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BBE,[(EHME 

AKTyaJibHOCTb rrpo6JieMhI II n;eJIH HaCTOJIIn;eii pa60ThI. 

Heo6xO,llllMOCTb noJiy'IeHilJI ,ll0CTOBepHoil: u onepaTHBHOH HH<pOpMa

IIIlll o napaMeTpax nyi:ma noHoB npn npoBe.n;eHuu 3KcnepuMeHTon Ha pa3-

JIH'IHfilX yqacTKaX C0BpeMeHHfilX ycKopuTeJibH0-HaKonuTeJibHfilX K0MnJICK

C0B CTHMYJIHpyeT noHCK HeB03Myll(alOrn;HX MeT0,ll;0B ,D;HafH0CTHKH. IJo,n; HC

B03Myll(al011(HMH o6fil'IHO no.n;pa3yMeBalOTCJI MeT0.Zlfil, Kor.n;a BH0CHMI,IMH npu 

Il3MepeHHH B03MymeHHJIMH ny11Ka M0JRH0 npeHe6pe'Ib. Hau6oJiee noJIH0e 

npe,n;cTaBJieHHe 0 ny'IKe H0H0B .n;alOT H3MepeHHJI T0Ka nyi:ma no npeMeHH, 

ero npocTpaHCTBeHHoro pacnpe,n;eJieHHJI no ce'IeHHIO KairnJia TpaHcnopTH

poBKH, a TaKJRe HH<pOpMaU:HJI 06 3MHTTaHCHfilX xapaKTepHCTHKax, K0TOpfilC 

CBJI3aHfil C yrJionfilM pacnp~,n;eJieHHeM H 3HepreTH'ICCKHM CITCKTp0M H0H0n n 

nyqKe. HeB03Myma10muil: xapaKTep H3MepeHH:ii 60JibllIHHCTna 3THX ITapa

MeTpon HCB03M0JRH0 peaJIH30BaTb ITPH ucnom,JonaHHH Tpa.n;HIIH0HHI,IX .ZlJ!JI 

3apJIJReHHfilX qacTHII MeTo.n;on .n;uarH0CTHKH. ,l..(oITOJIHHTCJibHOC 0CJI0JRHeHHC 

nfil3filBaeT naJRH0e .ZlJ!JI ITY'IK0n nfilC0KHX 3Hepruil: Tpc6onaHHC KOMITclKTHOCTH 

.n;uarH0CTH'IeCKHX ycTpoil:cTn. I{poMe Toro, pa3Hoo6pa3IIe ycR<>pHTCJIC:ii C 

0TJIH'IcllOII(HMHCJI. Ha HCCK0JibK0 IT0pJI,n;Kon napaMCTpaMH nfil3IJnaeT Hco6xo

.ZlllM0CTb n C03,D;aHHH H0nIJX .n;uarHOCTH'ICCKHX CHCTCM, KOT0pfilC ,Zl;0JIJRHI,I 

fifilTI, 6oncc YHHncpcaJII,HIJMH H 6oJicc 6IJcTphlMH 'ICM HX ITf>C.ZlllICCTncH

HHKH. B cnJI3H C '.➔THM, aKTyaJibHOH 3a,n;aqc:ii JinJIJICTCJI pa3pafioTKa MCTO

,n;on If ycTpO~CTn .ZlJ!JI H3MCJ)CHHJI pa3JIH'IHIJX xapaKTCpHCTHK ITY'IKa HOH0n 

ITO nTopH'IHfilM qacTHU:aM, pom.n;eHHIJX ITPH n3aHMO.ZlCHC:TnHH HOH0n C K0MIT0-

HCHTaMH OCTaT0'IH0ro ra3a HJIH ITpaKTH'ICCKH ITJH>3pa'IHO:ii .ZlJ!JI ITY'IKa nHy

Tf>CHHCH MHIIICHblO. OcHOnHOH 3a,n;aqcft cn113aHHIJX c '.➔THM HCCJie,n;onaHH:ii 

JinJIJICTCJI nfilJinJICHHC n03MOJRH0CTH 0ITpc.n;cm~HHJI HC06XO.ZlHMfilX ITapaMeTp0B 

ITY'IKa ITO CO0TnCTCTnyIOIUHM xapaKTCJ>HCTHKaM .n;aHH(ff() Tuna nT0pH'IHfilX 

qacTHU:, a TaKlliC H3Y'ICHHC rpaHHU: HCITOJII,30naHHJI 0CHonaHHfilX Ha 3T0M 

1WTO.D;0n .ZlHarH0CTHKH If .Zl0CTHracMIJX ITJ>H '.➔TOM T0'IHOCTCH. 

I1011HMO ·noro, n conpcMCHHIJX ycKopHTCJibH0-HaK0ITHTeJibHI,IX K0M

ITJICKCax· H ITPH pa3pa60TKC CHCTCM TpaHCIT0pTuponKH 3HeprHH Ha 60JII,

IIIHC pacc:TO/IHHJI HHTCHCHnHIJMH ITY'IKaMH, IIIHp0KO HCIT0JII,JyeTCJI nepe3a

P1I.ZlHfil:ii MCT0.Zl yITpanJICHHJI IT0T0KaMH qacTHII. <I>opMHpyJI nHyTpeHHHe ne

pe3ap1I.ZlHfilC MHIIIeHH Ha pa3JIH'IHfilX yqacTKaX KaHaJia TpaHCIT0pTHp0BKH 

ITJ'IKa M0JRH0 cymecTBeHI~0 nJIHJITI, · Ha pacITpe,n;eJieHue qacTHU: B cpa3onoM 

ITf>0CTpaHCTBe H Ha xapaKTep HX .ZlBHJReHHJI no nHeIIIHHX 3JieKTp0MarHHT

HfilX ITOJIJIX1 a TaKJRe ocymecTBJIJITI, y.n;o6Hyl0 .ZlJ!JI <pH3H"9:eCKHX 3Kcnepu

MeHT0B pa3B0.ZlKY nyqKon nfilC0KHX 3Heprllll. HaH60JibIIIaJI 3cp<peKTHBHOCTI, 

ti;•,1 .. ,. ....... ,, .. /\ r,••.....t~ I ✓i¥.i. ~e, Ulil:1~ tl.u~ii .j:,_.111,Q.1 .,I' a 

au-e~F.t.-i:K t.u:c.neiaii;u1aa 
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MeTo.n;a .n:ocTuraeTCJI npu ucn0JII,30BaHUU OTpun;aTeJII,HI,IX U0H0B Ha HatiaJII,

H0M 3Tane TpaHcnopnrpoBRll nyqRa. 8To no3B0JIJieT, B qacTHOCTU, cy

mecTBeHH0 YJIY'IIIIUTI, RatieCTB0 nyqRa npu npeo6pa3oBaHUU UOHOB B Hell

TpafilHhle qacTUU:hl nepe.n: yqacTR0M C Hau6oJiee "Henpll1ITHhltrn" 3JieRTp0-

MarHUTHhlMU noJIJIMU, npu U3MeHeHHU 3HaRa aapJI.n:a qacTUU: Ha yqacTRaX 

uIDReRn;llll U BhlBo.n:a nytIRa B U:URJilltieCRHX ycRopuTeJIJIX, a TaR.lKe 3HatIU

TeJihH0 pacmupUTh B03M0.lKH0CTU U .n;nanaaoH 3Heprui1 nytIRa 3JieRTpocTa

TU'IeCRIIX ycRopuTeJiei1 • .ll:JIJI pemeHilJI 3TUX aa,n;aq BaJRHa HH<f>OpMa:QHR 

06 UHTerpafilHhlX Il .n;ncpcpepeHn;UaJII,HhlX ceqeHHJIX 06.n:upRU UOHOB, R03cp

cpun:ueHTaX npeo6paaonaHilJI B Hy.lKHoe aapJI,n;onoe cocTOJIHne u pecypce 

ucnOfil3yeMOH BHyTpeHHei1 MUIIIeHU. 
BHyTpeHHUe MUIIIeHU mupoR0 ucnofil3YIOTCJI U He3aMeHUMhl npu npo-

ne,n;eHUU onpe,n;eJieHH0ro RJiacca cpuauqecmx 3RcnepuMeHTOB B U:URJilltie

CRUX ycRopuTeJIJIX. I{ HeMy 0TH0CJITCJI 3RCnepuMeHThl, npone,n;eHue ROTO

phlX Ha BhlBe.n;eHH0M nytIRe HeB03M0.lKH0 IlJill 0CJI0.lKHeH0 U3-3a 3Ha'IUTeJII,

H0ro ncRa.lKeHuJI uHcpopMan;uu RacRa.n;HhlMil npon:eccaMu B MUIIIeHu, cyme

cTneHHoro ncRa.lKeHilJI xapaRTepucTUR perucTpupyeMhlX qacTun: uJiu ux no

rJioll(eHUJI M~IIIeHhIO. .ll:JIJI onTUMU3an;uu 3TUX 3RcnepuMeHT0B aRTyaJibHO 

uayqeHHe 3B0JIIOU:IlU napaMeTp0B nyqRa npu B3aUMO.n;ei1cTBUU C nHyTpeH

Hei1 MUIIIeHhIO ycR0pUTeJIJI, a TaR.lKe poJill 3T0ro npon:ecca Ha q>OHOBhle 

ycJI0BUJI ~ .n:ocTuraeMhle 3HatieHUJI cBeTUM0CTU. 

TaRUM o6pa30M, uaytieHUe u onTUMH3an;1rn B3aUMO,n;ei1CTBilJI IlOHOB C 

BHyTpeHHUMU MUIIIeHJIMU, a TaR.lKe pa3pa6oTRa MeTo.n;on u ycTpOHCTB ,n;JIJI 
HeB03Myma10mei1 .n;narH0CTURll nytIRa Ha ux 0CH0Be, JIBJIJIIOII(UeCJI :QeJiblO 

~n:ccepTa:QHOHHOH pa6oThl, npe.n;craBJIJIIOT co6oi1 pa3BUTile H0BOrO Ba.lK

H0ro HanpaBJieHilJI Il TeXHURe q>U3U'IeCRoro 3RCnepuMeHTa C ucnofil30Ba

HileM ny'IR0B ycRopeHHhlX qacTnn:. 
)];n:ccepTa:QHOHHaR pa6oTa COCTOHT Il3 BBe,n;eHilJI, IIJITU rJiaB Il 

aaRJIIO'IeHilJI. OHa Il3JI0.lKeHa Ha 284 CTpaHun;ax MaIIIuHonncHoro TeRCTa 

n BRJIIOtiaeT 95 pUCJHR0B, cnucoR pa6oT anTopa no TeMe .n;nccepTan:uu u 

cnncoR JlllTepaTyphl U3 305 HanMeHoBaHHll. 
Ilo uToraM npone,n;eHHhlX B ,n;nccepTan:1rn uccJie,n;onaHHi1 Ha ~a~HTY 

BbIHOCRTCR: 
- peayJII,TaThl TeopeTIT'IeCK0r0 nayqeHllJI BJIIDIHilJI JieHTO'IHOH reoMeTpuu 

3KcnepuMeHTa Ha naMepeHrre yrJI0BhIX pacnpe,n;eJieHrri1 qacTun:; 

~ peayJII,TaThl Il3MepeHITJI npe,n;eJII,HOll T0'IH0CTU COOTBeTCTBilJI yrJI0BhlX 

pacnpe.n:eJieHITH IT0H0B H- IT aT0M0B H 0 
B nyqKe C rrcnOJIJ,30BaHUeM R0p

nycKyJIJipHhIX MITIIIeHei1; 
- peayJII,TaThI rrccJie.n:onaHilJI BJIIDIHHJI noJIJipn3aunn U M0II(HOCTU !pOTOH-

2 

' 

( 

,1 

II 

HOH MUIIIeHU Ha 0ROJionoporonI,IH paanaJI H0H0B H-; 
- U3MepeHHhle cetieHilJI a-_10 u 0-01 Ha yrJiepo.n:e ,n;JIJI H- u H 0 qacTUU: c 

:rneprueft 2 u 7 M3B; 

- pe3yJII,TaThl UCCJie,n;oBaHUJI BJIUJIHilJI noJIJipuaan:uu <pOTOHHOH MHIIIeHir Ha 

po.lK,n;eHue 3JieRTp0H0B c napaMeTpaMu ynrnnoft acUMMeTpuu /30 = -1, 2; 
- MeT0.ll:hl Il ycTp0HCTBa ,n;JIJI HeB03¥yma10mei1 .n;narH0CTURU ny'IR0B 0Tpn

I{aTeJII,HhlX U0H0B u Hei1TpaJihHhlX tiaCTMU: no 3JieRTpoHaM <I>oToo6.n:upRu; 

- pe3yfilTaThl u3yqemrn BJIMJIHUJI T0Ra nytIRa 0Tpun:aTeJihHhlX U0H0B Ha 

ero .n:uarH0CTURY no 3JieRTp0HaM 06.n:npRn; 

- MeTo,n; .n:narHocTuRn nyqRa uoHoB no 3JieRTpoHaM <l><>TonoHn3an;uu npo

Me.lKyTotIHhlX 6hlcTphlX Hei1TpaJII,HI,IX qacTnn:; 

- npoeRT Il pe3yJihTaThl pactieTa pa.n:nan:noHH0 CTOHI{(ff() ,Zl;CTCRT0pa rrpo

CTpaHCTBCHHoro pacrrpe,.ueJieHUJI UMilYJihCHoro II0T0Ra 6hICTJ>hlX :➔JICRTJH>H0B 

,n;JIJI .n:uarH0CTU'IeCRUX ycTpoii:cTn; 

- RoppeJIJIU:MOHHhlll MeTo,n; HCB03Mymaromcii: .n:narH0CTilI{M rryqI{a M0H0B Il 

ycTpoii:cTno .n;JIJI ero peaJin3an;nn; 

- pe3yJihTHThl UCCJie,n;onaHUll cneTonoro Il3JiyqcHMJI ra30IlhlX MMIIICHCH rro.n: 

no3,n;eii:crnueM rryqRa noHon H- c :rneprueii: 100 K➔B ---;- 2 M:➔B; 
- ycTpOHCTilO .ll:JIJI HCB03Mymaromcro Il3MCpCHU/I rrpocTpaHCTBCHHhlX xa

J>aRTCJ>UCTMR rrytIRa U0H0B no CBCT0B0MY Il3JiyqcHMIO Il RilHaJIC TpaHcnop

Tilp0BRil C JI0RaJihHhlM HarrycR0M ra3a; 

J>C3YJihTilThl n3yqeHMJI cnenmoro Il3JiyqcHMJI Ha IlhlX0L(C HCHilrJ>YlliCHHhlX 

rryqRmI Bl1-JH~30HilTOJHJB JIMHCHHOro ycR0J>IlTCJIJI; 

CTilHU:Il/I BH.YTJH'HHMX :\IMIIICH<~ll Ha HYRJI0TJ>0H<'; 

JJ<'3_YJihTilThl TC0J)CTMqccRoro U ·mcII<'J>IlM<'HTilJll,H0ro MCCJICL(0ililHU/I B3a

Il:\IO.ll:Cll(TBMII /IllCJ> (' BHYTJ>CHHMMM :IIMIIICHJI:\IM Hit HYRJI0TJ>0HC Il -➔noJIJOU:UM 

rrapa:\I<'Tpon rr_yqRa. 

Arrpo6aQUR pe3yJI1>TaTon u rry6JiuRaQuu. OcmmHhlC pe3yn1,-

TaThl, IIJ>Ilil('L(CHHhlC n .n:ncc·cpTan:nn, Il3JI0iRCHhl n 44 orry6JIUI{OililHHhlX pa-

0OTaX. C"IIMC'0R I{0T0JJhlX IIJ>MJiaracT<:JI, L(0RJial(hlililJIIlCI, ua BcecoI03HhlX U 

:\Ic·iR.n:yHaJHJLlHhlX ROH<l>cpc'HU:UIIX (CaH-<I>paun:nrno, CIIIA, 6-9 MaJI 1991; 
Barmrnrnrn, CIIIA, 17 20 :IIaJI 1993; Jicrn.n:ou, BennRo6pnTanuJI, 27 MIOHJI 

- 1 MJOJIJI 1994: Taop:--rnm1, I1TaJinJI, 30 MaJI - 4 MIOHJI 1994; CuTrec / 

EapccnoHa, I1cmrnn1I, 10 -14 UIOHJI 1996), CMMII03MyMax (YrrToH, CIIIA, 

1992: lly6ua, PoccnJI, 28 cpenpaJIJI - 4 Maprn 1995), conemaHilJIX (Xap1,

Ron, CCCP, 28 30 :1raJI 1991; lly6Ha, PoccuJI, 13-15 OKTJI6pJI 1992; BapHa, 

EoJirapnJI, 31 Ma/I - 5 MIOHJI 1994; IlpoTBMHO, PoccuJI, 25-27 OKTH6pJI 1994; 
Bapua, EoJirapnJI, 18-24 ceHrn6pJI 1995; .IJ:y6ua, PoccnJI, 19-21 .n:eKa6pJI 
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1995; CoaonoJI, BoJITapIDI, 30 ceHrn6pH - 5 OKTJI6pH 1996), IIIKOJiax (IlH
acKII, IIomIIIa, 18-28 aBrycTa 1993; BapHa, BoJITapIDI, 12-18 ceHTH6pH 

1994), a Tam1<e o6cym,n;aJIHcb Ha ceMHHapax n Hayqm,1x KoH<pepeHI(IDIX 

CyxyMCKOro <pll3HKO-TeXHHqecKOro HHCTHTyTa n Jia6opaTOpnn BhlCOKHX 

3Heprnii Ol1Rl1. 

CO,z::t;EPJKAHHE PABOTbI 

Bo BBe,n;eHIU{ o6ocHoBaHa aKTyamHOCTb TeMhl ,ll;IICCepTa:u;nn, ccpop

MYJIHPOBaHhl u;eJin nccJie,n:onaHirii, KpaTKO H3JIOllieHo co,n:eplliaHne ncex rJian, 

a TaKJI{e rrpnne,n:eHhl IIOJIOJI{eHIDI, BhlHOCHMhle Ha aamnTy. 

IlepBan rJiaBa ocHoBaHa Ha pa6ornx [1-10] n rrocnHm:eHa TeopeTn

qecKoMy n 3KcrrepnMeHTam,HoMy nayqemno pom,n;eHIDI aTOMOB no.n:opo.n:a n 

3JieKTpOHOB rrpn 06,ll;IIpKe HOHOB H- Ha BHyTpeHHHX KOprrycKyJIJipHhlX n 

<pOTOHHhlX MHIIIeHHX. 

MaKCHMamHaH TOqHOCTb COOTBeTCTBHH yrJIOBhlX pacrrpe,n:eJieHnii no

HOB H- H aTOMOB H 0 B rryqKe C HCIIOJII,30BaHIIeM KopnycKyJIHpHoii BHy

TpeHHeii MHIIIeHH peaJIHayeTCH rrpn ee MaJIOH TOJIII(HHe, Kor.n:a 06,ll;IIpKa 

HOHOB rrponcxo,n:HT B peaym,TaTe 0,n:HOKpaTHhlX CTOJIKHOBeHHii. BeJIHqnHa 

3TOH TOqHOCTH orrpe,n:eJIHeTCH IIIHpHHOii (Go= 201;2) Ha IIOJiyBhlCOTe yrno

BhlX pacnpe,n:eJieHHii 1(0) aTOMOB H 0 B 3JieMeHTapHhlX aKTax me pam.n;eHHJI. 

8KcrrepHMeHTamHoe HayqeHne ,n:aHHhlX pacrrpe,n:eJieHnii rrpono,n:nJiocb c HC

IIOJib30BaHneM paaJIHqHhlX raaonhlx MnIIIeHeii (He, Ar, l{r, Xe, H2, N 2, CO2) 

n .n:narraaoHe 3Heprnii HOHOB En-= 10 + 300 K3B c MCKpeTHOCTbIO 

10 K3B. B COOTBeTCTBHH C Teopneii rrpH 3THX 3HeprnHX HaH6oJiee aK

Tyam,Ho rroJiyqeHne xopoIIIero corJiacIDI npe,n:cKaaaHHhlX pacrrpe,n:eJieHHii 

c 3KcrrepnMeHTOM, a npH nocJie.n:yromeM pocTe En- cnpane,n:Jinna aHaJio

rnqHaH <pyHKD;HOHaJibHaH aanncHMOCTb G 0 ( En-). C yqeTOM OJI{H,n:aeMhlX 

BeJIHqnH Go 3KCIIepnMeHThl npOBO,ll;IIJIHCb IIpH HCIIOJII,30BaHHH JieHTOqHI,IX 

rryqKOB HOHOB H-. IIpone,n:eHHhle HCCJie,n:onaHIDI no TeXHHRe nx cpopMH

ponaHIDI noKa3aJill B03MOJI{HOCTb IIOJiyqeHHH ,n:ocTaToqHo MaJihlX reoMeTpn

qecKHX H yrJioBhlX paaMepon nyqKa no pa6oqeii Koop.zurnaTe, n coqeTa

HHH C Heo6XO,ll;IIMOH ,n:JIJI H3MepeHirii HHTerpam,Ho:il: HHTeHCHBHOCTbIO no

TOKa HOHOB H rrpeHe6pe)l{HMO MaJioii pomro rrpocTpaHcTneHHoro aapH,n:a aa 

cqeT 6omIIInx reoMeTpnqecKIIX paaMepon rryqKa no .n:pyro:il: KOOp,IJ;IIHaTe. 

B ,n:aHHoii reoMeTpnH 3KcrrepnMeHTa yrJionhle pacrrpe,n:eJieHIDI aToMon H 0 

ll3MepHIOTCH CKaHnponaHHeM llX IIOTOKa Ha rrpoJieTHO:il: 6aae z. II(eJieBhlM 

,n:eTeKTOpOM rrapaJIJieJII,HO IIJIOCKOCTH nyqKa HOHOB, JIH6o npn llCilOJII,3ona

Hllll MHOroKaHaJII,HOH KOOp,n:nHaTo-qyncTBHTeJibHO:il: CllCTeMI,I perHcTpau;nn. 

Peaym,TaThl qncJieHHoro Mo.n:eJIHponamrn ,n:JIH aKcnamno CHMMeTpnqHoro 
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pacceHHHH, rrpe,n:cTanJieHHhle n paa,n:eJie 1.1, rroKa3hlBaIOT, qTo pcrncTpnpy

eMhle pacrrpe,n:eJieHnH 1.(0.), r.n:e 0. - yroJI n HarrpanJicHnn cKaHnponamm, 

MoryT 3HaqIITeJibHO OTJinqaTbCH OT 1(0). IlpH 3TOM CTeneHb rrpOHBJICHIIH 

rcoMeTpHII 3KCnepHMeHTa cymecTBCHHO 3aBHCIIT OT <pyHKUHOHaJibHhlX oco-

6eHHOCTeii II3MepHe110ro yrJionoro pacnpe,n:eJICHHJI n 3TO Heo6xo,n:IIMo yqH

ThlBaTb npn o6pa6oTKe 3KcnepIIMe~TaJibHOro MaTepIIaJia. ,ll;aHHhlii reoMc

TpIIqecKII:il: <paKTOp MOJI{HO KOJinqecTBCHHO xapaKTepII30BaTI, OTHOIIICHIICM 

0.1;2f01; 2 = K, me 20.1;2 - IIIIIpIIHa Ha rroJiynhlcoTe pacrrpe,n:eJieHIIJI 1.(0.), 
3aBIICJIII(aH OT 3HeprIIII IIOHOB. B KaqecTne rrpIIMepa IIOJiyqeHHhlX rrp:rr 'Ill

CJieHHOM MO,D;eJIIIponaHIIII pe3yJinTaTOB Ha p:rrc.l npIIne,n:eHa 3aBIICIIMOCTb 

K(0.1; 2) ,n:JIH pacrrpe,n:eJieHIIH 1(0) ex [1 + (0/G)2J-< (( = 1,3/2) II reoMc

TpIIII npone.n:eHHhlX 3KCIIepIIMeHTOB (a = 5 MM, b = 2 MM, z. = 104 MM, 

CY ,::;; 2, µ = 3 + 6, oy_ = 2-10-2 MM). IlpII 3TOM 2b - ,n:JIIIHa m:cJicnoro 

,n:eTeKTopa, 2a II 2y:2ay - xapaKTepHhle reoMeTpIIqecKIIe paaMephl ce'IeHHJI 

JICHTO'IHOro ny'IKa B o6JiaCTII B3anMo,n:eiiCTBIIJI, µ II CY - neJIII'IllHhl, xapaK

TepII3YIOII(IIe pacXO,ll;HMOCTb IIY'IKa B rrepneH,n:IIKyJIJipHOM II rrapaJIJICJihHOM 

ero ITJIOCKOCTII HarrpanJieHIIJIX COOTBeTCTBeHHO. 

3.0 

K 
2 5 

2.0 5 6\\\\__.4 

4 

1.5 ~ ~ = 1 

1.0 µ=3 ~ = 3/2 

0.5 

Bs1;2( X 10-5)pa.u 

0.0 / 1 j I l I I I 11 I I I I I I I I I I l I I I 11 I j l I I I I' I I I I I 

0 2 4 6 8 10 12 14 16 18 20 22 

PHc.1. 3aBHCII-

MOCTI, I{ OT Osl/2 /jJIH 

fCOMCTpHH rrpose,ncl!

l!LIX ,mcnepHMCIITOB 

npH Q = 2 H pa3JIH'I

IILIX 3Jla'1c!IHHX /l H ( 

B paa,n:eJie 1.2 npIIne,n:eHhl peayJihTaThl 3KcncpIIMCHTOB no 06.n::rrpKe 

JieHTO'IHhlX ITY'IKOB IIOHOB H- Ha ra30BhlX MHIIIeHJIX II II3J'IeH xapaKTep 

3Toro B3aIIMo,n:eiicTBIIJI. C IICIIOJih30BaHIICM rrpe.n:cTaBJieHHhlX B npc,n:hl,n:y

meM pa3,n:eJie 3aBIICIIMOcTc:il: npone,n:cHa o6pa6oTKa rroJiy'IeHHoro 3RcrrcpH

MCHTaJihHoro MaTcpIIaJia, pe3yJihTaThl ROTOpo:il: rrp:rrnc.n:eHhl Ha pHc.2 3aBII

CIIMOCThIO 1. ,ll;JIJI cpanHeHIIJI npe,n:cTaBJICHa anrrpORCIIMa[(IDI 6oJice paHHIIX 

pc3yJihTaTOn (2 -> G0 ex El/~43
), rroJiy'IeHHhlX npII o6pa6oTRC Toro Jl{C 3Rc

nepIIMCHTaJihHOro MaTepHaJia 6c3 yqeTa reOMCTf)llll 3RCncprrMeHTOB. TaM 
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)KC ITpHne,n;eHIJ TeopeTH'ICCIOIC (4,5,6 - JJ.JUI pa3JIB'IHIJX MHIIIeHe:it) II 3KCITC

pHMCHTaJil,HIJC (3 - H2,He,Ar,Li; _. - K) .n;aHHIJe .n;pyrnx anTOpon. 

10 -J 

3 
~ - ' 

10 -• 

-I\., 

''' ---6t 
.... .... ........ 

.... .... .._ ....... 5 .... 
' ......... ............ 4 ...... 

',~ Ew 
10 -s I I 111\ I I I lj I I I 1'i"1 'I 

10 4 10 5 10 6 10
7 

Puc.2. MaKcHMaJII,Han TO'IIIOCTb cooTBeTCTBHJI pacnpeaeneHHfi 

aTOMOB J/0 H HOJIOB J/- TIO yrny B nyqKe B 3aBHCHMOCTII OT :rnep

rHH HO!IOB anH raaoshlx MHIIIeuei! He, Ar, I( r, Xe, H2, N2, CO2 11 MX 

annpoKCHMal(IIJI aasHCHMOCTblO G0 (EH-) = 3. IQ-
2 

/ J EH-[::iB) (1 ). 

Pa3JIH'IHC D 3KCITepHMCHTaJII,HIJX pc3yJIJ,TaTax ITOJJ.TICpKHBaeT na)KHOCTJ, BIJ-

6opa ITpaBHJIJ,HOH MCTOJJ.HKH o6pa6oTKH HCXOJJ.HOro MaTepnaJia c y<IeTOM 

reoMeTpHH. OcHonIJnaJICb Ha cooTHOIIICHHH 6.E0 / Eu- = (2 ""T 2, 5)G0 JJ.JUI 

IIIHpHHIJ Ha rroJiyBIJCOTC pacITpe,n;eJieHHii: aTOMOB H 0 
ITO :rneprHH, ITOJiy<IeH

HaJI 3anncHMOCTb G
0
(Eu-) = 3.10-2 / JEn_[3B] MOlKCT 6IJTJ, ncIToJI1,3onaHa 

JJ.JUI Ja,n;aq .n;narHoCTHKH ITYTIR0B :rroHon H- ITO aTotrnM H 0 
ITPH Eu- ~ 

10 K3B. 

B pa3,n;eJie 1.3 n pa1rnax Mo,n;eJI:rr IT<>TeHu:rraJia HyJienoro pa.unyca TCO-

penr<IecRn H3y<IeHO BJIHJIHHC ITOJUipH3aUHH II MOIUHOCTH q><JTOHHOH MHIIICHH 

Ha OK0JIOIToporonyro 06.n;:rrpKy fo.rcTphlx HOHOB H-. PaccMOTJ>CHIJ KaHaJIIJ 

OJJ.HO<pOTOHHOH :rr .n;nyxq>OTOHHOH 06.n;:rrpKH np:rr 3HCpr:rrH <pOTOHOB, npcBIJ

nrarorue:it O,n;HOq>OTOHHIJH nopor Ct· )lJIJI pa3JIH'IHIJX noJIJipH3aUHH H3Jiyqe

HIDI II yrJIOB nepece<IeHIDI noTOKOB IIOHOB II <pOTOHOB ( 1J) noJiy<IeHIJ COOT

BCTCTnyromne ceqeHIDI II ,n;eTaJI1,Ho n3yqeHIJ oKoJionoporonIJe napunaJibHIJe 

pacnpe,n;eJieHIDI qlOT03JICKTpOHOB D npocTpaHCTBC nonepe<IHIJX HMnyJibCOB 

(P.,, Py) n no 3Heprmr (E,) Jia6opaTopHoii: cIIcTeMIJ oTCTICTa. ITpnMepIJ 

TaKIIX pacnpe,n;eJICHRll npe,n;cTaBJICm.I Ha pIIc.3,4. Ilpn 3TOM MaCIIITa6 HM

nyJII,COB HOpMHJ>OBaH Ha MaKCHMaJII,HIJC BCJIIITIHHIJ Po = J2(w - €1) II 

Pow = J2(2w - c1) (n aTOMHIJX e,n;IIHIII~ax, I e I= 1i = m, = 1), ~npe-

6 

l 

l 
l 
! § 

JJ.CJUICMIJC IOIHeMaTHKOH O,n;HOq>OTOHHOH :rr .n;nyxq>OTOHHOM 06.zurpIOI HOHOB 

COOTBCTCTBCHHO, O' - yroJI MC)K,Il;y IIJIOCK0CTJ,IO noJUipH3au:rr:rr <pOTOHOB II nJio

CK0CTJ,IO RX B3aHMOJJ.CHCTBIIJI C HOHaMH, W - 3Hepr:rrJI <pOTCJHOB D CHCTCMC 

noKOJI HOHa. )lJUI y,uo6cTBa cpaBHCHIIJI pacnpe,n;eJICHIIM no 3Hepr:rr:rr 

~ 
" <si ct . ~ 
Q <si 

<>';: ~ 
<Si 

~ 
<si 
' 

P; = 2(w-c,) 

~ 
" <Si " ~m 
Q Ii 

iz ~ 
<si 

a 
,s; · 

Pow = j2(2"-' - c,) 

(a) 

(6) 

Puc.3. Tpcx~!<'p!loc 11pe1tnaH.1c1111c 11opM11poHa11m,1x pacnpeac

;1c1111H ')/l('fiTfJOIIOH H ( l'r, /~,)-llJ)OCTfla!IC!H(~ llflll 0/lllO<pOTO!IllOM (a) 

11 /tHyx<l>oT011noH (6) 06;111pHe 11O11OH 11- c n = 0, rJ = ·1r /1. 

:rrcnoJib3YIOTCJI 6c3p,mrcpHIJC CJJ.HHHUIJ XS= [E, -b- l)C2]/(0, 17/JPoC) 
H XW = [E, -( ~1- l )C2]/(0, 11 {3P0 wC) JJ.JIJI OJJ.HO<pOTOHHoro II JJ.BYX<pOTOH

Horo RaHaJI0B CO0TBCTCTBCHH0 ( C - CR0p0CTJ, cnera, 7 n (3 - peJUITIIBHCTCIOie 

xapaKTCf>HCTHRH HOHa). 0THOIIICHHC CTarnecon n0JIY'ICHHIJX pacnpe,n;eJie

HHM n MHIIICHH c JIHHC:itHo:iI (W/' )) n Kpyrono:ii: (W1-)) noJUipII3aune:it npn 

0 < w - ct ~ ct onpeJJ.CJUICTCH C00TH0IIICHIICM 
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wP) - 3 wi1l ~ 15c;-5(w - ct)l.5C 

W
(2J - s . w(2J ~ 47f . I 

(1) 
I ± 1 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 lf111 I 1111111Wi'"I I I j I itThT1 I ji I ii I I I 1i1 

-10.00 -5.00 0.00 5.00 10.00 
XS 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 7 I I 11 j ?t-1 I rt,,, I I I I 1j 111 I j 1T7tt I rfi I I Ii I j 
-10.00 -5.00 0.00 

xw 
5.00 10.00 

(a) 

(6) 

Pnc.4. HopMBpoBaHHhle 

co6cTBeHHhle pacrrpe.n,eneHI!JI 

:meKTpoHoB rro :meprnn rrpn 

O,D,HOq>OTOHHOll (a) I! .D.BYXq>O

TOHH0ll (6) ofi.n,llpKe I!0H0B s
C T/ = 1r/2 ; a = 1r/4 (e), 
a = 0 ( + ), HerroJIJipll30Bamrne 

q>OTOHhl (~) ; a= 7r /2, rrpon3-

B0JihH0e T/ ( * ). 

r.n;e I-, - IIJIOTHOCTI, MOlllHOCTII MIIllieHII B CIICTeMe IIOKOH IIOHOB B aTOM

H.hlX e.n;IIHIIIl;ax (1 a.e.= 6,436-1015 BT/cM2), a nepxHIIe IIH.n;eKChl n cKo6Kax 

COOTBeTCTBYIOT 'IIICJIY IIOfJIOlllaeMI,IX q>OTOHOB B 3JieMeHTapHOM aKTe 06.n;:rr

pKII. B CBH3II C TeM, 'ITO rrpII q>OT006.n;:rrpKe rrpoIICXO.n;IIT .n;nyx'laCTII'IHhlii: 

paanaJI IIOHa H-, f(l),(2)(,)-, f(XS)- II J(XW)-paCIIpe.n;eJieHIIH rrpo.n;yK

TOB paanaJia (3JieKTpoH, aTOM no.n;opo.n;a) IIMeIOT 'o.n;:rrmiKOBhlii: BII.n;. Pac

C'IIITaHHhle n .n;:rrccepTan;IIII rrapn;IIaJII,Hhle . .n;:rrqiqiepeHD;HaJI1,HI,Ie ce1IeHIIH II 

IIOJIY'leHHhle aHaJIIITII'leCKIIe BhlpameHIIH_ II03BOJIHIOT orrpe.n;eJIHTI, peayJII,TII

pyro111IIe, pacrrpe.n;eJieHIIH _3JieKTpOHOB_ ( aToMon nop:opo.n;a) .n;JIH paaJIII1IHoii: 

MOlllHOCTII MIIllieHII II 3HeprIIH q>OTOHOB B rrpe.n;cTaBJIHI011Ieii: IIHTepec OKO

JIOIIOporonoii: o6JiaCTII. ,ll;JIH aa.n;aq .n;:rrarHOCTIIKII, II3MeHeHIIeM yrJIOB 0: II 
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17, rrpe.n;ocTanJIHeTcH noaMomHoCTI, 3q>q>eKTIInHoro yrrpanJieHIIH rrpon;eccoM 

q>oTOo6.n;IIpKII 6hlCTphlX IIOHOB H- Ha 30H.n;:rrpyro111eii: q>OTOHHOil: MII111CHII II 

peaJIII3aD;IIII ycJIOBIIil: MaKCIIMaJII,Horo COOTBCTCTBIIH pacrrpe.n;eJieHIIH IIOHOB, 

3JICKTpOHOB II aTOMOB no.n;opo.n;a IIO rrpe.n;cTaBJIHIOlllIIM IIHTepec rrpoCKD;IIHM 

CKOpOCTII. 

B paa.n;eJie 1.4 o6ocHoBaHa B03MO)KHOCTI, 3KCIIepIIMeHTaJII,HOro MO,Zl;C

JIIIponaHIIH naaIIMO,ZJ;eHCTBIIH BI,ICOK03HepreTII'ICCKIIX IIOHOB H- C q>OJII,ro

BI,IMII MII111CHHMII Ha rryqKax 6oJiee ,Zl;OCTYITHI,IX HII3KIIX 3HeprII:ii npII aHa

JIOrII'IHI,IX TOKOBI,IX xapaKTepIICTIIKaX II TOM me 6eapa3MepHOM rrapaMeTpe 

naaIIMO,ZJ;eil:CTBIIH (J'_ld'i. IlpII 3TOM O'-ld - ce<reHIIe 06.n;:rrpKII IIOHa H- B paa

JIII'lHI,IC KBaHTOilI,IC COCTOHHIIH aTOMa H 0
' BKJIIO<raH HerrpephlBHI,Iii: CIICKTp 

[cM
2
]; i = 6-l023t/Ao' t II Ao - TOJllllIIHa MII111CHII [r/cM

2
] II ee 3q>q>eKTIIBHOe 

aTOMHOC 'IIICJIO COOTBCTCTBCHHO. OrrIICaHI,I cxeMa II peayJII,TaTI,I npone.n;eH

H.hlX 3KCnepIIMCHTOB IIO rry<rKOBO-q>OJII,rOBOMY B3aIIMO.n;eil:CTBIIIO npII 3Hep

rIIII IIOHOB H- 2 II 7 M3B, IIJIOTHOCTII TOKa rry<rKa ~ 20 MA/cM2, ,ZJ;JIIITCJib

HocTII IIMIIYJII,Ca ~ 20 MKC II traCTOTe 0,5 I'n;. B 3KCIIepIIMeHTaX IICIIOJII,-

30BaJIIICI, IIJieHKII II3 KOJIJIOKCIIJIIIHa-{ C6H1O2( 0 H)( 0 NO2)2 }n TOJilllIIHOM 

500-;-2000 A II yrnepo.n;HaH qioJii,ra TOJI11IIIHoil: 2 MKr/cM2 (±15 %), HaHeceH

Hhle Ha MeTaJIJIII'ICCKYIO CCTKy. Ha OCHOBe aHaJIII3a 3apH.n;onoro COCTana 

rry<rKa nocJie yrJiepo.n;Hoil: q>OJibrII onpe.n;eJieHI,I cetreHIIH 06.n;IIpKII IIoHon II 

IIOHII3aD;IIII pom.n;aro111IIxcH rrpII 3TOM aToMon no.n;opo.n;a ( u01 ). ,ll;JIH 3HeprIIii: 

2 II 7 M3B 3TII cetreHIIH COOTBeTCTBeHHO paBHI,I (]'_Id= (1, 00±0, 16)·10-16 

CM2, O'Ql = (4,0±6':)•10-17 CM2 II U-td = (3,5±0,6)·10-!7 CM2
, O'QJ = 

(1, 5±~•1)·10-17 CM
2

'. 

B paa.n;eJie 1.5 rrpone.n;eH cpanHIITeJII,Hhlii: aHaJIII3 MaKCIIMUJII,HI,IX TO'l

HOCTeil: C0OTBCTCTBIIH pacrrpe.n;eJieHIIH IIOH0B H-, aT0M0B H 0 II 3JICKTpOH0B 

B ny<rKe II0 3HeprIIII II yrey rrpII IICIIOJil,30BaHIIII pa3JIII'IHhlX BHyTpeHHIIX 

MIIllieHeil:. IloKaaaHO cy111ecTneHHOC npeIIMy111ecTB0 q>OTOHHI,IX MII111CHIIH. 

BTopaR rJiaBa 0CHOBaHa Ha pa6oTaX [9-20] II IlOCBHllleHa paapa-

60TKe MeT0,Zl;OB HeB03MY11Iaro111eil: .n;:rrarHOCTIIKII nytrK0B II0HOB II HCHTpaJII,

Hl,IX traCTIID; IIO 3JieKTpOHaM O,Zl;HOq>OTOHHOii: 06.n;IIpKII. 

B paa.n;eJie 2.1 paccMoTpeHo pom.n;eHIIe 3TIIX 3JieKTpoHon Ha <l>oToH

HhlX MIIllieHHX pa3JIII'IHOil: IIOJIHpII3aD;IIII. ,ll;JIH JIIIHCHHOii: IIOJIHpII3aD;IIII q>O

T0HOB B CIICTeMe II0K0H IIOHII3YCMOii: HCIIOJIHpII30BaHHOii: <raCTIID;hl 3TOT rrpo

n;ecc OIIIICI,IBaeTCH ,ZJ;II<pq>epeHD;IIaJII,HI,IM cetreHIICM 

du · Un1(w) 

d
n =--[l+,60 ·P2(cos0k,)]; (2) 
HII 47f 

r.n;e P2(x) = 0.5(3x2 - 1); Un1(w) - IIOJIH0e cetreHIIe q>OTOIIOHII3aD;IIII (qio

TOo6.n;IIpKII) nl-rro.n;o6oJIO<rKII <pOTOHOM c "lHeprIIeii: w; 0k,- yroJI Mem.n;y Ha-
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rrpamreHIIeM BI,IJieTa 3JieRTpoaa II BeRTOpOM IIOJIJipII3aD;IIII <pOTOHa; f3o -
rrapaMeTp yrJIOBOil: aCIIMMeTpIIII, 3aBIICJllI(IIH OT Ha'IaJII,HOro II ROHe'IHOro 

RBaHTOBhlX COCTOJIHIIil: 3JieRTpOHa, MaTpII'IHOro 3JieMeHTa rrepexo,n;a Me.m,zzy 

HIIMII, a TaR}I{e 3HeprnII rrornorn;aeMoro <pOTOHa (-1 ::; /30 ::; 2) . .l{JIJI 3JieR

TpoHon C f3o = -l, 0 IIORa3aHo, 'ITO B 6om,IIIIIHCTBe CJIY'Iaen TO'IHOCTh, C 

I{OTopoil: OHR IIOBTOpJIIOT 3HeprIIIO (n OTHOCIITeJII,HJ,IX e,D;HHIID;ax) II Harrpa

BJieHIIe IIMIIYJibCa IIOHII3yeMhlX qacTIID; B Jia6opaTOpHoil: CIICTeMe OTC'IeTa 

orrpe.n:eJil!eTcJI nhlpameHHJIMII (1i =me= 1) 

6.Ee/ Ee~ 2/3,J2(w - Et)/C(, - 1); 

6.Be [pa,n;] ~ 2J2(w - Et)h/3C; 

(3) 

(4) 

r,n;e Ee = Eu/Mu; Et, Eu II Mu - rropor <pOTOIIOHII3aD;IIII (q:ioTOo6,n;IIpRH), 

RIIHeTII'IeCRaJI 3HeprHH II Macca IIOHII3yeMoil: 'IaCTIID;hl B aTOMHhlX e,D;HHIID;aX 

COOTBeTCTBeHHO. Bhl6op OIITIIMaJII,HO IIOJIJipII30BaHHOil: <pOTOHHOil: MIIIIIeHII 

,D;JIJI CJiy'IaJI f3o = - l JIIIIIII, He3Ha'IIITeJII,HO, HarrpIIMep, B ~ 1, 2 paaa ITO 

'.➔HeprIIII II ~ 1, 4 pa3a ITO rrpoeRD;IIII IIMIIYJII,Ca YJIY'IIIIaeT TO'IHOCTI, COOT

BCTCTBIIJI pacrrpe.n;eJieHIIil: ITO cpanHeHIIIO c neJIII'IIIHaMII (3) II (4). Pacrrpe

,D;CJICHIIJI 3JICRTpOHOB C f3o = 2 B rrpe.n;eJiax RIIHeMaTIItieCRII orrpe,n;eJIJieMhlX 

rpaHIID; B rrpocTpaHCTBe rrorrepetIHhlX IIMIIYJII,COB II ITO 3HeprIIII Jia6opaTop

HOH CIICTCMhl 0TC'ICTa conrra.n;aIOT C COOTBeTCTByIOrn;IIMII pacrrpe.n;eJICHIIJIMII 

rrpII O,D;HO<l>OTOHHOH 06,n;IIpRe IIOHOB Jj-' ,n;eTaJII,HO paCCMOTpeHHhlX B pa3-

,D;CJIC 1.3. .l{ocTIIraeMaJI rrpII 3TOM MaRCIIMaJibHaJI TO'IHOCTI, COOTBeTCTBHJI 

pacrrpe.n;eJieHIIH Ha OIITIIMaJibHO IIOJIJipII30BaHHOH cpoTOHHOil: MIIIIIeHII C TOH 

}RC BCJIII'IIIHOH W - Et rrpIIMepHO B IIJITI, II B0CCMI, pa3 JIY'IIIIC ITO cpaBHCHIIIO 

CO 3HatICHIIJIMII (3) II ( 4) C0OTBCTCTBCHHO. 

B paa,n;eJie 2.2 rrpe,n;JiolKcH II ,n;cTaJihH0 orrm:aH McTo,n; <l>oTo3JICRTpoH

Hoit ,D;IIarH0CTIIRII rrytIRa ( <1>8.UII) 0TIJIID;aTCJII,HJ,IX II0H0B, II03BOJIJIIOlI(II:fi 

rroJiytiaTI, IIH<pOpMaD;IIIO O ero rrapaMCTpax C II0M0lI(I,10 30;EI,D;Hpyrorn:c:ii: cpo

T0HHO:fi MIIIIIeHII Ha rrpJIMOJIIIHe:ii:HOM yqacTRC RaHaJia Tp,rncrropTIIp0BRII. 

OH OCHOBaH Ha IICIIOJII,30BaHIIII 3JieRTp0H0B, polK.n;aIOrn;IIXCJI B pe3yJihTaTe 

O,D;HO<pOTOHHOil: 06,D;HpRH rrpeHe6pelKIIMO MaJio:fi 'lclCTII II0H0B rrytIRa n6JIII3II 

rropora Et- IlpII 3T0M TO'IH0CTI, IIOBTOpeHIIJI xapaRTCpIICTIII{ rrytIRa 3JICRTpo

HaMII II rrpe,n;eJII,Hhle B03MOlKHOCTII COOTBeTCTByrorn:e:fi ,D;IIarH0CTIIRII orrpe

,n;eJIJIIOTCJI rrapaMeTp0M yrnono:fi aCIIMMCTpIIII f3o (cM. pa3,D;CJI 2.1). IlpII 

<pOpMIIpOBaHIIII <pOTOHHO:fi MIIIIIeHII Jia3epHhlM II3JIYtieHIIeM MIIHIIMaJII,HaJI 

neJIII'IIIHa W - Et, R0Topyro M0lKHO peaJIII30BaTI, ,D;JIJI rrytIRa II0H0B, orrpe,n;e

JIJieTCJI n OCHOBHOM paa6pocoM no neJIII'IIIHC (6./3) II HarrpanJieHIIIO (6.0;) 
IIX CR0p0CTII II Bhl6IIpaeTCJI TaRo:i:i:, 'IT06hl cetieHIIe OR0JIOIIoporono:fi <pOT0-

06,D;HpRH a(w) ex (w - Et)q (q= 3/2 II 1/2 ,D;JIJI 3JieRTpOH0B B HatiaJII,HOM s-
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II p- RBaHTOBhlX COCTOJIHHJIX COOTBeTCTBeHHO) 6hlJIO 0,D;IIHaROBJ,IM ,D;JIJI ncex 

IIOHOB 

(w - Et)min ~ q,wo{I 6./3[/3(1- f3cosry),2 - cosry] I+ 
+/3 sin 'f/ j 6.0; I}. (5) 

IloJiytieHJ,I aHaJIIITIItiecRHe BhlpalKeHHJI ,D;JIJI IIJI0THOCTII M0lI(HOCTII MIIIIIeHII, 

rrpII ROTopo:i:i: IIH<pOpMaD;IIJI O rrapaMeTpax rrytIRa,rrepeHOCIIMaJI IICIIOJII,3ye

MhlMII 3JieRTpoHaMII 3aMeTHO IICI{a}I{aeTCJI (Ly/max) IIJIII IIOJIHOCTI,IO 

"CTIIpaeTCJI" (I.y/cr) II3-3a ,n;nyx<pOTOHHO:fi 06.n;IIpRII IIOHOB. B IIOCJie,D;HeM 

CJiytiae TO'IHOCTI, II3Mepemi:JI xapaRTepIICTIIR rrytIRa no 3JieRTpOHaM <pOT0-

06,n;IIpRII orpaHII'IeHa BeJIII'IIIHaMII, orrpe.n;eJIJICMhlMII 113. C00TBeTCTByrorn;IIx 

BhlpameHII:fi rrpII 3aMeHe W - Et Ha Et-

B paa.n;eJie 2.3 OIIIICaHhl rrpe,n;JIO)KeHHhle II paapa60TaHHhlC ycTpo:fi

CTBa ,n;JIJI HenoaMyrn;arorn:eh <1>8.l{II n o6Jiacrn BhlCORIIX (0,1-H I'3B/HyRJioH) 

II cpe,n;HIIX (10-;-100 M3B/HYRJioH) 3Heprn:fi oTpIID;aTeJihHhlX II0HOB. Ha 

pIIc.5 rrpIIne,n;eHa CXCMa MHOrocpyHRD;IIOHaJibHOro ycTpo:ficTna ,D;JIJI ,D;Har

HOCTIIRII rrytIRa BhlCOR03HepreTIItieCRIIX IIOH0B H- Ha BhlX0,D;C JIIIHCMHhlX 

ycRopIITeJie:fi Me30HHhlX cpa6pIIR (HarrpIIMep, 160 II 600 M:➔I3 .n;JIJI MEI'AH, 

r.TpoIIu;R). Bhlno,n; 3JieRTpOH0B cpoToo6,n;IIpRII II3 rrytIRa IIOHOB II aHaJIII3 

rrepeHOCIIMO:fi IIMII IIH<pOpMaD;IIII ocyrn:ecTBJIJICTCJI O,D;HIIM HCIIO,D;BIIlKHJ,IM Ma

rHIITHhlM 3JieMeHTOM C O,n;Hopo,n;HhlM II0JICM (MA), ,n;o II IIOCJIC ROToporo 

pacrroJIOlKCHhl RoppeRTIIpyrorn;IIe MarHIIThl Ml II M2. 
l13MepeHIIC 3HeprcTII'ICCROro CIICRTpa II rrpo,D;OJII,Horo 3MIITTaHca 

rrytIRa IIOHOB ocyrn;ecTBJIJICTCJI ITO II3BCCTHOH ,D;JIJI MarHIITHhlX aHaJIII3aTopon 

CXCMe (pIIc.5a), n ROTOpo:ii: BMCCTO ,D;IIacppanrnpyIOrn;c:ii: lI(CJIII c IIOM0lI(I,JO 

Jia3cpHoro II3JIY'ICHIIJI cpopMIIpycTCJI JICHTOtIHaJI B IIJI0CROCTII X Z <pOTOHHaJI 

MIIIIICHI, 0 C Tpc6ycMoii rrpoCTpaHCTBCHHOH JIORaJIII3aD;IIC:ii: 6.Y ITO OCH Y. 
CrreRTp II0HOB ITO 3HCfffIIII IIJIII IIMIIYJihCY BOCCTaHaBJIIIBaCTCJI ITO II3MepeH

HOMY Ha ,D;CTCRTope Dc1 rrpocTpaHCTBCHHOMY pacrrpc,n;eJieHIIIO IIJIOTHOCTII 

IIOTORa :➔JICRTflOHOB B,D;OJII, OCH yd C YtICTOM rrpocTpaHCTBeHHoro paaperne

HIIJI ( d) ,D;CTCRTOpa. 8JICRTflOHhl C Tpc6yeMhlMII ,D;JIJI cpaaonoro aHaJIII3a IIM

IIYJihGlMII ,D;OCTaTO'IHO onepaTIIBHO Bhl,D;CJIJIIOTCJI ,D;IIacpparMo:fi fl rrpII II3Me

HCHIIII 3HaRa II BCJIII'IIIHhl MarHIITHOro IIOJIJI. Ilpo,n;OJihHhl:fi 3MIITTaHc IIY'IRa 

IIOHOB orrpc.n;cJIJICTCJI no COBORYIIHOCTII rrpocTpaHCTBeHHhlX pacrrpe,n;eJieHII:fi 

Bhl,D;eJICHHhlX 3JICRTpOH0B Ha .n;eTCRTope De2 IIOCJie ycTpo:i:i:cTna cpa30BO:fi pa3-

nepTRII (CDP). 
IlpII pa6oTe ycTpci:ficrna no cxeMe rrpe,n;cTanJieHHO:fi Ha pIIc.56, n 

nJIOCROCTJIX rrapaJIJieJibHhlX y z C IIOMOlI(I,IQ ,D;IIacpparMIIpyrorn;IIx rn;eJieil: 

Dn cpopMIIpyeTCJI 0,D;Ha, rrepeMern;aeMaJI B,D;OJII, OCH X, HJIH HeCROJII,I{O He

IIO,D;BIIlKHhlX JieHTO'IHhlX <pOTOHHhlX MIIIIIeHe:fi C Tpe6yeMoil: ,D;JIJI II3MepeHII:i:i: 
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Pn:c.5. CxeMa MHoroq>yHKI(llOHaJibHoro ycTpoiicTBa /:IJIR HeBo3-

Mymaromett q>OT03JieKTpOHHOJ:i ):lllarHOCTllKll nyqKa OTpnnaTeJibHLIX 

llOHOB BLICOKOH 3Heprnn. 
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npocTpaHcTBeHHOil: JIOKamrnan;IIeil: !}.X. B nocJie,IUieM cJiytiae .n:onycTIIMoe 

pacCTOHHIIe 8X MeJR,Zzy MIIIIIeHHMII onpe,n:eJIHeTcH ycJIOBHeM nepeKphlTIIH 

pacnpe,n:eJieHIIil: 3JieKTpOHOB OT HIIX Ha ,n:eTeKTOpe De1 . .l(aHHOe pacnoJIOJRe

HHe MHIIIeHeil: B npocTpaHCTBe CBO.n;HT K MIIHHMP,IY B3aHMHOe BJIIIHHHe yrJIO

BOro H 3HepreTH'leCKOro cneKTpOB 3JieKTpOHOB Ha HX pacnpe,n:eJieHIIe n,n:om, 

OCH Xd B <pOKaJII,HOH IlJIOCKOCTH aHaJIII3aTopa. B COOTBeTCTDHH C pe3yJibTa

TaMII 'IHCJieHHoro Mo,n:eJIIIpOBaHIIH pacnpe,n:eJieH1Ie HOHOB D (X'X)-cpa3onoil: 

nJIOCKOCTH, X- npo<pHJib nytIKa II ero nonepetIHhlil: 3MHTTaHC onpe.n;eJIHIOTCH 

C IlOMOJUI,JO COOTHOIIIeHIIH 

Xd = A·X +B ·X'; (6) 

no H3MepeHHhlM B.D:OJlb OCH xd npocTpaHCTDeHHhlM pacnpe.n;eJieHIIHM no

TOKOD 3JieKTpOHOB IlplI ~OHTpOJIHpyeMhlX xapaKTepHCTIIKax <pOTOHHhlX MH

IIIeHeil: ( onpe,n:eJIHIOIUHX BepoHTHOCTb pom,n:eHIIH 3JieKTpOHa), IIX yrJIODOM 

opHeHTaIJ;IIII II noJioJReHHH B npocTpaHCTDe no OCH X. .l(aHHhlil: KOHTPOJib 

ocymecTBJIHeTCH n-KaHaJibHhlM meJieBhlM .n;eTeKTOpOM D-rn, r.n:e n - 'IIICJIO 

qiopMHPYIOIUIIX .n;naqiparM. ITapaMeTphl A II B B BhlpameHHH (6) onpe,n:e

JIHIOTCH xapaKTeplICTIIKaMH aHaJIII3aTopa ( ero reoMeTpHeil:, IOCTIIpOBKOM, 

KpaeBhlMII IlOJIHMH) H MoryT 6hlTb II3MepeHhl, HanpHMep, D KOHTpOJibHhlX 

3KCnepHMeHTax C TeCTOBhlM 3JieKTpOHHhlM ny'IKOM. 

ITpoeKTHhle xapaKTeplICTIIKII ycTpoil:cTDa (d ~ !}.X ~ !}.Y ~ 0, l MM, 

8X = l, 5 MM, R = 200 MM, A= l, B = 0, 072 cM/Mpa.n:), a TaKJRe TO'l

HOCTH npocTpaHCTBeHHo-yrJIOBOil: IOCTIIpOBKII <pOTOHHhlX MIIIIIeHeil: (::; 0, 1 
MM, ::; 3 Mpa.n:)' CTa61IJibHOCTII H KOHTpOJIH MarHHTHOro IlOJIH aHaJIII3aTopa 

(8H/ H::; 3.10-4 npH H = 110 8) cop1IeHT1IponaHhl Ha ,n:1IarnocTHKY CIIJib

HOTOtIHoro nytIKa HOHOD H- (I;~ 50 MA) Ha ycKoplITeJie MEI'AH c ,n:ocrn

TO'IHOM TO'IHOCTI,IO. Heo6xo,n:1IMaH ,n:JIH II3MepeHIIil: TO'IHOCTI, COOTBeTCTBIIH 

pacnpe,n:eJieHIIil: HOHOD H-, HanplIMep, nplI 3Hepr1IH 600 Mc1B II 3JieKTpo

HoB HX <pOT006,n:HpKII !}.X' ~ 5 · 10-5 pa.n: II !}.Ee/ Ee ~ 3 · 10-2% ,n:oCTH

raeTCH Ha OilTHMaJibHO noJIHpH30DaHHhlX <pOTOHHhlX MIIIIIeHHX ( CM. pa3,n:eJI 

2.2) npH TJ = 41 ± 0.5°, KOTOphle q>OpMIIPYIOTCH ,n:1Ia<pparM1IponaHHeM II3-

JiytieHIIJI Nd: MAI' Jia3epa (w0 = 1,17 c1B). Cnen;HaJibHoe 3JieKTpoHHoe 

ycTpoil:CTDO BKJIIO'laeT Jia3ep corJiaCOBaHHO C nytIKOM IIOHOD BO npeMeHII 

H 06ecnetI1IBaeT nepeKphlTIIe HMnyJibCOB Ha ytiaCTKe npaKTII'leCKII noCTO

HHHOil: MOJUHOCTII H3JIY'leHIIH. OnepaTIIDHOCTb .n;narHOCTIIKH 3aBIICIIT OT 

H3MepHeMoro napaMeTpa,II MOIUHOCTH Cq>OpM1IpOBaHHhlX <pOTOHHhlX MIIIIIe

Heil:. B tiacTHOCTH, ,n:JIH pa3pa6oTaHHoro Jia3epa (!1 11 ~ 20-;- 30 KBT/cM2, 

T-r = 250-;- 500 MKC, f-r = l/5 ru:) H3MepeHIIC cneKTpa HOHOD no 3HeprHII 

( HMnyJI1,cy) HJIII HX pacnpe,n:eJieHIIH B ( X' X )-cpa30BoiI nJiocKocTII MOJReT 
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6:EJTI, peamrnonaHO aa npeMJI::; 10 MKC. Ilpn BKJIIO'leHIIII ,n;eTeKTOpa Ha ,n;aH

HOe npeMJI, co C,n;BIIfOM OTHOCIITeJII,HO HatiaJia IIMnymca nytIKa ( T; ~ 100 

MKC) npII nocJie,n;onaTeJII,HIJX II3MepeHIUIX, npe,n;ocTaBJIJieTCJI B03MOJRHOCTI, 

npocJie,rurnaT1, II3MeHeHIIe ,n;aHHLIX napaMeTpon n,n;om HMnymca aa npeMJI 

nopJI,n;Ka MIIHYTLI (10 IIMnymcon MIInreHn). l1mpopMan;HJI o pacnpe,n;eJie

HIIII IIOHOB B npo,n;OJII,HOM (6.P;/ P;, \J!)-cpaaonoM npocTpaHcTne MO)I{eT 6:EJTI, 

nOJIY'leHa aa npeMJI ~ 8 MIIHYT (~ 100 IIMnymcon Jiaaepa) Ha MIIIIIeHII, 

o6ecrre-qnnarom:e:rr po)l{,ll;eHIIe 3JieKTpOHOB C 8\J! ~ ±1°. Ilpn 3TOM noTO

KOM <pOHOBLIX 3JieKTpOHOB OT 06.n;npKH IIOHOB Ha OCTaTO'IHOM raae MOJRHO 

npeHe6pe-q1, npn BKJIIO'leHnrr ,n;eTeKTopa Ha npeMJI cym:ecrnonaHHJI <poToH

HOH MIIIIIeHII. OTHOCIITeJII,HLie noTepII IIOHon, npoJieTarom:nx tiepea o6JiaCTI, 

MIIIIIeHII npn II3MepeHIIJIX, on;eHIIBaIOTCJI neJIH'IHHOH ~2-10-6• 

,n:pyro:n: napIIaHT ycTpoiICTBa C Heo,n;Hopo,n;HI,IM MarHIITHLIM noJieM 

( H ex 1 / r) paapa6oTaH II naroTonJ_IeH ,n;JIJI anpo6an;nn npe,n;JiomeHHoro Me

To,n;a ,n;narHOCTIIKII II onTIIMII3aIJ;IIII pa60TLI OT,ll;eJII,HLIX, o6m:nx ,n;JIJI o6enx 

ycTpOHCTB, 3JieMeHTOB (nKJIIO'laJI CIICTeMy CIIHXpOHII3aIJ;IIII JiaaepHOH MII

IIIeHII c nytIKOM no npeMeHn) Ha nytIKe IIoHon H- c 3Heprne:n: 7 M3B na 

ycKOpIITeJIJI CyxyMCKoro <pH3HKO-TeXHII'leCKoro IIHCTIITyTa. 

B paa,n;eJie 2.4 pacCMOTpeHo BJIIIJIHIIe noJIJI nytIKa OTpIIIJ;aTeJII,HLIX HO

HOB Ha IIH<popMaIJ;HIO O ero xapaKTepIICTIIKax, nepeHOCIIMYIO 3JieKTpOHaMII 

06,n;IIpKII nocJie 30H,ll;IIpyroru:eiI nHyTpeHHeiI MIIIIIeHII. B Mo,n;eJIII 6ecKOHetI

HOro IJ;HJIIIH,n;pa C panHOMepHO pacnpe,n;eJieHHLIM no cetieHIIIO TOKOM I; pac

C'IIITaHLI B03Myru;eHIIJI KOMnoHeHT IIMnyJii,ca 3JieKTpOHOB npn IIX BLIBO,n;e II3 

nytIKa 180° MarHIITHhlM aHaJIII3aTopoM C O,ll;HOpo,n;HhlM noJieM. IloKa3aHo, 

'ITO n ncnoJII,JyeMLIX Ha pnc.5 o603Ha'leHIIJIX IIHTerpaJII,HLie B03Myru;eHHJI 

no yrJiy II OTHOCIITCJII,HOMY IIMnyJii,cy :-meKTpOHOB Ha ,n;eTeKTOpe onpe,n;eJIJI

IOTCJI BhlpameHIIJIMII 

8Xlb = Pxlmax(Xa, Ya)/,/3meC , 

8P e -R·l; 
p IF /3,meC3 

2R+Y0 

J F3(Y)//32 
- F4(Y) dY 

J2R(Y - Ya) - (Y - Ya) 2 ' 
Yo 

(7) 

(8) 

r,n;e Pxlmax - MaKCIIMaJII,HOe 3HatieHIIe <pyHKIJ;IIII Px(Y)=(2e·I;/C2)•X0 •R· 
[Fl(Y)/ {32-F2(Y)] ,n;JIJI Koop,n;nHaT po)l{,ll;eHHJI 3JieKTpOHa n nytIKe (X0 , Ya), 
me - Macca 3JieKTpoHa, F;(Y) - rpa<pntiecKHe <pyHKIJ;IIII, aanncHm:ne OT 

napaMeTpon X 0 , Ya II R, BhlpameHHhlX (KaK II nepeMeHHaJI Y) n OTHO

cnTemHLIX e,n;nHnn;ax K pa,n;nycy nytIKa (i = 1-;- 4). Ilpone,n;eHHLie tIII

cJieHHhle pactieTLI, HanpIIMep, ,ll;JIJI peJIJITIIBIICTCKHX IIOHOB c /3 =· 0, 79 
(EH- = 600 M3B) noKa3aJIH, 'ITO noaMyru;eHHJI Ha yponHe 8X16 ~ 2-10-4 
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pa,n; II 8P/ P lb~ 2-10-4 noaHIIKaIOT npn TOKax nytIKa I;~ 400 MA (R=40), 
550 MA (R=20) II I;~ 200 MA (R=40), 300 MA (R=20) coorneTcrneHHO. 

B paa,n;eJie 2.5 npe,n;JIO)I{eH II TeopeTII'leCKII o60CHOBaH MeTO,ll; ,n;narHO

CTIIKH nytIKa BLICOK03HepreTII'leCKHX IIOHOB, B KOTOpOM IIH<popMaIJ;HJI O ero 

napaMeTpax BhlBO,ll;IITCJI c noMOlll;I,IO 6LicTphlx Heil:TpaJII,HhlX tiaCTIIIJ;, o6pa

ayrom:nxcJI B onpe,n;eJieHHhlX KBaHTOBLIX COCTOJIHHJIX npII B3aIIMO,ll;CMCTBIIH 

IIOHOB C nHyTpeHHeil: MIIIIIeHI,IO Ha _ytiaCTKe nonopoTa KaHaJia TpaHcnop

TIIpOBKII nytIKa. MnIIIeHI, cpopMnpyeTCJI TaKIIM o6pa3oM, 'IT06hl ,n;aHHhlC 

tiaCTIIIJ;hl nonTOPJIJIH CKOpOCTI, IIOHOB no BCJIII'IIIHC II HanpanJICHHIO C Tpc-

6yeMhlMII ,ll;JIJI II3MepeHIIH TO'IHOCTJIMII. IlapaMeTphl nytIKa onpe,n;eJIJIIOTCJI 

n y,n;o6HOM MecTe aa npe,n;eJiaMH KaHaJia TpaHcnopTIIJ>oBKII no 3JICKTpcrnaM, 

o6paayrom:nMcJI n peayJii,TaTe OKOJionoporono:ii na6npaTeJI1,Hoil: <l>oTonoHnaa

nnn IICnOJII,JyeMoro KBaHTOB0rD COCTOJIHHJI fihlCTJ>hlX HCMTJ)clJII,HIJX 'lclCTIIU. 

.D:JIJI 3TOro MomeT 6IJTI, ncnoJII,JonaHo, HanpnMcp, np1rnc.n:cHH0c Ha pm:.5 

KOMnaKTHOe MHorocpyHKUHOHaJII,HOC ycTpOMCTBO. Pacn,rnTpCHhl B03M0)I{H0-

CTII TaKOH ,n;rrarH0CTIIKII Ha ytiaCTKC ncpcaapJI,ll;HOM H- --+ H+ HH)I{CKUIIH 

n HaKonnTeJii,Hoc KoJii,n;o MC30HHhlX ciia6prrK. IlcrnaaaHo, 'ITO nprr nIJno.n:c 

IIH<popMaunrr o napaMeTpax nytIKa rroHon H- c -➔Hcpnw:ii 2 600 M:➔Il c 

noM0lll;I,10 foJCTJ)hlX aT0M0B H 0 n MCTaCTa6IIJII,HOM 28-KBaHTOBOM C0CT0JIHIIH 

M0)I{CT 6IJTI, ,ll;OCTIIrHyTa T0'IH0CTI, C00TBCTCTBIIJI pacnpc,n;CJICHHM ')JICKTJH)

H0B II II0H0B :S 10-2 % no :mcprIIII IT :S 3-10-5 pa.n: no yrmrnoii: Koop,n;IIHaTC . 

Jl:JIJI paapa6oTaHHOro II onrrcaHH0f0 Bhllll!' L\IIilfH0CTII'ICCK0f0 ycrpoii:

CTBa n pa3.L(CJIC 2.6 npc,n;JI0)I{CH npocKT II npoB('L(CHhl pac'ICThl ynpaBJIJIC

:IIClf0 pa,n;IIaUII0HH0 CTOMKOfO L\CTCKT0pa npo<:TpaHC-TBCHH0f0 pacnpc,n;CJIC

HIIJI IIMnyJII,CIIOf0 noT0Ka pcJIJITIIBIIC:TCKIIX ·mcKTJ>0H0B. CxcMa L\CTCKT0pa 

r 

~ 
Z. 

IA 

1~!~•~~!4!J.~~4!li!f~ IE 

2 

3 

4 

5 
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Puc.6. 
Cxc,~1a pa1t11al(11011110 CToliRoro ,ue

T!'HTopa 11poc-rpa11cTBe1111oro pac-

11pc1tc;ic111111 11MIIYJihCIIOl'O IlOTORa 

01,ICTf>hlX -,JICilTpOHOB. Ag- TOIIR11li 

CJIOH ccpc6pa; I - npHeMllaJI Il/la

CTl11Ja 113 aI{Tl1HHOro (IA) H naccH

H11oro (IP) cnoea; IE - nonynpo-

3pa•muli 3JICRTpo,u; 2,4 - OIITOB0/10-

l{()IJIJhlC HtrJTLI; 3 - JCH/IHTC/lb H30-

6pa}RCIIHII; 5 - II3C-MaTpm,a. 



Tipe,n:cTaBJieHa Ha pnc.6. Ero aKTilBHhl:ii: cJio:ii: IA n3 GaAs qiopMnpyeT 

OTITil'!eCKOe Il306pa)ReHne TipoHnKaIOmero 3JieKTpOHHOro TIOTOKa C Tpe6y

eMo:ii: TipocTpaHCTBeHHO:ii: TO'IHOCTbIO. IIaccilBHhl:ii: CJIO:ii: IP B Bn,n:e OTITO

IJOJIOKOHHO:ii: nra:ii:6hl Il3 aMOpq>Horo TIOJIYTipOBO,n:HilKa GaP BhlTIOJIHHeT pom 

TiorJioTnTeJIH Tiponre.n:nrnx 3JieKTpoHoB, TipoTiycKaIOmero 6e3 ncKa)ReHnJI cBe

TOBo:ii: TIOTOK OT apceHn,n:a raJIJIIlJI. ToHKilll CJIO:ii: cepe6pa n TIOJIYTipo-

3pa'IHhl:ii: 3JieKTpo.n: IE Il3 GaAs CJIY)RaT ,n:JIH peJiaKca:rnrn pa,n:naIJ;IlOHHoro 

3apJI,n:a B KOHnepTOpe 1, YJIY'IUieHilJI cBeTOc6opa qiopMnpyeMoro OTITn'l:e

cKoro n3o6pa)ReHilJI n TIOrJiolI(eHilJI q>oHoBoro Il3JIYlleHilJI TiaccnBHoro cJioJI. 

IIpocTpaHCTBeHHOe pacTipe,n:eJieHne TIOTOKa q>OTOHOB OT KOHBepTopa 'Iepe3 

KBapD;eBhle OTITOBOJIOKOHHhle llirJThl 2 n 4, a TaK)Re yTipaBJIHeMhlll ycnJin

TeJib Il306pa)ReHilJI 3 Ha OCHOBe MilKpOKaHaJibHhlX TIJiaCTilH perncTpnpy

eTCJI II3C-MaTpnD;e:ii:. IIpone,n:eH aHaJin3 pa6oThl 3JieMeHTOB ,n:eTeKTopa B 

ycJIOBilJIX raMMa-He:ii:TpOHHO:ii: pa,n:naI(Ilil OT CilJibHOTO'IHOro ycKopnTeJIH Me-

30HHhlX q>a6pnK. IIoKa3aHo, 'ITO ,n:JIH TipOeKTHhlX TiapaMeTpOB JIIlHe:ii:Horo 

ycKopnTeJIH MEr AH TipocTpaHCTBeHHoe pacTipe,n:eJieHne IlMTIJJihCHoro TIO

TOKa peJIHTilBilCTCKilX 3JieKTpOHOB C O)Ril,lJ;aeMO:ii: IlHTeHCilllHOCTbIO ~ 1011 

CM-2c-1 MO)ReT 6hlTb Il3MepeHo C pa3penreHileM 100--;- 150 MKM 3a BpeMJI 

~ 10-5 c. Pecypc Tipe,n:JIO)ReHHoro ,n:eTeKTopa B c;ooTBeTCTBJIOmnx pa,n:na

IJ;IlOHHhlX ycJIOBilJIX OIJ;eHnBaeTCJI B ~ 8-103 'l:aCOB HeTipephlBHO:ii: pa60Thl. 

B pa3,n:eJie 2. 7 Tipe,n:JIO)ReHhl MeTO,n: Il ycTpO:ii:CTBO .ZJ:JIH HeIJ03MJII(aIO

me:ii: ,n:narHOCTilKil CilJibHOTO'IHOro TIJ'l:Ka He:ii:TpaJibHhlX 'laCTilI( MaJio:ii: 3Hep

rnn (,n:eCJITKil--;-COTHil KilJI03JieKTpOHBOJibT ,n:JIH aTOMOB BO,n:opo.n:a Il ,n:e:ii:Te

pnJI) TIO 3JieKTpoHaM Il36npaTeJibHO:ii: q>OTOilOHil3aIJ;Ilil OTipe,n:eJieHHoro KBaH

TOBoro cocTOJIHilJI (HaTipnMep, H(2s), D(2s)). Pa6orn ycTpo:ii:cTBa ocHo

BaHa Ha Il3MepeHilll BeJIIl'IIlH (Pei, Pe2) n pa36poca (~Pel, ~Pe2) IlMTIJJib

coB 3JieKTpOHOB, BhlJieTaIOII(IlX TipaKTil'!eCKil B 0,n:HO:ii: TIJIOCKOCTil Il3 o6JiaCTil 

q>oTonoHn3aIJ;nn c MaJihlMil reoMeTpnqecKnMn pa3MepaMn n TIO.ZJ: .ZJ:BYMJI pa3-

JIIl'!HhlMil yrJiaMn (01, 02) OTHOCilTeJihHO ocn TIJ'IKa. IIpn 3TOM cKaHnpoBa

Hile TIJ'l:Ka TIO ce'l:eHilIO ocymecTBJIHeTcJI TiepeMemeHneM q>oKyca Jia3epHoro 

Il3JIYlleHilJI BMecTe c aHaJin3aTopaMn B TipocTpaHcTne. PacTipe,n:eJieHne 'la

CTilIJ; TIO IlMTiymcy, ce'l:eHilIO Il B TIOTiepe'IHOM q>a30BOM TipOCTpaHCTBe OTipe

,n:eJIHeTCJI C TIOMOII(bIO Bhlpa)ReHn:ii: 

~Po/Po =I [tg01 · ~fe(02) - tg02 · ~fe(01)]/(tg01 - tg02) I, (9) 

~0o =I [~fe(02) - ~fe(0i)]/(tg01.- tg02) I, (10) 

r,n:e ~fe(0) = [~Pe1(0) + ~Pe2(0)]/[Pe1(0) + Pe2(0)], Po 7' M 0 • [Pe1(0) + 
Pe2(0)]/(me2cos0) - cpe.n;Hn:ii: IlMTiymc HaJiernmm:rrx qacTnIJ;, 0 = 01 IlJIIl 

02, 02 < 01 < arcsin[M0 J2me(w - En)/meP0 ], En - Tiopor q>OTOilOHil3aIJ;nn 
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.ZJ:JIH IlCTIOJib3yeMoro KBaHTOIJoro COCTOJIHilJI, Mo - Macca He:ii:TpaJibHO:ii: qa

CTilI(hl. PacCMOTpeHhl B03MO)RHOCTil ycTpo:ii:cTna TIPil ero IlCTIOJib30BaHnn Ha 

CilJibHOTO'IHOM TIY'l:Ke aTOMOB BO,n:opo.n:a .ZJ:JIH Harpena TIJia3Mhl ll TOKOMaKaX 

(HaTipnMep, E0 = 400 K3B, j 0 ~ 1 A/cM2) n q>opMnpoBaHnn 30H,n:npyromeii 

MilllieHil C TIOMOII(bIO Il3JIY'leHilJI 'l:eTBepTOil: rapMOHilKil N d+3:I1Ar Jia3epa. 

B 3TOM cJiyqae, Tipn qacToTe BKJIIO'leHilJI Jia3epa TiopJI,n:Ka ,n:ecJITn repD; n 

IlMTIJJibCHOil: MOII(HOCTil Il3JIJ'leHilJI ~ 6 MBT, Tio,n:po6HaJI IlHq>OpMaIJ;IlJI 0 

xapaKTepncTnKax TIJ'l:Ka MO)ReT 6hlTh TioJiyqeHa 3a BpeMJI ero Kna3nHeTipe

phlBHoro IlMTIJJibCa ( HeCKOJibKO ceKyH,n:). 

TpeTbJI rJiaua OCHOBaHa Ha pa6oTax [21-25] Il TIOCBJIII(eHa pa3pa-

60TKe KoppeJIHIJ;IlOHHOro MeTo,n:a HeB03Mymammeii .n:narHOCTilKil TIJ'IKOIJ no

HOB. 

<l>n3nqecKne ocHOBhl Tipe,n:Jio)ReHHoro MeTo,n:a Il3JIO)ReHhl n pa3,n:eJie 3.1. 

IIpn 3TOM IlCTIOJib3JeTCJI. TaKoe B3ailMO,n:e:ii:CTBile TipeHe6pe)RilMO MaJioil: qa

CTil IlOHOB C TOHKO:ii: BHyTpeHHeil: MilllieHbIO, TIPil KOTOpOM po)R.ZJ:aIOTCJI BTO

pn'!Hhle IlHq>OpMaIJ;IlOHHhle (I1H) 'l:aCTilIJ;hl, IlMeIOmne TipaKTil'!eCKil n,n:eH

Til'IHhlll CTieKTp TIO BeJIIl'IIlHe Il HaTipaBJieHilIO CKOpOCTil Il ,n:oTiycKaIOmne nx 

Il36npaTeJibHYIO perncTpaD;IlIO 6e3 B03,n:eil:CTBilJI Ha TIJ'IOK. IIpn Il3MepeHilil 

B3ailMHOil: KoppeJIHI(IlOHHO:ii: q>yHKIJ;Ilil Me)R.ZJ:y TIOTOKaMn qacTilI( IlJIIl q>OTO

HOB 30H,n:npymme:ii: MnnreHn, Ticen.n:ocnyqa:ii:Ho Mo,n:yJinpoBaHHoil: BO BpeMeHn, 

n po)R.ZJ:aIOmnxcJI Ha He:ii: I1H-'lacTnIJ;, perncTpnpyeMhlX Ha TipoJieTHoil: 6a3e, 

oTipe,n:eJIHeTCJI BpeMJITipoJieTHhlil: cTieKTp (pacTipe,n:eJieHne TIO ::iHeprnn) no

HOB B Bhl,n:eJieHHOM HaTipaBJieHilil. IIoKa3aHo, 'ITO OTHOCilTeJibHhlll aHaJIIl3 

3TilX q>YHKIJ;Il:ii: TIPil pa3JIIl'IHhlX TIOJIO)ReHilJIX MilllieHn B TIJ'!Ke Il HaTipaBJie

HilJIX perncTpaIJ;Ilil I1H-'laCTilI( TI03BOJIHCT TIOJIJ'IIlTb pacTipe,n:eJieHne IlOHOll 

B TIOTiepe'!HoM qia30BOM TipocTpaHcTBe. 

B pa3,n:eJie 3.2 TipOBe,n:eH aHaJIIl3 Heo6xo,n:IlMOil: 3JieMCHTHOH 6a3hl yc

Tpoil:cTBa .ZJ:JIH KoppeJIHIJ;IlOHHhlX Il3MepeHn:ii: TiapaMeTpOB TIY'!Ka IlOHOB. Pac

CMOTpeHhl B03MO)RHOCTil qiopMnpoBamrn IJHyTpeHHeil: MilllICHil B Bn,n:e <pn-

3Il'leCKOro reHepaTopa "6eJioro" nryMa 'laCTilI( IlJIIl <l>OTOHOIJ . .ll:JIH TIJ'IKOB 

OTpnD;aTeJibHhlX Il pJI,n:a TIOJIO)RilTeJibHhlX MOJieKyJIHpHhlX IlOHOB (HaTipilMep, 

H:}:, Ost, K:}:, Nat, X4, Pbt, H4, Krt n .n:p.), ,n:oTiycKammnx q>oTo

pacmeTIJieHne Ha 30H,n:npyIOme:ii: q>OTOHHOH 1rnnreHn, .ZJ:JIH 3TilX IJ;eJie:ii: MO)RHO 

IlCTIOJib30BaTb Il3JIJ'IeHne HeKOTOphlX TBep,n:oTeJihHhlX Jia3epon C 60JibIIIOil: 

nrnpnHo:ii: JIIlHilil Tiepexo.n:a B MHOrOMO.ZJ:OBOM CTaTilCTil'leCKil He3aBilCilMOM 

pe)RnMe ycnJieHilJI. B 'l:aCTHOCTil, nrnpnHa aIJTOIWppeJIHIJ;IlOHHOH q>yHKIJ;Ilil 

N d+3:I1Ar Jia3epa B Tip.e.n:eJiax TinKa cno6o.n:Hoii reHepaD;nn .n:ocrnraer Be

JIIl'!IlHhl :::; 50 TIC. IIoKa3aHo, 'ITO .ZJ:JIH llhlCOKO'laCTOTHoro ,n:eTeKTilpoBaHilJI 

TipocrpaHCTBeHHO pacTipe,n:eJieHHoro TIOTOKa 3aprriReHHhlX IlJIIl He:ii:rpaJib-
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HhlX l1H-tJaCTIIJJ; MO.lKHO IICITOJib30BaTI, .n;eTe:E(TOphl Ha OCHOBe MIIRpORaHaJIJ,

HhlX nJiaCTIIH. PaccMOTpeHhl xapaRTepIICTIIRII II3BeCTHhlX ycTpOHCTB ,D;JIJI 

II3MepeHIIJI B3aIIMHOH RoppeJIJII(IIOHHOH <pyHRI(IIII OllTII'IecRIIx· II 3JieRTpII

qeCRIIX CIIrHaJIOB. OTMeqaeTcH, 'ITO npII nepexo.n;e R MHOroRaHaJibHhlM II3-

MepeHIIJIM B03HIIRaeT Heo6xo,n;rrMOCTb B C03,D;aHIIII 6oJiee ROMIIaRTHhlX CIICTeM 

6hlCTpo.n;eil:cTByIOlllIIX RoppeJioMeTpoB ,D;JIJI .n;rrarHOCTII'IeCRoro ycTpOHCTBa. 

B paa.n;eJie 3.3 Ha npIIMepe IIOHOB H- npe,n;JioJReHo ycTpoil:crno ,n;JIJI 

peamfaau:IIII HeB03Mym:arom:IIx ROppeJIJII(IIOHHhlX ll3MepeHIIH rrapaMeTpOB 

rrytJRa B n:cTO'IHIIRe. Cxe1rn ycTpoil:cTBa rrpn:Be,n;eHa Ha pn:c. 7. O.n;tta rre

peMem;arom;aHCH no ocn: Y llJill HeCROJibRO CTan:n:oHapHhlX 30H,n;rrpyrom;IIX 

<pOTOHHhlX MITIIIeHeH C rrceB,n;OcJiyqail:HOH IIOCJie.n;oBaTeJibHOCTbIO IIMIIYJihCOB 

BO BpeMeHn: (pIIC. 76) qiopMn:pyIOTCH B HatJaJie IIOBOpOTHoro yqacTRa Ha 

BhlXO,n;e llCTO'IHURa .n;n:aqiparMn:poBaHn:eM IIOJIJipll30BaHHoro II3JIY'IeHIIJI OT 

Nd+3 :l1AI' Jiaaepa (,\ ~ 10600A) B peJRn:Me cBo6o.n;Hoil: reHepaI(IIn:. Te

CTOBhle H 0 aTOMhl poJR,n;aIOTCH B peayJIJ,TaTe <pOT006,n;n:pRII rrpeHe6pelRITMO 

MaJIOH tJaCTll llOHOB H- n: IIOBTOpHIOT BeJill'IllHY ( B OTH.e.n;.) II HarrpaBJieHn:e 

( B pa.n;) n:x CROpOCTll C TO'IHOCTbIO :S 8· 10-4 E;0
·
5

' r.n;e E; - 3Heprn:H HOH OB 

B RllJI03JICRTpoHBOJihTax. Baan:MHhle RoppeJIJII(llOHHhle <pYHRI(n:n: RI; 

I 

~' 

~ 
\ 

L J~-• ni.rw ~~x 
w~M= ~- M, ~;> '~ 

I~ M c,, I' ,1 
S(¼ ~~----fl 'l ~E~O~~i~ ~ J¾ .Mt 2 

fiw 3' Bs~ , l•I XLz (a) 

P11c. 7. CxeMa ycTpollcTBa .unR neBo3MJmamuuix twppeJJRI.{HOHHbtX 

H3MepeHHli rrapaMeTpOB rryqKa HOHOB H- B HCTO'ltlll!{e. 

ll3MepHIOTCH MeJR,n;y IIOTORaMn: <pOTOHOB I]q OT .5-0ll Hn:TeBU.n;HOH MUIIIeHn: 

( s = 1, .. . ,n) II COOTBeTCTBYIOlllIIMII eil: ycn:JieHHhl1Ill 3JieKTpn:'IeCRIIMn: cn:

rHaJiaMII r:q OT q-oii: JiaMeJIII (q = 1, ... ,m) aHO,D;HOH CllCTeMhl ,n;eTeinopa 

aTOMOB H 0 
( D;q) Ha OCHOBe MIIKpOKaHaJibHhlX IIJiaCTUH. I{oppeJIOMeTphl 
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(Bsq) C BpeMeHHIJM IIHTerpn:poBaHIIeM Ha rrpn:6opax C aapH,D;OBOH CBH3I,IO 

(II3C) cocTOHT n:3 MO,D;yJIJITOpHoii: II ,n;eTeRTOpHoil: JIIIHeeK (pn:c. 7B ). II3C 

JIIIHeil:Ka 1 Ha ocHoBe GaAs, B KoTopoil: RaJR,n;hlH TpeTn:il: aJieRTpo.n; aarnopa 

rroJiyrrpoapatieH, BhlIIOJIHHeT poJib rrpocTpaHCTBeHHoro MO,D;yJIJITopa rra.n;aro

m:eil: Ha Hee qaCTII Jia3epHoro II3Jiy'IeHIDI, pacrrpocTpaHHIOIIJ;eHCH B BOJIHO

BO,n;HOM pelRIIMe rro.n; 3JieKTpo,n;aMII 3~TBOpOB rrapaJIJieJIJ,HO n:x noBepxHOCTll. 

IlpII 3TOM rrpocTpaHCTBeHHoe pacrrpe,n;eJieHn:e aapJI,n;oB, cooTBeTCTByrom:ee 

.n;IICRpeTHOMY BO BpeMeHll rrpe.n;cTaBJieHITIO <pOpMhl BXO,D;Horo TOKOBoro cn:

rHaJia I%q(t), II3MeHHeT K03<p<pITI(IIeHT rrporrycKaHITJI JI'IeeK n:a-aa 3<p<peKTa 

3JieKTporrorJiom;eHIIJI <pOTOHOB. Mo.n;yJin:poBaHHOe TaKn:M o6pa30M Jia3epHoe 

II3JiyqeHn:e 2 perIIcTpIIpyeTcH KpeMHIIeBoil: II3C JIITHeHKoii: 3. IlpocTpaH

CTBeHHoe pacrrpe,n;eJieHn:e aapH.n;a, HaRorrJieHHOro B ee JI'Ieii:Kax aa BpeMJI n:3-

MepeHIDI, rrpe,n;cTaBJIJieT .RoppeJIJII(IIOHHYIO <pYHKI(ITIO RI;, KOTopyro MOJRHO 

3aTeM C'In:TaTI, n: rrepeBeCTII B MaCIIITa6 BpeMCHll rrpn: II3BeCTHOH CK0pOCTII 

rrepeHoca aapJI,n;a B,D;OJib Mo.n;yJIJITopHoil: II3C Jin:Heii:Kn:. ,lJ;JIJI KOHKpeTHoro 

TIIIIa CIIJibHOTO'IHOro IICTO'IHITKa IIOKaaaHo, 'ITO .n;aHHOC ycTpoii:CTBO II03B0-

JIJieT ocym:ecTBJIJITh HeBoaMym;arom;ee n:3MepeHn:e pacrrpc.n;eJieHn:JI n:oHoB H
rro 3HeprIIn: II B rrorrepe'IHOM qiaaoBOM rrpocTpaHCTBc (Y'Y) aa BpeMJI ~ 

100 HC II B HyJRHhlH MOMeHT B rrpe,n;eJiax O,D;Horo llMIIJJibCa IIY'IKa. 

"l.JeTBepTa.H rnaua ocHoBaHa Ha pa6owx [26-30] n: rrocBJIIIJ;eHa n:c

cJie.n;oBaHn:JIM no IICIIOJib30BaHITIO CBeTOBoro ll3JIY'IeHn:JI RoprrycRyJIJipHhlX 

MllIIIeHeii: ,n;JIJI HCB03Mym;arom:eii: .n;n:arHOCTllKll rrytJKa ll0HOB H- IT fflI-rroJIJI 

ycKOpJIIOlllllX CTpJKTYP Jin:Heii:Horo ycKopn:TeJIJI. 

B pa3.n;eJie 4 .1 n:ayqeHa rrpn:po.n;a CIJeToBoro IT3JiytJeHn:JI BHYTPCHHn:x 

ra30BhlX Mn:IIIeHeil: H c, H2 n: N2 rro.n; Bo3,n;eii:cTBITCM rryqRa TaKn:x cJia6ocBJI-

3aHHhlX qacTn:n:, KaK ll0Hhl H-. 8Kcrrepn:MCHThl rrp0B0,D;llJillCb rrpn: 3HeprIIn: 

n:oHOB 2 M3B, n:MIIJJihCHOM ToRe rrytJKa :S 30 MA n: .n;aBJieHn:n: pa6oqn:x ra-

3oB :S 10-3 Top. C rr0Mom1,ro orrTn:Kn: n:3o6pameHn:e cBeTJimeii:CH o6JiacTn: 

mrnaJia Tp,rncrropTn:poBKn: rrytJKa rrpoen:n:pcmaJioc1, Ha Topen: MHoroKaHaJib

Hoii: ( no IIOITepetIHOii: KOop,n;n:HaTe) CBeTOB0JIOR0HH0ii: c6opKII, KaJR,D;hlii: KaHaJI 

KOTopoii: 3aKaHtJn:BaJICJI CB0llM <l>8Y C ycn:JillTCJieM. B rrpoBe,D;eHHhlX 3KC

rrepn:MCHTax ITOKa3aHo, 'ITO ITpn: JIOKaJII,HOM HaITycKe ra3a B KaHaJI TpaHC

rropTIIpOBRll ITYtJKa n: ITpeHe6peJRn:MhlX ITOTepJIX llOHOB ll3-3a IIX 06.n;rrpRII, 

IToJiyqaeMhle T0KOBhle cn:rHaJihl c <l>8Y n: pacrrpe,n;eJieHIIe n:x aMIIJIIITy.n; ITO 

KaHaJiaM CBeTOBOJIOKOHHOH c6opRII a.n;eKBaTHO OTpaJRaIOT II3MeHeHIIe TORa 

rrytJKa BO BpeMeHn: n: rrepepacITpe,n;eJieHn:e ITO cetJeHrrro, cMemeHIIe rrytJKa 

B rrorrepe'IHOM HarrpaBJieHIIII, a TaKJRe IT03BOJIJIIOT C BhlCOKOH 'IJBCTBIITeJib

HOCTbIO <pIIKCllpOBaTI, IT<ma.n;aHn:e He3HatJn:TeJibHOH 'IaCTII II0HOB Ha CTeHKy 

BaKyyMHOH KaMephl. C yqeTOM llOJIY'IeHHhlX pe3yJibTaToB rrpe,n;JioJReHo IIC-
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rroJib30BaTb ,ZJ;aHHOe cneTonoe II3Jiyqemre ,ZJ;Jill orrepaTHBHoro ROHTpOJifI rro

Tepo IIOHOB II OIITIIMaJibHOro corJiaconaHHJI OT,ZJ;eJII,HhlX yqaCTROB ycRopII

TeJibHoro TpaRTa c MaJioii: 3HeprIIeii: rryqRa. 

ITpe,ZJ;JIO)I{eH BhlCOI{oqyncTBIITeJibHhlH rrpoq>IIJIOMeTp rryqRa C O,Zl;HOBpe

MCHHOH perIIcTpan;IICH II3JiyqeHlIJI OT OT,ZJ;eJibHhlX CJIOeB rrpoc1rnTpIInaeMoii: 

o6JiacTII rrpocTpaHcrna. 

B pa3,ZJ;eJie 4.2 3RCIIepIIMeHTaJibHO IICCJie,ZJ;oBaHhl oco6eHHOCTII 

no36ym,ZJ;eHIIJI He, H 2 II N2 IIO_HaMII H-. I1oRa3aHo, qTo rrpII TOH me 3aBH

cIIMOCTII OT 3HeprIIII n ,ZJ;IIarra30He 100 R3B -;- 2 M3B OTHOIIIeHIIe ceqeHIIH 

II3JiyqeHIIJI 3TIIX ra30B rrpH B3aIIMO,ZJ;eHCTBIIII C HOHaMII H- II IIpOTOHaMII 

6JIII3RO I{ TpeM. 

1,0E-02 /7 [orn.e,aj 

1,0E-03 

1,0E-04 

• 
u. [orn.e,aj 

1,0E-05 +---------_;--------~ 

1,00E-01 /7 [OTH.e,aj 
(6) 

1,00E-02 

1,00E-03 

1,ooE-04 U. [orn.e,aj 

0 

Pnc.8. 3aa1Ic1IMocTh 1IHTen

c1IanocT1I cBeTOBoro CIIrHana 

(I., [oTH.e,ll]) OT Bq- MOIIIIIOCTII 

(Ua [oTH.e,ll]) B pe30HaTopax c 

IIQI{<l> (a) II IIIIR<I> (6) ,llJIH 

pa3JIII'lllhlX MaTep1IaJIOB CT€HRII 

BanyyMHOH RaMepLI a o6JiaCTII 

per1IcTpaI11I1I 1I3Jiy'leI11IH 

(. - Hepll{aBeIOIIIa!I CTaJih, 

◊ - CTeHRa IIORphlTa aRBa,l(aroM) 

B pa3,ZJ;eJie 4.3 II3yqeHa npIIpo,ZJ;a cneTonoro II3JiyqeHlIJI Ha BhlXO,ZJ;e 

HeHarpymeHHhlX rryqRoM Bq-pe3oHaTopon JIIIHefiHoro ycRopIITeJifI c rrpocT

paHcTneHHO-o,ZJ;Hopo,ZJ;Hofi (I10I{<I>) II rrpocTpaHcTBeHHO-nepIIO,ZJ;IIqecRofi 

(ITITH<I>) RBa,ZJ;pyrroJibHhlMII q>oRycIIponRaMII. I1oRa3aHa CHJibHaJI 3anIIcII-
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MOCTb IIHTeHCIIBHOCTII II3JiyqeHIIJI OT BeJIIIqIIHhl Bq-IIOJifI B HIIX ( CM. pIIc.8), 

MaTepIIaJia naRyyMHo:ii RaMephl 3a arrepTypo:ii pe30HaTopon II He3aBIICII

MOCTb 3TOH IIHTeHCIIBHOCTII OT BaRyyMHhlX ycJIOBIIH B IIIIIpOROM ,ZJ;IIarra30He 

II3MeHeHIIJI ,ZJ;aBJieHIIJI. .D:aHHOe II3JiyqeHIIe reHepIIpyeTCJI 3JieRTpOHaMII an

T03MIICC~II Ha 3JieRTpo,ZJ;ax, BhlXO,Zl;JIIIl;IIMII qepe3 arrepTypy pe30HaTopa, II 

MO)I{eT 6hlTb IICIIOJib30BaHo )];Jill HeB03Myrn;arorn;ero I{OHTpOJifI Bq-MOIIl;HOCTII 

n HeM n peaJibHOM MaCIIITa6e npeMeirn, a TaRJKe rrepIIO,ZJ;HqecRoro TeCTIIpo

BaHlIJI CTa6IIJibHOCTII napaMeTpOB rryqRa. 

IlJITa.JI rJiaBa OCHOBaHa Ha pa6oTaX (31-44) II IlOCBJirn;eHa II3yqe

HIIIO, ,ZJ;IIarHOCTIII{e II OilTIIMII3aU:IIII B3aIIMO,ZJ;eHCTBIIJI nyqRa JI,ZJ;ep C BHy

TpeHHIIMII MIIIIIeHJIMII B CIIHXpOTpoHax Ha npIIMepe HYRJIOTpoHa. 

B pa3,ZJ;eJie 5.1 TeopeTIIqecRII IICCJie,ZJ;OBaHhl oco6eHHOCTII B3aIIMO,ZJ;e:ii

CTBlIJI JI,ZJ;ep C BHyTpeHHIIMII MIIIIIeHJIMII B CIIHXpoTpOHax. C yqeTOM ,ZJ;IIq>

q>y3IIOHHhlX rrpon:eccon B nyqI{e rrpII MHOroRpaTHOM rrpoxo)I{,ZJ;eHIIII MIIIIIeHII, 

Heyrrpyroro JI,ZJ;epHoro B3aIIMO,ZJ;e:iicTBIIJI, a TaRJKe pe3epqiop,ZJ;oncRoro II ,ZJ;II

q>paRn;IIOHHoro JI,ZJ;epHoro pacceJIHIIJI Ha 6qJioIIIIIe yrJihl ( rrpeBhlIIIaIOrn;IIe yrno

no:ii aRcerrTaHC ycRopIITeJIJI Ha yqacTRe JIORaJIII3aU:IIII MIIIIIeHII) pa3pa6oTaH 

aJiropIITM pacqeTa ycpe,ZJ;HeHHhlX 3a npeMJI U:IIRJia CBeTIIMOCTefi, npeMeHII 

)I{II3HII U:IIpRyJIIIpyrorn;ero rryqRa (n), a TaRJKe pocTa ero IIpO,Zl;OJibHOrO II 

rrorrepe'!HhlX 3MIITTaHCOB. HoHRpeTHhle rpaq>IIqeCRIIe 3aBHCIIMOCTII rroJiy

qeHhl )];Jill rryqROB peJifITIIBIICTCRIIX JI,ZJ;ep HYRJIOTpOHa II IIORa3aHa BaJKHaJI 

poJib ,ZJ;IIq>q>y3IIOHHhlX npon;eccon B HIIX. HeROTOphle pe3yJibTaThl pacqeTOB 

rrpe,ZJ;CTaBJieHhl Ha pIIc.9,10. 
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Pnc. 9.ManclIMaJihIILie 

BeJIII'lllHhl ycpe,llHeIII!hlX 

3a npeMn HIIRJia (Tc=lOc) 
y,lleJILHhlX CB€TllMOCTefi 

(Lc/N0 , N0 - Ha'laJILHOe 

'IIICJIO 'laCTI!II Ha op61ITe) 

,l(JIH pa3JIII'1HhlX BHyTpeH

IIIIX MHIIIeHefi (A0 ) II HY'l

ROB JI,llep Ha HYRJIOTpOHe 

(-- 1 A•f3B, 

- 6 A-f3B). RpnBLie 1 
ll 2 IIOJIY'1€Hhl 6e3 y'leTa 

,l(Hcj:,cj:,y3noHHhlX IIOTepL 

HY'll{a ,llefiTpOHOB C 3Hep

rnefi 1 A•f3B H 6 A-f3B 

COOTBeTCTBeHHO. 



-4 
10 

Tb•ty 

-7 
10 

l:=:t . _:_L-~-•, 
.. ~-f-.!-.+ ~, 
I I I~ I I•·• 

,A~-2~':::::: 
-~·'-,-,~t=;:: 
'-· ~,--t-t- --t-
c· !-°',' ~ ++-+-1-l- I I i I I I I I I I I I 

I ! j 1J':---

tf ~ 
! ! ! i I i I 

Ao 250 

PHc.10. 3aBl!Cl!MocTb 

q>JHKHl!I! n-t9 [c·r/cM2] 

OT MaccoBoro 'll!CJia Ml!

rnenl! Ao I! ee TOJIII(l!Hhl 

t9 ,l\JIH pa3lll!'IH1IX HJ'IKOB 

JI,l\ep na nyKJIOTpone (--

1 A-raB, - 6 A-raB). 

Kp!!Bhle 1 I! 2 11onyqen11 

,l(JIH a11anornq1111x pnc.9 

JCJIOBIIH. ' 

I3 pa3.ll;CJIC 5.2 orrn:cam,r CTamurn BHyTpeHHIIX MIIIlleHeM, IICilOJih3y

CMaJI n <l>II3IIqccRIIX :➔m':ncpIIMCHTax Ha HYRJIOTpotte, ee 3JieRTpoHHoe II 

nporpal\moc o6ccncqeHIIe. YnpanJieHIIe cTaHu;IIefi ocymecTBJIJieTcJI .n;IIc

TaHu;irnHHO c noMOlUh!O ncpcoHaJihHoro RoMnhJOTepa II3M PC II ocHonaHo 

Ha oncpaTIIBHOM npc.n;cTaBJICHIIII IIH<popMal(IIII O IJ;IIRJIC MarHIITHoro noJIJI,. 

xapaRTCJ)IIC:TIIRaX nyqm1 II pacII<>JIO)RCHIIII MIIIlleHeii: OTHOCIITCJII,HO Hero Ha 

'➔Rp,rnc MOHIITopa. Hco6xo.n;IIMaJI npocTpaHcTBCHHO-BJ>CMCHHilJI TpaeRTO

pIIJI Bhl6paHHO:ii 1IIIIllCHII no OTHOillCHIIIO R nyqRy' no npeMCHHO:ii IllRaJIC 

pa6oThl yc:ROJ>IITCJIJI, onpc,n;CJIJICTCJI oncpaTopoM c nOMOlUh!O MhllllII II OT

pa6aThlnaCTCJI IllllrOnhlM .IJ;IJIIraT<'JICl\I. I33aII1IO.IJ;CllCTnIIc nyqm1 C MIIIllCHI,JO 

IJO npcMCHII KOHT{lOJIIIpycn:JI no cnPTOIJOMY II3JiyqcHIIIO MclTPpmwa MIIIllCHII 

no.zi; n03.ll;CllCTnIIPJ\I II<>HOn. 

Pa3.n;cJI 5.3 nocnJIIU<'H IIcnoJI1,:ionaHIIJO cn<'nmoro II3JiyqcHIIJI <l>OJihro

nhlx ( C H2 , Cu, Au) II HIITPIJII.IJ;Hhlx ( C) 1IIIIllPHP:ii .n;JIJI om•paTIInmiro KoH

TpoJIJI OTHOCIITCJihHO:ii cncTIIMOC"TII no np<'1l!'IIII II npocTpaHC"Tn<'HHhlX xapaK

TCJ)IICTIIR u;IIpKym1pyI01UPro nyqm1 .n;P:iiTpomm n <lm:iIIqPcRIIX -➔ KcnPpII1H'H

Tax C 3TIIJ\III 1IIIIllCHJI1III na HYRJIOTpOHC. llpII!l!'.IJ;PHhl npIU?C'Jlhl noJiyqPHHO:ii 

c no11om1,10 cI>8Y TeKymc:ii IIH<l>op11rnu;IIII o nm·oKoqanoTHo:ii cTpyKT.VJ>P 

nyqRa (pIIc.11)' a TaRJRC npCMCHHO:ii pac:TJiilil{(' n3aIIl\IO.IJ;Cii:<TnIIJI, C"OOTnPT

CTBY!OlUeM .IJ;JIIITeJihHOCTII ero u;IIpKyJIJiu;IIII (0, 3-;- 0. 5 c). lloRa3,IHo, qrn n 

cJiyqae N-o6pa3HO:ii nHyTpenHeii: l\IIIIllCHII II3 yrncpo.n;HhlX HIITC:ii (1.2,3 Ha 

pIIc.12) MOJRHO ·onpe.n;eJIJITI, nonepeqHI,IC pa3MCJ)hl nyqm1 II cro noJIOiliCHIIC' 

B ropII30HTaJihHOM II nepTIIRaJII,HOM HanpanJICHIIJIX 3a O.ll;IIH IJ;IIKJI pa60Thl 

ycKOpIITeJIJI. B 3TOM cJiyqae, II3BeCTHOC pacCTOJIHIIC (Le) 11em.n;y nepTII

RaJihHhlMII HIITJIMII 1 II 3 .n;aeT 1IaCillTa6 .IJ;JIJI onpe.ll;CJICHIIJI ropII30HTaJihHOro 

pa3Mepa nyqKa He3anIICIIMO OT cKopocTII ( l ~) panH011epnoro nepeMeIUeHIIJI 
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PHc.11. MnKpocTpJKTypa B3a11-

MO,l\elicTBHJI nyqKa ,l(eiiTponoB c C Hr 
Ml!Illellb!O TOJil!IIII!Ol! 1,6 MKM npll 

3Hepr1!1! 1,3 raB/HJKJIOII Ha pa3Jill'l-

111IX CTa,l(IIJIX pa60T11 IIJKJIOTpona: 

(a) naqano HIIKJia ycKope1111n, 

(6) - B1IXO,l\ na IIJiaTO MarHIITHOro 

IIOJIJI, (n) - 1111pKJJIRHIIJI yc1mpen11oro 

IIJ'IKa 11p11 Bhl!(JIIO'leHHOM BlJ-noJie 

(.l\11cc1111a1111n crycTKoB). Per11cTp11-

pyeTcn CBeTOBOe 113JIJ'len11e Mllllle!III. 

MIIIllCHII. I3 npe.n;noJiolReHIIII, qTo reoMeTpIIqecm>e ccqeHIIe nyqKa IIMeeT 

cpopMy RaHOHIIqecRoro 3JIJIIInca, no II3DeCTHOMY yrJiy (Y MClR.IJ;y HIITJIMII 1, 

3 II 2, a TaRJRe no lI3MepeHHOMY 3HaqeHIIIO Rbx MOlRHO onpe.n;eJIIITh xapaR

TCpHhlM nepTIIKaJII,Hhlll pa3Mep nyqKa 

Rbz = Rbx · ctgaJ(L2/2Rbx)2 - 1 (11) 

B .n;aHHOM BhlpameHIIII neJIIIqIIHa L2 panHa npocTpaHcTneHHOM IllIIpIIHe Ha 

noJiyBhlCOTe pacnpe,n;eJieHIIJI 2 npII CROpOCTII MIIIlleHII, Ror.n;a aMnJIIITy;DJ,I II 

IIIIIpIIHhl CIIrHaJIOD 1 II 3 6JIII3RII no neJIIIqIIHe. llo II3MepeHHhlM IllIIpIIHaM 

nyqRa Ha noJiyBhlCOTe pacnpe.n;eJieHIIH B ropII30HTaJihHOil: (2Rbx ~ 4 MM) 

II nepTIIRaJihHOH 2Rbz ~. 6 MM) nJIOCROCTJIX noJiyqeHhl CJIC.IJ;yIOlUIIe ou;emrn 

.IJ;JIJI nonepeqHhlX 3MIITTaHCOB u;IIpKyJIIIpyromero nyqRa .n;eil:TpOHOB Ha HY

RJIOTpoHe npII 3HeprIIII 1,6 r3B/HyKJIOH: Ex(TJ = 3) ~ 3 MM·Mpa.zi;, 

Ez(TJ = 3) ~ 7 MM·Mpa.n;. 
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Pnc.12. CxeMa ropn:aOHran1-

Horo rrepeMemeHHR N-o6paaHol! 

BHJTpeHHel! MHIIIeHH ll3 yrnepo

,IUILIX HHTel! (0= 10 MKM) ll llH

TeHCllBHOCTh llX ll3JiyqeHHR ( N-,) 
BO BpeMeHll. 

OTMeqeHa u;eJiecoo6pa3HOCTb IICIIOJib30BaHirn rro.n;o6HIJX N-o6pa3HIJX BHy

TpeHHIIX MIIIIIeHe:fi: rrpII HaCTpO:fi:Re pe.lRIIMOB pa6oThl ycRopIITCJIJI II orrepa

TIIBHOro ROHTpOJIJI xapaRTCpIICTIII{ nyql{a BO BpCMJI ceaHca. 

B paa.n;eJie 5.4 OTMeqeHo ycneIIIHoe npone.n;eHIIe nepnhlx q>II3IIqecRHx 

,mcnepIIMCHTOB C IICnOJib30BaHIICM BHyTpeHHIIX MIIIIICHCM Ha HYRJIOTpOHC B 

.n;IIanaaoHe :meprII:fi .n;e:fiTpoHon 100 A•M3B -;- 2,5 A·I'3B. IlpII 3TOM pern

cTpIIpoBaJIIICb ,-RBaHThl, 7r- II no.n;noporOBhlC J(-MC30Hhl, a TaR.lRe pa3JIIIq

HhlC JI.n;epHhlC cpparMeHThl OT npoTOHOB .n;o II30TOnOB 6 He II noRa3aHa nep

cneRTIIBHOCTb IIayqeHIIJI nepexo.n;HhlX pe.lRIIMOB OT npoTOH-HCHTpOHHOro I{ 

RBapR-rJIIOOHHOMY cocTOJIHIIJIM JI.n;epHo:fi MaTepIIII Ha U:IIPRYJIIIpyrom;IIx nyq

Rax JI.n;ep 3Toro HoBoro cnepxnpoBo.n;Jim;ero ycRopIITCJIJI. B RaqecTBe rrpII

Mepa npIIBC.ll;CHhl HOBhlC peayJibTaThl no RYMYJIJITIIBHOMY pom.n;eHIIIO npo

TOHOB n o6JiaCTII cpparMeHTaU:IIII JI.n;pa yrJiepo.n;a, noJiyqeHHhlC n paMRax 

ROJIJia6opau;IIII C<I>EPA npII pa3HhlX 3HeprIIJIX .n;e:fiTpOHOB II BHyTpeHHe:fi: 

noJIII3TIIJICHOBOM MIIIIICHII. PaccMOTpCHhl B03MO.lRHOCTII paCIIIIIpCHIIJI npoBO

.ll;IIMhlX IICCJie.n;oBaHIIM c U:IIPRYJIIIPYIOilIIIMII nyqRaMII Ha o6JiaCTI, He:fiTpOH

HOM q>II3IIRII. IlpoBe.n;eHhl pacqeThl y.n;eJibHOro BhlXO.n;a HCHTpOHOB (In/No) 
.n;JIJI pa3JIIIqHhlX BHYTPCHHIIX MIIIIIeHe:fi: II 3HeprII:fi JI.n;ep d II a Ha HYRJIO

TpOHe. OTMeqeHo, qTo npe.n;cTaBJICHHble Ha pIIc.13 peayJibTaThl II .ll;OCTIIrHy-

24 

ThlC IIHTCHCIIBHOCTII U:IIPRYJIIIPYIOilIIIX .n;e:fiTpOHOB ~ (1 -;- 5) . 109 aa U:IIRJI 

no3BOJIJIIOT paccqIIThlBaTb Ha noeyqeHIIC HC.ll;OCTarom;e:fi: B HaCTOJim;ee BpCMJI 

3RCnepIIMCHTaJibHOM IIHq>OpMaU:IIII no 3HepreTIIqecRIIM II yrnoBhlM pacnpe

.n;eJICHIIJIM, a Tal{}RC cpe.n;He:fi: MHO}RCCTBCHHOCTII HCHTpOHOB, pom.n;arom;IIXCJI 

npII BHY'.I'PIIJI.n;epHhlX RacRa.n;ax II nocJieRacRa.n;Ho:fi 3BOJIIOU:IIII JI.n;ep MIIIIICHII . 

~ 

100 

1 Q-1 

10-2 

~ 3 
~~ \. ~-~ 
~ 

~ 
~ 
~ 

~ ~ 

~~ 
2 

~ 
~ 
~..Li ---1 Q-3 

0 50 100 150 200 250 
Ao 

Pnc.13. 3aBHCHMocr1 

y,!\eJibHOro BLIXO,!\a Hel!

TpOHOB {/n/N0 ) 3a I(llKJl 

pa6oTLI HJKJIOTpOHa (Tc= 
10 c) OT MaccoBoro qn:cna 

MmrreHH (A 0 ) rrpn ee B3a

HMO,!\el!cTBHI! C I(llpRJJlll

PYIOil1llM rryqRoM d- 11 a
qacrn:n: pa3HLIX :meprnl! 

(1 ---+ 100 A-M3B, 2 ---+ 

500 A-M3B, 3 ---+ 1000 
A-M3B). 

B 3aKJilff<IeHHH no.n;ne.n;eH RpaTRIIH IITOr II rrpoaHaJIII3IIpOBaHhl pe-

3YJibTaThl npone.n;eHHhlX IICCJie.n;oBaHIIH no B3aIIMO.ll;CMCTBIIIO IIOHOB C BHY

TpeHHIIMII MIIIIICHJIMII Ha ycROpIITCJIJIX, a Tal{}RC .n;aHa OU:CHRa npe.n;Jio.lReH

HhlX II paapa6oTaHHhlX MCTO.ll;OB HCB03Mym;arom;e:fi .n;IIarHOCTIIRII nyql{OB. 

3AKJIJOqEHME M OBIII;AH XAPAKTEPMCTMKA 
PABOTbl 

IlpoBe.n;eHHhlC B .n;IIccepTaU:IIII IICCJIC.ll;OBaHIIJI OXBaThlBaIOT IIIIIpORHH 

Rpyr aa.n;aq no TCXHIIRC q>II3IIqecRoro 3RcrrepIIMCHTa, CBJI3aHHhlX C B3aIIMO

.n;e:fiCTBIICM IIOHOB C BHYTPCHHIIMII RoprrycRyJIJipHhlMII II q>OTOHHhlMII MIIIIIC

HJIMII n JIIIHCHHbIX II U:III{JIIIqecRIIX ycRopIITCJIJIX. PacCMOTpeHbI HCI{OTOphle 

acneRTbI 3Toro B3aIIMO.ll;CMCTBIIJI B IIIIIpOROM .n;IIanaaoHe 3HeprII:fi: IIOHOB OT 

.n;eCJITROB RHJI03JICRTpOHBOJII,T .n;o peJIJITIIBIICTCRIIX. BoJibIIIOC BHIIMaHIIC y.n;e

JICHO .n;eTaJibHOMY TeopeTIIqecROMY II 3RcnepIIMCHTaJibHOMY II3yqeHIIIO pJI.n;a 

3JICMCHTapHhlX npou:eccoB .n;JIJI u;eJie:fi onepaTIIBHOH II HCB03Mym:arom;e:fi .n;II

arHOCTIIRH nyqRoB OTPIIU:aTCJibHhlX II HCROTOphlX MOJieRyJIJipHbIX noJIO}RII

TCJibHhlX IIOHOB, a TaRme' He:fiTpaJibHhlX qacTIIU:. Ba.lRHoe MCCTO OTBC.ll;CHO 

paapa6oTRe HOBhlX MCTO.ll;OB .n;IIarHOCTIIRII II ycTpOHCTB .n;JIJI IIX peaJIII3aU:IIII, 

OT.ll;CJibHhlM BOrrpocaM onTIIMaJibHOro cpopMIIpOBaHIIJI II TpaHCIIOpTIIpOBRH 
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nytIKOD, a TaK)Re nP.ODe,n:eHlIJI q>lI3II'IeCKHX 3KcnepIIMeHTOB C IICnom,3ona

HIIeM DHyTpeHHHX MIIIIIeHeii: II nytIKOB JI,n:ep B CIIHXpOTpoHax Ha npnMepe 

HYKJioTpoHa. 

HayqHan HOBH3Ha H rrpaKTH'leCKan n;eHHOCTL npe,n:CTaBJieH

HhlX pe3yJihTaTOB IICCJie,n:onaHJiii: orrpe,n:eJIJieTCJI npem,n:e ncero IIX CBJI3hIO 

C conpeMeHHhlMII pa3pa6oTKaMII no IICilOJih3OBaHIIIO CIIJThHOTO'IHhlX nyq

KOD IIOHOD .D:JIJI BhlCOKOIIHTeHCIIDHhlX lIMITYJihCHhlX IICTO'IHIIKOB Heii:TpOHOB, 

peIIIeirnJI. TepMoJI,n:epHhlX npo6JieM, 3JieKTpoJI,n:epHoro cnoco6a noJiytieHIIJI 

:meprIIII II TpaHcMyTaD;IIII pa.n:noaKTIIBHhlX OTXo,n:on, nepe,n:atIII 3HeprIIII Ha 

6oJihlIIIIC pacCTOJIHIIJI nytIRaMII qacTIID;, a TaKme IICilOJih3OBaHHeM noJiy

'ICHHhlX pe3yJihTaTon npII onTIIMII3au;mi: pa6oThl Honoro cnepxnpono.n:m:n:ero 

ycKopIITCJIJI peJIJITIIDIICTCRIIX JI,n:ep - HYKJIOTpoHa, nJiaHIIpoBaHIIII II npo

ne.n:eHIIII Ha HeM q>II3II'IeCKIIX 3RcnepIIMeHTOD C IICilOJih3ODaHIIeM BHyTpeH

HIIX MIIIIICHCii:. Pa3pa6oTaHHaJI CTaHD;IIJI BHYTpeHHIIX MIIIIIeHeii: II MHoro

<l>YHRD;IIOHaJihHaJI CIICTCMa ee ynpaDJICHIIJI Ha OCHODe nepcoHaJihHOro ROM

IIhIOTepa npe.n:ocTaDJIJICT DO3MO)RHOCTh npone.n:eHIIJI IIIIIpOROro KJiacca 3RIIe

pIIMCHTOD HC TOJihRO Ha HYKJIOTpoHe, HO II n 6y.n:yrn:eM Ha ero 6ycrepe. 

BoJihIIIIIHCTDO HaytIHhlX pe3yJihTaTon, rrpe.n:cranJieHHhlX D ,n:IIcceprau;IIII, 

IIOJIY'ICHO nncpDhlC. I{ HIIM OTHOCJITCJI : 

- - '.➔RcncpIIMCHTUJihHO II3McpeHHhle yrJIODhlC pacnpe,n:eJICHIIJI aTOMOD no.n:o

po.n:a D '.➔JICMCHTclJ)HhlX aKTax 06.n:IIpRII IIOHOIJ H- pa3HhlX 3HcprIIii: Ha ROp

rrycRyJIJipHhlX MIIIIICHJIX; 

-- ccticHIIJI 06,n:IIpRII a-_10 II 0-01 Ha yrJicpo.n:c .D:JIJI H- II H 0 tiacTIID; c :mep

rucii: 2 II 7 M:➔D; 
- 6JIII3Koc R rpcM OTHOIIIeHIIc ccticHIIii: IJo36ym.n:cHIIJI H c, H 2 II N2 6hl

crphlMII IIOHaMII H- II rrporoHaMII IJ ,n:IIaIIa3oHc :mcprIIii: 100 R3Il -;- 2 
M3B; 

- reopeTIItieCKII IICCJie,n:onaHHhle rroJIJipII3aD;II<>HHhlC :➔ cl><l>eRThl IJ .n:ml><l>e

peHu;IIaJihHhlX CCtieHIIJIX 3JICRTJ)OHOIJ I) Jia6opaTopHoii: cm:T°CMC OTC'ICTa rrpII 

OROJIOIIOporonoii: 06,n:IIpRe IIOHOIJ H- Jlil3CpHhlM II3JIY'ICHIIC'l\l, a Ti\R)I{C rrpII 

pom.n;eHIIII 3JieKTpOHOIJ c rrapaMeTpa1rn yrmmoii: acm1w·TpIIII /J0 = -1, 2; 
- pactieThl cetieHIIH .D:IlYXq>OTOHHOH 06.n:IIpKII IIOHOIJ H- I) 06m1cTII 3HeprIIii: 

q>OTOHOD rrpeBhlIIIarorn:eii: 0./l:HOq>OTOHHhlH rropor. 

I{ HOBhlM pe3yJihTaTaM no TeXHIIKe q>II3IItiecRoro 3KCIIepIIMCHTa OTHOCJITCJI: 

- IICCJie,n:onaHIIe qiaKTopa reoMeTpIIII 3KCIIepIIMeHTOIJ rrpII II3Y'ICHIIII pac

ceJIHIIJI IIOHOB Ha l\laJihlC yrJihl C IICilOJih3ODaHIIeM JICHTO'IHhlX nytIROIJ; 

- pactieThl BJIIIJIHIIJI TOKa nytIKa OTpIIu;aTeJihHhlX IIOHOB Ha TO'IHOCTh ero 

,n:IIarHOCTIIKH no 3JieKTpOHaM 06,n:IIpKH; 

- npoeKT II pactieThl ynpanJIJie1rnro .n:eTeRTopa npocrpaHCTBeHHoro pac-
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npe.n:eJieHIIJI IIMITYJihCHoro IlOTOKa peJIJITIIBIICTCKIIX 3JieKTpOHOB C pa3peIIIe

HIIeM 100--;-150 MKM II BhlCOKHM pecypcoM pa60Thl B pa.n:uau;IIOHHhlX ycJio

BIIJIX CIIJil,HOTO'IHhlX ycKopIITeJieii:; 

- lI3MepeHIIe npocrpaHCTBeHHhlX xapaKTepIICTIIK u;IIpKyJIIIpyrorn:ero nytIRa 

peJIJITIIBIICTCKHX .n:eii:TpOHOB, onepaTIIBHhlH KOHTpOJII, ero crpyKTyphl II CIJe

TIIMOCTII BO npeMeHH C noMorn:1,10 ClleTOIJOro II3JIY'ICHIIJI qiom,roBhlX II HIITe

BII.D:HhlX MIIIIIeHeii:, IICilOJTh3YCMhlX B <PII3II'IeCKIIX 3KCilCpIIMeHTaX Ha HYKJIO

TpOHe; 

- pactieThl CBeTIIMOCTeii:, npeMeHII )RII3HII nytIRa JI,n:ep II IIHTeHCIIBHOCTII 

reHepau;IIII 6hlCTphlX Heii:TpOHOB Ha HYRJIOTpOHe npII IICilOJih3ODaHIIII IJHY

rpeHHIIX MIIIIIeHeii:. 

06HapymeHO CBeTOIJOe II3JiytieHIIe Ha BhlXO,n:e HeHarpymeHHhlX nytIKOM fflI
pe3OHaropon JIIIHeii:Horo ycKopIITeJIJI, II3ytieHa ero npIIpo.n:a II .n:aHhl npe.n:

JiomeHIIJI no IICilOJTh3ODaHIIIO B 3KcnepIIMeHTaJihHOii: TCXHIIRe. 

Pe3yJihTaThl qacTII npone,n:eHHhlX IICCJie,n:oIJaHIIii: JICfJIII Il OCHOIJY pa3-

pa6oTOK Mero.n:a ,n:IIarHOCTIIRII ny'IROIJ OTpIIu;aTCJihHhlX IIOHOIJ no 3JieKTpo

HaM q>OT006,n:IIpKII, KoppeJIJID;IIOHHOro MCTO,n:a HCIJO3Myrn:amrn:ero onpe,n:eJie

HIIJI napaMeTpOB nytIKa IIOHOB, a TaK)RC MCTO,n:a .D:IlclrHOCTIIRII nytIKOIJ OT

pIIu;aTCJll,HhlX II noJIO)RIITeJihHhlX IIOHOIJ no :➔JICRTpOHaM <l>OToo6.n:IIpKII npo

MemyTO'IHhlX 6hlCTphlX HefiTpaJihHhlX qacTIID;. HoIJII3Ha ,n:aHHhlX MeTo,n:on 

,n:IIarHOCTIIKII no,n:Tnepm,n:eHa TpCMJI anTopcRIIMII CllII.D:CTCJihCTilaMII Ha II3O-

6peTCHIIC. ITpe,n:JIO)RCHhl II pa3pa6oTaHhl HOilhlC TIIIIhl KOMnaKTHhlX MHO

rocpyHRD;IIOHclJihHhlX .n:IIarHOCTII'ICCKIIX ycTpofiCTil, ROTOphlC Moryr HafiTII 

npIIMCHCHIIC npII npone,n:eHIIII 3RCncpIIMCHTOil Ha pa3JIII'IHhlX cyrn:ccTBYIO

rn:IIx II rrpocKTIIpycMhlX ycKOJ)IITCJIJIX IIOHOil. HcKOTOJ)hlC II3 HIIX npIIMC

HJIJIIICI, n CyxyMcKOI\I <lm3IIRO-TCXHII'ICCR<>M IIHCTIITyTc, a MHorocpyHKu;IIo

HaJihHoc ycTJH)llCTilO C Jiil3CpHhll\l 3OH.D:IIJ)Olli1HIICM nytIKa IIOHOil H- IlhlCO

Roii: '.➔HcprIIII pa3pa6oTaHO .D:JIJI JIIIHCllHOro ycRopIITCJIJI MEr AH l1HCTIITyTa 

JI.D:CJ>HhlX IIccJic,n:onaHIIfi PAH (r. TpoIIu;R). HaII6oJihIIIaJI 3q>q>eKTIIBHOCTh 

'.➔TIIX ycTpoii:CTil, a TaK)RC npcIIMyrn:ccTna npc,n:JIO)RCHHhlX MCTO.D:OB HeBO3My

rn:aJOrn:cii: .n:IIarHOCTKII nytIKOIJ O)RII.D:ilIOTCJI npII IIX IICnOJih3OIlilHIIII Ha pa3-

pa6an,inacMhlX Il pa3JIII'IHhlX Il;CHTpax CIIJihHOTO'IHhlX ycKopIITeJIJix IIOHOB 

H- .D:JIJI npIIKJia.D:HhlX 3a,n:aq. 

[Io.n;ne.n;eM KpaTKHH HTor rrpone.n;eHHLIX Hccne.n;onaHHH. 

1) B pe3yJihTaTe npone,n:eHHhlX TeopeTII'IeCKIIX II 3KcnepIIMeHTaJil,HhlX IIC

CJie,n:onaHIIH peIIIeHO PJI.D: MeTO,n:II'IeCKHX 3a,n:aq no TCXHIIKe q>II3IItiecKoro 

3KCnepIIMeHTa, IlO3BOJIIIBIIIIIX noJiy'IIITh HOBYIO IIHq>OpMaD;IIIO O B3aIIMO,n:eii:

CTilIIII IIOHOil C BHyTpeHHIIMII MIIIIIeHJIMII Ha ycKOpIITeJIJix, a TilK)Re ocy-
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II(CCTBJIJITb 0IITIIMII3an;1no II 011epaTIIBHbIM R0HTp0Jib ::noro B3aIIM0.11:CMCTBIIH 

11pII 11pone.n:eHIIII ,mc11epIIMCHT0B 110 JI.n;epHOM q>II3IIRe Ha U:IIpRyJIIIpyIOII(eM 

11y1rne HYRJI0TpoHa. Ha 0CHone perIIcTpaD;IIII 11po.n:yRT0B B3aIIM0.1J:CMCTBIIH 

II0H0B C pa3JIIIlJHbIMII 30H.11:IIPYIOII(IIMII MIIIIICHJIMII 11pe.1J:JI0JRCHbI II pa3pa-

6oTaHbI H0BbIC MCT0.11:bl II MHOrocpyHRD;IIOHaJibHbie ycTp0:il:CTBa .11:JlJI HCB03-

Myll(aIOII(ero R0HTp0JIJI pa3JIIIlJHbIX xapaRTepIICTIIR 11y1JRa C T0lJH0CTJIMII, 

6IJcTpo.n:e:il:cTnIIeM II pecypcoM pa6oTIJ n ycJI0BIIJIX cymecrnyromIIx II 11po

eRTIIpyeMIJX CIIJibH0T0lJHbIX ycROpIITCJie:il: II0H0B, HC.11:0CTYIIHbIX .11:JlJI Tpa.n:II-

0:H0HHbIX MCT0.11:0B .n:rrarH0CTHRII. 

2) B 3RCllepIIMCHTaX 110 pacceJIHIIIO II0H0B Ha MaJIIJe yrJibI (10-5 

10-1 pa.n:) n11epnbie IICII0Jib30BaHbI JICHT0lJHbie IIYlJRII. 1-IIICJICHHbIM Mo.n:e

JIIIponaHIICM II0Ra3aHo, lJT0 CTCIICHJ, BJIIIJIHIIJI .n:aHHOM reoMeTpIIII 3RC11epH

MCHTa cymecTBCHH0 3aBIICIIT OT cpyHRD;IIOHaJibHOro nn.n:a II3MCpJICM0ro yrJio

noro .n:rrcpcpepeHD;HaJibHOro CClJCHHJI B 3JICMCHTapH0M aRTC B3aIIM0.1J:CMCTBIIJI. 

ITpII o6pa60TRC II0JiylJCHHoro 3RC11epIIMCHTaJibH0ro MaTepIIaJia 110 06.11:IIpRe 

llOHOB H- Ha pa3JIIIlJHbIX ra30ilbIX MIIIIICHJIX YlJTCHbI pe3yJihTaTbI M0.1J:CJIII

ponaHIIJI II II0Ra3aHo, lJT0 MaRCIIMaJibHaJI T0lJH0CTb C00TBCTCTBIIH yrJI0BbIX 

pac11pe.n:eJICHII:il: II0H0B H aT0M0B H 0 n 11y1JRe c 3HeprIIe:il: EH- 2:: 10 R3B 

011pe.n:eJIJieTcJI nIJpameHIICM G0 [pa.n:]= 3-10-2/✓EH_[R3B]. C y1JeT0M co-

0TH0IIICHIIJI 6,.E0 / EH- = (2-;-2, 5)-G0 .11:JIJI IIIIIpIIHbI Ha II0JiyBbIC0Te pac11pe

.1J:CJICHIIJI aToMon H 0 110 3HeprIIII 110Jiy1JeHHaJI 3anIICIIM0CTb G0 (EH-) M0JRCT 

6IJTb IICII0Jib30BaHa .11:JIJI 3a.n;a1J .11:IIarH0CTIIRII 11y1JR0B H0H0B H- 110 aT0MaM 

Ho. 

3) TeopeTIIlJCCRII II3YlJCH0 BJIIIJIHIIC II0JIJipII3aD;IIH II M0II(H0CTII cpo

T0HHOM MIIIIICHH Ha 06.11:IIpRy 6IJcTpbIX II0H0B H- n6JIII3H 0.1J:H04JOTOHHOro 

11opora. I1oRa3aHo, lJT0 110.n:6opoM M0II(H0CTII, 11pocTpaHCTBCHHOM opIICHTa-

0:IIII HMIIYJibCa II II0JIJipII3aD;IIH q>OTOHOB M0JRH0 peaJIII3onaTb ycJI0BIIJI 11epe

.n:a1JII Heo6xo.n:m.rn:il: IIHcpopMaD;IIII 0 11y1JRe 6IJcTpbIM 3JICRTpoHaM IIJIII aT0-

MaM no.n:opo.n:a C MaRCIIMaJibHOM T0lJH0CTbIO. 8TII T0lJH0CTII 3HalJIITCJibH0 

BbIIIIC .11:0CTIIraeMbIX Ha Rop11ycRyJIJipHbIX MIIIIICHJIX. 

4) O6ocHonaHa B03M0JRH0CTb 3RC11CpIIMCHTaJibHoro M0.1J:CJIIIponaHIIH 

B3aIIM0.1J:CMCTBIIJI BbIC0R03HepreTIIlJCCRHX II0H0B H- C q>OJibrOBbIMII MIIIIIe

HJIMII Ha 11y1JRax 6oJiee .11:0CTYIIHbIX HII3RHX 3HCprII:il:, 11pII TOM me 6e3pa3-

MCpH0M 11apaMCTpe B3aIIM0.11:CMCTBIIJI II aHaJiorHlJHbIX T0R0BbIX xapaRTCpII

CTIIRax. B 3RC11CpIIMCHTax C yrJiep0.11:HOH q>OJibrOH 11pII 3HeprIIJIX 2 II 7 
M3B H3MepeHbI CClJCHIIH 06.n:rrpRII II0H0B II H0HII3aD;IIII aT0M0B no.n:opo.n:a. 
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5) ITpe.n:JioJReH II pa3pa6oTaH MCT0.11: HCB03Myll(aIOII(CM .11:IIarH0CTIIRH 

11y1JRa 0TpIID;aTCJibHbIX II0H0B 110 3JICRTp0Ha:M cpoTOo6.n:rrpRH ( <1>8.lJ:IT) II IIC

CJie.n:onaHbI ero 11pe.1J:CJibHbIC B03M0JRH0CTII. C opIICHTau;ne:il: Ha H0HbI H
pa3pa60TaHbI ycTpo:il:crna .11:JIJI peaJIII3aD;HII MCTo.n:a n JIIIHCMHbIX ycRopII

TCJIJIX c _3HeprIIe:il: 11y1JRa OT 11opJI.11:Ra .n:ecJITII M3B .n:o peJIJITHBIICTCRo:il:. 

PaccMOTpCHO BJIIIJIHIIC II0JIJI 11y1JRa 0TpIID;aTCJibHbIX H0H0B Ha .11:0CTIIrae

MYIO T0lJH0CTb II3MCpeHII:il:. I1oRa3aH9, lJT0 11pe.1J:JIOJRCHHbIM MCT0.11: <1>8.lJ:IT 

M0JRCT 6IJTb C yc11exoM IICII0Jib30BaH .11:JIJl peJIJITIIBIICTCRHX IIYlJROB HOHOB 

H- C T0R0M n C0THII MIIJIJIHaM11ep, HallpIIMep, n 11poeRTIIpyeMbIX HCT0lJ

HIIRaX He:il:Tp0H0B Ha 0CH0BC JIIIHCHHbIX ycRopIITCJICM. ITpe.n;JIOJRCH 11poeRT 

H 11pone.n:eHIJ paclJCTbI .1J:CTCRTopa 11pocTpaHCTBCHH0ro pac11pe.n:eJICHIIH IIM

IIYJibCH0ro II0T0Ra 6IJCTpbIX 3JICRTp0H0B C pa3pCIIICHIICM 100-;-150 MRM .11:JIJI 

pa3pa6oTaHHbIX .n;IIarH0CTHlJCCRIIX ycTpo:il:cTB H BbIC0RIIM pecypcoM pa60TbI 

B pa.n:rran;II0HHbIX ycJI0BIIHX CIIJibH0T0lJH0ro 11y1JRa II0H0B. 

6) ITpe.n;JIOJRCHbI II TeopeTIIlJCCRII o6ocHOBaHbI MCT0.11: .n:rrarH0CTIIRII 

11y1JRa H0H0B 110 3JICRTpoHaM 4JOTOII0HII3an;nII 11poMCJRYT0lJHbIX 6IJCTpbIX 

HC:il:TpaJibHbIX lJaCTIIU:, pom.n:aIOII(HXCJI Ha 30H.1J:IIpyrome:il: nHyTpeHHe:il: MII

IIICHII B pa3JIIIlJHbIX RBaHT0BbIX C0CT0JIHIIHX, II ycTpo:il:CTB0 .11:JIJI peaJIII3aD;IIII 

MCT0.n;a Ha y1JaCTRC 11epe3apJI.1J:HOM IIHJRCRD;HII IIJIII 11onop0Tax RaHaJia TpaHC-

11opTIIp0BRH H0H0B H- BbICOROM 3HeprIIII. 

-7) ITpe.n:JioJRCHbI MCT0.11: II ycTpO:il:CTB0 .11:JlJI HCB03Myll(aIOII(CM .n:rrarHO

CTHRII CIIJibH0T0lJH0ro 11y1JRa HCHTpaJibHbIX lJaCTIIU: MaJIOM 3HeprIIII 

(.n:ecJITRII -;- C0THII R3B Ha HYRJIOH) 110 3JICRTp0HaM II36IIpaTCJibHOM 4JOTOII-

0HH3aD;IIII 011pe.n:eJICHHoro RBaHTonoro C0CT0JIHIIJI. 

8) 8Rc11epIIMCHTaJibHO II3YlJCH0 CBCTonoe II3JiylJeHIIC ra30BbIX MIIIIIC

HCM 110.11: B03.1J:CMCTBHCM II0H0B H-. I1oRa3aHO, lJT0 B .1J:IIalla30HC 3Heprn:il: 

100 R3B -;- 2 M3B 0TH0IIICHIIC ce1JeHII:il: II3JiylJCHIIH He, H 2 II N 2 11pII n3a

IIMo.n;e:il:crnIIII C II0HaMII H- II 11poT0HaMII 6JIII3RO R TpCM. Pa3pa60TaHO 

ycTpo:il:~TB0 H 11p0.1J:CM0HCTpIIponaHbI ero B03M0JRH0CTII 11pII .n:rrarHOCTIIRC 

11y1JRa noHon H- c 3HeprIIe:il: 2 M3B 110 cneTonoMy II3Jiy1JeHIIIO n RaHaJie 

TpaHCII0pTIIp0BRII. ITpe.n;JIOJRCH 11poq>IIJIJIOMCTP 11y1JRa C perIICTpan;IIe:il: 

CBCTonoro II3JIY1JCHIIJI 0CTaT0lJH0ro ra3a IIJIII 11pocTpaHCTBCHH0 JI0RaJIII30-

naHHOM ra3ono:il: MIIIIICHII. 

9) ITpe.n;JIOJRCHbI II TC0pCTIIlJCCRII o60CHOBaHbI RoppeJIJID;IIOHHbIM Me-
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TOJJ: HCD03Myrn;aroru:eil: .zurnrHOCTllKll ny•rna llOHOD ll ycTpoil:CTDO JJ:JIJI ero pe

aJill3clll;llll D llCTO'!HllKax H-, ;:i:pyrnx OTpnn:aTeJII,HbIX ll HeKOTOpbIX noJio

lKllTCJihHhlX MOJieKyJIJipHbIX llOHOB. 

10) vfayqeHa npnpo;:i:a cneTOBoro ll3JIY'leHIDI Ha DhlXOJJ;e HeHarpyJReH

HhIX ny'IKOM Bq-pe30HaTopon JillHeil:Horo ycKOpIITeJIJI. l1oKa3aHa CllJihHaJI 

3aDIICIIMOCTh llHTeHCllDHOCTll ll3JIY'leHIDI OT neJill'lllHhl Bq-nOJIJI B HllX, Ma

Tcpmrna paKyyMHOH KaMepbI 3a anepTypoil: pe30HaTopon ll He3aBllCllMOCTh 

:noii llHTCHCllDHOCTII OT naKyyMHhlX ycJIOBllH D nrnpoKOM ;:i:nanaaoHe ll3MeHe

HIIJI ,n:aDJICHIIJI. ,Il;aHHOe ll3Jiy'leHlle reHepIIpyeTCJI 3JieKTpOHaMll aBT03MllC

CIIll Ha :➔JICKTpo;:i:ax, DhIXOMill;IIMll qepea anepTypy peaoHaTopa, ll MOJReT 

0hITh IICnOJih30DaHO )];JUI HeD03Myru:aromcro KOHTpOJIJI Bq-MOill;HOCTll D HeM 

D peaJihHOM 1rnc11ITa6c npeMeHII, a TaKJRe nepIIOJJ;ll'leCKOro TeCTllpOBaHIDI 

CTa0IIJihHOCTII ITapaMeTpon ITY'!Ka. 

11) TcopcTll'ICCI{II llCCJie,n:onaHa 3DOJII<)U:IIJI ITapaMeTpon ITY'!Ka JI,n:ep 

II ITpODCJJ:CH pac'ICT CDCTIIMOCTCii ITJ>II cro D3aIIMOJJ;Cil:CTDIIII C pa3JIII'IHhlMII 

DHJTlH~HHIIMII MIIIIJeHJIMII ·Ha HYKJI<>TpOHC. 

12) Pa3pa6oTaHa II II3rOTODJICHa CTaHU:IIJI DHYTPCHHIIX MIIIIICHCii, IT0-

3D0JIJIIOill;aJI ITpoD0JJ;llTh llIIIJ>OKIIii I{Jiacc :mcITcpIIMeHTOD Ha U:IIPKYJIIIpyroru:eM 

ITY'IE<' n o6JiacTII ITJ>IIKJia,n:Hoii II p<'JIJITIIDIICTCI<oii JI,n:cpnoii <l>II3IIKII. KoH

cTpyKU:IIJI CTaHU:llll, l\I<'TOJJ: I{OHTp0JIJI D3,llIW)JJ:CiiCTDIIJI ITY'!Ka C MIIIIIeHhIO ITO 

('(' ('D('TODOl\IY II3JIY'l<'HIIIO, a T,lKlKC CIICTCl\Ia yITpaDJI<'HllJI Ha OCHODC ITCpco

HclJihH0ro I{01IIIhlOT<'pa InrvI PC xoporno 3apPKOI\I<'HJJ:0DaJIII ('('OJI D ITCpDhIX 

<l>II3II'l<'CKIIX ·-)I{CITcpIIM<'HTax na nyKm>Tpom•. 

13) n <lHI3II'lCCI{llX :➔KCITcpmI<'HTaX Ha U:IIPKYJIIIpy10ru:cM ITY'IKC Hy

KJI0TpoHa noKa3aHo, 'ITO CDCTODOe ll3JIJ'IPHII<' <l>OJihrODhIX II HIITPDIIJJ:HhIX 

l\IHIIICHeii l\IOJRCT 6bITh C ycITCXOl\I IICIT0Jih30DaH0 JJ:JIJI 0II<'paTIIDHOr<) KOHTpOJIJI 

OTHOCIITeJihHOH CDeTIIM0CTII DO DpCMCHII, DhICOKO'laCT0THOii CTpyKTyphI II 

ITpocTpaHCTDCHHhIX xapaKTepllCTIIK ITY'!Ka. 

14) l1pone;:i:en aHaJIII3 ITepcITeKTIIDH0CTII :➔KCIIl'PIUICHTOD ITO rcHcpa

U:IIII 6bICTpbIX He:ll:TpOHOD C IICnOJih30DaHlleM DHYTPCHHIIX l\HIIIICHCii II U:II

pKyJIIIpyrorn;IIX ITY'IK0D JI,n:ep HYKJIOTpona D ;:i:naITa30HC :rneprIIii O' 1 -;- 1 

I'3BIHYKJIOH. 11oKa3aHo, 'ITO IIMeIOru:IIeCJI D HaCT0JIIll;CC DpCl\IJI D03l\IOlKH0-

CTII HYKJI0Tp0Ha, CTaHU:IIII DHyTpeHHIIX l\HIIIIene:ll: II pa3Jill'IHhlX ;:i:eTCKTO
pon HeiiTpOHOB IT03DOJIJII()T noJiy'IIITh HCJJ:OCTaromy10 JJ:JIJI pJI;:i:a ITpIIKJiclJJ;HhlX 
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aa,n:aq 3KcnepIIMeHTaJII,HYID IIH<popMaU:llID no 3HepreTll'leCRllM II yrJI0DhlM 

pacnpe,n:eJieHIDIM, a TaKJRe cpeJJ;Heil: MH0JReCTBCHHOCTII Heil:TpOHOB, renepll

pyeMbIX npll BHyTpIDI;:i:epHbIX KacKa;:i:ax ll IT0CJieKaCKaJJ;H0:ll: 3DOJIIDU:llll JI,n:ep 

MIIIIIeHll. 
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