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O 'EHEPAIIMA AHOMAJIBHBIX SJIEKTPOHOB
IIPU BEICOKOBOJIbTHOM HAHOCEKYHJ/IIHOM
ITPOBOE IINIOTHHBIX I'A30B

C. . SxoBnenko

IIpu 6b1C0K060ALMHOM HAHOCEKYHOHOM NPOOOE NAOMHBIT 2a-
308 803HUKANM AHOMAALHDBIE IAEKTMPOHDL, UMEWUUE IHEP2UI
Goavuiylo, wem MOdNCEM OBECTEUUMb HANPIANCEHUE HA NPO-
meacymxe. Panee uzr nasuuue c643b16a4U € NOALPUIAYUONH-
HbIM YCKOPEHUEM Ha 204068Ke cmpumepa. Paccmompena mo-
deab COHCUMAIOUWE20CT KOHIEHCAMOPA, NO3604LI0UAT 00bIC-
HUMb HAAUYUE AHOMAALHBIT IAEKTNPOHOE 6 IKCNEPUMENTNAL,

20e UCKPOBHIT Kanaa06 He nabaodaemc.

1. IIpm BEICOKOBOJILTHOM HAHOCEKYHIHOM IIpoGoe INIOTHBIX ra30B B 67-68 romax 6iio 3ape-
TECTPUPOBAHO HEKOTOPOE KOIUIECTBO GBHICTPHIX 3JIEKTPOHOB, MOPOXAAIOMIMX PEHTIEHOBCKOE
usiydenne [1, 2] (maTepaTypy cM. B o63ope [3]). HekoTopas nons 3TuX GBICTPHIX 3JEKTPO-
HOB ¥IMeeT, KaK IPUHATO TOBOPUTh, aHOMAlIbHYI0 3Hepruio. Peus uyieT 06 3HEpruu 51eKTpoHa
e>elU, rme e 3apsq 37eKTpoHa, U — MakcAMalIbHas Pa3HOCTh NOTEHINAJIOB, IOaBacMas Ha
snexTponsl. IlosBIeHNe TAKAX aHOMATTBLHBIX 3JIEKTPOHOB OGBIYHO CBA3LIBAIOT (3] ¢ abdexTom
TaK Ha3LIBAEMOTO NOJIAPU3ANMOHHOIO CaMoycKoperus. Ero mexanusMm npenckasas B [4]. ipu
5TOM CUHTAeTCs, YTO BO3HMKAET CHHXPOHHOE IBUXKEHWE MaKCHMyMa 3JIEKTPOCTATHYECKOTO
H0JIsl, CKOHIIEHTPAUPOBAHHOTO Ha OCTPOM KOHUMKE CTPHMEpPa, ¥ HENPEPHLIBHO yCKOPAIOMETOCH
B 3TOM IIOJI€ 3JIEKTPOHA.

B HemaBHEX paboTax, HOOLITOXEHHHIX B 063opax [5, 6] ymamocsk momydnTs MomHEEE (10
400 A) cybmaHOCEXyHIHBIE HJIEKTPOHHEIE YUKW B IUIOTHBIX rasax. B aTmx paborax Guuio
TaKXe 3apEeTHCTPHPOBAHO M HEKOTOPOE KOIMIECTBO AHOMAIBHEIX 37IeKTpoHOB. Mexanusm
(OpMUPOBAHMS TaKUX IyYKOB Hamboee MOJIHO W3iIoXeH B 0630pax [5 — 7). He obcyxnas noxa
5TOro MeXaHH3Ma, Cpa3y OTMETHM, 9TO B YCIIOBHAX TeHepalldll MOIIHLIX 3JIEKTPOHHLIX 11y 1KOB
[5, 6] He mabmomaeTcs mckpoBoro npobos. bomee Toro, korna BO3HAKAIOT HCKPOBLIE KaHAIIE,
5(heKTHBHOCTE TeHepalyy IIydka pe3ko nanaer [8]. Huxe nmokasano, 9To MOXHO 00BACHATE
NOSIBTIEHAE aHOMAJILHEIX 3JIEKTPOHOB, WCIONB3ys OCHOBHYIO Hielo paGoThl [4], omHako, He

CBA3BbIBas €€ C HAJINYHUEM CTpHMEDPA.
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2. Cornacro [5 — 7], B MexaHu3Me GOpMHUPOBaHMS MOMIHBIX CyOHAHOCEKYHHBIX ITy4KOB B
IJIOTHBIX T'a3aX Hambollee CYIIECTBEHHEI CIENyIoIIie IBa MOMEHTA.

Bo-nepBuIX, TeHepanys IydKa IIPOUCXOMUT IIPU MPEBLIIICHAN HAIPSXKEHHOCTHIO IO He-
KOTOPOro KPUTHIECKOTO 3HAUEHUs, OIPEe/IIeMOTO HeIOKAIbHEIM KPUTEepUeM yoeranus s71ek-
rponoB. HemokanpHBEI KpUTEpHil BLIIONHAETCS, KOTa Ijla3Ma, obpasylomascs Ha KaTole,
MOAXOOUT K aHOMY Ha 6IM3KOe pacCTOsSHUE, CPaBHUMOE € 0OpaTHHIM KOI(Q@UIIMEHTOM MOHU33-
mun Tayscenna. Ilnasma kak 6bI mpubIMXKaeT KaTOM K AHOMY, YTO IPUBOAUT K BEINOTHEHUIO
HeJIOKaJILHOIO KpPUTepus yberaHus 5JIEKTPOHOB.

Bo-BTOpHIX, pacipocTpaHeHIe HOHU3AIiU B Ta3e aTMOCQEPHOTO NaB/I€HNs IPOUCXOMAT HE
3a CYeT IIepeHoCa JIIEKTPOHOB B Xone Mpobos, a 3a CYeT Pa3sMHOXEHNS B HEOLHOPOIHOM IOJie
yKe IMeromuXcs (GOHOBBIX 3/IEKTPOHOB MaJIOi INIOTHOCTH [9 - 11]. IBmxenue dpoHTa ONpEE-
JiseTcs o6NacThio, Thie MIOTHOCTD 3J€KTPOHOB NOCTUIraeT HEKOTOPOIO KPHTHHYECKOTO 3HaHE

Hg, IpH KOTOPOM 2KPaHMpyeTcd BHEIIHee 2JIeKT
Ha3BaHAa BOIIHOM Pa3MHOXKEHWs, YTOOL OTJIAYATH €€ OT OGBIYHO PacCMaTPHBAEMOW BOIHEI
MOHW3aLMH, O0YCIIOBJIEHHO SBIEHAIMY NepeHoca (IpeidoM dJIEKTPOHOB M UX TENJIONPOBO-
HocThio). POHOBasi MOHM3aIMs OOECHeYINBAETCS OBICTPBIMA 3JIEKTPOHAMM, M3ITYdaeMBIMUL C
HEOHOPOMHBIX 00pa3oBaHMii Ha KaTOIe.

Wcxons u3 3Toil MONENH, PACCMOTPHM, KaK TeHEPUPYeTCs aHOMaJIbHBIM 3JIEKTPOH He Ha
ocTpHe, a B TNIOCKOM KOHZIEHCATOpE CO COMMKAIOIMMHUCS OOKIaIKaMH.

3. PaccmoTpuM Hambosee npocTeie cuTyanun. [IycTs nBuxkenne 51eKTPOHA IPOUCXOMUT
BIOJIb OCH T, NEPINEHIUKYIISPHOA OOKIaqKaM KOHIEHCATOPa, KOTOPhIE NONNEPKABAIOTCA MO
HOCTOSHHBEIM HampsxeHueM U; B HadaJIbHBIA MOMEHT OHM HaXONWIUCh Ha PaCCTOAHHA d.
PaccmoTpuM IBa citydas. B mepBoM cilydae INTaCTHHBI KOHIEHCATOPa CONMMKAIOTCS C NOCTO-
SHHOM CKOPOCTBIO Uf,. BO BTOpOM — OHM CONIMXKAIOTCS PaBHOYCKOPEHHO C yCKOPECHHEM 0 fr.
PaccMoTpeHre yCKOPEHHOTO IBMXEHUS MPEACTABIIET HHTEPEC B CBA3M C T€M, ITO, COIJIaCHO
pacueram [11], BonHa pa3MHOXEHUS ABUKETCS yCKOPEHHO.

ypa.BHeHI/IZ IOBUXEHUS KOOPAWHATHI 3JIEKTPOHA T B 3THX ClIydasdX 3alulleM B BHAIE:

it vie U d2$: e U 1)

a2 " med—ugnt dt?  m.d—(apt?)/2

3mech m, — Macca 3JEeKTPOHa; faliee v = dz/dl — ero CKOpoCTb.

BynmeMm cumTaTh, 9TO 2JI€KTPOH B HadallbHBI MOMEHT BPEMEHM HCIyCKaeTCs C KaTona 1
€ro HayaJIbHas CKOPOCTh PaBHA CKOPOCTH cONMXeHus 0oOKIIalloK KOHNEHCATOpa: v(0)=%j, ~
B ciydae pasHomepHoro; v(0) = 0 - B ciyvae paBHoyCKopeHHofo nBuXeHus. Torma pemenns

ypasrenuii (1) uMeroT BUI:
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vy/u, — aLl ) 4+ + 1, 1‘/ a-lr4(1 Mn{l — )] +
J7 i e I\ 7 N Ve

' ' 7

v/\/asd/2 = 2a - arth(r), z/d = a[21 - arth(T)+ (1 = 7)ln(1 -7 1 (26)

3rech B cilydae paBHOMEPHOTO OBHXeHUs: T = t - us,/d; a = eU[(mcu},); B ciydae pasHo-

yckoperHoro gpmxkenns: T = t - (az./2d)'/?, a = eU/(m.as.d).

Td
e(t)/eg(T) 1
5 T T T T
2 -
15F
1 02 04 05 08 1 1 1-10°3
x(v)/d a

Puc. 1. Omnowenue xunemuyeckoti IHeP2UL IAEKTMPOHG K IHEP2UU, HAOUPAEMOT 6 CTNATNUUECKOM
cayuae, 6 3a6ucumMocmu om npotdennozo paccmognud. Cnaownad Kpuead — CAyual pasHOMEPHO20
deudcenus 06x4a00K KOHOEHCATMOPA; NYHKMUPHAT KPUEAT — CAYUAT PABHOYCKOPEHHOZ0 06 UNCEHUSL

obxaadox xondencamopa. B obouz cayuaszr a = 1.

Puc. 2. 3asucumocmv eépemenu JOCTRUNCENUT IAEKMPOHOM GHOOG OM NAPAMEMPAE @, NPONOPYU-
OHaAbHO20 Hanpgdcenuto. 1 — cayuat paenomeprozo deudcenud; 2 — cayuat PasHOYCKOPEHHOZO
deuacenud. Cnaownsie Kpueble — yucaenroe pewenue ypaeuenui (3); nywxmupuvie xpuesvie — pe-

wWweHue 86 cCmamuuecKkom CAYuae.

B craTmueckoM ciydae, T.e. B OTCYTCTBHE COINMKEHAS INIACTHH KOHIEHCATOPa, 3JIEKTPOH
nabupaet >Hepruio €,; = eUz/d + m.u%, /2 — N HaYaBHEIX yCIIOBUiA, COOTBETCTBYIOMIMX
paBHOMEPHOMY [IBUXEHUIO OOKIaoK; €5 = eUz/d — s HadalIbHEIX yCJIOBHH, COOTBETCTBY-
IOIIMX PaBHOYCKOPEHHOMY IBIXEHUIO 0OK/IaoK. PaccMoTpeHne 3aBUCIMOCTH KMHETAIECKOM
SHEPTUM SJIEKTPOHa € = m.v>/2 OT ero KoopAWHATHI NMOKa3biBaeT (puc. 1), UTo mpu o
CTaTOYHOM NIPUGIIMKEHAN 3JIEKTPOHA K aHOMY €0 SHEPIHsS MOXET CyIeCTBEHHO MPEBLIIaTh
CTaTHYecKoe 3HAYEHHE €5. PacCMOTPHEM, KaK 3TO TpEBHIINIEHWE 3aBHCHT OT IapaMeTpOB

3a1a4H.
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a
Puc. 3. 3asucumocmsv om nNaApamempa G IHEP2UU IAEKMPOHA NPU docmudicenuu anoda, omHe-

1

cennotll K amoil dce anepauu 6 crmamuueckom cayuae. Cnaownad xKpueag — cayuatl pasHoOMEPHO20
Jdeusicenud 06x41a00K KOHIEHCAMOPA; NYHKMUPHAT KPU6ad — cAyuali paéHOYCKOPEHHO20 deuogicenud

06K4a00K KOHIEHCAMOPA.

HYCTB 3JIEKTPOH OOCTHUTA€T aHOIa B MOMEHT BpEMEHU T = T4. 3aBUCHMOCTH T4 OT IIapa-

MeTpa a onpenenaeTcs TPaHCIEHIECHTHBIMHA YPpaBHEHUAMMU:

a-[ra+(1—71)ln(l—7)]+7a—1=0, (3a)
a-[27-arth(r)+ (1 —7)ln(1 - )] -1=0. (36)

Wx uncnenHoe pemernne T4(a) npencrasieno Ha puc. 2. lloncrapmnss t4(a) B BEHIpaXeHUs
nnst ckopoctu (2), Brranciss €g(a) = €(74(a)) 1 cpaBHEBas CO 3HAYEHHEM A CTATHHECKOTO
ciy4as €x4(a) = €5t(74(a)), monydaeM pesynabTaT, IPENCTaBIEHHbIA Ha PHC. 3

4. OTMeTHM, YTO B CITydae PaBHOYCKODEHHOTO NBUXEHHS OOKIIAIOK KOHIEHCATOPa HE-
06X0IMUIMO, UTOGBI HampskKeHne GBUIO NIOCTaTOYHO OONBIIEM & > 1(eU/d > meay,). llpum
a < 1(eU/d < meay,) KaTON Cpasy OOrOHAET SIIEKTPOH, U SIEKTPOH HE HabupaeT >HEepruio.
lipu ¢ = 1 HaOupaercs MAKCUMallbHas SHEPLUs. 5To He UMeeT MeCTa B 3ajlade C paBHO-
MepHLIM IBHXEHHEeM KaTONla, NOCKOIbKY NPH BHIOPaHHBIX Had9albHBIX YCIIOBHAX CKOPOCTE
5IEKTPOHA BCe BpeMsi GoJIbIe CKOPOCTH KaTola.

Bo Bcex ciydasx Ipu GOMbIIMX HAUpPSXKEHHSIX @ > 1 sHeprus 37eKTPOHa, NOCTHITIE-

ro xaroma €;(a), HE3HAUUTEHLHO IpEBHIMIAET “CTaTHIECK 10" sHEpruio €s4(a)). bombmoe
9 S

25



Kpamxue coobwenug no pusuxe PUAH nomep 2, 2006 .

IpeBBINIEHNe CTATHIECKON SHEPTUM MMeeT MecTo npu a =~ 1. Oto ecrecTtBenno. [Ipu Gomns-
X HAIDSKEHAAX 3IEKTPOH IPOCKAKMBaeT Da3PANHBIA IPOMEXKYTOK OBICTDeEE, UeM yCIeeT
CYILECTBEHHO TOBLICATLCS HANPSXEHHOCTDb TOJIS 3a CYET CABAra OOKIIalOK KOHAEHCATOPA.
MakcaManbHEI 3QdeKT UMeeT MeCTO, KOrjla yBeludeHUe HANPSKEHHOCTH TOJisL MPOUCXO-
IUT CAHXPOHHO C IBHXXEHUEM 3JIEKTPOHA.

[Iposenem omenku. Ilns Toro, 94robel 3bdeKkT aHOMAJIBLHOIO yCKOPEHHA OblII 3aMeTEH
(a ~ 1) npu Hanpsxeruu U ~ 100 x B, neobxonnmo, 4yTOOLI B Cllydae PaBHOMEDHOTO [IBUKE-
HHS CKOPOCTBH JBUXEHWS BOJHBI Pa3MHOXEHUs COCTaBIIANA Ufr ~ 10'° cu/ c. Takoit mopsIoK
CKOPOCTY BOIHEI Pa3MHOXEHWs XapaKTepeH [is dTHX yciosuit [5 — 7, 9].

[Ipn paBHOyckopeHHOM mnBmXeHmm mis d ~ lcm Tpebyercs yCKOpeHHE ajfr ~
2 -10%° cu/c?. Yckoperne Takoro nopsika Ipy 9THX apaMeTpaX NaloT pacdeTs [11].

5. Taxum 06pa30M, MOIIEJib CKHAMaIOIErocsi KOHAEHCATOPa IO3BOJAET OOBACHATD HaJIU4due
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