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AnHOTAanUSA

B cBepXCHIBHOM MATHHTHOM NOJe MpOBeleH aHAIH3 Mpolecca pac-
meneHHs GoToHa ¢ 3Heprueif w HMXe nopora poxjaeHus e’ e” mapsi.
Hcrnonp3opana aMmauTyna, HaliileHHas ¢ NOMOINBIO ONEPATOPHOMN IHa-
rpaMMHOl Texuuku. B mone, smaumTensno nmpesnimalomieM xpuTHyue-
CKOe, aMIUIHTYJa Ipolecca nepecraer 3aBuceTh oT noius. HMccaemo-
BaHHe MOJIAPH3ANHOHHOIO onepaTopa GOTOHA BO BHEUIHEM MarHHTHOM
nojie MPOM3IBONLHON BEIHYHHEI B pacCMaTpHBaeMoil obiacTu sHepruii
TMOKA3hIBAET, YTO CYIIECTBYET TONBKO OIMH Habop momspusanuii Ha-
YaNbHOTrO M KOHEYHHIX (POTOHOB, IJIS1 KOTOPOro aMIUIMTYHAA pacilienie-
HHA OTJIMYHA OT HYnI4.
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1 Bsepenmne

Kak xopomio M3BecTHO, B pe3yiibTaTe BHPTYAIBLHOIO POXIEHUA H AHHUIH-
JAUHH 3IEKTPOH-NIOSHTPOHHLIX Map BO3HMKAeT HeJWHeHHoe caMolelicTBHe
3JIEKTPOMarHuTHOrO monifA. Pacmennenue dhoToHa BO BHemIHeM moje SBIIg-
ercd oMHHM H3 mponeccos HenmHeiHoit KOII. Ha6monenne sToro npomnecca
IO CHX NOpP OCTaeTCcA BBEI30BOM [/ 9KCIEPHMEHTA.

TeopeTnyeckoe usyuenne pacmennenus GoTOHA BO BHENTHEM NOJe BeIeTCS
yXe B TedeHne JIMTeNbHOro Bpemenu. B mavase 70x ronos nponece pacimen-
7eHNs (POTOHA B ONHOPOAHOM M NMOCTOSHHOM MArHHUTHOM MNOJe BBUI paceMo-
TpeH B paboTax [1-4], Tam Xe WMelOTCS cCHIIKM Ha Gonee paHHHe paboThi,
okasasmuecs ommbounsiMu. B paborax [1], [3] nponece pacemaTpusancs kax
BO3MOXHBIH MeXaHH3M 00pa3oBaHHS JIMHEHHO MOJIAPH3OBAHHBIX ¢oToHOB B
CHJIbHBIX MArHUTHBIX NONAX HEHTPOHHBIX 3Be3n. Jlns doToHOR Masioir sHep-
ruf (w € m, m - Macca NMeKTPOHA, [ajlee MbI OyZsieM HCHONB30BATH CHCTEMY
eMHUIl ¢ = h = 1) mpomecc pacuicTiIeHHs MOXeT GHTH PacCMOTDeH ¢ Mc-
noJb30BaHHEM 3 deKTUBHOrO Marpamxnana ['eitsenbepra-Oitnepa (I'D), cm.,
Hanpumep, [5]. B npenerne cnabrix noneit H < Ho (Ho = m? /e = 4.41-10'3 D
- KpHTHYECKO€ MAarHuTHOE NOJie, € -3apsii 5JIeKTpoHa) 3(deKTHBHEIN Ia-
IpaHkUaH MOKET OBITh Pa3ilOXeH B CTENEHHOH DA, W BKJaj B AMIUIATYAY
nponecca NaeT TOJNBKO NEPBBI WieH Pa3iIokeHWs, NpeJCTaBISeMblil MecTH-
yroipHeiMu quarpamMmamu (cm. (1], [2]). Baxnyio pons B onucannn nponecca
Ur'paloT mpaBHJia 0TOOpa Mo nojigpu3anuaM GOTOHOB, B TOM YHCI/IE BO3HHKA-
IOHe NpH ydeTe NUCHEPCHU (POTOHOB B MarHMTHOM moste. OHM 6bImM pac-
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eMoTpensl B [1], cM. Takxe [5], pasmens 129, 130, rne npuBereHo AeTalIbHOE
paccMOTpeHHe mpoimecca ais ciaydas w € m u H < Hp. llonpobuelii ana-
nau3 npobiemsl 6bi1 mposemen AniepoM [3]. B aroit pabore Gruta HaiineHa
aMINIATY/Ia Tpollecca pacileniieHns ¢GOTOHA ¢ HCNOIL30BAHHEM IIOJIHOTO BhI-
paxeHus mis 3ddexTHBHOrO arpamxkuana ['D, KoTopas cnpaBefuBa, ecTe-
CTBEHHO, Np¥ w < m, HO npHu MOOOH HANPAXKEHHOCTH MarHMTHOrO MOJA.
Ilng acTpodH3MYeCKHX NPHIOKEHNHA HeoOXONMMO 3HaHHE aMIUIHTYAL! B 0O-
mEeM ciydae MPOM3BOJBLHBIX SHEPrud (oToHA H HANPAXKEHHOCTH BHEIIHErO
MareEnTHOro moxs. Takoe BerumcieHHe 6bl70 Takxke npoaenanso B [3], rue
Guisia HalijleHa aMIUIATYda pa3pelieHHOro npasujiaMu orbopa nepexona I
w < 2m. HmerHO 3Ta 0671acTh NpeACTaBidseT peajibHbli HHTepec s MpUiio-
xennii. [Ipu Gonee BLICOKO# 3Heprun GOTOHA BKIOYaeTcs npouecc obpasosa-
HHS (POTOHOM 3JIeKTPOH-TO3UTPOHHOI [1aPhl BO BHENIHEM MOJie, MPHBOAS K
adpeKTHBHO K morJomeHuio gorToHos. BeposTHOCTE nocsieHero npouecca B
IOCTATOYHO CHITHHOM TI0JIe Ha MHOT'O NIOPAAKOB NPeBHIIaeT BepOATHOCTD NIpo-
necca pacmemnsienns dorona. B pabore [3] ncnonpsosanack ¢pynkuus I'puna
3JIeKTPOHA BO BHEITHEM MAaTrHATHOM I10Ji€ B IIPEJICTaB/IeHNH COOCTBEHHOrO Bpe-
mern IlIBunrepa. Ilonyyennoe TakuM o6pa3oM BhIpakeHHE IS AMINTHTYABI
OKa3aJIoCh OYeHb IPOMO3JIKHM, YTO 3aTPyHAHAET ero lajlbHeillee HCIONbL3O-
panue. Tem He MeHee, i YKa3aHHON aMIVIHTY[bl NIPH W = M H IpH w < M
6LIJIH IOy YeHbl YNCIEHHbIE Pe3yJIbTaThl B IIHPOKOM HHTEpBaJie MArHATHBIX
noneit H < Hy. B [4] Takxe ¢ ncnonb3oBanneM dynknnu ['puna sjiexrpona B
NpeicTaBIeH!H COOCTBEHHOIO BpeMeHH Oblio M3yueHO paciienvienue GoToHa
B Tak HasbiBaeMoM ckpemtennom nosie B L H, F = H. llpyroe npencrasienne
A1 AMIVIATYAH! paciiersienus dorona 6bio nomydero B [6] ¢ mcnomnbsopa-
HHeM HHOro mnpencTabieHus yHkuu ['puHa 3J1eKTpoHa.

[Mo3nnee, pacmienyienHe GOTOHA B OJHOPONHOM M NOCTOSHHOM 3JIEKTPO-
MATrHETHOM TOJle TIPH IPOH3BOJILHLIX 3HaYeHUs ODOHX 10JIeBEIX HHBADHAHTOB
F,G (F = (EH), G = (E*>—H?)/2) 6110 paccmoTpero asropamu [7]. B sroil
paboTe HCHONB30BalIach oNlepaTOpHas AuarpaMMHad TeXHHKa pasBHTasd Kar-
xoBeiM, CTPaXoOBeHKO W OfHMM 3 aBTOpoB [8], YTO NMO3BOJINIO CYINECTBEHHO
YIPOCTHTH pelieHue 5>TOil TeXHHWYECKH BechbMa HeNpOCTOH 3ajadyd. AMIUIM-
TYABl, MOJydYeHHLIe U YACTHOIO Ciydas PaBHOIO HYJNO 3JIeKTPHYECKOro
(MM MArHATHOrO) MOJIA, MMEIOT ropasno Gojiee KOMNAkTHYIO (opmy, YeM
Haitgennsie B [3]. B npenenbubix ciydadx, korna w < m u (wmm) H < Ho,
aMIIIMTY/B HafileHHEle B [7] corsacyioTcs ¢ COOTBETCTBYIOUIMMH BelH4i-
gamu B [1)-[3]. Eciu B [3] unciennbie pacueThl MPOBOAWINCH IS SHEprui
(hoTOHA HUKE TOPOra POKAEHHS SIEKTPOH-TIO3UTPORHOI mapel, TO B [7] Gbia
paccMoTpeH ciydail w >> m. Hac mETepecoBasia BO3MOKHOCTE HabioneHAs
pacinemieHus GOTOHa B CHJIBHBIX 3JIEKTPHYECKHX MOJIAX OPHMEHTHPOBAHHBIX
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MOHOKPHCTaJIJIOB P BhICOKON 3Hepruu [9]. Bo Bcex muTHpoBaHHBIX paboTax
HCIOMB30BATHCH PENIATHBHCTCKH KOBapHAaHTHBIE M KaIHOPOBOYHO HHBAPHAHT-
Hble GOPMYJIIMPOBKH KBAHTOBOI 3JIEKTPOANHAMHUKH.

.Henanﬂo-npnuecc pacuienyieHHs (poToHa 6bI1 paccMoTpeH ele pas B [10].
Mo‘f-nnaunen 9TOH PaboThl MOCITYXUIH HOBEHINHe JOCTHXEHHS PEHTTeHOB-
ckoif actponomun. Pacuer B [10] mpoBoamics ¢ Mcnonb3oBaHHEM HEKOBApDH-
AHTHOW TeOpuN Bo3MylleHHi u Kayubpopku Jlaumay. PeayneTaTe! aToit pa-
60THl NONMHOCTHIO IPOTHBOpEYAT BCEM HAHACHHBIM B NPEALILYIINX paboTax.
Tem He MeHee yXe NOABHIIMCH NMONBLITKH NMPUIOKEHHs Pe3yIbTaTOB, HalIeH-
HeIX B [10], k acrpodusuxe [11]. Pesyavrars pabor [10] u [11] nonsepranucs
XKecTKol KpuTuke B [12].

ITocko/IbKy BO3MOXHEI BaXHble acTPO(U3NYECKHEe NPHIIOKEHHS PAcCMa-
TpUBaeMoro mpotecca (cm.,Hanp., [13]), Mbl npoBenn umcIeHHBIE pacyeTH
¥ aHAJIM3 aMIUIHTYAbI pacuiensieHus (OTOHA, OCHOBLIBAACh HA pe3yiIbTaTax
AHAJIMTHYECKHX BBIYHCIIEHUH, NONyYeHHbIX HaMu B [7]. Mul paccMaTpuBaeM
Haubosiee MHTepecHyI0 o6nacTh HEpPruil w < 2m NpH NPOH3BOILHOM MAr-
HUTHOM noiie H .

B kpaTkom Buzie pesynbTaThl 3Toil paboThl 6hlIM npencTaBiens B [14].
Hocrte o3naxomitenns ¢ sTumu pesyiabraTami, nossuuch pabors [15) u [16].
B pabote [15] npensoxen eme onun BLIBOA BHIPaXeHUs 14 aMIUIATYABI TPO-
necca, noiyyensoro B [3]. KpoMe Toro ykasniBaeTcs, 94To B BHIPAXEHUAX IS
aMIHTYBl nponecca B [3], [6] u [14], apagionmmxcs aHAJOrHYHBIME HHTE-
rpajlbHBIMH NpPEeNCcTaB/IeHHAMH, NOALIHTErpajibHble (DYHKIHH YHCIEHHO CO-
BIaJIAIOT. B pabore [16] npusnaercs, uro B pabore [10] conepxurcs ommubka,
a HOBBIl pacueT coryiacyercs ¢ Haulelr paboroit [14].

2 Ilonspu3amUOHHBIA OmEpaTOp B MATHUTHOM
moJjie

C ToukH 3peHus pacHpoCTpaHEHHs 37IEKTPOMArHHTHEIX BOIH O6IacTh Mpo-
CTPAHCTBa, 3aHATAad MarHUTHBIM [OJIEM, MOXET PacCMaTPHBATLCA Kak cpela
¢ OTIHYHBIM OT eAUHMIIBI IOKa3aTelleM NpellomaeHus. Benuuuna nokasarens
NpeJIoMJIeHAs CYIIeCTBEHHA MJIA NPaBWI oT6opa N0 NONAPH3ANMAM HAYATE-
HOIO ‘M KOHeYHBIX (POTOHOB B mpouecce pacimemienns. s cnyvas w < m
u H < Hy sror Bonpoc npoananusuposan B [1], cm. Taxxe [5]. 3nech Hac
631[5?_*1‘ HHTepecoBaTh NpaBHia 0TOopa NpH MPOH3BOJILHOM 3HAYEHUH MACHUT-
HOTO 10JIsA M 9HepruM GoToHa w < 2m. [lokaszaTens npenoMieRUs HAXONUTCA



M3 TOJISPHU3AlMOHHOTO onepaTopa doToHa. BKknan B nonaspH3anuoHHEIH oOle-
parop II,,(k) snexTpoHHON NETNM BO BHEIIHEM IIOCTOSHHOM ¥ OJHOPONHOM

sNeKTpoMarHuTHOM noste 6t Haitnen B [3], [17] u [8].

Ham HeobxonmMo paccMOTpeTh cllydaii, Korna sjekrpudeckoe nofie E = 0
u k? = 0. lonapusanuounstit onepaTop I, (k) nmeer 4 B3auMHO OpTOrOoHAIE-
HBIX cOBCTBEHHBIX BeKTOpa b!, onpenengeMble ypaBHEHUEM:

M, (k)bY = Kkibiy, (i=1,2,3,4). (2.1)

CobcTBeHHBIe 3HAYEHHA K; HTPalOT polib KBaJpaTa Macchl OTOHA B moje
B cooTBecTBylomen moze. PelieHusa 5Toro ypaBHeHHS B paccMaTpHBaeMOM

yacTHOM ciydae ecTh (cM. [8] ):

b = b = k¥, B = (BR), b= (Ch), (2.2)
tenzopsl B u C, Beenennsie B [18] (cm. dopmyannt (11.2), (I1.3), (I1.8)). Mpn
E=0

Cuw =F,,/H, By =Fu/H, (2.3)
rne Fj, - TeA3op BHENIHETO anerc*rpduarnﬂmom nons, Fj, - nyajbHbIA TeH-

30p, H BenmuuHa MarHUTHOTO MOJI4.
CobcTpennble 3Hadenus &; umeoT Bug (cMm.[8]):

o : ® dz (6
5 8 23 i) SR PIN gr
kK1 =K4=0, Ko3= ol i Ra3, Ra3 /_1 dt’jﬂ 57 028 XP
(2.4)
rae a = e? = 1/137, 0% = k% Jw? = sin’ Y, ¥ - yron Mexny HanpasieRneM

MarHWTHOIO 10Jid ¥ BOJIHOBBEIM BeKTOpoM ¢otoHa k,

chz — ch(zv)
a; = ch(zv) — v cthz sh(zv), az=-2 £ + a1, .
Hy [, chz — ch(zv) LB e v
a3 =(1—-v?)chz —a1, ¥ = H [2?" i +2z (1—-r(1-v?)|,
(2.5)
W= o Mui yunu B (2.4) u (2.5), 9T0 HUXe NOpora poXKIEHAS 3K TPOH-
= —
m

NO3UTPOHHOM naphl (r < 1) B MHTerpanax, onpeaesionux tbyHI-EuHH Rs n R3

B [8], MOXHO NOBEepHYTH KOHTYP WHTErPHPOBAHMS 10 L1 & — —iZ. B pesyiib-

TaTe MOJIyYeHHEIE NpencTaBleHus Aus ¢yHkmuin Ry m R sBafioTcs Bele-

CTBEHHBLIMHA H YIOOHEI I NPOBEeHUS YMCIIeHHEIX BBIYMCIICHHI, nocm“nhx}'

NONBIHTErpajibHLIe BLIPAXKEHHUs He COIEPKAT OCHMMPYIomuX GyaKmmii. 3a-
| MeTHM, YTO 3TH QYHKINH 3aBHCAT TOJIBKO OT K=,
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AMmiuTyna pacmensienns GboTOHA OTIHYHA OT HYJS TONBKO B CHTYa-
i, korfa 0 # 0 (kL # 0). B cnny xanm6posousoii MHBAPDHAHTHOCTH
Moael 1 m 4 Bknax B pacmennenme ¢ortona me maior. Jlis Monbl 2 Hyde-
Bas KOMIOHeHTa by = 0, a BekTop b2/w = e; mepnenmmkynspen miockocTH
obpasopanHoii BekTopamit H u k. Ilna Monsl 3 HyseBast kommonenTa b # 0,
a bz || H. llpu Beraucienun AMINTHTYIIBl paclliellIeHns (POTOHA MOXHO BOC-
I0/Ib30BAThCA KaTMOPOBOYHON HHBAPHAHTHOCTHIO M BHIYECTH M3 BeKTOpa by
BEKTOp IPONOPHMOHAJIBHBIN k¥, Tak 4TO6LI Hy/IeBas KOMIOHEHTa Pa3HHUILI
BEKTOpPOB obpaTuiiack B Hyb. [locie 9TOro nmpocTpancTBeHHAS KOMIOHEHTA
TIOJIy€HHOTO BEKTOpa OyNeT jieXaTh B YHOMAHYTON BHIIIe MJIOCKOCTH M nep-
neHankynspHa BekTopy k. Kak yxke ormeuanocs, o6nacTs 3ausras MAarHuT-
HBIM MOJIEM MOXET PacCMaTPHBATLCA KaK CPela ¢ MoKa3aTeleM npeioMIIeHNI ,
KOTOPHIA CBA3aH B BeJIMUMHON K. s Mon 2 1 3 mMmeem:

2

K23 (41
"2,3=1—L"2—=1+——-

47
[IpoBenem amamus pynxumit Ry u Ry B npefiesibHLIX ciydasx. Ipu H <

Ho 0cHOBHOJ BK/aJl H MHTErpasibl onpenensiomue 5T GYHKIUM faeT ob1acTh
z < 1. Pasnaras runep6onuyeckue GYHKUMM B PN M BHIYUCIIAS HHTETPAIH,

o?Ry 3. (2.6)

HMeeM ; 5
20 ( H 5 L v 0 9
ﬂg-——l-l—m(a) g n;;-l-l--sm—?r(}{—u) ¢ g {27)
B ciyyae, korma ky €« m (r < 1), nokasaTenb 5KCHOHEHTH B dopmyie
H[]I

(2.4) v — ~f7» WHTErpadibl 110 v Jierko 6epyTcs, i B HTOTe MMeeM

® _de 2 2
Ry =2 ——=—exp(—z/b) {chz (sh z— 2z ) +z sh::],

3
=/n 3otz SXP(=2/b) [sh2z (222 - 3) + 62],

rae b = H/H,. llocne moncranoskm B (2.6) momyuaem ¢opmynnt mns mo-
KasaTellell IPeJIOMIICHN, COBIANAIONINE C COOTBETCTBYIONMMMA dopmynamu,
CIENYIOIMMH 13 5ddeKTUBHOrO Narpanxuana I'D, KoTopklil npuMenuM npu
M&JIbIX YacTOTaX M NPOM3BOJIBHOI BeIMYMHE BHEIUHEro nons. B mpesenbasix
cy4asx uaTerpaisl B (2.8) 6epyrces:

b? b2
b@:l: R‘z:}-ﬁ——’ R,3=£8—'—; |
Pe Pyl (2.9)
b >1: Rg ==, = —,
3
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Puc.1 ®yaxknus R3/b B 3aBUCHMOCTH OT W = wo/m npu pasHbIX 3HAYe-
ausax napamerpa b= H/Hg: b = 0.1 — xpuBas 1; b = 1 — xkpusas 2; b = 30 -
KpuBag 3.

- : . =

T30 s A0, 50

H/Ho

Puc.2 ®yukuug Rs B 3aBucuMocTH oT b = H /H, npH pa3’HbIX 3HAYEHHIX
w=woe/m: w=0.1-xpupaga 1 n w= 1.9 - kpnsag 2.
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B npezesre b < 1 acumuroTuKE MHOTOKpaTHO O6Cy)mamuck (cm. [3], [5]),
€CTeCTBEHHO OHM coryacyioTcs ¢ (2.7). W3 nomy4veHHoR (HOpMYIIBI BUAHO, YTO
ecii B npefiesie b < 1 pynknuu Ry m Rg OT/IMYAIOTCS TOIMBKO YMCIIEHHBIM
KoapduuuenTom, To npu b > 1 curyanns unas: pyskuus Rz He saBHCHT
OT mond, a GyHkuus R3 numeitHo pacrer ¢ moneM. [lonydyenusie Hamm pe-
3yanTaTH COpaBeNJIMBEL, KOrjia ny 3 — 1 < 1. OTo 3KBUBaJIEHTHO TOMY, 4TO
o

IIpu npom3BoNbHEIX 3HAYEHHS napamerpoB b = H/Hy u r pyakuun Rs
u R3 Beraucnanuce uncienno. Ha puc.] uzobpaxena 3aBHCHMOCTS dbyHKIUH
R3/b or w = ki /m npu pasnuuneix 3mavenus napamerpa b. Bunno, 9to
BOM3K Opora poXneHus napel 3Ta GYHKIHMS 3aMEeTHO NOAPACTAET NpH 60b-
mux 3Ha9eHusX nons. Ipu w < 0.5 npu mobuix 3Havenuax b dyukmua Ra/b
NpaKTHYECKM HE 3aBHCHT OT w, a ee 3HAYeHUS NpH pa3HbIX b coBmamaoT
C HOJy4YeHHBIMH U3 3(pdekTUBHOrO NarpanxuanHa ['D. Yro Kacaerca dynk-
uuE R3, TO ee 3aBHCHMOCTH OT W ABJIAETCA BEChbMa ci1aboil. DTO BHIHO W3
PHC.2, rlie OpMBeleHa 3aBHCHMOCTH ¢ynkumu Rz oT b npH ABYX 3HAYeHHAX
napameTpa w = 0.1 1 w = 1.9. lIpn npome:xyTOYHBIX 3HAYEHHAX STOrO Na-
pPaMeTpa KpHuBbI€ JIeXKaT MeXNy nByms npuBeneHHbiMu. Ha puc.d npusenens

10—

R2,R3

e AP ; . # .
0.5 1 1.5 2 2.5 3 3.5 4
H/Ho _

Puc.3 $yuxuus Ry npy w = 1.9 (kpuBas 1) u pyuxunsa Rz npa w = (.1
(xpuBas 2) ; mpu w = 1 (xkpnsas 3) u npu w = 1.9 (kpusas 4) B 3aBUCHMOCTH

o= HfHﬁ




sHadeHHus dyHKumit R 1 R3 oT b npu pa3sHbIX 3HaYeHHAX w, NpHYeM GYHKIAS
Rs npusenena npu w = 1.9. Bunxo 9o npu mobeix 3HaYeHHIX W HMeeT MeCcTO
R3 > Rs, T.e. Bcerna ng > na.

3 Pacmennesue poToHA B MAarHUTHOM IIOJIE

PaccMoTpuM Tenmeph pacuiemienne ()OoTOHa ¢ 3HepPrued w Ha JiBa (POTOHA C
SHEPTHAMHE Wi | wa. B konmnuneapuom npubnuxennu (cM., Hanpumep, [5]) Be-
POSATHOCTE Npollecca pacilelieHus ¢GoTOHa B §IHHUIY BpeMeHH HHXe Iopora
POXJieHHS TIaphl BEIpaxKaeTcs Yepe3 ero aMIIMTYAY clefAyiomuM obpasoMm:

1 dw
- dW = == | T |* —-9(winfy) +wany) — wn?), (3.1)

rhe n(1), N(z) U N - 3aBHCAIIHE OT IOJIAPM3ANMI NMOKA3ATENH IPEIOMIECHNS
I8 3HEpruil w1, wy U w. Bxoxsmas B o1y ¢opmyay J-QyHKIHsA onpenenser,
Hapsany ¢ C' P mHBapHaHTHOCTEIO, IpaBu/ia oT6opa no noaspuianusM GhoToHa
([3]). B manbreinmem, Kax u B cTraThe (7], 6ynem obosnavaTh mMony 2 xak B
u mony 3 kak C. Kak uasectno, C'P paspelieHHBIMH SBISIOTCH IEPEXONbI:
B—-(CC, C— BCwuB — BB. W3 bopMys U pUCYHKOB, IPMBENEHHBIX B
npenbiayleM pasjele, ciieqyeT, 9YTO NpPY MPOM3BOJILHOM 3HAYEHNH MATrHHT-
HOro noiis oba mokasaTelis NPEIOMIIEHHs MOHOTOHHO PacTyT ¢ 4acTOTOH M
npu (HUKCHPOBAHHOM 3HAYEHHH MArHMTHOIO MOJIA MOKAa3aTedlb IpelloMJIeHns
I1s Mozibl B MeHblIe IOKa3aTes npesiomienns 1iis Moasl C npu moboM coor-
Howenun yacToT. Orciona cnenyer yro n3 Becex C'P pa3pellieHHBIX NepexonoB
aprymeHT ¥-dyHKuuu 6onbine HyJs TONbKO nis nepexona B — CC. Panee
5T0 npaBuio 6b11o nosnyueno B [1] nas noneit H < Hy n sHepruit dpoToHa
w < m.

Amnmntyna T pacmienyienns GpoToHa B MAarHUTHOM MOJie AJIA pa3pelleH-
HOIO Iepexofa mojayydaercs u3 obmero Buipaxenus (dbopmyant (2.16)-(2.18),
[7]) nocne moncranoskn E = 0:

3/2 00 —H £ ;2
T = (4«22 i j o - b [f dt1G e°® + sh’ty e°®
0 0

zsh”z 0
(3.2)

10

rue

c

L __fi_i_rg (WU)E’ e to(z — t2) A chz — ch(2t; — z)

H\m z 2shz ’

¢ = [2123(11 = fg)(tl = tg + -TI) = zltl(tl = 1:)""
—29ta(ts — 2)] [z — [(1 — z122)chz — 2, ch(2t; — z) (3.3)
—29 Ch(?tg — I) + 2129 Ch(I + 2ty — 2!22/(25‘11‘),

G = {1 — [21 ch(2t; — z) + z3 ch(2t — z)] chz} /=
+2¢z1 29 shz(tz —11) [zl sh?t; + zo shﬂ(tg — z)]

3nech 212 = wy2/w, o, BBenena B (2.4). s nonyyenus (3.2) Mbl noBepHy N
KOHTYP MHTErpPHPOBAHHSA MO KaXJIoW NMEepeMeHHOH @ & — —1ix, t; 2 — —il; 3.
DTo npeobpaszoBaHne NPUMEHHMO IIpH w < 2m. B pesyabTaTe nongbIHTEr paib-
HOe BEIpaxkeHHe B (3.2) He CONEPKHT OCHHINIMPYIONIMX TPHIOHOMETPHYECKHX
(GYHKLHN, 9TO BecbMa yN0OHO NpH NpoOBelleHUH YHUCIIEHHBIX PacdeToB.

O6cyanm cpoiicTBa ammmuTynsl 1. Jlerko nokasaTh, yro amimmaTyna T
CHMMEeTPHYHA OTHOCHTENILHO NEepecTaHOBKH KOHEYHBIX (OTOHOB (w; « w3):
Ilns 3TOro MOXHO CleJIaTh 3aMEHY MEPEMEHHBIX {1y = £ — Ty, fo =T — T
H TIOMEHATHh MOPANOK HHTErpHpPOBaHMA MO NEPEMEHHBIM T3 H T3. B cHay ka-
JMOpoBOYHON MHBapHaHTHOCTH NpH w — ( ammmatyna T" o< wwiwsg, H TaKXKe
T — 0 npu w; — 0 ana mobeix w. ITO o3Ha4YaeT, 4TO B (3.2) mpomcxoasT
OYeHb CHJIbHBIE KOMIIEHCAIIMH, YTO HOJIKHO ObITHh NPUHATO BO BHUMaHHE NMPH
IpPOBEleHNH YMCJIEHHOI0 MHTEr pupoBaHMdA. BriuucieHus ynpomalooTcs, eciiu
IIPOBECTH BLIYNTAHNA B NOABIHTEr PAJILHOM BhIpaXeHnH B (3.2): e® e
nas nepsoro wiena B G (nponopumonansuoro 1/z) u e®e — e*®o — 1. He-
NocpeIcTBEHHOE BhIYLIC/IEHHE MOKA3LIBAET, YTO CYMMa BHIYATAEMBIX 4JIEHOB
paBHa HYJIO.

IIpn w <€ m OcHOBHO# BKJaJ B aMIUIHTYAY AaeT obiiacTh NMepeMeHHBIX,
rie ¢® € 1, ¢®g € 1. Pasnaras cooTBeTCTBYIOLINE 3KCIOHEHTHI B COXpaHss
JTHHENHBIE M0 ¢ YIeHHl MOXHO B3STh MHTerpaJsl no t; u t2. PesyasTaT co-
BIlaZiaeT ¢ aMINIMTYAON pacmemienus (OToOHA, HalIeHHON ¢ HCIOJIb30BaHHEM
spdexkTuBHOrO Narpanxnana 'O (dpopmyna (22) 8 [3]). llpn w ~ m unTerpn-
poBanue B (3.2) npoBonunock uucnenno. Ifockonbky sHeprus w u napamerep
o BXOAAT B aMmitaTyAy 1" Tonbko B koMbuHanuu wo, To 6e3 norepu obmHOCTH
MOXKHO IOJIOXHTE 0 = 1.

‘Ha puc.4 npuseseHa 3aBucuMocTh Benuumnbl 1/T; OT 3HEPruM Ko-
Heynoro ¢orona mpu H = Ho/2 (a) u H = Hy (b) ang pasnuusuX

11
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zl
Punc.4 3aBucumoctn aMIVIMTYAbI pacilenyieHns GOoTOHa OT 3HEPrum Ofi-
HOro M3 KOHeWHEIX (OTOHOB (21 = wy/w) nnx H = Hy/2 (pucyHOK a) M

H = Hy, (pucynok b) mns pasumix SHEPrHi HaYanbHOro (GoToHa: w/m =

0.1(1), w/m = 1.5(2) u w/m = 1.9(3). AMmmatyna T HopMmupoBana Ha am-
wmryny To, popmyna (3.4).

12

SHEpPrui HavaJbHOro oToHa, rue

13 (dma)®/? W3 (H ”
b=35m m \H (59

IIns w/m = 0.1 pesynLTaT ¢ OYeHb BHICOKON TOUHOCTHIO (Myume wem 10~2)
COBNAJZiaeT ¢ pe3yibTaToOM NOoJydYeHHBIM 13 3¢ ek THBHOrO Jarpanxuana ['D.

Ha puc.5 nokasaHa nosiHas BeposSTHOCTH paspelneHHoro nepexona W, Bui-
paxennas B eguaunax Wy, kak pynkuus w = w/m. BeposTaocTs W, paBHa

6
Wo = T2/(9607w) = 0.116 (i"-)a (E) em-!. (3.5)
m f?ﬂ
Kpusas (1) coorsercrByer H/Ho = 1, a xpuBas (2) coorsercrByer H/Hy =
1/2. XoTs B paccMaTpHBAEMOM HHTEpBaJle IapaMeTPOB BePOATHOCTh H3MEeHS-
eTcs Ha MHOT'O NOPSA/IKOB, OCHOBHAS YacTh U3MeHeHud cBa3ana ¢ Wy. Pynkuus
Wp ecTh He uTO HHOE, KaK BKJAJ IMEeCTHYTOJIbHEIX ANArPAMM B BEPOATHOCTDH
pacieniieius ¢oToHa nmpu w € m. CnenoBaTenbHO, pHc.D MOKa3LIBaeT OT-
Jnune BepOATHOCTH, BEIYMCIIEHHON TOYHO Mo mapameTpaM w/m u H/Hy, oT
BEPOATHOCTH HaNNEHHONH B HH3IIEM NOpAAKe MO 5THM napamerpam. Bepo-
sTHocTh Wh E, NosiydeHHas ¢ UCNOJb3oBaHHeM 3(p¢dEeKTHBHOIO JarpaHxXuaHa
I'D, Takxe nponopuuonaidbia (w/m)®. llosToMy TOYKH nepecederns KPUBBIX
¢ OCBIO OpAMHAT AaloT HaM BepoaTHOCTh Wy p. W3 puc.5 MoxHO BUIETH, 4TO
npu H ~ Hy BepostHocTn W u WyEg cymecTBenno mensbine, yem Wy. B To
xe Bpems W/WpyE 3amerHo pacrer npun w — 2m. CrnenosaTenbno, Heobxo-
JMAMO TIPHHUMATH BO BHHMaHHE TOYHYIO 3aBHCHMOCTH OT 3Heprum ¢oToHA.
Hamu yucjieHHBIE pe3ysibTaThl COryacyiorces (¢ TOYHOCTBIO A0 HECKOJBKHX
NpOLIEHTOB) ¢ HaiifleHHEIMH AJilepoM B cTaThe [3], rae YHCleHHBIe 3HAYCHHA
NpUBENeHbl A W = M.
Ha puc.6 nokasana 3aBHCHMOCTB IOJIHON BEPOATHOCTH pa3pelieHHOro Ie-
pexona W, Buipaxennoii B enuaunax Wi, or MarauTHOrO nois (B eAMHANAX
Hy) npu pa3sHbIX 5Hepruax HadasbHoro ¢orona. Bepoarnocts W) pasna

6 5
W, = Wo (%) =0.116 (‘E) em™L. (3.6)

Ha puc.6 BHIOHO, YTO NMpu GONBIKX MOJNIX POCT BEPOATHOCTH CYIIECTBEHHO
samenseTcd. B cBs3M ¢ 5THM u3yveHue noseleHns aMmMTyAbl T npu ovens
CHJILHOM MarHuTHoOM none H > H, npeacrapisfeT O4eBHIHLIH TeopeTHYe-
CKHH HHTEpecC.
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L W
Puc.5 3aBucumocTs nomuoi BEPOATHOCTH paciuensienns gorona W (Bri-

PaXeHHOU Yepe3 BeposTHOCTHL Wy, hopmyana (3.5)) ot smne
: s pruu =
w/m) nns H = Ho (kpusas 1) n H = Hy/2 (xpusas 2) i

? o

4

—‘1
0k ~ ; - -
5 10 15 20
H/HO

Pnc.{f 3aBHCHMOCTD NOJNHOI BEpOSTHOCTH pacmeneenus porona W (BhI-
PaXeHHOH uepes BepoaTHOCTe Wi, dopmyna (3.6)) or marmmTHOro mons
(B enumimax” Ho) ni1s pasHEIX SHepruii HAYANBHONO ¢orona: kpusas 1 nas
w = w/m = 0.1 (sTa KpHBas c XOpomeii TOYHOCTBIO COBmAmaeT ¢ BEpO-
ATHOCTBIO HAMIIEHHOH ¢ HCIOJIB30BaHHEM 5(b(eKTHBHOIO JIarpaHKHaHa r'a);
KpuBas 2 nna w = 1.1; kxpupas 3 ang w = 1.5; xpuBas 4 ang w = 1.9. ,

14

Ilpu H > H, ocHOBHOI BKian B ABYKpaTHBIH MHTerpai B (3.2) maioT
obnact £ ~ H/Hy u £ — t5 ~ 1. B TpexxpaTHOM uHTerpade B (3.2) ocnHos-
HO#l BKJan AAaloT nBe obmactu : £ ~ Hf/Hg, t1 ~ H/Hg, z — 1y ~ 1; &
z~ Hf/Hp, t; ~ 1, 13 ~ H/Hy. Ilociie cooOTBETCTBYIOIMX PAa3jIoXeHUil HHTe-
rpaisl 6epyTcda, # Mbl HAXOIUM

24m?

T(H> Ho) =T 8 4‘-"12 g arcig 7 ’-‘;2 3
Wo me* — WE 1] wﬂ 3 7
+ : £d TR B o W Lt R 135 ik
f-i-"l 3 347712 —_ u].i g \H 4m2 Ty """1 4m2
rue
A aYBf2 558
T = (4ra)*/* w (3.8)

1272 m?
Bunso, yro amnauryna 1T npu H > Hy He 3aBUCAT OT MATHHTHOIO TOJIA.
AMniauTyna, BEIYMCIEHHASs ¢ HCNoab3oBauneM 3¢dexkTHBHOrO jlarpaHXxuaHa
['D npun H > Hg paBHa

THE = T;ulwzng.

3aBHCHMOCTDL aMOAUTYAL T OT 3HepruM KoHeuHoro ¢oToHa (21 = wi/w)
B paccMaTPHBAaeMOM Ipefielie MoKasaHa Ha Puc.7 juid pasiH4HBIX SHEpruH
HavasibHOro ¢orona. Ilpu cuibHOM mnojie m w — 2m Ha Puc.4 n 7 BunsHa
TeHfieHNs GOpPMUpPOBaHUA IJIATO B IEHTpe pacnpeneiienns. BeposTHOCTDH
Was = W(H > Hjy) nokazana Ha puc.8.

SaMeTnm, 9TO NpH MOOLIX 3HAYEHHAX MArHUTHOIO NOJs aMIVINTyHa H
BEpOATHOCTh MPOUECCa ABMAIOTCH KOHEYHBIMH NpH W = 2m.

Takum o6pa3oM, MBI IPOBEJIH pacdeT aMINIMTY/Bl paciuenyenus GpoToHa,
HCIONB3Ys TOYHYIO GOPMYy, IPUMEHHMYIO [ MPOU3BOIBLHOIO MarHHTHOIO
nons H uw < 2m. llpnBenenusie rpapuky NOKa3bIBAIOT 3aBUCHMOCTD aMIINIH-
TYAEl U BEpOATHOCTH Ipollecca OT MAarHMTHOIO MOJsA W 3HEpruM (oTOHA BO
BceM HHTepBaJie ux 3HaveHuii. [Ipu w < m Bamm pe3yabTaThl COracyOTCH C
aMININTY/ION, NOMydeHHoi 13 3¢dekTnBHoro narpamxkuana ['D. Mur manum,
YTO B O4eHb cuiibHOM noiie H > Ho aMnauTyna He 3aBHCHT OT MarHHTHOTO
noss. IlockonbKy MMeeTcs TONBLKO ONHMH paspelleHHb nepexon B — CC,
TO (POTOHHBIN KAacKaj MOXET Pa3sBHTCA TONBKO IPH YCJIOBHH, YTO MarHuTHOE
rojie MeHAeT CBOe HalpapiieHHe (Ha paccTOAHHAX MHOro 6oJiblile YeM AJAHA
¢dopMHpPOBaHHAS NPOLECCa PACIIEINIEHN ).
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Puc.7 3aBucumocts aMmmaTynsl T OT 5HEPruM KOHEYHOrO doToHa nus

mons H > Hy mpH pasHBIX 3HEPrUsX HaYaJbHOrO (hOTOHA: w/m = 0.1(1)
, w/m = 1.5(2) and w/m = 1.99(3).

12

10}

Was /Wl
)]

BT T R T DR S e T IR R U I

: :

Puc.8 3asucamocts sepostaocTy Wo, = W(H > Hp) oT sHepruu Ha-
ganbHOrO oToHa (W = w/m).
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