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Enegetic ions in the massrangeup to neonmay have importantadvantagesn cancer
treatmentwhencomparedo other corventionaltypesof radiation.This review will first

considerradiobiologicalpropertiesof severaltypesof radiation(photons electronspro-

tonsandions), pointingoutto therelevantcharacteristicef ionscomparedo othertypes.
Parameter®f ion beamsasrequiredfor cancertreatmentwill thenbe defined,followed

by thereview of the statusof protonandion therafy andclinical trials, anda description
of operatingandplannedacilities. Finally, on the basisof existing experienceanddesired
future performancea possibledesignof sucha facility will be suggested.

1. Introduction

Radiationtherafy hasbecomeone of the mostimportantmodalitiesin the treatment
of cancer It is estimatedhata personhasoneout of threechanceto be confrontedwith
the diseasaluring his or herlifetime andthatlessthanhalf of themwill be cured.While
thesumgeryis still the mostsuccessfulreatmentradiationtherajy eitheraloneor in com-
bination with other modalitiescontritutesto about40% of the overall curerates. It is
interestingo notethatchemotherapaloneresultsin arathersmallpartof cancercures;it
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is usedmostly asanadjuvanttherapy. All othermodalitiescontribute only a few percent
to thecurerates.

Ideally, theobjective of any cancettreatmenmethodis to remove or destrgy thetumor
while preservingat the sametime the healthytissueas much as possible.It was with
this ideain mind that almosta hundredyearsago low-enegy X-rays beganto be used
for this purpose althoughtheir penetratiorwas poor andtherapeutieffect debatableln
early 1920%, radiumunits cameinto use,producingdeepelpenetratinggammarays; this
wasfollowed by electronacceleratorgroviding higherenegy X-rays. Nuclearreactors
maderadioactve cobaltsourcesavailableandthey becamea standardyamma-raysource
for radiotherap, useduntil thepresen{e.g.,gammaknife). Mostmodernandvery widely
usedmachinedor X-ray therajy are compactiinearacceleratorandit is estimatedhat
thereare up to 4000 of themaroundthe world. Over the years,this techniquehasbeen
constantlymproved,the machinesave beenadaptedo the hospitalenvironmentandthe
delivery of the radiationto the tumor hasbecomemoreand moreaccuratefrying at the
sametime to sparethe healthytissuesHowever, therearestill mary caseswvhereit is not
possibleto avoid irradiationof critical organsin the vicinity of the tumor; the maximum
doseallowed for critical organswould in suchcasedimit the dosegiven to the tumor,
leadingto a possiblefailure of thelocal control.

Aboutfifty yearsago,R. Wilsonremarledthatthe Braggpeakof monoenegeticpro-
tons(andother, heavierions)would allow the radiationdoseto be preferentiallydelivered
attheendof their path,in the tumoritself wheremostdamagehasto be done.By modu-
lating the proton(or ion) enegy it would, in principle, be possibleto irradiatethe whole
volumeof thetumorwith a uniform andsufficient dose while keepingthe dosedelivered
to otherorgansat a lower value. This characteristictogethemwith a high lateralbeamac-
curagy, is the basisof conformaltreatmentbof tumors,which is animportantsteptoward
theidealmethod.Sincethis first proposaltherewerea numberof protonmachinesither
adaptedr specificallybuilt for tumortreatment.

The mostrecentandquite promisingintroductioninto the rangeof typesof radiation
for cancettreatmenhave beenenegeticionsin themassangefrom carbonto neon.They
will bereferredto aslight ions,althoughin the medicalliteraturethey areusuallycalled
heary ions. In additionto the advantageof shaving a Bragg peakwhich hasa similar
characteristiof protons,andanevenbetterlateralbeamaccurag thanprotons,jonshave
other characteristicsvhich could make them more suitablefor treatmentof sometypes
of tumorsthanary otherradiation.Thelinearenegy transfer(LET) or therateof enegy
depositionalongthe pathof a particleis higherfor light ions (fastneutronshave a similar
property)thanit is for corventionalradiation,including protons;the relative biological
effectivenesgRBE)tendsto behigherif LET valuesarehigher Furthermoresometumors
cellsareanoxicandassucharemoreresistanto corventionalradiationdueto theoxygen
effect, characterizedby the oxygenenhancemematio (OER). Therearealsoindications
thatthe effectsof light ion radiationin thetumordo notdependasmuchonthecell cycle
asthey dofor corventionalradiation.

However, possibleadvantage®f light ions comparedo conventionalradiationresult
in a morecomplex systemfor beamproductionand, especiallyfor beamdelivery to the
patient.With high LET particlesandwith a large partof their enegy deliveredat the end
of thetrack,in the Braggpeak,it becomegxtremelyimportantto properlyadjustnotonly
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the shapeof the beambut its enegy andthe time spentirradiating a certainpart of the
tumoraswell; otherwise healthytissuesnay be exposedunnecessarilyvhile the tumor
may not getthe requireddose.The properutilization of light ions requiresa state-of-art
applicationof medicaldiagnostic{CT, MRI, PET)to determinethe exact shapeand|o-
cationof thetumor, a full computercontrol of the acceleratoandbeamdelivery system
andafastandaccurateneasurementf the beamdosedeliveredat any instantto the pa-
tient. Until very recently this compleity of the systemhasbeenoneof the reasonsvhy
light ions have found a very limited usein medicine particularlyin the treatmenbf can-
cer, sothatat presenthereis just one dedicatedacility in the operation(Chiba,Japan).
Anotherreasorfor thelack of interestwasthefactthatin the pastthefew acceleratorsa-
pableof producindight ion beamswith parameteradequatéor medicalapplicationsvere
designedor a totally differentpurpose(nuclearand particle physics),with enegiesand
intensitiesnot matchedo theneedf patienttreatmentcomplicatedo useandexpensve
to operate Comparedo light ion acceleratorsglectronlinacsfor photonproductionhave
enjoyedalong history of developmentandpresentesignsarewell adaptedo a hospital
ervironment.

This review will try to addresseveralissuessuchaspossibleadvantage®f light ion
therafy comparedo protonsandcorventionalradiation,the compleity of sucha system
andits possibleadaptatiorio ahospitalervironment,andthequestiorof cost-efectiveness
comparedo othermodalitiesfor cancettreatment.

2. Characteristicsand effectsof radiation

Theobjective of arny canceitreatments thecontrolor, possibly permanenglimination
of thetumor. As this processnvolvesandresultsin cell destruction the succes®f the
treatmenwill alwaysdependn the degreeof discriminationbetweerhealthytissuesand
tumoritself. Corventionaltypesof radiation,whichincludegamma-ray$rom radioactve
isotopesprehmsstrahlunghotonsandelectronshave beenusedwidely androutinelyfor
treatmenbf humancancesincetheearliestdays(theword"conventional’is usedbecause
of historicalreasonswithout implying limitations or a lower quality). It is a common
propertyof corventionalradiationthatthe dosedeliveredto the bodyis the highestin the
entranceregion anddecreaseasthe radiationpenetrateshe body (Fig. 1). For gamma-
raysandphotonsthedecreasasanexponentiatharacterwhichmeanghatafterpassing
throughthe tamget, the radiationdosedecreasefurther but healthytissuesand possibly
critical organsbeyondthetumorarestill beingirradiated.Theeffectof radiationon healthy
tissuesbothin front andbehindthe tumor may; therefore limit the dosedeliveredto the
tumor The photonenegy is transferredo the tissuethroughstochastigprocessessuch
asinelasticscatteringor photoelectrigprocessesTherefore,a photonbeamis subjectto
strongscatteringasit penetratethe bodyandthis leadsto a lateralbeamspreadingvhich
hasto betakeninto considerationPhotonsandgamma-raysirecalledindirectly ionizing
becausdhe biological effect is dueto the action of fastelectronsproducedin tissues.
High-enegy electronsaredirectlyionizing particles;the dosedeliveredis decreasingven
fasterwith depththanfor photonsbut they have a finite rangeif the enepy is properly
selectedFig. 1). They alsoshav the effectsof a strongscatteringresultingin a lateral
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spreadin@f thebeamasit penetratethe body. Thedelivery of corventionalradiationcan
be substantiallymprovedif thetumoris irradiatedfrom severaldirections by rotatingthe
beamaroundthe patientandaimingit towardtheisocentre Althoughthis complicateghe
beamdelivery system the resultis a morefavourableratio of the dosesin the tumorand
outside.In the caseof gammaraysfrom radioactve cobalt,applicationof this methodhas
ledto thecreationof thesocalled’gammaknife” wheretheraysfrom morethanahundred
sourcearecollimatedanddirectedtowardthetumorenablingts destructionComparedo
othertypesof radiation thecorventionalradiationis at presenby farthemostwidely used
type, contrituting almostexclusively to a substantiapartof cancercurerates.Their most
efficientuseis in the caseof fastgrowing tumorshecaus¢hosecellsdivide frequentlyand
photonsactespeciallyon cellsduringtheir division.
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Fig. 1. Depth-doseurvesfor severaltypesof radiation[1].

In spiteof the successesf corventionalradiotherap, eitheraloneor in combination
with othermodalities(sumgery, chemotheray), about17% of patientsdiagnosedvith a
local cancerabsenc®f metastases)ie dueto thefailure of thelocal control;thelocalre-
currencas frequentn sitessuchasupperdigestivetract,brain,skull basejn gynecological
tumorsandin sometumorswith high metastaticdates[2,3]. Thesepatientscould mostly
benefitfrom animprovementin radiationtherapy. Therearetwo approacheso achieve
suchanimprovement,onethrougha betterdosedelivery of corventionalradiation,and
the otherthroughthe introductionof new typesof radiationfor therayy. Thereare,how-
ever, limits to thefirst approachpneof thembeingthe mentioneddepthwisedistribution
of thephysicaldose.

Chagedparticlesheavier thanelectrongprotonsjons)have propertieghatmale them
more attractve for treatmentof sometumors[2,4a,5]. Their interactionwith matteris
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predominantlythrough processesnvolving electronsin target atoms. Becauseof their
much larger masscomparedo electronsthey suffer significantlylesslateral scattering
andlessbeamspreadingthis differencebecomesnore pronouncedvith the increasing
massof ions. As a heary chagedparticlepenetrateinto thetissue,it losesits enegy in
inelasticprocesseandits velocity is decreasingThe enegy depositiorrateis a function
of enepgy, andasthepatrticleis slowing down therateatfirst increaseslowly (Fig. 2;
dottedcurves);thisregion

RELATIVE DOSE (%)
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Fig. 2. Spread-out-Bragg-pedB8OBP)[1].

is usuallycalleda plateau.Towardthe endof the path,the particleexperiences steeprise
in theenepgy lossrate,justbeforeit is fully stoppedthe Braggpeak).The positionof the
Braggpeakdependon the massandenengy of the particleandon the stoppingpower of
the target. Thesetwo effects,a lesspronouncedateral scatteringandthe Bragg peakat
theendof thepath,ledto thefirst proposato useprotonsin radiotherag aboultfifty years
ago. For tumorswith a thicknesscomparablégo the width of the Bragg peak,a chaged
particlebeamwith theenepgy selecteduchthatthe peakcoincideswith the tumor, should
in principlebecapablgo depositalargepartof its enegy into thetumoritself, minimizing
thedamageo theorgansin theentrancechanneblndavoiding fully any irradiationbeyond
the tumor. Marny tumors,however, have a thicknesslarger thanthe width of the Bragg
peak,andthetargethasto beirradiatedin severalstepsgachtime with beamsof different
enegy, coveringthusthewhole volume (Fig. 2; solid curwe). This methodof the spread-
out Braggpeakleadsto thetumorconformtreatmentapplicablen principleto any tumor
shapeandrepresentinghe closestapproactio theidealprocedure.
Anotherparameterelevantfor estimatinganddescribingeffectsof radiationis thelin-

earenepy transferor LET, usuallyexpressedn units keV/um. Valuesof this parameter
dependon the chage and enegy of the particleand, therefore,changeasparticlespen-
etratethe tissues.For anideal monoenegeticbheam,LET valuesare meaningful,but for
arealbeamthey arealwaysaveragevalues,dependingon the way the averagehasbeen

FIZIKA B 6(1997)4,177-206 181



PRELEC: IONS AND ION ACCELERATORSFOR CANCER TREATMENT

calculatedStill, this parameters usefulasanindicationof the biological effectivenessof
radiationanddifferenttypesaredescribedasbeinglow-LET (photons protons)or high-
LET (neutronsljight ions). The orderof magnitudeof LET valuesin keV/um is aroundl
for photonspetweerl0and100for protonsandupto 1000for light ions.
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Fig. 3. Rangeof measureaxygen-enhancemerttio (OER)valuesfor differenttypesof
radiationandcell lines[1].

Thefailureof thelocal controlof tumorstreatedwith corventionalradiationis in some
casescausedby a higherradiationresistanceof anoxic cells presentin the core of the
tumor[1,4a,6].0xygenenhancememttio (OER)is aparametedescribinghis effect; it is
definedastheratio of theabsorbedioseof agivenradiationto producea certainbiological
effectin ananoxiccell populationto the dosethatwould be neededo achiere the same
effectin normallyoxygenateaell population OERvaluesfor corventionalradiationhave
beenfoundto beashigh as3, which mayindicatethedifficulty in deliveringa suficiently
high doseto the (anoxic) cells in the core of the tumor, without causingan irreparable
damageto the surroundinghealthytissuesor critical organs. The oxygenenhancement
ratiodecreasewith increasing_ET andfor particleswith LET valuesaboveafew hundred
keV/um, it mayevenapproact (Fig. 3). Reduced/aluesof OERhave beenconsiderecs
animportantargumentfor the useof high-LET particlesalthoughtheclinical studieshave
notfully confirmedits significanceandexpectations.

Anotherphenomenownf importanceor radiobiologicaleffectivenesss the sensitvity
of cells to radiationas function of the phasein the cell cycle [4a,6]. For corventional
radiation cellsaremostsensitve duringthedividing phasewhile they aremoreresistantn
the DNA synthesiphaseThis differencecanbevery substantialFor light ions, however,
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thedependencef thesensitvity onthephasen thecell cycle seemdo begreatlyreduced,
especiallyfor LET valuesabove afew hundredkeV/um.

While thelinearenegy transfer(LET) describeshe enegy deposition(i.e., loss)of a
particlealongits path,the radiationdoseis a measureof enegy absorbeder unit mass
of tissue;the doseis measuredn units of Gray or rad (1 Gy = 100rad). This is one of
the mostimportantmeasurableuantitiesin radiotherag andit is usually quotedwhen
reportingbiologicalexperimentsor clinical trials [6,7a]. However, equaldoseof different
typesof radiationdo not always produceequalbiological effects, resultingin different
valuesof therelative biological effectivenes{RBE). The RBE is formally definedasthe
ratio of the doseof 250 keV X-rays to the doseof someothertype of radiation,both
resultingin the samebiological effect. Theresponsef cells, cell populationsandtumors
in patientsto radiationwill vary greatlyanda generalcomparisorof RBE valuesis not
veryrelevantunlessall the conditionsof the experimentor clinical trial arespecified Still,
the generalconclusionthatthe RBE is higherfor higherLET (andlower OER) typesof
radiationremainsvalid, for therangeof interestfor light ion therayy (Fig. 4).

In summaryprotonsandlight ions have several propertieghat distinguishthemfrom
conventionalradiationandoffer new possibilitiesin cancertreatmentFor protonsthead-
vantagesarea betterdistribution of the delivereddosedueto a reducedateralscattering
anddueto the existenceof the Braggpeak.Light ionsexperienceavenlesslateralscatter
ing andthey have additionalcharacteristicsdistinguishingthemfrom both, corventional
radiationandprotons While thelatterarelow-LET typesof radiation light ionsarehigh-
LET particlesandassuchshav a reducedoxygeneffect, their effectsarelessdependent
onthe cell cycle andthey have a higherrelative biological effectivenessTherefore Jlight
ions could be of benefitin treatingslowly growing, well definedtumors.However, they
also have a tendeng to fragmentafter a nuclearcollision; lighter fragmentedparticles
may have an enepgy giving thema deepermenetratiorthanthe original ion and causing
someirradiation of tissuesbeyondthe distal peak. Thereare also somequestionsabout
anincreasedumorigenicpotentialof light ionscomparedo othertypesof radiation.It is
becausef thesenew effectsthatthe massrangeof light ionspresentlyconsideredor and
usedin tumortreatmentis limited to thosebelov neon;at bothfacilitieswherelight ions
arenow used(Chiba,GSI), carbonionsarethe specief thechoice.

agebreak
Fig. Bl angeof experimentablatafor therelative biologicaleffectivenes§RBE) factoras

afunctionof linearenegy transferLET) values[1].

3. Requiementsandparametes of ion beamdor cancer
treatment

3.1. lon speciesandenegy

At the Chibafacility, mostof the researctof the effects of light ions on cells and
almostall clinical trials have beendonewith ions up to neon,althoughthe their facility
hasbeendesignedor ionsupto argon. Thereis agenerabgreementhatcarbonionsoffer
avery goodcompromisebetweeradvantagesn the treatmeni(a very favourableratio of
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thedosedeliveredto thetumorandtheentrancelose goodradiobiologicapropertiespnd
disadwantageshatshouldbe minimized(fragmentationdistaldose) For a certaindesired
penetratiordepth(or positionof theBraggpeak) theenegy of ionsdeliveredto thepatient
will dependontheion specieqFig. 5); theion enegy will thendetermineghe sizeof the
machineandits cost.While for protonsanenepgy of 250MeV is sufiicient for irradiation
of tumorsseatedup to a depthof 30 cm (water equivalent), light ions requirea higher
enegy for the samepenetrationCarbonionswith anenegy of 290MeV/u will penetrate
only 15 cm deepandfor 30 cm anenegy above 400 MeV/u would be required.For even
heavier ions, suchasneon,enegiesabout650 MeV/u areneededOncethe rangeof ion
specieshasbeenselectedthetop enegy of the heaviestion will determinethe sizeof the
machineandits cost. Therearesometrade-ofs availablein consideringheseparameters:
amachinedesignedor a certainion speciesandthefull penetratiordepth(highestenegy
ervisaged)is capableof delivering even heavier ions at the similar or somevhat lower
enegy pernucleon(themaximumenegy will dependnthechaigeto massatio of ions);
althoughfor heavier ions

Fig. 5. Range-engyy curvesfor seseralion specief interestin cancertherapy [1].

thepenetratiorwould notbeasdeep they couldstill beusedfor treatmenbf thosetumors
locatedcloserto the surfaceof the body. For comparisonat an enegy of 400 MeV/u
carbonions would have a penetratiordepthof 28 cm, oxygenions 20 cm andneonions
only 17 cm. lons like neonand heavier have a relatively higher plateau(dosedelivered
betweerthe entranceandthetumor)andarepreferredor shallav tumorlocationsto limit
the damageto healthytissues(Fig. 6); a lower enegy per nucleonmay, therefore still
be satishctory Shoulda deepemrangebe required,the machineshouldbe designedor
a higherenegy. Therewill be additionalrequirementson the precisionof the desired
beamenegy (positionof the Braggpeak)andon the allowed enegy spreadof the beam
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(broadeningf the Braggpeak);it is possibleto reducethesetwo effectsby usingenegy
defining collimatorsin the transportline, but this necessarilyesultsin the lossof beam
intensity However, modernacceleratorhave alreadyachieved the desiredaccurag in

enegy settingand control (0.1% or better); the beamenegy spreadis also within the
limits requiredfor treatmentTheknowledgeof the propertiesof tissuesn the pathof the
beamis morecritical becausehis will affecttherange(or positionof the Braggpeak)and
will haveto beincludedinto the planningof thetreatment.

FIZIKA B 6(1997)4,177-206 185



PRELEC: IONS AND ION ACCELERATORSFOR CANCER TREATMENT

02

RELATIVE COBALT-EQUIVALENT DOSE

0 1 . ! L i 1
0 4 8 12 16 20 24 28 32 36

DEPTH (cm of water)

Fig. 6. Spread-ouBragg peakfor seseral ion species,shaving relative heightsof the
plateauandtail regions[1].

Thetreatmenbf largervolumetumorswith protonsor light ionsrequiresscanningof
thevolumewith ionsof varyingenenpy, to achieve a spread-ouBraggpeak[8]. Thereare
two methodgo achiese the modulationof beamenegy, oneutilizesa fixed outputenegy
from the acceleratofor, possibly a few enegiesat large steps)whenthe change®f the
beamenepgy are accomplishedy enegy degradersn the treatmentroom (passie sys-
tems),while the otheris basedon the enegy modulationof the acceleratoitself (active
scanning).The first method exclusively usedat presentdoesnot poseary additionalre-
quiremenbntheacceleratoandthebeantransfetdine exceptfor afixedandsteadyoutput
enegy, but it doesneedvery carefullydesignecenegy degradersaaswell aselementdor
collimation; it may, however, resultin a deteriorationof the beamquality when passing
throughthe degrader(scattering fragmentationyandin additionalbackgroundradiation
in the treatmentoom. For sometypesof acceleratorshis is the only methodapplicable.
The other method,by modulatingthe outputenegy of the acceleratoitself, movesthe
burdenof compleity from thefinal partof thetransferine to the machineitself. Modern
designsof someacceleratorssuchas, e.g.,a synchrotron,and beamtransferlines have
reachedh stagewhereit is possibleto changethe outputenepgy of the machineandnec-
essarytransferline parametersn a pulse-to-pulséasis,which may take only a second
or less. This methodallows the tumor volumeto be scanneda small elementby a small
elementvoxel), alwayswith anappropriateenegy andintensity In spiteof theadditional
compleity of theactive scanningfurtherdevelopment®f theacceleratoandbeantrans-
port controlsystemswill soonmake possibletheintroductionof this methodfor testsand
patienttreatment.

Finally, in orderto accuratelydeliver the requireddosethroughoutthe tumor, the ac-

186 FIZIKA B 6 (1997)4,177-206



PRELEC: IONS AND ION ACCELERATORSFOR CANCER TREATMENT

celeratorhasto provide the desiredion specieswith verylittle contaminationin the case
of light ions,acceleratorsnay not be ableto distinguishbetweerdifferentspeciesaving
thesamechage-to-massatio andthe selectionwill have to bedonein theinjectorstage.

3.2. Beamintensity

Beamintensity(or flux), requiredrom theacceleratqiis determinedy severalfactors,
amongthemthedesireddurationof thetreatmentprescribediose methodof beamenegy
modulationandsizeandlocationof thetarget. To minimizetheeffectsof themotionof the
patientduringtheirradiationit is desirablehattreatmentimesbe no longerthanat most
few minutes(in somecasest may be evennecessaryo synchronizehe radiationpulses
with breathingor heartbeats).Thereis someflexibility in the choiceof the lengthof the
treatmentime; onemaye.g.askfor a doseof 5 Gy/minto be deliveredto atargetvolume
of 2 liters, atthefull beamenegy. Correspondingaluesof light ion beamintensitiesfor
sucharateof irradiationareof the orderof 109 particlesper second)essfor heavier ion
speciedecausaf their higherrelative biological efficiengy. Theintensityof the beamat
the exit of the acceleratowill have to be higherbecausef lossesn beamhandlingand
transportfrom the machineto the patient. Passve systemsn principle will have higher
lossespossiblyup to 80%, but one cannotexpecta transportefficiency muchbetterthan
50% evenwith active scanningsystemsThe latter systemshowever, have the advantage
thatthe fraction of the beam,which is not deliveredto the patient,is dumpedoutsidethe
treatmentoomwithoutcontribtutingto thebackgroundadiation.Theacceleratgtogether
with theion sourceandtheinjectorstage shouldbedesignedor therequiredoutputbeam
intensitiesover the whole rangeof ion species.For a certainmachinedesign,the beam
outputwill be lower for heavier ions, but so will be the requiredtarget beamintensity
Beamintensitiesgivenin Table1 shouldbe considerecsupperlimits; evenlower values
could be acceptablef this would leadto a simplerandlesscostly designor to a better
beamquality becausenary tumorsaresmallerthantwo liters or alongerirradiationtime
couldbeallowed.

TABLE 1. Valuesof the beamintensitiesrequiredfor thetreatmenbf patients.

lon C N O Ne Ar
Beamintensityon target
(particles/second) | 1x10° | 9x10° | 7x10® | 5x10° | 2x 1C®

3.3. Timestructure of thebeamon thetarget

An accuratedosedelivery over the volume of the tumor requiresa well definedtime
structureof the beamfrom the acceleratarlf a passie beamdelivery systemis used,the
tamgetis irradiatedslice by slice with a broadbeamandthe time structureis lesscritical
aslong asit is possibleto monitor and control the time a slice is exposedto the beam.
An active beamscanningsystemposesstricterrequirement®n the time structureunless
thereis anon-line beamdetectionsystemto accuratelyneasurehe dosedeliveredto ary
volume elementandto deliver a signalto move the beamto the next elementoncethe
appropriatedosehasbeenreached Without suchan on-line system the extractedbeam
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fromtheacceleratoshouldbeassteadyaspossiblewith intensityfluctuationswithin afew
percentonly, which leadsto very tight tolerancesn acceleratoandbeamline elements
andtheir powersupplies.

In additionto the stability of the beam,thereare otherconsiderationsRegardlesof
thetypeof themachinewhetherit is a cyclotron,linac or synchrotronthe beamwill have
aninherentintensitystructurerelatedto therf acceleratingoltage;dependingnthetype
of themachinethe beammaybe availablewith a macroscopi@uty factorlessthan100%.
A cyclotronoperatesvith aduty factorof 100%andthereis anrf structurecorresponding
to thefrequeng of the accelerating/oltage;the beamintensitycontrolis donebestat the
low enegy end, ion sourceor ion injector. A linac usually hasa very low duty factor
with pulsesof afew millisecondsduration,but a high intensityand,again,shoving anrf
structurecorrespondindo the acceleratingoltage.The low duty factormakeslinacsless
suitablefor ion delivery systemsFinally, asynchrotrorwith a slow extractionsystemcan
have adutyfactorupto 50%andits rf structurecanin principleberemovedby delunching
thebeamalthoughthereareno specialdwantagesn doingthis. A synchrotronasapulsed
device, is well matchedto both, passie and actve beamdelivery systems.The length
of the extractedbeampulsecould be madeto correspondo the time neededo fully or
partially irradiatea slice of the target, andthe enegy cantheneasilybe changedor the
next slice. However, the extractedbeamintensityin a synchrotronis quite succeptibleo
ary fluctuationsor noisein magnetpower suppliesandefforts have to be madeto address
this problem.

4. Statusof protonandlight-ion cancertherapy; clinical
trials

4.1. Facilitiesandnumberof potentialpatients

Statisticsof theincidenceof cancerandits cureratesindicatethatthereis roomfor a
substantiaimprovement Cornventionalsuigeryhasreacheda high level of safetyandfur-
therimprovementsanbe expectedthroughthe introductionof lesstraumaticprocedures
(lasersumery, laparotomiesandabroademuseof reconstructie sugery. Chemotherapis
muchlessfrequentlychoserandjustified asa single modality; patientsbenefitby its use
asanadjuvanttreatmentFor thelocal control, mostimportantpartof cancertreatmentit
is the radiationtherapy thatcontributesgreatlyto the cureratesandwhich s still opento
new methodsof applicationandto new typesof radiation.Even corventionalnew radia-
tion techniquessuchasstereotacticadiosugeryandconformaltherayy, contributeto an
increaseof the dosedeliveredto the tumorwithout exceedinghe allowed doseto healthy
tissues.Protonsandlight ions, however, offer a furtherimprovementin the treatmenif
certaintumor siteswherecorventionalradiationmay oftenfail. As mentioneckarlier the
siteswhereprotonandlight ion beamsouldmostbenefitthe patientarethosewheretheir
characteristicgphysicalselectvity, radiobiologicaleffects)canbe fully utilized; the pre-
ferredsiteswould bethosein a closevicinity of vital organsor thoseshaving resistance
to conventionalradiation.Experiencawvith protonbeamggoodphysicalselectvity), with
neutronghigh-LET radiation)andwith light ions(goodphysicalselectvity, high-LET ra-
diation)hasshavn thatfor anumberof tumorssubstantiallypetterresultscanbeachieved,
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bothin thelocal controlandin thelong termsurvival. Onthebasisof thesecharacteristics
andsupportedoy anlimited experience gstimateshave beenmadefor the numberof po-
tential caseghat could benefitfrom protonandlight ion therapy [1,9,10,11a,12]For the
MetropolitanNew York area,with a populationof 20 million, it hasbeenestimatedhat
outof 100000new cancercasegperyear aboutl5000would benefitfrom protontherayy;
anestimatedonefor Italy hasshavn thatabout7 000patientgperyearwould benefitfrom
light ion therapy, in a populationof about60 million. In a dedicatedacility, it shouldbe
possibleto treataboutl 000to 2 000patientsayear Hence aprotonfacility couldbefully
utilizedin ary populationof abouttenmillion, while alight ion facility would bejustified
for agglomerationsf severaltensof million.

Therealsituationwith protonandion facilitiesis quite different. Althoughthe useof
protonshasbeensuggestedifty yearsago,at presentherearelessthantwenty facilities
in operationwith lessthan 20 000 patientstreatedso far. For light ions lessexperience
hasbeengained:fewer than3 000 patientshave beentreatedsofar, amongthemabout2
500in the Berkeley facility which wasclosedin 1993.Presentlythereis just onefacility
dedicatedor light-ion cancertreatmentsin Chiba(Japan)while clinical trials areabout
to begin in the nuclearaboratoryat GSI (Germary). Therearethreeprotonfacilities pro-
jectedto be putinto operationwithin afew years;anotheiion facility in JapanHyogo)is
projectedfor the operationin the year2001andtherearetwo Europearprojects(TERA
and CERN-AUSTRON-TERA-GSIcollaboration)in the designstage.This reluctancan
embarkingwith morevigor on clinical applicationsof light ions stemsnot only from the
needfor a substantialnitial investmentput alsofrom the uncertaintyexpressedy clini-
tiansthatanticipatedbenefitsof light ionsin comparisorwith othertypesof radiationmay
notbefully realizedin clinical trials.

4.2. Clinical trials with protons

Althoughnotthefirstfacility to useprotonsfor tumortreatmenttheHarvardCyclotron
Laboratory(HCL), in collaborationwith the MassachusettSeneraHospital(MGH), has
treatedthe largestnumberof patientgmorethan7000sofar) andgainedmostexperience
in thefield [5,4b,7b,7¢,13,14.1b,11c]. Resultshave beenso encouraginghata nev ma-
chine,againa cyclotronbut with a higherenegy, will be putinto operationatthe MGH,
in 1998.Pathologiedreatedwith protonbeamdfall into several categoriesin a certainor-
der of priorities, startingwith thosecloseto highly critical structuresvhereadwantages
of protonshave beenclearly demonstrate@nd no additionalstudiesare needed;n the
secondgroup are pathologiescharacterizedby a prevalently local evolution wherelocal
controlwill leadto a greatemprobability of curethanby usingcorventionalradiation.Fi-
nally protonscan be usedfor palliative treatmentof locally advancedtumorswith very
poor prognosis.At HCL/MGH, the largestgroup of patientshasbeenthosetreatedfor
oculartumors,especiallyuvealmelanomas Treatment$iave beenhighly successfulvith
respecto local control, eye retensiorandvisual preseration. A large numberof patients
with cervical spineand skull basechordomasand chordosarcomabkave beentreatedas
well. While the outcome whenusingcorventionalradiotherag and/orsumgery for those
tumorswas very often fatal, a combinedphoton/protortreatmenthasresultedin a high
local controlrateandvery goodlong-termsurvival rates.Similarencouragingesultswere
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achievedwith acombinedohoton/protorireatmenpf prostatecancerwhile thetreatment
of someintracraniatumorswasmuchlesssuccessful.

The otherimportantcenterin U.S.A. for cancertreatmentwith protonsis situatedin
LomaLinda, asa fully dedicatedfacility [11d]. It is a 250 MeV synchrotron,put into
operationin 1990 where more than 2000 patientshave beentreated.Anatomic regions
treatedinclude brain, headand neck, spine,posteriorabdomerand pelvis. The majority
of patientswere diagnosedvith prostatecancer Togetherwith the MGH facility, Loma
Linda synchrotronwith its threegantriesandonefixedbeamwill for alongtime bein the
forefrontof protonbeamapplicationsn cancettreatment.

At the Paul Scherrennstitute (PSl)in Villigen, Switzerlandmorethan 2000 patients
have beentreatedso far with protons,mostof themfor oculartumorswith a 72 MeV
cyclotron beam[2,7d,11e,11f].Resultswere excellent, comparablego the treatmentby
enucleatiorbut with the advantageof preservingthe eye anda reasonableisual acuity;
evenin unfavourablecaseof largetumors.Thereareplansto broaderthe applicationof
protonbeamsy usingthe590MeV cyclotronat PSl;theenegy will haveto bereducedo
matchtherequiredrangeevenfor treatmenbf deepseatedumors.lt is ervisagedhatthe
tumorvolumewill bescannedn threedimensionsmoving the Braggpeaklongitudinally
by usinganumberof rangeshifters,sweepingnagneticallythebeamin oneperpendicular
directionandslowly moving the patientin the othet

The ProtonMedical ResearctCenterat Tsukuba,Japan4c] hasconcentratedts ef-
forts on treatmentbf thoraco-abdominalumors,a differentemphasidrom othersimilar
centers.About 500 patientshave beentreatedthusfar, usingthe 500 MeV synchrotron
beam,degradedto 250 MeV. Due to a relatively small numberof caseser type of tu-
mor, the resultsare not conclusie but thereareindicationsthat primary malignancieof
theesophagudung andliver maybenefitfrom theimproved physicaldosedistribution of
protonbeamswhenappliedeitheraloneor in combinationwith photons.

Therehasbeenan active programof protontherapy in Russiasince1969, mostly at
theInstitutefor TheoreticandExperimentaPhysicITEP) in Moscow [4d,11g].Close
to 3000 patientshave beentreatedfor a large variety of tumor sites,mary of themin an
inoperablestage,by usingthe 70 - 200 MeV proton beamfrom the ITEP synchrotron.
Although the numberof caseger site hasbeenrathersmall andthereforethe statistics
arenotreliable,resultsfor sometumorshave beenvery encouragingin agoodagreement
with clinical trials at othercentersThe maindifficulty for the clinical work in Russiahas
beenthe lack of dedicatedacilities; medicalapplicationsusuallyhave hada muchlower
priority in schedulingthe time on the machine.The prospectdor the recentlyprepared
programto develop a hospital-basedacility are, however, not very good becausef the
presentconomicsituationin Russia.

4.3. Clinical trials with light ions

In spite of the expectedbenefitsof light ion radiation, due to their better physical
selectvity andto the additionalradiobiologicaleffects,therehave beenvery few clinical
trialsworldwide,with averylimited numberof patients!f thetrialswith heliumnucleiare
excludedfrom consideratiorfheliumnucleihave characteristicsimilarto protonsj.e. they
arelow LET radiation),therewereonly about500 patientstreatedsofar, with eitherneon
or carbonions. The pioneeringwork wasdoneat the LawrenceBerkeley Laboratory in
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theperiodbetweenl 979and1992whenabout300patientsvereirradiatedwith neonions
from theBevatronfacility; thefacility wasclosedsoonthereafteandnofurthertrials were
done[15,16,7e,4e,4f,1IhThemostcommonlyusedenegy of neonionswas585MeV/u,
sufficient to penetrateto the deepestumors. Most patientswere selectedfor neonion
treatmenbecauseonventionalmodalitieswereineffective (inoperabldumors tumorsnot
respondingo corventionalradiation).Thisfactmakesacomparisonrmoredifficult because
easilytreatablecaseswith a morefavourableoutcome were excluded. The objectie of
thosetrialswasto developtechniquegor theray planninganddelivery, studytheresponse
for avariety of tumorsandevaluatethe acuteandlatetoxicity of neonirradiation.Thelist
of treatedumortypesis longand,thereforethenumberof patientavastoo smallfor good
statistics.Still, neonions appearo offer potentiallyimprovedlocal controland survival
ratesfor anumberof tumortypes;resultsagreewell with thoseobtainedwith otherhigh-
LET radiationsuchas neutrons.Improved control and survival rateswere achieved for
patientswith paranasasinustumors,somesalivary glandtumors,bile duct carcinomas,
somesoft tissueand bone sarcomasand advancedprostatecarcinomas;jn somecases
theratesweretwice ashigh aswith photons.The outcomeof treatmenif othertypesof
tumors,suchas somebrain tumors,melanomasadvancedheadand neck tumors,lung,
esophagealgastricand pancreaticmalignancieswas not betterthan with corventional
theragy, which usuallymeantthatit wasnot favourable. The conclusionof the LBL trials
wasthat neonion radiotherap offers a clinically feasiblemodality for several selected
humancancerswith improvedresultswhencomparedo corventionalphotontherayy. It
is expectedhatbetterresultswith fewer sideeffects,couldbeobtainedwith abetter more
conformalsystemof beamdelivery thanusedat LBL.

Although all patientstreatedat the LBL with light ions (excluding helium) receved
neonion therayy, this choicedoesnot seemto bethe best.Carbonions have radiobiolog-
ical dosedistribution featureawhich have advantagesomparedo both protonsandneon
ions.While thephysicalselectvity is similarfor all thoseparticles,carbonionshave high-
LET characteristicsandcomparedo neonions, alower dosein the plateauregion anda
smallerfragmentatiortail beyondthe target. The two facilities wherelight ionsareused
(or soonwill be)have decidedto concentratéhe trials on carbonionsalthoughtherange
of available speciess much broader The first facility is at Chiba, whereclinical trials
have beenin progresssince 1994 and about200 patientshave beentreatedwith carbon
ions[7f,17,18a,11i].A wide variety of tumorshave beenandwill be treated,including
somedeep-seatetimorswhich did notrespondwvell to neonbeamsPatientsarecarefully
selectedaccordingto a numberof criteriato determinethe tumor responsendthe toxic-
ity for normaltissuesjocally advancedand/orinoperabldocalizedcarcinomahave been
chosen.For headandnecksiteslocally advanced recurrentor radioresistantumorsnot
treatablewith othermodalitiesareselectedbraintumorsselectedor treatmentaremalig-
nantglioma andastrogtoma, while othersitesincludeinoperablelung tumors,primary
livertumors,cervicalcancey prostatecancer esophageatancerandinoperablesarcomas
of the boneand soft tissue. In the first phase,it is intendedto useconserative doses,
belown thosetoleratedby healthytissuesjateron,thedosewill beincreasedn smallincre-
ments.This approachs justified becaus®f the needto establishproperprotocolsfor the
treatmenandbecausef highvaluesof thefactorRBE for sometissuesuchasthecentral
nenoussystemwhichhaveto besparecasmuchaspossible Preliminaryresultsshow that
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therewereno major healthytissuemorbiditiesandthat carbonion therapy is a promising
modality for cancertreatment.Trials are plannedto continue,expandingeventuallythe
rangeof ion speciego silicon or argon (for tumorslocatedcloserto the surface),with the
hopeto determingheappropriateole of ionsin radiotherap.

At theGSlheary-ionresearcltomplex in Darmstad{Germaly), anexperimentakan-
cer treatmentprogramis undervay, to continuefor five yearsandto include about350
patients[18b,11j]. The main objectve of the programis to testa novel, mostadvanced
methodof beamdelivery by usingtwo-dimensionamagnetiaasterscanningcoupledwith
an active acceleratoenegy modulation. An ionization chamberin front of the patient
measurethe numberof ionsataspecificpointin thetumorvolumeandcontrolsthespeed
of scanningAfter the successfutonclusionof the clinical trials the planis to designand
build ahospitalbasedacility.

5. Typesof accelertorsfor light ion therapy
5.1. Cyclotrons

Cyclotronsare machineswith a constantmagneticfield and a fixed frequeng of the
acceleratingoltage.Theinjectionof the beamfrom theion sourcejts accelerationn the
machineandejectionarea continuousprocessthe extractedbeamhasa fixed enegy and
its intensitycanalsobe continuouswhich canhave advantagesvhenscanninghe tumor.
While cyclotronsdeliveringprotonbeamswith enegiesupto 230MeV have alreadybeen
developedby industryto operatan a hospitalervironment,their applicationasaccelera-
torsfor light ion therayy is not very feasible.Theenegy pernucleonneededor the same
penetratiordepthis higher alsothe chageto massratio of ions comparedo protonsis
lower; becaus®f thesefactors a standard-desiglight-ion cyclotronfor cancertreatment
would have a prohibitively large magnet. The only cyclotron even consideredor light
ionswaspartof the now abandonedturopearlight lon Medical Acceleratof EULIMA)
Project.In orderto reducethe large size and weight of a standardnagnet,a supercon-
ductingsinglecoil designwasconsidereénddevelopedfor EULIMA, having anexternal
radiusof only 2.32m. However, thecyclotronwasnotthe preferredchoicefor this facility
becausdhe requiredsuperconductingechnologywas very sophisticatednot justifying
otheradwantage®f a cyclotron.

5.2. Linearaccelentors

Corventionallinearacceleratorareusuallyvery low duty-factormachinesdelivering
highion beamcurrentdn shortpulsegof abouta millisecondduration),oftenfor injection
into the next stageacceleratosuchasa synchrotronThey canacceptandacceleratéons
having a certainratio of the chage to massanddeliver a beamwith an enegy fixed or,
at best,variablein large steps.Althoughthe extractionefficiencgy is closeto 100%,there
arepresentlyno linearacceleratorsisedfor eitherprotonor light ion therapy (therewasa
proposato usea smallfractionof theprotonbeamfrom the BrookhavenNationalLabora-
tory’s200MeV linearacceleratofor cancettreatmenbut it wasdecidednotto proceed).
Linearacceleratoraremachinesequiringalargespacethey areexpensveto build andto
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maintainandbeamcharacteristicarenot mostfavourablefor radiotheray. Improvedper
formance(broaderspectrunof ion speciesa higherduty factor, someflexibility in output
enegy, reducedsize)canbeachievedby usingsuperconductingavities but thisis againa
sophisticatedechnologywhichis notvery suitablefor a hospitalernvironment.

5.3. Syntrotrons

A synchrotrons apulsedacceleratgmith particlesmoving onaclosedapproximately
circulartrajectorywherethe magnetidfield andthe frequeng of the accelerating/oltage
vary in time asthe enepgy of particlesincreasesThe pulserate of a synchrotronis of
the orderof 1 persecondor lessexceptfor very large machinesandthe duty factorcan
be ashigh as50%. The enegy of the extractedbeamdependson the final value of the
magneticfield andcanbe changedn a pulse-to-pulsdoasis,which makesthis type of a
machinevery well matchedo the depthscanningoy beamenegy modulation.Although
the extractedbeamintensityis lower thanfrom eithera cyclotron or a linearacceleratar
by a properdesignit canbe madesuficiently high for ary ion speciesandfor treatmenbf
tumorsat ary depth.Otherextractedbeamparameterssuchasemittance gnegy spread
or time structure canalsobe matchedo the needsof the beamdelivery system.Due to
its advantagesflexibility in outputenegy andion speciesa sufficientintensity areliable
operationand a moderatesize and cost, a synchrotronis the machineof choicein all
projectsfor light ion treatmenbf cancer

6. Lightion facilities, existingandfuture
6.1. History: BEVALAC Program

Althoughthefirst acceleratiorof ionsheavier thanheliumwasaccomplishedn 1971,
clinical trials hadto wait until 1975for the completionof the BEVALA C complex con-
sistingof the synchrotrorBevatronandthelinearacceleratoSuperHILAC servingasits
injector. The beamresource®f this facility weresharedbetweerthe nuclearphysicsre-
searchandbiomedicalstudies.Thereweretwo treatmenrooms,both utilizing horizontal
beamsinitially ascatteringsystenmwith two foils wasusedto spreadhebeambut uniform
fieldslargerthan20 cm diametemweredifficult to achieve without a significantdeteriora-
tion of beampropertiesIn 1983,a magneticwobblersystemwasinstalledconsistingof
two orthogonatipole magnetsanddeliveringthebeamin a setof concentriccircles,their
radii controlledby theamplitudeof themagnetoil currents A moreadvancedasterscan-
ning systemwassubsequentlgevelopedandcommissionegust beforethe shuttingdown
of thefacility in 1993.In the retrospectthe main drawbacksof the BEVALA C program
werethe difficulties in runninga machinefor two differentprogramswith differentre-
quirementsratherhigh operatingcosts,beamcharacteristicsiot optimizedfor medical
applicationsand a relatively high incidenceof breakdevns which is not acceptabldor
routineradiotherap.

6.2. Lomalinda protonsyndirotron
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Althoughthis machinewasnot designedor light ions, thereview of existing facilities
will begin with the protonsynchrotrorat the University at LomaLinda becausat is the
first synchrotrorbuilt for ahospitalandusedexclusively for medicalapplicationg4g,11k].
Theengineeringlesignandfabricationof theacceleratoandbeantransporsystemsvere
doneby the FermiNational Acceleratoaboratory(Fermilab),beginningmid-1986.The
maximumenegy hasbeenchosento be 250 MeV, sufiicient to treat even the deepest
tumors.A duoplasmatroprotonsourcefeedsa2 MeV radiofrequeng quadrupoldRFQ)
which senesasan injector into the synchrotron.The machineis weakfocusing,which
madeit simplerbut it mayhave limited theintensity In theyear1990,thefirst patientwas
treated,and sincethenthe facility hasbeenfully commissionedo includethreegantry
roomsandonefixed(horizontal)beamroom. Theoperationof the machineitself hasbeen
very satistctory it was stable,reliable and reproducible.lt will be very interestingto
comparethe experiencewith this facility with the MGH new cyclotron facility, soonto
becomeoperational to seewhethera single approachn the designof a protonfacility
is sufficient or whetherboth shouldbe pursued As areferencejt canbe mentionedhat
LomalLindasynchrotrorcouldaccelerat@eavier particles suchasfully strippedonsfrom
heliumup to possiblyneon,but with a muchlower intensityanda final enepgy just below
70 MeV/u, whichis barelysufiicientto irradiateeventumorsvery closeto the surface.

6.3. HIMAC facility (Chiba)

The Heary lon Medical Acceleratorin Chiba(HIMAC) is thefirst andonly light ion
acceleratoin theworld which hasbeendesigneapecificallyfor medicalandradiobiolog-
ical applicationg7g,7h,7i,19,18c] The parametersf the machinewere definedbroadly
enoughto cover possiblefuture requirementgor heavier ion speciesand a highermaxi-
mumenegy. Therangeof availableionsgoeghusfrom heliumto argon,andthemaximum
enegy waschoserto be800MeV/u for silicon, sufficientfor apenetratiordepthof 30cm
(for argonionsthe maximumenegy is 700 MeV/u, which is sufiicient for their optimal
application,treatmentof tumorscloseto the surface). The requiredbeamintensity was
determinedn the basisof the doserate of 5 Gy/min, for a field sizeof 22 cm diameter
This doserate requiresintensitiesrangingfrom 2.7 x 10° particlesper second(pps) for
argonto 1.2 x 10 ppsfor helium;for carbonwhich is presentlyusedfor clinical trials,
therequiredintensityis 2 x 10° pps.Synchrotroris the only acceleratocapableo satisfy
the requirementdor sucha broadrangeof ion speciesbeamintensitiesand enegy. In
orderto achieve suchaflexibility andincreasehereliability of thefacility, it wasdecided
to build two synchrotrorrings, oneon top of the other The upperring wasdesignedor
a somavhat lower enegy, 600 MeV/u maximum,andit deliversa vertical beamto two
treatmentoomsanda horizontalbeamto a roomfor radiobiologicalstudies.The lower
ring deliversa horizontalbeamatthefull enegy of 800MeV/u to two treatmentoomsas
well asa beamfor generalstudies.Becauseof a muchhigherrigidity of light ionsto be
usedin theray comparedo protons(for the samemagneticfield the radiusof curvature
hasto be larger by a factorof about4 for heaviestions and highestenegy) gantriesfor
light ionswould have to belargerby a similarfactorandmostoftenarenot consideredor
usein light ion facilities.

The detaileddesignandarrangementf the elementf the injector weredetermined
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by the beamparameter®f availableion sources.Therearetwo ion sourcesusedin the
injector, a Penningsourcewith a hot cathodesuitablefor ionsfrom heliumto neonandan
electroncyclotronresonanc€ECR)ion sourcefor elementaip to argon. Installationof an
upgraded=CRion sources undervay, to provide thefacility with evenheavier ions,such
asFe.Thetwo selectedsourceslo not producefully strippedions,whichis arequirement
for accelerationn the HIMA C synchrotronjons have to befirst acceleratedo anenegy
high enoughto achiese anefficient strippingto barenuclei. Thefirst stageof acceleration
is donein a radiofrequeng quadrupoleRFQ) acceleratgrdesignedo acceptionsin a
low chage state(relative chage to massratio g/m > 1/7); suchalow valueof the ratio
g/mdictatesthatthe RFQhasto beverylong (I = 7.3 m) which complicateghe design.
Theoutputenepgy of the RFQis still nothigh enoughto achieve afull stripping,andions
arefed into a24 m long Alvareztype linear acceleratowheretheir enegy is raisedto 6
MeV/u; this is sufiicient to achieve a high fraction of barenucleiwhenthe beampasses
througha thin carbonstrippingfoil. The size of thering is primarily determinedby the
final, maximumion enegy andat HIMA C the circumferencas 130 m. The focusingis
strong,of the separatedunctiontype. The maximumdipole magneticfield is 1.5 T, with
arisetimeupto 2 T s~1. Repetitionratecanbe variedbetweerD.3and1.5Hz, with aflat
top of upto 400ms. For acceleratiorof heavier ions (Fe), thetwo ringscould beoperated
in cascade.

Thebeamdelivery systemis standardyith two orthogonalwobblerdipole magnetso
cover therequiredtargetfield, a scatteretto achieze a smoothettrans\ersedosedistribu-
tion, aridgefilter to broaderthe momentunspreadandthusthe Braggpeak,andarange
shifterto changethe beamenegy. Althoughthe synchrotronenegy canin principle be
variedon a pulse-to-pulséasis,the necessarynstrumentatiorand controlshave not yet
beeninstalledandtheenepy is variedby meanof rangeshifters. Themaximumfield size
is 15x 22cn?.

TheChibafacility is partof thenationalprogramto combatcanceydevelopedn 1984.
Theconstructiorstartedn 1988, machinesverecommissionedn 1993andclinical trials
startecthe following year The costof thefacility washigh, morethan300million dollars
(M$), with yearly operatingcostsof 45 M$. The whole systemoperateswell, reliably
andreproducibly;at presentthemostimportantimprovemeniprojectdealswith removing
ripplesandfluctuationsin the extractedbeam.

6.4. GSlfacility

Theuseof light ionsfrom the GSI synchrotrorSISin radiotherag wasconsideredit
the time of the proposalfor the machineitself, but its realizationhadto wait until early
1990%5[18b,4h,20a,18d]At thattime, therewasalreadysomeexperiencegainedat LBL
with its BEVALA C facility, shaving betterresultsin treatmenbf severaltumorscompared
to corventionalradiation.Althoughlight ions,which arehigh-LET radiation,shouldhave
certainadwantageswith respectto low-LET protons,clinical resultsfrom LBL did not
fully confirm that; as one possibleexplanation,it was suggestedhat the dosedelivery
systemat LBL haspermittedanessentiapartof this high-LET radiationto be deposited
outsidethe tumor, thuslimiting the doseto the tumor itself. The objective of the GSI
programhasbeento develop the bestpossibleconformdosedelivery systemandto test
the effectsof light ions undersuchconditions.The machineitself hasnot beendesigned
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with medicalapplicationgn mind, but for productionof all ionsupto uraniumfor nuclear
physicsstudies.Thering is ratherlarge, andthe maximumenepgy reache® GeV/u for

particleswith q/m= 0.5 or 1 GeV/ufor uranium.Theion beamspill may be aslong as
1 to 2 secondsRecentupgradesadasthe objective anincreaseof intensityto the space
chagelimit of thering but the original light-ion intensitywasalreadysufficient for tumor
treatment.ThelinearacceleratotJNILA C senesasthe injectorinto thering; thiswasa
logical solutionbecaus&JNILA C wasalreadyavailableandin operation.

Of the two basicapproachesn the designof the beamdelivery system,the active
beamspreadingnethodwasselectedThe otherapproacha passie systemhasthe dis-
adwantageof irradiating a substantiafraction of healthytissuesaroundthe tumor with
potentiallylethalhigh-LET ions.In the passie systemtheratio of thedosego thetumor
andsurroundingissuexanbeimprovedby a carefuldesignof a numberof beamshaping
modulesfor eachpatient,dependingn the shapeof thetumorandenegy of the beamfor
a particularslice of thetarget; this processs demandingandcostly. A greatdealof effort
wasdevotedto studiesof active systemsat GSI. In principle, this is a simplesystem:the
treamenwolumeis dissectednto slicesof equalthicknessandeachsliceis irradiatedsep-
aratelyby moving the beamacrossts cross-sectionThe shape®f consecutie sliceswill
be quite differentonefrom the other Therefore usingthe actve beamdelivery it should
bepossibleo treattumorsof ary shapeThecontrolof beamenegy to matchthe depthof
asliceis doneby modulatingthe acceleratoandbeamtransferine parameters.

To scanthebeamlaterally, acrossaslice,two differentmethodshave beenconsidered,
rasterandvoxel scanningln therasterscanningthebeamis movedcontinuouslyoverthe
slice, andthe writing speedis adjustedaccordingto the requireddosefor the particular
spot. In the voxel scanningthe beamstaysat a spotlong enoughto deliver the required
dose thenit is turnedoff andmovedto the next spot.In the practicalrealization thereare
nofundamentatlifferencedetweerthetwo methodsandthey botharecapableof creating
theproperdosedistribution. While themotionof thebeamacrosghesliceis in principlea
matterof controllingthe elementf thebeamtransfedine to matchthe shapeof theslice,
it is much more comple to properly deliver the neededdoseto eachvolume element.
First, the beamwith its enegy adjustedo placethe Braggpeakinto the distal slice will
deliveradose althoughower, to all slicescloserto thesurface. Thedoseto bedeliveredto
ary subsequerglice hasto take into accounwhathasbeenpreviously depositedSecond,
light ions are subjectto fragmentatiorwhenpassinghroughthe matterandthoselighter
fragmentanayhave adeepepenetrationdeliveringacertaindosebeyondtheBraggpeak,
i.e. in the healthytissuebeyond the tumor (Fig. 6). Third, the relative radiobiological
efficiengy will be a very comple function of mary parameterssuchas particle enegy;,
nuclearfragmentationand propertiesof differenttissues;it will have to be estimatedn
the bestpossibleway to determinewhatdoseto deliver to eachvolumeelementandthen
properlyinstructthe beamdelivery system Thelastproblemremainingis to measuren-
line the dosethat hasbeendeliveredto a certainspotandthen give the signalto move
the beam;faston-line ionizationchambersare usedfor that purpose.On-line control of
the dosedistribution hasan additionaladvantage:the systemwill be muchlesssensitve
to ripple or fluctuationsin the extractedbeamintensitywhich wasof primary concernfor
passve systems.

The extractedbeamenengy is changedby varying the parameter®sf the machine;a
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largenumberof fixedenegy valueshave beerselectecdndcorrespondingnachinesettings
storedin acomputeyto enablea pulse-to-pulsehangeof enegies.Theapproactselected
by the GSlis evidently themostadvancedandshouldbe capableof adjustingthedelivered
doseto the shapeof the tumorwith the minimumdamageo the healthytissuesin afew
yearswhenthefirst resultsareknown, it will be possibleto comparenot only the passie
methodasusedat the HIMA C with the GSl active method but alsoto determinevhether
abetterdosedeliverywill prove expectedadvantage®f light ions.

A few yearsago,asanexercise,a medicalsynchrotrorfor light ionswasdesignedat
GSI. Themaximumenegy was480MeV/u, for all speciesup to neon;the intensitywas
choserratherlow, 108 neonions per secondresultingin a smallervacuumchamberThe
sizeof themachinewasalsorelatively small,about50 min circumference.

6.5. COSYracility

The coolersynchrotrorand storagering COSY, recentlyput into operationat Julich,
Germaly, hasalsobeenconsideredor medicalapplicationg20b,111]. Althoughprimarily
aprotonmachineintendedor nucleamphysics,t shouldbe capablgo acceleratdight ions
up to neon.At the maximummagneticfield, the enegy of light ionswould be similar to
thatof the HIMA C facility but substantiamodificationsof theinjectorwould berequired
to expandthe rangefrom protonsto light ions. Thereareseveral areasof studiescovered
by the proposedmnedicalprogram,amongthem comparisorof actve and passie beam
spreadingsystemsireatmentswith a fixed horizontalline vs. arotatinggantry andasa
long rangeobjective, the comparisorof protonsandlight ions. As this facility will remain
primarily a nuclearphysicscenter the numberof patientswill belimited to about100per
yearif atsomefuturetime clinical trials begin.

6.6. TERAproject

The TERA projectis anambitiousstudyby alargecollaboratiorof Italianinstitutions,
universitiesandhospitalswith the goalof establishingan Italian centrefor hadrontherap
[1,21,11m].Theinitial goalhasbeenlaterbroadenedo form awhole network of facilities
for hadroncancertreatmentgcalledRITA. This network would consistof the oncological
hadrontherapcenterlinkedwith severalcentersdevotedto protontheragy andwith other
hospitals For the oncologicalcenter the studyconcludedhatthe bestoptionwould be a
synchrotrorservingfor acceleratiorof H~ andlight ions. Protonswithin anenegy range
of 60to 250 MeV would be generatedt extraction,by strippingof acceleratedi™ ions.
The samering could be upgradedn the future to acceleratdully strippedlight ions up
to oxygen,at enegiesbetween120 and400 MeV/u. Whenoperatingwith H™ ions, the
ion sourcewill be followed by an RFQ with the outputenegy of 2 MeV, the beamwill
thenbefurtheraccelerateéh alinearacceleratoupto anenepgy of 11 MeV andinjected
into the synchrotron For light ions, the choiceof theion sourceis of crucialimportance
for the designof theinjectoritself. Two ion sourceshave beenconsidereda Penningion
sourcedeliveringhighion currentsbut in low chagestatesandanECRion sourcewith a
loweryield but with higherchage statesThefirst injectordesignwasbasedn aPenning
sourcedelivering O?* ions; this would be followed by anRFQto raisethe enegy to 250
keV/u.Thefinal stageasynchrotronneeddully strippedonsfor injectionandlow chaige
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stateoxygenions have to be pre-acceleratetb anenegy high enoughto achiese the full
stripping. For the TERA project, the processof raising the chage statewould proceed
in two steps.After the initial acceleratiorin the linear acceleratoto an enegy of 850
keV/u, the optimum chage stateafter strippingis 0%t this will be followed by further
acceleratiorto 3 MeV/u, sufficient for a goodyield of fully strippedoxygenions. This
is a rathercomplex schemeandnot very efficient becausét requiresa two-sectionlinear
acceleratgrwith onestrippingfoil insertedbetweerthe sectionsandoneatfterthe second
section.Although the yield of the optimum chage stateafter the strippingfoil is much
lower thanthe beamintensity beforethe folil, it is expectedthat the synchrotronoutput
wouldbesuficientto delivertherequireddoseto thepatient.BothinjectorsH™ for proton
therafy andthelight ion injector, would requireaboutthe sameinjection magneticfield
which simplifiesthe operation.The designvalue of the maximummagneticfield needed
for acceleratiorof fully strippedoxygenionsto anenegy of 400MeV/uis 1.4T; for the
maximumenegy of H™ ionsof 250MeV thefieldis only 0.537T whichallows anefficient
acceleratiorwith very smalllossesdueto strippingof H™ ionsin the magneticfield. The
proposedatticeis of thestrongfocusing,separateflinctiontype,with acircumferencef
about60 m. Therepetitionrateis 2 Hz for H™ operationandl1 Hz for light ion operation;
theflattopis 0.3s.

Theoncologicatentethasbeendesignedo havefivetreatmentooms two with proton
gantriescapableof handling250 MeV beams,oneroomwith full enegy horizontaland
verticalprotonbeamspneroomwith two lower enegy horizontalbeamdor treatmenbf
eye, headandnecktumors,andoneroom devotedto future light ion therayy; therewill
alsobe an experimentalroom for protonsandlight ions. Whenfully in operationabout
1000patientscouldbetreatedoeryear At this stageof the project,bothpassie andactive
beamdelivery systemsareunderconsiderationlt shouldbe mentionedhataspartof the
TERA project,otheroptionsfor protonacceleratiorhave alsobeenconsideredsuchasa
compactsynchrotroranda compactigh frequeng linearaccelerator

6.7. Hyago project

In additionto the HIMA C facility, which hasbeenput into operationa few yearsago,
thereis anotherproton/lightion facility underconstructionin Japan.This is the Heary
lon Medical AcceleratoProjectby Hyogo Prefecturésovernmen{7j], plannedor initial
operationin the year2001. The facility will useprotons,helium and carbonions, with
enegiesup to 230MeV/u for protonsandheliumandupto 320MeV/u for carbon Beam
intensitieshave beendeterminedrom the requiremenfor a doserateof 5 Gy/min deliv-
eredto atamgetvolumeof 15cmdiameterandafully extendedspread-ouBraggpeak.lon
beamenepieswill allow apenetratiordepthof 30 cm for protonsandheliumionsand20
cm for carbonions. Therepetitionrateof the synchrotrons 1 Hz for protonsand0.5Hz
for otherions, with a spill lengthof 0.4 s. Therewill befive beamlines,threefor helium
and carbonions (one horizontal,one vertical and one 45° oblique line) andtwo proton
lineswith gantriesFor theinitial operationa passie beamdelivery systemis ernvisaged.

6.8. Med-AJSTRON initiative
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Theinitiative Med-AUSTRON wasestablishedh 1995with the objective to studythe
feasibility for a protonandion canceresearctcenterin Austria. Studiesareongoing,in
collaboratiorwith the TERA FoundationCERNandGSI,andtheresultswill bepresented
at a meetingscheduledor October1997.Preliminaryparametersf thering areslightly
differentthanin the original TERA proposal.althoughthe machineis still designedor
protonsandlight ions. Thelight ion speciexonsideredn this studyis carbon(aspresently
usedat ChibaandGSl facilities), with a maximumenegy of 425MeV/u. Thering hasa
larger circumferencey1 m, but this increasein sizewould addvery little to the overall
costof thefacility. In additionto thestudiesof slow beamextractionfrom thesynchrotron,
therearea numberof relatedissuesto be coveredaswell, suchasbeamstability during
thespill andpassve andactive beamdelivery options.

6.9. BNL booster

At Brookharen National Laboratory Upton, U.S.A., thereis a 200 MeV H™ linear
acceleratorjt wasrecentlyproposedo usea small part of the beamfor protontheragy
but the plan was abandonedecauseof difficulties in schedulingthe two applications,
high enegy physicsand medical, without one interfering with the other[10]. Another
acceleratgraboosteisynchrotronwasdesignedndconstructedo sene asinjectorof ary
ion specieqgprotonsto uraniumions) into the Alternating GradientSynchrotron(AGS).
The maximumenepgy aswell asbeamintensitieshave beendeterminedy the needsof
the AGSring, andfurther, of the Relatvistic Heary lon Collider (RHIC), presentlyunder
constructionandaremorethansuficientfor any medicalapplication For light ionssuch
ascarbonor oxygenthe AGSBoosteris capablepsingthe existing tandemvande Graaf
injector, to provide a sufficientbeamintensityat any enegy requiredfor tumortreatment.
Otherion speciegnitrogen,neon)would needa new ion sourceandinjector to replace
the tandem.Thereis a proposalto utilize the Boosterbeamfor radiobiologicalstudies
of interestto NASA with ionsup to iron, but patienttreatmenthasnot beenincludedin
the proposal By addinga new ion sourceandinjector, it would be possibleto extendthe
rangeof parametersf the Booster(ion speciesgnengy, intensity)andchangethemon a
pulse-to-pulsdasis.Theinterferencevith the principalmodeof operatiorof the Booster
which s acceleratiorof ionsfor injectioninto the AGS, would be minimal becauséAGS
andRHIC will needthebeamonly partof thetime.

7. Adedicatedight ion facility for cancertreatment
7.1. Acceleantor

The analysisof light ion beamparameterstequiredfor tumor treatmenthasshavn
that of the threetypesof acceleratorgonsideredn this report,it is only a synchrotron
thatis capableto deliver beamsof differentspecieswith anenegy variableon a pulse-
to-pulsebasisanda duty factorof the extractedbeamwell matchedo eitherthe passie
or actve modeof beamdelivery [4i,4]]. A cyclotronis a machinedesignedor a fixed
enegy andrangeshiftershave to be usedif lower enegiesare needed;this may result
in a deteriorationof beamproperties,one of the mostimportantcharacteristicof light
ions. Corventionalcyclotrondesignswhenextendedto light ions,leadto very large and
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massve machinesTherefore superconductinghagnetshave to be consideredEventhis
technologyrequireslarge units anda very sophisticatedlesignwhich is not very suitable
for ahospitalervironmentA linearacceleratofor ion enegiesof interestin tumortheragy
is averylong andexpensive machinealthoughit is in principlepossibleto designalinear
acceleratofor handlingdifferention speciesandevento modulatéts final enegy, thereare
otherdisadwantageshatprecludehis option.Ontheotherhand,anumberof synchrotrons
have beenconstructedofar, atanacceptableost,for differentpurposesindabroadrange
of parameterg§ion speciesenepy, duty factor durationof theflat top). They performwell,
reliably andwith a goodreproducibilityandthey areaccelerator®f choicefor light ion
tumortherapy.

Thesynchrotronatticedesignshave beenperfectedo ahigh degreeandatpresentt is
possibleto find adesigncloseto theoptimumfor givenbeamparametersTheexpertisefor
aproperdesignexistsat mary laboratoriesaroundtheworld, andindustrymaybewilling
to participatein the constructionjn collaborationwith oneor morelaboratoriesExisting
designssuchasTERA or Med-AUSTRON, cansene asthe basisfor arny new light ion
facility.

7.2. lonsources

Thereis, however, oneelementof the acceleratorwith someroom for improvement.
This is the precedingstage,the injector Sereral considerationsequirethat only fully
strippedions be injectedinto the synchrotron.First, the acceleratiorefficiency depends
onthe chage stateof ions, thereforethe sizeof the machine jts costandtime for ionsto
reachthe final enegy will alsodependon the chage state;this is why the injectorinto
the synchrotronhasto producefully strippedions (barenuclei). The samerule applies
to the injectoritself: a higherchage stateof ions producedn the sourcewill resultin a
moreefficient acceleratioranda smaller simplerandlesscostly injector. The designof
the Chibafacility illustratesthis point: the beamfrom the ion sourceis acceleratedn a
7.3m long RFQ,followedby a 24 m long linearacceleratqrall in orderto give partially
strippedionsenougheneny for anefficientfull strippingatinjectioninto thesynchrotron.
Thesecondalsoimportantconsideratiorarelossef ionsin collisionswith moleculeof
theresidualgasin thevacuumchamberthey will belowestfor fully strippedions.

7.2.1. Low charge stateion sources

A typical representatie of low chage stateion sourcesandalsoonestill frequentlyused
in acceleratorgs thePenningor PIG (from PhilipslonizationGauge)jon sourcelt is very

simplein principle, consistingof two cathodegplacedat eachendof a hollow, cylindrical

anode;the electrodestructureis immersedin a magneticfield. Electronsemittedfrom

eithercathodereacceleratetly thecathodeeslectricfield into thehollow anodenvherethey

aretrappedandforcedto make mary oscillationsalongthe magnetidield linesbeforethey

arelostto the anode Electronswith a sufficientenegy will ionize particlesin the source
volume and a plasmawill be createdthere. Penningsourcesare capableof producing
copiousion currentsof ary elementbut in aratherlow ionizationstateandwith a broad
chage statedistribution; the reasonfor the former is a relatively low cathodeto anode
voltagethatthe plasmain the sourcecansustain.
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Thestandardpproachn thedesignof ahighenegyion acceleratofsuchasfor cancer
treatment) pasedon a low chage stateion source|s to selecta chage statewith a suffi-
cientintensity thenpreaccelerattheionsto anintermediatdevel andpassghemthrougha
thin strippingtarget. At theexit of thestripper chagestatesof ionswill behigherthanbe-
fore but their spectrunwill bebroaderthepriceto payis thefactthatunwantedstateswill
haveto berejectedresultingin asubstantialossof intensity In somecasesheproceshas
to berepeatedbncemore, by furtheracceleratiorandfinal strippingbeforeinjectioninto
thesynchrotronaswasproposedor thefirst TERA project.lt is evidentthatthis scheme,
althoughbasedon a simpleinexpensve ion source could be morecostly concerninghe
overall acceleratiomprocesstself.

7.3. Intermediatecharge stateion souices- ECR

An electroncyclotronresonanc€ECR) ion sourceis againa magneticelectrontrap,
whereaplasmas createcandmaintainedn aweakmagnetidield. lonizationis performed
by fastelectrongn a step-by-steprocessresultingin anincreaseof the averagechage
stateof ions.Electronsareheatedy highfrequeng electromagnetiwavesintroducednto
theplasmaghereis aregionin the plasmawherethewave frequeng is in resonancevith
themagnetidield. ECRion sourceshave beenin awide usefor severaldecadesthey are
reliableandeasyto operate althoughmuchmoreexpensve than,e.g.,a Penningsource.
They arecapableof producingntermediatehagestatef mary elementsypto uranium,
but their performancawvith light ionsis whatis relevantfor medicalapplicationsThebest
yields of carbonor oxygenions of modernECR ion sourcess in the helium-like state,
with two electronsremaining,while for heavier ions, the optimumchauge stateis lower.
Still, an ECRion sourcefor usein a medicalacceleratowould requirejust onestripping
stageto producebarenuclei,with thefinal yield notmuchdifferentfrom aPenningsource.
This type of ion sourceds beingusedor proposedasan alternatve to Penningsources,
e.g.,atChibaor in the TERA proposal.The work onimproving ECR sourcesds goingon
at mary laboratoriesput it is doubtfull that enoughprogresswill be madeto producea
high enoughyield of fully strippediight ionsin aforeseeabléuture.

7.4. High charge stateion souices- EBIS

An electronbeamion source(EBIS) is a device whereelectronsaandionsareconfined
in a combinationof electrostaticand magneticfields. The magneticfield is solenoidal,
servingto compresandconfinea high-current-densitglectronbeam.The negative space
chageof electrongonfinegheionsradially while a systemof coaxialelectrodegonfines
themaxially via properlyselectedpotentials.The procesf ionizationis againstep-by-
step,in collisions betweenfastelectronsin the beamand confinedions. An EBIS is in
principle a pulseddevice, wherethe processstartswith the injection of neutralparticles
or very low chage stateions of the desiredspeciesDuring the confinementime, which
canbe chosemat will, the chage statedistribution of confinedions movesfrom lower to
highervalues;the final distribution depend®n the electronbeamcurrentdensityandthe
confinementime. Thesetwo parametersanbe easilyadjustedso thatthe sourceis able
to produceary ion speciesin ary chage state(e.g., fully strippeduranium). For light
ions up to neon,satishctoryyields of barenuclei have alreadybeenachieved, while for
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heavier ionssuchasargon,yieldsarestill too low. The comparisorof performancesf an
ECR sourcewith an EBIS is not straightforward: an ECR sourceis in principle a device
delivering a certaincurrent,while an EBIS deliversa certainpositive chage depending
on the electronbeamparametersand size of the device. Thusthe ion currentfrom an
EBIS will dependalsoon the selectedvalueof theion pulselength,which is adjustable
within a certainrange. The latter property of an EBIS makesthis sourcevery suitable
for injectioninto a synchrotronbecause very high currentcanbe injectedinto thering
duringashortinterval. At presentthework on EBIS developments proceedingt several
laboratoriesand within a few years,a simple, room-temperatureevice shouldbecome
availabledeliveringion intensitiesneededor medicalsynchrotronsThe mainadwantage
of anEBIS s its possibility of producingfully strippedions, up to neonwith a sufficient
intensity eliminatingthusthe needfor ary strippingbeforeinjectioninto the synchrotron
andmakingtheinjectorshort,simpleandlessexpensve. Any sourceof fully strippedight
ionshasto beextremelyclean,to avoid ary contaminatiorof the extractedbeamwith ions
of unwantedspeciehaving the samechaige-to-massatio.

7.5. Injector

The simplestdesignof aninjectorresultsif the sourcecandeliverfully strippedions.
At presentit is only an EBIS thatis capableof delivering suficient intensitiesof fully
strippedions,but shouldan ECR be developedin the futurewith the similar performance,
the choicewill bebetweerthesetwo types,with othercharacteristicglecidingwhich one
to use.In ary casetheonly acceleratostagebetweerthe sourceandthe synchrotrorring
will bejustashortRFQ,with anenegy high enoughto accelerat@andinjecttherequired
numberof ions. Elimination of strippingfoils will make the designsimplet morereliable
andeasietto operate.

7.6. Beamdeliverysystem

Theonly beamdelivery systenpresentlyin useon protonandlight ion acceleratorfor
tumortreatments of the passie type. The actve-typesystemswith acceleratoenegy
modulationandbeamrasteror voxel scanningwill betestedn the nearfutureatthe GSI
facility. Althoughactive systemseento bemorecomplex, oncetherequiredechnologyis
developedacceleratocontrols beamintensitymonitoringandcontrols,interfacebetween
thebeamdelivery systemandpatient)the mostimportantelemenwill beto determinghe
exactlocation,shapeandpropertieof thetumor, aswell aspropertiesof tissuesaheadof
thetumor. Theknowledgeof the propertiesof healthytissuess of crucialimportancenot
only becausehey will determinewhatwill happerto the beamwhenpassingowardthe
tumor, but becausét will seneto estimatehedosedeliveredto healthyorgansHowever,
thedesignof theacceleratoshouldbesuchasto satisfytherequirementsf eitherapassie
or anactive beamdelivery system.

8. Costeffectivenessf light-ion cancertherapy

Therearetwo issuesto considerwhen estimatingthe cost effectivenessof light ion
cancertherapy: costsof treatmenif a patientascomparedvith othermodalitieshaving

202 FIZIKA B 6 (1997)4,177-206



PRELEC: IONS AND ION ACCELERATORSFOR CANCER TREATMENT

similar prospectgor cureof cancerandcostsof treatmenof a patientfor whomthereare
no other(or better)modalitiesfor curecomparedo costsof otherlife-saving procedures.
While the first issueis the questionof economics how to find the most cost-efective
treatmenif severalmodalitieswith similar outcomesareavailable,the secondssuebor-
derswith the questiorhow to determinevhoselife shouldbe saved.

Oneof themostthoroughanalyse®f costsof a proton/light-ionfacility hasbeendone
for the TERA project[21]; estimategreavailablefor afew otherprojectsaswell [2,3,10].
The Phasd of the TERA projectwould belimited to productionanduseof protonsonly,
while the additionof light ionsup to oxygenhasbeenconsiderecsanupgradeThetotal
costof thefacility hasbeenestimatedat about$M 50, with the light-ion upgradeadding
about$M 7.5; this includesmanagemeninstallationand commissioningcostsand 15%
contingeng. It is interestingo notethatthe acceleratoitself contributeslessthan20%to
thetotal constructiorcostof the facility. To estimatethe costof the treatmenper patient,
several assumptiondiadto be madein the proposal;the first was aboutthe numberof
patientghatcouldbetreatedperyeat After aninitial periodof two yearsandoperatiornin
two shifts,aboutl 000 patientscould betreatedperyear(this numbercouldbeincreased
by addingmoretreatmentoomsor by operatingn threeshiftswhichis astandardnodeof
operationat nuclearor high enegy physicsmachines)Assuminga 25 yearamortization
andincluding the operatingcosts,the estimatedcostper patientwas about$ 15 000 for
protontherayy; light-ion theragy would be more expensve by about20%. A somevhat
lower estimatehasbeenarrived at for a Germanproject. If, instead,1 500 patientsare
treatedperyear the costwould be reducedcorrespondinglyTherearetwo major proton
therapy facilities in the United States,L oma Linda and Harvard Cyclotron Laboratory;
their chageshave beenquotedin a wide range,from $ 10 000to $ 60 000, depending
on the numberof sessionsAt presentthereareno light-ion facilities either existing or
proposedo bebuilt in the United States.

It is not easyto comparethesecostswith othermodalitiesfor cancertreatmentagain
becausef abroadrangeof costsfrom onecountryto anotheranddependingpntheextent
of thediseaseln Germaly, theaveragecostof corventionalradiotherag amountgo about
$ 5 000, but the modernconformalradiationtreatmentwould be more expensve; onco-
logical suigeryis moreexpensve, on the averageabout$ 10 000,andchemotherapeven
more,upto $40000.In USA, thestructureof costsis different,sothate.g.anoncological
suigery may easily cost$ 25 000. From thesedata, it would follow that a protonther
apy treatments abouttwice asexpensve ascorventionalradiotherap, while thelight-ion
treatmentmay be up to threetimesmore expensve. Averagecostsof protontheragy are
comparableo oncologicalsumgery, but lower thanfor chemotherap However, thereare
otherfactorsto betakeninto accountsuchasthelengthof the stayin the hospital(which
in somecasess themajorcontritutionto thetotal cost),overalltreatmentime, quality of
life andsocio-economidlisruptionof life, andacuteandlong-termmorbidity. Whenall
thesefactorsareincluded,it maywell bethata somevhatmoreexpensve modality, such
asradiotherapg with protonsor evenwith light ions,would be preferable.

Finally, addressinghe secondssue,one shouldconsidercostsof othersocially and
economicallyacceptabléreatmentssuchasbonemarrav transplantatiomvhich may cost
up to $100000,andhearttransplantationvhich may costup to $ 140000for the suigery
aloneandfurther several hundredthousandor hospitalanddrug costs.The latter proce-
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dure,long termlife-saving, is presentlyin about60% of caseslimited not by the costsof
the treatmenttself but by the numberof available organs.However, this issueis beyond
thescopeof thisreport.

9. Conclusions

Light ions have several distinct characteristicthat seemto offer a more promising
treatmenbf sometypesof cancerthanothertypesof radiation.Their physicalselectvity
in thedosedeliveryis very good,with lower scatteringandenhanceenegy depositionat
theendof thetrack.Radiobiologicapropertiessuchasa reducedsensitvity to the phase
in the cell cycle, alower oxygenenhancememtio andhighervaluesof factorsLET and
RBE alsoseemattractve andadwantageousor cancertreatmentAnalysesperformedfor
several projectshave shovn that thereare a numberof typesof cancerwherelight ions
may offer amuchbetteror theonly prospecfor cureand,thereforecannotbeconsidered
to competewith establishednethodsut to complementhem.Still, thenumberof patients
treatedsofar hasheenrelatively very smallandlimited to justtwo facilities,Berkeley and
Chiba.Thereareseveralreasondgor thereluctanceo introducethis new type of radiation
asamodalityin cancettreatmentaindwe shalltry to addresshem.

It is a factthat, exceptfor the dedicatedChibafacility, all otheracceleratorgapable
of producingenegeticlight ionswerebuilt for adifferentpurposeandwith differentchar
acteristicgthanneededor thetherajy. Therangeof their parametergion specieseneny,
intensity)is usuallymuchbroaderandthe constructionand operatingcostsmuchhigher
thanacceptabldor medicalapplicationsthefacilitiestendto be complex andnotreliable
enough.Becausdumor treatments not their primary purposethe time availablefor ra-
diobiologicalstudiesandtrialsis limited. The Chibafacility, oncein full operationwill be
ableto supplytheneededon beamsandin afew yearsvaluableexperiencewill begained
aboutthe effectivenessand advantagef light ions. The new Hyogo facility shouldbe
in operationby the year2001 andadd more datato the statistics.With thesetwo facili-
ties, Japarhastakenaleadingrole in exploring the meritsof light ions. Europearefforts,
althoughvery importantfor the progressof the field, areconcentratean limited clinical
studiesat the GSI andon TERA Projectand Med-AUSTRON initiative. If theseefforts
resultin the constructiorof a dedicatedight-ion facility in Europe,this will be againan
importantstepin determiningthe feasibility of light-ion usein cancertreatment.In the
United Statesat presenthereis no ongoingeffort, afterthe closingof the Bevalacfacility.
The only acceleratocapableof producinglight ionsfor cancertreatments the Booster
at Brookhaven National Laboratory but presentlythereare no plansto useits beamsn
medicine althoughit is likely to be usedfor radiobiologicalresearch.

Characteristic®f light ions that make themattractve for cancerntreatmentare also
the reasonthat their applicationis much more critical and complex. Tumor diagnostics
andbeamdelivery systemdecomevery sophisticatedandsodo the acceleratocontrols.
However, aftertheinitial investmentnto thedevelopmenbf the hardwareandsoftwareof
a prototypefacility, the next generatiorshouldbecomesimple enoughto be operatedn
a hospitalervironment.Resultsfrom GSI studiesin acceleratocontrol andactive beam
delivery systemawill beveryimportantfor furtherdevelopments.
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Progressn theuseof conventionaltypesof radiation,includingprotons hasbeensub-
stantialandthe beamdelivery hasmoved closerto theideal,conformtreatmentThis has
beenmentionedasanargumentagainstheintroductionof new typesof radiationin tumor
treatment.However, light ions were never supposedo replacethe methodswhich have
alreadyachievedexcellentresultsbut to try to treatthosecasedor which othermodalities
offer little or no hope.To prove or disprove the expectationsbasedn physicalandradio-
biological propertiesjt is necessaryo broaderthe studiesandclinical trials to getbetter
statistics.

Finally, thereis thequestiorof cost-efectivenessomparedo othermodalities Again,
it may be true that corventionalradiationtreatmentsare lesscostly than one with light
ions, but herethe argumentis the sameasbefore: if light ion treatmentis a muchbetter
or theonly modalityavailablefor certaintumorsites thenthe costshouldbe of secondary
importancegconsideringpthermoreexpensve, but life saving procedures.

To concludefor sucha universalmedicalproblemascanceyit is importantto explore
all avenuego accomplisha cure.Radiationwith light ions offersa possibilityto improve
existing methods put the numberof patientsis still far too smallto reachthe judgement
aboutits benefitsand advantagesin the presentsituation,one cannotexpectthat funds
would becomeavailableto startconstructionof new facilities above thosementionedoe-
fore. It is, thereforejmportantthatthefacilitiesalreadyexisting, includingthosebuilt for
otherpurposeareutilizedasmuchaspossibleor radiobiologicaktudiesandclinical trials
of alimited numberof tumor siteswhereothermethodsfail or arenotvery successfulan
internationakooperatiorwill beindispensabléo achieve thedesiredresults.
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PRELEC: IONS AND ION ACCELERATORSFOR CANCER TREATMENT

IONI | IONSKI UBRZIVACI ZA LIJECENJERAKA

Upotrebaiona visoke enegije te mase do neona pruza zn&ajne prednosti prema
uobicajenimmetodamazratenjau lije€enju nekih vrstaraka. U ovom preglednomradu
izlaZzu se radiobiol&ke zna&ajke viSe vrsta zratenja(fotona, elektrona,protonai iona),
s naglaslom na usporedbaiCinakabrzih ionai drugih vrstazratenja.Nadalje,utvrduju

se parametriionskih snopwa za lijecenjeraka, daje pregled dosadénjeg radau ionskoj

terapiji i klinickim ispitivanjimas protonimai brzim ionima, te opisujususta&i koji su
u upotrebii koji seplaniraju. Na kraju, naosnwi poznatihiskustaa i budutih potreba,
predl&esenajpovoljniji sust& ionskog ubrzivatazalijeCenjeraka.
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