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CONTROL OF THE SLOW EXTRACTION PROCESS IN A DEDICATED
PROTON SYNCHROTRON FOR HADRON THERAPY

A.Yu.Molodozhentsel G.1.Sidorov, JINR, Russia

Abstract in_the.dispersion—free drift space of.the ringhe
uniformity of the slow-extracted beam is degraded by
The ring design of the synchrotron [1] for canceripples from the power supply of the magnetic elements of
treatment, based on the third-order resonant extractidthe synchrotron. Making the beam particle cross more
was been performed to meet the special medicguickly from the stable to the unstable region can reduce
requirements. The uniformity of the slow extracted bearthis effect. The RF-bucket channeling seems to be a good
from the proton synchrotron is the main requirement ogandidate for compensating low frequency ripples
the beam quality determined by the medical applicatiot<1MHz) in spills of the order of one second. The
The smooth extraction during at least 400 msec should bembination of these two accelerations (‘'smooth' and ‘fast'
realized for the 'raster' scanning of tumours. Control of th&ccelerations) should guarantee the required beam quality
slow extraction over the whole spill time is discussed ifor the medical application. Fig.1 illustrates this method
this report. To keep all lattice functions of the ringof control of the slow extraction process.
constant during the extraction a slow moving of the
accelerated particles into the resonance can be used. To
reduce a degradation of the uniformity of the extracte Aw (MeV) Particle channeling
beam by ripples from the power converters of th |
magnetic elements, the RF empty-bucket channeli !
method [2] should be utilized. This method allows reduc
the ripple influence during slow extraction. Both methoc °*
are analyzed to control the slow extraction for th
dedicated proton synchrotron. Main parameters of tt o
betatron core for this machine are determined. To reali
the ‘empty-bucket’ technique, the RF system of tl -os
synchrotron can be used with the maximum voltage
least 1.5 kV. Influence of the high-frequency ripple on tF
multiplying factor and the duty factor of the spill is
studied.
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A conventional synchrotron Isqems to _be‘ the mo?—‘igure 1: lllustration of the technique of moving the
acceptable accelerator for the 'active scanning' of tUMOULS. .o |erated particles into the unstable region

The dedicated proton synchrotron should be designed to
meet specific medical requirements on the beam quality,
in particular, the spill homogeneity over full extraction.
period. The 'active scanning' technique needs in the sl
extraction of the accelerated particles to perform on-lin
dosimetry at the patient and to switch the beam on and
according to the dose required. This directly determin

rhteti per::otrhman%e h(:f trthﬁ hma(t:)hlnre] d[l\]/. lThe d ct:ustorr:ls? Ap/po=-0.005) is chosen to avoid crossing of dangerous
attice ot the synchrotron has been developed 1o apply ?gh—order resonance lines during the extraction.

Harqlt condition. T.O perform t'he ultra-slow extraction,_ theChanging the momentum, the particles will be pushed into
moving the_coastlng beam into the resonance region the RF channel and will be accelerated rapidly. The
chosen. This method has the great advantage of Ieavgjrticle velocity in this channel is increased, but the

During the extraction (400 msec) the betatron core
drives' the ‘waiting stack’ slowly into the resonance
WnangingAp/po) to provide smooth acceleration of the
rticles with the momentum spread from the value of
-0.005) till (-0.001) [1]. The maximum deviation of the
rticle  momentum from the resonance value

the optical parameters of the machine constant during { Snsity is reduced. Then the patrticle flux is constant that

fﬁ(ng;t?onh;] ?:Srgzl;r?éétge :izgtfér?nglee[r%tei?\s%:é termines the required quality of the extracted proton
y y ' beam. To realize this scenario, it is necessary to determine

the main parameters of the betatron core with the power
supply and adapt the RF-system [4] for the 'empty' bucket
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technique. Main parameters of the accelerated proton The main characteristics of the betatron core and the

beam are collected in Table 1. power supply system are collected in Tables 2-3. It is

necessary to underline that the extraction energy should

Table 1: Parameters of the dedicated proton machine.be changed step by step from a maximum value till a
minimum one to treat tumours.

Circumference m 41
Accelerated particles proton Table 2: Main parameters of the betatron core
Number of circulating particles 6.25%x10"
Slow extraction scheme Third-integer Required flux variation during extraction | Wb 0.371
resonance Length m 0.60
Maximum kinetic extraction MeV 220 Maximum average magnetic field in yoke | T 1.2
energy, £, Internal radius m 0.12
B at E 0.586361 External radius m 0.378
y at £ 1.23449 Area of the section perpendicular to the | m? 0.155
Momentum at £, MeV/c 679.123 magnetic field lines
Revolution period at E, Usec 0.2334 Lamination thickness mm 0.5
Beam intensity at £, mA 41.13 Steel density keg/m> | 7870
Magnetic rigidity at £, Thh 2.265 Steel mass kg 1'89(
(Ap/p)gy of the beam at E,. % 0.4
Repetition rate Hz 1 . .
Typical cycle: Table 3: Main parameters of the power supply
Injection Ms 50
Acceleration 200 Number of turns of the coil 10
Extraction flat top 500 (400) Section of the wire mm 10
Fall 250 Length of the wire m 17.2
Copper resistivity at 60C Qlh 2.03510°
2 BETATRON CORE Maximum value of inductancg mH 100.93
To determine the main parameters of the betatron cdrMinimum value of inductance| mH 4.15
and of the power supply, the required calculations hayd/i@ximum current density Almn | 3.25
been made for the&ockerill steel. The required total | 'otal coil resistance mQ 48.38
magnetic flux variation needed to provide the momentum (copper + eddy current) (35+13.38)
variation of 0.004 is equal t@.37] Weber for the | Total resistive power W 14.4
developed synchrotron. To get this flux, the magneticMaximum absolute value gfV 32
field should be changed from,,, till B,;,= -By.. The voltage

maximum average magnetic field B>, inside the

betatron core should be equal x@ Tesla to avoid the

steel saturation. The core length should)lsemeter to be To evaluate the influence of the high-frequency ripple
installed in the ring. The transverse dimensions of thef the power supply, it is necessary to consider the voltage
betatron core are as follows;=0.720 m, r.,=0.378 m. applied to the coil in the following form
Some special function of the current variation during th¥i=Vot+VIdos@t). . The eddy currents in the betatron
half of the whole cycld~(?) has been defined (Fig.2) to core prove a smoothing effect in the case of the high-

meet the requirement/@/dr = Constant ). frequency ripple. Increasing of the lamination thickness
: can reduce the current ripple. The present choice of
200 f \ laminations of0.5 mmgives a time constant of about
/ \ 8.3msec Then for the ripple voltage of the order of
IN (Afurns) / 3.5x10° ( or 0.001 mY at a frequency 0600 Hzthe
00 \ resulting current ripple is of the order ®3x10° A. This
/ \ high-frequency current ripple is by 100 times smaller than
150 the low-frequency component. Increasing the lamination
100 / t (msec \ thickness one can increase the eddy current time constant
/ \\ and the smoothing of the magnetic field ripples. But in
50 this case the power dissipation will be bigger. The
. / \ optimization of the power supply and the lamination

thickness should be performed before the betatron core is

? 1ee 280 00 #00 00 developed for the dedicated proton synchrotron.

Figure 2: Current variation during a half of the time cycle.
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3 RF-CHANELLING phase 4¢). This results in modulation of the spill at the
high harmonics of the RF system (fewiHZ).

As was mentioned above, ripples from the powe ; : .
) evertheless, for the medical machine the slow extraction

converters of the magnetic elements and the power sup . . . . ;
ocess, the physical spot size and the integration time

of the betatron core degrade the uniformity of the slow- : g T ) X
extracted beam from the synchrotron. The empty bucke yerage this spill modulation in the on-line  dosimetry
cause obstacles for particle motion in the IongitudineﬁyStem'
phase-plane and create the channel for these particlec
Using the betatron core the beam is pushed into fl 2000 2000
channel 'smoothly'. In this chann#&V/dQ is reduced, and
dQ/dr increased. 1600
The parameters of the RF bucket are determined
the process of extraction. The RF frequency should BE11000) 100
equal to the revolution frequency to keep the partic  Kaes00
energy constant at the synchronous phase. The 'resong  K@&.1800) go

energy of the particles depends on their betatr -

amplitude: the higher betatron amplitude - the lower tt 400

'resonance’ energy. To get a high multiplying factor for ¢ »

the extracted particles, the RF empty bucket should Jea7, o -
located properly with the required bucket height. 516 ‘ o ' T e,

To create the channel between the RF empty buckec.s, : )
the reference phase should be a non-zero value, which dgure 3:K-factor as a fuction oflE for different values
be obtained from the following condition. The energ)PfVm (1000kV, 1600 kV, 1800 kV).
change in the bucket should be compensated by the
changes in the machine that are caused by the betat
smooth acceleration. From this relation of the mai 73.5141,1%
machine parameters it is possible to get a definition of tl
required phase of the RF system:

|| = lsinap| :—n,':i"g (Bp)L & r0)
m

Tspinr ) ( l)

The RF empty bucket should be positioned so to ¢
an improvement for all the betatron amplitude. Th
determined beam parameters require the 'waiting stack’
be located below the resonance energy.To study the rip AT,
influence, the multiplying factork) and the duty factor 0 200 400 600 s 1000
(O) can be written in the following form: > y 1000

Figure 4: K-factor as a function of the ripple frequency for

(abo)= 1t cos @a( L) - cos] @A) @ different values ofiy (10°, 10%).
[@2(AE)-@(AE)] %E}o vy +wagcos(ar |
4 CONCLUSION
D(AE,w):; (3)

il Combination of the 'smooth' and 'fast' acceleration
EEEE during the long extraction spill for the medical proton
synchrotron has been studied. For the RF-channeling of
where vo=(a/ o)/ Tspn , and [,R:pR%ﬂ the 'fast’ accelerati_on of the extracted particles the RF
system of the machine can be used.
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voltage 0000 \/ 1600 \/ 1800 V) is shown in Fig.3The oSt ( ’ ) piut discussions.

reference phase of the RF system\ge1600 Vis equal
to =5.813x10* (=-0.033 gedrep

1+ > !
2K°(AE,w)
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