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CA)(ETAK
Y pafly.ie Aar nperneA nojaBa Be3aHhx 3a +r43r4Ky pacejarsa nonapr3oBaHt4x
M.na3eBa eneKTpoHa Ha aroMcKr4M qecrrqaMa. nopeA AeexHuqnje
norapr3oBzrHrx MrraseBa pa3MarpaHe cy ocHoBHe nxrepaxqrje Kao uJro cy
cn[H-op6xrHa I r,t3MeHcKa [HTepaKqnja n geSnxrcaxe cy e}13r,{Ke
Benl4q He 3a onrc nonap 3aqnoH]rx e$eKara. ['loce6Ho ie yKa3aHo Ha
noflaph3aqBoHe eQerre xojr Hacrajy ycneA MebyAenoBaFba oBe ABe
[HTepaKq!4ie (eQeKTi4 Quxe crpyxrype). pasuarparu cy HaqnHx Ao6r4.iaFba
nonaph3oBarHrx Mna3eBa eneKTpoHa 6aellparr Ha rexHhKaMa aroMcKe
$rsuxe u +[3nKe ,{BpcTor crarba. f'loMeHyTa je nonaph3aquoHa aHarh3a
Mna3a efleKTpoHa Ha ocHoay pacejaba eneKTpoHa Ha Kpt,rcra_nrMa, MoroB
nojrapx3aq[oHr4 aHannsarop. pasMarpaHa je rxrepaxqraja noflap[3oBzlHhx
efleKTpoHa ca aToMt4Ma !1 MoneKynrMa ca ocBpToM Ha npoqece eflacT[r{HoT
pacejarsa. excquraqraje r joHrsaqraje. nopeA rcropHjcKe nepcneKruBe, Aarje n nperneg H4HoBuir4x eKcnepnMeHranHux pe3ynrara y o6flacrh Kao I
fqonpuHoc 4ouafirx ayropa oBoj reMaruqu.

* r Ousuqxr QaKynrer, Vuuaepsrarer y EeorpaAy
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1.1. CNTH T MATHETCKI' MOMEHT ENEKTPOHA

KoHqenr cnxHa enexrporJa yBenli cy 1925. roAl,|He yneH6eK x foy,qcMnr (Uhlenbeck
and Goudsmith) a SopManHx onrc beroBlix oco6uHa pa3Bro je naynl (]927) y oKBxpy
HeperiaTxBl4cTt49Ke KBaHTHe MeXaH,lKe. oA AlpaKoBe penaT[Bl,tcTx!Ke -reopfije (Dirac, 1g2g)
nocrynxpaHo oocTojarbe cnytHa eIteKTpoHa H beroBe oco6rHe ce yKflonfino norrlgHo Kao
HeonxoAHa nocneAxqa +yHAaMeHTaIHXX npxHqlna KBaHTHe MeXaHllKe a He Kao AoAaTHa
xrnoTe3a.

Cno6oAH!4 efieKTpoH, Kao KBaHTHo MexaHrrgKh crcTeM! yrMa rMaHeHrHo cBojcTBo
MOMeHTa ltMrryflca Koj[ ce Ha3[Ba cnl4H r o3Hayaaa ca s. r]px ToM, eneKTpoH je jeAaH oA
HajjeAHocTaBHxjHx KBaHTHr.tx ct4cTeMa jep rMa ca o ABa KBaHTHa cTalba. AKo ce ap6rrpapHo
[3a6epe pe+epeHTHH npaaaq x Mepu cnrH ereKTpoHa Taea fie peoynrar 614114 ABojaK,
KoMnoteHTa cnliHa napanenHa ca pe+epeHrHxM npaBqeM fie 6ult4 VinvibJ2 nntn -t 12. Clota
ce Moxe pefi!, Aa je nojeAxHagHfi enexTpoH yBeK nonapr3osaH (Farago, 1974).

l1opeg uoueura [Mnyrca, cnrHa, eneKTpori ,Ma ta concrBeH, MarHerHr MoMeHT
oApebet ca 4n= @"'dZnS.s rAe je g" - raKo38aHx IaHAeoB g-eaxrop eneKrpoHa, m6 _
Maca MlpoBarha efleKTpoHa. KoMnoHeHTa MarHeTcKor MoMeHTa eneKTpoHa oApebeHa
peQepeHTHxM npaBqeM je pw= g..msps, rAe je ps EopoB MarHeroH a m.={/2. y
cnotbauJrheM MarHeTcKoM norby MarHeTcKr MOMeHT e_neKTpoHa npeqecupa ca KpyxHoM
yqecraHouJhy o=I.iB, rAe je f. - xxpoMarHercK!! KonfiqHriKr ca BpeAHo[rhy oA
f.=1,00rr6 (e/m").

1.2. nOflApr43Ar[4JA MflA3A Efl EKTPOHA

EKcnep! eHT!,t Koju ce xcBoAe ca cno6oAHrlM ereKrpoHrMa yKrbyqyiy 3anpaBo
aHcaM6n eneKTopHa Kojx !xHl.! Mna3. KaAa roBoptlMo o nonapfi3aqxjx eneKTpoHa, MylcnxMo
Ha nonapx3aqxjy aHcaM6na efleKTpoHa. AKo MepxMo cIl4H cBaKor rojeArHor eneKTpoHa,
ra4a ie, peqr'ruo ni enexrpoHa rMarx xounorerry cnrra tl/2, AoK fie n] ,Marr KoMnoHeHry
cnwta -hJz penarrBHo y oAHocy Ha pesepeHTH[ npaBaq. AHcaM6n eneKTpoHa fie 6[r!4
nonap[goBaH Ayx r4sa6paHor npa8qa aKo nonynaqxje oaa ABa cnrHcKa cratha Hhcy jeAHaKe.
flonap[3ar]xja ce rana Ae+uHnle Kao

p=4-nl
nl*nl

(L .2 . 1-)

Enex-rpotcxu Mna3eBh Ao6[jeHx KoHBeHr.UoHarHt4M MeroAaMa,
TepMoeneKTpoHcKa eMucvja, cy Henonaplt3oBaHh, jep cy o6a cnlHcKa

Kao uito je
craba jeAHaKo

npoMeHurr,! noterHo jeAHaKe nonynaqlaje ABa cnltHcKa craba raKo Aa je jeAHo oA r6ux
npe$epeHTHo nonyrrcaHo; ii) Moxe ce ynorpe6rrrl l43Bop ereKrpoHa Kojx je raKo
nphnpeMrEeH Aa ce eneKrpoHh eM[ryiy npe+epeHTHo y jeAHoM oA cnlHcKhx craFba.

noflynxcaHa (HacerbeHa) ni= nl. lorapr"o
Har[Ha: i) ltHl,tqrarHo HenonapugoBaHoM

aaHh Mna3 ce Moxe Ao6l4Tu y nprHqlny Ha ABa
Mna3y ce Moxe npoMeHHTl4 noflap,l3aqfija, rj.
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y pasBoiy +opMan[3Ma 3a onrc nofiap'l3aquoHxx SeHoMeHa y npaKTxqHl{M

cxryaquiaMa, Mopa ce liMar{ y BtlAy Aa ie eKcnept4MeHTaropT Ma AocrynaH aHcaM6n

.n"*"rpo"a y MellaHoM craEy CTola je ontlc BeKTopoM craba Hflt ranacHoM SyHKqljoM

HeaAeKBaTaH, Beh ce KoplltcT9i onl4c nPeKo onepaTopa rycTxHe cTaFba (Farago, ,1971), cnll|H

enexTpoHa ce npeAcTasrba epM,lrcKr'lM (Hermite) onepaTopo u =1/zhd rAe ry xounoxelre d

naynl4jeBe Marpttqe- Marpuqa rycr[He ce rarqa Moxe npeAcraBxrl4 Kao

p
2

1 PP,
3t 1

2

1*Pt P" F"

PliP" 1P,
1.2.21

BeKrop P je ra,qa no Ae+l4Hxqfijx BeKTop nonapx3aqfiie aHca^'t6na eneKTpoHa KoMnoHeHTe

eerropa e., P2 P3 npeAcraBtbaiy cpeAbe BpeAHocrx KoMnoHeHTe cnxHa (y jeguuuqar'ra 7zh)

nap*"r]r" *t r3a6paHor pe+epeHTHor clcreMa cTeneH no'apx3aquie ffln ieAHocraBHo

nonaprcaqfiia ie Aara MoAynoM oBor Berropa
2, D2-D2\1t? (1.2-3)P lP, ,2'3r

nph geMy 3aIoBortaBa ycroB lP]<1. 3HaK jeAHaKocru ce oAHocl'l Ha c[creM y L{l'croM

cTaby.

1.3. I,IHTEPAKII{JE 3ABl4cHE oA CnUHA EnEKTPOHA

y eneKTpoH-aroMcKxM cyAapl,Ma HeKofll'lKo ereKlpoMarHe-rcKllx xHTepaxq,tia ce

Moxe !rcAsojlrrr. AKo je AoMxHaHTHa KynoHoBa (Coulomb) eneKTpocrar!1!rKa [HTepaKqxja'

raKBo pacejaEe soBeMo AlpeKTHl,lM x oHo je onlacaHo KoMnneKcHoM aMnnlaryAoM I npeceK

3a oBy Bpcry pacejalba ie cpa3MepaH ca 12. Oea rrrepaxqnja He 3aBt1cl'l oA cnxHa' y

KoHBeHqloHarHl4M eKcnepliMeHTuMa pacejatba, uHTepaKquje 3aBrcHe oA cn}lHa Kao uJTo cy

yr3MeHcKa l,r cnnH-op6[THa l4HrepaKqt'lja, cy MacKt4paHe MHoro cHaxH[joM Kynoloeou

lHTepaKqxjoM. TexHuKa nonapr3oBaHllx eneKTpoHa oMoMaBa l,1cnl,1TxBabe oBux cna6ujt4x

,tHTepaKql,1ja. AKo nocMarpaMo nonap[3oBaHe eneKTpoHe l,l noraplBoBaHe aroMe' npoqec

A!!peKrHor pacejaFba ce Moxe npeAcrasnrfi

el.AI-A{.el (1.3.1)

l/lsMeHcKa uHTepaKquia flpo,1crtige u3 KBaHTHo-MexaH'lgKor nocrynara

Hepa3n{KoBaba uAeHT[qHtlx L]ecruqa ]'t nocneAxqa je rora Aa He MoxeMo Aa pagnhKyjeMo

Aa n}l je paceiaHrl efleKTpoH oHaj ynanH[ l4nl1 je l43MetbeH ca ereKTpoHoM l,!3 aroMa'

yl3MeHcKa l,lHTepaKll,lja je onlcaHa KoMnfleKcHoM aMnn[ryAoM g ,1 oeeKyje ce lbeH Behh

yrxqaj Ha Malb,lM yna,qH[M eHerxiaua eneKTpoHa x npx BehxM yrnoBHMa pacejaBa AKo ce

nocMarpa enacrlqHo paceiabe nonapr3oBaHt'lx eneKTpoHa Ha raK[M nonapE3oBaHrM

aroMa,tMa (KoA Kojlix cy Apyre laHTepaKqlie 3aBllcHe oA cnuHa 3aHeMap'bvlBe)' npoqec ce
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MOXe nptlKa3aTli Kao

el +A[->Al +e{ O.3 .21

npl4 ,{€My je npoMega cnrHa cyAapH[x naprHepa y3poKoBaHa pa3MeHoM ynarqHor eneKrpoHa
ca cnuHoM 'Ha rope' (spin up) x eneKrpoHa y aroMy ca cnIHoM .Ha 

Aofle. (spin down),
AHan[3a npaaqa cnxHa pacejaHor EneKrpoHa Aaie xH+opMaqxjy o [3MeHcKoj xHrepaKqrjx.
l4Hrep+epeHqxoHx qraH rcMsity At1peKrHor yt ,l3MeHcKor paceja$a Aaje npoqec

4+Al...,Al+4 (1.3.3)

\Hja ce BepoBarHoha onrcyje aMnnxryAoM iig ,. OBaj qnas ce Ha3rea r rpxnnerHoM
arJnnxryAoM. npeceK 3a enacrllliHo pacejaFbe je raaa onlc€lH ca

o(0) lr,f2
14"- Itsl' lr 12*!

4
1
2

+2s1
2

1

4
(1.3.4)

rAe cy Ben{grHe ls ia lr cxHrnerHa oAHocHo rprnflerHa aMnnxTyAa pecnefiraHo.
CnxH-op6xrHa nmepaKqxia jo 6rrHa xHrepaKqxja 3asncHa oA cnxHa. t4H@pMaqxja

o tboj ce Moxe Ao6xrx nocMaTpsrboM nonapl,|saqxoHtlx noraaa Hacranr{x paceja]beff
Henonapr3oBaHltx eIeKTpoHa Ha aTotrxMa Berll/lxe peflaTlaSs aTo cKe Mace ca carypxcaHuM
cn[HoM (norrybeHxM noArbycKaMa). KynoHo8o norbe je coepHo cxMerprr,{Ho, Te ce ogeKyje
Aa je pacejabe cxMerpxt lo y oAHocy tla npaBaq ynanHor Mna3a eneKTpoHa. Ho, nouro ce
eneKTpoH Kpehe 6p3l,|HoM v y erexrpllgHoM norby E aroMcxor je3rpa 3aBrcHoM oa
pacrojalba, ro he cafinM cBoj[M KperarbeM BrAerr I MarHercxo noro" C gx 81. crorc
he eneKrpoH nopeA KynoHoBor norba rHTeparoBar[ npeKo cBor [MaHeHTHor MarHercKo,
MoMeHTa lr ca MarHercKtrM norseu E. KaKo je MarHercKx MoMeHT ereKTpoHa npxApyxeH
cnlHy, a nojaBHo MarHercKo norbe Hacraje ycneA Kperalba eneKTpoHa no op6xr$ y 6n}l3EHt
je3rpa, To je oBa nHTepaKqxh Ha3BaHa cnxH-op6xrHoM xHTepaxqrjoM. Ha ocHoBy A{paKoBereop,je, Mor (Mott, 1929) je npB[ npeA8xAeo Aa fie eneKrpoHer pacejaBx Ha jesrprMa
Benl,|Ke penarrBHe Mace 6nrx norapx3oBaHr ycneA cnxH_op6,irHe !,rHrepaKqxje_ y beroByqacr osa Bpcra pacejata ie HagsaHa MoroBxM pacejarteu,. Tex xaxox AeceraK roAuHa,
LjJar x Ap. (Shull 6t al, l94i}) cy ycnenta Aa oBa npeAB]rba]ba noTBpAo l{ eKcneprMeHTanHo
noKaxy Aa cy enefipo'x oA 400 lkevl pacejaHx Ha 3nar80i $onrjn nonapusoeaur2.

CnlH-op6xTHa [HTepaKqlja ce 3a pacejaHl eneKrpoH y norby aroMa Moxe onlcsTl4
rnaHoM y noreHqxjany Kojx je nponopqxoHaJlaH cKarapHoM npo{s8oAy eneKTpoHcxor

lNevill Mott je 1977. roAlrBe Ao6ro Ho6e^oBy HarpaAy ea paA Ha pa3yMesaby
noHallarba eneKrpoHa y MarHeTcKt4M HeKpxcTanBIM lrapcTltM Ten[Ma_

2clittord G.Shull je Ao6xo 1994. roAxHe Ho6enoBy Barpaly sa paA Ha
HeyTpoHcKoj ArSpaKql1ju.
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op6xranHor I cnrHcKor MoMeHTa llMnynca' l's. Ha cnxqt,| 1'3'la ie npxKa3aHo paceiabe

Henonapu3oBaHor Mna3a eneKTpoHa Ha aroMy. 'lnaH l's je no3xTlaaH 3a eneKTpoHe ca

cn[HoM 'Ha rope' r HeraTrBaH 3a OHe Ca CrrHoM 'Ha AOng'. KaO nocneAnqa Tora paceiat5e

Ha noTeHqrjaj'Iy aroMa ie pa3nltqrTo sa eneKTpoH ca cn6HoB6Ma napanenHxM x

aHTunapareHvtM BeKTOpy l. Pa3nugrrt4 noTeHqxjanl AoEoAe AO pa3nt,|qxTvlx npeceKa 3a

pacejalbe. Te ce Ao6tljajy pa3nrq}l.rx 6pojeB[ eneKTpoHa ca GnrHoM 'Ha rope' r 'Ha Aone'
y Mna3y pacejaHllx erleKTpoHa. To 3Hagll Aa ie Aou.,no Ao nonaprcaqlje Mana3a eneKTpoHa'

nonaptBaqxia je oBAe AxpeKTHa nocneAxqa cnnH-op6[THe xHrepaKqxie'

Ca Apyre crpaBs, aKo nocMarparro pacejabe nonaprcoBaHol Mrasa eneKTpoHa Ha

aroMcKoj Mer[, B!44[Mo Aa nocToih ac[Merpxia y 'neBo' 14 'AecHo' pacejaHltM ereKTpoHt4Ma

(cnxKa 1.3.16).3a npaBaq cnlHa HopManafi Ha paaaH pacejalba, noreHqxjan pacejaba ce

pa3nrKyje 3a eneKTpoHe pacejaHe 'Ha neBo' r erleKTpoHe paceiaHe 'Ha AecHo' ynpaBo 360r

AonplHoca LuaHa l.s Kojx ce pasn6Kyje y 3HaKy.

o\
l>o J.s >

I.s <

HEIIOIIAP}I3OBAH M'IA3

I.s > 0
o

0
I- s < 0

IEIIAPH@BAH II'IA3

CnuKa 1.3- 1 . a) nonapr3awja Mna3a Henonapr3osztttux ene(rpoHa Ha atoMvtMa ycneA pa3'ute
y note uujanuMa paceiat+,a sa eneopoHe ca cnuHoM 'Ha roPe" tl cnuHoM "Ha Aone": 6)

AcuMelpria ,HTe+3urera PcejaHux eneKrpoHa "Ha neBo" u 'Ha AecHo" ycne4 cynporHor 3Hala

Aonpt\oca cnrH-op6rrqe,Hrew/JJttje noteHt Yiary paceiaba (Kasslet' 1991 )'

Apyre xHTepaKqxje Koie 3aBrce oA cnl1t€ cy cnrH-cnxH lrHrepaxqxja x cnxH-

HyKneapHx cn[H l1HTepaKqt4ia. OBe [HTepaKquje cy o6HqHo 3gHeMaprbl4Be y oAHocy Ha

ocrane nHTepaKqrje KaAa ce nocMarpa pacejalbe Mnasa eneKTpoHa Ha aroMcKlM qecruqaMa

(Kleinpoppen, 1974).

Pa3yMeBabe eneKTpoH-aroMcK!4x cyAapa nocraje cseo6yxBarHuje KaAa ce yKrby'{e

nonapx3ar.$4oHx SeHoMeHx. KnacxrHu npeceqra 4o6ujext't y KoHaeHqt,loHaJ]HxM Mepsbl4Ma

Aajy 3a pe3ynrar yKynHo A€noBa$e KynoHoBe l{HTepaKqrie x [HTepaKqnja 3aBecHllx oA

cn Ha, Te je y lbxMa reuJKo pa3nyrnrx Aonp!'tHoce nojeAlHxx t4HTePaKq[ja y nocMarpaHoM

npoqecy. ynpaBo je nonaprcaq ja Q}l3ttlKa Berla']l'l]ia oceTrbuBa Ha rHTepaKq$je 3aBlcHe

oA cn!4Ha, l,| rbeH{M Mepelb}lMa Mory ce ll3Aaoixrx eSeKTx oBxx uHTepaKqt,iia'

nonapr3aq[oHx +eHoMeHtr cy yjeAHo u KopxcraH MeroA 3a recrxpabe reopgjcKt4x MoAgna

y eneKapoH-aroMcKl,lM cYAaPxMa
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1.4. IIIEPMAHOBA OyHKqt4JA

Ha acuMerp4x neBo-AecHo paceialba nonaprcoBaHrx eneKTpoH:r (cn.1.3.j6)
sacHtaBa ce MepeEe flonaprcaqxje MoToaxM AeTeKTopoM. 360r cynpoTHor AonprHoc€l cnr,iH-
op6mHor qnaHa l.s pac€jaby 'Ha neso' x pacejalby 'Ha AecHo, Ao6uja,y ce pasnl,|sxrn
lHTessr[eTr paceiaH]rx nonapr€oBaHlx eneKTpoHa lr oAHoclto ld. Taiqa ce noflapx3aqxja
Mna3a eneKT[,oHa Moxg oApeAlTu Kao

.--1 lr la (1.4.1)
S l.+ I .

npx qeMy QyHKqlaja S npeAcTaBrba Moh pa3nararba {HcrpyMgHTa 14 HEt3haa ce [lIepMaHoBoM
+yHKqxjoM. UJepMaHoBa OyHKr.lnja je 3aaxcHa oA eHeprxje eneKTpoHa, E, yrna pacejarua, 0
la peAHor 6poia arorra, Z.

OyHKqujy S je 4eQuxrcao ulepMaH (Sherman, j956) y paAy y KoMe je pa3Marpao
KynoHoBo paceialbe eneKTpoHa perETytBytcrl,tqKlrx eHeprlaja Ba ragKacroM je3rpy. LljepMaH
je rcapru{o HyMep[e(x npopayyH arrnnnryna l(0) ra g(0; sa 4rperrro r x3MeHcKo pac€iarbe
enexeTpoHa Ha j€3rpxMa ca peAHrM 6pojeM Z = 13, 4g x 80 (anyMlHniyM, KaAMxjyM yr xxBa)
npl4 pasnurltTrlM ynaAH(M 6p3nHaMa €neKrpoHa oA 0,2.c Ao 0,9.c, rAe je c 6p3xHa
cBeTnocTl,t y SaKyyMy.

npeMa Kecnepy (Kessler, 1991), Ao caAa Hajnoy3AaHr,e BpeAHocTx +yHXtUje S,
eKcnepuMeHrarHo cy oApeAxnx Onerep s Ap. (Fl€tcher et al. 1996). flpl roue penaTraHa
rpeuJKa Mepe$a {3Hocx r5%. nocroje ABa HesaBucHa Haq}rHa Mepe$a LljepMaBoBe
+yHKql4je; Moxs ce Mep![!t noflapr3aqxja p pacejaHxx eneKTpoHa KaAa Je ynarqHx Mna3
eneKTpoHa Henonapr3oBaH, [rt4 ce Mepe uHTeH3y[er[ pacejaHor nonapr3oBaHor Mna3a
eneKTpoHa noA {crt1M yrnoM 'Ha neBo. 14 

.Ha 
AecHo. (cn.l.4.l).

o (e, E

E

z)P=S

A-o S (0, z)

)

)

Cnhxa 1.4.1. MepeH,e LtlepMa\ose eyHKUbje oqpet)r1ah,eM nonapu3alt4ie unh acuMeTpuje "Ha
ne6o" , 'Ha AecHo" (Kesst€r, ,996,,
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l,s. noflAPH3At[,lOH]r EoEKTl4 vcrlEA Cn]IH-OPEITTHE I4HTEPAKUI'IJE

AKo ca nocMarpa enacrrlHo pacejalbe eneKTpoHa Ha aroMl4Ma ca nonybeHHu

rbycKaMa, AaKne aToMrua ca yKynsni, cnltHcxnM MoMeHTOM j6AHaKXM HynX, raAa ieAxHu

npoqec Kojtr Moxe AoBecr[ Ao nonapxsaqlie eneKTpoHa jecre cnxH-op6lrrHa t4HTepaKqrja'

hgMeHcKx npoqecla Mory ce A€c$:vt y cyAary a^tt oHt4 He Mory y oEoM cny'{aiy Aoaec Ao

nonapr€aqlie enefipo8a. EnacTr'{Ho paceja}be ie Taiqa onrcaHo ca ABe KoMnneKcHe

a^rnnuryAe l=lexp[iYr] x g=giexp[iIr] npx qeMy ar'tnnxryAa I oflxcyje yrnaBHoM

KynoHoBo pacejabe, a aMnnrryAa g onlcyie npoMeHy cfllHa (spin-llip) ycneA cnuH-op6xrHe

lHTepaKqnje. Aa 6t1 ce no3Haaao y noTnyHocrx npoqec paceiaba norpe6Ho je nq3HaBar]t

MoAyne E Sage oeux aMnnrryAa. KoHaeHqxoHarHo MepeEE A,QepeBllxjarHfi np€ceKa

Henorap[3oaaH]tx eneKTpoHa je oApeteHo cyMoM xsaApara a lnnxryAa paceiatba

o 1o't=14' 'lol'
[']peocrara [HQopMat]4a ce Ao6taja MepeblMa nonaprcaq{je M,la3a eflexrpoHa

(1.s.1)

(L.s .2)

(1.5.3)

rAe je P' +nHanHl, ssKTop nonapi8aqlje ereKTpoHcKor Mna3a noqerHe nonapt43aqHle

P=Pr+P, pacejaHor Ha uerr ca yKynHr4M cnrHoM jeAHaKxM Hyrt1 (K€ssler, '1985) x

napauerpxMa S(0). T(0) I U(0) AeQrHxcaHraM xao

r (P.' qeDn.' \qPt' t o)(n"xPl.T

ngt-14' lgl'.L e1 -U-:t'-c-
11' ,lsl' 14" 

-lcl'q0)- fg' f'g
14'r lsl"

Aro je ynagxra Mna3 Henonap{3oBax, rj. P=P,+P^=0, rana ce jeAHaKocr (1 5 2) cBoA[ Ha

F =Sd're lonapusqxia laMa jeAxHo KoMnoHeHry HopuarHy Ha paBaH pacejaba (cfl 1'5'1)

CnrKa 1.5.1. KoMno]eite eenopa nonapusauuie ?=PiP, pa3noxeHe y o,qrccy Ha paaaH paceja$a

Koja je oppef)ena-ranacqhn BeKropuMa l, npe n l,nocne pace-ianoa, onlocHo eeKropoM Howane no

(Kossler, lgas)
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AKo je ynaAHn rrnas nor]apfiroBaH P r 0, TaAa Mepeba KoMnoHeHTvl nonaprcaqxje

cy oApeteHa BenlqxHaMa T ,t U, npx geMy T onxcyje npoi4eHy AyxxHe noeeTHe KounoHsHTe

Pr AoK U onrcyje poraqljy 8efiopa P BaH noqerHe paBHx oApslreHe Berrop6Ma P, x P.

CKyn oA eerxpx jeAHaqvrHe 3a o,(0). S, T s U oMoryltaBa oApelrr.r8atbe MoAyna aMnnlryAa

I t4 g u tbr{xoBrlx pgnarlBHxx +a3a I1-Y, (rcMety sengqxHa nocrojn 3aaxcHocr

S2+T2+U2=1).
y cnygaiy enacrlqHor pgceiatba nonaprsoaaHor Mra3a eneKTpoHa Ha

Eenonapx3oBaBoj Merx, AxoepeHqxjarsx npeceK 3a pacejabe ie ieAHaK

o(e,0],=o"(q(*qelPn) (1.5.4)

ffle ie O - a3ltMyrarHx yrao. npoMeHoM 6!ano nonapnsaqlie 6nno BeKropa Hoprrane paaHx

(npoMeHoM nocMarpaba pacejalba'Ha fleBo' xnx 'Ha AecHo'), sHaK y 3arpaA[ jeAHaKocrx

(1.5.4) ce Meba. AKo ce ca oi u ot o3Haqe napanerBe fi aHTvtnaparenHo oplljeHTaqrje

BgKTopa flonap{saqt4je 11 HopMane paBH[. TaAa ce 3a Ben[e]lHy acltMeTpxje Ao5!,tje

A
ot-oL

PS.
ot*ot

JeAHa oA anaparypa 3a oApetlB4e npoMeHa Befiopa nonapx3aqxje y enacrx,lHoM

cyAapy ca aroMr,rMa Behe penarlBHe Mace je npHKasaHa Ha cnxqx 1.5.2. []onapx3oaaHx

eneKrpoHi, ce Ao6{jaiy o6acjaaarseu GaAsP AxoAe.

H"Ne nAcEP
MOTOB

AETEKTOP

MOAYNATOP CBETNOCTH

90o AEonEKroP

AX qEII E PATOP

(l2O kev)

BEHOA (DI/INTEP

(1.s.5)

GoAsP KATOAA

1E0o AEorEfioP

)

a

E

coqrBA
Xe ATOMCKU MNA3

'\A_nhxa 1.5.2. Mepe ,e npoMefle aexropa nonapn3auhie norapt3ooztHor Mra3a enekrpoHa Hat<or.t

cvapa (Beqe( and l<6sw, 1986).

1
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y Ae$neKropy oA 90' nonapH3oBa8[ eneK?poHx Me]bajy npaBaq nyTabe, anx He

x opljeHraqujy cnrHa y npocropy Ha Kojy He yr!4qy eneKrpocrarreKa noJba. y xeMxc+epBoM

AeoneKTopy, Koj[ Moxe Aa poTxpa oKo MeTe Aa 6n ce !a3a6pao xerbeHx yrao paceja]ba,

engKTpoHx ce ceneKryiy no 6p3[Ha]ra Aa 6x ce Ao6xo MoHoeHgprrjcKx Mna3 ereKrpoHa a
oH ce Taaa cIcTeMoM eneKTpoHcKo-onT[qxyx co'.u8a ycMepaga Ha Mna3 aToMa MeTe.
ynaAHx eneKTpoHx ca nonapxgaqr4joM yBeK y npaBqy oce nocMarpaba. HaKoH cyAapa ca
MeroM, eneKrpoHl,t ce enacrytyHo pacejaBaiy noA yrnoM 0 n npu roue Mebaiy cBojy
nonapt{?aqxiy. PacejaH[ ereKrpoHx ce y6Fasaiy u BoAe Ha Moros AereKTop noMofiy Kora
ce Mepi,r pe3ynryiyha nonapl3aquja. TpaHc+eFanHa KoMnoHeHTa Kpaliber BeKTopa

nonaprcaqxje ce Mepx noMohy aclaMgTp{je neBo-AecHo y ABa napa 6pojaga MoroBor

AereKTopa. fla 6u ce Morna oApeAl1Tx x noHrxryArHanHa KoMnoHeHTa BeKTopa Kp4Ee
nonaprcaqxje, yBoAx ce gxHoB (Wien) Qxnrep Kojx y yKpu,reHor4 MarHercKoM r,t

enexTpxrrHoM nolby noBrrryAxHaflHy KoMnoHeHry poTxpa 3a 90' ,lHue je npeBoAil y
TpaHc+ep3arHy. npoqecx enacrrlgHor paceja$a gneKTpoHa y Kojl1Ma AoMtlHr,lpa cnlH-
op6xrHa xHTepaKr.lnja cy rcnrrrBaHr Ha aroMuMa KceHoHa { x[Be (Berger and Kessler,
1986).

1.6. nOnAPh3Aqr4OHl,r EOEKTI4 yCTIEA U3MEHCKE hHTEPAKLIXJE

AKo nocMaTpaMo pacejarse eneKTpoHa Ha aroMrMa MeTe ca HenotrybeHlM
rbycKaMa, Tj. oHlrM Koj'1 HeMajy caryplrcaH cnrH, Taiqa 6urHy ynory y npoqecy rrMa !!3MeHcxa
xHTepaKqxja. KoA aroMa Mane peflaTraHe aroMcKe Mace AonpnHoc cnuH-op6xrHe
hHTepaKqxje je 3aHeMaprbxB, Te ce y oBLM npoqec{Ma Moxe oApeA[T, aMruxryAa
!,BMeHcKor pacejalba. flocua-rpano npeKo a 4nni4ryAa pacejaba l= t'exp[iy,] u

g= g exp [i]rl np!4 eeMy aMnn[ryAa f onlacyje AupeKTHo pacejabe, a aMnnxryAa g onficyje
h3MeHcKo pacajabe, AuSepeHqxjarHx npeceK sa pacejaBe Henonap!4soBaHytx eneKTpoHa,
o,(0), je Aar ieAHaeuHoM (1.3.4) AoK je npeceK 3a nonapr3oBaHe eneKrpoHe Aar ca

o(e,o-oJql.A(\P".P) (1.6.1)
rAe cy P. x P, nonaprcaquje Mra3a eneKTpoHa r Mna3a aroMa, pecnerruaxo, A(0) -
napaMerap acxMerpr.lje AeSxHlcaH Kao

fg'-f'g

(a .5 .2)

(1.5.3)

nonapr3aqlrja pacejaBxx erreKTpoHa je AaTa (Kessler, 199'l) Kao

t4' s \P
2
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e"=5 kt-1p"
ou

(t .6 .41

(1.6.5)

(1.5.5)

o3HaqaaaiyiD napqxianHy Aenonapxsalujy ynaAxor nonaprsoBaHor Mana3a eneKTpoHaycneA

!r3 eHcKe HHaepaKqxie ca HenoflaplBoaaHrM aroMl1Ma. C Apyre crpaHe aKo ce

Henorap[3oBaH Mna3 en6KTpoHa, P.=0, pacojaBa Ha nonapx3oBaHoj Merl,l, TaAa ce jeAHaKocr

(1.6.3) cBoAx Ba

14"P"=(1 \P
o

Aa HeMa [sMeHcKe xHrepaKqlje, rj. Aa je g=0, raAa 6}a npeceK 6ro o,= lI 2 na 6r n P.=0
l.uro o3Haqa8a lqa je x3r.reHcKa uHTepaKqxja norpe6Ha Aa 6x ce npeHena nonapt4oaqxja ca
Mere Ha pacejaHe eneKTpoHe. Ca Apyre crpaHs aKo je f=0, eneKTpoHl4 ce pacejasajy jeAuHo

nyreM l,t3MeHe na je P"=Pr, jep 3anpaBo cBll eneKTpoHr, !.3 [HTepaKq[je ('pacejaHr!'
eneKTpoHx) florhry 3anpaao oA aroMa Mere.

3a nornyno ca3Haaar6e npoqeca pacejalba, Tj. MoAyfla aMnn!!ryAa paceiaBa u

lbnxoBy SasHy pa3nxKy, x oBAe ce Kao I KoA cny.]aja ca g[cro cnxH-op6[THoM
xHTepaKqxjoM Mory Mepurx gerrpr4 Ben{grHe. JeAHa oA br,rx je anconyrHa apeAHocr

A[+epeHq[janHor npeceKa 3a paceja]be Henonapx3oBaH]rx Mnaseaa , ou, Apyra ie Mepebe
ac.lMerpxje Ae$xHncaHe jeAHag[HoM (1.5.2) Koja ce Moxe npeAcrasnrx r Kao

o o
1J ttA

o .o
IJ tt

rAe cTpenxqe y {HAeKcy o3HagaBajy aHTnnapa.nenHe u napaJlenHe cnrHoBe eneK1poHa ,i
aToMa MeTe. OcTare ABe BenusrHe ce Mory oApeAxTr,! MepebrMa npl4 KojlMa je leAaH oA
MflaseBa Henonapr3oBaH, npeMa jeAHag[Ha,ra (1.6.4) !1 (1.6.5). EKBuearesrro je4taxocu
('1.6.3) Moxe ce Han$carr !1 B3pas sa npoMeHy nonapxoaqujo aroMa Mere ycneA cyAapa ca
norapx3oaaH[M Mna3oM eneKTpoHa. npoqec[ pacejaba eneKTpoHa y KojxMa AoMuHupa
r3MeHcKa HHTepaKqnja cy lagyraBaH{ Ha naKrM aroM}tMa Kao uJTo cy BoAoHlrK l! anxaJrH,
Meranh, nrr{jyM x noce6Ho je ia3y,{aBaH Harp!4iyM.

1.7. nOIAP]43AU],|OHU EO€KTX yCnEA MEtyAE TOBAISA CnI4H-OPE iTHE 14

IE}MEHCKE HHTEPAXLT/IJE

nopeA npoqeca y KojlMa ce norapl,|3aqHoHr| SeHoMeHu y pacejarby eneKrpoHa
jaBrbajy Kao nocneAhqa nojeAlrHa.rHe xHrgpaxql,lje, nocroje l,l KoMnfleKcH!! c}lcreMx KoA
Kojr{x ce He Moxe pa3ABojxrx AenoBalbe Aag }irl4 BLuJe ,HTepaKqrja (cnlH-op6xrHe !a

lBMeHcKe [HrepaKqxje). Vnpaao uxrepQepeHquja oB{x [Hrepaxqxja AoBoAx Ao nojaBe
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nonaprcaqxoHD( OeHoMeHa. npxrrep 3a ro cy M€po|ba Ha aToMy qe3riyMa. KoA qe3xiyMa
cy 3HaraJHe lr rBMeHcxa xHrepaKqxja, jep ce y cnorbauboj rbycql,r Hana3, cgMo jeAaH

eneKTpoH, I cnrH-op6rTHa uHrepaKllxja, jep je pee o ereMeHry ca seixM peAHxM 6pojeM
(Z=55). Met ylr,tM, HxjeAHa oA oBx)( xHTgpaKqxja He 6x rpe6ano Aa AoBeAe Ao nojaBe
acxMerprje neBo-AecHo KaAa ce pacejaBaiy HenonapyBoBaHx enexTpoHlt. MetyTxM y
eKcneprMeHrrMa rlogp x Ap. (Leuer et al, 1995) rcMepeHa je acuM€rplja, He BenrKa anll
3HaqajBa, peAa 0,02. Tex KaAa ce o6e xHrepaKqxje ypaqyHajy rcroBpeMeHo, Kao pe3ynrar
ce Ao6xja xHTepOep€HTHtr qnaH oAroBopaH 3a n3Mepesy act4ueTphjy.

EpoiHe ocrang cxcreMe y Kojliia rpda y3erx y o63xp o6e xHTepaKqxje, pasMarpao
je XaHe (Hanne, l9&3) u Ha3Bao ux eSeKr{Ma +xHe cTpyKrype. Tx e$eKrx Aona3e Ao
rcpal(aia npe cBera y HeenacTlrgBxM cyAap{M€I, Kana Aona3x Ao excquTaqxje HeKor oA
eleprxjcK[x HllBoa ca cnlrH-op6xrHtrM pa3MaxoM. Kog neenacrllsxot pacejaba
HenonaprsosaHxx eneKTpoHa Ha HenonaprgoBaHxM aroMtiMa, h ro naK[x aroMa KoA Kojr4x
je cnlH-op6rTHa {HTgpaKqxia ynaAHor ereKrpoHa ca norbeM aroMa 3aHeMaprbraa, il
pacejaHn enefipoHu le 6n'tu Henonap[soBaHl. Melr}rrxM aKo cuo y craby Aa rcAgojxMo
enel(rpoHe Korx cy no6yAxnx caMo oApelrgHx HxBo OrHo crpyKrype, TaAa fie rx ereKTpoHtl
6xrx 3Ha,{ajHo noraprsoBaHr. Osa nonaprcaq}rja 3anpaBo norh\e oA cnrH-op,6[THor
cnpe3aba yHfrap aToMa Mere !,! nonapl3aqxoHx SoxoMeHu cy p$ynrar MebyAenoBarba
xsMeHcKe [HTepaKquje !i oBe yHyrpauJ]be cnxH-op6[THe txrepaxqllje.

nplaMep noflaprcaqxoHhx e+eKara ycneA MeltyAenoBa$a cn[H-op6[TH€ x
rs {eHcxe [HrepaKqlje ce Moxe AeMoHcrplparx Ba no6y|xaariy grxe crpyxrype /Po,,
craba aroua xenxiyMa. Ha cnxqrJ 'l.7.1. je 3a lHhqxjanHo Henonap]BoBaH6 Mna3 ereKTpoHa

Aar reopxjcKr,, npoparyH nonap[3aqxje HaKoH eKcqlTaqxje +{Hrlx Hr48oa aroMa xenujyMa
l/l aTOMa BOAOHl,iKa.

J=0

0r
P

0 t0 80 1m 160

vrAo PACEJAI+A/[ o ]
Cnrxa 1.7.1. nonapn3auria erenpoHa HaKoH eKcllrrauuje Ot HW HraoadP.,.aroMa 

^enujyMa 
nps

yna,qfij eHeprrj, oA 50 (6V I (Csanak and C afirtighl, 19871 u OuHux uuecm tP,o - aroua eo2ouuxa
(Shelton, l9a6), ,peMa Kecnepy (1991).
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y xenr.liyMy, cralbe 3P onlcaHo Ls-cnpesa6eM, Mox€ 6nrn eKctlxroBaHo rls

ocHogHor 
lSo cTalba ieAxHo !€MeHcKolt xHrepaxqxjoM. l4aKo je cn[H-op6xTHa xHTepaKq[ia

pacejaHlx eneKTpoHa ca arouoM Maflorf peAHor 6poja Mana, nonaprcaqxja pacejaHxx

eneKrpoHa je 3Ha'{ajHa. KonreHxK nonaprcaqxja je P(J=O):P(J=l):P(J=2) = 2:1 :-1 . KaKo je

oArosapaiyhl KonlleHxK eKcqxTaqxoHlx npeceKa 3s nojeAlHe Qt4He Hxsoe jeAHaK 1i3:5, 10

je y cpeAbeM nonaprcaqlia csxx eneKrpoHa Kojx cy eKcqrrooanr craba 3PJ 
ieAHaKa Hynlr.

nonaprcaqrja Moxe 6xrx AoreKroaaBa jeAxHo y eKcnepxireHry y KoMe cy pasAEojeHe

eKcqxraq!.rje nojeAxHxx +xHux Hxaoa.

EKcqlaraq{ia oa}lx QlHxx HrBoa HenoraplsosaHlM ereKTpoHrlMa caApxx

llHQop aqxjy r o ac[Merpxjx npt4 cyAapy rorarHo nonapr{soBaHfi enKTpoHa. 3a oBaj cnygaj

TOTanHO nonapl3oBaHxx eneXTpOHa BaXt P=_A.

2. AOSl4JAlbE MIIA3EBA nOfl/APl43OBAHl4X ETIEKTPOHA

2.1. N3EcP.A NOTAPh3OBAHT4X ENEKTPOHA 14 }b]''IXOBE KAPAKTEPI4CThKE

HaKoH yBolterba nojMa cnxHa ene(TpoHa t1 pasBoia KBaHTHe MexaHt4Ke' Mor (Mott,

1929, 1932) je npBu np[MeHlo oBe soge KoHqenre Ha paceia]be cno6oAHxx eneKTpoHa Ha

KynoHoBoM norby jesrpa. Mor je noKa3ao Aa je paceialbe eneKTpoHa penart1Btlcrr.lK]lx

eH€prxja Ha reuKrM ie3rpxMa iaKo 3aa[cHo oA penal[BHe oprieBTaqlie cnxHa eneKTpoHa

y oAHocy Ha rbe[oB MoMeHT uMarynca. OA npBe gKcneplMeHTanHe norapAe'Moroaor
pacejarha' y 1943. roAnHx na cae Ao ceAaMAecerxx roarHa, l,l3y'{aBatbe npoqeca ca

nonaplBoBaHvtM eneKTpoHr,rMa je Hepa3ApyxxBo ge3aHo ca MoroBl4u pacejalbeM. To je

noBe3aHo ca gIbeHllloM Aa npaKUqH[ vlSBopn nonapxsoBaHlx Mna3eBa eneKTpoHa Hl/lcy

nocrojanx. y3 noMofi nonapyBoaaHrx eneKrpoHa Morn[ cy 6l,tTr vtsyqaBaHx cnt,lHcK]i 3aBlcHl,

npoqecu jeAnHo aKo re llHTepaKquje psynryjy y npolasBohe$y nonapr3oBaHlax eneKTpoHa

}l aKo nocroje MeroA[ aHarr3e nonapxsaqnie. O6a oBa ycnoBa saAosorbaaa MoroBo

pacejabe. Tex xpaleu cegau4ecerrx vt norrerKof,i ocaMAecerrx roA!1Ha ca pa3BojeM li3Bopa

noMoiy +oroenexrpoHcxe eMxcxje ra3 GaAs AloAa Aona3l1 Ao 3HaqajHor npoAopa y

eKcneprMeH1arHrM l4crpaxvrBarbnMa ca nonapll3oBaHrM Mna3eBl/lMa.

tl3Boplt nonap{soaaHl.x eneKTpoBa ce Mory. npeMa fly6eny (Lubell, 1977) noAen]iret

y ABe onure Kareroprje: Ha oHe 6a3[paHe Ha rexHlKaMa aroMcKe 6x3nKe I oHe 6a3lrpaHe

Ha rexHlKaMa +{3xKe yBpcrnx rona. y npBe cna,qajy rcBopx Ha nplHq{nxMa;

HUCKOeHeprltjcKor Morosor paceja$a ereKTpoHa Ha Henorap[soBaHrM aToMcKl4M

Mna3eBxM.l; @ToroHrcaqxje HenonapvBoaaHxx arKarHm aroMa noMohy noflapx3oBaHe

csernocrx (@aHooB eQeKar): ooToioHrcallxie Henonapn3oBaHoM cBernouJhy no6ybeHxx

craba arrKalHltx aroMa: onrlqKor rryMnaba npa(r6erba y xenrjyMy: ABoSoroHcKoi
joHx3aqljx arKanHlx aroMa. y Apyre cnanajy xsBopx Ha nprBr.lHnglMa: eMlcrtje norbeM ta3

npeanaKe EuS Ha aon+paMy; SoroeMxct4le }13 QepoMarHerHor Kp]rcra{E EuOt &TooMhcxje
rc GaAs AloAa ca HerarlrBHhM eneKTpoHcKl,rM aQxHxreroMi HrcxoeHeprxjcKe AxSpaKq{je
eneKrpoHa (LEED) xa Kpxcrary BonQpaMa oprjeHraqxje (00'l).
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OA 6pojHxx napaMerapa Koj11 KapaKTepxu]y cBaK]l l,i3Bop norapr3oBaH]lx enexrpoHa
HajBaxHlj[ cy SaKTop Ao6pore, MoryhHocr raKe npoMeHe cMepa nonap!rcaqlje, SaxTop
Ao6poTe eneKTpoH-onTlqKor ct1cTeMa, eneKTpo-onT}r!Kl,r cjaj, eHeprljcKa tlllpl,rHa Mna3a x
beHa c1a6,rrHocl. Tlp{ ToM€ cBaKu nojeAEHx eKcnep{MeHr nocTaBrba noce6He saxTeae 3a
Bp9AHOCTX oApelleHXx napaMeTapa npl. ygMy ce no6orbrlarse nojeA[Htrx napaMeTapa Moxe
u3Bpur!1T11 Ha paqyH Apyrxx- Kao SaKTop Ao6poTo x3Bopa ce y3[Ma Bennr[Ha fl, rAe ie P
nolapx3aqlja a I crpyja Mna3a. y napaKcljanHoj anpoKcuMaqxjx eneKTpolrcKor Mna3a
Benrq{Ha +a3Hor npo[38oAa eHepr!{Jg, nosprlxHe t1 npocTopHor yrna, EAO, je oqyBaHa
(Filipovi6 et al, 1988). EneKrpo-onrxqKx cjaj (brightness) rcBopa je Ae+t.|HxcaH npeKo
KonrrHr,rKa AxoepeHqxjana dl/dAd0. KaKo ce npolt3BoA EAQ oryeaaa, To je o,{yaaH H

Korl1eHxK efleKTpo-onrx,]Kor cjaja x eHeprxje eneKTpoHa. EM[TaHca (emittance) rcBopa, €,
ce AeShHnuie xao npoxsBoA nonynpelHyrKa efleKTpoHcKor Mna3a Ha Mecry tBaopa xnx Ha

nHKy l3aopa 11 nony-yrna KoHyca eneKTpoHcKor Mrra3a Ha roM Mecry. EMxraHca ce o6HrHo
x3paxaBa y jeAxHuqaMa [mrad cm] . l4HBapljaHrHa senu,txHa je e,", = e VE. Tlocrojx Be3a
5451 = ne,.,'?, AoK ce eneKTpo-onrx,]Kx cjaj .recro x3paxasa Kao KonrgHrx l/€2. EHepujcKa
urupxHa Mna3a je AeSxHycaHa Kao nonyulHpl1Ha Ha nonysltcytHH SyHKqxje uHTeH3urera oA
eHepr!4je. Cra6unHocr ce Moxe nocMarparll Kao KparKopoqHa x AyroporHa cra6[nHocr
,,HTeH3[Tera Mna3a. KapaKTep[crrKe arule pa3nrq]trtlx lt3Bopa cy ryMlapaHe y ra6niqyr 2.1.

fa6n\qa 2-'1. KapaKTepxcruKe r3Bopa nonapH3oBaHrx Mra3eBa eneKTpoHa

Bpcra h3Bopa

HlacKoeHeprujcKo

Moroao pacejare
Ha aroMxMa Hg

(DaHooB e$eKar
Ha Rb

F npoMeHa
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l/ [el/imp]

AEI
levl

EAO/
[eV m2 sr]

cral

0.2 0.E 0,01 1 10 e
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0,6s OnTUqKl,l 210st
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500 1tor cpe-
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Onlta.]xo
nyMnal{,e
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2.2. A3BoPU MflA3EBA nOIAPI43OBAHXX EnEKTPOHA HA npUH[[4nhMA
HI4CKOEHEPT'L'CKOT MOTOBOT PACEJATSA ENEKTPOTIA HA HENO'IAP!(3OAAHYIM
ATOTI'CKI4M MJIA3EMMA

npBr4 npoparyHh u eKcnepxMgHTr ca npoMeHo nonapx3aqxje eneK'rpoHa npx
paceja$y Ha aToMcxl4M Merar.,ta 6rnr ry x3BeAeH[ 3a BrcoKe eHgprnje eneKTpoHa (E>'10

[kev]). npla rt4M eHeprljaMa je pa3MaTpaHa xHrepaKLlxia ia3rreiy MarHercKor MoMeHra
eneKTpoHa lr KynoHoBor norba jesrpa. floKa3aHo je Aa ce nonapx3aqxoHx eQeKTx
Henonap{3oBaHlx ene(TpoHa y enacT[gHt4M cyAapy Mory Ao6xTt4 TeK nprMeHoM Btlll]rx
peAoBa anpoKc[Maqxje oA nps6 Eopnoae anpoxcuuaqlje. Ha cnuqx 2.2.1. je rpuKa3a{a
3aB[cHocr nonapr3aqxje enefipoHa oA 0,1 Ao 5 [MeV] ynaAHe eHeprlaje oA yrna pacejarba

Ha aroMy 3nara (Motz el al, 19&).

o.

S

o.4

roo t23
vrao

t40
PACEJAEA ,'[ o ]

r60 '8C

CtuKa 2.2.1. npopagw yraoHe 3aBrc,loctu nonapr3at Mje Mna3a eneKtpoHa Ha aroMuMa 3nata 3a
yna,ofie eHepnnje eneKrpoHa oA O,l 2o 5 [MeV] (Mots el at, 196,{).

['lpl4 MatbxM, Hepena_uBrcrxqKt M eHepr[jaMa eneKTpoHa. ogeKyje ce Aa je
AoMTHaHTHa xHTepaKqrja eneKTpocrarh\rKa x Aa cTora cnHH eneKTpoHa He xrpa 3Ha.{ajHxjy
ynory. MebfrxM, Ha Hrxr4M eHeprxjaMa Ha KojrMa je Ae Epoje8a (de Broglie) raracHa
AyxxHa eneKToHa ynopeAxBa ca AoMeToM aroMcKor noreHqrjara, norbe eneKTpoHa
iaFrep+eprpa ca eKpaHxpanxM KynoHosxM norbeM jesrpa. Ha oHxM eHeprxjaMa u yrnoBrMa
Ha KojxMa oea trepQepexqrja ll3€Ltlaaa MrHxMyMe y npeceKy sa pacejaEe, cna6xje
pe3xAyanHe MarHercKe [HTepaKquje nocraiy penarlBHo axavajxllje, Te nonap[3aqxoHx
+eHoMeHx nocTajy h3paxeHfijl4. npBu TeopHjcKx npoparryH Ht cKoeHepujcKor MoToBor
pacejaba Aanfi cy 1941. roAxHe MecH ta Mop (Massey and Mohr, .1941). pa3Marpajyhrl
pacejabe eneKTpoHa Ha eKpaHxpaHoM KynoHoaoM norexqrjaly reuJxx jeorapa, noKa3anrl

2.O M?V

O MlV

3 MeV

O.l M.
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ry Aa nonaprcaqxia eneKrpoHa x Ha eHeprria$a oA '100 [oV] ocqrnyie y +yHKqxjx yr,la
pacaia}5a. npBy eKcnepxne8TanHy nPoBepy o8rq flpopaYyHa Ao6xo je Aerffcen (O€ichsel,
'1961) y KotinnxKo8aHoir eKcnepxMgHry ABocrpyxor paceja}}a eneKTpoHa Ha aroMt{Ma xttge.
y npoqecy np8or cyAapa Henonapx3oBaHxx eneKToHa eHeprxia rcueby 1 11 2 [kev] ca

aTo }lMa xrias Aor&3x Ao Aent.lMxqHe lpnaprcaqrig Mna3a. y npoqecy Apyror cyAapa

xcnt1ryiy ce x]fTepaKqxje Aerl rqlrc nonapr3oEaHxx erefipoHa ca aroramra xrEe rt ro
npoqscx ensTrqrlor p-eia$a. Ha cnxqx 2.2.2, Aars cy p€3ynTarx osor npsor
eKcnepxMeHTa x nop€bal56 ca reopxFrr. y Aarbtl oKcnepxiro]irl4Ma Ha yHxsetr3xrery y

MajHW (Mainz) lrcnrrsBa$a je mnaprcaqxia enoKrpoHa npx Malb]rM ynanHrM eHeprxjaMa

ereKrpoHa. y oxcnopxrroHry Aerficana x Perclepra (Ooi€hsol and Roichert, 1965) yraoHo

pasraralbe je 6rno HrcKo, TaKo Aa ie 3a nonaprcaqriy rrnasa enefiPoxa eo6xjoHa
ycpeAlbeHa BpoAlrocT y oncery ymo8a oA 6". y sKcngpxuerry Aeflcena s Ap. (Deichs€l et

al, 1966) Mep€Ha je nonaprcaqxia Mnasa erefipoHa ynaAHe gHeprt4jo ,{aK Ao 3,5 [eV] .

C o.

3 or

Cnhka 2.2.2. EHeprnicKa t yraoqa 3zrBttc4ocr nonapr3zrwje Mna3z, eneKrpoxa y excneprve4ry
Aaoclpyxor paceia$a Aetxcena (1961) y xorlte je flonapr3oaaHt Mna3 enefipo4a ao6ries Hat<oH

ervtcfrgHor cyqapa HenonapnaeaHrx enenpoBa ca HeflotE PtBoaaHrM Mra3N afoMa xrae.
npqxaoaH, cy pe3ynzrTu.' r 

- 
. Mass€y and Moh. (lS4l); o - , Mohr and Tassb (19tr); . , 3a PlEl nptt

9f h PlOl np, ,5OO I€Vl Doichsel (1961).

npern€A pa3Boja o6nacrx Ao Kpaja uiesAecorfi roAxHa Aao je Kecnep (Kessler,

1969) pa3Marpajyhx noraprcaqxjy enefioHa npx HxcKo€HeprnjcKxM cyAapxMa ca

HenorapxsoBaHllM ueraf,4a. Aanu EKcnepxMeHTx ca nonqpx3oBaHrM enefipoH!{Ma lia
yHxa6p3xrery y Kapncpyey (Karlsruhe) Jourra }a Kecnepa (Jost and Kessler, 1965; 1966)

AoBonI cy no6orburaba yraoHor pa3naraEa eKcnePllMeHTa uTo je oMoryhuo AgMoHcrPaqxiy
BXCOKXX apoAHOCTg Donap[3aqrje y ycKoi' AoMeHy yrnoBa. Tt4Ms cy crBopeH, ycnoBx 3a

pa3Boj rcBopa nonaplBoBaHlx enefioHa Ha ocxosy HIcKoeHeprxjcKor pacejalba ereKToHa

Ha TOulxxM aroirrMa. ,13Bop cy AeraJbHo onxcanx XaHg 11 Kecnep (Hanne and Kessler,

1976). To je y cyurxH{ eKcneprMeHr ca rpocrpyKx p€ceiatbeM, y np8o npoq6cY pacejaba

npor3BoAe c6 nonapx3oaaHx eneKTpoHr, y Apyro ce pa3MaTpa xHrepaKqxja

nonapx3oBaHro( enefipoHa ca aToMcxoM MoTo , a y rpsfiof,{ ce uepx nonaprcaqxia
oreKrpoHa. Ha cn[qy. 2.2.3. AaT je cx€MarcK, npxKas anaparype y Kojoj ce rpaHcBep3anHo

,roraprBoBaHl unaar erEKrpoBa A6nja saKoH enalcTl,rt{Hor cyAapa ca Mna3oNr aToqra xl.lBe.

r,0 r,s

El€D.ra m!.+./Ir.vl

\
I \

/l
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t

120 kev

H9*

Cnr4Ka 2.2.3. Cxe$arcx nprra3 anaparype y ekcnephMevry rpocrpyKor paceia$a XaHea ,
Kecnepa (Hanne and Ksssl6r, 19761 y xOMe je nonapr3oBaH, Mra3 erexTpoHa Ao6tajeH HaKoH
enacn4\Hor cyAapa Henotapr3oBairx eneKfqHa ca Henonapr3oaaHrM Mna3oM Hg atoMa.

EHeprxiaynaAHor uflaae en€KTpoBaje E. = 80 [eV] AoK jeyrao pacoja]ba 0 = 8O'.

lr3MepeHa flonaprcaqxia norrofiy MoToBor AereKTopa, oBaxo Ao6hjeHor Mnasa eneKTpoHa
x3Hocx P = -O,22 AoK je xHreH3{Ter crpyje peAa I = 50 tpAl . OBaKo nonap[3oBaHl
ereKTpoHx nponaSe Kpo3 cxcreM corr/rga.{xja je ynora Aa oTKnoHx HeenacTxr{Ho paceiaHe

eneKrpoHe x ycnopr Mna3 Ao eHprxia oA 5 Ao '15 [ev] ]r +oxycxpa xx Ha Apyrx Mna3
xrBr4Hr{x aroMa. y Apyroj !r rpolroj KoMopx (BlAx cn Ky 2.2.41 ce y3 noMoh

enefipocraTrirKof al{ar}€aropa rcABaiaiy efleKrpoBx pacejaHx y npaBqy yHanpeA (Ao
A0 - t4) HaKoH eKcllfioBarba oApelreHor aroflcKor craba, npx '{euy rcry6e eHeprxjy

l'eAHaKy e8eprxjx eKcqrrarlroHor cra6a.

lIltG,e 1120 kev)

B9

CnrKa 2.2.4- Cxeqatct nprxa3 xop,soHrzaHor fipecexa anaparype y ekcneprMeHry rpocl,pyKor
paceja*a Xatea , Kecrepa (1976) nqAcraanet y pear\oi pa3Mepu.
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nonapr3aquja efleKrpoHa HaKoH eKcqlraqrlje, P ' ce MepH MoroB[M AereKTopoM

HaKoH y6p3aBaba Ao 120 tkevl . []o'{erHa nonapx3aqlia ene(rpoHcKor Mna3a, P, ce Mepr!

r4cTrrM AeTeKTOpOM y3 nOAeLrlaBatbe aHarx3aTopa 3a npo,Ia3 eneKTpoHa ca HynThM ry6BTKoM

eHeprltje. y cae qerriph KoMope ce oApxaBa ExcoKl,t BaKyyM, Kojl,l y npBoi KoMopx ca

nyureH[M aTOMCKI,IM Mna3OM lr3HOCl4 OKO 3 [mPa]. 3eMrb]iHo MarHercxo norbe je

KoMneHsoBaHo y npBoj x rpe'hoi KoMopr4 Ao peAa 1 [LtT] , AoK je y Apyroi KoMop[ y Kojoj

ce rcnr!ryje npol{ec eKcllu'raqrie oHo peAyKoBaHo Ao 0,3 lltTl .

l\,,taKclManHa nonapx3aLl[ia Mna3a eneKTpoHa yna,qHe eHeprfije E" = 80 lev]
enacTt4rHo pacejaH]lx Ha aToMIMa xuBe ce Ao6!4ia Ha yrnoB!,lMa paceiaba oKo 80" npu geMy

je nonapfigaq{ja KoHcraHrHa 3a Mare flpoMeHe yrna. Ao6lrjeHa je nonapr3aqnia oA

P = -O,22- Ha cnxq[ 2.2.5. npvKasa{a Je 3aaxcHocr nonapr3aqrlje h AlrQepeHl.lr'ljanHor

npeceKa 3a enac'rr'{Ho pacejabe oA yfla paceJaha ,3MepeHa y paAy xaHea t4 KecrlePa

('1975) np geMy cy BpeAHocrl,l AroepeHqujarHol npeceKa AoBeAeHe Ha anconyrHy cKany

HopMr,lpahbgM Ha HoBxie pe3ynraTe rpyne !13 Eeorpa,qa (Panalotovlc et al, 1993)-

5

02

0'1 ti
PI +

0

-01

-0

CnrKa 2.2-5- 3aBucHocr nonapu3au.hje Plal t1 at4oepetl+t4ianHor npecexa ( ) 3a enaciueHo
paceja*,e Senonapn3oBaHor Mra3a etefipoHa ynaaHe eHeprhie E,, = 80 tevl Ha aroguMa xvtBe

(Hanne and Kessler, 1976). ArbepenuujanHrl npecet< ie AoBeaeH Ha anconytHy cKany HopMrpa*>eM

Ha pe3ynrare lol ?ana,olov'6 el al (1S93).

OA 3Ha,{aja je Aa y AaroM eKcnep{MeHry crpyja nonapB3oBaHxx eneKTpoHa 6yAe

uro aeha. Ho, 360r Mane BpeAHocT!,! A!4+peHqxianHor npeceKa Ha yrnoBuMa paceiaba Ha

I
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KojrMa je nonapx3aLlxia MaKclManHa ro Hxje Moryhe 6fiHxje nonpasllTtl. EneKTF,oHcKu ron
ce cacToj, oA jeAHocTaBHor TpoenoKTpoAHor efleKTpo-onTrgKot- c!,]llaa, BeHenToBe
(Wehnelt) eneKrpoAe, QoKycxpajylre eneKrpoAe r! aHoAe. HaKoH aHoAe cy nocTaBDeHe

Ae+neKryjyie nnoqrqe qrja je ynora KopeKqxja nyrabe Mna3a eneKrpoHa. ,l3Bop
eneKTpoHa je aor+paMcKa KaToAa y o6n{Ky yKocHlqe Koia y 3aalcHocTx oA TeMneparype
eMBryje crpyjy en€KrpoHa peAa 300 [pA] Ao 1,5 [mA] . Eaprjyu-oxcugre KaroAe Aajy
Befie crpyje eneKTpoHa npx HxxxM reirneparypaira, aJrt1 ,e beHa ynorpe6a oHeMoryfieHa
pa3apa$eM oKctlAHor croja 6oM6apAosa6eM Hg'joHa HaKoH HeKonrKo caT[ ynorpe6e.
yKynHa crpyja nonapn3oBaHxx eneKTpoHa 3aB!4clr oA AonyLlTeHor yKynHor eHepr[jcKor
pa3naraBa eneKTpoHcKo. Mna3a. TaKo je y oBoM eKcnepxMeHry npx pa3naratby oA 1 [eV]
MepeHoM Kao nyHa ullpxHa Ha nonyBrcl4HL eHeprljcKe pacnoAene, Ao6[leH rHreH3xTeT
crpyje oA 0,1 [nA] . CMaEeheM eHepujcKor pasnararba Ha 0,6 levl , uHreH3rrer crpyje
ce cMarbyje 3a QaKrop 10. Ao6xjeHe crpyje oA 10 [pA] npeAcrasrbaiy Ao]by rpaHxqy np]r
Kojoj je Moryhe y AaroM eKcneprMolrry Bpulxrx Mepe6a.

,13Bop Mna3a aroMa xuBe y AaroM eKcnepnMeHry je eneKTpo-ornopHo rpejaHa nefi.
Bpx nehn ce cacroiH oA nno.{uqe Hepiajyher ,{enrKa ca 5500 Kanxnapa npe,{HriKa 50 [pm] ,

npx eeMy Konl4qHlK AyxuHe r! npeqHrKa Kanunape usxocu 60. rlponycarb!4BocT KanynapHe
nnoelqe je 41%. ynoTpe6oM KanunapHe nnoLllrqe cMa$eHo je KoHycHo njt4pebe Mfla3a
aroMa. AToMr xt4Be ce caKynrbajy y rparry oA 6axpa, xnalJeHoM Ao reMneparype reqHor
a3ora (77 [K] ).

2.3. |,,,3BOPU MflA3EBA nOnAPU3OBAHI4X HA npUHUUnt4MA OOTOJOHh3AI_lrlJE

3a pa3nxKy oA nperxoAHo pa3MarpaHe Krace lBBopa rAe ce eneKTpoHr Ao6xjajy
yrnaBHoM TepMoeneKTpoHcKoM eMlacl,ljoM fe y BrcoKo Enln HrcKo eHeprxjckoM cyAapy ca
MeTOM Aona3r AO nonapl.l3aqrije Mna3a, AoTne noce6Hy Knacy n3Bopa gt,lHe eneKTpoHtl
Haclal.tu y npollecy QorojoHr3aqxje. 360r AoMTHaHTHo eneKTpo-AfinoflHe xHTepaKqnje

SoroHa ca aareHTHrlM eneKTpoHl4Ma. nonapx3aqrja Mna3a enexrpoHa Moxe Aa ce h3BeAe
jeAxHo npeKo cnrH-op6xTHe [HrepaKqlje. MepeEa SoTojoHil3aqnoHtax npeceKa, yraoH{x
pacnoAena x cnlHcKe nonapusaqnje ql4He KoMnneMeHTHe eKcfleprMeHTe HeonxoAHe 3a nyHo
pa3yMeBalbe OoTojoH[3aqnoHxx npoqeca (Lee, 1974).

Kao rcsopl1 QoroHa ce Kop]ture KceHoHcKo-xHBrHe naune. nacepfi ca
MoryhHocThMa yMHoxaBab€l yqecIaH@rll (Ha npxMep yleTBopocrpyrleHa ysecraaocr Nd-
YAG nacepa) xnr c[HxporpoHcKo 3paeelbe. noce6Ho ce rcABajajy ]rsBopr Ha nprHqhnrMa
SorojoHrcaqxje anKarHltx Merara npt,! L]eMy Mory 6nrr nonapr3oaaHt a-roMvt t/t

Henonap[3oBaHa cBeTnocT l,nlll HenonapxsoBaHu aToMx !a qhpkynapHo nonapu3oBaHa
cseTnocT (OaHooB e$eKar). nopeA pa3Boja oBlrx h3Bopa eKcnepxMeHTarHo cy MepeHe
nonapl3aqrje eneKToHa x Ha ApyrxM aroMrMa i4 MoneKynMa (Heinzmann, iggo). Xe[HqMaH
u Ap. (Heinzmann et al, '1979) cy x3Mepunx nonaprcaqljy SoroeneKrpoHa 13 KceHoHa
KopxcTefii4 qlrpKynapHo nonaprBoaaHo 3paeebe H3 cnHxpoTpoHa. Ha cnlqx 2.3.1. cy
nprKa3aHe uspaxeHe pe3oHaHrHe crpyKrype y npecoKy 3a SorojoHr3aqlijy rr3HaA npBor
npara 3a joHhsaqljy y o6nacrq xMety AEejy KoHBeprlapajyhrx tpa{uqa (102,2 r 92,2 [nm] )

Kojr4 oAroBapajy crartur.4a 'P- q 2Plz KceHoHoBor joHa. OBe pe3oHaHqe cy nocneA[qa
ayrojoHu3aqloHxx craBa y oBoj o6nacrfi. TaKobe, [3MepeHa nonapxsaLlrja +oroeneKTpoHa
noKa3yje [3paxeHe pe3oHaHqe l,| MaxcrMyMe Ao 0.75_
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Cnur,a 2.3.1. npecex 3a OorojoHu3auriy , flonaph3atlt ja OoroenenpoHa ,3 xcefloHa u3HaA npBor
npara 3a io h3aurjy y o6fiac1u ,3MeAy ABe ioHr3awoHe rpaHtue KoJe oaroBapaiy cta,+hMa'Pe
t't 'Pn xceHoHoaor joHa (nwa nnHhia , excnept4MeH.ratHe rattxe Haifl,zo,6inr el al, 1979. t cnpeKraa4a
nhHuja teopujcxu npopavw Lea, -1974).

V y o6naclu HsHa,q npara 3a ioHn3aqxiy, 3a ranacHe Ayxr4He oA 92,2 Ao 45 [nm] ,

x3MepeHa je nonaprcaqvja +oroeneKTpoHa oKo -0,1. OBo npeAcraBrba cpeAby BpeAHocr

nonaplsaq[je eneKrpoHa Kojt{ oArosapajy cTaBrMa o6e joHu3aqloHe rpaHxqe. EneKrpoHu

Koj[ oArosapajy pasnrt]xrl,rM rpaHrqaMa ltMaiy cynporHe nonapu3aqxje noulro ie cpeAlba

noflaplBaqnja pasn{g[Ta oA Hyne, To yKa3yie Aa cnxH-op6xTHa [HTepaKquia y KoHTtlHyyMy

xMa 3HaYajHor yTrqaja.

Ha ocHoBy paAoBa flaM6ponyfloca (Lambropoulos, 1973) Koj!. ie npolll,tp[o reopljy
Myn-rr$oroHcKe joHrcaqlje yKrtyqt4Bulr! cnrH-op6xrHe e+eKre, re npeABnAeo BxcoKy

noflapu3aqxjy ooToeneKTpoHa y 3aBrcHocTx oA ynoTpe6rbeHe TaracHe AyxvlHe qxpKynapHo

nonapu3oBaHe cBeTnocT!!, nocTaarbeHli cy eKcneprMeHTli Koil/l cy noKa3anr nocroFrbe oae

nonaprcaquje KoA anKant]l1x aroMa. BaH pe3oHaHqe cy ona(eHe BrcoKe speAHocrtl

nonaprcaquje anlt cy nHTeH3xreT[ cTpyja jaKo Manu. y 6nx3l1Hu pe3oHaHqe, nonaprcaq[ja

+oroeneKrpoHa je jaKo 3aBrlcHa oA cHare nacepa uro yKa3yje Ha e+eKTe 3acrfierba. C

noBehabeM cHare nacepa, noBeftaBa ce crpyja eneKTpoBa arI ona{a nonapx3aqlja.

2.3.1. ttsBop, rrraseBa rprlap].KEaaflxx ereKTpoHa ]ra nprHl+rnnaa @Toix{tBat+rie
Ip-napr:,oBaHrx aTqaa rprphy HerxnapatoaaHe caeTrxETr

y npoqecy SorojoHrsaqnje ieAxHo ce MoMeHr [Mnynca eneKTpoHa MeFba AoK ce

cnrH ogyBaBa. yKonrKo ce aroMcK, Mna3 npflnpeM!! y oApeieHoM cnltHcKoM cTaby, To he
ce HaKoH r4HTepaKqhje ca soroHr4Ma AoBorbHe eHeprhje Aa 3Bpu.le ioHx3aqxjy Ao6,tTl,! Mna3
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nonapyBosaHlu eneKTposa. o8y TexHxlq cy ycneuHo np}lMeHr,lnl,l Ha Jen (yale)
yHhBepsxrery oA cTpaHe IloHra x Ap. (Long et al, 1965) 3a rcrpaiqby x3Bopa
nolapx3oBaHltx Mna3eaa onefipoHa 3a Mepeha HanIHeapHoM al<qenepaTopy y craHsopay.
Xiyunc x Ap. (Hughes et al, 1972) cy onrcanx AerarbHo oBaj ,|3Bop. ly'3Bop je npnKa3aH
cxeMaTcKr,i Ha cnuq$ 2,3.2.

MEXAHl.tq(x
qONEP

conEHol.la 3
,DHTHTYAXHA,IIHY

nonAPI3Al.lllJ y.,I NEf, PETAPTIIPAJT6A
ErE(Tpoal

uJEC]OnorHl{
IATXEI

CTASINl.CAHA
6AECXrnlut

KATOAA

orlEaAIO

A

AHOAA

EnxncoxlHo
oTIEqAIO

Cny.xa2.3-2. CxeHarcx, nprfla3 x3sof,a unara rcnaprcos,aHrx enenpora Hanps6rbei Ha yHrBep3xTery y Jeny
ll xopxurfieH 3a rlepet5a ra nrHeapHoM aqeneparopy y CraHOopAr (Lube . tgr7).

l\rna3 rxTrjyMoBux aroMa Kojn je MexaH[qKl4 qonoBaH, npona3t1 Kpos +oKyct1pajyhu
ujecTonoflH[ MarHeT ca iaKrM HexoMoreHyM MarHeTcKl4M flolbeM. y tbeMy Aona3lll Ao
ceneKqrje no 3eMaHoBl,tM (Zeeman) noAHxBolMa. OoTojoHx3aquja ce Bpulfl floMohy
cra6rnucaHe 6rbecKanuqe nyrbeHe KceHoHoM l, xl,tBoM. Xxnep$xHa [HTepaKqnja y
ocHoBHoM cTaby aToMa ca Apyre cTpaHe AoBoAtl AO 3HayajHe Aenonaplt3aqxie aroMcKor
Mna3a. Aa 6x ce To cnpeqfino, +oTojoH]r3alllija ce BpuJ[ y npocropy y KoMe nocTojl4
MarHeTcKo norbe. '{nja je syHKqxja Aa pacnpexe [HTepaKqliy l43Mety cnuHa ereKTpoHa ,1

MOMeHTa uMrrynca ,$rpa. nouJro jesrpo aToMa nlrxjyMa l1Ma penaT]iBHo MaIx MarHeTcK!!
MOMeBT. OAHOCHO Cna6y Xl/tnep$rHy r4HTepaKqriy. ro je Moryte npxMeHlT, penaTuBHo cra6a
crorbau.]l6a MarHeTcKa norba (peAa 20 [mT] ). KapaKTeprcrr/rKe oBor [3Bopa cy nocTxrHyra
nonapr3aqlrja oA 0,85 ca Mna3oM o,q 2,5 1Oe eneKTpoHa no xMnyncy. npeAHocr Koptiujfielba
nlrTHiyMa Kao hsBopa nonapx3oBaHxx eneKTpoHa je y beroBoM penaTrBHb aenrKoM
e$eKrxBHoM npeceKy 3a +oTojoHrcaqyjy. HeAocTaTaK je penaTuBHo Bx@x noTeHqxia_r]
joHrcaqrje, npar 3a joHrcallxiy je oKo 230 [nm] uro nrMxrxpa u36op cBernocHlx r,3Bopa.
Ha Jeny je Ha.rl1tbeH 11 l1gaop ca noraplr3osaHrM Mna3eB[Ma Kaj.riliyMoBux aroMa (ibid). t/axo
xanl1jyM xMa MHoro Matryt npeceK 3a +orojoHr.t3aqiajy, beroBa je npeAHocr y HrxeM npary
sa joHx3aqxjy x Hnx[M TeMneparypaMa nehl1 noTpe6H[x 3a Ao6rja6e Mna3a.
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2-g2. tlt{tr(lptt r.rrBeaa mrEp*DaaHlu ene(TpoHa Ha npxHqxnltIl +oroFHrca{xF
HemnaprsBaHlq arofla nqFhy mnaprgoBaHe caeT,locfi (Oa]ooB eoeKar)

oaHo, BenBKaH caBpeMeHe aroMcKe +rl3a4Ke, pa3Marpajyh[ npoqece

SorojoHr€aqrje arlKanHrx aroMa l13 brxoaor ocHoBHot craba, npeAnoxxo je noce6aH

MexaHh3aM 3a Ao6xjalbe nonaprsoBaHnx eneKTpoHa (Fano, 1961)' (DaHo ce ocnabao Ha

paHfiie pa,qoBe OepM{ja l,l CxroHa (Seaton) Kojx cy pa3MaTpa']t1 Apyre npoqece Ha licrl4M

clrcreMhMa (anKanHxM aroM!,4Ma) OepM!4 ie 1930 roAuHe Aao leopxlcKy !4Hrepnperaq[ty

aHoManHor xonl,|gHtiKa IHTeH3[Tera Ay6aerHt4x nxHuia y cneKTphMa anKana CuroHie'1951-

roArHe yrBpAlro Aa je cnlaH-op6x'rHo cnpe3ar6e y KoHTllHyyMy oAroBopHo 3a nolaBy

r3paxeHnx MlrHrtMyMa y npeceKy 3a QorojoHrcaqujy y SyHKLUi[ eHeprxje SoroHa KoA

Tex[x arKErnH]tx aroMa, TaKo3BaHor Kyneposor (Coopeo Ml4HxMyMa floae3aHocr oBa ABa

SeHoMeHa je y '{t lbeHt1tll4 Aa o6a yKrbyqyiy npena3e l!3 ocHoBHor 
2S,, craba y ABa P crarba

ca yKynHxM MoMeHrltMa t Mtrynca J=112 t^ J=312 Llaxo je y npBoM cny'lajy pe. o

al4cKperHxM P-cralbllMa ay ApyroM cny''ajy P-crarsa cy y xoHTxHyyMy 360r cnxH-op6xrHe

xHTepaKqfije yHyrap aroMa BepoBarHohe npena3ay Kpailba craba ca pa3r|uql,trl,lM MoMeHToM

lMrrynca J je pa3nh.{l,tra. OaHo je noKa3ao Aa he ce vt3 l'1crl4x pa3rora, nprMeHoM

qfipKynapHo nonap[3oBaHe cBernocrll y o6nacrx rajracHfix Ayx[Ha npx KojuMa ce jaBrba

MxHlrMyM y npeceKy 3a SorojoHr3aqujy jaBx HejeAHaKa norrynaqlaja cnllHcKtlx craba

[s6aqeHux eneKrpoHa lj. nonaprcaqtrja Mna3a eneKTpoHa.

oorojoHrt3aq{jaje AoMIHaHTHo npoqec efleKTpxqHo-A14nonHe IHTepaKLlxie' MoMeHr

lMnyflca SoroHa ce He Moxe At1peK-rHo cnpe3ar[ ca MoMeHToM cn[Ha +oaoenexrpoxa Ho'

npoLlec +orojoH(3aqlje ce Moxe

npeAcTaSITl,! KaO ABoCTeneH npoqec npl4

qeMy ce npBo oAaHla eKcqrlTaqliia Y

KoHTrHyyM, a 3arlM pacejabe HeBe3aHot

eneKTpoHa Ha joHcKoM ocrarKy. CnrH-

op6xrHa taHrepaKq[ja y xoHrhHyyMy rana
cnpexe cnuH eneKTpoHa ca MoMeHToM

rMrrynca +oroHa. CBaKo crabe Y

KoHTlrHyyMy je AereHepxcaHo 3a l4crtl

KBaHTHI 6poj J nPx qeMY J Moxe

y3xMarx BpeAHocrn J=112 u J=312.

3HayajHla norapx3aqloH[ eQeKTx ce

crora jaBrbajy Y oKonuHr eHePrxja

Qo'roHa y KojxMa napllhjanHx npeceq[ 3a

QoroioHrr3aq{jy, q1z x q32 npona3e Kpo3

cBoje M!4Hl4MarHe BpeAsocrll

OAMax HaKoH (DaHoost'lx

TeoprjcKrlx nocTaBKU [3BeAeHH Cy

eKcneplMeH Kojl, cY norBPAun,

MoryhHocrl,r Ao6uia$a nonaplBoBaHlix

Mna3esa eneKrpoHa soroioHu3gLllaioM
anKarHlrx aroMa, K, Bb i Cs.

PeanxsoBaH[ cY usaoPu Y JenY,

Kapncpyey ra 6ory. Ha cn[qla 2 3 3. je

Ca

aoo ?.o

TAnACITAIIY)<},|HA/1ml

Crrxa 2.3.3. nonapu3aqria eteKrpo8a Ha

aroMt Ma cs 9 Rb u3 tl3Bopa HanpaBtbeHor

Ha yHoBep3rrery Y JenY Ha nPhHuunuMa
AaHooBor eOefia. o6nacr HeollpetPHocru
oA PAHe cfaHAaptfle aeBrtauuie ie
nprKa3aHa rpaxor. Ha aoH,eM t paotrKy ie
aara 3aBqcHocr npecexa 3a OototoHr3au iy
oA ratacHe AWrHe cBe octu lLrkell, 1977)
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npi{Ka3aHa Ao6}rjeHa nonaprcaqBja +oroeneKTpoHa n3 aroMa Cs x Flb y r,!38opy

HanpaarbeHoM yJeny. Ao6r4jeHa je nonap{saq[ja 6n{cKa jeAl4Hl1r{h y o6nacrr 255 [nm] 3a

Rb !a oKo 297 [nm] 3a Cs H3aop. ynopeAo cy npuKa3aH!. !r npeceqx ebr Sorolonusaqr,rjy
oBlx aroMa y +yHKqljx raracHe AyxvHe flpnMetbeHe qupKynapHo nonap[3oBaHe cBernocrlr.

TlplaHL{xnnjenHa cxeMa eKcneprMeHra y Kapncpyey je Aara Ha cnxqx 2.3.4. AToMI
qe3njyMa ce ocBerrbaBajy qxpKynapHo nonap[goBaHoM cBernouJfiy 13 KceHoHcKe naMne.

nonap[3aqxoHa aHan[3a OoroeneKTpoHa ce BpLrlu noMoiy MoToBor AereKropa HaKoH

excrpaKqlaje r y6p3atba Ao eHeprria oA 120 lkev] .

(120 keV)
AKqENEPATOP

IT.'OTOB

A HAN}'|'ATOP
Cs- nEI

Extractor

CBETNOCHh

TPAN

^14nnoqhtlA coql,lBoNl4HEAPHIl
NONAP}IsATOP

MoHoxpoMATop Xe.lamp

Ha crrr.rq!4 2.3.5. ,e AaTa 3aBxcHocr r,tsMepeHe norap[gaqrje eneKrpoHa !13 oBaKBor
rcBopa y +yHKqljr ranacHe AyxxHe. E(cneprMeHrarH, noAaqri cy y o'nacru 230 Ao 320
lnm] ynopeienu ca reopxjcK],tM npopa,lyHoM OaHoa. OAcrynabe oA reopxje je pasyMrbxBo

jep je ro npB pa,q Koj!1 je npeABlAeo oBaj eoeKar re cy y ro BpeMe AocrynHlt
eKcnepuMeHTanH,1 noAaqr oMoryfiaBanl,| cauo rpy6o npe4erlatbe 3aBucHocrr nonapl,,3aql,!ie
oA TanacHe AyxuHe.

npeArocr l43Bopa Ha np,rHq]inxMa OaHooBor e+eKTa je y roMe uro ce npoMsHa

nonapx3aql,rje eneKTpoHa naKo Ao6xja npoMeHoM xenl,lqrrera ynaAHe cBerflocrl,r. EneKpo-
onrrrKe KapaKTeprcrlKe rl4Me ocrajy HenpoMebeHe npoMeHoM nonapx3aqxje. y rMnyncHrM
roaopytMa MoMa je npoMeHa nonaprrcaqxie oA xMnynca Ao lMrrynca,]!4Me ce cMa$yjy
c,lcTeMaTcKe rperlKe Mepelba.

6
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Cnrxa 2.3.5.3aBrcHocr nonapn3aUnie OoroeneKrpoHa oA raracHe ayxuHe u/,pKynapHo
nonapu3oBaHe cBerftrcTu ynolpe6rbeHe 3a ioHr3a3riy Henor@pusoBaHor Mfla3z, ue3riwoBva
aroMa. nWoM n,H'joM cy Aaft reopticKa npe,qBnflan a (baHoa, ekcnepr$eflrartHe rasxe cy
npita3aHe ca crarucfltsUnM rpewxava Meper+,a, AoK je ,cnpelaoAHoM nr4tior, par ioqr3awoH,
npar (HeinznBnn et al. 1970).

2.4. I43BOPH MflA3EBA nOIAP[43OBAHI,'|X E IEKTPOHA HA nPhHUUnnMA OnThqKOr
nyMnABA nPAXtbElbA v XEnUJvMv

noce6aH npxna3 Ao6njaby nonapH3osaHlx Mna3e8a enexrpoHa pa3Btifla je '1969.

roAlHe rpyna c€r Pajc (Rice) ys6Bep3xrera Ha npi1HtunnMa onr$qxor rryMnar6a npal(t6erba

y xenxjyMy. y fienxjx ,rcnybeHoj xenujyuou y ycnocraarbeHoM eneKTpliqHoM npa(tbelby

craapajy ce Meracra6[nB[ a'rouu y 23S, crarby. onrrgKo nyMna]be y mJ=+I rnu mJ=-l
noAHlrBo ocrBapeHo je qxpKynapHo nonap[3oBaHoM csernouJhy no4euerov ua npenaa 23S,

- Z'Po,2. Tlpou3BeAeHx eneKrpoHrt u3 joHrcaqxie y npa(lbetby ce Mory rsAojvllr
KoHBeHqlloHarHvrM MeroAa a. flourxaxrar npoqec joHrcallxie ie cyAap ABa Meracra6rnHa

aroMa xentljyMa.

100

80

60

^40s
o20

.l.

He- + He- --' I{e (1150) + He* + e

+

0
2t(}

t

rAe He_ o3Haqaaa 6uno 23S, xnr 2rso Meracra6[nHo crabe aroMa np, qe y KonrqHl.lx

xoHLleHTpaqxja rpunnera u crHrnera oAroBapa crarucrxqKoj TgxtlHx. Car,ro eneKrpoHx Koix

norxgy oA rpxruerBor craba Aonp[Hoce nonapx3aq[ju, AoK cy enexrpoHL oA cnHrnerHor

cTaba Henonapr3oBaHlt.
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3aeajHo no6orbuatbe [3Bopa Ha oBoM npl,IHq]iny [3BpLJJrna je rpyna ayropa Xo! r
Ap. (Hodge et al, 1979a) ca !4cror yHxBep3l4rera. OH]! cy lrcKopxcrxtlx Ml4KporaracHo

npax$eFbe Aa eKcquryjy aToMe xenltjyMa y TpxnneTHo cTaFbe. nocTlrrh cy Aa KonxrHlK

KoHqeHTpaqlrja cfiHrrerHor npeMa rp[nnerHoM craby 6yAe Malb[ oA 0,1 npx roMe

Ml4KpoTanacHo npaxlbebe ie nplMebeHo y 6oqHoj qeB, qltMe je cnpeqeHo AxpeKTHo

ocaerrbaBarbe l43 npaxtberba o6nacrh y Kojoi ce Bpul4 onr[qKo nyMnathe (cniKa 2.41).

Apyra 3Ha,-{ajHa yBeAeHa npeAHoc'r je Aa cy eneKTpoH}l reHeprcaH[ l,l3 npoqeca

xeMnjoHrcatlrrje. AToMH xeafijyMa y Meracra6xnHoM craby 2351 ca opljeHT]lcaHllM cn[HoM

ce y 6n!!3!4H!1 eKcrpaKLUoHe o6nacrx cyAapajy ca MofleKyn!4Ma noroAHo x3a6paHor raca-

OBaj rac ce 6l4pa raKo Aa t4Ma Befl!41(4 npeceK 3a xeM[joHx3aqxjy Kao l,l 3a poraquoHy 1,,

Br46paq!4oHy eKcqxTaq[jy HxcKoeHepr]ljcKlM eneK1poH!tMa. Kao e+!,lKacaH rac ca TpaxeHuM

napaMeTpvMa je !rca6paH yubeHA!4oKcl,lA.

XENHJYM
MI.TKPOTAJ1ACHA
UYNJL'IHA

(\rrc

I.IEB 3A NPOTOK TACA

MAHTNYNATOP

T3NA3HI,l
MNA3BaONTTqKA MACKA

OEflACT OTTTHqKOT
nvMnAlbA

EKCTPAKTOP
'l

_____-J
I,IHJEKTOP

NYMNAtbE
cor{t1BA

FIO crn -.1

CnhKa 2-4.1. CxeMarcKu npnxa3 h3Bopa nonaph3oBaqhx eneflpoHa Ha npuHuunhMa onrheKor
nyMnarha npax*e+>a y xe, ujyMy y3 npuM eHy MnKporanacHor npax*e4,a y 6osHoj ueBh n Aoaafllor
raca 3a npo\ec xeMtrjoHu3aqL4je (Hodge el al, 1979a1

Aa 6u ce noHl4lr.rrtio yrnqaj 3eMrbtrHor MarHercKor norba, Kopl,tcre ce rpx cKyna

KareMoBa. noMofiy lbl,ix je AoAarHo ycnocraBrbeHo Bepr[KarHo MarHercKo norbe ja.][He

0,1 [mT], re oHo Ae$uHxue jeAxHcrBeHy ocy KBaHT[3aq!4je. EneKrpoHrt ce ehcrpaxyjy

HopManHo Ha npaBaq oBor norba re cy crora rpaHcBep3arHo nonapt4soBaH14. irloryhe je naxo

Ao6[T!t I Mna3 roHrrryAlrHanHo nonapu3oBaHux eneKTpoHa poraqxioM nyMnajyher r3Bopa

II
BHHOB O NTEP

EHEPTTJCKH AHAN[3ATOP



cBeTnocTx 3a 90" y oAHocy Ha qeB ca npa)xbebeM 11 nocTaBrbabeM xopyt3oHTarHor
MarHeTcKor norba Ayx oce eKcrpaKqxie.

napaMerpx oBor r43aopa cy Aa Aaje crpyje peAa 2 [pA] ca nonapr3aqxJoM oA
0,40. To oAroBapa QaKropy Ao6pore rcBopa t'l oA 310-7. EOeKrxBHa eMnraHca yl3Bopa

jeoKo2 [mrad/cm ] a eHeprljcKa ul1prHa Mna3a Maba oA 150 [mev] . MoryhHocr npoMeHe

nonapx3arlxje xnI lteroBe MoAynaqrje je naKo ocTBaprbxBa.

2.5. |/43BOPA MflA3EBA nOflAPt43OBAHt4X E |EKTPOHA HA npt4Ht-UnhMA EMI4C]4JE
NOJbEM'I3 OEPOI'ATHETHI,,x MATEP],IJA'IA

ypebeHocr AoMeHa +epoMarHerHrx MaTepxjara npyxa MoMHocr!,r 3a Ao6rjabe
nonap[3oBaHrx eneKTpoHa. cTaBrbabeM HrcTe noBpllJl.lHe +epoMarHeTxKa y MarHeTcKo
norbe eKcTpaxoBaH, ereKrpoHtr cy norap[3oBaHli. [lpBe eKcnep[MeHTanHe noTapAe cy

Ao6r,rj9H9 1967. roArHe Ha MarHerr3oBaHoM nonrKpucrarHoM ragonxHxjyMy. OnaxeHe cy
nonaprcaqhie Ao 0,08. HanpeAaK je nocrl1rlrfr ynorpe6oM Bon+pa roBor ulrbKa Ha Koj, je
HaHer EuS. [-UllrbaK je xnaBeH Ha reMneparype xcnoA 16.5 [K] Ha KojxMa je EuS

+epoMarHerHx x3orarop ca cnuHcKx ypeieHxM 4l? tuaouua Koj[ nexe y eHeprxjcKoM
npoqeny rcMety npoBoAHe r BareHTHe 3oHe.

Ha cnxqr 2.5.1. Aa't ie cxeMarcKr npr,Ka3 [saopa HanpaBrbeHor y EHneoenAy
(Bielereld) 3ajeAHo ca AljarHocrugKoM MeroAoM 3a Mepe$e nonaplEaqxje Mna3a (Kisker et
al. 1976). OpxjeHrxcaH[ aon$pauob uJyybaK ca (111) xnr (110) paBH[Ma napanenHlM
MarHeTcKoM norby, cy y BaKyyMy HanapeH[ ca EuS, a 3aTxM oArpejaH[ na oxnaieH, Ha

TeMneparypy 4o 10 [K] . np!4MeHoM MarHercKor norba peAa 0,5 [T] Ao6ujeHe cy
KoHcraHrHe crpyje peAa 20 [nA] x nonaprcaqnje Mna3a Befie oA 0.9. HeAocTaraK oBor
ISAOpa npeAcTaBrba saxreB 3a BenrKoM ,rxcTofioM noBpurrHe, ynoTpe6rbeHe cy MeToAe
ynrpaBxcoKor BaKyyMa Ao 10 [nPa] . npasaq eexropa nonaplt3ar]xje Mna3a y oAHocy Ha

npaBaq npHMelbeHor MarHercKor rlorba 3ag[cr oA jaluHe nprMebeHor norba. f'lph MarxM
cfrorbHl4M norbl4Ma oH je cKopo rpaHcBep3anaH AoK je npr BenlKrM noHr{ryArHaraH. y

Apy[oM cny,{ajy rMa cynporaH cMep oA cnorbauJ}ber norba uro yKasyje Ha ro Aa cy
Ma[He'rcKu MoMeHTlt eM]lToBaHrx eIeKTpoHa napanenHx npaBqy MarHeT[3aqlje.

EJIEKTPOMATHET AEOTEKTOPCKE NNO'{E

BPX

X'IAAHT TPAN

AHOAA
A'tHOB
OXNTEP

OTAOP AKI.]E'lEPATOP C^. 120

_lz 1-]
<t

o,lyoPECqEHTHI
EKPAH

NET

Cntxa 2.5.1. CxeMaTcku nprrKzr3 u3Bopa nonaph3o1t HW ererfpoHa Ha npttHtunrMa eMhcrje
norbeu tB OepoMaIHeTHhx Marepujana HanpaBtbeHor y 6rneoetty 3ajepio ca ,0,ujarHocrret<oM
Meroaou 3a Meper@ nonapr3aquje Mna3a (Kisker el al 1976).
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2.6. rr3BOPt4 noflAPl,l3oBAHt4X MTIA3EBA HA nPl',tHl-unl4MA OOTOEnEKTPOHCKE

EM14C14JE r43 rAruJvM-APCEHl4lHl4X AI4OAA CA HETATUBHI4M EnEKTPOHCKI4M

AOTIHI,ITETOM

y Mapry 1980. roAxHe y qaconrcy Nature (Hej'{ep) nxpc t4 l-lenora (Pierce and

Celotta. 1980), capalHuLl!4 aMep[qKot Haqi4oHanHor 6upoa 3a craBAapAe' cKpeHyn[ cy

naxby urpe cBercKe jaBHocrl4 na jegatt uoer [3Bop noflapx3oBaHlrx eneKTpoHa To je 6!40

LrBpcrorenH[ xsBop Ha 6a3[ +oroeM[cxje |,|3 rar]xjyM apceH[Aa KaAa ce GaAs ocBern'

r.l!4pKynapHo noraptBoBaHoM cBeTflOUJhy, efleKTpoHrl eKcqvtToBaHl,t us 4ena cnrti-op6urno

pacqenrbeHe BaJIeHTHe 3oHe Mory 6[Tia noflaplt3oBaH Ao reopljcKe BpeAHocrla oA 50%'

TperMaBoM noBpLltuHe nonynpoBoAHh(a GaAs, HaHouJebeM qe3xiyMa !1 KticeoHliKa, Moxe

ce cnycrr4T,l BaKyyMCKl4 HLIBO ICnOA Hl4BOa MUHlrMyMa npoBoAHe 3oHe ll4Me ce caBapa T3B'

eM[Tep ca HeraTlBHl4M efleKTpoHcKt4M asl/lHl4aeToM. TxMe GaAs nocraje Bpno e+[KacaH

eMvtrep nonapvl3oBaHrx eneKTpoHa.

Befi y anplrny 1980. roAxHe n!'{pc 14 Ap (Pierce et al' '1980) cy o6iaBln[ peoyflrare

oncexHe cryAnje o usBopy cnrHcKx noflapusoBaH[x eneKTpoHa }l3 GaAs y ToM paAy ie

npeAcraBrbeH oBaj Tl,ln u3Bopa nonap,13oBaH,1x eneKTpoHa pa3Bt,ljeH no'{eBL!l, oA xAeje Kojy

cy npeAnoxunx fapABrtH ,1 Ap. (Garwin et al, 1974) Ha HaLluoHarHoM cKyny uaaiqapcK[x

+!43rr,rapa y l-Upfixy (Zurich), na Ao nocrr3aFba e+[KacHor yHuBep3a'lHo BBopa

nonap[3oBaH[x eneKTpoHa. Aarbe no6orbuiabe oBor l/l3Bopa, npe cBera y noBehaby

uHTeH3[rera crpyja nonap!rcoBaH[x eneKrpoHa, Aanr cy Oexrepn ia Ap (Feigerle et al'

1984).
MexaHu3aM $oroer.aucuje l43 ranxjyM apceHxAa ca Herar[BHl4M eneKTpoHcKl'lM

aSuHlreroM ce Moxe, npeMa Cna,cepy (Spicer' 1958), MoAenoBarl4 Kao rpocreEeH!1 npoqec:

i) ancopnquia OoroHa !4 Kpealuja napa eneKTpoH-u.lynrbxHa, ii) TpaHcnopr ereKTpoHa Kpo3

6anK Mareprliana npeMa noBpLlluHrt, Te iii) eMlacxja eneKrpoHa Koja o6yxBara nponas

eneKTpoHa Kpos noBplut HcKll cnoj x npena3 y BaKyyM Aa 6,1 eneKTrcH Morao Aa npebe y

BaKyyM MOpa i4MaT[ eHeprljy Behy oA BaKyyMcKor HxBoa. oBo ce flocrxxe ynoTpe6oM

eHeprhje SoroHa Behe oA [3na3Hor pana Marept,liafla. y MeranrMa, efieKTpoH-eneKTpoH

u efleKrpoH-SoHoH cyAaplr y ApyroM KopaKy MoAena npoy3poKyjy ry6[raK eHepruje,

penaKcaqujy eneKrpoHa, guMe ce HacelbaBajy craba o6h9Ho HenonybeBa cBe Ao

OepMujeBor HuBoa, gl4Me ce cMabyje 6poj eneKTpoHa ca AoBorbHoM eHepr!4joM Aa npeby y

BaKyyM. AKo ce parqri KoMneH3aq!,{ie oBor e+ercra r Beher nprHoca eneKTpoHa noBeha

eHepruja SoroHa 3Ha,{ajHvie uBHaA ,t3na3Hor pa4a, Ao6[ja ce Hexe,beHo npoulupebe

eHeprxjcKe pacnoAefle eMlroBaHnx eneKTpoHa- 3a pa3nuKy oA Merana' y

nonynpoBoAHllquMa Kao uro je GaAs, eueprnjcru npoqen npeAcraBrba np[poAHy 6apljepy

nornyHoj penaKcaqxjr!. AKo ce 3a eHeprujy OoroHa l43a6epe r3Hoc Maro Befila oA eHepr[je

npoqena, eHepr[jcKa pacnoAena soroeneKTpoHa nocraje jeAHaKa repMarl,lsoBaHoj

pacnoAen[ y Ml4Ht4MyMy npoBoAHe soHe. OBr eneKTpoHl4 HopMarHo HeMajy AoBorbHo

eneprnje 4a npeby y BaKyyM. Paala cHxxaaaEa BaKyyMcKor H[Boa Kopl4crl4 ce jaKo

AonxpaHu p-Tln GaAs Ha gxjoi je noBptl.lrHL HaHer cnoj LlesrjyMa K[ceoH,Ka, Lrlro ca

e+eKToM KprtBrbeba 3oHe ycneA np!'tcycrBa AonaHara AoBoAx Ao ycnoBa HerarusHot

eneKTpoHcKor a$lHlaTeTa. Ha cnxLlx 2.6.1 cxeMarcKx cy npxKa3aH'! HxBol'1 M'lHt4MyMa

npoBoAHe soHe I Kpaja BareHTHe 3oHe Kao +yHKl]xja pacrojaba oA noBpt!fiHe 3ajeAHo ca

cnojeM q$ujyMa tl K[ceoHrKa.
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nPoBoaHA 3OHA

EI-m
s

E

VAC
hu

HHTEH3hTET

BAJIEHTHA 30HA

GaAs Vacuum

CnuKa 2.6.1. CxeMarcKu nptlKa3 HuBoa MhHuMyMa npoBoAHe 3oHe h Kpaja BaneHlae 3oHe Kao
OyHxLvaja pacTojaH,a oA noBpLLt4He 3ajeAHo ca cnojeM Ue3hlyMa u KuceoH,ka 3a eMriTep GaAs ca
HeraruB4uM eneKfpoHcktlM aouqhteroM. nphKa3a\a cy ABa BaKyyMcKa HhBoa (nyHo$ !,
ucnpeKt AaHoM t|tHhjoM) 3ajeAHo ca flBe pe3yrryjyhe Kpt Be eHeprhjcKe padroaene eMutoBaHrx
ereKrpoHa (Feigerle et al, 1984).

y npBoM KopaKy ce pa3Marpa eoroeKcqlaraq{ja. Krby,lHx ycnos Aa 6u ce Ao'unv
nonap[3oBaHx efleKTpoHx je nocrojarbe cnBH-op6a4THor qenaba s€rneHTHe 3oHe rariajyM
apceHxAa- y qeHTpy EpxnyeHoBe (Brillouin) sote, y f Ta!K!l. MaKcrlMyM aarenrle sole je
pacqenrbeH Ha qeTBopocTpyKo AereHeprcaH p.,2 HuBo t1 ABocTpyKo AereHepucaH p1/2 HrlBo.
3oHanHa crpyKrypa GaAs y oKoflilHl1 f rasxe je npxKa3aHa Ha L]prexy 2.6.2a. Eier[VicKtl
npoqen rcMeby AHa npoBoAHe 3oHe r MaKc[MyMa BareHTHe soHe r3Hocn Es = 1,52 [eV] .

HuBo prz ce Hana3[ 0,34 [eV] rcnoA paz Hl,isoa.

Aa 6u Aouno Ao nonaprgaqlje eMhroBaHor Mna3a eneKTpoHa norpe6uo je
HejeAHaKo noflynrcaT mi noAHtiBoe npoBoAHe goHe cynpoTHllx npaaaqa cnrHa eneKTpoha.
To je Moryhe KopxuhetheM LlrpKynapHo nonaprBoBaHe cBernocrl4_ Onrr.{Ka ceneKqhoHa
npas na 3axTeBajy Aa je Am, =+1 3a o* qlpKyrapHo nonap[3oaaHy cBeTnocr (no3]rTrBHor
xenlquTeTa) x Amr = -1 3a o - qxpKynapHo nonap[3oBaHy cBeTnocT (HeraruBHor
xenxqxrera). Oca KBaHTrcaqhje je Ae$xHxcaHa npaBqeM MoMeHTa [Mnynca +oroHa. fl[pc
!r Mejep (Pierce and l\reier, 1976) cy !,BpaqyHanx penarrBHe rHTeH3xrere oBrx npena3a. 3a
o' ceernocr tpu nyra Bru.re eneKTpoHa nonynuule noAHl4Bo mi = -72 oA noAHxB oa mt = +t/2.
Ilonap[3aqxja Mraoa eneKTpoHa, P, aHanorHo penaq4ju 1.2.1, je oAepbeHa Kon[eH]!KoM

P=4 nl e.6.L)
nl *nl
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rAe nt ,t nl npeAcraBrbaiy 6poj eneKTpoHa ca cnrBoarMa mpanerHlrM { aHTrnaparenHrM

ca npa8qeM ynsAHe cBeTnocTn. cTola ce 3a o' cBeTnocr Ao6xia BpeABocT P = -50%, AoK
ce 3a o - cBeTnocr Ao6xia P = +50%. yKoJrlrKo ce eneKTpoHx eKcquryjy 11 !t3 cnxH-op6{THo
pacqenrbeHe soHe y raqKx f-, nonaplsaqrja ce ry6t.l (P = 0). MaKcxMyM nonaph3aLlxje ce

Ao6xja 3a eHeprrje SoroHa Behe oA eHeprxjcKor npoqena nonynpoBoAH[Ka Ao 0.1 [eV] .

Hacn' qu 2.6.26 je nprKa3aHa cxeMa eKcqlrallxie mr noAHrBoa qhpKynapHo nonapx3oBaBoM

cBernouhy ca Ha3HageHt,lM penarxBHxM rHTeHSlfe Ma npefia3a.

5v? TI =-t/Z Wz
G \ \

Ee . 1.52 ev

6 6
J.
rni. 'a/2

rE
Pvz ni''3/z
9trz

:-t,/2 mj:it/z\
J_
mj=+t/zmi''rtz

Cnhxa 2.6.2. a) Cxernarca,t nphia3 3oqanHe clpytrype AaAs y 6nr3rHu I 7asKe- 6) AosBotbe4,
npena3, ,3MeDy \ noqHnBoz, sa Wp.ynapqo nonapr3oaaHy cBerrocL o' (nwa nuHtja) t n
(t cnpexuAaHa niHrja). 6pojeatt y t<pyry npeAcraarbajy penaltade nHressrrere npena3a. npena3
pe - s,oiefl1e nonapr3awieaoaoah aorpu nyra Betc nonynaut je eneKrpdla yjea oM cn HcxoM
cratby. npoMeloM xennwrera notepu3oBaue cBernocrr, excUrryjy ce eneKrWH, cmpornor
npagua cnt$a (Pierce et al, 1980).

npeAHocr oBor lBBopa nonapr8osaHl4x eneKrpoHa je y MoryhHocru naKor o6praba
nonaprcaqxje eneKTpo8cKor Manasa. npoMeHoM qlrpKyrapHe noraprcaqxje ynaABe

cBernocT[ Metba ce }t nonapr6aqlja eneKTpoHcKo!' Mna3a. TlapaMerpu eneKTpoHcKor Mra3a
ce He Merbajy npoMeHoM o4 o'4o o cBernocrh r,By3eB cMepa nonap[3aqxie. noce6Ho
3HaqalHo LIJTo l,tHTeH3[TeT Mna3a ocTajg xoHcraHTaH ca MoAynaqhioM nor]apx3aqxje cnxHa.

y ApyroM x rpeheM i<opaKy MoAEna +oroeMxcxje pa$rarpa ce rpaHcnopr
eneKTpoHa Kpo3 6anK Marepxjana Ao noBpr!laHe, re caM npollec eMxcxje. EneKTpoH11 6l,lBajy

eKcqxroaaH[ y o6nafix oApeiSeHojancopnqxoHoM AyxlHoM csernocrl, c-'. pe4a eenu.rrxe
1 [pm]. EneKrpoH, ce repMarx3yjy y MxHxMyMy npoBoAHe 3oHe sa BpeMe oA oKo
10" 1s] o4axne Mory Aa AxOyHAyjy Ka noBplrrHu $ Aa 6yAy eMrroBaHr. EMucxja je

orpaHreeHa Ha AyxxHy ArQysxje enoxrpoHa. L, Koja ce Kpehe oA 0,5 [pm] sa 6anK
MaTeprjana Ao HeKonxKo [p,m] 3a Mafepljane Ao6xjeHe enxraKcxianH]rM pacToM. y
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6n!€rHr noapuHe, eneKrpoHx xMajy xoHaqHy BepoBarHohy npenacKa ('6era') y BaKyyM, p_".

OBa BepoaarHoha je cnoxeHa BenrqrHa yt 3asl,.}ct oA BepoBarHofie rpaHcMxcrie
noBPuJLHcKor noTeHqlrjana, aepoBaTHofie npenacKa jeAHoM peonerroBaHnx eneKTpoHa oA
noBpuryrHcKe 6aprjepe. BepoEaTHofie noapurHcKe peKoM6xHaqlie lr ocTarfi QaKropa.
KBaHTHI npuHoc eneKIpoHa, Y,3a noBptuHHe ca enexTpoHerarrBHl,tM eneKTpoHcKIM

aQlHlTeToM ce Moxe [3pasuT]r npeKo

Y
p.""

7,(aQ r

JeAHaKocr 12.6.2) E,ax$ y oncery eHepr!,tja @roHa rcMeby E, u En+0,3 [eV] y KoMe ce
Moxe cMarparH Aa cy enexrpoHu repMaflxsoaanr y f ravrl ca BercsarHohoM 1 AoK je 6poj
eneKlpoHa repMarl€oBaB y ocrarrM MuHxMyM[Ma paBaH Hynlt. nperneA ocranxx
TpaHcflopTHr,rx oco6xHa I efleKTpo+x3x9Kt1x napaueTapa nonynpoBoAHxqKl1x cnojeBa je AaT
y paiqy MapuHKoBlrfia (1980).

OaKTopx Kojx yrl4ty Ha o6nlK
6HeprrjcKe pacnoAere eMtlToBaHor Mna3a

nonapu3oaaHux eneKTpoHa cy
pe$neKrrBHocr 6apxjepe. reMneparypa
Kpl'lcTafla x BpeAHocT HeraTlaBor
eneKTpoHcKor a+xHr,lTera. 3a Mane

BpeAHocrll ereKrpoHcKor aoxHxrera,
aaKyyMcKx HxBo oAceqa HncKoeHoprlajcKrr

Aeo eHeprujcKe pacnoAefle u AonplHocx
$eHoM cyxaBalhy. Oexrepne I Ap. (1984)

cy Mepanu eHeprl,ljcKe pacnoAene 3a Aae
TeMneparype eMrrepcKe AroAe. 3a
reMneparypy og 300 [K] H3Mep}rnn cy

noryurrpxHy Ha nonyBlrclrHt1 eHeprxjcKe
pacnoAene oA 100 [mev] , AoK cy 3a

reMnperypy oA 77 lK\ Ao6xnx
BpeAHocr oA 31 [mev]. Pesynraru
Mepeba cy npvKEr3€lHx Ha cnxllx 2.6.3.

nopeA eHeprxjcKe pacnoAone

eMITOEaHOT Mna3ar, yraoSa uJylpl4Ha Mna3a

npgAcTaaDa BaxHy KapaKTepucTl,rKy

eMlltepa. TanacHtl BeKTop eneKTpoHa
naparenaH noBpllrxHx Kpxcrara je

oL{yBaH y npoqecy eMucxje Ao pacTojaFba

Koja oAroBapajy peqr,inporxou eexropy
KprcranHe peuJerKe. AKo le
TaHreHql,loHanHx Aeo KxHeTl,lrKe eHeprrje
y Kpucraty jeAHaK 1/2KI, raaa ie oH y

BaKyyMy ieAHaK %KT(m'/m). rAe ie m'
e+eKT}rBHa Maca eneKTpoHa y Kp{craJry.

(2.6.2)

: 0.02

e

F
B o or

r
Fts

1.2 1.3 1.4 1.5 1.6

E+Prlt A Xrl Jl EPr A rE{Ilf + 
' 

Isvl

Cnlaxa 2.6.3. EHeprrjcKe pacno,ltene
eM,IOBaHOT nOrapr30BaHor Mna3a
eneKfpoqa u3 GaAs A,otle 3a Aoe
reMneparype cyncrpara: a) Ha co6fioj
feMneparyph, N0 lKl , 6) Ha reuneparypu
TeeHor a3ora, 7? tK1. O6e Kprae cy
HOQMZAT3OBZTHe raXO Aa nOBpUtsHa UC1OA
KpuBe eHeprrjcKe pacnoAene oAroBapa
KBaHlNo npnHocy lFeigerle el al, 1984).
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IloHrrryAuHanHt1 Aeo eHeprlie eneKrpoHa y BaKyyMy jeAHaK je pa3nxqt1 eHeprxje MxHxMyMa

npoBoAHe 3oHe Ec u BaKyyMcKor HrBoa E- uiro x3Hocx npx6n{xHo 0,2 [eV] . OAaTne ce

MOXe l,3pa3t4T,l nonyrurprHa yrna KoHyca eM[c]tje Mna3a eneKTpoHa. 0, Kao

t*r (Ll (2.6.31
6=tan9.

m

To 3a co6Hy reMneparypy Aaje BpeAHocr oA 4". Ho, KaKo eM,rroaaHr eneKTpoH!,l [Majy

KoHatrHy pacnoAeny KuHer[eK]rx eHeprxja. To nocroju !1 yraoHa pacnoAena KoHyca eM[cxje
3aBrcHa oA eHeprxje. y pearHocrrr. noBpurlrHa ca Koje ce eMnryjy eneKTpoHx Hnje xAearHo
paBHa. npoqec[ nonxpaba t1 Harprsaba noBpuJt4He, crBaparbe HaKynxHa ('droplets')
rcnvjyua unu claapabe Qacera, AonpnHoce HepaBHnHr,r noBpult,iHe uro AoBoAl, Ao LrJupelba

peanHe yraoHe pacnoAene.

3, noflAPl43At+4OHA AHAnh3A MflA3A EflEKTPOHA

3.1. MOTOB nOfl API43AUI4OHt4 AHAJII43ATOP

BlacoKo-eHeprljcKo MoroBo pacejabe eneKTpoHa je uJxpoKo KopxujheHo xao Mepa

3a nonaprcaqljy eneKTpoHcKor Mna3a. OBa rgxHriKa Koprrcrl,r aclMerphjy y pacejaby Ha

neBo ,! Ha AecHo a oHa je nocneArrla cnxH-op6vrHe [HTepaKqxje EucoKo-eHepr[jcKor
eneKTpoHa r aroMcKor norba j$rpa y raHKoj 3rarHoi +onxjx. BpeAHoc ac[Merpxje cy

npopagyHare r eKcneprMeHTanHo npoBepeHe y uxpoKoM oncery eHeprlja ynanHxx

eneKrpoHa x yrnoBa pacejaBa. TlnueHo ce Kopxcre ynaAHe eBeprnje oA 100 Ao 120 [kev]
a erracrx,.rHo pacejaHu eneKTpoHx ce AereKryiy Ha yrnoa[Ma oKo 120" Ha KojlMa acxMerpxja

[cKa3yje ruxpo(11 MaKcxMyM. 3HalajHa naxtba Mopa 6xrn nocBefieHa eneKrpx..]Hoj la3onaqxjra

6!4no u3Bopa eneKTpoHa 6xno AereKqxoHe KoMope oA eKcneplMeHTanHe anaparype s6or
nprrMeBeHux BncoKlrx HanoHa. AereKTop ereKlpoHa Mopa calpxar{ x ArlcKprlMxHarop 3a

oABajarbe HeenacrvrgHo pacejaH[x ereKrpoHa oA 3narHe +onxje.
JeAaH oA craHAapAHxx MoAefla MoroBor aBarrBaropa je npeAcraBrbeH Ha cnuqx

3.1.1. To je MoAen Kojl. cy pasBnnn Xov ,1 Ap. (Hodge et al, 19796). l"leHTpanHa

KoMnoHeHTa aHanx3aropa cy ABa eneKrp qHo lBonoBaHa xoaKcxjarHa qrnlHApa oA

ronlpaHor aryM[H!,rjyMa cMeureHa y y3eMrbeHoj BaKyyMcKoj KoMop[. TlocT'irHyr}l BaKyyM
je peAa 0,1 ImPal . JaKo pan$janHo enexrpLtiHo norbe je ycnocraBrheHo x3Meby qi4nlHAapa

raKo uJTo je yHyrpaujtbr,r qxnrHAap AoBeAeH Ha HanoH oA oKo 120 [kV]. CnorbauJFbr,l

qxnrHAap je Ha BanoHy 6nricKoM Hynx. EneKTpoHcKx Mna3 yna3[ Kpo3 KpyxH[ orBop x
6xBa y6FaH norbeM npe Hero uJTo 6yAe yBeAeH Kpo3 Apyrx orEop y yHfrpauEocr Apyror
qxnxHApa. lvlaHxnynarop ie nocraBrbeH y qeHTpy yHyrpaurber qxnuHApa r,{ oMoMaBa Aa
ce Ha rheMy MoHT[pa 6uno +oc$opHl4 3aKnoH pan!4 npafieba reoMerp[jcKor o6nrKa x
npo$nra Mnaoa, 6t,lno pa3nuwre Qoflxje 3a pacejarbe. KaAa ca nocraBe raHKe snarHe

Qonxje, la,qa eneKTpoHH pacEjaHt4 noA yrnoM oA 120'y xopxsorraaaoj p€rBHx x3na3e [oBaH

2
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E+eKTlaBHa BpeAHocT [.lJepMaHoBe Qy8Kqtaje 3a Aar[ aHar]r3aTop x Oonlaiy ce
MOxe oApeAxTl,t MeperhxMa aclMeTpxje Mebajyh[ Ae6rblHe Qofluja I eKcTpanonrluJyhx
BpeAHocr Ha Hynry Ae6rbxHy.3a Hynry Ae6rbxHy Ooflxie BpeAHocr l.jlepMaHoBe QyHKq[je
je 0,29. y onxcaHoj anaparypx ynorpe6rbeHa je 3narHa Qonxja floBpu.lxHcKe rycrlHe 193

t pg cmrl 3a Koiy je oApebeHa BpeAHocr llJepMaHoBe SyHKllxje oA 0,33.

Kpnrl,]Ky aHan l,!3y nocrojeh]ax MeroAa y Kan}l6paqxjx MoroBt4x nonaprMerapa Aanr
cy fej \ Ap. (Gay et al, 1992). Ayropx cy pa3Marpan[ nojaBy cucreMarcKlx rpeulaKa npl4

npoqeAypx eKc1panoflaqxje noAaraKa y oApelruBalby BpeAHocrx tlJepMaHoBe OyHKql4je
ycneA KoBagHocrr Ae6rbxHe Oonl1je 

'1 
Aonp!4Hoca HeenacrltqHo pacejaHt,x enexrpoHa.

3.2. PACEJATbE NONAPT3OBAHOT MIIA3A HA KP]4CTAflI4MA

npBy oncepBaqujy r no3lrrl,iBHe pegynrare Mepeba cnrHcKe nonapusaqrje
eneKrpoHa pacejaHrx Ha Kpucran[Ma cy yy$aunu O Hxn l1 Ap. (O'Neill et al, 1975). y
eKcnep|lMeHrxMa HucKoeHeprljcKe Ax$paKq[je eneKTpoHa (LEED low-energy-electron
ditfraclion) Ha e!,tcToj noBpuixHr,! Kpucrara Bon$pa,!a opnjexraqrje (100) oH{ cy x3Meprner

creneH nonapr€aqlje oA 35% npx ynaiqHoj eHeprxjla enexrpoHa oA 45 Ao 190 [eV] .

Kyjar (Kuyatt, 1975) je 3anasxo

Aa cy jou 1929. roAerHe flejarcox ra

UepMep (Davasson and Germer) y

eKcneprMeHTrMa Mepefba cn!!HcKe

nonapx3aqxje ereKTpoHa Ha Kpricrany
HrKna norpeL!Ho l/lHTepnperrpanu
pe3ynre !,l 3aKrbyqxn, Aa je
nonaprcaqrja jeAHaKa Hyflx y oKsrpy
eKcneprMeHTalHe rpeuKe. HaKoH cBor
qyBeHor paAa (Davisson and Germer,
1927) o Ax+paKqlj, HxcKoeHeprltjcKrx

ereKTpoHa Ha Kpl/lcTajty Hl{Kna, [cTr4

afropn cy y 1929. roA[Hx noKyujanx Aa
AereKryjy nonaprcaqxjy eneKrpoHa

Ax+paKroBaHlx ca noBpuJHHe Kpncrana
HxKna y eKcneplMeHry AEocTpyKor
paceialba Ha noapurrHu. Ha cn!4ll,t 3.2.1.

Aar je cxeMarcKl,i flpl4Kag FbrxoBot

eKcnep[MeHTa. Henoflap[3oaaH{ Mna3

efleKTpoHa ynaiqa noA yrnoM oA 45'y
oAHOCy Ha npBX Kprcran t otneAa cKu
ce pacajaBa re ynaAa noA yrnoM oA 45'
Ha Apyrx Kpr.crar. Apyrx Kplacrar ce
sajeAHo ca AereKropoM eneKrpoHa
porupa oKo npaaqa eneKTpoHcKor Mna3a

rcMeby ABa Kprcrana Kao oce.

AETEKTOP

e -TOn

t.
I
I

I
I
I

I

CnhKa 3.2.1. CxeMafcxh nprxa3
excnepuMeHta AejarcoHa rr l,bpMepa
(1929) ca ABocrpyKtrM pac4aH,eM no\edo
Henonapu3oEa8or Mna3z, enenwta Ha
noapwuitr rpuctana Huaa lKwdl, 1975).
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Qonhje, TaAa enexrpoHx pacejaHn noA yrnoM oA 120" y xopr3oHTarHoj paaHx r3na3e x3BaH
npocTopa yHrrpauJber qxnxHApa Kpo3 ABa Mara oTaopa. nponacKoM Kpo3 nor.be rcMety
qt,lnxHAapa, efleKTpoHx 6x8ajy ycnopeHr Te nponase Kpo3 oTBope Ha cnorbauJbeM qxnxHApy
u 6rsaiy AereKroBaH, noMohy ABa cxMerprgHo nocTaBrbeHa ereKTpoHcKa MynrrnflxKaropa,
eaHenTpoHa. oBl,| AeTeKTOpX Cy nocTaBrbeHr Ha IcTyrM nonapH[M yrnoBIlMa anx cynpoTHxM
a3xMyrHr4M yrnoal1Ma y oAHocy Ha npaaaq ynaAHor Mnasa erreKTpoHa. nonapllsaqlja unasa
ce oApebyie ynopetrxEabeM OA6poh oBa Aaa AgTeKTOpa. npeAHocr oBor rexHrllKor peuJeba
je Aa Bxje norpe6aH AoAsTHx ypeltaj3a ArrcKpxMxHaqxiy Heenacrx({Ho pacejaHnx eneKrpoHa
oA 3narHe Qonxje, jep Befi ca.o norbe rcMelry q[n[HAapa ycnopaBa enefipoHe 14 He
AosaorbaBa cnoprj{M (BeenacrxrHo pacejaHxM) enefipo}tr,rMa Aa Aoliy oA AereKTopa.
AoAarHo je Mor!fie craalru yr HerarltBa8 saycraBHx HanoB [cnpeA caror Aerefiopa. JoHxxojr ce Mory crBoprrx yHfrap qlinxHApa 6uno y cyAary ca eneKTpoHxMa 6nflo
6oM6apAoBalbeM eneKTpoHa aAcop6oaaByx aToMa Ha noBpruxHx 6onuje, npuxyn bajy ce Ha
Apxaey MaH[rryraTopa Koj{ ce AoBoAx Ha jot! HorarrBHrjx HanoH, peAa 3OO [V] y oAHocy
Ba +onxjy.

Cnhxa 3.1 . 1 . CxeMarckh npt xa3 octloBHux xoMnoHeHu MotoBor aHanh3aropa. ypeDaj je cMeureH
y BaKyyMcxy xoMopy y o6nrxy aryMt4HulwcKor UrrrH&pa lHodge et at. 19796).

F- t5 cm -__--t
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AKo cy eneKTPoH[ pacejaH[ ca noBPtl'lllHe npBor Kpxcrara nonap]BoBaHt4' Taga ce

oqeKyje acrMerpxja crrHana HaKoH Apyror pacejaba Ha noBptllvlHl'l npxnrKoM poraqxje no

non;HoM yrny r). flejeracox x UepMep cy 3a aHarrr<ly cBojlx peoynrara Kopllcrrnx MoAen

nonapr3aqhje cBernocrI npeMa KoMe ie nonap'BogaHa cBernocr ycMepeHa y jeAHoM npaBqy

!4 HeMa npe$epeHTH[ cMep na je tlHTeH3xrer pacejaHe cBernocrx l'lHaapriaHTaH Ha poraq[iy

Kpl4crajra oA 180'. y ToM MoAeny pacejaba oleKyje ce nocrojabe ABa MaKclMyMa 14 ABa

MxHxMyMa np!4 poraqlrjx Kplicrana oA 360'. crora cy ayrop[ aHar!43l4panll ApyrH xapMoHllK

aapr,rjaqlje i,lHTeH3t{Tera pacejaHxx eaeKTpoHa 3aK'rby.{unx ry Aa je Apyr',t xapMoHxK jeAHaK

Hynu y oKBxpy eKcneprMeHTanne rpeuKe. Ho, KaKo cnuH eneKrpola xMa npe$epeHTHil

cMep l! KaKo pacejalbe saaxcrl oA rlpot'3BoAa l's' To poraquja Kpxcra'a oA '180' 
Aaje

cynporaH sHaK e$sKry. oAarne npBx xapMoHxK poraq}lie Kpxcrana npeAcraarba Mepy

nonapu3aqlje eneKTpoHcKor Mna3a. Bap[]aqxja [Hrercvrera pacejaHnx eneKrpoHa I oA ABe

noBpullHe Kpxcrgrla je Aara lBpasoM

/'/,(1 *Pqg)coso1 { 3 '2 't\
rAe je P - nonapxsaqxia Mnasa eneKTpoHa, S - nonapn3aqxoHa $yxxqlia 4elerropa' 0 -
yrao pacelarua a Q - yrao rcMeby npaBqa nonaprcaqlje x HopMane Ba paBaH pacejaba 3a

Aae rrAeHrxqHe nospuJ(He P=S, na aMnn[ryAa npaor xapMoHxKa 3aB'cl{ Kao P2' Haxox

noHoBHeaHal}!3epe3ynTaTaeKcnep}lMeHlaflejarcora}lUepMepa(1929),KyjaTje
rcparyHao 3Ha'rajHy nonaprsaqt'liy Mna3a eneKTpoxa oA (14'5 * 1'5)% 3a pacejabe oA 90"

eneKrpoHa erepruje 120 [eV] ca noBpu$He (1'11) Kpxcrana HxKna'

4. ]4HTEPAKLI4JA nonAPu3OBAHl{x EnEKTPOI-IA CA ATOMI4MA

14 MOJIEKYIIhMA

/T.1. KOMNfiETAH OTNEA PACEIA}bA ENEKTPOHA

6nne@H (Bederson (1969a,6, 1970) je y ceprrjx enaHaKa pasMarpao npoqece

pacejarba aroMcKlq '{ecrrqa x aHarh3l'tpao Moryhe rxnoBe eKcnept{MeHara Kojx 6n y

norrryHocrx oApeAxnx cse napa erpe 3a otll4c raxBor npoqeca ysoAefiu noiaM KoMnnerBor

orneia p"celarua ('perfsct scattering experiment')' oH ie aHanrrc$pao cnysai enacr['r]tor r

HeenacrvrqHor (yKrby'{ylyhs x joHrcalllaiy) pac€,aba eneKTpoHa Ba aroMlMa anKarH&x

eneMeHara. AHAepceH u Ap. (Andersen et al. 1988) cy aHan[3'parh nporpec ocrBapeH y

o6nacrx Ao Kpaja ocaMAecerxx roAnHa 11 Aar]i c[creMarcKx nprKa3 napaMerapa pa3BtrieH'x

y reopiaicKoM onxcy eKcqxraqrja cnolbaurbrx rbycKy a'roMa yAapoM Benonapu3oBaHlx

eneKrpoHa. nperfleA caapeMeHnx rcrpar(rBafba y oaoj o6nacru Aanu cy AHAepceH 
'I

6apqar (Andersen and Bartschat. '1996) ca noce6HxM aKqeHToM Ha ocrBapeHoM creneHy

KBaH-rHO-MeXaHItKe KOMnneTHocTl'l eKcnep[MeHaIa. l4H@pMaqxja o CBIIM KOMnneKcHvlM

aunnlryAaMa Koie reopxicKx onrcyiy npoqece pace]a]ba Moxe ce Ao6![x aHa'r3oM cnrHa

paceiaHxx eneKTpoHa npr qeMy ce Mepe napauerpx S T la U (Ae$t4HrcaHli y S1-5) xn[

npeKo CToKcoBux (Stokes) napar.'lerapa Koj$Ma je oApebeHa nonap!€aqtlja e 
'ToBaHrx

SoroHa Hacran[x AesKcqxraql1ioM no6ybeHxx cra]ba'
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npsr excneptuexrr eracrlgHor pacejarba xsBeAeHra cy norerKoM TpxAecerlx
roAsHa oaor BeKa. y lt,{Ma cy MepeHe yraoHe pacnoAefle paceiaHxx engKTpoHa. OA
uJesAecerr4x roArHa oaor BeKa noqrby rlepetba floraprcaqrje x napaMeTpa S, a TeK oA
Kpaja ceAarirAeceTxx x Meperba Apyra ABa napaMerpa T x u (Ae+xHxcaH, r€pa3oM .1.5.3).

Txue je oMoryfieHo Aa ce u3aeAy KoMnnerH[ omeAr pacehba. npxMep anaparype Ha xojoj
ce Mepe oBu napaMe.rpx Aar je Ha cnxl{l1 .1.S.2.

y paAy Kecnepa l.l Ap. (Kessler et al, 1977) rcuepeHa je nonaprsaquja enefipoHa
enacrlrrHo paceraH}lx Ha aToi.ty Xe y ,HrepBany ynaAH[x eHeprxja oA .l5O 

Ao 12OO [eV]x oncery yrnoBa pacejaba oA 20. Ao 155.. pesynrarr,t Ha eHepr[jx oA 1SO [eV] cy
nplKa3aH[ Ha cn$qu 4.2.1 !i ynopeitex[ c€l AoraAaubxM MepetbllMa { npopayyHlMa ca rl
6es rsMeHcKe ,rHTepaKqxje. nopeA cnaralba Ha MarbyrM yrnosrMa pacejaBa. nocrojx x
Hecnafa]he Ha yrnoBrMa oKo 1'l0o KaKo ca reopljoM TaKo u czr paHrixM eKcnepxMeHToM.

4.2. ENACTUqHO PACEJATbE NOflAP]43OBAH14X ENEKTPOI{A HA ATOMT4MA

P Xe

tm

I)

t0

o

Il

-a

-{

-@

f)

t-

b o
yrAo PACEJAITA / [OI

CnhKa 4.2.1. Mepe\a nonapu3auuja paceja4ux eneKrpoBa eHepn je 1SO teVl y OWxUrj, yrna
paceja$a Ha afoMy X6. ny\rM xpyroahMa cy o3Haqeqa MepeE,a Kecnepa u Ap.(K€s6l€r 6t al. 192),x - npetxoAHa Mepeba Apyrnx awopa, nyHo& nraHrjoM je osHaqes r.eoprjcr, npopagq ca, a
t cnpeKhAaHoM 6eg ypagwaaa*a n3MeHcKe hHTepaKwje.

y pa.qy MoneHKarrna t1 Ap. (Md llenkamp et al, 1994) nsMepoHa je eHeprirjcKa
3aBl,rcHocr (oA 18 Ao 360 [eV] ) napaMerapa S, T l1 U 3a Xe !,r Hg 3a yrao paceia]ba oA gO..
Ha ocHoBy rt1x r'3rrspeHl1x BpeAHocrl,t x y3 oq3Hasabe anconyrH[x AloepeHqxianHux
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npeceKa xoHcTpyl4caHe cy BpeAHocrtl MoAyna aMnn'ryAa f i1 I Kao x tbhxoBa sa3Ha

pa3nl,|Ka.

Eeprep 6 Kecnep (Berger and Kessler' 1986) ,r XonrKaMn I Ap (Holtkamp et al'

1987) uepmx cy At4+gpeBqxjanHe npeceKe 3€l enacrvlt{Ho paceiabe t,l napaMerpe S' T x U

3a aroM xl4Be npx eHsprtrju oA 50 tevl re cy oApeAln[ MoAyne aMnnhryAa I { g Kao 11

blrxose Sa38€ pa3flrlKa. P€3yrraru oB,x Mepe]ba cy npxKa3aH[ Ba cnnql4 4 22'

4

l
i

1

I
I

b

Ir I /to.l

ft rrO ',

l,

S

T

'rr -Y? ,t"1

U yrao PACEJA]6A/[o]

vrAo PACEJATbA/tol

Cnh,<a 4.2.2. AttOepeHuriar4u npeceuh 3a enacrveHo paceia4'e h napa4erpu s' 1 u U 3a H9 nph

eteprnin oAso levl oaase cy olpeDe4u Moayfl' aMnneryaa t u g Kao u bbxoaa oa34a pa3n'xa'

nyHoL ll,|cEacfu.nt and Stsufler, 1*71 tt 
'cnpeK 

AaHoM (Hab€dand and Filscho $97\ n'Ht'iou cy

nprxa3zt4tt ftoptticxt pe3yrfattt aox cy excnep'MeHm'tHe laeKe ao6hn' 8€,lg6r and Kesslet (1996)'

Holkarp el al, (1987), Panaptovi6 el al, (l9go)'

CieHKxissn! lr Bejnrc (Sienkrewicz and Baylis. 1991) cy npopa'{yHarn yraoHy

saaIcHocTs,TxUnapaMerapayonceryeHeprxjaoA40Aol00[eV]AxpaK-ooKo8oi,

H9

50 IeVl

244

'060T*--_.I
1

I

l
I
I

I

"'i
tetlo.t 

I

t/l

I

"t
.1

I
'1



MeroAoM (Dirac-Fock) 3a enasrx,rHo pacejaEe eneKrpoHa Ha aroMy Xe. y nrcpa.{yH cy
yKrbyg{nx nonap[3aqroHe €seKre Kao t4 er3dKTHO TpeTIpabe [3MeHCKs XBTepaKqxie.

nocMarpaMx arlrnnxryAe f rr 9, a nnrryAe AhpeKr8or x cnnH_+nxn pacajarba,
yo9aBa ce sHagajHa pasnrKa lralMeby rbxx. AMruxryAa f rcxasyje rrnl,rxy xHTepSepeHTHy
cnxKy Koja oArosapa yeeu/6y auuJe napqxjarHlx ranaca y pacejaby. KoA aMnnlryAe g
xHTepsep€Hr.uia je cna60 npxcrrHa ruro yKa3yje Ha nocroja$e caMo jea}lor aof,rllBaHTHor
napqxJanHor ranaca. To crora urro je cnrH-op6[THa lrrrepaxqrja Koiy onxcyjo aMnntryAa
g, 3Ha'{ajHa yrnaBHoM y yHyrpauJboj o6racU aroMa, oHa 6p30 onaAa ca noBeharbeu
pacroja|ba oA qeHTpa pacejaba. 3aTo cy caMo eneKTpoHn Manxx apeAHocT, op6tfanHor
MoMeHra {Mnyrca I noA frxqajeu oBe ,{HTepaKq(je 3aBrcHe oA cnrHa. Ca Apyre cTpaHe 3a
eriexrpoxe ca l=0 cnxH-op6mHa rHrepaKqxja fiorrryHo la3ocraje, na carvto napllxran Hu ranac|
ca l=1 x Malbe l=2 AonpxHoce cfllrHcxx 3aBxcHHM e+efiliMa. flpyra axasajxa pa3nxKa re y
anconyrHoj speAHocrx oaxx a nntrryAa, g je cKopo 3a peA aerlllg!1He Marha oA l. To je
crora uJTo j€ cnuH-op6xTHa xrrepaKqxja sa peA ae,x,{rHe cna6xja oA KynoHose.

noce6Ho 3aHrMrb'lstl ry eKcnepxMeHTr erracrrlHor pacejaba gneKTpoHa Ha
aroM[Ma Lle3rliyMa. y cept1ila eKcnepxMeHara ypaBeHxx y 6{ne$enAy (Bieleleld) HanpaBrbeHa
je xMno3aHTHa anaparypaca MoMHoulhy npenaplparua nonapr3oBaHltx Mna3eBa eneKTpoHa
t.l aroMa 11 KoMnneTHoM yraoHoM tl eHeprxjcKoM aBarr3oM npoAyKara HaKoH pacsjaEa
(cn.4.2.3).

6

2
5 4

1D
a

PoF

o

CnuKa 4. 2.3. CxeM arcx, nprxao anaparype h3rpaDese y EurebenAy sa paceprbe nonaprrso atHnx
Mna3eBa ereKtpoHa Ha nonaph3oBzt4utM aroMuqa ue3hjwa {Ra h el al, 1996). O&ra(er , -peqrpKyrauuoHa Cs neh ca MoryhHouthy,AopaBai,a ue3hjyMa y BaxWMy; p _ ABa Aho h nacepa
3a ont gxo nyMnatbe ca o6a xunep<lnHa Hrraoz, <rcHoBHor cra$a; 3 _ cnuH Onrnep atoMcKor
Mna3a; 4 - ArepH-fepraxoa MarHer 3a oAlAD'rBar,e flonapn3auuje aroMcKor Mna3a p,: S _ GaAs
Atto4a xao &3aop nonap,3oBannx eneKfpoHa; 6 - eneflWctafitsKh eneKfpoHcKtt MoHoxpoMafop;
7 - HaMoraj, 3e npo^teHy a3uMytuor yrna p.t g - nonaprMelap ca 3anpegHrM norbeM h MotoBnMpaceja$eM Ha rh oonhi, 3a oNEDhBa4,e nonapu3aunje MtE3a eneKtpona: g - aHanrBatoppacejaHnx eneKtpoqa: l0 - aeteKrop joHa 3a t epeH,e joqt/t3ztLluoHe acrMerphle h npahe$a
npot3aoAA P.P" La 3a Gnu6pa\t jy e,teprrtcKe cxa.ne.

I

245

I

1

B



,lcp n Ap. (Leuer et al, '1995) Mep'flx cy enacrlrqHo paceiatbe Henonapx3oBaHhx

ereKTpoHa Ha nonaplBoBaHttM aToMxMa cs npx 7 [ev] x ycraHoar'lh nocToiabg Mare anx

KoHa,{He BpgAHoCTr,l actlM€Tp}rie 'Ha neBo' x 'Ha AecHo' (s1.7). ToMspa I Ap. (Tondera et

al, 1995) u Pai Ap. (Raith er al, '1996) rc8puxnll cy Mepeba Ha iou H$xrM eHeprnjaMa'

Ao 2 [eV] Ha KojxMa c1 pesyrrar]r Mornr Aa ce noPeAe cq oncexHgM reop{jcKxM

npopasyHxMa rr4na '6nlacKor cnpe3alba' (close-coupling) ' Osn alrropx cy Mep'nu

Au+epeHqxianHx npeceK 3a pacejarbe nonaprcoB€lHxx eneKTpofia Ha nonapx3osaHxu

aroMrua Koix je nPAcraBrbeH t€pa3oM

oP)=o,@\(1+A.,P"+ArP. A*Pf ) (4 '2 't)
rAe arrnn[ryAe A, x A, onxcyjy eSeKTe xHaepaKqlie cnfiHa ca op6xranHltM KperarbeM

paceiaHor eneKrpoHa (A2 je 3a aroMe ca HynrxM cnxHoM jeAHaKa l'llepMaHoaoi +yHKqxjx 3a

Moro8o paceiabs) Aox ce a rnnuryAa Ah. HasxBa ABocrpyKoM cn[HcKoM acl1MerpxloM' y

oBoM flpoqecy oHa onxcyio AoM{HaHTaH cnrH-cnrH xsMeHcK[ npoqec iep je MarHercKa

lHrepaKqxia ABa MarHErcKa ArlnorHa MoMeHTa 3aHeMap'bl'4Ba y HucKoeHeprxjcK, M

eneKrpoHcKrM cyAapuMa y KoiHMa cy rarlacHh naKer[ x panhiarHx AsnoB]l TajlacHe

QyHKq[je Benhxh. To i6 y carnacHocrl,l ca Knac]tqHoM npoqeHoM Aa ie KonxqHl'lK MarHercKl/tx

crna rcMeiy ABa EopoBa MarHeroHa }1 eneKlpocrarrqKe crne ircMeby etlgMeHTapHt4x

HasneKrp[caba nponopllt4oHanHa r', utto gu pacrojabe oA jeAHor Eopoeor paAnjyca r=a'

rsrocr uarte o4 10i
y cKflaAy ca rgopujcKxM pa,qoB[Ma EypKea x llleja (Burke and Schey' 1962) y KoMe

cy paSMaTpaHH nonapn3aqlrcHx t1 KoperaluoHt'! eseKTx ereKlpoHcKor cnxHa y

Ht{cKoeHeprxjcKl1u Enacrrt{HllM ryAapfiMa eneKTpoHa Ha aroMy BoAoHl4Ka' Kao 
',t 

y paAy

SypKEa n Mxeena (Burke and Mitchell, 1974) y xoi'te je AeoxHxcaHo 6 KoMnneKcHrx

aMnnxryAa pacejalba KojxMa oAroBapajy l1 BeaaBxcHxx napaMerapa (6 MoAyna }r 5

peflarrBr{r4x 6a3a) acoqlpaHlx oApebeHlaM cnrHcKnM 3aBrcHocrl'tMa eneKrpoHa I aroMa'

Pajr x Ap. (Raith et al, 1996) cy xAeHr$+xKoBanA 44 nap€fi'erpa AocrynHa MepEby (oA

Koilax Hncy cBr nxHeapBo He3aBxcH[). OA Tlo( mpaMerapa ayroph Mory ponarllsHo naKo Aa

uepe 6 r ro cy penaruBHlt AxoepeHqrjanHx npecex o,(0) x ner aclMerpttia (3 HaBeAeHe

y rcpa3y 4.2.1. { ABe AoAarHe acxMerphje Be3aHe 3a npouexy s}x<opa nonapx3aqxje y

npaBqy napanenHoM tl HopManHoM Ha npaBaq ynaAHor Mna3a eneKTpoHa) Ho' jouJ yBeK ce

He npeAnaxe norrryH!4 eKcnepnMeHT Koil,r 6x r3Mepro cBvtx 11 HesaBxcHvx napa srapa'

y S1 7 pa3MarpaH je cny'laj eKcqxraqxje +uHl4x Ht'lBoa aroMa xenxiyMa t,t BoAoHtlKa'

noKa3aHO je Aa je Benlt,]xHa acuMeTpxje, A, 3HaqajHa 3a cny,{ai Kaiqa je MoMe pa3ABoilrTx

eKcq[Taqiajy OtlHe crpyKType. Oaa norap[3aqnja 3anpaso noal.gg oA cnxH-op6xrHor

cnpsalba yHyTap aToMa Mere.

KoA aroMa Befier peAHor 6poja' pa3ABaiabe noAHrsoa ycneA OlaHe crpyKrype je

3Ha,{ajHO x Moxe c9 naKo pasABojlTx y eKcneplMeHrlMa paceiarba ene(TpoHa. 3a a'IoMe

r.rHgprHrx racoBa, KceHoBa u aproHa, oHo €Hocn '1,3'l l1 0'67 [eV] 3a joHcxx ocraraK y

HeenacrvrqHlrM cyAapxMa eneKTpoHa ca aroMBMa, gaK 
'! 

KaAa ce saHeMape {HTepaKqxie

3aBncHe oA cnl,|Ha, Moxe ce AoSxrn 3HaqaiHa aclrMerpxia y pacejalby 3aat,tcHo oA

4.3. NO6YE].IBAT$E ATOMA NONAPU3OBAH]4M EflEKTPOH]4MA
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CnLrKa 4.3-1. JeAHoclaBHa crrxa cnrHcKnx eOexara npu e,<ctlrrrawju npsfp,z) (n+l)l crarba
MacuBHujhx at1Ma ,HeprHrx racoBzt (Jones et al, 1994).

HeKa je y npoqecy eKcqHTallule '?p,. lorcxu ocraraK nornyHo opxjeHTxcaH, ca
mr=+1. CnxH oBor craba je raAa 'Ha Aone', rrro 3Ha!r Aa je cnxH s. eKcqxroaaHot (n+1)l
eneKTpoHa 'Ha rope', jep je nogerHa np6 xonerarypaqrja taMarra KoMneH3oaaHe cnlaHoBe.
AcxMeTp!,lje cnlHa he ce jaBHTlr jep le x AMpefiHo tr usMeHcKo pacejarhe Moryhe 3a yna.qHe
eneKTpoHe ca cnuHoM 'Ha rope' AoK je 3a oHe ca cnrHoM ,Ha Aone. Moryhe jeAxHo

AlpeKrHo pacejaEe. npBe eKcneprMeHranHe pe3ynTaTe oBe aclMerpxje o6jaBxnu cy
AiaMnepl,t Ap. (Diimmler et al, 1993; 1995).

yMecro Aa ce flocMarpa eKcq[Taqhja noAHlBoa Srue crpyxrype aroMcKtrx HrBoa,
eKcneprMeHrarHo je noroAH},lje nocMarparr AeeKcllxiaqriy oBux noAHliBoa nperxoAHo
nonynflcaHrx nacepcKxM onr{gxllM nyMna}beM. AeeKcqnraqxja ce nocMarpa y
cynepeflacrxqHoM cyAapy raKo Aa ce AereKryjy eneKTpoHx Kojx cy HaKoH cyAapa noBeharq
cBoiy eHeprt,liy sa lBHoc jeAHaK eHeprl4j!4 eKcqxrallrje aroMcKor crarta. Oaaj MeroA
,rcnlrrBa$a,e Moryh jep ry BpoMeHcKyr [HBep3Hx npoqec[ eKcqxraqhje h Aeexcqxraqxje
onrcaHl! r{croM Marp[qoM pacejarba (Hertel et al, 1987).
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opxjeHraqxje cn[Ha ynaAHor eneKrpoHa (acxMerpxja cnxHa). Osaj e+eKaT +xBe crpyKrype
noThqe oA {3MeHcKe {HTepa(q[je x yHfrparlrber cnxH-op6nrnor cnpe3a]ba a Moxe ce
eKcneplrMeHTarHo ona3xrx aKo je cnpe3arbe MoMeHara HMrrynca y aroMy Ao6po onxcaHo LS
cnperoM li aKo ce Moxe eKcnepuMeHTanHo pasABojl4.rr OuHanHo J crarbe aroMa.

JeAHocraBHy cn{Ky 3a lnycrpaqljy MexaH!€Ma xojx npo{sBoAx acrMerpxjy cnrHa
'rope-Aone' y npoqecy eKcqtiraqxje aroMa rHepTHlrx ra@Ba nonap[goBaHrM Mna3oM
enefipoHa Aanx cy UoHc h Ap. (Jones et al, 1994, cn.4.3.'l). y npoqecy eKcquraqllje np6 --
nps(n+1)l crsopeHa je urynrbxHa y norrybercj npt ruycqr. V Kynor.ioeoj xHrepaxq{jx Moryhe
je nporcBecrll opnjeHrxcaro joHcxo jeerpo np' "p, r;. npeceq!,! 3a eKcqxraqxiy MarHercKrx
noAHxBoa mFrl joHcxor 2P ocrarxa je pasnxqxro 3a ocy KBaHTu3aquje HopMenxy Ha paBaH
pacehba. OpljeHTaqlja op6xrarHor MoMeHTa [Mnynca ylt4ge Ha opujeHTaqriy cnxHcKor
MoMeHTa rMnyrca joHcKor ocrarKa aKo je +xHanHo J crabe pa3ny,{eHo (Hnp. y
xon$rrypaqrju 2P,, npolexquie crytHcKor MoMeHTa xMrrynca j€rpa, s", ia op6xranHor
uouerra jesrpa, 1., cy rynpoTHx).



nroHxpcKr eKcnepxMeBT ca paceralbeM eneKrpoHa Ha nacepcKx eKcq[roBaHxM

arorrrua Harpxiyrra !€Benx cy Xepren r lllron (Hertel and Stol' '1973) h npennulHapHe

pe3ynrare caonuJTlmx Ha MebyHapoAHoj xoHoepeHqxjx y Eeorpaiqy AyTopr cy onrllYKHM

flyMnabeM y3 noMolt ieAHoMoAHor nacepa ca q[pKynapHo nonapr3oBaH[M soroHlMa
gKctlrroBan[ aToMe ]iarpl1jyMa. nacep ie 6ho noAeuJeH Ha npena3 x3 3'?S12 (F=2, lvl-2)

craba y dP32 (F=3' M-3) crabe. nocMarpanl cy cynEpgnacrlgH[ C]trHan r crfHan Kojr

oAroaapa Beenacrrqttoi, npena3y 3tP-dD. AerarbHo x3y'{aBabe cynEpenacirqHor

@ejalba x npoqeca excqnraqnie dP'-4'zS o6aBxnx ry xepnaH la Ap (Hermann et al, 1977).

npBo Mgpetbe nonaprcaqlie eneKTpoHa HaKoH cynepenacrtlt{Hor cyAapa cg nacepcKx

excr.llrroBaHllM HarpxjyMoM cy t4sspuJrnx XaHe 11 Ap. (Hanne et al, 1982).

npBo Mepebe ca nonapg3oBaH[M Mna3oM eneKTpoHa xa no6ylexou arouy

Barp[iyMa cy r€BpuJxnx MeKKnlnaHA u Ap. (Mcclelland et al, 1985). O8t1M paAoM je

oraopeHa HoBa [eHepaq[ja eKcneprMe8ara pacejaba nonaprcoaaHlx ereKTpoHa Ba aroM]'tMa

y ra,{Ho oApelJeHoM cra}by. nocMarpajyhx npoireHe cnrHa y cynepenac-ruqHo paceja*y ua

arourMa arlKarHux Merara. orBopeHe cy MoryhHocru S3yqaBalba e$eKara 'QnHe

crpyKrype', l4sMeHcKe E cnuH-op6xrHe xHTepaKqxje l,| bHxoae [HTep+epeHquje. cxeMarcKx

np|lKa3 aflaparype KopluJheHe y o8[M MepebuMa je np]lKa3aH Ha cny.qy. 4.3-2-

orftllKo nvMnAlbE
NACEP

AETEKTOP
Na nEi

GaAs KP!rcTAn

e

+
1r TPAHCT]OPTHA OTTMKA

POCKEL'OBA EETruA

NTHEAPH}T TTOI,API,I3ATOP

nAcPcKA A|4O[A

cnrKa 4.3.2. Cxe atc<u npuKa3 anaparype 3a Mepeba cynepenacrvteHor paceBtba

nonapu3oBaHof Mra3a enexrpoHa Ha no6yf@HuM aroMuMa Harpr./iMa (Mcclelland el al' 1989).

nonapvBoBaHu eneKTpoHll cy Ao6[ieHr Soroe xcxior, !l3 GaAs A]roAe ca

HerarrBHnu engKTpoHcKt4M aOxHxTerou. Mna3 noflaPn3oBaHrx efleKrpcHa,e rpaHcnoproBaH

noMofiy eneKTpoHcKe onrlKe Ao LlgHTpa xHTepaKLlxje. llapauerpr Mna3a cy 6r.lnl1: ulLprHa

Mna3a 2 [mm] . EHeprrja 10 [eV] . crpyja 1 [pA] r eHeprnjcKa ulrprHa 0,1 IeVl .

AToMcKl4 Mna3 je Ao6xjeH t€ e$y3xoHe nehx ca napaMe'rprlMa: npeqHrK Mraoa 4 [mm] ,

rycrrxa 10'6 [aroMrm3] . opeKBeHTHo cra6i4nxc€tlt[ nacep noAeuleH Ha $PsKseHqriy 3'zS12
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(F=2) -, dlP3a (F=3) npena3a npox3aoAefiu 3Ha,rajHy florrynauxjy eKcqxrosaHxx aroua.
Cynepenacr{yHo pacejaHx eneKrpoHx, Kqn q Ac6rn$ 2,1 [eV] eHeprnje cy AereKroBaHn
y3 noirofi KaHarHor sneKTpoHcKor MyrrxnnltKaropa- AereKrop je l1Mao 3aKorHo efieKTpl,ryHo
Irorbe ca pasnararbeti, oA 0,5 [eV] uro je oMoryhaBano Aa ce pa3AEoie enasT {to rnlt
He€racTlrrHo pacejasl eneKTpoHr.r. CnxH efleKrpoHa je noAynxcaH Ha 100 [Hz] npo eHoM

xerxLlxrera qxpKynapHo nonapxcaHe csernocrx y3 noirofi noKenoBe (Pockel) hgr!{je Ha Koiy
cy AoBoieH[ BlcoKoHanoHcKrl xMrryncx y o6nxKy ,{erBprKl1.

EneKTpoHl.r cy 6pojaHia oABojeHo 3a cBaKy oA opxjeHTaqxja cnrHa lr HaKoH

ycpeArbaBaba oApetx8aHa je cnrHcKa . acxMerp!.rja. Txnx,{aH oA6poj cynepenacrra,{Ho
pacejaHlx enexrpoHa je Bapxpao oA 300 Ao 20 lqz). OnrxrKo rryMnarbe je n3BpueHo
nxHeapHo nondplooBaHot, nacepcKoM cBernouJhy. np, geiry je saprpaH yrao ereKTpreHor
Bexropa cBernocHyx ranaca, E . y oAHocy Ha npaBaq ynanHxx eneKTpoHa. Ha cnxqx 4.3.3.
Ha Koioj je nprKa3aHa cxeMarcKx reoMerpnja cyAapa, oB4 yrao jE o3HaqeH ca p. Osaj yrao

Ae+xHr4ue ycMepeHocr aroMcKor o6naxa.

h,

v

Cnrta 4.3.3. C\euarcxu npnxa3 reo$etprje excneprMeHta 3i, Me@lt,a cmepenacrrgHor
pacejatba nonapt 3oBzrHor Mtta3a eaenpde Ha no6yf)eHrM atorthqa Halpujwa (Mccteltand et al,
r98s).

nouTo cy aToMlt eKcqnosaHx niaHeapHo nonap]€oBaHoM cBeTnoujhy ro Hxje
crBopeHa opujeHTaqxja eneKTpoHcKor oSnaKa y aroMy rj. Hl,lje nocTlrHyra nonapr!3aqxja
cnHHa jep cy cTsopeHe jeAHaKe nonynalllrje enexrpoHa ca no3rrl4BHrM r H€raTrBHl,rM

MarHercKyrM noAHxBoxMa. CTora ce Kao pe3ynrar pacejalba Hxje o,reKt4sana acuMerplja
e$rKacHor npeceKa. Ho, ynpaBo je Meperbe nonapnsaqraje pacejatrx eneKTpoHa Ha

no3hrHBHrM 14 HerarrBHraM yrnoBrMa Aano 3HagajHy acxMerpxjy (cnraKa 4.3-4)-
noiaBa acuMerp[je ce Moxe o6jacHxrl, Kaiqa ce nocMarpa He caMo xHTepaxq!4ja

cnlHa ynalHl,lx eneKTpoHa ca cnuHoM eneKTpoHa aroMa Mere l.tn]i [HTepaKlluja ca
concrBe8lM op6t4TarHlrM MoMeHToM {Mnyflca, Befi Kaiqa ce y3Me y o6sxp I r,lHrepaKqxja o6a
op6!,[anHa MoMeBTa xMrrynca (ynaAHor eneKTpoHa yr enefipoHa aroMa MeTe) npx geMy oHaj

Apyr[ [HT€paryje ca cBoixM cnrHcK]rM MoMeHToM xMrrynca. KaKo cy aroMB npxnpeMrbeH!4
n[HeapHo nonapyBoBaHoM csernoujfiy y crarhy ontlczrHoM TanacHoM SyHKqlrjoM ca J=3/2,
ro c6 eKcql,rToBaHo cTabe cacrojr oA 3,/8 cBaKor o4 Mr=+312 x l/8 cBaKor oA MJ=r1D
noAHl4Boa. y npoqecrMa AegKcqrraqxie AoMxHxpafie MJ=r?2 craEa Koja ce cacroje 6$no
oA ML=+1 cra6a cnperHyror c€ Ms=+'tl2 cnrHcKoM TarEcHoM SyHr<r]xjoM 6[no oA Mr=-1
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cralsa cnperHfror ca M.=-1l2 cnrHcKoM TanacHoM +yHxqujoM. KaKo je 360r o.{yBaba
yKynBor MoMeHTa lrMrrynca, pacejalb€ 'Ha neBo' l. pacejarbe'Ha AecHo'3aBxcHo oA cMepa

BeKTOpa MoMeHTa XMnynCa engKTpOHCKor O6naKa y aroMy (Mr=r1) To ce jaBrba r
acllMeTpl,lja y noflaprcaqllju Mna3a sneKTpoHa Ha HeraTllBHl,tM I no3lnTrBHtaM yfnoB{Ma.

TeoprjcKr ce npoqec pa3Marpa npeKo KoMnreKcHr,tx aMnn[ryAa paceiaba 11 SopManrcMa
MaTpxqa rycTlrHa cTa6a. BapupabeM yrna p Moryfie je oApeA[T[ t! penarrBHe +ase
aMnnrryAa pacejarba (Mcclelland el al, 1985).
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CnrKa 4.3.4. Acurnerpuja y cynepenaci/tsHoM cyAapy ereKrpoHa Ha no6yDeHhM 3roMuMa
HafpuiyMa. nnHearya nonapt$aunia nacepcKor 3pa\e$a je napanenHa ca npaBueM yna,o)lttx

eneKrpoHa (9=O)- no3t117a4th yrnoau oAroBapajy paceja$y Ea neEo a HeraruBHtt pacejahy Ha

,aecro. (Mcclelland el al, 1985)

4.4. JOHIi3AU14JA ATOMA nOnAPII3OBAHHM EnEKTPOHI4MA

Kao ra y npoqecxMa eKcqxraqrje, y npoqecnM€I joHrr3aqxje aroMa yAapoM

nonapyBoBaHr4M eneKTpoHrMa, Aonasl,l Ao nojaBe acrMerprje cnuHa 360r e$eKara Q!,rHe

cTpyKrype.3a Mnas eneKrpoHa aeKTopa rEnaprcaqxje HopMa.IlHor Ba paBaH pacejar6a,

acxMeTpxja cnuHa, A, ce Moxe Aes{Hr,rcarr Kao

(4.4.a)

rAe je oJ(t) npeceK 3€r pace,albe eneKrpoHa ca cnrHoM 'Ba rope' a oJ(I) oAroeapaiyhl
npeceK 3a paceiarbe eneKrpoHa ca cnrHoM 'Ha Aone'. AcxMerplia cnl4Ha 6rhe pa3rrxexra

oA Hyne KaAa roA ry npeceqx 3a pacejabe 'Ha Aone' x 'Ba rope' pa3nuquTl. yonuTeHo.

HepenaTEBgcrxqKh e+eKTx cy He3a8ltcHl.t oA cn6Ha AoK cy pgnaTuBxcT[gK[ 4eKTx
3agrcH6 oA cnrHa. CTora ce !1 oqeKyje Aa Ka,q roA cy penarrB]rcr[qKl, e$eKrx sHaqajH, Aa

250



je npxcyrHa l1 acxMerpxja cnt.lHa. Ho l,! KaAa cy penarxBllcrxqKx €+efi!4 Be3aH[ sa yna,qHil

eneKTpoH 3aseMaprbr,rBr, MoMe je ona3nrx acxMerpxjy cnlHa. To cy TaKote eSeKTtl +xHe
crpyKrype. Ma8ltcoH x Ap. (Madison et al, 1996) cy Aanx AerarbaH npnKa3 oBxx eQeKara.

AFopr.t cy rrcpaqyHarx a nnxryAe pacejaba 3a joHt43aqxiy aroMa KceHoHa npx ynaAHoi

eHeprrju noflapx3oBaHxx en€KTpoHs oA 147 [eV] 3a cnyqaj Kana je joHcK!1 ocraraK y

cra6y J=3/2 \ J='llz u ro 3a o6e oplljeHTaqnie cnlrHa- npopaqyH, cy Aatlt4 KBanurarvtBHo

cnarabe ca npenrM!1HapH[M pesynTaTxMa eKcneprMeHTa (Granitza et al, 1993).

npoqecu joHl,lsaqlaje ce Mory npoygaBarfi 'A y le,2e) eKcnepuMeHT]iMa rAe ce
pacejaH[ !1 l4o6a!eH!! eneKTpoH[ AereKryjy y KoxHqxAeHqx. Kao pesynrar Ao6!,!jajy ce

rpocrpyKo An+epeHqujafiHx npeceqx, a oHlr y onuJreM cnyeajy 3aBxce oA opxjeHraqxje

cnltHa ynaAHor e,reKTpoHa. xane (Hanne, 1996) pa3nnKyje Aaa oclroBHa MexaHr3Ma Koja

yr[ey Ha HeeracTslHe npollgce y cyAapy nonaprcoaaH]x eneKTpoHa ca aToMxMa. npax je

lBMeHcKa rHTepaKqrlja 360r Koje rpocTpyKo Ax+epeHqxjanHx npeceK Moxe Aa 3aa[c!t oA

oprieHTaqlrje cnrHa u.rro ce onxcyje pa3nlqHTxM npocropHr,tM TaracHvlM +yHKqxFrra 3a

cynporHe opxjeHraqxje cnxHa 360r naynnjeBor nplHqxna. Apyru MexaHx3a je cnxH-op6t4rHo

cnpe3abe yHyrap aToMa I cnrH-op6[THa ,HTepaKq[ja y KoHTxHyyMy. o6a oaa MexaHu3Ma

MOry AeroBarh c!4MynraHo. Mory ce pasnxKoBarl ABa noce6Ha cnyqaja. AKo ie cnlH-
op6xr8a ,rHrepaKqxja yKynHor c{creMa Mara raKo Aa He yr}4ye Ha npoqec pacejarba, TaAa

cy cnlHcKx e+eKTx lrca3BaHl4 caMo i3MeHcKoM xHTepaKqxjoM a LS cnpe3abe ce oApxasa
y qenoKynHou d4cTeMy. Apyrh cny,{aj je KaAa je LS cnpesa}be y MeT!4 jaKo HapyuJeHo, ,r

TaAa [3MeHCKa XBTepaKqrja MOXe 6XTft HaFHa']ajHUj[ npoqec, arr ce cnxs-op6{THa
xHTepaKqllja eneKTpoHa y KoHTr4xyyMy He Moxe saHeMap[r[. To ie cnyeaj KoA reuxux
aToMa xnr KoA npoqeca joHrcarlxje !13 yHyrpaubhx ,bycKx.

AaBac jou Hxcy Mory'lti KoLHtll{AeHTH, eKcneprMeHTB ca MepebeM nonapircaqxje

eneKTpoHa HaKoH paceiaBa. jep ie eorKacsocr AereKropa Mara Aa 6u ce Ao6xnr AoBorbHr,t
crrHarr. Ho, Mory ce MepnTrl acxMeTpuje cnrHa t,t ro y cnyqajy ca nonap[3oBaHlM 14

HenonaplBoBaHuM Mna3oMa aToMa MeTe. cxeMaTcK[ np{Kas anaparype sa (e.2e)

eKcneplMeHT Aar ie Ha cnxLlx 4.4.1.

a sa
MOTOB AETEKTOP

AKqgnlPAtoP

OITNNKA

Al,op3
90' IEIEKTOP

180' MOHOXPOMATOP

/

POCKEL .E'PAA EEN'T,A

NACEP

Crrxa 4.4.1. Cxe&arc&t nprKa3 anaparype 4 Mepelr,e acrMetprie cnh4a y (e,2e) eKcneprMeHry

Onn|lr{er el al, 1993)-

9
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noce6aH rxn eKcneprMeHara je BegaH 3a Meperbe npeceKa 3a joHr€aq[jy
nonapx3oBaHor Mra3€r aroMa y no6ybeHoM crarby yAapoM eneKrpoHa. Vuskovic (1996)
pa3MaTpa ioHrcaqxiy r!3 ocHoBHor x no6ylrexor 3P cTarba aToMa HaTpriyMa- y ycnoanMa
eKcnephMelIra caMo ce +paKqxja, aroMa Hanas]i y no6ybehoM crarby AoK je Aeo ('l - f) y
ocHoBHoM cTatby. KaKo AeTeKTop joHa He Moxg Aa pa3nxKyje joHe HacTaIe joHrcaqlajoM

aToMa t.3 ocHoBsor xnx no6ybeHor craba, To jE noTpe6Ho eKcnep]rMeHTanHo oApeAxTr,r

aenlqxHy t. ynpaSo jo rnaBHa npeAHocT MeToAa yKpu[eHlx Mna3eBa Aa ce oBa OpaKquja
MOXe oApeArTX !r9 noMepah aToMcKo[ Mna3a y paBH, AeTeKropa. oBaj noMepaj je
nponopqroHanaH cpeAtboj BpeAHocTx cune Koja Aenyje Ha aToM 3a BpeMe rberoaor
nponacKa Kpo3 rHTepaKLlroHy 3anpeMxHy. BenlrgtrHa TolanHor npeceKa 3a ioHrcaqniy npx
ynalHoj eHeprx.ilr eneKrpoHa Koja oAro8apa MaKcxMyMy npecexa (oKo !5 [eV] ) je sa

QaKTop 3 Beha sa no6ybgHo 3P crarbe oA oHo[ sa ocHoBHo cratbe.

5. 3AK'bYqAK

yKrbyrxBalbeu norapr3aqror{fi +eHoMeHa y pa3uarpalbe eneKTpoH-aroMcKr.tx
cyAapa re cyAapa R)naprcoBaH[x enexpoHa ca Kpxcranxua, AonplHeno je 3Ha,rajHo

npoAopy oBe o6nacTu. Knact,lgHr1 flpoqecu pasMarpaHx npeKo npeceKa Ao6xjeHxx y
KoHaeHquoHarHrM MepelbxMa Aajy 3a cnxKy yKynHor AerDBarha KynoHoBe xKrepaKqxje ,!
lHTepaxqxja 3qBncfii1x oA cnlrHa, Te je y bxMa reuKo pa3nyqlr$ AonpxHoce nojeAxHxx
rHTepa(qlja nocMa'rpaHoM npoqecy. ynpaso js nonaprcaqlrja ra QlasHgKa BenxrxHa Koia js
ocoTrbl,iBa Ha ltHTgpaKqxje 3aBxcHe oA cnlHa I tbeHuM MepetbxMa Mory ce l1sABojxTl,|

e+eKrlr oBxx xHTepaKqxja. nonapuoaqlloHx oEHoMeHx cy yjeA|o x KopxcraH MeroA 3a
Tecrupabe reopxjcKxx MoAena y KojuMa eneKrpoHr yqecrByjy 6es oAroBapaiyhe
npenapaqhje Ko,llrsroHl4x naprHepa x 3ar]iM rryHe aHanrse HaKoH cyAapa, He Moxe ce
rcAsojnrx nojeAxBa xHrepaxquja. npocropHa lr cnrHcKa opxjeHraqxia aroMcKllx t{ecruqa
yrrye Ha Ecflorbaaatbe [HrepaKqlje re 6e3 nyHe aHar{3e ce Ao6uja cnxKa Koja npeAcraBrba
ycpeAbebe Bnue e+eKara.

l43y3eraH HanpgAaK y rexHlKaMa pana ca nonap[goBaHrM Mna3gBl4Ma eneKTpoHa
je HanpaBrbeH oA nogeraKa eKcnep{MeHara Ao AaHac. KoHcrpyucaH[ cy Bpno e+laKacHx
rlsBopu nonapx3oBaHrx Mna3eBa Ha nprHqfiny QoroeMxcrje xs GaAs AloAa ca HerarlBHr/rM

eneKrpoHcKllM a+rHlrreroM: nocrrrHfra je aoconyrHa Kan[6paq{ja AereKropa
nonaplrsoBaHfi eneKrpoHa ca peflarrBHou rp€uJKoM MaboM o4 3.10-3: ocrBapeHe cy
MoryfiHocrn Meperua napa rerapa acuMerplje ca rpaHxlloM 4o 5.10-s.

Joaxuu Kecnep (Joachim Kessl€r). ieAaH oA @HnBaqa t,| HajaKrxBHujux
lcrpa)KuBaqa y o6nacrfi pacejaba nonapr€ogaHyu eneKTpoHll, xcTrye y cBoM yBoAHoM

npeAaBar6y Ha oraapaby VIll MebyHapoABor cxMno3ujyMa o nonapHsaqxjt4 x Kopenaqxjx y
ereKrpoH - aroMcKlrM cyAaprlMa oApxaHoM y BaHKyBepy (Vancouver) 1995. roAuHe: .y
cKnany ca oBrM npo[pecoM.6poj rpyna [cTpaxxBarra { 6poj npo6neMa y KojxMa ce
lcrpaxyiy nonapr3oBaHr eneKrpoHx cy Aparr.tarxqHo nopacnx. KaAa cat nprnpeMao oao
npeAaBabe, 6ta0 car cBecraH Aa Beh{Ha reMa t,t3 +rl3xKe nonapr3oBaHrx eneKTpoHa He
Mory 6!aru qaK Hx noueHyre. 3anpaBo, ja.{ak He Mory Aa noMeHeM Bh norba sa KojnMa cMo
Mx 6!rnu aKTrBHl,t y npotlnocrh. Kao u.jro cy nonap[3aq!,{ja y +orojoH{saqxj[ ca cBnM
KoHceKBeHqaMa Kao uJro cy noflaprcaqrja y ayrojoHrcaqlj[ unr OxeoBa (Auger) eMxc!1ja.
qrH, Me nprnrqHo cpefiHt,lM Aa y oBoM florby, la y norbrlM Koja He Mory Aa noKpxjeM, nocToje
BeoMa aKrltBHt4 r.rcTpaxrBaex' (Kessler, l99G).
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POLARIZED ELECTRON BEAMS

B. iradnl@vi6 i M. V. KureF'

lnstilute of PhyScs, P.O.Box 57 11001 Belgrade. Yugoslavia

ABSTBACT
We pressnt a review of scattenng processes involving polarized electrons by atomic particles.

Beside delinitions of polarized electron beams and physical observabl€s which describe
polarization phenomena, basic interactions such as spin-orbit and exchange, as well as'rine
structure' eftecls defined as the interpiay ol these two interactions are investigated. A
production ol polarized electron beams by means of atomic physics and solid state physics
lechniques is reviewed. Mott polarization analyzer is described. Scattering processes of
polarized electron beams by atomac particles including elastic scattering, excilalion and
ionizalion are covEred. Beside the historic perspective, the newest results in lhe field as well
as the contribulions ol Ylgoslav aulhors are presented.
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