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Eo'!ee E., Kyn8pOB8 T., OecsHHHKoe B.n. P5 - 11566 
MaTeM8TH'IeCKHe Monena MHOI'OKp8THOii HOHH38UHH aneKTpOHHbiM 

ynapoM e IIOHHOli noeylllKe • I. P~llleHHe npsMbrx 38!18'1 

P8CCMOTpeHbJ B03MOlKHbJe Monena rny6oKoii HOfHI38UHH B HOHHOii no
eymKe, OT H8R6onee npocToli MonenH nocnenoe8Tenbaoii onaoaneKTpOHHoii 

HOHH38UHH llO MO}lena, Y'IKTbl!'I8!0IUell llpOUeCChl MHOI'031!eKTpOHHOH HOHH38-

U!IH. DoKaaaao, 'ITO B03MOlKHbJ ece HOHI!3SUHOHHbie nepeXOllbJ 1!3 nyneeoro 

38pSI.llOBOI'O COCTOHHHH BO BCe nocnenyiOIUHe. Moaenb Y'IHTblB8eT HeJ!I!Heii

Bb!li ojlaxrop HOHH38UHH. UenbiO p860Tbi sensercsr p8CCMOTpeaae M8TeM8TH

'IeC!t!IX MOileneli, OllHCb!B8IOIUHX npOUeCC MHOI'OKp8THOH HOHH38UHR B ROHHOH 

J!OByWKe SJ!eKTpOHHO-J!y'leBOI'O I!CTO'IHHK8 MHOI'038pSI.llHblX HOHOB, llJ!Sl 

nocnenyiOmero peweHHH o6paTHbiX 38!18'1 HOHH38JHIH 11 onpeneneHRH ¢yH!18MeH

T81lbHbiX aTOMHbiX eenH'IHH. Ha ocaoee npenno>KeHHbiX Moneneii craeSITCSI 

06p8THble 381l8'1H HOHR38UHII, 

P860T8 BbJnOJ!HeH8 B n860p8TOpliK BbJCOKIIX 3HeprRl! 011HI1. 

Coo6wesae 06'beiiHHeaaoro HHCTHTyTa smepHbJX I!CcnenoeaHHA. Dy6Ha 1978 

Bochev B,Sh., Kuzarova T,Ch., Ovsyannikov V.P. P5 - 11566 

Mathematical Models for Multionization by Electron 
Impact in the Ion Trap 

/ 

The mathematical models for ion multi-ionization by electron 
impact in an ion trap are presented, The analytical expressions 
for the dependence of the yield of ions with a given charge on 
the ionization factor and cross sections have been obtained. The 
spectrum charge evolution for the ionization cross sections and 
a "back" task of determining the ionization cross sections from 
experimental results can be explained using the equations ob
tained. 

The investigation has been performed at the Laboratory 
of High Energies, JINR. 
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1. BBE,4EHHE 

3KcnepHMeHTanLHoe H TeopeTuqecKoe HJyqeHHe npo

ueccoa rny60KOH HOHH3aUHH ll03BOllHeT nonyqHTh UeHHYID 

HHcPOpMaUHID 0 HeynpyrHX CTOllKHOBeHHHX JapH:>KeHHhiX qac

THU, KBaHTOBhiX xapaKTepHCTHKaX aTOMHhlX ypoBHeH, He· 

KOTOphiX BOnpocax aTOMHOrO H)l.pa, cPH3HKH lllla3Mhl H acTpo

cPH3HKH/ 1 •21 , ycKOpHTellhHOH H 3lleKTpOHHO- nyqeaOH TeXHHKH. 

PeweHHe 3THX npo6neM a JHaquTellhHOH cTeneHH onpe

)l.ellHeTCH 3KCnepHMeHTallhHO H3MepeHHhiMH ceqeHHHMH rny-

60KOH HOHHJaUHH I a ij l npaKTHqecKH acex JneMeHTOB 

nepHO)l.HqeCKOH CHCTeMhl. 

,[l.nH TaKHX ueneH BeChMa nepcneKTHBHhiM HBllHeTCH 

MeTO)l. HOHH3aUHH B 3lleKTpOHHOH llOBYWKe
131

,peanH30BaH

HhiH a ycTaHOBKax Tuna H3JI 141 , /'KpuoH" / 
5

•
6 

,7 
1u pa3pa-

6aTblaaeMhiH B aapHaHTax SILFEC 
81 

KRYEBIS
191 

H np. 

CyTh MeTO)l.a JaKniDqaeTCH B TOM, qTO B 3ll~KTpOHHhiH ny

qoK BBO)l.HTCH onpe)l.elleHHOe KOllHqecTBO HOHOB HH3KOH 

JapH)l.HOCTH, KOTOpble B )l.allhHeHWeM y)l.ep:>KHBaiDTCH noneM 

o6beMHoro Japs.IJ.a JneKTpoHHoro nyqKa. YaenuqeHHe Ja

PH.IJ.HOCTH HOHOB npOHCXO)l.HT B pe3yllhTaTe HOHH3aUHH 3lleKT

pOHHhiM y)l.apoM a TeqeHHe apeMeHH ux y.IJ.ep:>KaHHH. Konu

qecTBO HOHOB COOTBeTCTBYIDIUHX JapH)l.HOCTeH onpe)l.enseT

CH aenHqHHOH cPaKTOpa HOHH3aUHH jr /npOH3Be)l,eHHe llllOT

HOCTH 3lleKTpOHHOrO nyqKa j H apeMeHH B3aHMO)l.eHCTBHH 

r, a o6IUeM cnyqae He a.IJ.eKaaTHoro apeMeHH y.IJ.ep:>KaHHH 

a HOHHOH noaywKe/ H ceqeHHeM HOHH3aUHH I a ij I 
3KcnepHMeHTallhHO H3MepeHHbie KapTHHhl 3BOniDUHH 

cneKTpOB JapH)l.HOCTeH B JaBHCHMOCTH OT jr CO)l.ep:>KaT 

HHcllopMaUHID o .IJ.HHaMHKe npoueccoa a noaywKe H o ceqe-

HHHX HOHH3aUHH. 
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OnpeAeneHue ceqeHH~ la 1. l H3 3KcnepHMeHTanbHhlX 
.I 6 u AaHHhlX ITpOH3BOAHTCH perneHHeM 0 paTHOH 3aAaqu Ha oc-

HOBe COOTBeTCTBYIOII.l;e~ MOAenH HOHH3aD;HH, KOTOpag B o6-

rn;eM cnyqae OCHOBhlBaeTCH Ha npeACTaBneHHH 0 KOHKpeT

HOM MeXaHH3Me HOHH3aD;HOHHOrO nepeXOAa, 3aKOHOMep

HOCTHX ITOBeAeHHH CHCTeMhl 3apH)KeHHhlX qaCTHU /MHOro-

3apHAHhle HOHhl, HOHH3Hpyrorn;He 3neKTpOHhl, 3neKTpOHhl 

HOHH3aD;HH H np./ H B03MO)KHhlX MeXaHH3MaX peKOM6HHa

UHH /eM., HanpHMep/10- 121 /. 

B HacToHme~ pa6oTe paccMaTpHBalOTCH HeKOTOphle Ma

TeMaTuqecKue MOAenH nocneAOBaTenbHO~, a TaK)Ke MHoro-

3neKTpOHHO~ HOHH3aD;HH rrpH BeCbMa 061I.l;HX npeADOnO)Ke

HHHX. Ha OCHOBe npeAnO)KeHHhlX MOAene~ CTaBHTCH o6paT

HaH 3aAaqa onpeAeneHHH ceqeHH~ HOHH3aD;HH Ha OCHOBe 

3KCrrepHMeHTanbHO H3MepeHHhlX KapTHH 3BOniOD;HH cneKT
pOB. 

2. MATEMA THqECKHE MO,l(EJIH 
IIOCJIE,l(OBATEJibHOH HOHH3AaHH 

fiyCTb 3apHA HOHa i =0.1 , .. o, n B npon;ecce HOHH3aD;HH 

H3MeHHeTCH TOnbKO Ha eAHHHD;y H peKOM6HHaD;HB He Ha

CTynaeT. .0603HaqHM N i (t) KOnHqecTBO HOHOB i -ro 

3aPHAa, rAe t '= j e r - l}laKTOp HOHH3aD;HH, a i =a i, i+ 1 -

ceqeHHe nepeXOAa HOHa C 3apHAOM i B HOH C 3apHAOM 

i+1o fiyCTb rrpH 3HaqeHHH apryMeHTa t%0 eCTb TOnbKO 

He~TpanbHhle aTOMhl: 

N 1 (O),.No io (i -0,1, .. 0,n). /1/ 

rAe Oik =- 1 AnH i '"'k ' oik "'0 AnH i ~ k H KonuqeCTBO 

aTOMOB N coxpaHHeTcH B TeqeHue acero npouecca HOHH-

3an;uu. 

QqeBHAHO, Ka)KAOe COCTOHHHe HOHa C 3apHAOM i -/. 0 H 

i f. n o6pa30BhlBaeTCH H3 COCTOHHHH HOHa C 3apHAOM i - 1 
H nepeXO,I4HT B COCTOHHHe C 3apHAOM i + 1, cneAOBaTenbHO, 

HMeeT MeCTO cneAYIOII.l;aH CHCTeMa AHI}lclJepeHD;HanbHhlX ypaB

HeHH~: 

4 

~\ 

d N 0 (t) 

dt 
-a oN oCt) . 

dN 1 (t) 
__ d_t_ - a 0 N0 (t) - a 1 N 1 (t), 

dN1 (t) ____ ,.. 

dt 
a 1_ 1 N 

1
_ /t)- a 

1 
N 

1 
(t), 

dN n ~ - a n-1 N n-1 (t) -anN n (t) 
dt 

(t ~ 0, +oo n -0,1,2 .ooo), 

N1 (O)-No10 
( i,,. 0,1,. .. 0 ,n )o 

/2/ 

/3/ 

3AeCb a 1 ""'aa1 , a - K031}lclJHD;HeHT HOpManH3aD;HH, 3aBH

CHII.l;H~ OT eAHHHU H3MepeHHH jr o QqeBHAHO, an"" 0, T.K. 

HOH ITOnHOCTblO HOHH30BaH. 

3aAaqa Kornu I 1/-/2/ npu pa3HhlX npeAnono)KeHHHX 

o I a 1 l noApo6Ho paccMoTpeHa a 
113 •141 

0 3AeCb npuae

AeM TOnbKO OKOHqaTenbHhle pe3ynbTaThl AnH HeKOTOphlX 

cnyqaea. 

a/ llycTb ace a 1 pa3Hhle: 

a 1.kak (i,.O,l,i, .. o,n; k:i+1, .. o,n)o /4/ 

PerneHHe 3aAaqu Kornu /1/-/2/ c ycnoBHeM I 4/ AaeTCH 

Bhlpa)KeHHeM 

i 
N. (t.),. N l 

1 J a-0 

(t.~ O,+oo, 
1 

-

i 

i 

e~oae 

a. II (ao 
1 f, 0 [_ 

Lla 

i,.1,2, .. o,j 

-aat. 
e J 

-aa ) 

. i=0.1,2, .. o,n), 

rAe j - KonuqecTBO 3KcnepuMeHTanbHhlX ToqeK. 

/5/ 
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6/ IlycTL ace ai paBHLI Me*.D.Y co6oH:: 

a 0 =a 1,ai =···""an-Fa. /6/ 

B JTOM cnyqae Ja,I\a'la KoiiiH HMeeT cne,I\yiOII.J;ee peiiieHHe: 

1 i -at· 
N.(tJ.),.N-(at.) e J 

1 i ! 1 
/7/ 

( t.~ 0, +oo , j "'1,2, ... ,j , i ,.,0,1, ... ,n). 
J 

a/ ~nH peanLHoro JKcnepHMeHTa Ha'lanLHLie ycnoBHH 

/3/ He BCer,I\a BbinOnHHIOTCH B pe3ynLTaTe TOrO, 'ITO npH 

t z 0, B0061I.J;e rOBOpH, MOryT npHCYTCTBOBaTb HOHLI C Ja

pH,I\HOCTblO i > 0. HaqanLHLie ycnoBHH TaKoro npou;ecca 

HMeiOT BH,I\ 

N i ( t ""0) = N i (0) f. 0 ( i "'0 ,1 , ... , n). /8/ 

~nH nony'leHHH peiiieHHH Ja,I\a'IH KoiiiH /2/-/8/ c ycno
BHeM /4/ MO)I(HO BOCllOnL30BaTLCH COOTHOIIIeHHeM /5/. TaK 

KaK B Te'leHHe npou;ecca HOHH3ai.J;HH 06II.J;ee KOnH'IeCTBO qac

THU COXpaHHeTCH, TaK )l(e KaK H KOnH'IeCTBO HOHOB Ka)I(,I\OrO 

llOTOKa, HCKOMOe peiiieHHe HBnHeTCH CYMMOH peiiieHHH /6/ 
C BeCOBLIMH dJaKTOpaMH Ha'lanLHLIX ycnOBHH /8/: 

i i 
N i (t J. )= I N. (0) I 

m=O 1 asm 

i 
en a e -a t. 

--~----e a J 
1 

a n (ao -a ) me :1 L a 
E,ka 

(t. ~ 0, +oo , j =1,2 , ... ,J, i =0.1, ... ,n). 
1 

/9/ 

r/ AHanorH'IHO npH HCllOnL30BaHHH COOTHOIIIeHHH /7/ 
peiiieHHe ,1\nH cnyqag /6/ C HaqanLHLIMH ycnOBHHMH /8/ 
6y,I\eT HMeTb BH,I\: 

m 
/10/ (at.) -at· 

N (t . ) "" I N (0) _J_ e J 
1 J m'"'O m m! 

(tj I; O,+oo , j ,.1,2 , ... ,j , i=0,1, ... ,n). 

6 

I 
l 

) 
) 

3. MATEMATHIJECKHE MOAEJIH 
MHOFOKPATHOH HOHH3Al(HH 

IlycTL n - MaKCHManLHLIH JapH,D. HOHa. HoH ,D.aHHOH 

3apH,D.HOCTH i HMeeT B03MO)I(HOCTL H3MeHHTb 3apH,D. ,D.O 3Ha'le

HHH q=i+1,i-t2 ..... i+n-1. IlyCTb ai£ fO(i=0,1,2, .•. ,n-1; e=1,2, ... ,n)

- ce'leHHe nepexo,D.a HOHa C JapH,I\OM i B HOH C JapH,I\OM 

e. Tor,I\a, oqeBHAHO, 'ITO acne,I\CTBHe HeJaBHCHMOCTH npo

ueccoa oTpLIBa :meKTpOHOB o6II.J;ee ce'leHHe HOHHJaUHH 

aii HOHa C 3apH,I\OM HBnHeTCH cyMMOH napu;HanLHbiX 

ceqeHHH a if : 
n 

a .. = :£. a . p ( i = 0 ,1,2 , ... , n ) . 
11 p =i+1 1 

/11/ 

HoHLI c JapH.I\OM i B KonH'IeCTBe N. (t) o6pa30BLIBa-
1 

IOTCH H3 HOHOB C 3apH,I\aMH 0,1 , ... , i -1 H nepexo-

,1\HT B HOHLI C JapH,I\aMH i + 1 , i +2 , ... , U BCeMH B03-

MO)I(HLIMH cnoco6aMH. 3TOT npouecc onHCLIBaeTcH cne,I\yro

IUeH: CHCTeMOH AHdJdJepeHI.J;HanLHLIX ypaBHeHHH: 

dN 0 (t) 
- aOONO(t), ---= 

dt 

dN 1 (t) ,. a N 
0 

(t) 
-- 01 dt 

- a
11

N 
1 

(t), 

dN2 (t)- ,a01N o (t) 
dt 

+ a12~ t<t) -a22N2(t), 

dN i (t) 

dt 

~n(~_,. 
dt 

i-1 
I a 0 • N0 (t) -a .. N.(t), 
n r.1 L 11 1 
t~O 

n-1 
I ~n Nr (t) 
r .. o 

-a N (t) nn n 

( t r; < 0, + oo ) , n "" 0 ,1,2 , ... ) . /12/ 

TaK KaK n - MaKCHManLHLiii JapH,D. HOHa, no-BH.D.HMo-

MY, apn "'0. 
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a; CHcTeMy /12/ paccMaTpHsaeM c Ha'lanLHLIMH yc

noBHJIMH 

N. (t-O),..N.(O),{O 
1 1 

(i,. 0,1, ... , n), /13/ 

T.e. HMeeT MeCTO o61l.(HB cnyqaii, KOr,ZJ;a npH tz0 npHCyT

CTBYIOT HOHLI BCeX B03MO)I(HLIX 3apJI,ZJ;HOCTeB. 

PeweHHe 3a,ZJ;a'IH KowH /12/-/13/ HmeM B BH,ZJ;e 

N o(t)- Ao e -aoot 
00 

N (t) "" A 1 -a oo t 
1 ooe 

1 -ao1t 1 -aut 
+Ao1 e +A 11e 

i e . -a £ t 
N. (t) "' I I A 

1
£ e m 

1 £,..o m=O m 

(tt; O,+oo, iz0,1,2, ... ,n). 

/14/ 

Ko34xlJHUHeHTLI paseHCTB /14/ onpe,ZJ;enJIIOTCJI cne,ZJ;yiO

mHMH peKyppeHTHLIMH COOTHOWeHHJIMH: 

A o - N (0), 
00 0 

A i = r1 a ji -Aj o 
m£ J'zfl a . . - a n m£ m£ ' 

11 ffiL 

/15/ 
i i e i 

A .. = N . (0) - I I A sf 
11 1 £ .. 1 8 2 1 

( i -1 ,2 , ... ,n ; m ~ i -1 ; £ :::; i -1 ) . 

6/ ,LI;nJI qacTHoro cny'laJI Ha'lanLHLIX ycnosaii /13/ 

Ni (t=O),..No oi (i ,.,0,1, ... ,n) /16/ 

/npH t = 0 npHCYTCTBYIOT TOllLKO HeBTpanLHLie HOHLI H 

N = 1 I, peweHHe 3a,ZJ;a'IH KowH /12/, /16/ ,ZJ;nJI nepsLix 

'leTLipex 'llleHOB HMeeT cne,ZJ;yiDIJ.(HB BH,ZJ;: 

8 

NO(t)ze -lloot 

N 
1 

(t)"" e -aoot a01 -a11t 
+----e 

a -a 
00 11 

N (t)zl ao2 
2 a + 

22-a oo 

a01 a 12 1 -a oot e + 
(a -a )(a -a ) 

11 0<1 22 00 

aoi" 12 -a11t 
+ ---------- e + 

(aOO-a1t(a22-a 1t 

-a t 
I a02 ao1a12 1 22' + + e 

aoo-a22 (aoo-a2i(a11- a2J 

3AKJIIO qEHHE 

PaccMoTpeHHLie MaTeMaTH'IeCKHe MO.ZJ;enH onHCLIBaiOT 

BCe Clly'laH HOHH3al{HH, npe,ZJ;CTaBllJIIOIJ.(He peanLHLIB HHTe

pec, npH YCllOBHH, 'ITO peKOM6HHal{HJI He HaCTynaeT H KO

llH'IeCTBO HOHOB B Te'leHHe npouecca COXpaHJieTCJI. 3TO 

YCllOBHe /npH COCTaBneHHH nporpaMMLI ,ZJ;llJI 3BM/ CHHMa

eTCJI BBe,ZJ;eHHeM COOTBeTCTBYIOII{HX BeCOBLIX MHO)I(HTeneB. 

C ,ZJ;pyroB CTOpOHLI, npe,ZJ;CTaBneHHe MO,ZJ;enH MO)I(HO o6o6-

ll{IITL ,!J;llJI cny'laJI, KOr,ZJ;a HMeiOT MeCTO peKOM6HHal{HJI H 

34xlJeKT HellHHeBHOCTH ~aKTOpa HOHH3al{HH. 

MO)I(HO 3aMeTHTL, 'ITO Ka)I(,ZJ;aJI nocne.ZJ;yiDmaJI MO,ZJ;enL 

CO,ZJ;ep)I(HT npe,ZJ;LI,ZJ;Yil.(YIO KaK HeKOTOpLIH 'laCTHLIH cny'laH. 

OnHcaHHLie MaTeMaTH'IeCKHe Mo,ZJ;enH MO)I(HO 3qxpeKTHB

HO HCfiOllL30BaTL npH fiOMOIJ.(H COBpeMeHHLIX 3BM ,ZJ;llJI pe

WeHHJI o6paTHLIX 3a,ZJ;a'l HaXO)I(,ZJ;eHHJI Ce'leHHH HOHH3al{HH 

Ha OCHOBe 3KCnepHMeHTa. 

ABTOPLI 6naro,ZJ;apJIT E .,D;.,LI;oHua 3a none 3HLie o6cy)I(,!J;e

HHJI. 
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