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INTRODUTION 

The electron be,a~ •ion sou~ce EBIS is an electron, accele~ 

rater with a drift tube. The elE:e;tron beam_ is_ strongly focu:

_sed by the longitudinal ma9netic field, The ions are produ-:-
, I ' I 

ced as the res_ult_ of elec,tron impact _ionization .of the_,neu:-. 

tral atoms or molecules in the beam or in a specialpreioni

zation stage of the source. The ions are caught and kept by 

the negative potential well of _the beam and they undergo 

further ionization step-by:-step. The ion charge states are 

determined by the electron density, · confinement time and 

elect'ron energy, There are potential barriers at the end~ ~f 

the beam for the ion confinement in the longitudinal direc~ 

tion. Xe53
• · and Xe54

+ ions were obtai~ed in KRION..:.2 EBIS 

/1/, The times· about 1Os are required for obtaining ·the 

super•.high charged ions.- One of _the main problems_-is ·_great 

losses of highly charged ions at the prolonged.time confine

ment. This article touches the problems of highly charged, 

ion losses and. ion cooling in EBIS. 

I. ION LOSSES· FOR BOLTZMAN DISTRIBUTION OF ION ENERGIES 

IN EBIS BEAM 

It was shown that the ion heating in elastic collisions 

with electrons at ionization times ,during some sec·onds may 

be one of the main c~uses of the .ion los'ses. The more ~ccu

ra_te calculations require. to. take into C(!nsideration the 

peculiaritY of. dis't'Tibution fuilct'ion for ·io"n ener9'ies. There 
' . 

are the· intensiv~ elastic coll is.ions among the ions in the .. 

electron ;b~am o:r'' EBIS. The collision 'rate _of the ions' with 

charge state i', mass ~~mber A, temperature T
1 

with the ions 

\ of all ion compo~en~s is 

n 

X L 
_k=l 

3/2 

(1) 



Where r and mare the classical radius and the rest mass of e 

electron, c is the velocity of light, Lkf.15 is, the so 

called, Coulomb logarithm, nk is the ion density of one of n 

ion components. For typical EBIS -parameters v =10 4 +10
6
s-

1
; • •• ,,_ • '· : I 

The. ion thermolization takes place in the beam at the times 

.tlt ::,· 1/v'. The 'c:iist.ribution functions .of all ionic species I _I, __ :, . 

became Boltzman distr:ibution .of equality temperature T

1 

for 
every kinds of ions: 

2 
f (E )= _:__ 

I I: ;;; 

1. 

T 
I 

;y-;I -E /T 
e I .1 

(2) 

The highly ionized ions with energy higher than E , 
• ·

2 
· . . ,i m 

Where E1 m=imc reNe(1-f), go ,away from the beam volume. Where z . . 

f= [ iN1 /Ne is.:the beam neutralization factor, Ne and N

1 

are I= 1 . . _ ., . , 

the linear. densities of electrons and ions, z is the maximum 

ion charge stat·e•. Iii our case· z equals to the ·nuclear number. 

The ions dciri•t.'depeiid much on the electrons and vice versa, 

in the case when the ions are outside the beam most of the 

time. So, we consider such ions to be the lost particles 
/3/. The linear _density of the lost particles is: 

00 

LlN1 = N
1 

f f
1
(E)dE 

E Im 
= (2N / /7l)Xf'(3/2, E /T ) 

1 ✓ 1 
Im 1 (3) 

Where f'( ex, xf is incomplete. f'-function. T~ere are some parti:

cles always with E>E for. every ion temperature T <E 
, 1 m i 1 m 

These ions are. _lost from the beam. The io.n ·collisions reha-

bilitate the distribution function, the ions with high e~er

gies are 'iost_ and so_on. Thus, we have continuous ion loss~s 

and ion eiier~y outflow. This process must be described· with 

balance equati~~s •f~r total energy and ion nurrih~r in t.h'e 

beam. It i:,,~s ;Uppose~ to use light low charged idns'ror tern~ 

perature decreasing of highly charged ions with the aim to· 

reduce·ion losses from the beam./4/. This effect was ___ experi-

meritally discovered /1, 5/ and was theoreticall_y explained. in 

ref./2/ .. The evolution of ion accumulation and ion cooling 

in the_ electron beam ion trap· were studied in Livermo·re 

2 

l 
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/6,7/. The low charged 

ions, leave the beam and take 
ions receive the energy of heavy 

the _energy away. Let us suppo-; 

of heavy highly charged_ions is kept 

Then the iate of _ion losses. is de-

se that the temperature 

at the constant level. 

fined from equation: 

dN 1/dt = -.tlN
1
/.tlt 1 (-4) 

One can obtain, using the formulas (1) and (3): 

N = N /(1+t/-c) , 
1 1 o i 

with 

't 1· 

1 ;·rrAMN a
2

N 
e e 

= ; ' _2_Z_m--r. Z2 N c 
e · l'o 

( 

T ) 2 . T -1 

LI. E:m :exp(~J(1~f)312, 
Im 

( 5) 

He.re· a is the beam radius. It was· used .that T T. in 
k' 

( 1) .· 

and ['(3;;'.x) ::<.FexIJ(-;x) for x » 1 in (3). 
1 

The typical lifetim~s (in s~conds) for different elements. 

for KRION-2 type ion source ( N =3x10 8 cm- 1
, a = O. 0015cm, f 

. e 

~ Z N
0
/N

0 
= 0.5) are presented in the table. 

Table. Dependence of_ lifetime -c
1
in ·seconds 

• 
1 E relation for A, Kr, Xe and,U ions. Im 

on T. 
l 

T /E I A Kr Xe u 
12~, 

4.7_,10- 5 
2. 4 10- 5

. 1. 6. 10- 5 1. 0 10- 5 

·5 1. 5 10- 4 7.7 10- 5 5,3· 10- 5 3. 2 10- 5 

10 5.6 10 - 3 2.9 10 - 3 , 1.9 10 ~3 --
·1:2_:10 °3 

15 0.37 0,19 0.13 o .. o7s 

20 

I 31 16 11 6.5 

25 2900 1500 1000 620 

to· 

According,to these results it is necessary to keep _the 

temperature at the level of Ti '.::Eim/20 to preclude the pos-

:1 

'--c 



sibility of ion losses at beam lifetime about 10s. 

Let us use the designations: the index "1" is ·for heavy 

working ions and index· "2" ·is for light i_ons for. cooling, 

The charge states for all kind of ions can be expected equal. 

tci nuclear ·n:umber for prolonged confinement•. time_s. Th~n for 

cooling it is necessary to keep the ion temperature• T >' E · · 
I 2m 

, where E = Z m c 2r N ( 1-f). Hence E /E = z: /Z , and Z /Z > 
, 2m 2 e e 1 2 1 2 1 2 

20. So, it follows that one should use the most light ele-

ments for cooling, for example, the ions of helium. 

II. HEAVY ION COOLING WITH LIGHT ION FLOW 

It is possible to cool the highly charged ions with con

tinuous flow of. light ions along the beam. The light ions. 

are injected with energy E < E , they receive the energy 
· 20 2m . , , - _ 

from heavy ions, heat to the energy more than' E , are· lost 
· . 2m 

and take away the energy from_the beam. The heavy ions take 

the energy from electrons and return it to ·the light ions. 

Two requirement must ~e fulfilled in station~ry c;nditions: 

1). The heating rate is not higher than the cooling rate for 

heavy ions: 

dE+ /dt :s ct~'-/dt 
1 . .1 

(6) 

2). The light· ions_ have time to get. the energ·y more than E 
, 2m 

during transit. tim_e along the. beam: 

1 dE+ /dt ;?: ( E -E ) v 
2 20 2m 2 

(7) 

where 1 is• the· beam length, v = /2 E /AM is the mean 
, 2 2 . 2 • 

veloci ~y of light ions: 

The heating rate of heavy ions in elastic collisions with 

electrons is: 

dE+ 
1 

dt 
If r

2 
Z

2 
N m2 c 4

L 
e 1 e e (8) 

a 2 A1 M 

4 

111 
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IJ 
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-J 
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with Ee - electro~ energy, .Le::: 10 - 1;-he so. called Coulolllb 

1·ogarithm. The cooling rate of heavy ions _with light· ions is: 

dE 4 N r 2 m 2 c4 z2 z2 ,r;:; ( E1 - E) 1 2 e 1. 2 ;A; L = ( 9) dt I 
cl2 At E3/2 

2 

In addition we have N2dE;/dt =· N dE-/dt 1 , 1 
and; thus, it is 

possible to obtain: 

I 

I Z V N m2 c 2 N r 
2 = ~ ~ -, e:---e 

v N ·472 A ME · e e · 2 e 

( 1 -· f + C ) 
2 

______ o __ 

(2c
1

- c
0

- 1 + f) 
( 10) ' 

' ' 2 2 . 
where c

0
= E20/Z2mc Nereand c 1= T

1
/_Z2mc Nere If T

1 
is sup-

posed equal to E /20, then c =Z ( 1-f)/(2bZ ) and finally 
,lm . . 1 1 , · · 2 .. 

I 
2 

;?: 1.4x10-10 
N Z 

e 2 
(1-f+c) 2 

0 

I Ee A2 ((1 - f)(Z1- 10Z)'·- 10Z2c) 

.The condition (7) results-to relation: 

( 1 -, f - C ){ 1 - f +c ) 2 
0 . 0 

(1 -f)(Z '-- 1oz) - ·1oz c 
1 2' 2 0' 

F .' L l' 
2 zl A2 e f· = af. 

:s A N a2 
5 z2·,,1,,.e 

( 11) 

We have l = 100cm for KRION-2 and• a··= O. 01 .. The relations 

( 10) and ( 11) make poss :ibl e to d~termi ne the required cur

rent and initial energy of llght ions fbr: 'the per~i~sible 

value" of· neut'ralization fact~r' f:' Depena~iicies of f factor 

on energy c· are presented· in -~ig. The. curv~s 1 correspond 
0 , , , . , ' ,·· ·. . ; : .. · • i_ 'l . · 0

" 

to a = 0.'05, the curves 2 correspond· to· a = 0. 01 and the 

curves 3 to a= 0.002. The curves 4 relate to condition E = 
· 1 

E2, when the numerators in formulas (10) and (11) become 

equal to zero. In the Fig. the solid lines show the results 

for Xe ions (Z = 54) knd the dash~d li~es relate t~ u ions 
1 . ', : .. ' ' . . .. ' 

(Z =92). The working values of'f and c ·fall inside one of 
1 O • < •••,; ; ; ,,~ , <- • •' •, • 0 ac' X • 

the curves 4 and one of the curves 1, 2 or 3, respectively. 
. •. . . s···. . •. ·. . . . ·•. 

So, for KRION-2, if E = 10 eV and £ =O .. 7 CE = 60eV), we 
e . t o ~, . , o 

5 



} 

can obtain for 

> 0. 3., Similar 
Xe ions: I> 4.2X10- 8 I -= 4.2X10- 2 A, ,0.6 

2 e · · > f 
' , , -9 

for U ions:' 1
2
> sx10 A, 0. 8 > f > 0. 25. 

~------:.. 
0,9t . ""-._, ----~ 

----------------
0.-· ----- ' , ' 

l -02r ________________ _ 
. - ---

' ' . : 

0.1 

0 0,1 0,2 0,3 0.4 0,5 OJ; 0,7 O,S 0,9 &, 

III. CONCLUS!ON 

Fig. Dependence of neut

ralization factor f on 

_initial energy of light 

ions c, in relative units. 
0 

Here curves 1 are for a= 

0.05, curves 2 are for a 

0.01 and curves 3 are for 

a = O. 002. The curves 4 

are the conditions of po~ 

sitive. value of expres

sions (10) and ,(11). The. 

solid lines are for Xe 

ions and. the dashed lines 

are for u- ions. 

Thus, in the conclusion we cansummarize·that the elastic 

ion collisions in EBIS electron beam are the cause of great 

losses of highly charged -ions•.• during· the confinement: times 

of some seconds, I_t i~ necessary to use·_ the most i'ight: ions 

(H+ and He++) for cool_ing till the temperatures not less 

than twenty_ times .. lower than the potential barrier._ It is 

possible to ~6~1 th~, he~vy hi~hly c~arg~d- i~ns by light ion. 
,.: ' ,1 ·1·.' ·.' .". ' : . '., • 

flow with the current about some nA_ and accurately selected_ 

initial 'eriergi~s. The probab'i'lity ,~f ion losses,'' when the 
I • ,, , ', ,, , 

parameters of 'c'ooling flow are not chosen correctly the 

problem of io~ los;e~, ;~qui rs, ~ddi tio~al ,investigations.: 
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