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An effort to make a proton synchrotron smaller has 
been done for years intending to be equipped with al the 
university hospi[al and/or at the city hospital for cancer 
therapy faclliries. A modification to the original 230 MeV 
proton synchrotron design has been tried. Since the 
quality of lhc cxtractcd beam for the clinical IrcatmcnI 
should be asked at the design stage. more attention has 
been paid to the studies on the feasibility of rhc slow beam 
extracIion. 

Introduction 

The size of the proton synchrorron shall bc made as 
small as possible to reduce the COSI including both Ihe 
machine car.slruction and the civil engineering, as long 
as the quality of the beam delivered to the treatment room 
is not dcrerioralcd. Easy operation shall bc also taken into 
account considering the situation that the machine 
operators arc not always necessary 10 be expcricnccd well 
in the accelerator technology and physics. Fundamental 
parameters of ihe dedicated cancer therapy prnton 
accelerator arc the maximum beam energy and thr beam 
inlcnsily. The former is determined from Ihe range in the 
tissue and the latter from the trcatmenl time which is 
bearable 1~) rhc paticnl. The extracted beam inrcnsiry iq 6 
-12 x lOl() pps eirher al 230. 180 or 120 MeV which is 
detcrmincd from the rxpcricnccs on the patient trcatmcnts 
at PARMS using tbc beam from the booster of KEK-PS 
during pasr several years. Although a synchro[ron can 
provides the beam of arbitrary cncrgy, we choose Ihc 
discrete lhrcc energy lcvcls to tune in ~hc shortest tirnc 
using the preset machine paramclcrs which will he stored 
in the control computer. If the energy less than thcTe 
values is required, the cncrgy degrader is used. 

An inJection energy of the synchrotron is de- 
tcrmined mainly from the beam tune shift a( injection. The 
higher the injectIon energy, the more the allowable 
inrensity. The minimum injection energy will bc 5 McV. 
An inleciion scheme depends ox the type of injector and 
I h c available maximum currcnI. A candidate of ihc 
injcc~or is Tandem or RFQ-DTL combination For either 01 

these inlectors the multi-lurn injection scheme will bc 

adopted.* 
The present proton synchrotron design for PARMS 

is rather conservative and is based on the strong focusing 
latlicc with 6 DOFF cells (PARMS#l) ]I,?.]. Another 
approach has been tried 10 reduce the average machine 

diameter - that is, allowing the minimum installatjon 
requiremen[ for rf cavity, injection device and extraction 
device for slow extraction, several lattice designs wirh 

three periods had been srudicd. but larger edge angle was 
required for the bending magnet and large variation of 
the dispersion function was observed when the hori;ronral 
tune was shifted toward the third or half integral 

resonance for slow cxtraction[3]. Larger excursion of the 
orbit for the off-momentum proton will result in the bad 
extraction efficiency. In the course of this study it is 
seemed that the extension to four ccl1 structure with 
tunable horizonial and verlical focusing quads (OFOBDB 
cell) is promising. 

Lattice structure for medical svnchrntron 

The avcragc diameter of the proposed design is Il.2 
m which 1s about twice as large as that of L.L..1Ih+C CI.oma 
Linda University, Medical Center) 141. This design has 3 m 
long straighl sccrions. The drift IenRth had 1, c t n 
determined from the edge focusing cffccl of the hcnding 
magnet which will bc made by simply stacking a sleel 
laminarion upon anolhcr along an arc This melhod of 
magnet fabrication has an advantage over a sector magnet 
in the manufacturing COSI. Instead the vertical focusing 
becomes rather strong and the drift length shall be 
determined so that both horizontal and vertical tunes arc 
appropriate. 

A remarkable point of rhc small synchrorron IS rh~l 
the Lransition energy appears in the neighborhood of lhc 
beam energ) al flattop when the horizontal tune is more 
than 1.0. If rhc transition energy is hoped higher enough 
rhan the fls~top energy, the horizonlal lunc should he 
large enough. On the contrary. if the transition energy i< 
hoped less than the injection encrey, the horizontal tune 
should bc less than I.0 - whal is called weak focusing in 
the hotirontal plant. PARMS#l has aimed to expel the 
[rarrsjtion far ahovc the maximum beam energy choting 
the horirontal tune a, near 1.8. If the synchr\)trvn is made 
smaller than this, the transition shall be avoided to cxpcl it 
lower lhan the injection cncrgy by making USC of the cdgc 
focusing of 111~ bending magnel. 

To allow the easy modific3~ion of the opcraling point 
in lunc diagram, hoth horlzonlal and vcrlical focusing 
quads arc also used in a smaller synchrotron in addilion IO 

the cdgc cffccr. From the s~udtcs of beam behavior in 
several small synchrorron[3], the lattice Structure with 4 
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Fig.1 Design of the proton therapy syn 
chrotron with the fourfold symmetry, 
PARMS#2. 
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fold symnetry (PARMS#2) has relatively a good property 
as regards the slow extraction. A unit ccl1 is composed of 
OFOBDB and whole ring is shown in Fig.1. Lattice 
parameters along the orbit shown on the horizontal axis is 
given in Fig.2. This structure is unintentionally similar to 
that of LLUMC except for the horizontal focusing quad 
which is used IO adjust the horizontal tune. It is placed a~ 
the center of the straight section. The minimum length of 
the straight section is determined from the arrangements 
of the devices other than the main dipoles and quads. Most 
of the vertical focusing is given by the edge focusing of 
the dipole. So the rclarion between an edge angle and the 
tunes is shown in Fig.3. From the variation of the 
horizonlal tune the possible choice of the edge angle is 
around 19 degrees. It can be said that the slow extraction 
shall be done at the third integral resonance to avoid the 
larger dispersion (q in Fig.3). 

Chasing the edge angle as 19 degrees, the horizontal 
tune variation is given in Fig.4 as a function of the 
strength of the focusing quad. As seen from the figure the 
horironlal tune can he adjusted lcaving the vertical tune 
almost unchanged. It is convenient when the SIOW 

extraction is done using horizontal plane. 

&mDarison of small svnchrotron designs 

As the main emphasis of the synchrotron design is 
placed on the tunability, an additional space is required for 
the focusing quad. Thus, the average machine radius 
becomes larger than that of LLUMC. Comparisons between 
three designs arc made in Table 1. 

Table 1 Comparisons of the medical proton 
synchrotron designs 

----------.--.-..-..~_______________________.____________.______ 
PARMS#l PARMS112 LLUMC 

Beam energy (MeV) 230 230 250 
Repetition (XC) 2 2 2 
Av.bcam curren! (nA) IO 10 10 
Unit ceil DOFR OFOBDB BDBO 
Superperiod 6 4 4 
Focusing edge+quad edge+quad edge 
Edge angle (deg) 30 19 19.8 
Av. ring rad. (m) 5.6 4.0 3.2 
Bendmg rad. (m) 1.55 1.55 1.6 
Hor./ver. tune 1.8/1.85 0.7.5/l .7 0.611.3 
Transition gamma 1.56 0.7 0.6 
Max.disperslon (m) 2 7 9 
Aperurc II x V (mm) 170x65 202x60 100x50 
Injectton multl-turn multi-turn slnglc-turn 
Inj energy (McV j 5.0 5.0 2.0 
Slow extraciion l/2 113 I/? 

New design PARMS#2 is intermediate between two 
designs, PARMS#l and LLUMC. lf the focusing quad is 
omitted from PARMS#2, it becomes same as LLUMC. Using 
[he focusing quad. an accuracy of the edge angle is less 
stringent and il affords the easy machine tuning. To attain 
the design intensity the effeclive multi-turn number is IO. 
so it will be enough about 20 turns for injection which 
corresponds to an injection time of about 20 wsec. 

Lattice dwendence of slow extraction Drouerties 

Modifications of PARMS#2 are OFOB with 3 
superperiods and OFOB with 4 superperiods. Their average 
ring radii are 3.1 m and 3.6 m respectively. The slow 
extraction properties are compared in Fig.5 for 3 cases. 
including the case of PARMS#2. In smaller synchrotrons 
other than PARMS#l the extraction is made at the 2/3 
resonance, because the dispersion function becomes large 
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Fig.2 Lattice parameters of PARMS#2 along 
the orbit of a unit cell. The cell structure 
is given on the horizontal axis. 
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Fig.3 Dependence of tunes and dispersion on 
the edge angle of the dipole magnet. 
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Fig.4 Horizontal tune and dispersion variation 
due to the strength of the focusing quad, 
assuming the edge angle of 19 degrees. 
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for l/2 resonance. The smaller the ring, ~hc larger the 
orbit excursion somewhere in the ring before t h c 
cxrraction begins for the electrostatic septum wailing at 
the same radial position. Xmax means [he magniiude of the 
maximum bram excursion as a funclion of the radial 
position of rhc septum. If Xrnax is larger than the useful 
aperlure, the beam is lost hitting Ihe vacuum chamber 
before reaching rho extraction septum 

In the lattice structure with more than 4 su- 
perperiods, ir is possiblr to ~nslall the fas[ exlraclion 

system but i[ is required 10 cxlrac~ both fasl and slow hrams 
through lhc same extraction channel 10 SBVC rhc space 
Fig.6 shows the both extracllon trajectories a~ 230 hleV 
Kickers for the fast extraction are distributed as shown in 
Fip.1. l’raversals of prorons in a quarter of the phase space 
at 120 McV arc given in Fig.7 which shows the pcriphcra! 
particles IO cnlcr ihc clcclrostatic septum. The assumed 
momentum spread is iO.l%. Particles enclosed arc guided 
into the extraction channel. 
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Fig.5 Beam properties of the slow extractions 
from different lattices - (a) OFOB with 3 
superperiods (av. radius: 3.1 m), (b) 
OFOB with 4 superperiods (av. radius; 
3.6 m) and (c) PARMS#2 av. radius; 4.0 
m ‘1 
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Fig.6 Beam trajectories through the same ex- 
traction channel for both the fast and 
slow extraction at 230 MeV. 
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Fig.7 Numbers of traversals by 100 protons 
in a quarter of the phase space at 120 
MeV, assuming the momentum spread 
of +O.l%. Particles enclosed will be 
extracted. Revolutions traced are upto 
200 and I**’ means more than 100 
traversals. 


