, KOTOPOe (paKTHUESCK! He CUIBHO OTANIACTCS OT MPEABLIYINEro:

v J
E} =L (2.1086)

Ho mns TPOTCKaHUA TOKAa NMONMCPEK MAarHvuTHOIO MOJI HYXXHA COCTaBIIAIOIIAS
3¢ dexTHBHOTO MO, MEPNEHUKYIAPHAL U K MaTHUTHOMY TOJIIO, M K TOKY — 3TO TaK
HA3BIBACMOEC XOT08CKOE noae:

1 =5, YB a 7

E oy =—LUB] /B1. (2.109)
enc c,

3a9aCTyIO XOJIJIOBCKOE TIOJIE BO3HMKAET B ILIA3ME ABTOMATHYECKH 33 CUET He-
GOJBIIOrO HAPYIIEHUS KBA3MHEHTPAIBHOCTH, 4 BHEIIHKE MOJIs, KOTOPHIE HAJAO TIPHKIIA-
JIBIBATh K TIa3Me, ONpeAersiorcs cooTHomeHusmu (2.108,a u 2.108,6). Unoraa roso-
PAT, 9YTO MArHUTHOE TIOJIC HE BIIMACT HA MPOBOAUMOCTH ITUIa3MBIL. 210 HAaA0 MOHUMATh
HUMEHHO B YKa3aHHOM CMBICIIC.
e JlpeiidpoBbie TOKH. Beerna, Korja BO3HUKAET TPaIiieHT JaBICHH,
TIOSBIIACTCS M OTBCHAIOMIAA €My CHJIa, B pacueTe Ha OJHY 9acTHIY (SJIEKTPOH

wm von), pasaast F',, =—=Vp . /n . Ona sessiBaer apeiid actrn miasmer

CO CKOPOCTBIO
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s 2.110
B2 en B2 ( )

TIPUYEM JacTUIIH ¢ 3apAJIaMH Pa3HBIX 3HAKOB JPei(yIOT B IPOTHBOTIOIOKHEIC
CTOPOHBL. JTO TIPUBOJMT K TIEPEHOCY 3apsi/ia, T.€. K MPOBOIMMOCTH, TIOSBICHHIO
TaK Ha3BIBACMBIX TOKOB HAMArHWICHUS WIH JpeiiOBBIX TOKOB

- . B
j=>.nev, _Bxvp @.111)

TMosBeHye SIEKTPHHYSCKIX TOKOB BCJICACTBHIC HEDJICKTPUUCCKHUX TIPH-
guH — creipdraeckas 0COOCHHOCTE IIA3MBI, TPUCYIIAS ¢if Bceria, KOTa eCTh
KaKue-n00 HEOTHOPOJHOCTH TUIA3MEL,

U3 teopun marnernsma [15] u3BecTHO, 9TO HAMATHUYEHUE CPEIEI I w mmor-

HOCTb MOJICKYJIIPHBIX TOKOB _] n CBA3aHBI COOTHOIICHUCM

]?H =crot ] . (2.112)

B nna3zme Hamaroudenue PaBHO CYMM€ MAarHUTHBIX MOMECHTOB YAaCTHI] B CTUHU-

ne obbema: I =n < |1 > W, CIEAOBATENBHO, B COOTBETCTRHH C (2.9),

- m
I=—En< L
o 2B

>B. (2.113)




Taxk xak JBIDKCHUC, HCpHCHI[I/]KyJISIpHOC Mal"H]/ITHOMy o0, HMECT JIBC CTCIICHU
cBOGOIBI, TO, IPOU3BO/A YCpeaHeHue, 1 0003HaqIuB p| =nT|, MOIyqdaeM

- B
j =—c rot plz ) (2.114)

B 7001 hopMe 3ammCH yIUTEIBAIOTCA APeiihOBRIC TOKH, BO3HHKAIOIINE BCIICACT-
BHE TPajHeHTa INIOTHOCTH M IPaJMEHTa MarHuTHOro mois. Ecnu mMarnutHOe mone og-
HOpoaHo, To Gopmyna (2.114) daxTuaecku copmagaer ¢ (2.111).



I'JIABA 3

MATHATOTAJIPOJJUHAMHAYECKHAN METO/I
OIINCAHMA I1JTAZMbI

§ 21. MneannHAasi OMHONKHAIKOCTHAS THIPOTAHAMHUAKA
IUIa3MBbI. Y CJ10BASI IPAMCHAMOCTH

Jlo cux mop MBI pacCMaTPHBAIM TIa3My KaK COBOKYITHOCTE OTIICINb-
HBIX 3apDKCHHBIX YaCTHI] M MCCIICIOBAIA WX JIBIKCHHC B 3aIaHHBIX TOJIAX.
OmHako Tako#l MOAX0J K ONMCAHMIO TIA3MCHHBIX SBJICHHUIH HE MOXET NPCTCH-
JIOBAaTh Ha MONHOTY. [Ipy JIBWKCHNY 3apsDKCHHBIX YACTHI] INTA3MBI BO3ZHUKAKOT
TOKH ¥ OTBCHAIOIICE UM MarHUTHOE TIOJIC, B CBOKO OUCPE/Ib BIMSIONICE HA JIBH-
JKEHUE YaCTHII, KOTOPOE, TAKIM 00pa3oM, OKa3BIBACTCS CAaMOCOTJIACOBAHHBIM C
noneM. [ImazMy ¢ 3To¥ TOYKM 3pEHMS MOXKHO PacCMaTpHBaTh KakK CILIONTHYIO
cpemny, Kak HEKYI0 MPOBOIANIYIO CYOCTaHIINIO — MPOBO it ra3. Ecimr ckopo-
CTH JIBIDKCHUS TDTa3MBI HE CIIMIITKOM BEJIMKH (3HAYUTEIFHO MEHBINE CKOPOCTH
3ByKa), TO POIb CXKHMAaEMOCTH JTOH CyOCTaHIMH He3HaIWTEIIbHA, a YPaBHEHHS
Ta30IMHAMHKH ¥ THIPOAWHAMHKH COBIAJIAOT; TOT/A TNIa3My MOXKHO paccMar-
pUBaTh KaK ITPOBOSAIIYIO XXUIKOCTh. Takod MOJX0J] K ONMUCAHUWIO JUHaMHIYe-
CKHX TIPOIICCCOB B TUIA3ME TOYIHII HA3BAHUC MAZHUMHOU 2UOPOOUHAMUKY VITTH
cokpamenao MI'J[. Brieperie oH OBUT TIPEUTONKEH B COPOKOBBIX TOJIaX JIBAIIIA-
TOTO CTOJNICTHA AJIEBEHOM NPUMEHUTEHHO K IMHAMIUKE KOCMHYCCKOM TIIa3MBEL.
ToBenenmne MPOBOMIICH KXUAKOCTH B MarHUTHOM TIOJIC B OOJNBIIONH CTCHICHU
OMPENIEIACTC €€ DIICKTPHICSCKON MPOBOMIMOCTEIO, IMCHHO OHA O0YCIIaBINBa-
€T CKOPOCTb IPOHUKHOBEHHSI MAarHUTHOTO TIOJISL B TTPOBO/IHMK. B HleanbHbI



TIPOBOJIHIK MArHUTHOS TIOJIC, KaK W3BECTHO, BOOOIIE HE MOXET MPOHWKHYTH.
OpHako ecnmM B MPOBOJIHHKE YK€ €CTh MarHWTHOE TIOJNE, TO 3TO Toie Oyger
«BMOPOKEHO» B HETO — TIPH CBOEM JIBIDKCHMH TPOBOJHWK YBIIETET 3a COOOMH
MarauTHOE Tojie. PeabHO Tta3Ma BeeTia IMEET KOHCTHYIO TIPOBOIUMOCTE, HO
€CIT MHTEPECYIoIMe Hac MPOIIECCH MPOTEKaloT OBICTPO, 3a BPEMeHa, 3HadH-
TEJIFHO MCHBINNE BPEMCHHM TPOHUKHOBCHHMS MArHUTHOTO TONSA B IUIA3MY, TO
TJIa3My MOXHO PacCMaTPUBATh KaK MICAIBHEIH POBOIHUK,
Kak m3BectHoO [15], Bpems T, (Tak Ha3EIBAEMOE CKUHOB0E 8peMsl) TIPO-
HUKHOBEHHS TIONS HA 33JaHHYI0 TIyGMHY O B NMPOBOJHUKE OMpPEIENSETCS TI0
dopmymne
2

4nc .., O

T, = 6 = , 3.1
c D

r7ic O — IPOBOJMMOCTS,
2

Mar

== (3:2)
" 4no '
rkosgpuyuenm maznumuoi Oug@ysuu oA B MPOBOAHUK. JInsa BpeMen t

<<T, IJIa3My MOXHO PacCMaTpPHBaTh KaK HJICATbHbIN TTPOBOHHK ¢ BMOPOKEH-
HBIM B HETO MArHUTHBIM TOJIeM. TakuM 00pa3oM, OJJHO M3 YCIIOBHI TPUMCHH-
MOCTH TPHOIDKCHUS WICATBHON THAPOMHAMIKY K IJIa3Me COCTOMUT B TOM, 9TO

JUTITEITBHOCTB MPOIecca ¢ TOMKHA OBITE MEHBIIIe CKHHOBOTO BPEMEHH T,

Kpome Toro, MarHNTHYI0 THAPOJMHAMUKY OOBITHO IPUMEHSIOT K OTIH-
CaHMIO TIJIa3MBI B JIOCTATOYHO CHUIIBHOM MAarHHTHOM TIONIC W BIIMSAHWUEM KOHE -
HOCTH JIapMOPOBCKOTO pajyca mpeHeOperaoT. OT0 BO3MOXHO, €CIIH Xapak-
TEpHBIH pa3Mep oONacTH, 3aHATOH Ta3Mo#, L 3Ha9MTENBHO OONBINE JTapMo-
POBCKOTO pamuyca moHa. Hakoser, Heo6XoauMoO 00CCTICUNTE KBa3WHEHTPAIIb-
HOCTB ITa3MBl. Bee 3TH yCITOBHS MOXKHO 3alHCaTh B BUJIC



t <<T,,

L>>p; (3.3)
Zn;-n,= 0.

YcTaHOBMB Takuie OTrpaHUYCHHS (Ha CaMOM JIeie, OHM 0oJiee KECTKHE), MOXKHO
NPUMCHHUTH I OMUCAHMS JUHAMWKH TUJIa3Mbl YPaBHCHMS MarHMTHOH THAPOAN-
HaMHKH, JIOTIOJTHEHHBIEC YpaBHEHUsIMA MakcBea.
MarauTorupoIMHaAMHIESCKOS TIPESICTABICHUE TUIA3MBI MOXKET OBITH
PacCIIMpEHO pacCMOTPEHHEM HE OTHOKOMIIOHEHTHOHN TPOBOIAIIEH MKUAKOCTH, a

CMECH JIBYX KOMIIOHCHT — DJICKTPOHHOH M MoHHO#. Takoe o6o6menne crano-
BHUTCS HEOOXOIMMEIM, KOT/a B TIa3Me MPOTEKAET TOK C 3aMETHOM IIOTHOCTBIO
¥ YK€ HEJIb3S CIHUTATh, 9TO CKOPOCTH KOMITOHEHT IJIa3MBI COBIAJIAIOT, KaK 3TO
TIPUHATO B OJHOXHAKOCTHOM THApOAWHAMUKE. JIBYXJKHUIIKOCTHOE paccMOTpe-
HHE PACITUPSCT BO3MOXKHOCTH METOJA, OJHAKO, Ha TPAKTUKE TPUXOIUTCS
TIOJTB30BaThCA M THAPOAWHAMHYCCKIMH W KUHCTUICCKUME MPEICTABICHHSIMHA
COBMECTHO, TaK KaK THAPOIMHAMIKA HE MOXET OTPa3sUTh HEKOTOPHIC CYMICCT-
BCHHBIC CTOPOHBI TIPOIIECCa.



§ 22. OcHOBHBIC YPaBHCHUS

OcHoBy 1000# T'MAPOTHAMAKH COCTABJITIOT TPH 3aKOHA COXPAHCHMS
— MaccChl, IMITyJTbCa ¥ DHCPIHH. HpI/I 9TOM OCHOBHBIMM IapaMCTpaMH, Xapak-
TEPU3YIONMUMHE J[BIDKEHHE CPEJIBI, SBJLTIOTCS MAacCoBas IUIOTHOCTh, MaccoBas
CKOPOCTP | JIaBIICHHE, 3aBHCSNINE B OOIIEM CITydae OT BPEMEHH M KOODP/IMHAT.
B MarHuTHO#H THAPOAMHAMUKE, KPOME TOTO, BBOJST MIOTHOCTD SJIEKTPHYECKO-
TO TOKa ¥ BCKTODP WHAYKIIMH MAarHUTHOTO ITOJIS. lIJ'I}[ HX OMPECACICHUS YPaBHEC-
HUS JMHAMMKY TPOBOJIIIICH Cpe/ibl IOTIONMHSIOT ypaBHEHHIMI MakcBena.
Brenem creyionre 0003HaAUEHHS:
®  NIOMHOCMb MACCHI
p=num, =Y,
(a) i
371€Ch OL — MHEKC COPTa 9acTwI] (JIEKTPOHEI, HOHb). Tak kak Macca HOHA 3Ha-
YUTENIHHO MPEBOCXONT MAcCy SJIEKTPOHA, m; >> m, TO BKJIAJIOM MacChl DJEK-
TPOHOB B ILIOTHOCTH ) OOBITHO IIPpeHeOPEraoT;
® Maccosas CKopocmu

10 TOH ke MPUIHHE TPUMEPHO paBHA CKOPOCTH HOHHOM KOMITOHEHTHI;
® naomMHOCMb 3apAda
pq = anqq =|e |(Zni _ne)’
(@)
r71€ |e | — abCcoMOTHAs BEMMIIHA 3apsi/ia SNEKTPOHA;
®  NIOMHOCMb MOKA
J = Zn A o -
(o)



Ecim npeanoaracTCs, 9T0 CKOpPOCThb DJICKTPOHOB V, SHAYUTCIBHO IMTPCBOCXO/IUT
CKOPOCTB HOHOB V;, TO

j=lel|ny,
Hcnone3ys npuHATEIC 0003HAYEHHS, 3aITHIIEM CITETyIONee:
e 3axon coxpanenus maccol (Hepa3phIBHOCTH CTPYH):

0 NPT
P | div(pv)=0. (3.4)
ot
o  Vpasnenue Osudgwcenus eounuyvl obvema naazmuvl (COXPAHCHUS WUM-
TyIbCca):
dvi 1 T~ =
p—=—jxB-Vp+F, (3.5
dt ¢
TIe p = ps+p; — TONHOE NABJICHHUE TIIIa3MBI, pPABHOE CYMMe JIaBJICHHI SJIEKTPO-
HOB W WOHOB, F — BHemmss cwia (HampuMep, cHIa TSDKECTH),
dvi v

7 6_+ V'V — nonHas npou3BoaHas (TaK HA3BIBaeMas Cy6CMAayUoHALb-
t t

Hasl RPOU3600HAs) TIO BPEMEHH OT CKOPOCTH TUIA3MBI,

VpaBaenue (3.5) MoxeT OBITh MOMY9EeHO CYMMHPOBAHHEM YPaBHEHHH
JIBIDKCHUA JUIS SJICKTPOHOB M MOHOB (cM. dopmyny (2.1)) ¢ mocneayrommm
npeHeOpekeHneM KOHETHOCTBIO WHEPIIMH IEKTPOHOB. BO MHOTHX KOHKpeT-
HBIX CITyqasix B ypasHeHVH (3.5) cunoii F MoHO nIpeHeGpeds.



o  Vpasnenus Maxceenna:

divE =4np, =4nl|e|(zn, —n,);

divB =0; (3.6)
rotE = _l@i;

c Ot
rotB =—n]?.

c

Ipenmonaraercs, 9T0 BCe MPOIECCH MEJJICHHBIC M TOKAMH CMETIICHHS MOXKHO
npeHebpeds, 9TO W WCIOJIB30BAHO B TOCICHAHEM W3 YpaBHEHWMIA (3.6).
¢ 3axon Oma (cormacHo pabore [13]):

— i j 1 —'> —
Er=da A, i.E, (3.7)
c, o cn,le|
rie E' — s¢pexTnBHOE TIONE, OOYCITOBIEHHOE B OOIIEM CIydae He TOJBKO

npunoxennoi Buemmei OJIC, HO M caMIM JBIDKCHUEM ITUIA3MBl, a TAKKE Ha-
JIUIUEM SJICKTPOHHOTO JIAaBJICHHMA W TIEpenajia SJCKTPOHHOH TeMIlepaTypHi;

G|, — TPOJONBHAS ¥ NONEPedHast (IO OTHOICHHMIO K HANPAB/ICHMIO MArHUT-

HOTO TOJS) TIPOBOJMMOCTH TIJIa3MBT; 1 fxl? —  XOJUIOBCKOE TIOJE.
cn, e
YrorpeburensHo HECKONBKO Pa3MdHBIX (opM 3ammcu 3akoHa Oma
JUTA TIa3MBI. OTO CBA3aHO C TEM, 9TO B 3aBUCHMOCTH OT KOHKPETHBIX YCIIOBHHT
MOXeT OKa3aThCs Hanboliee CYIIECTBEHHOM Ta WM WHas MPHUYIHA BOSHUKHOBE-
must DJIC (moapobuee cm.[13]). HacTo ucmomb3yeTes CIeAYIOMAs YIIPOIICHHA
¢dopma 3ammcu 3axona Oma:



- _ 1
-

* Ypaenenue COCMOARUS — OTO COOTHOIIICHYC BHJIA.

p=ppT). (39

YpaBHEHNE COCTOSHUS MPHOOPETACT MPOCTOH BUJI, €CITH INIa3My MOXK-
HO CUMTaTh WACATBHOW. JIA KIACCHYIECKOTO WCANIBHOTO Ta3a, KaK W3BECTHO,
YPaBHCHHE COCTOSHUS

p =nT.

TIIe 7 — KOHIICHTparms (TJIOTHOCTh 9HCIa 9acTHl) rasa. [t cMecH IByX uje-
ATBHBIX (TA30B» — <«Ta3a» DIICKTPOHOB ¢ KOHIICHTpAIMEH 1, U «Ta3a» HOHOB C
KOHIIeHTpaIue# #;

prP= neTe+niTi-

B gacTHOM cnydae meabHOM KBa3sMHEHTPaNbHON M30TEPMHYCCKON ITa3MEL,
KOT7Ia TEMIIEPATYPBI M KOHIICHTPAIIMM €€ KOMIIOHEHT COBNAJAI0T T,=T; =T,
n,= n;=n, 3TO YpaBHEHNE MPHoOpeTacT 0COOCHHO MPOCTOM BH]I

p =2nT. (3.10)

Ho TCIICPh B YPABHCHIIX JIHMHAMWKHW THIA3MBI TTOABJIACTCA JIOTIOJTHH-

TeNTBHEIH MapaMeTp — TeMIeparypa, i HeoOX0UMO YKa3aTh TPABHIIO €r0 BEI-
YUCIICHNA, BRIpaXkaiomee OamaHc Temma. B ofmeM ciydae 5TO JIOCTATOYHO
CIIOXKHOC YPaBHEHHE, YAWTHIBAIONICEe KOHEUHYIO TEIUIONPOBOIHOCTH TUIA3MEI,
BSI3KO€ TEIUIOBBIJICTICHIE, JDKOYIICBO TEIUIO, OOYCIOBICHHOE MPOTEKaHUEM TIO
TIa3Me TOKa M IPYTHE UCTOYHIKH Harpesa WK OXJIaXIeHus mia3Mel. MBI He



O6yneM ero BHINMKMCHIBATH, JCTANBHBIH aHAM3 GajaHca TEmia B INIa3Me MOXKHO
Haiitn, HanpuMep, B [13]. TIpuMeHHTEEHO K paccMaTpUBaeMO# OTHOXHIKOCT-
HOM MarHMTHOH TMIPOJIMHAMUKE B KOHKPETHBIX NMPHIOKCHUSAX 9aCTO MCIONb-
3YI0TCSL pa3NMgHBIE YIPOICHHBIE MOAXoAsl. Hampumep, st MeICHHBIX, Cy-
MIECTBEHHO JIO3BYKOBBIX, TEUEHWH, TUIa3My TpPHOMMKEHHO MOMKHO CUMTATh

HECXKMMaeMoi, [ = const, M TOTJ[a, COIIACHO YPABHEHHMIO HEPa3pEIBHOCTH
(3.4), Teuenme mmasmel yroenerBopsier ycmopmio divv =0, a maenenme
TIIa3MBbl OTIPENIENSIETCSI YCIIOBHEM COBMECTHMOCTH JIMHAMHYECCKHUX ypPaBHEHMIA.
B ycnoBmsx, Koria TEIIOOOMEH ¢ OKPYXKAIOMICH Cpelroil HeCyNIeCTBEH, WC-

None3yeTcs ajuabaTudeckuil 3akoHa BHaa P ~ py. IIpu >TOM U3MEHEHHE
TEMIIEPATypPBI CIIEYET COOTHOMEHHIO T ~ pY'l. 31ech Y — TokazaTenb aJua-

6athl, HampuMep, I MOJIETM OJJHOATOMHOTO ra3a, paBHEIH Y=5/3. B o6mem
cimydae, HanoMumM, y=1+2/N ,tme N=1,2,3... — ducio creneneii cBo6o-
JTBL

Hcnone3ys TNpHBeACHHBIC YPaBHEHHSI MAarHUTHOM THIPOJMHAMUKH,
MOJKHO OIIMCATh TIOBE/ICHWE TIa3Mbl BO MHOTMX BEChMa CIIOXKHBIX CITydasx.
HecoMHEeHHBIM TIPENMYTIIECTBOM TaKOTO TIOX0/Ia K OTIMCAHHIO TUIA3MBI SIBISIET-
Csl €r0 CPaBHMTENBHAs NMPOCTOTA M HaNBIAHOCTH. HOT/MA 5TO OYeHB BaXKHO,
HanpuMep, MPH ONMICAHNH TUTHAMUKH TOKOBHIX cucTeM. IIpu 3TOM, KOHETHO, B
Ka)K/IOM KOHKPETHOM CiTydae, WCTONb3Ys YpaBHEHWS MarHWTHOW THIPOJIMHA-
MHFKH TUIa3MBI, HEOOXOZIMMO MIMETh B BUIY yCIoBHs (3.3) NpIMEHMMOCTH TH/I-
POIMHAMWYECKUX TTPEICTaBICHUH.



§ 23. MaranTHOE JaBJICHAE

Beckma BaxkHBIE BBHIBOJBI OOLIETO XapaKTepa MOTYT OBITH ITONy9EHBI
HETOCPE/ICTBCHHO W3 aHaj3a ypasHenwmit (3.4) u (3.5).

B npenedpexxenny BHENHUMM CHIIaMK F' , ZIBIDKEHME TUIa3MBl OTIpe-
Jiensiercst cunoi Ammepa (MHade Ha3bIBaeMO# TIOHIEPOMOTOPHOM CHIOH)
TpaJeHTOM ra30KHHETHIESCKOTO JaBICHUS

av 1- =
—=—jxB-Vp. 3.11
pdt CJ p (3.11)

Hcrionb3ysi M3BECTHOE TOXJIECTBO M3 BEKTOPHOTO aHaJM3a, CHIPaBEITHBOE JUTS
IBYX mOGBIX BekTopoB d u b |
V(ab)~(aV)h +(bV)a +a xroth +b xrota ,

¥ ypaBHeHUE (3.6), TOHIEPOMOTOPHYIO CHITY MOXHO TPEJICTABUTE B BUJIC:

1+ - 1 - - B> 1 - =~
—j xB =—r10tB xB =—=V—+—(BV)B=
c 47 8t 4n (3.12)
E_V'pMar’
e
B2

P =5 (8-211) - (3.13)
8



. B
TEH30p MarHUTHOTO JIaBJICHIST; & — €AWHWYHAs MaTPHIlA, & T =— — €IUHIY-
HEI BEKTOP, HApaBICHHBIN MO KacaTebHOM K CHJIOBOH JTMHWM MarHUTHOTO

nons. B cucreMe KOOpAMHAT ¢ OCBIO Z, HapaBJICHHOH BJOIEL BEKTOpa B, sror
TEH30p 3aMCHIBACTCA B BUJIC CIICAYIOMICH THATOHABHOH TaOJIHITEL:

2
B— 0 0
8
B2
Puw =| O . 0 | (3.14)
2
O O _B_
8

3HaK KOMITOHEHT TCH30pa MarHMTHOTO JIABJICHUA HC CIIy9acH: MONCPCUHBIC
KOMITOHCHTBI TIOJIOKHUTCIIBHBI, 9TO COOTBECTCTBYCT PACTAIKUBAHMIO CHIIOBBIX
JIMHUH MarHUTHOTO TIOJS B MOMICPCIYHOM HAIPABJICHUHW, TOTIa KaK IPOJOJIBHAS
KOMITIOHCHTA 3TOT'0 TCH30pa OTPHULATCIIbHA — B ITPOJAOJIBHOM HANIPABJIICHWUHW CH-
JIOBBIC JINHWH HATAHYTHI.

Bemmauny
B 2

P, =35 (3.15)
8n

OOBITHO Ha3BIBAIOT MACHUMHBIM OQBNEHUEM.

TlonesHo Tak Tepemucats cooTHommenue (3.12), 9To6hl pacTankuBaHue U Ha-
TSDKEHHE CIJIOBRIX JIMHWI NMPOSBISUINCE B HeM emne Gonee sBHO. /It 5TOro, HOMB3YyACh
OTIPE/IENICHUEM KACATENIEHOTO BEKTOPa, 3aIHIIEM



(BV)B =(BiV)B7)=B%(iV)T+B i(iVB).

Y4uTeIBas, Aanee, 9To Mo ONpeAEnCHHIO

e H
(iVyt=—,
R
rae # — HOpPMaJb K CHIIOBOM JTnHuH, & R — pamuyc ee KpUBH3HEL, TTOIyIuM

2 2
L 7xE = B, 3B i, (3.16)

e 0603HAYEHO JIIS KPATKOCTH
VvV, =V-3(1V).

TlepBoe cnaraemoe B (3.16) orBeuaer apajeeBCKOMy «PaCTAIKUBAHWIO», a BTOPOE,
CBA3AHHOC C MCKPUBJICHUECM MAarHUTHON CHIOBOI JIMHWHA, OIMMACBIBACT BJINAHHUC HATIXKC-
HHSL MATHUTHBIX CHJIOBBIX JIMHUH, Wi (apajieeBCKoe «COKpaleHue JTUHED). [1oa9aepk-

HEM, 9TO B BaKyyMe, T.€. B 00JIaCTH BHE TOKOB, KOT/a j =0, u3 (3.16) cneayer coot-

HOIIICHUEC

B R

’

KOTOpOE yXe HMCHONB30BATOCh HAMH paHee IpH o0CYXKIeHUH ApeiihOBOro JBIKCHUSL
9aCTHIL TIa3MBl B HEOAHOPOAHOM MarHuTHOM mone. O6e ¢opmer 3amucu (3.12) u (3.16)
BIIOJIHE PABHO3HAYIHEL, M MOXKHO HOJB30BATECS 0G0 U3 HUX.

TakuM 06pa3oM, MOHEPOMOTOPHAS CHJIA MOXeET OBITh MpEICTaBIeHA B BUJE
CYMMEI TPJIHEHTa MATHUTHOTO JABICHHS W KOMIIOHEHTHI, OOA3AHHOM CBOEMY IOSBIIS-

HUIO HATSDKCHUIO MATHUTHEIX CHJIOBHIX TMHUI. B ogHOpOAHOM nONE MMeeM R—>00, 1



BKJI3J] OT 3TOM KOMIIOHEHTEI 00paInaercs B HyJb.
B npobmeMe MAarHUTHOTO YACPKAHHA INIA3MBl BOXHYIO POJIb WTPAcT

napamerp

B=L=

, 3.17
». B G.17)

OTIPEICISIONIV OTHOIICHHE ra30KHHETHYECKOTO JIABICHUS TUIa3MBI K MarHHT-
HOMY JIaBJICHHIO. B 3aBICHMOCTH OT BENMYHHEI 5TOTO MapameTpa MPHHATO To-

BOPHTB O NIA3Me 66LCOK020 Oaenenus, eciv [3>1, Wi o naasme nuzKo20 daene-
nus, ecm B<1. Hampumep, B TokamMakax TNPUHITMITHATEHO MOXET YJIEPXKH-
BaThCA TOJIBKO IIa3Ma HH3KOTO JIaBJICHMUS, Bmax < 0.1. B To BpeM4 Kak B

OTKPBITHIX JIOBYIIIKAX B IPHHIIUIIC BO3MOXHO y/ICp>KaHHE Ia3MBbI C B ~1.

OTMeTHM B 3aKITIOYEHHE, 9TO, TaK Kak MarHUTHOE JIaBJICHHE, OTperie-
nerHoe Gopmynoit (3.15), ABILESTCT OJHOBPEMEHHO ¥ TNIOTHOCTBIO MATHUTHOM
3HEPTHH, TO p,, U3MEPSACTCS B 3p1"/CM3, €CJIM MarHuTHas MHAYKIMS B n3Mepser-
A B rayccax.



§ 24. PaBHoBecHe 1a3MbI B MATHATHOM
THAPOANHAMUKE

Baxwusrit xpyr 3a/1a4, B KOTOPHIX ¢ YCIIEXOM TPUMEHSETCS MarHUTHAst
TH/IPOIMHAMMKA, CBS33aH CO CTAIMOHAPHBIMH TCUCHMSMH ILIA3MBL, T.€. C TaKH-
MH, KOTJIa TapaMeTpHl TCICHUS SIBHO HE 3aBHUCAT OT BPEMEHH M 9aCTHEHIC IIPOM3-

BOJZIHBIE TIO BpeMeHH B ypaBHeHWX (3.4) — (3.10) moxHo omyctuts. YacTHBIM
CIIy4aeM CTaIlMOHAPHEBIX IPOIIECCOB SBIITIOTCSA CTAaTHISCKHE PaBHOBECHS, KOT/a
CKOPOCTh ILTA3MBI TOXKJICCTBEHHO paBHA HyMO. DTO MMEHHO PaBHOBECHS, TaK

xax u3 yenosus V= 0 seirexaer dv'/dt =0, a, cenoatensHo, neficTyio-

e Ha 000 SNMeMeHTapHbIi 00beM TIa3MBbl CHITBI JIOJKHEI OBITH ypaBHOBE-
meHsl. [Ipu 3ToM, Kak 3TO BUIHO W3 YpaBHEHUSA JBIDKEHUA (3.5), TOIDKHO OBITEH
BBITIOJTHCHO YCJIOBHE:

lJ?XE =Vp. (3.18)
C

OTO ycnoBHe M TpeJICTAaBISIET cO00M ypasHeHue pasHosecust nia3mvl B MarHuT-
HoM ruzipoauHaMuke. 13 Hero, 04eBHIHO, CIEYET, 9TO BEKTOpa j u B ne-

JKaT Ha MIOBEPXHOCTSX, OPTOTOHANBHBIX K IPaJIMEHTy JIABICHMS, T.C. Ha IIOBEPX-
HOCTSX MOCTOSHHOTO JIaBJICHUS p = const. C Ipyroit CTOPOHEI, €CIT MarHUTHOMH
KOHGUTypaImy COTOCTaBUTh CEMEHCTBO MAarHUTHBIX TOBEPXHOCTEH, HA KOTO-
PBIX JICKAT CHJIOBBIC IMHWH, TO, O4CBH/THO, YTO HIMCHHO HA OTHX MOBCPXHOCTAX
JIABJICHVC TUIA3MBI JIOJDKHO OBITh MOCTOSHHO. Takum 06pa3oM, MarHUTHEIC TIO-
BEPXHOCTH YEPKMBAIOWIETO TUIA3My MAarHWTHOTO TIONSA € HEOOXOIMMOCTHIO
JIOJDKHBI OBITh W300apIeCKIMH TS TTa3MBI.

B npocreiiiniem ciydae, Koria CHIIOBBIC TMHUM MArHUTHOTO TONS SIB-
JUIIOTCSL IPSIMOJTMHEHHBIMH M TTApAJJICIIGHBIME JIPYT APYTY, UX PajiyC KPHBH3-
HBI paBeH OCCKOHCUHOCTH, TO COTJIACHO BEIpaXeHUIO (3.16) MOXKHO 3ammcaTh



jxB=-V, —. (3.19)

BriOpas HampaBieHWE CHJIOBBIX JIMHHI 3a OCh z CHCTEMBI KOOpJAWHAT, IS
€MHCTBEHHOW OTJIMYHOM OT HyJs KOMIIOHEHTHI TONIA B, W3 YpaBHEHHS COJIe-
HOMJAIBHOCTH MAarHUTHOTO TIOJIS

divB =0
TOJTyIHM
o

—B, =0,
oz

¥ MarHWTHAs WHIYKIHS MOXET MEHATHCS TOJGKO MOMNEPEK HATPABICHHS CHIIO-
BBIX JiHMH. Bocnonmb3oBaBImICh pecTaBicHueM (3.19) mus cumel AMriepa, 3
ypaBuenws (3.18) nomyaum
2
B 0
4 —_— j—
vV, +V,p=0, —p =0,
8n 0z

CIICAOBATCIIBHO, JABICHHUC INIA3Mbl TAKXKC HC MCHSACTCA BJIOJIb CHIIOBBIX J'II/H-II/H‘/'I,
a TIOTICPCK CHIIOBBIX JIMHMI JOJDKHA OBITH TTOCTOSHHA CyMMa JIaBJICHUS TUIA3MBI
M MarHuTHOIO JIABJICHMS:
2
Z— 4+ p =const .
8n

CormacHO 5TOMY YCIIOBHIO BHE 061aCTH, 3aHATO# TTa3MOi, MArHUTHOE TIOJIE




SIBIIICTCS. OJHOPOJHEIM, MyCTh 37Iech B, = By Toraa mocTOSHHYIO MOXKHO BBI-
6patk Tak, 9TO BO BCEM MPOCTPAHCTBE OyaeT
2 2
B z B 0
+p = . (3.20)
8 8

BuaHo, 9T0 B 00J1aCTH, 3aHATOH TIa3MO#, MarHUTHOE TIOJIE MEHBIIIE BHETITHETO.
MoxHO cKa3aTh, 9TO IJIa3Ma «BRITATKUBACT» MATHUTHOC TIONIE, KAk W 000

JIpyToif TMaMarHeTHK.
VYpasuenue (3.20) s paccCMaTpUBaEMOro JaCTHOTO CIIydas YCTaHaB-

JIMBAeT YCJIIOBHE PABHOBECHOTO COCTOSHMS CHCTEMBI «UIa3Ma — MarHWTHOE
TONe), MPUYEM JIABJICHHE MarHHTHOTO TOJIS BHE IIa3Mbl B PABHOBECHH JIOJDKHO
OBITH OOJIBIIIC MATHUTHOTO JIABJICHUS BHYTPCHHETO MOJIA KaK pa3 Ha BEJIMIHHY
Ta30KHHETHYECKOTO JIABJICHHUS TNTa3MBI, 9TO HATIBIIHO JIEMOHCTPHPYET WICIO
YACPKaHUA TIa3Mbl MAarHUTHBIM T10JICM. HO}I‘IepKHeM, YTO B YPAaBHCHMSIX paB-
HOBECHS HET KaKMX-TH0O OTPaHWYCHMI Ha MPONCXOKICHHES MAarHUTHOTO TIOJS,
MO3TOMY OHO MOXKET GBITH CO3/JAHO KAaK BHEITHUMH TOKaMH, Tak ¥ TOKOM, MPO-
TEKAKIMM 110 azMe. Bmecre ¢ Tem ycmoBue (3.20) CBA3BIBACT JIBE HEH3BECT-
HBIC BENMYWHBL [103TOMY U ONHO3HAYHOTO DEIICHHS 3a]ad9M PaBHOBECHA
HEOOXOMMMO TIPHBIICKATh JIOTIONHHUTENBHEIC YCIOBHSA, B TOM YHCIE YCIOBHS
TO/IIEPKAHMS TOKA B IIa3Me.

IIpumepoM KBa3HCTAIMOHAPHOTO TPOIIECCAa MOMKET CIY)KHTh PaBHO-
BECHOE COCTOSIHWE CaMOCIKHMAIOIIETOCS JUTHHHOTO IMIIMHAPHUIECKOTO CTONI0a

TJIa3MBl C IPOJIOJIBHBIM TOKOM — TaK Ha3BIBaeMbli Z-nuny ¥ B aTOM ciiydae B u
P 3aBHCAT TONBKO OT OFHOH KOOPAWHATH — PAcCTOSHUSA »* OT OCH cronba
(puc.3.1). YpaBHeHHE PAaBHOBSCHS IPUMET BHJI;
dp 1.
-Z—==j.B,.
or ¢



Ecmu cauTaTh TOK IMHYA pacIpe/ieeHHBIM PABHOMEPHO IO €r0 Ce4EeHHI0, TO J,

=constu B o= TU7J , , TAK KaK 10 TeopeMe O IUPKYIIAIIH
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Puc.3.1. IIna3mennsrii Z-mmyd: a — FeOMETPHS TOKOBOTO KaHaNa,
6 — pacnpeneneHiie MAarHUTHOTO TIOJIA, B — JABJICHHS TUIA3MEI (p) U
MAarHUTHOTO JaBIIeHVH (p,,) TIO paminycy



e

¥

_ , 2
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0
TOK B IIJIHHPE C paguycoM r. Jlius oONnacTH BHE MHHYA, BHOBH BOCIONH30BaB-
IKCEH TEOPEMOH O IUPKYJISIIHH, TTOyIaeM:

4n

27
_ _ . 2.,
§Bdt, = [B rdo=B, -2nr =—I=—ma’j,,
0

rae I — NOJHBIHA TOK ITHHYA.

Takum 00pa3oM, pacHmpeAeicHHe MATHUTHOTO TOJS NMWHYA cieayomee (puc.
3.1,6):

7
B (r)y=B(a) g ;
r

rae
2
B (a)=—
ol@)=—

MAarHWTHOE TI0JIC HA TPAaHUIIC TIIA3MBI.
OTMETHM NOIYTHO TONE3HYIO MPAKTUIECKYIO (HOpMyYITy NI pacdera BEJIMTH-
HEI 3TOTO IO

21 A
By(a)=—"1L, [T¢).
Aem]
TMoncranoBka pacupeIeNieHUs TOJNisL B ypaBHEHNE PaBHOBECHS MPUBOJWT K CO-
OTHOIIICHUIO



op 2m . >
or
Huterpupyem u, yauThIBas, 9TO Ha rpaHuIle cronbda (TIpH 7 = a) Ta30KUHETHIe-
CKO€ JIaBIICHHE PaBHO HyINo (p = (), momygaeM
2 2 2 2 2 2
na’ r I r B (a r
p: 5 JZ 1__ —_ 1__ Eﬁ 1__

2 2 2
a Ta‘c a’ 47 a’

HO}I‘IepKHeM, 9TO0 CymMMa lIaBJ'IeHI/ﬁ;I MAarHvTHOTI'O IIOJISI 1 JABJIICHUA TUIa3MBI

B2(r) B*a 2
+ "’( )= "’( ) 2_r_2 # const
8 8 a

p

TETEPh HE SABIICTCS BEIMAMHOM TOCTOSHHOH (cpasmrM ¢ (3.20)). OgermmHo,
9TO CBS3aHO C BKJIQJIOM OT HATSDKCHMS CHITOBBIX JIMHMM, KOTOPHIE 37IeCh MMEIOT
dopMy OKpyXHOCTEH C KOHCYHBIM PaJuyCcOM KpWBH3HEI. [loCTOSHHOMN Temeph
SIBIIICTCS BEMU4HHA

2 2 2 2
B (r) B (r) B (r) B, (a)
+ ¢ _ (_ ¢ ) _ + ¢ —__@
p =p
8n 8n 4m 4

BKJ'IalI HATSDKSHUS CHJIOBBIX JIMHHI MPHUBOJIUT K TOMY, UTO JIaBJICHUC TUIA3MBI B
IICHTPE TOKOBOTO KaHajla OKa3BIBACTCSA POBHO BIBOE OOJBIIIC MATHUTHOTO JIaB-
JICHHS Ha ero rpanuie. Pacnpesienenue TaBneHuii B TOKOBOM KaHAJe MOKa3aHO
Ha (puc. 3.1,B).

Tak xak p = 217, TO, BBOJIS TOJTHOE YHCIIO YACTHI] HA SIWHUITY JUTHHEBI
Ta3MeHHOTO cTon0a N (Tak Ha3BIBAEMOE NOZOHHOE YUCHO Yacmuy) W CHANUTAS
TeMIIepaTypy 1miasMel T IOCTOSIHHOM, OTIpeJIeTiM

= const.




a 2

N =2nfnrdr =——,
0 4c°T
OTKY/Ia IIOJIy4acM COOTHOIICHNMC
I 2
ANT =—,
c

M3BECTHOE KaK coomuouienue bennema.

Ipu BEIBOJIE 3TOTO COOTHOLICHHS HAMH TIPEIONIATAIOCh, 9TO TEMIIe-
patypa 1mma3msl ioctosiHHa. O7[HaKO MPOBOMMOCTH PealTbHON Ma3MHbl He Oec-
KOHEYHa, M TIO3TOMY TPOTeKaHWe TOKa GyIeT COMPOBOXIATHCA BHIJCICHHEM
JDKOYJIeBa TeTla M HarpeBOM Iia3sMel. ECIM 5TOT mporece CYUTaTh MeIICH-
HBIM, TO YCJIOBHE PABHOBECHSI MOXHO CUHUTaTh, TI0 KpaifHell Mepe, MpUOIImKeH-
HO crmpaBeZymBEIM. CIe/I0BaTeNIbHO, SCITH TPH MOCTOSHHOM TOTOHHOM HHCIC
JacTHIl TeMmriepaTypa OyzieT pacTH, To sl 00ecTiedeHus PaBHOBECHS HEO0XO0-
JIMMO YBEJINIHBATh TOK.

K coxanenmo, B 00CYXIaeMO#l BEIIIIC TCOMETPHY pa3psaa MpaKTHIe-
CKH HE yJaeTcsl JIOBECTH TUIa3MEHHBIH CTONO JI0 PABHOBECHOTO COCTOSIHFIS, TaK
KaK psJi TPOIIECCOB TPHBOJUT K HEYCTOWYHWBOCTH, M CTONO TasMBlI OBICTpO
paspylaercs.

[Ina3Mennsii cTon® B Z-MHYE OMMPAETCS HA JIEKTPOMABI, 3HAYUT
BJIOJTB CTOJIOA YXOJ] YACTHI] ¥ TTOTEPH SHESPTHH B 00JIACTH KOHTAKTa HEM30CKHEL.

EcrecTBeHHO kenaHue CBEPHYTH CTONO IIa3Mbl B TOP — CO3/IaTh 3aMKHYTYIO
6e3aexTpomEyio cucteMy. OHAKO TOPOMIATBHBIN BUTOK ¢ TOKOM CTPEMHTCS
K PacIIMpPEeHHIO, TOTOMY 9TO JIaBII€HHE MAarHUTHOTO TIOJS Ha BHYTPEHHIOK TI0-
BEPXHOCTH BHTKa 0OJbIIE, 9eM Ha HapykHy1o. Harmpumep, Ha mo60ii ygacTok



purka A.J JIeHiCTBYET OTTaJIKWBAIOMIAs CHJIa OT IHAMETPaIBHO MPOTHBOIOJIONK-

HOro yuactka BuTKa bJ (puc.3.2), MOCKOIEKY, KaK H3BECTHO, AHTHIIAPAILICIh-
HBIC TOKH OTTAKUBAIOTCA. UTOOB 06eCIeunTh PABHOBECHE TNTA3MEHHOTO BHUT-
Ka, €ro MOXHO OBUT0 OBl IOMECTHTH B BEPTHKAIBHOS MAarHUTHOE moJie B,, Ha-
MpaBJIeHHOE M0 OCH z, NEPHEHAMKYISAPHOM TIOCKOCTH BHTKA (IIOCKOCTH

puc.3.2). Torna CHIBI, PAaCTATHBAIOIIHE BUTOK F| ~ .J %, MOTYT GHITH CKOMIICH-

CHPOBAaHBI CHJIaMH, CXXUMawonmmMu ero, F,~JB,. Pacdersr [10] mokas3wiBaioT,
YTO TPH STOM PABHOBECHE JJOCTUTACTCS, €CITH

5, =L (w8 1),
cR a 2

rae J — IONHBIH TOK B INIA3MEHHOM BHTKE.
PaBHOBECHOE COCTOSIHMIE BHTKA
Al MOXET OBITh TOJY4€HO Takxke (Ha Bpe-
1 ! MEHAX Macmrada CKHHOBEBIX), €CIIH €ro
/ TIOMECTHTh B XOPOIIO TPOBOJIIIIMI Me-
/ e TAJUTMYECKUi KOXKyX. CMemienne BUTKa
[~ TIPUBOJNT K BO3HUKHOBEHUIO TOKOB Dy-
P / KO B KOXyX€, M MarHWTHBIC TIOJII THX

TOKOB WrpalOT poib mons B,. B stom
/ / Cilydae BpeMs CYIIECTBOBAHMS PaBHO-

-—/ 2 BECHOTO COCTOSIHMS 3aBHCHT OT COOTHO-
a
A, T IEHUs pajiiyca TUIa3MEHHOTO IIHypa 4,

2R paauyca KaMepsl Topa R, IpOBOAMMOCTH

¥ TomIuHE Ar NpoBoAIIEro Koxyxa.
Puc. 3.2. T'eomerpus TOpOUAATBEHOTO
BHUTKA ILIa3MBbL



CraOmmisaims MoJIOKCSHHS THIA3MEHHOTO BUTKA C TOKOM BEPTHKATBEHBIM
MAarHvuTHbBIM TI0JICM U HpOBOlISIIIH/[M MAaCCUBHBIM MCTAJUNITHICCKUM I(O)KyXOM pe-
aJIbHO WCMOJIB30BAJINCE B TOKAMaKaX Uil 0O0CCIICUeHs PaBHOBECHA MO OOJB-
oMy pajuycy Topa. PaBHOBecHe 1Mo MajioMy pajuycy obecmeunBaercs (B CO-
BOI(yl'IHOCTI/I C ITOJICM TOI(a) CHJIBHBIM TOpOI/IlIaJILH]:IM MAarHuTHBIM TIOJICM.

MarsuToruipoJMHaMIU9eCKuii METO/I paCCMOTPEHHS JIaeT BO3MOXKHOCTD
KadeCTBEHHO W HATISTHO TPE/CTABHTH YCIIOBHS PABHOBECHS ILIA3MEHHOTO
IIHypa Pa3jIidHON reOMETPHH, a PacueThl MO3BOJIOT OICHHUTh HEOOXOUMEIE
COOTHOMIEHHSI MAKPOCKOITHYECKHX TTAPaMETPOB.



§ 25. BrIicTphIC NPOLIECCHI

B ypaeuenmm (3.18) mnHepimeii miazmel npenebperacm. OmHako mpu
OBICTPBIX TIpoIlecCaxX 3TO HEAONMyCcTHMO. boliee TOro, OMBIT MOKa3all, 9TO Ha
TIEPBBIX CTAJMAX Pa3BUTHSL UMITyJBCHOTO pa3psizia MOXHO TIpeHeOpedh ra3oku-
HETHYECKNM JIABJICHNEM TI0 CPaBHEHWIO C MHEPIMOHHBIM WiIeHOM. [Ipu OBICT-
poM mporecce mpoOoil raza NMPOUCXOIUT TIEPBOHAYAIBHO TO Tiepud)epuu pas-
psamHoOH kamepsl. B dopmupoBanum mmazMeHHOH 00OJNIOYKM CyNIECTBEHHYIO

POJTb UTPAIOT HJIECMCHTAPHBIC MPOIECCH — MOHW3AIMA, PEKOMOMHAIINS U TIepe-
3apsaka. Ha 3To#f cragum o0pa3yeTcs TOHKWI TPOBOISIINI IHIMHAP TIIa3MEL.
ITo Mepe paszorpeBa M pocTa TOKa 5Ta INIa3MEHHAs 000JI0YKAa OTPHIBACTCS OT
CTEHKHM KaMEpHI, CKIMACTCA K IEHTPY, MOHU3YET M «CrpebaeT» mpH CKaTHH
HAXOJIANINICS BHYTPH Hee¢ HEHTPAILHEBIH MM ¢1abo HOHM30BaHHBII Ta3, BOBJIC-
Kasi €ro B JIBIKEHME K 1IEHTPY. Takoii mpollecc Moydul Ha3BaHHUe JIBIKYIIEH-
¢ MarHWTHOHM CTCHKW (B aHTIIMHCKOM JITEPaType CIIOKHICS TCPMUH SHOW-

plow — cuexwuriii WIyT) M Teoperndecku ObuT paccMoTped B CCCP JleonToBH-

geM u OcoBiioMm [16], a B CIIIA — Pozenomorom. Tlocne cxoxmennst mma3MeH-
HOI 000JIOYKH K OCH B IICHTPE KaMephl 00pa3yeTcs IMIMHAPIYECKII TIa3MeH-
HEIH «CTOJIO), CKUMAIOIMIICS O] ICHCTBHEM MarHHUTHOIO IIOJIE COOCTBEHHOTO
TOKA W, B PE3YIBTaTe, OBICTPO Pa30TPEBAIOIIHIICS — MO 3TOH NMPUIMHE TpeHeO-
peds JaBleHHEM TIa3MBl yoke Henb3s. I1o Mepe pasorpeBa JaBIieHHE TITa3MBI
PacTeT M TOPMO3HWT TIPOIIECC JANBHEHIIEro CxKaThs. JTa CTa/Iusl 3aBEPIIACTCS
00pa3oBaHNEM IMIHHAPUICCKOTO TOKOBOTO KaHajla, TIOYTH PAaBHOBECHOTO, HO,
KaK TMOKa3al ODKCIECPUMEHTHI, HEYCTOHYHMBOTO, BCKOPE Pa3pyIIAIONICTOCH,
TIIaBHBIM 00pa3oM, 3a CUeT Pa3BHUTHS NEPETSDKEK, BEAYIIHX K OOPBIBY TOKa, M
M3ru0oB-3MeEK, Pa3pyIIAIONINX TOKOBHIHM kaHat. Ha 3axmodnrensHo# cramgnm
pa3psza, KOrIa TOKOBBIH KaHA Pa3pyllacTes, BOSHUKAIOT SICKTPOMAarHUTHEIC



OIS, TIPUBOJIAIIHE K YCKOPEHHIO YaCTH YaCTHIL MJIa3MBbl, BCIJIECKY PEHTTEHOB-
CKOTO M3JIyUEHHS] M HEHTPOHHOMY H3JIYUEHWIO, €CITH paspsi] NPOM3BOJHUTCS B
Jielirepry. MOIHBIHM MMITyTBCHBIH pa3psi/i, B KOTOPOM pealTn3yeTcs OIMUCaHHas
BHIIIIE (BecbMa (parMeHTapHo!) COBOKYITHOCTh COOBITHI, TIONYydH Ha3BaHHE Z-
nuKY, TIIABHBIM 00Pa3oM 3a CHET TCOMCTPHH IMUTMHIPHICCKOH pa3psamHoi Ka-
MEPB, OCh KOTOPOHM MNPHHATO OOBIYHO BHIOMPATE 33 OCh z CHCTCMBI
KOOPJIMHAT.

Ha ¢aze memkeHys mIa3sMeHHOH 000I0IKH K OCH, COMPOBOXKIAIONIEM-
cf crpebaHreM rasza M poCTOM MAacCHl TNTa3MBl, PaguaIbHas KOOPIWHATA TIIa3-
MEHHO#H 000JI0YKHM, KOTOpas CINTACTCS TOHKOM, COTJIACHO Teopwmu JICOHTOBHYA
— Ocoga [16], onpeaensercs ypaBHCHHEM

2

d dr 1 - = B
—|m—|==(j xB), 2nr =——227r, 321
dt dt c(J ) 8 G20
7€ m — Macca eJIMHHIBI JUTHHEI MIHYPa IUIa3MBI
2
m=m0(l—r—2), m,=npa’,
a

Te a — HaJaIbHBIH pajyc 060N0UKY, m (— HadanbHas Macca Ta3a B paspsi-
HOM KaMepe Ha €JMHUILY JJTMHBI BJIOJIb OCH;
21 (t)
B o T
cr
MAarHHTHOE TOJIC TOKa CHapyXH OT IUIa3MeHHo# oGonodxu. Buytpu o6omoaxn
TIpH IIMHAPIYECKOH CHMMETPHH MAarHUTHOE TOJie, OYSBUIHO, PaBHO HYIIO.
ITo sToii mpyuawHe B npaBo#i 9acTh ypaBHeHws (3.21), npencraBmsmomneii codoit

PAIMAIBHYIO CHITY, ISHCTBYIONIYIO Ha 000JIOUKY B PacdeTe Ha CIMHHILY €€ JIJTH-
HBI BJIOJIb OCH, 3HAK 003aTEIBHO JIOJDKEH OBITH OTpHIaTebHEIM! MHOTIA B



NeByro 9acThb (3.21) BBOAAT MONONHUTENBHBIN KoodduimenT &, yauThIBaIOmi
JIOJTIO 3aXBaTHIBACMOI MACCHI ¥ PaBHBIN ¢IHHUTIC TIPY TOJTHOM CrpeOa iy,
Jlns ompenieNieHNs BETMYWHBI pa3psaaHOro Toka I(f) HeoOXoauMo 10-

TIOJTHUTENIEHOE YPaBHEHHE — SICKTPOTEXHMICSCKOES YPAaBHEHHE IICIH IS Pas-
PATHOTO KOHTYpa. JTO, KOHETHO, YCIOXKHsAeT penenre. Ho Ha HaganmeHO#M cTa-
JIMH MOXHO TTOJIaraTh, 9TO TOK PacTeT JWHEHHO TI0 BPEMEHH, TaK 9To

I@¢)=1g,

s'Ls ;
T T '
B) r)
Puc. 3.3. Pa3sHOBMAHOCTH UMIMHAPHIECKOTO (2,0) U HeIIMHAPUYIeCKOoro (B,I) Z-miHYa:
a — KJIacCHIeCKuii Z-uHd, 6 — MUKPOIMHY, B — IUTa3MeHHENH (hoxyc Oummmosa, T —

mymka Meiizepa. P —paspsaauk, C — 6aTapes KOHIEHCATOPOB, CTPEITka — HATPABIICHIE
TOKA

7

=]
T




rae [, — Temn HapacTaHMs TOKa (3/1€Ch TIOCTOSHHAS BEJIMUHHA), OTPEeisc-

MBI SIIEKTPOTEXHUYSCKUMH TTapaMeTpa pa3psaaHoi e
Pemenvie ypasuenus (3.21) mst TMHEHHO HapacTAlOMIETO TOKA JaHO B
[12]. Ono mpezcka3bIBacT, 9TO B ONPEIENICHHBIH MOMEHT BPEMEHH

t =t =15(ac/I,)"*m})*, (3.22)

HA3HIBAEMBI MOMEHTOM OCOOEHHOCTH, IIa3MEHHAI 00O0JI0YKAa CXJIONBIBACTCS
Ha OCHMl CHCTeMBI. MOMEHT OCOOEHHOCTH PEalbHO HAaOIOAaeTCs Ha SKCIEpH-
MEHTe (HO, KOHCUHO, CKATHS JI0 HYJICBOTO Pajiyca HE MPOMCXONT), TPIHYEM
TIPeICKa3aHus ¢ MOMOIIBIO (3.22) YAMBHTEIEHO TOYHO COOTBETCTBYIOT HAOIIO-

JermsM (ogpobuee cM. [12], TMIYHBIE 3HAYCHUS foe05 COCTABILTIOT 2 —10
MKC). 3aMETHM, 9TO BEJIMIHMHA toe,s OMpeNenseTcs, (akTUdeckH, TONBKO Ha-
YJaJIbHBIMH 3HAYCHUSIMH BCJIMIUH.

B macrosimee BpeMs M3ydeHO SKCICPHUMEHTANTBHO IIENOE CEMEHCTBO
pasnuaHBIX MozmMKanMii Z-MHYa, HEKOTOPBIE U3 MPEJICTABUTENEH KOTOPOTO
CXEMaTHMIHO TOKa3aHsl Ha puc. 3.3. MHoroo0Opasue momudvkaimii pa3psyHBIX
YCTpOHCTB TaKOTO THTIA HE CIydJaiiHO: TI0 CYTH JIeNla, BCS MCTOPHS HCCIEeIOBa-
HUI B 00JTaCTH YIPABISIEMOTO TEPMOSZIEPHOTO CHHTE3a OepeT HaJano OT MOIII-
HBIX WMITyJTbCHBIX PaspsfioB B Ta3e, B KOTOPHIX BIEPBBIC OBUTH OOHApY:KEHHI
«TEPMOSZIEPHBIE» HEHTPOHBI M KOTOPHIE JUTNTENHHOE BpeMst OBUTH peKopzcMe-
HaMHM TI0 TIapaMeTpy nT — TPOM3BECHUIO KOHIICHTPAIMH TUIA3MBI Ha BpeMs

yliepxkaHvsi. MHorie CBOHM MO3HIIMK BBHJTy IIENIOTO Psifia YHUKATBHBIX CBOMCTB
TIMHYH He YTPaTHITH JI0 CHX MOp.



§ 26. B3anmMHOe NPpOHNKHOBEHNE IIA3MBI U
MAarHATHOTO TOJIS

MarnuTHoe naBieHNe AeHCTBYET Ha NMPOBOJHUK B HAIIPABICHUH TIE€p-
TICHIUKYJISIPHOM K MarHUTHBIM CHJIOBBIM JIMHUSIM, B T€UCHHE BPEMEHH, MEHBb-

IIEeM CKHHOBOTO BpeMeHH ¢ < T,. 3a BpeMs, OOJbIIce CKUHOBOTO ¢ >T,, MAarHUT-
HOE TIOJIE YCTIEBAET (IPOCOYNTHCS B POBOTHUK M BETMYHHBI MHIYKIMH Mar-
HHUTHOTO TIONI BHYTPH M BHE IPOBOJHMKA BEIDABHMBAIOTCA. B cmydae, xorna
PaccMaTPUBAETCS MPOHUKHOBEHNE MATHUTHOTO TOJIS B TUIa3MYy, HYXKHO YVIHTEI-

BaTh, 9TO TPOIIECC MPOHHKHOBEHHS B3aHMHBIH — HE TOJIBKO TOJI€ MIPOHUKAET B
a3My, HO M TUIa3Ma TIPOHWKAeT B MarHUTHOE TOJe, HAalpuMeED, 3a cueT aud-
(by3uu, uMetolel MecTo U B ciTydae, KOTJ[a MarHHTHOE TI0JIe OJJHOPO/IHO.

IIpoHUKHOBEHHE OIS B IPOBOHHK € IIOCTOSAHHOM IIPOBOUMOCTBIO O
, WJIH, 9TO TO € caMoe, B OJHOPOHYIO HETIOABIIKHYIO IUIA3My C IOCTOSTHHOH
Temriepatypoii, ¢opmansno ananormano anddysum, Tak Kak ONWCHIBACTCS
(npHOIIKEHHO) CXO/THBIM YPaBHEHHEM:

o - -
EB =DM81‘AB , (323)
¢ xosdpdumment marautHOM quddy3IHM Dy, onpenensemMeiM  GopmyIToi
(3.2).

Xopomo HW3BECTHO, 9TO 3TO ypaBHEHWE ONMCHIBACT OOBITHBIH CKWH-
stpexr. IiryOrHa TPOHUKHOBEHHS TIONSA £, PACTET CO BPEMEHEM TI0 3aKOHY

£ ~ D .t .

m mar

B TPOTHBOIIOJIOXKHOM CJTydac, KOr/ia miasMa IOMEIICHA B IIOCTOAHHOC
O/THOPO/THOC MAarHMTHOC TIOJIC, €€ TpaHUIa MOCTCIICHHO Pa3MBIBACTCI W 3TO
PasMBITUC TPAHHIIBI TUIA3Mbl CBA3AHO C OBIDKCHHCM YaCTHI] MOMNCPCK MOJIA. A
9TO BO3MOXHO TOJIBKO IIPH CTOJIKHOBCHHWH YaCTHI], T.€. B TIPOIICCCC nonepequﬁ



i dysum. DTOT poIIece ONMCHIBACTCS ypaBHEHHEM

%n =div(D ,Vn), (3.24)
1 9IS
2
p, =P > (3.25)
T.

e
Benuuynaa pasMBEITHS TPAHMIIEL IUTA3MEI £, 33 BPEMs { ONpEJENICTCA Temeph
BBIDAXKCHHEM:
¢,~D.t.
JI100OTBITHO OTMETHTB, 9TO GOPMATEHO MMEET MeCTO cooTHoteHue [17]

D, = % BD ... (3.26)

H, CII/IOBATENHHO, 33 TO XK€ CaMOe BPEMS TOJNIIWHA CIOS TPOHMKHOBEHHS
TJTa3MEl HU3KOTO JIaBjieHus ¢ [3< 1 B 0/IHOPOJIHOE TIOJIe OKA3HIBAETCS B A/ 3/ 2

pPa3 MeHBIIE TOJIIMHBI CJIOSI TPOHUKHOBEHMS TIONSL B OTHOPO/IHYIO HETIO/IBIIK-
HyIO TIa3My.

BaxHo BBISICHHTB, KaKO# TPOIECC ABISETCSA JOMHHHPYIOIINM, KOT/a
MMeeT MecTo B3auMHas Ju(dy3mst mra3Mel 1 MAarHUTHOTO TIONS, T.€. B CIIydae,
KOT/Ia ¥ IJIa3Ma M TI0NE SIBIIIIOTCS HEOJHOPOIHBIME. B 00mreM BHie 3TO CloX-
Hasl 33/1a9a, HO JIOCTATOTHO TIPOCTOE €€ PEIIeHNe MOXKHO TOITyIHUTh, €CIIH OTpa-
HUYHUTECS CITydaeM IDIa3Mbl HI3Koro jaBneHus. [Ipomnece muddysmm sensercs
HECTAI[HOHAPHBIM, HO OOBITHO €r0 MOXKHO CYMTaTh ME/JICHHBIM Ha MacuITadax
BpEMEH YCTaHOBIICHVSI PAaBHOBECHS TUIa3Mbl. FIHBIMH CIIOBamMM, OTTHCHIBas Jud-
(dy3mo, B ypaBHeHnm aprwkenus (3.11) MoxkHO npeHeOpeds HHEPIWEH, 1 TIpH-
HATB, 9TO



lf><1§’—Vp ~0. (3.27)
4

Cumnrtas 3T0 YCIOBUE BHINIONHEHHBIM, I3 3akoHa Oma (3.8) momyamm
BEJINYHHY HaNPSHKEHHOCTH ICKTPHIECKOTO OIS

F-f Lyl v, (3.28)

G ¢ 2n |e |

CTpeMsch MaKCHMAJIBHO YIIPOCTUTH OIMUCAHKE, OTPAaHMIHMCS CirydaeM g dy-
3UM TUIA3MBI C TIOCTOSIHHOM TemmepaTypoit T = const B HEOJJHOPOJIHOM MarHWT-
HOM TIOJIC C TIPSIMBIMA CUJIOBBIMH JINMHWSAMH, OPUCHTHPOBAHHBIMH B/IOJIb OCH Z
cucTeMBI koopauHaT. CauTacM, 9TO BJIOJB HTOTO HANPaBICHHUS MOJIE W MIa3Ma

-

omHOpOoHEL. B aTHX ycnoBmax mojctaHoeka mons E w3 (3.28) B 3akoH MH-
AYKI|H

¢ TIOCICAYIONIMM WCTIOB30BAHUEM YPaBHEHUS HEIPEPHIBHOCTH (3.4), KOTOpOE
371€Ch YIOOHO 3aIicaTh B BUJIC:

1dn . -
——=—divy, (3.29)
ndt
HpI/[BOlI[/IT K COOTHOIIICHHUIO
B AB
i( z )=Dw z (3.30)
dt\ n n

VYuarem manee, uto (3.27) SKBUBAIICHTHO CIICAYIONIEMY YCIIOBHIO



2
1 = B,
—jxB-=Vp ==V, (F+p)=0.
c 8
OHO O3HA49acT, 9TO CYMMAapHOC JIABJICHHUC TNIa3Mbl U MAarHUTHOTO TIOIA TIOMI-
JACPKUBACTCA ITOCTOSAHHBIM:
2 2
Bz B 0
+p = , (3.31)
8 8

rae By cumraercs 3aaHHON BeWdMHOM. 3aMeTHM, 9TO TipH BEIBOJE (3.29) —

(3.31) sBHO HMKaK He HCTIONB30BAIACH MPENIONATaeMasi MATIOCTh BETMIUHEI [3,
TaK 9TO B DTOM IUIaHE OHH SIBJITIOTCA ITOKAa TOYHBIMH. YUYTEM 9Ty MaJIOCTh,
TOT/A, BBEAA T YAOOCTBA MPOMEXKYTOUHOE 0003HAICHNE,

_ 8mp
BO - 2
B,
3 (3.30) npubmnkeHHO TOTydaeM BEJIMINHY MarHUTHOM WHTYKIIHH

1
B, EB"(l_EB")' (3.32)

<<1,

Mockonmeky BemuarHa By 371€Ch MPOTOPITMOHATBHA KOHIICHTPAIMY TIa3MBl, TO,
WCTIONB3YSI 3TO COOTHOIIEHNE, MOKHO TOKa3aTh (TpesyiaracM 4uTaTellio B Ka-
YECTBE YIPAKHCHUS TPOJICNIATh STOT HECIOKHBIN BHIBOJ] CAMOCTOATEIBHO), ITO
ypaeaeHus (3.29), (3.30) cBoAATCS K OTHOMY

0 1
—n =div(=p,D ., Vn), 3.33
at n 1V(2BO Mar n) ( )
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a) 6)

Puc.3.4 Jluddy3uoHHHOE paciibBaHHE CKa9YKa MIIOTHOCTH TIA3MBIL:
a — aBTOMO/IETbHBIE TIPOIITH /IS HECKOIBKUX 3HAYCHUI BETMIHHEI CKa9Ka
(rrymsxcrup — [£]'%; 6 — SBOMOIMS CKAYKA TIOTHOCTH ¢ POCTOM BPEMEHH

(hopmanbHO coBnaziaromeMy ¢ ypaBHeHHeM nddy3um mia3Mel B 0THOPOTHOM
mone (3.24). Teneps, ogHako, B ¢ty (3.32), MarHWTHOE TOJIC OJTHO3HAYTHO
CBSI3aHO C MJIOTHOCTHIO TIIa3MEI, IIO3TOMY MOXHO CKa3aTh, 4TO OHO «aBTOMATH-
YECKH TOJICTPAWBACTCS TOJ MEJICHHO MEHSMIONIyIOCA 3a cuer auddy3um
TIJIOTHOCTH TIIA3MEL.

Vpasuenue (3.33) sBisiercs HeMMHEHHEIM, €T0 pellIEHUEe — HEMPOCTas 3a/1a9a.
JUTs WIIOCTpaLuy B3aMMHOTO IMPOHUKHOBEHHS IUIA3MEL X MATHWTHOTO IO PACCMOT-
puM 9acTHBIA ciydail g by3HOHHOTO PACIUIEIBAHUS 33JaHHOTO OJHOMEPHOTO CKadKa
IUIOTHOCTH IUIA3MEL YTIPOIIEHHE JOCTHIACTCS 37€Ch 3a CUeT TOTO, 9TO BCE TOUKH MPO-
(T IIOTHOCTH IBIDKYTCSA IIO MOZOOHRIM TPASKTOPHUSM, IO 3aKOHY Auddy3uH JOImKHO

ObITE X ~ \/t_ , © MOKHO BBECTH, KaK TOBOPSAT, A6MOMOOCTbHYI0 NEPEMEHHYIO,



&= , (3349
1€ Bpax — HOPMHPOBKA, TAKAS UTO

B(x.t) =1 (&)B max - (3.35)
Tpoduns AE), xak cnexyer u3 (3.33), yAOBIETBOPAET ypaBHEHHIO

445

d¢ =~ dg~ 2 dg

peleHus KOTOPOTO I HECKONBKUX 3HAUECHW BENIMIMHEI CKa9Ka INIOTHOCTH IPUBEE-
HEI Ha pHUC. 3.4

IIpou3BONEHEI CKA4OK IUIOTHOCTH TOCTEICHHO Pa3sMBIBACTCS C TEYCHUEM
BpeMenu (puc. 3.4, 6). 3amMeruM, 9TO CKAauOK pa3MbIBaeTCa B 00€ CTOPOHEI OT €ro Ha-
9aIBHOTO MOJIOXKEHHUS, TOIBKO €CIIM IUIOTHOCTD INIA3MEI HEPBOHAYANBHO ORI HE Hyle-
BOii M0 06€e CTOPOHEI OT Hero. Ecim e IIOTHOCTD IIa3MEl TOKAESCTBEHHO PABHA HYIIO
C OJIHOH CTOPOHEI OT CKadka (HaIpuMep, CIIpaBa, KaKk IIOKa3aHo Ha puc. 3.4, a), TO mpo-
HUKHOBEHHE IUIA3MEL B 3Ty 0ONACTh OKAa3EIBAETCA HEBO3MOXKHEIM. DTO HEYAUBUTENEHO,
TAaK KaK TPH HYJIEBOH INIOTHOCTH INasMel ko3 duument monepedanoit quddysm Tox-
JIeCTBEHHO o0painaerca B Hylb U, B paMKax MpuMeHuMocTH ypasHeHus (3.33), mubdy-
31 OKa3bIBACTCA HEBO3MOKHON. B 3THX yCIOBHAX HpEANOIOXKEHUS, 3a10KCHHBIC IIPU
BEIBOJE (3.33), OueBHAHO, JOIKHEI OBITH YTOTHEHEI.



I')IABA 4

KOJIEBAHMSA ! BOJIHBI B IIJIAZME.
HEYCTOMUYHABOCTH ILTA3ZMBI

3TO O4eHs MHTEPECHBIH, HO BECHMa CIIOXKHBIH pa3/ien GU3MKH Ia3MBl.
IMna3zma ¥MeeT MHOTO CTETICHEH CBOOOIEI, €€ CBOHCTBA CHIIBHO MEHSIOTCS TPH
HAJIOXKCHUN MAarHuTHOrO TONA (BO3HWKACT CHIIbHA aHW3OoTporms). Ilo 3toif
TIPHYHMHE CTIEKTP BO3MOXHBEIX B Hel KoJle0aHWH M BOJH SIBISIETCS BEChbMa IIW-
poxuM. MBI pacCMOTPHUM IHIIb HEKOTOPEIE, HanboJIee XapaKTepHBIE IPUMEPHI
JUISE M30TPONHOH (He3aMarHW4eHHOH) TUIa3MBI M PacIpOCTpaHEHHWE TPOCTEH-
IIMX THUTIOB BOJIH B 3aMarHWYeHHOH masMe. bormee moapobHoe w3nmoxeHwme
MOJKHO HaiiTi, HanpuMep, B [18,19]. O0sraHO KitaccumKaIiss THIIOB BOJH Ha-
9MHACTCS ¢ pa3/IeNieHHs MX Ha TIPOJIONBHEIE M TIOTIepedHbIe BONHEL st Mexa-
HIYECKHX BOJH TPOIOIBHOCTE WM TIOTIEPETHOCTH BOJTHBI CBSI3BIBAIOT C Xapak-

TEPOM JIBIDKCHUA B HEll JaCTHI] — BJOJB WJIHM TOTICPEK HAIPABIICHUS Pacipo-
cTpanenus BomHbl. HanpumMep, 3ByKOBEIE BOIHEL, ¢ TOMOIIBIO KOTOPHIX JIEKTOP
JIOBOJWMT JI0 CBOMX Ciymareneii mHdopmaimio o0 oO0CyxkIacMoM TpemMere,
SIBIBTIOTCSL TIPOJIONBHBIME — CTYIIEHHS. M pa3pekeHHs Tra3a, 1o CyTH JeNna W
TIpEZICTaBILTIONIHE COOOH 3BYKOBYIO BOJHY, TPOWCXOJIT B HANPaBICHUM €€
pactpocTpaneHus. JIis 3IeKTpOMarHUTHOH BOJHBI €€ MPOJOJIEHOCTh MIIH TI0-
TIEPETHOCTD OTIPE/IEISETCS. B3aNMHOH OpHEHTAINel BEKTOpa PacpoCTpaHEeHHS
BOJIHBI (BOJTHOBOTO BEKTOpAa) M BEKTOpa DIIEKTPHYECKOTO IO BONHBI. Ecmm
BOJTHOBOH BEKTOP M BEKTOP SIEKTPUIECKOTO TONS BONHBEI KOJUTHHEAPHHIE, TO
Takas BOJIHA SBJIACTCS TPONONBHON. ECin ke mIockocTh KoneOaHmii BekTopa
IMEKTPHIECKOTO MO IEPIEHINKYISIPHA HAIPABIECHHIO PaCIPOCTPaHEHHS



BOJIHEIL, TO TaKasl BOJIHA SBJIsIETCS Tionepednoit. [IpumMepoM cTporo nomepeqHo
BOJIHBI MOJKET CITy’)KHTh DJIEKTPOMAarHWTHAas BOJIHA — CBET — B Bakyyme. Jlis
TIOTIEPETHBIX BOJIH B TIOTIEPETHOH IO OTHOUIEHHIO K HAlPaBICHHMIO Pacrpo-
CTpaHEHWsI BOJHBI INIOCKOCTH, OYECBH/IHO, MOJKHO BBECTH J[Ba HE3aBHCHMBIX
B3aMMHO TICPTICHIMKYISPHBIX HanpasieHus. COOTBETCTBEHHO, TOBOPST O JIBYX
HE3aBUCHMBIX TIOJIAPU3AIMSX BOJHEL. B 1mazMe, HE3aBUCHIMO OT HAJMYWS VUTH
OTCYTCTBHSI BHETITHETO MarHUTHOTO TIOJISI, BO3MOKHO PaclpOCTpaHEHWE W TPO-
JIOJIbHBIX W TIOTICPCYHBIX BOJIH, MPUYICM TIPH HAJMYWHW BHCITHECTO MAarHUTHOTO
TIONST BO3MOJKHO PAacTpOCTPaHEHHE M TIPOJONBHBIX M TIOTIEPEIHBIX BOIH Kak
BJIOJb, TAaK M TONEPEK 3TOTO MAarHUTHOTO MONsL. B CBs3M ¢ 9THM BaxkHO He IMy-

TaTh XapakTep BOJNHBI — TPOJOJIBHAS OHA WITH MONepedHas — M XapakTep ee
PacmpOCTpaHEeHNS: BJONB MM TMONEPEK MATHUTHOTO MOJIA, B KOTOPOE MOMeIIe-
Ha Ia3Ma.

C BO3HMKHOBEHHECM M PACKadKoM KOJCOAHMI M BOJH B IJIA3ME HETO-
CPEIICTBCHHO CBSA3aHBI MHOTHE HCYCTOHYMBOCTH IUIA3MBI, KOTOpEIC OYIyT 00-
CYXJAThCA B 3aKIIIOYHTENIHEHOM Pasjieie STOM IIIaBbl.

§ 27. IncnepcroHHbIC YPABHCHHAS I HPOAOJIbHBIX H
TONEPEYHBIX BOJH MAJIOH aMILTATY/IbI

HanmoMHMM KpaTKO OCHOBHBIC CBEJICHHS W3 (DPU3WKH BOJIHOBBIX TIPO-
1eccoB. OCHOBHBIM COOTHOIIICHUEM, ONPEICIIAIONINM YCIOBHS PacIpoCTpaHe-
HUSL BOJIHBI B JIAHHO# cpejie, SABISETCS 3aKOH JWCTIEPCHH, YCTaHaBIMBAIOIIMI
CBS3b 9ACTOTHI KOJICOAHII W BOJIHOBOTO BEKTOPA:

o=o(k). @1

3aKoH IUCTIEPCHH TIO3BOIIICT ONPEACTUTE Ga30BYIO CKOPOCTH BOJIHEI



. _ok) k

v 42
b PR (4.2)
H €€ TPYIIMOBYIO CKOPOCTh
v, = 80)—(1{) 4.3)
ok

I'pynmoBas cKOpoCTh BOIHEI ONpe/IeNIeT HEPEHOC BOIHOBOM YHEPTHH M TO3TO-
MY HHKOTJ[A HE MOXKET MPEBHIIATE CKOPOCTH CBETA B BAKYYME

VIp <cC.

®azoBas CKOPOCTH — CKOPOCTH TICPEMENICHHS B BOJNHE TOYEK C MOCTOSHHOMN

(hazoii — He cBs3aHa C MEPEHOCOM BOJHO DHEPTHH, a IOTOMY HE OTpaHMdeHa
BEJIMYMHON CKOPOCTH CBeTa. B MpHHINIIE, OHAa MOXKET OBITE JIIO0OH IO BEIMIH-
HE, B TOM 9HCIIE ¥ OOJIBIIIE CKOPOCTH CBETA, €CIIH 3TO TIO3BOJIIET 3aKOH JINCTIED-
cnm. JInCepcHOHHBIC CBOMCTBA JJAHHOM CPEJIBI, €CIIM OTPAHUIUTHCA 00JIACThIO
BOJTH MaJIO# aMITUTHTY/IBI, MOYKHO YCTAHOBHTB, PACCMATPHBAst OTKIIMK CPEZIBI Ha
Majioe BozjaeHcTBUe. [ BONIH KOHEUHOM aMIUTUTY/BI CUTYaIUs CIIOKHEe: Ta-
KHE BOJHBI H3MEHSIOT CBOMCTBA CPEJIbl, B KOTOPOH PaclpoCTpaHIOTCA. YTIpo-
MIEHHO 5TO MOXXHO TPAaKTOBATh KaK MOSBICHNE 3aBUCHMOCTH JacTOTHI KoyieOa-
HHUH OT aMILUTHTY/IBI BOJHHI Q:

o=ok,a). (4.4)

TakoBa curyarmst juist cmabOHENMHEHHBIX BOJIH, HalpHMeED, JIEHTMIOPOBCKHUX
comuroHoB [17].



OrpanngauMcs 37IeCh PaCCMOTPESHHEM BOJIH MAJlOH aMILIATYNIEL. YHHBEp-
CAJTEHBIN TOJIXOJI, CIIPABSUIUBEIN U BOJH JIIOOOH TPHPOJIEI, 3aKITIOYACTCS B

CllelylomeM. DIIeKTPOMarHuTHOe Tolle BOMHEL E, B cielyeT OIpeNenirTs H3
ypaBHeHMI MakcBena:

otF =12
c Ot
~ 4~ =
rotd =427 LOE “5)
c c Ot

divE = 4xp,,
divB =0.

~
=

3necn Npq ,J — HaBeJIleHHas B CPeJie TIOIEM BOJIHEI INIOTHOCTB EKTPAIECKO-

TO 3aps/ia ¥ MIOTHOCTh TOKA. DTH BENYHHEI HE SBITIOTCS TOJHOCTHIO HE3aBH-
CHMEIMW, a, KaK 5TO clieayer u3 (4.5), CBA3aHBl  COOTHOIIICHUCM

o,
ot

BBIpaxKaiolieM co0oif 3aK0H coxpaHeHus 3apsia. B sTom HerpyaHO yoeauThes,
TIPUMCHUB OTICPAIINIO TWBCPTCHIINN KO BTOPOMY YPAaBHCHHIO CHCTeMBI (4.5).
Tockoneky ko3¢ durmentsr ypasaenwii (4.5), (4.6) IBHO He coAepKAT KOOPIH-
HAaT W BPCMCHH, MOXHO WCKaTh PCIICHUC B BHJIC FapMOHH‘IeCI(Oﬁ BOJIHBI

——divj , “6)

~ exp(—iwt + k7). Tak kak IPOU3BOJTHEIE TIO BPEMEHH M KOOD/MHATAM OT
rapMOHMYECKOH BOJHBI TAKOTO BHJA CBOJATCA K aNTeGpandeckoMy AOMHOXe-

Hmo Ha (—i®) u (ll; ) COOTBETCTBEHHO,



a%exp( —iot +ikF ) = (—iw)exp(—int + ik7 ),

%exp(—i@t +ik7 )= (ilg Yexp(—iwt + ik7 ),
P

TO ypaBHEHW (4.5) IpH TaKo# MOJICTAHOBKE TPEBPAIAlOTC B aJreOpandecKue:

ixE=2F.
C

ik xp =4 _OF @7
C C

lEE=4np ,

kB =0

ITepBoe U3 3THX COOTHONICHHH BBHIPaXKae€T MarHUTHOE TOJI€ BOJHEBI depe3 dJeK-
TpHUIECKOE
~ cC -~
B =—Fkx
®

1

b

¥ TIPU TaKOM ONPEICIICHINH, OYSBUIHO, TIOCIEAHEE W3 COOTHOIeHMI (4.7) cTa-
HOBUTCA TOXJIECTBOM. TakmuMm 00pa3omM, cooTHomneHus (4.7) CBOAATCA K Clie-

JTYTOTITHM



ISR x(kxE)y=3"F _oF (4.8)
[O)] C C
iEE=4np

Jlo cux nop MBI He BBICKA3BIBAM HHKAKHX IIPEITIONIOXKECHHH O CBI3U HaBECH-
HOI BOJHOHN B Cpejie TUIOTHOCTH TOKa (MJIHM 3apsia) M €¢ SJICKTPOMArHUTHOTO
nonst. Kak 5To mpuHATO, JUIsl BOJH MaJIOH aMIUIMTY/IBI 5Ta CBA3b Mpe/IoaraeT-
Csl IMHEHHOM:

j=c(o,k)E, (4.9)
a Ha0Op COOTBETCTBYIOMMX KO3 PHIMEHTOR MPOOPIMOHANEHOCTH COCTABIIACT

meH30p NPpo8oouUMoOCmy G , 3aBUCAIIMI OT CBOHCTB paccMaTpHUBacMOH CpeJibl, a
TaKke, BOOOIIE TOBOPS, OT 9acTOTHI BOJHBI M BOITHOBOTO BekTopa. [1o omnpene-
JICHUIO 5TOT TEH30D CBS3aH C MEH30POM OUBEKMPUUECKOU NPOHUYAeMOoCmu

&(®, k) cpemer cooTHOMTEHHEM:
- 4mi -~
e(0,k)=0+—oc(nk), (4.10)
®
Tle TIepBOE ClIaraeMoe — IMHWYHAs JHATOHATbHAs MaTpHia. TToCKOTBKY, B

cuty (4.6), HaBeICHHAS TUIOTHOCTH 3apsi/ia JOJDKHA OBITH CBA3aHA C HABSICHHOMN
TUTOTHOCTBIO TOKAa COOTHOIICHHEM

op, =kj,

TO BTOPOC U3 COOTHOIICHMHH (4.8) dakTHIeCKH ABIACTCA CIEJICTBUEM TICPBOTO.



Io sTo¥i mpudMHE, ¢ YIETOM OIpPEACICHHS TCH30Pa JUDICKTPHICCKON TIPOHH-
TIAEMOCTH, TOCJIC TIPOCTHIX MPEOOPA3OBaHMI TMPUXOANM K OJJHOPOIHON anred-
paudeckoii 3aade:

€, kK,
(F—Sy +k—2)Ej =0, 4.11)
T7ie BeJIMYHHA
2 _ ke ?
N (4.12)
®

TpeICTaBIIET CO00I KBaJpaT mMoKa3aTels NMPEIOMIICHHS BOJHEL. OHOpOIHAS
3anada (4.11), kak M3BECTHO, HMEET HEHYJICBOC PEHICHNC HE BCETNA, a TOJIBKO
TIPHA BBITTOJTHCHUM JIOTIOJTHHUTCIIBHOTO YCIIOBHSL. A HMCHHO, NCTCPMHUHAHT BXO-
Jutmeit B (4.11) MaTpuirsl 1oyokeH OBITH paBEH HYITIO:

g, (0,k) k. k.
Pet oy =8+

DTo yCIOBHE W TPEACTABIACT COO0M Oucnepcuontnoe ypasnenue, OmpeeIsio-
1ee 3aKkoH Jucnepcun (4.1) BONH, CTOCOOHBIX CYIICCTBOBATH B JAHHOM Cpelie.
Ecrmm mucmiepcHoHHOEe ypaBHEHHE MMeeT HECKONBKO PEIICHH, TO O HHUX TOBO-
AT KaK O 8emesix WIH 0 MOOax coOCmeeHHbIX Konebarutl.

Ecnu cpena, B KOTOpOi paccMaTpHBAaeTCS PacTpOCTPaHEHHE BOJIHEL,
HU30TPOIMHA, TAK YTO COAWHCTBCHHBIM BBIJICICHHBIM HAIllPABJICHHUCM SBJIICTCS
HamnpaBJICHHE PaCTIPOCTPaHEHHs CaMOil BOJHEI, TO CPE/IM BCEX KOMIIOHEHT TCH-
30pa AMDIEKTPIHYECKON MPOHHUIIACMOCTH OTIIMYHBI OT HYJIS JIMOIb JJBE KOMIIO-

)=0. (4.13)

HEHTHI — NIPOJIONBHAA €, M IONEpEdHas &, IO OTHOIICHHIO K HAIIPABICHUIO



PACTIpOCTpaHEHHS BOJIHEI (31€Ch MHACKCH { W fr — HAJaJIbHEIC OYKBBI aHTIIHIi-
ckux TepmMuHOB longitudinal — mpomoneHEI U transversal - momepeqnsrit). To-
T/1a 9TOT TEH30DP OKa3bIBAETCS CIIE/YIOIHM:

kk, ki,
g; =¢,(8; — P )+€, PERE (4.14)
a IMCIePCHOHHOS ypaBHeHne KaK JIETKO MPOBEPHUTH, MPUBOJIUTCA K BHIIY:
Q, k k.k. £ £, 2
Dt(—”](v ) o+ ];21)=N‘2 71| =0

Taxum 06p330M, KaK MBI BHJNM, CYIIICCTBYIOT OBC BO3MOKHOCTH BBITOJIHUTH
3TO YCIIOBHE:

g, =0, (4.15)
=N 2. (4.16)

INepBast 3 HUX OTBEHAeT MPOJIOIBHEIM BOJIHAM, a BTOpas — nonepedssM. ITo-
JIE3HO OTMETUTh, 9TO €CIH TPOCTPAHCTBEHHAA JMCTiepcHs (T.€. 3aBHCHMOCTB
KOMITOHEHT TeH30pa JUICKTPHIECKOH MPOHUIIAEMOCTH OT BOJHOBOTO BEKTO-
pa) HeCyLIeCTBEHHA, TO TPOIOIBHAL ¥ TIOTIepedHast KOMIIOHCHTH COBIA/IaloT

€, =¢, =€,

¥

¥ MOXKHO TOBOPHUTP JIMIITE 00 OHON BEIMUMHE £ — JIUMICKTPHICSCKON MPOHH-
maeMocta cpeasl. OHa W onpeenseT MUCTICPCHOHHBIC YPABHCHWS JUIS TPO-
JIOJIBHBIX

=0, (4.17)

H TIONICPCYHBIX BOJIH

g=N">. (4.18)



Hanpumep, B BakyyMe, KOT/[a, OYEBHIHO, TPOBOANMOCTD PaBHA HYJIIO, MOJIy4a-
em 3 (4.10)
€ =1,

T03TOMY, coritacHO (4.17), mpooIBHBIE BOJHBI HEBO3MOKHBI, a 3aKOH JHCIIED-
CHM TIOTIEPETHBIX BOJTH, Kak 3T0 ciieayet u3 (4.18) u (4.12), okaswsiBacTCs Crie-

AYIOIIMM
w=kc .

Hal'IOMHI/IM, YTO NMONCPCYHBIC BOJIHBI MOT'YT UMCTH JIBA HE3ABUCHMBIX HaIlpaB-
JICHHS TOJIAPH3AIIHH.
TMoaguepkHeM B 3aKIOYEHHE, 9TO €CIIM TIa3Ma aHW30TPOITHA, HaTpH-
Mep, MoMenIeHa B MardWTHOE TIOJIe, WITH B HEl pacimpOCTpaHAeTCs MyqoK Jac-
THII, TaK 9TO CYIISCTBYET SBHO BBIICNICHHOS HampaBJIeHHe, TO MPEICTaBICHHS
(4.14) s TeH3opa IDICKTPHYECKOM TPOHMIIAEMOCTH HE CIIPABEIJTMBO, HO
3aKOH JTUCHEPCHH TS TIPOJOBHEIX (MJH, TOYHEE, «ITOUYTH» TPOAOIBHBIX, TO/-
pobuee cM. [20]) BoiH mo-TipexkHEMY ompenenseTcs ypaBHeHHeM (4.15), ecim
IO/ «TIPOJIOJIBHOI) AMINEKTPUIECKOM TPOHHUIIAEMOCTHIO OHUMATh BETMYUHY
= kikj

€, =k—28ij.



§ 28. MeToa MasibIx Kosiebanumii. J(myjiekTrpayeckas npo-
HALAEMOCTh HE3aMATHUYECHHOM MJIa3MbI

Kak cnemyer 3 W3I0KEHHOTO B TPEABIyIIEM maparpade, Bce CBOMH-
CTBa BOJIH, CIIOCOOHBIX PacHpOCTPAHATHCS B JIAHHOW Cpele, B TOM YHCIIC U B
TJIa3sMe, ONPEACIAIOTCS ¢ AUDJICKTPIYECKOM MpoHMIaeMocTrio. [losTomy Ha-

1ma OyKaiInas 1ejb — YCTAaHOBUTE U MCCIICAOBATE INICKTPUICCKIC CBOCTBA
mrasmel. [Ipexae demM mepeliTH K pacCMOTPEHMIO KOHKPCTHBIX TUIA3MEHHBIX
BOJIH HAIIOMHMM JIBa DPE3YJIbTaTa, KOTOPBIC MBI yxke 0OCyxjamm panee. Bo-
TICPBBIX, IUJICKTPUIECKAs MPOHMIIACMOCTE XOJIOMHOM TIIa3MBI JIOJDKHA OTIpe-
JINATHCA COOTHOIIEeHueM (cMm. § 11):

s=1—(0)p /0))2, o, =@, +0, (4.19)

roe () — JacTotra KoireOanwii, a (®, — JCHIMIOPOBCKAs (vn TIIa3sMEHHA)

gacToTa. Bo3HMKaeT BOMpOC, KaKyl0 TNIa3My MOXHO HAa3BaTh XONOMHOH? s
OTBETa Ha 3TOT BONPOC, OYEBHIHO, HAJI0 COMOCTaBUTh XapaKTepHBIE CKOPOCTH
JIBIDKEHHS JaCTHIY Ta3Mbl ¥ (pa3oBBIE CKOPOCTH Ma3MeHHBIX BONH. JUist paB-
HOBECHOH TTa3Mbl XapaKTepHas CKOPOCTh JBWXKEHWS 9acTHI] (B OTCYTCTBHE
BOJIHEI!) — 3TO TEIUIOBAas CKOPOCTH (OONBINAS JUIS HJIEKTPOHOB INIa3MBI), TO-
3TOMY, M3ydasi yCIIOBHS PaclpOCTPAHEHHS BOJH, IUIa3My MOXHO CHUTATh XO-
J'IO)I,HOﬁ TIPH BHITOJTHCHUH YCIIOBHUSL:

®
Ve = Ve iy, (4.20)

TToCKOBKY 3TO YCIOBHE OrpaHWYHBAET YaCTOTY BOJNH CHH3Y, TO OHO OTBEHacT
BBICOKOYACTOTHOMY TpENENy, a, CleIoBaTeNnsHO, dopmyna (4.19) onpenenser
JIIRICKTPUYECKYI0 IPOHUIIAEMOCTB TTa3MBI 8 8bICOKOUACMOMHOM npeodene.



Bo-BTOpHIX, HANOMHMM, 9TO TIpH OOCYK/ICHUH JIc0aeBCKOH JITMHBI SKPaHWUpPO-
BaHuA (cM. §3 u §11) 6GBUIO TOTYUCHO YPaBHEHIE SKPAHUPOBKH

Ap = % , (4.21)
rp
rae ¥, — pamuayc Jle6as nia mmasmel. DKpaHHPOBKA 31IECh PACCMATPHBACTCS

KaK CTaTHICCKUH MPOIIeCC, MOITOMY ypaBHeHUE (4.21) oTpaxkaeT IUDIICKTpUde-
CKHe CBOWCTBA IIa3MBl B cTaTHAecKoM Tipesiene. [lomaras B (4.21)

ikF

¢~e ",
TIPUXOJTHM K CITE/[yIOTIEMY PE3yITBTaTy:
s=1+%, %E%Jriz’ (4.22)
Fp o Tp. Tpi

ONPEACILIIONICMY TUDJICKTPUICCKYIO TIPOHUITACMOCTD TUIA3MBI 8 CramuyecCKom
npeaeﬂe, CIIPABEC/IINBOM TIPH BBHIMOJTHCHUH YCJIOBHS, 06paTHOFO TI0 OTHOIIICHHU IO
K (4.19):

®
Ve =T <Yy, (4.23)

Tomaepkuem, 9T0 B 000MX MPEMETBHBIX CIy9asX CTPYKTYpa £ OKa3BIBaeTCS
cIie IyIoNIei:

e=1+0¢, +0g, .

Tleproe cnaraeMoe 3/1€Ch — €IMHNIIA — BKJIAJ] BAKYyMa, a OCTAJILHbIE IBa OTBE-
HalOT BKJI/Iy SJIEKTPOHOB ¥ MOHOB COOTBETCTBEHHO. BKIIa/I pasIMdHBIX KOMIIO-



HCHT OKa3bIBACTCA AATUTHBHBIM BCJICZICTBUC OTCYTCTBHS BBaPMOlIei/'ICTBPl}[ MC-

Ky HUMH.
Yt008B1 cocTaBUTH 0OJICe MONHYIO KapTUHY JTHHICKTPHICSCKIX CBOWMCTB

HE3aMarHW9C¢HHOH TUIa3MBl, BOCTIONB3YeMCS METOJOM MalbiX KosreOanmit. Jlms
YIPOIICHWSA, ¥ 3IE€Ch CIICAYET Cpa3y OrOBOPHUTECA, OyzeM mpenedperats 3¢ dek-
TaMH PE30HAHCHBIX C BONHOW "acTHIl. PezoHaHcHBIE 5 dexTs urpatoT npus-
IMUTHAIIBHYIO POJIBP BO MHOTHMX INIA3MCHHBIX SIBJICHHUAX — HANPpUMEpP, B MCXa-
HU3ME GECCTONKHOBHUTEIIFHOTO 3aTyXxaHus JlaHjay, HO MX y4deT TpeOyeT yCoxk-
HEHUS OTIHCAHMA TIa3MBI, TO3TOMY TOKa WX He Oy/IeM 3aTparuBarh.

Cyts MeTOna MaiBIX KonebGaHwWii 3aKkimodaercs B cremyromem. Ilpu
BO3JICHCTBHM Ha TIEPBOHAYANBHO HEBOSMYIICHHYIO TIIa3My BOJIHBI Maioil am-
TUTATY/IBI JIOTHIHO OXKH/IATh MOSBIICHUS MAJIOr0 OTKIIHKA, TTO3TOMY MOXHO BOC-
TONTB30BaThHCA PA3TIOKEHHUEM BEIMYHHEI 3TOTO OTKIIMKA 10 aMILTHTYJIC BOJHEI,
npenedperas HenuHeibMu ¢ dexramu. Kpome Toro, 6¢3 ydera pe3oHAHCHBIX
st dexToB, MBIDKEHHE HacTHIl TNIa3MBI, HHIYIIMPYEMOE BOIHOH, MOXHO pac-
CMaTpHBaTh C TMOMOIIBIO THAPOIVHAMIYCCKIX YPaBHCHHIA, 3aITHCaB JUIA Kax-
JIOTO COPTa YacTHI] YPaBHCHUS JIBIDKCHHS M YPAaBHCHHS COXPaHEHHS BEICCTRA.

PaccMoTpuM TpocTeinmii mpuMep: HJICANBHYI0 XOJNOJHYIO ILIa3My
6e3 MmyqKoB. JTO 3HAYWT, ITO MBI IPEHEOPEIKEM TETUIOBOH CKOPOCTHIO JaCTHII
MO CPABHEHHIO CO CKOPOCTBIO, MPHOOpeTaeMoil IMH B CaMOCOTIIACOBAaHBIX TIO-
JSIX. DTOT MPOCTO# MpUMeEp SABJILCTCS YIOOHOH OTIPaBHOM TOUKOMH i Ooee
CIOXHBIX cuTyanuii. B HEeBO3MYIIEHHOM PaBHOBECHOM COCTOSIHHH TIOJIaraeM,

9TO INIOTHOCTH IIa3MbI OJTHOPOIHAS Ry, = Zn 0 Mo~ const,
HET BHCHIHETO 3JICKTPHICCKOrO MOJIA E0=O ¥ MOTOKOB 9acTHI] V 0e =y 0 = 0.

Iloy Bo3xAEiiCTBHEM MONS BOJHBI YaCTHIIBI TIA3MBI IPUJYT B JIBHXKCHHE, TIOTY-
9UB YCKOPEHHE, ONPEICIIIEMOE YPABHEHHSIMH JIBHKCHMSL:



m,n,, ate =—le|n, E . (4.24)

Tpu 3amicy (4.24) yamm, 9T0 TOJIEé UMEET MAIYyI0 aMILIUTYIY, TO3TOMY BCE
HeNWHEHHBIC claracMele omymieHBl. 1o 3To# ke IMpHYHHE B MPABBIX YacTIX
durypupyer b JeiicTBYONas Ha 9acTHIIHl CHJIa, OOYCITOBIICHHAS DIICKTPH-
YECKUM TIONIeM BOJHEL JIelicTBys 1o perenTy, NpenoXKeHHOMY B MPEABIAYIIEM
naparpade, cauraeM mose BOJHB H CKOPOCTH TAPMOHWIECKHMH,

~
S~
=

Ev

—iot +ik7
e,i e N

Hanee, ¢ momorrsio (4.24) BEMUCTIEM CKOPOCTH DIICKTPOHOB M MOHOB, a 3aT¢M
M IJIOTHOCTh TOKa, MHAYIIMPYEMOTO BOJTHOM. Pe3ynbTaT OKa3pIBacTCs Cleayio-

. 2 2
~ i e°nm Zen, =
= P 4 Y .

O m m
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KoaddmmenT mponopiiHOHATEHOCTH MEXY TIOTHOCTBIO TOKA M HAIPSDKECH-
HOCTBIO TOJIT BOJIHBI JIA€T BEJMYHHY MPOBOAMMOCTH ILIA3MBI, KOTOPAs B pac-
CMaTpHBacMOM TpeJIeiie OKa3bIBaeTC PaBHOM



. 2 2.2
i enOe+Zen0,.

o= ). (4.25)

0o m, m;
Bxiaz B npoBOMOCTE 10T 00€ KOMITOHEHTHI TIa3MBI, HO, €CTECTBEHHO, HE B
paBHO# Mepe. OOBIMHO JICKTPOHHBIN BKJIAJ ABIACTCA AOMHHUpPYIOmMM. Boc-
TIOIb30BABIINCH Teneps onpezieneHueM (4.10), MOXKHO BEIUHCIUTE JTUIIEKTPH-
YeCKYI0 MPOHHMIIAEMOCTE, KOTOpas, KaKk HeTPY/HO MPOBEPHTE, COBNAJIET C TPH-
BEJICHHO# BHIIIE BeJauHOM (4.19).

VYeaoxumm MOJENH INIa3MbI, BBOJAA B PaACCMOTPECHHE BO3MOKHOCTH II€peaavdu
MMITYJIbCa B CTOJKHOBEHHMAX MEXIY HOHAMM U DIIEKTPOHAMHU. YdeT 3Toro 3¢ddexra mpu-
BOJUT K MOSABICHUIO B YPABHCHUAX ABWIKCHUA JAOIIOIHUTCIBHBIX CIAracMbIX, MPOUCXO-
HJICHAE KOTOPHIX — B3AMMHOE TPEHHE KOMITOHEHT TIIA3MEL

ov v,

ae =—|e|nOeI::—nOeme—’, 4.26)
T

m,ng,

=

v

m;ny, a—t’ =Z |e|n0,-E +ngm, =2

el
BrMHCIEHHE CKOPOCTEH KOMITOHEHT IIIA3MEI TEIEPh HECKONBKO YCIOKHAETCS, HO €ro
MOXXHO YIPOCTHTb, €CIIM YYeCTh CIEAYIoIee O0CTOATENhCTBO. 3amMeTuM, 9To 000
BBIICTICHHEIH eIMHIIHEN 00BbeM IUIa3MHEl B HAIEH MOJENH SBIAETCSA HEHTpalbHBIM IO
3apagy. IlosToMy AeHCTBYIOIME HA HErO 3NCKTPHYCCKHUE CHIIBI KOMIICHCHPYIOT JApPYyT
Jpyra. Kpome Toro, mepesjaua UMITYIIbca MEXKIy HOHAMU M SJIEKTPOHAMU HE MEHSIET B
LENOM HMITYNbCa BRUIEIEHHOrO 00beMa miasMEr! I103TOMy, €CIIH MMITYNIbC STOTO €IH-
HUIHOTO 00beMa MepBOHAYANBEHO OBUT HyNEBBIM, TO OH OCTAETCA TAKOBBIM W B Jaib-
Hejimem:

mngv, +m;nyv; =0.

OT0 COOTHOIIEHNE TIO3BOIET BRIPA3HTE OJHY CKOPOCTh 4epe3 APYTYIOo, HAPUMEp HOH-
HYIO CKOPOCTb 9epe3 SIIEKTPOHHYIO CKOPOCTb:



~ m_ng, = Zm ~
e’ 0e e
m;ng; m;

Ypaenenus (4.26) B pe3ynbTaTe CBOAATCA K OJHOMY, HAIIPUMED, YPaBHEHHE JABMKESHUA
3NIEKTPOHOB OYIET CIEeAYIOIIIM:
ov, ~ 1+Zm,/m; ~
menOe—ate =—|e|nOeE -ngm,——=—v_,

Tei

M TENEpPh YKE HECIOKHO BRIYMCIMTL CKOPOCTH M € X IIOMOMUIBIO TIOTHOCTE 3JICKTPH-
9eCKOro TOKa. JIjisl rapMOHHMYECKOH BOTHEI OHA OKA3BIBACTCA PABHOM:

== oo i+Zm,/m;) e’n,

j =oF, = - R 4.27)
o+iv,,(1+Zm,/m;) m,

. -1
W BHOBb MPOTIOPLMOHANEHOH TOMO BONHEL 31eck V,; = T, — 9acTOTa JIEKTPOH-

HOHHEIX CTOJIKHOBEHWH, O — IPOBOJAMMOCTSH IIa3MbL. JIIs JU3IEKTpHYEeCKOd MpOoHU-
11aeMOCTH:

0)2

g=1- £ . (4.28)
ofo+iv,(1+Zm ,/ m,)]

Kax MBI BUAMM, OHA CTAHOBUTCA BEIHYWHONH KOMIUIEKCHOM. DTO SBIAETCS
CIIE/ICTBUEM TOTO, 9TO CTONKHOBEHHS NPHBOAAT K 3aTyXaHWIO KoneOaHuii, TO ecTh K
JMCCHUTIAIMM SHepruy. 3aMeTnM, 9To B (4.28) Temeps yxe Henb3s BRIISIHTH OTIEILHO
BKJIa/l HOHOB H JIEKTPOHOB — aJUIUTHBHOCTH BKJIAJIOB HAapYIIAeTCs M3-3a B3aUMOJEHCT-
BUS KOMIIOHEHT IUIA3MEL IT0J9epKHEM €INe OJHO BaKHOE 0OCTOATENBCTBO. HCIomb30-
BaHHEIE B (4.26) BHIpaXKEHWS I IDIOTHOCTH CHJI B3aHMMHOTO TPEHMS MEXIY DIIEKTPO-
HaM4 1 HOHAMH
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OTINYAIOTCS IO 3HAKY — TaK M JIOJDKHO OBITh UL COXPAHEHMS UMITYTbCA B LEIOM B HOH-
SNIEKTPOHHOMN CHCTEMe, HO, Ha HMEPBHIA B3IILL, HECHMMETPUIHEI IIPU «GYKBEHHO) IIe-
pecTaHoBKe Macc, 3apAJI0B M KOHILEHTpaluii JacTui. B aefictBurensHocTH, HEOOX0aM-
Mas CHMMETPHS MMeeT MecTO. JIOCTaTO9HO BCIIOMHHTB, UTO, KaK 5T0 ORUIO MOKA3aHO B
§ 9, 5TH mapaMeTphI AOKHEI BXOJHTh B BHIP&KEHHE U1 BPEMEHH MEKAY CTOIKHOBE-
HHUSIMH HOHOB M DJIEKTPOHOB CIEAYIOUMM 06pa3zom:

LAY _mm,

T .
2.2 ’ el
eeei nOi

el

m,+m,

Teneps, mocie MOACTAHOBKH B BBIPAKEHHS UIA TUIOTHOCTEH CHN TpeHus, Tpebyemas
CHMMETPHS CTAHOBUTCS OYEBHIHOI.

B ypaBHenmsix (4.24), (4.26) mu1 npene6pernu sddexramu, cszan-
HBIMH ¢ KOHETHOCTBIO TEMIIEPaTypHI TIa3Mbl, 9TO CTIPaBeTNBO B BHICOKOTAC-
TOTHO#H 00NacTh, kKorna BHIIONHEHO ycnoBue (4.20). UToOsl MpOJBUHYTHCS B
00J1acTh MEHBIIMIX 9acTOT, KOrAa (pa30Bas CKOPOCTH BOJHBI OKa3bIBACTCS OJTHO-
TO TOPS/KA C TEIUIOBBIMH CKOPOCTAMH HacTHII, HEOOXOIMMO YCIIOXKHHUTE MO-
JICIb T1a3MBl, BKTIOYast 3¢ ¢eKTs KOHETHOro JaBJICHUA, 9TO MBI M COOMpaeMcs
TEHeps cenarTs. BMecTe ¢ TeM i yrpomieHus OyjieM npeHebperars CTOIKHO-
BEHMSIMH MOHOB M SJICKTPOHOB. DTO BO3MOXKHO, €CITH TEMIIepaTypa JOCTaTOTHO



BeNMMKAa. HamoMHMM, 9TO 9acTOTa MOH-DJICKTPOHHBIX CTOJIKHOBEHHI OBICTPO
yOBIBaCT C POCTOM TEMITCPATYPEI:
3/2

v, ~T,~".

Ecnu TemnepaTypa 1ma3Mel KOHEYHAs, TO B MIPABHIC 9aCTH YPaBHEHMI
JIBIKeHUA (4.24) HeoOXomMo JJOOABHUTH ClIaracMBIC C TPAJUCHTOM JIaBJICHHAL.
Ilycte TemmepaTypa KOMIIOHCHT TUIA3MBI TOCTOSHHAS, TOT/A TPAJUCHT JIaBJIe-
HUS OTIPEICIICTCSA TPATUCHTOM BO3MYIICHHUS TUIOTHOCTH:

Vﬁe,i :Te,iV%e,i ’

CIIE/ZIOBATENLHO, YPABHEHMS JBIDKCHUS HEOOXOINMO JIOTIONHUTE YPaBHEHHSIMH,
OTIPE/IETISIIONMMH BO3MYIIIEHME TUIOTHOCTH Ta3Mel. Eciu ducio gacTwiy mias-
MBI COXPaHsETCs, TO HEOOXOIMMbIE HaM JIOTIOTHUTENEHBIE COOTHOIIICHHUS JIAl0T
ypaBHCHHS HenpepeiBHOCTH. JIJIsT MaNBIX BO3MYIICHWH Ha ¢oHEe OITHOPOIHOMN
TITa3MBI 3TO yPaBHEHWS BUIA:

e,i

ot

Kpome Mozenu TinasMbel C TIOCTOSHHOM TeMIIEpaTypoi, 9acT0 MCHONB3YETCS
MO/IENTb TIOINTPOTIBI, B KOTOPO# JIaBIIeHNE M TeMIlepaTypa Ia3Mbl Tpearona-
TalTCA CTCIICHHBIMH (I)YHI(IH/BIMI/I TUIOTHOCTH:

=—div(n,, v, ;).

Ve,i
e,i ?

pe,i = ne,iTe,i ~n

e Y,; = const CcooTBeTCTBYIONMI TIOKa3aTeNb MOJUTPONEL. JIjst 3TOrO

CITydasi TPaJIeHT IaBJICHUS 1 MaJIbIX BO3MYIICHHH OyIeT paBeH

Vﬁe,i = ye,iTe,iV%e,i °



OOBenuHss BMECTE BCE BRIMICCKA3aHHOE, TIPHUXOINM K CIICAYIOMICH MOJICITH JITst
TETUION TUIa3MBI»:

a‘? ~
man0u —* eanOQE YQTOQWQ’
ot
on . ~
;" =—div(n,y,). (4.29)

3nech HHIEKC OL =€, 0003Ha4aeT «COPT» YACTHI] IUIA3MBl — HOH HIIH DJIEK-
tpon. Tak, e, = —|e| — 3aps]] SNEKTPOHa, a €, =7 |e| — 3apsy MoHa. BHOBB

npeanoaarasd BOJHBI TAPMOHUYICCKUMH, BBIYUCIIICM BO3MYIIICHHC TNIOTHOCTH H
CKOPOCTH KOMITOHCHT IIJIa3MBbI:

157* ie IQE

A, =n ==
o 0o 2 2 2
m, o —k“c’,
= y 2 2 k k>
. oFE -kc. (E-—(—E))
~ le so k k
v, =—2=
2 2 2 ’
* om, o —k’c,
c = TOa
SQ_YQ 4

T7le, IO aHAJOTHH C Ta30M, JUIi KPaTKOCTH BBEJICHO O0O3HadeHuWe C, . IS

«CKOPOCTH 3BYKa» COOTBETCTBYIONIEH KOMIIOHEHTHI TJIa3Mbl. YMHOKUB Hak-
JICHHBIE CKOPOCTH KOMITOHEHT TUIa3MBl Ha 3apsjl U HEBO3MYIICHHYIO TUTIOT-



HOCTB, MPOCYMMHUPOBAB 3aTE€M PE3yNBTaT O COPTaM YaCTHII, BEIMHCIISIEM TIIOT-
HOCTB HIEKTPHIECKOrO TOKa!

J = e nOava_
a=e,i
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Bocmonme3oBaBmmck nanee ompenencuusmu (4.9), (4.10), momydaeM TeH30pD
TIPOBOIMMOCTH:

(lélco)=
_ nOa o kpkq o’ kpkq > (430)
__agl m, — (8, - P +0)2_kzcsza k2

a 3aTeM U TCH30p JIIrISJleKTpIrI‘IeCKOir'I TPOHUITACMOCTH:
-~ 4ni -~
Sp,q (k, 0)) = Sp,q +?Gp,q (k, 0)) =

2

0 k_k
=(1—0)—’;)(8M - ]’;zq)+ 4.31)

o, k k
+(1_Z ;;2 2 ) ]1;211

a=e,i so




B dopmynax (4.30), (4.31) mHAEKCH p, ¢ HyMEPYIOT KOMIIOHEHTHI TEH30pPOB.
TMockomeky o0cyxknaeMas HaMu ceifiuac MOJICITh TUIA3MBI B OTCYTCTBUE BOJTHEI
ABIAETCA W30TPOITHOM — HET HUKAaKOTO BBIJICIICHHOTO HANPAaBICHHUS, TO CTPYK-
Typa TEH30pa JMDJIEKTPHHYeCKOH NMPOHMIIACMOCTH COBMAJACT C TPeICKa3bIBae-
Mmoii opmymoii (4.14). U3 comocraBnenus ¢ 31oi dopMynoii momydaem mpo-
JIONTBHYTO

2
(O))

g =1- Y 5 (432)
a=e,i ('0 _k csq
¥ TIONICPEIHYIO
@,
g, =1-— (4.33)

Q)

JURICKTPUIECKYIO TPOHHMIIaeMOCcTh. OHM pa3Hble, TIOCKOJBKY yHeT TETIOBOTO
JABVKCHUSA YacCTHI] TNIa3Mbl IMTPUBOJIAT K TIOSABJICHHUIO SBHOH 3aBHCHMOCTH JIA-
9JICKTPIYECKO MPOHUIIAEMOCTH OT BOJIHOBOTO umnciia. CpaBuus (4.32), (4.33) ¢
hopmymoii (4.19) st XonomHOH TIIa3MBI, MBI BUMM, 9TO H3MEHEHHE TIpeTep-
TeBacT TOJBKO TPOJONBHAS JIMAIICKTPHYCCKas MPOHHUIAEMOCTh, TOTepedHas
ocTaeTcs HeM3MeHHOM! DTO CBA3aHO C TeM, YTO TONepedHas rapMOHHYecKas
BOJIHA MaJTOH aMILTHTYIBI He W3MEHSET TIOTHOCTH TUIa3MBI, CIIEI0BATEIBHO, HE
TIOSIBIIACTCS TPATIEHT JABJICHHS, H KOHETHOCTE TEMIIEPaTyPhl HECYIIICCTBCHHA.

B cratwgeckom mpeziene, T. €. B npeaene @ —> (), npogomsHas mpo-
HHI]AEMOCTh OKA3BIBAacTCA PaBHOM
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qT0 CoBHAjaeT ¢ (4.22), ecm MpuHATE Y, =Y; = 1, T.e. camTaTe KOMIOHEHTHI

(4.34)

>

TIJIa3Mbl H30TEPMUYECKIMH.

IoagepkHeM, 9T0, CTPOro TOBOPS, YIET TEINIOBOrO JBHIKCHIS JACTHIL IUIA3MEL
TpebyeT KMHEeTHYeCKOro OIMCaHus. 1103TOMy IIPHBEACHHBIE PE3yNIBTATH AT KA4ecT-
BEHHO IIPABIWIBHYIO, HO YIPOUICHHYI0 KAPTHHY JUDNICKIPUIECKHX CBOMCTB ILIA3MBEL
MoXHO OOUTHCS JYYIIEro COITACHS C TOYHEIMHM Pe3yIBTATAMH, €CIM BXOJMIINEC B

TipuBeieHHEIe opMyITEI ToKaszaTem Y ¢» Y; PaccMaTpuUBaTh B KA9ECTBE (IOJTOHOTHBIX

TapaMeTpoBy, OTOHpas UX B 3aBUCHMOCTH OT KOHKPETHOH pelmaeMoil 3amagau. Hampu-
MEpP, B ClIy4daec, KOrga TCIUIOBBIC MOMMPABKHA MOKHO CHUTATHh MAJIBIMU, HO KOHCYHBIMHU, U3
dopmyimst (4.32) npubmMDKeHHO MOMydaeM:

2 2
® k T
g, ~1- z — 1+—2y“—“ , (4.35)
ot O© o’ m,

9TO COBIA/AET C PE3YNBTATOM KHHETHIeCKOMH Teopyu [18] mpu BriGope v, =3 .



§ 29. Ilonepeynsblie 3J1eKTPOMATHUTHLIC BOJTHBI B
HC3aMATrHUYCHHOM I1a3Me

BoopyHBIINCEH MOy4eHHBIME B TIPEBIIYINEM naparpade pesynsTa-
TaMH, PacCMOTPHM TIPOIECC PACTPOCTPAHEHHS SJIEKTPOMATHUTHBIX BOJH B
miaszme. Kak MBI yoke 3HaeM (cM. § 27), 3a71ada CBOIUTCS K PEHICHHUIO JUCTICD-

CHOHHBIX yPaBHEHHI
g, =0,
WM

g, =N’

B 3aBHCHMOCTH OT TOTO, Kakoi KOHKPCTHO THII BOJIHBI HAC HHTCPCCYCT: YUCTO
TIPOJIONBHEIE WM HHCTO TonepedHsie BonHbL. [locnemnmii cirydail ocoGeHHO
npocT. C Hero ¥ HagHeM 00CYXIICHHE TUIA3MEHHBIX BOJTH.

0 2 ke a4

Puc. 4.1. 3axon aucnepcuu nonepeaHoON
BOJIHEI B TIJ1a3Me€; TYHKTHD —
®=kc

IMockonbKy I TOMEPEUHBIX
BOJIH JIMDJICKTPUYECKYI0 TIPOHHMI[AE-
MOCTE TIIA3MBI OTIPEEISIET COOTHOIIIE-
Hue (4.33), TO IUCTIEPCHOHHOE YpaBHE-
HHE OyJIeT TaKuM:

2 2.2
® ke
P _AT2 _
1-—2=N?="—
[O)) [O))

PemienrieM 5TOr0 ypaBHEHHS, OYEBHII-
HO, SABJIAETCSA

m=,/m§, +cik?* . (4.36)



OTO COOTHONICHHME W OMNpECISET 3aKOH JUCIIEPCHH TOMEPEYHON BOJNHEI B
miazme (puc. 4.1). OOpaTiM BEIMaHWE, 9TO IS KOPOTKHUX BOJH, KOorla &k —>
00, moydaeM (O —> k¢, TaKk 910 B TOM mpenene BoyHa (4.36) craHOBHTCS
OOBITHO CBETOBOH BONHOMN. J[)a [UMHHBIX BOJH, Koraa k —> 0, mpubmmkenHo

27 2
c’k
[OR=X O] v 1+ -~
20,
3ameTnM TaKke, 9To I (Ha3oBOH CKOPOCTH BOJIHBEI 3aKOH Jucriepcuu (4.36)

JAacT 3HAUCHHC

2
0

,
v ® =c,/1+ ]‘72—2 >c
[
Gombmre ckopocTH cBeta. [03TOMY TSl TAKMX BOJIH HECYIICCTBEHHEI PE30HAHC-
ueie 3¢ dextrl. [IpocTo moToMy, d9To MX (PazoBas CKOPOCTE 3aBEJOMO TPCBEI-
MIaeT CKOPOCTH YaCTHI] TLIa3MBbl, BCET/Ia MEHBIIMX CKOPOCTH cBeTa. Iloadepk-
HEM, YTO TPYIIOBasi CKOPOCTh MONEPEYHON BOJHEI, OTBEUAIOIIast 33 MEPEHOC

BOJTHOBOM SHEPTHH,

_oo_ ¢

T T T .
1+
kc?

OKa3BIBacTCA, KaK 3TO M JOJDKHO OBITH, MEHBIIIE CKOPOCTH CBETa B BAKyyMe.



§ 30. SIBaeHEE OTCEUKN HU3KOYACTOTHOM
NONCPECYHOM BOJTHbLI

Kak b1 BumM m3 opmynsr (4.36), gactota momepedHoi BOIHBI B
mia3Me Beer/ia Gorblle TIa3MEHHOH 9acTOTHI, TIO9TOMY TOTIEPETHBIE BOJHHI,
9acTOTa KOTOPHIX MEHBIIC TIa3MEHHO# YacTOTHI, He MOTYT B Heil pacmpoctpa-
HATBCS. DTO O3HAYAET, UTO MAJIAIOIIAs U3 BaKyyMa Ha TPaHWILY TUIA3MBI TIOTIe-
pedHast BOTHA ¢ MaJlol 4acTOTOH JOJDKHA oTpaxkaThesa. MIMeeT MecTo, Kak ro-
BODSIT s67eHUe omceyky BOJNHEI (B aHTTHICKO# ymreparype — cut off). Kpurn-

gCCKaa 9acTOTa — 9aCcTOTa OTCCUKU

47n e’
O =0 = 1
m m.

e H

Zm
+ = (4.37)

3aBHCHT OT KOHIICHTpAINH Ta3Mel. Tak 9To, M3Mepss KPUTHICCKYIO JacToTy,
MOXHO ONPEACITUTE KOHIICHTPAINIO TIIA3MEl. DTO OJIMH W3 PACIPOCTPAHCHHBIX
METOJIOB JUArHOCTHKH TLIa3MBL.

ONEKTPOMArHUTHOS TIOJIC HU3KOYACTOTHOH BOJHBEI YaCTHIHO BCE KE
TMPOHUKACT B IJIa3My, HO €ro aMmIUINTyJla SKCHOHCHIMANEHO YMCHBIIACTCS
BIyOb Ta3Mel. [iyOuHa NMPOHMKHOBEHWS B TUIa3My TIOJS TTOTIEPETHOH BOJHBI
¢ HH3KOW 9acTOTOM OMpECNAETC TOMIWHON 8aKYYMHO20 CKUH-CNOA, KOTOPas
00paTHO MPONOPIIMOHAJIEHA IJIA3MSHHOHN 9acTOTE:

C
O =—- (4.38)
@,
Takum o6pazoM, TTyOMHA TPOHNKHOBEHMS BOJHBI B TNIa3My OTIPEEISICTCS
VHEPINCH ¢ YacTWil, TJIABHBEIM 00pa3oM — SIIEKTPOHOB. B mpeHeOpexeHnm

WHepIHeH TiyOnHa TPOHNKHOBEHHS OIS OB11a OBI HyJIEBOF.



IIpounmocTpupyeM ckazaHHOE NMPOCThIM mpuMepom. Ilycts M3 Bakyyma Ha
IUIOCKYIO TPAaHMILYy IUIA3MBI IT3JIa€T HU3KOYACTOTHAS BOJIHA, CJIEBa HANPaBO, KaK JTO
moxa3aHo Ha puc. 4.2. Cnesa ¥ cnpasa OT TPaHHUIIEL pa3/iela 3aKOHEI JJUCTIEPCHU BOJIHEI
pasHEIe:

2
2 _p2,2 )9, x>0,

® c
0, =x<0

Puc. 4.2. Otcedxa HU3KOYACTOTHOH
TIONIEPETHOH BOTHEI HA TPAHUIIE

OTH COOTHOIIEHUS MOXHO 3amucarh B auddepeHipansHoM Buje. [IycTh acToTa BO-
HBI PUKCHPOBAHA, 3aMEHHB

k ——io, ,

TOJIy9UM YPaBHCHU



(Dp -0
) —Zf’ x>0,
o2 =1 © (4.39)
—m—zf, x <0,
C

rae GyHKIMA f 33JaeT HOJe BOJHEL HATPUMEp, 3TO MOXKET OHITh KOMIIOHEHTA HATIpPS-
KEHHOCTH dJIeKTpudeckoro mons. Ha rparuiie pasgena moTpebyeM BHIOTHEHHA YCIIO-
BHI1 HEMPEPHIBHOCTH:

axf |x =+0= axf |x =0
f |x =+0 =f |x=—0 .
Herpymuo naittu pemenue 3agaqau (4.39), (4.40), yroBneTBOpsIONIEe STHM YCIOBHSIM.
TlpeanaraeM 9UTATENIO MPOBEPUTH, YTO TAKOBBIM SBIAETCA pelIeHHe, B KOTOPOM B 00-

JACTH BaKyyMa TIOJIe CKIAIBIBAETCA U3 IO MAJAlomeii M OTpakeHHOH BOJHEL, a B 00-
JA4CTH IDIa3MHI BOTHOBOE NOJIE SKCIIOHEHIIHAILHO 3aTyXaeT:

ex igx + aex —igx x <0
I =o' % PTPe ’ @.41)
Bexp(— Kx) x>0,

(4.40)

i (<]

k03¢ HULMEHT MPOCTPAHCTBEHHOTO 3aTYXaHHs TOJS BOJHEL B IUIa3Me, f, — aMILIUTYAA
TMaaoueil Ha TPaHUlly pas/ena BOJNHBL AMITIMTYAHBIE KO3(hQUIMEHTs O it oTpa-
JKEHHOM BOJIHEL U [} /I TOJIA B MJIa3Me, KAK 3TO BEITEKAET M3 YCIOBHMN HENPEPHIBHON
cimeky (4.40), oka3kBAIOTCS PABHEIMU:



w—ixKe 20

T o+ike’ l3_co+i1<c'

O6paTuM BHUMAHNE, 9TO YMCIUTENb U 3HAMEHATENb IePBOil (OPMYIIHI ABILIOTCA KOM-
TIIEKCHO-CONpPsDKEHHBIMU. T1o3TOMY momydaem

la|=1,

M, CIICZIOBATENILHO, aMIUIMTYABI MAJAIOMIEli BONHBI M OTPAXXEHHOM COBHAJAOT. DTO U
03HAYaeT HAIMYKeE TOJTHOTO OTPAKEHHS MAJA0IIeil Ha T1a3My BOJIHEL
B npezene cOBCEM HU3KHMX 9acTOT, kKoraa © —> (), monydaem npuGmnkenHo

am-1-2-2 51, B=-21-2 50, k=5,

(DP (DP
U JJIWHA 3aTyXaHWd MOJIA B IJIa3ME COBITAZIACT C JIJ'II/]]—IOﬁ BAKyyMHOTI'O CKHH-CJIOSA.



§ 31. JIenrmiopoBckue Koj1c0aHUS U BOJHBI B IJIa3Me.
ILtazmoHBI

PaccMOTpUM Temeph 3aKOH JWCIEPCHH BHICOKOYACTOTHBIX TPOJIONB-
HBIX INTA3MECHHBIX BOJIH C YaCTOTOH B 0OJIACTH JICHTMIOPOBCKOM 4acTOTEL. OHM
W3BECTHEBI KaK JEHSMIOPOBCKUE B0HbL Y TIPEACTABIIAIOT cO00# BakHeHIIiT THI
BO3MYIIICHHH, CIIOCOOHBIX CYIIIECTBOBATH M PACTIPOCTPAHATHCS B MIIa3Me,

3aKkoH ANCTICPCHY TPOJIONBHEIX BOJTH OTPEACIACT, KaK OBLIO MOKAa3aHO
BEIIIIE, YPAaBHCHHE

g,=0,

B KOTOpOE CIEJyeT TOJACTaBUTh HPOJIONBEHYI0 KOMIOHEHTY JHIJIEKTPHIECKOH
nporvIiaeMocTy. Ecin masMy cauTaTe XONMOHOH, TO AMIIEKTPHIECKYIO TIPO-
HHIIAEMOCTB CIICIYET ompenessiTe no hopmyie (4.19), u MBI mpUXoaUM K ypaB-
HCHHIO

0)2

1-—2=0.
[O))

OHO mMeeT Ba PEIICHUS, OTIMYAIOMNESCS 3HAKOM. [1OJIOKUTENBHEIH KOPSHB
paBeH

0=0,. (4.42)
Kak MBI BHIMM, B pacCCMaTpHBaEMOM CIIydae 9acTOTa BOJIHBI COBMAJAET C JIEH-
TMIOPOBCKO#H 9acTOTOH M HE 3aBUCHT OT BeJTMIMHBI BOJIHOBOTO ducia. dazoBas
CI(OpOCTL TaKHX BOJIH



Vv =2_Tr (4.43)
k

YMEHBIIACTCS C YBEIMYCHHEM BOJHOBOTO 4HCIIA, @ FPYIIIOBast CKOPOCTh OKa3EI-
BaeTCs paBHO# HyIIO:

om a(,!)p
VI,p =E—m =
ok Ok

Takum 00pa3oM, B XOJIOIHOH IJIa3Me JICHTMIOPOBCKIIC BOJIHBI HE MOTYT Tepe-
HOCHTH 5Heprhio: ¢akTHdecku 3To OObITHBIE KONEOaHWS TUIOTHOCTH 3apsia,
BO3HHUKAIOIIVE BCIICCTBHE HAPYIICHHUS KBA3UHEHTPATBHOCTH IIa3MeL. Ecii xe
MBI y4TEM TeTieph TEIUIOBOE JBIKCHHE JacTHII TUTa3MBI, TO CHTYaIlNs H3MCHHT-
sl KapJMHATBHO. JIU3IeKTpHIeCcKyI0 IIPOHHIIAEMOCTS OIIpeielieT Tenepsb (op-
Myna (4.32) m IUCTIEpCHOHHOE YpaBHEHHE JUTSL TPOJIOTBHBIX BOIH CTAHOBHTCS
TaK¥M:

=0. (4.44)

0)2

— po —
84_1_2 2 _p2p2 =0,
o=e,i @ — csq
511518
2 2
1— ('Ope _ ('Opi —0
i
& k. @ -k’
. (4.45)
2 _ Te,l
cse,i _YG,I

e,i
OT0 ypaBHEHME HECIIOXKHO PenmMTh B 001eM Brjie. Ho B mHTEpecyromieii Hac
ceifgac BRICOKOYACTOTHOH 00JIaCTH CIICIyeT YIECTh, 9TO MOHBI TNTa3MBI MOXHO



CYUTATh HCTIOABWKHBIMH, & TIOTOMY HX BKJIA/] B JIUDJICKTPUUICCKYIO MPOHUIIAC-
MocTh OyzeT peHeOpexuMo MarbiM. POpPMaTEHO 3TO OTBEYAET IpesIey m; —>

00, u ypaBHeHuE (4.45) ynpomaeTces:
2
oD 0 c’ = T
2 2 2 se Ye
o —-k°c,, m
Teneps ero yke HE CJIOXKHO PEHINTh, M MBI, BHOBb BEIOMPAs TIOJIOKUTEITHHBIH
KOPEHB, TIONTy4acM:

0)=1/0)f,e +k%l . (4.46)

OTO COOTHOLIECHWE M ONpeNeNsieT 3aKOH JINCIIEPCHH JIEHTMIOPOBCKOH BOJHEI B
Ina3sMe ¢ KOHETHOM TeMIIepaTypoH.

JI1060TBITHO OTMETHTB, UTO 3TO COOTHOIICHHE 110 BTy OKa3bIBACTCS
BIOJTHE aHAJIOTHIHBIM W3BECTHOH (POpMyIIe, OTIPEICNIONICH CBA3b SHEPTHH U
VIMITyJhCa PENATHBHUCTCKOM JaCTHITHI:

$=\/(mcz)2+pzc2 :

Ilo »Toit mpuamHe o 3akoHe aucnepcuu (4.46) TOBOPAT KaK O «JaCTHIIC-
MOZI0GHOM», a JISHTMIOPOBCKHE BOJIHEI B 3TOM IUIaHe SBIIOTCS «KBa3MIaCTH-
T[aMI», KOTOPBIC TIPUHATO HA3BIBATH HAA3MOHAMU.

ITome3Ho oTMETHTH TaKXke, 9TO 3aKOH aucnepchu (4.46) MoxHO 3amm-
caTh B BHJIC:

o=, NIERN o (4.47)

Bropoe cmaraemoe moji kopHeM Oy/ieT GOJBINC MITH TOPSIKA €IHMHHIEI, KOT/a
JUTHHA BOJTHBI MEHBIIIe Jie0aeBCKkoro pajyca. B 9ToM cirydae TeHrMIOpOBCKast




BOJIHA CHJIBHO TIOTJIOIIAETCS 33 CHET MEXaHW3Ma OeCCTONKHOBHTENBHOTO TIO-
riomenns JlaHay, Tak Kak OKa3bIBaeTCS PE3OHAHCHOM IO OTHOIICHHIO K DIICK-
TpOHAM ILIa3MBI,

Ve~V -

TMo 3Toit pHYMHE JICHTMIOPOBCKHE BOJIHEI MOTYT CYIIECTBOBATh B TUIa3Me 03
CYIIECTBEHHOTO TIOTJIONIECHHS JIMIIh B 00OPaTHOM Mpefielie, KOr/a uX JJinHa

4 T
3
'irq:,a'v-re
2 | coffcope N

0 05 krp, 1

Puc. 4.3. 3akxon mucriepcum
JICHTMIOPOBCKOH BOJIHBI

BOJTHBI MeHBIIC ic6acBCcKOro pammyca. B atom ciyqae B (4.47) BTOpOE ciarae-
MO€ TI0JT KOPHEM MOXHO CHATATh MAJIBIM U Pa3JIOKHUTh 110 3TOH MaJIOCTH:

Ye 2.2 2.2
0)~0)pe 1+7k re | k ¥p, <<1.



AHAJIOTHSA ¢ SHEPTHEH JaCTHIIBI OTITH OCTAeTCS B CHJIC, HO TEePh B HEPEIATH-
BHCTCKOM TpEJieNie, KOT/la SHeprus CBA3aHa C MMITYIIBCOM CIEAYIOmmM o6pa-
30M:

2

exme?+l

2m

B o6macTH 49acTOT JIEHIMIODOBCKHX BOJH THAPOJMHAMHYECKOE OIHMCAHMUE,
clle/IcTBHEM KoToporo (dakTideckn siBisiercst 3akoH (4.47), Oyner anekBaTHBIM

npu BBIOOPE Y, = 3.

ToxcraBuB 510 3HaucHUE B (4.47), MOIYINM OKOHYIATEITHHO
~ 1 3 k 2,2 k 2,2 1 4.48
OxO, +5 o, | vy, <<lL. (4.48)

Hmenno 06 5TOM COOTHOIIICHUH M TOBOPAT OOBITHO KaK O 3aKOHE JINC-
nCPCUN JICHTMIOPOBCKHX BOJIH B ILIasMe. CTpOFO TOBOPsSA, OH CIIPABC/INB, KaK

2,2
MBI BHJICIIH, JINIIb TIPH BBIMOJITHCHUHW CHIJIBHOTO HCPABCHCTBA k r De <<1.

O/mHako KadecTBEHHO 3aKoH aucnepcun (4.48) ocTaeTcs B CHJIC M TIPH BBITIOJ-
HeHuH Oollee MATKOTO YCIIOBHS, KOTJIa JUTHHA BOJHBI COCTAaBISET HECKOIBKO
ciaraeMoe B ckoOKkax B hopmyie (4.48) MpUHATO HA3BIBATH TCINIOBOH MOMPaB-
KoH. YdeT 5ToM MOIpaBKHM MPUBOJUT K TOMY, 9TO TPYIIOBas CKOPOCTE JICH-
TMIOPOBCKO# BOJIHBI, B OTJIMYHE OT CITydasi XOJIOJJHOH TUTa3MEI, CTAHOBHTCS He-
HyJeBo#i (cM. puc.4.3):

vV, = % =30, kry,, Ve =Nk, (449



(azoBas xe CKOPOCTh PHOIINKEHHO onpeaenIeTcs dopmynoit

o (Dpe Vre
vy=—n =T (4.50)
* k k ‘/ngDe

HpI/I Y4€Te TCIIOBOTO JIBIKCHHS YaCTHIl JICHTMIOPDOBCKHC BOJIHBI TTOITy4arOT
BO3MOXKHOCTb PACTIPOCTPAHSATHCS B IIIA3ME, IEPEHOC HHEPTHIO.



§ 32. Honnblie JEeHTMIOPOBCKHC BOIHEI.
HoHnHo0-3ByKOBBIC¢ BOJHEI B IIa3Me

Bepuemcst BHOBE k ucniepcoHHOMY ypasHenwuto (4.45). JInst paccMOTpeHHEIX
BHIIIIE JIEGHTMIOPOBCKHX BOJIH IPYMIIOBas U (ha30Bast CKOPOCTH YIOBIETBOPAIOT HEPABEH-
CTBY

Vi <Vg, <V

Temeps paccMOTPHM BO3MOXKHOCTb PACIPOCTPAHEHMSI B IUIa3Me BOMH, ¢azoBast CKo-
POCTh KOTOPHIX 3HAYUTEIHHO MEHBIIE TEINIOBOH CKOPOCTH 3JIEKTPOHOB:

vV <<Vp,.

Ecmu 510 ycnosue Brmomieno, To B ypasHeHn (4.45) B 3HaMeHAaTeNe BTOPOTO Clarae-

2
MOTr'0 MOYXKHO OITYCTUTH (O wuTOrmasTo YPaBHCHUEC MPUBOJUTCA K BUIY.

2 2

1+ 0)pe _ 0)pi =0 c? =y Te,i
2.2 2 2 2 se,i — le,i

k cse ® _k csi me,l

Teneps yxe HE CI0KHO HAWTH HHTEPECYIOIIEE HAC PEIICHUE:

2
o,
o =k’c] +—rt
0
1+ —*
k2c?

Varem TCIEPh, UYTO IO ONPCACIICHUIO COOTBETCTBYIOIUX BCIWUYNH UMECT MECTO COOT-
HOIICHUEC:



2
cse _ YeTe /m e _ 7 2

2 4 2 / - ye De *
0)pe e nei m e

Tora noy9eHHEIi HaMH pe3yIbTaT MOKHO 3aIHCATh B BHJIE
0)2
o =k’ + ”’1 (4.51)
I+
yek rDe

JInst KOpOTKUX BOJH, KOT/A JJIMHA BOJHEI MEHBIIIE DJIEKTPOHHOTO J1e6aeBCKOro
pamuyca, 3HAMEHATENb BO BTOPOM CIaracMOM IPHMEPHO PABEH CAWHMIIE, M MBI IONTy4a-
em:

T.
o’ =k} +cofn. Ecofn. 1+Y’—’k2rDze ,
7T, (4.52)

k*rp, <<l.

YacToTa 3THX BONH OKA3BIBAETCSA MOPSA/Ka HOHHON JIEHTMIOPOBCKOH 9acTOTHL Ilo aHa-
noru ¢ (4.46), 5TH BONHEI Ha3BIBAIOT UOHHBIMU NEHZMIOPOSCKUMY 80nHamu. Kak mpa-
BHJIO, €CITH TEMIIEpaTypa HOHOB He Majla, OHH CHJIBHO 3aTYXalOT B IUIa3Me, TaK KaK OKa-
3RIBAIOTCS PE30HAHCHBIMU IO OTHOIIEHUIO K HOHAM.

B obpaTHOM mipejiene MIHHHBIX BOJH, JUIMHA BOJHBI KOTOPHIX NPEBHIIIAECT
SNIEKTPOHHBIN Je6acBCKHii pajgiyc, B 3HAMEHATENle BTOPOTO ClaraeMoro B ¢opmyne
(4.51) rmaBHEIM, HATIPOTHB, SBJIAETCS BTOPOH WIEH, M MBI TOJIyJaeM:

2 12,2 2,2 2 72,2 2,2
o =k'c; +v,kr, 0, =k, k<ry, <<1. (453)

rae 0603HageHo



2_ .2 2 2 _Z YT, VT,
Cs =Cs +YeFDe Oy = . 4.54)
m;
CpaBHus (4.54) ¢ TOYHEIM pe3yIBTaTOM KHHETHIEeCKOH Teopru [18], 3akmodaeM, 9To B
paccMaTpuBaeMOM MANla30He YACTOT KWHETWKA M THAPOTMHAMHUKA, HMCIIOJIB30BAHHAS

HaMH, JAIOT COBIAIAIONINE PE3YIbTATH IPH BRIOOpE

Ye = 1’ Yi = 3 ’
Tak 910 (4.54) cneayer 3anMMCHIBATE B BHIE:
, ZT,+73T,
c, =—. (4.55)
m;
i T Brrrekatommit w3 cootHomenus (4.53)
P 3aKOH JMCTICPCUH
4 3Ty/ZT.~1 ] =k (4.56)
s’ .
3 | COINIACHO KOTOPOMY 9YACTOTA BOJIHEI OKa-

3BIBAETCA TPAMO TPOTIOPIMOHATEHON BOTI-
HOBOMy q]/ICJ'Iy, THIIMYCH 1A 3ByKOBLD(
i 3TyZT=1 7| somn (uamommmmM, uro MEI OGCYRIacM
.- T.=0| -cefiuac npononsusie Boymm!). Hanpumep,
3aKOH JIUCTICPCHH 3ByKa B OGEIIHOM Ta3e

w=kcg,

0 2 krDe 4 ~ ‘/5 _ J'YT ,
c, = |—=.—
Puc. 4.4, IOHHO-3ByKOBEIE BOJTHEL B op M

miasMe



rae T — Temmeparypa, a M — Macca MOneKyn rasa. I1o 3Toi mpHYIHMHE BONHEI C 3aKOHOM
macnepcru (4.55), (4.56) mpUHATO HA3RIBATH UOHHO-38YKO8bIMU 6oanamu. Hapsmy c
JEHTMIOPOBCKMMY BOJHAMH, STO BAXHEHIIM THI CHOCOOHBIX PACIpPOCTPAHATHCA B
m1a3Me BomH (puc.4.4).

OueBuHo, $a3oBast U IPYMIOBas CKOPOCTH HOHHO-3BYKOBOH BOJHEI COBIIA-
JatoT:

(4.57)

Benuguna 3THX CKOpOCTEH CYIICCTBEHHO 3aBHCUT OT COOTHOIICHUS TEMIEPATyp KOM-
TIOHEHT IUTa3Mel. [Ipu 3TOM ecmu

T, >T,,

TO (a3zoBas CKOPOCTH MOHHO-3BYKOBOI BONHEI GYJET MO BeIUIMHE MOPIKA TEINIOBOH
CKOPOCTH MOHOB. Takue BONHBI JOJDKHEI CHIIBHO TIOTTIOMIATECS B TIIA3Me, TaK Kak OHH
CTaHOBATCSA PE3OHAHCHEIMH IO OTHOIIEHMIO K HOHAM. 1103TOMy HOHHO-3BYKOBAs BOJHA
MOJKET CYIIECTBOBATh TONBKO B CHIBHO HEM30TEPMUYECKOI TIIa3Me, KOT/Ia DIEeKTPOHHAs
KOMIIOHEHTA CHIIBHO (IIEPETPETa» IO OTHOIICHWIO K HOHHOH. B sTOM cirydae BKmaz
TEMIIEPaTypE HOHOB B (opmyie (4.57) ABIIETCA MANBIM, H IOSTOMY CKOPOCTh HOHHO-
3BYKOBOH BOJHEI TTIABHEIM 06pa30M ONPEIENIeTCs TEMIIEPATypOoi INEKTPOHOB:

T, >>T,. (4.58)

B 5TOM Citydgae, MOCKONEKY B OPMYITY IS CKOPOCTH 3BYKA B KAUECTBE MEPEI



TEIJIOBOH SHEPIMM BXOAUT SJICKTPOHHAS TEMIEPATypa, a B KA4ECTBE WHEPLHOHHOTO
(axTopa BXOAUT Macca MOHOB, IIPUHATO 3TH BOJHBI HA3BIBATE «UOHHBIM 38YKOM C INLEK-
mponnot memnepamypoiy. Cobupas BMecTe BCe yKa3aHHBIE BRIIE HEPABEHCTBA, MOJY-
guM 0o6nacTe (asoBEIX CKOpOCTEi, B KOTOPOi BO3MOMKHO CYIIECTBOBAHME HOHHO-
3BYKOBBIX BOJIH:

3T,
. (4.59)
m

BasiB Teneps 3TH HEPABEHCTBA B KA9ECTBE OTIPABHON TOYKH, MOMKHO CYIIECT-
BEHHO YMPOCTUTH BRIBOJ 3aKOHA AMCIEPCHU JJIS MOHHOIO 3ByKa. JlelicTBUTENBHO, TO-
CKOTBKY (ha30Bast CKOPOCTh BOJIHEI NPEATIONATACTCS MAJIOH IO CPABHEHHIO ¢ TEIUIOBOH
CKOPOCTBIO JNIEKTPOHOB, MHEPIMA IOCIEAHUX CTAHOBUTCSA HECYLIECTBEHHOH, IO 3TOH
TIPUYHHE JIEKTPOHHAs MOJCHCTEMA MOXKET CUMTATHCH KBAa3HPABHOBECHOM, a, CIEOBa-
TENBHO, JACHCTBYIOMME B 3TOM MOJICHCTEME CHJIBI — CHJI4 CO CTOPOHRI IO BOJHEI U
cuna, o0yCIOBIEHHAS TPAJMEHTOM 3JIEKTPOHHOTO JABIEHUA, — JODKHBI OBITH YPaBHO-
BEMIEHEL. [I0CKOIBEKY MPOAONBHAS BOJTHA BCET/A SBIAETCA MOTCHIMAILHOMN, BBEIEM II0-
TEHIIMAJI OJIS BOIHEI COTTIACHO

Torzaa GanaHC yKasaHHEIX CHJI, MPEIIONATas MEKTPOHHYIO TEMIIEPATypPy MOCTOSHHOIM,
MOXHO 3aIUCATh TAK:

e |n,Vo-T,Vn,6 =0, (4.60)

M, KaK MBI BHIUM, KOHUECHTPALMS DJIEKTPOHOB OMPEETAETC PACTIPEAETIEHHEM TTOTEH-
1IMaNa MO BOMHEL MOKHO CKa3aTh M TAK: «OE3BHEPLMONHBIE) TEeKTPOHEL MTHOBEHHO
TIOACTPAUBAIOTCS TIO TPOQGHUIB TONS, CO3AABAEMBIN BOIHON, CKAIIMBAACEH B TEX 00Iac-
TAX, TJI€ MOTEHIMAT OISt GOJIBIe:

n, =N, exp |6T£

e



3meck R,y — HEBO3MYNICHHAS NOJIEM BOJHEI KOHICHTPAINS 3ICKTPOHOB (B 00macTh

HYJIEBOTO ToTeHuuana). IlomydeHHsrii pe3yneTaT, Kak MBI BHIHM, COBIIAJAET C U3BECT-
Hoit dpopmMynoii BonblMaHa 1 paBHOBECHOTO PACIIPEENIEHIS JACTHII, B HALIEM CIIydae
3JIEKTPOHOB, BO BHEIITHEM IIOJIE.

JIns MOHHOM MOACHUCTEMBI IIA3MEl CHTYAIMA MPOTHBOMONOXKHAsA. [lockoneky
¢a3oBast CKOPOCTE BOJHEI 3HAYUTENBHO NMPEBHIIAET TEMIOBYIO CKOPOCTh HOHOB, MOXKHO
npeHe6peds KOHETHOCTHIO MOHHOM TEMIIePATypHI, CIUTAs MOHBI XOJIOJHBIMU, HO IIPHH-
UMIHAITBHO YYeCTh MHEPIMIO HOHOB, OTPAaHUYHMBAIOUIYIO YacTOTy KoneGauuii. Jlns xo-
JIOTHBIX Z-KpaTHO HUOHU30BAHHEIX HOHOB YPAaBHCHUE ABWKCHUWA BBRITJIAAUT TaK:

dv;
m;, —t=-7 |e|Vop. (4.61)
dt
HOJI ﬂeﬁCTBHCM TIOJISI BOJIHBI HOHBI ITIA3MBL HpI/IXOJISIT B JIBHOKCHUC, 1 X Korme}r[pam/m
HAYUHACT USMEHATHCA, TaK KaK COTJIACHO YPABHCHUIO HEMMPEPBIBHOCTH

on; . -y
= div(nv;)=0. (4.62)

B xagecTBe JONONHUTENEHOTO YCIIOBHS, 3aMBIKaiomero cuctemy (4.60) — (4.61), soc-
ToNb3yeMcst TpeOOBaHHEM KBa3HHEHTPATbHOCTH TIIA3MBI

n,=27n,;, (4.63)

KOTOpO€, OYEBHJHO, JOJDKHO BRIIONHATBRCHA, TaK KaK JUIMHA BOJHEI IPEZIIONAaracrcs
3HAYUTENHHO MPEBRINIAIONMIEH SMeKTPOHHEI JebaeBCkuii pajuyc. B MpOTHBOMONOKHOM
ClTydae, KOT/Ia BOJHEI KOPOTKHUe, ycnorue (4.63) cnexyer 3aMenuTs ypasnenueM Ilyac-
COHa

A(p=4n|e|(ne —Zn,-).

Hemmmeitneie ypaprnenms (4.60) — (4.63) crpaBeauBEI, B paMKax BHICKa3aH-
HBIX BHIIIE TPEAONIOKEHHH, A1 HOHHO-3BYKOBRIX BOJNH T1000i aMmmutyasl. Orpanu-
9UMCS BOTTHAMHU Manoif aMmmurtyasl. ITonaraem



=0, e Sheioth,;, Vi =V,

IJie 3HaKOM THIIbJA TIOMEIECHH Majlble BO3MyIIeHus. II0JCTaBUM 5TO IPEACTaBICHUE B
ypaBrenus (4.60) — (4.63), pasnoxuM 3aTeM IO aMIUTUTYAE U, OI[yCTUB HEIMHEHHEIE
CIIaTaeMEIe, B PE3YIbTaTe HOIyINM

|e|ne0V?P_Tev;ie =O’

o,

m,—-=-Z|e|Vp, (4.64)
ot

on; . -

a—t’+d1v(n,-0v,-)=0,

ﬁe =7 ﬁi’ neo =Zni0.

Beipa3uB Temeps Bce BETHIUHEI Y€PE3 OJHY M3 HUX, HANPUMEp, Yepe3 MOTEHIMAN TOJIL
BOJIHBI, TIOJIY9AM BOJTHOBOC YPAaBHCHHUEC
2
0% . 2.
— 0-¢c;Ap=0, c
ot

T
2
s £, (4.65)

m;

CIIEICTBHEM KOTOpPOTO, KaK HETPYAHO TPOBEPUTh, SBISETCA 3aKOH aucnepcuu (4.56),

TpUYeM BeTHYIUHA BXOJAIIEH B HETO CKOPOCTH 3ByKa onpeaenstercs hopmyinoii (4.58).
MEI pacCMOTPENH CaMbIe MPOCTHIE MUCIICPCHOHHEIC YPABHEHMS I He3aMar-

HU9eHHOHM TasMmel. JIna ymoGcTea guTarteneif, HanbGonee BaKHBIE W3 HUX CBEICHBI B

Tabmuy 4.1.



Tabnvna 4.1

Tun BOMHEL

3akon
JCTIEPCHH

®da30Bast CKOPOCTh

T'pynmosas
CKOpPOCTh

IIprmeqanve

OnexTpoHHas
JIEHTMIOpPOB-
cKas BOJNHA B
XOJIOAHOH
1a3Me

o,

wLe /k

0

krp, >0

e

OnexTpoHHas
JIEHTMIOpPOB-
cKas BOJHA B
«TETLION)
TiasMe

3,22
wLe(l+2k rDeJ

za)Le/k

Hommo-
3BYKOBas
BOJTHA

kc

Tlomepeqnas
TIA3MEHHAL
BOJIHA

Joi, +k°c®

cJ1+w§e/k2c2




§ 33. BeccTOIKHOBHTEILHOC 3aTYXaHHE BOJIH B IIa3Me

Beimie npu 00CYX/IeHHN KOHKPETHBIX THIIOB BOJH, CIIOCOOHBIX pac-
MPOCTPAHATHCS B TJIA3Me, MBI HEOJHOKPATHO CCHUIANICH HA PE30HAHCHEBIE (-
(exTEI, MMEIOImME MECTO, KOT/Ia CKOPOCTH YaCTHII TUIA3MBI COBIAAIOT ¢ (azo-
BOIf CKOPOCTBIO BOJIHEL 37I€Ch, HE B/IaBAsSCH B MOIPOGHOCTH JOCTATOYHO CIIOK-
HBIX MAaTEMAaTHYCCKUX BBIKIANOK (cM. [20]), obcymmM kpaTko (u3mMaecKyio
CTOpPOHY MEXaHW3Ma 6eccmoIKHOSUMETbHO20 3aMyXanus 60aH B TUIa3Me,
BHepBHIe TipesickazanHoro Jlanmay. Koria roBopsT 0 pe30HaHCHOM B3anMoIeH-
CTBUH BOJIH M YACTHI] MJIa3MBI, TO, TI0 CYTH JIeNla, Pedb HIET O YEePEHKOBCKOM

PpE30HAHCE

o—kv =0.

(4.66)

Puc.4.5. K mexanmsmy peso-
HAHCHOTO TIOTJIOIIEHHS BOITH
B mia3Me. Beepxy: «rop6sr u
BIIHHED) TTOTEHIMATA MO
BOJHEI B CHCTEME €¢ IOKOS;
CTpENKaMH TIOKa3aHbl Ha-
TIpaBICHUS CKOPOCTEH ome-
pexaromux (1) m orcraio-
mux (2) rpym g9actun. Bru-
3y: QyHKIUMA pacupe/eneHus
9acTHL] MO CKOPOCTAM B
HEMOJBIDKHOM CHCTEME KO-
opaunar. Bufpannas Bomma
GeXHT clleBa HATIPaBO



®a30Basi CKOPOCTh MOMEPETHON BOMHEI B H30TPOIHOM ITazMe, Kak MBI BHICTH
paHblIIe, IPEBHINIAET CKOPOCTh cBeTa. Cle/I0BaTeNBHO, 5TO YCIOBHE 3aBEIOMO
HE MOXET BHIOJHATHCA M PE30HAHCHBIC >((EKTBI TAKOTO POJa, KaK MOXHO
OXWJIaTh, OyIyT HeCyHIeCTBEHHBI. FIMEeT CMBICT IO3TOMY PacCMOTPETH Pe30-
HaHCHOE B3aMMO/ICHCTBIE JaCTHI] TIa3Mbl C TTPOIOIBHBIME BOIHaMH, ¢azoBas
CKOPOCTh KOTOPBIX CYIIECTBEHHO MEHBIIE CKOPOCTH CBETA, TaK HTO BHITIOHE-
HHPE YCIIOBHWS pe30HaHca BO3MOXHO. [IycTh Ui IPOCTOTHI TPOJIONEHAS BOJTHA
Oymer omHoMepHO#H (TTockoif). OOBYHO MEXaHW3M OECCTONKHOBUTEIIBHOTO
TIOTIIOIEHHS SHEPTHH BOJH YaCTHIIAMM TUIa3MBbl TOSICHSIOT ¢ TIOMOIIBIO Clle-
JIVIOIICH HarMSIHON KapTHHKH, W300pakeHHO Ha puC. 4.5, HICK0 KOTOPOH MBI
3aMMCTBOBANM U3 KHUTH [21].

B nmemxymielicst cucTeMe KOOPMHAT, OTHOCHTENTEHO KOTOPOH BOIHA
TTIOKOMTCSI, HATTISIIHO €€ MOXKHO TIPE/ICTABIATE KaK MOCIIEI0BATENEHOCTE TOPOOB
M SIM TOTeHIHana. YacTHIlbl, CKaTBIBAIOIIUECS B SIMBI, YCKOPSIOTCS, 8 GaCTHIIBI,
3aKaTBIBAIOIIMECS Ha TOPOBI, HANPOTHB, 3aMEUBIIOTCS TIOJIEM BOJNHEL Bbime-
JMM, KaK TOKa3aHo Ha puc. 4.5, IBe TPYIIIBI 9acTHII, OTBEYAIOIINX OJHOMY M

TOMY e uHTepBaiy Av cripasa (rpyrma (1)) u cnepa (rpymma (2)) 0T CKOPOCTH,
COBIAAIONICH O BEIMIMHE W HANIPABICHUIO ¢ (Pa30BOi CKOPOCTHIO BOJNHEL B
JBIKytieics ¢ $a3oBoil CKOPOCTRIO CHCTEME KOODHMHAT TEPBbIE, OUEBHIHO,
OOTOHSIOT BOJIHY, @ BTOPBIC OTCTAIOT OT Hee (Il HATIHOCTH H300paXeHO
pa3Hoe KOJIMYECTBO KPYyko4ukoB). EC/IM B KauecTBe TaKMX TpPyINT YaCTHI] B3STh
T€, KOTOPBIE Ha PHCYHKE YCIOBHO W300pa)K€HBI YEPHBIMM TOYKaMH, TO 00e
TPYIIHI 9aCTHI] TOPMO3ATCA, TaK KaKk MX CKOPOCTH B JJAHHBIH MOMCHT BPpEMECHHU
HampaBJIeHBl K «ropOamM») MOTEHIHAa, Ha KOTOPHIE MOITOMY OHH BHIHYXJICHBI
3abupathea. OHAKO ABIDKYIHUECS HAITPABO TP 3TOM KaK OBl (ITOITAIKUBAIOT
rop6 Briepe]], a JABIKYIIMECS HAJEBO, HATIPOTHB, «TOJNKAIOT» ero Hazaa. Ecimm
Ke B Ka4eCTBE TaKWX TPYMI YaCTHI] B3ATh T€, KOTOPHIE YCIIOBHO M300paKeHbI
CBETJIBIMH TOYKAMH, TO TIOCKOJIBKY TIPH TOM € CaMOM HANpaBJIeHHH CKOPOCTH
4acTHIEl 00E€UX TPYIN TENePh CKATHIBAIOTCSA ¢ IIOTEHIHAIBHBIX TOPOK», 00e
OHU JOJDKHBI YCKOpATheA. Ho 3¢ dexT B3anMoeiicTBIA ¢ BOJTHO#H, O9EBHIIHO,



HE JJOJDKEH 3aBUCETh OT TOTO, KaK MBI BEIOSPEM PACTIOIOKSHHE 10 KOOPIITHATE
9THX rpymm gacTur! O4eBHIHO, STH HANIIHBIC MPEICTABICHHA HE IAI0OT TOJ-
HOIl KapTHHBI.

JleTambHO MEXaHW3M OECCTONKHOBUTEILHOTO B3aMMOJICHCTBHA Paszo-
6pan B xuaure [19]. B o6Mene sHEprucii ¢ moeM y4acTBYIOT JacTHIIHI CO CKO-
pocTsvu, omm3kuMHu K ¢azoBoii ckopocTH BONHBL. IIpudeM 9acTHIIBI, JBIKY-
IIHECST CO CKOPOCTHIO MEHBIICH, deM (a30Bast CKOPOCTbh, TOTyJal0T SHEPTHIO OT
BOJTHEI, a T¢ 9acTHIIBI, a3oBast CKOPOCTh KOTOPHIX Oobine (ha3oBoil CKOPOCTH,
OTJIAIOT SHEPruio BoyHe. ECiM mepBBIX HECKOMBKO OOJNBINE, €M BTOPHIX, T.C.
npou3Bo/IHas GYHKIMM pactpesiesieHus 10 CKOPOCTH OTPHIIATeNIbHAs, TO BOJTHA
Oyner TepATh SHepr0. IMEHHO TakoBa CHUTYaIlMs JI PABHOBECHOM MaKCBEJI-
JIOBCKOH (PYHKIIMH pacipeesicHNs, TTOSTOMY B TIa3Me ¢ Takoi dyHkimei pac-
TIpeJICNICHIS BCE BOJTHBI JIOJKHBI 3aTyXaTh.



§ 34. lmyaexTpruyecKue CBOMCTBA MATHUTOAKTABHOI
TLIA3MbI

TMomernenye mIa3Mel B MATHUTHOE TIOJIC OYCHB CYIICCTBEHHO MCHSET
ee CBOMCTBaA: Ia3Ma CTaHOBHTCS aHM30TpomHOM. ITosToMy BOJHEI B mmasme
TIPY HAJIM9MH BHEIIHETO MATHUTHOTO TIOJISI MPOSIBIISIIOT 3HAYUTEIBHOS Pa3HO00-
pa3ue: CKOPOCTh WX PAacTIPOCTPAHCHUS M XapakTep IUCTICPCHH CYIICCTBEHHO
3aBUCAT OT HATPABJICHUA PACNpPOCTPAHCHHS BOJHEI 10 OTHOIIICHHUIO K HATIPaB-
JICHWI0O MarHWTHOTO TIOJIA, OT B3aUMHOW OPHEHTAIINH TUIOCKOCTH KojieOaHwmii
BEKTOpa JJICKTPUICCKOTO OIS BOJHBI M «OCHOBHOIO» MAarHUTHOTO TIONSA, B
KOTOpOe TmoMeIieHa mia3Ma. [ToMeIeHHy0 B MarHUTHOE TIOJIE TNIa3My WHOT/IA
HAa3BIBAIOT MazHumoaxmugHot. CTpOroe pacCMOTPEHNEC B MarHWTOAKTUBHOMN
TJIa3Me BO3HWKHOBCHHUS M PACTIPOCTPAHCHUS KOJICOAHMT W BOMH Pa3IMIHOTO
THUTIA B TIPOU3BOJIGHOM HAIPABJICHUN B MCHSIONMICMCSA MArHWTHOM TIOJIC MPE]-
CTABIICT OYCHB OONBIING TPYTHOCTH. MBI PacCMOTPHM 3716Ch, €CTCCTBEHHO,
JUIIe Hanbojiee TMpocThie cinydan. ByneM cuwTath, 9TO BHEIIHES MATHUTHOE
TI0JTIe, B KOTOPOS MOMEMICHA TIa3Ma, TIOCTOSTHHO M BO BPEMECHH M B IPOCTPAHCT-
Be. UTO OHO JIOCTAaTOYHO BEJIMKO, TaK 4TO IJIa3Ma 3aMarHudeHa (HATIOMHHM,
YTO IUIa3Ma HA3BIBACTCA 3aMarHWYCHHOM, €CIIM XapaKTepHOS BPEMsA MeKdac-
TUYHBIX CTOJKHOBCHHIH 3HAYUTEIFHO MPEBHIIACT TCPHOBI BPAIICHHS JACTHI]
TJIa3MBI TI0 JIAPMOPOBCKUM opbuTam). B To ke Bpems miuazmy OyeM CIUTaTh
XOJIOJHOM, TpeHeOperas TeM CaMbIM TEIIOBBIM JBIKCHHEM dactwil. Takoit
TTO/IX0] TO3BOJIICT OXBAaTHTh HE BCE, KOHETHO, HO HAMOONICC BAKHBIC THITHI
BOJIH MaJIO# aMIIMTY/Ibl B MarHUTOAKTHBHOM IITa3Me.

OTMeTHM HECKOTBKO MOJNIE3HBIX (JopMaTbHEIX MOMEHTOB.

e IIpoaoannbie (BAOJE MATHHTHOTO NIOJSA) AHAICKTPHYCCKHE
cBoiicTBa miaa3mel. [Ipy pacrnpocTpaHeHMH B IUIa3Me TMPOJOJBHON BOIHEBI
BJIOJTE BHCIITHETO MArHUTHOTO TOJIA, OYEBHIHO, IMDIICKTPUICCKHE CBOHCTBA



M1a3MBI TaKKe Xe, KaK ¥ B ClTydae, KOT/a 9TOro MarHuTHoro moiist Her. Koire-
OaHuMs YaCTHI] TJIa3Mbl TIOJT JISHCTBHEM DJIEKTPHUECKOTO TIOJIS BOJIHEI TIPOCXO-
JIAT BJIOJIb MAaTrHUTHBIX CHIIOBBIX J'II/[HI/[E;I BHCIIIHCTO MAarHUTHOT'O TIOJIA, & B 39TOM
ciTydae HaJque MarHUTHOTO TOJIS Ha 9TH KOJIEOaHWs HUKAK HE CKAa3BIBAETCH.
Tosromy OYCBHIHO, 9TO (I XOJNOMHON TIA3MBI) KOMIIOHCHTA TEH30pa JIH-
IEKTPUYUECKOH TPOHNIIAEMOCTH BJIOJIb MArHUTHOTO TOJISE OY/IeT Takas ke, Kak
U B clTydae 6¢3 MarHUTHOTO MOJIS:

2
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Puc.4.6. DnexrpoMarHuTHAs BOJHA PACIPOCTPAHSAETCA Iep-
nemukynspro k B jueesextop E || B,
TioTiepedHasl SNEeKTPOMarHuTHas BOJIHA, TaK, 9TO BEKTOP CKOPOCTH 3JIEKTPO-
MAarHUTHOM BOJNHHEI TIEPNCHAMKYISAPEH BEKTOPY HANPSHDKEHHOCTH MAarHHUTHOTO
TIOJIS, 3 BEKTOP HANPSDKCHHOCTH DIICKTPHIESCKOTO TOMS STOH BONHBI E KOJITH-
HeapeH (TmapauieNicH WM aHTHTIAPaIUIEICH) BeKTopy By (puc.4.6). Buenmee



MarHuTHOS ToJie OyeM moMedars HHACKCOM «0», 9TOOBI OTIIMIATh €ro oT c00-
CTBEHHOT0 MarHMTHOTO TOJISL BOJHEL. BHOBB HJIEKTPHYIECKOE TIOJIE€ BOJHEI BO3-
JISHCTBYET TOJBKO Ha JIBIKEHHE YaCTHI[ BIOJh MAarHUTHOTO TOJIS, HA KOTOPOE
MArHHUTHOE TIOJIE HE CKa3BIBAETCSL.

Tosromy Takas BONHA OyJeT PacTpOCTPAHATHCS B 3aMAarHMYCHHON
IJIa3Me TaK e, KaK OHa PacTpOoCTPaHsUIach OB B TIa3Me, CBOOOMHOM OT Mar-
HHUTHOTO TOJNSA. JTO BAXHOE OOCTOATCIBCTBO WIMPOKO WCTONB3YETCA B
JINarHOCTHKE TUTa3MBbI.

¢  BMOpPOXeHHOCTH MATHATHOIQ MOJISI B HACAIHHO MPOBOAANLYI0

maa3smy. Kak m3BectHo, 3akoH OMa JIs CpeIbl CISIyeT 3aliCHBATh B CHCTEME
KOOPJMHAT, OTHOCHTENIEHO KOTOpO#l oHa mokouTcsa. IToaToMy B mpocteiimem
cllydae OTHOPOJHO#H TIIa3MEBl, IEPECEKAIOIICH B OOIMEM CiTydae TIpH JIBIDKCHHH
CHITOBBIC JTMHUW MArHUTHOTO TOJISA, 3aKk0H OMa JIOJDKeH OBITH 3anvcaH B BUIC:

- - - - 1. =
j=cE", E*=E +—v xB, (4.67)
c
r/iec G — NPOBOJHUMOCTH CPEC/IBI. Ecmn cpema — HICATBHBIH IPOBOJHUK, C
—> 00, TO B CHCTEME KOOP/IMHAT, B KOTOPOH OHA MOKOUTCS, SICKTPUIECKOe TI0-
Je orcyrcTByeT. IloaTOMY ycnoBHe WaeanbHONH MPOBOJAWMOCTH OKa3bIBAETCS
CIIETYIOIINM

- . 1.
E'=E +—'xB =0. (4.68)
[
IloacTaBuB ompeAensIeMyl0 STUM YCIOBHEM HAMPKEHHOCTh SJIEKTPHIECCKOTO
TI0JISL B ypaBHe}me WHAYKIIMA
10 - =
———B =rotFE,
c ot
IPHUXOJIMM K YPABHCHHIO BMOPOXKCHHOCTH:



2B —rotly x5) (4.69)

Jr1o ypaBHCHHE 00Jama-
€T CIEAYIONNM 3amMedaTeNbHBIM
CBOiicTBOM. BhIzennM B 1miasme
HEKOTOpPHIL KOHTYp, HPOHU3BI-
Ba€MBIH  CIHUTOBBIMHM  JITHHSIMH
MarauTHoro mojyisi (puc. 4.7), u
CMEMIAIONMICA BMECTE C INIa3-

é\ Moii. TIOTOK MArHWTHOTO TIOJS
" 4epe3 3TOT KOHTYp IO OmpeJeiie-
th HMIO PaBeH MHTErpady OT BEKTO-
‘ . pa VHAYKIMH MAarHUTHOTO TOJIS
o IUIOMAMH, OXBaThIBAEMOM

3THM KOHTYPOM:

® = [BdS =[B,ds
S S

Puc. 4.7. K TeopeMe BMOPOKEHHOCTH

, (4.70)

e B, — npoekuus BEeKTOpa MHAYKIIMK Ha HampasiieHue HopMamm. [IpownTer-
pupoBaB ypaBHeHme (4.69) 10 5TOMY KOHTYpY, MBI OOHapyKWM, 9TO TOTOK
MAarHuTHOTO TIOJIS, TPOHU3BIBAIOIIETO KOHTYP, COXPaHACTCS:

2 o (4.71)

CoxpaHeHHe TMOTOKa M COCTABISET COJICPIKAHWE TaK Ha3BIBACMOH meopembl
emopooicennocmu. TIOCKONBKY 3TO YTBEPXKJICHHE CIPaBeJINBO IS JTI0O0TO
KOHTYpa, IBIDKYHIETOCS BMECTE C BEIICCTBOM, TO 3TO 03HAYAET, UTO CHIIOBEHIC



JIMHUW MarHWTHOTO MOJISI Kak OBl «IPUKIICEHBI» K MJICABHO MPOBOIAMICH Cpe-
ne. Tloatomy cmemnenne wm nedopManus KOHTYpa TPH JIBIKCHHWH TUIA3MBI
TIPUBOJNT K COOTBETCTBYIOIIEMY MCKAXCHUIO KaPTHUHBI CHUJIOBBIX JIMHHI Mar-
HHUTHOTO TOJA.
¢ Tlomepeunsie TMYIEKTPHYECKHAE CBOACTBA INIAMBL,  UTOORI

TIOHATH, KAKOBA JIOJIKHA OBITh CTPYKTYPA THCTO TMOTICPETHOH KOMITOHCHTEI TCH-
30pa JIUDIIEKTPUIECKON TPOHUIIAEMOCTH TUIa3MBI, PACCMOTPHM JIBa TPECIh-
HBIX cirydast. O4eBUIHO, 9TO KOT/a TOJIC BOJNHEI BRICOKOYAaCTOTHOE, C YaCTOTOM
3HAYUTEIFHO TPEBHIMAIOMICH IUKIOTPOHHEIC YacTOTHI BPAIICHUS YaCTHI]
TJIa3MBI B MarHUTHOM TIOJIC, TO HAJMYHE MAarHWTHOTO TIONIA HECYIICCTBEHHO.
TosToMy B 3TOM TIpeeIie TOIDKHO OBITH

2
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¢ - |C _

E . By Puc.4.8. Hanpasnenue

' @ 3NEKTPOMArHUTHOM
—_—— * « . . . == ==  BONHE  TIEPIEHAUKY-
B v-E*B 5
S . o o E 0 napwo kB, u ee Bex-
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B ofpatHoM
TIpe/ieNie HU3KHX 9acTOT, PaciipOCTpaHeHHE B IUIa3Me TOTepedHO HIeKTpoMar-
HUTHOH BOJNHBEI C BEKTOPOM HANPSHKCHHOCTH ISKTPUHECKOTO TOJS, Hampas-
JICHHBIM CTPOT0O HMEPIECHAMKYILIPHO K BEKTOPY MHIYKIIMH BHEIIHETO MarHUTHO-
ro moyna (pwuc.4.8), BIOJMHE aHAJOTMYHO TOMECIICHHUIO TUIA3MBI B CKPCIICHHEBIC

OoJISI — MEUICHHO MCHSIOIICCCA JICKTPHICCKOC TTOJIC BOJIHBI B OJTHOPO/THOC



BHEIITHEE MATHUTHOE TIOJIC, B KOTOPOE MOMEIIICHA THIa3Ma.

B 5THX yCHOBMSX, OYEBHIHO, MBI MOXEM BOCHOJIB30BaTECA JApeiido-
BBIM TTPUOIIDKCHUEM, MU3JIOKCHHBIM B §17. YacTHiIsl mia3Mel JJOJDKHEL Jpetido-
BaTh B HANpPaBJICHWM, TCPICHANKYIAPHOM K JICKTPHISCKOMY M MArHUTHOMY
TIOJTI0, CO CKOPOCTERIO (puc. 4.9)

E
u,=u, =c—.
B

2p;

B ueﬁ

Puc.4.9. ITonspuzanys m1a3Mel B IOJIE TOTIEPEIHOH BOIHEI

IIpu 5TOM, MOCKOJBKY CMEIICHHUS OT PABHOBCCHEBIX MONOXKCHHH BJONE SJICK-
TPUYESCKOTO TONS TIONOKUTENBHO 3apsSDKCHHBIX MOHOB M OTPHIIATENBHO 3aps-
JKEHHBIX SJIEKTPOHOB MMEIOT Pa3HBIi 3HAK, TO TIa3Ma JIOJDKHA TOMAPH30BaThCA,
Kak 370 yxe obcyxnanocs B §20. Tam ke GbiIa paccIUTaHa BEIMINHA TTONAPH-
3aIHH MJTa3MBI H COOTBETCTBYIONIAS €if MmomepedHas KOMITOHCHTA JTUSJICKTpHYIC-
ckoit mpormaemoctr (2.103). BoCmomB30BaBIINCE STHM PE3YIBTATOM, TIOTY-
gaeM, 9TO B PACCMAaTPUBACMOM HU3KOYaCTOTHOM TpeieNie

0)2
€1 | gecon,, =1+ D, =% (4.73)



TMockoeKy Macca HOHOB 3HAYUTENTBHO TPEBOCXOMINT MO BEJIMIHHE MAcCy SJIeK-
TPOHOB, TO OCHOBHO# BKJIAJl B IUIICKTPHICSCKYIO MPOHHUIIAEMOCTE JJAI0T HOHBI
IIa3MBI (3TO CBSA3aHO ¢ TEM, YTO JIAPMOPOBCKHI paauyc 0ojiee MacCHBHBIX
HWOHOB MHOTO GOJTBIIIE JTAPMOPOBCKOTO Pajuyca 3JIeKTpoHOB). Kak MBI BUINM, B
9TOM MNpeJieie Ta3Ma BEICTYIaeT B POJM OGBITHOTO JuasekTpuka. Ecmu miot-
HOCTB TJIa3MBI HE SIBJISICTCA YPE3MEpPHO MaJIoi, TO OHa, KaK MoKa3aHo B §20,
ABJISETCS BECBMa XOPOIINM JIHBIICKTPUKOM C GONBINOH TIO BENHYHHE JHDJICK-
TPUHECKOH TTOCTOSHHOH, 3HAYMTENFHO OOJBINEH, 9eM y BCEX M3BECTHBIX OOBIU-
HBIX TUICKTPUIECKAX MaTePHAIIOB.

OO0beuasist f1Ba mpezienbHBIX cnydas (4.72) w (4.73), u, yauThIBas
BO3MOXHOCTh PE30HAHCa TP COBMAJCHHH YaCTOTHI BOJNHBI M IMKIOTPOHHBIX
9acTOT, YK€ HETPY/JHO TPSIBHICTH B OGIIIeM CIIydae CIEAYIOIIHNii pe3ybTaT:
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€, = 1- E ﬁ. (4.74)
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D10 MOATBEepKIACTCA NeTabHBIMU pacuetamu[18]. B 3akmioueHme mpuBeneM
(1 cpaBok) 6€3 BHIBO/IA TTONTHYIO CTPYKTYPY TCH30pA TUJICKTPUIECKOHN 1po-
HHIIAEMOCTH XOJIOTHOH TUIa3MEL
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JAUAaroHaJIbHBIC KOMIIOHCHTH 37ICCHh ONPCACIBIIOTCA TIPUBCACHHBIMH BBIIIC (I)Op-
MYJIaMH, a «KOCBIC) KOMIIOHCHTBI OTIPCICIIAIOTCA BEJIMIUHOM:
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Mpeamonaraercs, 9To CHCTEMa KOOPAMHAT BHIOpAaHA Tak, 4TO €€ OCh z mapall-
JICTBHA BCKTOPY WHAYKIINN BHCIITHETO MarHUTHOTO TIOJIA.



§ 35. Boinbl B MATHUTOAKTHBHOM I1a3Me

Ecmu B mmasMe Ge3 MAarHUTHOTO TOJA CIEKTP BO3MOXHEBIX BOJH TIO
CYILIECTBY OTPaHWYMBACTCA TPOJONBHEIMH JICHTMIODOBCKAMHM ¥ WOHHO-
3BYKOBBIMH BOJTHAMH (BO3MOJKHA €IIl€ TaK Ha3bIBaeMast «dHTPOIHITHAsD BOJTHA —
CcBOcOOpasHai <IMKa JIABJICHHS») M TOMCPEHHON IIA3MEHHOW BOJHOH, TO B
MAarHuTOAKTHBHOM IIJIa3Me IIOMHMO STHX BOJIH IOSBISECTCI MHOXECTBO HOBBIX.
OT0 — MoTNepeTHBIe aMbBEHOBCKHE BOJHBI, MATHUTO3BYKOBBIEC BOJHBI (MITH Mar-
HUTHBIH 3BYK, KPATKO STH BOJIHBEI 9acTO 0003Ha"aoT abbpeBuarypoit M3B), a
TaKXKe WX Pa3sHOBHIHOCTH, TaKKe kKak OvicTpas M3B, memiennas M3B, «kocas»
M3B, 1MKIOTPOHHBIE PE30HAHCHI M IMKIOTPOHHBIE BOJHBI, BKITIOYAs WOHHO-
IUKJIOTPOHHBIE M JJICKTPOHHO-IMKIOTPOHHBIC BOJHBI, HIDKHETHOPH/IHEIC BOJI-
HBl ¥ BEPXHETHOPH/HBIC BOJHBI, TEHKOHBI (CIMpPAabHBIE BOJHBI) WIIN «CBH-
cTsmue aTMOchEepUKI» U JIpyTHE.

Kaxk yxe 0TMeHaloCh BHIIIIE, 3aKOH JMCIIEPCHH BOJIHEI H €¢ XapaKTep
CYILIECTBEHHO 3aBHCAT OT B3aMMHOM OpHEHTAINH HAIpPaBICHUS PacTpocTpaHe-

HUS BOJIHBI, T.€. €€ BOJIHOBOT'O BCKTOpDa k , BEKTOpa BHCIIHCTO MAarHUTHOTO

noynst B w BexTopa snextpudeckoro nons Bomael £ . TlosTomy mpocteiimas
knaccuuKkanysl BOJH B MarHUTOAKTHBHOH IIIa3Me CBOJUTCS K mepebopy Beex
BO3MOXKHBIX B3aUMHEBIX OPHEHTAIIMI STHX TPeX BEKTOPOB, HEKOTOPHIC U3 KOTO-
PBIX ipuBezieHBI Ha puc. 4.10. PaccMoTpuM mpocteiinme cimygan.

Ilpooonsnoe pacnpocmpanenue 607nbl, 6011060H 6eKMOp napaie-
JIeH GHEUIHEMY MAZHUMILOMY ROJIO

e Tponoasurie Boxnsl (E ||k ||B , puc. 4.10,a). Kak otmeueHo B

TpeABIIyIIeM maparpade, moka peds HIET O BOJHAX MaJoi aMILTUTY/IEL, a



Ia3Ma ¥ MarHUTHOE TIOJe TPEANoNaraloTcs OJHOPONHBIMH, «3aMarHHYHBa-
HME» IUIA3MBI BIIMAHUS HE OKA3bIBacT M B IUIA3ME BO3MOXHBI OOBIYHEBIC JICH-
TMIOPOBCKHE ¥ IOHHO-3BYKOBEIC (€CIIH TeMITepaTypa TUla3Mbl CIUTAeTCS HEHY-
JIeBoit) BOHH (cM. §§ 31,32).
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Puc. 4.10. Knaccupukauus BOITH B MATHHTOAKTHBHOMN
mIa3Me: a — TIPOAONBHAA BONHA; 6 — monepeduHas (06GbIKHO-
BEHHAS) BOJIHA; B — AEBEHOBCKAS BOJHA (TIONIEpEedHAs); T —
MAarHWTO3BYKOBas BOJIHA (TIOIEpETHA)

¢  AJBBEHOBCKAsI BOJIHA (I:: 1k I B o»>puc. 4.10, B). Tak xak

BOJTHOBO#1 BEKTOP U BEKTODP HAIIPSXKEHHOCTH JIEKTPHIECKOTO 10T BOJHEI B3a-
VIMHO TEpPIEHIUKYISAPHE, TO pedb HJET O IONEpedHOH BOJHE, PacIpocTpa-
HSIONICHCS BJONB BHEITHETO MoJiA. J[MCTIepcHOHHOE ypaBHEHME U Ioneped-
HOM BONHEI (CM. § 27) B TaHHOM CITydae CBOJIUTCS K
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OHO 0CcOOEHHO TPOCTOC B HM3KOYACTOTHOM Tpeeie, Korga cornacHo (4.73)
JIMRJICKTPUYECKas MPOHHUIIACMOCTh MOCTOSHHA M HE 3aBHCHT OT JacTOTHL 3aMe-
THM, 910 dopmymy (4.73) MOXKHO TIepercaTs B BHJIE:
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g, =1+—, (4.77)
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T7I¢ BBEACHO yIoOHOe 0003HaTCHNe
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(4.78)

Cy

JUBSL XapakTEepPHOH, TaK Ha3bIBAcMOH aibeenosckoli ckopocmu (X. AnbBeH,
1942). Ona BoO3pacTaeT ¢ POCTOM BEIMYMHB MarHUTHOW WHAYKIIMH W YMEHB-
ITIAETCS ¢ POCTOM TUTOTHOCTH THIa3MBl. Pemrast jauicnepcroHHOe ypaBHEHWE, T0-
JYHHM 33aKOH JINCTIEPCHH JIISL 9THX BOJH

c,c
V=V, = ——. (4.79)
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Ecim masma pesikasi, Tak 9ToO C,£>>C, TO 9Ta BOJHA MPEBPAIIASTCA B OOBIYHYIO

9JIEKTPOMAarHUTHYIO BOJIHY, PaclpOCTPAHIONIyIOCS CO CKOPOCTBIO cBeTa. B
CITydae TIOTHOH IIIa3MBl, KOTTIa C4<<c, (pa30Bast ¥ TPYIIIOBasi CKOPOCTH STOH



BOJIHBI COBIIAJIAIOT C aJTbBEHOBCKOM CKOpPOCTBIO:

= = . 4.
v b v - Cy (4.80)
OTO — OQMH W3 BAXHEHMIIMX THIIOB BOJHOBBIX JIBIDKCHHMM MAarHMNTOAKTHBHOM
IUIa3MBEI.
o, — -—
’ .~ e —_ .
'l
\ % E ~ v ~—- B Puc. 4.11. AnbBeHOBCKas BOJIHA,
m ) — . T.e. KOINeOAHME «HATA-HYTHIX
P CIPYH» — CMIOBBIX IHHMH Mar-
7’ L ~ HUTHOTO TIOJISL.

Kak HU3BCCTHO, CUJIOBBIC JIMHUHW MAarHUTHOTO TOJIA B MPOJOJIBHOM Ha-
MIPABIICHUH CTPECMSATCS COKPATUTHCSI, UM MOJKHO TIPHITHCATh ONIPCICICHHOC «Ha-

TsDKEHHE». YTPOIIEHHO O STOH NMPUYWHE aJbBEHOBCKYIO BOJHY MOXHO Tpe/l-

CTaBIATEH ce0e KaK KOJeOaHHS «HATAHYTHIX CTPYH» — CHJIOBBIX JIMHUI MarHHT-

Horo mojisi (puc. 4.11), mpu 5TOM MIazMa KOJCONETCA BMECTE ¢ MAarHUTHBIM
ToJIeM, B KOTOPOS OHa BMOPOXKEHa.

OTMeTHM, 9TO NpH TIPOW3BOIGHOM HANPABIICHUM PacHpOCTPAHCHUS
3aKOH JIMCIICPCHH aTbBEHOBCKOH BOJIHBI OKa3BIBACTCS CICAYIOIIHM:
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, Vi =Cy. (4.81)
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I'pynmoBast CKOpPOCTH aTbBEHOBCKOH BOJIHBI, OTBETCTBEHHAS 33 Tepe-
HOC BOJTHOH SHEPTHH, TapajulebHa BEKTOPY WHIYKIIMH MarHUTHOTO Tromst. Ha-

TIOMHHMM, 9TO (ha30Bast CKOPOCTH JUIsL MOO0# BOIHEI, B TOM HHCIE U JIVIS allbBe-
HOBCKO¥, TapaJenbHa BOITHOBOMY BEKTODY.



Monynu rpynmnoBoit U (Ga3oBoif CKOPOCTH HE 3aBUCAT OT
BEJIMYMHBI BOIHOBOTO BEKTOpa. JTO O3HAYAET, UYTO BOJIHA HE JIUC-
neprupyer. Ho 5To crpaBeyinBO TONBKO B 00JIaCTH HU3KHMX dac-
TOT. BONMU3M IMKJIOTPOHHBIX YacTOT CHUTyalusi MeHseTcs (puc.
4.12).

NEA
| |
)
A
2o ! 4
1 l g
0 “'Bi ‘CDBe‘ o

Puc.4.12. KadecTBeHHas KapTHHA JUCIEPCHH IIOTIEPEYHBIX BOJNH IIPH
TPOJONTBHOM pacHpocTpaHenuu: 1 — cOOCTBEHHO abBEHOBCKAA BOJHA
(oOBIKHOBeHHAs, JieBas moyApu3auug), 2 — Oeictpas M3B (HeoOBIKHO-
BEHHA, IpaBasd MOJApH3aIHs), 3 — 06nacTh renmuKoHOB, 4 — BY BoMHEL

TOSCHUTE TIOSABIICHHE CYIIIECTBCHHOM ICTICPCHH MOXHO CIEIYIOINM
obOpasom. M3BecTHO, dTO JIOOYIO INIOCKO MOJNAPHU3OBAHHYIO BOJHY MOXHO
MIPEJICTABUTEL B BHJE COBOKYITHOCTH JIBYX BOJH MOJSIPH30BAHHEBIX IO KPYIy —
«JIEBO- ¥ MPABO MOJIAPU30BAaHHEIX». ECITH HanpaBiteHHe BPAIICHHS OKa3BIBACTCS
PE30HAHCHBIM TI0 OTHOIICHHIO K HANPABJICHHIO BPAILICHHS IMTa3MEHHBIX JacTHII,



a MBI 3HACM, 9TO HOHBI M JJICKTPOHBI TIJIa3MBbl BPAIIIAIOTC B Pa3HbIX HAIIPaBIIC-
HUSX, TO MBI BIIPABC OXKHWJIaTh TOSABJICHUC 0COOEHHOCTH TTOKa3aTeNs mpeaoMiIc-

HUSL — aHOMAJIBHOM Jucniepcui. J1o u Habmogaercs (puc. 4.12).

Ilonepeunoe pacnpocmpanenue 60HbL, 607IH060T 86€KMOpP nepnen-
OUKYIAPEN GHEWHEMY MAZHUNMHOMY NOJIO

¢  OO0bIKHOBeHNHBIE MONEPEYHbIE BOJTHBI (]; 1E ||B?0 , puc.4.10,6).

B stom CITy"da¢ MarHmTHOC MOJIC HC OKa3bIBACT BIIVAHMS HAa JJUCTIICPCHUIO BOJIH, H
3AaKOH JJUCTICPCHH OKAa3bIBACTCSA TAKUM XKC, KadK B CITy4ac IJIa3Mbl 6e3 MarHUTHO-
TO IOJIA:

g=N?, o =, +k’c’ (4.82)

e  MarnuTo3ByKOBbI€ BOJIHBI ( K 1E1B o> puc. 4.10,r). B oG-
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Puc. 4.13. KauectBeHHas
B KapTHHA PaclpOCTPaHEHHS
0 MArHUTO3BYKOBOH  BOJHEL:

- TOCJICIOBATENEHOCTE  Pa3-

o pexeHuit U CKaTHil BeNH-
9UHEl MATHUTHOTO TONA M
TIOTHOCTH THIA3MBI

W ¥ VITYY ¥ ¥YY

JIACTH HU3KHUX YacCTOT 3aKOH JIUCTICPCHUN 3THX BOJIH (I)OpMaJ'ILHO TaKoi KC, KaKk 1
AJIbBCHOBCKHUX:



Vo =V, ZC4, (4.83)

HO ¢¥3KKa WHAS: BOJNHY MOXHO MHTEPIPETHPOBATH KAaK MOCIEI0BATEIBHOCTD
CXKATHH W pa3peIKCHI MArHUTHOTO TIOJIA M TUTOTHOCTH TNIa3MHI (cM. puc. 4.13)

ITnockue BONHBI CHKATHA-Pa3psDKEHUST PACHIPOCTPAHSIOTCS TIEPIICH/IH-
KyJAPHO K MAarHUTHOMY TIONIO, T.€. OHH MOMEPEHIHBIC TI0 OTHOHICHHMIO K Mar-
HUTHOMY TIOJIO ¥ TIPOJIONBHBIE TI0 OTHOIIEHWIO K HAIIPABIICHHIO PaCIpOCTpaHe-
HVSI, ¥ TIOTIEPETHBIE 110 OTHOUICHMIO K OPHEHTAIMH DIIEKTPHYECKOTO OIS U
BOJTHOBOTO BEKTOPa. JTH BOJIHBI BIOJHE aHAJOTHYHBI 3BYKOBBEIM, YacTO X TIO
aHaJIOTHH Ha3BIBAIOT MAarHUTHBIM 3BYKOM, HO HEOOXOIMMO TIOAYEPKHYTH, HTO
BEILICCTBO B BOJIHE JIBIDKETCS HE B HAITPaBICHNH E, Kak MOXET TOKa3aThes, a B
HaTpaBJICHUH PacTpOCTPaHEHMs KoyeOaHui, B HalpaBIICHWH BOJHEI, T.€. TIep-
TIEHUKYISIPHO K £ U B (kKak 5TO MMeeT MeCTO TpH Apei(doBOM JBIDKCHHH B
ckpemeHnbix E u B momsx). Tlo cymiecTBy 5TO M eCTh JpelidoBoe TBIKCHIE,
TaK KaK pPaccMaTpHBACTCs JBHKEHIE MacCH, a OHAa COCPEIOTOYeHA B HOHAX.

Ecrmv Hajio y9WTHIBaTH M JIaBJICHHWE Ta3a TPH CXKAaTHH, TO YPaBHCHHE
(4.83) m3meHmTCS:
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EcIi BTOPBIM 9IIEHOM MOXHO npeneGpeds (T.¢., ecim [3—>0), To ocTaeTrcs dwc-

TO MAarHUTHBIH 3BYK; TIpeJIeN IUIa3Mbl HH3KOTO JaBjeHus, [3—>0, MoXHO pac-
CMaTPHBATh KaK ONpeJeNIeHNE TPHONKEHIS XOIOHOH TIa3MBbl.
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Puc. 4.14. KagecTBeHHEIi XapaKkTep AUCTIEPCHH MarHUTO3BY-
KOBBIX BOJIH B 00JIACTH BBICOKHMX 9acTOT: 1 — 06nacts MarHur-
HOTO 3BYKa, 2 — HIDKHETHOPMIHEIE BOIHEL, 3 — BepXHErnOpuz-
HEIC BONHEL, 4 — BU-BOIHEL

OTCyTCTBHE JMCTICPCHH, TaK JKe, KaK M B CIydae albBeHOBCKO#H BOJIHEI,
MMEET MECTO TOJNBKO TIPH YacTOTaX, CYNIECTBEHHO MECHBIITHX, WM HOHHAS TIHK-
JIOTPOHHAsA 9acToTa. [Ipy GONBIIMX YacTOTaX BO3HHKACT aHOMANbHAs JIMCTIED-
cwi (puc. 4.14). Ho Teneps Henb3st 0XXHIATH PE30HAHCA TONBKO Ha WOHHOH MM
TONBKO HA DIIEKTPOHHOH IWMKIOTPOHHOH dacToTe: B (HPOPMHPOBAHWH BOJHBI
TMPUHAMAIOT YYacTHe OJJHOBPEMEHHO 00a cOopTa JacTHI] Ta3Mel. B pesynbrare
9aCTOTHI, OTBEYAIONINE TOABICHUIO aHOMAJIHO!N JUCTIEPCHH, 3aBUCAT OT IIHK-
JIOTPOHHBIX YACTOT 000X COPTOB YACTHI] TNIA3MBI. DTO TaK Ha3bIBACMast HUC-
HezubpuoHas yacmoma, onpeenseMas Uil TUIOTHOH TIa3MBl TPHOIDKESHHO
COOTHOLICHHEM

O)HI‘ = Vl('OBe O)Bi |’ (485)



COKOYACTOTHBIX BOJIH, B 00JaCTH 9acTOT (M, < ) << (0, UHCTO HONEPEITHOE
PacTIpOCTPAHEHHE BOJH HEBO3MOXHO.



§ 36. HeycTOMYMBOCTH MJIA3MBI

IIna3ma, ¢ KOTOPO# MPUXOIUTCA UMETE JIENIO B JIA0OOPATOPHBIX IKCIIE-
PHMEHTaX, KaK MPaBUIIO, CHIIBHO HEPABHOBECHAS M 00J1aJacT BHICOKOMH TIIOTHO-
CTBIO SHEPTHH, 3HAYUTEIIHFHO NMPCBHIMIAIONICH TNIOTHOCTE SHEPTHH B OKPYXKAl0-
meii cpene. Tlo 3aKkoHaM TEPMOMHAMIKY TaKOi HEPABHOBECHBIN OOBEKT, Oy-
JIy9l TPEIOCTABICH caM cebe, JTOIKECH CTPEMHUTHCA K PaBHOBECHIO C OKPY-
JKalomIeH cpenoi, a, 3HAYUT, OXNaXKJaThCs. Pemakcaiys kK paBHOBECHIO MOXKET
TIPOMCXOJIUTE CPABHUTENHHO CITOKOWHO: TIPH HAJIMIUM HEOOIBIINX IPajIueHTOB,
HaImpuUMep, KOHIICHTPAIINH WM TEMIIEPAaTyphl, BOZHUKAIOT TIOTOKH BEIICCTBA U
SHEPTHH, TPOMOPIMOHAIBHBIC 3TUM TPAJUCHTAM M CTPEMSIINECS YCTPAHHTH
VMEIOMIYIOCS HEOJHOPOIHOCTE, BOZHHKAIOT TIEPEHOCH], KOTOPHIC MBI 00CYXKIa-
mm kparko B § 10. JIns mommepikanus CYIIECTBOBAHUS HEPABHOBECHOTO CO-
CTOSIHUA, CCTCCTBCHHO, JIOJDKHBI ITPUCYTCTBOBATH BHCIITHNUC UCTOYHHKH TCIIA U
YACTHI], KOMIICHCUPYIONIHE TOTEPH U 00SCICIMBAIONING CTAIOHAPHOES CYIIIe-
CTBOBaHME TJIa3MBl. FIMEHHO TakoBa CUTYaIlMs B CTAIMOHAPHBIX r'a30BBIX pa3-
psmax: cnaboOTOTHBIH HECAMOCTOSTENBHBIN Ta30BHIH Pa3psl B MPOMEKYTKE Me-
WY IBYMS SJICKTPOAAMH ¢ 33J]aHHON Pa3HOCTHIO MOTCHIMAJIOB, KOTIA 33 CO3-
JIAaHUE 3apsDKCHHON KOMIIOHCHTHI OTBEYACT BHEIIHMI MOHHU3ATOP, MOXKET JITH-
TEIBHOC BPEMs CYIICCTBOBATH MPH HAMYHMN TAKOTO WOHM3ATOpa, HO MpPEKpa-
IACTCSA TPH €r0 BRIKITIOUCHIH. AHAJIOTHYHA, 10 CYIICCTBY, CHTYAIHS U B CITy-
Jae CaMOCTOATEIIBHOTO Pa3psia, B KOTOPOM BKIHOYACTCS MEXAHH3M CaMOIO/I-
JICPKaHUA TJIa3MBI, TAK 9TO HEOOXOIMMOCTE BO BHEIITHEM HOHHU3ATOPES OTMA/IA-
€T, HO CTAIMOHAPHOE CYNICCTBOBAHME TUIA3MBI, CCTCCTBCHHO, TIOIJICPKITBACTCS
BHEITHUM HCTOYHHKOM, 3aJIAIOIINM Pa3HOCTh TMOTCHIIHAJIOB ¥ 00CCIICIHBAIO-
1M TIPOTEKAHKE TOKA, HEOOXOIUMOTO JIJTS TIOIICp KA s pa3psia.

MuUTHOHBI M MIJUTHAP/IEI JIET CBETAT 3BE3IBI, YCTOHINBOS CYIICCTBOBAHHE
KOTOPBIX obecrednBaeT GaaHC JaBJICHUS BEIICCTBA W TPABUTAINH, KOHTPOJIH-
PYEMBIii BEIJICIICHUEM SHEPTHH B SICPHBIX PEAKIIMAX CHHTE3a B HEJIPAX 3BE3JIBI
" €C U3ITYICHUCM. Kax u Y Iu1a3MBel Ta30BBIX Pa3pPs/IOB, TaK U 'Y TJIa3MBbl 3BC3/],



BO3MOJHEBI Pa3HBIC COCTOSHMS YCTOMYHBOTO CTaIlHOHAPHOTO CYIICCTBOBAHHUA,
3HAYNTEIHHO Pa3IMIAIONINECS IO SHEProcoaepkanmo. [Ipu cooTBeTCTBYIOMEM
W3MEHEHNH PEeXXHMa WCTOYHHKA, TIOJICPKHBAIOIICTO CYIICCTBOBAHHNE TIIa3MBI,
TIEPEexoJT MEXK/Ty STHMH COCTOSTHHSIMH MOKET OBITh «ILTAaBHBIMY, €3 KaKHX-IIHO0
karactpod. Hanpumep, 3Be3/1a, IMIICHHAS SZIEPHOTO «TOPIOYETO», MOXKET W3-
JIY9HTh H30BITOK TEIUIOBOH SHEPTHH M TIPOCTO MOTYXHYTh, HO BO3MOXKHBI M Ka-
TacTpodIIecKre IPOoIlecCH THTIAa BCIBIIEK CBEPXHOBBIX, KOT/IAa TIEPEXOJ] 3BE3-
JIBl B HOBYIO YCTOHUMBYIO (pa3y ee CyIeCTBOBaHMS HOCHT HEYCTOWUMBBIH Xa-
PaKkTep W CONMPOBOKIACTCS B3PBIBOM. VI3BECTHO MHOTO MPHUMEPOB HEYCTONUH-
BOTO MOBENCHHUS M Y TIJIa3MBI Ta30BHIX Pa3ps/IOB: BOZHIKHOBCHHE CTparT, ¢ua-
MEHTaIWs (IMHYPOBAHNE), «IIUTIIINES) AYTH U npodee. Ocobyio pois HEYCTOMH-
YHBOCTH TUTA3MBI TPHOOPETAIOT B MPOGIeMe CO3MaHNH M YIEPKaHHH TIa3Mbl B
YCTaHOBKax TI0 YNPaBISIEMOMY TEPMOSJIEPHOMY CHHTe3y. EcTecTBeHHO, ycmo-
BHSL YCTOHYMBOTO yJEpXKaHWSA TIa3MBI «3BE3MHBIX» TEMIICpaTyp B laGopaTop-
HBIX YCJIOBUAX HE OBUIM W3BECTHHI W3HAYAIBHO, KOTJA TEPMOSJICPHAS MPO-
rpaMMa TOJBKO HadMHaiack. [I03TOMY HCTOPHIO TEPMOSICPHBIX HCCIIEI0Ba-
HUi, B ONMpPEJCNICHHOM CMBICIIE, MOXHO TPAaKTOBaTh KaK HMCTOPHIO OTKPHITHSA
HOBBIX HEYCTOHIMBOCTEH TUIa3MBI, pa3paOdOTKH M COBEPIIIEHCTBOBAHMS METOJIOB
ux noyasenys. [Tpunsto pazmmaats [12] maznumozudpoounamuueckue (MIJ])
Heycmotuueocmy TIa3MBl, CPABHUTEIIEHO MeJUICHHBIC, HO TIPUBOJIAIINE K Mak-
POCKOTIMIECKHM TIOCIIE/ICTBISIM — K KaTacTpodhaecKkoMy HapymeHHIo (hopMEl
TJIa3MEHHOTO CTYCTKa, BRIOpOcaM OOJNBIIMX CTYCTKOB INTa3MBI Ha nepudepio,
¥ T.IL., & TaK)Ke MUKPOHEYCTOHIMBOCTH, VI KUHEMUYECKUE HEYCMOUYUsocmu,
00s13aHHBIE CBOMM IPOMCXOXKJICHHEM OCOOCHHOCTSIM HEPaBHOBECHOH (yHKIM
pacrpeneNeHHs YacTHI] TIa3MBl TI0 CKOPOCTAM. B KOHEeWHOM uTOTe, 5TH HEyC-
TOHYMBOCTH TIPUBOJAAT K TEHEPAIMH B TNIa3Me YCKOPSIOMMX TIONeH M IIyMOB,
BBIZHIBAIONMX AHOMAJIBHO OOJBIINE NOTOKH TEIIa M 49acTHIl. ECTECTBEHHO,
Mo60e KOHKPETHOE YCTPOHCTBO MO YASPIKAHHIO TIa3MBI JIOJDKHO B IEPBYIO



odepe/s yAOBIETBOPSTH YCIOBHSIM MaKPOCKONHMYECKOH YCTOWAMBOCTH PaBHO-
BecHsI TIa3MBl, M, KOT/Ia TaKHe HEYCTOWIMBOCTH TIOJIABIIECHBI, Ha TICPBBIi TUIaH
BBICTYTAIOT KHHETHIECKHE HEYCTOHIMBOCTH M Y€ OHH TJIaBHBIM 00pa3oM or-
PaHUYMBAIOT BpeMs JKM3HHM 9acTHI[ B INIa3Me€ M BPEMs YACPKaHUS SHEPTHH
TITa3MBI.

MI/T neycmoituusocmu

¢ HeycroitunBocts Pentesn — Teitiopa. Oto onna w3 ¢yHaa-
MEHTaIBHBIX HEyCTOMYMBOCTEH, KOTOpas MMeeT MHOTOYHCIICHHEIC TIPOSBIICHUS
B npupoze. [IpuMeHnTE HO K TIa3Me €€ Pa3HOBHTHOCTBIO SIBISIETCS JKeI00KO-
Basi HeycToHIMBOCTE (cM. § 19), Ha3pIBacMast Takke KOHBEKTHBHOH WITH Tiepe-
CTaHOBOYHOM HEYCTOWIHBOCTHIO [22].

IIpupony HeycToiHIMBOCTH OOBITHO TOSCHSIOT HAa CIEAYIOMIEM MPO-
ctom npumMepe. IIycTh B cTakaH HaIWTH J[Ba CIIOSI HECMETIMBAIONIIXCS XKHJIKO-
CTei ¢ pa3sHBIMH INIOTHOCTSMU (puc. 4.15). PaBHOBECHIO B TIOJIC CHIT TSDKECTH
3/1€Ch, OYECBHIHO, OTBEYACT TOPH3OHTABHOCTH TPAHMIIE Pa3ziena MEXTy JKu/I-
KocTsiMu. Ecrm BepXHSS M3 XMAKOCTEH MMEET MEHBIIYIO TNIOTHOCTh, TO 3Ta
cUTyalus OyJeT YCTONYMBOM M Majibie BO3MYIICHHS HE pa3pyIiaT HadaIbHOE
paBHOBecHe. Ecim ke BEPXHSS KHIKOCTh UMeeT OOIBIIYIO TUIOTHOCTE, TO PaB-
HOBECHE HEYCTOWUHMBO M Majible BO3MYIICHUS €ro pa3pymar. B KoHIle KOHIIOB,
TSDKENast )KHIKOCTE (IPOTETET» BHU3, JKHJKOCTH  TOMEHSIOTCS  MECTaMW, |
CHCTeMa NPHJIET K YCTOWIMBOMY PaBHOBECHIO.



FCTOIYHE O HEYCTOHYHEO

Op1tBp2 P1<pP2

Puc. 4.15. K neycroiunsoctu Penes — Tefinopa: P - IIOTHOCTS KUIAKOCTH

MAIHHTHOES 1TOJIS

Puc. 4.16. XKenoGku Ha rpaHuILe M1a3Ma — MATHUTHOE TOJIE:
KpyKKH ¢ TOYKaMHU YCIOBHO M300paskaroT CHIIOBEIE IMHUH
MAarmvTHOT O ITOJIA

Cxo/iHast CUTyaIMs MMEET MECTO Ha TPAHUIIE MEKJY TIA3MOH U OJTHO-
POIHBIM MarHUTHBIM T0JIeM. POJTE «J1eTKO# JKUIKOCTIY 3/I€Ch UTpaeT
MAarHUTHOC TIOJIC, W, €CJTH HANpPABJICHUE YCKOPCHMS OKAXKETCS HeOIarompHsT-
HBIM, TO HapacTalOT XeNOOKH, KaKk 3TO KadeCTBEHHO MOKa3aHO Ha puc. 4.16.
JIyist XapaKTepUCTHKH YIePKaHUs TUIa3MBl B HEOHOPO/HOM MAarHUTHOM TOJIe
0OBITHO BBOJIAT TIApaMeTp
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B =8np/B?,
XapakTepH3yIONMii OTHOMICHHE JABJICHHA IUIAa3MBI K JJABICHHIO MATHHTHOTO

nons (em. § 23). Ecrm B<1, To roBOpAT 0 MiasMe HU3KOTO JaBieHus, ecim [

>1, T0 — BBICOKOTO. ECITM MarHuTHBIM TIONeM y/iepkuBaeTcst Tasma ¢ B~1, To
cynp0a BOZHHMKAIONIETO HA IpaHMIle IIa3Ma — MarHUTHOE IIOJIe ILIa3MEHHOTO
(OI3BIKAY», PA3/BHTAIONIETO CHIIOBBIC JIMHWH, 3aBHCHT OT TOTO, HApacTaeT WM
yOBIBaeT MarauTHOE TIOJIE TIPH y/IaJIeHHH OT TuIa3Mel. Ecim MarHuTHOE TI07Ie OT

IPaHMIBI HApYXKY YOBIBAeT, TO IOCKOJBKY 37ech Oyaer p>B%/8T, To noKansHOe
BO3MyIIeHHe cTpemuTcs pactH. Hao6opoT, eciim MarHuTHOE ToJie pacTeT Ha-
PYXy OT TPaHMIIBI, TO POCT BO3MYLICHHS HEBO3MOXEH. B GombImHCTBE Tipes-
JIOXEHHBIX MArHUTHBIX JIOBYIIEK MarHUTHOE Tojie YORIBAcT HApPYXKy, TOITOMY
TPOTHO3 MO YCTOWYHWBOCTH TUIA3MBI BBICOKOTO JIaBJICHUS BHITJUIMT HEYTEIIH-
TeNbHO (0€3 KaKuX-Mnbo JONMOMHUTENBHEIX yemmmit). K ¢9acThio, 0/1HaKo, BO
MHOTHX YCTPOHCTBAX TIIa3Ma MPHHIMIHAIBHO JOIDKHA OBITE HU3KOTO IaBICHHS

B<<1. B 510M cygae MOXHO 06€CTIEIMTh YCTOWYMBOCTE B CPEJTHEM, €CITH ISt
mobo# BHIZICNIEHHOH TIa3MeHHOH TPYyOKH OymeT BBINONHEH TIPWHIHIT «MHHH-
Myma — By»:

s[ayB <o,

KOTOPBIi mopobHo obcyxkaancs B § 19. Bxommmii B 3Ty hopMyiy uHTETpan
BJIONb CHJIOBOH IIMHWH (BIOJIb KOTOPOH OPHEHTHPOBAHA BBIICIICHHAS HaMMU
TpyOKa) Kak pa3 ¥ 00CCICUMBACT «B3BCIIMBAHKC) BKJIAJIA OJArONPHUATHBIX W
HEeGIarompusATHEIX y9acTKOB. BEIeNieHHas miasMeHHas TPyOKa yJIepKHBaeTCs
YCTOHYMBO, €CITH 3aHNMACMBIil €10 00beM OYyIeT MaKCHMAaJICH B TOJIOKCHHUH
PaABHOBECHS, 9TO M OTPAXKEHO B HAMMCAHHOM KPHTEPHH.



¢ HeycroiiunBocts KensBnna — leanMroasna. JTo emie ouH
TIpEMEP KIAcCHIeCKOH THPOIMTHAMWYECKOH HEYCTOHIMBOCTH, CLIOCOOHO# pas-
BHUBaThCSA TIPH HAWIWH HEOHOPOHOCTH CKOPOCTH TIOTOKA JKHJIKOCTH WITH
nna3Mel. B mpocreiiieM ciydae B KauecTBE HEOJHOPOTHOTO TTOTOKA MOKHO

Puc. 4.17. TlocnenoBaTenbHbIE CTaIHH Pa3BUTHS
HEYCTOHIMBOCTH CKa9Ka CKOPOCTH MOTOKOB

TPENICTAaBHTh ceGe JIBa HECMEITMBAIOMIMXCA TOTOKA KHUIKOCTH, TEKYIINX C pas-
HBIMHM CKOPOCTAMH BHILIC W HIDKE TPAHHIIBI PasjieNia — TAHTCHI[MABHOTO pas-
peiBa (puc. 4.17,a). Ecm rpaHniia MOTOKOB BO3MYIIACTCS, HAPHMED, TOSBIIS-
eTcs Topd, Kak 3TO moka3aHo Ha puc. 4.17,6, TO CKOPOCTE MMOTOKA CBEPXY YBE-
JIMYUBAeTCs, a CHU3Y yMeHblnaercs. [1o Teopeme bepHymm JaBiieHue XKHUIKO-
CTH MEHSCTCA B MPOTHUBOMOJIOKHOM HATPaBJICHHIH, CHU3Y <«T0op0a» OHO CTaHO-



BHTCS OOJTBINIE M TIEPBOHAYAIIEHOMY BO3MYIIICHHIO BBHITO/THO PacTH.

B pesynbrate ciroif pa3buBaeTcs Ha CHCTEMY M30JMPOBAHHBIX BUXPEH,
3-3a XapakTepHoil dopmel jmmEMit Toka (puc. 4.17,B) MX HA3BIBAKOT «KOIIAYbH-
MH Tra3aMi» KenbBHHA, OTKPHIBIIETO 3Ty HEYCTOWIHBOCTH €Il B ITO3AIPOII-
JIOM BeKe.

¢ PaszpriBHas neycroiiunBocth. [lepe3aMbikanne CHIOBBIX JIH-

HAH MATHHTHOTO MOJisi. BHenmHe mogo0HO BEINISINT KapTHHA HEYCTOMIIBO-
CTH TUIOCKOCTH CKadka MarHUTHOTO TIOMS — TaK Ha3BIBAEMOTO HEHTPAIBHOTO
ToKOBOTO cios (puc. 4.18). IIpupoga HEYCTONYIMBOCTH 3/I¢Ch MHAs. YPOLICH-
HO €€ MOXHO TPaKTOBaTh CIEAyIommM o0pa3zoM. PaBHOMepHO pacmperneneH-
HBIH 10 TUIOCKOCTH CKauka IOJISI TOKOBBIM CIIOH MOXHO paccMaTpWBaTh Kak
OECKOHEUHYI0 COBOKYITHOCTh OJITHAKOBBIX OSKBHIMCTAHTHBIX 3JEMEHTAPHBIX
TOKOB. TlooKeHNe Kak/I0ro W3 HUX SIBISIETCSI PABHOBECHBIM, TaK KakK TPHTS-
JKEHME COCe/ieil crpaBa B TOYHOCTH KOMIICHCHPYETCS TPHUTSDKEHWEM COCeIei
cneBa. Ho crowmt Ham HapynmTh PaBHOMEPHOCTH paclpenesieHws, CONM3NB
TPYIIY W3 HECKONBKHX TOKOB, Kak MBI OOHAapy»KMM, 9TO WX B3aHMHOE TIPHTSI-
JkeHne OyzIeT CHITbHEe TPUTSKEHNSI COCe/iel, OHM HAYHYT CTSATHBATHCS B €7IH-
HyI0 M30JIMPOBaHHYIO TOKOBYIO HUTH — ¢unamenT. PezynbraTroM pazBuTHS He-
ycTOWAMBOCTH OyIeT pa3phiB TOKOBOTO CIIOS M pa3OHEHNE ero Ha COBOKYII-
HocTh (prmamenToB. [lo 3Toii pHgHHE HEYCTOHYIMBOCTH 9acTO HA3HIBAIOT PA3-
puieHotl, WM  mupuHnz-Heycmouuueocmuio (0T  aHTIMICKOro:  tearing
instability).®wu3mdeckoii kKapTHHE HEYCTOHYMBOCTH MOXHO TPHAATh HHYIO
TPaKTOBKY, €CJIM BCIIOMHHTb, 9TO CHIIOBBIE JINHWUH «O0Ja[al0T HATSDKEHUEMD, a
TOTOMY CTPeMATCS COKpaTHThCA (cM. § 23). C 3TO# TOUKM 3pCHHSA «PaCTIHY-
THIC» CHIJIOBBIC JIMHWM KOH(UTypaimu Ha puc. 4.18,a He BRITOJIHEI, CHIIOBBIM
JIVHVSIM BBITOJTHO (TIEPE3aMKHYTBCSD» Tepe3 CIOH, COKpAaTHB CBOIO JUTHHY (pHC.
4.19). OT0 W TPONCXOAWT, KaK MBI BHJICNHN BHIIE. TEPMUH nepe3ambiKaHue
TIPOYHO BOMIEN B COBPEMEHHYIO TNIa3MEHHYIO HAYKYy.



. E B e HeycToHYHBOCTH  TOKO-
J® BBIX CHCTeM (Z -mHH4ei).

Z - TiHY —
«— -B ;
9TO CaMOCKATHIH CTONO TIa3MBl C TIPO-
3) JIONBHBIM (BZIONTB OCH Z) TOKOM, OKpY-

e~y KCHHBIA CO3/IaBACMEIM OTHM TOKOM
MaTrHHTHEIM MOJIEM.

Puc. 4.18. Pa3priBHas HEyCTOHIHUBOCTD — T
TOKOBOTO clios. KpecTHkOM momedeHo g___;iﬁ___\h\
HampaBieHue Toka B cioe (a). Omo

COXpaHseTci M B cucTeMe (umamen-

TOB, Ha KOTODYIO DPacmajaercs Cloi
©

PaBHOBecue 371ech oOfecmednBa-
erca 0aTaHCOM MATHHTHOTO JAaBJICHHS H
JIABJICHUS TJIa3MBbl, KaK 5T0 OBLIO TMOKa3a-
HO B § 24. JluHaMudeckue mpouecchl, co- T Hc. 4.19. K mexanmnsmy
TPOBOX/IAIONME BO3HUKHOBEHHE TAKOTO 0P CoAMBIKAHI CHIIOBRIX
muHEYa 00CyXaammch B § 25. 3meck 06Cy- JTHIHH MArHHTHOTO Mot
JINM YCTOHYMBOCTE MOJOOHOTO pPaBHOBE-
CHs, ToNaras JUis TPOCTOTHI, YTO TOK
MJ1a3MBI TIOJTHOCTHI0 CKHHHPOBAH — COCpe-
JOTOYCH B OCHOBHOM B NMPHUTIOBCPXHOCTHOM CJIOEC. Torna BHYTPH TIIa3MBbl TTHH-
9a HET MArHUTHOTO TIOJIS, M PABHOBECHE 00ECICTHBACTCS OATAaHCOM JIaBIICHHH



TJIa3MBI M MArHUTHOTO TIOJIS Ha TpaHuile (cM. puc. 4.20):
2

B 21
P ey = Pyars pMar=_(P: B(p=_- (4.87)
8n ca

3neck a — paguyc MIA3MEHHOTo CTONN0a, / — MOJHBIA TOK, ¥ MBI YWIH, 9TO BHE
MIa3MBl IS TIPSIMOTO CTOJI0A MAarHWTHOE TOJIE COBMAJAET ¢ MOJIEM MPSMOTO
MpoBO/Ia.

o Tlepersizkkn. MarHUTHOE JJaBlICHNE BHE MMTHYA YBEIMINBACTCS
¢ YMCHBIICHHEM paanyca, Kak 5To oueBuaHO u3 dopmyisr (4.87). Ilpu mect-
HOM CYXEHHHM TOKOBOTO KaHAja TIa3Ma BBIIABIIMBACTCS M3 MECTA CYXECHHUS
(107100HO TacTe, BHIIABIMBAaEMOi W3 TIOOMKa, puc. 4.20,6), mo3TOMY JaBJICHHE
ee He MOXKET TNPOTHBOJICHCTBOBATHE HAPACTAIONIEMY JABJICHHIO MArHUTHOTO
TOJISI, ¥ TIEPETSDKKE BHITOJJHO HAPACTaTh. Pa3sBUTHE TEPETSHKEK MOKHO TPEIOT-
BpATHTh, €CITH B IJIa3My THHYA «BMODPO3HUTEY MPOJOIBHOE MArHUTHOE TOJIE

(puc. 4.20,B). [ToTOK POFOIEHOTO TOJS COXPAHACTCS

®=na’B,=const, B,~a>, p_ ..~a, (4.88)

a TIO3TOMY 5Ta KOMITOHEHTAa MarHMTHOTO TIONSI TIPW CYKaTHH yBEIMIHBACTCS, ¥
YBENWYHMBACTCS COOTBETCTBYIOUEE €My JIABIICHWE BHYTPEHHETO MAarHUTHOTO
moyst. [IpudeM OHO HapacTaer, Kak 3TO BUIHO w3 cpaBHeHus (4.87) u (4.88),
ObIcTpee MaBiieHVS] BHENTHETO MarHUTHOTO TIONS. DTO M IPHBOAWT K BO3MOXK-
HOCTH CTaOMITM3aIMK TIepeTsikeK. MOJKHO TOKa3aTh, 9TO TEPETSHKKK He OyIyT
Pa3BUBATBCS, €CITH BMOPOXKEHHOE TIPOIONIBHOTO TIONS OYyZIET JIOCTaTOTHO BENH-
KO:

B >—2,

2



e By — MarHMTHOE TIOJIe TOKa Ha TPaHMIle MHHYa. Bo3MOXHOCTE cTabunmsa-
IIMH TIEPETSDKEK BMOPOXKEHHBIM TT0JIEM ObLTa MOJITBEPIK/ICHA HKCIIEPUMEHTAb-
HO.
¢  3meilika». DTO HEYCTOHIMBOCTh TOKOBOTO KaHalla K M3THOY

(puc. 4.20,r). HarnsamHo nmpyduHy pa3BUTHS HEYCTOMIHBOCTH MOXKHO TTOSACHUTE
cnemyonmM 00pa3oM: TIpH M3rHde, KaK 9TO KadeCTBEHHO TOKA3aHO Ha pHC.
4.20,r, cHITOBbIC JIMTHUYM MAarHUTHOTO TIOJSI CHAPY’KM MecTa M3rnda pa3peskaror-
cs, a BHYTPM — CTyIIAlOTCA. B pesyibraTe HOSBISIETCS CHIIA, YCHIIMBAIONIAS

Prasm B
< P
> \ Z
2a : —> ,
H Prar / Puc. 4.20. Heycroiuuso-
™ 1 CTH TIJIa3MBI C TOKOM: 4 —
CKMHUPOBAHHBINA TMHHY; ©
Pria ¥ p(pmr 6
Mar — TepeTsKKa; B — CTabu-
4 —%%Bz JU3aIHS TIEPETSKKH TIPO-
- - JOTBHBIM TI0JeM (B o0mac-
P (
T Z mar TH TIEPEXKATHSA CHIIOBEIC
%) B) JIMHAM CTYIIAIOTCS, JABIIE-
pl&;r HHE BHYTPEHHETO IO
4 HapacTaer); T — W3rub —

«@3Meiikay; A — cradwiu-
3aips  u3ruba TpPOBOAS-

kR

IIMM KOKYXOM
@ D
Tpmar> Priar
r)

MepPBOHAYAIFHOE BO3MYIIIEHHE, TAK 9T0 W3rHOy BHITOAHO pacTr. Hapacranue



m3ru0oB KaHama paspsia HEOJHOKPATHO HaO0aoch B SKCIIEPUMEHTaX Ha Z-
TMHYax.

«3MeHKIm» MOXKHO CTaOMIIM3HPOBATH, €CITU OKPYXHTH IIA3My XOPOIIO
MPOBOANIMM KOXKYXOM (PearbHO MMEHHO TaK W JICNaloT, TUIa3MEHHBIH HIHYD
OKPYXal0T MacCHBHBIM MeIHBIM KoKyxom). [Ipm OsicTpoM H3rnbe TOKOBOTO
KaHajla MarHUTHOE TIONIE 3a cdeT CKUH-3(peKTa He ycreBaeT NPOHWKHYTHh B
HpOBOlIS[IIH/ﬁ;I KOXYX, U CHJIOBBIC JIMHWUW MAarHWTHOTO IIOJISI TOKAa OKa3bIBAIOTCS
@axaTb» MeXTy CTeHKOH H mna3Mod (cM. puc. 4.20,1.). Beuny coxpanenwms
TIOTOKA, B 3TOH 00JIACTH MarHUTHOE TIOJIC CTAHET OOJIBINE, 9eM Ha JHAMETPAITb-
HO TIPOTHBOTIONOKHOH CTOPOHE TOKOBOTO KaHANa, M BO3HWKAET CHIIA, CTPEMSI-
IIAsICSl BOCCTaHOBUTH paBHOBecHe. [10CKOMBKY MEXaHH3M CTaOMIIH3aIMY CyIIe-
CTBCHHO CBS3aH CO BPEMEHEM CKHHHPOBAHWA, MEUICHHBIN M3rHO, OUEBHIIHO,
cTa0MIIM3NpOBaTEC HE MOXeT. B sToMm ciydae Gonee s¢ddexTHBHO ynpaBnsaTe
TONIOKEHHEM TOKOBOTO IITHypa ¢ MOMOIIBIO JTOTOMHUTEIBHBIX MPOBOJHHUKOB C
TOKOM, PacTioNlaraéMBIX Ha epHQePHH TTa3MEL

e BunroBas neycroiiunBocts. Kpurepnii Ilagppanosa—Kpyc-
Kaja. Bo3HUKHOBEHMSI 3MeeK MOKHO OBUTO OBI M30€XkKaTh, €CIM CHAPYXH OK-
PYKUTh IUHY MPOJOJIBHEIM MarHUTHEIM nojieM. Ho curtyaius 3aeck He Takas
O/IHO3HAYHAA, KAK MOXET TOKa3aThCs Ha MEPBEI B3ril. BHenmee MarHUTHOE
TOJIe CKJIAJIBIBACTCSA ¢ MarHUTHBIM TOJIEM TOKa IHHYA, U o6pasyercs KoHpury-
palMs ¢ BHHTOBBIME CHIIOBBIME JIMHWsIMHE (puc. 4.21,a). TIpn n3rnde TokoBOTO
KaHala JeHCTBYIONNE HAa Pa3HBIe €ro YYacTKH CHIBI AMIepa cO CTOPOHBI
BHETIHETO TONS «CKPYIHMBAIOT) TUIA3MEHHEBIH ITHYp, KaK 9TO MOKa3aHO Ha PHC.
4.21,0, v WHYpP CTPEMUTCS 3aBUTHCSL B BUHT. JTO M ONPENIENNIIO Ha3BaHUE 00-
cyxaaeMoii HeycroiamBocTh. Crjta AMmepa, JeiCTBYIONIas Ha TOK B MarHHT-
HOM TIOJIe, UCUE3aeT, KOT/la TOK MapajUleieH CHIIOBOH IMHIK. IMeHHO Takoe
TIONIOJKEHNE M CTPEMUTCS 3aHATh TOKOBBIH MIHYp, 3aBMBasICh B BHHT. HeTpyHo
TIO/ICYUTATh IIar BUHTOBOH CHIOBOH miHuK. Tak Kak JUIMHA OKPYXHOCTH B Ce-

YEeHHH IITHypa PaJiyca a COCTaBILICT 27T, a IPH OJHOKPATHOM 00X0/Ie BOKPYT

ITHypa CMEIIEHHE PaBHO IIary CHIIOBOH JIMHWM /i, TO, YMHOWB JUIMHY OKPYK-
HOCTH Ha COOTBETCTBYIOIIMH yTiIoBoi ko3¢ dument, momygaem
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h =2ma —=. (4.89)
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Ecmu ydecTs, 9TO KOHIIBI IIHYpa «BMOPOXKEHED) B XOPOLIO IPOBOJIS-
IIHE JNEKTPO/IBI, KaK 9TO TOKa3aHo Ha puc. 4.21,0, TO B IPOMEKyTKe JUTMHHI L
He VIIOXKWTCS HU OJIHOTO IIara BHWHTA, a, 3HAYWT, BUHTOBas HEYCTOIYHBOCTD
Pa3BHBATBCA HE CMOXET, €CIIH BEIIOIHEHO YCIOBHE

B
h =2na B’ >L . (4.90)
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Puc. 4.21. BunToBas HEyCTOIIMBOCTD

OTO M eCTh KPUTEPHii YCTOWIMBOCTH OTHOCHTEIIBHO Pa3BUTHA BHHTO-
BBIX BO3MYIIEHHI. MBI BHIUM, 9TO JUJISl TIOJIaBJICHHUS BHHTOBOM HEYCTOIYHBO-
CTH TIPOJOTBHOE TIOJIE B COOTBSTCTBIH C 3THM KPUTSPHEM JIOJDKHO OBITEH TOCTa-
TOYHO CHITBHEIM. Clta00¢ MPOI0TBHOE TIOJIC TOJBKO YXYAIIACT CHTYAIHIO B



TJIaHE YCTONYMBOCTH, TaK Kak ycioBue (4.90) MoxeT HapymaTscs.

JIns cucTeM ¢ 3aMKHYTBIM TUTa3MEHHBIM IIHYPOM, KaK 3TO MMEET Me-
CTO B TOPOMJIAIGHOM MAarHUTHOH JIOBYIKE, HaNMpUMEp B Tokamake (cM. § 17),
PO JJIMHBI CHCTEMBI BEITIONHSET J/IMHA CaMOTO 3aMKHYTOTO ITHypa. Ecii ero
6onbIoii pammyc paBeH R (cM. puc. 2.6), To, moactasuB B (4.90) B xauecTBe

JUIMHBI L JUIMHY OKpPYXXHOCTH OOJBIIOTO pajpyca 27IR, TONydHMM KpHTEpHi
ycroiramsoctH [1adpanosa — Kpyckana [23]:

__h _aB,
2nR R B,

q (4.91)

T/Ie ¢ — TaK Ha3bIBaeMBIi Koo duIMeHT 3amaca yCTOHIMBOCTH.
[IpyMeHnTENEHO K TOKaMaKaM, HPOJIONBHOE ToNe B, MpUHATO Ha3bI-

BATh TOPOHMJIAJIBHBIM, a TIONIe TOKa B, — monownababM. COTacHO KPHTEPHIO
[Tagpanosa — Kpyckaia TOpOMAAIBHOE MOJIE JAOJIKHO OBITH OYCHB GOJTBIIIIM,
€CIIH JIMaMETpP CEUCHHUS NIHYPa 3HAYNTEBHO MEHBILC €T JUTHHEL TI0 GOJBIIIOMY
pamuycy. B atoMm ciydae, olleHMBas BeJMYWHY TOJOWIAIBHOTO TONS TOKa
TJIa3MEHHOTO TITHypa Kak

ca

MOXEM 3allMcaTh KPUTCPHIl YCTOHYMBOCTH KaK YCIOBHE, OTPaHHYMBAIOINICE
JIOHyCTI/[M]:If;I TOK B TOKaMakKe:

2
I<I_ =c%B.. (4.92)
R

max



DTO yCIOBHE OMpEISIET OTHY W3 rpaHuI] pabodeit oOnacTy s Tako#
CHCTEMBI (TaK HA3BIBACMBIH TPEICT 1O TOKY).

Iomaepknem B 3axmoaenue, ato kpurepuii 1lladpanosa — Kpyckana
SIBISIETCSI KPUTEPHEM TIIO0ANBHONH YCTOWIHBOCTH, T.€. YCTOWIHBOCTH IIa3MEH-
HOTO ITHYpa B IICJIOM, M HE TapaHTHUPYET JIOKATBHOH ycToidamBocTH. OnuH 3
KpHUTEpHEB JIOKaNIBHOH ycroWdauBocTH (Kputepmii CaiiziemMa) 3armichIBaeTCsS B
BHJIC

T 1-g?4ps?>0 p)=L,

B 4 (4.93)
s =i£nq

dr '

3necs mocneaHee cnaragMoe — mmp (MW MEPEKPEIICHHOCTE) CHJIOBBIX JIMHHH
BCET/Ia OKa3BIBacT CTaOMIIBHpYIONIee eicTBHe. Tak Kak B TIOMIEPETHOM cede-
HUW [IHYpa JIABJICHUEC TJIa3MEI p () IO Mepe VIAICHHS OT IICHTpa YOBIBaeT, TO
JUTSL YCTOHYMBOCTH, TIPM MaJlOM IIHpe, JOIDKHO GBITh ¢ >1 B COOTBETCTBHH C
kputepuem Illadpanoa—Kpyckama. Ecimn okaxercss Tak, 910 Ha mepudepnm
TIa3MEHHOTO IHypa 6yzaer g (a)>1, To rnobamsHo mmHyp Oyaer ycroiamus. Ho
€CITH TIPH 3TOM B IIEHTpe ImHypa okaxercs ¢ (0)<l, To BO3MOXKXHO pa3BHTHE
SHYmMpeHHell 6UHMOB0U MOObL, BHI3HIBAIONICH «BHIBOPAINBAHIC) MIHYpa «HAW3-
HaHKY» ¥ TIOSIBIICHHE III000Pa3HBIX KoJeOaHMi ero TeMIrepaTypsl, BCIESICTBHE
TIepeMeIIBaHusT TOpsHeH TEHTPABHON M XOJIoHOH nepudepuitHoi mma3Mel
HrHypa.



§ 37. KuneTn4eckne HEyCTOMYMBOCTH MJIa3MbI

¢ Mexann3M o6paTnoro noriaomenns Jlangay. Kunernaeckue

3¢deKTE CTAaHOBATCS CYNIECTBEHHBIMH, Kor/ia ¢a3oBast CKOPOCTh BOJH OKa3bl-
BACTCS MOPSAIKA XaPAKTCPHOM CKOPOCTH 9acTHI] IIa3Mel. OIHO U3 NPOSIBICHUH
otx 3P ¢dexToB — GSCCTONKHOBUTENEHOS 3aTyxaHue Jlammay, MpHUBOAALICE K
3aTYXaHWIO BOJIH B MAaKCBEJUIOBCKOH TurazMe. Hammme (v oTCyTcTBHE) Oec-
CTOJNIKHOBHTEBHOTO 3aTYXaHWsI OTIPEZIENSIETCS 3HAKOM TIPOM3BOJIHOH 10 CKOPO-
CTH OT ({YHKIMH pactpezieNIeHHs B PE30HaHCHOH TOUKe, 33J]aBaeMOii YCIIOBHEM
JePEeHKOBCKOTO PE30HAaHCa

m—lgv*:O,

WITH, JIPYTHIMH CJIOBaMM, 3aTyXaHHE OTPE/ICISIETCS COOTHOIIICHHEM KOIHMIECTBA
JacTHIl, CKOPOCTh KOTOPHIX BHIIIE MM HInke (hazoBoii ckopoctn BoyHBl. Ecmm
rocneHux Oonbie, To SHEPTrUs BoMHB nornomaercs (§ 33). ITpu Hammanm B
ITa3Me WHTEHCHBHOTO Tydka gacTuil (cM. puc. 4.22, «rop0» Ha 3TOM PHCYHKE
OTBEYaeT NPEBHIIICHUIO THCIIa JACTHI] C COOTBETCTBYIONIEH CKOPOCTHIO B IydKe
HaJI 9HCIIOM YacTHI, COOTBETCTBYIONIMX MAKCBEIIIOBCKOMY pacIpe/IeeHHIO),
3aTyXaHHe PEe30HAHCHOH BOJHEBI MOXKET CMEHMTRCS packadkoil. B sTom cimydae
roBopaT 00 obpaTHOM MexaHmsMme norjomenus Jlangay. Ecim ckopocts gac-
THI] TTy9Ka JIOCTATOYHO OOJBINAsL, TO JaCTOTH PE3OHAHCHBIX BOIH OYy/IyT BENH-
KH, a JUIUHBl BOJH — Malibl. B 9TOM OTHOIIIEHNN Takue HEYCTOMYHBOCTH, B OT-
smaue o1 MI'J] — HeycTOHUMBOCTEH, MPENMYIIIECTBCHHO METKOMACIITAOHEIC H,
Ka3amoch OBI, HE MOTYT NPHBOANTH K TIOOATBEHEIM TOCICACTBUSIM. MBI yike
3HacM, OJHAKO, YTO HAJIMYHNC WHTCHCHBHBIX ITYMOB B INIa3MC MOXET IIPHUBO-
JuTh K ¢ ¢eKTHBHOMY YBEIMHIESHMIO 9acTOTHI CTONIKHOBEHHMH dacTwil (pacces-
HHE Ha BOJIHAX), BHI3BIBAIONICMY aHOMATBHEIC 3¢¢eKTH B IpoIeccax mepeHoca:
aHOMAJILHO BBICOKAas CKOPOCTh ju(dy3uH M TEMIONPOBOJHOCTh, AaHOMAIBEHO
6OJBIIIOE COMTPOTHBIICHUE TJTA3MEI H T.II.



HTak, KMHETHYECKHE HEYCTOMYHMBOCTH €CTh CIEACTBHEC OTCTYIUICHHS
OT PaBHOBECHOM, MaKCBEJUIOBCKOH yHkimm pacnpeaenchus. HepaBHOBeCHEBIC
YCIIOBHSL MOTYT PEaTM30BaThCA HE TONBKO MPH HAIWYMM Tydka. Hampumep, B
ammabarmaeckoii yoeymrke (§ 33) dyurxams pacnpeneneHus «oOemHACTCS» 3a
cUeT yXOJa MEJUICHHBIX YacTHI] B OMAcHEIH KOHYyC moTeph (pumc. 4.23). Jto
co371aeT GIarONpPHATHEIC YCIIOBHA JUTA PACKadKH PA3HOBHTHOCTEH «(KOHYCHBIX)
HeycToWdIMBOCTeH (HampuMmep, oJHa W3 Hamboyiee OMACHBIX — Opelighogo-
KoHycHas Heycmotiuueocms [12]), orpaHMMUBaONMX BpEMs XI3HH INIa3MBI B

JIOBYIIIKE.

(v affov<0
KOHYC
offov=>0 HOTeph
rd
Vil
- ' > a)
Y1 V2 v
N
FATYXAHHE packadka f(v) FXOX B KOHyC
J, T MOTEPS
Va1 Yor Vo
=
v
Puc. 4.22. Pe3zonancnoe B3anmMo- Puc. 4.23. HepaBHoBeCHas
JIeICTBYE BOJH M YACTHII B I1a3- (dyHKIMA pacTipeeneHus
Me 9ACTHIL B a1Ma0aTHIeCKoi
JIOBYIIIKE

IIpyauHO# HEYCTOHIHBOCTH MOKET OBITh M HATMIHE TIOTOKOB TIIa3MBl,



€CITM HaMIeTCA TOAXOAIIA BOHA ¢ (a30BOi CKOPOCTHIO, OIM3KOH K CKOPOCTH
noroka. VIMeHHO TakoBa MOXeT OBITH CHTYaIlMsi TIPH HaJMIMM CHCTEMaTHde-
ckux ipetdoBHIX MOTOKOB Ta3Mel (§ 17). Hammpumep, ckopocTh MapMOpPOBCKO-
ro npefida, 0653aHHOTO CBOMM IPOUCXOXK/ICHNEM HEOJHOPOIHOCTH TLIOTHOCTH
3aMarHM9eHHOH TITa3MBl, TI0 TIOPSIJIKY BEITHIHHBI COCTaBISIET
vy~vy pg /L,

e L — XapakTepHBIH pazMmep HeoJHOpo HOCTH. C 3TOH CKOPOCTBIO MOXHO
CBSI3aTh 9aCTOTY COOTBETCTBYIONIEH JpefidoBoii Bomasl. Ecnu, Hanpumep, Bz,

Vrx, To BONHA pacnpocTpanseTcs B HAPaBICHUH OCH V:
o=kyv,.

¢ Ilyuxosas meycroifunBocTb. OHNM WX MPOCTEHIINX MpHMe-
€POB KMHETHYECKOH HEYCTOHYMBOCTH SBISICTCS HEYCTOWYMBOCTh IIy4Ka DIICK-
TPOHOB, MPOHN3HIBAIOIIETO TIA3MY.
PaccMoTtpimM Hambotee mpocToil citydail packadky MPOIOBHBIX BOJIH,

KorJa gepes3 xonoyHyto masmy (1T,—0, T—>0) ng; = ng, =ny, TPOXOANUT XOJO/I-
HBII TY90K SJIEKTPOHOB (V0 Z 0, 1,9 # 0) Manoii mrotHOCTH. JIMCTICPCHOHHOE
YpaBHEHWE [T 9TOTO CIydasi 3alHCHIBACTCS B BUJIE:

2

n 0. (4.94)

_co,%e + 03 _ ® _
2 2
o (co—kv nO)

e=1

Ileperic aBa CllaracMBIX 37¢Ch OTBEYAIOT XOJOMHOHN mnasme (cM. § 29), a mo-

clle/THee OIMCHIBAaET BKJIAJl XOJIOJHOTO ITydKa JICKTPOHOB. 371eCh My, y; U Dy
— JIEHTMIOPOBCKHE YaCTOTHI IS DJIEKTPOHOB TIa3Mbl, HOHOB IJIa3MBI H DJICK-
TPOHOB ITy4Ka COOTBETCTBEHHO, V;; — CKOPOCTh  DJIEKTPOHOB ITy4Ka.

Oto monHoe ypasHeHue 4-if cTeNeHH, IPUBOANMOE K KAHOHMIECKOH dopme.



ITpubmkenHoe pemenue ero 6ruio npemioxkeHo A.DeinbepromM U3 J0BONE-
HO HATVIAAHBIX (U3MUECKHX cOOOpaskeHuii. VI3BECTHO, 9TO MPH NMPOXOKAEHHM ITydKa
gepe3 IDIa3My BOZHMKAIOT (TOYHEE, MOTYT BO3HHKATh IPH ONPENCICHHEIX YCIOBHAX)
kxonebaHus ¢ HapacTaiomeii BO BpeMeHHM aMIUIMTY/Oi. Pa3sBuBaeTCA Tak Ha3eBaeMas
nyukoeas Heycmouuueocms. OHa SBISETCS JAaCTHRIM CIIydaeM HeycToifauBocteif, 06y-
CIIOBIIEHHEIX HAIMIHEM YJACTKOB ¢ IOJOKMTENIBHOH NMPOM3BOAHON gacTH (yHKImmM
pacnpeznenenus. M3 puc. 4.22 BUAHO, 9TO C BONHOH B3aMMOJIEHCTBYIOT YAaCTHIEI IIa3-
MEI, CKOPOCTE KOTOPBIX 6JM3Ka K CKOPOCTH BONHBI Vg, KaxkeTcs, BO3HHKAET TPOTHRO-
peaue: cHagana nmpuusmy 7,—0, a Temeps JOKHEI IPUHATH, 9TO YacTh DIEKTPOHOB
TUIA3MEl IMEIOT TEIJIOBYIO CKOPOCTB, 61M3KyIo K (a3oBoii ckopoctu BomueL. Ho ycnosue
T,—0 elne He 3HAYUT, YTO TEMIIEPATYpa TOKAECTBEHHO PAaBHA HYIIO (TaKoro He ObiBa-
er), a 0003HAYAET TONBKO, 9TO CKOPOCTH, MpUOOpEeTaeMEIe B 3IEKTPHIECKUX IIOJIX,
MHOTO Gonblre TemnoBhX. CleI0BaTeNbHO, MPOTUBOpeTHs HeT. OHAKO B HAIIEM CIIy-

2 2
qae npeHebpexemMm BKJIAJIOM W7, <<®7,, u 6yaeM  paccMmaTpuBarh
o—> o, —>kv no - Tax xak, 0 IPEATIONOKEHUIO, INIOTHOCTE ITy4dKa Malia, n,<<ng, TO
pHUMEM

wzw;, +éozkiv , +d0, | 8w |<<®y, . (4.95)

Tloacraemsas 310 B (4.94) u paznaras B psj 10 Mo BENHIUHE, TOITYTUM

2
1-290 O -1,
0, om

T.¢. KyOudeckoe ypaBHEHHUE
3 2
200" —w,w;, =0. (4.96)

OT0 ypaBHEHHE BCET/[a UMEET PELICHUE C MTOTI0KUTENFHOH MHUMOI 9acThIO, 9TO U IAET
BEIMIUHY HHKPEMEHTA (CKOPOCTH POCTA) BO3MYIHEHHIH:
1/3 1/3

1 n
do=iyy=|-wlo, =0, | 2% . (4.97)
2 ng




Tlockonbky BOSMYIEHHS BeeX Bemwaun (M, .V, AV, E ) NponopumoHansHel
g O , TO OHM OYAYT yBEIMYMBATHCS NMPOTMOPLUHOHAIEHO € " | Bemuauma Y Ha3bI-
BAETCA UHKPEMEHMOM U ONpelieNiseT CKOPOCTh HAPACTAHUA aMILIATY/IBI BOJHEL BO Bpe-
MeHH. 3aMETUM TAKKe, 9TO BO3MYIIEHHS UL 3TOH HEYCTOHYMBOCTH ABIIOTCA CHOCO-
BEIMH (YBJIEKAIOTCS IyIKOM), TaK KaK peINeHHe MMeeT HEHYIIEBYIO JEeHCTBUTEIIBHYIO
9acTh 9acTOTHL. BaKHO OTMETHTH TaKXe, 9TO W3IOXKEHHOE MPUOIIIKEHHOE pelneHie
TO3BOJISICT OLIEHWUTh JIWIIb BEIHIMHY MAKCHMAIbHOTO WHKPEMEHTA HEeYCTOWIHBOCTH.
Mesxnmy TeMm, yxe U3 camMoro ypaBHeHus (4.94) 09eBUIHO, 9TO KOPOTKHE BOJHEIL, JUIT
KOTOPEIX |k |>> @}, [V ¢ » PACKAYMBATECA He MOTYT. JIPYTHMH CTIOBAMH, HEYCTOHTH-

BOCTb HIMCCT I(OpOTI(OBOJ'IHOBLIfI TOpPOTr, KaKk MOKHO ITOKA3aTh, paBH]:IfI

3/2
|knopor |=2(mLe /vnO)[1+(nn /n0)2/3] = 2((0Le /V nO)- (4-98)

ITopor, xak MBI BUIUM, OTPEACIETCS BeNUIHHON HopMansHo moxoxeii Ha aebaeBckuit
pamiyc, OJHAKO BMECTO TEILUIOBOM CKOPOCTH, KOTOpas B HAIIEM CIydae PaBHA HYIIO,
BXOJUT CKOPOCTH YACTHI] ITy9Ka.

JUist ApyruX IydKOBBIX HEYCTOWYMBOCTEH WHKPEMEHTH OYIyT IPyTHMI.
Hanpumep, s 6ynemanoeckoll (moxkoeott) Heycmouuusocmu OTHOCUTEITBHOTO
JIBIDKCHUS MOHOB ¥ DJICKTPOHOB, ONHICHIBACMO# CXOIHBIM ¢ (4.94) ypaBHEHIEM

2 2
D—KY 4 (V]

MaKCHMAaJTbHBIH HWHKPCMCHT, KaK MOXKHO TTOKa3aTh, 6y11€r 3aBHCCTh OT OTHOIIIC-
HYSL MacC JJICKTPOHOB ¥ HOHOB
1/3

m €
Yo, . (4.100)
m




OTa HEYCTOWYMBOCTBH TaKKe TOPOTOBAs, O/IHAKO, B OTIHYHE OT TPEBIIYIIETO
cilydast, CHOCca HeT M (pakTHdecKkH 3TO CTOS4ME allepHOJMYECKH HapacTAIOIIUe

BO3MYIICHHSI.
ITpu HamM4YUM MyYKOB HEYCTOMYMBOCTH BCETJIa MUMEIOT BO3MOXKHOCTB

Pa3BUBATECS, €CTECTBEHHO, TIPH YCIOBHH TIPEOIONICHHS TTOPOTa, €CIIH B CTIEKTpe
IIYMOB TDIa3MBl Hal/IETCA BO3MYIIIEHHE C TOAXOIAIICH JUTMHOM BOJHEI.



I')IABA §
JJIEKTPOHHAS 1 TOHHAS OIITHKA

§38. Anajiorus CBETOBOM H YJICKTPOHHO ONTHKH

OmsrgeckiM  000CHOBAHUEM BO3MOXHOCTH TIOCTPOCHUS aHAJIOTHH
TIPOXOKICHHS HIECKTPOHHOTO JIyda B HICKTPIYECKOM TOJIE C TIOCTCICHHO M3Me-
HSIOMIMMCS TIOTCHITMAJIOM M TIPOXOXKICHUS CBETOBOTO JIyda Yepe3 Cpely ¢ m3-
MEHMIOMMMCS K03(QGHITHeHTOM TIPEIOMIICHHS (ONMUKO-MEeXAHUYECKAS QHANO-

26.) 2us) SBIACTCA OOMmee CXOICTBO MEXKIY

17 OoOBIMHOW MEXaHWKOH W TEeOMETPHIECKOH

ontukoi. M i JBVOKEHHST MaTepHaTbHOH

TOYKM W JIJIS CBCTOBOTO JIyda W3BECTCH Ba-

PUAIMOHHBIH TPVHIINATL T"ammmpTOHA:
t

1
SILdt =0 ,rne ¢, u ¢, BpeMs B Hadalb-
Att,) fo
HOII M KOHEYHOH TOYKAaX TPACKTOPHH,
Puc. 5.1. JleiicTBuTensHas L(q.q ) — ¢ymams Jlarpamia seisercs

¥ BUPTYAJIBHASL TPACKTOPHS ({yuximeit 0600MICHHBIX  KOOPMHAT, CKO-
HaCTHIIBI pocTeli U BpeMeHH.



PaBeHCTBO HymO BapHaIlMK MHTETpana O3HA4aeT, 9T0 STOT HMHTErpall,
B3ATHI BJOJB JACHCTBUTEIIBFHON TPACKTOPHH, UMEET SKCTPEMYM (MUHHMYM) IO
CPaBHEHHIO C JIPYTIMM BO3MOKHBIMH BHUPTYaJIBHBIMH TpaeKTopusiMu(puc. 5.1).
®ynxams Jlarpamka s MaTepHallbHON YacTHIIRI paBHA Pa3HOCTH MEXKIY KH-
HETHYECKOH M MOTEHIMANBHOM sHeprueit L = T — U, i SI€KTpOHa, JIBIKY-
HIETOCS B 9UCTO DIIEKTPOCTATHIECKOM TOJIE L=mv?%2—(-e). B npu-
CYTCTBHMHM MarHuTHOTO Tiojiss B ¢yuxims Jlarpamka L =mvy 22— (-e®) + (-
eAV Ic), tTne A — BeKTOpHBIH MOTEHIMAN MarHuTHOTO Tioysi: B =rotA4 . Ec-

. N L e - . .
nu BBeCTH 0GOGmEeHHbIN uMyse P =p ——A4 ¢, rne {— equunuHeIii Bex-
c

TOp, HANPABIICHHEIN M0 KacaTeNbHOM K TPACKTOPHH, TO BapHAIMOHHEIN IpHH-

mun Tavumerona OS =0, HA3BIBAEMBIH NPUHYUNOM HAUMEHbWE20 Oelicmeus
4

wm npuHipnoM Moneption (umTerpan S = ILdt HA3BIBACTCS UHMEZDANOM
fo

Oeticmeuem, WM TIPOCTO Oelicmeuem) MOXHO TIPSACTaBHTH B BHIE:

B
SIﬁdf =0. Oror npummn anajornden npuHipny depMa reOMETPHUECKOIM

A
B

OIITHKH: Sjnd £ =0, xoropslii 03HaYaET MMHHMAILHOCTH ONTHYECKOM JIHHBI
4

B
Ha peabHOM IyTH cBeTa. To ecTh onTHaeckwii myTh Ind £ ns cBETOBOrO
4



Myda — caMBbIii KOPOTKWH, TJe n — TOKa3aTenb TpPENOMIICHHS cpensl, df —
3JIeMEHT TpaekTopuH Jryda. Ecii n = const, To npenoMiieHre yda OTCYTCTBYeT
M CBET pacmpocTpaHsercsa mpsaMonnHeino. M3 npunimmna depma BeITEkaeT u3-
BECTHBII 3aKoH mpenomieHus CHeJuTnyca, KOTOPHII 3a/jaeT COOTHOIIICHHE Me-
Iy YIJIOM TIajIeHust OL M YIJIOM TipesiomyieHust [3 (YIimbl MexIy JTydoM U HOp-
sinot 1,
MaJbl0 K TPaHWIle pa3jieNia); —— =——, T1e n; u 1, — ko3 dummentsr mpe-
sinB  n,
somyeHust cpen [27].
B cirydae 31eKTPOHOB WX KOMIIOHEHTa CKOPOCTH, HEePIICHANKYIpHAsL
MEKTPHIECKOMY TIONTIO, HE MCHSACTCA, a MOAYJIb CKOPOCTH TPOTOPIHOHAICH

VU , rie U — moTeHIMa OTHOCUTEILHO TOUKH, B KOTOPOH CKOPOCTE DIIEKTPO-

_|", r L1
+-'-.\ Ly

Puc. 5.2. TIIpenoMnenve mydka 3apsoKeHHBIX JaCTHI HA
TpaHulle TIOTEHIMATIOR (a) M CBETa HA IPaHUIIE JBYX
cpen (6)

Ha paBHa Hymo. [lo3TOMY B 5IeKTpoHHO# ontuke VU wWrpaer poims nokasate-
JIs1 IPETIOMIICHHS CPEJIBL, @ 3aKOH IPEIOMICHVS MMeeT BHI;



sina_ U, (5.1)

sinp \/U_1
€CJIM CYNTATh, 9TO Ha rpaHuIle pas/iesia MOTSHIIHAN CKadkoM Mensercs ot U 1o
Us. Pe3xmii ckauok mOTEHIMANA Ha TYTH SIEKTPOHHOTO TMydKa MOXKHO CO37aTh
MEXIy JBYX METAJUIMYECKHX CETOK ¢ MENKUMH fdeiikaMH Ha GII3KOM pac-
CTOSTHWM IPYT OT JIpyTa, Ha KOTOpBIE oAkl Hanpsokenus Uy u U, (puc. 5.2).
Takum 00pa3oM, 1O aHAIOTMM CO CBETOBOH ONTHKOH MOXHO TOBOPHTH 00
SJIEKTPOHHBIX JIydaxX, a TaKKe OMPE/ICNUTh YCIOBHE TEOMETPHYSCKON ONMTHKH

: h 12.25
JUTSL SIEKTPOHOB: JUTHHA BOJHBEI 9TeKTpoHa A[4 |=—— = ———= w™ana no

mv  JU [5B]
CPaBHEHMIO ¢ XapaKTEPHEIM Pa3sMEpOM HEOHOPOJHOCTEH CHCTEMEI, T. €. JIICK-
TPOH MOXHO pacCMaTpWBaTh Kak dacTHIly. Ho y 3JIEKTPOHHOH ONTHKH €CTh U
CYIIECTBEHHBIC OTIIMYHS OT CBETOBOM, OHM B OCHOBHOM COCTOST B CIIC/TYIONIEM.

1. OtnemsHBIC TydW B CBETOBOH ONTHKE HE3aBHCHMEBI — DJIEKTPOHHBIE JIydH
B3aMMOJICHCTBYIOT JPYT C JIPYTOM.

2. Tloka3zaTens MPeTOMIICHHS JUTSA SJICKTPOHOB BCET/Ia HEMPEPHIBEH, /IS CBETA
OH, KaK MPaBII0, MEHACTCA CKauKOM.

3. JIuama3oH M3MEHEHHS TOKa3aTesl MPEIOMIICHUS TS SJICKTPOHOB HE OTpa-

HHUYEH, B ONTHKE 11 < 2.5,

4. CKOpOCTB HNIEKTPOHOB TeM Ooible, 9eM OOoNbIIe MmoKa3aTenb IperoMire-
HWI, @ CKOPOCTh CBETa HA00OPOT.

5. TIpenomismonmie MOBEPXHOCTH JJISL SJIEKTPOHOB, B OTIIMYHE OT CBETOBBIX
TMyde#, He MOTYT OBITh TIPOW3BOJBHBIMH — pacipezIelieHHe TOTECHIHAIOB
BCETJIa VIOBJIETBOPACT ypaBHeHmio Jlamraca (JimHe#Has SJIEKTpOHHAs OI-
Trka) W [Iyaccona (HemHeHHAsA SIIEKTPOHHAS ONITHKA).



§39. DaexkTpocTaTHYECKHE JTHH3BI

JIBrKeHNE DNIEKTPOHOB, 3aBUCSIICE OT paclpe/ieNieHus] TIOTEHITHANa B 1po-
CTpaHCTBE, B 00IIIEM cllydae BO3MOXKHO PAcCHMTATH JIVIIb YHCICHHBIMI METO-
Jmamu. OffHaKoO B OTJENBHBIX CIy9asX pachpesielleHVs] MOTEHIHANa BO3MOXKHO
aHaNMTHYECKOE DpeEIlleHHe, HalpuMep, B Clydae aKCHaIbHO-CHMMETPHIHOTO
pacnpesieneHus oTeHnman U(z,r) He 3aBUCHT OT asuMyTanbHoro yrma 0. Tax
kak U(z,-r) = U(z,r), To B pasnoxernun U o cTeneHsM » GyIyT TONBKO YETHEIC
CTETICHH:

Uzr) =bo@)+b@r +bi@r*+. . +bu@r*+.. (5.2)

Toncrasnsst 5T BeIpakeHne B ypaBHeHue Jlamaca (HeT 3apsAioB B TPOMEKYT-
Ke) B IIMHAPAYECKOM CHCTEME KOOP/INHAT:

U 18U 8%
+— + =

ort ror 8°

0 (5.3)

2

(YpaBHEHHE YIPOIICHO C Y4ETOM =0), MOXHO HaWTH KO>(PPHIHEHTHI

80*
Pa3IokKEHMs, TIONYYIHB B MTOTE PacNpeeiicHue TIOTEHINAIA B TIPOCTPAHCTBE B
BHJIE:
I3 "
U(Z,r)=U(Z)—(5)2U (z)+

U ®)(z) (5.4)

(k./ )222k

ey

LL4 w, _1\F
+22(2)U (z)+..+(-1)



KOTOPO€ TOIHOCTBIO OTIPEICIIETCS pactpezieNIieHHeM TIOTEHIIHala Ha OCH CHC-
Tembl U(z) = U(0,z). OT0 CHIILHO YNPOIIAET PacdeT JBIDKEHMS SIIEKTPOHOB.
JInst IpHOCEBBIX HIEKTPOHOB (7 2/L 2x3p<< ¥ [Lyap, TH€ Lyep — XapakTepHas JIHHA
CHCTEMBI), KOTOPHIC €Ile HAa3hIBAIOT NAPAKCUATbHBIML, MOXHO TIONyHIHTh ypaB-
HEHWE TpaekTopwu. [ 3Toro B pacnpesieNeHNM TOTEHIHala mpeHeOperaeM
CITaraéMBIMH CO CTCTICHSMH 7, TOT/Ia YPABHCHHS IBIDKECHHS JICKTPOHA:

mZ =—eE,=eU’'(z) u m¥ =—E,=—eU" (z). (5.5

TMocneanee ypaBHeHne 3aMeYaTeNbHO TEM, YTO B MOJIX ¢ AKCHAIBHON CHMMET-
pue#t pamuarsHast $okycupyomas wiHn pacGoKycHpYIOmas CHiia TPOTIOPIHO-
HAJIbHA YIANCHWIO YaCTHIBI OT OCH. YUHTHIBAs, 9TO JICBHIC YACTH YPaBHEHHS
COZIEPKAT TIPOM3BOJHBIE TI0 BPEMEHM, a TIPABBIE TIPOM3BOIHBIE IO Z, MOXHO
HCIONB30BATh  TEPEeX0J K  NPOM3BOAHON MO  MEPEeMEeHHOM  z:

d*z 1d (dz 2 . Torma
=——-(—)". Torna, mHTErpHpysd IIepPBOC YpPaBHCHHE C YICTOM Ipa-
dt? 2dz dt

HugHOTO yenosus npu z = 0, U(z) = 0 u dz/dt | o= 0 (mpeHeOperacM HavaTBHOM

CKOPOCTBIO 9aCTHIY), IIONyqIuM dz/dt = = y2eU (z)/ m . Ucnonsays

OTO COOTHOIICHHUC JUIA HWHTCTPUPOBAHWA BTOPOTO YPABHCHMS W MCPEXONI K

. d’r _dz d ,dr dz
TIPOM3BOIHOM TI0 z: =——(——), nomyanm

dt? dt dz dz dt

YpaBHEHHE TPACKTOPHH 7 (Z) TApaKCHATBHOTO IyJKa:

d’r +U'(z)dL+U"(z)
dz? W (z)dz 4U(z)

r=0, (5.6)



KOTOPOE Ha3bIBACTCS OCHOBHBIM VpasHenuem snekmponnot onmuxu. IlomydaeH-
HOe JIMHEHHOe omHopoaHoe muddepeHnmarbHoe YpaBHEHHE 2-T0 TOPAJIKA OT-
HocuTenbHO U(Z) M #(z) TIOKa3BIBacT, 9T0 BO3MOXKHO MacIItabHOE MOJIENTHPO-
BaHNeE, T.€. €CJIM MOTEHIMA BO BCEX TOYKAX MPOCTPAHCTBA YBEJIMYNTH B k pa3
(YBETMUYNTH TOTSHIMA] HA BCEX DJIEKTPOJIAX CHCTEMBI B OJMHAKOBOE UHCIIO
pas), To ypaBHEHHE, a CJIEJJOBATEIbHO W TPASKTOPHS DJIEKTPOHA HE H3MEHHTCS.
Kpome Toro, ypaBHEHHE HE COMIEPXKHT OTHOIICHHS e/m, MOITOMY TPAeKTOPHH
3JIEKTPOHOB ¥ HOHOB HE OTIIMYAIOTCA.

Puc. 5.3. M300paxenue TOUKHU B JIHH3E

Ecim npeMeTHast IOCKOCTh HaXOAWTCS TIPH Z = @, a TIIOCKOCTh H30-
Opakenus ipu z = b (puc. 5.3), To MMHCITHOE YBEITMYCHHUE JINH3BL

rb

M = ®)
r(a

VTII0BOE YBEIMUECHNE JIMH3EL, OIPENEIeMOe KaK OTHOIIECHHE TAHTEHCOB YITIOB

t r
HAKJIOHA TpaeKTopuu k ocu G = Bt L (puc. 5.4). U3 ocHOBHOTO

tgy, r (a)

, Tme r (@) u r (b) paccTosHME 0 TPACKTOPHH OT OCH CHCTCMEI.



YpaBHEHMS] DIIEKTPOHHOH ONTHKM MOXKHO TIONY9WTh COOTHONICHWE MEXKIY JIH-
HEHHBIM U YTIIOBBIM yBENWHIeHHEM JTHH3H [28]:

= (5.7)

KOTOpOE SBISCTCA aHAIOTOM TeopeMel Jlarpamka—I eBMroJibia Ui CBETOBO#H
OTITHIKH:

Puc.5.4. Vrisl, o6pasyeMsie TpaeKTOpHeif C OCBIO B
TIpeIMETHOMN IIOCKOCTH U TOYKE
®okycHBIe paccTosHMS ciieBa f | W cnpasa f, OT TIaBHBIX TUIOCKO-
creii By u h, DNEKTPOHHOMN JIMH3BI MOXHO ONPEJICIHTE YEPE3 TPACKTOPHH,
npoxozimme depe3 GoKyC JMH3BI 7| W MapajlIeIbHO OCH ¥, CHCTEMSBI (pHC.
ri(b) _h (a)

W ey



Tonkue anexmpocmamuueckue TUH3bL
PaccMOTpHM TOHKHE JIHH3BI, TIIABHBIE TNIOCKOCTH KOTOPHIX HAXOAATCS
npH z = @ W Ipn z = b. J[JIst TOHKUX JINH3 PACCTOSIHAE MEXKTy TIIABHBIMH TLIOC-
KOCTSIMM MHOTO MeHbIe GoKycHBIX paccrosmmii (b — a) <<f';, f,, T. e. rias-

HBIC TIOCKOCTH CIIMBAIOTCA, (POKYCHEIC PacCCTOSHHMSA CIICBa M CITpaBa ONpeIeis-
FOTCS COOTBETCTBEHHO COOTHOIICHHSIMH:

1_ J‘U (),
f1 4,/U (a) Ji} (z
1 U'(z) ,
/2 4,/U ®): I JU (z ©9
b b,

ra

Puc. 5.5. Xoz rnaBHEIX Ty4qeii B SNEKTPOCTATHICCKOMN THH3E



Ji WU (a)

OtHomieHre HPOKYCHBIX PACCTOSHMIM; — = —

fr Ju®)

Onrmaeckas cuia:

_1_ 1 (U'(b) _U’(a))+
f2 4JU®) JU®) U(a) 59
1 (U @)

8JU ()3 U ()

Ecnu snexTpudeckoe Tojie CIpaBa M CJIEBa OT JIMH3EI paBHO, TOo D >0, T.e.
JINH3a BCET]a coOmparomias.
Jlst onpHO9HO# JTadyparMel ¢ KPYTIBIM OTBEPCTHEM:

1 FE -FE
D=—="1"2 (5.10)
fo W,
rae E1 uF , — HaNpPDKEHHOCTH JNICKTPUHECKHX ToNiei clieBa M CpaBa OT
nuapparmer, U ; — norenmman auadparmsr.
Jnst cucteMsl U3 ABYX JiuH3 — quadparm ¢ dpoxycamu f u f, u pac-
CTOSIHHEM MEXJy JMH3aMH ¢ ONTHYECKas CHJIa 33J]aCTCSI COOTHOIICHHEM:
1 1 1 £
—=—+—+ .
f o f S
B ofmem cnydae akcHalBHO-CHMMETPUYIHOTO TIONS TPAEKTOPHS DIEKTPOHA
OITHCHIBACTCS YPABHEHUSIMH:

(5.11)



my =—ek

¥

~-2U"(2)
2 (5.12)

mz=—eE,  ~eU (z)

T.e. GoKycHpyIOIas CHla OTPE/IeNAETCS 3HAKOM BTOPOI NMPOM3BOJHOM OT TO-
TeHIana Ha ocu cucteMel. Ecim U (z) > 0, To cuctema GoKycHpyIomas, eCim
U"(z) < 0, To pacthokycupyromnias.



§40. MarsuTHbI€C JUH3BI

DOKYyCHPOBKY IIy4KOB B aKCHAIBHO-CHMMETPHIHOM MarHUTHOM IOJNE
TIPOIIE BCETO TPOJIEMOHCTPHPOBATh Ha NMPHMEPE MapaKCHAIBHOTO ITyJKa JJIeK-
TPOHOB, CKOPOCTh KOTOPHIX BJIONE OCH CHCTEMBI MHOTO OOJBIE CKOPOCTH B
PpagualbHOM HamnpaBlIeHHH V, >> V,. Ha JIeKTpOH B MarHUTHOM TOJIe JIeHCTBYET

_ e . = .
cuna Jlopemma F' = ——v x B . PaguansHas COCTaBIAIONAS 3TOW CHIIBI SIBIIS-
c
erca pokycnpyromeii: F, = —(e/c)vyB, (prc.5.6). AzuMyTanbHas COCTABIIIONIAS
CKOPOCTH JJIEKTPOHA MOABJISAETCH 33 CUET a3UMYTAIBHOM COCTABJISIONICH CHIIBI
Jopenua:Fy, = —(elcy (v.B, + v,B,) ® = —(elc)v,B, , Tax kak v, >> v,. Cocras-
JISIOTIasi CKOPOCTH Vv, He MEHSIET 3HaKa, PajMajlbHast COCTABJISION[As MarHUTHO-
ro mojist B, MOXeT MEHATh 3HaK, MIPHU 9TOM a3MMYTAITBHAS COCTABJIIONIAs CKO-

POCTH 3JIEKTpOHA Ve OyIeT yMEHBIIaThCsl (BpalleHHE 3aMeUIAThCA), HO Ha-

Puc. 5.6. DoxycupoBka B aKCHaIb-
HO-CUMMETPUYIHOM MAarHUTHOM
mone

TIPABIICHHUE BPAIICHUE HUKOTA HES MEHACTCS, TOATOMY (DOKYCHPYIONIAs COCTaB-
smomias cwel Jloperma F, Bcerna coxpamser 3Hak. TakuM o0pa3oM, MarHur-
Hasl JIMH3a BCETIa COOMpPAlomas.



C yaerom Teopemul I'aycca, faromeii COOTHOIICHUS MEXTY TPOIOIb-
HOU B, W pajuaJIbHON KOMIOHEHTaMM B, aKkCHaIbHO-CHMMETPIYHOTO MarHuT-

woro nons B (B.,B,) B, = (r/2)(dB./dz), nBuXeHNE SNEKTPOHOB BIONB OCH
OIHMCHIBACTCS YPABHCHUEM:
d’z e’ dB,
—=———71'B, —=. (5.13)
dt 4m “c dz

AsuMmyTanbHOe IBIDKEHNE (TIOBOPOT) ONHMCHIBACTCSI YPABHEHHEM::

dp eB,
dt  2mc
(MapMOpPOBCKOE BPAIICHHE), T. €. YITIOBasI CKOPOCTh BCEX IEKTPOHOB OJMHAKO-

Ba M M300paXkeHHe BpaIacTCA Kak IIeJIoe, MPHUYeM, HANpaBIICHHE BPAICHUS
3aBUCHUT OT HampaBJIeHHs MarHUTHOTO ToJA. Eciii MarauTHOE ToJie yIOBICTBO-

(5.14)

b
PAET YCIOBHIO: IB , (z Yz = 0, To Bpamenue u306paxeHus GyIeT OTCYTCTBO-
a

BaTh. YUWTHIBAs, 9TO UL TTAPAKCHANBHBIX IydKOB Vv, >>V, (B NPHOMIKEHIH

mv2

~U ), IBIKeHNeE 110 pajuyCy 3a]1aeTCs yPaBHEHHEM:

d2r_ eB’ .
dz* 8mc U , ’

(5.15)

rae Uy — sHeprus siekTpoHoB. JIaHHOE YpaBHEHHE OIMMCHIBACT TPACKTOPHIO B
TUIOCKOCTH, KOTOpas BpalaeTcs ¢ JIapMOpPOBCKO# dacToToil. Kak BHIHO W3
YpaBHCHMH JBIDKCHUSA, TPACKTOPHSA DIICKTPOHA TTOTHOCTBIO ONPEICNACTCS 3HA-
YeHHEeM MarHuTHOTO HOJIS Ha OCH B,.



B ypaBHEHUS BXOJAT 3apsjI ¥ Macca, CICIOBATEIIBHO, Pa3HBIC JaCTHIIH
JIBIDKYTCSL TIO pa3HBIM TPaeKTOPUSM. Y DaBHECHMS THHEHHEBI ¥ OJTHOPOHEBI OTHO-
CHUTEIBHO pPACCTOSHUS OT OCH 7, CJICAOBaTENIbHO, JH000C aKCHaJIbHO-
CHMMETPHUTHOE TIOJIE CTIOCOOHO CO3/1aTh M300paXEHUE U SBIICTCS JIMH30H.

JIs TOHKO# MAarHUTHOM JIMH3HI (MArHUTHOE TIOJIC HA OCH OBICTPO Ta-
JIACT TIO Mepe YAAICHMUS OT JIH3HI) ONITHICCKAs CHJIA;

b
L
S 8mcU,"*
511518
b
l[i]=MJ‘B 2[Telz . (5.16)
S em™ U,[B]Y

Yroil IOBOPOTa B MarHUTHOM JIMH3E

b
1 e
=— [——|B,d
9(2) c‘/SmU():[ dz

i
b
0.15
0 [pan)=——— [B, [reps . (5.17)
0 [SB] a
JIns MarHWTHOTO BHTKa ¢ TOKOM [ pajuyca R MarHMrHoe TOJe
B
B, = —’;’ ,Tie B, — mone B nentpe ButKa (hopmyna bro-Casapa).
(1 + L )3/ 2
R2

Hurerpupys (5.16), MmoxHO HaiTH (HOKyCHOE pacCTOsHUE IS OJJHOTO TOKOBOTO
BHUTKA:



U ,[5B] R[cm]

feMm] =~ 96.8 (A (5.18a)
Jlnst xaTymky u3 N BUTKOB:
U ,[3B]R[cMm]
~96.8—2————. 5.186
S lem] (VT [A] (5.180)
Yron noBopoTa:
o[pan] ~10.7 NTTA] (5.19)

VU, [2B] .

Jlst 5KpaHUPOBAHHOM MH3HL f = kf, Tie k — nonpaBodHbIi Kodddument, k =
0.5+0.7.



§41. OTxnonsiiomue U GOKyCHpPYONIHE YJIEKTPOHHO-
OIITHYCCKUEC CUCTCMBI
OtxiioneHne n GOKYyCHPOBKaA 3apDKCHHBIX YaCTHI] B HJICKTPHICCKOM
W MAarHuTHOM MOJIX IMHAPOKO HCIIOJB3YCTCA A CO3/JaHUA WU JIHarHOCTHKH

IasMbl, a TaKXKC JUIA HUCCICIOBAHUSA MPOIICCCOB B331/[MO)ICI710TBI/I$[ mIasMbl C
TBCPABIM TCJIIOM. PaCCMOTpI/[M HCKOTOPBIC U3 TAKUX CUCTEM.

In eKmpocmamuydecKue Inepzoanaiuiamoput

Hamboiee mpocToii ABIAETCA CHCTEMa B BHJIC TUIOCKOTO KOHICHCATO-
pa. Ecri mmydgoK 9acTIl 3aIyCKaeTes apaJule/bHO TiacTuHaM  (puc.5.7 ), 1o

]

gE

Puc. 5.7. DoxycupoBka B 3NEKTPOCTATHIECKOM IOJNIE TLIOC-
KOT0 KOHJICHCATOpa

YT'OJI OTKJIOHEHHS ITy9Ka (L 3aBUCHUT OT SHepruu gacTuil Uy:

U ,)=4Ut, | QU (), (5.20)



rie AU — pa3sHOCTh MOTEHIMANIOB, NPIIOKEHHAS K IIacTHHaM, ¢ 5 — JIHMHA

TITacTHH BJIOJb JIBIKEHUS TydKa, d — paccTOsTHUE MeX/Iy TuactiHamu. braro-
Jlaps pa3IMYHBIM 3HA4CHUSIM TOTCHIIMANIA HA BepXHEH M HIDKHEH rpaHumIle myd-
Ka, a 3HAYUT ¥ Pa3JIMIHBIM CKOPOCTAM YacCTHI, TPOUCXOANT (HOKYCHPOBKA Myd-
Ka.

Xopomryio $OKYCHPOBKY TO3BOJISCT TONYIHTH IMITHHAPUYSCKUH KOH-
nercarop (puc. 5.8). DmexTpHdeckoe Moyie IMMMHIPUYCCKOTO KOHJICHCATOpa
o0paTHO TIPONOPIMOHANEHO paguycy E(r) = a /r, wHTErpHpys ypaBHCHHE
dU(r)/dr = a | r, moxwuo HaiiTi ko3ddmmenr a = (U, — U;) / /¢n (Ry/R);), a 3Ha-
gut E (r) = (U, — U)/(r {n(R,/R))), Tne U,, U, R;, R, — TOTCHIINAITHI ¥ PAJINYCHI
BHYTPEHHETO ¥ BHEITHErO IMIMHPA COOTBETCTBEHHO. Uepes y3KYIO BEIXO/IHYIO
mens OyIyT «yCHENIHO» TPOXOANTHh TOJNBKO HaCTHIIBI, WMEIOIINE KPYTOBHIC
TPAeKTOPHH H CKOPOCTH, YAOBIETBOPSIOIIHE YCIOBHIO: mv 2/r = gE (OcTasHbIe
TIONayT HA CTCHKH HWIHHAPA),

T. €. YaCTHIIbl, IMCIONINEe KHHETH-

9ECKYI0 DHEPTHIO:

Uo[PB]= q(U, — Up)/(2¢n(RA/Ry)).
(5.21)

JIna penieHust ypaBHEHUS JIBIDKe-

HUSL JUTI1 HEKPYTOBBIX TPAcKTOpHiL B

TOJISIPHBIX KOOp/IMHATAaX:

.. .2 _ 4a
r—rp ——m—r, C YYCTOM IIO-

CTOSIHCTBA CEKTOPAIBHON CKOPOCTH

rip=const, ymo6Ho paccmoT-

Puc.5.8. Mokycuposka B mwmmpwae- PETh OTKIOHEHHE i TPACKTODHH OT
CKOM KOHJICHCATOpE KPYTOBOiL: 7 =rotu (u <<r),Tae ry



— pamyc, Ha KOTOPOM TyHOK YacTHI] BJIeTaeT B KOHJCHcCATOp. Toraa ypaBsHe-
HHE JBIDKEHHS MOXHO TPEACTaBMIb B BHIAE: U + 20)314 =0, e ©, =
(ga)/(mr), peleHye KOTOPOTO TPEICTABISET COGON KONEGAHHA OKOIO KPyro-
BOH TpaekTopum C mepuojoMm 27T / \/5 , TO €CTh TOCJIe TIOBOPOTa Ha yrom Tt/

\/5 =127.3° nydok poKycHpyeTCs Ha KPYroBoil TpaekTopuu ((pOKyCHpOBKa 1o
O3y u Poxanckomy).

Maznumnoie Mmacc-cenapamopbsl u IHEPZOARATIUIAM OPBL

Brarogapst 3aBHCHMOCTH DPaJHyca BpALICHHS B MarHUTHOM MOJE
vmce .
¥ napv— B (JIAapMOPOBCKOTO PaJMyca) OT MONEPETHOM CKOPOCTH V| ¥ MAaCCHI m
e

3apsDKEHHOH JacTHIIHI, BO3MOXKHO MX pazfielicHue (cerapanys) 1o SHEPrusiM 1
MaccaM, a Takke GOKyCHpOBKa Kak B MOMIEPETHOM, TaK M B TIPOTOIBHOM OJIHO-
POJHOM MarHUTHOM rmojie. B momepedyHoM MarHMTHOM ToJIe Hanboliee pacipo-
CTPaHEHHOH SBIAETCS CXeMa

¢ TONMyKpyroBo# (poxycupos-

koif (puc. 5.9). Bexozsaummit

2c W3 TOYCYHOTO WCTOYHMKA A
TePHEHIUKYISPHO CHJIOBBIM

JIMHUSAM ITy90K MOHOJOHEPTC-

THYEeCKHX "acTui Oyaer ¢o-

KYCHPOBATBCS TIOCIIC TIONY-
E o60opoTa Ha  PaCCTOSHMM
A 27 pap. POKYCHPOBKA JacTHII,

Puc. 5.9. ®okycuposka B OZHOPOTHOM MarHUT- BBIICTECBHOINX NOJT OJUHAKO-

HOM IIOJIC



BBIM YTJIOM Ol K IIEHTPAJBHOH TPaeKTOPWH IMydKa, TIPOUCXOAMT Onaromaps To-

Puc. 5.10. CexTopHSBIf MArHUTHEIA Macc-CenapaTop

My, 9TO KPYTOBEIC TPACKTOPHH JaCTHI] UMEIOT OIMHAKOBHIC PA/INYCHI, ¥ X Tpa-
€KTOPHH OITHPAIOTCA HAa JUAaMETpHI, PAacIONIOKECHHBIE IOJ] TeM Xe YoM 20,
4TO ¥ KacaTebHEIE K TPAeKTOPHSM B HadalbHO# Touke. [IIupuna memu O, He-
o0xomuMast Ui NPOXOXKJICHHS BCEro ITydKa, 3aBHCHT OT PacXoIuUMOCTH 20

BXOJIAIIETO Ty9Ka: O =27 (1 — cOSOL). B CEKTOPHBIX Macc-CTIEKTPOMETPAx ¢
OTHOPOJTHBIM MAarHUTHEIM TioJieM (puc. 5.10) ¢okycupoBka OCYIIECCTBIACTC 3a
CYeT TOro, YTO JUTHHA TPACKTOPUH B MarHHTHOM TIOJIE JIJISL 9aCTHII, HAXOJISAIIHX-
¢ Ha Pa3HOM PacCTOSAHWH OT IIEHTpa CeKTopa, pasimdHa. dokycHoe paccTos-
HE¢ TaKOH CHCTEMEI 3aBHCHT OT yINIa CEKTOpa () M PAacCTOSHHS OT MCTOYHHKA
JIO TpaHuIlbl oJA. Ecii TpaekTopHs OCEBBIX 9acTHI] ITydKa Ha BXOJIC M BEIXOJIC



W3 CeKTOpa MEPIEeHINKYISPHA ero rpaHuile (ICHTP BPAIICHHs OCSBBIX JaCTHII
COBMAJIacT C IEHTPOM CEKTOpa), TO PACUETHI MOKA3BIBAIOT, 9TO (POKYCHPOBKa

TIPOVICXO/INT Ha TPaHWIIE BIIETAa IydKa B CHCTEMY, T. €. & + (P + &, = 180°
(puc. 5.10).

B 1pomoasHOM OHOPOTHOM MarHWTHOM mojie (JOKYCHPOBKa TPOWMC-
XOJIUT B CHJIy TOTO, YTO BBILIC/NING M3 OJJHOM TOYKH YaCTHIIBI TTOCITE COBEPIIIC-
HHUS OJHOTO 000pOTa TO JIAPMOPOBCKOM OKPYKHOCTH BO3BPAIAlOTCA Ha ¥IC-
XOJIHYIO CHJIOBYIO JIMHHMIO MaraHuTHOTO mois (puc. 5.11). Tpoexiust gBH-
JKEHMSI JacCTHI] Ha MEPHEHAMKY/LIPHYIO K CHJIOBBIM JIMHMSIM IDIOCKOCTH IIPEI-
cTaBIsIeT cO0OH MydOK OKPYKHOCTEH, MMEImMX o0mrylo Touky. Ecimm yron

PacXoIMMOCTH TydKa () HEBEJMK, TO (HOKYCHPOBKA MOHOIHEPTETHUECKOTO
TydKa TIpOM30HIeT depe3 ofMH 060POT Ha PACCTOSAHUH £ = Ty, V COSOL = 27

mve [ (eB), The Tpap = 2Tmc / (eB) — mepvios BpalieHus 1Mo JIApMOPOBCKOMH
okpyxHocTH. TakuM 06pa3om, paccTosHHe 10 MecTa (HOKYCHPOBKH IydKa 3a-
BHCHT OT CKOPOCTH M MacChl 9acCTHII, ¥ MPOJIOIBEHOE OTHOPOIHOE MarHUTHOS
TOJIe MOXKET OBITH MCIIOJIB30BAHO JUTA SHEPTO- ¥ MacC-Cemapaliii JacTHIL.

SN ’ 4 TN H " X ¥
AN Taviwe AW _
L4 M O -8 K
" ‘ i 4‘ ' : '__4 x x
F RN A SR Y ™ v x
L]

OnexmponHsie mpaexmopuu

Puc. 5.11. ®oxycupoBka B OTHOPOAHOM IIPOAOIEHOM MarHHTHOM IIOJIE



Qnelcmponnue U UOHHbIE RYUIKU

B GONBIIMHCTBE 3MEKTPOHHBIX MYIIEK HCTOYHUKOM JIEKTPOHOB CITY-
KT TepMokaToys (BonmbdpamoBeIi, okcuaHeli W T.a1.) (puc. 5.12).

3
z

7

=5

Puc. 5.12. Dnexrponnas mymka: 1 —
—_— HUTH HAKaJA, 2 — KaTOJ, MOAOTpeBaec-
- MEIif HUTBIO HAKaJa, 3 — yrpaBs-
TOIIMIA BTIEKTPOJ C CETKOI, 4 — aHOA ¢
CeTKOoi

[

e
|

——

@okycnpoBKa IydKa M yIpaBJICHWE €TO MHTEHCHBHOCTBHIO OCYIIECTB-
JISIETCS YIIPABJISIONIM (WM (POKYCHPYIOHINM) SICKTPOJIOM. AHOJIOM SBJISCTCS
quadparma, Mex/Iy KOTOPOH M KaToJI0M MOXET IPHKIIa/IBIBATECA HAMPSDKCHHIE
OT €MHUII JIO COTEH KMIOBOJBT. Ha ympaBnsronmuif 351eKTpo MOJAeTCs OTPH-
IIATENBHOE OTHOCHTENFHO KaToja Hampsbkenwe 1o 500 B. Vmpaenenwe yxke
c(hOPMHPOBAHHOTO NEKTPOHHOTO Iy9Ka MOXKET OCYIIECTBIITHCS C TTOMOIIIBIO
OTKIOHSIONICH CHCTEMBI, KaK 9TO MPOWCXONT B DIICKTPOHHO-ITyIEBHIX TPyOKax
TEJNIEBM30POB ¥ MOHUTOPOB.



Tprmmn  paGOTEI HOHHOM TTYIITKH TOI00EH IeKTPoHHOMH. CyTecTBY-
eT 0oIBIToe MHOKECTBO Pa3HOOOPa3HBIX KOHCTPYKIMI HOHHBIX IyHIeK (WMOH-
HBIX HCTOYHHKOB). B HIX MCTIONB3YIOTCA pa3iudHBIe CIIOCOOBI CO3/IaHMA HOHOB,
HanpuMep, TEPMOHNOHHAA SMHCCHS, MOHN3AIHA T'a3a MK MapoB BEIIECTBA DJICK-
TpoHHBEM ynapoM. HaubGonee >¢d¢dekTHBHBIME MCTOTHNKAMI UOHOB SIBIITIOTCS

2 1 3 4

i e '
SN A g AL

Puc. 5.13. McToYHuK MOHOB THIIA JyOIUIa3MaTpoH: 1 — KaToJ ¢ HaKalMBacMOH
HUTBIO, 2 — MPOMEKYTOUHEI SIIEKTPO, 3 — KaTYIIKa JUII CO3JAHUS MArHHUTHOTO
mmons, 4 — aHox, 5 - aHOHAS BCTaBKa, 6 — BEITATHBAIONIMI SJIEKTPOA, 7 — dIIeK-
TPOCTATHYECKAS JTMH3a, 8 — u3onaTop, 9 — dnanery BaKyyMHOM kaMepsr, 10 —
TpyOKa s HaTekanus rasa, 11 — muadparma



TJIa3MCHHEBIC, B KOTOPBIX CO3JIACTCA Ta3opa3psaHas Ia3Ma, a MOHBI BHITATHBA-
IOTCA HJICKTPUYECKUM TOJICM ¢ €€ TPaHMIIEL [IpUMEepOM MOXKET CIIYXKHUTEH BECh-
Ma pactpOCTpaHEHHHBIH HCTOYHMK WOHOB THNA JyoruasmarpoH (puc. 5.13), B
KOTOPOM DSJICKTPHUYUCCKUE pa3psy GopMHPYETCS MEKIy KaTOJAOM M TPOMEXKY-
TOUYHBIM aHOAOM. Kommdeckas ¢opMa NMPOMEXKYTOTHOTO aHOAA TPUBOIUT K
CXATHIO TIJIa3Mbl B paiioHe BRIXOJHOTO OTBepcTH. HeoaHOpoHOE MarHuTHOE
TOJIe, CO3JaBacMOC KATYIIKOH MEXKIYy HMPOMEKYTOYHBIM aHOJIOM M aHOJIOM,
TIPUBOJNT K JIOTOJHHUTEIIFHOMY CXATHIO TuasMenHo# ctpym. uadparma B
MECTE HAMOOIBINETO CXKATHS WMCHONB3YSTCSA JUIS MOBBIIICHUS Ta30BOM 3KOHO-
MHWYIHOCTH MCTOYHMKA 33 CUCT OTPAHMYCHHS MOTOKAa HCHOHW30BAHHON KOMIIO-
HEHTH pabodero BemecTsa. OB BRITATHBAIOTCS M3 TUIA3MBI SJICKTPOIOM, KO-
TOPBIN CTOWT cpa3y TMoCIe aHOoJja M Ha KOTOPHIH MOaeTCs OTPHIIATENbHBIN OT-
HOCHTENIBHO aHoJja moTeHImai. JInadparmMa BEITATHBAIOMIETO SJICKTPONA SBIIS-
erca dokycupyromeii cuctemoit. Kpome Toro, rpaHMia mmia3sMel, W3 KOTOPOH
BBITSATHBAIOTCSL MOHBI, SIBJIIETCS TakXe JJIEKTpocTaThdeckod ymH3o0i. Mopma
TPaHUIIB TJIAa3MBI CYHMICCTBEHHO BIHMACT HA PACXOIUMOCTE (hOPMHPYEMOTO B
HMOHHO-ONITHYECKIH CHCTEME MOHHOTO Tydka. MeHss KOHIICHTpAIMIO TIa3Mbl
(HamprMep, MCHSA TOK pa3psyia) Py (PUKCHPOBAHHOM YCKOPSIOMIEM HANpPsDKe-
HPH, MOXXHO yHpaBisiTh (opmoii mmasmenHo# rpanwmisl. Ilpm 6ombmoii koH-
IICHTPAINH TUIA3MBI TPAHWIIA BEITYKJIAsA — MydOK CHIIBHO pacxomutcs. CHnkas
KOHIICHTPAIMIO TDIA3MBI, MOXKHO CO3JIaTh IUIOCKYIO €¢ TPaHMIIy, TOT/a Pacxo-
JUMOCTh MOXKCT OBITH MPHIPM&HLHOﬁ, a BBITATHBAEMBIH M3 HCTOYHHKA TOK TIo0a-
guHAETCS 3aKoHy «3/2» (cMm. § 42). Ilpm nampHeieM yMEHBIICHHH KOHIICH-
TPAIMH TUIa3MBI TPAHWIA CTAHOBUTCS BOTHYTOM, M PAaCXOIMMOCTH ITy9Ka BHOBE
Bo3pactaer. Pacuer mapaMeTpoB (OKYCHPOBKHM TydKa ¢ Y4ETOM TPAHHIIBI
TJIa3Mbl SBIIETCSL IOCTATOYHO CIIONKHOM 3ajjauell M BO3MOXKEH JIMIIbL YHCIIECH-
HBIMH MCTOJAMH.



Inexmponnvie MuKpockonbi

[IperMyIiecTBO 3NMEKTPOHHOTO MHMKPOCKOTIA TIEpeNl ONTHIECKHM 3a-
KITI0YAaeTCs B €ro ropaszo Sosyeiei paspemaromeii cmocodHocTn. Paspemniaro-
mas CrIocoOHOCTh ONTHYECKOTO MHKPOCKOTIA OTPaHWIEHa HEBO3MOKHOCTBIO
cHIKeHus auddpakimm mydei myTeM yMEeHbIICHHS JTIMHBI BOJHBI H3-3a OTpa-
HHUYCHHOTO JTHANa30Ha JUTHH BOJH BHIMMOTO CBETa. B 3JICKTPOHHBIX MHKPO-
CKOTIaX BO3MOXHO yMEHBIIATh JUTHHY BOJNHEI jie¢ Bpoiinst A = h/(mv) 5o He-
CKOJIBKUX aHICTPEM TyTeM HMCHONB30BAHHS YCKOPSIOIIMX SJICKTPOHEI BRICOKHX
HanpsDkeHWH (JI0 HECKONBKUX JIECATKOB M Jlake COTeH KoB). CXeMBl 31eKTpoH-
HBIX MUKPOCKOTIOB C MAarHUTHOM W 3JICKTPOCTATHHYECKOH (POKYyCHPOBKO
TpencTaBieHs Ha puc. 5.14. UccnemyeMerii 00BEKT MPOCBEUNBACTCS MYIKOM
MOHOXPOMAaTHYECKHX SJEKTPOHOB. [lepBidHoe H300paxenne 00beKTa momnasia-
eT B GoKaTbHYIO TIOCKOCTh TPOSKITMOHHO# JIMH3HI, KOTOpas JaeT YBeJIMICHHOS
mo0paxenne o0bekTa Ha SkpaHe. OOHUM W3 CYNICCTBEHHBIX TPeOOBaHMIA K
3NEKTPOHHOMY MHKPOCKOIT SIBIISIETCS TIOJIEp KaHne B 0OJIaCTH JIMH3 BEICOKOTO

Bakyyma (Topsytka 10+10> MM pr. cT.), Tak Kak mpH TAKEX BEICOKHX HATIPS-
KEHISIX BO3MOXKHO BO3HHKHOBEHHE DICKTPHUCCKOTO pa3psiia, HapYIIAOIIETo
HEeoOXO/IIMOe pacipe/ieNicHHe OTEHIMANa. Pasperalonas ciocoOHOCTE SIIeK-
TPOHHOTO MHKPOCKOIIA OTPAaHMIMBACTCS MPEXJIC BCETO XPOMATHIECKOH U cde-
pyHeckoii abepparsiMu. MOHOXpPOMATHIHOCTE SICKTPOHHOTO ITydKa Hapylla-
eTcs M3-3a KoeOaHuil yCKOPSIOMIETO HAIPSDKEHIS M pa30poca SHEPTHil dieK-
TPOHOB, U3JITy94aCMbIX HAKAJICHHBIM KaTOJIOM. B maramtHOM OJICKTPOHHOM MHK-
pockomne xonebaHue CHIBI TOKa B 0OMOTKE JINH3 TMTPHBOINT K JIOTIONTHUTEEHOMY
pasMEITHIO M300paskeHHI. Kpome NMpoCBEeIMBAIONIMX SIEKTPOHHBIX MHKPOCKO-
TOB IIHMPOKOE PAacIpOCTPaHECHHE HOMYIMITH CKaHUPYIONME SICKTPOHHBIC MHK-
POCKOIIBI, B KOTOPHIX H300paxkeHHe (GOpMEpPYETCS OTpakeHHEIMM OT HCCIIC-
JTyeMOTo 0Gpasiia MM BTOPIIHBIMH HJICKTPOHAMI.



a)

Puc. 5.14. CxeMsl onTH4eckoro (a), MaroHuTHOro (6) U 3MeKTPOCTaTHYECKOro (B)
SNIEKTPOHHOTO MHKpockoma: K — HCTOYHMK SJIeKTpOHOB, O — obbekt, D —
maabparma, Ly, Ly, Ly — mumssr, I}, I, — mepBianoe U BTOpUMHOE U300pakerue, S —
SKpaH



I'JIABA 6

BJIUSIHUE TIPOCTPAHCTBEHHOTI'O 3APAJIA
JJIEKTPOHHBIX 1 MOHHBIX ITYYKOB

§42. OrpanuvycHuE TOKA NPOCTPAHCTBCHHBIM 3aps/ioM B
auone

B npomexyTke mmiHOM d MeXIy TNIOCKMMH KaTOJIOM M aHO/IOM pac-

x
TIpeIeIICHNe OTeHIIHAIA B BakyyMe JuHeiHo: Ulx)=U(a) ; (310 pacmpezaene-

HHE sBJISeTcH pemenneM ypasaerus Jlammaca AU = 0). Tlo Mepe yBemueHus

IDIOTHOCTH TOKa OOBEMHEIH 3apsy P(X) B MPOMEKYTKE PacTeT, U3MEHSA pac-
TIpe/ieNieHHe MOTCHIMANA W TTPHUBOIA K BO3HHUKHOBCHHIO BOJIH3H TTOBEPXHOCTH
KaTo/la TOTCHIMABHOTO 0apbepa — «BHPTYallb-HOTO KaToJa», OT KOTOPOTO
9JICKTPOHBI OTpaXKaloTcesa oOpaTHO Ha Karox (puc. 6.1). Jlng onpenenenus pac-
TIpe/IeNICHUs MOTCHIMAA B TPOMEXYTKE HEOOXOMIMO pelllaTh YpaBHCHHE

TTyaccona AU= — 4TtP(x) ¢ y4€TOM TOTO, 9TO ILIOTHOCTH TOKA B TIPOMEXKYTKE j

= —pv. Ecnu cauTaTh, 9T0 3JIEKTPOHBI SMUTHPYIOTCA C KaToJa C HyJIeBO#H CKO-
POCTEIO (TETLTIOBAst FHEPTHS IMICCHOHHBIX DJIEKTPOHOB MHOTO MEHBIIIE SHEp-



Puc. 6.1. Pacnpenene-
HHE TIOTEHLHMana B
miocKkoM  juozae  Ges
BIMAHUS TPOCTPAHCT-
Bennoro 3apsga (I), s
pexuMe OrpaHMYeHUs
TOKa OOBEMHEIM 3aps-
aoMm (II), u B pexume
BO3HUKHOBEHMS BHPTY-
amsHoTo Karoa (I11)

THH, IPHOOPETACMOH B TIPOMEKYTKE), TO YCTOHIMBBIM SBISICTCS PEXHM, KOTIa
«BUPTYaIBHBIH KaTo» He 00pa3yeTcs, a NEKTPHUIECKOoe T0JIe Ha TIOBEPXHOCTH

du

KaroJa paBHo Hymo: F =E +—0=0. IIpy TakoM TPaHWIHOM YCIOBHH B

peXIMe OTPAHNYCHUA TOKa OOBEMHBIM 3apsIoM pelreHueM ypaBHenms Ilyac-
COHa



dU _ 4 1 6.0
dx? Joe/m U '

(37eCh YUTEHO, 9TO TPH HAYAIBHOH HYJICBOH CKOPOCTH SHEPTHS JICKTPOHOB
mv*/2 = eU ) SBISIETCS pacTpeielieH e OTeHIHANA B IPOMEXKYTKE B BHJIC:

U(x)=U (a )(3)‘”3. 6.2)

B 3TOM citydae TMIOTHOCTh JIEKTPOHHOTO TOKA, KOTOPBIH MOMXHO MPOIMYCTHTE
gepe3 NMPOMEKYTOK OTpaHWUeHa BEIMUMHOM, 3aBHCAINICH OT HaNpsKEHWS Ha
anoje U, ¥ OT pacCTOSHMSA MEXIY KaToAaM M aHOJOM d:

3/2 3/2
[ B
Ja, o [Alem? ]_‘/_ Us —2.33-10'6({1“2—[]. (6.3)

[em]

DT0 COOTHONICHHE TONYYHIIO Ha3BaHWE 3akoHa Yatinboa—/lenemiopa, vimu 3a-
KoHa «3/2». I HOHHOTO TOKa:

/2
[A/CM]— V2 / U .
U ¥?[B

=5.46
,/M [aeM d [CM]

Ecmi yauThIBaTE Ha9aIbHYI0 CKOPOCTH SMHTHPOBAHHBEIX DIIEKTPOHOB
vy, To ypaBHeHue ITyaccoHa mpuMeT BHI;

(6.4)




dUu _ 47y

= , (6.5)
de’ oy 142U /(mv 2)
PEUICHHUCM KOTOPOTO ABJBICTCS 3aBUCUMOCTD
U(x) = (mvy*12e)(3 (6.6)

(3meck «t»Ipu x> X, , «» Ipu x < X, ). OKOIIO KaTo/la BOSHMKAET «BHUPTY-

. . . 2
aNbHBIH KaTol» (MOTEHIMANBHBIH 6aphep) rmy6unoit eU,=mv /2 Ha paccros-

3
my g
HUM X, =.|—— oT karofa (puc.6.1).
18mej
JInst IITHAPUYECKUX JMO0B Npe/IebHAS MIIOTHOCTD YJIEKTPOHHOTO
TOKA TaK ¢ 3aBUCHT OT HANPDKSHUS HA aHOJE, KaK CTETEHb «3/2», HO 3aBUCH-
MOCTh OT PAacCTOSHHSI MEKIy KaTOJOM M aHOJOM HOCHT Qojiee CITOXKHBIH Xa-
pakTep (Kak pe3yibTaT penicHus ypaBHeHUs [IyaccoHa B IMIMHIPHICSCKHUX KO-

r
OpAMHATaX) M ONHCHIBaeTCA crenpambHoi dynukumeit Borycnasckoro B(—%),

Ty
THE 7, U 1, — PAIIYCHI aHOZIA ¥ KaTOJIa COOTBETCTBEHHO:
3/2
2 {2 U]
Jyg =am | —— ©.7)
In\m,

raﬁz(}“)
k



Jlns mosmHOoTro TOKA, MpUXOAANIeTro Ha aHoj, r,=J3,S, (S,=2T7r,{, — mnomaigs
aHOJA.):

1 / 2e UY3S,
J3/2[A]=g m_—r=
ARG
Ty
sUS’[B] S, [em’]
r
rllem] B2(C4)
Ty
dbopmyna Jlenemopa—bozycnasckozo. 3Hauenns ¢yuxapm Borycmasckoro s

ITUPOKOTO JINana3oHa #,/ ¥ MOJKHO HaiiTh B Tabmimiax [29].
PacrnipesieneHue IOTEHIMANA B IPOMEXKYTKE ONICHIBACTCA COOTHOIICHUEM:

2/3
_u (T B/
U(r)=U,(-) {Bz(ra/rk)} . 69)

(6.8)

=2.33-10"

a

Jlns cepraeckoro poa MOMHBI TOK Ha aHox I,:

3/2 3/2
B
]a[A]=g ﬁUa—r=29_3.10‘6(]‘1—'U’ (6.10)
m, 2:7x 207k
e ahy ()

rae Or,/ry) — TabymuposanHas ¢pyrakums Jlearmiopa [30]. Pacmpenenenue mo-
TCHIHAJIa MEXK/TY KaTOIOM W aHOJIOM:

(x(rk/r)T

a(r,/r,) ©-.11)

U(r)=U(a)[



§43. IlpenenbHas IJIOTHOCTh TOKA MyYKA YACTHI] B IPO-
JICTHOM TPOMEKYTKE B BAKyyMe

ITnoTHOCTE TOKa 3apsHKCHHBIX YacTHI] B TPOJIECTHOM IIPOMEXKYTKE Me-
KLY SIEKTPOJaMH C OJIMHAKOBEIM IIOTCHIMANIOM Takoke OTpaHHdeHa u3-3a co0-

0
’KU
1T
i3y
s/ R
| |
|
|
! |
0 did o2 d

Puc. 6.2. Pacnipeneneniie moTeHIMana B MPOJIETHOM
TIPOMEIKYTKE

dU _ 4mIM /2
dx’ Ju,-u

CTBEHHOTO OOBEMHOTO 3a-
pfiga W, COOTBETCTBECHHO,
TNoTeHIMANa Tydka. Pac-
CMOTPHM 5Ty 3aJ1a9y (3a0a-
yy Bypcuana) Ha mpumMepe
TMOTOKAa B TPOJICTHOM TpO-
MEXYTKe JUIMHBI ¢ WOHOB
MaccHl M, YCKOpEHHBIX [0
9TOr0 B INIOCKOM JIHOJIe
nioreripanom U (puc. 6.2).
Pacnpenenenne noteHipana
B TPOMEKYTKE 3ajlacTcs
ypaBHeHMeM [Tyaccona:

(6.12)

YcToitauBoe pelieHHe STOT0 YPaBHCHHS TIPU TPAHMYIHEIX YCIOBHSIX U(0) =
U(d) = 0 cymiecTByeT TOMBKO TIPH JIOTIOJHUTSIIFHOM TPAHWIHOM YCJIOBWH Ha

more [31]:

Ely=awiat|,<y2,

(6.13)



e Y=UlU,E=x/ry, rp = \/Mv 02 /(4mne*) — debaescruii paduyc

nyuka. ITO YCIOBHE COOTBETCTBYET YCIOBHIO Ha MaKCHMABHYIO JUTHHY TIPO-
JIETHOTO MTPOMEKYTKA:

d<@213) rp =d pee (6.14)

DKCTpeMabHOE 3HAYCHUE d 1,5, COOTBETCTBYCT KPUTHICCKOMY 3HAUCHHIO MaK-
CHMyMa MOTCHIMAa:

U ax = (14U (6.15)

IIpu BO3pacTaHNM TNIOTHOCTH MOHHOTO TOKA MOTCHIIMAJ B TMPOJICTHOM TIPOME-
KkyTKe Oyzner Bospactath 10 U, 3aTeM CKa9KOM BO3HHKAET «BHPTYabHBIN
aHo» ¢ Uy = Up, OT KOTOPOTO TPOM30HACT OTPAKEHHIE TaCTH HOHOB 00paTHO
B CTOPOHY MCTOYHIKA, B PE3YJIBTATE YET0 TOK HA KOJUICKTOP YMCHBIUTCA B 4.5
pasa. TakuM 00pa3oM, TOK B TPOJICTHOM HMPOMEXKYTKE OTpaHHICH TOkoM Byp-
CHaHa:

.8 22U .
Js = AT =8j3/2- (6.16)
9n\M 4

Mexanmsm HeycToiauBoctH Bypcuana cBsi3aH ¢ TONOXWTENHbHOH 06paTHOH
CBSI3BI0 MEXJIy HAaCTHUI[AMM TydKa W BHEINHEH SJIEKTPUYECKON IENblo, KOoraa
TMOBBIIICHUC TTOTCHITHAIA ITYUKa Ha MAITYIO BEJIMIYHHY aBTOMATHYCCKH BBI3BIBACT
JIaNbHEHIIee ero MOBBIIeHNE. JTa CBI3b BO3HHUKACT, KOT/Ia JieGaeBCKMil paiyc
My4Ka CTAHOBUTCSA MEHBIIIC PACCTOAHUA MEXJIY SIIEKTpoaMi. TOTHO TaKkoe ke
OTpaHWYEHHEe CYIIECTBYET M JUISl TIOTOKa SIEKTPOHOB B BakyyMme. Jlaxke B ciy-
gae CKOMITCHCHPOBAHHOTO TydKa SIICKTPOHOB, KOT/Ia MPOCTPAHCTBEHHEIH 3apsil
9JICKTPOHOB B TPOJICTHOM MPOMEKYTKS CKOMIICHCHPOBAH WOHAMHU (3adaua
TTupca), Bo3HUKaeT OTpaHWYEHHE HA MAaKCUMAJTbHO BO3MOXKHYIO TUIOTHOCTB



TOKa M3-32 HEYCTOHIMBOCTH, TaKyKe MPHBOIAIICH K 00pa30BaHHIO BHPTYAIBHO-
T0 KaTo/a ¥ 3anupanuio mydka. Ouszmdeckas npuduHa nupcosckoli HEyCTONIH-
BOCTH Ta ¢, 9TO W HeycToiuamBocTH Bypcmana, — monmoxurenpHas obpaTHas
CBSI3B DJIEKTPOHOB My4Ka C SJIEKTPOHAMH BHEITHEH JIEKTPUYecKoi e , KOTO-
past BO3HHKAeT, ecii JIc0aeBCKUI pajiiyC MydKa CTAHOBHTCS MEHBIIE PacCTOs-
HUS MEXY S7eKTpojamu. KadecTBeHHO 3TH HEYCTOMYWBOCTH CPOJHH IydKO-
BOH HEyCTOMYHMBOCTH, TIPH KOTOPOH SHEPrHsl HANPABICHHOTO JBIDKCHMS IIEpe-
JIaeTCSl B SHEPTHIO TNIa3MEHHBIX Konebanwmii (cM. §37). YcnoBueM ycToiamBo-
CTH Ha JUTHY TPOJIETHOTO NMPOMEXKYTKA B CITydae CKOMIICHCHPOBAHHOTO TTOTOKA

ABisieTcs d < TUF;, a Ipe/ieNbHas INOTHOCTE ToKa (Tok Inpca) pasHa:
_ s 2 U 3 /2 N 9n?
H+(m/ MY HVNm 4°* 4

Ju Ja/a- (6.17)

Pacxosrcoenue nyuKkoe 3apajiceHHbix yacmuy, noo oelicmeuem
cobcmeennozo 06vemnozo 3apada

OcHoBHO# TIpoONEMO# TPaHCTIOPTHPOBKH HHTEHCHBHBIX ITydKOB 3a-
PSDKSHHBIX 9acTHIl SABIAETCA MX PAacXOXJCHHE TOJA JCHCTBHEM COOCTBEHHOTO
oOBsemMHOTO 3apama. Jins oteickanms GopMBI Tydka HEOOXOIMMO PeIaTh YpaB-
Henwe [lyaccoHa (J1s ICHTOYHOTO MyYKa JBYMEPHOE):

o°U  oU
o’ + >° =—4np(x,y), (6.18)




Puc. 6.3. Ilnockwuii 31E€KTPOHHEIN JEHTOTHBIH ITY90K

a TaKkXKe ypaBHEHHE JBWKCHUS JUIA TPaHWIHOMN 3apsDKeHHOH acTuilpl. B cmydae
6ECKOHETHOTO JIEHTOTHOTO Tydka (puc.6.3), y KOTOPOTo IMPHHA 3HAYNTEIBHO
6onbmie TONIIMHEL 2X, IS OMPEACICHUS SICKTPUICCKOrO TOJS HAa TPAHHIIS
BMecTO ypaBHeHus [lyaccoHa MOXHO MCHONB30BaTh TeopeMy [aycca o paBeH-
CTBE MOTOKA SIICKTPUICCKOTO TOJIA Yepe3 MOBEPXHOCTD M 3aps/ia, 3aKTI0dCHHO-
ro B 00BEMe, OTPAaHMYCHHOM 53TOH TOBEPXHOCTHIO. TOrjma HampsHkeHHOCTB
9NEKTPUICCKOTO MO Ha TPAHUIIS:

E, = JIQew)=JI(2€, 2eU , / m ), (6.19)

rae g,= 8.85 - 10"2 Ki/B * M — MOIIEKTpHYECKas MOCTOSHHAs BaKyyMa, J —

JIMHEHHAS TJIOTHOCTh TOKA (TOI( Ha CIMHMITY IIINPWHBI 6ECKOHETHOTO JICHTO'-



HOTro Iyuka), Uy — TIOTeHIHAI, KOTOPELIM OblI YCKOPEH IydoK JI0 BXOJd B IPO-
NeTHBI TpoMexyToK. Pemas ypaBuenwe apipkenms mX =eE ., momyanm

TIpod¥ITH TPaHHUIIBI ITy9Ka, KOTOPAast ONHCHIBACTCS 3aBUCHMOCTBIO X(Z):

x=xottgy - z+pz?/2, (6.20)
rae p = T T7Ie Y — y2on cxooumocmy Tydka Ha BXOJE, T. €.
480 lr 3/2

YIOJI MEIKIY HAITPABJICHHEM CKOPOCTH TPAHMYHOTO HIEKTPOHA M HANIPABJICHHEM
pacIpocTpaHeHus MydKa 10 OCH z. MeCTOIONOKEHNE CaMOr0 Y3KOTO B TIOTIE-
PEYHOM pa3Mepe ydacTka IMydKa, Tak Ha3BIBAEMOTO «KPOCCOBEPA» X wpoces OM-
PeNeIIeTCs U3 YCIOBYSL:

dxldz=0, T.€.Z cou= teYlp. (6.21)

JInsl MMMHAPUYIECKOTO MydKa, BICTAIONIETO B MPOJIETHRIH Y9aCTOK Mapalieib-
HO OCH z C HA9AITbHBIM PAJIyCOM Fy, 3aBUCHMOCTE PajIiyca Mmydka 7 (z) 3ajaeT-
CSl COOTHOTICHUEM:

3/4 R
z e U,

z _ f _ 3y 53U ‘[<BI
rae I — NoNHLIH TOK TMydKa, YCKOpeHHOro noteHimanom Uy, R=r/ry (aucnoBoii

KO>(UIMEHT JaH I SISKTPOHHOTO Tydka). JIs cXomsmierocs mydka, BXO-
JUIIIETO B TIPOJICTHBIH MPOMEXYTOK IO/ yTIIOM Y K ocH z (puc. 6.4):

(6.22)



R
Z_ 1/EU . j 4 . (6.23)
Fy m f e

Puc. 6.4. PacxomuMoCTh IMIMHAPUIECKOTO DIIEK-
TPOHHOTO TydKa IO JeiicTBHEM COOCTBEHHOTO
oGBbeMHOTO 3apsaa

Pammyc mydgka B HanOoree y3KkOM MecTe (B KPOCCOBEPE) OMPEACIIACTCS U3 CO-
OTHOIIICHUA



i , (6.24)

I[MA]
rA¢ 9UCHeHHBIH kod¢dumenT Jan i SIEKTPOHHOrO Tydka. [Ipu sToM He
6ruTa yaTeHa cuia JlopeHia, ISHCTBYIOMAS Ha JBIKYIIYIOCS 3apsDKCHHYIO 9ac-
THITy B MarauTHoM miojie. B namHom crydae sta dokycupyromas cuna B co0CT-
BEHHOM MarHWTHOM IOJIe TOKa IydKa Gy/IeT CyIIecTBeHHA TOJNBKO TIPH JIOCTa-
TOYHO OOJIBIINX CKOPOCTAX JaCTHI.

PacxoxieHre MydKkoB OTPaHHYCHHBIX MOTIEPEYHBIX Pa3MEPOB CIIeIyeT
YYHUTBIBATh HEC TOJBKO B IPOJICTHBIX NIPOMEKYTKAX, HO U B IJICKTPOHHBIX WITH
WOHHBIX mymkax. Iupcom OBUIO TMOKa3aHO, 9TO MOXHO MoAoOpats ¢GopmMy
OKaHMILIIOIINX ITydOK MPOMEKYTOTHBIX DJIEKTPOJIOB TaK, 9TOOB KOMITEHCHPO-
BaTh PacTAJIKMBAIOIICe NCHCTBHE 00BEMHOTO 3apsja MydKa W COXPAaHUTH Mps-
MOJIMHEHHOCTE €T0 pacnpocTpanenus (mymmku [Tupca). s sToro Heooxomimo,
9TOOHI TS MOTCHIHAA B IPOCTPAHCTBE BHE MyUKa, YIOBIECTBOPIONIETO B CITY-

o°U  oU
+ =0, na rpanvie
ax 2 6)) 2
Iy9Ka BREIIONHLIOCH yenoBue SU/Gy = 0. Pemenne ypasuenwue Jlamraca ¢ yae-
TOM  9TOTO  YCNOBHS M  3aBUCHMOCTH  TOTEHIMAaJa HAa  OCH

"ae TIOCKoH reoMeTpun ypaBHeHuio Jlamnaca:

Ux)=U(a )(3)4/ 3 mo3BONSET ONpeEIETHTE TPEGYEeMyI0 FeOMETPHIO IICK-

TPOMI0B, KOTOPAS JUIA TNIOCKOTO CJTy4das 3a/1aCTCA YPaBHCHUCM !

x2+y? )2/3cos(g arctg(y / x))=U . (6.25)
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Puc. 6.5. T'eomeTpus SKBUTIOTeHIMaNeH B mymke ITnpca, hopmupyomeit
TIapaeIbHbIH ITy90K

Vron mHaknoHa miockoctr kKatoza (U = () K HampaBleHHIO PacpOCTpaHEHHS
myuka arctg(y/x) = 37/8 = 67.5°. B cirydae IHIMHIPHYECKON reOMETPHH YHC-
JICHHBIH pacdeT MOKa3BIBacT, UTO YroJl HAKJIOHA SJEKTPOJa, MPHIICTAIOMIETO K
KaTofy, Takke cocTapiser 67.5° (puc .6.5).



I'JIABA 7
IMUCCHUOHHAA DJIEKTPOHUKA

§44. TepmodieKTPOHHAN SIMUCCHS

HcmyckaHie SJIEKTPOHOB HATPETHIME MPOBOJAIIMME MaTepHajiaMu
Ha3BIBACTCS MEPMOINEKMPOHHOU dMuccueli. ITO sBIeHUE OBLTO 0OHApPYKEHO B
1883 r. DaucoHOM. AHAJIMTHYECKHI PacdeT THIOTHOCTH TEPMOIMICCHOHHOTO
TOKAa MOXHO TONYIUTh WCXONA W3 Moaemm 3omMmepdensia 0 HaxOXICHHH
3JIEKTPOHOB B METAJUIE KaK B MOTEHIMAIBHOM siMe. DJIEKTPOHEI B MeTalle, Ka-
WJIBIH W3 KOTOPRIX MOXKHO OIHCATh BOJIHOBOH (yHKIMEH:

_ 1 e
i (7 )=L3T3XP(lk7‘), (1.1)

rae L = ¥ — o6beM MeTaluta, BONHOBOH BeKTOp k = 27U/L, TIOJUMHSIOTCS pac-
npeneneumo Gepmu—/upaka, T. €. cpe/lHee YHUCIO JACTHI] B OJTHOM COCTOSIHUH

1
SE)= E-E, (7.2)
l+exp(——)
k,T

Ipu T = 0 Bce dmeKTpoHBI HaxoAaTcs BHyTpH chepnl @epmu. C yaeToM TOrO,
UTO @UIOTHOCTEY SIEKTPOHOB parHa 1//4°, a Taxoke mpumma IMaym o 1ByX



BO3MOXKHEIX OPHMEHTAIINSIX CITHHA, THCIIO SICKTPOHOB, «HAXOJMIMXCO» B Ipe-
nenax cepor Depmu ¢ paamycoMm kx: N=201/B*}4/3)m p ; V.

HMmynsc, KOTOpEI MMEIOT IeKTpoHBI Ha chepe Depmu: pp = h(3n/8T)"3,

e n = N/V — ancio snektpoHoB B 1 cm°. Dueprus depmu
h2
E, = P7/Cmy= —@3n’n)*’.
2m

KomvaecTBo gacTui] ¢ SHeprueii MeHblie E:

1 2mE 3/2
n(E)y=—(——-)"",
3n /]
P ()
\!
i
I
‘1
i
\.___E
0 E "

Puc. 7.1. Pacnipenenenue 3eKTPOHOB B METAIUIE IT0 SHEPTHIM
TOT/A IIOTHOCTH 9acTHII (IMCITO JaCTHUI], IMCIONINX SHEPTHIO OT E 10

_ 1 2m . 3/2.1/2
d__h_z) E"“dE .

2r?

(7.3)

(7.4)

E+dE)

C yuerom pacnpenencaus @epmu-Iupaka QyHKIMSA pacopeIeieHUs SIICKTPO-

HOB B MCTAJJIC NMCCT BHUJI:



2ﬂ)3/2 E1/2

( 2 (7.5)

1
POE)=—— T
1+ eXp(kiT)

B
Ipu aGCoMOTHOM HyJTe TeMIlepaTypa SHEPTHH SJICKTPOHOB MeTajlla HEe MOXET
ObITE Oombie SHepTHH DepMu, MOITOMY HM OJIMH DIIEKTPOH HE MOMKET BBIHTH
U3 MeTaiia, a GyHKIws pacrupeznenenus obpeiBaetes npu E . (puc. 7.1). Ilpu
T > 0 0OpBIB CTIIAXHWBACTCS, TOSBIACTCA «XBOCT» (DYHKIIMHM PaCIpeICIICHUS
BNEKTPOHOB C SHEPIWsMK Gombme [ . , MMEHHO Y 3THX JJIEKTPOHOB, KOJHMYe-

CTBO KOTOPBIX HKCIIOHEHIIHAIBHO PACTET C POCTOM TEMIEPATYPHl MOBEPXHOCTH,
TIOSIBIISIETCSL HEHyJIEBasi BEPOSTHOCTH TPEOZIONICHMS TOTEHIMABHOTO Oaphepa
Ha TpaHuile Metaa. [103ToMy TEPMOSMUCCHOHHBIH TOK 3aMETEH TOJIBKO IS
Harpersix Ten. Ero BemmdmHa pacCAWTHIBACTCS WHTETPHPOBaHWEM (YHKIINH
pacrpeieneHus 10 HOPMaJIbHOH COCTABILIIONIEH K TIOBEPXHOCTH SHEpTHH W, B
TpeeNnax WHTCTPpUPOBaHUA OT W, 10 o0, tae W, — BBHICOTa MOTCHIMAEHOTO
6apeepa. C ydeTOM BEPOATHOCTH MPEOJIONICHUS MOTCHIMAIBHOTO Oapbepa, a
TaKKe C yIETOM TOTO, UTO JUI TePMODIICKTPOHOB W —F , >> k3T , IIOTHOCTE

TEPMOSMIICCHOHHOTO TOKa MOXeT OBITh TpezcTaBieHa (opmymoii Puaapsco-
Ha—/[pumMana:

e
Jo = AT Zexp(——2a, (7.6)
k,T
tne O, = W,— E, — paboTa BHIXO/Ia 3NIEKTPOHA M3 MaTepHalla KaTo/Ia, PaB-

Hasi HaWMEHBINEH SHEPTiH, KOTOPYIO HYKHO COOOIINTH SJIEKTPOHAM IS WX
sMuccHH, kpz — mocrosiHHas bomsiMana. Bemmmauny 4 = AgD , yIMTHIBAIOOIyIO
MPO3PavHOCTh Gapbepa MeXIY METALIOM M BAKYYMOM D=(-r)r -
KO3 pUIMEHT OTPaXKCHUSA DIICKTPOHOB OT Gaphepa, YCPSTHCHHBIH IO SHEPTHAM
9JIEKTPOHOB, MHOT/Ia Ha3hIBAIOT «TOCTOSIHHOM Prdapiconay, riue



A Anmek >

cm?K? B h’

A,[ =1204 - 1.7)

YHUBEpCANBHAsA MOCTOsHHAd. ClielyeT yaecTb, 9T0 paboTa BEIXO/a 3aBUCHT OT
TeMIepaTypsl (BCIEJICTBUC TEIJIOBOTO PACIIMPEHU), OOBITHO 3Ta 3aBHCUMOCTD
JIMHEHHA:

Pu= Qo + A(T-Ty), (7.8)

O =dQ/dT |- = 107 + 10™* 5B/rpag — TemmepaTypHbIii K03(dHIHEHT, KOTO-
pLIi;I MOXeET OBITH KaK MOIOXUTCIIBHBIM, TAK 1 OTPHUIIATCIIBHBIM. 3uadueHus 1o-
cTostHHOM Pwhapzcona Ayt pasHBIX MeTaJutoB M3MewHsoTcst ot 15 70 350
A/(cM*K?). DKcreprIMeHTalBHOS OTpe/IeNieHre paGoTH BHIXO/IA @, U «IOCTO-
sHHO» Pudapacona 4 MOXHO TPOBECTH 1O METOAy «mpsMoii Pugapiaconay,
CTPOS MO 3KCTIEpHMEHTANBHBIM JIAaHHBIM 3aBUCHMOCTE £n( j . /T %y ot 1/T. To

TAHTEHCY YTIa HAKIIOHA MOJTydeHHOMH MPsMO#i onpeersioT paboTy BHXoma (@, ,
a TOYKa MePeCeUcHU MPAMO# ¢ 0ChIO OPIMHAT JacT 3HaucHue /n(A4) .

3aBUCHMOCTE TIOTHOCTH TEPMOSMMCCHOHHOTO Toka (7.6) MOXHO
MONIy4dUTh W3 YCIOBHUA TCPMOJANMHAMHYCCKOIO PaBHOBECHSI, €CITA
paccuMTaTh MOTOK JIECKTPOHOB B BaKyyM:

Jr= engv/4, (7.9)

riue

exp(—— — (7.10)



8kT

[

mm

e

IUIOTHOCTH JJICKTPOHOB, V op = — CpeaHAA TCPMOJMHAMHNYICCKAA CKO-

POCTS.

IIpu oTcyrcTBHM (MM peHEOPEKMMO MaNoi) HaNPSHKEHHOCTH YCKOPSIIO-
HIET0 IEKTPOHBI BHEIIHETO HJICKTPUYSCKOrO MO SMUTHPOBAHHHIE DIIEKTPO-
HHl CO3/IaI0T OKOJIO MOBEPXHOCTH OTPHIIATCNBHEIN NMPOCTPAHCTBEHHBIN 3apsl,
OTPaHMYMBAIONINH TOK TepModMuccun. [ToaToMy B CiTydae ManbIX HAaIPsDKCHU
MEXJy KaTOJIOM M aHOJIOM TEPMOSMICCHOHHBIH TOK MOXHO INPHPABHATH

IUIOTHOCTH TOKA j 3|, , 3ABHCHMOCTH IUTOTHOCTH TOKA OT HAIPSDKECHMUS jr ~ U2

ITpy panpHeHmeM yBenvdcHnM U, 0OBeMHBIH 3aps/] y KaTojla Mcde3aeT M, Ka-
3a7I0Ch OBI, TOK JIOJKEGH BHIMNTH HAa HACHINICHWE, KOT/Aa BCS SMUTHPOBAHHEIC
3NEKTPOHBI YXOJIAT Ha aHoJI, M He 3aBuceTh oT U,. OfjHaKo, KaK TIOKa3alM YKC-
TIEPUMEHTHI, TIPH JIaNbHeHnIeM yBenmmaeHHH U, TOK SMHICCHH TIPOJIOIDKAET Me/l-
JIEHHO PacTH. POCT SIEeKTPOHHOTO TOKa SMHCCHM TIO7] JICHCTBHEM BHEIIHETO
3NEKTPUIECKOTO TIONST BCIICACTBHE CHIKEHWS Pa0OTHI BBIXOJ]A JNEKTPOHA W3
TBEPAOTO Tela (MMOHKEHMS MOTCHINAIBHOTO Oapbepa)

Q= Q;—AQm (7.11)

HasbIBaeTCA a@gexmom [llommru (puc. 7.2). TloTeHIIMAT N0 HA PACCTOTHHA
X OT IOBEPXHOCTH MeTaJlla C YIeTOM CHIT 3¢PKATBHOTO OTOOpaXKEHNS 3apaa U
BHCIITHET'O SJICKTPUICCKOTO TTOJIA E MoXHO oImHcaTh B BH/JIC:

Ux)=E, +Qu—e /4x — eEx. (7.12)

CHI/DKCHI/IC pa6OTI>I BBIXOJIa MOXXHO OIICHHTH U3 COOTHOIICHM, npnpaBHmaax Ha
Beplmme TIOTCHITHAJIBHOT'O XOJIMa CHIIBI TOpMO)KeHI/Iﬁ BHyTpL MeTaJUla U CHUJIBI
YCKOPCHUS BO BHE: eF = €145 1z, TOT/IA TIOJIOXKEHNE MaKCHMyMa



Xma=ve/ 4E | (7.13)

BEKYYM
a1

i l %

[— weTann
10 20

’ 0 53]
Puc. 7.2 TloTeHumansHeIil Gapbep HAa TPAHUIE METANI
— BAKYYM

a TTOTCHITHANl B MAKCHMYME

_ 32 41/2

U,,,ax—EF +@,— e E".
Cumkenne paboTHI BHIXOJIA:

eAQ[3B]= ’E"*=3.79-E"* [B/cm].
II1O0THOCTE TEPMOIMHCCHOHHOTO TOKA ¢ yaeToM 3¢ dekra [lloTTkm:

Jan=Jjr exp(e*E"*/ksT) = j, exp(4.39E '* [Blem] / T[K]).

(7.14)

(7.15)

(7.16)



§45. ABTO2JIEKTPOHHAN SIMHUCCHS

B mpucyTCTBMM BHENIHETO SICKTPHUIECKOTO MOJIS BEICOKOH HAIIPsDKCH-

soctu E (105+107 B/cM), OMMMO yBeHUEHHS TOKA SMUCCHE 33 CIET CHHKC-
must pabotel BRixoAa (3¢dexra IlloTTkKM), W3-3a OTPAHNYCHHOCTH TOJIIMHEBI
Gapbepa MOSBISETCS BEPOSTHOCTH TOAGAPHEPHOTO TIEPEX0/la —(TYHHEIBHOTO
sddexra. Ucnyckanue IEKTPOHOB O] ISHCTBHEM BHEITHETO SIIEKTPHIECKOTO
moitst, 00YCIOBICHHOE BEPOSTHOCTBIO MOAGApBEPHOTO Mepexo/ia TMOTCHIHATE-
HOro Oapbepa, UMEIOIIETO BO BHEIIHEM SJICKTPHYCSCKOM TIOJIe OTPAaHHICHHYIO
IVPUHY, Ha3BIBACTCS asmosnexmponno smuccueti. Kosdpdument npoxoxe-
HusL (TIpo3padHOCTH) Oapbepa 3aBHCHT OT YHEPTHH SNEKTpoHa W,, BBICOTHI TI0-
TEHIMAJBLHOro Oapeepa W, U I MPSMOYTOJEHOTO Gapbepa IMPHHEI / BRIpa-
KASTCA COOTHOLICHHEM !

DW ,)=exp(—4ny2m, W, W)/ k). (7.17)

JUnst BEMUCIEHUST TIPO3PAaTHOCTH TOTEHITHAIBHOTO Gapbepa HENpsSIMOYTOIBHOH
(hopMBI MOXKHO €ro pa3JIeNuTh Ha Psi/i PSIMOYTOIBHEIX 0apbepoB MIMPHHEI dx,
¥ TIPOMHTETPHpPOBaTh 0 IHMpHHe Oapbepa. B HTOTe 3aBHCHMOCTE OT HEPTHH
3JIEKTPOHA BHIpaXaeTCst HOpMyIIoH:

8n\/2m W -W
DW _)=exp[- (= X
2 )=exp[ Ve ( z

»288), (718

rae 0(C) — dymams Hopareiima, BhpaxkeHHas depe3 DJUTMIITHYECKHE WHTE-
Ao Ao e¥2EV2

(pa (Wx ) Wa _Wx Wa _Wx

¢$ynxiym Hoparefima nipencraBnens B Tab 7.1.

iig

rpansl, Te §= . Hexotoprie 3HadeHus



TaGmvma 7.1.

Ao/ @, 0 0.1 0.2 03 0.4 0.5
0 1 0.98 0.94 0.87 0.79 0.69
AQ/ @, 0.6 0.7 0.8 0.9 1.0
0 0.58 0.45 0.31 0.16 0
T 0 < £ <1 6() ~ 0.955 — 1.03% TInoTHOCTH TOKa aBTOIIEKTPOHHOI

SMHCCHH MOXHO ormmcaTh popmyoit @aynepa—Hopareiima:

, A E
JAa[_2 1=B, -
CM e

_62.10-° .,/EF /e, E *[Blem]

E; +eq,
685107 -(e 9, ) *6(A0, / 0,)

exp(

2

a

-exp(—

(e0,)’0(0p,/ 9,)

E/E,

E [B/eMm]
e E, — omeprus ®epmu, Bi=e > / (87h), Ey=8T\[2m , /(3he). Brmsrme

muoxuTens E 2, mogo6Ho Bnusamio Muoxutens T > B dopmyne Prgapacona—
JIsimmana, HesHaduuTeNbHO. BoJiee CyIIeCTBEHHO BIMSHHE SKCTOHEHIMABHOM

)=

(7.19)

3aBHCHMOCTH OT PaGOTHI BEIXO/Ia SICKTPOHA e(p,. ABTOIIECKTPOHHAS SMICCHS C
MUKPOCKOIMMYCSCKIX OCTPHIl Yalle BCEro SABILCTCS MPUIHHON MPoOos BaKyyM-
HBIX TIPOMCIKYTKOB. ABTOSJ'ICI(TpOHH]:Ie KaToJbl HU3TOTOBJIMIOTCA B BHJIC HTJI
(ocTpuii) ¢ GONBIIOH KPUBI3HOH MOBEPXHOCTH, OKOJIO KOTOPBIX JICKTPOCTATH-
qeCcKoe MOJIE IOCTUTaeT Oonee 10° B/em.



§46. N3meHenne TeMnepaTypsl IMATTEPA IPH TEPMO- 1
aBTOICKTPOHHO! YMUCCHH

CpeaHsa SHeprHs, YHOCUMas SJIEKTPOHOM C MOBEPXHOCTH MPH TEPMO-
NEKTPOHHOM SMUCCHH, MOXET OBITH BBIYHCIICHA B TIPEANOIOKESHHN MaKCBEN-
JIOBCKOTO PacrpeIeiiCHUs IEKTPOHOB IO SHEPTHIM, C YIETOM TOTO, UTO BHep-
THS BHIICIINX M3 MeTalIa SJICKTPOHOB ONPECIACTCS M3 COOTHOIICHHH MeX-
JIy KOMIIOHEHTaMH CKOPOCTH 3JIEKTPOHA B METAIUIE V M B BaKYyMe U

2 2
mu, /2=mv ~ W,

u, =v, , (7.20)

U

z

T7Ie OCh X HalpaBjieHa 10 HOPMAJIM K TIOBEPXHOCTH. UHCIo 3JIEKTPOHOB B Ha-
TPaBJICHIH 110 HOPMAJIH K TIOBEPXHOCTH METAJLIA CO CKOPOCTSIMH B MPEJIENax OT
u, 1o u,+ du, 3anaeTcsa moouguyuposannvim pacnpedenenuem Maxceenna :

4rm ?
dN =h—3kBT exp(Ep / kpT)

2
- 4’;"3’ k,T exp(—e o, / kT Jexp(—

2
du =
2k, x

mN mu >
= exp(———Ju, du, =
kT 2k ,T

_ N e (_Wx
kT T

W, , (7.21)



rne N = j/e — 9UCHO TEPMODIIEKTPOHOB C E€IMHHWIIBI TUIONIAJH B CEKyHIIY.
CpemHsist SHEPTHS 110 HOPMAJTH K TOBEPXHOCTH:

W, = I w di:kBTjsexp(—s)ds =% ,T , (7.22)
X X N .

u, =0

rae € = W/kpT. JIna aByx ApyruiX HAUPABJICHUI CPEIHAS SHEPrUs Kak JUist

— 1 — 1
ofbraHOrO pactpesienerys Maxcsemna: W, =5k g m W, =5k 3T . B

WTOTe CPETHES 3HAUCHHE TOTHOM SHEPTHH BHIJICTAIONIETO C IIOBEPXHOCTH SMHT-
Tepa TeMrepaTypsl 7;:

W =W, +W, +W, =2k,T;. (7.23)

Ecimi MexIy KaTo/IoM ¥ aHOJIOM TOJAaTh TOPMO3SIIIYI0 Pa3HOCTh MOTSHIHANIOB,

TO YCIIOBHE TIONA[AHMS HIEKTPOHA Ha KATOX: m,v 2 /2 = —el,, Tlie HaupsokeHue
Ha anone U, < 0. Tok Ha aHOT:

, (7.24)

eU,

=1 exp(

T

rae I, — Tok ¢ smurrepa. Mensis U,, MOXHO SKCIIEPUMEHTAILHO OTPEAENATh
pacrpesienieHre SIIEKTPOHOB TI0 SHEPTHSIM. DKCIEPUMEHTHI TTOATBEPKAAIOT TO,
YTO SMUTHPOBAHHEIE SJIEKTPOHBI MIMEIOT pachpe/ieiieHne MaxkcBeia, mpuaeM



TeMIiepaTypa SJEKTPOHOB 110 MaKCBEJIOBCKOMY PacHpe/IeNICHHIO PaBHA TeMITe-
patype smurTepa. [losToMy HaganbHBIE SHEPTHH SMUTTHPOBAHHBIX SIIEKTPOHOB
(c ygerom Toro, ato 1 3B ~ 11600 K) MoxHO cuuTaTh HyNIEBBIMH IO CpaBHE-
HHUIO C DHEPTVSIMHY, TMTPHOOPETaEMBIMH B YCKOPSIOIIEH Pa3HOCTH TMOTECHITHAIIOB
yKe B HECKOJIBKO BONBT. OJIHAKO JUISI OXIMaX/ICHHs TIOBEPXHOCTH SMHTTEPA 3Ta
SHEPIHs CYIIECTBEHHA, K TOMY K€ KaXKIbIi 3JIEKTPOH TIOMUMO TEILIOBOH SHEp-
THM YHOCHT W3 MeTalllla SHEPTHI0, PaBHYI0 pa0oTe BEIXO7a. MOIHOCTE MO-
BEPXHOCTHOTO oxJaxzeHust w = (j, / e)(2kpTs+ e P,).

IIpu aBTOSNIEKTPOHHOW SMHCCHM 3a CUET «TYHHCIBHOTO» 3(peKTa
SMHTHPYIOTCS SNEKTPOHBI, 00NazialoNye YHeprreii, MeHbmel sueprun Gepmum:

E < E . Cpeysis SHEPTHS IMHTHPOBAHHBIX SJIEKTPOHOB B 3ToM ciiydae W =

— @, — (E ;, — E), MOIHOCTb NOBEPXHOCTHOTO HArpeBa MOBEPXHOCTH 3a CYET
nmpuxojia Gonee BEICOKODHEPTeTHYHEBIX DJICKTPOHOB M3 00beMa MeTamia: w =
(/e) E , —E). Taxum 06pa3oM, TePMO-3IIEKTPOHHAS YMHUCCHS CONPOBOXKIACTCS

OXJIAXKJIEHHEM TIOBEPXHOCTH, a aBTORNEKTPOHHAs — HarpeBoM (3¢ dext Horrun-
rema).



§47. ®0oTO03/1eKTPOHHAS IMHUCCHS

Hcnyckanme SIEKTPOHOB TOJ JICHCTBHEM MaJalomIeT0 Ha IMMOBEPXHOCTH
3NEKTPOMArHUTHOTO W3IydeHWs HA3BIBAaCTCA (DOMOINEKMPOHHOU sMuUccuel
(@33). TIOTOK HNMEKTPOMArHUTHOTO M3IMYIEHNSI HacThIO0 OTPAKaeTCs, a JacThIO
TPOHWKACT BHYTPh TEJIa M TaM TIOTJIOMIACTCS, OTHABas DHEPTHIO SJICKTPOHAM
TIPOBOAMMOCTH, KOTOPBIC MOTYT TIPCOAONICTh TMOTCHIMABHEIH Gapbep M BHIATH
u3 tena. @D 6puta obHapyxena [epuem 1887 r. OcHoBHEIC 3akoHEI ©O3,
YCTaHOBJICHHBIC SKCICPIMEHTAITBHO 3aJI0JIT0 JIO TCOPETHICCKOTO 000CHOBAHMA,
CBOIIATCA K CIICTYIONICMY.

1. ®OTODTEKTPOHHBIIH TOK B PSIKUME HACHIIICHHS TPOTOPIIMOHA-
JICH TaJIAloNIeMy Ha SMUTTEP MIOTHOCTH TOTOKA MOITHOCTH (MJI HHTCHCHBHO-
ci o6myaenns I [Br/cm?])

J @s~1 (3axom CtoneroBa — 1889 1.). (7.25)

2. Teoperndeckoe 0OOCHOBAHME SKCICPUMCHTANBHO OTKDPHITOMH
Jlenapnom (1899 T.) 3aKOHOMEPHOCTH — MaKCHMAalTbHAsA SHeprus  GoTodrek-
TPOHOB TPAMO TPOTIOPIIHOHANBHA YacTOTE MAJIAIoNIero W3TydeHHs U He 3aBH-
CHUT OT €ro WHTEHCHBHOCTH — BIIEPBBIE Jlall DWHINTEHH, BBEAS B (PU3NKY MOHS-
THE 0 KBaHTax cBeTa ((poToHax):

2
my

% =hv-eo, (3axoH DHHIITEHHA). (7.26)
OTknoHeHne 0T 3aKk0Ha DHIITeHHa BO3HUKACT NPH OOJBIINX MHTEHCHBHOCTSIX

H3ITYYCHVSI, KOT/Ia SJICKTPOH MOXKET TTOTJIONIATh HCCKOJIBKO 72 (I)OTOHOBZ

2

MY max

=nhv-—eqQ, (7.27)

3. CrnencrBueM 3aKoHa DWHINTEHHA SIBISIETCS CYIIECTBOBAHHE



JUTHHHOBOJTHOBOH (KPacHOM) IPaHMIEI A, 0GIACTH CTIEKTPa MAJAIOIIEro H3Iyde-
HUSL, KOTOPOE MOXKET BHI3BIBATEH (POTOIMICCHIO IIEKTPOHOB:

A<Aopum V>V =c/h,=e@,/h, (7.28)
TakuM 06Pa3oM, rpaHMTHAS JUTHHA BOJHEI BHIPAXAETCS depe3 paboTy BEIXO/Ia:
A p=12300/( e @, [5B]) mpu T= 0K. Ipu T# 0 K B MeTaIuIe MMEIOTCS IMEK-
TPOHEI C SHEPTUSMH, GONBIMME F . , JUTSL HUX TPAHIHAS 9aCTOTa CHIDKAETOS.

Ho B xonoaHOM MeTaijie 0N TaKUX 3JIEKTPOHOB KpaiiHe mana. Kpome Toro,
pa6oTa BEIXONa, 8 3HAYMT, U TPaHWYHAS 9aCTOTa 3aBHCHT OT HANpPSHKCHHOCTH
3NEKTPUIECKOTo TToMst Ha moBepxHocTH (3¢ dexT loTTRm).

4. ®ororddext obnamaet cBOHCTBOM Ge3BIHEPIHAIBHOCTH — (o-
TOTOK MOSBIIACTCA M MCUE3aeT BMECTE C OCBEIICHHEM, 3ama3[biBas He Goiee
gem Ha 107 c.
DotoaddhexT MOKHO XapaKTepH30BaTh JIHOO K8AHMOBLIM 8bIX000M Y — AHUCIIOM

snexTporoB Ha omuH doron (¥ = 10°+10"), mu6o mmotHoCTRIO doTOTOKA Jo-
OtHomienne HOTOTOKa K MHTCHCHBHOCTH TMOTOKa MOHOXPOMATHYECKOTO H3ITY-
YECHHUS BRIPAKACT CHEKMPANLHYIO yydcmeumenvHocms (POTOKATONOB, a K WH-
TEHCHBHOCTH TIOTOKA M3TydeHUs CTAH/IApPTHOTO MCTOYHHKA CBETA — UHMEZPAlb-
Hyto uyecmeumenvrhocms. Potod3(dhPekT MOKHO XapaKTepHU3OBATH JIHOO KEaH-

moewim 8bixodom Y — GHCIOM 3ITEKTPOHOB Ha ouH dorton (¥ = 10°+107), m-
60 MIOTHOCTEIO POTOTOKA jy. OTHOMmEHNE POTOTOKA K MHTEHCHBHOCTH MOTOKA
MOHOXPOMATHYECKOTO W3ITydCHHS BBIPAKACT CHEKMPAAbHYIO CTaHIaPTHOTO
WCTOYHUKA  CBETA — UHMEZPANbHYIO Yyscmeumenvrocms. I'yGHHa BBIXO7a
3JICKTPOHOB M3 METAJUIOB COCTAaBJIACT HACKOJIBKO aTOMHBEIX CIIOEB, TOITOMY,
TepsAs Ha CBOEM ITyTH YacTh SHEPTUH, (JOTOITESKTPOHBI Ha BBIXOJIC M3 METAILIOB
WMEIOT HEKOTOPOE pactipeiefieHHe IO SHEPTHsM OT HyJIA 10 MAKCHMAlTBHOTO



3HAYCHUSA, ONPEACIIACMOro 110 3aKoHy JitHmnreiina. Pacnpeneneumne doTosnmek-
TPOHOB TIO YHEPTHSIM MOXKHO OTPENIENNTh SKCIICPHMEHTAIIBHO METOJIOM 3aJIep-
JKUBaromero moreHimana. Jljst coopa Ha aHOJ] BeeX (POTORISKTPOHOB B OMBITAX
JIykupckoro u IpemmkaeBa MCTIONB30BaMCE KaTo/] B BHJIE Iapa ¥ aHOJI B BHJIE
KOHIIEHTPHYECKOH KaToy cdepsl, depe3 y3Koe OTBEpPCTHE KOTOPOH Ha KaTo
ToJIaBaJiCA JIyd cBeTa. Pa3HOCTh 3HAaUeHWI TOKa TPH JIBYX 3a/IepKHBaIOIIMX

norennuanax — U u (U + AU) paet aucio oTOIEKTPOHOB, SHEPrHS KOTO-

PHIX IpH BEIIETE ¢ KaToJa JIeXKUT B mpeenax or el fo e (U + AU). Oror xe
METOJI MOKHO WICTIONTB30BaTh UL OTIPEJICIICHNSI KpacHO# rpanuipl otodddek-
Ta. 3ajIepKUBAIOIIHI TTOTEHIHAN, TPH KOTOPOM (POTOTOK CTAHOBHUTCS PABHBIM

HYII0, OTIpE/ICTISIET Pa3HOCTh MEX]Iy 9acTOTOM TaMMa-KBaHTa V M TpaHWIHOH
gacToTol doToaddexra V r, 11 ganHoTO MaTepuana: Uy = A(V - V ,)/e. 3Ha-
geuns Uy, onpenenseMsie il pa3sHbIX 9acTOT O0TydeHus V, JIekKaT Ha MPAMO¥,

TOYKA TIEPECedCHUsT KOTOPOH ¢ OCBI0 a0CIICC JaeT TPAHMIHYI0 JaCTOTY Vip.
OcHoBnble 3aKkoHOMepHOCTH PDD METAIOB XOPOIIO ONKCHIBAIOTCS TEOPHEH
daynepa, cormacHo KOTOPOH HOCIIE HOTTIONMEHN B MeTaiute $oTOHa ero sHep-
TS TIEPEXOMT SICKTPOHAM TPOBOJMMOCTH, B PE3YNBTATE UETO ICKTPOHHBI
ra3 B MeTajjIe OKOJIO €T0 MOBEPXHOCTH COCTOHT M3 CMECH Ta30B ¢ HOPMAITBHBIM

(pactpenenennem @epmu) 1 Bo30YKICHHBIM (CABUHYTHIM Ha AV) pacnpeseie-
HHUEM yyecmeumenbHocms POTOKAaTONOB, a K MHTCHCHBHOCTH TOTOKA M3ITyde-
Hus 1o >HeprusM (puc. 7.3). Jlnsa mojcdeTa ducia (HOTOIEKTPOHOB MOKHO
TMPOBECTH TAaKOE K¢ HMHTErpHpoBaHWe (YHKINH paclpesIeieHus, 9To W TpH
To/ICdeTe TUIOTHOCTH TOKA TePMOIMHECCHH, W3MEHHB HIDKHUI TIpe/ieNl MHTETPH-

poBanus ¢ W, wa W, — hV, TeM CaMbIM BKJIIOYMB B MHTCTPUPOBAHHE JICKTPO-
HEI, KOTOpBIe IPHOOPETAIOT HEJOCTAIONIYIO IS TIPEOIOICHHS TOTCHIHATBHOTO
Gappepa SHEPTHIO 3a CUET MOTJIOMICHHBIX KBAaHTOB. Tak %ke, Kak M Ui TepMO-
3NEKTPOHOB, HEOOXOIMMO YIHTHIBATh BEPOSTHOCTH TIPOXOXKICHUS Oapbepa, Tak
KaK 9acTh 3JICKTPOHOB MPH JBIKCHUH M3 MeTajlla MOXET GBITh OTpaXKeHa OT
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Puc. 7.3. ®OTOIMHUCCHOHHBIA TOK 3JIEKTPOHOB M3 «(XBOCTa» BO3MY-

meHHOH QYHKIMM pacTipesieNieHns, TPeoONeBAIONINX TIOTEHIHAIE-
HEIH 6aprep

TIOBEPXHOCTH pa3jieNla MeTann — BakyyM. Kpome 3roro, HeoOXomumo ydecTs
BEPOATHOCTH TMOTTIONICHUS (POTOHA. ITa BEPOATHOCTH B OOMIEM CITydae 3aBHCHT
OT HEPTHH TOTIJIOMIAIOIIETO NEKTPOHA W SHEPTHWH raMMa-KBaHTa. B Teoprm
®daynepa 3Ta BEPOSITHOCTh CIUTACTCS MOCTOSHHOM BEMYUHOMN, 9T0, KaK OKa3a-

T0Ch, B MHTEPBAIE YaCTOT OT Vi, 10 1.5 Vi, BEmommsiercsa. B pesymerare wH-
TErPUPOBAHUSA IIIOTHOCTE GoTOTOKA ompenensercs mo Gopmyne Dayepa:

) hv—hv,,
BlT eXp(k—T), VSVI‘p =eqQ, /h
B
= , 7.29
Je , (v =hv,))? 729
BT (——— B3), V>V,

k.T?



rae By, By, B; — nocTosaAbIe KO3()(UITNCHTEI, TPONOPIMOHANBHEIC ). JaBHCH-

MOCTB ji( ) MOXHO TakXe NMPEJICTABUTE B BUC PAJIOB [32].

B
N3 dopmynsr Paynepa BugHo, ato pu T =0 ju —> 0 u Vy, geiicTeu-
TEJIBHO SBJISCTCA KpacHoi rpanmieil. [lpu 7 # 0 He CYMIECTBYET pe3KOi rpa-

auIE hoTosddexra, PoToTOK NagacT SKCIOHSHIMATBHO IPH V<V, IPH V>V,
TUTOTHOCTE (POTOTOKA TIPOTIOPIIMOHATIbHA KBAJIpaTy YacTOTH MAJIaloNIero H3Iy-

9eHus fg ~ V2. DKCIEPUMEHTAIBHO TTOJIOKEHHES Vip ONPEACISIOT 110 H3MEPEH-
HO CeKTpansHO# 3aBucuMocTH GOTOTOKA TIPH 3a/laHHo# Temmepatype T > 0.

JTa 3aBUCHMOCTE OTKJIaBIBACTCS Ha Tpaduke B KOOpAMHATAX X = AV/KT n

Jap
T 2
F( ¥/

/!'

nY/ kT

1Y, AT

Puc.7.4. Onpenenenne kxpacHOH TPaHUIIEI C TIOMO-
mpio ynkuuu daynepa



y=In( jq)/Tz). Iomydennas SKCHepUMEHTANbHAST KPHBasi COOTBETCTBYET 3aBH-
CHMOCTH:

In(jy/T*) =B +F((hV- Vi) k 5 T) =B +F(x- hVry/ k 5 T). (7.30)
JlaHHast KpUBask OTIMHYAETCS OT TEOPETHIECKON KpuBOH @yuxyuu Paynepa F =

F(hV/kT) cauroM mo ocH y Ha KOHCTaHTY B U 1o ocu X Ha AV /kT (puc. 7.4).
HMmMenHo ompenenceHue CABUTa IO OCH X DKCTIEPHUMEHTANBHON KPHBOM IS ee
COBMEIICHHS C TeopeTudeckoi kpuBoii daynepa mo3BoiseT HANTH TPaHUTHYIO

9acTOTy Vryp.



§48. BropuuHas 3JIeKTPOHHAS IMUCCHAS

lglntqﬂllullaUlllﬂé"(ﬂ![)Ollﬂiﬂé"(ﬂ![)Oth&Dl nuccun

OMECCHS 3JIEKTPOHOB ¢ TOBEPXHOCTH TBEPAOTO Teia, Gombapupye-
MO TIOTOKOM OSJICKTPOHOB, Ha3bIBACTCS BTOPHIHON DIIEKTPOH-3JIEKTPOHHOM
smuccuedi. Hambonee pactipocTpaHeHHas cxeMa HKCIIEPUMEHTAIIBHOTO SMUICCHH
WICCIIEJIOBAHNSI SHEPTeTHIECKOTO PaCTpe/IeNIeHHs] BTOPHIHBIX DJIEKTPOHOB Me-
TOJIOM 3aJIEPKHUBAIOIIETO TIOJS ¢ MICTIONB30BaHHEM KolutekTopa JIykupckoro u
IIpemnkaeBa mokasaHa Ha puc. 7.5.

soKycHpykYas nuHos N ok

LA HEL L ERIF -]

RQMNekToR

Puc. 7.5. Cxema OmBITa IO UCCIICTOBAHUIO
BTOPHYIHON 3JIEKTPOHHOM SMUCCHH

3agepkuBaioliee TONe TPHKIAABIBACTCS MEXKIY MHIICHBIO M KOJUICKTOPOM.
Ecim moTeHIman KojuiekTopa 6yaer 6oJbIie, 9eM Ha MUIICHH, TO Ha KOJUICK-



TOp IpHIET MONHBIH TOK ;. BroprdHas 3MeKTpOHHAs IMUCCHS XapaKTepH3yeT-

s KOJIM9EeCTBOM BTOPHYHEIX 3JICKTPOHOB HA OJIHY IEPBHUYHYIO Y9acTHILY: Y, = Ny
/ N,. VInTerpaibHO 3TO KOIMYECTBO PABHO OTHOUICHWIO TOKOB BTOPDHYHBIX M
TIEPBUYHBIX 31IEKTPOHOB I; / I,. Boniee TOUHBIM METOZIOM OTpesieNieHHs] CKOPO-
CTeil BTOPHYHBIX SIEKTPOHOB SIBISIETCS HCIIONB30BAHNE JICTIEPCHOHHBIX IIEK-
TPOCTATMIECKOTO WM MarHUTHOTO SHEProaHaln3aTopa ¢ TONyKpYToBO#H Tpa-
ekTopuel, omicanHoro B TiaBe 5. [loydenHoOe SKCIEPUMEHTAIBHOE YHEpTe-
THYECKOE pacmpeieiicHue (puc. 7.6) HE3aBUCHMO OT MaTepualia M SHEPTHH TIep-
BHYHBIX DJIEKTPOHOB COZICPIKHUT JIBA BHICOKMX MaKCHMyMa. [lepBbrii B 0OmacTi
Manbix SHepruii (< 50 3B) cooTBeTCTBYET UcmunHbiM BTOPUIHBIM DIIEKTPO-
HaM, KOTOPBIEC BBIXO/UIT W3 TBEPIOTO TENa 3a CHET TOTIOMEHMS SHEPTHH TIep-
BUYHBIX OJIEKTPOHOB. Jlaeko He BCE  DIEKTPOHBI, TOJYUHBIIVE JIOTOIN-
HUTENBHYIO YHEPTHIO, I0OMPAIOTCS JI0 IOBEPXHOCTH, PACTpadnBasl SHEPTHIO 10
ITyTH Ha B3aNMOJICHCTBHE C NOHAMH PEIIETKH U IPYTUMH SIEKTPOHAMIL.

N
No
E,
. . ~ NN/ 5
0 25 50 75 100 125 sB

Puc. 7.6. PactipesienneHue BTOPUYHBIX 31€KTPOHOB IO HEPTHAM



TIpeononeninye NMOTCHITMANBHEIH Oapbhep MCTHHHBIC BTOPUYIHBIC YICKTPOHBI Ha
BBIXOJIC MMEIOT SHEPTHM, HE 3aBUCSINNE OT SHCPTHH TICPBUIHBIX HJICKTPOHOB.
Pa6oTa BBIX0/]a MaTepHaia TaKkKe HE OKa3BIBACT CYIIECTBEHHOTO BIMSHWS Ha
SMHCCHIO BTOPUYHBIX SJICKTPOHOB, TaK KaK, BO-TICPBBIX, SHEPTHUS TICPBUTHBIX
3NEKTPOHOB, KaK NPaBWIIO, TOpa3zio Oosbine paboTHI BBIX0/A, BO-BTODHIX,
9MHCCHS TIPOVCXOJIUT HE M3 TOBEPXHOCTHBIX CIIOEB, a M3 TIyOMHBI MeTaluia,
o3TOMY O0JIee BasKHBIM SIBISIETCS TIOTEPS YHEPTHH TIPH IBHKEHUH JIEKTPOHA K
noBepxHOCTH. BTOpoii, ropaszio Gonee y3kuii MakCHMyM, HaXOANTCS B 00JIacTH
BBICOKHMX DHEPTHH M COOTBETCTBYCT YIPYTO OTPAXKCHHBIM TCPBHUYHBIM  DJICK-
TpOHaM, TIPAKTHYECKH TOMHOCTBI0 COXPAHWBIINMM CBOIO CKOPOCTH TIO-
cne  oTpakeHW. [10JI0KEHNE ITOTO MAaKCHMyMa COOTBETCTBYET SHEPIHH Tep-
BUYHBIX 3JICKTPOHOB. O0NacTh SHEPruii MEeXIy STUMH JBYMS MAaKCUMyMaMH
COOTBETCTBYET HE YIIPYTO OTPa’KeHHBIM BTOPHIHBIM 3yiekTpoHaM. Takum oOpa-
30M, DHEPTeTHIECKHi CHEKTP BTOPHUIHBIX SIEKTPOHOB COCTOHMT M3 ITHUPOKOTO
IKa B 001acTH HU3KHX SHEPTHil ¢ MAKCHMyMOM TIPH Wi, KOTOPEIH TPHHA/I-
JICKUT UICTHHHO-BTOPHYHBIM 3JICKTPOHAM, BEIXOIAIINM C TITyOHHBI 5-100

A 0T IOBEepXHOCTH, ¥ O9EHD Y3KOTO NMHKA OTPAKEHHBIX OT TIOBEPXHOCTH HJIEK-
TPOHOB B OONAaCTH BBICOKMX SHEPTHii C MAaKCHMYMOM IIPH SHEPIHH, PaBHOH
SHEPTMH MEPBUYHEIX HNICKTPOHOB. JINIs1 XapaKTepUCTUKU MCTHHHOM SIEKTPOH-
9JICKTPOHHOH SMICCHH BBOIAT K03 GHIIMEHT BTOPHIHON SICKTPOHHOH SMIC-
crm 8= Ny/N, , Tae Ny — 9iCiio HCTMHHO BTOPHYHBIX 3JICKTPOHOB, N; — 9HCIIO
TIEPBUIHBIX HJIEKTPOHOB, MAJIAI0MNX Ha TOBEPXHOCTH B €IMHUILY BpeMeHH. Jist
XapaKTEPUCTHKH SMHCCHH OTPaXKEHHBIX OT TIOBEPXHOCTH NMEPBHIHBIX IIEKTPO-
HOB Hcnonb3yercs kodddmment otpaxkenus T|.= (N+N,)/N,, tie N.u N, -
YIIPYTO ¥ HEYNPYTO OTpakeHHBIE SNeKTpoHbl. CyMMapHBIi K03(dduImenT BTo-
PUYHOM NEKTPOHHOM SMHCCHH Y, = O, + T|.. 3aBHCHMOCTE O, OT SHEpTHH Tiep-
BHYHBIX 3JIEKTPOHOB W, 3aj1aeTcs sMmmprdeckor ¢dopmynoii (Kollath):



8e(Wp)_ 2 Wp _ WP
5 =(2.72) 7 exp(—2 W—), (7.31)

€ max max max

1€ O, max =/0.35€¢ ©, , Wiy — 3HAUCHHME U TIONOXKEeHHE MaKcHMyMa. TTonoxe-
HHE MAaKCHMyMa 3aBHCHMOCTH KO3()(UITHEHTa BTOPUIHOM DIIEKTPOHHOMN SMIC-

CHH JUIA PasHBIX MaTEpHaloB NpeJcTaBieHo B Tabi. 7.2. Poct 8, ¢ sHeprueit
TIEPBUIHBIX HJIEKTPOHOB CMEHSETCS criajioM (puc. 7.7), Tak Kak TpH JanbHeH-
mIeM POCTEe SHEPTHH MEPBUYHEIX SIEKTPOHOB 00pa30BaHKNE BTOPHIHEIX TPOHC-
XOJIUT BCE TIyGXke M TIIy0iKe, pacTyT MOTEPH SHEPTHH BTOPHUHBIX JICKTPOHOB
B METAJJIC ¥ X BRIXOJ] CTAHOBHTCS BCE 0OJIee 3aTPYIHEHHBIM. DTHM K¢ 00BsIC-
HACTCS CYIICCTBOBAHHE CIIBITA MAKCUMyMa Wy, B SHEPreTHYeCKOM pacrpesie-
JICHUHW BTOPHYHBIX 3JICKTPOHOB JJII MAaTCPHAJIOB C BBICOKMM ATOMHBIM 9HCJIOM
(manprmMep, st BoJbGpaMa) B CTOPOHY HM3KHMX SHEPTHIH M3-33 CHIDKCHUS
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Puc. 7.7. 3aBucumocTh KO3(GHIMEHTa HCTUHHON BTOPHIHON
SNEKTPOHHOH SMHCCHH OT SHEPTHH NEPBHUYIHBIX 3JEKTPOHOB IS
W, Mo, C, Be



JUTMHBI TIpo0era MepPBUYHBIX JJIEKTPOHOB B TBEPAOM Tejie (dJEKTPOHaM, MOJIy-

UBIIINM 3Heprmo oT HepBI/I‘IHLIX B6J'II/IBI/I HOBerHOCTH, Jierae BLIﬁm Hnu3 TBep-
JIOTO TeJia).

Tabmmia 7.2.
Al Be C (an- C (rpadur) Cu Fe
Ma3)
S emax 1.0 0.5 2.8 1.0 1.3 1.3
Wenax[9B] 300 | 200 750 300 600 400
Mo Ni Ta Ti W
8 o 125 1.3 1.3 0.9 1.4
Wenax[9B] 375 | 550 600 280 650
05N,
W
04 r
Mo
03
02r
C
0.1 T ——
BE 1 Ly E )
0 3 10 4B

Puc.7.8. 3aBucuMocTs K03 GUIMEHTa OTPaKEHHS OT
OHEPTIUH NMCPBUIHBIX 3JICKTPOHOB



3aBHCHMOCTE O, OT YIiIa TaJIeHHs MEPBHYHEIX 3JIEKTPOHOB OL (YIOJ C HOpMa-
JIBIO K TIOBEPXHOCTH) I OL < 60° MOXHO NPEJICTaBHTh B BHIE:

3,(a)=3,(0)/ cosPa, (7.32)

e B = 1.3 +1.5. Yem Gombie O, TeM MEHbINE IyGHHA, KOTOPYIO Hy)KHO TIpe-
OJIONICTE BTOPHYHOMY OSJIEKTPOHY U BBIXOJA. OMIMpPHUYSCKasd 3aBHCHMOCTE

xodpduipienTa OTpakeHHS 1|, I HOPMAIBHOTO MAJICHUS SJIEKTPOHOB OT
SHEPruM NEePBUIHBIX 3JIEKTpoHOB W), (pHc.7.8) u aTomHOrO HOMEpa z:

MW ,.z)=W . exp(C(z)), (7.33)
rae m (z) =0.1382 — 0.9211z 3,

C (2)=0.1904 — 0.2236 fnz + 0.1292 - fn’z —
—0.01491 ¢n’z — (popmyna Xynrepa).

3aBHCHMOCTS 1), OT YTJIa IaJICHIS OL:

N, (0)
=0. 1 e cosa _ i
n,(@)=0.89 (0.891) (7.34)
(dbopmyna JlapmuHrToHa)
HanGonee pacrpocTpaHeHHBIM TPUMEHEHUEM BTOPHYHON SIEKTPOH-
HOM SMHCCHH SBIISIIOTCS JIEKTPOHHBIE YMHOXKHUTEIH, TPHHITHI JISHCTBHS KOTO-

PHIX TIpE/ICTaBIICH CXeMO# Ha puc. 7.9.



MaxkcuMaITbHO TIOJTHOE TIOTIafIaHKe BTOPHYHBIX 3JICKTPOHOB Ha CJIC-

Ynexmpod Koarexmop

Puc. 7.9. CxeMa 3neKTPOHHOTO YMHOXKUTEIIS

JIVIOUIMH SMUTTEP MONKET OOCCIICUWBATHCI MATHWTHOH WITH SJICKTPHYCCKOM
(oxycuposkoii.

Bmopulmaﬂ UOHHO-INIEKMPORRAA IMUCCUA

TIpy B3aMMOJICHCTBIM MOHOB C TTOBSPXHOCTHIO TBEPJIOTO TEjIa HAOITIO-
JIAeTCS OMHCCHS DJIEKTPOHOB, XapakTepusyemas KOd(QPHIMEHTOM HOHHO-
SNIEKTPOHHOM SMMCCHM: Y; = N,/ n;, TAE N, — 9GUCIO SMUTHPOBAHHEIX SJICKTPO-
HOB, 1; — 9HCIIO MOHOB, YNAaBIINX Ha TY K€ TIOBEPXHOCTH 3a TO ke BpeMs. Jlns
OJTHO3APSHBIX MOHOB Y; = N,/ n; = j./ j;, Ip¥ SMUCCHH MO JISHCTBHEM HOHOB
3apsaaoM Z Y; = Zj,/ j; . IMUCCHS 3IIEKTPOHOB MOXKET IIPOUCXO/IUTE B PE3yNbTaTe
JIByX TIPOIIECCOB: TIEPBEIH MPOIECC, CBS3aH ¢ BO30YKICHHEM DJIEKTPOHOB Teja
3a CYET MOTEHIMAJIBHON SHEPTHH JJIEKTPOHOB SMHTTEPA B TIOJIE MPHXO/SIIETO
Ha TIOBEPXHOCTh Tejla MOHA — TaKyH) SMUCCHIO HA3BIBAIOT HOMEHYUANLHOUW C

k03¢ PHITHEHTOM SMUCCHHE Yy; BTOPO# MPOIIecC CBA3aH ¢ BO30YXKICHHEM DIIeK-



TPOHHOM CHCTEMBI Tejla KMHETHYECKOH SHepruel HoHa — B 9TOM CIIydae SMHC-
CHIO Ha3HIBAIOT KuHemuueckol ¢ koddduimentom smuccum Y, Ecmu mpucyrt-

CTBYIOT 00a TIporiecca, T0 ¥; = Yn + Vi IIOTCHIMANbHAS MOHHO-DIEKTPOHHASL
sMuccHs Oputa oTkpeiTa [lermmrom B 1928 1. Tlpy mccaemoBaHNN 3aBHCHMO-
CTH SJICKTPOHHOH SMUCCHH OT SHEPTHH TAJAlONIIX HOHOB OH OOHAPYXWMII, 94TO
OMHCCHA OCTACTCA M TIPH OYUCHBb MAJIBIX, IMMPAKTHYICCKH HYJICBBIX, SHCPIHIAX HO-
HOB. 13 3TOro MOXHO OBUIO CJICNATEH BBHIBOJI, YTO MCITYCKAaHHE SJICKTPOHOB HE
CBSI3aHO C KHHETHIECKOH SHeprueil moHoB. B skcneprMenTax GBUTO BHIABICHO,
YTO TaKas MOTCHIMAIBHAS MOHHO-DJICKTPOHHAS SMUCCHUS TMPONCXOINUT TOJNBKO
JUTSL NIOHOB, TIOTEHIINAJl HOHW3AIlHH KOTOPHIX V; B 1Ba pasa Goibiiie paGOTEI BEI-

X07la MaTepHana sMurTepa @,

v, >20,. (7.35)




D10 HaxoaUT OOBACHCHNE B MOJICIN OXe-HeHTpam3aiyy uoHa. [Ipudmnkasick
K TIOBEPXHOCTH METAJlIa, IOH M3MEHIECT CBOMM TOJIEM TTOBEPXHOCTHBIH TIOTEH-
IManbHEIH Gapbep, moHmkas ero. OAWH DIEKTPOH, MMesT B METaUle SHEPTHIO
E,, coBepriaer TyHHENBHBIH Tepexos M HeiTpammsyer woH (puc. 7.10). Tlpu
9TOM BBIZIENSIEMAst SHEPTWsL V; — E; MOXeT OBITh Tiepe/iaHa BTOPOMY JIIEKTPOHY,
VMEIOIIEMY B METaJUIe SHEPTHIO E,. JIis Toro 9T00BI BTOPOH SICKTPOH BHIIICIT
W3 METaJlJIa, €T0 KHHETHYCCKAs SHEPTHS I0JDKHA OBITH OOJBING HYJIA: mv 2/2=V,~
— E; —E, > 0. C ygeToM TOTO, 9TO TIpH HU3KHX TemriepaTtypax Ei m E, MeHbIIe
Qg V: >2@,. ONBIT OKA3EIBAET, 9T0 K09 HIMEHT ¥, THHEIHO pacTeT ¢ yBellH-
deHHeM PpasHOCTH V; —2(, Ui pa3NW9HBIX Tap MHIIEHb — HOH. JIJIsl 9uCTBIX
TTOBEPXHOCTEH 3Ty 3aBUCHMOCTh MOJKHO OTTHCATh SMITMPHIECKOi hopMymoii:

Ya = 0.016(V; —2¢,)[>B]. (7.36)
Koaddrment Y, tem Oonbine, geM Gonbnie 3apsy MoHA (KPaTHOCTH MOHM3a-
mn): Yo (4D < Yo (4™ <Yu (4. Jlna Mumenedi, ToBEpXHOCTH KOTOPBIX I0C-
T4TOYHO YHCTAS, Yy MPAKTHUECKH HE 3ABHCHT OT SHEPIUH NAJJalONHX HOHOB F,:

dYy /dE, = 0. IIpu Gonbmioit BeNMYuHE Pa3sHOCTH V:—2Q, >> kpT x03ddu-
IIMEHT MOTEHINATBHOH HOHHO-3JIEKTPOHHON SMHCCHH HE 3aBHCHT OT TEMIIEpa-
TYpHI TIOBEPXHOCTH MuIlicHH. [Ipy Maoi BeudauHe 3Toi pasHocTH: V; —2Q, =
kT TepMIdecKoe YBENMHECHHE SHEPTHH DJIEKTPOHOB TOBHIMIAET BEPOSTHOCTH
SMHCCHH H Yy pacTeT ¢ yBeIMYEeHHEM TEeMIICPAaTypEI, TIPH 5TOM IOTCHIMAIbHAS
9MUCCHS BOSMOXHA U IIpH V; < 2(,,.

IIpy BBICOKMX SHEPIMAX TAIAIONINX HOHOB KWHETHYECKash WOHHO-
3NEKTPOHHASL SMHCCHS TPeobnaziaeT Hajl TOTCHIHAIBHOH. DKCIIEPUMEHTATBEHO
ObIT10 06GHAPYKEHO, ITO CYIIECTBYET TIOPOTOBOE 3HAUCHHE SHEPTHH TIEPBUIHBIX
HOHOB (E,);, ~1.5 ¥3B, MeHBIIE kKoToporo kodhduiment smuccun ¥, =~ 0. B
MPHIIOPOroBOH 001acTH SHepruit HoHOB (£, < 10 x3B) xosddrment smMuccru



nponoprroHaneH sHeprun: Y = C(E, (Ep)yp), TAe C = const. JIns ancTeIX Me-
tamros C < 0.2-102 5B™. TIpu Gonee BHICOKMX SHEPrHX Y ~ Ep” 2 TIpu 06-

Jy49eHHH MOHOKDHCTAIIOB K03((UIIUEHT Y, 3aBUCHT OT yITa IIaJIcHHI HOHOB
Ha TIOBEPXHOCTH, TIPHYEM 3Ta 3aBHCHMOCTH HOCHT NEPUONYCCKUI XapakTep:
TIONIOXKEHNST MaKCHMYMOB COBIAJJAIOT C HANPABJICHHAMH TaJalOIIX FOHOB
BJIONb KpHCTaJUTOTpadIeCcKHX HANPaBIeHH B MOHOKpHcTaue. CoBpeMEeHHBIE
TIPEJICTABIEHUS O KMHETHIECKOH HOHHO-3IEKTPOHHOH sMuccru (Mogiens [Tapu-
muca, TletpoBa, KHIMHEBCKOro) OCHOBBIBAIOTCS Ha JBYXSTAMHOCTH MPOIIECCa.
Ha mepBoM sTame KWHeTHHECKass SHEPTHsA HOHA TIePeacTcs SIEeKTPOHHOH CHC-
TEMe MeTallla ¢ 00pa3oBaHMEM IBIPOK)» (TONydast SHEPTHIO, DIEKTPOHEI aTo-
MOB COBEPIIAIOT MEK30HHEBIH MSPEX0] B 30HY IPOBOAMMOCTH, 00pa3ys JBIPKH).
Ha BropoM 3Tame MpOMCXOINT PEKOMOWHAIMA JBIPKH M SJIEKTPOHA TMPOBOJIH-
MOCTH MeTajlla ¢ Tepenadeii BRIENMonIeiics SHepriy 3a cdeT oXe-Tpoliecca
JPYTOMY SJIEKTPOHY NPOBOANMOCTH, KOTOPHIH SMHTHpyeTCS U3 MumieHH. Ta-
KuM 00pa3oM, BTOPOi 3Tan KWHETHIECKOH HOHHO-3IICKTPOHHOH SMHICCHH OH-
30K IO IPHPOJIC MOTCHIHATBHOM SMICCHH.

1T 0BCPXHOCMHAA UORU3AUUA

Honnas smuccus B pe3ynbTaTe TePMIYECKOH JICCOPOIMH JacTHII ¢ TIO-
BEPXHOCTH TBEPJOTO Tella HA3hIBAacTCS TMOBEPXHOCTHON mMoHM3anuei. B Buze
WOHOB MOTYT MCTIAPATECS KaK aTOMBI CaMOT0O HArpeToro Tejia (HampuMmep, Me-
TaJa), TaK ¥ aTOMBl M MOJIEKYJIbI, KOTOPbIE TIONAIN Ha TTIOBEPXHOCTH U3 OKPY-
Karomeil cpeapl. YacTs w3 HUX mocie aacopOMpOBaHNS HCTIAPSIOTCS 0OpaTHO B
ra3, HO YK B BHJIC MOJIOKUTEIBHBIX M OTPHIIATSIIEHBIX HOHOB. [10BEPXHOCT-
Has woHm3anms Obuta oTKphiTa Jlearmiopom u Kunrgonom (1923 r.), koTOpEIe
OOHAPYIITN B IMJIMHAPUICCKOM JINO/IC, 3aOTHEHHOM TapaMH 1e3uUs, TOK H0-

JIOKUTEHHEIX MOHOB. CTETeHh TTOBEPXHOCTHOMN MOHM3AINH O, = n;/n,, TIE n; —



IUIOTHOCTh MOHOB, OTJICTAIONIMX OT TMOBEPXHOCTH, %, — IIOTHOCTH HWCHApPSIO-
HIMXCA aTOMOB, XapaKTepH3yeT 3apA/IOBOC PABHOBECHE B MICTIAPSIOIEMCS MOTO-
K€ 9YacTHI] M He 3aBHCHT OT croco0a MOCTYIUICHWS JacTHI] Ha TOBEPXHOCTE.
Jpyro#i XapakTepuCTHKOH ITOBEPXHOCTHOH MOHM3AIMH sBIsieTcs Kooddrmpent
TIOBEpXHOCTHOM MoRm3amm 3 = n; /n = n; [(nn,) (B = oa/(1+00)). K ommcammo
TpoIiecca HOHM3AIMH HCTIAPAONIINXCA aTOMOB JICHIrMIOp TpuMeHMN GopMyITy
Caxa s TepMHYeCKOH MOHM3AINHK Tasa. B pesynsrarte npu o6pa3zoBaHHM TO-
JIOXUTENBHBIX MOHOB TEPMOJMHAMHYCCKN PABHOBECHEIN MOHM3AIMOHHEIN CO-

CTaB y MOBEPXHOCTH TeNla MOXHO XapaKTepHU30BaTh CTETIEHBIO MOHM3AIMH O,
KOTOpas BEIUHCIseTcs u3 ypasHenns Caxa-JlenrMiopa:

. -U,
a=5iexp e(o, -U,)

, (7.37)
g a k B T
rrae U; — moTeHIan HOHM3aIMK aTOMOB, (), — paboTa BEIXO/Ia IICKTPOHOB M3
MeTaina, g;/g, — OTHOIICHWE CTaTUCTHYCSCKUX BECOB MOHHOTO M aTOMHOTO CO-
CTOSTHVI WOHW3UPYIONIIXCSA JaCTHI] PABHO 1/2 JUIS. OJTHOBAJICHTHOTO aJIcOpOH-
pytonero Metamia u 2 — sl AByXBaJICHTHOTO. ECIH SHEprHs MOHM3aIMH aTo-
MoB nokperTus (Hanpumep, Cs, K, Na mva W) Menbie paOoTel BBIXO/a JNEK-
TPOHOB M3 METAIUTMYECKOM IMOJUTOXKKH, TO MPAKTHICSCKH BCEe UCTIAPSIOMINECS C
TMOKPBITH aTOMBI ITOKH/IAIOT ITOBCPXHOCTH B BUJIC MOJIOXKHUTCIIBHBIX HOHOB.
ATOMBI HEKOTOPHIX JJIEMEHTOB MOTYT TOKH/IATh TOBEPXHOCTH, TIPH-
COCIMHAA K ceOe DIISKTPOH M MPEBpallasch B OTPUIIATSIBHEIN HOH. s pa3py-
OICHHS OTPHUIIATENBFHOTO MOHA TpeOyeTcs COBEPHIMTh HEKOTOPYIO paboTy, Ko-
TOPYIO Ha3BIBAIOT paboToii cpoycTra eS. YacTs Takux afcopOMpPOBAHHBIX aTO-
MOB HCHapsIOTCS B BHJIC OTPHIIATENBHBIX MOHOB. [l OnpeeNicHHs CTENCHH
VOHM3AIMH} OTPHUIIATEEHBIX MOHOB MOXKHO WCIOJIB30BATh YpaBHEHWE, aHAJO-
ruaHOe ypaBHeHMI0 Caxa—JIeHrMiopa:



(7.38)



I'JIABA 8

YJIEKTPUUECKHAUN TOK B TA3AX U T'A30BBIN
PA3PSIJT

TazoBBIif pa3psy — 9TO MPOIECC MPOTEKAHWS SIEKTPHUECKOTO TOKa
gepes ra3. Pa3nmnualoT HECaMOCTOATENBHBIE W CaMOCTOATENBHBIC — pas3ps-
J61. HecaMocTOATENBHEBIN pa3psii BO3MOKEH TIPH MHKEKIIMH SJICKTPOHOB B pa3-
PATEBIH TPOMEXYTOK (HApHUMEDP, TEPMOIMHUCCHS C KAaTo/[a) MMM MPH HOHH3a-
IMM Ta3a KaKuM-TN0O0 BHEUTHNM HCTOYHMKOM. HecaMOCTOSTeNbHEIC pa3psIbl
WCTIONB3YIOT IOBOJNBHO MIMPOKO: 3TO W HOHW3AIMOHHEIC KaMEPBI TEXHOIOTHHE-
CKOTO ¥ TO3MMETPHIECKOr0 Ha3HAYCHHS Ha aTOMHBIX PeaKkTOpax, Ta30TPOHEI B
BBINIPAMUTECIIBHBIX YCTaHOBKaX ceTel NMTAaHHA ITOCTOSHHBIM TOKOM, ILIa3MO-
TPOHBI ¢ HAKAJIMBAEMBIM KaToIOM U T.J1. Dusrdeckne nporeccrl, MpoTeKalonye
B PasHBIX HECaMOCTOATENTBHBIX Pa3ps/laX, eCTECTBEHHO, Pa3IMYalOTCs, HO He
BCC OHM XapaKTepHBI U1 COGCTBEHHO Ta30BBEIX PaspsAzOB, Kak OOBIMHO TIOHH-
MalOT TOT TePMHUH. B HIX ¢ MOMOIIBIO SJEKTPIHIESCKOrO TOISA IPOCTO coOupa-
10T oOpasylommecs B 00beMe 3apsabl (4T0 BOOOIIC-TO HE COBCEM «IIPOCTO»!), B
MPOTOPIMOHANBHEIX  CUSTIMKAX WCIONMB3YIOT OrpaHHueHHOe o06pa3oBaHue
9JIEKTPOHHBIX JIABHMH, B TEWTEPOBCKHX CUETUMKAX MPOMCXONT KOPOHHEIH pas-
PA, B Ta30TPOHAX M THPATPOHAX «OOXOMAT» 3aK0H «3/2», Kak OBl mpuOIInKas
aHON K KaTOJy, B JYTOBHIX JIAMIIaX JJHEBHOTO CBETa TEPMOBMHCCHS C MOJIOT-
PEBHBIX KaTOJIOB TONBKO OGECTICUMBACT 3aKHTaHWE CAMOCTOATCNBHON  JIyTH.
Omnako HamOonee TIMPOKO TPHUMEHSIOTCS CaMOCTOSTENBHBIC Pa3psiibl, O
HUX U OyzeT peds. CaMOCTOATENBHBIH TIICIOMIME pa3psJl 3aXKHUTacTCs TOTa,



KOT/Ia HANMpsDKEHHE Ha €ro aKTUBHBIX YUaCTKaX JOCTHTAET (HANPANCEHUS Npo-
60s», A IyrOBOTO pa3psia HEOOXOMMMO CO3/IATh YCIIOBHS BO3HUKHOBEHUS
TEPMOSMICCHH C KaTo/ia. KOpOHHBIE pa3ps sl BOZHHUKAKOT TONBKO TPH HAHIHI
YYaCTKOB ¢ OYEeHb OOJBIION HEOAHOPOAHOCTRI0 HANPSDKEHHOCTH DJIEKTpHYE-
CKOTO TIOJISI, @ WICKPOBEIE Paspsisl HPHHIMITHAIEHO WMMYJbCHEIE. Bee 910
CHPABEIJINBO JUI MOCTOSHHBIX SIEKTpHdeckux mojeit, y moneit BY m CBY,
KOTOpBIE€ MIMPOKO WCIONB3YIOTCS B TEXHOJIOTHIX, €CTh CBOS ciermduka, oco-
OcHHO y TOJICH JTa3epHOM HCKPEIL.

§49. DnexTpuuyecKkuii TOK B ra3ax

CTOKHOBCHHS 9aCTHI] MOTYT UMCTh YHpYeuti U Heynpyzuii XapaxTep.
[Ipu ynmpyroM CTOJNKHOBEHHM MEHSETCS HANPABIICHWE JIBMKEHWS JacTHII, TPO-
HCXO/T OOMEH WMIIyNIbcaMH M KHHETHIeCKo# sHeprueil. [Ipum Heynpyrom
CTOJNIKHOBEHVM BHYTPEHHSSI SHEPTHS H COCTOSHWE OJJHOH M3 HacTHIl (PEJIKO KO-
rna obenx) m3mensiercs. VloHM3anms aToMa npH yape 3JIeKTPOHOM TIPOHCXO-
JIIT 3a cHeT Tepeladn KHHETHIECKOH SHEPTHH DJIEKTPOHA aToMy. 3HadeHWe
9HEPTHH HIIEKTPOHA, JOCTaTOYHOE JUIS MOHM3AIMH aToMa HAa3BIBAacTCS TOTEH-
1maroM wormsanuy ;. TIpu MHOTOKpATHON MOHM3AIINY SHEPTHsA, HeOOXoauMast
JUTSL OTPBIBA KaXKJIOTO CIIEYIONIETO IEKTpoHa Bo3pactaeT. [Imonepamu skcrre-
PVIMEHTaTBHOTO ONpeJIeNIeHVsI TTOTEHITNaNa NOHH3aIK aToMoB Obutn @pank u
I'epr. Meroy onpezienenyst OCHOBBIBAICS Ha TOM, 9TO 3aBUCHMOCTb TOKa, IPO-
TEKAIOIIETO Yepe3 JHOJ B Mapax PTYTH, OT YCKOPSIOIIErO SJICKTPOHBI Hampsi-
JKEHMSI HOCUT HE MOHOTOHHBIH BO3paCTalONIMii XapaKTep, a NIMeeT IMPOBAITBI U3-
3a TIOTEPh DHEPTHM DIIEKTPOHOB Ha BO30YX/ICHNE M HOHW3AIMIO aTOMOB PTYTH.
3aBHCHMOCTB BEPOSTHOCTH WOHM3AIMM aTOMOB JIIOOOTO Ta3a OT HYHEPTHH Hac-
Tty U 3agaercs GpyHKImel noHu3aimm:

fi=a(U-U) exp({U-Up/b), @.1)

r71ie a v b — sMImpudeckre KOHCTaHTHI JISI KOHKPETHOTO Ta3a. Bpemst Mexy



CTOJIKHOBCHHSIMY, TIPUBOIALINMI K HOHHM3AIMM, 0OPaTHO MPONOPIMOHABEHO

gacToTe HoHm3ammu T; = 1/V;. Uncao HoHW3aImii B ¢IMHUILY BPEMEHH TPOTIOp-
IMOHATBHO TUTOTHOCTH HYacTHI] ra3a r, CKOPOCTH HaJleTalouleH JacTHIBl v |

CEUEHHIO HOHM3AINH O; :

V;=nvO;. (82)
HonmsanmoHusiii npoder M (mmiHa, Ha KOTOPO# 9acTHIIA MOXKET MOHMN30BATh)
paBeH

Ai=v T;=v/V;= 1/(nG) = 1/S;, (8.3)

rre S; = nG; Ha3BIBACTCA CYMMAPHBIM cevenuem uonusayuu. CyMMapHOe cete-
HHE WOHM3AINH TaK K¢ XOPOIIO ammpoKCHUMHpYeTcs monooHo# (8.1) 3aBucH-
MOCTBIO OT SHEPTHH JacTHIlb Ut

Si=a(U-U)exp(-b(U-Up), - (8.4)
(dbopmyna Moprysmica)

rae @ U b — SMITMPUIECKHe KOHCTAHTHI I KOHKPETHOTO ra3a. 3aBHCHMOCTE
CYMMAPHOTO CECUCHUS BO30YXKICHHS NMEET MOX0XKUI BUJT;:

U-U U-U
S, =8 ——————exp(l ———— - 8.5
=S xp( U —U,) (8.5
(popmyna ®abpuxanra),

rae U, — moteHIman Bo30YXICHHOTO YPOBHSA, Uyyax M Spax — SHEPTHSA U CEUCHUE



BO30YXKJICHHS B MakCuMyMe (YHKIMH BO30YXKICHNS, 3HAYCHUS KOTOPBIX MOX-
HO HalTH B CIIPAaBOYHBIX TaONHIAX Ui KOHKPETHOTO ra3a. Bpems mpeObiBanms
aToMa B BO30Y)KJICHHOM COCTOSHHM MOXXHO CBS3aTh C HHCIIOM TIEPEXOJIOB B
enuHMIe o0beMa B eMHHWILy BpeMeHM N, TOT/Ja 3a NPOMEXYTOK BpeMeHH df
gucno nepexoioB: Ndt = wn,dt, Tiie w — BEpOIATHOCTD JJAHHOTO TEPEXoa 1, —
KOHIIEHTpAIHsi BO30YK/ICHHBIX aTOMOB. UHCIIO aKTOB M3IMydeHHsI PaBHO YOBIIH
gucna Bo30YKAEHHBIX aToMoB: Ndf = —dn,, Torma dn, = — wn,dt. Takum oGpa-
30M, YHCIIO BO30YK/ICHHBIX aTOMOB M3MEHSETCA BO BPEMEHH 110 3aKOHY:

n4(f) = nagexp(-wi), (8.6)

TJIIE N, — KOHIICHTpaIa BO30YK/ICHHBIX aTOMOB B Ha9aIbHEIH MOMEHT BpeMe-
HH. 3a Bpems £y = 1/w KOHIICHTpAIlM YMEHBIIACTCA B «e» pa3. ITo BpeMsa U
TOJIaraloT BpeMeHeM NpeObIBaHMS aToMa B BO30YXIeHHOM cocrosiHum. He-

s

CMOTPS Ha MAJTIOCTh STOH BEJIMIMHBI ) ~ 10® + 107 ¢, naxe 3a croms KOPOTKOE
BpeMs CYIIECTBOBaHMS BO30YXKJIEHHOTO aTOMa BO3MOXHO TIONydeHHE HOBOH
TIOPIIMK SHEPTHH, IOCTAaTOUHOM IS Tiepexoja aToMa Ha CIEAYIONIHi YPOBEHb
BO30YXJIeHUSA, THOO I MOHHU3AI[NH aTOMa, B 5TOM CJIy4ac TOBOPAT O CIMYHeH-
yamoti uonusayuu. IMeHHO Takoii mpolecc CTYNEHYaTOH WOHM3AIMH aTOMOB
pryta HaOmoxancs B ombitax ®panka w Tepua. Cpenu BO30YXKICHHBIX CO-
CTOSTHWI aTOMOB M MOJICKYIl CYIIECTBYIOT MemacmabunvbHbie COCTOSHUS, Bpe-
MeHa KH3HHM KOTophX oT 107 10 meckomskux cexymyr. CaMblii HYKHII MeTa-
CTaOWNBHBIH yPOBEHb HA3BIBAaCTCS pe30HAHCHbiM. JIIs PTYTH pe30HaHCHBIH
YpoBeHb BO30YXeHUs paBeH 4.7 5B, npy npeBIIIeHNN SHEPTHEH IIEKTPOHOB
9TOr0 3HAYEHWS HaOJIOMANCS TIEPBBIN TPOBal B 3aBUCHMOCTH TOKa OT YCKO-
PSIOIIETO DIIEKTPOHBI MOTeHNMana. MeracTabniTbHast 9aCTHIIA TIPH CTOJNIKHOBE-
HUM C 3MEKTPOHOM  MOXKET M 0e3aKmusupo8amocs, T.€. TIEPEHTH B OCHOB-
HOE COCTOSTHME, OSTOT TPOIECC HA3BIBACTCS Heynpyeum coyoapeHuem emo-
poeo pooa.



Kpome o0pa3oBaHHs TONOXKWTETBEHBIX HOHOB TPH TIPOTEKaHWH TOKa B
ra3e BO3MOXXHO BOZHMKHOBCHHE OTPHIATeNIFHBIX HOHOB. Jis TOro, 9To0H OT-
PVIIATENBHBINH HOH CYIIECTBOBAN M OBUT YCTOHYHB, €ro BHYTPEHHSS SHepTHs E;
JIOJDKHa OBITE MCHBIIIC, YCM DHCPIUs HOPMAJIBHOTO COCTOSHHA Iapbl aTOM —
cBoOomHBIH AMekTpoH Ey. Paznocts A = Ey — E; Ha3skIBaeTCS CpoOCmaom aToMa
K DNeKTpoHy. B aromax ¢ 3amonHeHHOH BHEIHEH SIEKTPOHHOH 0001M09K0H
(mueptreie Tasel He, Ne, Ar, Xe, Kr,..) amextporHas 060j04Kka SKpaHHPYET
AP0 ¥ BEPOATHOCTH 0GPa30OBaHUA OTPHIIATENBHEIX MIOHOB Majla. ATOMEI C He-
momeiMu BHemEIME  obomoukamu (F, C/, K, Na...), y xoTopeix 0060109KH
6Immke BCETo K 3aITOTHCHHIO, 00pa3yloT HanboJIee YCTONIHBEIE OTPHUIIATCIIBHEIC

voHbl. CPOJICTBO  3THX aTOMOB JIOCTaTOYHO BEJIMKO: AF_ =34 + 3.6 3B,
A = 3.82 3B. Ecimi 351eKTpoH J0 CTOJKHOBEHMS MMEJT KHHETHICCKYIO DHEp-
rmio E,, TO TIpH €ro 3axBare JIOJDKHA OCBOOOXKHAaThCs dHeprust A + E.. Ora

9HEPrHsi MOXET 0CBOOOXKIATHC depe3 H3IydeHue: e + a —> a~ + hY, Ho Ooiee
BEPOATEH TpoIiecc 00pa30BaHKs OTPHIATEIEHOTO HOHA B PE3YJIBTaTe CTOJIKHO-

BeHMA TpeX Tel X+ Y+e—>X +Y+euwm X+Y 5 X +7Y .

JIna onmcaHus SMEKTPUYSCKOrO TOKa B ra3aX HEJJOCTAaTOYHO PaccMOT-
peHUS TIPOIIECCOB MOHM3AIMM M pekoMOmHaim. HeoOxommmo onvcanue JBH-
JKEHUS 3apsDKEHHBIX 9acTHI] MOJI JCHCTBHEM SIIEKTPHYECKIX M MarHUTHBIX TI0-
e, IpudeM CTaTHCTHYECKOE, T. €. YCPSTHEHHOE TI0 MHOTOYHCIICHHBIM CTOJTK-
HOBeHMAM. [IpH HAMMYWH SNEKTPHYECKOTO MO Ha XaOTHYSCKOE JIBHIKCHHC
YaCTHI] HaKIaJBIBACTCA HamlpaBIeHHOE JBIDKCHHE BIONb mons. Jis craimo-
HapHOro MpoIlecca PaclpOCTPaHEHUS TOKA CPEHAA DHEPTHS M CPEJHAA CKO-
POCTB BIIEKTPOHOB JIOJDKHBI OCTABaTHCS TMOCTOSHHBIME, HECMOTPS Ha MPUCYTCT-
BHE YCKOPAIOIIETO SIICKTPUYSCKOrO TOIA. ITO BO3MOXKHO, €CIH dJIEKTpIIecKas
CHJIa KOMIICHCHPYETCSA CHJIOH TPeHUSA (SNIEKTPOHBI PH CTOJKHOBSHHAX OTAIOT
9acTh CBOCH sHeprum). Takum 00pazoM, CpeTHIS CKOPOCTh JBIDKCHHS OT OJTHO-
TO IIEKTPOJIA K IPYTOMY, KOTOPYIO Ha3BIBAIOT CKOPOCMbIO Opetigha iy, 0CTaeTCs



mocTosHHOM. OTHOIICHNWE CKOPOCTH HANPaBJICHHOTO JIBIKEHUS (CKOPOCTH
Jpeiia) 3apHKCHHON YaCTHITBI K HANPSDKEHHOCTH SJICKTPIYECKOTO OIS HA3hI-
BAETCSI HOOBUIICHOCMBIO:

b [eM*(B-cm)] = uy/E. (8.7

CxopocTsb apeiida MOKHO OICHUTE M3 TIPEIONOKCHHS, 9TO OHa MHOTO MCHB-
mIe TEMIOBOH CKOPOCTH M B PE3yNIbTaTe CTONKHOBCHHS HacTHIIA TepseT BCHO

KHHCTHUICCKYIO SHCPTHIO. 3a BpEMSI MCXKJTY CTOJIKHOBCHMAMH T, 3apsDKCHHAS

. ek
9acTHIA MPOHET myTh S = ——1T_, , Uy=S/T¢y, TOTIA:
2m,
el
b, =—", (8.3)
2my

e A — cpemHss JIMHA CBOGOIHOTO TIpobera, Vg — TETIoBas CKOPOCTb.

cT
Jlns pacnpeaenenuss MakcBemia ycpeTHEHHAs 110 CKOPOCTSIM CKOPOCTh Jpei-
¢da (popmymna Jlamkerena):

2 _
i, [owlc]= | e B 7 _o64 e p -
kT 2m, mv;,
_ (8.9)
— 0.64 ek, ___E[BleM]

mv, p[MM.pr.cT.] ’

rae Il = pxﬂ — cpemumii mpober npu maBnenrm 1 mm.pt.ct. Jnga cpemaueit
ckopoctu apeiida nonoB popmyna JlamkeBeHa IMEET BUJT:



(8.10)

rae a; — ko> drmment, pareni 0.5 +1, m), — Macca MONEKyITET HOHA.
DNEeKTPOHBI Ha CBOEM TYTH MOHHM3YIOT aTOMBI, MOHH3YIOIIYIO» CIIO-
cOOHOCTB 3NIEKTPOHOB aHTIMYaHWH TayHCEHN MPeIJIOKHI XapaKTepu30BaTh

ko3¢ puIIeHTOM O, Ha3BaHHBIM BIIOCIIC/ICTBIN nepebim Kosgguyuenmom Ta-
yHCeHOa, PaBHBIM HHCITY SJIEKTPOHOB, CO3/IABAEMBIX SIEKTPOHOM Ha €IMHMIIE
JuHE TIpoGera. [Ipy TakoM OIMICAHWH TIPHPOCT KOJNMYECTBA DIICKTPOHOB MPO-

TTOPITHOHANIEH O ¥ KOJIMYECTBY aTOMOB 1: dn(x) = Ondx. Torma aucio
3JIEKTPOHOB Ha PaCCTOAHHH X:

n(x)=nyexp(Ox), (8.11)
a iepBbIii KoaddrmmenT Tayncenma:
o = (1/n)(dn/dx). (8.12)

Hpouecc BO3HHKHOBCHHA J3JICKTPOHOB MOKHO TAaKXKC XapaKTCPHU30BATh Yacmo-
mot Uoruzayuu Y, — YHCJIOM DJICKTPOHOB, CO3JaBACMBIX O/THMM IJJICKTPOHOM B

€IIMHUITY BpEMCHH:
Y= (I/n)(dn/ds). (8.13)

Torma 9acToTa MoHM3aIMK CBs3aHa ¢ MepBHIM Kodddrmenrom Tayn-
CeHJIa Yepe3 CKopocTk Jipeiida:

Y,~/OL= Ug.



Bcee Tpu BenmuauHb O, Y;, 4y 3aBUCAT OT HATPSHKEHHOCTH SIIEKTPHYECKOTO TIOJISt
E. Cpazy otmeTnM, 9to OWE), Y{E), u(E) BeCbMa CIIOXKHBIC 3aBUCHMOCTH, Me-

HSIOTCSL ¢ N3MEHEHNEM YCIOBHH pa3spsiza, Ho it Y(E) u OF) Bcerna BeckMa
CHITBHBIE (9KCIIOHEHIMANTEHBIE, CTETICHHEIE).



§50. Teopus 3JIEKTPOHHBIX JABUH

B xommne 80-x rr. mponutoro Beka Hemer @. Tlamen skcrepuMeHTAB-
HO YCTaHOBWJI, YTO HANPSDKEHWE 3akuraHus paspsia U, 3aBHCHT OT TPOM3Be-
Jnenus pd (THe p — JABJIcHWE ra3a, d — PacCTOAHNE MEXY JICKTPOJIaMH) U
UMECT HCKOC MUHUMAJIBHOC 3HAYCHUC JIIA TAaHHOTO Tra3a v BCJIMYWHBI BTOPOTO
koo dumenta TayHcenna ¥, (kpusble Ilamena Ha puc. 8.1). [t oObscHeHuS
atoro ¢akra HOTPeOOBATOCH KOJMYESCTBEHHOE OTMMCAHHE MPOIecca pa3sMHOXKe-
HUS 3aPsDKCHHBIX 9acTHI] B paspsizie. [IepBoii komaecTBeHHON TeopHei Ta3oBo-
TO pa3psaza OblIa meopus NeKMPOHHBIX JAGUH, TIPEIIOKeHHas TayHCSHIOM B
camMoM Hagaie 20-ro Beka.
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B03nulmoaenue, paeumue u cyuwjecmeoeanue pa3pﬂ0a 60
8peMERU U 6 npocmpancmee

1. PasBuTue BO BpeMeHH. OUEBHIHO, 9TO PEANBHO, TIOMHMO POXICHHI B
€IIMHUITY BPEMECHH Ha OJIMH MEPBHYHEIN SJIEKTPOH Y; SJICKTPOHOB, HEKOE KOJIH-
9EeCTBO NEKTPOHOB OJTHOBPEMEHHO THOHET: a) IPHITHIIAET K aTOMaM M MOJIEKY-
1aM ¢ gactotoH Y,, 6) muddyrampyer Ha CTEHKHM YCTAHOBKH C 9acTOTO#H Yy, B)

pekoMGuHMpyeT ¢ HoHaMK ¢ koddduimentom pexombunarym 3. O6E4HO pe-
KOMOWHAI[HIO HE VUUTHIBAIOT, TAK 9TO YCIOBHEM BO3HUIKHOBEHHS M Pa3BUTHI
paspsina:

YAE)>Y;+ 7, (8.14)
a TOpPEHwsI CTAIOHAPHOTO Pa3psa;
Y(E)=Y,+7Y, (8.15)

OTO Tak HA3BIBACMBIH «CTAIMOHAPHEIH KpuTepwii mpobosy». [lo onpenencHmo,
Y, = 1/1, rae Bpems muddysmm T, 3aBucut ot kodddummenta mudpdysm D u
xapakTepHas T dy3HOHHAS JTHHA TPo6era DIEKTPOHOB K CTEHKAM Ay : Ty =
A% /D. Inst mamimapa 1/ = (2.4/R)* + (ML) (R u L — pajmyc u ymHa
WIHHpPa); U1 mapaiutenmmena: 1/ A2 = = (/L) + (/L)Y + (/L3 (L,
L,, L; — nuneliHble pa3Mepsl mapaurenwunesa). M3 BeipaxkeHwii sl 9aCTOTHI

nonmzaim (8.13) u ycnoBus (8.14) MoXHO cocTaBUTh (PEHOMEHONOTHIECKOE
COOTHOIIICHNE OaJlaHCa IS INIOTHOCTH SIIEKTPOHOB!

dn.ldt=n.(Y; (E) = Y4 — Yo), (8.16)



OTKy/Ia

1o =ne exp((Y;(E) = Yq — Vo) ) = negexp(t /0), (8.17)

rie O — mocTosmmas BpemeHM nmaBMHEL OUEBMIHO, 9TO Pa3BHBATHCS JTABHMHA
MOXET TOJIBKO, €CITH BHIMOJHACTCSA yenoBue (8.14), u mpu HEOTPAHHICHHOM ¢
JIaBUHA MOXKET Pa3BUBATHCA NMPOM3BOJBHO Jonro. Ho ects cutyarmm, korma ¢
OYCHB MaJIO (0COOCHHO B JIa3€PHOI MCKpE), TOTIA HEOOX0aMMO GOJBIIOE Tpe-
BBIIICHVC POXIICHHUS DJICKTPOHOB HAJl THOCNBIO, T. €. OOJBINOE SICKTPUICCKOES
mone E (a B masepHoit uckpe mpocto ruranrckoe!). M3 o606menHoro kxpurepms

npobos (8.17):

0 U(E (1) = Y;(E) — ¥y — Y, = In(n()/no)/t (8.18)
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Puc. 8.2. Cxemsl (a) - TaBMHHOTO Pa3sMHOMKEHMS JIEKTPOHOB B IIPOMEKYTKE
Mexay xarogoM K u anogoM u (6) mibdy3HOHHOTO pacIIBIBAHMS JTABHHEBI
SIIEKTPOHHOM JABHHEI, KOTOPAs POXKAACTCA OT DIEKTPOHA, BEIIIEAUIETO W3
OTIPEJIENIEHHOTO MECTA KAaTO/a



BHJTHO, UTO Pa3psjl MPUXOANT K CTallMOHapHOMY Tipu ¢ —> 00. Ha camom nene
ITOT MEPEXO]T MPOUCXOANT panbiie. HapacTanve Toka He Ge3rpaHidHoO, Kak 3TO
JIOJDKHO OBIIO OBITH TIO TEOPHH SJICKTPOHHBIX JIABHMH, a OTPAHHIMBACTCA O0B-
eMHBIM 3apsaIoM. Tak Kak ¢ POCTOM TOCIEHErO MPH BO3HHKHOBEHHH BHPTY-
aJlbHOTO KaToa (P PeKTUBHOE pacCTOSHIE 10 aHOJIa COKpAIIaeTCs, TO Ha foee
KOPOTKO# JIJIMHE TPOJIETHOTO MPOMEKYTKA YMEHBIIAETCS BEPOSTHOCTH HOHH-
3aIlMM AaTOMOB M MOJIEKYIT Ta3a JIEKTPOHHEIM yaapoM. B pesyneraTe paspsjg
MEPEXOIUT K CTAI[HOHAPHOMY.

2. Pa3BurHe B mpocTtpaHcTBe. [IpeamnonoxumM, 9To U3 KaToja BBRUIETEI
OIIMH SNEKTPOH. B CHNBHOM TONE TIPHKAaTOAHOTO cnost OH ObICTpo Habeper
SHEPTHIO, JTOCTATOYHYIO JUIS HOHH3AIMH aToMa (MOJIEKYITEI) Ta3a, MoCie HOHH-
3armu OyJIeT JjBa MEIJICHHBIX JICKTPOHA (M OJIFH MOH). DJICKTPOHBI TaK XeE yC-
KOPSTCS, KaXK/IBIH TPOM3BE/IET HOHM3AIMIO — CTAHET MX 4ETHIPE — TOXE YCKO-
PATCA, AOHU3YIOT, CTAHCT BOCEMb W T./I. — BO3HUKACT JIaBHWHA, WICT IIC]'I]-IOﬁ
nporiece (puc. 8.2).

Ha paccTosHMHE X TIepBEIi S1eKTpoH co3zacT (€ °* —1) snexTporHBIX map. Bos-
HUKAIONINE B TPOMEXKYTKE DIICKTPOHEI JApeiidyioT K aHOmy, HOHBI — K KaTOJIy.
Tpuxosmpe Ha KaToJT MOHBI CTTOCOOHEI BHIOWBATH W3 KaTOJIa BTOPUIHEIC DJICK-
TpoHBI. JUIS OTHCaHWS TPOIlecca MOHHO-3JIEKTPOHHOM Muccun TayHceHIOM
OB IpeToAeH BTopoit koo duIMeHT Y, paBHBIH 4uCITy BTOPHYHBIX DJIEK-
TPOHOB Ha OJMH TPHUXOJAIINI Ha KaToJ HOH

(8mopoi ko3¢pguyuenm Tayncenoa) v 3aBUCAIINI OT MaTepHaia KaToIa, IHc-
TOTHI €T0 MOBEPXHOCTH M JIp., OORIYHO Y = 10+ 102, Takum obOpazoM, WoO-
HBl TOMAYT K KaTOAy, YCKOPSTCS ¥ BBIOBIOT W3 Karoja Y

(e** —1) snexTponoB. Jaxke eciti 5T0 GY/IET BCETO OJIHH BTOPHYHEIH HJIEKTPOH,
TO TIPOIIECC TOBTOPUTCS, TaK 4TO YCIIOBUEM TOPESHHSA pa3psaa Oyer:



v(e** -1 >1. (8.19)
Kaxxiprit BTOpHYHEIHN SJIEKTPOH TakkKe HOHM3YET aTOMBI M POXK/IACT SIICKTPOHEI
(e —1). Hetpys#o m0Ka3aTh, €CIM 9HCIO NEPBUYHBIX HIEKTPOHOB 71 ), [IMHA
TIPOMEXYTKA MEX/Ty KaTOJIOM M aHOZIOM d, TO TIOCITe CYMMHpPOBaHHS BCEX

BTOPMYHBIX  OJIEKTPOHOB B  NPEANIONONKCHHHI y(e** =<1,
9HCIO SNEKTPOHOB, MPUXOSAIIMX Ha aHOJ, Oy/IeT paBHO:

nengy —op(od) (8.20)
1—vy(exp(ad)-1)
Bemrarma
L =7y(exp(0d) —1) (3.21)

Ha3BIBaeTCA K02pduyuenmom uonuzayuonnozo Hapacmanus. Ipu U < 1 Tok

OyzieT 3aTyxaTh, yciloBue U = | sABIsgeTCA YCIOBHEM IIepexofia K CaMOCTOs-
TENEHOMY pa3psity (ycnosue 3aoicuzanus paspsoa) Vi YCIOBUHEM CMAYUOHAPHO-
cmu paspsda. KapThHa ynpolneHa W WI€aqu3MpOBaHA, PEANbHO SIIEKTPOHBI
THOHYT (TIPWIMIIAIOT, PEKOMOMHMPYIOT, Mu(OYHANPYIOT K CTeHKaM), Kpome
TOTO, ICKTPOHBI CO3/IAIOTCS Ha KaTo/Ie HEe TOJNBKO MOHHOH OoMOapIupoBKOi,
Jla ¥ OL = const Tombko mpu E = const Ha Bceil NPOTDKEHHOCTH d, HO B JIEHCT-
BUTENBHOCTH E B KaTOJHOM CJIO€ CYHIECTBEHHO MEHAETCA. B KoHIle Tpo-
noioro  cronetus TayHJICEH, TPOAHAIM3UPOBAB OTPOMHOE HHCIIO OIBITOB,
YCTaHOBHIT SKCIEPUMEHTABHYIO 3aBHCHMOCTE:

op =4 exp(-B p 1 E), (8.222)



rie A v B OCTOSHHEIC JJTSL JAHHOTO Ta3a ¥ KaTojia, p — JaBiicHue, E — Hampsi-
KEHHOCTB JJICKTPUIECKOTO MO, Takas 3aBHCHMOCTE MOXKET OBITh KaueCTBCH-
HO OOBSICHEHa TEM, 9TO BEPOSTHOCTH MPOHTH DIIEKTPOHY 0€3 CTONKHOBEHWMI

HyTh A;, H2 KOTOPOM 3IeKTPOH HaGHpaeT HeOOXOUMYIO Il HOHH3AI[MH YHEp-
THIO, IPONOPIMOHANEH exXp(—A; / XCT ) . Koaddumment Tayncenma oL = N exp(

—Ai/ A, ) ,toe N=1/A, — 4ucio coyAapenuii Ha 1 CM IPONOPIMOHAIBHOE
JaBneHmo: N = Nyp, Ny — 91cio CTONKHOBEHHMH 3JEKTpoHA Ha 1 ¢M IyTH npHu

JaBIeHUH, paBHOM emummtie. C ydaeToM Toro, ato A; = U; /E OIydHM COOTHO-
meHue, monobuoe (8.22a):

o/p =Nyexp(-NoUp /E), (8.226)
TMoxcraHoBKa HYHCICHHBIX 3HAYCHMI JJACT MPABHIBHEIN TOPAIOK BEMIWH A
uB.

Kosddrmments! TayHcenaa OL 1 Y 001aal0T TeM CBOHCTBOM, 4TO OT-
HomeHne O/p W'Y He SABILHOTCI GyHKIHEH 10 OT/IENBHOCTH OT HAIPsDKEHHO-
CTH DIIEKTPUYECKOTO MO E W JJaBJIeHUS Ta3a p, a 3aBHCHT OT UX OTHOIICHMS:
OUp =fi (Elp) ny =f,(E/p). YcnoBre 3aXuraHus pa3psja, HIH YCIOBHE, I03BO-
JIAIOLIIEe OTIPENICITHTE Hanpadicenue saxcuzanus U, iMeeT BUIT:
(2 ) D=1, (23)

Si(

W3 (8.23) BugHO, 9TO HanpspkeHUE 3axkuranusa U, seiusgercs GyHKIpeH mpoms-
BesieHVs pd, v ipu pd = const HanpsDkeHVE 3a)KUTaHus HE MEHAETCS. JTa 3aKo-
HOMEPHOCTE HOCHT HazBaHue 3axoH Ilawena. Kpusyro Iawena (cm. puc. 8.1),



OTPAXKAIONIYIO 3aBHCHMOCTE U, OT pd, Ha3BIBAKOT XAPAKMEPUCMUKOU 3adicu2a-

Hua paspsada. Beipaxas Ol u3 ycnoBus 3axuranus paspszga (Ll = 1) ¢ yaeTom
(8.21) m moacTaenss B BEIpakeHue (8.22a), MOXKHO TOITyIHTh:

Elp =BI(C + in(pd)),

rae C = fn(A4/({n(1/y+1))). lpuasae U, = Ed, HaiifeM 3aBUCUMOCTh HAIPSDKCHNE
3QKUTaHVA 0T pd:
U, =Bpd (C + {n(pd)),

KOTOpast M ONHMCEIBacTCA KpuBhIMH Ilamiena. BaxHo, 9T0 cyllieCTBEHHHI He D,
d, E <«OTAeTbHOY, a «koMOMHaIp» pd (T.K. p = ngT, THe ng B Ty —
IUIOTHOCTH M TeMIIEpaTypa rasa, eciu T, = const, To pd OUPEAeNseT JHCIO
VOHM3YIONIMX CTOJIKHOBEHMI Ha npobere d), m ocobenno E/p, T.e. kak OBl «Ha-
MPSHKEHHOCT MO Ha OJTHY 9acTHIly raza». MUHMYM U, COOTBETCTBYET

(P min : (P min = (e /A)In(1/y + 1), (8.24)

rae € =~ 2.72 — He 3apsj] IEKTPOHA, 3 OCHOBAHHE HATYPallbHOTO Jorapudma.
CoOTBETCTBYIOIICC MUHIMAJIBHOES HANpPsOKeHUE 3akuTanusd U, i, = B(1-C) 3a-
BHCHUT TOJIBKO OT COpTa ra3a W MaTcpHalia KaroJa, MHHAMYM OTHOIICHMS
(E/p)min = B 3aBHCHT TONBKO OT copTa Taza. CroneToB, uccnemys $hoTodnexk-
TPOHHYIO SMHCCHIO, CTPEMHJIICS MTO00PaTh NaBJICHHE Ta3a Ui MaKCUMAJIBHOTO
(ororoka. OH 0OHAPYKHIT, 9TO €CITM YMEHBINIATh JIaBIICHHE, TO CHJIA TOKAa CHa-
Yajia YBEJIMIHBACTCA, a8 3aT€M YMEHBIIACTCA, T. €. CYIISCTBYeT MaKCHMYM TOKa
0 JIAaBJICHHIO. Ecmm IPpHA 3TOM MCHATH OT OIBITA K OITBITY Pa3HOCTh MOTCHIINA-
JIOB MEXJTy KaToJIOM M aHOJIOM, TO MaKCHMYM TOKa BCET/]a COOTBETCTBYET OJI-
HOMY M TOMY Xe E /p. TIpoyienas NpyBe/ICHHBIE BBIIE PacCcyXIeHws, TayH-
CeHJI JTal OOBACHCHWE STOMY DKCHCPIMCHTABHOMY (aKkTy M Ha3Baj 3TO 5¢-
gexmom Cmonemosa, a 3Ha9CHUE (E/D)yin BIIOCICACTBAN HA3BAJN KOHCTAHTOM

Cronerosa.



PacdeTsl yIOBIETBOPUTEIIBHO COBMNAJAIOT C SKCICPHMEHTATBHBIMA
kpuBbiMu [lamrena (cm. puc.8.1). OmmcarensHo kpussie [lameHa MoxHO ToO-
HAITh TaK: ¢ yMmeHbmeHWeM (pd) memnenHo pacreT E /p (npaBas BEeTBb Ha
puc.8.1), 3HaguT, pacrter Y; u [yt npoOos JOCTATOYHO MeHbmx U, U Tak JI0
U, min- lanbHeiimee ymeHbInenne pd (JieBast BETBb) IPUBOJANT K OBICTPOMY YXO-
JIy SJCKTPOHOB (Majl0 CTOJNKHOBCHWI) W JUIS KOMICHCAIIMH TOTO HEOOXOIHUM
OsIcTpHI pocT E/p, T.e. moTeHnpana npobost U,. MoXHO JaTh OIHCaHWE STOM
3aBHCHMOCTH TIpH (PUKCHPOBAHHOM 3HAYCHUM ONIHOM W3 BEIMYWH p WIH d.
[lycTs naBIeHWE YMEHBIIACTCA TPH TMOCTOSHHOM d. Torma ¢ yMeHBIICHHEM
JIABIICHUS YBEIIMIMBACTCA JUTMHA CBOOOHOTO mpodera, T.¢. YBCIIYHUBACTCA Ha-

Oupaemast SJIICKTPOHOM HHEPTHS, a 3HATUT pacTeT O.. Jlanee ¢ yMEHbIICHHEM p
PE3KO CHIDKACTCS YHCIO CTOJNKHOBEHHMH M Ol yMeHbmaercs. [Ipu nocTosHHOM

JIaBIEHVH C YMCHBIIICHHEM PAacCTOSHMS ¢ yBeNMdIHMBaeTCsA Ol, TaKk KaK pacTeT
3NeKTpuaecKkoe mone. 3areM ¢ yMmeHbmeHueM d koohdwmment Tayncenma
CHIDKAETCS M3-32 YMCHBIICHMS JUTHHBI Pa3BUTHA JTaBMHEL. Takoke OIMMCaTENBHO
MOJKHO TIOHSTH SMITMPHIECKYIO 3aBUCHMOCTh TayHceHsa (8.22) u kpusbie [1a-
mena (puc.8.1).

Temnuiii (mayncenoosckuit) paspao

TemHBIi (TayHCEHIOBCKWMIT) paspsi] — 3TO SIEKTPHYECKHH pa3psiy B ra-
3axX TPW HU3KOM JIaBIEHHH (TIOPS/IKa HECKOIBKHX TOPP) M O9€Hb MAaJbIX TOKax
(Menee 107 A). Drextpiueckoe Toe B PaspsHOM NPOMEKYTKE OJHOPOIHO
Wik cnabo HEOTHOPOHO, M He MCKAKAETCA TMPOCTPAHCTBEHHBIM 3apsAzIoM, KO-
TOpHIi ipeHeOpekimo Main. Hasan mo umenn Tayncenna, kotopsiii B 1900 r.
CO3JIANl MEeOpPUIo SNEKMPOHHLIX JAGUH, TIO KOTOPO# TIPH YCIOBHH BBHITOJHCHHS
Pa3BHUTHS CaMOCTOATSIEHOTO paspsaa (8.19) Tok paspsyia JOIDKCH HEOTPaHH-
YeHHO BO3pacTaTh CO BpeMeHeM. PeallbHO ke TOK OTpaHHYeH TapaMeTpamMH
e, OgYeHs MalTblif TOK TAYHCEHIOBCKOTO pa3psia 00yCIIOBIICH OOBIINM CO-
TIpOTHBJICHNEM BHeIIHEH 11emi. ECiii cOMpOTHBIIEHNE BHENTHEH 1IeNH CHIDKATh,
VBEJIMIUBAS TOK, TO TAVHCCHIOBCKHI DA3PAI IIEPEXOINT B TICIOIIHI.



§51. Taeronruii pa3psan

Tnetommii pa3psii — 3TO SNEKTPUIECKUH pa3psjl B raze, XapaKTepu3ylio-
IMUHC TEPMOJAMHAMHUYECKON HEPaBHOBECHOCTHIO M KBa3WHEHTPaIbHOCTBIO,
BOZHUKAIOMICH B paspsaae tuiasmbel. DddekruBHas TemmepaTypa SJIEKTPOHOB
CYIIECTBEHHO BEIIIE TEMIIEPATYPHI Ta3a M 1eKTpo10B. TepMOIMHICCHS TIpaKTH-
YeCKH OTCYTCTBYCT (ICKTPOABI X0JoAHbIe). CBOE Ha3BaHWE Pa3psy MOIYIHIT
W3-33 HAJIMYHS OKOJIO KaTo/Ia TaK HA3kIBaeMOro Tiewniero ceedenus. biaroja-
S CBEUEHHMIO Ta3a TIICIONIHIA paspsiyl HaIlle)l MIMPOKOe MPUMEHEHNE B JIaMIIax
JIHEBHOTO CBETA, PAa3IMYHBIX OCBETHTEBHBIX mpubopax u T.n. Kiaccudeckas
CXeMa YCTAHOBKH TS M3YICHUS TIICIOMIETO pa3psjia m300paxkeHa Ha puc. 8.3,

rae 1— crexsaHERI 6aymton, quaMerpom 1-3 oM, mmmHoi 10 1 M; 2 — xaron; 3
— aHoJ; 4 — 0ayIaCTHOE CONPOTHRIICHNE (00A3ATEIBHBIH YJIEMEHT); A — MIKpO-,
MUWUTH-, W TPOCTO amMmepMerp. Bauton 1 MOXHO OTKadaTh M 3aTEM 3aroji-

HHTH BRIOPAHHBIM Ta30M JI0 33JaHHOTO JaBicHua. OOBYHO B paspsae Habmo-
JIAIOTCSA TPY BU3YaJIBHO Pa3IMauMBbIC 00JIaCTH: a) MpUKaToIHas 00IacTh, Ha HEMH
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Puc. 8.3. Knaccrmdueckad cxeMa IS H3VIeHNS Ta30B0OrO pa3paiaa




najaeT Hanpspkerne U, kak npasmro 200 < 700 B; 6) monoxuTensHEI CTONO
— B (u3MKe TICIOMIETO pa3paa MACCHBHEBIN DJICMEHT: COMIDKAs aHOJ M KaTojl
MOXHO JINKBHJIPOBATE TOJIOKUTEIBHBIH CTONO, pa3psy OYAET TopeTh; OJHAKO
B TCXHUKE TOJIOXUTCIBHBIN CTON0 — IOJIC3HBIN DIIEMEHT: OH CBETHTCS B PEK-
JIAMHBIX TPYOKaX, OH ¥ €CTh aKTHBHAS CpeJla B TA30BHIX JIa3epax, HANPSIKEHHE
Ha HEM OMPEACIAETCS HMEHHO TEXHHIECKHMH TPeOOBaHMsAMY, HATIPUMED, JITH-
HOM peKIaMHBIX TPYOOK; B) IPHAHOIHBIHN CIOH 0OBIMTHO 09€Hb TOHKHI, COCTOUT
W3 CBETSMIEHCS «IUICHKI», ¥ TOHKOTO TEMHOTO ydacTKa. J[OJITO CUMTAIH, 9TO OH
TOXE (TIACCHBHEI», OJHAKO TEMEPh JOKA3aHO, UYTO HEKOTOPHIE HEYCTOHYHBO-
CTH TIPsSMO CBsi3aHEI ¢ HUM. [ajlenre HanpsokeHus Ha aHoaHOM ciioe U, Hese-
ko (10 + 20 B) u 06BI9HO OMM3KO K MOTCHIMATY MOHW3AINM ra3a (04cHb
YYBCTBHTEBHO K COCTOSIHHIO TOBEPXHOCTH aHOJIA).

IlIpuxamoonan obracmo

IIpukaToanas o6nacTe ¢u3MdIeckn Hanbonee BaXKHBIH IEMEHT TIIEIO-
MIETO paspsiia: IMEHHO B HEM 00pa3yeTcs SIEKTPOHHAs JlaBnHA. B JjaHHOM raze
TIPH JITAHHOM JIaBIeHNH GopMupyeTcs [UTHHA TIPUKATOAHOH 00nacth d,, paBHas
HECKOJIBKHM JJTMHAM WOHW3AINH. Y CTAHOBMBIIASCA JIMHA d,, 00paTHO Mpo-
TIOPIIHOHAIBHAS JABJICHUIO p, TaKOBa, YTOOBI BEeJMUMHA pd;, COOTBETCTBOBAJIA
MHUHAMAJIEHOMY 3HadeHwmio U, (mpupoja sxoHoMHa!). OCHOBHOM XapakTepHOH
OCOOEHHOCTE TIEIONIETO Pa3psia SABISIETCS OONBIIOE MajicHue TMOTEHIHAla B
TpuKaToaHo obmactn U,. — cOTHM BOJBT. I3 KaTOIHOTO CIIOS B TOJIOKUTEb-
HBII CTOJIO YXOJUT HEKOTOPOE KOJHMYCCTBO JJICKTPOHOB ¢ TaKOil SHeprueci,
9TOOB MOHHW30BAaTh B CTOJIOC TOCTATOYHO aTOMOB (MOJICKYJI) JII KOMIICHCAIHH
TEPSAEMBIX JICKTPOHOB, TO ¢CTh Uy JOIDKHO OBITH MHOTO OOJIBIIE TTOTCHITNANA
VOHM3AIINY aTOMOB rasa. KatogHas o0macTs Kak OBl «IIPHUKIICCHA» K TTOBSPXHO-
CTH KaTOJIa: €CJTM MPOBOSAMICH SBISETCS TONBKO OJIHA €r0 MOBEPXHOCTH, TO TIPH
JH0GO0M TIOBOPOTE KATO/1a Paspsiy] HPHXOJHUT TOJIBKO HA Hee — JIaKe eCli ee



noBepHyTh Ha 180°, kak OB crmHO# Kk aHOmy. CBedeHme KaToAHOH oOmacTh
«cmouctoe» (puc. 8.4). Y camMoro katojja HaXOAWTCA TEMHOE «aCTOHOBO TIPO-
CTPAHCTBO», CBA3AHHOE C TEM, YTO DJICKTPOHEI, BEIIIC/IINE C KaToJa, elle He
Ha0paiM JTOCTaTOYHOH DHEPTHH JUISl BO3OYKICHUS SHEPTHH aTOMOB M MOJIEKYT
rasa. 3aTeM pacrnoyaraetcs 00J1acTh KaTOJHOTO CBEUCHWMS, B KOTOPOH Tpowmc-
XOJMT WHTEHCHIBHOE BO30yX/ICHHWE pa3IMIHBIX ypoBHeH. KaromHoe temHOe
MPOCTPAHCTBO, BO3HUKAET TaM, TJ€ SHEPTHSA YCKOPEHHBIX 3JICKTPOHOB <diepe-
BAJIMBACT» 4Yepe3 3HAUCHUEC B MAKCUMyMe (YHKIIMHM BO3OYXKICHWS, CCUCHMS
BO30Y)K/IEHWST YMEHBIIAIOTCS, KOMMIECTBO BO30OYK/ICHHBIX aTOMOB Tajaer. Jla-
Jiee SNEKTPOHBI MPEHMYIIICCTBEHHO MOHM3YIOT aTOMEI, IPOHUCXOIHUT JTaBHHOOG-
pazHoe pa3MHOXEHHE SJICKTPOHOB, KOTOPHIE YCKOPASCH BHOBb BBISHIBAIOT BO3-
Oyxenre aToMOB. [TOSBISCTCS «TIICIONICE OTPUIIATSIIBHOS CBEUCHHE, Oaro-
Jlapsi KOTOpOMY TIICIONIHIT pa3psi/l ¥ MONTydri CBOe Ha3BaHue. B BosHuKkatomieit
B paspsjie IIa3Me ISKTPHIECKOE TIONIe PE3KO MajJacT, SIICKTPOHEI, PacTpatdu-
Basi CBOKO DHEPrUI0, HE MPHOOPETAIOT B CIA0OM IOJIC JOCTATOUHOM JUTS BO30Y-
JKJICHUSL aTOMOB, BO3HHKAeT TeMHOe «(papaleeBo mpocTpaHcTBO». B obmacti

TIeromero ceeueHus (P ~ 0) HanbGonee vaeanbHas TnasMa. Tak kKak SJMEKTpH-

geckoe noyie E & (), 9JICKTPOHBI MEPEXOIAT W3 00JaCTH TIICIONICTO CBCUCHUS B
(apazeeBo MPOCTPAHCTBO TIIAaBHEIM 00pasom 3a cder nuddy 3umn. Mo moma-
JIAIOT B MPUKATOTHYIO 00JIacTh Takoke 3a cder nuddys3un. YCKopeHHBIC K KaTo-
JIy MOHBI BEIOWBAIOT BTOPHIHBIC MICKTPoHEL. TemHoe dapameeBo mpocTpaHCTBO
— 9TO mepexofHas 00JacTh, B KOTOPOH HET WOHW3AIMH M BO30YxacHus. Ilo
Mepe TPUOIDKCHHSA K TOJOKHUTSIIBHOMY CTONOY OecnopsiouHOe TEIIOBOS
JIBIDKCHHE DIICKTPOHOB Bee Oojiee mpeobiiajacT HaJl HaNPaBJICHHBIM JIBIDKCHH-
eM. OmmcaHue BCEX MPOICCCOB, OOBACHMIONINX STY «CJIOM CTOCTB» (M HEKOTO-
peie 6onee Torkme >pdeKTr), M ceidac ABIACTCA JACKO HE TTOTHBIM,
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Puc.8.4. KapTuna Treromero paspsaa B TpyOKe U pacipeielIeHus. HHTEHCHBHO-
CTH cBedeHMs J, moTeHumana U, mpoAombHOro noi E, MIOTHOCTEH SNEKTPOHHO-
TO ¥ HOHHOTO TOKOB j,, j+, KOHIIEHTPALMH 1, 7, ¥ 0OBbeMHOTO 3apsaa p = e (n, —

ny)



HenonstHO W emme ofHO SBICHWE: IIOMAAF TOKOBOTO IITHA S, Ha KaTo/ie B
HOPMAJIEHOM PEKIME BCETA ONPEACIICTCS U3 COOTHOImeHu S, = [ /j,, rme: 1
— TOMTHBIH TOK, a j; — HEKOTOpask «HOPMAaIlbHAsA IUIOTHOCTh TOKa», TIOCTOSTHHAS
JUTSL ZIAaHHOTO pa3psijia. DTO BaXXKHOE CBOWCTBO TICIOIIETO pa3psijia Ha3bIBACTCS
3axoHoM HOpmanvHou nromuocmyu moxa. Ilpu yBemaenvm I (HanpuMep, npu

CHIDKEHWH BHEIIHETO conpotueienus R wm noesimennn JJIC ucrounmka &)
Sy pacTeT MPOMOPIMOHANBHO TOKY JI0 TEX MOpP, MOKA TOKOBOE MATHO HE 3aiiMeT
BCIO TPOBOJIAIIYI0 TMOBEPXHOCTh KaTo/a (M TOJBOIAIINX TOJBIX TPOBOJIOB).
IIpu >ToM kaToJHOE TajicHue Hampsbkenue U, ocTaercs MOCTOSHHBIM. Jlaimb-
Hellree MOBRIMEHNE [ MPUBOAUT K POCcTy Uy — 3TO «aHOMAITBHEIN PEXKIM» C
AHOMANLHLIM KAMOOHBIM RAOCHUEeM NOMEHYUana, a caM paspsiyl MePexXoIuT K
anomanvromy maeiowemy paspaody. Ilodemy j, = const — ocTaeTcs HEHM3BECT-
HBbIM.

IHonosrcumenvnoiii cmoné

Ecmu B snexTpudeckoil menm, w3o0paxeHHoi Ha puc. 8.3 moBBIIIATE
TOK, TO B KaKOH-TO MOMEHT 3arOPUTCS pa3psl, MPHYEM MEKIY KaTOIHOM 00ma-
CTBIO M aHOJIOM TIOSIBUTCS CB€UEHHE C JUIMHOM BOJHEI, XapaKTePHO# sl JaAHHO-
TO Trasa, ¥ 3aHUMAIONICe BCES CEUCHHE TPYOKH. JTO M €CTh HOJOXKHUTCIBHEBIH

CTONO, MpudeM Ha HeM Oyaer najenue Hanpsokenwst, U, = € - IR — U, - U,.
OT0 enuWHCTBEHHas 00JacTh pa3psaa, KOTOpas MOXET OBITH TPOM3BOIBHOMN
JUTIHEL. T10T0XKHUTEBHEI CTONO MpEACTaBIACT COOO0M IIa3My ¢ KOHIICHTpaImeH
YaCcTHI], YORIBAIOMIMX OT OCH K CTEHKaM, B HEM WICT WHTCHCHBHEIN TPOIIECC
VIOHM3AIMK ¥ TIOTEPH YaCTHI] HA CTEHKH, MPH 5TOM MOJIOKHUTENBHBIH CTONO
MPaKTHYECKH HE JIaeT MOHOB B KaTOHYIO 00NMacTh. YXOJAIIHE HA CTEHKY DJIEK-
TPOHBI 3aPSHKAIOT MX OTPHIATEIHHO OTHOCHTELHO OCH, M HOHBI YCKOPSIIOTCS Ha
CTCHKY, T. €. MPOUCXOAUT aMOumoysipHas mudpy3us. B urore s1eKTpoHE 1



WOHBI Ha CTCHKax pekoMOWHHpYyIoT. Hammumne paauiaisHOTO TpaJHeHTa TIPHBO-
JIUT K TOMY, 9TO SKBUITOTCHIIAIN HMEIOT BRIMYKITYIO hopmy. OcoOeHHO oTdeT-
JIMBO 5TO BHIHO TPH BO3HUKHOBEHWH B TIOJIOKUTEIBHOM CTOJIOE 3a CHET KoJle-
6aTeIbHEIX TPOIIECCOB CTOSYMX WM Oerymmx crpar. Ilporecc obpazoBamms
TIONIOXKHUTENBHOTO CTON0A JIOBONBHO CIIOMKHEIN, XOTS €r0 «Ha3HadeHHe» — CO-
SJIMHUTH KaTOJTHBIH M aHOIHBIH cion. CToN6 IEKTPHHISCKH HEHTpaJieH, TaK dTo
TIJIOTHOCTH SIEKTPOHOB M MOHOB (OJTHO3aPSIHBIX) PAaBHEBI, @ TOKH, COOTBETCT-
BEHHO, CHJIbHO pa3nu4aloTcs. TeMieparypa OCHOBHOM MacChl JIEKTPOHOB T, =

1 + 2 5B, a MOHOB MPAKTHYCCKN PaBHA TEMICPATYpe CTCHOK (MOHBI OBICTPO
0OMEHHMBAKOTCS MOCTYNATCIIBHOM SHEPIrHeH ¢ Ta30M), TaK 9TO MOJIOKUTEITHHBIH
CTONO TEPMOTMHAMHICCKH CHITHHO HepaBHOBeceH. OH 0YCHbP HEPABHOBECCH U B
VOHHU3AIMOHHOM OTHOIICHWH — ]I HEro CrhpaBeyBa (opMylia DIbBEpTa.
Commkast KaTo[ W aHOJ, MOXKHO JINKBHMPOBATE TOJIOKUTEIBHBIN CTONO, HO
pazpan Gyaer ropers. Bonee TOro, aHOJHEIM CIIOEM MOXHO TPOHTH TEMHOE
tapazieeBo MPOCTPAHCTBO, HO KaK TOJNBKO OH COMPHKOCHETCS C TIICIONIHMM CIIO-
€M — OTPHIIATENBHOE TIICIONIee CBeueHne paspsjia noracHeT. CpaBHHTENBHO
He/IaBHO OBLTO JI0KA3aHO, YTO CBEYEHHE CTON0A MOIEPKHBAIOT OTHOCHTEIHHO

ObIcTpEIe nmekTpoHE! (20 + 30 3B), yckopeHHBIe B KaTOIHOH 061acTH M OCTY-
TAOIIHe U3 KaTOMHOro CToin0a B KOMMYECTBE, KaK pa3 JOCTATOYHOM JIIS KOM-
TICHCAIIMN TIOTEPh JJICKTPOHOB B HEM W obecrmedeHMs BO30YXKeHWS ra3a. B
PEKIIAMHBIX TPYOKaxX TOJIOKUTEIBHBIN CTONO CIEAYET 3a BCEMH WX M3rHbamm,
910 OOBIACHSIETCS 00pa30BaHMEM IOBEPXHOCTHHIX 3aps/I0OB HAa BHYTPEHHHX
CTEHKaX TPYOOK ¥ MOSBJICHHEM COOTBETCTBYIONIMX TOTEPEHHBIX SJICKTpUYC-
ckux nonei. Eciu yBenmuduBaTh JaBiICHHE, TO MPONCXOAWUT CKAaTHE TIOIOKH-
TENBHOTO IIIHypa, TeMIIepaTypa ¥ IPOBOJANMOCTE BO3PAcTalOT, TOK PacTeT, BEI-
3BIBas JIOMOJIHUTENBHEIN pa3orpeB. B pesyimbTaTe pocTa TeMIIepaTypsl MOXET
HaYaThCs TePMUYCCKas MOHM3AIMSA M TACIOIHI paspsl MOXKeT TepeiiTH B Ayro-
Boi. Tak Kak 3TO 0U€Hb BaXKHas HEYCTOMYHMBOCTH, PACCMOTPHM €€ MEXaHM3M,
TPaBJia, HECKOIBKO YIIPOIICHHO.



H, eycmoﬁ YUBOCMU ROJIOICUMENTBILO20 CINONOA

YacTo MONOKUTEBHEIH CTONO «CTpaTHGHUIIMPOBAH» — COCTOMT W3
CBETJIBIX W TEMHBIX TIOJIOC, OOBIMHO OCTYIIMX C TaKOH CKOPOCTBIO, 9TO BH3Y-
abHO CTONO BOCHPHHUMACTCS CIUIONIHBIM. JTO O/IHAa M3 HEYCTOHIMBOCTEH Mo-
JIOKUTEIBHOTO CTONOA, HO He camas HenmpusaTHas. Hanbonee BaxHas — Tak Ha-
3BIBacMast «KOHTPAKIMA) WM (IIHYpOBaHHE». [IpH HEKOTOPOM TpEeIBEHOM
3HAYCHUH TOKa (TIPe/IeNl 3aBHCUT OT MHOTHX KOHKPETHBIX YCIIOBHWi) paspsa B
TpyOKe cOOMpacTCs B TOHKWI APKO CBETANICHCSA TIHYp, OYCHB TMOXOXWH Ha
ITHYp ZYTOBOTO pa3psizia (B aHTIIOA3BITHON JINTEpaType Ha3hIBAIOT arcing, «my-
TOBAaHME»), HO 3TO €Ile He JIyTa, XOTSA TeMIepaTypa HOHOB T; TIOHUMAETCS JI0
JIECATBIX JIONCH SICKTPOH-BONET, TaK 9TO OTPHIB T, OT 7; CyIECTBEHHO YMEHB-
mraetca. [pemonoxuM, 910 (GITyKTYaTHBHO TPOW3OIDIO MECTHOS TIOBBILIC-
HHUE TUTOTHOCTH 3JIEKTPOHOB SneT, Kak CJIEJCTBHEC BHIPACTaeT IUIOTHOCTE
Toka &1 (j =n.ev), mpoeomuMocts OGT (G = n,e2/T) W HEproBEIIe-
nerwe Swl(w = j2/0). B pesyNETaTe BO3PACTET TeMIepaTypa Tasa STgT,

YMEHBIINTCA €r0 IWIOTHOCTh Ong 2 (Tak Kak JaBICHHUE p, = 7,1, BHIPABHIBACT-
s GRICTPO M €r0 MOXHO CHHTATh TIOCTOSHHEBIM), BO3PACTAaeT OTHONICHHE OF Ing

T, Bepactaer wacrora wommamwm  8Y; T, Bospacraer  8n,T — memouxa
3aMKHYJIach:

nt - §T - wl - 1,7 > dnd >
— 8emT — svT > mt— ... (8.25)

uzieT pocT j u T,, o6pasyercsa mHyp. HeycToHIMBOCTE HA3BIBAIOT (MOHM3AIH-
OHHO-TIEPErPEBHOI» (IIeTI0YKa MOXKET Ha4aThCs M CO CIIYJaifHOTO JIOKAIBHOTO

BO3PACTaHMs TEMIIEPATYPHI ra3a 8TgT).



Anoonwtii cnoii

AHOHBIH CIOH, BCET/Ia 04eHb TOHKWI. DIEKTPOHBI YCKOPSIOTCS K aHOAY B
1 —
HoHM3YI0T Ta3. Ecimu Tok Ha anox I, = Zneev eS GoJIbIIIe pa3psHOTO TOKA B

nermn (I, > 1), To aHOJ 3apsDKACTCS OTPHUIIATSIIEHO OTHOCHUTEIIEHO TTOJIOKUTEb-
HOro cromba, B mpoTHBHOM cirydae (I, < I ) monoxwurensHo. Ciremyer oTMe-
THTb, 9TO B JJA3EPHBIX cpefax (TpH OONBIINX p W j ) IPH TOBBIIIEHUH JIABIICHHUS
pacTeT aHOHOE MaJICHIe TOTCHIHAA, HO COXpPAaHAETCA HOpMallbHas MIOTHOCTE
TOKa, CPaBHIMAsi C HOPMAJIBHO# TIOTHOCTBIO TOKA KaTojIa.

T'azoevie 1azepvl u maerowuii papao

TosBiieHMe Ta30BHIX JIa3€POB, YHWBEPCANBHOCTh WX TPHMEHEHHSA |
CTpEeMIICHHE TIOBBICUTEH SHEProCo/Iep kKaHue JIa3epHOro JIyda MPUBEIH K TOCTa-
HOBKE M Da3pelIeHHNI0 MHOTHX HOBBIX (m3mKo-TexHudeckux mpobnem. Ecmm
WCMOJIb30BaHNE TICIOMETO pa3piAa B MAaJOMOIIHBIX Jla3epax (ecTh Jasepsl
MOIIHOCTH B JIOJIM MUJUTIBATTa, HAITPUMeED, JJIS XUPYPTHH T7Ia3a C eI TPH-
BapUBAHWA CETYATKH) TOTPEOOBANIO JIMING HE3HAYHTEIBHO H3MCHWTH KOHCT-
PYKIMIO KaToZla M aHo/a (OHM CTaI TMPOBOISIIAMHY KOJBIIAMH Ha BHYTPESHHHX
KOHI[aX TPyOKH (puc. 8.5), MOSBIINCH 3epKajia), TO KOHCTPYKIIHS MOIIHBIX JIa-
3€POB CTaJla COBSPIIICHHO WHOI.

[Ipu TemMmepatype akTHBHO#H Ta30Bo# cpezpl Bhime ~ 450 + 500K sxep-
U KOJNeOaTeNBHBIX CcTeneHei ¢BOOOMBI, 00SCTICUMBAIONIMX TCHEPAIIIO KOTe-
PEHTHOTO M3My4eHHUS, HA9WHAET OYCHB OBICTPO TIEPEXOMTh B MOCTYNATSIIEHEIC
CTENEeHH CBOOOIEI, T.€. B TEILIO.



Puc. 8.5. Cxema C0,-nazepa HeOGONBIION MOITHOCTH ¢ T dy3HOHHEIM OxXnakaeHueM: 1
— paspsgHast TpyOka, 2 — KONBLUEBRIE SJIEKTPOABI, 3 — MEICHHAs TPOKauKa Ja3epHOM
cMecH, 4 — paspsaHad 1iasMa, 5 — BHEIDHAA TpyOKa, 6 — OXNaKAaomas MPOTOTHAS
BOZa, 7 — TIyX0e 3epKajo, 8 — BEIXOIHOE HOMYIPO3PadHOE 3epKallo, 9 — BEIXOAAIIEE
W3IydeHUE

CrenoBarebHO, HEJIOMYCTHM HarpeB Ooitee geM Ha 300°, Hy)keH O9¢Hb WHTCH-
CHBHBIH TCIUIOOTBOJ, Yero M3 GOJBITNX OOBEMOB 3a CUET TCIUIOMPOBOIHOCTH
raza obecrednTh HENB3fA. PacmpocTpaHeHHWe TONYYHIa Hies HEeTMPepPBIBHOM
CMEHBI Ta3a, MOSBHINCE OBICTPONIPOTOTHEIE Na3ephl, a paboumii 00beM B HMX
CO3/1AI0T JIBE MapaUIe/IbHBIC TUIACTHHEI, [UTHHOH W MIMPUHON B HECKOJBKO Jie-
CATKOB CaHTHMETPOB. Pa3psy OpraHM3yloT WM BIOJNH TOTOKA Ta3a, WM Tep-
TeHUKyIsipHO eMy (puc. 8.6). Tak kak B Ja3epHbIi JTyd mepexoanT He Ooree
30% BKIagBIBACMOi B pa3psay dHepruw, He MeHee 70% IOMKEH YHOCHTH Tas,
TOSTOMY TSI MOIITHEIX JIa3¢POB HYXHBI O9¢HB GONBIINE MOTOKH Ta3a. PacdeTsl
(v omIBIT) TOKA3BIBAIOT, 9TO B Hambonee sddexruBabx CO,-nazepax Ha 10 kBT
MOIITHOCTH M3IYICHUS HAJI0 «m3pacxoqioBats» 6onee 80 — 100 r/c. AcHo, arto
CHCTEMa Tra300TBOJIA JIOJDKHA OBITH 3aMKHYTas ¢ OXJIAXJICHHEM rasa (CHCTCMBI
TIPOKAYKY ¥ XOJIOWIHHIUKOR): HeOONBINAsT akKTHBHAS 30HA «00pacTaeT orpoM-
HBIM BCIIOMOTATEJIBHBIM, HO HEH30SKHBIM 000PYIOBaHHEM.



Bropas ocobeHHOCTE — 60pEOa ¢ KOHTPAKIMEH: SCIT BMECTO PaBHOMEP-
HO CBETAIIIETOCS TOJTHOTO 00BeMa TOJIOKUTEIIEHOTO «CTOJI0a» 00pa3yeTcs onH
MJTH HECKOJIBKO MTHYPOB C MOHHOM Temmeparypoii T; B AecsaTrie 1onu 5B, To Ha
TaKkoW TITa3Me WHBEPCHOH 3aCelIeHHOCTH KONeOaTeNbHBIX ypPOBHEH OBITH He
MOXCT. OlI,HI/[M H3 OCHOBHBIX MCTOJZIOB, MPUMCHACMBIX IMPAKTHYCCKH BO BCCX
MOIIHBIX JIA3€pax, ABIACTCA Pa3JICNICHUE KaTOJIOB TAKMM 00pa3oM, 9TOOH depes
KaXJIBIH 1Ie]T TOK, MEHBIIHNH, 9eM HYXHO JJII KOHTPAKIUH. Y KaXJIoro Karojaa
cBoe OamtacTHoe compotmBieHue R (cM. puc. 8.3), Tak 4T0 ecnu Jaxe Ha Ka-
KOM-JTNOO W3 HUX M OyJIeT KOHTPAKIIMSA, TO 5TO HE CYIICCTBEHHO: KaTOIOB THI-
csun. ECTh 1 Jpyrvie MeTobl, HANpuMep, CeaTh UMITYJIBCHBIH pas3psijl Heca-
MOCTOSITCITBHBIM M BO30YXIaTh mydkoM OBICTpEIX (E ~ 100 x9B) smekTpoHoB,
KOMOMHHPOBATh NOCTOSHHBIC M BU, MOCTOSHHEIC M MMITYJTBCHBIC HAPSKCHHO-
cTH stekTpudeckux mojeit. [Ipumenenne BU u, 0co0eHHO, MMITYITECHBIX HJICK-
TPULECKUX TONEH OONBIION HANPHKCHHOCTH TMO3BONIMIIO PE3KO YBEIMIHTH
SHEPTOCHEM C CIMHMIIE Pabodero o0beMa aKTHBHOMN CPEJIBL.

Puc.8.6. TumrdHas reoMeTpUs TICIOMETO Paspala B dIEKTPOPaspSAHBIX JIa3epax Ha
CO»; a — momepeuHsIii pa3ps (TOK HAET IEPIEHANKYISIPHO Ta30BOMY NOTOKY HAIpaB-
JIEHUS CKOPOCTH); BEPXHSA IJIATA YCEeSHA KATOJHBIMH 3eMeHTaMu K, HIDKHSS CITyKUT
anoaoM A; 6 — MpOAONBHBIA paspAa, KaTOAHEIE dIeMEHTH K pacmonosxeHsl BBEpPX IO
TIOTOKY, AHOJOM A CIIY>KUT TpyOka



§52. Ayrosnie pa3psabl

OnexTpudeckod Ayroi Ha3BIBalOT YCTaHOBMBIIMHCS (MM TTOYTH yCTa-
HOBHWBILIMICS) pa3psisl, KOTOPHIH XapaKTepU3yeTcst HU3KHM KaTO/JHBIM TIaJ/IeHHEM

TOTEHITHAJIA ¥ BRICOKOM INIOTHOCTBRIO TOKA Ha KaToJie Gr2 10+ 107
A/cm®). Taxue dopmer paspsiia mseectasr ¢ 1802 r. (ITerpos B.B.), Ho psax
ocoOeHHOCTeH He TIOHATEH W JI0 cuX mop. He ycraHoBmnace emne jaxke oOme-
TIPHHATAs KTacCH(HKAIS JYTOBBIX Pa3psiyioB, KOTOPHIE JEISATCS 1O THITY KaTo-
JIOB ¥ TIO JIaBJIeHWIO pabodero BemecTBa. Tak, MO THITY KaToJ[a pasiudaloT: a)
TOZIOTPEBHEIE; 0) TOPSINE; B) XONOAHBIE, T') YTOJBHbIC; 110 IABICHHIO: a) HU3-
xoro naenenus (p < 107 + 1 atm); 6) Beicokoro (p ~ 1 + 5 aT™); T) CBEpXBEI-
cokoro (p > 10 atm). B myroBoM paspsiie MOXKHO Pa3INauTh: 1) MPUKATOHBII
CIIO# — TOHKWIH, MaJICHHUE HATPSDKEHUS TOPS/IKA MMOTEHIMAIAa HOHM3aIuy (ObIBa-
€T JJake MEHBIIIC) ATOMOB Ta3a; 2) MOJIOKUTCIBHEIN CTON0, COCTOSHIE U TIOBE-
JICHHE TIa3Mbl B KOTOPOM OMpeensercss 0aaancoM SHeprum; (TeMreparypsi
WoHOB T; ¥ 9NICKTPOHOB 7, B IICHTPAIHON YacTH CTOJI0A PABHEI); B) AHOIHBIH,
TOXe TOHKHH CIIOH U TOXKE C MaJIBIM TTaJICHHEM HalPSOKEHUS Ha HEM.

Jlyzu ¢ nooozpesnvim xamooom

JlyTH ¢ IOOTPEBHEIM KaTOIOM 3TO HECAMOCTOATEIIBHBIC Pa3ps/IB, UC-
TOJB3YIOTCSI B OCHOBHOM KaK BBINPSIMHUTCIIH, YIIPABIACMBIC BKIIIOYCHHUCM —
BEIKITIOUCHUEM Pa3PAIHOTO HANpPSOKCHUS (Ta30TPOHBI) WM W3MEHEHHEeM (azo-
BOTO CJIBUTA HANpPDKCHWH aHOoa (MM KaToAa) M CeTKH (THpaTpoHbl). B myre
KaTOJIHEIN CIIOM TONMBKO YCKOpPSIeT SIEKTPOHBI TEPMOIMHCCHH HACTOIBKO, UTO-
OBI OHM TIOICPKUBAJIH HYXKHYIO MOHM3AINNIO Ta3a. O0pa3ylomascs mia3Ma Kak
OBl «TpUGTImKaeT» aHOJ] K KaToIy, TaK YTO OTPaHNYeHHE TOKa 0OBEMHEBIM 3apsi-
JIoM («3aKoH 3/2» st BaKyyMHOTO TIPOMEXyYTKa) B JIyTe HeT. B pe3ynsrate npu
HAIPSDKCHUN MY aHOAoM U katogoM 10-20 B Tok Ha mopsku Goisie, gemM
OBLT OBI B BaKyyMe.



Jyzu c zopawumu xamooamu

JIyTH ¢ TopsMuME KaTo1aMH O9€HB pacipocTpaHeHsl. OHH OBIBAIOT OT
JICCATKOB MIJUTHAMIICp (JIAMITHI THCBHOTO CBETA) JI0 Meraammep (B SJICKTPOITH-
TUYECKUX BaHHAX JIIS MOMydeHUS aJIIOMIUHNA 1 Maraus). [Tpukaromaas o0nacts
TOPSTIETO J[yrOBOTO paspsi/ia He TPOIIE MPHKATOIHOH 00NacTH TIEIOero pas-
psiia, 1a ¥ M3ydeHa SIBHO XyXe. YCKOPEHHBIE HETIOCPECTBEHHO BOMM3M Ka-
TOJIa TEPMO3IMHICCHOHHBIEC IEKTPOHBI B TPHKATOHOH 0ONacTH CO3/1al0T WOH-
9JICKTPOHHEBIE Taphl. IOHEI YCKOPSIOTCA K KaTOy, HAa KOTOPOM TTPOM3BOJIATCS 2

~+ 9 TePMOSMUCCHOHHBIX HJICKTPOHOB HA OJWH MOH. [IPOW3BOICTBO JICKTPOHOB
WOHAMHU HA KaToJIe depe3 TEIIO (TSPMOSMHICCHA) SHEPTETHICCKH 3HATUTEIIHEHO
BBITO/IHEE, UEM TpsMast HOH-JICKTPOHHAS SMICCHS (KaK B TICIONICM pa3pse),
HO BO3MOXHO TOJIBKO TIpH GoJbIIoi mioTHOCTH Toka. Katogom oOBIMHO Ciry-
JKUT WM BRICOKOTEMITCPATYPHBIN MeTaJuT (4acTo BONBb(paM) MM pacIyiaB Me-
Taya (BaHHHI TIpH Ipon3BoJIcTBe A/, Mg). HecMoTpst Ha HHM3KOe TaJieHue TI0-
TEHIMAa, SICKTPUIECKOE T0JIE OKOJIO KaTo/ia B AyTe O0IBIIoe, TaK KaK Iia3mMa
TIO/PKMMAET MPUKATOMHBIN CIIOH K TMOBEPXHOCTH KaToJa. Tak, Jjis TIOTHOCTEH
Toka j ~ 10° A/cM®> TOK TepMOIMuCCHE Bo3pacTaer 3a cdet s¢dexra [lloTTku B
~ 3 pasa (E; ~ 10° B/cm). Ommaxo Toxu B 10° A/cM? 0GBICHHTS TepMOdIIEK-
TPOHHOH M aBTORIEKTPOHHOM SMHUCCHEH KaTo/Ja HEBO3MOXKHO, TIPUXOANUTCS JIe-
JIaTh TIPEANONIOKEHUS 0 B3PBIBHOH SMUCCHN MHKPOOCTpHI M O pacILIaBIECHUH
TIOBEPXHOCTH KaTOJa M BEIOPOCE PACINIABJICHHOTO METAJUIA B PA3pAIHBIN Mpo-
MEKYTOK C TIOCTIeIYIONIEH ero NoHu3alueh.

Jlyzu c xonoonvimu xamooamu

JIyTH ¢ XONMOAHBIMH KaToJaMH — 3TO MO CYIIECTBY JYTH C JIOKAIBHBIMH TEPMO-
SMUTTEpaMH: Ha KaTojie 00pa3yloTcs TOKOBBIC TIATHA, TIPY YeM TIOTHOCTE TOKa



JIOJDKHA OBITH GONBIIE KPUTHYECKOH (MU TJaHHOTO MeTailia), MHade /Iyra Tac-
HET. DTO 0OBICHIACTCS HEOOXOAMMOCTHIO KOHIIEHTPAITHH SHEPTHH JUTS TOJyde-
HUSL DIEKTPOHOB ¢ KaTofia. IITOTHOCTH ToKa odeHb Gombmme (y Memu ao 10°
A/cM?!), JaHHEBIC OTIHITOB CHITBHO PA3TMYAIOTCS, a TEOPETHUESCKOTO OTHCAHHSA
Her. IlsaTHa XaoTHdeckn Oera- 10T MO KaTOJy, TMOMBITKH YNOPSIOYUTE WX JIBH-
JKeHMSI TIOKa He 1aym pesynbrata. C 1903 r. M3BeCTHO, 9TO €CITH IATHO TIOMeEC-
TUTh B MArHUTHOE TOJI¢ H, MEpeHINKYIIIPHOE TOKY j, TO MATHO TOOCKHUT

Hasctpedy (1) Bexropy j X H ... OGBsCHEHMS 10 CHX 1O HeT.
Her MoHOTO TOHMMAHHUS W MEXAHM3MOB DJIEKTPOHHON SMHCCHH: €CITH

JUISL CPeIHMX 3HaueHmi roTHOCTH Toka (j ~ 10° A/em?), pacuernoe mone E ~
107 B/cM (y camMoro KaToia) — TEOpHS M SKCTIEPHMEHT TIPHMEPHO COBIIAJAIOT,
TO HM JUIS MAJIBIX, HU JUISI CaMBIX OOJNBIIMX 3HAYCHWE j HEOOXOIUMBIE IS
o0ecTieueHnss COOTBETCTBYIONICH aBTOIIEKTPOHHOMN 3MHCCHM 3Ha4deHUSA E OKa-
3BIBAIOTCA HEMPABAOMON00HO OGonmbmmmy. WMHOTZIA TSTHA OCTaHABIMBAKOTCS
(OBIBaCT HAJZIONTO), B TAKOM MECTE MICT CHIIBHAA SPO3us (JI0 IBIp M TpeKparie-
Hus pazpsima). 11Impoko mpuMEHSIOTCS KaToAbl W3 PTYTH B BHINPSIMHUTEISX —
wurauTpoHax. IIpy najieHny HanpsDKEHWST HIDKE TIOTEHIMANA 3aKUTaHusL pa3psizl
JIOIDKEH TIOTacHYTh (HET TEIUIOBOH «WHEPIMI» TOPSIINX KaTo/OB), €TO HAJIO0
nopxuTare. JJIA 5TOTO BBOAAT CIICHMANGHBIN  JOTIOJHUTEIBHBIA  aHO/I-
«HTHAHTOD», HANpsDKEHWE Ha KOTODPHIH TO/IAI0T C HYXXHBIM CIBHTOM TI0 daze.
Kaxip1ii COOTBETCTBYIONIMIH MOJIYIIEPHO]T B COOTBETCTBYIONIEM UTHUTPOHE CO3-
JIAIOTCSL «3aTPaBOYHBIC» TIAPHI PTYTH, HHUIMHpPYIOIHe pa3psa. 1o tepmumHom0-
i [33] uraMTpOH, NOXKaNyii, HaJI0 OTHECTH K «BaKyyMHBIM Jyram» — 6e3 ma-
POB MeTana KaToJia pa3psiyi He ropuT. «BakyyMHBIe» IyTM TOpST Beerza ¢ yqa-
CTHEM TIapOB MaTepHala KaTo/la ¥ MMEI0T BO3PacTalONIyl0 BOJBT-aMIIEPHYIO
xapaktepucTrky (BAX) (o6s1ar0 BAX manarommas).



Honoacumensnoiii cmonb 0yz060z0 pazpaoa

TomoxuTenBHBI CTONG JYTOBOTO paspsia CHIIBHO 3aBHCHT OT pojia
rasa, JIaBJIEHMs, CHIIBI TOKa. [Ipy Manbix aasnermsx (p < 0.1 atM) u cuie Toka
(I ~ 1A) cron6 nepaBHOBeceH (T, > T;) M CUIIBHO HATIOMWHAET KOHTPAarupOBaH-
HBIH OIHYp Therolnero paspsiaa. [nazma napoB MeTaia, MOJEKYISIPHBIX Ta30B,
npy JaBieHun p 2 | aT™ BeeT/ia PAaBHOBECHA, XapAaKTEPHOE pacnpeeienue (o
pazmycy cronba) TeMIepaTyphl ¥ IPOBOJMMOCTH TIPEJICTaBIEHO Ha pHc. 8.7.
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| |
i |
| |
| |
TC 1 I Tc
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Puc. 8.7. Cxemaruueckue pacnpeenehnus 7 U MPOBOJUMOCTH O MO paguycy cronba
JYTH IOTPUXOBAs JIMHUA — 3aMeHa O (¥) CTYIIEHBKOH B KaHAJIOBOH MOJIEITH



Ipu o6bIYHOM pacHpesieiieHHH TOKa TeMIeparypa GyIeT HMeTh KOJo-

K006pasHyio BopMy, paBHOMEpHO yMeHbmasich ot T ~(10+12)-10% K B mentpe
JI0 TeMIIEpaTypsl CTeHKU. [IIOTHOCTH SNEKTPOHOB MO PAJIMYCy CHAacT OYCHb
OBICTPO — B PaBHOBECHOM IUIa3Me 7, ~ exp(-r /ry) (a ¢ Heil 1 mpoBoAMMOCTE (G
~ n,)), TaKk 9TO TOKOMPOBOIAIIMI KaHAJ COCpenoToucH y ocu. Ha pammyce,
6orbIieM 7y (puc. 8.7), IPOBOAMMOCTHIO THIA3MBI MOXKHO TTPEHEOPCTb.

OnHaKo CBSA3aTh KOJIMYECTBEHHO TOK I, paJyCHl oy ¥ R, MOIIHOCTB W
ynanoch 1lIteHOexy, TONBKO BBES TPHHINIT MUHIMYyMa MOIITHOCTH «min w».
IIpu 3amannoM Toke I m paamyce R ycTaHaBIMBAETCS Fy TaKOe, UTOOBI BBIJIC-
JIIOMIASCS B pa3psic MOMIHOCTH OblJIa MUHUMAJBHOHN (TI03XKE JIOKA3aJM, 9TO
TIPYHITAT «min w»» CIIPpaBeJINB HE BCET/Ia, HO B IyTe cripaBeuB). CyIIeCTBCH-
HO, 9TO MaKCHMajbHas Temmeparypa T, (cm. puc.8.7) BeceMa cabo 3a-
BHUCHUT OT OXJIOKICHUS JYTH (BaXXCH TOJBKO TEIIOOTBOJ OT KaTOJ[a) M PacTeT C
BKJIQIBIBAEMOI MOIIHOCTHIO HECKOJIBKO MeEJIEHHEE, YeM KOPEHb KBAJIPAaTHBIH

w3 MOITHOCTH. [Ipy BEICOKOM JaBiieHnH (p = 10 aT™) ¥ BRICOKO# TeMmepaType

(T 2 12000 K) o4eHp CYIECTBEHHBIM OKAa3bIBACTCS OXJIAKICHNE H3IIYICHUEM,
oHO yHOCHT JI0 90% wmommHocTn. B mocmeanume roer Beicokmii cBeToBoit KITJT
JIYT BBICOKOTO JIABJIEHHS IIMPOKO MCTIONB3YIOT JISI OCBENICHHS JIOPOT.

Obracmo anooa

OO6nactp aHO/IA Tak ke, KaK M MPUKATOHAsA, BEChbMa TOHKas, MaJCHNe
HAIPSDKCHUS HA HEl 3aBUCHT OT pexuMa paboTHI aHOJIa, a X JiBa. [IepBEIil pe-
M — uddy3HbIT IMeeT MecTo TIpH OONBIIOH TUTOIIAN aHO/IA W TNIOTHOCTH

Toka j < 10°A/cM%, TOK pacTpesielieH TIo BCeMy aHOJTy ¥ MaJICHHE HATPSDKCHHAS
oueHb Majio (1+3 B) (u gaxe 6u1BaeT oTpHIaTeILHEIM). BTOpOit pexnm: ecnm



TUTOIIa/b aHo/a Majla (TOK BEIXOJWT Ha Kpas W T.JI.), TO TIPH HEKOTOPO# BelH-
9uHE TOKa (3aBHCHT OT MHOTHIX IPHYHH) TOK cOOMpaeTcst B TITHO (MIIM TIAT-
Ha) C IUIOTHOCTHIO j = 10% A/cM’. AHOIHBIC TISITHA OGPA3yIOT NPABHIBHEIC
reometpudeckue  Gurypsi (1), mHOTIA GETaloT, HO TOXKE MO YIIOPSAIOYCHHBIM
TPAeKTOPUAM (KPYTH, OBAJIBL,...). MeXaHW3MBI HE W3BCCTHEL

3aorcuzanue oyzu

SaxuraHue AYTH MOXHO HPOWM3BECTH, COCIMHSA SIICKTPONBI (OCHOB-
HBIE WJIH BCIIOMOTAaTEIbHEIE, KaK B UTHHUTPOHE), a 3aTe€M pa3be/IuHsst ux. [1po-
1IECC 3aKUTAHMS JIyTH TIPH PA3MBIKAHUH 11enH (TIPH Pa3beINHEHHH SJIEKTPOJIOR)
O0BSCHAETCS JIOKAJGHBIM Pa3orpPEBOM DJIEKTPO/IOB BCIIEACTBHE BO3HHKHOBEHHS
MEXKy HUMH IUIOXOr0 KOHTAaKTa, KOT/[a M3-3a OOJBIIIOr0 CONMPOTHBICHHUS TMPO-
HCXO/IUT HarpeB MecTa KOHTAaKTa JI0 TEPMOIMHUCCHH W paspsijl 3axkuraerca. Ta-
I(Oﬁ xKe Hpouecc HpOIrICXOlI[/IT u l'IpI/I pa3M1>11<aHm1 TOKAa B CHJIBHOTOYHBIX BBI-
KITI0UATENAX ¢ 00pa3oBaHNEM BPEIAHBIX JIYT, KOTOPHIE BBDKHTAIOT SJIEKTPOIEL.

Hpyroit cnoco6 o06pa3oBaHUA AYTH — 5TO MOHU3AIMSA B MEKIJICKTPOIHOM
TIPOMEXKYTKE TIPH TI07[ade TOBBIIICHHOTO HANPSLDKEHUS W BEIOOP GopMBI HIek-
TPOAOB, ciocoOCTBYIONICH paspany (06sraHO ocTpue). Ecim B TietomeM pasps-
Jie YBEITMHHMBATh CHITy TOKa (TIyTeM CHIDKCHHS BHEUIHETO COTPOTHBICHHS VITH

moeeimas DJIC wctounmka E€), To mpu GONBINON CHIIe TOKAa HANPSHKEHHE Ha
3MEKTPOIaX TPYOKM HadWHAET Ma/IaTh, Pa3psi OBICTPO Pa3BUBACTCS, IPEBPAIIIa-
SICh B JYTOBOI1. B GONBIIIHCTBE CITydacB MEPEX0]] OCYIIECTBISACTCS CKAYKOM M
HEPEJIKO BEZIET K KOPOTKOMY 3aMBIKaHHIO.

Yzonvnaa oyza

YromeHas gyra uctoprdecku u3BectHa ¢ 1802 r., m3ydeHa, moxayid,
JIydmie BCeX JPYTHX, MPHYEM KOHKPETHO B BO3Myxe. J[YrOBBIE CBETHITHHHKH,
cBeua SI0M0UKOBA, MIEPBHIC CBAPKH, HABAPHBAHIE METAJUIOB BEINCH C YTOJBHEI-
mu ayramu. Ho y HUX 6BUT GOJBINOI HEJIOCTATOK: OJIFH U3 YJICKTPOIOB CTOpaT



obicTpee npyroro. Beim m300peTeH psifi yCTPOHCTB, PeryMHpyIOMMX IoJaqdy
yriteH, X BHIITycKana npomsinieHHocTs. Ho B cepemume 19-ro Beka S0noaxos
TIPEUTONKIIT TIePEHTH OT MOCTOSHHOTO TOKAa K TIEPEMEHHOMY: Y TeHEpaTOpOB
3aMEHHUTE KOJUISKTOP Ha TOKOChEMHBIe KOJbIa. Tok OymeT MeHATh 3HAK, YIiH
6ynyT ropers oguHAKoBO. C 3TOr0 MOMEHTa «00PE0ay» MOCTOSHHOTO TOKA (OH U

JIO CHX MOP HYXCH OYCHb MHOTHM TOTPEOMTEISIM — OT SJICKTPIYEK TP 60JIb-

umx I, 710 SMEKTPOHUKH — TPH Majbix [) ¢ mepeMeHHBIM (€r0 MOXHO TPaHC-
TMOPTHPOBATE, 3HAYHT, CTPOUTE MOIIHEIC SIEKTPOCTAHIHH, 9TO BEITOHES) TIPO-
Joinkanack mpuMepHo a0 20-x rr. XX B. KoHeuHo, TOOSIIIT ICPEMCHHBIIH.
IIna3ma yromeHO# ayru B atMocdepe paBHOBECHAS, XOTSA 10 €€ JIJTHHE
TeMmeparypa MeHseTcsa Gonee deM B JiBa pasza (ot 12000 go ~ 5000K). Karon-
HOe TajieHue CHikaercsa BmIOTH o 10 B (1), anogHoe Toxe mopsiaka 10 B,
OCTaTbHOE (HECKOJIBKO BOJIBT) TPUXOAUTCS Ha TOJOXHUTSITBHEIH ¢Toi0. BAX 110
OTPENeNICHHOr0 3HA4eHHMs TOKa TWajalomias, 3aTeM HampsKeHWe CKaukoM
YMEHBIITACTCS, BO3HUKACT IIMINCHNE («IMISmIas ayra»), 1 BAX cranoBurcs

ropusoHTaBHOM. UHTepecHo, uto katox (7, ~ 3500 K) xomonuee anona (7T, ~
4200 K).



§53. Uckposoii u xoponnsiii, BU- u CBUY- pa3psasl

Hckpoeoii pazpao

HckpoBoit pasps/ IpHHIMITHAIEHO UMITyIBCHBIM, €r0 M3y9alld M JI0
TOSIBIICHUST ~ MCTOYHMKOB ~ TOKa: TPEHWEM  3apsDKall  KOHJICHCATODHI
(«wretinenckue  Gamkm»), coOupamm  atMoc(epHOS  DICKTPHYISCTBO B
npearpo3oBuix yenomwix. B Poccrm 8 XVIII B. paboram M. JlomonocoB u
I'Puxman, B Amepuke B.®pamxmm. OH mpemnmoxwn mnepBoe oOBICHEHWE

IEKTPUIECKAM SBICHHUAM: DIICKTPHYCCTBO — «HEBECOMAs JXHAKOCTB» (BPOJE
«TEIIOpPOJIa»), e¢ W30BITOK — 3HaK (+), HegocTarok — 3Hak (—). Ecmm
COEZIMHUTH WX TIPOBOJHHUKOM, TO (+) moredet K (—)... Tak, B 9NeKTpOTEXHUKE

TOK M JI0 cuX mop TedeT oT (+) x (—)!.. PeamsHoe m3ydeHne odeHb OBICTPO
MPOTEKAIONINX WCKPOBBIX Pa3pAOB CTAll0 BO3MOXKHO C TOSABICHHEM Kamep
Bumbcona, mnpubopoB  ckopoctHoro  dortorpadupoBaHus,  KaTOJHBIX
ocmmuorpagoB.  Oka3anoch, 9T0 WMCKpa MOXKET 3aropaTbCsi B IUIOTHOM
(naBnenme mopsKa atMocdepsl U GoJIBINE) ra3e Py GONBIIOH HANPSHKEHHOCTH

aexTprdeckoro noms. IlepeudHast 1aBrHa OBICTPO MOMSIPU3YETCS — IIEKTPOHEI
OTXO/IAT B CTOPOHY aHO/a, a WOHBI TpakTHdecku ctosT. Ilpm obpazoBanmm
JABUHBI TIPOWMCXOJUT MHOTO BO30YXKICHMII C OBICTPHIM BBICBEUMBaHHEM,
dorosdpdexT cozmaet HOBEIC SIEKTPOHEI, HOBBIC JIABUHBI BOJM3H OCHOBHOW,
OHH BTATHBAIOTCS B OCHOBHYIO JIaBHHY, PAacTeT €€ 00heIMHEeHHBIH 3apsil, pacTeT
co3/1aBaeMoe UM dJiekTprdeckoe none E. Korna 5to none E IpUMEPHO CTaHET

PaBHBIM BHEMHEMY FE,, BO3HMKACT TOHKHI TPOBOMIAIINI KaHajl — CTPHUMED,
COCITIHSMIONINI DJICKTPONEI (CTPUMEP MOXKET OBITH HANpaBICH K JIIOOOMY
INICKTPOY WM cpazy kK ob6omm). CKOPOCTH PacHpOCTPAHEHUS CTPUMEPOB
(6omee 10° cm/c) ropaszo GoNBIIE CKOPOCTH PACTIPOCTPAHESHMS SIEKTPOHHBIX
JIABUH, OTIPEJICIIACMOM MO BIKHOCTBIO DIICKTPOHOB. TakuM o6pazom, s



pa3BUTHS CTpEMEpPa HEOOXOMMO BHITIONTHEHWE JIBYX YCIOBHIA: 1) TONe JTaBHHEI

cpaBHMBaeTCs ¢ BHEIHNM TioneM (E ~ Ey); 2) manydenwme nepenuero ¢gponra
JIABMHEI JIOCTATOYHO 11 GOTOMOHM3AIINH HYKHOTO KOJIMIECTBA AaTOMOB rasa.

Jmmep

CTpHMepBI

JlaeHEl

Puc. 8.8. Cxema munepa, mpopacTaiomero OT IOJIOKHUTEIHHOTO
OCTpHA IO IIYTH, NPOJOKEHHOMY CTPHMEPaMH, KOTOPEIE, B CBOIO
oQUuepenb, BTATUBAIOT JIABUHBI

CoOcTBeHHO CTpUMED CIabONPOBOIAIINE, HO TICPE] CAMBIM 3aMBIKAHHCM



MEXOINEKTPOJHOTO TNPOMEXYTKa BJONE HEro TMNpPOXOJWT BOJHA CKadKa
TMOTEeHNMANa, o0pa3yeTcs XOpOWIO NPOBOASAIINI KaHAl, M YXe [0 HeMy

TPOXOAMT OONBIION TOK — CcOOCTBEHHO WCKpa. a3 B KaHale CHITBHO

HarpeBaeTcs, BOZHUKACT CKAauOK JABICHWSA — 3BYKOBas BOJNHA (B MOJHHH —
rpoMm). (M3moxkeHune BechMa YIPOIICHHOE, HO 0oJiee aKKypaTHOS HAMHOTO
JUTHHHEE, a TIOJHO# AICHOCTH BCEe PABHO HET...)

Ecnu MexaneKTpoHoe paccTosHue GOBIoe, moe E HeoAHOPOIHOE,

Ha KOHIIE CTHMEpa MOXeT 06pa3oBaThCA XOPOIIO MPOBOMASIIMH YJaCTOK —
munep (puc. 8.8), 9TO XapakTepHO I MOJHMI, TIC NOCICIOBATSIBHO
obpa3yeTcs HECKONBKO JIMICPOB, TO CYIIECTBY, HECKOJIBKO paspsoB ¢
BPEMCHHBIMH C/IBUTAMH B ICCATKHA MUJUTHCEKYH/I.

HcxpoBoit paspsa TONyduI NPUMEHEHHE B NPOMBIMUICHHOCTH, 3TO
TaK HA3BIBACMBIN (OJICKTPOIPO3HUOHHEIN» CcHoco0 00paboTKH MeTaylIoB,
3aMaTeHTOBAHHEIN B psjie cTpad. Bonee monpo6HO 06 MCKPOBOM paspsme cM.
[34].

Koponnutii paspad

KopoHHEIH pa3ps — CaMOCTOSTENBHEIN Pa3psfi, KOTOPEIH BO3HUKACT
TOJIBKO TIPH YCIIOBHH OYEHB OOJBINOH HEOJHOPOJHOCTH HISKTPHISCKOrO MO

X0TA OBl Y OJIHOTO M3 DIIEKTPOJIOB (OCTpHE — INIOCKOCTh, HUTh — IUIOCKOCTB,
B¢ HUTH, HWTH B IUIMHApE OONBOIOTO paguyca W T.J.). Y CIOBHS
BOBHHKHOBCHUSA M Pa3sBHTHA KOPOHBI Pa3JIMYHBIC TIPH pa3Hoi'1 TOJSIPHOCTH
«ocTpus» (Ha30BEM TaK JICKTPOJI, BOIM3H KOTOPOTO E CHIBHO HEOIHOPOJIHO).
Ecmm octpue — katoj] (KOpOHA «OTPHIIATSIIBHAS»), TO 3AKUTAHUE KOPOHBI TIO
CYIIECTBY TPOMCXOAWT TaK e, KaKk B TICIOIIEM pa3psjie, TONBKO JUIA
onpenaencHus nepeoro kodgdummenta Tayucenaa O (Tak kak moje E CHIIBHO
HEOJTHOPOJIHOE) B BO3MyXe (NMPAKTHYESCKH BaXHBIA Cydaif) HaJl0 YIHUTHIBATH
TIpWIMNaHve (HaIHIHe KUCIOPO/Ia), TaK dTo



I(Ot(x)—an(x Ndx = n(1+y7), (8.26)
0

rae o, — k03(HUIeHT IpUMEHEHHs, X | — PAcCTOSHEE JI0 TOYKH, B KOTOPOH

E yxe Tak Majno, 9To HoHm3ams He npoucxomut: E & 0. B takoii kopoHe ecTh
CBEUCHHE TONBKO JI0 PAcCTOSHUS, TOXKE TpPHMEPHO, paBHOTO X;. Ecmm

«ocTpue» — aHoj (KOpOHA <IIOJIOKUTEIBHAN)), TO KAPTHHA CYIICCTBCHHO
MEHACTCS: OKOJIO OCTpHS HaONMIONIaloTCA CBETAIMECS HHTH, Kak OBl
pasberatommecs ot octpus (puc. 8.9). BeposaTHO, 3TO CTPUMEPHI OT JIABHH,
3apOXKIACHHEIX B 00BeMe dorosnekrponamu. OUeBHIHO, 9TO W KPHUTEpH

3@KUTaHMs JpYroM — Takoii, kKak i oOpa3oBaHms cTpuMepa. B moOom
KOPOHHOM pa3psJic CyNIeCTBEHHa HEOJHOPOJNHOCTh FE, T.e. KOHKpeTHas
TEOMETPHSL SICKTPOJIOB.

IMonHo#i sCHOCTHM B MEXaHW3ME TOPEHHs pa3psjia HEeT, HO 5T0 He
MemiaeT IPHMEHCHHMIO  KOPOHHBIX  PaspsJioOB B IIPOMBIINICHHOCTH

(anexTpodmnbTpel); B caeTankax I eiirep—Mioiiepa Toxe paboTaeT KOPOHHBIH
paspsaa. Ho on OwIBacT W BpE/ICH, HAaIPWUMEP, HA BBICOKOBOJBTHBIX JIMHHAX
(JIEIT) xopOHHBIC pa3psIbl CO3AIOT 3aMETHHIC TTOTEPH.

KopoHBl OBIBalOT TIPEPHIBHCTHIMH C Pa3dHBIMM  9acCTOTAMH: Y

nonoxurempuex o 10* Ty, y oTpHIaTEeNBHEIX — 10° Tm — a »sr0
pamwoaMana3oH  TOMEXH.  MexXaHw3M  TPEpBIBUCTOCTH  paspsma Y
TIOJIOXKHTENEHOH KOPOHBI, BUIMMO, CBSI3aH C TEM, YTO JEKTPOHBI CTPHMEPOB
BDITHBAIOTCS B AHOJ, TOJIOKWUTEIBHBIE OCTOBBI SKPAaHUPYIOT aHOJN, HOBHIC
CTPUMEPHI HE MOTYT CO3/IaBaThCsA, IIOKA OCTOBH He YHIYT k karoay. Torna aHon
«OTKPOETCS» M KapTHHA TMOBTOPHUTCS. JIJIsi OTpUTIATENBHOM KOPOHBI



CYIIIECTBEHHO HAIMYHE B BO3/yX€ KHCIOpPOJ]a — HEMHOTO OTOHIS OT KOPOHBI
3NEKTPOHBI TIPHIIMTIAIOT K KHCIOPOJY, OTPHIATENbHBIC HOHBI SKPaHUPYIOT
OCTpHE, W TOKa OHM He YHAYT K aHOHdY, pa3psj mpekpamaercs. [locne yxona
HOHOB Pa3psi/i BOZHMKHET BHOBb ¥ KaPTHHA ITOBTOPHTCS.

Puc. 8.9. Crpumep OT NHONOXKHUTENEHOTO CTEPIKHA IHAMETPOM 2 CM Ha
IDIOCKOCTh Ha paccTosamu 150 cM mpu mocTosHHOM HanpsokeHnu 125 xBt; cnpasa —
pacder, IpoBEACHEI SKBUITOTEHIIMANIEHEIE IIOBEPXHOCTH, Im(l)pm OKOJIO KPHMBEIX — JOIH

OT NPHIOKEHHOTO HATPSKEHUS, OTCIMTAHHBIE OT IUIOCKOCTH; cleBa — dororpadus
CTPUMEPOB B TEX K€ YCIOBUAX



Buvicoxouacmomnoie (BY) pazpaowt

B BU-guamasore (10" + 10> MIn) mpemsto pasmmare £ u H  Tams
paspsA/ioB — IO OMpeJeIIoNEMy BEKTOPY OSIIEKTpOMarHMTHoro mnomsi. B

Ja3epHOH TEXHMKE WCTIONB3YIOT £ (€MKOCTHBIE) pa3psipl, ToMelnast pabodii
00BeM B KOHJICHCATOP, K INIACTMHAM KOTOpOro moaBoastT BY-manpsokenue
(TacTHHBI HHOT/IA MPSIMO BBOZAT B 00BEM, WHOT/IA M3OIHPYIOT JIHINIEKTPHUKOM

— 00BMHO cTeKIoM). MomHOCTH STHX pa3psaaoB HeOombimue (WX 3a7ada
TIOIICPKATE MOHM3AINIO), HO HANPSDKEHHOCTH £ BENMKH — JI0 JIECATKOB K3B.

Ipmmenenne BY wanyknmonusix moneit ( H -moneit) yxe ¢ komma 40-x T.
CTAJI0 BeChbMa IMMPOKWM, XOTA, B OCHOBHOM, B BuJe BU-meueii. Beszne, rae

HYXHO 9HCTOE TEIIO ¥ €CTh MPOBOJMAIas cpea, H 1o HesaMeHuMBI. JTO U
TPOM3BO/ICTBO TOJYIPOBOTHUKOBEIX MATEPHAIIOB, M 30HHAS IJIABKA YHCTBIX
METAJJIOB, M CBEPXYHCTHIE XUMHUIECKHE COSTHHEHNS H JJaXKe OBITOBBIC M.

Puc. 8.10. MHAyKIMOHHEL paspsaa B TpyOKe pajuycoM R, BCTABIEHHOM B ATHHHBIH
COJICHOMUT; ¥ - PaJMYC INTa3MEL, CTIPABA — PACTIPEIETICHUE TEMITEPATYPHI IO PAIILYCy



IIpaBma, B 3THX yCTpOHCTBaX TOYTH HET HEOOXOMMMOCTH  COTTIACOBAaHMS
TCHEpaTOopa M  HAarpy3KH —  COOTHONICHHE PEAKTHBHOTO M AaKTHBHOTO
CONPOTHBIICHUH Harpy3Ku MeHseTCsS Malo. A BOT B pa3psjax JIelo CIIOXKHee:
VW3MEHEHHE IapaMeTpoB Cpelbl paspsfa (CONMpPOTHBICHHE, CaMOMHIYKITHA,
B3aMMOWHJYKIIMSI — CBS3b C HHAYKTOPOM) MOTYT MEHSTHCS B IHPOKHX

npenenax. OOBMHO WHIYKTOp — KaTymka (ObIBaeT M OJMIH BUTOK!), BHYTpH
KOTOpO# 1 mpoucxoaut paspsa (puc. 8.10).

Iepemennoe H none HAIPABJICHO B0 OCH KATYIIKH, TOJE E
aKcHaNnbHO K Hei. JIS TOMAEpXaHMs paspsja HyXHOe F  CyIIECTBEHHO
MEHBIIIE, YeM JIJIS ero 3axuranus. [1o5ToMy 0OBIYHO BBOJAT B 00BEM TOHKHIA
METAJUTHICCKHI SJICKTPO, OH Pa30rpeBacTCs, JaeT TEPMODICKTPOHBI (MHOT/IA
YACTHYIHO WCTIAPSETCS), WHUIIMHPYET pas3psj, TOCIe Yero ero yAaaumoT. Bo
BpeMst paOOTH MOIIHOCTE BBOJIUTCS TIOTOKOM 3JICKTPOMATHUTHOH SHEPTHH:

<§> = (c/Am)<EH> (8.27)

a OTBOJAWTCA Hamle BCETO MOTOKOM ra3a (OH MOHHM3YETCSA M YHOCHT SHEPTHIO).
Ho snexTpomMarHuTHas SHEPTHS NPOHUKAET B TIa3My (TIPOBOIHMK) Ha TITyOHHY
X, CTiajiast o SKCTOHeHTe exp(—x/0), e O — Tak Ha3BIBAEMBIH CKMHCIION, ¥
€r0 YCIOBHJIMCH CUUTATh TIIyGHHOH MPOHNKHOBSHHUS TTOTOKA:



& =c?/2now) , (8.28)
T7ie ¢ — CKOPOCTh CBeTa, O — MPOBOJMMOCTh MPOBOJHWKA, (0 — "acToTa BU
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Ecmu & < R, To sHeprus IOTJIONAETCS, B CII0¢ TOMIHHOM O, o6pasys
nposojsmmit mumuHAp. PacnpenencHue mo pammycy Temmepatypsl I m
TPOBOIMMOCTH O TPENCTaBIICHH Ha puc. 8.11, mo CymecTBy, 5TO TOJHBIH
aHaIOT KaHAJIOBOH MOJENH IYTH, €€ Ha3BIBAalOT «MOJICIBI0 METALTHYECKOTO
mEApa». ClielyeT OTMETHTD, 9TO PealbHO MOXHO YTIPABIATH JABICHUEM p
(>xemarensHO MobombHIe!) ¥ moTokoM <EH>, onpenensieMbIM aMIepBHTKaMM:

<EH> ~ IN (tne I — Tox, N — 9HCIIO BUTKOB Ha €IHHUILY JITHHBI HHIYKTOPA).

CBY-pa3zpaoei

Takwe pas3psapl HadalM NPUMEHATH TIIABHBIM 00pa3oM B MOJENAX
TEPMOSIZICPHBIX YCTAHOBOK (HE OYEHB YCIIENIHO Ha CTaJMHM pa3psjia) M B
INa3MOXMMHYECKUX YCTaHOBKax. IIpm BBICOKMX dacToTax (THTOTEpIIHI)
CYIIIECTBEHHBI TEOMETPUYCCKHE COOTHOIICHWS, BAXHBI TIPEIIOMIICHHS W
OTpaxXXeHUS SNCKTPOMArHuTHOH BOJTHEI.

CBY-sHeprust BechbMa JI0poTas, HO OKa3bIBaeTCS, 9TO WCIIONB3YS
paspian B CBU-mma3sMoTpoHaxX MOXKHO BBECTH B mtasmy 110 90% CBY sueprum
[35]. HaubGonee mcmoms3yembie B HacTosmmee Bpemsi cxemsl CBU-paspsiios
nipuBesieHHl Ha puc. 8.12. Cnexyetr oTMeTHTD, 4TO B cxeMe  (pwuc. 8.12) nourn
BCS MOIIHOCTH TIOTJIOMIAETCS B CTPye ra3a (IPEBpaIIaloONICiics B IUIa3My):
BHEIHSAA MOBEPXHOCTE CTO0A TUTA3MBI M BHYTPESHHSS TIOBEPXHOCTh BOJIHOBOJIA

00pa3yloT KOaKCHANBHYIO JIMHUIO I SJIEKTPOMATrHUTHOH BOJHBI — SHEPTHUS B
cTon® BTekaeT mo pajuycy (kak B BU-paspsme). MurepecHo oTMeTHTH, 9TO
Mexaau3M npobost B CBY (1o He BU!) mana3zone noxox Ha MeXaHM3M npoOost
B TIelomeM paspsze (oO0pa3oBaHMe JaBWH, CTAIMOHAPHBIN KPHUTEpPHi 1poOost
(8.19), xpuseie 3aBucmmocTn E = f(p) - amamorm xpuewix Ilamiena,
CPaBHMMOCTE TIOPOTOBHIX 3HadeHwmil E /p), 0 HeM MoApoOHO MOKHO TPOUMTATh
B [33].



Puc.8.12. Cxema pa3spsga B BONHOBOIE,
TIO/ACPKUBACMOTO Hj; BOIHOM: a — cedeHUe
BOJIHOBOAA JUAMETPANBHOH  INIOCKOCTBIO

1 TpyOKku, TmasMa 3aTeHEHa,; 6 -
E pacupesenenue E BAONs IMPOKOH CTEHKH
& BOJIHOBOZIA

Onmuueckuit npo6oii

Onrtraeckuii TpoOoii — nasepHas WCKpa, CaMBIl MOJIOON BHJ]
razoBoro paspszaa. BmepBbie HaGmomancs B 1963 1. B dokyce myda
TUTaHTCKOTO pPYOMHOBOro Jjazepa ¢ MOIHOCTEIO 30 MBT IIHTEBEHOCTHIO

ummymeca 3-10 ¢, B smexrpuaeckom mone E & 6:10° B/om. Senenne Guuto
HEOJIHO3HAYHEIM, TPHBICKIO HIMPOKOS BHHUMAaHWEC M YK€ W3YUCHO HE XYKe
Jipyrux paspsnoB. K mazepHoil uckpe MpHMEHNM HECTallMOHAPHEIN KpHUTEpHit
npoSos (8.17), mpudeM poNb TOTEPH SICKTPOHOB 33 CUCT TPHIMIIAHHA K
aToMaM M MOJIEKyJaM, a Takke 3a CUeT yX0/a Ha CTCHKH YCTaHOBKH Y, m ¥y

MOXET JlaKe OKa3aThCs He CYIIECTBEHHOM — BpeMs OYE€Hb Majio, BCE
oTpe/ieNiseT CO3/IaHKe DJIEKTPOHOB, jaBuH. Ho BOT «3aTpaBOUHBI) IIEKTPOH
MOXET POJIUTHCS B pesyibTaTe MHOrodororHoro ¢orodddexra (o cymecTry
KBaHTOBOTO SBIICHWS). VHTEPECHO, WTO €CTh OOJNBINOC CXOJICTBO TPOICCCOB
npodost B ontrdeckoM n CBY jmana3oHax — HampuMep, pacdersl MOPOTOB
npoGost ¥ CPaBHEHHME MX ¢ HKCTIEPUMEHTOM.

Pa313nme Jla3ep013 H TMOBBIIIICHUC UX MOIITHOCTH npmaeno K TOMy, qTo
m 19 71 vwy MTHW?2 Ok «F KDV BR B 2ITVX  JITVHE 3 & M
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