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Bee,!J.emie 

Ilpe,nnaraeMbIH Kypc neKI.IJIH RBMeTCR 3aBeprna1-0meiI, TpeTbeH '!aCTbI-O Kypca, 

KOTOpb!H BKJII-O'!aeT s ce6R: 

I. Heynpyrue aTOMHb!e CTOJIKHOBeHJ!jJ. 

2. YnpyrJ1e CTOJIKHOBeHHR 'IaCTJII.I. 

3. HcTO'IHHKH MHOro3apR,nHb!X JIOHOB. 

B nocne,nHHe ,neCRTH.JieTHR npoucxo,nliT JIHTeHCJIBHOe pa3BHTHe HCTO'IHHKOB 

MHOf03apR,nHb!X HOHOB. IlepBb!M TOJI'IKOM K C03,naHHI-O TaKHX HCTO'IHHKOB IIOCJIY)KHJIH 

IIOTpe6HOCTH ycKOpJITeJieH Tj!)KeJib!X JIOHOB. HcTO'IHHK JIOHOB RBJ!ReTCR nepBb!M 

3BeHOM B 11eIIO'IKe ::meMeHTOB, COCTaBAAI-OIUJIX ycKOpHTeJib. Ilapfil\teTpbl JI 

3cp<peKTJIBHOCTb BCero YCKOpHTeJibHOro KOMIIJieKca 3aBHCRT OT xapaKTepHCTHK 

HCTO'IHHKa JIOHOB. KpoMe ycKOpJITeJibHb!X 11eHTpOB, TaKJle HCTO'IHHKH Bee 60JibIIIe 

HCIIOJ!b3YJ-OTCR B HCCJie,noBaHHRX no aTOMHOH !pJ13HKe, !pll3HKe IIOBepXHOCTJI TBep,noro 

Tena u B CMe)KHbJX o6naCTRX. 

DOJ!bIIIHHCTBO H3 cymecTBYJ-OIUHX B HaCTORmee BpeMR B MHpe THIIOB HCTO'IHJIKOB 

HOHOB, HCIIOJ!b3YJ-OIUHXCR ,nJIR npOH3BO,nCTBa MHOro3apR,nHb!X HOHOB, OCHOBaHO Ha 

IIOCJie,noBaTeJibHOH HOHH3al.lJIJI 3JieKTJ)OHHblM y,napoM HOHOB, y,nep)KJIBaeMbIX TeM HJIJI 

HHb!M cnoco60M B cpe,ne 3JieKTpOHOB C ,nocTaTO'IHOH ,nAA HOHJl3al.lHH 3HeprHeH. B 

nepBYJ-0 O'Iepe,nb, 3TO JICTO'IHJIKJI HOHOB Ha 3JieKTpOHHO-l.lJIKJIOTpOHHOM pe30HaHce 

ECRIS (Electron Cyclotron Resonance Jon Sources) H 3JieKTpoHHO-JIY'JeBbie 

HCTO'IHHKH HOHOB, IIOJIY'IHBIIIHe Bnocne,ncTBHH Ha'.3BaHHe EBIS (Electron Beam Jon 

Source). 

KpoMe Toro, B ycKOpHTeAAx Tj!)KeJib!X JIOHOB HaxO,nRT IIpHMeHeHJle Jia3epHbie 

JICTO'IHHKH HOHOB LIS (Laser Ion Sources). O,nHaKo B HCTO'IHJIKax 3Toro TJIIIa 

o6pa30BaHHe MHOf03apR,nHb!X JIOHOB nponcxo,nJIT B pe3yJihTaTe B3pbIBHOro 

BhlCB060)!(,neHJ!jJ 3HeprHH npn B3aJIMO,neHCTBHH CJIJ!bHO ccpoKycJ1pOBaHHOro HMIIYJibCa 

Jia3epHoro H3JIY'IeHHR C II0BepXHOCThlO pa6o'!ero MaTepJ1ana, 'ITO npHBO,llHT K 

MOMeHTaJibH0MY ero JICIIapeHHIO H o6pa30BaHHI-O IIJI0THOH ropR'IeH IIJ!a'.3Mbl. B 3T0M 

CJIY'Jae MHOr03apR,nHb!e JIOHhl o6pa3YJ-OTCR B pe3yJibTaTe KpaTK0BpeMeHH0f0 npo11ecca 
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(10-9 -10-6 C) IIpll B3allMO,neii:CTBllll Jia3epHoro II3JIYtJeHHR C ::meKTPOHHhIMll 

o6orrotJKaMll aTOMOB Ha IIOBepXHOCTll pa6oqero MaTepuarra MllIIIeHll. 3TH npouecCbI He 

RBAAIOTCR nocrre,noBaTeJibHOH llOHII3aUHeii: 3JieKrpOHHhIM y,napOM y,nep:amBaeMbIX B 

JIOBYIIIKe llOHOB ll BhIXOMT 3a paMKll paccMaTPHBaeMbIX RBJieHifH, KOTOpbie Il3YtJaIOTCR 

B 3TOM Kypce rreKUilH. 

PeIIIaIOIUilMil KpllTepllRMil 3q>q>eKTHBHOCTil IlCTO'IHilKa IlOHOB RBJIRIOTCR 

pacrrpe.nerreHile 3apR,nOBhIX COCTORHilH rrpOil3BO,nllMhIX IlOHOB Il IlHTeHCilBHOCTh 

Il3BJieKaeMbIX IIYtJKOB IlOHOB. TaKilM o6pa30M, rrpo6rreMbI o6pa30BaHilR, HaKOIIJieHilR Il . 
rrpOII3BO,nCTBa IlOHOB - ueHTPaJihHbie rrpo6rreMbI IlCTOtJHilKOB IlOHOB C IlOHil3aUileii: 

3JieKTPOHHhIM y.napoM. 

B I qacrn rreKUilH 6bIJIIl cqiopMyrrllpOBaHbI Heo6xo,nllMbie ycrrOBilR rrorryqeHilR 

BhICOKO3apR,nHhIX IlOHOB B IlOHHhIX IlCTOtJHilKax, OCHOBaHHhIX Ha rrocrre,noBaTeJibHOii: 

IlOHII3aUilll 3JieKrpOHHhIM y,napoM: 

1) 3Hepnur 3JieKrpOHOB .nom1rna 6hITh 6oJibIIIe IIOTeHUilaJia IlOHll3aullll IlOHOB 

TPe6yeMoii: 3apR,nHocrn; 

2) ,nOJI)KeH 6bITh o6ecrretJeH Heo6xo,nllMhIH q>aKTOp IlOHII3aUilll fr:;, r.ne 

j - IIJIOTHOCTh 3JieKTPOHHOro TOKa, a 't; - BpeMR y,nep)KaHHR IlOHOB; 

3) ,nOJI)KHhl 6bITh IlCKJIIOtJeHbI IlJIIl CHil)KeHbI .no .norrycTilMOro 3HatJeHilR IIOTepll 

IlOHOB Il3 pa6oqero 061,eMa IlCTOtJHilKa. 

1. 3JieKTpouuo-Jiy11eeoii HOHHhIH HCTOtJHHK EBIS 

1.1. IICTOpHH C03.ll:aHHH H OCHOBHble npHHUHUbl, 3rreKTPOHHo-rryqeBOH MeTO,ll 

rrorryqeHilR IlOHOB 6hIJI rrpe,nJIO)KeH E . .[(. ,[(OHUOM B 1967 r. C CaMOro HatJarra HOBhIH 

IlCTOtJHilK IlOHOB, rrorrytJHBIIIIlii Brrocrre,ncTBilll HaJBaHile EBIS (Electron Beam Jon 

Source), 6bIJI 3a,nYMaH KaK IlCTOtJHilK ,nrrR rrorryqeHilR BhICOKO3apR,nHhIX IlOHOB .rlJlH 

ycKopllTeJieii IlOHOB BhICOKIIX 3Heprnii:. 

KaK II3BeCTHO, B ycKOpIITeJIRX IIOHOB II B HaKOIIIITeJibHhIX KOJibUax OIITliMaJihHhIM 

RBAAeTCR IICIIOJih3OBaHIIe rrytJKOB IIOJIHOCThIO IIOHII3OBaHHhIX aTOMOB IIJIII aTOMHhIX 
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g,nep. 3To oco6eHHO Ba)KHO IIpll ycKopeHIIIl TR)KeJibIX IlOHOB, y KOTOpbIX OTHOIIIeHile 

3apg,na g,npa K Macce 3aMeTHO MeHbIIIe tJeM 0,5. lforrOJih30BaBIIIIleCR ,nAA ycKOpllTerreii: 

TR)KeJihIX IIOHOB B IIIeCTil,neCRTbie ro,nhI IIJia3MeHHo-.nyroBhie IlCTOtJHilKil IleHHilHra Il 

.nyorrrraJMaTOHhI He MOrJIIl o6ecrretJilTh .nocTaTOtJHOro OTHOIIIeHilR 3apg,na rrorryqaeMbIX 

IlOHOB K Macce. IIpe,nBapllTeJibHO ycKopeHHbie IIYtJKil IlOHOB rrponycKarrII qepe3 TOHKile 

rrrreHKil IlJIIl raJOBhie MIIIIIeHil, Ha3bIBaeMhie CTPilIIrrepaMil, ,nJIR IlCIIOJib3OBaHilR B 

ycKOpIITeAAx BbICOKIIX 3Heprllii. B pe3yJihTaTe ,nOIIOJIHilTeJihHOH IlOHll3aullll IlOHOB 

rryqKa aTOMaMil CTpllrrrrepa MO)KHO yBeJIIItJilTb 3apR,nHOCTb IlOHOB. PaBHOBeCHhIH 3apg,n 

IIOHOB B rryqKe orrpe,nerrReTCR OTHOIIIeHIIeM cetJeHilH IlOHII3aullII Il rrepe3apR,nKil, 

KOTOpoe 3aBilCilT OT 3Heprllll CTOJIKHOBeHilR tJaCTIIU. 3To, Ha rrpllMepe aTOMOB Il IlOHOB 

BO,nopo.na, MO)KHO BII,neTh Ha pIIC. 1 I tJaCTil rreKUIIH . .[(rrR rrorryqeHIIR BhICOKO3apR,nHhIX 

IlOHOB Heo6xo,nIIMa 3HeprnR IIOHOB B rryqKe B ,neCRTKil II COTHil M3B/HyKJIOH. 

lfro6bI 3HatJilTeJibHO YBeJIIItJIITh 3apR,nHOCTb rrorryqaeMbIX B IICTOtJHilKax IIOHOB, 

6bIJIO Heo6xo,nIIMO IIOBhICilTb 3HeprllIO IIOHil3IIpyIOIUilX 3JieKTPOHOB II BpeMR 

y,nep)KaHIIR IIOHOB B IlCTOtJHilKax. KoHCTPYKUilR EBIS po,nIIrrach B ycKopHTeJihHOii 

rra6opaTopIIII II Ha 6a3e ycKopIITeJibHOH TeXHilKII. B OCHOBY 3Toro IICTOtJHilKa 6bIJI 

IIOJIO)KeH JlllHeHHhIH ycKOpllTeJih 3JieKrpOHOB HerrpephIBHOro IlJIIl KBa3IlHerrpepbIBHOro 

,neii:CTBilR. 

EorrhIIIIIM rrpeHMymecTBOM KOHCTPYKUIIII EBIS RBAAeTCR TO, tJTO rryqoK 

3JieKrpOHOB O,nHOBpeMeHHO BhIIIOJIHReT ,nBe OCHOBHbie 4JYHKUIIII. KaK II B 

60JihIIIIlHCTBe .npyrIIX TIIIIOB IICTOtJHilKOB, 3JieKrpOHhI RBJIRIOTCR IIOHII3aTOpOM ,nJIH 

aTOMOB II IIOHOB. KpoMe Toro, rrpOCTPaHCTBeHHhIH 3apR,n 3JieKTPOHOB CJIY)KllT 

noByIIIKoii:, y,nep)KIIBaIOmeii: o6pa3oBaBIIIIIecR B rrytJKe IlOHhI. IlpHHUilII ,neii:CTBIIR EBIS 

IIO3BOJIReT yrrpaBJIRTh IIH)KeKUIIeii: HeiiTPaJIOB IIJIII MaJIO3apR,nHhIX IIOHOB pa6oqero 

. BemecTBa B 3JieKTPOHHhIH IIYtJOK, ,nJIIITeJibHOCThIO BpeMeHil y,nep)KaHIIR Il 06,nIIpKil 

IlOHOB B JIOBYIIIKe Il MOMeHTOM 3KCTPaKUilll IIOHOB II3 IlCTOtJHilKa. TeM CaMhIM MO)KHO 

perynIIpoBaTh CTeneHb IIOHII3auIIII nonyqaeMbIX IlOHOB II BapbIIpOBaTb ee B IIIIlpOKilX 

rrpe.nenax. 3m RBAAeTCR 6onhIIIIIM npeHMymecTBOM EBIS He TOJihKO npll ero pa6oTe B 

KatJeCTBe IlH)KeKTOpa ,nrrR ycKOpllTeneii:, HO Il oco6eHHO npII rrpoBe,neHIIII 

IlCCJie,noBaHIIH no qJII3IIKe 3JieKTPOHHOH o6oJIOtJKil MHOrO3apR,nHhIX IIOHOB. 
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B TeqeHJie ceMII)J;ecxn,IX II BOChMIIL1ecxn,IX ro)J;oB EBIS rrepe)KIIJI rrepIIOLl 

6ypHOro pa:rnIITIIH. B ,Uy6He Ha CHHXpO!pa30TpOHe, Ha CIIHXpOTpOHax B Opce II 

CTOKrOJibMe IICToqHIIKII 3TOrO TIIIIa ycrreurno rrpIIMeHHJIIICb B KaqeCTBe IIH)KeKTOpOB 

IIOHOB. B EBIS 6hmII rronyqeHhI peKOpLlHhie 3apHL1HOCTII TH)KeJihIX IIOHOB. B 

IICTO~IIKe KRION-3 BIIepBhie 6bIJIII 3apemCTpIIpoBaHbI IIOJIHOCThIO IIOHII3IIpoBaHHhie 

Mpa KCeHOHa 

electron 
gun 

gas feed shield solenold 

llector 

I repeller 

~I -- - .w •. 'L...!..... 

"![:. -------- - -------- - -- ---- ~Ti, 
ion beam 

electrorl beam 

u ate 

______ main trap ____ _ 

2t t 
QI+---+~--------------

Pnc. I.I. IlpttHI.\HDliaJJI,HllJI cxeMa EBIS n pacnpe11eneune noTeHl.\liaJJa, y11epi1maa10merci nou1,1 B 

npo11on1,uoM uanpaaneunn (aun3y) 

O)J;HaKO oco6o BhICOKIIe 3apMHOCTII Tpe6yIOT BpeMeHII YLlep)KaHIIH IIOHOB B 

3JieKTpOHHOM rryqKe B TeqeHIIe )l;eCHTKOB CeKytt)J;. ,Uo CIIX rrop IICKJIIQqIITh IIOJIHOCThIO 

IIOTepII IIOHOB II3 3JieKTpOHHoro IIyqKa EBIS He YLlaBaJIOCh, II LIO KOHI(a BpeMeHII 

YLlep)KaHIIH, KaK rrpaBIIJIO, )J;O)KIIBaeT TOJihKO He3HaqIITeJibHaH qacTb rrepBOHaqaJibHO 

BBe)J;eHHhIX B JIOBYillKY IIOHOB. IIoTepII IIOHOB II HII3KaH OTHOCIITeJibHaH IIHTeHCIIBHOCTh 
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rronyqaeMbIX IIOHOB B cpaBHeHHII C LlpyrHMH THIIaMH IICTOqHHKOB HBAAIOTCH rnaBHhIMH 

He)J;OCTaTKaMH EBIS. 

1.2. YcranoBKH Tuna EBIS. K HaCTOHII(eMy BpeMeHH B MHpe cyll(ecrnyeT 6onee 

)J;eCHTKa pa3JIIIqHhIX ycTaHOBOK · rn:rra EBIS. l1cToqHHKII IIOHOB c KopoTKHM 

3JieKTpOHHbIM rryqKOM )J;JIHHOH MeHee 10 CM BhmeJIHJIHCb B OT)J;eJibHOe HarrpaBJieHHe H 

rronyqHJIH HaJBaHIIe Electron Beam Ion Trap (EB/1). l1cToqHHKII 3TOro mrra 

IIOJiyqHJIII pa3BHTIIe B Lawrence National Laboratory B Livermore ( CM. rryHKT 1.6). 

B Hamy 3a)J;aqy He BXO)J;IIT aHaJIII3 Bcex BapnaHTOB KOHCTpYKUIIii. C 

rro)J;po6HocrnMu TeXHnqecKoii peanu3al(IIII IICToqHIIKOB mrra EBIS II EBiT MO)KHO 

II03HaKOMIIThCH B MOHOrpaq>mIX, HaIIpIIMep [1], II B MHoroqIICJieHHhIX CTaThHX II 

)J;OKJia)J;ax Ha KOHcpepeHI(IIHX no q>II3IIKe II IICTQqHIIKaM MHOr03apHLlHhIX IIOHOB. 

B- 3TOH rJiaBe Mhl paCCM0TpIIM 0CHOBHbie !pII3IIqecKIIe rrpIIHI(IIIIhI ycTpoiicrna, 

oco6eHHOCTII o6pa3oBaHIIH II HaKorrneHIIH BhICOK03ap.!1LlHhIX IIOHOB B EBIS. EBIT 

6y)J;eT OIIIICaH B II0CJie)J;HeM pa3)J;eJie 3TOii rnaBbI. 

OcTaHOBIIMCH KpaTK0 Ha o6ll(IIX rrpHHUIIIIax )J;eiicTBII.!I EBIS. 3neKTpOHHO

nyqeBoii IICT0qHIIK rrpe)J;CTaBJI.!leT co6oii JIIIHeiiHhiii ycK0pIITeJib 3JieKTpOHOB C Tpy6Koii 

)J;peiicpa. 3neKTpOHHhiii rryqoK CIIJihH0 ccpoKycIIpoBaH rrpo)J;0JihHhIM MarHHTHhIM rroneM. 

B 3aBIICIIMOCTII OT crroco6a C03LlaHIIH MarHIITHoro rroAA, EBIS pa3)J;eJijJIQTC.8 Ha ));Ba 

ocH0BHhIX rnrra IICT0~IIKa- "TeIIJihrii" EBIS II "xono)J;Hhrii" IIJIII KpIIOreHHhiii EBIS. 

Y CTpOiiCTBO KpIIoreHHoro EBIS M0)KeT 6hrrh rrpoHJIJIIOCTpIIp0BaH0 (pIIc. 1.1) Ha 

rrpIIMepe KSU-CRYEBIS B Kansas University. 3neKTpOHHaH rryrnKa, cocTO.!lll(aH II3 

aH0)J;a II KaT0)J;a (KOJIJieKTopa), C03)J;aeT 3JieKTp0HHbIH rryqoK, KOTOpbIH II0IIa)J;aeT B 

Tpy6Ky )J;peil:cpa, Hax0)l;Hll(YfOC.8 BHyTpH coJieHOIIL1a. ConeHOII)J; II0Mell(aIOT o6bNHO B 

MarHIITHhIH 3KpaH. B CBepxrrpOBO)l;Hll(IIX BapIIaHTaX IICTQqHIIKa Bee CHCTeMhI 

II0Mell(eHbI B KpII0CTaThI MH )KII)J;K0ro reJIII.8 II )KII)J;KOro a30Ta. 3JieKTpOHHhIH rryqoK 

II0IIa)J;aeT Ha 3JieKTpOHHhIH K0JIJieKTop, a II0HHhIH rryqoK - Ha BhITHrIIBaIOII(IIll 

3JieKTp0)J;. 
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PaccMOTpIIM npIIHUIIn )leil:cTBm1 HaII6onee ycnernHoro HOHII3aTopa KRION-2 Ha 

pnc.1.2. 

"] ,; ,. , . 
' 2 ---•! '.._ ---t_-, ~---~ ~-~ ~-~: ~-- .. -. _; 

Cl::] 

Pttc. 1.2. CxeMa 3JJeKTJlOHHO-OTTTH'JeCKOH CHCTeMbl H pacnpe,D,eJJeHtte 3JJeKTJlH'leCKOro TTOTeHQHaJJa U 

B,!J,OJ!h .D.pett(jJOBOH CTJlYKTyphl HOHH3aTOpa KRION-2. I - pelKHM Bh!BO,!J,a HOHOB, 2 - pelKHM 

HHlKeKQHH HOHOB pafioqero BeIQecrna, 3 - pelKHM y.D.eplKaHHll tt HOHH3aQHH 

KpIIoreHHo-MarHIITHruI cIIcTeMa IIOHII3aTOpa KRION-2 o6ecneqJIBaeT 

MaI<CIIMaJihHYJ:O IIH./lYKUIIIO qJOKycIIpyIOmero 3neKTpOHHhIH nyqoK IlOJUI B = 2,25 Tn Ha 

MIIHe HOHII3aTopa 1,2 M. KaTO)l 3neKTpOHHOH nyrnKH )lIIaMeTpOM 0,8 MM pa3MemeH B 

HapacTaIOIUeM no ocn nyqKa MarmrTHOM none coneHOH,lla, qro o6ecneqnaaeT 

KOMnpeccnIO 3neKTpOHHoro nyqKa .llO paaHOBecHoro pMnyca B = Bm.,J6. ~eil:qioarui 

CTpYKTYPa COCTOHT If3 25 monnpoBaHHhlX ceKUHH. Pa6oqnfi raJ, If3 KOToporo 

o6pa3yIOTCjJ: HOHhl, nocrynaeT BHYTPh 3-il: ceKUHH. IloMep)KHBaeMruI a Tpy6Ke ,llpeil:cpa 

B pa6oqeM pe)KHMe TeMneparypa 4,2 K o6ecneqJIBaeT )laBneHne ocTaTOqffOro raJa 

MeHbille 10-12 Topp. 

Ha HOHH3aTOpe KRION-2 6hmII nonyqeHhl cne)lyIOmne npe,llenhHhie napaMeTphI: 

3HeprujJ: 3neKTpOHOB - ,llO 120 K3B, nnoTHOCTh TOKa - ,llO 1 KA Ha CM2
, BpeMjJ: 

IIOHII3aUHH HeCKOnhKO )leCjJ:TKOB ceKyH,ll. 

1.3. 06pa3oBanue u naKonJieuue Mnoro3apH~HhlX uonoB B EBIS. 

Co6cTBeHHhIH 3apjJ:Jl 3neKTpOHHoro nyqKa EBIS cny)KHT noByrnKoil: B nonepeqHOM 

Hanpaanemrn: .llJljJ: nonO)KJITenhHO 3apjJ:)KeHHhlX IIOHOB. ,l(JUI y,llep)KaHifjJ: IIOHOB B 
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npo,llOnhHOM HanpaaneHHH 06bNHO C03,llaIOT pacnpe,lleneHIIe noTeHUIIaJia B)lOnh nyqKa 

c noTeHUHaJihHhIMH 6ap1,epaMn Ha KOHuax. B HCTOqHnKax Tnna KRION Tpy6Ka 

,llpeil:cpa nyqKa BbIJIOnHeHa B BH,lle OT,llenhHhIX ceKUHH (pile. 1.2). K Ka)K)lOH CeKUHH 

MO)KeT 601Tb npnnO)KeH CBOH He3aBHCHMhlH noTeHUHaJI. TeM CaMbIM cymecTBYeT 

B03MO)KHOCTh ynpaBnjJ:Tb pacnpe)leneHHeM noTeH.UHaJia B)lOnh nyqKa If ocymecTBnjJ:Tb 

pe)KifMbl IfH)KeKUIIH, y,llep)KaHifjJ: IInH 3KCTpaKUHif HOHOB B pa3n11qHI,IX BapHaHTax 

(HanpnMep, pe)KHMhI 1, 2 n 3 Ha pnc. 1.2). 

fny6nHa noTeHUifaJihHOH jJ:Mhl onpe,llenjJ:eTCjJ: pacnpe,lleneHHeM noTeHunana B 

nonepeqHoM. ceqeHHif nyqKa. KoHCTPYKUIIjJ: KaTO,lla 3neKTpOHHOH nyrnKH B IICToqHHKe 

KRION II CHnbHOe npo,llOnhHOe MarHHTHOe none o6ecneqifBaIOT nnOTHOCTh 

3neKTpOHOB B ceqeHHII nyqKa, 6nH3KYJ:O K paBHOMepHOH. Pacnpe,lleneHHe noTeHunana 

3neKTpnqecKoro nonjJ: B ceqeHHH nyqKa C nOCTOjJ:HHOH nnoTHOCThlO onpe,lleJUIIOTCjJ: 

3aBHCHMOCThlO 

{

eN, [21n ~ + (1-c)], 
U(r)= a a

2 

R 
2eN,ln-, 

r 

r :,;a, 
(3.1) 

r >a, 

r,lle N, - nnHeil:Hrui nnoTHOCTh 3neKTpOHOB B nyqKe; a -: pMnyc nyqKa; R - pMHYC 

Tpy6KH .llpeil:cpa. 

3HaqeHHe noTeHUIIaJia U(r) MO)KeT 6hITh TaK)Ke Bblpa)KeHO qepe3 TOK nyqKa I, II 

3HeprHIO 3neKTpOHOB E,: 

II fff[ R ( 2)] e me 21 r 
u(r)= ~ 2E, n~+ 1- a2 ' 

21, ✓mc2 
R ~ 2E, In-;-, r>a, 

r :,;a, 

(3.2) 

3,lleCh m - Macca 3neKTpOHa, C - CKOpOCTh CBeTa. 
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HanpIIMep, rny6uHa IIOTeHI.lmlJibHOH »Mbl ITO OTHOUieHmo K KpaIO rryqKa rrpll 

I, = 1 A II E, = 10 K3B cocrnBJrneT U = 150 B. B TO )Ke BpeM» Ha rroBepxHoCTII rpy6KII 

(r = R) rrpll R >> a IIOTeHUllaJI MO)KeT OKa3aTbC» B HeCKOJibKO pa3 BbIUie. 

CMeIUeHIIe OCH rryqKa OTH0CIITeJibHO ueHrpa ceqeHII» rpy6KII .n:peiiq>a Be.n:eT K 

llCKa)KeHmo rrpoq>Hn» IIOTeHUIIaJia II YMeHhUieHIIIO 3q>q>eKTIIBHOH rny6IIHbl 

IIOTeHUlla.JlbHOH »Mbl (puc. 1.3). 3To HaKna.n;brnaeT oqeHb )KeCTKlle rpe60BaHll» Ha 

TOqHOCTb mroT0BJieHII» II IOCTllpOBKll BCeii MarHIITHOH CllCTeMbl llCTOqHIIKa. 

-+---+-~-+-+ A 

Udt 

-U 

P11c. 1.3. Pacrrpe.11ene1111e pa.1111an1,11oro llOTeHI.(11ana :meKTJ)ll'leCKOfO rrom1 B 3aBIICIIMOCTII OT llOilOlKeH!IH 

Il)"IKa OTHOCIITellhHO OCII TPY6KII .11peil<!>a e IICTO'-IHIIKe 

J,fa Bbipa)KeHmI (3.2) Mbl Bll.D:IIM, qro rny6ttHa IIOTeHUllaJibHOH »Mbl B ueHrpe 

rryqKa OTH0CIITeJibHO ero rpaHIIUbl (r = a) orrpe.n:en»eTC» TOJibK0 JIIIHeHHOH 

IIJI0THOCTbIO rryqKa llJill IIOJIHbIM TOK0M 3JieKrp0HOB II He 3aBIICllT OT ero .D:llaMerpa. 

floJIO)KllTeJibHO 3apJI)KeHHbie ll0Hbl, .D:Bllra»Cb B IIOTeHUIIaJie (3.2), IIMeIOIUeM 

KBa.n:pamqHYIO 3aBllCllMOCTb OT pa.n:uyca BHYTPII rryqKa, C0BepIIIaIOT rapMOHIIqecKIIe 

KOJie6aHII» c qacTOTOH 

(0
2 _ iN r mc2 
; - e e 

AMa2 
' 
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3.n;ecb r, - KnaccuqecKIIH pa.n:uyc 3JieKrpoHa, A - MaccoBoe qucno, i - 3ap».n: II0Ha, 

M - Macca HyKnoHa (rrpoTOHa IIJIII HeiirpoHa). 

<l>yHKUIIJI pacrrpe.n:eneHII» llOHOB II ee rrepBbie M0MeHTbl B 3JieKrpOHHbIX IIyqKax C 

paBHOMepHOH II rayccOBOH IIJI0THOCT»Mll B 3JieKrpIIqecK0M none paccMarpIIBa.JlllCb 

B [1]. 

Ba)KHOH xapaKTepIICTllKOH JII06oro ll0HHOro llCTQqHIIKa JIBJI»eTC» B03M0)KHblll 

BbIXO.D: ll3 Hero ll0HOB. KonuqeCTBO ll0HOB, rronyqaeMbIX B EBIS, 3aBIICllT OT eMK0CTll 

IIOHHOH JIOBYUIKII, KOTOpa» orpaHuqeHa IIOJIHblM 3JieKrpllqecKIIM 3ap».D:0M Q, 

3JieKrp0HH0ro rryqKa, r.n:e L - .D:JIIIHa pa6oqeil: qacTII 3JieKTpOHHOro rryqKa, 

Q, = N,L. (3.3) 

CooTBeTCTBeHHO, MaKCllMa.JlbH0e qucno llOH0B N, KOTOpoe,MO)KHO HaKOIIllTh B 

rryqKe, 

'N=N;L= Q,. 
i 

(3.4) 

3.n:ecb N; - JIIIHeil:Ha» IIJIOTH0CTb ll0H0B B rryqKe II i - cpe.n;Hllli 3ap».n: ll0H0B B 

rryqKe. B peaJibHbIX ycnoBIIJIX qucno ll0HOB .n:om1mo 6bITb B HeCKOJlbKO pa3 MeHhUie 

BeJillqllHbl, .n:aBaeMoil: Bbipa)KeHIIeM (3.4), IIHaqe rrpocTpaHCTBeHHblli 3apJI.n: 3JieKTp0HOB 

6y.n:eT . CKOMIIeHCllpOBaH llOHHbIM 3ap».D:0M, II 3TO rrpIIBe.n:eT K ucqeJH0BeHIIIO 

IIOTeHUlla.JlbHOil: JIMbl, C03.D:aBaeMOil: 3JieKrp0HHblM rryqKOM. 

Mccne.n:oBaHIIe crroco6HoCTII 3JieKrp0HHoro rryqKa EBIS HaKarrnuBaTb IIOHHhrn 

3apJI.D: 6bIJIO rrpoBe.n:eHO B pJI.n:e 3KCrrepIIMeHTa.JlbHbIX pa6oT. Orrpe.n:en»JIOCb KOJIIIqecTB0 

llOHOB, rronyqaeMbIX B llCTOqHIIKax KRION, B 3aBIICllM0CTll OT BeJillqllHbl 

IIOTeHUllaJibHOro 6apbepa Ha KOHUax rryqKa. Bapbttpy» 3HaqeHIIe IIOTeHUIIaJia Ha 

KOHUax rpy6KII .n:peil:q>a, MO)KHO ll3MeHJITb rny6IIHY IIOTeHUlla.JlbHOH »Mbl B 

rrpo.n:onbH0M HarrpaBJieHIIll, a cne.n:oBaTeJibHO, II eMKOCTb llOHHOH JIOBYUIKII. 

Pe3yJibTaTbl H3MepeHHH .n:n» pa3JillqHbIX 3Hepmil: 3JieKrpOHHOrO rryqKa 

rrpHBe.n:eHbl Ha puc. 1.4. YBeJIHqeHHe 3aIIHparoiuero HarrpJI)KeHII» u Ha KOHUax IIyqKa 

rrpaKTuqecKH JIHHeil:HO yBeJillqHBaeT eMKOCTb JIOBYIIIKll. O.n:HaKO rrpH HeK0T0p0M 

3HaqeHHH U pocT HaKOIIJieHH0ro 3ap».n:a rrpeKpaiuaeTCJI. 

11 



+ 
.L 
e 

0.9 
10 

x10 
0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0;1 
18=42mA 

.t./ 1e=180mA 
,,-----✓ -----

~.:..ci-o----o 1e= 140 mA 

■ ■ 
18= 100 mA 

0 L-1..-'--L..-1.--.JL-....J_.J---l--l--l-',......L__..L........L........L........L........L........L---I 

20 40 60 80 100 120 140 160 180 

u 
Puc. 1.4. 3aBUCUMOCTb eMKOCTU UOHHOH JJOBYIIIKU (MaKCUMaJJLHOro HaKOIJJJeHHOro 3apiu1a UOHOB) OT 

IIPOAOJJLHOro 3a11upa10ll\ero IIOTeH11uana U !lpll paJJJW!HLIX 3Ha'!eHUllX TOKa JJJeKTpOHHOro IJY'!Ka 

M0JKHO npe,[(II0JI0lKHTh, qTo Hacuru;eHHe HacrynaeT npH paBeHCTBe BhIC0Thl 

npo,[(0JihH0ro 6ap1,epa aeJIHqHHe nonepeqHoro rroTeHJ.(HaJia nyqKa, H ,[(aJihHeil:mee 

)'BeJIHqeHHe 3anttpa10mero HanpHlKeHmI U He IIpHB0,[(HT K yaeJIHqeHHIO 3cpq>eKTHBHOH 

rny6HHhl H eMK0CTH IIOTeHUHaJihHOH HMhl. Ha puc. 1.5 II0Ka3aHa • 3aBHCHM0CTh 

II0TeHI.(HaJia 3aIIHpaHHH u, OT T0Ka 3JieKTP0HH0ro nyqKa rrpH Hac1,1ru;eHHH BeJIHqHHhl 

HaK0IIJieHHoro 3apH,[(a. ITonyqeHHhlH B 3THX H3MepeHHHX JIHHeil:HhJH 3aK0H ll3MeHeHHH 

II0TeHUHaJia 3arrttpaHHH HaX0,[(HTCH B II0JIH0M C00TBeTCTBHH C cpopMyJioil: (3.3), TaK KaK 

qHCJI0 3JieKTP0H0B B rryqKe orrpe,[(eJIHeTCH ero T0K0M. O,[(HOH H3 rnaBHhlX 3a,[(aq rrpH 

C03,[(aHHH HCT0qHHK0B EBIS 61,mo II0JiyqeHHe H0H0B oco6o BhIC0KHX 3apH,[(HOCTeil:. 
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Pnc.1.5. 3aBHCUMOCTb rny6HHLI IIOTeHI1HaJJLHOH llMbl e IJY'!Ke OT JJJeKTpW!eCKOro TOKa IJY'!Ka 

3TO Bhl3BaJI0 He06XO,[(HMOCTh ,[(06HBaThCH KaK M0lKH0 60JihIIIHX 3HaqeHHH 

q>aKTOpa HOHH3aUHHj't, a CJie,[(0BaTeJihH0, H IIJI0TH0CTH T0Ka 3JieKTPOHOBj. 

Heo6XO,[(HMhle 3HaqeHHH BeJiuqHHhl]'t ,[(JIH II0JiyqeHHH H0H0B HHepTHhIX ra30B H 

ypatta 6hIJIH rrpHBe,[(eHhl a I qacm JieKUHH Ha pHC. 10. Mhl BH,[(HM, qT0 II0JiyqeHHe 

II0JIH0CThIO H0HH3HpoBaHHhlX aT0M0B KCeH0Ha TPe6yeT q>aKTopa H0HH3a!.(HH 

j't > 1 · 1023 cM-2 rrpH 3HeprnH 3JieKTp0HHoro rryqKa 6onee 50 K3B. ,[(rm o6pa30BaHHH 

aT0M0B ypaHa U92+' II0JIH0CThIO JIHIIIeHHhlX aTOMHOH o6orroqKH, Heo6XO,[(HMO )')Ke 

ft > 1 · 1024 CM-2 rrptt 3Heprntt 3JieKTP0H0B 0K0JI0 200 K3B. OrrmMaJihHOil: lKe 3Heprneil: 

,[(JIH y,[(aJieHHH IIOCJie,[(Heil: o6oJioqKu ypatta HBJIHeTCH 3HeprnH He MeHee 300 K3B. 

CaMo 110 ce6e C03,[(aHHe rrpeumH0HHhIX CHJihH0 ccpoKycupoaaHHhIX 

3JieKTP0HHhlX IlytIK0B HerrpephIBH0ro ,[(eHCTBHH C 3Heprueil: B C0THH K3B HBJIHeTCH 

CJIO)KHOH TeXHHqecKoil: 3a,[(aqeil:. Ho, KpoMe Toro, JII060IIhITHO 0TMeTHTh, qT0 

rrpo6JieMa ,[(0CTHlKeHHH j't = (1. .. 2). 1024 
CM-

2
, He06XO,[(HMOro ,[\ITH II0JiyqeHHH 

II0JIH0CThIO H0HH3HpoBaHH0r0 ypatta U92
+, 0Ka3hIBaeTCH cpaBHHMOH C rrpo6JieMOH 

yrrpaBJIHeMoro TepM0H,[(epHoro CHHTe3a. ,[(eil:cTBHTeJibHO, B 3T0M cnyqae q>aKTOp 

y,[(epJKaHmI H0H0B B 3JieKTP0HH0M rryqKe n,'t ,[(0CTHraeT BeJIHqHHhl 10
14 

CM-
2 

C H 
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OK3.3bIBaeTCH paBHblM Kpinepmo JloycoHa ,nJIH caMonpoTeKaIOIIIefi TepMOM,nepHOll 

peaK1.urn: B ,nefiTepII.H-TPII.TII.eBofi nJiaJMe. 

B l qacm JieKIIII.H fOBOpII.JIOCb O TOM, qTO MaKCII.MaJibHO ,nOCTil.)Kll.MM 3apM,nHOCTb 

ll.OHOB B ll.CTOqHlJ.Kax MHOro3apM,nHbIX ll.OHOB onpe,neAAeTCH He . TOJibKO 3HeprII.eil: 

3JieKTPOHOB II. <paKTOpOM ll.OHII.3aIIII.II., HO TaK)Ke II. IlJIOTHOCTblO HeHTPaJIOB II.JIII. 

,naBJieHII.eM OCTaToqHoro rroa B pa6oqeil: o6JiaCTII. ll.CTOqHlJ.Ka. 3TO Bbl3BaHO 

YMeHbIIIeHII.eM ceqeHII.H ll.OHII.3auII.II., C O,nHOH CTOpOHbl, II. pOCTOM ceqeHII.H nepe3apM,nKII. 

- C .npyroil: - npII. yBeJilJ.qeHII.ll. 3apH,nHOCTII. HaKailJIII.BaeMbIX ll.OHOB. B pe3yJibTaTe 

pocT CTeneHII. ll.OHII.3aIIII.ll. B nyqKe npeKpamaeTCH II. BbIXO.L(ll.T Ha CTallll.OHapHOe 

3HaqeHII.e. 

3TO xopomo BII.,nHO Ha pll.C. 12 B I qacTII. JieKIIII.ll, r.ne 6hIJIO IlOKaJaHO BJIII.HHII.e 

OCTaToqHoro rroa Ha cpe,nHII.H 3apH,n IlOJiyqaeMbIX II.OHOB KCeHoHa II. ypaHa. 

Pe3yJihTaTbl I qacTII. JieKIIII.il: no3BOAAIDT 011eHII.Th TPe6yeMoe ,naBJieHII.e 

ocTaToqHoro rroa B 3JieKTPOHHOM nyqKe. TaK, npII. 3HeprII.II. 3JieKTPOHOB E, = 100 K3B 

II. IlJIOTHOCTII. TOKa B nyqKe j = 1000 A CM-
2 

,nJIH IlOJiyqeHII.H H,nep KCeHOHa Heo6xo,nHMO 

,naBJieHII.e ocrnTOqHoro rroa P = 10-
12 

Topp. B HaCTOHIIIee BpeMH rnKoil: BaKYYM MO)KHO 

o6ecneqII.Tb TOJibKO KpII.oreHHblMII. CII.CTeMaMII.. 

O6meii: TeH,neHIIII.eii: pa.3Bll.Tll.H 3JieKTPOHHO-JiyqeBbIX ll.CTOqHII.KOB, KaK II. Bcex 

II.OHHbIX ll.CTOqHlJ.KOB Boo6me, HBAAeTCH CTPeMJieHII.e yBeJIII.qlJ.Tb IlJIOTHOCTh 

3JieKTPOHOB. IlpII. IlJIOTHOCTII. 3JieKTpOHOB n, > 1-10
12 

CM-
3
, xapaKTepHbIX, HanpII.Mep, 

,nAA EBIS, peKOM6II.HaIIII.H 3JieKTpOHOB nyqKa Ha BbICOK03apH,nHbIX ll.OHax CTaHOBII.TCH 

cymecTBeHHbIM <paKTOpOM, orpaHII.qlJ.BaIOIIIII.M ll.OHHblll 3apH,n. 

HapaBHe C 3Hepmeil: 3JieKTPOHOB Ba)l(Heii:meii: xapaKTepII.CTII.KOll nyqKa HBJIHeTCH 

ero TOK. 3Ta BeJIII.qlJ.Ha onpe,neAAeT eMKOCTh 3JieKTPOHHoii: JIOBYIIIKII. EBIS II. IlJIOTHOCTb 

TOKa B nyqKe. ,[{AA HenpepbIBHbIX BO BpeMeHII. 3JieKTPOHHbIX nyqKOB, KOTOpble 

II.CilOJih3YJOTCH B EBIS, noJIHbiii: TOK 3JieKTPOHOB o6blqHo orpaHII.qeH 3HaqeHII.eM oKoJio 

o,nHOro aMnepa. DOJibIIIII.H TOK, KaK npaBII.JIO, He y,naeTCH IlOJiyqII.Tb B CII.Jiy pM,na 

TeXHlJ.qecKII.X npo6JieM, a TaK)Ke ll3-3a B03HlIKHOBeHII.H pa.3JilJ.qHI,IX nyqKOBbIX 

HeycToil:qlJ.BOCTeii:. YBeJrnqeHHe ,nJIIIHbl nyqKa yBeJilJ.qlJ.BaeT eMKOCTb JIOBYIIIKII. II. 

IlOBbIII!aeT onaCHOCTb B03HlIKHOBeHII.H HeycToii:qlJ.BOCTeii. 
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HeycTofiqlJ.BOCTII. yBeJIII.qlJ.BaIOT norrepeqHbie pa.3Mepbl 3JieKTpOHHoro nyqKa II 

MOryT npIIBO,L(IITb K HarpeBy II IIOTepHM HaKOIIJieHHbIX IIOHOB. y CJIOBirn 

B03HIIKHOBeHIIH HeycTofiqlJ.BOCTefi B EBIS B 3aBIICIIMOCTII. OT napaMeTPOB IlyqKa II 

ll.H.L(YKIIIIII BHeIIIHero npo,nOJibHOrO MarHIITHOro IIOJIH 6hIJIII IICCJie,nOBaHbl B Lawrence 

Berkeley Laboratory. 

CIIJibHOe MarHIITHOe IIOJie cnoco6HO no,naBII.Tb pa.3BIITIIe nyqKOBbIX 

HeycToii:qIIBOCTeii:. DblJIO IIOK3.3aHo, qTo .L(JIH CTa6IIJIH3aIIIIII B03HIIKHOBeHIIH KOJie6aHIIH 

B nyqKe pe30HaHCHbIX rapMOHIIK, Heo6xo,nIIMOe 3HaqeHIIe npo,nOJibHOH ll.H.L(JKIIIIII 

MarHIITHOro IIOJIH orrpe,neJIHeTCH Bblpa)KeHIIeM 

B 
jmcfl., 

>---
2E, ' 

r.ne /- <paKTOp Heil:TpaJIII.3aIIII.II rryqKa, II pe30HaHCHM .L(JIIIHa BOJIHbl 

A= 2_ I rcE, 2. 
rn,fmc 

(3.5) 

IlpII. IIJIOTHOCTII. TOKa j = 1 KA CM -
2 

n 3HepmII nyqKa E, = 10 K3B Heo6xo,nIIMoe 

3HaqeHIIe IIII.,nJKIIIIII. MarHIITHOro IIOJIH COCTaBJIHeT OKOJIO 10 Kfc. 

BbICOKM IIJIOTHOCTb 3JieKTPOHHOro TOKa, Heo6xo,nlIMM ,nAA IIOJiyqeHIIH 

Bb!COK03apH,nHbIX IIOHOB B EBIS, ,nOCTII.raeTCH MarHIITHOll KOMrrpeccII.eil: 3JieKTPOHHoro 

IIyqKa. B II.CToqHIIKax KRION MarHHTHM KOMnpeccIIH IIMeeT BeJIIIqIIHY OKOJIO ,necHTII. 

CIIJibHOe npo,nOJibHOe MarHIITHOe IIOJie II BbICOKM 3HeprIIH 3JieKTpOHOB yBeJIIIqIIBaIOT 

npe,neJibHOe 3HaqeHIIe 3JieKTPOHHoro TOKa B nyqKe. 

Ilpo11eccb1 HaKonJieHIIH BbICOK03apM,nHhIX IIOHOB B EBIS HaII6oJiee ,neTaJibHO 

II.CcJie,noBaJIIICh Ha ycTaHOBKe KRION II KRION-2 B ,[{y6He. B 3Tll.X 3KcnepIIMeHTax 

BapbllpOBaJIIICb 3HepmH 3JieKTPOHOB, BpeMH y,nep)KaHIIH II 06,nII.pKII IIOHOB B 

3JieKTPOHHOM nyqKe. IIocJie 3KCTPaKIIIIII lIOHOB lI3 JIOBYIIIKII aHaJIII3IIpOBaJICH IIX 

3apM,nOBbill COCTaB. 
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P11c. I .6. ,[(1111aM11Ka 3apll.1\0B0ro pacnpe.n;eneHlll! IIOHOB a30Ta 3neKT))OHHO-nyqeBOM IICTOqHIIKe 

Ha pnc. 1.6, B KaqeCTBe IIpllMepa, II0Ka3aHa T0qKaMll 3B0JIIOD;llJl 3apJI,D;oBoro 

pacnpe.neneHllJl ll0H0B a30Ta IIpll 3HeprllII :meKTP0H0B Ee= 5,45 K3B. TionyqeHHbie 

pe3yJibTaTbl II03B0JlllJill perneHlleM o6paTHOll 3a_naqn ,nnJI ypaBHeHllll 3apa,noBoro 

6anaHca B0CCTaH0BllTb II0 ll3BeCTHblM 3apa,n0BblM pacnpe,neneHllJIM B pa3Hble MOMeHTbl 

BpeMeHll ceqeHllJl ll0Hll3aD;llll. 3TllM MeTO,n0M BnepBbie 6nmll onpe.neneHbl ceqeHllJl 

nottmau;nn· .nna Bcex 3apa,noBbIX cocTOJIHllll H0H0B C, N, 0, Ne n Ar B o6nacTH 

3Heprnii HeCK0JibK0 K3B. 

CeqeHllJl npnBe,neHbl Ha pnc. I. 7 B cpaBHeHllll c ceqeHllJIMll, paccqnTaHHbIMll II0 

qJOpMyne JloTca (1.8) B I qaCTll neKu;nii, ll C ,npyrnMll 3KCIIepnMeHTanbHblMll 

3HaqeHllllMll. 

Ha pnc. 1.6 CIIJI0IIIHblMll JlllHllJIMll mo6pIDKeHa TaK)Ke pacqernaJI 3B0JIIOD;llll 

3apJI,n0BblX pacnpe.neneHllll ll0H0B a30Ta. B 3TllX pacqeTax 6binll llCII0Jib30BaHbl 

npnBe,neHHbie Ha pnc. 1. 7 ceqeHllJl ll0Hll3aD;llll, Haii,neHHbie 3KCIIepnMeHTanbH0. 

Ee3ycnOBHblll llHTepec ,nnJI !pll3llKll MH0r03apJI,nHblX ll0H0B npe,ncTaBJIJIIOT TaK)Ke 

BIIepBbie ll3MepeHHbie no,no6HbIM o6pa30M ceqeHllJl ll0Hll3aD;llll Bo,nopo,nono.no6HblX 

ll0H0B rmoo6pa3HblX 3JieMeHT0B .no aproHa (Z = 18). 3TH ceqeHllll, B cpasHeHllll C 

pacqeTaMll, Mbl llCII0Jib30Banll B I qaCTll neKD;llll (pnc. 2). 
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P11c. 1.7. Ce<JeHHll 11O11113au1111 3apll,IIOB1JX coCTol!HHii 11O110B C, N, 0, Ne, onpe.1tene1111L1e Ha oc11oue 

3KCnep11Me1ITanLHLIX .l{aHHIJX no HaKonneHHIO IIOHOB B EBIS (OTMeqeHIJ KpYlKKaMII), B cpaBHCHIIII C BLl'IHcneHllllMII 

no 4'opMyne _JloTca ( cnnoll!Hal! Kplleal!) 

·:1~em:rneHm1il HHCTHTYT 

, .. '.~epm1x M.l7cnegoBamn1 
F;l1BffHOTEXA 



I1o3,n:Hee, Ha liOHH3aTope KRION-2, 6bIJili BhIIIOJIHeHhI H3MepeHn11 

3HepreTnqecKoii JaBncnMOCTli 3cpcpeKTHBHhIX ceqeHnii nepe3ap11,n:Kn (no,wrnarn) 

3JieKTPOHa npn CTOJIKHOBeHmix 11,n:ep C, N, 0 n Ne c MoneKynaMn Bo,n:opo,n:a. 

N 

800~ f\/l 
· · · • · · · diagram fines 

35+ .. -- Kr . . . . 
6001- ~ ~ : . 

. 
400I- 1 

I = r .. . . 
; '! 

200 

650 700 750 800 850 950 K 

P11c. 1.8. PeHTreHOBCKllil cneKlp np11 BJallMO/J,eilcTBIIII IIOHOB Kr35
+ C noaepxHOCThlO rnep/l,Oro Tena 

B03MO)KHOCTb nonyqeHli11 Me,n:neHHbIX nyqKOB BbICOK03ap11,n:HblX liOHOB B EBIS 

CL(enana ocymecTBliMbIM npoBeL(eHne IIpliHUliIIliMbHO HOBblX liCCJieL(OBaHlili 

B3aliMOL(eHCTBli11 IIO~li IIOJIHOCTblO liOHli3lipOBaHHbIX aTOMOB C IIOBepxHOCTblO 

TBepL(Oll MliIIIeHli. B pe3yJihTaTe 3TOro B3aliMO,n:eiicTBli11 rrpOliCXOL(liT rrpouecc 

MrHOBeHHOll HeiiTpann3aUlili liOHa, rrpn KOTOpOM 6oJibIIIOe qncno 3JieKTPOHOB 

3axBaTbIBaeTC11 Ha BblCOKOB036y)K.[{eHHbie o6onoqKn. O6pa3yeTC11 CBepXB036y)K.[{eHHbill 

aTOM C 60JibIIlliM qncJIQM BaKaHClili Ha BHYTPeHHliX ypOBH11X. 3Heprn11 B036y)K.[{eHli11 

CHHMaeTc11 KacKa,n:oM O)Ke (Auger) pMnaunoHHhIX rrepexo,n:oB. IIpn 3TOM 

Ha6JIIOL(aeTC11 CliJibHblli CL(Blir ITO 3Heprn11M xapaKTepncTnqecKHX peHTreHOBCKliX 

JlliHlill OTHOCliTeJibHO IIOJIO)KeHli11 mrnnii B HeHTPMhHbIX aTOMax. B 3KCIIepnMeHTax Ha 

KRION-2 6bIJili li3yqeHbI B3aHMOL1:eiicTBn11 HOHOB Ar
17+ n Kr36+ n c TBep,n:bIMli 

MHIIIeH11Mn. Ha pnc. 1.8 rroKaJaH peHTrettoBcKHii crreKTP Kr35
+ rrpn HeiiTPann3aunn Ha 

MliIIIeHli. 
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B nccne,n:0BaHn11x Ha noHu3aTopax KRION 6hm HaKorrneH 6onhIIIoii 

3KCrrepHMeHTMbHblll MaTepuan. Mbl BH,[{HM, qTo H3MepeHH11 H pacqeTbl, KaK rrpaBHJIO, 

HaxOMTC11 B xopoIIIeM cornacuu ,n:pyr c ,n:pyroM. 

1.4. IIOHHble OOTepu B 3JICKTpouuo-JiyqeBblX HCTOqm1Kax HOHOB. 

3neKTPOHHo-nyqeBbie HCTOqHHKli HOHOB OTJiliqaJOTC11 60JibIIIHM BpeMeHeM y,n:ep)KaHH11 

BblCOK03ap11,n:HblX HOHOB B o6pa30BaHHOll co6CTBeHHbIM 3ap11,n:OM 3JieKTPOHHOro rryqKa 

JIOBYIIIKe. B TeqeHHe HeCKOJibKliX ceKyH,n: 3aXBaqeHHhie B JIOBYIIIKY HOHbl, IIOMHMO 

HOHH3aUHH, IIO,[{BepraIOTC11 IIOCT011HHbIM yrrpyrnM KYJIOHOBCKliM CTOJIKHOBeHH11M. Mbr 

BHL(enn BO II qacTH neKUHR, ~o 3TO IIpHBO,[{HT K yBennqeHmo 3Hepmu 

KOJie6aTeJibHOro ,[{Bli)KeHli11 liOHOB KaK B npo,n:OJibHOM, TaK H B nonepeqHbIX 

HarrpaBJieHH11X. B pe3yJihTaTe aMIIJIHTY.[{bI KOne6aHlill B03paCTaIOT, OHH MOrYT 

npeBbICHTb PMHYC nyqKa, ll, B KOHUe KOHUOB, HOHbl 6y.n:YT IIOTep11HbI H3 JIOBYIIIKH. 

IIycTb HOHbl o6pa3YJOTC11 B pe3yJihTaTe HOHli3aUHH 3JieKTpOHHbIM yL1:apoM H3 

HeHTPMbHOro raJa HenocpeL(CTBeHHO B caMOM 3JieKTpOHHOM nyqKe. BbIIIIe 6bIJIO 

IIOKaJaHo, qTo IIJIOTHOCTh 3JieKTPOHOB B ceqeHHli 3JieKTPOHHoro nyqKa EBIS MO)KHO 

npn6JIH)KeHHO cquTaTb IIOCT011HHOR BenuqnHoii. Tor,n:a, HCIIOJih3Y11 B Bbipa)KeHliH ,[{JI11 

cpeL(Heii 3Heprnu 3HaqeHli11 cpeL(HeKBMpaTHqHblX pa3MepoB li CKOpOCTeii HOHHblX 

KOMIIOHeHT, MO)KHO nonyqHTb, ~o cpe,n:H1111 IIOJIHM 3Heprn11 nonepeqHblX KOJie6aHlill 

MHOr03ap11,n:HblX HOHOB, 6e3 yqern HarpeBa, onpe,n:en11eTC1I KaK [1] 

E; = If N,r,mc2(l- J), 

z iN 
rL(e f = Z:-' - cpaKTOp HeRTPMH3aUHH 3JieKTPOHHoro nyqKa HOHaMH. 

;;1 N, 

(3.6) 

J,fa (3.1) cne,n:yeT, ~o MaKCHMMbHM 3Heprn11, npu KOTOpoii HOHbl C 3ap11,n:OM I 

OCTaIOTC11 B o6'beMe 3JieKTPOHHOro nyqKa C pa,n:nycoM a, MO)KeT 6bITb 3aIIHCaHa B 

cne.n:yromeM BH,n:e: 

Ea= iN,r,mc2(l- J). (3.7) 
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AHanornqHo MO)KHO onpe,n;ennTb MaKCIIMaJibHYIO :meprnIO ,n;m1 Bceii TPY6KII 

,n;peiiqm pa,n;nycoM R: 

ER =(iN,r,mc2 2In(R/a)+IKI-J). (3.8) 

KaK npaBnno, ER cnnhHO npeBocxo,n;nT Ea. HanpnMep, ecnn R = 10a, TO 

ER= 5,6Ea. B TO )Ke BpeM11 ecnn n0Hmmn11 nponcxo,n;nT 6e3 HarpeBa IIOHOB, TO Ea ,n;n11 

Bb!COK03ap11,n;Hb!X IIOHOB MO)KeT 6hITb ropa3,D;O 6onbIIIe, qeM E;. HarpeB IIOHOB nn6o 

::meKTpOHaMII, nn6o B cnny KaKnx-To ,n;pymx npnqnH yBennqnBaeT :meprnIO IIOHOB n 

IIX aMnnnTy,D;bl Kone6aHIIH. Ilpn 3Hepmn IIOHa BbIIIIe, qeM Ea, aMnnnTy.n;a Kone6aHII11 

npeBbIIIIaeT pa3Mepbl nyqKa II IIOH qaCTb BpeMeHII npOBO,D;HT BHe 3neKTPOHHOro nyqKa. 

Ilpn ,D;OCTH)KeHIIII 3Hepmn IIOHa BenHqlIHbl ER OH nona,n;aeT Ha CTeHKy Tpy6KII ,n;peiicpa 

H Tep11eTC1I II3 IICTOqHnKa. 

CornaCHO 3aBIICIIMOCTII noTeHJ:iHana 3neKTpnqeCKOro non11 OT pa,n;nyca (3.1) 

cnna F, ,n;eiiCTByIOIIlM Ha BbineTeBIIIIIH II3 nyqKa HOH, yMeHbIIIaeTC11 C yBennqeHHeM 

pa,n;Hyca KaK 1/ r (BHYTPH nyqKa F = 2ieN,r / a2 
). B cnny TOro, qTO cKopoCTb 

,D;BH)KeHII11 HOHOB CHapy)KH ropa3,D;O HH)Ke, qeM BHYTPII nyqKa, BbineTeBIIIIIH H3 nyqKa 

HOH 6onbIIIyIO qacTb CBoero BpeMeHII np0B0,D;HT BHe nyqKa. 

MO)KHO noKaJaTb, HHTerpnpy11 ypaBHeHIIe ,D;BII)KeHII11 II0Ha B none (3.l), qTQ npn 

nonHOH 3HeprHH H0Ha, HanpnMep, E = 2Ea, ,n;Be TPeTII CBOero BpeMeHH OH npOBO,D;IIT 3a 

npe,n;enaMn nyqKa. IlpH E = SEA TOnhKO 5% BpeMeHn noH Haxo,n;HTC11 BHYTPII nyqKa. 

CnnhHOe npo,n;onbH0e MarHIITHOe none, KOTopoe BCer,n;a npHCYTCTByeT B 3neKTPOHHO

nyqeBbIX H0HHblX IICTOqHnKax, ,n;enaeT 3TY BennqnHy eme MeHbIIIe. 

BbineTeBIIIIIe II3 3neKTP0HH0ro nyqKa IIOHbl nepeCTaIOT no,n;BepraTbC11 

,D;aJibHeiiIIIeii IIOHII3aQIIII II HarpeBy 3neKTp0HaMII. B pe3ynhTaTe npH yBennqeHIIII 

3HeprHII BhIIIIe E noHbl Mano BpeMeHH rrp0B0.n;11T BHYTPII nyqKa, n nx HarpeB 6bICTPO 

JaMe.n;n11eTc11. 

IIpnBe,n;eHHbie paccy)K)];eHII11 II03B0nHIOT c,n;enaTb Bb!BO,D;, qTo nonHbill yxo,n; IIOHa 

II3 IIOHHOro IICToqHnKa B pe3ynhTaTe T0ro, qTo ero 3Heprn11 ,D;OCTHrna BennqnHbl ER 

rrpn ER>> Ea n aMnnnzy,n;a Kone6aHHH yBennqnnacb ,n;o pa,n;nyca TPY6Kn ,n;peiicpa R, 

ecTb KpaiiHe MaJIOBep011THOe co6bJTIIe. C ,n;pyroii CT0p0Hbl, BbineTeBIIIIIH H3 nyqKa HOH 
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CaM nepecTaeT OKa3bIBaTb BnlI11HHe Ha 3neKTPOHbl II ,n;pyrne HOHbl II He yqaCTByeT B 

KOnneKTIIBHOM ,D;BII)KeHIIII 3ap11)KeHHbIX qacTIIU B nyqKe. CTPOflIH aHaJIII3 ycnoBHH 

noTepb IIOHOB II3 nnHeHHblX 3neKTP0HHbIX nyqKOB noKaJaJI, qTO, C xopoIIIeH CTeneHblO 

TOqHOCTII, IIOHbl, nonyqnmune 3Hepr1IIO BbIIIIe Ea, MOfYT paccMaTpHBaTbC11 KaK IIOHbl, 

noTepHHHbie II3 nyqKa 

Ey,n;eM cqnTaTb 3HeprlIIO Em, BblIIIe KOTopoii II0Hbl Tep11IOTC11 II3 nyqKa, 

rpaHHqHoii 3Heprnett: ,D;M H0HOB, II B cnny BbiilleCKa3aHHOfO, nonO)KIIM Em = Ea . 

HHTeHCIIBHbie IIOHHbie noTepn HBn11IOTCH O,D;HOH II3 0CH0BHblX npo6neM, 

B03HHKaIOIIlHX npn pa6oTe EBIS. K KOHUY BpeMeHn y,n;ep)KaHII11 BbICOK03apMHbIX 

II0HOB, COCTaBMIOmero o6bNHO HeCKOnbKO ceKytt,n;, B nyqKe OCTaeTCj! T0nbKO 

HIIqTO)KHM qacTb OT nepBOHaqaJibHO BBe,n;eHHbIX HOHOB pa6oqero BemecTBa. 

CornacHo pe3ynhTaTaM II qacTn neKunii xapaKTepHoe BpeM11 HarpeBa II0HOB B 

3neKTPOHHOM nyqKe B pe3ynhTaTe ynpymx KynoHOBCKIIX CTOnKHOBeHHH onpe,n;en11eTC1I 

3aBIICIIMOCTbIO 

+ _ A;ME; {E, 
t;, - 2ni2m2c4r,2n,L V~' (3.9) 

3.n;ecb L - KynoHOBCKIIH norapn<pM ( CM. II qacTh neKUHH). 

OueHKa BpeMeHn HarpeBa noHoB no cpopMyne (3.9) ,n;n11 xapaKTepHbIX ,n;n11 EBIS 

napaMeTPOB, HanpnMep, 3Heprn11 nyqKa E, = 100 K3B, TOK nyqKa I= 0, l A, pa.n;Hyc 

nyqKa a= 0,015 CM, B cnyqae IIOHOB Xe ,n;aeT BennqnHy OKOno 1 C. 

IIonyqeHHbie oueHKII BpeMeHII HarpeBa II0H0B TOnbKO oTqacTII ofo,HCH11IOT 

cymecTByIOIIllle IIOHHbie noTepn. PeanbHOe yMeHbIIIeHIIe qncna BbIC0K03ap11,n;HblX 

II0HOB npOHCXO,D;IIT ropa3,D;O 6bICTPee. 

Ee3 COMHeHII11, IIHTeHCHBHbie noTepn HOHOB B EBIS B HeK0T0pbIX cnyqMX MoryT 

6hITb Bbl3BaHbl B03HIIKHOBeHIIeM 3neKTP0HHO-II0HHbIX HeycTOHqlIBOCTeH. Ho 

HeycTOHqlIBOCTII B03HIIKaIOT TOnbKO npn onpe,n;eneHHbIX ycnOBH11X, a noTepn 

npOIICXO)];j!T Bcer,n;a. qT06b1 nOH11Tb IIX npnpo,n;y, Bocnonb3yeMC11 pe3ynhTaTaMII 

II qacTn neKunil:. 
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B 3JJCKTpOHHO-lfOHHblX rryqKax rrpOHCXO,ll;llT He TOJJbKO 3JJeK1J)OHHO-HOHHbie 

yrrpyrue CTOJJKHOBeHlf.sJ, HO II CTOJJKHOBeHH.sJ HOHOB Me)K)ly co6oil:. IlpuqeM qacTOTa 

CTOJJKHOBeHHll IIOHOB ,1:1pyr C ,1:1pyroM ropll.3,1:10 Bbime, qeM Me)K)ly 3JJeK1J)OHaMH II 

IIOHaMII. XapaKTepHoe BpeM.si CTOJJKHOBeHHll Me)K)ly .z:IBYMH Pll.3JJIIqHbIMH IIOHHblMII 

KOMIIOHeHTaMII ll ycTaHOBJJeHII.sJ paBHOBeCH.sI Me)K)ly HHMH orrpe,1:1en.sieTC.sJ cpopMynoil: 

(2.64) BO II qacTH. IleperrumeM 3TO Bbipa)l(eHrre ,[IJJH .[IByx 0,[IHHaKOBbIX THIIOB IIOHOB, 

rrpe,1:1IIOJJO)l(IIB, qro BCe IIOHbl IIMeIDT paBHble TeMrrepaTypbl Ti, II rronyqIIM 

3 ✓AM T
3
/
2 

_ I I 

•;; - 4 -n- i4m2c4r2 Ln- · 
e I 

(3.10) 

3To BbJpa)l(eHrre MO)l(eT CJJY)l(HTb ,[IJJH on:eHKII qacTOTbI CTOJJKHOBeHHll Me)K)ly 

0,[IHOTIIIIHblMII IIOHaMH. KpoMe Toro, ero MO)l(HO IICIIOJJb30BaTb ll ,[IJJ.sJ orrpe,1:1eneHH.sJ 

BpeMeHII ycTaHOBJJeHII.sJ paBHOBecHoro pacrrpe,1:1eneHII.sJ BHYTJ)ll O,[IHOH HOHHOH 

KOMIIOHeHTbJ. C TOqttOCTbID .n:o He6oJJbillOfO qucneHHOro MHO)l(HTen.si OHO COBIIa,[laeT c 

cpopMynoil: (2.64) rrpII i = k BO II qacrn neKn:rril:. MbI 3HaeM, qro paBHOBecHoe 

pacnpe,1:1eneHIIe B03HIIKaeT B pe3yJJbTaTe yrrpymx CTOJJKHOBeHIIll 3ap.sI)l(eHHblX qacrnn: 

II .sJBJUICTC.sJ cpyttKO:Heil: pacrrpe,1:1eneHH.sJ OOJJbO:MaHa no 3Heprn.si:M qacTHO: 

( ) 2 l ff· ( E.} J; Ei =-- __!_exp _ __!_ • 

✓rr.I; I; I; 
(3.11) 

BpeMH ycTaHOBJJeHH.sJ paBHOBeCHOH cpyttKO:HH pacrrpe,1:1eneHH.sJ IIOHOB 

OKll.3b!BaeTC.sJ OTHOCIITeJJbHO oqeHb ManbJM, oco6eHHO ,[IJJ.sJ BbJCOK03ap.si,1:1HbIX IIOHOB, B 

cuny HH3Koil: 3Heprnu IIOHOB B 3JJeK1J)OHHbIX rryqKax EBIS. HarrpIIMep, MH IIOHOB 

Xe
50+ B 3JJCK1J)OHHOM rryqKe C napaMCTJ)aMII, rrpHBe,[leHHbIMH Bbime, rrpII IIJJOTHOCTH 

IIOHOB n;=3-I08 CM-3 rronyqIIM 'ii= 10-6
c. TaKHM o6pll.30M, paBHOBCCHM IIJJH, qTo 

.s!BnHCTC.sJ TeM )KC CaMbJM, CTMHOHapHa.si cpyttKO:II.sJ pacrrpe,1:1eneHII.sI YCTaHaBJJIIBaeTC.sJ 

rroqrII MfHOBeHHO. 

Pacrrpe.n:eneHIIe Eonbn:MaHa (3.11.) IIMeeT Ty xapaKTepHyID oco6eHHOCTb, qro 

,1:1a)l(e rrpu cpe,1:1Heil: 3Hepmu IIJJII TeMrrepaType IIOHOB T << Em Bcer,1:1a cymecrnyeT xoT.si 

6bl He60JJbillOe qIICJJO IIOHOB l:!.N; C 3HeprIIeil: BbJme, qeM Em. 

3TO MO)l(eT 6bITb rrpoIIJJJJIDCTJ)HpOBaHO Ha puc. 1.9, r.z:1e ll306pa)l(eHO 

pacnpe.n:eneHIIe OOJJbU:MaHa .n:n.si TeMrrepaTypb! HOHOB Ti. Ha 3TOM pIICyttKe rrpIIBe,n:eHbl 
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3HaqeHH.sJ rpaHIIqHoil: 3HeprIIII Em= ieU ,[lnH HOHOB pll.3HOll 3ap.sI,ll,HOCTII. 3.n:ecb 

U = ieU - rroTeHn:rran 3JJeK1J)HqecKoro rron.si Ha rpaHrrn:e rryqKa. 

n(E) 

eU T 2eU 3eU 4eU 5eU E 

Pttc. 1.9. Pacnpe.11eneH11e Eonh~aHa Ml! TeMneparyphl II0H0B T;. ITyHKT!!pOM np11ae.11eHhI rpaHll'IHl,Ie 

:mepmu B y.11eplKttBa10~eM IT0Teim11ane U Ml! 3apl!J10BhlX COCTOllHl!ll c i = I, 2, 3, 4, 5, ... 

BenrrquHa l:!.N; MO)l(eT 6bJTb nerKo Hail:,[leHa HHTerpIIpOBaHHeM cpyHKO:HH 

pacrrpe,1:1eneHrr.si (3 .11 ): 

!:!.Ni= Ni f J;(E)dE = 2N; r(I Em) 
Em ..{;. 2' T ' I 

(3.12) 

r,1:1e re a, X) ecTI, HerronHM y-pyHKlfUJl. 

KaK 6bmO ycTaHOBJJeHO, HOHbl C 3Heprneil: Bblme Em cquTaIDTC.sJ IIOTep.si:HHbJMII ll3 

rryqKa. B 3TOM cnyqae cpyttKO:II.sJ pacnpe,1:1eneHII.sI CTaHOBIITC.sI ornuqHoil: OT 

pacrrpe,1:1eneHII.sJ OOilbO:MaHa II rrepecTaeT 6bITb CTaIJ:HOHapHoil:. 0,[IHaKo 3a BpeM.sJ lit = 'ii 
CTOilKHOBeHII.sJ qacTHO: rrpIIBe,1:1yr K rrepepacrrpe.n:eneHIIID 3HeprnII Me)l(,[ly qacTIIl(aMII H 

IIOCTaHOBilCHHID CTaIJ:HOHapHOll cpyttKl(IIH pacnpe,1:1eneHII.sI IIOHOB B IIyqKe. OII.s!Tb 

IIO.sIB.sJTC.sI IIOHbl C 3Heprueil: BbIIIIe Em, KOTOpbie CHOBa YH.z:IYT II3 rryqKa II T. ,[I. 

TaKHM o6pll.30M, Mbl IIMeeM IIOCTO.sJHHbie IIOTepII HOHOB rrpII nro6oil: HX cpe,1:1Heil: 

3HeprnII. 3TH IIOTepII 6y,1:1yr IIpOIICXO,[IIITb ,[la)l(e 6e3 ,[IOIIOJJHIITeJJbHOro HarpeBa 

IIOHHOll KOMIIOHeHTbJ. CKOpOCTh IIOTepb orrpe.n:en.sieTC.sJ OTHOmeHIIeM TeMrrepaTypbl 

IIOHOB K rpattIIqHoil: 3HepmII IIOHOB B rryqKe, B HameM cnyqae BenIIqIIHoil: I;/ E
0

• 
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KpoMe Toro, ecITtt Tj Ea << 1, TO b.N;/ N; << 1, CKopocTh oTHOCttTeIThHhIX rroTeph 

HeBeITttKa, ll B Ka-lK.[\hlll MOMeHT BpeMeHll cpyHKIIllH pacrrpe,neITeHllH llOHOB Marro 

OTJittqaeTCH OT CTallllOHapttoro pacrrpe,neneHllH EOJihIIMaHa (3.11). 

3TOT 11po11ecc MO)KeT 6bITh OllllCaH KllHeTnqecKllM ypaBHeHtteM .[\AA llOHOB C 

yqeTOM yrrpyrnx KYITOHOBCKllX CTOITKHOBeHttll ll ypaBHeHtteM 6arraHca .[\ITH 3Heprttll 

llOHOB. Toqttoe perneHtte 3TllX ypaBHeHllll TPe6yeT llCIIOITh30BaHllH qncITeHHhIX 

MeT0.[10B perneHllH. Ho rrptt6ITtt)KeHHhie KaqeCTBeHHhie 011eHKll MOryT 6hITh c,neITaHbl 

ropa1.no rrpome. 

Mbl Bll.[\llM, qTo Ka)K.[lhlll pa3 3a BpeMH D.t 06pa1yeTCH ll TepHeTCH b.N1 llOHOB C 

3Heprtteil: BhIIIIe Em. Cne,noBaTeJihHO, CKOpOCTh IIOTepb llOHOB MO)KeT 6bITh orrpe,nenetta 

cITe,nyiomnM ypaBHeHtteM: 

dN b.N 
-'=--' 
dt D.t 

(3.13) 

IIpottHTerpttpOBaB 3TO ypaBHeHtte, llCIIOJih3YH rrpll 3TOM 3HaqeHttH b.N; ll D.t ll3 

(3.10) ll (3.12) COOTBeTCTBeHHO, MQ)KHQ rronyqttTh 3aBllCllMOCTh qncITa llOHOB B rryqKe 

OT BpeMeHll 

r.ne 

1 
't; =2 

N;o 

N; = (1 + t/t;)' 

nA;_MNe .:2 Ne (IL)2 exp(Em )(1- JYf2 
2zmre I N;0cL Em T; 

ecTh xapaKTepttoe BpeMH, orrpe,neJIHJOIIIee CKOpOCTh llOHHhIX IIOTepb. 

(3.14) 

(3.15) 

IIptt BhlBO.[\e (3 .15) 6bmtt llCIIOITh30BaHhl acttMIITOTllqeCKlle CBOHCTBa f-cpyHKIIllll 

rrptt 60IThIIIllX 3HaqeHllHX apryMeHTa. 

BeITllqllHa 't; MO)KeT paccMaTpttBaThCH TaK)Ke KaK xapaKTepttoe BpeMH )Kll3Hll 

llOHOB B 3JieKTPOHHOM rryqKe. 3a 3TO BpeMH TepHeTCH rrpttMepHO IIOITOBIJHa 

y,nep)KttBaeMhIX llOHOB. 

B Ta6nn11e rrpttBe,neHhI 3HaqettttH 't; B 3aBHCllMOCTll OT oTHmneHttH T; / Em .[\ITH 

llOHOB aproHa, KpllIITOHa, KCeHoHa ll ypaHa. PacqeThl rrpoBe,neHhl MH 3JleKTpOHHOro" 
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IIyqKa C rrapaMeTPaMll ITllHellHM IIITOTHOCTh 3ITeKTpOHOB Ne= 3-108 
CM-I, pa,nnyc rryqKa 

a= 0,015 CM, cpaKTOp HeHTPaJill3aIIllll/ = 0,5. 

Pe1yIThTaThl, rrpttBe,neHHhie B Ta6ITttIIe, IIOKa3hIBaJOT, qTo ,na)Ke rrptt TeMrrepaType 

llOHOB B 't; pa3 MeHhIIIe, qeM rpaHnqHM 3HeprttH llOHOB B rryqKe, 3a BpeMH y,nep)KaHllH 

B Teqettne HeCKOIThKllX ceKyH,n 6oIThIIIM qacTh llOHOB OKa3bIBaeTCH IIOTepHHHOll ll3 

rryqKa. ,[{oIIOITHllTeIThHhlll HarpeB llOHOB 3ITeKTpOHaMll TOIThKO ycttITllBaeT 3TOT 3q>q>eKT. 

TeM CaMhlM yqeT pearrhHOro 3KCIIOHeHIIllaJlhHOro pacrrpe,neITeHllH llOHOB 110 3HeprnHM 

B IIyqKe MO)KeT o6bHCHllTh Ha6ITJO.[laeMhie IIOTepn llOHOB B 3ITeKTPOHHO-nyqeBhIX 

llCTQqHnKax. 

ITpttBe,neHHhie B Ta6ITttIIe 3Ha'IeHllH OKa3hIBaJOTCH, B rrepBOM rrptt6ITtt)KeHllll, 

crrpaBe.[\ITllBhIMll .[\ITH IIIllpOKOro .[\llfflla30Ha rrapaMeTpOB 3ITeKTPOHHO-llOHHhlX rryqKOB. 

XapaKTepHhle BpeMeHa 't; orrpe,neITHJOTCH, rrraBHhIM o6pa30M, 3KCIIOHeHIIllaJihHOll 

3aBllCllMOCThJO OT OTHOIIIeHllH T;/ Em B cpopMyITe (3.15) ll II03TOMY MaJIO 

qyBCTBllTeIThHhl K ll3MeHeHllJO ,npyrnx BellllqllH, HaIIpHMep, rrapaMeTpOB IIyqKa. 

XapaKTepHoe BpeMH )Kll3Hll llOHOB (B CeK.) B 3aBllCllMOCTll OT OTHOIIIeHllH TJ Em .[\ITH 

noHoB Ar, Kr, Xe n U 

T;/Em AproH KpttIITOH KceHOH YpaH 

0,5 4,7 · 10-5 2,4. 10-5 1,6 · 10-5 1,0. 10-5 

0,2 1,5 · 10-4 7,7 · 10-5 5,3 · 10-5 3,2. 10-5 

0,1 5,6 · 10-3 2,9 · 10-3 1,9 · 10-3 1,2 · 10-3 

0,07 0,37 0,19 0,13 0,078 

0,05 31 16 11 6,5 

0,04 2900 1500 1000 620 
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Cne,nyeT 0TMeTilTb, 'ITO ITPil BblX0)].e (3.14), (3.15) He 6bill0 ytrreH0 ITOCTeITeHHOe 

CHil)KeHJre TeMITepaTypbI ITPil yxo,ne ll3 IT)"IKa CaMbIX "ropH'IllX
11 

llOHOB. TaKoe 

"oxna)K,D;eHile" IlOHHOll K0MITOHeHTbl ITpll 
11
IlCITapeHilll

11 1IaCTil IlOHOB )].0n)KH0 co 

BpeMeHeM 3aMe)].nHTb IlOHHbie ITOTepll. TeM He MeHee Benll'lllHa t; MO)KeT cny)KllTb B 

KatJ:eCTBe KpllTepllH ll OITpe,nenHTb M0MeHT HatJ:ana IlHTeHCllBHbIX IT0Tepb Il0HOB. 

1.5. OxJia;K,[(eHHe TH:.KCJiblX MH0ro1apH)].HblX H0H0B. DblJIO ITpe,nno)KeHO 

llCITOnb30BaTb IlOHbl Hll3KOll 3apjl)].HOCTil MH oxna)K,D;eHirn TH)KenbIX MHoro3apH)].HblX 

IlOHOB c 11enbIO ITpe,noTBpaiueHllH nx ITOTepb Il3 3neKTp0HHoro ITyqKa B EBIS. Cyrh 

MeTo,na IlOHH0ro oxna)K,D;eHllH, Ilnll KaK ero eiue Ha3hlBaIOT B nllTeparype, 

ITOCBHIIIeHHoii EBIT, "ncITapnTenbHOro oxna)K.Zl:eHHH
11

, 3aKnIOtJ:aeTcH B TOM, 'ITO B 

3neKTJ)OHHhlll IT)"I0K, B K0TOp0M y,nep)KllBaIOTCH TH)Kenhie BhIC0K03apH)].Hhie ll0Hhl, 

BBO)].HT ll0Hhl C Hll3KIIMll 3ap}I)].H0CTHMll. 

YITpyrne CT0nKH0BeHllH llOH0B C pa3HhIMil 3apH)].aMll Il MaccaMll .npyr C ,npyroM 

ITpllBO)].HT K ycTaH0BneHllIO paBH0BeCHbIX pacITpe,neneHilll ,nnH Ka)K,D;oro TllITa Il0H0B B 

0T,nenbH0CTll ll, 'ITO CaMOe Ba)KH0e, K paBH0BeCllIO Me)K,D;y BCeMll ll0HHhIMll 

K0MITOHeHTaMll. CornaCHO 3aK0HaM TepM0)].llHaMllKil pacITpe,neneHlle Bcex ll0HOB no 

3Heprnj{M ,non)KHO y,noBneTB0p}ITb pacnpe,neneHllIO EonhIIMaHa c o6iueii ,nnH Bcex 

llOH0B TeMnepaTypoil:. B TO )KC BpeMH pacnpe,neneHlle BHYTJ)ll Ka)K,D;OH 0T,nenbH0 

B3}IT0ll K0Mn0HeHTbl T0)Ke )].0n)KHO nO)].'lllHHThCH 3aK0HY EonbIIMaHa C 0)].llHaKOBOH, 

o6iueii )].njl BCex TeMnepaTypofi. XapaKTepHoe BpeMH ycTaHOBneHllH paBH0BeCHoro 

pacnpe,neneHllH onpe,nenHeTCH Bbipa)KeHllCM (2.64) BO II tJ:aCTll neKIIllll ll no-npe)KHeMy 

IlMeeT MllKpoceKyH)].Hhlli Macuna6 BpeMeHil )].nH 3neK-rp0HHblX nyqK0B EBIS. 

Mano3apH)].Hhie ll MHOro3apH,D;Hhie llOHhl, llMCH 0)].IlHaKOBYIO TeMnepaTypy, B TO 

)Ke BpeMH IlMCIOT pa3Hhle rpaHil'IHhie 3Heprnll. rpaHll'IHhie 3Heprnll ll0HOB B 

noTeHIIllMhHOH HMe 3neKTJ)OHHOro nyqKa 3aBllCHT OT llX 3apH,na (3.7). Man03apH)].Hhle 

llOHhl llMCIOT Hll3KIIe rpaHll'IHhie 3Heprnll, a BbIC0K03apH,D;Hhie ll0Hhl - BhICOKile 

rpaHll'IHhie 3Heprllll B II)"IKe. Cne,noBaTenhHO, ll ycnOBllH noTepb, ll BpeMeHa )Kll3Hll 

)].nH HllX llMCIOT 0Tnll'lll}I. Jiernne MM03apH)].Hhie ll0Hhl )KllBYT B nyqKe Mano ll 6bICTJ)O 

TepHIOTCH. 11 ecnn Ha'lanbHaH 3HeprllH MM03apH,D;HhIX llOH0B 6hrna MCHhIIIe 3Heprnll 
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MH0ro3apH,D;HbIX ll0H0B, TO B pe3ynbTaTe CT0nKH0BeHllll MM03apH,D;Hhie ll0Hhl 

HarpeBaIOTCH ll yxo,lUIT Il3 ITY'IKa llnll, KaK 3T0 6bill0 T0'IHO 0ITpe,neneHO C <pll3Il'ICCKOH 

T0'IKll 3pCHll}I B pa6ornx ITO EBIS, IlCITapHIOTCH. TepHHCb Il3 noByIIIKil, Man03apH)].Hhie 

ll0Hhl YH0CHT C co6oil: 3HeprnIO, a MH0ro3apH)].Hhie ll0Hhl oxna)K,D;aIOTCH, Il llX BpeMH 

)Kll3Hll B IT)"IKC B03pacTaeT. 

.Z:Vrn y,no6cTBa )].MhHeil:IIIero Il3n0)KCHilH BBe)].eM o603HatJ:eHllH. Ey,neM 

o603HatJ:aTb BenlltJ:llHhl, llMeIOIIIIle 0TH0IIIeHile K T}I)KenhIM MHoro3apH)].HhIM ll0HaM, 

llH)].eKCaMll "l", a Benll'lllHhl, 0TH0CHIIIIleCH K MM03apH)].HhIM llOHaM, llH)].eKCaMll "2". 

IIyCTb nepB0HatJ:anbHO cpe,D;HAA 3HeprnH (llnll TCMITepaTypa) TH)KCnhIX MHoro3apH,D;HhIX 

ll0HOB B nOBYIIIKe, o6pa30BaHHOH 3nCKTJ)ll'ICCKllM 3apH)].0M 3nCKTJ)OHH0ro IT)"IKa, 6hrna 

paBHa E,. (Kor,na petih ll)].eT 0 paBH0BCCHhlX pacITpe,neneHilHX tJ:aCTilll, <pll3ll'ICCKlle 

n0HHTll}I "cpe,D;HAA 3HeprllH
11 

II 
11
TeMnepaTypa" ITO CYTll CBOeil: COBITa)].aIOT II 

0TnII'laIOTCH no Benll'lllHe T0nhK0 He6onbIIIllM 'lllCneHHhIM K03<p<pllIIlleHTOM, 6nll3KllM 

K e)].llHllIIe, He npe.n;cTaBnHIOIIIIIM npllHIIIIITIIanbH0ro 3HatICHllH )].nH HaIIIero 

paCCMOTJ)CHllH.) IIpe,nnono)KJIM ,nanee, 'ITO B nytJ:oK ITOITa,D;aIOT (llH)KeKTHPYIOTCH 

CHapy)Kll IInH o6pa3YIQTCH B pe3ynhTaTe HOHH3aQIIll 3neKTp0HHbIM y,napoM B CaMOM 

ITytIKe) Mano3apH,D;Hbie Il0Hhl co cpe.n;Heii 3Heprneii E2. IIocne BhlpaBHllBaHHH 3Heprnfi 

ycTaH0BllTCH 06IIIM cpe)].H}IH 3HeprnH 

E= E1N1 +E2N2 . 

N1+N2 

(3.16) 

OtJ:eBII)].HO, 'ITO B KatJ:eCTBe oxna)K.Zl:aIOIIIHX IlOHOB ITpe,nIT0'ITHTenhHee 

ncnonb30BaTb nernIIe H0Hhl, y K0T0pbIX ITpe,nenbHhlll 3ap}I)]. ll rpaHll'IHaH 3HeprHH 

0CTaIOTCj{ He6onhIIIIIMil. IIpII HCn0nb30BaHilll )].nH oxna)K,D;eHJij{ MM03apH,D;HhIX ll0H0B 

cpe)].HHX II TH)KenhIX 3neMeHT0B cymecTByeT 0ITaCH0CTb, 'ITO, He ycITeB YHTll Il3 IT)"IKa, 

0HH 6y,nyr II0Hil30BaHhl )].0 TaKOH CTeneHH, 'ITO HX rpaHH'IHaH 3HepmH CTaHeT 

cpaBHllMOll C rpaHII'IHOll 3Heprlleii TH)KenhIX IlOH0B pa6otJ:ero BemecTBa, Il 

cIToco6HoCTb K oxna)K.Zl:eHIIIO ITpona.n;eT. 

,lvrn Toro trr06hI no.n,nep)KIIBaTb cpe,nHIOIO 3HeprllIO TH)KenhIX HOHOB Ha Hll3K0M 

ypOBHe JI n0CTOHHHO 0TB0)].IITh Il3 IlCT0'IHHKa 3HeprHIO, ITpllo6peTaeMyIO ll0HaMil B 

pe3ynhTaTe HarpeBa 3neK-rp0HaMII, Heo6xo.n;HM ITOCTOHHHhlll npHTOK nerKIIX HOH0B ,nnH 

oxna)K,D;eHHH. B 3T0M cnyqae B HCT0'IHilKe ycTaH0BIITCH paBH0BCCHe, ycnOBHH 
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KOTOporo 6y.nyr 3aBHCeTb OT 3apH.D:HOCTH H CKOpOCTH rrpHTOKa nerKHX HOHOB. 

Y CTaHOBJieHHbie rrapaMerpbl )];OJI)!(Hbl orrpe.neJIHTbCH ycJIOBHHMH 6anaHca )];JIH qHcna H 

IIOJIHOH :meprHH BCeXTHIIOB HOHOB B rryqKe. 

HarrpHMep, .nn» Toro qrn6b1 B HCToqHHKe THrra KRION oxn~aTb 

BbICOK03apH.D:Hbie IIOHbl KCeHoHa II OTBO)];HTb 3Heprmo, rronyqaeMyro HMH B pe3yJibTaTe 

HarpeBa 3JieKrpOHaMII, )];OCTaToqHo Ka)!()];ble 10 MC IIH)!(eKTHpoBaTb 3 · 105 
C

3
+ HOHOB B 

pacqeTe Ha Ka)!()];b!H caHTHMerp )];JIHHbl 3JieKrpOHHOf0 rryqKa. 

O.nHaKo, KaK Mb! BH)];eJIH BbIIIIe, )];JIH ycrreIIIHOfO rronyqeHHH BblCOK03apHJJ:HblX 

HOHOB He)];OCTaToqHo TOJibKO OTBO)];HTb 3Heprmo HarpeBa 3JieKrpOHOB . .[{nH y.nep)!(aHHH 

HOHOB B 3JieKrpOHHOM rryqKe B TeqeHHe ceKytt.D: HJIH .na)!(e .necHTKOB ceKyH.n 

OKa3bJBaeTCH He06XO)];HMbIM rro.n.nep)!(HBaTb 3Heprmo HOHOB Ha oqeHb HH3KOM ypoBHe. 

Ta6nm~a IIOKa3bJBaeT, qTQ 3HeprnH BblCOK03apH)];HbIX HOHOB )];OJI)!(Ha 6b!Tb B 20-25 pa3 

HII)!(e 3HeprHH, rpaHHqHoii )];JIH HHX. B TO )Ke BpeMH OXJia)!()];aJOmne IIOHbl )];OJI)!(Hbl 

6b!Tb rro.no6paHbl TaK, qro6b1 6b!crpo yxo)];HTb H3 rryqKa H 3<p<peKTHBHO OTBO)];HTb 

3Heprmo TH)!(eJibIX IIOHOB. Cne.noBaTeJibHO, IIX cpe.nHHH 3Hepr1IH )];OJI)!(Ha 6b!Tb 6JIH3Ka 

K COOTBeTcrnyromeii )];JIH HHX rpaHHqHoii 3HeprnH. OTCIO)];a cne.nyroT )];Ba 

COOTHOIIIeHIIH, II03BOJIHIOmHe onpe.neJIHTb .nonycTHMOe OTHOIIIeHHe cpe)];HIIX 

3apH)];HOCTeii IIOHOB pa6oqero Bemecrna H OXJia)!()];aJOmHx HOHOB: 

E = (0,04 ... 0,05)Em1 = {0,04 ... 0,05)Z1Neremc2, 

E = (0,2 ... 0,5)Em2 = (0,2 . .. 0,5)Z2N.r.mc2, 

r.ne Z1, Z2 H Em1, Em2 - IIOHHbie 3apHJJ:HOCTH H COOTBeTCTBYIOmHe HM rpaHHqHbie 

3neprnH .D:JIH HOHOB pa6oqero Bemecrna H oxna)!()];ruomttx HOHOB. OTKy.na rronyqaeM 

Z2 = (0, 1 ... 0,2)Z, a B HeKoTopbIX cnyqa»x .na)!(e Z2 = 0,0521 B 3aBHCHMOCTII OT ycnoBHH 

OXJia)!()];eHHH H 3ap».na y.nep)!(HBaeMbIX IIOHOB. 

TaKHM o6pa30M, Mb! nonyqHJIII, qro )];JIH 3qJ<peKTIIBHOro OXJia)!()];eHIIH 

He06XO.D:HMO O)];HOBpeMeHHOe BblIIOJIHeHHe .D:Byx npoTHBOpeqHBblX rpe6oBaHHii: 

- cornaCHO (2.63) II qacTII JieKQHH OXJia)!()];ruomne IIOHbl N2 )];OJI)!(Hbl IIMeTb no 

B03MO)!(HOCTII Bb!COKHH 3ap».n )];JIH Toro, qTo6bI 6b1crpee o6MeHHBaTbCH 3Heprneii C 

HOHaMH pa6oqero BemecrnaN1; 
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- oxna)!()];ruomHe HOHbl N2 )];OJI)!(Hbl IIMeTb no B03MO)!(HOCTH MeHbIIIHH 3apM 

Z2 << Z1 )];JIH Toro, qT06bI 6b1crpee TepHTbCH H3 nyqKa, yttOCH C co6oii 3HeprnIO 

TH)!(eJibIX HOHOB. 

CYMMHpyH, MO)!(HO 3aIIHCaTb ycnomrn 3<p<peKTHBHOro HOHHOro OXJia)!()];eHirn, 

HCIIOJib3YH npHHHTbie o603HaqeHHH 

't11, 't22, 't12 <'t2 <<'t1 ='tc, (3.17) 

r.ne 'ti 1, 't22, 't12 - xapaKTepHbie BpeMeHa ycTaHOBJieHHH paBHOBeCHbIX pacnpe.neneHHH 

cpe.nH TH)!(eJibIX H nerKHX HOHOB H o6Mena 3Heprnii Me)!()];y pa3HbIMH THnaMH HOHOB; 

'ti, 't2 - xapaKTepHbie BpeMeHa )!(II3HH TH)!(eJiblX II nernHX HOHOB COOTBeTCTBeHHO; 

'tc - neo6xo.nHMOe BpeMH y.nep)!(aHHH TH)!(eJibIX Bb!COK03apHJJ:Hb!X HOHOB. 

Y )];OBJieTBOplITb 3THM ycJIOBHHM MO)!(HO, IICIIOJlb3YH )];JIH OXJia)!()];eHHH TOJibKO 

CaMbie nerKHe HOHbl. 

B Kaqecrne oqeHb y6e)];HTeJibHOro npHMepa HOHHOro OXJia)!()];eHHH Moryr 

cny)!(HTb 3KcnepHMeHTbI Ha EBIS BO <I>paHK<pypTe-Ha-MaiiHe. HaKonneHHe HOHOB 

npOIICXO)];HJIO H3 OCTaToqnoro ra3a C .naBJieHHeM 5.10-10 
M6ap. TiapUIIaJibHOe .naBJieHHe 

aproHa cocrnBn»no 2-10-10 
M6ap. Cornacno oueHKaM, nyqoK .D:OJI)!(eH 6bm 6bnb 

HeiirpanmoBaH HaKonne,HHbIMII IIOHaMII npHMepHO 3a 0,2 c. 

KaK II cne.noBaJIO O)!(II)];aTb, B HaqanbHbIH nepHO.D: BpeMeHH B nyqKe 

npeo6na.nanH MaJI03apH.D:Hbie HOHbl H3 OCTaTOqttOro ra3a. 3TO, no Bceii BH)];HMOCTH, 

HOHbl a30Ta, KHCJiopo.na H yrnepo.na. Tiocne 100 MC y.nep)!(aHIIH B 3JieKrpOHHOM nyqKe 

HaqHHaJIII )];OMIIHIIpOBaTb MHOro3apH.D:Hbie HOHbl aproHa, KOTOpb!e nocTeneHHO 

BbITeCHHJIH nernHe HOHhl. Cy.n» no BCeMy, nernHe IIOHhl HarpeBaJIIICb II yxo,nHJIH H3 

nyqKa, a HOHhl aproHa 3aHHMaJIII IIX MeCTO. 

Pe3yJibTaTbl pa60Tbl, KpoMe 3KCnepHMeHTaJibHOro no)];TBep)!()];eHHH npouecca 

HarpeBa II OXJia)!()];eHIIH IIOHOB B pe3yJibTaTe ynpyrnx KYJIOHOBCKHX CTOJIKHOBeHHll, 

n03BOJIHIOT c,nenaTb oqeHb Ba)!(Hblli BbIBO.ll: 0 TOM, qro IIplI HaKOIIJieHIIH HOHOB B 

3JieKrpOHHb!X nyqKax, npH IIJIOXHX BaKYYMHbIX ycJIOBHHX II B cnyqae nOJIHOH 

HeiirpaJIH3aQHII o6'heMHOro 3apHJJ:a 3JieKrpOHHOro nyqKa MHOro3apH.D:Hbie IIOHbl 

coxpaH»IOTCH B nyqKe nyqIIIe Bcero. 
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1.6. 3Jierrrpouuo-Jiyqenan 1101111an JionymKa EBIT. 3a.n,yMaHHhiil: BHaCJarre KaK 

HCTO'IHIIK .nmr ycKOpHTeJieil: TH)KeJihIX ll'.OHOB, 3JieKTPOHHo-nyqeBoil: ll'.CTO'IHHK EBIS 

HfillleJI 6onee ycneurnoe npHMeHeHll'.e .nmr Hccne,n;oBaHHil: no aTOMHOil: cpH3ll'.Ke 

MHOr03apMHbIX ll'.OHOB. Ho OKa3aJIOCh, 'ITO HeKOTOpbie oco6eHHOCTll'. KOHCTpYK[(ll'.ll'. 

EBIS 3aTpy.L\HHIOT ero ll'.CnOJib30BaHll'.e npll'. ll'.3YCJeHll'.ll'. BbICOK03apjJ):(HbIX ll'.OHOB. 

CnJIOillHOll COJieHOll'..L\, B.L\OJib Bcero nyqKa C03,D;aIOI[(llll npo,n;0JihHOe MarHHTHOe none, 

npenHTCTByeT Ha6JIIO,D;eHll'.IO 3a ll'.0HaMll'. B Te'leHll'.e BpeMeHH y,n;ep)KaHll'.H. 

OTHOCll'.TeJibHO 60JiblllM ,D;Jlll'.Ha 3JieKTp0HHOro rryqKa yBeJill'.'lll'.BaeT eMKOCTb ll'.OHHOll 

JIOBYillKll'., HO npll'.B0.L\ll'.T K TpY.L\H0CTHM npll'. C03,D;aHll'.ll'. npo.n;OJibHOro MarHHTHOro nOJIH 

npOB0.L\Kll'. ll'. cpoKycHpOBKll'. nyqKa, nOBbIIllaeT onacHOCTb B03Hll'.KHOBeHll'.H nyqKOBbIX 

HeyCTOll'lll'.BOCTeil:. 

B Lawrence Livermore National Laboratory B 1986 r. 6hmo Ha'laTO co3,n;aHHe 

ll'.CTO'IHll'.Ka, cneurrarrbHO npe,n;HaJHa'JeHHOrO ,D;JIH ll'.CCJie,n;OBaHll'.H BhICOK03apH,D;HhIX 

ll'.OHOB ll'. ll'.3yqeHll'.H ll'.X B3all'.MO,n;eil:CTBll'.ll C 6bICTpbIMll'. 3JieKTp0HaMll'. 3JieKTpOHHoro 

nyqKa. fJiaBHOil: oco6eHHOCTbIO HOB0ro ll'.CTO'IHll'.Ka HBll'.Jill'.Cb KOp0TKll'.ll 3JieKTpOHHblll 

IIYCJ0K ,n;Jill'.HOll 10 CM H O'leHb KOpOTKM ll'.OHHM JIOBYillKa ,L\JIHHOH Bcero 2 CM. 3TO 

no3B0Jlll'.JIO OTKaJaTbCH OT cnJIOIIlHOro COJieHOll'..L(a B.L\OJib Bcero nyqKa. MarHll'.THM 

cpOKYCHpOBKa 3JieKTpOHHOro nyqKa ocymecTBJIHeTCH .L\BYMH CBepxnp0BO.n;HI[(HMll'. 

KarymKaMH. Me)K,D;y KaTymKaMll'. B cpe,n;Heil: ceK[(ll'.ll'. Tpy6Kll'. ,n;peil:cpa HffX0.n;HTCH 

cne[(ll'.aJlbHbie OKHa .nmr Ha6JIIO,D;eHll'.H peHTreHOBCKoro H3JiyqeHHH ll3 JI0BYIIlKll'. B 

Te'leHll'.e BpeMeHll'. y,n;ep)KaHHH ll'.OHOB. Enaro.n;apH He6ollhlll0ll ,D;Jlll'.He BCeil: 3JieKTpOHHO

onTH'leCKOil: Cll'.CTeMbI y,n;arrOCb 3Ha'lll'.TeJibHO yBeJIH'IHTb KOMnpeccll'.IO 3JieKTpOHHoro 

nyqKa n YMeHbIIlHTb proMepbI ycTaH0BKll'.. YtJHTbIBM oco6eHHOCTll'. KOHCTpyK[(ll'.H, 

HOBhIH ll'.CTO'IHll'.K BhICOK03apH.L\HhIX ll'.OHOB HaJBarrH Electron Beam Ion Trap (EBI'J). 

EBIT OKa3aJICH O'leHb y,n;a'JHOil: ycTaHOBKOil:, ll'. 3a HeCKOJibKO JieT Ha HeM 6bmo 

npoBe,n;eH0 60JibIITOe KOJill'.'leCTBO YHHKaJihHbIX 3KCnepHMeHTOB, B TOM 'lll'.CJie, 

ll3MepeHHe ce'JeHHll B036y)K,D;eHll'.H ll'. HOHll'.3ff[(ll'.H HOHOB 3JieKTPOHHhIM y,n;apoM; 

H3MepeHll'.e ypOBHeH. 3Hepmn ll'.OHOB ll'. JI3M60BCKOro C.L\BHra; ll'.3YCJeHll'.e 

B3all'.MO,n;eil:CTBll'.H BbICOK03apjJ):(HhIX HOHOB C noBepXHOCThIO TBep,n;oro Tena; 

ll'.CCJie,D;OBaHHe Henocpe.n;cTBeHHO HOHHOH JIOBYIITKH H ycJIOBHH o6pa30BaHHH ll'. 

HaKOnJieHll'.H ll'.0HOB. 
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Cne[(ll'.aJlhHbie ll'.CCJie,D;OBaHll'.H 6bIJill'. noCBHI[(eHhI ll'.OHHOMY OXJia)K.L\eHll'.IO KaK 

OCHOBHOMY cpe.n;CTBY npe,n;oTBpameHHH ll'.OHHhIX noTepb ll'. noBbIIIleHll'.H ll'.X 3apH.n;HOCTll'.. 

Bcero 3a HeCKOJihKO JieT 6hmo ony6JIHKOBaHO MHO)KeCTBo pa6oT no EBIT, 6onbrurur 

qacTb KOT0pbIX co6paHa H ll'.3,D;aHa OT,D;eJibHbIM H3.L\aHll'.eM B Livermore. 

Mo)KHO 3aKJIIO'lll'.Th, 'ITO EBIT BhI,n;eJIHJICH B CaMOCTOHTeJibHoe HanpaBJieHHe 

cpe,n;ll'. ll'.CTO'IHHKOB BhICOK03apH.L\HbIX ll'.OHOB ll'. II03TOMY 3acJiy)KHBaeT oco6oro 

BHHMaHHH. 

KoHCTpYKUHH EBIT npe,n;ycMaTpHBaeT pemcTpa[(ll'.IO peHTreHOBCKoro mnyqeHHH 

BbICOK03apjJ):(HbIX ll'.0HOB H3 pa6oqeii o6rraCTll'. ll'.CTO'IHll'.Ka B Te'JeHHe Bcero BpeMeHll'. 

y,n;ep)KaHHH ll'.OHOB. 

.ll:JIH pemcTpa[(ll'.H peHTreHOBCKOro H3JiyqeHHH HCIIOJih3YeTCH Kpll'.CTaJIJI

.L\ll'.!ppaK[(ll'.OHHbIH cneKTPOMeTp. Ilo3,n;Hee B COCTaB HCCJie,n;oBaTeJibCKOH ycmHOBKll'. 

6bIJia BKJIIO'JeHa CHCTeMa 3KCTpaK[(HH HOH0B ll'. Macc-cneKTPOMeTp. 3TO pacmHpHJIO 

B03MO)KHOCTll'. ll'.CCJie,n;oBaHHH HOH-aTOMHhIX npoueccoB ll'. n03BOJill'.JI0 npOBO,L\ll'.Th 

npHMbie ll'.3MepeHHH 3apH,D;OBhIX pacrrpe.n;erreHll'.ll ll'.0HOB H rrpouecC0B npll'. 

B3all'.MO.L(eHCTBHll'. BbICOK03apMHbIX ll'.OHOB C IIOBepXHOCTbIO TBep,n;oro TeJia. 

Y CTpOHCTBO EBIT mo6pff)KeHo Ha pHc. 1.10. 3JieKTPOHHM rrymKa co3,n;aeT 

3JieKTPOHHblll IIYCJOK C TOKOM ,n;o 200 MA, KOTOpbIH ycKOpHeTCH 3JieKTPH'leCKll'.M 

IIOTeH[(HaJIOM, rrpHJIQ)KeHHbIM K Tpy6KaM ,n;pen.cpa. Ilpo,n;OJibHOe MarHll'.TH0e IIOJie 

HaIIpH)KeHHOCTbIO 3 TJI CiKHMaeT 3JieKTpOHHhIH rry'IOK ,n;o pa,n;Hyca a = 30 MKM. 3TO 

o6ecrre'lll'.BaeT IIJIOTHOCTI, TOKa B CiKaTOM rryqKe ,L\O 6000 AlcM
2
• Ilpo,n;OJibHOe 

cpOKYCHPYIOmee MarHHTHOe IIOJie C03,D;aeTCH .L\BYMH CBepxrrp0BO.n;HI[(HMll'. C0JieHOll'..L\aMll'.. 

Tpy6Ka ,n;peHcpa 3JieKTp0HHoro nyqKa COCTOll'.T m Tpex ceK[(HH (pll'.C. 1.10 H 1.11 ). 

B cpe.n;Heii ceK[(Hll'., pacrroJIO)KeHHOH Me)K,D;y C03,D;aIOI[(HMll'. MarHll'.THOe II0Jie 

C0JieHOH,n;aMll'., ll'.MeIOTCH OKHa ll'.3 6epHJIJill'.eBoii !pOJihm ,D;JIH perll'.CTpff[(ll'.ll 

peHTreHOBCKOro mrryqeHll'.H ll'.OHOB H3 JIOByruKll'.. TeMrrepaTYPa Tpy6oK ,n;pen.cpa 

IIOMep)KHBaeTCH Ha ypOBHe TeMrreparyphI iKll'..L\KOro reJill'.H. 3TO Heo6xo,n;HMO .nmr 

~ 10-12 T C03,L\aHll'.H BaKYYMa B HOHHOll'. JIOByruKe He xy)Ke qeM opp. 
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HoHI,I raJoo6pa3HhIX :meMeHTOB o6pa3YJOTCH B JIOBynIKe B pe3yJihTaTe 

IIOHII3aIJ;IIII OCTaTO''IHOro raJa, COCTaB KOTOporo KOHTpOJIIIpyeTCH II MO)KeT BKJIIO'IaTh B 

ce6H aTOMhI TH)KeJibIX :meMeHTOB. B CJIY'!ae He06XO.IUIMOCTII B JIOBYIIIKY Moryr 

IIH)KeKTIIpOBaTbCH IIOHhI MeTaJIJIOB II3 CIIeUIIaJihHoro IIOHHOro IICTO'IHIIKa MEVVA 

(Metallic Vapor Vacuum Arc). 

B pa,n;IIaJihHOM HarrpaaneHIIII IIOHHaH JIOBYIIIKa co3.n;aeTCH, KaK o6bl'IHO, 

:meKTpII'IeCKIIM 3apH.n;OM 3JieKTpOHHOro IlY'!Ka. Ilpo.n;oJibHOe y.n:ep)KaHIIe IIOHOB 

ocyiuecTBJIHeTCH pacnpe.n;eneHIIeM IlOTeHUIIaJia, npIIJIO)KeHHOro Me)KJJ:y ceKUIIHMII 

rpy6KII .n:pettcpa (pIIc. I. I I). rny6IIHa noTeHUIIaJihHOH HMhI Ua Me)KJJ:y ochIO ITY'!Ka II 

ero 6oKOBOH noaepXHOCThIO COCTaBJIHeT 10-20 B Ha 3apx.n: IIOHa. BHYTpeHHIIH 

.D:IIaMeTp rpy6KII .n:pettcpa B ueHTpaJihHOH '!aCTII paBeH IO MM II yMeHbIIIaeTCH no KpaHM 

.n:o 3 MM. TeM CaMhIM noTeHUIIaJI Ha rpy6Ke .n:pettcpa UR = 200 B II 6onee '!eM B .n:ecHTh 

pa3 npeBbIIIIaeT Ua, 

Ilpo.n;oJibHhie pa3Mepbl IIOHHOH JIOBYIIIKII onpe.n;eJIHIOTCH .D:JIIIHOH ueHTpaJihHOH 

ceKUIIII rpy6KII .n:pettcpa II COCTaBJIHIOT acero OKOJIO 2 CM. 06iuax .n;JIIIHa 3JieKTpOHHoro 

IlY'!Ka paBHa IO CM. 3TO Il03BOJIIIJIO 3Ha'IIITeJibHO yaeJIII'IIITh KOMnpeCCIIIO IlY'!Ka II 

IlOBhICIITh ero ycTOH'IIIBOCTb B OTHOIIIeHIIII B03HIIKHOBeHIIH 3JieKTpOHHO-IIOHHhIX 

HeycTOli'IIIBOCTeit 

B KOpOTKOM ITY'!Ke EBIT y.n;anocb IlO'ITII B .n:ecHTh pa3 IlOBhICIITh IlJIOTHOCTh 

3JieKTpOHHOro TOKa B cpaBHeHIIII C EBIS. 3To, B CO'IeTaHIIII C 60JibIIIIIM BpeMeHeM 

)KII3HII IIOHOB, KOTopoe npaKTII'IeCKII He OrpaHII'IeHO II JJ:OXO.IUIJIO .n:o 5 'I, yaeJIII'IIIJIO 

!paKTOp IIOHII3aIJ;IIII a EBIT a .n:ecHTKII pa3. Bee 3TII npeIIMyiuecTBa .n:enaIOT EBIT 

yHIIKaJihHbIM YCTpOMCTBOM .D:JIH IlOJIY'ieHIIH II II3Y<ieHIIH caepXBbICOK03apH.D:HhIX IIOHOB. 

IlpeIIMYIUecTBa KOHCTpYKUIIII EBIT no3BOJIIIJIII npoaecrn uenhIH PM 

yttIIKaJihHbIX 3KCnepIIMeHTOB II IICCJie.n;OBaHIIH xapaKTepIICTIIK MHOro3apH.n;HhIX IIOHOB. 

KoJIII'IeCTBO npoae.n;eHHhIX IICCJie.n;OBaHIIM Ha EBIT y)Ke TaK BeJIIIKO, a IIX pe3yJihTaThI 

HaCTOJihKO IIHTepeCHhI II Ba)l(Hbl .D:JIH !pII3IIKII MHOr03apH.n;HhIX IIOHOB, 'ITO 

3aCJiy)KIIBaIOT cneuIIaJihHOH MOHorpacpIIII. 3.n:ecb eCTh B03MO)KHOCTh B Ka'!eCTBe 

IIJIJIIOCTpaIJ;IIII npIIBeCTII JIIIIIIh HeCKOJihKO npIIMepoB. 

Bee IIccne.n:oaaHIIH Ha EBIT MO)KHO ycnoBHO pa3.n;eJIIITb Ha .n:ae '!aCTII. K nepaon: 

OTHOCHTCH II3MepeHIIH, npOBOJJ:IIMbie npII y.n:ep)KaHIIII IIOHOB B JIOBynIKe. l10Hhl IIMeIOT 
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0TH0Cn:TenbH0 Hll3KYJO :meprmo .D:Bll)KeHlij{ B noByIIIKe, Ii 1103TOMY 3<p<peKT ,[(orrnepa 

Mano IICKa)KaeT peHTreHOBCKOe n:3ll)"IeHn:e B036y)K,n:eHHblX IIOHOB. 3TO ,n:enaeT 

B03MO)l(HbIM rrpoBO.D:IITb rrpeu;n:3IIOHHbie crreKTPOCKOilll'IeCKn:e n:ccne,n:OBaHlij{ 

BbICOK03apMHbIX IIOHHbIX COCTOjiHIIH Herrocpe,n:cTBeHHO B IIOHHOH llOBYIIIKe B TeYJeHn:e 

Bcero BpeMeHn: y,n:ep)KaHlij{. 

Ko BTOpoii rpyrrrre 3KCrrepn:MeHTOB MO)KHO OTHeCTII n:ccne,n:oBaHlij{ C 

BbIBe,n:eHHbIM ll3 IICTOYJHIIKa Il)"IKOM IIOHOB. 3TO 1103Bonn:no rrpOBO.D:IITb rrpj{Mble 

ll3MepeHlij{ 3apj{,n:OBblX COCTOj{Hlill, rron)"IaeMbIX B IiOHHOH llOBYIIIKe, n:ccne,n:oBaTb IiOH

aTOMHbie Ii IIOH-IIOHHbie CTOllKHOBeHlij{, a TaK)Ke ll3)"IaTb CTOllKHOBeHlij{ 

BbICOK03apj{,n:HbIX IIOHOB C IlOBepXHOCTbIO TBep,n:oro Tena. 

KpoMe Toro, 6Lmn: rrpoBe,n:eHbI 3Kcrrepn:MeHTanhHbie uccne,n:oBfilIHj{ Ha ycTaHOBKe 

Super-EBIT c 3Hepmeii 3neKTpOHHoro Il)"IKa ,no 150 K3B. 3ToT IICTOYJHHK 

rrpe,n:Ha3HaYJeH .D:AA IlOll)"IeHHj{ rronHOCTbIO HOHH30BaHHbIX 3apj{,n:OBblX COCTOj{HHH 

CaMbIX Tj{)KellbIX 3neMeHTOB. Ilo,n:,n:ep)KaHHe 3arrupa10iu:ero IlOTeHIJ;Hana B HOHHOH 

llOBYIIIKe 3TOrO HCT0YJHHKa Ha ypoBHe Il0TeHu;Hana Ha 60KOBOH IlOBepXHOCTH Il)"IKa 

1103B0llHllO IlOBblCHTb 3<p<peKTHBHOCTb HOHII3au;uu H oxna)K,n:eHIIj{ IIOH0B H COKpaTHTb 

Heo6xo,n:IIMOe ~ rronHOH 06,n:upKH IIOHOB BpeMj{. 

2. HcTo•-mmm uouoe ua 3JieKTpouuo-._HKJI0TpouuoM peJouauce (ECR 

Ion Sources) 

2.1. Ilpuuuun ~eHCTBHH HCTO'IHHKOB HOHOB ua JJICKTpouuo-

UHKJIOTpOHHOM pe3ouauce. B paCCM0TPeHHbIX BbIIIIe HOHHbIX HCTOYJHHKax 

o6pa30BaHHbie 3neKTPOHHbIM y,n:apoM H0HbI y,n:ep)KIIBaIOTCj{ B rroTeHU:HallbHOH j{Me, 

co3,n:aHHOii co6cTBeHHbIM 3apMOM 3neKTPOHHoro rr)"IKa (EBIS u EBIT). ,[(llj{ 3THX )Ke 

u:eneii MOryT 6bITb HCI10llb30BaHbl penj{TIIBHCTCKIIe JneKTPOHHbie KOllbU:a (rrpoeKT 

Electron Ring Jon Source - ERIS [l]). Pa6oYJeii o6nacTLIO HCTOYJHIIKOB II0HOB Ha 
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:1 
,1, 

3neKTPOHHO-U:IIKnOTPOHHOM pe3oHaHce (ECR Ion Sources) j{Bnj{eTCj{ rrna3Ma, 

y,n:ep)KIIBaeMM BHeIIIHHM MarHIITHbIM rroneM. 

ECR-ncTOYJHIIK rrpe,n:cmBnj{eT co6oii rrna3MY, y,n:ep)KIIBaeMyro B OTKpLnoii 

MarHIITHOH llOBYIIIKe. CocTaBllj{JOIIJ;IIe 11lla3MY 3lleKTPOHbl II IIOHbl o6pa3YJOTCji B 

pe3ynbTaTe IIOHII3aU:IIH 3neKTPOHHbIM y,n:apoM HeHTPallbHbIX aT0MOB IIllII MoneKyn. 

3neKTPOHbI, OCB06o,n:nBIIIIIeCj{ rrpII II0HII3aIJ;IIII, HarpeBaIOTCj{ BbICOKOYJaCTOTHbIM 

rroneM II rrpHHIIMaIOT )"IaCTIIe B ,n:anbHeiiIIIeii IIOHII3aIJ;IIH HeHTPallOB II IIOHOB, a IIOHbl 

MOryT 110,n:BepraTbCj{ rrocne,n:oBaTenbHOH HOHII3aIJ;IIII ,no Tex rrop, IlOKa OHII He 6y.n:YT 

IlOTepj{HbI m pa6oYJeii o6naCTII IICTOYJHIIKa. 

CBOIO HCTOpIIIO ECR-HCTOYJHIIKII IIOHOB Be.D:YT OT IICCne,n:oBaTellbCKIIX ycTaHOBOK 

110 y,n:ep)KaHHIO 11lla3Mbl .n:llj{ TepMOMepHoro CIIHTe3a. Ilo-BII.D:IIMOMY, BrrepBbie 

IICI10llb30BaTb 3lleKTPOHHO-U:IIKllOTPOHHblli HarpeB 11lla3Mbl .n:nj{ · IlOll)"IeHIIj{ 

MHOro3apMHbIX IIOHOB, 6Lmo rrpe,n:no)KeHO BO cDpaHIJ;IIII 110,n: PYKOB0.D:CTBOM rpyrrrrbl 

Geller II B fepMaHIIH 110,n: PYK0Bo,n:cTBoM Wiesemann B HaYJane ceMII;11;ecj{TbIX ro,n:oB. 

3TII ycTaHOBKH 6bmu OYJeHb rp0M03.D:KH, ,n:opom II 110Tpe6AAnII MHOro 3HepmII. 

IlepBbIM ycrrexoM jiBIInocb C03.D:aHIIe Geller-IICTOYJHIIKa SUPERMAFIOS. 3TOT 

IICTOYJHHK HMen reKcarronbHYJO a3IIMYTallhHYIO Bapuau;IIIO MarHIITHOrO 110llj{ ,n:llj{ 

110,n:aBneHIIj{ Mf,[(-HeycTOHYJIIBOCTeii II COCTOM II3 ,n:Byx ceKU:IIH .n:llj{ y,n:ep)KaHIIj{ 

11lla3Mbl. B rrepBoil: ceKU:IIH ocyiu:ecTBllj{llaCb rrpe,n:BapIITellbHM HOHII3aIJ;I!jl 11lla3Mbl II 

110,n:,n:ep)KIIBallOCb OTHOCIITenbH0 BbICOK0e ,n:aBneHue OCTaTOYJHOro ra3a 10-3 
Topp. 

BTopM ceKIJ;Hjl rrpe,n:Ha3HaYJanacb ,n:nj{ rronyYJeHIIj{ MHOro3apj{,n:HbIX IIOH0B, II ,n:aBneHIIe 

OCTaTOYJH0ro ra3a B Heil: cocmBnj{no 10-6 
Topp. B SUPERMAFIOS 6LmH rron)"IeHbI 

IIOHbl Ar12
+ u Xe

26
+. O,n:HaKo SUPERMAFIOS coxpaHIIn He,n:ocTaTKII CB0IIX 

rrpe,n:IIIecTBeHHIIKOB. Ilpo,n:onbHbie pa3Mepbl pa6oYJeii 30Hbl B IICTOYJHIIKe C0CTaBllj{llII 

120 CM, a rroTPe6nj{eMM MOIUHOCTb ,n:oxo,n:IIna ,no 3 MBT. 

fnaBHbIM co6brTHeM, peIIIIIBIIIIIM ,n:anLHeil:IIIyro cy,n:L6y ECR-IICTOYJHIIKOB IIOHOB, 

cTano rroj{BneHIIe MICROMAFIOS, Brrocne,n:cTBIIII rrepeIIMeHOBaHHoro B 

MINIMAFIOS rrpII ,n:anLHeil:IIIIIX MO.D:H<pIIKaIJ;IIj!X. Pa6oYJnil: 061,eM IICTOYJHIIKa IIMen 

MHHY Bcero 30 CM II ,n:uaMeTP 7 CM, a IlOllHble pa3Mepb1 IICTOYJHIIKa COCTaBMllII 

HeMH0rIIM 6onee MeTPa. Manblll 061,eM 11lla3Mbl B IICTOYJHIIKe 1103BOnIIn HCI10llb30BaTb 
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noCTO.!IHHbie MarHHThI M.!I C03):(aHH.!I npo.n:onbHOfO MarHHTHOro noll.!I H CHH3HTb 

nOTPe6ll.!IeMyio MOIIIHOCTb B .n:ec.!ITKH pro. 

PeIIIaJOIIIHMH q>aKTOpaMH ,n:n.!I nonyqeHH.!I MHOf03ap.!IJJ:HbIX HOHOB, KaK 6hrnO 

nOKa3aHO B I qacTH neKUHH, .!IBll.!IIOTC.!I nnoTHOCTh H :meprH.!I pafioqeil: cpe,n:bI 

(3neKTPOHOB). B nnroMe ECR-HcToqHHKa ,n:n.!I HarpeBa 3neKTPOHHOil: KOMnoHeHThI 

HCnonh3YeTC.!I BhICOKoqacTOTHOe none, no,n:aBaeMOe H3 cneuHanbHOro HCTOqHHKa. 

O6bfqH0 M.!I 3TOH uenH Hcnonh3)'IOTC.!I npOMhIIIIneHHhie KnHCTPOHbI Ha qacTOTbI .n:o 

18 rru c MOIIIHOCTbIO HeCKOnhKO KBT HnH, B nocne,n:HHe ro,n:bI, fHPOTPOHbI Ha qacTOThI 

BhIIIIe 24 ffu C MOIIIHOCThIO ):(0 ,n:eC.!ITKa H fionee KBT. 

,ll;n.!I Toro qTofihI 3neKTPOMarHHTHa.!I BOnHa Morna pacnpOCTPaH.!ITbC.!I B nnroMe H 

3q>q>eKTHBHO nepe,n:aBaTb CBOIO 3HeprnIO 3neKTPOHaM, ee qacTOTa .n:omrma 6hITh 

6onbIIIe co6cTBeHH0ll qacTOThI IIna3MhI, KOTOpa.!I 3aBHCHT OT nnOTHOCTH 3neKTPOHOB. 

11o3TOMY OCHOBHbie ycHnH.!I nocne,n:HHX 20-30 neT 6hrnH HarrpaBneHbI Ha JIOBbIIIIeHIIe 

qacTOTbl Bll-HarpeBa IIna3Mbl, qTo, B CBOIO oqepe,n:b, TPe6oBano nOBhIIIIeHH.!I 

MarHHTHOro IIOll.!I ,n:ll.!I BbIIIOnHeHH.!I ycnOBH.!I pe30HaHCa UHKnOTpOHHOil: qacTOTbl 

3neKTPOHOB B npo,n:onhHOM MarHHTHOM none C qaCTOTOll HarpeBa nna3Mhl. 

B TeqeHHe BOCbMH,n:eC.!IThIX ro,n:oB ECR-HCTOqHHKH HOHOB CTanH CaMhlMH 

pacnpOCTPaHeHHhIMH cpe.n:n HCTOqHHKOB MHOf03ap.!IJJ:HbIX HOHOB. Ceil:qac 3TH 

HCTOqHHKH HaxOMT npHMeHeHHe B 6onhIIIHHCTBe ycKOpHTenhHbIX ueHTPOB T.!I)KenhIX 

HOHOB H BO MHOfHX HHCTHTYTax H YHHBepcHTeTax MHpa, r.n:e HCIIOnh3)'lOTC.!I 

MHOro3ap.!IJJ:Hhie HOHhl B HCCne,n:oBaHH.!IX no aTOMHOil: q>H3HKe. fJiaBHhlMH 

npeHMymecTBaMH ECR-HCTOqHHKOB .!IBn.!IIOTC.!I: 6onhIIIa.!I HHTeHCHBHOCTb 

MHOro3ap.!IJJ:HbIX HOHOB, KOMnaKTHOCTh, Ha,n:e)KHOCTb H CTa6HnhHOCTb pa60Tbl. 

l-lcToqHHK He HMeeT KaTo,n:a ,n:n.!I C03):(aHH.!I 3neKTPOHHOil: HnH HOHHOil: KOMnOHeHThl B 

nnroMe H He TPe6yeT peryn.!IpHoil: 3aMeHbl COCTaBHblX 3neMeHTOB. 

IlpHHUHn ,n:eil:CTBH.!I, onHCaHHe pronHqHbIX BapHaHTOB KOHCTPYKUHH H 

pe3ynhTaTbl Hccne,n:oBaHHil: Ha ECR-HCToqHHKax HOHOB, JIO-BH,n:HMOMY, Han6onee 

nonHO npHBe,n:eHbl B MOHorpaq>H.!IX, HanpHMep [I], a TaK)Ke B TPY.n:ax TPaJJ:HUHOHHhIX 

Me)KJJ:yHapo,n:HhIX pafioqnx coBemaHHil: no ECR-HcToqHHKaM H KOHq>epeHuHil: no 

HOHHhIM HCTOqHHKaM, KOTOpbie npOBOMTC.!I Ka)KJJ:bie ,n:Ba ro,n:a. 
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3ap.!IJJ:HOCTb HOHOB B ECRIS, KaK H B .n:pyrHX HOHHhIX HCTOqHHKax, 

onpe.n:en.!IeTC.!I nnOTHOCThIO 3neKTPOHHOll KOMJIOHeHThl H BpeMeHeM )Kll3HH HOHOB B 

nna3Me. MaKCHMMbHa.!I 3ap.!I,n:HOCTb HOHOB orpaHHqeHa 3HeprHeil: 3neKTPOHOB. B 

ECR-HCTOqHHKax HeT ycnOBHll ,n:n.!I nonyqeHH.!I CTOnh BhICOK03ap.!IJJ:HhIX HOHOB, KaK 

HarrpHMep, B EBIS, II03TOMY npouecchr nepe3ap.!IJJ:KH, KaK IIpaBHno, He OKa3hIBaJOT 

onpe.n:en.!IIOIIIero BnH.!IHH.!I Ha BhIXO,n: MH01:03ap.!I,n:HhIX HOHOB, HO, TeM He MeHee, HX 

Heo6xo,n:HMO npHHHMaTb BO BHHMaHHe npH H3y<IeHHH npouecCOB C yqacTHeM 

MHOro3ap.!IJJ:HbIX HOHOB. 

Ha pHc. 2.1 cxeMaTHqecKH mo6pa)KeH prope3 ECR-HcToqHHKa MINIMAFIOS H 

pacnpe.n:eneHHe MarHHTHOro IIOn.!I IIO OCH B H IIO pa,n:Hycy B. HcrnqHHK MINIMAFIOS 

COCTOHT H3 ,n:Byx ceKUHil:, KOTOpbie o603HaqeHbl UHq>paMH I H 2. MarHHTHOe IIOne B 

HCToqHHKe .!IBn.!IeTC.!I cyIIepn03HUHeil: MarHHTHOro non.II CHCTeMbl cIIeUHMhHbIM 

o6pa30M no.n:o6paHHhIX H pacJiono)KeHHhIX noCTO.!IHHhIX MarHHTOB H KaryIIIeK SI ... S7. 

Pe3ynhTaTHP)'IOIIIee IIone HMeeT reKcanonheyIO a3HMyTanbH)'IO BapHaQHIO H 

B03pacTaeT no pa,n:Hycy H no OCH pafioqeil: 30Hbl HCTOqHHKa. B HeKOTOpbIX BapHaHTax 

ECR-HCToqHHKOB HCIIOnh3)'lOT CBepxIIpOBOMIIIHe coneHOHJJ:bl JJ:n.!I C03,n:aHH.!I 

MarHHTHOro noll.!I. 

3neKTPOMarHHTHOe Jione JJ:n.!I HarpeBa 3neKTPOHHOil: KOMJIOHeHThl BBOJJ:.!IT B 

HCTOqHHK qepe3 BOnHOBOJJ: 3. OT qacTOThl HarpeBa 3aBHCHT IIpe.n:enbHa.!I nnOTHOCTb 

3neKTPOHOB, a cne,n:oBaTenhHO, n 3ap.1I,n:0Boe pacIIpe.n:eneHHe HOHOB, JionyqaeMoe B 

HCToqHHKe. B HCToqHHKax THna MINIMAFIOS pafioqM qacrnrn fihrna ,n:oBe,n:eHa .n:o 

16 rru (80-e rr.). 

11H)KeKUH.!I Heil:TPMOB pafioqero BemecTBa JJ:ll.!I HOHH3aUHH IIpOH3BOJJ:HTC.!I qepe3 

KnaIIaH 4. 3KCTPaKUH.!I HOHOB npOHCXOJJ:HT qepe3 CHCTeMy 3neKTPOJJ:OB 6, K KOTOpblM 

npHKnaJJ:bIBaeTC.!I OTpnuaTenhHhlll JIOTeHUHan. ToK HOHOB Ha BblXO,n:e HCTOqnHKa 

CHnbHO 3aBHCHT OT nono)KeHH.!I H KOHCTPYKUHH 3neKTPOJJ:OB, a TaK)Ke OT BenHqHHhl 

npHnO)KeHHOro HaIIp.!I)KeHH.!I, KOTOpoe COCTaBll.!IeT 5-20 KB. 
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Puc. 2.1. O6muii BM HcrnqHHKa MINIMAFIOS H pacnpe,a;eJieHHe MarHHTHOro noJill no ocu B, H no 

pa,u.eycy B, B uel!TpaJII,HOH qacTH HCTOqHHKa. B BepxHeii qacTH pucyHKa CilJIOWHall JIHHHll 

COOTBeTCTByeT pa60Te HCTOqHHKa Ha qaCTOTe JO ITu, nyHKTHp 2 - qacTOTe 16 ITu. Si, S2, ... S7 -

KazywKH, C03,IJ;a!OIUHe pacnpe,a;eJICHHe MarHHTHOfO IlOJ!ll npo6oqHOH KOHqmrypau,m 

IlepBbie ECR-IICTO'IHIIKH pa6oTaJIII TOJibKO B HerrpepbIBHOM pe)I(IIMe. IlOJ)I(e 

6hmO o6Hap}')KeHO, 'ITO BbIKJIIOtJeHIIe Bq-MomHOCTII ,n:IDI HarpeBa :meKTPOHOB Be,n:eT K 

KpaTKOBpeMeHHOMY, pe3KOMY yBeJIIItJeHIIIO BbIXO,n:a MHOro3apH.D:HbIX IIOHOB BMeCTO, 

Ka38JIOCb 6bI, OtJeBII,n:Horo, IIOCTeneHHOrO yMeHbllleHIIH IIOHHOro TOKa no Mepe 

OCThIBaHIIH :meKTPOHOB. Ilo-BII.D:HMOMY, BrrepBbie 3TOT 3q>q>eKT 6bm 3aMetJeH B rpyrrrre 

E. Salzbom (Gissen). AHOMaJibHhiii BbIXO.D: MHoro3apH,n:HbIX IIOHOB npII BbIKJIIOtJeHHH 

Bq-MomHOCTII nOJIYtJIIJI HaJBaHHe ''pulse regime" HJIH "afterglow mode" H B 

HaCTOHmee BpeMH HallleJI IIIHpOKOe HCilOJib3OBaHHe, oco6eHHO rrpH pa6oTe 

ECR-HCTO'IHHKOB B KatJeCTBe HH)I(eKTOpOB B ycKopIITeJIHX TH)I(eJiblX HOHOB C 

IIMIIYJibCHbIM rrpHHQIIIIOM ,n:eiiCTBHH. 
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Pnc. 2.2. lforoqnHK RIKEN 18 rru ECRIS 

"° 

BexrL4T 
l\nhr-0.45-0.63T 

KoHCTPYKQHH H pacnpe,n:eneHHe npo,n:OJibHOro MarHHTHOro IIOJIH B O.D:HOM H3 

HaH6onee coBpeMeHHbIX ECRlS Ha pa6otJYIO tJaCTOTY 18 ffQ (RIKEN, JinoHHH) 

H306pa)I(eHbl Ha pIIC. 2.2. HecKOJibKO HCTO'IHHKOB 3TOro THIIa 6bmH CO3.D:aHbl B 

Jia6opaTOpHH H,n:epHbIX peaKQHii HM. r. H. <I>nepoBa II Tenepb ycneIIIHO 

3KcrrnyaTIIPYIOTCH B OH.511-I, ,[{y6Ha, H ,n:pyrnx HaYtJHbIX QeHTpax. Ha pHc. 2.3 

rrpHBe,n:eHbl 3apH,n:OBbie pacrrpe,n:eJieHHH H HHTeHCHBHOCTII IIOHOB Ar, Kr H Xe, 

noJIYtJaeMbie B RlKEN 18 ffQ ECRlS. 

,[{aJibHeiiII1ee COBepllleHCTBOBaHIIe ECR-HCTO'IHIIKOB II,n:eT ITO IIYTH yBeJIHtJeHHH 

tJaCTOTbl HarpeBa 3JieKTPOHOB ,n:o 20-30 ffQ, yMeHbllleHHH pa3MepoB II IIOBbIIIleHHH 

Ha,n:e)I(HOCTH. ,[{JIH yBeJIHtJeHHH BbIXO,n:a MHOfO3apH.D:HbIX HOHOB HCIIOJib3YIQT HOHHOe 

OXJia)I(.D:eHHe H HMilYJibCHblii pe)I(IIM pa60Thl. 
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P11c. 2.3. 3apl!Jl0Bhle pacnpeJ(eJieHIIJI II IIHTeHCIIBHOCTII IIOHOB Ar, Kr II Xe, TIOJI)"laeMhie B RJKEN 

18ffuECRIS 

O,n:HOBpeMeHH0 C pa:rnIITileM ECR-IlCTO'IHilKOB MH0ro3ap.11.D:HblX Il0H0B 

BbmeJIIlJI0CI, 0T,n:eJibH0e HaripaBJieHtte C HeBbICOKOH qacTOTOH HarpeBa :meKTp0H0B, 

o6bNHO Bcero 2-3 rri~. 3TH IlCT0'IHilKil IlCII0Jib3YJOTC.II ,!(JI.II II0JI}"IeHil.11 B 

c11euttanbHblX uelli!X IlHTeHCilBHblX ll}"IK0B JierKilX Mano3ap.11,n:HblX Il0H0B, B TOM 'IIlCJie 

Il 0TpllUaTeJibHbIX, a TaK)Ke B 11p0MbII1IneHH0CTil Il TeXH0JI0rtt'IeCKilX IlCCJie,n:oBaHil.llX. 

O,n:HaKO :na pa3H0Bil,!J;H0CTb ECRIS, KaK tt ,n:pyrne MH0ro'IIlCJieHHbie Tllllbl IlCTO'IHilK0B 

Il0H0B HeBbIC0KilX 3ap.11,n:HOCTeii, He BX0,n:.IIT B TeMy 3TilX JieKUilH. 

2.2. BLicoKo'laCTOTHLIH uarpen JJieKTpouon B nJialMe ECR-ucTO'IHHKa. 

qaCTilUbl C 3ap.11.D:aMil ie (y 3JieKTp0H0B i = 1) ,!(Bll)KYTC.11 B MarHilTH0M II0Jie B 110 

CIIIlpanll C JiapMopoBCKilM pa,n:ttycoM ri, 

Psin0 
rl =~, (3.18) 

r.n:e p - IlMIIYJibC qacTilUbl, a e - yroJI Me)K,!J;y Ha11paBJieHil.llMil MarHIITH0ro II0n.11 Il 

,!(Bil)KeHileM qaCTilUbl. B ECR-IlCTO'IHilKax JiapMOpOBCKilH pa,n:ttyc 3JieKTp0H0B II Il0H0B 

o6bl'IHO C0CTaBJI.lleT .D:0JIIl MilJIJIIlMeTpa. 
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IIocTy11aTeJibHoe ,n:Btt)KeHtte 3apMa, IlJIIl mar c11ttpantt, 011pe,n:eJI.11eTc.11 

COCTaBJI.IIIOIUeil: CK0p0CTil, 11apanneJibHOH HarrpaBJieHillO MarHilTH0ro II0JI.11. qaCTOTa 

BpameHil.11 3JieKTp0H0B IDce B MarHilTH0M II0Jie Ha3bIBaeTC.II UilKnOTpOHHOll qacTOTOil: 

m _ eB 
ce--· (3.19) 

m 

Bo3MymeHil.ll B IIJia3Me pac11p0CTpaH.IIIOTC.II C co6cTBeHHOH qaCTOTOll IIJia3Mbl UJpe, 

011pe,n:en.11eMOll ee IIJI0TH0CTbIO. Co6cTBeHHa.ll 3JICKTp0HHa.ll qacT0Ta IIJia3Mbl 

011pe,n:en.11eTc.11 Bbipa)KeHtteM 

- ✓4nnee2 

mpe - . 
m 

(3.20) 

3JieKTpOMarHilTHa.ll B0JIHa, 11011a,n:a10ma.11 B IIJia3MY Il 0Ka3bIBaIOma.11c.11 B 

pe30HaHce O,!J;HOH 113 'IaCTOT (3 .19) IlJIII (3 .20) Jitt6o C IIX KOM6IlHautteil: 

I 2 2 m=-ymce+mpe (3.21) 

M0)KeT o6MeHttBaTbC.II 3Hepr11eil: C 3JieKTp0HHOil: KOMIIOHeHTOH IIJia3Mbl. O6bI'IHO .D:n.11 

HarpeBa IIJia3Mbl IICII0Jib3YJOT UIIKnOTpOHHblll pe30HaHC Ha qacT0Te (3 .19) IlJIII, B 

HeK0T0pbIX CJIY'Ia.llX, rn6pII,n:Hblll pe30HaHC Ha qacT0Te (3 .21 ). 

,[l;JI.11 Toro 'IT06bI 3JieKTp0MarHilTHa.ll B0JIHa Morna pac11pocTpaH.l!TbC.II B IIJia3Me II 

3<p<peKTilBHO 11epe,n:aBaTb CB0IO 3HeprllIO 3JieKTp0HaM, ee . qacT0Ta ,n:0JI)KHa 6bITb 

6oJibIIIe co6cTBeHHOil: qacT0Tbl IIJia3Mbl UJpe. 3TO ycJI0Bile HaKJI<l,n:bIBaeT orpaHII'IeHIIe 

Ha IIJI0TH0CTI, 3JieKTp0H0B B IIJia3Me: 

2 

ne :'.S: mce 2 = 1,24. 10-8 /2. 
4nrec 

3,n:ecr, f- qacT0Ta HarpeBa IIJia3Mbl B repuax. 

(3.22) 

IIptt 3a,n:aHHOil: qacT0Te BHeIIIHero IICT0'IHilKa pe3oHaHCHble ycJI0Bil.11 

BbIII0JIH.IIIOTC.11 T0JibK0 ,!(JI.II 011pe,n:eJieHHblX 3Ha'J:eHilH MarHilTH0ro II0JI.11 B,es, 

011pe,n:eJI.11eMoro 113 (3.19). IIptt co3,n:aHIIII MarnIITHoil: cttcTeMbl ECR-11cTO'IHttKa 

3HaqeHtte B,es BbI6ttpaIOT Il3 yCJI0Bll.11 Bmin < B,es < Bmax, r,n:e Bmin - MIIHIIManbH0e 

3Ha'J:eHIIe MarHIITH0ro II0n.11 B ueHTpe MarHilTHOll JI0BYIIIKII Il Bmax - MaKCilManbH0e 

3Ha'J:eHIIe II0n.11 110 0CII IlCT0'IHIIKa. 
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Ha prrc. 2.4 rr306pIDKeHo rrpocTpaHCTBeHHoe pacrrpe;:i;erreHrre MarHlITHoro rrom1 

BO BTOpoiI CT)'IIeHlI lICTOqHrrKa MINIMAFIOS-16,6 rru. Ha 3TOM plICyHKe IlyHKTlipOM 

HaHeceHa pe30HaHCHfill IIOBepXHOCTb MarHlITHOro IIOJIJI Ml! qaCTOTbl Bq-HarpeBa 

16,6 rru. 

Bcrre;:i;CTBlle Toro, qTo TOJibKO 3JieKTpOHbl, HaxO.l];Jlll(lleCJI Ha pe30HaHCHOH 

IIOBepXHOCTlI, IIO.l];BepraroTCJI HarpeBy, pacrrpe;:i;erreHlle ITO 3HeprlIJIM 3JieKTpOHOB 

OKa3blBaeTCJI .l];OBOJibHO CJIOlKHbIM II, KaK rrpaBlIJIO, TpY.ll:HO orrpe;:i;errlIMbIM. qaCTh 

3JieKTpOHOB, He IIOilaBillfill B pe30HaHCHbie ycrrOBlIJI, COXpaHlleT CBOIO rrepBOHaqaJibHyIO 

3HeprlIIO. 3rreKTpOHbI IIOJIBJIJIIOTCJI B pe3yJibTaTe lIOHlI3a!llllI aTOMOB lI lIOHOB, II03TOMY 

3Ta 3HeprlIJI ITO rropll.ll:KY BeJIIIqlIHbI COOTBeTCTByeT 3HeprIIII lIOHlI3a!llllI lI COCTaBJIJleT 

;:i;eCJITKlI lIJilI COTHlI 3B. 3HeprlIJI 3JieKTpOHOB rrocrre Bq-HarpeBa MOlKeT .l];OCTllraTb 

;:i;eCJITKOB, a ITO HeKOTOpbIM coo6meHlIJIM, ;:i;alKe COTeH K3B. 

I N 
. ~ . =--··-··-··§:.;:s:::;: =:=··- .. -.. -; 

. : ! 

.. ~ ~ :·-··-··-·~~-=:s ~-.. -.. -:·-· ; s 
res.16GHz; N I ; 

: T ·--~-~LC c=--:i-:J:): ··-v-f JJ~ t--l:t.:tr ____ ,-~ 
s· I 

-0-
H 1 cm· 

Puc. 2.4. PacnpeJJ.eneHHe MarHHTHOro rrom1 B JJ.BYX B3aHMHO-rreprreHJl,HKym1pHblX ITnOCKOCTllX BO BTOpoil: 

ceKUHH HCTO'IHHKa MINIMAFIOS. Crrnoll!HhlMH nHHHllMH lIOKaJaHbI ypoBHH C OJJ.HHaKOBhIM JHa'!eHHeM 

MarHUTHOro lIOnll OT 0,44 JI.O 1,04 Tn. IlyHKTHpHal! nHHHll COOTBeTCTByeT pe3oHaHCHOil: rroeepXHOCTH 

JI.Jill '!aCTOThl 16,6 ITu 

CooTHOilleHrre (3.22) IIOKa3bIBaeT, ~o yBenrrqeHrre qaCTOTbI HarpeBa Be.l];eT K 

yBenrrqeHlIIO MaKClIMaJibHOH rrnOTHOCTlI 3neKTpOHOB. 3TO JIBJIJleTCJI 0.l];HlIM ll3 ITYTeil: 

COBepmeHCTBOBaHlIJI ECR. 
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2.3. YAep;KaHue 3apmKeHHhlX '13CTHU B Marmnuoii JIOBYIDKe. YBenrrqeHrre 

MarHlITHOro IIOJIJI ITO TOpl(aM lICTOqHlIKa rrpe;:i;CTaBnJleT co6ofi TaK Ha3bIBaeMbie 

MarHlITHbie rrpo6Krr, a Bee rrpo;:i;onbHoe pacrrpe;:i;eneHrre MarHrrTHoro rronll J1BJIJ1eTCJ1 

MarHlITHOii: noBymKoii: .l];JIJI .l];BlI)KfIIJlIXCJI 3apl!lKeHHbIX qacTlll(. 

PaccMOTplIM .l];BlllKeHlle 3aplllKeHHOii: qacTlll(bI B HeO.l];Hopo;:i;HOM MarHlITHOM 

none. Tipe;:i;rronOlKlIM, 'ITO qacTm~a B l(eHTpaJibHOll rrnoCKOCTlI lICTOqHlIKa, r;:i;e 

3Ha'IeHrre lIH.ll:YKl(lllI rrpo;:i;onhHOro MarHlITHOro rronJI MlIHlIMaJibHO (B = Bmin), lIMeeT 

lIMrrynhC Konrrqecrna .l];BlllKeHlIJI P, HarrpaBneHHblll ITO)]; yrrroM 0 K HarrpaBneHlIIO IIOJIJI. 

B MarHlITHOM none 3apll;:i; .l];BlllKeTCJI ITO crrrrparrrr, pa;:i;rryc KOTOpoii: orrpe;:i;eJIJITCJI 

BbipalKeHlleM (3 .18). 

B CTaTlI'IeCKOM MarHlITHOM none coxpaHJleTCJI rronHblll lIMrrynhC 3apJ1lKeHHOii: 

qacTlll(bI: 

p2 = P,2 + P} = Pa2, (3.23) 

Ecnrr BenrrqIIHa MarHlITHOro IIOJIJI OTHOClITenbHO Me;:i;neHHO lI3MeHJleTCJI B 

rrpOCTpaHCTBe II 3Haqeurre MarHlITHOro IIOJIJI BHYTPlI o;:i;uoro BlITKa TpaeKTOplllI 

'IaCTlll(bI MOlKHO cqrrTaTb BenrrqrrHoii: IIOCTOJIHHOii:, TOr;:i;a coxpaHJleTCJI IIOTOK 

MarHIITHoro rroJIJI 'Iepe3 op6IIry BpamemIJ1 qacTlll(bI: 

2B 2 rL = rLoBmin = const, 

r;:i;e rLo - napMOpOBCKllll pa;:i;rryc B l(eHTpaJibHOll IIJIOCKOCTli. 

p2 p2 
KoM6lIHlIPYll (3.18), (3.23) rr (3.24), rronyqaeM _r_ = ___!Q_' OTKy;:i;a 

B Bmin 

Pz(Z)=P{l B(z)sin
2 0J1/2

• 

Bmin 

(3.24) 

(3.25) 

OTcIO;:i;a xopomo BII.ll:HO, ~o rrprr B(z )sin 
2 0 = Bmin 3apJ1lKeHHfill qacTrrua 

rrpeKpamaeT CBOe .l];BlllKeHrre ITO HarrpaBneHlIIO OT l(eHTpa noBymKrr, OCTaHaBJilIBaeTCJI lI 

IIOTOM B03BpamaeTCJI o6paTHO. Ecnrr lKe qacTlll(a rrepBoHa'IaJibHO lIMena C OCblO 

lICTO'IHlIKa MaJiblll yron 0 

0 0 • ✓ Bmin < min = arcsm --' 
Bmax 

(3.26) 
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TO OHa He MO)KeT OTJ)!l3IITbC.H OT ITpo6oK, r.ne B(z) = Bmax, II yxo,nIIT ll3 IICTO'IHIIKa. 

OTHOIDeHIIe Bmax/ Bmin = R H!l3bIBaeTC.H ITpo6otJ:HbIM OTHOmeHIIeM MarHIITHOil: 

JIOBYIDKII. KoHyc, o6p!130BaHHblll TeJieCHbIM yrnoM Smin BOKpyr OCH IICTO'IHIIKa, 

H!l3bIBaeTC.H KOHYCOM ITOTepb. 

Pa,nIIaJibHblll rpa,nIIeHT MarHIITHOro ITOJI.H MO)KeT Bbl3bIBaTb !13IIMYTaJibHblll 

.npeil:cp 3ap.H)KeHHbIX tJ:aCTIIII. Ha pIIC. 2.5 II306pa)KeHbl napMOpOBCKOe )];BII)KeHIIe 

tJ:aCTIIIIbl BOKpyr CIIJIOBOil: JIIIHIIII MarHIITHOro ITOJI.H (a), OTJ)a)KeHIIe OT MarHIITHbIX 

ITpo60K (6) II !13IIMYTaJibHblll .npeil:cp, Bbl3BaHHblll pa,nIIaJibHbIM rpa,nIIeHTOM 

MarHIITHOro ITOJI.H (B). 
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Pnc. 2.5. ,[{BHJKeHHe 3aplll!(eHHOH 'IJaCTHIU,I B MarHHTHOM none. a - .l(BHlKeHHe B.l(Onh CHJIOBOH nHHHH B 

npo.11onLHOM MarHHTHOM none; 6 - orpa)l(eHHe OT MarHHTHLIX npo6oK; a - a3HMYTaJILHLIH .11pel!qi 

3ap.H)KeHHbie 'laCTIIIIbI, IIMeIOIIIIIe HarrpasneHIIe )];Bll)KeHII.H ITO)]; yrnoM K OCH 

MarHIITHOro ITOJI.H MeHblliIIM, 'leM Smin, yxo)];.HT II3 pa6otJ:ero 061,eMa ITJI!l3Mbl. B 

pe3yJibTaTe yrrpyrnx KYJIOHOBCKIIX CTOJIKHOBeHIIil: B03HIIKaIOT HOBbie tJ:aCTIIIIbl C 

MaJibIMII yrnaMII BeKTopa CKOpOCTII K OCH, KOTOpbie Tep.HIOTC.H OII.HTb. TaKIIM o6p!130M, 

ITOTepII :meKTJ)OHOB ll IIOHOB IIMeIOT B ECR-IICTO'IHIIKax HeITpepbIBHblll xapaKTep. 

CKopoCTb ITOTepb OITpe,neJI.HeTC.H ITp060'IHbIM COOTHOIDeHIIeM II 'laCTOTOil: 

CTOJIKHOBeHIIll 'laCTIIII. lfoHbl IIMeIOT He60JibmyIO ITO cpaBHeHIIIO C 3JieKTJ)OHaMII 
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3HeprIIIO II IT03TOMY IICITbITbIBaIOT 6onee IIHTeHCIIBHbie CTOJIKHOBeHII.H Me)K)];y co6oil:. 

Bo3HIIKaIOIIIIIe B Ha'laJibHblil: MOMeHT pa60Tbl IICTO'IHIIKa ITpeo6Jia)];aIOI11IIe ITOTepII 

IIOHOB HeMHOro HapymaIOT 3ap.H):(0Bblll 6anaHC, II B ITJl!l3Me ITO.HBm!eTC.H 

OTJ)IIIIaTeJibHblll ITOTeHIIIIaJI, KOTOpblll Ha'IIIHaeT y,nep)KIIBaTb ITOJIO)KIITeJibHO 

3ap.H)KeHHb!e 'laCTIIllbl. BeJIII'IIIHa ITOTeHIIIIaJia OK!l3brnaeTC.H cpaBHIIMOil: C 3Hepr1Ieil: 

IIOHOB. B TO )Ke BpeM.H 3JieKTp0Hbl IIMeIOT 3Hepr1IIO 3Ha'IIITeJibHO 6oJibllie, II 

B03HIIKaIOIIIIIll ITOTeHIIIIaJI He OK!l3bIBaeT BJIIIHHIIH Ha IIX )];BII)KeHIIe. BeJIII'IJIHa 

ycrnHOBIIBmerocH OTPIIIIaTeJibHOro ITOTeHIIIIaJia peryJIIIpyeT CKOpOCTb IIOHHbIX ITOTepb 

C TeM, 'IT06bI B CTaIIIIOHapHOM pe)KIIMe B pa6otJ:eil: o6naCTII IICTO'IHIIKa coxpaHHJICH 

6anaHC 3apH)KeHHbIX 'laCTIIII p!13HbIX 3HaKOB. TaKIIM o6p!130M, B ECR-IICTO'IHIIKax 

3JieKTJ)OHbl y,nep)KIIBaIOTC.H ITp060'IHOil: KOH4lIIrypa111Ieil: MarHIITHOro ITOJIH, a IIOHbl -

B03HIIKaIOIIIIIM B ITJI!l3Me He60JibllillM OTPIIIIaTeJibHbIM ITOTeHIIIIaJIOM. 

2.4. HaKOITJieuue uouon B ECRIS. KaK II B .npyrnx IIOHHbIX IICTO'IHIIKax, B 

ECRIS II0HbI 06pa3y10TCH B pe3yJibTaTe 1I0Hma111I1I 3JieKTJ)0HHbIM y,napoM 

Heil:TpaJibHblX aTOM0B IIJIII MOJieKyJI. B Te'leHIIe CBOero BpeMeHII )KII3HII B IICTO'IHIIKe 

IIOHbl ITO)];BepraIOTC.H nocne,noBaTeJibHOll lI0HII3aIIIIII II IlOCTeneHHO yseJIII'IIIBaIOT' CBOil: 

3ap.H,n. 

Y CTaHOBIIBlliaHC.H 3apH)];HOCTb IIOHOB onpe,neJIHeTCH ITJIOTHOCTblO 3JieKTJ)OHOB ne 

II BpeMeHeM )KII3HII IIOHOB 't;, IIJIII cpaKTOpOM y,nep)KaHJIH IIOHOB ne't;. B OTJIII'IIIe OT 

,npyrlIX IICT0'IHIIKOB MHOr03apH)];HblX IIOHOB, ECRIS He IIMeeT tt:anpaBJieHHOro IlOTOKa 

3JieKTJ)OHOB, II TJ)Y)];H0 roBOplITb O IlJIOTHOCTII 3JieKTJ)OHHOro T0Ka j. np1IMeH1ITeJibHO 

K 3TOMY TIITIY IICT0'IHIIKOB. Ilo3TOMY B Ka'leCTBe KplITepIIH IIOHII3aIIIIOHHOH 

cnoco6HOCTII ECR-IICTO'IHIIKa BMeCTO cpaKTOpa IIOHII3aIIIIII ne'ti o6bI'IHO IICilOJib3yIOT 

qlaKTOp y,nep)KaHJIH. Ee3yCJIOBHO, 6onee TO'IHhlM ITapaMeTJ)OM )];JIH onpe,neJieHJIH 

B03MO)KHbIX IIOHHbIX 3ap.H)];HOCTeil: MO)KeT CJIY)KIITb npOII3Be,neHIIe n.(v.)-r;, r,ne B 

Ka'leCTBe ( v.) IICilOJib3YeTCH cpe,nHee 3Ha'leHJie CKOpOCTII 3JieKTpOHOB. BeJIJI'IIIHa 

n.(v.)-r; HBJIHeTCH aHanoroM IIOHJI3aIIIIOHHOro qlaKTOpa. 
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B paeeMOTpeHHhIX BhIIIIe HOHHhIX HeToqHHKax Beer,na eymeeTBYJOT IIOTepH 

HOHOB. OHH HBIDIIOTeH He)KenaTenhHhlM qlaKTOpOM, H Heo6xo,nHMO rrpHKna)];bIBaTh 

,norronHHTenhHhie yeHnHH, ~06bI HX yMeHhIIIHTh HnH m6e)KaTb Boo6me. Bee )Ke, rrpH 

6narorrpHHTHhIX yenOBHHX, BpeMH )KH3HH HOHOB B noByrnKe orrpe,nemreTeH rronHhlM 

npeMeHeM )KH3HH :meKTPOHHOH KOMIIOHeHThI, HarrpHMep, 3neKTPOHHoro rryqKa B EBIS 

H EBIT. 

Oeo6eHHOeTbIO ECR-HeTOqHHKOB HBIDieTeH HerrpepbIBHhIH, yeTaHOBHBIIIHHeH 

pe)KHM pa6oThI. ~a)Ke B HMrrynheHOM pe)KHMe nee rrpoueeebI yerreBaIOT BhIHTH Ha 

eTaUHOHap .no BhIKnIOqeHHH Bq-HarpeBa 3neKTpOHHOH KOMIIOHeHThI. Il03TOMY BpeMH 

y,nep)KaHHH HOHOB 't; orrpe,nemreTeH TOnhKO CKOpOeTbIO HX IIOTepb. OT eKopoeTH 

II0Tepb 3aBHeHT H IIOTOK HOHOB Ha BhIXO,ne H3 HeToqHHKa. 11 He Y.D:HBHTenhHO, qTo 

rrpo6neMa y,nep)KaHHH H IIOTepb H0HOB HBIDieTeH 0,!l;HOH H3 eaMbIX rnaBHhIX .nmr 

ECR-HeTOqHHKOB. 

11eTOqHHKH HOHOB Ha 3neKTpOHHO-UHKnOTpOHH0M pe30HaHee fihmH eo3,naHbI Ha 

oeHOBe OTKphIThIX MarHHTHhIX nonyrneK .nmr TepMoH.n;epHoro eHHTe3a. B enoe BpeMH 

yeHnHH MHOrHX Hecne.n;oBaTeneil: B pa3HhIX eTpattax MHpa 6bmH HarrpanneHbI Ha 

pa3BHTHe 3TOro HarrpanneHHH qJH3HKH rrna3Mhl. EMna pa3BHTa TeopHH y.n;ep)KaHHH H 

II0Tepb HOHOB B OTKphIThIX MarHHTHhIX noByrnKax, H 3TH pe3ynhTaTbI M0ryT 6bITh 

Herronh30BaHhI rrpH H3yqeHHH qJH3HqeeKHX rrpoueeeoB B ECR-HeTOqHHKax HOH0B, 

HeeMOTpH Ha HeKOT0pbie pa3nHqHHx B rrapaMeTpax Me)K.D;y HeToqHHKaMH HOHOB H 

yeTaHOBKaMH .n;mr TepMOH.n;epHoro eHHTe3a. 

~Ba oeHOBHhlX THIIa qJHJHqeeKHX rrpoueeeoB orrpe.n;enHIOT eKopoeTb IIOTeph 

3apH)KeHHhIX qaeTHU B rrna3Me, Haxo.n;»meil:eH BO BHeIIIHHX 3neKTPOMarHHTHhIX IIOnHX. 

K rrepB0MY MO)KHO orneeTH KnaeeHqeeKHe rrpoueeebI, o6yenonneHHbie .D;BH)KeHHeM 

qaeTHU B 3neKTPOMarHHTHhIX rronHX H yrrpyrnMH Kyn0HOBeKHMH eTonKHOBeHHHMH. 

3TH rrpoueeehI HMeIOT MeeTo B rrnaJMe neer.n;a. 

~yroil: THII rrpoueeeoB eBH3aH e Typ6yneHTHOeTbIO H pa3nHqHhlMH BH.D;aMH 

HeyeTOHqffBOeTHMH B rrnaJMe. KaK rrpaBHno, 3TH rrpoueeebI ropa3.D;O HHTeHeHBHee 

KnaeeHqeeKHX rrpoueeeoB H MOMeHTanbHO BhI3hIBaIOT H3MeHeHHH rrapaMeTpOB rrna3Mhl 

H HHTeHeHBHhle rroTepH qaeTHU. Ilo3TOMY B enyqae B03HHKHOBeHHH rrnaJMeHHhie 

zyp6yneHTHOCTH HnH Heyemil:qHBOeTH .n;on)l(Hhl rrpHBO.D;HTh K 3HaqffTenhHhlM 
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H3MeHeHHHM B 3apH,!l;0BOM paerrpe,neneHHH HOHOB B rrna3Me H rrapaMeTpax HOHOB Ha 

BhlXO.D;e H3 HeToqHHKa. 

B ECR-HeTOqHHKax rrna3Ma Haxo.n;HTeH B eHnhHOM rrpo.n;onhHOM MarHHTH0M 

none e a3HMYTanhHOH napHauHeil:. TaKaH KOHqJHrypaUHH MarHHTHOro IIOIDI 

erreuHanhHO BbI6patta .nmr rro.n;anneHHH Typ6yneHTHOeTeil: H Heyemil:qHBOeTeil:. 

O6hl'IHO He06XO.D;HMa TmaTenhHaH OIITHMH3aUHH rrpoeTpaHeTBeHHOro paerrpe.n;eneHHH 

MarHHTHOro IIOIDI .D;nH yerreIIIHOH pa60ThI HeTOqHHKa. Mo)KHO rrpe.n;rronO)KHTh, ~o 

HaeTpOHKa H OIITHMH3auHH HeToqHHKa B peanhHhIX yenOBHHX rrpHBO.n;HT K BhI6opy 

pe)KHMOB pa60ThI, HeKnIQqaIOmHx B03HHKHOBeHHe HeyeToil:qHBOeTeH H 

zyp6yneHTHOeTeil: B rrna3Me. B TO )Ke :apeMH KnaeeHqeeKHe rrpoueeebI rrpHeYTeTBYIOT 

Beer.n;a, H IIO.D;aBHTh HX HeB03MO)KH0. OTeIO.n;a MO)KHO e.n;enaTb BhIBO.D;, qTQ B xoporno 

eKOHeTpyrrpoBaHHOM H HaeTpOeHHOM ECR-HeTOqHHKe y.n;ep)KaHHe H IIOTepH HOHOB 

.n;on)l(HhI orrpe.n;emrThe.H rnaBHhIM o6pa30M KnaeeHqeeKHMH rrpoueeeaMH. 

Cne.n;yH TeopHH IIaeTyxona, Mhl 6y.n;eM paeeMaTpHBaTb TOnhKO KnaeCHqeeKHe 

rrpoueeebI, TeM 6onee ~o OHH IIOMOraIOT IIOHHTh . u erroeo6Hbl 061,»eHHTh MHOrne 

Ba)l(Hhie 3qiqieKThI B ECR-HeToqHHKax HOHOB. 

fnaBHhlM MeXaHH3MOM HarpeBa HOHOB, rrpH OTeyTeTBHH Typ6yneHTHOeTeil: H 

HeeTa6HnhHOeTeil:, HBn.HIOTeH yrrpyrHe KynoHOBeKHe eT0nKHOBeHHH e ropHqHMH 

3neKTpOHaMH. CornaeHO pe3ynhTaTaM II. 7 II qaem rreKUHH eKopoeTb HarpeBa HOHOB 

orrpe.n;emreTeH Bblpa)KeHHeM 

d ~ .2 2 2 ~ _!j_ _ 4-v 21tn,1 r, m '\I me · L 
dt - AMlf. . 

(3.27) 

l10Hhl HMeIOT OTH0eHTeJibHO He60JihIIIYJO TeMrrepaTypy H HeIIhIThlBaIOT 

HHTeHeHBHble yrrpyrne B3aHMO.n;eil:eTBHH. qaeTOTa yrrpyrnx CTOJIKHOBeHHH V; .D;nH 

HOHOB pa3HOH MaeebI H 3ap.H.D;HOeTeil: orrpe.n;errHeTeH 3aBHeHMOeTbIO 

4rcm2c4r2i2 n k2Ln 1AA v. = e '°' k'\J.11.;.11.k 
I "7 L, ( \3/2 ' 

V M k=I AkT; + A;Tk J 
(3.28) 

11errOJih3YH .n;mr oueHKH Bhipa)KeHHe (3.22), rrorryqnM, ~o B eoBpeMeHHhIX 

ECR-HeTOqHHKax IIJIOTHOeTb IIJia3MhI MO)KeT ,noeTHraTh 3HaqeHHH n, = 1012 
CM-

3 
H 

BhIIIIe. 3ap.H.D;HOCTH rrorryqaeMhlX HOHOB, KaK rrpaBHJI0, ropa3.D;O 60JibIIIe e,nHHHUhI, H 

IIJIOTHOeTh HX II03TOMY HH)Ke, TeM He Mettee rrpH TaKHX rrapaMeTpaX, cornaCHO 

II qacm rreKUHH, xapaKTepH0e BpeMH yeTaHOBJieHHH paBHOBeeHoro pacrrpe,nerreHHH 
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II0H0B B pe3yJibTaTe yrrpyrIIX KYJI0H0BCKIIX CTOJIKHOBeHHH, oco6eHHO )UllI 

MH0f03apH,n:HhlX II0H0B, 0tJ:eHb HeBeJIHK0 H HMeeT MHKpoceKyH,n:HhIH MaCIIITa6 

BpeMeHH. 3To BpeMH MQ)KeT 6bITb oueHeH0 rrpII II0M0IIIH Bbipa)KeHIIH 

1 
/:;.t=-. 

V; 

XapaKTepHbie BpeMeHa )KII3HII H HarpeBa H0H0B C0CTaBJIH.EOT MIIJIJIHCeKytt.D:hI H 

.n:ecHTKII MIIJIJIHCeKytt,n: II HeH3MepHM0 60JihIIIe, tJ:eM !:;.t. IIo3TOMy pacrrpe.n:eneHIIe 

H0H0B II0 3HeprIIHM M0)KH0 CMeJio CtJ:HTaTb CTaUH0HapHhlM pacrrpe,n:eJieHIIeM 

DOJihUMaHa (3.11). 

IIoTepH CaMbIX 3HeprIItJ:HbIX H0H0B YMeHbIIIa.EOT B ueJI0M TeMrrepaTypy IIOHHOH 

K0MII0HeHTbI. O6maH TeMrrepaTypa H0H0B rrpH HaJIII"IHII II0JIH0f0 crreKTpa H0HHbIX 

3apH,n:HOCTeii: M0)KeT fihITh orrpe.n:eJieHa II3 ycJI0BHH 6aJiaHca 3HeprnH rrpH Harpene H 

0XJia)K,n:eHIIII H0H0B B ycTaH0BHBIIIeMCH pe)KIIMe, 

z 

In; 
dT; ;;1 , T=- z 

' dt I(nJr;} 
(3.29) 

i;J 

r.n:e 't; - BpeMH )KII3HII pa3JIIItJ:HbIX H0HHhIX K0MII0HeHT. 

3.n:ecb IICII0Jlb30BaH0 y)Ke 0tJ:eBII,n:Hoe o6CTOHTeJibCTBO, "ITO II B 

ECR-HCTO"IHIIKax BCe H0HHble K0MII0HeHTbI rrpIIHIIMa.EOT o.n:Hy II TY )Ke o6mY.EO 

TeMIIepaTypy B pe3yJihTaTe yrrpyrnx KYJI0H0BCKIIX CTOJIKHOBeHIIH. 

eU 

5 

4 

3 

2 

1 .. 1 1 .. 2 1 .. 3 1=4 (;5 

Pttc. 2.6. OTHOCHTeJibHOe fl0JI0lKetttte H0H0B c 3apll/1H0CTllMH i = I, 2, 3, 4, 5 nptt 0/lHHaK0BOH 

TeMneparype T,a noTem.tttaJibttoii l!Me c rny6ttttoii U 
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KaK Mhl BII,n:eJIH B II. 2.3, ,n:JIH paBH0BeCHH Me)K.D:y CK0p0CTh.EO II0Tepb 3JieKTP0H0B 

H II0H0B B IIJia3Me B03HHKaeT OTPHUaTeJibHhIH II0TeHUHaJI u. TaK )Ke KaK B 

3JieKrp0HH0M rryqKe EBIS, B ECR-HCTO"IHHKe H0HhI c pa3HhIMH 3apH,n:aMH i HMe.EOT 

pa3HY.f0 BbIC0TY II0TeHUHaJibH0f0 6apbepa ieU II pa3HY.f0 Bep0HTH0CTb fibITb 

II0TepHHHbIMH m HCT0tJ:HHKa. 3To 6bIJIO II0KaJaHo Ha pnc. 1.9 .D:JIH paBH0BeCH0f0 

60JibUMaHOBCKoro pacrrpe,n:eJieHIIH II0H0B II0 3HeprIIHM, Hax0).l.lIIIIHXCH B 

3JieKTPOCTaTHtJ:eCKOH II0TeHUHaJibHO:il: HMe. 

lfoHbI C BbIC0KHM 3apH,n:0M B cpe,n:HeM Hax0).l.lITCH Ha ,n:He II0TeHUHaJibHO:il: HMhI, II 

TOJibKO HeK0T0pbie H3 HHX HMe.EOT 3HeprHID MH0ro BbIIIIe cpe.n:He:il: II M0ryT, rrpeo,n:oJieB 

IIOTeHUIIaJibHbill 6apbep, II0KIIHYTb HCT0"IHIIK. l10Hbl C HII3KHMH 3apH,n:H0CTHMII, 

HMe.EOmne II0TeHUIIaJibHbie 6apbepbI, cpaBHIIMhie 110 BeJIII"IHHe co CBOe:il: cpe,n:He:il: 

3Heprneii: IIJIH TeMrrepaTypoii:, II0KII.D:a.EOT JI0BYIIIKY C 60JihIIIe:il: Bep0HTH0CTb.EO. 

CnryaUII.EO IIJIJIIDCTPHPYeT pnc. 2.6, Ha K0T0p0M ycJI0BH0 mofipa)KeHhI II0TeHUHaJibHhie 

HMbI ,n:JIH pa3JIHtJ:HbIX II0HHbIX 3apH,n:H0CTe:il:, IIMeIDIIIIIX o6mY.EO TeMrrepaTypy. 

B pa6oTax II0 y,n:ep)KaHII.EO II0H0B B OTKpbITOH MarHIITHOH JI0BYIIIKe 6bIJIO 

ycTaH0BJieH0, "ITO B IIIIIp0K0M ,n:IIaIIaJ0He rrapaMerp0B IIJia3MbI BpeMH )Kll3HH II0H0B 

M0)KeT 6bITb .n:ocTaT0tJ:H0 xoporno 0IIHCaH0 rrpocTOH HHTepIIOJIHUHOHHOH <pOpMyJioii:: 

•; =,ii +-r:;2, (3.30) 

r.n:e •ii II •i2 - xapaKTepHhle BpeMeHa )KII3HH H0H0B B rrpe,n:ene tJ:aCTbIX H pe,n:KJIX 

CTOJIKHOBeHIIH,COOTBeTCTBeHHO, 

" 

(
ieU) 'ii =RI exp - • r; 

(3 .31) 

3.n:ecb R = Bmax/ Bmin - rrpo6otJ:HOe C00TH0IIIeHIIe B MarHHTHO:il: JI0ByrnKe; / -

3cpcpeKTHBHaH ,n:JIIIHa IICT0tJ:HIIKa. 

B CJiytJ:ae tJ:aCThIX II0HHblX CTOJIKHOBeHHH H0HHble II0TepII orrpe,n:eJIH.EOTCH 

raJ0,n:IIHaMIItJ:eCKIIM BbITeKaHIIeM qacmu qepe3 IIOTeHUIIaJibHhI:il: 6apbep B JI0ByrnKe. 

BpeMH )KII3HH II0H0B B rrpe,n:ene pe,n:KHX CTOJIKHOBeHIIH 

G ieU (ieU) 
•·2= exp - , 
' (1 + T;/2ieU)(v;; + V;0 } T; T; 

(3.32) 

r.n:e 
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R+1 . 
G = ,J; 2R/ln(2R+2)' 

3.l(eCb V;; H V;o - 1'!aCTOThI CTOJIKH0BeHHH HOHOB .l(pyr C .l(pyroM H C HeH1Jla.JlllMH 

COOTBeTCTBeHHO. 3HatJeHHe V;; onpe.l(eIDieTCH Bbipa)KeHHeM (3.28). ,[(IDI onpe.l(eJieHHH V;o 

M0)KeT 6bITb HCilOJib30BaHa npH6JIII)KeHHaH HHTepnOIDIUHOHHaH q>OpMyJia 

V;o =1,5·10-9in0A-:-114 
I ' 

(3.33) 

r.l(e no - IlJIOTHOCTI, HeH1Jla.JIOB B IlJia3Me. 

O6bilfHO, .l(JIH THillllfHI,IX napaMelJlOB IlJia3MI,I s ECR-HCTO'lHHKax xapaKTepHOe 

BpeMH B npe.l(eJie tJaCTbIX KyJIOHOBCKHX CTOJIKHOBeHHH •ii 3HatJHTeJibHO npeBOCXO.l(HT 

BpeMH pe.l(KHX CTOJIKHOBeHHH t,2. 

Bbipa)KeHHH (3 .3 I) H (3 .32) IlOKa3bIBaIOT, tJTO eCJIH HOHbI HMeIOT pacnpe.l(eJieHne 

DOJibUMaHa no :meprHHM, TO HX BpeMH )KH3HH B IlOTeHUHa.JlbHOH JIOByrnKe 

onpe.l(eJisreTCH, rnaBHbIM o6pa30M, OTH0illeHHeM BbIC0TbI noTeHUHa.JlbHOro 6ap1,epa K 

TeMneparype H0HOB. ITpntJeM HOHbI C 60JibillHM 3apH.!(OM .l(OJihille )KHBYT B JIOBynIKe H, 

CJie.l(OBaTeJibHO, pe)Ke H3 Hee TepHIOTCH. CHH)KeHHe TeMnepmypbI HOHOB .1(0JI)KH0 

npHBO.l(HTb K yseJIH'leHHIO BpeMeHH )Kll3HH HOHOB. 

B CHJII,HOM npo,n;OJII,HOM MarHHTHOM IlOJie c MarHHTHI,IMH npo6KaMH Ha K0HUax 

HCTO'lHHKa npeo6Jia.1(aIOmne HOHHhie Il0TepH npoHCXO.l(HT tJepe3 6oKOBble 

Il0BepxHOCTH B npO.l(0JibHOM HanpaBJieHHH. 3HaH BpeMH )KH3HH HOHOB, MO)KHO oueHHTI, 

IlJIOTHOCTI, HOHH0ro TOKa tJepe3 TOPUbI HCTO'lHHKa, 

. _Vien;. 
J; - 2St ' 

I 

(3.34) 

3.l(eCh V H s - 061,eM pa6otJeH 30Hbl H IlJIOJUa,!(I, TOpU0B HCTO'lHHKa COOTBeTCTBeHHO. 

2.5. YpaBHeHHH 6aJJanca ,D;JJH HOHHblX KOMnoneuT. Bo3HHKaIOJUHH B IIJia3Me 

IIOTeHUHa.JI u MO)KeT 6bITb orrpe.l(eJieH H3 paBeHCTBa IlOJIHbIX IIOTOK0B HOH0B H 

:meK1JlOHOB H3 IlJia3MbI. 

BpeMH )KH3HH 3JieK1JlOHOB B IIJia3Me 'te onpe.l(eJIHeTCH tJaCTOTOH yrrpyroro 

paccesrmrn 3JieK1JlOHOB B IlJia3Me n, B pe3yJihTaTe tJero B03HHKaIOT :meK1JlOHbI C 
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HanpaBJieHHeM CKOpOCTH B Kouyce IlOTepb, KOTOpbie yxOMT H3 MarHHTHOH JIOBynIKH. 

IToTeHUHa.JI IIJia3MbI OKa3bIBaeTCH BO MHOrO pa3 MeHbille 3HeprHH 3JieK1JlOHOB H He 

BJIHHeT Ha HX .l(BH)KeHne. IToJIHaH lfaCTOTa pacceHHHH CKJia,!(bIBaeTCH H3 paccesrHHH 

3JieK1JlOHOB .l(pyr Ha .!(pyre, Ha HOHaX H Ha HeHTPa.JiaX. 

3a.1(atJa onpe.l(eJieHHH 3apH.!(OBOro pacnpe.l(eJieunsr 1Jle6yeT ypasHeHHH 6anattca 

.!(ID! Ka)K,!(OH HOHHOH 3apH.1(HOCTH, npHCYTCTBYIOmeif B HCTO'lHHKe. ,[(ID! pactJeTOB 

3apH.!(OBbIX pacnpe.l(eJieHHH HOHOB B ECR-HCTO'lHHKax MO)KeT 6bITI, HCilOJII,30BaHa 

CHCTeMa ypaBHeHHH 6a.rrattca .!(JUI Bcex HOHHbIX KOMIIOHeHT, no q>OpMe 6JIH3KaH K 

o6bitJHOH CHCTeMe 6a.JiaHCHbIX ypaBHeHHH, HCIIOJib30BaHHaH B I tJaCTH JieKUHH. 

OrpaHH'lHBaHCb CJiytJaeM, KOr.l(a rrpHCYTCTBYIOT HOHI,I TOJII,KO O.l(Horo :JJieMeHTa 

( 0tJeBH,D;HO, lfTO Ha.JIHtJHe HOHOB pa3HbIX 3JieMeHTOB He H3MeHsreT rrpHHUHIIHa.JibHO 

CHTyaunIO, HO .l(eJiaeT 3a,!(atJy 6oJiee rpoM03.1(KOH), IIOJIYlfaeM CHCTeMy ypasHeHHH .l(JIH z 
HOHHI,IX 3apH.!(HOCTeH H HeH1Jla.JIOB: 

dno _ (f, ex f, 2ex f ; 2;) ) ( I I )· ----n0 £..,CT; n;V;+£..,CT; n;v;+\CT1+CT1 neve +n0 --;;- 1 , 
dt i=2 i=3 •o •o 

dn, ( ; ex f, ex ) ( ; 2i 1 1 ) . -=n0 CT1neve+CT2 n2v2 +£..,CT;n;V; -n1 CT2neve+CT2 neve+---;---;;, 
dt i=2 •1 •1 

dn2 ( 2; f, 2ex ) i f ex 2ex ) --=n0 CT1 neve + £..,CT; n;v; +n1CT2neve +\CT3 n3v3 +CT4 n4v4 n0 -

dt i=3 

(

/ i 2i \ _ ( ex 2ex \ 1 1 ) . 
-ni \CT3 +CT4 !"ene +\CT2 +CT2 !"2no +1---;; , 

•2 •2 

dn; ; 2i ( ex 2ex ) 
~ = CT;venen;_1 + CT;_ 1venen;_2 + CT;+iV;+in;+i + CT;+2vi+2n;+2 n0 -

(
/ i 2i ) ( ex 2ex \ 1 1 ) . 

- \CT;+!+ CT;+2 vene + \CT; + CT; JV;no + 1---;; , •; •; 
3<<i <<Z-2; 

dn2 _1 ( ; 2; ) ex 7= CTz-1nz-2+CTz_2nz_3 vene+CTznzvzno-

( 
i ( ex 2ex) 1 1 )· 

-nz-1 CTzVene +\CTz-1 +CTz-1 Vz-1no +-,--r ' 
•z-1 Z-1 

dnz ( ; 2i ) (/ ex 2ex) 1 I ) --= CTznz-1+CTz_1nz-2 vene-nz \CTz +CTz vzno+,-h. 
dt •z •z 
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(3.35) 



3,nec1, Y'!TeHbl TOJII,KO ITpoueccbl O.!(HO- H ,nByKpaTHOll ITepe3ap.sr,nKII II IIOHH3aU1111. 

Dl,IJIH IICITOJI1,3OBaHl,I crre,ny10m11e o603HaqeH11.sr: n,, no - ITJIOTHOCTII :.meKrpOHOB II 

HefirparroB; ./, ./ - xapaKTepHbie BpeMeHa po)K.!(eHH.SI II ITOTep1, IIOHOB ,naHHOll 

3ap.sr,nHOCTII, Z - MaKCIIMaJil,Ha.SI 3ap.sr,nHOCTI, IIOHOB. 

B ypaBHeHHII (3.35) Y'!TeHbl ITpoueccbl 0.!(HOKparnofi 11.!(BYKpaTHOll IIOHH3aUHII II 

ITepe3ap.sr,nK11 HefirparroB Ha 11OHax. B pearr1,H1,ix pacqerax pe,nKo Y1IHT1,rna10T ITpoueccbl 

BbITIIe BTOporo ITOp.SI,nKa. B TO )Ke BpeM.SI B Ka)K.!(OM crryqae He06XO,nHMO 

KOHKperm11poBar1, Berrnq11H1,1 -r,/, H ./. TaK, HaITpHMep, ITp11 pacqerax 3ap.sr,noBbIX 

pacITpe.nerreH11fi B 3rreKrpOHHo-rryqeBbIX 11cmqHnKax (EBIS) ITpo6rreMa OITpe,neJieH11.sr 

CKOpOCTII IIOHHl,IX ITOTep1, .SIBJI.SieTC.SI 0.!(HOH 113 CaMblX CJIO)KHl,IX II Ba)KHl,IX ITO CBOeMy 

3HaqeHIIIO. 

YpaBHeHII.SI 6arraHca .!(OJI)KHl,I 61,rr1, .!(OITOJIHeHbl ycrrOBII.SIMII ITOMep)KaHII.SI 

HeurparrbHOCTH B ITJia3Mbl, KOTOp1,1e COCTO.SIT 113 paBeHCTBa ITOTOKOB 3JieKrpOHOB II 

IIOHOB 113 ITJia3Mbl: 

z . Lm; = ne 
i=I •; •e 

- II ycrrOBII.SIMII HefirparrbHOCTII ITJia3MbI B uerroM: 

z 
:2)n; =ne. 
i=I 

(3.36) 

(3.37) 

XapaKrepHoe BpeM.SI )KII3HII HOHOB B ITJia3Me OITpe,nerr.srerc.sr COOTHOIIIeHII.SIMH 

(3.30)-{3.32). XapaKTepHoe BpeM.SI )KII3HII 3JieKrpOHOB OITpe,nerr.srerc.sr qacTOTOH 

CTOJIKHOBeHIIll 3JieKTpOHOB B ITJia3Me (.e = 1/ve), KOTOpa.sr CKJia.1(1,IBaerc.sr 113 CYMMbI 

qacTOT 3JieKrpOH-3JieKrpOHHl,IX CTOJIKHOBeHIIll Vee, 3JieKrpOH-IIOHHblX CTOJIKHOBeHIIH 

Ve; II CTOJIKHOBeHII.SI 3JieKrpOHOB C HefirparraMII Veo: 

ve = (vee + ve; + ve0). (3.38) 

r.ne 

vee 
4nr2m2c4n L e e 

(21', y;2 ✓m ' 

(3.39) 

52 

4nr,2m2c4L z .2 
ve; = 3/2..j; Ln;l . 

Te m i=I 

(3.40) 

1Iacrora CTOJIKHOBeHIIll HOHOB C HefirparraMII: 

Veo = 4,2. 10-1 z3/2 no. 
Te 

(3.41) 

YcrroBII.SI (3.36) 11 (3.37) c Bbipa)KeHII.SIMII (3.30)-{3.32) 11 (3.38)-{3.41) 

ITO3BOJI.SIIOT OITpe,neJIIITI, ITOTeHUIIaJI U ueHTpaJibHOll qaCTII ITJia3Mbl, KOTOpblll 

peryrr11pyeT CKOpOCTI, ITOTOKOB 3JieKrpOHOB II IIOHOB 113 ITJia3Ml,I (3.36) II coxpaH.SieT 

HeiirparrbHOCTI, ITJia3Ml,I B uerroM (3.37). 

C11creMa (3.35) .SIBJI.SieTC.Sl CIICTeMOll HeJIIIHellHl,IX .nmpqiepeHUIIaJil,Hl,IX 

ypaBHeHIIll ITepBoro ITOp.SI,nKa. ,lvr.sr ee peIIIeHII.SI IICITOJI1,3YIQTC.SI q11crreHHbie MeTO.!(bl. 

IIepBOHaqaJil,HO, B pacqerax ITO OITpe.nerreHIIIO 3ap.sr,nOBbIX pacITpe.nerreHIIH IIOHOB 

B ECR-IICTO~IIKax, paccMarplIBaJIIICI, TOJil,KO crau11OHapH1,1e peIIIeHII.SI CIICTeMbl 

(3.35). B crau11OHapHOM crryqae BCe q>II31IqecK11e Berr11q1IHl,I B HCTOqH11Ke ITOCTO.SIHHl,I 

BO BpeMeHII II rreBbie 'laCTII ypaBHeHHll (3.35) CTaHOB.SITC.SI paBHbIMII HYJIIO, a CaMa 

CHCTeMa ITpeBpamaeTC.SI B CIICTeMy HeJIIIHellHl,IX arrre6pa11'IeCKIIX ypaBHeHIIll. PeIIIeHIIe 

HeJIIIHeHHl,IX arrre6paII'IeCKIIX ypaBHeHIIll, KaK ITpaBHJIO, .SIBJI.SieTC.SI 6orree rpy,nHOH 

3a,na'leii. 

,lvr.sr roro 'IT06b1 06rrer'!11r1, peIIIeH11e ITpo6rreM1,1 o 3ap.sr,noBoM pacnpe,nerreHIIII B 

ECR-11croqH11Ke IIOHOB, 6bmo ITpe.nrro)KeHo (3.35) pernar1, He arrre6pa11'IecK11e 

ypaBHeHII.SI, a IICKaTb crau11OHapH1,1e perneHH.SI ITOJIHl,IX .nuqiqiepeHUIIaJII,Hl,IX 

ypaBHeHIIll C HaqaJII,Hl,IMII YCJIOBII.SIMII. l13BeCTHO, 'ITO 'IIICJieHHbIMII MeTO.!(aMII 

.nnqiqiepeHunarr1,H1,1e ypaBHeH11.sr, B TOM 'l11crre II Herr11HeHHble, perna10rc.sr, KaK ITpaB11rro, 

oqeHb 3q>q>eKTIIBHO II 6e3 oco6oro rpy,na. B 3TOM crry'lae B Ka'leCTBe Ha'laJil,Hl,IX 

ycrroB11fi BM6nparr11c1, ,nocraroqHo npo113BOJibHble 3ap.sr,noB1,1e pacITpe.nerreH11.sr, He 

co,nep)Kam11e MHOro3ap.sr,nHbie IIOHl,I. 3ro MOrJIII 61,rr1,, HaITplIMep, TOJibKO 

O.!(HO3ap.sr,nHbie IIOHl,I II 3JieKrpOHl,I B paBHl,IX KOJIII'leCTBax. B pe3yrr1,TaTe 

HHTerp11poBaH1I.SI ITO BpeMeHII CIICTeMbl ypaBHeHIIH (3.35) perneHII.SI BblXO,nHJIII Ha re )Ke 

CTaUHOHapHble 3Ha'leHII.SI, 'ITO II paHbIIIe, HO 61,1crpee II C MeHbIIIIIMII yc11rr11.SIMII co 

CTOpOHbI ITporpaMMIICTa. 

l1cnoJib30BaHIIe .n11qiqiepeHUIIaJil,HI,IX ypaBHeHIIll ITO3BOJIIIJIO B .!(aJibHeiirneM 

HCKaTb He TOJil,KO CTaUIIOHapHbie perneHII.SI, HO II C ycnexoM 11ccrre,nOBar1, 
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.z:urna~mqeCKIIe, 6bICTJ)OnpoTeKarom:11e npouecCbl, Hanp11Mep IIMnyrrhCHblH pe)I{IIM 

pa60ThI ECR-11cToqH11Ka, paccMoTpeHHhIH 6orree no,n:po6Ho B n. 2.6. 

O6m;IIM He,n:ocTaTK0M Bcex cym:ecTBYJOlil;IIX pacqeToB no II0HII3al.{mI nJia.JMbl B 

ECR-IICTOqffIIKax IIOHOB jiBIDieTCj! npe,n:nOJIO)I{eHIIe O paBH0MepHOM pacnpe.n:erreHIIII 

3apj!)I{eHHbIX qaCTIII.{ B 061,eMe IICTQqHIIKa. PearrbHO, pacnpe.n:erreHIIe nJia.JMbl II no 

nrroTH0CTII, II no ::mepr1111 qacTIII.{ CIIJlbHO HeO,n:HOp0,n:Ho, II :no .D:0JI)I{HQ OKa3hIBaTh 

BJIIIj!HIIe Ha 3apj!,n:OBOe pacnpe.n:erreHIIe II BbIXO.D: IIOHOB 113 IICToqHIIKa. HecoMHeHHO, 

peIIIeHIIe nOJIHOH CaMOCornacoBaHHOH 3a,n:aq11 0 COCTOj!HIIII nJia.JMhl B ECR-11cToqH11Ke 

oqeHb HenpOCTOe. BMeCTe C TeM n0Hj!Tb II on11caTb OCHOBHhie 4'1I31IqecK11e npouecChl 

M0)I{HO 6orree npOCTblMII nYTj!MII. BepOj!THO, MeTO.D: noJIHbIX MOMeHTOB 4JYHKUIIII 

pacnpe.n:erreHIIji 11 MeTO,n: KpynHhlX qacTIII.{, II3JIO)KeHHhie B pa.3,n:erre 2, MOrJIII 6hI 

OKa.JaTbCj! 34'4'eKT1IBHhlMII no,n:xo,n:a.MII K 3TOH npo6rreMe. 

2.6 Ilo.rzyqeHne MHoro1apimnhlx uouos B ECR HCToqum.:ax. Bh1IIIe 6bma 

norryqeHa crre.n:yrom:M KaprnHa, B03HIIKIIIM B pe3yrrhTaTe paccMoTpeHIIj! npoueccoB B 

nrra.JMe ECR 11cToqH11Ka IIOHOB: 

3rreKTpOHhl, 1IMe10m:11e OTH0CIITeJibHO BbICOKYJO 3Hepr1110, y.n:ep)I{IIBaIOTCji 

CIIJihHblM BHeIIIHIIM MarHIITHblM norreM c MarHIITHbIMII npo6Ka.MII Ha KOHI.{ax JI0BYIIIKII. 

110Hhl, y KOTOpbIX 3Heprnj! 3Haq11TeJibHO MeHbIIIe, IICnhITbIBaIOT IIHTeHCIIBHhle ynpyr11e 

CTOJIKH0BeHIUI II B MarHIITH0M norre coxpaHjiIOTCj! xyme. B pe3yJihTaTe B03HIIKaIOlil;IIX 

IIOHHbIX noTepb B nJia.JMe nOj!BllileTCji He60JibIIIOH OTJ)III.{aTeJibHbIH noTeHI.{IIaJI U, 

KOTOpbIH perym1pyeT CKOpOCTb yxo.n:a II0HOB II TeM Ca.MbIM coxpaHj!eT B uerroM 

HeiiTpaJibHOCTb nJia.JMbl. 11:HTeHCIIBHbie ynpyrne B3alIMO.D:eiiCTBIIj! Me)I{.!l:y II0Ha.MII 

npIIBOMT K TOMY, qTo oqeHh 6bICTJ)O y Bcex II0HOB, He3aBIICIIMO OT 3apj!.n:a II Macchi, 

ycTa.HaBJIIIBaIOTCj! e,n:11HM TeMnepaTypa 11 pacnpe.n:erreH11e no 3HeprIIj!M, 6rr113Koe K 

paBHOBeCHOMY pacnpe.n:erreHIIIO EOJibl.{MaHa. Ilo3TOMY IIOHbl, IIMe10m:11e pa3HYJO 

3ap~OCTh, HO O,n:IIHaKOBYJO cpe,n:HIOIO 3Heprn10, IIMeIOT pa3HYJO BblCOTY 

noTeHI.{IIaJihHOro 6apbepa (p11c. 2.6) II pa3HYJO Bep0j!THOCTb 6bITb noTepj!HHblMH 113 

noTeHI.{IIaJihHOH j!Mbl H yiiTH H3 HCTOqffHKa. 
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Ha OCHOBe 3TOH KapTHHhl M0)I{HO cqiopMyrr11poBaT1, TJ)H rnaBHbIX npHHI.{IIna 

y.n:ep)I{aHIIj! H0H0B B noTeHUIIaJihHoii rroBymKe ECR-11cTOqH11Ka [l]: 

1. 11:0Hbl C BbICOKIIMII 3apj!.!l:a.MH HMeIOT 60JibIIIee BpeMj! )I{II3HH, II HM TJ>Y.D:Hee 

n0KIIHYTh IICTOqHIIK. 

2. 3apj!,n:OBOe pacnpe.n:erreHIIe HOHOB Ha BbIXO,n:e 113 HCTOqHHKa IIMeeT cpe,n:HIIH 

3apM HH)I{e, qeM BHYTJ>II HOHHOH JI0BYIIIKII. 

3. YMeHbIIIeHIIe TeMnepaTYPbl IIJIII cpe,n:Heii 3Hepru11 IIOH0B B IICTQqHIIKe 

YBeJI11qHBaeT IIX BpeMH )I{H3HH B JI0BYIIIKe, a crre,n:oBaTeJihHO, npIIB0.D:IIT K 

yBeJIHqeHIIIO cpe,n:Hero 3apMa. 

IIonpo6yeM IICnOJih30BaTh 3TH CBOHCTBa ,n:m, a.Ha.JIII3a ,n:Byx HaH6orree IIIIIP0K0 

npIIMeHj!eMbIX B HaCTOj!m;ee BpeMj! MeTO.D:0B yBerr11qeHIIj! 3apj!,n:H0CTH HOHOB B 

ECR-11cTOqffIIKax. 

H01moe 0XJ1amoenue. B rr11TepaTYPe, · CBj!3aHHoii c ECR-11cToqH11Ka.MH II0H0B, 

.n:mr MeTo,n:a H0HHOfO OXJia)I{.!l:eHIIj! TJ)MIII.{IIOHH0 HCnOJih3yeTCji TepMIIH "gas mixing". B 

cepe,n:11He 80-x rr. B pa3HhIX rra6oparnp1Ij!X 6bmo o6Hapy)I{eHo yBerr11qeHHe Bblxo.n:a 

MH0ro3apj!.!l:HbIX IIOHOB npII CMeIIIHBaHHH B IICTQqHHKe ,n:Byx pa3JIIIqHbIX fa.JOB. Tor.n:a 

npHpo.n:a 3T0f0 j!BJieHHji He 6hIJia HCHa II q11cTO BHeIIIHHH CTOpOHa 3Toro 34'4JeKTa 

nocrry)KHJia npIIqffHOH ,n:JIH Bb16opa Ha.JBaHHH. Tenepb oqeBII,n:H0, qTo B OCHOBe "gas 

mixing" Jie)KHT 06m:11ii ,n:JIH Bcex IIOHHhIX HCTOqHIIKOB npIIHI.{Hn IIOHH0ro oxrra)I{.!l:eHIIH, 

npe,n:rro)I{eHHhlii BHaqarre (E . .[( . .[(oHeU H r . .[(. lllIIpKoB) .n:rr» 3JieKTJ)OHHo-rryqeBhIX 

HCTOqHHKOB. TeM He MeHee nepBOHaqaJibHOe Ha.JBaHIIe coxpaHHJI0Cb .n:o CHX nop. 

MeTo,n: HOHHOfO oxrra)I{.!l:eHHji B ECR-HCTOqH11Kax He OTJIHqaeTCji npHHI.{IInIIaJibHO 

OT Toro, qro npoHcxo,n:IIT B EBIS np11 oxrra)I{.!l:eHIIII rn)KeJihIX IIOH0B rrerKIIMII 

MaJI03apMHbIMII IIOHa.MII (n. 1.5), H OH M0)I{eT 6hITb o6'bHCHeH Ha 0CH0Be 

cqiopMyrrHpOBaHHbIX BhIIIIe npHHI.{IIn0B. 

B ECR-IICTOqHHKe Tj!)I{eJihie MHOf03apMHbie IIOHbl HaXOMTCH B noTeHI.{IIaJibHOH 

JIOBYIIIKe, o6pa3oBaHHOH OTJ)III.{aTeJihHblM noTeHI.{HaJI0M B nrra.JMe. 3rreKTp0Hbl 

HarpeBaIOT IIOHbl (3.27), H HX BpeMH )I{II3HH (3.30)-(3.32) onpe,n:emreTCH HOHHOH 

TeMnepaTypoii (3.29). IlpH .n:o6aBJieHHH rrerKoro ra.Ja OH II0HII3yeTCH 3JieKTJ)OHa.MII H 

TO)I{e OKa3bIBaeTCH B JIOBymKe. nernHe H0Hbl IIMeIOT He60JihII11Ie 3ap»,n:HOCTII, II, B CHJIY 

3T0ro, Me,n:rreHHee HarpeBaIOTCH 3JieKTpOHa.MII. B TO )Ke BpeMH B pe3yJihTa.Te 
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llHTeHCHBHbIX yrrpyrux CTOJIKHOBeHHll C MH0ro3apH,!{HblMH ll0HaMH (3.28) nernue H0Hbl 

II0JI)"IaIOT OT HHX 3Heprmo II, HMeH Hll3Kllll IIOTeHIJ;HaJII,Hblll 6ap1,ep II K0p0TK0e BpeMH 

)Klf3Hll (3.30), yxo,WIT 113 HCTO'IHHKa II Yff0CHT C co6oil: :meprmo MH0ro3apMHblX H0H0B. 

'.:ho CHH)KaeT TeMrrepaTypy H0H0B B HCT0'IHHKe II yBeJIH'IHBaeT HX BpeMH )Klf3Hll t;, a 

CJie,!{0BaTeJibH0, ll 3apH,!{H0CTH. 

B psr,!{e 3KCIIepHMeHT0B 6bIJIO 3aperHCTpllp0BaH0 3aMeTH0e YMeHbIIIeHue 

3HepreTH'leCKoro pa36poca H0H0B aproHa Ha BblX0,!{e 113 HCT0'IHHKa rrpH 0XJia)K,!{eHHH 

KllCJI0p0,!{0M. 3TO .K0CBeHHbIM o6pa30M roB0pHT 06 yMeHbIIIeHHH :mepruH H0H0B B 

HCT0'IHHKe, II HBJIHeTCH 0,!{HHM 113 IIO,!{TBep)K,!{eHHll MeXaHH3Ma ll0HH0ro 0XJia)K,!{eHHH. 

B 0TJIH'!He OT EBIS 11 EBIT, r,!{e 0,!{Ha rropuusr H0H0B pa6o'!ero Beni:ecTBa 

Hax0,!{HTCH B JI0BYIIIKe B Te'!eHue Bcero I.{HKJia pa60Tbl HCT0'IHHKa, ,!{JIH rrpe,!{0TBpall.{eHHH 

II0Tepb TeMrrepaTypy H0H0B He06XO,!{HMO II0Mep)KHBaTb B ,!{eCHTKll pa3 HH)Ke BbIC0TI,I 

II0TeHI.{HaJibH0ro 6apbepa. B ECR-HCTO'IHHKax ll0Hbl o6pa3yioTCH HerrpepbIBH0, u HeT 

TaKHX )KeCTKHX Tpe6oBaHHll K BeJIH'IHHe ycTaHOBHBIIIeil:csr TeMrrepaTypbl u THIIy· H0H0B 

,!{JIH 0XJia)K,!{eHHH. CaMbie Jiernue H0Hbl (BO,!{Op0,1{ HJIH renuil:) 0'leHb nerno ucrrapHIOTCH II 

6bICTp0 YH0CHT :mepruIO, HO HMeIOT Hll3KYIO 3q>q>eKTHBHOCTb o6MeHa 3Heprueil: C 

H0HaMH pa6otiero Bell.{eCTBa. Eonee TSf)KeJibie H0Hbl M0ryT HMeTb BbIC0Ty 

II0TeHIJ;HaJibH0ro 6apbepa, cpaBHHMYIO c IIOCJie,!{Heil: ,1{JIH H0H0B pa6o'lero Bell.{eCTBa, u 

II03T0MY, He B C0CT0HHllll 3Ha'!HTeJibH0 CHil3HTb TeMrreparypy H0H0B B llCT0'IHHKe. 

IT03TOMy, 0IITHMaJII,HblMll ,!{JIH 0XJia)K,!{eHHH B ECR-HCTO'IHHKax HBJIHIOTCH H0Hbl, 

HMeIOII.{He 3apH,1{ II BblC0TY II0TeHIJ;llaJibH0ro 6apbepa 3Ha'!uTeJII,H0 Hll)Ke, '!eM y H0H0B 

pa6o'!ero Bell.{eCTBa, HO 3apH,!{H0CTI, II0 B03M0)KH0CTH 60JibIIIYIO, '!eM e,!{HHHI.{a. 

Ilpu II0JI)"IeHHll H0H0B JierKHX 3JieMeHT0B (a30T, KHCJI0p0,1{, HeOH) B Ka'!eCTBe 

0XJla,!{HTeJIH M0)KH0 HCII0Jlb30BaTh renuil:. ,ll;JIH 0XJia)K,!{eHHH 6onee TH)KeJibIX 3JieMeHT0B 

(aproH, KpHIITOH, KCeH0H II ,!{p.) B Ka'!eCTBe 110XJia,!{HTeJIH
11 

Hau6oJiee 3q>q>eKTHBHblM 

0Ka3bIBaeTCH KHCJI0p0,1{. Kucnop0,1{ HMeeT ,!{Ba 3JieKTp0Ha Ha BHeIIIHeil: o6oJIO'!Ke C 

0TH0CHTeJibH0 Hll3KHM II0TeHI.{llaJI0M H0HH3al.{HH. IT03TOMY rrpH ,!{06aBJieHHH B IIJia3MY 

0 2+ 
KHCJ:!0po,!{a OH nerKo H0HH3HpyeTCH, HMeH BbIC0Koe Ce'!eHHe H0HH3al.{HH, ,1{0 , II 

CJI~HT HCT0'IHHK0M 3JieKTp0H0B MH II0BbIIIIeHHH IIJI0TH0CTH IIJla3Mbl. B CJiytiae CaMbIX 

TH)KeJiblX 3JieMeHT0B (KceHoH, CBHHel.{,. 30JI0T0, ypaH) ,1{JIH 0XJia)K,!{eHHH M0rYT 6bITb 

HCII0Jib30BaHI,l 6oJiee TH)KeJible 3JieMeHTI,I. 
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B cJiy'!ae II0JI)"IeHHH HaH6oJiee MH0ro3apH,!{HI,JX H0H0B C i > 30 cyni:ecTBeHHI,lM 

orpaHH'leHHeM CTaH0BHTCH rrepe3apMKa (IIO,!{XBaT 3JieKTpOHa) MH0ro3apMHbIX HOHOB 

Ha Heil:TpaJibHbIX aT0Max Jiernoro 0XJia)K,!{aIOII.{ero raJa. DbillO II0Ka3aH0, '!TO B 3TOM 

CJIY'lae Jl)"IIIIHM JierKHM raJ0M HBJIHeTCH He0H, KOTOpbiil: HMeeT BbICOKHll II0TeHI.{HaJI 

ll0Hll3al.{HH (Jo= 21,6 3B), H II03T0MY, cornaCH0 I '!aCTH JieKI.{Hll, HH)Ke Ce'!eHHH 

rrepe3apMKH C BbIC0K03apMHblMH H0HaMH. B JII060M CJI)"Iae Ba)KH0, '!T06bl 0TH0IIIeHHe 

3apM0B y H0H0B pa6otiero Beni:ecTBa H 0XJia,!{HTeJIH 61,mo 6bl KaK M0)KH0 60JII,IIIHM. 

Ha pHC. 2. 7 II0Ka3aH H3MepeHHblll TOK H0H0B KCeHoHa Ha BblX0,!{e ll3 HCTO'IHHKa 

MINIMAFIOS-16,6 rru rrpH pa3HOH K0HI.{eHTpaIJ;HH B HCT0'IHHKe KHCJiopo,!{a, 

HCII0Jib3yeMoro ,!{JIH 0XJia)K,!{eHHH. 

100 
I 

eµA 

10 

0.1 

0.01 

Xe: 50%:0f 50%; P.0.5WJ 

~ Xe: 20 % ; 0 2: 80 % : P• 1.8 WI 

\ 
\ 
\ 

5 % : 02: 95 'J. : P. 2.7 WJ 

\ 
\ 
\ 
\ 
\ 

\ 
\ 

le nA I J J J J J I I J J \ J IIO 
6 10 14 18 22 26 30 34 38 42 44 j 

P11c. 2.7. 3apllJIOBOe pacnpeJ1eJieH11e IIOHOB KCeHoHa B norapmjJMll'leCKOM Macwra6e Ha BI,IXO)le 113 

11cToqH11Ka MINIMAFIOS-16,6 rru np11 oxnalKJ1eH1111 110HaM11 K11cnopoJ1a M" pa3Holi K0Huempau1111 

IIOHOB KCeHOHa II KIICJIOpO)la B IICTQqHIIKe 

Ha pHC. 2.8 rrpHBe,!{eHbl pac'!eTHI,Ie 3apH,1{0Bble pacrrpe,!{eJieHHH TOKa HOHOB 

KpHIITOHa II Ha BI,IX0,!{e H3 HCTO'IHHKa (j;) rrpH pa3HbIX ornomeHHHX 'IHCJia HOHOB 

KpHIIT0Ha H KHCJI0p0,!{a, KOTOpblil: HCII0Jib30BaJICH ,1{JIH 0XJia)K,!{eHHH. PaC'leThl 61,m11 

BbIII0JIHeHbl ,1{JIH ECR-ncTO'IHHKa THrra MINIMAFIOS. 
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PHC. 2.8. Pacqernoe 3apll,[(OBOe pacnpe,QeJieHHe TOKa HOHOB KpHIITOHa j B Jiorapmj>MffqeCKOM Macwra6e B 

ECR-HcTOqHHKe npH Pll3JlffqHLIX OTHOCHTeJILHLIX KOH[leHTpa1urnx HOHOB KpHIITOHa H KHCJIOpO,[(a 

ITpe.n:rronararroCI>, 'ITO :meKTJ)OHbl IIMeIOT TeMrreparypy T, = 5 K3B II IIIlOTHOCTI, 

n, = 2. 1012 
CM-

3
. MO)l(HO BII.n;eTI>, qTO Ha pIIC. 2.8 rroqni: IIOilHOCTl>IO IIOBTOpeHl>I 

3aBIICIIMOCTII pIIC. 2. 7 II3MepeHHblX 3apH,n:OBl>IX pacrrpe.n:eneHIIil: IIOHHOro TOKa Ha 

Bl>IXO.n;e II3 IICTOqHIIKa MINIMAFIOS I 6,6 rru .n;nH pa3Hl>IX OTHOIIIeHIIit ra30B KCeHOHa 

H KHCnopo.n:a. PacqeTbl IlOKa3aJIH, qTo .n:o6aBneHIIe B rrnroMy HCTOqHIIKa HOHOB a30Ta 

YMeHI>IIIaeT TeMnepaTypy IIOHOB C I 3B .n:o 3 3B II yBenIIqIIBaeT cpe.n;HIIH 3apH,n: HOHOB 

KpIIIlTOHa C 7 .n:o 28. B TO )Ke BpeMH Bl>IXO.n; MHOro3apH,n:Hl>lX IIOHOB II3 IICTOqttIIKa 

yBenH:qH:BaeTCH, HO He B TaK0il: CTerreHII, KaK B CaMOil: IlOBYIIIKe. 

Ha pIIC. 2.9 rrp1me.n;eHI>I pacqeTHI>Ie 3apH.D:OBI>Ie pacrrpe.n:eneHIIH nnOTHOCTH IIOHOB 

KpHilTOHa BHJTPII HCTOqHIIKa n; rrpII pa3HI,JX 0THOIIIeHIIHX qIIcna IIOHOB KpIIIlTOHa II 

KHcnopo.n;a. 
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PHc. 2.9. PacqeTHOe 3apll,[(OBOe pacnpe,QeJieHHe IlJIOTHOCTH HOHOB KpHIITOHa n; B JiorapmjJMffqeCKOM 

Macwra6e s ECRcHCTOqHHKe npH pa3JiffqHLIX OTHOCHTeJILHLIX KOH[leHTpa[lllllX HOHOB KpHnTOHa H 

KHcnopo,Qa 

Ha pIIC. 2.8 II 2.9 xopomo BII,n:HO pronIIqIIe B 3apH.D:OBl>IX pacrrpe.n:eneHIIHX IIOHOB 

BHJTPH IlOBYIIIKH II Ha Bl>IXO.n;e II3 HCTOqHIIKa. 3TO pronIIqIIe oco6eHHO CHill>HO .n:nH 

oxna)K,n:eHHl>lX HOHOB. 3ToT Ba)KHI,Jil: pe3ynI>TaT ofo,HCHHeTCH TeM, 'ITO MHoro3apH,n:Hl>Ie 

IIOHI,J HaxO.n;HTCH Ha ,n:He noTeHUIIaJll>HOil: HMl>I, IIMeIOT, cornacHO (3.31) H (3.32), 

6on1,mee BpeMH )KJI3HII II Il03TOMY C TJ)Y.D:OM IIOKII.D:aIOT HCTOqHIIK. MO,KHO 

pacCqJITI,JBaTb 3HaqHTeill>HO yBeilIIqJITI, Bl>IXO.D: MHOro3apH,n:Hl>IX IIOHOB II3 

ECR-IICToqHIIKa, ecnII H3Bneq1, II3 IIOTeHUHaJll>HOil: noBymKII B IIIla3Me HaKorrneHHI>Ie 

MHOro3apH,n:HI>Ie HOHl>I. O.n;HIIM II3 TaKIIX MeTO.n;OB HBnHeTCH IIMilYill>CHl>Ill pe,KIIM 

pa6oTI>I ECR-IIcToqHHKa. 
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H.11tnyllbCHblU pe:HCUJII pa6ombl. KpaTKOBpeMeHHOe yBeJIIPieHHe BbIXO,na 

MHOf03ap.H,nHhlX IlOHOB MO)KeT 61,rr1, IIOJI)"IeHo, eCJIIl 6y,neT CH.HT y,nep)KHBaIOil(Illl IlOHbI 

IIOTeHIIIlaJI IIJia3MI,I. Tor.na HaKOIIJieHHbie IlOHbl BbIIIJieCHYTC.H Il3 IlCTOqHHKa, Il 

3ap.H,nOBOe pacrrpe,neJieHne IlMIIYJibCa IlOHHOro TOKa 6y,neT COOTBeTCTBOBaTb TOMY 

pacrrpe,neJieHmo, KOTopoe IlMeJIJI IlO~I,I BHYTPil JIOBynIKil. 3TO n IlMeeT MeCTO IIpll 

BbIKJIIOqeHilll Bq-HarpeBa 3JieKTPOHHOH KOMIIOHeHTI,I. Ilpn OCTbIBaHilll 3JieKTPOHOB 

IlHTeHCilBHOCTI, IlX CTOJIKHOBeHilll C IlOHaMil Il Me)K_ny co6oii: B03pacTaeT, OHil qame 

rrorra.nruoT B KOHYC IIOTep1, II Tep.HIOTC.H ll3 IlCToqHnKa. YMeHbIIIeHne qncna 3JieKTPOHOB 

BbI3bIBaeT HapymeHtte 3ap.H,nOBOro 6anattca B IIJla3Me Il ncqeJHOBeHile OTPHIIaTeJII,HOro 

IIOTeHIIIlaJia. HOHI,I IiepeCTaIOT y,nep)KttBaTbC.H Il BbIIIJieCKilBaIOTC.H Il3 IlCTOqHnKa. 

XapaKTepHoe BpeM.H pa3BllTil.H ·3TOro rrpouecca orrpe,neJI.HeTC.H CKOpOCTI,IO IIOTep1, 

3JieKTPOHOB, IlMeeT BeJinqnHy, 6JIJI3K)'IO KO BpeMeHil )Kll3Hll 3JieKTPOHOB B IlCToqHnKe ,,, 

Il B 3aBHCilMOCTil OT rrapaMeTPOB IIJia3Mbl 061,1qiio HaxO,nllTC.H B rrpe,nenax OT 100 MKC .no 

1 MC. 

O6Hapy)KeHHbIH cnyqa:ii::HbIM o6pa3oM "pulse regime" nnn "afterglow mode" 61,m 

rro,nBepniyr B ,nan1,He:ii::meM BCeCTOPOlIHilM IlCCJie,noBaJIIl.HM, rJiaBHI,IM o6pa30M B 

Grenoble n GANIL, n Hamen rrpnMeHeHne B Kaqecrne 3cpcpeKTHBHoro pa6oqero pe)KttMa 

rrpn pa6oTe ECR-IlCTOqHJIKa c ycKopHTeJI.HMil IlOHOB. TaK, IlMilYJibCHblll pe)KllM pa6oTbl 

ncToqHnKa MINIMAFIOS 14,5 GHz no3BOJIHJI ,nOBecm TOK ttH)KeKIIHH IIOH0B Pb
25

+ B 

ycKopIITen1,H1,1:ii:: KOMITJieKc SPS CERN noqTII ,no 0,1 MAB nepBo:ii:: nonoBttHe 90-x rr. 

Ha pnc. 2.10 npnBe,neH HMnyn1,c TOKa IIOHOB Ar
14

+ nocne BbIKJIIOqeHII.H 

• Bq-HarpeBa 3JieKTPOHOB B IICToqHnKe ECR4-14,5 rru GANIL. ,n:nnTeJibHOCTI, 

IlMnyn1,ca COCTaBJI.HeT OKOJIO 1 MC. 

Ha pHC. 2.11 B peaJibHOM Macmrn6e BpeMeHil npttBe,neHbl pacqeTHbie Il3MeHeHil.H 

TOKa IlOHOB aproHa (Ar
5+, Ar

9+, Ar
11

+, Ar15
+ II CYMMapHoro TOKa Bcex IlOHOB aproHa) 

IlOCJie BbIKJIIOqeHil.H HarpeBa 3JieKTPOHOB. 3m pacqeTbl 6bIJIII npoBe,neHbl ,nJI.H 

HCToqHIIKa mna MINIMAFIOS. .D:JI.H onpe,neneHII.H BpeMeHn )KJI3HII HOHOB 

IlCilOJI1,30BaJIIlCI, ypaBHeHII.H (3.30)-(3.32). Ilpe,nnonaranoc1,, qTQ B CTaIIIIOHapHOM 

pe)KttMe .no BbIKmoqeHH.H Bq-HarpeBa 3JieKTPOHbI ttMenII TeMnepaTYPY T, = 5000 3B n 

IlJIOTHOCTh n, = 2 • 1012 
CM-

3
• 

60 

~ 

" l 

I 
I 

I ~ .. ~ .. ~ .I J .. , ,,,, 
·~ .. 

PHC. 2.10. BpeMeHHall 3aBHCHMOCTh TOKa HOHOB Ar14+ B HMDyJJhCHOM pelKHMe Ml! 11cTOqH11Ka 

ECR4- I 4,5 rn-1 

I 
;;. 1.2 

1.0 L .. RJ:P9w.m ...• 

0.8 

0.6 

~ OA 

0.2 ) 
3 -==t 

0 0.2 0.4 0.6 .!.... 
ms 

P11c. 2. J J. PacqeTHal! BpeMeHHall 3aBHCHMOCTh llJIOTHOCTII TO Ka IIOHOB Ar+ (I), Ar9+ (2), Ar11 + (3 ), Ar15+ 

(4) H cyMMapHOH llJIOTHOCTli TOKa ecex 3apl1.!IHOCTell aprotta (5) B HMnyJJhCHOM peJKHMe .!IJ!ll 

ECR-HcrnqHHKa 

MO)KHO BII,neTh, qTo pacqeTHble 3aBIICIIMOCTII HaxO,n.HTC.H B xopomeM cornac1m C 

ll3MepeHil.HMII, II 3TO MO)KeT cny)KIITI, eme O,nHIIM rro.nrnep)K_neHileM rrpttMeHIIMOCTil 
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HCIIOJib3YCMOil: MO~CJIH y~ep)l(fillllll H IIOTepb HOHOB ~Jill OIIIICaHHll rrpoueccoB B 

ECR-IICTO'IHHKax. 

Ha pac. 2.12 ll306pa)l(CHO 3apll~OBOC pacrrpe~eneHHC HOHOB CBHHUa B 

ECR4-14,5 rru B HMIIYJibCHOM H o6bitJHOM pC)l(IIMax. 

100 
I 

µA 
80 

60 

40 

20 

0 
22 24 26 

➔- C.W. tuning 

-- afterglow tuning 

28 30 32 I 

P11c. 2.12. 3apllJIOBOe pacnpe11eJieHI1e IIOHOB CBIIHJ:la Ha BbIXOJle 113 IICTO'IHIIKa ECR4 B Henpepb!BHOM 

pelKHMe pa6oTbl (BHll3Y) 11 IIMITYJibCHOM pelKIIMe (11asepxy) 

Pe3yJibTaTbl H3MepeHIIil: IlOKa3blBaIOT, tJTO B IIOJIHOM COOTBCTCTBHH C TCOpHeil: 

3cpcpeKT )'BCJIHtJCHH.8 HOHHOro TOKa B HMIIYJibCHOM pe)l(HMC OKa3bIBaeTCH CHJibHee ~JIH 

CaMbIX MHOr03apH~HblX IIOHHbIX KOMIIOHCHT. 

IlpH pa6oTe ECR-HCTOtJHHKa B HMIIYJibCHOM pe)l(HMC BpCMll IlOBTOpCHHll 

OT~CJibHbIX HMIIYJibCOB onpe~eJIHCTCll BpCMCHCM BbIXO~a BCCX napaMCTpOB IICTOtJHHKa 

Ha CTauHoHap nocne K~Oro HOBOro BKJIIOtJCHH.8 Bl-1-HarpeBa 3JICKTpOHOB. 3To BpCMll 

3aBHCIIT OT BpCMCHII o6pa30BaHII.8 H HaKOIIJICHHll B IlOTCHUIIaJibHOil: llMC CaMbIX BblCOKHX 

3apMHOCTeil:, nonyqaeMbIX B HCTOtJHHKC. O6bitJHO OHO paBHO HCCKOJibKHM ~CCllTKaM 

MHJIJIHCCKytt~. 
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KpoMe BbIKJIIOtJCHII.8 Bl-1-uarpeBa 3JICKTpOHOB cymecTByIOT ~pyme cnoco6b1 

rronyqeHH.8 HMIIYJibCOB MHoro3apll~HblX HOHOB. ,[(Jill 3TOro ~OCTaTO'IHO pa3pynmTb 

OTpHUaTCJibHyIO IIOTCHUHaJibHyIO llMY, y~ep)l(HBaIOmyIO HOHbl. 3Toro MO)l(HO ~061ITbCH, 

uarrpHMep, ~ecpopMHPYll MarHHTHble rrpo6KH, H3MCHllll TOKH B MarHHTHblX KaTYIIIKax. 

3m 61,mo rrpo~eMOHCTpHpoBaHo B GSI, fepMfilllIH. 

AHanOrHtJHblll pe3yJibTaT MO)l(CT 6bITb rronyqeu, CCJIH HH)l(CKTHpOBaTb B pa60tJyIO 

30HY HCTOtJHHKa IIYtJOK IIOJIO)l(HTCJibHblX HOHOB, KOTOpblll CHHMCT OTPHUaTCJibHyIO 

IIOTCHUHaJibHyIO llMY, y~ep)l(HBaIOIUyIO HaKOIIJICHHbIC HOHbl. IlpHtJCM B 3TOM cnyqae 

MHTCJibHOCTb HMIIYJibCa IIOHOB m JIOBYIIIKH 6y~eT orrpe~CJillTbCll ue BpeMeHeM pa3JICTa 

3JICKTpOHOB H3 HCTOtJHHKa, a BpeMeHeM CB060~Horo pa3JICTa HOHHOil: KOMIIOHCHTbl, 

KOTOpaH rrpH U = 0 B cpopMynax (3.30)-(3.32) MO)l(CT COCTaBJillTb Bcero ~CCllTKH 

MHKpoceKytt~, H 3TO rrpHBe~eT K COOTBCTCTBCHHOMY YBCJIHtJCHHIO aMIIJIIITY~bl HOHHOro 

TOKa. 

quCJlemwe Mooenupoaanue llQKOllJlellUJl UOllOB. IIonHuil: Ha6op 

MaTeMaTHtJCCKIIX ypaBHCHHil: CB.83bIBaeT BCC rrapaMeTpbl IIJia3Mbl H ~aeT B03M0)1(H0CTb 

orrpe~eJIHTb KaK IIJIOTHOCTII 3JICKTpOH0B II BCCX TIIIIOB II0HOB, TaK II IIJIOTH0CTII IIOHHbIX 

TOKOB Ha KOHUax HCT0tJHIIKa B6JIH31I OCII ~Jill ~fillHbIX pa3MepoB IIJla3Mbl II rrpo~0JibH0ro 

pacnpe~eJICHHll MarHIITHOro IIOJIH. KaK BXO~HblC rrapaMCTpbl ~Jill tJIICJICHH0ro 

M0~CJIIIp0Bfilllill IICIIOJlb3yIOTC.8 T0JibKO IlJI0THOCTb ueil:TpaJibHOro ra3a BHC IIJia3Mbl II 

TCMneparypa 3JICKTpOH0B. 

<l>H31ItJCCKaJI MO~CJib H MaTeMaTIItJCCKIIC ypaBHCHIIll ~aIOT B03M0)1(H0CTb 

KatJCCTBCHH0ro 0IIHCaHIIH II K0JIHtJCCTBCHH0ro M0~CJIHpOBaHII.8 rrpoueccoB HaKOIIJICHIIll 

II rrpOH3B0~CTBa II0HOB B II0CT0llHH0M II HMIIYJibCH0M pe)l(IIMax pa60Tbl 

ECR-IICTOtJHHKa. Kp1ITCp1IllMII ~JIH BbI6opa a rro~roHKII napaMCTpOB IlJia3Mbl nplI 

M0~CJIIIpOBfillHH llBJlllIOTCll 3KCIICp1IMCHTaJibHO Il0JIYtJCHHblC 3apll~OBbIC pacnpe~eJICHHll 

II Bl-1-MOJUHOCTb. OHH MOryT 6bITb IICIIOJib30BaHbl ~Jill OUCHKII IlJIOTH0CTll II 3HepmH 

3JICKTpOH0B, nonyqeHHbIX B pe3yJibTaTe MO~CJIIIpOBaHHll. B 90-e rr. 6bmo npoBe~euo 

6onbIIIOe KOJIHtJecrno BbltJllCJieu1Iil: Mll ECR-acTOtJHIIKOB B JUIP OI15IH, 

YHHBepc1ITeTax <l>pfillK<pypTa II .[(pe3~eua, U:EPH, RIKEN (JlrroHHll), LNS LNFN 

(HTaJIHll) II HCK0TOpbIX ~pymx IICTOtJHIIK0B. 

B HatJane 90-x rr. 6bIJIO HatJaTO COTpY~HIItJCCTBO no <plI3HKe MHOro3apMHblX 

IICTO'IHHK0B HOH0B Me~y OI15IH H U:EPH. Hccne~oBaHIIH rro3BOJIHJIII orrpe~eJIIITb 

0CHOBHbIC napaMCTpbl IIJia3Mbl ECR-IICTOtJHIIKa B U:EPH H npeMO)l(IITb B03M0)l(HbIC 
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ITYfll ycoBeprneHCTBOBaJIHH HCTO'IHHKOB HOHOB. Pac'leTHOe 3ap»,noBoe pacITpe,neJieHHe B 

cpaBHeHHH C H3MepeHHhlM pacITpe,neneHHeM ITOKa3aJIO Ha pHC. 2.13. AHaJIH3 

H3MepeHHhIX 3Ha'!eHHH IT03BOJIHJI OITpe,neJIHTb cpe,nHJOIO :meprmo :meKTpOHOB 

E, = 3-5 K3B, ITJIOTHOCTh 3JieKTPOHOB -n, = 3-5-10 11 
cM-

3 
B ECR-ttcTO'IHHKe U:EPH. 

ion current (mA) 
0,09 -.-------------------------, 

0,08 

0,07 

0,06 

0,05 

0,04 

0,03 

0,02 

0,01 

O IILILIHI 

■ measurements 

CJ calculations 

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
charged states 

Pnc. 2. I 3. Pac'!eTHOe pacnpe.QeJieHHe 3apllAOBblX COCTOl!HHli HO HOB CBHHQa B HMTIYJibCHOM peJKHMe 

pa60Thl B cpaBHeHHH C H3MepeHHblM pacnpe.QeJieHHeM 

B paMKax COTPY.LIHH'!ecrna c RIKEN (J.IITOHHH) H LNS LNFN (Ifrantt») 6bIJm 

ITpOBe,neHhl Hatt6onee BmKHbie TeopeTH'leCKHe HCCJie,LIOBaJIHH ITO o6pa30BaJIHIO H 

HaKOIIJieHHIO HOHOB B ECR-HCTO'IHHKe. B Te'!eHHe HeCKOJihKHX JleT 18 ffu 

ECR-ttcTO'IHHK B RIKEN HeITpephIBHO coBeprneHCTBOBanc.11 ITYTeM orrTHMmaunn 

KIDK,LIOH ero KOMIIOHeHThl. 11cTO'IHHK pa60TaeT Ha 18 rru H B CITOCo6eH rrpoH3BO,LIHTh 

HOHbl pa3JIH'IHbIX fa30B H MeTaJIJIOB. ,[{JIH H3Y'!eHHH rrapaMeTPOB 11Jla3Mbl B 3aBHCHMOCTH 

OT 110,naBaeMoil: Bll-MomHOCTH H BhffiBJieHHH pOJIH 3q>q>eKTa "cMeCH fa30B
11 

6bIJIO 

rrpoBe,neHO 'IHCJieHHOe MO,nemi:pOBaJIHe ITpOH3BO,LICTBa HOHOB KpHITTOHa H KCeHOHa. Ha 

pHC. 2.14 IIOKa3aJia 3aBHCHMOCTh BblXO,LIHOro 3apH,L10Boro pacrrpe,neneHHH OT 

COOTHOIIIeHHH ,naBJieHHH Heil:TPaJibHOro KpHITTOHa H KHCJiopo,na B KaMepe HCTO'IHHKa. 
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1 O charge states 15 20 

Puc. 2.14. 3aBHCHMOCTh 3apl!AOBOrO pacnpe.QeJieHlfl! OT OTHOWeHlfll .QaBJieHlfll Hei!TpaJII,HOro Kr K 02. 

3KcnepHMeHTaJihHOe pacnpe.QeJieHHe I IlOJiy'!eHo npH Kr:02 KaK I :2 u P = 520 BT. Pac'!eTHhie IlJIOTHOCTH 

3JieKTPOHOB If IlO.QaBaeMble Bq·MOII(HOCTH: Kr:02 KaK I :0 (2) - n, = 0,56 . 1012 CM-3
, p = 90 BT; I: I (3) 

-n, = I,0-1012 cM-3,P =260 BT; 1:2 (4)-n, = 1,5 -1012 cM·3,p = 500BT; I:4(5)-n,= 2,4 -10 12 CM-3, 

P= 1060 BT 

lfacneHHOe MO,LlenttpOBaHHe H HHTeprrpeT~HH 3KCITepHMeHTaJibHhIX pe3yJibTaTOB 

.LIJIH ECR-HCTO'IHHKa RIKEN rro3BOJIHJIH BITepBb1e oueHHTh rrapaMeTphI 3JieKTPOHHoil: 

KOMIIoHeHThI ECR-IIJia3MhI H BXO.LIHYIO MomHoCTh Bq_ ohIJIH rrpe.LIJIO)KeHhI ypaBHeHHH, 

KOTOphie ,LlaJIH B03MO)KHOCTh rrpe,ncTaBHTb 3JieKTpOHbl B ECR-IIJia3Me KaK 

MHOroKOMITOHeHTHYIO cpe,ny. TeITepb mo6a» 3KcrrepHMeHTaJibHaH HJIH aJiaJIHTH'leCKaH 

qJYHKUHH pacrrpe,neJieHHH 3JieKTPOHOB ITO :meprnH MO)KeT 6h1Th arrrrpoKCHMHpoBaHa 

ITOCJie,noBaTeJihHOCThIO MaKcBeJIJIOBCKHX pacITpe,neneHttil: C pa3JIH'IHhIMH 

TeMrreparypaMH H BeCaMH. ,[{Ba IIOTeHUHaJia ITJia3Mhl OITHChlBaIOT ECR-IIJia3MY HaMHOro 

6onee TO'IHO C q>H3H'leCKOH TO'IKH 3peHHH. 

SERSE »BJI»eTc» cBepxrrpoBoMmHM ECR-ttcTO'IHHKOM B INFN-LNS. OH 6hm 

pa3pa6oTaJI H CKOHCTPYHPOBaJI B INFN-LNS, KaTaJIHH H CEA - DRFMC, fpeHo6Jlb, 

HCIIhITaJI B fpeHo6ne H cMOHTHpoBaH B KaTaJIHH B cepe,nHHe 90-x rr. SERSE HBJIHeTc» 

ECR-HCTO'IHHKOM C MarHHTHhIM ITOJieM ,LIO 2,7 Tn H 11po60'1HhIM OTHOIIIeHHeM 
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MarHHTHOro IIOIDI ,n;o 7. KoM6Irnaum1 H3 ,n;ayx mm -rpex 14 rrwl8 rru: 

Bq-reHepaTopoB, npe,n;Ha3HaqeHHWI ,D;IDI HarpeBa IIJla3Mbl, o6ecneqHT BbIXO,n;Hyro 

Bq-MOUUIOCTb ,n;o 4 KBT. HcTOqffHK HMeeT ,D;JIHHHyro IIJia3MeHHyro KaMepy ,n;JIHHOH 

nopjj)];Ka 50 CM n ,D;HaMe-rpoM IIOPMKa 13 CM. TaKHe xapaKTepHCTHKH o6ecneqHBa!OT 

YHHKaJibHbie ycrroBml ,D;IDI npOH3BO,D;CTBa MHOro3ap.ll,D;HbIX HOHOB ,n;JI.ll HHJKeKn;HH B 

n;HKJIO'fPOH ycrnHOBKH INFN-LNS. Ha pnc. 2.15 conocTaarreHbI 3KcnepHMeHTaJibHbie 

(KpHBble 1, 3, 5, 7) H pacqeTHbie (KpHBbie 2, 4, 6, 8) 3apjj,lJ;OBbie pacnpe,n;erreHH.ll. 
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Pnc. 2.15. ConoCTIIBJieHlle 3KCnepHMeHT3JlhHl,JX (1, 3, 5, 7) 11 pacqeTHhIX (2, 4, 6, 8) 3apl11IOBh!X 

pacnpe11ene1111li aproHa. qllCThIH aproH (1) - p = 1,09 KBT; (2) - N, = 1,0 1012 CM-3, r, = 6 K3B, 

P = 1,0 KBT. AproH: KHCJIOPOll, (3)-0IlTHMll3HpOBaHO llJlll Ar11
·, P = 0,47 KBT; (4)-6:1 no HeihpanaM, 

N, = 1,7 •l012 cM-3, T, = 7 K3B, P = 1,7 KBT; (5)-ornHMll3HpOBa110 Mll Ar12
•, P = 1,2 KBT; (6)-6:1 no 

11eliTpanaM, N, = 1,8 . 1012 cM-3
, r, = 8 K3B, P = 1,9 KBT; (7) - orn11M113npoua110 llJlll Ar15+, P = 1,4 KBT; 

(8)-3:2 no 11eliTpaJiaM, N, = 2,0 1012 cM-3, T, = 13 K3B, P = 1,8 KBT 
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3aKJIIO'ICHHe 

Ilo,n;BO,n;.ll HTOr, MOJKHO c,n;erraTb BblBO,D;, ~o OTHOCHTeJibHO npOCTWI H !pH3HqecKH 

HarJI.ll,n;HWI KJiaCCHqeCKa.ll TeopH.ll y,n;epJKaHHSI H IIOTepb HOHOB B ECR-HCTOqHHKax 

IIO3BOJI.lleT He TOJibKO 061,.l!CHHTh, HO BO MHOfHX cnyqruix OIIHCaTb KOJIHqecTBeHHO 

OCHOBHbie 3<p<peKTbl, Ha6mo,n;aeMble B ECR-HCToqHHKax HOHOB. 

PaCCMO-rpeHHe ynpyrnx H Heynpyrnx B3aHMO,n;eiiCTBHH H CTOJIKHOBeHHH 

3apsiJKeHHbIX qacTHU: B IIJla3Me, a TaKJKe KJiaccHqecKHX IIOTepb H3 OTKpbITOH MarHHTHOH 

JIOBYIIIKH IIO3BOJIHJIO pa3pa6oTaTb Mo,n;errb HaKonrreHH.ll H y,n;epJKaHHSI HOHOB B 

ECR-ncrnqHHKax. 
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