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Abstract 

Crcaticn, er traction and beam formation of high current 
bcamn (l-1000 m.4) and their injection into rf accelerators is of 
increasing interest Typical propcrtics of high current ion 
sources xi11 bc discussed together with the space charge limitr 
of rf accelerators (mainly RFQ). Especiail:, in the heavy ion 
case pr3blerns arise with the proper a,lapliJn of icn sources, 
appropriate focusing systems, and possibly mass or charge 
separatisn anti it is not clear if desired mwimun~ beam 
transmission and minimum ctnittance grouth can be obtained 
simultaneously. A comparison of tnagnctic and electric lou 
energy beam transport systems is included, covering the 
influence of sp,ice charge compensation on the trnnsvcrse 
cmillance. 

Fundamcnlal aspects yvill be discus5cd and typical cxamplc~ 
of ci:irting and pri’p~scd injcclion lines i:lcludlng an 01 erview on 
rcccnt dcvelopn~cni of high current if accelerators will be 
given. 

Introduction 

Among the ~-,l<+in in\-cnlions. i\hi:h rc~‘olutl0l:iictl ~iccelcrator 
pl’ysics, the dirco\rcry of the strong ul:ernat~ng gradient (AG-) 
f3cusing principle is of particular rignificancc. Henceforth qclic 
as WC11 as linear accelerators could bc bui:! wit!1 smaller 
apertures and th: focusing was cvcn strong cr.ougii tc keep ii 
spice cha~gc dominated beam u,ithin the limiting apertures 

Large dc-accclcrators (mainly Co2k:sft-Waltcn) in errs 
rxecssar~ to close the gap bet\l,een ,on source extraction xoltage 
R 11 !i llle tnput bean1 !?nerg> requi1-eri i‘o1 the SUCCCPI.i\ r‘ 
ac:clerator and ‘he niiix~mum c.3rrcnt was tictcrmncd ci:her 1i.j 
t1.e curlent capabllit! of the dc-syslcm 01 1~~ the curlent 
transport prope--tiz 01 the low energT bC.iIL 1 r i? n s p 0 r t 
(LEBT)--line. 

The invention of the “spatialI: continuous strong focusing” 
prulciplc [I 1 hts originated a trcmcndws research on the 
so-called radio frequency quadrupole (RFQ)-accelerator, w.heri‘ 
a modu!,~lcri radio frcqucnc~ q~drupolc ari ,ir,gemcrt is usc:i I3 
r0cLls. t:unci1 illld ‘tcccler;itc hi~‘h cur1cr:1 iun lbcdrr:Y at t C!l l.\i\ 
energies (t.vplcall\~ 10 -100 keV for prctonv, I- 10 kcVinuc!con for 
IIIC~IUIII and 11ca~j iolw;) 

Fcr liglit and rncdiilvi ions the RF<1 ib ai,lc tu cap1urc 1hc 
Ian be,~m right from the loti source. and overall beam 
transmisFionc of more than 00% have been achiwcd. For high 
current heavy ion beams the charge stelc is only one or two and 
therefore an adilitioniil dc-voltage is nccessar> !o reach the 
input cnerg:‘. 

The development of high current and also high brightness 
ion sources ran parallel with the increasing current capacily of 
available accelerators, resulting in widely spread applications. 
High curl-ent accelerators of mediuol and high energ)’ are 
nowadn.vs of interes: in particle and nuclear physic5 as uell as 
in the heavy ion confinelnent fusion program. Low encry) 
applicati~nc are for euanlplc neutral beam healing of plas:nns in 
the plasma fusion pioglanl, and inlplantation of Ions into 
semiconductors arid nxt:ils 

The injcctiorl s!stcn: of an accelerator s>stcnl (here dcfincd 
its ion source, evtracliJn s?-stcnl. and LEBT-section (including 
perhaps a dc-colunln) has the task to provide an ion beam v,ith 
the righl current, emittancc. nx,ss and charge and time structure 
(macro- and/or rnicropulsed or cw) to be matched into the 
adjaccnl accele~ dtor structure. Additinnal dcl,iccs such as 
tunchcrs for longitudinal beam compression. clcctric anil 
tnagnetic dipoles for tnass and charge separation, choppers for 
preparing a special micro structure or kicker n~<igncts rn,l> be 
included in the LEBT-section 

Transverse beotn emiltnnce and space charyc forces tend to 
Increase the beam dimensions, and the injcctisn systen~ has to 
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provide enough focusing strength x to keep the beam uithin the 
limiting aperture. The variation of the beam dimneter R of a 
circular beam al,~ng the beam path i is 
equation 121 

given 1~~ the enveloppe 

- X(/)K 

Here z :s the absolute transvclse cmittancc ;I~(I tl~e 
generali7cd be;113 perueancc K is gi\,en b? 

T’c I yL = 1. 1 -... 
A n-(, h’“V3 

(2) 

Ivilh the ion charge I+ c l~:l? mass A-m,, ‘11.~ ion currrnt and the 
I:com velocity i7 denoted II>, I dnd ~8 respective!!. In fact 
tx~-ld’:on (I) is valid for !!ic so ‘:01id 01 ,ic: nion~c~~tr (rn:s-ri~luc~) 
cf E and R ocly. 

AI low cncrgicr the bchaviour of high current beams is 
domina!ed by the bean1 pervcancc tcrt1: K/R (space charge 
domina:ed), csceedinr, the cmittance :erm by nwrc than an orrlcl 
cf rnsy,:iitudc. 

1.hc ion source ;rI:d here n~an~i~ the c\l:.ac:i~n s! stem rcts 
the :;m:l for maiimu:n IJCH~X current and minimuni cmitt ancc. 
?Iie I F:11 f section as well as lhc dccclcrdlor kavc lo plo\id; 
ct~ougt GUI tent c,ip~lbiiil\~ ii:ld acccplancc fi-r proper ,wii loss 
free tlan7port and accelcr,iliJn 

The succesri~e chaptcls are ticdicated to ttv2 basic limits 0r 
ion Sean-i properties set by the ion source. the transport lint and 
the high current of acceleiittsr rcspcctixelr. Data and o?c:-nting 
c\cpc[icnce of typic;11 e.<irtir.p and proposed injection SI-SICIII~ arc 
C’ll’CIl. 

Limils Set b,3 the 1311 Source 

Ihc ptcsenl chapter is pr~n~a~il: ccncc: 11~91 wit!) I:rincip.il 
limits of extractable currcn: and beam cmillirr:cC of h.gh 3.1rrc‘:~t 
i,.>n so~urccs ( 1 m.A) I,;iccd 0~1 piit~t~~ ~~~~~~~~~~~~~ nlc itllli~ll-l~ 
cf i:ux.ng refc:cwcF is 11ilgi’; I iclltprellcnsi\c SUI\C~ IId\ l>:‘l.ll 
gii er: 11) R. Keller [ 3 1. 

2% chaructcristic f,-,l’iil PL, of liigli C’LII~CII~ i~lii +C~IC’C~ dit’ 
dctcrminctl by the propertic of the pl:~sma 
extraction s? stem ( acccleralor colunx~ 

gcncrator and ~hc 
), and in principle a cold, 

qu1ct, and homogcncous plavrna is necessar: tc obtain higIl 
currents and high brigh:ncsP beams. Ilndcr the assumption that 
the be‘im extraclion is net linii!ed by tix current dcns~t~~ 
available from the plasma, the Child-Langnluir law j 4 ] cal: L’c 
used lo obtain the maximwn extractable ion current I under 
space charge linlilcd conditions IKil’: 

I 111.1, 
: p I ,: <,* * (.I 3/l 0) 

\I t,cte I.1 is tile cytraction volt;igc. i- hntl A the clialgc oni mass 
w.111;I~ct of the ioa. ‘Ihc pcrve,i:1cc P ticpendr onI,! on IllC ‘LIpccI 
ratio S = a/d (with a the aperture rad!us Tcr a circul;~: 
cxtractior. hole and d the cffcc:i!,c extraction gap 5% iilth) ar:d 
o1~1ic:~I propelt~cs. Therefcrc the tot:11 e\tractablc xrrcnt l,,,,,y 
does not depend on the actual si/e of the extraction s:stcnl. 
NaturalI!. :hc cutraction s> stein has to pr.~v:tlc it ‘,cdnl \sith 
minir:wm cmiltancc and with ii Inoin fraction of cur[cnt within i8 
rcaconthlc diIcrger:cc angle lo be cnpturcd b1. the S~ICCC~C~\~V 
tranrport s,~stem. As wc arc intcrcsted for plitctical reasons in 
reasonable and transportable ion beams we stick to a model 
proposed by R. Keller ’ 5 1, whcrc the tr.auinwtn tranqporta’>lc 
CuII’cIlt I II ~for ii single round aperture is given by 

I q 2.2. I() 
-8 3/z i-z- 

/I /I,~’ M -, 
Ii? 

II 
, >,I4 ” L.r (1) 

(see fig. 1) using 20 mrad for the bcntn divcrgcncc half rtnglc 81 
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and an aspect ratic S = a/d = 1 for a two-gap extraction system. 
The emitlance or the beam howcvcr depends on the actual 

SiiC of ihe extraction systelll and 0 n the plasma iCll 

tempcrnturc [E,6,7]. For ion beams containing a substantial 
fraction of the space charge limited current the aberrations 
caused by the no: idcal optics cf 11:~ sxtraction systenl 
dcIerminc 117~ m1:Iifnum absolute beam cmittancc E via lhe 
acceptance of the cutr‘3clion ch~nncl. For S = I the absolctc 
cniillancc is ~ivcn lri 

E = a * r = 3 * a/2 q u * di2. 
(5) 

n.illl I denoting !hc mi~i~inum beam radius in the cstraction 
s~stcm. EuJ\erime:lts and numerical simulations have shown that 
r is :.~ti;‘l~l~ i11ii;ut Ih,ilf of lhc outlet aperture r;tdic’: a IS;]. 

hlinimum emiltance therefore calls for minimum extraction 
iiidth (j. Uase,l on the K ilp;ltrick criteria [ 8 I, relating mininlum 
gap \\idtl,s to applied wItage. d = 4.47 * 10-t3m~ 1J3” seems 
lo be a consclvatire limit 1 5 ] giving an absolute emittancc ( see 
rip. I ) of ((3 = ?(I mr~id) 

E = 1.47 ’ 1/2 IO-” n*mm*mrad/V‘ i Ty’3. (6) 

‘Ihe normLtliicrl cmittance En dcpcnds on the ion \;elocity 
iinrl therefore on the ion species giving en .s jg/A * U High 
c~t,a~ljon voltage resul(s in high estractcil currents at the 
c\pcn<e of increasing cmitt<lncc. The beam brighlness, a-hether 
Il;+cctj 01: ,it,si71u!c or norz~II,<ed cmi!l.incc 1s decreasing with Lr. 
thus Je,3,].ng to dlrfcrent <cTign go.11~ (l~rightnc3s or currcn( 
oJzlill:i,,sil) fol lligh current bourccu. 

So Tar tlie gi\.cn c;11 rent and cmiltancc limilr <krc valid fol 
ii 5inglc round aperture. [‘sing :L high ra!lo of cvtracting L’oltagc 
,lI:ii t~:d:II c’icr<$.\ (;,ccel/dcccl--sl.stetn) the current can be 
~;ijnlfic.ii;tl!~ ~,ICI c;hs,.yj j 6,(! 1 I csulling in increasing beam 
,jji ~1 I’C~IC~ Slit ,tpcrture< allcu higher -u:-rents to bc CXtlZiClCd 

I‘,<,,,> ll,C ,‘l;iy,,,;,. but demand .I holllogcniour plnma Will1 an 

appropri‘rle spatial c\ten:. The lartcr is also valid if a multi 
ap,:rtuic sltlcm of rouncl or slit apelrure~ is uqed. increasing the 
t.,tiij rurlc!lt I,? ;l f;~ct~r given b\ the number N or apcrturi-q at 
the v~,~~cn<c cf i7crcdsed cir,ilti~:lcc. 

Limils Set b\ the High Currcn1 ACCcIcliito: 

In man! injection systems dc-colu:nns are covering the ycip 
liel~~ccrl io.1 source a:rd medium cxcryi accclcrator. 
C’ock.roft-Walton t)pc dc accelerators ha;,e b&n built e.g. for 
.I0 m.k, cw cperation at 900 kV al the Paul Schcrrcr 
In~tit~t,Villipcn [ 10 ] and ~orr:e hund~cds of mA al vcrj lcu- dul? 
CIC~C‘ ! 11 1. Emi~t,tnce inc[ca’ic at higli currents due to large 
t,c,tm tiiamclvrs caused 1,~ the \veak focucing and lower available 
c,~~rrcnts at high duty factors set a severe limit for high current 
applications especiallyt iit highe! oncrgics. A solution for the 
fiis. c;i’<c m:~y bc the “cons:;tnt current \variahlc !,oltoge” design. 
in\.es:igatcd ,li Laa.ren;e Berkclc! Laboratory LBL [I2 1, aheye 
st:i7nl: eleclrastatiz focusing is applied in a dc-column. 

In?uztion lineal accclcrators are meinl.v invcstigarcti at 
LaLr.rencc Livcrmorc I aboratcr!, and LB1 [ 13 1 for very high 
in!ensilier in the ampere range at \-cry short pulse lengths. The 
spcci:~l time rtrilcturc of suet: linacs e.g. does not allow an 
opcr,ltion as prcacccleraior fo! common used high energ:’ tf 
accclcralors. 

Radiofrequenc: linear accclcrators for low ion cncrgics 
ha!,e bcon buill in a \,arict:,, of different types [ 14 1. Magnetic as 
well rig electric A&focusing ha\,e been applied. For very loa 
ion cncrgx clcctrostatic qundrupoles arc favorable. A system 
tlesigncd [or mulli beam acceleration is the MEQALAC-syslcm 
pro;)oscrl by Maschke 1151, where standard rf acceleration is 
COlllb~l:Cd w,ith an ;irra) of electrostatic quadrupoles. The 
tranqversc focusing is spatially inhomogenious, causing increasing 
fringe field effects for short quads at low energies thus giving 
tilt 13wcr limit of elcctrortalic quadrupolc applications. 

‘1.X radiofrequency quadrupole (RFQ) however uses 
“spatially homngenious focusing” of a long rf powered quadrupole 
iat I .ingement. The abscncc of transverse focusing fringe fields 
illlOWS shorter ccl] lengths for a given frequency. The 
accclcr,llion is introduced b.v langit~dioal modulation of the 
conductors forming the quadrupole. A comprehensive overview on 
K1.Q rcl,ltcd dc:~elopmcnt and rcfcrcnces is given in (16,171. 

Lowest input energy combined with the most efficient rf 
driven electric AG focusing and the possibility lo vary rl stable 
phase, acceleration gradient together with focusing strength 
favor the RFQ over all existing high current rf accelerators. 

Therefore the highest limjls for current capability and 
channel acceptance are set by the RFQ structure. Compared to 
the model for ion sources described above it is quile complicaled 
to derive similar relations for the RFQ. Though the choice of rf 
structure, frequency, power consumption, particle dynamics 
design philosophy and the voltage hold-off problems are linked 
to one another in a tight way, the RFQ-builder still has room 
for a specific layout. 

Nevertheless for a pure non modulated trar.spcrt RFQ 
structure simple scaling laws can be derived, which still hold 
fol real R17Qs by comparison with experimental and proposed 
data. Maschkc [IS] showed that in a zero order approximation 
the transverse current limit of a single transport or accelerating 
channel is independent of the channel sire. 

Foilowing Reiser [IX 1 the transx’crse current limit of a 
single channel is given by 

I=!& j+( 1 - n”/Q, (7) 

There 0 is the ion velocity v divided by the light velocity c, L is 
the cell length of the structure, a the zero current acceptance. 
c and rj the phase advance (bctatron tune) with and withoul 
currenl ‘~espcctively. I is given b! -Iris m c3/e with e :;;: 
electron charge, E 

P 
the@ ‘~‘acuum diclcctric ‘coistant and mO 

protor mass. For he sake d convenience vl’e express n as a 
function of T, the voltage a singly charged ion has gained, and 
the cell length L via the rf frcrJurnc>, f-v/L. Assuming that the 
clmnncl radics R is limited IO values smaller than L/2 (length 
or the bunch exceeds transvcr?c diamctcr) the transvcrsc currcnl 
iimil can be written as 

Y- 1/? I = ~~~+2e;/Arn~ + ( : ?‘:)’ ) * .r” 18) 

,~lthough there <TIC rcJ)cIIs on slnble tran’;port of hi& 
currents nith 6 up to 90° or even more [ IOJ. phase adxancea 
per ccl1 rju smaqlcr than 60’ are strongI>. rccommendcd due IO 

cnveloppe Iwtabilities [20] and the tune ticprcssion c/‘,;~ = E/O: 
should remain above 0.3. Since the RFQ is an elecrrical system 
an RFQ related perveance P,,* can be obtained by using the 
numbers mentioned ahwc giri:~ 

] q p 
RF<: ii/A 

‘: t’!.3/2 : :j.s(> e J(,-~~~/v~‘~.~~,T~~‘~ 
(‘1) 

Ihis is the thcore;lcal transverse currenI limit of a 
trmsport RFQ withoUt modulalion and channel diameter equal 
cell length. No assumptions ha\,e been made ?et concerning 
dimensions or frequency. The current is indepcndcnt of the 
channel niLc and can bc increased only by using multibeam 
techniqucr (Maschke’s original intension 1151). Compared to the 
perveance limit of tt:c extraction syr;tcm given above 
(2.2*lo-xA/V3’“), PRFY has a fairly high value. Existing and 
proposed current limits (normalircd to proton \~aIucs) of RFQs 
have been plotted in fig. 1 togcthcr with the limit for the 
extraction system, indicating that the tendew! of the 
equation (9) is quite :ight. the “practical” limit of P Rr;Q chosen 
1)) Inspection but still arbitrar) to be 5.5*10 “A/V”‘. 

The dimension of the RFQ is given either by practical 
reasons like availability of rf transmitters and rf structures, 
limits of voltage hold-off ar.d the need for sufficient acceplance 
campared to the injected emittance of the beam or by the 
necessity to allow only for small emittance degradation during 
acceleralion. Transverse emittance growth is mainly caused b) 
charge density redistribution towards a constant value and b? 
equipartitioning of emittance between transverse and longitudinal 
planes, the major emittance increase due to nonlinear 
iongiludinal accelcra;ion fields LZl]. Both facts favor smallest 
channel dimensions at highest frequency and transverse focusing, 
leading e.g. to the Los Alamos design of proton and H- RFQs 
operating at more than 400 MHz and typical channel radii of 2 
mm Injection energies of about 100 keV allow accelerated 
currents of more than 100 mA with low emittance increase. 

The fat: that the RFQ current limit is of the order or even 
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exceeds tb.e limit given b!, the ion source extraction s;,stcm is 
quite nice bu: still leaves the problcni 10 provide sufficieni 
accepiance of the RFQ. 

By again asiurning dn unmcdJlatcd transporl KI’Q a first 
order approsiamati3n fcr the 7crc currcn; unnormali/cd 
~~ccep:ance is pivcn b> [ lb ] 

fX = yoR”/L , c’” = CT --,L!cL 
m. A 48 x R’f2 3 L = nc/r (10) 

uh2re u is 
proportionea\ to II 

the interelectrode voltage. 2 therefore is 
and I/f. fnvcuring lox frcquencic~ and large 

aperlurcs. For l&er frequcncics larger and more complicated 
accelerator sIruc’urcs have to be used (if there arc any) and the 
resulting F,>u’ci consumption may incrc.lsc. 

A lough CStifnil:C of the unllorm‘llircd acccptancc of three 

diffcrcr:t RFQ dcsrgns arc giver. in fig. 2 using lhe Kilp~tlrick 
limit for U I.1 fad more ~liarl ta.icc iIS much h;lI’e beeli 
applied in pr%ctice r221. The evaluation of IX still applies due to 
the fact that hichcr in!erclectrodc !,oit,rgeu are rcquircd in a 
modulated RFQ to achieve tte same acceptance compared to a 
pure Ir3nsport dc\‘icc. 

I 
iho 

Ion Energy per U,,it (‘hn~gc . (!i\‘) 

Fig. 1 R~as~r~ablc Ir~~rl~j><“.!c~<! pr~l~n ndrmnli:cci IO:* CU~~CJII.S I, 
from r! sillgle rotrncl nj,erture t~slrncfic‘rl SJslcm I5 I L’CTTUS icllir 
cslrnc’!rr~n soilage and limils u,f proiorf r!ormnli:cii correrlis iRI:Q 
f >r RC’Q? L’CTSI’S iOr cilerg) ill?” uuil CiiCrgC [.S?C !r’Xl,t 

hIK. R=5n1m A=l) 

!L 
. . 

’ ’ /‘I*-” 111 I()() ’ ’ L--z ’ ibrnc, 
Extraction Voltage U (kV) 

Ion Energy per Unit Chnrgc T (kV) 

Fig. 2 Minimum urlnormoli:ed emiliance of an ion beam 
esfracled from o single round operWre versus extraction voita~e 
-51 and unnorrrtnli~ed Nero current acceptortces for differen! 
f,cper of KFQs (see fexfj 

From fig.1 and 2 we can state the follon-ing: A high 
freqccncy RFQ (400 MHz) with small apertures has compatabl: 
low- acccp~ancc and is able to accelerate more than 100 mA of 
protons at 100 kcV Injection energy. The structure is high]: 
effective to conrrol ernittance increase. bu: allows only a small 

margin bciwecn beam cmittancc and acceptance. Thi? is exacti:,, 
the Los Alamos design philosophy. Even 1.2 mm epcrture radius 
have been used 123 i, which seems 10 bc the limit due to 
mechanical and tf tuning tolcranccs. 

Proton or H--RFQs operating at 200 Mt-1; ha\rc beer: bullr 
at different place? with input energies from 18 to 1011 keV [171S 
the current limit still ranging from some tens to more than 100 
m.4 using larger aperture \ralues. The margin between source 
emittance and accept awe is much higher. allowing C.E. 
subst‘rnrial emilrancc growlh in the LEBT section. 

High rcurcc cutren:s al cstraction voltages up to 100 CX 
for protons and light ions and sufficient channel acccptanx 
allow for the injection into the RFQ without additional 
dc c3lumnu. 

Far heavy ions the situation looks quite different and vi.1 
bc cuplained using design data for the GSI Ifigh Current Injectcr- 
j ?3.?S] fol the SIS hca\i ion s:,nchrotron. Lip to 25 mA a! 
it charge to mass ratio of l/l I1 (Xc+) halve to be accelcraled 
rIoill 2.4 :o 216 kcV~rwcleon to be injecicd into the existing 
M’ideroc rf sections of the UNILAC. The injection c:lergy per 
wit charge of more than 300 keV vsill pto\,idc cncugh currcni 
c‘lpabilily of the RFQ (fig. I), li:e choice of 27 hlH; wilh R 
approximately 7 mm leads to an ‘x of about 500 n*mm*mrad. 
Bur an ion extraction with the high voltage of JO0 kV, cvcn it 
were possible would be disad\antagcocs; the beam emittancc 
would exceed the RFQ acceptance. The ion eslraction at lower 
voltages (here appr. 50 kV) and the use of a multiapcrlurc 
s;stc:n (N=7) allca-s low emittance and rcquircd cutrcnt 
r~multancousl~. A successive dc-column of course has to rise the 
ion cncrg! to the value needed fcr injection i!lto the RFQ. at 
firs: approximation leaving the normalized emittance unchanged. 

Limits set b!, the Lox- Energy Beam Transport Lint 

Stable transport of ion beams with beam pervcances gi\cn 
above are hardly to obtain, especially if dipoles e.g. arc included 
in the LEBT section. Commonly used magnetic transfer lines 
Ihcrefore USC the effect of space charge neutralization to lower 
1he acting SptiCt? charge forces significantly. Altllougll 

clcc:ro?tatic focusing provides hrgher focusing strenglh at lou 
energies. the current capability i’: smaller due to tiw facl that 

space charge compensation is not possible. 
lhe emittancc requircnents for the accelcr~~tcr input 

tlepcnd on the lype of accelerator. For RFQ? rhe focusing field 
iv lime dcpendcnt irlr;tll? I cquirir?g itlso a time dependent l~c;lm 
r.,t~iitt;in:c pattcrr:. A sopliivlicatcti rarli.ll mntchcr j Sit,27 I can 
overcome this constraint. bul needs a highly convergcnl (several 
riegrecs) and round beam wit11 the beam waist insiric rhc RFQ, 
thus favoring as isysmmet ric optical lenses. For 

clcctrostatically or magneticall) .4G focusing maschincs the 
input emittance pattern is static but naturally a more or less 
elliptical beam is required, which favors quadrupolc focusing in 
the LEBT section also. 

Magnetic ein7.ellenses (solenoids) have SCCOlld order 
a~isvmmetric focusing and rather large aberrations and are 
appl~icablc Tot light ions. For heavier elements AG-quadrupclc 
focusing is necessary, which deslroys the cylindrical symmctt?‘. 
ivhich is unfavourable for injection into RFQ sj’stems. 

Emittance degradation and particle losses in the LEBT lint 
is a crucial point. To keep the rms emittance growth low, all 
kind? of nonlinearities of related fields have lo be minimited. 
This holds as well for the external fields as for the internal 
electric self field of the beam. Careful design of LEBT elements 
dnd probably the use of only a fraction of the aperture is 
requested. Nonlinear space charge fields are correlated to not 
constant density profiles. It has been shown [28.29]. that the 
increase of emittance is caused by the rearrangmcnl of the 
density distribution towards a constant profile thus minimizing 
the internal field energy of the particles in their own space 
charge field. For constant or periodic focusing and assuming a 
round beam, the change of transverse rms emittance ~~~~~~ along 
the bc‘lru path I is given 1,~ !30] 

d 
yg ErZlnr = 2Ks 

2 d w-\li, 
r :‘x ED (11) 

whetc K is the gcncralii-cd beam pcrvcancc, r’- lhc square of 
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the rms beam size. (W-W )/w. iv it nnrmali7ed dimension:css 
paremeler. x+i;h rclatcy tt;e nonllnenr field cncrgy W-\?‘u (o 
d:ffcrcnt beam profiles. The redistribution is an adiabatic 
picccis. :ihi;lil transforms nonlinear field energ:’ i”l0 kinetic 
trnr.rverse ene.‘g). The increase of the emittancc is clearl? 
tclatcd to the perveance. but also to the beam sire. The process 
is \CII fast, tlic ;Iriiabatlc :ed:stribution finislied af:er at lea?1 
one qualter of a plasma period. Minimum emittancc degradation 
tin thcrcf<)rc kc uhtaincri 1):; the 1.p~ of the stlongcpl u~;ail;tlilc 
I’02u:.~nj’. which keeps the beam siie ~ruall. 

Magncti: Tlansfcr Lincc; ~~. _.... 

hlagnetic focusing clcments like yuadrupclcr or higher ordcl 
p,;lcs, solcn~iti! and magnetic beam nmnip~lating dc\,ices such as 
~jipolcs, kickers and steering elements arc commonlp used in 
conventional transport systems. 

En tlic ab~cnce ,~f clcctric fields and at normal opc:ating 
lesitlual gas pressures ranging from IO-’ to 10Y7 mbar plasma 
build up oc(~ur’i, dcvclopcd by ioni7ing coll~si0r.s of beam ions 
v Ith the background gas. Assuming positive ions, the produced 
slow cIcc::on~ accumulate in the space charge potential of the 
po\iti:c ion bc~m and neutra1ij.c the positiT/e space charge. The 
residual gas i0r.s are expelled from the beam. The lower limit 
c,f the buildup time : ncccssarj’ to neutralize the space charge 
~C;ICII~S on t[;4c iomzation crors section. r;. ( 111 the order of 
10-1f’-I!)-‘5,,,t”), the beam vclocit:< v and’ the dcnsit! of the 

rc.si<lual ~~3s n and Is given l,Jv I= l/(~i;~n) and for kcV beams in 
tllc orde. cf (Lse= tc mscc. 

I)uc TV cIc,-tron losses the ncutralii.ititicn rise :imc can in 
fact L,c much longer and o full compcncation -‘innot be achicvcd. 
TI,c rin,ll tjc_urcc or ncutlali~atlon IS pi\cr: 1~~ tile dynami? 
c(luihI r:~m of elcctrpn pra&xlion and losses. the latter due Id 
t/.c f,li:t, thy oni! elcctronv crcalcd a.ill~ ki:letic cncrgics bclsir 
tile vi~luc of the ;tctuai spax charge poten(ial can contribute to 
tl,c pr~:csi. Otller 13~~: channels :~rc longi(udinal losses due to 
lliil idc~: kound;iry conditions and clcct~on heatins viii 111~ 

ti~ctn~~li~;~:ion of the clec~ron \,elocity di~lribution caused 1~~ the 
ic,n l,<:xm an,1 pl;rrni,~ or source inrtahiliiies [ J1.12,.J.l1. 

:I comp1 chcnui\~e o\,eriic\r on neutraliraticn rela~cti 
phclli’~“I~L.n.1 including eilitwiti3ns or ;~chio:~ablc dcgrecs of 

t~.\lxljcn~atio:i 11.1s ljecn gilccn bj llolmcs L.13 1 and Caho! ich L.15 I. 
IIUC to 111~ fact, that the neccs?nry focusing strength in a 

111~1, :urre,,t LEIE)I‘ I’: governctl riilhc~ t\ the beam pcrvcance K 
tlhin 5,i the fniitt8ncc. the nculraliiirtion pi-oxss is quite hclpfui. 
Fi-): iic bcdtl:q at eSlraclion cnergl’. compensation rates in the 
OIilCi or ‘11)X up to 9% li;ti~e II:C:I Jchieicii, thus reducing the 
cffectivc bea: pcrt’cance drastically. 01: the other hand the 
change of rcs:dunl ct.15 presrurc. m i s t u r c a II d be am r a d i i a 1 0 ng 
tiic lint, and th:: efrcct of cutcrnal fields cause subsfantial 
var.ntion of the degree of ncutrali7ation. Theoretical and 
numcric~i prc~liclions of the be.lm transport properlies arc 
Ihcrcfore diffiallt to obtain. 

E’l~~ma L:tlild up in a LEBT Iire for beams with pulsed tirrc 
it~~i‘tu!c C,+C bc quite uncomfor!,itlc fsn injectors far !lich 
cncl~x s!nchro~rsnr c.g. have pulrc Icngthv of SOI~C tens t@ 
s,‘lrlC h,~,~~~d~ of (!sec. ~~~~~~~~~ the front end or tk P,J~SC 
Ull~~CUtrLlli7Cd. a hi c I I g,\‘cs rise tc \‘a~ ilng Fcrl-cance an? 
emitl;~“tT along the pulsr. BGIIU matching to SucceFsiYc 
elements in the line c:rllnol be done simultaneously r0r all parts 
of ,hc pulse. 

space cliargc I:cutrali/ation Cd” rlrasticall~ reduce 111e 
pcrvcance of the beam. thus emitlance degradation via dcnsitj 
redirlrilxtiox is limited bg the beam perveancc K in equation 
Ill). In the case of a partI) neutralized beam redistribution 
mcanr rearranycrncnt of both ions and electrons to give a linear 
space charge field. Unforlunetel~ the electrcnP are not cold 
enough to follow exactly the ion movement, instead the] have a 
thermal velocity distribution. a,hich allows them to stay also 
oulsidc the ion beam. This has been shown experimentally using 
an electron beam probe at Frankfclt LX,]. Rearrangement of the 
space charge density profile therefore dots not neccssaril, 
:ne il II, that t!lc ions have homogcniour density. Moreover the 
redistribulion is not adiabatic, because the creation and loss of 
electrons is a dynamic process correlated with the exchange of 
C”C*@ with the outer SyStClll and the beam. Variing 
cc,mpcnsation rates or even decampennation. which may bc 
induced by electric elements, seem to bc a ncvcr ending source 

of emiltance increase. Measurements with a 
compensated Arf-beam at GSI have confirmed this 1371. 

partialI>, 

In Frankfurt a magnetic LEBT line with solenoids tas been 
SC: up to invcstigalc the emil~ance increase due to differen! 
dcgrccs of ccmpensalion [38]. It could be shown that the 
emitlancc degradation is proporlionall> to the effective 
pcrvcnncc. The rcnults also indicate, that a total deccmpensation 
of the beam inside a solenoid is not possible. Fro111 
mcdsu~cments of Ihc rnr‘ial potenti,ll depth of :hc icn bc;lm f,>r 
different beam radii. it could also be shown tha: the degree of 
compensation strongly depends on the beam side. At beam waist 
position (0 q ? mm) the space charge u’as almost unneutralized. 

The decompensation of the beam in front of an accelerator 
s~vtem always Icads to an Cmit:ancc increase and a difficult 
Inatching behaviour. 

Space charge ncutraliratian also occurs in the cxsc of 
ncgati:,e ion beams caused by the trapping of positive rciidual 
gas ions. Even an o\~c~c~myct~ualed bc~m could bc obtained. ‘IIx 
beam is dr focusing due to the net positive space charge, 
mused TV tile low tnobilit~~ of the ncutraliring mns WI]. nlc 
emiltdncc relilled points mentioned ilPF1)’ also in this cast. 

Electric trnrisfcr lines 

Electric clcmcnt~ prcvcllt plavm, builil-up, if no elcclric 
fielti flee regions cxis~. The focucilig strenglh therefore has to 
bc high enough to overcome the full unncutralizcd space charge 
fo:-ecu. Voltage ho!d-off is the major problem leading to 
miniaturi~etl tr<tnspo:‘l channel\ for high current beams. Since 
tile beam ii unncutraliicd the time structure of the beam plays it 
lcsr s;gnificont role. Beam beha\ijour and part~clc dynamics cdl) 
lit dcscribcd \cr:’ accur.ltcl, b> numerical ?imulationq. LIpart 
from the cmitt,rnce incrcasc right after the cvtraction system. 
thi’ gi’o~th d cmittancs is p3vernc‘ti 5) aberrations cf the syrlcm 
rul< can be kept small b! sophivlicateti c.ieri&r methods. 

S i n c L‘ electrostatic ciniellcnrcs yufror from large 
al;crri~:ions. clcctric q~ail~upolcs arc crpcci,~ll~ quit& in fronl of 
accelerators with AG-focusing. The csc of quads for beam 
injection Into RFQs requircu special altcntion to the rlcrign of 
Ihe last quad in crder tc allow for iarge beam diamctcrs 
ncccvsary lo achicvc the tiigtll~ conlcrgcnl bc,~m 140 I. 
Inievligationr with asi~ymmetrio clectroz,latic lenses dirccll>, in 
front of the RFQ have been undertaken showing encouraging 
results [ 31.1. 

Performance of Tvp:cal Inject!on S? stems ..-_.-... 

A typic,rl ckamplc fcr an ir.jcclion system with magnctl: 

I-EDT section is the AGS preinjcctor at Brookhavcn National 
I.irl,o~a~or~~ (BNL). In the end o! 1988 the Ccckroft- Wallon has 
been rcplaccd by an RFQ, accelerating tile H- beam from 35 
kcV to 750 kcV. From a magnetron type surface-plasma source 
bpicall:~ 65 mA can bc cz(racted at 5 HI and 700 tlsec pulse 
length. The LEBT line (1.9 m) contains two solenoids and from 
transporl calcul;itions ii tl~~mc or compensation of at least 40% 
ill 1O-b mbar has been reported. ‘lhc neutralization rise time is 
aLout 50 J‘SCC, leaving IhC front end of the macro pulse 
unncutrali7,cd. Emitlance grov,th in the line could not be 
inrcsligatcd. The normaliied transvcrsc 9!)% emitlance is 
1,2r*mm*mrad. Transmission has been approximately 85% uith 
up 10 50 mA at the exit of the RFQ. Esccllent rciiabiliti and 
simpler maintenance have been gained at !hc same current level 
compdrcd wirh the previou? de operation. and there is T(ill the 
option to increase the bcam current in the future Id?.]. 

The Tcvatron at the Fermi National Accelerator Laborator! 
(FNAL) is cquippcd with t\vo 750 kV dc-columns. The magnetron 
t~‘pe H- SOU~CCS both pro;pidc beam currents of SO-60 mA al 15 
HI and JO-60 ,ISCC pulse length. The injccton into the 
accclcrdtor colu”~” is dO”LZ wilt1 double-focusmg magnetic 
dipoles only. Magnetic quadrupole focusing is used in the 750 
kcV transport line. The 90% transverse cmitioncc is reported to 
incre.lse by a factor of 1.8. The operating pressure is about 
?alO-” mbar and space charge compensation is reported to be of 
no significance. The operation at IO-’ mbar causes 2 h4H7 
plasma osrillations in the longer line (1Om) at a slightI) 
dccreaqed cmittance growth. The oscillation is believed to be 
due to a two-stream plasma instability. A change from the 
present dc injector to an RFQ based syrtem has been considered, 
the RFQ accelerating the beam from abaur 30 keV to probably 2 
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or 3 MeV, followed b> the injection into a Ned’ Alvarez tank, 
which i? bclieired to cause xuch less emittance grohvth than the 
present one [4.3,44]. Bed111 transport and beam matching to the 

RFQ arc considered to be performed by solenoids, Cabor 
plaum:~- and cl eztrostatic Icnscs. Shalt pulse lengths rcquicc 
unncutraliscd t:ansport with e!cctlostatic focusing or 
preservation of the degree of compensation via the trapped 
clectrcnv of a pl~isma lens. The operation of ;I plasma lens Tot 
negatix’e ion beams hou,ever is doubtful i IS!. 

The prcinjcctor system for the proton stotagc ring HERA IS 
the first r!stcm. which has been build pritnaril~ \I,ith an RFQ for 
a new high energ? accelerator. A Fcrtnilnb type magnetron H 
source is followmi b> ii LEBT sccticn consisting of dip~lc arxl 
two s~lerroid~ [jr.]. The ncminal beam current at 1 HI and abcui 
I00 -150 !rscc pulse length is 2.0 mA The RFQ, built in Frankfurt 
jd7], has been successfully tcstcd and acccleratea the beam 
from IX to 750 ke’d A mwimum current of more than SO mA 
has been ;tctieved jet. 

At the Paul- Sc!rerrer-Institute (PSI), Villigcn, the injector 
Tar the successive cyclotrons consists of a multi-cusp type ion 
source (routinely lo-2L tnA, protons Rt 60 kc\‘) fOl!o\l’ed by il 
dipole for mass sclcction and two solenoids. The pcrccntage of 
soace chnr~c neutralization rs in the high W’s [3X1. Tbc 
i:ktallcd Co&oft-Walton is able tc deltvcr ,111 mA up to ‘ICI! 
kV at cyx oneration 11131. The high encrgv beam transport lrnc 
uses magnetic quadrupclc focusing. hlo~tsuremcnts by thesauthor 
/ 4’1: have shoan that the dcgrcc or compcnsntion at I3 m b ii I 
operating prcssurc is still About 50% at 870 kcV and problems 
arise \\,tth :hc thcorctical understanding of the measured beam 
be!lrt:iour [ 5Oj. Since dc operation and low energy spread are 
tcucired. nL> ccnPidcr;ltions concerning an RTQ l-ra1.c been made. 

The heavy ion svnchrotr~n SIS at GSI. Darmstadt operating 
since beginning of tilis J-car, requires a new high currcnl injector 
to be bu:lt in order to fill the s! ncliro::on to the space char&x 
limit 1~241. Problems concerning the RFQ !xtbe been mentioned 
przviousl!, in this paper. The current cepabilit~ of the high 
voltage platlorm is limited to about 40 mA. To obtain e.g. 25 
!“A of 2: c+, charge and mass tepdra:ion ha< to be done al ion 
source extraction cncrgj’. The us0 of a mu!r~apcrturc c\lraction 
ystcm a’: s-cl1 nc the high b’cam current at I~LI. energies allo\r 
tilt rccjuircd hjr:h tna~s and cl~,iige resolution rn a dipole onI:, il 
the spice charge is highi! compensated. For It Kr team 01 
annroximatc!\ 8 mA cstractcd from 7 apertures a! 25 1;V tile 
resolution could indeed be obtoincd. Degr-ees of compensation cl 
more than 98%: could be mcasurcd 151 I. 

.4t the FOhd-Institute, Ametcrdam a protot.?‘pc of a 
MEOAI.AC'-s..stem has been succcssfuli? tested. The s>stcm 
combines standard rf accelcratron with an array of ciectrostatic 
quadrupolcs USCd for ihe LEBT-lrnc and inside the 
rf-accelerator drift tubes [ 521. Low transvcrsc emittancc qroath 
by a factor of 1.2 have been reported in the LEBT--line at a 
ncnr1.v 100% transmission of 7 mA per beamlet ( 3 beamlets 
:ota!) using He’ at 40 kc:’ [ 5.11. The section consists sf 3-l 
quadrupolcs with 6 mm aperture diamctcr. Succcssfu! transport 
of rour nitrcgen beams at 40 kcV has been done. obtaining ,I 
beam transmisrion of more than XS% at 5.1 mA. Emittencc 
growth by a factor of 1.5 has been observed / 541. 

Ar injection system [or a MI kr’v’ li- beam u,ith 15 tn;\ has 
been proposed b:v Anderson ct al. L41 1 using electrostatic quads 
for beam transport. An additional electrostatic ring lens has 
been included in the system for proper beam matching into the 
RFQ. The systcrn has been sdcccssfully tested. Full tronsmissicn 
has been obtained. The normalized cmittance of I .irr*mm*mrad 
sho\vcd ncgligablc iacreasc. The system pre\‘ents space charge 
compensation and therefore cr’en short pulses in the order of 
only lisec or less can be transported stabl.v. From computer 
simulatic&s everi higher transportable currents seem to bc 
possible. 

Conclusion 

Estimations cf current and emittance limits of high current 
ion sources as well as for RFQ accelerators have been given, 
showing that the maximum current of light and medium ions 
obtained from the source at a given extraction energy can in 
principle be injec!ed into and accelerated by RFQ spstems. For 
heavy ions however there is still need for an additional dc 
column. Stable transport of these high perveence beams are 

hard!? to fulfill with the LEBT--line. Therefore the compensation 
of the ion beam space ckargc in magnetic lines is often used to 
cast transverse focusing. Enhanced emittancc incrcasc occur in 
parti) compensated beams due to continues charge densit! 
redistribution and the transport of pulses short compared to the 
neutralization rise time is difficult or even impossible. From the 
point of view of emittancc incrcnsc and stable transport of very 
short pulses clectrosto:ic LFBT lines are favorable. Although 
encouraging results hal’e been obtained with electrostatic 
focusing of high current beams, it is still an open question iI 
thcse s)‘stcms can rcpl~lce the common used mrgnctic lircs. 
EspecialI) in lhc case. where additional magnetic devices lrtc 
nccdcd (dipoles e.g.) a mixed line composed of magnetic .rrx1 
electrostatic trancport should bc avoidc3 to prevent addrtiona! 
emittancc increase. 
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