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An optimal design of a low energ{800 MeV) proton synchrotron for medical applications is
addressed. The machine has the following propertiBsThe transition energy is higher than the
targets final proton beam energy of 300 Me&2) the betatron tunes are chosen such that the
machine is free of systematic resonand@s;the machine can accommodate both slow and fast
extraction systems; and@d) the machine can provide rapid cycling operations depending on the rf
cavity voltage. Applications of this low energy synchrotron are discusse@0@3 American
Institute of Physics.[DOI: 10.1063/1.1561598

I. INTRODUCTION energy of 300 MeV. Our design is based on the principle of
minimizing the number of accelerator components so that a

In recent years, particle beams have often been used iftexible control system can easily be implemented at mini-

the production of isotopes for nuclear medicine, radiationmum cost. Following the successful construction of the CIS

therapy and surgery, ion doping, nanotechnology, and indusat the IUCF} we design our compact medical synchrotron

trial processing. For proton beam cancer therapy, it is usuallyCMS) using a similar configuration. The accelerator is com-

argued that the preferred energy of a proton beam should hgosed of four dipoles, a charge exchange injection section, a

able to vary from 70 to 300 MeVThis requirement can best rf accelerating system, and slow and fast beam extraction

be fulfilled by employing a synchrotron type of acceleratorsystems. We organize our paper as follows. Section Il lists

design. characteristic parameters of the accelerator and discusses the
Existing proton accelerators for radiation treatment in-design concept. Section Il discusses the design of a simple

clude the Loma Linda proton synchrotron, Massachusett€-shaped dipole magnet, its nonlinear magnet multipoles,

General HospitalMGH) proton cyclotron, a 200 MeV cy- and dynamical aperture. Section IV describes the require-

clotron and a 220 MeV proton synchrotron at the Midwestments for a rf system. Section V illustrates the injection and

Proton Radiation InstitutéMPRI) at the Indiana University extraction scenarios. A discussion of the implementation of

Cyclotron Facility(IUCF), and otherg.Although there have this synchrotron is given in Sec. VI.

been great advancements in the design of proton cyclotrons

in areas such as compactness and beam intensity, the cyclo-

tron is still limited by its size at higher energies, flexibility in 1I. BASIC PARAMETERS

its beam delivery system, and variation in beam energy. This ) ,

article is intended to provide an optimal design for a medical A Wish list for a low energy proton synchrotron for

synchrotron with a maximum energy of 300 MeV. medical applications can be written as follows.

There have been many attempts to design efficient, low1) The proton energy should be easily varied from 70 to
energy proton synchrotrons for medical applications in the 300 MeV. During acceleration, the bunched beam should
past few years.The energy of these accelerators is usually  avoid crossing the transition energy. The beam energy
slightly too low, and the straight sections of these designs are preferably should be below the transition energy in order
too short to accommodate both slow and fast extraction sys- to avoid negative mass instability.

tems. Difficulties in the design of low energy synchrotrons(2) The beam intensity should be higher thar P0'* par-

are(1) the complication in transition energy crossitig), the ticles per pulse.
availability of both slow and fast extractiong3) space (3) The synchrotron should have the capability to perform
charge effects, and4) control of the beam intensity. For both fast and slow extractions, i.e., the betatron tunes

example, the low energy proton synchrotron at the Loma should be chosen to facilitate this capability.
Linda Medical Center utilizes the weak focusing principle so
that the beam is always above the transition energy, wheréhe layout of a Compact Medical Synchrotr@@MS) that
yr=1 for a weak focusing synchrotron, while the Cooler meets these requirements is shown in Fig. 1. The machine
Injector SynchrotrorfCIS) at the IUCF is limited to a proton parameters are listed in Table I. We now examine solutions
beam energy of about 220 MeV. in achieving the parameters listed.

This article addresses the above design hurdles and finqg\s_ Space charge and beam intensity

a solution for proton accelerators with a maximum proton o
The performance of low energy synchrotrons is limited

essentially by space charge force, characterized by the inco-
dElectronic mail: shylee@indiana.edu herent space charge betatron detuning paraméter:
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Injection Chicane

FIG. 1. Schematic of the layout of the compact medical synchrotron. Thel Hz ramping rate. The resulting beam emittance depends on
lengths of the straight sections are-5.00 m andb=3.25 m. The length of  the injection process, the space charge effect, and the dy-
each dipole is 3.00 m. The total circumference is 28.5 m. namical aperture of the synchrotron.
Once the basic machine parameters are established, the
E . FoNar task is to design an optimized machine lattice in which the
Avsc=%, (1)  beamis accelerated to the desired energy. We prefer a simple
BTy e machine with four 90° dipoles, where a strong horizontal
) _ focusing arises from the bending radius of dipole magnets
whereF gis; is the density factor that depends on the transynq yertical focusing from the dipole edge angle. For a lat-
verse distribution of the beamFg=C/(y2ma,) is the  ice with four fold symmetry, the transition energy lies below
bunching factor,C is the circumference of the accelerator, {he maximum beam energy of 300 M&WThus we choose a
o is the root mean squar@ms) bunch lengthNg is the  yacetrack-like accelerator layout lik®( B D2 B), whereB

number of particles in a bunchy is the classic radius of the  giands for the dipole, and1l andD2 are drift spaces with
charged particle, andis the beam emittance. Typical values |engthsa andb, respectively(see Fig. 1

of the space charge betatron detuning parameter in low en-
ergy synchrotrons hover around 0.25. This number can bE
easily dealt with by choosing appropriate beam parameters’
and the appropriate injection energ typical injector is Figure 2 shows the betatron tuneg—1 andv,, and
composed of a H ion source and a radio-frequency quadru-transition energyyr— vso0 mev), as a function of the ratio of
pole (RFQ and accelerator and a drift-tube lind@TL) for  the lengths of the long and short straight sectiords (
charge-strip injection into the synchrotron. To attdily —~ =a/b), where we choosk=23.25 m and a dipole edge angle
~2.1x 10 particle per pulse, we find that the minimum of 8.5° for edge focusing. The length of 3.25 m is chosen so
injection energy is 7 MeV for a source intensity of at least 1that there is enough free space for the beam extraction sep-
mA and 100 turn accumulation in the synchrotron. At atum and clearance of the beam extraction channel. From Fig.
higher injection energy, the beam brightness of the synchro2, we note that if we keep/b=1.1, the beam energy will be
tron can be raiselThe design can deliver an average cur-below the transition energy from injection to extraction en-
rent of about 0.5uA at a 15 Hz ramping rate, or 33 nA at a ergies. We also note that there is a systematic integer stop-
band ata/b~1.93, whereQ,~2. Beam motion at this con-
dition would be unstable, and have a large horizontal
betatron amplitude function. To avoid encountering stop-
Parameter CMS cls Loma Linda bands, and to provide enough free space for extraction kick-
ers, we choosa=5.00 m andb=3.25 m.

Transition energy consideration

TABLE |I. List of parameters of low energy proton synchrotrons.

CircumferenceC (m) 28.5 17.6 20.0476 . . .

Bending radiusp (m) 1.909 86 1273 16 ~ Figure 3 shows the betatron amplitude functions and the
Dipole edge anglédeg 85 12 18.8 dispersion function of a superperiod for the lattice wéth
Injection energyE;; (MeV)  7-10 7 2 =5.00 m andb=3.25 m, a dipole edge angle of 8.5°, and a
Extraction energyE ., (MeV) 10-300 7-220 70-250 dipole length of 3.00 m.

Byl By 1D (m) 10.4/7.8/2.4 4.4/3.8/1.8  6.1/2.8/9.6

vyl v, 1.6825/0.6838 1.45/0.78 0.600/1.356 )

c,/C, —1.14/~-0.18 —0.53/~0.16 0.88/0.36 C. Effect of d|p0|e Iength and edge angle

T 1.393 1.271 0.578 . . :

Ny 2 1 104 1.0x 10" 1.0x 10M Next we examine the effect of dipole length and its edge

e /e, (m mm mrad 100/100 100/100 100/100 angle on the stability of betatron motion. The thick solid
lines in Fig. 4 show the betatron tunes for dipole lengths of
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FIG. 3. Betatron amplitude functions for one superperiod. The CMS accelFIG. 5. Betatron amplitude functions for a complete accelerator including
erator is made up of two superperiods. the effect of the chicane magnet system.

2.8, 2.9, 3.0, 3.1, and 3.2 m with edge angles of 7.0°, 7.5°0f the stripping foil. The asterisk in Fig. 4 shows the betatron
8.00, 8.50, 9.00' and 100, respectlvely. The tranSItlon energ;UneS fOf CthaI’]e aﬂg|eS Of 0, 0.025, 0.05, 0.075, and 0.100
in all cases are above the maximum beam energy of 306Rd, respectively. _ . .
MeV. The rectangular chicane magnets allow vertical focusing
Linear coupling and the third and the fourth order reso-Without much change in the horizontal tune and the transition

nances are shown as dashed and dotted lines in Fig. 4. NoS8€rgy: Vertical focusing increased the vertical betatron tune,
of these resonances lines are systematic. On the other harffld modified the vertical betatron amplitude function. Figure
the third order resonance shown as the dashed line is impop- Shows the betatron amplitude functions with a chicane
tant for providing slow extraction for the beams at high en-angle of f¢,=0.06 rad. The two fold symmetry is broken

ergy. This is one of the reasons that we choose the dipol\é’here the vertical betatron function becomes smaller in the

length to be 3.0 m with an edge angle of 8.5°. The resultinghicane area without much change in the horizontal betatron
betatron amplitude functions are shown in Fig. 3. amplitude function. A smaller vertical betatron amplitude

function at the stripper has the beneficial effect of decreasing
the emittance growth rate due to multiple Coulomb scatter-
D. Effects of the injection chicane system ing.

For efficient beam injection, we consider a chicane mag- _
net system with three dipoles. The Hion injected is E. Effect of trim quadrupoles

stripped of its charge by a thin carbon foil at the end of the A set of four trim quadrupoles can be used to make small

middle dipole. The location of the stripping foil must not gjystments to betatron tunes. We chose a position near each
inhibit the aperture to the circulating beam, i.e., the ch|canqjip0|e, where(8,)~4.7 m and{ 8,);~7.1 m. The resulting
kick angle 6cy~2vBxegsy/L~0.06 rad, whereL is the  petatron tune change is given approximately by
kicker arm from the middle of the last dipole to the location
_{(BKaly A (BKuly

0.80 . Avy= 47Bp ' Ve 47Bp )
C ] for each trim quadrupole, whet€,;; and ¢; are the quadru-
075 — pole strength and the length of the trim quadrupole, respec-
o . tively, andBp is the beam rigidity. The effect of trim quads
0.70 — 3 on the betatron tune is shown by the circle in Fig. 4. To
v L ] changevr, by 0.1, a quadrupole strength of 6.8 T/m for a
zo o5 e N R “3  quadrupole length of 0.25 m would be sufficient at a beam
E ] energy of 300 MeV. The trim quadrupoles can be used to
C ] move betatron tunes during slow extraction. They can also be
0‘60:_ i programmed to compensate for the half-integer stopband
C. . during injection.
0.55 1 =

v . MAGNET SYSTEM

FIG. 4. Thick solid lines show the betatron tunes for dipole lengths from 2.8 'Assumlng an E,ldmlttance of 106 _mm mrad in both
to 3.2 m and edge angles from 7° to 10°. The effect of chicane magnets ig0rzontal and Vemc_al phase space with a momentum aper-
shown as by asterisks and the effect of trim quadrupoles is shown by circlegure of +0.005, we find that the full aperture of the magnet
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|< 74 em ‘7\ TABLE II. Sextupole strength of the CMS magnets.

Energy(MeV) B,/Bp (1/n7)
™ 7.58 —0.058
17 -0.057
89 —0.051
10 cm 143 —0.058
SN K— 203 —0.065
261 —0.084
1 nm 304 -0.121
Cit
>|< Red em 6 cm
g L —\U thickness of 0.014 in. The magnet lamination of the CMS
o 26 cm : will depend on its primary purpose. A lamination thickness
- " T of 0.025 in. should be sufficient for all purposes. The lami-
nation stacking can be shaped into blocks similar to those of
10 em CIS magnets. The end blocks are machined to attain a proper
A

edge angle for vertical focusing.
K 32 om — The dipole and multipole fields induced by the eddy cur-
rent on the vacuum chamber can also be important for rapid
cycling synchrotrond.The choices of vacuum chamber are
(1) a thin vacuum chamber wall composed of higher resis-
tivity materials, (2) a ceramic vacuum chamber, @8) a
chamber made of nonconductive composite materials plated
FIG. 6. Two-dimensional cross section of the magnet showing the geometryjith a thin layer of conducting material. Again, the choice
of the CMSC-type dipole magnet. depends on the main operational scheme for the CMS.

%32 cm

(o —

N

should be at least 6656 mn? at injection with a full beam IV. THE rf SYSTEM
size of 3025 mnt 300 MeV. Figure 6 shows the cross . .

. . . : , The revolution frequency of protons in the CMS covers
section of a typical magnet design. The fractional magnetic

field error as a function of the magnet aperture is shown it range of 1.28-6.86 MHz. Since the rf voltage required is

Fig. 7. The corresponding sextupole field strength is listed in’o SiN$s=27RpB, the cycling rate depends on the rf cavity
Table I, whereB,= #2B,/3x%|4_o,_o is the sextupole field voltage. At a 'nommal voltage 0¥ =500 V, the maximum
strength. Using the sextupole field, we obtain the dynamicai@MPing rate is about 3 Hz for 300 MeV proton beam energy
aperture shown in Fig. 8. Note that the dynamical aperture ofPeration. The bucket height is about 0.65% at an injection

the CMS is much larger than the physical aperture of théN€ray of 7 MeV, and the invariant phase space area is about
synchrotron. 0.1 eVs. A bunch stretcher to reduce the spread of momen-

Important issues for rapid cycling operations include ap-

erture, eddy current, vacuum chamber design, and powe SO0 T T T T T T T T T[T ]
supply? For up to 10 Hz operation, the CIS magnet has a g .
lamination thickness of 0.025 in. The magnets for the proton X— E=7.58 MeV ]
driver driver proposed at Fermilab at 15 Hz use a lamination  400%— ¢@ 6— E=17.0 MeV —
L= O- E=89.0 MeV ]
3.0( LI T | LI I T T T T | LI | T LU |_ P :DII ¢'_ E=143.0 MeV :
] 300— & K_ E= _
s o —a0amey g Iy E=203.0 MeV —
- O — 233 MeV 12 Fiew #— E=261.0 MeV |
é 2.0 o o — 173 MeV = N i %— E=304.0 MeV ]
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FIG. 8. Dynamical aperture of the CMS accelerator at various energies,
FIG. 7. Dipole field error the dipole aperture. The sextupole field strengthwhere the sextupole field, derived from field strength calculations, is in-
derived is shown in Table Il as a function of the corresponding beam energycluded in obtaining the dynamical aperture.
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tum of the beam injected from the linac can be used to attairk 102 T m at proton beam energy of 300 MeV. This can be
higher injection efficiency. For a fast ramping acceleratorachieved by a traveling wave or a magnetic kicker. A Lam-
beam chopping at the source can be used to alleviate tHeertson septum can bring the beam onto the extraction chan-
requirement of adiabatic capture, and can increase the injecel.
tion efficiency. Slow beam extraction is a useful method by which to
The rf cavity must be ferrite loaded. Ferrite rings with attain high duty cycle operation of accelerator beams. The
quadrupole field bias have been successfully implemented iresonance strength of the third order slow extraction is given
the Cooler Injector Synchrotron and the IUCF codfefo by
allow a fast tuning ratio starting around 1 MHz, a ferrite 32,
. . . - . \/2 SO+Cﬁ BZ
loaded coaxial structure is chosen for its minimum length G, gl¢=— X 72
and tuning potential. For example, the CIS cavity uses an o 24 s, Bp

assembly of 10 Phillips 8C12 ferrite rings to store virtually \ynare s, is the location of the thin wire septumy(s)
all the rf magnetic energy. A variable vacuum capacitor is:fs ds/B(s) is the betatron phase advanc&=(s
So X (]

used to reduce the number of ferrite rings required and hence s0)/R, andB, is the sextupole strength. He@ o s and &

:Eg if/g?l(tir:]gfbtgs dcg}”ttzé\éa;z;g/ gt;hfsl?:xe:;; ga'\(;lllt_?;c&s;tgre the magnitude and phase of the third order resonance.

ferrite bias tuned cavities have their biasing element exposeyale(‘:ﬂec.tlng betlatron detun[n%,l th? effective Hamiltonian in
to the rf field. This is fine so long as the bias winding is not e action-angleJy, ¢,) variables is

more than one to two turns. Otherwise the structure may H=~J+Gg5)22cog 3¢, —56+ &), (4)
resonate at various rf frequencies that can cause harm to rf

operation. In order to obtain sufficient H field in amperes perWhereH: (S—So)/R serves as the time coordinate. With gen-

turn, power supplies of hundreds to a few thousand ampereesratlng functionF,= (4 —5/30)1,, where the new conju-

are required for a wider tuning range. gate phase space coordinates lgreJ, and ¢, = ¢,— 5/30,

Biasing structures placed outside of the rf field no Iongerthe new Hamiltonian in the resonance rotating frame is

have this restriction and t.he magnetic Wind_ings can have as  H=4l,+ Gsod 5’2005(3¢X+X)- (5)
many turns as are practical. The CIS cavity has about 50 ) .
turns on each of the quadrupole tips. The quadrupole stru¢¥hereé=r,—5/3>0. The optimal phase for third order ex-
ture has the symmetry to cancel the field in the center of/@ction is given byé=— a/2. The unstable fixed points
magnet where the beam passes through. A fairly compadt/fp) are located at
variable power supply rated at 20 A maximum can achieve a 25 o 77 1l
100:1 ratio of ferrite rf permeability change, resulting in a Ix,ufp:m_)! x,ufp:(E!?v?)-
frequency sweep ratio of 10:1. =
The ferrite rf loss generally increases with frequency. InA sextupole located at the straight section in front of the wire
conventional ferrite loaded cavities, the magnetic loopseptum will provide the correct phagefor slow extraction.
where the driving rf power is fed, is coupled to a fixed per-
centage of. th('e'total cavity m'ag.netlc energy storage. This Ca) DISCUSSION OF IMPLEMENTATION
lead to a significant change in impedance as seen from the rf
driver and cause the rf power to largely be reflected. The Applications of the accelerator described in this article
problem is solved in the CIS cavity by varying this energyrange from isotope production and cancer proton beam sur-
coupling ratio. This is accomplished by independent adjustgery to versatile industrial applications. The intensity limit of
ing the strength of the quadrupole that biases the ferrite ring8.1x 10 protons per pulse arises essentially from the space
enclosed by the driving loop. charge consideration. This limit can be alleviated by a higher
The ferrite rings are spaced in such a way as to make ainergy injector, a phase space painting scheme, or a proper
cooling possible. Up to 2 kW of rf power can be handled thisstopband correction scheme using the trim quadrupoles. The
way with forced air cooling provided by the built-in high fast extraction scheme can be implemented by a magnetic
speed fan. The maximum gap voltage developed with fulkicker or a traveling wave kicker. Slow extraction with high
power excitation is around 1400 V. The cavity in this geom-duty cycle can also be achieved by including sextupoles and
etry, or similar in design, can be used in this CMS. For atrim quadrupoles. Using a flexible control system, this com-
rapid cycling operation, two CIS-like rf cavities may be pact medical synchrotron can be a powerful source for medi-

dlX9-Gr-5 (3

(6)

needed fro the CMS. cal applications. Details of the design of component sub-
systems depend on the main purpose for the compact
synchrotron.

V. FAST AND SLOW EXTRACTION SYSTEMS

The plan for a proton therapy treatment center may re-
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