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1. BBEilEH~E 

B PAAe aKryanbHbiX 1r1 ea>KHbiX ¢H3VI'-!ecKI-1X aaAa4 rpe6yercA 3HaTb 

npocrpaHCTBeHHyiO CTpyKTypy 3JleKTPOHHO-¢l0TOHHbiX JlltiBHe~ /3¢111/, 
Bbi3BaHHblX raMMa-KBaHraMJ.1 BbiCOKI-1X 3Heprlt1H. TaKyiO 111H¢lopMattlo110 

MO>KHO nony'-IHTb JlH60 HenocpeACTBeHHO lr13 3KCnepHMeHTaJlbHblX HC

CJleAOBaHHH, JlH60 nyTeM MOAe11lr1pOBaHlr1A npo~.tecca pa3BHTVIA 3$Jl 
a AaHHOM eeu;ecree no MeTOAY MoHre-Kapno1 11. 0AHaKo c npat<T~r~
'-leCKoH TOLIKJ.1 3peHHA >Kenare.nbHO I-1MeTb npOCTble ¢lOpMyJ1bl, annpOK

CHMlr1pyiO~He C AOCTaT04HOi:1 T04HQCTbiO npocrpaHCTBeHHYIO CTPYKTYPY 

3¢1Jl H no3BOJ1RIOW.lt1e OU,eHI-1Tb nOJlHYIO 3HeprYIIO raMMa-KSaHTa, Bbi3Ba8-

wero Jllr1BeHb, HCXOAA l-13 3aperHCTPlr1POBaHHOi:1 B AaHHOM 06beMe Ae

TeKTOpa AOIH'I CyMMapHbiX HOHH3aU,140HHbiX norepb JlHBHeBbiX 3I1CKTpO

HOB ~ noa~TpoHOB IAa.nee: 3.neKTpOHOB/. PeweH~e ~MeHHO TaKe~ aa

,qa'-4~ fiBJ1fleTCR t.~eJlbiO HaCTORU\e~ pa60Tbl, B KOTOpo\4 BblnOJ1HeHbl , 

1-13MepeHI-1fl AI11-1H npo6eroe 3.neKTpOHOB 3<J>JJ, o6paaoeaHHblX raMMa

KBaHTaMH c 3Hepr~~~e~ EY =/60+2000/ M3B e m~rt.QKOM KCeHoHe. Ha 

OCHOBaHI-1~ npo,qe.naHHOrO CTaTHCTI-14eCKOrO aHa.nl-13a pe3yJ1bTaTOB 1-13-

MepeH~i:i Bbtee,qeHbl npoCTbte ~ YA06Hbte AI1R npaKTI-1'-lecKoro l-1cno.nb

aoeaHV1R <f>opMyJlbl, annpOKCI-1M~PYIOll.l~e npOCTpaHCTBeHHYIO n.nOTHOCTb · 

V10HH3at.~HOHHbiX noTepb J11-1BHeBbiX 3JleKTp0HOB 8 3$JJ. 3KcnepHMeHTa.nb

Hble ,qaHHbte nOI1Y4CHbl C nOMOW,biO 24-.n~TpOB0\4 KCeHOHOBQ\4 ny3blpb-

KOBOi:i KaMepbl 01-UI~ /KnK/, 06Jly4eHHOi4 B ny!.lKe 17'+ -Me30HOB C ~M-
nynbCOM 2,34 f3B/c. 

2. 3KCnEP~MEHTAflbHbl~ MATEP~An 

6btl10 npOCMOTpeHO 100 TbiC. CTepeO<J)OTOrpa$1-114 KnK 1-1 OT06paHO 

1500 c.ny4aee 3$JI, no.nHOCTbiO paae1-1BWHXCR e npe,qenax BII!.QII!Moro 

o6beMa KaMepbl. Kpii!TePHI-1 Bb16opa o6ecne411!Ba.nH eoaMomHOCTb Ha,qem

HOH ~-'~AeHTV1$HKat.~HH c.ne,qoe .n~tteHe8blx a.neKTpOHOB 1r1 HCKJll04eHHR cne
,qoe 4lOHOBbiX 4aCTHL(2/. npoCMOTp 6bl11 BblnO.nHeH Ha penpoeKTOpe, 

yee.n~tt4V1Ba~eM 1-1ao6pameH~tte cpe,qHeH n.nocKOCTH KnK e K=0,84 paaa. 

Cor.nacHo KPHTepHRM OT6opa e 3ToH n.nocKOCTH pacno.naraiOTCR oc~tt 

pa3BHTHR /OP/ ecex oTo6paHHbtX .n~tteHeH *. Bo ecex npHHRTbiX K 

,qa.nbHeHweMy aHa.n~ttay c.ny4aRx 3$JJ I-13MepRI1HCb Ha TOM me penpoeK-

* no,q OP Mbl 6y,qeM nOHHMaTb, KaK 1o1 paHee 12 •31 , nonynpRMYKl, 

Hal4HHaiOU\YIOCR B T04Ke KOHBepCHH nepBJ.14HOrO raMMa-KBaHTa H Ha

npae.neHHYIO e,qo.nb ere HMny.nbca. 
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TOpe AllHHbl CYMMapHbiX npo5erOB J11.1 BH€BbiX 3DeKTPOHOB 1 .1\ 2 r . , 
; 1 

HS6!110,QSeMbiX B nJlOCKOCTV1 npO€KltHH 'cHHMKS BHyTpl-1 npRMOyrO.nbHI-1-

KOS paaMepoM At== 20 MM BAOllb OP 1-1 ~P= 10 MM a HanpaeneHHH, 

nepneHAHKYilRPHOM K OP. C.ne,c.oeaTenbHO, eem·t4HHa ~2 r ecTb 

<!>yHK~"H KDDPA"HaT t " p II~ r. =II~ r. (t,p). 
i 1 i 1 

3HeprHR Ey raMMa-KBaHTa, o6paaoeaewero !lHBeHb, onpeAeJJR

nacb no cyMMapHoMy npo6ery ecex JlHBHee~x 3neKTpOHOB, Ha6n~

,QaeMbiX B ,QaHHOM C06biH1\11 1 COrJlaCHO COOTHOWeH\1110/4/ 

E (a/k)~r. 
)' 1 

/1/ 

r,Qe ,QilR >t<\II,QKOro KCCHOHa a== /0,60+D,02/ M38/MM. 

~aMepeHHR AilHH cyMMSPHbiX npo5eroe !\ 2 r. 6b111H BblnO.nHeHbJ ,QBa>K-
i 1 

Abl. nepBbJH paa H3MepR.nHcb Ail111Hbl ecex BHAJ.1MbiX c.ne,Qos 3.neKTpOHOB 

3¢n, 4TO npaKTH4eCKH cooTeeTcTeyeT 3HeprHH o6peaaHH~ E
0 

.nHB-

HCBbiX 3J1€KTpOHOB E0 ~0. 80 BTOpOM CJ1y4ae 6b1JlH HCKJ1104CHbl ace 

CJ1C,Qbl, ,QJ1HHS KOTOPbiX He npeBbiWSeT 5+2 MM. 3TO npaKH14eCKH CQ-

OTBe~CTByeT 3Hepn-1H o6peaaH~t~.R E 0 == -/3~1 ,2/ M3B. TaKHM o6pa-

30M, ,QJlR KS>K,QOrO C06b1Hi.R 3¢n 6b1Jl H3MepeH HS60p BeJlH4HH 

1\~ri =·~~'; (EY,E 0 ,t,p) 
1 

/2/ 

nnoCKH€ KOOp,QHHSTbl ( t, p) 8 ,QS!lbHeViweM BblpS>K€Hbl 8 e,QHHit1l~SX 

!\t== 16,8 MM H i\p=8,4 MM B >KVI,QKOM KC€HOH€ 1 4TO COOTBeTCTByeT 

8 pS,QHai..IHOHHbiX C,QVIHHL(aX /pa,Q.e,Q./: i\t= 0,588 pa,Q.e,Q. J.1 b.p = 
= 0,294 pa,Q.e,Q. 3AeCb npHH.ATO, 4TO 1 pa,Q.e,Q. >KH,QKOrO KCeHOHS 

pasHa 40, 5~ 1. 7 MM 15 ,., ¢opMyna /2/ oaHa4aeT, 4TO 8€JlH4HHa A~ r i 
1 

OTHOCVITCA K npRMOyrOJ1bHV1Ky C KOOp,QJ.1HSTSMJ.1 B€pWHH (t, t -/\ t) 
BAOilb OP "' (p,p-Ap) a HanpasneHI-11-1, nepneH,QHKYllAPHOM K OP. 
Koop,QHHaTa p OTC'-lHTbiBaeTcR OT OP. B o6w.e~ cno>+<HOCTH 6bi!10 Bbl

no.nHeHo OKO!lO 250 TbiC. itt3MepeHHVi B€!1J..14J.1Hbl J\kri ,QJ1R 1500 cny-

"aee 3<!>!1. 
3HeprHRM 

s Ta6n. 1. 

i -
PacnpeAeneH~t~e npoaHallJ.13HPOBaHHbiX co6biTHH 3¢11 no 

E y raMMa-KsaHTOB, o6pa3oaaswHx 3TH JlHBHH, ,qaHo 

TaK KaK H3y4aeMble !11-1BHH paas~t~sanHCb a !.130TponHoi1 cpeAe 

/>KHAKHH KCeHOH KnK/ "'• cneAOBaTeilbHO, o6naAa~T ocesoH CHMMeT

pHeH B CT8THCTH4eCKOM CMbiC!le, TO npH 8H8JlJ.13e Cpe,QHHX xapaKTe

pHCTHK 3~n o6e nonOBHH~ nnocKoro ~t~ao6pa~eHHR KamAoro cny4aR 

3¢Jl OTHOCHTenbHO OP MOmHo paccMaTpHBaTb KaK .Q8a 3$~eKTHBH~x 

He3SBHCHM~X co6~TJ.1R 3¢Jl, COOTBeTCTBY~J.1X A8HHOH 3HeprHJ.1 Ey 
nepBH4Horo raMMa-KsaHTa, onpeAeneHHoH cornacHo /1/. 

TaKHM o6pa3oM, ~aKTH4eCKHe 4HCna H3y4eHH~x co6b1THH 3~11 
BABOe ·6onbwe, 4eM 41-'tc.na NY • npHse,qeHH~e s Ta6n. 1 • Benw-tHHa 
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Ta6n"~a 1 

4Hcna Ny npoaHan~3HpoeaHH~X 
cny4aes 3IleKTpOHHO-<f>OTOHHbiX 

.nHBHe~ H cooreercrey~~He HM 
3Ha4eHHR 3HeprH~ Ey raMMa

KBSHToa, 06pa30SaBWHX 3TH 

JlHBHH 

Ey /MaB/ 

65!_5 

75!_5 

85!_5 

100+10 

120+10 

145!_15 

175!_15 

210+20 

255!_25 

310!_30 

375!_35 

455!_45 

555!_55 

680.!:70 

875.!:125 

1125!_125 

1375!_125 

1635!_125 

1875!_125 

23 

23 
46 

130 
143 

208 

190 

190 

135 
118 

80 

61 

53 
32 

36 
12 

8 

5 

7 

>Ke 6.}: r. 8 /2/ 3SBHCHT TOJlbKO 

i ' 
or a6co.n~rHoro 3Ha4eHHR napa
Merpa p, a HMeHHO, paCCTORHHA 

or OP, 6ea y4era Hanpas.neHHA 
BileBO HilH snpaeo OTHOCHTe.nbHO 

OP. 

3. AHA!l~3 3KcnEPHMEHTAilbHbiX 
PE3YilbTATOB 

UenbiO BblnO.nHeHHOro aHa.n1-1aa 

3KcnepHMeHTSilbHbiX ASHHbiX 6b!Il 

noA60p reopeTHKO-aepOATHOCTH~X 

MOAe.neH CTSTHCTH4eCKOH 38BHCH

MOCTI-1 

onpeA·eneHHOC1 coorHoweHHRMH I 1 I 
H /2/, OT nepeMeHHbiX (t,p) 

H napaMerpos E y "" E 0. np\.1 3TOM 

Ey~ 2i\E(Ey,E0
,t,p). /4/ 

t,p 

B Ka4ecrse KpHrep~t~es e~6opa 
3THX MOAene~ 6~111-1 npHHAT~ c.ne
AY~He: 1/ npocrora; 2/ o6~e
~H3H4eCKHe npeAcTasneH~H o npo

~ecce o6paaosaH~R 3~n; 3/ cTa

T~CT~4ecKaR 060CHOBBKHOCTb, 

~CXOAR H3 3THX Kp~Tep~eB 

npeAcTaBnReT ~HTepec s nepsy~ 

o~epeAb nposep~Tb 3BBHC~MOCTb 

Me)I(AY nepeMeHHbiMH t H p, Ont-1-

C~Ba~~I-1MH pacnpeAeneHHe HOHH-

3a~~OHH~X noTepb I11-1BHeB~X 

3neKTPOHOB B nnOCKOCTH npoeK~~H 

H306pameHHR 3~n Ha CH~MKe. 

3. l, CTaT~CT~LtecKaR aaSHci-1-MOCTb MemAY npOA011bH~M 

H nonepe4H~M pa3BHTHeM 3~n 

PeaynbTaT~ H3MepeHHH AMHH cyMMapHYX npo6eros aneKTpoHOB 

naBHHbl ~r ri (Ey,Eo,t,p), COOTBeTCTBY~HX AaHHbiM 3Ha4eHHRM 
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3Hepr~tt~tt "Ey lt!Hittl.l~ttlt!PYIO~It!X 3Titt 1188'-'tHbl raMMa-KBaHTOB Itt 3Hepr~tt~tt 

o6pe3aH~ttR n~ttsHeBbiX 3J1eKTpOHOB, E 0 , npeACTSBI1RIOT co6o'1 
19x2=38 KOppeJ1R~J.10HHbiX Ta6m1l.l /19 J.1HT€pBSJ10B 3HepnB1 Ey, CM, 
Ta6n. 1, "'2 aHa~eH~ttR 3HeprH~tt E0 : 0"' 3 M38/. AnR KamAo'1 H3 
3TI-1X Ta6nY1l.l aHanor~tt~Ho TOMy, KaK 3To Aenanocb paHee 131 , 6biJ1H 
Bbi~HCJ1€Hbl 3Ha4€HHR T€CTOB0'1 CTaTHCHIKH 

k e 
x2 ~ ~ 

(ntp -n·r, ·r.,J 

n·rt ·rp (k-1) (f -1) t=! IF! 

rAe 

ntp =6.fr 1(Ey,Eo ,t,p)/6.t.n.p, 

n= kntp' 
t,p 

r = ~ n /n, r 
t p tp p 

~n /n. 
tp 

k !.1 £ - pa3M€pbl TS6IH·1llbl, t VI p BblpameHbl B eAI-1HHL~SX !l.t = 

/5/ 

= 0,588 PSA.€A• VI _hp= 0,294 PSA.eA. Be~eCTBS COOTBeTCTBeHHO. 
8n1 3Ha4eH!.1R npt.1BeAeHbJ a Ta6n.2. 6blnl-1 TaKme Bblt.~HcneHbl aHa~e
HVIR K03$$HL~HeHTS KoppeilRl.IH"l C MemAy t H p !.1 OL~eHeHbl Be!li-141-1Hbl 
AOBepHTeilbHOrO lt!HTepsana, !l.c, COOTBeTCTByiO~ero AOBepHTeilbHOH 
sepORTHOCTH 0 ,95/6/, 

. npHBeAeHHbJe 8 Ta6n, 2 ASHHble n03BOilRIOT CAeilSTb 3SKJ1104eHHe 
0 TOM, 4TO HeT OCHOBSHH~ OTBeprHyTb rHnOTe3y 0 He3aBHC~t!MOCTH 
npOAOilbHOrO (t) H nonepe4HOrO (p) pa3BI-1T¥1R 3Cl>Jl B H3y4eHHOM 
HHTepsane 3Ha4eH1-1H Ey np1-1 o6oHx 3Ha4eHHRX 3HeprHH o6pe3aHHR 
E0 • CneAyeT OTMeTHTb, 4TO a HHTepsane E y ~ 1125 M3B nony4eHbl 

;::~~=H=~:M~~~~:::~K~;·H ;::e:~:o3::n~:~;~::: ~T~~~~:I-1::6:;:_ 
WHM ~I-1CJ1SM Ny J.13MepeHHbiX CJ1y4aea 3Cl>Jl /CM., HanpHMep, Ta6n,1 

161 
"pa6oTy /. 

CsoHCTBO HeaaBI-1CHMOCTH nepeMeHHbiX t H p ASeT soaMOmHOCTb 
aanHCSTb, KSK J.1 paHee lSI, ¢YHKL~VIIO 4aCTH4Hb1X CyMMepHbiX npo6eros 

J1!.1BHeBbiX 3IleKTpOHOB B CJleAYIO~eM B~t~Ae: 

~ r1 (Ey,E0,t,p) 

n.tn.p 

H!lH, c y4eToM /1 I, AllR -$yHKLI\.1H cyMMSPHbiX HOHI-13SL~HOHHb1X noTepb 
IlHBHeBbiX 3J1eKTpOHOB: 

n.e(Ey,Eo ,t,p) 

"'tn.p 
171 

rAe f 1 J.1 f 2 RBJ1R~TCR MaprHHSJlbH~MH pacnpeAeJ1eHHRMio1 KOppeJlR
U,HOHHOH TS6IlHU,bl: 
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fl(E),.EO,t) ~ :l;( ~e(Ey,Eo ,t,p)) Ap, 
P AtAp 

/8/ 

f (E ,E ,p)~ l( ~e(Ey.Eo,t,p) )~t. 
2 Y 0 t At,\p 

/9/ 

CneAOBaTenbHO, 3aAa~a Haxo~AeH~R 3Mn~p~4ecKo~ ¢>YHK~~~, onH

CblBSIOll.lelil CTPYKTypy 3¢n 8 nnOCKOCTVI CHVIMKa 1 CBOAV1TCfl. K Bbl6opy 

MOAene~ npOAOI1bHOro /8/ 111 nonepe4Horo /9/ pa3BHTHR nHBHelil no 

OTAenbHOCTH. TaKaR 3anHCb YA06Ha e~e H TeM, 4TO, KSK 6yAeT 

nOKa3SHO Aanee, np~--1 Bbi60pe COOTB€TCTBYIOlLI€ill HOpMt1pOBK\It ¢yHKU,Vln 

f 1!.( E y· E 0 . t) MomeT 6b1Tb OTO>t<Aec;sneHa c KacKaAHOM ¢yHKu,1-1eM 

8 OAHOMepHolil KSCK3AHOiil T€0PI-1H /7;. 

Ta6n"~a 2 

3HS4€HV1fl T€CTOBOiil CT8TI-1CTHKH X~ C m CTeneHRMVI CB060Abl 

/onp€A€J1€HHOiil C00THOW€HV1€M /5//, COOTB€TCTBYIOU\V1€ rHnOT€3€ 

0 H€3SBI-1CI-1MOCH1 npOA011bHOrO (t) VI nonepe4HOrO (p) pa3B\.o1Ti11R 

3¢n, Bb13BaHHbiX raMMa-KaaHTaMI-1 c 3Heprl-1eill Ey. C- Ko3¢>$HU.H€HT 

KoppenAu,Y~~-t Me>t<AY t 1-1 p; A C - ou,eHO"''Hble 3Hal..leHI-1R eenl-14HHbl 

AOBep~TenbHOrO l-1HTepsana, COOTBeTCTBY~~ero AOBepl.1TenbHO~ 

sepOTITHoCTI-1 0,95. E0 - 3Heprl-1fl o6pe3aHI-1R nl-1BHeBbiX 3neKTPOHOB, 

E,JM3B/ --..--=Eol!...::~::..O _________ ---;;ciE-"o-~_3_M...;3:.::B-:;~;-:::--

------.X~~~ __ C_:±:.::.'\::C:_ ____ X17/m C± L\C 

65 
75 
85 

roo 
!20 
!45 
175 
2IO 
255 
3IO 
375 
455 
555 
680 
875 

II25 
1375 
1625 
18'75 

3,8/2 0,29;t0,30 1,8/2 0;21;t0,30 

6,9/6 0,30:!;0,30 5,9/6 0,28;t0,30 

16,2/9 0,44:!;0,!5 !4/6 0,49;t0,15 

9,9/8 0,33:!;0,17 5,4/8 0,20;t0,20 

~8/IO 0,23:!;0,17 7,8/IO 0,23:!;0,18 

I3,4/I8 0,22;t0,I5 !0,1/IO 0,29:!;0,!6 

!5,8/18 0,27;tO,I4 17,5/IB 0,28;t0,15 

23,8/2! 0,30:!;0,13 15,4/I4 0,28;tO,I4 

27,3/24 0,30:!;0,11 28,6/21 0,38;t0,12 

29,6/30 0,28;tO,I2 30,1/30 0,29;t0,12 

34,5/33 0,30:!;0,!5 32,2/33 0,29;t0,15 

39,9/48 0,23:!;0,18 34,9/40 0,23:!;0,18 

64,2/48 0,29:!;0,18 53,8/48 0,28;t0,18 

71,5/56 0,29;t0,28 52,6/52 0,28;t0,28 

74,2/68 0,2zt0,25 62,9/68 0,22±0,25 

64,9/36 0,3~0,40 200,5/85 
74,5/36 0,30:!;0,55 266,2/128 

2!1,9/39 0,29±0,55 435,7/126 
144,3/42 0,3zt0,55 639,1/126 

0,34:!:0,40 
0,30:!;0,55 
0,31±0,55 
0,32;t0,55 
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3.2. npo,QO!lbHOe p83B~T~e 3$D 

TaK K8K npo~ecc pa3BHT~A 3$n COCTOHT ~3 MHOmeCTB8 H€38B~C~
MbiX ~JlH BeCbMa cna6o 3aBHCRlJ.IHX ,Qpyr OT ,Qpyra 8KTOB CTO!lKHO
B€HH~ JlHBH€8biX 3JleKTpOH08 C 8TOM8MJ.1 cpe,Qbl, npHBO,QAll.\HX 8 OCHOB
HOM K J.10HH3a~~~, 06p83088HJ.1~ 8 -3neKTpOH08 ~ TOpM03HOMY H3-
ny~€HH~, a T8Kme ~3 MHOrO~HC!l€HHMX 8KTOB o6pa3088HHR 3Jl€KTpQH
HO-n03\.1TPOHHbiX nap, TO COr naCHO np~HATMM HaMJ.1 KpHT€PHRM 8bi60pa 
BepORTHOCTHbiX MO,Q€Jle~ 06Cy}I(,Q8€MOrO R8Jl€H~R C!l€,QyeT, ~TO B nep
ey~ 04epe,Qb Ha,QO p8CCM0TpeTb ¢YHK~H~ raycca H!lH rayCCOBCKOrO 
THna~ 0Ka3a!l0Cb, 4T0 38BHC~MOCTb 

- 2 
f

1
(E ,E 0 ,t)~A·expf- (t-t) ] 

y 2a 2 /10/ 

xopowo om1CbiBaeT npo,QO!lbHoe paaBHTHe 3¢n npH scex ~ayt.~eHHbiX 
HaM~ 3Ha~eHHRX E y "' Eo a a ~cK.mo~eH~eM ~HTepsana 3Hal.leHHC1 
t $ 1 pa,Q. e,Q. It OTCI.l~TbleaeTCR oT T04KVI KOHBepcH~ raMMa

KBaHTa, Bbi388BWero JlH8€Hbl, B KOTOpOM KOppe!lR~HRMH npeHe6pe4b 
H€Jlb3A. lhofibl YCTP8HHTb 3TO orp8HJ.14€HH€ H nO!lY4HTb ct>opMyny, 
cnpase,QJ1HByiO so sceC1 o6nacT~ aHal.4eH~C1 t, ~enecoo6paaHo o6o6-
ll.\HTb Bblpa>KeHH€ 181 8 B~,Qe 

)'(E ,E ) 
f 1(Ey,E0 ,t)~a*(Ey,E0 )t Y 0 exp{-fo(Ey,E

0
)t2

]. /11/ 

r,Qe napaMeTpbl a* , {i ~ )', AB!lAIOU.I,J.1€CA, 8 CBOIO 04€p€,Qb, cf>yHK~HAMH 
cf>H3~4€CK~t~x napaMeTpoe E)' ~ E 0 , H8AO onpe,Qen~t~Tb H3 3KcnepH
MeHT8!lbHbiX ,QaHHbiX. TaKOY! B~A ¢YHK~I-1~ f 1 (E)',E

0 
,t) o6ecnel.l~t~BaeT 

BblnO!lH€Hitl€ €CT€CTB€HHOrO Tpe60B8HY!fl 

T .e. YTOfibl 3¢n H81.lHH8!lCR 8 T04Ke KOHBepC~VI nepBH4HOrO raMMa
KB8HT8. 6~Jl0 H8C1,Q€HO, 4TO BepOATHOCTb onHC8Tb 3KCn€pHM€HT8Jlb
Hbl€ ,QBHHble ¢YHK~HeC1 111 I cocTaanReT He MeHee 30%. 0Kaaanocb 
B03MOmHbiM annpOKCHM~pOB8T b 38B~CitiM0CTb napaMeTpOB a*, {j H y 
OT E y, np"' o6oHx 3H84eH~t~Ax 3Hepr~t~H o6peaaHHA · E 0 • cne,QyiOut~
MH npOCT~MH ¢YHK~ItiAM~: 

/13/ 

/14/ 

/15/ 
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KpOMe 3Toro, 6btlla TSIOKe paCCMOTpeHa anbTepHan1BHaR OTHOC~Te!lb
HO /14/ 3Mn~p~4eCKaA MO,Qe!lb ,QilR K03~$H~~eHTa ~: 

/14 'I 

KOTOpaA TaK>Ke MO>KeT 6b1Tb J..1CnO!lb308aHa AflA npaKTJ..14eCKI-1X npHMe-
HeHHH. 41-iC!leHHble 3Ha4eHHA K03$$J.1~HeHTOB ai H b i ( i ==: 1, 2, 3, 4) 
AIIR 060J..1X 3Ha\..leHHH 3HeprJ..11-1 o6pe3aHH~ £ 0 , a TSK>Ke COOTBeTCT
BYIO~He aHa4eHHR x 2 In cTaTJ.1CTH\..IecKoH no,~:~roHKH npHBe.QeH::.t 
a Ta6n.3. n 

2 

3 

4 

4HCileHHbte 3Ha4eHio1R napaMeTpOB ai , bi H C (i=1,2,3,4) 
B ~OpMynaX /13/, /14/ H /15/ H COOTBeTCTBy~He HM 
3Ha\..leHHR TeCTOBO~ CTaTI-1CTio1KH )(;/n Af1R 060io1X 3Ha4eHio1tlr 
3HeprHI-1 o6peaaHHR E 0 111-1BHeBbiX 3IleKTPOHOB. 3Ha4eHI-1R 
napaMeTpoa nony\..leHbl a npeAnono>KeHt-1H, \.ITO Afllo1Ha t a I 10/ 
Bbtpa>KeHa a e.Qt-1HH~ax ht"" 0,588 paA.e.Q., 3HeprHR Ey-
B M3B 

E
0 
~ o E ~ 3 

0 
M3B 

., b; x2/n ., b i x2/n 
27,1 ±2,6 0,10 ±0,02 7,5/16 26,8±2,6 0,12 ±0,02 7,8/16 

357 ±102 5,11 ±0,16 21,4/16 364 ±110 5,10±0,17 22,2116 
0,065±0,014 0,35±0,04 6,0116 0,045 ±0,009 0,40 ±0,04 7,4.116 

53 ±23 1,3 ±0,1 16,1116 61 ±28 1,3 ±0,1 16,8116 

c ~ 0,011 ±0,002 c ~0,012 ± 0,002 

Cne,~:~yeT OTMeTt-1Tb, \.ITO ¢YHK~HR /11/ onpeAenRnacb TaKHM o6-
paaoM, 4T06bt 

f f 1.(E ,E ,t)dt ~ E . 
0 y 0 y /16/ 

0TCIOAa ~TeKaeT COOTHOWeHHe Me>KAY K03~H~HeHTaMH a*,~ 
l:U.._ 

a*~E 213 2 

y ql'.:t...!.) 
2 

H y: 

/17/ 
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3.3. nonepeYHOe paae~T~e 3¢J1 

nbcKOJlbKY HanpaeneH~e, nepneHA~Kyn~pHoe K OP IBAOJlb K00PA~

HaTbl p I, He ~Bn.AeTc~ Bb1AeneHt1biM c TOYK~ apeH~~ npou,ecca paa

B~T~~ 3¢D, TO cneAyeT om~AaTb, ~TO xppow~M np~6n~meH~eM 3Mn~

PH4ecKoro Mapr~HaJlbHoro pacnpeAeneH~~ 191 eo seeM ~HTepeane 

3Ha4eH~t~s::i nepeMeHHO~ p 6yAeT HOpMailbHOe pacnpeAeneH~e 

/18/ 

r~noTeaa 1181 6blna npo.eepeHa An~ ecex ~t~3y4eHHbiX 3Ha4eHvu1 3Hep

r~-l'ii EY ~ E0 np~ noMow,~ TeCTa x 2 . TaK KaK a paccMaTpvteaeMOM 
" n 

~HTepeane aHa4eHIII~ E y nonepe4Hble paaMepbl 3<t>J1 OTHOet-1TenbHO He-

een~t~K~ I p S 3 paA.eA.I ~, cneAoBaTeilbHO, 1..1~cna n cTeneHeM 

CB060Abl ~CnOilb3088HHO~ TeCTOBO~ CTaT~CT~~ X~ TaKme ADCTa

T04HO MaJlbl (n::: 1, 2, 3, 4) , TO OKa3aJlOCb B03MOmHbiM cpaBH~Tb pac-

npeAeileH~~ W (x2 ) nony4eHHbiX 3Ha4eH~t~M x 2 c omvtAaeMbiM~ 

f(x:) npltl OA~HaKOBOM \..IJ.1CJ1e CTeneHes::i ceo&Abl n no Kp~Tep~IO 

X 2 ( n) 
m 

-1\ F. (x z )l 2 
' n /19/ 

rAe I\ F. (x
2

) = I f(x 2 )ctx 2 - aneMeHT nnolllaA~ w~p~Ho" U>\2 ), 
I n (AxrFh n n n 

COOTBeTCTByiOw,eM w~piiiHe i -ro CTOI16V1Ka rii!CTOrpaMMbl wi Cxn2 ) . 

BblnOnHeHHble no IPOpMyne I 191 l..l~cneHHble otteHK~ noKaaan~, 4TO Ha 

ypOBHe 3Ha4~MOCT~ 0, 05 HeT OCHOBaHVI\It Ail~ OTKilOHeHVI~ rYinOTe3bl 

1181 0 HOpM8JlbHOM 3aKOHe pacnpeAelleH\tlfl VIOHIII3aL.J.III0HHbiX nOTepb 

JlHBHeBbiX 3neKTPOHOB a HanpaeneHV11o1 p, nepneHA~Kyn~pHOM K OP 3¢J1, 

80 seeM V13y4eHHOM IIIHTepaane 3Ha46HJ.1\It E y 111 EO He3aBJ.1CVIMO OT 

rny6VIHbl t pa3BVITHR 3¢J1, np111 3TOM 

2 I f
2 

(E ,E0 ,p)dp ~1 
0 y 

~, CJleAOBaTeJlbHO, 1113 171, 1161 H 1181 BbiTeKaeT, 4TO 

B peaynbTaTe 4HCileHHoro aHanlll3a HenapaMeTpV14eCKoH nmoT_e3bl 

1181 6bt11 no11y1..1eH Ha6op 3Ha4eHV1'1 ,qlllcnepc~llt 

/20/ 

/21/ 

a~ a (Ey, Eo, t ), /22/ 
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KOTOpbl~ OKS3SnOCb B03MO}f(Hb1M OnvtCSTb npOCTO~ 3aBvtCV!MOCTbiO: 

/23/ 

,lJ.nR K03¢$vtL.J,vteHTOB rn VI b, B CBOIO 04€P€Ab, nony4€Hbl CI1€AYIOL41-1€ 3M
nl-1pi-14€CKI-1e ¢OPMYI1bl: 

l l m """a .E- ,1 
1 )' 

rAe a 1= 0,47~0,020, f:lt= 0,22~0,06, !x~= 
= /0,68:!:_0,47/·10-4 ,f:J 2= o,46+0,03, !x2 = 

- 2 

0,06/, 
0 ,27/. 

/24/ 

/25/ 

a2 = 
np1o1 AOCTI-1r-

HYTOII! T04HOCTVI 3KCnepvtMeHTa aenvt4V!Hb1 m 1-1 b npSKTYt4eCKV! He 
3aBI-1C.RT OT E 0 ; p B /18/ Bblpa>t<eHa B eAYtHvtL.J,aXt\.p =0,294 paA.e.Q. 

CneAyeT noA4epKHYTb, 4TO TaK KaK ¢YHKL.J,vtvt /24/ vt /25/ noAo6-

paHbl e pe3ynbTaTe annpoKCvtMau,vtvt 3SBHCHMOCTYt OT EY 3Ha4eHH~ 
napaMeTpa a, nony4eHHbiX Tal()l(e e pe3ynbTaTe cTaTvtCTH4ecKoi1 noA

roHKvt, TO AI1.R AOCTaT04HO HaAe}f(HQrO CTaTHCTvt4eCK0rO aHal1H3S 

3aBvt01MOCTH a OT E\' H t Tpe6yeTC.R 04€Hb 60J1bWa.R BblfOpKa H3Me

p€HHbiX CJ1y4aes 3c1>n: no 3TOi:1 npH4HHe MO}f(eT OKS3aTbC.R, 4TO HaWI-1 

3MnV1pH4eCKHe cflOPMYilbl /23/, /24/ VI /25/ COxpaH.RIOT lllo1Wb npvt6JTH

>K€HHbl~ xapa KTep npH 6on bWHx 3Ha4eHH.RX t I t ::..:.. 5 paA. eA. aeLl.(eCTBa/. 

B KS4eCTBe anbTepHan1BHO~ r~t~noTe3bl o BHAe cflyHKL.J,vtH nonepe4-

Horo pacnpeAel1€HYI.R V!OHvt3aU,HOHHbiX noTepb 11HBHeBb1X 311€KTPOHOB 
6bll1a paCCMOTpeHa, KaK paHee /3/' 3a81-1CHMOCTb: 

/26/ 

0AHaKO BblnOJlHeHHbl~ B HaCTO.RLl.(ei1 pa60Te aH~Il\.13, OCH08aHHbli1 Ha 

3HS4VIT€11bHO 60l1bWe~ Bbi60pKe C06biTY1~ 3c1>Jl, He nOATBepAI-111 BbiBOAa 

0 npeAnOI.ITHTel1bHOCTvt 3MnHpvt4eCKOi1 ¢JOPMYI1bl BHAS /26/, XOTA Be

pOATHOCTb onHcaTb e10 3KcnepvtMeHTanbHbJe ASHHbte oKa3anacb Ili4Wb 

HeMHOro MeHbwe, 4eM B Cily4ae cflOpMyilbl /18/. 

3.4. npOCTpaHCTBeHHOe pacnpeAeJ1eHHe 

vt0HH3SL.J,HOHHbiX noTepb B 3c1>Jl 

Ecn
.. I'<E(Ey .Eo ,t, p) 
.. , 4epe3 

"'tl'<p 
J1eHvte HOHvt3aL.J,HOHHbiX nOTepb 1Tio1BHeBbiX 

TO, KaK 6bll10 HaMio1 noKa3aHO paHee/S/, 

OTHOWeHvte: 

311eKTPOHOB 8 npocTpaHCTBe, 

vtMeeT MecTo cneAYIO~ee co-

/27/ 
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rAe p - AilV!Ha paA~t~yc-eeKTOpa e nnocKOCTVI, nepneHAV!KY11APHOM 

K OP. np~HHMaH eo BHV!MaHHe ceoMcTeo He3aeHCV!MOCTH nonepe4Horo 

VI npOAOJlbHOrO pa3BHTV!A 3$n, MO~HO HanV!CaTb: 

f2(Ey,EO,p)~ 2 I 
p 

npH 3TOM 

F E dp 
2( y'EO,p) · 

y1-p2/p2 

/28/ 

/29/ 

/30/ 
l1/ 

ABJlReTCH, B CYUJ,HOCTI-1, OAHOMepHOVi KaCKaAH0l1 $yHKU,V!el1 N e(Ey, E 0 ,t) , 

TaK KaK M€}f{AY l.IHCilOM- N e (E)" E 0 , t) aneKTpOHOB c 3HeprV1eH 

Ee:_::E 0 Ha rny61-1He t paaeVITH.A nHBHfl, Bbi3BaHHoro raMMa-KsaHTaMV1 

c 3Heprl-1ei1 EY, VI AilHHOO '-lacnt'-IHbiX cyMMapHbtx npo6eroe nHB-HeBbtX 

aneKTpoHos !\ ~ r. (E Y ,E
0

, t) I!\ t Ha 3Toi1 rny6~t~He cyuteCT8yeT 
_( I 1 l 

npOCTaR CB.A3tio8.: 

i\Lr.(E ,E 0 ,t) 
i 1 y 

N (E ,E 0 ,t) ~k /31/ 
e y i\ t 

rAe 8 npltiHRTbiX 8 HaCTO.AuteVJ pa60Te Ofi03Hal.I€HitiAX 

A+r,(Ey,E 0 ,t) ,. (/\:l:r,(E ,E0 ,t,p) 
k ) i\p . 

..... , p 1\t./\p 

k- K03~11U,V!€HT nponOpLJ,V!OHaJ1bHOCTV!. 

6b!Jl0 nOKa3aHO / 3/, '-ITO V!HTerpaJlbHOe ypa8H€HV!€ /29/ MO}f{HO 

CB€CTH K Cl1€AY~~eMy: 

x u(y)dy 
~ (x) ~ I -:=::::=;:::::;:-

0 yl-y2;x2 
/9/ 

peweH~tte KOToporo aan~t~CbJBaeTcfl a B~t~Ae 

10 

2 . Y d ~(x) dx 
u(y) ~ -[ tga + Y· I -[--) l, 

" 0 0 dx x yy2-x2 

~(x) 
tga ~ [--)

0
• 

0 " 

/32/ 

/33/ 



TaKLo1M o6pa30M, 8 npeAnonoH<eH~t~H cnpa8e,QnVteocnl n1nOTe3bt /18/ 
AnR ¢-yHK4"""" F

2 
( E y' E

0
, p) nony4aeM cne.Qy!Olqee Bbfpa)f{eHHe: 

F2(E ,E
0,p): - 1-exp(-p 2/2a 2 ). /34/ 

y 2 rra 2 

0KOH4aT€JlbHO pacnpeA€11€HVI€ \.10HJ.13al.IYI:OHHbiX nOTep b J11.18H€BbiX 

3Jl€KTPOHOB 8 npOCTpSHCTBe npVIHIIIMS€T C!l€AY~~Lo1~ BVI,Q: 

tiE (Ey , Eo ,. t, p) 

2rrp tit tip 

a* y 2 p2 
--,.-·1. exp[ -({it+ --

2
) ]. 

2rra 2 2cr 

/35/ 

3aBVICVIMOCTb K03$!H1~VI€HTOB a* , n VI )' OT E)' VI EO, a TaK}f{€ AVIC
nepCVII-1 a nonepe4Horo pacnpe.Qe!leHHR 3¢D OT E)', f. 

0 
vr t onpe

AeneHa COOTHOWeH"RM" /13/, /14/, /15/, /23/, /24/" /25/" B 
Ta6n.3. 3anVTcb /35/ 03Ha4aeT, 4TO e cnoe ae~eCTBa, npe,QcTas

nRK>UJ,eM C06ot:i 3Jl€M€HT KOI1bl\a paA!IIYCOM f! , Wlt1pi-1HOIA dp 1-1 TOJl-

UJ,VIHOt:i d t e nnocKOCTVI, nepneHAI-1KYil.APHOi1 K OP, Bbi.Qen.ReTc.R 
8 cpe,QH€M 8 81-1,Q€ lo10Hio13a41o10HHbiX nOT€pb Jli-18H€8biX 3!l€KTpOH08 
c 3Heprllle~ Ee 2 E 0 KO!llt14€CTBO 3Heprlt1VI /a M3B/, onpe,Qe!leHHOe 

¢opMyno~ /35/, KOrAa !llt1BeHb Bb13BaH raMMa-KsaHTOM c 3HeprV~et1 EV 
fl.pt-1 3TOM ,QJ1!.1Ha t Bblpa>+<eHa 8 €,QVIHLo1\..laX i\t ,_ 0,588 pa,Q.€,Q. 1 a 

A!lVIHa p - e e,QLo1Htt11..4ax 1\p= 0,294 pa,Q.e,Q. sew,ecTsa. Cne,Qosa

Te!lbHO, eC!lVI Tpe6yeTC.R onpe,Q€Jllo1Tb KOJ1VII.l€CTBO 3Hepr!.1Lo1 3¢ln, Bbi
,Q€!l\.18W€€CR B 8J.1,Q€ lo10HVI3aLIVIVI !lVIBH€BbiX 3!l€t<TpOHOB B 3!l€M€HT€ 

o6beMa ,QaHHOro eew,ecTaa A V ~2 rrr i\ r /\.,, r.Qe AJ11-1Hbl ., VI r Bblpa

H<eHbl B MM, TO B ¢l0PMYI1Y /35/ lo1 /21/ HaAO no,QcTaB!.1Tb Cll€AYIOUJ,V1e 
B€Jllt141o1Hbl: 

p •c r( 0,294). 
•o 

3,QeCb x
0

- paA1-1a4HOHHa~ e~VIHLo1Ua paccMaTpVIaaeMoro ee~ecTea 
/B MM/. 

3. BbiBOAb1 

/36/ 

Pe3yJ1bTaT~ B~nonHeHH~X B HaCTOR~et1 pa60Te HCCn€AOBaHVIH 

3J1eKTpOHH0-¢0TOHH~X flHBHeH, o6pa30BaHH~X raMMa-KBaHTaMH C 3Hep

rlo1eH Ey = /6072000/ M36 B )f(J.1AKOM KCeHOH€ 1 MO)f(HQ CyMM1o1poBaTb 

cneAY~~HM o6paaoM: 

1 • BbiBeAeHa $0pMyna I 35/, onHCbtBatOUlaR npocTpaHcTBeHHoe pac
npeAeneHJ.1e J.10HH3a~HOHH~X noTepb flHBHeB~X 3fl€KTPOHOB. 
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2, nony4eHbt ¢lOpMyJlbt, annpOKCVIMVIPYIOW.vte npOAOilbHyiO /11/ 
VI nonepe4Hy~ /34/ CTpyKTypy vt0HH3a~HOHH~X noTepb B JlaB\tiHe, 
nplt14€M Cf>OpMyila /11/ OnHCbtBaeT COrnaCHO /31/ TaK}f(e BVIA OAHO
MepHoH KacKaAHOH ¢YHK~\tl\tl, 

3. $opMyn~ /11/, /34/" /35/ coxpaH"~T cso~ c~ny B n~6o" 
OAHOPOAHOH cpeAe, ecnvt pa3Mepbl nvtBHR Bbtpa3vtTb 4epe3 paAvtau.vtoH
HYIO €AVIHHU.Y ASHHOrO BeW,eCTBa COrJlaCHO COOTHOWeHHRM /36/. $opMy
Jlb1 JT\tl cnpaB€AJl\tiBbl TSK}f(€ AilR H€0AHOPOAHbiX cpeA, KOrAa rpaAHeHT 
HeOAHOPOAHOCTvt HM€eT HeHyneeoe 3Ha4eHHe TOJlbKO BAOJlb OCH paa
BVITVIR IlHBHR. B 3TOM cny4ae paAHaU.HOHHaR eAHHH~a eew.ecTea e ¢op
Mynax /36/ RBJlR€TCR ¢lyHK~vtei1 rny61t1Hbl pS3B\tiTHR JlvtBHR t. 

B aaKJll04eHvte aaTOPbl Bblpa}f(aiOT 6narOASPHOCTb npo¢eccopy 
M.r.MeiJlepRKoay, npo4vtTaaweMy TeKCT pa6oTbl e pyKon~ACH H CAe.nae
weMy PRA none3HbtX 3aMe4aH~~ti1, a TaK>Ke T. KaHapeKy a a noMOlltb np1.1 
¢liiiTV!pOBaHit1111 f..1 Jl. rony6eaoi1, BbtnOJ1HIABWei1 46CTb lt13M€P€HHH, 
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