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Abstract sector. By this the space is not occupied by big masses of
steel, and the shape of the rf-cavities can be optimized.
The TRITRON is the prototype of a separated orbithe stray field of the magnetic channels are of sufficiently
cyclotron with superconducting rf-cavities and magnetshort range, so that the rf-superconductivity of the cavities
Recently it was demonstrated, that the principle works &gl not be influenced. The principle of this type of
anticipated. The magnets and rf-cavities operate vegyclotron was proposed already in 1963, though
stable, reproducible and reliable. The main goals of thgyrmalconducting at that time [2]. However

project were achieved. After a review of the conception &fperconductivity is needed in order to realise this new
the TRITRON and the technical design results of th@onception.

commissioning are reported.

1 INTRODUCTION

Cyclotrons are accelerators especially adequate 1 3
providing ion beams with high average intensity. In recel
years an increasing demand for particle beams wi
average currents of more than 10 mA arose, for instan *]
for the production of high neutron fluxes, for acceleratc
driven nuclear power plants, and for transmutation ¢
nuclear waste [1].

The key to a high power / low loss cyclotron operatio
is a strongly increased accelerating voltage per tur
resulting in a turn separation of several cm instead of mi
There are three substantial reasons for this. First t
longitudinal intensity limit in cyclotrons is proportional to
the third power of the average voltage per turn. Secol
the extraction is facilitated in the region most critical fo
beam losses. Finally the large turn separation makes 1
use of independent magnetic channels with alternatit
gradients possible, resulting in both strong transverse a
longitudinal focusing.

The required high accelerating voltages can be obtain
with superconducting rf-cavities, because here tt
maximum voltage is limited by field emission, and not b
cooling the dissipated heat as in conventional cavities.
view of the high acceleration voltages used the saving <.

dissipated rf-power is an additional advantage dfigure 1. Cross sections of the TRITRON cryostat. V:

superconductivity. vacuum vessel, S: 80 K-shield, M: magnet sector, R: rf-
The total radial width of the magnetic channels is equghyity, He: helium reservoir, T: support

to the turn separation. A magnetic channel consists of a
frame of steel with superconducting coils inside (window 2 THE TRITRON

frame type magnet with bedstead type ends of the coils),

Due to the high current density in the superconductir(thccordi”gfto the pre(;:edit)ng colnsideratri]ons a_small
coils the width of the coils (3mm) is negligible compared'Ototype of a separated orbit cyclotron, the TRITRON,

to that ofthe steel frame and the window for the bean’
Neighbouring channels can be combined to form a flat

as designed at thBeschleunigerlaboratorium of the
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University of Munich and the Technical University ofthe beam half a betatron-oscillation downstream the
Munich [3,4,5]. The purpose of this project was to studgavity.

the beam dynamics of such a machine theoretically, "
develop the technology, and to demonstrate the feasibil
of the principle of this new type of cyclotron. It is a rathe
small machine with the existing MP-tandem as injecto
thus not a high current prototype device.

Fig. 1 shows cross sections of the TRITRON. Th
injection radius is 66 cm, the extraction radius 145 cm, tt
energy gain factor is about 5. Six sector-shaped rf-caviti
(170.7 MHz) with 20 beam holes provide an acceleratic
voltage of 3 MV on the last turn. When the project wa ,,,q
started it was unknown whether superconducting cauviti :
of the type needed would operate at all. In order to kel
the acceleration voltage low, the turn separation w:
chosen as small as possible (40 mm) resulting in
aperture of the magnetic channels of only 10 mn
Altogether 240channel magnets with alternating gradient&igure 2. Typical curves of the unloaded quality factor of
are arranged in 12 flat sectors, guiding the beam along @@ Tritron cavities versus the voltage amplitude at the last
turns. Arrays of 20 small superconducting axial steerdream hole.
magnets arepositioned in three of thdntermediate
sectors. The radial and axial beam positions are measure S 4 :
by wire scanners installed in each second intermedigt Justed individually accord_lng to the respec.nvg
sector. The machine is hanging on a torus-like quuiqumentum of the central particle of the bunch. This is

helium reservoir under the upper half of the cryostat. T ccomphshed b_y just one single power sgpply by
cavities and magnets are cooled indirectly by pip passing the difference of the current of an individual

connected to the torus. An additional pipe system f annel anq thg main  current in contr.ollable
forced helium flow provides the cooling from 300 K tosuperconductmg switches across each coil. The fields are

4.5 K. The insulating vacuum of the cryostat is the Sarrggproducibly correlated to the currents in the coils. There
as for the beam, there is no separate vacuum chamtfF nenf:jer t'fak:gichifgecasororz sttheeresceur(re?‘fr:atitsmof t?r?e
Therefore the cavities are floated by normal laboratory agrperconducting Swit y Y

each time the cryostat has to be opened. steel, nor magnetization effects of the superconductor, nor

The cavities [6] are produced by an electroformin%r;ss talking effects from neighbouring channels observed

technique from copper and then electroplated with a th B/B<10%). Once the optimum field settings for a certain
layer (<5 10 mm) of PheSn, which becomes Injection energy is found on the first two turns e.g. (with
superconducting below 7.5 K. Each cavity consists of thB',e cavities SW',tChed off), it can be. usken further runs

halves, connected in the plane of the particle orbits. I\WJthOUt any variations. The beam will appear |mmed|ately
rf-currents should cross the flat joint in the fundamentA the end of the second turn again with good

mode. The total length of the cavity is 1.233 m. The g pnsmission, as soon as the proper injection energy has
width is 62 mm at the first orbit, and 128 mm at the las een chosen, even if the magnkél been warmed up in

The maximum E-field is at the 13th beam hole. th&'e meantime. Thisstable and reproducible tuning
j é\cilitates the beam funneling considerably.

maximum voltage at the 18th hole. The diameter of t
beam holes is 13 mm. The ratig.-f{Emax is less than 1.5. 3 THE COMMISSIONING

Though not being handled under special clean room
conditions the quality of the cavities stayed constant sinceAll components of the TRITRON work very reliable,
the original electroplating procedures during the yeawshich can be seen from the fact, that the cryostat was kept
1990 to 1992. Typical curves of the unloaded qualitgooled below 80 K at least since January 1997 except for
factors versus the rf-voltage at the last beam hole at@ee short warm ups for minor repairs of (1) broken wires
shown in Fig. 2. At voltages of 500 kV the dissipated heaf some probes, (2) problems with the driving linkage of a
per cavity is about 5 W. In order to remove multipactoring-antenna of one cavity, and (3) a broken piezoelectric
at all levels the cavities have to be conditionesttor of the fast fine tuning system of one cavity. Since
with rf-pulses each time they had been exposed to alianuary 1997 the TRITRON project had in total 10 weeks
Coarse tuning is made by mechanical deformation, firef beam time from the tandem injector. For all tests
tuning by sapphire rods (slow) and piezoelectric actoféS™*ions were injected with typical currents of 10 pnA
(fast). An electronic control system provides for stabilitand an energy of 40.3 MeV (corresp. to h = 47), a relative
of phases (3 and amplitudes (1¥). The reproducibility energy spread of B0, and a bunch length of 200 ps. Due
is of the same order. Actual phase and amplitude settingsthe small geometrical aperture of the channel magnets
are made by observing the shift of the radial position ¢£0 mm) the injection phase and energy of the beam has

quality factor

0 100 200 300 400 500 GO0 700 800 900 1000
voltage Upay [KY]

he currents of the 240 magnetic channels have to be
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to be stable withint1° resp.+410°. Most of the beam funneling process through the narrow channels along
time was needed to prepare the tandem to fulfil theseany turns difficult. This is not a principal limitation, but
requirements. a consequence of the conservative design of the
The following proceedure was used to adjust the magneRITRON as a prototype machine with rather small turn
currents and the rf-cavity voltage phases resp. amplitudegparation and narrow geometrical aperture. Based on the
in the TRITRON in a manner, that steady acceleratiaqgood results of the superconducting cavities future
would result: separated orbit cyclotrons can be planned with enlarged
- 1. Still without voltage in the cavities, the currents of allurn separation, say 10 cm, which would leave a
magnets on the first two turns are adjusted to get the begapmetrical aperture for the beam of about 5 cm. This
well guided to the end of the second turn. would reduce the requirements on the stability of the
- 2. The first cavity is switched on with a rather highinjector considerably and make the acceleration of high
voltage. The beam will be accelerated or deacceleratidiensity beams with low losses much easier.
according to the effective phase of the cavity voltage *" SYNCH.DAT: —
the passage of the bunches. An energy shift caus
betatron oscillations of the whole bunch, which can &
detected as radial position shift most sensitively half
betatron oscillation downstream of the cavity (0.4 turn’
By this method both zero phases can be determined. Fr
the radial broadening of the beam the (focusing) ze™"™
phase with increasing voltage can be distinguished fro
the defocusing one. Furthermore the radial broadenii *"
possibly gives informations about the tilt of the
longitudinal phase ellipse. Finally the actual phase settiitvs |
of say 68 with respect to the focusing zero phase is put on
the cavity. Figure 3. The relative deviations from linear increase,
- 3. The currents of all magnets downstream of the cavifABr/(Br), versus the magnet number of turn 2 to 5,
are increased by a precalculated value, which corresporgii®wing two coherent synchrotron oscillations.
approximately to a specific velocity increase of the
bunches according to an isochronous motion. Then the 4 CONCLUSIONS
voItag(_a amplitude of the cgvi.ty has to be ad_justed until the-l-he results of the test runs demonstrate, that the
beam is well centered again in the succeeding channels.
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h dqure h b lied h >principle of a separated orbit cyclotron works as
“esalr;nehprlocee ure has tg € app 'i tgt € rr(]amaln icipated. The beam dynamics corresponds to theory.
cavities. i the last cavity has been set, the beam has to experience of the last year proves a very stable,

funnelled by adjusting the currents of the magnets on the, .,y cible and reliable operation of all components. No
succeeding turns. If the specific energy gain per cavity ing effects were observed during a period of more than

the first turn had been chosen appropriate to the injectig years. This concerns particularly the superconducting
energy, the momentum of the bunches resp. the bend's[Witches and joints of the magnet system, and the

power @r) of the magnets will increase approximatelys, e rconducting cavities, which are handied under normal
linearly with the magnet number. However, generally thf%\boratory air conditions

specific energy gain will be missed and the energy of the

bunches will execute coherent oscillations with respect facknowledgements. This project was carried through

the ideal course. At the worst there will be no steadyompletely within the frame provided by a university

acceleration at all. Then the phases and amplitudes of taboratory. Much of the development work was done by

cavity voltages have to be adjusted again starting with2d students working for their Diplom, and five PhD

different specific energy gain. students. The project was funded by the German Federal
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several turns with continuously increasing energy. Up toontract number 06 TM 189, and by the State of Bavaria.
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