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Heavy ions show the excellent dose concentration especiallsatib (OER),seems alsw@ery attractive. These characteristics

a position located deep infaimanbody. This character of of heavyions were shown to beery effective inmedical
heavyions arewell suited forthe medical treatment of thereatment by clinical trials at LBL[3].

cancer. Aheavyion synchrotron complex, HIMAGyasbeen The HIMAC project was approved in 1987 as one of the
constructed at NIRS for this purpose. The HIMAC acceleratogjor project of “Comprehensive 10 year Strategy for Cancer
consists of an injector linac, @uple of synchrotromings, Control” promoted by Japanese government since 1984. The
long andcomplicated beam transport lines, three treatmestnstruction of the injector started in the same figealr of
roomsandfour experimental room&.he maximunenergy of 1987. The maximunenergy of HIMAC is designed to be 800
the synchrotron is determined Huat the residual range ofMeV/u for light ions withg/A = 1/2 so thasilicon ions reach
silicon ions exceeds 30 cm in wat€he clinical trials of the 30 cm deep in Aumanbody. lon species of He, C, Ne,&¢
cancer treatment started on June 21 using a 290 MeV/u carrenrequired for the clinical treatment. In the facility, there are
beam,and 21 patientwere treated byhe end ofebruary three treatment rooms one of whiblas both vertical and

1995. horizontal beam linesThe otheitwo treatment rooms are
equipped with a verticaland a horizontdbeam lines,
1. INTRODUCTION respectively.

Thebeam tests dthe accelerator started November
During the last 19ears, clinicaltrials havebeen 1993 and thebasic experiments for cancer treatments was

carried out atNIRS with fast neutronsindprotons as well as begun in February 1994The first clinical irradiation was
conventional X-raysand gammaays. Based orthe |ong carried out on June 24nd the treatmentas SUCCQSSfU”y
experience of radiotherapy, NIRS decided to constrheagy Completed for three patients in August 1994e patients
ion accelerator, HIMAC, for medical use[1],[2The main have cancer cells in the head or the neck. It tabesit 90
reason to adopheavy ion therapy is the excelledbse seconds for a Single fractionaleatment with 290MeV/u
localization both in transversend longitudinabirections. In carbon beam, while the precise patient-fixipgocedure
the longitudinaldosedistribution, avery sharp Braggeak is requires about 20 minuets. Three treatmentswesk and
observedaround the end point dieavyions as shown in Fig. total of 18 treatments for each patient were plannetstroy
1. Such a distribution is much moe#fective inthe treatment perfectly tumor cells. Theinterim report of theheavy ion
of deep|y seatetbmors than exponentia”y decreasingose treatmentfor the first three patienshows excellent results
distribution of X and y rays. High relative biological Just as expected. Radiation damage on the inside surface of the
effectiveness (RBE) of heavions at the Bragg peak ismouth seemaery small in spite of theperfect damage of
expected to be efficacious eventbe radio-resistive tumors.tumors.

Another high LET characteristicsJ@v oxygenenhancement Table 1: Requirements for the HIMAC beam
lon species “He to*°Ar
carbon 290 MeV/u Maximum energy 800 MeV/u (g/A=1/2)
6 [ Minimum energy 100 MeV/u
. ‘ i Beam intensity* 1.X 10" pps for*He
] 2.0x10° ’c
2 4 8.5% 10° *Ne
a 1 4.5x10° 28
z 3 ] 2.7x10° “Ar
§ 5 3 Beam duration 400 ms (typical)
] Repetition rate 1/2 Hz for each ring
1 4 3 Beam emittance 10mtmm mrad
S - - Momentum spread <+ 0.2%
%, 50 100 150 200 Field size 22 cm  (Max. diameter)
Depth in Water (mm) Dose uniformity +2%
Maximum range 30cm
Fig. 1: A typical example of dose distribution of heavy ionsin  pgse rate 5 Gy/min. (Max.)

water. *Extracted beam intensity per ring.



In the second series of the clinical trigk®avy ion synchrotron is also required once inday to select the
therapy was applied to cancerstla head or neck, the lungoptimum residual rangfr different patients. Aftechanging
and the central nensystemEighteen patientaere treated in the beam energythe dose uniformity inthe irradiatiorfield
the second series extended to the end of February 1995. Inntiiebe checked, whereas no such check is scheduled after the
third series of the trials, much more patients will be treatbdam course switching.
with other types of cancers, for examples, the uterus, the liver, There are two other experimental rooms for the medium

the prostatetc energy (6 MeV/u) experimentnd for the secondary beam
experiments. A beaiime for generating the radioactibeam
2. HIMAC FACILITY will be installed innearfuture. Positron emitters, such'a€,
will be effective in checking the irradiated area.
The medical requiremenlﬁ)r the Outpubeam In the following subsections, brief descriptions are

properties of HIMAC are summarized in table 1. Thgiven for major components of HIMAC.

minimum outputenergy is requiretiecause othe treatment

of superficial cancers. A cutawaiew of the facility is shown A. lon Sources

in Fig. 2. As shown in the figure, the uppé@mng provides a

vertical beam (600 MeV/u max.) to the treatment rooms Aand We havawo types ofon sources: a Pl@nd an ECR
B, and a horizontabeam withthe samenergy to the sources. A PIG source is a hot cathgee andoperated in a
experimental room fobiology. The extractedeam from the Vvery short pulse with a relatively long time interval. Such an
lower ring (800 MeV/u max.), on the othemand, goes operation mode increases appreciably @e impedance
horizontally to the treatment rooms Bnd C, andresulting in a high arvoltage. The performance of the PIG
experimenta| room for physmqu generaburposes_ Since aSsource is excellent including the lifetime of the SOUfCG[4].
branch of thdower high energy beam transport (HEBT) line An ECR source is a single stageeandenergized with
merges into the UppefEBT line, the Outputbeam of the a 10 GHz microwave source of 2 kWax. Thesource is
lower synchrotrorcan beprovided vertically tadhe treatment equipped with a sextupole permanent magnet of 9 k(aiea
rooms Aand B. Inorder to get ahigh efficiency of the tip.[5] The output beam intensitiesand emittance are
treatment room usage, it is required to switch the accelersiatisfactory fothe treatments. Since the EGBurce isvery
beam from one treatment room tltee other room within 5 Stable anaasy tooperate, the ECR source is preferable in the
minuets. The reproducibility of theeam position should bedaily operation for the clinical treatment.

better than +2.5 mm at the isocenter. Such precizsam Both sourcesare installed independently digh
positioning is realized with a special sequence in tMeltage decks of 60 k¥hax. and provide ions with 8 keV/u to
switching magnet excitation. An energy change of tfi@e nextacceleration stage.

High Energy
Beam Transport

Fig. 2: A Bird's eye view of the HIMAC facility.



m, respectively.The dipole field changes from 0.11 T at
B. Linacs injection energy to 1.5 T at maximum witlhaanping rate of 2
T/s (max). Theeffective length of thedipole magnets are

The injector consists of a 100Hz RFQ, an Alvarez adjusted by shimmingores at both ends ahe pole tips.
linac, a debuncher to reduce the momentum spread of Blesign value of the betatron tunese 3.75 and 3.25 for
output beam, and beam transport lines connecting them[6]horizontal andvertical directions, respectivelyThe actual

An RFQlinac acceleratefieavyions with g/A=1/7 values, howeverare chosetypically at3.68 and 3.13 in a
from 8 keV/u to 800 keV/u. ThRFQ is a conventional fourdaily operation.
vanetype and has aane length of 7.2 m. Since thane A current pattern of the synchrotron magnets is
length isvery long comparing with the tank diameterfilad controlled with digital processoend arepetition rate can be
distribution must be carefully tuned along longitudinalaried from 0.3 to 1.5 Hz. A typical operatipattern is 200
direction. About 40 side tuners are introduced for this purpass for a flat base, 700 ms for rise and falling time and 400 ms
and realizevery small field error of 4.9%and 2.6% for for a flat top. A multiturn injection scheme is adopted to
longitudinal and transverse directions, respectively. Aincrease the circulatingeamcurrent by a factor of 28nd a
acceptanceand amccelerating rate are 0.8 mm¥mrad third order resonant extraction schemeiisployed taealize
(normalized) and 0.76 MV/m, respectively. a rather long beam duration of 400 ms.

TheRFQ is followed by alvarez type linac (DTL) The rf system is required to cover a wide frequeaicge
operated with the sanfieequency of 100 MHz. Both linacs ardfrom 1 to 8 MHz. The maximum acceleratiooltage is
operated with avery low dutyfactor of 0.3% at maximum. estimated to be 10 kV for ions with a charge to mass ratio of
The transverse phaspacematchingbetweenthe RFQ and 1/2. Afully digital controlsystem(sampling rate of 50@Hz)
the DTL is accomplished with a quadrupole magnist adopted fothe feed back loop ofthe phasend thebeam
quadruplet installed in a 1.9 m long beam transjpoet The position. The rffrequency essentially varies withBaclock
DTL tank is 24 m long anseparated into three independent gulse generated avery0.2 G change in bending fielHeed
cavities. The diameter of the cavitiesalsout 2 mand change back loops of a phasend abeam positionare adopted to
from one cavity tothe next in order to obtain reasonabhgjust thefrequency.The whole control system workgery
values fortransit timefactors. Since a transverse emittance wfell and even a very lowintensity beam of dew hundred
the outputbeam fromthe RFQ is thoroughlygmall, aFODO particles per semdcan bestably accelerated withoitp and
type focusing sequence is adopted@magnets in the drift Ar feedback loops.
tubes. The magnets have laminated cores and are excited with

the same flat-top-duty of 0.3% max. D. Irradiation apparatus
At the output end of the DTL, a 1Q@/cn? thick
carbon strippindoil is inserted to improve a charge to mass In order to realize a largenduniform irradiationfield,

ratio of the ions.Only one stripping stage is adopted at @& wobblerscanning method is adopted. As shown in Fig. 3, a
relativelyhigh ionenergy of 6 MeV/u becausetbk reliability pair of wobbling magnets is installed in the beam line to make
of the systemand ofadvantages for future expansion to tha circular trajectory ahe isocenter. A scatterer with a proper

acceleration of heavier ions. thickness is used to smooth othe transversdose
distribution. Other important elements of the irradiation
C. Synchrotrons apparatus are a ridge filter and a range shifter. The ridge filter

has aprofile like a saw-toothand broaden the momentum
The mainaccelerator of HIMAC consists of two
independent synchrotron rings with theame circumference of Wobbler Magnet
130 m. Thetwo ring structure of the synchrotron makes it g -
possible to provide &reatment room simultaneously with a ——*—4—7——@\_\\ ----------------------
horizontal and aertical beam#iaving different energies. As T
a future extension, two stage acceleration of the heavier ions Scatterer o
planned. | ,{,ig.‘ifffi S
A pulse magnet located in a MEBife between the T e

linac and thesynchrotron switchethe outpubeam from the . .
injector to the uppeand lower synchrotrorrings. The two Umﬁfgfileld
synchrotron rings areperated independently from each other
exceptthat the magnets must Iexcited 180 out of phase.
The synchrotron is a separated functtgpe with a FODO
type focusingstructure. Thering consists of 12unit cells,
whereas the superperiodicity of theg is 6. A bending angle Fig. 3: A schematic explanation for field broadening with a
and a radius of theector type dipolenagnet are 30and 6.5 pair of wobbling magnets.




late March 1993 with singly charged He ions. Beam tests have

been begun for dual synchrotron rings in November 1993 with

2 [T e doubly charged He ions. The iongere accelerated to 230

MeV/u with a repetition rate of 1/2 Har eachring. Tests of

the slow extraction from bothrings were successfully

completed in Decembeand theextracted beamswere

] transported to three treatment rooms withife\ days. The

7 length of the extractedbeam spill wastypically 300 ms.

After careful tuning of the whole systemincluding the

measurements of biomedicaffects of the carbon ions,

clinical trials of theheavyion cancer therapy started in late

i 1 June 1994 with 290 MeV/u carbon beam.

p e In Fig. 6, an example of oscilloscope signals is given for
0 50 oo 150 200 a bending magnet excitation pattern (top), a pulse magnet for

Depth in Water (mm) beam extraction (2nd), beasignal in the synchrotroning

Fig. 4: Examples of physicalosedistribution of the (3rd) and theextracted bearsignal (bottom). Inthe signal of

spreaded out Bragg peak. the extracted beam, theery big intensity fluctuation can be

observedThis fluctuation isdue mainly to a current ripple of

Spread-Out Bragg Peak (4, 6, and 8 cm)

Relative Dose

v RS- BRI e e the synchrotron magnets, since feedback system works to
stabilize the extractedbeam intensity. Highfrequency
A HSG cells : ; ;
F o HoLa cells _ components of théeam rippleare suppressed appreciably
O Fibrosarcoma after careful tuning of the synchrotron magnet power supplies.
3 L o Glioblastoma . At the flat top, voltage ripples of the power supplies p@d
a Keratinocytes bending magnets are kepttremely low values of leghan

1x10°® and &10°, respectively (50 Hz). A beamipple,
however, remains at high level. The fluctuation of the bending
filed may affects orthe beam ripplethrough thesextupole
magnets for chromaticity correction. By reducing the
sextupole filed, satisfactory beam spill is obtained as shown in
Fig. 7.

Stability and reproducibility of thewhole accelerator
system are excellent. Even in the early stage of the accelerator
operation, it takes only Bours to get the acceleratieeam in
a treatment roomMost part of the tuning time are spent in
tuning of the ion source and LEBT elements.

Relative Biological Dose

O PR YN WO TN U TR W TN SR N YR WY SN S WY
1500 -1000 500 4. FUTURE DEVELOPMENTS
Residual Range in Water (mm)
This facility is open for many researchers who are
Fig. 5: An example of the biologicdbsedistribution for interested in theheavy ion science awell as heavy ion
a spreaded out Bragg peak. therapy. The accelerator is required to accelerate heavier ions

with a variety of energieand withhigh quality. In order to
spread of the ions through it. The idream with large meet these demandsjrd ion source of 18 GHz ECR source
momentum spread results in a spreaded out Bragg péakiowunder developments. lons from these threesmirces
which is necessary in @weatment of large size of tumorswill be accelerated simultaneously with so called tgharing
Examples of the spreaded alatsedistribution with the ridge acceleration schemend delivered to a medium energy
filters are shown in Fig. 4. An example of thielogicaldose experimental room, the upper synchrotrorg and theower
distribution for a spreaded out Bragg peak is also shown in Bjgnchrotron ring.
6 together with typical results of biological experiments. The A secondary beam will be availabiéthin afew years
range shifter, on the othéiand, ismade of plastic plate andto investigate thepossibility of precise check dhe ion

changes the effective energy on a patient. stopping position in énhumanbody. The positron emitters,
such as''C, are considered to ladffective forthis purpose.
3. BEAM PERFORMANCE The beam course will be open for other scientific fields.

Further sophisticated irradiation schemes, suclspsta
The firstoeam fromthe injectothasbeen obtained in Scanning method or a three dimensional irradiation method,
are also important in improving tledfectiveness athe heavy



ion therapy. An irradiation treatment synchronized wif 10000
human breathing isur first target to reduce the unwante
irradiation to the normalcells around the tumor. The
treatment will be realized with a quick response of the S —
knockout beam extraction from the synchrotron ring[7]. T LA L
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Fig. 7. An example of th&eam spill fromthe synchrotron
(bottom) together with a circulatingurrent (middle)and a
waveform of the bump magnet (top).



