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FI ELD OF THE | NVENTI ON The present invention is

related to the field of devices and nethods for

generating high energy ion beans. The present

invention is also related to uses of high energy ion

beans for radiation therapy. In addition, the present

invention is related to the field of treating patients

in cancer treatnent centers using high energy ion

beanms. BACKGROUND OF THE | NVENTI ON Radi ati on therapy

IS one of the nost effective tools for cancer
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beamsTHERARE S YSHEMSsAND 10N BEAMSIREATMENISEENTERS

conformty to the treatnent target as well as

providing a better normal tissue sparing, as a result

of the Bragg peak effect, conpared to photons (e.g.,

X-rays) and electrons. See, e.g., T. Bortfeld, "An
CRONFREFERENCEI0 RENRTEPAPPLIOATRONGY curve for

therapeutic proton beans", Md. Phys., 2024-203 3 -1 ]
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deposition as a function of beam penetration.
GOVIRNMENTRIGHTSI s possible for a |larger portion of

the incident proton energy to be deposited within or

velye we%qlefcfvég toghs Eﬁﬁ]ﬁ?e‘ﬂé}’ﬂ}"r’@}l Wy dunded 4p gibatg or in part with Federal
fundg ﬁgfnaché Ridrib %ﬁqltégufﬁéélthp THe @o@%ﬂi&ﬁ%gy R cehth B8RS in the

that  commonly occurs wth x-rays and el ectrons.

inverDeapinder WHE caosichmtmber GAf83B8lority characteri zed by
the sharp proton Bragg peak, utilization of proton

: behi nd that of photon therapy. This
FIEI?@??@%@Y@&@%% to the operating regine (the
t oTid pref@ik aivieftiorCie $élatk@to e FRIPS RIeQTcefMIYhEMBAC R generating high
energy consunption, and technical support) for proton

energycien beams-of ke presentyinaentiands rlsaelatied & usss ofhighienergy ion beams for
radiaﬁbﬁ’ H}eerrarpgfg gﬁ%ﬁcﬁ ortl,(%hee {)ﬁ%}%etnﬁ: %}Wg%&io:lnai%é ﬁ&gtgld R %&18 rﬁe%dr %f treating patients in

accele Pren 0 erapy
cancétitidatrient CpmtbBtusiighigheheggynionbesrhans. See, e.g., Y. A
Jongen et al., "Proton therapy systemfor

BACKGROUND OF THE INVENTION

Radiation therapy is one of the most effective tools for cancer treatment. It is well known
that the use of proton beams provides the possibility of superior dose conformity to the treatment
target as well as providing a better normal tissue sparing, as a result of the Bragg peak effect,
compared to photons (e.g., X-rays) and electrons. See, e.g., T. Bortfeld, “An analytical
approximation of the Bragg curve for therapeutic proton beams”, Med. Phys., 2024-2033
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al gorithmto make ElI MPT possi bl e using
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lons in Laser-Plasma Interactions ", JETP Letters,
407-411 (2000). These el ectrons can be accelerated up
wo eoonde7i7 MeV ener gy | evel s (dependi ng on | asePCT/US2004/017081
(200085151925}1% dni %dgéfﬁfetegac VE&NRhs 2 RIOE 8?&1%%(31{%%%} {23 magneth field (see,
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[
RS20 A Bpn B R S| TG 5100 Do
ultra-gutamse; lﬂsazddgﬁbby wllids had oendepiseplbsinas 't BHERJ. (Quanhm Electron., 1954-
ulse_and th e

1968 {EREAE ERT < Vap i eafng R o BesT G, Hrnentolghoraint foree (W. L.

Kruef ARY RPEStSVSSIE NS x HREuRE bierd Hﬁéﬁs’efl&s%ﬂhgﬁ’t”’ iRl Plluafs a30-432
| aser -accel erat ed pr oton i on beam alone is typl cal

(1985)hsBedanss efrthe n@mbptr@fpmcmgsms forstesprow ao;c@klratt;orwdtﬂaancmespondmg

elecﬁgr {8 elgygellaﬁ?rg??l? % uftf?rsl?,] r?g% % %)&ppﬁg?el?rgﬁ?ﬂ g pgﬁétglg.)}%c%rstandmg the

mech@hiSing o in R6elefadiph ROthE interactidn ¢f 166 Phiké Wathhi8hd tRER aN
energetic ion beam to be therapeutically

quanféﬁﬁ%aa of theign wén 1 teans of theedapiendenciss o dhrelaseripalse and the plasma

beam si ze,
parang%réc o%ﬂén %'rﬂ]]%l 1&4}? ens&lé}aﬁggg&%ﬂp be controlled
t d—Immg/théelupnmaalnob gmﬂdsoﬁ dﬂateratbeelél’ateﬂ@muﬁ iaaetidain alone is typically
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r .
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t.her apeut.i cal, | SUI ol yener get.i c..i on
the PG REER heRy TSR BI Y BTG Greeie S SreELicteRky need to
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a patignl. dervasrengigytpeetonsiypicpie reattshllaveas d@ionscm amabwtcséoody, whereas

| h
BT BRS04 B AL o i
systeS0 @hé ethoAHBMinE tHdrm ubdAHNIIARbIERB]RhEEENE ioh @A B6m sources

has now degw%ned ion selecti onmgstems for formng
of laseragog sl |epergy protamy thatmse ¢ kgﬁttreétmgmp@éatn@mnp@]three

e o PSS B ER At i
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ollimating a | aser-accel erated high energy
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SUMMA RVWOFETHRINVENYEOS geti ¢ positive ions; a first
magnetic field source ) )
he present inventor has now designed ion selection systems for forming therapeutically-

suitable polyenergetic ion beams. In a first aspect of the present invention there are provided ion
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capabl e of spatially separating the high energy
pol yenergetic positive ions according to their energy
wo ewel18971an aperture capabl e of nodul ati ng t hePCT/US2004/017081
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Y AR T -
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. . live i hi.
posif§ibA%eB HGRIREREIRAR ek b TronlenGedicldn REHKhprogs that are
suitabegbr iohbehmnthatbpe MEN@Yinl asseedist aspedt loff ttprés@nt iRGention there are
er-accel erated | on beam usi ng collimatjon

1 . . col ] in o
proviged fregiods PALTEING 2 Sigh&nerey @glxeﬁ%rggm@wsé}v@ﬂ@yb%il@qlv@ng the steps

o ORISR 10 BB ity o
energyi pilyereegaiy posisive ions, thehiph ensiggpobrnangetid puséivedous characterized as

.rec iLni.n he nodul.at ed..hi gh ener ol yenergetic
havitge AR R PR AL SRR I8 SO G el el e FopeRTsing a
collimatlbl I&A&; PaRABRL s%ﬁaﬁﬁtiﬁé"ﬁe hipHeet b AR E SorRd ra@cd?ﬂi_‘ﬂ%!tg 8flir energy
| aser-accel erated high ~energy polyenergetic positive
levels gping adirsippagnptic Eald; mindulating teeagpabitlly sspandtsidibigly énegey positive ions
. therapeutic ol venergeti c,heans. to a . e .
using {IEARRGH. Ao rBRnRER A hiaNFRTish ey nobisperertic posiiye fons using
a secof@BRphetf fidlle 1 nvention there are provided
| aser-accel erat ed hi?h enerqgy polyenergetic positive

i oW ithiiepdditonal gspeetpel thedeyantipn herqare psardaddpssenporierated high

e | - of | Vi laser and .
e 54 ek S ph 2L 6885 RAUNRILE SRR L35 oo
poly@elgetiobegat teca thoge-diarngiondl eohfoghalatgegiv a Hodyy Binglegedsbects of the
. ion beam i ncl udi ng hi gh energy positive ions having.
mvendion,t 9r6|aéq,]éqo§1d6@ laét:r—zpcgglg{ateé{}g&]g enatgy R@lwne&gptlic(pﬁsmve ion therapy
tefl flehldl: SYRELLM- SRR FnB i RGUEH i
5 t her apg%%gl cally s%éi’ﬁt g%#’gelﬂ’l gh %g‘g%gé%gé}(s_\}%mngﬁﬁlé% faéaser and a
targepiog systere capabldeproductry ahigh ehérgn polyetdrgetivi igh beamerthy high energy
ositive jons: d an .on beam. .monitoring and control
poly ety ion heulh e Ridined 3 SHere Dogiiva U Erorayd e g Eat least about
50 MRVO Yh §6islR4iBR 9pstéth chfaBR dpgo iRl oS therapbitRally suitable high energy
| aser-accel erated high energy polyenergetic positive
poly¢nsreetindosipiye iynheam fram elpadianpfithehigh epergp positive ions; and an ion beam
J tifyin he position of a targeted region in a
momf)a g aﬁ]td;coagfﬂ:asryrsﬁeﬁﬁ' ng the treatnent strategy of the.
t alngalottr bEBLIOST, thé MR elitiodRth¥Bsire ptovadcddiethodsl dftlieRng patients with a
determ ning the dose distributions of a plurality ~of

laseryageslengiadihighencyesspaly eustastinpgHtienondlerpRl Systeet faliding the steps of

. . r . « I

den SISl DR e 3 P10 D BB sy of
targesadi regiohgthhirghtneenestgyegydholediap deteiminify MOJRRAHHABRTOhE of a plurality

PCT/ US2004/.0 8 ositive ion beanms frogma plurality
of th%tﬁpw?ﬁﬁﬂ}é ﬁ&tﬂéfﬁqﬁéhl GHEREY BRIV TRETSRIS ORI S 1Bk et s THAGABNg the
targe®ddGE8n; forming the plurality of therapeutically suitable high energy polyenergetic
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pol yenergetic positive ions being spatially separated
based on energy level; and delivering the plurality
wototherapeuti cal 'y suitable high energy polyePer/ys1o0¢017081
osﬂﬁl@%ﬁ hdend fPén ROAIRLADrhilm éi@f%g'?o 3¢ PAkitAES 'tﬁ%h] h
P to the treatnment sﬁ?ategy ﬁgpgﬁgd gséectggg Bh chetgy
polyenaxgstit positive ioes being epatially ischebtédisased ac cadrgy tevel ahddelivering the

purafi R eperaS T afiEbed cenSrnsliniaste pORR 8 hemay to th targeted
regioR AbYRMREYS HeGreaRidrt kitfiekn ther apy system capabl e of

delivering a therapeuticCally suitable polyenergetic
pdsu atelated aspech efithetinveatipatthenareprovided lasersaccdaratedien beam

e SRR TP PRSP LB U gy v

polyedBgsetia pgﬁtwamemapfy s;@@ﬂa&upable fof aélwéﬁﬁ ﬁghéiaﬁﬁuﬁbally suitable
energy pal yenergetic ion beam the g’ﬁe energ

polysmeraptifepeits onibsam tpaaptieni et bailorgtion @ﬁéh@%y system having a

B EGGH 8108 ot BRI LRy LG Byl Bk oty

capabié ofproducing g hight dnergyeilydnesdetiy ichiichmbthe Hnglgéneeg}epcgyenergetlc ion
ho lglgner tslfn%r 3§ql {Iqlr\\ée elpg ggsqg?q?@%;b@%ngt gﬁféhe ghslgg\]/elg I?)% at east about 50

N e a e

polyeprgetnpbitive loa betreruaimgube bigh legergupolybhegétiogiositiverigns, the high

ol yene tic. ROS: I ti ion. heam 1n, .additiona
enerdy pol FREFERL pREE bt Hfine Wally SPorair 858 o B Gey lrgh and a
momﬂﬁ‘i’rig%i& cBhtrdllsQstesi fithe iR OHBRARABIS hi}l dnby polyenergetlc positive
| aser-accel erated hi gh energy polyenergetlc ion bea
10nb9¥QV|ded herein. In these aspects of the present

" g\é%ﬂh tl%P alt :Jggé'c?s & tﬁ? ﬁ%gé/ﬁt %%%nﬁfg | {I]lgfjesar()f ]fog/' @Ifn Y itggtﬁ od? Il?roducing

i OI'SO et eps of

radloﬁﬁﬁjfp@s/ ufing jHenssegetdeterftos high\e@erigd @oE@ﬂéT‘ﬁetidhﬁh %@atﬁg provided herein.
formn | aser-accel erated i on bea avin

In thesp @mﬂcgw tlag preseghinyeeiios thers ore prowided methady @?mogincmg radioisotopes,

1ncluﬁﬁﬁgrtﬂé’st a@%gﬁg@g&g gth S%’ilr Q%?ﬁ){ﬂggﬁn%%@ﬁ ﬁg%ﬁq ,glé‘lglr%ldlng forming

a lasameélenateﬂem beaphharing gplupaiity efiigh ehérgy ponubeﬁ:lm; B¢ high energy

at | east .qne. col | i mati oa SVI ce;, Spati all%% separ.ating
polyqnRescHF gAsiEHeiogs et aer g8 PY%%%%PW%CIIP gtl%cce}law@lg the laser-
accelEﬁtéﬁﬁﬁélgé(nér' Py éhefrgeru%tmﬁ"ﬁ&ﬁ?ﬁélﬁg atf1b gt Pn e SOMLASd Mrice; spatially
he spatial Ty separated hi gh energy polyenergetic
separpum thmh@h m@mlmemuc apseiivenoss agcenhmpioninergyt using a first magnetic

sela i Finetn? el SartiDneD ooty BRIt s P Rtenaytng an
apertliRgte@beBiRethe kR1AlF QEpathttd hichenéi@§ PoBlcAEdetidFdsitRle i¥ns using a

separ at ed hi gh eneh%ly pol yenergetic positirve ions.
secong lﬁ@gneas el endirradipbing agadintsotopg preciuser with thelyecombined spatially

he art in view of the
“mmgaﬁaﬁgﬂ%wégg%rf§§“%ﬁkBkﬁﬁﬂéﬁp%vent|on as provided
heDthienaspBik Eﬁh@@f@@hﬁﬂ'{r@\ioﬁﬁvlﬂ b apiaAitt NEhodiskilled in the art in view
foregoj ng sumar as well as the follow ng detail ed
of th%@%?fid;f{]%mﬂon@f%lflﬁ%mon@ﬁ gevideddigrsihen read in
conjunction with the appended draw ngs. For the

BRIPF DESERATION 018 THA DRAWRRGsnvention, there is shown

in the draw ngs exenpl ary enbodi nments of the -7
The foregoing summary, as well as the following detailed description, is further

understood when read in conjunction with the appended drawings. For the purpose of

illustrating the invention, there is shown in the drawings exemplary embodiments of the
-7 -



WO 2004/ 109717 PCT/ US2004/ 017081 invention; however,
the invention is not limted to the specific nethods
w@pa4itegtT unental ities disclosed. In the draw@mEs2004/017081
- | IS, i iaqr, ne. i rent. .of _the, ...
inverfiof, hchud B A VR AR T G618 WA B0 sttt
disclésed et therlraangepr esents the el ectric field of the
pul se pol arjzed, along the y- axis. k ijs the wave )
v:%‘f‘%rl igf selranatic diagrem of eneembodimgnt ¢fdhselvenergetigdon selection
teRHd iSfie brosdl bveRtidef ' i )
5y8 epr opa% tes ?r gmltrﬁe Ir%?%ge?{g ﬂtl‘%wéelgértrl]g it f-drsbl% élré@]%’ﬁ&% %cg%ed along the y
axis. i sghawavd-vegtordf e mitewhirected abmerthyyx-dkist Mhbptiseis iaftialized to the

o DI i B e b ot it s, "
8 AT A Dol PG L 515010
N re#h%hfsgg‘%‘#gﬁﬁ r?ZE)rcﬁ&Yﬁh & i eglfjeélt&fg?trg{g%ovﬁﬁe tth& 1ot HufidbRr of protons

shows t or protons 1n
used frhihe aimaulgtjorr ian §4836<- E<- 105 MeV, the dotted line
rié)r esents the protons_ in the energy range 145 <-
EXIG.24b)\ihows dhapngplar disgHagions efaceepratodametonpatot ©AQ0/ i, . The
..the energy range 245<- E<- 255 MeV. The | aser pulse
solid |ligg shaysikg distitayion£or prptong in the engrgy range PS5 £ <jl§s MeV, the dotted
. [ T r .
tine O PR ke P AE Y5 1YY ERERL dagtetline represent
protos ghihesnérge ranget2ds <sPat5aIMeV s thhe based mitse 1dhgth By Int@sity are 14 fs
| aser p2l§I| se fzor a given nunber of the total protons _
and &+ m31+dPe iV vew semregpondingly. Fhe emer harsngpresem Oneqviandard deviation

. for. a primary collimtor opening of 1 x 1 cn®
Statlsﬁgéliuﬁg%ftaé?tyloo cm source to surface distance ("SSD").

N FRPIEHMs $hd 8toRUPREN dRbritRfiRhO Ms=IN)§ pol 1488 Julddd8r Phiven
spatial y-coordinate. The solid [ine “"represents

number of theSotahprotvds seneaey verang § —3is<at theplaBOxMMm 29 cm, for a
dotted line repr esentds;mzpr otons in the energy range

primdry @oKimafer optRIDZ ME V< 1t defgteddt 10hem sewre tesurfcpdistanos(“SSD”).
int ener range 140 -< E<150 MeV, .the . s

N reniEnchli b T ERY of PRECHAR A< GTan g OB rHopHAn s T sold line

repreS@idfrotod T theTnerg§ Pangd¥Bd) AR o R1SaEdi{cWind ‘P%fr@éénts protons in the
line represents protons in the energy range 250<_ E<-

energyaangeeM 0 < E|<G.20/MsNoths dastedgdinetrepresenpgytons sitthe budrgypremge

N_= e, |.aser I for a given number of the
1404 GAS0VisPofhe Bied e ouSo BRiy it i snteexadies 190 < E <200
MeVHRY tKe@ashE-tdPlotdRnle r¥senfé‘i‘JrJ)t’oH§fn§ﬁ O sy P05 9F £ 260 MeV.
cn? defined at 100 cm SSD. The sol i fl ne-Trepresents
priEXGrkshows the moongpeystistiibutions iV pedd@dpeatiaskr pulddfor a given
MeV, the dotted Jine represents protons with energ .
number of theripie] Briqtops sivadatgd versusenerayiAy plang &A@ sea—( Fmefor a primary

e T .
energi diStriBi@sOpealébitr £ B8 VRV, RRrAREd Bhe ﬁ%felsg&s MRYorRR#H QRrgy

. dashed-two dotted |ine represents protons with energy —
distriptaen pagked aink pddk dde ¥t the dashed dingpspresenispraorhwith endrgy distribution

pea 00 P 08k R 00 B B P e S gy cisiurion
peakd &t Ba: 1D udBVend Thed=Sdd-tvd dotRd 1iaPk§E&RhSE prdiEndRAE energy

_ distribution
distribution peaked at £ =250 MeV.

FIG. 5 shows the depth dose distributions for protons with energy spectra shown in FIG.
4 normalized to the initial proton fluence. The solid line represents the dose distribution
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-8 WD 2004/109717 PCT/ US2004/ 017081 cal cul ated usi ng
the proton spectrum peaked at E = 81 MV, the dotted
WO pove/10%pT esent s the dose distribution cal cul BEBUS2004/017081

cte 0 B e B DR ER TR EAAR B Bl e s o dose
distrib@ticidadduddedisdintotht Peoto SR kdduem peake i
* MeV, at he %Iashlfe%t- (?ottt egs I ?ﬁ%ﬁﬁgpr esents t %gé‘g’gggaa&éélme

repregings the Hoss distributian salgudatediwiing the peotpr speshiumynsekedah £ =145 MeV,

the IRFEEHORY uFe oot ik o FP it hE Bl T 8 irmigpgctrom

peakdd £t DB 190 MEV indneadte twhdstteddihelYepfesehtteh® BbdBTistribution
collimator opening is x 1 cnR2 defined at 100 cm

1
calcultyy usgyeeths ptiemsReCHERingeket 55340 MeV Whe primpry collimator opening
s 18P PR35 Cpe e Tovioich e g ¥ tons i

on the¥tderet1 bhe plane x=40 cm z=0 cm for a primry
collimator opening of 5 x 5 cn2 defined at 100 cm SSD.
THEG. $¢4)i sows tie pretonepaix dispitotions M A M(pe verses gy- dxangicthe plane
80<- E -< 90 MeV, the dotted line represents protons
x=40jcm, 7@ cex &r@ypringavy eolinGiter-opering b6 x My défmed at Hfiem SSD. The

s ]G SRS AT R LR et b P MERTAE s
protoh&iri e I8y tingt aNge A 8950 Me Vs tHOGasEMid@piiéhts protons in the energy
dashed-two dotted |ine represents protons in the

rangeer g5 MgV 2ihg daghed iped /e rapraSents proforstio ties dreegy range
10 DF 24190, L LA B bS5 167 B rn

245 opemyxovely. 5 x 5 cn defined at 100 cm SSD. The solid
line represents protons with energy distribution
p d&liGe d(la)k shews theGriviel enedge dikiditieidnk iNe N ({Bpreesrrhergy at plane x=40
protons with energy distribution peaked at E = 95 MV,

cm, zEfA ey ftreptitharysoHispatersenening of SetSoms” difiledend0@em SSD. The solid

o R LT R B GTRL Se
reprefddqRdtonl withch8idyMestrinbnt fRek&hies e d ok W e tfotht %gsﬂehgﬁle represents

represents protons with energy distribution peaked at
protofs with@8engh istiihuion peshedvat K Hé3% e\ yhesgashedddatteddine represents

ir Il mat ' id Li P
protofl K o P RE RGNS 5L I L E Aggpedyoted tne
reprebdis HHBEAS ithi AEreG Rt EBRVAGRak & dt¥e=p0ONMES. peaked at

energy 124 MeV and dashed-dotted |line corresponds to

t FGricthews theeskegy spread yersyy the psimnae wollimagr ogerihgwdhe solid line

consF I AR Ll K55 R A0S LB SOBEY o proons

peakddt @teaergl 1108 MV arkh@ashed-t6ktdd 16R doapRagNioShe ptélSRaked at energy
distribution calculated using the proton spectrum

166 1\5@‘(5{<ed at E =76 MeV, the dotted |ine represents the

oG A Dt e o BB Bt HF ool ik bRrg spectr shown in
 FIG.6@) mnogmalized tdihe didtiel ohfluendd. dfhecalid lihatepoesests g ddse distribution
calcuga[g(?c{ lgs(ri}lgstl%g %}({iglg]ﬂ%g’g‘ﬁlggﬁ ; Ea& ;éggé :\@}3/}/, @EBSE%? lsngleegioresents the dose
distrib@ici BB ed TifBthk PPothh SSRRuSRREEIMD £ =133 MeV, the dashed line
represents the dose distribution calculated using the proton spectrum peaked at E =190 MeV,

the dashed- dotted line represents the dose distribution calculated using the proton spectrum



-9 WO 2004/ 109717 PCT/ US2004/ 017081 peaked at E = 208
MeV. The primary collimtor opening is 5 x 5 cn®
waledosnediat 100 cm SSD.  One-standard devi ati oPCT/US2004/017081

the calcylations is.o he o
peak G0 A0S ) e ptinifso oimaating ot sn e %fﬁed 3 10b om SSD.
One-éHiufdatd BidtRM RaafeRitd the chlGlFioRs IsBRIthe ot} bf
openi ng defined at 100 cm SSD. 77 represents t

nUrliGk 9(a)fshpwe thensodulated gno‘(kﬁflene@‘}ahg:plbmtm’igﬁsﬁ%mk 1 Z@e primary
to the nunber of protons with energy E=152 MeV. The
. collinaggpy @pepingefipadpicdipms S8 Re néﬁntieggnt%%@ aumber Qfmr@tonmneajgwen

TR e i —
repre§BRthe BRSTgE Eps’étrthiawilﬁateﬂsﬁig &ﬂ?énel?éﬁ&\@rdt&@béﬁp TRRshed line

distribution with a 4 x cnz fiel normal i zed to the
repreganis the PRerey) &?@Hﬂ@fcabw&t%@mamen%mqrgeuq Hﬁ@toﬂ’épr esents

65300 P oDl Bef b Rivif e ARe e e ropineed o he

initial flifhke off; ﬁ%tdil@s 166 sblidBnd RpFe8SREHNS dbktedistiBifon calculated using 16 1x 1
di stribution cal cul ated using a spectrum of i deal

cm’® beandets vathgbe specphuot shosn IOFEGS 9@ (otid linele Viteetdasited line represents the
ci.ate t.he cal cul at is on the order of 1

dose BFEIPTg SR HUnE apErAr GG EHIR- BETeeHE PRt e standard

dev1aﬁbﬁ’ weboSiafeliZAth the SaleRlatishs 15 BR thd §B&FENY;S the numeri cal

solution to Equation 7. The points représent the

I 4. 19 sRéwElHe terfipdvel @loh@1d%. of thd [RBI0A TRIUASS §1id'fel“ﬂerbohd line
units of ion plasma frequency, z = wit . FIG

represgmésibe gumerienl Selafioyta Beratien 7y The poiatsraptesant die results of PIC
nodal ities as a function..of water. FIG 12
simulaionss 7 ]i‘?Bfeﬁ%FﬁiJ%@ell%E’éﬁtS %fy‘Q‘P Eﬂ’ﬁfgﬁ E‘eﬂ‘éfinﬁ& 7 Shhiber s.
ul ar .di stri

06 B Do DRI b Okl niigups » oot depth in

water{ t op) and maxi mum proton energy as a function of |aser
pulse | ength (botto for a laser, intensity of 1021

12511@/8 the JaHeHR @%ﬂﬁwm@t@r@a&@a%p@t on ener gy
d| LS us?-x%'w's't 2 #ﬁlsﬁiﬁﬂﬁhl c%{:lgra%dt}g‘e‘?on@q 1a99§ﬁumber per

I'ons hese spec ra (bo
radian (opysad maxiuhOprbtdl arsyedsch fub&lidnofaskseulbelegsh. (bEﬂtﬁn) for a laser:

WS pt h dose curves of protons of different
mten%ﬁ’e‘?fg]& \é&é’lls and intensities to forma SOBP (top)
USFI@ 1&%&%@5&% %@ceﬂ&&’t‘e& ?}ot&{ e?%y &¢4 ESNitndtelitGa sf]a{‘all aperture

(dashed), and wel gh ergy spectrum
(tOP)tahé dewechstnbmmizmin SEBPsHebiot (lmtyom)Fbs: (256 intensity of 10*! W/em? and
50 fs ﬁgd?s di stributions for a 8-field EIMPT plan (a) and

8 % photon IMRT plan (b), and DVHs for the

t AR5 BOwRBEpth 65 REFad B pEbtordsT diﬂ‘&er&%ﬁ@rg@%\ieﬁﬁnd 1nten51tles to
geonetry using 4 different treatnment nodalities.

form 96&@? (tpphusing BeroqueRigs (§lib of thespeayp inHIE- 14 é@hsh@l) and the
n 55 Gy.

e REEGL SRS i R soBe BSOS o

a Fies &6sﬁ6@§is@d@s‘e&ﬂstﬁl@l$ticﬁlb ¥& a 8-field EIMPT plan (a) and a 8-field photon
IMRT plan (b), and DVHs for the target (¢) and the rectum (d) for the same patient geometry
using 4 different treatment modalities. The prescribed target (PTV) dose is 50 Gy. The isodose
lines represent 5, 15, 25, 35, 40, 45, 50 and 55 Gy.

FIG. 17 shows a schematic diagram of one embodiment of a laser-accelerated positive

ion beam treatment center (e.g., laser-proton therapy unit, the laser is not shown) having a laser
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ion beamtreatnent center (e.g., |aser-proton therapy
unit, the laser is not shown) having a |aser -10 WO
wWQod4/1009717 PCT/ US2004/ 017081 beam | ine and PERDS2004/017081
bean® GAO ML HE: Qhahi r=dri roton ther
S yst em o t%g&ﬁ P%vrﬁgntl o%@iﬁ%ﬁfg d?&%{i‘ﬂgfbéo%c reaﬁﬁts?’s?g%f"fthe
invetimn. enbodi ment of the ion selection systemof the

pr n i nvent]j on showi ng tracks cal cul ated for 50,
15§f(§ni38 S0y S RGO IR NP §bodinert plethe dory jelqoiign system of the present

invellﬁtfﬂ?lvéhﬁgzil_{% 248Kk 841bulbRd Y. X 50 gﬁd)ﬁﬁﬂgli ta;ﬁiét%g% glgﬁ] T9¥agnetic fields

evels wthin an energy range pass
(moyng fperlstt antghip.c Bratonsdaving eugigy devebsxwithio ah lehergy eangamess by the

‘ [ i nber. . ‘hi.gh-
beant NEpBit S adiRBink By Saf Ftves imighe nitife Pfar Manion ramber
(PME).eThd Bigh-cBéRy pestbh Qt@bgeﬁ allOWBMAS s Apbtbie Etﬁbﬁ@tﬁﬁ%ﬂe%)r/electrons are

the el ectron st opper. e secondary nmoni t or cha

deflectopdpwipasd adstepainpted by theeajsonstonpar Bhredsecondensinpyitor chamber

F 9 naul ar distributions of
(SMEf BBl k% SO By B R offagh DUt 0" €
enBI@y19 shohk (apaiguRlc dBRiRAANOSf fohOfita ffw Bdand@aflfcurve represents
throSgh magnet fields (each circle represents one

one RERYP) sprdiahsnread efigeiony afigs geingrthronsh magaeitfielisderdhicpircle

repr3 B s YD anapcl S B perdRE ) U fLside BB I QR () Boeney
spectionef caw potafs (selid) apd s¢lestsd frotins Jashed); sel @) Degth dose curve of raw
t ~ h . FIG . 20 i ct | ar
protcg{sg%q?{ag G‘s‘f%i%c?‘%z}?‘otﬂnﬁ ﬁ‘?ls]é‘ﬁlg'eglngr Zy( SZ o? ggg ian the raw
| apRt: 2004 A8 () %ﬁ?ﬂlal(@};tﬁﬁﬁl%ﬂs%r (ﬁﬁ%l%ﬂﬁélei’ h}ﬁroﬁ)tng B3 t@fraw laser-
thro a square

di fferent "energy Tevels after going
protapdieainyth)epatial dpiehds ofgotens of diffspuberergplertls nfergoingdarough a

right hand side of (b) is used to el ect .a desir .
squafg Bl yAlBEndh raghgh o sofact Shctrish an T gl pndiide OF b is wsed to
selectBldediddentre9f an i on selection system of the present

invention. FIG 22 depicts a perspective view of an

enBHai Hedrpichs a sgetipps] viey efan enbadjmentmfen iothgelectipe systiem of the

' Lon. FIG 23 depicts a sectional view of an ion
preSéélg?/ng’E éééﬂ systemdepicted in FIG 22. FIG 24 depicts

a BHGI120dwplctya poyspdctias viensftinaibodhend B hiPTdn$eleeGdi SRdtem of the

systemof the present invention. FIG 25 depicts a
Pres@gé’c"ieﬁtﬂf%ﬂ- vi ew of an enbodi nent of an ion selection

S . 3 0 o

G el B3y B h RscilorBvaith: ARG B . 22

syEI@24odepidtea squtiosd iew of/andmisslimEdt@f ad Tordeféctibs s@stem of the

ctional view of an enbodi nent of an ion selection

s
presegﬂ_\?g}"s%l% the present invention.

FIG. 25 depicts a sectional view of an embodiment of an ion selection system of the

present invention.

FIG. 26 depicts a sectional view of an embodiment of an ion selection system of the
present invention.

FIG. 27 depicts a sectional view of an embodiment of an ion selection system of the
present invention.

FIG. 28 depicts a sectional view of an embodiment of an ion selection system of the

present invention.
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FI G 28 depicts a sectional view of an enbodi nent of
an ion selection systemof the present invention. -11
wO\D0200742109717 PCT/ US2004/ 017081 FI G 29 depPCI/BESm04/017081
S EPLG. OBl epYdtEXséetioRd] v%@%f‘&ﬂﬁoﬁ%eﬁ"bf 2R 'i‘orrc'é:‘ehe%ﬁBh SYktem of the
syst em of the present invention. FIG 30 depicts a
preseyéuwem vi ew of an enbodi nent of an ion selecti on

SURAG e enl BT hevt Aot At B Sfent of the

prese&ﬁ/ﬁivéﬂﬂl(ﬁf the present invention. FIG 31(b) dep| cts a
schematic illustration of a collimator 2 (i.e
mﬂfﬁ 1348) deplats wercenal viey efra smbodimenief en i w@ectlon system of the
prese‘ﬁ? in the collimator for selecting positive ions
a particular energy. FIG 32 depicts a schematic
| I FIﬁ.t?lel)) depiadd a schematic Jlnssationcdflauollppgot (., d1h@tiledB collimator)
? schematjc (|| ustration of arrultllea
in th%-]zm sBpwing qnyaings 1 the sellimajogyior selrsting ppitiveigns pfp particular
e multileaf collimator for selecting | ow energy
energyl)
iI'ons; (b) shows openings in the nmultileaf collinmator
f oF I%eﬂedﬂplq’qga bihgmatie dlugtyationneS.anfeh &gy 3dlectami apegui.

5 oGP enia S sHemBli TRt grmelias e B it s Xz plane: (@)

show8 @pEhiNERIn tHé Mtﬂéaﬁﬂllm&%ﬂm&tl‘ﬁé 16\)9 ehé}gy fhke @IS)' s‘ﬁBws openings in
system of the present invention. dep

the @é@bﬂ@ﬁmmvtpeﬁvréﬁle@tmgémmmmnsf an i on sel ect| on
0 i nventi o FI.G, 37 de
S VRHEBapldiSe, s RHSE Ve SN oy B a8 forlERefibs sfbtem of the
presedyBivevicef. the present invention. FIG 38 depicts a
sectional view of an enbodi nent of an ion sel ection

syBlerdSutepidiea sqstiera yiew plasrmmbndimetiafl agdongsjsicier system of the
vi ew of an enbodi nent of an ion sel ection
presegi{;fsht'i/ér&nﬂg]lf the present invention. FIG 40 depicts a
s eElG.@oalepittemsafional viwboliinsatiodiheritiof o forss2leetibn §fdtem of the
gstem of the present invention. FIG 41 depicts a
presegb VPRI vi ew of a | aser-accel erated hi gh energy
POFINE, w&gidtsca Qﬁﬁbﬁdl Yffew 69{1‘1 Egnk[g; I3t 3h &R s%fecﬁg’f%ystem of the
present vent i on. epl cts a perspec
present mwemtfonan enbodi rrent of a |l aser-accel erated high

FIG. 38 depicts a sectional view of an embodiment of an ion selection system of the
present invention.

FIG. 39 depicts a sectional view of an embodiment of an ion selection system of the
present invention.

FIG. 40 depicts a sectional view of an embodiment of an ion selection system of the
present invention.

FIG. 41 depicts a sectional view of a laser-accelerated high energy polyenergetic positive
ion therapy system of the present invention.

FIG. 42(a) depicts a perspective view of an embodiment of a laser-accelerated high
energy polyenergetic positive ion beam treatment center.

FIG. 42(b) depicts a perspective view of an embodiment of a laser-accelerated high
energy polyenergetic positive ion beam treatment center that includes an optical monitoring and

control system.
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ener gy polyenergetic positive ion beamtreatnent
center. FIG 42(b) depicts a perspective view of an
wentadiaTent of a | aser-accel erated high ener gpCT/US2004/017081
p rgei 0Si [ i [.on m mept . center tha .
oL S BRI 08, BT SRR RRY ol e
energylpdlyeretié hadslAvd ionedm WsaMiht OdntétGhat ifd1@les4edrs khan one ion therapy
depicts a perspective view of an enbodi nent of a
systeflaser - accel erat ed high energy pol yenergetic positive
[ : [ -
| oL R AR okl Vighy R on g P 2Pl i
energyi lyankrgatic potitivé warteamftreatnhens eenterdhatlincladesdndie diun one ion therapy
ener, ol yenergetic positive.ion beamtreatrent
systefi i yeabh o} he Ao (RgtsEy Riens HEnEHLORsAL PRfarg and control system.
SYPIEM3 Wpldls £A6H Bhrt ghﬁa B difehEH Iﬁé’tﬁ&@gptr% B%aféht using

optical nonitoring and control system FIG 4 picts
polyemefdetiyvhighaanergyfpostiivendssdi ment of a nethod of treating

a patient using polyenergetic high energy positive

pET LD PR G O L A i B S R Cy

heTied follo@iABbrevidtiona bitatroMs 4¥t adddi Hereigy st em f or
photon | MRT from NOMOS CPA chirped pul se

arfpPRVUEnt i ontreafmeriaptimization geyem dompfioigiMRT dom NOMOS
Digbkal I'magiyy Jpicarions in Medicine DI COM
RT DI COM Rag‘%@?’iegﬁg# er p]"yclléa glﬁpl enment DVH dose-vol une
hiGT ogr am El ddfpuereridpd-tomngraphy ensi t y- nodul at ed pr ot on

t EGS4_El.ectron Ga Shower . (versiaon.4) Monte
Cgﬁcgg%ode s@@tﬂéﬁm ommypigtionsip Mediging em f or

r agjcadioT ( " , ' tion |MRT
[ ﬁtﬁgﬁgi ty- m%%gge%%%%ﬂgﬁga%ﬁ?gpg{eﬁh@t her apy JanUSP

a bvih powerdqs¢obmidifistivgran?) | aser at LLNL LLNL

L e Livernore National Laborato LUMC Loma

[P R ver ety RRUmtE OB A Righ ey Ca

MEGEE an EGHcHSLGatRdShbRer defforthl MuhBdafl0 colle §/stnP
M3H Massachusetts General "Hospital, Boston,

MORAET@) |3 Maniedcaria systen NGRS OREMOBTTDPASFon, 6td) stmultion
Sfﬁygg : lelyt y Pf%te%%ffm%ﬁﬁf{%h (Bﬁo%gﬁj%a(ﬁgtqu f.h%r%%gr on

JanUSP a high power (10°-10*'W/cm?) laser at LLNL

LLNL Lawrence Livermore National Laboratory

LLUMC Loma Linda University Medical Center, Loma Linda, CA

MCDOSE an EGS4 user-code for dose calculation in a 3-D geometry

MGH Massachusetts General Hospital, Boston, MA

MLC multileaf collimator

NOMOS NOMOS Corp., Sewickley, PA

NTCP normal tissue complication probability

PC personal computer

PIC particle-in-cell (simulation technique for laser plasma physics)
PMC primary monitor chamber

PSA prostate-specific antigen

PTV planning target volume

PTRAN a Monte Carlo code system for proton transport simulation
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PC personal conputer PIC particle-in-cell (simulation
techni que for |aser plasma physics) PMC primary
woreeitiar7ithanmber PSA prostat e-speci fic anti genPCPUSY2004/017081

Pl ng t argglme s{ﬁﬁi}laﬂnﬁ@me Carl o code system
for proton tljraanspgglp?q%iaﬁu? atron ~-13 WD 2004/ 109717
PGIM0S2004/ xte@Riary Réfdtaratlambdrer apy treat ment pl anni ng
S condar nitor cha SOBP .spr ead .out Bragg
p@&%for pr%f‘g’ﬁ/ol“%) 3 Qﬁ%o&{)@g'@%ﬂgg%ﬂrface

diggmmnce TCRol ke dikt@hcePr Obabi ity MV mllion
electron volts GeV billion electron volts T Tesla As

uskeP her ei n,tumiee cerdrohptobeliliphs” refers to the atonic
nyclei of hydrpge having a charge of +1. As used
hLel\?ISl n, the I{lgﬁ%‘élﬁétgnt‘f@ ions" refers to atons and
at@w ¢ nucl gjllioa\eldegoaveled positive charge. As used

herein, the tern "polyenergetic" refers to a state of
nek t er bei ngl®karacterized as having nore than one

en . & 5 L] rm " hogh [yl :
DRl PSR! By I8 AT PP BRRLEN () v
chargeav¥i-hg an energy |evel greater than 1 MeV. As used

herein, the term"beanlet" refers to a portion of a |

h if(g%quseﬁ ST, S (ER ePRtiYedonsgy gefers tpatoramandesipmicuclel Baving a net

tsPabi8bl y separated, or energetically separated, or
post lgot ﬁ&gpati ally and energetically separated. The terns

" phd med ynem, [ther@to FPolyerergeatiet yefersltd b statd afimattey beiag characterized as
"initial collimator"”, and "initial collinmation

havingmere thangne euerey 16Yel-er changeabl y herein. The terns

" AN hBRGH R fef “Rish RSy 2 RFers P£ 5thid! i mANeEbAE Eharacterized as
_interchangeably when'it I's apparent that the aperture
havingehenergy level geeatea thapl 1eMeV. nodul ating a spatially

o RS, AL B s BT A oufo b Py energeti
positiv® i Fealbl Mat isRpandlyeshesttdRntnéthetidaly BERSAE, ok BYRRbARNY and

there is provided a | aser-accel erated
energetically separated.

The terms “primary collimator”, “primary collimation device”, “initial collimator”, and
“Initial collimation device” are used interchangeably herein.

The terms “energy modulation system” and “aperture” are used interchangeably when it
1s apparent that the aperture referred to is capable of modulating a spatially separated high
energy polyenergetic positive ion beam.

All ranges disclosed herein are inclusive and combinable.

In one embodiment of the present invention there is provided a laser-accelerated
polyenergetic ion selection system for radiation therapy. The design of this system typically
includes a magnetic field source that is provided to spatially separate protons of different energy
levels. A magnetic field source is also provided to separate out plasma electrons that initially
travel with the protons. While these two magnetic field sources are typically provided by the
same magnetic field source, two or more separate magnetic field sources may be provided to
carry out these functions. After the protons have been spatially separated, one or more apertures
are typically provided to select an energy distribution needed to cover the treatment target in the

depth direction for a given beamlet. The form of an aperture is dictated by the location as well as
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pol yenergetic ion selection systemfor radiation
therapy. The design of this systemtypically includes
w@2vagootic field source that is provided to sper/Ustoyo17081

the d@?\g afn?éngio?ro‘? LN argef, o Hésfcﬁﬁﬁﬁhof‘é"ﬁﬂ? %glglvp VG- thé%g)atlal oposmom and
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veamf i} @ epthitstionh <Bighiha TSRy iag i e iices Qo titforont
protoh WRergy 16VRIsC aP@RafiHdan SR FNSf bdlot S 16 e gﬁlaﬂ@ﬁnﬁﬁtmn of protons,
provided to carry out these functions. Alter

a primpgris colisnadhignalepiee is typlﬁ@hhaq:mlylos@b@rrad@@ spdieé moxingof different energy

ooy PN L SR B P B ons o

a magrtic fidRthit sdparart ﬂw”ioﬁsﬂiy éhe@Wl%ﬁelb eash @ésulthﬂﬁni @'aﬁhﬂhlxmg, the
an aperture 1s dictated hy the I gocation as well

proton gRengyspeyGAY g7 YerrpTfitidoetian tvpresdly hapa serall spread that depends on
the e%é%é‘vﬂh%ﬂr&gns; hﬁletc@ se AfvEeRE E}?@%ﬁy{‘{:ﬁfcﬁ addd ds%ﬁg S‘[P% sepread out

ce t esa posi t1on are
(i.e., polgerengatic) piolen @eottmn ﬁnélsgygarlﬁtthé ﬂﬂpthmlemﬁﬁvéscfor:the @[‘oton energy

he target r iven beamlet. in the depth dire
modujafiopeare QPieeUd mgytiflstiBiansaty gﬁélnaeeﬂe/ﬁn%@@ P08 chject, a5 described
B prot on energy Ievel s, as described nore
more?lllljllfb{y E‘gl ow. Due to the angular distribution of

prlbetsonptlon af p protan\seleoction awd c«dhnmemncsysuem tinpne ambydiment of the

enpl o reduc ati al n i fferent e
proscf By BN thite HRERERS Tt FIRRRS L AL BE rE g Ba g o proton
energ@rﬂ%dwa&ﬂmt Us glthé B HerticlRan Reis bf&ﬂdlﬁ1dn%ﬁe (Y, deBeribed by C.X.

magnetic field that separates the ions by ener

Birdspbard A.B Asangder in Plasrd Pﬁ}w@ wpé’pmgutemgwmﬂ@tzom Graw—Hlll Book
Com arnggg ’gf%]oer%] g¥85§pt%05 Frg]ctlorneoa c?gﬁeh g{/atglesgeté :I?g se 1t%a nndense foil

(hydrog@r idh) Gﬁ'astsﬁﬁulﬁfedt yiielﬂmg'lﬂi?@toﬁﬁﬁth cHage vxi‘elllrbés?ﬁncﬁl(ﬁ) MeV and
typically cal cul ated using the spread out (i.e.,

maxipoin/ensegyeathing HHOMeN. s Pectimulationswets porforged for atife um (in the

rad1a]g(f Ee Bg&oﬁ,@l Wla{hnag %ﬁ%&gﬁmgﬁm eﬂﬁ{eﬁ%f?ﬁegon%u(]fse)ltlmeaﬂy polarized
s i GABLEH} e PSS o ISSEO LIPS B! Spormaty

incid &R lontd BRihi® BerY labiih slaB (PREzee Mgdmmem Herfty thifty tiRfe§ Hijher than the
invention there is provided anion selection and

criticalalenbigpis], e Afayi ey (stdénadd thivkngssal siumenSuoh)aser intensity is within the
nodul ation. Usi ng the 2D particle in cell sinulation

reachmfdbed(em@)techdebgmb@qyebyn@m&, as dgiserihed(bly Gt Mowou et al., in
Ultr(z?/tg%-]%wﬂﬁ%( fa hy.%%s n%gl%lt\fxtgenﬁ 07 p%?eglfégg;ﬂ’hxs%gzé [Today, 22-28

(1998)NtTdE dasit @an@%] ald@ﬁif&uai ds 1h<¥p EEhiNousR syktéh iddsbiibed in U.S. Pat. No
dense foil ydrogen rich) was sinul ated, yielding

5,2356Q, iaedri s l@n @WOM‘P‘HOE) éydn &od0is foprneseed B saferanse herein.
g i tol
us. ERSHENHERE 7D Ay Ty e 208, Y85, 1., 2proooros
Al BMbdDhtedhlyhh]l RoonxXLaserDeivétiidn Adekldrator’bdiscoded a6F$9m and method of
acceleragggl ;Eﬁlnéﬁlg gl!’l %({Clg}%gqtﬁ,llls?r?gisriwg lélthgs%by@t%ﬁrﬁgvﬁys%@nﬁgaqﬂ?ls of which are
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a“density thirty tines higher than the critical
d eTim nrgtoms poming/ fraime dleis Goil azzyglcabmopﬂﬁrakadeg shedforpand direction by

aser i pt.ensi t Wi_t.hi reach of the .
the BRI KB B ebralul gt b Be BiEFOBGRRbibat ot dotails of
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their pllqg gi ’LX% S%?H?ss&g%%é g&étﬁ%}?:}ég m t%ﬂ%e%lgjé ggf%)gﬁﬂggatl h?lhmator ’) than are
the hizhatneayl prowepéldd).ed i ons ( 130) towards the aper ture

(118) erture uIa the i.on beam
Coht Hésenbed ferem @ew PEMSHSHE t@%@fﬁ%ﬂﬁ&ﬁ%@@ use magnetic
field §ﬁﬂ@éﬁ%§)@0\h@@ﬁl’a ﬁﬁrfblbﬁgmpﬁféﬁﬁQ fe PASIEIGE fon b%s In additional

netic e d (120) is al so shown bending t
embadimpass bﬁthee;se&wﬁt mhemos pat patoye @fébamg@@wpftﬂl@' smeeay etep weplaced by,

Sitive ions war.d e bea axi s
or coffinedati, e e 1o HeCt GG el iy et s R B B ive on
beandsi €l d (112) reconbines the spatially separated and
nodul ated ions (134) to forma reconbi ned i on beam
(136). The reconbi ned ion_P?§n1




(136) is shown entering a secondary collinmation device
(138). Upon exiting the secondary collimtion device
W@ 288199787 hi gh ener gy pol yenergetic positi ve |wr/bsmn4/017081
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veant (JRERHERE Frodnige L BhER(los) P aRCRoRFine resid adighalt the distance
of th®inktid1@oBRRMbr &t (;B’eﬁiné (14’4)%}{696 ﬁe tbl%h %ﬁ{qé the cQIh‘i‘rﬁ?orr 18 ¥ distance of

of from about 5 t 0 abodut Tesl a. Lorentz force
the collimater arEgpening (14@ It@tmmtonbqu sprreadis., (bhﬁplasmeetarget 104)
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energy’ ApEBUH6NH e}&tlﬁg(tlieltﬂgeﬁslyﬁtemr(k bl Blrgdt 01041 AMBLAAR SBYh&on device, 108).
initial [ Tmat or™) than are the hi gh energy

Elec‘ﬁqftﬁt(é%@ g M}Caﬂﬁﬁieﬂ%ﬁé@ infilegionmesits direotign froof the ipesitive 1ons by the first
magr l?%i(f'ﬁﬂlt asosglfbe& Bg a@ﬁﬁ:" ?@élec‘:trnov ne%hl? %rg%ﬂu %g (1?%? n§u1Jta%1e electron

sources 10 provi e magn

stoppiﬂasr(lp&) mtludg tidgstepdsid, compel Gﬂa@&ﬂaﬁnaﬂcﬂ' safidnk ﬂﬂ(ﬂiness to attenuate
theeﬁnbodlnents of . the, present invention one or nore

REonsed ey partic sah%aﬁler@ge tgalepiags lgeeld Thy aperbire (1 18) is typically
used @@@éc@ e d/@sfrgd efith mxggéﬁs,einﬁ‘%flé ﬂlﬁ%ﬁfnﬁgnéén?{}g 9%8% b in this

for mani pul ati ng rtive ion
emb@@dﬁtlﬂﬁﬁiﬂonﬁ(ﬁfdm@ﬂdﬂpﬂm BilselcEhed thatii caplable@f lretdﬁﬂﬁibﬁlﬁng the
08), typi lI defines the angular spread of th
Selecfeg? OH@G%Z % 188 elé‘?’i%f‘é}cunﬁ’altw% &0 heagy. tjhlétapeﬁmﬁ%ty@waﬂy can be
del 6k kungh f
madd s hung amtb% E%@?gﬁ otﬁe‘?t%%]ag&%!% | ct)ﬁ%fgifﬁéﬁ&ttl | anéﬁeg%%??%g fpable of
reduqing thgshergly I1§N WLHOSMW@ 1qnat Thisehergydetehrdduttien id itgtieailyearried out to

st g8 L 81T BF o b BRPS b s Y S b5 tronen
the aga@tulre. MBI Wirio@¥ binbOdifiRhR &f (heAstsehPinkBRioR! ﬁfé%ﬁeﬂﬁﬁ‘@ %éometry canbea
source (i_.e., the plasma target, 104) pi cal

|
lecub’i’ﬁd]e‘étail@l%gl‘slnteﬁ'a]ﬁr SO0 OBen N 15A)(OMTosniNgR a1 gl (G5 or slab),
whlch %vh%ﬁ‘ la%gﬁ nez% gj tﬁw @Q{lta{éd lye?lgl%’eﬁé/ i liggftal %}Ee of fluidically

arge
commmmtataig aqnirhomaﬂ the mrﬂﬁ‘dmcthereﬂ:@&jgh Ih_:bﬂiéf EM@PS&difndAR) thd hferture
ca deflected in the opposite direction fromthe
(1 18)%5 m,aé%/ &1 @iatq that has mayltiplgogaaipgsthey ase gonradlably selected, such as
by p th?ﬁﬂlamﬁn Or it Ah thd ?éya{afézigl)gﬁ %%E@gﬁﬁ&# gﬁ{lle& the desirable

uitabl e electron stopper
energyela‘dal ot eppey le(vels amnodalterthakepafat&libh ibearanThé hiodlﬂaﬁsls of the ion

to attenuate rqQns., nd an articles they
bearn Gy @B 00 3 Yerenen Brglly o U Rieh e e PO PP SRe R eion beam (136)
as deécribed abtein. Siﬁ%gleta%eﬁﬁj&ﬁfchfdg %ﬂﬁ%aff%gllﬁﬂﬁ&gyln add1t1o to controllably
conponents, and e matching nagnetic field setup (11

selecting the spatizd gpsition of thh ep@angsrthatrfb(gdleltll}ccmmdcatd ﬂtﬁ)spatmlly separated

I S. capabl recq
on O3 o B0 o B, SRR et DS B S5 uing
regulﬁtbrhﬁrbglﬂamﬁﬁésu Negiouy @érﬁ&hhﬁ/orﬁfw op&un%ﬁﬁ ehd a[p%ﬂhre a 18) are thus used
sten, copper or any ot her rraterl a ficient

to quﬁi xhesnatiallyiseparated pchspe (480) rﬂweamﬁélytsnpar@tné pgsitive ions (132)
are sdb%c\’cﬁleﬁtl?fr ogﬁfbﬁﬁéd\{ﬁln §ec§11[ﬁ ﬁlagﬁ]ﬁlc% cfi g L reducti on

ypl ca carried that the
podiethigte amcblwf mrgyk;msnhvb fi@r (ergt imbied bfsm)mtblbmﬁ(lim fd 156,

t hat .do n 0 I hrou erture, vari ous .
respeta MRty SRniohls Whaueh foy haRy Poticls kAt sud bigbeenersy particles
(not SHBRAR B¥catiddofiBe Broad angular distribution of the accelerated protons (which
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circular, rectangular, or irregul ar-shaped opening (1
50) (or openings) on a plate (152)(or slab), which
Wwa(mn/lpmm:ed in a spatially separated pol yenerP€r/U820006017081

depeRB2A Bl o %ﬁfg? @195%%} %é)b{eﬂae% 1? édll??raos%gﬁm%ﬁ%tcﬁ g?ffé%ent energy positive

ions gftdydlbiynpass ﬁ],roug‘llﬂhaﬁmt magret{clfifld. Earcxamplead @oiftionrof she low energy

| ate that has Ieoenlnsthat re controllabl
Pmt"@é PER 180S0 TERIHT ot ﬁ@ ariclpseside-grd gicerestsi &?ﬁucmg the

spatlétlﬁhﬁhﬂ%@f préofeas ﬁ&?ﬁcél%aﬁ%rﬁdt 8y SRAJduinb ¥ a?rgkolﬁlﬂﬁtlon device,

desira energy | evel or energy | evel's 'to
such e thedaitiat @qllémam@hdqywrhomﬁ ¢hemmohddimeg repifctet e FilGnl A primary

collnggt?orﬁ ge Ves é’r?e aélg%s&l § he{l{r&%%{)ﬂlro slgé cte%]%%i a9|a1str1butlon

f
d eA@ ﬂd:d@ﬁﬁe&ﬁl&’tﬁbfbel&ﬁ | ﬁr@t@h@pﬁﬁ@ i @fiatibe is4gically carried out by

mul ti-leaf collimtors. In addition to con rol I"abl y
passigg thegrasiiyedens thipaeh apmpld splimsioraipering pogeiei thejs enterng the first

magr{)ekig if@icf aAIIl an%‘gﬂ?‘ﬂfﬁ glﬁ&l?célﬂﬁlatso? %cul slz}/s dggfg: {ﬁﬂﬁ QB‘F >}16: initial

openi

colhmhlapepbmug (m4|41 [ '.Dy}ycﬂlblatﬂle dollllttﬁdto’i@bxnro@@lﬁhg(lﬂl) id ot @fitr@ly small,
es. Various | nail gns of openings in

smceg lp{mgan{rgf dypi (i]é( loweicthe dase ratepngdepyease the tpp@?ment time. As aresult
of th& BAkd &hd %fjf %g glel{il?r%/ag&log %f%gl? (tﬂépl)o’con-grlt?e %g%% 1? B}ga)flally mixed.

separate e subse
Accordinglypampegiversipatjalt lhwtlsa damedcatiigaier bperfing(hdwetd4mallThpically

hi gh_and | ow energy positiye .ion on bea .
provigepdyencrads Tapia £aBEY Obiuets YORfpok pEng b sty partcular
theorz loi Bbéiﬁﬁ@n %W?@an&lﬂétﬁﬂﬁa%l%hﬁ takb Gifto Q%g)lt tRo golyenerge’nc

energ¢ particles (not shown). Because of
charalste@aﬂcsmfg positéNesipry entrringrthe fontselectior édvigedd @dOVpdedﬁle mseded depth
dose gw;}eg hTh iﬁoli%}?lg}z 091?:1 s é’rgczc%gsu{g%f %%eg&{%é}g%gg%]@ u%c?ég%gc'?(f gllrough the
1nﬂu6ﬁc& Ioﬁ ﬂleﬁfla@eﬁé ﬁéﬁrﬁn tBO @y 18RS the ¥6sitivediofs. Al hefolibRRY descrlptlon
pass through the first magnetic field. For exanple,

is dleFé?(i foghe gynanpies plRjokRSag Phe pih)éfréth‘se qrelodgpento Ardégmnlsembodlments
to otﬁ’ét] ?6&1@%&39 ﬁlgghcﬁlﬂﬁ{ X)I‘(P[G{ISI értg al'osg ch{i §fog$d and vic €
Ver sa. a

ucing t sp m X1 n protons is
t yFo dasctiye thapraten’s dyharhiys imnthe tﬂ[ﬂgﬁetﬁgﬁe&d [ huiidgrical code is written
collimati Pdewce gch as the initial collimation

whichysolvesst é@oa\ﬂngﬁ@a@ﬁﬁe MolAR: depicted in FIG 1. A

primary collimtion ice is typically used to
collimate protons to desiB ed angu)ar distribution.
As described further b@l ow, proton spati al
di fferen nis typically carried out by passing

where [pe= o¥iMli-ve/ci oM istthe maghetis isdtetion yettpt, mayt rthopotimgst mass and i
rior he|r entering the first magnetic field, An

signi %{ﬁﬁpaﬁla nymher| Forgmeiembedipens sémerh’@esrs%t igwsstien.dhisiequation was

solvelt |u§’}ng]a @ﬁmtl&‘;ﬁc 'nﬁé%rhl%n algﬁﬁthin!@vgfog@cpﬁﬁﬁ %&%%ﬁ W. Rozmus in “4

Typi cal the colflimator exit openi ng
Sympéﬂcbc t[mtagiraiﬂyn igrithm f&i Seperaietvmilicopemiumgsonsypi. (Ihinhp/ Phys. 230-
ower the dose rate and |jncrease the treatment tine.
239 (}38913 &g dnitial condiginns f(rynvg)d veire ebigined rﬁ@nctbmmﬁamlauon data, which

o BRSPS BB 50 R i
on thé ﬁfdtd)lﬂ@t&?nl@dg@&'e RgleRONBHRE (R Bbrohtz Y RE Cakled b Txé’é’)&t%ﬁl magnetic

pol yenergetic proton energy distribution.
field tS’eﬁeﬁg’faEﬁbthﬁ dlepiyonsriyom dretniretohaits gredterdoythe frn@pemcaﬁﬂd mr,lductlon used in
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Using thesqestiodr dfibglanbebétwaersk &otdnbhariietie GRerl fariii1e @bdl%nﬂﬂ%rces one
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dose curves. The pol yenergetic characteristics of
these positive ions is understood through the
w0 ndosnegree of the magnetic field on the dynam BET/OB20041¢17081
. It . . fal low SGLL DL is.direct
oriv 8% ot G 6 atles B WA BERELRE By i bR roree
prevadisiooet e UouloMitdforéepnal enbodi nents to other positive
ions in addition to protons are al so envisioned. To
descri be the proton'sf dygpa '®s in the magnetic field,
a nunerical code i & %ﬁﬁnil whi ch sol @s the
foll owi ng equation of Bbn, dpi =evixB (1) dt where
= [ 1-. | st magnet i c..i.nduct i on .
wherd £ 1B ingbinield e et . ThRIB it P VBT ng g an clomentary
chardeNhRakEragé AutdiEbRlle disRhcd P& ak BB BFaRAE oA tehertRIEeEREy » = n 2,
I nvention, this equation was solved using a
thus thy ipriquelityd2) eandgrrawiitien il thofdrthm devel oped by J. Candy
and W Roznus in "A Synplectic Integration Al gorithm
for Separable HamltoCilfwaBF nctions ", J. Conp. Phys.

230- 239 (1991). THES| nigral conditions/f (ro, vo) ]

were obtained fromthe PIC sinulati on data, which

privevidac the dowdsttherappamendigytprotous o0abolin§0 Pledt, aihsch chiM@sponds to
i buti on

congr f the self-consistent fields on the, .
ProtOBrvsfoeHyg Hﬁﬁ-g@ aﬂgrﬂée Haghede dielfl indngtioa B re Tdhe pendition (3) gives,

f OpBe che t ternal . net i field.to .. )
n <25300°ab e T bafbad e R i AREhA fhe iblE] SatiRagion dgvice can be
estimbttd udB@RE inGuinepls PrdsBEtEd by BNFoaRE dr Bl it NPaRRICH Bl s@8ation of

than the Coul onb force in the regj on beoﬁond t he

laseriagrelprgredroranheersiordedicgan thagmingld K00y bt thisregipn the particle

densifiis S8 5 DGE 2T, Lhh o e iR TR AR VAo of 2.10% e
This EGMASEAM R WOKIumptidn VRRe flsipiff@Rddntrutibe Ibt(; ‘hhetsF]lé’-consistent

particles spatial separation distance for wh
clectiggighieficls dndthe protern éymaiies ip s exttraal@nagnetibfitldr ce, v2 >
e 40s0By re B is th nitude. e netjc
Fiilpal AR pE B afor b iyl R s Heud iy T8 TR s
bounédrg e BY cdghfotging dikao Bwsihflgenck BF tHe-fHashE EleRl patterns at the edge of
istance r can be obtained fromthe particle density r

di , ;
a secter field. Thepg effecteare sarpgtadite pe pmpll imthe ball efithe seleghion gystem due to

_ B o

e RO SN bR Gl ol G Bl e o

field ominctispordshé positwredbodiews | prctiony) ledverthefiflal 3@ld sotiod, bige boundary
cti.on he cgnditi on

ﬁinggﬁglgg:fa{l ?ngoléi?llcg icllig%%&ﬁﬁlﬁg _etl?qq?.e %Blgleiffeeq can bg largqquyteﬂ%gl% byeusing the
g TSRy, U< presented by &, Fourka

etMante Carlo Palculations:i Whilelnot béing benriddyy amfy particular theory of operation,
the GEANT3 Monte Carlo radiation transport code is used for dose calculations. GEANTS3 is
used to simulate the transport and interactions of different radiation particles in different
geometries. The code can run on different platforms. A detailed description of the operation and
usage of GEANT3 has been given by R. Brun ef al., in GEANT3-Detector description and
simulation tool Reference Manual (1994). GEANT3 is equipped with different user selectable
particle transport modes. Being more versatile than most Monte Carlo codes concerning the
production of secondaries, GEANT3 has three options to deal with these rays. An important user
controlled variable for these options is DCUTE below which the secondary particle energy losses

are simulated as continuous energy loss by the incident particle, and above it they are explicitly
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| aser-accel erated proton beans for radi ation therapy”,
Id. (2002). In this region the particle density is n
WE2eD4A097023 e, which is far bel ow t he esti maP€rus2004/017081
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of th@mbidenmbtﬂlﬂe Dhistoi®iedetekmedas Tt fRtuatieheC MR $b&ndGnode of energy
on the proton dynami¢s in the external magnetic

loss i lfS i gﬂldﬂucﬂl?éwew & hich serondariasisee Rt EeBeiagy rmndithe enangy lpss straggling
is saﬂe}@?@ Glohfa ibﬁ‘d ?%?h@én%gg)}g@% é?zfz.s‘?%aﬁﬂ:? lbgqgﬁpcgf? t{] Phys. USSR, ,

ects as- ed ocusin e 1nfldence of
201-2110| 8449, Vave]lod (f:ilammenmsloates vfikighdgergotiead pReRdley”, Soviet Physics

TETRy 7451258 (830 r Bos Jg%ﬁ@’fﬁerﬁ%éﬁeéc%r%%ﬁo&%@dﬁwmus (R. Brun er
al, mﬁtrmmﬁ i ﬂeaheéalﬂﬁem ety fh gél}%gﬁgﬂi @Joﬂﬁar%é"a%&ge DCUTE and

the sane absol ut e val ue the ucti on
restrictee I{aoéatt fluetudtions leer)CUTﬁEoﬁmpm)mp]emlmomhg elﬁergﬁ loss fluctuations

. field.secti boun e fie
typicplhy SriEen b fioe 8 SarY CBrdFilet ¥ S T st izebragp than the range of
secorfigfied) T1g6 rds@lts Rypréi |s£\8n§§t§f cofieRebh ﬁnfe' a%ﬁ@vmds tracking a large
di stribution at the bound ar%/;E Monte Carlo

numhes pEsAcandasies gengptpébelow IeURE. dupisallipn continysais ehergl doss by the

incidp FRAREAs BTG L Oluing P By T80 PR Burhhe. " Ceans

| SMolisre anultipisistaticaihg tHedsy i usabippadfadnh GPANTICMuisle Sattering is
fferent radi ation particles in different

well YeMoligredheaspeSesa re.g - GrMglierer Breorigdar Stseuneg splneller
gela%ééﬁﬁggﬁb%gg’]e@stﬂ e %m tapgesgﬁ)z?}%?ew& tlé%‘lst eld>8 eNQr{lrforsch a,

133-1@BANIB7) DGt Dr Mdhere,r ff ﬂtema dan&remmgub}aiellargélmher Teilchen II:

o AR el s AR e 0
Mohgg 'tﬁE%rrﬂErtﬁe ?ﬁéré?gaetﬂ P@mﬁQ b sMRLE Qcaf%lr g @gﬁ@%gg in a step.

conce I on o secondaries,

Wher ) €L p&l{i Wﬂﬁ e'fé)thg WJ& 1% ggfeﬁ)gﬁlg%ge t&@corﬁrplg rtct%?#EI etal. in

usér “con Iea"Va i ons
“Zur BhR Weﬁ;ﬁ@h&mng BEMARRY %ﬁé}@ner@'}%&uﬂf&%&ﬁa 1631€1048 (1960),
simul ated as ‘conti nuous energy | oss by the | nci'dent
the range tli<c < 2arisl called\tke plurdl beyteringregkpe.i I thisyrange0didor simulation
2004/ 109717 PCT/US2004/017081 generated. In the first
methegbisiusad farithe sratieninmangleia P ANES %Br Brypresdlicldq. dvempiifieation of the

Moliél glilero?y ﬁfg:cg%l ﬁp%?m if %IF% I ple Iglil)tgcgﬂlt G%%éflls’i lc’[g‘ﬁ O&a}%%l%n multiple
scatte?fng‘%@ﬁ‘é&%ts I{/Igﬁére s§atte§1ﬂ% ko Bétfé? Eﬁé‘ﬁt d/9 ?ﬁrelo L whieh

ondari es are not generated, energy Ioss

StT]fﬁaggildrd’i@c int&GaG P hﬁﬁaffcd‘rQﬂhﬁchﬂiéﬁ@Mc (nu@@mt ﬂib@loﬁnﬁélﬂﬁbn nuclear
oss of fast particles by ionization " ys. USSR,

capture) apgydesgribed yotawp) wﬂwwm/mutmesg GHE#AsHA mﬁu%éewhmh are available to
users g‘ﬁ glt@g"?r ?’ég ??—;’B‘Ig c;de eﬁ&atgs h%ﬂ'x%lg %ntglﬁ}ft%n%%nh]tﬁz nticlei of the

curren!dmkdlg"tgedlmm ewmlveading dl‘dSS/-Sédt]m.’li and ﬁmpﬂilhg theefinal ailate, k1nemat1cs and

estricted fl uatlons Wi t
mul“aﬂﬂiy é‘}%lq&ﬁheoéﬁg%\biﬂag’ﬁ?@ i8 BESSErVesEigT Ehe ekt WQ%f eff number of
routlﬂ@@“ﬁl‘i’a%‘éxi‘s{ MHEISI@R%&%E&W&MF eﬂePatﬁ%'tH&ioPil Cross- sectlons for

choosi ng energy | oss uctuatlons typically carries
hadroije m@ﬁwmﬁm@@a ciilaging t@ﬂlﬁ@mgo thechexthasicarie mtwracmwbordmg to the

n.the ra es
otal o8 Feel B AR AR B in ko 501 5P R oded hadronic
intera@ton. CHJIDKAQK b BEndaticl [@6graiy Wheth R skReMBP8EdR ontains transport and
gener ated bel ow DCUTE. Typically, a continuous energy
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i ncident particle is assuned according to the
Berger-Seltzer fornulae. Mdliere nultiple scattering
Wwo b@anyo7is used by default in GEANT3. Miltipl ePCT/US2004/017081
the pig{f%;%l ‘fn]&i\c@%eé ﬁ%lhlﬂ@lrolé? Q{f@% fg?? gn%?épi\ggf)f é l?gl}]e'ﬁlf'c%? ﬁé%gp?@(?ﬂ. In GEANT,
only Q‘EBI }mdmm infeeadtioheartlis inEludzel At WUHQGEWEISHAQQGKHQ’GIT&@ FLUKA
onb- Fel d", Z. Naturforsch, a,_ 133-145 (1947);
routl%%?a%\cowu%h? tofal crossagstions fog badrepicauengses cddIerfapm the sampling
betw&&l A88IGNA TRA4sGE ek C
° Vi el fachstr euuS ng5 © éses tur grgs%ﬁtlaﬁ%r b70§h g? e? %Tée)rad{&ns are
compwtaﬁ ettltln@sahwdlme ad the tdt&l crodstseetica. tubsequentdy, tipartalets agtﬁ to the

elastllc QT glei Sgﬁ 1&8 2 tgcﬁlb r@ﬁt%igstz %d%elr ﬁéﬁ 1}3{??3:%8% tE %ﬁ%?pa? gerctoh ary particles are
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o 8 e PGP S e 20 v,
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cross-sections and sanpling the final state kinematics

maxigHEn PetAn qusTayant lpseriplesina targel nagampererp i b g it Bourkal ef al. The
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for the type of occurr teractl on
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of narrower collimator openings. FIG 8 shows the dose
distributions for the proton energy spectra shown in
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energy range nerg
to thevalt®ofthe weight for the given energy. Convolving the weights of the Table (1) with the

energy distributions for each individual beamlet according to equation (4), one obtains the actual

modulated energy distribution that will deliver the SOBP for the given target’s depth dimension.
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other hand, the total number of protons in a plasma slab that subtends the laser pulse can be

estimated using the proton density of the foil 7, as well as the laser focal area § and the

thickness of the foil d to give N =S8xn, xd ~2x10'. Finally this gives about
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FIG 9 shows the proton energy spectrum (a) and the
correspondi ng dose distribution (nornalized to the
Wﬂ)mmdemw proton fluence) (b) for a target conBCTHES™A4/017081
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and a volume of 4x4x5 cm’. The calculations presented above can also be used to estimate the

treatment time needed for a given target. Assuming the 2 Gy treatment regiment, the time

needed to deliver this dose to a target with a volume of 4x4x 5 cm’ located at depth of 14 cm is
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radi an (approximately 2.6 % of the total nunber of
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various enbodlnents of the present invention.

EIMPT since it is convenient for both energy modulatlon (using a spectrum) and intensity
modulation (through beam scanning).

To demonstrate the superiority of EIMPT for prostate treatmerit, dose distributions of
prostate plans using different treatment modalities were compared (Ma et al. 2001a, Shahine et
al. 2001). FIG. 16 shows dose volume histograms (DVH) of the target and the rectum for a
prostate treatment. The proton isodose distribution is also shown. The photon IMRT plan was
derived from a commercial treatment optimization system, CORVUS (NOMOS Corp.,
Sewickley, PA) using eight 15 MeV photon beams. The gantry angles were 45, 85, 115, 145,
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ofFltGlaéﬁctbpmtsai schebti¢ eSarémtiddément@dlah $drl @1dofioHh %tem similar to that
‘optimzer" perfornms the foll ow n&pﬂt ask

PTOVIG%} iny %I@sﬂt that Wb ieludgs dahird mogRetis Hal6 RaTee Graened20), the third
i SRR, WAL E3E8oAbNEY o () sl Ly i
energ@rqmé;ydnbfgetw pasmwtonptoanrdsathedpemmm (d8)y.arget/critical

o L P S sl BRI SN O ARk efeey O smilar to that
prov1ﬁ@d3ﬁmm 2eh8hbRE t}fe%h%r%)@fg) heRlglplddRg iR&RIthe RR e°t1c field of the

and gantry angles for beamdel'i very sequence stu
tlnrdmea@t:feﬂqldpolane@nmwﬁbn The present invention has

oty bR S arL R R o el s simiar ot

prownbcaﬁﬁm};rmrtaatesﬁow theabbﬂaﬁe 51 m%eingwcea oaRlRAHRANagnetic field of
oton beans with those 2ener at ed exi sti ng beam

the tddBRRetie JolcaurPe4Tagait Aok Makee th 9H@1tddnaawac elgtsonrce is separated

1ntot$)%?d?§§t &pd photon IMRT. A group of 20 clinical cases
0 rostate al one, prostate + seninal vesicles, and

prid€i. 2A7alepictenschamatiesf anl ensbodithgmtil an desslectia eysh@en which the
r f.or me El MPT der the sa qondi tj ons_as_for
magrefi fﬁ‘tquh%ﬁﬂfﬁavaw@ﬂ%ﬁéﬁfowf? Gapshehi2Ds f4ngble of bending the

conventi onal photons and protons and photon 1MRT. The
treatnment plans are
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conpared with those using a comrercial RTP system for
conventi onal photon beans with 4 or 6 photon fields
W@ tive/1890CUS systen) and a comerci al treat mentPCT/US2004/017081

. "9 intaensi
G841 T281 08, SR D v Bn0ob AL gt e scond
magrrcﬂsé’&lchsom&l(&mgpétaﬂrm)ed using the proton treatnent
pl [ nodul e i n the FOCUS syste for conventional
@Rgnibg doplets #rashematp P%anzel%bqqn@fﬂa Fatign jlegHen gysgem 1n which the
secoﬁ/ﬁhwﬁq&emawce @RdAse 19 ﬁtcaﬁ, ermwg& > Ié%g’mes'g% of the

ot her biol ogical indices n tar
modtd@tvé highesnergyrmpéyendigstic oritbpeings towaadsca dlmctmlh thint IssmeParallel to the

cti | t t
direof Rt B 1esg e i Ted REE RN ahBehAetinion PR “under
SI md: 9 DK 4 sPBMatid BEan GASINASES of @h ich H&abﬂwz&enﬁ) L:PRhich the

eg‘gd based on the appearance of the isodose
Secouﬁ @ﬁgn thielthsousged magned¢i) TFeppabieraibeadingdhéieajectories (428) of the

I i.fi c nt |
ot S0 O el T 58 Ao OB | R bl e o e
direcfion ofiml‘e&aseﬂlctcfemrmc( bigh ed&%y pd@%ﬁer@éﬁcﬁbﬂ btaztiﬁ target
vol upe, nmuch | ess (noderate vs. (g or | ow vs.
ap

ol aiOeéepéf&%%thsmﬁ%Of FrRsphosipRt oA @ iqreselection Bystem that further
showg 'c:)ds S )%ﬁfzco% Ig%%(?’l cga'fvg:tg \goédé%g}?_mb\fe ;f@ki&%gu &ﬁﬁq{lﬁggﬁn ea{ portion of

e or gans,
the regnobir)] hagh envaggbpgyonesdesic positivoions tlféﬁﬂl&odglst ri b ution.

R, 8 AR B e e
colhrﬁm @RELRES)itHR i§ SAIPRDChrtbAbiatink A ﬁelainss 6%hOfecombined high

Producti on of Radi oi sotopes. The present venti on
energyl pody qpergetid pesitiet ioosls of  pr oduci ng rad|0|sotopes

et B R SrERBh R R Cu D ek U ¥ havine o

pluraBtyd&fopenidgd 8H2f h4or @Icﬁ)ogfﬂé(b@éﬁn%s Eab@bik PFuididaBly eBfnh@skating high
out = by proton bonbardnent Cchem cal precursors
energygdygngractic pputivaigns thsestlypegh. These processes use
lﬁl&%’%f&% s GENR'RLE g%r eggla{ saa%lgltl?e f/%%lgﬁng org(%;ﬂlavmg openings

I‘Otl‘ n sources.

(444, [4442) that inewapdble of}ba{ssmgm‘v@ai@g}emﬁﬁﬁélaaﬁdrg}a@h§ /ré@é@tm%z ora
ve reported on the production of [18F]

combﬁa(p@pl g‘“ée%d [ 18F] FDG by first preparl ng [ 18F] _
A e AT L, U GRE R 0

manip@eiey &m begnish ﬁ“hls[ﬁ@ﬁ dépmmis t}réefounmg bofie lasesadeeleridibisl gl Bﬁiergy
the cr r proc present inventiagn -

tate d
DLy RS ot T IR BOP G e D RN RBE B RO iy (110), the
high B YL PEINERIrb&Gici FBitRNE AR (BLY) cRRh&fifd dé%%vﬂn@ tcﬁ'étﬁbutlon of energy

process of preparing radi 0i sotopes. the process
16Vel$3fT1Eﬁr edlimpting ofabe tﬁswcgpielsatqdnon b ( Illﬁ)é lssnasfosmed using a collimation

o R A O AP BBl BB gt o o

energlydewd usifgd g fiBe aticAetd R (mAdeRlUD! TRE 8F4HaB9 kepadatbd higRlnergy
with H2180Q. The high energy pol yener getl C proton beam

polyenerggte RPEE Ve Iogs prgrrgeaulaiedoesing: e gy felagtipn epsetuee (4d8) and the
moddl;ﬂte@ i, teﬁ@ré&;%g)eﬁ&rg%ﬁd;éosﬁ ve 1b£§earle ?%cro@%ﬁbeﬁ?gz%r 8§1§ lj1rsgcond

targe noni
magretia ﬁshﬂt{nmlgnet\meh Inhthis em’mbégni@lt exchdriamoiie p&iﬁveﬁﬂbni fe transmitted
i S reache% t.he 18Flfluor|de is used fo
throughg% aé)g aving energy levels in the range of from about 50 MeV to about 250
MeV, and other portions are blocked by the energy selection aperture (418).
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synt hesi zing [18F] FDG The final product is isotonic,
colorless, sterile, and pyrogen free and is suitable
wo oro4ab97mi cal use. Various alternate errbodi e NPGT/US20041€17081
pr e 1
AR e BB Eo e hREIORERM e foluT o146, 42) o o
direcaorgamaar frbmphs bédano axia nfithe rlasenamelem‘te(bmgh kaergy palgreneﬁ'gd&tlc ion beam
exa sch tlc cross sections) .and

FI GS. 2
¢ 10)2’?“’% ¢ Sirst cpaghetic @@é%@g@% enbodi ment of an ion
SR tﬁG%Bﬁ:Yssth@ mer(dlﬁ)é)%f th@ gf%ﬁét%ﬁeé)@‘)f tHe Qﬂuall?@éﬂa%ed positive ions

devi ce 8) capabl e of [T mati ng
(140, Iléglam eadm:@:ltlen mveaidm@ttum(éﬂ@yusmg the ﬂ&l’d}ﬂ&gﬂcﬁp disld (megnet 420).

p gﬁ%ﬁ g?ﬁ%‘% P g deny ﬁte‘h"é ﬁ@f %%taragedp‘rrlg]? glpqrg)g,p%tnfﬁ igps being modulated

by en%fggll' lgyel QW&I&%}Q@HO}?M@%EH énéeoyt flﬂi} r@spéétfv%lyl) BigpAtlbdation-

field source (magnet 202) capable of spatially
Contfglé%bé‘? APIINRE MHAPCHYIg y pol yener get| c positive

C t
( % %%a&%g% e%r-?n dlﬂﬁérft o Qﬁf&%’ﬁqeee%%s’ 8115 st i/na‘g@p% lrd{aeﬁgl&d magnetic
field tm@neenm»gy cqpableast elf@dinlgcthep%dtdd/[ﬁ)sitﬁe 3011sa61ﬂarﬂs #eaetshd magnetic

gnetic field source (magnet 412) capabl e of
field f@%@%f"h@n@s ipddGyd8ul at ed hi gh energy pol yenergetic

(r?f)lld 9086 Pﬁ'ﬂssan dh3dirRént B2 Bh FrSsefecGd %ﬁmﬁ} \gfrucﬁ1 rthetlH% energy

di men an 1on selection syste
polyepergeticpdsitive iéh@arezspaﬁdh]atseparaib& ever disthnede sp to dbout 50 cm.

g—%ﬂgt lgde{oic qtlajﬂrdgfg T%g)g npectgl tg%r% ﬁtmlgq%%qghgmludes a laser-targeting
systefnl fHeQ&deRldr §t11{g4(%§3prﬁfngtah§se§ BAd b @drlgéﬁn%%?&éﬁt(‘?&) RiaBdble of producing

ener gy polyenergetlc positive ions toward
a hi g]a p@qrgja pely(en]c_rggnc 1ph beame 61 ]d{)é,,:th@ h@h@ngugm @nh{en@rgctic ign beam 1nlcud1ng

i B8 WSl BB RS G R B BP0V, The e
energ§olgnpeREe Podifitd d8s b SpaRANeEpHatbd 428) Bhsel g en&ﬂgyn@bel (140, 142), -

magnetic field source (magnet 420). FI G 26 depicts a
and ag doresrleqtionsystem cepdRP ﬂ ucmg atherapauticelly seifable kigh eesrey

polye?l%xgr 1@?0&?\&%@t ealﬂrﬁ%\ﬁll ol%lthcé }Hél-f' lﬁel?&%cﬁggn@?%etthla%osuwe ions is

el ng p outS|

prov1ﬂecE| Alsofprotithed it lai di fersmgp eham‘befrl(&l@ aB o i ﬁﬁegrmgﬁﬂiamber (446).
e the third _magnetic field squrce

Pos1t§7g 6001?‘%\/}2@{ ferepl ERergigs xﬁgrtym@:ﬂgy pass through ch@ﬁqeg‘rtgartg of the differential
chamlﬁmi Cﬂﬁlﬁ’% @éasﬂfbs Qﬁ@(ﬁ?ﬂe%ﬁ%s 1@ teh 8 t}ﬁ?{n%c%ﬂ:‘ﬂ rﬁéﬁ'ﬁ{o&%ﬂhe energy

magneti c magnet
of the seddctedsions. CEyicalynthe dﬁc@n’aeﬂ; chfapi&h) I(434&)ﬁiobﬂamd lcmgrdlhleae energy

- 47 20 109717 P S2004/ Q ect
scleciary jorg .18 IRGHHSH SUTHEG F TERERG) Opisn R Gt Bt is analyzed (e,
by a ERShtENG sultdbie HA wgf&s,ssbh Q0B&Y to ARERAAE thelpbSitifn of the aperture
source (nmagnet 41 28 depicts a schematic of

(418)emd e m'ﬂlr@ﬁp@mgson sel ectl on systemin which the

oI APE b ey el WEERhIBT ™ Ghich 6t G AP Raled high energy

polydiib@latle peditive i@ﬁ'b)é&ﬁ&fe@@ﬁdn@ céiﬁérls {2009, thareach QWAbBSnalude at least one of
direction that is not ]%aral lel to the direction of

the iqnfherppy systomacdapisted @IS A1t eing p lprstipn harsgesring 4 patient (e, a
coucle 988). For example, FIG. 42(a) depicts a suitable treatment center of the type described

above with respect to FIG. 17 in which the laser beam (202) is reflectively transported to the
target assembly (100) using a plurality of mirrors (204). FIG. 42(b) depicts a suitable treatment

center that includes an optical monitoring and control system (450) for the laser beam (202).
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FIG 29 depicts a schematic of an enbodi nent of an ion
sel ection systemin which the second nagnetic field
waoeowrae7{hagnet 412) is capabl e of bendi ng t hePCT/US2004/017081

FIG. 42&?}1 cféﬁfc%ra{ Stablb4Rhtn®nt Ediffer iTRA AL $hst bt beR %‘gﬁﬁer or mirror (452)
ye |

ergetic positive 1ons towards a direction that
is provudaedpa rsplid th ldser heam (262) ietot spdin 0101feﬂ13¢ted laa@eheams @64 to each @f at least

two taggﬁ n engﬁ% BQ)nc}/ 3 %%thb% l1a{so aﬁo (%16 g hgefgrlgd e:f’sgg}gl?he% (100).

Deplc‘&:ﬁ & a SittablRafeatiéi Wenter (RACRDHB e 168k drB8inysidfViathg two target
(430) capable of fluidically conmunicating a portion

assembplies anfléwp éerpselrictien s:fﬁtegms wab cgebporfyidizidgally progueing pve
therap?lﬁ}?agg E]Sl{fﬁ% hﬁgﬁgg?rg %{ er%%%\?%)%lg%g gégqolﬁc 5{ Qo0kn & th@thdividual

high eﬁé}@/ Eﬂ%h&getﬁﬁﬁdsﬁﬁ/eﬁ&ﬁ@éarﬁsh An inﬁw@c&ﬂ&bd)l@eﬂfrgdﬁnduﬂl Bédnngonitoring
eam shape of the reconbi ned hi

and Gogitipy%ﬁtﬂﬁg@taﬂ&? Is0sHed s ol e herapacalpPLig el PIEy
polyerﬁg%el%ﬁ é)%'gﬁ’itvg F)Anebﬁ\gﬂlt%e &h&%é%ﬁ%&@ d?@ﬁ% Q%ﬁzx%‘ ?45(22 ]tﬁﬂ 1s capable of

ura
being pds@ti@marin agd omaffa]hﬂ mamﬂas‘ef headm taditert horbeamite ané a@thh iqyhtherapy

e A IR b PR AT R R e e
prov1cﬁ:8|s5 't]?@%@?t HeAQ8 Lar G428 sRRARLhBARLY kb ordfidt iddkrapy 8ystems.

passing | ow energy ions,” high energy ions,
For prbmslpg:patmaﬂ privaoy, tgpical eorbihaeply @nntpﬁséna@mg twgprgmogeion therapy

st S e B 6 e 65 S A GG e
embodfRhfs! hellf@r bObdicOk sﬁtdb@}sl%baté@ Ged @dpafaesirobirgtr wildingy FIG.
pol yenhergetic ion beam i ncludi ng lcEliural ity of high

42(d) éqectg;anpmbpémng of the tisaisnent v@tq:rdh@t hay)nclydeg an W@ﬁcﬂ monitoring

systerg gf*)g\z Pﬁﬁn ae nt?e rcﬁ’tpt IIE;[CTth ﬁﬁéarl ¥ngor1]1g£8£ @g g)?si!e(?ﬂ 43'6?{?_%&[11% the g}qerator to
know Cald| dofibl, m@foﬂtﬁ@mhaﬁmpyesg@ehsnab@dg hetivatedam (110) is

perforrred usi a collimation _device (collimto
JBBE, 4hsich fovs-ches(sOINal 3 BeIbOq Qﬁ@eatlilgz)PaH?I& ia epordapnpy with the

inven‘? i l%%a%galjc] e%ﬁg&lﬁh%ﬁgé % n;gkﬁbﬁ SRWﬂ%h gglﬁ ﬂg%itfbg. ot a targeted
reglorﬁﬁ@apa&ieﬁd dbteghinéipethe preatmahyﬁme?rggejf ithee tp@temregom,dhstraertment
e O ELSS, veure a0 cron gy 38l seLL o, St (I8) SR
high 5?1 n%r rfoﬁ?ﬁq%%%ﬁg Pgﬁaﬁﬁ) 10H%'e£}ﬁs ﬁ)ﬁﬁ&ﬁﬁﬁhg tﬁ@%@‘été&re%io%' g,

nbodi nent, a portion of
determiming theenergp shsantmtmnammltst ad dltehn@ugha plhealigpef hhglraneutlcally

i i 0 GRS RS B L R Py

tb@é ked 8Rlce6H b&MmPAPah mxi 308111 Tr h8r
suitabt BEK Sy poliRnARGk Gosnbeast bamsa 35l#1dept?cts el diirgl

polyebeﬁdhlmgosaiivet ifyas, thedjigle prsr e ROlGPIrEREICPOSIYE inas beg spatipdly separated

re
baseah ey Bucl AR B L L AT L RRBIRAN) Sufllé pyenerscic
positivd 16 beagisng thdrergkicd ségiomametding fo thé treftmeghetatet§?2) .

FIG 36 depicts the bendi.ng of the trajectories.of
€ s Pt oS pERIng bih harey pole

therapy have been provided. While the present invention has been described in connection with

.t he
nergetic positive ion rad1at1on

the exemplary embodiments of the various figures, it is to be understood that other similar
embodiments may be used or modifications and additions may be made to the described

embodiment for performing the same function of the present invention without deviating
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(140, 142) in a direction towards aperture (444) using
the third magnetic field (nmagnet 420). FIGs. 37 and
W(:B&)Od/epmm the spatl ally separat ed hi gh ener gyP@DES100vE17081
S r .
therefr&g K g ?s%ﬁ%l ?ﬁ/trhgggte llr\e/e g%ze(tfl'ﬂ% é}g?e%%nt(%rﬁ@n as

describedtin ¢Hel ;ﬁbeleﬁt mﬁnatr@ thay &ipdy tolking (cé4Rgurddah) of Iﬁéﬁietss@ertures and
icts an enbaodi nent  of an ion sel ection system
collsgiibrsibgiseloeh PPH“M%@’H%P?S@ OCBEY fioHyh 89uraee lages-accelerated high

308l RO SR B S S it

singl@@nbdédifient Dutmiiiec slmukhbaecrdnmenhnﬂ)r@ﬁtmm soopesialaecdriante with the
m i n whi ch the high energy polyenergetic
apperﬁ%é f ions are spatially separated over distances
uméf@reallagsut 50 cm FIG 41 depicts an enbodi nent of an
ion therapy systemthat includes a |aser-targeting
s;Mt Apstinr- emmgeetatl ar gensidegatimnypn Feiatignetet! Es@on Radiotherapy:

cun LRy B TRk S oghERdet 2o BBHE' 121 ener oy

pcMyra BRAGL (1 93) 0MPARRAMbNE w%rtgms);w Propeh PIRAN”, NISTIR 5113
yener etic $05|t|ve i ons having energy |levels of

(Galtﬁ@ 1NIB®) 4993)- The hi gh energy pol yenergetic
g(r%]ra{]}f)r/%?\e (?ﬁt %gtzcﬁp@'tﬁgﬂohx il CI%CZ)’? b rgigazdl cgz%%%?ei ?ﬁey techniques”,
Radiathqrapy enddOngologhy€198§) &2:12®14@euti cal |y suitabl e h| gh

SN TR S
Kame?fe%\é'l"dVdLlseik%& R Q¥ NdGfholvs, Add. fPfs%J r&rdl "‘B'}terﬁ%;p@‘gemwatt laser

and an | ntegration chanber 46§ .  PosIti
pulsepvitBivintlendente dasnayi’ cl¥lasma PhysyB.epaGSL §OhESH9L hr ough

i ok O G eikense L Pl P Berb ot ity qgsurance of

t BEITRIOH V- OHiShERBy A58 9t nhlMleSRLoBGh&Tr | LiPare lasge-
i en&-?_?)lél cal ly, thle d}tb?%}er e%tg%hgal chanbg(?QJ(oMS) leloes rli‘o%yfor asge-scale

implegentation fomide éneaimpnt ofsr gvemenf geresiate’, IhbRadiat Oncol Biol Phys 39:
) ation chanber is provided to generate a signal
863 #3%@’75 anal yzed (e.g., by a conmputer or suitable

dat. TCPRPAEESBAX aitDR. Miawe)l, tRoregif idle BEikdRiPRASHLILRA proton
of the aperture _(418) and the aperture openi

beampjregrosigr ewnayr Weintkarapyp e Maipb &adiption Qngplesy Biel ghys 49: 217-223
(200 ariety of |aser-accel erated high energy

é'ol yenergetic positive ion beamtreatnent centers

(Z200). ClarkoK. Kashelaieks MbPgpf, FcNuEeg,M Ta‘:tmkls oReMaéhactlheM. 1. K.

i 0 systems depicted in FlGS 1-41 and a
Santaﬂaogawﬁﬁ%?y Bﬁé@wa.aﬁaAﬁ Depgoti” @ffereeﬂc Leavedereend Broggn
Gene;’:d?fon lﬁazn@n@ LA ?’)asgﬁn%lfeyéctﬁaﬁ Wzt‘h%kakzgs 1t 'Pﬁ% 'i@(}t Lett. 85 :

center of the type describ above W th resdpect
165457@2000). i n whi ch the | aser beam (202) is reflecti veI y

RASRORL LG 5 AR AR Bkt Qb A B i i

PartidiélAlcadleRitibh €RfgREY (199Nt er that includes an optical
noni tori n and control system (450) for the | aser beam

( JoDpng, S.43 Jiaae 2@64111@793@5&11@@@@@2 My 1Pheton bewecharacterization
and iﬁ%céz{aegizzg (ﬁ@/[é 2 Cor Z%L%re% ?r%n? Mn%%rgr bﬁﬁy @%ﬁeﬁlol QZWa 35 %11—27

eam spl I'S prov

t d S]ehg S. tEhGhaIng,SB Pabdiaki, [.AA2hd i ICDM MBJ ‘tBledwfont tRbine@hissioning for

eans, 454 to each of _at
Monte arlo db ose calculation” P%ys Med. Biol. (2000b) submitted.
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two target assenblies (100) or to reflect the |aser
beam to one of the target assenblies (100). Depicted
WO 200a/16911T abl e treat ment center that shows thePCT/US2004/017081
I r Vi
a?sﬁ Dh@é%lﬁingg?lé ?‘Ylﬁ%ﬁms@cgs :@pfezé\@‘hotn%rg%%ﬁlem S in kesearch and
Indusmzd; (Al RrbdsyNpwOdhrk) 1997g p. L& apeut | caI ly suitable
h enﬁnghy pol e er tic p05|t|ve i on beam from each
& haek R §yMpol Hénuryietipe opigsenaroion
u
““elﬁ'.‘?*%f?%’i’?’%gw?%tb co’h‘téﬁot"f" EOUEBRGAE L AL o
edcB. Blang, s (]:.l&faélmelMt Gatdny, A fnitg e Jhm@h EiBailgy, M. Ladeuze, S.

Schreyf ¥ SREUEAT A" v parhc, R SRE R, JH1es, Shiaeiigent
comnRfSoHin®bee N@rﬁ@oﬁb‘ﬁtmgfapﬁz Ry 'PbaSRE 1 9N dSrdH doR@drence.

the beamto one of the ionh therapy systens.
(1998AI ter natively, a beamsplitter can be used when a

1}8%6(3%?/ (?gaglnmgge use%ﬁscw nm%%?fé‘i”% %%/fll%‘gg a&’% S%‘ng?ltgﬁon tool”,

Techmeztl Rdperta RN Peé@am. Libasy, 1gigoviiip CHRK] G8levR SwilkeYland W5013
ypical ion therapy centers having two or nore ion

(1993tsher apy systens wll have an individual treat ment
igon c .
capeR T, FE S Rlack L 107 Ao AR s S/ TR e bye ey glpming
algorithma” sRhyarMbda BadnB8201406) [@Dp). FI G 42(d) depicts an

d t that furthe
ﬁ%‘ﬁﬁ’lﬁg&ng‘ﬁ W%tterﬁ@%?? Q lt%gg @{f&tr@?ﬁccl%rdyse peuiatioy method for
111ver.€er¥béﬁh1gﬁt'ﬁlanrlzﬁ? QRLd. PRYs, gp@bﬁ 815 ng 994Ff em (450)

permts the operator to know, and control, which of
t e B. diangHdniapsjtysyetubated rogidsionriberapy ising etdnpeﬁbc@orsAfSPIn B. Thesis,

flow ch 500 od of treating a patient in
Medl%aéé%’ 5?18@66&% ﬁ %’ﬂ Oﬁlﬁ@hpl on. This nethod includes
t e BSURAS, A H0aupaid ColM. Mg MAIENIAD bR RRE] 'a‘i’LH Bhnfssioning for
targeted region in a patient, deternining

Monte Cedlortearimen phraigg’ oMetih%h}tSaEbé%(éél% é%ﬁQﬁ)ﬁ) t he

B T AL Q OB A SR B A e s

opzmﬁmm meehod)‘o@moamareaw@@ﬁby eAEIbGekApS ” ast.IANBM Z000R9aE] Meeting
or irradiating the targeted region (e.g.

(Chma%‘t:é;n?(moﬁbmtméssener gy distribution, int ensi ty and
0ig. B¢ 180, 0Defls PAM! Bolybar 0 CLYIeRAPOYR L. S04t Xaljsgﬁufc% ?}%ld%ld‘or photon

hi gh energy pof’yenergetic positive 1on
beamtdose ptlawlation ) Mdd. Phes. apeifi-6€€200y). suitabl e high energy

ye etic |t|v i on beans, f ality of
Do gﬁgg et ‘b’oo Yany swgi?ztﬂpr QJEE" E’L @qzﬁprgﬁu‘ description
and p%g%ey; ep%mr@rcgﬁ;dng aR@Fhkik Mﬁezé@ﬁnpe 09 Copadl (gty Hew Tersey:
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The ion selection system of claim 3, further comprising a third magnetic field source, said

third magnetic field source capable of bending the trajectories of the spatially separated

high energy polyenergetic positive ions towards the aperture.

The ion selection system of claim 4, wherein the aperture is placed outside of the

magnetic field of said third magnetic field.

The ion selection system of claim 4, wherein the magnetic field of said third magnetic
field source is capable of bending the trajectories of the modulated high energy

polyenergetic positive ions towards the second magnetic field source.
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recombining the modulated high energy polyenergetic positive ions using a second

magnetic field.
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about 250 MeV. 14. The nethod according to claim 12,

wherein said trajectories of the high energy

pot lnseretpxgsting systani.tsaigddaseotasgeting domprisingaylader amd @ tapgeimg system
axj f said l.aser-accel erated high. energy.,..

poi"y &rle L Btatuoiig R g oHets anlysEst jorheamm pid bigp enerey

f i gllgeneidetic Thebemai Stbraaporigh BeerbPp6lydldmdotit podiios fInl having

the trajectories of the spatially separated high
erfeEsy lgvely ehairlenst ahoupsQ l\qu dhq lygh engray polyenragetisaositive ions being -

t%{f% ' third magnetic field.
16. ?%@?ﬁ%@%&%ﬁ)&dﬁwg%&! aim 15, wherein the

spatially separated high energy positive ions are

nodul er l.evel using a_plural.i of .
contpBMfish SREREpeSH B uighief aiifelliall stigpge high encrey
MejdtRsheffeeio paiifige fod behdi fFond & pomioardPisiid ik dddtdyholyenergetic positive
magnetic field further bends said trajectories

t 0RBY38dt he second magnetic. field. 18. The nethod

according to claim17, wherein the second nagnetic

field bends said trajectories towards a direction
patidpn Spamp gnamiferigg prededndi! efstem.| aser - accel erat ed hi gh

energy pol yenergetic ion beam 19. The net hod

according to claim 12, wherein a portion of the

r eBenipsanadcdiergled digly appreyollyeamgetie positiysoion thevapyi systsmi of claim 23,

fluidically ¢ ni cated through a secondary

co e%ﬁl%lt%%ir}]{m Sgg?ﬁf%sys%&coﬁ%“ﬁ%t hod according to claim
12, wherein a plurality of high energy polyenergetic
posi ti.ve..ion beam ets are.fluidically co ni_cat.ed

b et aton e GapaPIE F cllimpting s laserabeslpa Heh sugrey
ap®lyenetsetio idgisbalat € the spatially separated high
energy positive ions. 21. The nethod according to

claim 12, wherein the high energy polyenergetic
POsSfilst ¥@ghd¥dSield source capable of spatially separating said high energy

polyenergetic positive ions according to their energy levels;

an aperture capable of modulating the spatially separated high energy polyenergetic

positive ions; and

a second magnetic field source capable of recombining the modulated high energy

polyenergetic positive ions.
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are spatially separated over distances up to about 50
cm according to an energy distribution of the high

wep@rgy7pbl yenergetic positive ions, said di stBeDES2004/017081

25.

26.

27.

28.

29.

30.

31.

DCTRSIGBARS B e 158 UOROM HAERE pPGEL IR MALRILIER ofcaim 24,

pergendicularl toab

| a® ¢rcmcthfe rrmdal . hlglnzrtme@moﬁmémgfeﬁg posigvé iolhs?re chﬁracterized as
etic fi 4. 22. The od.o im12 urt her

o faet ol TePsla e s OF Earearcut ShBLeN) @ spucisomtey:

the reconbined spatially separated. high energy

p nergeti.c .tive ions. 23. A laser-accelerated )

DB B e SR b bl PP B ¢ i egpsystoanef claim 24,

CORRérbil ARE firsPmb AREE Rl DSk t bl , :
| aser-tar etlrisng %%ﬁl'pri si ng dg a‘ég‘% agiﬁ?gt Iggélgertlﬁgtelldﬂéald first magnetic

sy@‘ilé fRpab cadiog ther toajentomey of the Igph emgpypolyenergetic positive ions,

p rgeti ¢ i.0n heam said. hi ener i .
oriENGRE deing B} R R o bR efaigyfaser accelerated high
podngsyeyodpdnieeelO fdri hed. | ons having energy | evels of

at | east about 50 MeV, the high energy polyenergetic
positive ions being spatially separated based on

enBiedysdra¥edléraRt hi@%né@y%ﬂeﬁ@rg%ﬁ@f)g?%\fegﬁﬁ t(;li‘ﬂnega}pg{/system of claim 26,

produci ng a therapeutically suitab

povhespiaibeionselsetion system frthermmfrisesn thiglonagretic fitldsainte, said

hi ergetic Sitiv i ons;.and _an ion
o OSHAS RAL VSRS 851 PSSl St ool sparaed
| asgh emegebeiyaicgtiioipokition g Yowaty @eapaelhbc positive

ion therapy system of claim23, wherein the ion
sel ection system conprises: a collimtion device

C afrtlhsr-atcddhieoll Aph ditre§ Pof chasstic eGiBﬁ‘Hi%?atp?iics%}Flgl ‘05 claim 27,

ener gy polyenergetic ion beam a first nmagne

s otheEan dhgoatsrtareds plaged ouisitly of e anagnptigficldiof sdid giird magnetic field.
energy polyenergetic positive ions according to their
enerqy | evel s; an aperture capable of nodul ating the

s pawilager-peeslgsaicd high enengl pelyenggetiopositverigethetapy system of claim 27,
PQSI.LI: igons: ..a ecaopnd, magnet i i el d sour .

e et T R B SRR B SRR Giod g P G e of bending the
P iajeetgiey @F baid POsiohiol thel sPAally seBar¥¥ed AQRNERAS TbT tic positi
PCT/ US2004/ 017081 25. Tﬁg Iaggr?accelerate%gﬁﬁgﬁnmgGICpomuve
e AISJO Wt eserend magnsyis fieldssureen t her apy syst em of

claim 24, wherein the nodul ated hi gh energy

pol yenergetic positive ions are characterized as
haVie dpeeneselpyatedbigh snergy phlyencraefis pifsitivedon ooy s§fervieY claim 29,

t The | aser-accel erated hi gh, . :
erAEE ey St el poRRPHERT GRSER T b B Bhicgtorics of sia
¢ lpaitiond# the spatially separated high energy polyenergetic positive ions towards a

direction parallel to a beam axis of the laser-accelerated high energy polyenergetic ion

beam.
The laser-accelerated high energy polyenergetic positive ion therapy system of claim 24,

further comprising a secondary collimation device capable of fluidically communicating

a portion of the recombined high energy polyenergetic positive ions therethrough.
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wherein said first magnetic field source provides a
first magnetic field, said first magnetic field

w@eapabbde1pf bending the trajectories of the hiptT/Eamogy17081

32.

33.

34.

35.

36.

gququﬁgigéél&aﬁ? Sﬁigﬂ éﬁ@l@%ﬁ)} ene ggp%gﬁ\? 108 tlg%pgfgsygt@maof claim 31,

irection away from a axi
| agksreindheseepadaryl coiliglatior devicpyis papapbnefimedulatingarbdagadiape of the
27. The | aser-accel erated hi gh. ener pol yenergetic
o dsrngued BRhERGEE s DBt KRR A 26, " wher oi n ¢ he
ion selection systemfurther conprises a third

netic field urce, sai third magnetic field .

s Eléseé'éﬁ%Pg‘Ffétea 2‘135%9%‘8’?%5( gm?sw@ertg?gf B%?%Yq igg therapyifystem of claim 24,
S Rithdr&ihl s¥idSpRARR B MpriSdsA pIRRREN PRhMEE L&Y the openi le of
posL{ive %gﬁ% tpmargg f%g)apertuf%. ng Tﬁg © openings capable o
| abwdicalty edramanigeting igh beaveletyythgrofhymighr geti ¢ positi ve
ion therapy systemof claim27, wherein the aperture
is placed outside of the magnetic field of said third
medy neethas dfitedating a AStienT vithlad seer-aexeierhted aightnbiggpobraei@ytic positive
polg ner %]eti c positive ion therapy systemof claim 27,
wHER 1YY STy AUTPASH§ el d of said third magnetic
field source is capable of bending the trajectories
of, .sajd. portion.of the spatially separated high energy
pdfl%t#&ngéﬁ? RO af ajgreclegaesion i Bieihe second
magnetic field source. 30. The | aser-accel erated high

energy_pol¥ener etic positive ion therapy system of

c| deterinpgng ent sheiegeeidhe tavggiadragions paid Heamgntsdrategy

C . . » . . .
PRl RO SRRSO 03 A DAy
pddgh encegy polgericpgaicg®sitive tbnrteainis dor ipadiatihgthettargatet) @gion;

axis of the |aser-accel erated high energy

pol yenergetic ion beam 31. The | aser-accel erated

hi fghm@gsaigplnaliyyesteligaicdutcslBssuitable highreneRgpabyensiesti€positive ion
of claim24, further conprisjng a secondary )

c oMoy A PREYIY of Bigh sB1EY BPlyFngrReficRAsItye 1ons, the high energy

C - . . . N
PR i At il plah Sl pRBBLESh B, G0t Bl

2004/ 109717 PCT/ US2004/ 017081 32. The

I . | . - L

 SRFEAREEL IR PUBAGEIRY SRlE BB RIEL LR soums o e
C chigetedtregion devording testhe apatinlent sifatégydul ati ng a beam

shape of the reconbined high energy pol yenergetic

positive ions. 33. The | aser-accel erated high energy
porianethge bf teqiidgiatpavienti aocortiingrta phirs B4} whareih deteainifiZdthe dose
wherein said aperture caonprises a plurality of

opHffriRgdonscopmprises dekramipag the gaorey shsiniution, infangityprddirgption of a

c %g%f@ﬁthéﬂpéu‘?i@algﬁ?ﬁ@&ﬁl%gﬁ %ﬂ%g%};ﬁog%%lgfgeﬁé Poéé’ﬁﬂéﬁl{aﬁ Pdams.

of tr ing a patl erate

energy polyenergetic positive ion therapy system

c .Sk NG el i.fyi. it f rget :
OB 8 LR 48 LRaRRSL AR S8 B lkcutical
Stsuéthlslg pobfenéretid pus@iBledoh bedisane pephdd byeat ment

strat egy

forming a laser-accelerated high energy polyenergetic ion beam comprising high energy

polyenergetic positive ions;

collimating said laser-accelerated high energy polyenergetic ion beam using at least one

collimation device;
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conprising determ ning the dose distributions of a
plurality of therapeutically suitable high energy

w@odogasigeti ¢ positive ion beans for irradi at PemUSINe4/017081

37.

38.

39.

40.

41.

42.

t aL 0D i qh ' [ lurality of . .
t AR s AT A e B b Sicms apsprding to theirenerey
polsivels veing arfirstrespmeti€ fieldy a pl urality of hi gh energy

pol yenergetic positive ions, the high energy

pol yenergetic positive ions being spatially separated
basedulatingthe spatialle separatadbigh@abigy @olydferbbtee s libdMusing an
of therapeutically suitable polyenergetic positive ion
be%ﬂ%tu’feéa{l%e targeted region according to the

treatnment strategy. 35. The nethod of treating a

patient. according to claim 34, wherein determ ning the
ddseombingng the modglsted dugihenesgsspal¥ensrsetia pagjtivhione neing g second
dilﬁ&%ﬂeﬁﬁtﬂ'eﬁﬂ' intensity and direction of a plurality

of therapeutically suitable high energy polyenergetic
positive ion beans. 36. The nethod of treating a

pat ' to.. im.34, wherei,n said. .

P RRenBE B8Pt o R Ryt BB i tho modghpted high

b esarEzyaycty dnieeiRat @ositiye ioh®hiNe eyl 18w mARE RNGE 8 B6m about 50 MeV
hi gh_eneragy pol yenergetic ion beam conpri sing high

erf@rf9ut 2981 NeWer geti ¢ positive ions; collimating said

| aser-accel erated hi gh energy pol yenergetic ion beam

using at |east one collimation device, -61 WO
20t meihod vf retinggantianieeroding te phim 8b) yheeipdhatrajecories of the

sal: ' | ven. tic positive ions accordin

¢ qifh, Aty ROSLA R USRS Kk oo PO bk alpiten BRET b Taser
nmodoélatatatichiglh encsPapolabreygesie e Béa@thidih@hi® ARk Bgnetic field.

pol yenergetic positive ions using an aperture; and
reconbi ni ng the nodul ated hi gh energy pol yenergetic
POHtietrhstBod ONGedtinicnGaticiectding T8 oRGh B8, Wh&bidl thStfajediBies of the
met hod of treating a patient according to claln1é6,

wifepally serarated diglaenstEyalyenetastie gosifive ipematiedpent towards the aperture
PQst L V& nergy levels in the range of from

P iRl A i Rl B80T 9Y ' Y Sa8" The mat g of

treating, a patient according to claim36, wherein the

t rgy | . high ener ol yener get i .
pocheieod 861 ink Madth e SR 3 A 4T FECIFY g snsiply separated

| dsgh eneagy polgemlgdichposikivevak @it noduiese by @ﬁér@é 1961 REAM plurality of
usin id first magnetic field. 39. The nethod of

t r°e8 Pﬁ%’l%\olﬂfé’ﬂrigéﬁlﬁ s@dapfrBiteg to claim 38, wherein the
trajectories of the spatially separated high energy

pol yenergetic positive ions are bent towards the

apleierpetaod pSirenting atmatient apeqydiogite clajne KO, wigein Theetrajedtinies of the

?Lné&gug%{edll g%}a;éngxgg ??g{e%%‘égt‘?cr;golsﬂgretignscelrg I‘furrqh?e’nrg ben%c?v(fs?rldsn the second
magnetic field using said third magnetic field.

The method of treating a patient according to claim 41, wherein the trajectories of the
modulated high energy polyenergetic positive ions are bent towards a direction parallel to
the direction of a beam axis of the laser-accelerated high energy polyenergetic ion beam

using said second magnetic field.
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44.

45.

46.

hi gh energy pol yenergetic positive ions are nodul ated
by energy level using a plurality of controllable

wop@ailtmgs7 i n said aperture. 41. The nethod of PeEES1004017081
43.

a td ] : i i .
SRR SCSRAS kSR L R porion o
p toparengtiipl epwgy polyencrgatic papitive ions ey fddichily onaimdBicated

t second netic field using said third magnetic
fit Pﬁghﬁﬁgm?ﬁggﬁS WAHoBAY )Pt i ng a patient according
to claim4l, wherein the trajectories of the

ul at ed. hi gh_ .ener pol yenergetic positive ions are
Bﬁﬂlﬁ%ﬁ%ﬂ E3tige podkors ﬁc%?a@ag plaimy3.therein thecheayshgpe of the
a rQRaiBiAed lﬁgﬁ’Enér@fg&l?&%&ge%&%%hiﬁ(@;&lg i¥n8uIERE 'nghe secondary
pol yenergetic ion beam Using said second magnetic
f icellignatiop2levice.2004/ 109717 PCT/ US2004/ 017081 43. The
nmet hod of treating a patient according to claim 36,
wherein a portion of the reconbined high energy
pd\ lasereacgeleiateddugh tnevey papencagetic fpbsitidé omlHeym treatment center,
communi cated through a secondary collimation device.

48°"PHEMBet hod of treating a patient according to
cl ai m 43, wherein the beam shape of the reconbined

hi gh ener ol.yenergetic positive ions is nodul ated
bﬁq?%zmgé%%ﬁ‘g‘g? a%’l%m;ﬁ"é%ion device. 45. A

| aser-accel erated hi gh energy pol yenergetic positive

[ og beameier eat nent center, conprising: a location for
SCRRSTAECCEIETHAE nighenergy dolyepergatic prsiisicdpm themphisystem capable of

capan] CCRYRRS BEapural) WMBICIAN MBI LR bosriysion beam
ener gy tpelpyient agwid ocgis, theden theraplegstemtconpripiagi ent

at said location, the ion therapy system conprising: a
| aser-targeting system said |laser-targeting system

conpr i silagr-garpadgrsysan, said taadrgatgetns sysbdny coapadihga Qiser and a
pr oduci ng a hi ener yfpol%ﬁ_ner etic ion beam said )
hi gh erf@BehASHEIRIE AaragELafeTeds: kb gRE5EY B lgpergls ion beam, said

ener gy - i i f _
evel s " LR AT enppeRP R oA QO RAR) fllyenergetic
syst emposifisibioms bivipg eskrgy eyels of beleasp ebdut SAINIgV s Ui t abl e

hi gh energy pol yenergetic positive ion beam using
said high energy polyenergetic positive ions, the

hi gh elra.laliqyschdtiyn s?tgﬁbapagmmbdmiﬂgm&l eﬂajpfemgaléy suitable high
spati a separ ated. based.on ener e . and a )

"o t oFPHEY BRYCRGREGIOSE)Eihbeagt ults rid high spegy pekensreetic

sui t ablygsifivgbn8NE ed ' ivleli |

46. Thg ISlas er -na’c cglgl\eg}l at glg ¥%?§ﬁﬁ§’§g§cg€%§g{eiglﬁe¢e% %ﬁgﬁ&ﬂy separated
posi t i besddam dnergy levebzandent center of

a monitoring and control system for said therapeutically suitable high energy

polyenergetic positive ion beam.

The laser-accelerated high energy polyenergetic positive ion beam treatment center of

claim 45, wherein the ion selection system comprises:

a collimation device capable of collimating said high energy polyenergetic ion beam;

-63 -



clai m 45, wherein the ion selection system conpri ses:
a collimation device capable of collinmating said high

wep@rgy7pdl yenergeti c i on beam -63 WO 2004/ 1PO71$2004/017081

47.

48.

49.

50.

51.

I s ad bR R G

pobolgarer geiciposifios ldnls\aecdrmﬁg tuheRedénag 14vRlst hei r ener gy
| evel s; an aperture capabl e of nodulating the

spatlally separ ated hi gh energy pol yenergetic
posi dpievterd eapable dfithodulaBeONE PRGNS sEFarktc@ hbhSASSolyenergetic
olIf’)able .of re onblnlng t he nodul at ed hi gh energy
Qpl H@P@@%@E positive ions into said therapeutically
SU|tabIe hi gh energy pol yenergetic positive ion beam
47. The | aser-accel erated hi gh energy pol yenergetic
posSecPy@magnetisclighd squses qﬁpahle oérecembufing the aiauulbbed high energy

oLl OB B R RS L RTE S b potenenzc
| epcssitsreiion béeen.r ange of fron1about 50 MeV to about 250

MeV. 48. The | aser-accel erated hi gh energy
pol yenergetic positive ion beamtreatnent center of

c | Bhiataged-acvdl@nrd highdndrglyi ﬂoﬁen@@gﬁ@bbscitnté 1%h @eéﬁ ‘t&reﬁt‘ﬁle'n? center of
ca able of bending the trajectories of hi gh

W%M@éﬁ%?@éﬁ?@lﬁ% @@ergzzs mslyamgettormtarem@amre

a@hﬁra%fer&té%gs l#uﬁ??rg enﬁa%& e% e _ §gﬁe$%§toht"sd VS Ahut 250

entering

| 8deV- accel erat ed hi gh energy polyenergetic positive
ion beamtreatnent center of claim48, wherein the
ion selection systemfurther conprises a third

nﬁ@redhse@—aﬁd:@érdte& GiphCerggpRBRhergelic PO 80 bBSn treatment center of
% iorles of the spatially separated high energ

geberedn sgich st mpgnetisrecld sqiieelis cepablapihending. tﬁ/@@aj ectories of

gg@?t & e | %%f{lé% aéHsﬂneq@gsL e 4&{%@?5{%%& &f said laser-

whecdenatedipelynersttic ®nibeapleateite ohe SistRagietichrRldragnet i c
field of said third magnetic field. 51. The
| aser-accel erated hi gh energy pol yenergetic positive

| dfhellesemat cedarhted highcasigs hoblenerghid PashBie ivhBESRL RedthRnt center of
nggg ‘%f field of said third magnetic field source is

Shereis thailomyselertion pysters figthes somprisen e thisdimagnesis field source

g S B 50 Y SRR R0 I DR BL Enenserc

5Positivheorisdeeardatealpertated hi gh ener gy pol yenergetic
positive ion beamtreatnent center of claimb51,
wherein the second nagnetic field source is capabl e of

b dingilmgr-hoeldratad Biph@herg$ polyenergetic positive ion beam treatment center of
claim 49, wherein the aperture is placed outside of the magnetic field of said third
magnetic field.

The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 49, wherein the magnetic field of said third magnetic field source is capable of

bending the trajectories of the modulated high energy positive ions towards the second

magnetic field source.
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of the nodul ated hi gh energy pol yenergetic positive
ions towards a direction parallel to a beamaxis of

wo b@4l16eeT - accel erat ed hi gh energy pol yener get PCT/U82004/017081

-accel er,at ed hi

b : h.
22 pg?géelrzllgér%aec? %lgra%%?ﬁ%l? AT Ty ggﬂﬁg&{"%’éﬁm#a‘mfzm center of

53.

54.

55.

56.

57.

38.

59.

cl cleim 48, wiidisih ey seGONtDb Sriekig ﬁ@1@s@@%d§éapasreldf%%£§{he trajectories
dey%ﬁenﬁgﬁﬁﬁ%f'Of fluidically conmunicating a portion

of %% the i Hehyensrgnpelienesgetis positine ioge taveargos diréotien parallel to a
i e I - el erat.ed. hi gh

oy Paep R LR ochtned ek AR bR B b

center of claim46, wherein said aperture conprises a

pl L1y I ch of the opgnin capabl e

o b By R M er iy RerscE p R 8 Bear Holiment center of

t helaiet 48, duxgher cbmprifing alsactagcoliritRheRvik %ﬁlb%%@d@@

pol yener,geti c positive ion beamtreatnent center

cl a RArton plthe secgebingd dughngreymplydnergetin positive ions
sqhggﬁﬁgmﬂ§ysten1are pl aced on a rotating gantry. 56.

The | aser-accel erated hi gh energy pol yenergetic

positive ion beamtreatnment center of claim 45,

WHE Sl £y hol | r. is.reflectiyel

trans %%rr tari géoi to e? ﬁg t él(ra t Il}ge%lg%%ﬁ? I}osﬁ%\’enlﬁn eﬁp&cg%%center of
ofclaiir 4@ meherdiit said bpertuas esmprises b @hakleg of ofthiMREEMN of the openings
pol ig%rleri;ﬁtj C positive, iqgn beamtreatnent center of

c18P#h'e 8T ipdinally fompumicghing ondeamists thorethupnghs

robotically nmounted to give permt scanning of the
therapeutically suitable high energy polyenergetic
pgﬁIeth‘S&Pé‘aPQﬁ]FrBtég highsmergypelyeneigetiapesitiverian beanh irghtment center of

engy; g ' L1 ' beam.t r eat ment
NSRRIt L& RSN L KR L AT ASIR e et ona
beattispladityer to split the | aser beamto each of at

| east two target assenblies. 59. The | aser-accel erated
hi gh energy pol yenergetic positive ion beam treat nent

c &iitedasephecebdratbdrhiph, endg@@lﬁné?@tid pstiveliah B&nh H8atment center of
onprises a plurality of target assenblies,

syst.emc i 1
ed % Wherpn & lagerbegrced sidilessr isgptlestivelyrtrappnsdieditorthedarget
i8I LllHe BRMIENF Ik GPOS! T ve 1 on beam sald

hi gh energy polyenergetic positive ion beam conpri sing
hi gh energy pol yenergetic positive ions conprising

e 50 MeV; .-65 WO

20087 2565 e bR o0 GRS boRRRHa it o Pos egment center of
selaémtjﬁowhsmﬁ% mﬁﬁorﬁ&ﬁﬁe{mmlp%ltﬂr@isg?bdglmﬂl hdjﬁ@{édm give permit scanning
praduci ng a . therapeutically suitable high energy
paf%ﬁb?%ewa sieblrigihsnetenpaly ssracts Rsitre oai hgam.

i ndi vi dual high energy pol yenergetic positive ion

b ; and an indjvidual polyenergetic ion beam
nﬁ%?nﬁ%gﬂ'ﬁ‘ffegﬁ%e‘y@ﬂh €BFLS¥ Pelyepsreesic Rosittyedgn keginnireatment center of

t Ui i I ' e I rgeti.c
ol S R DRy g BRI E st S am to cach ot

r dadislivedtgetassernbligst | si ng:

The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 45, wherein the laser-targeting system comprises a plurality of target assemblies,
each of said target assemblies capable of producing a high energy polyenergetic positive
ion beam, said high energy polyenergetic positive jon beam comprising high energy

polyenergetic positive ions comprising energy levels of at least about 50 MeV;
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form ng a high energy polyenergetic positive ion beam
conprising: formng a | aser-accel erated hi gh energy

w@oelogameigeti ¢ i on beam conprising a pluralitpcoiUstvogbn7ost

60.

en I L1.C itive ions, ~sal.d. high energy

poap Py o RRSERRh o b el ol B o R degfieiit'a

di thtrapbutidalip suicabld higRthdrgy F@lbféildrg’éiﬁrpoéi@i_Q@ (A RERdR %Fch of said
beam usi ng. at | east one collination device; spatially
selﬁg}r"é‘fqaﬂg‘gggpﬁrgﬁ iPglycneraetip PasHIvp dorebegats; endyosi tive

ions according to energy using a first magnetic

field,. npdul ating the spatially separated hi gh energy _
potafwigel Pelyprsigaticyen bestismonitering and capleolsystem faneach of said

LN ' t ed hi.gh ener
ool apectly (IELRATEL Blorty BREIRLRR POl F el
field; and irradiating a radioi sotope precursor wth

th ' ' separat.ed hi gh energy
oot JTER R ARkl R RBG SR

forming a high energy polyenergetic positive ion beam, comprising:

forming a laser-accelerated high energy polyenergetic ion beam comprising a
plurality of high energy polyenergetic positive ions, said high energy positive ions

characterized as having an energy distribution;
collimating said laser-accelerated ion beam using at least one collimation device;

spatially separating said high energy polyenergetic positive ions according to

energy using a first magnetic field;

modulating the spatially separated high energy polyenergetic positive ions using

an aperture; and

recombining the spatially separated high energy polyenergetic positive ions using

a second magnetic field;
and

irradiating a radioisotope precursor with the recombined spatially separated high energy

polyenergetic positive ions.
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