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AKTYaJibHOCTb TeMbl. <l>II3IIKa 3JieMeIITapHbIX 'IaCTIIIJ; K Ha'IaJIY TpeTbero TbICR

qeJieTirn rrepe)KIIBaeT 6ypttoe pa3BIITIIe. BBO,!l; B ,IJ;eHCTBIIe KOJIJiall,IJ;epoB cpe,IJ;HIIX n 

BblC0KIIX 3Hepr11il: II03B0JIIIJI II0JIY'IIITb orpo11,rnoe K0JIII'IeCTB0 11m:popMaIJ;II1! 06 y)Ke 

113BeCTHbIX qacT11u;ax a TaK)Ke H0BblX 06beKTOB IICCJie,IJ;0BaHirn. 3tta'Il!TeJibHbllf o6b

eM I!Hq:>OpMan;IIII II0CTyrraeT TaK)Ke II3 aHaJIII3a rrpmrnJieHIIll K0CMII'IeCKIIX Jiyqe11. B 

paMKax cpopMaJIII3Ma KBaHTOBOll Teop11II rroJIR (KTIT) 6hIJIII co3,IJ;aHbI peaJIIICTII'Ie

CKIIe rro,IJ;X0,IJ;hI - CTaH,IJ;apTHOll Mo,n:eJIII (CM) II KBaHT0B011 xpoi-.ro,n,IInaMHKII (KX,Il,), 

K0T0pbie BMeCTe C C KBaHT0B0ll 3JieKTpO,ll,l!HaMIIK011 C03,IJ;aJIII 6a3y l\JI5! attaJIII3a 3T011 

l!Hq:>OpMau;m1. O,n,HaKO K HaCT0RIT.\eMy BpeMeHII He CYII\eCTByeT 3aKOH'IeHH011 Te0pllll 

3JieMeHTapHbIX qacTHD;, B KOT0p011 B qaCTH0CTII, 6bIJI perneH B0IIpoc 0 crreKTpe Mace 

qacTIIIJ; II l!X 0CH0BHbIX xapaKTepIICTI!Kax - CIIIIH, Macca, 3ap51,IJ;, K0HCTaHTa CB5!-

3Il. OIIIICaHIIe pe3yJibTaT0B 3KCIIepIIMeHT0B TaKIIM o6pa30B 0CTaBJI51eT MeCT0 ,IJ;JI.$1 

TaK Ha3bIBaeM011 11 HOB011 q:>l!3l!KII- 51BJieHII51M K0T0pbre He MoryT 6bITb o6b51CHeHbl 

B paMKax C0BpeMeHH0ro C0CT05!HII51 TeopeTil'IeCKOll q:>II3l!KII. 

KmoqeByIO p0Jib IlplI 3T0M IIrpaeT T0'IH0CTb 3KCrrepIIMeHTaJibHbIX Il3MepeHH11 TaK 

II TeopeTII'IeCKIIX pe3yJibTaT0B ,IJ;JI.$1 C00TBeTCTBYIOII\IIX npou;eccoB paCC'Il!TaHHbIX Ha 

0CH0BaHIIIl KBaHT0B0ll Te0plII! II0JIR. 

ITpou;eccbI KBaHTOBOll 3JieKTp0,l],IIHaMIIKII (K9,Il,) Ha KOJIJiaiJ:,IJ;epax Il,!J;YT co 3Ha'III

TeJihH0 6oJibllll!Mll nep05!TH0CT51Mll, qeM rrpou;eccbI o6ycJIOBJieHHbie CIIJibHbIMII l!JIII 

CJia6bIMil B3al!M0,IJ;eiJ:CTBII51MII. 110 3T011 IIpll'IIlHe 0Hil 5!BJI51IOTC5! IICT0'IHIIKaMII cpo

H0B, yqeT K0T0pbIX eCTb Ba)Kttaa npo6JieMa 3KCIIepnMeHTaJibHOll q:>II3IIKII qacTillJ;. 

EcJIII B 3KCIIepIIMeHTax II0CTaBJieHHbIX B nepnoiJ: II0JI0BIIHe rrpornJioro BeKa ,l],JI.$1 

0IIIICaHII5! pe3yJibTaT0B 0IIbITa 6bIJIO ,ll,0CTaT0'IH0 TeopeTII'IeCKilX cpopMyJI, II0JiyqeH

HbIX B Hll3IIIeM (6opHOBCKOM) rrpn6JIII)KeHHil, TO B COBpeMeHH0ll II0CTaH0BKe 0IIbIT0B 

0Ka3hIBaeTC51 He06XO,!J;lIMbIM Y'IlITbIBaTh KBaHT0Bbie norrpaBKil, CB513aHHhie C Il3Jiyqe

HIIeM BIIpTyaJihHbIX lI peaJibHbIX q:>OTOHOB; a TaK)Ke ,n,pyrnx tJ:aCTIIIJ;, rrpIIHIIMaIOII\IIX 

yqacTIIe B rrpou;ecce. 

CJie,n,yeT TaK)Ke 0TMeTIITh KJIIO'IeByIO poJib rrpou;eccon K9,Il, KaK B IIH)KettepHoiJ: 

J6ie~HHeHHhlH llHCTllTYT 
1I,nepm1x uccnep;0Bam111 

BHBnHOTEl{A ! 



3a,n;aqe co3,n;amrn K0JIJiati.n;epoB TaK n B rrpo6ne11e perym1poBaHJI51 11x rrapa11eTp0B, 

TaKHX KaK CBeTHl\lOCTb II I10JI51p!I3al_\noHHb!e xapaKTep!ICTIIKH. TeMO!I HaCT051JJJ;el1 

,lJ;IICCepTau;im 51BJ15leTC51 pa3BJITJie MeT0,lJ;OB rrpel_\JI3IIOHHb!X pacqeTOB rrpou:eccoB Ha 

KOJIJ1a11.n;epax II rrpI1MeHeHI1e ax K aHamBy p51,n;a rrpou:eccoB c rrpo51BJieHHeM 3JieK

Tpm,mrHHTHhIX II CI!Jlbllb]X B3am.10,n;eHCTBil!I. 

Co~ep)KattIIe pa60ThI. Mccne,n;oBamno rrpou:eccoB TopM03Horo 113ny'-IeH1151 11 cpo

Too6pa30BaH1151 nap rrp11MeHI1TeJ1b110 K ycnoBH51M c0Bpe11emmro 3Kcrrepm,1eHTa rro

CB51JJJ;eHa rrepBa51 rnaBa ,n;HccepTal_\IIH. 

l13BeCTHO, '-ITO TOpl\!03Hb!e <pOTOHbl 06pa3yeMbJe rrpII 3JieKTpOH-I103HTpOHHOM II 

3JieKTpOH-rrpoTOHHOM paccemrnn rrpHo6peTaIOT orrpe.n;ene1rnyIO rron51p113al_\HIO. Ecn11 

Ha'-IaJibHbIH 3JieKTpOH He I10JI51p!I30BaH TO TOpM03HOH <pOTOH rrp1106peTaeT J111HeH

HYIO IIOJI5ip!I3al_\l!IO; B cnyqae Kor.n;a Ha'-IaJibHbIH 3JieKTpOH rrpO,lJ;OJibHO I10JI51p1130BaH 

TO TOpM03HOH <pOTOH MO:lKeT rrp1Io6peCTJI rrpaByIO HJIII JieByIO 1\HPKYJI51pHyIO IIOJ151-

pll3al_\11IO. 

TopM03Hbie <pOTOHbl o6p83yIOJJJ;IIern rrpn pacce51HIIII 3J.ieKTpOHHOro IIJ'-IKa Ha II0-

311TpOHe HJIII rrpOTOHe MoryT 6bITb paCCMOTpeHbI KaK IICTO'-IHHK11 I10JI51p!I30BaHHbIX 

<pOTOHOB. Hx I10JI51pll3al_\l!OHHbJe xapaKTepHCTIIKII (rrapaMeTpbl CToKca) orrpe,n;eJI51-

IOTC51 KJIIIeMaTl1'-IeCKIIMII BeJil1'-IIIHaMH (3HeprII51MII II yrJiaMII 11X BhIJieTa OTHOCJI

TeJibHO ITJ'-IKOB) . .D:ncpcpepeHI_\HaJibHOe Ce'-IeHIIe TOpM03HOro II3JIJ'-IeHII51 ,lJ;OCTaTO'-IHO 

60JibllJOe (rrop51~a HeCKOJibKHX MlIJ1JIII6apH) II He MeH5leTC51 C 3Hepr11ett. IIpII Ha

J111'-IIIl1 60JiblllOH CTaTl1CTl1KII MO:lKHO BbI6paTb rro.n;o6nbJe co6bITl151 C 0,21;11HaKOBbIMl1 

Kl1HeMaTl1'-IeCKIIMII COCT051HH51Ml1. IIony'-IeHHbIH TaKIIM o6p830M IICTO'-IHIIK <pOTOHOB 

11MeeT orrpe.n;eneHHbIH CBOHCTBa I10JI5ipII3al_\l!II, II MO:lKeT IICI10Jlb30BaTbC51 B p83JIII'-I

HbIX IICCJie,n;oBaTeJibCKIIX 3a,n;aqax. 

I1oJI51pII30BaHHbJe ny'-IKII <pOTOHOB I103BOJ151IOT nOJIJ'-IHTb .n;onOJIHl1TeJibHYIO 11H

cpopMal_\IIIO O CBOHCTBax MHllleHII B cpaBHeHIIII C OIIbITaMII C 11CIIOJ1b30BaHneM Herro

JI5ipl130BaHHbIX <pOTOHOB, KOTOpbie ,n;aIOT ~<pcpepeHl_\llaJibHbJe Ce'-IeHII51 ycpe~eH

Hbie no CI111HOBbIM COCT051HII51M. KaK rrpIIMep II3J'-IeHne pacce51HII51 1\l!PKJJI51pHo

I10J15ipH30BaHHOro <pOTOHa, Ha 3ap51:lKeHHOM JieIITOHe, B paMKaX CM MO)KeT ,n;aTb, 

IIH<pOpMal_\HIO O _T51:lKeJib!X npoMe:lKyTO'-IHbIX BeKTOpHb!X 6o30HaX. 
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IToJI51pH3al_\IIOHHbie 51BJiemrn MoryT 6b!Tb ll3J'-IeHhl rrpn o6p830Bamm nap B <pOTOH 

- 3JieKTpOHHOl\I CTOJIKHOBe1rnu; Kpocc-rrpou:ecc K paccr,,mTpnBaeMoMy 3,n;ech rrpou:eccy 

6hIJI 11ccne,21;0BaH B .n;ammtt pa6oTe. 

B HaCT051ll__J;ee Bpe.M51 3TOT rrpou:ecc 11CI10Jlb3JeTC51 ,2l;J151 rrpou:e~p KaJIII6pOBKll CBe

TIIl\lOCTH ITJ'-IKa. OcHOBam1el\1 ,2l;J151 3TOro 51BJ.151eTC51 TeopeTH'-IeCKOe om1caH11e (BKJIIO

qa51 pa,n;IIau:110HHhie rrorrpaBKn) n 6oJihllla51 BenwmHa cal\10ro ceqenn51. 

B cepe,21;11He 70-x ro,n;oB 6oJiblllOe BHHMaHIIe 6hIJIO o6paJJJ;eHo Ha rrpou:eccbl Top

l\l03Horo 113JIJ'-IeHH51 ,2l;J151 3JieKTpOH - 3JieKTp0HHbIX (rro31lTpOHHb!X) CTOJIKHOBeHHH, 

r.n;e 6bIJIH IIOJIJ'-IeHbl Bbipa:lKeHII51 ,2l;J151 ITOJIHbIX Ce'-IeHHH. 

Bb!pa:lKeHIIe ,2l;J151 CTerreHl1 JlH:f eHHOH I10JI51pII3al_\II11 <pOTOHa 6bIJIO IIOJIJ'-IeHO B npn-

6JIII:lKeHl1H oqenh MaJieHbKHX yrnoB pacce1rnaHII51, 07 , Be ~ m/ E (m - Macca 3JieKTpo

Ha, 11 E - 3Heprn51 Ha'-IaJibHOro 3JieKTpOHa B na6opaTOpHOH CHCTeMe). 8T11 pe3JJ1b

TaTbl 6hIJIH nonyqeJibl B TaK H83b!Bae.MOM npn6JIH:lKeHHII BeHl_\3eKKepa-BHJib51MCa. 

TaKa51 KHHel\IaTIIKa o6ecrre'-IHBaeT rJiaBHbIH BKJia,n; B rrorrepe'-IHOe Ce'-IeH11e, '-ITO COOT

BeTCTByeT MaJieHbKOH HHBap11aHTHOH Macce KOHe'fHbIX 'faCTHl\, JieT51JJJ;HX B KOHyce C 

OCblO no HarrpaBJ1en1110 Ha'-IaJibHbIX '-IaCTl11_\ (e- HJIII ,). K CO:lKaJieHIIIO 3TH pe3JJ1b

TaTbl He MoryT 6hITb Henocpe,n;CTBeHHO npnMeHeHhl K peaJihHbIM 3KCrrepll!vieHTa.M, 

r.n;e HMeIOTC51 orpann'-IeHl151 CB513aIUibie C nopora.MH ,2l;J151 yrJIOB 3MHCCllll H 3Heprn11 

pacce51HHbIX qaCTl11_\. CoOTBeTCTBYIOJJJ;l1e cpopMJJibl noJiy'-IeHhl B ~ccepTal_\llll. 

J13yqen11e npou:eccoB c o6p83oBanneM nap 6epeT Ha'-Iano OT 113BeCTHhIX pa6oT, 

BhIIIOJIHeHHhIX X. BeTe, JI. MaKCIIMOHOM, P. fJIIOKlllTepnoM 11 .n;p. B naqane 50-x 

ro,n;oB; 11 npo.n;on:lKaeT npHBJieKaTb BHHMaHne .n;o cnx nop. OcnoBHOH 11HTepec B Ha

CT051JJJ;ee Bpe.M51 3a.KJIIO'-IaeTC51 B TOM, 'fT06bI 11cnOJ1b30BaTb 3TOT npou:ecc B Ka'-IeCTBe 

nOJI51pH.MeTpa . .D:ettCTBHTeJibHO 3TOT npou:ecc IIMeeT ,lJ;OBOJibHO 6oJiblllOe norrepe'IHOe 

ceqeHne, H·3cp<peKTbl nOJI51p113al_\lll1 MoryT ,2l;OCTl1rHyTh 14 npou:enTOB . .D:Ba p83JIIl'f

Hb!X MexaHH3Ma ,lJ;OJI)KHbl 6hITh_npl1H51Tbl BO BHHMan11e: .MeXaHII3.M BeTe-faHTJiepa, 

Kor.n;a napa o6p83yeTC51 ,n;BJM51 <pOTOHa.Mn, 0,lJ;HHM peanbHbIM 11 .n;pyr11M Bl1PTJaJib

HbIM; n TOpM03HOH Mexan113.M Kor.n;a rrapa o6p83oBaHa o6p83oBaHa o.n;m1M Bl1PTYaJih

HhIM <pOTOHOM. IIpn rrpeBhillleHHH 3Heprntt <pOTOHa 50M3B B na6opaTOpHOH CllCTeMe 

OCHOBHOH BKJia,n; .n;aeT .MexaHH3M BeTe-fattTJiepa, rrpn 3TOM HHTepcpepeHl_\1151 COOT-
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BeTCTBYIOIIIeit al\111JIIITY,Il:Oit TOPI\I03HOI'O l\leXaH!I3Ma He rrpeBbIUiaeT 5 rrpoIIeHTOB, II 

y6brnaeT c ,IJ;aJ!bHeitlllHl\l 'poCTOI\! :mepnrn q)OTOHa. 

CJie,IJ;yeT rrpmmMaTb BO BHlIJl,IaH11e, '-ITO B HlI3IIIel\l rrop.H,IJ;Ke TB pa,IJ;HaIIHOHHbre 

rrorrpaBKII rrpOIICXO,IJ;.Hlll,IIe OT r-1era ,IJ;OITOJIHI!TeJibHOI'O 061\IeHHOI'O q)OTOHa He BJIII.H

IOT Ha aCIII\IMeTplI!O B CJiy<me KOI',IJ;a B Ka'-!eCTBe l\lIIIIIeHII IICIIOJib3YeTC.H rrpOTOH IIJIII 

JierKoe .H,IJ;po. OcHOBHoit BKJia,IJ; OT PIT CB.H3an c B3aIIMO,IJ;eitcTBIIeM Me)K,Il,}' KOMrro

HeHTaMn rrap B KOHe'-!HOl\l COCTO.HHIIII. AMrnrnTy,IJ;a o6!1ieHa ,Il;BYI\I.H BIIpTyaJihHbIMII 

q)OTOHaMII Me)K,IJ;y rrapoit II .H,IJ;pOM He lIHTep¢ep11pyeT C 6opHOBCKOit al\lllJIIITY,IJ;Oit 

TaK KaK ORI! IIMe!OT P83HYIO CllI'HaTypy. 

ql!CTblll ,IJ;Byxq)OTOHHblit 06!11eH He CO,IJ;ep)KI!T <paKTOp ycHJieHH.H TaKHX KaK "60Jib

IIIOit Jiorapll<pM
11

0THOilleHH.H 3HeprHH q)OTOHa W K Jie!ITOHHOit 11,iacce m, ll l!MeeT IIO

p.H,IJ;OK (;)
2

. 9TIIM BKJia,IJ;OM MO)KHO rrpeHe6pe'-Ih no cpaBHeHIIIO C BKJia,IJ;OM rrop.H,IJ;Ka 

a/ 1r, B03HIIKaIOIIIHM II3-3a HHTep¢epeHIIIIII 6opHOBCKoit aMrrJIHTy,IJ;br c O,IJ;HorreTJieBoit 

aMITJIIITY,IJ;Oit CB.H3aHHOit, co B3aHMO,IJ;eitCTBlleM JieITTOHOit rrapbr. 

C1ITyaIIII.H MemrnTCR KOr,IJ;a paccMaTpHBaeM o6p83oBaHne rraphr B rroJie T.H)KeJioro 

.H,IJ;pa C 6oJibllll!M 3apR,IJ;OBblM rrapaMeTpOM V = Za. OcHOBHOit BKJia,IJ; B03HIIKaeT H3-

3a MHOI'Oq)OTOHHOI'O o6MeHHOI'O MexaHH3Ma Me)K,IJ;y K0MIIOHeHTaMH rrapbl C R,IJ;pOM. 

B rrpoIIeccax K8,Il; Tnrra 2 --+ 3, 4, 5, 6 Ha KOJIJiait,IJ;epax BbICOKHX 3Heprnit IIH

TeHCHBHO 113Y'-laJIIICb KaK C II03Illfllll 3KCIIepl!MeHTa TaK II TeOpeTH'-!eCKII B Te'-leHHe 

IIOCJie,IJ;Hl!X '-leTbipex ,IJ;eC.HTHJieTIIit. YcKOpl!TeJIH C Bh!COKIIMII 3HeprH.HMH, CTaJIKIIBa

!Olll,He e+ e-, ,e, 'Y'Y II µ+ µ- I1Y'-!KH, IIIIIP0KO l!CIIOJih3YIOTC.H ,Il;JI.H H3Y'-!eHIIR q)ytt,IJ;a

l\leHTaJibHbIX B3aHMO,IJ;eitcTBIIit. HeKOTOpbie rrpoIIeCCbl K8,Il; Ha KOJIJiait,IJ;epax nrpa!OT 

Ba)KHYIO pOJib, oco6eHHO TaKne KaK Heyrrpyr11e CTOJIKH0BeHII.H ce'-leHII.H KOTOpbIX He 

y6bIBa!OT C B03pacTaHHeM 3Heprn11. <l>H3H'-leCKaR rrporpaMMa KOJIJiait,IJ;epoB BKJIIO'-!a

eT TaKHe 3KCrrepnMeHTbI C II0JI.Hp1!30BaHHhlMI! '-!aCTHIIaMH. TaK11e rrpOIIeCCbl Tpe6yIOT 

,IJ;JI.H 01111caH11.H 6oJihllle BeJIII'-IHI-1, BKJIIO'-!aIOIIIHX Bbl'-!IICJieHHe ,Il;llq)q)epeHIIHaJihHblX 

Ce'-!eHHit C orrpe,n;eJieHHhlMH CIIIIpaJibH0CTRMII Ha'-!aJibHhIX '-!aCTIIII JieITTOH0B ( l = e 

HJill µ) II q)OTOHOB ,. 8TH peaKIIHH IIMe!OT Bll,IJ; ,IJ;ByxcTpyii:Horo rrpoIIecca c o6MeHOM 

BllpTyaJihHbIM q)OTOHOM B t-KaHaJie. 

Pa3BIITIIIO MeT0,Il;OB Bhl'-ll!CJieHII.H CIIIIpaJibHbIX aM!IJIHTY,IJ; ,IJ;JIR rrpoIIeCCOB C BbIC0-
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KHl\111 3HeprH.HMII 11a KOJIJiait,IJ;epax 6bIJIO IT0CB.HIIIeHO 6oJibUIOe '-IIICJI0 pa6oT. l-h1e.H 

B BH,IJ;y rrpe,IJ;CTO.Hlll,He 3a,IJ;a'clll 11a I1JiaH11pyel\Ib!X 'Y'Y H Jie!ITOH I KOJIJiait,IJ;epax, Heo6-

X0,IJ;ll1'Ibl T0'c!Hbie 3HaHirn ,IJ;JI.H KaJIH6pOBKII II K0HTPOJI.H CBeTIII\IOCTII KOJIJiait,IJ;epoB. 

B Ka'fCCTBe KaJIH6poBO'c!HbIX rrpoIIeCCOB K8,Il; c ,Il;0CTaTO'-IH0 6oJibilllll\l ,I1;mp¢epcH

IIllaJibHbII\I Ce'-!eHIIel\l C orrpe,IJ;eJieHHbII\III CIIrHaTypar.m ,IJ;JI.H ,IJ;eTeKTIIp0BaHirn. Hn)Ke 

IICCJie,IJ;yeTC.H B03l\!Q)KIIOCTb HCII0Jib30BaHH.H .B Ka'feCTBe KaJIII6poBO'fllbIX rrpoIIeCC0B 

K9,Il; C HeIIa,IJ;a!Olll,Ill\111 Ce'-!eHirnMH. ,Il;JI.H IICCJie,IJ;0BaHII.H 3TIIX IIP0IIeCC0B IICII0Jib3YeT

C.H MeTO,IJ; CIII!paJibHbIX aMITJIIITY,IJ;, Han6oJiee o6Ill,eit xapaKTepHCTllKOit rrepn¢epnit

HbIX rrpoIIeccon .HBJI.HeTC.H Ba)KHhrit ¢aKT Hx Hey6bIBaIOIIIero rrorrepe'-rnoro ceqeHirn 

B rrpe,IJ;CJie BhICOKOit o6IIIeit 3Heprnn vs B CIICTel\le IIeHTpa l\IaCC Ha'claJibHbIX '-laCTIIII. 

CTaHOBIITC.H Ba)Kl!Oit B03MO)Kl!0CTb Il3Mep.HTb CTPYII CO,IJ;ep)Kalll,He ,Il;BC IIJIII TPII '-!a

CTI!Ifbl. 

,Il;JI.H TeopeTII'-!eCKOI'O OITI!Cal!II.H npoIIeCCOB, Ha C0BpeMeHHbIX 3KCIIepnMeHTa.Jlb

HblX ycTaH0BKax, II,IJ;ylll,IIX 3a C'-leT 3JieKTpOMarHIITHOro, CJia6oro II CHJihH0I'O B3aII

MO,IJ;eitcTBIIH B HaCTORill,ee BpeMR He,IJ;OCTaTO'-IHO 3HaHIIit COOTBeTCTBY!OIIIIIX ceqeHUit 

ITOJiy'lel!HbIX B Hll3IIIeM rropR,IJ;Ke Teopnu B03Mylll,eHIIR. Y'!eT BbICIIIIIX rrp116JIII)Ke

HI1it corrp.H)KCH O,IJ;HaKo C 6oJihIIII!Mll MaTeMaTII'-!eCKI!MII TPY,Il;HOCTRMII. P83BUTbie 

B II0CJie,IJ;Hne ,IJ;eCRTIIJieTIIR MeTO,IJ;bI, TCM He MCHee I103BOJI.HIOT rrpOII3BCCTII paC'leT 

BKJia,IJ;OB BbICIIIIIX rrop.H,IJ;KOB TB rrpu HaJIIl'-IIIll KaKIIX m160 YCIIJII!Ba!OIIIIIX <paKTOpOB 

a(a = e
2 /he). Mb! 6y,IJ;eM p83JIII'-laTh ,IJ;Ba cooTBeTCTBYIOIIIIIX pe)KIIMa. II pH orrncaHIIII 

rrpoIIeCCOB C Y'-!aCTIICM JierKIIX 3ap.H)KeHHhIX ¢epMHOHOB B Ka'leCTBe 3q)q)eKTllBHOI'O 

rrapaMerpa BXO,Il;l!T BCJIII'll!Ha aL, B '-!aCTHOCTU aln(E/m.) E-3Hepnrn B C.If.M Ha 

KOJIJiait,IJ;epe, um-1 a ln(M/me) r,IJ;e M-Macca pacrra,IJ;aIOIIIeitc.H 'laCTHIIbI, r,IJ;e rrpe,IJ;rro

Jiaraerc.H E, M >> m •. 9TOT pe)KHM H83hIBaeTC.H pe)KHM0M peHOpMaJIH3aIIIIOHHOit 

rpyrrIIhl (Pr). OH peaJIU3YeTCR rrpn orrncaHUll KHHeMaTHKll B llHKJII03HBHOit II0CTa

H0BKe 3KCIIepnMeHTa C BbIJICTOM '-!aCTIIII Ha 6oJihIIIHe yrJihI. 3aBHCIIMOCTb OT rra

paMeTpa aL orrpe,IJ;eJI.HeTCR ypaBHeHH.HMll 3BOJI!Olfllll - 0606IIIeHneM Tpa,IJ;llIIII0HHblX 

ypaBHeHnit rpyrrrrhl rrepeHOpMHp0BOK feJIJI-MaHa Jioy. ,IJ;pyrHM pe)Klll\l0M RBJI.HeTC.H 

,IJ;Ba)K,IJ;bl-JIOrapn<pMll'-ICCKOe rrpH6JIH)KeHIIe, KOr,IJ;a 3<p<peKTHBHhIM rrapaMeTp0M pa.3-

JI0)KeHHR .HBJI.HeTCR BeJIH'-IHHa a£2. TaKOit pe)KHM peaJin3yeTC.H ,IJ;JI.H 3KCKJII03HBHblX 
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rrpou;eccoB, a TaK)Ke 3cpcpeKTOB CB513aHHbIX c 1-1e coxpauem1eM crrnpaJibH0CTH. 

ITo3TOMY rrpe,n;cTaBJI51eT orrpe,n;eJieHHblll lfHTCpec rrpoll,eCCbI 2-y II 3-y aHHIIrl1JI51u;IIH 

rrpll 3JieKTpOH-II0311TpOH0I\I CTOJIKHOBemm rrpll BbIC0Kl!X 3Hepr1rnx, II PIT K 3Tl!M 

rrpou;ecca.M: 

e-(p_) + e+(P+)-> -y(k1) + -y(k2), s = (p_ + P+)2 » rn; = m
2

; 

e-(p_) + e+(P+) -> -y(k1) + -y(k2) + -y(k3). 

8TH rrpou;eccbr 6bIJill pacc.MoTpeHhI .TT. BpaynoM, P. <I>eil.m.iaHOl\I H X. XappIICOM 

B Hatiane 50-x ro,n;oB n nepeo10TpeHhr B 1973r. X. Bepett,n;coM II facTMaHcoM. B Ha

cTomu;ee Bpel\rn 3Tll npoll,eCCbI 11CIIOJib3JIOT ,ll;JI51 KaJIH6poBKll KOJIJiail.,n;epoB, KOTOpbie 

II03BOJI51IOT He3aBllCHM0 H3Mep51Tb CBeTHMOCTII rrytiKOB. ,II:eTeKTHpOBaHHe <pOTOHOB 

Ha 6oJibllille yrJibI MO)KH0 HCII0Jih30BaTh ,ll;Jl51 He3aBl!CIIM0ro l\ieTO,ll;a 113.MepeHH.H CBe

THMOCTll. 

ITpou,ecc 6eTa-pacrra,n;a Heil.TpOHa ,n;eTaJihHO llCCJie,n;oBaH B 3KCIIep11MeHTaJihHOM 

IIJiaHe. CoBpeMeHHOe TeopeTII'IeCKOe OIIllCaHne HeIIOJIH0, rrpntieM Heorrpe,n;eJieHHOCTll 

CB.H3aHbI C 3cpcpeKTaMH CIIJibHbIX B3allMO,n;eil.CTBHH KOT0pbie B03HllKaIOT rrpll BbI'IIIC

JieHl!ll pa,n;uau;noHHhIX rrorrpaBOK. lkcne,n;oBanue neynpyroro paccem-rn.H neil.Tpnuo 

Ha ,n;eil.Tepllll npllBO,ll;.HTC.H Ha 3KCrrep11MeHTaJihHhIX ycTaHOBKax TaKHX KaK neil.TpllH

Ha.H o6cepBaTopn.H C3,n;6epu(SNO). B03pacTaHne TO'IHOCTH 113Mepemrn Ha 3Kcne-

p11MeHTe ll Ba)KHOCTh a,n;eKBaTH0ro TeopeTH'IeCKoro orn1can11.H ueil.TpllHO B ceKTOpe 

CTaH,n;apTHOH MO,ll;eJill .HBJI.HeTC.H MOTHBall,neil. 3TOH pa60ThI. Pa6oTa ITOCB.Hlll,eHa BbI

'IllCJieHHIO PIT B paMKax K8JI: B 6e3 ytieTa 3JieKTpocJia6bIX 3cpcpeKTOB. 

Tpa,n;Hll,IIOHHO CTPJKTypa a,n;pOH0B llCCJie,ll;OBaJiaCh B OITbITax no pacce.HHIIIO 3JieK

Tp0HOB Ha a,n;pone. TeopeTl!'IeCKOe onncaHHe npll 3TOM orpaHll'Il!BaJIOCh ytieT0M 

3JieKTpoMarHHTHbIX B3allM0,ll;eH.CTBIIH B H113llieJ\I nop.H,n;Ke TB, 'ITO OTBetiaeT ytieTy 

TOJibKO o,n;no-cpoTonnoro o6MeHa. <I>opMaJill3M ynpyroro II neynpyroro pacce.HHll.H c 

ITOJI.Hp1!30BaHHbIMII TaK ll HeIIOJI.Hp1!30BaHHbIMll tiaCTl!ll,aMll ,ll;OJI)KeH 6bITh o6ocHOBaH 

B cpopMe KOTopa.H rro,n;po6no BKJIIOtiaeT B ce6.H napaMeTp113all,llIO 3ap.H,n;a HJKJIOHa H 

MarHl!THhIX pacnpe,n;eJieHIIH B HeM. O,n;HaKO 6bIJIO OTMetieno, 'ITO rrp11 60JihllillX ne

pe,n;aHHbIX llMITJJibCaX MexaHH3M ,ll;BJX-<pOTOHHOro o6MeHa M0)KeT CTaTh Ba)KJ-lbIM, B 
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tiaCTHOCTII Kor,n;a llMIIJJibCbI o6MCHJ-lbIX <pOTOHOB paBHbl. He,n;aBHO 3Ta 3a,n;atia 06-

CJ)K,ll;aJiaCb KaK B03l\10)KH0e o6'h51CJ-1em1e paCXO)K,ll;eHirn Me)K,n;y 3KCrrepHMeHTaJihHbI

l\111 ,n;aHJ-lhIMII B cnrrne ynpyroro 3JieKTpon-,n;eil.TOHHOro 11 3JICKTpOH-IIp0TOJ-IHOro pac

cemurn. B HaCT051lll,ee BpeM.H rrpe,n;ocTaBJI.HeTC.H B03MO)KH0CTb Till,aTeJibH0 npoaHaJill-

3llpOBaTb pa3JIH'IHbie rrpou;eccbI, BKJIIO'Ia.H KaJ-laJibI pacce.HHll.H II aHHIIrllJI.Hll,lll1, 'ITO 

rrpHBeJIO 6b! K ll3BJietieHHIO ,ll;OITOJIHl!TeJibHOH llH<pOpMall,IIll O CTPYKType a,n;pOHOB. 

ITpo6Jiel\rn ym1Tap113all,llll ITOl\!epoHa KaK K0MIT031!TH0ro COCTO.HHII.H ,ll;BYX B3al1MO

,n;eikTBJIO!ll,llX pe,ll;)Ke30BaHI-IbIX rmO0HOB .HBJI.HeTC.H O,ll;H0H 113 aKTyaJibHbIX 3a,n;ati B 

KXJI:. P.H,n; B0ITp0COB CB.H3al!Hb!X C KOHCTpyupoBaHl1eM Tpex-rroMepOHHb!X ll 6onee 

CJI0)KHb!X BeprnHH, BKJIIO'IaIO!ll,llX o6hI'IHhie rJIIOOHbI l\!O)KeT 6b!Th perneH llCIIOJih30-

BaHl1eM Bh!pa)KeHllll 3cpcpeKTl1BHOrO pe,ll;)KeBCKOro B3al1MO,ll;eH.CTBll.H. 

3Ha'IHTeJihHOe BHllMaime B JII!TepaType 6bIJIO y,n;eJieH0 onncaHllIO o6pa30BaHll.H B 

rrepncpepntieCKOH KllHeMaTl!Ke CB.H3aHHbIX COCTO.HHllll C T.H)KeJib!Mll ll JierKHMl1 KBap

Kal\1ll. O6pa3oBaHne rJIIOOHHOro CB.H3aHH0ro C0CTO.HHll.H (rJIIOOHll.H) B rrepucpeputie

CKOH KllHeMaTIIKe OTCJTCTByeT ,n;o HaCTO.Hlll,ero BpeMeHll. 8To u .HBJI.HeTC.H MOTUBa

ll,lleH. ,ll;Jl.H ,ll;aJibHeil.rnero paCCM0TpeHll.H ,n;aHHOH 3a,n;atill. 

HyKJIOHbI IT0CJie CTOJIKH0BeHll.H ,ll;OJI)KHhI HaXO,ll;llTbC.H B 6ecu;BeTHOM COCTO.HHllll 

( HeB036J)K,ll;eHHbie 6apllOHhI)' Heo6xo,n;IIMO paCCMOTpeTb cpeil.HMaHOBCKlle aMITJillTY

,ll;hl COOTBeTCTBJIO!ll,llX o6Meny ,ll;BJM.H pe,ll;)Ke30BaHHbIMll rJIIOOHaMll. KpoMe Toro B 

Ka)K,ll;0M HJKJIOHe pe,ll;)Ke30BaHHhre rJIIOOHhI ,ll;OJI)KHbl B3allMO,ll;eH.CTBOBaTh C 0,ll;HllM 

113 KBapK0B. 

ITpHMeHeHHe yrrOM.HHJThIX MeTO,ll;OB, npe,n;cTaBJI.HIO!ll,llX co6oil. pa3BllTlle aHaJIO

rll'IHhIX MCTO,ll;OB B K8JI:, o6ecnetiIIBaeT OITllCaHHe pa3Jill'IHbIX rrpoll,eCCOB c TO'IHO

CThIO 0.1%, ,ll;OCTaTO'IHOH ,ll;JI.H cpaBHeHll.H C COBpeMeHHbIMll 3KcrrepHMCHTaMll. 

JI:nccepTaivrn IT0CB.Hlll,eHa rrpnMeneHllIO 3TllX MeTO,ll;OB ,ll;JI.H rrpell,ll3llOHHOro OITll

caHll.H HCKOTOpbIX npou;eccoB, ll,ll;Jlll,llX Ha KOJIJiail.,n;epax BhICOKllX 3Heprnil.. 

II;eJiblO pa60Tbl .HBJI.HCTC.H rrpell,ll3llOHHOe BhI'IllCJieHlle ,n;ncpcpepeHll,llaJibHbIX ce

'ICHllll K rrpou,eccaM Ha KOJIJiail.,n;epax ll Y'IeT pa,n;nall,llOHHbIX rronpaBOK. 

Anpo6au;1rn: pa60Tbl. Pe3JJihTaTbI npe,n;cTaBJieHHbie B ,ll;llCCepTall,IIll, ,ll;OKJia,ll;hI

BaJillCh n o6cy)K,ll;aJillCh Ha uaytiHblX CCMllHapax .TTa6opaTOpllll TeopeTll'ICCKOH cpll-
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3IIKII 111\1. H.H. Boromo6oBa O61,e,D.IIHCHHOro HIICTIITyTa ll,D.CpHbIX HCCJIC,D.OBaHl!ll 

( r. ,Il,Y6na), TaK*e ,D.OKJia,D.hIBaJIIICh Ha MC)K,IJ,yttapo,D.ttoit 3IIMHeit IIIKOJle ITIUI Cl> no 

q:>H3l!Ke ll,D.pa H '!aCTIIIJ; (PenHHo-2006) 11 Ha Me,K,IJ,yttapo,D.Hoit KOHcpepettIJ;IIH NPCS 

(MIIHCK-2007) 

IIy6JinKau;1ur ITO MaTepHaJiaM ,D.HccepTaIJ;HH oITy6mIKOBaHO 8 pa6oT B OTe'!e

CTBCHHbIX II 3apy6e)KHbIX pecpepIIpyeMbIX *YPHaJiax. 

06'heM n co,1.1.ep)Kattne ,1.1.nccepTau;nn ,Il,IIccepTaIJ;Hll cocTOHT II3 4-x rJiaB, BBe,D.e

Hirn, 3aKJI!O'ICHHll H 'ICTbrpex ITPHJIO)KCHIIit, o6ru;HM 061,eMOM 96 CTpaHHIJ; 

Bo BBe,1.1.eHHH o6cy)K,D.a!OTCll OCHOBHbIC Tpe6oBaHIIll K TeopeTH'ICCKOMY orrncamI!O 

ITpou;eccoB Ha KOJIJiait,D.epax H MeTO,D.bI pa3BIIThre B paMKax K9,Il, II KX,Il,, ITpIIBJie

KaeMhie ,D.Jlll orrncaHHll ,D.aHHbIX OITbITOB. B KHHeMaTII'ICCKOit o6JiaCTII paccellHHll Ha 

MaJihie II 6oJihIIIHC yrJibI II OCHOBHbie xapaKTepIICTIIKII CC'ICHHII B 3TIIX o6JiaCTllX 

KpaTKO o6cy)K,D.CHbI. B Ka)K,D.Oit II3 3TIIX o6JiaCTeit IIMC!OTCll 3cpcpeKTIIBHbie ITapaMeT

pbI pa3JIO)KCHHll, Ii pa3BHBaeTCll COOTBeTCTBYIOIIJ;all TeopIIH B03MYIIJ;CHIIH. O6cy)K,D.e

Ha TO'IHOCTb ITOJiy'IaCMbIX ITPII 3TOM TeopeTII'ICCKIIX pe3yJihTaTOB. 

B rrepBOM rJiaBe II3y'!aeTCll HCCKOJlbKO ITpou;eccoB B ITepIIcpepH'ICCKOH KIIHe

MaTJIKe O,D.IIH 113 HHX TOpM03HOe Il3JIY'Iemre q:>OTOHa ITPH 3JICKTpOH-IT03IlTpOHHOM 

(ITpOTOHHOM) paccellHHII Ha MaJibie yrJibI. ,l],ucpcpepeHa;uaJihHOe CC'ICHHe 3TOrO ITpO

u;ecca He ITa,D.aeT c 3HeprIIeit B c.u;.M. na'!aJihHhIX '!acnru;. 3,D.eCb B~Hoit 3a,D.a'!eit 

llBJillCTCll ,D.CTaJibHOe HCCJIC,D.OBanue ITOJillpH3au;uoHHbIX CBOHCTB TOpM03HOrO q:>OTO

na, ,D.Jlll cJiy'!aeB ITOJillpH30Bannoro Ii HenOJillpH30Bannoro Ha'!aJibHOro 3JICKTpoHa. 

9TOT ITpou;ecc MO)KCT 6bITb IICITOJib30BaH KaK UCTO'IHIIK )KCCTKIIX q:>OTOHOB C OITpe

,D.eJieHHbIMH ITOmipll30BaHHbIMil CBOHCTBaMII. 

,l],pyroit ITpou;ecc, paccMaTpIIBaeMbiit B 3TOH rJiaBe IlCCJIC,D.OBaHHe aMITJIIlTY,D. ITO,D.

ITpou;eccoB THna: 2 -t 2, 2 -t 3, 2 -t 4 KaK MeXaHII3MbI o6pa30BaHIIll CTpyit B 

ITepucpepu'IeCKOH KUHeMaTUKe. Pe3yJihTaTbI ITOJIY'ICHHbie ITPII 3TOM MoryT IlCfIOJlb30-

BaTbCll C u;eJib!O MOHilTOpIIpoBaHJill Il OITpe,D.eJieHilll CBeTIIMOCTil 'Y'Y, "(e, ee± ITY,IKOB. 

I1cITOJlb30BaHHe MeTO,D.a cnIIpaJibHbIX aMITJIIITY,D. IT03BOJilleT ITOJIY'IllTb KOl\!IlaKTHbie 
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Bb!pa,KCllllll ,D.Jlll ce'-leHHH. Ou;ette1m TO'-IHOCTb ITOJIY'ICHllbIX pe3yJibTaTOB - cpopMy

Jibl CITpaBe,D.JIHBbI C TO'-IHOCTb!O HCCKOJibKO ITpou;eHTOB. TpeTblll\l ITpou;ecCOl\I paCCMOT

peHHbII\I B 3TOti rJiaBe llBJllleTCll ITpou;ecc o6pa30BaHIUI JICITTOHHOH ITapbI JIHHettHO

ITOJillpH30BaHHbll\l qJOTOHOM B ITOJie ll,D.pa IlJill IlOHa C 3apll,D.Ol\l Z. 9TOT ITpou;ecc 

llCITOJib3YCTCll ,D.Jlll TO'-IHOro OITpe,D.eJieHHll CTeITeHH JIHHetittoti ITOJillpI13au;rm q:>OTOH

HOro ITY'-!Ka. 3,D.eCh 3cpcpeKTUBHhil\l ITapal\1erpoM pa3JIO)KCHHll llBJilleTCll BeJIII'-lrma 

Za. BKJia,D.bI BhICIIIIIX ITOpll,D.KOB TB ITO 3TOMY ITapaMeTpy OTBe'!aIOT MHorocpoTOH

HhIM o6MeHaM KOMITOHCHT PO)K,Il,CHHOit ITapbI C ll,D.pOl\l. Bbl'-!IlCJieHHOe ,D.II(pcpepenu;11-

aJihHOe ce'-leHIIe 3Toro ITpou;ecca a TaK*e cITeKTpaJibHOe pacITpe,D.eJieH11e ITO 3HeprnllM 

KOMITOHCHT pO,K,D.CHHOll ITapbI. 

da 2a · 
2-rr-d d = - 2 [a(v) + (x2 + (1 - x)2 )b(v) - 2x(l - x)6 cos(2¢1)b(v)], 

X ¢1 m 

r,D.e 3aB!lCllMOCTb K03cpcp11u;ueHTOB a(v) Ii b(v) OT V paCC'-IHTaHa 'UICJICHHO. Pe3y.'lhTa

TbI ITOJIY'-ICHHbie B 3TOH rJiaBe IIMC!OT KaK MeTO,D.OJIOrH'ICCKY!O TaK II TeopeTII'ICCKY!O 

IJ;CHHOCTb. 

Bo BTOpoii rJiaBe IICCJie,IJ,yeTCll ITpou;ecc CITIIHOBOH aCIIMMeTpIIII ITy<IKOB ITPH 

yITpyroM paccellHIIH 3JICKTPOHa Ha ITPOTOHe. B COOTBCTCTBy10ru;eM OITbITe 113Y'-!aeTCll 

3cpcpeKT ITepeBopoTa CITIIHa paccellHHOro 3JICKTpOHa ITO OTHOIIICHIIIO K ero Ha'IaJib

HOit OpHeHTaIJ;UII. CooTBCTCTBYIOIIJ;aJI aCIIMMeTpllll ITO,D.aBJieHa cpaKTOpOM OTHOIIIe

Hilll MaCCbI 3JieKTpona K ero 3HeprHH. B 3TOM npou;ecce pa6oTaeT pe,KIIM ,D.Ba)K,D.bl

JIOrapIIq:>MII'-leCKoro npn6JIII)KCHilll. CaMa aCHMMeTpllll CBll3aHHall C ITepeBOpOTOM 

CITIIHa eCTb 'Ipe3BbI'!aHHO MaJiblll 3cpcpeKT, IIC'Ie3aIOru;eil: rrpn HyJieBOH Macce 3JICK

TpOHa. I1oKa3aHo, 'ITO BKJia,D. BbICIIIIIX ITOpll,D.KOB TB no ITapaMeTpy aL2 
3Ha'IIITeJieH 

II cyru;ecTBCHHO Il3MCHllCT pe3yJibTaT pac'-!eTa B HII3IIIeM nopll,D.Ke TB. Pe3yJibTaT ITO

JIY'ICHHbIH aBTOpOM 6hIJI ITPIIHllT BO BHIIMaime ITPII aHaJIII3e He,D.aBHO BbIIIOJIHCHHOro 

npeIJ;II31IOHHOro 3KcnepIIMCHTa. B 3TOH )KC rJiaBe aHaJIII3HpyeTCll B03MO)KH0CTb Il3-

Mepemrn BKJia,D.a ,D.ByxcpoTonnoro MexaHII3Ma ITPII aHHIIrIIJillIJ;UII e+ e- B ITapy ITpOTOH 

aHTIInpOTOH. I13MeplleMall na 3KCITepIIMCHTe 3apll,D.OBall acIIMMeTpllll o6ycJIOBJieHa 

IIHTepcpepenu;ueil: aMITJIIITY,D.bI B 6opHOBCKOM ITpII6JIII)KCHIIH 11 aMITJIIITY,D.bI B O,D.HO-
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neTJieBO1'1 np116JII!)K€JIIIII. Bonpoc O BKJia,[\e ,L\BYX(})OTOHHOro l\lexaml31\!a B KaHaJie 

pacceamrn 6bIJI npe,[\l\leTm,I IIpl!CTaJibHOro BHlll\laHIIR KaK 3KCrrepl!lll€HTaTopoB TaK 

II TeopeTHKOB, B CBR3ll C rrpo6Jiel\lOH. 1131\lepemrn 3apR,[\OBOro II J\larmITl!Oro cpopl\1-

cpaKTOpOB npOTOHOB. 3,[(eCb npe,[\IIOJiaraeTCR !\!€TO,[\ npm,mro Il31\!epemrn B KaHaJie 

a1nrnrnnm11111. ITp1rne,[\eHbI q11cneHHbre rrpe,[\CKa3amrn 3Kcrrepm,reHTa. 

B TpeTheii rJiaBe l!CCJie,[\yIOTCR npOI.[eCCbI ee amrnrnmII.[llll B ,[\Ba II B Tpll (})OTO

IIa C BbIJ1€TOJ\I BbICOKO3HepreTII'leCKl!X (})OTOHOB Ha 6oJibllllle yrJibl B C.I.[.1\1. ITpl!Hll-

1\!aIOTCR BO BHlll\IaHIIe BKJia,[\bl OT ll3JIY'l€Hl!R BllpTyaJibHbIX II peaJihHbIX )K€CTKIIX 11 

J\151I'KIIX (})OTOHOB. ITyTeM ,[\eTaJibHOro aHaJIII3a BKJia,[\OB HII3Illl!X IIOpR,[\KOB TB, rro

Ka3aHa crrpaBe,[\Jll!BOCTb OIUICaHl!R B TepMIIHax CTPYKTYPHb!X (})YHKI.[l!H. 3Jl€KTpoua 

n no3nTpoHa. TaK ,[\JIR npol.[ecca ,[\BYXKBaHTOBotl. auunrnJIRI.[IIII nonyqeuo 

11 11 a da(p_, P+, k1, k2) = dxD(x, L) dyD(y, L)daB(xp_, YP+, k1, k2)(1 + -K2) 
0 0 ~ 

2a2 x2(1 - c)2 + y2(1 + c)2 
daB(xp_, YP+, k1, k2) = - [ (l ) (l )]2(l 2) d01. sxy X - C + y + C - C 

chn CTPYKTYPHbie (})YHKI.[llll D(x, L) Y,L\OBJICTBOpRIOT Cl!CTCMC ypaBH€Hl!H. 3BOJllOI.[1Ill 

Pr K9,ll ITpIIMeHaa 06nzy10 TeopeMy o cpaKTopII3al.[nn BKJia,[\oB 6oJibIIIIIx II MaJihrx 

paCCTORHIIH., MO)KHO 0606II[l!Tb pe3yJihTaT noJiy'leHHbIH. B Hll3IIICM nopa,[\Ke, BKJllO

qnB B paCCMOTpeHne BKJia,[\bI BbICOKIIX nopR,[\KOB TB B rJiaBHOM JiorapII(})Mll'lCCKOM 

npn6JIII)KCHIIII aL ~ 1. ITpel.[II3IIOHHhIH. pacqeT B HII3IIICM nopa,[\Ke TB no3BOJia

eT TIOJIY'll!Tb pe3yJihTaT C 60JibIIIOH. TO'lHOCTblO Y'lllTbIBaR BKJia,[\bI Tl!Tia a( a£ r -
T.e. npn6JII!)K€Hllll, CJ1€,[(ylOII[l!M 3a JllI,[\IIpyIOII[lIM norapII(})Mll'lCCKIIM. Pe3yJibTaTbl 

TIOJIY'lCHHbIC B ,[\l!CCepTal.[l!ll MoryT 6bITb l!CTIOJlb3OBaHbl ,[\JIR HC3aBIICl!MOro onpe,[\e

JICHIIR CBCTIIMOCTII Ha e-e+ KOJIJiaH.,[\epax. 

B 3TOH. )KC rJiaBe paCCMOTpeu npOI.[CCC o6paTHbIH. npol.[eccy 6eTa-pacna,[\a HCH.Tpo-

Ha. Dpl! 3TOM B Ka'!CCTBC ycIIJIIIBaIOII[ero cpaKTopa l!MC€TCR JIOrapII(})M OTHOIII€Hl!R 

Mace npoToHa II 3JICKTpOHa L(M/me)- ,l],na ceqeHIIR 3Toro 3Toro npol.[ecca a TaK)Ke 

npOI.[ecca, CBR3ammro C HIIM npeo6pa30BaHIIR Kpoccnura, TIOJIY'lCHbl Bbipa)KCHl!R 

cnpaBC,[\JllIBbie B B€,[\yll[CM ( Ct ln( M) r II CJIC,[\ylOII[lIM a( a ln( M) r npII6Jil!)K€Hll-
me me 
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}IX. TaK)KC IIOKa3aHa BO31\IO)KHOCTb 3am1cl! Bb!pa)KCHIIR ,[\JIR ceqemrn B TCpMIIHax 

CTPYKTYPHhrx cpyHKI.[m1 3JICKTpoHa. 

1 

da = j D(x, L)daB(Pe(l - x),p) (1 + ;K) dx. 
0 

9KcnepIIMCHTaJibHOe l13y<I€HIIC 3Toro BOIIpo~a RBJIRCTCR O,[\Hl!J\I ll3 BO3MO)KHb!X Te-

CTOB npoBepKn CM. 

B qeTBepToii rJiaBe MeTO,[\bl K9,l],, KOTOpbie 6hIJill npnMeHCHbl B rrpe,[\bl,[\yll[IIX 

rnaBax 11cnoJ1h3YIOTCR B KX,l],. Paccl\laTpl!BaeTcR npol.[ecc nepncpep11qecKoro B3a11-

l\!O,[\CHCTBIIR npoTOHa C R,[\pOM. 

3,[(CCb B Ka'ICCTBC napaMeTpa 3(})(})€KTl!BHOro pa3JIO)KCHIIR RBJIReTCR npOl!3BC,[\e

Hl!C Cl!JlbHOH. KOHCTaHTbl CBR3l! Cts Ha aTOMHb!H. HOMep R,[\pa MlIIIICHl!. IToKa3aHo, 'ITO 

BKJia,[\bI KX,l], ,[\OMIIHnpyIOT Ha,[\ BKJ1a,[\aM11 K8,l],-np11po,[\bI. B 3TOM npol.[ecce MO)KCT 

6bITb 3KCnepl!MCHTaJibHO l!CCJIC,[\OBaHa 3(})(})€KTl!BHaa BepIIIHHa OIIIICbIBaIOII[aR ne

pexo,.i:i; ,IJ;BYX pe,[()KC3OBaHHbIX l'JllOOHOB B ,[\Ba o6bI'!HbIX rJIIOOHa, C IIOCJIC,[(ylOII[IIM 

nepexo,.i:i;oM !IX napy 3apR)KCHHbIX TIIIOHOB. ,l],na cnyqaa pO)K,[\CHIIR n a-M€3OHOB no

JIY'l€HO Bblpa)K€HIIC 

J d
2p (LaoZ(p)t 

an= -( )2 1 exp(-LaoZ(p)), 
2~ n. 

r,[\e a0 = 2.25 * 10-3a~MJ/(M,,M:a(fm)3), Z(p) OTBeqaeT onncaHIIIO B 6opuoBCKOM 

np116J1l!)KCHl!l!. 11ccJie,[\OBaHa MHO)KCCTBeHHOCTb o6pa30BaHIIR TIIIOHOB B O,[\HOM aKTC 

CTOJIKHOBCHl!R. Pe3yJihTaTbl IICTIOJib3OBaHbl ,.'J;JIR ofrbRCHCHl!R npeBbIIIICHIIR BbIXO,[\a 

TIOJIO)KlITCJlbHbIX MIOOHOB Ha,[\ OTpl!I.[aTeJibHbIMII B KOCMl!'lCCKIIX nyqax. 

Ha 3aID;HT)' Bhl,ll;BHraIOTCB CJie,l];yIOID;He pe3yJihTaTbI. 

1. BbI'llICJieHa CTCIICHb Jll!H€HHOH. nomrpl!3al.[l!l! TOpMO3HOro (})OTOHa ,[\JIR HCTIOJIR

pII3OBaHHb!X TIY'IKOB e - p II e - e± CTOJIKHOBCHl!H. Ha MaJibie paccenBaIOII[l!e 

yrJibl IIpl! BbICOKl!X 3Heprl!RX. Bbl'll!CJ1€Hbl napaMeTpb! CTOKCa ,[\JIR 3TIIX npo

I.[€CCOB KaK cpyHKI.[l!l! Kl!HeMaTII'leCKl!X nepeMCHHbIX, TaKl!X KaK: npe,[\aHHb!H. 

IIMIIYJibC IIOJIRpHbIC lI a3lIMYTaJibHbie yrJibI (})OTOHa lI ,[\OJIII ero 3HeprIIl!. 
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2. BhI'-Il!CJieHbI ,[\mpcpepemi;liaJibHbie ceqemrn ,[\Jia rrpoIJ;eccoB cpoTo-o6pa3oBaHirn 

3JieKTpOH - Il03lITp0HHOH rrapbl B IlOJie a,[\pa, a TaKMe crreKTpaJibHOe pacrrpe

,[\eJieHlle ITO 3HeprirnM KOMIIOHeHT pOM,[\eHIIOH napbl. Y'ITeHbl BKJia,[\bl BblClllllX 

nop51,[\KOB TB no napaMeTpy Za, KOTOpbie cooTBeTCTBYIOT o6MeHy BIIPTYaJih

Hhil\m cpOTOHal\lll MeM,[\y 51,[\pOM II KOl\lIIOHeHTaMH 3JieKTpOH - II03llTponnoil: na

pbl. TaK)Ke Bbl'IHCJieHO Ce'IeHlle ,[\JI51 6oJiee peaJIHCTll'IHOro CJiy'Ia51 3Kpannpo

BaHHoro IIOTeHIJ;llaJia. 

3. PacCMOTpeHbl IIO,[\IIpOIJ;eCCbI o6pa30BaHll51 CTpyil: IIpII CTOJIKHOBeHllII 'Y'Y, "(e, ee± 

IIY'IKOB. BbI'IHCJieHbl CIIIIpaJibHble aMIIJIHTY,[\bI ,[\JI}[ 3TllX IIO,II;IIpOIJ;eCCOB, II Ha HX 

OCHOBe ,[\aHbl ce'IeHII}[ B KOMIIaKTHOH cpopMe. npnBe,[\eHa TeXHIIKa BbI'IllCJieHll51 

CIIllHOBbIX MaTpIIIJ; ,[\JI51 ,[\aHHoro CJiy'Ia51. 

4. BbI'IIICJieHbI pa,II;HaIJ;HOHHbIH IIOIIpaBKll B JIII,[\IIpyroIIJ;eM lI CJie,[\yIOIIJ;eM 3a JIII

,[\llPYIOIIJ;llM npn6Jill)KeHHll K npoIJ;eccaM 2"( II 3"( anHHrHJI51IJ;llll IIpll BbICOKHX 

3Heprll51X. 

5. PacCMOTpeH npoIJ;ecc o6paTHOro 6eTa-pacna,n;a. Bbl'IHCJieHbI pa,[\HaIJ;IIOHHbie IIO

npaBKll C Y'IeTOM ll3Jiy'IeHll}[ M51rKoro ll MeCTKOro q)OTOHOB, B Jill,II;llPYIOIIJ;eM ll 

CJie,[\yIOIIJ;llM 3a Jill,II;llPYIOIIJ;llM npn6Jill)KeHllll. BbI'IHCJieHO ,II;HcpcpepeHIJ;llaJibHOe 

ce'IeHne ,[\JI51 Kpocc-npori;ecca. 

6. Bbl'IHCJieHa CTillHOBM aCllMMeTpll51 B ,[\BaM,[\bl-JIOrapllcpMll'IeCKOM npll6JIH)Ke

Hllll npll pacce51Hllll 3JieKTpOHa Ha npOTOHe. 

7. IlpoBe,n;eH aHaJill3 no ,ll;BJXCIJOTOHHOMY o6MeHy ,[\JI51 npori;ecca aHHHrllJI51IJ;llll Jien

TOHHOH napbl B napy npOTOH - aHTHIIpOTOH. BbI'IHCJieHa aCllMMeTplla ,[\JI}[ 3TOro 

npori;ecca C Y'IeTOM H3JiyqeHll51 M51rKllX cpOTOHOB B Ha'IaJibHOM COCT051HHII. 

8. B paMKaX 3cpcpeKTllBHOH pe,II;,KeBCKOH TeOpllll paCCMOTpeH npori;ecc o6pa30Ba

Hll51 ,[\BJX peaJibHbIX rJIIOOHOB, nepeXO,[\}[I!J;HX B IlllOHbI; npll nepIIcpepII'IeCKOM 

npOTOH 51,II;epHOM CTOJIKHOBeHIIll. 
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