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A scientificreview paper

Energetic ions in the massrangeup to neonmay have importantadvantagesin cancer
treatmentwhencomparedto other, conventionaltypesof radiation.This review will first
considerradiobiologicalpropertiesof several typesof radiation(photons,electrons,pro-
tonsandions),pointingout to therelevantcharacteristicsof ionscomparedto othertypes.
Parametersof ion beamsasrequiredfor cancertreatmentwill thenbe defined,followed
by thereview of thestatusof protonandion therapy andclinical trials, anda description
of operatingandplannedfacilities.Finally, on thebasisof existingexperienceanddesired
futureperformance,a possibledesignof sucha facility will besuggested.

1. Introduction

Radiationtherapy hasbecomeoneof the mostimportantmodalitiesin the treatment
of cancer. It is estimatedthata personhasoneout of threechanceto beconfrontedwith
thediseaseduringhis or her lifetime andthat lessthanhalf of themwill becured.While
thesurgeryis still themostsuccessfultreatment,radiationtherapy eitheraloneor in com-
bination with other modalitiescontributesto about40% of the overall cure rates. It is
interestingto notethatchemotherapy aloneresultsin a rathersmallpartof cancercures;it
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is usedmostlyasanadjuvant therapy. All othermodalitiescontributeonly a few percent
to thecurerates.

Ideally, theobjectiveof any cancertreatmentmethodis to removeor destroy thetumor
while preservingat the sametime the healthytissueas much as possible.It was with
this idea in mind that almosta hundredyearsago low-energy X-rays beganto be used
for this purpose,althoughtheir penetrationwaspoorandtherapeuticeffect debatable.In
early1920’s, radiumunitscameinto use,producingdeeperpenetratinggammarays;this
wasfollowed by electronacceleratorsproviding higherenergy X-rays. Nuclearreactors
maderadioactive cobaltsourcesavailableandthey becamea standardgamma-raysource
for radiotherapy, useduntil thepresent(e.g.,gammaknife). Mostmodernandverywidely
usedmachinesfor X-ray therapy arecompactlinearacceleratorsandit is estimatedthat
thereareup to 4000of themaroundthe world. Over the years,this techniquehasbeen
constantlyimproved,themachineshave beenadaptedto thehospitalenvironmentandthe
delivery of the radiationto the tumorhasbecomemoreandmoreaccurate,trying at the
sametime to sparethehealthytissues.However, therearestill many caseswhereit is not
possibleto avoid irradiationof critical organsin thevicinity of the tumor; themaximum
doseallowed for critical organswould in suchcaseslimit the dosegiven to the tumor,
leadingto apossiblefailureof thelocalcontrol.

Aboutfifty yearsago,R. Wilson remarkedthattheBraggpeakof monoenergeticpro-
tons(andother, heavier ions)wouldallow theradiationdoseto bepreferentiallydelivered
at theendof their path,in thetumoritself wheremostdamagehasto bedone.By modu-
lating theproton(or ion) energy it would, in principle,bepossibleto irradiatethewhole
volumeof thetumorwith a uniform andsufficientdose,while keepingthedosedelivered
to otherorgansat a lower value.This characteristic,togetherwith a high lateralbeamac-
curacy, is thebasisof conformaltreatmentof tumors,which is an importantsteptoward
theidealmethod.Sincethis first proposal,therewerea numberof protonmachineseither
adaptedor specificallybuilt for tumortreatment.

Themostrecentandquitepromisingintroductioninto therangeof typesof radiation
for cancertreatmenthavebeenenergeticionsin themassrangefrom carbonto neon.They
will be referredto aslight ions,althoughin themedicalliteraturethey areusuallycalled
heavy ions. In addition to the advantageof showing a Braggpeakwhich hasa similar
characteristicof protons,andanevenbetterlateralbeamaccuracy thanprotons,ionshave
othercharacteristicswhich could make themmoresuitablefor treatmentof sometypes
of tumorsthanany otherradiation.Thelinearenergy transfer(LET) or therateof energy
depositionalongthepathof a particleis higherfor light ions(fastneutronshave a similar
property)than it is for conventionalradiation,including protons;the relative biological
effectiveness(RBE)tendstobehigherif LET valuesarehigher. Furthermore,sometumors
cellsareanoxicandassucharemoreresistantto conventionalradiationdueto theoxygen
effect, characterizedby theoxygenenhancementratio (OER).Therearealsoindications
thattheeffectsof light ion radiationin thetumordo not dependasmuchon thecell cycle
asthey do for conventionalradiation.

However, possibleadvantagesof light ionscomparedto conventionalradiationresult
in a morecomplex systemfor beamproductionand,especially, for beamdelivery to the
patient.With high LET particlesandwith a largepartof their energy deliveredat theend
of thetrack,in theBraggpeak,it becomesextremelyimportantto properlyadjustnotonly

178 FIZIKA B 6 (1997)4, 177–206



PRELEC: IONS AND ION ACCELERATORS FOR CANCER TREATMENT

the shapeof the beambut its energy andthe time spentirradiatinga certainpart of the
tumoraswell; otherwise,healthytissuesmaybe exposedunnecessarilywhile the tumor
maynot get the requireddose.Theproperutilization of light ions requiresa state-of-art
applicationof medicaldiagnostics(CT, MRI, PET) to determinetheexactshapeandlo-
cationof the tumor, a full computercontrolof theacceleratorandbeamdelivery system
anda fastandaccuratemeasurementof thebeamdosedeliveredat any instantto thepa-
tient. Until very recently, this complexity of thesystemhasbeenoneof thereasonswhy
light ionshave founda very limited usein medicine,particularlyin thetreatmentof can-
cer, so thatat presentthereis just onededicatedfacility in theoperation(Chiba,Japan).
Anotherreasonfor thelackof interestwasthefactthatin thepastthefew acceleratorsca-
pableof producinglight ion beamswith parametersadequatefor medicalapplicationswere
designedfor a totally differentpurpose(nuclearandparticlephysics),with energiesand
intensitiesnotmatchedto theneedsof patienttreatment,complicatedto useandexpensive
to operate.Comparedto light ion accelerators,electronlinacsfor photonproductionhave
enjoyeda long historyof developmentandpresentdesignsarewell adaptedto a hospital
environment.

This review will try to addressseveralissues,suchaspossibleadvantagesof light ion
therapy comparedto protonsandconventionalradiation,thecomplexity of sucha system
andits possibleadaptationtoahospitalenvironment,andthequestionof cost-effectiveness
comparedto othermodalitiesfor cancertreatment.

2. Characteristicsandeffectsof radiation

Theobjectiveof any cancertreatmentis thecontrolor, possibly, permanentelimination
of the tumor. As this processinvolvesandresultsin cell destruction,the successof the
treatmentwill alwaysdependon thedegreeof discriminationbetweenhealthytissuesand
tumoritself. Conventionaltypesof radiation,which includegamma-raysfrom radioactive
isotopes,brehmsstrahlungphotonsandelectrons,havebeenusedwidely androutinelyfor
treatmentof humancancersincetheearliestdays(theword”conventional”is usedbecause
of historical reasons,without implying limitations or a lower quality). It is a common
propertyof conventionalradiationthatthedosedeliveredto thebodyis thehighestin the
entranceregion anddecreasesasthe radiationpenetratesthe body (Fig. 1). For gamma-
raysandphotons,thedecreasehasanexponentialcharacter, whichmeansthatafterpassing
throughthe target, the radiationdosedecreasesfurther but healthytissuesandpossibly
criticalorgansbeyondthetumorarestill beingirradiated.Theeffectof radiationonhealthy
tissuesboth in front andbehindthe tumormay, therefore,limit thedosedeliveredto the
tumor. The photonenergy is transferredto the tissuethroughstochasticprocesses,such
asinelasticscatteringor photoelectricprocesses.Therefore,a photonbeamis subjectto
strongscatteringasit penetratesthebodyandthis leadsto a lateralbeamspreadingwhich
hasto betakeninto consideration.Photonsandgamma-raysarecalledindirectly ionizing
becausethe biological effect is due to the action of fast electronsproducedin tissues.
High-energyelectronsaredirectly ionizingparticles;thedosedeliveredis decreasingeven
fasterwith depththanfor photonsbut they have a finite rangeif the energy is properly
selected(Fig. 1). They alsoshow the effectsof a strongscattering,resultingin a lateral
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spreadingof thebeamasit penetratesthebody. Thedeliveryof conventionalradiationcan
besubstantiallyimprovedif thetumoris irradiatedfrom severaldirections,by rotatingthe
beamaroundthepatientandaimingit towardtheisocentre.Althoughthiscomplicatesthe
beamdelivery system,theresultis a morefavourableratio of thedosesin the tumorand
outside.In thecaseof gammaraysfrom radioactivecobalt,applicationof thismethodhas
ledto thecreationof thesocalled”gammaknife” wheretheraysfrom morethanahundred
sourcesarecollimatedanddirectedtowardthetumorenablingits destruction.Comparedto
othertypesof radiation,theconventionalradiationis atpresentby farthemostwidely used
type,contributingalmostexclusively to a substantialpartof cancercurerates.Their most
efficientuseis in thecaseof fastgrowing tumorsbecausethosecellsdividefrequentlyand
photonsactespeciallyoncellsduringtheirdivision.

Fig. 1. Depth-dosecurvesfor severaltypesof radiation[1].

In spiteof thesuccessesof conventionalradiotherapy, eitheraloneor in combination
with othermodalities(surgery, chemotherapy), about17% of patientsdiagnosedwith a
localcancer(absenceof metastases)diedueto thefailureof thelocalcontrol;thelocal re-
currenceis frequentin sitessuchasupperdigestivetract,brain,skullbase,in gynecological
tumorsandin sometumorswith high metastaticrates[2,3]. Thesepatientscouldmostly
benefitfrom an improvementin radiationtherapy. Therearetwo approachesto achieve
suchan improvement,onethrougha betterdosedelivery of conventionalradiation,and
theotherthroughthe introductionof new typesof radiationfor therapy. Thereare,how-
ever, limits to thefirst approach,oneof thembeingthementioneddepthwisedistribution
of thephysicaldose.

Chargedparticlesheavier thanelectrons(protons,ions)havepropertiesthatmakethem
more attractive for treatmentof sometumors[2,4a,5]. Their interactionwith matter is
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predominantlythroughprocessesinvolving electronsin target atoms. Becauseof their
much larger masscomparedto electrons,they suffer significantly lesslateralscattering
andlessbeamspreading;this differencebecomesmorepronouncedwith the increasing
massof ions.As a heavy chargedparticlepenetratesinto the tissue,it losesits energy in
inelasticprocessesandits velocity is decreasing.Theenergy depositionrateis a function
of energy, andastheparticleis slowing down therateat first increasesslowly (Fig. 2;
dottedcurves);this region

Fig. 2. Spread-out-Bragg-peak(SOBP)[1].

is usuallycalledaplateau.Towardtheendof thepath,theparticleexperiencesasteeprise
in theenergy lossrate,justbeforeit is fully stopped(theBraggpeak).Thepositionof the
Braggpeakdependson themassandenergy of theparticleandon thestoppingpower of
the target. Thesetwo effects,a lesspronouncedlateralscatteringandthe Braggpeakat
theendof thepath,led to thefirst proposalto useprotonsin radiotherapy aboutfifty years
ago.For tumorswith a thicknesscomparableto the width of the Braggpeak,a charged
particlebeamwith theenergy selectedsuchthatthepeakcoincideswith thetumor, should
in principlebecapableto deposita largepartof its energy into thetumoritself,minimizing
thedamageto theorgansin theentrancechannelandavoidingfully any irradiationbeyond
the tumor. Many tumors,however, have a thicknesslarger than the width of the Bragg
peak,andthetargethasto beirradiatedin severalsteps,eachtimewith beamsof different
energy, coveringthusthewholevolume(Fig. 2; solid curve). This methodof thespread-
outBraggpeakleadsto thetumorconformtreatment,applicablein principleto any tumor
shape,andrepresentingtheclosestapproachto theidealprocedure.

Anotherparameterrelevantfor estimatinganddescribingeffectsof radiationis thelin-
earenergy transferor LET, usuallyexpressedin units keV/µm. Valuesof this parameter
dependon the chargeandenergy of the particleand,therefore,changeasparticlespen-
etratethe tissues.For an ideal monoenergeticbeam,LET valuesaremeaningful,but for
a real beamthey arealwaysaveragevalues,dependingon the way the averagehasbeen
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calculated.Still, thisparameteris usefulasanindicationof thebiologicaleffectivenessof
radiationanddifferenttypesaredescribedasbeinglow-LET (photons,protons)or high-
LET (neutrons,light ions).Theorderof magnitudeof LET valuesin keV/µm is around1
for photons,between10and100for protonsandup to 1000for light ions.

Fig. 3. Rangeof measuredoxygen-enhancementratio (OER)valuesfor differenttypesof
radiationandcell lines[1].

Thefailureof thelocalcontrolof tumorstreatedwith conventionalradiationis in some
casescausedby a higher radiationresistanceof anoxiccells presentin the core of the
tumor[1,4a,6].Oxygenenhancementratio(OER)is aparameterdescribingthiseffect; it is
definedastheratioof theabsorbeddoseof agivenradiationto produceacertainbiological
effect in ananoxiccell populationto thedosethatwould beneededto achieve thesame
effect in normallyoxygenatedcell population.OERvaluesfor conventionalradiationhave
beenfoundto beashighas3, whichmayindicatethedifficulty in deliveringasufficiently
high doseto the (anoxic)cells in the coreof the tumor, without causingan irreparable
damageto the surroundinghealthytissuesor critical organs.The oxygenenhancement
ratiodecreaseswith increasingLET andfor particleswith LET valuesaboveafew hundred
keV/µm, it mayevenapproach1 (Fig. 3). Reducedvaluesof OERhavebeenconsideredas
animportantargumentfor theuseof high-LETparticlesalthoughtheclinical studieshave
not fully confirmedits significanceandexpectations.

Anotherphenomenonof importancefor radiobiologicaleffectivenessis thesensitivity
of cells to radiationas function of the phasein the cell cycle [4a,6]. For conventional
radiation,cellsaremostsensitiveduringthedividingphase,while they aremoreresistantin
theDNA synthesisphase.Thisdifferencecanbeverysubstantial.For light ions,however,
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thedependenceof thesensitivity onthephasein thecell cycleseemsto begreatlyreduced,
especiallyfor LET valuesabovea few hundredkeV/µm.

While thelinearenergy transfer(LET) describestheenergy deposition(i.e., loss)of a
particlealongits path,the radiationdoseis a measureof energy absorbedperunit mass
of tissue;the doseis measuredin units of Gray or rad (1 Gy = 100 rad). This is oneof
the most importantmeasurablequantitiesin radiotherapy and it is usuallyquotedwhen
reportingbiologicalexperimentsor clinical trials [6,7a].However, equaldosesof different
typesof radiationdo not always produceequalbiological effects, resultingin different
valuesof therelative biologicaleffectiveness(RBE). TheRBE is formally definedasthe
ratio of the doseof 250 keV X-rays to the doseof someother type of radiation,both
resultingin thesamebiologicaleffect.Theresponseof cells,cell populationsandtumors
in patientsto radiationwill vary greatlyanda generalcomparisonof RBE valuesis not
veryrelevantunlessall theconditionsof theexperimentor clinical trial arespecified.Still,
the generalconclusionthat the RBE is higherfor higherLET (andlower OER) typesof
radiationremainsvalid, for therangeof interestfor light ion therapy (Fig. 4).

In summary, protonsandlight ionshave severalpropertiesthatdistinguishthemfrom
conventionalradiationandoffer new possibilitiesin cancertreatment.For protons,thead-
vantagesarea betterdistribution of thedelivereddosedueto a reducedlateralscattering
anddueto theexistenceof theBraggpeak.Light ionsexperienceevenlesslateralscatter-
ing andthey have additionalcharacteristics,distinguishingthemfrom both,conventional
radiationandprotons.While thelatterarelow-LET typesof radiation,light ionsarehigh-
LET particlesandassuchshow a reducedoxygeneffect, their effectsarelessdependent
on thecell cycle andthey have a higherrelative biologicaleffectiveness.Therefore,light
ions could be of benefitin treatingslowly growing, well definedtumors.However, they
also have a tendency to fragmentafter a nuclearcollision; lighter fragmentedparticles
may have an energy giving thema deeperpenetrationthanthe original ion andcausing
someirradiationof tissuesbeyond the distal peak.Therearealsosomequestionsabout
anincreasedtumorigenicpotentialof light ionscomparedto othertypesof radiation.It is
becauseof thesenew effectsthatthemassrangeof light ionspresentlyconsideredfor and
usedin tumortreatmentis limited to thosebelow neon;at bothfacilitieswherelight ions
arenow used(Chiba,GSI),carbonionsarethespeciesof thechoice.

pagebreak
Fig. 4. Rangeof experimentaldatafor therelativebiologicaleffectiveness(RBE)factoras
a functionof linearenergy transfer(LET) values[1].

3. Requirementsandparametersof ion beamsfor cancer
treatment

3.1. Ion speciesandenergy

At the Chiba facility, most of the researchof the effects of light ions on cells and
almostall clinical trials have beendonewith ions up to neon,althoughthe their facility
hasbeendesignedfor ionsupto argon.Thereis ageneralagreementthatcarbonionsoffer
a very goodcompromisebetweenadvantagesin the treatment(a very favourableratio of
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thedosedeliveredto thetumorandtheentrancedose,goodradiobiologicalproperties)and
disadvantagesthatshouldbeminimized(fragmentation,distaldose).For a certaindesired
penetrationdepth(orpositionof theBraggpeak),theenergyof ionsdeliveredto thepatient
will dependon theion species(Fig. 5); the ion energy will thendeterminethesizeof the
machineandits cost.While for protonsanenergy of 250MeV is sufficient for irradiation
of tumorsseatedup to a depthof 30 cm (waterequivalent), light ions requirea higher
energy for thesamepenetration.Carbonionswith anenergy of 290MeV/u will penetrate
only 15 cm deepandfor 30 cm anenergy above 400MeV/u would berequired.For even
heavier ions,suchasneon,energiesabout650MeV/u areneeded.Oncetherangeof ion
specieshasbeenselected,thetop energy of theheaviestion will determinethesizeof the
machineandits cost.Therearesometrade-offs availablein consideringtheseparameters:
amachinedesignedfor acertainion speciesandthefull penetrationdepth(highestenergy
envisaged)is capableof delivering even heavier ions at the similar or somewhat lower
energy pernucleon(themaximumenergy will dependonthechargeto massratioof ions);
althoughfor heavier ions

Fig. 5. Range-energy curvesfor severalion speciesof interestin cancertherapy [1].

thepenetrationwouldnotbeasdeep,they couldstill beusedfor treatmentof thosetumors
locatedcloserto the surfaceof the body. For comparison,at an energy of 400 MeV/u
carbonionswould have a penetrationdepthof 28 cm, oxygenions20 cm andneonions
only 17 cm. Ions like neonandheavier have a relatively higherplateau(dosedelivered
betweentheentranceandthetumor)andarepreferredfor shallow tumorlocationsto limit
the damageto healthytissues(Fig. 6); a lower energy per nucleonmay, therefore,still
be satisfactory. Shoulda deeperrangebe required,the machineshouldbe designedfor
a higher energy. Therewill be additionalrequirementson the precisionof the desired
beamenergy (positionof theBraggpeak)andon theallowedenergy spreadof thebeam
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(broadeningof theBraggpeak);it is possibleto reducethesetwo effectsby usingenergy
definingcollimatorsin the transportline, but this necessarilyresultsin the lossof beam
intensity. However, modernacceleratorshave alreadyachieved the desiredaccuracy in
energy settingand control (0.1% or better); the beamenergy spreadis also within the
limits requiredfor treatment.Theknowledgeof thepropertiesof tissuesin thepathof the
beamis morecritical becausethiswill affect therange(or positionof theBraggpeak)and
will have to beincludedinto theplanningof thetreatment.
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Fig. 6. Spread-outBragg peakfor several ion species,showing relative heightsof the
plateauandtail regions[1].

Thetreatmentof largervolumetumorswith protonsor light ionsrequiresscanningof
thevolumewith ionsof varyingenergy, to achievea spread-outBraggpeak[8]. Thereare
two methodsto achievethemodulationof beamenergy, oneutilizesa fixedoutputenergy
from theaccelerator(or, possibly, a few energiesat largesteps)whenthechangesof the
beamenergy areaccomplishedby energy degradersin the treatmentroom (passive sys-
tems),while theotheris basedon the energy modulationof the acceleratoritself (active
scanning).Thefirst method,exclusively usedat present,doesnot poseany additionalre-
quirementontheacceleratorandthebeamtransferline exceptfor afixedandsteadyoutput
energy, but it doesneedvery carefullydesignedenergy degradersaswell aselementsfor
collimation; it may, however, result in a deteriorationof the beamquality whenpassing
throughthe degrader(scattering,fragmentation)and in additionalbackgroundradiation
in the treatmentroom.For sometypesof acceleratorsthis is theonly methodapplicable.
The othermethod,by modulatingthe outputenergy of the acceleratoritself, movesthe
burdenof complexity from thefinal partof thetransferline to themachineitself. Modern
designsof someaccelerators,suchas,e.g.,a synchrotron,andbeamtransferlines have
reacheda stagewhereit is possibleto changetheoutputenergy of themachineandnec-
essarytransferline parameterson a pulse-to-pulsebasis,which may take only a second
or less.This methodallows the tumor volumeto bescanneda small elementby a small
element(voxel),alwayswith anappropriateenergy andintensity. In spiteof theadditional
complexity of theactivescanning,furtherdevelopmentsof theacceleratorandbeamtrans-
port controlsystemswill soonmake possibletheintroductionof this methodfor testsand
patienttreatment.

Finally, in orderto accuratelydeliver therequireddosethroughoutthe tumor, theac-
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celeratorhasto provide thedesiredion specieswith very little contamination.In thecase
of light ions,acceleratorsmaynot beableto distinguishbetweendifferentspecieshaving
thesamecharge-to-massratioandtheselectionwill haveto bedonein theinjectorstage.

3.2. Beamintensity

Beamintensity(orflux), requiredfromtheaccelerator, isdeterminedbyseveralfactors,
amongthemthedesireddurationof thetreatment,prescribeddose,methodof beamenergy
modulationandsizeandlocationof thetarget.To minimizetheeffectsof themotionof the
patientduringtheirradiationit is desirablethattreatmenttimesbeno longerthanat most
few minutes(in somecasesit maybeevennecessaryto synchronizetheradiationpulses
with breathingor heartbeats).Thereis someflexibility in thechoiceof the lengthof the
treatmenttime;onemaye.g.askfor a doseof 5 Gy/min to bedeliveredto a targetvolume
of 2 liters,at thefull beamenergy. Correspondingvaluesof light ion beamintensitiesfor
sucha rateof irradiationareof theorderof 109particlespersecond,lessfor heavier ion
speciesbecauseof their higherrelative biologicalefficiency. Theintensityof thebeamat
theexit of theacceleratorwill have to behigherbecauseof lossesin beamhandlingand
transportfrom the machineto the patient.Passive systemsin principle will have higher
losses,possiblyup to 80%,but onecannotexpecta transportefficiency muchbetterthan
50%evenwith active scanningsystems.Thelattersystems,however, have theadvantage
that the fractionof thebeam,which is not deliveredto thepatient,is dumpedoutsidethe
treatmentroomwithoutcontributingto thebackgroundradiation.Theaccelerator, together
with theion sourceandtheinjectorstage,shouldbedesignedfor 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 shouldbeconsideredasupperlimits; evenlower values
could be acceptableif this would leadto a simplerand lesscostly designor to a better
beamqualitybecausemany tumorsaresmallerthantwo liters or a longerirradiationtime
couldbeallowed.

TABLE 1. Valuesof thebeamintensitiesrequiredfor thetreatmentof patients.

Ion C N O Ne Ar
Beamintensityon target

(particles/second) 1 � 109 9 � 108 7 � 108 5 � 108 2 � 108

3.3. Timestructureof thebeamon thetarget

An accuratedosedelivery over thevolumeof the tumor requiresa well definedtime
structureof thebeamfrom theaccelerator. If a passive beamdelivery systemis used,the
target is irradiatedsliceby slicewith a broadbeamandthe time structureis lesscritical
as long asit is possibleto monitor andcontrol the time a slice is exposedto the beam.
An active beamscanningsystemposesstricterrequirementson the time structureunless
thereis anon-linebeamdetectionsystemto accuratelymeasurethedosedeliveredto any
volumeelementandto deliver a signal to move the beamto the next elementoncethe
appropriatedosehasbeenreached.Without suchan on-line system,the extractedbeam
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fromtheacceleratorshouldbeassteadyaspossible,with intensityfluctuationswithin afew
percentonly, which leadsto very tight toleranceson acceleratorandbeamline elements
andtheirpowersupplies.

In additionto thestability of thebeam,thereareotherconsiderations.Regardlessof
thetypeof themachine,whetherit is acyclotron,linacor synchrotron,thebeamwill have
aninherentintensitystructurerelatedto therf acceleratingvoltage;dependingon thetype
of themachinethebeammaybeavailablewith amacroscopicduty factorlessthan100%.
A cyclotronoperateswith aduty factorof 100%andthereis anrf structurecorresponding
to thefrequency of theacceleratingvoltage;thebeamintensitycontrol is donebestat the
low energy end, ion sourceor ion injector. A linac usuallyhasa very low duty factor,
with pulsesof a few millisecondsduration,but a high intensityand,again,showing anrf
structurecorrespondingto theacceleratingvoltage.Thelow duty factormakeslinacsless
suitablefor ion deliverysystems.Finally, asynchrotronwith a slow extractionsystemcan
haveadutyfactorupto 50%andits rf structurecanin principleberemovedby debunching
thebeamalthoughtherearenospecialadvantagesin doingthis.A synchrotron,asapulsed
device, is well matchedto both, passive and active beamdelivery systems.The length
of the extractedbeampulsecould be madeto correspondto the time neededto fully or
partially irradiatea sliceof the target,andtheenergy cantheneasilybe changedfor the
next slice.However, theextractedbeamintensityin a synchrotronis quitesucceptibleto
any fluctuationsor noisein magnetpowersuppliesandeffortshave to bemadeto address
thisproblem.

4. Statusof protonandlight-ion cancertherapy, clinical
trials

4.1. Facilitiesandnumberof potentialpatients

Statisticsof theincidenceof cancerandits cureratesindicatethat thereis roomfor a
substantialimprovement.Conventionalsurgeryhasreacheda high level of safetyandfur-
ther improvementscanbeexpectedthroughtheintroductionof lesstraumaticprocedures
(lasersurgery, laparotomies)andabroaderuseof reconstructivesurgery. Chemotherapy is
muchlessfrequentlychosenandjustifiedasa singlemodality;patientsbenefitby its use
asanadjuvanttreatment.For thelocal control,mostimportantpartof cancertreatment,it
is theradiationtherapy thatcontributesgreatlyto thecureratesandwhich is still opento
new methodsof applicationandto new typesof radiation.Evenconventionalnew radia-
tion techniques,suchasstereotacticradiosurgeryandconformaltherapy, contributeto an
increaseof thedosedeliveredto thetumorwithout exceedingthealloweddoseto healthy
tissues.Protonsandlight ions , however, offer a further improvementin the treatmentof
certaintumorsiteswhereconventionalradiationmayoftenfail. As mentionedearlier, the
siteswhereprotonandlight ion beamscouldmostbenefitthepatientarethosewheretheir
characteristics(physicalselectivity, radiobiologicaleffects)canbefully utilized; thepre-
ferredsiteswould bethosein a closevicinity of vital organsor thoseshowing resistance
to conventionalradiation.Experiencewith protonbeams(goodphysicalselectivity), with
neutrons(high-LETradiation)andwith light ions(goodphysicalselectivity, high-LETra-
diation)hasshown thatfor anumberof tumorssubstantiallybetterresultscanbeachieved,
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bothin thelocalcontrolandin thelongtermsurvival.On thebasisof thesecharacteristics
andsupportedby anlimited experience,estimateshave beenmadefor thenumberof po-
tentialcasesthatcouldbenefitfrom protonandlight ion therapy [1,9,10,11a,12].For the
MetropolitanNew York area,with a populationof 20 million, it hasbeenestimatedthat
outof 100000new cancercasesperyear, about15000wouldbenefitfrom protontherapy;
anestimatedonefor Italy hasshown thatabout7 000patientsperyearwouldbenefitfrom
light ion therapy, in a populationof about60 million. In a dedicatedfacility, it shouldbe
possibleto treatabout1 000to 2 000patientsayear. Hence,aprotonfacility couldbefully
utilized in any populationof abouttenmillion, while a light ion facility wouldbejustified
for agglomerationsof severaltensof million.

Therealsituationwith protonandion facilitiesis quitedifferent.Althoughtheuseof
protonshasbeensuggestedfifty yearsago,at presenttherearelessthantwenty facilities
in operation,with lessthan20 000 patientstreatedso far. For light ions lessexperience
hasbeengained:fewer than3 000patientshave beentreatedsofar, amongthemabout2
500in theBerkeley facility which wasclosedin 1993.Presently, thereis just onefacility
dedicatedfor light-ion cancertreatments,in Chiba(Japan),while clinical trials areabout
to begin in thenuclearlaboratoryatGSI (Germany). Therearethreeprotonfacilitiespro-
jectedto beput into operationwithin a few years;anotherion facility in Japan(Hyogo)is
projectedfor theoperationin theyear2001andtherearetwo Europeanprojects(TERA
andCERN-AUSTRON-TERA-GSIcollaboration)in thedesignstage.This reluctancein
embarkingwith morevigor on clinical applicationsof light ionsstemsnot only from the
needfor a substantialinitial investment,but alsofrom theuncertaintyexpressedby clini-
tiansthatanticipatedbenefitsof light ionsin comparisonwith othertypesof radiationmay
notbefully realizedin clinical trials.

4.2. Clinical trials with protons

Althoughnotthefirst facility touseprotonsfor tumortreatment,theHarvardCyclotron
Laboratory(HCL), in collaborationwith theMassachusettsGeneralHospital(MGH), has
treatedthelargestnumberof patients(morethan7000sofar)andgainedmostexperience
in thefield [5,4b,7b,7c,13,14,11b,11c]. Resultshave beensoencouragingthata new ma-
chine,againa cyclotronbut with a higherenergy, will beput into operationat theMGH,
in 1998.Pathologiestreatedwith protonbeamsfall into severalcategoriesin a certainor-
der of priorities, startingwith thosecloseto highly critical structureswhereadvantages
of protonshave beenclearly demonstratedandno additionalstudiesareneeded;in the
secondgrouparepathologiescharacterizedby a prevalently local evolution wherelocal
controlwill leadto a greaterprobabilityof curethanby usingconventionalradiation.Fi-
nally protonscanbe usedfor palliative treatmentof locally advancedtumorswith very
poor prognosis.At HCL/MGH, the largestgroupof patientshasbeenthosetreatedfor
oculartumors,especiallyuvealmelanomas. Treatmentshavebeenhighly successfulwith
respectto local control,eye retensionandvisualpreservation.A largenumberof patients
with cervicalspineandskull basechordomasandchordosarcomashave beentreatedas
well. While theoutcome,whenusingconventionalradiotherapy and/orsurgeryfor those
tumorswasvery often fatal, a combinedphoton/protontreatmenthasresultedin a high
localcontrolrateandverygoodlong-termsurvival rates.Similarencouragingresultswere
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achievedwith a combinedphoton/protontreatmentof prostatecancer, while thetreatment
of someintracranialtumorswasmuchlesssuccessful.

Theotherimportantcenterin U.S.A. for cancertreatmentwith protonsis situatedin
Loma Linda, asa fully dedicatedfacility [11d]. It is a 250 MeV synchrotron,put into
operationin 1990wheremore than 2000patientshave beentreated.Anatomic regions
treatedincludebrain,headandneck,spine,posteriorabdomenandpelvis. The majority
of patientswerediagnosedwith prostatecancer. Togetherwith the MGH facility, Loma
Lindasynchrotronwith its threegantriesandonefixedbeamwill for a long timebein the
forefrontof protonbeamapplicationsin cancertreatment.

At thePaul ScherrerInstitute(PSI) in Villigen, Switzerlandmorethan2000patients
have beentreatedso far with protons,mostof them for ocular tumorswith a 72 MeV
cyclotron beam[2,7d,11e,11f].Resultswereexcellent, comparableto the treatmentby
enucleationbut with the advantageof preservingthe eye anda reasonablevisual acuity,
evenin unfavourablecasesof largetumors.Thereareplansto broadentheapplicationof
protonbeamsby usingthe590MeV cyclotronatPSI;theenergywill haveto bereducedto
matchtherequiredrangeevenfor treatmentof deepseatedtumors.It is envisagedthatthe
tumorvolumewill bescannedin threedimensions,moving theBraggpeaklongitudinally
by usinganumberof rangeshifters,sweepingmagneticallythebeamin oneperpendicular
directionandslowly moving thepatientin theother.

TheProtonMedicalResearchCenterat Tsukuba,Japan[4c] hasconcentratedits ef-
forts on treatmentof thoraco-abdominaltumors,a differentemphasisfrom othersimilar
centers.About 500 patientshave beentreatedthusfar, usingthe 500 MeV synchrotron
beam,degradedto 250 MeV. Due to a relatively small numberof casesper type of tu-
mor, the resultsarenot conclusive but thereareindicationsthatprimarymalignanciesof
theesophagus,lungandlivermaybenefitfrom theimprovedphysicaldosedistributionof
protonbeams,whenappliedeitheraloneor in combinationwith photons.

Therehasbeenan active programof protontherapy in Russiasince1969,mostly at
theInstitutefor TheoreticalandExperimentalPhysics(ITEP) in Moscow [4d,11g].Close
to 3000patientshave beentreatedfor a largevarietyof tumorsites,many of themin an
inoperablestage,by using the 70 - 200 MeV protonbeamfrom the ITEP synchrotron.
Although the numberof casesper site hasbeenrathersmall andthereforethe statistics
arenot reliable,resultsfor sometumorshavebeenveryencouraging,in a goodagreement
with clinical trials at othercenters.Themaindifficulty for theclinical work in Russiahas
beenthelack of dedicatedfacilities;medicalapplicationsusuallyhave hada muchlower
priority in schedulingthe time on the machine.The prospectsfor the recentlyprepared
programto developa hospital-basedfacility are,however, not very goodbecauseof the
presenteconomicsituationin Russia.

4.3. Clinical trials with light ions

In spite of the expectedbenefitsof light ion radiation,due to their betterphysical
selectivity andto theadditionalradiobiologicaleffects,therehave beenvery few clinical
trialsworldwide,with averylimited numberof patients.If thetrialswith heliumnucleiare
excludedfromconsideration(heliumnucleihavecharacteristicssimilartoprotons,i.e.they
arelow LET radiation),therewereonly about500patientstreatedsofar, with eitherneon
or carbonions. The pioneeringwork wasdoneat the LawrenceBerkeley Laboratory, in
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theperiodbetween1979and1992whenabout300patientswereirradiatedwith neonions
from theBevatronfacility; thefacility wasclosedsoonthereafterandnofurthertrialswere
done[15,16,7e,4e,4f,11h]. Themostcommonlyusedenergy of neonionswas585MeV/u,
sufficient to penetrateto the deepesttumors. Most patientswere selectedfor neonion
treatmentbecauseconventionalmodalitieswereineffective(inoperabletumors,tumorsnot
respondingtoconventionalradiation).Thisfactmakesacomparisonmoredifficult because
easilytreatablecases,with a morefavourableoutcome,wereexcluded.Theobjective of
thosetrialswasto developtechniquesfor therapy planninganddelivery, studytheresponse
for avarietyof tumorsandevaluatetheacuteandlatetoxicity of neonirradiation.Thelist
of treatedtumortypesis longand,therefore,thenumberof patientswastoosmallfor good
statistics.Still, neonions appearto offer potentiallyimprovedlocal controlandsurvival
ratesfor a numberof tumortypes;resultsagreewell with thoseobtainedwith otherhigh-
LET radiationsuchasneutrons.Improved control andsurvival rateswereachieved for
patientswith paranasalsinustumors,somesalivary glandtumors,bile duct carcinomas,
somesoft tissueandbonesarcomas,andadvancedprostatecarcinomas;in somecases
theratesweretwice ashigh aswith photons.Theoutcomeof treatmentof othertypesof
tumors,suchassomebrain tumors,melanomas,advancedheadandneck tumors,lung,
esophageal,gastricand pancreaticmalignancies,was not betterthan with conventional
therapy, which usuallymeantthat it wasnot favourable.Theconclusionof theLBL trials
was that neonion radiotherapy offers a clinically feasiblemodality for several selected
humancancers,with improvedresultswhencomparedto conventionalphotontherapy. It
is expectedthatbetterresults,with fewersideeffects,couldbeobtainedwith abetter, more
conformalsystemof beamdelivery thanusedatLBL.

Although all patientstreatedat the LBL with light ions (excluding helium) received
neonion therapy, this choicedoesnot seemto bethebest.Carbonionshave radiobiolog-
ical dosedistribution featureswhich have advantagescomparedto bothprotonsandneon
ions.While thephysicalselectivity is similar for all thoseparticles,carbonionshavehigh-
LET characteristics,andcomparedto neonions,a lower dosein theplateauregion anda
smallerfragmentationtail beyondthe target.The two facilitieswherelight ionsareused
(or soonwill be)have decidedto concentratethetrials on carbonionsalthoughtherange
of availablespeciesis muchbroader. The first facility is at Chiba,whereclinical trials
have beenin progresssince1994andabout200 patientshave beentreatedwith carbon
ions [7f,17,18a,11i].A wide variety of tumorshave beenandwill be treated,including
somedeep-seatedtumorswhichdid not respondwell to neonbeams.Patientsarecarefully
selectedaccordingto a numberof criteria to determinethetumorresponseandthetoxic-
ity for normaltissues;locally advancedand/orinoperablelocalizedcarcinomashavebeen
chosen.For headandnecksiteslocally advanced,recurrentor radioresistanttumorsnot
treatablewith othermodalitiesareselected;braintumorsselectedfor treatmentaremalig-
nantglioma andastrocytoma,while othersitesincludeinoperablelung tumors,primary
liver tumors,cervicalcancer, prostatecancer, esophagealcancerandinoperablesarcomas
of the boneand soft tissue. In the first phase,it is intendedto useconservative doses,
below thosetoleratedby healthytissues;lateron,thedosewill beincreasedin smallincre-
ments.This approachis justifiedbecauseof theneedto establishproperprotocolsfor the
treatmentandbecauseof highvaluesof thefactorRBEfor sometissuessuchasthecentral
nervoussystemwhichhaveto besparedasmuchaspossible.Preliminaryresultsshow that
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therewereno majorhealthytissuemorbiditiesandthatcarbonion therapy is a promising
modality for cancertreatment.Trials areplannedto continue,expandingeventuallythe
rangeof ion speciesto silicon or argon(for tumorslocatedcloserto thesurface),with the
hopeto determinetheappropriateroleof ionsin radiotherapy.

At theGSIheavy-ion researchcomplex in Darmstadt(Germany), anexperimentalcan-
cer treatmentprogramis underway, to continuefor five yearsand to includeabout350
patients[18b,11j]. The main objective of the programis to testa novel, mostadvanced
methodof beamdeliveryby usingtwo-dimensionalmagneticrasterscanningcoupledwith
an active acceleratorenergy modulation.An ionizationchamberin front of the patient
measuresthenumberof ionsataspecificpoint in thetumorvolumeandcontrolsthespeed
of scanning.After thesuccessfulconclusionof theclinical trials theplanis to designand
build ahospitalbasedfacility.

5. Typesof accelerators for light ion therapy
5.1. Cyclotrons

Cyclotronsaremachineswith a constantmagneticfield anda fixed frequency of the
acceleratingvoltage.Theinjectionof thebeamfrom theion source,its accelerationin the
machineandejectionarea continuousprocess;theextractedbeamhasa fixedenergy and
its intensitycanalsobecontinuouswhich canhave advantageswhenscanningthetumor.
While cyclotronsdeliveringprotonbeamswith energiesupto 230MeV havealreadybeen
developedby industryto operatein a hospitalenvironment,their applicationasaccelera-
torsfor light ion therapy is not very feasible.Theenergy pernucleonneededfor thesame
penetrationdepthis higher, alsothe charge to massratio of ions comparedto protonsis
lower; becauseof thesefactors,a standard-designlight-ion cyclotronfor cancertreatment
would have a prohibitively large magnet.The only cyclotron even consideredfor light
ionswaspartof thenow abandonedEuropeanLight Ion MedicalAccelerator(EULIMA)
Project. In order to reducethe large sizeandweight of a standardmagnet,a supercon-
ductingsinglecoil designwasconsideredanddevelopedfor EULIMA, having anexternal
radiusof only 2.32m. However, thecyclotronwasnot thepreferredchoicefor this facility
becausethe requiredsuperconductingtechnologywasvery sophisticated,not justifying
otheradvantagesof acyclotron.

5.2. Linearaccelerators

Conventionallinearacceleratorsareusuallyvery low duty-factormachines,delivering
highion beamcurrentsin shortpulses(of aboutamillisecondduration),oftenfor injection
into thenext stageacceleratorsuchasa synchrotron.They canacceptandaccelerateions
having a certainratio of the charge to massanddeliver a beamwith an energy fixed or,
at best,variablein largesteps.Althoughtheextractionefficiency is closeto 100%,there
arepresentlyno linearacceleratorsusedfor eitherprotonor light ion therapy (therewasa
proposalto useasmallfractionof theprotonbeamfrom theBrookhavenNationalLabora-
tory’s200MeV linearacceleratorfor cancertreatmentbut it wasdecidednot to proceed).
Linearacceleratorsaremachinesrequiringalargespace,they areexpensiveto build andto
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maintainandbeamcharacteristicsarenotmostfavourablefor radiotherapy. Improvedper-
formance(broaderspectrumof ion species,a higherduty factor, someflexibility in output
energy, reducedsize)canbeachievedby usingsuperconductingcavitiesbut this is againa
sophisticatedtechnologywhich is notverysuitablefor a hospitalenvironment.

5.3. Synchrotrons

A synchrotronis apulsedaccelerator, with particlesmovingonaclosed,approximately
circular trajectorywherethemagneticfield andthe frequency of theacceleratingvoltage
vary in time as the energy of particlesincreases.The pulserate of a synchrotronis of
theorderof 1 persecondor lessexceptfor very largemachines,andtheduty factorcan
be ashigh as50%. The energy of the extractedbeamdependson the final valueof the
magneticfield andcanbechangedon a pulse-to-pulsebasis,which makesthis typeof a
machinevery well matchedto thedepthscanningby beamenergy modulation.Although
theextractedbeamintensityis lower thanfrom eithera cyclotronor a linearaccelerator,
by aproperdesignit canbemadesufficiently highfor any ion speciesandfor treatmentof
tumorsat any depth.Otherextractedbeamparameters,suchasemittance,energy spread
or time structure,canalsobematchedto theneedsof thebeamdelivery system.Due to
its advantages,flexibility in outputenergy andion species,a sufficient intensity, a reliable
operationand a moderatesize and cost, a synchrotronis the machineof choicein all
projectsfor light ion treatmentof cancer.

6. Light ion facilities,existingandfuture

6.1. History: BEVALAC Program

Althoughthefirst accelerationof ionsheavier thanheliumwasaccomplishedin 1971,
clinical trials hadto wait until 1975for the completionof the BEVALAC complex con-
sistingof thesynchrotronBevatronandthe linearacceleratorSuperHILAC servingasits
injector. Thebeamresourcesof this facility weresharedbetweenthenuclearphysicsre-
searchandbiomedicalstudies.Thereweretwo treatmentrooms,bothutilizing horizontal
beams.Initially ascatteringsystemwith two foils wasusedto spreadthebeambut uniform
fieldslargerthan20 cm diameterweredifficult to achieve without a significantdeteriora-
tion of beamproperties.In 1983,a magneticwobblersystemwasinstalledconsistingof
two orthogonaldipolemagnetsanddeliveringthebeamin asetof concentriccircles,their
radii controlledby theamplitudeof themagnetcoil currents.A moreadvancedrasterscan-
ningsystemwassubsequentlydevelopedandcommissionedjustbeforetheshuttingdown
of the facility in 1993.In the retrospect,themaindrawbacksof theBEVALAC program
werethe difficulties in runninga machinefor two differentprograms,with differentre-
quirements,ratherhigh operatingcosts,beamcharacteristicsnot optimizedfor medical
applicationsand a relatively high incidenceof breakdowns which is not acceptablefor
routineradiotherapy.

6.2. LomaLindaprotonsynchrotron
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Althoughthismachinewasnotdesignedfor light ions,thereview of existing facilities
will begin with theprotonsynchrotronat theUniversityat LomaLinda becauseit is the
first synchrotronbuilt for ahospitalandusedexclusively for medicalapplications[4g,11k].
Theengineeringdesignandfabricationof theacceleratorandbeamtransportsystemswere
doneby theFermiNationalAcceleratorLaboratory(Fermilab),beginningmid-1986.The
maximumenergy hasbeenchosento be 250 MeV, sufficient to treat even the deepest
tumors.A duoplasmatronprotonsourcefeedsa2 MeV radiofrequency quadrupole(RFQ)
which servesasan injector into the synchrotron.The machineis weakfocusing,which
madeit simplerbut it mayhave limited theintensity. In theyear1990,thefirst patientwas
treated,andsincethenthe facility hasbeenfully commissionedto includethreegantry
roomsandonefixed(horizontal)beamroom.Theoperationof themachineitself hasbeen
very satisfactory, it was stable,reliable and reproducible.It will be very interestingto
comparethe experiencewith this facility with the MGH new cyclotron facility, soonto
becomeoperational,to seewhethera singleapproachin the designof a proton facility
is sufficient or whetherbothshouldbepursued.As a reference,it canbementionedthat
LomaLindasynchrotroncouldaccelerateheavierparticles,suchasfully strippedionsfrom
heliumup to possiblyneon,but with a muchlower intensityanda final energy just below
70MeV/u, which is barelysufficient to irradiateeventumorsverycloseto thesurface.

6.3. HIMAC facility (Chiba)

TheHeavy Ion MedicalAcceleratorin Chiba(HIMAC) is thefirst andonly light ion
acceleratorin theworld whichhasbeendesignedspecificallyfor medicalandradiobiolog-
ical applications[7g,7h,7i,19,18c]. Theparametersof the machineweredefinedbroadly
enoughto cover possiblefuture requirementsfor heavier ion speciesanda highermaxi-
mumenergy. Therangeof availableionsgoesthusfromheliumtoargon,andthemaximum
energy waschosento be800MeV/u for silicon,sufficientfor apenetrationdepthof 30cm
(for argon ions the maximumenergy is 700MeV/u, which is sufficient for their optimal
application,treatmentof tumorscloseto the surface).The requiredbeamintensitywas
determinedon thebasisof thedoserateof 5 Gy/min, for a field sizeof 22 cm diameter.
This doseraterequiresintensitiesrangingfrom 2 � 7 � 108 particlesper second(pps) for
argonto 1 � 2 � 1010 ppsfor helium; for carbon,which is presentlyusedfor clinical trials,
therequiredintensityis 2 � 109 pps.Synchrotronis theonly acceleratorcapableto satisfy
the requirementsfor sucha broadrangeof ion species,beamintensitiesandenergy. In
orderto achievesucha flexibility andincreasethereliability of thefacility, it wasdecided
to build two synchrotronrings,oneon top of theother. Theupperring wasdesignedfor
a somewhat lower energy, 600 MeV/u maximum,andit deliversa vertical beamto two
treatmentroomsanda horizontalbeamto a roomfor radiobiologicalstudies.The lower
ring deliversahorizontalbeamat thefull energy of 800MeV/u to two treatmentroomsas
well asa beamfor generalstudies.Becauseof a muchhigherrigidity of light ions to be
usedin therapy comparedto protons(for thesamemagneticfield theradiusof curvature
hasto be largerby a factorof about4 for heaviest ions andhighestenergy) gantriesfor
light ionswouldhaveto belargerby asimilar factorandmostoftenarenotconsideredfor
usein light ion facilities.

Thedetaileddesignandarrangementof theelementsof the injectorweredetermined
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by the beamparametersof availableion sources.Therearetwo ion sourcesusedin the
injector, aPenningsourcewith a hotcathodesuitablefor ionsfrom heliumto neonandan
electroncyclotronresonance(ECR)ion sourcefor elementsup to argon.Installationof an
upgradedECRion sourceis underway, to providethefacility with evenheavier ions,such
asFe.Thetwo selectedsourcesdonotproducefully strippedions,which is a requirement
for accelerationin theHIMAC synchrotron;ionshave to befirst acceleratedto anenergy
highenoughto achieveanefficientstrippingto barenuclei.Thefirst stageof acceleration
is donein a radiofrequency quadrupole(RFQ) accelerator, designedto acceptions in a
low chargestate(relative chargeto massratio q

�
m � 1

�
7); sucha low valueof the ratio

q
�
m dictatesthat theRFQhasto bevery long (l � 7 � 3 m) which complicatesthedesign.

Theoutputenergy of theRFQis still nothigh enoughto achievea full stripping,andions
arefed into a 24 m long Alvareztype linearacceleratorwheretheir energy is raisedto 6
MeV/u; this is sufficient to achieve a high fractionof barenucleiwhenthe beampasses
througha thin carbonstrippingfoil. The sizeof the ring is primarily determinedby the
final, maximumion energy andat HIMAC the circumferenceis 130 m. The focusingis
strong,of theseparatedfunctiontype.Themaximumdipolemagneticfield is 1.5T, with
a risetimeup to 2 T s� 1. Repetitionratecanbevariedbetween0.3and1.5Hz, with a flat
topof up to 400ms.For accelerationof heavier ions(Fe),thetwo ringscouldbeoperated
in cascade.

Thebeamdeliverysystemis standard,with two orthogonalwobblerdipolemagnetsto
cover therequiredtargetfield, a scattererto achieve a smoothertransversedosedistribu-
tion, a ridgefilter to broadenthemomentumspreadandthustheBraggpeak,anda range
shifter to changethe beamenergy. Although the synchrotronenergy canin principle be
variedon a pulse-to-pulsebasis,thenecessaryinstrumentationandcontrolshave not yet
beeninstalledandtheenergy is variedby meansof rangeshifters.Themaximumfield size
is 15 � 22cm2.

TheChibafacility is partof thenationalprogramto combatcancer, developedin 1984.
Theconstructionstartedin 1988,machineswerecommissionedin 1993andclinical trials
startedthefollowing year. Thecostof thefacility washigh,morethan300million dollars
(M$), with yearly operatingcostsof 45 M$. The whole systemoperateswell, reliably
andreproducibly;atpresent,themostimportantimprovementprojectdealswith removing
ripplesandfluctuationsin theextractedbeam.

6.4. GSIfacility

Theuseof light ionsfrom theGSI synchrotronSISin radiotherapy wasconsideredat
the time of the proposalfor the machineitself, but its realizationhadto wait until early
1990’s [18b,4h,20a,18d].At that time, therewasalreadysomeexperiencegainedat LBL
with its BEVALAC facility, showingbetterresultsin treatmentof severaltumorscompared
to conventionalradiation.Althoughlight ions,whicharehigh-LETradiation,shouldhave
certainadvantageswith respectto low-LET protons,clinical resultsfrom LBL did not
fully confirm that; asone possibleexplanation,it was suggestedthat the dosedelivery
systemat LBL haspermittedanessentialpartof this high-LET radiationto bedeposited
outsidethe tumor, thus limiting the doseto the tumor itself. The objective of the GSI
programhasbeento develop the bestpossibleconformdosedelivery systemandto test
theeffectsof light ionsundersuchconditions.Themachineitself hasnot beendesigned
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with medicalapplicationsin mind,but for productionof all ionsup to uraniumfor nuclear
physicsstudies.The ring is ratherlarge, andthe maximumenergy reaches2 GeV/u for
particleswith q	 m 
 0 � 5 or 1 GeV/ufor uranium.The ion beamspill maybeaslong as
1 to 2 seconds.Recentupgradeshadastheobjective anincreaseof intensityto thespace
chargelimit of thering but theoriginal light-ion intensitywasalreadysufficient for tumor
treatment.The linearacceleratorUNILAC servesasthe injector into thering; this wasa
logical solutionbecauseUNILAC wasalreadyavailableandin operation.

Of the two basicapproachesin the designof the beamdelivery system,the active
beamspreadingmethodwasselected.Theotherapproach,a passive system,hasthedis-
advantageof irradiatinga substantialfraction of healthytissuesaroundthe tumor with
potentiallylethalhigh-LETions.In thepassive system,theratioof thedosesto thetumor
andsurroundingtissuescanbeimprovedby acarefuldesignof anumberof beamshaping
modulesfor eachpatient,dependingon theshapeof thetumorandenergy of thebeamfor
a particularsliceof thetarget;this processis demandingandcostly. A greatdealof effort
wasdevotedto studiesof active systemsat GSI. In principle,this is a simplesystem:the
treamentvolumeis dissectedinto slicesof equalthicknessandeachsliceis irradiatedsep-
aratelyby moving thebeamacrossits cross-section.Theshapesof consecutivesliceswill
bequitedifferentonefrom theother. Therefore,usingtheactive beamdelivery it should
bepossibleto treattumorsof any shape.Thecontrolof beamenergy to matchthedepthof
a sliceis doneby modulatingtheacceleratorandbeamtransferline parameters.

To scanthebeamlaterally, acrossaslice,two differentmethodshavebeenconsidered,
rasterandvoxel scanning.In therasterscanning,thebeamis movedcontinuouslyoverthe
slice, andthe writing speedis adjustedaccordingto the requireddosefor the particular
spot. In thevoxel scanning,thebeamstaysat a spotlong enoughto deliver the required
dose,thenit is turnedoff andmovedto thenext spot.In thepracticalrealization,thereare
nofundamentaldifferencesbetweenthetwo methodsandthey botharecapableof creating
theproperdosedistribution.While themotionof thebeamacrossthesliceis in principlea
matterof controllingtheelementsof thebeamtransferline to matchtheshapeof theslice,
it is muchmore complex to properlydeliver the neededdoseto eachvolumeelement.
First, thebeamwith its energy adjustedto placetheBraggpeakinto thedistal slicewill
deliveradose,althoughlower, to all slicescloserto thesurface.Thedoseto bedeliveredto
any subsequentslicehasto take into accountwhathasbeenpreviouslydeposited.Second,
light ionsaresubjectto fragmentationwhenpassingthroughthematterandthoselighter
fragmentsmayhaveadeeperpenetration,deliveringacertaindosebeyondtheBraggpeak,
i.e. in the healthytissuebeyond the tumor (Fig. 6). Third, the relative radiobiological
efficiency will be a very complex function of many parameters,suchasparticleenergy,
nuclearfragmentation,andpropertiesof differenttissues;it will have to beestimatedin
thebestpossibleway to determinewhatdoseto deliver to eachvolumeelementandthen
properlyinstructthebeamdeliverysystem.Thelastproblemremainingis to measureon-
line the dosethat hasbeendeliveredto a certainspotandthengive the signal to move
the beam;faston-line ionizationchambersareusedfor that purpose.On-linecontrol of
thedosedistribution hasanadditionaladvantage:thesystemwill bemuchlesssensitive
to ripple or fluctuationsin theextractedbeamintensitywhich wasof primaryconcernfor
passivesystems.

The extractedbeamenergy is changedby varying the parametersof the machine;a
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largenumberof fixedenergyvalueshavebeenselectedandcorrespondingmachinesettings
storedin acomputer, to enableapulse-to-pulsechangeof energies.Theapproachselected
by theGSIis evidentlythemostadvancedandshouldbecapableof adjustingthedelivered
doseto theshapeof thetumorwith theminimumdamageto thehealthytissues.In a few
years,whenthefirst resultsareknown, it will bepossibleto comparenot only thepassive
methodasusedat theHIMAC with theGSI active method,but alsoto determinewhether
a betterdosedeliverywill proveexpectedadvantagesof light ions.

A few yearsago,asanexercise,a medicalsynchrotronfor light ionswasdesignedat
GSI. Themaximumenergy was480MeV/u, for all speciesup to neon;the intensitywas
chosenratherlow, 108 neonionspersecond,resultingin a smallervacuumchamber. The
sizeof themachinewasalsorelatively small,about50m in circumference.

6.5. COSYfacility

Thecoolersynchrotronandstoragering COSY, recentlyput into operationat Julich,
Germany, hasalsobeenconsideredfor medicalapplications[20b,11l].Althoughprimarily
aprotonmachineintendedfor nuclearphysics,it shouldbecapableto acceleratelight ions
up to neon.At themaximummagneticfield, theenergy of light ionswould besimilar to
thatof theHIMAC facility but substantialmodificationsof theinjectorwould berequired
to expandtherangefrom protonsto light ions.Thereareseveralareasof studiescovered
by the proposedmedicalprogram,amongthemcomparisonof active andpassive beam
spreadingsystems,treatmentswith a fixedhorizontalline vs. a rotatinggantry, andasa
longrangeobjective,thecomparisonof protonsandlight ions.As this facility will remain
primarily a nuclearphysicscenter, thenumberof patientswill belimited to about100per
yearif at somefuturetimeclinical trialsbegin.

6.6. TERAproject

TheTERA projectis anambitiousstudyby a largecollaborationof Italianinstitutions,
universitiesandhospitalswith thegoalof establishinganItalian centrefor hadrontherapy
[1,21,11m].Theinitial goalhasbeenlaterbroadenedto form awholenetwork of facilities
for hadroncancertreatment,calledRITA. This network would consistof theoncological
hadrontherapy center, linkedwith severalcentersdevotedto protontherapy andwith other
hospitals.For theoncologicalcenter, thestudyconcludedthat thebestoptionwould bea
synchrotronservingfor accelerationof H � andlight ions.Protonswithin anenergy range
of 60 to 250MeV would begeneratedat extraction,by strippingof acceleratedH � ions.
The samering could be upgradedin the future to acceleratefully strippedlight ions up
to oxygen,at energiesbetween120 and400 MeV/u. Whenoperatingwith H � ions, the
ion sourcewill be followedby an RFQwith the outputenergy of 2 MeV; the beamwill
thenbefurtheracceleratedin a linearacceleratorup to anenergy of 11 MeV andinjected
into thesynchrotron.For light ions, thechoiceof the ion sourceis of crucial importance
for thedesignof theinjector itself. Two ion sourceshave beenconsidered,a Penningion
sourcedeliveringhigh ion currentsbut in low chargestates,andanECRion sourcewith a
loweryield but with higherchargestates.Thefirst injectordesignwasbasedonaPenning
sourcedeliveringO2
 ions; this would befollowedby anRFQto raisetheenergy to 250
keV/u.Thefinal stage,asynchrotron,needsfully strippedionsfor injectionandlow charge
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stateoxygenionshave to bepre-acceleratedto anenergy high enoughto achieve the full
stripping. For the TERA project, the processof raising the charge statewould proceed
in two steps.After the initial accelerationin the linear acceleratorto an energy of 850
keV/u, the optimumchargestateafter strippingis O6� ; this will be followedby further
accelerationto 3 MeV/u, sufficient for a goodyield of fully strippedoxygenions. This
is a rathercomplex schemeandnot very efficient becauseit requiresa two-sectionlinear
accelerator, with onestrippingfoil insertedbetweenthesectionsandoneafterthesecond
section.Although the yield of the optimumcharge stateafter the strippingfoil is much
lower thanthe beamintensitybeforethe foil, it is expectedthat the synchrotronoutput
wouldbesufficientto delivertherequireddoseto thepatient.Bothinjectors,H � for proton
therapy andthe light ion injector, would requireaboutthesameinjectionmagneticfield
which simplifiestheoperation.Thedesignvalueof themaximummagneticfield needed
for accelerationof fully strippedoxygenionsto anenergy of 400MeV/u is 1.4T; for the
maximumenergyof H � ionsof 250MeV thefield is only 0.537T whichallowsanefficient
accelerationwith very small lossesdueto strippingof H � ionsin themagneticfield. The
proposedlatticeis of thestrongfocusing,separatedfunctiontype,with acircumferenceof
about60 m. Therepetitionrateis 2 Hz for H � operationand1 Hz for light ion operation;
theflat top is 0.3s.

Theoncologicalcenterhasbeendesignedtohavefivetreatmentrooms,twowith proton
gantriescapableof handling250MeV beams,oneroomwith full energy horizontaland
verticalprotonbeams,oneroomwith two lower energy horizontalbeamsfor treatmentof
eye, headandnecktumors,andoneroom devotedto future light ion therapy; therewill
alsobean experimentalroom for protonsandlight ions. Whenfully in operation,about
1000patientscouldbetreatedperyear. At thisstageof theproject,bothpassiveandactive
beamdeliverysystemsareunderconsideration.It shouldbementionedthataspartof the
TERA project,otheroptionsfor protonaccelerationhave alsobeenconsidered,suchasa
compactsynchrotronanda compacthigh frequency linearaccelerator.

6.7. Hyogoproject

In additionto theHIMAC facility, which hasbeenput into operationa few yearsago,
thereis anotherproton/light ion facility underconstructionin Japan.This is the Heavy
Ion MedicalAcceleratorProjectby HyogoPrefectureGovernment[7j], plannedfor initial
operationin the year2001. The facility will useprotons,helium andcarbonions, with
energiesup to 230MeV/u for protonsandheliumandup to 320MeV/u for carbon.Beam
intensitieshave beendeterminedfrom therequirementfor a doserateof 5 Gy/min deliv-
eredto atargetvolumeof 15cmdiameterandafully extendedspread-outBraggpeak.Ion
beamenergieswill allow apenetrationdepthof 30cm for protonsandheliumionsand20
cm for carbonions.Therepetitionrateof thesynchrotronis 1 Hz for protonsand0.5Hz
for otherions,with a spill lengthof 0.4 s. Therewill befive beamlines,threefor helium
andcarbonions (onehorizontal,onevertical andone45� obliqueline) andtwo proton
lineswith gantries.For theinitial operation,apassivebeamdeliverysystemis envisaged.

6.8. Med-AUSTRONinitiative
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TheinitiativeMed-AUSTRON wasestablishedin 1995with theobjective to studythe
feasibility for a protonandion cancerresearchcenterin Austria.Studiesareongoing,in
collaborationwith theTERA Foundation,CERNandGSI,andtheresultswill bepresented
at a meetingscheduledfor October1997.Preliminaryparametersof thering areslightly
differentthanin the original TERA proposal,althoughthe machineis still designedfor
protonsandlight ions.Thelight ion speciesconsideredin thisstudyis carbon(aspresently
usedat ChibaandGSI facilities),with a maximumenergy of 425MeV/u. Thering hasa
larger circumference,71 m, but this increasein sizewould addvery little to the overall
costof thefacility. In additionto thestudiesof slow beamextractionfrom thesynchrotron,
therearea numberof relatedissuesto becoveredaswell, suchasbeamstability during
thespill andpassiveandactivebeamdeliveryoptions.

6.9. BNLbooster

At Brookhaven NationalLaboratory, Upton, U.S.A., thereis a 200 MeV H � linear
accelerator;it wasrecentlyproposedto usea small part of the beamfor protontherapy
but the plan was abandonedbecauseof difficulties in schedulingthe two applications,
high energy physicsand medical,without one interferingwith the other [10]. Another
accelerator, aboostersynchrotron,wasdesignedandconstructedto serveasinjectorof any
ion species(protonsto uraniumions) into the AlternatingGradientSynchrotron(AGS).
The maximumenergy aswell asbeamintensitieshave beendeterminedby the needsof
theAGSring, andfurther, of theRelativistic Heavy Ion Collider (RHIC), presentlyunder
construction,andaremorethansufficient for any medicalapplication.For light ionssuch
ascarbonor oxygentheAGSBoosteris capable,usingtheexisting tandemvandeGraaff
injector, to providea sufficientbeamintensityatany energy requiredfor tumortreatment.
Other ion species(nitrogen,neon)would needa new ion sourceandinjector to replace
the tandem.Thereis a proposalto utilize the Boosterbeamfor radiobiologicalstudies
of interestto NASA with ions up to iron, but patienttreatmenthasnot beenincludedin
theproposal.By addinga new ion sourceandinjector, it would bepossibleto extendthe
rangeof parametersof theBooster(ion species,energy, intensity)andchangethemon a
pulse-to-pulsebasis.Theinterferencewith theprincipalmodeof operationof theBooster,
which is accelerationof ionsfor injectioninto theAGS,would beminimal becauseAGS
andRHIC will needthebeamonly partof thetime.

7. A dedicatedlight ion facility for cancertreatment
7.1. Accelerator

The analysisof light ion beamparameters,requiredfor tumor treatment,hasshown
that of the threetypesof acceleratorsconsideredin this report, it is only a synchrotron
that is capableto deliver beamsof differentspecies,with anenergy variableon a pulse-
to-pulsebasisanda duty factorof theextractedbeamwell matchedto eitherthepassive
or active modeof beamdelivery [4i,4j]. A cyclotron is a machinedesignedfor a fixed
energy andrangeshiftershave to be usedif lower energiesareneeded;this may result
in a deteriorationof beamproperties,oneof the most importantcharacteristicsof light
ions.Conventionalcyclotrondesigns,whenextendedto light ions,leadto very largeand
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massive machines.Therefore,superconductingmagnetshave to beconsidered.Eventhis
technologyrequireslargeunitsanda very sophisticateddesignwhich is not very suitable
for ahospitalenvironment.A linearacceleratorfor ion energiesof interestin tumortherapy
is avery longandexpensivemachine;althoughit is in principlepossibleto designa linear
acceleratorfor handlingdifferentionspeciesandeventomodulateitsfinalenergy, thereare
otherdisadvantagesthatprecludethisoption.Ontheotherhand,anumberof synchrotrons
havebeenconstructedsofar, atanacceptablecost,for differentpurposesandabroadrange
of parameters(ion species,energy, dutyfactor, durationof theflat top).They performwell,
reliably andwith a goodreproducibilityandthey areacceleratorsof choicefor light ion
tumortherapy.

Thesynchrotronlatticedesignshavebeenperfectedto ahighdegreeandatpresentit is
possibletofind adesigncloseto theoptimumfor givenbeamparameters.Theexpertisefor
a properdesignexistsatmany laboratoriesaroundtheworld, andindustrymaybewilling
to participatein theconstruction,in collaborationwith oneor morelaboratories.Existing
designs,suchasTERA or Med-AUSTRON, canserve asthebasisfor any new light ion
facility.

7.2. Ion sources

Thereis, however, oneelementof the acceleratorwith someroom for improvement.
This is the precedingstage,the injector. Several considerationsrequirethat only fully
strippedions be injectedinto the synchrotron.First, the accelerationefficiency depends
on thechargestateof ions,thereforethesizeof themachine,its costandtime for ionsto
reachthe final energy will alsodependon the charge state;this is why the injector into
the synchrotronhasto producefully strippedions (barenuclei). The samerule applies
to the injector itself: a higherchargestateof ionsproducedin thesourcewill resultin a
moreefficient accelerationanda smaller, simplerandlesscostly injector. The designof
the Chibafacility illustratesthis point: the beamfrom the ion sourceis acceleratedin a
7.3 m long RFQ,followedby a 24 m long linearaccelerator, all in orderto give partially
strippedionsenoughenergy for anefficient full strippingat injectioninto thesynchrotron.
Thesecond,alsoimportantconsiderationarelossesof ionsin collisionswith moleculesof
theresidualgasin thevacuumchamber;they will belowestfor fully strippedions.

7.2.1. Low charge state ion sources

A typical representativeof low chargestateion sourcesandalsoonestill frequentlyused
in accelerators,is thePenningor PIG(from PhilipsIonizationGauge)ion source.It is very
simplein principle,consistingof two cathodesplacedat eachendof a hollow, cylindrical
anode;the electrodestructureis immersedin a magneticfield. Electronsemittedfrom
eithercathodeareacceleratedby thecathodeelectricfield into thehollow anodewherethey
aretrappedandforcedto makemany oscillationsalongthemagneticfield linesbeforethey
arelost to theanode.Electronswith a sufficient energy will ionizeparticlesin thesource
volume and a plasmawill be createdthere. Penningsourcesare capableof producing
copiousion currentsof any element,but in a ratherlow ionizationstateandwith a broad
charge statedistribution; the reasonfor the former is a relatively low cathodeto anode
voltagethattheplasmain thesourcecansustain.
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Thestandardapproachin thedesignof ahighenergy ion accelerator(suchasfor cancer
treatment),basedon a low chargestateion source,is to selecta chargestatewith a suffi-
cientintensity, thenpreacceleratetheionsto anintermediatelevel andpassthemthrougha
thin strippingtarget.At theexit of thestripper, chargestatesof ionswill behigherthanbe-
forebut theirspectrumwill bebroader;thepriceto payis thefactthatunwantedstateswill
haveto berejected,resultingin asubstantiallossof intensity. In somecasestheprocesshas
to berepeatedoncemore,by furtheraccelerationandfinal strippingbeforeinjection into
thesynchrotron,aswasproposedfor thefirst TERA project.It is evidentthatthisscheme,
althoughbasedon a simpleinexpensive ion source,couldbemorecostlyconcerningthe
overallaccelerationprocessitself.

7.3. Intermediatechargestateion sources- ECR

An electroncyclotronresonance(ECR) ion sourceis againa magneticelectrontrap,
whereaplasmais createdandmaintainedin aweakmagneticfield. Ionizationis performed
by fastelectronsin a step-by-stepprocess,resultingin an increaseof theaveragecharge
stateof ions.Electronsareheatedbyhighfrequency electromagneticwavesintroducedinto
theplasma;thereis a region in theplasmawherethewave frequency is in resonancewith
themagneticfield. ECRion sourceshave beenin a wide usefor severaldecades,they are
reliableandeasyto operate,althoughmuchmoreexpensive than,e.g.,a Penningsource.
They arecapableof producingintermediatechargestatesof many elements,uptouranium,
but theirperformancewith light ionsis whatis relevantfor medicalapplications.Thebest
yields of carbonor oxygenions of modernECR ion sourcesis in the helium-like state,
with two electronsremaining,while for heavier ions, theoptimumchargestateis lower.
Still, anECRion sourcefor usein a medicalacceleratorwould requirejust onestripping
stageto producebarenuclei,with thefinal yield notmuchdifferentfrom aPenningsource.
This typeof ion sourcesis beingusedor proposedasan alternative to Penningsources,
e.g.,at Chibaor in theTERA proposal.Thework on improving ECRsourcesis goingon
at many laboratories,but it is doubtfull that enoughprogresswill be madeto producea
highenoughyield of fully strippedlight ionsin a foreseeablefuture.

7.4. High chargestateion sources- EBIS

An electronbeamion source(EBIS) is a devicewhereelectronsandionsareconfined
in a combinationof electrostaticandmagneticfields. The magneticfield is solenoidal,
servingto compressandconfinea high-current-densityelectronbeam.Thenegativespace
chargeof electronsconfinestheionsradiallywhile asystemof coaxialelectrodesconfines
themaxially via properlyselectedpotentials.Theprocessof ionizationis againstep-by-
step,in collisionsbetweenfastelectronsin the beamandconfinedions. An EBIS is in
principle a pulseddevice, wherethe processstartswith the injectionof neutralparticles
or very low chargestateionsof thedesiredspecies.During theconfinementtime, which
canbechosenat will, thechargestatedistribution of confinedionsmovesfrom lower to
highervalues;thefinal distribution dependson theelectronbeamcurrentdensityandthe
confinementtime. Thesetwo parameterscanbeeasilyadjustedso that thesourceis able
to produceany ion speciesin any charge state(e.g., fully strippeduranium). For light
ions up to neon,satisfactoryyieldsof barenuclei have alreadybeenachieved,while for
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heavier ionssuchasargon,yieldsarestill too low. Thecomparisonof performancesof an
ECRsourcewith anEBIS is not straightforward: anECRsourceis in principlea device
delivering a certaincurrent,while an EBIS deliversa certainpositive charge depending
on the electronbeamparametersand size of the device. Thus the ion currentfrom an
EBIS will dependalsoon the selectedvalueof the ion pulselength,which is adjustable
within a certainrange.The latter propertyof an EBIS makes this sourcevery suitable
for injection into a synchrotronbecausea very high currentcanbe injectedinto the ring
duringashortinterval. At present,thework onEBISdevelopmentis proceedingatseveral
laboratoriesandwithin a few years,a simple, room-temperaturedevice shouldbecome
availabledeliveringion intensitiesneededfor medicalsynchrotrons.Themainadvantage
of anEBIS is its possibilityof producingfully strippedions,up to neonwith a sufficient
intensity, eliminatingthustheneedfor any strippingbeforeinjectioninto thesynchrotron
andmakingtheinjectorshort,simpleandlessexpensive.Any sourceof fully strippedlight
ionshasto beextremelyclean,to avoid any contaminationof theextractedbeamwith ions
of unwantedspecieshaving thesamecharge-to-massratio.

7.5. Injector

Thesimplestdesignof an injectorresultsif thesourcecandeliver fully strippedions.
At present,it is only an EBIS that is capableof delivering sufficient intensitiesof fully
strippedions,but shouldanECRbedevelopedin thefuturewith thesimilarperformance,
thechoicewill bebetweenthesetwo types,with othercharacteristicsdecidingwhich one
to use.In any case,theonly acceleratorstagebetweenthesourceandthesynchrotronring
will bejust a shortRFQ,with anenergy high enoughto accelerateandinject therequired
numberof ions.Eliminationof strippingfoils will make thedesignsimpler, morereliable
andeasierto operate.

7.6. Beamdeliverysystem

Theonly beamdeliverysystempresentlyin useonprotonandlight ion acceleratorsfor
tumor treatmentis of the passive type. The active-typesystems,with acceleratorenergy
modulationandbeamrasteror voxel scanning,will betestedin thenearfutureat theGSI
facility. Althoughactivesystemsseemtobemorecomplex, oncetherequiredtechnologyis
developed(acceleratorcontrols,beamintensitymonitoringandcontrols,interfacebetween
thebeamdeliverysystemandpatient)themostimportantelementwill beto determinethe
exactlocation,shapeandpropertiesof thetumor, aswell aspropertiesof tissuesaheadof
thetumor. Theknowledgeof thepropertiesof healthytissuesis of crucialimportance,not
only becausethey will determinewhatwill happento thebeamwhenpassingtowardthe
tumor, but becauseit will serveto estimatethedosedeliveredto healthyorgans.However,
thedesignof theacceleratorshouldbesuchastosatisfytherequirementsof eitherapassive
or anactivebeamdeliverysystem.

8. Costeffectivenessof light-ion cancertherapy
Thereare two issuesto considerwhenestimatingthe costeffectivenessof light ion

cancertherapy: costsof treatmentof a patientascomparedwith othermodalitieshaving
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similarprospectsfor cureof cancerandcostsof treatmentof a patientfor whomthereare
no other(or better)modalitiesfor curecomparedto costsof otherlife-saving procedures.
While the first issueis the questionof economics- how to find the mostcost-effective
treatmentif severalmodalitieswith similar outcomesareavailable,thesecondissuebor-
derswith thequestionhow to determinewhoselife shouldbesaved.

Oneof themostthoroughanalysesof costsof aproton/light-ionfacility hasbeendone
for theTERA project[21]; estimatesareavailablefor a few otherprojectsaswell [2,3,10].
ThePhaseI of theTERA projectwould belimited to productionanduseof protonsonly,
while theadditionof light ionsup to oxygenhasbeenconsideredasanupgrade.Thetotal
costof the facility hasbeenestimatedat about$M 50, with the light-ion upgradeadding
about$M 7.5; this includesmanagement,installationandcommissioningcostsand15%
contingency. It is interestingto notethattheacceleratoritself contributeslessthan20%to
thetotal constructioncostof thefacility. To estimatethecostof thetreatmentperpatient,
several assumptionshad to be madein the proposal;the first was aboutthe numberof
patientsthatcouldbetreatedperyear. After aninitial periodof two years,andoperationin
two shifts,about1 000patientscouldbetreatedperyear(this numbercouldbeincreased
by addingmoretreatmentroomsor by operatingin threeshiftswhichis astandardmodeof
operationat nuclearor high energy physicsmachines).Assuminga 25 yearamortization
andincluding the operatingcosts,the estimatedcostper patientwasabout$ 15 000 for
protontherapy; light-ion therapy would be moreexpensive by about20%. A somewhat
lower estimatehasbeenarrived at for a Germanproject. If, instead,1 500 patientsare
treatedperyear, thecostwould be reducedcorrespondingly. Therearetwo majorproton
therapy facilities in the United States,Loma Linda and Harvard CyclotronLaboratory;
their chargeshave beenquotedin a wide range,from $ 10 000 to $ 60 000, depending
on the numberof sessions.At present,thereareno light-ion facilities eitherexisting or
proposedto bebuilt in theUnitedStates.

It is not easyto comparethesecostswith othermodalitiesfor cancertreatment,again
becauseof abroadrangeof costs,from onecountryto anotheranddependingontheextent
of thedisease.In Germany, theaveragecostof conventionalradiotherapy amountsto about
$ 5 000, but the modernconformalradiationtreatmentwould be moreexpensive; onco-
logical surgeryis moreexpensive,on theaverageabout$ 10000,andchemotherapy even
more,upto $ 40000.In USA, thestructureof costsis different,sothate.g.anoncological
surgery may easilycost$ 25 000. From thesedata,it would follow that a proton ther-
apy treatmentis abouttwiceasexpensiveasconventionalradiotherapy, while thelight-ion
treatmentmaybeup to threetimesmoreexpensive. Averagecostsof protontherapy are
comparableto oncologicalsurgery, but lower thanfor chemotherapy. However, thereare
otherfactorsto betakeninto account,suchasthelengthof thestayin thehospital(which
in somecasesis themajorcontributionto thetotalcost),overall treatmenttime,qualityof
life andsocio-economicdisruptionof life, andacuteandlong-termmorbidity. Whenall
thesefactorsareincluded,it maywell bethata somewhatmoreexpensivemodality, such
asradiotherapy with protonsor evenwith light ions,wouldbepreferable.

Finally, addressingthe secondissue,oneshouldconsidercostsof othersocially and
economicallyacceptabletreatments,suchasbonemarrow transplantationwhichmaycost
up to $100000,andhearttransplantationwhich maycostup to $ 140000for thesurgery
aloneandfurtherseveralhundredthousandfor hospitalanddrugcosts.Thelatterproce-
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dure,long termlife-saving, is presently, in about60%of cases,limited not by thecostsof
the treatmentitself but by thenumberof availableorgans.However, this issueis beyond
thescopeof this report.

9. Conclusions

Light ions have several distinct characteristicsthat seemto offer a more promising
treatmentof sometypesof cancerthanothertypesof radiation.Their physicalselectivity
in thedosedelivery is verygood,with lowerscatteringandenhancedenergy depositionat
theendof thetrack.Radiobiologicalproperties,suchasa reducedsensitivity to thephase
in thecell cycle,a lower oxygenenhancementratio andhighervaluesof factorsLET and
RBE alsoseemattractive andadvantageousfor cancertreatment.Analysesperformedfor
several projectshave shown that therearea numberof typesof cancerwherelight ions
mayoffer amuchbetteror theonly prospectfor cureand,therefore,cannotbeconsidered
to competewith establishedmethodsbut to complementthem.Still, thenumberof patients
treatedsofarhasbeenrelatively verysmallandlimited to just two facilities,Berkeley and
Chiba.Thereareseveralreasonsfor thereluctanceto introducethis new typeof radiation
asa modalityin cancertreatmentandweshalltry to addressthem.

It is a fact that,exceptfor thededicatedChibafacility, all otheracceleratorscapable
of producingenergeticlight ionswerebuilt for adifferentpurposeandwith differentchar-
acteristicsthanneededfor thetherapy. Therangeof their parameters(ion species,energy,
intensity)is usuallymuchbroaderandtheconstructionandoperatingcostsmuchhigher
thanacceptablefor medicalapplications;thefacilitiestendto becomplex andnot reliable
enough.Becausetumor treatmentis not their primarypurpose,the time availablefor ra-
diobiologicalstudiesandtrials is limited. TheChibafacility, oncein full operation,will be
ableto supplytheneededion beamsandin a few yearsvaluableexperiencewill begained
aboutthe effectivenessandadvantagesof light ions. The new Hyogo facility shouldbe
in operationby the year2001andaddmoredatato the statistics.With thesetwo facili-
ties,Japanhastakena leadingrole in exploring themeritsof light ions.Europeanefforts,
althoughvery importantfor theprogressof thefield, areconcentratedon limited clinical
studiesat the GSI andon TERA ProjectandMed-AUSTRON initiative. If theseefforts
resultin theconstructionof a dedicatedlight-ion facility in Europe,this will beagainan
importantstepin determiningthe feasibility of light-ion usein cancertreatment.In the
UnitedStates,atpresentthereis noongoingeffort, aftertheclosingof theBevalacfacility.
The only acceleratorcapableof producinglight ions for cancertreatmentis the Booster
at BrookhavenNationalLaboratory, but presentlythereareno plansto useits beamsin
medicine,althoughit is likely to beusedfor radiobiologicalresearch.

Characteristicsof light ions that make themattractive for cancertreatment,arealso
the reasonthat their applicationis muchmorecritical andcomplex. Tumor diagnostics
andbeamdeliverysystemsbecomeverysophisticated,andsodo theacceleratorcontrols.
However, aftertheinitial investmentinto thedevelopmentof thehardwareandsoftwareof
a prototypefacility, the next generationshouldbecomesimpleenoughto be operatedin
a hospitalenvironment.Resultsfrom GSI studiesin acceleratorcontrol andactive beam
deliverysystemswill bevery importantfor furtherdevelopments.

204 FIZIKA B 6 (1997)4, 177–206



PRELEC: IONS AND ION ACCELERATORS FOR CANCER TREATMENT

Progressin theuseof conventionaltypesof radiation,includingprotons,hasbeensub-
stantialandthebeamdelivery hasmovedcloserto theideal,conformtreatment.This has
beenmentionedasanargumentagainsttheintroductionof new typesof radiationin tumor
treatment.However, light ions werenever supposedto replacethe methodswhich have
alreadyachievedexcellentresultsbut to try to treatthosecasesfor whichothermodalities
offer little or nohope.To proveor disprovetheexpectations,basedonphysicalandradio-
biologicalproperties,it is necessaryto broadenthestudiesandclinical trials to getbetter
statistics.

Finally, thereis thequestionof cost-effectivenesscomparedto othermodalities.Again,
it may be true that conventionalradiationtreatmentsare lesscostly thanonewith light
ions,but heretheargumentis thesameasbefore: if light ion treatmentis a muchbetter
or theonly modalityavailablefor certaintumorsites,thenthecostshouldbeof secondary
importance,consideringothermoreexpensive,but life saving procedures.

To conclude,for suchauniversalmedicalproblemascancer, it is importantto explore
all avenuesto accomplisha cure.Radiationwith light ionsoffersa possibilityto improve
existing methods,but thenumberof patientsis still far too small to reachthe judgement
aboutits benefitsandadvantages.In the presentsituation,onecannotexpect that funds
would becomeavailableto startconstructionof new facilitiesabove thosementionedbe-
fore. It is, therefore,importantthatthefacilitiesalreadyexisting, includingthosebuilt for
otherpurpose,areutilizedasmuchaspossiblefor radiobiologicalstudiesandclinical trials
of a limited numberof tumorsiteswhereothermethodsfail or arenot verysuccessful;an
internationalcooperationwill beindispensableto achievethedesiredresults.
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IONI I IONSKI UBRZIVAČI ZA LIJEČENJERAKA

Upotreba iona visoke energije te mase do neona pruža znǎcajne prednosti prema
uobǐcajenimmetodamazrǎcenjau liječenjunekih vrstaraka. U ovom preglednomradu
izlažu se radiobiolǒske znǎcajke više vrsta zrǎcenja(fotona,elektrona,protonai iona),
s naglaskom na usporedbeučinakabrzih iona i drugih vrstazrǎcenja.Nadalje,utvrd–uju
separametriionskih snopova za liječenjeraka,dajepregled dosadǎsnjeg radau ionskoj
terapiji i klini čkim ispitivanjimas protonimai brzim ionima, te opisujusustavi koji su
u upotrebii koji seplaniraju.Na kraju, na osnovi poznatihiskustava i budúcih potreba,
predlǎzesenajpovoljniji sustav ionskogubrzivačazaliječenjeraka.
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