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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

cMepa P

l/ tpAl
l/ [el/imp]

AEI
levl

EAO/
[eV m2 sr]

cral

0.2 0.E 0,01 1 10 e
B14COK

0,6s OnTUqKl,l 210st
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500 1tor cpe-
Arbx

Onlta.]xo
nyMnal{,e

npaxlbeba y He
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rc W-EuS
0,85 ilar_HeTCK!4 0,01 0,1 2fi's Bpno
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npoMeHa nonapx3all[je ce Bpun npoMeHoM yrna pacejara, 0
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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 \
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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
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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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