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2 DneMenTapHas (M3MKa MarHETPOHHOTO pas3psia

Takoit ke o>pdexkr wnMeer wmecto BCIENCTBHE SPO3HH
(pacnbiieHds) HOBEPXHOCTH KAaTOAa-MHILEHH N0/ JEHCTBHEM HOHHONR
6oMbapmpoBKH. JIeHCTBUTENBHO, MOBHIILIEHHAA IJIOTHOCTE HOHHOIO
TOKa B cpeiHeldl YacTH MexIy MONMIocaMd MarHHUTHOH CHCTEMBI
IIPUBOIHT K (OPMHUPOBAHMIO HA IIOBEPXHOCTH yriybOnenus V- win U-
obpasHoii ¢opMel (puc. 2.25, puc. 2.28). IlnazMeHHass rpaHHna,
HOBTOpSASl NPO(QHUIL HOBEPXHOCTH, TaKXKe CTAHOBHTCA BOTHYTOM
(puc. 2.28) ¢ nocrenywomuM s¢p¢exToM (HOKYCHPOBKH 3JIEKTPOHOB
HocepeIMHe MEXIY MOMI0CaMH MarHMTHOW CHCTEMEI, T.e. B 00/1acTH
TOpOH/ia MArHETPOHHOTO pa3psiaa.

Ilockoneky — pacmbUleHHE — MOBEPXHOCTH  KaTOJa-MHINCHH
IPOHCXOAUT TIOCTENEHHO, 3TOT BUI (OKYCHPOBKH HPHBOJIMT K
H3MEHEHHIO pacrpeie/leHHs MOHHOTO TOKa Ha MOBEPXHOCTH KaToJa H
XapaKTepUCTHK MAarHeTPOHA B [IPONECCe €ro HKCILTyaTallHH.

2.5 CTOo/IKHOBEHHA 3apsDKEHHBIX 4acTHL € MOJIeKyJaMH rasa.
Honnzanns rasa u pacnbliIéHHLIX YaCTHIL

OCHOBHBIMH 3/IEMEHTapHLIMH IIpoOLleCcCaMH B MarHETPOHHOM
paspsfe, Kak ¥ APYTHX Ta3oBbIX paspsiAax, SB/SIIOTCS CTOJKHOBEHMS
3apsOKCHHBIX YacTHIl C MOJEKYJaMH ra3a M  IOBEPXHOCTAMH
3NMEKTPONOB. DTO  TOJOXKEHHE YETKO OTpaXkaeT YpaBHEHHE
camonoggepkanns paspsga (1.3), rae kodb(pHUMEHT TeHepauMu
MOHOB M  HEMOCPEACTBEHHO  3aBHCHT OT  HHTEHCHBHOCTH
HOHM3HPYIOUHMX CTOJIKHOBEHHUH, & KO3 (UUHEHT BTOPHIHOH 2MHCCHH
Y — OT CTOJKHOBCHHH ¢ IIOBEPXHOCTBIO Karoga. Bompoc o poin
CTOJIKHOBEHHH 3apsKEHHBIX YacTHI] ¢ MOJIEKY/IaMH ras3a B Pa3BUTHH
Pa3spaioB XOpOLIO OCBEIUEH B NHTeparype, ¢M. Hampumep, [55-57].
3nech OynyT H3JI0XKeHEl TONBKO OCHOBHEIE CBEACHHAMM 110 3TOH TeMe.

CTONKHOBEHHS WYaCTHII B Tra3e MOTYT HOCHTbL YNPYrHH H
Heynpyruid Xapaktep. B nepBoM ciyyae BHYTPEHHHE OJHEPIHH H
COCTOSIHHS CTANKMBAIOIMXCS YacTHI] He M3MEHAIOTCS, HO MEHSIOTCA
HAIpaBJIEHUs MX [JBIDKCHHS M CKOPOCTH, IPOMCXOAHT oOMeH
UMIYThcOM M KMHeTHdecko# osHeprued. Ilpu HeympyroM yaape
MEHIOTCS BHYTPEHHSST 3HEPrus M COCTOSHHE JHMOO OnHOH, nnbo
ofenx cTalKHBaKoMuXcs JacTul. [TpuMepaMu Heynpyrux NpoIeccoB
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2 DnemeHTapHas $H31Ka MArHETPOHHOIO pa3paia

SIBIAIOTCS  HMOHHM3amuss M Bo3OyxaeHue MOJeKyJa rasa mOpH
CTOJIKHOBEHHH C DJJIEKTPOHOM. B MarHeTpoHHOM paspsaie Kak
yNpyTHe, TaKk ¥ Heylnpyrue CTOJKHOBEHHS, IO3BOJISAIOT JIEKTPOHAM
IlepeMeaThes HonepEK CHIOBBIX JHHUN MarHUTHOI'O OIS,
CTONKHOBEHHS XapaKTepu3yIOT pa3iHYHBIMHM IapaMeTpamu, H3
KOTOPBHIX OTMETHM CJIeAYIOINe: CpefHss AarHa cBoboaHOTO npobera
(A) u cpegHee BpeMs (T) MeXIy CTOJIKHOBEHHSMH, CpeJHsS 4acToTa

( r_l) Y TIOTIepedHoe CeYeHHe WIH NIPOCTO ceueHHe (C) CTOMKHOBEHHUH.
Jlast OBICTPBIX 2JE€KTPOHOB M MOHOB, JABHTaloOINUXCs B rase co
CKOpOCTBIO V HaMHOTo Oonblreil TeMIOBON CKOPOCTH Tra3oBBIX
MOJIEKYJI, MOKHO UCIIOJIBE30BATh CIEIYIOILHE BEIpaXKeHUS

A=vi=1/no, (2.67)
t(v)=1/nvo(v), (2.68)
n=p/kT, (2.69)

rae n — NNOTHOCTH rasa, p — HaBleHHE raza, k — IOCTosHHAs
bonbumana, T — Temrneparypa rasza (K). [Uis onpeleneHHs n MOXHO
HCIIONIb30BATh BEIpaKEHUE

n(cm'3)= 3,54.10'6 pollTa) _ 3,54-10'° py(Topp),  (2.70)

133,3
e po — AaBlEHHUE Ta3a, npHBefieHHOe K TeMneparype 0°C:
273
by = P—T—‘ 2.71)

Ecnu gactvia coBepinaer HeCKOJIBKO BHIOB CTOJKHOBEHHH, TO
Ans ompejeneHus cpegHedl MMMHB CBOOOAHOro mnpobera Mexmy
mMoObIMM  BHIAMHM CTOJKHOBEHHH Ay clieqyeT IIpocyMMHpPOBATh
4acTOTHI WK 3)PEKTUBHBIE CeYEHUS CTOJIKHOBEHHUIA:

-1
As =vig =1/n0y, T =(%r;1) , 0% =%ck, (2.72)

rae WHAeKc k 00O3HayYaeT BHA CTONKHOBEHHS. Bennuwny cedenwit
CTOJIKHOBEHHH G ONPEHEISIIOT B 9KCIIEpHMEHTE.

Ha puc.2.35 npuseieHsl OKCIEPUMEHTANBHEE 3HAYEHHS
CeYeHHH CTONKHOBEHUIl HMOHOB aprosa B CODCTBEHHOM rase IpU
SHEPrMsAX  HOHOB,  XapaKkTepHBIX  ATd  KaTOZHOro  cJIos
HPOCTPAaHCTBEHHOTO 3apsiia.
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2 DsieMeHTapHas (PM3IHKA MarHETPOHHOTO paspsiia

3hecr  HeynpyrMM  NpoleccoM  #BISCTCS  PE30OHAHCHAs
nepe3apsika, IpH KOTOpoi SMEKTPOH IIEPEXOAUT OT aToMa rasza K
HoHy 0e3 mnepelayn KHHETHYEeCKOH SHEPrHH OT HOHAa K aToMy.

300 Jso
N
3 Ar +Ar J
p— 0O
Y 200 — o3 60
Q N:
— \ eo
§ %q 2 o—— o - o
40 =
100 {— RN
Q‘LILL-“—OJ ] -]
20

0 5 10 15 20

CkopocTs HOHOB [3B 1/2]

Puec. 2.35. DKcnepuMeHTaIbHEIE 3HAYEHHs ceueHUH CTOIKHOBEHUI HOHOB Ar' ¢
aTomMaMHu aproHa (ajantupoBano u3 [113]). 1 — ynpyroe paccewBanme, 2 —
pe3CHaHCHas repesapsaika, 3 — ofulee ceueHue. BenuunmHa A TpUBeleHa K
nasnenmo 133,3 [Ma (1 Topp) u Temnepatype rasa 0°C

Peakuyio pe3onaHCHOW Tiepe3apsKy Ui HMOHOB aproHa OINHMCHIBAET
ypaBHeHue (1.4), KOTOpoe MO>KHO IepericaTs B BUJE
Art(m)+ A% (v, ) > A0 (1)) + At (1), (2.73)

[Mocne nepesapsnxu OHIBILINA HOH NPOJOKACT CBOE IBHMIKCHHE
HO WHEPUMH B BUJE HEHTpalbHOro aToma, 2 ObIBLui aTtoMm (Temepb
HOH) HauMHAeT YCKOPAThCs B anekTpudeckoM mose. Taxolt mpouecc
nepe3apsakd HazblBaoT acTadeTHHM. OTMETHM, 4YTO PE30OHAHCHas
nepesapsaiKa sSBIAETCs YCIOBHO HEYMPYTHM IIPOLIECCOM, TaK IpH HEM
He MEHsieTcs 00IIAs BeNMuMHA BHYTpeHHe! dHepruu yacTul. Yriosoe
pacCeHBaHHUE HOHOB ¢ 3HEPTHAMHM B COTHH 3JIEKTPOH-BOJBT TMpH
CTOJKHOBEHHUSIX HE 3HAYHTENBHO.

[lepesapsaxa MOHOB B KAaTOJHOM CJIO€ IIPUBOAMT K TOMY, 4TO
KaTOL-MHUIEHE MarteTpoHa OomOapaupyercd Kak HOHaMM, TaK H
OblcTpHIMH aToMaMHt aproda. OJHaKo B CHIIBHOTOYHOM paspsie IpH
HH3KHX [JaBJCHHSAX M TOHKOM KarOQHOM CJIO€ BEIHYMHA A and
NEepe3apsAakM HOHOB Ar  3HAQYATENBHO TNPCBHINACT  TOJLMHY
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2 DyemenTapHas ¢u3nKa MarHETPOHHOTO pa3psijia

KATOQHOTo cnos d,, cM. gopmyny (2.65), mosromy 60MO6apaAUpOBKY
MHIIEHH aroMaMH Ar’ MOXHO He IIPMHHMATh BO BHUMaHue. B ciydae
JIMOJHBIX PACHBUIUTENBHEIX CHCTEM d >A, M BKJIAX aTOMOB
lepe3apsiaky B MPOIECC paclbUIEHHUs JOBOJBHO 3HAYUTENIBHBIH (CM.
paszgen 1.2 u [61-63]).

Kak yxe roBopunoce B pasgene 1.1, 10pu  HOHHOMH
OoMmOapaupoBKe MHULIIEHH HMeeT MecTo o0paTHOe pacceHBaHHe
(OTpa)xeHHe) 4acTH MOHOB B BHJle HEHTPaJIbHEIX aTOMOB., OTH aTOMbI
JIETAT B CTOPOHY NOJIOKKH, COBeplas yNpYr#e CTOJIKHOBEHHUS C
MONeKyJIaMH ra3a. B yacTHOCTH, TpH GoMOapaupoBke HOHamu Ar’
oTpakaroTcss aToMsl Ar’ ¢ sHepruell B JecsATKM 3MEKTPOHBONLT. [
OUGHKH WX cpeaHedl jaiauuel  cBoGopHoro mpoGera  MOXKHO
WCTIONB30BATh  3HAYCHMS  CeueHMWs  YNpYroro  paccewBaHus,
ItpuBeJAEHHBIE Ha puc. 2.35.

Ha puc. 2.36 npencraBneHsl SKCHEPUMEHTANbHBIE 3HAUYEHUS
ceYeHHUH CTOJIKHOBEHMH 3JIEKTPOHOB ¢ aromMamu aproHa. M3 pucyHxa
BUIHO, YTO IIPH D3HEPrMM 3NMEKTPOHOB B HECKOJIBKO COTEH
JIEKTPOHBOJIBT CEUeHHE HOHW3AIMM aproHa cOCTaBIseT IPHMEPHO
210" em’. TIpu nasnenuu 0,67 ITa (= 5107 Topp), THNm4HOM AN
MPC, cpeansts nnmHa cBoGoaHOTO mnpofera 3MEKTPOHOB IS
HOHM3ALMM aproHa B COOTBETCTBHH € (2.67) coctasnser 28,6 cM, uto
laMHoro Gonblie pa3sMepoB paspanHOH obnactd. M3 nocnensero
crnenyer, 4ro Oe3 IONEpPEeYHOro MarHHTHOTO MNONA  paspsd B
pacTIBUIMTENBHONH CHCTEME HNpH YKAa3aHHOM JaBlIeHHH HE MOXeET
CYHIECTBOBATE.

B MPC kpoMe HOHM3alMH rasa HPOMCXOAMT HOHM3AlMA
pacnbUIEHHBIX  4YacTHLl MumeHH. OCHOBHBIMM  MEXaHHU3MaMH
WOHM3ALMK pacHBINEHHEIX aTOMOB METAJUIOB SBJISIOTCA MpsiMas
OIHOCTYTIeHYaTasl HMOHHU3allds 3JIeKTPOHHBIM YAapoOM H HOHH3aLHUsA
|leHHUHT A,

Iepserit BHA HOHM3aLUWK OoNpeeNsieTcs ceYeHNEM, IpUBEIEeHHEIM
na puc.2.36. Bropo#f BHA HOHH3AUMH  IIPOMCXOTUT  [IPH
CTOJIKHOBEHHH aTOMOB MeTa/ljia ¢ ATOMaMM aproHa, HaXOSLIHMHUCH B
MeTacTabHIBHOM BO30YXIEHHOM COCTOSHHM. DTOT BHJ MOHH3ALUH
BO3MOKeH Onarofaps ToMy, 4TO 3Heprus Bo3OYXKICHHA aproHa B
meTactabunsHbix  cocrosmusx (11,5 w  11,73B) npesslmaer
HOTEHLH AN MOHU3ALNK aTOMOB MeTaUIoB (6,82 3B 1 THTaHa).
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2 DneMenTapHas PU3NKa MaTHETPOHHOTO paspsia

BugHO, YTO XapaKTePUCTHKH [ IUIAHAPHOIO MAarHeTpoHa
[HOXOXH Ha  XapaKTepUCTHKH  BO3HHUKHOBEHMs  paspsaja B
IUIHHPHUYECKOM MarHeTpoHe (puc. 2.10) 1 UMeIOT 1B€ BETBU.

l'opusoHTanbHast BeTBb U3MEpAeTCs NpH  [I€PBOHAYANIBHOM
CO3/JaHUH MArHUTHOTO MOJIA B NPOMEXKYTKE ¥ NMOCHEAYIoLIeH nogaye
HanpshKeHUs Ha aekTpoabl. Takoil croco BKIIOYEHMs XapaKTepeH
a1 MPC ¢ nocTosHHBIMH MarHWTaMH. HanpskeHne BOSHHKHOBEHUS
paspsjia Ha N'OPH30HTANILHOM BETBU COCTABIISET COTHM BOJIBT.

BeprukanbHasi BETBb U3MepseTcs NpH NepPBOHAYAILHOR Noaave
HapsHKEHUA Ha 3eKTpoasl. HampsokeHile BOSHUKHOBEHHA paspaia Ha
9TOH BETBH MOXET HOCTHIaTh NECATKOB KHIOBOJBT. JTa BETBb
HanoMuHaer  napabojly  KPUTHYECKOr0  pekuMa  (OTCEdKH)
margerpoa. Opnako napabonia  OTcedkd U4 TIAHAPHOTO
MarHeTpoHa, Kak 1 napaborna A/ [EJIMHAPAIECKOTO MarHeTPoHa (CM.
paznen 2.2, pwuc.2.10) pacrionaraiorcs JieBee  XapaKTepUCTUK
BO3HMKHOBEHMS paspsifa. JleHcTBWTENFHO, B COOTBEICTBHH C
dopmynamu (2.5) u (2.5a) kpuTHYecKoe MarHUTHOE TMoJle Juis
HanpskeHHs 10 kB Mexay IUIOCKMMH JJIEKTPOJAaMHM  COCTaBJIsET
0,0168 T npu Mek3MeKTPOAHOM PaccTOSHUM d =2 CM, YTO HAMHOTO
MEHbIIE WHIYKIUHH MAarHUTHOTO II0Jsl, TIPM KOTOPOM BO3HHKaeT
paspsan. OTO CBHAETENbCTBYET O TOM, YTO JJS BO3HHKHOBEHUS
paspsifia HeoOXOIMMO Takoe MarHWTHOE Tolie, IPH KOTOPOM BHICOTA
LUMKIOHAANBHEIX TPAGKTOPHH KaTONHBIX 3/IE€KTpOHOB O6pula OB B
HECKONbKO pa3 MeHbHIE d, a 3JIEKTPOHBI JOIDKHBI COBEPHINTH Goee
OJTHOT'O CTOJIKHOBEHHs C MONEKYIaMH Ta3a 40 NMoNajaHus Ha aHo/.

XapaxkTepuCTHKH, HpHBeleHHbie Ha puc. 2.40, ykas3piBaloT Ha
HaTHYME BEHTHJIBHOIO 3(exra y MarHeTpoHa ¢ HEOJHOPOIHBIM
noneM. Tak, ecnru wHAykuMs B, BeOpaHa B JAMana3oHe

By < By < Byyy,» TO paspam OGyder BO3HMKATh TONBKO IpH
HOJIOXKUTENTEHON TONAPHOCTH BEPXHETO 31EeKTPoAa. XapaKTepPUCTHKH
puc. 2.40 nokaseIBaroT, YTO HAMIY4UIHE YCIOBHS JUI BO3HHKHOBEHHS
paspsfia peajiu3ylOTCA, KOTJa HHAYKUHS [ONEPEYHOro MarHUTHOIO
nons Oyzaer Gonpie 0KOJIO MOBEPXHOCTH OTPHLATEILHOTO 3JIEKTPOsa
(xaroza), a none OynET MMeTh TyHHeIe00pasHyIo KOHGHUTypalHIo, T.€.
CHJIOBHIE JHMHUM Tions OyayT oOpalieHbl CBOeH BOTHYTOCTBIO B
CTOPOHY KaToJa M AB&X/bI I€PECEKaTh €ro MOBEPXHOCTh.
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2 OnemMexrapHas GU3HKa MArHETPOHHOTO pazpsija

BentuneHelil  3¢dexr oOyclnoBneH CHIBHBIM HpOsIBICHHUEM
yhdeKTa MarHUTHOH JIOBYHIKH JUIsl KATOAHBIX JJIEKTPOHOB B ClIydae
IOJIOKHMTENBHOW — TOJIAPHOCTH  BepxHero  sjekrpoza.  llpu
OTPUIATENIBHOH  MOJSIPHOCTH BEPXHETO  3JIEKTPOAA  3IEKTPOHBI,
MHTHPOBAaHHBIE UM, MONANaloT B 001acTe MarHUTHOH JIOBYIIKH €
11IaAMHOTO GOMBIIMMH CKOPOCTAMH, U BIMSHHE MarHUTHOIO MOJIA Ha UX
TPAEKTOPHH HaMHOro ciabee. Ilpu yBenHYeHHH MeEX3INEKTPORHOIO
PACCTOSIHHSL BEHTHW/IBHOCTh MarHeTpoHa IMposiBisiercd B OoJblued
CTEeNEHH, TaK KaK MarHUTHOE IT0JIe OKOJIO BEPXHEro MOJ0XKUTENLHOTO
IEKTpoJa CHIBHO oclabieHo (JaHHble, 0003HAYEHHBIE KPECTHKAMM
(1) na puc. 2.40 s pa3sHBIX NOJSPHOCTEH SNEKTPONIOB).

BeHTWIBHOCTh  WJIH  HECHUMMETPUYHOCTH  3MEKTPHUUECKHX
XapaKTepPUCTHK  MAarHeTPOHOB  HeOOXOAMMO  YYWMTHIBATH  TIPH
jHakorepeMeHHOM nuraHuu. Ilpp  pabore ¢ CHMMETPHYHBIM
llepeMEHHbLIM HarpsDKEHHeM B BHJe OHIIOIAPHBIX HMILYJIbCOB HIIH
CHHYCOHAB 1enecoo0pasHo NpPUMEHNTh CHapeHHbIC OJMHAKOBBIE
MATHETPOHBI . BeHTHJBbHEI dhPEeKT B MarHHTHOM MO HAIe
IPUMEHEHHE B BBIIPSIMHUTENBHBIX Ta3opaspsiiHBIX [pubopax ¢
XOJOAHBIM KaTooM [76,86,126].

VianeHue aHoga OT Karoga He NPUBOJUT K CHIBHOMY
N3MEHEHHMIO XapaKTEPHUCTHK BO3HUKHOBEHMs paspsiza (OaHHBle Ha
sepxHer JacTH puc. 2.40), NocKoJIbKy 00J1acTh MarHUTHOH JIOBYIIKH
/UISL 3NMEKTPOHOB, TAe COGCTBEHHO HOHU3YeTCsl Tas, pachoJIokKeHa
OKOJIO KaroJa W NpaKTHYeCKH He CMeliaeTcid MNpH H3MEHeHHH
[1OJIOKEHMS aHO/A".

YMeHbIIEHHE CpefHEro paauyca dlekTpomarsuta R(0) npuBoaur

HeGONBIIOMY MOBBINIEHWIO B, , HO Topasfo Gombuemy

ysenmdenuto B, [112], yro obycnoBneHo pedopmaumeit cBoma
CHJIOBBIX JINHHH TYHHENeoOpa3sHOTO MarHUTHOTO II0JIs, CO3JAI0NIero
JIOBYILKY JUT KATOAHBIX 37€KTPOHOB — CBOJI CHJIOBBIX THHHUH CUJIbHEE
[IPHXKFMAETCss K Karody IpH ymeHsmeHun R(0). B pesynsrare
JIOBYIKA I 3ACKTPOHOB, 3MHUTHPYEMBIX OTPHLIATEIbHBIX BEPXHUM
WIEKTPOAOM, CTAHOBHTCA Majio 3¢peKTUBHOM Npu yMeHbuieHnu R(0).

' Cm. pasnesn 4.
Bompoc 0 enmsHME SNCKTPOAHON CHCTeMbl Ha ABHXKEHME 3JIEKTPOHOB TaKxke
obeyxaancs B pazaenax 2.4.1 u 2.4.2.
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3 PazaoBuaHOCTH MardeTPOHHBIX PACHBUINTENBHBIX CHCTEM

OCKACHUS NMOKPHITHI Ha miockue noytoxky. P. Beiite (R. Waits) B
cBoéM ob0zope [12] HaspiBaeT 5TH yCTpoiicTBa “‘TIpEKpPACHBIM
o0pa3oM  JONTOXJIAHHOTO  BBLICOKOCKOPOCTHOTO  HCTOYHHMKA
pacnsuieHuss” U jgamee numer:  “KoHcTpykuMs — IUIOCKOro
MarHeTpOHHOTO PaclblIMTENRHOr0 YCTPOHCTBRA sABIgeT cobol NpuMep
OLHETOMITSIIOINE OYEBHAHOrO PelieHHs TEXHONOrHYecKoi mpoOIeMsl,
KoTopasd He NOAJaBajach pEUIeHHIO ¥ OCYHIECTBJICHHIO B TeYeHHE
6onee uem 30 set”.

Ilomo6urle MPC — oTHOcHTeNBHO HpOCTHIE MO KOHCTPYKLHUH,
UMEIT  HeOonbImoH  00BEM, HX  H3TOTAaBJMBAIOT B  BHJE
(YHKIMOHAIBHO 3aKOHYEHHBIX MOJAYJIeidl W YCTaHaBIMBAIOT Ha
OGOKOBBIX CTEHKaX, JHE WIA II0TONKE TEeXHOJOIMYECKUX Kamep.
ITnockye MHINEHN HMEIOT KpYTUIYIO MM NIPSAMOYTOJNBHYI0 GopMy. DTH
CHCTEMBI JIETKO MAacHITa0HpYIOTCA MO pa3MepaM OT HECKOJIbKHX
CaHTHMETPOB JIO HECKOJBKUX METPOB U MO MOHIHOCTH OT JECATKOB
BaTT JO COTEH KuiloBarT. MupoBas NpOMEILLIEHHOCTH BBHINyCKaeT
6oapmoe MHOroobpasue Takux MPC, cM., Hanpumep, [35-42, 142-
144, 157-162]. B nutepatype, B yactHocTH [3-10], neranbHo onucaHb!
MarHeTpoHsI ¢ INIOCKUM W KOHMYECKHM KaTOJOM-MMIIEHBIO, a TaKkKe
YCTaHOBKH Ha HX OCHOBe.

B puc. 1.6  npuBemeHsl  THOHMYHBIE  BOJBT-aMIIEpHBIE
XapaKkTEpUCTUKH pa3NuYHbIX BuaoB MPC, 3nech e /i1 CpaBHEHHS
NpHUBEJIEHA  XapaKTEPUCTHKA  JIUOJHOH  CHCTeMBbl  KaTOJHOTO
paclbUIeHHs Ha aHOMalbHOM TACLeM paspsyjie 06e3 MarHHTHOTO
nons. Kak BugHo, B MPC obecrieuuBaeTcs mozijepxaHue
CHJILHOTOYHOIO PpACHBUISIONIEro pa3psifia Npu ropasno MeHbIIeM
HanpsDKEHHM ¥ HU3KOM JABNICHHM [0 CPABHEHHIO C CHCTEMOH Ha
aHOMAJILHOM TJICIOIEM paspsne. B To ke BpeMst XapaKTEPUCTHKH
pasIUYHBIX MardHETPOHOB OTHOCHTENBHO MAJO Pa3IUYarOTCd MEXIY
coboil. PaspsaaHoe Hanpsbxkenue Juta HuX cocrapiseT 400-700 B npu
Tokax 0,1-10 A.

HenocratkoM mnaHapHBIX MarHeTPOHOB SBJSETCS HEBLICOKHIA
IPOLEHT WCIOJB30BAaHUs MaTepHasa MHIIEHH (B caMOM JIydIleM
caydae 50...60 %) u3-3a CHIBHOM HEOJHOPOMHOCTH €€ pachbUIeHHs —
30Ha DPO3UM HMEET BHJ y3KoH M riybOKOH KONbieBOl KaHaBKH,
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3 Pa3HOBHUIHOCTH MArHETPOHHBIX PACTIBUTUTEIIBHBIX CHCTEM

pachosIOKEeHHOH M0 CBOJAOM CHNIOBBIX JIMHMHA MarHMTHOIO TOJs U
KOJIBLIEBO# TOPOOGPA3HON MIa3MEHHOM 06IaCThIO .

HecMotps Ha Gonbimoii nporpece B obnactu paspabotox MPC u
TEXHOJIOTHH HAHECEHHUS C MX MOMOMIBIO TOHKHX IUIEHOK M IOKPEITHH,
NpaKTHKA TOCTOSIHHO BBHIABUTAeT HOBbBIC 3a1a4H, H pa3paboTka HOBBIX
MarHeTpOHHBIX CHCTEM He NpeKpaiaeTtcs no cux nop [19,163-170].

brino mpemtoxeHo npameHsts B MPC o6béMHOE paccesHHoe
MarHuTHOE  Mojie, W  OBUIM  CO3[JaHbl  MarHeTpoHLI ¢
HecOaJlaHCHPOBAaHHOH MArHUTHOM CHCTeMO#, TakK Ha3biBaeMble
“HecOanaHcUpOBaHHble MarHeTpoHwl” (unbalanced magnetrons)
[171,173]. B atux MPC marHuTHOe nojie cO3JaeTCs He TOJBKO Y
MOBEPXHOCTH MHUIEHH, HO M B MPOCTPAHCTBE MEXIY MHILICHBIO U
NOJNIOXKKOM, 4TO MO3BOJISAET MOBLICHTH MIIOTHOCTL MOHHOIO TOKA HA
NOMJIOKKY M YNpaBisATh CBOMCTBaMM OCRKAAEMbBIX MOKPHITHH C
NOMOIIBIO MOHHOM  GoMmbapauposku. OHa asdgexTuBHA npu
IUIOTHOCTH MOHHOTO ToKa Gomee | MA/cM’ H OTHOCHTENBHO HH3KOM
sHeprud oHoB (Ho 100 3B), mpu KoTOpOI HE BEIMKH MEXaHHYEeCKHE
HanpaAKeHHs], co3aBaeMble B TOKpeITHH [174-176].

TlepBoHaYaJIBHO OCaXJIEHHE MOKPBHITHH BBIOIHSIIH C HOMOUIBIO
OoQHOro “HecOajlaHCHPOBAHHOTO MArHETpPOoHa”, OAHAKO OKa3ajoch,
YTO, €CAM B  TEXHOJOTHYeCkod  KaMepe  OJHOBPEMEeHHO
(YHKLHOHHPYIOT HECKOJILKO MarHeTpoOHOB, MarHUTHOE I10J1€ KOTOPbIX
obpasyer samkayTyro koHbwurypauurwo (Closed field unbalanced
magnetron), To peanusyerca OGonee >QEeKTHBHBIH  HOHHO-
CTHMYJIMpPOBaHHBIH Npouecc ocaxuenus [18,177]. O630p cucrem
3TOro THIIA puBeneH B [19,163-166], cM. Takoke pazzen 3.3.

boin cosnanst MPC, B KOTOpPEIX JONOMHHTEIBHO HOHH30BAIM
raz ¢ MOMOIIBIO Pa3iHYHBIX BHJOB pa3psifioB MOCTOSIHHOTO TOKa, a
takke BU- u CBU- tuna [163-165,178]. OTH cHCTeMBI SBISIOTCA
aHIOraMH paHee XOpOHIO 3apeKOMEHJOBaBIIHX cebsd cucreM
TEPMOHOHHOTO OCaXACHHUs [24], Tak KaKk OHM TeHEPUPYIOT MIa3My
BBICOKOH IUIOTHOCTH OKOJIO MOMJIOKKH H HO3BOMSIOT 3(dexTuBHO
yIpapiarh CBOMCTBAMM  KOHIEHCATOB C HOMOUIBIO  HOHHOM
60oMOapIUPOBKH.

Jns  yopaBieHHs MOHHBIM IOTOKOM HA IIOANOXKKY Ha Heé
HeoOXOAMMO TIOHABATh HAUPSHKECHHE OTPULATENBHOIO CMELIEHU.

' Cwm. puc. 2.25, puc. 2.28, puc. 2.31.
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3 Pa3HOBAIHOCTH MArHCTPOHHLIX PACTILUIMTENBHEIX CHCTEM

IlepBOHauYaNLHO MCHOJL30BaIM HampshkeHHe IIOCTOSHHOrO TOKa B
ciydae OpOBOAAIIMX TOANOXKEK HIH HeMoAyaupoBanHoe BU-
HanpshkeHHe B cliydae HenpoBoAsimux nomioxek. Ha mnocnexnux
BCJIEACTBHE BHIIPAMILIIOIIMX CBOHCTB KOHTAKTa IOBEPXHOCTh-ILIA3Ma
TaKKe co3JaéTCs MOCTOSHHOE HanpshkeHue cMelleHusa. B HacTosmee
BpeMsl CTAIM IMIPaKTHKOBaTh I0Jayy HA IOMJOXKHM HMITYJILCHOTO
HanpshkeHHs cMelleHus [167,179-185], npu koTopoM pacliMpHiICs
Iuana3oH JOMYyCTHMBIX HampsDkeHUil ©Oe3 NOBHILICHHWS TEIJIOBOH
Harpy3Ku Ha NOJJIOXKKY ¥ CTal0 BO3MOMKHBEIM Peaid30BaTh pasiii4HbIe
5(p(deKTE, B YaCTHOCTH, BO3JeiicTBMEe Ha CTPYKTYPY KOHICHCaTa,
nepeMenBaHne OCaXIEHHBIX aToOMOB (mixing) u
HU3KO3HEePreTHYHYIO HMIUIAHTALIUIO [171a3MeHHBIX HOHOB.

TIpumeHeHHne yCTpPOHCTB [OMONHATENBbHOH HMOHMU3ALMH Tasa
0co0BIX KOHQUrypauuii MarHUTHOTO IIOJI MMO3BOJMIO CYIIECTBEHHO
HOHM3UTH [JABJCHHS [asMoo0pazywoliero rasa M npuOIH3HTE
YCHOBHA OCQXAEHHS IUIEHOK K BRICOKOBAKYYMHBIM, Kak IpH
TEPMHUUECKOM HcnapeHuu |165].

IloBrllieHue yAeNbHOH MOIHOCTH MarHEeTPOHHOro paspsja
COCOOCTBYET  HACTOJNBKO  MHTEHCHBHOMY  CaMOPACIBLICHHUFO
HEKOTOPHIX MAaTepUalOB MUMIEHH, YTO CTAHOBHUTCA BO3MOMHBIM
CYHIECTBOBAaHHE pa3psfa yxe He B Ta30BOi cpelle, a B aTOMH30BaHHOA
(mapoBoii) ¢aze pacnenéRHOro Marepuaia, HO HpH >ToM Oe3
MAABJICHUS H MCIIApPEHUsI  MUIUEHHU [116-120].  Taxo#
caMopacIEULSIIoNics pa3psiy (self-sputtering discharge) HauHHAIOT B
cpele aproHa, 3aTeM TII0 Mepe HapacTaHWs KOHUEHTpauHH
pacTBLIEHHBIX YacTUR 3a cuéT GoMOapIHpOBKH MHIIEHH MOHaMH €€
K€ MaTteprana Tioflasa  aproHy  yMeHbHAT [0 IIOJNHOro
HpeKpallleHHs, a paspsy] IpoJoKaeT CaMOTIOANEPKHBATLCA B CpeJie
pacmeUMIOlIErocs  Marepuana MuuleHn. IlogoOHeit  cmocob
MIPUMEHSIOT IIPH PAaCHBUICHHH MEIH, 1 OH HHTEPECEH JJISl TEXHOJOrHH
ocaX/JeHHs TMOKpHITHH ¢ OoMOapAMpOBKOH COOCTBEHHRIMM HOHaMH,
1.e A I-PVD (IA-PVD, IE-PVD) npoueccos.

Taxxe ussectHsl MPC ¢ ucnapenneM Meraiia, pacniaBiieMoro
HoHHO} 6oMbapaupoBkoii [3,5].

HeoGxonuMocTh  CHHTe3a CHAOEB  CIOXHOFO  cocTaBa ¢C
UCIOAb30BAHUEM IPOCTHIX HCXOAHBIX MaTEpHANOB CTUMYJIHpPOBaa
pa3pabOTKy TEXHOJIOTHH pacHEbUIEHUs B cpele PEeaKUHOHHBIX Fa3oB.
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3 PaBHOBH,Z[}IOCTH MArHETPOHHBIX PACHBUIMTE/IEHBIX CUCTEM

OOBIYHO A/If 3TOTO HCHOMNB3YIOT paspAldsl BBICOKOH YAcCTOTHI, Peie,
NOCTOSAHHOrO TOKA [2,4,9,10,186]. TlepBhiii cnocod npumeHseTcs i
paclblNeHHs IU3IeKTPHKOB, COCTAB KOTOPBIX ONM30K K COCTaBy
HOKphITHil. OH UMeeT oOIIenW3BeCTHBIE HeAoCTaTKu, mpucymue BY-
CHCTEMaM, a WMEHHO: TpyIHOCTh JAWHAMHYECKOro COTrJacoBaHHA
HMIEJAHCOB  CXEMBI  IIMTaHHA, HH3KHH  K.ILA.,,  CJIOXHOCTh
SKPaHHPOBKM M OMaCHOCTE 0OJydYeHHs MepcoHana. Paspsisl
MOCTOSHHOIO TOKa IO3BOJIAIOT PAacHBUIATE METAIMYECKYIO MHIEHb
fosiee MPOCTOr0 COCTaBa, HO IMpH O3TOM BO3HHKAIOT NPOOJIEMEL,
CBS3aHHBIE C 4YacThIM BO3HHKHOBEHHEM [Jyr Ha MHIUEHH ¥
“HcYesHOBeHWEM  aHoOJa”  u3-3a  0o0pasoBaHMs  Ha  HHX
JNIEKTPUYECKUX MIEHOK B pe3yabTate XUMHYECKOTO
B3aUMOJEHCTBHA PACHBIIEHHOIO MaTepHaa ¢ PEaKI[MOHHBIM [a30M.
Peuints 3tM mpoGieMBl ynajiock NpH  HCIIONB30BAaHHM  JJIA

NIUTaHHs MarHeTpoHHOT0 paspsna HMITYIECHOTO 30051
CHHYCOMJANBHOIO HaNpsKeHUs B CpelHe4acTOTHOM JHamnasoHe 10-
1000 xI'g (middle Jrequency WIH MF)

{19,135,35,42,166,169,181,186-209]. MPC  nua  ocaxienus
JUIJIEKTPHKOB  OBIBAIOT JABYX THOOB: C OJHHM HIM JBYMSK
MarHeTpoHamu (fwin magnetron, dual magnetron). B nepoM ciyuae
Ha MAarHeTpoH IOJAOT YHHIOJSpHBIE (OTPHUATE/bHEIE) WU
acUMMeTpUuHBle  OunanapHsie  wMnynscsl. Bo  mTopoM -
CHUMMETpHYHEIE OHIIOJApDHbIE HMIYIbCH HIM CHHYCOHJAIBHOE
HallpsDKeHHe cpefiHel 4acToThi, MpudéM MarHETPOHbI NONEPEMEHHO
paboTaloT kax/Ipli MOJMynepHon Kak karon W aHoa. O63op
uMiynscHerx MPC npencragnen B [169], cm. Takke paszen 4.

WMy ibcHBIE pe)KUMBE MArHETPOHOB NIPEACTABNIAIOT HHTEPEC IS
CHIKEHHS TEIUIOBOH HAarpy3kd Ha MOJJIOKKY H MHUIEHb MHMyTéM
YBENUYEHHS]  CKBAXHOCTH WMITyJbCOB HMAM  JUIA  HAaHECEHHSN
MHOTOKOMIIOHEHTHBIX CJIOEB MyTéM IO0YEpENHOTO HMITYJIBCHOTO
paciel/ieHHs HeCKONbKUX MHLIeHeit [193,204].

B uMnympcHOM pexuMe MOMKHO CYHIECTBEHHO YBEIH4YHUThH
MIOTHOCTS paspsiHOro Toka (10 10 A/eM” u fonee) U UMIYNBCHYIO
MOLIHOCTE pa3psifia 10 HECKONBKHX METaBatT, MOBLICHUB TEM CaMbIM
CTENICHh HOHM3alMM  pachbUiéHHOro Bemecrea g0 30..90 %
[22,71,210-212]. Ha puc. 2.37 nokasaHbl 3aBHCHMOCTH CTENeHH
HOHM3aLMH OT KOHHEHTPAIUH HIeKTPOHOB B MarHETPOHHOM paspsilie.
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B cBa3u ¢ BO3HUKINEH NOTPeOHOCTBIO B PA3BUTHH TEXHOJIOTHH
HaHeCeHHs IIOKPBITHH Ha apXUTeKTypHOE CTEKIO H IHHPOKHE
pyNOHHBIE MaTepuansl OplMM paspaboTansl MPC ¢ [IMHOH MHIIEHH
A0 TpEX METPOB NSl KOHBEHEpHBIX YCTAaHOBOK C JJIHTEABHBIM
HelpepbIBHEIM TpoueccoM [28,35-37,39-42,135,136,193,196,201,202,
213,214}, B ciyyac HaHeceHMs IOKPHITHH M3 IHSJIEKTPHYECKHX
MaTepHajIoB [IPHMEHSIOT CABOEHHBIE MarHETPOHB! C HEMOJABHXHBIMH
JUIOCKHMH MAH  Bpamjaiommmuca  uuuHapudeckuMu  (C-MAG)
MMIIEHSMH C 3JICKTPUYECKHMM [IUTAaHHEM B BUAE CHMMETPHYHBIX
OMIONSPHBIX HMMIYJIBCOB WIM CHHYCOMAQIBHOTO HANpSDKEHUS B
cpeaHeyacTOTHOM fuarasoke [135-138,213].

Cnemxyer OTMETHTh, 4YTO B [UIMHHOMEPHBIX MarHETpOHAaxX
[UIOTHOCTh Pa3PSIHOTO TOKA TaKOro Xe MOpPANKa, KaK H B OOBIMHBIX
MarHeTpoHax HeOOMBINHX pa3MepoB, T.e. JECATKH MMJUIHaMnep Ha
KBaZipaTHeili CAaHTHMETp, HO CyMMapHBIfl pazpsiiHHE TOK AOCTHraeTt
COTEH aM1lep, a MOIIHOCTE pa3psiia COCTABISET COTHH KHIIOBATT.

BaxHoil mpobnemoit mis 3THX CHCTeM SBNAETCA IOJyYEHHE
BHICOKOW pPAaBHOMEPHOCTH HAHOCHMBIX IUIEHOK M0 TONLIMHE ¥ HX
CBOHCTBaM, 0COOEHHO B Ciy4yae peaklMOHHOTO PacIbUIEHHS, IO3TOMY
MPC coaepkar cneuuansHole YCTpo#cTBa A CTabHIM3aLUm
pexuma, OOBIYHO HA OCHOBE OAaTUYHKOB ONTUYECKOH BMHCCHH U3
paspsia Wiy IapUHanbHOTO JaBlNeHUs peaKIHOHHBIX ra3oB, a TaKKe
ycTpoiictBa  pacmpefenéHHoii moAaun rasa M AKTHBHOIO
IOyrononasneHus [215-218], cM. Takxke o630psr [169].

OnsuM u3 HanpapieHuil B pasBuTHH MPC sgBnserca co3znaHHe
CHCTEM C BapHalMed MarHHTHOrO IO IO BEJIHYHHE U
KOHQUTypalHH, a TakKe CHCTeM CO CKaHHPYIOIUM MAarHHTHBIM
monem. Takue MPC nosponsioT HOBBICHTH KO3 (HIIHEHT
HCHONB30BaHHs ~ MarepHaja  MHIIEHHM W CTaDWIH3MpOBaThH
XapaKTEepUCTHKH 10  Mepe € BoipaboTkd. MOXHO  TaKKe
OCYIIECTB/IATE OBICTPOE H3MeHeHHWe pekuMa paboThl, HanpHuMep,
OCYLIECTBIATH IMepexo] H3 peXuMa MarHeTpoHHOIO paspsiia B
aHOMaNBHBIA TierowMii paspsx Oe3 MarautHoro mnoms. OaHako
HMIYJBCHYIO  MOAYISALMIO  MArHeTpOHHOrO  paspaja  IyTéM
BKJIIOYEHHS M BBIKMIOYEHUS TOKAa B COJIEHOMAAX HEBO3MOXKHO
OCYLIECTBUTE B MHKPOCEKYHOHOM [JHaria3oHe H3-33 MEIJIEHHOTO
MNpPOHMKHOBEHHS MarHUTHOTO MOJIA uepe3 MeTa/uTHueckue OOONOYKH H
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3 PazHoBUAHOCTH MArHECTPOHHEIX PACIHBUIMTEC/ILHBIX CHCTEM

mutieHb, [103ToMy Takyio MOIyJSALUIO OCYLIECTBISIOT B MCTOYHHKE
3]eKTPUYECKOTO MHTaHus paspsaaa [169,219].

HzmeHeHHe BETHYUHEI MATHUTHOTO TT0JIs OBLIO peali30BaHO yxKe
B nepBeix MPC, nmockosibKy B HMX MpPHUMEHSUIHCH COJIEHOWZABI, TOK
KOTODPBIX MOXKHO OBLITO pEryIHpOBaTh B LUIMPOKUX Mpedenax. 3aTeM ot
HUX OTKa3aIHCh U3-32 HX TPOMO3AKOCTH W CTadd IIPUMEHSTH
NOCTOSHHBIE MarHUTHl ¢ (UKCHPOBAaHHOM HANpPSHKEHHOCTHIO MO
TemM He MeHee, uUMeeTcs MNOTPEOHOCTh B KOPPEKIMU BETUYHHBI
MarHUTHOTO HOJA B Ipolecce aKcrnyaraiud MPC, ocobenHo, ecau
OHHU paboTAIOT B TEXHONOTHUECKUX JIMHUSIX HEIPEPHIBHOTO JCHCTBHUSL.
DTO CBA3aHO C TEM, YTO 1O Mepe BrIpabOTKH MUIICHH U 0OpazoBaHUsA
Ha Hedl rayOOKOH S5pO3HOHHOM KaHABKM H3MEHSIOTCS TapaMeTphl
MAarHETPOHHOTO  paspsifla W YCJIOBHSL OCRKAEHUS MOKPLITHH.
ITockoneky MarHuTHOE none cosmaéres MarHuTaMHy,
DACHONIOXKEHHBIMU 33  MUlleHbio (cM. puc. 3.3a), oOpa3oBanue
KaHaBKM IPUBOJAUT K YBEJIMYEHHIO HANpsHKEHHOCTH IIONS Y
NIOBEPXHOCTH MHUIEHH U 3QdexTy ToJIOro KaToja I BTOPHYHEBIX
3NMEKTPOHOB (MX OCLMILIALUH MeXAY MPOTHBOMONONKHBIMY CTEHKAMH
KaHaBKkH). B pesynbrare cHwKaloTCH paspsgHoe HanpsDKeHWe,
MOIHOCTh paspsja, SHepruss HOHOB, OoMOapIupyrOIMX MHIIEHb,
CKOpOCTD €€ PaclibIEHUs U CKOPOCTh OCAXAEHMsI HOKPHITHSA.

VrybiieHue 3pO3MOHHOM KaHAaBKH TaloKke M3MEHSET YIJIOBOE
pacnpefieNieHMe IIOTOKa PpacHblIEHHBIX 9acTHI[ ¥ NPUBOOWT K
(OKYCHPOBKE BBICOKOIHEPIeTMUHBIX TSDKENBIX YACTHN, WAYIINX K
MOAJIONKKE — OTPaXEHHBIX OT MUILICHU HEUTPamu3OBaBHIMXCSA MOHOB
aproHa W OTPHLATENbHBIX HOHOB peaKlHOHHOro rasza. Bemeacteue
3TOTO BO3HHKAIOT HEOJHOPOAHOCTH B MOKPHITHH, 0COGEHHO, eClTH OHO
HIM  [IOJUIOKKA  YYBCTBUTENBHBl K  BO3AEHCTBUIO  BBLICOKO-
SHEPTETHYHBIX YacTHL. B ciyyae peakilHOHHOTO paciiblIeHUs BCE 31O
BIIMSET Ha [IPOLECC CHHTE3a U COCTAB MaTepHalia MOKPHITHS. Pemenue
nanHoM npobGiaeMsl OplTI0 noyueHo B pabote [123], rae cuctemy us
HOCTOSIHHBIX MarduTOB CHeNaJd MOABW)XXHOM H  PEryJMpOBaId
NONOKCHUE MarHHUTOB TakuM 00pa3oMm, 4YTOObl OHH CO3AaBAH
MarHUTHOE [i0Jl€ 3a[JaHHOH BeJUYUHBl y TOBEPXHOCTH MMUILISHH
BHYTPH KaHaBKH. B pesynbraTe 3TOro ynanoch HORAEPXUBATH Ha
IOCTOSIHHOM YPOBHE 3JIEKTpHUECKHE apaMeTphl paspsaa U HONYYHUTh
OIHOPOJHOCTh CBOHCTB IJIEHOK B TEYEHHE AJMTENLHOrO MNepuoja
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pacnbuieHus Al B cpene Ar/O, (pacxo SHEPrHH HIPH 3TOM COCTaBHJI
800 kBT-4 st ABOHHOrO KoNbLeBOro marierpoHa tuna DRM 400).

WUsmeHeHue KOHGUIrypanyy MarHWTHOrO MOJs IpUMEHAETCs B
cucremMax ¢ oObpEMHBIM mnoneM (MPC ¢ HecGanaHCHPOBaHHBIM
MarHMTHBIM TI0JIEM), KOTOpble OBUIHM yIOMSAHYTH Bhlile. Bapuauus
moJig B 3TUX CHUCTEMax NMPHBOIUT K M3MEHEHHIO HOHHOTO NOTOKA K
TIOBEPXHOCTH TOJJIOKKH H CTefleHH HOHHOTO BO3ACHCTBHMSA Ha CHHTE3
m€HOK, 4YTO, B KOHEYHOM cdYeTe, IIO3BOJIIET YIPaBIATh HX
cBoficTBaMH. B OONBIIMHCTBe Cly4aeB H3MECHEHHE KOHGHIrypaluH
IO/l OCYLIECTBSIETCS ¢ IOMOMIBIO HECKOJIBKHX COJIEHOHJOB, OJHAKO
Oosiee ynoOHa CHCTeMa W3 IOABHIKHBEIX NTOCTOSHHBIX MarHutos [122-
124], Onaromapst KOTOpOH MOXHO ONTHMHU3UPOBATh HOHHOE
BO3aeiicTBHE Ha M0G0 cTanuu mpotiecca OCaKASHUS.

Ckanupyloliee MarHWTHOE I0Jie valle BCEro IpHMEHAIOT IJIA
MOBHIIIEHU pAaBHOMEpPHOCTH BbIpaboTku MumeHH. OJHa M3 IIEPBHIX
CHCTEM ¢ TaKUM noieM Obuia onmcaHa B [220], rae ¢ nmoMouipio Tpéx
KaTyIeK, TMTaeMbIX OT ABYX(})azHOTO reHepaTopa NepeMEeHHOro ToKa,
cosgaBaock  Oerymiee  BOOAL  MOBEPXHOCTH  KOAKCHAIBHBIX
37IEKTPOJOB MarHMTHOE mosie. MarHeTpoHHBIH paspsiji nepeMemniancs
CHHXPOHHO € 00JIacTBIO MaxcuMyMa MarHuTHoro nons. CkopocTs
CKaHHpOBaHHMsS He JO/MKHa OBITh CHOHIIKOM OGonblIOH, YTOOH
MarHyTHOE IOJi¢ YCNeBalo MPOHUKATL B pa3spANHYIO CHCTEMY Yepes
MeTtaJutndeckue 000NIOUKH.

B [3,5] npuBeneHs! 0630psl HEKOTOPBIX CHCTEM C MEXaHHYECKHM
U NIEKTPHYECKUM CKAaHHPOBaHMEM MATHHTHOTO NOJA (CM. Takxe
[125,221,222]). B {223] onucawa cucremMa, B KOTOpOH IO
HOBEPXHOCTH IPSAMOYTONBHON MHIIEHH OJHOBpEeMEHHO
[epeMeaTcss HECKOIBKO MAapajlielIbHO CYIIECTBYIOMMX pPaspsioB,
YTO MO3BOJIMJIO YMEHBIINTh [UIMHY CKaHMPOBaHHSA NpH OoibLIOH
JUTHHE MUIICHH.

Hanecenne nokpeituii ¢ nomomeio MPC xopomo coyeraercs ¢
ApYyrUMH MeToJaMH O0pabOTKHM TNOBEpXHOCTH, YTO TIO3BONAET
OCYIIECTBUTh TMOpUIHBIE MM TaK HasblBaeMele  “IyIUieKc-
npouecchl”, HalpuUMep, KOMOMHHpOBaTh IUIA3MEHHYIO HOHHYIO
UMIUTaHTauuo [224,225] wiu nnasMeHHoe a30THpPOBaHHE OCHOBBI
[19] ¢ MarHeTpOHHBIM OCAXXHEHHEM H3HOCOYCTOMUYHMBOIO CJIOSl B
OJHOM WX CIEAYIOWIMX JAPYr 3a ApyroM hukjax obpaGorku. [Ipu
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3 PaznoBHAHOCTH MAar"HeTPOHHLIX PaCHbIIMTCILHBIX CUCTEM

3TOM yJHa€Tcsi COBMECTHO peajM30BarTh IPEeHMYHIECTBa KaXAOTO
OTACIBHO B3STOTO METO/A.

OueHp 1EpCHeKTMBHBIM  SBISETCS COYETaHUWe BaKyyMHO-
AYTOBOTO UCIApeHMs MaTCpHaia MHIIIEHH HA 3Tane MpeaBapuTebHOMN
OYHCTKHM IIOBEPXHOCTH MOAJIOXKH W MOCHeNYIOMET0 OCAKIAECHHS
C/IOEB M3 pPa3IMYHBEIX = MATEpHANOB C IOMOUIBIO HECKOJBKHX
MarHeTpoOHHEIX cHcTeM [226]. BakyyMmHas Xyra HCHOMB3yercsl JUis
NOJlydeHHd HMOHOB OCaXIAEeMBIX METAalIOB; MOHBL GombapiupyoT
NOBEPXHOCTH INOJJIOKKH H PacHplIiorT €, He BHOCS YyXXEepOJHEIe
npuMecH. s ynpasieHus: Iyroi UCIONL3YETCs MarHUTHasl CHCTeMa
MarHeTpOHOB.

K MarHeTpoHHOMY pacHBUIEHHIO JUIs OCaXIeHHs MIEHOK BEChMa
OJIM3KM  TEXHONOTHH TINa3MO-MOHHOTO TPAaBJCHHS M OUHCTKH
MaTepHasoB B MarHeTpOHHOM paspse, NpH KOTOPBIX pacHbLISETCS
(TpaBHTCS) NOBEPXHOCTH CaMOM MOJMOXKH, HaXONAIIEHCs B 30He
paspsaa. B mocregHux npoueccax UCIONB3YIOTCS KaK HHEPTHBIE, TaK
M XHMHYECKH aKTHBHBIe rasbl. Benepcteue Onu3ocTd QU3IHYECKMX
TIPOLIECCOB B CHUCTEMaxX OCaXJeHUS W TpapleHHs oba kjacca cucreM
OJM3KH APYT K APYTY W 110 cBoeit KoHcTpykuuu [4,227].

Hanee OynyT paccMOTpeHBI KOHCTPYKIMU coBpemeHHBIX MPC,
MHOTHE H3 KOTOPEIX HEIOCTATOYHO OCBELIEHEl B 0OtefoCTYNMHOH
HAYYHO-TEXHHYECKOH JIUTepaType, HO HMerOT OONbIIOE 3HAUEHHE AJIS
PA3BUTUA TEXHOJIOTMH HaHECCHMs TOHKMX IUIEHOK M moxpeiTuif. Hpu
3TOM OCHOBHOE BHHMaHue OyIeT yAeleHO CHCTeMaM ¢ MOBBIMEHHOM
3 EKTHBHOCTBIO FEHEPAMH HOHHBIX TIOTOKOB K ITOIJIOKKE.

3.2 MPC ¢ oaHOi1 MHIUEHBIO ¥ HecOANAHCHPOBAHHON MArHUTHOH
CHCTEeMOH
Konuemmio “HecOanaHCHpOBaHHON”  MarHUTHONM  CHCTEMBbI
MarseTpodos cosgaiM b.Buugoy (B.Window) u H. CasBugec
(N. Savvides) [171,172], KOTOpble CHCTEMHO HMCCACIOBAIN BIIMSHUE
KOH(HTYpaUuMH MarHHTHOTO NIOJIS HA XapakTepHcTuku MPC'.

'Mo-BuauMOMy, OHHMH W3 [eEPBEIX NpPEAIOKIIA CO3NABATh MArHHTHOE KO,
HallpaB/ieHHOE OT MHIICHH MaHapHo#i MPC x moanoxke, asropsl [228].

145




C # 2#$ + 2, # | +2#2 $

f2#%$ # :2#2 $
# &#$
H $ 2 2#
#Hit $ # -
I G , 2&1 & !
1B<>» $#*/ + I #
, 12 2#2 & #
% , &
H## , + 2# &
# 22 # 12:
2 && #2C=
Y( 2 & 2#2°$

90 )( #:
# , H2+ #
# H

V#2 SS8V )
$ H2### ## #

, #G & 0"# #
$H#, #""% #H#

v, & 2# +  #HH#

$ # , L H L&
#2 C=)( 2, 2& S$#* Il # $% . $
# OS#H & "H% #:$# $ #Q H 2/ D L H#G &
D\87] ! 2H 2# +2# & f.

$ # : 2#2 $ H ! 2H  2#Q 2 H

t2 #& 1 22 1
D &, G& ! , * C<IB<$$
2H  2# 2 22# #$ P # $J ##
$ # Vo 2 % , G&# 0

G&# 3 9o # 5.

H % :/
($ &G y=# #2 E #2 ;.6 #2 ;C8

8=B



Cc # 2#$% + 2, # | +2#2 $

, G# .+ #S G + 2# #
& , + , & 2, .+ $ $HHH
& + 2H2 #H %2 ,.& P 2/ &¢#
V $H $# WV # %JI#+ &, G& H #G
8% 123; & & # 2 \8D=!8DB] 2 C#
#H2&8# , + 2# # 2%J2 2 #: 2
&V 2 2# # tsAW # .G # # |/
2%J #., G&# 8<<98 P# H I*#+ G ,:G #:+
283 # ,:012; "& &#2 # 2& 2 &%
21 % # ,.G #: & # & #:
, J.
P2& /&% # 2 # , 22 2 &#+
. & 2& & 2 ci 20 H 1% )(2
2H 2# $, $, %HH 2 :J $: *# &
B # : 2 #: &#H+ 2 . H +
$ # $#& 0 & #& # %#+ H 2+
H+ #$ J J# %2 #:. :# # \C!888CE;;7!;C8]
P 2#l, 2/# & , G&% )(2
2H  2# $ # 2#2 $ && ! $ $G
1& # $&2#5 /| $ ,#HHG ##, G&# &, $
H2# JHE%  ## S#*# H $ =<IB<$$
R 20J2 #$ L # 2 ## & # 2 , *
2/ # # 2%2 # 2/l , 2&# , G&#
&G $ &# # #: #, # 2. % + 2
H 2 +#H % # 2& #2 %$ # 2 + ,#H
P# 2##,& # H &%, , $ V#3$ $
<< $SW L #S il 2 # 2 $ 2
, & #$#+, $ + H 2 \87<;C;;CC]

E $ 4, #F*,
#0 ,
4 # [, 2#]1, 2/# & , G&%

## H $ 8;$12%; %8G )(2 HX$ $

8N $ #$ % | # 2 #: $:2G #:H , #/
# , 2N # & , G&% 2 *#$%, &
# # 2+ 2G 1J#+2: 2 #



Cc # 2#$ + 2, # | +2#2 $

2H 2# $$#H S, 2/2# + ##

& , 2 % , G&# \8B 87 8BC!8BB 8D8!
8D=8DD ;C=;CE]
4 "#% ## ,: & #, ,& #2 C=B
*#,122#2 $ 2 H/*# $ # , & $
% # # $ # , & * , 12 1&
2# $& 2: % # ,12 90 2#2 %
#%Il2: H& #& | 2# H#H#H 22
$ # , - #%J#E & , G& # H %IJ#
2 H $ # & # G o+ 2# #
, $ $8
# , $G 2 | # H ) (
V#2 C= W 2 # & % . 2, G#/ , # 1%l
& %*&% # S # , & & 2, 2
, #$ , & * 12 $ # 9 +
2% :+ & #$ &$ H /* $G
, # 1%l & %*&% $2#/ * 2

H &#&$ \8DC;;6]
9)( ., H #, , $ 2 H #"% # %

| $ # +2# + ## &, G& B O# &
, * & # G + 2# & . R $%
&G 2,2H2 % # # #: , 2 2 $G%
$#* NN#, G& ;9 %/ , 2/# &
, G&% $G 2# | ;'18<$12%;, G H ,# G #:
* G # 2%J #: H $ , L&
, 2+ # # & H + 2#2 $ + 2
2H 2# $ , $ S 2/ $ #/
2, # & Hit G + 2 # &
, +2#, G&# , 2. 2, #$3$ #
, CHSG H /2#/ $
4 3 # # , G& $G #& |/
. G# o# 28J #:. ## 2: &#
/ , # G#$ # !
2 #$% # 2G # ,. & H |, # , G&#
8PH#S & "#% ## ,: 2 H [+ #& 1 22 1 #
& #0 & $,& #2 ;6B

($ #2 ;C8BVH W

8=6



C # 2#$% + 2,# | +2#2 %

* 283 # 9 \8DC] H , % % # #
& # &, &% I+ %
, G&% <8 EB ,#2 ## &%#/ ,:$G%

$# IS #, G&

K ,& \CB] 2,$J1 2H 2#
$ $G ,% / . , # &#
, & #: # tsA 2 + * # # #& % %
LC<{W 2#, | ,:G# 2%8*# , G&%
"$ H# : +#$,% /2

P# # |/ , .G #: , G&%
#HH# 8<<IC<<9# % # ## #& I/ 22 :1J
H& $ # , . V#2 C=BW $G # |/
# T2 %5 & $# O H#SH & +:1 2
& V$#* /W $ $ & $ 2%GH 2%
, G& \87 8BC ;CD ;C6] 9 0% : 0 &
2# #%l $G% $H#* /1 $ # , G& /
2# + #H# $ # , o 0"M&#  # #%:
# & , G&$G H/H/MF &% G
S'H 22 #HSGC U S /I #H, G& , & 2& /&#+
2:& 2 #$% P H # DL

: & P # 2 &% ::2: H [*:

# 1 2/ # & , G&

: 211 2, #: $/
22 13 $ #

K , G L, Y # 2#
HX.$ S #2,1 1% ,12%1 $ # %l
2#2 $% 2 13%I 2#/ & & 2 &&$
88BC;C6] P# 0% %# &% # & , G&# ,
G H/2HS$

(2 & $# 2#2 % ,& #2 CE
, # S $, $2%GH $ 2 $#* /I
&$ & %G 2#2 $  # , B+ 3 #
88 #' # S # , , ., 2% #"%#H, $ &

8=7



C # 2#$ + 2, # | +2#2 $

2 &% # 2% &&$ # 1 & 1, $ +
2# $* # #l & ## G +
2# % # 2#2 % 4 "H% # ,: &

#2 CE 2: "18-%Z R ## "#[R V #2&

2 @ N 2 JH#H$ 20 # O+ #2 #H&+ 2
HX$ , $ #,# # $3$ # $, $\78;C7]
R&2, #$ , & ., 2 # &
, G&% , 2+ # ;$12%;, G ,# ,:.G ##
# | 23J)# $/* B<9 P G&&#* $ % H/

% $#* # 22 . #
<23 H 2 H # #
& 1 21/ , $
22 : & 8S |, +
0 22 #. | # Hit
<EP \C6]
9 H C8 ,#
22% + ) ( " #+
# 2 % Y( 2
RS Y( 2 $ # 2H  2# $ #
# # 2 & : 2#2 $ #3 # $, S #,
&$ & & #2 C=B #
, # | # |
2 #%% # , 22 2G #. ,. & # 2#/

V& #: O OH M, +2### #£22G " $

UH C8 M & #2#&# )( 2 # & "#% # HX.$

$ # , 1 \8BC]
%8 #: ' %& #: P 2/ N Q 22 1 #
u#, & & # 2/ $#* N
) ( , G&# 2 &# & # , G&
\$U] \$U] . G& & \$3]
\$ 28] . G&
NH :V#2 C=W 2
&# 8 <8 <8 <E K o/ E<
$ # 8 #T;
(2HSH& $ <E <8 <El ) E<!8<<
. #2'=H
(2#/$H& $ E 8 818< R E<IE<<
. $ #XC=B
D RahaHaMOT
$# %, 8 ; 8<< 8!8< K /*: E<!E<<
#2 CE

8E<

#2 CE

F #

VP]

< 8!8
<8l!8

< <El8<

<<;18



Cc # 2#8$ + 2, # | +2#2 %

2 2# 2#+,$J31 2##2] 2&& 2
#HE# # \;CD ;C6] &2# I$# #:

9
& #O#
©# #:\8BB] &G &%WH# 2& # # H \;=<]

#& #

E $ # G F
0 H * |

U,/ 22% #% % #  2H 2#
$ # 2#2% V#H2C=W % & % # 12
#% H/# , & $ *# 90%$2% 2#
it S&IIH2 & HO12 #%
H& 2 % , G&# & 2 &$ R %
#%#Hl S &, G& #2#/ 2#G &  #l
# & . & ., 2/# & , G&%
€ 8$12$;,\878D88D]] P H%Il & "#% #l , : $G
2 | # H )( V#E2C=W 2# #2,/ |/
CH % *I & %% 2 $ # S, &$

, # & , #, G ,  H#Hl o, &
* 12
' 2 # 2 .. & 0% 2%
$ 0"&# 4 % &: & "H% #:. $ #
, - % #& # # , G # L H#
# &#t+ #+#1 220 & &2 & K ,&
\87 ;=8] &# %2 #. , , o, % #:
2#1 , #2 + 2 &% 2 # , o+ 21
+HSH 2&#H &H +,. & & # #" +$ #
GlJ#+,& #
#2$2 22: $ , G&#$ # $, $ &&
#2 C= + * , + # : 2G #: ,. &
%2 # | + & 2 #l G $# # % HH

2&0 # $# 2# $# 2 2# O# &2# /| +
2 +, J#+,. & °@]|'yC< D\C<C]

F: %, # , &% G + 2# &, G&
&G ,#%$ 1 3% # 2$J #5 IV G G
\8;=8=8 8=; 868 ;=;!;== 1%7 O , # , G&#
, #H L, $I & WY HHE 2 S H# f2#

8E8



3 Pa3sHOBHAHOCTH MarHETPOHHBIX PACHBLIMTEILHBIX CHCTEM

HarnpasjleHHe CHIIOBBIX JIMHUH JONONHMUTEIBHOrO MAHUTHOTO TOJIA
COBMAJAeT ¢ IOJEM MarHeTpoHa (Kak Ha pHc. 3.46) U NOTOK INIa3MEl
kak ©Ob GoKycupyercs nepef TOANOXKKOH, TO BO3pacTaloT
[U1aBAIOIIHH MOTEHIIHAT TIOJJIOXKKH H HOHHBIH TOK,
COOTBETCTBYIOIIMM 53TOMY TnoOTeHIMaLy. lIpw INpOTHBONONIOKHOM
HampaBleHHH MOJNA HOTOK Hia3Mbl pacokycupyercad (Kak Ha
puc. 3.4B), M CHHXKAIOTCSl IUIABAIOIMI IIOTEHLUHAl H MOLIHOCTh
HOHHOrO ToToka. TakuMm 06pa3oM, MarHUTHOE CMEILEHUE NO3BOAAET
OllepaTHBHO YIPAaBIATL HOHHO-CTHMYJIHPOBAHHBEIM IIPOIIECCOM, HE
MeHss pexuMa paboThl MarHeTpoHa.

B {244] marHutHOe cMereHue Gwuto peanmsoBaHo B MPC ¢
JByMs HecOanaHCHpOBaHHbIMH MarHeTpoHamu. [locnexnue HMenH
NPOTHBOIOJIOXKHYIO  MOJAPHOCTh ~ MAarHUTHBIX ~ CHCTEM  H
pacnioyaraiauch  Haj  NOMIOXKKOAep>kaTeleM, TOX  KOTOPBIM
HaxoIWIach JOIOJIHUTE/IbHAS KaTyluka. IIpH ofHOM HamnpaBjeHHH
TOKAa KaTyUIKH Ha MOJUIOXKKe (OKYyCcHpOBajics HOHHO-NAA3MEHHBIH
NOTOK OJXHOFO M3 MarHeTpOHOB, MpH [(PyrOM HaIpaBICHUH
$OKyCHPOBaICH, COOTBETCTBEHHO, TIOTOK OT JAPYroro MarHeTpoHa, 4To
MO3BOJIAIO PETYIMPOBATH HHTEHCHBHOCTH MOHHOH GOMOapAHpOBKH
JUIs KQXIOro MarHeTpOHa W MOJy4aTh MHOTOCNIOHHBIE CTPYKTYDBIL.
[I70THOCTE HMOHHOrO TOKa Ha TNOAJOXKKY JocTuraina 6 MA/cM’, a
OTHOIIEHHE NTOTOKA HOHOB K IOTOKY OCKAAIOIIUXCA aTOMOB ObLIO
~20.

B 3akmouenue sToro pazzena cpaBHAM CHCTEMBI C IJIOCKOM
MumeHplo  (puc. 3.4) ¢ nummmgpuueckumu MPC, y  koropeix
COJIEHOH] CO3[]aeT MarHUTHOE MOJIe BO BCEM IIPOCTPAHCTBE MEKAY
KaTOAOM-MHIIEHBIO M MOANOXKKOH, kak Ha puc. 3.1(a,6). MoxHo
BUJETh, 4YTO B LWIHHAPHYECKHX CHCTEMax CHJIOBHIE JIMHHM
MarHMTHOTO TMOJs OJHOBPEMEHHO TMapajlieNbHEl  MOBEPXHOCTH
NOJUIOKKH, T.e. kKak B MPC Ha puc.3.4B, U papaiielbHbl
NOBEPXHOCTH KaTojAa, Kak Ha puc. 3.4(a,6). Takum oOpaszoM, B
wuHgpuueckux  MPC  peanusyrorcss  oGneruyéHHeple  yCJIOBHSA
OOAAEPXaHuss MarHETPOHHOrO pazpsifa M BBICOKAs IUIOTHOCTD
IUIa3MBl, HO MOJJIOXKAa MarHUTOM30JMpOBaHA OT HeE, U INIOTHOCTh
HOHHOI'O TOKA Ha Heé COCTaBIAeT BCETO JIHIIL HECKOJIBKO IPOLIEHTOB
OT TNIOTHOCTH paspsifHOro Toka. [JooXKeHHe TOPUEBOTO aHOIA
OlIpeAeNseT PajHalbHYI0 KOOpAUHATY aHOAHOH JKBUNOTEHUHMAIH H
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3 PaznoBuaHOCTH MArd€TpOHHBIX PACITBUIATENIbHBIX CHCTEM

YCHOBHYIO TPaHHIy MasMbl H3-3a YXOJa IEKTPOHOB Ha aHOA IO
CWIOBOM JNMHMM MAarutHoro nond. [lpu TpHOMMOXEHWUM TpaHHIEL
IIa3MBl K I[IOBEPXHOCTH IOJUIONKH H NpH 10oJade OTpULATEILHOTO
CMEILEHHA Ha IOATOXKKY MOXHO M3BIeKarh Ha HeE HOHHBIH TOK.
OpHaKko TUNHYHBIE 3HAUYEHHMS KOHICHTPAIMH UOHOB OKOJIO MOZANIOKKA
B uuIMHapHueckoil crepxxueBoli MPC (kak Ha puc. 3.1a) B gecaTku
pa3 MeHblle KOHLUEHTpPaluy HOHOB OKOJIO IOBEPXHOCTH KaTola,
norok MoHoB cocrasaseT 10-20% 0T BeqMuUMHBL NOTOKA
OCKIAIOIINXCS aTOMOB, a ILUIaBAIOIU NOTEHIMAT NOJIOKKH Ha
HECKOJIbKO BOJBT Bhillle nmoreHimana asoaa [108]. B cnydae MPC ¢
HWIHHAPHHIECKUM MONBIM KATOAOM-MHUILEHBIO (puc. 3.16)
KOHLIEHTpallHs HOHOB OKOJIO OcH cocTaBnseT 30 % oT KOHUEHTpalluu
HOHOB OKOJIO NOBEPXHOCTH Karoja, motok uowos — 20-30% ot
[HOTOKA PacHbINEHHBIX ATOMOB, a NAABAIOWME moreHnMan — Ha 20-
30 B umxe noteHinana anoaa [108]. IIpu pasMmelieHHH NOATIOKKH He
BHYTPH IIOJIOTO KaToOZAa, a CHapyxH (kKak Ha puc. 3.10) Bo3pacraer
NNOTHOCTE HOHHOFO TOKa, HO CHWKACTCS CKOPOCTh HaHeceHUd
TIEHOK. ‘

3.3 MPC ¢ HeckOIbKHMH MHIIEHSIMH M pa3sMeleHUeM MOAI0KeK
B 32aMKHYTOM MarHHTHOM N10Jie

Onucannele Beilie MPC uMeloT 0iHy MHIIEHB; YTO NPHBOIJHUT K
NPOCTPAHCTBEHHO!  HEOJHOPOAHOCTH  IOTOKA  PacHbLIEHHOTO
Mmatepuana. B ciyyae HecGanaHCHpOBaHHBIX MAarHETPOHOB 3TO TAKXKeE
OPUBOJIUT K HEOJHOPOJHOCTH HOHHOTO BO3JACHCTBHA HA MOANOXKKY.
(OueBUAHBIH ITyTh MOBBINICHUA OZHOPOIHOCTH — npumenecHune MPC ¢
OByMA ¥ OOMNBIIMM KONMHMECTBOM MHUILeHed unu marHerpo”oB [19].
Tak, M3BeCTHEl YCTaHOBKH, coiepxaiiue 24 marmeTpoHa [9], Ho,
IIOCKOJIBKY CHCTEMBI C ABYMSI MarHeTpoHamu — Hawbonee mpocTble,
OHM [OTYYMAN HauOONbIee pacpOCTPaHEHHUE.

Marnerpossl MOTyT paboTath KaK He3aBHCHMBIE MOAYJIM HIH
BzauMocBsa3aHo. B [28,35,36,135,190-193,201,202,217-218,245] napa
MarHeTPOHOB, PACIONOKEHHBIX PANOM (KOMIUIaHAPHO) WIIH HATIPOTUB
Jpyr Apyra, UMeeT CBA3b MO NUTAHMIO, a UMEHHO: Ha HHMX noaaercs
3HAKOIIEPEMEHHOE  HalpsDKeHHe, I[P  KOTOpPOM  Kaxzabl U3
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3 Pa3sHOBHAHOCTH MarH€TPOHHBIX paclbINBTECIBHBIX CHCTEM

MarHeTPOHaMH TaKXe MAeaIbHO MOJXOAST JAJsS  HaHECEHUs
MHOTCOKOMIIOHEHTHBIX IOKDHITHA, B TOM YHCJ€ HHTPULOB CIUIABOB,
TaK KaK MHUIIeHH OTIEJIbHBIX MarHeTPOHOB MOTYT OBITH U3 pa3TUYHBIX
matepuasioB. Perymupys MOLIHOCTH 3JIEKTPHYECKOTO  THTAHH
OTHENBbHBIX MarHEeTPOHOB, MOXKHO M3MEHSTH COCTaB KoMmmosuuuy. B
KayecTBe IpHMepa MOXHO mpusecTd Matepwansl Thna (TiAlN,
(TiZr)N n (CrZrN. MPC c¢ 3amxHyToff KOHQHIypanMeHd mois
HOKa3alyd OTAMYHBIE pe3YJbTATH TPM HAaHECEHHH CJIOEB TBEPAOH
CMa3KM THIa Jucyinbduaa monubnena (Marepuas MoST) u 1BEpABIX
H3HOCOYCTOHUMBEIX clloeB yriepoaa (Marepuansl Graphit-iC, Dymon-
iC) [18,19,252], a Taxxe rpaJueHTHBIX KOMIIO3HLHOHHBIX MOKPHITHI
(Cr-Ti-N) ¢ no6asxamu yriepoaa [251].
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Honuni Tox [o1n.en.}

—

Puc. 3.9. Binanue koHQUrypalii MarHUTHOrO OJIA HA MOHHBIH TOK
MOAJIOKKH TP OTpUNATEeIbHOM cMelieHud [176]: 1 — marneTpon co
cOalaHCHPOBAHHAIM 110JIEM, 2 — MaTHETPOH ¢ HecOajlaHCHPOBAHHEIM
noneM, 3 ~ MPC ¢ 3-Ms MarHeTpoHaMH ¢ HENOJHOCTBHIO 3aMKHYTHIM
noneM, 4~ MPC ¢ 4-M9 MarHeTpoHaMM M NOJHOCTBIO 3aMKHYTHIM
noneM (IUIOTHOCTh HOHHOTO TOKa cocTaisieT 7 MA/cM® B nocieaHeit
MPC npu HanpsKeHuH cmemeHun —50 B)

3.4 MPC ¢ aByMsi MHUICHAMH THIA “IJAeKTpHYECKOe 3ePKaIo” u
pasMenieHHeM M0/JI0KeK BHe MATHHTHOTO MOJIS

Iu1sa nopuieHys >pQPexTHBHOCTH HOHU3AIIKK T'a3a B paspse NpH
HW3KOM [JaBJIeHHH Ia3a d YBeJTHYEHHS CKOPOCTH paciblIEHHA MUIIECHH
MOXET HCTONb30BaThCs ekt “anexkrpuueckoro 3epkaia’ (electric
mirror) B COHYETAaHHH C MAarHUTHBIM YAEPXaHHEM [UIa3MBl M
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3 PassoBuanOCTH MaArHCTPOHHLIX PACIBUIHTEIBHBIX CHCTEM

BTOPHYHBIX KaTOMHBIX IEKTPOHOB. [lns peamnsanuu storo s¢dexra
HeobxoaumMo, urobsl MPC cozepxana, Kak MUHUMYM, [Ba KaToJAa-
OTpaKaTesst JIEKTPOHOB, a CHJIOBbIE TMHUM MArHUTHOTO MoJs GBUIH
HalpasJIeHE] OT MOBEPXHOCTH OJHOTO Karoda K Apyromy.

Oddext “aexTpHUECKOro 3epKana” 3aKI0YaeTCs B CIeIYFOLIEM:

- JJIEKTPOHBI, SMHMTUPOBAHHbIE KaTOZOM W HaxoJsiiueca B
MEXKINEKTPOAHOM IPOMEXKYTKE, YCKOPSIOTCS IEKTPHIECKHM NOJIEM B
TIPUKATOAHOM CJIOE IOJIOXKHTENBHOTO NPOCTPAHCTBEHHOTO 3apsija B
CTOPOHY BTOPOTO KaTojJa (MJIH IPOTHBOIOIOXKHOH HOBEPXHOCTH TOTO
Xe Karoaa);

- IPOH/IL TOYKY [POCTPAHCTBA ¢ MAaKCHMAJGHBIM ITOTEHLMAIOM,
3NIeKTPOHB! HaYHHAIOT TOPMO3MTHECA, M B TOUKE C HOTEHIMAJIOM,
COOTBETCTBYIOUIMM HX 3HEPTUH, HOBOPAYHBAIOT 00paTHO;

- 3aTeM 3JIEKTPOHBI CHOBA Pa3rOHIIOTCS, HO B IIPOTHBOMIONIOXKHOM
HanpaBlIeHHH, U OISITh TOPMO3STCS,

- Togo0OHBIH NpoLece MOBTOPSETCS MHOTOKPaTHO, a XapaKTep
ABUXKEHHS] DJIEKTPOHOB  HAallOMHHAET IMPOLECC MHOTOKpPatrHOro
OTpaXKeHMs CBETA OT 3epKall.

Ocumnnpyonye 3JeKTPOHEl He MOTYT ¢pasy MOMacTh Ha aHo,
PAacIoIoXKeHHOM COOKY OT MarHHTHBIX CHJIOBBIX JIMHHIA, Tak KaK OHU
YAEPKHBAIOTCS Ha TPAcKTOPHH OCUMUIILMI MarHUTHBIM [OJIEM
(cunoBHIE IIMHHUM 3MEKTPHUECKOTO MO JODKHE ObITh Napasiie/ibHBl
CHJIOBHIM JIMHHAM MAarHMTHOTO TMOJs, a HAlPsODKEHHOCTh MarHUTHOTO
mosis AQIKHA OBITH JOCTATOUHOM AfS TOro, urobbl JapMoOpoBCKuii
paauyc VIEKTPOHOB OBLI HAMHOTO MEHBIIE PasMEpPOB CHCTEMBI).
DneKTpOHbl NEPEMELAIOTCS K aHOAY NONEPeK MAaTrHWTHBIX CHIIOBBIX
JIMHUA TOJIA TOJBKO TOCHE CTOJKHOBEHMII C MOJEKylamu rasa M
nepeckoKka Ha HOBYIO TpaekTOpHIO. PeanpHBle  TpaekTopuu
DNMIEKTPOHOB ~ HOCAT  CIIOXKHBIA  KoJie0GaTenbHO-BpaliaTeIbHBIH
XapakTep, B pe3yJbTaTe 4Yero CYWECTBEHHO YIAJWHACTCS ITYTh
SJIEKTPOHOB B MEXJJIEKTPOJHOM TPOMEKYTKE, W OHH 2P¢eKTHBHO
HOHH3YIOT ras.

TIpuMepoM Takol cHCTEMBI MOXeT CIy)HUTh sdelika [leHHHHra,
rae OJEKTPOHH OCLM/UIMPYIOT BHOJb MAarHUTHOTO HOJA MEXIY
niockumMu Kkatomamu'. Takas suelika ObUla TpUMEHeHa JUIS

" Cm. puc. 2.4,
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3 Pa3HOBHJHOCTH MArHETPOHHBIX PACIbUIMTENLHBIX CHCTEM

OTMeTHM, YTO CHHIXKEHHS BO3AEHCTBHA HAa PACTYIIYIO MIEHKY
" BHICOKOIHEpPTeTHYHBIX KAaTOAHBIX OJIEKTPOHOB M OTPUUATENIBHBIX
HOHOB, YCKOPEHHBIX B KaTOJHOM Cil0e, a TaKKe OTPAKEHHBIX OT
KaToJa BBICOKOIHEPreTUYHBIX HEHTpANBbHBIX aTOMOB paboyero rasa u
JPYrHX TUIA3MEHHBIX YacTUI yaaércs aoctuyb U B MPC ¢ KOpoTKHM
AONBIM LMIMHAPHYECKUM KaTopoM-MHIueHbio [145-147], koropas
IIpEACTaBIeHa Ha PHC. 3.2. 31eCh BBICOKODHEPreTHYHBIC YaCTHULBI U
IUIa3Ma OTPHUIIATEIBHOTO CBEYEHHS COCPENOTOYEHbl BHYTPH KaTOAHOM
TOJIOCTH, 4 HOJIOKKA HaXOIUTCA 3a €& IpelieNiaMu.

B [265,266] npemnoxeusl KOHQUrypaHHH - JJIEKTPOLOB,
HanoMuHaromHe s4eiky [IeHHHHra, Ho y KOTOpO#H OJMH H3 ILUIOCKHMX
KaToJ0B 3aMeHEH L/IMH{pHYECKHM (puc. 3.11). 3xech
“3fieKTpUYEcKoe 3epKano” obpasoBaHoO ABYMs KaTolaMH, KOTOPHIMH
ciyXar [Be MHUIIEHH — INIOCKas M LHJIMHAPHYECKas; NOBEPXHOCTh
K4TOROB IEPECEeKaloT CHJIOBBIE JIHHUM MArHHTHOTO HOJIS BHEIUHEro
cojieHouZa. Mexny KaToZaMH pacronioXeH aHOJ, IMOBEPXHOCThb
KOTOpOI'0 IPaKTHYeCKH MapalleibHa CHIOBBIM JIMHUAM  I10JIS
cojieHoHa.

Wsmepenns NOKa3aiy
‘ [266], yTO OCHOBHOM BKIan B
Lnnkapuseckas  peHEpPALMIO [OTOKA  Pacribl-
; JIEHHOTO BeIlecTBa BHOCHT
AWOR : ) HHIMHApUYECKas  MUIIeHb, U
N npoQuIIb HaNbUIEHHBIX
MAEHOK aHaJIOrHYeH
npobumo  mis  MPC ¢
Pue. 3.11. MPC ¢ miockoil # XoibleBolt  [UIMHAPUYECKOH MHIIEHEIO.
MHHICHAMH THIIA ‘GSHCKTPPI'{GCKOC HJIOCKPIﬁ KaToJ{ BHIIOJHSIET B
3epxano” OCHOBHOM poJib
“3IeKTPHUYECcKOro 3epKaja’”, oTpakas JeKTPOHBl 00paTHO B TUIA3MY.

[TnoTHOCTE MIa3Mbl B JaHHOMH cucTeMe Ha IOPsIOK NPEBOCXOAMT
WIoTHOCTh MnasMbl B MPC ¢ [unMHAPHYECKOH MHUINCHBIO U
pocturaer BenuuuHbl 107 cM’. Ilps 3TOM, CKOPOCTB OCAXIEHHS
IUIEHOK BhILIE, a paboude JaBiieHHs aproHa HHXKE M HaxOOATcs B
nuanasore 0,1-0,001 ITa. OTKpEITOCTD CHCTEMB! B CTOPOHY TIOJIONKKH
HO3BOJIAET OCYLIECTBJIATE HOHHOE CTUMYJIUPOBAHUE POCTA THIEHOK.

Conenoun
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3 Pa3HOBHM/IHOCTH MAarHETPOHHEBIX PACTIBUTUTENBHEIX CHCTEM

“OnexTpudeckoe  3epkano” I BTOPHYHBIX  KaTOXHBIX
3MIEKTPOHOB MOKET OBITE CO3AAHO ¢ MOMOINBI0 KOMIUIAHAPHBIX
(pacrionoXeHHEIX B OJHOM  IJIOCKOCTH)  KATOAOB-MHILUEHEH
(MCKOBOTO U KONBLIEBOTO), ECIU MEXKIY HUMH TIOMECTHUTH. KOJTBLIEBOM
aHOJ, a caMH KaToJb! pacnoNOKUTh Ha MOJIF0CaX MAarHUTHOM CHCTEMBI
[267]. TIpu aTOM aHOI He NOJDKEH INEepeceKaTh MArHUTHBIE CHJIOBHIE
JIMHUY, ¥MeloIlHe ayroobpasHyo dopmy. B atoit - MPC 31eKTpoHE
TAKXKE OCHW/UTHPYIOT MexIy IIOCKHMH KaTOJaMH BRONG CHIOBEIX
JMHUA MarHUTHOTO TI0JIsi, HE TIOTIaJias Ha aHOJ,

OddekT “aneKTpudecKoro 3epkana’” Moxer ObITh peaTH30BaH U B
CHCTEME C ONHHM KaToJOM, €CIH CHabAWTh €ro OTPKAIOUIMMH
aneMeHTaMH. Takue TopueBsle AMEMEHTH! Il OTPAXKESHHS ITEKTPOHOB
66111 BBezieHH! Yke B MPC ¢ UWIHHAPHYECKHM KaTOAOM-MUIICHBIO,
cM. puc. 3.1(a,6) [72], rae cUIOBEIE JTMHUK OCEBOTO MAarHUTHOTO I1OJIH,
HarpapiieHsl 'OT OJHOro Topua K apyromy. B [163] onmcauel
Heckoneko MPC ¢ mtockuMu KaTonaMu, KOTopble CHABXKAaNY ¢ LETbI0
CO3MaHHs YCAOBHH AN OTPaXKEHHS 3JIEKTPOHOB JIHOO KOJIBIEBBIMH
BBICTYNIaMH, JHO0 BBICTYNAIOWUMHM HaJ KaTOAOM [ONIOCAMHU
MarHUTHOM CHCTEMBI, FeHEPUpYIOllel paiHaibHOe MarHUTHOE NOJIE,
HapaebHoe TOBEPXHOCTH Karoja.

“OneKTpruuecKkoe 3epKaio” aBTOMATHYECKHM CO3MAETCS B IOJIOM
Karofe, u HaBecTHB MPC, y KOTOpPBHIX K IUIOCKOMY KaTony
(IPACTEIKOBBIBA/IM - NONIBIA KAaTOJ B BHIE LMJIMHAPHYECKOTO CTaKaHa
[149-151,268]. Dto mO3BONANO HOMy4aTh KOHLEHTPALHMIO ~ HOHOB
~10210% M, a YPOBEHb HOHM3aUHK ocaxaaromuxcs Al u Cu — go
70 %. IIpUCTHIKOBaHHBIA MOJBIH KaroA yaydilal MCHONb30BaHUE
Marepuasia IiocKoH MHILIEHH MarHeTpoHa.

Bruto mpemsiokeno [165,269] nenath monocTd B Tene camoit
IUIOCKOH MHULIEHH AJIs AOCTHXXEHHUs MOJOKAaTOAHOTO 3hdexTa, a s
obneryeHns BOHUKHOBEHHS paspsiia B OJIOCTAX [IOABATh B HHX a3
C TBUILHON CTOPOHBI MHULIECHH.

3.5 MPC ¢ ycTpoiicTBaMu A AONOJHUATEILHON HOHH3AIMHE ra3a’

[lpumenenne B MPC JONONHUTENBHBIX YCTPOMCTB  Jus
MOHM3aIIMH ra3a o0yCIIOBIEHO IBYMS OCHOBHBIMU ITPHYHHAMH.
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4 VIMNYTNbCHBIE MPC

Heo6xonuMocTe HOJy4YeHHs TOHKMX IUIEHOK UM IMOKDBITHH
CIIOXHOFO COCTaBa C KCIIONB30BAHHEM INPOCTHIX HCXOJHBIX BELLECTB
CTUMYJIHpOBaia pa3pabOTKy TEXHOJIOTMH pacnbUIEHHS B Cpelie
peakiMOHHBIX ra3oB. OOBIYHO JUISL ITOrO HCIIOAB3YIOT PaspsIbl
BEICOKOHM 4acTOTHI; pexe, MocTosiHHoro Toka [2,4,9,10,186]. Ilepaniii
crioco0 TNpUMeHsieTcs I PACHBUICHHUsl JUIIEKTPHKOB, COCTaB
KOTOPBIX ONM30K K COCTaRy MOKphITHA. OH MMeeT 06LIEU3BECTHBIE
HejoCTaTKH, nNpucyuie BY cucremaM, a UMEHHO: HU3KYIO CKOPOCTh
ocaxzieHns ¥ HeBblicokMH KIIJl, cnoxHOCTE AHHAMMYECKOTO
COrJacoBaHUs UMIIEAAHCOB CXEMBI IMTaHusl, TTPpoOIeMbl 2KpPaHHPOBKH
U OMacHOCTH oOmydeHMs mnepcoHana. Paspsiuel NMOCTOAHHOrO TOKa
NO3BOJISIOT PACHBUISTh METALTHYECKY0 MHUIIEHs Oosie€ IMPOCTOro
COCTaBa, HO MPH 3TOM BO3HHKAKOT MPOONEMEl, CBA3aHHbIE C YacCThIM
BO3HUKHOBEHHEM JIyT Ha MUIUEHH U “HCYe3HOBEHHEM aHOJa” H3-3a
oOpa3oBaHMs Ha HHUX JIHAJIEKTPUYIECKHX CJIOEB B  pe3yibTaTe
XHMHYECKOTO  B3aHMOJEHCTBUA  paclBUIEHHOTO  BelecTBa €
peakUHOHHBIM TFasoM. Pemmrp 31H mpobieMbl YAAIOCH IpH
HCIIOJIB30BAaHHU AU MHTAHHA MarHETPOHHOTO paspsjia MMIYJLCHOIO
WM CHHYCOUJATBHOTO HanpshkeHus cpeneit gactotsl (10-1000 k'),
TIpd KOTOPOM TOK paspsiia MpeacTaBisier coboil mociesoBaTe/IbHOCTh
YHUMOSIPHBIX HIIH GUIONSPHEIX MMIynbeoB [35,36,135,166,169,170,
181,186-209]. Puc.4.1 cucreMaTusupyeT OCHOBHBIE HEIOCTATKH
HeUMITyAbCHBIX (“wiaccuueckux™) MPC u npeumyliecTBa HOBBIX
UMITYTIbCHBIX CHCTEM NPH paboTe B cpejie peaklMOHHBIX ra30B.

HUMnynbCcHblE pEXUMBI TMHTAHWS MAarHETPOHOB MPEICTaBSIOT
HHTEpEC ¢ TOUKH 3PEHUA CHUXCHHUS TEIJIOBOH HATPY3KU HA IOAJIOKKY
U MUIlleHb IIyTEM YBEIHYCHUS CKBROXHOCTH HMMOYILCOB HIIM
HAaHECEHHS! MHOTIOKOMIIOHEHTHOTO MOKPHITHS IIyTeM I0O4epEIHOro
KOPOTKOHMMIIYJIbCHOIO ~ PaclblIeHHsl HECKONBKUX MHIIEHeH s
NIOTyYeHHs NPAKTHYECKU OJHOPOJHOro cocTasa nokpeitua [193,204].
Kpowme TOro, B UMITyJIbCHOM PEKHME MOXKHO CyHIECTBEHHO YBEJIHYHUTD
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4 ViMirynscHpIe MArHETPOHHbIE PACHLUTHIENLHEIE CHCTEMbL

IVIOTHOCTb  PA3psANHONO TOKA M MOBBICHTL CTENMEHb HOHH3ALMU
pacrpuIEHHOTO BemecTsa 1o 30-40 % u gaxe seiure {22,7 1,210-212].

OcHoBHbIE BEOCTATKH HEUMIY/ILCHBIX MATHETPOHHLIX CHCTEM HPH
paboTe B cpefe peARKINMOHHLIX raiop

| |
| [ MPC nocrosmaOTO TOKA ] W

Hokperrre aeKTpoIoB Husxkas cxopocts ocaxienus u
AMINEKTPHYECKOH MIIEHKOMH: dessicokuii KITM. Cnoxunocrs,
MCKpEeHHE B BOSHUKHOBEHHUE YT Ha CUCTEM MUHAMUYECKOTO
Karoe-MHIIEHH, COTJIACOBAHUS UMIIEIAHCOR.
CHBHUT MOTEHIMANA BNEKTPOJIOB H TIpobnemer snexTpoMaraurnoi
3(1)(1)61(1* “HC‘{E33}OLU,CI"O” a”oIa. COBMECTHUMOCTH HpH BLICOKOH
Hu3zkas III0THOCTH MIA3MBI OKOJIO MOIIHOCTH.
HOUTOKKH OrpaHu¥eHHbBE BOIMOKHOCTY s
HOKPHITHA GONLINKX IUomazed.
Bricokas croumMocTh chctem

- ]

IlpesmymecTBA HMITYJIbCHBIX W CPEAHEIACTOTHLIX (1-1000 kT 1)
MaTHETPOHHAIX CHCTEM NpH padoTe B Cpefe PEAKNNOHHLIX razop

I

OtcyTCTBYET HTH MUHHMH3UPORAHO UCKpeHUE ¥ Ryroobpasosanne Ha Karto e~
MHHIEHH. YoTpanseTcs npodaema “HeYe3alommiero” aHoa.

Bricokas cKOpOCTb OCaXueHMs IEHOK B NOKPBITHE CHNOXHOIO COCTaRg,
Bricokas MIOTHOCTD 11J1a3Mbl OKOJIO IOBEPXHOCTH MOITONEK.
VaydnsaoTes CBOWCTBA NOKpLITUi (OHH cTaHOBATCS Bonee IJIOTHBIMH,
TIPOYHBIMH, TPO3PAYHBIME U HACHIIIEHHBIMH IO LBETY).

IpocToTa PeryarupoBKY TEMIOBOrO peXuMa. [IPoAOIKHTEbHEIN HEeNpPEeprIBHKIH
TPOLECC OCANKACHUA HOKPHITHI

S
Puc. 4.1. OcHOBHEIE  HONOCTATKM  “KIACCHYECKHX” M NIpeMMylnecTsa
umIyascHBIX MPC npu pabote B cpelie peakiHOHHBIX ra3on

WMy nbcHpiil pexXMM MOXHO NPUMEHSITE M JUIsl peanu3aumy B
MPC  uenumeiiHpix  20dekToB, O0OYCNOBIEHHBIX  HeNHHEHHOM
3aBHCHMOCTBIO HEKOTOPEIX €€ NapaMeTPOB OT MTHOBEHHOH MOLIHOCTH
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