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Summary 

The axial injection syst em has been installed 
in 1983 and the first beam was obtained in the last 
week of that year. This contribution describes the 
operation and results obtained. Special attention is 
paid to the points where the system differs from 
other systems namely the periodic focusing structure 
and the cent ral region design with bump coils which 
permit s that the axis of the inject ion line 
coincides with the cyclotron axis. Internal source 
operat ion is st ill possible allowing for ext ensi ve 
atomic physics experiments with low energy heavy 
ions from the ECR-source. 

Introduction 

On January 15, 1983, a drastic reconst ruction 
program was started in order to modify the cyclotron 
for axial injection. December 27 we extracted for 
the first time a beam, produced by the ECR-source, 
from the cyclot ron. One of t he most deli cat e 
operations in that period was the enlargement of the 
exist ing axial hole in the cyclot ron yoke and upper 
pole for which we had to install a large boring
machine on top of the cyclotron. Another challenging 
operation was the installation of new R.F. liners on 
which the so-called bump coils, the new dummy-dee 
system and a new ion source- and inflect or support 
are mount ed. The cent ral part of the dee has been 
changed to mount a new puller and to provide space 
for the inflect or. Several slots in the copper 
lining were made to provide a better vacuum inside 
the dee. In addition several persistant leaks have 
been removed resulting in a working pressure of 
about 10-6 mbar. 

The design of the axial inject ion system has 
been described already in several papers, see e. g. 
ref. 1. Important points are that the central region 
has a fixed geometry and that the inflector and 
internal ion source can be exchanged without any 
readjustment. A movable phase selecting slit with 
variable aperture is mounted on the dummy dee. 
Another important point is that in the beamline 
magnet ic element s are used exclusively. This makes 
it easy to change from one charge state to another 
for ions with the same Bp value, thus low charge 
state ions can be used as analog beams for the 
higher ones. 

The ECR-source and associated beam lines 

The ECR-source of the minimaf ios type locat ed 
in the ion source room above the cyclotron vault has 
been used extensively for many atomic physics ex
periments. The layout in fig. 1 shows three experi
mental stations of which the setup for electron 
capture spectroscopy (AMOLF, Amsterdam) was 
installed more than a year ago. Surface physics 
experiments have been started this month and the 
Utrecht collision chamber will be connected in May. 
Table 1 shows results obtained from the ECR-source. 
For more details see refs. 2 and 3. In these 
measurements the source was operat ed in cont inuous 

mode, except for argon and the metal ions. Not 
indicated in the figure are several angle correction 
magnets and the beam diagnostics. The current is 
measured on a target following the exit diaphragm (6 
9 mm) of the 110· analysing magnet. The diaphragm 
itself is used as a continuous current monitor. 
Beamscanners and a viewing target are mounted just 
before the 90· magnet. The viewing target, a A120 3 
disk, is not suitable for several ion species, e.g. 
o beams. Therefore it is used for current measure
ments only where the charging helps to prevent 
secundary emission. This diagnostics will be 
extended soon with some four position targets. 

Alignment of the beam is still difficult due to 
the presence of magnet ic st ray fields and the con
centrated earth magnetic field. Therefore we 
restricted ourselves to fixed lens settings roughly 
corresponding to calculated values. 
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Fig. 1. The ECR-sou~ce and low ene~gy beam lines 
to atomic physics expe~iments. The 900 magnet 
bends the beam down towa~ds the cyclot~on. 

Table 1. Max current in ~A per charge state q 
measured behind the 110· magnet. 

Ion l3 C N 0 Ne Ar F(02) Mg(N2 ) Al(02) 
extr. 
volt. 12 20 20 12 12 20 20 20 

(kV) 
q~l 100 140 >80 150 47 >.8 1.5 

2 llO 120 >80 60 55 .8 
3 30 72 >80* 60 38 1 
4 16 48 >80 40 31 .3 
5 2 32 55 40* 40* .3 2 
6 .22 4 30 25 26 .24 
7 .17 32 5 26 .01 .04 
8 .12 1.5 27 .03 
9 .05 10 

10 12* 

11 1 
12 .25 
13 .02 

* Impurities included 
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The vertical line 

This part of the system is the connection 
between the source room and the cyclotron. The total 
length is about 9 m. About 7 m consists of a 
periodic focusing st ructure with permanent magnet s. 
It is described in refs. 4 and 5. Fig. 2 shows the 
first part of the line just below the 90· magnet. 
The two cylindrical lenses are intended for proper 
beam matching to the periodic st ructure. The 
acceptance of this structure varies with the BP 
value of the ions. The two pairs of correction 
magnets have to provide the alignment of the beam. 
At present there are no further means for alignment 
downstream. Two sets of beamscanners, located in the 
coupling blocks, at waist 1 and 2, are used to 
obtain proper matching. This setup is sufficient to 
determine both half axes of the emittance in two 
directions in wa ist 1 and to monitor the magni
fication in waist 2, with respect to waist 1, needed 
to match the beam to the eigenellips of the periodic 
structure. The horizontal line was designed to give 
about the same emittance in both transverse 
directions assuming rotational symmetry at the 
source and neglect ing the angular moment um of the 
ions. Typical values for the emittance, defined as n 
times the product of both half axes , in waist 1 are 
120 mm.mrad in the direction corresponding to the 
vertical direction in the horizontal line and 350 
mm.mrad in t he horizontal dire ction for ~.?% ~~ the 
begm. The s e values hold f or mo s t of the N , C and 
Neo+ beams i n fig. 8 . The horizont a l emi ttance is 
somet imes much l arger. The orient a t ion of the 
emittance is different in both directions. In the 
horizontal direction the aspect ratio of the upright 
emittance ellips in waist 1 is 6 to 8 mrad/mm 
instead of the design va l ue of 4. There are 
i ndications that t his has to do with the a ngu l a r 
momen tum the pa r ticles get when they leav e the ECR
source . 

T - "'-' ---

Fig. 2. The fipst papt of the vepticaL Line 
be Low the 900 rrugnet. Two sets of beamscanneps 
ape mounted at waist 1 and 2. The beam par>a
meteps at waist 1 ape detepmined by the fixed 
optics of the hopizontaL tine. At waist 2 the 
par>ameteps have to be rrutched to the penodic 
stpuctupe and ape a function of the Bp vaLue. 

The periodic structure behaves as expected . The 
period of the trajectory is within a few percent 
equal to the calculated one, e.g. 2.3 m for Bp 
2.5 x 10-2 Tm (or 40 keV C4+). In this case an 
emittance of more than 1000 mm.mrad can be trans
ported, with less than 20% loss, while matching and 
alignment is not critical. Due to the above 
mentioned large value for the aspect ratio proper 
matching is not possible at present. The theoretical 
limit for a well a ligned and matched beam would be 
1000 mm.mrad . This value is limited by the buncher 
diamet e r of 22 mm. 

Fig. 3 shows the periodic system in the 

cyclotron cave. It is divided in sections of about 1 
m separated by small coupling blocks. The coupling 
blocks are used to connect small triode ion getter 
pumps and two sets of beam scanners at positions S. 
The first buncher is located just above the iron 
shielding plates about 2,5 m from the median plane. 
The basic pressure in the line is 10-7 mbar and 
typically two times larger when in a certain region 
a few micro-amps are lost on the wall. 

Fig. 3. The pepiodic stpuctupe of the vepticaL 
tine on top of the cydotpon. Beamscanneps ape 
Located at position S, the fipst bunchep at B. 
Thepe ape seven smaU ion gettep pumps Located 
aLong the Line. The constpuction is simpLe, 
tight weight and easy to dismount, which gives 
easy acces to the papt in the axiaL hoLe. 

The whole line from buncher to ceiling can be 
dismounted in half an hour, the coupling blocks can 
be turned aside and then the part in the axial hole 
can be lifted out. This part is shown in fig. 4. It 
contains a second buncher and two cylindrical 
magnetic lenses. A number of correct ion coils to 
compensate for the longitudinal magnetic stray field 
in the axial hole are not shown in the figure. After 
the beam has been mat ched to the ent rance of the 
periodic structure the last lens in the axial hole 
is the only important parameter to optimize the 
transmission to accelerated beam. This lens needs 
800 A for maximum excitation. A compensation loop is 
used to compensate for the field disturbance of the 
current leads. One of the points which clearly 
influences the beam a lignment is the fact that the 
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beam axis does not coincide with 
square part, 200 x 200, of the 
st rong st ray field at the ent rance 
hole has to be t rimmed to become 
respect to the beam axis. 

the axis of the 
axial hole. The 
and exit of the 
symmetrical with 

The buncher will be fed by a symmetrical 
triangle with a linearity of about ± 0.5% over 150' 
or more. Up to now we use only the fl.Jst buncher, 
which in a typical experiment, curve C in fig. 8, 
bunches 90% of the internal beam within 20' RF 
phase. This increases the internal beam current by a 
factor of four and gives a gain of more than 5 in 
external current, see fig. 8. 

The magnetic stability of the structure against 
external fields has been estimated for a 
longitudinal field up to 0.15 T. This field was 
cycled in one direction between zero and maximum. 
Only after the first cycle a loss of 3 mT in top 
field was observed. 
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Fig. 4. The last part of the vertical line 
inside the axial hole . The square hole is inside 
the yoke and contains the last section of the 
periodic structure. The axis of this hole is 
shifted '1 mm with respect to the axis of the 
circular hole in the pole . Coils to compensate 
for the focusing action of the stray field are 
not shown. 

The inflector 

The hyperboloid inflector consists of a 
positive electrode opposite to an electrode on 
ground potent ial. For this asymmet rical 
configuration has been chosen in order to minimise 
the dimensions of the inflector. The electrodes are 
shielded from the RF by means of a copper housing. 
Fig. 5 shows the inflector with a part of the 

support. The inflector is at present equipped with 
three current measuring devices. The first one is a 
ring target in front of the ent ry (A), the second 
measures the beam current at the entrance, within 
the housing (B, not visible) and the third (C) can 
be moved over a distance of 4 cm in the median plane 
from the exit of the inflector to the first turn. 
Further outwards movement causes the target to be 
lifted automatically out of the median plane. This 
target enables easy adjustment of the inflector 
voltage and the buncher parameters. The housing of 
the inflect or is watercooled to prevent RF heating. 
The maximum voltage applied to the electrode and the 
connection line is 12 kV, which is much more than 
the maximum voltage needed (i.e. 7 kV for the 
present choice of the gap widt h). The transmission 
from target B to C is roughly 75 % when the secundary 
electron emission at target B is taken into account. 
This value may be increased when the alignment 

solved. 

Fig. 5. The inflector support . The inflector is 
situated inside the copper RF shielding house on 
the left. 

The acceleration of injected beams 

The cent ral region has been designed in such a 
way that the beam is injected along the cyclotron 
axis with an injection voltage of 20 kV for the 
highest fields, ref. 1. This has been assumed to be 
a safe choice. The injected beam is then off 
centered, which is corrected for by means of two 
pairs of bump coils, mounted against the RF liners, 
during the first 10 turns. 

In fig. 6 the different ial current and the sum 
current are given as a function of radius. Because 
of the angle of incidence of the beam on the target 
useful information from the differentia l current 
probe can be obtained only between 60 and 100 cm 
where the finger thickness is comparable to the turn 
spacing. Because of several effects which may be 
regarded as first harmonic field components the beam 
should be centered as well as possible in that 
particular region, ref. 6. The small variation in 
the current density reflects that the beam is 
reasonably centered in this r egion. The sum current 
gives also an impression of the influence of the 
vacuum condition on the beam current. Routinely the 
beam current at extraction radius amounts 50-70% of 
the current at R=40 cm. 

Fig. 7 shows the influence of the bump coils. 
For a current of 675 A the coherent oscillation 
amplitude is seen to be minimal and the phase of the 
oscillations changes by about 180' for that value of 
the bump coil current. The rout ine ext ract ion 
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efficiency of the beam from the cyclotron with the 
electJ;ostatic extractor amounts to about 30%. For 
the C4+ beam of fig. 8 this value was 40%, which was 
obtained by limiting the internal RF phase width of 
the beam to about 20· by means of the settings of 
the inner trim coils and the buncher parameters. A 
new extractor with an active magnetic channel, 
capable of extracting the maximum energy of the 
cyclot ron has been tested recent ly. Ext ract ion 
efficiencies of 50-60% have been obtained for 
routine operational conditions. 

Fig. 6. Plot 
total cUY'Y'ent 
C4+ beam. 

D 
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of' dilfeY'ential pY'obe cUY'Y'ent and 
veY'sus Y'ad1:us measuY'ed with the 
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Fig. 7. Plot of diffeY'ential pY'obe cUY'Y'ent veY'
sus Y'adius measu7'ed with the C4+ beam at va7'ious 
bump coil excitations. Note the 1800 phase 
change of the cohe7'ent oscillations at 675 A. 

Conclusions and results 

The ECR-source is in use now for more t han one 
year and works very reliably. Table 1 shows the 
maximum currents the source delivers for different 
ion species. These currents are measured behind the 
exit slit of the 110· magnet. It turns out that 
mixing the gas with some 15% He results in a smooth 
operation, allowing a reduction of RF power. In one 
case a considerable beam increase, more than a 
factor of two for a N6+ beam, was observed too. Also 
the X-ray level around the source, usually far below 
2 mrad/hr, is reduced in this way. 

Fig. 8 shows the progress made in the develop
ment of injected beams. Since the buncher became 
into operation the transmission from just before the 
90· magnet in the source room to extracted beam from 
the cyclotron is typically 3 to 4%. From preliminary 
results with the new electro-magnetic extractor an 
overall transmission of more than 5% is expected and 
recently realised. Beam development takes, up to 
now, about one shift. When the correct ion magnet s 

for beam alignment are ultimately adjusted to obtain 
maximum transmission their sett ings do not coincide 
with those for a well aligned beam. The adjustment 
of inflect or- and cyclotron parameters does not 
cause special problems and the injection line has 
ample space to accept misaligned beams. 

r rT1rch april 1 all 

Fig. 8. TY'ansmission f7'om the hOY'izontal beam 
line in the SOU7'ce aY'ea thY'ough the veY'tical 
line and the cyclotY'on to extY'acted beam. In all 
cases the cyclot7'on is set foY' K=120. MeasuY'ed 
CU7'7'ent just befo7'e the 900 bending rragnet is 
taken as 100%. The open ci7'cles give the 
f7'action of the beam at the inflecto7' ent7'ance, 
the t7'iangles at the inflecto7' exit, the closed 
squa7'es at ext7'action Y'adius (inter>nal beam) and 
the open squaY'es the extY'acted CU7'7'ent in the 
beam line. No cOY'7'ection is applied fo7' 
secundary emission. OU7' extY'action efficiency is 
typically 30%. 

Especially the parameters for optimal trans
mission in the vertical line are easy to adjust. The 
fact that the axis of this line coincides with the 
axis of the cyclotron is certainly a good choice and 
beam centring with the bump coils works excellent. 
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