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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 sfudy the transport of
intense ion beams was built at GSI. Different ion beams
can be used and the variation of the brightness of these
beams (hence 'of the tune de‘pression'c/co) is suffi-
ciently large that regions "of theoretically predicted
instabilities can be covered: The initial ‘studies are
being - carried  out  with a high-brightness
190 keV-Ar+ ions and currents of a few mA. Since the
pulse 'length is > 0:5 ms and the pressure

occurs. Clearing electrodes can be used to ‘remove the
electrons from the ‘beam.  Results' of ‘theoretical stu-
; dies. measurements ‘of charge neutralization effects and
first' results = 0 ' {

reported.

Introduction

I

‘beam ' of

v d re is between
107% ‘and 10°7 torr partial space .charge neutralization
: . pa D .charg 1zat:

of ' tramsport experiments will be

The acceleration ahd, transport of intense ion beams

is of great current interest for ‘a variety of applica= '

tions. In particular, the proposed-use of heavy ions for
inertial 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 thét can be trans-
ported or accelerated through 'a ‘particular ‘periodic
system under “ideal conditions were obtained. 1213 fAna-
lytical “and computer. simulation ' studies

space-charge forces and the external periodic forces
could result in"a 'severe, reduction of these ideal maxi-
mum current values due to‘transverse emittdance growth.*:

Some of ‘these  instabilities, in particular modes ‘of

third ‘and higher order;" depend on the particle distrib-
space and it is an‘open question

ution funcétion in phase
to ‘what ‘extent actual laboratory beams are affected by
these  modes.
match, nonlinear external forces (e.g. Sphefical aber-
rations), 'misalignmenfs or field errors, and* (in
bunched beams) coupling between longitudinal and trans-
verse forces may also produce emittance 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 experimental projects were
started at the University of Maryland (in'collaboration
with ' the Rutherford
Berkeley Laboratory®,
experiment uses an electron beam in a periodic array of
solenoid lenses. Thé Berkeley group studies dn electric
quadrupole channel with a Csk ion beam. At GSI; the
first ‘stage (six” periods) of ‘& maghetic quadrupole
hannel for intense heavy ion béamS“was-'put intq opera-
tion several“months ago. In the following sections of
the paper we present design ‘paranieters, a description
of ‘the facility, ‘
~made so far. B ‘ L

e (Theore;ti'cal— Consi'dera'fioins and Désign':Para'meftér"sk :

For p‘ractAica'l 'reasofns;'a quadrupol’e channei of the "

_FODO " type with. unequal drift. sections between lénses

as selected. The larger of the two drift sectioms in R
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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. . TR o : e
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Fig. 1: Magnetic gradient . variation ' in one
Hard-edge model(=—) and measured curve (---).
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7Severa1"1:ypeé of ‘ion sources with varyiﬁg byright-v
ness are available at GSI. For the “initial experiments’
the ELSIRE source’ and an Ar+ beam was chosen. By vari=

~ation' of . the source operating parameters the output.

current 1 and the emittance &' can be changed to obt: a:

suffic'iellt»,l‘y‘ large rti‘hge of “values for ' the tune

Typical Ar+ Beam energies ‘are 190 keV, the current
isin the range of "a, few mA, ‘and  the unnormalized
emittance £ can vary. between 5 and 50 mm -mrad:depending
on -the operating fc‘onditior;s_.“ According to the smooth
approximation. ‘theory?,  the relation for:the beam icu
rent:under matched 1conditions may-be written in the'fo

L= 2L BT (0ue/8) (1-0%/0,%5/(0/0s),
where. Ip = 3.1 x 107 A/Z amperes; "A = particle massyf‘
number, .Z = charge  number,; B = v/¢, (1-p2)Ti/2 .
€= emittance, - and the ' relation e/a’ = 0/0s ' has ‘been
used (a.= acceptance). - s i Gy i
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Fig. 2:' Ar+ beam current vs. dépressed 'pha,se‘ advance o
for different values of emittance. . R [t
Fig. 2 shows a Workihg diagram for one channel with ;
190 keV Ar+. Tt is based on the above relations and
dssumes a Zero-current phase advance of o4 = 90%, and a
maximum  beam’ envelope  radius ]
a = 1.75 cm. The. 'parabolic  outer curve of T vs g
represents the maximum acceptable current for each val-
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ue of 6. The labelled curves represent constant values:
of emittance. For a given emittance, 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 instabilities could limit the -
operation to values of ¢. above a certain threshold. A
‘ beam with a'K-V distribution;  for instance, was found
theoretically to be unstable®. for values of o < 57°
g when Go = 90%. It would be better to' operate with

= 60° - in which case the third-order modes can be
av01ded and ‘the range o 2 24° would be stable. We have
carried out extensive particle simulation studies with
. different = types . of particle distribution  using
- the PARMILA-GSI program and the parameters  of. our

tribution 'is probably the most "realistic" approxi-
mation of a laboratory beam one would conclude that the
- predicted’ instabilities® 'should be relatively harmless:
and that it should be possible to operate ‘with 0o = 90°
“‘and rather low values of o. (The envelope instabilities
for oo > 90° occur . for all types: of partlcle distrib-
ution so that o5 should be limited to values of 90" or
less.) However, the final answer to this question must
come from the experimental studies on high- current beam
transport. A difficult problem affecting our studles'
“at.-GSI is charge neutralization by electrons. The beam
pulse- is rather long (> 0.5 ms), and at a vacuum pres=
sure. of 11077 to.10°% torr, we: have a high, degree of
fractional meutralization due.to dionizing: collisions

the beam line will be necessary to remove the electrons
‘from ‘the ion beam.
ation /is: to reduce the pulse;length by use of a chopper
too the range of ~ 10 us'.where collisional ionization
~effects are megligible:. Since space-charge neutraliza=
tion -is  important in all hlgh current. beam' transport
2 lines (e.g. between the ion source and the linear. accel-
erator); we are devoting some of-our efforts to'a, study
of this problem as w111 be reported below

Descnptlon of Apparatus 5

‘shows- a view of the experlmental set-upy

UFig.o 3
etailed information on the arrangement of

Fig. 4 gives
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Fig. ’4: Schematlc draw1ng of .the: apparatus.

" transport

’experlment The results indicate practically no effect_
(on the RMS emittance) of third and higher order modes

Fig. 4).
in the case of a Gauss dlstrlbutlon Since a Gauss dis- ;

_ - to eliminate the  electrons
“'device for beam potential measuremeuts has been devel-

with the background gas. Thus clearing electrodes along )

Another possibility under consider= .

EM PG i e PG

the components For' injection in the periodic’ beam
channel a new installed h1gh current. beam
line ~at the GSI 300 kV accelerator is used. For the
first. experiments Ar+ ions were extracted from the GSI
high current: source ELSIRE. 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
emittance of the channel. 12 identical magnetic quadru-:
pole singlets form the nonsymmetrlc 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 dlagnostlc elements © are 1nstalled (see

; Emittance 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 w1th1n the
beam pulse except the first 300 ‘us interval, which is
used for electronic ad_]ustment of the current amplifi-
ers. A minimum time window of 200 us can be selected.
‘Along the beam line clearing electrodes are installed
from the beam. A special

oped at the University of Frankfurt (Institut fiir Kern-
,phy51k) It measures the energy of the re51dual gas ions
dlffu51ng out of the beam .

Initial Experimenta’l Results

The flrst experlments 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 1nput emit-
tance was varied between e =3 mm mrad and 15 mm mrad.
For. evaluation of our experlments 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 magnetlc field ~of .the..quadrupoles was
sw1tched off in these experiments). It was found that
~ the beam in thls drift region is partially neutralized.
By using the clearing electrodes shown._in fig. & with
potentials 2 + 100 V. this neutralization effect .could
be reduced.: This was demonstrated by the expansion of
the beam c¢ross section which, at the' end of the 1.2 m
drift section, exceeded the widths: of: the profile
grids.
The electronlcs of the proflle measurement device inte-
grates the current over- the entire beam pulse. There-
fore variations ‘of the space charge potential within
the beam pulse cannot be detected. ‘As‘mentioned before,
~the emittance medsurement device starts the data taking
300 ps from the beginning of the beam: pulse. Therefore
the degree of the space charge neutrallzatlon at the end

of the pulse must be known.
Fig. 5 shows the energy spectrum of the re51dual gasf

ions - diffusing out:of the Ar+ beam measured with the ion
détector mentioned above.  The lower curve represents
the ion energy spectrum within a 200" us—w1ndow at the
beginning of the pulse. The upper curve is the energy
spectrum at the end of the pulse. These measuremenfs,
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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-winddw (fig. 6) indir
cate that after about 300 us. from the beginning' of the
~pulse the space charge potential reaches a‘minimum val-
ue, i.e. the amount of neutralization 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  ion
beam cannot be fully neutralized. The measurements also
show that it was not possible to obfain complete deneu-
- tralization of the bean by using only the clearing elec=
trodes - at the entrance of the channel. Apparently ome

needs clgaring eylectrodes’r along,the entire length of Fig. Measured emitta;icé (00 =90°, I =1 mA)ﬁ
. the beam at suitably small intervalls. EE . A s o ‘ ' k
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Fig. 5+ Energy  spectrum of residual gas ions. (Top: Fig. 8: ‘Epifté}nce growth versus 0o for different cur-
Last 200 us of 1 ms pulsé; Bottom: First 200 ps of 1 ms rents (90 % of tltie totai emlttanc‘e are compgred)
pulse.) . g k PR / ' . Conclusions , E
[ SRy R HCE (1me ' . Numerical simulation studies indicate that third
eV L BEAM PULSE ( 1 ms ) IR and - higher - order ‘mode instabilities as predicted . for
80F : S - -7 G K-V or waterbag distributions do. not occur for a more
I:BmA N,S,x 10 TOI‘P v realistic Gaussian beam. Therefore it should be possi=

ble/ to operate a long periodic transport channel with
9o = 90° and-low values of g. : G T i
. In our first transport experiment.an enormous emittance
growth was measured. over ‘a.wide’ range :of the phase
advancé’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

60

L0~

20 - I nbcaon above g, = 90° could indicate that_theoretically. pre-

dicted  envelope instabilities are present even though

~Ims] the beam is rot unneutralized, . S R

L ! 1 L I L 1 - In future experiments space charge compensation has to

0 01 0.2 0.3 0.4 05 0.6 __be- avoided. Improvement of vacuum, more efficient

) - ! S ) clearing ‘electrodes and shorter beam pulses are under

Fig. 6: Energy of peak intensity of residual gas ioms consideration to achieve this goal. A low current ion

Vs. time within the pulse (50 us time window):. ' : beam probe will be installed soon. SRR
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