TARGET DESI GN FOR Hl GH PONER LASER ACCELERATED | ONS CROSS REFERENCE TO
RELATED APPLI CATI ONS [ 0001] This patent application clains the benefit of

U. S. Prowveiealsedgat ent Application Serial No. 60/ 638, 83tr/Uskéd@dsddgsenber
22, 2004, the entirety of which is incorporated by reference herein.
STATEMENT OF GOVERNMENT SUPPORT [0002] This work is partly supported by the
Departnent of Health and Hunman Services, the National Institute of Health,
under the contract nunber CA78331. Accordingly, the Governnent may have
rights in these inventions. FIELD OF THE | NVENTI ON [ 0003] The field of the
invention pertains to | aser-accelerated |ight positive ions, such as
protons, generated fromthe interaction of ultrahigh intensity |aser pulses
and target materials. The field of the invention also pertains to targets
and their design for interacting with ultrahigh intensity |aser pul ses for
generating high energy light positive ions. BACKGROUND OF THE | NVENTI ON

[ 0004] The interaction of ultrahigh intensity |aser pulses wth plasmas has
attracted considerable interest due to its promsing applications in a

vari ety of areas such as generation of hard X-rays, neutrons, electrons,
and high energy ions. The | aser-accelerated i on beans have specific
characteristics, such as high collimtion and high particle flux, which
make them very attractive for applications in controlled nuclear fusion,

mat eri al sci ANRGEAY DESIGNAFORHECHROWER AIASER ACCELERATBDIONS ag i r!i
hadron therapy (e.g., proton beamradiation for the treatnent of cancer).

[ 0005] There is presently a need to create target materials that can
controllably provide ion beans of controlled conposition and energy

di stribution. Previous experinmental studies have been directed toward the

under st 30g58RIPFER Rﬁﬁcff@bs roton/ion generation during
t he intera§ i on %gtkﬁgﬁgﬂig I'n en§9??9%3§2§5§§|ses with thin solid
structures ((000a], THis petest)aphiitanohictaias thedehefitsofliliSuUP@vBsioniahP gremtsA pydicatios ed
with a _thickness ranging. froma few mcrons "mi to nore than 100 nm_ The
ori gi nS6nak fe- SOUERREY. sk Dekembate2 trodiidni tameBtireh el ek d dRCTpRAd: bY |
remai n g@tdef ferefy, 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
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front surface directly illumnated by the incident |aser, or at the rear

surface, where the accel eration occurs through the electrostatic field,

gener at edvbydsnBspace- charge separation. The parti cul apcexnsesosorgass

condi t i8Red {8 tARRLINARESEGNS A BRREn RRAGS! 1 ¢ 2oloRChi GRliaREDISY thes)
r

can dete ne the accel efati on schene, although in sonme experiments it has
been sheatmenheficanber).pr ot on accel erati on occurs at the back surface of the
target. Accordi ngI y, there is a need to better understand the dynanics of

the 1 nt er acyifity Ofpl 0l 36chy SnePi o en i Lo IBHET Sl kIR SEARM o

will, intu rove arge esigns and ne
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theoretical nodel for ion acceleration at the back surface of .the tar is
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a narr w ayer a ront o |ng pllasma cl oud, whi I's assurred
to be mepéts)al Metatict ewehtasriantlatontapgetawend tisedswh ta thimknedst lraaglngefrme d fever

pul se wiith a solid stryctyre, t assu ion, of asi ality is .
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ext ended regi ons where plasna quasi-neutrality is violated, a factor that

shoul d fitpet tsakfecrﬁ rinwlsaclémmtatedm@ th@n@m@fmﬁln@r,u on ahdbelrermasitkrehyvhere the

glets(r:?: %écge[l] ?‘lté ?c&}{s tpg)%éﬁ gkredelgetr, {a ie 16%1 pene Q{%d 5{/&% \,\,890%6&‘%%[3(3%98&2’1} The

el ect r pagicuRaekpdrivhdr®yM dogditiohs ztﬂarrmuéh@et 6f tlnetlaseﬂ pedestal dmi ey @rdet bloplertids)
energies. The effects of charge s\ﬂggratl on have been taken into account by

sol vi n§apesteswine étfu@srlsr%w(uﬁmem QuUEH SRINE LR EIEALS 16 Hat Beppshawp dhatthg
the el @f&g@g&&f ? 'a@ h Sg{?éﬁ EAJ?#E loPthe! t&%lepeAég'gfmﬁgkl thée@*]?a%eécﬁfasose%ﬁ

presen ere el ectrons®resi S approac
| i m t ednbestand ethe tdynaimmsenf Itye pnerdcties o ntamse |1a@egﬁmbenwltﬂematenplsl OrThis

However for estinat.l n ion energies quantlt tivel or evol.ution
(i. upﬂ%ﬁ&ﬁﬁ%m& rrfl)t "9 ERRESE ORI kgl wHsF @ g W?Bé)d’eﬁ{% 8" faresmne

AIthouge{} 5tpeortgregataﬂ§g1;aswg§§gaeéalglybé,msv Bul anov, et al, Plasma Phys. Rep.
30, 2 %2004) offers a possibility for obtaining the spatl o-t enpor al

evol utr on of0Q06¢ sEInt dhersétstabntode] B ierT heckleraiton; at |the backeituifaw of thd tatgetiis
rk.is needed

Bl 5, SRR, LOr ader tand! B, G 5L Aol R IU ST A

desi gnifiefl i@ pEnéRtel Mug itd @pdcd TRhrgd GeraicH iBth hRRVORIE SEE GFht bNdk eRpfnding

ol Pl B i ASRIeaHe be Aauiral. I 18 intorachian of an ultrashort and ultfaintcnse
laser pulse with a solid structure, the assumption of quasi-neutrality is abandoned. The results of
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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[ 0007] There are several theoretical exanples of proton/ion accel eration
under the condition of strong charge separation. One is the Coul onb

expl osi onwofo@msseda cl uster. A laser pul se interacting wctrhysbésoiasget
expels electrons, thus creating a strong electric field inside t,he,foiLé

whi ch porsjitdn "eledtfistic™ fiefdyHdrtiesiwarke & apegerl ofer prierstanding, apd (simating &
protons are accel er ectri i.ed WaR- iEndep n
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to its back surfac as 1oni zed hydrogen. Under the action of the |aser
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charged | ayer of. heayy.,ions. If the ion Ss is.nmuch |ar .
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time period, the electric field of the ion cluster is consjdered to. be
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the proh@mméeeapbeifiailiyometivdelald @el bad b partieliatlly veby stracigre for-thikQ@t&eragpn and

the influence of both the self-consistent electron dynam cs _and the ion
cl ust ersclsmps.obi s styustwalthe Gestijayes hastheavielanstof ingass j7e] andppeeic 1onization state

ti me-dependent. As a result, the maxi num protaon energy typically depends on
t he phy4i &l thp sensad davss (astachaddodis pagle purfaseyhas IP@ﬁe%ﬁé%O%ﬁ?d @Hl(frg‘%? 190 &F .
Accordingly, the infl uentgée of. a cluster' aracteristic

[

th
accel erBg {33gf RINGETIRQUIVE; T8TCE: ‘é}ﬁ%f“f‘ﬁeﬁs?‘faé’ﬁif?ﬂi‘gnt B85 18?1Vé%§ef§$d Palegr;ged layer
i nt er agfy ilfégvy‘fic;n@.l ar dRUBh&nARNE MucRNASEr ABR tRALIRE biotoH)died a§R@klcs ke, ion

there is presently a need to better understand the interaction of high
ener gy duser ((uileel expldsionhrigetsuntiit aeglatted fduring etbe (affastve meedeaton dingeetod.

I I e
beans. RiAARY Gid bhiEis IWENTH & pr&168]of PactoR hetsthtidnivienithtishapy, dvt siesialy
nodel of electric field evolution that accounts

inhomogeneous electric field.

[0008] Although the aforementioned work is useful for describing ion acceleration
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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for the influence of the Coul onb expl osion effect. This nodel is used to
design targets andlaser-liccel'rate'iill high energy |light ions. As used
her ei n t heotedemssdsugh energy” refers to ion beanms havi ngcensp@isscsss the
range RfeftPoiARMSHIBaMENSIPBRE Ul o o MR YightTfogs. Madeksell heR#S 8t @fntAgh

sol ution of one di nmensional hydrodynam c equations for el ectron and ion
conponentrgy” s teserl beanobhavimg enangiehimthehrengeof fromf abiot 80 velé(to abeutuid¥d t o
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that are useful for generati ng hi gh energy |ight positive ions, such as
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ot hodb oty BECAF Pt arfon SEEEHTER AR AACRE ERAER LRI R desl I
an el edbubieldyieeltastgeantiah aghuesfidr fiy grmetating Higlviengrggnlight epagitiveti Bk, buchi an
conprising a maxi mum proton energy, correlating physical paranmeters of the
heavy P®YoNsayer, the electric field, and the maxi num proton energy using
the model, oY T YhdIrdsli iRAEABR B Ber Protilss MEMBYs FReki N thideRPidedifge
the energy distribution of the high energy protons. [001: he present

i nvent gemerairgolaprrecdestedabh bdams.or Thtss nupthadg typicajbt omyysd regdelige retyateimg

| aser-accel.erated i on beanms and, targets nmade.i,n accordance w.th such
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di stribution conprising a nmaxi mum proton energy, wherein the system capable
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i nventfon al'so provi or desi g a laser-accererat 1 on beam
conpri si ng: [ooadgl i rMtheapreyesit émentioh Wikongroaidbe aeyhdde rfot ayﬂgnin@ga@éteqasedl dor
field, and high energy light positive ions having an energy. distribution
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dodi grimgrein 1 S cobabl o bris R TRY Y Ry Sy alng e puaEer 7. fo
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[0012] The present invention also provides methods for designing a laser-accelerated

ion beam, comprising: modeling a system including a heavy ion layer, an electric field, and high
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:
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electric field, and high energy light positive ions having an energy
di stribution conprising a maxi num|ight positive ion energy, said target
conpri si ngoaodaB¥s4i on | ayer characterized by a paramet ecTaszodngsssr yi ng

the papREfR &ngﬁt@fﬂoﬂ%ﬁm:‘%%h@h@'rg@ﬂ em9edhis tifeld) _Lﬂnid%?@fenéﬁg? IUH0 HoSINOE G¥ns
light positive fons. [0014] The present invention also provides targets for
use i nhgaengrat ¢nengy destntadionl emanrsthchi ghaxemenyYight peditiysosin energy.osribdangst i n

a syste the targets de t he. prqcess of :podd rro. i sys.terft'  an

o1 ore s Fipldiy b UAE) Tl BOE Mokt B 5 Bl i et tnf Bhdalnes . o

di stri bptirhe tkOeAM &ypdis@ibatiomsf iy Midhi c@bigyRidht posieve i0fis.ener gy, said target

conprising a heavy ion Iaéer characterized by a paraneter c ; and varying

. , p
the par anet H1018] t Fhepresenziaveriwnalsomygvidessierdctssed forgenemtng lager-asqelerijed
i aht i i o T < L . ' C
used 1 S tsainiin e BghidlngtRE LREA AN bk KA, M H AP REQY iR ANRTOR,
t ar get hawng eheedergy distébudionacuingrisity eneagyubi gight posiité wen iensrgy.hsard rigrgan

energy distribution conpri si a maxinmum light positive ion energy, said
Car get CRBRBINE] AGERY RBARFFIEOR2FEY G hiaPHEREIT dod H5yPIS VBRI GRIAmETET 7

wher ei ¥Ry Ed e & gD A ABRIRE &t%%ﬁ@&e‘?éy fi gﬂ é)%@i?irVQYorQioﬂHej R&dd1QNsy’fent. he
hi gh energy light poSitive ions of tThe nbdeled system [0016] These and

ot her aspec{@0161 tHecsprand etiter iaspeetstafdhe miek¢nt haventian Wil b acatilydrecappatest those
skilled in the,art in view of .t foll awi ng drawi n nd det ai l.ed

Goscr s i kile B el Tek T iedSpaPing SR Rech R Y AR BB REPRL A B ummar 1
be conghdledcethiloRshg detailen d@sfcri})’ﬁ@n hRVEdRTtb e @%sﬂ@fddﬂ%ﬁkﬁ!cﬁoﬂ Be tappRBatesh as
clainms and serve only to provide exanpl es and expl anations of the

i nvent Hefincdprl e DpsidPIirion arl e PRAWONES Vidgomampigseaidpxsiatigns gt v,
as wel L as.the follow ng detailed description, is further understood when
read in conjunction with the appended draw ngs. For the purpose of
illustrating the invention, there is shown in the draw ngs exenpl ary
enbodi BRIEF DESCRIPIOMOFFTHEDRAVENGS he i nvention is not limted to the

speci fic nmethods, .gonpositions, and deyjce i sclosed..In the draw ;
[Boie) G ML ShehEmaiec aug G e AUBO e AEadtd 48 Piars Fapber
syst eMyndddst¥bil GPhdnNSeddaf RonpRBSdrS batHothed afip el el ings NeRYY thOhuspRR ¥ th
| ow density hydrogen | ayer attached to its back surface,;
illustrating the invention, there is shown in the drawings exemplary embodiments of the
invention; however, the invention is not limited 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 ¢ =32/w,, 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",



[0019] FIG 2 depicts the distribution of (a) the longitudinal (Ex) and (b)
the transverse (Ey) conponents of the electric field in the (x, y) plane at

t =40/ W620m6@457 ri g"Vv. [0020] FIG 3 depicts thecensb@g/o4683s
di strl buti ons of el ectrons, (b) protons, and (c) heavy ions at t =

2>2/ wpe for' tmﬂsp& f‘ﬁéeﬁdt&m&émﬁmmﬁhaw@ase dlst:rthmltlah (qc)aandrmnmy chstnpaﬁms]

FI G 4dep|ctsthes atial distributions of )relectr? pr ot on,
and pl @) iferugtedtoms d«‘@rlllsll linepang ipns krotied ling) gt 'pl%fHé”pat fe nigale 9&5‘@“ m%ﬁ%"t“m
3.57.X10 14 S 1. [0022] FIG 5 depicts the |ongitudinal electric field

pr of i | disEbutian L., )= Ber.a fukcixonl/dD and . Fﬂ0%2|pr(er1f/8r<>f ﬁroée di f ferent

I on-to-proton mass ratios and the sane ionization state S f 1 .Sbl bf
space di str{093¢] on 1§ hdapigsntietynearsally @Qiailrtfﬁsp?(fb‘}letﬁbﬂ @pé%%ﬁ‘?é %8 d
line) and ions (dotted I.i ne ath,é, 150/ / e . The initial electron nmonmentum
di st ri butplorxpression XGndleT F o Req) swhere 4 2P SAHADbe - 248162 @nds B0 (s fre <
X < 0) ﬁ‘&% 024% Fl G 7}£?®|c t he nurrerlcally obt ai ned paraneter g

appr ox[! e jleptron injt néeﬁ{‘%‘fnésm on (. ) a=0.691(4),b = 0.2481(2), and
P*,0 is the normalized electron initial rmrrentum DETAI LED DESCRI PTI ON OF

| LLUST B4R AR EEIYBEER ORIVE QN @5 LILUS TRASEIVE EMBODIMENT8Y be under st ood
nore readil reference to the followi ng detail ed descri pt|o taken in

by
connection \{ﬁﬂczﬁ] t hel hgcRISTARA AN SREOR gAY B ug@@st@%mrggeaq;\h, hreisrERte e of
t 2' f hg'fozﬁ)ggﬁ é‘ Id%talgiécf désérut)t?orpt% éﬂﬂ'ﬁiﬁfoﬁh&gﬁin W thE Qb&nﬁﬂ}n'gfﬁg R irdsSandQxalpids! €d

evi ces, ods Itions or para rs described and/ or
shown h&l{cﬂm form andrttdiatis tlh;elo'sme niltnie kolyy unisedoduethat thisiisvention it piorifrdde thef

d bi rt | nbodi,. ts b | '
ot endgeetTs G4 S e G RES P O At agjoctonys Rerelt 2P tha ghe
speci f 'téﬁ?‘ﬁﬂoqg%}) ﬁ@éduﬁiérelﬂ isher aRPenERE: of AbiP®ibiddhparfitiat bAbodiaichs bp.way en,

and "t he" ude the plural, and'reference to a particular nunerical val ue
i ncl udesaraple Ioea»sand isatot papmdedupéne linaiting of il é@gnqdh@V@éwmexAls@,l asalpseq in the

d ed,»
ol uasee RO HE e i PrElGinsy B SR aF (IR AR O OLRE nfap

val ue. pfari hf Jeyerervaaea aAiRsar Al MeA¥ANARRANC B¢ MaOthaBSdrafiSar DYue/asless
t he anFecedent "about," it will be understood that the particular val ue

f or ms thecrontext eleprbiilistates. othgrivisea e aroace pyaliagsve exmessebpPhabrabodingy]
Or C| EI%]LP(ES i %ﬁé aké ?)af‘tﬂﬂ ar Q/%[llteaéﬂa/ctret%t fHE %‘cfheqf patrttf'cqllérnyaqﬁ'é : %ﬂnﬂ’gﬂf heREE

values are expressed as approximations, by use of the antecedent “about,” it will be understood

f

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 separately 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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cal cul atiacevallhe target was positioned in the middle of the simulation box with the laser pulse
entering the interaction region from the left. The electric 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.



[0029] Fig. 1 shows a schematic diagram of an enbodi ment of the
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undistorted in a forward direction. At the same time, the heavy ion layer is expanding at a much

slower rate due to its greater mass. The characteristic response time of ions is on the order of ion

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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significantly perturbed. Under this condition, the protons are accel erated

by the electric field created between the charged heavy-ion | ayer and the
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Iongltﬂdmnahmmkenmxmnwﬁmemdnmﬂmmbe charged | ayer of heavy ions is

approxi mated by that created by a charged ellipsoid with its major

sem -axis equal to the transverse dinension of the target Ro and its m nor

sem -axis equal to / (21 is the thpcknes ;g? éarget). In t case the

| ongi tudinal electric field and the el@ Tos?at c potential ve t he

following fornms (Landau and Lifshits, Electrodynam cs of Cbntlnuous Medi a,

Per ganon Pr 834] Oflorane q@mme%éhmﬁtmmkm Qn €3)esiveyyn tupaer Hnpk 1 die

acqui r fi3 x1mur}1 rgto tlar%y? \%ﬂl(}% a%q)ua(ietet 11'1etdsb)p Qstsgr%ngathat 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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energy at the surface of the target. Under the assunption that the target
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i ons. , her away fromthe target the electric fie
exhi bi tssmawhepghaplified physidl piotushicathbé tansidatadghatediowasegainiaspectsrstatekiorthe

i on-to-proton Ss ratio. Since ayer of. grotons quickly | eaves the
surfac&BBIF‘t‘PHS?E]&ﬁ@%&”uéB@# F‘étrlﬁl‘ﬁﬁlcisﬁoé’ﬁicﬂqrgﬁﬁt target expansion occurs), the
field distr gbeﬁ-qo NERQYSRGrd esirRéd totbeRhiall YocdRH §hisidd @S tdrbe wilkh Munddpsidy on
energy. [0036] The problem of proton acceleration in the self-consistent

el ect ridistfibglooh gr-eZpefl/12y | he wherrandi-ng g land A onisahe Heawsie iuon-stedpdudetiatan

al so be considered in one enbodi nent. Also, the influence of the Coul onmb
expl osildnlceflfeerctionnf 2 highsntensityushertdaser helsedbetlestsansriypiedlbegain the longitudinal

relativistic momentum P.,- This momentum can be a function of the initial electron position
x,(0). A model can be provided, in which half of the electroﬁs (located in the interval
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 momenltum - P.o- 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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field can al so be evaluated in this and ot her enbodi nents. Since the
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flat density distribution nc =Zfnqq(lr2=- L¥E)q ¢) where @) 0 =Z n0 and q(Xx)
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rticles nd.to those that are acceleraf.
t he poNt&Fo fptangerf ETFC,IE? elfsiPR af‘ﬂé("ggl@ksd\%‘?sd Uwo%ﬂ%nge @Fee@ ¢ greral ‘éelg‘}(lﬁ? 3’2 ed
in the opposite direction due to.the process. lne asg /2 a0l
Al t hougHTeFtem felatef thughel e eission 8ﬁsrdéﬁ?%zi"eegs}wn€?f {i '\ggﬁ%r@?ﬁ’%%dhwé%“
description of. the init] r i i i hon, it can
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one enbodi nent, it can be assuned that the proton | ayer does not perturb
t he genepwinateseshebe r¢lated thapagh the fellgveng gxpressid equat i ons of hydr odynani cs
for both conponents are:ne t d(nxeive) 0 (+4 %x(t[}C) 7- =4 re [ZiU (re, ES) n
b(ar, )] , (4e) where and "; aré€ txfhe)—ef"ece on“and ion densities, e and pe
are t hevherecdt(pn) velthecdisplacementofréet elegtronl Buid dlanend depm tth anigirbpessairom, wé =
c /{m2c2 4- pl) 1/2 - In Eqn (7), below, nonrelativistic ion kinemati.cs
can be timset Tduke pry vértablesiasd4bicad:he Coul omb expl osi on. 10039] In order to
solve Egs.(4), the Euler variables (x,t) can be svvié%ged to those of the

Lagrange OO0 ,t), where x0 i ﬁeflt&gt)ejﬁ%t(g:g{} é'ﬁéi(féo,%’) - nt(ﬁc&gor dinate at t
) £

=0. Both sets of
@%ﬂ = —eE(zp,t) (6b)
on; dxo 07 OFsv;) Oz
Bt "0z Oxo T dmo Oz
B e gﬁ; %? = iifﬁ(wo’t) (6d)
%%—? = 4me (Zﬁ@(:z'o,t) - ﬁe(xo,O)%:S:Q) . (6e)

0 (6¢)

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.
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coordi nates can be rel ated through the foll ow ng expression: x(x ,t)
=x0+xe(x0,t), (5) where xe(x ,t) is the displacenent of the electron fluid
el enent fwomed®eisai ti al posi tion x0 at time t . In t he poewsy@sioadsbes

......
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el ectron fluid conponent can beggreatly gi flg new v ALi ab
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paranmeter ¢ = Ziine/ m - 1, the ion notion in Egs.(6) can be conS|dered a

perturbation to the zeroth order solution, which corresponds to the case of

not i onl ess ions QJMs(dnS)L—bf - \x\) for a casesof, enstafat< §niti al eI ctron

nmoment um et F’O@%I 03 G( ggih M@m(bym b_e,;cé\,zl kngngo expL gssions, e(a{ ),

o+ e| < (7) "(aldy’= Zr"ézn o§ ’ (I'72- xo)/vefl ( veOc

) is the transit{time dur ngm\M;la | e¢trons are inside the target ( 0 <

x<111 ) and g (pk 7p=iasctan =t ccan depend on fRE initial electron

nonentum peO . I{s val ue m"ﬁ&“f%léhﬂ firaom.the numerical solution of ét%qn

(6b) for {de dase %/a%),elr%ﬁi\ﬁ%za@e dok |_ﬂﬁ.2t:'h -target and its si rrpl

analytical form g a(p mr\ ) “Sh wn-ip Fig. 7. Egs. (8)
describe the eleg ,gmg 4t £ SJM fp L1 g gegndition: 7(Pe,0)-
arctan 2 . > - ull¥néc J[E}%;m O"Wﬁi h p?ogfdes thyy? n el ectron reaches the
boundary of t W%regn (l electrons that are initially |ocated deeply

i nsi de the 't "Pge ot Peach its surface). Egs.(8a-8b) are sonmewhat

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 {&ﬁ] P 21 1

e C
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

t i
— 29} w —
tmam pc,o cos (5 O) pe l 2 0
®(20)

the electron fluid displacement reaches the maximum value:
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different fromthose published by Bul anov, et al. due to accounting for the
finite time required for electrons to | eave the target. At tine the

el ectr on wbubeb/@s@pl acenent reaches t he maxi num val ue: apdTAB260SHIBIS
afterwards. Eventually the electron fluid elenment returns to the target and
reappears on the @fhee L.de»co§0+040] Thus, the general dynam cs of the

el ectron corrponent can B desgribed as an oscillatory notion around the

target. The return ti Tt he perl ou f os? 1 t| on depends on the

initial position x0Cf Jthe o4y dfi initially are

closer to the bourw(acby tehe &sma |ab’e(f(V2 have | onger return
c

tines. The presence of i s asynchronicity |nthe eI tron fluid notion
qui Cklé’ 248, &9 af 511.39 %ntﬁzh Eiy kiR rJn%’ 38 teiMerdtPRuIrAY tth athe RS tan@ns)
"ordere %(f ectron rajectories. ter a fewtens of plasma period cycles,
the el eeppears phdsetmpaide. and density distributions evolve in such a way

that the majority of el ectrons can be calized around.the K]
consi der abl b’ 044} eIHi%gthet@“Eqﬁ‘gflij‘@m‘ﬁ gt ths <lerGl PREOBALS, nspéfc’efeq_;befl B

densi t Iﬂf@ | L Q0 t@he bt 1R period dB&Ycilnkibas destntis omhe
one-di ér{rsgnlg‘l)“ggéll%ty %Hél;l at |r étsq(BAs ment i %ned epg?l ier, ct1 he i n?ﬁial
condi t inétial fpositibhex, of ¢t fidd chamamnt Ehactiprs thabumtiadly :wafxloaer ©O(thy bewgdsry &F HE / 2-

\'x \)\Onec . ate ti hasesacedstrl tion sho

an el eR@sBh S’@Po&y Zconvent Pi a‘(fél e RN ﬁﬁ eﬁerfcgyo\éﬁhl% Y‘Ir?g}dﬁlgpﬁe
broad REGE i@ it duily AAdSleGhik " SF KiEChitlelyApReartae atitial anditanse
fromthe target propagating away fromit with velocity nearly equal to ve O
. Thestordemdbelectien pajeciarices Afierta fiew densr ofgplasimae gered §y¢lpHihe GfeCtrﬂ% phase

el ectron clo J -111 [ 1 olyyel i e

el ect r FRAC ela@ﬁdd%#%cﬁpkutbog%egg ehi aﬁgfletw%g éigdrjit aceam i’ %guét?&lgle%?ﬁg&gg?md
by anyld%@ﬁiéd%b@:{d tdespyt, ebnsidiesbly shisldiigies Samgonbiges phoss tre miase- B;mct daget ,
which [eads to the grag expansion of the ion |ayer, appears to nﬁ&
t he i oandidersity ybx cihambde@tesmf@rlﬁctrom&:%tdm@ hg 109 dhg AbISY fro[nhen%ﬂlélﬁ@éwfﬂﬂl
density influences the longitudinal electric field profile. The tr| C
field dinstlationat Asmqnsiencdeailiery Yhe iwitiad gpaditien ifer the &lgsiran %QJECIE@EHE E%‘?P

U B ool RS By, v TR R ghagergpgeed%;stﬂ@nohngqm chow

't he expan |ng I on spatial and

t empor g?rﬁggloﬁi’lftf;aﬁnelggt onoaog(f @? ceXtr e\g(tiﬁ & ?ﬁﬁﬁgﬁ%m)ﬁ' gg'er Ihh¥ing G FkRRBREAd Can

be gov oA 0 ric nsi the target. Under

the assibfRintan distabutidne A el@tﬁf@ﬂﬁrd@a\te apdats dthedistangpefromtthetasgdt prapmgsting ent
| ONn

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:
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evol ution can be found fromthe solution to the ID ion hydrodynamc
equations. As in the previous section, it can be advantageous to work in
Lagr ange wepo&®tdsat i on, where the connection between bethseas@dudsases i s
expressed through the ion flui dighepent digplacenment:co,t) =xo+xi(xo,t

(9) [0042] The .ion_hydrodynam c%yéﬁgﬁr%{s&é‘ﬁ’t?he Lagra ge coordjn Hes .@ave
the foll owi h3P4R2r rhepion hydgedynamicequatipny i the Lperaggs 9006?1 ates h"(”i%%ﬁ’ lowing
n(aCk Ob) where Eln denotes the electric field inside the target. For a
flat inirtial density distribution Ti ( 0, )8= noq(l/2 - the solution of
Egs. (1O has the form .Ejn (xo, enQZi thia) ( Xt 20 . (Ho)
[0043] As seen from Eqﬁ“t%&ffﬁ@’é?%c?' & ¥Yigl d vanictg?u s in the mddl e of
the target and linearly incr & inapsolute value) away fromit. Using
Eqn ( 1Ib) and the relation <an—&xpiesy the dl@sxric field and the
ion density through the Euler E}Iiabl d¥i(x,t) togive:r EX +x 11 2\l
J(12b) Eout (x,t) Eqn (12a) de$xd;j bes t@‘g& vobytion o% ne- di mensi onal ion
sl ab under the action of the Cogforb 4Fepilt: force @P%. , coul onb

expl osion). [0044] As described above, the sinmulation results indicate that

the mathetanlki risnptes dheeelppirist fieldeingide cthe rtatged fow ot dlak iwisial Bensifyt diptribHEen by

the structure of l.ongi tudinal field heyon he surface of the target.
Ther ef & &0 Dhs 7@8@{??0‘.‘?%@1}5?é?lug%P{ﬁquAB asttﬁ%Ibémectri c field near the
front of the expanding electron cloud is of interest he initial
conditions for these el ecﬁm#m’ »@aﬁ%ﬁ”@oz,@é’@r) 1/2 and{¥i r di spl.acenent

xe(x0,t) for I/2 <xo + e(xo,t) takeswthe following form U o,t) v O
&i{zo,t) = X"ng” g:‘z)g. (11b)

[0043] As seen from Egn (11a), the electric field vanishes in the middle of the target
and linearly increases (in absolute value) away from it. Using Eqn (11b) and the relation (9) one

can express the electric field and the ion density through the Euler vanables (x,¢) to give:

0 A x
ni(z,t) = w32 ¢ ('é‘ - “"'%rtg') (12a)
14 —F— 1+ ~5—
4n 7 engx { w2, 2
E‘iﬂ(m:t) = wg (ml < ’2’ (1 + ""'g_' (12b)
{ l w? t?
Eout(z,t) = j:dvrzé,enoi, |z| > 3 (1 + ?L%ﬁ—) (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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t - . (13) Egn (13) was obtained fromthe solution of Eqn (8b) in the limt
1/2 - xO0(r)0 and together with the definition (Egn (5)) constitutes the

i nver si onypnosadssse, Which all ows one to go back toEul eper/ishosalgssel ectric
field sffEtiidaeildrdk) ting teteiiialims deatic Rl dtretire (h i heoaldantaspat the duodt as
presented in Bulanov, et al.. The calculated field distribution however

t ypi cabf yhedgle@rdmotlondhs priseritbd in Bulanenos abf Thhealiculatedoisld distnipptipndrawevgr

obtain the contribution of .ions, t next qrdetr in the ex i of ..

el ect r bpigally| dpes mot Frfleg F|1P1fg%e§1°f)8F§}?e‘PBrm‘§‘°8ah‘ Brrebef)gq 3@%@&“%)?8@5%{31??? of i ng
the densist YhAhakrdAtt inOfhel S4pahON of Ttk Aeldltathel MdinEgNpdre@iter (£49anf be -
<X0 +x2§1§b¥}%§bé{to%§%{flinuglieng thé nggrange diespl acgment nforpthe elre%trons

gi ven RytadEwa Yylkabstithiny thé 4pnganiiddbititnefynatondidm Eani(l2e intp EqB((R): 1) - 4
ibno + ( where F and C(t) is an arbitrary function of tinme appearing as a

resul t zindefinirte {ntegyptign.gbtsykarmg kg fopnd n c =0 an he
el ectri Y Famzmr{‘bﬁgﬁ/(ged@%wg ) g%%%sﬂmegﬂr‘é"v‘%?t he el ec?lr' c
field at”™the front!df—#tectron fotdié:" 1 E(x Qt) = 4 rZlieno | - -- Xx

0o + - X 1 + (15) [0046] The incorporation of he LQp+motbaen into the

hydr odynani ¢ description of both conmponents rendeés the | ongitudinal
electric field (at the front of expanding el ectron cloud) dependent on the
physi cal paraggjer 8siak thd Badrafise didflfARBE AR ERE Gledtbors Wiventtiekqra(133rBar (M3l ue
of the paraneter c reSults in Targer electric field; for relativistic

el ect r @as be jidegrateddo Ar(v4R): for t <t ~ \ 000l wpe . This increase in the
field strength typically |eads to higher proton energy, which was al so
observed in the 2D PLC sinul ati ons{ (see Fiﬂ;ota)i“i‘%&bte th}t Egn (15) was

obt ai ned under the aBuwnpt+dnZidrat| gletd ronsdgziot w&€fHin to the target.
As discussed in the 2 14 =5~

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:
(ve,ot - l“’z’*tz) Xwhet?

$2

o -+ -
_..’0 -
1 + l""ge

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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previ ous section, a magjority of electrons will eventually cone back,
perform ng conplicated oscillatory notion around the slab. The presence of
these el ewbromsswiss! shield part of the total charge inpthastasnedsss
reduci ng i tgo#fif ecttiiiks PHfpRhilelias tyd alhidrotipatsic tamabmicay gwdsl ithapiretan of

the contribution of ion notion, but its dependence on the si cal

char actcesleratipe stuohg tthee interagfean of prtawatf I'aSF%Igr‘éIF‘?%WItII tdQBPI.e%‘éf'I;IIX‘@eI?aIﬁSi beep

uM ns .and..a hydr.od ) t | lbe N
?tle%.nrl“g YCIS%E%&E?WI% s'laﬁ)a;IF}%PfEQFI?IIe effibRndY SR8 Pﬁﬁ&?ﬁ&%@ﬁt% dAHbeNg

the irI_I“é‘?’séIé aser ses W th doubl e-[ayer targets has been
i nvestj@atiadvelhadestoed el mervgpetifinaliy, abe piflagsce of tha Eosldmie pemegion pifete

proton accel eration can be guantitativel d t , d
speci forc e IQngttH@“PhPIe&Ié?ﬁ%%p ieldh e ABOTIPY ggggglre%g?lge% g? IIIe(t:IIEDI)aEgetthg strong
| ongi t gl nRla Bl AN Erafddthdne ASichl ReLEaNSe airgeiXnpabeshd hotfidnnef the

target, a rong electrostatic fie can be generated_in the region t ween
t he t asgehdiag slectrax eloadd Thhepdtiaband tsinpord cssivtinaPhiiefigldicas fe deGrynedpy

tial and f l L ut i f this fiel . )
o et oprBnaR et dtrepy e Cay P pBatand e ShdBflBi detefbnt he

sel f- canahateRksial 8¢t aNChynanmties rulsimdecass, thd mdd Gisisnichatparsioelsads ©
i ndi cat'e, that nore robust ion expansion |eads to_npre er e@.i C protons.
The si moteatedgétongiotensi ndhe sirewptef dOIFgl%IdHlabreIﬂCIrICeﬁEl)@hli’rBf‘Iles e’g‘l ¥eAd™ Y Whi ch

I . yal f t =Z1T I he
Lot Ol BB Ry S PR hpps okl lthae

peetrft ar get surface. This increase in
the Tield strengt L €8, € d £ BREEAEkIren Sdly lefdst foemore
exanpl Eesglodleée &R etge Il%g%tisnIlIr%aﬁI:'t o] OII/I)r Ifference in rt hgglli I?I%Igi milm pr.ot on

ener gyﬁmgeﬁ @wﬁd lantthre]tditempms hiescribeb dteran,euy &y §0% diffarenpgda b PRATNAYLM

even though they have the sane ionization state, Usi L.mplifi

one- di RS SFFEBY WP PBWYPQn%%é thepeaehon suRsiralp JEISpS that Iné‘II% OEP%IIH %‘I ‘I:aIIe%I:I A2UEN ont

of the 1%@91%99 kﬂ%saﬂk@%ﬁﬁ%ﬁoﬁ Laud GaRs heinplRides-difrkiiogl inydpdenaniennotde
PSR R T he ydr ody

i on not nam c description of electron-ion plasma results
in an ircieasefitld progleat thetfrant of theledpatdingneediranreleudecandiobiainsy ok itggto

surface of the target. Lf .ther re.nq el.ectrons ti
el o rorsmabteneneBpionimdts Bitedratit Retr By 37 ARFSEH pubif B! Al o
substr ?rg?éaséf‘ﬁﬁ fhelcRIcBSS fivalsHesetRin the @bl Uefondahe pafaaeef e target. Vifidieeasierd S
magni tude outside the target's surface woul d be the sane, irresggg{?i ve of

][ hedvahuele@trons presentctin destrieBeldiingids thesexppnding iomtayget would Hiina JAVERI |y
ead tq | oywer energies for th I t i: 3 '

i mul afroTo TG YR o OF RETGHES bR Lo Hher i iE R aeGucis here
obser V‘?ﬂgét%(:%ﬁ?a%g \I/(Ihl{l) Ig)% E;H@Q%lé,uﬁl%fsﬂ{cﬁg@ Bf eheeGhlné ©f i ek taheeosdntiRen Eqs.

tar get' S surrtace can result o
(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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conbi ned dynam cs of both the ion and el ectron conponents. [0048] As

menti oned above, the ionization state of ions can be treated as a

par amet erwonasdBtosihan a cal cul ated val ue. On a qual it atcrashe@g@lesss can be
f easi blauli® badeedibelith Ednabibm Hortduviap dnaseh rhévhenismt fr abdoeptiunbsf thatlzdt.wi t h
| arger atom c masses can be ionized to higher ionization states. Wereas in
or der €dlligioanldffestsiopa by ippergang in (haideseriptips of peraahang anpalonskin effecty Hiusn
energy. sa_reliabhl [ QM i m c ionization
R R N e N L AR ey
63, 2212, 19880] aThealimbmibmlity éfahe Arettods gpasaded leacin lben abe deasodafipb ISV dI e
starting point to further investigate otggr el e nt&. ﬁoqg%%.The.neth ds
provi démenapaalPIEsimylaggnyeanthsiueneatiydy S epiirame thase it fesedigiensiPpal us
The el GClORTIARCE hl he! BRR, Mk CoRbRE SAERcbn! Rikitial Ibdffechand dmiringr se
Brensstrahl ungheatirfg f nme' | ctr%n:::B'snlp!b'n n -m oducing an extra
mechanilagdsof ¢ absofn 2Dowmersds hel A7 ght3D)CéMiei winvfiedtioaf that the maninem | prp®nt ant
in the description of normal and anonal ous skin effec&f, t hus .nfl uencing
the fremsrgopredictediy PRoaethpdsygan herpmerggimated conumiad 8 me&?gﬁ- J{fr-FepfF el

[ 00507 3 T84S ARISAE RAkIchitn Bfotbt? SndFEl BRARe BIRULARMuLEES) aaﬁeﬂar;;} %8n A% be

nmodi fi i MeNSI ona mu ions can be quantitatively different
from t §asgniha HY' G- FHinbRASHPRA LT dye nlcthddbesiicé fhete nee thdordiizel moded add 2he
Coul omb 1 nteraction potential between the elementary charges ( - Inr in 2D
ver sussifmulations providihat e enaxaminhi preton snenghisepends ofaki RMPPFRIR 18 §EPEHEd
predi cted by 2D net hods, can be overestimated conpared to 3D nethods. The
prediCKHHS@@E@HHQQ@@ﬂﬁﬁhthe maxi num proton energy on the substrate

structure PajoRTpt er The GRAIA! §Pt}¥éenﬁ>aéﬁﬂdg7}aﬁ@%hmaﬁb@ refulie Nsrboidal itthodd fohe
e

met hods. Since both, ID theoretical no and 2D sinul ati ons provide that

t he madesigmingraotaar-ecretegatedlaperigsmonf dhe présert sviendmt i Bresp smethpde tedudo be

found in 3D net haods.. [,0051] .The results of . the el i [, 11 L OF
resultguﬂFW%iﬁéyﬁ@Pﬁﬂg§&P§?JH@¥Yﬁﬂi éméa?§§§?¥5@%gq%ng%@gﬁ%%&g%gﬁk%ﬁﬁ?%e
pr esentonsae gl ANenclBE AR riBRAiBA dSmiphiging demaRideink MighBpssythteeivni ehetgydi Sigjtable
heavy ion layer, an €electric field, and high energy light positive ions
havi ngmedelme mpyhagiss sychbas P s dpiarided gbaveraXhitiral I nagectys it the dicppy 1on
energy, Suitabl e . i.n h . Pl i

pys: o v ERefFa e P g Rum, R RARRIE o oy HERRE REfIRCEHng (e
maxi mumddei mpapids.i TRe ier-anelkgyedaive behans desigret dlyedryisg thy fahemetem eif ithgy
net hods. The | aser-accel erated ion beamis d%§h%nﬁ%hq%mvar'

; ing the .
par amenedy m fayer to optimize the energy distribution o rgy thtgposmve ions.

Suitable methods for varying the parameters of the heavy ion layer, for example by simulation,

are provided hereinabove. _ ,

[0052] Any type of target material can be used, and preferably the target comprises at
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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heavy ion |layer to optim ze the energy distribution of the high energy
| i ght positive ions. Suitable nethods for varying the paraneters of the
heavy i onwbay&resedser exanpl e by simul ation, are provi degcharseinnsisss.

[ 0052]}, oy ’%y&%tmrﬂgfﬂwamma &P abl@yéisaaﬂmerﬂﬂd apncedldaydp Iof/t}tehergb'arlget
conpri ses at | east one material that gives rise tQ a heav I on

|
one rrad;eetallaembcbrhmegﬁw@s highsenergy hghtipgfitive ims g mpduged from @H@’ of 8f f}éﬁfsat%'ﬁd
et hods . of ar ogs%eb 'hpg{(l)t ngﬂ é}%éﬂ@ﬂ&% ﬁﬁ:ﬁgﬂa Aga@"t?%@ b® hatteh hab §8¥apabRMof

| ayer Efﬂ conpose lons, or a

combi npdep K)hl% «af helhﬁw mmuan bartytlmmi; bHOBSS cgbem,tmtrogdmanr atyeet, flmaineofeonhe
hi gh energy I'i ght p05| tive jons, éw t abl e heayv derd % 1from

mat er i 8 & EPRMFFER FOBTIBAIGREIEERS AgasEntn %BFOéPfV“Hﬁé% ﬂ&%ﬁ%ir“%{ ﬁé{
dal t OH?XMI%%an ﬁ?rétbzﬂ&n %dh ﬁﬁ%rlgﬁtlﬁéludé)()vafé? NRchat indlerid1gdvle gdi&@l'ﬁdlﬁﬁer@f

suitab use 1 n heavy 1on |ayers of sui t abl e targets include
gol d, fioky@ic njatedtalsn umanpa:lohammml thopefer In syma pypbedimsintrathe qotoRS eI gHate

Sui tabl e hi h energ ositiyve ions are de ived.fro Y. um
i t hi uffempRfyp | E!YGM’%/ Wd‘g‘f?fbfg’ér%a‘f? eI VapPIRYESTIt 8P ‘%?%}“fac‘g ﬂhgosgf“?gﬁgeﬁegﬁw
ar 90“, e oY) é}ﬂfi‘ﬁd ahib%rd@@d in e rRRSaRER. Suithislb nyatgiatptor @cbvﬁcnmmhe

hydrog -cont al n ng nat conpose I ons, nol ecul es, conpositians,

any cohtghrmmrgyrﬂlglthexoemfve 1(81$| Ctaabieerh@dmoap@he‘é tpRe PHMorg magerialy (98 ﬁ‘élﬁtréges)a

| ayer a acent .to a mata a . In certain enbodi nents, the
hi gh efi 5?/Se Sh?avﬁ’o%??lf pt %§51s§£06t5e§8§ ‘froma layer of light atom

rich materi gos3pui Tabbae Iehgiatinmmnnutqhe mhsrofalhgltnmo: lmummyart grqaas@if In
matter that is capable of

kee hyd hel lit b
bor on, othgr s@hodlmemﬁs@@&ﬁemé% tb@Ey Hcg mruﬁwi? HE t?fﬁl‘ésg&l]abiﬁéna %ﬁ‘e 5852{%‘}’?9 in the
combi NgL{ 00 LRSI GO Il%|g¥aﬁ&€ Nfort e?fegﬁ%eol n@fﬁ 16@5&&69&&0'33& bedVarroh Rlde@Netield is

Swtabeexarrp es of ght "atom ri terials include water, organic
mat er i at@lucabidieg gasespulpoinyeration withoa glgmdcnsmzttergeamterl@lr %mgabk@dﬁftﬂr prlston

thereof. In sone enbodi nents th rotons arigi nat.e om a t

hydr oc AFBHae BFaYal ENEG-afbion Y mgﬁs’tvﬁgogﬁwtaﬁl@ls&f’mp%ed Oglhiga Oégﬁael}ol.)e Any
type of &P%bfbgt}fee&@&%rp%‘nsﬂznmbﬁeHﬁ@t@rlblnlsp& Rarinng s'faﬁdl\gﬁhﬁypeswr% bdystem
naterlan for providing th i gh energy light positive ions can be readily

appl i ediffavergrspedes pfbiops pant be a@qeéerz(ted gvhighibsturmeashe sampoekby appliiagwections

that give rise.tp the av % | n {
| ayers Bﬁ? e f igds, rﬁit%?‘ir eg "?:alhrt gggtgié%ll %H%f%l%%wr%g%{%r% FRTbA 8 egtlonal s
that pisgetygs, 11 BepheTh&tpy &S?ﬂ‘émtshaﬁd dan BebmnThﬁtmapa@aﬁad” i womwosmd can
al so be incorporated. For effective |i I on_accel erati on, gry st rong
el ect r ilgteatipppl jPatent Application No. PCT/US 04/017081 claiming priority to US. App. N
60/475,027, filed 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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produced using a |laser-pulse interaction wwth a high-density target
material. Suitable |laser pulses are in the petawatt range hi sone

enbodi menye,20d6s6634s mat eri al s conposed of |ight ions ceothswsedsshere the
el ect r gp, GRS Hirimhbtr e demikeanisad /o, hilghein| A iatteaspdeific honiggsnt tatg of hsgst em
different species of ions can be accel erated, ich jn turn.can he . .
separ atoad ibihedispyy iongaire®t ks BE AHES ARYNTEFIEODs ARY 'S ¢ %“Hé%%ﬁtﬁﬁgﬁaviynm%ﬂ her

details in."H er j G ' inchid® tHeae of
s nptheeay LleiafoThE dahdBEF 8&ldrind AR TRl AOUEAMEinehad tikoas) o

| nt er naidybipahe Ral@nil paphieayiton chgactBdZRs US2@st (1 aWBNize the swcrey PsrbrieY t o
U S. App. Na. 60/475,027, .filed June 2, 2003, the porti '

pert ai HFH\& high epseY Z‘Iggf:?‘i’sbthvesvgf'e'rl:ge Fé”?%@g??}%?’ﬁ%é% Cba};/l b(r(g'er{'fa ge)l%%\r{lﬁgke&ﬁg? g of
Exanpl @5,0f,dRt109%s Bbul et fidl Ak Rses-iaahe kaigaterdig aboms1 6 dto alamit di‘on
therapy that can be adapted for use in the present invention are described
in furflhese dete hrei particlahasbsuloin svpeRdiments gvhese dhe Nebeener sy Sghtpiogs JRdudsr

Radi ati on Ther ! 005057738 . I N0t NEY 0
R R R L S A P A T
filed BoGhe 2uitd03clethién POmdt@inlOhavihg Knopeidaiafithg specifietirozmionf state of a
nodul ating | aser-accel erated _protons for radi @_’ggﬁ&g th raéi% 1S tjr{ﬁco%r%mﬁ} ed
by ref erewular hepwiian, thoomss ofreeleasan @8Oy ¥ el 3R ARSI BRTSH
resul ts al 1%n.pr§u§1|agf% lﬂgﬁ ROdSyiRht g@ﬁﬂi@qioﬂg chRhSEL g Us@dall Hergemendhutibg in

| aser-accel erated 1on Beans.” These nmethods include the steps of nodeling a
syst emnidse bblbdigheatstumprtgedbhoutis0 BedG tnd m foimsl aipbaglitderts grenatpetogponti ZpRtMeV.

positive ions having .an ener di st.ributi.on,conprisi. a . maxi ' .
Posi 1 ve | on0mer gy Heive esderabRots depiged GPaRroRHa (B SRARER Y filine
layer GhatafmkehdsE gbaly tRanSiole I MaAtonR asxaAPleg of whichiaslude Batbolametal, 'or any
defilrS . m wherein Z is the specific ionization state of heavy ions in

t he heavibiratioh dyereqf. nBuitablet metatsaigslude gald, siteast plofinumnpallpdium,COpRY, RRERY of

t he heavy.ions i,n t heavy 1on,laver, T ... desi gni . in
these GREBBUPHEREET Sl MhaanY puBagialhthe B ﬁfﬁ‘é“%? HEhe ?%té%u]r%g?%rg%é cfrafeng
that chata®bglérzy dohditAibgeherbsf. Gitable hept der@niéglgositisé tdnsutd derivef ftdne

hi gh ener gy Iight positive ions. The structural paranmeter c can be varied
i n t he hydiogen.ohelfumanitabent bergllignt, Poserpgaraq Jtrogely of PXYEeh i UArEe. PREoR K&

| embai S uRY P ioh KRxmRehidlle et R e REA R T rttEs !
t he st rindteunage gaft@mebeut SodvicYeo selue b @V dybyedissing toth tediatroyfigiistrengtin
tsggcﬂ ;[t]&r% %gglggtﬁ%ﬁ% ltagts@te%ﬁ? gtllt(ejr?seogetgv%tte rlallsgrl ?)uﬂgvalnggthlé n&a%eegg?hg fstrﬁ(t}gral
parameter y, of the target material. Protons are suitably prepared from hydrogen-containing
matter composed of ions, molecules, compositions, 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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particul ar heavy ion, the mass of an electron (about 9 x 10 31 kg) , and
the mass of the particular heavy ion. Suitable high energy |ight positive
i ons can WweweosRe@dpt i mal energy distribution in nost empediusessHidsest O
about 50 Mejgosand "fir-teqire kb aiddainigSarRvenulibioh Gesaholso pedhiddetdrgdiOthabhreThe
heavy ion |ayer suitably is derived frommaterials that include atons .
havi nguseful fov geueratingslaspragederated 4an pyng i e sydemdhat ingldern? 82 amkleghic

i nclud arbon.. a | - - i: ' - SU : -
el udieGorst g RolE MspoRisifibiofS U8l 1Al EAES BhaietIch? gferfEh il e

t her eofystdnt willMewve rdpoeheEy dsstriitieiohi bt @rekidgy al makimumodighi pesitionsorc engeiyse
protons or carbon, or any conbination thereof. ?ui tapl e hi.gh nerg Iigl?t
posi t i Veitabdm &ergete ipdhgsg systems iy HyWFHge R, NeRaY ilomnaYer CRMaae %‘rswai ﬁ-\Ct‘H on,
car bon,, ni e - : iHi8QNhe Sfer@) HisGHRALAJL kRN

t her eo? @Q@E{e? gb?ger%{ng‘f%%’l% &g}ey;t{ulgg{%%lq%gasni%t@ ?I\}(e&?élgggééane ﬁ%vgﬁan energy in the
range biighfenergyalightpoSifiviianst af thb mundeREGyMeM. beledtionstfithe siyacthral paragleeast) i ¢

field strength through selectio f a suitably intense petawatt |aser pul se
and th_%nc{/'z‘ﬁgﬁ‘éleﬁtfont?fuég%?ﬁﬁfﬂfieé?r%grag%?er_ c of the target material. Protons
are sui t abl ypg&gePanadriblo BmbydfRERNcGEMIhaidhs ¥ heRbyt f6maeipodsed noferlainand

nol ecul es, conpositions, or any conbi nation thereof. Suitable

hydr ogéghtcasamanaferigls van deiused te piovisis, fespeasiyelys the heayr ongandcbadishbions fgg
| ayer of the target 0056 he re t . i i - at i. @
ul ¢ Sregndte BROGER. F2F B Do “Stoafdl if ARoPE R BB odthiTii Al b Hn

| aser - aepaelfatdthpab@h oenergitodarigit (P@sictibug dndnploemsk and sahsawst #nm Eyeget s
according to this enbodi nent of the present invention cgﬁ be esigne%ﬁ;
the preempesedfofrrpetalsi fy exampler sald ion 6PRRST ndl PAE cmipdigent dHsksauality (R &5 gy,

and hi QHergi?efoW eéxérg)?:tsp}%gﬁ i 1V R stHB RS or]) A% % i BBn &N Gl idH BEamsDE B produced
conpri Si ng’’a naxi i'ght positive ion energy. In these enbodi nents, the
t ar get uking laudedviahhikavargetaystemy educh hanabrieh-like tarpst sy$temsian uadludead fiyshtayaet er

c as defined above. The nethod includes_varyi gaihe stﬁuctural Bara ter ¢

to opt FeRsiate ayinghahigh gleetron B‘Eﬁsi%nn%fmﬁﬂ‘éesﬁpah‘_’ Hefog fhy sEPGUISL BPEMPET Tons .
The st EHI%hHglﬁ% tlpeafl?dq;?etreartoﬁs.c%ptkgge gﬁﬁb@ﬂwh&?ﬁ@éd@rﬁy 129Er, WHiQHSEmptides light

si mul at'i ons roptimzing the energy distributions. Suitable nmaterials can
be sel apnedthhopiveaisertol thé hight érersit tigiationg|shpald dreemech thiser dbac thebludt dyove.

00 57] ' ti - and si.nul ation resu]II ts al gﬁc;gpr oVi gle targets that are ugeelioul
for gefiehdiieng INEREHoB X ety Pit B "ihps sﬁ‘/st'[lré | ERATCPh e (FeS™a
target ,c S KLLHf e filtR!iOns, a0 Gefiried BBV Yo bR ta MERIcherse lighhSon BUAthabAe
hi gh energy positive Tons generated with this systemw |T have an energy
di st ri meniiomed 4have, meldedescty ofdighhians ¢angietacpelsiatedwsingdhisderintgpes.
[0059] Polymers can also be used in designing suitable targets. Various types -of
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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Suitable targets in these systens will include a heavy ion |ayer
characterized by a structural paraneter c, wherein varying the structural
par amet erwo 208isgisdes t he energy distribution of the hi ghraesgwsdssght
positive i of  thepnndel edisy § - eclion: LNE whitH Ghel hb@anRadraiget er
c and the ggﬁﬁelgti Oﬁﬁ%@gﬁﬁd@tﬁﬁ??ﬁﬁgﬁ lgggl(tzsrl beeglgésg%l\?e. [00158] hli) vari 5u_s
enbodigatat 1a9aEohn bt cooslartl. Meaeyarmjlon mbiablaimidel carabe picalded dndpiedighng at om

materi al s can be used to provide, resgecti el y, the heavy .ions _and thef

|i ght iPABarE® Ftajs EpEPPREN thhasybsfraiser @ ghen i%é&éﬁ‘l"é? %@Ct G @é}hﬁ’ Y458
doubl & i@ fhe (Al Gl GOTRL f RMitfor b0 in AL i GOPTOSAMLIAond chy dikosar bon
e. 0 0

(e.g., ‘car and pro S) and a heavy atom | ayer conposed of netals, for
exanpl el dutor Feoppeipldiinome enthodhasnthe hbehpulisashiapg cee by modifigh vafepgy,

| ow energy spread in a djstribution, l.ow.emt.tance) -hi i be
pr odud?%ﬁp‘ll%‘?& 'fa‘g‘éa\‘i‘F&W'E -Sﬁabk3’“”&%8‘?“%@/%\%%?‘“@30 'aTl he g%%\rl\nb gﬁ%u F?Egerﬁ%tggget
syste r@n%@?h t\GhHd8cAly dhbgge tha¥Rdpesub $hd @iysichiraondfioa dlitighmeinenbstore, denlsitt y,
not infinftesimal value for the structural paranmeter _c conprisi ng tge

heavi ewhat dins niin tlhess epudseh etives ritt sthe ttarges eig JRtPracky dfth e sybstiatepPf alisred; ghe
atons that give rise to the hi r L. ght .1 ens: d R4C ijgner
t han t ral“fq%sg{lcsi' aylg‘f‘cogﬁg%ly ¥ élfoéi.% n?%'?) grtg%tlfa%eg%?d uggr% }nﬁ‘?gﬂ?g rg@e{rﬂép%féség with
such adnffridbn SRANBIT Yin@ilatess (togahérowitlc extableabniantiaf mptie fbi gistsubgrats) cas
descri bed above, to forma high energy Iiggt i on Eeam As nmentio dluall%(r)lve,
a Wi degivarisetyameven ipre dopwatecideEngdigAldhaPRFIGEPIRGCTRT S TEL i 458!

[ 0091 o BIEHPBIS 13 BhepfisbRrivaedal BatRShOBENIoysHk Ablptoeaeh ot Malanoua
types © poFymars an astic materials can be used in various enbodi nents.
Any pl agthods oBséyartieaizirpdnglbencaagybgld igabchntiat e f or preparing targets

ding to th t invention. Plastic.material s.. whi sed
o “pol ymer  IR96GEI & s s gRpodD Db oAyt TRl P Bkl Fier s BAERoRT
|oh03|oh@gsﬁ%ﬁq ﬂ&&f{ﬁ,ta@@é AR gicOTRE M@kl RRedH8s B0th erf@ Hyht @b beatiensEorsbiaingh t o
gh ele

pr oduce ctron concentration after ionization by the | aser. Suitable
| i ght hydredyremec |av RES sosulationsg iy alepdribed shergin giaes, gisgdoothe Bghtdon (fOEIgYa)

paranmeter c. [0060] Sane. odi ment r e desi gnj {chat
gener atRECYIR; ‘bh&ér@e&ygﬁ%{% LRy rqlg%ba e g ﬁ%%ggtrﬁ%%geg@ésb fl? ({%Ugﬁ %Jé%girr%%t%g}rhgﬁltﬁ? ons.
For exgppLi@l. inrftheaidh Gindidiag iRk gestit atudiace! diffsrémgarpar boreriabn shepas 4wl
produced by coating a netal substrate wth a carbon Ig%ter .lavi n

s s a .
t hi ckndissenisions tvan ryasidedditionalosntim dpsestarah dheraghaiatios, B T (e ek a
substr %zﬁﬁy Iaggéléfgt%d light ions suitable for hadron therapy for the treatment of cancer and other

diseases.
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metal foils, such as copper, gold, silver, platinumand palladium and the
like.fqq6lj] 'ft(c) is' ad | nai |nbodinents are envisioned in which the
par anmet engobostiskdser ent | ayers can be cal cul ated. For eyanrpiseoosmsdses i abl e
nmodel gAML cRlifehded for predicting ion charge state distribution in a
substrate for a given |aser-pulse characteristics. O her ways of optim zing
t he beam or ,t i ddi ti LA wit.h, Pl C sinmulations
can al g’o beAclgét?lS&e(i;d rorhl?t§1 gﬂlﬁgraqgss(eg%ﬁeg{rat:eg1@%?3%?%%?%% the | aser pul se
shape can bmodelid & agsteintincladipgepbdasg ide layer, anhaedtas dield)ade igh nerghilight
precedes the main pul se. ;ghe. | aser pre ul.ée. i S intense enog&? g.o "
dramatical ly chaﬁ@gt“{%{?né P88 AR FIENR C’Bﬁ%’g} o) COmRTTG B AESFIYTR dehhpesitive
substrate, so tha, WRen-the main |aser pulse arrives at the target, it

interacts with the subsfrate of altered characteristics. Accordingly,
nodel i ng of comelatings @hysicdppdrsmeiers of dbe isavniion leyes, tthe glactin fiekh| yik thon

with PIC sinmulations (t her..wi.th reliable_i. i nodel for the
substrate) can gin{?émp‘é%g%ﬁép%ﬁtwee\}grﬁerrlr%ig%ug% ﬁérlgwg%g%&fe@standi ng of the
physi cal pr QeeffchHe Pafdiidtén @f thabéavgiion l9tr theptirezalticemtgy batribuepnlos ehe
effects can aid in the devel opnent, of inproved target design and nethods of
synt hesi zi ng hi ghigrraeesy lish§pesiiiynloBeans. [0062] In additional enmbodi nents,
it is envisioned that thi's nethod can be used to design various targets and
give rise to synthesizing high energy lLight ion beans. Conbinin

hydr od¢nani dhamttimdacspidingtoiciia lasy @gtgﬂﬁ

g
(hedV eR dayeT §PMBESES CaR0R0 t he
i ght-ion energy spectrumfor the given initial |aser pulse and target
properties. Routine experinmentation by those of skill in the art in
conducBi ng pJhe arathad ccerding wsclom b wheseiarike heavyden yeeeqraprises §hagiels on Yy
di rnc:nsic(g)n%i cgnn %ﬂ;r%l %1 additional optimal |aser/target characteristics that
will gi e o gsh quality accelerated |light ions suitable for hadron
therapy for the treatnent of cancer and other di seases.\Wat-fofettnfefl 1.

A nmet hqd for., designing a.,laser-accel erated,ion be C ri.sing: ling a
syst emai ncl E}-&F ﬁﬁetgo‘#‘nég(wdlfl%ﬁo Icéaglll@rj,e’ ‘ﬁlﬁergpgg? lnileégfl gl} pdl,sgggglfdhls% r’eﬁ%gglf}h’
l'i ght  pagddihiEcdppBS ohayy fntinatRManéry ofli stribution conprising a nmaxi num

| i ght positive ion energy; correlating physical parameters of the heavy ion
| ayer, the electric field, and the maxi mumlight positive ion energy using

sai d mgdel ; TABGhREYARBrdikEIoRAiATEWHcEeiffthd Migh REaBY lighMpdsaneriohPareRletiéz e
the energy distribution of the ) )
from hydrogen, helium, lithium, beryllium, boron, carbon, nitrogen, or oxygen, fluorine, neon or

argon, or any combination thereof.

6. The method according to claim 1, wherein the high energy light positive lons 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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hi gh energy light positive ions. 2. The nethod according to claiml1,
wherein the heavy ion |ayer conprises carbon. 3. The nethod according to
claim1l, wan@i/asgashe heavy ion |ayer conprises a netal, por/anywsesshs nati on
of netals. b ep eredamet am @m@ﬁﬂg 14 Optimidethd enaspe destributios afwheahigh emprayses
gol d, S|Iver plfati num pa adlun1 copper, or any conbination there of. 5.
The met hod accorhﬂﬁ@oﬁﬁvéﬂaﬁnll wherein the high energy |ight positive
ions are derived from hydrogen, helium |ithium beryllium boron, carbon,
ni trogen, or oxygen, fluorine, neon or argon, conbi nati on t her eof .
6. The.met hbhe metoddicenyding te klimms1 whepsiy the He%WéOﬁﬁ’gfér EHBRIYYS F?rgﬂ‘i‘- positive
ions are produced froma |ayer of |light positive ion rich material. 7. The
nmet hod according to claim®6, wherein the |ight positive ion rich terial
conpri s@s \Aﬁhemetﬂnﬁohcom@intgm@almo%lveheg@éé@ sy yorblayer MRSt aRfte, or any
material, or an ination thereof. 8. A nethod for designing a target
used fSFnEQWE? IHﬁasaser-accelerated i on beans, conprising: nodeling a
systemincluding a target an electric field, and high energy |ight

positive i oﬁg%hav agcgf f&?é@ igrﬁ’)vr grte{no&ecrgﬂpg é/o;sfh&%eg lgmxgm.{gp bla@him,

posi ti Ve io r'sing a ayér characteri zed

by a Sgﬁl%ﬁﬁﬁaéopﬁéf @f'ﬁiyeéon‘i’omémﬂ\thergof\ M:i t:Mnlitdt i kmc to optim ze
the energy distribution of the hi gh energy light positive ions. 9. The

met hod according to claim@8, wherein the heavy ion | ayer conprises carbon.

10. The, et Rad naseRt MHoBido @AM whfa! Bk Mdidlohpaves dopper ayer conpri ses
a netal, or any conbination of net al's. 11. The nethod accor di ng to claim

10, wherein the netal conprises gold, silver, platinum palladium copper,

or any jgonbirat) Gfod B&lrfihe tolglalrﬂ_ ke Wﬁ%ﬁeﬁl@dmealﬁgﬂreﬂérgg light pbsifive ibdls campries n

the metal conprises copper. 13. The method according to claim8, wherein
t he hi glotemssargyrongbit anyowntbinagion dssecfonpri se protons or carbon, or any
conbi nati on t hereof.

14. The method according to claim 8, wherein the high energy light positive ions are

produced from a layer of light positive ion rich material.

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.
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14. The method according to claim8, wherein the high energy |light positive
ions are produced froma |ayer of |ight positive ion rich material. 15. The
met hod aowondid@eds? cl ai m 14, wherein the |ight positiveciragéisolsssgt eri al
conpri &8s o : T@@@@vm able: _conbi nation
thereo?? 12?5%#%%$gepgﬁgé o?“%@ﬁgggg?%éﬁﬁgggﬁgﬁgﬁgfgfg?gﬁm ?5% ener gy

| i ght positive ion beans in a system said target nmade by the process of:
nodel i a i i ; . i i : i-gh ener gy
T aht B0 o T HEter e pE Y e bas bR L 15 AR el Wibfticelobte . o

| ight positive ion energy, said target conprising a heavy ion |ayer
characteri z S r ; (A Syt
arametbr o 0o gt iadee s TroRt BBRES 16, whABR PGPSk LR
posi t i ¥empr@seSprotbhs ofduebdgiog ety camlenstionttherepf. ocess of claim 16, wherein the
heavy ion | ayer conprises carbon. 18. The target nade by the process of
claim 16, wherein the heavy ion | ayer conprises a netal, or any conbination
of metaps. 19he I gethiecchtiehfodsss af clammb) wkeremothd higtOencTieliglatrppsttivetdes by
t he process of cFain118, wherein the nmetal conprises copper. 21. The target
made bgretmedysed fiogsa byeroblight Pesitiviiopsich Mat&1aki gh energy |ight positive

i ons conprise protons or carbon, or any conbination thereof. 22. The target

made by the process of claim 16, wherein the high en%rgy,Light $ sitjve
i ons aPa pr ddadwdetmadn by theyrpcess of Flghn 2Bowhereyethedight PRHtikaim, fich matsgal 1,0

target nmde_ by the 0 | [ big I ibfve ion rich
mat or 1 S0 EaE A EPERS S hotit Bl K ol o o e o “any
conbi nation thereof. 24. A target used for generating | aser-accelerated ion
beans i,n a temincluding the r . e fi . - hi rgy
i ght Bgsi AT H%e“ﬁ%a% igﬁ%eq%tt% 1%%6?3‘39%?%@?#‘%??%'# fas rileg} %‘8‘“‘3‘ tg? i

li ght pR%IdchiefiélaNafgiEs ¥nelsgilight pogttte oashavisg ag energheldstybuton doayeising a
characterized by a structural paraneter c, wherein varying the structura
par aneMEKiBuURdIEhhPOIAVe 198 CBPIEY gy PEECE BT of the hi gh energy |ight

positive | Ogﬁngfly foﬁqa}';@? gﬁﬁrﬁ&eﬁi’eﬁtm structural parameter 7, 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.

-24 -



25. The target nmade by the process of claim 24, wherein the heavy ion |ayer
conpri ses carbon. 26. The target nmade by the process of claim 24, wherein
t he heavywbDQuod/ByB4 corrpri ses a netal, or any conbi nati eorafs2esladsss 27.
The taksget h h ) rel |
N e R R L B R N
conpr i s@Bprieppeater, R)Qkoéﬁhﬂarisatﬁcgﬁé gdvag @obynerd)@r piipe@aisinationctheareot. 24, wher ei n

t he high energy light positive ions conprise protons or carbon or any

conbi nati on thereof. 30. The target nade by the process of claim 24,

wher ei g t hexh ngMfo. Biaith L9, WehdrOA SR Srbhipd Eepp & hawen &

| i ght g%m t;'rv%ag?%tﬁ&f?l [ Orpré] ettrol a cl é:lglm 30, \/\/nélreluﬁﬁgrh1 F gﬁt posi t%ve
ion riZmJsmi eherain Z,ospe spesiﬁwamraza,tlohwtkt@oﬁhetwmsonsnobh@hmsesn layet, ynpes she or
any conbin &E t hereof. 32. The gg*g? od accordlhn to .clfi1|m8 wherein the
struct B&i° aitf"é‘r Frito8y and gls GRS @ Y 1951 11 e RRRYECR is the specific
ionization state of heavy ions in the heavy ion |ayer, rre is the mass of an
el ectron, and ni/ is the mass of the heavy ions in the heavi(l ion |ayer. 33.
The meBhod Abe orethasgracerdingiorslanm 3teressin thhatruptyralcpaametenys hane value dn thes a
val ue in h n -5 10 6 to about 10 3 . 34. The net hod
accordlmrr11 tgﬁg a%%uggo {ﬁne@rogfﬁw he structural paraneter ¢ has a value in
the range of from about 10~5 to about 10 . 35. The target according to
claim 16, wherein the structural gararret er c is defined as Z 1HnJf Ui
wher ei A4z 1The mathodsgreerding (o iy &t i whereip dbestprcualRAfameRE x has @ Nalugda e i on
| ayer, e, -0 gctron, and - is the nass of the heavy ions
in the 8\(/@101?)%% ??0 {0%% ﬁ'Le met hod accor di ng to claim 35, wherein the
structural paranet er c has a value in the range of from about 10 6 t o about
10 3 7. e nmet hod accardjn t 36, wherein the st

par ame?g ]Eﬂﬁéar&et\ﬁéf‘?f mg o o3 Qn‘dger(ej’fn ? SiHcpaLparapesr { & ‘i?g‘('.')‘ﬁ as Gimg/mi> 3g.
The t am%iéel@?:cle el BbciR @hﬁhﬁ@@&w%@ﬁéﬁ@%ﬁ% b heshioala R AMRUBE nfasd 8F
defined as Z m’, wherein Z1 is the Specific ioni'zation state of heavy

i ons |nn@hetrmaamgim,mhba}ﬂéfﬁOfﬂiehﬁ&,vytlh@s imdbsheavyaon layerct ron, and , is the
mass of the heavy ions in the heavy ion |ayer.

36.  The method according to claim 35, wherein the structural parameter y has a value 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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39. The nethod according to claim38, wherein the structural paraneter c
has a value in the range of fromabout 10 6 to about 10 3 . 40. The net hod
accor di ngybeoedBb03u 39, wherein the structural paraneter peTha3o0d/0¥absie i n
the rapge "B HeABHAPUimL - vrid GnaRo Hax ki lighilpositi¥Bion ienégl 16 ifliheMah@ 6f t
rei Me maximum|ight positive ion energy iS in the range of from about 50
MeV to 250frip\ibodtn0 NMe¥ tn@60dde\of cl aim 8, wherein the nmaxi num | i ght
positive ion energy is in the range of from about 50 MeV to 250 MeV. 43.
The target of claim 16, wherein the maximumlight positive ion energy is in

the range Phe feiBdaTAMImSE) WiYeihAhebxiMaln 1148t pdditevel iah @atredfis ¢l tefarde of
wherein the maxi mumlight positive ion energy Is in the range of from about

50 MeV to em abeut SO MeV to 250 MeV.

43. The target of claim 16, wherein the maximum light positive ion energy is in the range of

from about 50 MeV to 250 MeV.

44, The target of claim 24, wherein the maximum light positive ion energy is in the range of

from about 50 MeV to 250 MeV.
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