LASER- ACCELERATED PROTON THERAPY UNI TS AND SUPERCONDUCTI NG ELECTROVAGNET
SYSTEMS FORSAME CROSS REFERENCE TO RELATED APPLI CATI ONS [ 0001] This patent
appl i cat iwo 20é72i6m26t he benefit of U. S. Provisional PateRrCTASpIISOaSZON
Serial No. 60/638,870, filed Decenber 22, 2004, the entirety of which is

i ncorporated by reference herein. STATEMENT OF GOVERNMENT SUPPORT [ 0002]
This work is partly supported by the Departnent of Health and Human
Services, the National Institute of Health, and the Departnent of Defense,
under contract numbers NIH CA78331 and DOD PC030800, respectively.

Accordi ngly, the Governnent may have rights in these inventions. FlIELD OF
THE | NVENTI ON [ 0003] The present invention pertains to superconducting

el ectromagnet systens for mani pul ati ng charged particles. The present
invention also pertains to providing high energy positive ions for

radi ati on therapy. BACKGROUND OF THE | NVENTI ON [ 0004] hi radiation therapy,
the use of proton beans provides the possibility of better dose conformty
to the treatnent target and normal tissue sparing conpared to comonly used
phot on beans because of the |ower entrance dose, sharper penunbra and rapid
fall off beyond the treatment depth, which result fromthe Bragg peak in
the dose distribution. Despite the dosinetric superiority and sone
encouraging clinical results for well-localized r has
| agged -AQGEERSTRATED, PRO W@@@WY@@H‘?&% gg@iﬁ%@{)&ﬁ%ﬁéiﬁg ties
of proton therapy enpl BLEATROMAGNST SXETEMY 8N echnol ogy are
expensi ve and conplex. As a result, proton therapy has not been a

wi despread nodality in radiation therapy. This situation can be inproved if
a conpact and econom cal |aser-proton therapy unit is avail able.
Laser-proton systens for radiation therapy are currently being devel oped at

the Forp@nsRISHOENCRENOREL RIRARRRICATIEAmSY| vani a by the present

inventors. A typical |aser-proton systemdesjgn includes three types o

conponent s: [(UO}] a Thismatant applicetipn élltﬂ@iiﬁ the heesdit 06 Up?- c?é@n‘@é‘%‘i@ﬂ%éﬂ”@%}caﬁon
beour asuiaty GIRAEETY, RRRCDEATHE 2 A00E, MG REaT, G WG BofHRHEE by

reference herein.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This work is partly supported by the Department of Health and Human Services,
the National Institute of Health, and the Department of Defense, under contract numbers NIH
CA78331 and DOD PC030800, respectively. Accordingly, the Government may have rights in

these inventions.

FIELD OF THE INVENTION
[0003] The present invention pertains to superconducting electromagnet systems for
manipulating charged particles. The present invention also pertains to providing high energy

positive ions for radiation therapy.

BACKGROUND OF THE INVENTION

[0004] In radiation therapy, the use of proton beams provides the possibility of better
dose conformity to the treatment target and normal tissue sparing compared to commonly used
photon beams because of the lower entrance dose, sh@er penumbra and rapid fall off beyond
the treatment depth, which result from the Bragg peak in the dose distribution. Despite the

dosimetric superiority and some encouraging clinical results for well-localized radio-resistant
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achi eve conformal dose distributions using | aser-accel erated proton beans.
[ 0005] Laser acceleration of particles was first proposed in 1979 for
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[0006] A spectrometer-like particle selection and beam modulation system is described
by several of the present inventors in which a magnetic field distributed as a step function was
used to spread protons in space according to their energies and emitting angles. A particle
selection and beam modulation system has been disclosed in International Patent Application
No. PCT/US2004/017081, filed June 2, 2004, entitled “High Energy Polyenergetic Ion Selection
Systems, Ion Beam Therapy Systems, and Ion Beam Treatment Centers”, the entirety of which is
incorporated by reference herein. Subsequently, the proton beams are retrieved with resultant
energies, which can be used to generate modulated energy distributions that will deliver the
spread-out Bragg Peaks (SOBP). Therefore, the earlier proposed particle selection system
constitutes a selection device, which is based on the ideal step field configuration. As a step
field distribution is difficult to achieve, further improvements to particle selection systems that
incorporate non-ideal step field configurations are presently needed. Also because non-step field

configurations arise from the use of typical electromagnet systems, improvements in the
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sel ection. One design of the superconducting el ectromagnet system can be
obt ai ned from an anal ytical calculation of the magnetic field for
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In certain enbodi nents, the electromagnets of the invention are capabl e of
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about 0.1 to about. 30 Tesla. [0011] There are al so provided net hods of

f or m neplectiondpeclaBisEy pol yenergetic positive i on beam conprising the steps
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[0010] The present invention provides for ion selection systems for high energy
polyenergetic ion beams composed of a plurality of high energy polyenergetic positive ions.
These systems are composed of a beam collimator, a first magnetic field 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 ioms, where the first and second magnetic field sources are
superconducting electromagnets capable of providing a magnetic field of about 0.1 to about 30
Tesla. .

[0011] There are also provided methods of forming a high energy polyenergetic
positive ion beam comprising the steps of forming a laser-accelerated high energy polyenergetic
ion beam composed of a plurality of high energy polyenergetic positive ions characterized as
having a distribution of energy levels, collimating the laser-accelerated ion beam using a
collimation device, spatiaily separating the high energy positive ions according to their energy

levels using a first magnetic field provided by a first superconducting electromagnet having a
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| aser - t afgeth&i@y Po¥yRBigetic positive ion beams from a plurality of high energy polyenergetic

positive ions, that are spatially separated based on energy level using one or more
superconducting electromagnets each capable of providing a magnetic field of about 0.1 to abouf
30 Tesla, and delivering the plurality of therapeutically suitable polyenergetic positi%le ion beams
to the targeted region according to the treatment strategy.

[0014] Also provided are laser-accelerated high energy polyenergetic positive ion beam
treatment centers. These centers comprise a location for securing a patient and a laser-
accelerated high energy polyenergetic positive ion therapy sysiem capable of delivering a
therapeutically suitable high energy polyenergetic positive ion beam to a patient at said location.
This ion therapy system canibe comprised of a laser-targeting system, said laser-targeting system
comprising a laser and a target assembly capable of producing a high energy polyenergetic ion
beam, comprising high energy polyenergetic positive ions having energy levels of at least about
50 MeV, an ion selection system capable of producing a therapeutically suitable high energy

polyenergetic positive ion beam using said high energy polyenergetic positive ions, the high
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enbodi WER&f the invention; however, the invention is not limted to the
speci fic methods, ‘conmpositions, and devices disclosed. In the draw ngs:

[ 0018] pRIBr PESCRAPTEONBFIIBIREAWINGS a | aser - proton therapy unit; [0019]
FIG 2 is a schematic description of an enbodi nent of a proton sel ectl on

system of t H¥17hy e forpgomesmmararas V‘{ﬂu&ﬁl}b@@lh"\@ﬂﬁ d%@i@r@s‘mfémﬁr isrfarter
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traversing the nmagnetic f| el d. Those unwanted particles are either stopped
by t heinyeigmsr koveaver.cibie| ipwentigngs nef limited to the specific methods, compositions, and

devices disclosed. In the drawings:

[0018] FIG.1 is aschematic diagram of a laser-proton therapy unit;

[0019] FIG. 2 is a schematic description of an embodiment of a proton selection
system of the invention. Protons are produced right before the primary collimator and travel in
the magnetic field generated by the superconducting electromagnet system. The desired protons
move initially towards the X—axis, deflect in the field, and return to the X-axis after traversing the
magnetic field. Those unwanted particles are either stopped by the stoppers and collimators, or
absorbed by the surrounding shielding. |

[0020] FIG.3 depicts an ideal step field used for particle selection.

[0021] FIG. 4 depicts a rectangnlar loop located at z = -c/2. The length in the x-axis is
a, while it is b in the y-axis.

[0022] FIG. 5 shows field distributions for a single loop shown in Fig. 4, whose size 1s
defined by a =15 cm (x-axis) and b = 30 cm (y-axis): (a) B, at z=0.1 cm for different positions
in the y-axis; (b) B, at y = 0 cm for different positions in the z-axis; and (¢) a comparison

between By, B,, Baty=1cm,z=1 cm.
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absorbed by the surrounding shielding. [0020] FIG 3 depicts an ideal step
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bet weegi,hg, 290MANFrokéifl: MLV P Hotois Mt 048 ciin thOBRddle bF (e Pbdticle
depicts proton trajectories for B=0.8 T. [0028] FIG 11 depicts proton

t r aj ectabudtion sygemavidlefthe distncybgiween thah89-candHEO0WNIeY pratens it AROUOR:
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fi el d middle electromagnets is Ly =n?6.3 cm: (a)d > 0.5 cm. (b) dj= 1.0 cm. (¢) db = E(Bed Ldeal

2.0 cm.
4.0 cm.

[0029] FIG. 12 depicts proton trajectories for different widths of the middle
electromagnets:

(@) Ly=15cm. (b) Ly=17 cm.

[0030] FIG. 13 is a comparison of proton trajectories between the ideal field
(corresponding to dashed lines) and electromagnet-produced field (corresponding to solid lines). -
Lower energy proton trajectories towards the top (higher y values); higher energy proton
trajectories towards the bottom (lower y values).

[0031] FIG. 14 depicts energy spectra for selected energies: (a) The spectra for the
electromagnet-generated field and step field. B = 44 T. (b) The spectra only for the
electromagnet-generated field. B=0.8 T.

[0032] FIG. 15 depicts dose distributions for the proton beams selected at different

energies. Solid lines represent using the electromagnet-generated field and the dashed lines

represent using an ideal step field.
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(corresponding to dashed |lines) and el ectromagnet - produced field
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[0036] As used herein, the term “positive ions” refers to atoms and atomic nuclei
having a net positive charge.

[0037] As used herein, the term “polyenergetic” refers to a state of matter being
characterized as having more than one energy level.

[0038] As used herein, the term “high energy” refers to a state of matter being
characterized as having an energy level greater than 1 million electron volts (“MeV™).

[0039] As used herein, the term “beamlet” refers to a portion of a high energy
polyenergetic positive ion beam that is spatially separated, or energetically separated, or both
spatially and energetically separated. .

£ (14

[0040] The terms “primary collimator”, “primary collimation device”, “initial
collimator”, and “initial collimation device” are used interchangeably herein.

[0041] The terms “energy modulation system” and “aperture” are used interchangeably
when it is apparent that the aperture referred to is capable of modulating a spatially separated

high energy polyenergetic positive ion beam.
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App. Ser. aimng priority to U App.” No. 60/475,027, filed June
2, 2003restiteinpartidnoare afesastved in fethenidatail gnt ddtbaisraiddedweatigbaser-Accelerated

Protons for Radiation Therapy”, W02005057738, U.S. App. Ser. No. \
claiming priority to U.S. App. No. 60/475,027, filed June 2, 2003, and U.S. App. No.
60/526,436, filed Dec. 2, 2003, the portion of which pertaining to methods of modulating laser-

accelerated protons for radiation therapy is incorporated by reference herein. .

[0044] The compact superconducting electromagnet systems for magnetically
separating a polyenergetic positive ion beam in some embodiments include a series of two or
more superconducting coils in fluidic communication. Each of the superconducting coils is
individually capable of providing a magnetic field of between about 0.1 and about 30 Tesla, and
at least two of the magnetic fields are provided in opposite directions to each other.

[0045] In some embodiments, the compact superconducting electromagnet systems
include two outer electromagnets each capable of providing a magnetic field in the same
direction, and two inner electromagnets each capable of providing a magnetic field in the same
direction to each other and opposite the direction of the magnetic field of the outer
electromagnets. In these embodiments, the magnetic fields of the inner electromagnets may by

different in strength, or they may have about the same strength. In related embodiments, the two
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[0048] Suitable superconducting electromagnet can be made by winding a long wire by

multiple turns. Two or more such superconducting electromagnets can be connected together,
which provide a gap, d, between, where a somewhat uniform magnetic field can be provided and
protons will pass therethrough. The dimensions of a single superconducting electromagnet can
be determined with both the laser-proton system design and the selection of thé material of the
wire in mind. A compact laser-proton system can include a compact electromagnet system. In
some embodiments, the dimensions of the superconducting electromagnets can be rectangular in
over all shape, having rectangular dimensions in the range of from about 5 cm to about 100 cm,
more preferably in the range of from about 10 cm to about 75 cm, and even more preferably n
the range of from about 15 cm to 50 cm. In one embodiment of the present invention, the upper
limit on the dimensions of a single superconducting electromagnet can be set to abdut 20x40x%25
cm’ (LxxLyxL,). As used herein, the mathematical symbol tilde (“~) used in front of a number

means “about”. If a conventional copper wire is used, which can carry a current with a density
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el ectromagnets. [0047] Suitable magnetic field sources for this and various
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wire i : P cynr-en . SS
oec i SPRET VAt B R LB R T b SRR HORidle oo 3
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be si gFﬁn?HeEWI ySUPEEFQR 1&:’[151% OVIES, Z3TR g mmercially ~available™ from~ the erican

Superconductor, Westborough, MA, (http://www.amsuper.com/index.cfm). Suitable

superconducting wires, such as NbTi wires, are commercially available in widths of from about
10 micron to 250 micron diameter form Japan Superconducting Technology, Inc. Tokyo, Japan,
(http://www jastec.org/eg/index html). The actual current can be less than the critical current,
otherwise, the superconducting state can be broken and the wire will function in the conventional
conducting state.

[0050] In one embodiment, four electromagnets can be used to achieve a step-like field
distribution. The electromagnets are placed parallel along the x-axis (beam axis) with the first
and the fourth electromagnet field pointing to —z, and the second and third magnetic ﬁeld(
pointing to z. The first electromagnet produces the magnetic field with the Lorentz force that
pushes protons up, then the second and the third produce the field that pulls the protons down,
and the field from the last one puts the protons back to the original direction. Such a
superconducting electromagnet system can be shorter than about 100 cm in the dimension along

the beam axis.
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S
the aperture.

[0053] In various embodiments of the present invention, the aperture geometry can be a
circular, rectangular, or irregular-shaped opening or multiple openings on a plate or slab, which
when placed in a spatially separated polyenergetic ion beam, is capable of fluidically
communicating a portion of the ion beam therethrough. In other embodiments, the aperture can
be made from a plate that has multiple openings that are controllably selected, such as by
physical translation or rotation into the separated ion beam to spatially select the desirable energy
level or energy levels to modulate the separated ion beam. The modulation of the ion beam gives
rise to a therapeutically suitable high energy polyenergetic positive ion beam as described herein.
Suitable apertures include multi-leaf collimators. In additidn to controllably selecting the spatial
position of the openings that fluidically communicate the spatially separated ion beams, the
aperture openings may also be controllably shaped or multiply shaped, using regular or irregular

shapes. Various combinations of openings in the aperture are thus used to modulate the spatially
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addition to controllably sel ecting the spatial position of the openings
t hat f puhydmargdatlwpm@cmumoc aua@ak tegiosp aceatiing techeir snergyiand dneales digthleutions.
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Mtll Separated positive ions are subsequently. reconbi ned using
decreases. Therefore, the contribution of both the magnétic field and the primary collimator

(with a specific collimator opening) creates such a spatial proton distribution that allows the
energy selection or proton energy spectrum reformation, using an aperture. The geometric shape
of an aperture can determine the energy distribution of the therapeutic protons.

[0056] One embodiment of the present invention provides an ion-selection system in
which a magnetic field is used to spread the laser-accelerated protons spatially based on their
energy levels and emitting angles, and apertures of different shapes are used to select protons
within a therapeutic window of energy and angle. Such a compact device eliminates the need for
the massive beam transportation and collimating equipment that is common in conventional
proton therapy systems. The laser-proton source and the ion selection and collimating device of
the present invention can be installed on a treatment gantry (such as provided by a conventional
clinical accelerator) to form a compact treatment unit, which can be installed in a conventional

radiotherapy treatment room.
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t he second magnetic field. [0054] The high and | ow energy positive ion
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central axis, as the proton energy increases the spatial deflection
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aperture can_determne the energy distribution of the therapeutic pyotons.

[ 0056] leReTehs ddOnidst Seld: pleripidiise nMultiRle dtseh Rulseo G b8 paﬂwri% 1 Bredues én
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protons spatially el r ener tting
apert ubesusefl i pfoelnemta ﬁta:eqpestuaﬂy hlghzdanbtgyspblgemergatmt postive idu hean, which

t her apeut i. ow of and an uch a conpact device elimnates
t he neé’ao‘r@?s Lt“lﬁfg’nﬂ'élé’é‘? gﬁﬂ’i‘%‘t"ﬁﬁ% "Ugrlrteggteﬁtgr?a%ﬁ’ col i mating equi-pment t hat
i's common i o@gy]VennbaRakmbodiment of the ion selection system of the present invention is to
use variable aperture sizes at the energy space (plane) to select both an energy and the total
number of protons of that energy (intensity) simultaneously. This embodiment uses fewer laser
pulses to achieve a desired proton spectrum compared to the preceding embodiment. This
variable aperture size embodiment preferably uses an elongated aperture at the energy space with
variable widths at different transverse (energy) locations. Without being bound by a particular
theory of operation, this design allows for energy and intensity selection simultaneously from the
same laser pulse. This appears to be a highly efficient way to use a polyenergetic laser-proton
beam to achieve a uniform dose over a depth range for radiation therapy. A variable energy
aperture size can use a subsequent differential magnetic system to recombine the fields of
different proton energy levels to a similar field size.
[0060] In certain embodiments, a secondary collimation device can be provided to
define the final field size and shape of the positive ions that form the therapeuticelly suitable

high energy polyenergetic positive ion beam. Small shaped beams (e.g., squares, circles,
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proton therapy systens. The | aser-proton source and the ion selection and
collimating device of the present invention can be installed on a treatnent
gantry (swohommqmevi ded by a conventional clinical accebenmmsbmdsmfor m a

conpact trre Lo WLE - e ean e installed i convention ..

o o WePHE s ok e R Fronbepab P P dinculbufe RSN o biivigua
SeCOﬂd@éaYani@@bTﬂ&Ht aCBRIFRART dTRE Al fRmitibA® m@&&g&'vb}{mihf cafdRhcBRPSQY conponent.

A primary nonitor chanber can b e also provided. Various ways of nonitoring

i on bears aH¥W6dbnt dp|thisyembodimente thetes il provided i wodila@bleesscontiont collimation

July 1999t Ry ol B2y Sogpud Bt SBe wpgilpa Pepndth

pert ai eéllighation raewict Qﬁa)ﬂ@awﬂla VERATE amge cwmchaiansaes{eenﬁedl Bsihg) QAT HRftaieds by
reference herein. [0058] One enbodi ment of a suitable con'ﬁ)act geonet r
provi desscEbere ailishssush asex snylfleaf sellimaar {MlelPlyt 1A aHEbPeL laspmatises 63n bp

di amet £,v; %ﬁl&dth{s e]%b%'agmerﬂscg 'ire%tg L S%%? V{g'ﬁi{'%e%ﬁ@ l%%)fﬁﬁlﬂ%glllaﬁrmodul s the

di stributions col or can flne Size en t he
initi abnergy lévebit @n thewe i the tiansverseaijenigon @ntldche dp@jeﬂmmefg@tpeanm ltd commdred

proton I fferen | evel s. have passed throu h the el troma net
iel doth et sPEen il e mf BpiioR; qf the entiry @rseﬁ éfPBW%e 13 sxeRptHs.

Becauseolmnahhﬁ dotiobd €. &1 &8 MECH AR cabll B il leld ﬁ%@&% REomBiiRa

overlap of proton energy levels, can epe on the'size o

i ni ti abecawld pmedoserat I¢dsba palgmtqfcthef crebdsestiorenfjthh tage wohenel tsthaworedpoodng he
energyﬂ%ggne to the initial collimator. For selecting the desired energy of
this e T'ment, a second collimator can be used, which can be positioned

at the corr «p(mmdl Nphe hRARME [&Serlbes alctdi foi Bie leﬁas%he@n BySHGRALE tiD fe%éHte
can be used to select a 50, 150 or the 250 MeV field of protons. Itiple

| aser pulesten smy Wetahlyd preformed piind fbe deviesnsidniastrunensslitiss desmibed diersimvi de
a desired s trum The desi r d ton_ener spect rum.ca

o oduc e PRaR o Mhiny FirL ¢ e /5 pER Ao oF it nISUE o SisTh L fien

whi ch  pia@Wkte SieldnivitBin b das] dpa%t:r I(béttahlﬁ Rfnbodigdents Siefier Bdsche Phventian §®. not
[0059] Another enbodinment of the ion selection systemof the present
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[0063] Various alternate embodiments of the present invention include embodiments of
an ion selection system composed of a collimation device capable of collimating a laser-
accelerated high energy polyenergetic positive ion beam, the laser-accelerated high energy
polyenergetic ion beam having a plurality of high energy polyenergetic positive jons; a first
magnetic field source capable of spatially separating the high energy polyenergetic positive ions
according to their energy levels; am 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, wherein the first and second magnetic
field sources are provided are superconducting electromagnets capable of providing a magnetic
field between about 0.1 and about 30 Tesla..

[0064] Another embodiment of an ion selection system similar to that provided above
further includes a third magnetic field source, the third magnetic field source capable of bending

the trajectories of the spatially separated high energy polyenergetic positive ions towards the
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theory of operation, this design allows for energy and intensity selection
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Various_al ternpate enmhodi nents of the present .invention_include enbodi nents
of the openings capable of fluidically communicating high energy polyenergetic positive ions

therethrough, can be used. Another suitable aperture is a multileaf collimator with openings that
are capable of passing low energy ions, high energy ions, respectively, or a combination thereof.
[0067] In accordance with certain embodiments of the invention, a laser-accelerated
high energy polyenergetic ion beam including a plurality of high energy polyenergetic positive
ions 1s collimated using a collimation device, and the positive ions are spatially separated
according to their energy levels using a first magnetic field. The spatially separated high energy
polyenergetic positivé ions are modulated using an energy selection aperture and the modulated
high energy polyenergetic positive ions are recombined using a second magnetic field. In certain
embodiments, a portion of the positive ions are transmitted through the aperture, e.g., having
energy levels in the range of from about 50 MeV to about 250 MeV, and other portions are
blocked by the energy selection aperture. In this embodiment magnetic fields of strength
between about 0.1 and about 30 Tesla are provided using superconducting electromagnets. In

certain embodiments, the magnetic field is between about 0.2 and about 20 Tesla.
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ener gy, 0eh.LC i : _ G |y [ INE | i on
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t heret hrough, mcertain enmhodi ngnts, the secondary collimati device s
capabl Gegr B IGMEE e DR G IO E b RSB RO OHTGR SRs Py, |

pol yengr.g&hh CetROSihtthYSrvin@R9inilAgorcalc/ecpm3 1 /abstracts/medema2 htmi] have reported on

the production of [18F] Fluoride and [18F] FDG by first preparing [18F] fluoride via the 180(p,

n) [18F] nuclear reaction in 180 enriched water, and producing the [18F]FDG by recovering the
[18F]fluoride via the resin method and the cryptate drying process. The present invention
provides high energy polyenergetic ion beams suitable for use in this process of preparing
radioisotopes. Thus, the process of producing radioisotopes includes the steps of forming a high
energy polyenergetic proton beam as described herein to provide an appropriate particle, target
and beam current. A target precursor is filled with H2180. The high energy polyenergetic
proton beam irradiates the target precursor until a preselected integrated beam current or time is
reached. The target pressure can be monitored by a pressure transducer. When the integrated
beam current or the time is reached the [18F]fluoride is used for chemically synthesizing [18F]
FDG. The final product is isotonic, colorless, sterile, and pyrogen free and is suitable for clinical

use.
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positive ions are no ulat ener gy usl tlon contr
openi ngsdcentan aﬁ@éSD{lSﬁll‘Cd:-lﬂ)—Slﬁ'madmmtie)mtrﬁentﬂ{ he spati aI separation of the
hi gh ener gy ener get ns i s qver. ces up to about 50 cm

It
with these dB%? nc'eac ﬁ%é%@}ﬁ@a Vﬁ@% HeEARY S Py ige Pﬁ"é Hlasght %P%ﬂ%%yst% the
| aser - ageele &fl Ys@h B gh%ﬁ%' al 128t 8H S, tal uhg r@&m@&@%kc‘of cﬂr&!hﬂm

The present ntion als rovi des nethods of producing radioi sotopes

usi ng energy polyenergetlc ion beam, the high energy polyenergetic ion beam including high energy
polyenergetic positive ions having energy levels of at least about 50 MeV. In this embodiment,
the high energy polyenergetic positive ions are spaﬁally separated based on energy level and an
ion selection system capable of producing a therapeutically suitable high energy polyenergetic
positive ion beam from a portion of the high energy polyenergetic positive ions is provided.
Also provided is a differential chamber and an integration chamber. Positive ions of different
energies will typically pass through different parts of the differential chamber that measure the
differences in energies of the ions and monitors the energy of the selected jons. Typically, the
differential chamber does not control the energy selection aperture. The integration chamber is
provided to generate a signal that is analyzed (e.g., by a computer or suitable data processor) to
determine the position of the aperture and the aperture openings.

[0072] One embodiment of the treatment system provides an ion-selection system in

which a magnetic field is used to spread the laser-accelerated protons spatially based on their
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the | aser-accel erated hi gh energy pol yenergetic ion beans provided herein
by irradiating a radi oi sotope precursor with the reconbi ned spatially
separ at edwbi2gir/ene26gy pol yenergetic positive ions. The prodisetosomncses
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conmponents of |aser-accel erated high energy pol yenergetic positive ion

t her apyxaypleerise proten selectiombeistamenprogided Hy fheewasious j anvhoditients of éhe present
provi ded a,.conpact. flexible and cost-effective, proton therapy,sysitem .This
brod Rt OPaty g ik ke ehfle PR bt B nePRasRl: MR B BPEEMea

| aser adeein@eRt it@bmet PiaghmgnN &@ito Akl JRRBEEE cherafteH§tRE DF pfoddnss H¥ReySdng!t €M
design for .ion selection and beam col Li mati on usi ng superconducti ng

el ect r dREBEHABL Bodulated pzgtor teeganyerin BgiicAnlyimprrvedhe genfarnisy of thejdese to the

| aser - rat.o B n f n
radh of Rrpgt oot ShOMAEAT et SIIREY LA RATRANE Mo Reufps W BEGHET
whi ch iisventioplcemhptredao canveaiidnal as@meptsoOyarablatsulle stigpediethatvie laserdckelpatedi |
beanms of protons of ifgi fferent .energty | evel s .and intensiti eg}. T¥pi cally, the
| aser ARRLOPHESEERIHE e IgRSelection sypigRder Iaﬁlaflﬂ%trsﬁ%nt§de§élﬁ i1 tR0Eh o
ensure | aser m @l,j el ] 3

i st ance) T B e o it Tral s kgl s WP prostate
enbodi meneer. tTheexteana) deamgsdiatiinytharagy;t the use of proton beams provides the possibility of

superior dose conformity to the treatment target and normal tissue sparing as a result of the
Bragg peak effect.. While neutrons and photons (X-rays) show high entrance dose and slow
attenuation with depth, monoenergetic profons have a very sharp peak of energy deposition as a
function of the beam penetration just before propagation through tissue stops. As a consequence,
it is possible for almost all of the incident proton energy to be deposited within or very near the
3D tumor volume, avoiding radiation-induced injury to surrounding normal tissues. Protons
have a higher linear energy transfer component near the end of their range, and are more
effective biologically for radiotherapy of deep-seated tumors tham conventional medical
accelerator beams or cobalt-60 sources. |

[0075] In spite of the dosimetric superiority characterized by the sharp Bragg peak,
utilization of proton therapy has lagged far behind that of photons for prostate treatment. This is

because the operating regime for proton accelerators is at least an order of magnitude higher in
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to gengpaliga® &ivaReds ah@b rhadfBdntZeitcdnerd, suchYasabraidutics lorést atd tpabdtete dat a
processor) to determne the position of the aperture and the aperture

openi nggicefs0072] One enbodi nent of the treatnent system provi des an

i on-sel ecti stem.in i ch ti el g
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shapesp@iendisait fRitBRliGs theRp9seemndlides the stbyeopdeteriiitnyiirdpwtméntetiategy and
angle. To reduce the size of the ign-selection system magnetic field

t he

i s suppf il tasgeted: pegion ia ke Paiipnk| eldier Bralyset %tmteﬂXemﬁléES?FeB?tEn ey theadose
typi caly y.d n: r : - ; Ut I r logent s
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sel ection and col I i math ng device of ) )
Patient dose calculations are estimated using the GEANT3 system. The code is designed as a

general purpose Monte Carlo simulation. For accelerating dose calculation, a fast proton dose
calculation algorithm has been developed based on conventional photon and electron Monte
Carlo dose calculation algorithms. Various variance reduction techniques have been
implemented in the code to speed up the Monte Carlo simulation. These include “deterministic
sampling” and “particle track repeating,” which are very efficient for charged particle
simulations. The implementation of this fast Monte Carlo code is tested using the GEANT3
code. The source models are also implemented to reconstruct the phase-space parameters
(energy, charge, direction and location) for the profon pencil beams emerging from the laser
proton therapy device during a Monte Carlo dose calculation. Suitable software 1s available that
can be adapted for use in treating patients with laser-accelerated polyenergetic positive ions.
Such software first converts the patient CT data into a simulation phantom consisting of air,

tissue, lung and bone. Based on the contours of the target volume and critical structures, the
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the treatment strategy of the targeted region, the treatment strategy comprising determining the

dose distributions of a plurality of therapeutically suitable high energy polyenergetic positive ior}
beams for irradiating the targeted region (e.g., determining the energy distribution, intensity and
direction of a plurality of therapeutically suitable high energy polyenergetic positivg ion beams);
forming the plurality of therapeutically suitable high energy polyenergetic positive ion beams
from a plurality of high energy polyenergetic positive ions, the high emergy polyenergetic
positive ions being spatially separated based on energy level using a superconducting
electromagnet; and delivering the plurality of therapeutically suitable polyenergetic positive ion
beams to the targeted region according to the treatment strategy.

[0079] In a related invention to the ion therapy system, the laser-accelerated high
energy polyenergetic positive ion therapy system as described above in various embodiments can
form the basis of a laser-accelerated high energy polyenergetic positive ion beam treatment

center. In a laser-accelerated high energy polyenergetic positive ion beam treatment center, there
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[0081] In one embodiment, treatment centers can use a proton ion beam. But treatment

centers using other positive ions are also envisioned. Embodiments directed towards treatment
centers using other light ions, for example lithium, beryliium, boron, or carbon, or amy
combination thereof, are also envisioned. The high energy polyenergetic positive ions typically
have energy levels of at least about 50 MeV. These high energy polyenergetic positive ions are
spatially separated based on energy level using superconducting electromagnets which are
capable of providing a magnetic field of between about 0.1 and about 30 Tesla. In further
embodiments, the magnetic field can be between about 0.2 and about 20 Tesla, about 0.5 and
about 10 Tesla, or about 0.8 and about 5 Tesla.

[0082] In other embodiments of a laser-accelerated high energy polyenergetic positive
ion beam treatment center, the center includes at least one of the ion therapy systems described
above and at least one location for securing a patient, for example a couch. For example, a
suitable treatment center of this type includes a laser beam that is reflectively transported to the

target assembly using a plurality of mirrors. This treatment center can further include an optical
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t herapeutical 'y suitabl e polyenéergetic positive ion L L
Suitable lasers are typically housed in a building, such as in the same building as the positive ion

beam treatment center, or possibly in a nearby building connected by a conduit for containing the
laser beam. The main laser beam line is typically transported through the building within
shielded vacuum conduit using a series of mirrors to direct the laser beam to the target and ion
selection system. The target and ion selection system is typically mounted on a gantry, which is
placed in a treatment room. In additional embodiments of the present invention, the main laser
beam is split using a beam splitter into a plurality of laser beams emanating from a single laser.
Each of the laser beams emanating from the beam splitter is directed to an individual target and
ion selection system for treating a patient. In this fashiom, high energy polyenergetic positive ion
radiation treatment centers are provided using one laser source and a plurality of ion therapy
systems to treat a plurality of patients. In certain embodiments of the high energy polyenergetic
positive ion radiation treatment centers of the present invention, there are provided a plurality of

treatment rooms, each treatment room having an individual target and ion selection system, a
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beans to the targeted region according to the treatnent strategy. [0079] In
a related invention to the ion therapy system the |aser-accelerated high
ener gy povgenevugei2cc positive ion therapy system as desecrhsdoodoessss i n
variou ; i RRLsLcan oty S] . - el erat ed hi gh ener gy
pol yensy R g e e A B L e B o o3 FRLE” A b

hi gh emeatyyenp cdopeneuippicd ¢hip oalytenatdes o préaeamuinbesdiipRIitnts ek e4n bé tesed Sith
provided a"' mai n | gser g,_gﬁm Tine that is reflectively transported using a
seri es%&’r IESIMPE AL e@ieofigh RV lasgr fog raovidigeatherpgicaliy surteile Jugl copesy
syst en?oigjggegg@ﬁ(gﬁgsimqoﬁspn sel ection systemincludes the target system for
generating high energy polyenergetic ions and an ion separation system 1In
one enbodi nent, the proton beamexiting the target and ion selection system

that - a ecARIET phs Db i A G OB e B RRATRNIRT o Pe broton beam
exiting the [pggaget PuiticieOftl&BofiClrleOihnidi B 2N8sefipr8findedelbrhtd®. diA 86Lf-on

parallel to the direction of the |aser beamentering the target and Ion
sel ect iapeelergiod ametomperapyrsysieamisen higheintensitit lasartpubses te geriesatel plasmbeth 4 bighr ds

a couc j l.acat es aiient. and th atj.ent's.target hi certai
enbodi ?S%%?g}, ﬁ][Q‘he(rﬁir:°r1' arn(?loarcgsxt}lgrrgil {hgr%giongg% hﬂ@n%élg{l%@f’?rg}?&s y(g?ee ﬁ’i“é?@nl?ggé’g 1% of
bei ng rpitarhedtsighO showeh T, i1 THe [a%eZbdahapdudddt By b b1 tdhdcarthbaf ek
perpendi cular to the x-y plane, around the axis of the nmain |aser béamline
usi ng ANQfaiEvy) 1s| seuktonkbe dienEnenpimit shropghevacupmy bagny pipeliies o bgitanght assemblyser

beam i . I : i | t } i X to.the
Carget aag BEHER eRbd Aficets Bikod 03Pl ERLL MR XRRET: e tsihorb isana
m rror gailtditgna sedtentdfaninoys (aeeh dsshstwawThedistahicb betvadeanginfoheans dijusest icon
to permt scannin f th? ion beamalong the y direction. [0080] Suitable
t ar get S&HY tﬁ%rprg eg?%na s tthere- afd Zomsacand( fo genepiesa parakielabsnt bemY: t o

200 kg Atperh@iRly, TRS Sarg@Nihd! RS Dabtif s@0h djevgggta%] rhdVel | BBHSHHE riase;il Fbg:ﬁrél to

i ncorporating superconducting el ectromagnets e conpact ness 0
t ar get ashidvé epasdblec pattesyst ens pernmit their positioning with

robotically- rol| ed systens .to provide rapid._scapni .of _the ion beam up
to about 10 @% [ ('fglﬁi)xarpa&“ée éﬂg‘fﬂﬂnngé _‘?ea‘g’r ‘é%%le@H?n ggﬂF%F%u%QHO@VQ
prot on sui Re8IbedHs of HrofinEBNHifefdH: %ﬁ&éﬂé§ bR iRl diRles PRSLEdnYSichidN deRFifedrs O
envi si oned. Enbodi ment's directed towards treatnent centers usi'ng other

| i ght iwesmbodiment ampige 2| iThhipariclasergducediby thsdassn inchideamt hstprotmsamy may

conbi nggj o reof . ar o_envisi.oned, The high ene ol yenergetic

posi t1 il RebbE iRk ATl ekl (B 85 B BT rbstasd Boshido ih Bt e

hi gh enghgyg pohygreangetdre nROdl htdtterhtod Sordhafl along the x-axis, which can be the beam
axis. A step magnetic field, (see, e.g., Fig. 3) distributed in four separated regions, can be used

to deflect protons and electrons. In the first region (a), the magnetic field points into the plane or
—z-direction, and the protons are pushed up. When they enter into the second (b) and the third
(c) region, the field is flipped to the z-direction, and the pfotons are pulled down. The field in
the last region (d) puts the protons back to the original beam axis. As shown in Fig. 2 a beam
stopper can be placed on the beam axis to block the photons and neutrons as well as high energy
protons. The electrons are deflected downward by the magnetic field and are absorbed by an
electron stopper placed in the lower part of the device. Other unwanted particles missed by the
stoppers can be absorbed by the shielding surrounding the particle selection device.

[0086] The deflection of protons depends on the proton energy. The protons with low
energies are more deflected than those with high energies. Thus, particles with different energies
are spatially separated in the y-direction. A collimator aperture is placed near the center of the

system at certain position on the y-axis, where the protons of given energy pass through its
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spatially separated based on energy |evel using superconducting

el ectromagnets which are capable of providing a magnetic field of between
about 0. Iwendo7aloizs 30 Tesla. In further enbodi nents, tireTrsgovsiesssi el d
can bg Qﬁﬁ@ﬂﬁ@ﬂﬁﬁ@ﬂ%ﬁﬁﬁﬁ%&ﬂ@n@@ﬂﬂkm@@oﬁﬁﬁl thés)liinafdr Sirodt caidimdi@, fes| a,
or about 0.8 and about 5 Tesla. [0082] In other enbodi nents of a
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includes a |laser beamthat is reflectively transported to the target
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nﬁ Bean1sp g
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provi deagrietic Spld tcah He pameated é)amt icytindreqal iwinding rqff teweetibriah seatalbwams avd

each of at | east two target. ass [ to r | ect n1to one
or o el SeashunicBnd dss i ftyakon it feeomples AofiD istbai

exanpl Gect@nl288" ddRha8k 1209 V%])S/S EampIAwdn gAth?tléa@rsgﬁhoﬁ’ss S8ITHE igfifte AMHCHo | ON
sel ection systens each capabl’e of i ndividually producing a therapeutically

sui t abiteaihj geepinier ggryfowyspeaalgmiite.  pogipeicordicing blsamemagnet eache tfatedas a
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i ndi videiahe g y&?eéﬁebé GetfBiindie asthEane BI6H-SraitNdwe 0Thig)l a &mpﬁaﬁa BsD afig@
provi ded for each of the therapeutically suitable high energy ﬁ?l energetic

posi t i distribuiobEurtee supseordistiaE iastromagndt Gen beiebtaingd py srmitHeg Up Gpfos of
bei ng ggﬁ tloned in and out of the main | aser beamto direct the beamto
one of “The’Pon therapy systens. Alternatively, a beamsplitter can be used
when a suf f jooBgnt IA!smglweétuﬂlgdlasleop bargying & cprrentiIde dheven irhBig. dphnid theehes can

be used simul taneously or nore jon thera S For . providing
pat i en@owaﬁa@fﬁheﬂ}?&‘ﬁ‘c |f]6]f§1 fsagthiphodonbe e fﬁ‘égy“ﬁ@ﬁgf Wgr{g?te ‘EE‘IVS‘H 1 ®er apy
systenﬁpg\%dd g%é%, an individual treatment roomfor each of the ion therapy
syst ens n such enbodi nents, the | aser beam source is suitably located in
a separate ﬁmmﬁjorThadkﬂiﬁg1nhhmknhm¢smeﬂtﬁmmmmhmaan@ﬁﬂﬁt&ﬂdﬁdhrunhwdgﬂ
syste t he operator can know, and control, which of the ion therapy

syst en®°P% being activated. [0083] One enbodi ment of the high energy

pol yenergetic positive ion beamradiation treatnent centers of the present
invention also includes a suitahle | aser and a systemfor nonitoring and

control l'ing the therapeut|@@L;y§§ak§g@LsA$mgh ener gy pol yenergeti €l)positive
i ons. =

where Az is the distance between two adjacent loops, z; the position of the first loop, and n the

" total number of loops. The electromagnet coil can be treated as multiple current loops assuming
the uniform current density in the coil.

[0090] A computer code was written to simulate the magnetic field of the rectangular
loop based on the calculation. The field distribution along the x-axis or the beam axis for the
single loop is plotted in Fig. 5. As can be seen, B, is not uniformly distributed in the x-axis.
Two peaks appear at the edge of the loop. Also, B, has big variation in either the y- or z-
directions as shown in Figs. 5 (a) and (b). A comparison among the three components of the
field in (c) shows that B, dominates over B, at the edges of the loop and will significantly change
the total field around the edges, while By can be ignored. Thus, more than one loop can be used

to produce a uniform magnetic field.

24 -



Suitable lasers are typically housed in a building, such as in the same
building as the positive ion beamtreatnment center, or possibly in a nearby
bui | di ng wonn@atset6by a conduit for containing the | asepPChamposhHins3sai n
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t r eat meops canbensedofo dtinde yerdediyt alonpyibn tzi-ax, tot leduce the @egrsoanddeeboth fHeuiedd i t y
of treatnent.

t. roqQns, each treatpen oog&avin anindivi?ul target and ion
sel ect F11HO8{IeR-e mOORF §8F PCHACKPG fo mage eighirpmagiis, 3 supeicqn ‘f?ﬁ&%e%ﬁﬂff”f“%? g
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i nvest afiopefasostewni gh Fipwer Twieshclt supepronduatinggeledienmageagisi al bey camicetg| e

hi gh eper pql.venergetic positive ions. EXAVPLES.AND OTHER. |LLL 11 YE
oD Hefrer. itpoeea Sapbdaiabidd bRBR 2 RBRMEm TorR ot fpig fopiSoted
accel ep@d protord WillSHHs ecRétBfcaizBd TRE dirBéhsidhe ba RIS bigerdondsactihiPlediainapsdtt y

| aser pul ses to generate ﬁl asmas in a high density material, and accel erate

t he pr otobs deternpingth withneath gheclasgrgireisn syyien desigy Pk fhe sslecton ok thermpedalgy i s

( hown h%r;ev\\nr'%rg in hind "R {ARRE: BSATBOALYGES BY il R0 Sorh | §%@tjr&n%§?%€fys§e¥1§ tem

I'sTserit ment “unit rough va eam i nes.
The t amgehe &&@ﬁﬂ?hmtadﬁithfeflﬁemt timvehorg ehe appaniimévor ¢hd dinmnaioas dfra single
rotating gantry. (not drawn). The | aser beam.is guj de y. a,syst of
mi r r or SUREACuGEN G AleGFmAgNst i st fhakout BRY4REA BT rdl-o’rqg/xg‘ti}e éﬁj’\'{‘ﬁ%‘fé%e‘floﬂ?c an
the pr A€ (¥-) 3G #r A PerIRBEs 2 LBo@” PAT 8! dofibrertioARl
beam %%rngag?mv%@}gthegt(ar%et andﬁ%;lﬁio%;rtic?re seISect(i)on devi 82 e:31re noved
about thgpdraderisheainviliclachi evey acyentivitel dsosity qfatlid viem, 0G5 Dsssecitmmeict

o g SELEEAL S, a0 PSSOl IR LoR, ekt 6 1 051 L LGP b
schematijgalhly 86864 i RREnétl induction of ~4.4 T (see Appendix). Thus, a thickness (T} of about
40 cm for a conventional non-superconducting electromagnet with a length (L;) of about 25 cm
can be used to meet the cross section, which makes the width in both x- (L) and y-direction, (Ly)
much greater than about 80 cm. While such electromagnets can be used in the present invention,

it is desirable to use even smaller electromagnets. ,
[0093] The size of the electromagnet can be significantly reduced by wutilizing
superconducting wires instead of copper because a superconducting wire can carry a very high
current density. Another advantage of using superconducting wires is saving poWer. The power
consumption for a superconducting electromagnet is only about 1% to about 10% of that for a
comparable conventional electromagnet. Superconducting wires are commercially available and
have been widely used in high energy accelerators to produce strong magnetic fields. A suitable
superconducting wire is NbTi, which has a critical current density of ~ 4.25x10° AJem® at 4.2 K
for a field of ~4.4 T. Another commercially available superconducting wire, NbsSn, can also be

used. Other types of superconducting wires, including those made from high temperature
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one enbodinent in Fig. 2. The particles produced by the | aser include not
just protons, but nmay al so include various unwant ed speci es such as
phot ons, weubesmws426and el ectrons. The protons comn ng fr eaTiuseoosanegses ar e
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peaks of B, are substantially removed and By has only small peaks at the edges.

[0094] TIn one embodiment, four electromagnets are used to achieve a step-like field
distribution (see Fig. 3). The electromagnets are placed parallel along the x-axis (beam axis)
with the first and the fourth electromagnet field pointing to ~z, and the second and third magnetic
field pointing to z. The first electromagnet produces the magnetic field with the Lorentz force
that pushes protons up, then the second and the third produce the field that pulls the protons
down, and the field from the last one puts the protons back to the original direction. This
superconducting electromagnet system only takes about 80 cm along the beam axis, which is
comparable in size to a photon and electron accelerator. A smooth step-like Aﬁeld distribution
(see Fig. 8) is produced with I = 85 A and B = B, ~ 4.4 T. By and By are small and can Be
ignored. In this embodiment B ~ B,.

[0095] The following description is directed to the dynamics of protons, as one

illustrative embodiment. Additional embodiments directed to other positive ions in addition to
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[0088] A single rectangular loop carrying a current | is show in Fig. 4,
and the three conponents of the magnetic field strength, Bx, By, Bz, are
anal yt i cavbyoeraletazbat ed and gi ven in the Appendi x, bel oRCT[UB2@8j046BB€ fiel d
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field in (c) shows that Bx dom'nates over Bz at the edges of the [oop and
wi || sdygrairfiescantbeylesdrdrg by theeequaticr offetiad ar ound t he edges, while By can be
I gnored. Thus, nore than one |oop can be used to produce a uniform magnetic
field.[O0O9If """ ""Aiotn r |oop" wftf ne sanme size and current in parallel
al ong the z-axis can be adlﬂeg.qv'&hj;s is simlar to the circul ar Hefoyhot z
coil. The distance betweenitthe two loops in this exanple is about 4 cm The
field distribution for the double loop is not nuch different fiomthe

di stri QubleqnisThe HdmettuRDbetht pRiton, e t&%ﬁﬁge&ff%@?rbioh, EP fnthe valotippopiet he
peaks of ‘Bx have been sonewhat reduced. This indicates that adding |oops in
t he z-pliotasctBasad enn syepisstc plgerihanlesimwation eadedss bean whder joggiye a numerical

di stribuytion 0092 rCopduct i t dj

rent | ondeanGreroh e G5 "R el B S RS, MR AR encE g feta

Z- axi sdis@ibuadh cadtdfeecp arkgrotndbea®ot Thdse atdmrdtels dias thel find hord thagpsnican be
stacked to make el ectronmagnets; a superconducting el ectromagnet can be nade
by wi néliegfgoraagnshgysiite by nultiple turns that are nagnetical ly equival ent
to a stack §¥09L7£°p§ A cofidMlion) T s ﬁnbdﬁfﬂeﬁ@%'?’lé‘éﬂﬁﬁ GRATHEL dHdGn that, for

el ectromagnet s Can Be" connect ed toget her, whi ¢ch provide a gap, d, befween,
wher e &esgivawhaér-plasnhoparameigrse therbioas dar kaveranvaneh@y spectrum that is much wider

than needed in clinical applications. Collimators can be introduced to block or slow the
unwanted protons and collimate the desired particle beams. In the proton collimation, the beam
size and its energy spread can be considered. The beam size can be selected by the treatment
plan, and determined by the primary collimator in the beginning and the secondary collimator in
the end. For instance, for intensity modulated proton therapy, a pencil beam with a 1x1 cm’ field
at SSD of 100 cm can be used. The primary collimator opening is usually not arbitrarily large,
since it directly controls the energy spread of the resultant beam. The primary collimator
aperture can be chosen in various embodiments of the present inventi.on to be such that particles
that subtend an angle of about 2*arctan(0.025/5.0) are permitted to go through, thus giving a
beam size of about 1x1 cm? at about 100 cm SSD.

[0098] In one embodiment, the middle collimator is used to shape the energy spectrum
of the spread out protons to obtain cliniéally useful beams. The results in Fig. 9 show that a
0.40-cm aperture opening can be used to collect substantially all 250-MeV particles with a less
than 30 MeV energy spread, not accounting for the angular distribution. Considering that the
protons have an inherent angular spread originating from the laser interaction with the solid

structure, more divergent proton beams and broader energy spread for each beam can arise for
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and protons will pass therethrough. The dinensions of a single
super conducting el ectronmagnet can be determned with both the |aser-proton
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used tgd ?{gxﬁfe t?‘lEy iP5 O heSRELLGD s¥ét‘QhChF ﬁalt aﬁ%tlgﬁ Q)f Itho tb%tﬁn%eaﬁlbx;}lt@nd

y- di rec , much greater 1han abou | e such el ectronmagnets
can bedissen dharatteeisic enmgibs iatmhe pbinbf their 1n&<mlmm dmfhtmntw m@eevletedstmhct er

el ectrpnmagnet s e f the electro t nifi ant
reducél§? O’Eit”is?llf’z‘?sn% eAgW R Yes F%tqﬁg]a% ot S‘E% ﬁgé%ﬁ?élae Y
super qRdix F%e'r REsui¥ahtCerfesy %Eat&’math\é PhtoR 'b%lnCMaﬁtﬁﬁihlr@ezﬂﬁdaEdhabl&r&ﬁdlBénergy
advant age of using superconducti n? wires is savi ngl &ﬂayl The power

consursptdadeat be estalighed by mamgtaa s ]é{aé@tqfdtmdﬂ@tabﬁ b mﬂ%ﬁtt@ fighdut

10% of. t hat, for. .a conpar onve I e rc
wi 1 oo s B STED" 008 Fo SROVEH RRGLoRETRTRY el crsHRR’ PRI Ghi S
accel efiad of 5.8 D, (E QIEEEmS i N@dtmi&ﬁ ned -axisicah @8 reducsditd &b& Ehaﬁ ap;easmpbutuhé ing

wire is NoTi, which has a critical current density of 05 Alcn? at
4.2 K dngreyspread) far protons withrchargriariste cp@ayBisdenihag 1§9M€f\ém1bb%t95&%8 #4088t i ng

Mhet ud e ihis 68 SRR By g, MRS TRl el BRT e Bt PRLRRICHEL LM EES 44T, |
M. ~4nd a eletir&ubgred wddthi ighth¢ erdhectidruofatzup & coR unt progides 8 esitable compact

COhTTEI’CI ally available fr the Anerican S rconduct or, \Westborough, MA
(ht t p: JeSRHAD é}ﬁ%‘?}’éé‘f‘thc%?ﬁ?l?ti‘tg]%?n?gﬁfpre@ﬂ%ﬂé%fgﬁ%?}@t‘gB’ﬂEtuct| ng wires, such as

NoTi wire, | aﬁ]g”@ff Chétlvedn AeFpdifddl GedtForih B cefthBnfoaiients) thE Slofhhst 0

250 m cron ter 'form Japan Superconducting Technol ogy, Inc. Tokyo
Japan, tr Q\Mrsmp)g tenmagpast Bed mag/refgbmmoheﬂldtbm axiFheheze theasccondary nelliszatorbis
critical cgurrent t he, su

5% BT oS S AL BT Sy SRR RORVRE eI 5 B, b
gzgesngxo gdéfgga? :ﬂ?]e Eé\%\ﬁoggﬂﬁ g:gféﬁ"na%oﬂﬁlg Reh \'%6\;1&%%&1; g)]:) u?%eﬂtafﬁ; enfbcdlithé@b)| | can be
affected by the field strength and the ﬁeld shape, both of which are related to the gap between
the two paired superconducting electromagnets. Usually, ys varies with different energies. Thus,
the secondary collimator can be moved along the y-axis to collect the proton beams with
different energies. However, the position of the secondary collimator is usually fixed for all
energies in order to avoid the uncertainties caused by moving the collimator. In order to achieve
this, the gap can be tuned to shape the field in such a way as to allow the required protons with
different energies to focus on the same point ys;, which is close to 0. Fig. 11 shows the
trajectories of a proton for d = 0.5, 1, 2, 4 cm. For d = 1.0 cm, the difference of y; for different
energies is minimum and the closest to zero, thus, a 1.0-cm gap is used in certain embodiments
of the invention.
[0101] Width of the middle electromagnets. In certain embodiments, the trajectories

of the protons can be very sensitive to the width of the middle electromagnets in the x-direction

(i.e., the beam direction), L. In an alternate variation, the width for all four electromagnets was

-28 -



0.2 nmmin dianeter, which carries a current of about 85 A is wound 10000
turns to make a rectangul ar superconducting el ectromagnet of about 20 cmin
| engt h (LD 200mhepdzeut 0.2 cmin thickness. Thus, a pair Pofi/usaal/046834

super condugtd Ng..el ek -ORBRGRAR LS | € 1 4 |. i.nel udi ap
R et e s R T R

el ect LORAREH noS ralaub tROxeRXisxard Av&py atsO=t30ecns i & fferene Brsergiys as slawryinabout
2><105 Alcm 2, which is less than the critical current density, and

. v . Y .
t her effag.d2cah Yeingddent wra driferonhyaiatgn plse lad fp Bratemrat £etyrige togke X-axissty ¢ |
t he el | Z8r: : = ' :
super CORtnaF A 12 PR R BEpk BIHEEE DibcBinbARiRy oF bpersioh el Mlioyed et oo
i Nt hehd prR@EnsOhre friod Metatitng tdl thenenristtcense (Her field )strengthbfor theSsecond hmd Gl
enbodi ment, suitable superconducting wres can have a fhickness of ahout
0.2 crilechnepagne ig doverdtham that &%rc’ff{&nfgfé‘i g %agt_ i B Wﬂp%@'ﬁd : gﬁﬁé%?f bt
W dth SBB\%QH%%X=%§.3 H fggdsttBQhé(ﬁé%(fe%ultsaiﬁqm@e%géiﬂleﬂlf (s8PRigl1IgPH)Cm i n the
y-axis. Such superconducting el ectronmagnets are suitable and produce a
smoot h magrie102] f iThesk reaslts stowmn thiah thei ippotanceind thel desige pirametersBef a peitable
substantially renoved _and has onlaé.srral I ajpeaks af. t he .ed?es. ['00194 In
one e y?&?ftﬁ‘ioﬁ?ﬁf“?t Potem et PP YRR REHCS PLRY e iOB FoRTB SSLSRHan SEICE {059 W25 d
di striputiQRd pRforf b8am Jhera ?._e Bhe HhfafI¥REN OF T bRcRbAB kbt RFER &le @haing t he
X-axis (beamaxis) with the Tirst and the fourth el ectronmagnet field
poi nt i degertninedz withritie shsternetosign anddthe simeatipngefepriotorf irasporiosnpronigled dn Ahe The
first el ectronatgnc%t[ rodUﬁes tthe magnetic field with the Lorentz force that
pushes"PB8E BSCE ST HGRIRSPREVEMId and the third produce the field that
pul |'s the pfabsNs EW3 cBffhatddehé ‘Eﬁit&l frhjectotiieinl ths teleehenghea-deherated diedds
back to the original direction. This superconducting el ectromagnet system
only takebe idsalisterstieldmThe srgpctanies e limionares casgrreshified wRidhe yrtmection sTig 1o

oA PR R0 B A LS e halels g 1
smal | @adniddr tb balangnteasyminetry loif theefirdd distributior vBzle the Gels] stiEhgihffat dlbfiung

description.is directed to the dynamics of protons, as one illustrative
enbodi FeHns ipdgiseng Huthed#iss4f5Fent s directed to other positive ions in

addi tion t Om@gf' nVEﬁ(tax%ylosrP:ecﬁJurin dine@ssedais @ nafda. | Wimc#ﬁmbeﬁ%r Vc%dﬂd%@' alpr on,

carbon, or lig , Or any conbination thereof, are also

envi si patdulaf 0@86] ofRmpetation} it &nsghiertd thaicthe podrgy graeidel @protérebaaineemasngnet
system e enbodi ment of fhe.supercon ting el ectro et system of. t he
pr esenfhe‘lcﬂ’(f’éat PR 3R t?élgfﬂég tdé%ng‘ffl@t agﬁ%&*‘%ﬁ%@g‘ﬁ“’é"r aﬁ’g%@i"% it ﬁeé&tmg
magnet |G Eh &L PpRAMIE 8earkY atdBliS¥ Al Refiinr TRENSHAL tfhébd With an ideal step

magnetic field, preliminary results have shown that although each polyenergetic laser-

accelerated proton beam results in a less sharp depth-dose falloff, nonetheless it can be combined
and modulated to generate a spread-out Bragg peak (SOBP) with a well-conformal coverage of
the target. The energy spectra and the corresponding dose distributions can be recalculated in the
presence of the magnetic field produced by a superconducting electromagnet system of the
present invention.

[0105] To calculate the energy spread centered around the characteristic energy E,
Vm(E), the y-position of the proton with energy E, when the proton reaches xm, the x-position
where the particle selection aperture is placed is determined. Then, the aperture center is moved
to ym(E), with a width of 3 mm, and the protons which pass through the aperture are counted.
Thus, a proton beam with an energy spread peaked around E is obtained. The energy spectra for
three beams are shown in Fig. 14. Lower energy proton beams have smaller energy spread in

their distributions, whereas the high energy beams have larger energy spread. Without being
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can separate protons with different energies in their trajectories and
returns substantially all of the desired protons noving initially along the
beam axi swoaotteidzéeam axi s. The proton's dynam cs can bectaseososioes3by t he

equat L one@f. Bt Brldd bt wher.e i f q i's
t he cb‘?ﬁ?‘b‘g Hf Haﬁtéc"‘xgagéﬁ%’ﬁy ()g ratiqn, ﬁll?lﬁé%‘\l/%?so%)?? Y o?%% l(emgl(regfl%ﬁﬁat@gés)fé%ﬂ%rn a
synpl @GéieG pRbtB8S hlch8s dafisitelibptticanagaetie filidand @8 aré lebd divetgentgharethe lower

nunerical solution for proton trajectories.. A nunber of factors are

di scussey mhRiosh. JEE. M@D shew® thenencrgyepracas BevepsastWidh i dectease of ’f{“h &elsh ot on
beans._ Thaose et ers L.ne thr R Rohel

syst er%tre’[l%gg'};%? eg?%’gégf P’lgﬁ@g?%gﬁg }eﬁﬁ 1% %@géﬁggp%%%aﬁgﬁéﬁgﬁ?ﬁl ati o%gyhas
shown Hiftas thdnor60t MeVyi My ereagyespreadasmpt pplimatbt dssable fier qerteinemsbodamertigo® an
energy spectrumthat is nuch wi der than needed in clinical applications.

Col | i r¥ag BWEN%EQh be introduced to bl ock or slow the unwanted protons and

collimte t esi bt | pd19GcRERE Qoo ehiBidaRbe daltuQRM
size and i t@?gﬂer gﬁ;ﬁ%gf?%;%h@'gﬁu%gafggﬁlg %e?ede% Thgﬂ%eam si ze can t?e sel ect ed
by t heusireetheGRANfBaMon@rChrbbetaleniSing thy ehéray ppicaditends 66 spread out tha Bragg

begi nni n nd .t he secopd .coll.inmator in the_end.. For instanc for..
e engiey. e A clcoat BBV BB Y GV BaiReis & Janh B ER PR Ra " ? FLFid a
SSD of{5100 cm can be used. The primary collinmator opening is usually not

arbitrarily large, since it directly controls the energy spread of the
resul tant bidAY] TheFigsi tdr yndc 85| ¢omtans thepenargy especire Bed clsepsiated derthrdosts

enbodi grents..of th sent invention to be C h 11 ¢l as tend
an ang&gm%’f‘tl%%&?l%ﬁﬁg cthE O%Z@F 3 ofP arpggnggé' rrt? ?@ e%g?‘@ﬁgéﬁ tgﬁlrﬂog{ﬁﬁaf% ﬁgés)

gi Vi Ngelact {-E@®datedbRtim. 1 XIheCpidtaal erdb@rbpctft forntiiSBlecirOf9get-sanaated
enbodi nent, the mddle collimator is used to shape the energy spectrum of
the sphdddrosmeylst shified & lomeneneray feaions| Which appeas t¢Ba AYSISHHE W“@gﬁgt “in

Fig. 9 show, a 0- ' : S CQbbR6h ducti

subst ant 1 al 1908 1 *2dyneGBbEREAE RESnPRARinREh G30vR: o Slimbly SGpeEnductiog
not acelettidrhiihet Qystemecapaigie| off prdileding budtépplike Gmgaétite fieldgdistrutiolmewhicbtions
have an i nherent angul ar_spread orjgi ng&i ng fromthe |laser interaction with

t he sopiedulstor PEQIGR dCARGTEIECAP e P& SRR OF i DRSTE A B SOHYEM 28T 45 Lt ead

o, CoF IR AR SR Al 8 & gl Yo R, ISk

beam Arovadreut tifred-dimemserat magnétis fibldedistuibuibn, rthush accoohiiggriorgsuch boundary
effects as edge focusing due to the influence of the fringing field patterns at the edge of the coils.
The simulation of proton trajectories is used to test the electromagnet system and optimize the
design for certain criteria.

[0109]  These results indicate that clinically acceptable quality proton beams can be
produced with an embodiment of a suitable magnetic selection system using the following
parameters: The dimensions of a single electromagnet can be about Ly = 15 cm (outer), 16 cm
(inner), Ly = 30 cm, and L, = 20 cm. An average magnetic induction of about 4 to 5 T, 18
provided using a loop current of about I = 85 A with about 10000 turns of a suitable
superconducting wire, such as NbTi wire. The current can vary between 60 A and 600 A
depending on the fabrication of superconducting wires and the use of power supply. The gap
between the paired electromagnets can be about 1 cm. The aperture size for the three collimators
can be set to about 0.05 cm for the primary, 0.3 cm for the selection aperture, and 0.8 cm for the
secondary.

[0110] Using the electromagnet system of this embodiment, energy spectra are obtained

for different selected characteristic energies. Compared with the energy spectra obtained with
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enbodi nent. A secondary collimator is also introduced in this enbodinent to
establish a suitable beamsize and filter out remaining unwanted particles.
[ 0099] Fiwbadostmwesrzgt h. I n this enmbodi nent, the maxi num @eTIBRI0S046384 t he

proton heam:f r qaihe. cents at ~axi S ym .Lncrease W ih. neti.c.field
Ot rendiiaB o S AR el T RESP Sl e R b
The spahbst!ths ARAE abteads. OfThisNeradsoW RN theds® dikiridutich pewdh cbRanal vithi thbée
energies at the point of their maximum deviation ymcan be related to the
devi atenengyispe®td , as shown in Fig. 9. The lower ymcan result in the
smal | er spat separ at i . i

oot on boar? R i hitkls8itycl 3eRbARnd ShEDE AR ILH ARLARE 40 oLt
est ablih skeshriiyle Yelettipramediiahism\ilouerebdted/mveiftin, ambtidnal DatknteAgflichtien No.
magnetic field is usual Idy not too small. J;é]%}] 10 Sh?’wf t he efﬁec;F}ﬁ f .the
agnetiETISA/0T Qg ied e % L0047 Frred) Figh Bressyr PORRESTER 19t Nafien

wi dt h d e V-aX] . ;

Spr ead Fsptp 1 Bk TGy Ryl i SR LD e LA el e iR
t oo | angapbatddebpaefepinablierdis shovwndinglyFile. supbfdopductingseectamndgnst sysieroat e
that a field strength of about B = 4.4 and. a e|] ectromagpet width in the
- GuevigRs breunpioeryeLfaarie hiiiely BB PR G br o SuTEer cohbe
syst e%&\ﬂﬂéﬁ RSHEERIAR Carf &l @YatRRE 88Gbst Qistiiutiond BhseB bR k&M phedcedRdip] Gap
between the paited el ectromagnets. In certain enbodi nents, the protons
traversing the magnetic field can refocus on the beam axis where the
seconggﬂg gﬁ#}émﬂor is placed. However, since the magnetic field is not
al way BN tributed, the y-position of the protons at the secondary
col l'i mat or, [M32] C&Ve AR At BibtrSual law b the kdckinguRFbaeinivbshowa i€ aip. Be
affected by the field strength and the field shape, both of which are
related to the gap between the two paired superconducting el ectromagnets.

Usual Iy, ys varies wih diflerentsenergies. Thus, the secondary collimator
can be noved al dmg%’gﬁe—yaxgsf—é—e?ﬂl ect the proton beans w th dif{ljerent
energi es. However, gt hEposiifi gn € t he secondary col limator is usually

fixed for all energies in order to avoid the uncertainties caused by noving

the collimator. I n order to.achjeve this, .. p t o) t he
el d Fhegadh & niyoas mshSidEu e r e BlientilS, ROrEAE e, EE boeqhens
ener gi esxt®’ Nacus Ioi thdheurseantrsapisidrity the loaghianh 1i & the distance betwepnghe gurrefows

the trgjegrehPsf B8 i-9f side Hf B Wdplaad titk poikk.(R, y,k) add gveay: For d = 1.0 cm the
difference of ys for different energies is mninmumand the closest to zero,

thus, a 1.0-cmgap is used 'tn cgrtai 2e{mocgj)p;enlts of the invention.
r=\(x-x; )" +{y-yi) +z-2 , 1=1234

Integrating Eq. (I) over the loop, we obtain the three components of the magnetic field

_ Bolly — %)z + %)
arle+ ) + @+ 921+ 9P + b -9 + v 5P )
wol(y - %)z + %)
% .
st - )" + @b -4 + - + v 4F) -
ol(y + %)z + %)
4af(x + 34)* + (z + %)2]((}( + %) +(y + ) + (z + %)2)/2
~ woly + %)z + %)
4xf(x — %)2 +(z + %)2](()( - %)2 + (y + %)2 + (z + %)2)/2

B, =

+

+
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[0101] Wdth of the mddle electromagnets. In certain enbodi nents, the
trajectories of the protons can be very sensitive to the width of the
m ddl e elwotznammgizets in the x-direction {i.e., the beamc@iuse@sSiosdsp4s Lx. In

an alternate variation, the w Cﬂ(txtla OF |1 four electromagnets wasset as '
'S5 Wth this caepfd Hon; i-d not return to the

x-axi s and di verge4nag(§z+%)2:+@®yp?m(&e%)’di(ﬁr#%)’er(m%ﬁf fgies as shown in Fig. 12
(a). Using 17 cmin a diffe}[gmaz@m tion also led to protons not returning
to the x-axis, —ash?hmm—'r-ﬁ—%—ﬂfqiz(—@.—vﬁhmgygei ng bound to a specific
theory of oper atdrtin: %) 1+@&s Pallk et hit” tlresprot ons are not r et yigi ng to

the x-axis because the fieldustygpgyh for the second and third
el ect r omagnet i‘TmeTTWnd fourth, as shown in Fig.
8. These exanpl delEhEN tEar) Nx14) 3 (eng) é&ﬁ*sz)t Xﬁt he best results in this

enbodi nent (se% Fig.ll(b)).el®@1%2F+TFhese results show that the inportance

f the desi f ' I | ect het t f

ol yener ot (¢ poBitT v 16 Belir bl deerbr Geel be for use in

| aseraccel erated proton beam therapy. The paraneters of the el ectromagnet
systemndre readily deternined with the system design and the sinul ation of
proton transport, as provided in the various aspects of the present

i nvention. [01Q3] Fig. 13 conpggles#)eproton trajectories in the
eIectronagnet-d%ﬁ@F‘F d.jreld and the.idealysiep el d. The trajectories in
the former case aregg ﬁﬁbeﬁﬁﬁbzﬁﬂ@fﬁg ?66Vbe5§#dﬁ.y}his appears to result
fromthe field strength in tdefDfsthand the fourth region being |arger

+
than that in the, m ddhe palfancezt hevas )y of the field distribution,
while the field %ﬁrﬂyer{gtﬁ&%ﬁ (ﬁl Tostég @g?[(o%@t)is the same in the latter
case. [0104] Energy spectr t'@néd»@dea distribution. Wthout being bound by

any particul ar tﬁ}g@qy%)oi(qug)ﬂ - ,+(|yL%|)7s+(Qe%bzey€/ed that the energy spread
of a proton beam cones fromtIxe_a oad energy and angul ar distribution of
t he | aser-accel = i l-yenergetic proton beans are

clinically usef ubaffyons)? n(zac;ig)éj((xng;)h(sm%s)%(v\i% an ideal step magnetic
field, prelimnary results Iagp(,grag)t&p% t hat al t hough each pol yenergetic

| aser accel er at ed—pfeﬁrh—bea-m—rfsuﬁ;s—rn—g—t—ess—z?ghar p dept h-dose fall off
nonet hel ess it cariCbesiotbt ¥Edtarid) michitat-éd %£)0) gener ate a spread-out Bragg
peak (SOBP) with a well-configmhcoyerage of the target. The energy
spectra and the~ ' /32 'Qs I tJ |/§{}§ can be recalculated in the
presence of the AEgnes) ¢@+2l dbpeddn e‘(%)bilzé° per conduct i ng el ectromagnet
system of the present i nventuign:)y-%)
a7+ 52 (x4 + -4+l 54 )

pol(x-29)(y+%)

VA

anite- 39" ++ 91 (-4 + G4 4+ 54))

-+

av)

[0113] For a special point (0, 0, — %), the center of the loop, the z-component of the
magnetic field is reduced to a known expression, (N. Ida and J. Baotos, Electromagnetics and
Calculation of Fields, Springer-Verlag, 1992)

2pol Va2 +b?
IR LI LA \)
T ab

B. =

4

Eq. (V) can be used to estimate roughly what current is needed for a given magnetic field
strength. For B, =4.4 T, a=0.15 m, and b = 0.3 m, the required current is

I=7sz ab _ 7Tx44%x0.15%x0.3 —T4%10° A-

2 JaZ +b% 2 x 47 x107/0.15% + 0.32
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[0105] To calculate the energy spread centered around the characteristic
energy E, ymE), the y-position of the proton with energy E, when the

pr ot on r esohesr/e6mM26t he x-position where the particle selpettisernsapsst ure i s
pl aced is determ ned. Then, the aperture center is noved to VM E), with a
wi dth _of 3 and the proton (e ass. t hy ou the aperture e cqunted.
Thus. TRUB BBReri mdce B SAH Shet fy! SpReadhsBaRGA! edans T Perahl BEBPe The
energy gpgctra for three beams are shown in Fig. 14. Lower energy proton
beans have smaller energy spread in their distributions, whereas the high
energy beans have | arger energy spread. Wthout beingboun y p icu ory o
pera io this result is apparently due to the fact that the higher energy
protons are | ess deflected by the magnetic field and thus are | ess

di vergent than the |lower energy protons. Fig. 14(b) shows the energy spread
increases with the decrease of the field strength. For B = 0.8 T, the
energy spread is larger than 100 MeV for the characteristic energy higher
than 160 MeV. This energy spread is not optinmally desirable for certain
enbodi mrents of the invention. [0106] The dose distributions for the

pol yenergetic proton beans can be cal cul ated using the GEANT3 Monte Carlo
code. Since the energy spread tends to spread out the Bragg peak, the w der
energy distribution typically gives rise to a flatter Bragg peak, as is
shown in Fig. 15. [0107] Figs. 14 and 15 conpare the energy spectra and
associ at ed dept h-dose distributions cal cul ated using the ideal step
magnetic field distribution and that for the el ectromagnet-produced system
The proton energy spectra for the el ectronagnet-generated field are
sonmewhat shifted to | ower energy regions, which appears to be consi stent
with Fig. 13. [0108] One enbodi nent of the invention provides a conpact
super conducti ng el ectromagnet system capabl e of producing a step-1like
magnetic field distribution, which is useful for proton beam sel ection. One
desi gn of the superconducting el ectromagnet systemis obtained fromthe
anal ytical calculation of the magnetic field for rectangular coils, which
provides a three dinensional magnetic field distribution, thus accounting
for such boundary effects as edge focusing due to the influence of the
fringing field patterns at the edge of the coils. The sinulation of proton
trajectories is used to test the el ectromagnet system and optim ze the
design for certain cri teri a [0109] These results indicate that clinically
acceptable quality proton beans can be
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produced wi th an enbodi nent of a suitable magnetic sel ection system using
the foll owi ng paraneters: The di nensions of a single electromgnet can be
about Lx wolbommsu{2euter), 16 cm (inner), Ly = 30 cm an@citaszo03046333 An
average magnetic induction of about 4 to 5 T, is provided using a | oop
current of about | = 85 A wth about 10000 turns of a suitable
superconducting wire, such as NbTi wire. The current can vary between 60 A
and 6(0Bhat id&demagdig on the fabrication of superconducting wires and the use
of power supply. The gap between the paired el ectromagnets can be about 1
cm The ap I ; collimators can be set to about 0.05 cm
for tEé pr?ﬁr[]&a{ré;i}%e%%&c%eg’@?ﬁgﬁ%g ‘ection aperture, and 0.8 cmfor the
secondary. [0110] Using the el ectromagnet system of this enbodi ment, energy

spectr, t al } ( teri st L es.
Compar e Rt RuEtapalic & ol il PRMGELRTrFRR RN el b BRA R

' nave baadredrhpidding & plusalitpuf keink egstgy eofyomsgetioygbositikeyonbpt h have al nost t he
sanme spreads. This agrees with the dose distribution pattern obtained with
those energy spectra. [0111] The superconducting el ectromagnet systens of
t he praefeniagivtieriiddsouddecapsiaé of spatialihsppating sdi¢highleaetsy polyerakami sm of our
related jnvention, |nternational Patent Application No. PCT/US2004/017081,
fil ed Pogiiwezonspseordingip thergmersylgtelener gy Pol yenergetic 1on Sel ection
Systens, |1on Beam Therapy Systens, and |on Beam Treatnent Centers", the
entirety of which is incorporated by reference herein. Accordingly, the
super corrpadtiergrale of modwlaiing the yratiany senasiediagh ResraY RO ERETBRICROSHIVE or
produqi Qaﬁhi nically usabl e proton beans. These systens can be nodel ed

usi ng rite Carl o cal cul ati ons of dose distributions based on real patient
geonetry. APPENDI X [0112] W apply the Biot-Savart law to the rectangul ar

current | oop _sho i Ry E r | S: H | G 1 o3 B :

per moabeer 0 TR R e e <ol BiaRARE g RN e/ Brr) Merctc
currenjosgelibgd by the loop, and r ; is the distance between the current
el ement of the i-th side of the |oop and the point (x, y, z) and given by:
Integrating Eq. (1) over the | oop, we obtain the three conponents of the

ma??et \';vﬁcs,rtairﬁhg RRlabd second nihghetMid soukees bre) stpércondukling MegtZomdghetsangatt®i ( ¢
-A +) <
Y of providing a magnetic field between about 0.1 and about 30 Tesla.

2. The ion selection system of claim 1, wherein the magnetic field is between about 0.2 and
about 20 Tesla.
3. The ion selection system of claim 1, wherein the magnetic field is between about 0.5 and

about 10 Tesla.

4. The ion selection system of claim 1, wherein the magnetic field is between about 0.8 and

about 5 Tesla.

5. The ion selection system of claim 1, wherein the modulated high energy polyenergetic

positive ions have energy levels in the range of from about 50 MeV to about 250 MeV.

6. The ion selection system of claim 1, wherein the high energy polyenergetic positive ions
include light ions including protons, lithium, boron, beryllium, or carbon, or any combination

thereof.
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[0113] For a special point (0, 0, - ), the center of the |oop, the
z-conponent of the magnetic field is reduced to a known expression, (N Ida
and J. BawbDas¢7/dshe6t r omagneti cs and Cal cul ati on of Fi el @sr/uSpeosngsss+ Ver | ag,

1992) ab B0 {\huCan Beoused-t o estimte.roughly wh rrent is,needed
For n i verthaghetGR T Ful rPhal Sl AUPRindioHo EUYRGE crbunfiis o
0. 3 MpehfiggiBtthiEQericd6 1B high Sndr _pMIlye&rgéEﬁLtﬁ)sitivB i6sd@faytfeonP b BEaE axi ofi el d
of -4.4 T close to the plane_of ?%e oop, the current | has to be ~106

A. Whatsaidslag@girsicesieratetl polyengrigatisiendeaion system conprising: a collimation
devi ce capable of collimting a | aser-accel erated hi gh energy pol yenergetic
ion beam conprising a plurality of high energy polyenergetic positive

i ons; & fi rBle ioagalettian fystemdistaimde fisthenpdrepading p dtifdinagnetie fig , s d

hi gh eper, ol. rgetic i tive.iops.aecordi ng.to thej . l.evel s;
an_apartt B RiL ARG Bk SulPhar i he R sl CLusdpardly iRy

pol yengiegst ddt &@@g‘éﬁicpasiﬁe@mm@stﬁ@@mﬁrmgneti c field source capable of
r econbi ni ng t%e nodul at ed hi gh energy pol yenergetic positive ions; wherein
the first and second nmagnetic field sources are superconducting

el ect romagnetsicnalRBish 8fsteR! WA whefBhg Rtapertirt ¢ slabiel eade saet 0. 1 and
about 30 Tesla. 2. The ion selection systemof claim1, wherein the

magnet megrdtielfitld of 4séd therdrmagpeti figdgdd2 and about 20 Tesla. 3. The ion

sel ection systemof claim1, wherein the magnetic field is between about
0.5 and about 10 Tesla. 4. The ion selection systemof claim1, wherein the
magnet 1& f i €helidnsselvetiowsysteabollait B vhetbimBsunaghetfe fipld. of 5aid thied megnsdiel ect i on

t f claimi, in.th dul at ed. hi gh | t] it
ons. o8 siep gy spabiges rine e FRitoRbT O Mo e B MR Rl 6 St Be v
6. Thephivesiohe fiw s thY sécl flaghdtRifl¥ldsouskrer ei n the high energy

pol yenergetic positive ions include light ions including protons, lithium
boron, beryllium or carbon, or any conbination
11. The ion selection system of claim 10, wherein the second magnetic field source is

capable of bending the trajectories of the modulated high energy polyenergetic positive ions
towards a direction parallel to the direction of the laser-accelerated high energy polyenergetic ion

beam.

12. The ion selection system of claim 1, further comprising a secondary collimation device
capable of fluidically communicating a portion of the recombined high energy polyenergetic

positive ions therethrough.

13. The ion selection system of claim 12, wherein said secondary collimation device is
capable of modulating the beam shape of the recombined high energy polyenergetic positive

ions.

14.  The ion selection system of claim 1, wherein said aperture comprises a plurality of
openings, each of the openings capable of fluidically communicating high energy polyenergetic

positive ions therethrough.
15.  The ion selection system of claim 14, wherein the aperture is a multileaf collimator.

16. A method of forming a high energy polyenergetic positive ion beam, comprising:
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thereof.7. Tne 'ion selection' syl eMof cSim1l, wherein said first
magnetic field source is capable of bending the trajectories of the high
ener gy povgpenevigeizcc positive ions away from a beam axi PCOUSI@5B46834

| aser - acgel er at.ed..pol.yenergetic.i on beam 8. The ion .sel ection system of
i e AT BT P 0 CHOAEPP BeREgriR 108 DFFB cT0gRiRe & PIuaity Of Hisp
Wagneteh&g!‘y' ol Rin SO CFossRRABhECHAFacReNHl ROhdIESs 4 tRIrAFliOA b?éhe@%y leh&s;spatial |y
separ at ed” hi gh energy pol yenergetic positive ions towards the aperture. 9.
The ion selection systemof claim@8, wherein the aperture is placed outside
of th ﬁ?gﬁ i G: il I | ] ligakid :-el0. The ion selection
syst e%oo cﬁlgs%dé?&lr\/\%g%?ﬁﬁé?ﬁ%ﬁ%%Iﬁ%%ﬁ?ggyﬁlgﬁlgﬁg?hgg?% third magnetic field
source i s capable of bending the trajectories of the nodul ated hi gh energy
pol ye j ! j : LG fid 11.
e T OR b o RaRh LA PnieR el ALY, R 1 ANE BT LSR8
sour cenighetiafiald provitledbydifing stprecdndagtang dedtesnaghet Haeingedubgeed filildglf ener gy
pol yenergeti ¢ positiye io owards a direction parallel to the direction
of t heet¥earabatcl 8p @@H“Eﬁ&%ﬁéhergy pol yenergetic ion beam 12. The ion
selection systemof claim1, further conprising a secondary collimatioa
devi ce capabl e of f/| uidical l@é communi ca{i ng a.portion of the reconbine

hi gh enedysingihy eptiedu serargied highpacisy RelvepEBei GRS lonsTsIng g JPEHUCMKL t i on
system of claim 12, wherein said secondary collimation device is capable of
nmodul ati ng the beam shape of the reconbi ned high energy pol yenergetic

posi t i igeornining thg mofrkatqddnghs encaey pArensyastie PRsHIVe [oFS #HE apopdnpregeliy

apertu i i j : i | e of
r ot o S PO AR Bl ntler BN e o i Bk a B ORAURAFLGRRER

t her et dboaugh.and abofil3® Tesla. sel ecti on system of claim 14, wherein the
aperture is a nultileaf collimator. 16. A nethod of form ng a high energy
pol yenergetic positive ion beam conprising:fomirig"a"laser-accel efafed

hi gh”emer gyThohyepRarddEmtng 9 higheansspoprehaistiic posifiweriah béam of clhingh6,ener gy

pol yenergetic positive iogns characterized as having a gistributi8n of

ener gyWhergs the figgimagnglic figld orthe seeandrmagnetic belds erbathis bewirenahong 04 and

col l'i ”E}oiu??O%ﬁiace; spatially separating said high energy positive ions
according to eir energy levels using a first

18. The method of forming a high energy polyenergetic positive ion beam of claim 16,

wherein the first magnetic field or the second magnetic field, or both, is between about 0.5 and

about 10 Tesla.

19.  The method of forming a high energy polyenergetic positive ion beam of claim 16,
wherein the first magnetic field or the second magnetic field, or both, is between about 0.8 and

about 5 Tesla.

20.  The method according to claim 16, wherein the step of modulating the spatially separated
high energy polyenergetic positive ions gives rise to a portion of the positive ions being
transmitted through the aperture, said portion of the positive ions having energy levels in the

range of from about 50 MeV to about 250 MeV.

21.  The method according to claim 16, wherein said trajectories of the high energy
polyenergetic positive ions are bent away from a beam axis of said laser-accelerated high energy

polyenergetic ion beam using said first magnetic field.
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magnetic field provided by a first superconducting el ectromagnet having a
magnetic field of between about 0.1 and about 30 Tesl a; nodul ating the
spati al | yweepewmi«2d hi gh energy pol yenergetic positive POIASI®ISNYSAN

aperture; and.rgeceonbini po.-the, modul at ed hi gh. ener gy .nol yenergeti ¢ sitive
i ons @<i ng es%@ﬁﬂ%%?ﬁ&ﬁ& }605?%213 “ﬁ%‘?}? grawtoﬁ‘eg%g’ﬁc‘f\é%@é(%g%ﬁﬁ‘g&%hg

el ect reﬁ&%@%ﬁyeﬂ@x‘é’eﬁ@p@siﬂmaﬁé e iR BeffitoRBVERMpRABKusthe tBRE nRBAtc 30
Tesla. 177 "The nethod of form ng a high energy pol yenergetic positive ion
beam diel¢l ai m 16, wherein the first nmagnetic field or the second nmagnetic
field, or both, is between about 0.2 and about 20 Tesla. 18. The net hod of
formng a high energy polyenergetic positive ion beamof claim 16, wherein
the fi23st rAlgnatthod hcwkdingto ¢lhien 22cumdeinthprspatiallyfsepardted bighomergy positivet ween
about 0.5 and ouif. 10 Tes] a.. 19. The t hod of rmng a.hi ener gy

pol yeﬁ%?b@?ir‘&o‘ﬁ‘gaé?‘{ b et e it Rra ‘lf%?n‘m&a&’ Spepings i 4 anenliieey |
field or the second nagnetic field, or both, is between about 0.8 and about
5 Tesla. 20. The nmethod accordjng.to cl.aim 16, wherei e st f .

nodul &4 ng ?%%“ﬁﬁﬁﬁﬁﬁFW?ngébQPg?g&‘W?ﬁﬂngﬁﬁﬁﬁQnﬁ@??%ﬁ@#é%?? fﬁ%ggﬁwée i ons
gi ves {is€oliQ BwRRlkhORcd hAgndRTield.ve ions being transmtted through the
aperturé, sald portion of the positive ions having energy levels in the
range of from about 50 MeV to about 250 MeV. 21. The nethod according to

cl ai m 46, i i + a3 i : i tic

osi 11470 | ongt Sefel ek Pl R pRirah it oo SABIAY R IR ¥ ed i g
ener gytrgedtyaecogatdsa diratideparnlicito thestuedtidn ofst lasergnedléretefl heghckn®y of t he
spatial ly seé)ar ated high energy pol yenergetic positive ions are further
bent tRRABFRFESTIGAOBBE™ure using a third nagnetic field. 23. The nethod
according to claim 22, wherein the spatially separated high energy positive

[ dul db [ | I ny X ' f | | abl
rons g mqul et oy coeroy [euc vma s By or comgllghe
the t h#)@%ﬁ%ﬁ@ﬂf&iﬁf# ﬁélﬂ i§ H&fdﬁ@ﬂil@%@&gﬁmﬁﬁieg thibAEIES 5 Qoh&Sy CONRH8n HBRcsecond

magnet e nmethod according to claim 24, wherein the second
magnetic field bends said
27. The method according to claim 16, wherein a plurality of high energy polyenergetic

positive ion beamlets are fluidically communicated through a plurality of controllable openings

in said aperture to modulate the spatially separated high energy positive ions.

28. The method according to claim 16, wherein the high energy polyenergetic positive ions
are spatially separated over distances up to about 50 cm according to an energy distribution of
the high energy polyenergetic positive ions, said distances being measured perpendiéularly toa

beam axis of said laser-accelerated ion beam entering the first magnetic field.

29.  The method of claim 16, further comprising irradiating a radioisotope precursor with the

recombined spatially separated high energy polyenergetic positive ions.
30. A laser-accelerated high energy polyenergetic positive ion therapy system, comprising:

a laser-targeting system, comprising a laser and a targeting system capable of producing a high
energy polyenergetic ion beam, comprising high energy polyenergetic positive ions having
energy levels of at least about 50 MeV, the high energy polyenergetic positive ions being

spatially separated based on energy level;
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trajectories towards a direction parallel to the direction of a

| aser-accel erated hi gh energy pol yenergetic ion beam 26. The nethod
accor di ngvoeoetmsiars 16, wherein a portion of the reconbi meu/usc@s/oesses gy

POl y enen gl BR §tdrb SapddiSor pRoduotiedi thalabdte AP HIR6RHBED dldf dhebREeNdary
col I'i ?rlggcglgstr?h g@?%%g_fé%ﬁﬁ T@Ig?iggiggiccof ing to cl ai m 16, er e_?’n g@fﬁ

pl ur aboditivefonliegm feoranpprioml ofeaidiget érergyumilyanergefio podiievmions, saidrien

fluidically comuni cated through a pluralj.ty of controllable epings in
ai'd SETHUSSED v e SRaParP bt SR G e tBSE] { v

i ons. ,28idihbe MEHRAE fFRRICTbEiEn hbouk lal MdkBoutdteriaaiidhie hi gh ener gy

pol yeﬁergetl C positive ions are spatially separated over distances up to

about 50 cm according to an energy distribution of the high energy

pol yengraebdfm RRithliNEalLhroP8s@ndi st ances bei ng measured perpendicul arly
to a beamaxis of said |aser-accelerated i on beamentering the first
magnetic field. 29. The nethod of claim 16, further conprising irradiating
a radixi sot L ' bReARBEREshsiRR bR btap§ 8PRER 08 Elalth 3D,

ener g)?qjool y@%g?%%?fg%gl%g%ﬂﬁ%%n%%gg E%O%A I asser -accel erpZtg%é hi gh ener gy

pol yenrdiegahiticc maghdticield Broetween abyut Sysareimbouiodfpréski. ng: a | aser-targeting
system conprising a laser and a targeting system capabl e of producing a
hi gh energy pol yenergetic ion beam conprising high energy polyenergetic
posi ti3pe i Ofise lhgstidogelamet gyeh eneslypobfenatgetiepasitivalion thefdywpiemtof elama o,

ener gy polyenergetic (tive iopns bein patjally separated based on

ener gWh%%lﬂ}%lﬁlagwtéce{%?‘zb‘theﬁwé"y‘é‘g%%%ciaﬂ%ﬂig%iOa‘t‘?%aduci ng a therapeutically
sui tabl e high energy pol yenergetic positive ion beamfroma portion of said
hi gh energy pol yenergetic pasitive ions, said.ion selection system
conpri¥i-ng Be 1%%5%‘30?%%&%% WY RAY G S e BT BYFlgR ERCEaPd 3 ﬁe’E‘a‘g&Eﬁ‘@ 30
provi d\’vﬂ&eﬁtf[?% ét('fcifi%&lisdbe%e ShUGANS aRPiouf ?FG?Q.d about 30 Tesla; and an
ion beamnonitorrrng and control system 31. The | aser-accel erated high
energy polyenergetic positive ion therapy system of claim 30, wherein the
magnetic field is be t 20, - NS claim 30

| aser -%{:Ccel 1}%{215 %cél\é\{eage@elg y&ﬁéﬁg’y‘é’ r%zér}lglégt%?g%%é‘?% 1;5§Zﬁe?a&)r¥3a§r ﬁtg r apyc asnyr/lst ém of
cl ai m 3RerehiBE Bigh dReyRINEEIgetid paitihel isSndiathdeglahastinfinding pbtaipo lithidd,
Tesla. 33. The_ | aser-accel erated hi%h eger y pol yenergetic positive ion

t her apyorepsIEYHIEM, OF AR OT AN IPALORd netic field i s between about 0.8
and about 5 Tesla. 34. The | aser-accel erated high energy pol yenergetic

positive ion therapy system of claim 30, . .. .
35. The laser-accelerated high energy polyenergetic positive ion therapy system of claim 30,

wherein the ion selection system comprises:

a collimation device capable of collimating said laser-accelerated high energy polyenergetic ion

beam;

a first magnetic field source capable of spatially separating said high energy polyenergetic
positive ions according to their energy levels, wherein the first magnetic field source includes

one of the superconducting eleciromagnets;

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, wherein the second magnetic field source includes one of the superconducting

electromagnets different than the one used in the first magnetic field source.
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wherein the high energy pol yenergetic positive ions include |light ions

i ncluding protons, lithium boron, beryllium or carbon, or any conbination
t her eof . \85 20(T'7|71E142&ser- accel erated high energy pol yener getrius2@ssidssye i on

t hera LM, Q m30 .. wherein the i on selecti stemc rlses

ol 1 ke oot atsﬁ“g BBk gigy PG SR Yedgs Fhebd v il

ener QXVIR%MQH@fn%ﬁlh&d lh?gh éﬁ%@gp podydnbipstic PEGIRS ibfs &Je%hgaa@ﬁzéaeas%%@ e Of

spatially separating said high energy pol yenergetic positive ions according
t 0 t henergyleyelyin e ednge offremaibnut HeMeVrte mbot@a@MNeVf i el d source i ncl udes
one of the superconducting el ectromagnets; an aperture capabl e of

nodul ating the spatially separated high energy pol yenergetic positive ions;
and a ¥ecorithatagarececderhied highsmargypotapatgetc pcbsiiri@cionﬁiamipygﬁysthm ofdaiina3%d

hi gh e er ener et.i sitive . ereln t sec netl field
Sour covereiaLtiahangie feR Rt sl 55T Breiee SRR RERERfs har
the ong;us6ded drthélﬁagﬁ leh &y B@E@@érgéhcfﬁo§1|tl% mr §a€d ﬁ&dnfgo@lﬁg e difRtibRawapy
system of claim 35, "'wherein fhe fo at ed ener gy polyenergetic

posi t i vemijadresmeaxés @ﬂﬁawaﬁwma@éh@mn@ymg@gyrgbml@m depR. t he range of
fromabout 50 MeV to about 250 MeV. 37. The |aser-accelerated high energy
pol yenergetic positive ion therapy systemof claim35, wherein said first
magnet3i& f|Eh@jlaszrtaccdelpted\hlgke@%gyfqu}ﬁﬂemgﬁewlbvf-‘f 1oeltbbramaqya®rre0ﬁﬁlalbte3ﬁ| ng

e o r GBS 81D e R oS EE B RR DL ! Oivicsd ¢
| aser - Giel Lihe tafkchings o £ ketialo |séiﬁ[’eﬁéc9ﬁﬁgh‘énéx@9 pbBRefrgdft poklive ions

| aser - accel erat ed high energy pol yenergetic positive ron therapy system of
cl ai m @wardgbe eperturtie i on sel ecti on system furt her conprises a third
magnetic field source, capable of bending the trajectories of the spatially
separ ated hi gh energy pol yenergetic positive ions towards the aperture. 39.
The | a3%r - aEhel%cxaaoedlem@hlglnetegg/y mywr@ﬁg@pmawpmthmw $ysten peelaipy 38y st em

of cla 38, . wher f. th t field
of sai ?IY e} e R f ilscqu“fe 03{51%(9%%1@%28%62 &gglaﬁgetﬂa%ﬁgr Ig;:/ '

pol yenergetic positive ion therapy system of cl al m 38, V\/nerel n the nmagnetic
field hird fiel d b

traj ectbr ol DBieRMeRaNe B B ER S fee Ry L AP b e G eer gy 38

pol yengfgrin theRRsInkliY BellidP8aid third magnetic field source is capable of bending the

trajectories of said portion of the spatially separated high energy polyenergetic positive ions

towards the second magnetic field source.

41. The laser-accelerated high energy polyenergetic positive ion therapy system of claim 40,
wherein the second magnetic field source is capable of bending the trajectories of said portion of
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.

42. The laser-accelerated high energy polyenergetic positive ion therapy system of claim 35,
further comprising a secondary collimation device capable of fluidically communicating a

portion of the recombined high energy polyenergetic positive ions therethrough.

43, The laser-accelerated high energy polyenergetic positive ion therapy system of claim 42,
wherein the secondary collimation device is capable of modulating a beam shape of the

recombined high energy polyenergetic positive ions.
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towards the second magnetic field source. 41. The | aser-accel erated high
energy polyenergetic positive ion therapy system of claim40, wherein the
second mayoeavemcidizel d source i s capabl e of bendi ng the tcajusedsnuass of said

portiaon of .the spathally.separated hi gh enerqy.pal yenergeti.c pgsitive ions
t owar 3 a &Ii[hregﬁﬁ Bh° eﬂ%ﬁ ?‘@‘%&X p@i@%erﬁﬁ%p‘g%n@ﬁgxﬁ?@%—é’&%’@l cgf(%’tu@dg%hi gh
ener gYyReéiv eRargetine comprib@aiplutdity JMpehiags eadiCsfthe bgérﬁﬂgshiaaibleaﬁr gy

pol yenergetic positive ion therapy systemof claim35, further conprising a
secondb«rlglcéﬂﬂ ¢qrmpiiontingeion beamlgbrbprethetugh) ui di cal |y communicating a portion
of the reconbi ned high energy pol yenergetic positive lons therethrough. 43.
The | aser-accel erated hi gh energy polyenergetic positive ion therapy system
of cl a5m 42A mytlerdeofitraating 8 paderd avith acleseriapealsraied beh anergypolyapatgiec positive
nodul at | a _beam shape .of the reconbi ned high energy pol yenergetic

poSi ti’\9’@%5?‘@'.81%6“%%158%%‘?3%0& ef-ated frigi! energy pol yenergetic
positive ion therapy systemof claim 35, wherein said aperture conprises a

luralijty. of h of th | ngs bl e of fiuidicall
conmuritEdiig oRoREThe A SHeRMEPRP BUGHIA5, A method of treating a patient

with a | aser-accel erated high energy pol yenergetic positive ion therapy
syste conprising: identifying . the position aof a targeted region.in a
pat 1 oricteTHREE B e 1B Ol e FAFy ST el Sitiesy FURFBINE sai d
treat n&é@énﬁﬁihg&ﬁ@aos%@m@oﬂg oﬁ&%ﬁ&iﬁtﬁbf‘ﬁeﬁaﬁ&tf&ﬁﬁ? séltabld hibhbARgy of a
plurality of Therapeutically suitable high energy polyenergetic positive

i on bepotperfengetic positiive idnhpamsdor iarageting thedgigeied rémenii ng said plurality of

t herapeutically suitable high energy pol yenergetic positive ion beans from
a plurality of high energy polyenergetic positive ions, that are spatially
separ afcechingasetploraligyef typrapentalaliy siitayledngh energopayenepgaticgoditive iamgpeams

el ectromagnet s..each .capabl e of providing a.nmagnetic field of between about
0. 1 anfoRHo e SeuPA Bt g AP Eric g e EInal 1 Py hempELERESP Sy
Sui t able.-polyenanfedlcorRasit & Gﬁ/xﬁcdlﬁﬁcti}%aﬂr&tﬂbﬁla@ﬁ@s bahaebsle begoPRimeLor di ng
to the treatnent strategy. 46. The nmethod of treating a patient with a

| aser - aegedterfid df bitghereatmug ). |poldypbod3§ekesle; puki ti ve ion therapy system of
claim45, wherein the magnetic field is between about 0.2 and about 20
Tesla. 47. The nethod of treating a patient with a | aser-accel erated high
ener gy dgloleyiep drgatiradity of therapeutically suitable polyenergetic positive ion beams to the

targeted region according to the treatment strategy.

46.  The method of treating a patient with a laser-accelerated high energy polyenergetic
positive ion therapy system of claim 45, wherein the magnetic field is between about 0.2 and

about 20 Tesla.

47.  The method of treating a patient with a laser-accelerated high energy polyenergetic
positive ion therapy system of claim 45, wherein the magnetic field is between about 0.5 and

about 10 Tesla.

48. The method of treating a patient with a laser-accelerated high energy polyenergetic
positive ion therapy system of claim 45, wherein the magnetic field is between about 0.8 and

about 5 Tesla.
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positive ion therapy systemof claim45, wherein the nmagnetic field is
bet ween about 0.5 and about 10 Tesla. 48. The nethod of treating a patient
with a | aseneemwel2er at ed hi gh energy pol yenergeti c posi PCrasSc@s/ oidses apy

syst emoof  of i i bR PatiBhi e 808 inis Go Elafth 45 whdieih \#eRAn c@odk and
about 5 Tesla.49. Tne metl ' 'bf '"tfeaffiig"a'patjient according to claim
45, whistabutieistcomprisesrgtermining e caprgy dishiputionsingnsity msdiregterphi Plurdity he

energy. i stribution. intensit i i -Of . ality of

t her ap0 u“?l%%eful%albuwtgh{éé“% %qﬁgﬁﬂe}g%ééxe%%ﬁ%gﬁ%?gg&oﬁg 8illor}égs'i tive ion beans. 50.
The nethod of treating a patient according to claim45, wherein said

t herapgutical | ui,t abl e. pal yener geti.c Rosi.tive ipn bea r r red by:
for ni n% "a Ic'gl%ee 9@88 8?@?%“@(5’ %:ESW agﬁ%rldb%gg%g aye #gr‘ﬁg?rF%I Sfﬁﬁh%%}gen@ &%lﬁgri si ng

hi gh eneb8lk poBleueRelidpdsitrelos bednteart prepared®lyt | mati ng sai d | aser-accel erated
hi gh energy pol yenergetic ion beamusing at | east one collimation device;
spatially separating said high energy polyenergetic positive ions according

to t hejobmARel U¥erl R¥QbHtd HiderRrdy $otenBRRAE idtbehhedothpfsRigi g edtygyone of the

super conducting el ectromagnets; nodul ating the spatially separated high
ener gyp@wneegesicgpesitize pwsi ti ve i ons using an aperture; and reconbining the
nodul at ed hi gh energy pol yenergetic positive ions using a second nmagnetic
field provided by a superconducting el ectronagnet different than the one
used farllimatng shihipsehaescelerasad higly erdrgy pélyenadgetis ion e windhadeast ona eat i ng a
patient .accordi.ng to claim50, wherein the nodul ated hi gh energy
polyenﬁﬂgg?ﬁ8nﬂ8g?$ive i ons have energy levels in the range of from about
50 MeV to about 250 MeV. 52. The nmethod of treating a patient according to

™ SOl S ok R M S B SRAT PR BRT el o
conbi ngli} o1 w-fiehfRktic Bd pFEIdES Ot d¥fihd fupdichidhcang dlebdthagheor ding to

cl ai m50, wherein the trajectori'es of the high energy pol yenergetic
positive ions are bent away from abeam axis of said |aser-accel erated high

ener QYHBQE&%Q El%g%'?g?lhg&{)%émh?gﬁi Q@rS Al ydnefoelic PRIMRLibhs fdif sh Rfbrturk; 8ndi € O

eaii U aSent~"a o claimb3,"wherein the trajectories of the
spatially separated high energy pol yenergetic positive ions are bent

tovar d?ectoﬁl%ilﬂﬂg Eﬁe%gdlﬂﬁ!e@ﬂigﬁ energy polyenergetic positive ions using a second magnetic
field provided by a superconducting electromagnet different than the one used for providing the

first magnetic field.

51. The method of treating a patient according to claim 50, wherein the modulated high
energy polyenergetic positive ions have energy levels in the range of from about 50 MeV to

about 250 MeV.

52.  The method of treating a patient according to claim 50, wherein the high energy
polyenergetic positive ions include light ions including protons, lithium, boron, beryllium, or

carbon, or any combination thereof.

53. The method of treating a patient according to claim 50, wherein the trajectories of the
high energy polyenergetic positive ions are bent away from a beam axis of said laser-accelerated

high energy polyenergetic ion beam using said first magnetic field.
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third magnetic field. 55. The nethod of treating a patient according to
claimb54, wherein the spatially separated high energy pol yenergetic
posi ti ve wonso7ares2sodul at ed by energy | evel using a pl uralriusgoosfo46s34

contrallab openi S o1 .S R ertur.e. . 56.. T, h . i a

pat i egfj" ac E[E‘F &?%G"‘{’%%Eﬁaﬂﬁﬁg?g?%%@ (iilﬂg f%(galfnr ggj?g)(':ﬂ? o1 rnlajfeiise,3 q%af écltE (ﬁ'gets r?g g}ﬁ at ed

hi gh epgfafly seedryen ﬁ{@%le%rywehbﬁgeﬁé poERIIiens di6 bhik tovads tHeapertats using asecond
magnetic field using said third magnetic field. 57. The nmethod of treating
a pat tlart magedicdiaky to cl aim 56, wherein the trajectories of the nodul ated
hi gh energy pol yenergetic positive ions are bent towards a direction
parallel to the direction of a beam axis of the | aser-accel erated high

ener gySpol yidwanebed of ireating epatiensiapeprdiag ip elaisppd whegne theesppiid]ysepagtedThe

met hod.of treati.ng a patient r.di ' j . i on of
the r cigmierea g ehEegstls R R Bk by APl MORE AR P
cCoMURLERS B4 Bp iR iR ssieaperelaey col | imation device. 59. The nethod of
treating a patient according to claimb58, wherein the beam shape of the

reconbi ned hi gh energy pol yenergetic positive ions is nodul ated by the

secondgy CmldhBmbd ePueRMcGeatibit-acloriRges claie 6b el thy @ijeqogesyf the

pol yenergetic positive ion beamtreatnment center, conprising: a |ocation
for” sevedilaigd highamirsytpolyenaresti pesiiivedensare fthes bent v ade igycemdyasedet i ¢
posi ti i.on ther pabl e of delivering a therapeutically
suitaﬂ%%d ?‘ﬁ8%§§@8¥n%%@%§§k%getic positive ion beamto a patient at said
| ocation, the ion therapy systemconprising:a |lae]iHailg6ti siy fe i'i;

‘safa’); r-tb%@g@#ﬁgfgx%fngh@ ERIRL AR Lo LARE 56 Ak Bin i AGkoBREENINY

capabl%?cﬁ gy polyenergetic 1on beam” conprising high

ener gymp@hien i @edieto ity dnertit postiveiohsge bBRItGYartdew dirsctih @irallebtistheabout

50 MeV; an ion selectjon system capable of producing a. therapeutjcally

sui t ablieectipgof @ heaayxisoif (herlascgacselerpisd hisheacngy Robyengreeis Iag beam gsmeghidener gy
pol yener get i sighye ions, the high energy polyenergetic positive ions
bei ng %%g?%%ﬁggggg%%¥ated based on energy | evel using superconducting

el ectromagnets each capable of providing a nagnetic field of between about

0.1 58. The method of treating a patient according to claim 50, wherein a portion of the

recombined high energy polyenergetic positive ions are fluidically communicated through a

secondary collimation device.

59. The method of treating a patient according to claim 58, wherein the beam shape of the
recombined high energy polyenergetic positive ions is modulated by the secondary collimation

device.

60. A laser-accelerated high energy polyenergetic positive ion beam treatment center,

comprising:
a location for securing a patient; and

a laser-accelerated high energy polyenergetic positive ion therapy system capable of delivering a
therapeutically suitable high energy polyenergetic positive ion beam to a patient at said location,

the ion therapy system comprising:
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and about 30 Tesla; and a nonitoring and control systemfor said
therapeutically suitable high energy polyenergetic positive ion beam 61.
The | aserwacoelmwiased hi gh energy pol yenergetic positi vecras2sansss eat nent

cent er. ,0f. . ¢cl.al. M. 60 wWherehn.t.he i ield i and
o 3L Ml S A TIELBLL Sl 108 MO BROU ot

poSi t ickablodf froanihg & alghentrey olyenergéticcibabrah Oconiing igh bieergmgnetic fiel d
i s between about 0.5 and about 10 Tgail a gs.h%}rﬁ])g | aser-accel erated high
ener gPoPSNSiERET Besitive igns havineeneesy lpweliok atdess t2Meds of ¢l ai m 60,
wherein the magnetic field is between about 0.8 and about 5 Tesla. 64. The
| aser -accel erated high energy pol yenergetic_positive ion beam treatnent
cent eranggn aqlmtwnmtemp&l%o{ medycipg & bcppentinlly yuitabls kighgpergr golygnergetic

col l'i i-on.device . Of j i.pg: sai.ghi energetic

ion bg)g%ﬁlugg lcg} l?éé}fn lrlrsg%%t% glg? 8 gil églﬁéég%gﬁgﬁlg : %‘?ﬁg{g‘g?’? %Y ?I%pés%par atg i ng

Isai dI i}iogfeneﬂ}e}.’ig pogitivyoaebeint ?I_iatilplr(]j)ys sdplaraged loused agm;m%iy mgeltlmirtgheihr ener gy

evel s, sai i.rst_ magnetic fie ource pr.ovi de t he

super cHPEGRRJUTHNE P@e&rﬁ%aﬁg&ﬁeqae*} capidig 0& Prajiding awﬁ%ﬁﬁﬁﬁgfwgﬁm gPuhd-1

spatiq&thgﬁggyfgéajaﬁagh ener gy polyenergetic positive ions; and a second
I el ’

magneti c source capabl e of reconbi ning the nodul at ed hi gh energy
pol yenergetic positive ions into said therapeutically suitable high energy

pol yene ' i1l ' . : iy d 6 o lan ek | e

Cuper Conguy R ChLHRBmO6R iy HOARER Gy LS feh bnotly BOBEMIEER e
first pwgietiocbédnel d. 65. The | aser-accel erated hi gh energy pol yenergetic
positive ion beamtreatnent center of claim®64, wherein the nodul ated high
ener gy polyenergetic positive ions are characterized as having energy

| evel s6li.n tTiee laadrgRcelbrafaddigtehintty mlyddeidetio paditived ioR HBarviatnfitt cditter of

| aser-accel erated hi gh enerqy. pol yenergeti ¢ positive ion beamtreatnment
cent erclgm @@aé’i’}kﬁrga,th@/\ﬁéglﬁt‘ﬁ%lew\és H?%e‘é%@%@'zﬁéﬁ ﬂ‘étr@ef‘?sl?' posi tive ions
include light ions including protons, lithium boron, beryllium or carbon,
or any conbi nation thereof. 61. The | aser-accel erated high ener

pol yen@#get The jpearaccoleratesrighoenst o redysnsractic aptidye on bepm;tipripacnt ﬁ?gfé?‘éqfn sai d
first SR 86,' ]?J)}Eiﬁltge 121[% & ﬂefd[ig %Q&RL}E anutt@.%n dBoh Tdspd ectories of the

hi gh energy ’polyenerg C positive 1ons away froma beamaxis of said
| aser - accel erat ed

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

claim 60, wherein the magnetic field is between about 0.8 and about 5 Tesla.

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

claim 60, wherein the ion selection system comprises:
a collimation device capable of collimating said high energy polyenergetic ion beam;

a first magnetic field source capable of spatially separating said high energy polyenergetic
positive ions according to their energy levels, said first magnetic field source provided by one of

the superconducting electromagnets;

an aperture capable of modulating the spatially separated high energy polyenergetic positive

1ons; and

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

positive ions into said therapeutically suitable high energy polyenergetic positive ion beam, the
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pol yenergetic ion beamentering the first nmagnetic field. 68. The

| aser-accel erated hi gh energy pol yenergetic positive ion beamtreatnment
cent er ofwolaemebies wherein the ion sel ection system furChas2esnpsssses a

t hi rd e t e
spati & y se;é‘ eﬁ% %5@8?1&(1%&;2 gg‘i%é yg‘ffl\%tr e%? %CE% ‘6%‘ eftltd\ﬁligéri&gtr@{ﬂ %\?\/g?%lgﬁa? he
apert @E@ld&&heﬁk’@rﬂa@ﬁ&ﬁcﬁddel erated high energy pol yenergetic positive ion
beam treatment center of claim®68, wherein the aperture is placed outside
of the magnetic field of said third magnetic field. 70. The

| aser -63¢ c el Bicaheg abicdirard igyenprdyyoieneetiic p@eitivd ibn dedro relternt tantatofent
center of claim®68, wherein the magnetjc field of_ said thi rd%p&rrgrgﬁn tic field

sour c €138 GdaydisTen Hre medritad h{ghén@r,g&jp@b/pmrggg RESIIVR dONde P RSener gy
posi ti I 71. The

| aser h\égléfé%@?%g?qﬁgﬁﬂhgﬁ%‘?g??gg r%%gf%delﬁe?tggg?lﬁ%gq\g%\é beam tr eat nent
center of claim70, wherein the second magnetic field source is capable of

bendi th tra ct

posi 10 1 ol Bisfab gt agt ol ARgIA AbAR Ot RBh W HANEIAL Bl or

| aser -agiaehs vateesn Medtigle Bedrgy p@i@ér}eegmrcgﬁbuu&e (1)) 1mma lighiond hreluding

| aser-accel erated hi gh energy pol energetl C positi i on beam treat nent
centerprewnéa|lahwreivor%b@rw&u%&ﬁﬁ E‘ilr?@a%iyg%té fAgm ¢ E’E?P i mati on device
capabl e of fiuidicallycom ntani battl ng pl 1 ola of MAecbSbhi ned hi gh ener gy

pol yener getic positive ions therethrough. 73. The |aser-accel erated fh|
ener gyopol y@h@f‘)ﬂg@ aceclpigisdiiigieciessy BRIRFACEISES PREHYS ’é’érhe%ﬁn t@fm’&qnéic?ﬁ B

wher ei

openi rgaTE S5 ARG AR ATRERRS SRR calboll o R R R o S o,

74. Thiighasegy pobeheapatiepbsitighomnerayyrgmn la)beamragéstdf saip dasiet-aacelerated beam
treatnent center. of claim60 v%,herel n the target assenbly and the ion

sel ectPQﬂﬁelbeV%@ct’ér’fP%P%a%P%fé’éHggﬁ gstpggaeiineldant ry. 75. The | aser-accel erat ed
hi gh energy pol yenergetic posi tive ion beamtreatnent center of claim 60,
wherein a | aser beamof said laser is reflectively transported to th

t ar get O%s s eBe jaseisaoegleries) highenargy BelypRergcticosiige lopheapfieapment ceier ok ed
i Oh_eBgkgY7 ROhKERGRORN! £10B3SH Lsléth hoMeDEAMHEER HIRhafRAL BEldthufdal m 75,

wherein ection systemis ro otlca I'y mounted to give permt

scanni cgpabfe dfitending Itlﬁa[imgécttclaésl of tisudpatdllyeschigleddng gpergyodolpanerggét posipusi ti ve

ion beam
1ons towards the aperture.

69. The laser-accelerated high energy polyenergetié positive ion beam treatment center of

claim 68, wherein the aperture is placed outside of the magnetic field of said third magnetic field.

70. The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 68, 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.

71. The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 70, wherein the second magnetic field source is capable of bending the trajectories of the
modulated high energy polyenergetic positive ions towards a direction parallel to a beam axis of

the laser-accelerated high energy polyenergetic ion beam.

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

claim 67, further comprising a secondary collimation device capable of fluidically
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77. The |l aser-accel erated hi gh energy pol yenergetic positive ion beam
treatnent center of claim75, further conprising at | east one beamsplitter
to split wbeolzsercbeam to each of at | east two target ®aeyarsbéoseses3¥8. The

cant o oP e Ao A n Sk AR B e n AT o8

pl ur althdr¥thedughar get assenblies, each of said target assemblies capable of
produci ng a hi gh energy pol yenergetic positive ion beam said high energy
pol yenergetic positive ion beam conprising high energy pol yenergetic

posi tinxe i Ofye 1GQNMRFécHrgd ANAY @¥rdyotychci@bti@positBaSbn BEAH treftthelEdénted of
plurality of ion selection systens each capable of individually producing a

t her apdaim @hMhereinsaid ppastine ghmprnses gplysality o epeidngscegsboif theapeniggs eapablef r om
each of. sai.d .i ndi vi dual.. hi.gh, ener rgetic positive ion beans; and
an indﬁvﬁ%éﬁﬁﬂ%ﬁﬂqygwg?ﬂgg?gnP%%E%%ﬁwgﬁéﬁﬁggring and control system for each
of said therapeutically suitable high energy pol yenergetic positive ion

beans. 79. cthp a Spefc ct el ectr omagpnet systemfor netical l

separ st ng. EBFyaRer Gelet ST (e SRERE he TG BT ok h S RERELARE oS (o
Or  IMOT @aiSHEE vARREIH eld tReE Asbifiblyhnflltht igh eleqiviLpitemtdrOplacoth@ £iotatidgch of the
superconducting coils is individually capable of providing a magnetic field
of betg&nw. about 0.1 and about 30 Tesla, wherein at |least two of the
magnetic fields are provided in opposite directions to each other. 80. The
conpact superconducting el ectromagnet system for nmagnetically separating a
pol yen#t.get The jaseriacieleratedrhigleenerey payaicractio posities ionpepmdregmgméeqnteriofel d i s

b b . d . | &, . '
of cot rOnty AL e red Pouh g e Bl Elai P RRPRRGL c PBRELRRNSRIDD

i on begdin®h pRirAitiof hirrydder ei n the magnetic field is between about 0.5 and
about 10 Tesla. 82. The conpact superconducting el ectromagnet system for
magnetical ly separating a pol yenergetic positive ion beam of claim 79,

wher ei g t heTRROR&dcCelbia@ldthibs cREEYBEIRerRBRkIE pOsifive it trBRUteatnehe sérder 33. The
conpact superconducting el ectromagnet system of claim 79, wherein the

super colatudfi whereinithsionselectivmesisteiissohaiicelempaunigd togive pemibisaRnGoLhet o

about g(r)ap%lqt]ically suitable high energy polyenergetic positive ion beam.

77. The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 75, further comprising at least one beam splitter to split the laser beam to each of at least

two target assemblies.

78. The laser-accelerated high energy polyenergetic positive ion beam treatment center of
claim 60, 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 ion beam comprising high energy polyenergetic positive ions

comprising energy levels of at least about 50 MeV;

a plurality of ion selection systems each capable of individually producing a therapeutically
suitable high energy polyenergetic positive ion beam from each of said individual high energy

polyenergetic positive ion beams; and

an individual polyenergetic ion beam monitoring and control system for each of said

therapeutically suitable high energy polyenergetic positive ion beams.
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84. The conpact superconducting el ectromagnet system of claim 79, wherein
t he maxi mum magnetic field of each of the electromagnets is |ess than about
5 Tesl a. 8b6.200ffs1426npact superconducti ng el ectronmagnet egstusoosi4astai m 79,
wherei_n the, supercqonducting ¢oi.ls each conpri.se between about 1,000 and
about 7200, dbeP H?‘%’g“ﬁcoﬁhﬁ%é‘g é&ﬁﬂ‘r@méﬁ‘tf‘él%% &t@%@ewai‘é@?l’%%@n%e conpact
super ooRAHSLLRY L e Tof BRAR KonpYsingm of cl aim 85, wherein the
super%oﬁ%u%?%ﬁgpcéﬁﬁl conpri se bet %een about 5,000 and about 20,000 turns
of superconducting wire.87. Trie ' cdnpi Ci _ _

StipercBti &Ll b obAreIﬁérhg ?Lhu@()f%tc%m 8 £1GHRI BnfiRmiMi6h Skibrill®ach of
superconducti1ng coils eac onprise one or nore NbTiI superconducting wires.
88. Thige apepaatugingaodsisdudividegiiytapeble ofpmpvalingy siagnatiofficld af batween atloat ei n

t he superconducting coils .each conpri.ge one or re Nb Sn superconducti ng
i r es (L BuRdRoE g, e 26 et o P G L SR BB SR8 PRPSm 79,
\/\hereicﬁlrewgnsstggg&gggﬂgycti ng coils each conprise one or nore high

t enperature superconducting wires. 90. The conpact superconducting

el ectromagnet system of claim 79, wherein the superconducting coils are
each ggpabl NG WipR& oRcBhE EebirSmEHel §ten] for kA8n&RANG s@fardtingm about 60
A to about ’%begéo 5& p‘I'Jhtg cgrrpgct supggr*%oﬁgucti rr19_ glllec.trgrsi%net %system of
cl ai mptyenergyicipebitige inieamuof elairel| 78 cwharmghemegretic Hielhis dlstveccofabpitd2 alichg a
magnet i c f&e&d in the sane direction, and two i nner el ectronmagnets each
capabﬁ@oﬁ?(b Sﬁ?ding a magnetic field in the sanme direction to each other
and opposite the direction of the magnetic field of the outer

el ectromagnets. 92. The conpact superconducting el ectro net system of
clai m®1, ~whies efrpPach BMACERALYGURS Flogirghaget fﬁéquﬁr?%ﬂ%t?cag? g%ﬁatr?ﬂ%gahet s have

about ré&?em% icSHok R idh bear ofEha‘?m%[‘?zﬁ@ﬂeirﬁﬂ@ﬁ{a?%ﬁLfféld el @HLAbOHRES Bhid
systemof claim92, wherein the two i nner el ectromagnets are separated by a
gap i nattonel1® dregle. of from about 0.2 cmto about 5 cm 94. The conpact
superconducti ng el ectronmagnet systemof claim 79, further conprising a
series of collimtors each having an aperture size in the range of from
about $2.02 The tempimdutpeRconducting electromagnet system for magnetically separating a

polyenergetic positive ion beam of claim 79, wherein the magnetic field is between about 0.8 and

about 5 Tesla.

83. The compact superconducting electromagnet system of claim 79, wherein the

superconducting coils have dimensions in the range of from about 5 cm to about 100 cm.

84. The compact superconducting electromagnet system of claim 79, wherein the maximum

magnetic field of each of the electromagnets is less than about 5 Tesla.

85. The compact superconducting electromagnet system of claim 79, wherein the
superconducting coils each comprise between about 1,000 and about 100,000 turns of one or

more superconducting wires.

86. The compact superconducting electromagnet system of claim 85, wherein the
superconducting coils comprise between about 5,000 and about 20,000 turns of superconducting

wire.

_ 46 -



95. The conpact superconducti ng el ectromagnet system of claim 79, wherein
t he superconducting coils have a rectangul ar shape.

WO 2007/061426 PCT/US2005/046834

87.  ‘THe'compadt stiperchiiiiitifigelectromagnet system of claim 79, wherein the

superconducting coils each comprise one or more NbTi superconducting wires.

88. The compact superconducting electromagnet system of claim 79, wherein the

superconducting coils each comprise one or more Nb3Sn superconducting wires.

&9 The compact superconducting electromagnet system of claim 79, wherein the

superconducting coils each comprise one or more high temperature superconducting wires.

90. The compact superconducting electromagnet system of claim 79, wherein the

superconducting coils are each capable of carrying an electric current in the range of from about
60 A to about 600 A.

91. The compact superconducting electromagnet system of claim 79, comprising:

two outer electromagnets each capable of providing a magnetic field in the same

direction, and

two inner electromagnets each capable of providing a magnetic field in the same
direction to each other and opposite the direction of the magnetic field of the outer

electromagnets.

92. The compact superconducting electromagnet system of claim 91, wherein the magnetic

fields of the two inner electromagnets have about the same strength.

93. The compact superconducting electromagnet system of claim 92, wherein the two inner

electromagnets are separated by a gap in the range of from about 0.2 cm to about 5 cm.
94. The compact superconducting electromagnet system of claim 79, further comprising a

series of collimators each having an aperture size in the range of from about 0.02 cm to about 2

cim.

95.  The compact superconducting electromagnet system of claim 79, wherein the

superconducting coils have a rectangular shape.
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