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Emission of MeV multiple-charged ions from metallic foils
irradiated with an ultrashort laser pulse
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From full kinetic particle-in-cell simulation including elastic collisions and collisional and field ionization,
we find that the emission of MeV multiple-charged ions from a non-fomatter foil irradiated by a short laser
pulse sensitively depends on the ion charge distribution. In spite of strong elastic collisions, the anisotropy of
the hot electron velocity distribution enhances the ion energy and improves the emittance. With up to 10%
conversion of the laser energy, %&Al*7 ions over MeV energy are produced from 0.12% foil with an
obliquely incident(45°) p-polarized laser pulse of 1 ps duration in the range of intensit§16wW/cn?.

PACS numbes): 52.40.Nk, 52.65.Rr, 52.65.Ff

During the interaction of an intense short laser pulse withocity distribution one .y, and T, T,, f, has been de-
a solid target a considerable portion of multiple-charged ionsived. However, the maximal electron energy has not been
driven by superthermal electrons can be accelerated oveibserved, at least up to (6—B,), in the recent bremsstrah-
MeV energies[1-5] as in the case of proton acceleration lung measurement$,19] of metallic targets. This shows the
[6-10. These high energy ions have a variety of applicadlimitation of the applicability of the fluid approach in a study
tions from ion implantation to a source for nuclear experi-of the emission of multiple-charged ions.
ments. Especially, experimental studies of the excitation of We are interested in the multiple-charged ion emission
low-lying (1-20 keVj isomeric nuclei leveld11,17 and from foil targets irradiated by a short pulse laser of moderate
stimulation of resonance reactions with a few MeV thresholdntensity IN=10""""Wum?cr. In this regime we need
in short-lived nucleug13] can be realized with the laser full kinetics simulation. Since the energy of emitted ions is
plasma ion source using a table-top size facility. proportional to their charge, the ionization dynamics is a
The emission of energetic protons from Iaser-produce&ruc'al part of the ion acceleration. So far, particle-in-cell

plasmas has been explored experimentally in the laser fusidft!C:[20]) calculations for the ion emission have been made

study[6], as such emission significantly decreases the effioly, for short laser pulses with relativistic intensity

9 . . .
ciency of the pellet compression. The strong correlation beZ 10! t;N/cmZ [1_4].dl? tgefp;lon_eer_mgd W(r)]r_kﬁl—_zl]hlogs
tween the highest proton energy and temperature of the hQ2v€ Peen assumed to be fully ionized which might be rea-
fraction of plasma electrons has been found through mansonable for lowZ targets irradiated by very high intensity

: . . Mser pulse. However, at the moderate intensity of a short
experimentg7]. Theoretically, this process has been consid-_oor pulse, non-lovz- matters cannot be instantaneously

ered as the plasma expansion driven by hot electrons in thginheq to the fully ionized state and hence the transient
framework of fluid dynamics for a slab tardét14-1§. The plasma ionization needs to be considered in the emission
two “temperature” exponential distribution of electrons has process. In this Rapid Communication we show the emission
been introduced in order to treat nonequilibrium effectsgf MeV ions with the energy conversion efficiency up to
[16,18. More specifically, assuming the plasma quasineu-109 from both sides of a thin foil with thickness much less
trality, a superposition of two self-similar solutions for the than the hot electron excursion length, irradiated by a laser in

ion density has been obtained in REE6], the range of 1 ps pulse duration, obliquely incident
p-polarization at intensity of 26~*"W/cn?.
N(v,t)=Aexp —v/C.)+Bexp(—v/Cy). (1) The process of ion emission from a plasma irradiated by a

short laser pulse can be subdivided into two stages. First,
Here C.=(zT./M)"? Cn=(zTy/M)"? are the ion sound jons are accelerated by the charge separation field as sug-
speeds with the ion madd and chargez. T, and T, are  gested by Gibbofi21]. This field develops due to hot elec-
temperature of hot and cold electrons, respectiv&lgnd B trons produced by the vacuum heat{ig] inside a layer on
are the constants dependent on the heuristic parametetfe target surface with a thickness Bf-(®/27meN,)?,
Th, T¢, and fraction of hot electrorf,,. The analytical ve- where ® is the ponderomotive potential due to the laser
locity distribution (1) derived in[16] becomes singular at  pulse. Second, as the temperature of the bulk plasma in-
~(1-2)Cy if the ratio T,,/ T, exceeds 9.9. To overcome this creases, the density gradient is formed and the electrostatic
problem, the use of a truncated bi-Maxwellian distributionfield penetrates into the plasma. This process leads to a self-
with the maximal electron energyn.~(1-3)T,, has been similar expansion of the bulk plasma, which accelerates ions
suggested in Ref18]. A strong dependence of the ion ve- sustaining density gradient at the critical pai@tL—0.2\ for

the high rate of the resonance absorption. Then, the ratio of

conversion from electrons to the accelerated ions in the bulk
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where(N) and(e) denote the average number of particles and
their energy andC the ion sound speed, the electron tem-
peraturea is a coefficient determined by the ratio of the total
electron energy to their temperature. Ef) shows in the
case of the isotropic velocity distributica= 2, the conver-
sion ratiok=0.67, that becomeg=2 for a fully anisotropic
electron distribution witha=3.

Electrons heated as a result of wave breaking have strong
anisotropy in their velocity distribution, leading to an in-
crease in conversion efficiency of laser energy to ions. Fi-
nally, in the case of a thin foil target, the ion acceleration -
becomes an effective mechanism of electron cooling and the ‘ oy
total absorption may be as high as that of solids, up to 70% 0-00 500 1000 1500 2000 2500
[23,24]. Again, the ionization on the plasma surface can , p
strongly influence the absorption rate and ion emission via Timefo]
the rate of formation of a plasma shg¥1,25 and resulting
energy of accelerated ions. A hybrid PIC simulation, one-

. . . . . . the laser energy to ions. An aluminum fod € 125 nm) irradiated
dimensional in the space and three-dimensional in the veloc[; ; . o N S
it . | d i i th | | y an obliquely incideni45°) laser pulse(l =4x 10*W/cn?, \
Ity Space, IS employed, Incorporating theé non-iocal-_gn, nm, for the plasma with(1) and without(2) elastic colli-

thermpdynam|c-equn!br|um (non'LTE) lonization ,and _sions. (3) the plasma with fixed ion charges=10. The total ab-

a_doptlng the Langevin equation tq accoun'g for' elastlc. 9°||"sorption efficiency is 47%, 36%, and 48%, respectively.

sions. Electron-electron, electron-ion, and ion-ion collisions

are incorporated in the nonlinear Langevin equatigs]. : N B . .

Thus this simulation can model the entire process of io A(DEL(t=A) = Qop(t— A1) [28] with E, the laser electric|
ield. The energy loss due to the collisional ionization is

emission from a thin metallic foil imradiated by an obliquely calculated as an effective friction. We use a kinetics grid to
incident picosecond puilse laser. determine the plasma parameters. As the scale length of the
In Maxwell equations we modify the Bourdier boost ref- change of the [z;har e [i)s mainl détermined b thegelectron
erence techniqug21] to operate in the laboratory frame of r?fr thr tf? r than D )t/) lenath yr simatelv 20
reference, to account for collisional absorption, vacuum heat- €an free paih rather than Debye fengin, approximately
IC cells are combined to form a kinetics cell. It also pro-

ing, anomalous skin effect, and resonance absorption for o vides statistics in calculation of the temperature, density, and
liquely incident laser light. Plasma ionization and its tempo- P ’ Y,

ral evolution are considered by calculating the charge oﬂ!“d ve.IOC|ty. This modgl it checkec_j_wa the Kinetic
computational particleSCP9. Simple atomic kinetics based simulation of laser-irradiated carbon and silicon overdense
on the average ion mod€26], in which the ionization po- pla_ls:rr:las[ZIS].l tion i ried out for the bi nd oul
tentiall, is a function of ion charge, is used to calculate the ser ?rrgzig?ign %f asn (125 im?cﬁickoalurﬁinpu(r:r??s;OThepi?]i?e
charge. Namely, the change of plasma electrons is caIcuIat%% :

by the electron balance equati@®b) that includes the elec- Ia:ictje[jnp:ri?tur_?hof |tr:]|§ pl)l?srr]’nahlsrlo eVr "’Ndlls Sie: tg Lheth
tron collisional ionization and the field ionization in the pres- S0 ensity. the al lon charges are caiculated by the
ence of the intense laser light, Saha equation. The laser intensity is kept constant during the

laser pulse of 1 ps duration. The time step is set to«[?,,l/
Wherewg is the initial plasma frequency. The number of CPs

AQek=AtN, _QEK(RZNE)JFSZD, Qi104(2) representing plasma electrons ix 30*. To understand the

e effect of collisions and ionization, the usual PIC calculation

K=

Conversion Efficiency %
[}
no
T

FIG. 1. Temporal evolution of the efficiency of conversion of

eAx without collisions and with the simplest plasma ionization
(1,41, EQ) | (3 model assuming ion charge=10 which corresponds to the
LTE with the plasma temperature of 1 keV is also per-
whereQc is the total electron charge in tikéh cell, g, isthe  formed.
charge ofith CP which belongs to thkth cell with the size The temporal evolution of the efficiency of laser energy

Ax, At the time step,o, the collisional ionization cross- conversion to ions is shown in Fig. 1. While in the plasma
section, andR, the three-body recombination rate. We usewith transient ionization the conversion rate is approximately
the field ionization probabilityr ! obtained in Ref[27]  25% with the total absorption efficiency of 47% in colli-
with Ey being the electric field averaged over tkin cell.  sional and 36% in collisionless plasmas. The PIC calculation
Electrons acquire the chargeAQg/Nex and ions with a fixed charge ofz=10 gives a significantly higher
—AQ. /N, whereN, andN;, the number of particles in conversion rate to ion, over 35% with the total absorption of
the kth cell. While the electron charge-to-mass ratio is kept48%. So that the fixed charged model leads to overaccelera-
constant, the ion is increased withTo compensate the en- tion of fast ions. The total absorption rate is saturated at 0.42
ergy loss due to the optical field ionizatid®FIl) Qqr, Wwe  ps~1000i after the formation of the plasma shelf with the
include the effective atomic current to the Maxwellian equa-density gradient scalelength bf~0.1\ at the critical point.

tion so that In all plasmas considered after the saturation the conversion
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FIG. 2. Spatial distribution of Al foil plasma parameters, for an  FIG. 3. Spatial profile of backwardly accelerated ionstat
obliquely incident, 45°, p-polarized pulse t=0.8ps. 1=4 =0.8 ps. Exponents correspond to the approximation given by Eq.
X 10" W/cn?, A =800 nm. The electron temperature and density(1) with adjusted temperatures.
are given for plasma with elastic collisiofi) and without(2).

202/ 4 i~ fi
to ion acceleration surpasses the net electron absorption. Tl]\f\éhere Ry=13.6 eV andE,=m"e’/A" the atomic field. For

S 6 - Y )
coincides with the appearance of the electric field in the en- 4x 10"®W/cn, this gives the ionization potentia) that

3_p|+4 .
tire plasma due to the ion density gradient, which leads to thé:orresp_onds to AP-Al - The charges of forwardly accel

: . . -~ . @erated ions are only slightly smaller than that of backwardly
consequent ion acceleration characterized by the self-similar

. . X - ; accelerated ones because the collisional ionization is still
expansion. By inserting the calculated efficiency in Eg). . . -
. . o " dominant for moderate laser intensities and the effect of
we find that«x=1 in the coliisional plasma. We also find <o induced field ionizatiof1] is still negligible. The
from the distribution that only the hot electrons have the? gigibte.

. - S . spatial minimum of charge of emitted ions is a result of the
anisotropy, as the collisional relaxation is less effective for;

electrons having higher energies, which significantl in-"o" mobility change with their charge
g hig gres, g v The spatial distribution of ionic quantities is shown in Fig.
creases the efficiency of laser energy conversion to fast ions;

: o After t=0.5ps the profile of the ion density in the bulk
The instantaneoust£0.8ps) plasma conditions are : o . ,

i : : . plasma is close to that of self-similar expansion with11
shown in Fig. 2. The electron temperature is uniform in the

I L . S . “and T, which is less than the instantaneous electron tem-
bulk of collisional plasma, while it has a spatial minimum in

! . . erature as seen in Fig. 2. The same fitting for the fast ion
the plasma without elastic collisions. The temperature of the,.” .~ = S : o
gy distribution with z=7 gives a temperature significantly
collisional plasma slowly changes from 1.5 keV &t

=0.5ps to 1.9 keV at=0.8ps, reflecting the reduction of higher thanTy, = 2(Ey)/3~27 keV. It implies that the veloc-

the net electron heating. The calculated temperature of h it[y distribution of hot electrons is anisotropic, while the dis-
g P Fibution of cold electrons is isotropic. Hot electrons with

electrons is close to that from well-known empirical formula

(29,30
SERRRALL B B, B

Th=30(IN%/10" Wum?/cm?)Y3(T,, keV)® keV. L
The electron density in the plasma without elastic collisions E i
is spikier than that of the collisional plasma and far from the DL R T
self-similar density profile. Inside the foil, Al and AI"12 o
are produced by the collisional ionization during rapid heat- :‘_:’
ing in the solid density bulk. On the other hand, in the coro- -
nal plasma, as the ionization time becomes significantly 2 04K -
longer in low density, only AT® and Al"7 appear even the g 3
electron temperature is higher. Furthermore, in the present x Z
condition, the rate of OFI is smaller than those of the colli- = -
sional ionization. The ionization potential of the highest EFIFUTTH MRS RTTI RETRT ST RS

charge state, which may be produced in the presence of a 0.1 1

laser field E,, is estimated by solving equation Irradiance[10"" W cm?um?]
7 1(1;,E ) 8t=1, with ionization probability 7~ deter-
mined by the Landau formulésee[27]) and 6t the pulse
duration. An approximate solution is

FIG. 4. Maximal energy of accelerated ions per ion charge ver-
sus the laser irradiand& 2. Crossegcurve 1), present calculation;
circles (curve 2, [8]; squaredcurve 3, [9]; the filled area repre-

213 sents the maximal energy of protons obtained in numerous long-

| —Ry{EL[23+In[5t/(100 f9]+In(E /Ex)] pulse-laser measuremeritg]. The large closed circle, energy of
‘ Ea Xe*40 accelerated from laser-irradiated clustesg].
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initially anisotropic distribution in the direction normal to the  In conclusion we have demonstrated that the irradiation of
plasma surface have no collision during 1 ps when their enthin metallic foils by an obliquely inciderg-polarized, pico-
ergy exceeds 40keV~T,) and their quiver energfa few  second laser pulse leads to an efficient emission of multiple-
keV) is much less thay,. The ion distribution is close to charged ions=6—-7) with energy over 1 MeV even at a
that obtained by a hydrodynamics codES] with heuristic  modest intensity ~ 1017 W/cn?
parameters:T.~2 keV, Tp/T.=25, f,<10%, and eqnax The acceleration by the expansion driven by hot electrons
=6T,. We also find a highly anisotropic spectrum of ions. js enhanced in the presence of strongly anisotropic electron
This strong directedness of iong;-O(10 3), is due to the  velocity distribution. The conversion of laser energy through
strong anisotropy of hot electrons. This is significant, as thexlectrons into ion energy with the foil irradiation is very
emitted ions form an ion beam with exceptionally low emit- efficient (25% and for ions over 1 MeV energy 10%Ne
tance. find that in spite of the absence the radiative losses and heat
The dependence of maximal ion energy on laser intensityransfer, this efficiency is high enough to constitute the large
is presented in Fig. 4 for the backward acceleration, showinglissipation mechanism and very higp to 50% absorption
a nonlinearity afq,~Th~1"3"*2 The energy for the for- of laser light. To our knowledge, this mechanism at this re-
ward acceleration is approximately 20% less than that for thgime we described above provides one of the most efficient
backward acceleration &t=4x 10**W/cn?. At a lower in-  energy conversion to ions. The ionization effect plays a sig-
tensityl ~10"*W/cn¥, we observe no MeV ions, the absorp- nificant role in determining the energy of accelerated ions.
tion efficiency to ions is less than 10%. At intenslty4  We anticipate strongly anisotropic, very high flux of ener-
X 10" Wi/cn? the amount of ions accelerated over 1 MeV getic(>1 MeV) ions emitted out both forward and backward
exceeds 1% of the total foil mass. Figure 4 also illustrates thé&om the irradiated foil surface.
dependence of the maximal ion energy on the laser irradi-
ance in our calculation, showing several reference points of
experiment§ 7—9,33. A number of these past experimen-  The authors acknowledge valuable discussions with Pro-
tally measured maximum ion energy follow nicely with our fessor K. Mima. This work was partially supported by the
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