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Abstract hospital installation is now n_earing completio_n at the
Massachusetts General Hospital [4]. The merit of using
Accelerators and medicine have been closprotons for therapy by exploiting their Bragg peak
companions since cyclotrons first made biologicabehaviour was first suggested by R. Wilson in 1946 [5].
studies with particle beams possible in the 1930s. LaterAnother line of development is super-conducting
improvements, such as H-minus fHextraction, made cyclotrons that are sufficiently compact to be mounted
cyclotrons the foremost, commercially-availabledirectly on a gantry and to be turned around the patient.
producer of medical isotopes. Although the world's firsThis has been successfully applied to a neutron therapy
hospital-based proton treatment centre, Loma Lindanit in the Harper-Grace Hospital in Detroit [6]. In the
uses a synchrotron, the cyclotron is now also establishifigld of beam delivery based on a cyclotron, a voxel
a dominance in proton centres using passive beawolume-pixel) treatment system with a compact gantry
spreading. However, two trends indicate a slightlys being developed at PSI, Villigen [7].
different direction. The first is towards light ions and
the second is towards ‘pencil’ beam scanning with acti
energy control.  Together, these point to a ne
generation of synchrotrons with slow-beam-extractio P
systems that allow time for on-line dosimetry anq .
provide very smooth spills. There are several varian®s
for the slow extraction including the use of a betatro
core and rf knockout. There are also methods fc
improving the spill quality such as rf channelling
buckets and rf noise. The use of a synchrotron has t
consequence of unequal emittances in the extract_
beam, which affects the design of extraction lines, th
rotational optics of gantries and the passive and acti
scanning systems.

1 CYCLOTRONS

Lawrence’s first cyclotron worked early in 1932 [1].
Although this machine was conceived for the high g
energy physics community, experiments were alread St R SN
underway by the end of the 1930s for the treatment &figure 1: CYCLONE 30 cyclotron (courtesy of IBA).
cancer by neutrons [2]. However, the cyclotron first
dominated world markets in radionuclide production [3]. 2 SYNCHROTRONS
Here, the important development of Eyclotrons, after  ajthough cyclotrons are well established in proton
an initial setback, made it possible to reach much highgferapy the world's first hospital-based proton therapy
intensities and to extract with low losses by StrippinGeentre. Loma Linda [8], uses a synchrotron. The
The commercially-built CYCLONE 30 (Fig. 1), which gccelerator equipment for this facility was built with the
appeared in the late 1980s, became a de facto WOHd| of Fermilab and was opened in 1990. A return to
standard. This machine uses extraction by stripping, tgnchrotrons now seems possible with the recent trends
“deep valley” magnet design and a multi-cuspsdurce  qards the use of light ions (usually carbon) and high-
mounted externally, which allows a high-quality vacuunyrecision raster scanning, as currently  being

to be maintained within the cyclotron. _ demonstrated at GSI, Darmstadt [9]. In raster scanning,
In general, the cyclotron owes its success 10 its robusgle ymour is treated in a series of slices of decreasing
and compact design, a quasi-continuous beam a%ge. Once a slice has been ‘painted’ by a

adequate intensity. ~ The same qualiies are NOW,gnetically-steered ‘pencil’ beam, the energy is
establishing the cyclotron in proton therapy centres thi\yered to reduce the depth of the Bragg peak and

use passive spreading (i.e. multiple Coulomb scatterinq}aiming, is repeated on the next slice. The advantage
for the beam delivery. The first fully-commercial, in-
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of raster scanning is that it can irradiate complex, and An analysis of the tune ripple will quickly indicate the
even re-entrant shapes while sparing the surroundimged for ripple specifications tighter than 1 ifi A0kHz
tissue. The conjunction of light ions and raster scannirfgequencies. The same analysis will also show that relief
is advantageous, since ions are less affected by multimlan be obtained by increasing the tune spe&dfd
scattering in the patient’'s body and hence small spuatith which the particles enter the resonance. A scheme
sizes can be produced more accurately than for protongor achieving this will be presented in Section 6.3.
Synchrotrons are better suited than cyclotrons to the The emittance in the plane of extraction can be
acceleration of the higher-rigidity ions and to theestimated by equating the beam’s phase-space volume
delivery of well-focused beams of a precise, controllabl@iransversex longitudinal emittances) in the ring and in
energy, as needed for raster scanning. To meet tthee spill. The momentum spreads will be of the same
requirements of raster scanning and to respect tleder, but the extracted transverse emittance will suffer a
prescribed dose t#2.5% requires a continuous on-linestrong reduction by the ratio of the revolution time to the
intensity measurement and beam control. Thepill time (~16). Coupling from the vertical emittance
synchrotron therefore operates with a third-integer, slovin the sextupoles will increase this value and dispersion
extraction scheme that dilates the spill time to about ledfects, closed-orbit changes and ripple, will hide it, but
to facilitate on-line dosimetry. Typically, operationthe true extracted emittance will still be very small.
would be ‘ramp and hold’ with a minimum cycle rate of The following sections will be devoted to reviewing
about 0.5 Hz. This allows synchronisation withthe design measures that can be taken to:
breathing if required. Some 60 spills of14° carbon ¢ Control the extraction losses,
ions each at the patient, or 60 spills of’Jotons each e De-sensitise the machine to ripple, and finally to
would comprise a single treatment (known as a e Accommodate the transverse emittance asymmetry.
‘fraction’) with a treatment time of about 2 min. The
beam spot should be variable between 4 and 10 mm full

width at half height and have a positional stability and T () Quadrupole-diven - e
precision of a few tenths of a millimetre. For carbon
ions the synchrotron would be ~75 m in circumference
and would produce ions of ~400 MeV/u, whereas for Unstable

protons these figures would be ~45 m and ~220 MeV. Stationary Moving resonanc
Such a machine needs to be precise in all respects, but bea”l‘
especially it needs a smooth spilThis is so important

that it becomes the overriding design criterion and will

»

- L4
Position, tune, momentum deviation

(i) Acceleration-driven

be the main topic in the following sections. A poor spill Amplitude
quality makes it necessary to lower the spill intensity Stationary, T
Unstable

and the scanning speed, so that the spill imperfections resonance

can be corrected by the on-line scanning system. |
Accelerated beanq
I \/ :

Position, tune, momentum deviation

3 RESONANT EXTRACTION

Reson_ant extraction sc_hemes fall into three categories (i) RE knockout _
schematically shown in Fig. 2. T Amplitude

¢ Quadrupole-driven extraction (classicpelects
large through to small betatron amplitudes by moving
the resonance.

¢ Acceleration-driven extractionSelects particles
with a fixed betatron amplitude-momentum relation by
moving the beam into a stationary resonance. Position, tune, momentum deviation

¢ RF knockout extractiofLl0]. Selects constant
betatron amplitude by blowing the beam up onto a
stationary resonance.

All these schemes share three fundamental features:

Stationary
resonance

Unstable

RF excitation causes
amplitude growth

»

Figure 2: Slow-extraction schemes.

4 CONTROLLING LOSSES

« Losses on the extraction septum In a quadrupole-driven extraction, the stable, phase-
« A small emittance in the plane of extraction. momentum spread is usually small, so the physics can be

. adequately represented by a single triangle as shown in

to the continuity of the extraction separatrix, but thiﬁg' 3 in normalised phase spacé K). The important

S point is that the separatrix moves as the extraction
degree of loss depends on how the extraction is set up. . .
proceeds, leading to variable losses on the septum where
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it cuts the separatrix. This loss cannot be eradicated, butThe mathematically trivial solution of (1) of zero
it can be reduced to an absolute minimum, by using tlispersion and zero chromaticity leads to a Hardt
acceleration-driven extraction in which the beam isondition suitable for the rf knockout extraction.

moved instead of the resonance and by applying the

Hardt condition [11]. The beam can be moved by a 5 CONTROLLING RIPPLE

betatron core [12] or stochastic noise [13]. In the following sections, it will be assumed that the

x4 Angular Hardt condition is applied and that the beam is therefore
Extraction range at ‘fed’ into a stationary resonance.
Shrinking separatrices septum
t:s_tablia Particle 5.1 Betatron core
riangle )
R i':?:;;‘;f/‘;‘fr A good method for accelerating a beam of small
i/ Septum X thickness of emittance and large momentum spread into the
septum resonance is a betatron core [12]. This technique has the
Figure 3: Movement of the extraction separatrix. important advantage that it maintains all transverse

optical parameters (and hence power converters) in the
The Hardt condition aligns the extraction separatricégachine constant. The ‘stepping’ from the digital to
for all momenta along the resonance line that is ‘cuttinginalogue converters (DAC) for elements correcting
the beam (see Fig. 4). Thus, all particles are made @sed orbits or lattice functions can be particularly
leave the machine on the same path and the septum &égfuptive to spills. With the betatron core, the only
be aligned for minimum loss. The condition is derive@ystem that changes is the power converter for the core
by removing the momentum dependence from thiéself. Since this is a single unit, special care can be

general equation for a separatrix. taken with its design and that of its DAC. The betatron
core is a high inductance device and is intrinsically
D, cosa + Dy, sina = _4_"Q' (1) smooth in its operation.
S

. . . . _ .2 Intrinsic smoothin
where D,, D",) is the normalised dispersion function at5 trinsic smoothing

the septumg is the anticlockwise angle from tbeaxis The Hardt condition has the fortuitous advantage of
to the perpendicular to the extraction separa@iss the applying smoothing to the spill by mixing all betatron
chromaticity and S is the sextupole strength. amplitudes in the extraction process. When a ‘strip’ of
Effectively, the Hardt condition moves the stablgoarticles become marooned outside the stable triangle by
triangles along the direction of the dispersion vector bine action of the betatron core, they are trapped in the
varying the chromaticity. It is more convenient if theresonance for several hundred turns before being
beam has a small transverse emittance and a witideased into the spill. When this occurs, approximately
momentum spread. Since medical machines work beldwalf of the particles are concentrated in a spike and the
transition, the chromaticity should be negative to ensuher half are spread out in a flat tail. The delay
the transverse stability of the *“waiting” beam.between entering the resonance and emerging in the
Extraction is then best made to the outside of the rirgpike depends upon the initial betatron amplitude. The
and the “waiting” beam placed to the inside. Theskength of the tail is about equal to the delay [14, 15] (see
choices limit the application of the Hardt condition toFig. 5).

positions where the extraction septum Has0 and

_ > : =0 ) .
D ,n<o, as in the second half of a dlsper5|0n bump. 50% of particles leave from the side, more or less evenly over

the spill, and ~50% leave in a spike from the corner

Acceleration-driven Uncorrected Hardt condition : \ 4 spil
extraction separatrices single extraction 4—T’ T,
Resonance Betatron R Se,pa‘[atrix 0
dividing amplitude X X >
stable and /‘ / Time
unstable ) L
regions % ZX*% - Figure 5: An elementary ‘strip’ spill.
Beam moving v The Hardt condition ensures that a mixture of all
into resonance betatron amplitudes (and hence transit times) enters the
resonance throughout the spill, which has the effect of
‘ — > spreading the spikes that would otherwise all appear
Radial position/tune/momentum . . .
coherently with the power converter ripple. This has the
Figure 4: The Hardt condition. useful feature of being effective at kHz frequencies that
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are difficult to treat by feedback systems and othe$ .4 Eddy currents
means.

By referring back to Fig. 2, it can be seen iy the
acceleration-driven extraction has this advantagéhe
quadrupole-driven extraction starts with short trans
times at large amplitudes and then moves to the lon X ) ; X
transit timegs at Emall amplitudes. The rf-knockoS esign with ultra-thm-walled_ chambers OT high

sistivity. If a quadrupole is used to drive the

extraction always has large amplitudes and short trant ) - . . ;
times, which means maximum response to ripple. ThiXtraction, it is especially important to ensure that this

can be used to advantage for switching the beam on a#gt Will filter out kHz frequencies and not pass them on
off rapidly at the level of the resonance for breathing the beam. Eddy currents and the intrinsic smoothing

synchronisation and with a passive/wobbling bea iscussed in Section 5.2 are useful because they improve

spreading system that is less critical for the on-lin efficiency with increasing frequency and their
dosimetry than raster scanning [16]. influence starts in the kHz region.

5.3 Channelling rf bucket 5.5 Feedback

One way of making the spill less sensitive to a relativ Feedback on the_ resonance is advgrsely affected by
tune motion between the beam and the resonance isﬁgg resonance transit time. Since this time varies from a
make the particles enter the resonance with a velocity"’ hundred '_[urns to several _thousand for d|fferent_
that is much in excess of the ripple velocity. Th articles entering at the same instant, the feedback is
technique for doing this is to create a region between tjg'ited in efficiency and best used only for the low-
beam and the resonance where the particle velocity [§9uency shaping of the spill.

higher, but the density is lower so that the flux is

constant. This can be done by stochastic noise or by an 6 EMITTANCE ASYMMETRY

empty channelling rf bucket [17,18]. The later is more The unequal transverse emittances delivered by a slow
easily applied on the time scale of a 1 s spill and no nesxtraction make it impossible to rely on the conventional
equipment is needed since the main rf cavity can hfiethods used for matching gantries to cyclotrons where
used. The action of the cavity is based on a techniqgge beam emittances and the optics functions in the two
known as phase-displacement acceleration. All particlgganes are all assumed to be equal and the dispersion to
in the beam are accelerated by the betatron core andpatzero at the interface between the fixed line and the
the same time, the rf cavity is set so that it woulgotating gantry.

decelerate particles by the same amount if they were

trapped inside the bucket. The beam, however, &1 Rotator

outside the rf bucket and the influence of the cavity is With unequal emittances and lattice functions and

only felt as the revolution frequency of the particle§1 . . .
. . on-zero dispersion, a device known a 19
approaches that of the cavity. Close to the cavity, the P sotator [L9]

. ) an be used that links, one-to-one, the optics of the fixed
particles are compressed into a narrower and narrow;

[ . . .
region of phase space and have to move rapidly aroue[%‘achme directly to those of the gantry and makes this

: . . ; - _ligison completely independent of the rotation angle.
tbhetEiunckI?ﬁt, ;\:‘h:?i\/r:rn}ﬁ)l\r/]v?nemg;/t- t-r:glsi?rlg 2]? ;";ﬁgl'z e mathematics of the rotator is simple and rigorous,
y 9 gp P MA9€ 4t the practical design has to be approached with some
The narrower the space allowed between the piers, t

reater the river’s velocity (see Fig. 6) chire [20].
’ d 95 It should be noted that in cyclotron-based installations

the emittances are large in both planes, there is adequate

It is worthwhile checking the eddy current smoothing
in the magnets and vacuum chamber in such a machine.
i‘{'he disruptive effects of eddy currents during the ramp
st be limited, but it is counter productive to over-

* resonance ine intensity for collimation and the final beam delivery is
/ g’m";ffﬁvuzilsam’" made through thick scatterers, which mask any rotational
Amplituge = . B effects in the gantry optics. Active scanning with a
e \ / ‘pencil’ beam will be more demanding.
L \ ’ B/ 6.2 “Bar” of charge
/ /\ S\ Resonance line
‘?enseofst;ik /J;’}{‘g\ ‘ ' \\\ g’mfg;g'u“d";;m" The slow-extracted beam from a synchrotron is not
acceleration // \\//// §§ only asymmetric in terms of emittance, it is also
! / —~ asymmetric in the shape of its “footprint” in phase space.
PHASE In the vertical plane, the beam occupies the usual
elliptical area, whereas, in the horizontal plane, it is a
Figure 6: RF channelling. narrow “bar’, which is in fact a segment of the
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extraction separatrix and it appears as a near-rectangdMMS and CERN for making this international
typically 10 mm long and 0.05 mrad wide. This “bar’collaboration such a fruitful reality.

must arrive at the patient with a known and controllable
orientation, since this determines the spot size in that

plane. The positive aspect of this behaviour is that 'L_tL] E.O. Lawrence, M.S. Livingston, “The production
provides an independent “handle” on the control of thé” of heavy high speed ions without the use of high
beam size in the horizontal plane. This introduces a new voltages”, Phys. Rev40, (April 1932), 19.

concept of controlling the beam size, not from th¢2] R.S. Stone, J.H. Lawrence, P.C. Aebersold, “A

gantry, but from a betatron phase shifter set upstream in Preliminary report on the use of fast neutrons in the
the transfer line. treatment of malignant disease”, Radiology, 1940,

35, 322.
[3] Y. Jongen, “Review of compact commercial
accelerator products and applications”, PAC'97,
: o Vancouver, (1997).

The vertical beam size control can also be moved o ] Y. Jongen + 24 co-authors, “Progress report on the
of the gantry to a point closer to the accelerator. THe® cqonstryction of the northeast proton therapy center
technique that allows this to be done is the use of (NPTC) equipment”, PAC 1997, Vancouver, (1997).
telescope modules with integer phase advances for tfid R.R. Wilson, “Radiobiological use of fast protons”,
extraction line optics. Once the modules are all of this_ Radiology,47, (1946), 487. )
type, the vertical betatron amplitude function is simply¢l H. Blosser + 12 co-authors, "Compact super-

handed with fixed magnification ratios from one module _(I:_(r)grc]lg.cﬂlr&%l.c%/ggf)trl%n;wf(s)f?)geégrfso; therapy”, IEEE

to the next until it arrives at the patient. [7] E. Pedroni, “Beam delivery”, Hadrontherapy in
Moving the controls of the horizontal and vertical = oncology, Proc. <1 Int. Symposium on

beam sizes upstream is a new philosophy that opens the Hadrontherapy, Como, 1993, (Elsevier, 1994), 434.

way to providing just one set of optics controls for all8] J-M. Slater + 6 co-authors, “The proton treatment

: : . ; center at Loma Linda university medical center:
gantries and fixed beam lines in a complex. At the same rationale for and description of its development’,

time, it reduces the number of optical constraints placed |nt. J. Radn Oncology Biol. Phy£2, (1991), 383.
on the gantry design. [9] T. Haberer, W. Becher, D. Schardt, G. Kraft,
“Magnetic scanning system for heavy ion therapy”,

7 CONCLUSIONS Nucl. Instr. and Meth. in Phys. Re&330, (1993),
296.

Interest in light-ion radiotherapy and the successfylO]K. Hiramoto, M. Nishi, “Resonant beam extraction
demonstration of raster scanning at GSI are pointing to a Scheme with constant separatrix”, Nucl. Instr. and
new generation of medical synchrotrons that u 1]\'\//IvethHg‘rdpthynsulﬁggﬁ‘)?\ﬁzgx(tgg?gﬁ1?;:'1',[ of LEAR
resonant slow-extraction. These will be high precisio (trénsversé aspects)”, CERN PS/DL/LEAR Note 81-
machines and, in particular, they will need to incorporate 6, (1981).
special features for ensuring a smooth beam spill. TH#&2]L. Badano, S. Rossi, “Characteristics of a betatron
characteristics of the slow-extracted beam will impose Ccore for extraction in a proton-ion medical
sophisticated designs on the extraction lines and gantriﬁ%] SSyr:/%hr{(gé?nM'ece:FF“zgt/o ﬁ:?\:;c;giﬁ?rgétion a low-ripple
and the higher rigidity of the light ions will make them™ ™\ . cion of resonant extraction”, CERN/PS/AA 78-6,
larger. ~ While existing cyclotron-based centres are (1978).
principally medical centres with accelerator equipmen{l4]M. Pullia, “Transit time for third order resonance
the new generation of ion synchrotrons will be better _extraction”, CERN/PS 96-36 (DI).
described as medical centres with dedicated accelera[gaﬁ]l';/'- Pl,{”'é‘éé“?ﬂaes ggoflle 8‘; the slowly extracted
complexes. It begins to be reasonable to design separ, N?agréki + 11 co-gl?trgoré “pPerformance of a
buildingS linked by tunnels that contain the rOtatorS, respiration_gated control ,System for patient
leaving only the gantries installed in the medical part. treatment”, EPAC’96, Barcelona, (1.O.P. Bristol and

Philadelphia), 2656.
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