8 BakyymMHasl 3J1eKTPOCTATHKA B PAMKAX aKCHOMATHKH AJIre0pbl CUTHATYP.
B3anMoaeiicTBMe HEMOABHIKHBIX «YACTUID> M «AHTHYACTHID)

8.1 YnpoueHHbIe MOJe/IH HEMOJABHKHOIO «3JIEKTPOHA» W HEIOABUKHOT0 «IIO3UTPOHA»

Bormpocsl, cBsi3aHHbIE BAKYYMHOMN 3JI€KTPOCTATUKON «YaCTHULIB» M «aHTUYACTHULIB) yXKe 3aTpa-
ruBaiuch B § 5.10, omHako B TOM maparpade ObUI pacCMOTPEHBI TOJBKO OJAMHOYHBIC "3apsiKeHHbIC"
cTaOuibHbIE BaKyyMHble 00pa30BaHUs HA IPUMEPE «3JEKTPOHa» U «IIO3UTPOHA». B naHHON cTaThe
paccMOTpEHBI AIEKTPOCTATUYECKUE B3aUMOACUCTBUS MEXAY IBYMS WM HECKOJIbKUMHU CTAOMIIbHBIMU
BaKyyMHBIMU 00pa3zoBanusMu. Ho BHauase BeImuiieM HEOOXOUMbIE CBEICHUS U3 paHee MOJYyYEHHBIX
pe3yJabTaToOB.

B npeapiaymux riasax 1, 2, 7 ObLIM HOJy4€Hbl METPUKO-IMHAMUYECKHE MOJIENIN TPAKTUUYECKH
BCEX «YaCTHI», BXOAAIuX B cocTaB CTaHAapTHOM MOJIeIH, Ha OCHOBAaHUH TMOJHONH COBOKYITHOCTH He-
MIPUBOJIMMBIX JPYr B Jpyra peleHud BaKyyMHOTro ypaBHeHHs DuHmTeiHa (2.1.6) {mounee (2.5.1)}.
JlaHHbIe peleHus, KOTOpble Ha3BaHbl KBapKaMH, CBEJCHBI B mabn. 2.12.1.

B pamkax AnreOpbl CUTHATYp «4acTULIBD) BCTPOEHBI B BEPTUKAIbHYIO HEPAPXUIO CPEPUUECKUX
BaKyyMHBIX 00pazoBanuii (2.6.20) (cmompume §§ 2.5 u 2.6). Tem He MeHee, JOMYCKAETCs YIPOIICH-
HOE PaCCMOTPEHHUE OTAEIBHBIX «4aCTHUI».

B uyacTHOCTM METpPUKO-IMHAMUYECKHE MOJIEIH OTIACIIBHOIO MOKOSIIETOCs «3AJIEKTPOHA» U OT-
JIEJIbHOTO TIOKOSILIEroCsl «IO3UTPOHA» 3aJar0TCsl COBOKYIMHOCTAMU MeETpuk (2.6.23) — (2.6.31) u

(2.6.33) — (2.6.41)
«JEKTPOH» (8.1.1)

HenoaprwkHoe "BBIMYKIIOE " MHOTOCIIONHOE BaKyyMHOE 0Opa3oBanue (puc. 2.6.3) ¢ CUTHATYpOM

(+——-)

COCTOALICC U3

BHemHsist 000/104Ka «3JEKTPOHA»
B UHTEpBaJeE [7s, 7]

2 2
st [ 1= T T a2 (49% 1 in? 0.dg?), (8.1.2)
2 2
r l"5 ( l"6 l"]
1-—"+—
ron
2 2
ds;+--->2=(1+’i—”—2jc2dt2——d’" ——r*(d6% +sin* 0dg?), (8.1.3)
e (1+r6_r2j
ron
ds? = s r 2 7,2 dr’ 2 2 ) 2 8.14
R L A— )L N P ) (8.1.4)
r ¢ ¢ r
5 (I‘Zvj
5
ds)2 = T ) 20 dr’ 2702 | win2 2 815
s, =|1+">+— |c7dt” - ~—r (d@ +sin"0do ), (8.1.5)
T 1+r6+r—2
r I’S
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Aapo «3aeKTpoHa»

B I/IHTepBaJ'Ie [76, 77]

ds(7 = ( -2 r—zj e - { —2(d6* +sin® 0dg?);
1——+

r I"
2
Ts
dst 1+ ) T r *(d6 +sin>0do?)
s L —2 = —r +sin“0de? ),
( —,,2)
6
dsC—% = 1___’"_2j 201% — rz(d02+sin20dqo2),
I"
2
ds{ 7 = 1+’i+”_2j62dt2_Lz—rz(de%rsinz@d(oz)a
r 7, 1 r
(1+7+2j
r I"6

HleabT «3JEKTPOHA»
B uHTepBaie [0, o]

ds$~ 7 =cdt —dr’ —Vz(dgz +sin’ qu’z)'

rne

rs~4,9107 cM — pamyc «GHOIOTHYECKOI KISTKI»;
—1

re~1,7-10" cm — pamnyc sapa «3IEKTPOHA;

r1~5,8102* cM — pagmyc siapbImiKa (T.e. SIpa «IPOTOKBAPKay).

«[TO3UTPOH»
HenonswxkHoe "Borayroe" BakyyMHOE 00pa30BaHHE C CHTHATYPOM
(— + + +)
COCTOSIIIIEE U3:
BHemHsist 0007104Ka «IO3UTPOHA)
B MHTEpBaJIE (75, 7]

2 2
(—+++)2 s T 2 7,2 dr
dsC 0 =11 T2 4

2 2
r ¢
r 1"5

2 2
dS£_+++)2 =—|1+ FL _r_z Czdtz + dr 5 I/'z(dez + Sinzed(Dz)a
r Iy ( g r j
14l
ror
2 2
dS§—+++)2 —_{1= T _ r_zjczdtz + dr 5 I/'z(dez +sin’ 961(02)7
T2
ron
2 2
ds( 2 = _ 1+’i+”_2jc2dt2 o r*(d0° +sin>0 dg?).
ror

rz(dez +sin’ ngoz),

(8.1.6)

(8.1.7)

(8.1.8)

(8.1.9)

(8.1.10)

(8.1.11)

(8.1.12)

(8.1.13)

(8.1.14)

(8.1.15)
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rac

Anpo «1mo3uTpoHa»
B UHTEpBaJe [7g, 7]

2 2
dst = 1- 24 czdtz+L2+r2(d92+sin28d(p2)a (8.1.16)
’s 1—Ii+r—2
r 1"6
(—+++)2 & r 2 4.2 dr’ 2 2 ) 2 8.1.1
ds, =—|1++——|cdt t—<tr (d0 +sin“ Odo ), (8.1.17)
’s lJrri—r—2
roor
(—+++)2 7 r2 2 7,2 drz 2 2 s2 2 8.1.1
ds; =—1--+——lc7dt" + ~+r (d0 +sin“Odep ), (8.1.18)
rg roor
1-1-——
roor
2 2
¢myﬁﬂ2=-1+fL+55c%hz+———£Q——7—+42@02+sm29d¢ﬁ, (8.1.19)
7, roor
6 1+ -+
roo

HleapT «1O3MTPOHA»
B uHTepBaie [0, o]

ds$ ™ =c*df —dr' —r? (d92 +sin’ 9d¢2). (8.1.20)

rs ~4,9°10 cM — panryc GHOIOTHIECKO KISTKH;

re ~1,7-10 " cm — pamnyc sapa «Io3uTPOHAY;

ri~5,810 cm — pagnyc aHTHUSAIPHIIIKA (T.€. SApa «AHTHIIPOTOKBAPKAY).

B3aumopnelicTBust (OTTalKMBaHUE WM MPUTSHKEHUE) AJIEP «YaCTUL» M «AHTUYACTHID), IIPOUC-

XO04dA1mue BO BPEMA HX 6I)ICTp0FO ABWIXKCHUSA, NOJIDKHBI OIMMCBIBATHCA C HCIIOJB30BAHHEM MCTPHUKO-

JUHAMHYECKUX MOJENEH ABMKYIIMXCS «4acTUI», KOTOpbIE IpUBE-
neHbl B T71aBe 6. OHAaKoO B ATOH TJIaBe MPEIoJIaraercs, 4To CKo-
POCTH IBMKEHHS B3aUMOICUCTBYIOIIUX «YACTHUID U «@HTUYACTUL»
HEBEJIMKU II0 CPaBHEHUIO CO CKOpOCThi0 cBeTa. [loatomy s
YIOPOIIEHUSI MPEATNOIAraeTcs, YTO «4aCTULbD» MPAKTUYECKU HETO-
JBYDKHBI, ¥ TIPUMEHEHBI METPUKO-TMHAMUYECKAE MOJIENN HETO-
JBUKHBIX CTAaOMIIBHBIX BAKYYMHBIX 00pa30BaHUM.

BOnu3u siapa «3IeKTpoHa» Ui SApa «IO3UTPOHA) 13> 1 =
~rg~1,7-107" cm, mosTomy B Merpukax (8.1.2) — (8.1.5) u (8.1.12)
— (8.1.15) cnaraembiMu 7/r3 MOKHO TIpeHeOpeus. [Ipu 3Tom nan-

HBIC MCTPUKH CBOJATCA K UYCTBIPEM YIPOIICHHBIM MCTPUKaM

(2.9.6)— (2.9.7) 1 (2.9.8) — (2.9.9)
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BHemnas 00010uka CBOﬁO)IHOl"O HEIMOABUKHOI'0 «3JICKTPOHA»
¢ curHatypoii (+ ———), B uaTepBaie [~107" cm, ]

2
dsC 2 = dst? = (1 —%)czdtz —d;r —~ rz(dé’2 +sin’ 0 dgoz) — a-cyokont,  (8.1.21)
1T

r

2
- _ 7, dr
ds$ 2 =ds{"? = 1+ |c’dt? -
r 7,
1+
r

—rz(dé?2 +Sin29dq02) — b-cyOkonT. (8.1.22)

BHemnas 000/10uka CBOﬁO)IHOl"O HEIMMOABUKHOI'0 KITIO3UTPOHA»
¢ curHatypoii (— + + +), B unrepsaie [~10*cm, o]

U3

r

2
ds T = g2 = —(1 - )czdt2 +d;r+r2(d6’2 +sin’ ngoz) — a-anTHCyOKOHT,  (8.1.23)
6

1-26

r, dar’ .
dsi % =dsS? = 1+ |dt +———<+ 717 (d92 +sin’ ngoz) — b-antucyOkoHT.  (8.1.24)
r Ty
14+
r

Hazpanus BakyymMHbIX c10€B (a unu b-CyOKOHT U a unu b -aHTUCYOKOHT), OIUCHIBAEMbBIX MET-
pukamu (8.1.21) —(8.1.22) u (8.1.23) — (8.1.24), npusenensl B Tadn. 2.1.1 uB § 5.11.

B sToM cityyae «31eKTpOH» U «IIO3UTPOH» MOKHO CUUTATh CBOOOIHBIMU «HaCTUIIAMMI», HO TIPU
3TOM Ka)/as U3 MX 3aHMMaeT MPaKTUYECKU BClo BceeneHHylo, T.K. B 3TOM NPUOIMKEHUU WX BHELITHHE

000JI0YKH MPOCTUPAETCS 10 OECKOHEUHOCTH 7 € [7g, 0].

8.2 BzauMoaeiicTBHe «4aCTHI H KAHTHYACTHID

B AnreOpe curnatyp (AJCUTrHE) JOMYCTHMMO paccMaTpuBaTh METPHUKO-IMHAMHYECKHUE CBOM-
CTBa OTJICJIBHBIX YACTHI] B paMKaX yIPOIICHHBIX MOJCILHBIX ITpecTaBiIcHud. OJHAKO U3 BAKYyMHOTO
ycioBus (cmompume onpedenenue 1.12.4) cnemayet, 4To U3 «BaKyyMa» BO3HHKAIOT TOJHKO B3aMMHO-
MIPOTHBOIIOJIOKHBIE CYITHOCTH, B YACTHOCTH, «9ACTHIIBD U «QaHTHYACTUIIBI».

Ecnu «9acTuIply U «aHTHYACTHIIBDY HAXOJATCS B Pa3HBIX TOYKAaX MPOCTPAHCTBA, TO B paMKax
MIPEJICTABICHUH AJICUTHBI CBSI3b MEXKIy HUIMH HE MpeKpamaeTcs. Mexry pakusMH «9acTUID) H «aHTH-
YaCTHUIIBD) MTOCTOSHHO IUPKYJIUPYIOT BHYTPU-BAKYYMHBIE T€UCHUS (CYOKOHM - aHMuUCyOKOHmMHble TO-
kn) (puc. 8.2.1 u puc. 8.3.1).

Takum 00pa3zoM, JIaMUHApHbBIE CYOKOHM - GHMUCYOKOHMHbIE TOKU, KOTOPBIE MIPUCYTCTBYIOT B
MOJIETBHBIX TPEACTABICHUSAX BHEIIHEH 00010ukn «dnekTpoHa» (8.1.21) — (8.1.22) u BHemHel 000-
JOYKHU «1o3uTpoHay (8.1.23) — (8.1.24), He yXxoasaT Ha OECKOHEUYHOCTh, & 3aMBIKAIOTCS HA paKUsAX IPyT
npyra (puc. 8.2.1).
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= AAp0 <<YacCTHUBI>> BCTpPEYHBIE
— AP0 <<aHTHYaCTHLLI>> MPUTATHBAIOLLHE
MTOTOKH
—=——  TIOTOK CyOKOHTa
- —-®% -  [IOTOK aHTHCYOKOHTa BCTpeYHbIE
pacTaliKMBaloLlne

MOTOKH

Puc. 8.2.1. Buewnue cybxonm - anmucybKonmusie TOKH, IUPKYITUPYIOT
MEXIY PaKUsMU «IACTHI U «AHTHIACTUID

Hanomnum, umo pakusi — smo mMHo2ocnoliHas 000104KaA, OKPYHCAIOWAsL A0PO «UACTUYbLLY UTU
«anmuyacmuywly. l[lonamue «paxus» noopobno paccmompeno 6 § 5.15. Bmecme ¢ mem pakus «ya-
CMUYbL), 8 YACMHOCMU «IJIeKMPOHAY, ABNAEMCS CMOKOM CYOKOHMA U UCMOKOM AHMUCYOKOHMA, U
HAoOOpoOm, paKus «GHMU4aAcmuysbly, 8 YaCMHOCMU «NO3UMPOHAY, ABNAEMCS CIMOKOM AHMUCYOKOHMA

U UCmoKom Cy6KOHma.

8.3 CtaTuyeckoe «3JIeKTPOH» - IMO3UTPOHHOE» B3aUMO/IelicTBHE
B § 5.10 npu uccnenoanun metpuk (8.1.21) — (8.1.24) (mounee mempux (5.9.6) — (5.9.9)),
OTIMCBHIBAIOIIUX BHEIIHUE OO0JIOYKH MOKOSIIETOCS «IJIEKTPOHA» U MOKOSIIETOCs «IIO3UTPOHAY, OBLITH
MOJTyYCHBI:
- KOMITOHEHTHI BEKTOpa a-CYOKOHMHOU HANPSHKEHHOCTH (T.€. BEKTOPA YCKOPEHHS d-CYOKOHMA BO

BHEIIIHEH 000JI0UKe «dJIeKTpoHay) (3.10.9):

2
(a) _p-a) ___ CTs
ar _Evr - ’
22 1-Te
v
1 aé—a) ZE‘E;(I) =0, (8.3.1)
(-a) _ pp(-a) _
a,”=E " =0,

- KOMIIOHEHTHI BEKTOpa b-cyOKOHmMHOU HANIPSDKEHHOCTH (T.€. BEKTOpa yCKOpeHust b-cybkonma BO

BHEIIIHEH 000JI0UKe «dJeKTpoHay) (3.10.10):
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(=b) _ (=b) _
a, - Evr -

-b -b
H Clé ) — Ev(g ) — 0, (8.3.2)
(=b) _ p(=b) _
a,” =E, " =0,
- KOMIIOHEHTBI BEKTOPA a-aHMUCyOKOHMHOU HANPSHKEHHOCTH (T.€. BEKTOpa YCKOPEHHS d - aH-

mucybxonma BO BHEITHEH 000J10UKe «03uTpoHay) (3.10.11):

2
(+a) _ p(+a) _ C Ty
ar — Evr - D)
272 _ls
r
Vv agfa) - Eé;a) =0, (8.3.3)
(+a) _ p(+a) _
a,” = Ew =0,

- KOMIIOHEHTBI BEKTOPa b-anmucyOKOHmMHOU HANPSHKEHHOCTH (T.€. BEKTOpa YCKOpEHHs b - awu-
mucybKonma BO BHEITHEN 000J10UKe «O3UTpoHay) (3.10.12):

2
cr,
(+0) _ ) _ 6
a,’ =E]" =

b

.
2r 1+-5
.

H P = EGD —, (8.3.4)

(+b) _ p(+b) _
a, —Ewp =0,

OOmwmii BEKTOpP yCKOpEHHsI CyOKOHTa BO BHEIIHEW OO0OJIOYKE MOKOSIIETOCS «AJIEKTPOHA» BbI-

gucsieTcs o gopmyne (3.10.13)
a?=a" +jaP=g+ ;g (8.3.5)

Komnonents! qanHoro Bekropa ¢ yaetom (8.3.1) u (8.3.2) paBusl (5.10.14)

2
) _ e _ a2 b2 __ € rs\/E
) =EQ = JEC? 4 EL? =

r v >
v v )

2 1--%

al) =0, (8.3.6)

) _
a, =0.

AHAJIOTMYHO, BEKTOP YCKOPEHHUS aHTUCYOKOHTA BO BHEIIHEW 000JI0YKE MOKOSIIErocs «Io3u-

TPOHa» BeIUUCIAETCS 110 hopmyrie (5.10.15)
a" = a4 g™ = 9+ g5 (8.3.7)

Komnonents! ganHoro Bekropa ¢ yaetom (8.3.3) u (8.3.4) paBusl (5.10.16)
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+) _ ) _ (+a)2
a, _Evr - Evr +

al? =0, (8.3.8)

+) _
a,’ = 0.

B pamkax AJICUTHBI paccMaTpUBAETCS CIEAYIOIIAsl CTAllMOHApHas MOJENb B3aUMOACHCTBUS
MOKOSIIIErOCs «AIEKTPOHA» U MOKOALIErocs «Io3UTpoHa». CyOKOHT BTEKAET B PAKHUIO «IJIEKTPOHA» C
yckopenueM (8.3.6), mpu 3TOM JaHHOE YCKOPEHHOE TEUEHHUE YBJICKACT SIAPO IO3UTPOHA» K SIAPY

«anekTpoHay (puc. 8.3.1).

KIMO3HTPOHY

KIICKTPOHY

— B A-CYOKOHT = b-aHTHCYOKOHT
— = —  b-cyOROHT = @-aHTHCYOKOHT

Puc. 8.3.1. CranuonapHoe B3aUMOJIEHCTBUE «IJIEKTPOHA» M «IIO3UTPOHA» MOCPEIACTBOM
MUPKYIISAIHAN CYOKOHT-aHTHCYOKOHTHBIX TOKOB MEXKIY UX PAKUSIMHU

C npyroit CTOpOHBI, aHTUCYOKOHT BTEKAET B PAKHIO «ITO3UTPOHA
¢ yckopenueM (8.3.8), mpu 3TOM JaHHOE YCKOPEHHOE T€UEHHUE YBIIEKAET
SIIPO «AJICKTPOHA» K SIIPY «MO3UTpoHa» (puc. 8.3.1).

B paMKax HU3JI0KCHHOI'O BBIIIC MOACIBHOI'O IMPCACTABIICHUA paKus

«BJICKTPOHAa» IOTJIOoIIACT cy61<0Hm n HUCTOYaCT aHmucy6KOHm, KOTOpBII\/JI

BO3BpALIACTCSI K PaKUU «IIO3UTPOHA», TJie CHOBa NpeBpallaercs B c)oO-
KOHmM, KOTOPBIA BHOBb YCTPEMIIIETCS K PAaKUU <«OAIEKTpoHay». [Ipm saTom Puc. 8.3.2. Jlenta Mé6uyca
COTJIACHO TPEJCTaBICHUSAM, Pa3BUTHIM B § 5.7 u § 5.10, nuHus TOKa Cyo-

KOHTA MepeIuieTeHa ¢ JIMHUEH TOKa aHTUCYOKOHTA B JIBOMHYIO CIIUpaJlb.
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3aMKHYTYIO0 CIHPAIbHYIO CTPYKTYPY CYOKOHM-AHMUCYOKOHMHBIX TOKOB, LUPKYIUPYIOLIUX
MEXAY PaKued MeNJeHHO JBHXKYIIEHCS (YCIOBHO HEIMOJBM)KHOM) «4aCTULBDY U PaKUEHl MeaIeHHO
NBUKYIIEHCS (YCIOBHO HENOABW)KHOM) «aHTHYACTHIIBI» MOXHO HOSICHUTh C IOMOIIbIO JIEHTHI
Meéobuyca (puc. 8.3.2). Jomyctum, 4To CyOKOHT T€UeT BIOJIb BHEIIHEH CTOpPOHBI JeHThl MEOuyca, a
AHTUCYOKOHT JBUKETCS B IPOTUBOIIOJIOKHYIO CTOPOHY IO €€ BHyTpeHHel ctopoHe. Eciu Takyro neH-
Ty MéGuyca ckpytuTh B KryT (puc. 8.3.3), To Takas JABOWHas COUPAIb OyIET XOPOLIUM MOJEIbHBIM
MPEACTABICHUEM OJIHOTO 3aMKHYTOTO 4-Kryra CyYOKOHT - aHTUCYOKOTHOTO TOKA, IUPKYJIHUPYIOIIETO

MEXy PaKUsIMU, HAIIPUMED, «IIIEKTPOHA» B «1103uTpoHay (puc. 8.3.3, 8.3.4).

VRN /‘\\
SApO

[ s
\ «IIO3HTPOHAY

\/ v
Puc. 8.3.3. B pamkax MOJEIbHBIX MPEJACTABICHUN AJICUTHBI MEXKY PAKHAMU «3JICKTPOHA» U «IIO3UTPOHAY» IUPKYITHPYIOT
JIBa CyOKOHTHBIX U JIBa aHTHCYOKOHTHBIX TOKa ¢ yckopeHusimu (8.3.1) — (8.3.4). Jlnst ynoOcTBa BOCHpUSITHSI BHYTPH - BaKy-

YMHBIX TPOLIECCOB MOYHO MPEAIIOIOKUTh, YTO JaHHBIC IOMAPHO BCTPEUHBIC TOKU TEKYT 110 IBYM CTOPOHAM JICHTHI
M¢EOuyca CKpyUEHHOM B JKI'YT. B pakuu «3JeKTpoHa» aHTHCYOKOHT MEPEXOMUT Ha CTOPOHY CYOKOHTA (T.€. CTAHOBHUTCS
CyOKOHTOM), a B PaKHH IIO3UTPOHA» CYOKOHT MEPEXOIUT Ha CTOPOHY aHTHCYOKOHTA (T.€. CTAHOBHUTCSI aHTHCYOKOHTOM ).
Kpome Toro, maHHbIe YCKOPEHHBIC CYOKOHT-aHTHCYOKOTHBIC TCUCHUS YBICKAIOT
SIPa «JICKTPOHAY U «IIO3UTPOHAY TI0 HAMPABJICHHUIO IPYT K APYTY

«DIEKTPOH» «lTo3urpon»

Hupxymanus guimicyokonma

[Mnpxymarmus cyokonma
Puc. 8.3.4. MirocTpanus MUPKYISIAN CYOKOHMA W AHMUCYOKOHMHMA

MCKAY paKUAMU «3JICKTPOHA» U «ITO3UTPOHA»

B paMKax JaHHOT'O MOACIBHOI'O MPEACTABIICHHA Ha SA/pa «OJICKTPOHa» U «KIIO3UTPOHA» BUIIAIOT

YCKOpPEHHBIE BHYTPU-BAKYYMHBIE TOKU C OOIIUM YCKOpPEHUEM {cmompume @vipadicenue (3.11.30)}

3 2 —a)2 )2 —b)2 2 )2
a*™® = \/ai”’) +a" P+ a4 g z\/ai” +a?

KOTOpPOE CTPEMUTCSI CONU3UTH IaHHBIE A1Ipa APYT C APYTrOM.
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C yuerom (8.3.6) u (8.3.8), momyanm

2 2

2 2

(1) — [g02 4 407 _ i - © (839

c
r r r r2 r2 r2
2r? 1—% 2r? —% rial1—-5
r r r

B AJaHHOM CJiydac€ 7 — 3TO PaCCTOAHHUEC MCXKIAY LCHTpPaMH

a

AIEp «IIEKTPOHA» U «ITO3UTPOHAN.
I'paduk pynkuuu (8.3.9) npencrasiien Ha puc. 8.3.5.

[Ipu r >> r¢ ypaBuenwue (8.3.9) ynpomiaercs u npu- a(r) 0.5~ m

obperaet BHU]

2
- C 7,
g =Te (8.3.10) 0 |
r ~10 0 10
aHaJ'IOl"I/ILIHblf/’I CcHuJic KYHOHOBCKOFO BSaHMOHeﬁCTBHH B KJIaC- r

CHHCCKOM SJICKTPOCTATHKE Puc. 8.3.5. I'padpux dpynkuuu (8.3.9)

2 Ipu ¢ = rg =1

(8.3.11)

e

K1

- drg g’ '

C touku 3penus Gusuku 19-ro Beka, ecnu Obl 3apsHKEHHBIA 3JIEKTPOH 00Ja/1a]l XOTh KaKUM-
HUOYIb MPOCTPAHCTBEHHBIM Pa3MepoOM, TO OH HE MOT' Obl CyIIECTBOBAaTh, T.K. €r0 OJIHOMMEHHO 3apsi-
KEHHbIE YaCTH HEMUHYEMO pa3JieTelUCh Obl B pa3HbIE CTOPOHBI MO JEHCTBHEM OIPOMHON 3JIEKTPO-
CTaTMYECKOM CUJIbL, KOTOpasi 00paTHO MPOMOPIHOHATIbHA KBaIpaTy PacCTOSIHUM MEXAY dTUMH 4YacTsi-
Mu. [ToaToMy ¥ 1O psily APYTrUX NPUUMH BO BCEX COBPEMEHHBIX (PU3NYECKUX TEOPHSX dJIE€MEHTAPHBIN
3apsij] Hapsily ¢ Maccoil MOKOS U CIIMHOM SIBJISIETCSI CBOETO POJia BHYTPEHHEH XapaKTepUCTUKON Mate-
pUATIBHOM TOYKH.

[IpencraBienuss 00 OTCYTCTBUU pa3MEpPOB y 3JIEMEHTApHbBIX YACTHUI] IPOTUBOPEYAT 3/IPaBOMY
CMBICITY, U MPUBOJAAT K JOTMYECKUM Mapajokcam. [ mpumepa BHIYMCIUM IOJIHYIO SHEPIHIO AJIEK-

TPOCTATUYECKOTO TOJIS 3JEKTpoHa W,, painyc KOTOPOTO MpUMEM paBHbIM a [49]:

2 2

1 5 1 =e? 5 e’ . e
W, =—/E*dV = — [—4mdr = —— "=~
5 Sﬂf 8ﬂ£r4 S la=". (8.3.12)

OueBuaHO, uTo 1pu a —> 0 JaHHAs SHEPTUs CTPEMUTCS K OECKOHEUHOCTH.

UYTo0Ob! yiTH OT MOJOOHOIO poJia pacXoqUMOCTel KBaHTOBas (pM3MKa ONUPAETCs Ha Kaauopo-
BOYHbIE TEOPUHU, MAaTEMaTUYECKUI anmnapar KOTOPBIX AOMYCKaeT IpoLeaypy NepeHOpMUpoBKU. B ciy-
yae 3JeKTPOCTaTUKU €IUHUYHOTO TOUEYHOIO 3apsiaa 4acTh d(pdexra NepeHOPMHUPOBKU 3aKIHOYAETCS B
ydeTe Tak Ha3blBaeMOMW MOJspU3aliy (U3HUECKOro BakyyMa. OTOT 3PQeKT, KaK 1ojaraeT KBaHTOBas

(bl/ISI/IKa, CBs3aH C TEM, UTO BHPTYAJIbHBIC JJICKTPOH-IIO3UTPOHHBIC ITAPbI, IIOCTOSIHHO POXIAIOTCA U3
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BaKyyMa M TYT K€ MCYE3al0T B HEM, HO 3a KOPOTKOE BPEMs CBOETO CYIIECTBOBAHUS OHU YCIIEBAIOT
COPHEHTHPOBATHCSI TaKUM 00pa3oMm, 4TOOBI OCIA0UTh BO3AeHCTBHE "Tosoro" ToueuHnoro 3apsaa. [lo-
3TOMY B paMKax KBaHTOBOM snekTtpoanHamuku (KDJ[) KoHCTaHTa 3JEKTPOMAarHUTHOTO B3aMMOJICH-
CTBHUSI

a. = ¢*/(4r) (8.3.13)

oka3zbiBaeTcs 3pPexTUBHON QyHKLMEN OT paccTosiHUS Buaa [28]:

e
2 [
ee..
aeﬁ.(r)=4'j’;= e24ﬂ — (8.3.14)
67"  4rm,

II€ M, — Macca JIEKTPOHa.
JIaHHYIO MTOJITOHOYHYIO MPOLIEAYPY HA3BIBAIOT MEPEHOPMUPOBKOW KOHCTAHThI AJIEKTPOMArHUT-

HOT'0 B3aUMOJIEHUCTBHUA.

[ToncraBnss Beipaxkenue (8.3.14) B 3akon Kymona (8.3.11), monyuum {cmompume (5.10.24) -
(5.10.26)}:

2
e

fi
dre r*(1— In
o 6r° 4rm, )

CpasuuBas (8.3.9) ¢ (8.3.14), oGHapyXxuBaeM CIEIYIOIMIHNE COOTBETCTBHS

2
e

VRS c’r, (8.3.16)
4re,

e - (8.3.17)
1- In
( Y 4rm,

)

N3 coorBercTBus (8.3.16) BUAHO, YTO B MOJIHOCTbIO T'€OMETPU3UPOBAHHON BaKYyMHOM 3JI€K-

TPOANHAMUKE Ancurasl POJIb 3apsaga Urpact BEJIMUMHA

3/2

e > yJcir, =4J(3-10%)%-1,7-107° ~ /153 ~ 12,4 X —, (8.3.18)

CeK

KOTOpask XapaKkTepu3yeT UHTEHCUBHOCTH CTOKA - UCTOKA MEPEIUIETEHHOT0 CYOKOHT - aHTUCYOKOHTHOTO
TOKa, OKPYKAIOLIETO AP0 «IIEKTPOHAN.

N3 cootBerctBud (8.3.17) BUAHO, YTO IpPEACTaBICHUsS] AJICUTHBI HE MPOTHUBOPEYAT BHIBOJAM
COBpeMEHHbIX Teopuil. [Ipu 3TOM BakyyMHasi 3JIeKTpOCTaTUKa AJICUTHBI SIBJISIETCS IOJIHOCTBIO T'€0-
METPU3UPOBAHHOM B paMKaxX aKCHOMAaTUKU CBETO-T€OMETPUHN «BaKyyMay, MPECTaBIEHHOM B riiaBax |

u?2.
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8.4 CtaTuyeckoe «3JIEKTPOH» - «IMO3UTPOHHOE» B3aUMO/IelicTBHE

B pamkax mpezactaBieHUH AJICHTHBI MEXKIY PAKHSAMU AP ABYX «IJICKTPOHOB)» OTCYTCTBYIOT
CyOKOHT-aHTHCYOKOHTHBIE OOMEHHBIE TTPOIIECCHI.

Kax mokazano Ha puc. 8.4.1 u 8.4.2, b-cyOxonm OTTEKAET OT PAKUM KAKIAOTO «AJIEKTPOHA» K
pakusIM OJMKANIIAX «IO3UTPOHOBY (MU IPYTHX TOJIOKUTEIHHO 3apsSHKCHHBIX «dacTHiy). [Tpu sTom
b-cybKkoHm, OTTEKAIOIUN OT PaKUU «AJIEKTPOHA», CTPEMHTCS YBJIEUYb 3a COOOH BCE MOTABIINECS HA €TO
MYTH SJIpa IPYTUX «IJIEKTPOHOBY» (WM JPYTUX OTPHUIATESILHO 3apsSDKEHHBIX «dacTHI). Co CTOPOHBI
3TO BBITJIIHUT TaK, KaK €CIM OBl S/Ipa «3JEKTPOHOB» CTPEMUIIMCH OTTOJKHYTBCS APYT OT Jpyra (puc.

8.4.1).

obnacTh B3aUMONEHCTBHA
2-X 3JIEKTPOHOB

— KINEKTPOHY
— KTIO3UTPOH»

—=——— [I0TOK CYOKOHTa
— — % — [I0TOK aHTHCYOKOHTa

Puc. 8.4.1. Buemnne CyOKOHT-aHTUCYOKOHTHBIE TOKUA MEXIY PAKUSIMH, OKPYKAIOIIUMH SIIPA «3JIEKTPOHOBY» U
«1O3UTPOHOBY. TOKU H-CYOKOHTA, OTTEKAIOIIUE OT PAKUH JBYX «AJIEKTPOHOBY, OTTAJIKHBAIOT HX sApa APYT OT JApyra

«aosuTpon 1» «aerTpoH 1» «QJIEKTPOH 2» «To3HUTpoH 2»

—» b - cyOKoHT

MUSASASS 4 - cyOROHT

Puc. 8.4.2. Cxemaruueckoe n3o0pakeHne CyOKOHT - aHTUCYOKOHTHBIX TOKOB
MEXIY PaKHSIMHU «IJIEKTPOHOBY» M KIIO3UTPOHOBY
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CornacHo BBIIIEU3IIOKEHHOMY MOJIeIbHOMY TpeacTaBienuto (puc. 8.4.1 u 8.4.2), mexnay pa-
KASMHU JBYX OMIKANIINX «IIIEKTPOHOB» MMEIOT MECTO TOJIBKO JABa b-CYOKOHMHBIX TOKA, KOTOPBIC
JIBHOKYTCS B paHalIbHOM HAIPABICHUH OT S/IEP JABYX <QJICKTPOHOBY» HABCTPEUY APYT IPYTY C YCKOpe-

HUAMMU:

- YCKOpeHue b-cyoxonma BO BHEIIHEW 000JIOUKE «AJIEKTpoHa 1»

2
_ cr,
a =g = (8.4.1)

b
I
22 J1+-¢
r
- YCKOpeHUue b-cybxorma BO BHEIIHEW 000JI0UKE «3JIEKTPOHA 2)
027'
(€2) _ ,(-b2) _ 6 (8.4.2)

al ! .
[
212 1+-6
r

DT J1Ba BCTPEUHBIX b-CyOKOHMHbIX TOKA MEPEIUIETEHbl B OJUH 2-KTYT, II03TOMY 0011iee YCKO-

pEHUE, CTPEMSIIIEECs] OTTOJIKHYTh PO «JIEKTPOHA 1» OT siipa «dJICKTPOHA 2%, 33/1aeTCs BBIPAKCHUEM

(Ipu ycia0BUH ¥ > F¢): - ‘ — '
B 20%r ‘
al ()= 4Ja'? +a'?? = —\/_ 6 (84.3) 04t ) ‘ .
7. |
27 1+°¢ |
r 03f “ |I 4
(€9) | ||
TJ€ 7 — PACCTOSIHUE MEXY LUECHTPAMU SIIEp «DJICK- i f I"l i
TpOHA 1» U «3IeKTpOHA 2». /
o1 \ 4
[Ipu r >> r¢ ypaBHenue (8.4.3) npuobperaer L i Ve |
VIPOIIICHHBIN BU]T =10 -3 :’ i .
2 2
geed) Q €l L 0,7¢"ry (8.4.4) Puc. 8.4.3. I'padux pynximu (8.4.3)
' 2 7 r’ pu ¢ = rg =1
cxonublil ¢ 3akoHoM Kymnona (8.3.11) mnst aByx on-
HOMMEHHO 3apsDKEHHBIX YaCTHI[ B BAKyyMe.
CpaBuuBas yckopenus (8.3.9) u (8.4.3), T.e.
2
(e+8) _ gl = N2ty (8.4.5)

a

r r P 4
u
2r21/1+—6
r

HaxoJuM, 4YTO B paMKax Ancursasl IIPHU 7 = Fg «OJICKTPOH» - IIO3UTPOHHOEC)» B3aHMOHeﬁCTBHe HEC-

CKOJIBKO OTJIMYACTCA OT <«QJICKTPOH» - «3JICKTPOHHOTO» BSaHMOHeﬁCTBHﬂ, HO IIpU 7 >> F¢ JaHHBIC B3a-

HMOHGI;'ICTBHSI IMPAKTUYCCKU CPABHUBAIOTCA

r ’ r - 2 .
7'2 r

2 2
gl = 7% gl 0,7¢7 (8.4.6)
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He HCKIIIOYCHO, YTO YKa3aHHas BbIIIC padHHIa MCXKAY ABYMs TUIIaMU B3aHMOHeﬁCTBHﬁ MOXET

ObITh OOHAPY)KEHA SKCIIEPUMEHTAIIBHO.

8.5 BeiBoasbI no riase 8
B pamkax cBeto-reomeTpun AJICUTHBI YAA€T-
Csl pa3BUTH IIPEACTABIICHUS O MOJHOCTBIO T€OMETPH-
3UPOBAHHOM BAaKyyMHOM 3JIEKTPOCTATHKE, KOTOpas
COTJIacyeTCsl C NPEACTABICHUSAMH KJIACCUYECKOU
ANEKTPOCTATHKU U KBAHTOBOW 3JIEKTPOIUHAMUKHU.
[IpencraBneHHble 31€Ch METPUKO - JMUHAMMU-
YECKHE MOJENIN CTAaTHYECKOrO0 B3aUMOJACUCTBUS
«QIIEKTPOHOB» M «IIO3UTPOHOB» MOTYT OBITH pac-
MIPOCTPaHEHbl Ha OIMCAaHUE B3aUMHOTO BIMSHHUU
JHOOBIX JIPYTUX 3apsSKEHHBIX «4aCTUL» U «aHTHYa-
CTHUIL», COCTABJICHHBIX M3 «KBAPKOB» M «aHTUKBap-
KOBY», IIOKa3aHHbBIX 6 maon. 2.12.1.
3/1ech pacCMOTPEHBI TOJIBKO CaMble€ MPOCThHIE
citydau: 4-)KT'YTOBOTO <«QJIEKTPOH» - «IO3UTPOHHO-
ro» B3aUMOJIEHCTBUA U 2 - KT'YTOBOTO <«AJIEKTPOH) -

«QJIEKTPOHHOTO» B3aMMOJICUCTBUSA. AJICHTHA JIOITyC-

KaeT MpeJCTaBlIeHHE Kaxaou "HuTH" u3 3tux k-
KTYTOB B BHUJE CYNEPIO3UIMHU CeMH "HHUTEH", Kak  Puc. 8.5.1. B «Bakyyme» moboe AeHCTBIE HTH BaKy-
YMHOE TIPOSIBIICHHE COIPOBOXK/IAETCS AHAIOTHYHBIM

9T0 mMOKazaHo B § 5.1 {cmompume e6wipadcenus y
AHTUACUCTBUEM WM aHTUIIPOSABJIICHHUEM. )laHHoe

(5.11.33) — (5.11.36)}. Tlpu 3TOM MOTYT OBITh BBISIB-  CBOMCTBO «BaKyymMa» OTPaXeHO B «BaKyyMHOM YCIIO-
6 6 BUM» U «BaKyyMHOM OaylaHce» AJICUTHBI (cMompume

JICHBI M MCCIIE/IOBAHbI Oosee TIMYOUHHbIE BHYTPU- 0 hoionun No 1.12.4 u Mo 1.12.3)

BAaKyyMHbI€ OOMEHHBIE IPOLIECCHI.

Taxxke emie pa3 OTMETUM, YTO MaTEeMaTHMYECKUU ammapaT U MoJielbHbIEe MpecTaBiieHus AJ-
CUTHBl YHUBEPCAJIbHBI [0 OTHOLIEHHIO K CTaOMJIbHBIM BaKyyMHBIM O0Opa30BaHUSAM JIFOOOTO JPYroro
Macmitaba. [[is onvcaHusi aHaJIOIMYHBIX MPOLECCOB HA JIPYTUX YPOBHSIX OBITHS BO BCE METPUKU U
ypaBHEHHUS JTaHHOU pabOThl BMECTO 7 CIIELYET MOJICTABUTH F U3 uepapxuu (2.6.20).

[Ipu sToM cobmioneHue "BakyyMHOTO OanaHca" MEXIy «4JacTHLAMU» U «aHTHYaCTULAMU)
BJIeYeT 3a co0O0il TpeboBaHME, YTO HA Ka)XJAOM YpPOBHE OBITUS JIMHMM CYOKOHT-aHTHUCYOKOHTHBIX

(BHYTpH-BaKyyMHBIX) TOKOB 3aMKHYTbl MEXIY PaKUSIMH «YaCTHUID» U «aHTUYACTHUI» OJHOIO YPOBHS

(puc. 8.2.1) u MeXy pakUsIMH «4aCTUID» U «AHTUYACTHID Pa3HBIX YpoBHEH Obitus (puc. 2.6.2).

355



Puc. 8.5.2. Bce ypoBHHM OBITHSI B3aUMOCBSI3aHBI MEXK/Ty COOOI
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Puc. 8.5.3. 3amxnyrast Beenennas — ato Ytpobda Matepu, B Koropoii

Bo3pacraetr Kocmudeckunit DMOpHOH




Puc. 8.5.4. ®pakranbHble WUTIOCTPAIIMH BHYTPU-BAKYYMHBIX MPOIIECCOB

To ecTb, ¢ OJTHOM CTOPOHBI Ka)KJblii YPOBEHb OBITUS — 3TO 3aMKHYTBIM MHp, cOalaHCUPOBaH-
HBIW B OTHOIIIEHUH JTIOOBIX BAKYYMHBIX MIPOSIBICHUN U aHTUIPOsBIIeHU (puc. 8.5.1); ¢ Apyrou cropo-
HbI, pa3Hble YPOBHU ObITUS (MUpPbI) OOMEHHUBAIOTCA MEXIY COOOW BCTPEYHBIMU CYOKOHT - aHTHCYO-

KOHTHBIMH ITOTOKaMU U COBMECTHO 00pa3yroT 3aMmkHyTOo€ Mupo3aanue.
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