MUHUCTEPCTBO OBPA3BOBAHIS POCCUIICKON ®EJIEPAIINN

A pocaasckuii rocygapcrBensbiiit yauepcurer um. I1.I. lemuaosa

Kadenpa Teopernueckoii pusunknm

3aJlaHns II0 KBAHTOBOI TeOpPUU MOJIs

B CNJIbHOM BHE€EIITHEM MJAaI'HUTHOM IIOJIE

MeTonndeckue ykazaHms

Apocaaan 2000



BBK B315
315

3amaHus M0 KBAaHTOBOI TEOPUWU MOJIA B CMJIBHOM BHENTHEM Mar-
uutTHOM T10J1e: Meroj. ykasanusi / Cocr. JI.A. Bacunerckast, H.B. Muxees,
A 4. TTapxomernko; Apoci. roc. yu-1. dpocaasin, 2000. 32 c.

z1ararorcsi OCHOBHBIE METO/bI BEIYUCIEHUI KBAHTOBBIX IIPOIECCOB B IIPH-
CYTCTBUHU CUJIBHOI'O BHEIIHEro0 MArHWTHOI'O IIOJIsi B BHjie HAOOpa 3aJaHuil C
OJIPOOHBIMHU PEIICHUSIMUA ¥ OTBETAMHA.

Meronnueckue yKazaHusl IpeIHA3HAYCHBI JIJIS MArHCTPAHTOB M aCIUPAH-
TOB, CIIEIHUAJU3UPYIONIAXCA M0 Kadeape TeOpeTuIecKoi (hU3UKM.

P e e 3 en T Kadeapa TeopeTudeckoit hbuzuku ApociaBckoro rocy-
JapcrBeHHoro yuuepcurera um. I1.T. lemuiosa

Meronnueckre yka3aHus U31aHbl IPU (DPUHAHCOBOM MOIIEPIKKE
rpanta POOU Ne 98-02-16694.

(© dpocnaBckuii rocynapcTBennbiit yauBepcutet, 2000
(© JI.A. Bacunesckasi, H.B. Muxees, A.4. [Tapxomenko, 2000



BBoanble 3agaHus

Samanmue 1. [locrpours 6a3uC J1Jis1 YACTHUIBI B IIOCTOSTHHOM OJIHOPOIHOM
MArHUTHOM I1OJI€.

Pemenne. [Ins 11060 9acTibl ¢ UMIYJILCOM Py, HAXOJsIIEHCs B 3JeK-
TPOMArHUTHOM TIOJIE, MOXKHO BBECTHU YIOOHBIH JIJIsT aHAJIN3a KBAHTOBBIX MPO-
IIECCOB C ee ydacTueM 0a3uc. 3aMeTuM, 9TO KOH(PUTYPAIUs IUCTO MArHATHO-
I'o 10Jisi, HauboJiee BajKHasi B MPUJIOXKEHUU K aCTPOMDU3UIECCKUM OOBEKTaM,
obJiaaer HaAbOPOM ClienuPUIeCKUX CBOMCTB, UCIIOJb30BaAHNE KOTOPBIX CYIIE-
CTBEHHO YIPOINAET PACUYEThl KOHKPETHBIX PEAKIIHA.

13 371eKTpOIMHAMUKY U3BECTHO, YTO JIEKTPOMATHUTHOE TOJIE MOJHOCTHIO
onpeJieJisieTcsl TeH30pOM HalpsizkenHocreit Fy,,. B jononnenue K Hemy Takxe
BBOJIUTCS JYaJIbHO COMNPSIXKEHHBIH TEH30D Fuu = %EWWF P9, BribepeMm cu-
cTeMy KOODJIMHAT TaKUM 0Opa3oM, 4ToObl och (Jz Oblia HalpaBJeHa BJIOJb
HanpsikenHocTr MarauTHoro nosst B = (0,0, B). B takoii cucreme orcyera

TeH30pbl F),, u F,, uMeroT cje/lylomui sBHbI BUL:

0O 0 00 000 +1
0 0 -120 ~ 000 O

Fw =8 0 +1 00 |’ w =B 000 O (1.1)
0O 0 00 -100 O

B naJsbHeitneM y100HO MOIB30BATHCS HE CAMWM TEH30POM 3JIEKTPOMATrHUT-
HOT'O TOJIST ¥ IyaJIbHBIM K HEMY, a WX O€3pa3sMepHBbIMU aHAJOTaAMU:

F, . F.
Puv = ?ﬁ: Puv = g ) (1'2)

SIBHBII BUJI KOTOPBIX B BBIOPDAHHOM HAMHU CHCTEME OTCHUETa NPEACTABJICH UH-
csioBbiMu MaTpuiiamMu B dopmyite (1.1).

[IpescraBisier HHTEpEC MPOAHAJU3UPOBATL AIredpy BBEIEHHBIX Ge3pas-
MepHbIX TeH30poB (1.2). Hawunem ¢ GuHapHbIX MpOU3BeICHMIA:

_ — p A — (55 — 5 P
Ay = (90)uw = Pup v, N = (6P) v = Pup P v- (1.3)
B omyindme oT aHTUCUMMETPUYHBIX TEH30POB Py U Py, TEH30PDI A;w u Auv
CUMMETPHUYIHBI B COOTBETCTBUK C OOIMMK CBOHCTBAMM CBEPTOK TE€H30pOB. B
BHIOPDAHHOII HAMHU CHCTEME KOOPIMHAT ITH TEH30Phl UMEIOT CJEIYIOMINi siB-
HBIT BUJI:

100 O 0000

x 000 O 0100

A = 000 0] A = 0010 (14)
000 -1 0000
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13 gBHOrO mpejicTaBjieHHA TEH30pOB BUJHO, YTO OHU HE ABJIAIOTCA JHHEI-
HO HE3aBUCUMBIMU, a CBSI3aHBI JIPYT C JAPYTOM IIOCPEJICTBOM METPHYECKOTO
TEH30PA Gy
A — ANy = g (1.5)
[TpoBeieHHbIH aHaJIN3 MOKA3bIBAET, YTO HAJWYUe TOCTOAHHOIO OJHOPOJ-
HOTO BHEIIHEro MarHUTHOTO IMOJIsi eCTeCTBEHHLIM 00pa30M pasOuBaeT dyeTbl-
pEexXMepHOe MPOCTPAHCTBO MUHKOBCKOTO Ha JBa HEIIEPECEKAIOIUXCA TOIIPO-
CTPAHCTBA: JBYMEPHOE €BKJHUIOBO IOJIMPOCTPAHCTBO ¢ METPUYCCKAM TECH30-
poM A, OPTOrOHAJILHOE BEKTOPY HAIDSIKEHHOCTH MarHuTHOro mnosst B, un
JIByMepHOe TICeBJIOCBKJINI0BO MOAMPOCTPAHCTBO C METPUYECKAM TEH30POM
]\uv- Bespasmepuble T€H30PbI SJIEKTPOMATHUTHOIO HOJSL Qy, U Py, UIDa-
0T POJIb TeH30pOB JleBu-UuBura (MOJHOCTHIO AHTUCMMMETPUIHBIX TEH30POB )
9THUX MOJIIPOCTPAHCTB 1 00J1aal0T CJCAYIOIUMEI CBOHCTBAMMU:

@ull‘ﬁp(f - ]\ua]\up - ]\,up]\l/aa (16
PuwPps = AppAua - A;wAup-

st BBeIeHHOrO HaOOpa TEH30pPOB CIPaBEJIMBLI CJIEAYIONINe OMHAPHBIE
COOTHOIIICHUSI:

(9590)/“/ = (@A),uu = ([\90)/“/ = (]\A)pu = 07
(AA)MV = ]\ul/a (AA)NV = _A/M/a (1'8)
(]\95),1“/ = Sé,ul/a (A(P),uy = —Puv-

HpI/I KOHKPETHbIX BBIYUCJIEHUAX OKA3bIBACTCA y,ILO6HbIM BBECTHU CII€lINaJIb-
Hble ODO3HAYEHMS JJIsi KarXKJO0I'0 M3 IMOANPOCTPAHCTB: | — JJIsi €BKJIKIOBA
MOJNPOCTPAHCTBA ¢ METpUKO# Ay, W || — 11 nceB10eBKINI0Ba NOANPO-
CTPAHCTBA C METPUKOi A pv- [Tpu TakoM corytaliieHuu MPOU3BOILHBII 4-BEKTOD
AP = (Ao, A1, A, A3) MOXKHO pasOUTh HA JIBE OPTOTOHAJIBHBIE COCTABJISIO-
HIKe:

A=A A — Ny A = Ay, — Ay, (1.9)
re Aﬁ‘ = (4,0,0,A3) u A" = (0,41, Ay,0) B coorBercTBUM CO CBO¥i-
crBoM (1.5). Takoe pazbueHne MO3BOJISIET BBECTH CKAJSIPHOE [POU3BE/IEHHE
BEKTOPOB B Ka>KJO0M IIOAIIPOCTPAHCTBE 110 OTACJIbHOCTU:

(AB) = (AB)| - (AB).,
(AB); = (AAB)= A"A,, B, (1.10)
(AB), = (AAB)= A¥A,, B",

rne A, u B, — npousBoyibHBIE 4-BEKTOPHI.
p p
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[enenne 4eThIpeXMepHOTO MTPOCTPAHCTBA HA J[Ba HeTlepeCeKAIOIIIX s MO/l
IPOCTPAHCTBA, MTPUBOAUT K I3PPEKTUBHON MOJIUMUKAIINKA CBOUCTB Y-MATPUIL.
Bysem obo3znauarsh y-marpuubl || HOAIPOCTPAHCTBA KAK 7|, & L moiupo-
crpaHcrsa — Y1, Beejem npoekuuonubie oneparopbl I1.:

1 1

M =5 [I F % (wv)] =5 [IFimml, (1.11)

IJie yYTeH ABHBII BHJ TEH30Da ¢y, B BBIOpaHHOI cucTeMe orcdeTa. OTMeTHM
caelylone MyJIbTUILIMKATUBHBIE CBOMCTBA MIPOEKIIMOHHBIX ONEPaTOPOB:

M., =Ty, LI, =0, (1.12)

a TaK2KE€ MX KOMMYTallUOHHBIE CBOMCTBAa 110 OTHOIIEHUIO K Y-MaTpHUIlaM:

_ 7/.LH:|: m = 07 37
H:I:’Yu - { VMH:F w= 1’ 2. (1'13)

[Tocenree cBONCTBO MHTEPECHO TEM, UTO €CJIM BCTPEIAETCS KOHCTPYKITNS BU-
Ja Iy, 11, 1o adpdexTnBHO OT y-MaTPUILI OCTAETCs TOJIHKO €€ MPOJ0JILHAS
cocrapJistiomast — 7|, C/iejlyer OTMETUTh Tak>Ke U KOMMYTaTHBHOCTH 11POEK-
IMOHHBIX onepaTopos Il ¢ marpureit vs:

Hi’)/5 = ")/5H:|:. (114)

[IIupoko mcmoab3yeMoit onepalueil sBJIgeTCS B3ATUE IIMypa MPOU3BeIe-
HUsT HEKOTOPOI'O YMCJIa Y-MaTPHIl. B cilydae CUJIbHOIO MArHUTHOT'O TIOJIsT BbI-
qucsienue mypoB 3pdEKTUBHO peasin3yercsi TOJAbKO B || mogupocrpancrse.
Kak 1 B 00bIYHOM YeThIPEXMEPHOM [IPOCTPAHCTBE B || OAIIPOCTPAHCTBE MLy
HEYETHOT'O YUCJIa Y-MaTPHUIl PaBEH HYJIO, & HECKOJBKO IIePBbIX IIIIYPOB YeT-
HOT'O YUCIa — CHEIYIONNE:

Sp{Hi} - 2a Sp{’z,lﬂ/l/l:[ﬂ:} :~2A,lil/) ~ 3
Sp{’)’uf}/l/f)’pfyanzl:} = 2[A;w Apa + A,ug A]/p — ANP Avsl, (115)
Sp{7u7V75Hi} = :t295;u/7

Sp{’)’u’)’z/f)/pﬂ)/a%in:l:} = j:2[A,u1/ @pa + @;w Apa]-
[Tone3ubl u Apyrue 4acTo BCTPEUAIOMINECs COOTHOIICHUSI:
W =2 M) =05
b
NNV = 27107 lvs (1.16)
NN = N Vo + Bop Vi = App V-
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Jlerko mokazarh, UTO CBEpTKa JBYX Y-MaTPUIl, MEXKY KOTOPBIMHU HAXOUTCS
JII000e HEYETHOE YUCJIO 7Y-MaTPHIl, OOPAIIAETCS B HYJIb.

HaJjinare BHEIIHErO MArHUTHOI'O TOJISI, & CJIEIOBATEJIBLHO, U HADOPa TEH-
30POB Puy;, Puv, Ny U /~\M,, [I03BOJIsIET €CTECTBEeHHLIM 00pa30M BBeCTH Oa-
3UC YETBIPEXMEPHOTO HMMITYJbCHOI'O TPOCTPAHCTBA JJI JIIOOOW YaCTHIIBI C
4-VMMITyTbCOM Py,

—

bD = (o) b2 = (¢p)ps (1.17)
(

0P = pi(Ap)y—pt (Ap)y, YY) =py.

DTH BEKTOPHI B3aMMHO OPTOTOHAJBHBI, HO HEe HOPMWPOBAHBI, TIOITOMY MPHU-
BeJIeM 3HAYEeHWs KBAJPATOB 3TUX BEKTOPOB:

(b<1>)2 Iy (b<2))2:_pﬁ, (1.18)
(b(3))2 = —p’pl o, (b(4))2=p2-

Orcio/ia BUJIHO, YTO OPTOHOPMUPOBAHHBIN HA3UC MOXKET OBITH JIET'KO MOCTPO-
eH KaK JJIs BPEeMeHUIom00H0To p? > 0, Tak W [/ MTPOCTPAHCTBEHHOMOH00-
Horo p? < 0 Bexkropa. Jjisi 6e3MAaCCOBON YACTUIBI HA MACCOBON [IOBEPXHOCTH
(p?> = 0) Tperuil u YeTBepTHIl 6A3MCHBIE BEKTOPHI OKA3BIBAIOTCS H30TPOII-
HBIMH, YTO HE MO3BOJIIET UX HOPMUPOBaTH. OJHAKO 3TO HE MEIIaeT MOJIb30-
BaThCst HAOOPOM HEHOPMUPOBAHHBIX 0a3uCHBIX BeKTOpoB (1.17) mpu pacde-
Tax MPOIECCOB C y4yacTreM Oe3amaccoBbix dacTull. CieyeT Tak»Ke OTMETUTD,
9TO TEPBBIA U BTOPOi GA3MCHBIE BEKTOPBI IEJUKOM JexaT B L u || moxmpo-
CTPAHCTBAX COOTBETCTBEHHO, B TO BPEMsI KaK TPETUHl U IETBEPTHIA HMEIOT
COCTABJISIIONIME B 0DOUX MOJANPOCTPAHCTBAX. BbInuiiieM siBHBIN Buji HabOpa
0a3UCHBIX BEKTOPOB B BHIOPAHHON HAMU CHUCTEME OTCUYETA;

b = (0,—pa,p1,0), b = (p3,0,0, —E), (1.19)
oY) = (-plE, pi{p1, Pi{p2, P.p3), M) = (B, —p1, —p2, —p3).

Beeienue 6asuca (1.17) nosBosisier earh pasiiokeHus 4-TeH30pa Jiroboro
paHTra B COOTBETCTBUU C IPABUJIAMHU:

b b

14

ey
V., = V) ——, t/\A —,
N PRV R

(1.20)

rae Vi, u T, — npousBosibHbIE 4-BEeKTOD U 4-TEH30p BTOPOI'O PaHra, a vy 4
t\y — WX COCTABJIAIOIINE B 3TOM Das3uce.
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3amanme 2. Haiitu pemenne ypaBuenus Jlupaka ais (dpepMuoHa ¢ 3apsi-
oM Qe (e > 0 — anemeHTapHbBIH Bapﬂ,u) B IMTOCTOAHHOM OJITHOPOJIHOM BHEIITHEM
MArHUTHOM I10JIE.

Pemenne. Ypasuenue upaka jijisi (hepMuOHa BO BHEIITHEM JIEKTPOMAT-
HUTHOM IHosie ¢ 4-norennuajiom A, = A,(r,t) umeer Bux;

[ié — QeA - m] U(r,t) =0, (2.1)

re 9 = oyt m A= Av*.

Perienust 9Tor0 ypaBHEHU, MOJYYEHHbIE JJIsI TTOCTOSTHHOT'O OJIHOPOJTHOTO
MarHuTHOrO nosiss B, mojmydwiu cBoe HauboJbIllee MPUIOKEHUE B acTPODU-
3uKe. B 9acTHOCTH, Ha MOBEPXHOCTHU IyJIbCAPOB OODHAPYXKEHBI JTOCTATOYHO
cuibHre MarauTHbIe oy B ~ 101 — 10 Tc, a corwacro Teoperndecknm
MOJIEJISIM B SIIPaX TAKUX IyJIbCAPOB HAIPSI)KEHHOCTHU IOJIE MOI'YyT ObITh HA
JIBa-TPU MOPsiJiKa Oosbiie. B 3TOi CBSA3M HEMOCPEICTBEHHbBIN WHTEPEC IIPe/I-
CTaBJIAIOT HE MIPOCTO TOYHbBIE PellleHus ypaBHeHus Jupaka B MArHUTHOM TIO-
JIe, 8 WX aCUMIITOTHKA B CIydae dKCTPEMAJBHO OOJIBIITIX HAIPSI)KEHHOCTEHA.

Huist pernennsi ypaBruenusi (2.1) BbibepeM cucreMy KOODJIMHAT TAKUM O0-
pPa3oM, 4TOObI BEKTOP HAIPS>KEHHOCTU MarHUTHOrO 1ojiss B Obl1 HanpasiieH
o ocu Oz, a BekTOpHBII noreruag A — mo ocu Qy. B Takoit kaaubposke
4-moTEeHIIMAJ BHEITHETO MArHUTHOT'O TIOJISI MOYXKHO TPEJCTaBUTH B BU/IE:

AF =(0,0,2B,0). (2.2)

st pelieHusi OCTABJIEHHOR 3aja4y yj00HO BBECTH BCIIOMOIATEIbHYIO
byukuuio $(r,t), koropas sIBJSETCs PEIIEHUeM KBaJPUPOBAHHOIO ypaBHe-
uus Jupaka:

[(z’é - QeA)2 _ m2] ®(r,t) =0, (2.3)

pM 9TOM TOYHOE perienue ypasHenusi (2.1) cesazano ¢ dynkuueii P(r,t)
COOTHOIICHUEM

U(r,t) = [z‘é —QeA+ m] o(r, 1). (2.4)

Haitnem siBubiii Bug dyuknun @ (r, t). Ucmons3ys u3BecTHOE CBOKCTBO MPOU3-
BeJICHUS IBYX Y-MATPUL — Y, Yy = Juy+ 0w, TAE Gy — METPUHUECKUH TEH30D U
O = [Yu> W] /2, a Takke yciosue Jlopenna aist 4-morennunara — 0, A* =0,
KBa/IPUPOBAHHOE ypaBHeHUe (2.3) MPUBOAUTCH K BUJLY:

—0% — 2iQe(AD) + Q%e* A% + %Qe(aF) — m2] ®(r,t) =0, (2.5)
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rue F, — TeHsop BHerHero MaruuTHOro mounsd, u (oF) = o, F"*. MoxHo
nokazarhb, uro (0 F) = —2iBY3, rjie 33 — NPOEKIUs PESISITUBUCTCKOIO Olle-
paropa cnuna dbepmuona Ha ock Oz. Byjem cuurars, yro dyukuus P(r,t)
sIBJIsI€TCsI COOCTBEHHON (DyHKIMEH ormeparopa Xis:

Sa®(r, ) = AB(r, 1), (2.6)

rjie COOCTBEHHOE 3HAYEHUE A MMEET CMBICJ YJIBOEHHOI'O CPEJHEr0 3HAYCHUSI
npoekiuu cnuna Qgepmuona. Torga oneparop B KBaJPUPOBAHHOM ypaBHE-
HuK (2.5) CTAHOBUTCS MPOINOPIMOHAJIBHBIM €JIMHUYHOR MaTPUIE TPOCTPaH-
crBa Jlupaka, 910 Mo3BOJIsieT (PaKTUIECKH EPEHTH OT MATPUIHOTO K CKaJIsAp-
HOMY ypaBHeHuIo. [IpuHuMast BO BHUMaHWe siBHbIA Buj 4-notennuaa (2.2),
PACIIUIIEM SIBHO KBaJIpUPOBaHHOE ypaBHeHue (2.5) B BHIOPaHHON HAMHU CHCTe-
Me KOOPJIMHAT:
0 : 0 2 22,2 2
—— + A —2iQeBz— — Q“e*B*z* + QeBA — m*| ®)(r,t) =0, (2.7)
ot? Oy

rge A — oneparop Jlamnaca. Oneparop ypasHenust (2.7) He 3aBUCUT sIBHO
oT Bpemend, mosroMmy dyukiws P (r,t) sBageTCS CTAMOHADHBIM DEIIeHHEM
9TOrO YPABHEHHS W OMUCHIBAET KBAHTOBYIO YACTHUILY C COXPAHSIIOIIAMCS 3Ha-
aenuem sHepruu E. [TockosbKy npuBejentoe ypasaenue (2.7) umeer siBHYIO
3aBUCUMOCTH TOJIbKO OT IEPEMEHHON I, TO OIepaTop ITOr0 ypaBHEHHs Oy-
JIeT KOMMYTUPOBATH ¢ oneparopamu 0/0y u 0/0z. Dru nuddeperiuanbHbie
OIEPATOPbI OIPEIEICHbI B JJOPEHIEBCKOM 4-ITPOCTPAHCTBE-BPEMEHH, TOITOMY
OHH TaK»Ke OyJyT KOMMYTHDPOBATL U C OIEPATOPOM i3, SIBJISIONIUMCS IIOCTO-
SIHHO# BEJIMYWHON B 3TOM NpocTpaHcTBe. Vexo/s u3 Bhilliecka3zaHHOro, Oy 1em
MCKATh TIOJIOKUTEIHHO YaCTOTHOE pellienne ypasuenus (2.7) B Buje:

&\ (r,t) = f(z) e (Ptmups2) gy (2.8)
KaK COOCTBEHHYIO (DYHKIUIO TPEX OIepaTOpOB:
o 0
—~ %N 2.9
dy 0z P (2.9)

C COOCTBEHHBIMYU 3HAYCHUAMHU Do, P3 U A COOTBETCTBEHHO. ByjieM Tak»Ke cuu-
TATh, YTO MOCTOSIHHBIA OUCIIMHOD U) sIBJISETCsI penenneM ypasaenus (2.6).

[Togcrasisist perenne (2.8) B ypaHenue (2.5) U BBOJsI BMECTO T HOBYIO
bespasMephyto nepementyio £ = 1/|QleB(x — pa/QeB), nonyunm ciejyro-
mee ypasuenue st bynkipn f(z):

d_2 E? — p2 —m? + QeB)\
dg? QleB

o fe=0. (210
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[Tonyuennoe ypaBHeHMe IO BUAY cOBIagaeT ¢ ypasuenuem IlIpenunrepa mis
OJJHOMEPHOI'0 TAPMOHUYECKOTO OCHUJLIATOPa. U3 HepesiTHBUCTCKONR KBaH-
TOBOW MEXaHWKW W3BECTHO, YTO COOCTBEHHbIE (DYHKIMU TAKOIO ypPaBHEHUsI
o0palaTCcs B HyJib IpU £ — 00, KOI'/[a COOCTBEHHbIE 3HAYEHUS IPOIIOPIIKO-
HAJILHBI [TOJIOXKATEILHBIM IeJIbIM HEUYEeTHBIM UHCIAM:

E? — p2 —m? + QeB)\
QleB

rne v = 0,1,... — nejoe Heorpunarenbroe ducyio. CobcTBenHbie DyHKINN,

=2 +1, (2.11)

COOTBETCTBYIOIIIUE ITUM CO6CTB€HHI:>IM 3Ha4YCHUAM, UMEIOT BU:
_¢2
f(&) =Ne*?H,(¢), (2.12)

rie H, (&) — monmunombr Dpmuta, a N — HOpMUPOBOUHBIN MHOXKHTENb. B uTore
TOYHBIE PEIIeHUs] KBAIPUPOBAHHOrO ypaBHeHust Jlupaka 1 COOTBETCTBY OIIIHI
UM CIEKTD YHEPIUK MOXKHO 3AIMCATH B BHJIE:

D (1) = N e PP ) O (6w, (213)
1
E? = p> + m? 4 2|Q|eBn, n:V—i—E(l—p/\), (2.14)

e BBEJIEHBI TJIABHOE KBAHTOBOE YHUCIIO 71, HyMEPYIOIIee SHEPTeTHIECKUE YPOB-
HU 3apsKEHHOrO (epMuoHa B MarHutHoM nose (yposuu Jlawjgay) u npu-
HUMAIOUIEE LEJIble HEOTPUIATEILHBIC 3HAYEHUSI, U 3HAK 3apsua (PepMHUOHA
p = Q/|Q|. U3 Bbipaxenusi jiisi sHepruu (2.14) criepyer, 9410 CreKTp IHEP-
ruu (pepMHUOHA UMEET IBYKPATHOE BLIPOXKICHHUE [0 KBAHTOBOMY YUCIY A [IPH
n > 1 u 6eCKOHEYHOKPATHOE BLIPOXKICHUE 110 YUCIY P2, €CJIM OHO HEIIPEPHIB-
HO.

(+)

nApa2ps
(r,t) — TouHoe perenne ypapHenusi Jlupaka B

Bocronbayemest ypasrernnem (2.4), arobsl o dyukunu P (r,t) BOC-

(+)

nAp2ps
mMaruuTHOM nosie. Pacnumem sisao oneparop [10 — QeA + m] B BbiOpan-

CTAaHOBUTH (PyHKIMIO ¥

HOIl HAMM CHCTeMe KOODJMHAT U IMOJeiCTByeM UM Ha (DYHKIIHIO CID;)\L ps(r t)

u3 (2.13), 9T0 maeT ciesyromiee BhIpaXKkeHue i DyHKIUA \I!g)\gy 0, (T 1)

B t) = N el (2.15)
X ]3” +m + 4/ |Q‘€B (71d€ ip’)/2§>] e—£2/2 Hy(f) Uy.

Cuiejtyer HAIOMHUTDB, 4TO ypaBHeHue 110 nepemenHoii ¢ (2.10) dopmasbho
coBmajaer ¢ ypapuenueM llIpenunrepa s rapMOHUYECKOTO OCIUJLIATOPA.
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HOSTOMy 1O aHAJIOTUN C KBaAHTOBBIM OCHUJIJIATOPOM y,ZLO6HO BBCCTH IIOBBIIIA-

roumit a” u moHmKarommit a” onepaToph:

at = % (g T d%) : (2.16)

+

Hanomuum geiicTBre onepaTopoB a™ Ha BOJHOBYIO (PYHKIIUIO OCIAJLISITODA:

ot [ RE) < g5 e Ha©. @1

Eciu Tak>ke BBeCTHU CJIeIyIOINIKe JTUHEHHbIe KOMOUHAIIUN Y-MaTPHIIL;:

1 . 0 O+ 1 .
— — :l: — — — .
VL= 5 (71 £ iv2) ( e 0 ) ; ox =3 (o1 £io9), (2.18)
rae 0;, ¢ = 1,2,3 — marpuinl [laynu, To dyHKImMSI \Ilg\;zm(r, t) mpuBOUTCS
K BHUIY:
+ —i(Bt—pay—
v () = N e lEipyme) (2.19)

X [ﬁ” +m+iv/2(QleB (a v-, — a+'yp)] e ¢/ H, (&) uy.

[Tpu TakoM 110X0/1€ OCTAETCsI IIPOU3BOJL B BLIOOPE IIOCTOSIHHOIO OUCIIMHODA
uy. 3adukcupyeMm 3TOT MPOU3BOJI, NOTPEOOBAB, YTOOLI cjaaraemoe ~ a’ B

dbopmyJie (2.19) obparusiocs B Hysb. Beibepem bucnuHop Buja:

L/1+A
U,\:(f;\), 90/\:§<1_)\>7 (220)

KOTOPBIil siBJIsteTCst COOCTBEHHOM (DyHKIMEH ornepaTopa MPOEKIUK CIIMHA, 2.3,
a TaKXKe yJIOBJIETBOPSET yPABHEHUIO:

YoUx = 0, ) V5U_). (2.21)

U3 sToro ypaBHeHUs CJIeyeT, U4TO CJIaraemMoe, MpornopPIUOHAIbHOE MOBbIIIa-
IOIIEMY OIlepaTopy, obpalaeTcss B HyJb, ecid A = p. [ToaTomy mpu Takom
BbIOOpE OMCIIMHOPA TOYHOE pellleHue ypaBHeHUs /Iupaka B MOCTOSTHHOM O/I-
HOPOJHOM MarHUTHOM TIOJIE MOXKET OBITh MPUBEJEHO K BUJLY:

\ijlj_p),pg,pg (I‘, t) - [ﬁH + m} (I)”apapz,m (I‘, t) + U 2|Q|€BV’Y5 ¢n_1;_p7p27p3 (I‘, t)'
(2.22)
OCHOBHBIM YPOBHEM H&Hﬂay €CTECTBCHHO CUHUTATh KBAHTOBOE COCTOAHUEC
c¢n = 0, npyyemM BCIOMOraTeJbHOE YUCJIO V, OIPeesiolee Habop JIUCKpeT-
HBIX yPOBHEl, TakxKe paBHO HYyJI0. COrIacHO OIpeIeIeHII0 SHEPreTHIeCKIX
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ypoBHeii (2.14) Ha OCHOBHOM ypOBHE COOTHOIIEHHE MEXKJy SHEprueil u nM-
nysbcoM pagro: E2 = p% + m? uto cooTBeTcTBYeT CBOGOIHOMY JIBUSKEHUIO
3apsi?>KeHHOro (pepmuona BJ10sib ocu Oz. [Ipu 3roMm BosiHOBast byHKIMSs 3apsi-

+
YKEHHOT'O (pepMuoHa, \IJ(() p) o5

. L g+
BCIIOMOIaTesIbHOM (pyHKIMed CD(() p)p2 0, (5 ) coorHOmEHUEM:

(r,t) oKa3bIBAETCS CBA3AHHONA TOJBKO C OJIHOI

(++) — [a (+)
\IIO7P7p27P3 (r, t) - I:p” + m:l ¢07p7p27p3 (r’ t). (223)
[Tocie momCcTaHOBKU sIBHOTO BUJA (DYHKIUN \Iff);{p%pg(r, t) (2.13) mopmupo-

BOYHBII MHOXKKTENL N onpesessercsa u3 ycjaoBus:

2
[V |96, 0.0)

IJIe MHTErPUPOBAHKE [TPOBOJAUTCs IO 0ObeMy GeckoHedHoro (Baoib ocu Ot)

=1, (2.24)

[UJIMH/IPA C [OMEPEYHBbIM CEYCHUEM B BUJE MPSIMOYTOJbHUKA CO CTOPOHAMU
L,yulL,.

OTpUnATESHHO YACTOTHOE DEIIEHHe MOXKHO MOJIYyYUTh U3 MOJOXKUTETHHO
qacroTHoro (2.23) samenamu: E — —E, p; — —p; (i = 2,3) u u(H) (p3) —
u(7)(p3). B 3aK/mouenye BLITUIIEM OKOHYATEIBHDIA PE3YJIbTAT JJIs TOMOMKH-
TEJBHO M OTPUIATELHO YaCTOTHBIX pernennii ypasuenus [lupaka 3apsiykeH-
HOro (hbepMUOHA, HAXOJSIIErocsi Ha OCHOBHOM ypoae Jlammay (n = 0) Bo
BHEITHEM TTOCTOSIHHOM OJJHOPOJIHOM MATHUTHOM TIOJIE:

1/2
yE) (r,t) = V|QleB/m eﬂFi(Et—pzy—p3Z)6—52/2u£ﬂ:)

2.2
0,p,p2,p3 QELyLz (p3)7 ( 5)
(4) _ VE £ me,
u, (p3) ( CoVEFmo, ) : (2.26)

rne £ = /|QleB(z F p2/QeB), p = Q/|Q| — 3max 3apana, ¢ = ps/|ps]
— 3HAK UMIYJIbCA BJIOJIb HANPABJIEHHUS MAHUTHOI'O IIOJISL, , — HOCTOSHHBIE
CIIMHODBI, onpejeiseMbie ypapaerueM (2.20). Cieyer Tak:ke 3aMeTUTh, 9TO
OUCIMHODBI ugi)(pg,) HOPMUPOBAHbI yCJIOBUEM ﬂgi)(pg)ugi)(pg) = £2m TO4YHO
TAK K€, KaK [OJOXKUTEIbHO U OTPHUIATEILHO YACTOTHBIE PEIIeHUsT CBOOOIHO-

ro ypapHeHusi /Iupaka.

3amanme 3. HaiiTu npomnaraTop 37eKTpoHa B CUJIBHOM MAarHATHOM IIOJIE.

Pemtenne. MaruuTHoe 1ojie €eCTECTBEHHO CUYUTATH CUJIBHBIM, €CJIA OHO
oIpesiesisieT HanOOJbIINI SHEePreTHIeCKnii MacITad 38, atuu:

eB>m? E? ... (3.1)



B sTOM ciiyvae 31€KTpoHbI OyIyT HAXOJUTLCSA HA OCHOBHOM ypoBHE Jlammay
(n = 0), 9T0 CyIIECTBEHHO YNMPOIIAET 3aJady O HAXOXKJIEHUW MPONaraTopa
9JIEKTPOHA B TAKOM CHJIbHOM MArHUTHOM IIOJI€.

Ha ocnosrowm yposue Jlanjay ssektpon (p = —1 — 3Hak 3apsiza dbepmu-
OHA) MMEET COXPAHSIONLYIOCS MPOEKIMIO CIUHA Ha HAIPABJICHUE, TPOTHBO-
IOJIOXKHOE HAIPSPKEHHOCTH MArHUTHOTO 1oJs, (A = —1) u, B COOTBETCTBUH
¢ (2.26), OymeT ONMUCHIBATLCS BOIHOBON (DyHKIMEH BUIA:

1/2

2
() _ | VB/m . B P2 ()
\Ijoa_lap27p3 - 2EL2L3 exp q:Z[Et — P2y — pgz] - 5 T+ E U_q (p3)7

(3.2)
ryie B = eB — 4ucro noseBoi napaMerp, E u p3 — 9HEPrUsd U UMITYJIbC JICK-
Tpona, npuueM F? — p2 = m? py — napamerp ¢ pazMepHOCTbIO MaCChl, OTpe-
JeJIAIONIM] MoJI0’KeHrne MaKCUMyMa BOJIHOBOI dynkuun na ocu Oz, Ly u L,
— JUIMHBI HOPMUPOBOYHBIX OTPE3KOB BJiosib oceit Oy u Oz. Jljist BEIYUCIEHUsT

(+)

POIAraTopa HaijeM CHAYAIa MATPHUILY IJIOTHOCTH py  (p3). I3 KBaHTOBOI

+
TEOPHN TIOJIST U3BECTHO, YTO JIJIst OUCTIMHOPA, ug\ )(p) MATPHIA TJIOTHOCTH €CTh:

_ L . R
P = wT =5 (Em) (1= 959), (33)
p p(ép)
b= == — 3.4
° (m’§+m(E+m) ’ (3:4)
rae 4-umnyiabe p* = (E,p) u £ — BEKTOp NOJISIPU3ALMU HIEKTPOHA B €r0

CHCTEME IIOKOS. Y YNTBLIBAas B BLIOPDAHHOM HAMHU CHCTEME KOODIMHAT KOppe-
JIANAI0 MEXKJY CIMHOM 3JIEKTPOHA M HAIPABJICHHEM MArHUTHOTO mojist B =
(0,0, B), BekTop mossipu3anun — £ = —e,, TaK 9TO 4-BEKTOD MOJSPHU3a-
nun (3.4) ceemercs k s = —(p3/m, e, E/m). lloxcraBnsst nMIyJsc p, u
BEKTOD MOJISIPU3ALUA S, B MATPUIY IUIOTHOCTH (3.3) M MPOBOIS MPOCTHIE
anrebpamdeckre npeoOpa3oBaHmsl, TIOJYIUM CICIYIOMU Pe3yIbTaT:

oS (os) = 5 (g —m) (1 ), (3.5)

rJie Y3 = 17172 — OMEpPaTop MPOeKIuu crnrHa pepmuona Ha och Oz. Ucmomn-
3ysi OMpejiesienne TpoeKinonHoro oneparopa I1_ (1.11), sanuuiem MaTpuily
mioTHocTd (3.5) B BuUJE:

P (ps) = ua) = (o £m) I (3.6)

15t BBIYUCIIEHUS TTPOIAraTopa JIEKTPOHA MPEJICTABUM €0 BOJHOBYIO (DYHK-
[MIO B BUJIE PA3JIOKEHU IO OllepaTopaM POXKJIEHUS U YHUUYTOXKEHUS:

U(2) = D | Ui, (2) + by Ui ()] (3.7)

D2,P3
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V@) = 3 [ G )+ b T ()]
Ph.p
rJie B MOJOXKUTEJbHO W OTPULATEJbHO YaCTOTHBIX PEHICHUAX (3.2) [epBLIe
JIBa, MHJEKCA JJIsi KpaTKOCTH omyiieHbl. [1o ompejesnenuio, mpomaraTop 3Jek-
TPOHA BbIYUC/IAECTCA KaK Pa3HOCTb BPEMCHHOI'O KU HOPMAJIBHOT'O YIIOPAJOYE-
HUA IIPOU3BEICHU A U n \iji

S(z,a') = T{¥(2)¥(a)} — N{¥(2)¥(a)}. (3:8)

[IpunuMasi Bo BHEMaHKMe CBOWCTBO aHTUKOMMYTAIIUU OIIEPATOPOB POXKICHUSA
¥ YHUUTOXKEHUsI SJIEKTPOHA, [IPOIATraToOp JeKTpoHa (3.8) mpuHUMAaeT BUI:

$o>$ ==+ Z \ijzm P2103( l)’ (3'9)

D2,pP3

S(,

IJIe Lo U T — BPEMEHHbIE KOMIIOHEHTB! 4-BEeKTOPOB &, U :UL [Tpu BerUUCTEHUN
IPOTAraTopa JEKTPOHA YJI00HO TepeiiTh OT CyMMUPOBAaHUS K WHTEIPUPOBa-
HUIO:

dp2 dp3

(3.10)

LL

D2,P3

[Moncrasnss saBHb Buj DyHKIUI \I!;E,;tgg (3.2) B mponararop (3.9), oy dum:
(3.11)

dp2 dps —ipo(z0—7
S( m0<x0 \/7/ (p|| +m)H e ipo 0):| i

. / . / B b2 2 B ;. P2 2
X exp ng(y—y)—l—zp;;(z—z)—a :1:—{—? -3 CE—I—F :

Cretyer 3aMeTHTD, UTO MPU BBIBOJE MPOIATATOpA B CIydae Tg < I, B WH-

TerpaJie OblIa clejiaHa 3aMeHa MEePEMEHHBIX Po — —pPo U p3 — —p3. s
MTPOBEIEHNST JAJBHEHINX TPeodpa30BaHUil BOCITONIH3YEMCST COOTHOTITEHNEM:

i / de f(pO) e—ipo(xo—xf]) . f(j:E) e:FiE(mo—m())

2m . pﬁ—m2—|—i€ -~ 2F

(3.12)

T2

Hesiasi MOJCTAHOBKY 9TOr0 COOTHOIIEHUsT B ponararop (3.11),; nomydnm:

\/7/ dpo dp2 dp3 (B +m)TI- o~ P (@—2")—ip2(y—y')

27)3 p“—m2+zs

2 2
x exp{—g (w+%> —§<x’+%) } (3.13)




WHuTerpaJ mo py — rayccoB U O6E€peTcsi ¢ MOMOIILI0 (POPMYJIbL:

o0

/ due™ b — \/E eV/4a, (3.14)
a

— o0

B pesysbraTe Jijist IpoHaraTopa 3JIeKTPOHA, IOJyUaeTCs eIy olee:

: ' /8 _Blp—z")2 /4 9 Z(ﬁ” ‘I_m)H_ . ot

S(z,z) = @) o Bla=a)i/d [ g e PIlE=2 (3,15

( ) ) (27T)3 p'pﬁ—mQ—i—i&? 7( )
B(a,2) = 1 (2 +2) (y~ ), (3.16)

2, _

rjie MHTEerpupoBanue Bejgercd B || nopnpocrpancrse d°p| = dpodps. Cueny-
eT HECKOJIbKO CJIOB cKa3aTh oTHOCHTENbHO dasbl P(z, z'). MoxkHo nokasars,
9TO OHA MOXKET ObITh MOJIYYEHA KaK PE3yJIbTAT MHTETPUPOBAHKSA 110 OTPE3KY
npsamoit §, = s(z — z'), + z,,
HOI'O IPOCTPaHCTBa-BpeMeHu, Tak 4To 0 < s < 1. BcmoMHUM Tak»Ke, UTO

COEUHSAONIEH TOYKH U x' deThipexmMep-

perienne ypasHenust Jlupaka Jjis 3JeKTPOHa Hail[eHO HaMU B KaJUOPOBKe
4-norenipada Brernrero nosst suga: A4(z) = (0,0, zB,0). Torma unrerpad,
BbIYUCJICHHBIH 110 YKA3aHHOMY OTPE3KY YeTbIPEXMEPHOI0 IPOCTPAHCTBA-BPEMEHMU:

/; Ar(€) dE, = /0 ds (z — 2'), A*(€), (3.17)

¢ TOYHOCTBIO 110 Koabduuenta cogurcs K (3.16). [losromy dazy @(z, z’)
MOXKHO 3aIICaTh B CJIEIYIOMEM JIOPEHI-HHBAPUAHTHOM BH/IE:

!

B(z,7) = e / " Ar(e) de,. (3.15)

daza, npejcTaBiaeHHasi B Takoil (opMe, COAEPNKUT HEOIHOZHAYHOCTH, I10-
CKOJIbKY B3aBHCHUT OT MyTH WHTErpUpOBaHUsA. UTOObI M30aBUTHCSA OT TaKOM
3aBHCUMOCTH, BMecTo 4-norennnana A#(€) BBemem HoBbI 4-BekTop KH(€) n
norpedyeM, 9ToObI OH ObLT TTOTEHIUATHHBIM:

0,K, — 8,K, = 0. (3.19)

YKa3aHHOTO CBOMCTBA MOXKHO JOOUTHCH, eciu K noTenimary A*(€) nobaButh
4-BEKTOD %F w(¢ —2'),, tne F* — Te€H30p BHEIIHErO MOCTOSTHHOTO 3JIEKTPO-
MarauTHoro noJjisi. [loaromy daza, 3anucannast B JJOPEHI-MHBAPUAHTHOM BU-
A€ U HE 3aBUCAIIaA OT IIYTU MHTETPUPOBaAHUA, UMEET BU/I:

d(z,z') =€ /Iﬂf d¢, [A”(f) - %F’“’(S —z'),] . (3.20)
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Puc. 1. Iuarpamma, onuceiBamoIas pacnaj ¢pOTOHA HA JTEKTPOH-
MO3UTPOHHYIO TIapy BO BHENTHEM 3JIEKTPOMArHUTHOM TOJIE

B saksouenue ormMeTuM, 9To HaJmune 310l (asbl B IpoOmaraTope siaeKTpo-
Ha (3.15) nemaer ero KaaMOPOBOUHO W TPAHCISAIMOHHO HEMHBAPHAHTHBIM.

JIpeBecHbIe POLECCHI

3aganue 4. BpraucinTh BEpOSATHOCTH pachaja (pOTOHA Ha JIEKTPOH-
MO3UTPOHHYIO TMapy B CHJIBHOM BHEITHEM MATHUTHOM TIOJIE.

Pemtenne. Pacrnag doToHa Ha 971€KTPOH-IIO3UTPOHHYIO MAPY, 3alpeleH-
HBIIi B BaKyyMe 3aKOHOM COXPaHEHMS YHEPIUU-UMITYJIbCa, CTAHOBUTCSA BO3-
MOXKHBIM B IIPUCYTCTBUU BHEIIHEO MArHUTHOI'O IOJI. DTO CBSI3aHO C TEM,
YTO MArHUTHOE TOJIe BHICTYIAET B POJU aKTUBHOW BHEITHEH CpeJibl, B3auMO-
JIeiCTBUE C KOTOPOIl MPUBOAUT K M3MEHEHHUIO 3aKOHOB COXPAHEHUsI, 8 3HAUNT,
U KUHEMATUKHU IIPOIIECCA.

[TockonbKy pacmaj poToOHA aHAJIU3UPYETCs B IIpejiesie CUIbHONO MarHUT-
Horo moid B = eB > m? w? rme m — Mmacca SJEeKTpOHa U w — SHEp-
rusi (pOTOHA, TO €CTECTBEHHO BOJIHOBBIE (DYHKIMH JIEKTPOHA U MTO3UTPOHA
BBHIOpATh B acuMnTorudeckoMm Buje (3.2). Ilepeiigem Terneph K BBIYUCICHUIO
S-MaTpUYHOrO 3JIEMEeHTa mponecca v — ete™, m300paskeHHoro quarpaMMoi
Ha puc. 1. B mepBoMm nopsijike T€Opu#r BO3MYIIEHUH S-MaTPUIHBIA JI€EMEHT
BBIYUCJISIETCS CJIETYIOITUM 00pa30M:

Sif=1< f|T/£(sc) dz |i >, (4.1)

rne L(z) — marpamKuaH B3auMojeiicTBus, |¢ > u |f > — BEKTOpPBI HAYAJD-
HOTO U KOHEYHOI'O COCTOsTHWi. JlarpamXuaH B3aMMOJIEHCTBUS JIEKTPOHA C
(HOTOHOM B MPUCYTCTBUM BHENIHETO TOJIS TOYHO TAKOM XKe, KaK U B BaKyyMe

L(z) = e[¥(z)A(z)¥(z)], 10310My S-MATPUUHBIH MEMEHT IPUHUMAET BILL;

Sy = ie / do < fI[8(2)A(z)T(2)]]i > (4.2)
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\/7 dre” \Ijigzlz3( )8@6(1211)3( )]’

rie k# = (w,k) u e# — BOSIHOBOI BEKTOp U BEKTOp MHOJsipu3aluu (HOTOHA,
a BOJIHOBasi (PYHKITHSI T ) onpeneniera B (3.2). Hemocpencrsennast mojgcra-
HOBK& BOJTHOBBIX (DYHKIIMIA 3JIEKTPOHA, U MO3UTPOHA B S-MATPUUHBIA JIEMEHT
IPUBOJIUAT K PE3YJILTATY:

iy p Y )
Slf = 1€ ISWEE,wVLZLE [u—l (p3)€u—1 (q3)] (43)
x (2m)%(w — E — E")é(ka — pa — q2)6 (k3 — p3 — q3)
+00
x e Wta)/28 / dz exp {—Bz” — z(ps — @) + ikiz} .

Nurerpas o ¢ — rayccosa tuna u bepercs ¢ nomoripbio popmyist (3.14), aro
IPUBOAUAT S-MATPUYHBIA 3JIEMEHT K BULIY:

(2m)*6¥) (k — p — g)
V8rEE'WV L,L,

rJie O/l TPeXMepHOit d-pyHKIMeiH moHnMaeTcst mTpons3Berenne Tpex d-pyHK-

Sif = ie (853 (p)2uly (qg)] e/ Wm0, (4.4)

1uit, npuseennbix spuo B (4.3), u k2 = k¥ + k3.

BepositHocTh pacnaja (poToHa B €AMHUILYy BPEMEHM PaBHA KBAJIpaTy MO-
JLyJIst S-MaTPUIHOrO JIEMEHTa, OTHECEHHOIO K MHTepBaJly BpeMeru 1, 3a Ko-
TOPBINA 3TOT MPOIECC IIPOU3OIIET, ¥ IPOCYMMUPOBAHHOIO [0 BCEBO3MOXKHbIM
KOHEYHBIM COCTOSIHUSM:

S;rl?
W= 15" (4.5)
T
D2,P3,92,43
Kak n B ciy4dae nmponararopa JIeKTPOHA, TPY BHIYUCICHUN BEPOATHOCTH PaC-
najga vy — e’
coorsercrBuu ¢ npasusiom (3.10). Toupcraisisi Boipaxenue (4.4), nouydum

e~ yn00HO mepeiTu OT CyMMHUDPOBAaHWS K MHTEIPUPOBAHUIO B

CHEIYIONUI pe3yJibTaT JJid BEPOATHOCTHA PACIIaJIa:

e? e k1/28 / dpa dps dg dgs
16mwl, EE'

W, = 69 (k — p - q) Sp { o) (ps)én 7 (a5)"}

(4.6)

) (ps) - 3.6). B
rie p; (p3) — MaTpuna mIoTHOCTH, onpeeiertas B (3.6). B nogpiaTerpasin-
HOM BbIPaKeHWH 3aBUCUMOCTH OT [IEPEMEHHBIX Py U ¢ UMEETCsl TOJbKO B O-
byukuun: §(ke —po — o). Ykazanuast 6-byHKIMst 103BOJISIET JIETKO B3sITh WH-
TerpaJi o OJHOM U3 MEePEeMEHHbIX, HAIPUMEP IO @2, & OCTABIIHUIICSI WHTErPAJI
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10 Py HA3BIBAIOT “XOJOCTBIM , IMOCKOJLKY IMOJYUHUBIIEECS MOJBIHTEIPAJIHLHOE
BbIDpaKEHUE HE 3aBUCUT OT Py. EC/N cUMTATH, UTO Py MPUHUMAET BCEBO3MOXK-
HbIE 3Ha,‘leHI/IH7 TO 9TOT I/IHTera.H CTaHOBUTCHA paBHbIM 6GCKOHGLIHOCTI/I7 q9T0O
JIaeT JIJIsT BEPOSITHOCTH PACIa ia Hedusndeckuit pesysbrar. st akkypaTHoro
BBIUUCJIEHNS 3TOr0 HHTErPAJIa CJIeIyeT 3aMEeTUTh, 9YTO IapaMeTp pPg HE NMeeT
CMBICJIa TIPOEKIUH HMIIYJIbCa 3JIEKTPOHa Ha ochb Oy, a OIpeessieT MOJIOXKe-
HUe MaKCHUMyMa €ro BOJHOBO# (byHKIuK Ha ocd Ox B COOTBETCTBUU C yPaB-
HeHueM: € — po/f = const. [losTomy akKypaTHOe BBIYKCIEHHE “XOIOCTOTO”
UHTErpaJa CIeryomnee:

/dp2 = ,szdx = BL,. (4.7)
0

[Togcrasisist sroT HTErpas B (4.6) u BBOJs BMECTO KBaJpaTa 3apsijia MOCTO-
SHHYIO TOHKOI CTPYKTYDBI (¢ = €2 /AT, IOy 9uM CJIelyolee BhIPasKeHue J1Jisl
BEPOATHOCTU:

afl ;e dp3 dgs 2 (= o
I/V7 = E e kJ-/2ﬂ/ W (S((.U—E—El) 5(k3_p3_Q3) Sp {p(—_{—l) (p3)€p(—1) (q3)€ } :
(4.8)

JBe octaBimecs: -HyHKIMY TO3BOJISIIOT JIETKO B35ATh JIBOWHOMN MHTErpaJj. 10
yJIOOHO CIIesIaTh B CHCTEMe OTc4eTa, B KOTopoit k3 = 0. 3ameTnm, 910 npu Ta-
KOI'O THIIA JIOPEHII-IPe0OPA30BaAHUSX KOH(MUIYPALMs 9UCTO MATHUTHOI'O MOJIsT
coxpansiercst. PesysibraT mHTEerpupoBaHus PaBEeH:

af e M/ )1 2 ()
wW, = 22 S {_ 2ot a}‘ (49
ol 9 w m Pyp 1 (p3) P 1 (Q?)) E;3E: :q(;)/Z ( )

()

Ilepeiinem k Berauciaenuio mmypa. IloacraBisas ABHBIN BUJ MATPHIL p.
u3 (3.6), Juist paccMaTPUBAEMOTO MITyPa MOy YUM CJIEYIONMI Pe3yJIbTaT:

Sp { (B + m)2(d) —m)EfIL | =2 [(pe)y(g=")) + (a2)y (pe")y] — Ki(ee)y,
(4.10)
IJIe UCIOJIb30BaHbl cBoiicTBa (1.15) mimypos y-maTpuir.

BoisiciuM, (pOTOHBI KAKO HOJSPU3ALUM UMEIOT HEHYJIEBYIO BEpOSTHOCTD
pacna/ia Ha 3JIEKTPOH-IIO3UTPOHHYIO 11apy. Jljist 9TOro BCIIOMHUM, Y4TO TEH30D
HAIIPSAKEHHOCTEH BHELIHErO 3JIEKTPOMAIHATHOIO MOJIS MO3BOJISET OCTPOUTD
yaobubiit 6asuc (1.17) mis Takoro poja anaimza. [Ipu sToM aBa mosspusa-
IIMOHHBIX COCTOsIHUSL (POTOHA, OPTOrOHAJIBHBIX K €r0 BOJHOBOMY BeKTOpy K,
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MOT'YT OBITH BHIOPAHBI IPOMOPIIUOHAIBHBIMU [TEPBLIM JIBYM Oa3UCHBIM BEKTO-

pam b,(}) " bf):

1 v 2 v
8(1) b( ) (lek (2) _ b( ) Qp,ul/k

CTVER VR TV e

B Boibpannoit Hamu cucreme orcuyera (ks = 0) siBHBIH BUJ| 9TUX BEKTOPOB

(4.11)

CJIELYIOIIHA:

eV = (0, ~kz,k1,0)/1/k1, € =(0,0,0,1). (4.12)

U77

Tonbko 4-BekTop “BTOpOi” (DOTOHHOI MOJSIPU3AIUU HMeeT HEHYJEBbIE CO-

CTABJISTIONTHE B || MOAMIPOCTPAHCTBE, a 3HAYUT, TOJIHKO (HOTOH “BTOpOI” mo-
JSPUBALAN MOXKET PACIaJaThCs Ha, 3JIEKTPOH-TO3UTPOHHYIO APy B CHJILHOM
MarauTHoM Tojie. [Ipu atom doToH “nepBoil” MOMSpU3AIUU OCTAETCH CTa-
OUJIBHBIM 110 OTHOLIEHUIO K PACCMATPUBAEMOMY PACHA/LY.

[ToncranoBka 6/(,2) u3 (4.12) B BbIpakenue jisa mimypa (4.10) mpuBoguT K
IPOCTOMY Pe3yJIbTaTy — 4m?2. YUuThIBas, UTO MPOU3BEICHIE SHEPTHU PACIIa-

Jlaronerocsi GoToHa Ha BEPOATHOCTD €0 PACIIala €CTh JIOPEHI-MHBAPUAHTHAST

BEJMYMHA, [EPeiijleM B IPOU3BOJIbHYIO CHCTEMY OTCYeTa (W — | /k”) u Jid

BEPOSTHOCTH Pacnaja v — ete” Noly4uM OKOHYATEe/IbHbIA PE3yJIbTaT:

2a8m? e k1/28

\/kﬁ(kﬁ — 4m?)

W, =

(4.13)

3amanue 5. BoruncinTh BEepOSTHOCTH PACIajia aKCHOHA HA JIEKTPOH-
MMO3UTPOHHYIO Napy B CUWJIBHOM BHEIIHEM MAarHUTHOM IOJIe.

Pemnenne. AKCHOH — 9TO MCEBIOCKAJISIPHAS YACTHUIA, BBEJICHHAS JJIsI Pe-
mrenns npobsembl CP-uHBapHAHTHOCTH CHJIBLHBIX B3auMoaeicTBuil. B Mmogesu
TaK Ha3bIBAEMOI'0 “HEBUIMMOI0 aKCHOHA, C MPSIMOM CBI3bI0 AKCUOHA C OOBIU-
HBIMU (PepMUOHAMH JIArPAHXKUAH B3aUMOJEHCTBUSI UMEET BUJI:

gaf T, 7
L(z) = == [V(2)757, ¥ (2)] 0"a(z), (5.1)
2mf
IJie gof — IOKABCKasl KOHCTAHTa CBsA3U, my — Macca depmuona, ¥(z) u a(z) —
dbepMUOHHAs U AKCHOHHAS BOJHOBbIE (DYHKIUHY.
Pacuaji akcuoHa Ha 2J1€KTPOH-IO3UTPOHHYIO APy, 3alpPEIIeHHbIH B Ba-
KyyMe 3aKOHOM COXPAHEHHs 9HEPIHU-MMILYJIbCa, CTAHOBUTCS BO3MOXKHBIM B
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Puc. 2. /Imarpamma, onuchIBaioONas pacnaj aKCHOHA Ha 3JeKTPOH-
MO3UTPOHHYIO APy BO BHENTHEM 3JIEKTPOMArHUTHOM TIOJI€ B MOJETN
C TIPSIMO#T CBSI3bIO AKCHOHA C 3JIEKTPOHOM

IPUCYTCTBUM BHEITHENO MAMHUTHOTO MOJIsSI B TOJHON aHAJOMU C PaclagoM
dorona. Jlerko yBugeTh, 9To S-MATPUUYHBINA JIEMEHT MPOIECCa, N300paskeH-
HOI'O Ha PUC. 2, MOXKHO I[OJyYUTh U3 S-MATPUUIHOIO JIEMEHTa paciaia (o-
tona (4.4) 3amenoit: 1€€ — (gqe/ 2m)7572:, 9TO NPUBOJAUT K PE3YJILTATY:

_gae (2%)35(3)(745 —p—q) [a(_+1) (p3)75];u(_—1)(q3)] e—ki/4ﬂe—ik1k2/2ﬂ7
m 8rEE'WVL,L,

(5.2)
rae ku — 4-umrryJibc akcuoHa. JIJis BBIYUC/IEHUST BEPOSITHOCTH PACIIaIa aKCUO-
Ha BOCITOJIB3YEMCsI BEPOSTHOCTBIO pacmnajia (poToHa, (4.9), B KOTOPO# caesaeM

COOTBETCTBYIOIME 3aMEHbI, YTO TTO3BOJISIET MOy IUTh CJAEIYIONINI pe3yabTaT:

W e o © {9 wsisho @)t}
w = v v e .
© 7 32mm2 ww? — Am? P P—1 P3)V5RP_1(q3)75 E;3Ji:w/2

* (5.3)

Sif =

BbluucjiuM Iiinyp y-MaTpul] B BEPOSTHOCTU PACIIA A

Sp {p(fl) (p3)757;3p(__1) (Q3)’Y57A€} = Sp {P(_+1) (p3)’%P(__1) ((IS)]%}+2m2 Sp {fc”l%”l'[_}

(5.4)
Ecin y4ecThb, 4To 3JeKTPOH U MO3UTPOH HAXOJAATCS Ha MACCOBOM IOBEPXHO-
cTn (pﬁ = qﬁ = m?), a TakyKe 3aKOH COXpAHEHUs UMITYJIbCa B || MOANpOCTpaH-

ctBe k| = p| + q||, TO TIEPBbIii MmITyp Sp {p(_+1) (p;;)l%p(__l)(q?))]%} — _(pﬁ _ qﬁ)2

obpalaercst B HyJIb, a BTOPOit — Sp {k||k||H_} = Zkﬁ = 2w?. Jlasiee, BO3Bpa-
I[asICh B IIPOU3BOJIbHYIO CUCTEMY OTCYETa U3 cucTeMmbl, rie kg = 0, mosydaem
OKOHYATEJIbHBIN PE3yJIbTaT JIJIsi BEPOSTHOCTH PACIIa ia, aKCUOHA, Ha, JJIEKTPOH-

[IO3UTPOHHYIO MapPy:
1.2
_ GacB &M

Smw 1 —dm? [k}

Wa (5.5)



Puc. 3. /Ilmarpamma mepexoma (poToHA 7 — Y B HU3IIEM TOPSIKE
Teopuu BOSMYI]_[eHI/Iﬁ BO BHEHIIHEM 3JIEKTPOMATrdHUTHOM IIOJIE

OpaHoneT/ieBbIEe ABYXTOYEYHBIE ITPOIECCHI

3agaaue 6. DBoraucauTh nossipu3alnnoHHbIi onepaTop POTOHA B CUJIb-
HOM MarHWTHOM ITOJIE.

Pemenmne. [lonsipuzarnuonnsiii onepatop GpOTOHA MOXKET OBITH MOJIyYeH
U3 aMILIUTYbI epexofa (gorona B (poTon. B Hu3meM nopsijke Teopuu BO3-
MYIEHUA JAHHBIA HPOLECC OMUCHIBACTCS JABYXTOYECUYHON IETJIEBOU Juarpam-
Moii, m300parkenHoi Ha puc. 3. OCHOBHO BKJIaJ B aMILINTY Ly OyIeT JaBaTh
9JIEKTPOH — YaCTHIa, 00JIaaioNas HauOOJbIIUM YAEJTbHBIM 3apsaoM. Dy-
JIEM CUUTATD, YTO HAIPSI?KEHHOCTH MAarHUTHOTO TMOJIS SIBJISETCS CaMbIM OOJTb-
MMM TIapaMeTpoM 3a1aun eB > m?, w?. Hasuuwe BHeIHero mojis He Me-
HSIET JIOKAJIBHOTO JIarpamknana sanvogeiictsus: L(z) = eJ,(z)A*(z), roe

Ju(z) = [¥(x)y,¥(x)] — ssekrponnblil TOK. S-MATPUUHbIN JIEMEHT €CTh!

- N2
Sif = % /d4zv dz’ < YN T{J.(z) ], (z") } A*(z) A" (") |y (k) > . (6.1)
[TockombKy GOTOH — HefATpaJbHasd YACTHUIA, TO BHEIIHEC MarHUTHOE II0JIe He
MEHsIeT BUJA €ro BOJHOBON (DYHKIUY, U IPH BLIYACICHUIX MOXKHO BOCIIOJb-
30BaThCsS €€ CTAHJAPTHBIM BTOPUYHO KBAHTOBAHHBLIM [IPEJICTABJICHUEM B BUJIE
PA3JIOYKEHU 110 IIJIOCKUM BOJIHAM. Iloc/ie CBepTKU BOJHOBLIX PYHKIMI 3J1eK-
TpoHa B mponaratop S(z,z’) (3.15) S-MaTpudHbIH JIEMEHT MPUBOJUTCS K

BU/JLY:

_(ie)Q 4 4 1 / A N 2t —i(k i (k'x'!
=——=— [ d'zd 2’ Sp{S(¢' — z)éS(z —z')é"} e i(kz)+i(k'a")
vV A4ww'V?2
(6.2)

CutejlyeT OTMETHTD, YTO JIJIsi JIBYXTOYEIHON HETJIM C HUPKYJTUPYIOMIAM 3apsi-

Sis

JIOM HEMHBAPUAHTHBI (ha30Bbiit MHOKUTENH (3.20) B 3JIEKTPOHHOM MPOTAra-
tope (3.15) obpalnaeTcss B eUHUILY, TOCKOIbKY

®(z,2") + ®(2',z) = 0. (6.3)



B pesynbrate S-mMarpudmblii sseMenT (6.2) 0Ka3bIBACTCS TPAHCISIHOHHO HH-
BapUAHTHBLIM. [lepexo] OT mepeMeHHOl MHTerpupoBaHusi ' K HOBOW mnepe-
MEHHOI z = x' — Z mo3BOoJISIeT JIErKO NPOMHTEIPUPOBATH 110 I, 9TO JAET Y-
TBHIPEXMEPHYIO 0-(DYHKIMIO, COOTBETCTBYIOILYIO 3aKOHY COXPAHEHUs SHEPI -
UMITYJIbCA, U OTPAXKAIOIIYIO TOT (PaKT, YTO HAYAJbHOE ¥ KOHEUHOE COCTOSHHUSI
00pa30BaHbl JEKTPUIECKH HeATpaJbHbIMU dacTuiamu. OTMedeHHOe CBOM-
CTBO aMILIUTYJbI Mepexoya (hoTOHa B (DOTOH TO3BOJISET BOCIOIb30BATHCS
CTaHJAPTHBIM OIpeJleJIeHNeM UHBAPUAHTHON aMIIUTYbL:

_i@2n)tWk - &)

Sif = 2wV Moy, (6.4)
9TO NPUBOJUT K CJICAYIONIEMY PE3yJbTATY:
M, = —ic? / d42 Sp {S(2)6S (—2)e"} ek, (6.5)

Kak 0bL10 yKa3aHO BbIIIe, aMILIUTY/ I8 Iepexojia (poToHa B (POTOH IO3BOJISIET
MOJTyYUTh HOJIAPU3ALUOHHbIN onepaTop dborona P, (k):

iM, ., = P (k) e (k) e, (k). (6.6)

Bocromb30BaBIIICh SIBHBIM BUIOM aMILIATYIbI (6.5), U1 TOTSIPU3AIMOHHOTO
orepaTopa MOJyInM:

P = e? /d4z e'k2) g {7S(2)7.S(—2)} . (6.7)

[ToxcraBiss mpomaraTopbl yeKTpoHOB B Buje (3.15) m mHTerpupys mo z,
HOJIIPU3AIMOHHBIN omepaTop (POTOHA MOXKHO IMPUBECTU K BUJLY:

2 2 d? b + m o — ky +m
Py = — P k28 / Pl q ] P — Ky

= o2 PP YN 235 Mv
o (2m)2 IIMPﬁ_mz | (p—k)ﬁ—'m?

I

(6.8)
[omyuuBminiics wHTErpaJ Mo JBYMEPHOMY TICEBJIOEBKJIMJIOBY MPOCTPAHCTBY
WJICHTHYIEH 110 B (32 MCKIIOYCHNEM TPOEKIIMOHHOTO omeparopa I1_) urTe-
rpaJiy II0 4eTbIPEXMEPHOMY IIPOCTPAHCTBY, BO3HUKAIOIIEMY [IPUA BHIYUCICHUN
MOJITPU3AIMOHHOTO onepaTopa B BakyyMme. [loatomy B najbHeitnmm ecre-
CTBEHHO BOCHOJIb30BATHCSI METOAUKOM, MCIOJIb3yeMOl MpPU BBIYUC/ICHUAX B
BakyyMme. BBong napamerpuzanuio PefiiMana W BRIYUCIASA MITYP B JIBYMEP-
HOM IIPOCTPAHCTBE, MOJAPU3ANUOHHBIA OIIepaTOpP MOXKHO IIPUBECTH K BUIY:
1
po— B ks Ao X
= — e /d:z; {QT,W —Viky — Vil + A, [m S+ (Vk) — (TA)] } ,

™
0

(6.9)
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rJie BBeJCHbI CKaJApHbIi S, BeKTOPHBIN V), 1 TensopHblit 1), WHTErpaJbl:

g / d2p|| 1
p” — 2z (pk)| + a:k” —m?)?’

d2p|| p|
V, = / a , 6.10
g (27)2 [p” — 2z(pk)| + :Uk” — m?2]? (6.10)
T = / d°p| Pl Pl |
g (2m)? [p} — 22(pk)) + oki — m?*]?

3 BBemeHHOrO0 HAOOpa MHTErPAJIOB CKAJAPHBIA M BEKTOPHBLIH KOHEYHBLI U
XOpomo oIpeaeJeHbl:
7 1 7 T k” 1

S =— V,=
dr m? — z(1 — a:)k” T 4 m? — 2(1 — a:)k”

B TO BpeMsl KaK TeH30pHbIH 1), nMmeer JorapudMuyueckyio pacxoiuMoCTh 1

(6.11)

JIOJKEH OBITH PEryJisipu30BaH, T. €. KAaKUM-JIKO0 00pa30M JI00IIPeIesIeH.

AHasin3 1oKasbIBaeT, YTO B NOJISIPU3ANMOHHBIHA oneparop (6.9) TeH3op-
Hble WHTErPAJIbl BXOJIAT B TAKOW KOMOWHAIMU, 9TO MMEET MECTO ‘Cilydaii-
HOe” COKpallleHne Jiorapudmuieckoi pacxogumoctu. OgHAKO pe3yabTaT BbI-
YUCJICHUI CYIIECTBEHHBIM 00pPa30M 3aBUCHT OT METOJa PEryJIspU3AIWH, TT0-
CKOJIbKY UMEET MECTO HEOIPEJIEJIEHHOCTh TUTIA, “DECKOHETHOCTh MUHYC DECKO-
HEYHOCTH, TIOPOXKJIAIOIIAsST TTPOU3BOJI B OCTAIOIIUXCST KOHEUHBIX YjieHaX. 1a-
KOE€ TI0BE/ICHUE TIOJISIPU3AIMOHHOIO OepaTopa (hOTOHA OTPAXKAET HEJIOCTATOK
nBymeproit K9/I, adpdexkTnBHO BOZHUKAOIIEH B CJIydae CUIBHOI'O MarHUTHO-
'O TI0JIsI, B €€ IIPUMEHEHUH K BBIUUCICHHUIO JIByXTOYEUHBIX METJIEBbIX aMILIU-
Tyn. Hanbosee KOppeKTHBIH MOAXO/ JIJIsl OJTyYeHUsT IPABUJIBHOTO PE3YJIbTa-
Ta COCTOUT B BBIYUCJIEHUU TIOJISPU3AIMOHOTO OlepaTopa (POTOHA B MarHUT-
HOM TIOJIE TTPOW3BOJILHON HAIIPSI)KEHHOCTH U B3SITUU MPEJIEJIa CHIIHHOTO TOJIS.
OpHaKo Tako# e Pe3yabTaT MOXKET OBITh MOJYyYeH W MPU HCIOJb30BAHUH
METOJ[a Pa3MEPHOM Peryaapu3aI, KOTOPHIM Mbl U BOCTIOJIb3YEMCS.

TeH30pHBI! MHTErpaJi, BHIYUCICHHBIH METOJIOM pPa3MEpPHON peryJispusa-
[[M¥, PaBEH:

i I'(2—n/2) o2k ko A
(4m)n/2 [m2 — z(1 — x)kﬁ]l—”/Q m? —z(1— m)kﬁ 2—n|’
(6.12)
IJIe BBEJEH BCIIOMOTATeNIbHbI mapaMerp n # 2 — pa3MepHOCTb || mojanpo-

Ty =

CTPAHCTBA MMITYJILCOB, KOTOPbIN CJIEJyeT TOJIOXKUTh 1 = 2 TOJIbKO B KOHIIE
Beruncsiennii. Kak ObI10 OTMEUEHO paHee, pasHOCTh JIByX cjaraeMbix B (6.9),
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COZIEP2KAIIIX TeH30PHBbIE HHTErPAJIbI, KOHEUHA U B IpeJiesie IBYMEPHOTo Ipo-
crpaHcTBa (N = 2) ecTh:

. 2 2 X
. i | Chyk =k Aw)
2T  — (TAYA,, = — _
w = (TA) Ay A mz—:z:(l—a:)k” s

(6.13)

re y<4uIm, 9To B n-MepHoM || mogmpocrpanctse (AA) = n.

[TogcraBnsis B mosipu3anuoHHbiil onepaTop (6.9) 3HadYeHus CKAJISPHOTO U
BEKTOpHOIO MHTErpasios (6.11), a takxke paszHoctb (6.13) TeH30pHBIX MHTE-
IPAJIOB, MOJIYUUM CJIEAYIOIINI PE3yJIbTaT:

2 : (1 -
Pif) = 22 (6t Ry = Fo / D) (6.14)
m

e s —:U(l—a:)k

Nurerpas no x 3aBUCUT OT COOTHOLIEHUSI MEXKJLy MACCOH U MMILyJbCOM (Ho-
rona. Ilpu k” > 4m? y unrerpasia B (6.14) nosiBiAseTCss MHUMas HaCTh,
T. €. (POTOH CTAHOBUTCSI HECTAOUJIBHBIM M MOXKET PACIaJaThCsl Ha SJIEKTPOH-
IO3UTPOHHYIO HapY.

B szakiiouenue ciesyer OTMETUTDH, YTO BBIUUCICHHE IIOJSPU3AKMOHHOIO
olepaToOpa METOJOM Pa3MEPHOI PEeryJIsipu3alii aBTOMATHUYECKN IPUBOIUT K
KaJMOPOBOYHO MHBAPUAHTHOMY PE3yJILTATY:

Pk =0 (6.15)

B COOTBCTCTBUU C O6HH/IMI/I Tpe6OBa,HI/I$IMI/I KBAHTOBOM AJICKTPOJUHAMUKMU.

3amanue 7. Haiitu cobcrBennbie hyHKIMYM U COOCTBEHHBIE 3HAUEHUST
MOJISTPU3AIMOHHOTO OrrepaTopa (POTOHA B CUJIBHOM MArHUTHOM IOJIE.

Pemenne. 3agaua 0 HaX0XKIeHUM COOCTBEHHBIX (DYHKIINI U COOCTBEHHBIX
3HAYEHWH MOJISIPU3AIMOHHOTO onepaTopa (GoTona (6.14) cyiecTBeHHO yIpo-
aeT JaJbHERINN aHaJu3 9TOro TeH3opa. V3 ycioBus KaJnOpOBOYHONW WH-
BAPUAHTHOCTH [OJISPU3ALMOHHOIO oriepaTopa (6.15) caeyer, 4ro 4-uMirysibe
cdotona k, Apigercs cobcTBeHHON! dyHKIUeH P,(f,,%) C HYJIEBBIM COOCTBEHHBIM
sHadenneM. [Ipu aToMm 4-umnyabc GOTOHA MOXKHO CUUTATH “‘deTBepThIM Oa-
3MCHBIM BEKTOPOM bgl) u3 Habopa (1.17). JIerko npoBepuTh, 4TO U TPU JPYTUX
HA3UCHBIX BEKTOPA b (i = 1,2,3) Takxke sBJISAIOTCH COOCTBEHHBIMU (DYHK-
IUSME TIOJISIPU3AIMOHHOTO onepaTopa (6.14):

(PEED), =0,  (PBED), =ib®, (PR =0, (7.1)



Y/

IpUYeM MEPBBIA ¥ TPETUit — ¢ HyJE€BbIMU COOCTBEHHBIMHU 3HAYEHUSIMU. TO/b-

2) _

y , 2 -
KO BTOpOil GaswcHbiit BekTop by’ = (Pk), WMeer HeHyneBoe COOCTBEHHOE
3HAYCHUE:

(BOPBYD) 208 ... [ Ke(l-z)d
=t )2 = ———e /W 2 2
(b)) m /) m —z(1— )k

(7.2)

R
DTO 03HAYAET, YTO B PA3JIOKEHUN TEH30PA P,(W) o 0a3ncy B COOTBETCTBUU
¢ (1.20) “BbikuBaer” TOJILKO OJIHO CJIAIAEMOE, TAK YTO MOJISIPU3ALUOHHbBII
oneparop (6.14) npurumaer Bu:
(2) 1(2) ~ ~
N (k@R

woo (b(z))z - kﬁ

(7.3)

Tosnbko GoToH “BTOPOI” MONAPU3ALUA C 61(3) = (@k)u/ \/l?ﬁ JlaeT BKJaJ, B
IOJISIPUBAIMOHHBIN OIepaTop B CUJILHOM MAIHUTHOM IIOJIE.

[lepeitmem K BhIYUCIECHNIO COOCTBEHHOrO 3HaYeHusi ». [ljst aToro B ¢op-
myJie (7.2) yio6HO ilepeiiTi K HOBO# MepeMeHHOi nHTerpupoBanus u = 22— 1
u BBecTH mapamerp v = 1 — 4m?/ kﬁ:

1
2 > 1—2?)d
298 w2 /( v)du

T u? —v? — e ’

w =

(7.4)

rjie y4JId, 9TO MHTerpaj 0epercst B KOMILIEKCHOH IJIOCKOCTH ¥ OECKOHEYHO
MaJIOe CJIaraeMoe 1€ B 3HAMEHATeJe ONPEIEIsieT CMEIIeHNe MOJOXKEHUsT 110~
JIIOCOB C BEIIECTBEHHON OCH B BEPXHIOI WJIM HUXKHIOIO MOJIYILJIOCKOCTE. Boc-
0JIb3yeMcsi Terephb (popmysioit COXOIKOro U3 Teopuu (PYyHKIINNA KOMILJIEKCHOA
IepeMeHHOM:

1 1
— =P - ) .
i " Fimd(x) (7.5)

" IIpeJCcTaBUM MHTEr'paJl I1I0 U4 B BHJE:

1

/12 du ‘—]}2du—|—;7;/du[5(u—v)+5(u+v)}. (7.6)
0 0

u?2 —v? — ¢ u? — v?
0

Muumasi 9acTh 9TOro MHTErpaJa Oyaer oraudna ot HyJst, ecan 0 < |v| < 1,
TaK, 9T00bI apryMeHT Kako#-inbo u3 d-pyHKumii odbpaTuics B HyJib. [lycTb
JUTsi OTIPEJIEJICHHOCTH TapamMeTp v Oyjer HeorpumareabibiM, T. €. 0 < v < 1,
¥ B MHEMO} JacTu “cpaboraer” ToabKo ogua d-pyukmus — d(u — v). Takoe
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OorpaHUYeHNe Ha ¥ NMPUBOJIUT K OI'PAHUYEHUIO CHU3Y Ha MPOJIOJIHHYIO COCTAB-
JISIIONIYO0 KBaJipaTa 4-uMmyJibca (OTOHA: kﬁ > 4m?, 4T0 SKBUBAJCHTHO BBe-

JeHnio O-byHkuu — @(k“ — 4m?). OkoHuaTebHO COBCTBEHHOE 3HAYCHHE
MOXKHO 3aIliCaTh KaK:

2045 —k2/2ﬂ 1 - 2
— L9 k28 |y .
» e (v) + im —— 50 @(k‘ m?)|, (7.7)

IJle BBEJIEHA BelleCTBeHHAsT (DYHKIUA:

1
(1 —v?)du
][ —v)du (7.8)
0

us —v

B KOTODOl MHTErpaJi MOHMMAETCs B CMbIC/e IIaBHOrO 3uadenusi. Dynkius

H(v) umeer pasjnunble 3HAYEHUS B 3aBUCUMOCTH OT 3HaKa v,
Ompuyamenvhvie v2. JTOMY CJIyUar0 COOTBETCTBYET CJle/IyIolee 3HAUCHUE

KBaJparTa MMPOOJIbHOM cocTapistiomeit 4-umiyibca ¢gorona: 0 < kﬁ < 4m?.

B 5r0it KuHEMaTHYECKO 00JIaCTH ¢ BEIECTBEHHA U PaBHA:

m’ kn
arctg , | —— | - (7.9)

2 2
af k228 1_
‘CII

m \/k (4m? — k})

=

Honooicumenvroe v2. B atoMm crydae k > 4m?, U B COOTBETCTBUH C
dbopmyutoit (7.7) mist s oty auM:

2 : 1 -0 [ 1
o 208 k3 [1+ ° (1n1+”—z'7r>], (7.10)

T 2v

rae v = /1 —4m?2/ kﬁ [TostBiienne MHUMOM YacTu y > O3HAYAET, 9YTO MPU

TaKMX 3HAYEHUSIX KBaJpaTa IPOJIOJLHON COCTABJIAOINIEH 4-UMITyIbCca (DOTOH

CTAHOBHUTCS HECTAOMILHBIM M MOXKET PACIa aThCs Ha JIEKTPOH-IIO3UTPOHHY IO
napy. BepogTHocTh pacmaia 7(2) — ete™ MoxeT OBITH onpeeieHa 1o MHU-
MO 4aCTHu »:

I _2 —k3/28
W, = ——2 = O‘ﬂm ¢ . (7.11)

2w 2(1.2 2
\/k”(k” 4m?)

DTO BBIPAYKEHUE B TOYHOCTH COBIIAJAET C BEPOATHOCTHIO (4.13), mosmyweHHoil

HEIIOCPEACTBEHHBIM BbIYUCJIEHUEM B 3aJJaHUN 4.



Puc. 4. /Imarpamma mepexoia aKCHOHA ¢ — G B HUIIIEM TMOPSIKe
TEOPUU BO3MYIIEHUN BO BHEIIHEM 3JIEKTPOMATHUTHOM II0JIE

3amanue 8. DBbIUNCIUTL MACCOBBIi OllepaTOp aKCUOHA B CHJIBHOM Mar-
HATHOM TIOJIE.

Pemenne. Maccosbiit oniepaTop akCuoHa MOXKET ObIThH MOJIyYeH U3 aMILITH-
TYJIbl IEPEX0/Ia AKCMOHA B AKCUOH, KOTOPBI! B HU3IIIEM IOPsiJIKE TEOPUU BO3-
MYIIEHUI ONMCHIBACTCA JIBYXTOUEUHON IETJIEBOU JuarpaMMoil, n300paskeH-
HOIt Ha puc. 4. Kak 1 B ciiydae moJisspU3aliOHHOr0 OIepaTopa pOTOHA, OCHOB-
HOI BKJIaJ B aMILUIUTYAy OyJeT JgaBaTh JEKTPOH — YaCTHIlA, 00JIaIaroIast
HaUOOJIBIIUM YJIEIbHBIM 3apsaoM. i KOpPEeKTHOrO BBIYMCICHUS aMILIUTY-
JIbI BOCITOJIb3YEMCsI JIOKAJIBHBIM JIATPAHXKMAHOM B3aMMOJIEHCTBUsT aKCHOHA C
sitekrponom: £(z) = (gae/2m) IS (2)0"a(z), rae Ju(z) = [U(z) 7,75 (z)] -

AKCHAJIbHO-BEKTOPHBIH TOK. S-MaTPUUIHBIA JIEMEHT €CTh:

Sif = (?%/d% d*s < a(k')|T{JIS5)(a:)Jf)(a:')}[a“a(az)}[5"a(x')]|a(k) > .
(8.1)

Tak ke, Kak u JJjisi (DOTOHA, JJIsi BOJIHOBOI (DYHKIIMKM aKCHOHA, BOCIIOJIb3yEeM-
Cs1 CTAHJAPTHBIM BTOPHYHO KBAHTOBAHHBIM IIPEJCTABJICHHEM B BHJIE Pa3JiO-
JKeHUsT 110 1JIoCKuM BostHaM. CBOpadnBasi BOJHOBBbIE (DYHKIMK JIEKTPOHA B
nponararopbt S(z,z’) (3.15), 3anuieM S-MaTPUUHbLH SJIEMEHT B BUIE:

2
o Yae 4. 4.1 / 7 Nt —i(kx)+i(k'z")
Sijp= ——————— dxd:z:S{Sx—xk Sz —z)k }e )
8.2

HennpBapuaHTHBI! (a30BbIii MHOXKUTEJH O0OPAIIAETCs B €JIUHUILY B COOTBET-
crBud ¢ (6.3), 4TO MPUBOAMT K TPAHCISANMOHHON WHBAPUAHTHOCTH S-MaT-
pudHOTO 37MeMenTa (8.2). B monHoit anasorun ¢ hoTOHOM MOXKHO BBECTH WH-
BAPUAHTHYIO aMIUTATYLY MEPEXO/a @ — G B COOTBETCTBUU CO CTAHAPTHBIM
onpegenenueM (6.4):

.
Y 4 7. 7 i(kz
M,.,= ~am? /d 2z Sp {S(z)k%S(—z)k%} 'k, (8.3)
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[ToxgcraBuM mpomaratop asmekTpona B dbopme (3.15) u mpouHTErpupyeM am-
JIATYIy TEPexXojia 1Mo Z2:

. 9 A ~ 7
195.0 K2 /25/ d? ol (B +m)_. (P — k) +m)IL_ .
My o = —7"— Sp k k
207 Bam2 © (27)2 pj —m? 5 (p —k)f —m? i
(8.4)

C Y49€TOM aHTUKOMMYTAallMOHHBIX CBOMCTB MaTPpUIbI V5 aMIJINTYJa [MEPEXOIa

MOXKET OBIThL 3alrcana B popMe:

9B iz / d’p) Sp{kyky -} 9z, (KPk)
e 4 (2m)2 [pﬁ —m?][(p— k)ﬁ —m?  16mam?’
(8.5)

rzie Py, — DOspU3aIMOHHLLi onepaTop dorona (6.14). Bropoe ciaraemoe 06-
pallaeTcs B HyJIb B CUJIy KaJUOPOBOYHON MHBAPUAHTHOCTHU TIOJISIPUBAITUOHHO-
ro oneparopa (6.15). Illnyp B nepBom ciiaraemoM paBeH Sp{lAc”lAc”H_} = 2kﬁ,
a MHTerpaJl 110 p|| nocjie BBejeHus napaMerpusauunu PefinmMana CBOAUTCA K
cKaJiipHOMY mHTerpasy S co 3uadenuem (6.11). Pesynbrar s ammauty st
CJIC Ty TOTIIAIA:

gae —Ic /2,8/
M, = it 8.6
- m? — z( 1 — x)kH (8.6)

[TosyuuBinuiicss nuTErpaJI MO T, BOODIIE TOBOPST, KOMIIJIEKCHBIH, U €r0 PeaJib-
Hasi 9aCTh C TOYHOCTHIO JIO MHOXKHUTE/s coBuagaer ¢ dyukuueit H(v) + 1,
onpejesennoit B gopmysie (7.8), a MHUMas 4ACTh CTAHOBUTCH OTJIMYHON OT
HYJIS TIpA k” > 4m?.

NuayupoBaHHasi BHEIIHUM IIOJIEM TIOIPaBKa K Macce aKCHOHA, C TOYHO-
CTBIO JIO 3HAKa COBIAJIAIONIAs C aMILTUTY/I0i Mepexoja a — @, paBHa:

2 .
2_ o =9 5 _k2 /28 1+H(v) ir
omy = ~Masa _;—;26 ’ 11— 2w

O(kf —4m®)|, (8.7)

rie v2 = 1 — 4m?/ kﬁ Kak m B ciydae cOOCTBEHHOTO 3HAUEHWS 3¢ TIOJIS-
PU3AIMOHHOIO OnepaTopa (pOTOHA, MOMPABKA K MACCe aKCUOHA CYIIECTBEHHO
pa3JIMyuHa [IPH k2 < 4m? u k2 > 4m?.
Ompuuame,/tbnme v? E)TOMy ciaydaio coorBercTByeT 0 < k < 4m? B
9TOM KMHEMATHIeCKoH 0b1acTy monpasKa 0m? BelecTBeHHa 1 paBHa:
k” k2

2
om?2 = —% SR [— 5 arctg ¢ (8.8)
2m k” k”



Puc. 5. ZLI/IaI‘paMMa nmepexoma a — 7Y B HU3MIEM IOPAJKe TEeOPHUU
BOSMyI]_[eHI/Iﬁ BO BHEHIITHEM JIEKTPOMATrHUTHOM I10JI€

Ionoorcumenvnve v2. B sTOM cirydae kﬁ > 4m?, ¥ B COOTBETCTBUU C
dbopmyJoit (8.7) nosydum:

2
2 YaeP l—v . —k2 /28
5ma——ﬁ [ln1+v+z7r] e k1/28, (8.9)

BosHuKHOBEHHe MHAMOMN YacTu y 0m2 Ipu TaKMX 3HAUEHHAX KBaJPaTa Ipo-
JIOJIBHON COCTABJISIONIEH 4-UMITyJTbCa AKCUOHA, YKA3bIBAET Ha €r0 HEeCTaOUJIb-
HOCTh B PACCMaTPUBAEMOI KHHEMATHIECKO 00JIACTH, T. €. CYIIeCTByeT HeHY-
JieBast BEPOSITHOCTh PacIajia aKCUOHA Ha JIEKTPOH-IIO3UTPOHHYIO mapy. Be-
POATHOCTDL paciaja a — e e~ MOXKeT ObITh OmpejeseHa 10 MHUMON 4acTh
KBaJ[paTa MacCChl aKCUOHA!

Im (5m2 B ggeﬁ e FL/28

2w 8w /1 — 4m2/kﬁ.

DTOT Pe3yJbTAT B TOYHOCTH COBIAJAET C BEPOATHOCTBIO (5.5), MOIydeHHOM

W, = (8.10)

paHee HEeIIOCPEACTBEHHbIM BbIYMCJICHUEM B 3aJJaHNUN 0.

amanue 9. BplyucauTh aMIJIMTYIy Iepexoja aKCHoHa B (OTOH B
CWJIbHOM MarHUTHOM TIOJIE.

Pemenne. AmiinTyia nmepexojia akCuoHa B (POTOH, 3aIIPEIIEHHOI0 B Bar-
KyyMe u3-3a pas3jiu4vuil B CIIMHE YaCTHUL|, CTAHOBUTCA OTJIUYHON OT HYJId B
IPUCYTCTBUK BHEIIHErO JIEKTPOMAIHUTHOIO 1OJIsi. B Hu3IeMm mopsjike Teo-
PUHA BO3MYIIEHUN 9TOT MPOIECC OIMUCHIBACTCA ABYXTOUYCYHON METJIEBO Jua-
IrpaMMoOii, H300parKeHHOI Ha pUC. H, KAaK U B IMPEAbIAYIIUX 33JaHuax 6 u 8.
OcHOBHOII BKJIaJ, B aMILUIUTYAy OyJeT naBaTh JeKTPOH. B cooTBeTCTBHH C
JAarpaMMoit, S-MaTpUUIHbBIA JJIEMEHT IePexo/ia MOXKET ObITh 3AITUCAH:

€Jae
2m

Sif = d'z d'z’ < y(K)|T{IP) (z) ], (') }(0"a(z)) A" (z')|a(k) > .

(9.1)
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Bocnonb3yemest cTaHgapTHBIM BTOPUYHO KBAHTOBAHHBIM NPEICTABICHUEM B

BUJIC PA3JIOXKEHUS 110 MJIOCKUM BOJHAM JJIsi BOJHOBBIX (DYHKIMI aKCHOHA 1

dorona. ITocsie cBepTKE 251€KTPOHHBIX BOIIHOBbIX dyHKuui W(z) B npornara-
Topbl S (2, x’) S-MaTpUUHbBIl SJIEMEHT IPUHUMACT BUJL:

iegae A R . gt ol

Sif = ——>— [ d*zd'z’'Sp {k755(a:' —z)é*S(z — :c')} e ik +ilke'),

AmV v ww'
(9.2)

HennpBapuaHTHBIH (a30BbIi MHOXKHUTEJb OOPATUJICSI B €IMHUILY B COOTBET-
ctBud ¢ (6.3), ITO IPUBOTUT K TPAHCISAINOHHON MHBAPUAHTHOCTH S-MATPHY-
HOI'O 3JIEMEHTa (9.2). [Tociie mepexojia K HOBOI TEPEMEHHOW MHTErPUPOBAHMS
2z = ¢’ —z uHTerpaJI N0 T Jerko 6epeTcs u JaeT YeThIPeXMEPHYIO d-PyHKIHIO,
COOTBETCTBYIOIIYIO 3aKOHY COXpaHEHWS YHEPTUU-UMITYJIhCa. Bocmoab3yeMmest
CTAHJAPTHBIM OTpe/IeJICHIeM WHBAPUAHTHON aMIIuTyAbl (6.4) 1i1s1 mepexoia
a— :

2m

[Topcraisist nponaraTop siaekTpora B dopme (3.15) u uHTErpupysi amiim-

My, = _ae /d4z Sp {S(z)é*S(—z)lAf%} eik2), (9.3)

TyJly nepexojia a — <y 10 z, HOJLy4UM:

2 , .
€9aclB _j2 /25/ d”p (B +m)II_  (p) — ky +m)II_.
M, = — el 25 [ Pl g s b
R A e e W R T R O T

(9.4)
3Ha4yeHust JIBYX OTJIMYHBLIX OT HYyJIsl LIIIYPOB B MHTEIPAJIE BBIYUC/ISIOTCH C
nomoribio Gopmyd (1.15) u paBHbL:

Sp{&ikyysTI-} = 2(kge®), (9.5)
Sp{pyEf (B — ky)kysIl-} = 2 [2(6*1?)” (k@p) — pjj (kpe™) + kif (pe")| -

[Tocne BBenenus napamerpusaiuu PeiffHMaHa aMILIATY/Ia [I€PEX0Ja @ — 7Y B
TEPMUHAX CKAJSIPHOTO, BEKTOPHOTO M TeH30pHOrO mHTerpaJion (6.10) mmeer
BUJI;

1

— _% —k1 /28 k) A ~ %
Moy = =22 dz [2(1@%) (TR) (k@e")  (9.6)
0

+ K (Vee") +m? (kge") S].

CraJisipHbIii 1 BEKTOPHbII MHTErPaJibl UMEIOT 3HAYEHHUs!, IpuBeieHHbie B (6.11),
a JIBa TEH30PHBIX WHTErpaJa, UMEIONUX JIOTapuMMUIECKUE PACXOJUMOCTH,



BXOJAT B BUJIe TOYHO TaKoil ke pasnoctu 27}, — (T]\)]\W, YTO U B TIOJISIPU-
3allMOHHOM omneparope ¢gorona P,,. Hanmomuum, uro B 3T0# pazHocTn pac-
XOJUMOCTH “‘CyrydaiiHbiM~ 0DPa30M COKPAINAIOTCS, U PE3YJIbTAT CYIIECTBEHHO
3aBUCHT OT CIIOCODA, peryJisipu3aliii TeH30PHOIO WHTErpaJa. Bocmoab3yemest
BIpaxkeHueM (6.13) /yist pa3sHOCTH, MOMYYEHHBIM METOJIOM Pa3MEpHOI pery-
JISIpUBAIUHT, U TOJYIUM JIJIs aMILIATY/IbI II€Pexoa CJIeayolnee BbIparkKeHue:

k” z(1l—z)dx
m? —z(1 — )k

 i€Gae L.
Moy = — 20908 o1 128 (e

—o 9.7)

HTerpas o & B TOYHOCTH TaKO# XKe, KakK 1 B cOOCTBEeHHOM 3HavdeHuu s (7.2)
HOJISIPU3AIMOHHOIO Oneparopa (hOTOHA, MOITOMY C YyUYETOM AHAJM3a ITOrO
MHTerpaJa B 3ajiade 7 BBIMUIIEM 3/IECh TOJHKO OKOHYATETbHBIN PEe3yJIbTaT:

,U2

1—
Moy = — 528 1% (1ger) [1(0) 4 im - 00— am)| - (09
rae v2 = 1 — 4m?/ kll’ n dbynkuusa H(v) onpenenena B (7.8). Caegyer obpa-
TUTh BHAUMAHUE HA OOIIHi ICEBIOCKAISIPHDIA MHOXKHUTEND (kPe*), mpormopiu-
OHAJILHBIN CBEPTKE TEH30pA JIEKTPOMATHUTHOTO MOt (POTOHA M JIyaJbHOTO
TEH30pa BHEITHEr'0 MAarHUTHOTO MTOJIST U OTPaXKAIOIIN criennuKy B3aruMo,1eii-
cTBUSA aKcuoHa ¢ (poToHamMu. C y4eToM MCeBIOCKAJISIPHON MPUPOIBI AKCHOHA,
9 DeKTUBHBIN JTarpaHKKaH, KOTOPbI MOXKET ObITh BOCCTAHOBJIEH IIO 3TOI
aMIINTY e, OyIeT CKaJsPHOW BeJIMIMHOIA.

Kak u B ciaygae cOOCTBEHHOTO 3HAYEHUST 3¢ TIOJISIPUBAIMOHHOTO OMEPATOPA
doToHa, aMILIMTY 18 [EePExX0Ja aKCHOHA B (POTOH PA3JIMIHA [IPU kﬁ < 4m? n

k’ﬁ > 4m?. PaccMOTPUM KasKJbIi 13 YKa3aHHLIX CIydaeB M0 OTAETLHOCTH.

Ompuyamensvrvie v2. dToMy caydaio cooTBeTcTByeT 0 < kﬁ < 4m?. B
9TOM KMHEMaTUUIECKO 00JIaCTH aMIINTY/1a [IePexo/ia YNCTO MHUMAas U PaBHAa.:

1€gael k2 /28 i
M, 1
T gr2m (ge’) \/k (4m? — k”)arctg 4m2—kﬁ
(9.9)

Ionoorcumenvnoe v:. B atom ciydae kﬁ > 4m? ¥ B COOTBETCTBHUH C
dbopmyuoit (9.8) momyanm:

1€gae3 _ . 1 — 2 1+v .
M, = 45 /8 k1128 (ke*) [1 + 50 (ln T mr)] . (9.10)

Bo3HukHOBeHME BEIECTBEHHON YaCTH y AMILIATY/IbI [IEPEX0/1a aKCUOHA B (DO-

TOH TIPU TaKNX 3HAYEHUTIX KBaJIPaTa IMPOJIOJbHON COCTABISIONIEN 4-NMITYJIbCa
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aKCHOHA (& 3HAYUT, 1 (POTOHA B COOTBETCTBHUHU C 32KOHOM COXPAHEHMUST SHEPIHH-
MMITYJIbCA) yKa3biBaeT Ha HECTAOMJIBHOCTh ITUX YACTHI] B PACCMATPUBAEMOI
KUHEMATUIECKOW 00JIaCTH, T. €. JONMOJIHUTEJIbHO Y AKCUOHA, TOSIBJISIETCS BO3-
MOXKHOCTb PaCIaJaThCs Ha JIEKTPOH-TIO3UTPOHHYIO Mapy.

Crnenyer oTMETUTH, YTO MOJIyUYeHHas HAMHU aMILIMTYJIa IIEePEeXoia aKCHO-
Ha B (pOTOH MOKeT ObITh HeBepHa u3-3a aHoMasuu Aepa-Besna-I>xakusa.
Y10ObI MOJNYYIUTH KOPPEKTHBIN PE3YJIbTAT JJIs aMILIATY/IbI, CIeJIyeT puMe-
HATH CJIEYIOILYIO MPOIEIYPY: BBIYECTb M3 aMIuiuTyabl (9.8) nmHeitnoe 1o
BHEIITHEMY TOJIIO CJIaraeMoe TIPH HyJIeBOM mepefanHoM 4-ummynbce k, = 0
(kj = 0, kL = 0) u K NOJYyIEeHHOMY BBIPA’KCHUIO MPUOABUTH KOPPEKTHOE
BbIPAXKEHUE, COOTBETCTBYIOIIEE aHOMAJIUKU. B rpejesie CujibHOrO MarHuTHO-
o TOJIsE aMILIUTY/Ia, epexoja akcuona B (oton (9.7) mpomopuuoHaJbHA kﬁ
1 obpamaeTcd B HyJb B mpejene k| = 0. To o3HAYAET, YTO BLIYUC/ICHHAS
Hamu aminTyaa (9.8), BooOIIe roBOpst, SIBJISETCs TPABUIILHON TOJBKO C TOY-
HOCTBIO JI0 AHOMAJILHOI'O UJIEHA.
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