


,vIntroduction S AT :/f I e
The elect.ron beam method of multlcharge 1on productlon -was suggested o
by E.D.Donets in 1967 /1/. - The first attempt to create an. Electron-Beam Jon -
Source (EBIS) “theory was: undertaken by R.Becker / 2/ and ‘M.C.Vella in- - -
1981/%.°A more complete theory of . the electron-beam method of multicharge -
jonization in an ijon trap was created by the Livermore EBIT group (M.Levine, - .
-MPenetrante, R.Marrs: et - al.) /45/.. Based on these results, we present. a - !
. simpler numencal ‘model  of. multlcharge 1omzat10n in -EBIS. Slmphﬁcatlons
- follow from cur previous papers/S.7/. The computer codes -describing the Kryon-,. -
-8 expenmental data can be used to predlct EBIS basic parameters charge state o
: spectrum lon beam current and even 1on beam emlttance Sael e LT :

‘

B Physlcal processes m the trap

: Accordmg to the leermore papers, m'nn processes 1n the EBIS trap are
the followmg L IR
S -electron 1mpact 10mzauon of 1ons, R
Zradiative recombmatron of ions,’ : N
i+ -charge exchange between jons ‘and neutral atoms, TR
", -ion heating by an ¢lectron beam, T i
.., -ion-ion energy exchange, BT
.. -ion confinemént in the: trap,
: ;T—lon escape from t.he Lrap

Electron lmpact |omzat|on S
‘ A+e :> AK++(K+1)°, Gl

here Kl o e

To calculate smgle step (K"l) 1onlzatlon cross sectron, t.he empmcal l_otz S e
,formula is used /8.9/; G SN

0'1-.14 —ﬁ: aq, lhl(E /Pl){l b exp["cl(E /P 1)]}

where E, > P,, N is the number of subshells in atom or 1on q, is t.he number of *
electrons in an ith ‘subshell,- E, is the electron energy, Pyis the binding energy.-
for an ith subshell a,,b,,c, are constants For Z>3 a,—4 5. 10 -14, (cm2eV2) and o

bl’cl . i
‘ The 1on1zat10n at K—2 takes place for ‘outer shells as shown for M—‘

shell of Ar/71%. But these processes ‘cannot be taken mto account for inner
shel]s . : ~ .

2

Radiative recomhtnntion s

AK+ 4 e - o A+ 4 v,
The Kim and Pratt formula/l}/ can be used for the recombmatlon Cross-

.. section, but for EBIS with optimum electron-beam energy parameters radlatlvev

recombination processes are neglected
Charge exchange

AK++B:>A(K-1)++B+ o A
In the EBIS case, charge exchange processes ‘are the main concurrent to
electron-rrnpact ionization ones. The charge exchange Cross- sectlon is
calculated usmg the Muller and Salzborn formula ;. ,
e =1.43x102 ZIV pr2e ‘ (2) ¢
where Zjis the 1on charge and Po the ionization potentlal of the-neutral target.

Ion heatmg by the electron beam’

The electron energy ‘loss is/14/:

9E, ‘2‘Ev ‘ . r(3)

“dt.. M, : e
where Ee is the electron energy, m’ the electron’ mass, M the ion: mass, and vy, -
the rate of electron-ion collisions: ‘v,, = N;o,v, ,

where Nj is the ion densxty, Ve the electron speed and cu- ‘the’ Coulomb cross
sectlon

.

Ze]“lnA,

o’,,—47r[m ez T ) ()

with ¢ the ‘electron charge, Zi the ion charge, and ‘In A1 ‘the - electron-xon

‘Coulomb loga.nthm

‘Energy is: transferred via Coulomb colhs10ns £rom elect.rons to-ions for
the rate: .
Ta@ETHT™ _ dE, e R
[ a ] ey N,-N;. g )

where KT is the ion’ temperature : ) i
Formula (5):is-in accordance w1th the fonnula used’ by the Lwermore
group/s/. R
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" Jon-ion energy exchange

The rate of energy gain of ith ionic species due to collisions with jth
"~ jonic spec1es is written as /5/;

[T, M KT,-T)
[ dt ] =2V"N'M(1+MT/MT)3/2’ ©

where vy is the Coulomb collision rate between ith and jth ionic spec1es kT},
kT; are the ionic temperatures of ith and jth species, and M,, M; are the ion

,masses, ) ,
Z,Z e B L
"—N[ ]{M] Ay, o

37
with In Ay the jon-ion Coulomb logarithms.

Ton trapping

\ , .
Th74/radlal potential on the electron beam edge relative to the beam axis reads
as

V, = 6))
where I is the electron beam current (A) and E, the beam energy (keV),
Beam compensation: f = (Z)-N, /N,, . 9)
Effective radial potential: V, =k-V, , i (10)

with I <k <2

Axial _losses are prevented by high potential barriers installed at the
bou_ndary .dnft tube sections. The axial barrier voltage can be larger than the
- 1adial bamer onc. This is the reason for considering radial losses only.

Ton escape from the trap

- The Maxwe]] Boltzman distribution function is the following /16/:

f(E) ——JE / kT, exp( E [ KT; ), (11),
Jr kT,
Let the funcuon be normahzed as:
T rEyaE, =1, . (12)
Ei~0

and the dlstnbutxon be established for about tmin <1/ v, where i= As a rule,
tmin<1ps for the EBIS parameters: Nj > 106 cm3, kT; > 1 V.

The border energy for ions with charge Z: E, = Z- Vi 5 {(13)

According to normalization conditions, the density loss-for ions with charge Z
that are able to escape from the trap can be written as:

AN, = N, ff(E)dE , , (14)
E=E,
The energy loss due to escaping ions:
A(NKT) = N, I(f,(E )YdE, (15)

The rate of diffusion escape from the trap for ions wnh charge Zis cxpressed
as:

dN,

-—[#‘ =V, AN,-, (16)
and the rate of energy loss: '

IV _y, avpTy, a7

where v, 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/:
N,

=D, }_ R ‘ (18)
where D, is the coefficient of perpendicular diffusion: D, = —l‘ﬁ—/_v_f” Dis
the diffusion coefficient: D = }”If T-;v, s Vi is the total Coulomb collision rate
for ith ionic species: v, = Z Vs - W is the ion cyclopron frequency for
magnetxc field induction B: w, = ZMiB . |
The jon escape speed can be written as: .
%”L':zn-r,,-l, T, { | (19

where 1, is the electron beam radius and Ly, 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: :

dN,
dt

dn, 2 S '
=71L/(’7"’2'L”)=r_,'r’ (20)

If we suppose that AN,=const at 0<r<r, and it decreases linear to zero
at 1,<r<ry , where ryq is the drift tube radii, then:
3 B



r~D, - i, 21
L a-n) b
and the rate of diffusion escape:
2

vy~ ———.D . 22
! ry(rng-nr) * ) 22

Numerical model

Let the ionization proceed by single steps, then:

(dN, -
— L= oot + Nid s

dt
dN radese

=Noi, - Nl("{xz +40 )+N2221

.............................................................. (23)
dN dN, Y
';171‘ = Ni—lzl-l,i - Niuun + zl.i-l) + Nm‘znu - [‘7 s
dN rodese

7o Z-IXZ-LZ =NyA - )

: where Ny .. Nz are the ion and atom densities, : )
Aol s A2 5 A1 s Mg+l s Az-1,z are the ionization coefficients: Aia = Oisades

21,05 x?,l » Mi+1,is Aij-1» Az,z-1 are the recombination and charge exchange
coefficients: : :

Ajj1=Ar tA, ,where 4 =0, - j,, oy is the recombination cross-section,

A =0, Ny~ (V,), op is the charge exchange cross-section, N is the density of
neutral atoms, <¥;> is the mean ion speed.

The evolution of NikT; is described by:

d(NkT,)
_di— = Nl-lkT;-lzl-U - N.kT; (zuu +4;4)+ Ny kT:ﬂzldJ

. (24)

[d(N T, )]"""”‘ > [d(N kT
dt

[d(N,kn) e
R/

Calculations

At first, charge evolutions for the - jonization of Kr atoms were
calculated. Recombination, charge exchange, ion heating, energy cxchangc and
ion escape processes were not taken into account. Relative Kr jon densities

calculated - at je=1.2-102! 1/(cm2 ), Ug=2-10% ¢V are shown in Fig. 1. We
suppose that this consideration is true. because our previous clcctron-lmpact
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. This is the reason for
us to calculate the charge-state evolution normalized to a unit magmrudc for
cach time point.
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Fig. 1 -

The results were compared with those of analytical calculations carried
out according to the analytical- model of single step ionization /%/. It was noted
that at a starting calculation step value of less than 4-10-5 s, the numerical data
agree with the analytical ones.

Then the charge exchange processes were taken into account, and-the
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
0.015 cm, je=1.2-1021 1/(cm? ), U,=7-103 ¢V). We suppose that the
concentration of Ne atoms (N9) in the electron beam is a constant because the
average time of - Ne atom pass through the electron beam diameter is about
5106 s at an/ inside temperature of 4 K despitc the average single-step
ionization time of Ne atoms equal to 10 s. The time evolution of relative Kr
ion densities at different Ne® concentrations is shown in Figs.2,3,4.

For Ne® concentration exceeding 107 cm-3, the calculated  results
demonstrate a sufficient influence of charge exchange processes on relative
concentrations of Kr30+-34+ jons.
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Fig. 3

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=1.2.102! 1/(cm2s), Ug=7-10% eV, Nk(0)=10°
cm3, 1p=0.015 cm, B=1.2 Tl. The average energy per Kr ion charge (kTi/Z)
and the trap potential (Ve ) are the results of the calculation shown in "Fig.5,
where (kTi/Z) 1 and Ve 1 correspond to the calculations without taking into
account the ion escape process, (kTi/Z) 2, Vg 2- with taking into account th

one. In this case we assume that Vy=2Vp. - - :

L
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Fig. 5

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 jo=1.2-1021 1/(cm? ), Ug=7-103 €V, Ni(0)=10° cm-3.
The results presented as a function of je-t are shown in Fig.6.
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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/!%/. Equation
systems (23,24) created for Kr and Ne are solved simultaneously. The results
for Kr at je=1.2-1021 1/(cm2s), U,=7-103 eV, Nk(0Q)= 1.2-1010 .cm'? and
Nk(0)=10% cm-3 by cooling with Ne jons (the Ne atom concentration in the
electron beam (Npe) is a constant and equal to 2.4-105 cm-3 ) and without
cooling are presented in Fig.7.

§
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Fig. 7
The corresponding time dependences of beam compensation values are
shown in Fig. 8, where the solid lines correspond to Ng,~1.2-1010 cm-3 and the
dotted ones to Ng~10% cm-3.
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Comparison with experimental results

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 ps. The
best numerical approximation was obtained at ‘Voy=Vy for j;=1.77-102!
1/(cm2s), Uy=7-103 eV, Ng/(0)=6-10° cm-3, p=0.015 c¢m, B=12 Ti, 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 corrcqunding to Fig. 9 are shown in Figs. 10,11,12,

| (mkA)
M 7|—x—Exp t
12 ot | —t—NNe=106 cm3
- : —o—NNp=2.4-105 cm3
10 1 {|—6—NNeo=5-10% cm™
8 B I S e e
& 4
4 g
2 4 $
0 §
] 0.s 1 15
T (s)
' Fig. 9
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The time evolution of Kr ijon densities at Nye=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/.

Ni (cm™) ’ " -
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Conclusion - 3
The workable numerical model of EBIS has been created. The 1.0E+8
calculated results are close to the experimental ones. The model made more : 1
understandable the influence of different processes in the trap on the EBIS -DE+7 i
output parameters.

The authors are very grateful to Dr. E.D. Donets and Dr. G.D. Shirkov ’ ‘ . 1.0E+6
for their interest in the model and useful djscussions. ‘

Nu.-lﬂs em-3 l_
— — -Npg=2.4-105 cm"
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