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Abstract:Asanimportantstepoftheapplicationofspotscanningtechniquetoheavyiontherapy,

anexperimentalcalibrationprocedureofonlinebeam monitorsbasedonstandardofabsorbeddose
towaterhasrecentlybeendevelopedforscannedpencil灢likecarbonionbeaminthedeep灢seated
tumortherapyterminalattheHeavyIonResearchFacilityinLanzhou(HIRFL).Inthiswork,

creatinghomogeneousirradiationfieldwithsteerablespotbeam wastestedusinga207 MeV/u
pencil灢likecarbonionbeam.Thentheverificationofenergydependenceofthecalibrationfactors
(CFs)andtheinfluenceofscanningstepontheCFwerealsoshown,asapartoftheheavyion
clinicdosimetryresearches.TheresultsshowdthatthemonitorCFpresentedenergydependence
andperformedstableresponsewithdeviationof1.8%forthevariationofscansteps.Inthispa灢
per,thesuitabilityandeffectivenessofbeam monitorcalibrationprocedurefordynamicparticle
beamdeliverywereverifiedandthefurtherresearchpointstoimprovethecalibrationprocedure
weresuggested.
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1暋Introduction
Duetothefavoritecharacteristicsofheavyion

beam such asinverted depth灢dose distribution
(Braggpeak)andhighrelativebiologicaleffective灢
ness(RBE),heavy灢ioncancertherapyhasattrac灢
tedgrowinginterestallovertheworld.Inorderto
makeoptimaluseofthesecharacteristicsandto
achieveaccuratetreatment,itissignificanttode灢

liverahighdosetoatumorselectivelywhilepre灢
ventingundesiredexposureofsurroundingnormal
tissueandorganatrisk (OAR)[1-3].Manyre灢
searchgroupsjoinedinthisfieldwiththeirheavy
ionaccelerators (cyclotronsorsynchrotrons)in
America,Japan,Germany,Chinaandothercoun灢
tries[4-7].InChina,basicresearchesofheavy灢ion
radiotherapywerestartedin1995attheInstitute
ofModernPhysics (IMP),ChineseAcademyof
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Sciences (CAS),andfruitfulachievementshave
beenobtainedintermsofradiationphysics,radio灢
biologyandtherapeutictechnique[8-22].Ionization
chambersarerecommendedforuseasreference
monitorsinallclinicalionbeamssincetheIAEA
publishedthecodeofpractice TRS灢398 (IAEA
2000)andrecommendedproceduresforioncham灢
berreferencedosimetryforalltypesofexternal
beams[23-26].Alsothe monitorcalibrationproce灢
durehasbeenwidelyadoptedtoevaluateabsorbed
doseto water,whichisoneofthebasiccheck
processesbeforecaringouttheclinictumorirradia灢
tion.

Inconventionalradiationtherapy withhigh灢
energyphotonorelectronbeams,themonitorcali灢
brationmaybeverysimple:Themethodusually
appliedistoperformameasurementofabsorbed
doseunderreferenceconditionsthatdominatedby
acertainnumberofmonitorunitswhichresulted
fromthebeam monitor.Similarly,thedoseverifi灢
cationoftreatmentplancanbedonesimplyata
singlepointinthetreatmentfield.Aftertheyear
2000,eventhiscalibrationmethodwastransferred
tomostoftheprotonandiontherapyfacilitiesac灢
cordingtheIAEAprotocolforthemeasurementof
absorbeddoseto water.Thecalibrationofthe
beam monitorforpassivelyscatteredcarbonion
(proton)beamisverysimilartothatofX灢ray
beam.A dose measurementisperformedinthe
centerofareferencespreadofBraggpeak(SOBP)

with10cm暳10cmfieldsize(orlargestavailable
fieldsize)andapredefined modulation widthas
recommendedforreferenceconditionsbytheTRS灢
398(IAEA2000).Themonitorcalibrationcoeffi灢
cientforthisreferencefieldisdefinedastheratio
ofthemeasureddosetotherespectivenumberof
monitorunits(MUs).Thenumberof MUsre灢
quiredforaspecifiedprescribeddoseisthenob灢
tainedbydividingtheprescribeddosebythiscali灢
brationcoefficient[27].Theprocedureisinprinciple
thesameatthetherapyterminalsofHeavyIonRe灢
search Facility in Lanzhou (HIRFL), China,

where12Cionsareappliedusingapassivebeamde灢
liverytechnique[28].

Pencilbeamscanningoffersbetterconforma灢
tionofdosewithoutcollimatorsandcompensators
andpossiblylowersneutroncontaminationcom灢
paredtopassivebeamscatteringtechniques.But
monitorcalibrationprocedureofdynamicscanning
systembecomemorecomplicatedthanthatofpas灢
sivebeamdeliverysystem.Thedosethatcoverthe
targetvolumecanbeshapedinallthreedimensions
forscannedionbeam whilethedosecanbevaried
fromspottospotallowingtocompensateforthe
pre灢irradiationofproximalsubvolumeand dose
contributionsfromfragments[29].TheSOBPchan灢
gesforeachscanspotineverytreatmentfield,

whichdeliverdosewithoptimizedandinhomoge灢
neousbeamintensitypattern.Besides,forscanned
beams,thetreatment planning system hasto
specifythenumberofionsforeachscanpointand
eachenergy.Therefore,the monitorcalibration
coefficientisprovidedinunitsofions/MUrather
thandose/MU.Consequentlythemonitorcalibra灢
tionprocedurerecommendationsofTRS灢398re灢
gardingreferenceconditionsarenolongerappro灢
priate.

Recentlyanactivespot灢scanningbeamdelivery
system has been developedin the deep灢seated
tumortherapyterminalat HIRFL basedonthe
newly灢builtCoolingStorageRing (CSR).Pencil
carbonionbeamsweresteeredlaterallybyhorizon灢
talandverticalscanning magnetsinaccordance
withapredefinedgridofscanspottodeliverthe
dosetoatargetvolumeincombinationwithlongi灢
tudinallyactiveenergyvariationbytheCSR.The
beamiskeptstableateachscanpointuntilapreset
numberofparticlesisappliedandthen moves
quicklytothenextscanpointwithoutswitching
thebeamoff.Thescanningiscontrolledbytheon灢
linebeam monitoringsystem.A nitrogenfilled
parallelplateionizationchamberisinstalledatthe
activespotscanningsystemasmainonlinemoni灢
tor,whichwillcontroltheabsolutenumberofcar灢
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bonionstobeappliedatacertainenergyatacer灢
tainscanspot.Apparentlyitisalsonecessaryto
calibratetheonline monitorforeachenergyin
termsofparticlenumbers.Inthefieldofiondo灢
simetrytheapproachesofdirectmeasurementof

particlenumberarebasicallylimitedand direct
measurementofparticlenumberishardlyachieved
throughionizationchamber.Fortunatelyfollowed
the procedure founded by Hartmann[30],the
measurementofparticlenumbercanbetranslated
bycomparingthe monitorreadoutwiththeab灢
sorbeddosemeasuredinaphantomundercertain
referenceconditions when using dynamic beam
deliverysystem.

Inthispaper,ourmonitorcalibrationproce灢
durefordynamicparticlebeam deliverysystem
wasoutlinedanditssuitabilityandeffectiveness
wasverifiedbydosemeasurementsintheplateau
region.

2暋Experiments

2.1暋Calibrationmethod

Thecalibration factor (CF)at energy E,

C(E),definedastheparticles(N)perMU,isgiv灢
enby

C(E)= N
MU= Dmeas

SE(x)MU殼x殼y , (1)

where Dmeas isthe accumulative absorbed dose
measured in the mono灢energetic homogeneous
fields,SE(x)isthemassstoppingpowerofcarbon
ionswithaninitialenergyEatthedepthofmeas
urementx.殼xand殼yarethespacingbetweenthe
scanpointsinthexandydirections.

Theabsorbeddoseisdeterminedby (1)the
readoutofthedosimeterM whichcorrectedforin灢
completesaturationsanddensityeffects,(2)the
CFforthechamberintermsofabsorbeddoseto
waterina 60CofieldNw,and (3)airradiation
beamqualityfactorkQasfollowing,

Dmeas(Peff)=MkQNw, (2)

where,Peffdenotestheeffectivepointofmeasure灢
mentinthecarbonionbeamandkQ accountsfor
thedifferencesinbeamqualityrelativetothecali灢
brationbeamquality.Duringthecalibration,the
MUwassettothesameateachscanningpointin
thehomogeneouscalibrationfield,andthedose
measurementwasconductedintheentranceregion
inairbyionizationchamberlocatedinthecenterof
thefield.

2.2暋Irradiationfieldforcalibration

Inordertoverifythegenerationcapabilityof
uniformirradiationfieldformonitorcalibrationa
mono灢energeticcirclefieldof60mmindiameters
wasgeneratedwiththe207MeV/upencil灢likecar灢
bon beam.The homogeneouscalibrationfields
weregeneratedbythedynamicbeamdeliverysys灢
teminthetreatmentterminalatHIRFLusinga
Gaussianshapedbeamspotof22.8mmfullwidth
athalfmaximum (FWHM),whichwerechecked
withaionizationchamber(IC)arrayof729detec灢
torswithasmallsensitivevolumeeach(PTW2D灢
ARRAY, Freiburg, Germany). The pencil
beams,producedbytheHIRFLsynchrotron,were
magneticallydeflectedstepwiselyinverticaland
horizontaldirectionsto “paint暠thefieldbytwo
pairsofbendingdipolemagnetsinaccordancewith
apredefinedgridofscanspot,typicallyspaced3
mminbothdirections.The MUisthesameat
eachscanpoint.

Duringthecalibration,asmallthimblecham灢
ber (Farmer chamber, type 30013, PTW灢
Freiburg,Freiburg,Germany)asthedosedetec灢
torwasplacedinthecenterofthehomogeneous
fields.Thetotalwaterequivalentpathlengthbe灢
forethesensitivevolumeofthechamberincluding
thethicknessofthebeamdeliverydeviceandmoni灢
torsystemsamountsto6.8mm.

2.3暋Energydependenceofcalibrationfactors

Thetherapeuticonline monitorsat HIRFL灢
CSR werecalibratedinunitsofparticlesperMU
foralltheavailableenergies whiletheparticle
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numbersweredeterminedbasedonthemeasure灢
mentofabsorbeddosetowaterinmono灢energetic
circlefieldsof60mmindiameterssincethedirect
measurementofparticlefluencecannotbeper灢
formed.Thecalibrationmeasurementofthebeam
intensity monitorswasperformedatsixdifferent
energiesErangingfrom172MeV/uto207MeV/u
withanintervalof7MeV/u,whichcorrespondsto
theBraggpeakpositionsinwaterof67.09mmto
92.27mmwithanaverageintervalof4.9mm.

2.4暋Influenceofscansteps

TheinfluenceofvariousscanstepsonCFwith
carbonions wasfirststudiedinthedeep灢seated
tumortherapyterminalat HIRFL灢CSR inthis
work.Themeasurementwastakeninplateaure灢
gionswithtwotypesofcalibrationfields(circular
andrectangular)usinga207MeV/uGaussiancar灢
bonionbeam.毤60mmfieldswerescannedwith
beamspotspacingsof3,4,5,6and7mm,re灢
spectively,andthebeamspotspacingsofrectan灢
gularfieldsof60mmsidelengthweresetto3,4,

5and6mm,respectively.TheMUwassettothe
sameateachscanningpointamongeachcalibration
field.

3暋Results

3.1暋Calibrationfield

In灢airspotlateralprofileinthexdirectionof
thexy灢planewerecheckedintheplateauregion(z
=6.8 mm)withasmallparallelplateionization
chamber (Markuschamber,type23343,PTW灢
Freiburg,Freiburg,Germany),whichhasacylin灢
dricalsensitivevolumeof5.3mmindiameterand
2mminheight,forthe207MeV/upencil灢likecar灢
bonbeam.

AsshowninFig.1,theparameterizedGaussi灢
anshapeandthemeasuredrelativevalueswerein
greatagreement,withaFWHMof22.8mm.The
Gaussianshapedbeamspotisthekeyofthecali灢
brationfield,becausethemono灢energeticcalibra灢
tionfielddeliveringahomogeneousdoseisthepre灢

requisitefortheapplicationofEq.(2).Forthis
purpose,thePTW 2D灢ARRAY with729small
chambers was used for the dose homogeneity
measurement.The measureddataacquiredfrom
thexdirectionofthe毤60mmfieldareplottedin
Fig.2,representingthelateralprofileofthecali灢
brationfield.Thismono灢energeticfieldof毤60mm
wasclosetotheentranceregionatadepthof6.8
mminthewater.Thehomogeneityofthecalibra灢
tionfieldforeachenergyisgenerallyrequiredtobe

Fig.1 In灢airbeam spotlateralprofileinthex direction

measuredintheplateauregion(z=6.8mm)forthe

207MeV/upencil灢likecarbonbeam (squares).Solid

linerepresentsthecalculatedbeam profilebasedon

thebeam withinitialangularandradialspreads(the

initialGaussianbeamspotwithlateralspread).

Fig.2 Thelateralprofileofthecalibrationfieldinthexdi灢
rection measuredintheplateauregionforthe207

MeV/upencilcarbonbeam (squares).Solidlinere灢

presentsthecalculatedbeamprofilebasedonthebeam

spotwithinitialangularandradialspreads(theinitial

Gaussianspotwithlateralspread).

betterthan5%.Thecalculatedbeamprofilebased
onthebeam spotwithinitialangularandradial
spreads,showninFig.2,hasgoodagreementwith
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themeasureddata.

3.2暋Energydependence

InFig.3,themonitorCFsmeasuredusingthe
sixdifferentenergiesaredisplayed.Themeasure灢
mentateachenergywasrepeatedeighttimesand
thereproducibilityoftheresultswaswithin11%.
ThesolidlineshowninFig.3isthelinearfittingof
theenergydependenceofthemonitorCFC(E).

Fig.3 TheenergydependenceofthemonitorCFC(E)for

thesixdifferentenergiesofthecarbonionbeams.

3.3暋Influenceofscansteps

The monitor CFs underthe conditions of
variousscanstepsareshowninFig.4.Theresults
indicatethattheresponseofthebeam monitorto
carbonionsbasicallywasalmostthesamealthough

Fig.4 The monitorCFsunderconditionsofvariousscan

stepsforcircularandrectangularcalibrationfields.

thescanstepincreasedsignificantly.Forboththe
rectangular and circular calibration fields,the
averageCFswere447.8and376withtinydevia灢
tionsof1.8% and1.3% respectively whenthe
scanstepvariedfrom3mmto6mm.Howeverfor
therectangularfieldwiththescanstepof7mm,

theCFwentupto493.6.Probably,thefactthat
thelowdoseenvelopeofpencilbeamextendedout灢
sideofthefieldalotmayaccountforsuchanin灢

creaseinthecaseof7mmstepscanning.

4暋Discussion
Thecalibrationprocedurepresentedinthispa灢

perprovidesauniqueandsimplemethodforparti灢
clemonitorcalibrationinthedynamicbeamscan灢
ningdeliveryatHIRFL灢CSR,whichisvalidfor
variousenergiesandpossibleSOBPsappliedtopa灢
tients.

Thisstudywascarriedoutbasedonapencil灢
likecarbonionbeamthatprovidedbytheHIRFL灢
CSRsynchrotron.Thedetailsofthepencilbeam
suchasthedepth灢dosedistributionandthebeam
lateralspreadswerethebasicdataforheavyion
dosimetryresearch.Thebeamlateralspreadswere
duetothemultiplescatteringwhenthebeampas灢
sedthroughthebeamexitvacuumwindowandthe
devicesnecessaryforbeam monitoringandshaping
suchasbeammonitorsandridgefilter.Physically,

thebeamlateralspreadscouldbedescribedwith
different types of the mathematical model.
Howeverpreviousexperimentshavealreadyshown
thatthelateralspreadsofparticlebeam wereap灢
proximatelysymmetricandcouldbedescribedwith
a2DGaussianmodel[3,5,23]asfollows:

P(x,y)= 1
2毿氁1氁2
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AsshowninFig.1,themeasuredbeam灢profileda灢
tainthexdirectionwereingoodagreementwith
thefittingaccordingtoEq.(3).Inaddition,the
calculatedfieldprofilebasedonthebeamspotwith
initialangularandradialspreadshadgoodagree灢
mentwiththemeasuredpointsasshowninFig.2.
Therefore,thecapabilityofcreatinguniformirra灢
diationfieldsbythespot灢scanningsystemwasveri灢
fiedthroughlaterallysuperposingsingleGaussian灢
shapedbeams.

Duetotheenergy dependence ofstopping
powerandthewvalue,whichintroduceuncertain灢
tiesintheradiationqualityfactorkQinEq.(1),
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the monitor CF also presented energy depen灢
dence[11]asshowninFig.3.Althoughthescan
stepincreasedsignificantlyinthecaseofeitherthe
roundortherectangularcalibrationfield,there灢
sponseofthebeam monitortothecarbonionswas
almostthesame,indicatingthattheCF wasnot
affectedbythevariationofscanstepsifthelateral
spreadofthepencilbeamcouldkeepstable(Fig.
4).Thetwopointsabovearereflectedclearlyin
thiswork.TheindependenceofCFonscanstep
showsthatthereferenceconditionsforcalibration
intermsofscansteparesteady.

Itshouldbenoticedthatalthoughtherewas
noscan灢stepdependenceofcalibrationfactor,the
CFderivedfromtherectangularfieldwaslarger
thanthatfrom theroundone.Thisisbecause
therewere441scanpointsintherectangularfield
with60mmsidelength,butonly353pointsinthe
roundcalibrationfieldinstead.Themore88pencil灢
likecarbonionbeamscontributedtoanincreasein
doseinthecenteroftherectangularfield,leading
totheincreaseoftheCF.Ontheotherhand,the
disparityoftheCFsobtainedinboththefieldssug灢
geststhatthecalibrationfieldsshapedbythespot
scanning system in this work were notlarge
enoughforthecalibrationtask.Soitisessential
thatacalibrationfieldshouldbehomogeneousand
largeenoughtoeliminatetheinfluenceofthelow
doseenvelopeofamono灢energeticpencilbeamon
monitorcalibration[31].Inotherwords,thedis灢
tance between the detector暞s center and the
boundaryofacalibrationfieldshouldbelarger
thantheradiusofthelowdoseenvelopeofapencil
beam.

Besides energy and calibration field size,

LET,beamspotsize,themeasurementdeviceand
environmentalsoinfluencethebeam monitorcali灢
bration[32].LET affectsthe dose measurement
throughincompletesaturationofionizationcham灢
ber.ThesmallertheLET,thesmallerthecorrec灢
tion.Saturationcorrectionmayvaryforsomeioni灢
zationchambersbetweenonly1% at25keV/mm

andupto10%at1000keV/mm[33].Themeasure灢
mentpositionhasanimpactontheaccuratedose
determinationaswell.Lessuncertaintyareintro灢
ducedbypositioningthemeasuringchamberinthe

plateauregionratherthanintheSOBPregion,as
wedidinthiswork.

Toinvestigatetheeffectsoffieldsizeand
beamscatteringonthe monitorcalibration,two
typesofexperimentsshouldbemadeinthenear
future:(1)calibrationinvariousfieldsusingacer灢
tainsinglepencil灢likebeam;(2)calibrationina
certaincalibrationfieldwithvarioussinglepencil
beams.Furthermore,tocompensateforthefield灢
sizedependenceofdosemeasurementinspotscan灢
ningbeamdeliveryanaccuratebeam model,which
includesthelow doseenvelopeofsinglepencil
beams,shouldbedevelopedurgently.

5暋Conclusion

Abeam monitorcalibrationprocedurefordy灢
namicparticlebeamdeliverywasoutlinedandits
suitabilityandeffectivenesswereverifiedbydose
measurementsintheplateauregion.Themethod
ofbeam monitorcalibrationpresentedinthispaper
willbeimprovedthroughstressingthenecessityto
includerecommendationsfordynamicbeam moni灢
torcalibrationsintheTRS灢398.TheCF,reflec灢
tingtheresponseofthebeam monitortoincident

particles,maintainasteadystatusalongwiththe
increaseofscanstepandthebeam monitoringsys灢
temshowsitssteadinessandreliabilityforthecar灢
boniontherapyatHIRFL灢CSR.
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面向HIRFL灢CSR主动式点扫描技术的剂量标定方法研究

戴中颖1,2,3,李 强1,3,刘新国1,3,叶 飞1,2,3

(1.中国科学院近代物理研究所,甘肃 兰州730000;

2.中国科学院研究生院,北京,100049;

3.中国科学院重离子辐射生物医学重点实验室,甘肃 兰州730000)

摘要:基于 HIRFL灢CSR肿瘤重离子治疗终端主动式束流配送系统发展了面向三维点扫描适形调强治疗技

术的在线监测器点扫描剂量标定方法。为了验证点扫描剂量标定方法的稳定性和可靠性,利用 HIRFL灢
CSR提供的C离子束考察了在线监测器剂量标定因子的能量依赖以及不同扫描步长的影响。结果表明:
在线监测器剂量标定因子存在能量依赖;不同扫描步长对剂量标定因子影响较小(偏差小于1.8%)。证明

了点扫描剂量标定方法的稳定性和可靠性。鉴于在三维点扫描适形调强治疗技术中影响在线监测器点扫描

剂量标定因子的因素较多,建议今后续继续研究点扫描剂量标定因子影响因素,修正和完善点扫描剂量标

定方法。
关键词:三维点扫描治疗方法;在线监测器剂量标定;标定因子;能量依赖;重离子临床剂量学
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