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Abstract

IBA-SHI's design of a compact isochronous cyclotron for
proton therapy has been selected by Massachusetts Gen-
eral Hospital to equip its new NPTC. At the time of the
EPAC'96 Conference the isochronous magnetic field is
achieved, and initial beam tests are imminent. The present
status of the different cyclotron subsystemsis described.

1 INTRODUCTION

The global MGH equipment is well described in [1] and
the references therein. In this paper we concentrate on the
present status of the accelerator and its subsystems.

Constructionof the C235 machine started May 1994, and
it isplanned to have the machine shipped to MGH after ex-
tensive factory beam tests by December 31, 1996.

The present status (as at the time of the EPAC’ 96 Con-
ference) of C235 may be summarized as:

¢ the isochronous magnetic field for protons up to
235 MeV is achieved, simultaneously optimizing the
performance of the extraction scheme.

o ultimatecal culations are performed with the measured
field datato optimizeinjection (central region) and ex-
traction.

¢ the centra region and the RF system are installed
and trimmed for nomina performance (resonance fre-
guency, radia voltage distribution).

o first beam testswill start soon.

Thefurther sectioning of thispaper correspondsto themain
subsystems of the machine.

2 THEMAGNETICFIELD
2.1 Mapping requirements for isochronisation

Theintentionisto give a coarse estimate of the field meas-
urement accuracy needed to obtain correct isochronism.
Considering

e a maximum tolerable integrated phase shift of the
beam w.r.t. the RF of +30°

e an acceleration to 235 MeV in 800 turns

e an average magnetic field~ 2 T

e amean vaueof v2 ~ 1.2 (v istherdativistic factor)

we have

Aq)znA¢t:n~2ﬂ%:n~ 12AB

with ¢, the phase error per turn, f therevolutionfrequency,
yielding

AB =~ 0.5 mT or A?B ~ 1074

2.2 Field mapping system

The measurements were done with a calibrated Hall probe
and atemperature probe for compensation. At regular time
intervals, the Hall probe calibration was checked against
NMR field valuesin the cyclotron center.

The usua angular grid has a 2° step. Test mappings
with 0.5° step have shown that interpolationon a2° gridis
fully reliable. The usual radia grid hasa 10 mm step up to
900 mm and a 5 mm step for larger radii. Even smaler ra
dial stepsare used for special purposes, e.g. mapping inthe
gradient corrector, radial edge shimming, central region,. . .

2.3 Field adjustments

The goal of the mapping and shimming process is to ob-
tain an isochronous magnetic field with adequate focusing
characteristics and an optimized extraction scheme. Inthis
process the so-called “lateral edges’ are milled to decrease
the angle spanned by high field regions (hills) at al radii.
After some iterations, the isochronous law of (B) vs. r is
achieved.

C235dsofeatures“radia edges’: these removable parts
are used to shape thefield close to the extraction radius.

Finally, trimming of the main coil current alows for
small overall isochronism corrections.

2.4 Mapping history

The isochronisation process can roughly be subdividedin 4
nearly independent units:

verification of the 4-fold symmetry
radial edge correction

central bump correction

lateral edge correction
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Besides that, C235 being a prototype machine, special
measurements and checks had to be performed at regular
intervals, mainly concerning the comparison of thereal ma-
chine with existing model calculations, and hence the re-
finement of our model descriptions.



25 Moddling

Theinitia design of C235 was based on 2d models, using
stacking factorsto account for the angle spanned by the hill
a every radius. The average field values obtained with this
method are in very good agreement (2% max. difference)
with the final measured isochronous average fields.

3d models are then used to design local geometrical fea
tures like the pole spiraling yielding the adequate focus-
sing properties. Median planefield values can be compared
with measured data and show very good agreement (better
than 1%) everywhere, even in regions of very strong field
gradients (> 100 T/m) and in potentially problematic areas
like the extreme tip of the hill. The comparison of derived
propertieslike betatron oscillation frequenciesisamore de-
manding check. The maximum differences between closed
orbit analysis resultsfrom model fields and from the meas-
ured field are 0.1% for Q@ and 4% for @y (whichismore
sengitive).

Both 2d and 3d codes have been used during the iso-
chronisation process, so as to make the convergence faster:

¢ the shape of theradial pole edge was obtained in 2 it-
erations only with 2d models.

o the gradient corrector and its facing radial edge was
fully designed with a series of 2d models at different
azimuths (2° steps).

¢ a“response function”, describing the field response at
all radii dueto a“unit stedl cut” at agiven radius, was
set up for the lateral pole edge correction with aseries
of 3d models.

3 THE CENTRAL REGION

The centra region of the cyclotron is a rea multitask
device:

¢ it housestheinternal protonion source.

¢ it belongsto the RF system: the puller voltage oscil-
lates with the RF and thus provides the injection tim-
ing from the ion source.

o the correct shaping of the eectrica field in the gap
between source and puller and in thefirst acceleration
gaps provides adequate vertical focussing in aregion
where the magnetic field does not provideit.

o it features one or severa ditswhich aim at matching
the injected beam to the acceptance of the cyclotron.

The central region was precal culated on the basis of the
model calculations of the magnetic field. It has been re-
studied with the measured field data, including the effect
of the harmonic correction coils and using as-built dimen-
sional data of the RF components. The RF frequency has
been fixed to the value obtained from the final mapping.

Finally a check of the agreement between the “far” cent-
ral region calculations (for radii in theregion 0.08 < r <
0.4 m) and the closed orbit results has been included.

3.1 Results of the central region calculations

Horizonta centering of the beam (or eventually controlled
off-centering) isavery important issue in thiscyclotron. A
study has shown that only the harmonic 1 of the magnetic
field has a significant off-centering effect, not the higher
order harmonics. Especially, the large second harmonic
which is present due to the mechanica construction of the
cyclotron center has a negligible effect on the centering of
the beam. A set of harmonic coils alows to add a first
harmonic field correction with an arbitrary phase angle by
combining 2 orthogonal dipolecircuits. The result of such
a correction scheme is shown infig. 1.
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Figure1: Center of curvaturemotionin C235. Bullets: raw
magnetic field as measured. Triangles: the same magnetic
field + 0.8 mT first harmonic correction from the harmonic
coils. There is one symbol every turn. During the first 18
turns the harmonic coils have no effect, so bullets and tri-
angles are superimposed in thisregion.

The vertical motion has been studied by calculating tra-
jectories of particles starting a8 1 mm from the median
planeg, i.e. the half-height of the ion source exit dit. The
electrical vertical focussing is provided by thefirst four ac-
celerating gaps. Beyond this first turn the magnetic field
gradient corresponding to the decrease of the central field
bump provides wesk vertical focussing. From » = 0.1 m
onwards the magnetic field has a hill/valley structure, and
the focussing becomes of the alternating gradient type.

The vertical betatron frequencies estimated from central
region calculations (intheregion 80 < r < 400 mm) arein
full agreement with the results of equilibrium orbit calcula-
tions.

The results give confidence that the central region is
now well designed, and that sufficient trimming possibilit-
iesexist for obtaining correct injected beam characteristics.



These trimming parameterswill befixed by theinitial beam
tests:

exact position of theion source

exact position and opening of thefirst dlit

necessity of asecond dit

amplitude and phase of the first harmonic correction

4 RF SYSTEM

The acceleration of the beam occurs at the fourth harmonic
of the revolution frequency, i.e. at 106.5 MHz. The accel-
eration is obtained through 2 RF cavities giving 4 accelera-
tion gapsintota. Each cavity fillsavalley of the magnetic
structure, and the 2 cavities are connected to each other in
the center of the cyclotron viathe central region. Each dee
is supported from the base plate by 2 pillars. Trimming of
the resonance frequency and of the radial gap voltage law
has been obtained by varying the diameters of these pillars.

The RF power is fed to the system of 2 cavities via a
coaxial line and a capacitive coupler. It is generated by a
100 kW tetrode tube.

At the present time the fundamenta setup and trimming
of the cavities are finished, and power tests are imminent.

5 ACCELERATED BEAM
CHARACTERISTICS

The closed orbit studies in the measured field provide us
with the working point diagram aong the acceleration in
C235. This is shown in fig. 2. The systematic reson-
ance 3Qn = 4 israpidly crossed just prior to extraction,
and does not cause any significant detrimenta effect to the
beam. Thisresult is obtained both through numerical res-
onance analysis (using the HARMON module in MAD),
and through multiturnmultiparticletracking. The measured
field map has al so been used to check the good behaviour of
the beam throughout the accel eration by atracking calcula
tion from 50 MeV up to 220 MeV.

6 EXTRACTION
The extraction system includes:

1. an dectrostatic deflector located in a magnetic val-
ley. Its shape is obtained from particle tracking in
the measured field map, closaly following the extrac-
ted beam path. Nomina values are: dectric field
14 MV/m, gap width 4 mm, septum thickness 0.1 mm.

2. a gradient corrector. This device is used to correct
the very steep field gradient experienced by the beam
when leaving thepole. Itisentirely passive, and itsef-
fects are fully contained in the field mapping data.

3. a permanent magnet quadrupole doublet. In spite of
the presence of the gradient corrector, the extracted
beam is strongly divergent in both planes. Therefore,
in between the main coils a quadrupole doublet isin-
gtalled. It is made from permanent magnet material

C235 Q-diagram
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Figure 2: Working point diagram along the acceleration in
C235. The point to point distanceis1 MeV.

(Sm,Co;7), with 16 rectangular magnets around the
circle, and screened fromthe coil field by suitableiron
collars. The model calculations show a field gradient
of 19.2 T/m.

4. an externa coil quadrupole doublet.

The lengths of the individua permanent magnet quadru-
poles are adjustablein steps of 10 mm. The nominal values
are obtained from a MAD beamline description.

It isnot expected to have a separated turn structure at the
entrance of the deflector, and part of the beam will inevit-
ably strike the septum. Note, however, that beam power is
extremely low [1]. Tracking simulationsindicatethat an ef-
ficiency of morethan 85% may be obtained in the case of a
well centered beam. If off-centering occurs, it iscompuls-
ory to carefully positiontheseptuminadip of theradia cur-
rent density, but equivaent efficiencies are then obtained.
These dips are well pronounced due to () being close to
the third integer.

7 CONCLUSION

25 months after the start of this prototype project, the C235
machineispractically ready for thefirst beam tests, and ex-
tracted beam should be available shortly &fter.
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