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W1-1pKos r . .o.. 
OCHOBHble npouecCbl , onpeAenAIOL1.1"1e B03M0>KH0CTb nony'leH"1A 

BblC0K03apAAHblX "10H0B B ECR "1CT0'IH"1Kax "10H0B 

E9-92-33 

npoaHan1,131,1poBaHbl ycn0B"1A yAep>t<aH"1A 1-1 noTepb "10H0B B 0TKPblTblX 

MarH1-1THb1x nosywKax. B ECRIS "10Hbl YAep>t<1-1BatoTCA B 01p1-11..1a1enbH0M 

nna3MeHH0M noTeHUl-1ane. BpeMA >Kl-13H"1 "10H0B ysen"1'1"1BaeTCA, a BepoAT· 

HOCTb BblX0Aa 1-13 nna3Mbl yMeHbWaeTCA C p0CT0M "10HH0ro 3apAAa. noKa3aHO, 

'ITO cpeAH"1i:i 3apAA 110HOB BHYTPl1 , fl0BYWKl1 BblWe, '!eM np11 3KCTpaKL.1"1"1 1-10· 

HOB; onpeAeneHbl 061.1.11-1e MeTOAbl n0BblWeH"1A BblXOAa MHOro3apAAHblX 

1-10H0B 1,13 ECR IS. O6ocHOBaHo 1-1cnonb30BaH11e 1-10HHOro oxna>t<AeH1-1A AflA 

ysen1-1'1eH"1A 3apAAHOCT"1 110H0B B nna3Me. O6bACHeH "1MnynbCHbli:i BblXOA 

MHoro3apAAHblX 1-10H0B B 1-1MnynbCHOM pe>t<1-1Me ECRIS. nposeAeHo '1"1C· 

neHHOe MOAen1-1posaH1-1e "10HHOrO oxna>t<AeH"1A 1-1 11MnynbCHOro pe>t<"1Ma AflA 

ECRIS rnna MINIMAFIOS. nneAnO>t<eHo OAHOBpeMeHHoe 1-1cnonb30BaH1-1e 

"10HHoro oxna>t<AeH"1R 1-111MnynbCHoro pe>t<11Ma AflR 1-1H>t<eK1..11-1i:i B ycKop1-11en1-1 1-1 

HaKon1-11en1,1 TR>KeflblX 110H0B 11MnynbCHblX ny'IKOB BblCOK03apAAHblX "10HOB. 

Pa6orn BbmonHeHa B na6oparnp1-11-1 csepxsb1CoK1-1x aHeprni:\ Olt1Alt1. 

npenpHHT O0be)IHHeHHOro HHCrnryTa 11,'.lepHbl.X HCCJle,l0BaHHH . .Lly6Ha 1992 

Shirkov G.D. E9-92-33 
Fundamental Processes Determining the Highly Charged Ion 
Production in ECR Ion Sources 

The ion confinement and loss conditions in the open magnetic traps 

have been analyzed in this article. In ECRIS the ions are confined in the ne­

gative potential well. The ions with higher charge states have the longer life­

times and the less probability of output in the negative potential well. The 

mean ion charged state in the trap is higher than in the output ion beam. 

The general methods to increase the multiply charged ion extraction from the 

ECRIS are determined. The usage of ion cooling mode to increase ion charge 

states in plasma is substantiated. The large output pulse of multiply charged 

ions in the RF pulse mode is explained. The numerical simulation of the ion 

cooling and RF pulse processes for MINIMAFIOS type ECRIS has been carried 

out. The simultaneous application of ion cooling and pulse regime is proposed 
for pulse injection of highly charged ions in heavy ion accelerators and storage 
rings. 

The investigation has been performed at the Particle Physics Laboratory, 

JINR. 
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INTRO DUCT ION 

) 

Recently_' electron cy_clotron resonance (ECR) sources have 
become important for the' generation of intensive beams of· 

. ' . ' 

_mul;tiply charged heavy ions in connection with 'acceierator 
~_nd atomic· physics faci Ii ties.- ECRIS · is plasma cbnf"ined in 

··the open magnetic trap. The plasma electrons are heated by 

microwave field oper_ating. with the frequency ·or th~ elect~on. 
Larmor rotation in the longitudinal magnetic field . in 'the 

•. t~ap. Special coils create the regions with th~ increased 
magnet'ic field or magnetic mirrors for electron confinement·. 

-Only_electrons wi.th velocity·v·ectors in•a sma11··solid'.angle 
:along the trap axis can be lost from the plasma.· The - ions - -

, ·' ,,. . , -. . > have much less· energy T
1 

than the ele_ctron energy T. and its 
confinement: coridi tions in magnetic· mirrors are worse. _The 

negative p 1 asma · potential appears ,when • ions I leave the . trap . 
: ·.and it, regulates the ·-rate of ion. losses. ·The positively 

-charged ions have been injected into ionization zone 1from 
· : . the first stage of the sou~ce; o~r generated fro~. residual 

gas as the · result of electro~- impact ionizatio~. ·The_ · 

ionization .,degree increases with successive ,, iopization 
. ,;· during the ion l i feti,me .' The mean· i9nization degree depends 

on: the electron · density: and lifetime. of . the ions· in the 
· magn~tic trap. Th~ maximum ionization degree is -limited by 
,the electron energy, because 'the electrons may only_ iorii_ze 

ions with· ionization_ potenUals lower than the electron 
·kinetic energy. The_ charge..:.exchange process or·multy charged 

ions with residual gas neutral atoms restricts the • ,ion 
t· .• ~ 

charge states ;too, particularly, in one stage sources. 
I>ifferent ion, charged stat~s 'i:; have d~ffere'nt lire time's_ .'t', 

- ar,id. leave. the trap wi ~h various. probabilities. It _has betm 
: ,sho':ln _/l/, · that it is the cause of -great d~fference be~wee~_ 
'the ion .charged state distributions -in the outpu·t ·beam and. 

-·in the source trap . 

. I. ION CONFINEMENT 

Some theoretical models to calculate ion charged state 

. 1·crc:,i~li.(tilit~8 1m~iyyl· 
: f.!li-:JJnax m:c.u~ftommng 
i _f?WSnlrJOTEf{A 
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distributions in ECRIS · were _created . earlier /2-4/ .. · The 
plasma lo_ss_es fro_m the open. magneti<? trap were studied -in 
connection with the problem of thermonuclear fusion. Desp(te 

·. the difference of the plasma parameters (hot io~s ~nd cold 
electrons in the thermonuclear·fusion), the obtainedresults 
can be used. to study ECR·sources. 

The.· ECR plasma is in the strong longitudinal magnetic 

· field with azimuthal mul tipole variations. : The magnetic· 
field configuration highly reduces the· probabi 1 i ty of the' 
pfasma instabilities ·and turbulences •. Th'erefore, .-we can 

consider~ the ion distribution function as Maxwel 1 

distribution ·and use the classical theory to study ion 
confinement. In the sti-ong. axial magnetic. field the main .. ion 

losses-are take place at:the ends of the source. So, in a 
wide range of the plasma· parameters the ion i'ifetimes 'are 

described quite wel 1 wi ~h a .. simple interpolation fo1:mula 
according to Pastukhov. theory for. the .open magnetic trap 
/5/. 

't' l = · 't' l 1 +'t' 1°2 (1) 

·where 't' 11 _. is . the ion Ii fetime : iD:: the 
collisions. In that· case 'the ion, losses 

gasdynamics flow value of particles 
potential barrier of the trap /5/. 

limit . of 'frequent l 
are defined by the 1 

. I 

running over ,the · j 
i 

·\ 

't' 11 = R l ✓ rcAM/(2Tl) expCiUIT, r:· ( 2) 

·· with: R - mirror ratio;· A '- the atomic mass number; M -· the 
. - .. . . . . . . . . .. ' I 

nucleon rest mass; l ,- _the .-effective source length; u. - the 
electric . plasma potential. U · i's determined '.due to ·the 
condition, of equality between the ion and, .electron· currents 
leaving the trap: 

z •. 
n /'t' . . . = E i n

1 
It 

1 
.I= 1 

.where t. is the electron lifetime; n
1 

- the ·densities of 
different ion components: 

The ion lifetime in the limit of rare collisions was 
found in /4/: 
- ; 

2 . 

I, 

1 
I 

I . I 
.! 

G' 

't' = 
12 Cl+T /2iU) Ch. +h ) ( iU/T1 ). exp( iU/T ) 

l, ' l l 1• l 
(3) 

with: G = \Irr CR+l)/(2R/ln(2R+2)); h
11 

and "u. ·are the 
collision frequencies among ions and between ions and neutral 
atoms /4/. As usual,· ,r

11 
is much higher than 't

1
;·· for the 

typical ECR·p1asma parameters. 
Without 0 the plasma instabilities and turbulences the basic. 

mechanism of -iori heating is. via· elastic Coulomb coll isio·ns· 

with electrons.· The collisions among the ions result in equal 

energy for 'all kinds of ions /6/. Ion losses decrease· the 
total energy of ion components. The balance condition :.of ·ion 
energies makes possible to define the ion temperature: 

with 

dT
1 

dt 

T
1 

= CdT
1 

/d:t> f E n
1 

/ E<~·Jt.,)) 
'.• l = 1 · l = 1 

4/ 2rc n i~ r 2 m2 
/:-c 4 ., ' . ' 

= 

AM /; 
' .' .. : 

~- l 

(4). 

(5) 

where z is the · charge of · the nucleus. r and m are the 
classicai' radius and the r~st mass o'f ele;t~on. L. 1 £al 15+20 

is, so called. Coulomb logarithm;. c - the velocity of 1 ight .. 
One can 'come' to the fol.lowing ' statement ar'ter' the 

analysis of the confinement ~o~diUons and equa'.tions (1)+ (5): 
1).' The negati~e plasma potential is necessary for ion 

~onf i~emen t ; ' ' ' 

2) .. The, ions with the higher: charge s't.ates have 'the 

larger fHetimes 't' and it is more difficult for them to 
' ' ' ' '· . l ' ' ' . '. ; ·:· ' ., ' .· ' : ' ; • : ' '., •· ' ,, ., ' 

loose the plasma according to the formulae (2) and (3); 
' ', • •• - • - • • •• \ • • - ~ ' ; • .' > •• ,, ' , • "' : ' 

3). The decreasing of ion 'temperature is· a cause which 
' ' .• , , . . " ' :, _.. -- - - ~ .. '"'; 1 ' 

· rises ion lifetfnies arid, thus,· it increases ·the ion mean 
ciia'~ge 1~ ttie p1~~ma ... ,. .. . . 

, So~ the oU:tp~t ion ~harge distributi'on. has . the '·1es~ mean 
' - .-. ,, • . . ., - "•- ,- <, -. ,-. •y , 

charge in comparison.with- the charge dist~ibution 'inside th~ 

trap. 

;3 



II. ION COOLING 

The first idea of ion cooling in the multiply charged ion 
sources appeared about 10 years a.go /7/. it has been_ experi­

mentally discovered that the addition of light ions increases 

the extraction of multiply charged heavy ions in ECR sources 
( for example /9-10/). This effect was named as "gas mixing''. . 

The first numerical calculations of ion charge state distri­
bution for gas mixing were carr_ied out in /6/ and /10/. 

It was shown /6/ that the ion energy redistribution and. 

temperature stabi 1 ization times have a microsecond time sca_le 

and much less than the millisecond time scale of ion life­

times in the plasma. The electrons heat the light ions slower 

than the ·heavy ions. But 1 ight . ions take away some part of 
energy from heavy ions in a short period of time and decrease 

. ·'- th.e common temperature. At th'e same time light ions have low 
charges and lifetimes 't' 

1 
(see (2) and (3)). They are lost 

from the source taking away the energy of heavy ions. The 

decreasing of heavyion temperature causes the rising of the 
heayY ion lifetimes and their mean charge . 

The results of numerical calculations of ion ~harge state 

distribution Jor MINIHAFIOS type ECRIS /8/ are sho~ in Figs .. 

1 and 2. The calculations have been carried out for Krypton 
and Nitrogen ion mixture with T = 5000eV and n = 2x 1012 cm~ 3 

• 
• -· •• • + 

Here_ we _have, used t_he software package to calculate_ the 
charge state distribution in ECR!S _for static. regime /4/ with 

the results obtained above for ion confinement times. · The 
'' ,- • • '. T.' • •• ,• • > 

software package was adapted specially for gas mixing regime. 

The, Jon d~nsities n
1 

,are presented in Fig.1. Fig.2 shows the 
densi

1
ties _of e~traction current from source I

1
. In . these 

Figs. small points correspond to ·pure Kr. The large· points 

correspond- t~ t,he caiculation whe~ the total el~ct~ic charge 
of K~ "ions are by thre~ times more than the tot~l electric 
charge of N ions .. 'crosses correspond to the. case of eq~al ' 
electric charges for Kr and N ions. The triangles are·· for' t-h~ 

electri_~ charge of Kr ions 'by two times less than charge _o/ N 

species. 

The calculations have shown that the addition of N ions 

4 

.1 

-L 
l 

• I 

l C 

into the plasma with s~parated parameters ·reduces the ion 
-· temperature from 16eV to 3eV · and increases· the mean charge 

state of Kr ions in the plasma from 7-to 28. At'the same time 
. . ,-, 

the multycharged ion output is increasing, but not in such a. 
high_ degree as the density of the multiply·charged ·ions iri 

the trap.· By decreasing o_f ion· loss rates for ions with. th_e 

higher• charge stat_es is caused this effect .. In our calcula'ti:-: 

ons we have'supposed, that nitrogen· is injected into -.the main 
st·age of the source as nitrogen ions arid there -are no. charge 
exchange processes between Kr. ions and neutral nitrogen. - · · 

n 
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Vig.~. · Ion densities n
1 

for krypton charge ,s~ate~ i in ECR · 
plasma for various mixture of .krypton ·and nitrogen ions., 

~ _Fig.2. Ion currents 1
1 

for ·krypton charge stales .t from 
'ECRI~ (or vari?US mixture of ~rypton and nitrogen ions, 

. ·· In •Fig.1 and Fig. 2 the designations are: "1 •.• - J~ur_e 

krypton; "2" - 75¾ ion charge is Kr and 25¾ ion charge is N; . 
'','3" -. 50¾ - Kr and 50¾ - N; i'4" - 33¾ - Kr and 67¾ .- N;' 

5 
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III. RF PULSE MODE 

To increase the multiply charged ion flux from ECRIS one 
. can take off the potential·· which 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: distribution I ike_ the ions a_ccumulated i'n the 
trap. Such a result. may ·be obtained, for- example, wh_en the 
e.Iectron heating is swi_tched off in so-cal led "pulse r~gime,', 

/11,1~/. \.lhen the RF power is .t~rned off the.electrons become 
cool. i~-the short.time, the electron confinement conditions 
are getting worse, the electron density reduces and the ions 

of ~11 the charged stales_ arc escaping from the trap. So' the 

pulse of .ion current with the domination of high charged ions 

appears .. The pulse duration is determined by 1 i fetime of hot 
· -electrons in the source.The set of differential equations has· 

beenus_ed to determine the time dependence of i~n output in 

pulse regime (14/. 

Fig. 3. Time dep'endence of 

ion output currents I from 
ECRIS in RF pulsed 
operation mode for 
Kr◄ • , Kr1. • • ' , Kr1 6 • , Kr2 2 • 

ions.. and 
current. 
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·The- numerical.simulation has been carried out in the real 
time scale of time dependence of krypton ion output. from 
MINIMAFIOS type ECRIS after 'RF power being switched off. It· 
has been supposed in calculations that: the· main energy loss 
o~ electron component is. connected with the electron losses 
from _the trap .. Hence, when the heating is over the electron 

energy changes as: 

t'l..,dT /dt = T . . (dn /dt) = -T n /~ . . .. . . 
It was supposed aiso that T = 5OOOeV and n = 2X1O12 cm- 3 at 

' , • e , 

the _initial moment. . The· time dependence of output current 
densities for Kr◄• , Kr1 

$ • , Kr16 
• ,· Kr2 2 

• ,.- i~ns · and total· 
. . 

output current density arri presented_ in Fig.3. One ·can see 

t_hat _when RF power i~ turned off the charge state distri-'. 
but ion is similar to the. d·istr1bution f9r pure. Kr in. Fig.1 .. · 
The ion cur~ent rises · and multiply charged ion · output 

. -• . 
·increases especially. So, for example, the current density of 
Kr25 + ions increases. more than by one hundred times and 
reaches· the value of 4 J,tAcm- 2 • Th·e calculations have shown 

.. that ion pulse· duration depends on.· the irii tlal density arid 

temperature of electrons. If RF power is turned on the. time .. 
necessary for. regeneration of the plasma parameters must be 

several times more _than t, and t • . and equal to tens ms. 
The rcsul ts obtained above make possible to suppoi.E! . that 

ther·e may be some other. ways. to produce the pulse _beams of 
highly charged ions. It is necessary to break the confinement 

L .. 

conditions for ions in the_ potential trap to . produce the 
pulse of multiply charged ions. One of the variants is to 

remove· one ov two magnetic• mirrors at the ends of the· trap .. 
One can use. the· pulse of. cur~ent with the. opposite polarity 
in the main. C

0

0i ls creating th~ magnetic mirrors' or in- the· 
additional sma·ll coi 1 placed near the ~ain one; After ;t,he 

_ time about _!ms · the electron component wi 11 be lost and the' 

multiply charged ion pulse will be obtained. The analogous 

~ffect was observed in the . experiments on' suc~eeding. the 

magnetic field structure /13/. 
• I 

The similar result may be obtained if the beam o~ positive 
io11s is injected in to the working region of the source. The 
additional ion pulse wi 11 collapse the potential well and the 

.. 7. 



stored ions w~ 11 · appear outside' the . source. In this , short 
time pulse regime the output ion pulse duration .is determined 

by the potential weli wrecking or if this lime.,is short, by 

the tiI11e •'t' ,-. of ion escape from the source. This time can be 
_valued with the formula (2) for U = 0 and,'t'

19
= 10- 5 

- 10- 4 s~ 

IV., THE PULSE REGIME \.IITH ION COOLING 

We may expect the strongest effect in simultaneous 

appl icatio'n .. of pulse regjme with gas mixirig. The ion cool ,ing' 
decreases the· ion tempera lure and the ion charge state .. 
distribution inside plasma .shifts. to the region·· of highly 

charged states. So, when 

potential well for ions 

outside distribut~on: the 

apulse of highly charged 

the RF power is_ switched off, or 

is b~oken by any other kind of, 

accumulated ions are thrown out as 

ions . 

It is possible to make a simple.calculation here. 

. The total elec.tric charge of the stored ions in .the 
, source ,is equal. t9, the electron charge: 

Q = Z-N = N =Zn .V = n V 
l •. 1: e ' 

/here Z is the.· average ion charge state, N and N
1 

-· · the 
' . 

number of electrons and ions and V - the plasma volume. 
In the· strong longi'tudinal magnetic field the dominant . . 

"ion losses take place' at the•. butt-ends of the source. The1 

"current densities for all ion species can be valued as · 

j 1 = v e' n 1 /.,< 2_s 't' 
1 

> 

where Sis the, square of the butt-end of the plasma volume, 
, .~nd: e is the 'electron cha_rg;. And. for the. tota'1 current 

density: 
• 

jt 
O 

t =, e Z n 1 Vl'(2s 5 1 ) = (nel/2't' e> 

where. 1 is the length .of. plasma. 

Iri the pulse regime the t'atal current is 

j ' = ·e n 'l/21' · . 

Th·e · real charge state distribution usually contains some 

charge sta_tes about· everage charge state Z. For heavy ions 

the width of distribution Z is about 10 or 20. So, we can' - n . 
obtain approximately: 

j 1 = e n. l/40t. 

and j 1 = e n.l/401'
1

• for.short puls~ regime. 
Let us consider some examples for HINIHAFIOS type. ECRIS 

with: RF= 15 GHz, n = 2X1012 cm- 3
, V = 103 cm3 , s = 40cm2 and· 

1. = 25cm. According.to our calculation t =· 0.3 + 1.ox10-, 3 s 
and t 1 = 10- 4 +·10- 2 s for different cha;ge states. ,\.le can 
obtain from the above formulae: 

Q = .2Xl015
, j =. 5-10 mA cm- 2

, and j = 0.3-1.0 mA cm- 2 ... 
. tot , . · . l 

for maximum components. of charge distribution. These. values 
are in agreement with the above calculations and with the 

best results of HINIHAFIOS type ECR ion sources. 

.\.lhen we use ion cooling .the charge eyerage state, reduces:. 
In continuous operation mode. the highly charged ions ··are at 

the bottom of the potential well and the highly charged ion 
- :r · i • ''. ,• • ; ·, 

currents increase, but not .in such degree as. ion densities 
' . ' ' .·, 

(Fig. 1 and 2). But when we use pulse regime with ion cooling. 

au the accumulated ions will be thrown out from the Welland, 

it will be possible to obtain the pulse with duration 't' 
1 

= 
. , pu •• 

0.3 + 0.5 ms of Kr3
••, or, probably, Pb"'•• with current j

1
= 

0.1 + 0.3 mA cm- 2
• Here we take into account that orie half or 

two:..thirds of the total ion charge correspond to the coolant 
' / 

1 ight ions and suppose that the charge-exchange" processes. 
with ·neutrals are negligible .. In the s'hort operation, mode, 

't' , · = t 
1 

•· ~ 0 . lms and we may expect j ~ lmA.; 
pu se - J 

These values are by few times·more than up:..to-date:results 

at 'ECRIS. · For future ECRIS with PF = 20-30GHz · the electron -
density in plasma will increase probably and ion'yields ~ill, 
increase·, · too. 

V. CONCLUSIONS 

tot e pulsa 
,' ". t ·~' 

The considered model for ion confinement in the 'open 

where 't'. · is ,about ''t' for,c:.•RF pulse mode·;· and 't' :·",•· - is 
-pulse . • .. pu •• · 

about 't' for the short pulse regime. ,. . 

;8 I. 9 



.. 

magnet~c., trap explains, and makes possible to describe 
quantitatively the observed increasing of multiply charged 

ion extr'.acti~n: iri' light ion cooling and. RF 'pulse h~a:ting 

r~gimes. . One should reduce the ion temperature . and. the 

plasma potential to optimize the multiply charged ion 

production in ECR ion sources. But the most promissing way to 

increase the highly charge ion yields in ECRIS is the pulse 

regime with ion cooling, particularly, for pulse type heavy 

ion accelerator and ·storage rings. 
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