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BBeAenue 

B OCHOBe Bcex <plI31I'leCKIIX 11BJieHIIH Jie)l(IIT B3aHMO,UeHCTBIIe IIJIII B03,UeHCTBIIe 

<pH31I'leCKIIX TeJI IIJIII '!aCTIII.I .upyr ua .upyra, rrp1rno.u11111ee K II3MeHeHIIIO IIX 

BHYTPeHHero COCT011HII11 IIJIII .UBII)l(eHJrn. 3To B03,UeiicTBIIe ocyIIJeCTBJI11eTC11 

rrocpe.ucTBOM rroneii, C03,UaBaeMhIX qJH31I'leCKIIMII 061,eKTaMII, IIJIII IIYTeM 

CTOJIKHOBeHIIH. ITplI'IeM nplI CTOJIKHOBeHIIII TeJI IIX B3alIMO,UeiicTBIIe MO)l(eT 

npOIICXO,UIITh He TOJihKO B pe3yJihTaTe Henocpe.ucTBeHH0ro <plI31I'leCKOro KaCaHII11 

OT,UeJihHhIX qacTeii IIJIII COCTaBJI11IOIIJIIX, HO II Ha paccT011HIIII qepe3 B3alIMO,UeHCTBII11 

noneii. 

Bee CTOJIKHOBeHII11 .uen11TC1I Ha ,UBa OCHOBHhIX BII,Ua: ynpyzue II 11eynpywe. ITplI 

ynpyrlIX CTOJIKHOBeHII11X BHYTpeuHee COCT011HIIe CTaJIKIIBaIOIIJIIXC11 '!aCTIII.I OCTaeTC11 

HelI3MeHHhIM II CYMMapHa11 K1IHeT1I'leCKaH 3Heprn11 '!aCTIII.I coxpaH11eTc11. ITpolICXO,UIIT 

nepepacnpe.ueneHIIe KIIHeTJI'leCKIIX 3Hepr1Iii II IIMIIYJihCOB OT,UeJihHhIX '!aCTIII.I II 

II3MeHeHIIe HarrpaBJieHIIH IIX ,UBII)l(eHII11. Heyrrpyr1Ie CTOJIKHOBeHII11 BhI3hIBaIOT 

II3MeHeHII11 BHYTPeHHero COCT011HII11 CTaJIKIIBaIOIIJIIXC11 '!aCTIIU. 

HecMOTp11 Ha pa.3H006pa.31Ie B03,UeHCTBII11 TeJI .upyr Ha .upyra (3aBIIC11IIJIIX OT 

B3aHMO,UeuCTBII11 cnaraIOIIJIIX IIX 3JieMeHTapHhIX '!aCTIII.1), B rrp1Ipo.ue, ITO COBpeMeHHhIM 

rrpe,UCTaBJieHII11M, cyIIJeCTByeT JIIIIllh '!eTbipe TIIIIa qiyH.UaMeHTaJihHhIX B3aHMO,UeHCTBIIH 

IIJIII rroneii. 3To, B nop11.uKe B03paCTaHII11 IIHTeHCIIBHOCTII B3alIMO,UeHCTBII11: 

2pa«uma!fuo1111oe, cJ1a6oe, 3J1eKmpoMa211um11oe II CUJ1b11oe B3alIMO,neiicTBII11. 

JleKUIIII TIOCBHIIJeHhI CTOJIKHOBeHII11M 'laCTIII.I B aTOMHOH <plI31IKe, <plI31IKe 

IIJia.3MhI, qJII31IKe IIY'IKOB 3ap11)1(eHHhIX '!aCTIII.I II IIOHHhIX IICTO'IHIIKOB. qaCTh 

II3JIO)l(eHHOro MaTep1Iana MO)l(eT 6hITh IICIIOJih30BaHa npII II3yqeHIIII ra.JOBOH 

,UIIHaMIIKII II CMC)l(HhIX C Heii BOrrpocoB qJII31IKII HII3KOTeMrreparypHOH TIJia.3MhI, 

B03HIIKaIOIIJCH 11a IIOBepXHOCTII JieTaTeJihHhIX arrrrapaTOB rrplI rnrrep3BYKOBhIX 

CKOpOCTHX, a TaK)l(e B BCpXHIIX CJI011X aTMocqiepbI 3eMJIII. OCHOBHhIM BII,UOM 

B3alIMO,UeHCTBII11 IlplI YKa.3aHHhIX rrpoueccax 11BJI11eTC11 KYJIOHOBCKOe B3alIMO,UeHCTBIIC 

3ap11)1(eHHhIX 'laCTIII.I, KOTopoe B 06IIJeM cnyqae OIIIIChIBaeTC11 Teop1Ieii 

3JICKTpOMarHIITHoro B3alIMO.UCHCTBII11 II ypaBHCHII11MII MaKCBeJIJia. 
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KpoMe rrepeqHcrreHHhIX pa.3.IIeJIOB lpll3I:!Kl:I, MHOme CTOJIKHOBHTeJihHhie 

rrp011ecChI, CBH3aHHhie C aCTPOHOMI:leil: I:! B3al:IMOJieU:CTBI:leM KOCMI:lqecKI:IX 061,eKTOB, 

OIII:!ChIBaJOTCH CXOJIHhIMI:I ypaBHeHI:IHMI:1 I:! l:!Me!OT 6JIH3Kl:le MeTOJihl perneHI:111, HeCMOTPH 

Ha I:!Hhie rrpOCTPaHCTBeHHhie MacrnTa6hI. 

Kypc rreKIII:lll "CTOJIKHOBeHI:IH qacTHII" qHTaeTCH B Kaqecrne crreuKypca 

cryJieHTaM crnprnHx KypcoB MI1P3A B TeqeHHe PH.Ila neT. ITepBM qacTh yqe6Horo 

rroco6I:111 ocHoBaHa Ha MaTepHane rrepBoil: rnaBhI KHHm G. Shirkov, G. Zschomack 

"Electron Impact Ion Sources for Highly Charged Ions" (I1oHHhie HcToqHHKH c 

IIOHI:13aIIIIeil: 3JieKTPOHHhIM y.IIapoM .IIJIH BhICOK03apHJIHhIX IIOHOB) [I], KOTOpaH, B CBOIO 

oqepeJih, MO)KeT 6hITh peKOMeHJIOBaHa CTy.IIeHTaM CTapIIIIIX KypCOB lpl:13HqecKI:IX II 

l:IH)KeHepHhIX CIIeIII:laJihHOCTeil:. 

1. ATOMHbie CTOJIKHOBeHHSI 3apH,KeHHbIX qacTUU: 

Bo MHOfl:IX lpl:13l:lqecKHX ycTpoil:crnax l:ICII0Jlh3YJOTCH rryqKII IIJII:I crycTKII 

3apH)KeHHhIX qacTIIII, y.IIep)KI:!BaeMhie 3JieKTPOMarHHTHhIMII IIOJIHMH. IToJIO)KHTeJihHO 

3ap11)KeHHhie aTOMHhie l:IOHhl l:IJII:1 OTPHIIaTeJihHO 3apH)KeHHhie 3JieKTPOHhl rronyqaJOTCH 

B crreIIIIaJihHhIX ycTpoil:crnax l:ICTOqHHKaX l:IOHOB IIJII:I 3JieKTPOHOB. Y CTpOHCTBO 

OCHOBHhIX TIIIIOB IICToqHIIKOB MHOrD3apHJIHhIX l:IOHOB II l:ICToqHI:IKOB 3JieKTPOHOB 

(3JieKTPOHHhIX rryrneK) 6y.IIeT paCCMOTPeHO BO BTOpOM Kypce JieKIII:lll. 

B l:ICTOqHHKax MHOr03apHJIHhIX IIOHOB IIOJIO)Kl:!TeJihHO 3apJr)KeHHhie l:IOHhl 

o6pa.3YJOTCH B pe3yJihTaTe l:IOHI:13aIIHI:I 3JieKTPOHHhIM y.IIapoM aTOMOB l:IJII:I MOJieKyJI. 

.[{JIH KpaTKOCTII Heil:TpaJihHhie qacTHIIhI Mhl 6y.IIeM JiaJihIIIe Ha.3hIBaTh 11eiimpaJWMU. 

3neKTPOHhl II B03Hl:!KaIOIIII:le l:IOHhl y.IIep)KI:!BaJOTCH BHeIIIHI:IMI:I 3JieKTPI:1qecKI:1Ml:1 I:! 

MarHHTHhIMI:I IIOJIHMI:I. B pe3yJihTaTe IIOCJie.IIOBaTeJihHOll l:IOHll3aIII:III IIOHBJIHIOTCH 

MHOf03apHJIHhie l:IOHhl. B 3TOM BBOJIHOM rraparpacpe Mhl IIOIIhITaeMCH, ITO 

B03MO)KHOCTII, rrpocTO OIII:!CaTh I:! KJiaCCI:llpIIIIIIPOBaTh OCHOBHhie <pl:13l:lqecKIIe 

nponecChI, rrpOHCXO.IIHIIIHe B pa6oqeil: o6naCTII IICTOqHHKa, r.IIe o6pa.3yJOTCH H 

Y.IIep)KI:!BaJOTCH IIOHhl. 
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3apJr)KeHHhie qacTHI!hl C03JiaIOT BOKpyr ce6H 3JieKTPHqecKHe IIOJIH . .[{BHfaHCh B 

IIOJIHX .IIpymx qacTIIII, OHII II3MeHHIOT CBOIO TPaeKTOpIIIO H, B CBOIO oqepe.IIh, CBOIIMI:I 

3JieKTPIIqecKHMII IIOJIHMI:I BJIIIHIOT Ha .IIpyrHe qacTIIIIhI. TaKI:IM o6pa.30M, rrpOI:!CXOJIIIT 

o6MeH H nepepacnpe.IIeJieHIIe 3Hepmil: Me)KJly cTaJIKHBaJOIIIIIMHCH qacTHI!aMH. 3m 

rrponecChI Mhl 6y.IIeM Ha.3hIBaTh ynpycUMU KYJIOllO6CKUMU cmoJIKIIO6e/lWIMU 

3apH)KeHHhIX qacTHII. EcnII rrpII CTOJIKHOBeHIII:I 3JieKTpoHa l:IJII:I l:IOHa C 3JieKTPOHHOll 

o6onoqKQll .IIpyroro IIOHa l:IJIII aTOMa rrpOIICXO.lll:IT l:13MeHeHHe ee BHYTPeHHero 

COCTOHHIIH, TO TaKoe CTOJIKHOBeHIIe Ha.3hIBaeTCH 11eynpyzu.tt aTOMHhIM CTOJIKHOBeHIIeM. 

Hanpl:!Mep, npII HeynpyroM CTOJIKHOBeHIIII MO)KeT IIpOI:130llTII yBeJIIIqeHHe 3HepmH 

3JieKTPOHHoil: o6onoqKJI_ 3TOT npouecc Ha.3hIBaeTcH 0036yJ1Coe11ueM arnMa, H B o6meM 

BIIJie .IIJIH ero II306pa)KeHIIH MO)KeT 6hITh l:ICIIOJih30BaHa 3aIIHCh 

A+B ⇒ A+B*. (1.1) 

CTOJIKHOBeHHe 3JieKTPOHa C HeHTPaJIOM MO)KeT rrpHBeCTI:I K TOMY, ~o OJII:IH II3 

3JieKTPOHOB B 3JieKTPOHHOll o6onoqKe nonyqHT 3HeprHIO BhIIIIe 3HeprHH CBH3l:I C 

aTOMOM II 6y.IIeT aTOMOM IIOTepHH. 3TOT nponecc Ha.3hIBaeTCH UOIIU3GlJUeii 

3JieKTpOHHhIM y.IIapoM II MO)KeT 6hITh rrpeJICTaBJieH B Bl:IJie 

e-+A ⇒ e-+A++ e-. 

I10HI:13aIIIIH IIOHa C 3apHJIOM i MO)KeT 6hITh 3aIIIICaHa TaK: 

e- +A;+ ⇒ A(i+l)+ +2e-. 

(1.2) 

(1.3) 

EcnII B pe3yJihTaTe CTOJIKHOBeHI:IH HOH IIJII:I neil:TPaJI TepHeT Cpa.3y HeCKOJihKO 

3JieKTPOHOB, TO TaKOll rrponecc Ha.3hIBaeTCH MIIOZOKpam11oii UOIIU3Glfueii. B o6IIIeM 

BIIJie peaKQIIIO IIOHll3aIIIII:I 3JieKTpOHHhIM yJiapoM Mhl o603Haql:IM 

e- +A;+ ⇒ A(i+k)+ + (k+l)e-. (1.4) 

XapaKTep B3al:IMOJieU:CTBIIH l:IOHOB .IIpyr C .IIpyroM I:! C neil:TPaJiaMI:I onpe.IIeJIJreTCH 

l:IX 3Heprl:leil: II paccTOHHIIeM, Ha KOTOpOM rrpOI:!CXOJII:IT CTOJIKHOBeHHe. B 3TOM cnyqae, 

KpOMe B036y)KJleHI:IH II l:IOHI:13aIIHll, B03MO)KeH nepeXOJI OJIHOro l:IJII:1 HeCKOJihKI:IX 

3JieKTPOHOB Me)KJly IIOHaMII. ITepexo.II 3JieKTPOHa HaH6onee BepoHTeH OT Heil:TPana K 

IIOHY II Ha.3hIBaeTCH nepewpRoKoii. Bee peaKIImt c rrepepacrrpe.IIeneHHeM 3JieKTPOHOB 

Me)KJly aTOMHhIMI:I o6orroqKaMI:I l:IOHOB B o6meM BH.IIe MoryT 6hITh 3aIIHCaHhl TaK: 

A;++sk+ ⇒ Ai++B"++(j+n-i-k)e-. (1.5) 
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Ilprr rroHmaurrrr (j + n - i - k) > 0. B cnyqae, ecnrr (j + n - i - k) = 0, a i * j 11 

k * n, TO 3TOT rrp01iecc HBmleTCH rrepe3ap.imKoil:. KaK rrpaBHJIO, Harr6onee BepOJITHhl 

O.[IH03JieKTpOHHble HOHH3aUHH Ii rrepe3apJ1.n;Ka. 3HeprHJI HOHH3aUHll 6bICTPO 

yBen11qrrBaeTCJI C pOCTOM llOHHOfO 3apJ1.n;a, Ii OTOpBaTb Ka)K.[lhlll rrocne.n;y10m11il: 

3JieKTpOH y llOHa OKa3bIBaeTCJI BCe cnm1mee H CJIO)!<Hee. Ilo3TOMY BepOHTHOCTh 

llOHH3aUHH 6bICTp0 yMeHhIIIaeTCH C yBeJI11qeHHeM llOHHOro 3ap11.n;a. QqeHb pe.n;KH llnli 

MMOBepoHTHbl TaK)l(e rrepeXO.[lbl 3JieKTPOHOB Me)l(.[ly HOHaMll. BepOHTHOCTh )Ke 

rrepe3apH.[1Kll Heil:Tpana Ha llOHe, oco6eHHO MHOf03apJI.IIHOM, KaK rrpaBHJIO, 

OKa3bIBaeTCJI .[IOCTaToqHo BeJIHKa B cpaBHeHHH C .n;pymMH aTOMHh!Mll rrpoueccaMH. 

B TOM cnyqae, ecnrr CB060.[1Hble ::ineKTPOHhl .[IBll)l(YTCJI Me.n;neHHO co CKOpOCTHMH, 

MeHhIIlllMll, qeM xapaKTepHh!e CKOpOCTH ::ineKTpOHOB Ha COOTBeTCTBYJOIUllX aTOMHh!X 

o6onoqKax HOHa, TO B03MO)l(eH 3axBaT CBo6o.n;Horo 3JieKTPOHa llOHOM Ha .n;aHHYJO 

o6onoqKy. 3ToT rrpouecc Ha3hIBaeTcH peKoM6uHalJueu. 

Ecnll )Ke rrpoHCXO.[IHT 'TOTihKO H3MeHeHHe 3Hepmil: llnH HarrpaBneHllll .[IBH)l(eHHH 

qacTHU, a llX BHYTPeHHHe COCTOHHHH OKa3bIBaIOTCH Hell3MeHHh!Mll, TO, KaK 6hmO 

orrpe.n;eneHO BhIIIIe, TaKlle CTOTIKHOBeHHH HBRHIOTCH ynpy2UMU. 

OT qero )Ke 3aBHCllT BepOHTHOCTh CTOTIKHOBHTenbHhIX rrpoueccoB? PacCMOTPllM 

rrpo6HYJO tJaCTHUY A . .[(orrycTHM, qTQ B pe3ynhTaTe CTOTIKHOBeHllll C qacTHUaMll B 

MO)l(eT rrpOH30HTll HOHH3aUHH A. Tor.n;a eepoRmHOCmb UO11U3alJUU p qaCTllUhl A 

qacTHUaMll BB TetJeHHe BpeMeHH lit 6y.n;eT orrpe.n;enJleTCH TpeMH BenrrqrrHaMH: 

• ns - rrnoTHOCThlO qaCTllU B B OKpy)l(aJOJUeM A 061,eMe (qHCJIOM qacTHU B B 

e.n;mmue o6'heMa); 

• V - OTHOCHTeJibHOH CKOpOCThlO .[IBH)l(eHHH qacTHU A ll B; 

• CJ - no!IHbZM 3rjJ<jJeKmU6HblM ce1Je11ueM .n;aHHoro rrpouecca, B 3TOM cnyqae 

ceqeHHeM llOHH3aUllll qacTHU A qacTHUaMll. 

IhaK, MhI MO)l(eM 3arrrrcaTh: 

P = CJvn8 1it. (1.6) 

QqeHh ynpomeHHO, IIOJIHOe 3cpcpeKTllBHOe ceqeHHe CJ KaKoro-nrr6o 

CTOJIKHOBHTeJibHOfO rrpouecca MO)l(eT 6hITh orrpe.n;eneHO KaK CJ= 1tp
2
, r.n;e p eCTb 

pa.n;11yc OKpy)l(HOCTll BOKpyr pacceHBa10mero ueHTPa. B 3TY OKPY)l(HOCTb .[IOJI)l(Ha 
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rrorraCTb HaneTaIOJUaH qaCTHUa, .[IJijf Toro qTo6hI peaK[lllH CTana B03MO)l(HOH. 

HarrpHMep, ceqeH11e CTOJIKHOBeHHH .n;Byx rnapHKOB pa.n;11yca a eCTb CJ = 4na2
, TaK KaK 

.[IJijf Toro, 1IT06h! IIIapHKll CTOTIKHYJillCh, Heo6XO.[lllMO, qTo6hI llX ueHTPhl c6nll3llnllCb 

Ha paCCTOHHlle MeHbIIIe y.n;BOeHHOro pa.n;11yca. 

Ben11qrrHa ceqeHrril: .n;n11 n106hIX Heyrrpymx rrpoueccoB 3aBHCHT OT 3Hepmrr 

CTMKHBa10m11xc11 qaCTHU- Pa1n11qHbie peaKUllH HMeIOT MaKCHMMbHYJO BepOJITHOCTb 

rrpll pa3JillqHhIX 3HeprHHX. Ha p11c. 1 rrprrBe.n;eHbI .[IJlH cpaBHeHHJI ceqeHHH rrpouecCOB 

HOHll3a[lllll 3JieKTPOHHhIM y.n;apoM (1), rrepe3apH)lKH (2) H llOHHhIM y.n;apoM (3) Ha 

rrp11Mepe aTOMOB Ii HOHOB Bo.n;opo.n;a. 

Ben11q11Ha CJV Ha3bIBaeTCH CKOpocmb/0 peaKlJUU ll xapaKTepmyeT 3aBHCllMOCTb 

Bepo11THocT11 .n;aHHoro rrpouecca OT ::1Hepr1111. 

Ilp11 3Hepr1111x CTaJIKHBa10mrrxcJ1 qacTHU, xapaKTepHbIX .[IJlH llCTOqHllKOB 

MHOf03ap.imHhlX llOHOB, HaH6onee BepoHTHhIMll rrpoueccaMH, llMeIOJUllMll 

MaKCllMMhHhie ceqeHHH Ii CKOpOCTH peaKUllH, HBRHIOTCH rrpouecCbI ll0Hll3a[lllll 

HeHTPMOB Ii llOHOB 3JleKTpOHHhIM y.n;apoM Ii rrepe3apJ1.[1Kll Heil:TpanOB Ha 

MHoro3ap11.n;HhIX HoHax. Ba)l(Hoe 3HaqeH11e HMeeT TaK)l(e rrepepacnpe.n;eneH11e 3Hepmil: 

rrpll ynpyr11x CTOJlKHOBeHHHX 3apH)l(eHHhlX qacTHU. Eonee rro.n;po6Ho 3TH rrpouecCbl Mhl 

11 pacCMOTPHM .n;anee. 

~ 
-15 

10 ~- \ ', 
10

" .~ .. ~ l,~: .. ,~ . ., r. 
'"•""'·: 10·+ ,o• 

E/eV 105 10 

P11c. I. Ce'lettlle C1 IIOHll3aQIIII aTOMOB BOJ!Opoaa 3JJeKTpOHHhIM yaapoM II Ce'lettllll npoueccOB 

IIOHll3aQlll1 II nepe3apllJ{KII np11 CTOJIKHOBeHllllX aTOMOB BOJ!Opoaa C 110HaM11 BOJtopoaa B JaBIICIIMOCTII OT 

:meprn11 HaJJeTalOII.IIIX 'laCTIIQ £ 
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2. IIOHH331.J,HH JJie1npOHHhlM yJ.J:apoM 

BoITpOCbl o6pa:mBaHIUI HOHOB :meKTpOHHblM y,napoM, oco6eHHO MHOf03ap»,nHbIX, 

HHTeHCHBHO H3)"IaIOTC» B ITocne,nHHe HeCKOllbKO ,nec»TKOB neT B CBH3H C pa3BHTHeM 

q>II3HKH ITlla3Mbl, pa60TaMH ITO ynpaBn»eMOMY TepMO»,nepHOMY CHHTe3y H C03.L(aHHeM 

ycKOpHTeneii TH)KellbIX HOHOB. B o6meM cnyqae ITpo11ecCbl HOHH3aIIHH MO)KHO 

pa3,nenHTb Ha ,L(Ba OCHOBHbIX THITa. B pe3ynhTaTe B3aHMO,L(eHCTBH» HOHII3HpyIOmero 

3neKTpOHa C 0.L(HHM H3 3lleKTPOHOB BHenrneii o6onoqKH B03M0)KHa npRMcm U0HU3GlfUJl 

aTOMa HnH HOHa. B3aHMO.L(eHCTBHe :meKTPOHa C BHYTPeHHHMH o6onoqKaMH ITpHBO.L(HT 

K 6onee CllO)KHbIM ITpo11eccaM. Ilpu B036y)K.L(eHHH HllH HOHH3aIIHH 3lleKTpOHa II3 

BHYTPeHHeH o6onoqKH B Hett o6pa3yeTC» BaKaHCH». 3aITOnHeHHe BaKaHCHH Bbl3bIBaeT 

ITepeCTPOHKY Been aTOMHOH o6onoqKu ITYTeM ITepexo,noB THITa O:JICe unu Kocmepa

KpoHuza c 3MHccueii B cITnornHoH cITeKTP 3neKTPOHOB H3 BHernHHX o6onoqeK. Ilpu 

HOHII3aIIHH T»)KellbIX 3lleMeHTOB co CllO)KHbIM CTpoeHHeM 3neKTPOHHOH o6onoqKH 3TH 

ITpo11ecCbl oco6eHHO cymecTBeHHbl H 3HaquTenhHO yBenuqHBaIOT Bepo»THOCTb 

.L(BOHHOH H MHOroKpaTHOH HOHH3aIIHH. 

I1oHH3aIIHH HeHTPMOB H HOHOB 3neKTPOHHblM y,napoM ITOCB»meHO 6onblIIOe 

qucno 3KCITepuMeHTMbHbIX H TeopeTuqecKHX pa6oT. B paMKaX pa3nHqHblX KBaHTOBO

MeXaHHqecKHX ITO.L(XO.L(OB u ITpu6nH)KeHHH ITonyqeH p».n ceqeHHH, c xoporneii 

CTeITeHbIO ToqHOCTH COBITa,na10mux C 6onblIIHM 06'beMOM 3KCITepHMeHTMbHO 

H3MepeHHblX ceqeHHH HOHH3aIIHH HeiiTpMbHbIX aTOMOB pa3nHqHbIX 3neMeHTOB B 

IIIHpOKOM .L(HaIIa30He 3Hepruii 3lleKTPOHOB. CeqeHH» HOHH3aIIHH MHOf03ap».L(HblX 

IIOHOB 3KCITepuMeHTMbHO 113yqeHbl xy)Ke, HO pe3yllhTaTbl Teopuu BOCITOllHHIOT 

11Me10muec» ITpo6enu. 3,nech MbI He 6y,neM 113naraTb Beeb MaTep11an Ha 3TY TeMy. 

MaTepIIan Ha 3TY TeMy 11cqepITbIBaIOIUe ITpHBe,neH B MOHOrpaq>II»X II o63opax, 

OITy6nHKOBaHHblX B ITOcne,nHIIe fO.L(bl. BoITpoc HOHH3aIIIIH MHOf03ap»,nHbIX H0HOB 

paCCMaTpHBMC» TaK)Ke B o63opax, ITOCB»meHHblX ITOll)"IeHIIIO MHOf03ap»,nHbIX IIOHOB. 

3,necb Mbl OCTaHOBIIMC» Ha rnaBHblX oco6eHHOCT»X ITpo11ecca IIOHH3aIIIIH HeHTpanoB II 

IIOHOB, IIMeIOmero MeCTO ITpII o6pa30BaHHH II y,nep)KaHIIH MHOf03ap»,nHblX IIOHOB B 

IIOHHblX IICTOqHIIKax, ITPII TPaHCITOpTHpOBKe ITyqKOB MHOf03ap».L(HblX HOHOB II B 

q>II3IIKe ITlla3Mbl. 

8 

OCHOBHOH oco6eHHOCTbIO ceqemrn IIOHII3aIIHH 3lleKTPOHHbIM y,napoM »Bn»eTC» 

ero IToporoBa» 3aBHCHMOCTb OT 3HeprIIII 3neKTPOHa E,. QqeBH.L(HO, ~o .nn» Toro qm6bI 

BbI6IITb 3neKTPOH 113 aTOMHOH o6onoqKH, 3Heprn» HOHH3HpyIOmero 3neKTpOHa .L(Oll)KHa 

6bITh, ITO KpaiiHeii Mepe, 6onbrne 3Heprn11 H0HH3a11uu h. I13secTHO, qTo ITPH 3Heprn11 

IIOHH3aIIHII E, = (2 - 3)h ceqeHHe IIOHH3aIIHH .L(OCTHraeT MaKCHMMbHOfO 3HaqeHH» 

(p11c. 2). 

IlepBOH ITony3MITHp11qecKOH qiopMynoii .nn» pacqern ceqettuii IIOHII3a11uu 6brna 

rjJopMylla ToMncoHa, ITonyqeHHa» eme B 1912 ro,ny: 

; _ nnaJ ( 1 lk ) CJk ___ -- , 

IkE, E, 
(l.7) 

3,necb h II E, - B aTOMHbIX e,nIIHIIIIax 3Heprnu (l aT. e,n. = 27,2 3B), n - qucno 

3neKTPOHOB so BHernHeii o6onoqKe, a0 = 0,529 • l o-8 
CM - TaK HaJhrnaeMblH 

6op06CKUU paouyc. 

3tteprHH IIOHII3aIIHH IIOHOB scex 3neMeHT0B 6h1m1 paccqJITaHbl Carlson et al. II 

IT03,nHee Zschomack. 

z4G"e 
10-l6cm2 

1,0 

0,5 

0 
0 

... . . 

5 10 15 Ee/ I 

Puc. 2. Ce'!eHHll HOHH3al.lHH BOi10po11ono1106H1,IX HOHOB :meKTpOHHhIM y.11apOM cr B 3aBHCHMOCTH OT 

)HeprnH 3neKTpOHOB £, B OTHOCHTenhHhIX e)IHHHl.laX. To'!KH - 3KcnepttMeHT3nhHhie )laHHhle 

E.}:(. ~om-1a; cnnournall nnHHll - pac'!eT 
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C pa3BHTHeM KBaHTOBOH MexaHHKH 6hIJIO BbUICHeH0 IJ0Be):leHne ceqeHml 

H0HH3al.{HH rrpH BbIC0KHX :meprm,x. 3aBHCHMOCTb ceqeHHH HMeeT BH):I ln(Ee/ lk ). B 

HaCT0HII.{ee Bpe]l.rn ):IJIH orrpe,l:leJieHHH ceqeHHii: H0HH3al.{llll, C yqeT0M 3Heprun CBH3ll 

3JieKTP0H0B ll rrpaBHJibHbIM aCHMl1T0THqecKHM 110Be):leHHeM, ump0K0 11puMeHHIOT 

rrony3M11upuqecKyIO cpopMyny Lotz: 

; 4,5 -10-14 .:f;, nk I Ee 
ak= L...,-g-, 

Ee k~I fk Jk 
(1.8) 

r):le m - qucno 110):I06onoqeK ll0Ha; nk - K0JIUqecTB0 3KBllBMeHTHbIX 3JieKTP0H0B B 

110):106onoqKe; h - 3HepruH H0HH3auun 110):106onoqKu. 3):lecb u ,l:lanee 3Heprnn 

BbipaJKeHbl B 3B. 

flony3MIIHpuqecKue' cpopMyJibl xoporno 0llllCbIBaIOT ceqeHHH rrpHMOH ll0Hll3al.{llll 

ll 1103T0MY nyqrne rrpuMeHHMbl B 06nacn1 HH3KllX 3Hepruii:, r):le rrpouecCbl THIIa OJKe ll 

KocTepa-KpoHura MM0Bep0HTHbl. 8 cnyqae ll0HH3al.{HH M0JieKyJI, KaK 11paBIIJI0, 

B03HHKaIOT M0JieKyJIHpHbie ll0Hbl, K0T0pble ):lllCCOI.{HllpyIO'r Ha 0T):leJibHbie ll0HHbie 

cpparMeHTbl rrpu II0CJie):lyIOII.{llX CT0JIKH0BeHHHX. BKJia):I 3TllX rrpoueccoB Hau6onee 

cymecrneHeH B !pll3HKe Hll3KOTeM11epaTypHoii: 11Jla3Mbl, B TOM qucne rrpu perneHllll 

3a):laq, CBH3aHHblX C ):IBHJKeHHeM JieTaTeJibHbIX a1111apaT0B rrpu ru11ep3BYK0BbIX 

CK0pocrnx, a TaKJKe c 11pouecCaMll B BepxHHX CJI0HX aTMOCcpepbl 3eMJIH. 

<l>opMyJibl (1.7) u (1.8) II0Ka3bIBaIOT, qro BenuquHa (a1f) eCTb <PYHKI.{llH T0JibK0 

OT 0TH0IIIeHHH (1 k /Ee) u Mano 3aBHCHT OT Ttt11a uoHa. ITpttHHMaH BO BHHMa1me, qTo h 

rrpo11opl.{H0HMbH0 k?- ( Ha11puMep, ):IJIH BO,l:10p0,l:10110):I06Hb!X ll0H0B I z = z 2 
/ 2n2 

' r):le 

n - rnaBH0e KBaHT0B0e qucno llOHa), a Z - 3apH,l:I H,l:lpa, M0JKH0 11onyquTb 

KaqecrneHHYIO 3aBHCllM0CTb ceqeHHH ll0Hll3al.{llll OT 3apH,l:la ll0Ha: 

Gi-1 -1/24
. (1.9) 

Hau6onee II0JIH0e 3KC11epuMeHTMbH0e llCCJie):I0Banue ceqeHuii: H0HII3al.{Illl 

pa3JillqHbIX 3apH,l:I0BbIX COCTOHHllll ll0H0B ra1006pa3Hb!X 3JieMeHT0B B o6JiaCTH 3Hepruii: 

H0HH3al.{HH J:10 18 K3B 6hrno 11poBe):leHo E. )l .ll:oHI.{OM B 3JieKTp0HHo-nyqeB0M 

ucmqnnKe H0H0B KRION-1. Oco6h1ii: HHTepec 11pe,l:ICTaBJijjIOT 11puBe,l:leHHb1e Ha pnc. 2 

ceqeHHH ll0HH3al.{Hll BO,l:IOpO,l:IOIJO):I06HbIX ll0H0B ):10 aproHa A I?+ BKJIIOqUTeJibH0, 

JO 

K0T0pbie xoporno cornaCyIOTCH C pacqeTHbIMH 3HaqeHHHMH. Ha puc. 2 ceqeHHe 

H0HH3al.{llll CT; 11puBe):leH0 K YHHBepcanbHOH 3aBHCHM0CTll OT 3apH,l:la H,l:lpa z, a 3Heprnn 

3JieKTP0H0B Ee 0THeceHbI K 3Heprun H0HH3al.{Hll h. Eonee 110JIHbie ):laHHbie o 

3aBHCHM0CTH ceqeHuii: H0HH3al.{HH OT BennquHbI / k / Ee 11puBe,l:leHbI B ofoope Muller. 

CeqenuH ):IByKpaTHOH ll MHOroKpaTHOH ll0Hll3al.{llll ll3yqeHbl MeHbille. QqeBH):IHO, 

qro BbI6HBaHue cpa3y ):IByx llJIII 6onee 3JieKTP0H0B ll3 3JieKTpOHHOH o6onoqKu -

0TH0CHTeJibH0 MMOBepoHTHblll 11pouecc. BMeCTe C TeM, ecnu JKe 11p0H30IllJI0 

o6pa30BaHHe BaKaHCllll BO BHYTPeHHeii: o6onoqKe aT0Ma HJill H0Ha C 3HepreTuqecKHM 

C0CT0HHlleM, 11peB0CX0):IHII.{llM 3HeprHIO 0Tpbrna BHeillHHX 3JieKTp0H0B, TO 

110CJie):lyIOII.{M aBT0H0Hll3al.{HH - ):I0CTaTQqHo BepOHTHblll 11pouecc. 

TeopeTuqecKue pacqeTbl ceqettuii: MHOf03JieKTpOHHOH ll0Hll3al.{Hll 11paKTHqeCKll 

110JIH0CTblO 0TCYTCTByIOT . .ll:nH 0l.{eH0K BennqHHbl ):IByKpaTHOH H0HH3al.{llll M0JKeT 6bITb 

HCl10Jlb30BaHa cpopMyna Cryzinski llJIH 11onyqeHHble Ha 0CH0Be aHanll3a 

3Kc11epnMeHTanbHbIX J:laHHbIX (Muller & Frodl) ceqeHHH, 6ntt3Ktte 110 cpopMe K 

cpopMyne Lotz (1.8): 

2, 2,6. 10-14 I Ee 
ak = n--

Ee(lk+lk+1) Jk+fk+I 
(1.10) 

PacqeT ceqeHHH ll0Hll3al.{llll 3JieKTp0HaMll peJIHTllBHCTCKllX 3Hepruii: 6hIJI C):leJiaH 

cpaBHHTeJibH0 He):laBH0 ):IJljj HeK0T0pb!X ra1006pa3Hb!X 3JieMeHT0B ll ypaHa. 

OueHoqHbie pacqeTbI ceqeHnii: rrpHMOii: H0HH3al.{HH rrpoB0J:IHT 110 cpopMyne Cryzinski: 

i 2 a k = nnr2 mec E e --Jn_!!... 
lk I ' k 

(1.11) 

r):le me n re - Macca u KnaccuqecKuii: pa,l:luyc 3JieKTP0Ha; c - cKopocTb cBeTa. 

CornacHO pacqeTaM, 0JKe-rrpoueccbI BH0CHT 3HaqnTeJibHblH BKJla):I B II0JIH0e 

ceqeHHe ll0HH3al.{llll rrpu BbIC0KllX 3HepruHX 3JieKTP0H0B. 3KcrrepuMeHTMbHO 

ll3MepeHHbie ceqeHHH rrpHMOH ll0HH3al.{Hll Heii:TpanbHbIX aT0M0B Kr ll Xe 3JieKTP0HaMll 

c 3Heprueii: 0,5-3,0 M3B 6hrnu orrpe,l:leneHbI Rieke & Prepejhal. Pe3yJihTaTbI pacqeT0B 

ceqeHuii: rrpHMOii: H0Hll3auuu Zschomack HMeIOT Haunyqrnee cornacue c 

3KCIIepnMeHT0M. 3TH pe3yJibTaTbl rrpuBe,l:leHbl Ha puc. 3., Ha puc. 4 II0Ka3aH0 II0JIH0e 

ceqeHue H0Hll3al.{HH H0H0B Xe 3JieKTP0HaMH c 3Heprneii: 20 M3B, rronyqeHHoe 

cyMMllp0BaHHeM ceqemiii: OJKe-HOHH3al.{llll (Sal op) H rrpHMOH ll0Hll3al.{llll 

(Zschomack). 
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Pttc. 3. IloJJHOe ce'!eHHe H0HH3aL{Hll cr aT0M0B KCeH0Ha JJieKTp0HHbIM yAap0M B 3aBHCHM0CTH OT 

JHeprttH JJieKTp0H0B £,. CIDIOII!Hall H nyHKTHPHaJI KpHBb[e - pac'!eTHbie 3Ha'leHHJI, TO'IKH -

pe3yJihTaTbl H3MepeHHll 

KaK crre,1:1yeT H3 JKCrreprrMeHTOB H pacqeTOB ( qiopMyrru ( 1. 7)-( 1.11 ), prrc. 2 H 

prrc. 3) ceqeHHe llOHH3aU:llll CllJibHO 3aBHCHT OT JHeprHH JJieKTpOHOB. BepoHTHOCTb 

llOHH3aU:Hll (1.6) orrpe,1:1errHeTCH CKOpOCTbIO peaKU:llll crv, ,llJIH KOTopoil: 3Ta 3aBHCHMOCTb 

0Ka3h!BaeTCH em;e CllJlbHee. B crryqae ecrru JJieKTpOHbI llMeIOT pa3HYIO JHepmID, TO 

pa3Hble JJieKTPOHbI llMeIOT ll pa3HYIO BepoHTHOCTb llOHH3aU:Hll, ll 3TOT qJaKTOp 

Heo6XO,llllMO yqHTbIBaTb rrpll ll3)"IeHHll rrpou:eccoB o6pa30BaHllH llOHOB. B HeKoTOpbIX 

crryqasix 6bIBaeT ,llOCTaToqHo llCIIOJib30BaTb ycpe,1:1HeHHbie BerruqHHbl. ,ll;rrH 3TOro 

He06XO,llllMO ycpe,1:1HeHHe CKOpOCTll peaKU:llll crv C q>yttKU:lleH pacrrpe.r1erreHHH 

:meKTPOHOB ITO BCeil: o6rraCTll ll3MeHeHllH 3HaqeHHH JHeprHH. 3TH BOIIpOCbI Mb! 

paCCMOTPllM rro.r1po6Hee B CJie,llYIQIIl;llX rrraBax. 
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Pttc. 4. Ce'!eHHll H0HH3aL{Hlf H0H0B KCeH0Ha pa31IH'IHbIX 3apl!AHOCTell JJieKTpoHHbIM yAapoM llpH 

JHeprnH JJieKTp0.H0B 20 M::iB. <:I - ce'leHHe O)Ke-HOHH3aL{HH; ere - ce'!eHHe npJIMOll H0HH3aL{HH; cr101 

- ll0JIH0e Ce'!eHHe H0HH3aL{HH 

3. CTOJIKHOBeHIUI HOHOB u aTOMOB 

IIpon:eccbI llOH-aTOMHbIX ll llOH·llOHHbIX CTOJIKHOBeHHH ropa3,ll0 CJIO)I<Hee ll 

MHOroo6pa3Hee, qeM CTOJIKHOBeHHH JJieKTPOHOB c llOHaMll u HeHTPaJiaMll. 

HarreTaIOIIl;llH HOH, oco6eHHO MHOr03apH,llHbIH, BHOCllT CllJibHOe ,llaJibHO,llettcTByIDm;ee 

B03Mym;eHHe B JJieKTPOHHYID o6orroqKy aTOMa llJill llOHa MlllIIeHll, KOTOpbIH B 

pe3yJibTaTe TepHeT 0,llllH llJill HeCKOJibKO JJieKTPOHOB. OTopBaHHbie JJieKTPOHbI 

OKa3bIBaIOTCH B KYJIOHOBCKOM rrorre HaJieTaIOm;ero llOHa, ll ecrru OTHOCHTeJibHaH 

CKOpOCTb CTOJIKHOBeHHH MeHbIIIe CKOpOCTll JJieKTPOHOB B o6oJioqKe llOHOB MHIIIeHH, TO 

C 60JibIIIOH BepOHTHOCTbIO OHll 6y.llYT 3axBaqeHbI Ha BbICOKHe B036y)K,lleHHble ypOBHll 

HaJieTaIOm;ero llOHa. TaKHM o6pa30M, rrpu OTHOCllTeJibHOH CKOpOCTll CTOJIKHOBeHHH 

V << v/12 
HMeeT MeCTO rrpou:ecc rrepe3apH,llKll llJill JJieKTPOHHOro 3aXBaTa (3,lleCb 
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Vo = 2,2 -108 
CM/c - xapaKTepmlll KJiaccIIqecKM CKOpOCTI, 3JieKTpoHa B aTOMe 

BO.l(OpO.l(a, i - 3ap,m MmneHII IIOCJie CTOJIKHOBeHml). 

B o6JiaCTII v/vo ~ il/2 
ceqeHII.H IIOHII3aIIIIII II rrepe3ap.H.l(KII - BeJIIIqIIHhI 0,!(HOro 

rrop».l(Ka. IIpII v/v0 >> il/2 
IIOHll3al\II.H BIIOJIHe Bepo»THa, a ceqeHII.H rrepe3ap».l(KII 

6bICTPO yMeHbIIIaJOTC.H c poCTOM CKOpOCTII CTOJIKHOBeHII.H: er ~ v -y, r,!(e y MeH.HeTC.H OT 5 

,!(JI.H rrepe3ap.H.l(KII Ha caMblX T.H)KeJihIX aToMax, y KOTOpbIX orrpe.l(eJI.HJOIIIee 3HaqeHIIe 

rrpIIo6peTaeT 3axBaT 3JieKTpOHOB II3 BHYTPeHHIIX o6onoqeK, .1(0 12 ,!(JI.H rrepe3ap.H.l(KII Ha 

aToMe BO.l(OpO,!(a. 

CTOJIKHOBeHII.H rrpII 6oJibIIIIIX 3HeprII.HX MOryT rrpoIICXO.l(IITb Ha MaJihIX 

pacCTO.HHII.HX II rrpIIBO,!(IITh K B03MYIIIeHIIIO BHYTpeHHIIX o6onoqeK II B03HIIKHOBeHIIIO B 

HIIX BaKaHCIIH. B pe3yJihTaTe yBeJIIIq1rnaeTC.H Bepo.HTHOCTh IICIIYCKaHII.H peHTreHOBCKIIX 

faMMa-KBaHTOB II Q)Ke-3JieKTpOHOB. 

XapaKTepHhie 3aBIICIIMOCTII ceqeHII.H peaKI\IIH Me)K,!(y IIOHaMII II aTOMaMII OT 

3Hepnrn 6hIJIII rrpOIIJIJIIOCTpIIpOBaHbl Ha pIIC. 1. Ha cero,!(H.HIIIHIIH ,!(eHh IIMeeTC.H 

60JihIIIOe KOJIIIqecTBO 3KCIIepIIMeHTaJihHbIX ,!(aHHhlX TIO ceqeHII.HM rrepe3ap11.l(KII. B 

KaqeCTBe rrpIIMepa 3aBIICIIMOCTII ceqeHII.H rrepe3ap.H.l(KII aTOMOB C MHOf03ap.H.l(HhlMII 

IIOHaMII OT 3HeprIIII MO)KHO rrpe.l(JIQ)KIITh pIIC. 5 II 6. Ha pIIC. 5. rrpIIBe,!(eHbl IIOJIHhie 

ceqeHII.H rrepe3ap».l(KII aTOMOB Ar Ha IIOHax B, C, N, 0, F, Ne, Ar, Br, I II Xe c 

3ap.H.l(HOCT.HMII OT 4 ,1(0 17 ,!(JI.H cpe.l(HIIX II BhICOKIIX 3Hepmii:. CrrJIOIIIHOH KpIIBOH 

ll3o6pa)KeHhI pacqeThI, BhIIIOJIHeHHhie no TeopIIII Born and Lindhard, ocHOBaHHOH Ha 

KJiaCcIIqecKOH MexaHIIKe. Ha pIIC. 5 pe3yJihTaThl rrpIIBe,!(eHbl B rrapaMeTpIIqeCKOM BII,!(e, 

r,!(e er/ i II E/ i4/7. PIIc. 6 IIOKa3bIBaeT pacqeTHbie II peanhHO II3MepeHHhie ceqeHII.H 

rrepe3ap.H.l(KII aTOMOB BO.l(OpO,!(a (H) Ha IIOHaX a30Ta (N5+) II KIICJIOpO.l(a (05+) II ,!(JI.H 

HII3KIIX 3HeprIIH. 
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Puc. 5. CpaBHeH11e TeopeT11qeCKIIX npe.11cTaBJ1eH11i! 11 3Kcnep11MeHTaJibHblX J(aHHblX O ceqe111111 
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fj 

10-"cm' 

1'0 

120 

100 

80 

60 

(0 

20 

0 
0.1 1,0 10 1000 E 

100 eVomu-• 

Puc. 6. CeqeHHe nepe3apJ1J1KII np11 CTOJIKHOBeHIIJIX 0 5
+ + H II N5

+ + H np11 Hll3KIIX 3Heprn11x. ToqK11-
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Ha 0CH0Be HMeIOIUHXCJI TeopeTnqeCKHX H 3KCITepHMeHTfillhHhIX ,naHHhIX M0JKH0 

c,neJiaTb BhIB0.!l, qTQ B IIIHpOKOH o6nacTH 3Heprnil OT 1 3B/HyKJIOH .no 10 K3B/HyKJIOH 

(v - v/12 ) ceqeHHJI ITepe3apll.!lKH ITpaKTnqeCKH He 3aBHCJIT OT 3HeprHH H HMeIOT CB0e 

MaKCHMfillhH0e 3HaqeHHe. 3To 3HaqnTeJibH0 yITpomaeT 3a,naqy 0ITpe,neneHHJI BJIHJIHHJI 

H0H-lI0HHhIX HeyITpyrnx CT0JIKHOBeHHH ITPH H3yqeHHH ITpou;eccoB o6pa30BaHHJI 

3JieKTp0HHhIM y,napoM H HaK0ITJieHHJI MH0f03apll,n;HhIX H0H0B B H0HHhIX HCT0qHnKax. 

KaK 6y,neT IT0Ka3aH0 B cne.nYIQIUHX rnaaax, 3HeprHJI H0H0B B HCT0qHnKax 

MH0f03apll,L\HhIX H0H0B JielKHT B ITpe,nenax OT 1-10 38/HyKJIOH, pe,n;K0 .no 

1 K3BIHYKJIOH, H ,naJKe B Han6onee ITJI0THhIX peJIJITHBHCTCKlIX 3JieKTp0HHhIX K0JibIIax H 

ITyqKax 3Heprnll H0H0B He ITpeB0CX0,L\HT BeJIHqlIH 10 K3B/HyKJIOH. IT03TOMY Han6onee 

Bep0llTHhIM ITpou;eccoM Me)K)];y TJIJKeJibIMH qacTHIIaMH B HCToqHnKax MH0ro3apll,L\HhIX 

H0H0B 0Ka3bIBaeTCJI ITepe3apJ1,n;Ka HeHTpfillhHhIX aT0M0B HJIH M0JieKyJI, K0T0pbie Bceraa 

ITpHCYTCTBYIOT a pa6oqeil: o6nacTH lICTQqHHKa, Ha IT0JiyqaeMbIX H0Hax. 

CeqeHne nepe3apll.L\KH 6b1cTpo yaennqnaaeTCJI c pocTOM 3apJ1.!la H0H0B. 

CJie.!{OBaTeJibHO, 3T0T npou;ecc Tpe6yeT oco6oro BHHMaHHJI, TaK KaK M0lKeT JIBJIJITbCJI 

0.!{HHM lI3 0CH0BHhIX <paKTOpOB, orpaHnqHBaIOIUHX 3apll.!{H0CTh MH0ro3apll.!{HhIX H0H0B 

H B TO JKe BpeMJI yaennqlIBaIOIUHX K0JIHqecrno neJKeJiaTeJibHhIX MaJI03apll.!{HhIX lI0H0B 

a pa6oqeil: o6JiaCTH HCT0qnnKa. 

3aech MhI 6onee no,npo6no paccM0TpHM ocnoBHhie oco6ennocrn npou;ecca 

nepe3apll.!{KH npn HH3KHX 3HeprHJIX. ITocJie.!{HHe necK0JihK0 .!{eCJITK0B JieT ITepe3apll.!{Ka 

H0H0B npn Hll3KHX 3neprHJ1X {v < Vo) npHBJieKaeT 6oJihIIIOe BHHMaHHe HCCJie.!{OBaTeJieii 

B CBJl3lI C pa3BHTHeM (pll3HKH IIJia3MhI H npo6JieMOH ynpaBJilleMoro TepM0Jl.!{epnoro 

CHHTe3a. OITy6JIHKOBaHbI C0THH 3KCIIepnMeHTaJibHhIX H TeopeTnqecKHX pa6oT ITO 

3T0MY aonpocy. CoapeMeHnoe nonoJKeHne nan6onee nonno ocaemeno B KHHrax H 

o63opax, Tpyaax KOH<pepeHu;nil: H coaemannii ITO 3TOH TeMaTHKe. 3KcnepnMenTaJihHhie 

.!{aHHhie npn ~neprnllX H0H0B .!{0 neCK0JihKHX K3B .!{aIOT ITO.!lp06HyIO KapTHHY 

nepe3apll.!{KlI Ha pa3JIHqHhIX THIIax HeilTpaJIOB. 

MbI ne 6yaeM 3.!{ech noapo6no aHaJIH3HpoaaTh ace HMe10mnecJ1 Teopnn n 

MeT0,L\hI pacqeT0B: 11nTepeCYIQIUHHCJI qnTaTeJib M0JKeT II03HaK0MlIThCJI C HHMH B 

<pytt.!{aMeHTaJibHI,IX pa6oTax no 3T0H TeMaTHKe. yqHTbIBall 0TCYTCTBHe 

3HepreTnqecKOH 3aBHCHM0CTH B lIHTepecYIQmeil: nae o6JiaCTH 3Heprnii, B o6meM BH.!{e 

3a,naqa onpeaeneHHJI II0JIH0ro ceqeHHJI nepe3apll.!{KH, IIp0CYMMHp0Bannoro ITO BCeM 
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KBaHT0BhIM C0CT0JIHHJIM CTaJIKHBaIOIUHXCJI H0Ha H aT0Ma, C Y.!l0BJieTB0pHTeJibHOH ,L\JIJI 

HaIIIHX npo6JieM TQqH0CTI,IO M0lKeT 6UTI, CBe,nena K 0ITpeaeneHHIO 3aBHCllMOCTH 

ceqenHJI ITepe3apll.!lKH T0JII,K0 OT 3apJ1.!{a H0Ha lI IT0TeHIIHaJia H0HH3aIIHlI aTOMa 

aik = a(i, Ik). Bo MH0fHX cnyqa51x 3Ta 3aBHCHM0CTh M0JKeT 6bITh BbipaJKena IIp0CTOH 

ITapaMeTpnqecKoil: <popMynoii: 

CT; i-1 = A ia" rPn , n O • (1.12) 

EOJII,IIIHHCTBO Mo,neneii lI aHaJIH3 3KCITepnMeHTfillhHhIX .!{aHHI,IX aaeT .!{JIJI 

3apll.!{OBOH 3aBHCHM0CTH 3naqeHHJI a= 1-1,5 (B neK0TOpbIX cnyqMx aik = iln(i)). 

ITpn 60JihIIIHX 3HeprHJIX CTOJIKHOBeHHH, Kor,na V > Vo, TO a= 1,5-2 H BhIIIIe. ,n;JIJI 

p o6biqno ITPHB0,L\JITCJI 3HaqenHJI OT 2 .!{0 3. Han6onee IT0JIH0e HCCJie.!{0BaHHe 

3aBHCHM0CTlI ceqennii OT 3apll.!{a HaJieTaIOIUero H0Ha lI IT0TeHIIHaJia H0HH3aIIHH aTOMa

MHIIIeHH 6hmo npoae,neno Mueller & Salzbom. Ceqennll ITepe3apll.!lKH aToMoB D, He, 

Ne, Ar, Kr lI Xe Ha H0Hax C, N, 0, Arn Xe B cpaaneHHH c 3aBHCHM0CThIO 

ITpHBe,nen1,1 na pnc. 7. 

5,•1/ I l 
c,:. 2 eV':., 

10-10 

8 

6 

4 

2 

12 i 
a;, i-l = 4 · 10 ( [ 1\3 

10 3BJJ 

lO-l10~-..J2L---'4'--.i6--8'--1-'0--1L2--141.--...J 

Puc. 7. CeqeHHe 0,1J,H03JieKTpOHHOH nepe3apll/tKH ,lJ,JIJI pa3llH'IHLIX HeiiTpaJILHLIX aTOMOB B 3aBHCIIMOCTH 

OT 3apll,1l,a HaJieTaIOmero IIOHa. ToqKH - 3Kcnep11MeHTaJII,HI,Ie JHaqeHHJI; KpHBall - pacqeTHall 

JaBHCHMOCTI, CJ - i 

..:,.,.,e_n1rneHHblll llHCTllTYT 

,,;.1,cptti!YX Hccne,n;oBaHHll 
r;l,1BffHOTEKA 



Ha p11c. 8 mo6pruKeHa 3aBIICIIMOCTb ceqemrn: 3a,rnarn 3JieKTpOHa IIOHOM Xe
10

+ OT 

IIOTeHI~IIaJia IIOHII3al.{IIII y pa3JIIIqHbIX aTOMOB. ITp1IBe,1(eHHru! Ha pile. 8 KplIBru!, 

HaHJiyqIIIIIM o6pa30M np1I6JimKaJOIIIru! 3KCIIep1IMeHTaJibHbie TOqKII, IIMeeT 

3aBIICIIMOCTb CJ= fo1
•
94
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P11c. 8. 3aBIICIIMOCTI, ceqeHllll peaKQIIII Xe
10·+B OT IIOHll3aQIIOHHOrO noTeHQllaJia aTOMa B. ToqK11-

)KCnep11MeHTaJII,Hl,Je 3HaqeHHll; CITJJOWHal! JIIIHIIJ1-annpOKCHMaQllll 3aBHCIIMOCT!.IO CJ= /~1
·
94 

CeqeHIIe .L{ByKpaTHOll II 6onee BbICOKOll CTerreHII rrepe3apJI,1(KII 3HaqlITeJihHO 

MeHbIIIe, qeM B cnyqae rrepexo.l(a O,l(Horo :ineKTpoHa. 

QqeBII,l(HO, qTO o6mrui 3aBIICIIMOCTb ceqeHIIJI B 3TlfX cnyqruix MO)KeT 6hITb 

BblpruKeHa 3aBIICIIMOCTbIO, aHanornqHoii (1.12): 

CJ. . = A ;an rPn ,, ,-n n O • (1.13) 
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B rn6JI1Il.{e rrp1IBe,1(eHbl 3HaqeHIIJI rrapaMeTpOB An, Un II Pn, rronyqeHHhie Ha OCHOBe 

60JibIIIOro KOJIIIqecrna ll3MepeHHblX ceqeHIIll rrepe3apJI,1(Klf aTOMOB If lfOHOB IIHepTHblX 

raJOB. 

}I"!! An Un Pn 

1 1,43. 10-12 1,17 2,76 

2 1,08. 10-12 0,71 2,80 

3 5,5. 10-14 2,1 2,9 

4 6. 10-16 4,2 3,0 

B pa6oqeii o6naCTII IICTOqHIIKOB lfOHOB rrpOIICXO,l(JIT CTOJIKHOBeHHJI Me)K,l(y 

IIOHaMII. ITo3TOMY BOIIpoc BO3MO)KHOCTII rrepe3apJI,1(KII IIOHOB Ha IIOHax rpe6yeT 

oco6oro BblJICHeHIIJI. no np1Iq1IHe Tpy,l(HOCTII rronyqeHIIJI .L{Byx IIHTeHCIIBHbIX 

nepeceKaJOIIIIIXCJI IIOHHbIX nyqKOB 3Kcnep11MeHTaJibHbie pa60Tbl Ha 3TY TeMy 

npaKT11qecKII OTCYTCTBYIOT. Ho Mbl 3HaeM, qTo noTeHI.{lfaJI IIOHII3al.{IIII IIOHOB 

yBeJI11q1IBaeTCJI C poCTOM IIX 3apJI,1(a II IIMeeT MeCTO np116JIII)KeHHru! 3aBIICIIMOCTb: 

I;= (i+lf 
2n2 ' 

(1.14) 

r,l(e n - rJiaBHOe KBaHTOBOe q11cno BHeIIIHIIX 3JieKTpOHOB, a - 3apJI,1( IIOHa, 

OT,l(aJOIIIero 3JieKTpOH. Cne.[IOBaTeJibHO, 3axBaT MHOrO3apJI,1(HbIM IIOHOM 3JieKTpOHa y 

.l(pyroro IIOHa MeHbIIIeii 3apJI,1(HOCTII - npouecc XOTJI II B03MO)KHblll, HO 3Haq11TeJibHO 

MeHee BepOJITHblll, qeM np11 CTOJIKHOBeHIIII C HeiiTpaJiaMII. 11cnoJih3YJI B <pOpMyne 

(1.12) 3HaqeHIIe noTeHI.{IIaJia (1.14), MO)KHO Ol.{eHIITb BeJI11q11Hy nepe3apJI,1(KII IIOHa Ha 

IIOHe. IIpIIBe,l(eHHbie pe3yJibTaTbl IlO3BOJIJIIOT C,1(eJiaTb BbIBO,1(, qro ,l(JIJI CaMbIX 

MHOr03apJI,l(HblX IIOHOB ceqeHIIJI 3axBaTa 3JieKTpOHa y HeiiTpaJibHbIX aTOMOB MOryr 

,l(OCTIIraTb BeJI1Iq1IH 10-13 
cM

2 
II 6onee. ITo3TOMY npoueccbl nepe3apJI,l(KII KOHKyp11pyIOT 

C IIOHII3al.{IIeii 3JICKTpOHHblM y.l(apoM ,1(ruKe np11 oqeHb He60JiblIIOM q1ICJie HCllTpaJIOB B 

pa6oqeii 3OHe IICToqHIIKa, eCJIII peqb II,l(eT O nonyqeHIIII oco6o BbICOKO3apJI,1(HbIX 

IIOHOB. 
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4. YpaBHCHHH 6anauca AJJH HOHHbIX 3apH.Z:.HOCTeii 

ITpn CO3,D;aHHH H 3KCrrnyarnunn HCTOqHHKOB MHOro3ap.H,!1;HhIX HOHOB O,!J;HHM H3 

OCHOBHhIX BOITpOCOB .HBJI.HeTC.H ,ll;OCTOBepHa.H HHq>OpMaUH.H O HaJIHqm1 TeX mm HHhIX 

HOHHhIX 3ap.H,n;HOCTeii B HCTOqHnKe H KOJmqecTBO HOHOB B KIDK.n;Oil: KOHKpernoil: 

HOHHOH 3ap.H,n;HOCTH. TeM caMbIM rpe6yeTC.H perneHne 3a,n;aqn O 3ap.H,n;OBOM 

pacITpe,n;eneHHH HOHOB B Ka)l(,D;bIH MOMeHT BpeMeHH • .[(JI.H Toro qT06bI OTBeTHTh Ha 3TOT 

BOITpoc, Heo6xo,n;HMO 3HaTb Bee ITpoueccbI, H3MeH.HIOIUHe BO BpeMeHH qncno HOHOB B 

KIDK,n;Oil: ToqKe HCToqm1Ka ,!J;JI.H BCex HOHHhIX 3ap.H,n;HOCTeil:. 
/ 

B o6meM cnyqae ,ll;BH)KeHHe qacTHU B ITpocrpaHCTBe KOOp,D;HHaT r n CKOpOCTeil: v 

oITpe,n;en.HeTC.H q>yHKUHeil: 

KHHeTnqecKOMY ypaBHeHHIO 

pacITpe,n;eneHH.H 

df =StF 
dt 'l' 

J=(r,v,t), y,n;OBJieTBOp.HIOIUeil: 

(1.15) 

r,n;e CHMBOJI Sfl Ha3hIBaIOT HHTerparroM CTOJIKHOBeHHH, O3HaqaromnM CKOpOCTh 

H3MeHeHH.H q>YffKUHH pacITpe,n;eneHH.H B pe3yJihTaTe CTOJIKHOBeHHH . .[(n.H HaIIIHX 3a,n;aq 

HHTerparr CTOJIKHOBeHHH OITpe,n;eJI.HeTC.H KYJIOHOBCKHM pacce.HHHeM 3ap.H)KeHHhIX 

qacrnu Ha MaJihie yrnhI H, B COOTBeTCTBHH C qiopMynoil: Pe3epqiop,n;a ( CM. qaCTh II 

neKunil:), CBO,ll;HTC.H K TeM )Ke Bblpa)KeHHHM. PaBHOBeCHa.H q>YffKUHH pacITpe,n;eneHHH, 

COOTBeTCTBYIOIUa.H CTaUHOHapHOMY perneHHIO ypaBHeHHH, eCTh pacITpe,n;eJieHHe 

nOJihUMaHa, 

fo = exp{- Uj )}ex{- :;

2 J (1.16) 

KOTOpoe ITpHBO,ll;HT K pacITpe,n;eneHHIO MaKCBeJIJia ITO CKOpOCTHM ,ll;BH)KeHHH qacTHU. 

3,n;ecb U(r)- ITOTeHUHaJihHa.H 3HeprnH qacrnu. 

I13MeHeHne qncna HOHOB BhI3bIBaIOT ,n;Ba THITa ITpoueccoB: 

1. fioTepn HOHOB H HX ITOHBJieHne H3BHe, HaITpHMep, B pe3yJihTaTe HH)KeKUHH. 

2. ITepexo,n; HOHOB H3 O,ll;HOro 3apH,D;OBOro COCTOHHHH B ,n;pyroe ITpH HOHH3a{lHH 

nnn ITepe3ap.H,n;Ke. 

BepOHTHOCTh 3THX ITpoueccoB B KaJK,n;OH TOqKe pa6oqero 061,el\rn HCTOqHHKa 

3aBHCHT OT KOOp,n;nHaTbI H OT CKOpOCTH HOHOB. fI03TOMY B o6meM cnyqae B OCHOBe 

ypaBHeHHH 6arraHca JieJKHT KHHeTnqecKoe ypaBHeHne ( 1.15) )];JIH q>YffKUHH 

pacITpe,n;eneHHH f = j(r, V, t), B KOTOpOM B ITpaBOH qacTH yqn:ThIBaIOTCH BCe ITpouecChI, 

ITpHBO,ll;HIUHe K ITOHBJieHHIO H ncqe3HOBeHHIO HOHOB. I1cITOJih3YH pe3yJihTaThI 

ITpe,n;hmymnx ITaparpaq>OB, Mbl MO)KeM HaITHCaTb ,n;JIH q>YHKUHH pacITpe,n;eneHHH HOHOB 

i-il: 3ap.H,n;HOCTH: 

dJ; _ ~{ ki r _ ki r) ~( r k,ex _ , r k,ex) r (_!__ _ _!_J 
d 

-neveL,\CT;-kJi-k CT;;J; +noL, V;+kJi+kCTi+k iu;<J; + J;; b I . 
f k=l k=l '; '; 

(1.17) 

3,n;ecb 6bIJIH HCITOJih3OBaHbI cne,n;yromne o603HaqeHHH: ne, no - ITJIOTHOCTH 

3JieKrpOHOB H Heil:rparroB; ,f, ,'. - xapaKTepHhie BpeMeHa pO)K,ll;eHHH H ITOTepb HOHOB 

,n;aHHOH 3ap.H,n;HOCTH. 

B ypaBHeHHH (1.17) yqTeHhI ITpouecChI HOHH3aUHH H ITepe3apH,D;KH Heil:rparroB Ha 

nouax BITJIOTh ,n;o n-H KpaTHOCTH. B pearrhHhIX pacqeTax pe,n;KO yqHThIBaIOT ITpouecChI 

BhIIIIe BTOporo ITOp.H,n;Ka. B TO )Ke BpeMH B KIDK,n;OM cnyqae Heo6xo,n;nMO 

KOHKpeTH3HpOBaTb Bennqn:Hhl ,f H <. TaK, HaITpHMep, ITPH pacqernx 3ap.H,n;OBhIX 

pacITpe,n;enem1il: B 3JieKrpouHo-nyqeBhIX ncrnqHnKax (ECRIS) ITpo6neMa oITpe,n;eneHHH 

CKOpOCTH HOHHhIX ITOTepb HBJIHeTCH 0,!J;HOH H3 CaMbIX CJIO)KHbIX H Ba)KHbIX ITO CBOeMy 

3HaqeHHIO. 

Bo II qacTH JieKUHH 6y,n;eT ITOKa3aHO, qTo YITPYrHe KYJIOHOBCKHe CTOJIKHOBeHHH 

ITPHBO,ll;HT K MaKCBeJIJIOBCKOMY pacITpe,n;eneHHIO HOHOB ITO CKOpOCTHM. I1HTerpnpyH o6e 

qacrn ypaBHeHHH (1.17) ITO ITpOCTpaHCTBY CKOpocTeH, yqnThIBa.H ITPH 3TOM qrn 

n;(r,t)= fJ;(v,r,t)dt, 

ITOJiyqaeM ypaBHeHne ,ll;JIH IIOHHhIX ITJIOTHOCTeil:, aHarrorIIqHoe KIIHeTIIqecKoMy 

ypaBI-!eHHIO: 

dn; { 2; ; 2; ; ) -:ft= ne ve \CT;_2n;_2 + CT;_1n;_1 - CT; n; - CT;n; + 

( 2ex ex { 2ex ex)~ ( 1 1 J + n 0 V;+ 2n;+iCTi+2 + v;+in;+iCT;+J -v;n;\CT; + CT; ~+ n; ----,;-, • 
'; '; 

(1.18) 
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3,neCb )"ITeHhl TOllhKO rrpouecchl O,L\HO- H .L\B)'KpaTHOii rrepe3aplI.L\KH H HOHH3aunn. 

3a,naqa orrpe,neneHHJI 3apH,noBoro pacrrpe.neneHHJI TPe6yeT ypaBHeHnii 6anaHca MH 

KaJK,L\Oll H0HHOll 3aplI,L\HOCTH, IIpHCYTCTByioIIIeii B HCToqHHKe. OrpaHnqnBaJICh, 

cnyqaeM, KOr,na IIpHCYTCTBYIOT HOHhl TOllhKO O,L\H0ro ::meMeHTa ( oqeBH,L\HO, ~o 

Hannqne HOHOB pa3HhIX 3neMeHTOB He H3MeHJieT rrpHHUHIIHanbHO CHTyaun10, HO 

,nenaeT 3a,naqy 6onee rpoM03,L\KOii) rronyqaeM CHCTeMy ypaBHeHHll .L\lllI z HOHHhIX 

3apH.L\HOCTeii H HeiiTPanOB: 

dno _ (~ ex ~ 2ex ( ; 2i) J ( 1 1 J. -- - -n0 L., cr; n;V; + L., cr; n;V; + \cr1 + cr1 neve + n0 ,;-1 , 
dt i=2 i=3 'O 'O 

dnl ( i ex 2ex ~ ex J -- = -n0 cr1neve +cr2 n2v2 +cr3 n3v3 + L.,cr; n;V; -
dt i=2 

( 
; 2; 1 I )· -n1 cr2neve +cr2 neve +1 ---;; , 

'I 'I 
dn2 ( 2i ~ 2ex J i / ex 2ex ) --=n0 cr1 neve+ L.,cr; n;V; +n1cr2neve+n0\cr3 n3v3+cr4 n4v4 -
dt i=3 

(
{ ; 2i) { ex 2ex )3 1 1 ) . -n2 \cr3 +cr4 vene +\cr2 +cr2 v2n0 +1 ---;; , 

'2 '2 

dn; ; 2i ( ex 2ex ) -- = cr;veneni-1 +cr;_lveneni-2 + cr;+1V;+1n;+1 +cr;+2V;+2n;+2 no -
dt 

(
{ i 2i ) { ex 2ex) 1 1 J. -n; \cr;+t +cr;+2 vene +\cr; +cr; v;no +1 ---;; , 

'2 '2 

3 << i << Z-2; 

dnz_, ( ; 2; ) ex 
~ = \crz_,nz-2 +crz_2nz_3 vene +crznzno-

( 
i { ex 2ex) 1 1 )· -n2 _1 crzvene +\cr2 _1 +cr2 _1 v2 _1n0 +-1---b- , 

'Z-1 'Z-1 
(1.19) 

dnz ( ; 2; ) (/ ex 2ex) 1 1 ) -- = \crznz-1 +crz_1nz-2 vene -nz \crz +crz Vzno +1-,; . 
dt •z •z 

3.necb z - MaKCHManhHaJI 3apH.L\HOCTh HOHOB. 

ITnoTHOCTH HOHOB B pa6oqeii o6naCTH HCTOqHHKOB, KaK rrpaBnno, pacrrpe.neneHbl 

HepaBHOMepHO. IlpnqeM 06bJqHo pa3Hb!e HOHHh!e 3aplI,L\HOCTH HMeIOT pa3nllqff0e 

pacrrpe,neneHHe IInOTHOCTeii. Orrpe,neneHHe IIpOCTPaHCTBeHHOfO pacrrpe,neneHHlI HOHOB 
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lIBnJieTClI OT,nenhHOH CllO)KHOii 3a,naqeii. O,nHaKO oqeHh qacTO, KOr,na pacrrpe.neneHHe 

rrnoTHOCTH H3BeCTHO nnn OHO 6nll3KO K IIOCTOJIHHOH BennqnHe, ypaBHeHHlI (1.19) 

MOfYT 6b!Th IIpOHHTerpnpoBaHhl ITO 061,eMy, 3aHHMaeMOMY HOHaMH B HCTOqHHKe. 

Tor.na CHCTeMa (1.19) CBe,neTClI K CHCTeMe ypaBHeHHH .L\lllI rronHoro qncna HOHOB 

KaJK,L\ott 3apH.L\HOCTH N;. 

CncTeMa (1.19) (nnn aHanornqHaJI CHCTeMa ypaBHeHHH .L\lllI N;) lIBJrneTClI 

CHCTeMOH HenHHeHHhlX .nmpqiepeHI.(HanhHhIX ypaBHeHHH rrepBoro rropH,nKa. B KaqecTBe 

HaqanbHhIX ycnoBHH ,L\Oll)l(Hhl 6hITh 3a,L\aHhl HaqanhHb!e 3HaqeHHlI HOHHhIX rrnoTHOCTeii 

rrpn t = 0. MorYT 6bITh HCIIOllh30BaHhl, HarrpHMep, TaKHe HaqanbHhie ycnoBHJI: 

t=O; n0 =ng; n;=O (i=l,2, ... Z). (1.20) 

B perneHHH 3a,naqn Kornn (1.19), (1.20) c uenhIO orrpe.neneHHJI 3apH.L\OBhIX 

COCTOlIHHH H HX H3MeHeHHlI BO BpeMeHH HCII0llh3YIDT •mcneHHhie MeTO,L\hl. 1IacTO 

rrpHMeHJIIOT HHTerpnpoBaHHe MeTO.[\OM Pyttre-Kyrra. 

B HeKOTOphlx cnyqaJIX OKa3hIBaeTClI He06XO.L\HMhIM 3HaTb CTaUHOHapHb!e 

perneHHlI ypaBHeHHH 6anaHca. TaKne 3a,naqn B03HHKaIOT IIpH H3yqennn HCToqnHKOB na 

3neKTPOHHO-UHKll0TpOHHOM pe30Hance (ECR), KOTOphie pa6oTaIOT B CTal.(HOHapHOM 

pe)KHMe. B 3TOM cnyqae neBbie qacTH ypaBHeHHH paBHhl Hyn10, H CHCTeMa 

rrpeBpamaeTClI B CHCTeMy HennHeHHhIX anre6panqecKHX ypaBHeHHH. ,[(nlI perneHHlI 

TaKHX 3a,naq qacTo HCIIOllh3YIOT HTepaunoHHhie MeTO,L\hl. TeM He Menee CHCTeMbl 

anre6panqecKHX ypaBHeHHH, oco6eHHO, KaK 3TO qacTO 6hrnaeT, rrpn CllllhHOH 

HemrnettHOCTH, qncneHHh!Mll MeTO,L\aMH 0Ka3bIBaeTClI pernaTb TPY.L\Hee, qeM ypaBHeHHlI 

.nnqiqiepenunanhHhie. ,[(nH pewennH crnunonapttoii 3a,naqn oqenh Ba)KHO y,naqHo 

Bh16paTh HaqanhHhie rrpn6nn)KeHHJI ,nnH rrocne,ny10111nx HTepaunii. 

CncTeMa ypaBHeHHH 6ananca, OIIHCbIBaIOIIIaJI rrpoueCChl rrocne,noBaTenhHOfO 

rrpeBpameHHlI llllll rrepexo,na O,L\HHX qaCTIIU B .npyr11e, rnHpOKO HCIIOllh3yeTClI B qJH3HKe. 

Ilo-BH.L\HMOMY, BrrepBhie 3a,naqa Kornn ,nnJI ypaBneH11ii mrra (1.19) 6bma rrocrnBnena n 

pernena Pe3epqiop,noM rrpn orrncaHHH rrpouecca pa,nnoaKTHBHoro pacrra,na. 

IlpnBe,neHHaJI 3,L\eCb CHCTeMa ypaBHeHHH 6ananca .L\lllI 3apH.L\0BhIX COCTOJIHHH HOHOB 

nnn ee BapnaHThl HCIIOllh3YIOTClI .L\lllI pacqeTOB 3apH.L\0BhIX pacrrpe,neneHHH HOHOB B 

pa3nnqHhIX mrrax HCToqnHKOB. B TOM qncne 6onhrnoe qncno pa6oT 6hinO IIOCBJIIIIeHO 
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pac11eTaM 3apH,nOBhIX pacrrpe,nerremdl: B peJIHTHBllCTCKllX 3JieKrpOHHhIX KOJihIIax, B 

3JieKrpOHHhIX IIYtJKax EBIS, B raJopa3pMHOM HCTOtIHHKe HOHOB, B ECRIS n B Electron 

Beam Ion Trap (EBIT). 

5. Ilpo6JieMa noJiyqeuHSI MHOro3apSI,[t;HhIX HOHOB 

,[(AA TeMaTllKH 3TllX rreKIIllll rrpo6rreMa IIOJI)'1IeHHH MHOro3apH.!(HhIX HOHOB B 

llOHHhIX llCTO"IHHKax HBJIHeTCH Han6orree Ba)!<HOii:. 3,nech Mhl paCCMOTPllM o6mne 

IIO,!(XO,!(hl K 3TOMY BOIIpocy B TeopeTHtieCKOM IIJiaHe • 

BepHeMCH K CllCTeMe ypaBHeHllll (1.19). 3Ta CllCTeMa YtIHThIBaeT pa3Jill1IHhie 

rrpo11ecChl, rrpoHCXOMW:lle B pe3yJihTaTe CTOJIKHOBeHllii: 3apHJKeHHhIX tiaCTllII. B 

rrepBOM pa3,nerre Mhl IIOKa3aJill, 'ITO rrpeo6rra,naIOW:llM rrpo11eccoM, KaK rrpaBHJIO, 

HBJIHeTCH O,!(HOKpaTHM llOHll3aIIHH aTOMOB ll llOHOB 3JleKrpOHHhIM y,napoM. 

IIeperrmneM ypaBHeHllH 6arraHca, YtJllThIBM TOJlhKO 3TH rrpo11ecChl. 

CncTeMa OtieHh yrrpoCTllTCH, ll Mhl IIOJIY"IllM CllCTeMy JlllHeii:HhIX 

.nmp<pepeHIIllaJihHhIX ypaBHeHnii:: 

dn0 , • -~=-"-1no, 
dt 

dn; _, .n-_
1 
+ Ai+1n;; ---fl.,l l 

dt 

dn2 
dt = -Aznz-1· 

. I 
3,nech BBe,neHhI 060JHa1IeHHH A;= a;v,n, [c-]. 

(l.2 I) 

IIyCTh B HatiaJihHhlll MOMeHT BpeMeHll ecTh TOJlhKO Heii:rparrhI, a llOHhl 

OTCYTCTByroT: 

t=O; no{O)=nt n;{O)=O. (1.22) 

PemeHne 3a,!(a1Ill Kornn B 3TOM CJI)'1Iae He rrpe,nCTaBAAeT 60JihlliOro rpy,na, ll OHO 

ll3BeCTHO: 
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n0 = nge-'-11 ; 

ngA1 ~ _,_,, -,.2,). n =--e -e 
I A -A ' 

2 I 

( 

-AJI -A2t e-A3I J 
0 e e --~~---.. 

n2 =noA1A2 (l2 -A1)(A3 -Ai)+ (A3 -A2)(l1 -A2) + (l1 -A3)(A2 -A3) ' 

[ 

-A1I l . i+I e . 
0 I A L i+I 

n;=nou I k=l,k#j n(Ak-AJ 
k=l,k'F-1 

(1.23) 

CncTeMa (1.21) MOJKeT 6hITh rrpollHTerpnpoBaHa n rrpll ,npyrnx HatiaJihHhlX 

ycrrOBllHX, HarrpHMep, rrpn n;(O) * 0. 

PemeHlle (1.23) IIO3BOJIHeT orrpe,neJIHTh CKOpOCTh o6pa30BaHHH KaJK.!(oii ll3 

llOHHhIX 3apH.!(HOCTeii. I1cxo,nH ll3 Toro, 'ITO o6pa30BaHne llOHOB eCTh rrpouecc 

rrocrre,noBaTeJihHhlll ll KaJK,nM ll3 BHOBh IIOHBAAIOW:llXCH 3apH,nHOCTeii o6paJyeTCH ll3 

rrpe,nhmymeii, ,nerraeM BhlBO.!(, 'ITO tieM 6orrhme 3apH.!(HOCTh, TeM 60Jibllie BpeMeHll 

rpe6yeTCH MH ee IIOHBJieHllH. 

IIyreM Herrocpe,nCTBeHHOro pa3JIOJKeHHH 3KCIIOHeHT B <pOpMyrrax (1.23) ITO 

cTerreHHM t rrorry11aeM B rrepBOM rrpn6rrnJKeHHll: 

n0 =ng(I-Aif); 

n1 =ngAif; 

0 (2 

n2 = noA1A2 - ' 
2 

(3 

n3 = ngA1A2A3 -; 
6 

o( ; )l n1 = n0 Til1 1 . 
1=1 1. 
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<I>opMynhI (1.24) II03B0llHIOT orrpe,nemnh xapaKTepHbie BpeMeHa II0HBnemrn Ka)K,nOH 

HOBOH IIOHHOH 3apH,nH0CTII II crrpaBe,nnIIBbl T0llbK0 Ha Ha'IanhH0M 3Tarre pocrn 'IIICna 

II0H0B B Ka)K,nOH 3apH,nH0CTII. O603Ha'IIIB t; = 1/A; ' rrony'IIIM 

'I =f1; 

'2 = ,J2t1f2; 

't3 = 1/6t1tif3; 

( 
. )l/1 

't;= i!fltk 
k=I 

(1.25) 

YrrpomaH II0CTaH0BKY 3a,na'III eme CIIllhHee, Mbl M0,KeM rrpe,nrron0)KIITb, 'ITO 

CHa'!ana BCe HeHTpallbl rrepexo,nHT B 0,nHopa3pH,nHbie II0Hbl. XapaKTepHoe BpeMH :noro 

rrpouecca 'tJ = t;. IloTOM 3a BpeMH t2 o,nH03apH,nHbie II0Hbl CTaH0BHTCH ,nByx3apH,nHbIMII, 

3aTeM 3a BpeMH (3 o6pa3yIOTCH rpex3apH,nHbie II0Hbl II T. ,n. B pe3ynhTaTe 3TII 

paccy)K,neHIIH ,naIOT ,npyrne 3Ha'IeHIIH BpeMeH o6pa30BaHIIH II0HHbIX 3apH,nHOCTeii: 

Hcrronh3YH cpopMyny CrnpnIIHra 

'I =t1; 

•2=f1+t2; 

i 

't; = ~);-
k=l 

x!~ ,J2nxxxe-x 

(1.26) 

II Y'IIITbIBaH, 'ITO BCer,na reoMeTpII'IeCK0e cpe,nHee BenII'IIIH He rrpeB0CX0,nIIT IIX 

apIIcpMeTII'IeCKOro cpe,nHero, Mbl BII,nIIM, 'ITO 3Ha'IeHIIe BpeMeH (1.25) Bcer,na MeHbIIIe, 

'IeM (1.26). 3TO He HBnHeTCH y,nIIBIITenbHbIM cpaKTOM, II0CK0llbKY rrpe,nrrono)KeHIIH, B 

K0T0pbIX II0llY'JeHbl (1.26), ,non)KHbl ,naBaTb 3aBbIIIIeHHble 3Ha'IeHIIH, a 3aBIICIIM0CTII 

(1.25) cnpaBe,nnIIBbl T0llbK0 Ha Ha'IanhH0M 3Tarre II0HBneHIIH ,naHHbIX II0HHblX 

3apH,nHOCTeii. Ha rrpaKTIIKe, rrpII 6onhIIIIIX 3Ha'IeHIIHX i, B oco6eHHOCTII, K0r,na Ce'IeHIIH 

II0HII3aUIIII 6blcTpo y6bIBaIOT C p0CT0M II0HHoro 3apH,na, 3Ha'IeHIIH BpeMeHII, ,naBaeMhie 

Bhlpa)KeHIIHMII (1.25) II (1.26), M0fYT 0TnII'IaTbCH B ,neCHTKII pa3. 
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<I>opMynhI (1.25) II0Ka3bIBaIOT xapaKTepHbie BpeMeHa po)K,neHIIH ,naHHbIX II0HHblX 

3apH,nHOCTeii. 3Ha'IeHIIH (1.26) Moryr cny)KIITb ,nnH oueHKII BpeMeHII ,noCTII)KeHIIH 

cpe,nHero 3apH,na II0H0B IIllII II0HH0f0 3apH,na B MaKCIIMyMe II0HH0fO pacrrpe,neneHIIH 

IIHTepecy10meii Hae BenII'IIIHbl. Tpe6yeMoe BpeMH II0HII3aUIIII, Haii,neHHOe C 

IICII0llb30BaHIIeM cpopMyn (1.26) ny'IIIIe C0BIIa,naeT C T0'IHblM peIIIeHIIeM (1.23), 

o6hNHO HeMHoro rrpeB0CX0,nH ero, a TaK)Ke Haxo,nIITCH B cornaCIIII C 3KCIIepIIMeHTaMII 

110 HaKorrneHIIIO BbIC0K03apH,nHhlX II0H0B. 

<I>opMynhl (1.26) MoryT 6bITb rrpe,ncTaBneHhl B ,npyroM BII,ne: 

; 1 
J•;=I1• 

k=I crk 

(1.27) 

r,ne j = n,v, - IIll0TH0CTb 3neKTp0HH0ro T0Ka. BenII'IIIHa j,; Ha3bIBaeTCH ,PaKmOpOM 

UOHU3GlfUU II 3aBIICIIT T0llbK0 OT ce'!eHIIH II0HII3aUIIII. 

<l>aKTOp II0HII3aUIIII },; B !pII3IIKe IICTO'IHIIK0B MH0f03apH,nHblX II0H0B cny)KIIT 

OCHOBHOH BellII'IIIHOH, 011pe,nenH10meii 3apH,nH0CTb II0H0B, II HBllHeTCH aHanoroM 

napaMempa JJoycoHa B TepMoH,nepH0M CIIHTe3e. 

,[{nH rrony'IeHIIH II0H0B cpe,nHeii 3apH,nH0CTII i Heo6xo,nIIMO o6ecrre'IIITb 

coorneTCTBYIOmee },;. IloCKOllbKY CK0p0CTb 3neKTp0HH0ro II0T0Ka B IICT0'IHIIKax 

II0H0B II3MeHHeTCH o6bI'IHO B He3Ha'IIITenbHblX rrpe,nenax, TO ,nnH o6ecrre'IeHIIH 

Heo6xo,nIIMOH IIOHHOH 3apH,nH0CTII cne,nyeT ,n0CTII'Ib rpe6yeMoii Illl0TH0CTII 

3lleKTp0H0J3 n, II BpeMeHII y,nep,KaHIIH II0H0B 't; TaKIIX, 'ITO 

i 1 
. >°"]'t; -L, i' 

k=I CT k 

rrpII 3TOM 3HeprnH 3neKTp0H0B E, ,non)KHa 6bITb 6onhIIIe ( cornacH0 pa3,neny 2 

)KenaTellbH0 6onhIIIe B 2-3pa3a), 'IeM IIOTC:::HUIIan II0HII3aUIIII I;. 

Ha pIIC. 9 mo6pa,KeHbl 3Ha'IeHIIH cpaKTOpa II0HII3aUIIII, Heo6xo,nIIMble MH 

II0llY'JeHIIH II0H0B Ne, Ar, Kr, Xe II U YKa3aHHblX 3apH,nHOCTeii rrpII C00TBeTCTBYIOinIIX 

3Ha'IeHIIHX 3HeprIIII. 

27 



~ ~u 
eV 

5 ~ 
10 Kr 

◄ 10 
Ar 

" 

-\J-

102 k# =: ~ , I I I I I ··-· ·- N I· · · ; Ne I 

1 10 .___.____._.....____.__....____,__L.-__,___, 
1016 1017 1018 1019 1020 21 

10 10
22 

10
23 i't'1 
~ 

cm 

PHC. 9. PacqeTHhle 3HaqeHHll <j>aKTopa HOHH3aUHHjt;, He06X0,11HMhle /1.llll IIOJiyqeHHll COOTBeTCTBYIOI.I.\HX 

3apll/1HOCTeil HOHOB Ne, Ar, Kr, Xe HU IIpH OIITHMaJibHOil :rneprnH 3JleKTpOHOB E, 

IlpIIBe,n:eHHhie 3,n:eeb 3HaqeHIISI cparcropa IIOHII3fill:IIII; a TaK)I(e cpopMyJibI (1.25) II 

(1.26), xorn II OTpa)I{aJOT peaJihHyro eIITya11mo, HO rronyqeHhI .!l:JIS! II,n:eaJihHOro enyqasi, 

Kor.n:a IIMeeT MeeTO TOJibKO O.D:HOKpaTHM IIOHH3al(IISI 3JieKTpOHHhIM y,n:apoM. Ha eaMOM 

)Ke .n:ene eymeeTByeT 6onbrnoe KOJIIIqeeTBo .n:pyrrrx rrpo11eeeoB, KOTOpbie, KaK rrpaBIIJIO, 

3aMe,n:JISIIOT rrpo11eee o6paJOBaHIISI MHOf03apsi:,n:HbIX IIOHOB. l1eKJI10qeHJieM SIBJISieTeSI 

TOJibKO MHOfOKpaTHM IIOHII3fill:IISI, KOTOpM yBeJIIIqIIBaeT 3apsi:,n:HoeTb IIOHOB. O,n:HaKO 

eeqeHIIe 3TOro rrpo11eeea MeHhIIIe eeqeHIISI O.D:HOKpaTHOll IIOHII3al(IIII II ,n:JISI BHYTpeHHIIX 

o6onoqeK MHOf03apsi:,n:HbIX IIOHOB rrparcrrrqeeKII paBHO Hymo. Bee oeTaJibHbie 

rrpo11eeeb1, B oeo6eHHOeTII, TaKIIe KaK IIOTepII IIOHOB II rrepe3apsi:,n:Ka, 3aMe,n:JISIIOT IIJIII 

oeTaHaBJIIIBaIOT Boo6me poeT IIOHHoro 3apsi:.n:a Ha orrpe.n:eneHHOM 3Tarre. I1oHHbie 

IIOTepII orrpe,n:eJISIIOTeSI erroeo6oM y,n:ep)I(aHIISI IIOHOB, IIX 3HeprIIeiI, II .D:JISI Ka)I(.!l:oro 

TIIIIa IIeToqHIIKa IIMeIOT pa3Hyro IIpIIpo,n:y. B TO )Ke BpeMSI HeHTpaJibHbie aTOMbl B 

pa6oqeiI 30He IIeToqHIIKa rrpIIeYTeTBYIOT Beer.n:a II, rrepe3apSI)I(Meh Ha 

BbieOK03apsi,n:HhIX IIOHax, YMeHhlllaIOT IIX 3apsi,n:. 

Tipo6JieMbI rronyqeHIISI oeo6o MHOr03apsi:,n:HhIX IIOHOB 6bIJIII II3yqeHbl paHee .D:JISI 

3JieKTpOHHO-JiyqeBbIX IIOHHhIX IIeToqHIIKOB EBIS II .D:JISI peJISITIIBIIeTeKIIX 3JieKTpOHHhIX 
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KOJiel(. I1Mesi: B BII,n:y IIOHbI BhieOKIIX 3apsi:.n:HoeTel!, rrpe,n:IIOJIO)I(IIM, qTo HaII60JibllIIIll 

BKJia,n: ,n:aIOT rrpo11eeehI o6pa30BaHIISI IIOHOB B pe3yJihTaTe IIOHII3al(IIII II JaxBaT 

3JieKTpoHa y HeiITpana. Tor,n:a ypaBHeHIIe 6anaHea B o6meM BII,n:e ,n:JISI Japsi:,n:HOeTII i 

IIpIIMeT BII.!l: 

dn; ; ,x dt = CT; v,n,n;_1 - CT; v;non;. (1.28) 

3.n:eeb MbI, .n:nsi: Harnsi:,n:HoeTII, rrpeHe6pernII rrepexo,n:oM IIOHOB B ene.n:yromyro 

3apsi,n:HOeTh (i + 1) Bene.n:eTBIIe IIOHII3fill:IIII, IIeIIOJih3YSI TOT cpaKT, qTQ ,n:JISI 60JihIIIIIX 

3apsi:.n:HoeTeiI eeqeHIIe IIOHII3ruJ:IIII y6hIBaeT .n:oeTaTOqHo 6bieTp0 e poeTOM 3apsi:,n:a. 

Tor.n:a yeJIOBIIeM rrpeKpameHIISI poem qIIeJia IIOHOB 3apsi:,n:HoeTII i 6y,n:eT 

paBeHeTBO HYJIIO JieBOll qaern ypaBHeHIISI (1.28): 

CT;v,nen,_1 - CT~xv;non; = 0. (1.29) 

MbI MO)I(eM TaK)I(e rrpe,n:IIOJIO)I(IITb, He Tepsi:si: o6mHoeTII B rroeTaHOBKe 3a,n:aqII, 

qTo n;-1 = n;. 3To MO)I(HO e.n:enaTb, TaK KaK peaJibHO B IIeToqHHKe eymeeTByeT He o,n:Ha 

IIOHHM 3apsi:,n:HoeTh, a paerrpe,n:eJieHIIe IIOHOB ITO 3apsi:,n:aM, H y eoee,n:HIIX 3apsi:,n:HOeTel! 

OTJIIIqrre B IIJIOTHOeTH qaeTIII( 06biqHO HeBeJIHKO. Tor.n:a, HeIIOJib3YSI 3HaqeHHSI eeqeHHll 

HOHH3fill:HH H rrepe3apsi:,n:KH II3 (1.8) H (1.12) H 3aBHeIIMOeTb (1.13) H3 (1.28), rronyqaeM 

no = 2 7 ✓ A 1g Io Ee . 
' EE •a+i g I 

ne I e l i 

EeJIII 3HeprIISI 3JieKTpOHOB rro.n:o6paHa TaK, no6bI HaxO,n:HTbeH B o6naern MaKeHMYMa 

eeqeHrrsi: HOHH3a11rrrr, To Iog(E, /I;)"" 1. I1erronh3YSI TaK)I(e JHaqeHrrsi: p ~ 3 rr a~ I H3 

Ta6JIHI(bI JHaqeHrriI rrapaMeTpoB An, an rr Pn, rronyqaeM Tpe6oBaHIIe Ha IIJIOTHOeTb 

Hel!TpaJIOB, rrprr KOTOpoil: rrepe3apsi:,n:KOH MO)I(HO rrpeHe6pe%: 

n0 Rift -<<Sn --"""T· 
n, E;E, 1 

(1.30) 

3,n:eeb n - qIIeJio 3JieKTpOHOB Ha BHeIIIHeil: o6onoqKe HOHa i-ro 3apsi:.n:a; A - aTOMHM 

Maeea; E; - 3Heprrrsi: HOHa; Ee - 3Hepmsi: 3JieKTpOHa; Io - IIOTeHI(IIaJI HOHII3al(IIH 

Heil:TpaJIOB. 
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B KaqecTBe npuMepa npuBe~eM Ha puc. 10 pacqeTHble 3HaqeHHH cpe~Hero 3apMa 

HOHOB ypatta H KCeHOHa npu ~mITeJibHOH (~ 100 MC) HOHH3al.{HH HaKOIIJieHHhlX HOHOB 

B :meKTPOHHOM KOJibl.{e C napaMeTPaMu: 

p~uyc R = 2 cM; 

MaJibie nonypmMepbI a = 0, 1 CM ; 

qHCJIO 3JieKTpOHOB N = 1013; 
HaqaJihHaH :meprnH 3JieKTpOHOB E = 20 M3B. 

z 
90 

80 

70 

60 

50 

40 

30 

20 

10 
0 

0.1 1.0 .1.. 
ms 

Puc. JO. PacqeTHal! 3aBIICIIMOCTI, OT apeMeHII cpe,1111ero 3apl1,11a IIOHOB KCeHOHa II ypaHa B 

peJillTHBIICTCKOM 3JieKTPOHHOM KOJIJ,f.1e. TTyHKTHp - pacqeT C yqeTOM npoueccoa nepe3apll.11KII 

11ei1TpaJIOB OCTaToq11oro ra3a Ha HaKOTTJieHHl,IX BhlCOKO3apll,11HhlX 11O11ax; CilJIOIIIHall JIIIHllll - pacqeT 

6e3 yqern npouecca nepe3apll,11K11 

B pac11eTaX npe~noJiaraJIOCb, qTo 3JieKTPOHHOe KOJibl.{O y~ep)I(HBaeTCH B 

MarHHTHOM none C napaMeTPaMH, n03B0JIHIOII.{HMH noMep)I(HBaTb pmMepbI KOJihl.{a 

6JIH3KIIMII K nocTOHHHOH BeJIJiqJIHe, HeCMOTPH Ha yMeHbllieHIIe 3HeprnII 

peJIHTIIBHCTCKHX 3JieKTPOHOB B pe3yJibTaTe CIIHXPOTPOHHOro II3JiyqeHIIH. 

Ha pttc. 10 cnJIOlliHOH KpIIBOH II306pa)KeHa 3aBHCIIMOCTb cpe~Hero 3apH~a HOH OB 

B KOJibl.{e OT BpeMeHII nptt OTCYTCTBIIH Heil:TPaJihHOro rma B o6'heMe KOJibl.{a. IlyHKTIIp 

nOKa3bIBaeT pe3yJibTaThI, nonyqeHHbie C yqeTOM nepe3apH~KII Heil:TPMOB (moT nptt 

~aBJieHIIII 2 . 10-9 Topp) Ha HOHaX ypaHa II (npII ~aBJieHIIII 3 . 10-
9 

Topp) Ha IIOHax 

KCeHoHa. 
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Ha pIIC. 11 H306pa)KeHa 3aBHCIIMOCTb cpe~Hero 3apH~a IIOHOB KCeHOHa B 

3JieKTPOHHo-nyqeBOM IIcrnqHJIKe IIOHOB KRION-2 OT cpaKTopa HOHII3al.{IIII ft; npn 

~aBJieHIIII OCTaTOqHoro rma B YCKOpIITeJibHOil: TPY6Ke HCTOqHJIKa 10-12 
Topp 

(cnJIOlliHaH KpIIBaH) ll 10-
9 

Topp (nyHKTIIp). 

T 

45 

40 
• under ultrahigh 

vacuum conditions 

o under low helium 
pressure 

21 -2 
jT/10 cm 

35 00 L-L----:;--J.._--:!:--_j___L__.1_ _ __l___j 
2 3 

Puc. 11. 3aBIICIIMOCTI, cpe,1111ero 3apll,11a IIOHOB Xe B 11crnqH11Ke IIOHOB KRION-2 OT qiaKTopa IIOH113a111111 

jr, np11 CBepXBhlCOKOM BaKyyMe B pa6oqeli o6JiaCTII IICToq1111Ka II np11 HanycKe HeliTPaJihHOfO reJillll 

Ilo~BOM HTOr, ccpopMyJIIIpyeM Heo6xo~IIMhie YCJIOBIIH nonyqeHHH 

BbICOK03apH~HhIX IIOHOB ~JIH JII06bIX HOHHhIX HCTOqHJIKOB: 

1. 3HeprHH 3JieKTpOHOB ~OJI)!(Ha 6bITb 60Jibllie noTeHI.{IIaJia IIOHII3al.{HII HOHOB 

TPe6yeMoil: 3apH~Hocm; 

2. ,[(OJI)KeH 6bITb o6ecneqeH cpaKTOp HOHII3al.{Hll, onpe~eJIHeMbIH cpopMyJioil: 

(1.27); 

3. IlJIOTHOCTb Heil:TpaJIOB ~OJI)!(Ha 6bITb no B03M0)I(HOCTII MeHhllie. ,[(JIH oueHKH 

~onycTIIMOH nJIOTHOCTII Heil:TpaJIOB MO)KeT 6bITb IICnOJib30BaHO YCJIOBIIe (1.30). 

B pa3HbIX TIInax IICTOqHIIKOB, OCHOBaHHhIX Ha nonyqeHIIII IIOHOB 3JieKTpOHHbIM 

y~apoM, MOrYT cyIUeCTBOBaTh pa3JIHqHhie npoueccbI, orpaHJiqJIBaIOII.{He 3apH~ HOHOB 

IIJIII Bhl3bIBaIOII.{IIe IIX noTepII, HO BbIITOJIHeHHe ycJIOBHH (1)-(3) Heo6xo~IIMO Bcer~a. 
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