


- INTRODUCTION ~ 2

oo In recent’ times electron cyclotron resonance. (ECR) sour¥
‘bces have become 1mportant for the generatlon of 1ntens1ve

e beams of multiply charged heavy :ions. in connect1on w1th ac—i

.celerator and atomic ‘physics fac1l1t1es ECRIS  is plasma :
,confined‘in thefopen magnetic trap. The' plasma. electrons are
'heated by m1crowave fleld operatlng w1th the frequency of
“the electrons 1n the long1tud1nal magnet1c fleld in the’

‘~.,trap Spec1al co11s create ‘the reg1ons with the 1ncreased“

‘h:magnet1c ‘field or magnetlc mirrors for electron conf1nement
C<L0n1y electrons with veloc1ty vectors in a small solid angle“
along the trap ax1s can: ‘be lost from the plasma. "The elec-—
‘ftron 11fet1me is determlned by the probab111ty of- electron*
. scattering on'plasma’ components,velectron energy and the. va-.
2'lue of R =.B." /B

o Boin :The ions have much less. energy. T than:

] f»the electron: energy T and:.its-confinement. conditions. in ma-.

gnet1c mirrors:are worse. ‘The negative . plasma_potent1algapjl
pears “when ions leave ‘the trap 'and it regulates the rate'of

‘.ionylosses The positively, charged ions have. been ‘injected
“into ionization. zone from the first stage of the source, or
‘fgenerated from res1dual gas as‘ the result of electron 1mpact§
‘1on1zat1on The ionization degree increases with successive
‘~10n1zatlon ‘during the ion iifetime. The mean ionization ‘deg-'
ree,depends on the electron density and lifetime of: the ‘ions
in the magnetic trap. The maximum‘ionization‘degree'is limi=
‘ted by the e1ectronienergy;because the'electrons may only:
ionize ions with ionization potentials’ lower than the elec-

\tron kinetic energy The d1fferent 1on charged states i have

'dlfferent llfet1mes T, and’ leave the - trap with various pro-

babilities. It is the: .cause .of ‘strong. d1fference between .the -
o ion charged: state distributions. in .the. output beam :and ;in

* the source trap.’ B

,I;chNaCONFINEMENT,f

vSome theoret1ca1 models ‘to calculate *ion charged “state
ad1str1butions 1n ECRIS Were created earlier /1 3/ The plas—
ma ‘losses from the open magnet1c trap were’ stud1ed “in the
‘connectlon with the problem of thermonuclear fusion. Desplte
".the difference of the plasma.parameters.(hot ions ‘and cold
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'electrons in the thermonuclear fusion), the'obtained results
.can be used to study ECR sources.

In aﬂwide-range of the plasma parameters the ion lifeti-
mes are described quite well by a simple interpolation. for-

mula'aecording to Pastukhov theory /4/.
4= T T (1)

where T, 1s the ion 11fet1me 1n the 11m1t of frequent ‘colli-
‘51ons. In that case the ion 1osses are def1ned by the gasdy—
namics flow value of partlcles runnlng over the potent1a1

barrier of the trap /4/-.
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with: A-the atomic mass number; ‘M-the nucleon rest mass;
1-the: : . length; U-the
potential: U ‘is ‘determined by the  condition. of equality
between\the ioniand electron currents leaving the trap:

" source

effective eleotric

»ne/te :v X“nl/ti v

i=1

where T is the electron lifetime; n are the densities off

dlfferent ion. components.

‘The -ion 11fet1me in the 11m1t of rare collisions was- °

found in /4/:

e tloG

= ——— (iU/T)) exp(il/T) - . (3)
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T =pi/(xxl+xlo)’

with = G = VH‘(Rel)/(ZR/ln(ZRfZ))l ‘o

where A and xib'arefthe collision. frequencies among ions
i1

and between ‘ions ‘and neutral atoms:/3/. As usual, tll‘is,
for the typical ECR plasma parameters. : -

much higher than T ,

The strong magnetic field in ECRIS suppresses the plasma
instabilities and the basic mechanism of'ion heating is via
elastic Coulomb collisions with electrons. The collisibns
among the 1ons result in equal energy for a11 kinds of 1ons.

Ion losses decrease the total energy of 1on components. Thel

balance condition of ion energ1es makes poss1b1e to def1ne

the ion temperature:

r. = R1V/ /(2T expiW/T)., (2

plasma:[
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where Z is the charge: of the nucleus, re,and m are.the clas-

sical :radius and.the rest mass of electron, L  =15+20 is, so’
called; Coulomb logarithm; c is the velocity of light.

The ion fluxes out of the end of “the confinement region’
are /2/ d@x/dt = n‘l/tl
sities can be valued as

and the corresponding current den-

I=1.6x10"" in, 1/1; [A cm ’]. - (8) -

One can come to the following, statement after. the analysis
of the‘confinement conditions and equations k1)+(5): B
' 1). The decreasing of ion temperature is a cause which
rises ion lifetimes and, thus, it increases the ion mean:
charge in‘the plasma; " ‘ l

2). The negative plasma potential is(necessary'for the

-ion conflnement The ions with the h1gher charge states have'
'the larger lifetimes T, and it is more difficult for them to
‘lose the plasma accordlng to the formulas (2) and (3) So,
the output ion charge distribution has the less mean charge'

in comparlson with the charge dlstrlbutlono1n81de the trap.-
II. ION COOLING

~.It . has been experimentally discovered in. the recent 4-5
years that the addition of 1light ions increases»the/extracﬁ'

‘tlon of mult1ply charged heavy ions ' in ‘ECR sources. - (for,

example /6 7/) It was shown /5/ that the ion energy redz—in

strlbutlon and temperature stablllzatlon t1mes have a m1cro—;“

second t1me scale and much less than the m1111second time

_scale of 1on 11fet1mes 1n the plasma The electrons heat the

llght 1ons slower than the heavy 1ons /5/ “But lightfions
take away some part of energy from heavy ions in a short’
t1me and decrease the’ common temperature
llght ions have Low charges and lifetimes - T, (2—3).”They are’
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At the same ‘time "



lost from the source taking away the energy of heavy ions.
The decreasing of heavy. ion temperature causes the rising of
the heavy ion lifetimes and mean charge.

The results of numerical calculations of ion charge state
distribution for MINIMAFIOS type ECRIS /6/ are shown in
Figs. 1 and 2. The calculations for Krypton and Nitrogen ion

mixture with T =5000eV and n =2x10'2cm™® have been carried

. z
- . e sy s * :
out. ‘The normalized ion densities nl=n / Z n are presented
t=1

~in Fig.1. Figqg. 2 shows the normalized densities of extrac—

tion® current from the source I 1/ Z I
. i=1
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In. the Figs

. large po1nts correspond to the ca1cu1atlon when the total'

densltles of Kr ions are equal to the- total dens1t1es of N

ions and the large polnts for the dens1t1es of Kr 1ons are‘;'

less than the densities of N ions in twenty times.
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small p01nts correspond to pure Kr, :the/
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~ The calculations have shown that the addition of N ions
into the plasma with separated parameters reduces the ion
temperature from 16eV till 5eV and increases the mean charge
state of Kr ions in the plasma from 7 till 17. ‘At the same.
time- the multycharged ion output is increasing, but 'not in
such a high degree as the density of multiply charged ions

'in the trap. The decreasing of ion loss rates. for ions with

the higher charge states’causes this effect.
III. RF PULSE MODE

To increase the multlply charged ion flux from ECRIS one -
can take off the potential wh1ch confined the ions ‘in the,

trap. The ions inside the trap will '"pour out" from the

‘source and one can obtain the ion. current pulse with the
charged state d1str1but1on llke the ions accumulated 1nuthe

trap. Such a result may be obtained, for example, when the
electron heat1ng is switched off 1n so called "pulse reglme"
©/8,9/. When the RF. power is turned off the electrons become
cool . in the short t1me, the electron conflnement condltlons ;

are gett1ng worse, the electron dens1ty reduces and the 1onsi

of every charged states are ascaping from the trap. So, the =~

pulse of ion current w1th the domination  of hlgh charged

ions appears. : v ; e
The numerical simulation have been carried out in the
real time scale of time dependence of argon, ion output:from

v MINIHAFIOS'type ECRIS after RF power being switched’ off. It . .:

was supposed'in calculations that the main‘energy‘loss of
electron component is connected w1th the electron ‘losses’
- from the trap. Hence, when the heat1ng is over the electron .’

energy changes as:

,dTe/dt:—Tex( dné/\dt):v—-T;ne/‘cev "
it 'wag‘ supposed also that T =5000eV and n_ =2x10'%2cm™® at ‘the
1n1t1a1 momentk The time dependences of output current’ den—’
sities for A% Ag',iAll" Alaf
rent dens1ty are presented in F1g 3.
RF power 1s turned off ‘the’ charge state distribution is si-
milar to the d1str1but10n for pure Kr 1n Fig.1. o

One can see that when'
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ion output currents I from
ECRIS in RF pulsed opera—
‘tion mode for AS* (1), A°*
i (2)" All* (3j,TA13+

e R VR T, total “ion current (5).

The 1on current r1ses and mu1t1ply charged ion output“

15+

1ncreases espec1ally. So, the current den51ty of “A ions "

1ncreases more than 1n ‘one: hundred times and reaches the
value of T 5 uAcm -2 The calculatlons have shown, that ‘ion

pulse duratlon depends on the 1n1t1a1 den51ty and tempera—

ture of electrons.‘If the . RF power is ‘turned on “the neces-" %
‘sary t1me for regeneratlon of ‘the plasma parameters must - be

several t1mes more than t ; t‘ and equals to tens ms: ‘<

Iv. PROPOSALS FOR FUTURE EHPLOYMENT

N -

The results obtalned above make pos51ble to suppose that
‘there may.be some. other ways to produce the pulse beams off‘
h1ghly charged .ions. It 1s necessary to break the conflne—‘
ment condltlons,for ions.:in the potentlal trap to produceh'll

the -pulse of multiply, charged ions. One of the poss1b1e ways

is to remove one.or two magnetic mirrors at the ends of the,M
trap.. One can use the pulse of current with 1-2ms durat1on"

with the opposite polarity in the ma1n COllS creating the
magnetlc mirrors, or in the addltlonal small coil .situated

near: the main one. After the t1me about ims the electron‘

component w111 be lost and the mu1t1ply charged 1on pulse

~ will. be obta1ned The analogous effect was observed 1n expe—‘

r1ments on succeedlng the magnet1c f1e1d structure /10/

The s1m11ar result may be obta1ned 1f the beam of posltl—”
ve ions is 1nJect d in the worklng reglon of the source. The
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addition ion pulse will collapse the potential well and the
stored-.ions will appear outside the source.

V. CONCLUSIONS

The considered model for ion confinement in the open mag-
netic trap explains and makes possible to describe quantita—
t1vely the observed increasing of mult1p1y charged ion ex-
traction in 11ght ion cooling and RF pulse heating reg1mes.
We may expect the stronger effect 1n simul taneous appllca—‘
tion of these two methods. One must reduce the ion tempera—
ture and the plasma potentlal ‘to opt1m1ze the mult1ply char-
ged ion productlon in ECR ion sources.
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