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conbi nation with beaminjection, accel etation, extraction, respi ration,
and/ or targeting nethods and apparatus. DI SCUSSION OF THE PRI OR ART Cancer
A tunor is an abnornmal nass of tissue. Tunors are either benign or
mal i gnant. A henj t r. gr I | J t er parts
of the body.Mlgleﬂ'gﬂz't'ﬁ%@ﬂgﬁgﬁﬁﬁ%%gﬁﬁgmmbbﬁﬁ as they
press and dis place normal tissuesppEARAT nors are dangerous in confined
pl aces such as the skull. A malignant tunor 1s capable of invading other
regions of the body. Metastasis is cancer spreadi ng by invadi ng nornal
tissue and spreading to dis tant tissues. Cancer Treatnent Several forns of
radi ati on therapy exi st fm&&%w: br achyt her apy,
traditional electronagnet - t herapy. Each are
further described, infra.Brachytherapy is radiation therapy using

radi oadtive sources inpl ant edf Q!‘pi‘ﬁg' NTIONt hi s treatnent, an

oncol ogi st _inplants radioactive material directly into the tumor or very

cl ose to iThis ieugintiootrelates ganeradly 4o treatraentofsantid caincers: Meds padigularlys, such
as the uterine cervix. The second form of traditional cancer treatnent

usi ng el echedmwgition relatesitatimalti-field charged particle cancer therapy system op-

tionally used in combination with beam injection, acceleration, extraction, respi-

ration, and/or targeting methods and apparatus.

10

DISCUSSION OF THE PRIOR ART

Cancer

A tumor is an abnormal mass of tissue. Tumors are either benign or malignant.
A benign tumor grows locally, but does not spread to other parts of the body.
15 Benign tumors cause problems because of their spread, as they press and dis-
place normal tissues. Benign tumors are dangerous in confined places such as
the skull. A malignant tumor is capable of invading other regions of the body.
Metastasis is cancer spreading by invading normal tissue and spreading to dis-

tant tissues.
20
Cancer Treatment

Several forms of radiation therapy exist for cancer treatment including: brachy-
therapy, traditional electromagnetic X-ray therapy, and prdton therapy. Each

are further described, infra.

25
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i ncludes treatnent using X-rays and gamma rays. An X-ray is high-energy, io
ni zi ng

di seas m
of electromagnetic radiation with a wavelength in the range of 10 to 0.01
nanoneters (nn), corresponding to frequ&ncies in the range of 30 PHz to 30
EHz. X-rays are |onger than ganma rays and shorter than ultraviolet rays.
X-rays are pri marily used for diagnostic radi ography. X-rays are a form of

i oni zi di at d cap b . Ga | f f
el ect 1 onadieERNBERINALS GRiaHRD etday Ui aereb e selties iy et bR .
particle 'tgégﬂéo?g;ilﬂpﬁistﬁgﬂg?éﬁ §h SrcoRIYiAFIPIARE radidabiiveMABrialr directly

radi oactiv ect romagnetic spectrum gama rays are
gener al | y inteathectumnorzetvery elbee tte dhafRagioastivadiourees af @alsey plasednvighiast

frequency,, as havi ng _highe ener nd having the short est wavel ength,
such as bet?@%?cyglﬁs fﬁcgﬁézﬁ%t‘@?rﬁﬁ% rays consi st of high energy
photons with energi es above about 100 keV. X-rays are commonly used to

treat dancerous tunors. However, X-rays are not optimal for treatment of
cancerous tissue as X-rays deposit their highest dose of radiatiqgn near the

surface of Thenseeandytoravot raditienalranger treatnerbysing giackiomagnetie rad@lighi on as
t hey penet, | L; ), LS Lo | € 5. j_.ation
bei ng. dol 1 DGrEES SsPuheht bpnaEray i Eitha ol ARl SGaRIE HPebrd 0
The third diging) efectrantgynetic eadiakion thatkeis yseat atnsw dusesoto diagnapy disesisens

typi cally include; a bean%?generator, )gn accel erator, and .a transport

. b
syst em t o foRtNigh&osgs jpitran) CRRCET o A da% % ger ray ﬁrfgm‘t? neqéqctro
treat ngnt %Qgﬁgﬁd"’?ﬁdiﬁtiéﬁ‘%g{/ at Raveldh§tHR theerdthd 8f A0t 4910101 RaroRtésNt ' S

body. Prot on rapy works almng energetic ionizi (rb]-? particles, such as
pr ot ons ac(oel)ecatrespanding do fraquencesaiocbearaageraf IhPhizata 30 ddiz.t Xtys These

gg;lf:ie?loﬁz %rgﬁ%ESe% v DgNg‘m(r)r];a Craeylls! and uslhtoirtré?ttﬁr—l.\l)( u?t‘?‘auvsici)lcgfJ réy e.i k-%?/gtz;}e pri-
marily used for diagnostic radiography. X-rays are a form of ionizing radiation

and can be dangerous. Gamma rays are also a form of electromagnetic radia-

15 tion and are at frequencies produced by sub-atomic particle interactions, such
as electron-positron annihilation or radioactive decay. In the electromagnetic
spectrum, gamma rays are generally characterized as electromagnetic radiation
having the highest frequency, as having highest energy, and having the short-

est wavelength, such as below about 10 picometers. Gamma rays consist of

20  high energy photons with energies above about 100 keV. X-rays are commonly
used to treat cancerous tumors. However, X-rays are not optimal for treatment

of cancerous tissue as X-rays deposit their highest dose of radiation near the
surface of the targeted tissue and delivery exponentially less radiation as they
penetrate into the tissue. This results in large amounts of radiation being deli-

25  vered outside of the tumor. Gamma rays have similar limitations.

The third form of cancer treatment uses protons. Proton therapy systems typi-
cally include: a beam generator, an accelerator, and a beam transport system
to move the resulting accelerated protons to a plurality of treatment rooms

30 where the protons are delivered to a tumor in a patient’s body.
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of their high rate of division and their reduced ability to repair danaged
DNA, are o ' o o o T st
rel ative \
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proton beam stays focused on the tunor -3hape without nuch | ateral damage to
surrounding tissue. Al protons of a given energy have a certain range,
defined by the Bragg peak, and the dosage delivery to tissue ratio is
maxi mum over just the last fewmllineters of the particle' s range. The
penetration depth depends on the energy of the particles, which is directly

related tg @}] ggt\ﬁor\l@' 0 i péﬁéﬁgeh@somrng pariley, aiuetl &y prétenpr ot on

accel erator. d of the roton IS a {ustable to t he_maxi rrumratlng of
the accel eaaa:elnrateldt with amfmler%cqﬁdﬁst%l entw af tecget tumeor: e(TheggnRajticlgse t o

t he proton, beam t er, [

si t uat ed. @%%&%H@togd:\éﬂ%f% "@a}‘ﬂg %ﬁg@g%héﬁﬁ%ﬁéﬁceﬁﬁiﬁzgﬁgH?r(lasdub}ed dose
and tissuegsklerther Agheatd BEdRRGN bAdahee reduead apiightotemair Batmaged
related to the current invention are sumarized here. Proton Beam Ther apy

Syst em F. DA arepartighlarlyfvulrgrable iecattagkianetheitBNfedi cal Cent er
"Multi-Station Proton Beam Therapy Systent, U. S. patent no. 4,870,287

(Sept enber 26, 1989) de scribe a proton beamtherapy system for selectively
generating and transporting proton beans froma single proton source and
accel er at obué¢ ¢o theieralativaly eneahoue size; poston$ seatienlessiaasilyfthamiX-m@ys or

EQEZ‘? GG o he Ssae fatd tisra ey IR I18ral HishSbe DAghEs dhe’ O e
2, 1998 de3edd BESmAstRyS I¥usBEHR fHetumor shape without much lateral damage to
surrounding tissue. All protons of a given energy have a certain range, defined
by the Bragg peak, and the dosage delivery to tissue ratio is maximum over just
the last few millimeters of the particle’s range. The penetration depth depends
on the energy of the particles, which is directly related to the speed to which the
15 particles were accelerated by the proton accelerator. The speed of the proton
is adjustable to the maximum rating of the accelerator. It is therefore possible
| to focus the cell damage due to the proton beam at the very depth in the tis-
sues where the tumor is situated. Tissues situated before the Bragg peak re-
ceive some reduced dose and tissues situated after the peak receive none.

20
Synchrotron
Patents related to the current invention are summarized here.

Proton Beam Therapy System

F. Cole, et. al. of Loma Linda University Medical Center “Multi-Station Proton
25 Beam Therapy System”, U.S. patent no. 4,870,287 (September 26, 1989) de-
scribe a proton beam therapy system for selectively generating and transporting
proton beams from a single proton source and accelerator to a selected treat-

ment room of a plurality of patient treatment rooms.
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NeUtrar wveart 1. 1 KeEYuLin, eL. di. DYIILIIT UL T UIl IRaUl dl 1 Uil duul ve vy L1 pbeadm
Stabilizers", US. patent no. 5,177,448-(January 5, 1993) describe a
synchrotron radi ati on source having, for the purpose of prolonging |ifetine
of a charged particle beam beam absorbers nade of a material having a | ow
phot odesorption yield that are dis posed inside a bending section/vacuum
chanber. Injection K Hranmoto, et. al. "Accelerator Systenf, U S. patent

no. 4,870,287 (Septem ber 26, 1989) describes an accel erator system havi ng
a sel ectorﬁméigf_ﬁ!éﬂ@ﬂB et for introducing an ion beam accel erated by

pre-accelerators into either a radi oi sotope produci ng unit

or a
synchr ot r dh. JaansteneariMathod andaApparetyscior dasge Eandiolied Profan ReampoRadi-

char ged pAe9X) B Shitstehf nby 5280 Y ffipe 2 FaobbRsahNSs atioldH GEhdgeR)
K. Hi r gnotdlegyebystém hawhg anl adceferatdresratacing et Hobearh anyg adasern Tiie Bhar ged

Particle Thereof, and Apparatus for |Injection of Charged Particle Thereof,
U.S. pat eri€rand B bganm ate cramiped §°zf?}"1®'??u§56‘( Heﬁ'@sgg‘i Bré&&d g 8nd
appar at us LI | | B E ; (N ' cuum
et aner dnpulRURRE! Reda siting Tk i (et BB e Bord tHendued
geonetri cddeapent er of the duct.Accelerator / Synchrotron H Tanaka, et. al.
"Charged Particle Accelerator”, U S. patent no. 7,259,529 (August 2 1,
2007) describe a charged particle accelerator having a two period
acceleration process with a fixed nmagnetic field applied in the first

peri odjpandr akeguchi, et. al. “Synchrotron Radiation Source With Beam Stabilizers”, U.S.
patent no. 5,177,448 (January 5, 1993) describe a synchrotron radiation source
having, for the purpose of prolonging lifetime of a charged particle beam, beam
absorbers made of a material having a low photodesorption yield that are dis-

posed inside a bending section/vacuum chamber.

15

Injection
K. Hiramoto, et. al. “Accelerator System”, U.S. patent no. 4,870,287 (Septem-

ber 26, 1989) describes an accelerator system having a selector electromagnet
for introducing an ion beam accelerated by pre-accelerators into either a radioi-

20 sotope producing unit or a synchrotron.

K. Hiramoto, et. al. “Circular Accelerator, Method of Injection of Charged Par-
ticle Thereof, and Apparatus for Injection of Charged Particle Thereof’, U.S. pa-
tent no. 5,789,875 (August 4, 1998) and K. Hiramoto, et. al. “Circular Accelera-
25 tor, Method of Injection of Charged Particle Thereof, and Apparatus for Injection
of Charged Particle Thereof’, U.S. patent no. 5,600,213 (February 4, 1997)
both describe a method and apparatus for injecting a large number of charged
particles into a vacuum duct where the beam of injection has a height and width

relative to a geometrical center of the duct.
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ti med second accel eration period to provide conpact and hi gh power accel era

18 01 e

and a

27, 2004) 0escripe an 10n beam therapy system and nmethod Tor operating the

system The ion beam system uses a gant?y that has a vertical deflection

system and a horizontal deflection system positioned before a | ast bending

magnet that result in a parallel scan ning node resulting froman edge

focusing effect. V. Kulish, et. al. "lInductional Undul ative

EH- Accel erator”, U. S. patent no. 6,433,494 (August 13, 2002) describe an

I nductive HE&&'aLiVF FH-.accel erator for accel eration of beans of charged
ergltor /_ avn

particl es. CEHECHREQLRYAENOIODS of an el ec tromagnet undul ation system

wh drivj t for electr nets is made in the formof_a
ragfg-fﬁgghgﬁﬁaiﬂggtogéi &héﬂ'%‘?(?g? igle; Agrsleratore. pr-éqﬁ@?ﬁ’? fﬂ%né-@wrﬁ?ﬁ ?bout
100 KHz t JSk>. ' i - I -1 ET $ em
and Ri ng '(I)'gl'%'geb Accgl’ 209 Z’? g%eg?%?d@f r%egﬁrﬁ%'g?g%éﬁ%f @Fagg{a‘f éﬁvb:}g&-r%

5, 917, 293 &deeleration proeeys with e fixed magmétioﬁbkquli@inaﬂbeeﬂgs’_r periic;rgaegtsi em
havi I t led to. net.ic core groun. | npedance
et o RO BPAERIRESh b TGS ot aPh R B 1 <
appl i ed t otighef tHEPEHERGES pafiicies.| ng means al lowi ng smal | construction of the
adjusting neans.J. Hirota, et. al. "lon Beam Accel erating Devi ce Having

Separately Excited Magnetic Cores”, U S. patent no. 5,661 ,366 (August 26,
1997) describe an ion beam accel erating device having a plurality of high

frequency ' k el dy] ' | | r [ Fpta, et.

- W acoen T BRBEH Bt 1C b S4ith ey SRl BRENENEINSETER Ortratily G55 )21

(Decenber SystefP2).8epatentncard,683,818r(danweryc2,i 2004)adestgibe dn Wh beam
therapy system and method for operating the system. The ion beam system

uses a gantry that has a vertical deflection system and a horizontal deflection
system positioned before a last bending magnet that result in a parallel scan-
‘ning mode resulting from an edge focusing effect.

15

V. Kulish, et. al. “Inductional Undulative EH-Accelerator”, U.S. patent no.
6,433,494 (August 13, 2002) describe an inductive undulative EH-accelerator
for acceleration of beams of charged particles. The device consists of an elec-
tromagnet undulation system, whose driving system for electromagnets is made

20 in the form of a radio-frequency (RF) oscillator operating in the frequency range
from about 100 KHz to 10 GHz.

K. Saito, et. al. “Radio-Frequency Accelerating System and Ring Type Accele-
rator Provided with the Same”, U.S. patent no. 5,917,293 (June 29, 1999) de-

25  scribe a radio-frequency accelerating system having a loop antenna coupled to
a magnetic core group and impedance adjusting means connected to the loop
antenna. A relatively low voltage is applied to the impedance adjusting means
allowing small construction of the adjusting means.
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frequency power source and a | ooped conductor operating under a control

t hat Conrhi na tn rantrnl a ~rniinl i N ~rAnct ant and/ nr AdAa_-tiini nn al |l A N
transm . ar T.
Kobari, et. al. "Apparatus For Treating the Inner Surtace of Vacuum Cham

ber", U S. patent no. 5,820,320 (Cctobef- 13, 1998) and T. Kobari, et. al.
"Process and Apparatus for Treating Inner Surface Treatnent of Chanber and
Vacuum Chanber", U.S. patent no. 5,626,682 (May 6 , 1997) both describe an

apparatus fog,.treatjng ap. Jnmner surface. V. m.ch rncludi. means
or suppt yI BRI Fera: glhet B AsRfEnE0 Beifs HaviBe SReArds iR ber
with a brogagnetit Corast iL8l patdMadHEEN366 (Aegdst 26, $3PD| degtibe drPiwar

al cohol to the vacuum chanber for dissolving contam nants on the surface of

t he vacuunbPedarasselerating devicedipving aplurality @f high freguencineagneliceligldinc and

Magneti c Fyel: Lak! ﬁ&F@E s", U S. patent no. 6,365,894 (April 2,
2002) and Wé"@%ggﬂgrag? rﬁ?g al . &E}g‘ec tromagnetic and Magnetic Field
Generatj ng Apparatus", U S. patent no. 6,236,043 (May 22, 2001) each
describe a pair of magnetic poles, a return yoke, and exciting coils. The

| ncrease mhgHBbI: 64 B0 ASRRIATRI BRWGR foorhaaRLR ARy, s, Ffer o ® 10

" Char ged- Parnii Eﬁggg er it d clae g&ﬂgp [ b f System
Usi ng thePQCﬂgrBi?éa- artlrﬁﬁgﬁg’eg%b%zc’deelggﬂgétz O%Irn,aan Na@?ﬂo%%l?q%o\;e{ﬁt%ﬁ§ht he
Particl e BregudRayi poawansdureegnd Syoapad condugtopapenating aunder B2@ordis thalkct ober

L1y 2000) SERE  SEuBd b BE AT S5 DA oo U

10 of power more efficiently to the particles.

Vacuum Chamber

T. Kobari, et. al. “Apparatus For Treating the Inner Surface of Vacuum Cham-
ber’, U.S. patent no. 5,820,320 (October 13, 1998) and T. Kobari, et. al.
15 “Process and Apparatus for Treating Inner Surface Treatment of Chamber and
Vacuum Chamber”, U.S. patent no. 5,626,682 (May 6, 1997) both describe an
apparatus for treating an inner surface of a vacuum chamber including means
for supplying an inert gas or nitrogen to a surface of the vacuum chamber with
a broach. Alternatively, the broach is used for supplying a lower alcohol to the
20 vacuum chamber for dissolving contaminants on the surface of the vacuum

chamber.

Magnet Shape

M. Tadokoro, et. al. “Electromagnetic and Magnetic Field Generating Appara-
25 tus”, U.S. patent no. 6,365,894 (April 2, 2002) and M. Tadokoro, et. al. “Elec-
tromagnetic and Magnetic Field Generating Apparatus”, U.S. patent no.
6,236,043 (May 22, 2001) each describe a pair of magnetic poles, a return
yoke, and exciting coils. The interior of the magnetic poles each have a plurali-

ty of air gap spacers to increase magnetic field strength.
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charged particle bean1mnth|n a stable reglon of resonance and an extraction
quadrug~=' - "' "ot oot * - T oo trobts memies of mmmmmm--= The
RF- KO u g
beam does not go beyond a boundary of stable region of resonance and the
extrac tion quadrupol e el ectromagnet |s Toperated with timng required for
beam extrac tion. T. Haberer, et. al. "Method and Device for Controlling a
Beam Extraction Raster Scan Irradiation Device for Heavy lons or Protons",
U S. patent no. 7,091 ,478 (August 15, 2006) describe a nmethod for
controlling beamextraction irradiation in terns of beam energy, beam
focusing, gnd gean1|nten3|ty for every accele rator cycle. K Hranoto, et.
al . "Accel nd Medi cal System and Operating Method of the Sanme", U.S.

patent no._6,472,834 ﬁOct ober 29, 2002) describe a cyclic té%; accel er at or
having a dbfNakanishi, ef.c3t rhargadtPartislerBeampAcelermtari Parile disrki ng a

char ged pf‘t;cﬁq THRrAA Sy Sldnt (g 1n8 CRAbEaRUACR) g&%ﬁmoﬂﬁgé‘l%}]a%ﬂraﬁ'ﬂﬁé ating

a stabili esonance o ron oscil
frequency thodrofeOperatingpthe PgrticldiBganh Radiatiery Teleeapy Systpma?, ilg.SE lpdtehtt o the

b t h to th tSi f .th tability. limt. The hi

ffig‘ueﬁc;mé%j,a’ézéiﬁﬁ pher eﬁépia‘egﬁg%an %S ai9e Refticle bean) @mg@?qgh
t e t

Coepoct | havifig G RF.KO WHIE for, IfbrtAshg rmBAAE of BeKARGH ShotiaRBRCH! s

frequenci e@waﬁgetﬂa pathdeobeam withie aarstabie frégloanof rédomapget amd appéxtesctiohe sum
signal via_ electrod r anot .o chr ot rcmsType

al. "S
Accel er at cTUSHTHPRIES %EQ{rOWHFEﬁH? f%w?a'r"?g EnieblA Fﬁﬁ'?%é’%ﬁ%&“anqg S.!PBat ent
no. 6, 87, ﬁ?ﬂ(d)‘l}ﬂlt)/ns]c;peraﬂﬁp\)\ntﬁlﬂda Kreqlieh&ParRye ﬁﬁtwh%h the%fﬂfifﬁtmgr B&arhy P€

Accel erator and Medi cal Treat nment Syst em Enpl oyi ng the Sane", S. patent
no. 6, 008,dess nokegemeyonds begodarydef stable region of resonance and the extrac-

tion quadrupole electromagnet is operated with timing required for beam extrac-

tion.

15 T. Haberer, et. al. “Method and Device for Controlling a Beam Extraction Raster
Scan Irradiation Device for Heavy lons or Protons”, U.S. patent no. 7,091,478
(August 15, 2006) describe a method for controlling beam extraction irradiation
in terms of beam energy, beam focusing, and beam intensity for every accele-
rator cycle.

20

K. Hiramoto, et. al. “Accelerator and Medical System and Operating Method of
the Same”, U.S. patent no. 6,472,834 (October 29, 2002) describe a cyclic type
accelerator having a deflection electromagnet and four-pole electromagnets for
making a charged particle beam circulate, a multi-pole electromagnet for gene-
25  rating a stability limit of resonance of betatron oscillation, and a high frequency
source for applying a high frequency electromagnetic field to the beam to move
the beam to the outside of the stability limit. The high frequency source gene-
rates a sum signal of a plurality of alternating current (AC) signals of which the

instantaneous frequencies change with respect to time, and of which the aver-
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scribe a synchrotron accel erator having a high frequency applying unit
arrang

el ectr

I ncreasing anplitude OT petatron 0OSCIl lation Of the particle peamto a

| evel above a stability limt of resonadce. Addi tionally, for beam

ej ection, four-pole divergence el ectromagnets are arranged: (1) downstream
with respect to a first deflector; (2) upstreamwth respect to a

el ect 1 omng RO VA Ty e sttt AR Es atyreRpett Lntaii B S «
H ranpt o, ¥Fhe sgbtem &bphies fHe AGRVIGHAVR eldbilodds frthetehpppar at us f or

Extract ing Charged-Particle Beamin Crcular Accelerator”, U S. patent no.
5,363,008 (Novenber 8, 1994) describe a circular accelerator for extracting
a chargedparticle beamthat is arranged to: (1) increase displacenent of a

beam by th : 0 te 41 al i nodi '  the
petat ron oe VPRTarot o OEFAARA hufl ALk RROr 2 buedita) TRARERFESS

bet at r on otem IEmpioqmg/\tHég'S:anae”:ﬁ}LBSbipb'téhm ridt.)rﬁ,OSV,@?Or ennmaﬂcenoap@nfjax. to
exceed the resonance stabiljt i t ereby extracting the particles
exceedi ng HHamate,pt @ -y%‘lypﬁ'i"to on type Aﬁ%ﬁr eieangMegicallyegtment System

"Met hod of [ ' f I I t
Chpabl e caEORY, A8, PAREPD SR patdtRo. 6066 BR8MRber ¥ e G620
no. 5, 285, 4@tbg Fepnclaoirod, actetatatdavirighe higmigedxmhqyf a@dyingmritnrgmga;hr ged
icle b Al i 1ipri .t of . articles nai n a
bendi ng’ magnet CirHg bt TR PR He, B GBI Lo isia Rt toTAGReDs Telto &
sext uph@ CcenRgBaPatitlE bein bﬁﬁulﬁgn@aﬁéﬁéﬁ i%k@%{bﬁfﬁi%é)&f &é}ﬁtrﬁﬁf&bﬁf at or

other than these magnets to change the tune of the charged particles.
Transport latigoafithepadicie hsiankto BHevelgrhoveta stability fimit ot rasoBaane] Adith at i on

G‘p gar g;?gnpgﬁ@; @ée%gi J%'gﬁ%bL@'utr-poﬁengivg(ﬁ‘gretr{c%l glegﬁgmalgwe?sd%\?et I:sl(rjrgn!c\;/‘eacti:hOd ’
(1) downstream with respect to a first deflector; (2) upstream with respect to a
deflecting electromagnet; (3) downstream with respect to the deflecting elec-

15 tromagnet; and (4) and upstream with respect to a second deflector.

K. Hiramoto, et. al. “Circular Accelerator and Method and Apparatus for Extract-
ing Charged-Particle Beam in Circular Accelerator”, U.S. patent no. 5,363,008
(November 8, 1994) describe a circular accelerator for extracting a charged-
20 particle beam that is arranged to: (1) increase displacement of a beam by the
effect of betatron oscillation resonance; (2) to increase the betatron oscillation
amplitude of the particles, which have an initial betatron oscillation within a sta-
bility limit for resonance; and (3) to exceed the resonance stability limit thereby

extracting the particles exceeding the stability limit of the resonance.
25

K. Hiramoto, et. al. “Method of Extracting Charged Particles from Accelerator,
and Accelerator Capable Carrying Out the Method, by Shifting Particle Orbit”,
U.S. patent no. 5,285,166 (February 8, 1994) describe a method of extracting a
charged particle beam. An equilibrium orbit of charged particles maintained by

30 abending magnet and magnets having multipole components greater than sex-
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2007); K Matsuda, et. al. "Particle Beam Irradi ati on Treatnment Pl anni ng
Unit, and Particle BeamlIrradiation Method". U. S. patent no. 7.122.81 1
(Cct obel

Apparatus, Ireatnment Planning Unit, and Particle Beamlrradi ation Method”
(Septenber 5, 2006) each describe a parficle beamirradi ati on apparatus
have a scanning controller that stops output of an ion beam changes
irradiation position via control of scan ning el ect rorragnet s, and

reinitiate r eat nent ased ntreatrren rmat

Nor i ne. LPS EPmPoReplY & snife 3 G BruRrR et O e ReeRiatoh othghber -
7, 060, 997 fhatAedSmaHM to Thai i1 e oftthe ShargedPbartioles. Ther apy System
Appa ratus", 6,936,832 (August 30, 2005) and T. Norimne, et. al.
"Particle Ther apy System Appar atus", 6,774,383 (August 10, 2004) each
describe a particle therapy system haV| ng a first steering nagnet and a

second st el In a charged particle beam path after a
synchrotrgW 7 2 aeg'by first and second beam position nonitors.

7 012, ob7 Rk et e ikEler BRAM MadRlor AR 5 Tealif ghing

i ndi cat i nguURiteaed Pakicle Being I@Qdmh@ﬁ Mletﬁ@d" tw S paesrit g 71229 1@ﬂ(mﬁf>t 0 a
patient. H. Harada, et. al. "lrradiation Ag’g)ar atus_and Irradiation Method"

U.S. pat en080); Ko Matsugdas ef. jain (RaRicieoBeanpkradiatien iTreataient Rlaaniagi Yaitnet hod
having a | a0 0 rtrcffg Baédnqrfrr%ti%tgn‘t\ﬂ‘é’tﬂphanﬂ{sr. tﬂyééﬁtrr% @%52% B{Q&HEéP’i‘T

W t hout st rengt orman Fation 'fi using a

position Cmﬂﬁ)pbhdrK I”Mmtsn.@ao‘eerall Hpantiole Beam thfaﬁlmdmbstpparlaltw alreatment
irradiations via use of a multileaf collinmator. stemgrow des fI at

and uni% or Rlagpng Hniti and, Gartigle Beam Kradiation M%*ﬂf?q a(§@P mpgeg
AKiyama, efesdibe a PaiclE b irsbiatiGt Hpphratad! Rivets s%thfﬁ@e%ntm%t rfl(i’at

stops output of an ion beam, changes irradiation position via control of scan-

ning electromagnets, and reinitiates treatment based on treatment planning in-
formation.

15

T. Norimine, et. al. “Particle Therapy System Apparatus”, U.S. patent numbers:
7,060,997 (June 13, 2006); T. Norimine, et. al. “Particle Therapy System Appa-
ratus”, 6,936,832 (August 30, 2005); and T. Norimine, ef. al. “Particle Therapy
System Apparatus”, 6,774,383 (August 10, 2004) each describe a particle ther-
20 apy system having a first steering magnet and a second steering magnet dis-
posed in a charged particle beam path after a synchrotron that are controlled by

first and second beam position monitors.

K. Moriyama, et. al. “Particle Beam Therapy System”, U.S. patent no. 7,012,267
25 (March 14, 2006) describe a manual input to a ready signal indicating prepara-

tions are completed for transport of the ion beam to a patient.

H. Harada, et. al. “Irradiation Apparatus and Irradiation Method”, U.S. patent
no. 6,984,835 (January 10, 2006) describe an irradiation method having a large
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Scanni ng EIectronagnet Pomer Suppl i es", U S patent no. 6 903, 351 (June 7,
2005); "' ttome SRR NSRBI S e |

Havi ng _ _ o _ 136
(May 3 1, 2005); and H. Akiyanma, ef. al. "Charged Particle Beam Irradi ation
Equi p ment Havi ng Scanni ng El ect romagnel0-Power Supplies”, U.S. patent no.
6,881 ,970 (April 19, 2005) all describe a power supply for applying a
voltage to a scanning el ectromagnet for deflecting a charged particle beam

and a second r u i,ng conmpoanent troI t he
scanni ng e'I %%Hégpﬁaﬁ% t‘?@éﬁ?sﬁl %ﬂﬁ“ﬁoq ik tf% ‘?’Hﬁg Bffon of
the irradi ﬁirhﬁﬁc@b:lf%ﬁ irddiatSFe fitiPdeite, @ing 2 H6tiGH %bﬁfroﬁ?é‘rshﬁﬁhg'&ewbd' cal
Accel erator Facility", U S. patent no. '6, 800, 866 (Cctober 5, 2004) describe

an accel er @ppings3readarmead by pluralit of tradiationsoda uselof aumultiteaficallijaatespabl e

"nt erval . e Sbin BOVIRAF ittt R JoRP BiotiLeRs) Ser MM RS, o
patent $0.atargéb, 403 (Novenber 5, 2002) describe a gantry for an
i on-optical systemconprising an ion source and three bending magnets for

defl ecting an i on beam about an axis of rotation. A plurality of
quadrupol es are al so provided along the beam path to create a fully

achr omat | HDRMARANROTS ACharjed PhrheBBBAH IRLARRORNEGEEMEANFRRI. {he

hori zont al ertical planes , two scanni ng ma ts are pr gw ded
bet ween t hScamnchlactdomlagnelt Pener rBuppligattld. St cpadierltem 6 lé3tﬁ&1n(JdneA7<,l yamng,

et. al Particle Beam lrradi,ation ara
6, 218, 675?@5 %BﬁF o%scd:h%r@egaé?ng'&Aﬁg {’ %‘%EHPF 'A?Y on ap
par at ug, f ojng 'scs@fm. 'Erect?orhagﬁ@ttP&w&hs%gﬁh@egeﬂspaéfér&'re %600, 4381 Mdyc! udes
a plurality of scanhi n romagnet s a quadrupol e el éctronagne
bet ween t wd1,0200%)¢ qmlduHalAlmwama, st aainiChprged dPadickegBeam Irradiation Equip-

ment Having Scanning Electromagnet Power Supplies”, U.S. patent no.

6,881,970 (April 19, 2005) all describe a power supply for applying a voltage to

a scanning electromagnet for deflecting a charged particle beam and a second

15 power supply without a pulsating component to control the scanning electro-

magnet more precisely allowing for uniform irradiation of the irradiation object.

K. Amemiya, etf. al. “Accelerator System and Medical Accelerator Facility”, U.S.
patent no. 6,800,866 (October 5, 2004) describe an accelerator system having

20 a wide ion beam control current range capable of operating with low power
consumption and having a long maintenance interval.

A. Dolinskii, ef. al. “Gantry with an lon-Optical System”, U.S. patent no.
6,476,403 (November 5, 2002) describe a gantry for an ion-optical system
25 comprising an ion source and three bending magnets for deflecting an ion
beam about an axis of rotation. A plurality of quadrupoles are also provided
along the beam path to create a fully achromatic beam transport and an ion
beam with different emittances in the horizontal and vertical planes. Further,
two scanning magnets are provided between the second and third bending

30 magnets to direct the beam.
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K. NMat suda et al "Charnad Partircla Raam lrradi ati nn Quet am and Met hod

The reof, :d
particle ]
elenments 1o smelru a part 01 LNe cnargeu particle oeam in an area
corresponding to a thin region in the tHrget. P. Young, et. al. "Raster

Scan Control Systemfor a Charged-Particle Beant, U S. patent no. 5,017,789
(May 2 1, 1991) describe a raster scan control systemfor use with a
charged-particle beamdelivery systemthat includes a nozzle through which
a charged particle beam passes. The nozzle includes a pro gramrabl e raster

enerator and,both fast. a sl oyw._s can, el ecf.ro nets,t cooper at e
190 gener at 6 g"‘%iﬁgahﬁgg@fg%wﬂag&gg é’f%&?éo? %ﬁ%al @% pé?ﬁ'gtsi red
raster sca [ it : i i ' . al.
"Particle g%.gﬁ,??ﬁﬁggf{a@gg?&%&;ﬁg%ﬁ%tﬁ%@g@?& Rgfthsd}é b?ﬁgﬁﬂ r aﬂl atff%n

Fi el d For npagtupfadrizadiating @ Brgetavitna ¢harggd padticle® beamethattinsiudss aphd6) and
M Yanagi s t.al. "Particle Beam/|lrradjation, System an t hod of

adi st | o PBaef Seariine-pERYbhaRer 2R Ap i Dho B et o RRuARt s Ring o1
(May 23, ZGQﬁbJﬂ@@IﬂtWainlﬁmgae[b@frbh@bﬂefsherapy system having a scattering
conpensator and a range nodul ati on wheel. Myvenent of the scat tering

conpensat or and the range nodul ati on wheel adjusts a size of the ionbeam
and scattering intensity resulting in penunbra control and a nore uniform

dose di St rkoMekad 012 CCRAREN BAMICTEIM 1Fac SO Shtof ancliotrfPphE and

Met hod for Adapting the Size“o eam nmal n o unor
I rradi ati oreof’, W.S. paternnon6,087,652,(Jdly {FeR00G) de@&ibe? @0thardedcparticlea

met hod and, apparatus. for adapting the size of. an .ion beamin tunor

rradi M i oPeARHARETEN SYREIMAEYL? deR iies Witeshielding slerments 4o shield a
part of the charged particle beam in an area corresponding to a thin region in
the target.

P. Young, ef. al. “Raster Scan Control System for a Charged-Particle Beam”,
15 U.S. patent no. 5,017,789 (May 21, 1991) describe a raster scan control system

for use with a charged-particle beam delivery system that includes a nozzle

through which a charged particle beam passes. The nozzle includes a pro-

grammable raster generator and both fast and slow sweep scan electromag-

nets that cooperate to generate a sweeping magnetic field that steers the beam
20 along a desired raster scan pattern at a target.

Beam Shape Control

M. Yanagisawa, et. al. “Particle Beam Irradiation System and Method of Adjust-
ing Irradiation Field Forming Apparatus”, U.S. patent no. 7,154,107 (December
25 26, 2006) and M. Yanagisawa, et. al. “Particle Beam lIrradiation System and
Method of Adjusting Irradiation Field Forming Apparatus”, U.S. patent no.
7,049,613 (May 23, 2006) each describe a particle therapy system having a
scattering compensator and a range modulation wheel. Movement of the scat-

tering compensator and the range modulation wheel adjusts a size of the ion


smichelle
Rectangle

smichelle
Rectangle


beam spot are arranged directly in front of raster scanning nmagnets

det er m r\i nn +tha ci 2o AFf than i nn haarm enn + ThAa Aannar atiic A~Aant ai N A ~nnt rol
| oop fol
beam spot size. K Matsuda, et. al. "Charged Particle Irradiation Apparatus

and an Operating Method Thereof, U S. pHrent no. 5,986,274 (Novenber 16,
1999) describe a charged particle irradiation apparatus capabl e of
decreasing a |l ateral dose fal |loff at boundaries of an irradiation field of

a charged [ cam US| [ ' ' r e

el ect romagﬁ%rb aj{?ﬁa’ ot rﬁ@@t'b%sﬁzﬁwﬁﬁéyﬁ%@%p? S%h'?é'gﬁs“‘f%é%ﬂ{'ﬁﬁ?%‘f t he
charged pagédedigtriiraioniossdiseaséd bogy patte cen ter of a scatterer
irrespective of direction and intensity of a magnetic field gen erated by
scanni ng el ectromagnets. K Hiranoto, et. al. "Charged Particle Beam
Apparatus and Method for QOperat ing the Sane", U.S. patent no. 5,969, 367
(Cct ober 1 SGff K | e e
char ged pa?t r%?%%be%?n iﬁl; g% ar?@gﬂg&%g& tp\grsgwghs%%gﬁ:éﬁ %Ggggﬁan
di stri bt i Spot imatheaDbmain oflﬁmhmrrjrnaglaibnr’rlrlﬁlipﬂténhndoé%gaw (fezbruary

t , t. | d P | B )
ord 1 09, oroh. B0k uShibe b etiod andsanat aluss forduRing: the 68, hatciae a

radi ati on t
oo r oSSR, et a3t by sedy e,

Nunan "Ml béareaipotare arranged directiaili ronteofapsteniscanning magnes qﬁemmnlngo

4,868, 844 Se te r .19, 1989 esgribes r adi t|on th e havi ng
2 bt | oS Phities PRt aa TR aRparfs Bhiihe s sl hedaf hlki

WDV&b' 0 tOmefdffieﬁht b@ﬁb@fl@wllaﬂuesltb aghitivdr somtiol ﬂiéhon%ed?ﬁ%?bﬁélzeet al .
"Variabl e Radiation Collimator"”, U S. patent no. 4,754,147 (June 28, 1988)

descri be a variable collimator for shaping a cross-section of a

K. Matsuda, ef. al. “Charged Particle Irradiation Apparatus and an Operating
Method Thereof”, U.S. patent no. 5,986,274 (November 16, 1999) describe a
charged particle irradiation apparatus capable of decreasing a lateral dose fal-

15 loff at boundaries of an irradiation field of a chargéd particle beam using con-
trolling magnet fields of quadrupole electromagnets and deflection electromag-
nets to control the center of the charged particle beam passing through the cen-
ter of a scatterer irrespective of direction and intensity of a magnetic field gen-
erated by scanning electromagnets.

20

K. Hiramoto, et. al. “Charged Particle Beam Apparatus and Method for Operat-
ing the Same”, U.S. patent no. 5,969,367 (October 19, 1999) describe a
charged particle beam apparatus where the charged particle beam is enlarged
by a scatterer resulting in a Gaussian distribution that allows overlapping of ir-

25 radiation doses applied to varying spot positions.

M. Moyers, et. al. “Charged Particle Beam Scattering System”, U.S. patent no.
5,440,133 (August 8, 1995) describe a radiation treatment apparatus for pro-
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radi ati on beamthat relies on rods, which are positioned around a beam
aXIS TIAA v AAA ArAa AhAanmAaAd Ly A AlhAani o nAa A A A~k + A A AlhAanA AF A~ n.-q'a Of
a pa ti al .
"Beam Al | ocati on Apparatus and Beam Al |l ocati on Method for Medical Particle
Accel erators", U.S. patent no. 7,351 ,988 (April 1, 2008) de scribe a beam
al l ocation appar atus for nedical part | cl e accel erat ors having an
arbitration unit, switching logic, a nonitoring uni t and sequence contr ol

Therapy  cydudng ™ b beay 8hi's scaysiiaa Yol R Gandhs hoghapelat. g o

beam serveéhéwéa@mdpe peBhirality of treatnment roonms with irradiation ready
signals all ow ng f| rst-come, first-served control of the treatnment beam K
Moriyama, et. al. "Particle Beam Therapy Systeni, U.S. patent no. 7,262,424
(August 28, 2007) descri be a particle beamtherapy systemthat uses

I nformati o 8 F d | s Of st i to one
of a plurali r\!y of rﬂreh(lal %%%%?O'C%k;brg%%%ly wcéfrgs"wubﬁi %Pteéﬁg'?%et

Mil tiplse Em66§)84ﬂa@$e:pjtembep69Pr1 689 describesla EadlaMremerapy nbachide aﬁ(hng
(Septenber f @ adpa ti IeI be trans % th h havi nlg

i nl et path® fal CPYMA g}e nelg® ‘éra' rReavy me snmevaRiertonagnet

on resultsg 5 A JIACRdRaRIR fRQ4ng directed to a corres ponding room M
Takanaka, gtrm Pfcg'yeam Irupgﬁy Devdljce U S. patent no. 5,349,198 (Sep

tenber 20, 1994) descri be a beam suppl y device for supplying a particle or
rad iation beamto a therapy room where the systemincl udes a rotatable

b_eam trans gMﬂ%} 'hgﬂ g?vélce\/ana le FPacFataon tC Illmato arn gt . %erﬁt | on4 r7§2q§17

di sposed a
10 (June 28, 1988) describe a variable collimator for shaping a cross-section of a

radiation beam that relies on rods, which are positioned around a beam axis.
The rods are shaped by a shaping member cut to a shape of an area of a pa-
tient to bé irradiated.

15 Treatment Room Selection

J. Naumann, et. al. “Beam Allocation Apparatus and Beam Allocation Method

for Medical Particle Accelerators”, U.S. patent no. 7,351,988 (April 1, 2008) de-

scribe a beam allocation apparatus for medical particle accelerators having an

arbitration unit, switching logic, a monitoring unit, and sequence control with a
20 safety spill abort system.

K. Moriyama, et. al. “Particle Beam Therapy System”, U.S. patent no. 7,319,231

(January 15, 2008) describe a beam server system to a plurality of treatment

rooms with irradiation ready signals allowing first-come, first-served control of
25  the treatment beam.

K. Moriyama, et. al. “Particle Beam Therapy System”, U.S. patent no. 7,262,424
(August 28, 2007) describe a particle beam therapy system that uses informa-
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a rotational axis of the rotatable deflection el ectromagnet. Beam Energy /

| nt enci tv M  Vanani cawnm at al "rrhar nad Dartirl a Thar anuy Quet am Dange
Modul & el
DEV| CE , U O patcit U, 1,009, 107 \MAPIII O, £4UUL) allu ialiayl sawa, ct. al .

“Charged Particle Therapy System Range14l\/bdu| ation Wheel Device, and Method
of Installing Range Mdul ati on Wheel Device", U. S. patent no. 7,053, 389
(May 30, 2008) both describe a particle therapy system havi ng a range

nodul at i on wh n_beam Pas$ rou the r nodul at i o eel
esul t1 ng 14 G0 G TopTnar gy oL JRINT o 1O st AP B of & B o
st epped t eR:$SMenPfodhs range m)dul atlon wheel . M Yanagi sawa, et. al.
"Particle Beam Irradiati on System and Met hod of Adjust ing Irradiation
Appar at us", U S. patent no. 7,297,967 (Novenber 20, 2007); M Yanagi sawa,
et. al. "Particle BeamIrradiati on System and Met hod of

Adj | L A" A 1. { »
Sobey. N kGroRl, ¥ SRPRIGHiMS, TaideR: MBRGRS oy Refidisollps, Plbction, o
of Adj ustiU®.|patent 6. I&MA}QQ@r(ﬁepnémbék S, 2002edésdtibe d parfcldBealpand- 11,

2006); and M Yanagi sawa, “Partjcle Beam I rradiation Syst em_and
Met hod of agth hgv'ngraahﬁn tlnﬂ%h,&asamaltlake Kickergnaggetss whese tarminga giv

Al t 17 Jau t
Gevice, arg] KA Ragndloah reSauS i B8 FREAA Kol Hoind diseits Rolheed

adjustnentp@mmmgexane conbi ned together and are noved al ong a beam axi s.
The spreadi ng device is independently noved along the axis to adjust the
degree of ion beam scattering. Combi ned, the device increases the degree of
uniformty of radiation dose distribution to a diseased tis sue. A Sliski,

et. al o " RUOdaRERERA, Cef ]! tBédm BadpIf Bavice! (Redipatétind NS Bany Ideasep-
tember 20, 1994) describe a beam supply device for supplying a particle or rad-
iation beam to a therapy room, where the system includes a rotatable beam
transportation device and a plurality of beam utilization rooms disposed around
a rotational axis of the rotatable deflection electromagnet.

15

Beam Energy / Intensity

M. Yanagisawa, et. al. “Charged Particle Therapy System, Range Modulation
Wheel Device, and Method of Installing Range Modulation Wheel Device”, U.S.
patent no. 7,355,189 (April 8, 2008) and Yanagisawa, etf. al. “Charged Particle
20 Therapy System, Range Modulation Wheel Device, and Method of Installing
Range Modulation Wheel Device”, U.S. patent no. 7,053,389 (May 30, 2008)
both describe a particle therapy system having a range modulation wheel. The
ion beam passes through the range modulation wheel resulting in a plurality of
energy levels corresponding to a plurality of stepped thicknesses of the range
25  modulation wheel.

M. Yanagisawa, et. al. “Particle Beam Irradiation System and Method of Adjust-
ing Irradiation Apparatus”, U.S. patent no. 7,297,967 (November 20, 2007); M.
Yanagisawa, et. al. “Particle Beam Irradiation System and Method of Adjusting


smichelle
Rectangle

smichelle
Rectangle


Formation", U S. patent no. 7,208,748 (April 24, 2007) describe a
programuabl e pathl enath of a fluid disposed into a particle beamto

nodul at « e
charged particle peam scatterer/range npaul ator conprises a Tiuld reservoir
havi ng opposing walls in a particle bealrpath and a drive to adjust the

di stance between the walls of the fluid reservoir under control of a
programuabl e controller to create a predeterm ned spread out Bragg peak at

det ' . dept h i b h t ' ) |l ati.on i
ot i nuous PR hamaRuf IS atent AR T, PR G00: W e es: ' ©
deposit a @asét. ian “Paltild Beath RFRASIET Sysedh bRt dethod BT 7dj@stig IvldidtRn M
Tadokoro, et. al. "Particle Therap\é 6%/3 e u. atent no. 7,247,869

tenf, U.S.
(July 24, ApparatugmdUb atent Bat 7,031 qmrﬂds,egeégmweﬂana@@raeﬁﬂ ;
d ib g . t el . rge
bar i1 cle pahmaiFleea ivigor STERTAR Ridihod B Bl tGERELRGN At G2,

beam pas seges"p&).Bepatentprd.r 6 F77¢A00 (Adhwsts17,a2004)edlD Medeis aoscattetih
signal processing unit.G Kraft, et. al. "lon Beam Scanner stem an
Oper ati ng devieR A ramges,adwtraﬁnt device, gl a peak w&?dm, d@@%) BesEattsE an

i beam s \f; ' ical [:

target vor [k ik, ST rERc 8l RitnBn BEYIEE <58 cofl A R fUFARTaIO MRS, .
by means odloagla heam amisor Theobareadisgeulaéceiiisp}cmwmﬂehtly)}‘rnm gLonfngher ption
means resul t.i I n dept h-staggered scan ning of volune el enents of a target
Vol une. G XBBraginst the d80TeS Eiop BeRm SeBHPHRg.ndCARDINGS. HBgHeNies iy

Syst ' ' | SibiE A i : it it ent
o 6155, HSELRMNG debR of STdrity, df tadlatiolude U S0 o 8 dispaced B Deam

t herapy sysdaeem having a grid scanner that irradi ates and scans an area
surroundi ng an isocentre.

A. Siiski, et. al. “Programmable Particle Scatterer for Radiation Therapy Beam
Formation”, U.S. pétent no. 7,208,748 (April 24, 2007) describe a programma-
15 ble pathlength of a fluid disposed into a particle beam to modulate scattering
angle and beam range in a predetermined manner. The charged particle beam
scatterer/range modulator comprises a fluid reservoir having opposing walls in a
particle beam path and a drive to adjust the distance between the walls of the
fluid reservoir under control of a programmable controller to create a predeter-
20 mined spread out Bragg peak at a predetermined depth in a tissue. The beam
scattering and modulation is continuously and dynamically adjusted during
treatment of a tumor to deposit a dose in a targeted predetermined three di-

mensional volume.

25 M. Tadokoro, ef. al. “Particle Therapy System”, U.S. patent no. 7,247,869 (July
24, 2007) and U.S. patent no. 7,154,108 (December 26, 2006) each describe a
particle therapy system capable of measuring energy of a charged patrticle
beam during irradiation of cancerous tissue. The system includes a beam pas-
sage between a pair of collimators, an energy detector, and a signal processing

30 unit.
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Both the denth dnce digtrihiiti on and the trangverce dncge distrihntion of

the gri ire
are nei Jme
W t h ad rdiLl Ul e Dedllldillu L2 VI Le | Hpr erenei 11y odliie U. O. pat el 1.

6,717,162 (April 6, 2004) describes a nmHthod of producing froma particle
beam a narrow spot directed toward a target volune, characterized in that
t he spot sweepi ng speed and particle beamintensity are simultaneously
varied. G Kraft, et. al. "Device for Irradiating a Tunor Tissue", U.S.
patent no. 6,710,362 (March 23, 2004) describe a nethod and apparat us of

irradiatin t JIno i.ssue, where the apparatus has. an el ectromagnetically
driven i on%’r g&(‘?‘ﬁg"’é@i/i @7@ 'Sﬁa‘?‘hgcﬁﬂrlﬁ’o?ysgéﬁrﬁ%’a Hefai}nngsm@u WeS-Ratertat i on
of the pro pu | W ar=Yol g ' eam
ange K| MTes T (ay D pROSPA et W BEAR SHRiNg UneRthafo BT

U. S. pat enmegcbaniéabaligriaeni Sesierntos th® targed 3pludes to ibeescantiedr ajleavipgqufor cl e

beamiryradia tion apparat that, i ncreases the wi.dth in . a depth direction
of a BraggtarnPRy e b ReRhenll tieReann R HnSA EWIEF Gha JrRTsYPES

cont ai ni ngdisPlRBnicMit dfeamarg) aiRplicn AedriadrebiultirRy ﬁﬂbeﬁﬂﬂ&&'gﬁérélf 9gas-ed
according to the difference be tween passed positions of eaCh of the filter
el ement s. RingSfaohume etements of'g tangetatalynecChanber for |on Beans and Met hod
for Monitoring the Intensity of an lon Beant, U S. patent no. 6,437,513

(August 20, 2002) describe an ionization chanber for ion beans and a net hod
of nonitoring the in tensity of an ion therapy beam The ionization chanber

i ncl udes aGceHartmanhoesialg;Methodafor i Operating rtovon BdagaMhewapyeSystemi@y and a
chanmber volune filled with counting AKi

: d w as, H. yana, et. al.

" Char g&di- Pifopitering lﬂé%rﬁ'?V\béEHPathotﬁel\}g?ﬂ@HO'arQPsi%}'sMaﬁi‘ patent no. 6,736,831
(May 18, 2004) describe a method for operation of an ion beam therapy system
having a grid scanner that irradiates and scans an area surrounding an isocen-
tre. Both the depth dose distribution and the transverse dose distribution of the
grid scanner device at various positions in the region of the isocentre are

15 measured and evaluated.

Y. Jongen “Method for Treating a Target Volume with a Particle Beam and De-
vice Implementing Same”, U.S. patent no. 6,717,162 (April 6, 2004) describes a
method of producing from a particle beam a narrow spot directed toward a tar-

20 get volume, characterized in that the spot sweeping speed and particle beam
intensity are simultaneously varied.

G. Kraft, et. al. “Device for lrradiating a Tumor Tissue”, U.S. patent no.
6,710,362 (March 23, 2004) describe a method and apparatus of irradiating a
25 tumor tissue, where the apparatus has an electromagnetically driven ion-
braking device in the proton beam path for depth-wise adaptation of the proton

beam that adjusts both the ion beam direction and ion beam range.
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U. S. patent no. 6,433,349 (August 13, 2002) and H Akiyama, et. al.
"Charged- Particle Ream Irradiation Method and Svstent IS natent no,

6, 265, 8¢ ation
systemthat in cludes a changer for changing energy of the particle and an
intensity controller for controlling anlntensity of the charged-particle
beam Y. Pu "Charged Particle Beam Irradi ati on Apparatus and Mt hod of
Irradiation with Charged Particle Beani, U S. patent no. 6,034,377 (March

ehergy deofalEtdEh s Bl GARadY Eufine AiEhliradidipf AdbRy At O bttt A
(2) a di stpbbe 617BOP(SEEEMBER & koEosy dé!scﬁbéié;élhﬁf Ephittle BehRL -2 ound

an axis of rotation, where thickness of the wall determ nes energy
degr adat i otiPAPPA@tYUS thatiinercares daenwidibdna deptrdiceation efia Biagg peaktiyc] e

Beam I rr adj atJ: ' t : . Q5 7 7)
descri be ab%égﬂﬁéjgﬁgt%?% ?Jloggbgdr?f %@gfgé’rzﬁé gég{?rgl %ﬁ%ﬂmﬁ%ﬁ”&ég ose
distributi oasmpbnartfsihavmi‘;h' ] dtfﬁewnb t(m);cefgtestﬂgbdugéd g&eor@ingitddstmpdiﬁb&!l_llfde,sbimi ch
stops the output of the [on beamfromthe irradiation de vice. H Sakanoto,
et. IoaI o R’éﬂﬁeg‘tﬁ’%ﬁ?eﬁrmmdﬁ%ﬁlﬂ fHRefespianaentsnd Met hod”, U.S. patent
no. 7,054,801 (May 30, 2006) describe a radiation exposure systemthat

di vi des an exposure region into a plurality of exposure regions and uses a
radi ation sinmulation to plan radiation treatnment conditions to obtain flat
radi ati on Hxptelzere et.@lt henigation Efhamdgirdar 1ob. BéamsramehMethad far Momitaringd For

Verifying th | cul at ed, Ragi at i, se of an,.| The y tent,

e YN0 e GBI o e 42 RO RS oL

verifi gatigdribef an fhigatlohitRamBedfsr9oR beaid 8Ad ReM@thod of monitoring the in-
tensity of an ion therapy beam. The ionization chamber includes a chamber
housing, a beam inlet window, a beam outlet window and a chamber volume

filled with counting gas.

15 H. Akiyama, et. al. “Charged-Particle Beam Irradiation Method and System”,
U.S. patent no. 6,433,349 (August 13, 2002) and H. Akiyama, et. al. “Charged-
Particle Beam Irradiation Method and System”, U.S. patent no. 6,265,837 (July
24, 2001) both describe a charged particle beam irradiation system that in-
cludes a changer for changing energy of the particle and an intensity controller

20  for controlling an intensity of the charged-particle beam.

Y. Pu “Charged Particle Beam Irradiation Apparatus and Method of Irradiation
with Charged Particle Beam”, U.S. patent no. 6,034,377 (March 7, 2000) de-
scribes a charged particle beam irradiation apparatus having an energy de-

25  grader comprising: (1) a cylindrical member having a length; and (2) a distribu-
tion of wall thickness in a circumferential direction around an axis of rotation,
where thickness of the wall determines energy degradation of the irradiation
beam.
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t herapy systemthat conprises a phantom and a di screpancy between the

cal cul at A radi ati nn dnee and t he nhantnrm H Rrand at al "NMet hnd f nr
Monit ori

pat ent no. O, 014, Uso (SepLernoper £, Zuugs agescCri pe a nmetnoa or cnecking a
calculated irradiation control unit of- i on beamtherapy system where

scan data sets, control conputer paraneters, measuring sensor paraneters,
and desired current val ues of scanner nagnets are permanently stored.T.

Kan, et. al. "Water Phantom Type Dose Distribution Determ ning Apparatus”,
U.S. patent no. 6,207,952 (March 27, 2001) describe a water phantomtype
dose distribution apparatus that includes a closed water tank, filled with
water to the brim having an inserted sensor that is used to determ ne an
actual dose distribution of radiation prior to radiation therapy. K
Moriyama, 20S8g8 . "Particle Beam Therapy Systemt, U.S. patent no. 7,345,292

(March 18, 2008) describe a safety device confirm ng that preparations for
gener at i onKofMatsudan @fcaal i Particlec Bslasn alradiation doygtent’ ed) . Sdppteppanat i ons

for transpor t i on, be i beam.t ranspor t stem are .conpl eted. A
Fendy o at £oaP e o RoRh 27 DO HERGbR & Faslie AR M AH o SYsTem

addi ti onal gxsutirga fifste Uniforheitise distribation 'aPahirrEbiafibh ibjédtdhferighl se0sF

Avoi dance for Myvenent of Instrunments in a Radiation Therapy Environnent",
U.S. patend step signabowbigh stops ithe autput ofothe) iopckeampeor thet irmadiatispsde-i oni ng
systemth i'éncl udes external neasurenent devices, which neasure the

| ocati on and orientation of objects, including conponents of the radiation
t herapy system The positioning systemalso nonitors for intrusion into the
active area of the therapy system by personnel or foreign objects to

| MRrove, OPgr Aokt S8 S idiafich TSatien Piah MaRhg S stef and Method”,
U.S. patent no. 7,054,801 (May 30, 2006) describe a radiation exposure system
that divides an exposure region into a plurality of exposure regions and uses a
radiation simulation to plan radiation treatment conditions to obtain flat radiation

exposure to the desired region.
15

G. Hartmann, et. al. “Method For Verifying the Calculated Radiation Dose of an

lon Beam Therapy System”, U.S. patent no. 6,799,068 (September 28, 2004)

describe a method for the verification of the calculated dose of an ion beam

therapy system that comprises a phantom and a discrepancy between the cal-
20 culated radiation dose and the phantom.

H. Brand, et. al. “Method for Monitoring the Irradiation Control of an lon Beam
Therapy System”, U.S. patent no. 6,614,038 (September 2, 2003) describe a
method of checking a calculated irradiation control unit of an ion beam therapy
25  system, where scan data sets, control computer parameters, measuring sensor
parameters, and desired current values of scanner magnets are permanently

stored.
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K. Morivama, et. al. "Particle Beam Therapy Systent, U.S. patent no.

7,173 havi ng
agro
non-erecitea treat ment room E. baaura, et. al. IVEL NOA 1 0r uUnecki ng Beam

Gener ati on and Beam Accel era tion NEansl9of an | on Beam Therapy Systent,
U. S. patent no. 6,745,072 (Junel, 2004) describe a nethod of checking beam
generation means and beam ac cel eration neans of an ion beamtherapy

t he, t bea am| tensity,
The bl boki Ry B S aitales PRApIO g RAFE DIy PR R " are
hecked afate t [g’e(q\mé){@ f 2H6D on
(I::\',eg% '?'herggy§8yst2}ﬂr© SZS(W ggtent ng 2J76 639, Zgﬁ&rgﬁg‘b\g%@&mwﬁ’ Wpe

descri be adose ﬁl@trlttsmoemara@s%atﬂngw@am@owd mt¢fdﬁnbe@!lﬁd Wish awerstpst em

where red .0 d (2)
verificat H@%ﬁ&%m@g%& i o'lr‘lgé?%d(% uérr?nai e %Pé tbl\f&ttg fé%gae Lgét"i%oggan | on
Beam Thsera@;tri&ﬂﬁbnmfmdibtiMpribttviamtm‘ntBeeap;POSItlon , U.S. patent no.

6, 600, 164 (July 29, 2003) describe a nmethod for the operation of an ion
beam t herapy systemthat includes a beam scanner device directing a beamto
an i socentre, where the region of the isocentre is nonitored and eval uated
W th interg%'gion bei ng carried out upon a departure froma tol erance val ue
based on & -value width of the beampro file. E. Badura, et. al.

systent,  JdeRkad B " paiYe et THeIA Sgefh, Ok et 2Ra2s
checki ng e(rnMrglamc&( 2008) dewtrisy aamfetvrdéwwrwdﬂfﬁﬁwthat%ireﬂaralﬁonﬁilf@rtgéﬁl et.

al . "Beanli ne Contr ol, and Securit stemfor a Radi ati on Treat nent
Faci | i 14" erglien qfarien heans ipgn %%?@Eﬁﬁ are;gomplaied afk prepasationfefafod

transport of the ion beam in a beam transport system are completed. A ready

state display unit for displaying the ready information is additionally provided.

C. Cheng, et. al. “Path Planning and Collision Avoidance for Movement of In-
15 struments in a Radiation Therapy Environment”, U.S. patent no. 7,280,633 (Oc-
tober 9, 2007) describe a patient positioning system that includes external
measurement devices, which measure the location and orientation of objects,
including components of the radiation therapy system. The positioning system
also monitors for intrusion into the active area of the therapy system by person-
20  nel or foreign objects to improve operational safety of the radiation therapy sys-

tem.

K. Moriyama, et. al. “Particle Beam Therapy System”, U.S. patent no. 7,173,264
(February 6, 2007) describe a particle beam therapy system having a group of

25  shutters to prevent erroneous downstream irradiation of a non-elected treat-
ment room.

E. Badura, et. al. “Method for Checking Beam Generation and Beam Accelera-
tion Means of an lon Beam Therapy System”, U.S. patent no. 6,745,072 (June


smichelle
Rectangle

smichelle
Rectangle


and apparatus for beamline security in radiation beamtreatnent facilities.

Upon det arti nn Nnf an arrnr haaml i na Nnnuwar ciinnl i ae ara Adicahl ad T

Nakani st ).
5,818,058 (Cctober 6, 1998) describe a particle beamirradiation field
havi ng shields, for shielding radiatio P'placed symmetrically with respect
to a radiation axis. B. Britton, et. al. "Beamine Control and Security
Systemfor a Radiation Treat nent Facility", U S. patent no. 5,585, 642

v adi at i B 95Rl e HEe L e G PP g e MG otin plaramy besm-sE ' 1Y
confi gur at ¢elerafiofiTALENS OF BASHN BeaRvtHePasy spadﬁsmréqn@twa bWl B R USi ng
conplimentary redundant | ogical conmunication paths. r;1)on det ection of an

error, bedP@3MeenrRya@yr tBeppni beamr intensitynitbe. b'DCk|D§s9ﬁé e eaccelgratorvantod of
Tr eat rrent nﬁgﬁg&ﬁ@]@gbh%[?g Jacngﬁ %Cb&i dia tion Beam Therapy Systent,

U S pate ) describe a nethod of
treatment room sel ection verification in a radiati on beamtherapy system
that conpares treatnent roomrequest signals with a beam path configuration

i | f wi tch | th of b t
Sedorer ot o Badia, B0 MethPy SR ChaRibe Haah Sieeig fcah 1o Beam Sherapy
" Nanodosi ng{gemBages! é'teﬁl %' %éwzﬂxt(eefdﬂyﬂ 28,9093 ée§<§‘ere agnet%og&;f 619

(July 25, 2006) and . Bashkirov, ‘et. Nanodosi ter Base i ngle
| on Det ect¢rmk;nngearrp@uwlancnoof an7en, beam( epapyrisystem, wiete)redondant

d b d for. detecting t t hat
hr ough: anMaABs £ AREHaRIng!) ffmutenc R AdoRe A&7 yafSasiones iRk
arrivejat matidgt ector. The invention includes use of the nanodosi neter for

calibrating radiation exposure to danage to a nucleic acid within a
sanple. G Hartmann, et. al. "Method of Checking an |Isocentre and a Patient-

E. Badura, et. al. “Method of Operating an lon Beam Therapy System with Mon-
itoring of Beam Position”, U.S. patent no. 6,600,164 (July 29, 2003) describe a
method for the operation of an ion beam therapy system that includes a beam
15 scanner device directing a beam to an isocentre, where the region of the iso-
centre is monitored and evaluated with intervention being carried out upon a

departure from a tolerance value based on a half-value width of the beam pro-
file.

20 E. Badura, et. al. “Method for Monitoring an Emergency Switch-Off of an lon-
Beam Therapy System”, U.S. patent no. 6,597,005 (July 22, 2003) describe a

method of checking emergency shutdown of an ion beam therapy system.

B. Britton, et. al. “Beamline Control and Security System for a Radiation Treat-
25 ment Facility’, U.S. patent no. 5,895,926 (April 20, 1999) describe a method
and apparatus for beamline security in radiation beam treatment facilities.

Upon detection of an error, beamline power supplies are disabled.
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Posi tioning Device of an |on Beam Therapy Systent, U S. patent no.

6,670,6 - T o ' e of
an ion

departure of a spatial center point froma predeternined threshol d, the ion
beam systemis subjected to maintenance2l-M Wofford, et. al. "System and

Met hod for Autonmatic Calibration of a Miultileaf Col I imator", U S patent
no. 6,322,249 (Novenber 27, 2001) describe a system and nethod for

Cal LT MAGHEH., 8, A SHARGEAER DRAT Ahghdtlrc & Balst L

equal s a ps5848i0H8TOEBLEE &S UroDss HescAbé @%&ﬂfdl@tbéam ﬁﬂﬂ@dlﬁﬁ@ﬁﬁﬁeﬁi halingd
measurenent with a collimtor specific count. D. g, et. al. "Normalizing

and Cal i brehields, fnm*u@émg tad@tmrmnlaﬁed:@ymm@mcadiyw spegt & apadiationo.
5,51 1, 5493)g§\prll 30, 1996), describe a nmethod for nornalization and dose
cal i brat ion~of a radiation therapy delivery system The advantages are
particularly significant for proton therapy facilities containing a

pl ur al |5ty of delivery systems. The nethod pernmits a prescribed treatment to

be adm ni st e uracy n on| e sftation, ass ated ith the
initial tr éﬁgﬂ’f‘ '5415'2 t‘/)'\?tB tr%'n%“i%l"ﬁ?/l \'%v%iém (%r%/ Bliopnlrest-ar t i ng
/[ Stoppin "0 t t | _

nopar of uo mERt FakA ?o%‘ P*‘EPEF‘BnQ SEEI642 DeceniBRO7, FOOG) desoriRiime,

(Novenber thed @abapparates rfdxrebwmlﬂafe gedumarmlradlatlbedmamﬂmmﬂt faslitiesa
charged p cI e beam.is positiongd, arted, sto and rep05|t|o ed
epet 11 vaat CRRATRS boaat Bt SOnTwaloR.Fignals oTEASPaNEI S It SECHERES
supp! yigg tﬁ@dh‘npébﬁf@drﬁﬁohfu§lkl§f béh@ﬂ?ne%'fb?r&g?edlﬁ'no%\fﬁ“ lodRiaf - é%mwrﬁéai%n et.
al . "Method and Apparatus for Control Crcul ar Accelerator™, U

pat ent no.Pﬁh&Gﬂpﬂ’(ﬂQtth@be ae,enzmolzeyarn pbwer supplies ale dmabied and ap

D. Lesyna, et. al. “Method of Treatment Room Selection Verification in a Radia-
tion Beam Therapy System”, U.S. patent no. 5,260,581 (November 9, 1993)
15 describe a method of treatment room selection verification in a radiation beam
therapy system that compares treatment room request signals with a beam
path configuration signal from a switchyard that controls the path of beam travel

from an accelerator to a treatment room.

20 Calibration

V. Bashkirov, ef. al. “Nanodosimeter Based on Single lon Detection”, U.S. pa-
tent no. 7,081,619 (July 25, 2006) and V. Bashkirov, et. al. “Nanodosimeter
Based on Single lon Detection”, U.S. patent no. 6,787,771 (September 7, 2004)
both describe a nanodosimeter device for detecting positive ions that pass
25 through an aperture opening, pass through a sensitive gas volume, and arrive
at a detector. The invention includes use of the nanodosimeter for calibrating

radiation exposure to damage to a nucleic acid within a sample.
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paratus for a circular accelerator for adjusting timng of emtted charged

par ti ‘-l - -l - -0 1. -l - o - PR [ | -—L£ 4 - .. PR - - | R |
parti cl be
irradiatea. wanutry 1. yamasnita, el. al. Kotatlng irraalation aApparatus”,

U.S. patent no. 7,381 ,979 (June 3, 2068y describe a rotating gantry having
a front ring and a rear ring, each ring having radi al support devices,
where the radial support devices have linear guides. The system has thrust

t deyi f linmtipg, t,h t bl e, body i .
G Pooti on G oREMADNar Ponal “IRESHT OF | Chediife 18h oldbanteT hol s Filtent o
al . " Rot at pagitiGRAG Devide BRAAII6h BARRThERMAOYstSHS! BIE. patdnt RELEBY0BAS

7,372,053 (May 137 2008) describe a rotati ng ogant_ry supported b%/ an air
br aki ng sydlesembearod®.ngd0ed) drseribe aemethast akichgckingdar tispgenitg of anhiengan

try during_irradiation. {reat . Y, ' vl al . At i rged
par 1 61 e Pl iR et R devigtanf A XA orrugBl 10n il 579 ¢
2006) ; M ofstidiceAtst psiht frem a' MRsticteimikbartBrs$hBid, tthel onl beadi gjstem is
Appar atus", U.S. patent no. 6,979,832 (Decenber 27, 2005); and M

Yanagi saweSubig¢ctedto majptengaicechar ged Particle Irradi ati on Ap paratus", U.S.
patent no. 6,953,943 (Cctober 11, 2005) all describe an appara tus capable
of irradiation fromupward and hori zontal directions. The gantry is
rotatabl e about an axis of rotation where the irradiation field formng
devi ce i s Mcidofford;at.| 5. Bystemeahd Method Fart AatoneaticsCalibriationdf & Muitilgefsses

through a differ ent, position t t Xis of r ion. H Kaercher, et.
al. " ?soki ‘g@ﬁ'ﬁ@t nPr@ %t?ah@%ngﬁng% @‘f@/q%ﬁaﬁm e&&ﬁ% ogysiem
Parti ; j y ; _
b por e, SRIfod (HEEARTAAR o raBRKEHICRDy e b mbviRG BA BPa col.

i socent ri climatodadetermining pehether @ Histancehbetwean tre leafaamrd aaline rappaox-

hori zont al in%a?glgll éclﬂﬁjallg aal predetermined measurement, and associating the predeter-

mined measurement with a collimator specific count.

15 D. Legg, et. al. “Normalizing and Calibrating Therapeutic Radiation Delivery
Systems”, U.S. patent no. 5,511,549 (April 30, 1996), describe a method for
normalization and dose calibration of a radiation therapy delivery system. The
advantages are particularly significant for proton therapy facilities containing a
plurality of delivery systems. The method permits a prescribed treatment to be

20 administered with accuracy not only at the station associated with the initial

treatment planning, but at any available delivery station.

Starting / Stopping Irradiation

K. Hiramoto, et. al. “Charged Particle Beam Apparatus and Method for Operat-
25 ing the Same”, U.S. patent no. 6,316,776 (November 13, 2001) describe a
charged particle beam apparatus where a charged particle beam is positioned,
started, stopped, and repositioned repetitively. Residual particles are used in

the accelerator without supplying new patrticles if sufficient charge is available.
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axis. G Kraft, et. al. "lon Beam System for Irradiating Tunor Tissues",

u. S

irral a
horizontal Iy arranged patient couch, where the patient couch Is rotatable
about a center axis and has a |ifting m8chanism The systemhas a central
I on beam deflection of up to 15 de grees with respect to a horizontal

di rection M Pavlovic, et. al. "Gantry System and Met hod for Operating

S 8 t ober 200 I b t
Syetem fork JBtHan 8%l MEted anyt SRbABAUs farrofrats LRt Redidatin e |
det er m nabljeg, aft@mtﬁd/% aezame(mctml@ 20025 dle@an@@aredrﬁroa\lmétnsel 2P dp-t ar get

at adj ustable angles o romO to 360 degrees around gantry rotation
axi s and awaraHJSagqlaacaﬂcu% ac@ematﬂsg‘oe@@ljt@ﬁmgdfmmeogammtgd icbaegedpaaxi s

Lot vy "o e T ASIEREE O BB AR R Refy bf gicReRel bERGR et

Det ect isng &ied isi rebamBeiasrs thibladie oh ethté of ah lubjédtad betirradiatég@r eof , U. S. patent
no. 7,274,025 (Septenber 25, 2007) describe a detector and a method of

maki ng the detector. The detector conprises a crystalline sem -conductor
di anond plate and a al um num netal coating ar ranged on a ceramc plate
substrate. ble PatientN. Rigney, et. al. "Patient Alignnent Systemwth
Ext er nal enment and Cbj ect Coordination for Radiation Therapy Systent,

U S pate 9,382 « | ) B | ' t
ystem f or | FIAPNE f oheREBling, HpEtB AR i e Bt he afTERE
nmeasur enenJure\3, cZ008) désoribeaa rottivigt g@itryrhasingeadrung rivig and abrearcimgonent s
of the radiation therapy system The
10 each ring having radial support devices, where the radial support devices have
linear guides. The system has thrust support devices for limiting movement of

the rotatable body in the direction of the rotational axis of the rotatable body.

T. Yamashita, ef. al. “Rotating Gantry of Particle Beam Therapy System” U.S.
15 patent no. 7,372,053 (May 13, 2008) describe a rotating gantry supported by an
air braking system allowing quick movement, braking, and stopping of the gan-

try during irradiation treatment.

M. Yanagisawa, ef. al. “Medical Charged Particle Irradiation Apparatus”, U.S.
20 patent no. 6,992,312 (January 31, 2006); M. Yanagisawa, etf. al. “Medical
Charged Particle Irradiation Apparatus”, U.S. patent no. 6,979,832 (December
27, 2005); and M. Yanagisawa, et. al. “Medical Charged Particle Irradiation Ap-
paratus”, U.S. patent no. 6,953,943 (October 11, 2005) all describe an appara-
tus capable of irradiation from upward and horizontal directions. The gantry is
25  rotatable about an axis of rotation where the irradiation field forming device is
eccentrically arranged, such that an axis of irradiation passes through a differ-

ent position than the axis of rotation.
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al i gnment system uses the external measurenments to provide corrective posi
tl Oni ne f Aandhanrnly +t A mmrna nracicnl v rani ctnar tha nati Aant +tAn +tha radi ati AN
beam ° S.
patent no. /7,030,396 (April 18, 2006); Y. Miramatsu, et. al. "Medi cal
Particle Irradiation Apparatus”, U.S. pdtent no. 6,903,356 (June 7, 2005);
and Y. Muramatsu, et. al. "Medical Particle Irradiation Apparatus", U S.
patent no. 6,803,591 (COctober 12, 2004) all describe a nmedical particle

w thin t e gRABRY b gh n it b abby retidntender B S @ertiCERIGRERL T,
an anti - cosfr al Rhiiele BAMNAGINE Mdthed foheCongtrrtingosame”! & Sngaterithné.he
gantry, and a flexible rmw%%tfloor engaged with the frame in _such a manner

to nmove fr@80y.48tMMay 2420 d%ﬂcrlpe%vépklbgtl@ gamm.ar@ngﬁmjéﬁ@wom-at es

pat ont o, 15 idAnes:5%2 B0l BRARPNGR 5ol LR TR eH iR LA LR n AR AR-

f1 oor copnpdinadaxi§é. a serl es of rmltl ple plates that are connected in a free
and fl exi bl e manner, where the novable floor is noved in synchrony with
rotation of aradia tion beamirradiation section. Respiration K Matsuda
"Radi oactive Beam Irradi ati on Met hod and Apparatus Taki ng Movenent of the
Irradiati t " (pa.fé 23,
1996) desggl @regﬁaéﬂea{? geﬁ%%q‘ﬁaﬁo%sﬁgpufg ptlﬁg?@gﬁggt uerig&; ;rr%gglggt f‘ggs evenr|Ytn t he
case of a mbsﬁaZ@Q,@Zpa(Ma)cﬂaB@O@gdepﬁmbelamloailjeeam qyls;&mcfat Iradlatlnggumwuch as
br eat hi ng and he han ody

e ona” e St Vanbfis radighioh Aooles i aBRtohuS . 6a TR, afabodd BGE Y

rel ati gnshéguchh Wheke the patiest stichnis fortatile fabdut bdent&eakigandmdshlifting | S
perforned in accordance to the function.
mechanism. The system has a central ion beam deflection of up to + 15 de-

grees with respect to a horizontal direction.

M. Pavlovic, et. al. “Gantry System and Method for Operating Same”, U.S. pa-
15 tent no. 6,635,882 (October 21, 2003) describe a gantry system for adjusting
and aligning an ion beam onto a target from a freely determinable effective
treatment angle. The ion beam is aligned on a target at adjustable angles of
from 0 to 360 degrees around the gantry rotation axis and at an angle of 45 to
90 degrees off of the gantry rotation axis yielding a cone of irradiation when ro-

20 tated a full revolution about the gantry rotation axis.

Detector

E. Berdermann, ef. al. “Detector for Detecting Particle Beams and Method for

the Production Thereof’, U.S. patent no. 7,274,025 (September 25, 2007) de-

25  scribe a detector and a method of making the detector. The detector comprises
| a crystalline semi-conductor diamond plate and a aluminum metal coating ar-

ranged on a ceramic plate substrate.

Movable Patient
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Patient Positioning Y. Nagam ne, et. al. "Patient Positioning Device and

Patier ~ ~ and
Y. Nag i ng
Met hod", U.S. patent no. 7,212,608 (May 1, 2007) describe a patient

posi tioning systemthat conpares a conp®rison area of a reference X-ray

I mge and a current X-ray image of a current patient |location using pattern
matching. D. MIler, et. al. "Mdular Patient Support Systent, U. S pat ent

no. 7,173,265,.(Febryary . descri ara neat mant s m

navi ng o p: RSteSesl Blr PaB0r AiobfERt i dned il e Ll Sinelt fnd
patient podp C¥ordifatién @GﬁRbmﬂ@h'Tﬁeﬂbe?fSﬁﬁé/mCEU .S HtedSna TRbd@goe foam
cradle. K al. "Multi-Leaf Colllmtor and Medical System

| ncl udi ng (Amfé%er’ZQOdeescr!besa Redieahaligynest systemifoo g radiatian therapoeys-; K.
Accel or ai o tintdnblgEtpitpie eREfay HRER\hGA 0By 3eE Thafiohtih Bsiton o

al . "My ti measiirefunts oftmbvalid dérdponentSycft then radition therdipye eysteat. ohe U. S.

patent no. 6,819,743 (Novenber 16, 2004); and K Kato, et. al. "Milti-Leaf
Col | i mat or@ W%&Yééﬁmsﬁﬂsemq ﬁxf@rraajumga%@meéﬂ%ﬂ%rpmv'@e@r f%lt'!ﬁtp%

6, 792,078 es used
to shortenﬁ%cfﬁsét I oni I’?é[%?l ﬁ%regis%ﬁi"eg?s‘fér;l@r% q%}tr%égliﬁﬁeg%c#%er apya%l\/bt or
driving force is transmtted to a plurality of |eaf platesat the sane tine
through a pinion gear. The system al so uses upper and [|ower air cyl i nders

and upper gng, | ovve u i de n a I.ent ut.er %nt r ol
Bel oussov &t Ué?ma rﬁt GE chﬁ?ﬁsll\%?@@@ng'rpﬁ& ﬁ@P?%U%I' tpé“?’fto’i'o ‘Pro
ton Begm T‘J"@BG}B@G%/@&#WS 2008); Pfatl\ﬂﬂﬁanﬁ‘é’(su7e§36§1 7!91@d(dW3Pa§tlcle2I%§)atloﬁ Be
| oussov et. Confi gurati on Managenent and Retrieval Systemfor Proton
Apparatus" U.S. patent no. 6,903,356 (June 7, 2005); and Y. Muramatsu, et.
al. “Medical Particle Irradiation Apparatus®, U.S. patent no. 6,803,591 (October
12, 2004) all describe a medical particle irradiation apparatus having a rotating
gantry, an annular frame located within the gantry such that it can rotate relative
15 to the rotating gantry, an anti-correlation mechanism to keep the frame from ro-
tating with the gantry, and a flexible moving floor engaged with the frame in
such a manner to move freely with a substantially level bottom while the gantry

rotates.

20 H. Nonaka, et. al. “Rotating Radiation Chamber for Radiation Therapy”, U.S.
patent no. 5,993,373 (November 30, 1999) describe a horizontal movable floor
composed of a series of multiple plates that are connected in a free and flexible
manner, where the movable floor is moved in synchrony with rotation of a radia-

tion beam irradiation section.
25

Respiration

K. Matsuda “Radioactive Beam Irradiation Method and Apparatus Taking
Movement of the Irradiation Area Into Consideration”, U.S. patent no. 5,538,494

(July 23, 1996) describes a method and apparatus that enables irradiation even
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Beam Therapy Systenf, U S. patent no. 7,084,410 (August 1, 2006); and A

Bel oussov et. al. "Configuration Managenent and Retrieval System for Proton
Beam TI I
describe a nultil-processor sortware controlled proton beam Ssystem havi ng
treat ment configurable paraneters that-?fre easily nodified by an authorized
user to prepare the software controlled systemfor various nodes of
operation to insure that data and configuration paraneters are accessible

f | i f | he d b Hi t t..al.
't omat | dBihe case of B sesetipat shatgnaysesic dlia Rt geplhi such-
U S. patergdg B@atlﬁné%dgf%rf %ﬁﬁnmﬂfallgl% p@)gﬁi&l dﬂ'@ﬁ@é'cﬁ%sdlgea?éd‘béey‘béﬂl | er

for determning the quantity of control and the control timng every
conponent afd ahysmi@céww of theoratient @re meassied coneurcentiynand acmiaéunngfm@r ating

T i e s R b0 R

2007) and dordAnice tethe fahctioh.. " Charged Particl e Beam Apparatus and Met hod
for Operating the Sane", U. S. patent no. 7,045,781 (May 16, 2006) descri be
a charged particle beam apparatus configured for serial and/or parallel

I mging of an object.K H ranpto, et. al. "lon Beam Therapy Systemand its

Couch POS'PéﬁHHt’F%sﬁ)b%lﬁgm U.S. patent no. 7,193,227 (March 20, 2007)

descri be ra py system having an X-ray inmagi ng system novi ng

i n conjun o},at _and
vet hod for ' ragottite "eh 7 wafkEPodtonlia, BBV and PauBhy POIRRR W
Conbi nat i Othod’f PS. npatentnnlo Sp2M2B09' (MEY 3., 20078 zindny. k@g&ﬁﬂnéSét (dY/B‘SP£,
2003) descrl bed a process of X-ray conputed taonography
tient Positioning Device and Patient Positioning "Method”, U.S. patent no.
7,212,608 (May 1, 2007) describe a patient positioning system that compares a
comparison area of a reference X-ray image and a current X-ray image of a

current patient location using pattern matching.

15 D. Miller, et. al. “Modular Patient Support System”, U.S. patent no. 7,173,265
(February 6, 2007) describe a radiation treatment system having a patient sup-
port system that includes a modularly expandable patient pod and at least one

immobilization device, such as a moldable foam cradle.

20 K. Kato, et. al. “Multi-Leaf Collimator and Medical System Including Accelera-
tor”, U.S. patent no. 6,931,100 (August 16, 2005); K. Kato, et. al. “Multi-Leaf
Collimator and Medical System Including Accelerator”, U.S. patent no.
6,823,045 (November 23, 2004); K. Kato, et. al. “Multi-Leaf Collimator and
Medical System Including Accelerator®, U.S. patent no. 6,819,743 (November

25 16, 2004); and K. Kato, et. al. “Multi-Leaf Collimator and Medical System In-
cluding Accelerator”, U.S. patent no. 6,792,078 (September 14, 2004) all de-
scribe a system of leaf plates used to shorten positioning time of a patient for

irradiation therapy. Motor driving force is transmitted to a plurality of leaf plates
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regi stered to physical neasurenents taken on the patient's body, where
differ an

i terat _ _ _ ) n
process, where the transformation function is used to assist surgical or
stereotactic procedures. M Blair, et. &F. "Proton Beam Digital |naging
System', U. S. patent no. 5,825,845 (Cctober 20, 1998) describe a proton
beam di gital inaging system having an X—ray source that is novable into the

body. By conpm s B EEh PR ol s R o Lae upBet S I

t he pati enjireylirtidrébndruppsra@dacwet @@ldb@%%klt@nlmpéf@wtnﬁs'i er prescription
i mage with respect to selected nonunents, the amount and direction of

novenent of the patient to make the best beam center correspond to the
target isocentre is determned. S. N shihara, et. al. "Therapeutic

Appar at us' CoHp?rterp@B &ipdl, no. 5,039, 867 (August 13, 1991) descri be a nethod
and apparatus for posrtioning a therapeutic beamin which a first distance

et or m hocPoRellesBE ePoah, foghadalint MadRined FRERSHHA SR bR &
t herapy bewm BeamdThérapy Bestein”o0. Snpatent s i7s368, 740gMay 61 2@0@) sﬂeOB)@d
d| st ances. Proton and Neutron Therg&y / Particle Selection L. Dah al .

" Appar at uslougsoGaite Aht IGanfighmtion Managgmentsand Retriaval Sysieyn ifen P'@amer
Therapy FagbLif¥herd #g g}ﬁantu SOQC?,'ﬁS'QO-S?gSQ%bOW 81 gﬁﬂs ribe

an apparatus for ge sel ec I ons™ us ' heavy

i on cancer Beloasspy et.aali I‘d:btyﬁguratmndiwmageny@mtoémdmetmmasyseemor@rsmurdne for
, generati heavy and | i i ons and sel ection nmeans for select |O§g heavy

i on spéti eﬁgam bheraryo Py 6” "edhPr atent Be: _@&%%%émpwmégﬁ %3 AP
Slater, et q@dcribeS¥S hiti ﬁ%éggbp%fﬁﬂre%ﬁtfdﬂle@ prStbh ChEamNEY & haVrnﬁ'

pat ent

treatment configurable parameters that are easily modified by an authorized

user to prepare the software controlled system for various modes of operation

to insure that data and configuration parameters are accessible if single point
15 failures occur in the database.

J. Hirota et. al. “Automatically Operated Accelerator Using Obtained Operating
Patterns”, U.S. patent no. 5,698,954 (December 16, 1997) describes a main
controller for determining the quantity of control and the control timing of every

20 component of an accelerator body with the controls coming from an operating
pattern.

Imaging

P. Adamee, et. al. “Charged Particle Beam Apparatus and Method for Operat-

25 ing the Same”, U.S. patent no. 7,274,018 (September 25, 2007) and P. Ada-
mee, et. al. “Charged Particle Beam Apparatus and Method for Operating the
Same”, U.S. patent no. 7,045,781 (May 16, 2006) describe a charged particle
beam apparatus configured for serial and/or parallel imaging of an object.


smichelle
Rectangle

smichelle
Rectangle


no. 5,8AA 012 (Fehruarv 2 1090) deseri he a nrotan heam t her anv svstem
where e
of prot

accurate and precise delivery of irradiation energy to a tunor. Mre
particularly, there exists a need to ef#ciently generate a negative ion
beam focus the ion beam convert the ion beaminto a charged particle
beam acceleration the charged particle beam i nmmbilize and/or

duci bj | Lion [ re LV rti.cl e the . beam, and/ or
targer thekeHIADISO 8 BLERET BeahT TClHS S BrEARRuR Ceb I OB The
i nventi on erPU.Sepatent®ion ¢ gB122ARNAkEH 26, DOO7) d€sdriFenan ®n Beamdthepdier s.
In one enbodinent, the invention relates to a nulti-field charged particle

cancer t heP¥pystap haingaa Xhninaaging systea maving i eonjuaetian wish agatativgm
creation, %&gp})eam focusi ng, charged particle acceleration, patient
rotation, @na/’or pa tient respiration. Preferably, the charged particle
therapy is perforned on a pa tient in a partially imobilized and

r eposi t3 onabl e position. Proton delivery ispreferably tinmed to patient

oo o GRS s PR A b s BEERSRSL D
Systom Fi otne Do B FPRRE CoiRnch BLPDRES SPBSI e O AR, 5
i | | ustr at e8,560,354n(Naw 6, 20038) ateisoribey sit procebs g rady icbmmitedtenographyat i ve
on beam Sn%léfs gf'edFtiogHﬁfsicSalirhtlagssl}rcra%[e% S ?aq(einocr)]n eéi r;])1a{i<(e)r(1:tl"ss ngy,sxﬁél%n&iffer-
10 ent body parts are given different Weights. Weights are used in an iterative reg-
istration process to determine a rigid body transformation process, where the

transformation function is used to assist surgical or stereotactic procedures.

M. Blair, et. al. “Proton Beam Digital Imaging System”, U.S. patent no.
15 5,825,845 (October 20, 1998) describe a proton beam digital imaging system
having an X-ray source that is movable into the treatment beam line that can
produce an X-ray beam through a region of the body. By comparison of the
relative positions of the center of the beam in the patient orientation image and
the isocentre in the master prescription image with respect to selected monu-
20 ments, the amount and direction of movement of the patient to make the best

beam center correspond to the target isocentre is determined.

S. Nishihara, et. al. “Therapeutic Apparatus”, U.S. patent no. 5,039,867 (August
13, 1991) describe a method and apparatus for positioning a therapeutic beam
25 in which a first distance is determined on the basis of a first image, a second
distance is determined on the basis of a second image, and the patient is
moved to a therapy beam irradiation position on the basis of the first ‘and

second distances.
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Figures 6 A-D illustrate focusing el ectrodes about a negative ion beam
path; F et o ' ' o ' ~ ure
7B illu re 8
is a particle beamtherapy control flowchart; Figure 9 illustrates straight
and turning sections of a synchrotron FB%ure 10 illustrates bendi ng magnets
of a synchrotron; Figure 11 provides a perspective view of a bendi ng nagnet;
Figure 12 illustrates a cross-sectional view of a bending magnet; Figure 13
illustrate &”L cro etcti onal  vi Qf aSndi ng magnet; Figures 14A
i || ustrat O ANg QN BErap 2988100 ['ystrate RF accelera tor
subsystem  F e 15 il lustrates magnetic field control system, Figure 16
i1lustrates QgELteiteﬁlr ﬁBBPﬁ%‘T’I?Wg%@?%Mgf argSelegting longrysed kA digAYE) a
top view, iT a 0B doRedn | R
i gur e, 18R g THRAK) PRty BYSTPatcRt b0 S0 ORoBpF b, 20b4pde
i rradiati osgribel gorapparatus- fori génsrating e extiacting, i and setectidgaibnenysed guiee 20
illustrates dose efficienc er?ha[il[&er’relnt. Vi a use of multi-field irradia
tion: H gupeeW iBnganses Taerapy Al Jrciuging £ cySoien ESonangs ion spyires for
i npl enent agémdtatihg HetviZand light IoHseand sefsbtioneieans! foP 3elddiiihgPRsavy R Ng
system Fi gure 23 provides an exanple of a sitting patient positioning
system Fi $peciesaf one isptopric eonfigurajion goymstream pbeach om suregst em Fi gure
25 illustrates a head restraint system Figure 26 illustrates hand and head
supports; DETAI LED DESCRI PTI ON OF THE | NVENTI ON The invention rel ates
generally to treatnent of solid cancers.

J. Slater, et. al. “System and Method for Multiple Particle Therapy”, U.S. patent

10 no. 5,866,912 (February 2, 1999) describe a proton beam therapy system,
where protons pass through a beryllium neutron source generating a source of

protons and neutrons.

Problem

15 There exists in the art of a need for accurate and precise delivery of irradiation
energy to a tumor. More particularly, there exists a need to efficiently generate
a negative ion beam, focus the ion beam, convert the ion beam into a charged
particle beam, acceleration the charged particle beam, immobilize and/or re-
producibly position a person relative to a particle therapy beam, and/or target

20 the charged particle beam to a tumor.

SUMMARY OF THE INVENTION

The invention comprises a method and apparatus for treatment of solid caners.
In one embodiment, the invention relates to a multi-field charged particle cancer
25 " therapy method and apparatus coordinated with negative ion beam creation,
ion beam focusing, charged particle acceleration, patient rotation, and/or pa-
tient respiration. Preferably, the charged particle therapy is performed on a pa-

tient in a partially immobilized and repositionable position. Proton delivery is
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I n one enhodi nent. a charaed narticle heam cancer theranv svstemis used to
treat

rel at e

apparatus. In yet another enbodi nent, a patient positioning nethod and
apparatus is used in conjunction with a%ancer treating nulti-axis charged
particle beamor proton beamradi ation therapy nethod and apparatus. The
patient positioning systemis used to translate the patient and/or rotate

t he patient int .zone where the.proton beamcan scan the tynor using a
Largeti ng Risrahly tefied o PRliRtt te3Brafion KA PPl BERhAS atlile e iels
conj unct i ofioMdcieRYaticHTTandiGtaf getm YRR BNtEaBParallis. t he patient, such as
sem -vertical, sitting, or laying positioning sys tens. In still yet

anot her enbodi nent, a charged particle beam accel erati on and extraction
met hod and apparatus is used in conjunction with charged particle beam

radi ati on therapy of cancergus ~piBP(SN &gﬁ_jé:ﬂéﬁh}és novel synchrotron
7 el . .

turning nmagnets are used tomrtrhrzetheoverart stze of the synchrotron,

pro vide a_tightl. ontrolled proton beam directl educe the size of
equ r e nEguie;busifalp SomiiorBof poRnediil ¢l Efpibd SEER hefmahafrYand

al |l ow contg -accel eration of protons in a synchrotron even during a
process of extracting protons fromthe synchrotron. In another embodi nent,
a charged particle cancer therapy systemis described having a conbined
rotation / raster nethod and apparatus, referred to as nultifield charged
particle cg . ] i orientation pro ton source
relative t%ag?ér %blgﬁiﬁggspg@ﬂgﬁé/‘f%gﬁplc}eﬁsﬁg{%r%ér'%ﬁgpadi ation frommultiple

di rections. The system conbi nes | ayer-wi se tunor irradiation from many
direc tions with controlled energy proton irradiation to deliver peak
protonmbe

alE?gure 3 illustrates an ion beam generation system;
Figure 4 illustrates a negative ion beam source;
Figure 5 illustrates an ion beam focusing system;
15 -

Figures 6 A-D illustrate focusing electrodes about a negative ion beam path;

Figure 7A illustrates a negative ion beam path vacuum system; Figure 7B illu-

strates a support structure; Figure 7C illustrates a foil;
20
Figure 8 is a particle beam therapy control flowchart;

Figure 9 illustrates straight and turning sections of a synchrotron

25  Figure 10 illustrates bending magnets of a synchrotron;
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energy within a selected tunor volume or irradiated slice. Optionally, the
Sel Arnt And t1iirmmmr viAal iimm fAr T rradil atiAn fFram a Alvinn anAal A T e A Al et Al

por

circunferentially spread about the tunmor m nim zing danage to healthy

ti ssue and peak proton energy is efficitdntly, accurately, and precisely
delivered to the tunor. In still yet another enbodi nent, using a charged
particle cancer therapy sys tem a method and apparatus for efficient

radi ati on dose delivery to a tunor is described. Radiation is delivered

t hrough an entry point into the tunor and Bragg peak energy is targeted to
a distal or, far t he tunor fron1? ress 0|nt Del i vering Bragg
peak energ 'gyfﬁﬂié’r‘a‘f' e3,A RErsReCIve iegW o AhendiRgMagietingr ess point is
repeated fromnultiple rotational dlrectlons. The nmulti-fieldirradiation
process with energy levels targeting the far side of the tunor from each
irradiation direction provides even and efficient charged particle

radi ati on kigyee #i2illustiales a cress-sectional viewf efrabendingineagmet: ged particle
therapy is tinmed to patient respiration via control of charged particle
beam i rg ection, acceleration, extraction, and/or targeting nethods and
apparatus. In yet another enbodiment, a sem-vertical patient positioning,
al i gnment , Figaed 08 ilkstratey am@@bamdaamewratwsen@myﬁ mét; conj unction with
charged par ticle, or proton beam radiation therapy of cancerous tunors.
Patient positioning constraints are used to maintain the patient in a
treatnent position, includ ing one or nore of: a seat support, a back
support,  rigERe PARRRISated aRE BRRGHr AAdIGES 1B TNILstr RSB oELALra-
support. or nore o e positioning constFaints are novabl e and/or
under conpotr subsystémol for rapid positioning and/or imuobilization of the
patient. The systemoptionally uses an X-ray beamthat lies in
substamtially the sane path as a proton beam path of a particle beam cancer
t herapy system The generated image is usable for: fine tuning

Figure 15 illustrates a magnetic field control system;

Figure 16 illustrates a patient positioning system from: (A) a front view and (B)

a top view;
15
Figure 17 provides X-ray and proton beam dose distributions;
Figures 18 A-E illustrate controlled scanning and depth of focus irradiation;

20 Figures 19 A-E illustrate multi-field irradiation;

Figure 20 illustrates dose efficiency enhancement via use of multi-field irradia-
tion;

25 Figure 21 provides two methods of multi-field irradiation implementation;
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body alignnment relative to the proton beam path, to control the proton beam
path -

verifi '
seated patient positioning, align nent, and/or control nethod and apparatus
is used in conjunction with multiaxis cﬁhrged particle, or proton beam

radi ati on therapy of cancerous tunors. Patient positioning constraints are
used to maintain the patient in a treatnment position. The patient

posi tioning constraints include one or nore of: a seat support, a back
support, a head support, an arn1support a knee support, and a foot

support. e or e of the pasiti] constrai.nts are novabl e and/ or
under conpli9&fe ggﬁl[qsératq%g E’H ﬂﬁ %S'{ﬁmmﬁy? bi | ization of the
pa tient.In another enbodi nent, a patl ent respiration or breath nonitoring
and/ or control net hod and apparat us is used in conjunction with nmulti-axis
charged particle, proton beam radiation therapy of cancerous tunors.
The respi rElgufmzamﬁovldes anexayeple of @ssittingnatieat pasitivoingfaystamsensor s to
determ ne where a patient is in a breathing cycle in conbination with a

f eedback signal control delivered to the patient to informthe patient when
breath control is required. The resulting breath control is tinmed with

char ged paFiguee 24 diistratey atlayihdg patientpoditiordng spstengccur acy, preci si on,

and/ or efficiency of tunor treatnment. In yet another enbodi nent rel ates
generally to treatnment of solid cancers. Mre particularly, a conputer
controll ed patient positioning, immbilization, and repositioning nethod
and appar ap:fg%ré 55 LR R%ratdl S(Pf@aﬁr}%"s{rﬁi'ﬁt \é},ggrﬁml ti-field charged particle
cancer therapy coordinated with patient respiration patterns and further in
conbi nation with charged particle beaminjection, acceleration, extraction,
and/ or targeting nethods and apparat us.

10  Figure 26 illustrates hand and head supports;

DETAILED DESCRIPTION OF THE INVENTION

The invention relates generally to treatment of solid cancers.

15 In one embodiment, a charged particle beam cancer therapy system is used to

treat a solid tumor of a patient.

In another embodiment, the invention relates to a multi-field charged particle

cancer therapy method and apparatus.
20

In yet another embodiment, a patient positioning method and apparatus is used
in conjunction with a cancer treating multi-axis charged particle beam or proton
beam radiation therapy method and apparatus. The patient positioning system
is used to translate the patient and/or rotate the patient into a zone where the
25 proton beam can scan the tumor using a targeting system. The patient posi-

tioning system is optionally used in conjunction with systems used to constrain
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In still another enbodi ment, a negative ion source nethod and apparatus is
used as ction
with m

cancerous tunors. The negative ion source preferably includes an inlet port
for injection of hydrogen gas into a hirthh tenperature plasma chamber. In
one case, the plas nma chanber includes a magnetic material, which provides
a magnetic field bar rier between the high tenperature plasma chanber and a

| ow t enperature pla regign _on the opposite sjde of, the magnet.ic field
barrior ARCYRMEROF B et such,gn spaliveRical =yag; Gtiavig RaFIHanind sks-

el ectrode §gul |l the negative ion beaminto a negative ion beam path,

whi ch proceeds through a first partial va cuum system through an ion beam

focusing system into the tandem accelera tor, and into a synchrotron.In
still yet another enbodi nent, a negative ion beam source vacuum net hod and

cony unct o S Ret ATfe erfBodiehCeh BEAed hatbi Doai o dbinibibl ok ™= ' "

t her apys of tractivre hiathod uamd sapplnatusegatsed inh abrip@eatiopowithecleargdi partislevacuum
chanber isolated by a vacuum barrier fromthe vacuum tube of the

synchr ot r obeamn@diztion thesapy of Faneees tumgise u Parisuadyy pevel syashiptron

| ncl udes: .ﬁ‘:rﬁihé%a@H@?@ 4 R d'R ﬁﬁh‘ihﬂie R Byefall é&&ﬁﬁﬁﬂé@xﬂghr‘bﬁo‘rﬁ”‘ﬁroﬁ“d a
sem - conti nuously ©Operat ing punp. By only punping the 10 eam sour ce
vacuum chavitlera tigictlybgominblieds pratem deain) uditextly regecethengizehef reguirbd anag-our ce

vacuum based. o ensor ,yeadi ngs in or about the hol di,ng-vol unt‘e, tlhe
i Tetime ofeihteldenaiediieAusaPguistPRerAlgaRAYS! and alonaeentinual geeest i | |
anot hegy enepstigiedt profdhd Ma RYABKILRGHSE VS dRIHPE prOEL APBPERTARINGSrofR e ﬁs

part of an ion beaminjection system which i's used 1 n conjunction wt
mul ti - axi sfromahgeynpbratiafl.e or proton beam radi ati on therapy of cancerous
tu

In another embodiment, a charged particle cancer therapy system is described
having a combined rotation / raster method and apparatus, referred to as multi-
15 field charged particle cancer therapy. The system uses a fixed orientation pro-
ton source relative to a rotating patient to yield tumor irradiation from multiple
directions. The system combines layer-wise tumor irradiation from many direc-
tions with controlled energy proton irradiation to deliver peak proton beam
energy within a selected tumor volume or irradiated slice. Optionally, the se-
20 lected tumor volume for irradiation from a given angle is a distal portion of the
tumor. In this manner ingress Bragg peak energy is circumferentially spread
about the tumor minimizing damage to healthy tissue and peak proton energy is

efficiently, accurately, and precisely delivered to the tumor.

25 In still yet another embodiment, using a charged particle cancer therapy sys-
tem, a method and apparatus for efficient radiation dose delivery to a tumor is
described. Radiation is delivered through an entry point into the tumor and
Bragg peak energy is targeted to a distal or far side of the tumor from an in-
gress point. Delivering Bragg peak energy to the distal side of the tumor from

30 the ingress point is repeated from multiple rotational directions. The multi-field
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nors. The ion beam focusing systemincludes two or nore el ectrodes where
One el eAi- v AAdA AF AnA~Alhh Al AR+t v AAdA nAL - mAavr+ s Al l vy AlhAat vitAar A + hAa T An hAaAarm 1A +
with co

pair, elec tric field lines, running between the conductive nmesh of a first
el ectrode and a second el ectrode, provite inward forces focusing the
negative ion beam Mil tiple such electrode pairs provide nultiple negative
i on beam focusing regions. The anot her errbodi nment, a tandem accel erator

ot hod and, aRRGea Ul LreB vl Alabh B CHECLY PR AV, o

cancerous é4émPirfFadidtith Hﬁgé’ﬂdﬁ/Srd\ﬁdbsPé@éﬂ éﬁé réfﬁc@ﬁ?&ﬁér@'éprérﬂélbﬂ%ﬁat@ﬁ
i nj ecti on system vacuum system and a synchro tron vacuum system separ at ed

by a foil,desredelivesyie theturoas Rrefemaply.dheahargeg partidle therany is imeditei | i s

referably Y¢S e V. ube

b ovi d ng. P Trprdor BF: fdithoplora@RingEy kapidl HRBE TniBhidr) skt
chanbers angxtradtioncandoe sargeting méthadwndfyppbmnsvacuum syst em Havi ng the
foil physically separating the vacuum chanber into two pressure re gions
allows for fewer and/or smaller punps to maintain the | ower pressure sys
temin the synchrotron as the inlet hydrogen gas is extracted in a separate
con tainedya s h j [ Lm In
yet anot helr 2%{) agfﬁtﬁére‘é a ra e@l{f r%eggferﬁvéﬁﬁdg éa@@%l@é%ﬁ@%#b %‘éﬁ and ap
par at us i sand/ed controlomethort aod appanatus! isiusexdi in Mmmrgﬁnbmwnhlotiaegechda&t i on

th f.. nt hesi zer i des a w vol tage RF
Sonal” ©Hidie! G RAEm boAT dad o ES M Seatcoo I ko PaNER: BOURI n t he
prot Onldoeal Rﬁiﬁ%trairﬁs %ré‘i‘fse@fto'rﬂhﬁﬁélﬁttﬁg dEti%hPﬁ*I éctkéétﬁwrh %@ﬁﬁ)na"l'ﬂzll?dl' I's

where the cOils circunferentially enclose the proton beampath in a
synchr ot rolng aneeor meygr oft ed saatRUppent @ back suppord, @rrmaddeumoramlae‘nati ng

vol tage to_the Qns in. t pr,ot qn _beam pat Si ze res and
i oor edRimbarh, kFEE auBrbHy aBiiot SRR Qulé' of rbreCof P pESHEHIng

constraints are movable and/or under computer control for rapid positioning

and/or immobilization of the patient. The system optionally uses an X-ray beam

15 that lies in substantially the same path as a proton beam path of a particle
beam cancer therapy system. The generated image is usable for: fine tuning
body alignment relative to the proton beam path, to control the proton beam
path to accurately and precisely target the tumor, and/or in system verification
and validation.

20

In a further embodiment, a semi-vertical or seated patient positioning, align-
ment, and/or control method and apparatus is used in conjunction with muiti-
axis charged particle, or proton beam, radiation therapy of cancerous tumors.
Patient positioning constraints are used to maintain the patient in a treatment

25  position. The patient positioning constraints include one or more of: a seat
support, a back support, a head support, an arm support, a knee support, and a
foot support. One or more of the positioning constraints are movable and/or
under computer control for rapid positioning and/or immobilization of the pa-
tient.
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mcrocircuit / accelerating coil systemis operable fromabout 1 MHz, for a
| ow energy proton beam to about 15 MHz, for a hiah eneray proton beam 1In
still yet

charged particle cancer therapy nethod and apparatus Is coordinated wth
patient respi ration via use of feedbac¥-sensors used to nonitor and/or
control patient respiration. Used in conbination with any enbodi nent of the
i nvention, one or nore of novel design features of a charged particle beam

th t i.bed. Part.icul arl ti ' b
cour ce it AR PERPAreRt A HAtERh R evRn s dredi Bentorite 864/PEEoORR L
system i omelifRMAA@apparfus Wase@ilcdrfifGBNWRR Inflilaiais tikarged partrae. or
Additional ly, the synchrotron includes: turn ing nmagnets and edge focusing
magnet s, wpioten heamhiradiatine theeapy of eancerews turaoes, nd heoespiRatiqn avander-a
tiahtl ' : i . .
magnet | o TBIste BESRemaaaL R ponstc e Beletif Shef LRt Mg o

sour ce sysh bneaththgseyuld irmtombireationpwith arfabbaciosignbbcontnbledilintrst toi the
apatient i magni % system and a patient interface includi ng breath npnitoring
sen sors aPRfigfdtteeiforpndheiratiany hembrreath eoptielcls, raawiredy s fesulting

I ntegrat ed?r‘@ah‘ﬂcéﬁﬁSl' f&f bamm%gf%éoapaﬁ;cwaeﬁ@érgqg tﬂ@%?ﬁ‘?% AanciPr e
particularly, energy and timng corftrol of a charged particle streamof a
synchr ot r cacéwsacy @recismne dndiadr efiicienenof toowrttreztment.and tunor treat ment.
The synchrotron control elenments allow tight control of the charged
particle beam which conplinents the tight control of patient positioning
to yield efficient treatment of a solid tunor with re duced tissue danage

to surjpungy Det BRatHeimbdaitfent Relafdi GeRrally @ &eaiREnt 8f dék8Scaterever al |
size of the Synchrotron, provides a tightly controlled proton beam

direct |y rMawe psrticuéarly, accarhputeqgontrdliechpatientcpdsitidning, inimebilizatioredndes re
qui red operati nigﬁpower and_al | ows c?nt L. nual accel erati.on of., pro in a

syn ohr ot r SROSUERAME, Methol afd AeRaraiUs, it Uger; iy SoPUINGHEn: My fmPhsid

synchr ot r ofharged particle cancer therapy coordinated with patient respiration patterns
and further in combination with charged particle beam injection, acceleration,

15 extraction, and/or targeting methods and apparatus.

In still another embodiment, a negative ion source method and apparatus is
used as part of an ion beam injection system, which is used in conjunction with
multi-axis charged particle or proton beam radiation therapy of cancerous tu-
20 mors. The negative ion source preferably includes an inlet port for injection of
hydrogen gas into a high temperature plasma chamber. In one case, the plas-
ma chamber includes a magnetic material, which provides a magnetic field bar-
rier between the high temperature plasma chamber and a low temperature
plasma region on the opposite side of the magnetic field barrier. An extraction
25 pulse is applied to a negative ion extraction electrode to pull the negative ion
beam into a negative ion beam path, which proceeds through a first partial va-
cuum system, through an ion beam focusing system, into the tandem accelera-

tor, and into a synchrotron.


smichelle
Rectangle

smichelle
Rectangle


Conbi ned, the systems provide for efficient, accurate, and precise

n0n| nV? ..... ol + v At oAt wvas + lh s Al e r\ll\v\ﬂ\nf\ + A Aniv v o AnnAl o mnAa khAaAl L

tissue. em
incorpo rates any of: an injection system having a central magnetic nenber
and a mag netic field separating high ad | ow tenperature pl asma regions;

a dual vacuum systemcreating a first partial pressure region on a plasna
generation system side of a foil in a tandem accel erator and a second | ower

Pon boam 1Besidt Vel SeRBrarhAdiGeRt cf Nedehve it B8aRLblie, Yaodee gl

negative léﬁd Epéaﬂatus?llsst‘{éwégbéﬂrbﬂh&vmgaédmﬁnjééticiﬁ kaﬁteﬁﬁwril@lﬂ% @edl ihour
turni ng sections; a synchrotron having no hexapol e magnets; four bending

magnets i rpcuu@mctmrwﬁhngn@ﬁ@q%ﬁhafgedrr@rgglmmo e%mwadtﬂtlﬁg tb@fapmfappu ng
multiple b @;Jﬁﬂﬂﬁﬁ’ ?Théﬂ‘nB{;éftﬁ\?éi thégml%%ﬂpéé" SoitRHSS %a{: 6’eer"e' ed
partircle (S9] ra

and char ge ocusing each turning See?ien:

RF- anpls f iigolated bgca vaguum bawrlerdrarg thervaduius mhwmhhécuymhahmm The
accelerating coils; a rotatable platformfor turning the subject allow ng

mul ti-fi el RPIAYE; i9h RRRIMOPOUFGE tYACUUB) §YSient &ﬁef@f@bwpc'udQSr Qi 58t BWMBI an
di spersi ngy, 0 hfot cuﬁé@&&ni}ea‘ﬁ Sdin ?%l&#ﬁ%f S8R5 LOME OISR ope

p05|t|on|ng, | Mo I z1 ng, p05| i oning' systenms; respiratory génsors
ing pump. By only pumping the ion beam source vacuum chamber and by only

semi-continuously operating the ion beam source vacuum based on sensor
10 readings in or about the holding-volume, the lifetime of the semi-continuously

operating pump is extended.

In yet still another embodiment, an ion beam focusing method and apparatus is
used as part of an ion beam injection system, which is used in conjunction with
15 multi-axis charged particle or proton beam radiation therapy of cancerous tu-
mors. The ion beam focusing system includes two or more electrodes where
one electrode of each electrode pair partially obstructs the ion beam path with
conductive paths, such as a conductive mesh. In a given electrode pair, elec-
tric field lines, running between the conductive mesh of a first electrode and a
20 second electrode, provide inward forces focusing the negative ion beam. Mul-

tiple such electrode pairs provide multiple negative ion beam focusing regions.

The another embodiment, a tandem accelerator method and apparatus, which
is part of an ion beam injection system, is used in conjunction with multi-axis
25 charged particle radiation therapy of cancerous tumors. The negative ion beam
source preferably includes an injection system vacuum system and a synchro-
tron vacuum system separated by a foil, where negative ions are converted to
positive ions. The foil is preferably directly or indirectly sealed to the edges of
the vacuum tube providing for a higher partial pressure in the injection system

30 vacuum chamber and a lower pressure in the synchrotron vacuum system.
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si mul t aneous and i ndependent control of: o proton beam energy o x-axis

pr ot on I on;
and o to
one Oor nore Or: O patirent transiratlion; O patirent rotation; ana o patl ent
breat hi ng. PROTON THERAPY Due to their -3l atively enornous size, protons
scatter less easily than X-rays or ganma rays in the tissue and there is
very little lateral dispersion. Hence, theproton beam stays focused on the

tunmor shapg. W ut. much lateral d surroundi n | ssue. Al protons
of 5 g veneNebdReiial bRl ShereRiB dte Wae MBI betanls b Birsire B The
dosage del §ioAs ullbWs oSN ratd/6r srhalldPpurhps & Afaintafi tHeewenpredseire sys-

mllimeters of the particle's rangie he penetration depth depends on the

energy of iemeimie swicheotromas khe inleh hydregen gasds extrastedha %mat%gqm} c hh
h i , t, , | Th t
broton i o A ShE RREHERACE D e IBCRIPhaRR GGy tem 0" SPECTT 1

therefore possible to focus the cell danmage due to the proton beam at the
very despth in the tis sues where the tunor is situated. Tissues situated

the poak T B AT BSETSTICR TRy FRSHROFHIRFA A5y Ie5a100 etbed 8dGinet ant
ToFof ol PR BRI AR IPNRPINSAR LBl bhin (BReS Lhe

of cancerous tumors. An RF synthesizer provides a low voltage RF signal, that

is synchronized to the period of circulation of protons in the proton beam path,

10 to a set of integrated microcircuits, loops, and coils where the coils circumferen-

tially enclose the proton beam path in a synchrotron. The integrated compo-

nents combine to provide an accelerating voltage to the protons in the proton

beam path in a size compressed and price reduced format. The integrated RF-

amplifier microcircuit / accelerating coil system is operable from about 1 MHz,

15 for a low energy proton beam, to about 15 MHz, for a high energy proton beam.

In still yet another embodiment, a multi-field imaging and a multi-field charged

particle cancer therapy method and apparatus is coordinated with patient respi-

ration via use of feedback sensors used to monitor and/or control patient respi-
20 ration.

Used in combination with any embodiment of the invention, one or more of
novel design features of a charged particle beam cancer therapy system are
described. Particularly, a negative ion beam source with novel features in the
25 negative ion source, ion source vacuum system, ion beam focusing lens, and
tandem accelerator is described. Additionally, the synchrotron includes: turn-
ing magnets and edge focusing magnets, which minimize the overall size of the
synchrotron, provide a tightly controlled proton beam, directly reduce the size of
required magnetic fields, directly reduces req'uired operating power. The ion

30 beam source system and synchrotron are preferably computer integrated with a
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these fields are varied in a synchrotron. Thus, a synchrotron is a

part I C||| Aar tvina nf Avnl i A narti Al A ar~ral Ar at Ar in whirlh A rmmAanati ~ fi el d I S
used t s used
t0 ACCe. . vv v v oo Dot eoe : U PR UPPPRIURURI [

applied fields wt Emt Fle travelll ivnéj par@i‘(v:l e beam By increasing the
applied magnetic fields appropriately as the particles gain energy, the
charged particles path is held constant as the charged particles are

hi ¢ or usatett igEa e St & e E i iElacs Ing' ind Bine P BBt i srncen
the bendi nsbrmbétiéﬁﬂpéﬁﬂﬁnﬁwﬁrabﬁ@rﬁﬁcmmﬂferg:thé Bgsteheis Qﬂé?ra‘té’tﬁmﬁﬁhape of
a roundcornered polygon. A path of large effective radius is thus

const r uct eBCapienagoB ansYer tergetinghmetfind and appagriye. Merepariculailyi reetgye
e ohr <t FRIRG Lol Hea YRR ARSI 508 oy ERRANG Bbidndidr L

and requires t € particle beam

mﬁxi muns enwitlgpfatiéﬁt pmiﬁthger?pm%mﬁmagmeﬁanThmn_ bhfcﬁrdd_ry@d)rfmil leferhentst ed by
the strength of. e et1Lc T1elds, anag. m ni mum r adl us maxi mym curva
ture of ¢ eleyatishtcenBal Al the, chaEded BaRIsiE DRBTheRTRIoTBITE Nt o
limted asﬁéﬂ?ﬁbl%@%’tiéh?ﬁ?fﬁéﬁih 3b yidI§ e?ﬁé?éﬁtrtrr]@é’c% \dral sQUY HRESh witihs._thi s
entire path nust be a se -supgortl ng di sc-shaped evacuated chanber. Since

t he radi usdiced fissueedamape tp sneountlinghikeatthyttisseiebdoadaition, ithe systeyn rédve
strength of the,magnetic .fiel In the.case of. an ordjpar | ect r omagnet ,
The T el o dyoe BEnoreralsie & oy SREnGdhemioYERS A tEhEY chrEolisd ae@hunen
al | magnet pgarf OaRbEy RidRicab tHeafkel Serelquitbd haghdtRl fidl8s | dirddigT reblieésased to
any practical extent. The arrangenment of the Single pair of “magnets al so
limts thequiashopemtingzreower, tand allows eontByual lacoelesatiorn oé protops tines syn-

limtation I n rrow_beam pi pe sur. rounded by .nmuch,snaller and nore
tightly f O@Hgﬁﬁg %{ieg}]g@gl_ng.rﬂ eprgﬁg% t‘{; @Hra(ftlng pro oné’ from hthe sync%rotron.
Combined, the systems provide for efficient, accurate, and precise noninvasive

tumor treatment with minimal damage to surrounding healthy tissue.
15

In various embodiments, the charged particle cancer therapy system incorpo-
rates any of:

e an injection system having a central magnetic member and a mag-

netic field separating high and low temperature plasma regions;

20 e a dual vacuum system creating a first partial pressure region on a
plasma generation system side of a foil in a tandem accelerator and
a second lower partial pressure region on the synchrotron side of the
foil;

e a negative ion beam focusing system having a conductive mesh
25 axially crossing the negative ion beam;

e a synchrotron having four straight sections and four turning sections;
e a synchrotron having no hexapole magnets;

o four bending magnets in each turning section of the synchrotron;
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synchrotron to accelerate particles is limted by the fact that the
particle- =~ =% "= ~horosd s s mmmmt e st ot o SH D et s s e mee it~ g
under ac 2am
energy i s reached when the energy lost to the |lateral acceleration required
to maintain the beampath in a circle e¥hals the energy added each cycl e.
More powerful accelera tors are built by using | arge radi us paths and by
usi ng nore numerous and nore powerful mcrowave cavities to accelerate the
particl e beam between cor ners. Lighter rticles, such as electrons, |ose
a larger fracti®n 3y FO'EWé?WnM{'?lgﬁ?ﬁwg Magg‘?f%al |y speaking, the
energy of electron/positron accelerators is [imted by this radiation |oss,
while it does nd®t dpkyalgy of Hendingamagnststhal are deygleshand sharogsk partigleor i on

accel erators. The gy i gnited strictly by the strength of
magnets and by thﬁ@%?%%ﬂggﬁgﬁ?ﬁ%’ BEAM THERAPYThr oughout this
docunent, a charge arti beam t her a system. ,.such as a,proton beam
hydr ogen ion beém'%ar%ﬁg%'afﬁmﬁémrq%ﬁcwéBFC? B9 WF@F%F*RPH@&‘?%M
particle beam t herzmyit axsélerating &M8Cr i bed using a proton beam However, the
aspects taught and described in terns of a proton beamare not intended to
be limting to {h J ' WY g

particle beam Sys%ﬁ?&tﬁ%{/@éﬁﬁ?@g?ﬁ@gﬁﬁ@ﬁ@é%gg elcg%}gé\gw]gi @ug{q{ﬁgfjﬁ@%bg\%d

appl i cabl e to the aneddmmaqliiefield psotonithdrapsr ein. Referring now to Figure 1, a
charged particle beam system 100 is illustrated. The charged particle beam
preferably conpsi $£fadiativHTBRin GfspBrdigy $HGHeEs iBta 'arkgea@%; 0360 dehRids
controller 110; an injection sys{)em %O;Qggsyncﬁ?(lﬁ on 13 yt hat tg%il cally

i ncludes: (1) an &bodtteatusiorsyst em 132 and (2) an extraction system 134; a
scanning / targeting / delivery system 140; a patient interface nodul e 150;
a di sphmy syst e Pogjtioniry, imneobiliziegiang pssitionindOsystems;

e respiratory sensors;
¢ simultaneous and independent control of:
o proton beam energy
o x-axis proton beam control;
15 o Yy-axis proton beam control;
o patient translation; and
o patient rotation; and
¢ a system timing charged particle therapy to one or more of:
o patient translation;
20 o patient rotation; and

‘o patient breathing.

PROTON THERAPY

Due to their relatively enormous size, protons scatter less easily than X-rays or

25 gamma rays in the tissue and there is very little lateral dispersion. Hence, the
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An exempl ary nethod of use of the charqged particle beam system 100 is pro
vi de ac
cure

exanple, the main controller 110 obtains an inage, such as a portion of a
body and/or of a tunor, fromthe inmagi Mf-system 170. The nmain controller
110 al so obtains po sition and/or timng information fromthe patient

i nterface nodul e 150. The main controller 110 then optionally controls the

II’leCtIOI’lS 120 to inject, a pro to a nchrot The
synchr ot roﬂoi F@Qm $ta 385?@ HT é,grgor a&&‘@l %&'chéyét?@idfg?gfn@ an
extracti Onsﬁéﬁrﬂﬂhé%sughﬁu%fbrfs%ﬁé glvleﬂrerﬂirgil ®adbla/ ceaihrahge ! disfinidot on
beamwi t hin the accel erator system such astpnés con trolling speed,

t r aj ect or yby #heiBragg pegalvfanchihepiesage dalivary v iatiodnmaXimgm everrust

ract i on Sy an ednitinfXste WL IRbET e Bufibfafn bR debae,r

ener gy of bdhethesherstsfithbenicldsevkients gireétly relitedlts eh@ speed abWhistother ol s
targeting of the proton beamthrough the scanning /_targeting / delivery

syst em 140Paiicleseneig aesrieraied bydbe nietan acceleratemeThe Srﬁ’ﬁﬁé dhpdietans of
h
the pati en% %ﬂﬁ&%@cfgﬂ?ﬁu}n%xﬁﬁgm r% ;‘hé ra%%é'q?{afo?nq{ lsaﬁ%réfBPéabbgé’l?r €l le

position o € patl aré pre cont ed b el n"con

110. Furt hier foctinssthiaac;elledialriagesduac td the ﬂrcﬁorh a;easrymel'rel@@y depttpirefrey tisl y
controll ed via gﬁ.ﬂn control l er 1P uch as_di spl a screens

are typi cab¥§s W SW tyrgop isighatad; ¢ %?Hﬁsa?g-}astgarm;f%ﬁe the Brrggpe
patienis. &ﬂv@%n@m Fa%seté?ﬁi f@u‘éﬁ%?tﬂéféa éﬁ;%rothsé%a%deld%%fafv@end?? ' ver y of

the proton beamfromall systens, suc p lver in an
optimal therapeutic manner to the tunor of the patient. Herein, the main
controller 110 refers to a single systemcontrolling the charged particle

tors. cont rBYERRT AN LAYREUIROTROR! ¢ “heam syst em 100, or fo & pl urality of
| ndi A cyclotron uses a constant magnetic field and a constant-frequency applied
electric field. One of the two fields is varied in a synchrocyclotron. Both of
15 these fields are varied in a synchrotron. Thus, a synchrotron is a particular type
of cyclic particle accelerator in which a magnetic field is used to turn the par-
ticles so they circulate and an electric field is used to accelerate the particles.
The synchroton carefully synchronizes the applied fields with the travelling par-
ticle beam.

20

By increasing the applied magnetic fields appropriately as the particles gain
energy, the charged particles path is held constant as the charged particles are
accelerated, allowing the vacuum container for the particles to be a large thin
torus. In reality it is easier to use some straight sections between the bending

25 magnets and some turning sections giving the torus the shape of a round-
cornered polygon. A path of large effective radius is thus constructed using
simple straight and curved pipe segments, unlike the disc-shaped chamber of
the cyclotron type devices. The shape also allows and requires the use of mul-
tiple magnets to bend the particle beam.

30
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vidual controllers controlling one or nore sub-systens of the charged

part I Cl e hAaarm cve t Anm 1NN Dnf Aarvri na nnwr +t A Ci Annira 92 Aan il 1l et vrativunma

exenpl ary m 100
i's provided. The number, position, and described type of components is
illustrative and non-liniting in nature4l-In the illustrated embodi ment, the

I njection system 120 or ion source or charged particle beam source
generates protons. The protons are delivered into a vacuum tube that runs

into, thro , rotron. ,JJhe_generat e rot.ons..ar

vol Dver oa- SR maNt enBlay i B BRE U Bath SaH AR SIyBlegR it by
quadr upol ethegtreigthasf thej rhaghetic flokidranbtive AAGIARINA radile Measintemf Qfvs- t he
proton beam path. A quadrupol e nmagnet is a focusing nmagnet. An injector

bendi ng mafiffetof ihe padicde patle I & exeletEmthe maximumeradivsis agite fimited as

hr ot : ' TN r
T oduced oA g SR HE cOh @l ARY s Biniha s fls G BRust b8 on
Lanmber sbn awsgifesuppdyling disctshapedeevavuated chamtepaiSin&bthe sadili® iglimitedxi s

ff of, h b , I | at ing. pl f th hr ot 130. The
nj ect or  ORFAETRIGEMagIng hecomasibted Ay stanohihRamagnetindeldne
. . . : e o or
protons i nfrpthehaseyHCan %Hlﬁﬁ[}églgcttr%ﬁagngﬁ'iﬁé HeId"BEERIH ls‘i’ihﬁ@debfgﬁ‘gé-i hg

circulating nagnets 250 are rn the protons along a cIT
beam pat h Reatiomofiithe icorenhgnause wherbalhsnagmetigndomaifisearealigresh then fieldagnet s

250 bend the initi eam path 2 into a.circylati beam path 264. In
this exanptd? nf)hbeﬁéﬂrtﬁebéﬁ’fg?ﬂﬁe(ﬁg%r?é’tysp@ﬁbcﬂre’g?'f?tcgﬁlg?i?'féa. %’i'ts‘.)fam?
repr esgt esingre pAIt6f Fbhe alse YimilRABYconbmidBizBldtitRe WRGice! ' cul ating beam
path 264 into a stable circul ati ng beam path. However, any nunber of

magnets or sets of magnets are optionally used to nove the pro tons around
a single orbit in the circulation process. The protons pass through an

accel erat ogy ¢lotrdRE QEoME s GRftatoRE E LMY £ 4l bdarhBigd Gy ating

rounded by much smaller and more tightly focusing magnets. The ability of a
synchrotron to accelerate particles is limited by the fact that the particles must

15 be charged to be accelerated at all, but charged particles under acceleration
emit photons, thereby losing energy. The limiting beam energy is reached
when the energy lost to the lateral acceleration required to maintain the beam
path in a circle equals the energy added each cycle. More powerful accelera-
tors are built by using large radius paths and by using more numerous and

20 more powerful microwave cavities to accelerate the particle beam between cor-
ners. Lighter particles, such as electrons, lose a larger fraction of their energy
when turning. Practically speaking, the energy of electron/positron accelerators
is limited by this radiation loss, while it does not play a significant role in the dy-
namics of proton or ion accelerators. The energy of those is limited strictly by

25 the strength of magnets and by the cost.

CHARGED PARTICLE BEAM THERAPY
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beam path 264. As the protons are accelerated, the fields applied by the
mag net < | by
t he acce
bendi ng mag nets 250 or circulating nagnets to maintarn stable circulation
of the protons about a central point or42regi on 280 of the synchrotron. At
separate points in tinme the accelerator 270 / mai n bendi ng magnet 250
conbination is used to ac celerate and/or decelerate the circulating

| atin h or orbit. An

pr ot ons Ll e infa.ning the protons in the circ t

bt r act i onraieURBRO By pghingfr. B BhABRel TartitR S tadlap SR Bl A =
conbi nat i oprotéri Beand. aeR6 i< beaft, | cdBON 9bn HLAn Ois’ @BRYiBel! OHersn,f rom
their circulating beam path 264 within the synchrotron 130. One exanpl e of

a def | ect othecehaigad martige baamitbeapy sisterstis dggsriber ysinga pegtpedie@M.noves

bl ane. _sucriot e 308 rects BiaRteRdsebfed MRtk B8 FoitTRedhy g At "
pr ef er apl yinthrideet tocbeaishitig foothas efl aysoton Bearfdndegte illosthativdl ofta Bhgiged 237
and extractign focusi ng magnets 235, such as quadrupol e nmagnets al ong a

trans portPHHER beamisybleranhAnycehaiogd particle beamgystentis ¢avallyarpiieableso.
Two conpo t;&etﬂésiemniguéé:ﬁag&ff%oe Sfe§yn 140 or targeting systemtypically

include a tirst axis control 142, such as a vertical control, and a second
axis control 144, such as a horizontal control. In one enbodi nent, the

first ' trol 14 | f b 100 f ti Y- axis -
canni ng. REEIMNGROIp BIauiE bt sharditpadeis foam Svasit 0 & aidiSts 1o
about 7P0 T halid BaRichl bRar pRifbfabif 8Bribrides of nlittbdt! of Aibsieime G

Protons are delivered wth control to the patient interface dul e 150 and
to a tunorcluding qat pEnta. maiin coftrolles tHlihan injection sysiernd20,aa syophiotneal and

TRy B usefad et i PRLA S AR AR AR R Do R e e BB
system 134; a scanning / targeting / delivery system 140; a patient interface
module 150; a display system 160; and/or an imaging system 170.

15
An exemplary method of use of the charged particle beam system 100 is pro-
vided. The main controller 110 controls one or more of the subsystems to ac-
curately and precisely deliver protons to a tumor of a patient. For example, the
main controller 110 obtains an image, such as a portion of a body and/or of a
20 tumor, from the imaging system 170. The main controller 110 also obtains po-
sition and/or timing information from the patient interface module 150. The
main controller 110 then optionally controls the injection system 120 to inject a
proton into a synchrotron 130. The synchrotron typically contains at least an
accelerator system 132 and an extraction system 134. The main controller pre-
25 ferably controls the proton beam within the accelerator system, such as by con-
trolling speed, trajectory, and timing of the proton beam. The main controller
then controls extraction of a proton beam from the accelerator through the ex-
traction system 134. For example, the controller controls timing and/or energy
of the extracted beam. The controller 110 also preferably controls targeting of
30 the proton beam through the scanning / targeting / delivery system 140 to the

patient interface module 150. One or more components of the patient interface
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An i on beam generation system generates a negative ion beam such as a hy
£ v H

drogen ev\: AN Av Ll lhAAns nr ~Af A Al vy F AATIAAA +lhAa vnAA~A+ A i Aan hAaAans Al\v\l/erts

t he nege Yeam
and injects the positive ion beam 262 into the synchrotron 130. Portions of
the ion beam path are preferably under -fartial vacuum Each of these
systens are further described, infra. Referring nowto Figure 3, an

exenpl ary i on beam generation system 300 is illustrated. As illustrated,

the i b t tem 300 has, four jor..subsections:. a _negative
on sour e dge 150 b S FaRdhton i chkarA B85 1RH B3z afiant. 2R Pheam
focusi ng sfesaisincdptrolléd byatheamdentasteslerreroor FaRRer, Hisplby erRERtsSf the
Figure 3, the negative ion source 310 preferablalwltncl udes an inlet port 312

for i nj ectdisplayrsysiernotthamprefatably cantjalled Migethe: main spatseerchtir&lis314.

whi on pr oV LS St 2 B1sPId BBeERE TRR v bREN, W73 dedB01aFE T B B &ratohe,
chanbers 314ndior ta dnevot emgrergdtients. pllasne esmpodiment, the reginosaritolier daqoof t he

magnetic fjeld barrier. An extraction pulse is applied to a negative ion
ext r act i ontiraee dhe siediverysot theppraton heaps ffam @l sYSIEMSasHGMihat pratanstaree i on

o pat ¥\ deliveredfinth BRAFEF HrhfeatiablEr id fitliifirigrdhe KRLHM SVt o 530,

t hrough the 1 on beam fbcusing s and i em accel er at or

390. Still referring to Figure 3, the first partial vacuum system 330 is

an encl osed system running fro he_ hydrogen gas inlet port 312 to a foil

365 1 ¢ hapiAdne Auae Gardicler T8b TR tq 818 el v ionp erBeline jha ehrised

di rect|y opartiBRi Bedih lsysfetn DO, RAFEH cbhﬁow%r%mow@ea altyQfsdh8gs f or a
hi gher prgﬂssgsdre, suqﬁygs about 10 5 _tg((zéfr, to be maint in?ﬁﬂoﬁ&%es P_l?%t -
partial vaemmeeysling §Bockargedopartitle hear sysenari@0aor tmvarplpratigsof imdi-such

as about 1\9dJalt86nrtrollgPs ?:Sn{}gfliﬂé E%)'nneegr %‘ortehs?ubs-g{/]stems of the charged particle

beam system 100.

15 Referring now to Figure 2, an illustrative exemplary embodiment of one version
of the charged particle beam system 100 is provided. The number, position,
and described type of components is illustrative and non-limiting in nature. In
the illustrated embodiment, the injection system 120 or ion source or charged
particle beam source generates protons. The protons are delivered into a va-

20 cuum tube that runs into, through, and out of the synchrotron. The generated
protons are delivered along an initial path 262. Focusing magnets 230, such as
quadrupole magnets or injection quadrupole magnets, are used to focus the
proton beam path. A quadrupole magnet is a focusing magnet. An injector
bending magnet 232 bends the proton beam toward the plane of the synchro-

25 tron 130. The focused protons having an initial energy are introduced into an
injector magnet 240, which is preferably an injection Lamberson magnet. Typi-
cally, the initial beam path 262 is along an axis off of, such as above, a circulat-
ing plane of the synchrotron 130. The injector bending magnet 232 and injector
magnet 240 combine to move the protons into the synchrotron 130. Main

30 bending magnets, dipole magnets, or circulating magnets 250 are used to turn

the protons along a circulating beam path 264. A dipole magnet is a bending
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chrotron side of the foil 390. By only punping first partial vacuum system
330 an : . : : . 9 : m
based ting
punp is ex tended. The sensor readings are further described, infra. Stil
referring to Figure 3, the first partiat4vacuum system 330 preferably in
cludes: a first punp 332, such as a continuously operating punp and/or a
turbo nol ecul ar punp; a large hol ding volunme 334; and a sem -continuously

From a pr ouBgPBt S3ResPaB 58 fling rdbrRi B S thernil BeaRE R e 0T ue
334. Upon @ircilatiry begmr SSANed.i weths e&aﬁr@ﬂé,itﬁéeﬁéin%@fqﬁﬁgenaghéteqsbaérge

hol di ng vol une 334, the punp controller 340 instructs an actuator 345 to
open a val GEculating gragaets efe repiesentasl as fgun setsnefl tow magnetsnto- m@intaimuous| y

. _ ; . ; \ i X
ohrn on S BretiauRy Bealt ot 284 o, 3 TGN beaRPBER. FRWEVAR 55,
about the amangmbepaf magnetsbr sats ofimagriets arasptionallyt ised td mioverhebra-he

em - conti puousl eratjn unmp, i s, extended by only operating
zerri - cont i ISP ni%@'asfentgrsﬁéa.thﬁ% Gireniation pree ,S-ﬂ%%e PEAPNE RASS Hhnuany

operating ayRcaiRfatePe7at efh %cenefr&gr ré‘c@élb?acteg‘{ﬁéﬁ{f)giﬁsmgh@ciﬁ:‘d ind? 5

m nutes every 4 hours, thereby extending a punp wt ne 0 out
2, 000 hourlbearo peilb 26496A9 e brotors aFeiatbeleratby, thedielts mpplibd byrthetmags from

h hr ot [ { h s, such as turbo
ol ecul ar Wi e AReasERa A DhueNY, o gesed pf e REIHES BRBIegH N b o
vacuumPungsiefiye2 e Wé sYAShITRIRWRE rhagriaRd fidihs fof tﬁérmﬁ?ﬁa@%cﬁn%gﬁﬁr'ﬁ-' nl et

gas is primarily hydrogen gas but nmy conh tain inpurities, suc trogen
and car boanthﬂé%/(H@.r a@culatioigamagpets ¢o imaiotaig adabkle ¢irculatiomefdhée \protoms

source Sysél?ént?’al%EnIriaf ;S)BinP%rrtrieaonV%b' 'OFtRe Séy%ghr?i)%%n.i 3&1 separate points in
time the accelerator 270 / main bending magnet 250 combination is used to ac-
celerate and/or decelerate the circulating protons while maintaining the protons

15 in the circulating path or orbit. An extraction element of the inflector/deflector
system 290 is used in combination with a Lamberson extraction magnet 292 to
remove protons from their circulating beam path 264 within the synchrotron

130. One example of a deflector component is a Lamberson magnet. Typically

the deflector moves the protons from the circulating plane to an axis off of the

20 circulating plane, such as above the circulating plane. Extracted protons are
preferably directed and/or focused using an extraction bending magnet 237 and
extraction focusing magnets 235, such as quadrupole magnets along a trans-

port path 268 into the scanning / targeting / delivery system 140. Two compo-
nents of a scanning system 140 or targeting system typically include a first axis

25 control 142, such as a vertical control, and a second axis control 144, such as a
horizontal control. In one embodiment, the first axis control 142 allows for
about 100 mm of vertical or y-axis scanning of the proton beam 268 and the
second axis control 144 allows for about 700 mm of horizontal or x-axis scan-

ning of the proton beam 268. Protons are delivered with control to the patient

30 interface module 150 and to a tumor of a patient. All of the above listed ele-
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beam focusi ng system 350, and negative ion beam side of the tandem

accel eratnr 20N t he <uvnchrntrnon vacinim nitlmfmme can nnerat e at | nwer
pressur ¢ _ _ _ ; _ _of
the synchrotron 130. Still referring to Figure 3, the optimal ion beam

focusi ng system 350 preferably includes**tw or nore el ectrodes where one
el ectrode of each electrode pair partially obstructs the ion beampath with
conductive paths 372, such as a con ductive nmesh. In the illustrated

exanpl e, thr L on f LN i e illustrated,. a two
er e(r:r{) rode 'P'g ﬁ&oér%n? é}goi{% ?ﬁéﬁé&g Fg#%?gg‘,viﬁ‘&# P%%P?ﬂt'é’gseqr@?‘?'ﬂé@apms‘beam
focusi ng sEsth efthe/dboveiisted esmentstdie derthéredésovibedi gifrdoeam f ocusi ng
section 380. For a given electrode pair, electric field lines, run ning

bet ween the conductive nesh of a first electrode and a second el ectr ode,

provi de i 5N %émcgégmﬁm gioat ive ion beam Miltiple such

el ectrode palrs provi e negative ion beam focusing regions.

Pr ef er abl yAh lien beanegenératidn systerh enerdtes seaégativedion, bdamssudhasa hy-
el ectrode ion focusing section 370, and second three el ectrode ion focusing

section 389r0g9eR Figr & Rtheami peefaably fodisesthedingadivaian hgamecameertsandem
accel er at aﬁ&i : ; t , r e he ion
beam pat h%leon éeigl%c@ ﬁ%%ﬁgag?togﬁ%@greg Q%Iﬁh%%c%ﬁgc%ipﬁ%?‘ (|§rn ra. St'ill
referring amd Ifjepts ¢h positiwe tiom hearma2B2 lirtoehe rsy@8hratroefd €3@bPortions ofdfthe a

foil 395, such as a,carbon _foil. The negative ions ip the negative ion beam
path 319 PR BSGAY BAILA'S Brsfe@bly yaderpatia AR Bashaidhess BYStRms 3Bt | al

i on begm pRtRer88sérisad. isfra. The foil 395 is preferably sealed directly or
indirectly to the edges of the vacuum tube 320 providing for a higher

pressure, such as about 10 5 torr, to be maintained on the side of the foil
395 havi ngothe.negatiyedon beam path 319 and a | ower pressurge, h. as
about 10 gR?%frt",'g ?‘8‘“{)!0 ﬁléqlﬂ' arn@y SRMARYSPH %ﬁmtqr@e}rg{@n ﬁﬁt%\s#)ﬁg'st he
proton i onjbgatedatAs dRdtratdrl ithd iéh®ehRi beneration system 300 has four major
subsections: a negative ion source 310, a first partial vacuum system 330, an

15 optional ion beam focusing system 350, and a tandem accelerator 390.

Still referring to Figure 3, the negative ion source 310 preferably includes an
inlet port 312 for injection of hydrogen gas into a high temperature plasma
chamber 314. In one embodiment, the plasma chamber includes a magnetic

20 material 316, which provides a magnetic field 317 between the high tempera-
ture plasma chamber 314 and a low temperature plasma region on the opposite
side of the magnetic field barrier. An extraction pulse is applied to a negative
ion extraction electrode 318 to pull the negative ion beam into a negative ion
beam path 319, which proceeds through the first partial vacuum system 330,

25  through the ion beam focusing system 350, and into the tandem accelerator
390.

Still referring to Figure 3, the first partial vacuum system 330 is an enclosed
system running from the hydrogen gas inlet port 312 to a foil 395 in the tandem
30 accelerator 390. The foil 395 is preferably sealed directly or indirectly to the

edges of the vacuum tube 320 providing for a higher pressure, such as about
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395 physically separating the vacuum chanber 320 into two pressure regions

a| | ows fnr a cvuctaoam havi na foauwnr and/ nar ermal l ar nitimMme tn Mi nNntain t hao |Ov\er

pressu
resi dual sare extractea In a separate contal ned and |sol ated space by the
first partial va cuum system 330. Negat4ove | on Source An exanple of the
negative ion source 310 is further described herein. Refer ring nowto
Figure 4 , a cross-section of an exenplary negative ion source sys tem 400

i's provided.sThe n ativ jo beam 319 ig. created in nulfiple s es..
bur i ng. & 119 S0TG HE MATHRSBEPLLE fist Pﬁﬁ@iefa&wrﬂtsasgﬁreﬁéwﬁ%ﬁe@%ﬁg
second st aggs afd %el%ie'r‘{)?eééme' §uc§H 886868ubY0 5&5}* ' t@adé Aaistaired b e Syrgh

vol tage pul se, which creates a plasma about the hydrogen gas to create

negative iehrotromside efthe fail 390.sByyenly puraringtfirst pa@agvacpuur@rsys@na@ﬁou ed to

ext Tact oa P4 RYasHE sepitontbibNEy bading uie B4 oshT sBORE LR BRBEE, 1o

magnet i€ foRksEnder fdadingsh the ifettintenbf the sémicotiniotisly gferatihg uenpis 62. Each
of the four stages are further described, infra. Wiile the chanber is

i | 1 ust r at el@ngdeda Thesnses seadiRgs Are fusther deseribehdn&d. | i nder is exenpl ary
only and any geonetry applies to the nmagnetic | oop con tainnent walls,
described infra. In the first stage, hydrogen gas 440 is injected through

the inlet $tif treféirmg o Figutd gh therfirst partiat valcaama systeno 3309 prefdiably ip-ect i on
port 312 i period of tinme, such as.|ess than about 1, 5,

or a sho
or 10 mi cr%ag%né firsh PHMP; %%é%%ﬁm%ﬂ?ﬁupgﬂﬁlqp@ﬁ%‘ﬂﬂ%PHW%“WP&?ﬁUVacuum
chambey, 324, h%ﬂé’édl&ﬂ@ﬁﬁw?h h@IB Gt 354 a‘hloaéfoéﬁnﬁ %hﬂﬂub@sl?%h@f' ai ned
e 0

at reduced pressure t| al Vacuum syst'em 3 The 1 nject of the
hydrogen gating puoypt Baﬁal H’l;efemluly,ca Ipeich b gontiellera340 ceceives laesighabfromhiach i s
responsi Veprtegsbrneageﬁgors%ﬁ&emoﬁtgring pressure in the large holding volume 334.
Upon a signal representative of a sufficient pressure in the large holding volume
334, the pump controller 340 instructs an actuator 345 to open a valve 346 be-
15 tween the large holding volume and the semi-continuously operating pump 336
and instructs the semi-continuously operating pump to turn on and pump to at-
mosphere residual gases out of the vacuum line 320 about the charged particle
stream. In this fashion, the lifetime of the semi-continuously operating pump is
extended by only operating semi-continuously and as needed. In one example,
20 the semi-continuously operating pump 336 operates for a few minutes every
few hours, such as 5 minutes every 4 hours, thereby extending a pump with a

lifetime of about 2,000 hours to about 96,000 hours.

Further, by isolating the inlet gas from the synchrotron vacuum system, the
25  synchrotron vacuum pumps, such as turbo molecular pumps can operate over
a longer lifetime as the synchrotron vacuum pumps have fewer gas molecules
to deal with. For example, the inlet gas is primarily hydrogen gas but may con-
tain impurities, such as nitrogen and carbon dioxide. By isolating the inlet gas-
es in the negative ion source system 310, first partial vacuum system 330, ion

30 beam focusing system 350, and negative ion beam side of the tandem accele-
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I nformati on and patient interface nodule 150 i nformation, such as patient
posi tiol

t enper at | se
across a TiIrst electrode 422 and a second el ectrode 4z4. ror exanple a b kV
pul se is applied for about 20 microsecofds with 5 kV at thesecond el ectrode
424 and about O kV applied at the first el ectrode 422. Hydro gen in the
chanber is broken, in the high tenperature plasna region 490, into

conponent [t sych as, a of ;. atomi c hydrogen, HO.. a proton, Ht+ .an elec
Lron, o, A 300y ecyRRntoliam vaeitr Rmpd ol Disrats af Wy arsucs Wil (s a
pul se of ajongepkfetithesi, WhicH ingrdapes dpeeatimglefficieticylsfaké syichforbasBoonds. I n
the third stage, the hi gh tenperature plasma region 490 is at |east

partially separated froma | ow tenperature plasm region 492 by the

magnetic f¢ ' IS L e 2 |G Tl L\er
130, H gh SHbfefSticle FRuIC'ss 1R Belinaf I GHEER ToBu SR 1l o Felably ey
field barrineludésGwd or Mo skectrodes wherenogmatiectrddec bfl daghr électrdd® pairt s as

a filter between, zone and zone B, in the negative iaon_source.

Pr ef er abl yPa@aﬁ)éHP%'PCtﬁé Rdan beam RAth vt eNdURIVErPaths A 2eRUADHPE BEOThe
magnet i ¢ Ngi&iviedhest S in tie m‘&ﬁ%fbd"b%é}hﬁle{ el i8R Be%i???%éhéigﬁi Eg&bﬂ?&@c—r egion
490, such as along a central axis of the high tenperature asma reglon
490. Pref eticid gre itlhstratedsa tebedectomtie ibADeam foausimgl sectiort 860.ca figst thvee .
conposed of gnetic materjals, such as,ijron. Preferably, th uter wal | s
350 of ¢ heP RPEREE dRp IS foCuP ag acten: S0, B0dim 2600H ithing SlRRtiose isfle
COMposefl GhedinTBEiihg Sethb®JoRl : Fors Biveh AceROIBRRI elBHCTield ifids] Furf’ 170N
based material, or a“ferrite dielectfic ring magnet. In this manner a

magnet i ¢ fhipgdeatweenitbe copduetiveomeshiaf a Eirst redectradgnand @ seond elecade, fir st
el ectrode 422. the outer | |s .45 the second el ectrode 424, and. the
magneti c f[?rglvgieblgyvrair@&org \éﬁoﬁﬁ%ﬁ"g?h? Hggﬁﬁ%ﬁ@ﬂ Be?rinel uﬂ'z?rl? ?H?h ﬁ%ftrroé’& ricts
hi gh ener gyaifd providenitislé negative ion beam focusing regions. Preferably the two

electrode ion focusing section 360, first three electrode ion focusing section

15 370, and second three electrode ion focusing section 380 are placed after the
negative ion source and before the tandem accelerator and/or cover a space of
about 0.5, 1, or 2 meters along the ion beam path. lon beam focusing systems
are further described, infra.

20  Still referring to Figure 3, the tandem accelerator 390 preferably includes a foil
395, such as a carbon foil. The negative ions in the negative ion beam path
319 are converted to positive ions, such as protons, and the initial ion beam
path 262 results. The foil 395 is preferably sealed directly or indirectly to the
edges of the vacuum tube 320 providing for a higher pressure, such as about
25 10'5 torr, to be maintained on the side of the foil 395 having the negative ion
beam path 319 and a lower pressure, such as about 107 torr, to be maintained
on the side of the foil 390 having the proton ion beam path 262. Having the foil
395 physically separating the vacuum chamber 320 into two pressure regions
allows for a system having fewer and/or smaller pumps to maintain the lower

30 pressure system in the synchrotron 130 as the inlet hydrogen and its residuals
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passi nn thrniinh tha mMmanatic fiald harriar 420 I n\w anar nvv al art r nne

i ntera

low te
voltagc PUl SE Ul EXLIdULIUII PUIl SE IS dpPpPllEU dl a LIITu E1eCLluue 40, 111€
second hi gh voltage pul se is preferent i"gq'ly applied during the |l ater period

of application of the first high voltage pul se. For exanpie, an extraction
pul se of about 25 kV is applied for about the last 5 mcrose conds of the

first creafjo Lse . of 2 Lcraseconds. | n cond ex l.e, timng
of the ext%%c&gg#tgil"ig 53%?’%?%%‘2°'ﬁ5@83@§1§‘085@%% SPSF%&'&F'S}I%%?? 'SEV?)'UI se,
such as fogushe®ysterd 338, 5., or 10 microseconds. The potential difference,
of about 20 kV, between the third el ectrode 426 and second el ectrode 424 ex
tracts the negative ion, H, fromthe | ow tenperature plasnma region 492 and
initiates negatl l.an beam 3 19, from zone B to zone C. The nagnetic
field barrgggiﬁgaﬁihsggupqggonally created in nunber of ways. An ex anple of
creati on oAntexampigéthe niegatide o soarced31D issfunihet aiessribed esindeRiefeln thi s
exanpl e, the el eman't_.s descri bed, sutﬁ)r inrelation to Figure 4 are

; a,
mai nt ai ned 9 NAWIOVEIBHIE &4; prIPasreeclion-rf ap exemplargirRaatver 0B PUree sYsat ed
using coil Ii il MHEhbGativ f ' e first
el ectg'.J rode %Ag(r)lf? h?ldgg(?'i nderﬁ%\%tlv'gqggobgaagﬁ %EPIMS %g@%tgtg \(/%v@erﬁmgI e é;g %ﬁd
el ectrode Badngadirshstage, hydugengad is injedtedlinéo aestiamabemabDaringla geddndnd/ or
cyl i nder |l s 450 are option all talljc..In thi nner, .the cqils
c%leat e a ﬁ%@ﬂ@t PcNegVE |0b 5 PFﬁ%éﬁFBEV[ ﬁ8p+qart'§P 8{ @Cﬁrrsggggnlaz@,ltaggoq #¥ng
materi g , WHicATcréBidsSa PRISMS ALORE tiRd AGHTREA 419?5410 M@@hbga{iwhdhsbabm-er
430, and the central material 410. EsSentially, the coilS generate a
magnet i ¢ finglaithind $thgeca cnagnetivuirld diteois appliedetignenmponénts dfie plasmawgnet i ¢
mat eri al 0.. The netic field barrier 430 erates as described, supra.
Goner ai |y DHigd AcihBR FRaE. M hPadtie ot aiRce RS ford 2 (e g B ane

plasma region, on the opposite side of the magnetic field barrier, by application

of a second high voltage pulse. Each of the four stages are further described,

15 infra. While the chamber is illustrated as a cross-section of a cylinder, the cy-
linder is exemplary only and any geometry applies to the magnetic loop con-
tainment walls, described infra.

In the first stage, hydrogen gas 440 is injected through the inlet port 312 into a
20  high temperature plasma region 490. The injection port 312 is open for a short
period of time, such as less than about 1, 5, or 10 microseconds to minimize
vacuum pump requirements to maintain vacuum chamber 320 requirements.
The high temperature plasma region is maintained at reduced pressure by the
partial vacuum system 330. The injection of the hydrogen gas is optionally con-
25 trolled by the main controller 110, which is responsive to imaging system 170
information and patient interface module 150 information, such as patient posi-

tioning and period in a breath cycle.

In the second stage, a high temperature plasma region is created by applying a
30 first high voltage pulse across a first electrode 422 and a second electrode 424.

For example a 5 kV pulse is applied for about 20 microseconds with 5 kV at the


smichelle
Rectangle

smichelle
Rectangle


the high tenperature plasma region 490 and | ow tenperature plasna region
492 i«

scri be

i on beain 1 vcus: 1Yy SYSLEINI 9DV IS 1UulLllEl U SCIlUuEU. 111 LIS exdliple, Linee
el ectrodes are used. In this exanple, a¥¥irst electrode 510 and third

el ectrode 530 are both negatively charged and each is a ring el ectrode
circunferentially enclosing or at |east partially enclosing the negative

2 Ting ol ettt SeptiodE 3% sl RBMCH Ry e A5k S tela 422, Hitretnr e
rentially gaslimshéehaimden@&dbidkes, irPthe ARy eigeratuie PlaérhhTBgion ¥ 8RN

el ectrode 1 ncludes one or nore conducting Eat hs 372, runni ng through the

negati ve i 69MPeERGNtRANS, BUTh a9 angfmatemic hkdrogeautli agretamd ape elewi r e

reSh . coCL Dl ol i ST, ChgcoRHBRL b B R SLL ™

| ines running ac¢ross t cond ectrode. es run

fromthe cpuldeofiabkastulidlooblts for pperidd sbhyleabetrfatcseedndse to the
negatively charged el ectrodes. For exanple, in use the electric field |ines
540 run fromthe conducting paths 372 in the negative ion beam path 319 to

t he negati nar e : i 60 of
t he negat [ r\ﬁg{r?éoﬁﬁ@egg S’atlﬁecQ@@ﬁ?gur?@%%%ﬁfg%o%ggﬁgglt #é(;gr\szé%?{??lhfst he
first ray separatdd fnem5sMow térapersiate plasmanrelgéam4 82 bytheanagretid fielt Hi7ectri c
field line_at point M. Negatively charged ions, ig he n«ﬁgative i on beam 550
encount er POINCEYS FPRAH '%&Xaﬂ’pﬁ%@ %P@E?tﬂ?qﬁe'f’i kargier A3Q. SHigh energy legtiansy  h
an x-ayj S §RIMAHRNEd YRR Phssifg throllyh thednhgnE OB it P4SE. Yﬁ’?ﬁi@rn%aﬁ]l
alters the trajectory of the Tirst ray trace line to a inward fo cused

vect or 552r,lewﬂj|‘|% magneticfiedd barries ed3bhalcte|asca filter between, izoaesh apdizoneNB,

Again, t hein'}?\%q%é.gva?iviqun %%%P&e55%r§%?%1g,t§ "central (r:neasgnre lp;nrir&%ri%h;l 8e wﬁ{c ctric
is an example of the magnetic material 316, is placed within the high tempera-
ture plasma region 490, such as along a central axis of the high temperature

15 plasma region 490. Preferably, the first electrode 422 and second electrode
424 are composed of rhagnetic materials, such as iron. Preferably: the outer
walls 450 of the high temperature plasma region, such as cylinder walls, are
composed of a magnetic material, such as a permanent magnet, ferric or iron
based material, or a ferrite dielectric ring magnet. In this manner a magnetic

20 field loop is created by: the central magnetic material 410, first electrode 422,
the outer walls 450, the second electrode 424, and the magnetic field barrier
430. Again, the magnetic field barrier 430 restricts high energy electrons from
passing through the magnetic field barrier 430. Low energy electrons interact
with atomic hydrogen, H°, to create a hydrogen anion, H’, in the low tempera-

25  ture plasma region 492.

In the fourth stage, a second high voltage pulse or extraction pulse is applied at
a third electrode 426. The second high voltage pulse is preferentially applied
during the later period of application of the first high voltage pulse. For exam-
30 ple, an extraction pulse of about 25 kV is applied for about the last 5 microse-

conds of the first creation pulse of about 20 microseconds. In a second exam-
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field axi s
conpt ard
f ocus

NEJAl: ve 1+ Uil wLWI LIILUUIILLI O W 11T oL LILLLIT U TIUI U 1 e UL pul e
Negatively charged ions in the negatived%on beam encounter forces running
up the electric field line 576, illu strated as having a force vector with
an x-axis force 575. The inward force vec tor 575 alters the trajectory of

t he second_ray. trace line 56Q.t0 inwayd fo cuse ctQr 562 j ch
encount er sPI§: g'gu%ooefetlhgc?)l‘tf%&ﬂnepﬁg?i%‘éer Spf%iqﬁr'_olg.doAgé‘? 3',r3tt ﬁ'gh_n\\é\cfgggfave i on
beam encoupisé Ssidh &€ for abulitNd, 85 tdre1®hficrose6onds! TThéiptteltidt diffdreHes," at ed
as having force vector with an x-axi s conponent 577, which al ters the

i nward f oc@fsalepute2Q kY, betwaen thentiird elagksede 86 anshiseeiidelestade A4 et

result is i f n ' | , - Of ce vec
[esulL 1S SadR%s BBl 80 RO oo el mETel R a0 Spd B,
re sul t§ ngitiatesathd-rdigamine icmbéafma® 18 ifregn @bné IBtowgas Cve i on beam pat h.
Naturally, the force vectors are illustrative in nature, many electric
field lines are encountered, and the focusing effect is observed at-each
encount er | DG Al fhd '- ' 0 Al Istrate
t he focusiTl@égﬁdedcg:‘?l.C f&lélj {B}a?'?ée'?%:?ér ﬁg@wyﬁg%@?quﬁgﬁéﬁfﬁgﬁy Arﬂué er of
el ect r odesampke of erbativncdf the hagBetid field bérrier 438, usingcailseistprodided. tla f ocus
t he negatiye ion bFagbgath V\:h?l’ﬁ every other electrode, .in a given focusing
section, | DS PRHBPIGJBP FIGBEDI, eRebet SBT3, BHEIRIEN (oFEI9Es Arpiematy oo

f ocusi pg _St%%oo\rgﬁh%re%e%tdiﬁ&@nbég.uaﬁ&t, thehrhagnéﬁé fibldl ierk bdlfig 284! O

360, a pair of ectrodes Is use ere the Tirst electrode encountered
al ong t he Ardgonlating matetialdmpretenably preyded between she) ficstaiectrade 422 and

el ectrode s si,tive arged, resulting in focusjin f e n ative ion
beam pat h. B EHALCLWElY 453 e S BReetihe Readtil Sletole 42 it i€ T odes
are used, iRy Svalls4BUTOThEQEntray flatefdlf WESNELE SRS Whils450 arOEpton-

ally metallic. In this manner, the coils create a magnetic field loop through the-

15 first electrode 422, isolating material, outer walls 450, second electrode 424,
magnetic field barrier 430, and the central material 410. Essentially, the coils
generate a magnetic field in place of production of the magnetic field by the
magnetic material 410. The magnetic field barrier 430 operates as described,
supra. Generally, any manner that creates the magnetic field barrier 430 be-

20 tween the high temperature plasma region 490 and low temperature plasma
region 492 is functionally applicable to the ion beam extraction system 400, de-
scribed herein.

lon Beam Focusing System

25 Referring now to Figure 5, the ion beam focusing system 350 is further de-
scribed. In this example, three electrodes are used. In this example, a first
electrode 510 and third electrode 530 are both negatively charged and each is
a ring electrode circumferentially enclosing or at least partially enclosing the
negative ion beam path 319. A second electrode 520 is positively charged and

30 is also a ring electrode at least partially and preferably substantially circumfe-

rentially enclosing the negative ion beam path. In addition, the second elec-
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tive mesh running through the negatively ion beampath 319 is used. Thus,
in the second ion focusinag section 370, the first el ectrode encountered
along t

el ectrode 1's posI tively chargeda, resulting In Tocusing of tne negatlive Ion
beam path. Further, in the second ion fdcusing section, moving al ong the
negative ion beam path, a second focusing effect is observed between the
second positively charged elec trode and a third negatively charged

el ectrode., ln this exanple, a third i.on focusi section 380,.is used that
2gai n has TR IS AR o e CaidiiBsnetEh 272 JuRfi Blodditerediiveon
focusing sipatbedn pAC31de FatPeérampRl ahé idtthdennd pathd ke Dwilehmesantr al
region of the electrodes in the ion beanyfocu5|n%|systen[35q is further
descri bed. cordusting r@fich oo acseriegupt sepstantially paraligl coaguetinadineadunaiigt i vel y

cher 969 1 4808h 8854l T LPLkatR Bl g BB ShL e

el ectrode pathg didfe [positehbtivagedt elecisod® telttd negatadiyeharged Bleetredesd) v,
t he conductive paths 372 or conductjve material within the positively
charged el @t e¥RIBPI;, iy ussothel dlerlicaliridilings 240 gun figm the sepdusingpathise ar ea

and nore g%%?tm r : < ' a of
t he nega 'Ito ?gie%:i gllr?lé )tg]eegrz#gg? ﬂﬁ 19. %e*@rﬁgo ﬂi%vh{é a ‘.r’%zf"eh%g@éd (;Er?lééét[)p e:ason S
a conduct i ¥t0re530. 61@o rRgftexce ingsrih, t560Fofghe enedfative icrebeanh pathi are useda

series of conduc tive lines 620 runpin ubstantial ly_ i aral |l e] across
the posi t i DellyStpis: (RaysiGaFate i 5 B8 BKdracaine i RepBraate BN tne
negati yg 'Qéhrﬁ%?ﬁbﬂﬁfé?s%lﬁsf ERGAIC fid19 [IRBAL Ldirft MU Neditve éﬂyrgsd@cmé @n is
to have a foil 630 or netallic layer cover "all of the cross-séctional area
of the negdthei negatye ivaabegrat H5ienconnles Jorpesciundinghupube eleetricefiald ilimle,

uher e e S0k SRl Eeg R IRk X% BRrBBhERLH Rl S STRET SHE hmBbReh o°
510, 520 afofces V8EI0EI67d dlferdtRY itife@bRLHS tHe fitst!rfly ttaeesidd'® a inward fo-
cused vector 552, which encounters a second electric field line at point N.
15 Again, the negative ion beam 552 encounters forces running up the electric
field line 574, illustrated as having an inward force vector with an x-axis compo-
nent 573, which alters the inward focused vector 552 to a more inward focused
vector 554. Similarly, in the second ray trace line 560, the negative ion beam
encounters a first electric field line at point O. Negatively charged ions in the
20 negative ion beam encounter forces running up the electric field line 576, illu-
strated as having a force vector with an x-axis force 575. The inward force vec-
tor 575 alters the trajectory of the second ray trace line 560 to an inward fo-
cused vector 562, which encounters a second electric field line at point P.
Again, the negative ion beam encounters forces running up the electric field line
25 9578, illustrated as having force vector with an x-axis component 577, which al-
ters the inward focused vector 562 to a more inward focused vector 564. The
net result is a focusing effect on the negative ion beam. Each of the force vec-
tors 6§72, 574, 576, 578 optionally has x and/or y force vector components re-
sulting in a 3-dimensional focusing of the negative ion beam path. Naturally,

30 the force vectors are illustrative in nature, many electric field lines are encoun-
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provi de focusing force vectors to the negative ion beam 319 when the ions
in the neanative i on heam 319 translate throuah the electric field lines, as
de scri

focusi ng system having a first cross-sectional dianeter, di, the negative
lons are focused to a second cross-sectsRonal dianeter, d2, where di>d 2.
Simlarly, in an exanple of a three el ectrode negative beamion focusing
systen1ha¥ing adfirst i on beam crosssectional dianeter, di, the negative
ions are focused using the three el ectrode systemto.a third negative ion
boam or o5 ot ANeHBP Tapusias eftectis olmrered Fsat RRQIENISSHIOTR THeara

el ectrode t r; ' il or stronger

f ocusi ng §8ﬁ%§ﬁ dTﬁ?%i%ﬁ§%6€§F8§¥§g§§h§§§¥gﬂﬁéﬂghgqgg&t|n t he eganples
provi ded, supra, of a nmulti-electrode i on beam focusing sys tem the

el ectrodes_are .rings. re I , th | ect,r od f

SUTt1 o ontStbeEnDdR Hpwe s aptonaltiany AleTer s ghdts 2B udb st Al
vectors t oy the tyve 4 ' ' i ' ' 319
ranal 8t e P PchoneeL Y8, 409 cleaAticho KoL tRSntdateiohCiidar (fath dmcream

exanpl e, I oemrll'yl@gla&ﬂ glectrodeg, inl 2 giverdéodusingpsedion, lig eitber pesitively of megever of
negatively.charged el ec trodes, such as about 2. 3 . nor e
el ect _rode_st“’ﬁ%egﬁrgfgou% of ﬁé‘am%rtW%%?gwsé'?g gegp%%sé _ag%ébﬁtlgﬁgﬁj g%g% 3?‘ t he
negative ipB MEAMBPfRRAING8EEIGH BBO, BOsAr of efddttRs i8r esad>Whieredhé dirst
converge or diverge a faster or hi gher energy beam I n_anot her enbodi nent,

by rever sielgctrode poraunteyed plangether argativerion eam oath inegpively eharogdgat i ve
o, ool ind s 4 Pes Hiagel 7 (SRRl Yea o AP PIS Aoy
For exanpl gtive iontbeane pati.r aslthesacaral iohefobtsingaection 3710¢ twe gairs\of elern beam
path is made negative, then the negative ion beampath is nmagde to
trodes are used, where a common positively charged electrodge wﬂﬂ a conduc-
tive mesh running through the negatively ion beam path 319 is used. Thus, in
the second ion focusing section 370, the first electrode encountered along the
15 negative ion beam path is negatively charged and the second electrode is posi-
tively charged, resulting in focusing of the negative ion beam path. Further, in
the second ion focusing section, moving along the negative ion beam path, a
second focusing effect is observed between the second positively charged elec-
trode and a third negatively charged electrode. In this example, a third ion fo-
20 cusing section 380 is used that again has three electrodes, which acts in the

fashion of the second ion focusing section, describe supra.

Referring now to Figure 6, the central region of the electrodes in the ion beam
focusing system 350 is further described. Referring now to Figure 6A, the cen-
25  tral region of the negatively charged ring electrode 510 is preferably void of
conductive material. Referring now to Figures 6B-D, the central region of posi-
tively charged electrode ring 520 preferably contains conductive paths 372.
Preferably, the conductive paths 372 or conductive material within the positively
charged electrode ring 520 blocks about 1, 2, 5, or 10 percent of the area and
30 more preferably blocks about 5 percent of the cross-sectional area of the nega-

tive ion beam path 319. Referring now to Figure 6B, one option is a conductive
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def ocus. Hence, conbinations of electrode pairs are used for focusing and

def ocusi N a nenative i nn heam nath <iirh ac where a firet nair ineclidee g
posi ti: a
negat I Vcl _y viial UCU Hneair 1 vl ucTli UL uol IIU Iraliucilii ALLCCI TI Al Vi MNCI1 CI1 11 IIU v / tO

Figure 7A, the tandem accel erator 390 r3-further described. The tandem
accel erator accelerates ions using a series of electrodes 710, 7 11, 712,
713, 714, 715. For exanple, negative ions, such as H, in the negative ion

beam pat h are el grat usin s of el ctrodes havi.n essively
i aner - vol PagadiDE, Spfvivg SR Ciobf 5E" aroesmuttodie L Féure ol FBSE26. o
third el eCﬁ\ieOdﬁeélmo efinding SuBanticllyi iANpARMB Serdsee thsl Posktively BRA e, the
t andem accel erat or. 390 OPt lonal ly has el ectrodes ranging fromthe kV of

t he extr acéleetfode 8pgr%% M@Ufr@uaam portigniof the legative figh beagspath 311%
f ggdem accgLfly ﬁﬁ%o&% FuyBPé‘GBaﬁsﬂhﬂa é(ﬁi{oﬂ‘ﬁg Q?tﬂ&%e;{'féu 693 or ‘nk‘é?ta[?i

| oses ording uat I on

1. H (r9) HRovet a?l!eof(m crb}:sﬁeetuom@ltmal@f mermé@tweqoal lmaarhqshth m|tmaotesndem
accel erator u gproprl ate voltages at a nmultitude of further el ectrodes

713, 714, bung eﬁh@r weh dhe raateriahonnens the Balesniaker Y abpnt 1G99 fereent as
descri bed grgd’re ﬁ%fér%ﬁl&eétgéut'QEJBE&an%%‘I”tﬁe %reégag tan'fbll?’%or'eb?érlf@ra ndem

accel erator escri he foi I'S preferabfy a v
t hi n car bahefpdinobéleatrodes 300t 520 Ge aopfiguedstol providecdleesic. ficlhdinés rthat
t hi ckness is designed to both 1) not bl ock the ion m and (2) allow the
{ranst or - rOMABCIORURE, Oer VAR B0 G neaaHYR AN REBMLBSa Wi laraBs The

foi | 3R5 ithePh&dthvadlon BelAt 10 ﬁflahé’laté”' tied ﬁtheWelégtri"c $idRPARs,! 2 de- 720,
such as a support grid. The support |ayer 0 provi des ne chanical strength

to the foiscri®ed supraonbine to forma vacuum bl ocki ng el ement .

In an example of a two electrode negative beam ion focusing system having a
first cross-sectional diameter, dy, the negative ions are focused to a second
15 cross-sectional diameter, d», where d>d>. Similarly, in an example of a three
electrode negative beam ion focusing system having a first ion beam cross-
sectional diameter, ds, the negative ions are focused using the three electrode
system to a third negative ion beam cross-sectional diameter, ds, where ds>ds.
For like potentials on the electrodes, the three electrode system provides tighter

20 or stronger focusing compared to the two-electrode system, dz<d>.

In the examples provided, supra, of a multi-electrode ion beam focusing sys-
tem, the electrodes are rings. More generally, the electrodes are of any geo-
metry sufficient to provide electric field lines that provide focusing force vectors

25  to the negative ion beam when the ions in the negative ion beam 319 translate
through the electric field lines, as described supra. For example, one negative
ring electrode is optionally replaced by a number of negatively charged elec-
trodes, such as about 2, 3, 4, 6, 8, 10, or more electrodes placed about the
outer region of a cross-sectional area of the negative ion beam probe. Gener-

30 ally, more electrodes are required to converge or diverge a faster or higher
energy beam.
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The foil 395 bl ocks nitrogen, carbon dioxide, hydrogen, and ot her gases
from oi
395 i ium
tube 320 pro viding for a higher pressure, such as about 10 5 torr, to be
mai nt ai ned on the side of the foil 395-Maving the negative ion beam path
319 and a | ower pres sure, such as about 10 7 torr, to be namintained on the
side of the foil 395 having the proton ion beam path 262. Having the foi
395 physically separating the va cuum chanber 320 into two pressure regions
allows for a vacuum system hav ing fewer and/or smaller punps to maintain
the | over prfstHECempoHRIRAN b&hévér‘éﬂ@ﬂ@t P38k @scirdded M Ble abdleogen and
its residuals are extracted ih a sepa rate contai ned and isol ated space by
the first @aple, dhe negative iopsheamismadente diverige3 9obhusdhe megetive iayeeam20 are

Dacuum utRAt 79 oS cfighdfy st Bfur ebaphef G FRAREHFIS o e, '
such ass a tigderpaird! Fof iekample, detelectrodd havthgChie mégﬁ%@ﬂoésutweh@egmivbs with
an attachment screw 740. Any nechani cal neans for separati n&band seal i ng

the two vaenlfanm paba s m%n@%%"% Heen dhe negative éOTéG’Gém Patb|s mags| te to
this syste e ture 720
and for T 3oL " HelBS, SbIratichd W Slectiad® uitard Ufed i HAELsify i o0, 2
Fi gure 8, fecosingra aggaienion bearmmopathf susle aefwhéle alimstgmlr proltdes @ posam
system 100 I n controll r 110, or one

I S provided. The
sub- controtNei)f §F'a'29§Ht’F‘8FE BhécQIsing aRd G Wheee @u%%“;%\deﬁﬁ"t'%c'gg%%ﬁa'ﬂ%ﬂir and
pre ci Iy I tfaf r of a patient. For exanple, the nain
controller “;séy %N&geﬁer@éﬁg?rt% ?ﬂﬁeéﬁg@t i ent indicating when or how to breath.
The main controller 110 obtains a sensor reading fromthe patient interface

nodul e, sugh ature breath sensor or a force reading indicative
of where %Eam%m%xcce[gga{ g

Referring now to Figure 7A, the tandem accelerator 390 is further described.

The tandem accelerator accelerates ions using a series of electrodes 710, 711,
15 712,713, 714, 715. For example, negative ions, such as H’, in the negative ion

beam path are accelerated using a series of electrodes having progressively

higher voltages relative to the voltage of the extraction electrode 426, or third

electrode 426, of the negative ion beam source 310. For instance, the tandem

accelerator 390 optionally has electrodes ranging from the 25 kV of the extrac-
20 tion electrode 426 to about 525 kV near the foil 395 in the tandem accelerator

390. Upon passing through the foil 395, the negative ion, H’, loses two elec-

trons to yield a proton, H*, according to equation 1.

H > H" +2e (eq. 1)

The proton is further accelerated in the tandem accelerator using appropriate

25 voltages at a multitude of further electrodes 713, 714, 715. The protons are

then injected into the synchrotron 130 as described, supra.

Still referring to Figure 7, the foil 395 in the tandem accelerator 390 is further
described. The foil 395 is preferably a very thin carbon film of about 30 to 200
30 angstroms in thickness. The foil thickness is designed to both: (1) not block

the ion beam and (2) allow the transfer of electrons yielding protons to form the
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breath cycle the subject is. Coordinated at a spep!fip and reproduci bl e

poi nt i o ' ch as a
porti or mai n
cont rOI rer 11U dl SO optalns posittron anasor trmng rnrormatli on 1rom the

patient interface nodule 150. The main-2ontroller 110 then optionally
controls the injection system 120 to inject hydrogen gas into a negative
i on beam source 310 and controls timng of extraction of the negative ion

control's | ot b8aht Batf 262 . 3o 3b5 s Pefely s bstanin Bh Eo St bithisso,
accel er at i supgdrt tdyer M20f sacthedna upport GAd! ANECSUFESHE [dyef 720 prédides dnel or

injection of the proton into the synchrotron 130. The 'syn chrotron
typical |y ekanigalrirength &athe fall 322t ecombipe toyforrera vacuum blagkingelemanton

t 134 : 2 2% i o] re of . turning mag
ers and eds ot BloBkE MUt Kbt SRAE NEBFy  Bnddifechasds B e

mai n cont r passing hhd.thlibactsas acvaduueh barriepr dhesrbémbodithést, shé Fsil 3IDION
beam wi t hin the glccel erator system such as by controlling speed
r

) P
traj ect or yPreferably sealed qiestly onindestly o thanaddes ef the yaeushe ture 320 pien
trol - ] r agcel : the
extragt on? Cutor 2 wpinef (RGO, AEAas SR OGE, & B thafntéihd e e
ener gy, ansiderofitheeioli38b bavingehextagative dobhdmeam Path BeiOnamd @t lowler gred-10

f bl | i f the. t b t h the t ti
7 der Per yo @8 ufiy Babont 1A Yk fithe mamaidede’ hasiRotibs Iotats fevisre
conpongnt stHaf profh At hedth gath QB@@%WR@%@f&ﬁ@@bﬁy&?&lﬁ;ﬁ%@ﬂ%&g:ﬁ@nﬂﬁté @4l ed by

the main controller 110, such as vertiCal position o “pa ti
r ot at i onal cy#viahapiberst32thnte &b griessuiadegians aliowsHiar @ yamiun systeq hav-

stabiliza ti [ | LI ion [ control, el enments. Further I spl a '
el enent s Oi%g,?iﬁgfe i%ﬁ%%@%%“% : r@aﬂ?‘a%ﬁ%[@%wﬁﬁavﬁ%ﬁygw 'tnh‘é‘e_mai n
cont rol | ersyrithrothdrs nBES theualet AFdigen! ad BS FeGals e dxtbicfed ihya BepyJ ded
to one or nore operat ors and/ or ] ]
rate contained and isolated space by the first partial vacuum system 330. The
15 foil 395 and support layer 720 are preferably attached to the structure 750 of
the tandem accelerator 390 or vacuum tube 320 to form a pressure barrier us-
ing any mechanical means, such as a metal, plastic, or ceramic ring 730 com-
pressed to the walls with an attachment screw 740. Any mechanical means for
separating and sealing the two vacuum chamber sides with the foil 395 are
20 equally applicable to this system. Referring now to Figures 7B and 7C, the

support structure 720 and foil 395 are individually viewed in the x-, y-plane.

Referring now to Figure 8, another exemplary method of use of the charged
particle beam system 100 is provided. The main controller 110, or one or more
25 sub-controllers, controls one or more of the subsystems to accurately and pre-
cisely deliver protons to a tumor of a patient. For example, the main controller
sends a message to the patient indicating when or how to breath. The main
controller 110 obtains a sensor reading from the patient interface module, such
as a temperature breath sensor or a force reading indicative of where in a
30 breath cycle the subject is. Coordinated at a specific and reproducible point in

the breath cycle, the main controller collects an image, such as a portion of a
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to one or nore patients. In one enbodiment, the main controller 110 tines
the delivery of the proton beamfromall systens, such that protons are
del i vere

SYNCHROI ) )

mai nt ai ni ng the charged particle beami¥-a circul ati ng path; however,
cyclotrons are alternatively used, albeit with their inherent limtations
of energy, intensity, and extraction control. Further, the charged particle
beamis referred

0 herein as cifprcul ati.ng al.on cizrculatin h out a
contr &l poby BralER e & /fethroftpBhiNerEAdRg sHHERT 420 pdie e Porollr 0 y
referred tgisaobdding bbhitioRGMAGNMIMYRiRMmatioRrdih hé bRfeRBihterfiRRsmBaliIler ef er
a perfect circle or ellipse, rather it refers to cycling of the protons

around a ct9.r diheporin controliggi ki@ then. omtianally gontiglsIpet inrackensystang 126w t o

ot rai ont | sEOTIeE DOl es o BUiCGHER #ndRaL b5 Re S EbAR2RbLBR fhoing
circul a8 i ngf @attdttioh dfhepiaygative ibh fisth thé mMdgative iioh desymebumie’ 810, [OB- i s

rather a po Iygon with rounded corners. In one illustrative enbodi ment, the
synchr ot r ofPnedy, thenmain gentipliey ¢iteqls don beamsfagysingcesing dherios peaanfo-has

four straight ) ' | ] Lght

Secti ons SHOTGS BodSFeiE o1k A¢Eelers it B thEirbRiFte U B GindSh AR, o o1
290, and diefater800; aAd/or Ahjestiomidfithé lprofopuints thelisghthiotoni 036, afte §pwr i on

beam t ur ni sections, 920, which are also referred to as nmagnet sections or

turning seeiPBAG YRiGRIY rntakis atdrastan aperlerier sxsdem bhedandmmn extrasdios: ri ng
o1 I8, B R ST B Ry YRRISBY Qi oS FRTELS APl Ha R AT,
into the chetsudrad iedgebfeusingt magnels,t Whichnatee optionalfO uader @bhtrol by the
accel erat ir%%inag:gnt%ler 110. The main controller preferably controls the proton beam
within the accelerator system, such as by controlling speed, trajectory, and/or
timing of the proton beam. The main controller then controls extraction of a
15 proton beam from the accelerator through the extraction system 134. For ex-
ample, the controller controls timing, energy, and/or intensity of the extracted
beam. The main controller 110 also preferably controls targeting of the proton
beam through the targeting / delivery system 140 to the patient interface mod-
ule 150. One or more components of the patient interface module 150 are pre-
20 ferably controlled by the main controller 110, such as vertical position of the pa-
tient, rotational position of the patient, and patient chair positioning / stabiliza-
tion / immobilization / control elements. Further, display elements of the display
system 160 are preferably controlled via the main controller 110. Displays,
such as display screens, are typically provided to one or more operators and/or
25 to one or more patients. In one embodiment, the main controller 110 times the
delivery of the proton beam from all systems, such that protons are delivered in

an optimal therapeutic manner to the tumor of the patient.

SYNCHROTRON
30 Herein, the term synchrotron is used to refer to a system maintaining the

charged particle beam in a circulating path; however, cyclotrons are alternative-
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tracted via a deflector 292 to the beamtransport path 268. In this
exanpl e, the synchrotron 130 comprises four straiaght sections 910 and four
bendi n

use ong or nore mag nets to turn the proton beam about ninety degrees. As
is further described, in fra, the abili¥% to closely space the turning
sections and efficiently turn the pro ton beamresults in shorter straight
sections. Shorter straight sections allows for a synchrotron design w thout

h f f ing . les in the cj t ing.b th, of t
synchr ot r o, SRS YA BBR ReteBe lRafoRE 2t Pptne AR R PRERRURN ng
proton beagsrtpdlh F@shar! the Bhérgéﬂrﬁarﬁ@l_ép@é‘ém%srégé?red fb hBtein @AERIUfatirighe

illustrated synchrotron has about a five meter dianmeter versus eight "neter
and | ar ger alopg scisadatinehpathabos eeentral point f éhe syaechrgtran g Jaer cipsullating

focusin et J I r 1 N0, prot on. a Referring.now t
Fi gure %0%&%%%&%&&5&%@0@ %? h‘g%ftpﬁgﬁg@'e%'gﬁv‘f%’%&r{hteu?%ﬂw BALTY | on
920 i s prodoekedot fefeina plerfebtcirele or redlipses rathap itherire talelyingPoPthesstoteds ti pl e
magnets, such as about 2, 4 , 6, 8 10, or 12 magnets. In this exanple,
f our turniﬂ@uﬁaﬁﬁﬁfgqmt%(@gl,onl%, 1040 in the first turning section
920 are used to illustrate key principles, which are the sane regardl ess of
t he nunber of magnets in a turning section 920. The turning magnets 1010,
1020, 1030CirdldfinaSysteanti cul ar types of main bending or circulati ngh
magnets 25Q._1n physics,_. the lorentz force is the force on a point charge
dug to el e@?%ﬂ%@ﬁ'éwfo Figura S, %‘ﬁéyﬂﬁfﬂ@ﬁf’? 1 peefetably womnsises OB 2 i n
terms @ MRatt ofstraightisedidr $ 117 aRk 6k bln] Withihd SEdtRr8Y2d. NALHEE dnel =
Fis the W IS e electri

q(vX B) (eq. 2) In eI uation 2, orce InTnewtons; (q
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In one illustrative embodiment, the synchrotron 130, which as also referred to
15 as an accelerator system, has four straight elements and four turning sections.
Examples of straight sections 910 include the: inflector 240, accelerator 270,
extraction system 290, and deflector 292. Along with the four straight sections
are four ion beam turning sections 920, which are also referred to as magnet
sections or turning sections. Turning sections are further described, infra.
20
Referring still to Figure 9, an exemplary synchrotron is illustrated. In this exam-
ple, protons delivered along the initial proton beam path 262 are inflected into
the circulating beam path with the inflector 240 and after acceleration are ex-
tracted via a deflector 292 to the beam transport path 268. In this example, the
25 synchrotron 130 comprises four straight sections 910 and four bending or turn-
ing sections 920 where each of the four turning sections use one or more mag-
nets to turn the proton beam about ninety degrees. As is further described, in-
fra, the ability to closely space the turning sections and efficiently turn the pro-
ton beam results in shorter straight sections. Shorter straight sections allows
30 for a synchrotron design without the use of focusing quadrupoles in the circulat-
ing beam path of the synchrotron. The removal of the focusing quadrupoles
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Referring now to Figure 11, an exanple of a single magnet bending or
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even, and intense. A magnetic field ent¥s the gap 1110 through a magneti c
field incident surface and exits the gap 1110 through a nagnetic field
exiting surface. The gap 1110 runs in a vacuum tube between two magnet
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In physics, the Lorentz force is the force on a point charge due to electromag-
15 netic fields. The Lorentz force is given by equation 2 in terms of magnetic fields
with the election field terms not included.

F=q(vXB) (eq. 2)

20 In equation 2, F is the force in newtons; q is the electric charge in coulombs; B
is the magnetic field in Teslas; and v is the instantaneous velocity of the par-

ticles in meters per second.

Referring now to Figure 11, an example of a single magnet bending or turning
25 section 1010 is expanded. The turning section includes a gap 1110 through
which protons circulate. The gap 1110 is preferably a flat gap, allowing for a
magnetic field across the gap 1110 that is more uniform, even, and intense. A
magnetic field enters the gap 1110 through a magnetic field incident surface
and exits the gap 1110 through a magnetic field exiting surface. The gap 1110
30 runs in a vacuum tube between two magnet halves. The gap 1110 is controlled
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1110 with an i nst ant aneniis velocitv v A firet mannetic ecnil 1120 and A
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S, running through the single magnet turning section 1010. In this exarrpl e,
the magnetic field, , runs upward, whict-results in a force, F, pushing the
charged particle beaminward toward a central point of the synchrotron,

whi ch turns the charged particle beamin an arc. Still referring to Figure
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a pluralit magnets, suc nore magnets. Coils 1120,
1130 running across nul ti pI e turm ng section rragnets al | ows for two turning
section ma posi tioned closer to each ot ue to the
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to Figures 12 and lustrative 90 degree rotated crossse ons of
si ngl e maggdirerentsi nngreasetlw abagt 3 factonnb4 101 Hatneps of dme gep 1TMHEO iswdnet

assembly hzsag |mpB'rt£1rsm% rIr-Hog'méaxtam1 %eotr‘iiemfllafl nafure of { egaggt) 1]1%% allowsm?c()qr an in-
crease in energy of the extracted protons from about 250 to about 330 MeV.
More particularly, if the gap 1110 has an extremely flat surface, then the limits
15 of a magnetic field of an iron magnet are reachable. An exemplary precision of
the flat surface of the gap 1110 is a polish of less than about 5 microns and
preferably with a polish of about 1 to 3 microns. Unevenness in the surface re-
sults in imperfections in the applied magnetic field. The polished flat surface
spreads unevenness of the applied magnetic field.
20
Still referring to Figure 11, the charged particle beam moves through the gap
1110 with an instantaneous velocity, v. A first magnetic coil 1120 and a second
magnetic coil 1130 run above and below the gap 1110, respectively. Current
running through the coils 1120, 1130 results in a magnetic field, B, running
25 through the single magnet turning section 1010. In this example, the magnetic
field, B, runs upward, which results in a force, F, pushing the charged particle
beam inward toward a central point of the synchrotron, which turns the charged

particle beam in an arc.

30  Still referring to Figure 11, a portion of an optional second magnet bending or

turning section 1020 is illustrated. The coils 1120, 1130 typically have return
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netic field induced by coils, described infra, runs between the first
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fields r i
Cross-sectiion area Or tne recurn yokes rougniy approximates tne
cross-sectional area of the first nmagne20-1210 or second magnet 1220. The
charged particles run through the vacuumtube in the gap 1110. As
illustrated, protons run into Figure 12 through the gap 1110 and the
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15
Referring now to Figures 12 and 13, two illustrative 90 degree rotated cross-
sections of single magnet bending or turning sections 1010 are presented. The
magnet assembly has a first magnet 1210 and a second magnet 1220. A mag-
netic field induced by coils, described infra, runs between the first magnet 1210
20 to the second magnet 1220 across the gap 1110. Return magnetic fields run
through a first yoke 1212 and second yoke 1222. The combined cross-section
area of the return yokes roughly approximates the cross-sectional area of the
first magnet 1210 or second magnet 1220. The charged patrticles run through
the vacuum tube in the gap 1110. As illustrated, protons run into Figure 12
25 through the gap 1110 and the magnetic field, illustrated as vector B, applies a
force F to the protons pushing the protons towards the center of the synchro-
tron, which is off page to the right in Figure 12. The magnetic field is created
using windings. A first coil making up a first winding coil 1250, illustrated as a
filled area in Figure 12 to representatively present cross-sections of the wire for
30 individual windings and illustrated as winding coils in Figure 13. The second

coil of wire making up a second winding coil 1260 is similarly illustratively
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beta. The angl e al pha provi des an edge focusing effect. Beveling the edge
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the beamis only focused once for angl eblal pha or twice for angle al pha and
angl e beta. However, by using snaller turning nagnets, nore turning magnets
fit into the turning sections 920 of the synchrotron 130. For exanple, if
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cross-sectional beam size, which allows the use of a snaller gap. The use

of nul ti pl Batdagield acurifory aragaetis field acress theoap 1tdGnas deserbed supra. not
only a smaller gap 1110, but also the use of smaller nmagnets and snall er
power supplies. For a synchrotron 130 having four turning sections 920

wher e eachStilirefiening & Figure 181thé @ndst off aishglenbendirg entliramghmaghst ag
magnet hastwg focusi ng edges, a total of thirty-two focusing edges exi st
for each oPlsferably pgueledst d¥eariyh pemendicwan af irgt Rndle Bdgease of \éh &NEY on

130. Siml | varB, t dq4 qye ug ol ﬁﬁé%tiom
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bevel ed and sone nmagnets are op tionally bevel ed on onl'y ohe edge.
of the turning magnet 1010 and the center 280 and a second line 1374, 1384
going from the same edge of the turning magnet and the intersecting point
1390. The angle alpha is used to describe the effect and the description of an-
gle alpha applies to angle beta, but angle alpha is optionally different from an-
15 gle beta. The angle alpha provides an edge focusing effect. Beveling the edge

of the turning magnet 1010 at angle alpha focuses the proton beam.

Multiple turning magnets provide multiple magnet edges that each have edge
focusing effects in the synchrotron 130. If only one turning magnet is used,
20 then the beam is only focused once for angle alpha or twice for angle alpha and
angle beta. However, by using smaller turning magnets, more turning magnets
fit into the turning sections 920 of the synchrotron 130. For example, if four
magnets are used in a turning section 920 of the synchrotron, then for a single
turning section there are eight possible edge focusing effect surfaces, two
25  edges per magnet. The eight focusing surfaces yield a smaller cross-sectional

beam size, which allows the use of a smaller gap.

The use of multiple edge focusing effects in the turning magnets results in not
only a smaller gap 1110, but also the use of smaller magnets and smaller pow-
30 er supplies. For a synchrotron 130 having four turning sections 920 where

each turning sections has four turning magnets and each turning magnet has
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The i nventors have determned that nultiple small er magnets have benefits

over el ds
32 fu
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inacircu lating path of the synchrotr6# built wthout the use of focusing
quadrupol e mag nets. All prior art synchrotrons use quadrupoles in the
circulating path of the synchrotron. Further, the use of quadrupoles in the

i roul at i nonE TS Bailes, A RRa A ShirARRL ool dods Siis A 8 St of ne
ci rcul at i n¢hepptdions iratteyeirdulstingpathesithe SynBhitdsM 30,1 s:nﬁn&ﬁvr{iim, 6,381

diameters, larger circulating beam pathlengths, and/or |arger _
ci r cunf er eMAgNets Are Heed iR acaiveaitueing seetiamordf, 2t 8nbdes brtliming Isectioms  t he
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beam i nsa syrdity to equrativvd.ng four turning sections; at |east about 16 and
preferably about 24, 32, or nore edge focusing edges per orbit of the
charged particle beamin the synchrotron; only 4 turning sections where
each of the turning sections includes at,/| eagk 4 and preferably 8 edge
focusi ng edges; an equal nunt&fE @fNESt*raﬁm—sections and turni ngeqes8y i ons;
exactly 4 turning sections; at |east AMTS c ul ng edges per turning section;
no quadrupoles in the circulating path of the synchrotron; a rounded
corner rectangul ar polygon configuration; a circunference of |ess than 60

met ers;
where TFE is the number of total focusing edges, NTS is the number of turning

10 sections, M is the number of magnets, and FE is the number of focusing edges.
Naturally, not all magnets are necessarily beveled and some magnets are op-
tionally beveled on only one edge.

The inventors have determined that multiple smaller magnets have benefits

15 over fewer larger magnets. For example, the use of 16 small magnets yields 32
focusing edges whereas the use of 4 larger magnets yields only 8 focusing
edges. The use of a synchrotron having more focusing edges results in a circu-
lating path of the synchrotron built without the use of focusing quadrupole mag-
nets. All prior art synchrotrons use quadrupoles in the circulating path of the

20 synchrotron. Further, the use of quadrupoles in the circulating path necessi-
tates additional straight sections in the circulating path of the synchrotron.
Thus, the use of quadrupoles in the circulating path of a synchrotron results in
synchrotrons having larger diameters, larger circulating beam pathlengths,
and/or larger circumferences. ‘

25

In various embodiments of the system described herein, the synchrotron has
any combination of:
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a circunference of |less than 60 neters and 32 edge focusing surfaces;

and/or ¢

circul ati

i ncl ude edge focusing edges. Flat Gap Surface Wile the gap surface is
described in terms of the first turningbhagnet 1010, the di scussion applies
to each of the turning nagnets in the synchrotron. Simlarly, while the gap
1110 surface is described in ternms of the magnetic field incident surface

670, the di ] deit i | i | lies to th tic field
oxiiing sur f abe Bt phHReRiY, €oftkidh FBR 555e fBcsoe (uRES AR AL | ¢
field surface 18gress ohauii b6 theeaaRjed! RARide bRt lh}?_fa SERHIbIEH havirg'r € 12

is not to scale and is illustrative in nature. Local inperfections o

unevenness in qd@yr {ynigg segtioms:ni sh of the incident surface 1270 results in
I nhonogeneities or inperfections in the mag netic field applied to the gap
1110. The magnetatdedsteabbutnts dedt preferbblyeaB@N024n82 cor edrei edhes fodugiiyy 1280

of the first magnet 1210 .. eferably about flat, such as to w thin about
a zero {o t hr ee%ﬁﬂ‘??é’r‘?rﬂrlﬁ'?Qﬁ{'l?o&?%rﬂe‘glpaﬁé"i%bﬁ?m‘ Brthgisynebrolsdiut a ten

m cron finish polish. By being very flat, the polished surface spreads the
unevenness of®t I‘?@'Yaﬁptpf@ﬂgrﬁﬁﬁ%@ﬂwﬂlhefélQﬁQibﬂf)ﬁhse turainga pedtidr®s intheleseaty f | at

surface, such a?&f%‘fﬁ%n@pre]fera%lyéé’ #@Fﬁg?“%ﬁ%ﬁ;’gﬁsm 20 micron finish,

allows for a smaller gap' size, S magnetic field, smaller
power supplies, _and tighter cantrol of the proton beam cross-sectional
area. Referrihg2Adf %Er‘&ﬁf@?f ﬁ'%&eﬁ'%&‘ﬂ}@'%@%@eél erator system
270, such as a radio-frequency (RF) accelerator system is further
described. THe S¥8eled tyindig seetionges a series of coils 1410-1419, such as

iron or ferrite coils, each circunferentially
10 » at least 4 focusing edges per turning section;

¢ no quadrupoles in the circulating path of the synchrotron;
e arounded corner rectangular polygon configuration;
e a circumference of less than 60 meters;

* a circumference of less than 60 meters and 32 edge focusing surfaces;
15 and/or

» any of about 8, 16, 24, or 32 non-quadrupole magnets per circulating
path of the synchrotron, where the non-quadrupole magnets include
edge focusing edges.

20 Flat Gap Surfacé

While the gap surface is described in terms of the first turning magnet 1010, the

discussion applies to each of the turning magnets in the synchrotron. Similarly,

while the gap 1110 surface is described in terms of the magnetic field incident

surface 670, the discussion additionally optionally applies to the magnetic field
25  exiting surface 680.

Referring again to Figure 12, the incident magnetic field surface 1270 of the
first magnet 1210 is further described. Figure 12 is not to scale and is illustra-
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encl osing the vacuum system 320 t hrough which the proton beam 264 passes in

the cvinnrhrAatrnn 12N Dnf anrvri na nAnwnr +tn Ci mnnire 11D thna firet ~ni | 141N IS

furtt v turn
about the tirst corl 1410. The loop attaches to a mcrocircuit 1420.

Referring again to Figure 14A, an RF syffhesizer 1440, which is preferably
connected to the main controller 110, provides a | ow voltage RF signal that
i's synchronized to the period of circulation of protons in the proton beam

he | 4 ' ' it 1420 . 1430, and coi l
1410 conbi INE U0 JEtef Fhpettciort G ftiaiists g it P0G s F e
pr ot on beamaiirht AifaceP127®Xeditswin inhenfigeninieB s AferidcdRnsaRdhednahana
to the mcrogircuit 1420, which arTEI ifies the | ow voltage RF signal and
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Pr ef er abl ysutthas Rb-withih abbat aeco ¢e thresiriceartfinieh @atish asrilegs prifbradieto

i nt ted. Still referring_to, Figure 14A the integrated RF-anplifier
Im'ncreg(r:?rgufa °'Iétna {f&é‘l"grqngtf'ﬂﬁ@ 98ﬁ$h-pr5¥et?ﬁ'@@i veaqy Hiajutlae 1plishedr syyéageed, as

il kl = alell C e 320.
For exanpl o erHe - Shetnrels & 1 pbpld hautictR iy erbRg HEGTAET, on.
sends an RFheivgnaflat surface, isuchaas albauttG 1422@&, 5439 10})ﬂ|5€Ot 2? rﬁi@!'(.m)filhiSh,

1410- 1419, tivel Each of the m, crocjrcuit 1 oop COi

conbi nat i oﬁ@‘?@‘gﬁ@r I%L;/sg%a/%rpﬂ% aﬁea@cgﬁgll%&??fd'%wgsyc digidy smaligiopewean

vol ts eachsupitizeeand tighter@ontrov 6f ﬁ\‘é‘érof&ﬂ@éé}ﬁtdrg%kisgaﬂﬁ{a’?ta‘?éa.abOUt 50 volts

for proton acceleration. Preferably about 5 to mcrocircurt / loop /
coil conmbinations are used and nore preferably about 9 or 10 mcrocircuit /

further o BERHG R BB 1HA%S0d BiyR d3R 5re phogolineralnmierai e
as a radio-frequency (RF) accelerator system, is further described. The accele-
rator includes a series of coils 1410-1419, such as iron or ferrite coils, each cir-

15 cumferentially enclosing the vacuum system 320 through which the proton
beam 264 passes in the synchrotron 130. Referring now to Figure 14B, the first
coil 1410 is further described. A loop of standard wire 1430 completes at least
one turn about the first coil 1410. The loop attaches to a microcircuit 1420.
Referring again to Figure 14A, an RF synthesizer 1440, which is preferably

20 connected to the main controller 110, provides a low voltage RF signal that is
synchronized to the period of circulation of protons in the proton beam path
264. The RF synthesizer 1440, microcircuit 1420, loop 1430, and coil 1410
combine to provide an accelerating voltage to the protons in the proton beam
path 264. For example, the RF synthesizer 1440 sends a signal to the micro-

25 circuit 1420, which amplifies the low voltage RF signal and yields an accelera-
tion voltage, such as about 10 volts. The actual acceleration voltage for a sin-
gle microcircuit / loop / coil combination is about 5, 10, 15, or 20 volts, but is
preferably about 10 volts. Preferably, the RF-amplifier microcircuit and accele-
rating coil are integrated. '

30
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with a period equal to a period of circulation of a proton about the
Synchrot ran 12N tn A cont nf tAan M ArAaci rean t / Il nAan | ~Ai Arardhil natd an,

which re e
proton beam patn Zb4. 1he 1UU vOolITS IS generatead at a range or Treqguencies,
such as at about 1 MHz for a | ow energy®proton beamto about 15 MHz for a
hi gh energy proton beam The RFsignal is optionally set at an integer

mul tiple of a period of circulation of the pro ton about the synchrotron
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| oop / coil conbinations in conjunction wth the ler system
results in a compact |ow power consunption design allow ng production and
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with a period equal to a period of circulation of a proton about the synchrotron
130, to a set of ten microcircuit / loop / coil combinations, which results in about
15 100 volts for acceleration of the protons in the proton beam path 264. The 100
volts is generated at a range of frequencies, such as at about 1 MHz for a low
energy proton beam to about 15 MHz for a high energy proton beam. The RF-
signal is optionally set at an integer multiple of a period of circulation of the pro-
ton about the synchrotron circulating path. Each of the microcircuit / loop / coil
20 combinations are optionally independently controlled in terms of acceleration

voltage and frequency.

Integration of the RF-amplifier microcircuit and accelerating coil, in each micro-
circuit / loop / coil combination, results in three considerable advantages. First,
25 for synchrotrons, the prior art does not use microcircuits integrated with the ac-
celerating coils but rather uses a set of long cables to provide power to a cor-
responding set of coils. The long cables have an impedance / resistance,
which is problematic for high frequency RF control. As a result, the prior art
system is not operable at high frequencies, such as above about 10 MHz. The
30 integrated RF-amplifier microcircuit / accelerating coil system is operable at

above about 10 MHz and even 15 MHz where the impedance and/or resistance
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Referring now to Figure 15, an exanple is used to clarify the magnetic
field . : et S . R or
peri oc 510
senses the breathing cycle of the subject. The respiratory sensor sends the
information to an algorithmin a magnetf& field controller 1520, typically
via the patient interface nodule 150 and/or via the main controller 110 or
a subconponent thereof. The al gorithm predicts and/ or neasures when the
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given magnetic field 1550, such as withrn a first turning magnet 1010 of a
synchr ot r ofugnges, Taests saRow| $5@80Baand the gntegratedsmicredircwit sysiem foosts

synchrotro ed . r I [ pf,0t w fh the desired
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tron and accel erates the protons in. a nmanner that conbined with extraction
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coi | s al | ofestivepiahree] ecti on of energy |l evels of the synchrotron that are
tied to the patient's breathing cycle. This systemis in stark contrast to
a systemwhere the current is stabilized and the synchrotron deliver pul ses
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atra breathing cycle of the subject. The respiratory sensor sends the information to

an algorithm in a magnetic field controller 1520, typically via the patient inter-

15 face module 150 and/or via the main controller 110 or a subcomponent thereof.

The algorithm predicts and/or measures when the subject is at a particular point

in the breathing cycle, such as at the bottom of a breath. Magnetic field sen-

sors 1530 are used as input to the magnetic field controller, which controls a

magnet power supply 1540 for a given magnetic field 1550, such as within a

20 first turning magnet 1010 of a synchrotron 130. The control feedback loop is

thus used to dial the synchrotron to a selected energy level and deliver protons

with the desired energy at a selected point in time, such as at the bottom of the

breath. More particularly, the main controller injects protons into the synchro-

tron and accelerates the protons in a manner that combined with extraction de-

25 livers the protons to the tumor at a selected point in the breathing cycle. Inten-

sity of the proton beam is also selectable and controllable by the main controller

at this stage. The feedback control to the correction coils allows rapid selection

of energy levels of the synchrotron that are tied to the patient's breathing cycle.

This system is in stark contrast to a system where the current is stabilized and

30 the synchrotron deliver pulses with a period, such as 10 or 20 cycles per

second with a fixed period. Optionally, the feedback or the magnetic field de-
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ditional system in order to change frequency, slow changes in current nust
be use

field , ] B _ ]

rapidly adjusta ble. Further aiding this process is the use of a novel
extraction systemthat allows for accel€fation of the protons during the
extraction process. PATIENT POSI TIONING Referring now to Figure 16, the
patient is preferably positioned on or within a patient translation and

' -t LN { ' ' rface modul e 15Q. The
pat ent ¢ - S0 AT e Siigkn uid {aii, B velint ket et BEthe
transl ate patiemtati ent and/or rotate the patient into a zone where the pro

ton beam can scan the tumor using a scanning system 140 or proton targeting
system described infra. Essentially, the patient positioning system 1610

er forns : | .l P center
per For e TRidior Blan Slefehfs A6 HoF o yRlcEA ol E il RBTE pdfeCsh
per forfs fiesédn tomsnehbethahaghitude ard taanplitbdeof posing iwave2 B9ence tiarpghl Ng
the tu rmrQ%]GZO To illustrate i gure 16A shows the nonmentary proton beam

 F f
posi tion 9&§Nah3ystems ipar rtgé‘&‘?:ﬁ‘gﬁlfée%@é\cyi Blew afeangassinryriand iyt
scanni ng osédr 49bWBEGes WFille thd He a\hﬁ{eeféézfoa%ﬁ%asb&&pgﬁgétﬂtnggﬁe&%%u re

about the tumor 1620 of the patient 1630 n this exa 1€ scannd | e
posi ti ons aersassathediiequenty and:erergyridvel-afitbe;syncheteon asceapidly gidjusta-

[ | I | | f d, al h - axi descri bed infra.
Thi s T uebBL R EHBRr e Rt s ik U5H o) et nabion Syriem s on
a scal g of loWsefobadyeleratih éﬁhé@ir@ﬁin@ﬁiﬂringfthé%c%n prockss0r 4 feet, while

the scannabl e region of the proton beam 268 covers a portion of the body,
such as a region of about 1, 2, 4, 6, 8 10, or 12 inches. The patient
positioning systemand its rotation and/or translation of thepatient
conbi nes WPATIENE ROSIHONING)et i ng systemto yield precise and/or accu

Referring now to Figure 16, the patient is preferably positioned on or within a
patient translation and rotation positioning system 1610 of the patient interface
15 module 150. The patient translation and rotation positioning system 1610 is
used to translate the patient and/or rotate the patient into a zone where the pro-
ton beam can scan the tumor using a scanning system 140 or proton targeting
system, described infra. Essentially, the patient positioning system 1610 per-
forms large movements of the patient to place the tumor near the center of a
20 proton beam path 268 and the proton scanning or targeting system 140 per-
forms fine movements of the momentary beam position 269 in targeting the tu-
mor 1620. To illustrate, Figure 16A shows the momentary proton beam posi-
tion 269 and a range of scannable positions 1640 using the proton scanning or
targeting system 140, where the scannable positions 1640 are about the tumor
25 1620 of the patient 1630. In this example, the scannable positions are scanned
along the x- and y-axes; however, scanning is optionally simultaneously per-
formed along the z-axis as described infra. This illustratively shows that the y-
axis movement of the patient occurs on a scale of the body, such as adjustment
of about 1, 2, 3, or 4 feet, while the scannable region of the proton beam 268
30 covers a portion of the body, such as a region of about 1, 2, 4, 6, 8, 10, or 12

inches. The patient positioning system and its rotation and/or translation of the


smichelle
Rectangle

smichelle
Rectangle


rate delivery of the protons to the tunor. Referring still to Fiqgure 16,

t he pat 1612
and a t igure
16A, the patient positioning unit 1610 is preferably y-axis adjustable 1616
to allow vertical shifting of the patief$ relative to the proton therapy
beam 268. Preferably, the vertical notion of the patient positioning unit
1610 is about 10, 20, 30, or 50 centineters per mnute. Referring now t o

Fi gure 16B | 0 1 Iso ref erabl rotatable
1617 about p%ﬂg% %ngﬁteg&? gd rLe @hoq(gg “’%PQEHE‘SFM@W‘ "?85‘?1‘?'?1% apH{as AFRYt he
center of tate delivegnofithetpratobs terthearbr.a y-axis runn| ng through the tunor
1620, to allow ro tational control and positioning of the patient relative

to the proton beam path 268. Preferably the rotational notion of the
patient positioning unit 1610 is about 360 degrees per mnute. Optionally,

L e

Optionally, the patient sitionin at” a ra
45, 90, 5 180ludes@ batkam unit 1BEDane griep sinitet6 14, lsut:bas'lalecsr ot apiaiforal. Ree

I tioni t 1617 |l yst at apout..the rotation axis at two
i sti nor 1 14#H80 NGMEIRIFBire AL SRS Raflent BosomIng, il b Ya/:5 aralerabiey euifor

1620 at n hHfREbIE e 6CRS RISk \t/é}ﬁcél §hlgﬁ§ ﬁ?ﬂf@?‘éﬂ&ﬂf"ré‘hiw@ﬁ?q %ﬁbgﬂ ve

direction of the incident proton beam 1ttt eto
rotation otherapy paame2®8.1Brafesativt thehertical aotom aﬁchhe pa‘-trent tpbsitlbalng unit

descr i bea, 1049 /5 obLL%0, 20 G b0 BRRERers Hernlie aietoRsBomte Fomxi <

or rot a$ abure aBBYItheheatiatitabdsiionhg Yuriti1810Pse4Rbaplcferdbiif r ﬁ B hget tom
units 1612, .1614 nove together, such that they rotate at” the sane rates

and. t r ans| abeuti rolation axis, such as am%theﬂ@sﬂs ropninghtiiroygh the center of the
bottom unit 1612 or about a y-axis running through the tumor 1620, to allow ro-

tational control and positioning of the patient relative to the proton beam path
268. Preferably the rotational motion of the patient positioning unit 1610 is

15 about 360 degrees per minute. Optionally, the patient positioning unit rotates
about 45, 90, or 180 degrees. Optionally, the patient positioning unit 1610 ro-
tates at a rate of about 45, 90, 180, 360, 720, or 1080 degrees per minute. The
rotation of the positioning unit 1617 is illustrated about the rotation axis at two
distinct times, t; and f.. Protons are optionally delivered to the tumor 1620 at n

20 times where each of the n times represent a different relative direction of the
incident proton beam 269 hitting the pétient 1630 due to rotation of the patient
1617 about the rotation axis.

Any of the semi-vertical, sitting, or laying patient positioning embodiments de-
25 scribed, infra, are optionally vertically translatable along the y-axis or rotatable
about the rotation or y-axis.

Preferably, the top and bottom units 1612, 1614 move togefher, such that they
rotate at the same rates and translate in position at the same rates. Optionally,
30  the top and bottom units 1612, 1614 are independently adjustable along the y-
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1612, .

the top and bottomunits 1612, 1614 are pret erably | ocated out of the
proton beam path 269, such as bel ow t he6%ottom unit 1612 and/or above the
top unit 1614. This is preferable as the patient positioning unit 1610 is
preferably rotatable about 360 degrees and the notors, power supplies, and

hani cal f t.on f i tioned.i the
ot on benARSaprAiskd 3B e qbldpdel StwReR Heriop BT Rgtiabninss Aegdre 17,
a conmon di6l4) Mbiops) pﬁwéreélmpliée dﬁ&&ﬁeéﬁﬁm@&téhséh?dés%ﬂ Q&he to
irradi ati on |soﬁresented As shown, X-rays deposit their dose near

t he surfacandpottae vaitgd6¢4, 16%@33 prigfiena bhloceﬁ@d@utmi tm]?e?(tOBMnmeath ally
n o
noar the o209 SULEEs BaIGW the BOGNIGRL 1613 MrdiPFae B o inif Bufp T

which is u&supﬂdf@rablteasahe patient positivnity daNBIBI0 B slefsrably Fdtatabi bbblfsue
| ayers sur§é8und| t umor 1620. The advant age of protons is that they

deposit msSP0 gear "F‘n e FiPtersapowes SupBlies:, atnﬁénech@m@alta%e@ml@syn@g- t he
energy | os t a proton increases
W th decre?srle(r?gthgﬂgﬁergﬁﬂévlg 8%'??9‘?@%{%?%0?&2@@% a ghéa@rgp maxi mum i n

i oni zation near the end of the range, referred to herein as the Bragg peak.
Furthernore, since the flight trajectory of the protons is variable by

I ncreasi ng r Lni L] kinetic energy or initial velocity of
t he prot onpﬁﬂiﬁﬁ [ﬁgﬁﬁﬁ’t’@‘@’rﬁ@%@% ing to maxi mum energy is novable within
the tissue ys z-axjis_control of the proton depth of penetra tion is

al | onedf byR?TT?ér 158 fometobiggre v oaccpmmps distribytion of relptive doseas feubathrX-but i on

characteri l%%k%ﬁvd Brotéili Pédl%lf@cﬂjegghl%td SRRk r‘*%—?@@%@ggn i Hn%hggtmr

1620 while nimzing osage 0 ‘'surroundi ng nor na
dose near the surface of the targeted tissue and then deposited doses expo-

nentially decrease as a function of tissue depth. The deposition of X-ray ener-
gy near the surface is non-ideal for tumors located deép within the body, which
15 is usually the case, as excessive damage is done to the soft tissue layers sur-
rounding the tumor 1620. The advantage of protons is that they deposit most
of their energy near the end of the flight trajectory as the energy loss per unit
path of the absorber transversed by a proton increases with decreasing particle
velocity, giving rise to a sharp maximum in ionization near the end of the range,
20  referred to herein as the Bragg peak. Furthermore, since the flight trajectory of
the protons is variable by increasing or decreasing the initial kinetic energy or
initial velocity of the proton, then the peak corresponding to maximum energy is
movable within the tissue. Thus z-axis control of the proton depth of penetra-
tion is allowed by the acceleration process. As a result of proton dose-
25 distribution characteristics, a radiation oncologist can optimize dosage to the

tumor 1620 while minimizing dosage to surrounding normal tissues.

The Bragg peak energy profile shows that protons deliver their energy across
the entire length of the body penetrated by the proton up to a maximum pene-
30 tration depth. As a result, energy is being delivered, in the distal portion of the
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The Bragg peak energy profile shows that protons deliver their energy
across the entire lenath of the bodv penetrated bv the proton up to a

maxi mur t he
di stal portion of theBragg peak energy profile, to healthy tissue, bone,
and ot her body constituents before the pPoton beamhits the tunor. It
follows that the shorter the pathlength in the body prior to the tunor, the
hi gher the efficiency of proton delivery effi ciency, where proton dellvery
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organ. To illust atient in a laying position where the patient
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t hrough the body to"a tunmor iS provided to a tunor | ocated
head, whi ctem elemest, ithe spiniayselunan, hrain, eryepheamnodeihevexrgamf ﬂ’ IOQIIlﬂBTCate

e 1 ci ency Sre BRI pdRBaSaion feRed heatknt & fotelect ebwt Bre vows ¢ hat
the char geduiity treatriefte antupiitaiedr he heahtwéulll HTtimés BaltidiedRithrofshg™de-
running through the head-to-heart path, leg-to-heart path, or hip-to-heart path,
15 which are all inefficient compared to a patient in a sitting or semi-vertical posi-
tion where the protons are all delivered through a shorter chest-to-heart; side-
of-body-to-heart, or back-to-heart path. Particularly, compared to a laying posi-
tion, using a sitting or semi-vertical position of the patient, a shorter pathlength
through the body to a tumor is provided to a tumor located in the torso or head,
20 which results in a higher or better proton delivery efficiency.

Herein proton delivery efficiency is separately described from time efficiency or
synchrotron use efficiency, which is a fraction of time that the charged particle

beam apparatus is in a tumor treating operation mode.
25

Depth Targeting

Referring now to Figures 18 A-E, x-axis scanning of the proton beam is illu-
strated while z-axis energy of the proton beam undergoes controlled variation
1800 to allow irradiation of slices of the tumor 1620. For clarity of presentation,

30 the simultaneous y-axis scanning that is performed is not illustrated. In Figure
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under g he
tunor 1bZU. FOr clarity or presentatlion, the SImultaneous y-axis scanning
that is perfornmed is not illustrated. tH- Figurel8A, irradiation is

commencing with the nonentary proton beam position 269 at the start of a
first slice. Referring now to Figure 18B, the nonentary proton beam
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energy to i esi gn t unor section, or to a tunor
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to maxi mze efficlency of deposition of protons to the tumor 1620,
defi ned bythirdxsliceziang afier finalizingfirragiatipn dtam a rgiven d!reo’ttoren@sgyzctmly ver ed

Lo the § UmLind AR dishrBALN SoortrolBg, BERIARE, rAstbakEALISER/ patid Waldl O
tion energy to the tumor 1620, to a designated tumor subsection, or to a tumor
layer is achieved. Efficiency of deposition of proton energy to tumor, as defined

15 as the ratio of the proton irradiation energy delivered to the tumor relative to the
proton irradiation energy delivered to the healthy tissue is further described in-

fra.

Multi-field Irradiation

20 Itis desirable to maximize efficiency of deposition of protons to the tumor 1620,
as defined by maximizing the ratio of the proton irradiation energy delivered to
the tumor 1620 relative to the proton irradiation energy delivered to the healthy
tissue. lrradiation from one, two, or three directions into the body, such as by
rotating the body about 90 degrees between irradiation sub-sessions results in

25  proton irradiation from the distal portion of the Bragg peak concentrating into
one, two, or three healthy tissue volumes, respectively. It is desirable to further
distribute the distal portion of the Bragg peak energy evenly through the healthy

volume tissue surrounding the tumor 1620.
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and secondhaXizs f@Mew setup is required for each rotation position of the patient 1630,
the system allows the tumor 1620 to be treated from multiple directions without
15 reseating or positioning the patient, thereby minimizing tumor 1620 regenera-
tion time, increasing the synchrotrons efficiency, and increasing patient
throughput.

The patient is optionally centered on the bottom unit 1612 or the tumor 1620 is

20 optionally centered on the bottom unit 1612. If the patient is centered on the
bottom unit 1612, then the first axis control element 142 and second axis con-
trol elefnent 144 are programmed to compensate for the off central axis of rota-
tion position variation of the tumor 1620.

25 Referring now to Figures 19 A-E, an example of multi-field irradiation 1900 is
presented. In this example, five patient rotation positions are illustrated; how-
ever, the five rotation positions are discrete rotation positions of about thirty-six
rotation positions, where the body is rotated about ten degrees with each posi-
tion. Referring now to Figure 19A, a range of irradiation beam positions 269 is

30 illustrated from a first body rotation position, illustrated as the patient 1630 fac-
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trol el enent 144 are prograrmed to conpensate for the of f central axi s of
rota tit tonn ’ » 19
A-E, an

exanpl e,

five rotation positions are discrete rot3ation positions of about thirty-six
rotation positions, where the body is rotated about ten degrees with each
posi tion. Referring now to Figure 19A, a range of irradiation beam

it 269 1 d f b L] .
I Ust r at eB9dbe rBlashiashation, Be8MLAnts AsSphgaly Fobth 28740 Beadinteter o o
first heal ppyhe/m %ﬁ%éngdisﬂal 'p‘é>rt'idrf éﬂ'th@tB rdlgypéél@eh@l@Wﬁéd@tloﬁ';ﬁbﬁ!b AReL i on

of the Bragg peak energy irradiation ferring nowto Figure 19B,

t he pat i enferrigpoowstor bighred 98p dhe pa@enwa%@n%é@amabmt fortydegreps mnds

e v raai OB ACER]S TeRGRet, otk Yok Erhed et B T 20 S dEodis e

snal | ers i ngestise DUIkafSthéher@iahbﬁfer@i‘ gy ARd Br sthngardalthiyeisgyie Vdiae 19129 now
to Figures 19 CE, the patient 1630 I's rotated a total of about 90, 130,

and 180 dewicees thesseal ryegress s disfak rogion; ¢ftheridragg nesk energ¥ndRefer h
t at 0
ener gy and ORI GRS EE, (batrt 1630, § petaeis 5 1Btay St 98, $30.0,

1915 recei amd 11180 daargsrééeL raspgctissly.orF ot esdchl ofpthet thinal, cﬁ(burltﬂngarlai agg rptaiion
ener , res eCt|V . Thus e erat|OnO at | . urin r ot
Therdy: 1 caliians, it umbr o690 fesahes e balk af Tabaragioben dnsTge Anocineg
pr ot o, eneiy, ok, dhé b Westly 9tt%ghetmuﬁfégvﬁ91@2@91&uqusret:ewg;e@feons

one to fiv ong a glven axis, at |east abou 5, 80
85, 90, orsraaligreingeess af distad pontioryof the Beddg peakl mergWeeswa:tweMZﬂfhu@or a

gi ven rot |on pSi t art of he t unor lated. For.
S o | hegRtAtERcriRRmabent AriBS et thetry vl g Getdes difisne
tumor 1620 %rierréya@falhéddellvered proton energy to be distributed about the tumor
1620, such as to regions one to five 1911-1915, while along a given axis, at
15 least about 75, 80, 85, 90, or 95 percent of the energy is delivered to the tumor
1620.

For a given rotation position, all or part of the tumor is irradiated. For example,
in one embodiment only a distal section or distal slice of the tumor 1620 is irra-

20 diated with each rotation position, where the distal section is a section furthest
from the entry point of the proton beam into the patient 1630. For example, the
distal section is the dorsal side of the tumor when the patient 1630 is facing the
proton beam and the distal section is the ventral side of the tumor when the pa-
tient 1630 is facing away from the proton beam.

25

Referring now to Figure 20, a second example of multi-field irradiation 2000 is
presented where the proton source is stationary and the patient 1630 is rotated.
For ease of presentation, the stationary but scanning proton beam path 269 is
illustrated as entering the patient 1630 from varying sides at times t4, t2, t3, ...,
30 tn, th+1 a@s the patient is rotated. At a first time, t4, the distal end of the Bragg
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wth each rotation position. where the distal section is a section furthest
fromt )| e,
t he di ) is
facing the proton beam and the distal section IS the ventral side of the
tumor when the pa tient 1630 is facing74way fromthe proton beam Referring
now to Figure 20, a second exanple of nmulti-field irradiation 2000 is
presented where the proton source is stationary and the patient 1630 is

rotated. For  ease, of. presentatj.o t he staj{,an . nnj r gt beam
path 269 iREgK ‘P@EHI&‘f%ﬂ%5§tn'é‘?ﬂlg}y%§ufahaereﬁzq1g’n?f q%%ét"?ﬁﬁ' r\9?ﬁr&§ﬁ’ %Sastﬁges at
times ti, drotbn beam:path i§ Mustrated asatdeeondttingdltt,| whem tHeedistahlend dfithet
time, ti, the distal end of the Braggpeak profile hits a first healthy

ti ssue ar raggiweakrhits pasgcond healthy: igsue aiea@ 20-0.pAdipthitgetimep thendistal

Il lustrate t g 2. . | -Br eak
hits a seceg]fgéfht@gﬁr%gaﬁ?esé@g&e@t%%fd ﬁ?ﬁgﬂﬁés‘;ﬂg %@%eﬁ%qi%?sr?%l%ognd of
t he Bragg divbifradiation srodess isirdpdiatet hamhéd)wlidresuis @ipesiti?@ Humbdrigreabt at i on
and irradiation process is repeated n tines, IS a positive nunber

where n

great er tafdhandovr and pseterablyaroatsr dhanabeubh0.o20,,30.1100, 15 306 Asdily- or
300. As il rat .ed, thag [ ' a 2040
is irradi a%ttéé(,g&’i % ﬁé’ pawlég%t?ér?gbﬁg@?@ﬂ/aﬁée‘sﬁ gFﬁg?ae%‘%iﬁﬁgﬁgr FlfgﬂSr ot on
bea(rjn 269 vpmiiedlt hBBg ds sotated mjrthQr,?hémglannmgi pmmdn tééM?@uﬁhkhbit alsenspi nal
cord or eyes. Ilrradiation | refera suspende nt i e .sensiti bod
constit ug?‘lﬁve! Rody, canEtuaRk 1%&t%@?‘s¥a. ﬁé‘”gfﬁ?%ogé)ﬂ‘:"ﬁ?g}'@‘ﬂiﬂ'w is Ip}/e% i
Irradigti %rﬁgrﬁéggﬁge&tu@iltthges?ﬁ Ve boﬁ?t %%étmﬁ‘erﬁeﬁs Pétéﬁa‘ﬂ BREGS the

01 e a

consti tuent rot at our of the proton beam path an n +i heal thy
ti ssue ar escad@b@ poton badimaled patin trradiaticmiseiesutrias @ adimepdak, aftenthe i s

always within.the tunmor, the di l. regiop of the Br eak profile is
Gi stti but ePrsivRdedhgonstedta’ 1850 s riatelinb of e prita B&ds B Anday
constitu exfts) hBaRny e8L frlh POBY isOfrrddPatBl Ot PNtHRS ARAMAdrathéBragy peak
energy is always within the tumor, the distal region of the Bragg peak profile is
15 distributed in healthy tissue about the tumor 1620, and sensitive body constitu-

ents 1650 receive minimal or no proton beam irradiation.

In one multi-field irradiation example, the particle therapy system with a syn-

chrotron ring diameter of less than six meters includes ability to:
20 e rotate the patient through about 360 degrees;
e extract radiation in about 0.1 to 10 seconds;
e scan vertically about 100 millimeters;
e scan horizontally about 700 millimeters;

e vary beam energy from about 30 to 330 MeV / second during ir-
25 radiation;

¢ vary the proton beam intensity independently of varying the proton
beam energy;
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In one multi-field irradiation exanple, the particle therapy systemwth a

syn chrontron rinan di amprtar nf | Ace t han <civy mptarce i necliidee ahilitv tn-

rotate It
0.1 to 10 seconds; scan vertically about 100 mllinmeters; scan

hori zontal |y about 700 millinmeters; vatly beam energy from about 30 to 330
MeV / second during irradiation; vary the proton beamintensity

i ndependent|ly of varying the proton beam energy; focus the proton beam from

about 2 to 20 millinmeters, at the tu nogp; and/or,. conplete lti-field

irradi ati on of a fun9FUP ﬁh?é%rgtqrhgﬁa%bﬁﬁm ?,go‘ét, 240 %&%"m%%ét Ll’ée Wsasur ed
fromthe time of inifiatipgoproton delivery to the patient 1630. Referring
nowto Figure 2 1, two nulti-field irradiation nethods 2100 are de scri bed.

In the first nethod, _th i X 2, i L 110
the patient 1630 %&i’ﬂﬁ'?@ﬂ@ﬂﬁ'ﬁ@” ﬂ%o@étﬁnégf é%&%@ﬁ@%%%@%é@ﬁnﬁh%
process is repeated 4inér6 nindiestas meabdrdd frevi thiitione pf imtiatingcpropdredeli- | n

t he second nmethod, the nmain controller 110 sinultaneously rotates and

i rradi ates 2130 the Yende thepationt 130-t he patient 1630 until the
multi-field irradiation plan is complete. Mre particularly, the proton
beamirradiation occurs while the patient 1630 is being rotated. The

3-di mensi onal scanning system of the proton spot focal point, described
herei n, i sRefeefieg atovwy ta digiureed 1 wiwd raulticfiedd iivadiatioasnethadst 8600 areederet hod

e e et P ot bR R Tl s Baparst 1 o' Ve
accordi ng 4@ pAfent 9898 &nd subsequently irradiates 2120 the tumor 1620. The
10 process is repeated until a multi-field irradiation plan is complete. In the second
method, the main controller 110 simultaneously rotates and irradiates 2130 the
tumor 1620 within the patient 1630 until the multi-field irradiation plan is com-
plete. More particularly, the proton beam irradiation occurs while the patient
1630 is being rotated.

15

The 3-dimensional scanning system of the proton spot focal point, described
herein, is preferably combined with a rotation / raster method. The method in-
cludes layer wise tumor irradiation from many directions. During a given irradia-
tion slice, the proton beam energy is continuously changed according to the tis-
20 sue's density in front of the tumor to result in the beam stopping point, defined
by the Bragg peak, always being inside the tumor and inside the irradiated
slice. The novel method allows for irradiation from many directions, referred to
herein as multi-field irradiation, to achieve the maximal effective doée at the
tumor level while simultaneously significantly reducing possible side-effects on
25 the surrounding healthy tissues in comparison to existing methods. Essentially,
the multi-field irradiation system distributes dose-distribution at tissue depths

not yet reaching the tumor.
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density in front of the tunor to result in the beam stoppi ng point, defined
by th at ed
slice

referred to herein as nmulti-field irradiation, to achieve the nmaxi na
effective dose at the tunor |evel whil €6sinultaneously significantly
reduci ng possible side-effects on the surrounding healthy tissues in
conparison to existing nethods. Essentially, the nulti-field irradiation

system di séri buz es dgse.-.di siri bLitiOI’l at tissue depths not yet reaching the

t unor . Pr ot Bt fi ol Presently, the worl dw de radi ot herapy

comunity uses a nethod of dose field formng using a penci Iqbgam c®nni ng
r

system | nPassﬂﬂy.cwﬁtwaséwid&anthsmy %‘?J'Bfn%tdrﬂﬁ%aéﬁtth@ﬁﬂ P& UG
vol ume Scapainfifh SYRLAdehcll ¥hm Stahifiol $ySiR. VH Wik St dar? KRLiBHRI ¢ he

proton beam i s con interms of “transporta tion and di st ution,

usi ng an ispotseashing systemr arclisseiesvadumernscasyirigesyst@éheissusathi hgtheytissea i s an
active system where the heamjs focused into spot .fqcal |.nt of  about
one. hal s “WWhersianning SyRied the protan e ik apaatah in Fns BEkPnsRend s
transl at edg@j 3R didfbatics, UEihg Gars indtbEASIFE EHYY pricisRy §E8hriifg syt edrener gy

of the proton beam which effectively changes the third dinension of the
focal poi nscanning systeemis anaagivecsystem; whesetihe hgam isifocusatkindd @ epole

scribed rofatjon. of .the hody, ich preferably accurs in-between iRgdividual
o ment's. oPoByBPEL oAb el G B, Ak ABpls BrdiiEier ndhe

rotation ofochhpof®dy tRahs\dted BNeNG tABSaXdsPRRAilE YinetaAEEULI§ Hlitefhgntheuspy and
simul taneously with proton delivery to the tunor. For exanple, the spot is

transl #t edpliest energyanfithe pretamoheamdwhicheelectivielachanges the third diwengion back
al ong the [ axi I |.S cur j 0 trol a
Vertoal s8ue gLt e Mstetis BERIE5s dF o lbatich, W inpratiR' d&
scribed rotation of the body, which preferably occurs in-between individual mo-
ments or cycles of proton delivery to the tumor. Optionally, the rotation of the
body by the above described system occurs continuously and simultaneously

15 with proton delivery to the tumor.

For example, the spot is translated horizontally, is moved down a vertical y-axis,
and is then back along the horizontal axis. In this example, current is used to
control a vertical scanning system having at least one magnet. The applied
20 current alters the magnetic field of the vertical scanning system to control the
vertical deflection of the proton beam. Similarly, a horizontal scanning magnet
system controls the horizontal deflection of the proton beam. The degree of
transport along each axes is controlied to conform to the tumor cross-section at
the given depth. The depth is controlled by changing the energy of the proton
25 beam. For example, the proton beam energy is decreased, so as to define a
new penetration depth, and the scanning process is repeated along the hori-
zontal and vertical axes covering a new cross-sectional area of the tumor.
Combined, the three axes of control allow scanning or movement of the proton
beam focal point over the entire volume of the cancerous tumor. The time at

30 each spot and the direction into the body for each spot is controlled to yield the
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current altarec tha mnanatiec fiald nf tha vartiecal cranni na cuctamtn

cont | al
scan

beam Ll -
the tunmor cross-section at the given defth. The depth is controlled by
changi ng the energy of the proton beam For exanple, the proton beam energy
i s decreased, so as to define a new penetration depth, and the scanning

process is,repeated along the hori zontal and,vertical ax cover | a new
cross-sectq‘?‘r‘l‘%d radiatiogcd %afﬁﬁ'ﬁ? _suéb\{pil-rurﬁgaofﬂpﬁecqqg%g%usa@@an W@Bﬁt ]

al | ow scaqﬁbngng)éng@\‘,qﬂﬁmb SitsidBofAr@t@Ropeam focal point over the entire
vol une of the cancerous tunor. The tine at each spot and the direction into

the body for each spot is controlled to yield thedesired radiati on does at
each sub-vol une of the cancerous volume while dis tributing energy hitting

out si de of r e b Y | ' ' r abl
Clantl'y cols SpteRt bedmCandt e SRBCRRR i PrefSracl) SERRY PBnBIR 8 8170 ¥
a: It ernat i vdiapheteverf abolgleo.tsi, e orex milililr?eﬁlérarrbueis aﬁémbfivelqobeimalgmemmm-r ols

all ow scanning in two directions wth: (1) a yertical anplitude of about
100 mm anplers iR diameater; e Frrfgeedudesign éﬁé\ﬁo@@éowﬁa&mﬂn@w t}ﬁ’ohg\“?‘it@rﬂsal

anpl i t ude a ' o Tihe

i St ance. (oA o} 3 P B ARLAL WF 2eRUE 1DDIRHEARpIIR Snd BRbuchortp

exanpl e, iabautrR0oHEzpdndy(2) hehdrizomtalcareplitude affalidut 780otrom . arfiplitede @nddi nat e
systemis farbi trarF}/ and exenpl ary. The actual control of the proton beam

i s contr ol TeRHENFYH WM% | space using two scanning magnet systens and
by controlling the kinetic energy of the proton beam Particularly, the
syst em@l | ows si nmul t aneous adj ustnent of the x-, y-, and z-axes in the
irradiation of the solid tunor. Stated again, instead of scanning al ong an
x, y- pl ane el distanceatijeuprotons meveglong thehg-axis into the tissue, in this example,

is controlled by the kinetic energy of the proton. This coordinate system is arbi-
trary and exemplary. The actual control of the proton beam is controlled in 3-
dimensional space using two scanning magnet systems and by controlling the
15 kinetic energy of the proton beam. Particularly, the system allows simultaneous
adjustment of the x-, y-, and z-axes in the irradiation of the solid tumor. Stated
again, instead of scanning along an x,y-plane and then adjusting energy of the
protons, such as with a range modulation wheel, the system allows for moving
along the z-axes while simultaneously adjusting the x- and or y-axes. Hence,
20 rather than irradiating slices of the tumor, the tumor is optionally irradiated in
three simultaneous dimensions. For example, the tumor is irradiated around an
outer edge of the tumor in three dimensions. Then the tumor is irradiated
around an outer edge of an internal section of the tumor. This process is re-
peated until the entire tumor is irradiated. The outer edge irradiation is prefera-
25  bly coupled with simultaneous rotation of the subject, such as about a vertical y-
axis. This system allows for maximum efficiency of deposition of protons to the
tumor, as defined as the ratio of the proton irradiation energy delivered to the

tumor relative to the proton irradiation energy delivered to the healthy tissue.
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protons, such as with a range nodul ati on wheel, the systemallows for

novi ng

y- axes.

optionally irradiated in three simultaneous di nensions. For exanple, the
tunor is irradiated around an outer edgé of the tunor in three dimensions.
Then the tunor is irradiated around an outer edge of an internal section of
the tunor. This process is re peated until the entire tunor is irradiated.

The outer ed irr |at| n_is,.preferably coupled t tation
of the subﬁs%rgg' 3& % uf"‘"&‘@eﬁfﬂﬁﬂ "Wl gon Spéﬁ‘%{@ﬁ’ﬁ?&o%@ég

mexi mum efd g %9§t)érr9fn Hpe8i $paue With mwb@nerfsgpbne RotB)amsie, thef dysesmas t he
ratio of the proton irradiation energy delivered to the tunor relative to

t he prot orusesrmultipie oagnets wherelgagchrivagnet hag aheast igne edge foausing BEd, t he

system al | . €O I ch ' : stemin
Sl s arnfot Mgl b S syishilfort ROy RIS kooe RIS ¥R, 7T ¢
nmagnet s WreeR inank mmtnwb@amtpétaaﬁfttherwneﬁaﬁrdmyemm syhchmtioni mawach
turning section of the synchrotron. The multiple edge focusing effects in

the circullB®i ng beam path of the synchrotron yields a synchrotron hav ing:

a smal | circunt eren;:nsﬁslﬁgﬁ gzrpsuﬁ}qg%@%tgg?e%t QAL 3ROk gaﬂeaﬁcﬁf

vertical proton bea correspondrng re uced power
supply requirenents gggoci ated with the reduced gap size; and control of
z-axi s energy. The result is a 3-di nensi onal scanning system x-, y-, and

z-axes control, wherg t?"éﬁﬁ%%%dé‘psbﬂ%odt@ Ehe synchrotron and

where the z-axes energy 'S varlab controlled during the extraction
Procesy | nsi de the SXQ&Q&S&&]HQ reduced power supply requirements associated

with the reduced gap size; and
'« control of z-axis energy.

The result is a 3-dimensional scanning system, x-, y-, and z-axes control, where
the z-axes control resides in the synchrotron and where the z-axes energy is

15 variably controlled during the extraction process inside the synchrotron.

An example of a proton scanning or targeting system 140 used to direct the
protons to the tumor with 3-dimensional scanning control is provided, where the
3-dimensional scanning control is along the x-, y-, and z-axes, as described su-
20 pra. A fourth controllable axis is time. A fifth controllable axis is patient rota-
tion. Combined with rotation of the subject about a vertical axis, a multi-field
illumination process is used where a not yet irradiated portion of the tumor is
preferably irradiated at the further distance of the tumor from the proton entry
point into the body. This yields the greatest percentage of the proton delivery,
25 as defined by the Bragg peak, into the tumor and minimizes damage to peri-

pheral healthy tissue.

IMAGING / X-RAY SYSTEM

Herein,'an X-ray system is used to illustrate an imaging system.
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An examle nf a nroton scannina or taraetina svstem 140 1sed tno direct the

pr ot on iere
t he 3-

described supra. A fourth controllable axis 1s tinme. Atfifth controllable
axis is patient rota tion. Conbined wit/B-rotation of the subject about a
vertical axis, a nmulti-field illumnation process is used where a not yet
irradiated portion of the tunor is preferably irradiated at the further

di stance of the tunor fromthe proton entry point into the body. This
yiel ds the greatest percentage of the proton delivery, as defined by the
Bragg peak, into the tunor and m nim zes damage to peri pheral healthy
tissue. |MIMIMG / X- RAY SYSTEM Herein, an X-ray systemis used to
|IIustrate an imagi ng systemTimng An X-ray is preferably collected either

(1) just LA o-eayols pferabiy gollected either (1) iusdthafgres o (B) eencuyiremn YpWBh on

t herapy f cou b

supr o chafeatooch BUpisBL M BT PEH meLAR for T HRIRE of PoatdE, af P, pRFRGI

ot her QOdYOfCtQ@de)dle!ésbnbbﬂ sdprapehangés dhe Stbtfalqmsnkfrﬁﬁf s tamo)(-mathet aken
and is then bodily noved to a proton treatnment room ac urate3§I| nnent of

t he prot orbqsbfaﬁﬂhtbletWeoﬁ"&fr@Pstc%‘lsﬁﬂe@ﬁ%t ifcthe patigntoRisubject o §8R beam
to the tunpe eﬂ'@&l@e#ﬁhﬂ?ﬁoﬁ%noﬁogy hoiedd¥ ol ﬁrot?@ﬁgréé‘?ﬁ{e% Tedmtadclifate! me of

pr ot on del’l v econ m nut es priof to proton
delivery %@n&fémmftm@ppﬁban o) tﬂeatum:brnsmpoobieﬂiadacayﬁdvgnmertb@tﬂyh@pm -ti on,

Wmchlstyplcall a fixed tion or partially inmmobilize 0S| ti.on.
Second, "t Henkaamy o Thehurapr 262045 She g meie XavS i Do Hestsumegat the
verifigati | s a
o G e 5 pESCHSEINER oy O S e IS RORYY o 0 8LoR
delivery and after the patlent is placed into a therapeutic body position, which is
typically a fixed position or partially immobilized position. Second, the X-ray
taken after positioning the patient is used for verification of proton beam align-

ment to a targeted position, such as a tumor and/or internal organ position.

15
PATIENT IMMOBILIZATION

Accurate and precise delivery of a proton beam to a tumor of a patient requires:
(1) positioning control of the proton beam and (2) positioning control of the pa-
tient. As described, supra, the proton beam is controlled using algorithms and
20 magnetic fields to a diameter of about 0.5, 1, or 2 millimeters. This section ad-
dresses partial immobilization, restraint, and/or alignment of the patient to in-
sure the tightly controlled proton beam efficiently hits a target tumor and not

surrounding healthy tissue as a result of patient movement.

25 Herein, an x-, y-, and z-axes coordinate system and rotation axis is used to de-
scribe the orientation of the patient relative to the proton beam. The z-axis
represent travel of the proton beam, such as the depth of the proton beam into
the patient. When looking at the patient down the z-axis of travel of the proton
beam, the x-axis refers to moving left or right across the patient and the y-axis

30 refers to movement up or down the patient. A first rotation axis is rotation of the
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Accurate and preci se dellvery of a proton beamto a tunor of a patlent

requir ot ng
contro ol |l ed
USI NG i gor v v iiiie e . Do e e e o e ceean 24

mllineters. ThIS sectlon ad dresses p'&ﬂtlal |rrrmb|I|zat|on restraint,
and/or alignnent of the patient to in sure the tightly controlled pr ot on
beamefficiently hits a target tunmor and not surrounding healthy tissue as

Systom and@atbbapo BR eare andh ictiet o hetsi e f Wtefinl a5 HBEM AR

patient relebi Ratich bRR, BF YL HAs RFaBlatibRe1FI7RX 1S ati@RoRS Giftlis rofitish abouthe
proton beam such as the depth of the proton beami nto the patient. Wen

| ooki ng atthe rxeamtyayms thtation mbout the w-axis, angdvell isfotatien ghoubthegaKs.  he

X-axi s refer S

Cofere 1o Mgbisreoip Vst hrarlin BN Gath 2ad BpliGfon, fing Meark 8! ©
rotatign qecfidiepans &irt ilRiztrativé haaltepxthe pradon St)éaiﬁemaithdramlﬂig?rtmdmgasaa
rotation axis, bottomunit 1612 rotation axis, -axis of rotation 1617.

In additi dreatment roem ds [desshibggdoas UABING. asar@ont@élw theough dbe offeatmrit t ne
y-axi s, Hg oll is rotation about the z-axis. In this coordi nate system
the proto Bm path 269 optionally runs in any di rection. As an
illustrative matter, the proton beam path running through a treatnent room
I's described as running horizontally through the treatnent room In this

Sori verii dAIhSsacham FReeeKRMREs Shpesicng SYReTs aff Bravided: i afemi
| mobi |, Z%r@éhl?é?‘flﬁln?n?rﬁggrllzéf% %%te?n 'ﬂbb“QZP@Sélhlr@“paﬂ%@ mﬁﬁdﬁm‘tlén

descrllbed for o m nobi 1 zati on”system app éto ot'her inmmobilization
syst ens wigystesn®@300¢ lzmdge .a Iaynn@pa&ttlbe 24@0he teraents desesibedsfopeoetim-or

head restrai ust ne. axi reclined positi ong a
cecond” axiroplzlon sftett peal IBHIREE riaPurgliof shEemd GAnPRaN cREng.
For example, a headrest, a head support, or head restraint will adjust along one
axis for a reclined position, along a second axis for a seated position, and along
15 a third axis for a laying position. However, the headrest itself is similar for each

immobilization position.

Vertical Patient Positioning / Immobilization

Referring now to Figure 22, the semi-vertical patient positidning system 2200 is
20 preferably used in conjunction with proton therapy of tumors in the torso. The
patient positioning andfor immobilization system controls and/or restricts
movement of the patient during proton beam therapy. In a first partial immobili-
zation embodiment, the patient is positioned in a semi-vertical position in a pro-
ton beam therapy system. As illustrated, the patient is reclining at an angle al-
25 pha, a, about 45 degrees off of the y-axis as defined by an axis running from
head to foot of the patient. More generally, the patient is optionally completely
standing in a vertical position of zero degrees off the of y-axis or is in a semi-
vertical position alpha that is reclined about 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,

55, 60, or 65 degrees off of the y-axis toward the z-axis.

30
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therapy of tunors in the torso. The patdilent positioning and/or
i mobi | i zation systemcontrols and/or restricts novenent of the patient
during proton beamtherapy. In a first partial immbili zation enbodi nent,

thor apy. oySHSR PRSHNMILCPERERINT A2 I SAFFERE 1ESS Lo AN 208 SRUBALITESS) pha,
a, about %éiﬁwn?ﬁés%ﬁ mcludeCone axh@ré%fdafgeaesubyorwm5bra@n@upgoﬁrom
head to foot of atient. More generally, the patient 1Is tionally
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an|sor|S|na ertd cal o) a tor2: 10,
15, 20, 2400 %6”9%@%%6 ?he56°’%8€a ’t‘té freg {’8@%‘%& é%dei"%‘?eﬁ%’@%ﬁar@alaX| s
towar d st hese?mad@{lé Baiahfiés BPaidensinidid neAeRAliatobe a2Righ driel deneity $est o
mai ntain the ient in a treatnent position, include one or nore of: a

seat suppota 2|§Q&e|%$tl§‘af@ﬂms ubpoexampledhefoatsupparbisreferably rigid aadithguppor t

(2);2)t5 ?ongl Ik %%d%%&kéﬂ’g%ﬁ@ﬂ?. g|ré0®'d§§pn&?ﬁsglgczjﬂlagx§%@§f%ﬁ ghéfeer?naﬂ ?gl d

mat eri al i QA ustemordi afhthes pbsitiodiigs tonstfaiat® 2218 aresmovableshind/drasnderFor

exanpl e the foot support is preferahly rigid and e. bac u ort
pr ef er abl ycosepter PQPQ()' féljdﬁpléﬂsp%s“l'ﬁ"ﬂﬂg @@ngrt'mm%@h% é(ﬁ] g tor Fs%r e of
t he p0|t| c 1 u r nt r ol
or ral o Sanifec s Seat Gppbri 2236 ie BANaBIR AR ol FEA AGREBHER! akkl

t he seat sS2BaXMhick m)piefemhlwmeabJaaualtmgaak seppod @284 iseadjustable 222G,

back suppdt Dagk RUPBOUEXYABIR: W) i BrelBiap L BRMIARed B 2N ORI ent
with a y-axis element; the head support 2240 is adjustable along a head sup-
port axis 2245, which is preferably dominated by z-axis movement with a y-axis
15 element; the arm support 2250 is adjustable along an arm support axis 2252,
which is preferably dominated by z-axis movement with a y-axis element; the
knee support 2260 is adjustable along a knee support axis 2262, which is pre-
ferably dominated by z-axis movement with a y-axis element; and the foot sup-
port 2270 is adjustable along a foot support axis 2272, which is preferably dom-

20 inated by y-axis movement with a z-axis element.

If the patient is not facing the incoming proton beam, then the description of
movements of support elements along the axes change, but the immobilization

elements are the same.
25

An optional camera 2280 is used with the patient immobilization system. The
camera views the patient/subject 1630 creating a video image. The image is
provided to one or more operators of the charged particle beam system and al-
lows the operators a safety mechanism for determining if the subject has

30 moved or desires to terminate the proton therapy treatment procedure. Based
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with a y-axis elenent; the head support 2240 is adjustable along a head sup
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el ement; the knee support 2260 is adjudable along a knee support axis
2262, which is pre ferably dom nated by z-axis novenent with a y-axis
el enent; and the foot sup port 2270 is adjustable along a foot support axis

2272, which js preferably dom nated b -axi s veren 1 th X

el ement. 19" theevidee iraage; tguenceﬁerﬁé%? r%agf %‘ésﬂ%gogﬁptﬁgnm‘%??ﬁe Béoiﬂﬁ tﬁ%?@ﬁyt he
descri pti giyoRbddrRY SEENExarfples PR dpethRIFibsenalsOviel thB&ided inadefigst. theut t he
i robi lization elenents are the same. An optional canmera 2280 is used with

t he pati ersubjenti®maving.itben 4he operatynbas the pption tatermisalesern wifpeaddhect
1630 creatin vi deo i nmage. The inmage is provided to one or nore operators
of the ché?rﬁg)@atggﬁ‘ﬁyc?@cﬁgﬂfﬁ‘system and al lows the operators a safety
mechani sm for determning if the subject has noved or desires to ternm nate
the préton therapy treatnent procedure. Basedon the video inage, the

operators may suspend or termnate the proton thera d . E
exanpl e, iA"tQPé'OBBEV'Q@Qrd@B?é{rQ%Q'SPiE% or l?ag\é"ﬁéf?? Kégﬂ%ﬁ%rgtct i s

novi ng, thﬂﬂ:_ 0 lkl?rﬁ ' b 4 r _proton
t herapy pr ocegt@r%g. 3%?%{’%% ||§/\f)|§‘f gggﬁ{??@pfﬁaéybgﬁgﬁc}i %@Fg; r%ir{&fr tﬂgirf'qré%tggc S
provi ded ttiorisheysteti imstructiores, statas of treptragnipr eatertdigmentsent s to the
patient any of: operator instruc tions, systeminstructions, status of

treatment, or entertainnent. Mdtors for positioning the patient positioning
constraints 2215, the canera 2280, and/or video display 2290 are preferably

gg;g;?ﬁ)gagg%éﬁ)rggfgp%&ﬂidmﬁg Rhet patidrtapssifbhingaEbntffintar 20PHE fidcanisrat on
2280, and/or video display 2290 are preferably mounted above or below the

proton transport path 268 or momentary proton scanning path 269.

Breath control is optionally performed by using the video display. As the patient
15 breathes, internal and external structures of the body move in both absolute
terms and in relative terms. For example, the outside of the chest cavity and
internal organs both have absolute moves with a breath. In addition, the rela-
tive position of an internal organ relative to another body component, such as
an outer region of the body, a bone, support structure, or another organ, moves
20 with each breath. Hence, for more accurate and precise tumor targeting, the
proton beam is preferably delivered at a point in time where the position of the
internal structure or tumor is well defined, such as at the bottom or top of each
breath. The video display is used to help coordinate the proton beam delivery
with the patient's breathing cycle. For example, the video display optionally
25  displays to the patient a command, such as a hold breath statement, a breathe
statement, a countdown indicating when a breath will next need to be held, or a

countdown until breathing may resume.
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addition, the rela tive position of an8mnternal organ relative to another
body conponent, such as an outer region of the body, a bone, support
structure, or another organ, noves with each breath. Hence, for nore
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restraint systemuses support structures simlar to the support structures
in the sertaingethd adjustabliet seppory mtatiemmabput dbei yaxiss uparaerasi Yidleanand

exception that..the seat su rt s replaced by a. TWORT:! e upport
s ot roduPRd contoC ba BRI, IS BBV et Selur e e peR et e
adj ust abl esctbBEYUpra.lr Ot ation about the y-axis, canera, video, and breadth
control paraneters described in the sem -vertical enbodi nent, de scribed
supra. Referring now to Figure 23, a particular exanple of a sitting
patient sem i mobilization system 2300 is provided. The sitting systemis
pr ef S;?F'eﬁita&f;%g%éog{o& 16EGER 2% DeRRHANSY Akalpl dfUaNifing Baliéhtusémpt ed.
immobilization system 2300 is provided. The sitting system is preferably used

for treatment of head and/or néck tumors. As illustrated, the patient is posi-
tioned in a seated position on a chair 2310 for particle therapy. The patient is
15 further immobilized using any of the: the head support 2240, the back support
2230, the hand support 2250, the knee support 2260, and the foot support
2270. The supports 2220, 2230, 2240, 2250, 2260, 2270 preferably have re-
spective axes of adjustment 2222, 2232, 2242, 2252, 2262, 2272 as illustrated.
The chair 2310 is either readily removed to allow for use of a different patient
20 constraint system or adapts under computer control to a new patient position,

such as the semi-vertical system.

Laying Patient Positioning / Immobilization

In a third partial immobilization embodiment, the patient is partially restrained in
25  a laying position. The laying restraint system 2400 has support structures that
are similar to the support structures used in the sitting positioning system 2300
and semi-vertical positioning system 2200, described supra. In the laying posi-
tion, optional restraint, support, or partial immobilization elements include one
or more of: the head support 2240 and the back support, hip, and shoulder
30 2230 support. The supports preferably have respective axes of adjustment thét
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tioned in a seated position on a chair 2310 for particle therapy. The
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f oot support 2270. The supports 2220, 2230, 2240, 2250, 2260, 2270
preferably have re spective axes of adﬁﬁstnent 2222, 2232, 2242, 2252,
2262, 2272 as illustrated. The chair 2310 is either readlly rennved to
al low for use of a different patient constraint systemor adapts under
conmputer contro
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el enents i ncl ude one or nDre of t he head support 2240 and the back
supporP hi p, and shoul der 2230 support. The supports preferably have

t f t t ed ' f ! |
bosr t1 on' GROTPTINGEEWARL FIOWHR 20l e FRUENt i3 SR Ssks a9 28 IEEGIAtGERa] |y
retains th Lﬁ)(Pé ‘éﬁirﬁ:%i fSHARYroY of 956%’6 Qfe Q@Qﬁ?eet RfinUted reduir &”f@rr ﬁfeaﬁ“ deo,
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and simlar situations, treatnment of a patient in a |aying position on a
support t estnlppoEtAtable bagp acheizentalplatfore do SUPn@ﬂsIbpph}HK Of #e weigh! of the
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form. In a laying positioning system 2400, the patient is positioned on a plat-
form 2410, which has a substantially horizontal portion for supporting the weight

15 of the body in a horizontal position. Optional hand grips are used, described
infra. In one embodiment, the platform 2410 affixes relative to the table 2420
using a mechanical stop or lock element 2430 and matching key element 2435
and/or the patient 1630 is aligned or positioned relative to a placement element
2460.

20

Additionally, upper leg support 2444, lower leg support 2440, and/or arm sup-
port 2450 elements are optionally added to raise, respectively, an arm or leg
out of the proton beam path 269 for treatment of a tumor in the torso or to move
an arm or leg into the proton beam path 269 for treatment of a tumor in the arm
25 orleg. This increases proton delivery efficiency, as described supra. The leg
supports 2440, 2444 and arm support 2450 are each optionally adjustable
along support axes or arcs 2442, 2446, 2452. One or more leg support ele-
ments are optionally adjustable along an arc to position the leg into the proton
beam path 269 or to remove the leg from the proton beam path 269, as de-
30 scribed infra. An arm support element is preferably adjustable along at least
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grips are used, described infra. In ondSenbodi ment, the pl ‘atform 2410
affixes relative to the table 2420 using a mechani cal stop or |ock el enent
2430 and nmat chi ng key el enent 2435 and/or the patient 1630 is aligned or
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beam path 2 for treatnment of a tunor in the torso or to nove an arm or

| eg i nto tdoeibpdabfom beam path 269 for treatnment of a tunor in the armor

| eg. This increases proton delivery efficiency, as described supra. The |eg
supports 2440, 2444 and arm support 2450 are each optionally adjustable

al ong support axes or arcs 2442, 2446, 2452. One or nore |eg support ele

nents are prférabhl, the pdllemtlﬁlpbeltlaheﬂ@natheqﬂatfdsm p4$0tn an drba dregomnt o t he
proton beam path 269 or to renove the Ileg fromthe proton beam path 269, as
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2410 in an area or room out Si de rot beam ath 268 and i.s V\/neel ed
or slid i nfeAtMAnt FeQURQRA QUMY ?rep{j!l?t't% WH?H  Yphigh e FgQ Fhe, the
patient is wheeled into the treatnent roomon a gurney where the top of the
gur ney, whiethches ahd ippasitioned onta adade. dihe platfparis piafembinsld antodbpe. The
platformis preferably slid onto the

10 table so that the gurney or bed need not be lifted onto the table.

The semi-vertical patient positioning system 2200 and sitting patient positioning
system 2300 are preferentially used to treatment of tumors in the head or torso
due to efficiency. The semi-vertical patient positioning system 2200, sitting pa-
15 tient positioning system 2300, and laying patient positioning system 2400 are all

usable for treatment of tumors in the patient’s limbs.

Support System Elements

Positioning constraints 2215 include all elements used to position the patient,
20 such as those described in the semi-vertical positioning system 2200, sitting

positioning system 2300, and laying positioning system 2400. Preferably, posi-

tioning constraints or support system elements are aligned in positions that do

not impede or overlap the proton beam path 269. However, in some instances

the positioning constraints are in the proton beam path 269 during at least part

25  of the time of treatment of the patient. For instance, a positioning constraint
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system 2200, sitting patient positioni#f system 2300, and | aying patient
positioning system 2400 are all usable for treatnent of tunors in the
patient's |inbs. Support System El ements Positioning constraints 2215

include all elements used to position the | ent.. _such Aas.. . descri bed
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2300, and laying positioning system 2400. Preferably, posi tionin
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i npede or overlap the proton beam path 269. However, in sone instances the

posi t i oni rperiods thatathetpositioning comstrainistarrsuppant systemzdements aig intthe east
part of the tinme of treatnent of the patient. For instance, a positioning

const r ai NtRbRMEBLariPath ahedan tpwird ddjestarerhedproantbeil edergyis mefer- of a
time period where the patient is rotated about the y-axis during treatnent.

I n casegs L e ' | b fS bffabithe gUsit rt system
el erren'?s gd;b(lj ?ﬁa{ﬁ{”&?o (;%1 esam g%rtaﬁﬁ-l %%%’rﬂ é'a%rggward adj us@r%nt of proton
beam ener i referably appli l.acn S nergy to
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one case, the proton heamenergy is increased b separ at.e neasur.e, of the
posi ti oni e FHEFIY 'ﬁt'n@le@ﬁ%&lbyianmm?em&@ﬂéﬁrghﬁﬁ %&ﬁ?ﬁ'%n%cpg?té?'ghce scan
of the positioning con straint systemelenent or set of reference scans of

t he posi t ielainegt topedarcdendetermined:dutingaa fefecencensesm eldthatnasiicdhdieoRhe
y-axis. For clarity, the positioning constraints 2215 or support system

el enents aitmiftasyetem édermenbedsetalfatferentestdres okitiie-pasitioniag cpostrainbni ng
system 2200; however,

10 element as a function of rotation about the y-axis.

For clarity, the positioning constraints 2215 or support system elements are
herein described relative to the semi-vertical positioning system 2200; however,
the positioning elements and descriptive x-, y-, and z-axes are adjustable to fit
15 any coordinate system, to the sitting positioning system 2300, or the laying po-

sitioning system 2400.

An example of a head support system is described to support, align, and/or re-
strict movement of a human head. The head support system preferably has
20 several head support elements including any of: a back of head support, a right
of head alignment element, and a left of head alignment element. The back of
head support element is preferably curved to fit the head and is optionally ad-
justable along a head support axis, such as along the z-axis. Further, the head
supports, like the other patient positioning constraints, is preferably made of a
25 semi-rigid material, such as a low or high density foam, and has an optional
covering, such as a plastic or leather. The right of head alignment element and

left of head alignment elements or head alignment elements, are primarily used
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?I : ?nrrentayel g%exg%%pg%n;%ewback/ of head support el enent conbine to restrict
| r ot a¥s SieM/ or position of the head in the x-, y-,
z-axes coordi nate system Referring nowto Figure 25 another exarrpl e of a
head support system 2500 is described for positioning and/or restricting
novenent of a human head 1602 during proton therapy of a solid tunor in the
head or neRéfertlmlg nbmstoslyngueerastarmthenadxamplee@fta hiead supponigsystern, 230 s, or

t
ore s ralogescrlbeg ftor po\muonmg andfo rrerfees{nc?né movement of a human head 1602

during proton therapy of a solid tumor in the head or neck. In this system, the

, and z-axes are adjustable

head is restrained using 1, 2, 3, 4, or more straps or belts, which are preferably
15 connected or replaceably connected to a back of head support element 2510.
In the example illustrated, a first strap 2520 pulls or positions the forehead to
the head support element 2510, such as by running predominantly along the z-
axis. Preferably a second strap 2530 works in conjunction with the first strap
2520 to prevent the head from undergoing tilt, yaw, roll or moving in terms of
20 translational movement on the x-, y-, and z-axes coordinate system. The
second strap 2530 is preferably attached or replaceable attached to the first
strap 2520 at or about: (1) the forehead 2532; (2) on one or both sides of the
head 2534; and/or (3) at or about the support element 2510. A third strap 2540
preferably orientates the chin of the subject relative to the support element
25 2510 by running dominantly along the z-axis. A fourth strap 2550 preferably
runs along a predominantly y- and z-axes to hold the chin relative to the head
support element 2510 and/or proton beam path. The third 2540 strap prefera-
bly is attached to or is replaceably attached to the fourth strap 2550 during use
at or about the patient’s chin 2542. The second strap 2530 optionally connects
30 2536 to the fourth strap 2550 at or about the support element 2510. The four
straps 2520, 2530, 2540, 2550 are illustrative in pathway and interconnection.
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connected or replaceably connected to a back of head support el enment 2510.
In the exanple illustrated, a first strap 2520 pulls or positions the
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fourth st r'a@if%UOC%"Qﬁteﬁﬁgu‘?aqthtrEﬁjp‘ﬁBrQ Sé'lpgﬁﬂn?e . SYRR asptfie Sepdps
2520, 253 0) 1| | | n. Any
of the ot rupBOiRielERl 2518, | The/SlraBt ot dofioRahyafticiatd M headsaphor,)
head and wlemeat 2600 esmsiriy bbblelandrloe;epecmtodaogyasa’lbmkle Nart fastariey, Gengrakn

strap prefer abI runs around the hea not just on one sSi f the
head. Any bfthﬁhﬁ ans ‘a?@% {'9 ‘%’gﬁ pos 15?(5' q%‘?rt‘%@ééfw%v%}a?ﬁ‘@ﬂpﬁegh?&‘gd
| ndepefydentife/ 1) élde“msﬂ?ﬁ?ielﬁ%f RSS! the B Foll, @B/ trand Aortdl PRStishIGTPS.
The straps are optiona Indirectly connected to each other via a support
el ement, <helheas.t he head support el enment 2510. The straps are optionally
attached to the head support elenent 2510 usi ng hook and | oop technol ogy, a
buckl e, or fastener. Ceneral |y, the straps conbine to control position,
front-to-back novenment of the head,

The straps are preferably of known impedence to proton transmission allowing

a calculation of peak energy release along the z-axis to be calculated. For ex-
15 ample, adjustment to the Bragg peak energy is made based on the slowing

tendency of the straps to proton transport.

Referring now to Figure 26, still another example of a head support system
2240 is described. The head support 2240 is preferably curved to fit a standard
20 or child sized head. The head support 2240 is optionally adjustable along a
head support axis 2242. Further, the head supports, like the other patient posi-
tioning constraints, is preferably made of a semi-rigid material, such as a low or

high density foam, and has an optional covering, such as a plastic or leather.

25  Elements of the above described head support, head positioning, and head

immobilization systems are optionally used separately or in combination.

Still referring to Figure 26, an example of the arm support 2250 is further de-
scribed. The arm support preferably has a left hand grip 2610 and a right hand
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S|de;to-side novenment of the head, tilt, yaw, roll, and/or translational
posi

prot ¢ J the
z-axis to be cal cul ated. For exanpl e, adjustnent to the Bragg peak energy

i s made based on the slow ng t endency €9- the straps to proton transport.
Referring now to Figure 26, still another exanple of a head support system
2240 is described. The head support 2240 is preferably curved to fit a

standard or ch| | d s d head he head, s t 22 ' ' I
adj ust abl Q"&I I%)‘('Pgerzaﬂ‘ﬁ%&m R@ﬁgn{[ ﬁ%ﬂi@%ﬂghdﬁ%r s, like
the ot her ? fénttmsm Qﬂpﬁﬁgsthé%ﬁtaﬁnd fightPtigic oAbk Y267 2620 with
sem -ri gl eria such as™ a ghieh ensity foam and has an
()

opti onal ¢he eatient's bants 4634. lemleftcar‘dr ri ai‘@rg”FE} 2680, 2620} ateRrefedy e

descri bed head head ded M
are opti or%)? 29nr§g<§§8§g5g?%arg] Sésyll?é* 25«?@8(9?@1%6&%& giel[ aglsl éfét?'rblér% ? ?L?gﬁr e
26, an sexa{fise Phe 14TE aRd fﬁgﬁﬂﬂ@?ﬂgr&i@%i@ 3620 bRy pc@femtﬂy lcedstrird:tedarsm

support preferably has a left hand grip 2610 and a rIight 2620 used
for ali gnllmatwld@@mai@d§| oﬂ'hﬁHéﬁﬁﬂﬁlrQﬂt h@BQ(Q”PﬁrZﬁ@w 216@ aJ 8Ha f the

patient 1 S he
Pati ent s WdpaedyiRetoients ndts d Hld m AREraEAECTHE Gt SRETON hant 2
bl'y connegjripd dpmohbﬁ}{ Rave slutedes2asdestribedssygrar t s t he mass of the
patient's arns. The left and right hand grips 2610, 2620 are preferably
constructed us ing a sem-rigid material. The left and right hand grips
2610, 2620 are optional Iy nol ded to the patient's hands to aid in

al i AT Nt Ad BRalp Eoﬁﬂ% bhgk }’B?ﬁq' firfier YdscApad. YI’H@M@CI@EQﬁNr@@pm-aS
descri ed supra. "An exa support is further described. The
back suppcfetablys cpnedfter alb;bportdine/@atleot$bgpb|andtﬂ¢ewm peta the pider ofrthet o

wrap onto th d
P patleen%ls tgrsso The %ack support preferably has two semi-rigid portions, a left

L

side and right side. Further, the back support has a top end and a bottom end.
A first distance between the top ends of the left side and right side is preferably
15 adjustable to fit the upper portion of the patient's back. A second distance be-
tween the bottom ends of the left side and right side is preferably independently

adjustable to fit the lower portion of the patient’s back.

An example of the knee support is further described. The knee support prefer-
20 ably has a left knee support and a right knee support that are optionally con-
nected or individually movable. Both the left and right knee supports are pre-
ferably curved to fit standard sized knees. The left knee support is optionally
adjustable along a left knee support axis and the right knee support is optionally
adjustable along a right knee support axis. Alternatively, the left and right knee
25 supports are connected and movable along the knee support axis. Both the left
and right knee supports, like the other patient positioning constraints, are pre-
ferably made of a semi-rigid material, such as a low or high density foam, hav-

ing an optional covering, such as a plastic or leather.
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left

botto ,

right side is preferably adjustable to fit the upper portion of the
patient's back. A second distance be t{en the bottomends of the left side
and right side is preferably independently adjustable to fit the | ower
portion of the patient's back. An exanple of the knee support is further
descri bed. The knee support preferably has a | eft knee support and a right
knee support that are optionally con nected or individually novable. Both
the |eft dJAiatient Breathing-MoniedRds are pre ferably curved to fit standard

si zed knees. The left knee support is optionally adjustable along a |eft
knee suppdrefarably, theipatientrs bieathing ®atteppés mandorsd. | WW?%@? ed{4M3% al ong

a right k Q I r ﬁ'gﬁ ports
are conne {eé‘bﬁgﬁg ﬁé‘/% hi"%ﬁ’h@ mbﬁﬁé"é%ﬁggp%%&]@gﬂm é&ﬂ{b and
ri ght %ne%ﬁwﬂﬂérﬁvhenw lsaibjdtt bpedtbes tagilengs posve asrdmgelabvespoamnns ofar e
preferablymaeof a sem-rigid material, such alowor Lg{?dnsﬂy

f oam hav drggnsuwithin |tbﬂab0d3b\ﬁé40|hn§3 the glomach. Kidnaysc liver. |ches Srent

Br eat hi ng ni P r t |

moni t or ed.S %16“?&5{ %gfgj gﬁ{;g @érYe )t]é(r?l?(Q%Gd‘{gm rttjér)ggﬁ%”ndggona%\;ﬁﬁ? |e(?r?2 of
the body meathn tride%dcHwé)rrﬂ@htbrsEIaVeeneaO@hleedMnaackim@rem mutieatdfdbet he
| ungs nove as do relative

ositions of organs.w thin the himHC s the
st omach, Kpegeydh eraqhebreaiﬁeg@"%m%@n %lg? r?x"ﬂédPttne cf éé Stﬁewg ally,
nost oy, al a f t I itRgent or s
have r{eocogéna}cg’eé}etsanﬁ ﬁﬂﬁﬁo 3§tst Boﬁppgngn@%%o(ﬁﬁgﬁeyﬁﬁtgfr20%%%%%20& gath
various nhodynasithe ;motcmssaren préferekmmlya:laivered)m Hhe ﬁum@crarldr ek tp SWbt i on

Is to be considered in rot on_dos od r ot ons
are pref er’oHnAdmg Yssys ||\38{' ﬂ? ﬁhﬁ? %t&'QHﬁ){ In W 91 MinfSr felfiel
relative to the beam path. To partially overcome this concern, protons are pre-

ferentially delivered at the same point in each of a series of breathing cycles.

15

Initially a rhythmic pattern of breathing of a subject is determined. The cycle is
observed or measured. For example, an X-ray beam operator or proton beam
operator can observe when a subject is breathing or is between breaths and
can time the delivery of the protons to a given period of each breath. Alterna-
20 tively, the subject is told to inhale, exhale, and/or hold their breath and the pro-

tons are delivered during the commanded time period.

Preferably, one or more sensors are used to determine the breathing cycle of
the individual. Two examples of a respiration monitoring system are provided:

25 (1) a thermal monitoring system and (2) a force monitoring system.
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rounding tissue. Mdtion thus results in an anbiguity in where the tunor
resides relative to the beampath. To partiallv overcone this concern,
protc _ eries
of breathing cycles. Initially a rhythnmc pattern of breathing of a subject
is deternmined. The cycle is observed oflmeasured. For exanple, an X-ray
beam operator or proton beam operator can observe when a subject is
breathing or is between breaths and can tine the deIivery of the protons to

a given period of each breath, Alt ti
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br eat h ;mong Ak B byAtheepstitint’s hazeanedldtion ethn OFe aaoid/ stericinteh  of
t he pat| en %b %ﬁh% ofyat he patient is op ti onﬂ;ﬁmﬁ constrgl neld °

descri bed feremca, ot Ilhae tthermall S@’rl%QIt sy stemi @@mpﬁgeagss PEOtRR & erany Qﬁﬁl aced

by the patjent no e _exhal.
t her mal éhgfﬂ“ ﬁérﬁ%tﬁﬁﬁpﬁ% g%‘?éﬁp}%rﬂr aﬂ ernahﬁﬂgﬁ)etgz ht e

moni tori ”goéa\iéﬂqmthé ER] oF Jick, vaets adwwrte*reaeamgg a tumor |mthe tarsataed in
t he head or neck, such as a when treating or linbs. In

t he ther mallmbﬁmlrt’tha thgreak mamitogng jsysiem, rﬁ;?ﬁélt ?rgl‘?'g?%';o!?%ﬁo@ Yseddot o
moni tor 1 he f?-.g‘ 8?%%%%@%%8@&0% Qﬁﬂ/o‘?rlo+é?tﬁﬁ4 irPthe Baﬁ@ﬁ’t PBEdathihgS

br eat hi%ng '99 ermal resistor 2570 is placed by
the pat | entjcfe. PRsferabipfthIfast thempirsistir 25 Caksipiacachby iy patients nose ont o

i cat ?Lé&%@”&kaﬁé%ﬁé& exaing, Tioda Bk 198 AalS A Nt 3ot TesBlia os
as an envigopneatal (¢ STREl el FEISIBF 2570 indicating an exhale. Preferably, a
second thermal resistor 2560 operates as an environmental temperature sen-
15 sor. The second thermal resistor 2560 is preferably placed out of the exhala-
tion path of the patient but in the same local room environment as the first
thermal resistor 2570. Generated signal, such as current from the thermal re-
sistors 2570, 2560, is preferably converted to voltage and communicated with
the main controller 110 or a sub-controller of the main controller. Preferably,
20 the second thermal resistor 2560 is used to adjust for the environmental tem-
perature fluctuation that is part of a signal of the first thermal resistor 2570,
such as by calculating a difference between the values of the thermal resistors

2570, 2560 to yield a more accurate reading of the patient’s breathing cycle.

25  Referring again to Figure 23, a second example of a monitoring system is pro-
vided. In an example of a force breath monitoring system, a sensor is placed
by the torso. For instance, the force meter is replaceably attached to the pa-

tient’s chest. To avoid steric interference of the force sensor system compo-
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The second thermal resistor 2560 is preferably placed out of the exhal a

tion pnfh nf the natiant hit in the canmer | nral ranm anvi rnnmant ac t he
first

thermal re sistors 2570, 2560, is pref erably converted to vol tage and
comuni cated with the main controller 220 or a sub-controller of the main
controller. Preferably, the second thermal resistor 2560 is used to adjust
for the environnental tem perature fluctuation that is part of a signal of

the first thermal resistor 2570, ,.such _as, by cal cul ati . | nce

bet ween t MeNEWR prefont @rQWeZ%Tor?%Bfﬁﬁﬁﬁowgof@% %&%ﬂﬂ%pgéféfagﬂ nor e
accurate reading of the patient's breathing cycle. Referring again to

Fi gure 23usedvdemtieatingipitemer locatedhin thei hgpds oc rﬁ'ﬁémg?-oh/ﬂlfe&rc?n an
exanpl e of a force breath monitoring system a sensor is placed by the
torso. Formbnitdrimacsystérheabeitar siepe235Gisrpptad aeduind an asshetithedda-he pa
tient's chest. To avoid steric interference of the force sensor system

conponent gigfpé Eor@b%&l%iﬂﬁ?{d%@hd Ebvitrdors aethhsaht reatmeycle iofithespatient i s
preferably used when treating a tunor |ocated in the head, neck, or |inbs.

In the for@%pgaphée i BretdaR it Rl R pahERR ARER and ibiagierb anound an

area of th rent"s " torso t expands and contracts with each breath

cycle of the patje The bel t ' fer ' : [ '
chest_and fpgcermskerﬁzf.z R qe0E 1ot b3y B8 EreBetne bRtEnRIRLarFoRE | Nt
senses e patients breathin at _tern. .Th rces l.ied to t

net er 2354edvr Foe é@reewapﬁh%?c? B’tﬁsfoé?e mfé%fééf ﬁ?ﬁﬁla@&'%‘.peﬂ?(gssqr}gn%?;cf rom
the force nmeter 2352 are preferably commu nicated with the main controller
110 or a shrbathimg cydleeiThef sigals figin theyfaree meter 2362 gre RI¢TEFARNHAPFHIU1 n one
enbodi ment, a patient is positioned and once the rhythmc pattern of the
subj ect’ s RegREMWIROtH maisporitedliepr 10yarl esils-cdetrelleri afdbie naaipiopniolles
optionally deli vered to the patient, such as via the display nonitor 2290,

to nore precisely
10

Respiration Control

In one embodiment, a patient is positioned and once the rhythmic pattern of the
subject’s breathing or respiration cycle is determined, a signal is optionally deli-
vered to the patient, such as via the display monitor 2290, to more precisely

15 control the breathing frequency. For example, the display screen 2290 is
placed in front of the patient and a message or signal is transmitted to the dis-
play screen 2290 directing the subject when to hold their breath and when to
breathe. Typically, a respiration control module uses input from one or more of
the breathing sensors. For example, the input is used to determine when the

20 next breath exhale is to complete. At the bottom of the breath, the control
module displays a hold breath signal to the subject, such as on a monitor, via
an oral signal, digitized and automatically generated voice command, or via a
visual control signal. Preferably, a display monitor 2290 is positioned in front of

the subject and the display monitor displays breathing commands to the sub-
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and when to breathe. Typically, a respiration control nodul e uses input
fromone or nore of the breathing sens83s. For exanple, the input is used
to determ ne when the next breath exhale is to conplete. At the bottom of
the breath, the control nodul e displays a hold breath signal to the

subj ect, such_as on a nonitor, via an oral signal . diqiti

aut omat i cdedty Tyeirallic be suhied ig girRele ,tom|@ﬁ§9€bﬁa§mg‘% %%ﬁ?’?é??ﬂgﬁ’é’ﬁm .
Preferably, a display nonitor 2290 is positioned in front of the s Rj ect
and the ditimme,asuchtas aboutdispl 2y SHiosd0rmasgndsmidiedrenas 9{1'«5“@&%? 5&‘%3%{
Typically, the subject is directed to hold their breath for a short period
of time, SyaBIEE prERIADIF4ynihrodizedl tothe deliterydiroe ofithe prasopdeaputaine: i ne
the breath is held is preferably synchronized to the delivery tine of the

proton beafhie WhRhi&EBbut ¥hich be3akesids/zWHilke delivery 8f thecmmotins athi | e
delivery oph{oh’e protons at thé bottom of the breath |rys preferred, protons

are optionally.deliver ' ' I ' v
) jga?ﬁa%ﬁpﬁbaﬁ ﬁ?ﬁf‘fgiﬂ @B%hfsf%&" S et et s
d to inhal e dee an 0 t heir e t ] '
ol o1 s P BRe bySaBinaYe senge dhen fiRhein’ RIREPABaBRr (2,
S Iarge_st anpl for some tunors the distance between the tu tr and
sur r oundi rigethreatheon whemiiepatientds dtfﬁﬁteQJPr'Bhﬁﬂ%pN §§%b°'zg heg%??@d as a
result of the increased volunme. Hence, protons hitting surrounding tissue
i s mini m ziggtheQpeatiiag cpntrohmodiiepis optispalieperfeimed arat g feR of ken t hey

are about to be asked to h_old t_heir breath, such as with a 3, 2, 1, second
count dOWnb:%%%ﬁ fiidd chwt cévi%%clbrgrést andrfer sémeltanors khe disfarmecbetiveen the be

asked to per torm Proton Beam Therapy Synchronization with Respiration
10 tumor and surrounding tissue is maximized or the surrounding tissue is rarefied
as a result of the increased volume. Hence, protons hitting surrounding tissue
is minimized. Optionally, the display screen tells the subject when they are
about to be asked to hold their breath, such as with a 3, 2, 1, second count-

down so that the subject is aware of the task they are about to be asked to per-

15 form.

Proton Beam Therapy Synchronization with Respiration

In one embodiment, charged particle therapy and preferably multi-field proton
20 therapy is coordinated and synchronized with patient respiration via use of the
respiration feedback sensors, described supra, used to monitor and/or control
patient respiration. Preferably, the charged particle therapy is performed on a
patient in a partially immobilized and repositionable position and the proton de-
livery to the tumor 1620 is timed to patient respiration via control of charged
25 particle beam injection, acceleration, extraction, and/or targeting methods and

apparatus. The synchronization enhances proton delivery accuracy by remov-
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and/or control patient respiration. Preferably, the charged particle
therapy is perforned on a patient in adbartially inmobilized and
repositionable position and the proton de livery to the tumor 1620 is tined
to patient respiration via control of charged particle beami njection,

st ent n via |
Synahr oni 400 PeRheN RERBEH Y, AUPdR (B FPaBYS R PO BB HE U A ing

anbiguity . ?b‘i’é"ah dee movenent of body constituents during a
pati ent brag%‘%ﬁnng cycr@a}m ‘a second enbodi nent, an X-ray systemis used to

provide X-ray images of a patient in the sanme orientation as viewed by a
proton therapy beam and both the X-ray system and the proton therapy beam

are synchroni zed wth patient ' i.on. . Pref _ :
Systemi s lossepecncompifieetahotRl R flls Isfe bRiolus Xiaf agécot &<
synchrgtr ﬂﬁtieﬁf‘% thesain®r epéntadoneishvigwedhyaapsrotort trerapy fieam dedeiot- r ay

timed with patient breathing where the X-ray is collected i i at el rior
to and/ or tbentgay systemn \anﬂht%gamqttm dhejapin haasp [5¢ W"‘PEH?%%‘? H"“?‘op rg

targeted and .caontrol]l | ixer r ' : i i hti

e o0 RPN Rl i GiraF R kB P el wani | on
cancer ous rdg#ive Woh bedinssudR! spnctabtrdamage /tov targetiogmdetipdhard appata-ssue
in a patient using the proton beam position verificat itﬁ%?{ijt'Gm A ,pr,ot on

del i very duate groidean Xay timegwith patieptiealiing Whete; adflsmgeﬁgs t ons

to the tunpr within Y ' ﬁgg- 1 i of a
br eat hl,0 a%ﬂ%&'%{c%thf Bﬁno'gt‘o %W?E%?ﬁ&rﬁ%n& orl%mﬁéﬁ@%geéﬁgrg?yia‘graﬁﬁ 'é’.hﬁg their
H‘ eaL h. tTrF]@nsmlr@ttatrg@klsd Iamgrcl;ommdodeliabgoof ehergysretatiiectond| patient @gsiiond wi t h
e breathing contral pno .. Th ' [
Knows resglting in efficient,upreecise, uasrid/érhgc tﬂr(a)\]té) r'c]re% rlnle\rllfe of acggﬁcf %langér%?lrs' thm
tumor with minimization of damage to surrounding healthy tissue in a patient

using the proton beam position verification system.
15

A proton delivery control algorithm is used to synchronize delivery of the pro-
tons to the tumor within a given period of each breath, such as at the top' of a
breath, at the bottom of a breath, and/or when the subject is holding their
breath. The proton delivery control algorithm is preferably integrated with the
20 breathing control module. Thus, the proton delivery control algorithm knows
when the subject is breathing, where in the respiration cycle the subject is,
and/or when the subject is holding their breath. The proton delivery control al-
gorithm controls when protons are injected and/or inflected into the synchrotron,
when an RF signal is applied to induce an oscillation, as described supra, and
25 when a DC voltage is applied to extract protons from the synchrotron, as de-
scribed supra. Typically, the proton delivery control algorithm initiates proton
inflection and subsequent RF induced oscillation before the subject is directed
to hold their breath or before the identified period of the breathing cycle se-
lected for a proton delivery time. In this manner, the proton delivery control al-

30 gorithm delivers protons at a selected period of the breathing cycle. The pro-
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contr ol riynto
the SYIIUIII oL orn, wiern dil e st gridl 1S dpprrea Lo 1nauce darn osciiildatl Orl as
descri bed supra, and when a DC vol tage®s applied to extract protons f}om
the synchrotron, as de scribed supra. Typically, the proton delivery
control algorithminitiates proton inflection and subsequent RF i nduced

oscillatiogn before th ubj e is dir I '

he. 1 dant ion diley cRitesE ANATOLR, dHRELY Sel .80 A FIGSlopl SRl hes or €
delivery t,a%redthirg éytldBRBREctetfealhrigoycke bf e sulsiect.r ol al gorithm
delivers protons at” a selected period of the breathing cycle. The proton

delivery control algorithmis optionally set to an AC RF signal that
mat ches the breathing cycle or directed breathing cycle of the subject. The

above descy, bed charge ril | Iy
conbi nati o 4 BY%%GEET_?%‘??‘?&E‘JI’@@ é%%é%\%legédlSngﬁﬁeﬁ%%ﬁgm?ﬁﬁgllgcgw&m
treat nentpiRhtishs HAEMTIpErehiitatiors irCdepetopmgCand rivipleenting enturfehir€at-i oni ng

One or nore of the patient positioning unit conmponents and/or one of

of the paﬂhéntP@Os¢@$Qﬂhqqy”88nstraints are prepgrably under conput er ore
control. For exanple, the conputer records or controls the position of the
patient positioning elenments 2215, such as via recording a series of notor
positions connected to drives that nove the patient positioning el enents
2215. For @ympnter,Cariteolleat PatigntiRepositianind y posi tioned and constrained by
the patient positioning constraints 2215. The position of each of the

pat i enfo POdhEIMhBEE 6PRTRS patidttspositidring umitccampomsents dartdfort ore wfinnore of
controller 110, by a sub-controller of the in controller 110

separ at e _civeppatient qasitioning constraipts Armpreigradis up r&PE‘Hﬁg%rdc?@réitr)cg%reat he
tumor 1620,/ 05 4RALLSBLtetFa80re! drtdnii®IPie! s¥itidrt of the! petiett posibhig

elements 2215, such as via recording a series of motor positions connected to

drives that move the patient positioning elements 2215. For example, the pa-
15 tient is initially positioned and constrained by the patient positioning constraints
2215. The position of each of the patient positioning constraints is recorded
and saved by the main controller 110, by a sub-controller of the main controller
110, or by a separate computer controller. Then, imaging systems are used to
locate the tumor 1620 in the patient 1630 while the patient is in the controlled
20 position of final treatment. Preferably, when the patient is in the controlled posi-
tion, multi-field imaging is performed, as described herein. The imaging system
170 includes one or more of: MRI’s, X-rays, CT's, proton beam tomography, -
and the like. Time optionally passes at this point while images from the imaging
system 170 are analyzed and a proton therapy treatment plan is devised. The
25  patient optionally exits the constraint system during this time period, which may
be minutes, hours, or days. Upon, and preferably after, return of the patient
and initial patient placement into the patient positioning unit, the computer re-
turns the patient positioning constraints to the recorded positions. This system
allows for rapid repositioning of the patient to the position used during imaging

30 and development of the multi-field charged particle irradiation treatment plan,
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control’ S RO . : : , , A
her ei n.

CT's, proton beam tonography, and the |i1ke. Tine optionally passes at this
point while inmages fromthe imagi ng sygbem 170 are anal yzed and a proton
therapy treatment plan is devised. The patient optionally exits the
constraint systemduring this tine period, which nmay be m nutes, hours, or

days. Upon, .and preferabl fter, return of the t r 101 td.alswRat i ent
pl acenent Whigt ”t“_ﬁlé“'ﬁﬁ?is@ P HBY pf Bﬂﬁ?{é Rf?ﬁ"ﬂ?""i‘%ﬁ?‘dﬁ%ﬁ’%‘%%‘%?“ﬁg tpﬁe
patient pQiatdd pafickOPEarmaystem MOO0LE UseaFoF Eftbapamddtinens. This system
allows for rapid repositioni'ng of the patient to the position used during

i magi ng and devel opment of the nulti-field charged particle irradiation
treatment plan, which mnimzes setup tinme of patient positioning and

maxi nm zes F&i me .t hat F; r"%crilm al M %ﬁq&%@gﬁaﬁst em 100 is used for cancer
treat ment. It —Post tronr g and rmobi lization I n one

o ant o e oot ; .
of the Spatlhepe SgsdBsnt 488 o hafcreaediennd B FRy A 8 ana” "
| robi | 1 ZeggichUSfthaSpatidnt 16120 dBYLRIth @imbAtBR0ts répraglisiblyppositicneédaatli on

P Segi
posi ti onl_n8 system 1610 and/or with the patient positioning constrajnts
2215. For immolilized, sushoas with the motadzed ipglianbiansiaian mands {aiater Poshich as

(1) the semvertical Ial i b ' : wtrki gl
(1) £he SSmRS S8 HB1b Ay b LIRSl IS 2Bt Bhssivar g,
is used i neyzpRieNahé onthe hbovddes@ibednbositiaring systemsasucha@satl) tre sgrai-em
1610 to position the tunmor 1620 of the_patient 1630 relative tq.the proton
beam p#x h \EBCalFliraﬂlélrlHUT‘?P"'Hf@"bé!ﬁ'@Fbﬁg%dzi) the sithng partal | Qr?éllt’ﬁag@ﬁt rol s

position of r rel.ative.: r . . . .
N e e s U
tunor 1620theepaticnt dradnsidtion androtatibeasystean H 6A@Btcaposition like famor 1620 of

the patient 1630 relative to the proton beam path 268. Preferably, the position

and immobilization system controls position of the tumor 1620 relative to the
15 proton beam path 268, immobilizes position of the tumor 1620, and facilitates
repositioning the tumor 1620 relative to the proton beam path 268 after the pa-
tient 1630 has moved away from the proton beam path 268, such as during de-

velopment of an irradiation treatment plan.

20 Preferably, the tumor 1620 of the patient 1630 is positioned in terms of 3-D lo-
cation and in terms‘of orientation attitude. Herein, 3-D location is defined in
terms of the x-, y-, and z-axes and orientation attitude is the state of pitch, yaw,
and roll. Roll is rotation of a plane about the z-axis, pitch is rotation of a plane
about the x-axis, and yaw is the rotation of a plane about the y-axis. Tiltis used

25  to describe both roll and pitch. Preferably, the positioning and immobilization
system controls the tumor 1620 location relative to the proton beam path 268 in
terms of at least three of and preferably in terms of four, five, or six of. pitch,

yaw, roll, x-axis location, y-axis location, and z-axis location.
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tIFnt 1630 has noved away fron1the proton bean1path 268 such as during de
velopr = ° toon

t he pi

orienla.. oo ci vt v ceer ven o e Do e e y

y-, and z-axes and orientation attituddis the state of pltch yaM/ “and
roll. Roll is rotation of a plane about the z-axis, pitch is rotation of a

pl ane about the x-axis, and yaw is the rotation of a plane about the
y-axis. Tilt is used to describe both roll and pitch. Preferably, the
posi ti oni &@ind i nobi | i zation system controls the tumpr 1620 |ocation

relative to the proton beam path 268 t
pr ef er abl yhenpatiantspasitianing a"ﬂl |Vgno@}|££t|o)pe§¥nsste% KS?H”h%g\Sg%s}:ﬁli’?g ugngigs

| ocat i on, r?é af Ho Sitl 1@9“9 A For i 'aPE?éu 8 pEYifibhing End #hirMilizing a

posi tioni FSat |on syste rt er described using a chair
posi ti oni ngmex analstoulder |$Ues¢|1ned asing sbaivfposiioning nUsingzhe semm@rlllqail ng a

Sem - vér t TemoniAReN TPl g halmes S oRaSiEY R, dRpBTpyeat
posit1 oned, BabRPINE kiea'suby BROZZsoZ%%Q/orIfaeﬁs@pmm?QZa@fuaméf posmont

support 2 er p |t|on t he shoul der, notor in the back support
2230 pus hetlaea;gautm a hmtoonrsme)bacmeum@rt 2380 m&beﬁuwstéhﬂmt@rﬁﬁwrthezzso

nmotors align b

directi onlpg?élﬁﬂﬁsf‘%fjﬂl@"@rﬁ X %H% m%ﬁ(wst%gﬂ théra\%/rhl ' rcﬁ}f‘aét%ﬁﬂgft\lpgm i s
posi ti Oneqylt‘éhfmst%ﬁ%?m%é arréﬁadmagamﬁuné@lbm of the patiertrarsd the WIUStlaft s
novenment o e arm

whi ch hel ps to position the shoul der ally, the
head swppahe patiepbis positieded dising arrgcondsforge: in AoRLRIAL dtS?Ctﬂc‘ﬁb g’ﬁ er by

applying t to th
2255 cont roNos SBPYSTBRAG P! TR T E Bl 0 MBS Ind eRGUNER, DhLERS ’Z%é?' e
E)]t" e dlofmtné'r%ﬁj Sishort &f gbgllﬂbvxeaQotfunherpmymctonooémerme of tinoshasl2er by t er ns

applying tension to the neck. Combined, the patient positioning constraints
2215 control position of the tumor 1620 of the patient 1630 in at least three di-
15 mensions and preferably control position of the tumor 1620 in terms of all of
yaw, roll, and pitch movement as well as in terms of x-, y-, and z-axis position.
For instance, the patient positioning constraints position the tumor 1620 and
restricts movement of the tumor, such as by preventing patient slumping. Op-
tionally, sensors in one or more of the patient positioning constraints 2215
20 record an applied force. In one case, the seat support senses weight and ap-
plies a force to support a fraction of the patient's weight, such as about 50, 60,
70, or 80 percent of the patient's weight. In a second case, a force applied to

the neck, arm, and/or leg is recorded.

25  Generally, the patient positioning and immobilization system removes move-
ment degrees of freedom from the patient 1630 to accurately and precisely po-
sition and control the position of the tumor 1620 relative to the X-ray beam
path, proton beam path 268, and/or an imaging beam path. Further, once the
degrees of freedom are removed, the motor positions for each of the patient

30 positioning constraints are recorded and communicated digitally to the main
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yaw, roll, and pitch novement as well as in ternms of x-, y-, and z-axis

positinn Enr i netanre the natieant nncitinni nn rAnetrainte nncitinn the

t unor

patient siunping. (p tionally, Sensors In one or nore Of the patlent

posi tioning constraints 2215 record anm9pplied force. In one case, the seat
support senses weight and ap plies a force to support a fraction of the
patient's weight, such as about 50, 60, 70, or 80 percent of the patient's

i ght. | L af lied to.th , i
Fecor ded. coatnel 130 tecs e BabepbBRveS o BRIl s MAEpurtD,
removes ‘e%evﬁsﬁtthgﬁﬂééi%ﬁoﬁftrédt%ﬁt) Wdr Ryéferared,ithetpatiep® 1680anast beel y

and precis po sition and control the position of the tunor_1620 rel ative
to the X-racgutately repositiopedthefolecthe iradiatiomsplagris/idplementedyi hg aseam-pat h.

Furt her, X he d d . e 1 |t f
cach o 't USAetie BRBRR: Dot 5TE SRTBRAIF,h N8 Sttty BBVl Bach ashe | O}
di gi talsly dairt BadMNen®Ril cohirelierldéhdsOmeenidier pesitientsignale anklr optiariaty

i mobi |'i zati on system such as when the irradi atjon treat n{t gl.En 1S
gener at ed,the rappiiedi fances, back ntgsmotrrsaeeniraling wach ffsthe BHQ%‘ hRPYHRNPHe

i rradi ation an.i Sal 0 -k | i ' O sit
genor al | y SoRet At 221 BrAT BRLES pBEERPARcHing epRsrdints 213 B anloi0 sits
control | ermagesly Fisverdibackptesithéipnrespgotives reodrdegl iposiions. t Hdergsn| feed
forces back to notors controlling each of {{g}e ati ent si,tionin

constrai pt@sﬂm&ﬁﬂdéédﬁ‘r@ﬁbwﬁ@gmﬁ Pé’H‘Fntp. q E@ﬁ%@%ﬁ‘?&%ﬁ'ﬁt%g@ﬁg are
auto nmpt| nghihﬁ &H‘r?&gfif.% i ﬁﬂle}:l%&ns'é}f‘dt in"8SP RN MSouterP3dedopes 20 s8Eondence, re

positionin I Mo e patient 1630 i's acconplished froma
time of sitting to fully controlled position in |ess than about 10, 30, 60,
or 120 seconds. Using the conputer controlled and aut omated pati ent

posi tioni naﬁigésﬁggf@ﬁgﬁtﬁ%@inﬁﬁheé and éﬂ%sni\étieangﬁieinq 6&5%091%& S8R %nand

i mobi |i za&
patient is re-positioned in the positioning and immobilization system using the
recalled patient positioning constraint 2215 motor positions; the patient 1630 is
15 translated and rotated using the patient translation and rotation system 1620
relative to the proton beam 268; and the proton beam 268 is scanned to its
momentary beam position 269 by the main controller 110, which follows the

generated irradiation treatment plan.

20  Although the invention has been described herein with reference to certain pre-
ferred embodiments, one skilled in the art will readily appreciate that other ap-
plications may be substituted for those set forth herein without departing from

the spirit and scope of the present invention.
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&gggl!ed patient positioning constraint 2215 notor positions; the patient

|

system

scanned to its momentary beam position 269 by the mai n controller 110,
which follows the generated irradi ati of%treatment plan. Al though the

i nvention has been described herein with reference to certain pre ferred
enbodi ments, one skilled in the art will readily appreciate that other ap
plications may be substituted for th M t forth herein wi thout departing
fromthe spirit and scope of the preéggL—Snvention.CLAINB 1. Aparticle
beam irradi ati on apparatus for charged particle cancer therapy of a tunor

of a patient, conprising: a synchrotron accelerating a.charged particle

beam at_relspi _ra&pall’tb@h_s%m iyadiation; anpasatus Jpr caanass R3TYRle canhcer therapy

respiration sig nal. _nonitaor] hreathing cycle of the patient; a

roz aE abl ﬁ?&aatéiﬁlﬂf[)ﬂfﬁo?%feﬁ‘g' %Cﬂﬁpg%llﬁé'ent, wherein said rotatable platform

fof at es . : : L

ber oddof ¢ he_ FRPEINOtGR SRR ARIRGCR COMORF B Ie Rea s ard T espi ration

signal to deliver said charged particle beamto the tumpr at a set point in

Z?I d .b(rjea'%n ng.al{:h%:ﬁpér,at'%ege}égﬁﬁr §8NEraling; & KSPIHion ;ignAn SAIFSRL ﬁ?'?:ﬁ “beam
said s ' curs in greater than five

\rhﬁt ation ppaz'?'?‘? onéméfés?alé Pgibgtmaerl}ﬁetﬁ%l(aaaﬁ?gfr’;m 2. The apparatus of Caim 1,
erein said respiration | force neter replaceabl

attached to thé [§% 'i"g’!ﬁ p?%@ﬁggiql&ggn%ggg%@ar atus of Claimi1, Wnergi n said

respiration senso ' :
P ' Cver@rrellnsgzsald rotatable platform rotates through about three hun-

—

10 dred sixty degrees during an irradiation period of the patient,

wherein said synchrotron uses said respiration signal to deliver said

charged particle beam to the tumor at a set point in said breathing cycle,

wherein said delivery of said charged particle beam at said set point of

said breathing cycle occurs in greater than five rotation positions of said rotata-

15  ble platform.

2. The apparatus of Claim 1, wherein said respiration sensor comprises a

force meter replaceably attached to the patient's chest.
20 3. The apparatus of Claim 1, wherein said respiration sensor comprises:
a first thermal resistor positioned proximate the patient’s nose;

a second thermal resistor positioned both out of an exhalation path of

the patient and in the same local room environment as said rotatable platform,

wherein said respiration signal is generated using differences between

25 readings from said first thermal resistor and said second thermal resistor.

4. The apparatus of Claim 1, further comprising:
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a first thermal resistor positioned proximte the patient's nose; a second
thermal resistor nositioned both ot of an exhal ati on nath of the natjent
and in - erein
said respiration signal is generated using differences bet ween reédings
fromsaid first thermal resistor and s#0d second thermal resistor. 4. The
apparatus of Caim1l, further conprising:a display screen connected to an
upper portion of said rotatable plat form said display screen displaying

breath control conmands to th ient. 5. Th . i

wherein said r@piSP@Y 5ﬁe§pgﬁ§nr{3q%iéf2g@q H%%ﬁ@?’ﬁf‘ﬁg* g%fcgﬁ%%ay%]pi%tht rol
commandsqpg, Ut 6idIARLdeBh UNplafiRg bidth T Bgmmiad totheapatiential
countdown on ’'said display screen to when the pa tient's breath is to be

held. 6. The apparatus of Caim1, wherein said delivery of said charged
particle beamat said set point of said breathing cycle occurs in greater

than twenty ro_tation Sit} 0 L. td: ; hihd N
cnor gy of Sai d Uiepaeerans bl EnEs Ao SR ArtgaRbrlq Al SRBhh e Pl Ohr
the tuRor .nefating'SariPBRYAN Wontbl Coaintarkds whenehereirisdiddbiaatieropntrol saind
charged particle beam delivers none of said ingress ener % to tgﬁﬂpati ent's

spi nal cortands epEpriee an@%;ﬁ&%@%fon@%ﬂénﬁ" P'aﬁ/uﬁrﬁﬁﬁnq oMen 5ie P35,
i njection tg@%g&é@*g&é buHLgr otons into sai d synchrotron, wherein said

injection ( Se€s any of: a negative ion source generating
negative ions; an ion beam focusing system focusing said negative ions
al ong a nega tive ion beam path inside a vacuum tube; a tandem accel erator;

and a partial vacuum t
P The appaspé%use g} Claim 1, wherein said delivery of said charged particle

10 beam at said set point of said breathing cycle occurs in greater than twenty ro--
tation positions of said rotatable platform, wherein ingress energy of said

charged particle beam is circumferentially distributed about the tumor.

7. The apparatus of Claim 6, wherein said delivery of said charged particle

15 beam delivers none of said ingress energy to the patient’s spinal cord or eye.

8. The apparatus of Claim 1, further comprising an injection system inject-
ing protons into said synchrotron, wherein said injection system comprises any

of:
20 a negative ion source generating negative ions;

an ion beam focusing system focusing said negative ions along a nega-

tive ion beam path inside a vacuum tube;
a tandem accelerator; and
a partial vacuum system.

25

9. The apparatus of Claim 8, wherein said negative ion source comprises:

a high temperature plasma chamber;
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9. The apparatus of Claim8, wherein said negative ion source conprises: a
hi gh tem , 0 . arirE LY

t enper at

magnetic field barrier between said high tenperature plasma chanber and a
| ow tenperature plasma region. 10. ThelMpparatus of daim8, wherein said

I on beam focusing systemcomoprises: a first electrode circunferentially
surroundi ng said negative ion beam path; and a second el ectrode partially

obstructing said negative ion peam.path,wt i h in
electric field3d iMmRENgYH %@Fﬂé@ﬂ”'@’?asad%%ﬁgt F%@B%iﬁ*eaﬁﬁaﬁ?ﬂ%@%ﬁ

el ectrode, ' ' bfalf ek &) fradretis Sigidibarnegbétweeni said al ong
sai d nega %%grf%ﬁdgggﬁﬁﬁafﬁdt?%l QI'hgi[aap ar atg;s of Claim8, wherein said

t andem acdugteterhperatunerplasme chambearand aiow tempefaiuieRiasMAdegiiN- beam pat h,
wherein said negative ions that transmt through said carbon foil convert
to protons along a proton beam path, wherein said carbon foil nechanically
couples to walls circunferentially surrounding said negative ion beamto
yield g vamlumfiy apparades vEChim 8e@heiene sainhiobdzeamifdeusifig sysentaotion f oi |
and a proton beam side of said carbon foil. 12. The apparatus of Caim 11,
wherein sdir$efarti al vacuum system com prises: a turbo nol ecul ar punp

punpi ng air out of said vacuumtube into a hold ing volune;, a pressure
sensor sensi ng a fissteglegtrade ncirvnaferentially SWEUNAING saihmegative iPpRgaMng

sai d pressure f‘gaqﬁjasr?éd pressure sensor, wherein

a second electrode partially obstructing said negative ion beam path with

10 a conductive mesh,

wherein electric field lines run between said conductive mesh and said

first electrode,

wherein said electric field lines focus said negative ions along said nega-

tive ion beam path.
15

11.  The apparatus of Claim 8, wherein said tandem accelerator comprises a
carbon foil in said negative ion beam path, wherein said negative ions that
transmit through said carbon foil convert to protons along a proton beam path,
wherein said carbon foil mechanically couples to walls circumferentially sur-
20 rounding said negative ion beam to yield a vacuum barrier between a negative

ion beam side of said carbon foil and a proton beam side of said carbon foil.

12. The apparatus of Claim 11, wherein said partial vacuum system com-

prises:

25 a turbo molecular pump pumping air out of said vacuum tube into a hold-

ing volume;

a pressure sensor sensing a pressure in said holding volume;
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said controller instructs an actuator to open a valve when said pressure

CrCAAAA ~A 4+ he AALAl A AnmA A AAnA AAnmt L rmsrAasAl L AR AR AR L m A mrtmAa s AmAn s A

pre
pun

val ve. 13. The apparatus of Caiml, wHEr ei n said synchrotron conpri ses
four turn ing sections, wherein each of said turning sections turns said
charged particle beam about ninety degrees. 14. The apparatus of Caim 13,

wher ei h of id t ' ti i f ' I

magnet s. 15, TReCaRIEBeebne A ress APl TR s R RREAS ng

magnet s C%béﬁ?oﬂéﬁ@nélﬁ)&é afl RUGABT td\BTﬁé@bWafb\%?hlh@ﬁé‘a@d réssurderossed edges
o he appara

focus sai arged particle beam 16. tus of aim1l, wherein
sai d syncla twesholdoansti ses no quadrupol e magnets about a circul ating path
of said charged particle beamin said synchrotron. 17. The apparatus of
Clai m1, whereiansemi-dostimodusly operatingppurspsemaying presseire feun ¢aid bold-t han

sixty neters and at |east thirty edge focusin urfaces ejn edge

f ocusi Ag <09 1"8@@%6’%‘?@%@'9 ﬁﬁl.échﬂmélaaglyd}pegaﬁ%q R%’é’nﬁ‘?%ﬁ?&@n‘é@%. gThe
appar at us ﬁioﬁvﬁtmaﬁd G4BT BpSAIng FHAERlitahd eRido@s.i ses only four turning
secti ons, erein each turning secCtion conprises at |east four bending

magnet s, and wherein each bendi ng magnet conprises at | east one focusing
edge. 19. The apparatus of Claim1l, wherein said synchrotron conpri ses:

exactly f % t ulrhrl:! Qﬂpér%%é 8f'76iai|%n?, wherein said synchrotron comprises four turn-

ing sections, wherein each of said turning sections turns said charged particle

10  beam about ninety degrees.

14. The apparatus of Claim 13,' wherein each of said four turning sections

comprises four main bending magnets.

15 15. The apparatus of Claim 14, wherein each of said main bending magnets
comprises two beveled edges, wherein each of said two beveled edges focus

said charged particle beam.

16. The apparatus of Claim 1, wherein said synchrotron comprises no qua-
20 drupole magnets about a circulating path of said charged particle beam in said

synchrotron.

17.  The apparatus of Claim 1, wherein said synchrotron comprises a circum-
ference of less than sixty meters and at least thirty edge focusing surfaces,
25  wherein an edge focusing surface comprises a beveled edge of a main bending

magnet.
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no quadrlmnl es ahoit a circul atina nath of <aid charaed narticle heamin

said

t unor , , , - , - -

particle beamw th a synchrotron; nonitoring a breathing cycle with a

respiration sensor, said respiration s¥dsor generating a respiration signal

corresponding to the patient's breathing cycle; rotating a platform hol ding

the patient, wherein said platformrotates through about three hundred
eriod

i xty d dur | i ati of the patient. .using
Ccapt a1 08, <i g SPRABINARY wlpe] QBRI SR Ren R L EaPEase RN e ot

set poi nt tagﬁi,{gﬁge%i&f& IHelYEaéh tdr’ﬂﬁ{rgféébtmi ébrﬁgﬁéwiat felst Y6ur ending d

charged pafti eam at sald set pol of said breathing cycle occurs in
greater t hasgrietsr andivtiérein pash bending ofagset comprisesatdlepshienefacysing The
met hod of C aim 20, wherein said step of nonitoring conprises use of a
force net (ﬁdg@trapped to the patient's chest to generate said respiration
sig nal. 22. The nethod of C aim 20, wherein said step of nonitoring
conpri ses: sensing patient breathing with a first thermal resistor

positioned prox inmate the patient's nose;, sensing roomtenperature using a
second t het9ral Thesapparatysosf Claincd wharaingiaid SYNeOEQRACMRHPSpat h of t he
patient and in the same | ocal roomenvironnent as the platform wherein

sai d respirati axastlgfair tumingsectionsd andi ng di ff erences bet ween
no quadrupoles about a circulating path of said charged particle beam in
said synchrotron.

10

20. A method for charged particle beam irradiation of a tumor of a patient,

comprising the steps of:
accelerating a charged particle beam with a synchrotron;

monitoring a breathing cycle with a respiration sensor, said respiration
15 sensor generating a respiration signal corresponding to the patient’s breathing

cycle;
rotating a platform holding the patient,

wherein said platform rotates through about three hundred sixty

degrees during an irradiation period of the patient,

20 using the respiration signal, delivering said charged particle beam to the

tumor at a set point in the breathing cycle,

wherein said step of delivering said charged particle beam at said
set point of said breathing cycle occurs in greater than four rotation posi-

tions of said rotatable platform.

25
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readings fromsaid first thermal resistor and said second thernmal resistor.

23. The nmpt had nf (1 aim 20 fuurt har enmri ci nn t he ctan nf: di enl avi nn
breath t of
said platform 24. The nmethod of Caim 20, further conprising the step of:
delivering said charged particle beam-#4-said set point of said breathing
cycle in greater than twenty rotation positions of said rotatable platform
where in ingress energy of said charged particle beamis circunferentially

di stributed about the t rv, .25~,~The nethod of ' . b Ld ste
of deliverdlng s@%”@’i‘&?‘ggg Glajm 2@y \@lﬁﬁ'@é%sag %?Q%ﬁhgh%g%qa\ggﬁghlg%%?ggs P
energy to dherpad hidier §tr§;9¢é@io i Patiinteychedbto GBAermé aill mispPhtiomsip,
further conprising steps of: injecting protons Into said synchrotron with

an injectinal system wherein said injection systemconprises a negative ion
source, an ion beam focusing system a tandem accelerator, and a parti al
vacuum system generating negative ions with said negative ion source;
focusi ng said negative ions along a negative ion beampath inside a va cuum

t ube usji ngpsai driOmIRGATof Clalfi 20, wiysremsaidrster of mmmitorigg camprisegat i ve i ons
into protons inside said tandem accelera tor. 27. The nethod of C ai m 26,

further conpri sidhiy ?taﬁQnPBi'eétﬁin%f'iMh NEgRét Herimad rasigtarepogitioned] ipnox-a
magnetic field barrier between a high tenperature plasma chanber and a | ow

t enper at urimahé dserpatientisomosesi ng a nagnetic material |ocated inside said
hi gh tenperature plasma chanber. 28. The nmethod of Caim 27, further
conpri sing the sdringfroom temperature using a second thermal resistor positioned

both out of an exhalation path of the patient and in the same local room envi-

10 ronment as the platform,

wherein said respiration signal is generated using differences between

readings from said first thermal resistor and said second thermal resistor.

23.  The method of Claim 20, further comprising the step of:

15 displaying breath control commands on a display screen mounted on an

upper element of said platform.

24. The method of Claim 20, further comprising the step of:

delivering said charged particle beam at said set point of said breathing
20 cycle in greater than twenty rotation positions of said rotatable platform, where-
in ingress energy of said charged particle beam is circumferentially distributed

about the tumor.

25.  The method of Claim 20, wherein said step of delivering said charged
25  particle beam delivers none of said ingress energy to the patient’s spinal cord

or eye.
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focusing said negative ions along said negative ion beam path using

el ect ri ~ finlA l i nae \mathin ear A i AN haam f Arilicl A ecvict am whAar ai o n A £ rst
el ectr

wherein, a second electrode partially obstructs said negative Ion beam path
with a conductive mesh, wherein said elctric field lines run between said
conductive mesh and said first el ectrode. 29. An apparatus for generating a
negative ion beamfor use with charged particle radiation therapy,
conprising:a negative ion source conprising: .a netic material; and a

hi gh _terrp%ﬁat urldegngthad %%émrzgg%@nﬁ%{rﬁqr%‘?ﬁ'?"%ﬁ c?fssi ng said magnetic
material; wherein said high tenperature plasma chanber. co | ses: a.first

i on gener at i on iRjeeling pertoas irtorfsaid SYBRRIOHONIMIR aR; 'Ql?clt'eﬂpgégﬁr[}r Whefeld

on gen: o _ , el
Cempor ai e TEotiorC RfIBtF eORBeE RGO Bh Soeeran Btk Tacikife o"

wher ei n_apgkiepita Bihdeim actélesdtohiagid a phttEgeapuieesystaross said first i on
generation el ectrode and said second ion generation el ectrode breaks

hydroggn in saigbnarstthd Regai’libhe wilhasdid negatieeion sdwrcepnpo nent parts;
wherein said rra%net I C gtmatt erial yields a magnetic field |l oop runni I?\g th’rough

sai d first 10N (geaehalaannghafld RS albhs SLyARdOMEER ipaif irside aavayi ng

outer wall, throug _ St I on generation el ectrode,
cuum tube using said ion beam focusing system; and

converting said negative ions into protons inside said tandem accelera-

tor.
10
27.  The method of Claim 26, further comprising a step of:

in said negative ion source, providing a magnetic field barrier between a
high temperature plasma chamber and a low temperature plasma region using

a magnetic material located inside said high temperature plasma chamber.

15
28. The method of Claim 27, further comprising the step of:

focusing said negative ions along said negative ion beam path using

electric field lines within said ion beam focusing system,

wherein a first electrode circumferentially surrounds said negative ion

20 beam path; and

wherein, a second electrode partially obstructs said negative ion beam

path with a conductive mesh,

wherein said electric field lines run between said conductive mesh and

said first electrode.

25

29. An apparatus for generating a negative ion beam for use with charged

particle radiation therapy, comprising:
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across a gap, and through said nmagnetic material; wherein said magnetic
field loop yields a nagnetic barrier across said gap b T

t enper al hanber and a | ow tenperature plasm

magneti c pbarrier passing a subset of said conponent pal . _, o ]
energy electrons interact with at oni ¢ -Hfdr ogen to create hydrogen anions in
said |l ow tenperature plasnma region; wherein application of a second high
vol t age pul se across said second ion generation electrode and a third ion

generation electrode ex tracts negative ions fromsaid negative ion source
into a negativeé 'i“%ﬂ?tW§dﬂV§8.”rGﬂ1‘é°'§BB§fP8t us of Caim29, wherein said first

hi gh voltage pul se comprises a Eul_se of at least four kilovolts for a
period of at |east famageptigimatedal @Bdds. 3 1. The apparatus of O ai m 30,

wherein said second high voltage pul se conprises a pul se of at |east twent
kilovolts during a gehighdtempenatiyei plgsiaechasber pykstantialhs epePmRassingai d Y

first high volta -Ihe apparatus of C aim 30, wherein said
sta%gg%ﬁjn%gg ritdteridl’

second hi gh vol compri'ses a pulse of at least twenty kilovolts

during a period overl apping .gt .l .east thr ] S L. TLE hi gh
vol tagé pul se. 33, m@gfﬁﬁbgﬁ'at'lﬂh ?m@%tﬁﬁ%ég,ggﬁjgr&%&m%o%pm?@%%g %lf'?\éégat i ve
ion beam f o CUSHAGEHEFAIIA elRiBHBSAtN first drid 6f shieChighnengleratureqtasma
circunferentially surroundi ng the negative ion beam a second focusi,ag

e

el ectrode conprdhsimbgerc énaeeend domgeneration eleotroggr @ a) segpngl gad; ¢fgs?
negative ion b%anﬁ e .
igh temperature plasma chamber, and a magnetic field carrying outer

wall;

10 wherein application of a first high voltage pulse across said first
ion generation electrode and said second ion generation electrode
breaks hydrogen in said high temperature plasma chamber into compo-

nent parts;

wherein said magnetic material yields a magnetic field loop run-
15 ning through said first ion generation electrode, through said magnetic
field carrying outer wall, through said second ion generation electrode,

across a gap, and through said magnetic material,

wherein said magnetic field loop yields a magnetic barrier across
said gap between said high temperature plasma chamber and a low
20 temperature plasma region, said magnetic barrier passing a subset of

said component parts;

wherein low energy electrons interact with atomic hydrogen to

create hydrogen anions in said low temperature plasma region;

wherein application of a second high voltage pulse across said
25 second ion generation electrode and a third ion generation electrode ex-
tracts negative ions from said negative ion source into a negative ion

beam.
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wherein electric field lines run between said first focusina el ectrode and
said s actrode, wherein the negative i« 3
i on be > vec tors running up said first

lines that 1ocus the negative ion beam 34. The apparatus or U alm 33,
wherein said first focusing el ectrode-tnprises a negative charge, wherein
sai d second focusing el ectrode conprises a positive charge. 35. The
apparatus of C aim 34, wherein said conductive paths conprise any of: a

series of conductive lines rygnin ubstantially in. t he
negative i¥h bgé}ﬁ agPRIAR of :@@"ﬁ%gz V@?%@m ﬁ%dtﬁrgk %é‘@ﬁ’ ?bé% c?ﬁ'llﬁ%éégénm and a
foil cr Os?rﬁﬁsti‘?u&%@’é‘ﬁ b/ RdsP folteiBvoRigifer & Pdricdast agidast éiftean trhicoase-bi ned
areas of at least ninety percent of the cross-sectional area of the

negati ve iaamdseam 36. The apparatus of C aim 35, wherein said conductive
pat hs bl ock | ess than ten percent of the cross-sectional area of the
negative ion beam 37. The apparatus of Caim?29, further conprising: a
synchrotron, conprising: four turning sections, wherein each of said

turni ng sept.i oNEhe Wpparatas dofc CHige B0pavhiéreire shichiseabndithigh neltageepulses;

wherein the negative ion beamis converted jnto.a proton,bea wherein the
pr ot on beaﬁﬂm@?sqfrj adruise ol leastatwapty: I'ﬂl%‘{ql%nc,’um%epﬂng%iod e%ﬂ%'ﬁﬁotﬁ?on

conpri sesdggtmfwéarm&gg @od@%%}eéai@ﬁ%‘l'?@ \'%\6!{ @jlg@g pat h of said charged

particle I'n sard synchrotron. thod for generating a negative
ion beam for use with charged par
32. The apparatus of Claim 30, wherein said second high voltage pulse
10 comprises a pulse of at least twenty kilovolts during a period overlapping at

least three microseconds of said first high voltage pulse.

33. The apparatus of Claim 29, further comprising a negative ion beam fo-
cusing system, comprising:
15 a first focusing electrode circumferentially surrounding the negative ion

beam:;

a second focusing electrode comprising conductive paths at least partial-

ly blocking the negative ion beam;

wherein electric field lines run between said first focusing electrode and

20 said second focusing electrode,

wherein the negative ions in the negative ion beam encounter force vec-

tors running up said first electric field lines that focus the negative ion beam.

34. The apparatus of Claim 33, wherein said first focusing electrode com-
25 prises a negative charge, wherein said second focusing electrode comprises a

positive charge.
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ticle radiation therapy, conprising the steps of: providing a magnetic
mat eri al - nrovidinn a hinh tenperature plasma cha

encom c material, wherein sai

chanber conprises: a 11rst ion generation electro

hi gh tenperature plasma chanber, a secHld ion generation electrode at a
second end of said high tenperature plasma chanber, and a magnetic field
carrying outer wall circunferentially surrounding said high tenperature

pl asma chanber;_applying a fiprst h volta ul,se,.acr i1 d.first ion
gener at i or$9el ea-t’\eagég%[ﬁg-‘ss%{ {:J[aé'@c%‘t\g"’qi‘ed'ﬁ"bﬁﬁgr‘g’tnp&ﬁt' 5 Bgﬁ%o%ghgvée%émg
hydrogen i said high tenperature plasma chanber into conponent parts;
wherein said magnetic material yields a magnetic field | oop running through

said first ion Je0feabk ainglLERd fgs iRy Wuosthflialfan Paraiél sdssaneyi ng

outer wall, through salrd second ion generation ele e, across a gap, and
through saiegatiwgitat beammt eri al ; wherein said magnetic field |oop yields a
magneti c barrier across said gap between said high tenperature plasm

chanber; and a | p¥oRdBEIE Jridr Fopsing ke hegatve iondbehmpgnedt i ¢ barrier passing
a subset of said conponent parts; wherein | ow energy el ectrons interact

with atomic hydy geerdsQiry 87 Re§aieo@RNbasn0Faid Foib Ahdingovoles With abm-e
pl asma regi on; and applyrng a sécond high voltage pul se across said second

i on gener ddinehamascofratdeastminatytpareenti efithg sressaseationagl ataa olibe nagativen saj d
second hi gih gol tage pul se extracts negative ions fromsaid negative ion
source int'8"&SABbati ve i on beam 39. The method of O aim 38, wherein said
first high voltage pul se conprises a pulse of at |east four kilovolts for a
period of at least fifteen m croseconds.

10 36. The apparatus of Claim 35, wherein said conductive paths block less

than ten percent of the cross-sectional area of the negative ion beam.

37. The apparatus of Claim 29, further comprising:
a synchrotron, comprising:

15 four turning sections, wherein each of said turning sections turns

said charged particle beam about ninety degrees;
wherein the negative ion beam is converted into a proton beam;
wherein the proton beam is injected into said synchrotron;

wherein said synchrotron comprises no quadrupole magnet about a cir-

20 culating path of said charged particle beam in said synchrotron.

38. A method for generating a negative ion beam for use with charged par-
ticle radiation therapy, comprising the steps of:
providing a magnetic material,

25 providing a high temperature plasma chamber substantially encompass-
ing said magnetic material, wherein said high temperature plasma chamber

comprises: a first ion generation electrode at a first end of said high tempera-
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40. The nethod of O aim 38, wherein said secon

cormricne a nulen nf ot T egst twenty kilovolts ng
t hi Is of said first high od
of « w oy, wiiurwrn ow d second high voltage pul se com prises a pul se of

at least twenty kilovolts during a perl®d overlapping at |east three

m croseconds of said first high voltage pul se. 42. The nethod of C ai m 38,
further conprising the steps of: providing a first focusing el ectrode

circunferentially surroundi ng the negative_ion _be i gl a nd

f ocusi ng W@cPiaé\H/@, céﬁi eé'e%%w?&°f'8c'8§i%‘d‘eé?fé%f{ Pg%czmggpn%flgs#gndé%go%d‘ﬁ%? i ve
paths at 's%ﬁfﬁigﬁ%ﬁip@'rétﬂ_ré’b%‘s‘ﬁhé‘@hér'%eﬂ%ﬁﬂiahﬁagm@fﬁmcaﬁpmgycbu’(er wall
electric field across said first focusing el ectrode and said second

f ocusi ng elireumferéatialyheursounding seid bighitemperatyes plasmaehA®BRNsai d first fo
cusing el ectrode and said second focusing el ectrode, wherein the negative
i on beam encourdpplyind @ fisst \nigh voliage: puisegacnoss Isai figett ioncggnesation elees t hat

focus the negatiye jon beam 43. The method of Cl aimd4 reln Sakd first
Foousi ig. I pislscbRRrebon-densat ) Blesniads &SRR Lo radf s T agigib

f ocusi ng %ﬁ@b&é(}qﬁ‘e ﬁf&%ﬁ{dﬁ 8i8SmBePPto chbinpenehepass; 44. The nethod of Caim
43, wherein sald conductive paths conprise any of: a series of conductive

| i nes running Wgﬁpgbﬁi |,ﬁaéﬁbtfhah?éﬂaﬁél 2@“&'5% riggrittgatielee Idg r@ﬁﬂﬁ?hg

conductive gri 0ssing the“negative 1on beam and a foil crossing
negati ve ithroughasaid fiestdohagenenatiomglectiods, through said magnetie fielcbecamyingeast

ot hotl of Qe Hela MTgHGR e eeandoR. BT ety Slectirge driss H gdf ahd> T

10  through said magnetic material;

wherein said magnetic field loop yields a magnetic barrier across said
gap between said high temperature plasma chamber and a low temperature

plasma region, said magnetic barrier passing a subset of said component parts;

wherein low energy electrons interact with atomic hydrogen to create hy-

15 drogen anions in said low temperature plasma region; and

applying a second high voltage pulse across said second ion generation
electrode and a third ion generation electrode, wherein said second high vol-
tage pulse extracts negative ions from said negative ion source into a negative

ion beam.
20

39. The method of Claim 38, wherein said first high voltage pulse comprises

a pulse of at least four kilovolts for a period of at least fifteen microseconds.

40. The method of Claim 38, wherein said second high voltage pulse com-
25 prises a pulse of at least twenty kilovolts during a period overlapping the last

five microseconds of said first high voltage pulse.
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ten percent of the cross-sectional area of the negative ion beam 46. The
met 1er conprising the steps of: nrovidina -

syn "he negative ion beaminto a | ;
and injecting the proton beaminto said synchrotron; wicicin saiu
synchrotron conprises four turning sectlbns, wherein each of said turning
sections turns the charged particle beam about ninety degrees; wherein said
synchrotron conprises no quadrupol e nagnet about a circulating path of the

charged pajticle beamin L d. S hr.otron, .A7 r f Si ng
negative iths iM% 3‘{’ i@gé'ﬁm%%%b %ﬂéaseccégggﬁggc@ﬁ%aglag?éegsgg part
of a char ggieRas hufdetof bt ashstttventydRildvefits AERY aperivd evéilapping @t sastg

el ectrode circunferentially surrounding the negative ion beam a second

f ocusi ng dheas migfeseennsts efi said fipstdigh voltageaPwseat | east partial |y bl ocking
t he negative ion beam wherein first electric field lines run between said
first focusing electrode and said second focusing el ectrode, wherein the
negative ions encounter force vectors running up said first electric field
| i nes tshat44 ocUbhd heethed af Claim 88, foether cardprising thesteps ok of C ai m 47,
wherein said first focusing electrode comprises a negative charge, wherein

sai d second f ocypiitlihg| £ Firs0d6cusiEyrélstfode heuhiferentially gsuridundihg the
apparatus of Claim 48, wherein said conductive paths conprise any of: a

seri es of negalietionbderMies running substantially in parallel across the

providing a second focusing electrode, said second focusing electrode

comprising conductive paths at least partially blocking the negative ion beam;

10 applying an electric field across said first focusing electrode and said
second focusing electrode, wherein electric field lines run between said first fo-

cusing electrode and said second focusing electrode,

wherein the negative ion beam encounters force vectors running up the

electric field lines that focus the negative ion beam.
15

43. The method of Claim 42, wherein said first focusing electrode comprises
a negative charge, wherein said second focusing electrode comprises a posi-

tive charge.

20 - 44. The method of Claim 43, wherein said conductive paths comprise any of:

a series of conductive lines running substantially in parallel across the

negative ion beam;
a conductive grid crossing the negative ion beam; and

a foil crossing the negative ion beam, said foil having holes with com-
25 bined areas of at least ninety percent of the cross-sectional area of the negative

ion beam.


smichelle
Rectangle

smichelle
Rectangle

smichelle
Rectangle

smichelle
Rectangle


nega’ - ' ' " ctive grid crossing the negative ion beam and a

foil I on beam said foil having hoalec with com hined
area ercent of the cross-sectior
negaci ve 1 un wecamn ou. e apparatus of Caim49, whe

paths block Iess than ten percent of t-hEl-cr oss-sectional area of the
negative ion beam 5 1. The apparatus of Caim50, further conprising: a
third focusing electrode circunferentially surroundi ng the negative ion

beam wherein said d_fqcusi I d | I |

cai d 11 st4-0coImEEReR ol GamAd: sherpiTA cPOUUEl opefedpeble Haher n
sai d i r Gehdicliirthe eHIRUBARARI hiromne segblive iBeam, wherei n second
electric frel I nes run between said third focusing electrade and said

second focusing el ectrode, wherein the negative ions encounter force
vectors running up said second electric field lines that focus the negative

I on beam . The a r at 0 | Lher. | §¢-Ng: a negative ion
source conpri siﬂ_be. "%?ﬁqgﬂﬁﬁ'%ﬁ&@?ﬁhé‘?c%'ﬁﬁég'ﬂﬁgtﬂg%e ée(?félt-gre pl agma
chanber substantial| enconﬁ% sing said magnetic material; wherein said

hi gh t enper at urR¥oyid SYRYMO¥ O Neonpri ses: a first ion generation el ectrode

at a first end of said high tenperature plasma chanber, '
generation el ecéqnygding the Regaliyg ief degm @5‘?8 MPW%%@%%ﬁggﬁga;ﬁg

chanber, and a magnetic field carrying outer wall;
injecting the proton beam into said synchrotron;

wherein said synchrotron comprises four turning sections, wherein
each of said turning sections turns the charged particle beam about nine-

10 ty degrees;
wherein said synchrotron comprises no quadrupole magnet about

a circulating path of the charged particle beam in said synchrotron.

47. An apparatus for focusing negative ions in a negative ion beam having a

15 cross-sectional area as part of a charged particle irradiation device, comprising:

a first focusing electrode circumferentially surrounding the negative ion

beam;

a second focusing electrode comprising conductive paths at least partial-

ly blocking the negative ion beam;

20 wherein first electric field lines run between said first focusing electrode

and said second focusing electrode,

wherein the negative ions encounter force vectors running up said first

electric field lines that focus the negative ion beam.

25 48. The apparatus of Claim 47, wherein said first focusing electrode com-
prises a negative charge, wherein said second focusing electrode comprises a

positive charge.
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wherein application of a first high voltage pulse across said first ion

gener ' "d second ion generati ot

hydr « ature plasma chanber i1

wher ¢ al yields a magnetic ficiu +vup 1 un 1y

t hr Uy saru 11150 1un yener ation el ectiode, through said magnetic field
carrying outer wall, through said second ion generation electrode, across a

gap, and through said magnetic material; wherein said nagnetic field | oop
yields a magnetic barrier across said gap between said high tenperature
pl asma chanber and a | ow tenperature plasma region, said magnetic barrier

i or act it n s PRSRABERAD 46 SRl Ao i BRI torfipfie AV

t enper at urg- pl asma region; wherein application of a second high voltage
pul se across said second ion generation electrode and a third ion

generat i on el eG} Lafgs & dondtlbfvd'fRES iifningSUBAMAR|iA Paanci dgrossrthgour ce

into the negative | on beam e apparatus of C aimb52, further

conpri si ngieyatiyaddn beaor), wherein the negative ion beamis converted into a
proton beamusing a berylliumcarbon film wherein said carbon film

conpri ses a thigzkosfsctivb gridoerosSifigite A@Gatives foorisearh| akdess; wherein the
proton beamis injected into said synchrotron; wherein said synchrotron

conprises: foury fil BidWBirketHd ABGativéh &Ire beasr daid ffoib dadinguholes gvitecomens
turns the proton beam about ninety degrees; . .
bined areas of at least ninety pércent of the cross-sectional area of the negative

ion beam.

10

50. The apparatus of Claim 49, wherein said conductive paths block less

than ten percent of the cross-sectional area of the negative ion beam.

51. The apparatus of Claim 50, further comprising:

15 a third focusing electrode circumferentially surrounding the negative ion
beam, wherein said second focusing electrode comprises a position between

said first focusing electrode and said third focusing electrode,
wherein said third focusing electrode comprises a negative charge,

wherein second electric field lines run between said third focusing elec-

20 trode and said second focusing electrode,

wherein the negative ions encounter force vectors running up said

second electric field lines that focus the negative ion beam.

52. The apparatus of Claim 47, further comprising:
25 a negative ion source comprising:

a magnetic material, and
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no quadrupol e magnet about a circulating path of the proton beamin said
synchrotron. 54. An apparatus for accelerating charged particles.

conpri si , conprising: exactly four

wherein each of saild turning sec tions turns the cha

about ninety degrees; wherein said synthrotron conprises no quadrupol e
magnet about a circulating path of the charged particle beamin said
synchrotron. 55. The apparatus of C aim 54, wherein each of said four

Qs m 95, wher oi n odbRal tRaBH e PSR HiFmEER SRk Srentdly ShEoARRELALCT .o
edges, wherein S%@d:hqéy‘neflgl,ﬁa@m| bevel ed edges focus the charged particle
beam 57. The apparatus of C aim 54, wherein said synchrotron conprises: a

ci reunference of | eindBifssiiyh ihpemuR abmacamimbey ednipRdae & rstol g

surfaces, wherein an e ocust'ng surface conprises a bevel ed edge of a
mai n bendi ng nngngeneﬁﬂlonTblewpﬂarattalélrsifer(d af saBuhighhteneperatiye plasma

synchrotron co es exactl four tur n nin
sectior conpri L@@ni!?e b EaSEC ‘P q,Hom, JRReEN %%ﬁ&%&? aﬁhamg%oiid;eggcﬂ %%ﬁdi ng
magnet conpri sQﬁ%ﬁttehwétu%l%lés?ﬁal%hambﬁigand@mﬁmmpmaadawmg oGteri m 54,
further conprisinhg: a negative ion source conprising: a magnetic mat eri al ;

and a high tenpmlhiure pl asma chamber substantially enconpassi ng said
magnetic material;
wherein application of a first high voltage pulse across said first

ion generation electrode and said second ion generation electrode
10 breaks hydrogen in said high temperature plasma chamber into compo-

nent parts;

wherein said magnetic material yields a magnetic field loop run-
ning through said first ion generation electrode, through said magnetic
field carrying outer wall, through said second ion generation electrode,

15 across a gap, and through said magnetic material;

wherein said magnetic field loop yields a magnetic barrier across
said gap between said high temperature plasma chamber and a low
temperature plasma region, said magnetic barrier passing a subset of

said component parts;

20 wherein low energy electrons interact with atomic hydrogen to

create hydrogen anions in said low temperature plasma region;

wherein application of a second high voltage pulse across said
second ion generation electrode and a third ion generation electrode ex-
tracts negative ions from said negative ion source into the negative ion

25 beam.

53. The apparatus of Claim 52, further comprising:
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wherein said hiah tenperature plasnma chanber conprises: a first ion
gener ¢

chanbe

tenperature plasnma chanber, and a nmagnetic field carrying outer wall;
wherein application of a first high votll4ge pul se across said first ion
generation el ectrode and said second ion generation el ectrode breaks
hydrogen in said high tenperature plasm chanber into conpo nent parts;

wherei n said magnet. | erial_yiel pagnetic field loop run nin
through said fi $§¥F‘F@fﬁf@hner at ﬁ?eéﬁztB?r%%%?‘VFh'PBUB‘FP’Ea'ﬁa“fFﬁ’&ﬁF?Pi 0 2
carrying ogmn wehm usifgaBBrAiRing cafsE film, Oh&Rie Eaidi Gitbeh g sifprisy 0Ss a
gap, and through said magnetic material; wherein said nagnetic field | oop

yi el ds a nadheknessefrahaft 38200 migrang Hicknasséen said hi gh tenperature
pl asma chanber and a | owt enperature plasma region, said magnetic barrier
passi ng a subsewhefeis thelprdapbeam isppjected inte saidrsyinotvatram; gy el ect rons
interact with atom c hydrogen to create hydrogen anions in said | ow
t enper & ur e pl awhereire gaidsyrnchvdtesrecompppés.cati on of a second hi gh vol t age
pul se across said second ion generation electrode and a third ion
generation el ectrodefox thimey ScOlE®, iwtterePneadh efsar firfidgadedctions @arrsour ce
into the negative ion beam wherein the negative ion beamis converted to
the charged parthetpratonbeamaahout minaly 889168 sai d synchrotron. 60. The
apparatus of Claimb59, further conprising a focusing systemfor the

no quadrupole magnet about a circulating path of the proton

beam in said synchrotron.

10
54.  An apparatus for accelerating charged particles, comprising:
a synchrotron, comprising:
exactly four turning sections, wherein each of said turning sec-
tions turns the charged particle beam about ninety degrees;
15 wherein said synchrotron comprises no quadrupole magnet about

a circulating path of the charged particle beam in said synchrotron.

55. The apparatus of Claim 54, wherein each of said four turning sections
20 comprises four main bending magnets.

56. The apparatus of Claim 55, wherein each of said main bending magnets
comprises two beveled edges, wherein each of said two beveled edges focus

the charged particle beam.
25

57. The apparatus of Claim 54, wherein said synchrotron comprises:

a circumference of less than sixty meters; and
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negat ive ion heam comrisinn: a first focusinn electrode circiunferenti gl l y
surri si ng
cond . . . - - ,
wherein electric field lines run between said first focusing el ectrode and
sai d second focusing el ectrode, 0 wherél, the negative ions encounter force
vectors running up said elec tric field lines that focus the negative ion
beam 6 1. The apparatus of Caimb54, further conprising a negative ion

beam fo cusing system .conprising: 5 a_first focusin I

ci rcunferenti aIﬂtﬂfegﬂ%ﬁﬁhgggﬁ?‘?ﬂ%'%aﬂ@%'iwrgg‘aﬂ? %ﬁgﬁ@%ﬁ%ﬂ@g fa “Rg

el ectrode ideyl A BevoRaUIde st DA bahdinganagmet tial |y blocking the
negative ion beamwherein first electric freld lines run between said first

focusing el ectrode and said second focusing el ectrode, wherein the negative
I ons encounter force vectors running up the electric field lines that focus

the negati i rei n L: i | | ak,0 a
prot on-bectusi M SPBRrliF ol el 34N RpRei S RyREElich CAtBrach

C(r)]rfpfl 3568 f@?!’r h?ﬂ#ﬁbg?%écﬁbnabwferéﬁhé@crﬂﬂmmﬂg:rsmﬁon hcarkpesas athleast fourai d
charged particle beam conprises the proton.beam wherein.the oton beamis
i nj ect ed ibﬁ&dl@&m%wéhaaﬂr%hﬁfeﬁz?ag‘ﬂie&ﬁw a%aggw%fcw%ﬁ'%ﬁ%aﬂ%mgpgﬁn sai d
first foc%w?nglc?%g ode com prises a negative charge, wherein said second
focusing e rode~conprises a )

59. The apparatus of Claim 54, further comprising:
10 a negative ion source comprising:
a magnetic material; and

a high temperature plasma chamber substantially encompassing

said magnetic material;

wherein said high temperature plasma chamber comprises: a first

15 ion generation electrode at a first end of said high temperature plasma
chamber, a second ion generation electrode at a second end of said

high temperature plasma chamber, and a magnetic field carrying outer

wall;

wherein application of a first high voltage pulse across said first
20 ion generation electrode and said second ion generation electrode
breaks hydrogen in said high temperature plasma chamber into compo-

nent parts;

wherein said magnetic material yields a magnetic field loop run-
ning through said first ion generation electrode, through said magnetic
25 field carrying outer wall, through said second ion generation electrode,

across a gap, and through said magnetic material;

wherein said magnetic field loop yields a magnetic barrier across

said gap between said high temperature plasma chamber and a low
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positive charge. 63. The apparatus of O aim 62, wherein said conductive

par’ ’ series of conductive lines rinnrina cithet antial |y
in egative ion beam a conducti e
neg .. . _ foil crossi ng t he negat I Ve 1 unl wcany saru 11Ul

havi ng hol es with com bined areas of atl@east ninety percent of the
cross-sectional area of the negative ion beam 64. The apparatus of Caim
63, wherein said conductive paths block | ess than ten percent of the

cross-sectional,_area of the n lve J 5 S ncer

t herapy of a tdﬁmpe{)qtu&e ;?é?%’@%?f%w"h Sg?dgﬁgg@(g&%pg?ﬁé&ap%%%éﬁng %%Br%rt icdgi ng: a
synchrotron; a ddid ebmpehahtpars;pl atformrotating during an irradiation
period; an immobilization system nounted on said first rotatable platform
wherein said i nmobi 'Wﬁé}birpﬂb\&Yéﬁérgyréébfrbﬁé SntEPActoNitR| afofifict Ebgehiitong
delivery of the charged particle béam wherein said first rotat a%l e

pl at f or m r ot at egeate hydroger anians insaidiios tevrpgratireplasivadegiony del i very of
the charged particle beamto the tunor by said synchrotron. 66. The

appar atsus of C ai m Ggherkirr applicatmmpof s secand bigh valtageipsilge aictassnsaid
system wherein sai 8 vertical  axis Poai ti ani ﬂ_ﬁ ystem rrei:hanilc I ld% adj ust s
said first rota¥e88NE i8N gengration elggtrade apda fd(;%@og%?rﬁ 3 5\/6?‘%9 67 The

apparatus of Gl s §RgatiieiGhd o] @ai’dﬂﬂ@@tw@i@hiéauréysﬁ@mr@oﬁégﬁtiv@eiah a
sem -vertical patient Inmmobilization systemnmaintaining a torso of the
beam;
wherein the negative ion beam is converted to the charged par-
10 ticle beam and injected into said synchrotron.

60. The apparatus of Claim 59, further comprising a focusing system for the

negative ion beam, comprising:

a first focusing electrode circumferentially surrounding the negative ion

15 beam;

a second focusing electrode comprising conductive paths at least partial-

ly blocking the negative ion beam;

wherein electric field lines run between said first focusing electrode and

said second focusing electrode,

20 wherein the negative ions encounter force vectors running up said elec-

tric field lines that focus the negative ion beam.

61. The apparatus of Claim 54, further comprising a negative ion beam fo-

cusing system, comprising:

25 a first focusing electrode circumferentially surrounding the negative ion

beam;

a second focusing electrode comprising conductive paths at least partial-'

ly blocking the negative ion beam;
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patient at an angle of about thirty to sixty degrees off vertical, wherein
sal not or
ad|

adj ustL avl © licau Suppul L, aliu a 11uL vl auj] usLavlr © ail il SQuppul L. vo. 11T
apparatus of Claim67, further conpri sifﬂg a notor positioning sys tem
recordi ng positions of each of said seat support, said back support, said
head support, and said arm support. 69. The apparatus of C aim 66, further

conprising a respiratjo ensor. nerein i espirati ri ses:
a first thernalV eé?l”sﬁrép eE%FS'i"E F'SWQ@?%M ﬁgtv‘ge%mgg'ga@%teﬁ&u%ﬁﬁgglé?ﬁgggecond
thermal refigsdfid sBeshd FediRthdeledtredé, of an exhal ation path of the patient
and in the sanme | ocal roomenvironnent as said first rotatable platform

wherein said r %Jéﬁ fh%rhéq]él%lioﬁ cHEHGHBF ﬁﬂgé%ﬂﬂ)rginﬁlﬁﬁhgﬁ%ebﬂédﬁ@n

readi ngs from sai rst thermal resistor and said second thermal resistor,

wher ei n sdiett yestivabfocus thel negativetdorebeany, ged particle beam during a set
time interval of said respiration signal at each of said at |east ten
i rradi @ti on positiereirsthe’flegdtive mppeearhus cohvélted int65a pfetohHeranc msng 8i ng a
sitting patient immpbilj zation system sajpd sitting posi.tion
i mobi [ i zdzqrwhumy%qreﬁnémpwf@rﬁ'g:évaaé eBfkan L &9%!8%3&§u°'§ﬂﬁ§509ft?b%tm or
adj ust abl & ?O@Hﬁ%h&?hi@?ﬁe?s not or adj ustabl e arm support. 71. The

alm /0,

apparatus 0 urther 'conprising a notor positioning sys tem

ar ar msupport it S8 Wirdid PRRIT e e es R frotEFeBie MiEfein

respirati gRepeodAbeam is injected into said synchrotron.
10

62. The apparatus of Claim 61, wherein said first focusing electrode com-
prises a negative charge, wherein said second focusing electrode comprises a

positive charge.

15 63. The apparatus of Claim 62, wherein said conductive paths comprise any

of:

. a series of conductive lines running substantially in parallel across the

negative ion beam;
a conductive grid crossing the negative ion beam; and

20 a foil crossing the negative ion beam, said foil having holes with com-
bined areas of at least ninety percent of the cross-sectional area of the negative

ion beam.

64. The apparatus of Claim 63, wherein said conductive paths block less

25 than ten percent of the cross-sectional area of the negative ion beam.
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wherein said laying patient 1rmnobilization systemconprises: a table
mounted on said first rotatable platfoll- and a laying platform wherein
said laying platformholding the patient slides onto said table. 74. The
apparatus of Claim73, further conprising: a second rotatable platform

| ocat ed above said first t at abl | at f wh [ ' I
oLt or m 8 a1 AN GPPRIAS dof Fhaeer BRI PLA MY o A PR LA ER Pl con”
nount ed tméeg@% b%%qﬁ;%,ﬁﬁﬁgh@bl e platform wherein said display screen

di spl ays cont’ comands.
a synchrotron;

a first rotatable platform rotating during an irradiation period;

5 an immobilization system mounted on said first rotatable platform,
wherein said immobilization system restricts motion of the tumor during delivery

of the charged particle beam,

wherein said first rotatable platform rotates to at least ten irradiation posi-
tions during delivery of the charged particle beam to the tumor by said synchro-

10 tron.

66. The apparatus of Claim 65, further comprising a vertical axis positioning
system, wherein said vertical axis positioning system mechanically adjusts said

first rotatable platform along an axis aligned with gravity.
15

67. The apparatus of Claim 66, wherein said immobilization system com-

prises:

a semi-vertical patient immobilization system maintaining a torso of the
patient at an angle of about thirty to sixty degrees off vertical, wherein said

20 semi-vertical patient immobilization system further comprises:
a motor adjustable seat support;
a motor adjustable back support;
a motor adjustable head support; and
a motor adjustable arm support.

25
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68. The apparatus of Claim 67, further comprising a motor positioning sys-
tem recording positions of each of said seat support, said back support, said

head support, and said arm support.

69. The apparatus of Claim 66, further comprising a respiration sensor,

wherein said respiration sensor comprises:
a first thermal resistor positioned proximate the patient’s nose;

a second thermal resistor positioned both out of an exhalation path of
the patient and in the same local room environment as said first rotatable plat-

form,

wherein said respiration signal is generated using differences between
readings from said first thermal resistor and said second thermal resistor,

wherein said synchrotron delivers the charged particle beam during a set
time interval of said respiration signal at each of said at least ten irradiation po-

sitions.

\

70. The apparatus of Claim 65, further comprising a sitting patient immobili-

zation system, said sitting position immobilization system comprising:
a motor adjustable back support;
a motor adjustable head support; and

a motor adjustable arm support.

71. The apparatus of Claim 70, further comprising a motor positioning sys-
tem recording positions of each of said back support, said head support, and

said arm support.
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72. The apparatus of Claim 70, further comprising a respiration sensor,
wherein said respiration sensor comprises force meter replaceably attached to
a chest of the patient.

73. The apparatus of Claim 65, wherein said immobilization system com-

prises:

a laying patient immobilization system, wherein said laying patient im-

mobilization system comprises:
a table mounted on said first rotatable platform; and

a laying platform, wherein said laying platform holding the patient

slides onto said table.

74. The apparatus of Claim 73, further comprising:

a second rotatable platform located above said first rotatable platform,
wherein said second rotatable platform rotates with said first rotatable platform;
and

a display screen mounted to said second rotatable platform, wherein
said display screen displays breath control commands.
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