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MHOI'He npo6neMbl ¢IH3HKH Bb!COKHX aHeprHii: CBSI3SHbl C HCcnellOBSHHSIMH 

npoueccoa reaepauHH H nocnellyromero pacnalla "'aCTHU aa 11° -Me30Hbi H raM­

Ma-KsaHTbi. .Qng TSKHX HCCnellOBSHHi!: "'SCTO Tpe6yiOTCSI )leTeKTOpbi 0 o6na)l8IO­

lUHe 6nH3KOi!: K 100% a4$eKTHSHOCTbiO pei'HCTpaUHH OllHOSpeMeHHO MHOI'HX I'aM­

M8-KBSHTOB H, KpOMe TOI'O, noaaonSIIOlUHe onpellenSITb HanpasneHHSI aMHCCHH 

I'SMMS-KSSHTOS H H3MepS1Tb HX aHepi'HH B llHSna30He 3HS"'eHHi!: Sb!llle HeCKOnb­

KHX Mas C TO"'HOCTbl00 KOTOp8SI o6ecne"'HBSeT pa3)leneHHe H HlleHTH¢JHKSUHIO 

nftKOB B pacnpe)leneHHSIX a¢1¢JeKTHBHbiX MSCC H3 KOM6HHSUHii: HeKOTOpOI'O "'HCna 

k = 2,3,4,. o o raMMa-KsaHTOBo CospeMeHHbie TpeKOBbie lleTeKTOpbi, s OCHOB"' 

HOM ny3bipbKOSbl9 KSMepbl C TSI)I{enoi!: *HllKOCTbiO, YllOSneTBOpSIIOT aTHM Tpe6o-

SSHHSIMo 

3Ta pa6oTa nocsgmeHa CHCTeMaTH"'eCKOMY aaanH3Y cnoco6os onpe)lene­

HHSI 9Hepi'Hi!: I'SMMS-KBSHTOB S ny3blpbKOSblX KSMepaX pa3Hb!X pa3MepOB R C 

pa3HbiMH aanonHeHHSIMHo B "'BCTHOCTH, TaKHe cnoco6bi 6binH paapa6oTaHbi llnSI 

KCeHOHOBOii:/1-4 / H <jlpeOHOSOi!:/B,tl/ ny3bipbKOSblX KSMepo 

1o Oco6eHHOCTH MeTOllHKH H3MepeHHSI aaeprHi!: raMMa-KsaHTos 

B K8Mepax C p83HbiMH )KHJlKOCTSIMH 

faMMa-KaaHTbi c aaeprHei!: csbiiiie aecKonbKHX Mas perHcTpHpyiOTCSI no 

Ha6nronaeMbiM S KSMepaX aneKTpOHHQ- n03HTpOHHbiM napaM KOHBepCHH e + e- • 

3HeprHH raMMa-KaaHTOB, E y , MoryT 6biTb onpelleneHbi nyTeM H3MepeHHSI 

aHeprHi!: aneKTpOHOB E 
9
±, nponyKToa npouecca KOHaepCHHx/ o 

x/ B nanbHei!:llleM, roaopg 'aneKTpOH .. , no)lpaayMeaaeM "18CTHUY co aaa-

KOM 38pSill8 '-' H '+'o 
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CneAbi aneKTpOHOB a nysbipbKOBbiX KaMepax nerKo HAeHTH¢lHUHpyiOTCSI 

HS-sa OOnbWOA paSHHUbl HX MaCe no OTHOWeHHIO K MaccaM ApyrHX 'iaCTHU. 

B KaMepax c TSI)KenbiMH )KHAKOCTSIMH aTo aeAeT K xapaKTepHOMy GonbWOMy 

pacceSIHHJO aneKTpOHOB B KaMepaX C nerKHMH )KHAKOCTSIMH, nOMeWeHHb!X B , 
MarHHTHbie nonSI: aneKTpoHaM caoAcTaeHHbi GonbwHe, qeM y ApyrHX qacTHU, 

HCKpHBneHHSI TpaeKTOpHHe 

3neKTpoHbi c aHeprHSIMH BbiWe KpHTH'IeCKoAI7 I TepSIIOT caoJO aHeprHJO 

npH npOXO)I{AeHHH 'lepes CpeAy B OCHOBHOM Sa C'i~T paAHaUHOHHOrO TOpMO)Ke­

HHSI. J10HHSaUHOHHbie noTepH penSITHBHCTCKHX aneKTpOHOB MO)KHO npaKTH'ieCKH 

npHHSITb sa noCTOSIHHbie, TaK KaK OObi'IHO HX cnaObiA pOCT C SHeprHeA He Bbi­

XOAHT sa rpaHHUbl TO'IHOCTH HSMepeHHA B nySb!pbKOBb!X KaMepax. 

J1s Bbipa)KeHHSI AnSI BepOSITHOCTH npouecca paAHaUHOHHOro TOpMO)KeHHSI 

B cnyqae AOCTaTO'IHO Ob!CTpb!X aneKTpOHOB, HnH, HHa'le, B cnyqae TaK HaSb!­

BaeMoro nonHoro aKpaHnpoaaHHS1181, cneAyeT, 'ITO npHonH)KeHHoe 'IHCno nsny­

'iaeMbiX ¢oToHoa c aHeprHSIMH a npeAene (E.Y ,E.y+dEY) oopaTHO nponopuHo­

HanhHO HX aHeprHH. BepOSITHOCTb npouecca TOpMOSHoro HSny'leHHSI 

MO)KeT obiTb Bbipa)KeHa cneAyiOinHM oopaaoM 
191 : 

P (E E' )dE' 
e e' y y 

1 

to 

dE' 
.....:..:..L 

E' 
y 

2 . 
to= 4n a Z r 

0 
In (191 z-113

), 

( 1 ) 

n - 'IHCno aTOMOB B OAHOM KYOH'IeCKOM CaHTHMeTpe aemeCTBa, a = 11137, 

2 
Z - sapSIA SIApa, r O = ~ - KnaCCH'18CKHA paAHYC aneKTpOHa. 

me C 
;:JHeprHsr, nepeAaaaeMasr TopMOSHoJy raMMa-KBaHTy, pasHa E y • OT-

E 
CJOAa cneJlyeT, 'ITO aeposrTHOCTb nepeJla'IH ¢oTOHy aHeprHH a JlHanasoHe O~y 

E 
pasHa aeposrTHOCTH nepeJla'IH aHeprHH B AHanasoHe T ., E e • B nepaoM 

cny'iae - 9TO byJleT nepeJla'la B OCHOBHOM M8HbWHMH nOpUHSIMH, BO BTOpOM -

6yJlyT nsny'ieHbi )KeCTKHe raMMa-KBaHTbi c aHeprHSIMH, cpaBHHMbiMH c aaep­

rHell: TopMossrmerocsr aneKTpoHa. TaKoe caoll:cTao npouecca paAHauHOHHoro 

TopMo)KeHHSI aeJleT K GonbwoMy paaopocy paJlHaUHOHHbiX noTepb. 
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BcneACTBHe paAHaUHOHHoro TOpMO)KeHHSI aHeprH 

paBHOM paJlHaUHOHHOA eJlHHHUe JlnHHbi 1 t 0 
1 

yMeHbWaeTCSI 

JlHHeil:Hble pa3M8pb! CyweCTBYIOlliHX ny3b!pbKOBb!X KaMep, 

)KHJlKOCTSIMH, COCTaBnSIJOT OT - 0,5 M JlO - 5 Me Pa)lHaiJ 

JlnSI npHM8HSI8Mb!X )I{HJlKOCTeil: ne)KaT B JlHana30He OT 4 

HOHa JlO 1145 CM JlnSI )KHJlKOrO BOJlOpOJla. 0 OSTOMy Jln~ 

raMMa-KBaHTOB B pa3Hb!X ny3b!pbKOBb!X KaMepaX Hy)Kef 

B KaMepax, aanonHeHHbiX )KHJlKHM BOAOPOAOM, onpeJ 

pOHa no paJlHYCY KPHBH3Hbl Po ero TpaeKTOpHH B MarHH 

BHMO H TO'IHO, TaK KaK JlnHHa 0Tpe3Ka TpaeKTOpHH, L t 

Jlnsr H3MepeHHA p 0 , Mana no cpaaHeHHJO c paJlHaUHOHHO 

B KaMepax, HanonHeHHbiX Hanoonee TSI)KenbiMH )KHAKOCT 

HOM, paJlHaUHOHHaSI eJlHHHUa JlnHHbl Mana no CpaBHeHHIO 

H oobi'iHO yJlaeTcsr npocne)KHBSTb aecb npouecc pa3BHT 

Horo nHBHSI, reHepHpoaaHHoro raMMa-KBaHTOM HnH am 

AaeMbJe cneAbl nHBHeBb!X aneKTpOHOB MO)KHO H3MepS11 

cneAOB acex nHaHeBbiX aneKTpoHoa t r 1 = ·R0 nponopu1 

rHH nHBHSI E y 3Ta AnHHa HcnonbayeTcsr AnSI onp 

3JlaBweA nHBeHb 'iaCTHUbi. BoaHHKaeT aonpoc, KaKoA c 

MeHSITb B KaMepax, HanonHeHHb!X TaKHMH )KHAKOCTSIMH 

UHOHHaSI eJlHHHUa JlnHHbl cpaBHHMa C nHHeii:HbiMH pa3ME 

Mep, STO OTHOCHTCSI K nponaHOBb!M KaMepaM, KaMepaM, 

cMeCSIMH nponaHa H ¢peoHa. B JlanhHeAweM TaKHe )KHA 

)KHAKOCTSIMH cpeJlHeA nnoTHOCTH. B TaKHX KaMepax no 

HOB B nHBHe He yJlaeTCSI onpeAenHTb, a KpHBH3Hbl TI 

B MarHHTHOM none MOryT Ob!Tb HCKa)KeHbl H3-3a noTei 

'IeHne, npoHCXOJlSIWee Ha yqacTKe TpaeKTOpHH, ncnonbao 

EAHHCTBeHHbiA nyTb ace-TaKH COCTOHT B onpeAeneHHH 

aneKTpOHOB npH OAHOBpeMeHHOM KOHTpone B03M0)1{Hb!X 

paAHaUHOHHbiX noTepb. 

BepoSITHOCTb Toro, 'ITO aneKTpOH c aHeprHeA E 
E -

aemecTae TonwHHOA L eM, coxpaHHT Gonee qeM ~ 

9HeprHH, H3ny'IHB raMMa-KBaHTb! C CyMMapHOA SHeprH• 

eTCSI ¢opMynoA I 101 
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1 aneKTpOHOB B ny3b!pbKOBbiX KaMepax 119I"KO HJl9HTHtPHUHpyiOTeSI 

moil: pa3HHUbl HX Maee no OTHOlll9HH10 K MaeeaM JlpyrHX 'laeTHUo 

c TS!lK9nbiMH lKHJlKOCTSIMH 9TO B9Jl9T K XapaKTepHOMY 6onblllOMY 

aneKTpOHOB B KaMepaX e ner'KHMH :lKHJlKOeTSIMH, nOM9W9HHb!X B , 
nonS!: aneKTpoHaM caoltcTBeHHbi 6onbwHe, '19M y llPYI'HX 'laCTHU, 

S1 TpaeKTOpHHo 

poHbi c auepl'HSIMH BbiWe KpHTH'Ieexoa17 I TepSIIOT eao10 aueprHIO 

aeHHH 'lepea epeJly B OCHOBHOM Sa C'I~T paJlHaUHOHHOI'O TOpMO:lKe­

aUHOHHbl9 nOTepa penSITHBHCTCKHX anexTpOHOB MO:lKHO npaKTH'Ieexa 

nocToSJHHbie, TaK KaK o6bi'IHO ax cna6bii!: poeT c auepl'Hei!: ue Bbi­

auaUbi TO'IHOCTH H3MepeHHi!: B Oy3b!pbKOBbiX KaMepax. 

Ipa:lK9HHSI JlnSI BepOSITHOeTH npouecea paJlH8UHOHHOI"O TOpMO:lK9HHSI 

OCT8TO'IHO ObieTphlX anexTpOHOB, HnH, HHa'le, B Cny'lae TaK H83hJ­

nHOI'O axpaHMpOBaHHSI/S/, cneayeT, 'ITO npa6nH:lKeHHOe 'IHCnO H3ny-

OHOB c aueprHSIMH B npeaene (Ey ,Ey+dEY) o6paTHO nponopuHo­

aueprHH. BepoSITHOeTb npoueeca TOpMoauoro Hany'leHHSI 

Tb Bbipa:lKeHa eneJlyiOWHM o6paaoM 
191 : 

E') dE' 
' y y 

1 

to 

dE' 
--=..:.L 
E' y 

l ljJ n a Z r 
0 

In (191 z- ) , 

aTOMOB B 

51apa, r 0 

OllHOM xy6H'IeexoM caHTHMeTpe aeweeTaa, a = 

e2 
= me c2 - KnaCCH'l9CKHi!: paJlHye 9119KTpOHa. 

( 1 ) 

1/137, 

HSI, nepeaaaaeMaH TOpMoauoMy I'aMMa-xaaHTy, paaua 1 E y • Or-

E 
eT, 'ITO BepoS!THOCTb nepeaa'IH tPOTOHY 9Hepr'HH B JlHanaaoHe 0~~ 

E 
SITHOCTH nepeaa'IH aueprHa B Jl.Hanaaoue T ,.. E e • B nepBOM 

0 byaeT nepeaaqa B OCHOBHOM M8HblllHMH nopUHSIMH, BO BTOpOM 

8Hhl lKeeTKH9 I'aMMa-KBaHTbl C 9H9pl'HSIMH, epaBHHMbiMH C 9Hep-

3SIW8I'OCSI anexTpoua. Taxoe eaoi!:CTBO npouecca paJlHaUHOHHOI'o 

aeaeT x 6onbmOMY paa6poey paaHaUHOHHbiX noTepb. 
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BcneacTBHe paaHaUHOHHoro TOpMo:lKeHHSI aueprHSI anexTpoua Ha nyTH, 

paBHOM paa.Hauaouaoi!: eaauaue anHHbi, to yMeHbmaeTCH nponopuHoHanbHO e -to. , 
flHHei!:Hble pa3M9pb! cyweCTBYIOWHX ny3b!pbKOBbiX K8Mep, HanonHeHHbiX pa3Hb!MH 

lKHJlKOCTSIMH, COCTaBnSIJOT OT - 0,5 M JlO - 5 Mo PaaaaUHOHHbie 8JlHHHUbl JlnHHbl 

anSI npHM8HSI8MbiX lKHJlKOCTei!: ne:lKaT B JlHana30He OT 4 CM anSI lKHJlKOI"O KCe­

HOHa JlO 1145 CM anSI :lKHJlKOI'O BOJlOpOJla. DoaTOMY JlllSI onpeaeneHHSI 9Hepl'HH 

I"aMMa-KBaHTOB B pa3Hb!X ny3bipbKOBblX KaMepaX HYlK9H pa3Hbli!: nOJlXOJlo 

B KaMepax, uanonueuHbiX :lKHJlKHM aoaopoaoM, onpeaeneuae auepl'HH aneKT­

poua no paaaycy xpHBH3Hbi Po el"'o TpaexTopua B Mal'HHTHOM none H ocyweeT­

BHMO H TO'IHO, Tax KaK anHHa OTpeaxa TpaeKTOpHH, L , OObi'IHO HCnonbayeMaSI 

anSI H3MepeHHi!: p O , Mana no cpaBHeHHIO e paaaaUHOHHOi!: 8JlHHHUei!: JlllHHhl to o 

B xaMepax, uanonueHHbiX uaa6onee TSilKenbiMH lKHJlKOeTSIMH, uanpHMep xceuo­

uoM, paJlHSUHOHHaSI 9JlHHHUa JlnHHbl Mana no cpaBHeHHIO C pa3MepaMH KaMephl, 

H OOhl'IHO yaaeTeH npoene:lKHBaTb seeb npoueee paaBHTHSI anexTpoHHo-¢oToH­

HOI'o nHBHSI, I'euepupoaauuoro raMMa-xsaHTOM HllH anexTpoHoM. Bee ua6niO­

aaeMhle eneJlbi nHBHeBhiX anexTpOHOB MO:lKHO H3MepSITb. CyMMapHaSI JlnHHa 

cneaoa acex nHBHeBbiX anexTpouoa t r 1 = ·R0 nponopuHoHanbHa nonuoi!: auep-

I"HH nHBHSI Ey • 3Ta anHHa Henon~>ayeTeH anSI onpeaeneHHSI aueprHH eo­

aaasmei!: nuaeHb 'laeTHUbio BoaHHKaeT aonpoe, xaxoi!: enoco6 H3MepeHHi!: npH­

MeHSITb B K8Mepax, HanonHeHHbiX TaKHMH :lKHJlKOeTSIMH, JlnSI KOTOpb!X. paJlH8-

UHOHHaSI eJlHHHUa JlllHHhi cpaBHHMa c nHHei!:HhiMH paaMepaMH KaMephl. HanpH­

Mep, 9TO OTHOeHTCSI K nponaHOBhiM KaMepaM, K8MepaM, HanonHeHHbiM pa3HhiMH 

eMecSIMH nponaua H ¢peoua. B aanbuei!:weM Taxue lKHJlKOeTH 6yaeM uaabiBaTb 

:lKHJlKOeTSIMH cpeauei!: nnoTHOCTH. B T8KHX xaMepax nonuhiit npooer anexTpo­

HOB B nHBHe He yaaeTeSI onpeaenHTb, a KpHBH3Hhl TpaeKTOpHit anexTpOHOB 

B Mal'HHTHOM none MOI"yT Ob!Tb HeKa:lKeHhi H3-3a OOTepb Ha TOpM03HOe H3ny­

'l8HHe, npoHeXOJlSIWee Ha y'laeTxe TpaeKTOpHH, HCOOnb30BaHHOM JlllSI H3MepeHHSio 

EJlHHCTBeHHbiit nyTb see-TaKH eoeTOHT B onpeaeneHHH KPHBH3Hbl TpaeKTOpHH 

aneKTpOHOB npa OJlHOBpeMeHHOM KOHTpone B03MO:lKHbiX 

paJlHaUHOHHbiX OOTepbo 

HeKalKeHHi!: 38 eq~T 

BepoSITHOCTb Toro, 'ITO anexTpoH e aueprHei!: E e Maa, npoi!:JlSI nyTb B 

E - ~ E' 
seweeTBe TonWHHoi!: L eM, coxpaHHT 6onee 'leM e E Y 1 % Ha'lanbuoit 

"' 
auepl'HH, Hany'IHB raMMa-xaaHTbi e eyMMapuoi!: auepl'Hei!: I Ey'. , Bhlpa:lKa-

1 ' 
eTeSI ¢opMYnoi!: 1 10/ 
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W(bf,y) 
(bf -l,y)! 

r (bf J 

b 

y 

z2 ro2 ....!_ N , 
a 137" A 

f.n 
Eo 

Eo- Ey 

8=20~23 

(2) 

d - nnoTHOCTb seruecTsa, A - aTOMHoe 'IHCno, Z - aTOMHbil!: HOMep, 

N - qacno Asoranpo. 3aa'leHHSI b JlJISI pa3HbiX MaTepuanos npuseneHbi B Ta6-

nHue • fpatiJHK 38BHCHMOCTH BepOSITHOCTH W ( b f. , y ) OT b f. OOK838H 

Ra pHc. 1. 

Ta6nHua 

3aa'leRHSI b JlJISI p83HbiX BeWeCTB 

MaTepHan H2 CJIItJ CF3 Br x. 

b 0,00048 
. 

0,00971 0,1155 0,393 

to (eM) 1145 110 II 4 

l1a Ta6JIHUbl H H3 pHC, 1 CJie}lyeT, 'ITO BepOSITHOCTb llOTepb 3ReprHH 

I 
3JI9KTpOHOM Ha paJlH8UHOHH09 TOpMO:>KeRHe TeM M9Hbllle 1 '19M M9Hbllle OTHOJlle-

HHe 0Tpe3K8 TpaeKTOpHH 9Jl9KTpOH81 Ha KOTOpOM 9TO TOpMO>KeHHe llpOHCXOllHT 1 

K pa.llHBUHORRol!: enHRHue JlJIHHbi, 

8 HTOre npoBe}leHHblX paccy:>KJleRHl!: MO:>KHO KOHCT8THpOB8Tb: eCJIH JlJIHH8 

0Tpe3K8 TpaeKTOpHH 3JieKTpOH8 1 Ha KOTOpOl!: npOBOJlHTCSI H3MepeHHe KpHBH3Hbl 

B M8rHHTHOM none, cyrueCTB9HHO MeHbllle p8JlH8UHORHOl!: e}lHHHUbl JlJIHHbl 1 TO 

MeTOJl onpeJleJieHHSI 9HeprHH raMM8-KB8HTOB no KpHBH3H8M TpaeKTOpHl!: KOMllO­

HeHT sneKTpoHHo-noauTpOHHol!: napbi naeT nocraTO'IHO TO'IHbil!: peaynbTaT. Ecnu 

6 

0Tpe30K TpaeKTOpHH 3JieKTpOH8 1 HCllOJib3yeMbil!: B 

C p8JlH8UHOHHOl!: ellHHHUel!: llJIHHbi, TO T8KOl!: cnoco6 ~ 

npH OJlHOBpeMeHHOM KOHTpone B K8:>K}l0M cnyqae JlOJI 

aa Hany'leRHe. EcnH pa.llHBUHOHHaSI e}lHHHUa 

pa3 MeHbllle JIHHeil:RbiX p83MepOB K8Mepb1 1 TOr}la MO; 

onpe}leJieHHSI 9ReprHl!: raMM8-KB8HTOB, COCTOS!lllHH B or 

6eroB scex JIHBReBbiX sneKrpoaos. B 9TOM cny'lae XOI 

Jl8B8Tb npHMeReHHe 060HX COOC060B 0JlHOBpeMeHH01 HC 

B K8MepaX1 pa3Mepbl KOTOpbiX CTOJib BeJIHKH 1 'ITO E 

HJIH llO'ITH BeCb, npouecc pa3BHTHSI JIHBHSI, 

2, HaMepeRHe 9Heprul!: raMMa-KBaHTOB B KaMei 

)KHJlKOCTSIMH 

TpaeKTopHH aneKTpoHa, llBH:>KyruerocH B BaKyyMe 

HOM none, npe}lCT8BJISieT co6ol!: BHRTOBYIO JIHHHIO, £ 

9JieKTpOHa nepneH}lHKYJISipeH K JIHHHSIM MarHHTROrO nc 

pHS! npe.llCT8BJISieT co6ol!: OKpy:>KROCTb, p 81lHYC ee KJ 

C HMnynbCOM '18CTHUbl p Mss/c COOTHOilleHHeM p ·si 

rile €) - yron Me:>KilY B9KTOpaMH If H p • 
DpH llBH:>KeHHH B MaTepuanbHol!: cpeJle sneKTpoR 1 

TbiB8eT MHOrOKpaTHOe pacceSIHHe, BeneT 3TO K H3Me 

pun. B cnyqae penHTHBHCTCKHX aneKTpOHOB HOHH38UHC 

ue llJIHHbl nyTH MO:>KHO C'IHT8Tb npaKTH'IeCKH llOCT 

(dE / d x) ion = k • TopM03Hoe H3Jiy'leHHe CHJibHO HI 

CeSIHHe 3JieKTpOHa TeM 60Jibllle 1 '19M 60Jibllle 8TOMHbl 

H 'leM MeHbllle CKopocTb sneKTpoHa, B nerKHX cpenax 

He6pe'lb B rpaHHUaX TO'IHOCTel!: H3MepeHHSI KOOpllHH8 

sneKTpoaa. TpaeKTopHH aneKTpoaa B nerKol!: cpene 6 

6ol!: nnasayro JIHHHJO. Mo:>KHO noaToMy noJlo6paTb K H' 

TOpaH 6yJleT Jl0CT8TO'IHO XOpOillO OllHCbiB8Tb 3TOT ny· 

KPHBH3Hbl TpaeKTOpHH 1 OllHCbJBaeMOl!: 3TOl!: tiJopMynol!: 

JlaeMoro cneJla, 6yneT onpeJlenHTb HCKOMOe Ha'laJibl 

TpaeKTOpHH 9JieKTpOHa, 3TO 3Ha'leHHe KpHBH3Hbl HCno; 

HHSI HMllyJibC8 9JieKTpOH8 p o 
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'y) 

Z2 2 to 
137 

n 

(bf -l,y)! 

r (bf J 

_!_ N ' 
A 

Eo 

a = 20 '* 23 

Eo- Ey 

(2) 

Tb B9lU9CTB8 0 A - aTOMHoe '<IHCno, z - aTOMHbill: HOMep, 

BOI'anpo. 3H8'<19HHSI b nnB pa3HbiX MaTepuanOB ITpHBeneHbl B Ta6-

HK 38BHCHMOCTH BepOSITHOCTH W ( b f , y ) OT b f ITOKB3BH 

Ta6nHua 

3Ha'<leHH51 b nng pa3HbiX BellleCTB 

H2 

0,00048 

1145 

c3~ 

0,00971 

110 

CF3 Br 

0,1155 

II 

x. 

0,393 

4 

HUbl H H3 puc. } cnenyeT, 'ITO BepOSITHOCTb ITOTepb 8Hepf'HH 
1 

panHBUHOHHOe TOpMO;>K9HHe TeM M9HblU9 0 '19M M9HhlUe OTHOUle-

aneKTpOHa, HB KOTOpOM 8TO TOpMO;>KSHHe ITpOHCXO.llHT 0 

nnHHhlo 

UpOBeneHHbiX pacCy;>KneHHll: MO;>KHO KOHCTBTHpOBBTh: eCnH nnHHB 

TOpHH aneKTpOHa, Ha KOTOpOll: UpOBOnHTCSI H3MepeHHe KpHBH3Hbl 

CylUeCTBSHHO MeHbllle panHBUHOHHOll: enHHHUbl nnHHbi 0 TO 

SHHSI 8Hepf'HH f'BMMB-KBBHTOB ITO KpHBH3H8M TpaeKTOpHll: KOMITO­

HO-U03HTpOHHOH napbi naeT nocTaTO'<IHO TO'<IHbill: peaynbTaT. Ecna 

6 

··'*:' ,,'{.~' 
'~ 

0Tpe30K TpaeKTOpHH aneKTpOHB, HCITOnhayeMbill: B H3MepeHH51X1 CpBBHHM 

C panHBUHOHHOll: e.aHHHUell: nnHHbi, TO TBKOll: CUOC06 MO;>KHO npHM9HSITb naUJb 

UpH onHOBpeMeHHOM KOHTpone B KB;>KnOM cnyqae nona 8Hepf'HH, UOTepSIHHOll: 

Ha HanyqeHHe. EcnH panHBUHOHHaSI enHHHua nnHHhi B aecKonbKO 

pa3 MeHbllle naHeil:HbiX pa3MepOB KBMepbi 0 Torna MO;>KHO UpHMeHSITb CUOC06 

onpeneneHHSI aHeprall: f'BMMB-KB8HTOB 0 COCTOSilUHH B onpeneneHaa nonHbiX npo-

6ef'OB BCeX nHBHeBbiX aneKTpOHOB. B STOM cnyqae XOpOUlHH peaynbTaT MO;>KeT 

naBaTb npaMeHeHHe 060HX CUOC060B onHOBpeMeHH0 0 HO 8TO ynaeTCSI cnenaTb 

B KBM9p8X1 pa3Mepbl KOTOpbiX CTOnb BenaKa 1 'ITO B HaX npoacxonHT BeCb 1 

ana ITO'<ITH BeCb, npouecc pa3BaTaSI nHBHSio 

2. 113Mepeaae 9H9pf'Hll: f'BMMB-KBBHTOB B KBMepaX C nef'KHMH 

)I{HJlKOCT51MH 

TpaeKTOpHSI aneKTpOHB, nBH;>KYlU9f'OCSI B BaKyyMe B UOCTOSIHHOM MBf'HaT­

HOM none, npe)lCTaBn51eT C06oll: BaHTOBYID nHHHID. EcnH BeKTOp HMITynbCB 

aneKTpOHa nepneHnHKynHpeH K nHHHSIM MBI'HHTHOI'O nonSI H Kf'C 1 TO TpaeKTo­

pH51 npencTaBnSieT co6oll: OKpy;>KHOCTbo p BJlHYC ee KpHBa3Hbl p O CM CB513BH 

c HMnynbCOM qacTaUbi p MaBie cooTHOllleHHeM p ·sin El =0,3 H p Krc CM, 

rne EJ - yron Me;>Kny B9KTOpaMH ft a p • 
Dpa nBH;>KellaH B MaTepaanbHOH Cpene aneKTpOH TepSieT aaepraiO H HCUbi­

TblBBeT MHOf'OKpaTHOe pacceBHae. BeneT 8TO K H3MeHeHaiO 4JopMbl TpaeKTO­

pHH. B cnyqae penSITaBHCTCKax aneKTPOHOB aoaaaauaoHHhie noTepa Ha enaaa­

ue nnHHbl nyTa MO;>KHO C'<IHT8Tb npaKTH'<IeCKH fiOCT051HHbiMH H paBHhiMH 

(dE I dx) ion = k • TopMoaaoe aanyqeaae canbHO aanpaBneao Bnepen. Pac-

CeSIHHe aneKTpOHa TeM 6onbllle, '<leM 6onbllle BTOMHbill: HOMep BTOMOB cpeJlhl 

H '19M M9Hblll9 CKOpOCTb aneKTpOHa. B nef'KHX Cpenax MO;>KHO pacceSIHaeM npe­

He6peqb B rpaHaUaX TO'<IHOCTeli: H3MepeHHSI KOopnHHBT TO'<IeK HB TpaeKTOpHH 

aneKTpoaa. TpaeKTOpHSI aneKTpoHa B nerKoll: cpene 6yneT npencTaBn51Tb co-

5o!!: nnaBHyiO nHIIHIO. Mo;>KHO noaToMy nono6paTb K Hell: TaKyiO 4JopMyny, Ko­

TopaSI 6yneT nocTaTO'<IHO XOpOlllO OITHCbiBBTb STOT nyTh aneKTpOHa. 3aaqeHHe 

KpHBH3Hbl TpaeKTOpHH, OUHCbiBBeMOll: STOll: 4JopMynoll: B nepBOH TO'<IKe Ha6niO­

)lBeMOf'O cne)l81 6yneT onpenenSITb HCKOMOe HaqanbHOe 3Ha'<leHHe KpHBH3Hhl 

TpaeKTOPHH aneKTpoua. 3To aaaqeaae KpHBH3Hhi acnonhayeTCSI nnB onpenene-

HHSI HMnynbca aneKTpoaa p • 
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Ecna npeae6pe'lh paAHBUHOHHbiM aany'leHHeM H MHoroKpaTHbiM pacceSIHH­

eM aneKTpOH81 TO OTKnOH9HH9 TpaeKTOpHH aneKTpOHa OT OKPY~HOCTH 38 C'I~T 

HOHH38UHOHHbiX noTepb Bb!pa~aeTCSI tPOpMynoft/ 
10

{ 

k' ·s3 - s 4 
-(-+k'--+ .... ), 
p(f 6 12 Po 

(3) 
£ion (s) = 

, k 
rAe k = 0,3 H 

Bbipa~eHHSI AnSI nosopoTa KacaTenbaoA K AeACTBHTenbHOft TpaeKTOpHH no 

OTHOW9HH~ K HAeanbHOft TpaeKTOpHH no OKpy~HOCTH nocne npOABH~eHHSI aneKT­

pOHS liS 0Tpe30K nyTH ds ± f:l8 ( ds) H AnSI 60KOBOI'O OTKnOHeHHSI TpaeKTOpHH 

f ( s ) Aa~T He06XOAHMbie CBeAeHHSI AnSI nOCTpOeHHSI cpeAHeft TpaeKTOpHH 

aneKTpoaa, 

0T6pocaM 9TH cny'laH, B KOTOpbiX npoueHT aaepraa, yHoCHMOft OAHHM 

I'8MM8-KB8HTOM, H3ny'leHHbiM Ha AnHH9 nyTH f , npeBbiWSeT HeKOTOpOe 3H8'19-

HHe h v min / E e • h V min - HeKOTOpoe npHHSITOe 3Ha'leHH9 MHHHMSnbHOA 

AOIIYCTHMOft aany'leHHOft aneK TpOHOM 9HeprHHo llpeAIIOnO~HM, 'ITO aHepi'H.SI, 

H3ny'la9M8SI B BHA9 I'8MM8-KB8HTOB Ha 9AHHHUe AnHHbl TpaeKTOpHH 0 IIOCTOSIHHS 

Ha H3y'I89MOM 0Tpe3K9 TpaeKTOpHH aneKTpOHa, net~~opMSUHSI KpyrOBOft TpaeKTO­

pHH C paAHYCOM r k H3-38 TOpM03HOI'O aany'leHHSI IlpHBOAHT K CIIHpanbHOft 

tllopMe, KacaTenbHaH K oKpy~HoCTH Ha y'laCTKe rryTH ds BAOnb AeftcTBHTenh-

HOA TpaeKTOpHH aneKTpOHa IIOBepHeTCSI Ha yron /),. e ( ds) I 10/ 

<i:l@ (ds) \ad 
1 ( 

eA b s_ 1 1 ) ds =- -
r A b s 

(4) 

H 60KOBOe CMeWeHHe 6yAeT · paBHO/ lO{ 

< £ (s) > = .£._ I 
eA bs_1 __ 1 _ _lj 

' rad rk (Ab·s) 2 A bs 2 

(5) 

rt:~e E(s) 
EO= 

p(s) 
--,;;-= ~=e-Y, rk 

Z r 
b = a 

137
e N • , a ... 20-23, Z- aTOMHbiA 

HOMep B9W9CTB8 B KaMepe, re- KnaCCH'I9CKHft p8J:IHYC aneKTpOHa, N- 'IHC­

no 8TOMOB B 1 CM3 1 

A Yo 
1 2 . 1 3 
4 Yo+ 18Yo 

1 y 4 + •••• 
4.4! 

8 

} 
' 

l',:i 

llot:~p06HO BbiW90IIHC8HHblft M9TOJ:l paapa60T8H B p 

llpHHUHII HCIIOnb30B8HHSI STOI'O M9TOA8 cneAy~WHft, CTp< 

KH C pa3HbiMH 3H8'19HHSIMH YO H Cp8BHHB8~TCSI C HCTHHH 

nH B peaynbT8T9 HT9p8UHH He OKa~eTCSI IIpHeMneMOI'O 

0 TOM, 'ITO 6bin HCIIyiUeH ~eCTKHA I'8MM8-KB8HT, TOI'J 

oT6paCbiB8~TCSI KOH9'1Hbl9 Y'ISCTKH 0Tp93K8 cneAa 

K8 y~e 6onee KOpOTKOI'O 0Tp93K8, IIOKa He rrony'IHT 

}:19HHSI C paC'I~THOft TpaeKTOpHeft B A8HHOM IIpeAIIOno~e 

3, l13MepeHH9 9HeprHft I'8MM8-KB8HTOB B IIY3I 

K8Mepax C ~HAKOCTSIMH cpet:~Hefi IInOTHOC 

B KaMepax c ~HAKOCTHMH cpeAHefi rrnoTHOCTH AnSI c 

p aneKTpOH8 Hy~HO TSK~e IIpHM9HSITb H3MepeHHSI paAHY' 

eKTOpHH B MSI'HHTHOM rrone H , B ee H8'18nbHOft TO'IKe/
5 

HM99TCSI T8K8SI CHTyaUHSI, 'ITO AnHHS L y'laCTKa TpaeKTO] 

t:~nH H3MepeHHH p
0

,cpaBHHMa c pat:~HaUHOHHOfi et:~HHHUE 

Y'19CTb IIpOHCXOASIWH9 Ha STOM Y'I8CTK9 C 6onbWOfi BepOl 

'IHT9nbHOft AOnH aHeprHH aneKTpOH8 Ha TOpM03H09 H3n) 

.CTOnKHOB9HHSI, 

fnaBHOfi M9TOJ:IH'I9CKOfi 38A8'19fi SIBnSieTCSI IIOA60p Ti 

IIO B03MO~HOCTH AnHHHhiX, Y'I8CTKOB TpaeKTOpHA aneK 

cyMMapHhl9 IIOTepH 9H9pi'HH Ha H3ny'ieHH9 MHOI'O M9H 

aaepraa STHX aneKTpOHOB, HarrpaMep, MO~Ho rrpHHSITb: 

HacKonbKO 6onbwHe rroTepa MO~Ho t:~orrycTHTh, ycTaHa: 

Tpe6yeMbiX TO'IH~CTefi orrpeAeneHHSI E 0 IIpH COOTB9TCT: 

'19HHSI y 0 , 

nnH KS~AOI'O y 0 , Bblpa~a~IU9I'O BenH'IHHY AOIIyCT 

aa paAaaua~, rronaaH owa6Ka B orrpeAeneHHH paAayca l 

aa/ 10~ 

4 
a2 =..L bsy2p2 +..1_ ¢2__f 

p 6 0 3 0 s 
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npeHe6pe"'b paJlHSUHOHHbiM H3ny"'eHH9M H MHOI'OKpaTHbiM paCC9SIHH­

HS, TO OTKnOHeHHe TpaeKTOpHH aneKTpOHa OT O~Y*HOCTH 38 C"'~T 

!10( 
biX noTepb Bbip8*89TCSI <flopMYnOA • 

k' s 3 - s 4 
-(-+k'--+ .... ), 
Po2 6 12 Po 

(3) ) = 

JlnSI nosopoTa KaCaTenbHOA K Jl9ftCTBHT9nbHOft TpaeKTOpHH no 

K HJleanhHOA TpaeKTOpHH no OKPY*HOCTH nocne npoJlBH*eHHSI aneKT­

esoK nyTH ds ± /l8 ( ds) H JlnSI 60KOBOI'O OTKnOH9HHSI TpaeKTOpHH 

a!OT He06XOJlHMbl9 CB9Jl9HHSI JlnSI nocTpOeHHSI Cp9JlH9ft TpaeKTOpHH 

CHM 9TH cny"'aH, B KOTOphiX npoueHT :3Hepi'HH 1 yJIOCHMOft OJlHHM 

TOM, H3ny"'eHHbiM HS }lnHHe nyTH f 1 npeBbiWaeT H9KOTOpoe 3Ha"'e-

/ E e • h II min - HeKOTOpOe npHHSITOe 3H8"19HHe MHHHMSnbHOft 

aany"'eHHOft aneKTpOHOM :3HeprHH. IlpeJlnOnO*HM, 'ITO :3H9pi'HSI1 

B BHJl9 I'SMMa-KBaHTOB HS 9JlHHHll9 JlnHHbl TpaeKTOpHH 1 OOCTOSIHH8 

M 0Tpe3Ke TpaeKTOpHH aneKTpOHa. ne<~JopMSUHSI KPYI'OBOH TpaeKTo­

H3-38 TOpM03HOI'O H3ny"'eHHSI npHBOJlHT K CnHpanhHOH 

K OKPY*HOCTH Ha y"'aCTKe nyTH ds BJlonb JleAcTBHTenh-

PHH aneKTpOHa noBepHeTCSI Ha yron ll e ( ds) I 101 

( ds) \ad 
1 eA b s_ 1 1 ) ds =- ( -
r A b.s 

(4) 

6" /10/ MeweHHe yJleT · paBHO : 

) > = ...£_ I 
eA bs_1 __ 1 _ _1, 

' rad rk (A b s) 2 A bs 2 
(5) 

p( s) 

Po 
...!...i:!} = e-Y, 

rk 
b = a 

Z r e 

7J'7 N • , a- 20-23, Z- aTOMHhiA 

CTBa B KaMepe, r e 

1 CM3, 

- KnacCH"'eCKHA paJlHYC aneKTPOHa, N- "'HC-

1 2 1 3 
Yo-4Yo+j8Yo 

1 
4.4! 

8 

y 4 + •••• 

,i 
·~"~ 

,,'1 

r".­. '~··· 
IW 
'I 
': ~ 

.i 
'i 

IloJlpo6Ho BhiweonHCaHHhiA MeTOJl paapa6oTaH B pa6oTe Mopenne11 01. 

llpHHUHn HCnOnh30B8HHH :3TOI'O M9T0Jl8 cneJlYIOWHA. CTpOHTCH TeCTOBbl9 Tpe­

KH C pa3HbiMH 3H8"19HHSIMH YO H CpaBHHBSIOTCH C HCTHHHOA TpaeKTOpHeft. Ec­

nH B pesynhTaTe HTepauHH He OK8*9TCH npHeMneMOI'O )( 1 TO :3TO I'OBOpHT 

o ToM, 'ITO 6hm HcnyweH *eCTKHA raMMa-KBaHT. TorJla nocneJlOB'!ITenbHO 

OT6paCbiB810TCSI KOH9'1Hhl9 y'laCTKH 0Tp93K8 cne}la H B9Jl9TCH npoBep­

Ka Y*e 6onee KopoTKoro oTpeaKa, noKa ae nony'IHTCSI xopowero cosna­

JleHHH C paC"'~THOA TpaeKTOpHeft B Jl8HHOM npeJlnOn0*9HHH 0 3H8"19HHH YO • 

3. J13MepeHH9 aaeprHA I'8MM8-KB8HTOB B ny3blphKOBhiX 

KaMepax C *HJlKOCTHMH cpeJlHeft nnoTHOCTH 

B KaMepax c *HJlKOCTSIMH cpeJlaeA nnoTHOCTH JlnSI onpeJleneHHH HMnynhca 

p aneKTpoHa HY*HO TaK*e npHMeHHTh H3MepeaHH paJlHyca KpHBH3Hhi p
0 

Tpa­

eKTOpHH B M8I'HHTHOM none H 1 B ee H8'18nhHOA TO'IKe/5 ,6 / • IloCKOnhKY 3Jl9Ch 

HMeeTCSI T8K8SI CHTyaUHS11 'ITO JlnHHa L Y'I8CTK8 TpaeKTOpHH, HCOOnh30B8HHOI'O 

JlnSI H3MepeHHSI p0 , cpaBHHMa c paJlHaUHOHHoil: eJlHHHueil: llnHHhi t 
0

, Ba*HO 

y'leCTh npOHCXOJlSIWHe H8 :3TOM y'laCTKe C 6onhWOft BepOSITHOCThiO noTepH 3H8-

'IHTenhHOA JlOnH :3Hepi'HH aneKTpoaa Ha TOpM03HOe H3ny'leHHe B OJlHOM 8KTe 

.CTOnKHOBeHHSI. 

fnaBHOft MeTOJlH'IeCKOft 38Jl8'1eft SIBnSieTCSI 00Jl60p T8KHX nepBOH8'18nhHbJX
1 

no B03MO*HOCTH JlnHHHbiX1 Y"'8CTKOB TpaeKTOpHA aneKTpOHOB 1 Ha KOTOphiX 

cyMMapHhie noTepH aaeprHH aa HsnyqeaHe Maoro Mea~:.we nepsoaaqanbHoil:: 

aaeprHH :3THX aneKTpOHOB. HanpHMep, MO*HO npHHHTb: Erad < E 0 ( 1-e-YO) • 

HacKonbKo 6onbwHe noTepH MO*HO JlonycrHTb, ycTaaaBnHsaeTCSI HCXOJlSI H3 

Tpe6yeMbiX TO"'HOCTeft onpeJleneHHH E 0 npH COOTBeTCTBYIOWeM 00Jl60pe 3H8-

"'eHHSI yO • 

anSI K8*Jl0I'O y 0 , BbiPS*810Wero BenH"'HHY JlOnyCTHMbiX noTepb :3Hepi'HH 

H8 P8JlH8UHI01 nonHaSI OWH6Ka B onpeJleneHHH p8JlHYC8 KpHBH3Hhl cneJla pas-

He/ 10~ 

4 
a2 = _1_ b sy2 p2 + ...?._ cp2 _P_ 

p 6 0 3 0 s 
(6) 
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nepBbiA qneH - 9TO 'laCTb OWH6KH H3-3a TOpM03HOI'O H3ny'leHHSI1 

BTopoA - Ha-aa MHoroKpaTaoro pacces!HHR. ¢ = E~/ (p f3 c) 2 t 0 , E8 ""21 Mas. 

npaKTH'l9CKH npouecc H3MepeHHSI Eo npoTeKaeT cneJlylOWHM o6pa3oM. 

Hy)I{HO aaATH cpellHlOlO TpaeKTOpHlO aneKTpoHa npH JlonyCTHMOM E rad • CTpo­

RTCR TeCTOBbie cne]lbl npH pa3HbiX YO 1 a ]leitCTBHTenbHbiA cneJl HCllOn&3yeTCR 

JlnR KanH6posKH. CpellH paanH'IHhiX cnHpaneA, pacc'IHTaHHhiX Jlnsr yJ, y~, y~, ••• , 
cne]lyeT Bbi6paTb OJlHY, HaH6onee TO'IHO onHCbiBalOWYlO H3MepR9MbiA y'laCTOK 

TpaeKTOpHH. B Ka'leCTse Ha'lan&aoro, npH6nH>Keaaoro, 3Ha'leHHH HMnyn&ca 

MO)I{HO npHHRTb HnH HMnynbC 1 nony'leHHbiA 6e3 Y'I~Ta pacceRHHR H pallHaUHOH­

HblX noTepb, nH60 HMnyn&c, nonyqeHHbiA Ha TaKoM nepsoHa'lan&HOM y'laCTKe 

TpaeKTOpHH, I'Jle pacceRHHe H nOTepH Ha H3ny'leHHe MO)I{HO TpaKTOBaTb KaK 

ManylO nonpasKy •. 

npoUeJlypa TaKOI'O pOJla HCllOnb30BanaCb y)l{e B HeKOTOpblX pa6oTaX/5,6, 

9 •101• Ha pHc. 2 npHBeJleHbi aasHCHMOCTH owH6oK tl pIp OT llliHHhi cneJla s, 

Ha KOTOpOA senHCb H3MepeHHSI npH H =17 KI'C H YO =1. 

4. J13MepeHHe 9HeprHA I'8MM8-KB8HTOB B KaMepaX 

C KOHBepCHOHHbiMH nnaCTHHKSMH 

B nyabipbKOBbiX KaMepax c nerKRMH )i{HJlKOCTRMH MO)I{HO TO'IHO onpeJle­

nKTb 9HeprHH raMMa-KBaHTOB nocne HX KOHBepCHH B aneKTpOHHO-n03HTpOH­

Hble napblo 0JlHaKO B TaKHX KaMepaX sepORTHOCTb KOHBepCHH raMMa-KBaHTOB 

Mana. nnSI ysenK'IeHHSI 9TOH sepoSITHOCTH B KaMepax C nerKHMH )KHJlKOCTSIMH 

MO)I{HO noMeCTHTb KOHBepTOpb! raMMa-KBaHTOBo noMeiUeHHe KOHBepTopa yMeHb­

waeT, 0JlHaK01 JlOCTHraeMbie TO'IHOCTH B onpeJleneHHH 9HeprHA raMM8-KB8HTOB, 

TaK KaK ewe B npe]lenax KOHBepTOpa aneKTpOH H no3KTpOH MOI'YT llOTepHTb 

aeKOHTponKpyeMylO 'laCTb csoeA aHeprKH aa TopM03Hoe H3ny'leHKe. TaKKe 

llOTepH TeM BepOSITHee, 'leM Tonme KOHBepTop. Hcnonb30BaHHe CnHIUKOM TOH­

KHX KOHBepTOpOB yMeHblUHT BepOSITHOCTb paJlH8UHOHHbiX llOTepb 1 HO yMeHblUHT 

TaK)I{e BepORTHOCTb KOHBepCHH raMM8-KB8HTOB. nyqme BCero ll09TOMy B Ka­

'leCTBe KOHBepTopa npHMeHHTb He OllHY TOnCTYlO nnaCTHHKy, HO Ha6op TOHKHX 

nnaCTHHOK, pacnono)l{eHHbiX Ha HeKOTOpbiX pacCTOHHHHX Jlpyr OT Jlpyra. EcnH 

KaMepa HMeeT 6onblllHe pa3Mepb! 1 TO TaKHe TOHKHe KOHBepTOpbl MOI'yT 6b!Tb 

noMeiUeHhi Ha paccTOHHHHX, cocTaBnHlOlUHX JleCHTKH caHTHMeTpos. Ha y'lacT-

10 

'.· 

KaX TpaeKTOpHA aneKTpOHOB Me)KJly nnaCTHH8MH MOI' 

CTaTO'IHO TO'IHO KPHBH3Hbl p , a 3aTeM onpe]leneHbl 

BepoHTHOCTb noTepH onpeJleneaaoA JlOnK aHeprH! 

TOnlUHHOA d H3 aneMeHTa C aTOMHb!M HOMepOM Z MO» 

HSISI I!JopMYny t:l} • '-I eM MeHbllle TepHeMaSI npH npoXOJ 

I'HSI aneKTpOH8 1 TeM 6on&me TO'IHOCTb onpeneneHHSI 2 

XOJlHIUero H3 nnaCTHHblo 

5. J13MepeHHe 9HeprKtl: I'8MM8-KB8HTOB B 

C TH)I{enbiMH >KHJlKOCTSIMH 

B KaMepax, KOTOpbie aanonaeHbi TH)I{enhiMH )KHJlK 

aaeprKH Eo raMMa-KBaHTOB, co3Jl8BlllHX nKBeH&, Hen 

Me>K]ly CyMMapHblM npo6erOM BCeX nHBHeBbiX aneKTJ 

3TO ynaeTCSI OCylUeCTBHTb nHIUb B KaMepaX C JlOCTi 

L , ecnH aTa JlnHHa JlnH aanonHSilOIUero KaMepy sem1 

paJlH8UHOfiHbiM eJ].HHHUaM. 

npeJlCTaBHM ce6e, 'ITO B TO'IKe PJ B BeiUeCTBe 

KB8HT C 9HeprKetl: 1!. 0 , HCnymeHHbli!: B TO'IKe P 1 H 

Ho-¢JoTOHHb!tl: nHBeHb 1 OCb KOTOporo ne)I{HT H8 npH! 

TO'IKH pp 1 I PHC. 3. 

nnHH8 pa3BHTHSI nHBHSI d - paCCTOSIHHe OT TO'IE 

raMMa-KB8HTa PJ BJlOnb OCH nKBHR JlO nepBOti: nepne 

nnOCKOCT-H 1 KOTOpOtl: He JlOCTHI'8lOT nHsHeBble 'laCTHll 

HnH 6on&IUe noTeHUHanbHOti: ]lnHHbl pa3BHTHSI nHBHSI B 

I'OBOpHTCSI1 q~O nHBeHb B KaMepe pa3BHBaeTCH nonE 

BeHb B KaMepe pa3BHBaeTCSI nHlllb '18CTH'IHO (nHB9Hb, 

B aasHCHMOCTH oT Toro, o6peaaH nHseHb HnH HeT, ~ 

nonHOMY npo6ery nHBHeBb!X aneKTpOHOB C pa3Hb1MII 

TO'IHbie Jl8HHbie nony'lalOTC H B cny'lae nKBHefi aeo6 

3Hepi'HR I'8MM8-KB8HT8 Bblpa)l{aeTCH ¢JopMyno 

E 0 =ke'I.r 1 +n 
2 

me c 
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Bb!ll: '1119H - 9TO '18CTb OWH6KH HS-38 TOpM03HOI'O H311Y'I9HHS11 

aa-aa MHOI'OKpaTHOI'O pacceSIHHSI. ¢ .. E~/ (p {3 c) 2 to, Es a21 Mas. 

KTH'IeCKH npouecc aaMepeHHs Eo npoTeKaeT cneayiOWHM o6paaoM. 

li:TH cpeJJHIOIO TpaeKTOpH!O aneKTpoHa npa aonyCTHMOM E rad • CTpo­

OBbie C119Jlbl npH pa3Hb!X YO , a Qeli:CTBHT911bHb!ll: C119ll HCITOnbSyeTCSI 

" 1 2 3 poBKH. CpeJJH paanH'IHbiX cnapanen, pacc'!HTaHHbiX ans Yo ,y 0 ,y 0, ••• , 

b!6paTb OllHY 1 HaH6onee TO'IHO OIIHCb!B8IOWyiO H3MepseMb!ll: Y'I8CTOK 

a. B Ka'leCTBe Ha'lanbHoro, npH611H*eHHoro, SHa'leHHSI HMrrynbca 

anH HMnynbc, nony'leHHbill: 6ea y'I~Ta pacceSIHHSI H paaaauaoH­

b, 11H60 HMITY11bC 1 nonyqeHHb!ll: Ha T8KOM nepBOH8'1811bHOM yqaCTKe 

rae pacceSIHHe H ITOTepH Ha H311Y'I9HHe MO)KHO TpaKTOB8Tb KaK 

eaypa TaKoro poaa acnonbaosanacb Y*e B HeKoTopbiX pa6oTax15,6, 

pHc. 2 npaseaeHbi aasHCHMOCTH owa6oK fj. p I p oT al'IHHbi cneaa s, 

ll: senacb aaMepeHHSI npa H =17 KI'C H Yo =1. 

• J.13MepeHHe 9HeprHft I'8MM8-KB8HTOB B KaMepaX 

C KOHBepCHOHHb!MH 11118CTHHK8MH 

3blpbKOBbiX KaMepaX C 118I'KRMH )I{HJJKOCTSIMH MO)KHO TO'IHO onpeae­

I'HH I'8MM8-KB8HTOB ITOClle HX KOHBepCHH B 9118KTpOHHO-IT03HTpOH-

• 0JJH8KO B TaKHX KaMepax BepOSITHOCTb KOHBepCHH I'8MM8-KB8HTOB 

YB811H'I8HHSI 9TOH BepOSITHOCTH B KaMepax C 119I'KHMH *HllKOCTSIMH 

eCTHTb KOHBepTOpb! I'8MM8-KB8HTOB, 0oMeiU9HHe KOHBepTopa yMeHb­

K01 Jl0CTHI'88Mbl9 TO'IHOCTH B 011p9Jl8118HHH 9HeprHll: I'8MM8-KB8HTOB, 

We B npeaenax KOHBepTOpa 9119KTpOH H 1103HTpOH MOI'fT IIOTepSITb 

HpyeMyiO '18CTb CBOeit 9Hepi'HH Ha TOpM03HOe H311y'leHHe, TaKHe 

M BepOSITHee, '19M T011We KOHBepTop. J.1CIT011b30B8HHe CliHUIKOM TOH­

pTOpOB yMeHblliiiT BepOSITHOCTb paQH8UIIOHHblX ITOTepb 1 HO YM9HbWHT 

OSITHOCTb KOHBepCHH I'8MM8-KB8HTOB, ny'lllle BC9I'O 1109TOMy B Ka­

HBepTopa ITpHM9HHTb He OllHY TOliCTyiO IT118CTHHKy, HO Ha6op TOHKHX 

• paCII01!0)1(9HHb!X Ha HeKOTOpb!X paCCTOSIHHSIX apyr OT apyra. Ecna 

eeT 60llbll1He pa3Mepb11 TO T8KH9 TOHKHe KOHBepTOpbi MOI'yT 6b!Tb 

Ha paccTOSIHHSIX, cocTaBnHIOIUHX aecHTKH caHTHMeTpoB. Ha yqacT-

10 

K8X TpaeKTOpHll: 9119KTpOHOB M9*llY IT118CTHH8MH MOI'YT 6biTb H3MepeHbl ll0-

CT8TO'IHO TO'IHO KpHBH3Hbl p 1 a SaTeM onpeaeneHbl HMITYllbCbl 9119KTpOHOB. 

BepoSITHOCTb noTepa onpeaeneHHoll: aonH aHeprHH aneKTpoHa B nnacTHHe 

TOliWHHOll: d H3 9119M9HTa C aTOMHbiM HOMepoM Z MO)KHO onpeQ911HTb1 npHMe­

HSISI tiJOPMYliY (:.l) • YeM M9HbW9 TepSieMaSI npH npOX0)Kll9HHH nnaCTHHbl 9Hep­

I'HSI 9119KTpOH8 1 T9M 60llblll9 TO'IHOCTb onpeJJelleHHSI 9H9pi'HH 9119KTpOHa 1 Bbl-

XOJlSIW9I'O H3 ITllaCTHHblo 

5. J.1aMepeHHe aaeprHit raMMa-KsaHTOB s KaMepax 

C TSVK911b!MH )KHQKOCTSIMH 

B KaMepaX1 KOTOpb!e H811011H9Hbl TSI)K91!biMH >KHJJKOCTSIMH 1Q1!SI onpeaeneHIISI 

aHeprHH Eo raMMa-KBaHTOB 1 coaaaBUIHX naseHb 1 acnonbayeTCSI aaBHCHMOCTb 

Me*llY cyMMapHbiM npo6eroM scex liHBHeBbiX aneKTpOHOB 'R 
0 

H E 
0 

I 1-4/. 

3TO yaaeTCSI OCyiUeCTBIITb liHWb B KaMepaX C llOCTaTO'IHO 60llbWOit JlliHHOit 

L , ecna aTa llliHHa JlliSI aanonHSI!OIUero KaMepy BemecTBa paBHa HeCKOllbKHM 

paJJH8UHO,f1HbiM 9JlHHHUaM, 

0peJJCT8BHM ce6e 1 'ITO B TO'IKe p1 B B9W8CTBe KOHBepTHpOB811 raMMa­

KB8HT C 9Hepraell: 1!, 0 , HCITyiUeHHbill: B TO'IKe p 1 H pa3BHBaeTCSI 9118KTpOH­

H0-4JOTOHHbill: 11HB9Hb, OCb KOTOpOI'O 1!9)KHT Ha 11pSIMOit1 npOXOllSIWeit qepe3 

TO'IKH pp 1 , pHC. 3. 

ll11HHa pa3BHTHSI liHBHSI d - paCCTOSIHHe OT TO'IKH KOHBepCHH nepBH'IHOI'O 

I'8MM8-KB8HTa p1 BllOllb OCH liHBHSI llO IlepBO!J: rrepneHJJHKYliSipHO!J: K 9TOH OCH 

II110CKOCT-H 1 KOTOpoll: He ll0CTHI'8!0T 11HBH8Bbl9 '18CTHUbi, -MO)K8T 6b!Tb M8HbWe 

HliH 6onbme noTeHUHallbHOll: llliHHbi pa3BHTHSI liHBHSI B KaMepe L • EcnH d < L, 

roBopHTCSI, 'ITO liHBeHb B KaMepe paaBHBaeTCH nonHOCTbi01 ecna d·> L 1 nH­

BeHb B KaMepe pa3BHB88TCSI lllllllb '18CTH'IHO (11HB9Hb, K8K I'OBOpHM1 o6pe3aH), 

B aaBHCHMOCTH oT Toro, o6peaaH liHBeHb IWH HeT 1 MO)KHO HSMepSITb E 0 no 

nonHoMy npo6ery liHBHeBbiX aneKTpOHOB c paSHbiMH TO'IHOCTSIMH. HaH6onee 

TO'IHbie aaHHbie nonyqaJOTCH B cnyqae liHBHell:: Heo6peaaHHbiX. 

3HeprHSI raMMa-KBaHTa Bbipa*aeTCH 4JopMynoa 

E 0 = k e I r 1 + n me c 
2 

, (7) 
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I , 
! 
I 

I 

i 
'' 

I'll9 k e - nO'ITH noCTOHHHblii KOa<jJ<jJHUH9HT nponopUHOHanbHOCTH 1 n - 'IHCnO 

BC9X aneKTpOHHO-n03HTpOHHbiX nap B nHBHe, llpaKTH'I9CKH B Ka:IKJlOM cny'lae 

ucnonbayeTCH He <jlopMyna (7), a 3aBHCHMOCTb Eo= I (I ri, L ) • no JlaHHbiM 

H3MepeHHH I r 1 H L onpeJlenHeTCH Eo H3 aa6opa KpHBbiX, noKaaaHHbiX Ha 

pHC, 4, J13MepeHHH npo6ei'OB aneKTpOHOB B aemeCTBe Ha HX 3Ha'IHTenb­

HO HCKpHBneHHbiX cneJlaX TPYJlOeMKHe. 0Kaaanocb, 'ITO JlOCTaTO'IHO H3-

MepHTb nHlllb npOeKUHH JlnHH cneJlOB nHBH9BbJX aneKTpOHOB B nnOCKOCTH Ka­

MepHbiX CHHMKOB, HeTO'IHOCTH H3-3a yi'na noi'py:IKeHHH nHBHH lp Y'IHTbiBaiOTCH 

nyTeM BBOJla COOTB9TCTByiOWeii nonpaBKH 1 a H9TO'IHOCTH 1 B03HHK8IOWH9 H3-38 

TOI'01 'ITO H3MepeHHH JlnHHbl cneJlOB B npOCTpaHCTBe 38M9HHIOTCH H3MepeHHH­

MH JlnHHbl HX B nnOCKOCTH npOeKUHH 1 Y'IHTbiB8IOTCH npH K8nH6pOBKe KpHBbiX 

I'8MM8-KB8HT8MH H aneKTpOH8MH C H3B9CTHOii aaepi'Heii/1-4/, 

nnH K8M9pbi 1 HanonHeHHOii Jl8HHOii :IKHJlKOCTbi0 1 CTpOHTCH CepHH KpHBbiX 

( E 
0 

= I (I r , L ) ) , aaanOI'H'IHbiX noKaaaHHOH Ha pHc, 4, rrpH HCIIOnbaoaa-

i i /2 4/ 
HHH nHBH9H C H3B9CTHbiMH aHepi'HHMH 1 

, 

~eTOil onpeJleneHHH aHepi'HH I'8MM8-KB8HTOB no IIOnHOMY npo6ei'y nHB­

HeBbiX aneKTpOHOB 6bJn paapa6oTaH JJ.nH KCeHOHOBOii ny3bipbKOBOii K8Me­

pbl /1,,2,4/H HCnbiT8H B p83HbiX SKCIIepHMeHTax
1121

, llocne HeKOTOpb!X He-

6onbWHX H3MeHeHHii, CBH38HHbiX C JJ.PYI'HM 3H8'19HHeM P8JJ.H8UHOHHO.li: eJlHHHUbi 

JJ.nHHbi 1 peaynbT8Tbl paapa60TKH MeTOJJ.8 MOI'YT 6biTb IIpHMeHeHbl H JJ.nH JJ.PYI'HX 

K8Mep ( COOTBeTCTBYIOlllHX p83MepOB) 1 aanonHeHHbiX TH:IKenbiMH :IKHJJ.KOCT51MH 1 

HanpHMep, !j:lpeOHOM 1 CMeCblO nponaH-!j:lpeOH1 CMeCblO KC9HOH-nponaH, 

nn51 KCeHOHOBOii IIY3bipbKOBOii K8M9pbi cepH51 38BHCHMOCTeii Eo= I (I ri' L) 

JJ.nH p83HbiX EO 6bJn8 IIOCTpOeHa SKCnepHM9HTanbHO, Crroco6 IIOCTpOeHHH S-THX 

KPHBbiX 6bm onHCaH paHbwe/2/. 3aBHCHMOCTb · E0 =I (I r1 ,d) npeJJ.CTaBnHeT 
I 

C06oft OllHOnapaMeTpH'!eCKylO <jlyHKUHlO 

R 0 =I r 1(1-exp I¢ [I r 1 ,d] I), (8) 

I'Jle R O - nonHbiii npo6ei' aneKTpOHOB H II03HTpOHOB B Heo6pe38HHOM nHBHe 

c rronaoA aaepi'Heii E
0 

= k e R 
0

• C uenbiO rrpaKTH'IeCKOI'O npuMeHeHHH B rrpo­

uecce paC'I~Ta 6onblllOI'O KOnH'!eCTBa cny'!aeB He06XOJJ.HMO 38BHCHMOCTH 

Eo = I (I rl , d ) 38IIHC8Tb B II8MHTb aneKTpOHHO-C'I~THOH M8WHHbJ, nnH STO­

I'O ceMeHCTBo yKaaaHHbiX KPHBbiX Yll06Ho annpoKCHMHpoaaTb <jlyHKUHeA/4/ 

12 

R .. 'R [ 1 - .!.... ( 10-zo x + 10 -toY ) l-t 
0 2 

X = 0,486 X [ ( Ig d ) 2 -

y 
2 

0,486 X ( ( lg d) + 

Ig (1,5 - y 3,58 - Ig 'R 0 

0,225 

6,215 (3,58 - lg R o) 

lg R 0 + 0;77 

3Ha'!eHHe 'Ro nonyqaeTCH OTCIOil8 MeTOJJ.OM HTepaUHH, H: 

HBnHeTC51 aenH'IHH8 R , llpoUeJJ.ypa HTepaUHH npOJJ.On:IK, 

nop, noxa He 6yJleT BbmonHeHo ycnoaue 

[ (Eo) n - (Eo) n-1 ] I (Eo )n-1 ~ Q • 

Q 38BHCHT OT Tpe6yeMOii TO'IHOCTH B onpeJleneHHH SHE 

llpaKTH'!eCKH JlOCTaTO'IHO B3SITb Q ~ 0,01. To'IHOCTb 01 

UHeft Ha6opa SKCnepHMeHT8nbHbiX KpHBbJX B JlH8n830He 

TOB OT 20 MaB JJ.O 2 faa COCT8BnHeT B CpeJlH9M 1%, 

HeHHe ae npeBbiwaeT 5%, Pacc'IHT8HHoe ceMeAcrao KPE 

nbHO onpeJleneHH8H cepHH KpHBbiX JlnH pa3HbiX E 0 nOKB 

Bbie, pa3JlenSIIO!llHe ceMeACTBO paCC'IHT8HHbiX KpHBb!X H.! 

Hbl9 K8K 70%1 80% H 90%1 COOTBeTCTBYIOT JJ.H8n830H8M ~ 

EO COOTBeTCTBeHHO 30%, 20% H 10%, 

Ha TO'IHOCTb onpeJleneHHH EO BnHHlOT B OCHOI 

llOnH aaepi'HH I'8MM8-KB8HT81 C03Jl8BWei'O nHBeHb 1 BbiJle, 

UHH H8 Ha6nlOJl8eMOH B K8Mepe JlnHHe pa3BHTHH nHBHS 

B OCHOBHOM CB5138Hbl C <jlniOKTY8UH51MH B npOilOnbHOM pi 

I'peWHOCTb B H3MepeHHH npH nOMOlUH KypBHMeTpa npOE 
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k - IIO'ITH IIOCTOSIHHbiH KOalj>lj>HUH9HT IlpOIIOpUHOHaJibHOCTH 1 n - 'IHCJIO e 

aJieKTpOHHO-Il03HTpOHHbiX Ilap B JIHBHe, npaKTH'I9CKH B Ka)f(JlOM CJiy'lae 

b3yeTCSI He lj>opMyna (7) I a 3aBHCHMOCTb Eo = I (I rf, L ) • no JlaHHbiM 

eHHSI I r 1 H L orrpe/leJISieTCSI Eo H3 Ha6opa KpHBbiX1 rroKaaaHHhiX Ha 

4. HaMepeHHSI rrpo6eros aneKTpoHOB B semecTse Ha HX 3Ha'IHTenb­

HCKpHsneHHhiX cneJlaX TPYilOeMKHe. 0Kaaanocb 1 'ITO /lOCTaTO'IHO H3-

b JIHillb IIpOeKUHH /lJIHH CJie/lOB JIHBHeBbJX aJieKTpOHOB B IIJIOCKOCTH Ka­

CHHMKOB, HeTO'IHOCTH H3-aa yrna rrorpy*eHHSI JIHBHSI qt y'IHTbiBaiOTCSI 

BBO/la COOTBeTCTBYIOWei!: IlOIIpaBKH, a HeTO'IHOCTH, B03HHKaiOWHe H3-3a 

'ITO H3MepeHHSI /lJIHHbl CJie/lOB B IIpOCTpaHCTBe 3aMeHSIIOTCSI H3MepeHHSI­

HHbl HX B IIJIOCKOCTH IlpOeKUHH, Y'IHTbiBaiOTCSI IIpH KaJIH6pOBKe KpHBbiX 

a-KBaHTaMH H aJieKTpOHaMH C H3BeCTHOH SHeprHeH/1-4/, 

nnSI KaMepbi, HaiiOJIHeHHOH JlaHHOi!: )f{HJlKOCTbl01 CTpOHTCSI cepHSI KPHBbiX 

f (I r. , L )) , aHanorH'IHbiX rroKaaaHHoi!: Ha pHc. 4 1 rrpH Hcrronbaosa­
f I 

HBHeH C H3BeCTHbiMH SHeprHSIMH/214 / • 

MeTO/l orrpeJleJieHHSI :3HeprHH raMM8-KB8HTOB IIO IIOJIHOMy rrpo6ery JIHB-

aneKTpOHOB 6bin paapa6oTaH /lJISI KCeHOHOBOi!: IIY3bipbKOBOi!: K8Me-

ir2 14/ H HCilbiT8H B pa3HbiX 8KCIIepHM9HTaX/ 12 / • n OCJie HeKOTOpbiX He­

HX H3MeHeHHH 1 CBSI3aHHhlX C JlpyrHM 3Ha'leHHeM pa/lH8UHOHHOi!: eJlHHHUhl 

1 peayJibT8Tbi p83pa60TKH MeTO/l8 MOryT 6hiTb IIpHMeHeHbl H JlJISI JlpyrHX 

( COOTBeTCTBYIOillHX p83MepOB) 1 3aiiOJIHeHHbiX TSI)f(9JlbiMH )f(JIJlKOCTSIMH 1 

Mep, <jlpeoHOM 1 CM9Cbl0 nponaH-<jlpeoH, CM9Cbl0 KC9HOH-nponaH, 

JISI Kcenonosoi!: rryabipbKosoi!: KaMepbi cepHSI aaBHCHMOCTei!: E
0 
=I (I r

1
, L) 

3HbiX E 0 6bma rrocTpoeHa aKcrrepHMeHTaJibHO. Crroco6 rrocTpoeHHSI a.THX 

x 6bm onHcaH paHbme/2/. 3asHCHMOCTb · E0 • I (I r
1 

,d) npe/lCTaBJISieT 
1 

0/lHOIIapaMeTpH'IeCKYIO lj>yHKUHIO 

R 0 = I r 1 ( 1 - exp I ¢ [ I r 
1 

, d ] I J , (8) 

0 - IlOJIHbiil: IIpo6er 8JieKTpOHOB H Il03HTpOHOB B Heo6pe3aHHOM JIHBHe 

oil: aneprHei!: E ,., k R • C ueJibiO rrpaKTH'IeCKoro rrpHMeHeHHSI B rrpo-o e 0 

pac'leTa 60JibillOrO KOJIH'IeCTBa CJiy'laeB He06XO/lHMO 3aBHCHMOCTH 

(I ri , d ) 38IIHC8Tb B IIaMSITb 8JieKTpOHHO-C'IeTHOi!: MaWHHblo nnSI :3TO­

ei!:cTBO YKa3aHHhiX KpHBbiX Yll06Ho arrrrpoKCHMHposaTb <jlyHKUHei!:/4/ 

12 

R -·R [ 1-.!... ( 10-tox + 10 -toY) ]-t 
0 2 

X = 0,486 X [ ( Jg d ) 2 -

y 
2 

0,486 X [ ( Ig d) + 

Ig (1,5 - V 3,58 -lg 'R 0 

0,225 

6,215 (3,58 - lg R o ) 

Ig R 0 + 0;77 

- 5,5343 ] , 

(9) 

- 6,0976 ] • 

3Ha'leHHe ·R 0 rrony'laeTCSI OTCIO/la Me 'tOll OM HTepauHH. HyneBbiM rrpH6JIH)f(eHHeM 

SIBJISieTCSI BeJIH'IHHa R o npoUeJlypa HTepaUHH IIpO/lOJI)f(aeTCSI n pas, /lO TeX 

IIOp1 IIOKa He 6yJleT BbiiiOJIHeHO yCJIOBHe 

[ ( E 0) n - ( g 0 J n-1 ] / ( E 0 Jn-1 :S Q • (10) 

Q 3aBHCHT OT Tpe6yeMOi!: TO'IHOCTH B OIIpe/leJieHHH aHeprHi!: raMMa-KBaHTOB, 

npaKTH'IeCKH /lOCT8TO'IHO B3S!Tb Q ::; 0101. To'IHOCTb OT06pa)f(eHHSI 9TOi!: lj>yHK­

UHei!: Ha6opa 9KCIIepHMeHTaJibHbiX KpHBbiX B JlHaiia30He aHeprHH raMMa-KB8H• 

TOB OT 20 Mas JlO 2 faB COCTaBJISieT B cpeJlHeM 1%, MaKCHMaJibHOe OTKJIO• 

ReHHe He rrpeBhiwaeT 5%. Pacc'IHTaHHoe ceMei!:cTBO KpHBbiX H aKcrrepHMeHTa­

JibHO orrpe/leJieHHaSI cepHSI KpHBbiX /lJISI pa3HhiX Eo IIOKa3aHhi Ha pHC, 5. i<pH· 

Bhie, pa3JleJISIIOillHe CeMei!:CTBO paCC'IKT8HHhiX KpHBbiX Ha o6naCTH, 0603Ha'leH­

Hhle KaK 70%, 80% H 90%, COOTBeTCTBYIOT JlHaiia30HaM TO'IHOCTei!: OIIpeJleJieHHS 

EO COOTBeTCTBeHHO 30%1 20% H 10%, 

H a TO'IHOCTb onpe/leJieHHSI EO BJIHSIIOT B OCHOBHOM: a) <jlJIIOKTyaUHI 

/lOJIH 9HeprHH raMMa-KB8HTa1 C03/laBmero JIHBeHb1 Bbl/leJieHHOi!: B BH/le HOHH3a• 

UHi!: Ha Ha6JIIOJlaeMOi!: B KaMepe /lJIHHe pa3BHTHSI JIHBHSI d o 3TH lj>JIIOKTyaUHF 

B OCHOBHOM CBSI3aHhl C lj>JIIOKTyaUHSIMH B IlpO/lOJibHOM pa3BHTHH JiaBHHhi; 6)IIO• 

rpeillHOCTb B H3MepeHHH IIpH IIOMOillH KypBHM9Tpa IlpOeKUHH CyMMapHbiX JlJIHf 
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I 

npo6e~oB aneKTpoHOB I r 1 aa nnoeKoeTb ~oTo~pa~HposaHHH; s) Heonpe­

aeneHHoeTb MHHHManbHOfi anHHbi Ha6moaaeMbiX eneaos nHBHeBbiX aneKTpOHOB 

H Il03HTpOHOB, r min • 

!l>nJOKTyaUHH ,!lOnH 9Hep~HH ~aMMa-KBaHTa, Bbi,!leneHHOfi B KaMepe, SaBH­

eHT OT TO~O, nonHoeTbiD nH nHBeHb paSBHBaeTeH B o6naeTH e~O Ha6niD,!leHHH 

HnH aeT. B aeo6pesaHHbiX nHBHHX aeonpeaeneaaoeTb B R0 esgsaaa e To'i­

HoeTbiD H3MepeHHH ~ T i H e HeOnpeaeneHHOeTbiD MHHHManbHOfi ,!lnHHbl aneKTpOH­

Hb!X H Il03HTpOHHbiX ene/lOB, Ha6niDJlaeMbiX B KaMepe, E enH 9Ta MHHHManbHaH 

,!lnHHa 'i~TKO onpeJleneHa H BO Beex nHBHHX 0/lHHaKOBa, TO BBHilY HeSaBHeH­

MOCTH ~OpMbl paBHOBeCHO~O eneKTpa/13/ aneKTpOHOB B nHBHe OT aHep~HH 

nHBHH /lOng aaep~HH naBHHbi, He noJlneJKamag Ha6niDJleHHID, 6yJleT Heonpe/le­

neaaa nHrnb B TaKofi eTeneHH, B KaKofi aeonpeaeneHbi ~niDKTyauHH aonH 

IlOnHOfi aHep~HH nepBH'iHO~O ~aMMa-KBaHTa, KOTOpag He Bbi/lengeTeH B KaMe­

pe Ha HOHH3aUHOHHbie noTepH Ha6niDJlaeMbiX nHBHeBbiX aneKTpOHOB H noSHTpo­

HOB, He noJlneJKarnaH npHMOMY Ha6niDJleHHID JlOnH aaep~HH 6yJleT O/lHHaKOBa 

JlnH seex nHBHeil: H y'IHTbiBaeTeH Koa~~HUHeHTOM nponopuHoHanbHOeTH k e 121 • 

BbinH BblllOnHeHbl eneuHanbHbie Heene/lOBaHHF JlnH TO~O, 'iT06bi BbiHeHHTb, HB-

eKOnbKO 'IElTKO npOHBnHeTCH npH HSMepeHHHX l: r i MHHHManbHaH JlnHHa ene-

/lOB Tmin/4/, 0KasanOCb, 'ITO cymeeTByeT ~paHH'IHaSI JlnHHa npoeKUHH ene/lOB 

Ha6niDJlaeMbiX aneKTpOHOB, He SaBHeHillaSI OT nonHOfi 9Hep~HH nHBHSI H paB-

HaH 0,5 .. 0,2 eM, Cne/lOBaTenbHo, aa6niDJlaeMaH JlOnH aaep~HH ~aMMa-KBaHTOB 

B Heo6pe3aHHbiX nHBHSIX HBnHeTeH npaKTH'IeeKH 0/lHHaKOBOi!: HeSaBHeHMO OT 

nona oil: aaep~HH E 0 • 0IIIH6Ka B onpeaeneHHH E0 , BOSHHKaiDmaH Hs-sa ae­

onpeaeneHHOCTH rmin 1 eOCTaBnHeT OKOnO 6%, 

0rnH6KH B HSMepeHHHX I r 1 npH noMOlliH KYPBHMeTpa eoeTaBHnH B 

epeaaeM 6%. 

!l>niDKTyaUHH B npO/lOnbHOM pa3BHTHH nHBHSI MO~yT B 3H8'1HTenbHOil: eTe-

neHH BnHHTb Ha TO'iHOeTb onpe/leneHHSI Eo nHllib B eny'laHX, B KOTOpb!X 

onpe/leneHHe Eo npoBO/lHTCH no o6pesaHHbiM nHBHHM. Cse/leHHH o senH'IHHe 

ornH6KH HS-sa aTHX !l>niDKTyauHi!: 6. E: B TaKHX eny'iaHX 6bmH nony'ieHbi 

nyTeM H3MepeHHH eyMMapHbiX JlnHH npoeKUHfi npo6eros aneKTpOHOB I r 1 

Ha pa3Hb!X JlnHHaX pa3BHTHSI d B HeKyCCTBeHHO o6pe3aHHbiX nHBHSIX e 0/lHHa-

/'2/ 
KOBbiMH nonHbiMH JlnHHaMH npo6e~oB R0 = canst • B HTO~e 6bma nonyqeHa 

14 

sasHeHMOCTb ornH60K B onpeJleneHHH Ro oT JlnHHbi d npH 

Ro • a saTeM OIIIH60K 6. E ~a 121 • PesynbTaT noKaSaH Ha 

d , T.e. B o'ieHb o6pesaHHbiX nHBHHX, ornH6KH 6. E ell ~ 
0 

6onbiiiHMH. Ha npaKTHKe npH~O/lHbiMH JlnH o6pa60TKH oKas 

ell 
KOTOpbiX f'l E 01 E0 S)0%.Bo MHO~HX eny'iaHX npHMeHeHHSI pa:l 

/lHKH OKasanOCb, 'iTO ny'IIIIBH TO'iHQeTb B onpe/leneHHH E 0 Il 

nHBHeBbiX aneKTpOHOB IlpH MaeCOBbiX H3MepeHHSIX paBHa B C[ 

MaKCHManbHO JlOeTHJKHMaH TO'iHOeTb cocTaBnHeT l'l.E0 IE 0 ::! 

pHTb aHep~HID Ha nHBHHX, o6pesaHHbiX He 6onbiiie 'ieM HB 

TO'IHoeTb 6.E 0 I E0 = 23%. 

Ha pHc. 7 noKasaa eneKTP a~~eKTHBHbiX Mace M yy 

oeHOBaHHH H3MepeHHSI aHep~HH E0 H y~nOB Elyy nap ~aMMa-

,!la 11 o -Mesoaos/4/. B ornH6Ky 6. Myy , KpoMe 6. E 0 , B:ll 

B onpeaeneHHH y~na f'l (3 yy , eOCTaBnHIDlliaH (0,5-2)0, 

<..;noeob, KOTOpbiH Obin OllHeaH Bbiiiie, npHMeHHM nHIIIb 

'ieHHfi aaep~Hfi OT aeeKOnbKHX Mas ,!lO HeCKOnbKHX ras. 

onpeJlenHeTCH npH /lOCTaTO'IHO 6onbrnHX pasMepax KaMepl 

nonHHIDilleil: JKH/lKOeTH, B OeHOBHOM pa/lHaUHOHHOi!: e/lHHHUe 

nbiX pa/lHaUHOHHbiX e/lHHHUaX ,!lnHH, HallpHMep, JlnH JKH/lKOI 

=4 eM, aTa ~paHHUa eoeTaBnHeT OKOnO 3 fsB. 0pH Bblellil 

O'leHb nnOTHbl H Tpy/lHO npoene/lHTb Sa XO/lOM KBJKJlOi!: Tpa 

aneKTpOHa. nnH ~peoHa BepXHHH ~paHHUa 6yJleT 6onbiiie, 

Ko~aa nHBHH B KaMepe eTonb nnoTHbi, 'iTO onpeae• 

npo6e~a saTpy.!lHHTenbHo, yaaeTeH see JKe erne onpeaen 

B MaKeHMyMe pa3BHTHH nHBHH/3 /, MeJK/lY 9THM 'iHenoM, 

nHBHH, Eo, eyrneeTByeT npoeTaSI eBH3b 1 Il03BOnHIDlliaH Oil[ 

poeTOM EO nHBeHb eTaHOBHTCSI eTOnb nnOTHbiM, 'ITO H 9TO 

HHM, TaK, HanpHMep, B JKH/lKOM KeeHOHe TaKaH eHTyaUHSl 

npH 10 faB, 

B KCeHOHOBOil: nysbipbKOBOil KaMepe E 0 MOJKHO OllJ: 

pHMeHT8nbHO Hai!:JleHHOMY Nmax Ha OCHOBaHHH saBHeHMOe 

Ha pHe. 8. To'IHOeTb onpeJleneHHH Eo no N max npono] 
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OB aneKTpOHOB ~ T i Ha nnOCKOCTb ~OTOrpa~HpOBaHHR; B) Heonpe­

OCTb MHHHManbHOH .QnHHbl Ha6mo.QaeMbiX cne.QOB nHBH8BbiX aneKTpOHOB 

TpOHOB, T min • 

moKTyaUHII .QOnH 9Heprllll raMM8-KBaHTa, Bbi.QeneHHOH B K8Mepe 1 3aBII-

TOrO, nonHOCTbiD n11 niiB8Hb pa3BHBaeTCH B o6naCTH ero Ha6nro.QeHIIH 

T. B Heo6pe3aHHbiX nHBHRX Heonpe.QeneHHOCTb B Ro CBH3aHa C TO'I­

II3MepeHIIH ~ T i II C Heorrpe.QeneHHOCTbiD MIIHIIM8nbHOH .QniiHbl 9neKTpOH­

n0311TpOHHb!X cneAOB, Ha6nro.QaeMbiX B KaMepe. Ecn11 aTa MIIHIIManbHaH 

'18TKO onpe.QeneHa II BO BC8X nHBHRX O.QIIHaKOBa, TO BBIIAY He3aBIICII­

~opMbl paBHOB8CHOrO cneKTpa/1S/ aneKTpOHOB B nHeHe OT SHeprHH 

.QonH aHeprllll naBIIHhi, He no.QneJKaiUaH Ha6nro.QeHIIID, 6yAeT Heonpe.Qe­

nnrub B TaKOH CTeneHH, B KaKOH aeonpe.QeneHbl ~niDKTyaUHII AOnH 

aHeprllll IIepBII'IHOrO raMMa-KBaHT8, KOTOpaSI He Bbi.QenSieTCSI B KaMe­

IIOHII38UIIOHHbl8 noTepll Ha6niD.Q88MbiX niiBH8BbiX aneKTpOHOB II nD311TpO­

e noAneJKaiUaSI npHMoMy Ha6nroAeHIIID Aong aHepr1111 6yAeT OAIIHaKoaa 

ex niiBHeil: 11 y'IIITbiBaeTCSI Koa~~IIUIIeHTOM rrponopulloHanbHOCTII k e /2 I. 

blllOnHeHhl Cll8UIIanbHbi8 IICCneAOBaHIIF AnSI Toro, 'IT06bi BbiSICHIITb, Ha-

0 qeTKO IIpOSIBnSieTCSI npll 113MepeHIISIX ~ T i MHHIIManbHaSI Anllaa cne-

in/41. 0Ka3anocb, 'ITO cymecTayeT rpaHII'IHaH An11H8 npoeKUIIII cnet:~oB 

88Mb!X aneKTpOHOB, He 38BIICSIIUaSI OT nonHOH SHepr1111 niiBHSI II paB-

-t0,2 eM. CneAoBaTenhHo, Ha6nroAaeMaSI AOnH aHepr1111 raMMa-KBaHTOB 

pe3aHHbiX niiBHSIX SIBnSieTCSI npaKTH'I8CKH OAIIHaKOBOil: He3aBHCIIMO OT 

aaepr1111 E 0 • Oru116Ka B onpeAeneHHH E0 , B03HIIKaromag H3-3a He­

neHHOCTII r min , COCTaBnSieT OKOnO 6%. 

lliH6KII e 113MepeHHSIX ~ T i npH nOMOIUH KYPBIIMeTp~ COCTaeHnl! e 

M 6%. 

niDKTyaUHII B npOAOnbHOM pa3BIITHII ni!BHSI MoryT B 3Ha'II!TenbHOH CTe-

nHRTb Ha TO'IHOCTb onpeAeneHHSI Eo nHIIIb B cny'laSIX, B KOTOpb!X 

neHHe Eo npoBOAI!TCSI no o6pe3aHHhiM. ni!BHSIM. CaeAeHHSI o aenii'II!He 

H3-3a STHX <jlniOKTyauuil: /). E: B TaKHX cny'laSIX 6b:tnll nony'leHhi 

H3MepeHHSI cyMM8pHblX AnHH npOeKUHH npo6eroB aneKTpOHOB ~ T i 

Hb!X l:tnHH8X pa3BI!TI!SI d e IICKyCCTB8HHO o6pe3aHHbiX niiBHSIX C OAIIHa­

/'2./ 
rronHbiMII l:tnHHaMH npo6eroe R0 = const • B HTore 6hina nony'leaa 
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3aBIICIIMOCTb OWH60K e onpeAeneHHH Ro OT .QnHHbl d npll pa3HbiX 3Ha'leHHRX 

Ro. a 3aTeM Ollii!60K /). E~~/21. Pe3ynbTaT IIOKa3aH Ha piiC. 6. npll ManbiX 

d , T.e. B 0'18Hb o6pe3aHHbiX nHBHRX, OWH6KH /). E ~ MoryT 6biTb 0'19Hb 

60nblli11MII. Ha npaKTI!Ke npHrO.QHbiMH .QnR 06pa60TKH OK83anHCb C06biTHSI, B 

KOTOpb!X f).E~j E0 5J0%,Bo MHOrHX cny'laSIX npHM8H8HIIR paspa6oTaHHOil: MeTo­

AIIKII OKasanocb, 'ITO nyqruag TO'IHOCTb B onpet:~eneHHII Eo no nonHOMY rrpo6ery 

niiBHeBhiX aneKTpOHOB rrpH MaccoBhiX H3MepeHIISIX pasHa a cpe.QHeM 11Eol Eo=12o/o. 

MaKCHManbHO AOCTI!lKHMaSI TO'IHOCTb cocTaanReT 11E0 / E 0 ::! 8% • Ecnn H3Me­

pRTb SHeprHIO Ha nHBHRX, o6pe3aHHbiX He 60nbrue '18M Ha 80%, TO CpeAHRR 

TO'IHocTb 11 E 0 I E0 = 23%. 

Ha pnc. 7 IIOKa3aH cneKTp a~~KTHBHbiX Mace M yy , rrony'leHHhiH Ha 

OCHOBaHI!II H3MepeHIISI SHeprHII E0 H yrnOB E)yy nap raMMa-KBaHTOB OT pacna-

.Qa rr o -Me3oHoe/ 4/. B oruH6Ky f). Myy , KpoMe f). E 0 , exoAHT eme OIIIH6Ka 

e onpeAeneHHII yrna /). 9 yy , COCTaBnSIIOIUaSI (0,5-2) o. 

Cnocot>, KOTOpbiH Obin OnHCaH Bblllie, npi!M8HIIM nl!llib B AHana30He 3Ha­

'18HHil: aHeprHli OT HeCKOnbKHX Mae AO HeCKOnbKHX rae. BepXHSISI rpaHHUa 

onpeAenHeTCSI npH AOCTaTO'IHO 6onblliHX pa3Mepax KaMepbl CBOHCTBaMH 3a­

nonHSIIOIUeH lKIIAKOCTH, B OCHOBHOM paAI!aUHOHHOH 8AHHI!Ueli Ani!Hhi. np11 Ma­

nhiX paAII8UI!OHHbiX 8AIIHI!UaX Ani!H, HanpHMep, AnSI lKIIAKOrO KC8HOHa t 0 

=4 CM, 9Ta rpaHI!Ua COCTaBnSieT OKOnO 3 rsa. npH Bb!Cllii!X aHepri!SIX ni!BHH 

O'leHb nnOTHbl II TpyAHO npocneAHTb 3a XOAOM Ka>K.QOH TpaeKTOpHII nHBH8BOrO 

aneKTpoHa. llnH ~peoaa aepXHSISI rpaHHUa 6yAeT 6onbrue. 

KorAa nHBHII B KaMepe cTonb nnoTHhi, 'ITO onpeAeneHHe cyMMapHoro 

npo6era 3aTpyAHHTenbHo, yAaeTcSI ace JKe eme onpeAenHTb 'IHcno 'laCTHU 

B MaKCIIMYMe pa3BIITIISI nHBHSI/3 /. MelKAY STHM 'II!CnoM, N max 11 SHeprHeli 

nHBHR, E04 cymecTayeT npocTaH ceH3b, no3aonHIOIUaR onpeAenHTb E 0 • C 

pOCTOM EO niiB8Hb CTaHOBIIl'CSI Cl'Onb nnoTHbiM, 'ITO II 91'01' cnoco6 Henp11M8-

HI!Mo TaK, HanpiiMep, B lKHAKOM KCeHOHe TaKaSI CIITyaUI!SI Ha6niOAaeTCSI yJKe 

npH 10 rae. 

B Kceaoaoaoil: ny3bipbKoaoil KaMepe E 0 MOlKHO onpeAeniiTb no aKcne-

piiM8HTanbHO HaHA8HHOMY Nmax H8 OCHOB8HIIII 3aBIICIIMOCTII, rrpeACTaBneHHOli 

Ha p11c. 8. To'IHOCTb onpeAeneHIISI E0 no N max nponopUIIOHanbHa vNmax• 
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20 

Y CJIOBHJI 06MeH8 

npenpHHTbl H coo6meHHSI OHRH paCCbin810TCSI 6ecn 
HMHOrO 06Meaa,yHHB9pCHT9T8M 1 HHCTHTyTaM 1 na6opa1 

H8Y'IHbiM rpynnaM H OTll91JbHbiM Y'I9Hb!M 6onee 50 CT 

nonyqaTeiJSIM H3ll8HHA OHRH npellOCT8BIJSI9TCSI 80:3 

BBHTh HHHUH8THBY B 6ecnnaTHOA fi0Cb!IJK9 ny6nHK8UHft 

06MeHa DPHHHM8IOTCSI H8Y'IHbl9 KHHrH, )f(ypH81Jbl 1 npeJ 

nyt5nHK8UHH no T9M8THK9 011.RI1, 
EllHHCTBeHHbiA BHll ny6nHKauHA, KOTop&IA HaM np: 

aTO penpHHTbl l OTTHCKH CT8T9ft 1 y)f(e ony6nHKOB8HHblX 

H PS1ll9 cny'I89B Mbl C8MH o6pamaeMCSI K Hay'IHblll 

t50IJ99 KpynHbiM nony'I8T91JSIM H8WHX H3ll8HHR - C npoC 

CIJ8Tb H8M K8KH9-IJH60 KHHrH HIJH Bb!ITHC8Th lliJSI Hamel 

)f(ypH81Jbi1 H3ll8IOWH9CSI 8 HX CTp8H8X, 

0 T,Q8.1bHble 38Dp0Cbl 

l13ll8T91JhCKHft 0Tll91J 9JKerOJIHO Bb!ITOIJHSI9T OKOIJO 3 
cos sa BbiCbiiJKY H3ll8HHA OH.RH. B TSKHX sanpocax 

YK83b!B8Th HHll9KC 3anp8WHB89MOrO H3ll8HHSI, 

A.Qpeca 

nHc&Ma no seeM sonpocaM o6Meaa ny6nHKSUHSIMH 1 

OTll91JhHbl9 H3ll8HHSI CIJ9llY9T H8Dp8BIJSITh no 8llpecy: 

MocKsa, 

rnaBHbiJI nO'lTBMT1 niH 79, 
HsaaTenhCKHJI oTaen 

06~eQHH8HHoro HHCTHTYTB 

HQepHbiX HCCneQOBBHHJI, 

A11pec llnsr nocbinKH scex ny6nHK8UHA B nopSillKe 

(5ecnnaTHoft nollnHCKH H8 H8Y'IHbi9 )f(ypH81Jbi! 

,, 

MocKsa, 

rnaBHbiJI nO'lTBMT1 niH 79, 
Hayqeo-TeXHH'lecKaH 6H6nHo 

06~8QHH9HHOrO HHCTHTYTB 

HQ9pHbiX HCCfl9QOBBHHJI, 


