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Introduction 

The el~ctron beams·of)he el~ctron co9ling method suggested by G.I.Budker :Pl in· , 

Novosibi~sk, ~he Electron'B~a~ Ion S~urces (EB1s{~onstructed in Dubna by E.D.D~nets [2] , 

and ~lectron Beam Ion Traps (EBIT) developed in Livermore [3] have the beam parameters in 

the same ranges of magnitudes. EBIS and EBIT produce and accumulate ions in th~ beam cjue 
, , 

. to· the electron impact ionization duri_ng a long. ra~ge ion c?nfinement in the electrostatic 

, potential trap of the electron beam. The cooling electron beam accumulates positive ions from 

the residual gas_ in :the accelerator chamber duri~g the cooling cycle. The space charg~ 

neutralization of cooling beam is used to reduce the electron.ene~gy spread and _enhance the 

cooling ability (4]. 

The report presents the analysis of the' most_ important processes connected with .ion 

pro~uction, accumulation and losses in intensive electron beams of ion sources ~cl' electron 

cooling systems · for proton and ion colliders. The. theo_retical result~ _'are· ill~strated with 

evaluations· and calculations ·of real parameters and physical effects in the electron, beams. of 
. . 

two electron cooling set ups andKRION-2 beam ~our~e. 

The.ions and secondary electrons are generated in the electron beams by electron impact 
. ~ . ~ ' -. 

ionization. Sometimes (in the EBIS, for instan~e) ions are "cooked" outside the main beam and 
. - ' . ' - \ . ' . 

injected int~ it along the axis.· The electron beam creates a ne:gative electrical potential in the_ . 

radial direction. This potential ;x~sts as a poten~ial well for the positive ions'. Special p~tential 

barriers at the _beam ends limit the ion _losses along the beam axis in EBIS. The trapped ions_ 

could undergo the subsequent step-by-step' ionization in the electron beam. The secondary 

electrons are pushed out from the beam with negative potential and · in the case of axial 
- •' ' ~·, , 

magnetic field, they drift along the' beam and are lost at the chamber walls, anode or special 

cleaning electrodes. The accum~lat~d. ions neutralize the ele~tron space charge and decrease 

radial negativ_e poten_tial in· the electrnn beam . 
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Collision processes 

There are different kinds of scattering among electrons, ions and residual neutrals in the 

beam. In general, scattering of atomic particles could be divided into two different physical 

types. The first one is inelastic collisions that include all the types of interactions with the 

change of the internal state of colliding particles. The state change of the atomic or ionic 

electron shell is meant in our consideration~ Thus, the electron impact ionization and 

excitation, charge exchange process between neutral atoms and ions, all types of ion 

recombination v..ith electrons and etc. are inelastic collisions. The electron impact ioriizatio~ is 

the most important inelastic process in the intensive electron beam of the ke V and higher 

energy. The charge exchange process is very significant in the case of highly charged ion 

production and it is one of the main limits to produce extremely high charge states in the ion 

sources. The second type of particle scattering is elastic collisions among charged particles. 

The elastic collisions mean Coulomb interaction between charged particles that changes the 

energy and momentum of the particle motion and causes redistribution of the particle energy. 

The elastic collisions in the electron beams may be a cause of the beam dimension increasing, 

heating and loss of trapped ions and the energy redistribution among the ions of different 

charge states and species in the beam. It is well-known that the elastic collisions are a physical 

basement of the electron cooling method in accelerators and of, the so-called, ion cooling in 

ion sources . 

Electron Impact Ionization. Electrons can ionize only the ions havjng ionization 

potentials I lower than the electron kinetic energy Ee, There are a lot of experimental data for 

electron impact ionization for neutral atoms and low charged ions in the literature [5]. 

Different theoretical models are used to calculate ionization cross-section for highly charged 

ions as well as for low charged ions and neutral atoms or molecules. Lotz's formula is one of 

the most useful for calculating cross-sections at non-relativistic electron energies (6]-

45- 10·14 1 n • E 
CT~ = ---L __!_/n-• 

E, J=I Ij Ij 
(I) 

with I being the number of atomic subshells occupied in the ion, nj - the number of electrons in 

the sub-shell considered, and J_j - the ionizing energy of the given sub-shell in e V. 
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Ionization potential Ik increases with ion charge state k approximately as Ik- k2. From 

equation (1) follows that CT~ - 1;2 is in essence a function of (Ee Ilk). So, the dependence of 

the impact ionization cross-section on the ionic charge state is very significant. It can be 

~onsidered approximately as CT~ - k-
4
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According to formula (1), the cross-section i 
CTk has the maximum when 

( E8 / I k) = 2 + 3 The rate of ionization is determined by the value v 8 CT~, where v e is the 

electron velocity. The cross-section (I) depends on the electron energy and the average value 

of ionization rate < V8 CT~ > must be calculated using the energy distribution function for 

electrons in the source. The ionization rate has a maximum for (Eefl,J = 5..,.. 8. 

Charge Exchange Process. Working in opposition to the electron impact ionization, 

charge exchange processes reduce the mean charge of ions, increase the total ion number in the 

beam and can be considered as a very undesirable process in the sources of highly charged 

ions. The cross-section of the charge exchange process for the low collision energy does not 

depend on the energy and can be estimated from the well-known empirical formula of Muller 

and Salzbom [7]: 

o-;' = 1.43 · 1012 kw I -2.16 
0 (2) 

where k is the charge state of the ion and Io - the ionization potential of the neutral. One can 

see_ that exchange cross-section has a strong dependence on the ionization potential of neutral 

atom. Different neutrals have ionization energies in the wide range from 4 to 24 eV. The 

probability of charge exchange between two ions could be roughly estimated also using 

formula (2) with ionization energy of ion-donor. But this probability for positive ions is 

negligible in the most real situation due to strong dependence of ionization potential on the 

ionic charge state. 

Recombination. Recombination is a capture of free electron by an ion. According to the 

laws of quantum mechanics, the third particle should be involved in the process of electron 

capture except electron and ion. One of the possible canals of this reaction is an electron 

capture into the excited state of_the electron shell with the simultaneous emission of photon. It 

is a radiative recombination, the Kim and Pratt formula [8] gives the following dependence of 

cross section a; on effective ion charge z.ff = (Z + i)/2 and electron energy E, : a; - Z~f E., 
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Z is the nuclear charge and i - the charge state of the ion. Sometimes this process is important 

for highly charged ions in the beam with electrons of relatively low energies. An other process 

is the electron capture into the fixed excited state of electron shell with the sim,ultaneous 

transition of one electron of the shell at the exited level. This is a dielectronic recombination. It 

is a resonant process negligible for the electron beam energy of the keV region. 

. 
Elastic collisions. The high energy electron beam with the length in the range of meters, 

focused by the strong longitudinal magnetic field in the beam tube at high vacuum conditions, 

does not undergo serious transversal scattering with the residual gas neutrals and trapped ions. 

But electron-ion and ion-ion elastic collisions are very important to study ion accumulation. 

The rate of ion heating due to the.elastic Coulomb collisions with electrons is (9]: 

' ' '4C:­dE, _ 47r 11, z- r,- m; c ...;m, L,, 

di- AM.j2E, 
(3) 

Here the average ion energy is E;; A and M are the atom mass number and mass of a nucleon, 

correspondingly; Le; is, the so called, Coulomb logarithms; re and me are the classical radius 

and mass of electron; c - the velocity of light. Value v,k is the ion-ion collision frequency[9]: 

3✓67rr2 mz c• ;2 t .JA, A1 J2111 Lu 
V;k = e,.-/ ~-=------312 

vM 1=1(A,E1 +A1 E,) 
(4) 

where i and), I $ I,j $ k correspond to one of the k ion species. 

The rate of ion heating dE; Id! and ion-ion collision frequency v,k for the typical beams of 

EBIS and electron cooling applications are presented in the Table. One can see that elastic 

collisions are very intensive in the beams of EBIS and should be a subject of carefol 

consideration for every beam of electron cooling application. 

Ion accumulation and beam neutralization. 

Jon tlistribution function. All types of interactions in the electron beams and plasma 

depend on the spatial and velocity distribution or the distribution function of pa11icles. In most 

cases of ion sources and electron cooling applications the electron beam is formed and 

transported in the strong axial magnetic field and very often could be assumed as a beam of 

constant density and fixed energy. Opposite to electrons, the ions are generated from neutrals, 

undergo the step-by-step ionization and have a complicated movement with oscillations in the 
5 



self consistent electric and magnetic fields. In the general study the distribution function of ions 

is the solution of Vlasbv kinetic equation complicated by the complete set of Maxwell 

equations with consideration of collision processes. A set of coupled kinetic equations should 

be used :hile considering several ion components in the electron beam or plasma. All types of 

collision and charge transition processes can be taken into account in the complete kinetic 

equations. Very complicated numerical methods are used for solving Vlasov kinetic equations. 

The detailed consideration of this problem is beyond the tasks of our paper. 

Several analytical solutions of the kinetic equation were found for some simple but 

practically important cases of electron beams [IO]. The processes of ion accumulation and 

confinement are relatively slow in the long-lived electron beams. If there are not many ions, 

then the ion-ion collisions could be assumed as a negligible factor and ion distribution function 

f, can be considered to be approximately stationary. In this case the kinetic equations are 

transformed to a simple stationary form - df; ldt = 0. The stationary distribution function can 

only be a function of the integrals of motion. In this consideration every ion has two integrals 

of motion, namely the angular momentum relative to the beam axis M 91 = AM v91 rand total ion 

energy E; = AMv2 12 + ie U(r), r is the ion distance to the beam axis, v91 is the angular velocity 

and U(r) - the potential of the beam electric field. If the beam is azimuth symmetric and the 

initial energy of ions could be assumed negligible, then the ion distribution function has the 

following form [IO]: 

f; = f; (EJ o(Mq) (5) 

where o(x) is the Dirac-0:.function. This equation is able to describe the ion oscillations in the 

self potential of electron beam, for example. 

This equation was solved for the single-charged ions and constant density of electrons 

and neutrals in the beam [11]: 

_ N1AM a(Em-E;) o(Mq) Ji - 2a2w 
,r I 

where Em= N, r, m, c2 is ion energy on the beam border; m; 

(6) 

.N i 
1 ; r, m,c 

AMa2 
is the frequency 

of ion harmonic oscillations in the beam if the electron density is constant; a is the electron 
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beam radius; N, and N; are the linear densities of electrons and ions (i=l for single-charged 

ions); and the function a(x) is defined as a(x) = I for x,?fJ and a(x) = 0 for x<(). 

In the real physical setups the border of the electron beam is often not very sharp and the 

electron density in the beam cross-section is approximated with Gaussian distribution function 

p, = (exp(-r2 12« )I a2 ). The following uniform distribution function for all ionic charge states 

is found in this case [IO] 

I'.= N;AM {- ,2 +v2 / m;2} ~,, I 
J' 2 2 exp · 2 ..,,,.,qi, 

,r a; W; 2a; 
(7) 

with a; is the root-mean-square of ion components in the beam. The ion densities can be found 

from distribution function (6) and (7) after integration in the velocity space. The ion densities 

are [IO] 

and 

P1 =_!!_:_ .Ja2 
-r

2 

2 2 2 --
" a r 

l 
exp(-r

2
/ ) 

P1 = __ ,/2a
2 
i 

a;r 

for the constant electron density and Gaussian distribution, accordingly. 

(8) 

(9) 

Densities (8) and (9) have non-physical singularity (J/r) on the beam axis that is 

connected with the assumption of zero energies of single-stage ions in th_e moment of 

ionization and with the contempt of real elastic collisions in the beam. But from the 

mathematical point of view, this singularity is not of a problem because this function can be 

integrated. The above assumptions made it possible to determine the dependence of average, 

or root-mean-square dimensions of ion components on the ionic charge state. It was shown 

that for constant electron density and step-by-step ionization, for i >> I [10, 12} 

a:= a2/.Jii, (10) 

and in this case the average energy of ions E; in potential well U of the electron beam. has 

square root dependence on the charge state i: 

E; =--.fihr. eU, (11) 
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For the Gaussian electron density the dependence on ionic charge state is stronger [ I OJ 

a;= a2 I 2i 

and the average ion energy Ei does not depend on the charge state at all 

Ei =E1 =eU/2 

(12) 

(13) 

Formulae (8-13) can be used to study ion distributions if, the so-called, neutralization 

factor/= ,4 (inJln, << I and the electron heating as well as the energy redistribution among 

ions, are not very significant in the beam .. The numerical simulation of ion accumulation in the 

electron beams using the method of finite particles with self consistent electrical fields, has. 

shown the applicability of these formulae up to/= 0.1-0.2 [10). Meanwhile, these results make 

it possible to conclude that the ions are concentrated near the axis and form an ion kem in the 

beam center if the neutralization factor is not very high. The ion kem increases the ion-ion 

interaction rate, in particular, elastic collisions in the stable electron beam. 

One should use formula (3) to calculate the energy increasing in addition to (11) or (13) 

at a high rate of ion heating due to_ the elastic collisions with electrons. Formula (4) is used to 

estimate the ion energy redistribution rate while intensive ion-ion Coulomb collisions. In the 

both cases formulae (5-9) don't work and the distribution function of all ions approach to the 

Maxwellian velocity and Holtzman energy distributions with the common temperature T; for all 

ionic species. 

f; (EJ = - -' exp (- - ) 2ai. E; 
I; 1rI; I; 

(14) 

Beam potential The electron beam with constant density in the cross section has an 

electrostatic potential U0(r) 

r eN,rlcl, 0<r<a 
Uo(r) = ~ (15) 

l eN,(J-2/n(rlR)), a<r<R 

For Gaussian beams the potential differs but not very much. It could be assumed in the same 

form in the central region of the beam. 

The ion accumulation in the beam reduces the value of the potential. One can describe in 

general the potential of the neutralized beam as U = Uo (1-j) where/ is the neutralization 

factor. But really, the situation is not so simple due to the peculiarity of ion accumulation. The 

8 

ions are concentrated around the beam axis and disturb the shape of the potential in the region 

of r ,,, 0. The dependence of the beam potential on the neutralization factor is illustrated with 

Fig. I [10). This Figure presents the results of numerical simulation of the ion accumulation in 

the electron beam. The method of finite particles was used for this simulation. The calculations 

collaborate the above considerations and demonstrate the local maximum of potential in the 

beam center due to the ion concentration. 

These results have shown the second important effect - the potential well does not 

disappear at all if/= I. In this case the electron beam does not keep the ions properly and the 

oscillation amplitudes of most ions are larger than the beam radius. Thus, we have the focused 

electron beam with the ion cloud around. The ions have the same space charge but lower self 

field due to the large average . diameter of the ion beam and thus, they do not not fully 

compensate the negative potential inside the electron beam. 

u 
iTIITT 

-0,2 

-0,4 

-0,6 

-0.8 

-1.0 

0 2 _r_ 
Oo 

Figure 1. Dependence of the electricai field potential U on the beam radius r for various 

value of neutralization factor/[10]. 
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Balance equations Ionization processes of neutral atoms and ions, all other charge 

changing transitions in every point of the plasma or electron beams, depend on the ion and 

electron distribution functions and can be described in the general form with a set of collision 

kinetic equations. The knowledge or any reasonable assumption of the energy distribution 

function leads to a set of balance equations for every ionic charge state. It is a set of nonlinear 

differential equations for the ion and electron densities which can describe all transition 

processes among the charged particles. In the simplest case, considering only single ionization 

arfd charge exchange processes, the balance equation for actual charge state i is · 

dn. . . 
1 1 ex I ex 1 ( 6) -=n V <r.n 

1
-n

0
v
0

u. n.-11 V <,. 
1
n.-n

0
v
0

u. 
1

11. 
1

-n. T. 1 
dt e e I n- 1 1 e e 1+ 1 1- 1- 1 1 

here r; is the rate of ion losses. The complete set of equations for all possible charge states 

taking into account single and double transition processes is written, for example, in Ref. [13). 

Often the setup with ion accumulation is used as a continuous working device and all the 

processes in it are stationary. In this case the left sides of the equations can be chosen equal to 

zero (dni ldt = 0). Then this set of balance equations transforms into a set of nonlinear 

algebraic equations. The number of equations is equal to the number of the beam components 

and can be of one hundred order for the heaviest ions. Solving the balance equations with 

numerical methods is not a trivial problem as a rule, but it is not so complicated as for the case 

of kinetic equations. 

Ion accumulation and bellm neutralizlltion. The main process that determines the rate 

of ion accumulation and beam neutralization is the electron impact ionization of neutrals in the 

beam. The created ions have been kept into the potential well of electrons and neutralize the 

electron spatial charge. The balance equations lead us to the simplest equation that is able to 

estimate the total ion number in the beam: 

dnl = 11. Ve <, 0 flo 
dt 

(17) 

There are several methods to predict the most probable charge state in the ion source 

[4). Quite an accurate and simple expression follows from balance equations (16): 

J ,; = 4 (JI<,;) (18) 

here} r, =_n, v, ,; is the ionization factor. 
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This value defines the ionization ability of the ion source and allows to estimate the 

ionization time r; to produce the ions with charge state i for the given energy and density of 

electrons. Fig.2 shows the calculated values of} r; for the optimum electron energies for every 

charge state. This Figure. was taken from Ref.[2] and added with the data of nitrogen. 

The time of beam neutralization is r. = 1/ ( <i> v, u 0 n0 ) where <l> is the average ion 

charge state in the beam. Formula- (18) and Fig.2 be used to estimate this value. 

Ion losses. There are two main types of ion losses from electron beams. The first one is 

the loss of ions with the energy over potential barrier at the side beam border or ends. The 

second type is different instabilities that can arise in the beam during the beam confinement and 

ion accumulation. We shall not consider the instabilities here. 

The physics of ion losses over potential barrier can have peculiarities. In one case the 

ions have the energy distribution function of type (6) with the limited ion maximum energy. 

The potential barrier reduces in time due to the beam neutralization or ion average energy 

increases as the result of electron heating. If the average value of ion energy becomes close to 

the barrier value and the ener$Y of some ions goes beyond the barrier, then the ion losses 

appear and in the static case there is some balance between the ion production and losses at the 

fixed neutralization factor and potential of the beam. The second possibility takes place if the 

rate of ion-ion collisions is relatively high. In this case the Holtzman energy distribution with 

the common temperature of all ion species is established quickly. The Holtzman distribution 

has a very long energy tail and for any relation between the potential barrier and ion 

temperature it has a group of particles with the energy beyond the barrier. This is illustrated in 

Fig. 3 where the Holtzman energy distribution of ions is presented. The values of potential 

barriers for ions with charge states i =1 - 5 are also shown in this Figure. 

The ions from the tail with the energy higher than the potential barrier, will be lost from 

the beam but after the time of ion energy redistribution r ~ 1/v;k the tail will "grow" again, n~w 

particles will be lost once more and so on. One can name this kind of losses as "under barrier 

ion losses" because they can take place for the ion temperatures much less than the potential 

barrier in the beam. Thus, the continuous ion losses will start as soon as the Holtzman 

distribution is established. 

The under barrier losses are very dangerous for the EBIS beams, especially, if the main 

ions are cooked outside the beam trap for the subsequent long-time ionization. According to 

the results of Ref. [ 14 ], this kind of losses is one of the main limits of the ion number for the 

highly charged ion production in EHIS. Ion cooling is the most effective and widely used 

method to suppress ion losses and significantly improve the highly charged ion production in 

EBIT and EHIS now. 
11 
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Figure 2. Calculated values ofj'ri required for producing Ne, Ar, Xe and U ions of a given 

charge state at corresponding energies of the electrons [2] added with the data for N . 
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Figure 3. Boltzman energy distribution for the ions with temperature T and values of 

potential barrier for the charge states of i = I - 5 [ 13]. 
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Jon cooling. An idea of using light low charged ions to cool heavy highly charged ions 

and evacuate the ion energy from the beam of EBIS, appeared about 15 years ago in Dubna 

[15] . The idea was stimulated by famous Novosibirsk method of "Elec_tron cooling" and 

named "Ion cooling". 

Different ion charge states of i have different values of potential barrier ieU in the 

electron beam. Various ions have equal temperature due to the intensive ion-ion elastic 

collisions but different potential barriers and different rates of losses from the beam. The 

electrons heat all the ions but light ions are heated slower than the heavy ions (3) in the mixture 

of different ibn species. Simultaneously the light ions are heated due to the elastic collisions (4) 

with highly charged heavy ions. This process increases the light ion temperature and decreases 

the temperature of heavier species. The low charged ions have a low potential barrier and, 

therefore, they are lost or evapora~ed from the beam taking away the energy of the heavy ions. 

The decrease of the heavy ion temperature prevents the heavy ion losses and provides the 

highly charged ion production. Low charged light ions could be produced outside and 

continuously injected in the main beam or the pressure and composition of residual gas in the 

beam tube can be chosen to feed the beam with light ions. Special regimes of ion cooling were 

also proposed to prevent the under barriers ion losses [14]. 

To summarize, two conditions are necessary for ion cooling: 

• the negative potential for ion confinement; 

• high rate of elastic ion-ion collisions for the ion energy thermalization in the beam. 

Ion cooling or evaporation cooling is one of the most effective methods to produce 

highly charged ions not only in EBIS and EBIT now but in the Electron-Cyclotron Resonance 

ion sources as well [13]. 

Results 

Let us apply the above theoretical methods and models to concrete electron beams for 

electron cooling and ion sources with real parameters. Three beams are considered here: 

Model of Solenoid (MOSOL) in Novosibirsk [16]; LEAR at CERN [17] and ion source 

KRION-2 at Dubna. The main beam parameters are given in the upper part of the Table. 

13 



Table 

setup MOSOL LEAR KRION-2 

electron energy, ke V 0.5 2.5 27 5 100 

beam current,A. 0.003 0.25 1.5 ::;0.2 ::;0.2 
~ 

beam radius, cm , 0.1 2.5 2.5 0.015 0.015 

beam length, cm 0.4 - 2.7 3.2 3.2 1.2 1.2 

magnetic.J.i eld kG . .. ... >;·: 1.5 0.4 - 0.6 0.4 - 0.6 22.5 22.5 

ion atomic 11tin:1ber 1 - 14 1 - 14 1 - 14 12-84 12 - 131 

~ I vacuum p~ssw;e~ 11'fprr >> 0.3 0.03 0.03 0.001 0.001 

· electro11 de11sity, 109 cm"\ 0.5 0.025 0.05 ::; 500 ::; 100 

neutrali.zatfori factor•·••••••·•· 0.9 0.7 0.9 0.1-0.5 0.5 - 0.9 

·electron.b¢@i.pot~ritia1,•·v•I•···· 2 70 150 50 10 - 30 

ionisati<>t~t~/JQ1~c:m•ts~l•••·••••···•·••· ::; 1.0 ::;0.l ::;0.5 ::; 200 ::;2000 

charge st~te,s···••·•••·· ::;NS+ ::; c 4+, 06+ < c4+ o6+ - , 
:;;N1+ ::; Kr36+, Xes4+ 

11~rttrali~tip11 Hi±ie, s•I•••••••···•·.·•·•·· ·. l(W), 0.l(N4+) l0(W), 2(C2+) 40(Ir), 3(C3+) 103(Ir), 30(N5+) 103(fr), 30(N5+) 

ioµµ~atiti~eYJs••••••·•·•••••······•··••· 1.0 0.02 0.01 1000 200 - 400 

it>h~i§# tollitj~r~s,•s;1
••••··•••••••·••••· ::; 105 < 10 < 10 ::; 104 ::; 106 



MOSOL The MOSOL beam has a relatively low electron energy and beam current. The 

beam has low radial electric field but the electron and, accordingly, ion densities are not bad 

because of a small beam radius. Therefore, the electron-ion and ion-ion collision rates are high 

and neutralization time is very low (see Table). One could suggest the following general 

picture of ion accumulation and loss. 

The ions fill the beam during the time of 100 ms. The Boltzman energy distribution is 

established momentary because of the high rate of ion collisions. If the residual gas contains 

hydrogen, then H+ ions work as a coolant for nitrogen ions and leave the beam. Thus, nitrogen 

ions are dominant in the beam, they have good confinement conditions in the trap and charge 

states of 4+ or 5+ (6+ is low, probably, due to the low electron energy). The ions have the 

Boltzman energy distribution and the under barrier losses can play an important role. It may be 

a reason of incomplete compensation of the beam space charge at high vacuum conditions. A 

possible way to improve the situation and grow up the rate of beam compensation is to make 

the neutralization rate comparable with the ion collision rate. The most evident way of that is 

to increase the density of residual gas in MOSOL. 

LEAR. The LEAR beam has a wide range of electron energies and currents. But one 

could see from the Table that the ion processes do not differ much either for the minimum or 

maximum parameters. The beam has high current and electrical potential. But the beam 

diameter is very large and the electron density is, accordingly, low. Therefore, the beam has a 

low rate of elastic collisions and the formulae and relations (6 - 13) can be applied for ion 

consideration before the beam neutralization. But the rate of electron heating of beam ions is 

extremely low and the ions with charge states i > I should have their energies much less than 

the potential barrier and be concentrated along the beam axis according to the above formulae. 

This increases the ion-ion collision rate, causes the ion energy thermalization and under barrier 

losses of ions, in particular, low charge state species. Thus, it can be a cause of equilibrium 

with incomplete beam neutralization in LEAR, especially, for the low beam energy. 

Hydrogen usually dominates in the chamber at such high vacuum conditions as LEAR 

has, and the residual gas consists ofH2 (90% ), CO and C21-4. Nevertheless, the W ions can not 

accumulate in the beam due to the low ionization rate of neutral hydrogen and intensive under 

barrier losses of the W ions as the result of energy transfer from heavier ions in the beam. So, 

most probable ions should be C2+ or 0 3
+. 
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KRION-2. The peculiarities of ion accumulation and confinement were studied in details 

experimentally [2] and theoretically [5] and published. We shall remind here the most 

important of them. KRION has a very thin, high density and energy electron beam. The main 

purpose is to produce extremely high charge states of heavy ions. The beam has a very high 

ionization rate as well as elastic scattering rate. Thus, the main disadvantage of EBIS and 

EDIT is the high rate of electron heating and under barrier ion losses [14]. The great problem 

is to keep heavy highly charge ions in the beam till the end of the ionization cycle that is in the 

range of seconds or even minutes now. Ion cooling is the most effective way to decrease ion 

losses in EDIS and EBIT. The second problem is the charge exchange process between 

residual neutrals and highly charged ions. This process is able to limit the value of attainable 

charge states in the sources and requires the vacuum pressure better than 10·12 Torr in the 

beam tube. 

The problem of beam neutralization was studied carefully in the first variants ofKRION-

2. It was found that the neutralization factor increases during the first short period of beam 

confinement up to the full beam compensation and then decreases to saturation. The 

equilibrium value of neutralization factor or the beam capacity depends strongly on the 

electron current and energy. And the beam capacity has the maximum with the beam current 

increasing for the given electron energy. These effects can be explained very well with electron 

heating and loss of ion during the confinement time. In the table one can see that electron 

heating and ion-ion energy exchange are in the same oder of magnitude for the low electron 

energy ofKRION. Thus, ion losses appear after ion injection into the trap and heating within 

tens of ms. The equilibrium between electron heating and under barrier losses of ions is 

established and it depends on the beam current or heating rate. 

Fig. 4 shows the dependence of beam neutralization on the confinement time of the 

beam. Fig. 5 presents the dependence of the beam capacity on the beam current for different 

electron energies. These results were obtained for the low beam energies ofKRION and might 

be very interesting now for the problem of beam neutralization for electron cooling. 

Conclusions and Acknowledgments 

The above considerations have shown that inspite of different aims of the electron beams for 

cooling systems and i_on sources, they have very similar physical processes of ion accumulation, 

confinement and losses. Some results of the ion sources study can be successfully applied for 
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the electron cooling beam consideration to explain the experimental results from the physical 

point of view and simulate them mathematically. These methods will be useful, probably, to 

develop the electron cooling technique with beam neutralization, for example, to regulate beam 

neutralization and charge states of accumulated ions. Naturally it is the first experience of such 

collaboration but it brings us the reasons for further joint investigations. 

The author would like to express his recognition and gratitude to I.N.Meshkov who 

inspired him for this report and - to E.M.Syresin and P.R.Zinkevich for valuable discussions. 
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w11pKoo r.~. E9-96-276 
Hru<0rU1e1111e IIOJJOB 11 11eiiTpamnau11J1 npocrpru1crne1111oro :iapl!Jla o J.1eKTpo1111ux n)"lKax 
/1.Hll IIOllllhlX .IICTO'-IIIIIKOB II J.1eKTpo1111oro OXJla)K)l~llllll . . 

'.ibeKTpOIIIIO·Jl)"lCBblC IIOllllhle IICTO'-IIIIIKII (EBIS), J.1CKTpo11110·,1)"leBhlC IIOlillhlC .10B}lllKII (EBIT) 
·II 3JICKTPOlllihle. n)"lKII /IJ!ll J.1CKTpo1111oro OX.Ha;+(/ICllllll IIMCIOT 6.1113Klle 311a'-1Cllllll napaMeTpOB. lfo11bl 
.o6paJ)'IOTCll 11 11aKa11J111saroTc11 s EBIS II EBIT s peJynhTaTe 110111nau1111 :i,1CKTpo1111LJM y:iapm1. n)"loK 
/IJ!ll 3.JleKTpomioro OXJla;+(/ICllllll 11aKart111saeT n0.10lKIITCJlhllble l!Ollbl 113 OCTaTO'-IIIOro ra:ia 8 )"CK0p11TC.1b· 
11oii Kru.tepe B TC'-ICIIIIC UIIKJ!a OXJlaJK/IClllfll. 3apll:tOBYJO 11ciiTpa11nau11ro OXJlaJKllaromero n)"lKa IICl10.1b· 
JYIOT /IJ!ll YMCllblllCllllll :i11epreT11'-1eCKOro pa16poca J.1CKTp01108 II yse.111'-lellllll :icjJcjieKTIIBIIOCTII ox.1aJK-
11e1111ll. 8 pa6oTe pe3yJJbTaTbl MIIOroJJeTIIIIX 3KCnepmtellT.l-1hllblX . IICCJIC/IOBa1111ii. 11 TeopeTIJ'-ICCKIIX 
MO)le.1eii :meKTpollllblX n)"lKOB EBIS npilMCIICllhl /L1ll ll3)"1Cllllll npo6.1eMbl IICiiTpa1mau,i11 ny'-IKa 
s ycTpoiicrnax :ineKTpo1111oro oxnaJKJ1e111111. · - _ . 

B pa6oTe npe11cTrume11a11an11311a116onee saJKllbJX npoue·ccos, cs11Jai111ux c no.1)"lem1eM, 11aKort1e1111eM 
II noTepllMII 1101108 8 IIIITCIICIIBllblX 3JICKTp01111blX n)"lKaX IIOllllblX IICTO'-IIIIIKOB II CIICTeM 3.1CKTpmrnoro 
OXJJaJKJiCllllll /IJ!ll npoTOllllblX II IIOllllblX KOJIJJaiillCJJOB. 06cy)l()laJOTCll npoiiccCbl ynpyroro II lleyllpyroro 
CTOJIKIIOBeHHll '-lacnru 8 3JICKTp011110M n)"lKC. Heynpyrne CTOJIKIIOBIITC.1bllble npouecCbl, TaKIIC KaK 
IIOIIHJaUHll, nepeJapllJlKa .II peKOM6r111au1111 °ll3MClllllOT JapllJlOBblC COCTOllllllll IIOIIOB II 11eiiTpa1b1JhlX 
aTOMOB s · n)"lKe. Ynpyrne Kyno11oscK11e CTOJ1K11ose1111J1 IIJMeHllJOT :i11eprn10 ~acnru II BhJJhlsaroT 
pepepacnpe:teJJe1111e 311epnm MeJKJly KOMno·11e11Ta~III B 3JICKTpO~·IIOllllllhlX ll)"lKax, OnpeJleJJellhl xapaK­
Tepllhle speMe11a II oco6e111rocT11 npouccca 110111naum1, 11eiiTpan11Jau1111 ll)"lKa, 11arpeea II noTepb 110110s 
8 3JleKTp011llblX n)"lKax_ HOllllblX IICTO'-IIIIIKOB II yCTaJIOBKax 3JleKTpommro OXJJaJKJlellllll. l1J)"laeTCll 
JaBHCIIMOCTb

0 

OTp11uaTCJ1bHOro non:11u11ana B nonepe•moM ce<ie111111 OT. cjJaKTopa 11eiiTpanmau11ii n)"-IKa. 
'. ' - , . . .. ,. '.' . . , I 

-Pa6orn BblllOJll!ella B Jla6oparnp1111 coepXBblCO~IIX 311epmii" Ol15ll1. , 

npenpttllT Om,emme1111oro IIIICTHT)'Ta lll.lep1ib1X IICCJI.C)lOBa1111ii. Jly611a, 1996 
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Shirkov G.D. _E9-96-276 
Ion Accumulation and Space Charge Neutr~lization in Intensive Electron Bean;s 
for Ion Sources and Electron Cooling 

··The Ele,ctr~n- Bean1 Ion· s·ources (EBIS), Electron Beam Ion Traps (EBIT) and_ electron beruns 
forelectron cooling application have the berun parameters 111 the same ranges of magnitudes. EBIS 
and EBIT produce and accumulate ions in the bcrun due 'to electron impact ionization. The cooling 

. electron beam· accumulates positi.ve · ions from the residual gas in the accelerator chamber during 
the cooling cycle .. The space charge neutralization of cooling berun is also used to reduce the electron 
energy spread and enhance the cooling ability. The advanced results of- experimental investigations · 
'and theoretical ·.models of the_ EBIS elctron beams .are applie,d to analyze the problcin of bcrun 
neutralization in the electron cooling techniques. · · · · 

·The report presents the analysis of the most. i,riportant processes connected with ion p"roduction, 
·accumulaJion and losses in the intensive electron beams of ion sources and electron cooling systems 
· for proton and ion colliders. The inelastic and elastic collision processes of charged particles in the 
electron beams are considered. The inelastic processes such as ionization, charge exchange and 
recombination change the charge states of ions and neutral atoms in the beam. The elastic Coulomb 
collisions change the energy of particles and cause ihe energy redistribution among components in the 

· electron-ion beams. The characteristic times and specific features 'of ionization, bean1 neutralization. ion 
heating and loss in the ion sources and electron cooling beams are detem1ined. The dependence· of 
rieg~tive potential in the beam cross section on neutralization factor is studied. 

The investigation ha~ been perfonned at the Laboratory of Partide Phy~ics, JINR . 
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