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1. BBE,UEHHE 

3KcnepHMeHTaJIbHaH HHePopMaUHH o CTpYKType 3JIeKTpOHHO-ePOTOHHhIX 

JIHBHeH (3<1>J1), BhI3hIBaeMhIX raMMa-KBaHTaMH (F'K) BhICOKHX 3HeprHÍ1 

(E y ~ 100 M3B) B ,lI,OCTaTOqHO nJIOTHhIX nOrJIOTHTeJIHX, npe,lI,CTaBJIHeT 

B HaCTORmee BpeMR 60JIhlllOH aarepec, rJIaBHhIM 06pa30M c MeTO,lI,HqeCKOH 

TOqKH 3peHHR, TaK KaK B pane ePH3HqeCKHX H npaxnanasrx sanas B03HHKaeT 

He06xo,lI,HMQCTb BCe 60JIee TOqHO onpenenars saeprmo »<:eCTKOrO 3JIeKTpO

MarHHTHOrO H3JIyqeHHH. Tlpa 3TOM ,lI,aJIeKO ae scerna MO)K}{O nOJIyqHTb ,lI,0

nOJIHHTeJIbHYIO HHePOpMauHIO 06 HCTOqHHKe peracrpapyesrsrx I'K (KaK, 

nanpasrep, B cnysae pacnana 11°_ H 7]0 -Me30Hon na 2 I'K) , HJIH »<:e npOBeCTH 

KaJIH6pOBOqHhIe H3MepeHHH. BMeCTe c TeM 3KcnepHMeHTaJIbHhIe naaasre 
06 3<1>JI ueJIeC006pa3Ho HMeTb B KOMnaKTHOM BH,lI,e, npHrO,lJ,HOM MR npax

THqeCKHX npHMeHeHHH, B oc06eHHocTH, B aazie ,lI,OCTaTOqHO npOCThIX H naneac

HhIX annpoKCHMHpYlOmHX eP0PMYJI, CO,lI,ep»<:alUHX MHHHMaJIbHOe qHCJIO na

pasrerpoa, 3aBHCHMOCTb KOTOphIX OT 3HeprMH Ey npOCJIe)f(HBaeTCH )I.OCTa

TOqHO qeTKO B ,lI,OCTaTO'IHO lllHpOKOM 3HepreTHqeCKOM MHTepBaJIe. 

B HamHX 60JIee paHHHX paõorax /1-3/ 6billM nonyseasr ePOPMYJIhI raxoro 

porta, ornscsraarourae npO,lI,OJIbHOe H nonepexaoe pa3BHTHe JIHBHe~. EhIJIO 

YCTaHOBJIeHO, B qaCTHOCTH, qTO cpenaae MOHH3aQHOHHbIe norepn 3HeprHH 

(CHIl) JIHBHeBhIX 3JIeKTpOHOB H n03HTpOHOB (nanee: 3JIeKTpoHOB), BhI

,lI,eJIReMhIe B CJIoe aentecraa TOJImHHOH ~t, B,lI,OJIb OCH pa3BHTHH JIHBHH 

(OP) *, Y,lI,OBJIeTBOpHTeJIbHO oT06pa»<:a1OTCH raycco-nonoênsrvr pacnpene

JIeHHeM: 

LU.E(Ey,EO ,t) Ai {[ t _ A ] 2 / A 
= A ot exp- 3 21, (1) 

~t 

rne qHCJIeHHhIe 3HaqeHHH K03ePePHQHeHTOB A i (i = O 7 3) ollpe,lI,eJIHIOTCH 

H3 3KcnepHMeHTaJIbHhIX ,lI,aHHbIX. 3HeprHH 06pe3aHMH JIHBHeBhIX 3JIeKTpOHoB, 

E o c O 71,5 M3B, paaaa rroporoaoü 3HeprMM HX peracrpanaa; rJIy6HHa 

t . pa3BMTMH 3<1>JI OTCqHTbIBaeTCH OT TOqKH KOHBepcHH nepBH1JHOrO I'K, ,Upy

rHMH aaropavra paccsrarpaaanacs B xauecrae <l>0PMYJI, annpoxcasrapyronrax 

Clfl'I, pacnpenerreaae raMMa /4/ M pacnpenenenae BeH6YJIa /5/, npasesi 

* OP nanpaaneaa BAonL aeseropa HMnyJILCa I'K, HHHlufHpyrorn;ero JIHBeHL. 

© 06'beAHHeHHbIH HHCTHTYT anepasrx HCCne,/l,OBaHHH ,l\y6Ha, :986. 

• 
'~~Cilhi1nÜ,j~i\, ~acTnyr \ 
.I"!"!iba! !f:' .~!" .llOSIUII , 

1 



B nepaor-r cnynae /4/ onnct.rnanacr, peayrrsrarta qHCJleHHOrO Mo.n;eJlHpOBaHHH 
na 3BM 3JleI<TpOMarHHTHoro rcactcanuoro npouecca. 

B HaCTOHll~eH paõore npaaenensr erccnepasrerrrarrsasre naam.re, rcacaro
I..I..J;HecH 3aBHcHMoCTH·OT r'rryôaasr t cpezmax HOHH3aUHOHHblX noreps 3Hep
rmi JlHBHeBblX 3JleI<TpOHOB B 3<1>JI, 06pa30BaHHblX raMMa-I<:BaHTaMH C anep
rHeH Ey = 200 -;. 3500 M3B. H3MepeHHH BblfIOJlHeHbl na CHHMI<aX 180-JlHTpO
BOH I<:ceHOHOBOH nY3blpbI<OBOH rcar-repsr (KIlK) HT3<1> /6/, 06JlYlJeHHOH 
B rryxxe 17- -Me30HOB C HMnYJlbCOM 3,5 r3B/c. MeTO,lJ;l1I<a KIIK naer B03
MO~HOCTb He TOJlbI<O .n;OCTaTOlJHO .n;eTaJIbHO npOCJle~HTb npocTpaHcTBeHHoe 
pacnpenenenae HOHH3aUHOHHblX noreps 3HeprHH 3JleI<:TpOHOB B OT,neJlbHbIX, 
aaperacrpapoaaaasrx xar-repoü CJlYlJaHX 3<1>11, HO H BblITOJlHHTb COOTBeT
CTBYlOI..I..J;He H3MepeHHR. KpOMe sroro, 180 Jl KIIK HT3<1>, pasr-repsr perncrpa
PYlOI..I..J;erO 06õeMa I<OTOpOH pannsr 103 * 44 *40 CM3 (r.e..... 25,7 * 11 * 10 pa
,nHaUHOHHbIX e,lJ;HHHU 3 - pazr. en.) , B CpaBHeHI1H C panee HCnOJlb30BaHHOH 
HaMH 26 J1 KIIK üI1.HI1 77/ (pasr-repsr peracrpapyrouteã 06JlaCTH: ~ 12,5* 
* 7,5 * 4 pan.en.ê ) , n03BOJlHeT cyutecrnenao orpanamrrt, B03MO~HbIe HCI<a
)KeHHH peansnoü xaprnnsr 3<1>JI, CBH3aHHble C' I<OHelJHbIMH pasxrepaxra ne
TeI<TOpa. 

2. METüll I1CCJIE,ll.üBAHI1H 

Ilpa npocxrorpe 150 TbIC. crepeorpororparpaá 180 Jl KIlK I1T3<1>,. 06J1Y
lJeHHOH 11--Me30HaMH C HMnynbcoM 3,5 r3B/c, 6blJIO oroõpano no cdOTBeT
CTBYlOI..I..J;HM I<pHTepHHM 415 cnysaea 3<1>JI,' cYMMapHble npoõern LR JlHBHe
BblX 3J1eI<TpOHOB I<OTOpbIX conepacanacs B urecrn mrrepaanax, YI<a3aHHbIX 
B Ta6J1. 1. TaM xce rtpaaeneasr tmcJla Ny JlHBHeH, norraaurnx B I<a~bIH H3 
3THX HHTepBaJ10B, a raxace cpennae 3HalJeHHR 3HeprHH E H unrpansr ~E,y HHy
'repaarron, npaser-r npHHHTO, lJTO '8.9/ : 

E = 0,6. LRy (2) 

BO aceã H3YlJaeMOH 06J1aCTH 3HeprHH E . y 
B I<a~.n;OM crryxae oroõpaaaoro J111BHR H3MepHJll1Cb B nnOCI<OCTH npoex

UHI1 CHHMI<a: nOTeHQHaJ1bHaH ,lJ,JlHHa pa3BHTHH L po t , T.e. ~JlHHa, OTClJHThl
naer-raa 01' TOlJI<H I<OHBepCHH nepaa-moro I'K, anorn, OP, no I<:OHua perncrpa
PYlOlQerO oõt.er-ra rcar-repsr, H nrmna qaC1'HlJHblX CYMMapHblX npofieron 
~ (E y • t) / ~t JlHBHeBhIX 3J1eI<1'pOHOB, Ha6J11O,naeMbIX BHY1'PH HH1'epBaJIa 
(t ', t + At}, 

4HCJleHHOe 3HalJeHHe BeJlHlJHHhl HH1'epBaJIa dt 6blJIO BbI6paHO, I<aI< H pa
nee /11, 1'aKHM, lJ1'06bl cpennee 3HalJeHHe O1'HOCH1'eJlbHOH OlllH6KH B onpe
zreneaaa LIT.r(E y • t ) 6bIJIO ne xyxce 20%. OHO pasno ~t ~ 0,6 pan.ezr., npa 
cpeznrera YBeJlHlJeHHH npOeI<UHH JlHBHH B nJlOCKOC1'H srcpaaa 0,9392 (snecs 
·npHHH1'O, lJ1'O 1 pan.en. .n;JlR ~H.n;I<OrO I<CeHOHa paana 4 CM, B COO1'Be1'C1'BHH 
C axcnepm-renransasrre ~aHHbIMH /10/ ) . 

Taõnuua 1 

4HCJla N y oroõpaaasrx CJlYlJaeB 3<1>11 C CYMMapHbIM rrpoôeror-r 
JJlHBHeBblX 3JleK1'pOHOB LR. E y H ~Ey - 3HeprHH H BeJlHlJl1Ha I1H
repsarra 3HeprHH nepBHlJHbIX raMMa-KBaH1'OB (TK) -' BbI3BaBllIHX 
JlaBHHbI. L~.ot - MHHHMaJlbHaH ,nonYCTHMaH n01'.eHUHaJIhHaR zinaaa 
pa3BH1'HH JlMBHeH, Ny - lJHCJla cnysaen 313JI, ztna K01'OpbIX n01'eH
IJ;HanbHaR nnana pa3BH1'HR L 2. L .;ot . Ey- - cpenaee no Bbi60pI<ep o t 
CJlYlJaeB 3<1>11 3HalJeHHe 3HeprHH rtepaaxasrx I'K. 

LR (MM) 316-383 466·566 834-1017 1666-2084 3334-3750 5416-5834 

Ey ±~Ey 

(M3B) 210±20 310±30 555±55 1125±125 2125±125 3375±125 

--

Ny 35 36 97 158 52 38 

L* 
pot 

(pan.en.) 12 16 20 2D 21 24 

N* 33 32 49 75 20 8y 

Ey<M3B) 217±2' 320±4 573±5 1161±14 2223±14 . 3458±31 

2.1. Pacrrpen en en ae n01'eHIJ;HaJlbHhIX nnl1H pa3BHTI1H JlHBHeH 

41'06bl HCKJ1lOlJHTb 3cP<lleK1', CBR3aHHhll1 c OrpaHHlJeHHOC1'blO pasr-repoa 
nerexropa, 6blJI0 nocrpoeao .n;JIR aceü Bhl60PKH 415 O1'06paHHblX npa npo
CMOTpe JlHBHeH )J.BYMepHoe pacnpenenenae ' tma.x ), rne t rna x 03Ha(Lp o t 
xaer MaKCHMaJIbHYlO naõrnonaer-ryio H~ CHHMKe .n;JlHHY pa3BI11'HH JlI1BHH. 
Ilpasrep rarcoro pacnpenenenaa nrra lJe1'hlpex mnepBaJIOB E y npaaenea 
na pHC. 1. llJlR I<a~oro H3 IlleC1'H 3Hepr€TH:lJeCKHX HH1'epBaJIOB 6bmo onpe
zreneao naaôorrsuree no .n;aHHOH Bbl60pKe 3HalJeHHe t * . ClIH1'aR BbI60PKH 

u m~
B .n;OCTa1'OlJHOH Mepe penpesenraraam.rr-ra H CJlYlJaHHbIMI1, MO~O Y1'
aepscnars, lJ1'O Bb160pI<H JlHBHeH, rcoropste ynoanernopmor HepaBeHC1'BY 

) 

L (E) > t* (E ) (3)
po t y ... rnax y' 

õynyr MeHbIlle acero nozmepacensr 3«PcPeKTY, 06YCJlOBJIeHHoMY KOHe1ffiOH 
BeJlHlJHHOH rrpononensrx pa3M_epoB KIIK. 4HCJla ~; CJlYlJaeB 1',aKHX JlHBHeH 
H cpennae 3HaqeHHH 3HeprMH E BbI3BaBillHX HX r K zrna xaxcroro H3 nrecra 
I1HTepBaJIOB npasenensr B 1'a~. 1. BbIBO,lJ, o MHHHMaJIhHbIX B03MO)l(HhIX 

3 2 



PHC. 1. ,UaYMepHbIe paCI1PeAeJIeHHH cnyxaea 
3<I>J1, BbI3B8HHbIX I'aMMa-KBaHTaMH C saep

tmaJ( o EI'=(3'37!i± 125) M3B' 
(paa, (2125:!: 125) M3B 

I'HeH E y' no MaKCHMaJIbHOH aeõmonaesroã• (555:! 55) M3B~~ .z:vume pa3BHTHH t rna x H nOTeH~aJIhHOH+ (210!: 20) M3B 
,nmme pa3BHTHH L pot • ilPHMaH CdOT2~ o 

o BeTCTyeT PaBeHCTBY t max :: L pot . 
o 

21 6gx 
x 00 

OX o 
fIOX 

IIP 00 x18 o _o 
lt:lOO GlDX
 

~. :6 ~Cl( ~ o
 HCKa)KeHHHX, BHOCHMbIX nerexroposr,
15 X ClXX ClQlII. '/
 

x e X Xttx o o CMI(I(
 KOr,ll;a Y,ll;OBneTBOpeHO ycnoBHe (3), 
X • X llUl o~1:) til o norrraepssnaercn peaym.rarasra MO,ll;e

xxxx.x .~.x.+12 nHpOBaHHH na 3BM 3neKTpOMarHHTx • ldX X Xiii -ttiIxx.. ••• <)
X HbIX nMBHeH, BbI3BaHHbIX QJoToHaMH• .:-":c.- ..e9 ••• • • • el- C saepr-aeã (100-:-5000) M3B/4/.. . .. .. -..." .•• ++ . B 3TOM crryxae, eCTecTBeHHo, 06cY)K

6 • .... -++ ++ .. o • + + ,ll;aeMbIH 3QJQJeKT nonHOCThIO 01'+ • 
o ++:.. + +:t + 

CYTCTByeT. B ,ll;anhHeHllleM rrna ana++ + 
++ +3 rmsa nponorrsaoro pa3BHTHH 3<1>11 

npHHHTbI rrmns Te cnysan nHBHeH, 

ztrra KOTOpbIX cnpaaenrraao ycno
21,3 8,0 Lpo.t 

BHe (3).
(p~.e;:v) 

2.2. CBJI3h Me)K,ll;y LU:r(E ' t) /~t iI HOHH3aUMOHHbIMHy
1l0TepHMH 

BCne,ll;CTBHe 3HepreTHqeCKOH 3aBHCHMOCTH HOHM3aUHOHHbIX noreps 

3HeprHl-f arrexrpoaon (MIl), a TaK)Ke TOpM03Horo H3nyqeHHH H MHorOKpaT

anro KynoHOBCKoro pacceaaaa, npoexnaa ,ll;nHHbI npofiera naaneaoro 

3neKTpOHa na nnOCKOCTb CHHMKa nHlllh npH6nH:>I<:eHHo o rpaacaer ;HIl ecna, 

KaK 31'0 HMeeT MeCTO aa npaxrmce, HeH3BeCTHa 3HeprHH 3neKTpOHa a Ka)K

,ll;0" TOqKe npoercnaa ero rpaercropaa. MTaK, no Mepe y6bIBaHHH 3HeprHH 

ynhTpapenHTHBHCTCKHX anexrpoaoa, Toe. B cpenaesr cTaTHCTHqeCKH, C YBe

nHqeHHeM rnyõaasr t pa3BHTHH nHBHH YMeHbillaIOTcH, XOTH H Me,ll;neHHO 

(norapHQJMHqeCKH), HX MIl H.a e,ll;HHHI.1;e nrraasr npoõera. TaKHM 06pa30M, 

ecrm rrpezmonoacars, qTO HMeeT Mec:ro npaõnaaarensnos paBeHCTBO Me:JK.nY 

,ll;nHHOH rrpoercnaa 3ne:J(:TpOHa, ~r , B cnoe rror'norrrrena Toml~HHOH ~t H no

TE~pHMH ~ 3HeprHH na HOHH3auHIO B 3TOM cnoe, l'.e. 

~E ~r 
-- ==TJ'--, (4)
~t ~t 

rne TJ - nOCTOHHHaH aenaxana, TO npa õorree .HH3KHX 3HeprHHX, cnenoaa

rerrsao,' B KOHue nHBHH, õyzrer HMeTb MeCTO nepeonemca MIl. Ilo aaanornn

HbIM npHqHHaM B Haqane TpaeKTopHH 3neKTpoHa, l'.e. B Cpe,ll;HeM CTaTHCTH

qeCKH, B Haqane 3<1>11 npOH30H,ll;eT HenooueHKa MIl nHBHeBbIX 3neKTpoHoB. 

4 

Ecna K TOMY »ce ysecrs MHoroKpaTHoe xynonoacrcoe pacceaaae, xoropoe 
CTaHOBHTCH ocoõeaao cymecraeaasrvr npa õonee HH3KHX snaseaaax 3HeprHH 

3neKTpOHOB, TO OKa)KeTCH, qTO COOTHOllleHHe (4) npHBO,ll;HT K aenooueaxe 
Mil B KOHue HX rpaexropaã H, cnenoaarensao, ij cpenaexr CTaTHCTHqeCKH, 

rJIaHHbIM 06pa30M B KOHue 3<1>11 no r-nyõane t pa3BHTHH nHBHH, a TaK)Ke 

no Mepe ynaneaaa 01' OP naBHHbI. MO)KHo, TaKHM 06pa30M, cnenars BbIBO,ll;, 

qTO norapH<pMHqeCKHH pOCT MIl H YMeHhllleHl1e MHorOKpaTHoro rcynonaoa
cxoro pacceaaaa 3neKTpOHOB B cpezie C YBenHqeHHeM HX aaeprna ,ll;eHCTBY

101' B npOTHBOnOnO)KHbIe CTOpOHbl, H npocroe COOTHOllleHHe (4}, aecsr-ra 
ynoõnoe na np,aKTRKe, MO)KeT OKa3aTbCH cnpaaennaasrvr C ,D;OCTaTOqHO 

xopouieã TOqHOCThIO. 

,IlnH KOnHqeCTBeHHOH ouexrca TOqHOCTH COOTHOllleHHH (4) 6bInO npor-ro
nerrapoaano na 3BM 400 rpaexropaü anexrpoaoa C aaepraeã 1000 M3B 

B )KH,D;KOM KceHOHe. YqHTbIBaJIHCh npn 3TOM: cpennae HOHH3aUHOHHble no

repa aaeprmr, cpezmae rrorepn 3HeprHH na TOpM03Hoe aanysenae H MHoro

rcparnoe xynoaoacxoe pacceanae. Bsrsacnanacs 3aBHCHMOCTb 01' 3HeprHH E. 
K03QJ<pHUHeHTa 

11( (E) :: (~E ) . < - > , {4')
~R íon cos.y(E) 

rne (~E / ~R) . - cpenaae HOHH3aUHOHHhIe norepa 3HeprHH anercrpoaaion 
C 3HeprHeH E na orpesrce L\R ero TpaeKTOpRH, cos .}(E) == ~r (E) / ó.R (E), 
~r(E) - npoexuaa ~R na nnOCKOCTb cHHMKa, cK06Ka < > 03HaqaIOT ycpen

HeHHe no QJYHKUHH pacnpenerrenaa yrrra y(E). Ilpn MO,ll;enHpOBaHHH 6hInO 

npHHHTo, qTO ~R == 0,05 part, en, npa E > 30 M3B li 0,025 pan.en., teor-na 

E == 1,5 -:- 30 M3B. Pesyrn.rar nOKa3aR na pHC. 2. TIonyqeHHYIO 3aBHCHMOCTh 

TI~ == .".~ (E) MO)KHO TaK)Ke mrrepnperapoaan, cne.n.YIO~HM 06pa30M: 

PHC. 2. 3aBHcHMoCTh cpenaero 3Ha'leHHH OW~ r 
HOHH3aIJ;HOHHbIX rroreps TI ~ (E), rrpaxo '2 (E) 
AHl1UiXCH na e,nHHImY ,nJIHHbI npoexuaa OOSf (M3B/MM) 
TpaeKTopHH 3JIeKTpOHa H& nnocKoçTb 

0.06 
CHHMKa. 0 

0-0 OQOoo. o 0°02000000 0000 
QO~ 

0.02 

t I 

B 3<1>-11, BbI3BaHHOM raMMa-KBaHTOM 
107 102 103 

C saepraeã E y,:s; E, naõmonaexrsre E(M3B)
 
naaaeasre 3neKTpOHbI o 6JIanaIOT
 

anepraeâ E ~ ~ (EO ' E y) , H ,ll;nH Ka)K.n.OrO H3 HHX onpenenena aerraxana
 
K03QJ<pHI.J;HeHTa TI~ (E "), MO)KHO oueaars, KaK MeHHeTCH aenasaaa 71~ (Êy ) ,
 

ycpenaeanaa no ncevr anercrponar-r q<1>11, C aneprueâ E y . C 3TOt'1 uerrsro 

BblqHCJIHM TaK Ha3bIBaeMblH K03QJQJHUHeHT BapHaUHH: 

o ~ E y 
_71_ == _1__ I r p (E • E) (TI~ _ 1] ~ ) 2 dE I 1/2 
~, y. 9<P (5)T/a<p TI 9<P E o 

5 



rne 
Ey 

r p(E ' E) . TJ'(E) dE , TJ~4> yEo /E
Y (6) 

P(E' , E) = C (E , E) / r c (E , E ) dE , y e .y a y
Eo 

f e (Ey ' E) - TaK Ha3bIBaeMhIl1 paaaoaecasrá cnexrp JUIBHeBblX anexrponoa, 
BM,lJ, xoroporo npaxrasecxa ae 3aBMCMT OT E; • HaMM npIDIRTo, lITO /11/

Y 

ra (EY' E) - exp [ - O, 12E1. (7) 

nOCKonbKY K03<p<pMlUieHT TJ B COOTHOllleHMM (4) paaen 

TJ TJ"TJ", (8) 

rne TJ" - nOCTORHHaR BMl1l1MUa, 3aBMCH~aH OT ycnoaaá sxcneparaenra, 
B lIaCTHOCTM, OT aaepraa 06pe3aHHR nMBHeBblX 3neKTpOHOB, H onpenenaerca 
ycnoaaesr (2), TO 

(7 TJ / TJ 34>. = (7TJ' / TJ~4> (9) 

)lnH KOHKpeTHblX paClIeTOB 3aBHCHMOCTb TJ' = TJ'(E) (pMC. 2) annpoxca
MHpoBanacb <PYHKIJ;HeH TJ'(E) = (0,018 ±0,004) In E +. (0,376 ±0,010) . 
Pe3YJIbTaTbI npaaeneusr B ·Ta6Jl. 2. 

Taõnuua 2 

3HalleHHH Cpe,lJ,HHX 3<p<peKTHBHbIX HOHM3aIJ;MOHHbIX noreps JIMBHe

BbO' 3JIeKTpOHoB, TJ 34>' onpeneneansrx COOTHOllleHMHMH (6) M (8), 
M K03<P<PMIJ;HeHT BapMaIJ;I1H 3THX noreps, a r, / TJ 34> (<p0pMYJIa (9», 
COOTBeTCTBYIO~Me ,lJ,BYM 3HaqeHHHM 3HeprHI-I E raMMa-KBaHT<?B,y
 
MHMIJ;MMPYIO~MXJII1BH.11
 

E (M3B) TJ 3<P (M3B/MM) (7 TJ " TJ3 <py 

60 0,590 0,030 
1000 0,595 0,025.,. 

1-13 rtonyueaasrx nannsrx (Ta6Jl. 2) BbITeKaeT, lITO JIMHeHHaR 3aBMCMMOCTb 

(4), npMMeHeHHaH K npoel\IJ;1111 ,lJ,JIMH rrpoõeroa JIHBHeBblX anercrpoaoa 

B 3q,,v, BbI3b1BaeMbIX I'K c aaeprneâ Ey = 60 -:-1000 M3B, BbmonHHeTCH, 

B cpenaer-r CTaTMCTMlIeCKM, c TOtlHOCTblO ae xYJKe lIeM 3%, eCJIM npMHHTh B xa

lIeCTBe aaepreravecxor-o cnexrpa ncex Ha6JIIO,lJ,aeMblx 3JIeKTpoHoB naBMHbI 

paaaoaecasrã cneicrp B BI1,lJ,e (7)., 

6 

Q,lJ,HaKO npl1 MccneAOBaHMM np0,lJ,OnQHoro (M nonepellHoro) pacnpe,lJ,ene

HMI! MOHM3aIJ;HOHHhIX noreps 3Hepn1M 3JIeKTpOHOB B 3<1>11 nYTeM perMCTpaIJ;MM 

npoeKIJ;HM MX ,nnHH npoõera He06xo,lJ,MMO 3HaTb saeprerauecxoe pacnpenene
H'Me 3TMX 3JIeKTpOHoB BHYTPH MHTepBaJ10B {t, t + L\t ) (H (p ,p + Ap ) 
B cnysae nonepe-raoro pa3BMTHH nHBHH). Torna B npermonaraesrora JIHHeH

HOM COOTHOllleHHH 

L\!E(Ey , t) ~I. r(E y ' t) 
- - = TJ (10)

t~t L\t 

rne ~ E (Ey ' t) / L\t - COOTBeTCTBYIOIUHe HOHI13aIJ;HOHHhle norepa 3HeprHH 

JIHBHeBblX anercrponoa B HHTepBaJIe (t , t + L\t ), Heo6xo,lJ,HMO onpezterrars 
3aBHCHMOCTb OT rrryõaasr t pa3BHTHH Sq,JI K03<pqH'lIJ;HeHTa TJt , ycpenneano
ro no aneprernsecxoeay cnercrpy JIHBHeBblX 3JIeKTpOHoB B cnoe (t ,t + L\t ). 
C 3TOH IJ;eJIbID 6bIJIO npOMO,lJ,eJIHpOBaHO na 3BM IIO 5 CJIYtlaeB 31IeKTpOMar

HHTHbIX KaCKanHbIX npOIJ;eCCOB, HHHIJ;HlIpyeMblx I'K 'c saepraeà Ey = 500; 
1000; 1500; 2000; 2500 11 3000 M3B B )KMAKOM KceHOHe. 

MO,lJ,enHpOBaHHe 6bIJIO BbmOJIHeHO B ,lJ,BYX ynporueaastx aapaairrax. 
Ilepasiá BapHaHT OCHOBaH na Cne,lJ,YIOIUHX npe,lJ,IIOJIOJKeHHHx: 

1. KacKaAHbIH 3JIeKTpOMarHHTHbIH npouecc COCTOMT 1-13 rpex HBJIeHHH: 

06pa30BaHHe nap e+ e", TOpM03Hoe H3JlYQeHI1e 11 110HH3aIJ;110HHble norepa, 
2. KaJK.nhIH <pOTOH c saepraeã E y ~ 10 M3B KOHBepTHpyeT B napy 

e + e - aa nnnae npo6era x, paasrrpsraaer-roã 113 pacnpeneneaaa 

1 x 
cjJ(x) = X . exp(- x-) , (11) 

r,lJ,e 

À=5,2(1+ 13.E;o.7706) CM/12~ 

3. KaJK)J,blH 3JIeKTpOH c aaepraeâ E > 1 M3B pacceasaerca, npoãna 

paccroaaae L\R = 0,05 pan.err., H HcnYCKaeT BTOpl1lJHbIH <pOTOH c 3HeprMeH E, 
COrJlaCHO <popMYJlaM /13/ : 

, -22 . 
5·10 n E[ln(3.91E) -.0,3331, E < 18;

L\E e . 
(-) = (12){L\R T. n , 198.10-24 E E > 18 , na ' , 

~ 

rne na = 5,4· 10 2 3 3neKTpOHOB/CM 3. 

4. Cpemrae HOHI13aIJ;HOHHble norepa aaepraa naaaeaoro 3JIeKTpOHa 

c aaepraeã E HMelOT BH,lJ, /13/ : 

2
L\E -24 1 5 1 - A 2 .2
(~) 10 = 1,03·10 n ---{ln(5.10 ----E) + A -ln2(2A-a) ~(13) 

n e 1 .... A2 A2 
rne A = 'l,5UjE . 

7 



OTHOCHI..IJ;HeClI K KneTKaM c Koop,[(HHaTaMH (t, t + ~t ) H (p, p + Ap) B rrnoc

KOCTH npOeKIJ;HH. OqeBH,[(Ho, qTO K03<P<PHIJ;HeHT 7J t B COOTHOllleHHH (10) 
MOJKHO nony-nrrs H3 (15) nYTeM ycpenaeaaa no napaxrerpy p : 

(14) 

(15) 

(16) 

(17) 

!, E (~, t, p) . 

lr(E;,~'
7J t,P (E.y , t, p) 

5. n~nHJ:>HbIH () H a3HMYTaJIbHbIH cP yrnsr paCCeHHHH nHBHeB~rO 3neKTpO

na C aaeprneã ~ paasrrpr-masorca H3 HOpMMbHOrO N(O, i- (J) H paBHO

MepHOrO cP ~ [ O, 217'] pacnpenerreaaã, cooraercrnenao, npHqeM /14/ 

-2 z (z + 1) B 4 z 4/3 B 
() = 0,157 . -'- Az -In {1,13. 10 -. - A:z; J , 

A C2 A C 
. A 2 

rne z = 54, = 131, B = (E + 0,511) , C = E (E + 1,022), 6z = AR.<cos8>. 
6. B nYHKTax pacceaaaa 3neKTpOHa H HcnYCKaHHlI <pOTOHa COXp3.HHeTCH 

nOnH~lI 3HeprHlI H HMnynbé. 

BTOpOH BapmUIT Mo,[(enH 3<1>n o'rnanaerca OT nepnoro TeM, qTO 

nHBHeBbIH 3neKTpOH paccermaerosr B TOqKe HCnyCKaHHH T'K, 3Hep-. 

ran rcoropor-o pa3blrpbIBaeTCH H3 pacnpenenenaa Bere - I'aàrnepa 

nrra CeqeHHH npouecca pMHaIJ;HoHHbIX noreps 3HeprHH na H,[(PO (aanpa
Mep, /16/ ), a nrraaa npoõera anexrpoaa ,[(0 pacceanaa BblqHCnlleTClI no 

<p0pMyne (12) (nYHKT 3). Bo BTOpOM aapaaare 3HepreTHqeCKHH cneKT~ 
nHBHeBbIX <POTOHOB )KeCTqe, qeM B nepaosr aapaaare. 

B npouecce Mo,[(eJIHpOBaHIDI BblqHCnllJIHCb 3HaqeHHlI BenHqHHbJ 

7J t = <7J t ,p (Ey,t,p»p 

BbInO )'cTaHOBneHO, tITO npa ,[(ocTHrHYToH CTaTHCTHtIeCKOH TOtIHOCTH peayrrs

TaTOB aerncmaa 7J t, P , onpenerreanaa paseacraosr (15), npaKTHqeCKH 

ae 3aBHCHT HH OT 3HeprHH Ey , HH OT xoopnaaar (t, p). QHcneHHble 3Ha

qeHHlI K03<P<PHIJ;HeHTa 7J t ,0THOpMHpOB3.HHbIe aHanOrHtIHO KaK 7J 
aIP 

, C' yqeTOM 

MHO)KHTenH k.orrpenerrmomero ycnoaaa axcnepasreara, r.e. 

aep
7J =k·7r 

t t 

npaaeneasr B raõn. 3 (k ~. 1,71) nna HHTepBMa 3HaqeHHH t ,$. 4,2 pan.en, 
H JUeCTH 3HaqeHHH 3HeprHH E y . . 

Ha OCHOB3.HHH'nonyqeHHbIX ,[(aHHbIX MOJKHO cnerrars cne,[(YlOIIJ;He BbIBO,[(bI: 

ao-nepasrx, K03<P<PHIJ;HeHT 7J t B ypaBHeHHH (10) ae npoHBnHeT'3aBHc~MoCTH 

HH DT' rny6ill1bI t Pa3BHTHlI lIHBHeH, HH OT 3HeprHH Ey I'K, BbI3BaBWHX 

3TH nanaasr, H, cnenoaarensao, MO:>KeT CqHTaTbCH nOCTOHHHOH BenHqHHOH; 

BO-BTOpbIX, qHCneHHbIe 3HaqeHHH K03<P<PHIJ;HeHTa 7J t,p B (15) H, TeM õonee, 

K03<P<PHIJ;HeHTa YJ t ae 3aBHClIT OT KOHKpeTHoro BapH3.HTa Mo,[(enH srrexrpo

MarHHTHoro xacxanaoro npouecca, no KOTOpOH BbInOnHHlOTCH pacxersr. 
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3TH pe3YJIbTaThI, HeCOMHeHHO õnarononysm,re c MeTO,nHqeCKOH TOqKH spe 3HaqeHIDI TecTOBoH CTaTHCTHKH X ~ npa n CTeneHHX CBo6oAbI ztaasr B Ta6JI.4 
HIDI, HBJIHIOTCR CJIe,nCTBHeM Toro cPaKTa, qTO, no xpaãaeã Mepe, BH,n paBHO H5 (i = 0, ... ,3 BcPopMYJIe (1) HO,1,2-BcPopMYJIax (18)-(20». 
secaoro cnexrpa JIHBHeBhlX 3JIeKTpOHOB HeqyBcTBHTeJIeH K 3HeprHH T'K, 
HHHUHHpYlOmero JIHBeHb, H ~pOMe aroro, aenasaaa 71t,p(Ey,t,p) ycpenaa
eTCH no ,nOCTaToqHO 60JIblliOH nOBepXHOCTH 3JIeMeHTa pacrpa: ~t * ~p ~ 0,6 * Taõnuua 4 
* 0,3 (pazt.en.) 2. 

QHCJIeHHhIe 3HaqeHHH naparaerpoa A i ( i = 0,....,3) cPOPMYJIhl (1), 
onacsraaromeã nponorrsnoe- pacnpeneneaae HOHH3aUHOHHbIX noreps 

3. fIPO,llOnhHOE PACfIPE,UEnEHHE HOHH3AQHOHHhIX nOTEPh JIHBHeBhIX 3JIeKTpOHoB B JIaBHHaX, BhI3BaHHhlX raMMa-KBaHTaMH 
C aneprueà E y B iKH,nKOM KceHOHe. YKa3aHhI cooTBeTCTBYIOIUHe 

3.1. ,UHcP cP ep eHUHaJIbHhl e p ac n p e,neJIeHHH 3HaqeHHH TecToBoH CTaTHCTHKH X ~/ n npa n CTeneHHX caoõonsr.J
 
fJIy6HHa t pa3BHTHH JIHBHH asrpaaceaa B ezmnauax 0,6 pan.en. 

Ha pHC. 3. rrpaaeneno pacnpenerreaae HOHH3aUHOHHhIX noreps JIHBHeBhIX 
3JIeKTpOHoB, Bhl3BaHHhlX I'K c' saepraeã E y = 210; 310; 555; 1125; 2125 

2H 3375 M3B B iKH,nKOM KceHOHe, B 3aBHCHMOCTH OT rJIy6HHhl t pa3BHTHH my (M 3B ) AO AI *10 A2 Aa, X / n 
n 

JIHBHeH, asrpasceaaoã B p~HaUHoHHhIX enaaauax. TaM »ce aaaeceasr xpaasre,
 
norryseaasre B pe3YJIbTaTe CTaTHCTHqeCKOrO onacanaa 3KcnepHMeHTaJIbHhIX 210 ±20 (1,6± 2,4).104 2,8 ± 1,8 54,2 ±90,7 -24,2 ±50,9 80/15
 
,naHHhIX cP0pMYJIaMH (1),.
 

4 
~ E (E y • t) A 1 t Ai - 1 t A12 310 ±30 (5~9 ±8,1). 10 4,9± 1,6 78,4 ± 113,2 -32,1 ± 56,6 80/21 

= Ao' --. (-) . exp I ;... (-) J (18) 
H õt A2 A2 A 2 555 ±55 (4,6 ±2,2) • 104 7,0±0,7 76,1 ±41,0 -29,5 ±20,0 27/28 
LU. E(E y • t)- .A1 (19) 

= Aot exp l-A t t,2 1125 ±125 (2,7 ±3,3) • 103 9,5 ±0,5 50,8 ± 11,0 -16,4 ±5,4 63/30 
rne napasierpsr A i (1 = 0,1,2) 
BhIqHCJIHJIHCb npa CTaTHCTHqeCKOM 2125 ±125 386 ±207 10,3 ±0,9 35,.5 t6,2 -6,9 ±3,0 33/30 
OueHHBaHHH / 16t. Kposte sroro, õsrna 
TaKiKe paccxro'rpena cPYH~HH111 3375 ±125 160± 18 8,9 ± 1,1 26,4 ±-3,8 0,06 ±1,67 34/35 

M:E(Ey,t) Ai 2
 
-----=Aot expl-A 2t t. (20)
 

~t 

QHCJIeHHhle 3HaqeHHH napasrerpoa Bce paccsrorpeaasre cPYHK~HH: (1), (18) - (20), armpoxcasrapyrouiae 
Ai 3MnHpmIeCKHX cP0PMYJI (1), npoztonsaoe pacnpeneneaae cpenaax HOHH3a~HOHHhIX noreps JIHBHeBhlX 
(18) - (20) H COO~BeTCTByromHe HM 3JIeKTpOHoB 

_ LU. E (E , t) 
f(E y • t) = 

y 
{21) 

~t 
PHC. 3. ,UH<p<pepeHUHaJlLHOe pacnpene OTHOpMHpoBaHhl TaKHM o6pa30M, uroôsr 
nenae cpenaax HOHH3aIU10HHblX noreps 

nHBHeBblX 3JleKTpoHoB B 3cI>JI,. Bb13QaH


HblX raMM8-KBaHT8MH c 3HeprHeH: E y B J f(E v: t) dt = E y • (22)
 
:>KH,nKOM KceHOHe. Kpaasre COOTBeT O
 
CTByIOT annpoKcHMHPYlOllUIM <PYHKUHRM: POJIb HOPMHpYIOIUero MHOiKHTeilR B 3THX <popMYJIaX BhmOJIHHeT K03cPcPH· 
KpHBaR 1 - <PYHKllHH (1), KpHBaR 2  UHeHT Ao. 
<PYHKUHH. (18), KpHBaR 3 - <PYH~UHH 

Ha OCHOBaHHH ,naHHhIX, rrpencraarrenasrx B Ta6n. 4 H 5, MOiKHO cnenars(19). ,UnR 3KCnepHMeHTMLHblX A8HHbIX
 

npa E y = 210; 310 H 555 M3B YH83a BhIBO,n, qTO C YBeJIHqeHHeM 3HeprHH Ey CHn na 60JIbUlHX rJIy6HHax t pas
J
 
6 12 18 24 na TonbKO annpOKCHMaIUlR pacnpene BHTHH 3<l>n y,nOBJIeTBOpHTeJIbHO onHChIBalOTCH aCHMnTOTHqeCKHM HOpMaJIb

t (pan.en) neHHeM (18) . .! HhIM pacnpeneneaaesr. Harepecno npa 3TOM OTMeTHTb, qTO pacnpeneneaae;, 

E,=(3375 !f25JM3B 

(21'25 ! 125JM3B 
(ff25 ! f25) M3B 

(555 ~ 55)M3B 
(3fO ~ 30) M3B 
(2fO ~ 20) M3B 

·l(~~ 
r: -\~ 

rl,/ '~\ 
I' 1\', -,: ~:i'\ 
~-y ~ 

!Iq.?·'~\ 1\ 
'l ~~ 2L~~.& 
i ~:.;---' ~r\ 

t\~, '1:(\ .~\ 
,11.\ . '\ "1'..., \ 

lt}~~~~;~:,::"",,_ 
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BeH6yna (18), xoropoe HMeeT õo.nee 06mHH BH,n, qeM (20), cTpeMHTcH
Taõnuua 5 c pOCTOM E~ K pacnpeneneamo (20), TaK KaK K03cPcPHUHeHThI H HX KOM6H

To xce, qTO B Ta6nHue 4, HO nrra cP0pMyn (18)· (20) 

-v2;
Ey (M3B) cPopMyna AO Ai A 2 A n: n 

(18) 210 ± 8 1,24± 0,04 2,18 ±0,.07 ~1/16 

210 ±20 (19) 87,9±7,9 0,48± 0,D8 0,73 iO,05 8/16 

(20) 64,2± 3,1 -0,07 ± 0,05 0,07 ±0,01 24/16 

(18) 315 ± 12 1,34± 0,04 2,93 ±0,08 13/22 

310 ± 30 (19) 90,5 ± 6,3 0,62±0,07 0,60±0,94 9/22 

(20) 76,3±3A 0,14 iO,OS 0,054±0,004 25/22 

(18) 570 ± 13 1,47 iO,02 4,06 ±O,06 29/29 

555 ±55 (19) 100,0 ± 3,5 0,80 ±0,04 0,49 ±0,02 30/29 

(20) 9ü,5 ±2,3 O,33-± 0,03 0,036±0,002 52f29 

(18) 1155 ± 18 1,.66± 0,02 4,90 ±0,05 70/31 

1125 ±1,25 (19) 138,1 ± 3,3 1,18 ± 0,03 0,50 ±'O,10 85/31 

(20) 125,6 ± 2,6 0,58 ± 0,02 O,031± 0,001 104/31 

(18) 217-5 ± 53 1,80± 0,02 5,90± 0,08 36131 

2125 ±125 , (19) 161,9-± 7,1 1,58 ± 0,06 0,51 ± 0,01 69/31 

(20) 152,7±.5,8 0,74± 0,03 0,024±0,001 46/31 

(18) 3566 ± 109 1,92 ± 0,10- 7,01 ± 0,10 34/36 

3375 ±125 (19) 147,3±13,1 1,89 ± 0-,16 0,49 ± 0,02 88/36 

(20) 160,0 ±10,1 0,90 ± 0,04 0,019±0,001 34/36 
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HaUHH B pacnpezteneaaa (18) CTpeMHTCH npa B03paCTaHHH Ey K COOTBeT

CTBYlOmHM K03cPcPHUHeHTaM cPYHKUHH (20) : 

I 
I pacnpeneneaae (18) pacnpe,neneHHe (20) 
i 
~ Ai 2 

'! 
II 

I A 1 -- 1 Ai 
";;. 

I ~ 
-Ai 

A 2 A2 

(CM. Ta6n. 5) . Tarcoe noaeneaae nponorrsaoro pacnpenerrenaa CI1TI 06õHCHH

rrocs HaMH paaee /1/ HCXO,nH H3 C006pa)KeHHH CTaTHCTHqeCKOrO xaparcrepa, 
TeM ne MeHee, B mrrepaane MeHhIllHX 3HaqeHHH Ey , r.e, xorna B KaCKa,nHoM 

3neKTpoMarHHTHoM npouecce yxacrayer OTHOCHTenhHO HeMHoro qaCTHU, 

OnHCaHHe CI1TI OpH nOMOmH aCHMnTOTHqeCKH HOpMaJIhHOrO pacnpenene
HHH, XOTH B npamnme B03MO)KH0, CTaHOBHTCH cxopee acero cPOpMaJIhHhIM 

(raõn. 4, H 5, cPopMynhi (1) H (20». Bonee npennovrarensasnen npa 
3THX snepraax I'K HBnHioTCH raMMa-pacnpe,neneHHe (19) H cPYHKUHH BeH6y

na (18). Ho, KaK cnenyer H3 raõn. 5, raMMa-pacnpe,neneHHe ae onacsraaer 
3KcnepHMeHTaJIhHhIX ,naHHhIX ripa E y ~1000 M3B. 

YMecTHo npa 3TOM HanOMHHTh, qTO cPYHKUHH (19) npasrenanacs ztna 

OnHCaHHH pe3YJIhTaTOB qHCneHHoro Mo,nenHpOBaHHH na 3BM xacscazmoro 

anexrporearaaraor-o npouecca, ECTecTBeHHo, qTO B 3TOM cnysae OTCYTCTBYIOT 

KaKHe-nH60 OrpaHHqeHHH, CBH3aHHhle c KOHeqHhIMH paar-reparaa zterexropa, 
peracrpapyronrer-o nHBHI1. G ztpyroã CTOpOHhI, H3 asmonneaaoro HaMH 

MeTo,nHqeCKOrO aaanasa (TI.1, raõrr. 1) BhITeKaeT, qTO na BhI60pKe axcnepa
MeHTaJIhHO H3MepeHHhrx cnyxaea 3<1>Jl, aaperacrpapoaaaasrx aa CHHMKax 

180 n KTIK H ynonneraopmoumx ycn0E!HIO (3), npn 3THX snepruax rnnns 

B. He3HaqHTenhHOH CTeneHH MO)KeT CKa3aThCH TO 06CTOHTenhCTBO, qTO npo

norrsasre paasrepsr 180 n,KTIK orpanaxeasr (.s 25,7 pan.en.) . 
B ztarrsneâmer-r MhI 6y,neM paccsrarpaaars .rorn.xo pacnpezterreaae BeH6y

na, xoropoe ynonneraoparensno orracsrsaer axcnepasrearansnsre ,naH~7Ie 

.BO acesr H3yqaeMOM mrrepaane 3HaqeHHH 3HeprHH E,y' K TOMY )Ke, KaK 

I

r'd 
i..: 

õsrno OTMeqeHO /5/, 31'0 pacnpeneneaae oõnaztaer aecsraa norreaasrvr c npax
THqeCKOH TOqKH 3peHHH CBOHCTBOM, a HMeHHO: 

t Ai t t'" Ai-i t ' Ai t Ai 
If(Ey,t')dt'=Ao f(-) exp{-(-) ldt ' = Eyll-exp[-(-) JI, 
O A2 O A2 A2 A 2 

(23) 
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. 
210 H 3375 M3B. MO)KHO CKa3aTh, qTO npa H3MeHeHHH 3HeprHH E y KpHBaH, 
onHCbIBalOI.I.J:aH HHTerpaJIhHOe pacrrpenerreaae CI1TI, KaK 6bI nOBOpaqHBaeTCH 
aorcpyr roxxa x ~ 1,1 npa npaKTHqeCKH HeH3MeHHOM 3HalleHHH A'(x = O) =0. 
Borree Toro, B nepesrenasrx (A. x) c pOCTOM 3HeprHH Ey nHBHH CTaHOBHTCH 
sce õorree KOMnaKTHbIMH. TaK, npa E y == 3375 ·M3B i\ ==_0,975 npa x ~ 2,1, 
B TO BpeMH KaK nrra E y =: 210 M3B TO )Ke aaaxeaae A )J.OCTHraeTCH npa 
x ~ 3 (pHC. 5) . 

B raõn. 6 nansr qHCneHHble 3HalleHHH cpeznrax rnyfian c t Ey pa3BHTHH 
nHBHeH, oueaenasre no BbI60pKe npoaaanaaapoaannsrx cnysaes 3<1>11, yzio
BneTBopHIOI.I.J:HX ycnoamo (3). 

Taõnuua 6 
t ' 

Cpeznrae 3HalleHHH rnyôaasr pa3BHTHH nHBHeH, <tE >, BbIqHCneHHbIe 
no BbI60pKe npOaHaJIH3HpOBaHHbIx crryxaea 3<1>JL ynoaneraopmo

t I.I.J:HX ycnoamo (3). Ey - 3HeprHH raMMa-KBaHTa, cosnaaurero nHBeH~. I 
') 

rne YlITeHO, lITO Ao==E Y' B nOnHOM COrnaCHH ~ 3KCnepHMeHTaJIhHblMH naa
HbIMH (raõrr. 1 H '5). COOTHOllIeHHe (23) naer B03MO)KHOCTb nerxo norryxars 
oueaxy 3HeprHH E y I'K, xorrta nerexroposr saper-acrpapoaaaa B. Tom..I.J:HHe 
norno'rarena, paaaoá t , rrams lIaCTb (A 2: 0,5) HOHH3aUHOHHbIX noreps 
3neK,TpoHOB B nHBHe, BbI3BaHHOM I'K c arrepraeã E y ' 

3.2.I1HTerpanbHble pa crtpenerr en ari 

C MeTo,nHlIecKoH TOllKH 3peHHH, npa onpenenenaa 3Hepr-HH I'K, oõpaao
aasurero rraaens, npencraanaer mrrepec 3aBHCHMOCTb OT rny6HHhI t pa3BH
THH naBHHbI cpenneã nona Ã nonaoã 3HeprHH E y , aaper-acrpapoaaaaoü, 
aanpar-iep, B nane I1TI, T.e. 

- 1 t
A(t) = -. r f-(E • t) .dt~. (24)

E y o y 

3KcnepHMeHTanbHoe pacnpene.neaae OTHOpMHpOBaHHbIX K enanaue MaTe
rpansnstx pacnpeneneHHH Cl1TI nna ncex llIeCTH H3Yi.leHHbIX HHTepBaJIOB 
3HeprHH Ey npaaeneno HU puc. 4. TaM xce aaaecensr C{)OTBeTCTBYIOI.I.J:He 

Ar! · ff .= "'" PHc. 4. HHTerpaJIbHOe pacnpenenenae 
;li Cpe,D.HHX HOHH3~HOHHhIX noreps nHB

aeasix anercrpouon B 3<1>JI, HHH~HpOBaH'Q9 ~~ 
HhIX I'K c 3HeprHeH E B )KH,ll.I<:OM xcel/oll// y
HOHe. Bce pacrrpeneneana o'raopwrapona

Q8 
jJI//xt 

HhI K emmaue. KpHBaR coornercrnyer 
annpoxcasrapyrouteã '<PYUKUHH ,23) 
c YHCneHHhIMH 3HatleHHRMH I<:03Q;>ctmuueH

fi !;~IQ7 

J!tl/ríTQ6 TOB, YKa3aHHhlMH B raõnaue 5.as I 017

l~rIQ'~/ f l ~ 125)M3Bo = (3375
 
Q4 x (2125 t f25JM3B
91 fI xpaasre, BbIlIHcneHHbIe fiO q,OPMY
0.3 Ir6jjQ'/x '\l (1125 :U25)M3B 

ne (23) ,nnH pacnpe~eneHHH (18)I!JI o (555 ~ 55)M3B 
0 c lIHCneHHbIMH 3HalJeHHHMH K03cP0.2/ /1/':'!/ ~ (310 ! 30)M3B~1
 
1I /~ ° (210' ! 20JM3B
 <pHUHeHToB A i (i =: 0,1,2), YKa

0.1 3aHHbIMH B Ta6n.5. 
Ilonyueaasre mrrerpansnsre pac°0 5 to f5 tA (pan. en .) CI1TI MO)KHOnpenerreaaa npencra


aars B õonee KOMnaKTHOM nane,
 
ecnH rny6HHY t pa3BHTHH nHBHH
 

3~MeHHTb õeapaar-repacü BenHlJHHOH x = ti <tE?' rne < tE! - cpertnee
 

aaaseaae r-nyõnnsr t, 3aBl1CHI.I.J:ee OT 3HeprHH EynepBHlJHOrO I'K: 

tUE{E y ' t) 
<tE >=Lti(----)·~t. (25) 

y i ~t 1 1
 

"
 
nnH pacnpeneneana Beüõyna (18) 3Ta BeJIHqHHa panaa 

<tE> = AoA 2 r [ (A1 + 1) / A 1 ].
.y	 (26) 
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PHC. 5. To )ICe, xro aa pHC. 4, HO rny6H
na t pa3BHTHII nHBHII 3aMçpeHa 6e3
pa3MepHhIM napasrerposr x = ti <tE y >, 
rne < t E/- cpennee saaseaae , oh'pe
neneaaoe COOmOWeHHIIMH (25) H (26) 
Mil 3KcnepHMeHTanLHhIX pacnpenerre
HHH H annpoxcasrapyrouieâ <PYHlcUHH, 
COOTBeTCTBeHHO. 

~ 
! 

Ha pHC. 5 npencrasnensr HH
I rerpansakre pacnpeneneaaa CHTI, 
~ BbIpIDKeHHbIe lIepe3 õeapaasrepasre
l 
l 

•	 BenHlIHHbI: norno Ã nonaoü saep
I	 rHH 3<1>11 (O;:; Ã;:; 1) H X = 

= ti <t E.y >. Cnnourasre KpHBbIe 
COOTBeTCTBYIOT annpo KCHMHpyIO
mevry pacnpenenenaro (23) c yxe
TOM (26) nna ,nBYX KpaHHHX 
3HalleHHH H3 paccraarpaaaeraoro 
HaMH HHTepBaJIa 3HeprHH E y: 

<tE>y ,.: 
pan.ezt. 2,1 ± 0,3 2,7 ± 0,4 3,7 ± 0,3 4,4± 0,3 5,3± 0,7 6,4 ±1,5 

Ã_I I i i::::::=: •i 

2.5 321.Sas 

o. 

OI. 

-0.3 

~ 
0.9 

0.8 

07 

06 

05 

_ 
~/<tf >

I 

Ey , 
(M3B) 210 ± 20 310 ± 20 555 ± 55 1125 ± 125 2125 ±125 3375±125 
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3.3.3aBHCHMOCTb napar-te r po a
 

annpOKCHMHpYIOI.I.J;eH ePYHKUHH OT E y
 

Ha pHC. 6 npaaenensr 3HatIeHHH K03ePePHUHeHTOB Ai H ~ ePYHKUHH (18) , 

onHChIBalOI.I.J;eH CI1I1, B 3aBI1CHMOCTH OT 3HeprHH E y I'K, oêpasoaaaurero 
JlHBeHb. CooTBeTcTBYIOI.I.J;He l.lHCJIeHHhle 3HayeHHH ,Il,aHhI B raõrraue 5.·3aBHcH

HCKJIlOqHTeJIbHO õrraronpaarasre YCJIOBHH ,ll;1IH 3KcnepHMeHTaJIbHOrO HCCJIe

.n;OBaHHH CTPYI<:TypbI 31IeKTpoHHO-ePOTOHHhIX JIHBHeH npn nOMOI.I.J;H TH)KeJIO

)KH,IJ;KOCTHhIX nY3hIpbKOBbIX xar-rep, Tal' KaK na CHHMKax c 3THX xaxrep 
MO)KHO Ha.n;eJKHO H3MepRTb HMeHHO npoexuaa rpaexropaü JIHBHeBhIX 3JIeK

TpOHOB B nnOCI<:OCTH sxpana. UeJIeC006pa3HO npa 3TOM orxrerars, qTO HH

rerpansnoe COOTHOIlleHHe, (2) HBJIHeTCH CJIe,nCTBHeM .n;HePePepeHUHaJIbHOrO 

MOCTb A 1 = A1 (Ey) H A 2 =A 2 (E y) Y,Il,06HO npeztcraaars B nane npocrsrx 
annpoKcHMHPYIOI.I.J;HX ePOPMYJI . 

A 1 = a l +131· ln E y ' (27)
 

H
 

A 2 = a2 + f32·1nEy' (28)
 

rne a 1 = -Q,065± 0,089, f31 = 0,244± 0,013, X 2 1,7/4, a = -7,03±
2 

±0,66 H f32 = 1,725 ±0,098, X ~/4.z 6/4. 4/4 
TaKHM o6pa30M, .n;HePePepeH-

A 
Ar 
~·(217) 

o 

x 

UHaJIbHOe pacnpeneneaae CI1I1 B.n;OJIb 

OCH pa3BHTHH JIHHHH MO)KHO ortacars 

ePYHKUHeH BeH6YJIa (18) c napa
2 MeTpaMH A O = E y' H A i H A 2 , 

3aBHCHMOCTb KOTOphIX OT 3HeprHH 

Ey,Il,aeTCH ePopMYJIaMH (27) H (28). 

PHC. 6. 3aBHcHMoCTh napasrerpoa A1 H A2 
epYHK~HH (18), armpoxcasrapyromeü cpen
HHe HOHH3a~HOHHble norepn JIHBHeBblX 
3JIeKTpOHOB, OT 3HeprHH I'K, HHH~HHpyro

°5 6 7 8- lnE mero JIHBHH. Ilpasrsre JIHHHH COOTBeTCTBY
(Er-M3Jl) IOT cP0pMYJIaM (27) H (28). 

4. BbIBO,UbI 

I10JIyqeHHhle B HacToHI.I.J;eH paõore pe3YJIbTaThI HCCJIe,D;OBaHHH HOHH3a

UHOHHhIX noreps. JIHBHeBhlX 3JIeKTpOHoB B 3JIeKTpoHHO-ePOTOHHhIX JIaBHHaX, 

BhI3BaHHblX raMMa-KBaHTaMH C snepraeã E r = 200 -:- 3500 M3B B )KH.n;KOM 

KceHOHe,MO)KHO CYMMHpoBaTb CJIe.n;YIOlIJ,HM o6pa30M: 

1. Pacnpenerreaae cpezmax HOHH3auHOHHhIX noreps B.QOlIb OCH pa3BHTHH. 

JIa6HHhI y.n;oBJIeTBOpHTeJIbHO onHChIBaeTCH ePYHKUHeH BeM6YJIa (18). 

2. 3aBHcHMoCTb OT 3HeprHH Ey napar-rerpoa ePYHKUHH (18) armporcea

MHPYIOT COOTHOllleHHH (27) H (28). 

Kpoxre sroro, nYTeM Mo.n;eJIHpOBaHHH na 3BM KaCKa.n;Horo.3JIeKTpOMar

HHTHor~ npouecca 6hlJIO YCTaHOBJIeHO, qTO 3eP<peKTHBHhle HOHH3aUMOHHhIe 

norepn JIHBHeBhlX 3JIeKTpOHoB fJ ~ep (17) na rJIy6HHe t pa3BHTHH JIHBHH 

MO)KHO C4HTaTb ne 3aBHCHI.I.J;HMH HH OT 3HeprHH E.y , HH OT rJIy6HHhI t c TOq

HOCTblO ·.n;o HeCKOJIbKHX rrpouearon' (Ta6JI. 3). 3TO 06CTOHTeJIbCTBO C03,Il,aeT 
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aaanora (10), HJIH .n;BIDK,I:(hI .n;HePePepeHUHaJIbHOrO COOTHOllleHHR (15), xorrta 
pasvrepsr KJIeTKH pacrpa (L\t ,L\p) zrocrarouao BeJIHKH (rre MeHbllle, no 

nOpR,Il,KY BeJIHqHHhI, qeM .... 0,1 pan.en. 2 ) . 

B	 3aKJIIOqeHHe anropsr asrpaacaror õrrar-onapaocrs napercropy JIB:rA, 
qneHY-KoppecnOH.n;eHTY AH CCCP M.r .MeI.I.J;epHKoBY aa nOCTORHHhIH fine

~ pec I' paõore H nonnepxocy, a TaK)Ke JI.H.r0J1y6eBoH H 3.JIOHUKOM sa no
'I MOI.I.J;b B H3MepeHHHX H KO.n;HpOBaHHH 3KcnepHMeHTaJIbHhIX .n;aHHhIX.

i 
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TEMATMqECKME KATErOPMM llYBn~AUMA 

OB»E~MHEHHOrO MHCTMTYTA ~PHYX 
MCCJIE.Z.OBAHMA 

M~~,neKc TeMaTKKa 

1. 3KcnepHMeHTanbHa~ ~H3HKa BWCOKHX 3HeprH~ 

2. TeopeTH4eCKa~ ~H3HKa BWCOKHX 3HeprH~ 

3. 3KCnepHMeHTanbHa~ He~TpOHHa~ ~H3HKa 
4. TeopeTH4ecKa~ ~H3HKa HH3KHX 3HeprH~ 

5. HaTeMaTHKa 

6, ~AepHa~ cneKTPOCKOnH~ H paAHOXHMH~ 

] • • H3HKa T~*enwx HOHOB 

8. KpHoreHHKa 

9. YcKOPHTenH 

10. AaTOMaTH3a~H~ o6pa6oTKH 3KCnepHMeHTanbHWX 
AaHHwx 

11. BW4HCnHTenbHa~ MaTeMaTHKa H TeXHHKa 

12. XHMH~ 

13. TexHHKa ~H3H4ecKoro 3KcnepHMeHTa 

14. HccneAoaaHH~ TaepAWX Ten H *HAKOCTe~ 
~AePHWMH MeTOAaMH 

15. 3KcnepHMeHTanbHa~ ~H3HKa ~AePHWX peaK~H~ 
npH HH3KHX 3HeprH~X 

16. Ao3HMeTpH~ H ~H3HKa 3a~HTW 

17. TeopH~ KOHAeHCHPOBaHHOrO COCTO~HH~ 

18. Hcnonb3oeaHHe pe3ynbTaToa H MeTOAOB 
~YHAaMeHTanbHWX ~M3M4eCKMX HCCneAOBaHHH 
8 CMe*HWX o6naCT~X HayKM H TeXHHKM 

19, bH~H3HKa 


