
IEEE Transactions on Nuclear Science, Vol. NS-30, No. 4, August 1983 

STUDIES OF HEAVY ION BEAM TRANSPORT IN A MAGNETIC QUADRUPOLE CHANNEL 

J. Klabunde, H. Reiserb, A. Schijnlein, P. Spadtke, J. Struckmeier 
GSI, Gesellschaft fiir Schwerionenforschung mhH 

D-6100 Darmstadt / Fed. Rep. of Germany 

2543 

Summary 

In connection with the West German Heavy Ion Fusion 
Program the first stage (six periods) of a magnetic qua- 
drupole channel (FODO type) to study the transport of 
intense ion beams was built at GSI. Different ion beams 
can be used and the variation of the brightness of these 
benms (hence of the tune depression o/a,) is suffi- 
ciently large that regions of theoretically predicted 
instabilities can be covered. The injtial studies are 
be tng carried out with a high-brightness beam of 
190 keV Arf ions and currents of a few mA. Since the 
pulse length is > 0.5 ms and the pressure is between 
10 -6 and 10 -’ torr partial space charge neutralization 
occurs. Clearing electrodes can be used to remove the 
electrons from the beam. Results of theoretical stu- 
dies, measurements of charge iieutralization effects and 
first results of transport experiments will be 
reported. 

Introduction 

The acceleration and transport of intense ion beams 
is of great current interest for a variety of applica- 
tions. ln particular, the proposed use of heavy ions for 
inert ial fusion triggered new theoretical studies of 
the particle beam physics in the presence of high space 
charge forces. New computational results and general 
formulas for the maximum beam current that can be trans- 
ported or accelerated through a particular periodic 
system under ideal conditions were obtained. I*’ tJ Ana- 
lyt ical and computer simulation studies showed that 
instabilities caused by the interaction between the 
space-charge forces and the external periodic forces 
could result in a severe reduction of these ideal maxi- 
mum current values due to transverse emittancc growth.” 
Some of these instabilities, in particular modes of 
third and higher order, depend on the particle distrib- 
ution function in phase space and it is an open quest ion 
to what extent actual laboratory beams are affected by 
these modes. Furthermore, other effects such as mis- 
match, nonlinear external forces (e.g. spherical aber- 
rat ions) , misalignments or f ie Id errors, and (in 
bunched beams) coupling between Iollgitudinal and trans- 
verse forces may also produce rmittance growth. No sys- 
tematic experimental study has been made so far to check 
theoretical predictions and to determine quantitatively 
the relative importance of various sources of emittance 
growth. For this reason experimenLa1 projects were 
started at the University of ?laryland (in collaboration 
with the Rutherford Laboratory)‘, at the Lawrence 
Berkeley Laboratory6. and now also at GSI. The Maryland 
experiment uses an electron beam in a periodic array of 
solenoid lenses. The Berkeley group studies an electric 
quadrupo le channel with a Csf ion beam. At GSI, the 
first stage (six periods) of a magnetic quadrupole 
channel for intense heavy ion beams was put into opera- 
tion several months ago. In the following sections of 
the paper we present design parameters, a description 
of the facility, and prelimi.nary results of the studies 
made so far. 

Theoretical Considerations and Design Parameters 

For practical reasons a quadrupole channel of the 
FODO type with unequal drift sections between lenses 
was selected. The larger of the two drift sections in 

* 
On leave from the University of Maryland with support 
from the Alexander-van-Humboldt-Foundation. 

each period is being used for insertion of beam diagnos- 
tics. Fig. 1 shows the measured variation of the magnet- 
ic field gradient versus distance and the “hard-edge” 
approximation. 
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Fig. 1: Magnetic gradient variation in one period 
Hard-edge model(-) and measured curve (---). 

Several types of ion‘sources with varying bright- 
ness are available at CSI. 
the ELSIRE source’ 

For the initial experiments 
and an Ar+ beam was chosen. By vari- 

at ion of the source operating parameters the output 
current 1 and the emittance r can be changed to obtain a 
sufficiently large range of values for the tune 
depression o/a,. 

Typical Art beam energies are 19D keV, the current 
is in the range of a few m-4, and the unnormalized 
emittance E can vary between 5 and 50 mm mrad depending 
on the operating conditions. According to the smooth 
approximation theory’, the relation for the beam cur- 
rent under matched conditions may be written in the form 

I = l/2 1, l3’x’ (a,E/s) (I-02/o,211(ola,), 

where 10 = 3.1 x 10’ A/Z amperes, A = particle mass 
number, Z = charge number, B = v/c, X = (l-fi*]-‘/‘, 
s = emittance, and the relation s/a = afoe has been 
used (a = acceptance). 
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Fig. 2: Ar+ beam current vs. depressed phase advance (1 
for different values of emittance. 

Fig. 2 shows a working diagram for one channel with 
190 keV Ar+. It is based on the above relations and 
assumes a zero-current phase advance of o. = 90°, and a 
maximum beam envc lope radius (or nperture) of 
a = 1.75 cm. The parabolic outer curve of I vs a 
represents the maximum acceptable current for each val- 
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w of 0. The labelled curves represent constant values 
of emittance. For a given cmittance, the current can be 
increased until one reaches the maximum value on the 
parabola. (Below that. maximum, the beam radius is smal- 
ler than 1.75 cm.) In a long channel with many periods, 
the theoretically studied instabiljtics could limit the 
operation to values of IJ above a certain threshold. A 
beam with a K-V disr:ribution, for instance, was found 
theoretically to be unstable’ for values of 0 5 57O 
when 30 = 90”. It would be better to operate with 
(00 = 60’ in which case the third-order modes tail be 
avoided and the range a 1 24 ’ would be stable. bie have 
carried out extensive particle simulation studies with 
different types of particle distribution using 
thr PXKMILA-GSI program and the parameters of our 
experiment, The results indicate practically no effect 
(on the RMS emittance) of third anti higher order modes 
in the case of a Gauss distribution. Since a Gauss dis- 
tribution is probably the most “realistic” approxi- 
mation of a laboratory hewn, one would conclude that the 
Fredicted instabilities should be relatively harmless 
and that it should be possible to operate with 0, = 90’ 
and rather low values of o. (The envelope instabilities 
for cr, > 9f1° occur for all types of particle distrib- 

ution so rhat cl0 should be limited to values of 90’ or 
less, ) However, the final answer to this question musf 
come from the experimental studies on high-current beam 
transport. A difficult problem affecting’our studies 
at GSI is charge neutralization by electrons. The beam 
pulse is rather long (> 0.5 ms) , and at a vacuum pres- 
sure of lo-’ to lo-& tort-, we have a high degree of 
fract iorial neutralization due to ionizing collisions 
with the background gas. Thus clearing electrodes along 
th? beam line will be necessary to remove the electrons 
from thr ion beam. Another possibility under consider- 
atioll is to reduce the pulse length by usci of a chopper 
to the raxge of - 10 us where collisional ionization 
effects are negligible. Since space-charge nnutraliza- 
tion is imuortnnt in all high current beam transport 
lines (e.g. between the ion source and the linear accel- 
erntor’l , ire are devoting some of our eiforts to a study 
of this problem, as will be reported below. 

Description of Apparatus 

Fig. 3 shows a view of the experimental set-up, 
Fig. 4 gives detailed information on the arrangement of 

Fig. 3: View of the experimental set-up. 

the components. For injection in the periodic beam 
transport channel a new installed high current beam 
line at the GSI 31lO kV accelerator is used. For the 
first experiments Arf ions were extracted from the GSI 
high current source EISIRE. The single-aperture three 
electrode extraction system and the geometry of the 
accelerating column provide for a well focused high 
intensity beam. A large-aperture magnetic triplet 
serves to match the beam to the FODO channel. A colli- 
mating system can also be used for defining of the input 
emittnncp of the channel. 12 identical magnetic quadru- 
pole singlets form the nonsymmetric FODO channel. Due 
to the maximum field gradient of 3 kG/cm, the whole 
range of the phase advance o from 0 to 180’ can be 
obtained. At appropriate positions along the beam line 
different diagnostic elements are installed (see 
Fig. 4). 

Emlttance growth in the channel can be measured by 
computer-controlled slit-collector systems at the 
entrance and exit of the channel. The emittance meas- 
urement can be started at different times within the 
beam puise except the first 300 ps interval, which is 
used for electronic adjustment of the current amplifi- 
ers. A minimum time window of 200 !JS can be srlected. 
Along the beam line clearing electrodes are installed 
to elimuxate the electrons from the beam. A special 
device for beam poLentia1 measurements has been devel- 
oped at the University of Frankfurt (Institut fiir Kern- 
physik). It measures the energy of the residual gas ions 
diffusing out of the beam.’ 

initial Experimental Results 

The first experiments have been started with an Art 
beam at the energy of 190 keV. The current available at 
the entrance of the FODO channel was varied in the range 
from 0.04 mA to a maximum level of 3 mA. The input emit- 
tance was varied between E = 3 mm mrad and 15 mm mrad. 
For evaluation of our experiments the knowledge of the 
degree of space charge neutralization is very 
important. We measured the expansion of the beam envel- 
ope over a drift length of 1.2 m downstream of the trip- 
let (from the position of emittance measurement device 
to the diagnostics box at the end of the first magnet 
Period; the magnetic field of the quadrupoles was 
switched off in these expcrimellts‘l. It was found that 
the beam in this drift region is partially neutralized. 
By using the clearing electrodes shown in fig. 4 with 
potentials 2 + lOI V this nrutraliznrion effect could 
be reduced. This with dcmonstratnd by the eXJ>UrSiO” of 
the beam cross section which, at the end of the 1.2 m 
drift section. excredcd the widths of the profile 
grids. 
The electronics of the pr-of ilr mcasurnmrnt device iltre- 
grates the currenL over the elItire beam pulse. Therc- 
fore variations of the space charge potential within 
the beam ~)ulsr ca”“ot be rlrtectcd. As mcnt iun?d br fore, 
the emittallcr measurement dcvicc starts the data Lakin): 
300 us from thp br>: inning of thr beam pulse. ‘Therefore 
the degree of the space chnrxr ncutrn:i:<ntion cat the ?nd 
of rhe pulse must be known. 

Fig. 5 shows the rnrrgy spectrum of the residual gas 
ions diffusine out of the hr+ bram meuurerl with thr ioll 
detector mcnt ioned ;ibi>vr> ‘The lower cut-“f rrprcsents 
the ion energy sprctrurn with111 il ZU(l xs-window at the 
beginning of the puise. The upper curve is Lhc i’nergy 
spectrum at the c’nd of thr puls?. These measurrmcnts 
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Fig. 4: Schematic drawing of the apparatus. 
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demonstrate that the ion beam space charge potential 
and thus the amount of neutralization varies within the 
pulse. Measurements with a 50 Us-window (fig. 6) indi- 
cate that after about 300 -JS from the beginning of the 
pulse the space charge potential reaches a minimum val- 
ue , i.e. the [amount of netltralization remains constant. 
In ref. 9 it was shown theoretically that due to the 
energy spread of the electron distribution formed by 
ionizing collisions in the residual gas a pulsed iou 
beam cannot bc flllly neutralized. The measurements also 
show that it was not possible to obtain complete deneu- 
tralization of the beam by using only the clearing elec- 
trodes at the entrailce of the channel. ApparenLly one 
needs clearing electrodes along the entire length of 
the beam at suitably small intervalls. 
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Fig. 5: Energy spectrllm of residual gas ions. (Top: 
Last 200 vs of 1 ms pulse; Bottom: First 200 us of 1 ms 
pulse.) 
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Fig. 6: Energy of peak intensity of residual gas ions 
vs. time within the pulse (50 ps time window). 

In another series of experiments we studied the 
transport of the partially neutralized beam through the 
six periods of the channel. Fig. 7 shows a typical 
result of emittance measurements at a high current lev- 
el (1 mA) and a magnetic field corresponding to 
0 o= 90’. Phase space deterioration and a rather large 
emittance growth effect are evident in this figure. The 
emi ttance growth at different current. levels versus 
00 is shown in fig. 8. A strong dependence on the beam 
c11rrent wns found. This emittance growth cilnuot be 
rxp tallled b” far in general. The rapid growth above 
00 = YUO for the high-current cases may be indicative 
of the presence of envelope instabilities even though 
the beam is partially neutralized by electrons. Future 
esperlments with unneutralized benms should show to 
which extent the emittalrce growth seen in the present 
~C~XII~~CIILS mav b? attributed to the rffects of elec- 
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Fig. 7: Measured emittancn (130 = 911°, I = 1 ma). 
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Fig. 8: Emittance growth versus 00 for different cur- 
rents (90 ?: of the total emittance are compared). 

Conclusions 

Numerical simulation studies indicate that third 
and higher order mode instabilities as predicted for 
K-V or waterbag disLributions do not occllr for a more 
realistic Caussian beam. Therefore it should be possi- 
ble to operate a long periodic transport channel with 
a0 = 90’ and low values of o. 
In our first transport experiment an enormous emittance 
growth was measured over a wide range of the phase 
advance oo. These results cannot be explained so far 
since the degree and spatical variation of the space 
charge neutralization inside the magnetic channel is 
not known. The rapid increase of the emittance growth 
above o. = 90’ could indicate that theoretically pre- 
dicted envelope inytabilities are present even though 
the beam is nat unneutralized. . 
In future experiments space charge compensation has to 
be avoided. Improvement of vacuum, more efficient 
clearing electrodes and shorter beam pulses are under 
consideration to achieve this goal. A low current ion 
beam probe will be installed soon. 
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