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Abstract 

High pcrvcancc ion beams arc of main intcrcsl. for injection 
into RFQ-s!,stems c.g. and commonly used magnclic low energy 
transpsrt systems allow plasma build-up, which results in a 
highly space char&c compensated beam. A system has teen set 
up using a duoplarmatron type source [ 10 kcV He , 3mA) 
foilowcd by a solenoid system. The s?acc charge potcnlial of Ihc 
beam is cvaluatcd by residual gas ion nnalyzcrs outside Ihe 
magnetic lens and ‘>y annly7ing cmittance measurements. With a 
scrics or cylindrical elcctrodcs wc were able to dccompensatc 
the beam partly or totally at different locations, causing 
traT.sYcrse emittancc growth. Expcrimentui results and 
preliminary ihcorctical descriptions will he given. 

!ntroduction 

Maynctis focusing clcmcnls like quadrupolcs, solenoids and 
magnetic beam n?anipui:lting dcviccs such as dipoles, kickers and 
steering magnets arc commonly used in high current beam 
transport syslcm$. 

Al normal opcrnting gas prcssurer ranging rrom IO--” lo 
IO-“mbar lhc hcam space charge potcntinl of a positive ion bcanl 

is sigr:ific:lntl;,, lo..rcrcl by trapping of lou cncrgy clcctrons. 
crcntcd via Coulomb collisions of beam ions with the residual 
gar atoris. lhc iolIiied g,is atoms arc ci-pcllcti 
Dcpcnding on the 

fl!;; the 1)2:;1:11. 
icni,<alion cross section cli (IC -:o-"cm-), 

the beam velocity ‘v’ and the density of the rcsidunl gns atoms n, 

the lowcf limit of the neutralization rise till;c 1. is giT:cn b) 
; q l/(~n5~). uhich iy in the order 0r [iscc to mscc for kcV 
t~cnnlr. 

The space charge potential of a positive dc ion beam c~ln bc 
iicIrt~~.cd c,lril! by solvir:g the Poisson equation, giving 

G (II 
iota1 

q na, 
,,on,lt - ( 1 * 2 In R/a ) Cllld 

A (1’ 
llC;l~l 

=N+J (1) 

0 

licrc a0 is the potential diffcrcncc bctwccn beam axis 
and beam pipc’“:;“;l\h radius R, O(D1, ,lfll 

&’ 
the inner beam potcntlal 

and a Ihc beam radix. A(Dbeo,,, cpends on the ion current I 
and the beam \clccity v. N is a runctiolt of the charge densit! 
distribution [l]. N equals 1 for a homoyenious density and 
increases for penkcd distributicns (N= S7/3O for a conical 
distribulion e.g.). 

Healing of the trapped elcclrons and the non zero creation 
cncrgy cause a signilicant increase of I: and necessarily a Cull 
compensaticn cannJt bc rcachcd [2.3]. Eslimations of achievable 
dcgrccs or compcnsalion hwc been gii’cn by Holmes I21 and 
Gnbovich[il]. 

For dc beams at ion source extraction cncrgy high 
compcnsaticn rate: (even 90-99X) car be obtained, thus reducing 
the beam pcrvcancc drastically, Although lhe neutralization 
process is quite helpful to rcducc ncccssary focusing slrcngths 
cr even allows rocuscd transport or very high intensities at all, 
the transvcrsc rms cmittancc is highly nl’fecled [‘;:I. 

Sources of transverse rms cmiitancc growth have been 
clearly identified c6.71. namely aberrations caused by nonlinear 
riclds of Ihc transport channel and charge dcnsily redistribution 
of the beam, thus minimizing the internal field energy of the 
ions in their own space charge ficid. For a constant or periodic 
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focusing of a round beam Ihe increase of the transverse rms 
cmittonce Erms (see below ror definition) along the beam path z 
is given by [S] 

d ---- E 
dz 

7 K ,. rz ., .L. w-w, =-& 
r ms dz w0 ’ (:I 

2 whcrc K is the beam pcrvcancc. ‘r a the square of the rms 
bcnm siLc. (W-Wu)/w, is a normalized dimensionless parameter, 
which relates the nonlinear field cncrgy to difrerent beam 
profiles. The redistribution of beam charge densily causes an 
cncrey transfer from field energy to transverse kinetic energy, 

thus increasing the rms emitloncc. This process is adiabatic in 
the case of an unneutralizcd beam and occurs once (after 
cxiraction), ir only linear ewtcrnal fields exist. 

At first sight this looks quite favorable in the neutralized 
beam cast. First, the perveancc and Ihcreforc the nonlinear field 
cl;crgy is much smaller and second, smaller mean beam radii 
can bc achieved. On the other hand, charge density redislribution 
in partly compcnsalcd beams means rearrangement of both ions 
and electrons 10 give a linear selfconsisting space charge rield. 
Unfortunately Ihc electrons arc not cold enough to bc pinned 
dirccliy to the ions. The thcrmnl velocity distribution of the 
c!cclronr can cnsily cause brander electron distributions in space 
compared to the ion distribution, resulting in a net negative 
chnrgc density outside the beam. This has been dcmonslratcd in 
Frankfurt using an electron beam probe [9]. Rearrnngcmcnt of 
[hc space charge distribution thercforc doer not ncccssarily end 
up in a homogenious distribution. Morcovcr (hc process is nol 
adiabatic. The loss and the creation of electrons is a d},namic 
process and highly influcnccd by cncrgy exchange between 
cstcrnal fields and the beam. The variation or the space charge 
ncutrnliraiion rate, caused by changing pressure or cvcn only by 
voriing beam radii, or the local dccompcnsation due to electric 
riclds is a continous source for eniittnncc degradation. 
Measurcmcnts at GSI with a partly compensated 190 keV Ar+ 
bcnm indeed have shown significant increase or cmittnncc [IO]. 

Expcrimcntal Scl Up 

A beam transport cxpcrimcnt has been set up (rig. l), using 
a plasma beam ion source [ll]. The source is based on a 
duoplasnlatron plasma gencralor and an additional tnngnctic 
solenoid for further plasma compression and is able to roducc a 

P 
hydrogen beam with a fraction of more than 90% of H Instead 
of hydrogen we extracted Helium to obtain a beam containing 
Hc+ ions only in order lo avoid an ion mixed beam and different 
focal lengths of the adjacent magnetic line. With a common 
singlc gap accel/dccel extraction system we wcrc able lo 
cxlract more than 3 m.4 at 10 kV cxlraction voltage. 

The low extraction voltage has been chosen to obtain a 
short focal length and a small beam waisl behind the used 
m,lgnctic solenoid. Ncvcrthclcss Ihc beam pcrvcance is rather 
high and e.g. cquivalcnt to a hydrogen beam or more than 65 mA 
at 50 kcV. 

To allow for current and cmittancc mensuremcnls behind 
the source and in front of the solenoid, the magnetic lens is 
located appr. 40 cm downstream. Measurcmcnts of current and 
cmittance could also be done behind (he solenoid. The solenoid 
is based on a two gap- and totally iron capsulated construction 
and has been especially designed for low aberration transport 
1121. The solenoid provides a maximum field on asis of 8.5 kG 
at 72 kAIurns (effective length 80 mm). 

The cmiltance measurements (vertical plane only) have 
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Fig. I: Schemofic drnwing of lhc experimental set up 
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Fig. 4: Beam enveloppes in the lronsporl line for 1.5mA and 
zero current and three different focusing slrengfhs [S, = 3.4, 
4.1. 4.9 kG). The dashed tines mark /he experimental values 
oblained from emillance measuremenfs. 
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Fig. 2: h4easurcd integral and diffcrenliol reriduai gas ion Applied voltage to electrodes E2-EB OL‘ 

currcnfs versus rclarding vofloge V and ion energv E for flrc cleclric probe 

compensated and dccornpensolcd bcom (1.5 mA, He,+ IO keT’) Fig. 7: Rolio o,f fhal and inilinf Irortsvcrse cmillonce versus 
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Fig. 3: Transverse emillonce pollern for fhc 
behind fhe solenoid. The 90% normalized 
0.18 nmrn*mrnd. 
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Fig. 5: Residual gns ion currenl versus rclardirlg tlofloge of lhe 
speclromcler and resulting degrees of compensnlion f. Curve 1: 
bcom waist yosilion , beam diameter 2 mm. Curve 2: 5 cm in 
front of waisf, beam diameter 8 mm. Curve 3: 5 cm behind wn’sf 
posilion, beam diameter 10 cm 



been carried out and analyzed with a microprocessor conttollcd 
slit/grid system [14]. 

Two retarding ricld residual gas ion analyzers have been 
installed in order to evaluate the energy distribution of the 
expelled ions produced by beam interaction with Ihe background 
gas [I,13]. The spectrometers include an electrostatic einzellens 
(negalivcly biased) to reject incoming electrons and to optimize 
the ion beam transport to the grounded collector plate. The ion 
current is in the order of pA to nA. A Langmuir electric probe 
has been located inside the Icns. 

The degree of neutralization could bc varied by four 
(E 1 -E 4) cylindrical elcctrodcs placed in the be’am line. The 
electrodes could bc biased indcpcndently. The potential 
screening electrode or the extraction system has been 

-1 kV, to prevent electron backstrcaming into the source 
allow for beam compensation right after cxiraction. 

The residual gas pressure al source operation wit 
order or 10-5rnbar 

or the 
set Lo 
and to 

in the 

Expcrimenlal Results 

Mcasuremcnts wilh Space Charge Neutralization 

Erleasurcmcnt:; of the ion source emittancc have been 
reportccl .previounly [ll] giving a normalized 90% rms Cmiltancz 
or 0.7rr.mm*mrad for protons and 0.35x*mm*mrad for the Hc 
beam. Hcrc rhc rlos cmittance is defined by 4*Jcx >(x’ ,-<sx’:s. 
WC wcrc not able to transport the full beam through the whole 
lint, the main lo;ses occuring in the mngnetic lens (aperture 
diamcrcr 80mm). After the insertion of a collimator in front of 
the diagnosis box, a 100% transmission of a 1.5 mA beam could 
be obtained. Mcasurcmcnls with our short-built slit/grid 
cmittanoe device I were no! very nccurntc due to the small 

distance bctwccn entrance slit and grid wires. Comparable 
mcasurCmcnts with the large device state, that the divergence 
half angle is 12 ntrarl at a normCrlizcd cmitt;lncc E,, flnS (90%) of 
0.16x-mm*mrad for the collimated beam. 

The cncrgy or the residual gas ions expelled Tram the beam 
have been mearurcd with the spcctromctcr RCl I (set fig.;). The 
mini mu in space charge potential in the beam was 3.3 V, 
compared to 20 V in :hc dccompcnsatcd case with Lhc 
cylindrical electrode 1 biased IO +80 V. The dcgrcc of 
compensation r is given by 

r= I - a0 bl:ai,,.cirn,pcnsalcd /A,iJ, bc;lm.unc”n,pc*iuntcd 

The space charge compensation right after the ion source is as 

high as X4%. The thcorctical value for AO)bcarn and N =I (see 
above) is lg.4 V at a current of 1.5 mA, indicating that the beam 
density after collimation is really homogenious. 

The cmittance behind the solenoid has been mcnsurcd at 
dirlcrcnt rowsing strengths with the dcvicc II. As an cxamplc 
fig.3 shows the trdnsversc cmillancc. giving E (90%) = 
0.182 r;*mm*mrad Numerical envcloppc calculat$A?sshoa’ a 
good agrecmcnt with the cspcrimcnl rcsulls only. if a highly 
conlp~r:sat~d b~ii~l~ is a~s~171ed (rig.4). 

Since the charge density is almost hcmogcnious due Ic the 
collimation and the beam is neutralized, the lransverse 
emitlarze growth, is rather small. From inspection of the 
emittance pallcrn (fig.3) we deduce only small aberrations. 

Special attention h‘ls been given to tbc dctcrmination of Lhc 
benm neutralization rate in and near the beam waist behind the 
lens. Naturally the overall space charge potential depth between 
axis and beam pipe of a small sized beam is larger compared lo 
a bcnm with bigger size, which results in a longitudinal potential 
distribution collec!ing electrons near tbc beam waist. Of course 
the clcctrons have the same temperature as oustide the waist 
region, thus a great amount of electrons stay outside the beam 
and do not contribute to the neutralization of the space charge 
inside the beam. By variing the focusing strength of (he lens. we 
were able to measure with the spectrometer RGI 2 at and near 
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the focal spot. Measured spectra are shown in fig.5 together 
with values for the degree of compensation (here an 
uncompensated AQ[)bcnm of 19.4 V has been assumed). 

Holmes [2] gave a theoretically derived evaluation for lhc 
beam potential 2y;11 
proportional to nb 

A@,= m,, stating that A(Dbeam is 
with nb tic ron density. Aobcorn therefore 

increases with ( l/a)2’3, qualitatively explaining the measured 
poor degrees of neutralization near (he focal spot. Large 
variations of a beam enveloppe in a transport line cause a 
significanl change in the degree of compensation. Esac[ 
numerical calculation of the beam behnviour in a given system 
are therefore not possible. 

WC also tried lo evaluate the space charge po(cnlial in the 
lens itself by using a Langmuir type electric probe. This mclhod 
has been successlully used in the absence of magnetic fields [131 
and has given quite accurate values compared to the 
spectrometer measurements. Although WC made a great effort to 
understand the complicated electron current characteristics at 
positive probe voltages in the operating lens, the results were 
quite poor. 

Measurements with Decompcnsating Electrodes 

Transvcrsc cmitt;uIce growth ocurred in the cnsc of a 
partially or totally dccompcnsatcd beam. Positive and negalivc 
voltages have been applied lo the cylindrical eleclrodcs E2 and 
E3, resulting in an emitLance incrcasc up (0 a factor of 2 (see 
fig. 6 c.g). A corresponding increase could be obtained b: 
charging Ihc clcctric probe. Fig. 7 gives a survey on obtained 
data ror the ratio of final and initial 90% rms emittances. 
Calcula(ions have shown, that the electrode clcctric fields have 
ncgligablc influence on Ihc particle trajectories. thuc acting only 
via the decompcnsa(iag process. 

Even negative voltage bias show increasing emitlance, due 
to the [act, that a displacement of neu:ralizing elcstrons in .lnci 
near the electrodes takes place. A slight reduction of the 
cmiltancc as well as a reduclion of abcrrnlions hnvc been 
stiscrved for E2-E3 biased 1o -50 V. Enhanced lrapping cf the 
electrons inside the lens and altered optical propertics of the 
lens togcthcr with the remaining, probably more linear space 
charge field, could be an explanation. 

Mcnsuremcnts with the spectromctcr RGll shorvcd, that the 
dcgrcc or compensation in front of the solenoid remains 
unchanged for an applied vollagc of +I50 V of E3. The same is 
valid behind the magnetic lens (E2 biased to +lSO V) indicating 
Ihal the beam is siill neutralized in the lens region. 

The observed high emittancc degradation given in fig. 7 
cannot totally be explained by equation (2). The transition of the 
bcatn from the unncutralizcd slate IO a compensated sta!e in the 
Icns and vice versa and the charge density redistribulion 
correlated lo such a trcmcndous variation of the neutralization 
rate scums to bc the source for additional emiltance increase. 
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