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hadron therapy (e.g., proton beamradiation for the treatnent of cancer).
[ 00051 There is presently a need to create target materials that can
control I i onposi tion and energy
distri bdl}?ﬁéﬁlﬁlgf%i\}lggﬁfsﬁ g@pgﬁlﬂ”@n al%lg%etf&ﬁgve been directed toward the
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the interaction of ultrahigh intensjty |aser pulses with thin solid
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origin of the observed ions and the nechanismof their acceleration stil

remain nmatters of debate. The ions are either created and accel erated at
t he STATEMENT OF GOVERNMENT SUPPORT

[0002] This work is partly supported by the Department of Health and Human Services, |
the National Institute of Health, under the contract number CA78331. Accordingly, the

Government may have rights in these inventions.

FIELD OF THE INVENTION

[0003] The field of the invention pertains to laser-accelerated light positive ions, such
as protons, generated from the interaction of ultrahigh intensity laser pulses and target materials.
The field of the invention also pertains to targets and their design for interacting with ultrahigh

intensity laser pulses for generating high energy light positive ions.

BACKGROUND OF THE INVENTION

[0004]  The interaction of ultrahigh intensity laser pulses with plasmas has attracted
considerable interest due to its promising applications in a variety of areas such as generation of
hard X-rays, neutrons, electrons, and high energy ions. The laser-accelerated ion beams have
specific characteristics, such as high collimation and high particle flux, which make them very

attractive for applications in controlled nuclear fusion, material science, production of short-lived

-1-



front surface directly illumnated by the incident |aser, or at the rear
surface, where the acceleration occurs through the electrostatic field,
gener at edwbyoddBe@pace- charge separation. The parti cul eTaxp@sionssss al
condi t {@pkedilie Hiahd ienssiehicd el Regsn RSS! ¥ gaNfololebdaM G8dialisPASY Hhes)
can determ ne the accel eration schene, althdugh in sonme experinents it has
been sheatmenheficanbe). prot on accel eration occurs at the back surface of the

target. Accordingly, there is a need to better understand the dynam cs of
the interactl of i ntense | aser S ' [ ' i ng
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energies. The effects of charge separation have been taken into account by

sol vi n§apesteswne dhnascrlsrsiop wehame, alipush ip SoTae GrRETEGEES it HAs beAOARATRYL ther

t he el i.G i i i i i.aside, £ 0l i e
b esentjoeh BBl fioAUcEMs(aPlneaBk bifttt oPMhe el it Q) thele o hEed RbRef
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However, for estinating ion energies quantitatively, the tenmporal . .

evol ut iusﬂerft?r}@n,g “tqﬁ’rfé-tg‘@p%‘r’(ﬂéﬁ? fo g1 té‘igék‘%?sfgélsﬁp rrtfﬂmdahal'% tor designing, pe
known. ta%ét@?d% n&xﬁﬁn%fa@élid&éléraﬁe‘dggﬁﬁéa%ﬁ. b_y S. V. Bul anov, et at., Pl asma
Phys. Rep. 30, 21 (2004) offers a possibility for obtaining the
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consff%o&rt ete~ta t 4i1c"fieYt tfil ih+brC—If£P kK is ne ded for . :
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| aser-accel erated i on beam systens that are capable of generatin positive

i ons _halaswg clavds yhichiis epsupieditohs newsal- brtbe injermefion of arediTesiiortand| ulzainicosss.
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under t
computer simulations suggest that the interaction of petawatt laser pulses with plasma foils leads

to the formation of extended regions where plasma quasi-neutrality is violated, a factor that
should be taken into account when considering ion acceleration by ultraintense pulses. Passoni
et al,, Phys. Rev. E 69, 026411 (2004) describes the electric field structure created by two
populations of electrons, each following Boltzmann distribution with different thermal energies.
The effects of charge separation have been taken into account by solving Poisson equations (with
two-temperature electron components) for the electrostatic potential distribution inside the foil
(where ions are present) and outside of it (where electrons reside). This approach is limited
because 1t inherently provides a time-independent description. However, for estimating ion
energies quantitatively, the temporal evolution (i.e., time-dependent) of the electric field profile
needs to be known. Although the treatment suggested by S. V. Bulanov, et al., Plasma Phys.

Rep. 30, 21 (2004) offers a possibility for obtaining the spatio-temporal evolution of the self-
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condition of strong charge separation. One is the Coul onb expl osi on of an
ion cluster. Alaser pulse interacting with the target expels el ectrons,

t hus creavpngoswssisaong el ectric field inside the foil, petmiushoosloassss a key
role in the ion accel eration process. In other cases rotons are
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hi gh energy light ions. As used herein the term"high energy"” refers to
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dynamics, the proton acceleration time is actually relatively long (¢ = 100/w,.) and the influence
of both the self-consistent electron dynamics and the ion cluster explosion typical result in the
electric field being time-dependent. As a result, the maximum proton energy typically depends
on the physical properties of the cluster (e.g., ion mass and charge state). Accordingly, the
influence of a cluster’s characteristics on the accelerating electric field and the maximum proton
energy of laser interaction with a double-layer target are not fully understood. Thus, there is
presently a need to better understand the interaction of high energy laser pulses with target
materials for designing improved targets. This understanding will, in turn, give rise to improved
target designs and methodologies for designing targets for generating laser accelerated ion

beams.

SUMMARY OF THE INVENTION
[0009] The present invention provides a model of electric field evolution that accounts

for the influence of the Coulomb explosion effect. This model is used to design targets and
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MeV. The nodel is based on the solution of one dinensional hydrodynam c
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t he high energy protons. [00111 The present invention also provides nethods
for deBYQﬁ‘PﬂSng_ targets used for generating |aser-accelerated ion beanms and
targets madgydip) aCeRE GARER iWhddfioR YeHnererBAHSs me®BHP fdric8gn Mgl deROudd Jyst em
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designing a | aser-accel erated 1on beam conprising: nodeling a system

i ncl udiaglagerh dzevgleston fiekdsend they magEpwnpEotpp energy AismgHhg fnodsh engyvaryigg the

DoSi t ) . T . e . :

Posi 1 bareirits GAKE B AoR REELN dliishe B o SRR B 0% o TR LAREY bl

| ayer, the @00dayri CTHel presknt amakntible alsoepronides ieghulds [fos idedigeing oargetsarsgy foisi ng

sai d nodel ; and varying the paraneters of the heavy ion |layer to optim ze

the en8FRfJtHIEs PPIRFCPIGRIGK anhBeamy AN AEES Madhin prordange Wighsuch gstpdsThe

presen is - :

enor ar hoY L HRACHES s PO IAARURE L 1ES (cIprEi ORLP 18 [9E0 5h SR 0,

i ncl udimdy heght enegst proéoms halvangt ani encirgye Hidiribaidn bgiprising ragyakingimt ppasi tehergyj ons

havi ng_an_ ener di stributi.on. conpri.sing a maxi mumlight positive, ion

ener gy VISR HEM CBARF G PHEEARasy ™ Rr I e ik Y BE (D BTBpelsT X to

par anebglimive thdéHér adiyiridatié6f e hakeihefoypréton®Pt i M ze the ener gy

distribution of the high energy I1ght positive ions. [0014] The present

i nventi on al®d2pr oVhaipEserdimesngon glsousevides pethednfdrmigsizaingra laagewscelerntet

B'r ggegga%{)‘tf%ml, 'c&%nﬂﬁg' &Bgeqinlg%nsygt%%%cllugin% aslye%%/a tOn lgl)héar, 5 élggttri% f{é?cg e.’mQ ¥1ié[hhe
energy light positive 1ons having an energy distribution comprising a maximum light positive ion

energy; correlating physical parameters of the heavy ion layer, the electric field, and the
maximum light positive ion energy using said model; and varying the parameters of the heavy
ion layer to optimize the energy distribution of the high energy light positive ions. |

[0013]  The present invention also provides methods for designing a target used for
generating laser-accelerated ion beams, comprising: modeling a system including a target, an
electric field, and high energy light positive ions having an energy distribution comprising a
maximum light positive ion energy, said target comprising a heavy ion layer characterized by a
parameter y ; and varying the parameter x to optimize the energy distribution of the high energy
light positive ions. |

[0014] The present invention also provides targets for use in generating laser-

accelerated high energy light positive ion beams in a system, the targets made by the process of:

-4 -



-4 WD 2006/ 086084 PCTI US2005/ 046838 noddlidg d Sys~thYri''kile7udii
uthE~tak ' t, an electric field, and high energy |ight positive ions

havi ng anwenesangesdisst ri buti on conpri sing a maxi mum | i ghtpcpashkéosoesszoOnN

ener gymodéifl § akSet MeRRIATH S 18t NRaMYcthO Tl BYRU 15 BReA6AO iR HobiYiva ions
parameter x ; and varying the parameter x to optimze the energy

di st ri bapingranofnergie disimfintioneeagyprisinghe mpognuny dghtopesitive 05 ¢nergy  said danget

i nvention al.so provi des, target stusegl bf or %ene at i ng. I\gasre-r- qﬁgel eragerd toi on
beans FOPBIENE AIFAY R YR ARSI EicEd b @ RIFAELEE it 3k YALYing Ui pardister g tg oy
li ght ppEhize\ige éisy dib@buien aMNthe RehgMerbydight Pekitia@ios@npri sing a maxi mum

| i ght positive ion energy, said target @ conprising. a heavy ion |ayer

charact eri zEW1BY) dhsaressdt avention afjedireyides taragisiised f gsapratpe serzacclgiated zes
o TRy & ) . Y paran _
el o oypefsth’s Gtpkf o iy e o, G Eleliic A a3t ey PR, sichtions

wi | | bRaviegadinl shepgy ajppdthgion ¢amprishgse mktilued light pbeties tori enargpwsaid thdget
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t he Iaﬁg,reﬁtri(?\{get system in which the target consists of a high-density
heavy ion slab with | ow density hydrogen | ayer attached to its back
surface; 100191 FIG 2 depicts the distribution of (a) the |ongitudinal
(Ex) aBRIEW) DERERIPIBONOFTHE ents of the electric field in the
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[00211 FIG 4 depicts the spatial distributions of the (a) electron, (b)
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profil v, BP’L wver, he 11;1{&{1619{1 aR ”8? lsgnl ed to the“specific methods, compositions, and
devices disclosed. In the drawings:

[0018] FIG. 1 is a schematic diagram of an embodiment of the laser-target system, in
which the target consist_s of a high-density heavy ion slab with low density hydrogen layer

attached to its back surface;

[0019] FIG. 2 depicts the distribution of (a) the longitudinal (£,) and (b) the transverse
(£y) components of the electric field in the (x, y) planc at 1 =40/ @, ®,, ~3.57x10"s™",

[0020]  FIG. 3 depicts the energy distributions of (a) electrons, (b) protons, and (c)
heavy ions at t =32/ D e for three different values of the structural parameter .

[0021] FIG. 4 depicts the spatial distributions of the (a) electron, (b) proton, and

platinum-ion densities in the (x, y) plane at t =32/ ® o> @,

12

L ~3.57x10"s™

[0022] FIG. 5 depicts the longitudinal electric field profile £,(x,L,/2) as a function of x

at t=32/w,, for three different ion-to-proton mass ratios and the same jonization state Z =4,

@,, ~3.5x10"s7",



at t = 32 /wp, for three different ion-to-proton nmass ratios and the sane
ionization state Z, = 4, wp~ ~ 3.5x1014s-' . -5 WD 2006/ 086084
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Fur t hethe qoafext elgerdy distajes| atleaswisea Vel srapghoeslgsds epauesedrnaihgr epRedimgay ye

Wi thi nil{ctﬂ?cfe]s rtflﬁxgqh L)gg égticluﬂlr QRFuPFREG t0%he tdEer AlaE R &M -ﬂﬂee.n.tsiixﬁﬁarl); NEhen
i nfluence o e cluster' s characteristics on the accelerating el€ctric
field anded e expressadmspipptaximeti@rsgly usd oithpantetaleat “about,” it will be understood
that the particular value forms another embodiment. All ranges are inclusive and combinable.
[0026] It is to be appreciated that certain features of the invention which are, for clarity,
described herein in the context of separate embodiments, may also be provided in combination in
a single embodiment. Conversely; various features of the invention that are, for brevity,
described in the context of a single embodiment, may also be provided separatély or in any
subcombination.  Further, reference to values stated in ranges include each and every value
within that range.
[0027] In one aspect of the present invention, the influence of the cluster’s
characteristics on the accelerating electric field and the maximum proton energy using particle-
in-cell (PIC) simulations of laser interaction with a double-layer target is determined. A
theoretical model of electric field evolution that accounts for the influence of the Coulomb
explosion effect is provided. This model is based on the solution of one dimensional
hydrodynamic equations for electron and ion components. The results obtained within the realm
of this model explain the correlation between the physical parameters of the heavy ion layer on

one hand and the structure of the electric field and maximum proton energy on the other.
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in-cell (PIC) sinulations of |laser interaction with a doubl e-layer target
is determned. A theoretical nodel of electric field evolution that
account s wonroadmseisaf | uence of the Coul onb expl osi on ef PeTtuse@spouasss ded.

Thi s nodel igs-haged: on::t F L] of on nS| ) .
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real m .Qfe fhé sdad Aes@itR!tRé thidrB&idhosfr aeﬁlgﬁipaﬂelbﬁ*séﬁﬁlftset\hlﬂl pliysbledhyer target.
paraneters of the heavy ion |ayer on  one hand and the structure of the

el ect r Tbef PKl dilranldtlﬂi&xflem photcbarasteapts ferueneolodater Integchen JHEG, Haswss
PCTI USZ005 b{ ¢ 6838 ;e!s whe <) ig‘lie cbht‘nbu&&rp (!'f$gtonlﬁea1$ aﬁhl Qi'nHlé eerffegén‘;ﬂaﬁ(éé-l‘t

ca
Result§ EVB H} mensi ona C nunerical sinmulation code was used

descri haultifienensiboailambiydbalafppeoabh ghir@osigrdiffiasier Apoélemtivn bR peotaiwulb IcenS1é<;re¢
target. The PIC sinulation reveal s the charac r| sé}lénf eat ures

fol
i nt er aéh therintgrackop Ioﬁéaﬁﬁrsp‘ﬂsesﬁ% pidorbler'gyer fprgets PREVESHEF @Hﬂ?‘?ﬁﬁg of
nonlin 48 ?‘112 @1@3&198? ?I C‘Sf&l?a%?x ot RE 0.0%1 i dhaRiSl Aer dTaInthiafed! quasi-

approac rene eration of protons is considered in the

inter a%%soflxI1@f’serpeﬂuh&eownﬂsryac&hauimhe-fbraymlcre@rageteiecTﬂamagaétwﬁalrds dnse
were perforned in a 2048 x 512 sinulation box with a grid size A=20 ?\
and t otbgén nsadbdn osder 4 minisriseithgunByence gf thedyouadary C%immirsew i W 9FFret

g?gglr t {sgﬁlﬁia{ﬁ%ﬁ rr%l!ﬁérlnl%ﬁ]f %ﬁlglla 1|og(ft ! Oﬂ%g{)égun O/faJ eL §§5 P?‘(&her@ %pn Q(élec On

nce ary@cond 1 ons Oﬁe e out cone

of the i EhIUkahlgs, Kl ermerg@@yraf L ULPEA NG MR 3o h Bk s 1225

fs, ect equency vera types of targets
Wi th dhéﬁl@z[tﬁmtstz&éseﬁztvreoﬁeﬁ Oviestiganais STheaibhaati @nstateiof idrmatan de c&tcmlaeeﬁ framethbeen
i nvesti gat ed. The ionization state of ions can be calcul ated f

sol ut i GRIUFgN P ghayaaee eBGHER & F Bvem myilteleciion pystesn dt thegiesspss & o Hft’iﬂﬁ*agh
pr esengepdit ﬁséf';}urls% hhgRa chﬁ%ﬁ%%ﬁé ¥nlA868 sk §econ@§orﬁ?|t&%li’st innGstei with

ionization state 1s commn ious In systems Wt WO Oor nore

el ect r ows ,or nivee elentratsathggos t:barge state dae bp powiidieidnisnms gnmbodmods asnparamstea
pararrete at her, th a, cal cul ated value. [0029] Fig. 1 shows a schematic
di agrarﬁ‘h? téﬁ“%ﬁﬁl@d]ia%\gﬁ'laluﬁf t he doubl e-1ayer target. One enbodi nent can

include a 0.[do29t hirpk 1 Rh&Ws d@&ﬁdn’ia‘ﬁc(d’f@rﬁn%fén $2B38dieMnBol thlé%\wl'ell@fbrftb}*gkt
with a 0.16 pmthick | ow density (n, z 2.8 x 1020 cm 3)

at t ach&net gnbadimpaictan iggindaad.4 Frsthick jek- depsityfos 16 ‘bﬁé@ i pmt héezmydan doibf
the sigyl 5'(9% ﬁﬁéth\{\t}kt Hw& Iagn%g Z(ﬁﬁa No%]'hts)ﬁ 102N F) %%Irés%% fa%re{tt?a%ﬁé&) t 1t§%a819

fromthe eft ectric e | aser arize al ong
t he y auifsceni The aardetnens pomhexsai anpkihidde af Fheeﬁn(llaﬁemﬂ)o?\ wih thdilabr pulse
corresponds to the | aser K |nten5|t of 1.9 x 1021 WcnR for a |aser

wavel eﬁageﬁngfthyngerggftlxﬁn qergéoq Ry ﬁdF%e glectric ﬁeld of the laser pulse is polarized

along the y axis with a dimensionless amplitude a = eE, /m.wc = 30, which corresponds to the
laser peak intensity of 1.9 x 10*' W/em? for a laser wavelength of A=0.8um. The laser pulse was
Gaussian in shape with length (duration) and width (beam diameter) of 15\ and 8\ (FWHM),
respectively, which corresponds to approximately a 890-TW system.

[0030) In Fig. 2 the spatial distribution of Ex (longitudinal) and E, (transverse)
components of the electric field is presented at t = 40/w,.. Even though the target thickness is
much larger than the collisionless skin depth, the incident pulse splits into reflected and
transmitted components due to the relativistic decrease of the electron plasma frequency. As a
result, a part of the laser energy goes through the overcritical density target. The longitudinal
electric field, which accelerates protons, extends over large spatial distances on both sides of the
target. This field is created by the expanding electron cloud accelerated in forward and

backward directions by the propagating laser pulse.
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overcritical density target. The ongltudlnal electric field, whic

accel ervdteé@sp%ét}lm@n e B GBCCHEY hps AgeuashBEPAGNeEgelt shars Vi Boctfﬁr@feﬂ’égc of
t he tar deHQllfl(ﬁn%\/aﬁ C}H \Buéy g{(eﬁzbﬁ%fh&g&x@a@d'ef‘gl SPELE RAN 164088l 175003

accel era §H war d cti'ons’by t’he propagati ng | aser
pul se. (2(7025\13}13%14%108%@14 qRaNih 4satbhlidan tdnl b6 gndrad0Bom] & détlile~lagerh@rget

A|0b distributions of (a) el ectrons, r ot ons, ..and heavy |on at t
= 32/ wEeomskY di Whet 8 dgsey Arlse dntgrpcts W@ﬂsi?zedgr %Pﬁ"p%i‘?g’r‘?@éye%tog’fs ke SRPdeitk: o

X = Z1rfq/dit n n:hIo er?%ni%QnstR@Echﬂ@taret BRizEd.e£ blaSha INAWISR VY@ i€ BfisEreated,

spectra resem% e quasi-thermal distributions whereas the proton energy

spectr wmnha@n@ offj tlzes imginah deney ¢ot psmhapd thietibnized hadeeer” Iﬂtéitcihéd” Enéts giack

dependln v ue_ of

Lort e biier Tt of skl vPRgsToioliFe s oms, elgfhors v sSRug, AR the
gener at;ﬂ&’srﬁd am Breadbing daakehrdt (ﬁf@ﬁbns),gﬁﬁlmcﬁducm\éhze ﬂb@uhﬁm&]r clptttis field that
interacts with the target, both the heavy atonms in the first |ayer and the

hydr ogeascelerates tha thie lﬁ@édwﬁl ar és pefficeady smabl H@r’rﬁ’nglé‘ﬁﬁwl elegfif agldrig nat-
thus crea tﬁg% YRR ' n8s th{; coﬁhﬂgn tﬂaﬂ%xggmg 9@19&0@&%@9 twelewfa' #ad

hydr oge surtace e action
ponder airedtéd/ Bethv@ed ehe cSﬁf@dGHee@)t fooriayaraad ek st dectfanosivddieln t;hisaexnimcﬁmnnt a
forward and backward dlrectlons) t hus produ%lng a | ongi tudi na Iet ric

field tiEner prois layamesilsda namowen gk seraLIof e heceleRiat RPN ehpﬁe
| ongi t L%‘u'ﬂ&'bﬁ%' R duld thdo?l Ot bﬁer{dfbtn ¢itd Qriuk 't&ﬁi@tflaéf Rt &H}bé%n Rdete Bichs

condi tion protons are accel er at ed by the electric field created
bet weenntawaroiva skgb axhergange iabmost al}eesranaen@bcelheatmggﬂecaiceﬁcldo nCha$ perdlhatlty tnht’lhs

mbodi nent , t
The. acdEPioRDaamEGRE AL B T Gob e B TP (P op I neEfiTes Hoheh
oper at i{gp( )temc%th(b%?otBQ a%@?laftlﬂﬁﬁl ibBRl. 2l 8fYm I YR ddrRRick e f(prﬂt £h°e Altn a

narrow sl ab experience al nos he same accél érating electric fiel Thi s

pecul i atht ¥ I 95/bheineRlibAMa LG chﬁééﬂomh RN Er dtid %@aélg%hmost
iy ? nifdh, 7 i

di stributions e partic es S ectron,

proton lﬁ‘ﬂ%t&ltéatllnrﬁ%% didcticrhAtiRe édﬂe mnégtﬁl h@ﬁ@%ﬁ '1 risﬂsxﬁaémdﬁl% ﬁﬁﬁrchAt
time t = 32/0) Pe the proton l'ayer is already detached fromthe hi gh-

t ar get mertrra@;\ﬁblleso b igosster mass. The characteristic response time of 1ons is on the order of 1 1on
plasma frequency Vw, =/m/4mwe’n,Z} , where n, is the ion density. Once the electrons have

left the target, the 1on layer begins to expand under the action of the Coulomb repulsive forces.
Even though the ion response time is longer than that of protons, its dynamics appear to
influence the longitudinal electric field, thus affecting the acceleration of the proton beam.
[0032] As one can see from Fig. 3, larger values of the parameter x = Z;m./m; results in
more effective proton acceleration (nearly 50% increase for carbon substrate compared to
platinum one, assuming the same ionization state Z; = 4). In other words, more robust ion
expansion leads to a more efficient proton acceleration. At first, this result seems somewhat
counterintuitive since ion expansion is accompanied by the reduction of the longitudinal electric
field (electric field energy partly transforms into the kinetic energy of the expanding ions) and

can presumably lead to lower proton energies.
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undi storted in a forward direction. At the sane tine, the heavy ion |ayer
is expanding at a much slower rate due to its greater nass. The

char act erwetoes/osesponse time of ions is on the order of pcens20isass¥as
frequency ligya3 T"A?@Ml?ﬁ & HARRERH bLﬂ' Qﬁﬁuﬂ'ﬁm' o{olﬂeenex%@ 4 BE labokrtalnRd Frohe

el ectrons have e target, e 1on yer begihs to expand under the
act i onpiofur¢ Beggsstedobyp S. €pu IBalamevf etr alasPlasE‘aeﬁh)tshdwgh 28h@75 dﬂ%bswbm@eﬂtel me

is | t hat of t

| ongi « Baeraieefia Bt RER Tetesd 1S BEBravg o et aover gt BhHBr SEHETBY 6t on

beam £M@§e%ﬂe1 oRN&ithaR Mg6r §nPMxK Eyuabio thahearvefsela&agn@én bhde @:ﬁrgé‘tm@otzﬁfd X =
;me/nml Tesults in nore effective proton acceleration (nearly 50%

| ner ealie nfiner saribors sqastie dt(@/ dotsathéckness Ofpil dargeiimIaribis case the legsitedinglame

i oni zat n..ot 0 [ ads
to a n%lF rlgftf’?qé a@ﬁt thBr Ao}%CgOStaagc ﬁog?ngmfé%éd O?lowlpgu ? imis {Leaél %isqgeﬂﬁhk €
SONMeWh Blectr6@uHahRes SIABntindusMeLie, BedFansotiPrass, @mfara Bespnpani ed by the
reducti on of the | ongitudinal eIectrlc field (eIectrlc field energy partly
transforns into the k:éft)l c8mmeZdR, of the expanding ions) and ca&)
presunebly lead to o pr ot ony ene(;g;l e;sz + X ) WO 2006/ 086084

PCTI US2005/ 046838 000131 't$pfie' e ~riic the maxi num proton energy
can be ascertained fromthe picture suggested by S. V. Bal anov, et al.

Pl asma Phys. Rep. 28, 975 (2002) where the |ongitudinal el ectri c fiel d of

the charged | ayer of heavy i ons |s ted by that created by a
charged el |l i psoi dmon tZHRbts igj or oaxr’s equal to the transvers )

di mension o feTar zad ‘mpor sem-axis equal to 1 ( is.the
t hi ckness of atarget) Inth| theI ngitudinal electric field and

the electrostatic potenti al have the following fornms (Landau and Li fshi ts,
El ect rodynam cs of. Continuous Media, Perganpn Prf Qé}eord 1988) , Sﬁ;
87r en0Zhf pEAximumekginetic enstgy (haf a profop) acquies Wnius figdd candreceaigl o fis Potentaly | 3

[ ¥ O Wil bOGH ife GRRL Undeh fle RsBRAMAIACHYI B IHkhBlsSish&ldhesan

be equa s potentia ergy at t ace of the target. Under the
assunpthaaritstttaasverseadimangjet obdoltkingss is much less than its transverse

di mrensi on one obtains, to w 27,Z;e2rtrlRp (3) [00341 In one enbodi nent,
the estimation in Eqn (3) gives an upper limt to the maxi num proton
energy, which can be determ ned bygeas mr&g%ﬂ% all el ectronfsg escape from

[0034] In one embodiment, the estimation in Eqn (3) gives an upper limit to the
maximum proton energy, which can be determined.by assuming that all electrons escape from -
the target acquiring enough kinetic energy to overcome the attractive electric field, so that they
never return to the target. In reality, however, for the laser intensity used in the simulations,
typically a small fraction of electrons escape the target. The rest remain in the vicinity of the
target with some of them performing a rather complicated oscillatory motion (see below). This
effect greatly reduces the total charge density in the foil, thus substantially lowering the
maximum proton energy estimated by Eqn (3). Eqn (3) apparently does not explain the
dependence of proton energy on the ion mass and ionization state of the foil (for a given initial
electron density). The combination of both the Coulomb explosion of the target and the electron -
dynamics in a self-consistent electric field renders the field time-dependent in contrast with the
simplified model offered by Eqn (1).

[0035] The dependence of the maximum proton energy on the target parameters
typically come from the influence of the ion motion on the longitudinal electric field. Fig. 5

shows the electric field profile as a function of the distance from the target in the longitudinal
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Z, = 4. The [803dt r iTbe mr@lengfm@tpmraecqleamw thp sell-corsister{ fhecinie delg; creg)
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of the Alesshetdfiuehensf the @oudimsh explodion bffedtioal tHe ethertgy df| nheaacbqerwttlrxg dentrigy
of ions. On the ot her hand, further away target the .electr

th
field died ismm §lsanbo SpRluated in b ATEnOtHFR eﬁb?Cf igiegls] Sinche F RISEASTIQH O 2 d high-
I ncr eaﬁ%tﬁgsng) ,%]3 %ls%rvgttlﬁglagﬁﬁ %oﬁ&?% areREEndy lcB¥SlicAtd BAAIQNPhEHbnsdrboY, a
a t tar get e

| eaves e of ore any’significant” target expansion
occur s)spniehvaf dsimptified piiysidalipicome baybanconshierddahit allppis caithip asphstserchitetels theie

maxi mum pr ot on rgy. .[0036 f, proton acceleration in the

sel f - c&ﬁg{ P%Hfﬁ’éq%‘gg?‘ﬂh‘a??lg%tﬁ‘cgfég&f’g’ﬁC?aﬁv-o “fhe expanding el ectron and heavy
ion clouds qapA! Sﬂea?orﬁ%ffn‘é%rﬁ&i folbecQRRiaRy RRAicaBNide thAlt&8et Wiktea Flaf ddneitg e
of the Coul onb expl osion effect on the structure of the accelerating

el ect r idistribut@ndz cad i @3- e Dewalerear gd= Zn, ahd F(and the bsavieidb aditrstapt nct8imce
the interaction of a hi gh- intensity |aser pulse with plasma constitutes an
ext r emd/ndec tepicticmpbal highyigicosity glottriasee pulss, the els@mmhmlcailmﬂm fheédngmylmaé al

cture: can be consi der ed at allows certain,. aspec related to
B0l ut MRS HETGHGT tGeir > BRBIECHR: o1 br d BB Qe P eleffé%?fsmon

a
F : :1(-_: t g%é(])ar X Igoc?eﬁ u&%dbg Oprgx(/aldle 1tnI E\i?vlhll(Xl hal at etcLe &gét(rjoenst ocatead’ (I:'n the 1nterval
0 <x <1{/2) gains momentum p,, from the laser pulse and the other half (located in the interval

—1/2 <x <0) gains negative momentum - p,,. This model can be somewhat descriptive of the

electron fluid motion due to its interaction with the laser pulse where the forward moving
particles correspond to those that are accelerated by the ponderomotive force, while the
backward moving electrons are extracted in the opposite direction due to the process known as
"vacuum heating". Although this model constitutes a considerable simplification in the
description of the initial electron fluid momentum distribution, it can properly describe the
relevant physical mechanisms of electric field evolution.

[0038] A. Self-consistent evolution of electron cloud. The expansion of plasma into
the vacuum can be described by using one-dimensional hydrodynamic equétions for electron and
lon components. In one embodiment, it can be assumed that the proton layer does not perturb the

generated electric field. In this case the equations of hydrodynamics for both components are:
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distribution n, =Z;n0B(1/2-1 x ), where n o =Z,na and 0(x) is the Heaviside
unit-step function. Under the action of a high-intensity short | aser

pul se, theoebenissesas typically gain the |ongitudinal recatjsysosboiessgroment um
p o. This monentum can be a functigp of E, e,)l nitial electron position

X, (0). A nodel can be provided, in iHe =@8f the dhakctrons (located in
the interval 0 <x <1/2) gains ump“b fromthe |aser pulse and the
other half (located in the int Q&/QJU GPqL2 gEke, D 0) gai(as) negative nonentum
- P, ,,0 . This nodel can be sd¥ewhatd 50descr|pt|ve of the electron fluid
notion due to its interaction with &he I%eem py se V\,heqﬁ)the forward novi ng
particles correspond to those that ge" acéel erated by e ponderonotive
force, while the backward novppg elmtr(mg are_ extract ed in the opposite
direction due to the process k V';{‘C Eitheat i ng( Al t hough this

nodel constitutes a consi abI e si ITDT:I fication in the description of the
initial electron fluid no iZstkd BULiQ |t can pgseperly describe the
rel evant physical nechani s@ﬂs of ég ec'lt(rltzJ fi (ehl](} evol ut i Q(’)n [0038] A

Sel f-consi stent evolutjon of electron cloud. The expan |o f
the vad(her darinBerd@sdhs SEGTRY aﬂé'l %‘?Fé“‘ﬁr e n¥iCoRal* hyt 66 (%F\Oa{fnv%ggg'ua{’]l ons

f I [ I h
L pr G1aSFEARY oot SEroReh TRavPUPHOR e g 8ha ALEA BPBLt 1110 TRray b A rhrs

case the equatian / ly BIRYN 10 WO

5006/ 088eEA B R Rty DS ‘%%Bndﬁﬁ %"ﬁe L £ A %Ewgﬁggsélml “eE (x, 1)
(4b) , + a(ij0639]= In(idpr to&)bllve&E'QS @),eherEtlev vardables (xai) @n(be, swijched ) those of
A47re(Z;ni (x,t) - Tie(x,t)J, (4e) where n, and n. are the electron and iagn
densi t itles Lagrangnxpt), wheret ke 1:et@c@lﬁ@mm/@vldcﬂ@yelarfword?mfer% urm 9 eBathespts of

t hrough the expression ve - (bf@' nsc2 + pg)112. In Egn (7), below, non-

rel ati vpendl@tqs@ﬁnb?n@ﬁtﬁdmi@u@aﬁhe loygag c¥RIEssii t he course of the Coul onb
explosion. [00391 In order to soI ve Egs. 451% he Eul er variables (x,t) s§an
be switched to those of the Lagra‘h e Where X0 is the el ectron
fluid ettened(xgopidihvadieplatenent oOtheBd@ﬁrosleﬂlsd@ﬂemmdmm & tigiglak positn rxelaat ed

t hrough the foll ow ng expression:
time ¢. In the new variables Eqs.(4) read:

e@0,8) = e (2,8) = (0,0 2 (63)
Pelront) o eBan,t) (60

353:; A 3:’170 3ﬁi ) Q(ﬁzvg) 9580

ot Ve Oz Bxg + dxo Oz =0 (6)
Sy, Ov; 8:co Zie ~
B e W g T = P00 (6)

OE Oz 8:1:0

= dme | Z;7;(20, ,0 \ .

o = dme (Zit(zo,) - i@, 052 ), (69
where the tilde sign is used to designate functions in the new variables
(zo,t); v, = OE. /Ot and v; are the electron and ion fluid velocities, and 72.(zg,0) = n.(x, 0)
1s the initial electron density. The form of the hydrodynamic equations for the electron fluid

component can be greatly simplified in the new variables, whereas the equations for the ions can

be somewhat more complex compared to those expressed through variables (x,z). Because of
the smallness parameter y = Z;m./m; < 1, the ion motion in Eqgs.(6) can be considered a

perturbation to the zeroth order solution, which corresponds to the case of motionless ions.

-11 -



xl xO0et) = x0 +~e(xovt)n (5) where ,jx0" /) is the displacenent of the
electron fluid elenent fromits initial position x" at tinmet. In the new
vari abl eswbqsododposacad. 3ze(xo,t) = ne (x,t) = ii, (xovOparfidajesodsss§x0, t)
_ = € ghuti SOk St area@mmmw ) &Xﬁ(s@tﬂ) -en@9<(l;’é§xe— e  pofor faadase off CC)
avi 8vz axo Zie at (vee v 8x ryni E(ao,t) (Qd) axo 8 o ax = 47re ( Z
NZ( X0, cdnktant M@t ClecRdn a@tnentlen distibueon ben beé gtden by gre fodowmgaxpessdless, gnat e

functions in the new variables (xo, t.); ve. = ale/at and vi are the

el ectron and ion fluid velocities, and n. e(xo l 1e(x <0§7 t he
initial electron density. The f r giithg %IO Qszfor 7t)
electron fluid conponent can b t1y sifp |r&;§ v rlai)
whereas the equations for the ions can be someWiat %ﬁl<ex 2corrpared
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di stribution can Ue‘i:g‘ifc\r i Png expressions!ST'22 -.ro, 2 <Xo+Se
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{
K(zp) = dnZe*ng (5 - :Eg) \

where t" = (I/2-x,)/v,, (v,, = c) is the transit time during which electrons are inside the target
(0<x<l/2)and y(p,,) is a parameter that can depend on the initial electron momentum p, .

Its value can be found from the numerical solution of Eqn (6b) for the case when electrons are

inside the target and its simple analytical form y(p, ) = (1 +a(p, ,/m,c)*)" is shown in Fig. 7. Egs.

(8) describe the electrons that can satisfy the following condition:

(peo

arctan {gf—’%] i

which provides that an electron reaches the boundary of the target (some electrons that are
initially located deeply inside the target may not reach its surface). Eqs.(8a-8b) are somewhat
different from those published by Bulanov, et al. due to accounting for the finite time required

for electrons to leave the target. At time

] 4
- g}t — L
tmam = _______pc,O CO8 (5 O) pe e 2 0
®(20)

the electron fluid displacement reaches the maximum value:
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are sof rent from se publis by Bul anov, et al. due to
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Qf eE:!t Pgn f %/[S;Oggﬁl -sy?%cg‘?egweﬁatgﬂ?@%w% ﬂ}gﬁlﬁ&e{c}mﬂ]c\c;%pagen(t Cfﬁ%ﬁﬂ%i%éﬁ %é%(%t e
PCTI Usésggﬁ.{t g%@tﬁ) IR GO targetOThe ZetfriMimé oPh e8NS 18&ions dépeadls Mete' 1°

J and decreases afterwards. Eventually the electron fluid el enent returns
t 0 t heirfitsal gebitianco of ﬁmpﬂnadmbinmtt Bésctronethat indigally] e stysermioule bPWa@éHEF@I

dynami cs of the ectron ent can _be des |bed

not i onPi@FBHSEL tﬂg)gt af‘g)et e r OR&f A° ﬁa?‘frhgmﬁ ?heépreé?rll od)%q?ls 521{ :h]L 58{
depends, -Qfedidf duﬁ' infdtdh PR Iy ieBdls %ansudghefftﬁdnmdlae[quruy thEhlﬁﬁzhlrcm)Ineniohe)t
initially are c oser to the boundary of the plasma slab

0
have | tordercdt etegtron tiamstorieTheA fieres &eve denst of plrsma pgret Pbﬂ%ﬁ’ﬂ? leﬁtron )Phase )

space and density distributions evolve in such a way that the majority of electrons can be

localized around the target, considerably shielding its charge. Fig. 6 shows the phase-space (a)

and density (b) distributions of electrons at time ¢ =150/, obtained from one-dimensional PIC

simulations. As mentioned earlier, the initial condition for the electron momentum distribution

was  p,o(x)=sign(x)0(//2—- | x)10m.c. The late time phase-space distribution shows the

formation of an electron cloud concentric with the expanding ion layer having a rather broad
momentum distribution. An electron structure appears at a distance from the target propagating

away from it with velocity nearly equal to v, ;. These can be the particles that have originated at

a front of the electron cloud (| x, |— /2).

[0041] B. Coulomb explosion and the electric field structure beyond the target’s '
surface. Without being bound by any particular theory of operation, the Coulomb explosion of
the target, which leads to the gradual expansion of the ion layer, appears to render the ion density
time-dependent. According to Eqn (4e), the change in ion density influences the longitudinal
electric field profile. The electric field distribution (see Eqn (7)) calculated in the previous

section can assume an infinite ion mass ( y =0). Therefore, in order to find out how the field

structure changes with the expanding ion layer, the spatial and temporal evolution of ion density
needs to be obtained. Its development can be governed by the action of the electric field inside
the target. Under the assumption that the electrons have left the target, the self-consistent ion
evolution can be found from the solution to the 1D ion hydrodynamic equations. As in the
previous section, it can be advantageous to work in Lagrange representation, where the

connection between both coordinates is expressed through the ion fluid element displacement:
-13 -
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PCT/ US211115 /114 6 8 3 8™ 471)3’O,W)9 ﬁrw ( aX 0042] The ion
hydr odynam ¢ equations in the Laglr nge coovr di natesiha

e the foll ow ng
f - , ,t) = n,(x,t) = Gxp,.0) ~ (11 \t) Z=eE .xa, t
orm - sz,(x0,t) =1, (x1) = BrzlkR:0) ~ («3)4_ §w§§%@) dofoEE (xa )

(1Cb) &2 rtni aE"" Ep(z,t) 2l <5

xwi, i’
—5—

Eout(z,t) = j:dvrzé,enoé, |z| > -;— (1 + Eﬁf—gﬁ) (12¢)
Eqn (12a) describes the evolution of one-dimensional ion slab under the action of the Coulomb
repulsive force (i.e.,, Coulomb explosion).

[0044]  As described above, the simulation results indicate that the maximum kinetic
energy of the accelerated protons can be determined by the structure of the longitudinal field
beyond the surface of the target. Therefore, the spatio-temporal evolution of the electric field
near the front of the expanding electron cloud is of interest. The initial conditions for these

electrons can be x, —//2 and their displacement &, (x,,z) for 1712 <xy+&,(x,,t) takes the

following form:

w? t2 {
oo, t) = vo ot — ”""2 373 (-2- - mo) . (13)
Pe,
2(1+2%)
Eqn (13) was obtained from the solution of Eqn (8b) in the limit //2—x, — 0 and together with

the definition (Eqn (5)) constitutes the inversion procedure, which allows one to go back to
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lw t"a
l -
E(zg, t) = 4w Z,eng (—2- - g — ——’—-—W + C’(t))

14+ X50

where F =(1+ p’/m’c*)’"* and C(s) is an arbitrary function of time appearing as a result of

indefinite integration. Its form can be found when y =0 and the electric field can be provided
by Eqn (7). The structure of the electric field at the front of electron cloud is:

2
(’Ue,ot" ) w ot

g + F
—-.’0
=

E(mo,t) = 4w Z;eng

[

(15)
[0046] The incorporation of the ion motion into the hydrodynamic description of both

components renders the longitudinal electric field (at the front of expanding electron cloud)
dependent on the physical parameters of the ions. The dependence is such that a larger value of

the parameter y results in larger eiectric field; for relativistic electrons veot > kw2 t2/(4F) for
t <7 ~1000/w,, . This increase in the field strength typically leads to higher proton energy,

which was also observed in the 2D PIC simulations (see Fig. 3). Note that Eqn (15) was
obtained under the assumption that electrons do not return to the target. As discussed in the
previous section, a majority of electrons will eventually come back, performing complicated
oscillatory motion around the slab. The presence of these electrons will shield part of the total
charge in the target, reducing its effective charge density. This leads to an overestimation of the
contribution of ion motion, but its dependence on the physical characteristics of the target

typically remains intact.
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provi degandiyig Etpatr6d ploudh&hs tspatil andtegiporaievelutien of this figld $anpe drerPmsAdYof

el ectron cloud js: tw2 t ,y,a&2 | - -"5 - =41 1z == . ot
© 5t abah fneton chfiamiss antioq e HoRCuPsorau PR propfl) o e SEIrERRAsrea ok
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electric field (at the front of expanding el ectron cl ougi%sgggi?ndent on the
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As di scussed Iin the previous section, a ngjori of .el ectr.on ] |

event uBIotgn ersEgY WAs RbSeHEEd: 9F ﬁti%‘ij‘r%h%’lb%%{? sug, et Mede 8?9&%!8)%%()%%%%8“ t he
sl ab. ?l_{ég kﬁ(f% W&gné)%nfzgﬁéﬁ staleCCUEiRna shhplificinbRldnRagibndhyihrlyhahil moddiar ge
in the rget, reducing its effective charge density. This |eads to an

over esthermédionfied prile ac tretfranty of therexpindingelpgitangrou betobtaiegsle nkpkHN

the phgcscio%gtl thCehi%rnar(r:lact)t?cl;ni ?rE it}?esh)(/)c{ro&yqa%mrig Izigs%tripti&){ %if%?e!clchn-ri&{rﬁlagﬁlaiﬂggLﬁfét in an
increase in the electric field strength in the region beyond the surface of the target. If there were
no electrons present, the electric field inside the expanding ion target would typically be lower
for substrates with larger values of the structural parameter y , whereas its magnitude outside the
target’s surface would be the same, irrespective of the value of y, as can be seen from Egs.
(12b,12¢). This would eventually lead to lower energies for the accelerated protons, which
contradicts the simulation results as well as the analytical predictions. Thus, the observed
increase in the magnitude of the electric field beyond the target’s surface can be a result of the
combined dynamics of both the ion and electron components.
[0048] As mentioned above, the ionization state of ions can be treated as a parameter,
rather than a calculated value. On a qualitative level it can be feasible to ascertain that for a
given laser intensity, the substrates with larger atomic masses can be ionized to higher ionization
states. Whereas in order to quantitatively predict which substrate will maximize the proton
energy, a reliable calculation method for the effective atomic ionization state is needed. In this
respect, the work by Augst et al., Phys. Rev. Lett., 63,2212, 1989, as carried out for noble gases,
can be used as a possible starting point to further investigate other elements.
[0049] The methods provided herein can also be modified to account for collisional
effects. The electron-ion collisions in the presence of laser light lead to inverse Bremsstrahlung
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least one material that gives rise to a heavy ion layer and one material that gives rise to a light
ion material. In the targets and methods of various embodiments of the present invention, the
heavy ion layer suitably comprises a materiél composed of atoms, ions, or a combination thereof,
having an atomic mass greater than about that of the high energy light positive ions. Suitable
heavy ion layers are derived from materials composed of atoms having a molecular mass greater
than about 10 daltons, e.g., carbon, or any metal, or combination thereof. Examples of suitable
metals for use in heavy ion layers of suitable targets include gold, silver, platinum, palladium,
copper, or any combination there of. Suitable high energy light positive ions are derived ffom
hydrogen, helium, lithium, beryllium, boron, carbon, nitrogen, or oxygen, fluorine, neon or
argon, or any combination thereof. Protons are suitably prepared from hydrogen-containing

matter composed of ions, molecules, compositions, or any combination thereof. Suitable
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respect, the work by Augst et al., Phys. Rev. Lett., 63, 2212, 1989, as
carried out for noble gases, can be used as a possible starting point to
further iwoesid@aise other el ements. 10049] The nethods preisdedoliasei n can

al 5o by gt ibaeid R AR ANGARTE Behdd &iOar adpicéiad  methidayr eﬁt}reclmr-gleb fin

collisi'ons"in the presence of laser light lead to |nverse rens hl ung
- 16 WO206408608KnEONE bET0os! 0ubgsosifaions gre prduged fim adaysyq lig t+£i““?’|

fCIOI I : Isﬁ!l%k{]()d eé{,%? o gceﬁ(]t H1g8p§&>%ﬁc z{t&fal@pﬁmdg gr{?'gt of BEittet SAt is capable of

ion of normal and
anonel papirmpdyiréehehdlium, tmmam bafylluﬁnmrrgx thtboxﬁ Jracogannoondxygen, flusme, hdoght

that gets transmtted thro h'the tar nmensi onal it t he
ot hoder wieow ol tsemiiparERHalF o SHACROM PT LRI 10 ISHEY oS (Suilbid
Zlugu' a%' On 81? gkﬁ ASAY ﬁ%{e\ﬁ?fs%nahﬁé Wa?e?toréﬁrﬂmrﬁ;h&%s i fobldgRes, Golpnésonal

ence int orm of the 'Cotl onb interaction potenti al
bet Weeﬁlo'frg'a@lcehﬂf&msalby ang lvangamtipd therbof. r In w@@em@p@m’gﬁn@ the protons or1gmgt9)

One ramflcatlonth he nmaxi mum pr ot on |ct
can befroues BuR 1avEE %&‘%%Pﬁ%‘?% ¥ VﬁB?thfa%e“?ﬁ“ﬁé’ re g%‘ %élé%el%ﬁ ence “of
the maxi ALt @c}ﬁﬁ% YeaRheluR3€d M@ﬁirﬂﬁg&a@%trsugﬁmﬁlﬂe pRitain o prov@@lﬂg dheso

be det'erm ned nenS|onaI|;£ of the nethods. Since both,
t heor ehlghadnergydleght axodnt12§)101§| arp|betreashly 3npbod deonhar mEFeMaERi L (fep P'&hséfﬁtes)
ener gy depe

t hi orr n cted to be found in 3D
met hod&° F gffgﬁvé"%i%fgﬁﬁ{ ggwfs%tsg Ot% Be%yﬁé&:nd sinmulation results provide
met hods for Jr 0053%1 gMi BEMA chtdamALS Bluttipdd mjretsoclsf lh)ganomﬁnmd:rmlqacmmesed In

i nvention. These nethods_ include  nodeling m i nc#él b % a hea t| on
| ayer, oﬁwr @mé@@mne@tss mAterialy gt mO&H%W@Fg’;}e lqng ?E‘F\/ SrEPHAY dé B
energy t ' t 4 VEry! YOS BRI field i
Sui tab #&6&: 1'}1108@%&? lggce?feg?% F’1 léidr %agggég§Pbed glbovgg Physi (l:?il *

par anebﬁ)"cﬁc@i ustuﬁgéa Mav;yuls@mterhcayoﬁ nitht dibighidentityi terget wiateriahnShitehis lasex iprses
light positjve ion energy are t correl ated usi.n ds.
The | agerindocryteyalt smer- o?:f‘ PEUHET dﬂggﬁtﬁfﬁéﬁomﬁfﬁg r‘fampﬂ%ergoogﬁlghg’%g 7 gén “the

heavy L,ony WRYRS HeOclOR &St ?’hl% BReh¥risll Bt HibRUtINOA @hdwieB-tided bargdiedygiem
| ight positive 1ons. Suitable nethods for varying the paraneters of the

heavy idiffertryspecies of iopx ampbe agnplesatodi|vehicloin turmean by sspiacses! b prnlyias siestric

compr 1 &80 gt B Beg sl lPEY Thitined BTk 3t SRR P ALELFL I SoERaE,

one matsektedk, 1dhaBedinYEherfipys Sybtems, lamcg Hén Beam Wedaehéml Certerst, hwo:wogeo%and
met hods of various enbodi nents of t resent invention, the gavy ion
| ayer duipmanesal dotept iApwdicatioreNer PQTM&%%B&@&&O% clHIRG PHHY to §f.SaApp. No.

conbi ”%bh%,otz'?,e ﬁfe(af June 2, 2003, the portion of which pertaining to ion selection systems is
incorporated by reference herein. Examples of methods of modulating laser-accelerated protons
for radiation therapy that can be adapted for use in the present invention are described in further
detail in “Methods of Modulating Laser-Accelerated Protons for Radiation Therapy”,
W02005057738, U.S. App. Ser. No. _, claiming priority to U.S. App. No.
60/475,027, filed June 2, 2003, and U.S. App. No. 60/526,436, filed Dec. 2, 2003, the portion of

which pertaining to methods of modulating laser-accelerated protons for radiation therapy is
incorporated by reference herein.

[0054] The results of the modeling and simulation results also provide methods for
designing targets used for generating laser-accelerated ion beams. These methods include the
steps of modeling a system including a target, an electric field, and high energy light positive
ions having an energy distribution comprising a maximum light positive ion energy. In these

methods, the target includes a heavy ion layer characterized by a structural parameter x. The
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having an atom c mass greater than about that of the high energy |ight
positive ions. Suitable heavy ion |layers are derived frommaterials
conposed wb 20demzB0savi ng a nol ecul ar mass greater thanpalpaisboosd4633 t ons,
e. 0., GRIAGN pRRnhaRYyIS dalintas Zpwhi, nalidran 7, hetheciecifix appraonatate of hadiye
metals for use in heavy ion | ayers of i table

si | ver iongfimthierheayy a1 R¥ei mais the Bpsest arbéie%{w g r%&i’?éﬁgﬁc?ﬁgg hngvy 80 Papl e
high epg rt%ézx/h@h& ROSHL I Y 8hd RNSr dsForfi 1aVRE fhltReke edE RS inbRIdE ti8 step of

lithium boron, carbon, mitrogen, or oxygen, fluorine, neon or
ar gon, vefyirgnite c@muﬂahparmmetehgnlmbharmrtmm sheatarges i optisnige ﬁreeqyﬁfgé/djlwlbwon

hydr ogen- cont tt d of

any combifianEbAnTHELiEBY PO ABTe e EPSHSALDUBT Db 6aAT M R ODL, o%éggf’ r
hydrd, %H‘1 glﬁmtl@mtﬁ'db@yt i et Hldi ! partiRRRI in Rh@ pinge Fimesn aboat 1051%/&)“ alaljt 61®ent
to a netal layer of the target. certain enbodiments, the h| energé/lu

posi t | Theseonauer ereppastierdardusefigninaebgdimenss Wbe@%ttheabtﬁiﬁ ef%el'f%bh lﬁlétt ©op d

Suitable |ight atomrich materi By b8t i1 art
capabl arqjpns: &ng?an?thgalpg:é p%ﬁjfl?tﬁllm&qﬁ E%Jel%%leg%ﬁ bé/é)% ?ﬁo I um or bn. car bon,

nit rOg%? thé’rsuﬂ%wlél%el,ecﬁérﬂ@f lnﬁwerldm?@ﬁlvmg)ﬂmawganlm ﬁrthampemﬁmbwmmtloonstathmfe@f
adJ acent to or proxinmate to the heavy ion laiﬁ' ui tabl e ‘%gf‘)l es

|i ght awdienlar bﬁa‘dmpéarqhéln;%%? Aty glectiRit @Poutst ¥} ithg wass %%‘&S‘é@f
|
T i AR S o, AT o, bt

hydr ocar bons or
wat er vapeempodigents upnot dbeusit Mede amd int dognesaphliadimernrtg even lmmtp abeyis 0dyleV.

coating technol ogy_can be. u ed in, ari.n S for
provi di ng t H@OS5); g"ﬁw aYYiP ?}jtﬁtsuﬁ%g}'{) c{;gv?%hgrrggﬁteggls at an @degag%rﬁg hg\llﬁ%

one or AOf&nidBhKRS i ?éa?erQl@an@hboﬁﬂt@&il%@Séxaﬁ%w&@ﬁbmﬁlclm&avakb&ﬁ QriBetal) @k agy ve
rise to the heavy i ons 0531 I n sone enbodi nents nU|t|§p? | ayers of |ight

i on matcembalason dherbef. USgthblel metabst inelude gblslelisiieant Blatinm epalladyn, HOPPYr O GBY

I I b 14
L R 2L ORISR T el

field io$cal®oRlsiCRs denibigatian |t1!’1?éira’5f- Suitalle ihighesredyl oght positiveidns ghe «uamdtf;om
t ar get material. Suitable |aser pul ses are in the p etawattetjiqu e. In sone

enbodi tyArogen.y beliwsuslithime: beydiugb risse caston, mgfﬁ?g%ﬁé RXYECh d NGRL P8
the el %?%fnf pergrg)p%ﬁl%nhpoﬁ g é@t Shite h%h@n%%’g ?eﬁﬁog‘ﬁin@ Rah WRGe bRERREy

system nt speci es Gf i ons can accal in turn can be
separ atir thelyngepel fyom gb«alté@tMe‘e‘ to absvolit 6@ VetV by adjed;tdg bodisthdedartridoeld istength

further. detail Pol yenergetic | pn Sel ecti on t I
bam THEPLED sepetitiel A Ry, T NOBA e BRE o o\t 2k oo Sactutal”
I ntern I

o b S B o 05 T Uior R -

pert ai maitgr taonpesed @ff el@m,omo@yg]pgngomgosmons or any combination thereof. Suitable

hydrogen-containing materials can be formed as a layer adjacent to a metal layer of the target.
10056] The results of the modeling and simulation results also provide targets that are
useful for generating laser-accelerated high energy light positive ion beams in a system. Targets
according to this embodiment of the present invention can be designed by the process of
modeling a system including the target, an electric field, and high energy light positive ions
having an energy distribution comprising a maximum light positive ion energy. In these
embodiments, the target includes a heavy ion layer characterized by the structural parameter y as
defined above. The method includes varying the structural parameter y to optimize the energy
distribution of the high energy light positive ions. The structural parameter x can be varied
iteratively or through PIC simulations for optimizing the energy distributions. Suitable materials

can be selected for controlling the structural parameter y as described above.
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i ncorporated by reference herein. Exanples of nmethods of nodul ating

| aser-accel erated protons for radiation therapy that can be adapted for
use in t hgopo®wseissi nventi on are described in further getraishoosmscsbet hods
of Modul ati g@gﬁas efifiAStglsrak aidREIaicons diRnlaRasliréshito Blsd pesagy targets that are
W2005057738, U S. App. Ser. No. claimng pri oritK to U.S. App. No. i

60/ 475uehH, fof genetatingnlaser-acogierstedaan bearss g systew thgopgpdesiaarest; prglepele. 2,
2003, ortion of which.nertaind - " ' : -
aser - IRl el dn s LSRR . 0l LT Bl DA, Behhhqa it i

r ef er eggeenhevifli hve[ £0Edte T liestiiR8ioht thainciudes motiekinngn digtt positivatioroenerggul t s
al so provide nethods for designing targets usegéa)c or %ener.at'gg

| aser - Seigdle taees iR AhespsapEMs THESECIEE RolRaVY Aen et Ch ac@f‘é‘?ds 2 B thg a
system|i ' &A1 afankd j i triu@iBh of the
posi t rbéé%%%ﬂgnﬁ%%&r?g\%gﬁhé rt]}ge'r‘sgt]@c%iltdra%%%tﬁjogmg%%ﬁ%;?ﬁeﬂgéﬂgﬁfi rrumBI i ght

posi t i kighicavrggniéghypositive tidressel thermtdueltd, systam. t Selepsion Offdlgt@ ductarah pasppetesry,

| ayer characterized by a structural paraneter x. The -18 WD 2006/ 086084
PCTI US2tsbEiF 5964 Ofﬂ%%?lﬁfsa%sﬁg’regﬁgg‘éer X is defined as 1d. Z, /m, wherein
Z; is the spapifi CnivaRbaatmbdifeAlsEcotibin@aiy of hefs dtbmtddatdieay ynatatald ayer
me is the nmass of an electron, and m is the mass of the heavy ions in the
heavy light dtamenatefinle capthowed foproyidsi tpspergivelys gorkeayy iensend badiht s er

i ncl ude_t he st.ep of aryin he st ruct l. tier : 1 hZes
t he tapbegfmrt‘%hl?ptf‘fgﬁsz t %’éang)r%é’r%nf i l?;&t%ﬁrl%{%lﬁtlf gf\éoﬁgg g eé){?#ggﬁé 0e'rqiler 6‘3’;%?15}:%
posi ti Y@ni 0\%r cbhfpoSdd BE auhroguebanmed € cxrboanndeproamsednd ra héveyyr atnge laybr
fromabout 10"6 to about 10-3, and in particular in the range of fro .%bout
10- 5 t eompesed ofgnetals, fosexample gpdd on cepRsar di O0f sPbadsienf hl&l-ﬁnﬂamsnﬁg

wher e %H&g@,i 84, 8&?&?35%1{65%% al @9SibhiG, l“l?@()en%t%&? ighd ?Jlnu_ﬁéan%f cdnhBe %Mdﬁ@éthr al

paraneter °Can be s e y persons o rdi nary ski inthe art by the
sui t abueing alsaedwioh-likt targttesystains Sualiiarsgndwiollided ¢rrgesfsysthm capardlideca firshiayax i on
state of a particular heavy ion, the ss of an el ctéogtq&aboijt 9 x 10-31

kg) , &wstrelsehayaga digh plectERly fensiiyanot IRBRNAPIMYnYalug 1or IBF STWTTHR! BABFEFTI% ght
posi ti ' ) 1S ol ' ' iimpt s
o to SbiRs TLL AR AT IR B By e SRy 8

[ 0055] aibnes theayiyeinse tbalie highuérteadl lightsiodershveld Hermpehrtttimrer ghan theafirst feykude
atons havin an atqm c nass gre ter tqan a?ﬁut 10 dal tonsIh texarrpl es o

whi ch SHRsEFe dalepsHon a?fnaé‘_c HtensgagyPy YoRBinston Higet 8591 “BULiRES Bt al s
i ncl udg gl ghiorsbf R light!ihd, RYMesd el 38N o FBRP QI higRlendidy 1igh® o BadrhONAs
thereof. In sonme enbodi nents the high energy |ight positive ions conprise
pr ot onsmengpnakatiovn, a wideanyictyofbighaiohoean Heeacedtrateduisingighis tedhginuemer gy | i ght

posiiive ot Seibred Lol BALRPSD g bt . PO Hks o
polymers and plastic materials can be used in various embodiments. Any plastic materidl can be
a good candidate for preparing targets according to the present invention. Plastic materials,
which are composed of polymer molecules of carbon, hydrogen, oxygen, nitrogen, sulfur,
phosphorus atoms, and any combination thereof, are suitably dense enough to produce high
electron concentration after ionization by the laser. Suitable light ions have low masses and give

rise a finite value of the structural parameter .
[0060] Some embodiments are capable of designing targets that generate a.high energy
light ion beam composed of high energy carbon ions. For example, a sandwich-like target for
accelerating carbon ions can be produced by coating a metal substrate with a carbon layer having

a thickness in the range of from about 50 nm to about 100 nm. Suitable metal substrates include

metal foils, such as copper, gold, silver, platinum and palladium, and the like.
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argon, or any conbination thereof. Suitable high energy |light positive ions
can have an energy in the range of from about 50 MeV to about 250 MeV by
adj ust i ngwbabds/dsbdsel ectric field strength through sel eetrhw@pomsfosdssui t ably

i ntense peg@f\ﬁﬁ;‘;t L?ﬁlgﬁ;ﬁsp%! FRESHAD @}ntbg&km}/e?lk aﬁr Unylsihedli g%ﬁlyﬁ Fhe pRARRIES OF X

of the tar ons are sul prepared from

hydr ogefferefiiagérd icif be dElthiatedC Fopesanplofa rethalslﬁ maded carl b@prwmwp(fsr piedesing or
any conbi nation thereof. Suitable hydrogen-contai ntlE gcématerl can b

f or medomshage sk IIEPHENIN 3 SHbStrASIAT @ BLYFBIassFPYlfRC %’fSUCio@%ﬁ’ Wiy Of

resul t 8‘1 &E“t‘hé"i?&ﬁl brntg.r%[]gl B Ab] HNinlcBRipldnfer@ha®, PIOVinfl@ationk @&t 8lsd bat
are i or generat iI'hg | aser-accel erated hi gh energy |ight p05| tive ion
beans daﬁleﬁi sytst Bon eiﬁmpgetm orgcauraiimgntt thet hs@ ghiane fen e mpdifigd sgEhe

i nvention can be d proc i g
et dTGRISE 6 R Edos@Da MR Unapyf T fgn: et PLETs R ttRd
an enghgyoittSdrBtEdIRNEHaREIhE Shipe aad w;bﬁwfashl da@ldttiopagittd meini snbstemgrsgyhat | n

t hese n%odl ments, the target includes a heavy ion Ia\é&rﬁchar act

the stwhet treamayarlaseetmise aques chéfmﬁééfg&bol\vemtm?ég Hathn H‘*&Frﬂﬁe%te\?k?ﬂ‘? ng

t he struct z byt ihOfheO gphi gh
ener gy° 1\ Faﬁgﬁr b8£| 4 rc?%%lg d%%% ;’ngct ar a?erg)? é]?}sét lé]?ériét{:dgnuﬁ% glgr faééel? !

i teratigy ﬁ,étlgﬁ wWith PO$in Rl Gosé nmgah¢mﬁh f'a)rabkapbnmtzomlglodebid"oeﬁ@rsg}bstrate) can

di stributions. Suitable rraterlals nbeﬁ C\i‘ﬁi)()for controlli nﬁfhen
st r uct ZIVariSpir ABY B MRreASCHaed} SfééPn the R@‘/Sl A SRR RAIL:1510]: - M
PCT/ USgd 1320 i of e Ereguﬁe effEth%ZI} 2illl@ the ﬁWél@prﬁ’efnt To'@@mFRQ'@Ji itdtgetadtdign and

si mul ati on results rovide targets that are useful for generating
| aser - ﬁ@ﬂﬁhebﬁi)ﬁhdlesamgjiﬁglmergy hglgyet beantshat i ncl udes a target, an el ectrl c

| ons. gener alt02l ¢ i SRF BT R thay S aoianal i BRRCER e i e
i ncl udgs; idh Umdmmdgjets%}fd POSirisk (& syﬂﬁes@ﬂﬁé @igh erﬁhﬂg}f aglhtelohao*e@mtss Combinage

syst ens i nclude a heavy ion (%er characterized by a_structural
par anehgirodynantie r@anI&rsymn]gtl@Ih‘ﬁe a%t @R?th@iﬂ dhergiar gives @ise xonthei Hghtdan 1qerey

energy distri on th 0 ed
Syst ansoeaieder bis Brehnb Cierql ol AP bat i SAHE ekl (b Tpe
mat er i gf gkillSind @Cart he topRviag ﬂa@zﬁﬁ&hc |sﬂ1dd@r oD dffepdriv adigae niaserial rebapeat aroins
of heavy aton1conta|nlngﬁnaterlals and ght atom.naterials.can bg}ﬁ dto

provi délmﬁrné@pé@tail wiglg ad @nﬁe@wnaldﬁ%eﬁaaﬁaett ﬂ’érqcf%ﬁfmﬁ Bt Wi 8ive P, t he
tar geta 1519 ac &5 89RH GiehP Wi esﬂpglﬂb B MhadrSh Ele 'g'bf}o? tHeBY EfimbRY SdanB& A Sthég a

ato Fa er cor%pose& a hydrocar bon carbon and protons) and
a heavylsaasegn | ayer conposed of netals, for exarrpl e gold or copper. In one
enbodi nent, high-quality (e.g., high energy, |ow energy spread in a
distribution, lowemttance) light ion beans can be produced
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using a sandw ch-1ike target system Such a sandw ch-like target system can
include a first layer substrate having a high electron density, not

i nfinitesworboovBbose for the structural parameter x conmpriraist@siohasheavi er
at ons. Wi ¢tdeghneAPodi ments, the second |ayer, which conprises light atons
that give rise to the high energy light ions, should be nmuch thinner than
the 1§t | a%6Emod WSttt @hfip o IPLPRBGHEAR] Ufn Ul BEGBRGRL:ASEr pul se wi th such
a target geonefry gives r1'56 to ‘acceleration of the | Tght ions, as

descri bed abmdeling @ shsiem iacloidiply eeheavgyion laykt, anosledseameldasind fnegit ewemgyl lightov e,
a wde variety of light ions. can he acc%l.erat ed using this. tecrll.nbgues..
[0059] Pol ymers BSTHUET 055 BRVIEER PHEIATYRIIG CMRSHIE? FRFYRTTE NeiLProee
types of pol yme{s é}ﬁ%}gl astic materials can be used in various

enbodi ments. Any plastic material can be a good candidate for |1orepari ng
targets accooméladgng whysiealppasmaters ol che ihsavy Ppasieys, e elqchics fieldynand, the e
conposed of pol yner.nol ecy] es.of .carbon, en, nitrogen,

sul fur, phosphoFli‘%‘“&‘t“Berir‘s?,ﬂl%%Sé“"ae@“%%ﬁHﬁ%{g%aﬁ@?‘f?gé"%%{, are suitably dense
enough to pr@gifpethbigafamate o tinheondentdyat icoptahizethd anrgytisoibulipn tofiehe

| aser. Suitable |light ions have | ow masses and give rise a finite value of
the structural pé&k ey Iight poRie] 198bne enbodi nents are capabl e of
designing targets that generate a high energy |[|ight ion beam conposed of
hi gh energy carbon ions. For exanple, a sandw ch-like target for

accel eRat i nghe arathns dceprslingta chdmpls gdhgrsatthsica\BaIoN Ay eh CHRRPESEs SAHeRr at e wi t h
a carbon layer having a thickness in the range of from about 50 nmto
about 100 rim Suitable netal substrates include netal foils, such as
copper 3. gol dhe sidthast accprding toustpiand, wedreiadhehgavarien layer ¢ruerises aaneg, or any
2006/ 0860 %ECJ/H%%&LSIIS /114 6 8 3 8 (0061.1" V' Iir~ioths add tib ai

bodi nr &R gnvVireioned in which the paraneters of different |ayers can
be cal cul ated. For exanple, a reliable nodel can be provided for predicting

i on charge ate distribution in substrate for Y | asen- pul

char acf'eri st '18@etgf‘ig?co\ﬂgli)g(%%fcllaugg%’i‘ﬁi?ezrlelﬁgthf ﬁ%eq%}ecgorrﬁ%c?rs gé?@eg llYér%l’ 3%§P Ton
to, or phllade@APHPBNbr Myt dbmBTh4tioni thete @i ons can al so be carried out. For

exanpl e, in one enbodi ment, the | aser pulse shape can be nodified with a

prepul se (e.g., the | aser pedestal), which precedes the main pul se. The

| aser Brepul$e nigthdd4@BsEng SNAMEN] LehdEia 1Rd higRlehorgs MigRgsosithe ishage defded he
physi cal condition of the main substrate, so that when the main |aser

pul se &ioni hebogan, hpldum glithamm, bierylliymehaien. sagionhnitiegerns @b oKy gane flypring, neprar
characteristijcs. >or.di nodel i ng of the |l aser-prepul se interaction

W th tﬁlégotna(?rg%@ ﬁoﬁ&%%gag%hgﬁ% ?f'on with PIC sinulations (together with
reliable ionization nodel for the substrate) can give rise to an even nore

accurate understanding glfdir'fgh fo RIS £2lnBlOC &35 RiunCERHE) 1S poBiEvESHRE are

produced from a layer of light positive ion rich material.

7. The method according to claim 6, wherein the light positive ion rich material comprises

water, hydrocarbons, noble gases, polymers, an inorganic material, or any combination thereof.

8. A method for designing a target used for generating laser-accelerated ion beams,
comprising:

modeling a system including a target, an electric field, and high energy light positive ions

having an energy distribution comprising a maximum light positive ion energy,

said target comprising a heavy ion layer characterized by a structural parameter y;

and
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of the results of the prepulse effects can aid in the devel opnent of

i nproved target design and nethods of synthesizing high energy |ight ion
beans. 10862hodiss@sddi tional enbodinents, it is envisionedrtusasosiolidsss met hod
can be usedyd firgdgSORENPAEBERY ICbEtiADE the veerpy dastritatioyn rof Wles high regetgiygh
energy light ion beans. Conbining hydrodynam c and PIC sinmulations as
descri bed her ei nlightwesitive &mst o the |ight-ion energy spectrumfor the given
initial laser pulse and target properties. Routine experinentation by those

of skill in the art in cpnducting parametric studies of differ%nt t ar get
materi@ls, Thapethodrdcordingsnsiaond, whsrey B HeaydPR 1YRRFOBNISCHET P Yser / t ar get
characteristics that will give rise to high quality accelerated |light ions

suitable for hadron therapy for the treatnment of cancer and ot her

di sease®. - Zhe WRHROOSLOBEE RN §130G08N CapRsy kel OmRrEsapetal, opnany
met hod for. designing a |aser-accelerated i on beam conprising: nodeling a
syst enfQREPEHH ’Edﬁgavy ion layer, an electric field, and high energy
light positive ions having an energy distribution conprising a nmaxi num

on | ayr (e restae eorei g B hBEkREE iy RARATELEDR, Pl ity

ion laybr, t maxi num Itive 1 on energy

usi ng ?gk@hﬁygﬁbpméBﬂmﬁﬂ&XMﬁﬂmkﬁQhﬁeéﬁﬂEterS of the heavy ion |layer to
optim ze the energy distribution of the high energy |Iight positive ions.

2. The nethod according to claim1l, wherein the heavy ion | ayer conprises

carbong3. The fBiiedcarse Ficdhimt 10, ¢haiem the nwidicomprisdseoppavy ion |ayer
conprises a netal, or any ~conbination of netals. 4. The nethod accordi ng

to claim3, wherein the netal conprises gold, silver, platinum palladium

COpper ;30r gy rﬁaf{@d Radok@fe td16fafin Bf whereid R KB RoetgRdipht Podigvd @ns lcampride
wherein the high energy light positive ions are derived from hydrogen,

hel i umprdtoshirwarbopgeondnyi apmbinedioo mherefr bon, ni trogen, or oxygen, fluorine,
neon or argon, or any conbination thereof. 6. The nethod according to
claim1, wherein the high energy light positive ions are produced froma

| ayer oft. | i gt mesiotli aceoiding o clrimatemihafein the high geerap dight ROSHIVAGIONY %¢ ai m

6, Vmelbrecl)d?lcécp grorlnl eggglerp 0%11 g}l{ f)lc)esit%voer}orli Irl%l? mrg?éneaf.l al conprises

15. The method according to claim 14, wherein the light positive ion rich material comprises

water, hydrocarbons, noble gases, or polymers, or any combination thereof.

16. A target used for generating laser-accelerated high energy light positive ion beams in a
system, said target made by the process of:

modeling a system including the target, an electric field, and high energy light positive
ions having an energy distribution comprising a maximum light positive ion energy, said target
comprising a heavy ion layer characterized by a structural parameter y, ; and

varying the structural parameter % to optimize the energy distribution of the high energy

light positive ions.

17. The target made by the process of claim 16, wherein the heavy ion layer comprises
carbon.
18. The target made by the process of claim 16, wherein the heavy ion layer comprises a

metal, or any combination of metals.

-23 -



wat er, hydrocarbons, noble gases, polyners, an inorganic material, or any
conbi nation thereof. 8. A nethod for designing a target used for

gener at i ngolassrss@acel erated i on beans, conprising: no@geriuygodsssss em

I ncludigg aﬂ@{aggegmﬁa%"th%a&sﬁf@ra!aqm 18"ohdkifl i ERBL8Yohhigddk (BRI Li Ve i ons
havi ng an energ Istribution conprising a maximum |ight positive ion
energy, said target conprising a heavy ion |ayer characterized by a

st ruct g al ; - : / @m@vai jiflg
“Vi sttt roe BB Flad¥ oy ¥ froc %015\&&?%9?@ : %ﬁgtﬁég%%‘pgﬁgﬁéegéti on of the

hi gh energy light positive ions. 9. The nmethod according to claimS8,

wher ei p, t heheavy .ion | r i - . { to
ol ai m 8 ndPere Bl Bl AR bE AR BERereritne B S g e e o
of et adifprisklproibhe on®drbisr] oaawpeanigation théraefn 10, wherein the netal
conprises gold, silver, platinum palladium copper, or any conbination
thereof. 12. The nethod according to claim 10, wherein the netal conprises
copper 22 13. Tharp&thadt B tergdoags boclalmils) Shereinetheihight ereergy §phtegpositiyy ibnsght
positive ions conprise protons or carbon, or any conbination thereof. 14.
The netisquodused fignnglayer ef ghtpesitiviiondich Mg aki gh energy |ight positive
ions are produced froma layer of light positive ion rich material. 15.
The met hod according to claim 14, wherein the | %osi tive ion rich.

[ | i ght. . :
mat eri aB. cofpeitarget moga by thergrasese af BloH ,22nUBF@“bg’§el ht gpsifiyg {AReiich maferighy
conbi nat i on_t hereof . . t tabihaS& maese! er at ed
hi gh eﬁ%lpalj}sqsiv‘éﬁ%?r’ %%%%?%reélsi gélﬁgg%sﬁg%gﬁkghegfgg éﬂ saild target nmade by the
process of: nodeling a systemincluding the target, an electric field, and
hi gh energy [|jgh ositive io0 avi - di ' -RA; kirsnNg @
oo ma | gt RS EROlo el erath B AR GG  Siblont kRO EMIP B
| ayer ghalaiefiéldeshdyigh eaérpydight posithar @AEhaving an eaady ditybuigpnt deenprising a
structural parameter x to optimze the energy distribution of the high
ener gy Maxigm lighs pesityee iop gaergy,saidigeget cRryRitsSide by the process of claim

16, wherein athrégvyﬁﬂ\ﬂyér QarhB¥ELedAR PEthRARal oIR8 5, wherein varying the structural
parameter x maximizes the energy distribution of the high energy light positive

ions of the modeled system.

25. The target made by the process of claim 24, wherein the heavy ion layer comprises
carbon.
26. The target made by the process of claim 24, wherein the heavy ion layer comprises a

metal, or any combination of metals.
27. The target made by the process of claim 26, wherein the metal comprises gold.
28. The target made by the process of claim 26, wherein the metal comprises copper.

29. The target made by the process of claim 24, wherein the high energy light positive ions

comprise protons or carbon. or any combination thereof.

30. The target made by the process of claim 24, wherein the high energy light positive ions

are produced from a layer of light positive ion rich material.
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18. The target nmade by the process of claim 16, wherein the heavy ion |ayer
conprises a netal, or any conbination of netals. -23 WO 20116/ 086084

PCT/ 1152 M:dLbdd086@338 19. The target namde by the procesecefusedoziomssis,

wher ei g, t helyyit.al e - des: gotida 20, . t .t he. proce

Cl'ai m T, WGy o hecAT B o Quin] 28 bALEG S Bt Piol ARy,

pr ocessomprisek atapar libydrydaeaisndbiegdseq poBmestgwr ki gbdmipastidn therebfHins conpri se
protons or carbon, or any conbination thereof. 22. The target made by the
process of claim 16, wherein the high energy light positive ions are
produceg fr Y& apOrdlni Rt ARSI WherbiRHhE | GhhcHRAIChdrAhete S isTHGeA" Gt
made bggt he?g% ggéetgs&gfg%figlgmazﬁ, V\hérelserli 'The Iél%gﬁ?}?%o E}rfg[#lsg ie‘kolr? ?‘fﬁ%ﬁ

mat er i Zlm/mowhereses; inteespecifiy dorozaiobots ohldive igasieshe beavyoby teyes .05 tleny
conmbi nation.thereof. 24. A target .used for generating |aser-accelerated ion
bears M50 ot i G RES ey 95 a BERERY T ERE™ and hi gh ener gy
| i ght positive ions having an energy distribution conprising a nmaximm

i ght positive ion energy, said target conprising: a heavy ion Iaﬁfn

char acBar i z&He byethodsaacorsing ol clpar ahevharein thewfeyctiral Rasppetagy hava sakugdr theal
par anmet er X xim 4 he di stribution of the high energy |ight
positi&ggepgﬁgnﬁﬁk%ﬁg)ng’gﬁgﬁﬂg¥sten1 25. The target made by the process of
claim 24, wherein the heavy ion | ayer conprises carbon. 26. The target
made by the process of claim 24, wherein the heavy ion | ayer conprises a
metal , 3br ane dstbdacPsingto dithp &, Wirrein thestrughyak Parameiehy hiha VRS dR LR of
claim 28, j et rises gold. 28. The target made by the
proceséggfwgﬁgﬁ%gﬁﬁpg%ﬂgygkﬁpggg nmetal conprises copper. 29. The target
made by the process of claim24, wherein the high energy Iight positive

i ons nprise protons or carbon. or any,conbination thereof. 30. The
{ar get Syade TH HHEG rOEedS laTRILg: Hpo AT R PGl ESRFSH. BTG b g
POSi ti Vfeted]S; isaﬁ@%‘%ﬁﬁ%ﬁ&aﬁ&pﬁa@ Jf R¥8ky i8hs Id BBthePBSIohi¥Rr] ANisth€ thass of
material. -24 WO 2006/ 086084 PCT/U82005ﬂb46838 31. 10 rar~~r adz by
t~i ~' ' pnolsdisof, aodl ai; in BO maghek thi heavyaons ighke hesgyionvlayeron rich material
conpri ses water, hydrocarbons, noble gases, polyners, or any conbination
t her eof

36.  The method according to claim 35, wherein the structural parameter y has a va_lue in the

range of from about 107 to about 107,

37. The method according to claim 36, wherein the structural parameter x has a value in the

range of from about 10 to about 10™,
38. The target according to claim 24, wherein the structural parameter y is defined as Zm./m;,
wherein Z; is the specific ionization state of heavy ions in the heavy ion layer, m, is the mass of

an electron, and m; is the mass of the heavy ions in the heavy ion layer.

39. The method according to claim 38, wherein the structural parameter y has a value in the

range of from about 10 to about 107.

40. The method according to claim 39, wherein the structural parameter x has a value in the

range of from about 107 to about 10™.
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32. The nethod according to claim8, wherein the structural paranmeter x is
defined as Z;rn,/m, wherein Z;, is the specific ionization state of heavy
ions in tWe b&asyosuon | ayer, m is the nass of an el ecrons2@s@esssi s t he

mass oy t heyd @ik atePifanin e SRANY miaRftnd R Yight po%%weTBﬁ efBlhad i aratsidgr t
claim32, wherein the structural parameter X has a value in the range of

f r om about froB-abouics GaeNtto 26031e\84. The met hod accor di ng to claim33,

wherein the structural paranmeter x has a value in the range of from about
10-5 to about 10-4. 35. The target according to claim 16, wherein the
struct yp al TRAMRIBUEST ordifh glelhdied tBe méximumlight PRl ion Znelgy it hetirpaatd oL
ionization state of heavy ions in the heavy ion layer, ne is the mass of

an el ect r ofipmabguig0 MsVitheSRAdeV.of the heavy ions in the heavy ion |ayer.
36. The nethod according to claim35, wherein the structural parameter x
has a value in the range of fromabout 10-6 to about 10-3. 37. The nethod
accor ddhg The cdrgétrof dfaimWies vdiereit hiee mbxrinomulight pesitareabe engrglyas irathealaoge oh
the range_of from about ég-St about 10-4. 38. The target according to
clai m 24, faerabept 1GhMedtte QY- parameter xis defined as Zine/m wherein
Z, is the specific ionization state of heavy ions in the heavy ion |ayer,

me is the mass of an electron, and m is the mass of the heavy ions in the
heavy #én Thg/mrget:iﬂ“ claitve2 4rpttengn dloc waginngn fightcpesitive3gn enbrgydh i thyerange of
structural ue in the range of fromabout 10-6 to
about 10- 3f 91’03 oﬁgd%tvhh%isgé\)ci@dl ng to claim39, wherein the structural
paraneter x has a value in the range of fromabout 10-5 to about 10-4. -25
WO 2006/ 086084 PCT/ US2005/ 046838 41. Tllfe-rhefh6a:!"'VMiti 1 kdi reih:.~he
maxi mum | i ght positive ion energy is in the range of fromabout 50 MeV to
250 MeV. 42. The nmethod of claim8, wherein the maxi mumlight positive ion
energy is in the range of from about 50 MeV to 250 MeV. 43. The target of
claim 16, wherein the maxi mumlight positive ion energy is in the range of
fromabout 50 MeV to 250 MeV. 44. The target of claim24, wherein the

maxi mum | i ght positive ion energy is in the range of fromabout 50 MeV to
250 MeV. -26
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