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B ll8HHol! pa6 o T e coo6waiOTCA pea ynbT8Tbi H08biX H3 M e p e HHl!, npo8eneHHbiX Ha H e l!

TpOHH OM cneKTpOM9T p e riO 8p9M9HH nponeTa, ll9l!CT8yl0lll9M H8 6839 HM nynbCH OrO 6hiCTp o 

r o p 98KTOp 8 06'b9llHH9HHOrO HHCTHTYT8 llll9pHbiX HC Cn 9ll088HHl!, P eayn bT8 T bl nep8biX H3 -

MepeHHl! C p 0 llH9M H 6pOMOM y>Ke Ony6nHK088Hb/ 
1

•
21 

.[lnA ll8nbHel!werO HC Cn9ll 0 88HHII 6binH 8 bi6p8Hbl pellK039M9nbHbl9 9neM9H T bl T e p6Hl! 

H np8390llHM, .[laHHbl e 8Tn8C8 H9l!TpOHH bi X C9'19HHA/
3

/ 06 9THX a neM9H T8X OTHOCIITCII K 

1955 r. K He conep>K8T cnHH08 H 3 H8'19HHA r y 8 OTllenbHbiX p e30H8HC8X . VI a pa6oT 

nocnenHero 8peMeHH TOnbKO 8 onHoA
141 

npH8eneHbi peaynbT8Tbi n o npaaeonHMy , n ony -

qeHHbTe MeTon.oM nponyCKBHIHI . OnH aKo a o TH oweH H:H pa.aHauHOHHbiX wapHH 6onhw KHCTBO 

ll8HH biX p860Tb/
41 

H9nb311 p8CCM8TpH88Tb ll8>K9 K8K rpy6y10 OU9HKy, 

npHCTyn811 K pa6oTe C np8390llHMOM H Tep6H9M , Mbl H8U9AnHCb nony 'IHT b p8 U H8-

UHOHHhl9 WHpHHbi H CO HH hl H9 KOTOphlX ypOBHe~ H YTOqHHTb pacn peneneH H ~ npHB9il.eHH biX 

H e A:TpOHHbiX W HJ:JHH 3T HX aneM9HT08 1 B OC06eHHOC TH anH npa3eOJl HM8 1 y KOTOp o ro cor-

naCHO U8HHbiM p860Tb/
4

/ 'IHC n O CTene H e A CB060llbl V B pacnpeneneHHH npHBelleHH biX 

H e ATpOHH biX WHpHH OK838n OC b p aBH blM weCTH, BMeCTO V = 1 nn11 o6wenpHHAToro p acnpe-

neneHHII nopTepa-TOM8C8, 

1. Vl aMe peHH e npony c KBHHR 

npH H3M9p e HHH nponyCK8HHII HCnonb3088n8Cb annapaTypa , On HC8HH851 B pa6oTe/
5

/ 

npon y C K 8 HH 9 Tep6HSI H3MepAnOCb 8 o6naC TH 9 H e prHl! OT 3 98 llO 80 9 8 C 06p83U8MH 

H3 OKHCH Tep6HA T OnlUKH Ol! 1,22•10
20

; 6,94· 10
20

; 2,76• 1021 
K 1,498 ' 10

22 
All e p H 8 

cM
2 

o6paaua. B c nyqae n paaeon HM8 K aMepeHK e nposonKnOCb B o6nac TH OT 8 9B no 

1700 9B C o6p83 U 8 MH K 3 OKKCK np83eOllKM 8 TOnlUHHOl! 1,08• 10
21 

3,25 · 10
21 

9 ,42•10
21 

2 ,355·1 0
22 

K 7,3·1 0
22 

"A"P Pr H8 cM
2 

o6paaua. 06pa6oTKa 9KCnepKMeHT8nbllhiX peaynb

T8TOB nposonnnacb MeTOllOM , nano>KeHHhiM 8 pa6oTe
1 11

• Me T Oll OC HOBBH HB 9xcnepHM e H-

TBnbHOM onpeneneHHH nnOlllllllH A nposana HB KpKBOl! nponyCK8HKII, IIBn HIQllleAcll cj:ly HK-

UH9A napaMeTpOB p930H8HC8 K TOnlUHHbl 06p83U8 n 

(1) 
A = A(gf'. , f', n). 

2. V1 3 Mepe HH e pa.D.KBUH OHH Or ::l 3 8XB8T8 

P anK8UKOHHhi il aaxsaT HeATpOH OB Ha yqancA c noM OlllbiO neTe KTopa, o nHC8HHor o a 
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/6/ 
pa6oTe npe 3 TOM oc y wecTBnHnHCb JlB 8 '1epe Jly iO W K 8 C H c epHH H3 M8p8HHA. B n e pao l! 

cepHH a n y'!Ke He l! TpOH OB pac nonaranc s TOnbKO OJlHH o6p a3eu D He n oc p eJlC T Be HH O a K a 

H a n e Jl9TeKTo p a . B 3TO M cny'lae M\)>KH O nony'IHTb, KaK n o Ka3aH o a
121 , B bipa>K e HHe: 

I NLQl ry A D c , r D (2) n rEo J• Y 

rJl e I N (DJ - cyM Ma OTC'IBTOB Jle TeKTopa no aceMy pe3 oHaHcy, a npo H3BeJleHH e c yM M ap-

Horo noTOKB n ( E ) Ha a cj:lcj:leKTHBH OC T b p e rHC TpauHH aKTa paJlH a UH OHH o r o 3 a xaaT a 

0 / 7/ 
' y 

o n p e .aenH9TC R 9 KCnepHM 9 HTBn b H O O.UHHM H 3 M 9 T O.llOB, 00 HC8H HbiX B pa60T9 

B o BTOpoA c e pHK H3Mep e H Hl! Ha n yTH ny'!Ka JlOC T a T O'IHO Jl ane Ko OT Jl8T B K Topa y cTa-

Haaneaancs B TOp Ol! o6p a38U T ( C 'IHC n OM H Jlep n Ha CM
2

), kf3 COOTHOW9HHH cyM -
T 

Mbl O T C '1 9TOB no BC9MY p e30HaHCy npH llanH'IHH H OT C YTCTBHK npony c K aiOWero o6p a3U 8 T 

MO>KHO nony"'H Tb Bblp8>K9HH9 
'i N(D T) A -A 
-~-'-' -"--' e1<p (n (T ) = D+T T 

'i N (D ) T p AD 
(3) 

3 T O T M9T OJl CaMOIIHJlHK 8UHH 6bin U OJl p 06H O On K CaH paHee/S/' 
121 

CneJly eT O T M8THT b, 'ITO B c ny 'lae p e30H 8HCOB c rn >> 'r B npaaol! '1 8 CT H y p8B H9 HH H 

(2) np8KTH'I8CKH HC'I83aeT 38BHCHMOC T b O T n apaM8TpOB l H l • 3TO nerKO nOKa3aT b, 

n /9/ 
noJlCTaBHB B (2) 8HanHTH 'I8CK08 

A D .1L n o 
2 0 

(e M. , HanpeMep, ) Bbipa~eH H e nns:~ A 
D 

...u/2 re 0 [lo ( n ao/2) + 1
1 

( n a 
0 

/2J]. 

nocKOnbKy a aTOM cnyqae rn /I- 1, 
r 

ao-g-" 
o r TO B npaaol! '1 8C TH y p aB H8HHH 

OCT89TCH TOnbKO 38BHCHMOCTb OT ry H g 3TO 3H8lHfT, "'TO .D.nSI .0.8H HO r O g 

(2) 

paJlHS-

UHOHHaH WH p HH8 pe30HaHCOB C l >> l y MO>K8T 6bi T b on p eJleneHa H3 H3Mep eHHll pe30H8HC-

HOrO 38XBBT8 H938BHCHMO OT TO"'HOrO 3H8"19HHSI 08p8M91puB r 
n 

H r . Y'leT JlCflrMepoa-

cKoro ywHpeHHH He MeHsteT cyTH .aena. Pa.a.HBUHOHHbie w H pHHbi 6onhWHHCTaa pe3oHaHcos 

Pr 6brnH nonyqeHbi HMeHHO TBKHM nyTeM . 

Bbipa>KeHHH ( 2) H ( 3) BbiBeJleHbi a npeJlnono>KeH KH OJlHO KpaTHoro B3aHMOJlellcTBHH 

H8l!Tp0HOB C HJlpaMH o6pa3ua. 0JlHaKO npK KCnOnb30BaHHH o6pa3UOB npOM8>KyTO'IHOl! Ton

WHHbl, OC068HHO B cnyqae rn >> l y, B 3KcnepHM9HT9 nonyqanacb aenH 'IHH a C :3 KCn , • B 

KOTOpyiO BXO.C.HnH O TC\f 9 Tbl .09T9K T Op8, Bbl3B 8 H H bi9 38XB8TOM He A: T p OHOB BO BTOpO M H nocne

.ayiOlUHX B38HM O,U 9 .A C TBHSIX 1 H O T C I.f9Tbl , CBSI38HHble C perKCTpauHe A neT eKTO p OM pBCCeSIHHbiX 

H9l!TpOHOB. no3TOMY npH HCfiOnb30BaHHH Bbi pa>KeHHII (2) BBOJl Hnacb nonpaaKa, o npeJlen s e -

MaH cj:lo p M yn o ll : 

C = C 3 K Cfi ,(1 - Q 2 / Q1 )(1 + 
r , ·1 
-"-~ ) 

' r • Y 

(4 ) 

n o npaBO'IHblll cj:laKTO p 1 - Q/ Q, B bi3B a HH bil! B T OpH'IHbiM H B3aHMOJl9 l!C TBHHMH , COJlep-
2 1 

>KHT cj:lyHKUHH napaMe TpOB pe30HaHC a H T On W HHbl o6pa3UI'l : Q 1 H Q 2 , on p e Jle nH9Mbl 9 
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K8K BepOHTHOCTH nepeoro H BTOpOro B38HMOaeACTBHA HeATpOHa B 06paaue. Q
1 

H Q
2 

pac-

C~HT8Hbl B pa60Te/ 
101

• nonp8BK8 { 1 + ~) -J , CBH38HH8H C perHCTpauHeA pacceSIHHbiX 

HeATpOHOB, llOSICHeHHA He Tpe6yeT. rr. r 

VlaMepeHHH paaH8UHOHHOrO 38XB8Ta HeATpOHOB HapaMH npaaeoaHMa H Tep6HSI 6hJnH 

n poeeaeHbJ Ha nponeTHOA 6aae 750 M c paapeweHHeM 0,05 MKCeKIM . 06paauaMH cny)I{H -

llH OKKCH HCCJlellyeMblX 3neMeHTOB, 38Cbln8HHbte B TOHKOCTeHHbJe BllK>MHHHeBbie K8CC€Tbl 

aHaMeTpOM 180 MM . LlnH Pr 6bJnO HCnonb30B8HO ~eTbJpe D - o6paaua TonwHHOA OT 

I· 10
2 1 

ao 5,5 ·10
2 1

,a.lcM
2 

H ~eTbipe T - o6paaua c· ~HcnoM Haep OT 8 · 1020 .ao 

2,1. 10
22 

Ha cM
2 

. .On" Tb 6bino KCnonb3oeaHo aaa D - o6paaua c ~ HcnoM H.llep 7,9· 1020 

H 15,3• 10
20 

Ha CM
2 

H oaHH T -o6paaeu TOnlUHHO A 7,4 •1020 Haep Ha CM 2. 

J . Vl3MepeHHe pacceSIHHSI HeATpOHOB 

npK HayqeHHH pacCeSIHHSI HeATpOHOB HenocpeaCTBeHHO H3MepS!eMOA eenHqHHOA HBnH-

BTCSI paaHOCTb Mexca.y 3KCnepHMeHTBflbHoA cyMMOA OTct.~eToa L N no o6nacTH peaoHaHca 

H CJMMOH: OTCt.reTOB I.NP B TBX }Ke KBHBilBX , o6yCI10BileHHOA: TOilbKO fiOTeHUHBilbHbiM pac-

CeSIHHBM npH OTCJTCTBHH pe30H8HCHOro B38HMOAeJ:iCTBHSI . 3Ta p83.HOCTb CB5138H8 C napa-

MeTpaMH cneayJOwHM o6paaoM: 

"5:.N - "IN 

I I ( E ) < 
0 n 

I 
" A ( 1- Q) I r (5) 

BbJpa)l{eHKe (5) 6ea MHO)I{HTenH f npHeeaeHo a pa6oTe121 
3aecb 1 - n -no-

npaeo~HhiA cj:JaKTop , noapo6Ho o6cy)i{aaewHACH a 121 , o6ycnoeneHHbJA 

HOe 838KMO.O.eH:cTBHe HeA.T p OHOB CHK>KBeT '-IHC/10 Hel:tTpOHOB, HCflbiTbiBBlOWHX fiOTeHUHBilbHOe 

pacCeSIHHe, npoHaeeaeHHe CyMM8pHOrO llOTOK8 H8 acpcpeKTifBHOCTb perHCTp8UifH HeATpOIDB 

aeTeKTOpOM n (Eo)< n onpeaenHeTCH H3 KanH6pOBO~Hb!X H3MepeHKA co CBifHltoM, K8K noKa-
/2/ 

38HO B 

nonpaeo~HbiA cj:JaKTOp I Y'U.fTbiBBeT aaxaaT HeATpOHOB nocne pacceHHHSI . ilnH .neTeK-

TOpa C llOCTOSIHHOA 3cp<j:leKTHBHOCTbiO l , He 38BHCRWeA OT 3HeprHH HeATpOHOB H yrna 

HX BbllleTa H3 o6p83U8 1 3TOT cj.:>BKTOp MO>KHO npeDCTBBHTb B BHne: 

1 = t- cr!r J(Q,/Q , J (6) 
1-Q2/Q, 

HMeJOT TOT )l{e CMb!Cn, ~TO H B Bblpa)l{eHKH (4 ) . nonpaao~HbiA cpaKTOp 

Mo>KeT 6biTb HCnonb3osaH a Tex cnyY:aSix, Korna Henb3H nposecTH: npoue.oypy 3KCTpanonSI

UHH aaHHbiX K HyneeoA TOnlUHHe o6paaua, OfllfC8HHyJO B 121 

Cne.ayeT OTMeTHTb, l.f.TO B cnyy:ae pe30H8HCOB c rn >> ry I 1{3M8pHR pacceRHHe, 

MO>KHo nony \I KTb aenHY:KHy A o6bJ qHo onpeaenHeMyJO Ka nponycKa"""· Heo6xoaHMbiM 

5 



ycnoeHeM an~ 3TOro ~BnHeTCH He38BHCHMOe o npe.n e n e HM e ry I qTQ noasonseT ¢HKCHpOB8Tb 

OTHOWeHHe rn / r C TO'IHOCTbiO 1-2% 8 WHpOKOM aH8n830He 3 H8'IeHHl! r 
n 

T o raa ypa8-

HeHHe (5) onpeaen!leT 8enH'IHHY A , npH'IeM nonpa8KH. 8XOa!IWHe 8 (5), 8 c nyqae 

r >> r CT8H08SITCSI M8nb1MH. 3TOT MeTOa o npeaeneHHSI 

·" y 
A H3 H3M e peHHl! pacceSIH HSI 

6bW npHMeHeH anSI TOHKHX o6pa3 U08 Pr , anSI KOTOpbiX TpyaHo 6bwo nony'IHT b xopowy10 

TO'IHOCTb npH H3MepeHHH nponyCK8HHSI. 

P acceSIH He Hel!TpOH08 H3yqanocb c noMOWbiO aeTeKTopa, onHC8HHOro 8 
1 11 1 

B H3 M e 

peHHSI X C Tep6HeM p83 peweHHe COCT88nSinO 0,08 MKCeK/M npH nponeTHOll 6a3e 500 M. 6bWH 

HCnOnb3088Hbl TpH o6 p 83U8 H3 OK HCH Tep6HSI TOnlUHHOl! 1,14 • 10
20

; 1,9• 10
20

; 7,4·1020Sia/c M~ 
B H3Me peHHSIX c npa3eoa HM OM pa3 peweHHe coc Ta8nSino 0,05 MKCex / M npH nponeTHOl! 6a3e 

1000 M. Vlcn On b3088HHble o6p 83Ubl npa3eOaHM8 II Menll T OnlUHHy 2,02 •10
20

; 1,48" 1Q
21 

II 

1, 66 ·10
21 

Slaep/cM
2

• 

4 . Pe3ynbT8Tbl 11 o6cy>KaeHIIe 

r 
Hbie 

Ypa8HeHH!I ( 1 ), (2), (3) 11 (5) no380nSIJOT nocTpOHTb rpacj:JIIKH 38811CIIMOC TH gr" oT 

.a.n ~ K8>KDOrO H3MepeHHOrO o6p83 U8. nn~ 3TOrO HCnOnb30B8nHCb T86nHU bl , paccqHTSH-

8 p a6oT e
1 121 

Ypa8HeHIISI (2) 11 (5) aa8anH npu 3TOM no a8e 388 11 C HMOCTII , Ka>Kaoe 

8 COOTBeTCTBH H C npHH~TbiM 3 H 8 q e HHeM CT8 TH CTH q eCKOrO MHO>KHTenSI g . 0.llHO H3 .UBYX 

n ony q e HH biX T8KHM C n OC060M CeMeil C TB KpHB biX DOn >t< HO 6biTb npOTHBOpeqHBbiM B C Hny 

Hen p 88HnbHOro 8bl6op a g • B HBC T OSiwell pa6oTe npoTH8o p e'I II8biM C 'IIITanocb T O ceMel! 

CT80 , anSI KOTOpOrO KpH8ble, n o n y 'I eHHble H3 yp88HeH Hll (2) H (5) , npoxoallnH OT 3cj:Jcj:JeK-

TH B HOrO ueHTpa nepeceqeHJHI .npyrHX KpHBbiX H8 p8CC T 051 HHH 60nbWeM, qeM .D.Be CT8H.U8pT-

H ble OWH6KH
1 

ecnH npH 3 T OM 8H8norJ.ttlHbJe KpHB bi e C .UpyrHM 3 H aqeHH eM g npoxonHnH 

OT 3cj:Jcj:JeKTH8 HOrO ueHTp8 8 npeaenax CT8Ha8pTHOll OW II 6KII. 

Tep6Hll. P e3ynbT8Tbl H3Mep e H11ll c Tep611eM npeacTa8neHbl 8 Ta6n11ue 1. Pa3 p eweHH e 

cnexTpoMeTpa no38 0n llno npo8eCTII 8H8nll3 22 ypo8Hell c 3HeprHe ll ao 100 eV , He C'IH

T 8 !1 nn<>XO p a3pewe HH ble p e30H8HCbl 76 ,8 II 78 eV 

ll nSI BCex p e30H 8 HCOB aaHHhle no paa118UII OHHOMY 38XB8Ty H e liTpOHOB Slap8MH Tep611SI 

K8nH6poeanHcb, HCXO.llH H 3 c q eTa a MBKCHMyMe C HnbH o r o H xopowo paapeweHHoro peao-

H8HC8 11 , 1 eV no Me Tony , H3 n o>KeH H OMY a 
/7/ 

PeaoHaHcw, .nnH K O T o p wx a Ta6nHue npHe e .n eHw c nHH hl ypoaHeA , o6pa6aTbiB 8 nllc b 

no n o nHOll nporp8MM e . npH 3TOM aaHHbJe no pacceSI HH IO 3KC Tp8nonHpOB 8nHCb K Hyneeol! 

TOnlUH He o6p83U8 no TpeM T O'IK8M ( Tpll o6 p 83U8) anSI p e30H8HCOB C S He prllell 11,1 eV 

46 ,1 eV ; 97,5 eV • Vl cxn JO 'IBSI cny<~a ll HaH6onee cHnbHoro pe3oHaHca 11,1 eV , 3KC TpanonSI-

UHH npHe e na K TeM )f<e pe3ynhT8T8M 1 K KOTOpblM npHBO.llHn8 npoue.a.ypa BHeCeHHH non p8BKH 

6 



f 
J 

cornacn0 ypaeneHKJO (6). Beu.uy :;>Toro , anSI ocTanbHblx 16onee cna6hix
1 

ypoeneA .llBHHbie 

no pacceRHKJO 6hinK nony"'e Hbi K3 Bhipa>KeHKR (5) c nonpaeKoA no (6) . HaH6onbwee · 3Ha

"'eHue nonpaeKK .uoxo.uuno .uo 10%. 

DnH ocTanbHhiX peaoHaHc os , HMelOWHX MeHhlllHe HeATpOHHbie wHpHHhl, HaMepeHHH 

p8CCeSIHKSI K no MeTO.llY C8MOKH.llKK8UHH He MOrnH .ll8Tb .llOCT8TO"'HOl! TO"'HOCTK. noaTOMY 

.QnSI 3 THX pe30H8HCOB nony"'eHbl TOnbKO 3HB"'eHH SI grn B npe.unono>KeHKH, 'ITO r= ry= 86meV. 

CnKHhi HBMII onpe.ueneHbi anSI 7 ypoeHeA. KpoMe Toro, He.uaeHo e pa6oTe
1 131 

no

cpe.ucTBOM nonS1pH38UKOHI!Ol! MeTO,llHKH onpe.QeneHbl CnKHbl pe30H8HCOB 3,34; 4 ,98 H 11,1 eV,. 

LlnSI pe30H8HC8 11,1 eV cn HHhl coena.uaJOT. CnHHbl peaoHancoe 3,34 H 4,98 eV H8MH He 

onpe.uen Sini!Cb BBK.llY O"'eHb MBnbiX Hel!TpOHHbiX WK pKH 3THX p930H8HCOB. 

KaK cne.uyeT ua Ta6nHUhi , "'Hcno ypoeHel! c .llBHHhiM ana"'enneM cnuua cornacyeTcR 

C H3BeCTHOl! 38BIICHMOCTbiO .QnSI nnOTHOCTK ypoBHel! p ( j) - ( 2j + 1 ) o 3BBKCIIMOCTH pB.llHB

UHOHHOl! WHpHHbl OT CnHH8 B030Y>K.lleHHOrO COC TOSIHHR R.llp8 B npe.uenax OW IIOKH H3Mepe

HHl! He ua6nJO.uaeTCSi o He na6nJO.uaeTCSI TBK>Ke a aMeTHhiX <jJnyKTyauHl! e eenH'IHHe pa.uua

UHO HHOl! WKpKHbl OT pe30H8HC8 K pe30H8HCY • 06pawaeT H8 CeOR BHHM8HKe CHnbHOe paa -

nH'IHe Me>K.UY H8WHMII .ll8HHbiMH H .ll8HHblMH p800Tb/ 
141 

.QnSI napaMeTp8 gr n B OOnBCTII 

3HeprHl! OOnbWe 50 eV. nony'leHHble H8MH 3H8'1eHHSI gr 3H8'1HTenbHO MeHbWe. np11 3TOM 
/ 14/ n 

pR.ll ypoenell, ua6nJO.uaewHxcst HBMH, e pa6oTe OTCyTc Tey eT. BecbMB eepOSITH o , 'ITO 

H3 - aa u e.uocTBTO'IHoro paapeweHHSI .usa HnH 6onee 6nK3KHX ypoenst paHbwe npHHHMBnHCb 

38 O.OHH . 

LlaHHble Ta6nHUbl I noaeonHnH nony'IHTb auaqeHHSI c pe.uue ll npHe e.ue Hnon nel!TpOHHol! 

WHpHHbl 2£1 r nO = ( 0, 75 !_0,23) meV 
1 

Cpe.QHero HaonJO.Q89M Or O p8CCTOSIHHSI Me>K.Qy ypOBHSJ-

-4 
MH (6e3 paa.ueneHHSI no CnHHy) D =( 4,2!_0,6)eV K CHn OBOl! cpyHKUHHS

0
=(0,90!_0,30 ) 10 . 

npHee.QeHHble OWKOKH OoycnoeneHbl B OCHOBHOM CT8THCTHKOll 'IHCn 8 H80nJO.Q8eMbiX ypOBHel! 

H paCC'IHTBHhi e npe.unono>KeHHH BHrnepoecKoro pacnpe.ueneHHSI anst HHTe peanoe Me>K.llY 

y pOBH SIMK K pacn pe.ueneHHSI npHee.ueHHbiX nel!TpOHHbiX WKpKH no nopTepy-ToMacy. KaK 

BHDHO H3 pHCYHKa l a , nocne.n uee pacnpe.neneuae y.noaneTa opHTenbHO onHCbiBaeT SKcnepH-

M8HTBnbHbl8 ,08HHbie . 

n paaeO.QHM. 

Llnst npaaeo.QHMB HBMH on p e.ueneHbi napaMeTpbi 14 peaouaucoe e o6nacTK aueprH l! 

.uo 1000 eV • P eaynbTBThi co6 pBHhl e Ta6nHue 2. Cna6hie ypoeHK 50; 11 2, 1; 4 11 H 470 eV 

o6napy>K eHbl enepebie . 4HCToTa o6paa uoe cornac no nacnopTy o hina ne xy>Ke 99,5% 0 EcnH 

C1iHT8Tb 3TH pe30H8HCbl npHHB.lln8>K81UHMH H.O.p8M npHMeceA:, TO pe30H8HCbl .D.On.>KHbl 6hiTb 

CHnbHbiMH . 6binO npoee.ueuo Cp8BHeHHe CO BCeMH CHnbHbiMH pe30H8HC8MH H3 p800Tb/
31 
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H C.lle118H b: n o n o nHHTe Jl b H bl e H3 M e peHHSI C He O!lHMOM, K B K HBH6on ee B e p O SITH O A n pHM eC biO. 

0 TM e l.{ e HH hl e p e30H 8 H Cbl 0 K83 811HC b HOBbiMH, npHH 8 1l.Jle)K8lUKMK npaaeO,DHMy. 

311 8 'te HHR n a p a MeTp8 g r n LliiR 3THX ypOBIIel! llOIIy't e ll b l 11 8 OC II OB 8 11HH yp8 B II e 11HR (2), 

r L!e II( E i< n a s eC TII O , a I / r LliiR cna6biX p eao11a11cos nopHL!Ka e L!HHHU hi. n a paMe Tpbi 
o' y y 

peao 11 a 11cos 85 , I n 384 el' c M a nbiMH He i!TpOIIIIb iMH wHpR118MH nony'l e llbl o 6bi'tllbiM Me-

T OLl OM cosM eC TH o r o a HanH aa rpa<J:>nKoB a asH CHMOCTH gIn = f(r) 

BBHHH ypa sHe HHI! ( I ), (2 ) , (3 ) . 

1 llO C TpoeHH biX H 8 OC H O-

0 C T 8 11 b H b!e p e30H 8 H Cbl n pa3 e OD.HM8 HMeiQT 6 011 b WH e H e ATpOHHbl e WHpHH bl. 3 T O 0038011H-

11 0 .0.11SI HHX o npe .a.enHTb p8.D.H8UHOHH bi e WHpHHbl H 3 H3MepeHHt:\ pB.O.H8UHOHHOrO 3 8XB8T8 H e A

TpOII OB . 0L!H 8 K O 3 T O >K e 06C T ORTe iibCTBO IlpHBeno K TOMy, 'ITO B OTIIH'!He OT H3MepeHHI! C 

Tep 6 He M, rL! e B Ce n o np8 BKH 6 hiiiH M 8 Il bl, B H3 M e peHHRX C npaaeOL!HMOM nonp8BO'!Hbll! <J:>aK

TO p B yp8BHe HHH (4) , CBR 38 11Hbll\ C p e rH C Tp8U H e ll p8CCeR IIHbiX H e i!TpOIIOB, T e nepb y>Ke O.Tn<!

'18IICR o T eL!HHHUbl s n noT b LlO 15% , a n o npaso '!H hlll <J:>aKTo p 1- Q I Q oTnHqanc " OT e L!HIIn-
• 1 

U bi, K8 K n p 8BH110 , H 8 20 - 30%. npH 3 T OM c n e ,nye T O TM e THTb, "'TO HM 8 HH O ri OCJl e eee,n e HHH 

COO T Be T C T BYKJLllHX no n paBOK D8HH ble n o p 8ll H 8 UH OHH O My 38XBB TY ,DJl SI p 83 Hhi X no T OJllllHH e 

o6 pa3aoa n p HBOlllt n HCb a corn ac H e , T. e . Ll 8B8II H 6nH3 KOe 3 H 8 '! e HH e I 
y 

BBHLlY OT C y TCTB H R y Pr peaoH a Hcos c ll a L! e >KH O H3 M e p e llll b1MH n a p a M e .·paM H, senH'IHHbl 

!I( E ) H < BXOLlRW He B y p a sHelln e ( 2), B c ny.,ae npaa eoL!HM a onpeL!eiiRIIHCb p aacenb-
o y 17/ 

H O no MeT o.ny , H3 11 0>Ke H HOMY a p a6o T e • Oueu K a o wH.6o K a auat.I e HHRX c y M M B pH o r o noTo-

K a H a<J:><J:>e KTH B H OCT H ll O K 83biB 8 eT, 'ITO OHH H e n p e B biW810T JO% K8>KL!8R. VfM e >J B B HLlY, 

'<TO ,T O'<II OC T b on p e L! e n e HHR 'I.N(D} He xy>Ke 5%, M bi n o nyqaeM .nnsr a e nH"t.IHH bi C c yM-

M8pHyiO cpeL! HeKB8Llp8T H'IHYIO OW H6Ky 15% . 0 L!H8K O Y 'IHTb!B8R T8 K >Ke B03M O>KIIY IO He T o '!-

H OC T b p e3y11 bT8T8 H 3 - 38 BBe.O.€ HHSI n o np8BK H H B 38XB8 T n o c n e p acceHHHH, Mbi OU e HHBBeM 

O K OHt.f.BTellbH YJO OW H 6 Ky B BeJlHI.{HH € l y B 20% . 

B cny q ae c n nhH biX p eaoH a iiCOB rpa<J:>HKH 3 8 BH CHM OC TH grn = f( I) , n o nyqe HII b i e H3 

y p 8 B II e iiHR (2) , CBOLl SITCSI K LlBY M IIHIIRRM 

g I ( I - In ) = g I I Y r i = 1, 2 (7 ) 

n epeceKa!OtuHM KpHBbi e , n o ny'!eiiHb i e H3 ypas11 e 11H>1 (I) LliiR nponyc KaHHR . CnHH bi 6bJnH 

n o11yY9H bl B T e x C 11 Y Y 8HX , KOr.aa KpH Bbl e D 11 H n p onyC K B HHH H pacceH H HH He3 8BH C HM O on p e 

L!eii SI IHi CO B OKyll iiOCTb n a p aMeTp OB ( g r n , f ' ) , K OTOp8R IIO>KHII8C b B n p eL!en a x CBOe l! 

C T 8HLl8 p T II OI\ OW H6 KH ( - I 0 % Ll iiSI r ) 118 OLl iiY H3 KpHB bi X ( 7) H OTC T ORII8 OT KpH

BOI! C Ll pyrH M Cll H H OM II" p aCC T OSIIIR e B L! B e HIIH 6onee C T8HLl8 pTHble 0W if 6 KJI. npi<Me p 

onpe.aeJieH HSl nap a M e TpOB C Hn b H bJX p e30H 8 HC08 O OK83 8H HB pn: c . 2. 

C nH Hbi IIBM~< on p eL!ene H bi LliiR 5 y p osn e il. 311a'! e 11H e cn HII a p eao11a Hca 2 34 e l' , n o -

CT8B IIeH H Oe B T 86II HU e B CK06 KH, Bbi T eKaeT H3 a<J:><J:>e KT8 HH Te p <J:>e p e iiUH H Me>KLlY ypOB HSI MH 

21 6 ,7 H 234 e l' , o6Hapy >Ke HHOro B pa6o T e/ 15/ • T a KRM o6p aaoM , H3 w e C T H ypo s11 e l! 

cnHH j = 2 HMeeT T OilbK O OL!HH - 942 e\' 
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0THOC HTenbHO p8llH8UHOHHblX WHpHH c n enyeT OTMeTHTb OTCyTCTBKe (s npenenax TO"'

HOCTH K3MepeH HJl) ¢nyKTY8UKA OT ypOBHR K ypOBHID. 

A 11an113 llBHHbiX Ta6nuuhi 2 npHBOllHT K c nenyiD!UKM 3H8"!eHKRM ycpenHeHHbiX xapaK-

TepKCTHK Rllep npa3eOllHM8: 

2gfn° = (49 + 18)me V D = (64 :t_ 1.3) eV f = 86 meV ; S = (3,6 + 1~4)o10·•, 
y 0 

n pencTasnHeT HHTe pec conocTasneHue senH'<KHbl r;, I D
0 

, nony'<eHHoA s pa6oTe
1 161 

K3 

113MepeHHR yc penHeHHOI'O Ce"!eHKR p8llH8UHOHHOJ'O 38XB8T8 B o6naCTH 9HeprKH HH>Ke 50 keY, 

c pe3ynbT8T8M H HBCTOR!UeA pa60Thl. VlMeR B BHlly, "'TO D ~ Do2(21 + 1,),3HB"'eHHe r ! Do 
- 4 ° I 16/ y 

no H8WHM llBHHblM nony qaeTCR pBBH blMK ( 1,1 !_0,3) • 10 , TOI'll8 KBK B npHBOllKTC!l 

senH 'IH H8 ( 0,60 !_0,07) o 10-
4

• 3TO pBCXO>KlleH Ke nO 'ITK He npeBOCXOllHT OWH6Ky H3 MepeHI!ll, 

~OTOp8H eenHK8 B H8W€M cnyqae H B 3H81.{HT8flbHOA CTen eHH C BH 38H8 C MBnOR CT8THCT HKOA 

yposHel!o OnHaKo MO>KHO npennono>KHTb H n py r oe o6bRCHeuue . KaK BHllHO 113 Ta6nKUhi 2, 

npHBelleHH ble Hei!TpOHHble Wll pHH bl ypOBHeJl C 9He pi'HeA 50; 112; 4 11 K 470 eV 38M8T HO 

M8Hbwe , "i eM y ocTanbHbiX ypoaHe A. EcnH npe.anono>KHTb, 'ITO 3TH ypoBHH o6ycnoaneHbi 

D 0 H xopow eM y cornacHIO a senl-PIHHBX 

F /D . npe.nnonO}K8HHIO 0 TOM, 1.J.TO OTM81-18HHbie pe30H8HCbl SlBnS:UOTCSI p - aonHOBblMK, He 
y 0 ~ 

npOTHBOpe'IHT HBXOllHMOe OTCIDll8 3HB'leHHe CHnOBOJl ¢yHKUHH S I = ( 2, 5 !_2 ,0 ) o I 0 , COJ"'na

/ 16/ 
cyiO!UeeCR C HBAlleHHOit B semi'I HHOA 

~ ( 1 I + I ' I ) o 10 - 4 • 
• - 0,6 

P acnpeneneHHe Hei!TpOHHhiX Wllpi!H nnH ncex 14 yposHeA np11seneHo Ha puc . 16 

BMecTe c pacnpeneneHI!eM nopTepa- ToMaca llnll v = 1. Cornac ue He stBn!leTCR xopOWHM, 

OllHBKO OUeHK8 no Kpi!Tepi!ID KonMOI'OpOB8 BepO!lTHOCTH TBK OJ'O cnyqaJlHOJ'O OTKnoHeHI!ll 

.0.88T 3H848HH e OKOflO 50%, T . e . llpOTHBOpel.J. HSI M8>K.Q.Y 3KCnepH M8HT8nbHbJM H TeopeTI.Pte

CKH:M pacnpe.aeneHHHMH HeT. B cnyqae , ecnH qeTbtpe cna6biX ypoBHH OTH eceHbJ K p - aonHo-

BbiM, cornacHe Me>K.ny pacnpe.neneHHHMH ell.le yxy.awaeTca, HO H B aToM c nyyae KPHTepHfi 

KonMoroposa naeT sepOHTHOCTb TE.KOI'O pacxo>KneH HR oKon o 25% . 

LJ.anbHeAwee yTOt.J.HeHHe BOnpoca 0 pacnpen,eneHHH H8l\TpOHHbiX WHpHH MO>K8T 6biTb 

Cn,e nBH O npH H3MepeHHSJX C ny"'WHM p83p8W8HH8M B 3H8"1H T~nbHO 6on ee WHpOKOM HHTep-

sane aHeprHH . 

B 3BKn iO "leHHe Mbi ct.J.HTBeM CBO HM n pHH THbiM n.onroM no6naron.apHT b ct> .n. WanHpo 

38 ueHHbte o6cy>Kll8HIIll II IIHTepec K pa6oTe o Mbt 6naronapHbl v1.V!.WenoHueBy " 

H . IO . illHpHKo aoA 38 pacqeTbi Ha aneKTp OH HoA Bbi4HCnHTenhHOA MBW HH e. 
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Ta6nK!Ja 

' napaMeTpbl pe30H6HCOB Tb 
,.. 

Eo gfn rY J 2gfn 0 

eV meV meV meV 

r. J,J40,!_0,005 0,2I;t0,02 80;tiO 2 0,2J 

2. 4,98 ;tO,OI O,OJ2;tO,OOJ I 0,029 

J. II,05;t0,02 5,0;t0,2 87;t6 2 J,02 

4. I4,JB;tO,OJ o,oe4;to,oos 0,044 

5. 21,20;t0,05 o,62;tO,o6 0,26 

6. 24,6;t0,07 2,7.:!: 0,2 76;tll 2 1,12 

7. 27,6;t0,08 0,47;t0,05 0,18 

a. JJ,9;tO,ll 1,4;t0,2 81+15 1 0,48 

9. 40,7;t0,15 0,29;t0,05 0,091 

10. 4J,7;t0,17 2 ,5;t0,2 76;t16 2 0,765 

11. 46,1;t0,18 6,7;t0,5 89;tll 2 1,97 

12. 50,J;t0,20 1,J;tO,J o,J7 

lJ, 51,6;t0,20 0,54;t0,07 0,15 

14. 54,2;t0,2) O,JO;t0,05 0,081 

15. 57,J;t0,25 o,66;t0,07 0 ,176 

16. 58,7;t0,25 0,85;t0,15 0,22 

17. 65,5;tO,JO 5,0;t0,5 92;t20 1,25 

18, 66,8;tO,JO 1,2!_0,1 0,29 

19. 74,0;tO,J5 8,5;t0,6 87;t16 2 1,98 

20. 76,8;t0,4 

21. 78,0;t0,4 

22. 88,8;t0,5 1,8;t0,2 o,Ja 

2), 90,6;t0,5 J,8;tO,J o,8 

24. 97,5;t0,5 14+1 10).:!:,14 1 2,7 

noaqepKHyTbl 3H6'1eHKH CUHHOB, onpeaeneHHble s pa6oTe/13/ 
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Ta6nHua 2 

napaMeTpbi 
,., 

pe3oHa Hcoa Pr 

-
Eo gr. rY 

I 
2gfn° 

ell mell mell mell 

N>x 
I a~- Tb.l I I 

r- I I I 
" ! I 

I 

20 

15 

1 . 50 , 5.:!;.0, 2 o , oJo.:t.o,oo5 0 , 0085 

2 . 85 , 1::!;0 , 2 J , 2 .:!::. 0 , 4 80 .:!;.20 0 , 70 

I I 
1-. 

I 

1-1-- ,---, 

10 

J . 112 , 0.:!;.0 , J 0 , 2J.:t.O, OJ 0 , 044 

4. 2 '16 , 7.:t.O , a 570;!:40 71.:!;.15 J 77, 50 
5 1---

~ 

t:.,b 
~ 

1-. 
5. 2J 4+1 460.:!;.25 9J.:t.15 (J ) 60,2 0 '-

- -6 . J59.:t.2 790.:!;.50 60.:!;.15 J 82, 9 

7 . J84.1J 27.:!::. 4 125+JO 2 , 75 

8. 411+5 1 , 2.:!;.0 , 2 0 ,118 

1--1--. tf Pr. 
I t---..t--. 
l 

"" I 
1'\. 

10 

9. 470.:!;.5 '1, 7.:!;.0 , J 0 , 157 -, 
10 . 515+4 J80.:t.25 75.:!;.15 J JJ,B 

11 . 6Jl+·5 1200.:t50 107.:t20 95 , 70 

12 . 718.:!;.6 12 00+60 68.:t15 89 , 50 

lJ . 8J 9.:t.7 2200.:t100 83+15 J 151 ,6 

I \ l 
I\ I - - -

I - - -
\ I I ~t-t-- 'I 1---+-- '\ -+ l i 

5 

14. 942.:t.8 i4 70.:t.7 0 167.:!;.20 2 96 , o 10-4 10-J 10-2 10-f a X r, 10 =<rn·, 10 

PHc .J. PacnpeaeneHH e npHBetleHHbiX Hel!TpOHHbiX WHpHH. nnaaHa~ KpHB a~ - pacnpe-

aeneHHe n opTepa- TOM8C8 JlnH V = 1 
a) Tep6Hl!, 6) npa3eOtlHM. 

13 
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Puc . 2 . KpHBbte 8 , B , ·B n onyqeHbt ua H3MepeHHJ! pacce!IHH!I Ha o6paauax TOntllHHOA 

20
1 2 

t 1 21 2 
2,02•10 ; 1,4 8 ·10 H 1,66 ' !-0 !I.Uep/CM COOTB e TCTB e HHO. 

21 
KpHBbt e T • T • r, - H3 H3 MepeHHA nponycKBHH!I o 6 pa3UOB TOnillHHOA 1,08 ·10 ; 

22
1 2 

21 2 2,35 · 10 ; 9 ,4 · 10 R.u ep/c M H KPHBbte C- H3 H3 Me pe HHl! pa.uuauHOHHor o a ax-

s a Ta .un 11 o6paau o s To n w HH Oll ( 1-5,5) · 10
21

11 .uep/ cM
2

• C TO!! W He B CK06Kax a Ha qe

HHH 7/[ 2 H 5/ 12 yK83 hlB8~T HB npHH!ITOe 3 HB'ie HH e g 

$ 

~ 

l 
~ 

' 


