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The electron-beam method· of multi charge ion production was· sliggested 
by E.D.Don'ets in- 1967 / 1/. The first attell,lpt to create an. -Electron-Beam Ion 
Source (EBIS) theory was undertaken by R.Becker I 2/ and '.M.C.Vella in· 
1981/3/. A more complete theory of the electron-beam method of multicharge 
ionization inan.ion trap was created by the livermore EBIT group (M.Levine, 

· M.Penetj:ante, R.Marrs et · al.) /4,5/. Based on the'se results, we present a 
simpler immericaL model· of. multi charge ionization in · EBIS. Simplifications · 

. ·.follow from our previous papers/;6,7/. The coiTipiiter codes·describing the Kryon-~ 
.. S exptri'mehtal data can be used to predict EBIS basic parameters: charge state 

spectnun, ion-beam Cl!frent and everiion beam emittaJ1ce. ' :. ' ·-

' Physklll processes in the trap 

According t() the livermore papers, main procc'sses in the EBIS trap arc 
the following: , • . · . · · · 

~.electron-impact ionization of ions, 
-radiative recombination oLions, .' ·· · , 
~charge exchange between· ions 'and· neutral atoms, 
-ion heating by an electron beam~ \ 
-ion-ion energy exchange, ' 
-ion confinement in the trap, "" 
-ion escape from the trap: 

' 1 ' ~ 

Electron-impact io~iZation , .. 
A+e· ~- AK++(K+1)e·, 

where K=l,2 .... 
To calculate single step (K=l) ionization cross-section, the empirical Lotz 
formula is used /8~/: · · · 

--~ h1(E,/ P,){ · . [ ( . · .-· )]} . 
. u1...~~1 =l.Aqt .. E P. 1- bt exp -ct E, /P, -1 ; (l) 

1·1 . • I , · . • . · · ' 

wl:).er~ Ee _·:? PI; N is the number of subshells iri atom or ion, ql is the number of I' 

electrons in ari ith subshell, Ee is the electron energy, P1 is the binding energy 
for an ith subshell, a1,b~tc1 are constants. For Z>3, aF4.5·10·l4 (cm2eV2) and 
bt.CFO. . . . , , , _ . , , . · 

The ionization at K=2,.~ takes place for ·outer shells as shown· for M­
shell of Ar/7,10/. But these processes cannot be ,taken lito account for inner 
shells. · . . ' 

2 . ' 
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Radiative recombination 

AK+ + e· ~ A(KCl)+ + v, 
The Kim and Pratt formula/11/ can be used for the recombination cross­

section, but for EBIS with optimum electron-beam energy parameters radiative 
recombination processes are neglected. 

·charge exchange 

AK+ + B ~ A(K-1)+ + s+ 
In the EBIS case, charge exchange ~rocesses are the mliin concurrent to 

electron-impact ionization ones. The charge exchange cross-section is 
calculated using the Muller and Salzbom formula /12/: 

CT;..;.t = 1.43 X 10-12 z:-17 po-2.16 ' (2) 
where Z1 is the ion charge and Po the iollization potential of the·neutral target . 

Ion heating by the electron beam 

The electron energy loss is/14/: 

dE.- 2m. 
--=---E. vm , '(3) 
dt. M 1 

where Eeis'the electron energy, me the electron'mass, Mi the•ion mass, and Vm 

the rate of electron~ion collisions: vm = N 1o-"v• , - -
where Ni is the ion density, Ve the electron speed, and crtr:the Coulomb cross 
section: 

'CF" =4;r ~ lnA1 ·'(z 2)2. 
-m. -v.4 , :(4) 

with e the electron charge, -Z1 · the ·ion · chai-ge, and ·In J\1 the -electron~ ion 
Coulomb logarithm. · 

· Eriergy ·is -transferred via Coulomb collisions from ·electrons -to • ions for 
the rate: · 

'[d(N;kT,)]-• -(- dE·)·N ·Nt. (5) 
dt •: d(. 

where kTi · is the ion temperature. 
Formula (5) is·in accordance with the formula used by-the ,livermore 

grmip/5/, ~ • · 
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Ion-ion energy exchange 

The rate of energy gain of ith ionic species due to collisions with jth 
ionic species is written as /5/: 

[
d(N1kT;) j ]adzo~ _ 

2 
Mi k(Tj - T;) 

dt - vvNt M. (1 + M.T. I M .T,)3f2 ' 
J I J J I 

(6) 

where vu is the Coulomb collision rate between ith and jth ionic species, kT;, 
k1j are the ionic temperatures of ith and jth species, and Alj, Mj are the ion 

masses, 4 [Z.Z.e2]2(M )3/2 . ·' 

vv = 3.fi;Nj ·~ k~ lnAv' (7) 

with 1n Aij the ion-i~n Coulomb logarithms. 

Ion trapping 
\ . 

The radial potential on the electron beam edge relative to the beam axis reads 
as /4/: 

I 
v~ =485-' (1-/) (V), (8) 

ff. 
where Ie is the electron beam current (A) and Ee the beam energy (keV), 
Beam compensation:/= (Z} · N1 IN., · (9) 
Effective radial potential: V eff = k · V~ , ( 1 0) 

with l5k 52. 
Axial losses are prevented by high potential barriers installed .at the 

boundary drift tube sections. The axial barrier voltage can be larger than the 
radial barrier one. This is the reason for considering radial losses ~nly. 

Ion escape from the trap 

The Maxwell-Boltzman distribution function is the following /16/: 

2 1 . 
/ 1 (E1 ) =--~E1 I kT1 exp(-£1 I kT1 ), 

,[; kT; .. 
(11). 

Let the function be normalized as: 

J /1 (E1 )dE1 =1, (12) 
, E1=0 . 

and the distribution be established for about /min 5 Jj Vij , Where i=j. As a rule, 
tmin~1J.!S for the EBIS parameters: Ni:?: 1Q6 cm-3, kTi:?: 1 eV. 
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The border energy for ions with charge Z: E~ = Z · V.ff; (13) 
According to normalization conditions, the density loss-for ions with charge Z 
that are able to escape from th~ trap cari be written as: 

MY1 = N 1 J f(E)dE , (14) 
E•E• 

The energy loss due to escaping ions: 
~ 

D..(N1kT;) = N 1 f(/;(E1)dE17 (15) 
~~ ' 

The rate of diffusion escape from the trap for ions with charge Z is expressed 
as: 

dN. a/ = vd ·MY;. (16) 

and the rate of energy loss: 

d(!v~:T;) = vd ·D..(N1kT;) , (17) 

where vd is the rate of diffusion escape perpendicular to the H direction and H 
the magnetic field strenghth. 

The diffusion flux through the trap border /17/: 
oN. 

r= DJ. 8r' , (18) 

where DJ. is the coefficient of perpendicular diffusion:. DJ. = 
1 

~I 2 , D is 
+W0 V1 

the diffusion coefficient: · D = ::.~ v. , vi is the to~ Coulomb collision rate 

for ith ionic species: v1 = Z::. v1;, 'We is the ion cyclotron frequency for 

. fi ld. d . B . Z; ·B magnetic te m uction. : w. = ~ . 

The ion escape speed can be written as: 
dn. ' 
d; = 21r · r~ · L" · r , ( (19) 

where rb is the electron beam radius and Lu the effective trap length. 
.For uniform distribution of ions with charge Z in the trap, the rate of 

diffusion escape from the trap for ion densities reads as: 

dN1 dn1 I 2 2 
---;Jt = di (7r. r~ . L")-= r~ . r ' (20) 

. . 
If we suppose that MY1=const at O<r<rb and it decreases linear to zero 

at rb<r<rtd, where rtd is the drift tube radii, then: 
• 
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l:!N. 
r-D ·--' 

.L (lid- rb)' 
(21) 

and the rate of diffusion escape: 
2 

v- ·D 
d rb • ('id - rb) .L 

(22) 

Nwilerical model 

Let the ionization proceed by single steps, then: 
dN0 ·' 
-- = -NoA.rJt + N1A,_o, dt . . 

dN1 ('dN1 )radesc 
{jf=Nok,,1-N1(~.2+A,.,o)+N2~,1- {if , 

'd"N;······· .......................................... (.dN
1
·)·~ ... 

{if= Nt-1~-11- N;(~l•1 + ~,;-1) + N;.rAt.t.;- {if • 

(23) 

dN z - N . - N 2 - (dN z )rodac 
df - Z-1Az-t,Z Z"Z.Z-1 df ' 

where No .. Nz are the ion and atom densities, 
"-o,1 , "-1,2 , "-i·l,i, "-i,i+l , "-z-1,z are the ionization coefficients: ~.1+1 = u 1,;.d., 
"-1,0, "-2,1 , "-i+l,i , "-i,i-1 , A.z,z-1 are the recombination and charge exchange 
coefficients: 

A.i,i-I=Ar +A-p ,where A,. = u, · j., crr is the recombination cross-section, 
~ =uP • N 0 • (V1 ), up is the charge exchange cross-section, No is the density of 
neutral atoms, <V;> is the mean ion speed. 

The evolution of NikTi is described by: 

d(N;kT;) = N;.1k1;_1~-t,; - Ntk1;(~1+1 + ~~-1) + N;.rk1;+1Ar+11 . dt 

+[d(N;kT; )]luiatlng + L [d(N;kT; )]exdmge - [d(N;kT; )]rod<SJ. (24) 
dt j dt j dt 

Calculations 

· At first, charge evolutions for the ionization of Kr atoms were 
calculated. Recombination, charge exchange, ion heating, energy exchange and 
ion escape processes were noi taken into account. Relative Kr ion densities 

6 

r t 

I 

1 

calculated at je=l.2-1Q21 1/(cm2 ·S) , Ue="2·104 eV are shown in Fig. 1. We 
suppose that this consideration is true because our previous electron-impact 
cross-section measurements at big ion losses from the trap are . in good 
agreement with theory. In these calculations the amount of ions was 
normalized to a unit magnitude for each time moment. 1bis is the reason for 
us to calculate the charge-state evolution normalized to a unit magnitude for 
each time point. 
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The results were compared with those of analytical calculations carried 
out according to the analytical model of single step ionization /6/, It was noted 
that at a starting calculation step value of less than 4-lQ-5 s, the numerical data 
agree with the analytical ones. 

Then the charge exchange processes were taken into account, and tl1e 
calculations of charge exchange between Kr ions and Ne atoms were carried 
out for EBIS Krion-S electron beam parameters (the electron beam radius is 
O.Q15 em, je=l.2-1Q21 1/(cm2 ·s), Ue=7·103 eV). We suppose that the 
concentration of Ne atoms (NO) in the electron beam is a constant because tl1e 
average time of Ne atom pass through the electron beam diameter is about 
5-I0-6 s at a~! inside temperature of 4 K despite the average single-step 
ionization time of Ne atoms equal to 1Q-4 s. The time evolution of relative Kr 
ion densities at different NeO concentrations is ·shown in Figs.2,3,4. 

For NeO concentration exceeding 107 cm-3, the calculated results 
demonstrate a sufficient influence of charge exchange processes on relative 
concentrations of l(r30+ .. 34+ ions. 
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The calculations of ion heating by the electron beam were performed at 
absolute density values with and without taking into account energy exchange 
and ion escape processes at je=l.2-1Q21 1/(cm2·s), Ue=7-t03 eV, NKr(0)=109 
cm-3, rp=0.015 em, B=l.2 Tl. The average energy per Kr ion charge (kTi/Z) 
and the trap potential <Vetr ) are the results of the calculation shown in Fig.5, 
where (kTi/Z) 1 and Yetr 1 correspond to the calculations without taking into 
account the ion escape process, (kTi/Z) 2, Velf 2- with taking into account the 
one. In this case we assume that Ve_q=2Vb. 
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Taking into account the ion escape process, the total Kr ion 
concentration decreased 3 orders in 3 s (see Fig. 7, dotted line 1). 

The calculations without taking into account the ion escape process were 
carried out for Kr at je=l.2-1Q21 1/(cm2 ·S), Ue=7-l03 eV, NKr(0)=1Q9 cm-3. 
The results presented as a function ofJe·t are shown in Fig.6. 
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Fig. 6 
The (kTi/Z) 1 results (Fig. 5) are applied to the results in Fig. 6. 
The next step was to consider ion cooling processes. The method of ion 

cooling in EBIS was suggested by E.D. Donets and G.D. Shirkov/18/. Equation 
systems (23,24) created for Kr and Ne are solved simultaneously. The results 
for Kr at je=l.2-IQ21 1/(cm2·s), Ue=7-103 eV, NKr(O)= 1.2-lQlO cm-3 and 
NKr(O)=lQ9 cm-3 by cooling with Ne ions (the Ne atom concentration in the 
electron beam (NNe) is a constant and equal to 2.4-106 cm-3 ) and without 
cooling are presented in Fig.7. 
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The corresponding time dependences of beam compensation values are 
shown in Fig. 8, where the solid lines correspond to NKr=1.2-1QlO cm-3 and the 
dotted ones to NKr=109 cm-3. 
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.Comparison with experimental results 

2.0 2.5 3.0 

The calculated results were compared with the experimental data of Kr 
current measurements at the EBIS Krion-S exit. The experimental current 
dependence on time was measured over an ion extraction time of 100 J.lS. The 
best numerical approximation was obtained at V,._u=Vb for je=l.77-1Q21 
l/(cm2·s), Ue'=1-1Q3 eV, NKr(0)=6-l09 cm-3, rp=O.Ol5. em, B=1.2 11, by 
cooling with Ne ions. The results for output current are shown in Fig. 9. 

The total numbers of ions, the values of beam· compensation and the 
average ion temperatures corresp~nding to Fig. 9 are shown in Figs. 10,11,12. 
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The time evolution of Kr ion densities at NNe=2.4·106 cm·3 
corresponding to Fig. 9 is shown in Fig. 13. The results were confirmed by an 
experimental observation of Kr higher charge state evolution at the LU-20 
output when the EBIS Krion-S was installed on the linac pre-injector /19/. 
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The workable numerical model of EBIS has been created. The 
calcUlated results are close. to the experimentaL ones. The model made more 
understandable the influence of different processes in the trap on the EBIS 
output parameters. 

The authors are very grateful to Dr. E.D. Donets and Dr. G.D. Shirkov 
for their interest in the model and useful discussions. 

lOA. 

: ---f----!----i----l----1----f----f--·f---t---i-O'-("l""l""! : : : 
30 ·+--+---~---+-·+---f----f---+---+--+--i----i----i·--+--+---+---i----

: :::~-~-:;:tJ:j::t:i:j:J:t:i::l:=l::l:i:j:j::: 

---NNe•l06 cm"3 

-- -NNe•2.4-10G em·3 
---------------

: ' • : : : : : : t : ! : : : 

0 : 

0.0 0.5 1.0 

T (s) 

Fig. 11 

12 

1.5 

kTi (eV) 

120 t . . . . . . . . i j . ! . . ! i . l ----~---·!·-·;;:.-~~-.;--~-~!~-~--~--.;1-~-;.:,;.-~-~-:::~=-~·-.:;!.··.::.~::=,-
1 00 ---:·- '"i"- ·:---. -:---- ., ..... , .. :.,. "i'" ... , .............. ··---·· ......... , .. """" .. 
so ·:::~:~:·::-:;.=~::7.::-::::=:r:::~::j:~~r-:+~~:r-·:·:-~:=--
60 r·::.:,-,_~-p::::~::::~:::r::·--~~:~-~~,~-~~:;- ----- . 
40 ... ; .. 2-Ne .. .;. .... : ..... ; .... ;.... - - ·NH ·2 4-10 6 em·3 ----~----

• 0 • • • Ill • 

----·----t--·--!----~-----;-----~----1---- ---·-1----
20 ---~----~ ----~----t--- :-----~-----~---+· ·+· +-· ·+--- ·f·---~----i ··-·1·---~----

0 . ·-·:· ... ·-·. -~---. ~--- -:--·-·: ----: ... ·:· ... , ... -~---. -~--- ·:----: .. -·:. ---:·- --~-- .. 

0.0 0.5 

Ni (cm-3
) 

1.0 

T (s) 

Fig. 12 

1.5 

1.0E+10 T~ ---:-: -:--:--;: -::--:----:-. -:.--:----:-~~~-..,...~~ 

1.0E+9 --- -- ---~--t··-·---:--;---r--~---~--~---r--

UlE+8 

UlE+7 

UlE+6 -!UIM \1 \A\ i \i "{I.. i t'...i i i ~ i i i i i 
0.0 0.5 

References 

1.0 
T (s) 

Fig. 13 

1.5 

1. E.D. Donets, Soviet Invention #248860 of 16.03.67, Bull. OIPOTZ, #24, p. 
65, 1969 

2. R. Becker in Proc. of the 2-nd EBIS Workshop, Saclay-Orsay, 185, 1981 
3. M.C. Vella, Nucl. Instr. Meth. , 187, 313, 1981 
4. M.A.Levine et al. Phys. Scripta, V T22, p.·157 , 1988 
5. B.M.Penetrante et al. Phys. Rev., A 43, 4861 , '1991 
6. B. Sh. Bochev et al. JINR Preprint P5-11566, 1978 
7. B. Sh. Bochev et al. JINR Preprint P7-11567, 1978 
8. W.Lotz, Z.Phys. 206, p.205, 1967 
9. W.Lotz, Z.Phys. 216, p.:i41, 1968 

13 



lO.E.D. Donets, A.I. Pikin," GTF, 70, 6, 2025, 19"76 
1l.Y.S.Kim and R.H. Pratt, Phys. Rev. A 27, 2913, 1983 
12A.Muller and E.Salzbom, Phys. Lett. 62A, p.l391, 1977 
13.MullerA. and Frodl R., Phys. Rev. 44 p.29, 1980 
14.Y.P.Raizer, Fizika gazovogo razriada; Moscow, "Nauka" , 1987 
15.L.Spitzer, Physics of Fully Ionized ·oases, Interscience, New York, 1956 
16.1. Rose, M. ·clark, Plasmas and Controlled Fusion,· M.I.T. Press 

Massachusetts Institute of Techndlogy and John Wiley & Sons, Inc., New 

York-London, 1961 
17.Chen, Introduction to Plasma Physics and 'Controlled Fusion, Plenum Press 

New York and London, 1983 . 
18.E.D. Donets, G.D. Shirkov, Soviet Invention #1225420 of 02.07.1984 Bul. 

#44, p. 69, 1989 
l9.I.V. Kalagin, V.P. Ovsyannikov, Book of Abstracts, ICIS'95, Wistler, BC, 

Canada, 1995 

"· 

'if 

f 

Kananm J.-t.B., 0Bc~immKOB a.n. 
4uciieunoe Mo.uemipoBauue npoueccoB o6pa3oB~u~ut uouo8 
B ::lJleKTpOIIIIO-JIY'leBOM HCTO'IIIHKe 

Ope.ucTaBJiella. ttuciieHllllil MO.UeJJb ::meKTponno-IIytteBoro 
OpoBe.uenbi Bbi'HICJiellllll npoueccoB HOIIII3allllll Kr 11p11 _lnt' 
uoimMH· Ne, IlpHHHMml BO BIIIIMaHue npoueccbi nepe3apli.UI 
:meKTpouaMH, "o6Meim :::meprm!ii MelK.!ly uoHaMII 11 Hpoueccbi ~ 

BYWKH. Ha6mo.uruwch xopowee comacne pac'leTHbiX . .uaHHbiX 

llhiMH pe3yJJhTaTaMll. 

Pa6oTa BbHIOJIHeHa B Jla6opaTopHll BbiCOKIIX 311epmii OH~ 

OpenpmtT OfuClliiiiCHIIOI'O IIIICTIIT)'Ta H:lepllbiX ucs:he;lOBa!BJii.. 

Kalagin LV., Ovsyannikov V.P. . . 
Numerical Simulation of Ion, Production Processes in EBIS 

The numerical model of EBIS is presented., The calcuh 
by cooling with Ne ions was carried out taking into account 
heating by elect;ons, ion-ion energy exchange and ion esca 
agreementwith experimental datawas observed, · , 

The investigation has been performed at the Laboratory o! 
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