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Numerous applications of protons and 10削叫ωleratedby laser radiation require charged particle 
be創nsofhigh quality (i.e.， such that the ratio ofthe energy width ofthe beam to its mean energy is 
sma11).加 orderto produce bear削 withcontrolled quality， it is proposed to use two-Iayer targets in 
which the first 1ayerωnsists of出avy阻ultichargedions and the second 1ayer (白血姐dnarrow in the 
transverse direction) consists of protons哩Thepo曲sibilityof generating a high-quality proton beam泊
the i削除閥抗ionof ultrai則自附聴防serradiation with such a two-layer 協rgetis demonstrated by three-
dimensional particle-in・cellcomputer simulations. 

区eyword画:脱場阪inle脇島i旬胸母erpul僻，Tbeory蹴ndPIC
岡崎剖雪組側lro阻 therapy

事脇島監帥n喜多妙。ubIe鞠yer

三. Introducむion

Laser accele問Itorsof ions are b醜sedon the high efficiency of converting laser energy into the 
energy of fast iの円旦inthe interaction of 1自開rpulses with plasm伐重量eamsのffast ions were recorded in 
experiments on the interaction of iaser pulses with solid targets [1・4].The ion acceleration processes 
are also investigated numerically [5・9]by means of two~ and three-dimensional particle-in-cel1 (PIC) 
computer simulatio削.加theexperiments mentioned above事electronswere accelerated to energies of 
abm民間veralhundred lVleV while the proton energy was about tens of MeV， the number of fast 
protons ranged from 1012 to 1013 per p旧民的andwith a 12% efficiency oftransformation ofthe laser 
energy into fast ion energy. The generation of fast ions becomes hi墓hlyeffective when the laser 
radiation reach開 thepetawatt power limit as it was shown加 Ref.[IOJ. 
The laser accelerated ions find important applications such as Fast Ignition for lnertial 

Confinement Fusion (ICF) [11J. proton therapy [12-14]， fast ion beam injection to conventional 
acceJerators r 15]， and the proton j即時ing，[16]. 
The proton use in the附 diotherapyin the oncology provide易相時raladvantage校 Firstof all， 

the proton beam scattering on the atom副ectronsi県 weakand it result持inlow irradiation of healthy 
ti鮒附saside the tumor. Second， the slowing down length for the proton with given energy 1S f以ed，
and it avoids irradiation of the healthy tissues at the rare side of the tumor. Third， the Bragg peak of 
the energy losses provid開 substantialenergy deposition泊 thevicinity of the proton stopping point. 

By now， the proton beams with necessary parameters produced with c1assic acceleralors of charged 
particles: synchrotron， cyclotron， and linear accelerator. The use of the laser accelerator is very 
attractive because its compactness and additional possibilities to control the proton beam parameters. 
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The typical開問gyspectrum of laser accelerated particles observed both in the experiments and in the 
computer担mulationsca民悦叩proximatedby盟 quasi-thermaldistribution with墨 cut-offat証
印刷lmumenergy. The effective tempe開削re崩atmay be attributed to t附 fastion beams is only within 
現 factor開 veral01' the m祖Xl鵬umv副知彩。l'th胎 particleenergy. On tt悼のtherh制刻mostall above 
mentioned applications require high quality proton beam私 Le.be祖mswith sufficiently smaU辛口ergy

叩readAE/ E << For 開閉ple亨 for加前onther叩Yii is highly的問bleto have a prolon beam 
withど¥.，E/ E手2%in order to provi伽 theconditions for品high汀radiati削 dosebeing deli vered to 

the tnmor while事paringneighbori日gtIssu闘ぉ 1長波efs.[13，14，17，18] it has been shown that品ucha 
開quiredbeam of la附 raccele胤tedion損canbe obtained using a double layer target. Multi layer targets 
have b胞のnused for a long time in order to inc開制ethe effici閉じyof the laser energy conversion into 
pl削開通 andfast par泊clekinetic energy.初心。削閥抗tothe previously discussed con白gurations，it was 
propos削 theus昂gedouble 胤yer愉f懇飢 toproduc防白紙 prot例 beam胆withcontrol1ed ql胤lity.Jn thi島
問i鴻metbe targ削除問削eof two layer吾川thions of different el，桝閉じ州ar炉 andmass.す財指針

(front) layer仰 nsi州ぽ閥均F 州事 withelectric cbarge I弐遇制加品川久 e 出 sis followed by a 

品econd(rear) thin proton layer. The transverse財閥oftheprot削除yer朋ustbe州削除rth自nthe size of 
thep削sewaist since an inhomogeneity in the 1aser pulse causes the inhomogeneity of the accelerating 
electric field and thus a degradation of beam quality， as seen in experiments where the exposed targets 
to the週間rli酬thad思thinproton layer on their surface. 

w附削削川tr融島hortlaser削除eirradi飢側 thetargeし旧制y創oms揖repartly ioni開 dand the 
ionized electrons abandon the foH，銭。nerating組nelectric fieJd due to出品rgeseparation.治ecau事eofthe 

large ν剖酬 of附開tioμ/ ，W州b即削6μ に川"明r打凡i
10 are accelerated. In order to achi例 elO'v fast protons per puise from the two-layer target required for 

the叩plicationゑ itis enough tのhave a proton 1町rer叩proximately0.02μm thick and a laser pulse 

focu蜘 dooto損叩01with diameter叫ualto two laser wavelengths. The first layer おmadeof beavy 
ions納長 the 担増税務 sufficie削除 thick30 produce墨 lar鮮側oughelectnc field制eto charge 
separation. This electric fjeld h自Sopposite自ignon the two different幻desof the target， has a zero 
ioside the target開 dvani閥創設ta finit酌 distancefrom it The oumherのfprotons is assumed to he 
sufficie削除草malln例 topr 

2. Energy Spectrum of Aのcelerated1on5 

1日間derto e騎tim融tetb思typicalenergy gain of fast ions， we副ssumeth租tthe main portion of・
the free electrons produced by ionization in the立radiatedregion of the foil Is expeIled. In this case the 

electric field near the positively charged layer is equal to Eo問 27rn
O
Z
i
el.Here 1 is the foil thickness. 

The region of strong electric field has a transverse size of the order of the diameter 2R of the focal 

spot. Thus the longitudinal size of this region where the君lectricfield remain哩 es日entiallyone-

dimensional Is aiso of order 2Rl. and the typical energy of the ions accelerated by the electric field 

due to charge開parationcan be estimated as ð&m間両 4川~oZae2lRl. ・

The energy spectrum of proton恩師nbe found by taking the electric field in the vicinity of the 
target to be of the form of the electric field near an electrically charged prolate ellipsoid. On the axis 

the x component of the electric field is given by Eo;(x) = (4Eo /3)R1.2 /(R1.2 -z2 + X2). The 
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distribution function of 也e fast protons f(同町t)obeys the 凶 etic 叩 ation，which 
gives f(x， v， t) = fo(Xo' Vo)' where fo(Xo'叫)is the distribution function at the initia1 time t=O. The 
number of particles per unit volume in phase space dxdv is equa1 
to dn = fdxdv = fvdvdt = fd&dt / mp' We assu山白atat t=O a11 particles are at rest， i.e. their 

sp 瓜ia1distribution is given b句Yfo(x，叫'0，1パ川7貯久υJi
integration of the distribution fvdvdt giveω畠I凶白ee阻er唱gy邑peじぽu阻 οぱft白h出l鴎ebeam

r nn(:けlldtl
N(&)d& = I~ー"ァI d& 

l 'fnp )1αv Iv=vo 

H即 the L晶柑叩慧駅I削 ge ωω‘o“吋凶耐蜘H加加m刷n
p副 ic1ee叩n肘附e創叫r噌明gyε.The Lagrangeωor伽州 depend削 ceon伽州問gyXo(&) is given皿plicit1yby 

the integra1 of the particle motion: &( x， Xo ε。+e[cp(x)… ρ(xo)] ， with cp(広)the e1ectrostatic 
p伊ot旬.en凶1t凶t“ia叫l.Ir叫 ecase ur凶I
i旭s叩山ω01伽d伽勿円υヨ0/μdMEd! H伽en叫 w附eo油b凶恥阻叫pr悶 o叩nfo川 lee鵬n即1胞叫er靭gy脚 t加ru即u凹阻1m削min the凶吋f白oロmn 
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N(&)dE = /nn(Xn) I叫 dι
1 u' U' I d& 11 

I ~~ 1J"，0="'0(&) 

W e notice that the開炉朗自ionfor the 凶 ergyspectrum follows from the genera1 condition of partic1e 
flux continuity in the phase space. 

A里 wecan 聞広 inthe vicinity of the tar華航 onthe現xi醒theeJectric field is homo厚eneous.
Tbereforeヲ thefOffil of治畦淵ergy叩閉じtrum(2) is delermined 治edi思tributiりnof the proton 

densi附九(tp-i(E) /り州側thatin ge附 ala highly monoene増税icP川 00beam can b悦eobtained 

wh出悶e白nt由hef臼u削I悶削】

sxoおss印uf紅n臨Gωi悶e聞n飢E託泊tly畠凶a11.

(2) 

3. The翼esultsof the 3D PIC Simulations 

In order to take泊toaccount the numerous nonlinear and kinetic effects as well as to extend 
our consideration to multidimensiona1 geometry， in Refs. [17，18] it was performed numerical 
simulations with the code R旦MP19] of the proton acce1eration during the interaction of a short， high 
power ]aser pulse with the two-Iayer target. In Figs. 1・3we present the results of these simulations for 

a linear1y polari加 dlaser pulse with dimensionJess laser amplitude α=  30 interaction with a double 

1ayer target. The first 1ayer of the target (g01d) has the form of a disk with diameter 10入組d

thickness 0.5入 .T脱却econじlayer(proton) a1so has the fonτ1 of a disk with diameter 5入 and

thickness 0.03入.and お例制edat the rear of the first layer. The electron density in the heavy ion 

1ayer corresponds to the ratio ωpe /ω=  3 between the plasma and the laser frequencies， for the 

p削 0山 yerit corresponds toωpe /ω=  0.53 . The number of e1ectrons in the凶1ayeris 180 t回es

larger than泊出eproton 1ayer. 

In Fig. 1 we present出espectra of the proton energy and the energy per nuc1eon of the heavy 
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ionsをInFig. 2 we present the distributions of the electric field components inside the cornputation box， 
to show the shape of the transmitted laser pulse and the accelerating longitudinal electric field. The 
accelerating field is shown as a 3D vector field (a); it is localized in the vicinity of the frrst layer (the 
heavy ion layer) of the target and can b巴describedas an electrostatic field from the charged disk. The 
transmitted laser pulse is presented by the isosurfaces of constant value of the z component of the 
electric field (b). In Fig. 3 we show the densities ofplasma species inside the computation box. 

Fig. 1. The proton and the heavy ion energy spectmm at t=80. 

Fig. 2. Distribution of the electric field near the target (a) and in由eregion where the laser pulse is (b) 
at t==40，and融tt=80. 

Fig. 3. Dis住ibutionof the electric charge inside由ecomputation region at t=40 (a)， and at t=80 (b). 
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We開 ethat the proton layer moves along the x axis阻 dthat the distance between the two 
layers increases. The heavy io限切yerexpands due to Coulomb explosion and tends to become 
rounded. Part of the electrons is blown off by the laser pulse， while the rest forms a hot cloud around 
the target. We notice that for the simulation仰rameters吻¢引ectronsdo not abandon the region 
irradiated句 thelaser light completely. Even if削除通 portionof th貯 electrons18温ccel併設胎dand 
heated by the 自serpulse， the induceじ中脇陣i・staticelectric field通pp鴨島勝 bestron堅enoughto 
accelerate the protons up 65MeV. The energy per nucleon acquired by the heavy ions is叩proximately
100 times smaller than the proton energy. }弘$諸een1際 Fig.し出eh防avyions have設 wideenergy 
spec川 m whil防 theprotons form a quasi-mono-en前例icbunch with d& / E < 3%.工出 proton
be品目白 rem割削狗刷li閉じ insp蹟心配 for議 longtime相e 漁ebunchin車 effectof the decreasing 
dependence of the electric field on the coordin蹟同inthe桝 cele開tiondirection. 

3. Conclusions 

In conclllsion， the useのfthe multilayer targ飢swith differe剛山叩側副ndcompositions open融upnew
opportuniti，附forcontrolling and optimizing the p自rameter揖ofthe向島tprot。開(ion)beam， such削 its
energy spectrum， the number of particles per bunch， the beam focusing， and t出品izeof the region 
where the beam deposits its energy. 
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