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Abstract

Responding to the increasing needs for charged particle
ca nce r t her apy, a prot on ac ce l era t or fa ci l i ty dedi c at ed for 
cancer therapy has been developed.  A combined function
proton synchrotron with the maximum energy of 250 MeV
has  bee n des i gne d wi t h an unt uned R F ac ce l era t ion ca vi ty
powe red wi t h a s ol id s t at e am pl i fi er  by a new ly i nvent ed
multifeed coupling.  Enlargement of irradiation field by a
s ca nni ng m et hod has  al s o bee n s t udie d bec aus e  of i t s
hi gher  bea m  ut i li z at i on ef fi ci e ncy and pos s i bil i t y of
precise dose distribution.

1 INTRODUCTION

R adi at i on t her apy i s  cons i de red as  one of t he m os t
i m port ant  i t em s  for  ca nce r t her api es  bec aus e  of i t s m er it s 
of pre s erva t ion of s hape  and func t ion of hum an body and
ra t her m i ld l oad t o t he body of t he pat i ent .   C harge d
particle therapy, especially, has recently become to be paid
at t ent i on bec aus e  i t  ca n l oca l iz e t he ra di at ed dos e t o t he
t um or vol um e ut i li z ing B ragg pea k cha ra ct er is t i cs .   In
Japan, already several institutions have started construction
of charged particle therapy facilities stimulated by the start
of clinical trial using carbon beam at HIMAC in NIRS.

The number of patients, however, who can be treated by
t hes e  fa ci l i ti e s ar e ra t her l i mi t ed and i t  i s  i m port ant  t o
di s tr i bute  a com pa ct  t her apy fa ci l i ty i n s uch a hos pi ta l  as 
takes the role of the center of each prefecture.  In order to
establish a good reference design of a dedicated accelerator
facility for proton therapy, we have developed a combined
func t ion prot on s ynchr otr on.[ 1]  As  t he ac ce l era t ion
ca vi ty,  we  have  al s o deve l oped an unt uned R F ca vi ty
powe red wi t h a s ol id s t at e am pl i fi er  by a m ul ti fe ed
coupling which feeds each ferrite separately through a loop
coupl i ng.  S uch deve l opme nt s  have  bee n per form e d
em pha s iz i ng t he poi nt s t o re duce  t he cons t ruc t ion cos t  and
operation man-power.  

The  m er it  of t he s ynchr otr on exi s t s  i n i t s ene rgy
var i abi l it y.    In orde r t o ful l y ut i li z e t hi s m er it ,  we  ar e
propos i ng  3-di m ens i onal  s ca nni ng m et hod as  t he i dea l
goal .   The  bea m  s pi ll  of t he s l owl y ext r act e d bea m ,
howe ver,  us ual l y has  t i me  var yi ng cha ra ct er is t i cs  .   Thi s 
has  bee n cons i de red as  t he m os t fundam e nta l  nec k for 
re al i za ti on of s ca nni ng m et hod at  s ynchr otr on fa ci l i ty[ 1].
A beam intensity monitor of a good frequency response has
bee n deve l oped for  a s pee d cont r ol s ys t em  of t he s ca nni ng
magnet to make enlarged irradiation field.

2 COMBINED FUNCTION SYNCHROTRON

One  of t he di ffi c ult i es  i n cont r oll i ng t he s ynchr otr on i s 
s ynchr oniz at i on of exc i ta t ion cur re nts  bet we en di pol e and
quadr upol e m agne ts ,  whi ch kee ps  t he bet a tr on oper at i ng
point at a certain place.  This can be removed by adoption
of a com bi ned func t ion l at t i ce.   The  des i gn,  howe ver,  i s 
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      Fig.1 Combined function synchrotron
           dedicated for cancer therapy.

Table 1 Main Parameters of the Synchrotron

Maximum Energy 250 MeV

Circumference 23.9 m

Radius of Curvature 1.9 m

Maximum Magnetic Field (Center) 1.28 T

Lattice Structure OFDFO

Operation Point (1.70, 1.75)

Bending Angle of the Magnet 60°
n-values -5,855(F), 6.164(D)



ver y di ffi c ult  bec aus e  of t he l ac k of fl e xibi l i ty.   Af te r t he
re al  fa bri ca t ion of com bi ned func t ion m agnet s ,  t her e i s 
little possibility of adjustment and if the initial design is not
so good, the machine is anticipated not to work at all.  So
it is inevitable to establish a good reference design to adopt
t hi s t ype l at t i ce.   F or s uch a purpos e , we  have  bee n
deve l oping a com bi ned func t ion prot on s ynchr otr on as 
i l lus t ra t ed i n F ig.  1.   The  m ai n par am et e rs  of t he
s ynchr otr on i s  l i st e d up i n Ta ble  1.   S o as  t o re al i ze  t he
des i gn oper at i ng poi nt , a t hre e-di m ens i onal  m agne ti c  fi e ld
ca l cul at i on has  bee n per form e d wi t h us e of a com put er 
code  TOS C A[3].   In F ig.  2,  t he s hape  of t he com bi ned
function magnet calculated by TOSCA is illustrated.  The
oper at i ng poi nt s at  var i ous exc i ta t ion l eve ls  have  bee n
es t i m at ed fr om t he ca l cul at e d fi e ld di s tr i buti ons  as  s hown
i n F ig.  3[4].   The  m agne ti c  fi e ld m ea s urem e nt i s  al s o t o
be performed with use of triple axes Hall-probe and similar
i nves t i gat i on of t he oper at i ng poi nt s wi l l  be appl i ed us i ng
the real measured data.  

3 UNTUNED RF CAVITY

The  ot her  i t em  di ffi c ult  t o oper at e i on s ynchr otr on i s 
t he R F ac cel e rat i ng ca vi ty,  bec aus e  i t s re s onanc e
frequency  must be changed according to the acceleration
of t he i on bea m . The  ordi na ry R F ca vi ty t unes  i t s re s onant 
frequency with the revolution frequency of the ion beam or
i t s hi gher  har m onic s ,whi c h nee ds  ra t her com pl ic at ed
cont r ol of t he bi as  cur re nt of t he orde r of 1000A i n t he
wi ndi ngs  ar ound t he fe rrom a gnet i c m at er i al . The 
nec es s a ry ac ce l era t ing vol t age i s  propor ti ona l t o t he
produc t  of t he ri ng ci r cum fe renc e,  ra di us of cur vat ure  and
t i me  der i vat i ve of gui di ng m agne ti c  fi e ld.   S o t he vol t age
for  t he s m al l  prot on s ynchr otr on dedi c at ed for  ca nce r
t her apy i s  ra t her l ow as  s eve ra l hundre ds  vol t s.   The n an
unt uned R F ca vi ty has  bee n adopt e d for  t he m edi ca l 
s ynchr otr on.  If  t he R F powe r ca n be s uppl ie d by a s ol id
s t at e am pl i fi er , t he oper at i on and m ai nt ena nce  i s  expe ct e d
t o bec om e m uch ea s i er.   The  conve nt iona l  powe r fe ede r
coupl e s  al l  t he m agne ti c  cor es  t oget her  wi t h a s i ngle  l oop
or a coupl e  of l oops  i n ca s e of pus h-pul l  oper at i on.  The 
supplied power, however, is usually reflected so much due

t o i m pedanc e m i sm a tc h bec aus e  t he i nput  i m pedanc e of
the cavity is usually much larger than the output impedance
of t he s ol id s t at e am pl i fi er  of 50 Ω .   In orde r t o i m prove
t hi s s i tua t ion,  a new  powe r coupl i ng m et hod ca l le d
m ul ti fe ed coupl i ng has  bee n i nvent ed,  whi ch coupl e s 
eve ry m agne ti c  cor e t hrough an i ndi vidua l  l oop dri ve n by
ea ch am pl i fi er  as  s hown i n F ig.  4[5] .  The  m et hod i s 
appl i ed t o an unt uned ca vi ty deve l oped as  a m odel  for 
proton-cancer dedicated synchrotron.  In Fig. 5, an overall
vi ew of t he fa bri ca t ed unt uned ca vi ty i s  s hown.   The 
ca vi ty has  bee n powe red wi t h a s ol id s t at e  am pl i fi er  and
t he ef fe ct i venes s  of t he new  m ul ti fe ed coupl i ng has  bee n
re al i ze d as  s hown i n F ig.  6.   It  ca n at t ai n t he fa ct or 1. 5~2
t i me s  hi gher  gap vol t age t han t he conve nt iona l  m et hod[6] .
Wi t h t hi s ca vi ty appl yi ng new  powe r fe edi ng, we  ca n
at t ai n t he gap vol t age hi gher  t han 1kV wi t h s uppl ie d R F
powe r of 1. 5kW, whi ch i s  enough for  our re qui rem e nt for 
the cancer therapy machine.
 

4 Formation of Enlarged Irradiation Field

As  t he m et hod t o enl a rge t he i rra di at i on fi e ld,  a
com bi nat i on of s ca t te re r and a wobbl er  or doubl e s ca t te re r
have been used so far.  The beam utilization efficiency,

   Fig. 2 Shape of the combined function magnet

Fig. 3 Estimated operating points from the 3-  
     dimensional calculation of the magnetic field.

Fig. 4 Multifeed coupling method for power feeding.



howe ver i s  not  s o hi gh for  t hes e  m et hods . F urt her,  i t  i s 
difficult for these methods to realize fine dose distribution,
which is needed for the case where the tumor locates rather
cl os e  t o an i m port ant  orga n.  R ec ent l y, i n Europe , a t ri al 
of irradiation field formation by a scanning of pencil beams
has  bee n s t art e d for  cyc l otr on and s ynchr otr on fa ci l i ti e s at 
P SI and GS I,  re s pec ti ve ly.    The  m ai n di ffi c ult y of
appl yi ng t hi s m et hod for  t he bea m  fr om t he s ynchr otr on i s 
due t o t he fa ct  t hat  t he s l owl y ext r act e d bea m  has  a t i me 
structure as shown in Fig. 7.  In order to realize a uniform
dos e di s tr i buti on wi t h a s ca nni ng of a penc i l bea m  havi ng
s uch t i me  s t ruct ur e, we  ar e deve l opping a s ys t em  t o adj us t 
the scanning speed according to the beam intensity.

F or t he above  purpos e , we  have  deve l oped a al m os t 
nondes t ruc t ive  bea m  m oni tor  com pos e d of a par al l el  pl at e
i oni zat i on cha m ber (P PI C)  as  s hown i n F ig.  8.   It s 
per form a nce  has  bee n t es t ed at  HI MA C of NI RS 
comparing with the output from a scintillator(called Ripple
M oni tor ).   B y s uch m ea s urem e nt,  i t  i s  s hown t hat  t he
PPIC has a time response up to several kHz for the

intensity range of 106~109 pps for full-stripped (6+) carbon
bea m .  S uch s che m e of s pee d cont r ol of t he s ca nni ng
m agne ts  i s  under  wa y t o be appl i ed t o a new ly cons t ruc t ed
i rra di at i on s ys t em  at  HI MA C wi t h us e of s ca nni ng of a
small beam.
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 Fig.5. Fabricated untuned RF cavity.                           

Fig. 8 Fabricated PPIC for observation of 
time structure of the extracted beam.

Fig. 6 Gap voltage relation between the
     multifeed  coupling  and  the

  conventional one.
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Fig. 7 Observed time structure of the extracted beam by 
PPIC and a scintillation counter(Ripple Monitor) at
HIMAC.


