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1. 06menpHHli'I'biM MeTOAOM H3M9p9HHSI U01H!pH38UHH P IIY'IK8 'lllCTHU CO CIIHHOM . - ~ B <j>H3HK9 BhiCOKHX 3HeprHli >!Bnsi!OTCSI 3KCnepHM9HTbl 110 H3M9p9HHIO neso-npasoli 

aCIIMMeTpKH ynpyroro paccerutHSJ aa noAXOAHllleli MHllleaa. B o6nacTH M a nbiX aaepraii unR 

9THX neneli HCU01Ib3yiOTCSI SUlepHbie peaKUHH C H3B9 CTHOl! MaTpHUel! B3aHMOUellCTBHst, 

npeo6pa3yiOmeli CUKHOB09 npOCTpaHCTBO HCXOlliiOrO KaHan a B CIIHIIOBOe npOCTpai!CTBO KOH 9'1-

HOI"O KBHB.na. 0JJ.H8K:O T8KR9 MeTOllbl 8HBnH38 rrepBH1:J:HO nonsrpH30B8HHOrO npOTOHHOI" O llY'LfKB. 

MoryT npasonaTh K aeonpeneneHROCTH nony'laeMoro peaynhTB Ta. ileno B TOM, 'ITO KllK s 

nepsoM, TaK a so BTOPOM cnyqae Tpe6yiOTCH npensapaTellbRO ycKop e HHbie 'laCTHUbl. CaM .. 
>Ke npouecc ycKopeaHH non51paaosaaabiX npoToHos yMeHblllaeT senaqany P 

He BblllOnHmoTCSI ycnOBHSI 8ll.HB.6B.THqeCKOro llpOXO>K.UeHH51 yqaCTKOB C 6hiCTpO M9KSIIOIUHMH CH 

aneKTpoMarnaTHhiMH nonHMa
11 1

. iln11 ycTpaneaaH yKaaaaaol! neonpeneneHHOCTH aeo6xona-

MO 3H8HHe llOJIS1pH381lBH He TOilbKO BbiB9.lleHHOI"O nyqKa, HO H HH>KeKTHpyeMbiX B yCKOpH-

T 911b npOTOHOBo 8TO U03BOIIHT OAH03Ha'IHO onpeAeiiHTb HCTO'IHHK BHOCHMOll A911011SipH311UKII, .. 
B911H'IIIHY p IIY'IKa II aHanH3Hpy10lllYIO CUOCOOHOCTb MHlii9HH 0 HCIIOIIb3yeMOl! All!! H3M9peHHSI 

nongpaaansH BblaeneHHoro ny'!Ita. Bee 3TO cTaHOBHTCSI B03MO>KH btM, nocKonhKY aa HCTO'IKH

Ka IIOII>!pH30B8Hllb!X '!aCTHU (11ntf) MO>KHO IIOIIy'laTb KaK IIOII>!pH30BllHI!ble, TaK H H911Dn>!pH

• 
30B8HHbte 'Lf BCTHUbi. 

B naaaoil pa6oTe paccMaTpasaeTCSI MeTOA H3MepenHH nonnpH3aUHH Menneanoro ny'!Ka 

npOTonos aenocpencTseaao s Hn'l 6ea nononaaTenbaoro ycKopeHHSI /
21

• OnHC bisaeMbiil MeToA 

OCHOBaH Ha 3aM9THOll B9p0HTHOCTH 11Dny'I9HHSI M9TaCTa6HIIbHbiX aTO.,OB np11 npOXOlKA9RHH IIY'IKOM 

npOToaos raaosoil MHliiSHH, aasaCHMOCTH aaceneaaocTeil KOMIIOH9HT cnepXTOHKoil CTPYKTYPbl 

M9TaCT80HJ!bHOro COCTOHHB SI 6biCTpOrO aTOMB OT UOII>!pH381lRH 118 AaJOllliiX npOTOHOB H B03M0Jt<

HOCTII H30HpBT911bHOrO rBlii9HHSI 3TBX KOMIIOH9HT. OonaCTb 11pHM9 119HHSI TaKOrO M9TOAa 

H3.,epeHHSI IIOIIS!pH3BUHH Uy'!Ka llpOTOHOB npOCTHpaeTCSI B Ii11T9p0llll9 311eprHli OT 1 K3B 

K, no-sKAHMOMY, no 1 Man. 

2. Ecna npOTOH c aaepruell a 10 K3B npoxo.ru1T 'lepea r naonyK> MHweHb, TO cyme-

CTByeT oqeHb 6011hW8Sl aep05ITHOCTb llO.ll.X BDT B 3!1C KTp0!18 BTOMB MHllleHH B CB5138HHOO 

3 



COCTOHHH O C o6pa30BaHROM 6bi CTpOrO Hel!TpanhHOrO aTOMS BOAOpOAB. TipR Bbi'lHCneHHR 

c e 'IeHBSI Taxoro npouecca aoaaaxaeT Heo6xouaMOCTh paccMOTpeHRSI B o6meM cnyqae 

MHOrO'IaCTH'IHOrO B38HMOUOl!CTBR SI. TipH6nH>KOHHbiO QJOpMynbi AnSI p 8C'IOT8 CO'IOHB ll nony'IeHbl 

MHOrHMH aBTOp8MB. 06aop HCIJOnh3YOMblX npa 9 TOM MeTOAOB p8C'IeT8 H CCbinKR HB OpB

ri!HBnhHbie pa60Tbl M O >K HO H8l!TH, HBilpHMep, B KHHre/
3 / • DnSI rpy6biX OUeHOK MO>KHO HC

IlOnh30BaTb n epa oe 6 op1. oacxoe npa6nH>KeHae. B a ToM npa6na >KeHRB ua¢<pepeHnaanbHoe 

ceqenBe nnR a axsaTa ane KTp oHa B xoaeqHoe cocTORHBe B BOUOpoue uaeTCSI QJOpMynol!: 

dut -= m ~ , 2 dO (~) (~lllrl 

rue 
m • M 0 (M 0 + m0 ) 

M, M8CC8 npOTOHB, m - M8CC8 aneKTpOH8 1 • 

(1) 

Y- CKOpOCTh 

2M P + m8 

naua10mero npOToaa B c .u.a., V - CKOpOCTh Y XOASIWOrO 6biCTporo Hel!TpanhHOrO 8TOM8 

B C. Il.B. , 

-t-:"3' ttR ............ 
It • f e 'I'; ( t') • J{ e 'I' 0 (r) dr dR 

.. .. 
nk. ~ mv tik". m-:' 

(2) 

'i'0 (t) - B OnHOBa SI cjlyHKURSI aneKTpOHB B 0CROBHOM COCTOSIHRB STOMa BOJlOpOAB, 'P( (t' )_ BOn-

HOB851 cjlyHKilBSI a neKTPOHa B COCTOSIHBB 6hiCTporO 8TOM8 BOJlOpoua. 

3aXB8T 9 1lOKTpOB8 B CBH38HHOO C OCTOSIHBO B paCCMaTpBsaeMOM npH6na>KeHBB YJlOBne

T BOpRTOnhHO OIJRC biBaOT CH B38HMOJlel\CTBHeM ll8A810WH A npOTOH- 8 1leKTpOH aTOMS MHWOHB 

B ll8Jl810WBl! npOTOH-MpO 

J{ - .~ 

I ii +~;I 
MP+m. 

IR ___ M_,_ ;I 
MP + m• 

(3) 

J1HT erpl!pOB8HB O B (2) C y'IOTOM TOnhKO BTOpOrO qneHB (3) StBnSIOTCSI llpSIMhi M R npHBOJlHT 

K C IJOJlyiOWOMy Bblp8 >KOHHJO Jln H C O'IeHHSI 3aXBaTa B OCHOBHOO COCTOSIHHO aTOMS BOAOpOAB 

o • 1 ,1· 10-10 2 llv ~ 
0 

M , E • ( ) 
E(E +I) ~ 

(4) 

Y'IeT aaauMOJleilcTBHH naua10mul! npOToa-smpo npaBOJlBT K c no>K HOMY HHTerpany B (2). 

MeT OAbi ero B bi'IncneaaH naHbi B paoOTe
14 1

• TaM >Ke o6cy>KuaeTCSI B 03 MO>KHOCTh BHTepnona

p o aaaaSI 60pHOBCKOrO npHOnH>KOHHSI Ha paCCM8TpHBaOMyiO o6naCTh 9Hepral!. 

~ 
DnSI HaC npe.UCT8BnHeT HHTOpeC 3aXB8T 9nOKTpOH8 TOnbKO B MeT8CTa6BnbHQe 2 S~ -

cocToSIHae 6 hiCTporo aToMa ao.uopoua. Oneaz:y aepoSITHOCTH npSIMoro npouecca MO>KHO 

cuenaTh, acnonb3YH Q>opMynh i (2) • (3). Mo>Kao noitaaaTb, 'ITO o6paaoaaHae MeTacTa6anh

aoro 8TOM8 nyTeM 3aXBaTa a n e KTpOHa B Bb!COKOB036y>K.QeHHble COCTOHHB H C llOCnouyJOWHM 

~ 
KaCKB.UHblM nepe XOAOM Ha 2 S I! -ypoBeHb 3H8'IBTenbHO MORe e BOpOHTHO, 'I eM llpHMOl! 

4 

aaxaaT. B caMou uene, 0 1 

HOWeHBm K 38XBBTY B OCH 

rue ab-~ 
<1ta 

e 

C1 - I . 
'IRCIJOM W (n .. 2 S) 

W(n -oiS)- Bep CTOH.BI101 

PeaynhTBT nony'IeH 

w ( D .. 2 s ; IS) 
/ 6 / 

3KCUepRMOHTanhHb le . 

'IOHbi B psme pa6oT
161

• He 

6HnbHblX aTOMOB npa npOXC 

rue N~ 8 - BHTOHCHBHOC T h 

npOTOHOB, d - TonmBHa I 

N L ~ 2 ,69·10
25 -3 

M 'Ill 

p - Jl8Bn9HHe B MHlll9HH B 

B Monexyne
1 

Po =101325 n/ 

Tipa OIJTHManhHbiX TOll 

rp8HH!la BbiXOAB MOT aCTa61!. 

0,001 Ha na.naJOmHii npOToH. 

3. P a cCMOTPHM nony'l< 

CTbiD non HpH30B8HHOro nyqH 

MHW9Hb. flpe.ononO)KHM 1 I.JTO 

neHae KOTOporo coanauaeT 

aaxaaTa, auywaii aa a peMSI 

aToMe ao.uopo.ua, v - cxop• 



·0 /18. npa Bbl'IHCIIeHBB 

:11>1 a o6m e M c ny'<a e 

p ac'!eTa c e q eaB ll n o n y 'leBbi 

;'leTS B CC b!IIXB H8 OpH

Iy6 h! X OU8 HOX MOlKHO HC

IBB 11B<jl<pepeHUB 8 11bHOe 

!0/10p0118 1189TCR lj>opMyiiOll: 

( 1) 

) Jl8KT p OH 8 1 Y - cxopocTb 

>rO HellTpanbBOrO 8TOM8 

(2) 

Ma aonopona, '1'1 (:' )- aon-

>p o n a. 

M OM npa6na JKeHHH y Aoane-

8 n e KTpOH 8TOM8 MBWS HK 

(3) 

1ReTC R n p !!Mh!M II Up HB 011HT 

CTO RHHe 8 TOM 8 BO/lOp0/18 

(4) 

CIIOlKHOMY HHTe r pany B (2 ) . 

T CH B 0 3MO>KHOCTb B HT epiiOJIH-

• B MeT8CT86HilbBOO 2 5 ~ -

M oro n poue cca MOlKno 

o6p830B8 HHe MeT8CT86Hilb-

COCTO!IHHR C TIOCIIOilY!OIUHM 

a e pOS!THO, '!eM Up!!MOll 

38XBaT. B caMOM .nene, oneHK.a OTHomeHBR sepOHTHOCTeA ~ta >Ko oro H3 3THX xauanoa no OT-

BomeB:H~ K 3axB8TY B OCHOBHoe COCTORBBe npBB 011BT X Cneny~meMy pe3y nbT8TY! 

W( n -+ 25) 

e I • : a 
0 W ( n -+ 15) 

- 0 ,0075 

(5) 

- 0 ,125 

rae aD • U D - C8'19HH8 38XB8T8 3 118 XTpOH8 B COCTO H HH 8 C rnB B HbiM KBB HTOBbi M 

• 
'IRC1IOM D W ( n .. 2 5) - aepoS!THOCTb xacxaAaoro npouecc a, npHBOAR!Jler o K 

W ( n-+ 15) - aepoS!TBOCTb xacKB11BOro npouecca, n p aaonR!llero x I 
2 

5 ~ 

2 5~ -c o-

CTOHBBJO, - C OCT OSIHB JO . 

Pe3ynhT8T nony'leB C HCll0~30B8HH8M 'IBC119 HHbi X .llBHH bJ X .Q1l 51 B8p0 51T HOCT el\ 

W(n-+25; 15) 
/ 5/ u. 1 u,. ·;;-r . a e npe.a.nono>KeHHH, qTo 

3xcnepKM8HT8nhHbl 8 118 HHb!e no 38 XBBTY 9 11e KTPOH8 B M e T a CTa6HilbHOe COCTO<lHIIO nony

'!e Bbl B pAAe pa60T /
6

/ • YfCnOnh3YR 9 TH /18 HHble 0 MO~<HO OU e HHTb Bb!X0/1 6b!CTpb!X M8T 8CT 8 -

6 HnbHb!X 8TOMOB npB n pOXOlK/18HHH npOTOHHb!M ny 'IK OM r a 30BOl\ MHlll8 HH! 

F( 25 ) ~ N•s • ud 
No 

(6) 

r.o,e N~ 8 - HHTS HCH B ROC Tb M8T8C T8 6 H1lh H Of'O ny'tJK8 1 N 0 - H H T 8 H C H BH OCTb fl8J'l810W8ro nyl.IKB 

npOTOHOB 1 d - Tonruuna raaoa oH MHllleHH, onpeaen HeMaH cn e.o,y JOutHM Bbrpa >t<ena eM: 

(7 ) 

N L 2,69·10
25 

M -
3 

'IHCIIO noli!MHilTB, L alj>¢- 9~l<jleKTHBH8R lli1HH8 r a3onoi'l M Hll!eHH B M , 

p- n a a nea ae a M Hll!e HH a a /M
2

, T - T eMnepaT ypa M Rll!eHn n ° K, ( - '!R eno a T OMOB 

2 
a M on e xyn e

1 
Po ~101325 n /M , T 0 =273 ° K. 

npn OIITHMB IIhHbi X T OniUHHe MHlU9HH, p0Jl9 r83 8 H 3 HeprH H: 118ll8101UU X IlpOT OHOB JUOK JHHI 

r p 8 H HU8 B bi X Oll8 M9T 8CT8 6 HnhH b iX OTOMOB D cnyqae OllHOKp8TH biX COyll8p9HH if llOC TH raeT 

0,001 Ha nana rom Hll n pOTon. 

3. P a ccMOTPHM nony q e uue 6 btC Tp r..r x MeT acT a6nnbHbi X a T OMOB npn npox oJKnenHH nonu o

CTb!O non!ipR3oa anHoro ny'lxa npOTon o a q e p e3 u e n o n npH3oaauuyro r a3oo6pa3n yro nonoponuyro 

M RW9Hb. flpeanonO.>KBM, l.ITO MHW 9 Hb OOM9 1U 9 H8 B IIpOJJ.On b H09 MBrHHTHOe none , HllllpllB-

ne nae xoToporo c oana n a eT c naqanbnoH nonHpH3BuHeft ITY'-IK8 Jl OCb tO z T orna npOUC'CC 

HI1YIUBi1 t - 2a 0 -3 8XBllT8 1 38 ape Mil v 
10-16 

C e K, rne •o- n epBbiti 6 o p o nc xH i1 Plli1H'.'C B 

8TOM9 aonopona, v - CKOpOCTb npoTona, He BHOCHT nen o n gpH3yromer o BKJ'a.na. B CllMOM 

5 



... 
aene, Tax xax npouecc aaxeaTa o6ycnoeneH xynoHOBCKHM B34HJ\.fOAellcTeaeM, f-: B38HMo-

AellCTBHe OTCyTCTByeT, MO>KHO C'IBT8Tb, 'ITO MBTPHUB B38HMOAellCTBHH He 38BBCHT OT 

cnaHOBbiX nepeMeHHhrx. Bcnen<:Teae a Toro oynyT oTcyTcTeoeaTb aaxeaThl c aaMeHeHHeM 

npoeKUHH CTIHHB TipOTOHa Ha HarrpaeneHBe nonn. Y'leT AHTIOnb-AHTIOJibHOI'O MBI'HBTHOI'O 

B38HMOAellCTBBH 3 fleKTpOH8 H llpOTOHB llpBBO~T K npeHe6pe>KHMO MBTIOMy (10-
7 

pan) yrny ... 
noeopOTa P0 aa epeMn aaxeaTa. npa 3TOM npenrronaranocb, 'ITO HABT npnMoll aaxeaT 

2 
a neKTpoKa e 2 S \i -cocTOHHHe, H HeT xacxanHhiX n poueccoe. KacxanHbre nepexonbr Ha 

2 17 I 
5 ~ - ypoeeHb MOI'YT npaBOAHTb K OllpOKHAblBBHifiO CfiHHB npOTOHB • 0AH8KO HX BKTIBA 

B o6pa30B8HBe MeT8CT80HflbHblX BTOMOB, KBK ObtnO TIOK838HO, HeeenHK. 

8 biW8 Mbl npennonarana, 'ITO ace qaCTHUbl nyqKa H8XOLUlTCSI B OAROM R TOM >Ke CllB-

HOBOM coc·ro!lHan . Taxoll ny'loK 6yneT nonHOCTbJO nonHpaaoeaH a e ro noni!Paaar::aH xapa K

TepaayeTCH cnaaopoM nayna. B OOlllBM cnyqae HMeeTCH HeKorepeHTHBH CMBCb pa3TIH'lHblX 

cocTOHHHH, u nonHpuaaua n ny'lKa onpenenneTcn MaTpanefi nnOTHOCTH. Ecna nonnpaaanan 
... 

TI8A8JOIDero H8 MHWeflb ny1.f:K8 llpOTOBOB p8BH8 P0 1 8 3 l19 kTp0Hbl M HIII8HB HenonsrpH30D8Hbi 1 

HB'IBIIbHBH M8TpHU8 nnOTHOCTH HM99T BHJl: 

... 
I ... 

Po •TO+P 0 a). (8) 

3necb 
... 
a - MaTpHUbl naynu. 

nocKOflbKY M8TpHU8 B38HMOAellCTBHH B HBll!eM cnyqae He 3 8BHCHT OT CllBHOBb!X 

nepe~eHHbiX 1 pacnpe!l8l113HH8 CTIHHOBbiX COCTOHHHil B KOH91.f:HOii M8Tp8119 nnOTHOCTH 6yneT 

onpe.09l151TbCSl B38HMOJl.BllCTBH8M B KOH8l:£HOM COCTOHHHB. 

3neKTpOH BO BH8WH8.M MBrHHTHOM none 38XB8TbiB88TCfl B COCTORHHH CBepXTOHK t>fi 

2 
CTpyKTypbl 2 5 K - ypOBHS! C KBBHTOBblMH 'IHCTI8MB: 

I r ,m 0 I -
{

I, 

I, 0 

I, -1 

0 . 0 

f'Jle F - n OnHb!H. CllHH CHCT9Mbi, m F -ero llpOOKilHSI HS M8f'HRTHOe none. 

(9) 

CocTO!UIHR I 1,11 a 11,~11 nonHOCTbiO nongpaaosaubr H He MeHRIOT HB 'lBflbHoll 

noniiPH3aUBH rrpOToHa . CocTOHHHH I 1,0 I H I 0,0 I npencTaenRJOT co6oi! cynepnoaana10 

CHHrneTa H TpHnneTS C m F = Q H B38HMHO npOTHBOITOnO>KKbiMB Rp09KUHHMB CllHHOB 

a neKTpOH8 H ttpOTOH8 HB none . PaBHOB9CRe M9*JlY 3 THMH COCTORHHHMH yCT8HBBnHB89TCR 

HI O,G I . 
wr~ 

llHTIOnh-ABfiOnbHOe M8I'HBTHOe B38HMOAefiCTBHe 3fi9KTpOH8 

, rae b ( w 1 -«>0 )- sHepreTa'lecxoe pacmenneHue ypoeaell I 1,0 I aa epeMn I -

B llpOTOHB llpHBD-

.llHT K Cll8 .'l,y H8'181IbHOA nonHpH38UKB B 3THX COCTOSIHHRX. HopMHpOB8HHbJe CllHHOBbte BOn-

HOBble <jlyHKUHB, COOTBeTCTBYIOWHB CTBUHOHapHblM COCTOHHBHM (9), B npoMe>KyTO'IHOM 
/8/ 

M8f'HHTHOM no.n:e HM9JOT BHll : 

6 

\ 

' 

....;-

J 

p 

rue X - CUHHOBBH 
+li 

none mP • + ~ ; X' :K 

"1' . 

"1', 

'I' 

"1', 

BOTIHOE 

TO 

l • 

B • - aena1JHH8 MarHBTHoro 1 

MOMeRT anex.Tpoaa, h a - aeJ 

llnH onpeneneHHH eeca , 

HBAO ycpeAHHTb M8TpHUY (8: 

HHll. nponenae 3 T Y nponenyp 

KOTOpbrli Obtn BbmacaH aeTop 

P0 - aenaqHHB. HaqanbHO M no 

PaccMOTpHM nea 'laCTE 

P0 • I . p - ~ 
1,! 

T.{Hcno 'IBCTHU, H ~XOAHIJ 
3- l 

e I"+( paa npesr..rwaeT '< H< 

OTHOW9HRe pB.BHO 3, 'ITO COO' 

p 0 - 0. p 

OTaoweHae qacna qacTr 

HH>KHHX COCTOSJHHSIX llpH l = 

HenonRpH30B8HHOMY MeTBCTBf 

Bena'lHHa nonRpn3aUHR 



.. 
~OAellCTBHeM, f-: B38HMC»-

nellCTBHB He 38BHCHT OT 

I 38XB8Tbl c B3M9H9HH8M 

(IIOJihH OrO M8rHHTHOrO 

10 M8ROMY ( 10-
7 

pSA) yrny 

~TO HUOT !IpHMOll 38XB8T 

'· KacxaUHbre nepexoubr Ha 

lOTOHa
171• Ou11axo ax sxnau 

:esenHK. 

"CSl B O.O.ROM R T OM >Ke CIIH-

a ero nonwpnaa~HK xapax-

1p8HTH8R CM9Cb pa3nH'lHbiX 

tOCTH, Ecna nonapaaauHH 

)Hhl M Hlli9RB H8IIOn5IpH30D8Hbl 1 

(8) 

~ 3 8 BHCH T OT CIIHHOBbiX 

M8TpHIIe nROTHOCTH 6yneT 

COCTOSlli.HH CBepXTOHK t>fi 

(9) 

THOe none. 

! IDT co6oll cynepno3HUHID 

I npOOKUliSIMH CIIHHOB 

renneHHe yposaell I I,O I 
exTpoHa n npoToHa npaso-

MHpOB8HH bie CllHHOBble BOn

(9), B npOMe)l{yTO~HOM 

l 

• 

"' . . 
Tl,-1- "-K"-K 
'I' .Jr+l • • ..;--r=:t p 
o.o· -2-x+Kx-~>- -2-x_~tx+K 

(10) 

)( - CIIHHOB8H 

·~ 
BOfiBOB8H ~YHKUHH, COOTBeTCTBYIDW8H upoeXUHH CIIHH8 npOTOHa 88 

none mp • + ~ ; )(:K 

l - ""=" ( 11 ) 
../! +x• 

B • - senR'IIHHa MarHHTHoro nonst, llr M8rHHTHblll MOMeHT npOTOH8, /l J - M8rHUTHblH 

M OMeHT anexTp oaa, h a - senn~aaa csepxToaxoll cTpyxTypbr - ypOBHK, 

JlnK onpeueneHHK BeCa , C KOTOpblM K8)1{U 08 COCTOKHHe (9) B XOUHT B KOHe~H bi ii ny~OK, 

H8UO ycpeUHHTb M8TpHUY (8) no BOfiHOBblM ~YHKUHSIM (10) KOHe~HbiX C T8UHOH8pHbiX C OCTOSI

HHll, npouenaB a T y npoueuypy, non~HM peayJlbTBT, 8118ROrH~H blll nony~eHHOMy B pa60Te 12 ~ 
KOTOpblfi 6 hin B biiiBCBH 8BTOpOM IIO 8H8nOrHH C MIOOHH9M. 

.!....=..fg_ 
Pl,-1 • 4 

I+ t P0 
Po,o· -.--

PaccMOTPHM asa 'I&CTHbiX cny'Iall, 

I-t 
Po •I. Pl,l• X' Pl,o • -,- PI.-I• 0 • 

t.{Hcno 't18CTHU 1 H '.8XOltiDUHXCSI B 6nB3KHX 3 HepreTHq9CKHX 

3- ( 
a 1+""7 paa npesur waeT ~acno 'IBCTHU a cocTOKHH9X I 1, II 

1• + t 
Po .o • -.-

(12) 

cocTOKHH gx I 1, 1 I a II ,0 I , 

H I 0,0 I . npa ( - 0 3 TO 

OTHOWeHHe paBHO 3, ~TO COOTBeTCTByeT 50% TIORS!pH38UHH MOT8CT86HRbHOrO ny'IK8, 

P1,o• I( • P1,-1·" • Po,o • " · 

0THOill9HH9 'lHCna 118CTHU 1 H8XO.O.HWBXCSl B BepXHHX COCTOSIHHSIX, K qacny 'l8CTHU B 

IIH )I{IIHX COCTOHIIHSIX npH ( = Q (oTCyTCTByeT MBriiHTHOe none) paBHO 1, ~TO COOTBeTCTBye7 

HeiTORS!pH30B8HHOMy MOT8CT86HRbHOMy IIY'IKy, 

BenaqHHa nons:rpH3BilHR MeTaCTaf5an&soro ny'tfKB a cnyqae, Kor.a.a Ha MHWe H& na.a.aeT 
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ny'IOJ< npOTOHOB C nonnp H :JiJ C! IIBII P O 0 a anpaana HHOll BllOJlb OCR onpeAenawrcH cne-

llYIOWHM Bblp8>KBBHaM: 

p ~ 

P~ s·+O+•) (13) 

<PopM)'na (13) nerJ<o nonyqaeTCH sa ( 12) a H3BecTaoro Bbipa>Keaaa, acnoru.ayeMoro 

QnB onpeAeneHHll nOnHpB38UHH ny'IX8 '18CTHn: 

(n) ~ (n) ~ 

I I I a 1 I - I• 2 I l 
n 

• p• , (14) 
I ll a<;> I ~ + I a<; I~ l 
n 

r.a.e • 1 H a ~ - K OMUOH BHTb l CllHHOpa nayi!H. 

CyMMHpOB8HHB npOH3B OQHTC!J' UO B CeM HeKOrepeHTHO CMBWHB8IOWHMCH COCTO!IHHHM B ny'IXB. 

J1 T8J< 0 ecnB HB MHlUBHb nauaeT ny'IOK MBilnBHHbiX npOTOHOB C 9Heprael! • !0 K 9 B H 

UOIIHpH38UHell P0 0 TO C BepOIITHOCTbiO • 0,001 l)yQeT HATH o5p830B8HHe 5biCTpb!X MeTa-

CTB fiHnbHbiX 8TOMQB B COCT O!IHIHIX (9). 3aceneHHOCTH 9THX COOTOHHHII OUpBABn!IIOTCH 

<j>OpM)'nHMH (!2). n o n HpH38UH !I MBTHCTH 6HnbHOf'O ny'IJ<8 Bblpa>KaeTCH COOT!IOWBHHBM (13). 

B npoue cc e n epea a p HilXH 6yuyT o6paaonbi B8TbC!I a BTOMbi s upy rax a oa6y>Kn e HHhiX cocTo!l-

-8 
HH!IX. 0JlH8 KO B p <;MH lKH3HII 9THX COCTOllH.Hil COCT8BnHeT • 10 CeX, U09TOM}' Hll pac-

CTOSI.HHR MeHe e 1 CM OT M H IUeHH 8 Hei1:Tp81I.bHOM TIY'I:J:Ke OCT8HyTCSI TOJlbKO 6biCTpbi9 8TOMbi 1 

~ 
H8XO.QIDUHeCH B OCHOBH OM H M eT8CT86R1lhHOM S K - COCTO!IHHHX. 

4. B OTC YT CTBHe soaMy weHa l! THna a n e xTpaqecxoro non11 nna aTOMHbiX coynapeHal! 

2 
MBT8CT86HnbHOe 2 S X -COCT05IHHe 8TOM8 BOJlOPOil8 HMeeT cpeunee BpeM!I lKH3BH r ~1 /7 CeK. 

TaxaSI 6ollhwag aenuttHRa anH apeMeHH >KH3BB CBSI3BH8 c TeM, 1.JTO n 3 M6oaCKHA c.o.aur, 
2 ~ 

xap axTepaayiDmull aHepreTn'lecxyro paasoCTh Me>Kuy 2 P K a 2 S X - ypoaHSIMH, Man 
/9 / 

a cocTn BnSie T acero nawb 1058,07 :!:_0,10 Mrn • Ecna Tenepb Ha nyTa MeTacTa6anbHo-

l'O ny'IKB UOMBWeHO aneKTpH'<eCKOe none, TO 38npeT f • 0 .. f ' • 0 CHHM89TC51, T8K KBK 

y>Ke He 5!BnReTC !I XOpOWRM XB8liTOBbi M 'IHCnOM. noaTOM}' BpBMH lKH3HH M9T8CT85HnbliOf'O 

. / 10 / 
8TOM8 CyWeCTB9 HHO 38BHCHT OT a neKTpH1:J:9CKOrO nong 

rne 

'~s = ' 2 P 

11~ [w :, + ~ r 2 

v 
_g 

r~p- !,6•!0 CeK- eCTeCTB eHHOe BpeMH >KH3HH 

(15) 

~ 
2 p K -COCTO!IHHH, r = 99,8 Mru 

p8JlJI8UHOHH8ll W HpHH8 2P -ypoBHSI 0 V • <leE11 > - M8Tpli'IHblH aneMeHT B03M}'ll!lllO!Ilef'O 

a neKTpH'IeCKOf'O llOnH, '!leu II •Mcu 1-cu1 )- p83HOCTb 9Hepraii B38RMOAeilCTBYlOlliHX ypoaaell . 

lln11 onpeneneHHH W II B ( 15) BblllHWeM pe3yllbT8Tbl Jlnfl a <jl<jleKT8 3eeM8H8 TOHKOil 

CTpyKTyphr ypoBH!I c rnaaaLIM KBBHTOBhiM '<He noM o ~ 2 /S/ (pnc. I). 

8 

2~SK 

22 Pa/2 

22 Pa/~ • 2~ I 

3uecb 'tk:u (2 2sK) 
~ 

11tu (2 PK 

B OTCYTCTBHB M8f'HHTHOf' O 1 

B <jlopM)'nax (16) He y 

y poauell, o6ycnoaneHHoe e10, 

K8 >Kil0f'O ypOBH>I H8 QB8 0 p83 

X bo • 88 J 

.!_ ba • 29 
6 

l ba • 6 
30 

lba • 9 
10 

Hcnonb3y!l <jlopMynhi ( 16) a 

Bbl'IHCIIHTb cult R3 (15) Jll! 

B MaraaTHOM none x 

COCTOHHHR, K8K BR.O.BO H3 ( l t 

qepe3 aneKTpa'leCXOB none C • 

CyMMapHbiii a <jl<jleKT oT rawef 

BKnSU OB OT paapywe HHH COCT 

N 
I• -- • I 

N~s 

rne N - 'IHCno noraweHaw x 

Prk o npenenlllOTCH (12), A1k 

nerKO BH)leTb 0 'ITO npa 

f'8CSI!JleM aneKTpH'IeCKOM OOnE 

OTnH'I8TbCll TOllbXO Hll ManyJO 

cnepXTOHKOll CTPYXTYPhi. nos· 

I • (p II +p 1,0 )t 



• OCR onpeJtenHeTC!I cne-

(1 3) 

'0 BbipalKBHHS10 HCDOIIb3yaMOI'O 

. ' (I 4) 

~aiODIHMCSI COCTOHHHHM B IIY'IXB. 

OHOB C 9Hepruel! • IO K9B H 

06pa90B8HHB 6biCTpb!X MeTa-

( COCTOHHHl! OIIpBJIBnSIIOTCH 

9lKaeTCSI COOTHOWBHHBM (13). 

apyl'H X B036ylKilBHHbiX COCTOH

' I0-8 cex, noa TOMY Ha pac-

HYTCR TOilbKO 6hiCTpb!e aTOMbi, 

~TORHHRX. 

HIIH aTOM Hb!X COy)lapOHHl! 

:pe)lHee BpBMSI lKH3HH r ~I /7 CBK, 

r eM, liTO n a M60BCKHA CllBHr, 

2 
H 2 S l( - ypOBHSIMH 0 Man 

·DBpb Ha IIYTH MBTaCTa6HnhHQ-

• f' - 0 CHRM89TCR, T8K K8K 

BpeM!I lKR3HH MBTaCTa6H1lbHOI'O 

(I5) 

~ -COCTOSIHHH, r ~99,8 Mru 

,rH aneMeHT B03MYlllBJOmero 

iHMoneiicTBYIOmux yposHeil. 

)lnH 3~1jleKT8 3eeMal!a TOHKOJI 

8 / 
(pac. I). 

a 
cu • cu (2 S K ) + 2 I" J B m J 

m • :t.S/2 
J 

{16) 

a 
- aaeprHH yposaeA 2 SK 

B OTCYTCTBHB MarHHTHOrO nons. 

B ljlopMYnax (16) ae y'IHTbiBaeTCSI csepxToHxasr CTPYXTYpa, Tax xax pacmerrneHue 

yp osHel!, o6ycnosneHHoe e10, Mana. Y'IBT csepxTOHKOA CTPY"TYPbi rrpnsoanT K pacwerrn eHHIO 

xaJKnoro ypoBH!I aa nsa, paanene&Hb!X BHTepnanaJ.Ol 

l( ha - 88 Mrn 

!.. ha - 29 Mrn 
6 

..L ha 
30 - 6 Mrn 

..L ha - 9 Mrn 
10 

( 17) 

11CIIOIIb3ySI ljlopMynhi ( I6) H BBO)l!l IIOITpasxy Ha CBBpXTOHXYJO CTpyKTypy ( 17), MOl KHO nerJ<O 

Bbi'IHCnRTb H3 ( I5) JlnSI n1060ll senH'IHHbl Ma!'HHTHOrO nons. 

8 Mal'HHTHOM Done KalKJihlli CTaUHOHapHblli ypOBBHb CBepXT OHKOli C TpyKTypbl 2° SK 

COCTOSIHHSI, Kal< BH)lHO H3 (15), HMeBT CBOe B peMSI JKH3HH. noaTOMY IIpOXOlKJleHHe IIY'IJ<a 

'lepe3 anexTpH'IBCKOB rrone COIIpOBOJKJlaeTCSI HBOJIHHaJ<OBbiM pa3pyweHHeM COCT051HHH (9), 

CyMMapHbtA aljlljlexT oT rawennsr MeTacTa61!1lbHOPO ny'!Ka 6yaeT c naPaTb CSI na napunaiihHhiX 

BKnallOB OT pa3pyweHHSI COCTOHHHli (9); 

N -A 11 t -A,,rf -A 1_1t -A 0,ot 
- ~ • P

1
,

1
0-e ')+p

1
,
0 

0 -e ) +p
1

_
1
0 -e )+p0 )1-e ),(I8) 

1')19 N - 'IHCIIO DOraweHHbiX aTOMOB 0 Nos - HHTBHCHBHOCTb MBTaCTa6H1lbHOI'O rry'!Ka, 

p 1• o rrpenen!llOTCH (12) , A tk - rrocTOSIHHBSI pacrrana ik -ypOBHSI CBepXTOHKOH CTpyKTypbi . 

nerKO BHilBTb, 'ITO DpH 38)18HHOli BenH'IHHe IIpOJIOIIbHOI'O Maf"HHTIIOI"O nonH H He6onbWOM 

racHDieM anexTpH'!eCKOM none A1 , 1 • A1 , 0 • A 1 
H A1 ,-~ ·A 0 ,0 • A 0 , T a K KBK OHH 6ynyT 

OTIIH'IaTbC!I T01lbi<O Ha ManyiO senH'IHHy, Onpe)len!!BMYIO paCIUeiinBHHeM BCne)lCTBHe H 81IH'IH SI 

CBepXTOHKOli CTpyxTypbl, noaTOMY (18) MOlKHO nepeiiHC8Tb B BHJle 

(I9) 



npa raweaaa ypoaaea c aepxToaxoa CTpyxTyp w 2~5~ -COCTOHHRH B M8PHHTHOM 

n one paapeWeHbl a neKTpH 'IGCKHe ABnOIIbHbie nepeXOUbl C t.m J •:!:. I AnH KB8HTOB C nonapa-

38 UHell, ne pne auaxynapaol! nomo, " t.m J • 0 - unB KBHHTOB c nonRpBaauBell no nomo. np• 

3TOM npOHCXOAI!T 6btCTpbtll OAHO<jJOTOHHbiH nepexou C H3ny'leHHeM KB8HT8 B ynhTpa<jJBoneTo

BOll o6naCTH c A = 121,6 HM, 

PerHCTpapyB aTa KBaHTbt ueTexTopoM, MO~uo onpeuenBTh nonHyto anB napuBanhHble 

HHT 9 HCHBHOC TU M9T8CT86HRbHOrO 11Y11Ka, 9CR H H3M9HSITb B9RH1:fHHY 3 R 9KTpH'I9CKOr O IIORSI IIpH 

<jJHK CHpoaoHHOM MarHBTHOM none . Taxa g npouenypa noaaorrBeT B3MepHTb norrapB38UBto nyqxa 

npOTOHOB, nart8IOWHX H8 MHWeHb, •8 C8MOM uene, H3 ( 19) BHUHO, 'ITO OTHOWeHBe a<jl<j>eKTOB 

OT 110RRpH3 0 B8HHOro H nenongpBaoaaaaoro ny'IKOB paaao: 

lp 

[H 

-A1 t -A
0 

t 
(pt,l + P1,o > p U-e ) + (pl-1 +Po,o lp(l-e ) 

-At -Ac~-
(pi , I+PI, o1a U-e 1 ) + ( p1,. 1 +Po,o>aU-e l 

(20) 

r ue (ptk Jp - Onpeue~51IOTC B <jJOpMy118MH ( 12) , (ptk ]H 

P0 = 0. 
onpeuen51IOTC 51 ( 12), e cna nono-

iKHTb 

B bt pa~eaae (20) npHrouao un 51 Bbi 'IacneHHB nongpH3BUHH ny=a npoToaoa npa n106ol! 

aen H'II!IIe M8rHHTHOrO n01151, npH 3TOM B Cnyqae pe30H8HCI!b!X nepeCe 'leHHll B38HMOrte liCTBYIO-

WHX ypoaaell nauo Y'!HTbiB8Tb H caepxToHKyiO CTPYKTypy. 

PaccMoTpnM cnyqaw nepaoro pe3oaaacaoro n epeceqe aag HH~HHX ypoaael! caepxTOHKOll 

CTpyKTypbl MeT8CT86HnbHOrO COCTOBHHH C BepXHHMH 2~ pI> - COCTORHHB npH non e 8 • 0,06 Tee-

na (pac. 2) . ¥13 (1 5 ) cneuyeT, 'ITo r28 • r~P , Tax xax w • 0 • npH 3T OM UpOHCXO)lHT 

n onaoe raweaae HH ~HHX KOMnoaeHT h, -I I H ! 0; 0 I . Oaaaxo rtrr51 aepxaux KOMnoHeHT 

{I, 11 H { 1,0 I w I! .,t. 0 H ' 2s >> '2P acneacTaue aanuqu sr naelllaero MarHHTnoro nonSI, 
-A 1 t 

KOTOpOe yoeiTH'I!IB8eT !IX CT86B1IbHOCTb, n oaTOMy '!HeHOM C (I- e ) B (20) MO~HO 

npeae6pe'lb , T oraa nongpa3aUR51 nyqxa nartaiOwnx Ha MHWeHb npoTOHOB nerxo onpeaerr51eTCB 

C y'IGTOM ( 12) : 

[ 
P 0 =2(---.!.-ll 

r. I-' 

3 Ta <jlopMyrra cnpaaearruaa, KOH e '!ao, ecna A 1 t << I , npn'!e M A
1 

a a ( 15) , a 

(21) 

orrpeaerrHeTcH 

t - ~ , rae L - nnuaa y ttaC TKa rryTH, r.o.e aa aTOM .oe~icTnyeT 8R9KTpaqecKoe none, 

V - CKOpOCTb S TOMa . 8 bi1JJ9 B93Jl9 IIp9J.li10R 8P8ROCb 1 ttTO HHT e HC H OHOCTb H 3 He prHSl llOnstpH -

- 3 T O BpeMn llpOX0)f{lleHH 51' MeTBCT8 6 HHb H biM B TOMOM 3 HeKTpHtte CKOf'O flOHSJ. 

300AIIHOrO H HenonstpH3008UHOf'O flY'IKOB OllBHBKOBhi. 

B npoH3BOnbHOM c rryqa e norrBpH3BUIIH ny'!Ka Meane HHbt X npoToaoa onpeaerrBeTCH H3 

llbtp8 ~9 HH <l (20) , KOTOpOe nponOpUHOI!BHb i!O OTI!Olli91!HIO OTC'IBTOB Jl9T9KTOp8 , 

Onn C BHH Liti ~ f eTOll B IlpHHUUlle MO>K HO T 8K>K9 HCII01Ib30B8Tb KBK llHH H3MepeH IUI JIOHRpH-· 

38UBH, T A 1
( f'l Mlll HHTHOro MOMeHTa H J06o ti 'l:fBCTHU bi C 5-= ~ o6pa3yiOUl9 H B MHW9 1!H 

CHCTe t~. y , dHa nor H ttHyJO 8TOMy aoaopoaa . 
10 
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-COCTOSHRH B MSrHBTHOM 

•:1:;1 ana KBaHTOB C nonapa-

: nonapaaanaeA no non~. npa 

BM KBaHTa B ynbTpa<jlaoneT o>-

b nonHyJO ana napuaanbawe 

aay snexTpaqecxoro nona npa 

HaMepHTb nonapaaaua~ nyqxa 

<O, qTO OTHO!n9HHe s<jl<jleKTOB 

-A0 t 
lp(l-e ) 

o >ao-•",;> (20 ) 

~JlHIOTCH (12), ecna nono>-

ny qxa npoToaon npa n~6oA 

uepeceqeHuA B38HMOABAOTBY~ 

IH * HHX YPOBHBA CBBpXTOHKOA 

:ocTosrnaSI npa none 8 • 0,06 Tee-

• O • npa 3TOM npoHCXOAHT 

3KO anH Be pXHHX KO MITOH9HT 

DHe w Hero MarHHTHoro nonH 
-A I' • 

- e ) B (20) MO*HO 

JOTOHOB ne rKo orrpe aenHeTCH 

(21) 

onpeaen aeTcn 

MOM ::me KTpaqecKoro nonn. 

~yeT aneKTpaqe cKoe none , 
WIIOCTb H sHepra a nonapa-

OTOHOB onp9J1 8i1H9TCR H3 

~ .a eTe KTOp a. 
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Puc. I. 3eeMaHoBCKoe pacmenneuue TOHKOJ! CTpyKTypbl 
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Puc. 2. 3eeMauoacKoe pacmenneBBe caepxToaKoll CTpYKTyphi 
~ ~ 

2 SK H 2 PK - YPOBHeJ! 8TOMa BO.llOpO,lla. 
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