
:3K3. LJ!H. J'lr "• 

OB'bEt];MHEHHhIM HHCTMTYT HAEPHhIX WCCJIEt);OBAHMft 
OTLIEn HOBbIX METOLlOB YCKOPEHH.R 

flAEOPATOPH.R .RilEPHbIX PEAKUHA 

P9 - 4849 

M.Jl. HoeHOBHtl, M.M. «llHKC 

HAKODJ1EHJ1E MHOr03APH~HMX HOHOB 
8 crYCTKE PEJJHTHBHCTCKMX 3J1EKTPOHOB 

. ' 

• 

fl.y6Ha 1969 . 

,. 



pg - 4849 

M.JI. MosttosHq, M.M. <l>HKC 

HAKOTIJIEID1E MHOr03APH~HMX MOHOB 

B crYCTKE PEJIHTMBMCTCKMX 3JIEKTPOHOB 

HanpaaneHo B A3 

Oi1,;;.:~;i:td!Wft ·•ttemryr I 
SlaCJIBWX lrr:::elnaRIII 

6~16JU1G TEHA 



B HaCTOSIIUee BpeM.II HHTeHCHBHO · paspa6aTbIBaeTC.II npellnO)KeHHbIH B 

/1/ 
pa6oTe MeTO)l KonneKTHBHOrO ycKOpeHH.II HOHOB. 

B OCHOBe MeTO)la ne)KHT B03MO)KHOCTb nonyqeHH.II yCTOH'IHBbIX aneK

TpOHHO-HOHHblX crycTKOB. flpH onpe)leneHHbIX ycnOBH.IIX BpeM.II )KH3HH crycT

Ka OKa3bIBaeTC.II )lOCTaTO'IHbIM )ln.lI ero _a¢¢eKTHBHoro ycKopeHH.II KaK ueno

ro. B npouecce ¢opMHPOBaHH.II crycTKa H BO BpeM.II ycKopeHH.II HOHbl y)lep

)KHBalOTC.II B cryCTKe npocTpaHCTBeHHblM sap.lillOM aneKTpOHOB. fl OCKOnhKY 

CKOpOCTb nocTynaTenbHOro llBH)KeHH.II HOHOB H aneKTpOHOB ·ollHHaKOBa, TO 

M 
a.liepi:-H.II HOHa 6onbwe aHeprHH aneKTpoHa B -- A pas ( m H M - Mac

.my 
Cb! IlOKO.II aneKTpOHa H HyKnOHa COOTBeTCTBeHHO, A - MaCCOBOe 'IHCnO HO

;,JJ,c 

Ha, y -pen.lITHBHCTCKHH ¢aKTOp aneKTPOH_a B IlOKO.IIIUeMC.II crycTKe). floaTo-

MY B03MO)KH0 ycKopeHHe HOHH3HPOBaHHblX T.II)KenbIX aTOMOB llO 6onbWHX 

. /2 3/ 
aHeprHH ' • 

flpouecc C03)laHH.II llBYXKOMilOHeHTHOro cryCTKa npoHCXO)lHT cne)ly!OIUHM 

o6pa30M. CHa'lana BO BHeWHeM MarHHTHOM none ¢opMHpyeTC.II TOHKOe KOnh

uo pen.lITHBHCTCKHX aneKTPOHOB. Ha :3TOM aTane HOHbl B cryCTKe npaKTH

'leCKH OTCYTCTBYJOT; HaKonneHHe HX npoHCXO)lHT nocne Toro, KaK aneKTpOH-
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Hoe KOnhUO cqiopMnpoBaHo. BonpOCbl HaKonneHHSI HOHOB o6cy)l{.[l81IHCh paHee 

/2,3/ B • . 
B pa6oTaX • HaCTOSillleH pa6oTe paCCMOTpeH npouecc HaKonneHHSI 

MHOroaapSI.ctHbIX HOHOB TSJ)l{e1JhlX 8TOMOB B TOHKOM aneKTpOHHOM K01IhUe, 

6onhlIIOii: pannyc KOToporo - R , a Manh1ii: - a 

HaKonneHne HOHOB OilHOaTOMHOro raaa 

B crycTKe penSITHBHCTCKHX 91IeKTpOHOEI. 

TTycTb Heii:Tpa1IhHbie aTOMbl C ,[lOCTaTO'IHO Manoii: KHHeTH'leCKOii: 9Hep

rneii: nonana10T BHYTPh crycTKa penSITHBHCTCKHX aneKTpOHOB H B peaynhTa

Te CT01IKH0B8HHH C nocne.ctHHMH HOHH3npyIOTCSI. '0.ctHOBpeMeHHO C 9THM npo

HCXOJ:lHT H3MeHeHne noTeHunanbHOll 9Heprnn HOHa, HaXO.[lSilllerocSI B none 

op~eMHoro aapSina aneKTpoHos. 3To naMeHeHne noTeHunanhHOii: aHeprnn, 

Bbl3BaHHOe ysenn11eHH8M aapSina TSI)l{01IOH '18CTHUhI, B cpenHeM MHOro 6onb

llle nepenasaeMOll efi npn CT01IKH0B0HHH KHH0TH'1eCKOH 9Heprnn. noaTOMy 

nonasnH10maSI 11acTh 06paay10mnxcSI noHoB 6yneT aaxsa11eHa noTeHunanhHofi 

SIMOR 9110KTpOHHOro K01IbUa • . 
B xone nocneny10mnx cTonKHoseHnfi c sneKTpoHaMn aapSin ynep)l{nsae

• 
Mb!X BHYTPH KOnbua HOHOB ·6yneT ysemt'1HB8TbCSI. BepOSITHOCTh MHOI'OKpaT-

HOH HOHH3aUHH, Korna B·OJ:lHOM aKTe saanMonefiCTBHSI aapSI.il 11aCTHUbl 

ysenn11nsaeTCSI 6onee 'leM Ha ennHHUY, MHOI'O M8Hhllle OJ:lHOKpaTHOfi. Tio:9TO-. 
MY HOHH3aUHIO 6yneM C'IHTaTh CTyneH'laTofi, a HMeHHO: 11aCTHilbl C · aapSI)lOM 

z o6pa3yIOTCSI H3 HOHOB C 3apSI.ctOM z - 1 . KpoMe Toro ecTeCTBeHHO npe

He6pe'lb npoueccaMH peKOM6HH8UHlf M8)1{.[ly lfOHaMH scex aapSI.ctHOCTeii:•lf pe-

1ISITHBHCTCKHMH aneKTpOHaMH. 

HaMeHeHne ycpenHeHHOH no o6~eMy cryCTKa nnoTHOCTH Heii:Tpam,HhlX 
/4/ ' 

aTOMOB n O B enHimuy BpeMeHH paBHO • 

4 

. 1.f 

no= - ,\I no+ ,\a( na- no· 

,\ f = n,. C ao , ,\ a =-• 
s ii 
V 

(1) 

rne no -nnoTHOCTh HeiiTpallbHblX aTOMOB B OKpeCTHOCTH cryCTKa; n .. • C -

COOTB8TCTBeHHO nnoTHOCTh H CKOpOCTh aneKTpOHOB B KOllhUe; Uo - ce11e

HHe HOHH38UHH HefiTpanbHoro aTOMa aneKTpOHOMi S -nnomanh. nosepXHOC

TH, 11epea K0Topy10 aTOMhI np0Hnia10T s crycToK·;· ,u -cpenHee aHa11eHne 

HOpM81IhHOH K noaepXHOCTH cryCTKa KOMUOHeHTbl CKOpOCTH .li:efiTpanhHOro 

aTOMa; V o6~eM crycTKa. 

CornaCHO ypaBH8flHIO ( 1 ) ' H3MeHemrn IT1IOTHOCTH HefiTpanhHblX '18CTHU 

B cryCTKe Bbl3BaHO KaK HX HOHH3auneii: aneKTpOHBMH, TaK H pa3HOCThIO 

noTOKOB, CBSI38HHOii C pa31IH'11f0M KOHUeHTpaunfi aTOMOB Bile H BHYTPH 

crycTKa. B 38BHCHMOCTH OT BbI6paHHOro cnoco6a HaTeKaHnsi aTOMOB B sa

KYYMHYIO KaMepy, B KOTOpoti cqiopMnpoBaHO aneKTpOHHOe K01IhUO, KOHUeH

TpaUHSI HefiTpanhHhlX 11aCTHU B OKpeCTHOCTH crycTKa aanaHa nn6o nnoT

HOCThIO HX noTOKa, nanaromero Ha nosepXHOCTh K01IbUa, nn6o napunanbHblM 

nasneHneM COOTBeTCTBY,IOillero raaa B BBKYYMHOH KaMepe. TiyCTh TOHKOe 

9110KTPOHHOe K01IhUO nepeceKaeT co CKOpOCThIO U a HanpaaneHHbIH B,[l01Ih 

ero OCH UOTOK aTOMOB. Torna cpenHee 3H8'1eHne HOpMa1IhHOH K nosepXHOC-

TH cryCTKa KO~UOHeHTbl CKOpOCTH paBHO 
2 

u =-- u 
7T a 

, nnomanh -

2 u 
S .. 211 Ra 

2 
lI OTCIO.cta - Aa • -;, a 

a 
Ecnn )1{0 B K01IhUO nocTynaIOT 

aTOMbl OCT8T0'1HOro raaa, H HX TennosaSI CKOpOCTh paBHa UT . , TO 

1 
~Ii ,\a""]'" u = 4 

UT 

a 

,,, 
YpasHeHne ( 1) aannllleM s cnenyromeM snne: 

~o + ,\o 0 o • ,\a 0 a 

Ao= ,\ I + ,\a .• 
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MaMeHeHne BO apeMeHll cpennefi nnoTHOCTll OAHOKpaTHO HOHll3llpOBaH-

HbIX aTOMOB n1 OilllChIBaeTCSI ypaBHeHHeM: 

n1 +A1n1 • Al no, (2) 

ypaBH8Hlle nnR nnoTHOCTll Dz HOHOB C aapAAOM z > 1 

~z + A z n z A z_ 1n J!!.,-1 • 

~3), 
A z'"' n., c Uz , 

rne CTz -. C8"i8HHe HOHH3aUHH HOiia -c aapAAOM Z npn CTOnKHOB8HHH C 

81IeKTpOHOM, npH"i8M Azo .. 0 ( z O - 8)'OMHhlfi HOMep). TioaTOMy 

nzo"' Azo-t nzo-1. (4) 

B CHCTeMe ypaBH8HHfi (la)-(4) 118 Y"iHTb!B8IOTCSI coynapeHHSI M8)KAY 

TSl)K8nhIMH "i8CTHUaMH, npHBOASIIUHe, B "i8CTHOCTH, K npoueccaM HOHH38UHH 

ll nepeaapAAKH. BKnan HOHOB B 9TH npouecCbl onpene1IS18TCSI OTHOI118HH8M 

n u u 
xapaKTepHbIX BpeMeH CTOlIKHOBe~nfi, paBHbIM l l l • CpenHSISI CKO-

n CT C 

" " poCTb HOHa C MaCCOl;lbIM "iHCnOM A H aapSIAOM z ' COBepmaromero Kone-

6aHHSI a noTeHUHanbHOfi SIMe, 

z ½ 
Tponoa, paana u 1 • ( A ) 

coanaHHOfi npocTpaHCTB8HHhlM aapAAOM sneK

up 

/5/ . 2 
; C8"i8HH8 CTO1IKHOB8HHSI ·· <Ji • Z CT P ; 

rne UP ll CT P - COOTB8TCTB8HHO cpeAHSISI CKOpOCTb ll C8"i8Hll8· nn51· IlpOT0-

-2 3 
Ha. CKopoCTb npoToHa B cryCTKe up .. 10 C' a C8"i8Hll8 CTP - 10 u" 

Tio9TOMY BKnanoM HOHOB MO)KHO npeHeppe"ib, ecnn OTHOIII8HH8 "iHClla HOHOB 

ll 9118KTpOHOB: 

6 

• 

~ 

1/2 
n1 

« ~ 
1~ 

(5) 
n., 

nonyCTHM, "iTO a Ha"ianbHhlfi MOMeHT BpeMeHH t ,. 0 a crycTKe Haxo-

ASITCSI TOllbKO HefiTpanbHhle aTOMhI: nz ( 0) - n a 8 0 z • PeweHHe CHCTeMbl 

ypaaHeHnfi ( 1 a)-( 4) aannweM B anne cyMMhI -qac;THoro p~!IIeHHSI neonnopon

Ho~ cncTeMhI H o6mero pellleHHSI onnopoilHofi: 

nz 

Aa 
8 0 • 8 a ( -X--::- + Yo ) • 

0 

• n a 

A A 
_l ( a . 

A
0 

--x;- + Yz ) , l~Z~Z0 -l, 

A1 
nz = n --( A t 

0 a Ao a 
) + Yz 0 

rne "iaCTHoe pemenne npencTaaneno nepBbIMH -qnenaMn, a cpyHKUHH y z 

onpene115110TCS1 onnoponnofi cncTeMofi ypaaHeHnfi: 

Yo + Ao· Yo .. O • 

(6) 

Yz +Az Yz '"'Az-1Yz-1' (7) 

Yz •Az -iY z -t 
0 0 0 

A1 Aa 
c Ha"iallbHblMH yClIOBHSIMH Yo (0) • --,.-:; Yz (0)..--x-::;Yz (0) .. 0 • CncTeMa ypaa.:. 

0 z 0 

Hennfi, coananaromaR c (7), onnchmaeT npouecc pacnana pannoaKTHBHoro 

/6/ 
ceMefiCTBa • Bocnonb30BaBIIIHCb H3B8CTHblM peIIIeHHeM, nony"iHM, "iTO 

nnoTHOCTb HOHOB C 3apRnOM z OT ennHHUbl no z O -1 BK1IIO"iHT8nhHO paa

Ha: 
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z 

Dz• 
At 1 

D& Ao [Aa(Az-k:1 
Szk At 

--x-:-) + ~ s z O 1 
k I\ 0 

nnOTHOCTb nonHOCTblO HOHH3HpOB8HHblX aTOMOB paBHa 

, Z -1 
"1 0 

Dz ,. D -.-[ A ( t - !. 
0 & ."o & k=l 

311ech: 

MSI Z ~ Z0 - 1 

Z -1 

Szk"" .If 
m=k 

11nS1 Z .. Z 0 

z 

Am!. 
s•k 

z0 -1 z 0-t 

SZQ____I<_ 
Ak 

e -A,.t 

TI A 
nO:k ns 

-At 
" 

\ 
+-r,Szo1 

0 0 

-A t 
• Sz Z"' e z 

0 ~ k ~ Z-1 

(8) 

(9) 

(lOa) 

e 
Sz k -1 - TI Am!. z -1 , 0<k<Z 0 -l. (106) 

O m•k s:sk A on A - -
' ' ' ' 1 " n .. k n" /\ns = /\n -/\s /\ss • • 

TinoTHOCTH HeiiTpam,HblX H 0/lHOKpaTHO HOHH3HpoBaHHblX aTOMOB COOTBeTCT-

BeHHO paBHbl! 

A A1 -.\ t 
(lla) D ,..D(-&+--e o ), 

o & . A
0 

A
0 

A, A & A I -Aot Ao(A,.-\) -,\ tt 1 (116) D •·D -[- - -y;: e -
Ao t 

e • 1 a Ao A1 o 1 A1 

CyMMHPYSI CHCTeMy (la)-(4), nony'lHM ypaBHeHHe, KOTOpOMY YllOBneT

BOpSleT nnoTHOCTh Bcex TmKenbIX 'iaCTHU (aTOMOB H HOHOB), D = lo D_z, 

8 

~ 

i 
!' 

I , 
L \ \ti 

.,.,; 

- ' ,, 

i 
I' 
f 
i 
! 
I 

I 
L ,,, 
1) 

I 

I 

D .. A & ( D& - D o ) • ( 12) 

Ero peweHHe B cny'lae D ( 0) = D & HMeeT BH/1:. 

A& A1 A A -,\ t 

s (t) = ~-1 & l c- 1 e o ) + 
Ao 

t -~ -
D& Ao 

(13) 

t 
1 -

IlpHBelleM TaKJKe 3Ha'lelme BenH'lHHbl p - - J D ( t') d t' 
D a o 

A&Al A&Al 2 A,.A1 -.\ot 
p(t) .. {1-.--> t +--t + (1 - e ) 

Ao 2A 0 Ao 
(14) 

EcnH BpeMSI HaKonneHHSI HOHOB YllOBneTBOpSleT ycnoBHIO Ao t >> 1 

Al t>>l, ... , Az t >> 1 , TO nnOTHOCTb HOHOB C COOTBeTCTBYIOlllHM sap MOM 

CTpeMHTCSI K npe11enbHOMY paBHOBeCHOMY 3Ha'leHHIO: 

A,. 
Dz .. D,._-x; 

ao 

Uz 
0 ~ Z ~ Zo- 1 (15) 

' aenH'lHHa KOTOporo TaK JKe, KaK H Bpe11:;1S1 llOCTHJKeHHSI 3TOI'O 3Ha'leHHSI, pac

TeT C yBenH'leHHeM aapAAa HOHa. BMeCTe C 9THM cyMMapHaSI nnoTHOCTb 

TSIJKenbIX 'i8CTHU D yBenl):'lHBaeTCSI nponopuHoHanbHO BpeMeHH H8KOll neHHSI. 

Ha puc. 1 H 2 ll0K838HO HaKonnemi:e KCeHOHa (qryHKUHSI s (t) ). B 011-

HOM cny'lae {puc. 1) HeHTpanbHbie aTOMbl llOCTynaIOT B aneKTpOHHblH cryc

TOK H3 HanpaBneHHOI'O llOTOKa, CKopocTb KOTOporo .. 1,4 ·M , T.e. u a .. 
. 4 . 

"' 4,8-10 CM/CeK, a B 11pyroM (p1iC. 2) ocymeCTBnSleTCSI HaKonneHHe KCe-

HOHa H3 OCT8TO'iHOI'O rasa B B8KYYMHOH KaMepe npu TeMnepaType T=300°K, 

4 
T.e. UT = 2,4•10 CM/CeK. KoHe'lHYIO nnoTHOCTb TSIJKenbIX 'i8CTHU MOJKHO 

llOBblW8Th, yMeHbW8SI BpeMSI aanonHeHHSI o6'beMa KOnbUa• HeiiTpanbHblMH 8TO

MaMH! ecnH A,. >> A 1 , To Bc1011y BenH'lHHY A,./ Ao cne11yeT aaMeHHTh ee 

MaKCH?148nhHblM 3Ha'leHHeM, paBHblM ellHHHUe. 
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---

S(t) 

10 
I 

91 
Bt 

71 

6 

5 

4 

3 

2 

1 

0 

i:31 
S'{ 

n -1o"' -3 e- CH Q=O,fcH. 

Ne =101
" 

1 2 .3 4 

P{t:)-105
celc. 

w 

fS 

· "10 

s 

s s tfOce1c 

Piic.1, HaKonneHHe KC0HOH8 B aneKTpOHHOM crycTKe (ny'IOK 
aTOMOB ·u = 4,76•104 CM/CeK), 

a 

10 

~~' 

'i 

S(t) P(t} ·105cet. 
I 

~1 a(_ 131 
e.;t, , 

15 

n =10 litCH-J Qr:01CH e I 

4+ Ne::101
" 12. 

.3 9 

2 6 

~ 3 

0 1 2 .3 4 5 t10~eK. 

PHc.2. HaKonneHHe KC0HOHa B 9ll0KTPOHHOM crycTKe ( OCTa
TO'IHbiil raa, T = 300°K, uT = 2,38•104 cM/ceK). 
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t\ 
ITQTepn aneKTpOHOB s rrpouecce HaKorrneHnn~QflOB 

C ysennqeHneM rrnOTHOCTH TRlKenhIX qaCTHU B03pacTaeT sepORTHOCTb 

paccenHHil aneKTpOHOB Ha 8TOM8X H HOHBX, qTo rrpHBO!lHT K orpaHnqeHHIO_ 

KOHeqHoii rrnoTHOCTH TR)KenbIX qacTHU n • ITocKonbKY npouecCbI paccen-

HH51 npHBO!l51T K pocTy aMnnHTY!lhl 6eTaTpOHHbIX KOne6aHHH aneKTpOHa, TO 

MO)KHO cqnTaTb, qTo aneKTPOH IlOKHHyn npenenbI KOnbUeB~ro nyqKa, ecnn 

KBanpaT 3TOH aMnnHTYllbl CT8HOBHTC51 6onbllle KBanpaTa Manoro pannyca 

KOnbua a
2 

• CpenHee sa rrepnon 6eTaTpOHHhIX Kone6aHn:ii sHaqeHne Ksanpa-. . n, 
Ta aMnnnTY!lhI B cnyqae ynpyroro pacce51HH51 Ha Manh1ii yron 0 . pasHo : 

rne 
2 

U O 

-2 2 
u = uo + 

0 2 R2 

2 813 
( 16) 

-KsanpaT aMnnnTy!lhI HenocpencTseHHO nepen pacce51HHeM; nB -

noKa3aTenb MarHHTHoro nong. 

8neKTpOH BbJ6bJB89T H3 nyqKa H npn O!lHOM coynapeHHH C T51)Kenoii 

qaCTHUeii (pacce51HHe Ha 6onbl11He yrnhI; TOpM03HOe H3nyqeHHe Ha aTOMHOM 

ggpe) 1 H 38 cqeT ManhIX, HO MHOrOKpaTHO IlOBTOp5110lllHXC51 H3MeH9HHH ero 

ipaeKTOpHH. 

1) IToTepH aneKTpOHOB B npouecce ogHOKpaTHblX CTOnKH0B9HHH 

Ha Bblpa)KeHH51 (16) cnenyeT, qTo O!lHOKpaTHOe pacCe51HHe Ha yrnb1: 

(a2-u;) 
e > e .. v 211a~ 

- o R 
(17) 

BblBO!lHT aneKTpOH H3 nyqKa. ITOCKOnbKY pacce51HHJO Ha yron 0 ~ 0 O COOT

B9TCTBYJOT npnuenbHbie pacCT051HH51, M9Hbl11He pannyca aTOMa, TO MO)KHO 

cqnTaTb, qTo pacce51Hne nponcxonnT Ha aToMHOM nnpe c ceqeHneM, onpene-

12 

• 

n51eMbIM 3BKOHOM Pesepcpopna. B 3TOM cnyqae sepo51THOCTb pacce51HH51 ane: 

TpoHa B 9!lHHHUy Bp9M9HH Ha yrnhI 0 > 0 o paBHa: 

2 

Zo I 2 

•2rr~-r., cn(t) 2 2 
y "s a -uo 

2 •. 
P (u 0 ,t) •cn(t) J a(0)dO 

Oo 

TT R2 
( 18) 

2 
e 

rne r • 2 
e m C 

KnaccuqecKnii pannyc aneKTpoHa. 

0THOCHTenbHble IlOTepn aneKTPOHOB scnencTsne O!lHOKpaTHoro pacce51-
/7/ . 

HH51 BbJqncn5110TC51 C IlOMOlllbJO Bbipa)KeHH51 

2 
a t 

2 2 2 
q O = I - i d u0 F ( u0 ) exp [ - J

0 
P ( u

0 
, t ') d t ' , (19) 

rne F ( u~) - nopMnposanHa51 Ha ennHnuy cpyHKUH51 pacrrpeneneunH aneK'ipo

Hos s HaqanbHblll MOMel!T BpeMeHH t -= 0 . 
2 

Ecnn F .. 8 ( u O ) t TO OTHOCHTenbHbie IlOTepn MO)KHO rrpencTaBHTb B 

snne: 

q
0
= 1- exp 

2 

Zo 
[-2rr y7!" 1 

DB 

2 
R 2 

7 r., c n.,_ p ] • (20) · 

Heyrrpyroe pacce51HHe aneKTpOHOB MO)KHO yqeCTb, SaMeHHB B cpopMyne (20) 
2 

Z 0 Ha qucno aneKTpouos HOHH3HposaHHoro aTOMa Z
0 
-Z • QqesnnHo, qTc 

nng T51)1{0nhlx aTOMOB BKnan ueynpyrnx CTOnKHOB0HHll B BennqnHy noTepb 

6yneT Manh1M. 

B rrpouecce TOpM03Horo H3nyqellH51 HMeeT MeCTO B3aHMOneiiCTBHe 

Tpex Ten. ITpn 3TOM IlOTepn aneKTPOHOB H3 KOnbUa rrpoHCXO!l51T ga)Ke rrpH 

nsnyqeunn M51rKHX y -KBallTOB, IlOCKOnbKY B03MO)l{Ha nepenaqa 6onblIIOro 

HMrrynbca ggpy. BennqnHy OTJIOCttTenbHblX IlOTepb aneKTpOHOB qr MO)KHQ 

oueHHTb C IlOMOlllbJO Bblp8)1{0HH51 nng rronHoro ceqellH51 TOPM03Horo nsnyqe-
. -t/3 /5/ 

mm, KOTopoe nng Tg)KenbJX a TOM OB rrpn I<< y < 137 z O pas HO 
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JHl9Mb!M 3aKOHOM Peaepqiop.ua. 8 9TOM cnyqae Bep05ITHOCTb pacce5IHH5I aneK- . 

Tpoaa B 9.UHHHIIY BpeMeHH 

2 
P (u 0 ,t) •cn(t) 

2 
e 

Ha 

11 

I 
Oo 

yrnb1 0 > 0 0 paBaa: 

2 
Zo 1 2 

a(0)dO .. 211 ~ - r., cn(t) 
y DB 

r.ue r • --,,--
" m c

2 KnaCCH"IeCKHll pa.uHyC aneKTpoaa. 

R2 

a2-u2 ' 
(18) 

0 

OTHOCHTenbHbie IlOTepH aneKTpOHOB BCne.UCTBHe O.UHOKpaTHOT'O pacce5I

/7 / 
HH51 Bbl"IHCn5II0TC51 C IlOMOillhIO Bblpa,KeHH 51 

2 
.. t 

2 2 · 2 
q 

O 
= 1 - i d u

0 
F ( u

0 
) exp [ - f

0 
P ( u

0 
, t ') d t ' , (19) 

r.ue F ( U ~) - HOpMHpOBaHHa51 Ha 9.UHHHIIY <pyHKUH51 pacnpe.ueneHH51 aneKTpo

HOB B aaqanhllblll MOM911T BpeMeHH l .. 0 . 
2 

EcnH F ,. 8 ( u O ) ' TO OTHOCHTenbHble IlOTepH MO,KHO npe.ucTaBHTh B 

BH.Ue: 

2 

Zo 
q = 1- exp [-211 -::7, 

0 y 

2 

1 R 2 

-::-!!a r., en,. p] . 
DB 

(20) 

Heynpyroe pacce51HHe aneKTpOHOB MO,KHO yqeCTh, 3aMeHHB B <pOpMyne (20) 
2 

Z O Ha "IHcno aneKTpOHOB HOHH3HpoBaHHOl'O aToMa Zo - Z • O"IeBH.UHO, 'ITO 

.Un51 T51,KenbiX aTOMOB BKna.u HeynpyrHX CTOnKHOBeHHll B BenH"IHHy IlOT9pb 

""' 6y.ueT ManbIM. 

8 npouecce TOpM03HOl'O H3nyqeHH51 HMeeT MeCTO B3aHMO.U9llCTBHe 

Tpex Ten. TipH 9TOM IlOTepH aneKTPOHOB H3 KOnbua npoHCXO.U51T .[la,Ke npH 

nanyqeHHH M51f'KHX y -KBaHTOB, IlOCKOnhKY B03MO,KHa nepe.uaqa 6onblll01'0 

HMnynbca 51.UPY • Bemi"IHHY OTIIOCHTenbHbIX noTepb aneKTpOHOB qr MO,KHO 

oueHHTb C IlOMOillblO Bblpa,K9HH51 ,ung nonaoro ceqeHH51 TOPM03IIOT'O nanyqe

HH51, ~OTopoe ,ung T51,KenbIX a TOM OB npn 1 << y < 137 Z~
1

/
8
paBHO /Bl 

13 



B BR.Cle 

u r • 

2 
4Z 0 

T37 
2 

re Cf n 2 y - 1/3 ) , 

q = 1 - exp [ - u c n p ] 
r r a 

2) TToTepH aneKTpOHOB BCne.[lCTBHe MHOroKpaTHOrO pacceSIHHSI 

(21) 

(22) 

Ha TeopeTHqeCKHX npe.ucTaBneHHll O BenHqHHe noTepb qaCTHU B ycKO-n, . 
pHTenRX cne.uyeT, qTo OTHOCHTenbHble noTepH aneKTPOHOB, Bbl3B8HHbie 

MHOPOKpaTHbIM pacceSIHHeM Ha aTOMaX, onpe.uenmoTCSI BenHqHHOll 

T "" 

t R2 
C j 2 

T . 0 nBa 

d0
2 

dx d t ', , (23) 

r.ue cpe.uaee saaqeHHe KBa.upaTa yrna pacceSIHHSI ynbTpapenSITHBHCTCKo~o 
/5/ 

aneKTpOHa na e.[lHHHUe nyTH paBHO 

d02 

Tx 

zo 
Brr ,2 :£ .. r e z .. o 

2 
Z nz fn 

Omax 
8mtn 

(24) 

<l>opMyna (24) nonyqena B npe.unono:»<eHHH, qTo npHUenbHhie paccTOSI

HHSI npH MHOPOKpaTH0M pacceSIHHH saaqHTenbHO 6onbrue pasMepOB aTOMa H 

pacceSIHHe npOHCXO.!lHT Ha HOHaX C sapR.!lOM z . MaK.CHManbHblll yron 

MHOPOKpaTHOro pacceSIHHSI BbI6epeM paBHblM MHHHM8nbHOMY yrny O.!lHOKpaT-

Horo pacceSIHH£: 

a 
0 •v2nB -R max 

(25) 

14 
-f 

MHHHManbHbiil yron pacce.HHH.H onpe.uen.HeTC.H MaKCIIManbHblM npHUenbHblM 

paCCTO.HHlieM, KOTopoe COBna.uaeT C ManbIM pa.uuycoM KOnbUa, T.K •. B .uan-:

HOM cnyqae .[le6aeBCKHll pa.unyc 9KpaHHpOB8HH£ 3HaqHTenbUO 6onbIUe Mano

ro pa.unyca Konbua 

0 ... 
min 

r 
....!. 
a 

B pes;nbTaTe nony'IHM, tiTo: 

2Z 
y 

4rr 
r • ~ 

y 

1 R 2 zo t --2 
2 

2 
---:-lr re c :£ Z f n ( t ') d t , n . • I n B Y a 

DB a z..o o· z LR v- - --. 2 Z R r., 

(26) 

(27) 

iln£ ·oueHKH noTepb M0:1KHO BOt:IlOJlb30B8TbC£ TeM, 'ITO r 

BenH'IHHbl 

Bceraa MeHbrue 

2 
Zo 

477 -, 
y 

2 
1 R 2 

nB 7'e cnap L' (28) 

rpe L - cpeaa:ee snatiea:ne norapmliMa B. qiopMyne (27). OnpeaennB Benutin

Hy r n sna£ naqanbHoe pacnpeaeneane aneKTpoa:oB no aMnnuTyaaM 6eTa

TpoHHbIX Kone6aanil, M0:1KHO HailTH noTepu aneKTpOHOB, Bbl3BaHHble MHoro-
n 1 

KpaTHbIM pacce.HHHeM • CpaaHeHHe Bbipa:1KeHHll .unSI noTepb noKa3bIBaeT, 

'ITO TOpM03HOe nsnyqeaue npHBOllHT K 3H8'1HTenbHO MeHblliHM noTep.HM, 'leM 

npouecCbl pacceSIHH.H. n o-BHllHMOMY. OCHOBHblM HCTO'IHHKOM noTepb SIBnSieT

C.H MHOPOKpaTHOe ynpyroe pacceSIHHe aneKTpOHOB Ha Manbie yrnhI. EcnH 

3Ha'leHHe aonyCTHMhlX noTepb aneKTpOHOB sa BpeM.H HaKonneHH.H npHH.HTb 

paBHbIM 5.a.10%, TO cyMMapa:asr nnOTHOCTb n HaKonneHHblX TSI:1KenbIX qac-

THU (KCeHoH) orpaHH'leHa BenHqHHOll 
n 

n .. 

15 
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