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BACKGROUND OF THE INVENTION
1. Field of the Invention
[0001]

The present invention relates to a particle beam
irradiation system and a charged particle beam correction
method. The invention particularly relates to a particle
beam irradiation system and a charged particle beam
correction method suitable for adaptation to a particle
therapy system for treating cancer by irradiating the target
volume (tumor volume) with a charged particle beam (ion
beam} of protons, heavy ions or the like.

2. Description of the Related Art
[0002]

Particle therapy, treating cancer by irradiating the
tumor volume of the patient with an ion beam {protons, heavy
ions, etc.), is widely known as radiotherapy for cancer.
Methods selectable for the ion beam irradiation include the
uniform scanning irradiation method such as the technigues
disclosed in Japanese Patent No. 2596292 (hereinafter
referred to asg "Patent Literature 1"), JP-2009-28500-A
(hereinafter referred to as "Patent Literature 2"), Japanese
Patent No. 4158931 (hereinafter referred to as "Patent
Literature 3"), Medical Physics, Volume 36, Number 8 (August

2009), Pages 3560 - 3567 (hereinafter referred to as "Non-



[ 0002] Particle therapy, treating cancer by irradiating the
tunor volune of the patient with an ion beam (protons, heavy ions,
etc.), is wdely known as radi ot herapy for cancer. Methods sel ectable
for the ion beamirradiation include the uniform scanning irradiation

met hod s %Qeﬁi thetael Eqﬁe§,dgﬁﬁlRé@ge%no%agaggﬁgigggeﬂ§s%@uments,

2596292 ereinafter referred to as "Patent Literature 1

JP- 2009- 2850Q=AckhergiBalt 8" (hahastedobs) asphBakenh ki tepgbyre 2"),
Japanese Patent No. 4158931 (hefeinafter referred to as "Patent

Li t er at uneZelinalitdircak FRRY8HCSo X8l UNBn3BatBHEbER 8 AUgESER009),
Pages 3560 - 3567 (hereinafter referred to as "Non- patent
Literature 1"), and Review of Scientific Instrunents, Volune 64,
Nunber 8 (August 1993), Pages 2074 - 2093 (hereinafter referred to as
"Non- pat EBMMRRYe P&t UTHE ZNVENSODMVARY OF THE | NVENTI ON [ 0005]

To maintain the uniformty of the irradiation dose in the uniform
scanni ng [PPPadi ation nethod, it is necessary to prevent the beam from
bei ng exhausted in the mddle of one-unit irradiation_(a unit of
irradi ati on) ofT@a Prededibetharealfemine of here hbfepdidel @l 2299 cin
charge quantity of the ion beam accumyl ated jn _the synchrotron is not

constanttgﬁduﬁéﬁpég ?ﬁaP€§BSn§€r?§l?ﬁé°EI@EFPPé'c&FréﬁtnFFEEFﬁéYiBﬁ

of the i%@a@%%@‘%%%pkégﬁ EESH‘EQEnBrSQEESE ggtgﬁ'the middle of one-
unit irradiation {(a unit of irradiation) of a prescribed
area. On the other hand, the electric charge quantity of
the ion beam accumulated in the synchrotron is not constant
and varies in response to the electric current fluctuation
of the ion beam supplied from the preaccelerator.
[0006]

When the accumulated electric charge gquantity

(cumulative electric charge quantity) is smaller than the
electric charge guantity necessary for the one-unit
irradiation, extracting (emitting) the beam from the
synchrotron for the irradiation without any modification
leads to exhaustion of the beam in the middle of the
irradiation and deterioration in the uniformity of the
irradiation dose. Conversely, not using the small amount of
accumulated beam (insufficient for the one-unit irradiation)
for the irradiation is disadvantageous in terms of beam
utilization efficiency.

[0007]



[ 0006] When the accumul ated el ectric charge quantity

(cunul ative electric charge quantity) is smaller than the electric
charge quantity necessary for the one-unit irradiation, extracting
(emtting) the beamfromthe synchrotron for the irradiation w thout

any modi {1 cat | of | pads,l o exPAUSKL o fote beam | b L. iddl g of the

irradiation and deterioration int uni y of thei 1 on

dose. ConRuetsehkn REt p¥eifget Bepathbh1ampuih 9tragedpubat 8dsPedMing
(insufficient for the one-unit Irradiation) for the irradiation Is

di sadvantageaugednpherit1ef bbaameuirbbzabhoneehbickbapsyiel 8807]

It is therefore the primary object of the present invention to
provi de anpabtiabetheabentr adiatkzanisystemiandnaychacgedcparticle
beam correcti on net hod capabl e of enhancing the beamutilization

ef fi ci endytertihboatidgt €heofiatradgatheni doadi ahidnrdose. uni formty.

[ 0008] In accordance with an aspect of the present invention
there is [pP8Blded a particle beamirradiati on system conprising a
synchrotron in which an_ion beamis accelerated and from which the

i on beamis theflexfFacd@ycandlehn 77 ragipett onf dele derg¢wrnG rradi ati ng
a target ,volune with the ion beamextracted fromthe synchrotron. The
i rradi at FO{SHEVPEe HEFFGr A€ BREVEARE Pr PadrfifisnPRaMt fpFediprhasn The

particle beamirradi ati.on system conprises: cunul ative bgam charge
Guant i t y SHELSTr SRERE LbBHs SwAY B FERE GPeda Baft a1 §E"pBaATChAr go

quant 1y (OIBaSLCLD LA SYRRNLALLANT LAt et poukr ent cseh! LDg. 1eAn3

whi ch set's a targe eam-curren a of “heam cur

extractethraﬁl;9%aaxa%@§9taggﬁéas%QrOErEQaigggﬁgghiMsrgse”bsma&ge

gquantity (Qreas) neasured by the cunul ative arge quantity

neasur eNBREHMRARS i cANGegit baclheRche@PbRUELRNEEOREBELLAN O I Ol
means whi ch controls the beam current based on"the target value (1fb)

of the exitrtaatineiobeaswguer pal-rdeher Ghaednby EheabiangebnCuiileNble
setting neans. [0009] According to the present invention, a

parti cl etbeam.i rTladi vt ohe by shean attrad Chiad ge ds et dm cd@niebde s :

correction nethod can be provided that are capabl e of enhancing the
cumulative beam charge quantity measurement means which
measures a cumulative beam charge guantity (Qmeas) in the
synchrotron; target current setting means which sets a
target beam current value (Ifb) for beam current extracted
from the synchrotron based on the cumulative beam charge
guantity (Qmeas) measured by the cumulative beam charge
quantity measurement means; and extraction beam current
correction control means which controls the beam current
based on the target value (Ifb) of the extraction beam
current determined by the target current setting means.
[0009]

According to the present invention, a particle beam

irradiation system and a charged particle beam correction

method can be provided that are capable of enhancing the



beam utilization efficiency without deteriorating the irradiation
dose uniformty. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010]

Fig. 1 is a schematic bl ock diagram show ng the configuration of a
particle beamirradiati on systemin accordance with an enbodi nent of

the presgpt, ﬁ\(‘.ﬁ.’itiizg.[ﬁio efficig ﬁAth%u@ %@BQiEQ@W&H@ EHEeChange

in the energy of a cifcul ating aring t e operation“cycle of a

synchrotﬁggaﬁﬁa%gggrggggeuWhEgr&g% enbodlnent of the present
i nventi on. 2B 1s a graph showi ng the change in the

curnul ati ve bean1charge guantity during the operation cycle of the
synchrotron in accordance wth the enbodi nent of the present
i nvent i OBRIEF DESCRIPTION OF THE DRAWINGS

[0010]

Fig. 1 is a schematic block diagram showing the
configuration of a particle beam irradiation system in
accordance with an embodiment of the present inventiomn.

Fig. 2A 1s a graph showing the change in the energy
of a circulating beam during the operation cycle of a
synchrotron in accordance with the embodiment of the present
invention.

Fig. 2B is a graph showing the change in the
cumulative beam charge quantity during the operation cycle
of the synchrotron in accordance with the embodiment of the
present invention.

Fig. 3 is a schematic diagram showing the
configuration of an irradiation device employed in the
embodiment.

Figs. 4A - 4C are schematic diagrams showing beam
scan paths in the uniform gcanning irradiation method.

Fig. 5 is a flow chart showing a control preparation
flow before the start of irradiation control in accordance
with the embodiment of the present invention.

Fig. 6 is a flow chart showing the flow of the beam
irradiation control in accordance with the embodiment of the

present invention.



Fig. 3 is a schematic diagram show ng the configuration of an

I rradi ati on device enployed in the enbodi nent. Figs. 4A - 4C
are schematic diagrans showi ng beam scan paths in the uniform
scanni ng irradiation nethod. Fig. 5is a flow chart showi ng a
control preparati®n 1Dy bededsh tdteowing tt Dhe 4 vAolH @b SO redrddr
accordance with the enbodi nent of the present invention. Fi g.
6 i s a fbeamcharteshowainget hedf thw ofimthetheanbeanadhatgengaantiol in
accordance with the enbodi nent of the present invention.

Fig. 7 idaacgmaphyéhowithg thasgevaihathentavfiel bemgetubrantcuaieal

val ue and the cunul ative beam charge quantity (acconpanying the
change i ANt kBet hpgat ipsafiatiipentoparae) aFforAenpeam Fheakfami on
control according to the beamirradiation _control flow in accordance
Wi th t hel&kBEdPeRE 6PREKELlpEES¥NtRi AGERFPBACe with thejgmbgdigegt
schemati c bl pck di agram,showi ng the configuration of a feedback
control §§ngﬁ1paﬁsg§£réE¥FBﬁl Bam current in accordance with the

embodi ment  of tﬁfgprgsfgtalggﬁgﬁéé{g block diagram showing the

configuration of a feedback control system for extraction
beam current in accordance with the embodiment of the
present invention.

Fig. 9 is a flow chart showing a beam irradiation
control flow further including advancement irradiation
control in accordance with another embodiment of the present
invention.

Fig. 10 is a schematic block diagram showing time-
variations of the target beam current value and the
cumulative beam charge quantity (accompanying the change in
the target beam current value) in the beam irradiation
control according to the beam irradiation control flow
further including the advancement irradiation control in

accordance with the embodiment of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0011]

A particle beam irradiation device used for particle
therapy generally comprises an ion beam generating device, a
beam transport system and an irradiation device. The ion

beam generating device includes a synchrotron or a cyclotron



Fig. 9is a flowchart showing a beamirradiation control flow
further including advancenment irradiation control in accordance with
anot her enbodi nent of the present invention. Fig. 10 is a
schemati c bl ock di agram showi ng tine-variations of the target beam

current yalugcaRdlheiGumukal iua Beam ehacagaayag! LiynbAgGOBRANYKI g

the change in the target beam current value ati

control aecardieRgrbe therBeameiknadi ation control flow further
i ncl udi ng the advancenent “irradi ati on control in accordance with the

enbodi nenpootzjt he present invention. DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS [ 0011] A particle beamirradi ati on devi ce used
for particle thehapyygehnesatdy toapidsesa ataddd-beadugener ati ng
device, a beamtransport systemand an irradi ation device. The ion
beam generaeilrgadevi deccrikudésoa syuchyot fom eccaleyekatygonhef don
accelerating the ion beamcirculating along an orbit up to a desired
energy | bgam circulating along the orbit up to a target energy level
by applying radio-frequency voltage to the ion beam, an
extraction radio-frequency electrode for enhancing the
betatron oscillation amplitude of the circulating ion beam,
and an extraction deflector for extracting the ion beam from
the orbit (see the Patent Literature 1, for example). When
the ion beam accelerated to the target energy level is
extracted from the synchrotron to the beam transport system,
a radio-frequency magnetic field or a radio-frequency
electric field (hereinafter referred to ag a "radio-
frequency signal") is applied to the extraction radio-
frequency electrode and the betatron oscillation amplitude
(amplitude of the proper oscillation of the circulating ion
beam) is enhanced. The ion beam with the enhanced betatron
oscillation amplitude 1s moved to the outside of the
stability limit, extracted from the synchrotron to the beam
transport system, and transported to the irradiation device.
[0013]
The irradiation device shapes the ion beam lead from
the ion beam generating device in conformity with the shape
of the target volume {(affected part} and the depth of the

target volume from the patient's body surface and irradiates

the target volume of the patient on the treatment bed.



[ 0012] The synchrotron includes a radio-frequency accel erator
(acceleration cavity) for accelerating the ion beamcircul ating al ong
the orbit up to a target energy |evel by applying radio-frequency
voltage to the ion beam an extraction radio-frequency el ectrode for
enhancin te LlLLati | i f e cl atj i
boam and°AeCERe 2t PRBRak LE, hnBHR LhULRaR ChOR L ESH SRl B0

the orbit (58¢5thenPakeRbaLlikeLakyge 1,o£0§a§éa§§b§)0fvﬁﬁgrﬁ8ﬁ-iOn

beam accel erated to the target enefgy |level I's extracted omthe
synchr ot paReh@ theebgagykr apsport system a radi o-frequency magnetic
field or a radio-frequency electric field (hereinafter referred to as
a "radi o{boeguency signal") is applied to the extraction

radi o-frequency el ectrode and the betatron oscillation anplitude
(anmplitude of tTiee pmopBsriossddhatngnofadiee: Lo audtBodigsdaoms besan)ids
enhanced. The ion beamw th the enhanced betatron oscillation
anpl i t udeebw npvebet orrhdisbtiondelafet Watbt abel Ecgnhingt, extracted
fromthe synchrotron to the beamtransport system and transported to
the irra@laftesamagprte, podighus the engkgyi fpadi abi bhedegtbedshapes
the ion beam|ead fromthe ion hbeamgenerating device in conformty
with theSBRapEToFPRRetPaFgeR GofGHRLEaFFREEBEChal T2 Rt LAR HERERT Of

the target ,volunme fromthe patient's body,surface apd_jrradi ates the
target VOPUND SPLERESpERFoREaBnEPhEaEr BAEAER 266, OF SEPBCE BERRLAL 0N

irradiat%gnngeghods.inc&ude t he uniforggﬁcanning raqaatio net hod

(see Fig. on Ba881§§6 ngtYRESNBE-Bg ?IEF?eréiﬁﬁE§ FeT %H

The U”ifBhﬁkéﬁﬁ”QEQQPEE§3§E§EEQQtESB“ﬁQtﬁBé”ﬁaéhﬁhéogﬁgfgﬁﬁgP%%gfc

irradiation plane w he scanni ng el ectromagnets,

ener gy |Eﬁ§tiﬁhéh§rgﬁégggibﬁ $HRGLEbst DAB (BAl phAnmac-dAuBLeyggat terer
irradiation system wni Ch spreads ' the beamto the entire area of the

i rradi at 1eAgRl-anempyre8i B tWe BYABSeOkcseati-erel sradigt ebarfechbe.
uni form scanning irradiati on nmethod has the characteristic that the

propagat ifon16dnge of the ion beam can be made | onger conpared to the
doubl e scatterer irradiation nethod. [0015]

A uniform scanning irradiation device comprises two
scanning electromagnets (horizontal scanning electromagnet,
vertical scanning electromagnet) for scanning the ion beam
on the irradiation plane, an energy absorber for shaping the
ion beam scanned by the scanning electromagnets and thereby
forming an absorbed-dose range (Spread-Out Bragg Peak,
hereinafter referred to as an "SOBP") adapted to the
thickness of the target volume in the depth direction, and a
bolus and a collimator for forming an irradiation field in
conformity with the target shape (tumor shape). In such
uniform gcanning irradiation devices, a ridge filter (see
Fig. 31 on page 2078 of the Non-patent Literature 2) is usged

for the energy absorber for forming the SOBP. The ridge

filter is a structure formed by arranging a plurality of



A uni form scanning irradi ati on device conprises two scanni ng

el ectromagnets (horizontal scanning el ectromagnet, vertical scanning
el ectromagnet) for scanning the ion beamon the irradiation plane, an
ener gy absorber for shaping the ion beam scanned by the scanning

el ectro S h f i .hed- dose nge. ( Spread- Qut
Br agg nggg%%eﬁel%§?tg%ggé?é%%ghgggggsqgggfgféﬁg)l%dé%?eghéggpﬁgs gE
t hi cknes f a I Wyl esdep i LARn, ~an us
and a cO?F%n§%§§0%0%g?oPﬁﬁngﬂgﬁhiF%gdﬁg?i%Eagigﬁggkgvcgﬁf%rﬁg §Emﬁth
the targeheshapegit uroy %Qaﬁeéaséﬂn ugRr8aLhOERLS¢aAENg i EEadiation
devices, a ridge filter (see Fig. 31 on page 2078 of "t he Non-patent
Li t er at ugg t2hubsedsadpbarihbeoanehey cahsrnbet ber chenntpgntherd

The ridge filter is a structure formed by arranging a plurality o
wedge- shapedoanettgyhabsdaber £i(dekf erTing $OBP hes t boke®sisy ofhd he

regi on through which the i on beam passes) on a plane. The energy of a
beam passiupgrplisatighnt bé thdgettiehtieteds iant braated dependi ng on the
t hi ckness of each transmtting region of the ridge filter. The SOBP
is formedOBy-6the superposition of the attenuated ion beans. [0016]

In the uniform scanning irradiation nethod, a prescribed_|evel of
dose uni form t yIPstRe hieivEerBys prrPoRdi Foradildtbre wepeed ofa
repetitive irragigt'on ﬁﬁtg the ion, eanxgscans on . the irradiation

pl ane) WHrFE“Keéeh ngeyﬁ RéafPEGr PFEALCERILY| 6% PERLFVEREPEi nafter

f d_t " i nt" d i bed al Ln th 1- pat ent .
LTt or ot uPE 20 G REG R Ao BF&: Pon PACTAE: N8B EBANL AP AP Ly "SR e
i di at i I t ' e _b t
at ' o condranbor oy reant ol ERECTRRATX IS, ba Rkl Rk e FaRhEHS! FA:

nunber of,cbifmesQkqkeRai at 1apd 1&15}%&65\‘5@r§i‘ﬁa@9é§ &gﬁssrr&a%zl

: . S .
Beam scanni ng nethods in the uniformscanning irradiation netﬁod\mll

be expl ainpegabelow pef gekicRdbka E18S. ifAthedRonIBEtehooLerekhelife 2.
wobbl er method (described in the Patent Literature 2, for exanple),

the spirghinseblher deethedredeser ihedhendbbe Ratedimbkiepat uhe 3, for
exanple), the raster scan nethod (see Fig. 7 on page 3564 of the
Non- pat entrrbidtietabur eldhe and bkeshppeeseatrl bpt hodthaleihgenhpr bpased
for the uniformscanning irradiation nethod. In the single circle
wobbl er meEmedt eiieai rpaditanitndevedam iis is possible with this method
to reduce the number of times of repaint and increase the
dose rate.
[0017]
Beam scanning methods in the uniform scanning
irradiation method will be explained below referring to
Figs. 4A - 4C. The single circle wobbler method {(described
in the Patent Literature 2, for example), the spiral wobbler
method {(described in the Patent Literature 3, for example),
the raster scan method (see Fig. 7 on page 3564 of the Non-
patent Literature 1), and the line scan method have been

proposed for the uniform scanning irradiation method. 1In

the single circle wobbler method, the irradiating beam is



scanned with the scanning el ectromagnets along a single circle as
shown in Fig. 4A and high dose uniformty is achieved through the
superposition of Gaussian distribution of the scanned beam The
spiral wobbler method (unshown) is a scanning nethod devi sed for

e oot PaahHEaGTHULLE 2ALLANE! L ELEDSY-UNLLE SEEHE' D9510G)

propagat i on range in conpari e si e cfr

met hod. 39§c§ea OQhBQ &hrﬁggathR”aﬁ?aﬂﬁﬁhSdbEB'Sﬂﬁﬁﬁfﬂléy

superposition of scan | oci 1 ng di ere inirtia ases f'n t he

raster sgafiBREROEnrblghbeam kepae BQ§€1§HC6§S§EM§EYaﬁ|Qﬂgt§iﬁét985
| ines as shown in Fig. 4B differently fromthe above wobbl er nethods.

In the | bAetseancaBhBadbebhe bEwen i akbwl s wdORREdEEHdeh )t hes
scans in the short-scan directions (differently fromthe raster scan

met hod) assshamwinbnmEthod48eatidetingoef fackeveihgathat béamati on
efficiency is increased. [0018] Here, a beam scan necessary
for the ovheldmbtipnr edifatiencw Whibe erpliaingdthEi psbpagabitam seage
range necessary for the one-unit irradiation means the |locus of a
scan froffacseraricant Waghpohat siogaeseancéadivagbpernnetidgdshdiire i n
Fig. 4A, the scan_starting point and the scan endin oint are the
same poi REPnORhER §|h6FédéPEéP§ Eéﬁﬁ?e#snémﬁéﬁmaﬁﬁegthspiraI wobbl er

met hod (unshown) . In the raster scap nethod,and the |ine scan net hod
Shown | n°EPGEPCEBEARG 86, SCRE S65H BAULRG POFACTHTF SRSLirbnPEAE Ecan

i aorBoERe: rasﬁs%f;‘%‘ﬁa%;%tgsézfiﬁr Tprah, 580 8s%hnt e, Shetnge Pely
scan, a&gﬁgs %HBE?E%GEEhXS g %ﬁéwghgﬂ %Egef #rQE%EQQeCQE gﬁgt'ne

of the sync Fron appr oxrmat e 0 se seconds

Next , ”HEh@r%bB%@dWBSbﬁéénhgéthQ Wit @neeffﬁéiéééh*%%§3g>un

descrlptlonsmt l1Tteratures. In order to maintain t rmty

of the Ibéaﬁlikkaalﬁﬁiénl@stBﬁog?éﬁoaﬁkiﬁénEh@gsbéﬁédhﬁttH@ grbhed,
it is desirable that the irradiation of a prescribed area during the

extracti graaodtitekbtbensontiifgedetinti/l b enapretten 8tahh@ethod) as
irradiation w thout exhausting the beam In the Non-patent Literature
shown in Fig. 4C and the effective beam utilization
efficiency is increased.
[o0L8]

Here, a beam scan necesggary for the one-unit
irradiation will be explained. First, a beam scan range
necessary for the one-unit irradiation means the locus of a
scan from a scan starting point to a scan ending point. As
shown in Fig. 4A, the scan starting point and the scan
ending point are the same point in the single circle wobbler
method and the spiral wobbler method (unshown}. In the
raster scan method and the line scan method shown in Figs.
4B and 4C, the scan ending point differs from the scan

starting point. The scan time necessary for each of these

one-unit irradiations is approximately several tens to 100



1, a cyclotron is enployed as the ion beam generating device. In the
case of a cyclotron, the ion beamsupplied to the irradiation device
is a direct-current beam In contrast, when a synchrotron is enpl oyed
as the ion beam generating device, an ion beam accumul ated in the
synchr ot Is i operation cvecle of e synchrotron_is
Suppl| ed o Re EPRe bEe, BA%H .y PRLBNTRY, B FEceRETE SHPRERE! BRar

the extraetl anccantioh cancleadcifel Be eplaushianootohhe |on beam
e e ase o1 e

accurul at int synchrotron. Inc austion of the ion beam
accumul atigdph-Bxti hgt8YQHClr 6t EeNsel/brhs B8E65AYY tO stop the
extraction control and the beam scan control of the scanning

el ectronggpnes and thereafter continuously performthe accunul ation
and extraction control of the ion beam and the beam scan control of
t he scanni ng elReikt pnagnesss ageddifid oaxihtnaexdn GpEl AthO N6y fhed

[ 0020] In order to prevent the dose uniformty from being
af f ect edbevew by casegoflesheib&arnir iadichti dntstreppage . dukn tarddwe to
exhaustion of the cunul ative beam charge quantity (quantity of the
accunul afm@dnékrast the thafgemotyt REé tbe bramfliatheneHeseriv therent
val ue of the ion beam supplied fromthe synchrotron to the

i rradi at P84 teeT e6arEisgt irsacandirReNeEparnt itsiexdeaisagble that
appr oxi na elg 10g#tines, y whi ch thg %ose unifornité deterioration
at the p&SftitSR3Gf-3AETbEANFI PFEIFALPEH 8E6RpIYELRg Shppryssegtion

d i pt 3562 of, t he. 7 Li 1). Si h
7 ad af PSR CACtn 8 BPALerP BB Hbte. FARGSORDIBRGOR: o EOSbXBFaNHER:on
b , t t ' [ it | . 1
Veanhi | 6r LR EF BRRanEb IR EPTERRR: TR B Bt BESrwvited

ti t ti t j lied
as a measurg h9cieeebﬁf§stﬁa51ggea yatian ofy, Bsamogeggggﬁgggp e

fromthe synchiotron. e extraction beam curren

control, gaRikeni zehi ORe k6L TbE £hayAEcEHaN! | tiYe det ket DY G H0se
nonitor or the like in the irradiation device is converted into an

el ectri cteuthentryabiatebnt Beviies heam dikecelegkibarcyeamfnt mal ue of
the ion beamextracted fromthe synchrotron (extraction beam current
val ue) i sooorrect eghta a dgschedtbeamieuempdbyed! He byechonebeamg t he
anplitude val ue of the extraction radio-frequency voltage by use of

t he devi genematdintf devnce) bet weanbehm deteutiédteblectr tbecurrent

val ue (acquired by the conversion) and a target electric current

val ue (t&rgebrpéapncidpr 6NRCVHLGE) capheppekatarrr arciloncbedhecurrent

f eedback . : : I .
synchrotron is supplied to the irradiation device.

Therefore, the continuation of the extraction control can
lead to the exhaustion of the ion beam accumulated in the
synchrotron. In case of exhaustion of the ion beam
accumulated in the synchrotron, it i1s necessary to stop the
extraction control and the beam scan control of the scanning
electromagnets and thereafter continuocusly perform the
accumulation and extraction control of the ion beam and the
beam scan control of the scanning electromagnets again from
the next operation cycle.

[0020]

10



control is enployed for the uniform scanning irradiation nethod, the
feedback control is perforned by setting the target beam current

val ue at a constant value. However, it is known that the electric
charge quantity of the ion beam accunulated in the synchrotron

fluctuates due 1@ &+@eirt6 gHévent thalcdyad i @i gbrhihey i PfoRasing
supplied fromthe preaccelerator to the synchrotron. Thus, if the ion

beanlChaégeequéﬂlbbﬁn(ﬁﬁncbeaﬁbﬁleﬁérbéamh&kgadﬂuambht¥£o§€§§€uﬂaéed
in the synchrotron during the extraction beam current feedback
control fal thebekbwuatiext pdicthencheaiuthargbequanhitye( guadudtyof
the tinme necessary for the one-unit irradiation and the target
current JValaatdtyt bé &ker acteaubBesnyl, edechirpccahavgeurfi hhehéobeam
current waveformin the latter half of the extraction control and the
dose uni PERM) ty tE&n cderEriler SHETENE ValtiBe Oéx hBastPBnbefmt Fupplied
cunul ative beam charge quantity even with the extraction beam current
f eedback &6t F6F. S ézﬁtmn to tRendtpadipbAiCBUPBTESSI A ERE BEYM

haust i dur i th t. ti trol has b d ibed ip JP, A
2010- 238963 Pl SPALFTer ™t E6FPE0: GPRECUPRRERLYL D8y SLUFS' 4BY. |
t hi t t lat.i . tity. i .af t
he. ext 1 SELBn CE6nEPBE I ERE K e SREha ey HURF oENanECPE CEAR OF

cumul at | v DeRNCHALER;AUABL LY obhabeSS o DARLLIE.LeqhELE,EAREDR on

guantity necessary for the one-u irrad on, e contro

the_deCEE@@@tbgﬁngﬁFkﬁh-N@HFQa%@HEr@EtB%QEﬁ9E51§h? Heam exhaustion
during the one-unit irradiation; however, the utilization efficiency

of the heagdchanea guant ot pragewiukat adsknthhRessynehngt EQRel §s
deteriorated. [0023]
explained above, the treatment time is necessitated to be
long.
[0021]

Meanwhile, extraction beam current feedback control
has been devised as a measure to suppress time-fluctuation
of the ion beam supplied from the synchrotron. In the
extraction beam current feedback control, an ionization
electric charge quantity detected by a dose monitor or the
like in the irradiation device is converted into an electric
current value of the ion beam. The electric current value
of the ion beam extracted from the synchrotron (extraction
beam current value) 1s corrected to a desired beam current
value by correcting the amplitude value of the extraction
radio-frequency voltage by use of the deviation (difference)
between the detected electric current value (acquired by the

conversion) and a target electric current value (target beam

current value). When the extraction beam current feedback

11



In a nmethod described in Japanese Patent No. 4691583 (hereinafter
referred to as "Patent Literature 5"), the target value of the
extraction beam current feedback control is corrected by neasuring
the cunul ati ve beam charge quantity before the extraction contro

E vioe oCOREEEL! 28 Bhol 6hAEOR! (4B R Obrhi o LRAIRACKEORLLOLn .

standard value o e cu Ive e ric charge qu
beam ci r gutALENOchA EBEABYBRNEOREDBLI $oSBh PEEXLAUSYY €B§n§X£ﬁéct'0n

beam current value is corrected based 6 resul t”of conpari son

bet ween thegeundkaki ¥erbeam ¢hahgeaguantbh¥raRASYEdel UsioRBfOF € Hihe
extraction control of the synchrotron and the standard val ue of the
cunmul ati ve eheehr thachahgeeliganlitychSirgeeqtiantPal,ept théeishureah
assunes efficient extraction of the accunul ated i on beam charge
(cunul at eveuhedatelaigethaanthtizronrbhi iloneueresadtieonocebeedlicno
irradiation nethods |ike the uniformscanning irradiation nethod
(settingcubzeakefinrcuabirentfvihgeiofh bhemi snppeaadsipphi edeto t he
irradiation device at a low | evel and perform ng the scan/irradiation
mul ti pl ePEEAESedepararety) thayeypeBnopresunethiug 002d|the ion baam each
enbodi mrent of the present invention_described bel ow, even in case of
f1 uct uat FBA*PR HH@HE&HﬁIéﬂPVebﬁéﬁnﬁéﬁSFﬁéCqGQﬁ?B?quﬂnFhEY

S nChrOtron e b am eX aUStlo rmn the one Unlt |rrad| atj on can
NP UG TR gt R e Rt R TN SR A ST

d F ffi f b h

quant 1 yCEREERs oRERRGR GRECERL ERTAS e dtucy PR YRR PR RGAE, o,
th b d

Shor t ened {862 %Faﬂgi@yc*ﬁrﬁgﬁ et o2 EARR ar PRt b et cone*

describednbel owr-haiabouh Lhe eﬂbfeagbéﬁaeﬁkglntrvéﬁhétb@ntﬂsthod in
which the irradiation device perforns the one-unit irradiation

nul tipl eekiBsteRepbEanM, Ng ERepoBanUBLEULT KadtALI BRamULLERERL I MBS
(i.e., performng the repaint) typlcally means repeating one-pl ane

i rradi at ware@bra dear taenlhecadi ahil@nopl ane éktradtabhoboateal and
multiple times. In each enbodi nent, the "one-plane irradiation"
perfornedhbndbhe uniiformisyananndeteradrateoduaethodhesegkpuessed as
‘one-unit irradiation". This is for clarifying the difference from
met hods thiekeumhaetévet heamarbargei cepratiry Syepevithnthg eneraction
one-plane irradiation with the ion beam accunulated in the

synchr ot PEAMoRHFrEREe feedback control.

[0022]

A method for suppressing the beam exhaustion during
the extraction control has been described in JP, A 2010-
238463 (hereinafter referred to as "Patent Literature 4").
In this method, the cumulative beam charge quantity is
measured after the extraction control of the beam from the
synchrotron. If the cumulative beam charge quantity is less
than the electric charge quantity necessary for the one-unit
irradiation, the contrxol shifts the deceleration control.
Such control prevents the beam exhaustion during the one-

unit irradiation; however, the utilization efficiency of the

12



<Fi rst Enbodi ment> [ 0026] A particle beamirradi ati on system
in accordance with a preferred enbodi nent of the present invention
w Il be described belowwth reference to Figs. 1 - 3. As shown in
Fig. 1, the particle beamirradiation system1 of this enbodi nent

conpriseg.ap | ggrggaﬁhg ﬁg@tgggu gYLEgall, bﬁgg]té §$ort system

14 and an rrra formation device ?lc?% beam
I rradi at haRdexlGReqg hereinafter referred to as an irradlatlon
device") 30. The bean1transport system 14 connects the ion beam
generatingodgyice 11 to the irradiation device 30 installed in a
treatment room [0027] A control systemof the particle beam

irradiation systgm Inétigbddess @i e el @radinsantvolder MO, H91583
centralized controller 41, a treatnent planning device 43, a storage

devi ce 42heactinaifngrsysfem-bl andaan"bpatentocktseyatepe66!) Thehe
accel erator controller 40 controls the ion beam generating device 11
and the beapgetr andper bLsybeeaxidacThencbatmatiizedntohtedbhek ddnhasl
centralized control of the whole particle beamirradi ati on system 1.
The treatReAPrpeafafingydeeprsarigapthascoeahrtivadbasinonhasadi ti ons
for the patients. The storage device 42 stores information on the
beam i rr SHPREILEH EBRATEI bHE PrAEAEHIBY FRBLEPLat MM PharrnTiEdeate

t f t h b t
dovi o) é%dtbﬁe%%%§ﬁ¥?93ﬁgsopiy£§§{% %ﬁacgtéBSQHQE?F%?§£§é$§%§%150
reallzes_s nchr nous cont% E_OL dg gescpogstltutlnﬂ E ncﬂrotron
13 Tho VRTGF| B8k LosERIPE ELe FEGFGEACT RABPERASHEND L bY e%1on
central | pdnCRILERLLEs 411 hn AEABL LR, SEEURE  LNEC an%xlousihe he
ontro At

patients. urt er an extraction

radi o- fr@ﬂﬁ?&%¥l$ﬂlbégﬁ H&%Qekervéhﬁebﬁénb8¥£ééEEaOBa£é8”bﬁhg%%

beam generating device 11 to beam transport system 14
result of comparison between the cumulative beam charge

quantity measured just before the extraction control of the
synchrotron and the standard value of the cumulative
electric charge quantity. Since the Patent Literature 5
assumes efficient extraction of the accumulated ion beam
charge (cumulative beam charge quantity) within one
extraction control, no irradiation methods like the uniform
scanning irradiation method (setting the electric current
value of the ion beam supplied to the irradiation device at
a low level and performing the scan/irradiation multiple
times separately) have been pregumed.
[0024]

In each embodiment of the present invention described
below, even in case of fluctuation in the cumulative beam
charge quantity in the synchrotron, the beam exhaustion

during the one-unit irradiation can be prevented while also

13



The ion beam generating device 11 includes an ion source (unshown), a
preaccel erator 12 and the synchrotron 13. The ion source is
connected to the preaccelerator 12. The preaccelerator 12 is
connected to the synchrotron 13. The preaccel erator 12 accel erates an

i on beamyd@ygengr @hgduﬂxfbt}ﬁlt §0H gejyp E@a@ﬂoﬁ”&é% | engl:.

whi ch the ion béam 10 can jected to t e synchrofron 13. T e i on

bean\10atﬁ@@a§grateﬁcgénthaser@@cegée&aﬁena&zvésbé&meéﬁsggéOqﬁﬁﬁtlty
synchrotron 1 Fig. 2A shows the change in the energy

of the Cﬁhcuhétsygchea&kdutiﬂgethﬁm@pﬁéaésgﬁr?YQbﬁ ghet Dersynshighr on
13. Fig. 2B shows the change in the cunmul ati ve beam charge quantity
(cunul at wiehbeaprekectibed dhaegeagubat regicedhendynhsr oreatmdldt time
execut es a sequence of operation control (injection, acceleration,
extracti ean Beceherasened) at prescribed cycles (2 - 3 seconds). For
the extraction control, the synchrotron 13 previously executes
extractldﬁoﬁﬁéparatlon control. [0030] The beam 10b |njected
to the synchrotron 13 is accelerated up to a desired energy |evel
receiving the eMFieRFathe rerflh-¢F ddirmupPEiterfe Hri1Geded l%Gh]éDW

acceleratlon ca¥ gﬁF(un gomn) In this,cas t he nagnetlc field

i nt ensi t ySofPH8 i Hgt PE@tF8ﬁ36ﬁ89515§a8ﬁﬁﬁa?ﬂp% gh %@e&?r%ﬂﬁ@ﬂets
h he f f_th dio-f

Sopiiod Pt teralleriDg, HERAUETB 2k eE@?eéﬁsd{iﬁ??ﬁ%ﬁg PP se i n

the ci rcl,atighecRelaY. Ofpé@@%%&ﬁie@% e S hal Lhe Al of the

i on beam I rcu atl ng I NSl Femal NS const ant.
multiple times (i.e., performing the repaint) typically

means repeating one-plane irradiation of a certain
irradiation plane (irradiation area) multiple times. 1In
each embodiment, the "one-plane irradiation" performed in
the uniform scanning irradiation method is expressed as
"one-unit irradiation". This is for clarifying the
difference from methods (like that of the Patent Literature
5) performing the one-plane irradiation with the ion beam
accumulated in the synchrotron only once.
<First Embodiments
[0026]

A particle beam irradiation system in accordance with
a preferred embodiment of the present invention will be
described below with reference to Figs. 1 - 3. As shown in
Fig. 1, the particle beam irradiation system 1 of this
embodiment comprises an ion beam generating device 11, a
beam transport system 14 and an irradiation field formation

device {charged particle beam irradiation device,

14



[ 0031] The ion beam 10b whi ch has been accelerated up to the
desired energy | evel undergoes the extraction preparation control, in
whi ch a condition enabling the extraction of the circul ati ng beam 10b
(stability Iimt condition of the circulating bean) is satisfied by

control | hpgethg Fragni-b¥deseal texakt ahl 08 9halRe i BHAAEYRELS) 30, The
el ectromagnets and sextupol e el ectromagnets (unshown). After the

extracti @azpr epahaboen e9atenl 1kuscbhakshedrnkhecexbeart feReeqnLng! | er
20 applies radi o-frequency voltage to an extraction radio-frequency
el ect r oddelficeby inwhiochhehe riretidtcdpnoseitik-at coniagpkiliudeiaf at he beam
10b circulating inside the synchrotron 13 is increased. The

ci rcul at tmgabeamtl@ooexceedi ng the stability limt condition due to
the increase in the betatron oscillation anplitude is extracted from
t he syncHP8€fdn 13 to the beam transport system 14 and then
transported to the irradiation device 30. The beam extractjon control
fromthe synchrdt FRCIBL cEYSHEM | fpl ERe PREC B¢ 1 i B petprdia t ken
extraction controlle 0 by perform ng OV OFF control of the
radio-fré&ﬁéﬁ@ylvépFé& e&péﬁi@&C?EeFﬁ OExFPREEPSASKadPo- fr equency

el ectrode _16. [[Q032] The.cunul atiye beam charge quantity_70
T the. syRLRFatr et SoBRERIAE TS LehBwiiPRURRGE BRSHCLORARRGLED Fhe =
operatio n f..t synch o] FiLg. ) . Tk lLative
bean1cha%&g%%%gnﬁgfgcﬁsagfaéugﬁﬁgkéngyéggéd%gyaﬁﬁéapanggggﬁc%f t he

| on beamslaacho cohe sNOChEobiofaddy Uit follier CHTULALLYSI LA cliay oe
quantity attenuates in the initial stage of the acceleration control
due to i paaReaBNkLess igaguaediby &ﬂeaﬁaa@ﬁecB@éﬁetsahegaxteggsteﬁh@4.
cunul ati ve beam charge quantity renmains substantially constant in the
m ddl e amtiel ak@tghagesdotohliecacee! enanhgnceaniholzedhecsypelr kr efe
13 emts the ion beam 10b in units of the electric charge quantity
(Qscan) mwaodssarytiiolet beaonéxruwaidiacivadsgkicen. LAl t'ee eacdn omentini t
irradiation is finished, the beam em ssion (beamextraction) is

st opped Pérnpriegadaviigrs 4Boplehe hert idrradiation ¢enditiomwi Agr the
scanni ng el ectromagnets 32 (explained later) of the irradiation

devi ce 30afadeaf s r r BAE af t 0r2Se af eV hee pd? nEjorThelrbperitoion on the
(extraction%land t.he stoppage of the beam are repeated. The beam
charge qB%AM Ly TEELe$dPTr ERRPATAGENPLABIEINBHr E0E0RTEZERERROUt bei ng
extracted. duri.ng the . extraction_control geriod fades out Eo 0 due_to

the subsBJGER:"HelEVEFSt fon EOREFSL f£BECGBRELEPaPnG EYRAREPREORhES

ener gy OQ&th%eg%agEnerating device) and the beam transport system
14, etc. The timing system 50 realizeg synchronous control
of devices constituting the synchrotron 13. The interlock
system 60 is provided independently of the centralized
controller 41 in order to secure the safety of the patients.
Further, an extraction controller 20 controls radio-
frequency voltage used for the beam extraction from the ion
beam generating device 11 to the beam transport system 14.
[o028]

The ion beam generating device 11 includes an ion

source (unshown), a preaccelerator 12 and the synchrotron

15



[ 0033] Fig. 3 shows the configuration of the irradiation
device. The irradiation device 30 executes the scan on the
irradiation plane by using the scanning el ectromagnets 32 and
successi vely checks the dose intensity and the beam shape of the

successi | _ - itor 31 y
1radiathay beal 400, L.yl R BRI LT R AIERSL IR Ne 4o

Srane MohkopreyieiauahcolnesbeRTLAloaeaaNed b ! U5aSRAOERD 13

el ect romagne 2 passes through an 'enérgy a

forms anTREBBradaptedrhecihest Beknessrak &HeibﬁrH@&mY@bUﬁEnéféﬁégted
part) in the depth direction. The beamw th the SOBP is shaped by
using pati enk- spackbuecdevipces haokhergione34] hel Waidh, +BECidn
custom zed for the target shape 37 (the shape of the target vol une)
of the pakrentlo3Ganbpewhingbcandi tpadhat sgpachirekdohnigonfridn 1on ddin
the target shape is formed. [0034] A nmethod for controlling

t he extr aéti encerddiretbdegyenby pokbhagelwrthorh@2extr anteonedondrbheer
20 will be explained belowreferring to Fig. 8. A radio-frequency
osci | | at §¥nghregipnt $3a radi o-frequency signal having a center
frequency Fc for the extraction radi o-frequency voltage which is
control | 88948pendi ng on the energy. The radio-frequency signal

outputted fromthe radi o-frequency oscil]ator 21 is mxed by a
radi o- f r equency® t¥ xe?® 221°%F t HP& %%?’HF? M ' RRDIY s si gnal

d.f .bandl i m t.ed.radio-f ' I [ [
22, "by WA GARG] PRPTCloF 4050 CTPcHBBhGY SPoRar hadingPa conter
f f i Fw .s f d. :Th |.i val
of “the r BN G EPEOEnEy ol Thoet AR OfF O TIES Boarior b e

fEEdbaCkaQHtEHEr&Er&HEhtgﬁyg¥chﬁﬁlHE§9g Bangl LaLted;ta Lgﬁ§%equency

signal so as to inplenent a”beamcurrent intensity wavefor t ar get
val ue of ghgaryeyyr enthé NpRshiy) rsiet £ rdned,bys a tagetndear current
correction calculation unit 29. The beam current feedback control
circuit Zfperachivdescanranpl{ihudetiwdyl ateel12datieadbagkrheepogai n
regul ators 241 and 242, an adder circuit 243 and a radi o-frequency
swi t ch 2B8ecEillestfibhé fBeedbackrlibed gachesednl at Br s24dndal culmiresctide
devi ation of a dose nonitor detection signal 311 (fromthe dose

nmoni t or gxtuapgépnngonngol, the synchrotron 13 previously executes

extraction preparation control.
[0030]

The beam 10b injected to the gynchrotron 13 is
accelerated up to a desired energy level by receiving the
energy of the radio-freguency voltage applied to the
acceleration cavity (unshown). In this case, the magnetic
field intensity of deflecting electromagnets 18, quadrupole
electromagnets (unshown), etc. and the frequency of the
radio-frequency voltage applied to the acceleration cavity
are increased with the increase in the circulation energy of
the ion beam 10b so that the orbit of the ion beam 10b

circulating inside the synchrotron 13 remains constant.
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irradiation dose) froma target beamcurrent value (Ifb) set by the
target beam current correction calculation unit 29. By using the
result of the calculation (deviation), the feedback | oop gain
regul at or 242 cal cul ates a feedback correction signal based on a

f eedback g@%gj The adder circuit 243 corrects an anplitude nodul ation
si gnal (An) y addi ng the feedback correction signal to the anplitude
nodul ation sign ( . : Bedi t] i t.o. t
anpl i t ude nodul g%%rf%,b%%ﬁm}l?%ﬁb% ée)ﬂblré%%] curreérll('? ie%d%%:i lggméf.kr‘;}o s
i npl enentied rk@038krgy levelThBgeadbesf cadUBREYaSLYRA! phayLbpdrtba
anplitude value controlled by the beam current feedbacE contro
circuit 2énitsoliransnyhtied kocandadionf eaguensy pRveExampbiibarof7cMéa
a radi o-frequency switch 26 controlled by the interl ock system 60.
The bandkilmctédtiadi bebmeqoendygtabgiakyamphiti edniytiba of the

radi o-frequency power anplifier 17 is applied to the extraction

radi o- f r equendptengcbrene 1i6. sByisHiéedabyocbnegoéhingsitynainagpptidds
to the extraction radio-frequency el ectrode 16, the betatron

osci | | at Pénexgplrrtags of the nvafirvpblei réararpPngonatehandyaekkopeda
13 is enhanced. The beam 10b wi th the enhanced betatron oscillation
anpl i t udEleStERMRIBEES FHBFTONE) sy RhERY rlohe 1998 A ¢ HiOTh cRIFF R S HI t

t 14. [0036], L. h thod of th | cul ati f the,t t
eam cur FERED) e SLaF §BEMaENEC B ERFE LB CRPFERLLaFCaPaRPBRLERI L
29 constituting the extrac;ion cgntrolle& 20, .as a_.characteristic of
this embddrment - oW FF Fe V8xpFInEs B8 SATF&F &Py S CFT§EIUBICY, 7

d 8. Fi I i I h f
nd B PiiecheRia e BOTLRILRLRRRLEtLO0oH BUC08 0L Sol 18 8ELR" o
i rradiaticge ¢Qakr eby Ei%culashows ih's’lﬁévﬂﬁbaEXHeﬁrBErBHelgaf‘LQEt beam

current value and the cunul ati vé beam charge quantity (acconpanyi ng

the changecieakhe.t arget cbeam stihgNbe Ml LE) dicddie; heamd readiatigp
control according to the beamirradiation control flow shown in Fig.

6. Fig. dishewsohhetdenf dger abi eheofintheakeethackecbatrologystem for
t he extracti on beam current.
oscillation amplitude is extracted from the synchrotron 13
to the beam transport system 14 and then transported to the
irradiation device 30. The beam extraction control from the
synchrotron 13 can be implemented at high speed by the
extraction controller 20 by performing ON/OFF control of the
radio-frequency voltage applied to the extraction radio-
frequency electrode 16.
[0032]

The cumulative beam charge quantity 70 in the
synchrotron 13 changes as shown in Fig. 2B according to the
operation sequence of the synchrotron 13 (Fig. 2A). The
cumulative beam charge quantity is gradually increased by

the injection of the ion beam 10a to the synchrotron 13.

While the cumulative beam charge quantity attenuates in the
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[ 0037] A flow for calculating and setting the target beam
current value to be used for the extraction beam current feedback
control before the irradiation will be explained belowreferring to
Fig. 5. First, a method for setting the initial value of the target

beanlcur5ﬁ9£i¥§nggééfB% Heb2c8§f9¥£?%o£h80ﬁ§£éfP&&8”tgefﬁgﬁ#ééﬁpt

f eedback control ore the start o eirradration trea

the patieBgsWehlisbg B¥PEALNEPacdDEnh-§8t BBRL-P! aBAEN i ]
cal cul at es ?he tgtal ?rradia ?Sn dosegto thectarget 8o€§%€5%F§§%%lve

patient BEadndhhegksteastihg eah&uhat 8dbiohatisl1adiahioinEose iRt he
storage device 42. Conversion table data for the conversi on between

the irradidsilenaddseaaadsthgekrofdinti aocel echtioncBangeoguanttidy i s
prepared in the storage device 42. Based on irradiation conditions

i nput t edsynohratreoral feamisshedal ton(bashown), ithenteatofil tked
controller 41 |oads the total irradiation dose cal culated by the

tr eat nenelpranarnghdegecauagtany ¢a@scanht scassaral Lorrblde apherunit
electric charge quantity (Qarget) necessary for achieving the total

i rradi at t6h2863E1PRquES %QFtﬁﬁéhm?ﬂ@r%ﬂ#ﬁnﬁrﬁﬁ@ﬂﬁﬁ#RPckﬁu IEIENGSY use
of the copversion table data prepared in the storage device 42. The
centraliEBﬁ PEAT BNEEFL1aR {Pﬁg§n?FErﬁﬁﬁl?%fani?F%BP%@i%ﬂrelectric

h tit 4 t d ti diti f the,i di at |
Govi o tBOBRRFHFATTE: Foh CBR: POTT o T AATR  Ralti Bn U%T?Z%%r%?‘ﬂéﬁgnigé'
P e A e

The irraggeabgnasogsrghl err441 5856 !QT:&:?tf%%g gigose bgamGuryant,

value (lscan) in the one-unit i1rradiation d on a beam current

control rangeste98hy ohnfapae 8fo §§g@e@51gﬂérs@£mt§§é £8Peb€ed, The
extracted fromthe synchrotron 1 and sets a scan tine (Tscan)

necessar pehfir chiggengusdntitir 1aUbat) onchasedngnihhenscapnspese-eh ihe
scanni ng el ectromagnets 32 (801). [0039]
without being extracted during the extraction control period
fades out to 0 due to the subsequent deceleration control
for decelerating (reducing the energy of) the beam.
[0033]

Fig. 3 shows the configuration of the irradiation
device. The irradiation device 30 executes the scan on the
irradiation plane by using the scanning electromagnets 32
and successively checks the dose intensity and the beam
shape of the irradiating beam 10d by using a dose monitor 31
(measuring the irradiation dose of the beam 10d applied to
the patient) and a beam shape monitor (unshown). The beam
10d scanned by the scanning electromagnets 32 passes through
an energy absorber 33 and thereby forms an SOBP adapted to

the thickness of the target volume (affected part) in the

depth direction. The beam with the SOBP is shaped by usging

18



Subsequently, the electric charge quantity (Qscan) necessary for the
one-unit irradiation and the nunber of tines of repaint (Nr) are
cal cul ated (802). The electric charge quantity necessary for the
one-unit irradiation (Qcan) can be cal culated by nmultiplying the

referencgabeancupeentivaligeitkscandliimbherone; upblukrsadi atkon by
the scan tinme (Tscan) necessary for the one-unit irradiation as shown
in the folkowmhgedxpbesshaentbtyetThrapunber (ohet EnBpe 6f thpatatgéilr)
can be calculated by dividing the total irradiation electric charge
quant it yvbQuaegebf bhet hbetékattBbe bhawhéchuant ityaffstao) fitebdsany
for the one-unit irradiation as shown in the follow ng expression
(2): [OO0g4onformahy=witbahhFsEangppoahppe is formed.

[0034]

A method for controlling the extraction radio-
frequency voltage with the extraction controller 20 will be
explained below referring to Fig. 8. A radio-frequency
oscillator 21 outputs a radio-freguency signal having a
center frequency Fc for the extraction radio-frequency
voltage which is controlled depending on the energy. The
radio-frequency signal outputted from the radio-£frequency
oscillator 21 is mixed by a radio-fregquency mixer 221 with a
bandlimited radio-frequency signal outputted from a
bandlimited radio-frequency signal generating unit 22, by
which a bandlimited radio-frequency signal having a centexr
frequency Fc¢ and a frequency width 2Fw i1s formed. The
amplitude value of the radio-frequency voltage ig controlled
in a beam current feedback control circuit 24 by the mixed
bandlimited radio-frequency signal so as to implement a beam
current intensity waveform (target value of beam current
intensity) determined by a target beam current correction
calculation unit 29. The beam current feedback control
circuit 24 includes an amplitude modulator 23, feedback loop
gain regulators 241 and 242, an adder circuit 243 and a
radio-frequency switch 25. First, the feedback loop gain

regulator 241 calculates the deviation of a dose monitor

detection signal 311 (from the dose monitor 31 detecting the
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Qarget Oscan [0042] (1) (2) A remaining irradiation

el ectric charge quantity (Qest) for the irradiation area is
initialized by setting it at the total irradiation electric charge
gquantity (Qarget) (803). The remaining irradiation electric charge

qua”titYi£§58ﬁEkiéﬁnggg ”g%&% Qcﬂggéég_B¥aﬁ“@££9&£%”?%iﬂé ?fﬁ%gﬁ%&¥e

val ue (accunul ate the eleCtric charges o e 1ron

that havgybeer apphkedpbamt BertahdetovebimechCHauULal bV Echl hREEAEH0N
el ectric charge quantity (Qum)) fromthe total irradiation electric

charge quantiktiyig( @har geknltcThe eunsubat bMeathbadiabiy08tebayl rtBecharge

quantity (Qum is initialized by setting it at 0 (804). [0043]

The ref eferdbabiaimepr yathh vabudafbscan) talthkaoae-danfeéedbaardi ation

is set to the extraction controller 20 as the initial value of the

t ar get beamregtrient sighaé bhEbj ofi ahécedbaakt gannbedrhe lrddat

f eedback control (805). The above control flow (801 - 805) is

execut edChycthé 243 corrects an amplitude modulation signal (Am) by
adding the feedback correction signal to the amplitude
modulation signal (Am). The result of the addition is set
to the amplitude modulator 23, by which the beam current
feedback control is implemented.
[0035]

The radioc-frequency signal having the amplitude wvalue
controlled by the beam current feedback control circuit 24
is transmitted to a radio-frequency power amplifier 17 via a
radio-frequency switch 26 controlled by the interlock system
60. The bandlimited radio-frequency signal amplified by the
radio-frequency power amplifier 17 is applied to the
extraction radio-frequency electrode 16. By the radio-
frequency signal applied to the extraction radio-frequency
electrode 16, the betatron oscillation amplitude of the beam
10b circulating in the synchrotron 13 is enhanced. The beam
10b with the enhanced betatron oscilliation amplitude is
extracted from the synchrotron 13 to the beam transport
system 14.
[0036]
The method of the calculation of the target beam

current by the target beam current correction calculation

unit 29 constituting the extraction controller 20, as a
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irradiation controller 44. Incidentally, the irradi ation preparation
control shown in Fig. 5 is executed only in the operation cycle at
the start of the irradiation of the patient (not executed in the
second and subsequent operation cycles). [0044] The beam

i rradiat ic@lara@%&qlstﬁbowf%h&sbeﬁséa&agﬂeq_ Q?h?""b%efa%?ﬁhﬂﬂeﬁobgigw 6.
| the b d frontthe

The synchrotron 13 accel erates eaminjecte

preaccel gezbet-ihd ¥B Foga.pEeseri bednanargyrieved £i8%1) o AldgFrdhe
beam accel eration control is finished, the cunmul ati ve beam charge

quantityptQpeastias thewamedbieothbeafheltestr techarggiacesnul ated in
the synchrotron 13 is neasured (812). The cumul ati ve beam char ge

quantityco@ead) iBigeasusledwbythisi Aiow cfintthatbenm bivardhat gen
guantity detecting unit 15 (cunul ati ve beam charge quantity
measur enmeptitmedns) Fig. g7, siBECT) t ame avgpeta t hensleo f hehs yirahg et rlowand 3.
The result of the neasurenment of the cumul ative beam charge quantity
(Qneas) Cyrreadedailieoanfe tgt custilahivenbesh ehazgeagdastépy
described in the followi ng control flow are executed by the target
beam cur @RECEBPPEANBoRCarBaraei 4 GHPt t2Y968F PReMesuFaentoHalue)
controller Zﬁﬁ %0045# . .. _The targit beam._current correction
cal cul at '8n COfi £238 £rrefiphdgls CRRErRer 2FAEYELREI 5P VBSbREM char ge
guantity. %%ﬁ?s in the. s c% otron 13 has_al ready been exhausted or
ot (14 GRARCRE EURGREL SaChe NPt Rar Gor qiantr 1y TaTEla] o Thd
configuration of the feedback control gystem for the
extraction beam current.
[0037]

A flow for calculating and setting the target beam
current value to be used for the extraction beam current
feedback control before the irradiation will be explained
below referring to Fig. 5. First, a method for setting the
initial value of the target beam current value (Ifb) to be
used for the extraction beam current feedback control before
the start of the irradiation treatment for the patient will
be explained. The treatment planning device 43 calculates
the total irradiation dose to the target volume of the
patient 36 and registers the calculated total irradiation
dose in the storage device 42. Conversion table data for
the conversion between the irradiation doge and the
irradiation electric charge quantity is prepared in the
storage device 42. Based on irradiation conditions inputted

from a treatment scheduler (unshown}, the centralized

controller 41 loads the total irradiation dose calculated by
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has been exhausted (Qreas 0), the process advances to the beam

decel eration control (814). [00461 When the cunul ati ve beam
charge quantity (Qreas) has not been exhausted (Qreas >0), the target
beam current correction calculation unit 29 conpares the remaining

i rradi aticgR &L @Gk 1C 2508, Guankl Ly (xeshl %&Eu&pﬁewmg%ue beam
charge quantity (Qreas) and tHhereby Seternlnes an electric charge
quant ity ik@al8 2$8bna% 12 ceeARALAklY ahaﬁ%&t?,qb%égeeqwaﬂébégs§§90ﬁ8}
(815). The conparative electric charge quantity (Qonp) 1s an

el ectri c achdregd nguahicl tytho herdsedtfion Beker eBgekRe80REELEON
control of the reference beamcurrent value (lIscan) in the one-unit

i rradi at itoeatmealt wilkhnhegexdphdiceed sl atyenseWbénthbecharairBiog table
irradiation electric charge quantity (Qest) is larger than the

cunul at i Ve tbegmephaege iquahei tyor@readeyviche4Conpiiat daetehbitad C
char ge quantit%.(cponp) is set at the cunul ative beam charge quantity
(Qreas) E@B&roldgen 4ihérpasaiifiengher tatnat isnadiattipncethatyac
gquantity (Qrest) is |l ess than or equal to the cumul ati ve beam charge

quant i t y CPeFESs Puatd teofparatrie erecerrtingargedgtannrt forQEbap) s

t at th i irradiation el ectric, charge ntit est
(817 | REERONE C PO as 51 08 SF SOrAPEiORaFUBtaRanEFt §o¢ Cdomp) i s

t at t I, 1 f . i,ni i di at i | ectric,ch
quant | ty COF DL aHE g o el AET A BEARNCRArGoOHaR Ay TCeRsses Che
[ 00471 informat%%@S%ﬂH?ﬂhEﬁg tLhe E%Egﬁt'9%%&&%85@%9%18§E£§8t' Drge
cal cul ation unit corparés -t he comparative el 6Ctri ¢ Charge gquanerty

(Qcomp) @hggtgﬁ§ gbeattkg)charge quantity (Qscan) necessary for the
one-unit ‘irradiation (818). Wen the conparative electric charge

guantity [pQeenp) is larger than or equal to the electric charge
quantity (Qscan) necessary for the one-unit irradiation (Qonp

Qscan), the corrTieetipradfathentasgetobbam curcenduvatare { |fefrasd he
target value of the extraction beam current feedback control is not
conduct ethep8l@prrthenvhheecd@parali yva ehecbneeunhar gergdaatiby based
(Qonp) is less than the electric charge quantity (Qscan) necessary
for the eReauhesNn cradeati oAntCoénpargescamntroheranggedf behen baament
value (Ifb) is corrected to be snmaller than the reference beam
current ¢HEHENEI §Bak) CRR PRecBhEaghre frepadrhei spneBrofron 13) and

sets a scan time (Tscan) necessary for the one-unit
irradiation based on the scan speed of the scanning
electromagnets 32 (801).

[0039]

Subsequently, the electric charge quantity (Qscan)
necessary for the one-unit irradiation and the number of
times of repaint (Nr) are calculated (802). The electric
charge quantity necessary for the one-unit irradiation
(Qscan) can be calculated by multiplying the reference beam
current value (Iscan) in the one-unit irradiation by the
scan time (Tscan) necessary for the one-unit irradiation as

shown in the following expression (1): The number of times
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[ 0048] As above, the target beam current correction
calculation unit 29 (serving as target current setting means)
determ nes the target value (If b) of the beam current by the
correction on the basis of the reference beam current val ue (Ilscan)

in the one- wabhkihir agi-at kAR bEhksienabtes sonhLokdtRat cREORSELY
conpensates for fluctuations in the beamcurrent (caused by the
preaccel erabaiat2pnbyleeapscothbbgecanaaetton(Qtarbts Birbedenent,
whet her the electric charge quantity necessary for the one-unit

i rradi at edrchascbebargecumahateg i(Qsthe)syacheetrgnfor nheé bameehmtked
successively before the execution of each one-unit irradiation. In
case whedergHéatarnl asi seoheafnchhegéoldaunngt gxpneshéosyhgheotron is
insufficient, the uniformty of the irradiation dose is secured by
prevent i 1§°¢Ré beam exhaustion during the one-unit irradiation by
correcting and controlling the extraction beam current val ue. [0049]
The target _beam current value (I1fb) is determ ned by correcting the
ref erence Beantlusr datn val ue (I'scan) in the one-unit irradiatTgﬁ)by
use of the ratio of the conparative electric charge quantity (Qonp)
to the e%ggh&ic charge quantity (Qscan) necessary for the one-unit
irradiation™@s shown in the foll ow ng expression (3): [0050]

N zfﬁzﬁh e (2)
’ QSCHI’I

[0042]

A remaining irradiation electric charge quantity
(Qrest) for the irradiation area is initialized by setting
it at the total irradiation electric charge quantity
(Qtarget) (803). The remaining irradiation electric charge
guantity (Qrest) is a quantity acquired by sgubtracting the
cumulative value (accumulated value) of the electric charges
of the ion beams that have been applied to the target volume
(cumulative irradiation electric charge quantity (Qsum))
from the total irradiation electric charge quantity
(Qtarget). The cumulative irradiation electric charge
guantity (Qsum) is initialized by setting it at 0 (804).
[0043]

The reference beam current value (Iscan) in the one-
unit irradiation is set to the extraction controller 20 as
the initial value of the target beam current value (Ifb) of
the extraction beam current feedback control (805). The

above control flow (801 - 805) is executed by the
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ifb = Qrl1113 [scan scan [0051] As above, the conparative

el ectric charge quantity (Qonp) is used for the determ nation of the
target beamcurrent value Ifb (target value (If b) of the beam
current) by the target beam current correction cal cul ation unit 29
serving as tge tar et curr Tt settln f which f he

current &Eﬁa éaSéP pF8BEFP§ ?6 as- to ! ped TR a%ﬁ%%m

eff|C|enc ar g%ncaus oggagleﬁhausglon guglng t.he ;rradlghlon
of one ppang ? e ef |C|en% ﬁse 6f *thé Eunil afi v&~hbeam cﬁﬁ ©

quantity.ba,Lhe Eyﬁg g?%%ﬂtﬁékgﬁﬁkk B@SEhQ!gg%88%§998E é?ethéne

necessary or t lation wt a prescr

consequepkkyento (38" E?c@ch%dt [BatHRNEebLAB: a§lin%ﬁbtsl%8u€h€V8Eé'r9818£

t he bean1exhaust|on during the one-unit irradiation enables an

i ncreaseckithe . beamcurrent value in the one-unit irradiation and a

decrease in the nunber of tinmes of repaint, the tine necessary for

the irradibatudon Wwth the prescri bed dose can be reduced and the

treatment tinme can be shortened. [0052]

The beam irradiation control flow will be explained
below referring to Fig. 6. The synchrotron 13 accelerates
the beam injected from the preaccelerator 12 up to a
prescribed energy level (811). After the beam acceleration
control is finished, the cumulative beam charge gquantity
(Qmeas) as the amount of beam electric charge accumulated in
the synchrotron 13 is measured (812}. The cumulative beam
charge quantity (Qmeas) is measured by using a cumulative
beam charge quantity detecting unit 15 (cumulative beam
charge guantity measurement means) (e.g., DCCT) arranged
inside the synchrotron 13. The result of the measurement of
the cumulative beam charge quantity (Qmeas) is loaded into
the extraction controller 20 and steps described in the
following control flow are executed by the target beam
current correction calculation unit 29 of the extraction
contreoller 20.
[0045]
The target beam current correction calculation unit

29 first judges whether the cumulative beam charge quantity

(Qmeag) in the synchrotron 13 has already been exhausted or

not (813). When the cumulative beam charge quantity (Qmeas)
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Based on the above target beam current value (If b) the extraction
beam current feedback control is performed by the beam current

feedback control circuit 24 (as a part of the extraction controller
20) and the beam extraction control fromthe synchrotron 13 to the

irradi atjon device 30 is carried out (821). After the_one-unit
irradiathﬁﬁ S A ﬁBﬂFeﬁhéQﬁﬁéét%i8§ché%§epﬁﬁ%ﬁ??t§d8?n?%% to the

i rradiat i h at| irradiation electric charge
quantityb%gguﬁfé%ggg?ngh ?ﬁﬁggggsg?xghé currul ative irradiation
el ectricghagge quantity (Qsum) is determ ned (updated) by adding the

product of the target beamcurrent value (If b) and the one-unit scan

tinme (Tscan) toqhdie €hlerUbahh Ve ¥4 askhal | b L)€ Chid o BhAT GndaNtidy
(Qum as shown in the foll ow ng expression (4): The renai ning

i rradi at hon Bkeat ekhaobaege (gnankity) ( xret fakgeal beadpdateant _

accordingly (823). The remaining irradiation electric charge quantity

(Qest) cerdeterinnnedlbylatbbnaching2pheocepauneat the remadhahgon

el ectric charge quantity (Qsum) fromthe total irradiation electric

charge quamedigticnaedecyras shewpei queheifyl KQwkay) expresshen (5):

[0053] Qsum Qsum (rib [0054] crest = | Carget ()sunm(5)
cumulative beam charge quantity {(QOmeas) and thereby
determines an electric charge quantity to be set as a
comparative electric charge quantity {(Qcomp) (815). The
comparative electric charge quantity (Qcomp) is an electric
charge quantity to be used for reference in correction
contrel of the reference beam current value (Iscan) in the
one-unit irradiation which will be explained later. When
the remaining irradiation electric charge quantity (Qrest)
is larger than the cumulative beam charge gquantity (Qmeas),
the comparative electric charge quantity (Qcomp) ig set at
the cumulative beam charge gquantity (Qmeas) (816}). When the
remaining irradiation electric charge quantity (Qrest) is
less than or equal to the cumulative beam charge guantity
(Omeas), the comparative electric charge quantity (Qcomp) is
set at the remaining irradiation electric charge quantity
{(Qrest) (817). In short, the comparative electric charge
quantity (Qcomp) is set at the smaller one of the remaining
irradiation electric charge quantity (Qrest) and the

cumulative beam charge gquantity (Qmeas).

[0047]
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[ 0055] Finally, the cunulative irradiation electric charge
quantity (Qum is conpared with the total irradiation electric
charge quantity (Qarget) (824). If the cunulative irradiation

el ectric charge quantity (Qsum has reached the total irradiation

rTad ati on cortPTCHAHFhTC U 14+ TRe UMbl ATVART ] Gt b
cl ot 11 ¢ ERAFGE QUanErcy (G SPUBC) et MTCar o 4rGel) ¢ Fhu. pr BRESS

returns hﬁah%%t?OQbﬁghpﬁLg?%ﬁ8%ﬁé EQeEQQE%”?ﬁa%@@cgﬁéﬁkkEgﬁqgéEéﬂﬁ

control. T0056] e, the reason for t npari s et ween

the remaheiBgshifadbat kB ehectinie chanaeafyant ilBYsf QO aptdn aruk t he
curul ati ve beam charge quantity (Qmeas) shown in the control flow

(815), asoapelatagkeeistieief chhirgeeghadiient (Qvbhb)besexplt-gepedhan
bel ow. [0057] First of all, the cunul ati ve beam charge
qguant i t yotQee@s)l tal thebelewtthie eheetiei quahaige {Qanth) yné€aegaayy
necessary for the one-unit irradiation in the latter half of the
extracti dorctoher chetumt( Text)fliatibhe (9ynebr at @enan){ the exmtraction
control is continued with the cunul ati ve beam charge quantity (Qreas)
| ess t hafft Beelfagppitc Pepar gergernt veyueQiésh) naecEbsargreer vadue
one-unit irradiation, the beamis exhausted before the conpletion of

the one- Ghi £1Fr FEAFaFFéANaREThE UHEEBUAPPEPRFEY CPREFRE #Fr BAFat i on
1021 SEREERER' o JrorSheh Supd e Somvent Lonal (eghrol oqy, efuces
cxhaust St 45 ERSkaY, LhesRea LA B XSLUE LR Lig-BeclkL ey
oerecne AL BRC IR TSR L SERRGERET TR L,
Qscan), the target beam current value (Ifb) is corrected to
be smaller than the reference beam current value (Iscan) in
the one-unit irradiation (820).
[0048]

As above, the target beam current correction
calculation unit 29 (serving as target current setting
means) determines the target value (Ifb) of the beam current
by the correction on the basis of the reference beam current
value (Iscan) in the one-unit irradiation. This enables
control that properly compensates for fluctuations in the
beam current (caused by the preaccelerator 12) by means of
the correction. In this embodiment, whether the electric
charge quantity necessary for the one-unit irradiation has
been accumulated in the synchrotron or not is checked

successively before the execution of each one-unit

irradiation. In case where the cumulative beam charge
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[ 0058] Further, in the final stage of the beamirradiation
control, the remaining irradiation electric charge quantity (Qest)
decreases, that is, the cunulative irradiation electric charge
gquantity (Csun) appr oaches the total irradiation dose (Qarget)
satlsfyln e necesgﬁry |rr gtlon.dose.

o bR D SR ML A L S S e Pat Tefnet PhE i O E B Y he
el ectric, gheggeagggﬁggE% h85RE) sR°CESRALH LOToFDGCRDEANLe poa

i rradiation can epen I'ng*o € progréss of the

'rrad'atéQHaﬁ%EEBH'dukﬁnghEhQOBﬁé”Eh@EahrﬁﬁﬁbgghgﬂybgéggrEQQE%ﬁé and

shifts to the deceleration control when the cunul ati eam char ge
quantltycbﬁﬂgaillﬁ?StEalégaraeteﬁhtheaﬂleﬁkgéﬁthaig@ quantity
(Qcan) necessary for the one-unit irradiation as described in the
Pat ent Liiberature 4. Thus, the cunul ati ve beam charge quantity
(Qreas) less than the electric charge quantity (Qscan) necessary for
the one-unit i rThali cdioat Uneken goesrdite delbed et Bl oni sv ddicetm heiddy
used for the irradiation. Consequently, the enhancenent of the beam
utilizat ronrefttivgenby hasebesnedbetincabrrentt ieluenvéatanhalin the

t echnol ogy. [0059] To deal with these circunstances, the
correct i BRcorniheirargéntheanPrurrenpivihaerefin) of akby pampasative
extracti on beam current feedback control in this enbodinent is nmade
by usi ngStRECEHEI FERTERe WANEAEY T dREPAPAGEPr FRAI &LPERT&Fe€hrFESchar ge

tit dth | at b h t1t
the comyaPaPESEVoBEERTe BRAPBERCHARET: JPECDRRY LS AEEAPABEAISe P at o

can be ingreased gkongo th.t nhee}ecnhagcenents ?t the beamutilization
eff|C|ency “Whi e s%y?ng PHE"HoseE %'fornity, t he treat ment
tinme can g%5§@ortened. [ 0060]

(Qcomp

Q

) [scan

[fb;:
sGan

f0051]

Ag above, the comparative electric charge quantity
(Qcomp) is used for the determination of the target beam
current value Ifb (target value (Ifb) of the beam current)
by the target beam current correction calculation unit 29
serving as the target current setting means, by which the
beam current can be set properly so as to enhance the beam
utilization efficiency without causing the beam exhaustion
during the irradiation of one plane. The efficient use of
the cumulative beam charge quantity in the synchrotron makes
it possible to reduce the time necessary for the irradiation
with a prescribed dose, and consequently, to shorten the
treatment time. Since the prevention of the beam exhaustion

during the one-unit irradiation enables an increase in the
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The tine-variations of the target beam current val ue and the
cunul ati ve beam charge quantity (acconpanying the change in the
target beam current value) in the beamirradi ati on control according
to the above bean1irradiation control flow wi |l be explained bel ow

referring to Fi s enbodinent is illystrating a case where the
extracti OF% EOHP%EPHF Vi Béuﬂgdt ﬁBﬁsHPFﬁglFﬁéd&ﬁ PRt APE Beam

h th t 1 | t
CRar gy ARk Ll PR e B e e Epat bhe Eher e Bt i 1y
(Qrest) hgcgggggﬁdfbg ﬁesakkaaaEQEEx u§§gelgkgg§éL eabeghdoéétggnthe

accel eration con the synchrotron nis

cumul ati yg %@mc%aaaaa QH@mtb:E)étﬁl(eﬁ): kBl Qan7)3e' ggg‘fegﬂéad in

response to a cunul ati ve beam charge quantity ch signal 501 (Fig.
7(b)) by (gsisng the cumul ati ve beam charge quantity detecting unit 15
installed in the synchrotron 13. At this point, the cunul ati ve beam
charge quantityBegedl sn Grashbodk NELrddie oMM ati&er eb£id i cTabar ge
gquantity (Qconp) is set at Qreasl which is larger than the electric
char ge quhet ekpreQscan) bresessargntofetlibaokecontirollr tadpatfopmetihBy
correction of the target beamcurrent value (If b) is not conducted.
Thus, thé&heabgem bwamestr festibagkueopfrpli aiFicgit7p4i daset parthef
ref erence_beam current val ue &Iscan) in the one-unit irradiation
(defaultt@§l§§FraFG@82]COHtrO lern2pespafsEhpobgapeani-eretaeni on
control %nal in Fig , the extraction control based on the
extractlﬁﬁ &S aneﬁPefégas EQtEBHtﬂéltPstEFaFF€§d1%Eé6Pdﬁﬁ§P9e BfAe

b 10d . at t ed to the jrradjatjon device
30 and a'BeSarearrenttyara é?(ld%ét?”p b SR ot AR e ot

boam i 1o EAnIErEase (AR heidc) 2naPSEr YRInEL Bk LR EhE s lbaafhbfhn | §E
beam ext agaoeoceﬂgrehmuiagagepﬁgrapqazEsncgggtgkaxegﬁsgg% LOE: ¢

quantity (Qreas) Is neasure aln I's e I en equenc
from t he (bgam) Measyy emen @@ﬁst@&@xtm&té&ﬁhmwlfﬁé%@d in

the same way three tines (Qreas2 - Qreas4). [0063]
electric charge quantity (Qsum) is determined {(updated) by
adding the product of the target beam current value (Ifb)
and the one-unit scan time (Tscan) to the cumulative
irradiation electric charge quantity (Qsum) as shown in the
following expression (4): The remaining irradiation
electric charge quantity (Qrest) is also updated accordingly
{823) . The remaining irradiation electric charge quantity
{Qrest) is determined by subtracting the cumulative
irradiation electric charge quantity (Qsum) from the total
irradiation electric charge guantity (Qtarget) as shown in

the following expression (5):

[0053]

qum =qum+(lfb'Tscan) =-- (4)
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In response to the fifth cunul ati ve beam charge quantity check signa
501, the cumul ative beam charge quantity (Qreas) is neasured. At
this point, the cunul ati ve beam charge quantity equals Qmeas5. Since
the conparative electric charge quantity (Qonp) is set at Qreasb
which is Iher than the electric charge quantity ((Qscan) necessary
for the 6§g§ﬁ it irradiation, the correction of the target beam
current value (I1fb) is necessary. Therefore, the target beam current
value (Ifh) is get |ower than the reference beam current value
(I'scan) in 't#e or&*unievrradi ati on by correcting the target bé5%
current value (Ifb) according to the expression (3). By executing the
extractigpogentrol based on the extraction beamcurrent feedback
control by using the corrected target beam current value (I1fb), the

beam current varigs(lfosele cOmmerd e, d romddies dose Jmdofe datgedd on
signal is used for the beamirradiation. [0064] Next, an

oper ati nguaatheg obsthe partbeperbeamithr eHéatbeal devig@idhion
accordance with this enbodinent will be described below referring to
Fig. 8. Zhectoitorhangat gupatient (Dhéogenli 0824 positi atheandinsilzs: iofe
the target volune, beamirradiation direction, and maxi num

i rradi at iohadepthpnt elenericeahaeae ghanhinyg devine 48s Besedednthde
inputted patient information, the treatnment planning device 43

(enpl oyi hgtaledrwadiapiannehgosoicwahayrgeaticahniey {GeaSOBP) W dslp 2
the irradiation field size, the target dose for the target vol une,
etc. necBSELPGE] or thRePEPRat HEREIAFBPBSFOntrol is finished. If the

cumulative irradiation electric charge quantity (Qsum) has
not reached the total irradiation electric charge guantity
{Qtarget) yet (Qsum < Qtarget), the process returns to the
control flow (812) to continue the beam irradiation control.
[0056]

Here, the reason for the comparison between the
remaining irradiation electric charge quantity (Qrest) and
the cumulative beam charge quantity (Qmeas) shown in the
control flow (815), as a characteristic of this embodiment,
will be explained below.

[0057]

First of all, the cumulative beam charge quantity
(Omeas) falls below the electric charge quantity (Qscan)
necessary for the one-unit irradiation in the latter half of
the extraction control time (Text) of the synchrotron. If
the extraction control is continued with the cumulative beam
charge quantity (QOmeas) less than the electric charge

quantity (Qscan) necessaxry for the one-unit irradiation, the
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The results of the calculations by the treatnment planning device 43
are stored in the storage device 42. The centralized controller 41
transmts the total irradiation electric charge quantity (Qarget)
and the irradiation conditions to the irradiation controller 44 based

on the irradiation conditions inputted fromthe treatnment schedul er
CunshownPe2tn s PREGPAEFEn CEOREFoE NEr CREPLEFALEsOEQL R nERE SRALET ons

of dev!c§§ (o gs%L%utggg %ﬁe hrr%diation g Vi ce % d accorgi I¥
transm t STFREPSERF PPPabP St POR e BLEPEE ckharfe ﬁﬁaﬁFF?Q ?Eﬁ% get§?
Lhe 1 ef euEnGe RealCUEReNINALURLLL ST bl PR dclddAdlpL T on.
the scan tine Scan) necessary tor thée one-unii irradiation, e

el ectric ehakge gUaNthbY F@RERN)LFNERESIALY E?Ef&?ﬁiegeaHEEE'oration
er of Nr), ett. to the

irradiation, the nunb of tinmes of repalnt

extracti anecent £akl BearOexhaseabaubat hanseabihhecrbestahCoghacge
gquantity (Qscan) necessary for the one-unit irradiation, etc.

char act evatiec iaf thii snerhademeptaaiecesacahadsbytiig theagdim@beédnos
controller 44 based on the information fromthe treatnment planning
devi ce 48impB066] repaint (Wréabheat spfdncishoipailangei audbsepl ayed on
a display device (unshown) arranged in a control booth of the

t r eat nenfongenuentprvepakcatihenbeen tihpossdbigehnt. iftheenadi bhegisse
checks information displayed on the display screen and arranges an
energy ab3&£bardis éﬁé@iﬁ?@étm?nthélm?sgﬁéybﬁﬁnth@cﬁﬁﬁQHVation devi ce
30. [0067% A treatnment bed controller (unshown) noves the
treat mentt°888! (on which the patient has been fixed by the

(20 o oalst) aceqrdlng {o, BRLIMELL TS, LTOMANS, SSpiel L2y

Lo PSR, B0t L8 BURGP AL SHhoL1BL0E RL sk AR OBy
(Qrest) decreases, that is, the cumulative irradiation
electric charge quantity (Qsum) approaches the total
irradiation dose {Qtarget) satisfying the necessary
irradiation dose. In this state, the remaining irradiation
electric charge quantity (Qrest) approaches the electric
charge gquantity (Qscan) necessary for the one-unit
irradiation, and falls below Qscan depending on the progress
of the irradiation control. In the conventional technology,
the control shifts to the deceleration control when the
cumulative beam charge quantity (Qmeas) has fallen below the
electric charge gquantity (Qscan) necessary for the one-unit
irradiation as described in the Patent Literature 4. Thus,
the cumulative beam charge quantity (Qmeas) less than the
electric charge quantity (Qscan) necessary for the one-unit

irradiation undergoes the deceleration without being used

for the irradiation. Consequently, the enhancement of the
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The accel erator controller 40 determ nes the irradiati on beam energy
and sets operation control paranmeters of devices constituting the
synchrotron 13 and the beamtransport system 14 based on the
treatnment plan information supplied fromthe centralized controller
41. For the extraction controller t he accel erator controller 40
sets the EéﬁtBFliFEaEéﬁEyeﬁélcﬁﬁECYr@aﬁeh%?nmﬂafﬁlﬁﬂ}tahﬁlFF%de
nodul ati gn dat g E ﬁeanck gain Gb (operation control
paranete?gnvﬁn 88? o°th8+8%Y¥racti on radi o-frequency signal)

correspog to the energy of the extracted beam [0069] The
doct or sues an |rrad|at|on start signal (instruction) to t he
centralized congs O&é hE}?#@é‘ éi‘ﬁo&f?&ér@ée{aﬂﬁ{e tion of

af orenent i oned contr ooth response to the irra atlon start

instructiga, chbgepr Bé&ﬁebﬁiééﬁﬁ %alaéwk%?t @gzbhelhoah@eéﬁtfgcewn
protons (or heavy ions such as carbon ions)) generated fromthe ion

sour ce apdamuppii-estt heeapsekerahedol OMnbeRM:t EmbbaiS¥AE T 8t hode 1Sy
[ 0070] The synchrotron 13 accelerates the ion beam 10a

i nj ect edukiam the pmeateel enat of tReupehainidgsireddeacigy tevetric
while circulating the ion beamtherein. After the ion beam 10b has
been accehsrgteduaptibyt iereatyetnd bkanrtemetgyilevekamt beacgeul ati ve
beam charge quantity detectlng unit 15 nmeasures the cumul ati ve beam
char ge qauapRtiyy(Rmassy)iasr §bpoﬁ9@pwath*@ecaﬂmt‘ariwecb@age chagyelity
gquantity check signal 501 fromthe timng system 50. Based on the
cunul at i VESBBRIN chek e gkt dese (Eeaggan tkPFé IRGRRAS Wb AR AT rMErith
correction cal cul ati on unltﬁ% gets t he_target beam current val ue
(1fb) of & Re“BREPEETFBR BéafmEuPFaft Uréedba ko}aoﬁFFbFl%P?Xuﬁ"lﬂl%ﬁ
Thereaftei a%es onse tp ge bean1gxtra§t|og cogtrog gne

out put t ed FPOﬁ] it Yﬁﬁ?ng SySP&m BB EPRBLEX r 5BEi bhSF5UFD éﬂ%eﬁ%@
signal ig.app k?? %8 the extraction radi o-frequency el ectrode 16 and
the beam controlTed based on the target beam current value (Ifb) is
extractedohggm the synchrotron 13.

The time-variations of the target beam current value
and the cumulative beam charge quantity (accompanying the
change in the target beam current value) in the beam
irradiation control according to the above beam irradiation
control flow will be explained below referring to Fig. 7.
This embodiment is illustrating a case where the extraction
control is executed by measuring the cumulative beam charge
quantity (Qmeas) five times during the extraction control
time (Text), and thus the remaining irradiation electric
charge quantity (Qrest) is assumed to be sufficiently large.
[0061]

After the acceleration control of the synchrotron 13
is finished, the cumulative beam charge quantity ({a) in

Fig. 7) is measured in response to a cumulative beam charge
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[ 0071] In the detection of the cunul ati ve beam char ge
guantity (Qreas) in this enbodi ment, the cunul ati ve beam char ge
quantity corresponding to the first one-unit irradiation is detected
in response to the cunul ati ve beam charge quantity check signal 501
outputted fromthe timng system50. The cupul ati ve beam char ge

quant i t y WREERLY] Gharks619rel PR NEXE-andPslbbEqUEARIURNES s
detected bas§d on a.si nghﬁcalculated by the extraction_controller 20

|
fron1the08wg>&ﬁﬁyesgﬁﬁ TP EUAT tahd QﬁtFFFéHEanaﬁ $PopPagRLife
SEIDET T e et S vl o et

extracti on contr |8na 5 uppl i'e he

Ho , .ect b i . i i ,
wever cha.%ﬁgaggaﬁfc&e 2afdls 5@3@&@9&&&/@4 8 %/fg%\g@gm

generating t mul at v eam Charge quanti

correspopdipgrie ahhr-bRequbhadigtiiepoRbanes LacPLevhAedsouiaids fhe
extraction controller 20 7(e.qg., in the irradiation controller 44).

[0072] 1arger hﬁahhehéeéﬁb@tkﬁ@cbhaﬂgéo?héﬁtitg (BkeagMbAdLEBBA Yyt he
supply of the beamfromthe synchrotron 13 to the irradiation device

30 i s stdppedhesvapended) iduadngtibe,i ehadtakirentsbappagehéi agrddof )

between the one-unit irradiations (i.e., between successive units of

i rradi at bean byrireptt vehget Hefb¢amserbtacbndnccedt r clthuss gnate 502rdatom

the timng system50 to the extraction controller 20 and making the

target bégamcgrirsantcyriuet i(da)canchliati 8h Gmi seR9abpehet heference

radi o-frequency switch 25 according to the beam extraction control

si gnal (Ps5am RUEKENEXVRABEI dRSEBRI r dFI ERC20peeHBAtt inBadhatémB- unit

irradiatign is finiihe . [0073]
(default value

[0062]

In response to a beam extraction control signal {({d)
in Fig. 7), the extraction control based on the extraction
beam current feedback control is started. Accordingly, the
beam 10d at a constant current is supplied to the
irradiation device 30 and a beam current value (Idose)
converted from the detection signal of the dose monitor 31
is observed ((e) in Fig. 7). After the beam irradiation for
the one-unit scan time (Tscan) is finished, the beam
extraction control is stopped and the cumulative beam charge
guantity (Qmeas) is measured again. In this embodiment, the
sequence from the beam measurement and the extraction
control is repeated in the same way three times (Qmeas2 -
Qmeas4) .

[0063]

In response to the fifth cumulative beam charge

quantity check signal 501, the cumulative beam charge
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The ion beam 10c extracted fromthe synchrotron 13 passes through the
beam transport system 14 and arrives at the irradiati on device 30.
The i on beam 10d further proceeding al ong the beam path inside the
irradi ation device 30 is scanned by the scanni ng el ectromagnets 32,

shaped bé t he eneraé orber 33 to formthe SOBP, and then applled
to the t P@8F1€8|d SHNE BaerERed- [ 74his point, fihe BIBIAT IR

31 Tho HERBcEToRoS éﬁ%P é&%e?%%#ﬁ@maasgeﬁuﬁed o (TR (o
curront PoGaBRiR CORErs SRrpeoFD 20 eBRl bfeoFhetb raer ohtihetm

cur r ent eﬁaﬁlgenﬁhaattﬁalaﬁeégrgﬁeEHgggg @ané§€gb%5§ £ AEELORALD

the anplitude control value o era requenty Vol fage base

t he devnabkoEhédbhéeﬁﬁmeeingamaemohhethargskréeaﬂbﬁugfeEEeveéyg ef!f
b) and the beam current value (Idose) detected by fhe dose nonitor

31. [007bfpam currenff-glukherepnplethefegtat-he onesruidrd ! rad ation
of the target volune, the beam extraction control is stopped t he

excit ati oarbevebsanf ctihecstanailng ¢féblr dsngeet oree thaurord to
their irradiation start positions, and the cunul ative irradiation

el ectri crefigrgacquanant yuf@snh) vadueecdsded) Thetkafbree;ubhe

cunul ative beam charge quantity (Qmeas) is neasured, t he target beam
current ‘aradipgkipn by eorrectéugbabedtangehebeasubtroent healue
measurenent, and the one-unit irradiation is started again. The beam
i rradi at i\6AP) s2ESPERA&RTIOEP BYer 8FBEEFAGORNES AboVRY (BRI INMtENE t he
currul ative_irradiation elg %rlc char e gquanti t reaches the

total irPaEFAFFIRReFRBEFPL BRSFGe°Bu HF. §t{ﬁf§%§@t?eavoﬁvé$ent

feedback control by using the corrected target beam current
value (Ifb}, the beam current value (Idose) converted from
the dose monitor detection signal is used for the beam
irradiation.

[0064]

Next, an operating method of the particle beam
irradiation device in accordance with this embodiment will
be described below referring to Fig. 8. The doctor inputs
patient information (position and size of the target volume,
beam irradiation direction, and maximum irradiation depth)
to the treatment planning device 43. Based on the inputted
patient information, the treatment planning device 43
(employing treatment planning software) calculates the SOBP
width, the irradiation field size, the target dose for the
target volume, etc. necessary for the treatment.

[0065]
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I nci dental ly, when sonme kind of failure hindering the beam
irradiation of the patient has occurred to a device constituting the
particle beamirradi ation system 1 during the irradiation control,
the interlock system 60 outputs a signal indicating that a device is
in an abnornmal state %abnornallty signal 601) to the centralized
control | er 41 ahd®tBethet? nPler HaR kFRbCH-tat 5045 dojichiey ShRdiehe®6 of

t he extragﬁlon co 20 in garalle The extraction,controll er

20 recei ¥ ?“Fﬁ89a§ﬁ8F5§|#Pya§Fgﬁ PrgéllFrBHFtﬁEOFﬁEErﬁSEQCQyégen1¥QF
b d

i nterl ocking o f requency

the ext r@%b%l@a%arg eagsﬂ%%e a%%gr gtshgnaaghe E&%g&ﬁg%x

electrode 16 is sto bove operation, the sync Pon 13

real i zes cbhgikAbekl %k tﬁ@ntln:%dflahéhoeehwo&*ﬂ@reétﬂ B&&eenoﬁe%é& on)
of the ion beam 10b. [0077] According to this enbodi nent, the

fol I ow ng@hﬁ@@taoﬁaaohm@@ahgvgﬁ uE@@#8Erom the t&dhthBnthisheduler
enbodi ment, a range from an |rrad|at|on starting position to an

i rradi at l(onshndmr)g pois¢ t 1 oRad haahon r ¢t 861 Dar ag £asé Be diasn dd etk agg one
unit of scan range (one-unit scan range), and the one-unit scan range
i s managednds tapnisr pddidaviiorsurchstBehoiegt hhestiartdobttiba Headre
irradi ation of each one-unit scan range, the cunul ati ve beam char ge
quant i t yandmegsproanghy syackhméteonhe3tpsamedsyrddabndnt héerarget
beam current value (If b) of the extraction beam current feedback
control EtpEart WantdtyorlREareggthy the rafgsenseahratr FBAEEREr Fa&tEoN

cal culati,gn unit 29 pendln% on . the relationship between the
cunulatldésﬁé§ﬁl&ﬁaF one-unit irradiation, the scan time (Tscan)

necesgsary for the one-unit irradiation, the electric charge
quantity (Qscan} necessary for the one-unit irradiation, the
number of times of repaint (Nr), etc. to the extraction
controller 20. The calculations of the electric charge
quantity (Qscan) necessary for the one-unit irradiation,
etc. characteristic of this embodiment are executed by the
irradiation controller 44 based on the information from the
treatment planning device 43.

[0066]

Treatment plan information is displayed on a display
device (unshown) arranged in a control booth of the
treatment room in preparation for the treatment. The
radiologist checks information displayed on the display
screen and arranges an energy absorber 33 specified by the
display in the irradiation device 30.

[0067]
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guantity (Qreas) and the electric charge quantity ((Qscan) necessary
for the one-unit irradiation, by which the electric current val ue of
the beam extracted fromthe synchrotron 13 (extraction beam current
value) is controlled. By this control, the exhaustion of the
cumul ati ve beam charge quantity %i |n the synchrotron 13 during
the one-unit irfabf&trBattanedes %&gg% BRYn) moves fhy | this

one. pl anGPBRASPP Brat Pon aic CoenEas %ﬁaﬁcﬁﬂm 5?%52%%%%%%2#@” o
quant [ Y LQUB3E) B8 ggcaxpgp OLLou 18,15 fRgsuEed. and.the Largel g

bean1curre e extrac IOﬂ ean1curren

contr ol ben%%&%&eqlbaﬁ glmgnge%met ok Eﬁsnmgar gBEEflaPreEﬂée

the start of each one-pla irradi ati on as escrlbe ove

el i m nat earjhe Reedmef %.%tf'é'c@gdt Partar get tR@aﬁhEEéﬁE”t(té@bH‘é 6Ef b)
of the extraction bean1current f eedback control at a low Value as in

the convemtreaiakibeghnel edyubhecons daeakkeangfichherdeher hesat bensin
the dose uniformty caused by the exhaustion of the cunul ati ve beam

charge quaneieily (Qreas) in the mddle of the one-plane irradiation.
Thus, according to this enbodi nent, the target beam current val ue
(1fb) of the extfhacttoalérabrrurerntolbedbstkdeoetmihes nclide
one-plane irradiation can be increased, the dose rate can be raised,
and conségtiafipyionhbepme sngeay ende Sean pereshsipaNEednRtFOD80]

parameters of devices constituting the synchrotron 13 and
the beam transport system 14 based on the treatment plan
information supplied from the centralized controller 41.

For the extraction controller 20, the accelerator controller
40 sets the center frequency Fc, the frequency width Fw,
amplitude modulation data Am and feedback gain Gfb
(operation control parameters in regard to the extraction
radio-frequency signal) corresponding to the energy of the
extracted beam.

[0069]

The doctor issues an irradiation start signal
(instruction) to the centralized controller 41 through the
control panel of the aforementioned control booth. In
response to the irradiation start instruction, the
preaccelerator 12 accelerates the ion beam (e.g., protons
{or heavy ions such as carbon ions)) generated from the ion
source and supplies the accelerated ion beam to the
synchrotron 13.

[0070]
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(3) I'n this enbodi nent, successive nonitoring of the exhaustion of
the cunul ati ve beam charge quantity 70 is unnecessary and the
processes for stopping the beam extraction control and the beam scan
control in response to the exhaustion of the cunulative beam charge

tity 70 d Th f f t d
The control ot FOdsSBICTREC ROt} bl TETR L COTEE (0AF Pt ”ra'iﬁ%feaﬁeam

|11 adi at Qg RYsher AN ie SLIDLLLIES. LD SYSLeTosUCaEsTLE! Yy o

moni t ori Ng ert rve beam chargeFquant

synchrot FaRe13,hagcbeer rhays e@h@r ?9{HQHEEEHe%EEnO”%AEQé¥“% e ion

irradiation, the extraction control IS stoppe al ong

W th stoaaamg1bbehagaﬁbéaaac@amb&atewﬁhE tBetﬁeaeakgetgaeﬁéaﬁngﬂefg§
32 in case of exhaustion of the beam 10 Thereafter, IS necessary

to perfonewvkhe baanbumpaatuea/a@amleha&g@nqagatmt aatébelﬁ NGRE et 19N
13 and then restart the beam extraction control t he synchrotron 13
and t he measuseanthenbumblatlvbebaaannhaggelqaanomagnenﬁeaa) £Second
Enbodi ment > [ 0081] A second enbodi nent of the present

i nvent i oedlnshe tdesbri bedubskawe Whamechhegdeuientiopf chacht sbgnah
this enbodi ment is equivalent to that in the first enbodi nent, the
correcti BRIMEERBAtHR Fh@lﬂar§§§t§@aﬁﬂcur5@m@chnr¢hﬂ|Qﬂmwkﬂﬁnﬂeﬂbaﬂm
unit 29 for correcting the target beamcurrent value (Ifb) differs
fron1ththﬁﬁg?hguﬁPFégYeﬁ@@&?ﬁgmtthFOGB?Fet beam curkpgnpegpyrection

|rrad|at|o C rol flow in this epbodi ment be expl ai ned bel ow
referr|n§ gﬁéloﬁ u?ﬁ 2PI8ﬁF8|Fggr§aF98ﬁ1 @mfFBﬁF§ﬁ5mﬁaﬁﬁeFi§fbb

i h f

L2|Lea2|?%¥% ACRRt bR RR bl SRR R atrarPaRcr %8%FP§a8ﬁ%$éi§”i4
[ 8 t

orroct] BRCEORLFET of 't BE Parast TBosm b rineLyal e PT Cof Chated on

the conp%aahaxes@beehﬁbateearggoaueﬂélExmﬁﬁﬁogyétba khe fhest
enbodi ment “(818 - rn 6). [O

extraction radio- frequency 81gnal is applied to the
extraction radio-frequency electrode 16 and the beam
controlled based on the target beam current value (Ifb) is
extracted from the synchrotron 13.

[0071]

In the detection of the cumulative beam charge
gquantity ({(Qmeas) in this embodiment, the cumulative beam
charge quantity corresponding to the first one-unit
irradiation is detected in response to the cumulative beam
charge quantity check signal 501 outputted from the timing
system 50. The cumulative beam charge guantity check signal
501 for the next and subsequent units igs detected based on a
signal calculated by the extraction controller 20 from the
one-unit scan time (Tscan) and an irradiation stoppage time

(Toff) and having its starting point at the input time of
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In the first enbodi nent, the cumul ati ve beam charge quantity (Qreas)
gradual |y decreases with the passage of the extraction control tine
(Text) of the synchrotron. In the latter half of the extraction

control tine (Text) the cunul ati ve beam charge quantity (Qreas) can

becone ex smal | co ared to_the electric charge quantlt%
(Qscan) M EeggaﬁyeFBFaFﬁé nECBRFPLi PrERRAt PBA. S#ﬁpélgﬂnﬁram|9 fiol ds

f h | h
by naun | G IRRRRL BTekERasbn | RIvEYSE: che Pt g afgt ' Layatré%eg@%mveq .
th
WenCa o b BoRRTRRCNEREoSaR A0 RS LACTLLARIRERHL BEa Shafle
one unit ﬂ&n&&%?dbﬂébﬁngﬁgﬂéiﬁ 56&'§8§réﬁp8£§ghgt9 efipcigotly

: a y

utilize the cunul ative rge quanti or to Satisfy the

total irgadhatibencal gehhis ggabgevgaaatbaxsﬁééaegstéxtkggéﬁ$n
Such a process occurs on each operation cycle of the synchrotron in

cases wheoattbelewnubatievg.heam ehar geraguanibhycbLABas)eknatipe
synchrotron 13 after the end of the acceleration control is not equal

to an intlegrral nultiple of the electric charge quantity (Qscan)
necessary for the one-unit irradiation. [0085] Therefore, the
advancenent i rr&dibit¢ dpe®h et racthen geomfuamt i 1ty (l{carenhodinpemt i n
the foll owi ng expression (6) is calculated in this enbodiment (825 in
Fig. 9) &Pbeefuphéyseftthg bPamhérewvnpheasiuehepbreni t3chargeequantity

o] 815 - 817 in Fi 9). [0086
(Qonp) grradlatlon dev1ge 3% 1% sto%ped (suspended) during the

irradiation stoppage time (Toff) between the one-unit
irradiations (i.e., between successive units of irradiation)
by inputting the beam extraction control signal 502 from the
timing system 50 to the extraction controller 20 and making
the target beam current correction calculation unit 29 open
the radio-frequency switch 25 according to the beam
extraction control signal (252 in the extraction controller
20) each time the one-unit irradiation is finished.

[0073]

The ion beam 10c¢ extracted from the synchrotron 13
passes through the beam transport sgsystem 14 and arrives at
the irradiation device 30. The ilon beam 10d further
proceeding along the beam path inside the irradiation device
30 is scanned by the scanning electromagnets 32, shaped by
the energy absorber 33 to form the SOBP, and then applied to
the target volume of the patient.

[0074]
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Qcarry - Qconp Q scan(6) [0087] The advancenent irradiation
el ectric charge quantity (Qcarry) in the expression (6) equals the
di fference between the conparative electric charge quantity (Qonp)
and the electric charge quantity (Qscan) necessary for the one-unit

di at at on ectric antit
(Gearty) 15 confls ciar (hE the of @ECTREN TR B A T (Rasthinyvoldhe
necessar yof featlig.angyupht hbtadkah 08, (828). T1§e00c§%ect1 n siglh the
advancenent |rra atl I’I C Charge quantl 3 i'sS ess
than or gqyak bQ t:he abggt f’nbﬁ:.EB'i“gE ﬂ%aﬁhg{ﬁté@E@”lh@e&%?%%{léﬂr

the one-unit irradiation (Qarry Qscan dvancenent correction

of the taegpt cheaBhEUrEeAba¥Rl BBnELED) ciscot sondugted,df2 Durhan
t he advancenent irradiation electric charge quantity (Qarry) is

| arger tfiaedbhekekeatibl ehatgetquantbhyr6QsCany Breessaiynf peahhe
one-unit irradiation (Qarry > scan), the advancenent correction of
t he targetirbeam eur nentneabune {hilbe by eradutied akBeshewmfibatkt he
foll owi ng expression (7) (828):
correction to the amplitude control value of the radio-
frequency voltage based on the deviation (difference)
between the target beam current value (Ifb) and the beam
current value (Idose)} detected by the dose monitor 31.
[0075]

After the completion of the one-unit irradiation of
the target volume, the beam extraction control is stopped,
the excitation levels of the scanning electromagnets are
returned to their irradiation start positions, and the
cumulative irradiation electric charge quantity (Qsum) is
recorded. Thereafter, the cumulative beam charge quantity
(Qmeas) is measured, the target beam current value (Ifb) is
corrected based on the result of the measurement, and the
one-unit irradiation is started again. The beam irradiation
is carried out by repeating the above control until the
cumulative irradiation electric charge quantity {(Qsum)
reaches the total irradiation electric charge guantity
{Qtarget) .

[0076]
Incidentally, when some kind of failure hindering the

beam irradiation of the patient has occurred to a device

constituting the particle beam irradiation system 1 during
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[0089] Qcarryb ;can (7) [0090] The advancenent irradiation
el ectric charge quantity (Qcarry) is acquired by further subtracting
the electric charge quantity (Qscan) necessary for the one-unit
irradiation fromthe conparative electric charge quantity (Qonp)
used in the first ,enbodi ment for %Ee Lu%gnent on the correction of

the tar g&PCcarFERtararie SPPFTBY: FhPoLH Fﬁ@CFMBYFFﬁESGﬁfOEEBPF%cFion
f th | i,C . . [ . t -unit
frad: ar PoRnaty ipaseat Aty Bhektac FRERER Qécﬁiiﬁﬁﬁﬁ%é@aﬁaﬁ??ﬁ??m

' | t | ect i tit an
hevoasar y FEERIIEY bikeG BB1E 56 ke EOALORITNER: LYEERRAR 41, o,

time canjbg &%akhéeqnggrg6Eanbh§aa§gukeegﬁsnégaghgéﬁﬁgﬁ quanthLy

(Qreas) for one tine o rradiation all at onc n advance.

extraction controller 20 in parallel. The extraction
controller 20 receives the abnormality signal 601 from the
interlock system 60 as a beam extraction stop instruction
and immediately opens the interlocking radio-frequency
switch 26, by which the application of the extraction radio-
frequency signal to the radio-frequency electrode 16 is
stopped. By the above operation, the synchrotron 13
realizes the interlock control for stopping the extraction
(emission) of the ion beam 10b.

[0077]

According to this embodiment, the following effects
can be achieved.
[0078]

(1) In this embodiment, a range from an irradiation
starting position to an irradiation ending position in an
irradiation area is handled as one unit of scan range (one-
unit scan range), and the one-unit scan range is managed as
an irradiation unit. Before the start of the beam
irradiation of each one-unit scan range, the cumulative beam
charge quantity {(Qmeas) in the synchrotron 13 is measured
and the target beam current value (Ifb) of the extraction
beam current feedback control circuit 24 is corrected by the
target beam current correction calculation unit 29 depending

on the relationship between the cumulative beam charge
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[ 0091] The above nethod can al so be expressed as conpari son
between twice the electric charge quantity (Qscan) necessary for the
one-unit irradiation and the conparative electric charge quantity
(Qonmp). When the conparative electric charge quantity (Qconp) is

the® ono BpRei ey ABugag] ' Shf, ERRY 2T dHant! thateR ANk LEE R aa¥ﬁL°r

f d
Current VEFoESCER EpLt BBechar YRt b RRatha r Bher BRCUPBEAnERE rent
val ue (|gsgap} in ens«rgﬂe '&Qﬁhe' ?aghat gyggm §g€gggkggl EYont PR

cunul ati ve beam charge quantity he scan ti me

(Tscan) e%@ﬁ%@uohomt n%x%sceabh bééﬂdba&kgﬂt' éayagg ag the target
beam current value (If as shown in the expression ). [0092]

As abovecoappbopeiat eByO@M@I cAEERS Tl NEhd Cetieu St al# uendeam char ge
gquantity (Qreas) is made possible by usi ng the conparison val ue

bet ween theutemparabews ehaetei quahaige quaskilyihQeREPYyABHrbheon

el ectric charge quantity (Qscan) necessary for the one-unit

i rradi at Léndaginbetbei beetonitoirirhdipudgnentnohet heenenesdity of the
correction. S eC|f|caIIy, when the conparative electric charge
quantity [POZ8 is less than the electric charge quantity (Qscan)
necessary for the one-unit irradiation as illustrated in the first
embodi ment, t he!{ZbniR ofhbfhameednere, bz kgdm cexdrrys Wi cdesmimithg
t he bean1exhaust|o durln .the one-plane irradiation can be carried
out. WheRSFHE &Bnﬁg?aﬁF§§ FE&PPl@fCHE?gElaﬂﬁnﬂPPQ teEdfpRtign area)

ly Ll t han_t I tit
ForChe’ SHECUnFEc| TRRHTGEESR. RE°T FOSTEat BUSPhE Fe CBERR SROERPMEN,

the 'rrag&ﬂEhQBtEbgelgagsb%eag E%Snggdb¥hgegarget beam current value

(Ifb) of the extraction beam current feedback control is
corrected based on the result of the measurement before the
start of each one-plane irradiation as described above.

This eliminates the need of setting the target beam current
value (Ifb} of the extraction beam current feedback control
at a low value as in the conventional technology in
consideration of the deterioration in the dose uniformity
caused by the exhaustion of the cumulative beam charge
quantity (QOmeas) in the middle of the one-plane irradiation.
Thus, according to this embodiment, the target beam current
value (Ifb) of the extraction beam current feedback control
in the one-plane irradiation can be increased, the dose rate
can be raised, and consequently, the treatment time can be
shortened.

[0080]
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of the advancenent irradiation. It is also possible to enploy
criteria as a conbination of the criterion in the first enbodi nent
and the criterion in the second enbodinent. In this case, the
advant ages of both enbodi nents can be enjoyed. [0093]

oot 2t i t R} erhUenEOBREBULNENE,] “hELEEIOL Ao HUARE LY

i s conpared mnth twice't ectric charge quantity necessary

for the @R®mNRIdn LAitald @R altheeSeeand eakadi gBahLL i3l Mbas sef fect
can be achi eved even when the nmultiplication factor of (scan I's not

two, as homgcasshie amkd icplel gabicelskackel kEobphagr thBaBedm The
mul tiplication factor can be determ ned based on how nuch el ectric

charge canxthactset tonttdd andadhat beam sBctheconexruli ini Feagbakeono
In cases where the cumul ati ve beam charge quantity (Qmeas) in the
synchr ot ithe ieghausitioine ofartger culvan atheeebeetr chachar geaguanyi 9 are
(@can) necessary for the one-unit irradiation in the latter half of
t he extr 88CRoNNESRESSRYer | Bacrebaptet thy toefbearmtiendi and othdy
performng the_irradiation once by nmeans of irradiation electric
char ge q&RREFEY gﬁﬁgﬁéénﬁﬁtt#ﬁké@ﬂ?ﬁoéé§§ﬁbF@nﬁélﬁéaa@g the ppmbicle
necessary for ,the irradiation with a prescri %d dose_and shorten the

treat men e?@nérFﬁdégﬁﬁQPI§8ﬁtﬁptﬁa§eﬁﬁr§ﬂgp} éFﬁorn*%gs¥$E@%%an1
di at th
beam cur POTE oo a U8 LA CHREOZ AR HPFYEebe e RUPRLEaTAT Pfﬂ@mec argel
h i t | th
boam | SHaRg et 80 ARIEH] S B BEIBh JRTRRE LEEN ARl et ok Fer
flowin wheisgcend %mogug%@t Mrghlg%l%pl %h@egxle?!a@é/l&ﬁf %awglt 8¢

Fig. 10. For cClarity of "the explanation, cunul ati ve beam char ge

quant'thﬁﬁnﬁé&h)lD%SESaEE%prHea@@ﬂgo%lkhes@%ﬁ?ﬁﬁ@aEh@nbggﬂtE@Enand
the electric charge quantity (Qscan) necessary for the one-unit

i rradi at icontir®lFiwgthl@har ecassuimgdellecheomhgnsaresasihhesgei BeFig. 7.
[0095] exhaustion of the beam 10b. Thereafter, it is necessary to
perform the beam injection/acceleration again with the
synchrotron 13 and then restart the beam extraction control
of the synchrotron 13 and the beam scan control of the
scanning electromagnets 32.
<Second Embodiments
focosl]

A second embodiment of the present invention will be
described below. While the device configuration in this
embodiment is equivalent to that in the first embodiment,
the correction method of the target beam current correction
calculation unit 29 for correcting the target beam current
value (Ifb) differs from that in the first embodiment.

[0082]
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In Fig. 10, the advancenent irradiation is not executed at the first
to third nmeasurenent of the cunul ative beam charge quantity (Qmeasl -
Qmeas3d). The advancenent irradiation is executed at the fourth

measur enent (Qreas4) and the electric charge quantity used separately
for two times ofhéripashaltendide Fbl. cdntSoUserbd Ofn 00181 4 i d i ment
irradiation all at once and in advance. Therefore, the target beam
current walldebgl Bxb}laiinetiheeflour thferradyatboriygs set tngheriddhan the
ref erence beam current value (lscan) in the one-unit irradiation

di ff erentiigferemftrha thsefdbwFehowid. ifiheigaf 6ein thetcadvantesbitts
to the deceleration control w thout executing the fifth irradiation
cont rol . CBYreRtacBoReRskolt hé Fheatipapebnbepmecvanehbe whdueeh&fbby
the sumtotal of the one-unit scan tinme (Tscan) and the irradiation
st oppagePBERE P?oﬁf?dﬁéﬂﬁé@ﬁthéréﬁ@laﬁF?ni?iﬁ@tﬁ%?oﬁharQQOQQ?ntity
Accordinq to this enbod i ment, cumul ati ve beam char

quantity ?Eﬁ§§¥§ (Bes fhﬁﬁstﬁﬁ EFgctP 1%h3?8é°&ﬁ§n%??9e%@5€ the

necessar for %}e one-

|; irr CCUfrln i
Camil ot Y ES e RaP B B RAnPEL PP ChBaget APERl CHEGHE BRLYRe (TEb)
aroeloT abaRacan: LAl LBnBAkaEa! c10cRNLLILRGAL QULLELE. PhbhS) in

el ectric chargé quant necessary

irradiatign, £i $<Usefbinkie adyancenspt jjir gadi agion, by which the
shortening of the irradiation tine can be reafized. Since such an

advancenmgpbgpyocess occurs on each operation cycle of the
synchrotron, the irradiation tinme shortening effect is significant

and further shoriefhiegf Dfstt hanbs@BRSERN] EHETEEAN D61 FEAbd ZEhhdQRI7]
Wth this control, in cases where the cumul ati ve beam charge quantity

(Qreas) onahhetgyriOheas)ograduallist ikerbasgerwibanthbepgbesssi 6f the
charge quantity (Qscan) necessary for the one-unit irradiation in the
| att er hakftreftihe esxhrzeli bhmeonTest) pefi dde specheanronr adiratthen
can be congleted bg perform ng the irradiation once by means of

i rradi at Lt8RteFeBRifcoéhbhgecbanctignadoahtehenimgn{Tentt astheo t he
first enbodi nent separately performng the beamirradi ation tw ce.
ConsequeRtylaEhEet ﬁ%mnEEé§§§r9uFBFl€He (RPeAR! aFRBNPAFPHE aextremely

prescrlbed ggse can bg redug nd the treatnent tinme can be
short enet™ compare the electric charge quantity (Qscan)

necessary for the one-unit irradiation. This similarly
holds for the remaining irradiation electric charge quantity
{Qrest) gradually decreasing with the progress of the
irradiation control. In these cases, it becomes necessary
to perform the beam irradiation with a small amount of
electric charge. Thus, the need of performing one unit of
irradiation control arises in order to efficiently utilize
the cumulative beam charge quantity (Qmeas) or to satisfy
the total irradiation electric charge quantity (Qtarget).
[0084]

Such a process occurs on each operation cycle of the

synchrotron in cases where the cumulative beam charge

42



[ 0098] In the particle beamirradi ation systemin each of the
enbodi nents descri bed above, the irradiation controller 44 cal cul ates
the beam current value (lscan) necessary for the one-unit

irradiation, the cumulative beam charge quantity detecting unit 15

(cunul ati ve beam char e quant urenent neans) neasures the
Cuml at | GESBEAEVCRARGAS) qhanEPEy T RRBACT PR Ehes Eg%ﬁh}:ﬁ?rsﬂ sPethe
t ar get bean1 urrent_correction cagﬁrlatlgn unit 29 %tar

Sotting BeaRafraEren, RehEEpACTs Bak eBhal 8 an SRresRa g RER o
curr et exlr ggLad-EOmLLBE,SYNCHE oL 0oLy ﬁgeasggkggfwetﬁ

current va scan) nec one-unit Irradiation %ase on

the cunuhﬂgtvgrggaghggghge quantity (Qreas), and the extraction
controller 20 (including extraction beam current correction control

means) cqppeelys the charged particle beam by controlling the beam
current based on the target beamcurrent value (If b). By the above
correction of thieeebbsoed et tadlendeadmt al poddi £t fobesradtriagi ati on
syst em capabl e of enhancing the beamutilization efficiency wthout
det eri or ahamget heantiagi dDcanrgdpsehonnf annthy cahlbeingakkpedssithat
is clained is: 1. Aparticle beamirradiation system

conpri si n§)aisynehroilabad aAnwkhél embpdambaim(BgSadneFégat 8d ahtdefr om
whi ch the ion beamis then extracted and_an irradiation device for

i rradi at thg &eC&2g6t o¥oFbfe CRMPRTEREVEORLBERKILEXERAETEJIRRABREFHe
synchrotron the i rradiation deyice ?erforning one-unit irradiation
mul tiple (Rrrr®) WhéPernStfeiPaFifcl & beamirradiation system

conprlse%0086

Qcarry = Qcomp _Qscan e (6)

[0087]

The advancement irradiation electric charge quantity
(Qcarry) in the expression (6) equals the difference between
the comparative electric charge quantity (Qcomp) and the
electric charge quantity (Qscan) necesgary for the one-unit
irradiation. This advancement irradiation electric charge
gquantity (Qcarry) is compared with the electric charge
quantity (Qscan} necessary for the one-unit irradiation
(826) .

[0088]

When the advancement irradiation electric charge
quantity (Qecarry) is less than or equal to the electric
charge quantity {(Qscan) necegsary for the one-unit
irradiation (Qcarry < Qscan}), the advancement correction of

the target beam current value (Ifb) is not conducted (827).
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cunul ati ve beam charge quantity neasurenent neans whi ch neasures a
cunul ati ve beam charge quantity in the synchrotron; t ar get
current setting neans which sets a target beam current val ue for beam
current extracted fromthe synchrotron based on the cunul ati ve beam
charge quantity neasured by the cypul ative beam charge quantit

moasur enBRE mEiRs SORRRCCMERt 1T ERAT AELPBre bR Lr FARFIC ORFRLH B
control ans ich controls. the beamcurrent based on_the target
beam our ORTTTA LS dLRER R nER By RReo L oF GEEC TR et SERErhGY midnen)
2. The pactiele.peant! thadlalion: svetemaceordi pa-Lo 0!8l fldan)  ene
conpri si ng: reception neans ICh recei ves 1nfor on” ona

total irgagdhatbnBnel eegﬁget%ﬁraf gHant bl Yo Pegesaatyrf Ok thequl tiple

ti mes of |rradiat|on; ( _ _ an extraction contro! er which
cal cul at ¢sfrB) cygukahhvMeckAr adi ahbon EheﬁhélEoED@%Qﬁgqgﬁﬂfééyion {(7)

{828) :

[0089]

[mzzghﬂﬂ_ eee {7)

T

scan
[0090]

The advancement irradiation electrxric charge quantity
(Qcarry) is acquired by further subtracting the electric
charge quantity {(Qscan) necessary for the one-unit
irradiation from the comparative electric charge quantity
(Qcomp) used in the first embodiment for the judgment on the
correction of the target current value (Ifb). Through the
two times of subtraction of the electric charge quantity
(Qscan) necessary for the one-unit irradiation, in cases
where the cumulative beam charge quantity (Qmeas) is less
than twice the electric charge quantity (Qscan) necessary
for the one-unit irradiation, reduction of the irradiation
time can be realized by using the cumulative beam charge
quantity (QOmeas) for one time of irradiation all at once and
in advance.

[0091]

The above method can also be expressed as comparison

between twice the electric charge guantity (Qscan) necessary

for the one-unit irradiation and the comparative electric
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wherein a conparative electric charge quantity, which is defined as
the smal |l er one of the cunmul ati ve beam charge quantity and a
remaining irradiation electric charge quantity cal cul ated by
subtracting the cunulative irradiation electric charge quantity from
the total _irradiation _electric charge quantl(léi%b is used for the

det er mi n&EPGH SoVERE 1Yy gECOBRAM cTHFRNELS aF BPRYR E HES t B et T+ r ent

3., .Ih ticle b d {
ccor oF ng A8 %ﬂfltefor#&fpiﬂp G en FPPaBlar] HLEONTPEl FOFSRAREN

calculat%%a§%ee5%%5_ cQggggpﬁu%QEégggggﬁ%g§a%% faor the ;Qne- uni t

i rradi ation, e targe rrent 'se Plng neans uses a

conpari sqr%r\éall%%l%t Vee &Q%aaqmeabﬁt lt\igofksﬁte biC r%Bﬁ,ega gya@gghx apd

the electric charge quantitfy necessary one-unit iration

as a Cri @kl Q@vﬁ%&dn@%ﬂ@%a@l&a@%@ﬁssb?yc@Er@@‘c&%@t kaa eargeﬁ hanget
beam current val ue . The particle beamirradi ation system

accor di ngur@egiak@leor I¥b)Cceapbesilagqar theadiati eareephrel beamwhi ch
cal cul ates a beam current val ue necessary for the one-unit

i rradi at icomyrent valuewh@seian)t e taegehecunientrsatiinfgoneans
determ nes the target beam current val ue based on the beam current
val ue neépssaify ckdrlyt héheneummilatiiveatieam ohabygenganstotycdOmeati on.
divided by the scan time (Tscan) necessary for the one-unit
irradiation is used as the target beam current value (Ifb)
as shown in the expregssion (7).
[0092]

As above, appropriate control according to the
cumulative beam charge quantity (Qmeas) is made possible by
using the comparison value between the comparative electric
charge quantity (Qcomp) and the electric charge quantity
(Oscan) necessary for the one-unit irradiation as the
criterion for the judgment on the necessity of the
correction. Specifically, when the comparative electric
charge guantity (Qcomp) is less than the electric charge
quantity (Qscan) necessary for the one-unit irradiation as
illustrated in the first embodiment, the control enhancing
the beam efficiency while avolding the beam exhaustion
during the one-plane irradiation can be carried out. When
the comparative electric charge quantity (Qcomp) is properly
larger than the electric charge quantity (QOscan) necessary

for the one-unit irradiation as illustrated in the second

embodiment, the irradiation time can be shortened by means
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5. The particle beamirradi ati on system according to any one of
claims 2 - 4, wherein the target current setting neans corrects the
target beam current value to be smaller than a beam current val ue
necessary for the one-unit irradiati on when the conparative electric

char ge qu%nt'ty is smaller than an electric pharfe guantity necessary
for the Ohellfi AIVAPEEFETtoATTadiatlong ThelpR152 RO e to
irradi atign stem_accordi n in the target beam

L.on .S e g to §Lain15, m?er%
current VAPGEYi STAEFEFMR A8d by CBErFEELPRGCENE Be ST EGF L8Rt 1RaF e
necessar ¥ fat the ane-unit _i.rtadi %L n_by_use % t he raéio f .the
conpar at i ve elec?Plc gﬁgrégéqﬁggp? §%F61¥ﬁ613|g fr PECCH rﬁggaﬂéﬂ?FFy
necessaryn ehikNeaa8e- WALl JuibadhabloBs poth emblajdBRLRALLLCLE beam
irradiation systemaccording to any one of ¢l almg 2's , erern the
target cumfeRkgsetting neans corrects the target beam current val ue
to be larger than a beam current val ue necessary for the one-unit
i rradi atifonowhen the conparative electric charge quantity is smaller
than twice an electric charge quantity necessary for the one-unit
irradiation. IncideBtalhe, panilel ehdeasmparaci-od | OTesySi€Mharge
according to claim7, wherein the target beamcurrent value is
det er mi naggany tyhi Rdemy)t he compkatidveibbatwihar ghequaatirycbyharsean
time necessary for the one-unit irradiation. _ 9. A charged
parti cl edbeam-&yr r@echroh rechedator Larpahei che-beam irradiation in
system equi pped with a synchrotron in which an ion beamis
accel er at-88 §RECPFORTMRAFERSEke FoRibBanPLSeEReRaBxPRagthdevaddedan
irradiatigg devi ce ion hnradiatin% a target volune with the ion beam
extract e "FPom thBYSyABAFGEFORT LRETPFT Q4i AFFBR 48VIEE PUPF oRfi hgny
one-uni t Lr (adl gL eOpTULLERLS ELERSy SOMRLLSLRYCLAS £'eRR, O
multiplication factor can be determined based on how much
electric charge can be used for the irradiation in the one-
unit irradiation. In cases where the cumulative beam charge
gquantity (Qmeas)} in the synchrotron is a little larger than
the electric charge quantity (Qscan) necessary for the one-
unit irradiation in the latter half of the extraction
control period, completing the beam irradiation by
performing the irradiation once by means of irradiation
electric charge guantity advancement makes it possible to
reduce the time necessary for the irradiation with a
prescribed dose and shorten the treatment time in comparison
with separately performing the beam irradiation twice.
[0094]
The time-variations of the target beam current value

and the cumulative beam charge guantity (accompanying the

change in the target beam current value) in the beam
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cal cul ating a beam current val ue necessary for the one-unit

i rradiation by use of an irradiation controller; measuring a

cunul ati ve beam charge quantity in the synchrotron by use of

currul ati ve beam charge quantity neasurenent neans; setting a

target beam_current valge for beag%currenkﬁgxhé%%g§%§;§3g%agging t he

Cpam o [l #3 NP8 RAEY SLOb e ALt LG3THE LRB) B3RS

synchr ot FéR 2By AreSTofF PhFGet 2ETPFERTIs &Pt i

t he cunul ative beam charge quantity contr

% on
e beam

current based, eRrheihar get Fh.gf}mlngg;] ;ﬁ&% el pe by psenof e eX1 12%L 1 Q0

beam current correction contr

the cumulative beam charge guantity (Qmeasl) just after the

end of the acceleration control and the electric charge

quantity (Qscan) necessary for the one-unit irradiation in

Fig. 10 are assumed to be the same as those in Fig. 7.

[0095]

In Fig. 10, the advancement irradiation is not

executed at the first teo third measurement of the cumulative

beam charge quantity (Qmeasl - Qmeas3). The advancement

irradiation is executed at the fourth measurement (Qmeagi)

and the electric charge quantity used separately for two

times of irradiation in Fig. 7 is used for one time of

irradiation all at once and in advance. Therefore, the

target beam current value (Ifb) in the fourth irradiation is

get higher than the reference beam current value (Igcan) in

the one-unit lrradiation differently from the case of Fig.

7. Thexreafter, the control shifts to the deceleration

control without executing the fifth irradiation control. By

this control, the irradiation time can be shortened by the

sum teotal of the one-unit scan time (Tscan) and the

irradiation stoppage time (Toff) between the one-unit

irradiations.

f0096]

According to this embodiment, the small cumulative

beam charge guantity (Qmeas) less than the electric charge

quantity {Qscan) necessary for the one-unit irradiation,
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occurring when the cumulative beam charge quantity (Qmeas)
after the end of the acceleration control is not egqual to an
integral multiple of the electric charge quantity (Qscan)
necessary for the one-unit irradiation, is used for the
advancement irradiation, by which the shortening of the
irradiation time can be realized. 8Since such an advancement
process occurs on each operation cycle of the synchrotron,
the irradiation time shortening effect ig gignificant and
further shortening of the treatment time can be realized.
[0097]

With this control, in cases where the cumulative beam
charge quantity {(Qmeas) in the synchrotron is a little
larger than the electric charge quantity (Qscan) necessary
for the one-unit irradiation in the latter half of the
extraction control period, the beam irradiation can be
completed by performing the irradiation once by means of
irradiation electric charge quantity advancement in contrast
to the first embodiment separately performing the beam
irradiation twice. Consequently, the time necessary for the
irradiation with a prescribed dose can be reduced and the
treatment time can be shortened.
f0098]

In the particle beam irradiation system in each of
the embodiments described above, the irradiation controller
44 calculates the beam current value (Iscan) necessary for
the one-unit irradiation, the cumulative beam charge
quantity detecting unit 15 (cumulative beam charge quantity

measurement means) measures the cumulative beam charge
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guantity (Cmeas) in the synchrotron, the target beam current
correction calculation unit 29 (target current setting
means) sets the target beam current value (Ifb) for the beam
current extracted from the synchrotron 13 by correcting the
beam current value (Iscan) necessary for the one-unit
irradiation based on the cumulative beam charge quantity
(Omeas), and the extraction controller 20 (including
extraction beam current correction control meang) corrects
the charged particle beam by controlling the beam current
based on the target beam current wvalue (Ifb). By the above
correction of the charged particle beam, a particle beam
irradiation system capable of enhancing the beam utilization
efficiency without deteriorating the irradiation dose

uniformity can be realized.
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What is claimed is:

1. A particle beam irradiation system comprising a
synchrotron in which an ion beam is accelerated and from
which the ion beam is then extracted and an irradiation
device for irradiating a target volume with the ion beam
extracted from the synchrotron, the irradiation device
performing one-unit irradiation multiple times, wherein the
particle beam irradiation system comprises:

cumulative beam charge quantity measurement means
which measures a cumulative beam charge gquantity in the
synchrotron;

target current setting means which sets a target beam
current value for beam current extracted from the
synchrotron based on the cumulative beam charge quantity
measured by the cumulative beam charge quantity measurement
means; and

extraction beam current correction control means
which controls the beam current based on the target beam
current value determined by the target current setting

means .

2. The particle beam irradiation system according to
claim 1, comprising:

reception means which receives information on a total
irradiation electric charge quantity necessary for the

multiple times of irradiation; and
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an extraction controller which calculates a
cumulative irradiation electric charge quantity,

wherein a comparative electric charge quantity, which
is defined as the smaller one of the cumulative beam charge
quantity and a remaining irradiation electric charge
quantity calculated by subtracting the cumulative
irradiation electric charge quantity from the total
irradiation electric charge quantity, is used for the
determination of the target beam current value by the target

current setting means.

3. The particle beam irradiation system according to
claim 2, comprising an irradiation controller which
calculates an electric charge quantity necessary for the
one-unit irradiation,

wherein the target current setting means uses a
comparison value between the comparative electric charge
quantity and the electric charge quantity necessary for the
one-unit irradiation as a criterion for judgment on

necessity of correction of the target beam current value.

4. The particle beam irradiation system according to
claim 2 or 3, comprising an irradiation controller which
calculates a beam current value necessary for the one-unit
irradiation,

wherein the target current setting means determines

the target beam current value based on the beam current
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value necessary for the one-unit irradiation by means of

correction.

5. The particle beam irradiation system according to
any one of claims 2 - 4, wherein the target current setting
means corrects the target beam current value to be smaller
than a beam current value necessary for the one-unit
irradiation when the comparative electric charge quantity is
smaller than an electric charge quantity necessary for the

one-unit irradiation.

6. The particle beam irradiation system according to
claim 5, wherein the target beam current value is determined
by correcting the beam current value necessary for the one-
unit irradiation by use of the ratio of the comparative
electric charge quantity to the electric charge quantity

necessary for the one-unit irradiation.

7. The particle beam irradiation system according to
any one of claims 2 - 6, wherein the target current setting
means corrects the target beam current value to be larger
than a beam current value necessary for the one-unit
irradiation when the comparative electric charge quantity is
smaller than twice an electric charge quantity necessary for

the one-unit irradiation.

8. The particle beam irradiation system according to

claim 7, wherein the target beam current value is determined
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by dividing the cumulative beam charge quantity by a scan

time necessary for the one-unit irradiation.

9. A charged particle beam correction method for a
particle beam irradiation system equipped with a synchrotron
in which an ion beam is accelerated and from which the ion
beam ig then extracted, and an irradiation device for
irradiating a target volume with the ion beam extracted from
the synchrotron, the irradiation device performing one-unit
irradiation multiple times, comprising the steps of:

calculating a beam current value necessary for the
one-unit irradiation by use of an irradiation controller;

measuring a cumulative beam charge quantity in the
synchrotron by use of cumulative beam charge guantity
measurement meang;

setting a target beam current value for beam current
extracted from the synchrotron by use of target current
setting means by correcting the beam current value necessary
for the one-unit irradiation based on the cumulative beam
charge quantity; and

controlling the beam current based on the target beam
current value by use of extraction beam current correction

control means.
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