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Abstract whatever the actual value of the extraction energy.

The beam quality required from medical synchrotrons for Adjustment of the spill intensity also implies control

R . . Qgver its uniformity. Statistical fluctuations in the extracted
hadron-therapy implies stringent requirements on the spill : :
current, mainly due to power supply (PS) ripples, cause

homogeneity over the full extraction peno_d pf abqut ON%me structures at many frequencies in the particle pulses
second. The use of a betatron core to optimise third-ordgr

; ) - .that would lead to hot and cold spots in the target volume.
resonant extraction appears particularly promising to Satli\-

; dose uniformity of+2.5% is still tolerable and the max-
fy these needs [1]. This core accelerates the beam intg . . o
. : . mum acceptable spill modulation is about 20% for the 2
the resonance keeping all lattice functions, and hence t

i . . Fiz component [3]. The use of a betatron core to move the
resonant conditions, constant which results in a very sta-_... . . . .
aiting beam into the resonance is particularly well suited

ble extraction over a broad bandwidth. Compared to sme\gﬁ, produce a uniform spill. Moreover the large stored en-
guadrupoles that are normally used to drive the resonance

. errgf;y in a betatron, as compared to a small quadrupole, is
the large stored energy in a betatron core represents a . . . .
a safety feature since it responds less quickly to transients

inherent safety feature because it is less sensitive to tran- . : .
. . : at could send intolerable beam spikes to the patient.
sients that could send large beam spikes to the patient. To ;
In order to guarantee the security of the treatment, a fast

complete the study, a possible implementation of a fee%'eam abort within a few hundreds of micro-seconds is re-
forward system to correct for low-frequency ripples in the ired to prevent exceeding the dose limit

extracted beam is analysed. A mechanical and electric%ﬁJ
betatron core design with a feed-forward system is pre-
sented. Experiments performed at the Saturne National 2 THE PIMMS BETATRON CORE
Laboratory LNS, CEA Saclay, using the extraction beta. : P
tron core “Gephyrotron”[2] are outlined. They confirm the2'1 Betatron Core Working Principle

utility of such a device to extract a high-quality beam forThe proposed extraction method from the synchrotron is a

medical applications. third-integer resonant scheme driven by sextupoles. The
particles moved in momentum by the betatron into the un-
1 MEDICAL REQUIREMENTS stable region gradually increase their amplitude of beta-

tronic oscillation until they are extracted. Extraction with a
A feasibility study of a dedicated medical synchrotron foPetatron core makes it possible to front-end the beam with
accelerating protons and light ions (e.g. carbon) for ca@h empty bucket into the resonance [4] to accelerate it and
cer treatment is being pursued at CERN by the Proton Idgduce the ripple effect.
Medical Machine Study (PIMMS) group. PIMMS is a five- A simplified view of a betatron core is depicted in Fig. 1.
way collaboration between the TERA Foundation, AUSDuring extraction this smooth high-inductance device is
TRON, CERN, GSI and Onkologie 2000.

Synchrotrons for applications in radiotherapy should
provide sufficiently long spills of variable duration and in-
tensity for both particle species. Short spills of 0.25 Strajectory
are needed in the case of passive beam spreading systems; - - -[_ _ _
while active scanning techniques require up to a few sec- )
onds of beam to paint a single tumour slice. Furthermore 1 : T
irradiation of subsequent tumour slices requires cycle to
cycle variability of the beam energy and intensity. High-
est intensity is needed when irradiating the distal part of S

stedl core

a tumour volume, and rapidly decreases when proceeding h |

with the treatment of proximal layers. These have already g?{‘;ﬁ;

received part of their dose during irradiation of deeper lay-

ers. Using a betatron core to drive the resonant extraction

enables control of both length and intensity of the spill, ~ Figure 1: Schematic view of the betatron core.
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the only active element. All the other elements, and thus
also the lattice functions, are kept static, the RF voltage js
switched off. Therefore, the energy of the extracted beal
is kept constant, no RF structure can appear in the spill m&_engthh [m] 1.5 2.09
sources of ripples are minimised. This enables productiorlnternal radu_mvl [m] 0.08 0.125
of very homogenous spills. External radius:, [m] 0.75 0.428
The application of a time-dependent current to the be_Lamlnatlon th!ckness [mm] 0.5 03
tatron coil gives rise to a magnetic flux variatidny in- Number of Co.'l Furns 10 12
side the steel core. The temporal change of the flux it—MaX' flux variationA¢ [Wb] 2.38 1.85
self produces an electric field parallel to the main axis chaX' mo_lucta_ncei [H] 0.43 0.3
the betatron, accelerating the particles into the resonanc Jotal coil resistanceiyo [1] 0.11 0.037
The magnetic flux variation, the relative momentum change
Ap/p of the particles and the magnetic rigidiBp are re-

lated by A 3.1 Spill Time Uniformity
Ag=CBp=", (1)

Table 1: Main betatron core parameter
PIMMS | SATURNE

The time uniformity of the extracted spill was measured
with a 1/gr-=20 kHz bandwidth. The signal obtained is
shown in Fig. 2 curve 1. The smoother curve 2 is obtained
. from the first one by averaging over 9 acquisitions. Finally
2.2 Parameter List curve 3 is an enlargement of the central part of curve 1.
The betatron coil laminatiom is an important parameter It shows that the spill indeed satisfies the medical require-
for ripple minimisation [1]. The voltage applied to thements of a maximum amplitude modulation-620% at 2
coil of Cockerill steel presents ripples generating currerkHz.
and magnetic field with frequency dependent components.

where(C is the machine circumference.

For a PS voltagé” with ripple frequencyw=27f, the fre- 700 O§ ; ' E ‘ —
quency dependent component of the current generated injy,, (1) @«W ) M THBT RN I
coil of inductancel and steel conductivity is — SRR R | L | 1®
average 0 Mwr— ; T >
I(w) v Tee = kwm2 2) of (D —ml i @

W)= —F—7—> ’
Lwy/1+ 12.w? 8 o

o1
i 50ms .5V

“"iChannel 1
-450ms .5V

already for relatively low frequencyf100 Hz) the es-
timation wr>>1 holds and the smoothing dependence be-
comes inversely proportional t?. The current ripple Figure 2: Spill measurement. The time scale for curve one
I(w) is also reduced by increasing the eddy current timend two is 50 ms/division, for curve three 1 ms/division.
constant, i.e. by increasing the lamination thicknesghe
present lamination (cf. Table 1) is a common choice in
transformator design, leading to a 6 ms time constant. g 2
necessary it is possible to further increase the lamination
thickness, at the cost of higher power dissipation. The aim of the beam abort measurements was the evalua-
For the betatron specifications, a total momentum varidion of the time required to interrupt the extraction process,
tion of Ap/p=0.5% is used. Extraction is assumed to stamcting on the betatron core only. The lower curve in Fig. 3
with a stack positioned at&p/p=0.1% from the resonance displays the betatron power supply voltage, while the upper
and that the stack has up ftp/p=0.4%. The maximum curve shows the intensity of the extracted spill measured
total magnetic flux variation (carbon ions at 400 MeV/uwith a 20 kHz bandwidth and averaged over 9 measure-
needed in the betatron to sweep the whole stack throughents. As can be seen from the plot a beam abort within

Fast Beam Abort

the resonance iA¢=2.38 Wh. 300us is possible.
The averaged curve also shows a good reproducibility of
3 EXPERIMENTS AT SATURNE the signal and suggests a feed-forward compensation for

. . ) the recurring frequencies.
The spill intensity measurement system consists of 3 suc-

cessive scintillators in coincidence placed in the extracti : .
line. The bandwidth of the system is variable by changir?:gg'3 Harmonic Compensation
the time constantg of an RC-circuit in the readout elec- Higher order harmonics of the power supply frequency ap-
tronics. The experiments were performed ohHe beam pear in the spectrum of the extracted beam. This experi-
at 400 MeV/u and 0'° particles in the machine. ment aimed at compensating these harmonics using a sim-
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beams have approximately Gaussian momentum distribu-
) tions. Independent of shaping it is possible to influence the
- slope of the extracted spill by using a fast correction coil.
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Figure 3: Betatron core abort time. Figure 5: Extraction with servo system, BW 400 Hz.

rotron power supply. This is an open loop system consist-
ple feed-forward system to modulate the power supply inng of a multiple turn correction coil that uses the feedback
tensity at these frequencies. of the spill to calibrate the input voltage. For PIMMS a
The extracted spill was measured with a 30 kHz bandingle turn coil is foreseen, having an inductanéedimes
width and its spectrum evaluated via FFT. The spectra oBmaller, where: is the number of turns, and a just as short

tained were averaged over 20 acquisitions. Changing afaction time. It is aimed to correct even beyond the 400
plitude and phase of the correction signal, the 74 Hz lingz,

and its first harmonic were compensated for (cf. Fig. 4).

This peculiar frequency stems from the dipole magnets 4 CONCLUSIONS
F0E o AL =1V Use of a betatron core to fulfil the medical requirements on
B Ly ;i:zzgv the extracted beam is proposed for the PIMMS machine.
o— = z N . . . . .
N~ 0 ALF5 Tests on a core with similar characteristics fulfilled the ex-
Z OF e simult. corr. f=74/148Hz with 4, 4,71V pectations. Beam abort within 3Q6s has been demon-
“E 5 £ m simult. anticorr. f=74/148Hz with £, 5,71V strated possible and the idea of a betatron core to improve
< B spill quality should be attractive for other future medical
=10 - machines.
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Figure 4: Harmonic compensation of the 74 Hz PS fre(-:hme'

guency and its first harmonic as function of the correction
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The aim of this experiment was to produce a spill of inten-
sity as constant as possible. A rectangular waiting stack is
only obtained by shaping the circulating beam. Unshaped
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