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Parameters of a fast ion jet generated by an intense
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Abstract

Analysis and simulations of fast particles produced by a high-intensity short laser pulse interacting with a foil target are
performed. Initially, the plasma density distribution of the foil target has a smooth gradient with the scale length of
plasma density varying across it. The absorbed laser energy is transferred to fast electrons, which penetrate in the foil and
are partially ejected from the foil rear. These electrons produce an electric field that causes an ion beam to be emitted
from the foil. We analyze the mechanism of ion acceleration in the foil plasma and the influence of the density gradient
and other laser and plasma parameters on ion acceleration. The angular distributions of the ejected electrons and ions are
calculated.
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1. INTRODUCTION is the main source of acceleration of ions ejected from the

back of the foil. Thus, a collimated ion beam can be pro-

Fast particles gengratgd by laser—plasma inFeractions can BEced by focusing an intense laser onto the surface of a solid
used in many applications, from manufacturing to medicing;jim_gastions accelerate normally to the foil surface because
and even for the initiation of table-top nuclear reactions.yiq js the direction of the ambipolar field. It is clear that

Fast ion generation by the interaction of an ultrashort highi,ese ions could be focused by a curve of some sort in the
intensity laser pulse with a plasma has been demonstrated {g;| surface.

recent theoretical papef#/ilks, 1993; Andreev & Platonov,
2000; Sentoket al, 2000; Zhidkovet al., 2000; Pukhov,
2001 and experimental papefsewset al, 1994; Clark

In this article, we attempt to develop an analytical model
to analyze the mechanisms of ion acceleration in plasma
layers with smooth density gradients, including the forces at

et al, 2000; Cowanet lal., 2000; Hatchet'tet al, 2000, \ork after the ions are ejected from the back of the foil.
Maksimchuket al, 2000; Snavelgtal, 2000; Tanakatal,  gased on this model and two-dimensiof@D) particle-in-

2000, with maximum ion energies of up to 0.5 GeV having ¢ (p|C) simulations, energy and angular distributions of
been observed. Different methods of fast ion generatiofy,q ejected ions are calculated.

have been proposed for both g&arkisovet al., 1999 and

solid (Wilks et al,, 200)) targets. It has been shown that the

energy of a laser pulse can be efficiently converted into fasp. PIC SIMULATIONS

ion energy using foil targets. SimulatiorisVilks, 1993;

Sentokuet al, 2000; Zhidkovet al, 2000; Pukhov, 2001 We apply a PIC method to simulate the interaction of a

have shown that the mechanisms for generating ion acceRl@sma layer with an intense ultrashort laser pulse. The

eration are the ambipolar field and the Coulomb explosionMethod is based on the electromagnetic PIC and is appro-

It has also been shown that fast electrons ejected from thfate for analysis of the dynamics of overdense plasmas

foil by the laser field create a strong ambipolar field, which créated by arbitrarily polarized, obliquely incident laser
pulses. The 20using a Cartesian coordinate sysjaela-

Address correspondence and reprint requests to: Alexander Andreev, ]:EQV'S“C’ eleCtro'magneF'C COCX(Sat.OUEt al, 2009 is used FO
Birzhevayaline, St. Petershurg, 199034, Russia. E-mail: andreev@soil.spb.@alculate the interaction of an intense laser pulse with an
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Fig. 1. Target density profile and target position in the simulation area.
The plasma layer is initially localized at 220 | x/c < 238 inside the 1.5 L Jdoos
simulation box of size &< w x/c = 450; 0= w_y/c = 315. ’
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overdense plasma. Calculations with ion mobility allowed 0.5 N 1.5 2 2.5 wLic

were carried out for a plasma with the initial density profile
shown in Figure 1. Simulations were performed for laserFig. 2. Electron and ion energies and the absorption coefficient depen-
wavelengths oft = 1 um and laser intensitieg = 1019 dence on the normalized plasma density gradigrit/c at o t = 133.
W/cm2 The laser pulse was linearly polarized, normally Maximum electron densitye = 4n, the plasma slab length isiam, Z=1.

o ) ' . o ) ! . 7 The laser beam radiuR = 2um, t, = 40 fs is the pulse duration, the
incident, and the intensity distribution was Gaussian iNintensity1, = 10%° W/cm? for electron and ion energies, ahd= 10°
shape and time with the durationtpf= 40 fs. The time step  W/cm? for the absorption coefficient.

ischosento be 0.03, , wherew, is the laser frequency, and
the mesh size is chosen to be 0€a,. The number of
x-axis grid points is 16and the maximum electron density

IS Nemax= 4N¢, Wheren. is the critical density. The size of the
simulation region is 5qum x 70 um and the number of absorption coefficient is independent of the angle of inci-

a7 : " -

Sleegtrl?rrési Slf k(et\r/]eaizr?gnf?érfprﬁ;?&rlzl i:'gggogvte_mﬂck_dence, with the absorption of about 14% when no prepulse is

ness of the plasma layey, (foil thickness varied f.rom used(see Fig. 2. Close absolute values of the absorption

1 um to several microns IBDIasma density aradienaried coefficient(10%) and a dependence of the absorption coef-
K ' Y9 ficient on the plasma gradieht similar to Figure 2 were

{rr]?t?;”o.llog :rizteo d ?ﬁ\giﬁ!mzrsogts'zg € p)i?szazéyzggvasobtained by Lefebvre and Bonna(i®97) for a 130-fs pulse
y LA/ = duration and 410 W/cm? intensity. An immobile ion

Fig. 1). For simplicity, uniformity in the-direction is assumed. approximation was assumed in this paper in contrast to our

The relativistic equations of motion and Maxwell's equa- ; . .
. model. A small difference in results means that the ion
tions are solved for the componemtsy, px, py, P andE;,

static fields. Numerical simulations show that for the inten-
sity I, ~ 10'° W/cm? and for a short40 fs) laser pulse, the

movement for such a laser pulse and intensity is insignifi-
E,, andB;:
E:qj E+(—:><B ,pj='yjmjv,E=—4ﬂ'jj+CVXB, @, 1=500
oE
— =—-cVXE.
ot

Hereg;, m;, andy; indicate the charge and the mass of a 001
particle and the Lorentz factor, respectively, ghds the ?ﬁﬂl
current density. PIC simulation results are shown in Fig-1£82
ures 2—7 and will be discussed below together with the

analytical model. 19

3. FAST ELECTRON GENERATION

lon acceleration depends critically on the efficiency of the

transfer of laser energy into high-energy electrons, beCaUSﬂg. 3. Electron distribution function ap t = 500. The laser beam and
these electrons are the source of the requisite strong electrptasma parameters are the same as in Figure 2.
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@y 1=333 We estimate the number of fast electrons accelerated by
the laser pulse to Bé.,= K(1,) & /een, Whereg, is the laser

300 } ' ' pulse energyK(l.) is the transformation coefficient of
laser energy into fast electron energy, aggis the average
250 + energy of the fast electrons. It has been shoiey et al,
1998 that in the range 1§-107° W/cm?, K¢(1,) increases
200 © linearly from 0.03 up to the plasma absorption coefficignt
\‘; for subpicosecond laser pulses. For laser intensities of more
g 1501 than 13° W/cm? Kq(1,) = 7. This means that initially all of
the laser energy absorbed by the plasma is assumed to be
100 | transferred to high-energy electrons and then fast electrons
transfer energy to fast ions and other loss channels. The
50 | analytical scaling from Andreeet al. (2003 of average
0 n(L,1,) is close to the PIC simulation data:
150 200 550 300 350 n(L,1) = 0.05+ (0.1+ 0.01L)135/(15+ 1 ,5)%® o)
oy xlc

wherel g4 is the laser intensity in units #dW/cm? andL =
Fig. 4. Spatial distribution of the ion density at both sides of the foil target erelygis the laser intensity in units 0 /cm” and

at timew, /t = 333. The laser and plasma parameters are the same as i'nw/c' FormUIa(l) is correct at a laser Int_enSIty_ mterval
Figure 2. The plasma density gradient lengti 1 xm. 10'8-107°W/cm? Let us mark that the PIC simulation gives

a local maximum ofy(L) dependence, shown in Figure 2,
but analytical scalingl) gives only the average value of the
cant and has no influence on the absorption. For a biggebsorption coefficientand therefore shows a smoothincrease

laser intensity of 18 W/cm? the absorption coefficient, With L. This maximum is connected with the resonance

according to our simulatior{&ndreevet al, 2003, increases  Ponderomotive absorpticndreevet al, 2003.
up to 30%, which means a significant influence of ion The average energy of the fast electrons is then calculated

movement on absorption at higher intensity even for a veryom the ponderomotive potentiéWilks et al., 2001:
short pulse duration.

een~ MeC2(\1+ l1g(AL/1.2um)? — 1). 2
a o t=166 As an example, for the laser intenslty= 10°° W/cm?, the
0.025 —_— average fast electron ener(@) is e ~ 4.3 MeV, and it is
0.02 ¢ A 1 close to the electron energy from Figure 2. The number of
O;f:,f I ' | fast electrons ity ~ 2.2 X 101K (1) =~ n ~ 0.3 and the
0.005 laser beam radiuR = 2um.
L " oog I 1 In underdense plasmas with a large scale of plasma inho-
-0.01 ] mogeneityL, an additional electron acceleration occurs, giv-
-0.015 1 ing electron energies approximately proportional {2
_o*’égg i ] (Maksimchuket al,, 2002 and therefore a dependence of
0.03 - electron energy on the laser intensiy,(l.g), sharper than
-0.05-0.04-0.03-0.02-0.01 C; 0.01 0.02 0.03 0.04 0.05 |181/2- For example, an experimentally observed relation-
e ship ofegep(l1g) ~ 145, @ = 0.8 has been reportddlemoto
b o, 1333 etal, 2002. In our case, the scale of plasma inhomogeneity
0.04 i . . . . L is less than or of the order of the laser wavelength, and
003 | ‘ - Eq.(2) is valid as an estimate of the electron energy over the
o.02 | 1 range of laser intensities of ¥8-107° W/cm?
o.01 v 1 We consider the propagation of laser-generated fast elec-
P _D_D‘: I 1 trons through the foil target in order to find its distribution
ooz | ] and the number that propagate from inside the target to the
-0.038 . - vacuum at the target rear. The effects of surface curvature
-0.04 1 e 7 and the modulation change the angular distribution of fast
00815 o1 -oon o 005 041 0.5 electrons propagating inside the target. The effect of surface
vifC curvature is important here because we consider a laser

Fig. 5. a: lon distribution in the velocity phase spacewgt = 166. The beam of small radius;-2 «m. At the equilibrium where the

laser beam parameters and target parameters are the same as in Figure 29nderomotive pressure and the ambipolar field balance
The same as in a, but af t = 333. each other, the electron density is
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Fig. 6. Dependence of the fastion velocity rétg/vy) on the laser intensity ai t = 333. The upper curve is the PIC simulation result,
whereas the lower one is the result from ELp). Target parameters are the same as in Figure 2.

mc2 From(3) and(4) and by equating, = n, the critical density
Ne~2Zn +—5 A\1+af, (3 surfacex=x(y) can be found. The derivative of thisx/dy,
is then used to calculate the average angle between the

wheren;(x) is ion densityA = 0%/0x? + 9%/dy?, anda, =  hormal to this surface and the axis
eA /mc? is the normalized vector potential of the laser
wave. A Gaussiafas in the 2D PIC simulatiordependence c2\ls
of the laser beam intensity on the transverse coordinate (tanfs) ~ —5 o ®)
assumed, as is an exponential drop in the skin layiaside P
the plasma:

This angle increases with the increasing laser intensity and
the gradient and with the decreasing spot $zd-or the
laser parameters used in the simulatid$,givesf; ~ 6°
(atwls/2c ~ 0.3), which agrees well with the simulation
results. We should note that E&) gives only an averaged
estimate of the angle. The detail dependencé,pbn the
transverse coordinate is given in our papndreevet al,,
. . : B . , 2003. Near the laser beam center, where the intensity has a
1 ' maximum and the electrons of a maximal energy are gener-
@l eeen i '( ' \ . ated, the angle is less thah&hd only at a half beam radius
s ? \ does this angle reach the estiméi@ Let us mark that an
o1-300 1= 40" o1-500 ©_oi- 600 increase of the critical surface curvature stops at larger laser
I ' Y . intensities(or pulse durationsbecause of the instability
P ' o development, which perturbs the critical surface. The growth
- Hayl " e, 4 ; rate estimate for this instability approximately corresponds
B , ' . | to 1/(40 fs) at 107° W/cm?

' i An initial curvature of the target surface 65 can then
compensate such a critical density surface curvature and
therefore the electron beam divergence. An additional diver-

. gence of the fast electron bunéis produced by the direct
interaction with the laser field. Electrons receive a pulse of
7 ' transverse momentum from the laser electric fiejdver a

; ] i time t, = ls/v.. Because the longitudinal electron velocity
Er ] o w m w0 am e vy~ C, t, < 1/w_and the accelerating fored, (1 — v, /c) ~
exe eE,/2y2, the angled, can be estimated as

A (X, y) = Agexp(—x/ls — y%/2R?). (4)

Fig. 7. Positions of 10 fastions at time t = 0 (+), w. t = 300(X), w t =

400("), @ t=600(0), ejected from the foil rear with differegtcoordinates. > 3

. ; o Py EolsC mc? w g
Solid curves are the ion energy spatial distributions at the same moments. Op~ — ~ — > ~\ls —= (6)
The laser beam and plasma parameters are the same as in Figure 2. P 27éEenvx €eh 2c
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PIC simulation results of the electron distribution function h ~ genRCt /€2Ngp~ 2 um, (7)
are shown in Figure 3 for the plasma density gradlenf

1 um and the slab length of 2m. For very fast electrons, \yheren,, ~ N,7R2ct, . The ejected electrons induce an
Ye~ 5,0 ls/2c~0.3 and therefore from E€6), 0o~ 5°as  atiracting, opposite charge at the surface of the foil. The
in the simulations. The electrons of a smaller eneygy; 1, time for the electrons to fall back to the surfacetis
have a wider angle distributidisee Fig. 3. The simulation mcy.R%eQ whereQ ~ Regp/e, so that the length of the
also agrees with the analytic result of E§) that the fast propagation path of the electrons along the surfac,is
electron divergence decreases with the increasing laserinteBr  This “fountain” effect produces a volume ring of
sity, despite the fact that the angl) increases with the  noncompensated electric charge at the foil surface with the
intensity. This effect is described by our selection of ajnternal radiusR, the external radiuR.,; ~ 2R, and the
maximal energy of electrons from the distribution function pejghth. The target surface inside the ring of radRibas a

in Figure 3. As we already mentioned above, such eleCtronﬁositive charge of approximatey = N e (there areN."
are generated near the beam center where the intensity ha%%ctrons in a circle of radius R, and anotheN?
1 e

2 - T in the
maximum. The critical surface has a minimal curvature atoutside fing:

hi hi f : | d h see Fig.)8 This nonequilibrium condition
this arealt IS surface approximately reproduces the trans, iin s for some period of time after the laser pulse has
verse profile of the laser beamTherefore the angles of

. ¢ h I tall d ith the | terminated, allowing outside thermal electrons to balance
propagation of such fast electrons fall down with the lasetyq gjactric charge. The electron ring and its movement can

|r?ter_1:|ty. 'I]hgtotal electr_or? dr:vergen@eez st+0f0(:]oeslnot be seen in our simulations. The transverse velocities of
significantly increase with the propagation of the electrong o qns near the target surfaces are estimated from the

jet through the foil, because the Coulomb binary Scattferin%imulations to be much less than the speed of light, indicat-
lan_gleg?c IS_Viry small fgrl\';lhi:/pframezters used in tielf'mu'ing that electrons are bound by fields near the surfaces. Only
aﬁ_or;]s_. Ne = “Ne, “.ch.h N r? ’ f|°f” ~epm g(;;veasc_ i Idapproxima\tely 10% of fast electrons contribute to the accel-
whien 1 th significant. The self-generate magnet_lc '€18eration of ions via the ambipolar field; therefore the electron

has more influence on the electron beam propagation. Thgy e g from the front side of the target can be neglected.

beam currenﬂeh; eNen/t,is much b|gger than the Alfven These processes continue for 10s of femtoseconds after
currentJy = mgc>/e. Therefore, the direct current produces

. ic field. | aiharges have equilibrated. The ion pulse starts at the begin-
a return current to compensate its magnetic field. In a re ing of the laser pulse and continues during this time.

plasma with a finite conductivity, the magnetic field can be g4 1se of its low velocity~8 x 108 cm/s) compared to
as large as a few MG and the gyro-radius of a fast eIECtrOE‘r]at of the electrons, it only moves a small distance of
can reach the foil thickness. The electron spatial distribution

. h ic field looks lik ina. PIC simulati ~1 pm during the acceleration stage.
In such a magnetic field looks like a ring. simulations | o ;s mark that a small numb&;; of ultrafast elec-

(Pukhqv, 20_01; Cowaat al., 2002 reproduced suchfi_ring trons with the energy.; = (yef — 1)mc? overcome the

for a thick foil (near 10Qum), but f(_Jr our case of_Zfr_n itis  4jectrostatic barrier whem > No,e¥mc?R and propa-

a small effect. The plasma density f|llaments initially pro- ate into the vacuum with a small angular divergefge
duced by the plasmasurfacg mpdulat|on could be merged stimating the electron bunch radial electrostatic field from
the self-generated magnetlc fie(@Pukhov & Meyer—ter— the Poisson’s equation & = 2men,R, and the acceler-
Vehn, 1997 and do not increase the electron bunch diver-,i, time as the time to double the bunch size, one arrives

gence. In our simulations we did notgetalarge developmen&t the following estimate of the ultrafast electron beam

of such an instability. diveraence Tikhonchuk. 200
The angular distribution of fast electrons ejected from the vergence(Ti we ¥

skin layer has been simulated by Ruhl and Mul€e395

and is reproduced well bg.(l.g) calculated from Eq.5)

and(6). For example, the angle of ejection of electron jets . . .

from Ruhl and Mulset1995 is 20° and from Eqgs(5) and wherer, is the clasglcal eleptron radlu;s. These ultrafast

(6), for the same parameters, is neaf.15 electrong are shown in PIC simulations in Figure 3 and the
The radius of the electron jet is approximatBly- 1(6, + scheme in Figure 8.

0st) ~ 2.5 um and length is approximately- ct, ~12 um

for a 40-fs laser pulse. As the foil thickness is only@, the 4. EAST ION PRODUCTION FROM THE REAR

electrons are leaving the foil. The ejected electrons induce SIDE OF THE FOIL

an attracting, opposite charge at the surface of the foil and ) ) .
partially come back to the foil. In the previous section we concluded that during the laser

. . . . 1
The maximum distance from the foil that the electrons Pulse, fast electrons at a densityraf, = eN§i, /7R?h move

can travel can be easily estimated by equating the electrt @ distanc&q = ven/wpn ~ h in front of the ions, where
static energy of the rear surface electreRN.V2/2R (here  @pn = (47€°NenC%/€en) 2. This generates the electric field
N = #R%hn) to the total energy of the same elec-

tronsN.f e, giving Eam = 27€MNpven/@pn = \[T€enNen. 9

Oer = [7NesTe/Ry 312, 8
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Fig. 8. A general scheme of laser plasma foil interaction and the ion bunch generation.

We assume that the foil plasma has a sharp rear boundary, ION BEAM TRANSPORT FROM THE FOIL
because the laser pulse is too short to allow time for the REAR TO VACUUM
shock wave to reach the rear surface. The velocity of ions

accelerated by the ambipolar force is thers (Z/m;) Egmta, In the initial stage of the acceleration procéss wps ¢/v;),
and their energy the electrons move away from the ions. The electron ring
discussed in the previous section is only one of the factors
Eimax = Z&en(Nen/Ne) (Me/M; ) (@ ta)2 (100  influencing the ion motion. The equation for the ion accel-

eration along the foil surface is

The total time during which ions are acceleratiggjs the

sum of the duration of the laser pul$g,and relaxation time M; (dv, /dt) = 27Z€?ngnR. (12
of the ambipolar fieldw,". Equation(10) is thus obviously
valid over acceleration times that are short enough that ion
travelling at a reference velocity do not completely tra-
verse the accelerating field of widtw,", that is, fort, <

wpn C/v;. For longer pulses, the approximation of fixed ions
is no longer valid, and the ion energy in this case is given by 0, = v Jv; = Ze*mnegrhR/e; . (13
Gurevich and Meshcherkif1981):

From this equation, the angle of ion divergence can be
estimated as

This indicates that ions propagate from the target at rela-
tively wide angles in the initial stage, as confirmed by the
simulation resultgsee Fig. 5a After this, the separated

In our casg; ~t, = (ughlc/vi and Egs(10) and(11) give  charges recombine, with the electrons from the ring hav-
approximately the same energy. To verify H40), the ing returned to charged plasma surface. As a result, at
velocity of the ion front was estimated from the position of w t = 333, the ion divergence has decreased, as can be
ions atw,_t = 500 as shown in Figure 4, giving a velocity of seen in Figure 5b. The PIC simulation results of the depen-
vi ~ 3 X 10® cm/s, that is, two thirds of the value given by dence of fast ion directiofv, /v,) on the laser intensity are
Eq.(10). The scaling; ~ |1 %°that follows from Eq(10) has  shown in Figure 6 for a plasma density gradierdf 1 um
been confirmed by numerical calculations for a plasma withand the slab length of Zm (upper curvé Simulations

a sharp rear surface and it agrees with the experimental dataus agree well with the analytic result of EG.3) (lower
from Wilks et al. (2001). curve.

& = Zeen(IN(wpity) + 0.9)2 (17
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Attimet> R/uv;, the ion jet has a stretched shape and wefocusing effect in more detail. From EL6), the equation
can approximate the electric and magnetic fields as cylindricalof the trajectory of boundary particles of the beam is

2 r . R(0) dR
E® = -f p@(r2mrdr B =B@EY a=ei x(R) = f .
rJo R \R2(0) — 4(J + c2/v?)In(R(O)/R)

(e — 4 ©) —
B wie B Ven/C, (149 The minimum radius of the focused beam is achieved when

wherep@ is the charge density of particles of type a. The € €xpression under the square root in @) is zero:

radial ion motion equation is then
Rmin = R(0)exp(—R'?(0)/4(J + cZ/v?). (20

2
m = Ze(E® + E") — ZeB" (B + By”) — %s %- (15 The minimum radius of a bunch is reached where the
' transverse component of the kinetic energy of a bunch is
where ¢, is the speed of ion sound. We make a simpletransformed completely into the potential energy of the
approximation of axial particle motiom,= v; t at a station- ~ Pressure and Coulomb forces. Equati@0) also gives the
ary beam currem; R? ~ const. Then for = R, the particle  Pasics for the formulation of requirements for focusing a

trajectory(B‘) < 1) is given by bunch of ions. ARR'(0) ~ 1, the charge compensation needs

to be such thal < 1. The ion distribution function needs to

d?R 2 c2 be arranged such that the fluctuation of velocity is much less

e E( U_|2> than average velocity, < v;. The focal length is then given
by

ZeJ(1-K)
I ey a8 [ dR o
Rmn AR2(0) — 4(J + c2/v?)In(R(0)/R)

whereJ; is the total electric current of the ion beai,=

Nen/ZNy < 1 is the degree of compensating of ion beam  Thege formulae are convenient for determining the order
charge by electrons, f”‘”’d(') is the Lorentz factor of the ¢ magnitude of focusing for a given set of parameters, as all
ions. The initial conditions of the ion jets are: essential effects are taken into account: the Coulomb repul-
sion, thermal expansion, magnetic field of a bunch, surface

ol 6, — b, (17) curvature, and angular scatter of ejected ions. At relativistic
t=0 Ui ion velocities, the ion bunches are squeezed by their own

_ magnetic field(factor 1— 8?2 reducing the value o).
whered, is the angle of surface curvatutangle between .o, Eq. (16), for the ions ejected from a flat surface

surface_ normal ang-axis). Then from Eq(16_), we find an (R'(0) = 0) and under only the thermal pressure, the ion
approximate dependence of the rate of divergence on thgnch radius will increase according to the following for-
laser intensity. Following from Eq(16), emittancee, = mula: R — R(0) = 2c.x/v; = 2c.t. A similar result follows

RdR/dxis given by from Gurevich and Meshcherki1981) and Kovalewet al.
(2001.
&, ~ 2R\J + ¢ /v?. (18) The produced ion bunch can be unstable during propaga-
o ~ tion in vacuum. The main type of ion instability for our
This givese, ~ 10" mm-rad for the parameters used in congition is electrostatic Budker instabilityleshkov, 1991
the simulations. From Eq16) we conclude that the parti- \yg calculated the development of transverse filamentation

cle beam emittance depends on the paramiéteand for  tor 5 general case: then the threshold value of the instability

K ~ 1, emittance is very lowJ < cZ/v?). It is generated gcgje is given by

only by the thermal pressure. The ion jet shown in Fig-

ure 4 propagates with little divergence or convergence. It

is confirmed also by the shape of separate ion trajectoriesk,,, 5+ .

at various target points, as is shown in Figure 7. The numer- 2 (1+ 29¢min> / 2 (1 Ze%aX> 2

) 3 ’ : M V&R 2 m; vy 2

ical calculation of the magnitudi for a bunch of ejected Meveh m; v

ions reveals an almost complete charge compensation by

electronsK ~ 0.98. (22
Thus, convergence of the ion beam can be achieved by o o

rearranging the foil target into a curve. The distance from?"d the growth rate of this instability is

the foil at which the beam is focused depends on the foil

profile and the laser beam parameters. We consider the ¥x = \K; — K, (23

R(0) = drR
©dx

dr

x=0 Vj dt

4re?n, 4me’n,
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