





FPEO

become 1mportant for’ the generat1on of 1ntens1ve beams of

‘land atom1c phy51cs fac111t1es ‘ECRIS is plasma conf1ned
:the open magnet1c trap. The" plasma electrons are heated by
m1crowave field operat1ng with theé. frequency ‘of- the electron

ttrap Spec1a1 co1ls ‘create the reg1ons w1th the 1ncreased
;magnet1c field or magnetic mirrors for electron conf1nement

%along the trap axis can be lost from ‘the’ plasma," The 1ons
jhave ‘much less’ energy T than the electron energy T and 1ts
’conflnement cond1t1ons in magnetic’ mirrors - are worse. The
negat1ve plasma:: potent1al appears ‘when ions leave the. trap

zcharged ions have. been injected’ 1nto 1on1zat1on “zone from
“the f1rst stage of - the: source,’or generated from res1dua1

}ngas(fas the result of electron impact ionization. f'The -

5;1on1zatlon .degree 1ncreaSes .wWith ’success1ve ,1on1zat1on

uydur1ng ‘the ‘ion llfet1me :The. mean - 1on1zatlon degree depends
‘“on’ the electron: dens1ty and l1fet1me of | the ions.in: the
9magnet1c trap. The max1mum 1on1zatlon degree 1s l1m1ted by

lons Wwith” lon1zatlon potent1als lower than ‘the electron
:k1net1c energy The charge exchange process of multy charged

‘leferent ion charged states i’ have d1fferent 11fet1mes A

ithe 1on charged state d1str1but1ons 1n the output beam and
in the source trap ' ’ ;

o [f 1. IoN : CONFTNEMENT

"‘?"M. oh s . N
j?&ataubCﬁhhﬂ Ph:fgt?" S R

o UAtEHE necabiopapeg R,
s i EWSHHGTEHA

*mu1t1p1y charged heavy 1ons ~in~ connect1on w1th\accelerator

‘the electron energy because the electrons may only 1onlze.*

Recently electron cyclotron resonance (ECR) ‘sources have‘%‘

Larmor rotat1on ‘in “the - long1tud1nal magnet1c f1eld 1n thef_fl

50n1y electrons with-velocity’ vectors 1n “a small” sol1d angle s-‘

“and it regulates the -rate of" ion. losses. “The " pos1t1vely Zﬁ"

519nsvgw1th‘,residualv gasl neutral atoms, restr1cts the ,ion»f“i
'charge states too, particularly, in one _stage sources.;

vand leave the trap w1th various probabillties it has been R
ishown /1/ ‘that ‘it is the cause of great dlfference between S

' Some theoretical models to calculate ion- charged ‘state



e plasma

“ilosses are take place. at- ‘the ends of the _source.

xjfswhere T
: 'dlfferent ion components.

distributions in ECRIS were created 3éar11er”v72;4/.,gmhéi
plasma‘losses from;the open'magnetic trap were studied - '

_ connection with the problem of ‘thermonuclear fusion. Desp1te“>
'.the difference of the plasma parameters (hot 1ons‘and;cold"
,‘electrons in the thermonuclear fus1on) “the obtained_results,
.. can-be used to study ECR - sources.;, - R

" The ECR plasma. ‘is . in -the .strong longitud1nal magnetlc'
‘field thh azimuthal - multipole var1at10ns The magnetlc” N
‘field conflguratlon h1ghly ‘reduces - the’ probab111ty of the* -
1nstab111t1es “'and turbulences
the ~distribution - function  as  Maxwell
“‘distribution ‘and use the class1cal theory to study 1oni;‘"
 _confinement. In the strong axial magnet1c field the ma1n 1onl;f‘
So, .
.ion llfetlmes are

Therefore, -we’ can,"

consider-- ‘ion

1n a;~i
wxde range of- the plasma parameters the
;described qu1te well w1th a, s1mple 1nterpolat1on formula

accord1ng to Pastukhov theory for the open magnet1c trap"v
S5/ ' IRE ; i '

~

is the\'ion' lifetime " 1n the l1m1t of frequentf7p
In that case ‘the.. ion. losses -are def1ned by the

:7”where T,
(coll1sions

Jfgasdynam1cs flow ‘‘value gof‘ part1cles «runn1ng_»over ;the“‘¥3
ilgmpotent1al barr1er ‘of the trap /57 : £ A
Z ”Tll ;“R 1 V nAM/(ZTl)'exp(iU/T;)?v RO (2) -

viw1th R ~,m1rror rat1o, A= the&atomic maSS‘number, M ’the;i~

) ”‘nucleon rest mass, 1~ the effective source length U --the‘fg

" electric plasma potent1al U’ " determined due‘"to -the

~

i‘leav1ng the trap T ;' L th S = .

s -!: L " n /v Z i n /%, ';

- : i e e 1=1 ! »
is' the electron l1fet1me, nI -
- The 1on llfetime “in  the 1
slfound 1n /4/ S T e T e
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"~cond1t1on of equal1ty between the ion and electron currents=“*lh7

‘the ‘densities of =~ - |

limit of rare collisions' was = i

. typ1cal ECR:plasma parameters
l mechan1sm,of

‘energy for"all 'kinds’ of

o with

“larger l1fet1mes f
'1loose the plasma accord1ng to the rormulae (2) and (3)

~r1ses
'charge 1n the Plasma-‘ﬂ,.

G « ‘ I e A
o= ' : (iU/T, ) exp(iU/T. )", (3)
12 (1+T, /210G A, ) P ! : :
withi G VE“(R+1)/(2R/1n(2R+2)) : x‘;»ahd A, ‘are ‘the"

collision frequenc1es among 1ons and between ions- and neutral

atoms /4/ As usual, Tll ‘is  much h1gher than f for the“

wlthout the plasma 1nstab1l1t1es and- turbulences the basicn
‘ion ‘heating is v1a “elastic Coulomb coll1s1ons

- The collisions among the ions result in equal'
ions /6/. Ion losses decrease: the'
The balance condition-of--ion

with electrons.

total energy of ion components.

;energ1es makes poss1ble ‘to define- the ion temperature L

)

T = (dT /a0 ( E n, / E(n, /r ))
L b ~r=1 =T
ar, ‘4V/2n:nr,2?‘ri”m2 V(m ct
dt iy ',-, ""AH‘ T A : TR : '
: where Z 1s the charge of the nucleus, "r;’ and m are the_"

class1cal rad1us and’ the rest mass of electron,'L_ 15—20

. 1s, so called Coulomb logar1thm ‘¢ - the velocity of l1ght L
\’ the ) Lt
'analys1s of the conf1nement cond1t1ons and equations (1)—(5);,

TOne can’ come to ‘the follow1ng statement after

“1).  The negative plasma potent1al is necessary for ion
,”conf1nement SO ' v N
: 2) The 1ons w1th the h1gher charge states have the]'

‘and 1t is more d1ff1cult for them!to;’

‘ 3) The decreas1ng of ion temperature 1s a cause wh1chi‘

1on llfetimes and thus,;1t 1ncreases the ion mean“,

So, the output 1on charge dxstr1bution has theiless mean;,f‘

[ charge 1n compar1son ‘with the charge d1str1but1on 1ns1de the:

tl"ap . ﬂ-", T :,Zw; e LA e peeg i T P PR
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Mand,much less than the millisecond time scale .of

~"the results obtalned above fOl" ion conf1nement t1mes

II. IONiCOOLING

‘ The f1rst 1dea of ion cool1ng 1n the mu1t1p1y charged ion
sources appeared about 10 years ago /7/.
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 carried out in ./6/ and /10/.-

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

temperature stabilization times have a microsecond time scale
ion life-
timesvin.the plasma. -The electrons heat the light ions slower
thannthe ‘heavy ions. But ‘light ions take away some part of

energy from heavy 1ons in a short per1od of time and decrease Afh
-the common temperature At “the same t1me l1ght ions have low

charges and lifetimes t  (see (2) anda (3)). They are lost
from the  source tak1ng away the energy of heavy ions.

5000eV and n_ = 2x1ol2

charge state distr1but1on 1n ECRIS for stat1c reglme /4/ w1th
fThe

“~software package was adapted spec1ally for gas m1x1ng reglme

The (ion densitles n,

F1gs 'small po1nts correspond “to pure Kr.

charge of N ionms.

electric charges for Kr and N 1ons "The tr1angles are for the‘

'electrlc charge of Kr ions by two t1mes less than charge of N

,spec1es

- The calculatlons have shown that the addition of N 1ons

It has been, experi-

The ~
decrea51ng of heavy ion temperature causes the r1s1ng of the”,
'heavy 1on lifetimes and their mean charge i =
© The results of numerical calculations of ion charge state‘
'dlstrlbutlon for MINIMAFIOS type ECRIS /8/ are. shown in F1gs
S and ‘2. The calculatlons have been carrled out for Krypton
.and Nltrogen ion mixture w1th T =’

'Here we have used the software package to calculate 4,the"

.are presented in Fig.1. F1g 2 shows the,;'
, den51t1es of extract1on current from . source I‘“ In these}dv .
‘ The large po1nts o
f’correspond to the calculat1on when the total electr1c charge:
of Kr ions are by three t1mes more than the total electrlc

Crosses correspond to the case of equall

f ons we have® supposed
stage of the source: as n1trogen ions:and" there ‘are no chargej .-

krypton
',;\"3" - 50% - Kr and 50% - N;

1nto the plasma w1th separated parameters reduces‘the
temperature rrom 16eV to 3eV and increases” the mean- chargef
state of . Kr 1ons in the plasma from 7 to 28. At ‘the same- time

the multycharged ion output is’ 1ncreas1ng, but not in such a,n‘

high" degree -as - the ‘density of the mult1ply charged 1ons ‘in

the trap.- By decreaSIng of 1on loss rates for ‘ions with then
~-higher’ charge states ‘is caused th1s ‘effect. In our calculati-?
that n1trogen is 1nJected into . the ma1n
exchange ‘processes between Kr 'ions and neutral nitrogen.
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F1g 1 Ion dens1t1es n, for krypton charge\statesl in?EgR; .

plasma for various mlxture of krypton and n1trogen 1ons.

fromf

Flg 2 Ion currents I, for- krypton charge states'jt
ECRT° for various m1xture of krypton and n1trogen 1ons
In F1g 1 and Fig.2 the desrgnatlons are: :"1" - pure

w2 LU75% ion charge is Xr and 25% ion charge is™ N;:,_
“4" - 33% - Kr and 67% - N,~ L

g- . : ‘1,
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3 § RFTPULSE/uODE‘f

To 1ncrease the multlply charged

4can take off. the potentlal which confined the ions 1n»the

"source  and one. can obta1n the .

r;are gettlng worse,
S Lrof - all the charged states are escaplng from the trap. So, theg,*,f
'1pulse of ion current wlth the domination of high charged ions.-

"flon output currents I from f

ECRIS" 1n " RF - pulsed

operation’ mode’ ~  for -
S eroo Krie* ‘-Krzzo‘»"‘

Kett o Keitt I ¢ o
ions.:. and  total' ~ion.. ot HECE =
~current... . B N REREN 1 02

trap.~ The - ions Insrde “the 'trap wlll pour out"

'E'charged state d1str1butlon llke the ions accumulated 1n'theg'
when the -

trap Such a. result may be obtalned for. example,

';:electron heatlng is swltched off in so- called "pulse reglme",-” i
/11, 12/ When the RF power is. turned of f ‘the. electrons become .
" the electron conf1nement cond1tlons‘”

cool. 1n the short tlme

4 appears. “The pulse duratlon is determlned by l1fet1me of ~hot
ffelectrons in the source. The set of differentlal equatlons has
1on,output in

been ‘used’ to determine the t1me dependence ‘of
pulse reglme /14/ o i '

Flg 3. T1me dependence of

ion flux from ECRIS.one"x“

fromf the
ion current pulse . w1thvthe

the electron den51ty reduces and the “ions

id

J:the 1n1t1al moment

“increases especially So.
x”Kr25‘
n‘reaches the value of -4 MAcm 2 The calculatlons have shown,

that ion pulse durat1on depends on the 1n1t1a1 dens1ty and,xﬁ

: pulse of multlply charged ions.

The numerlcal s1mulatlon has been carrled out 1n the. real#
tlme scale of t1me dependence of : krypton ion. output from
MINIMAFIOS type ECRIS after RF power being switched off. It
has been supposed in calculatlons that the main. energy--loss -
of electron component is. connected Wwith the ‘electron - losses‘f
from ‘the trap Hence, when the heatlng is over the,electron.
energyvchanges as: , ‘ P L ' ‘
ne ar_/dt = T, (dn, /dt) = -T. o ’/r‘ .

It was supposed also that T 5000eV and n_= 2X101’cm jﬂat

den51t1es‘ for Kr*‘, Kr"'. Krté*, Krzz‘}“ ions’ and total-
output current dens1ty ar: presented 1n Flg 3.

~that when RF ‘power is turned off the charge state distri—

butlon 1s s1m1lar to the d1str1but1on for pure Kr 1n F1g 1~"
‘1on output>*”

current rises ‘and multlply charged
for example, the current denslty of”

1ncreases “more’ than by one’ hundred t1mes and

"The - ion

klons,

temperature of electrons. .If RF power is turned ‘on” the" tlmev
- necessary.. for.: regeneratlon of the plasma parameters must bej
several times more than T, and r and equal to .tens: ms.g'. ‘

The results obtalned above make possible to suppose that_.

there ‘may::be . some :other. ways to produce the pulse beams ofjg;
It is necessary to break- the conf1nementf,

hlghly charged ions.

conditlons for. ions trap to . produce thegi

1n the potentlal
-One -of  the varlants

remove ‘one or two magnetlc m1rrors at the ends of ° the trap

‘.One can use ‘the - pulse of current w1th the: opp051te polarlty; 5
'-1n the main coils creatlng the magnetlc m1rrorsh

or .in- ‘the":
additlonal small coil placed near:: the- main one.

The . analogous

effect was observed

- magnetic field structure /1370 e U
" .The similar result -may be obtalned if the beam of p051t1ve' b
o ions 'is 1nJected in to the worklng region of the source. ‘The -
addltional ion. pulse w111 collapse ‘the potentlal well and theiu,f

_The’ ‘time dependence of . output current—f“

One’ can ‘see T

is to .

After “the
,t1me about 1ms ‘the: ‘electron component will be lost andﬁthe“
77multiply charged ion' pulse will‘be obtained
in the” experlments on succeedlng the o



stored 1ons w111 appear outside the‘source In th1s short_
‘time pulse reglme the output 1on pulse duratlon is determlned_ ’
fby the potent1al well wreck1ng or 1f this’ t1me _is: short, by’g

- the. t1me f ‘of ion escape from the source. Th1s time can be : -
;valued W1th the formula (2) for U = 0 and: T, o= 107 5.-.10% s

IV. THE PULSE REGIME‘WITH ION COOLING SRR

= VWet may expect the strongest ‘effect ,in s1multaneousy

fappl1cat10n of pulse reg1me with gas m1x1ng The ion coollng"‘b
.Mdecreases the ~ion temperature‘ and the ion- charge stateg;;
‘dlstrlbutlon 1ns1de plasma sh1fts to the reg1on of h1ghlya;“
,charged states So, when the RF power 1s sw1tched off orif”
7«potentlal ‘well for ions is broken by any - other k1nd of{'

’”outslde d1str1but10n the accumulated 1ons are thrown out asi
sral pulse of h1ghly charged 1ons . . '
oIt is pos51ble to make a s1mple calculatlon here

The total electr1c ,charge of the stored lons: in»ithe;f

‘Lsource 1s equal to the electron charge'

Q =Z N = N_ = z nvVs=mn_.v,

b

;fherefi'is"the*average‘ion*charge"state; N, ‘and “N; -~ “the "

number of ‘electrons and ions and V - the plasma volume.
;;j In “the’ strong longitudinal magnetlc f1eld the: dom1nant

f~1on losses take - place at the butt-ends of ‘the .source. Thet-

- current dens1t1es ‘for all ion’ spec1es can be” valued as -’

ﬂ j‘>= v e n /(2s f ) o

E‘where S 1s the square of the butt end of the plasma volume,

2 and e 1s the electron charge And for the total‘current v

- dens1ty

J‘o‘-.e Z n, V/(Zs X, ) = (ngl/2v,)

where l is the length of plasma ;- SR
“In the pulse reglme the total. current is

N

,uhere~f‘f s -about 7. for=/RF “pulse mode,: and r.?w‘-;lsts;‘

: pulse ' ) e ) pu'lli
i about t,, for the short pulse regime.
mOdehi i ¥ » . Sy

The real charge state d1str1but10n usually conta1ns some"

charge states about everage charge state Zz. For heavy ions - )
the w1dth of dlstr1but10n Z is about 10 or 20 ~ So, we\canff

‘obtaln approxlmately

_J‘= e n.l/407_

and ' j‘= e n_ 1/40f for short pulse regime.. - .
Let us con51der some examples for. MINIMAFIOS type ECRIS
with: RF.= 15 GHz, n_= 2x10'?cm™?®, Vv = 10%cm®, S = 40cm® and

.1 = 25cm. Accord1ng to our calculation .= 0.3 + 1. 0X1OT°

and T = 10°* + 10"%*s for different charge states: :We'.can
obtain from the above formulae:
Q= 2x10'%, J¢o¢=.5-10 mA cm™?, and j,= 0.3-1.0 mA em™ 2.

~for max1mum components of charge distr1but1on These valuesw
are in agreement w1th the above calculat1ons and wlth the
_dbest results of MINIMAFIOS type ECR 1on sources

.- When we use ion cool1ng the charge everage state reduces .
In cont1nuous operat1on mode the hlghly charged 1ons are at
the bottom of the potential well and the hlghly charged 1on:
currents 1ncrease, but not 1n such degree as  ion dens1t1est.
(F1g 1 and 2) But when we use pulse reglme W1th ion coollngp

'all the accumulated ions w1ll be thrown out from the well .and

it will be pos51ble to obta1n the pulse w1th durat1on -

ul-c_

0.3 + 0.5 ms of Kr®®', ‘or, probably, Pb*** with current 3,

0.17%+ 0.3 mA cm 2, Here we take into account that one half or -
twoéthirds of the total ion charge correspond to- the’ coolant'

“light ions ‘and suppose that’ the charge exchange - processesl

ﬁith”neutrals are neg11g1ble “In" the short operatlon mode?
fp;l;;"f 'Y 0.1ms and we may expect J 2 1mA. -

These values ‘are by few times more: than up to-date- resultsﬂ
at’ECRIS. For future ECRIS with PF = ‘20- 30GHz the"” electronl

-.density in plasma w111 increase probably and ion yields w111/
‘1ncrease, too. A o SR

V CONCLUSIONS

The considerequ model* for ‘ion confinement “in ‘the ‘open - -

SRR

9.



magnetic thap" explains and makes p0851ble desoribe'
quantltatlvely the observed 1ncreas1ng of . multlply charged

—1on extractlon 1n llght 1on coollng and RF pulse heat1ng‘
reglmes. ‘One should reduce the 1on temperature and the

plasma potentlal to optimize the multiply charged ion }7
productlon in ECR ion sources. But the most promissing way to
‘increase the highly charge ion yields in ECRIS 'is the pulse

reglme with ion coollng, partlcularly, for pulse type heaVy’
‘1on accelerator and storage rlngs N BT A
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