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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-low-Z matter 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, Al16-Al17 ions over MeV energy are produced from 0.125mm foil with an
obliquely incident~45°! p-polarized laser pulse of 1 ps duration in the range of intensity 1016217 W/cm2.

PACS number~s!: 52.40.Nk, 52.65.Rr, 52.65.Ff
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During the interaction of an intense short laser pulse w
a solid target a considerable portion of multiple-charged i
driven by superthermal electrons can be accelerated
MeV energies@1–5# as in the case of proton acceleratio
@6–10#. These high energy ions have a variety of applic
tions from ion implantation to a source for nuclear expe
ments. Especially, experimental studies of the excitation
low-lying ~1–20 keV! isomeric nuclei levels@11,12# and
stimulation of resonance reactions with a few MeV thresh
in short-lived nucleus@13# can be realized with the lase
plasma ion source using a table-top size facility.

The emission of energetic protons from laser-produ
plasmas has been explored experimentally in the laser fu
study @6#, as such emission significantly decreases the e
ciency of the pellet compression. The strong correlation
tween the highest proton energy and temperature of the
fraction of plasma electrons has been found through m
experiments@7#. Theoretically, this process has been cons
ered as the plasma expansion driven by hot electrons in
framework of fluid dynamics for a slab target@7,14–18#. The
two ‘‘temperature’’ exponential distribution of electrons h
been introduced in order to treat nonequilibrium effe
@16,18#. More specifically, assuming the plasma quasin
trality, a superposition of two self-similar solutions for th
ion density has been obtained in Ref.@16#,

N~n,t !5A exp~2n/Cc!1B exp~2n/Ch!. ~1!

Here Cc5(zTc /M )1/2, Ch5(zTh /M )1/2 are the ion sound
speeds with the ion massM and chargez. Th and Tc are
temperature of hot and cold electrons, respectively.A andB
are the constants dependent on the heuristic parame
Th , Tc , and fraction of hot electron,f h . The analytical ve-
locity distribution ~1! derived in@16# becomes singular atv
;(1 – 2)Ch if the ratioTh /Tc exceeds 9.9. To overcome th
problem, the use of a truncated bi-Maxwellian distributi
with the maximal electron energy«max;(1–3)Th has been
suggested in Ref.@18#. A strong dependence of the ion ve
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locity distribution on«max, and Tc , Th , f h has been de-
rived. However, the maximal electron energy has not b
observed, at least up to (6 – 8)Th , in the recent bremsstrah
lung measurements@8,19# of metallic targets. This shows th
limitation of the applicability of the fluid approach in a stud
of the emission of multiple-charged ions.

We are interested in the multiple-charged ion emiss
from foil targets irradiated by a short pulse laser of moder
intensity Il251016– 17Wmm2/cm2. In this regime we need
full kinetics simulation. Since the energy of emitted ions
proportional to their chargez, the ionization dynamics is a
crucial part of the ion acceleration. So far, particle-in-c
~PIC, @20#! calculations for the ion emission have been ma
only for short laser pulses with relativistic intensityI
.1019W/cm2 @1–4#. In the pioneering works@1–4# ions
have been assumed to be fully ionized which might be r
sonable for low-Z targets irradiated by very high intensit
laser pulse. However, at the moderate intensity of a sh
laser pulse, non-low-Z matters cannot be instantaneous
stripped to the fully ionized state and hence the trans
plasma ionization needs to be considered in the emis
process. In this Rapid Communication we show the emiss
of MeV ions with the energy conversion efficiency up
10% from both sides of a thin foil with thickness much le
than the hot electron excursion length, irradiated by a lase
the range of 1 ps pulse duration, obliquely incide
p-polarization at intensity of 1016– 17W/cm2.

The process of ion emission from a plasma irradiated b
short laser pulse can be subdivided into two stages. F
ions are accelerated by the charge separation field as
gested by Gibbon@21#. This field develops due to hot elec
trons produced by the vacuum heating@22# inside a layer on
the target surface with a thickness ofx;(F/2peNe)

1/2,
where F is the ponderomotive potential due to the las
pulse. Second, as the temperature of the bulk plasma
creases, the density gradient is formed and the electros
field penetrates into the plasma. This process leads to a
similar expansion of the bulk plasma, which accelerates i
sustaining density gradient at the critical point~0.1–0.2!l for
the high rate of the resonance absorption. Then, the rati
conversion from electrons to the accelerated ions in the b
is
R2224 ©2000 The American Physical Society
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k[
^Ni&^« i&

^Ne&^«e&
5

MC2

azT
, ~2!

where^N& and^«& denote the average number of particles a
their energy andC the ion sound speed,T the electron tem-
perature,a is a coefficient determined by the ratio of the to
electron energy to their temperature. Eq.~2! shows in the
case of the isotropic velocity distributiona5 3

2 , the conver-
sion ratiok50.67, that becomesk52 for a fully anisotropic
electron distribution witha5 1

2 .
Electrons heated as a result of wave breaking have st

anisotropy in their velocity distribution, leading to an in
crease in conversion efficiency of laser energy to ions.
nally, in the case of a thin foil target, the ion accelerati
becomes an effective mechanism of electron cooling and
total absorption may be as high as that of solids, up to 7
@23,24#. Again, the ionization on the plasma surface c
strongly influence the absorption rate and ion emission
the rate of formation of a plasma shelf@21,25# and resulting
energy of accelerated ions. A hybrid PIC simulation, on
dimensional in the space and three-dimensional in the ve
ity space, is employed, incorporating the non-loc
thermodynamic-equilibrium ~non-LTE! ionization and
adopting the Langevin equation to account for elastic co
sions. Electron-electron, electron-ion, and ion-ion collisio
are incorporated in the nonlinear Langevin equation@25#.
Thus this simulation can model the entire process of
emission from a thin metallic foil irradiated by an oblique
incident picosecond pulse laser.

In Maxwell equations we modify the Bourdier boost re
erence technique@21# to operate in the laboratory frame o
reference, to account for collisional absorption, vacuum h
ing, anomalous skin effect, and resonance absorption for
liquely incident laser light. Plasma ionization and its temp
ral evolution are considered by calculating the charge
computational particles~CPs!. Simple atomic kinetics base
on the average ion model@26#, in which the ionization po-
tential I z is a function of ion chargez, is used to calculate the
charge. Namely, the change of plasma electrons is calcul
by the electron balance equation~25! that includes the elec
tron collisional ionization and the field ionization in the pre
ence of the intense laser light,

DQek5DtNzF2Qek~RzNe!1 (
« l. l z

qln lsz~z!

2
eDx

t~ I z11 ,Ek!
G , ~3!

whereQek is the total electron charge in thekth cell,ql is the
charge ofl th CP which belongs to thekth cell with the size
Dx, Dt the time step,sz the collisional ionization cross
section, andRz the three-body recombination rate. We u
the field ionization probabilityt 21 obtained in Ref.@27#
with Ek being the electric field averaged over thekth cell.
Electrons acquire the chargeDQek /Nek and ions
2DQek /Nik , whereNek andNik the number of particles in
the kth cell. While the electron charge-to-mass ratio is ke
constant, the ion is increased withz. To compensate the en
ergy loss due to the optical field ionization~OFI! QOFI , we
include the effective atomic current to the Maxwellian equ
tion so that
d

l

ng

i-

e
%

ia

-
c-
-

-
s

n

t-
b-
-
f

ed

t

-

j A(t)EL(t2Dt)5QOFI(t2Dt) @28# with EL the laser electric
field. The energy loss due to the collisional ionization
calculated as an effective friction. We use a kinetics grid
determine the plasma parameters. As the scale length o
change of the charge is mainly determined by the elect
mean free path rather than Debye length, approximately
PIC cells are combined to form a kinetics cell. It also pr
vides statistics in calculation of the temperature, density,
fluid velocity. This model has been checked via the kine
simulation of laser-irradiated carbon and silicon overde
plasmas@25#.

The calculation is carried out for the picosecond pu
laser irradiation of an 125 nm thick aluminum foil. The in
tial temperature of the plasma is 10 eV andNi is set to the
solid density. The initial ion charges are calculated by
Saha equation. The laser intensity is kept constant during
laser pulse of 1 ps duration. The time step is set to 0.1/vp

0,
wherevp

0 is the initial plasma frequency. The number of C
representing plasma electrons is 33104. To understand the
effect of collisions and ionization, the usual PIC calculati
without collisions and with the simplest plasma ionizati
model assuming ion chargez510 which corresponds to th
LTE with the plasma temperature of 1 keV is also pe
formed.

The temporal evolution of the efficiency of laser ener
conversion to ions is shown in Fig. 1. While in the plasm
with transient ionization the conversion rate is approximat
25% with the total absorption efficiency of 47% in coll
sional and 36% in collisionless plasmas. The PIC calculat
with a fixed charge ofz510 gives a significantly highe
conversion rate to ion, over 35% with the total absorption
48%. So that the fixed charged model leads to overaccel
tion of fast ions. The total absorption rate is saturated at 0
ps ;1000/v after the formation of the plasma shelf with th
density gradient scalelength ofL;0.1l at the critical point.
In all plasmas considered after the saturation the conver

FIG. 1. Temporal evolution of the efficiency of conversion
the laser energy to ions. An aluminum foil (d5125 nm) irradiated
by an obliquely incident~45°! laser pulse~I 5431016 W/cm2, l
5800 nm!, for the plasma with~1! and without~2! elastic colli-
sions.~3! the plasma with fixed ion chargesz510. The total ab-
sorption efficiency is 47%, 36%, and 48%, respectively.
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to ion acceleration surpasses the net electron absorption.
coincides with the appearance of the electric field in the
tire plasma due to the ion density gradient, which leads to
consequent ion acceleration characterized by the self-sim
expansion. By inserting the calculated efficiency in Eq.~2!
we find thatk51 in the collisional plasma. We also fin
from the distribution that only the hot electrons have t
anisotropy, as the collisional relaxation is less effective
electrons having higher energies, which significantly
creases the efficiency of laser energy conversion to fast i

The instantaneous (t50.8 ps) plasma conditions ar
shown in Fig. 2. The electron temperature is uniform in
bulk of collisional plasma, while it has a spatial minimum
the plasma without elastic collisions. The temperature of
collisional plasma slowly changes from 1.5 keV att
50.5 ps to 1.9 keV att50.8 ps, reflecting the reduction o
the net electron heating. The calculated temperature of
electrons is close to that from well-known empirical formu
@29,30#

Th530~ Il2/1017 Wmm2/cm2!1/3~Tc, keV!1/3 keV.

The electron density in the plasma without elastic collisio
is spikier than that of the collisional plasma and far from t
self-similar density profile. Inside the foil, Al111 and Al112

are produced by the collisional ionization during rapid he
ing in the solid density bulk. On the other hand, in the co
nal plasma, as the ionization time becomes significan
longer in low density, only Al16 and Al17 appear even the
electron temperature is higher. Furthermore, in the pre
condition, the rate of OFI is smaller than those of the co
sional ionization. The ionization potential of the highe
charge state, which may be produced in the presence
laser field EL , is estimated by solving equatio
t21(I Z ,EL)dt51, with ionization probability t21 deter-
mined by the Landau formula~see @27#! and dt the pulse
duration. An approximate solution is

I z5RyFEL

EA
@231 ln@dt/~100 fs!#1 ln~EL /EA!#G2/3

,

FIG. 2. Spatial distribution of Al foil plasma parameters, for
obliquely incident, 45°, p-polarized pulse t50.8 ps. I 54
31016 W/cm2, l5800 nm. The electron temperature and dens
are given for plasma with elastic collisions~1! and without~2!.
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where Ry513.6 eV andEA5m2e2/\4 the atomic field. For
I 5431016W/cm2, this gives the ionization potentialI z that
corresponds to Al13-Al14. The charges of forwardly accel
erated ions are only slightly smaller than that of backwar
accelerated ones because the collisional ionization is
dominant for moderate laser intensities and the effect
plasma induced field ionization@31# is still negligible. The
spatial minimum of charge of emitted ions is a result of t
ion mobility change with their chargez.

The spatial distribution of ionic quantities is shown in Fi
3. After t50.5 ps the profile of the ion density in the bu
plasma is close to that of self-similar expansion withz511
and Tc , which is less than the instantaneous electron te
perature as seen in Fig. 2. The same fitting for the fast
distribution with z57 gives a temperature significantl
higher thanTh52^Eh&/3;27 keV. It implies that the veloc-
ity distribution of hot electrons is anisotropic, while the di
tribution of cold electrons is isotropic. Hot electrons wi

FIG. 4. Maximal energy of accelerated ions per ion charge v
sus the laser irradianceIl2. Crosses~curve 1!, present calculation;
circles ~curve 2!, @8#; squares~curve 3!, @9#; the filled area repre-
sents the maximal energy of protons obtained in numerous lo
pulse-laser measurements@7#. The large closed circle, energy o
Xe140 accelerated from laser-irradiated clusters@32#.

FIG. 3. Spatial profile of backwardly accelerated ions at
50.8 ps. Exponents correspond to the approximation given by
~1! with adjusted temperatures.
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initially anisotropic distribution in the direction normal to th
plasma surface have no collision during 1 ps when their
ergy exceeds 40 keV (;Th) and their quiver energy~a few
keV! is much less thanTh . The ion distribution is close to
that obtained by a hydrodynamics code@18# with heuristic
parameters:Tc;2 keV, Th /Tc>25, f h<10%, and «max
56Th . We also find a highly anisotropic spectrum of ion
This strong directedness of ions,u;O(1023), is due to the
strong anisotropy of hot electrons. This is significant, as
emitted ions form an ion beam with exceptionally low em
tance.

The dependence of maximal ion energy on laser inten
is presented in Fig. 4 for the backward acceleration, show
a nonlinearity asEmax;Th;I1/3– 1/2. The energy for the for-
ward acceleration is approximately 20% less than that for
backward acceleration atI 5431016W/cm2. At a lower in-
tensityI;1015W/cm2, we observe no MeV ions, the absor
tion efficiency to ions is less than 10%. At intensityI 54
31016W/cm2 the amount of ions accelerated over 1 Me
exceeds 1% of the total foil mass. Figure 4 also illustrates
dependence of the maximal ion energy on the laser irr
ance in our calculation, showing several reference point
experiments@7–9,32#. A number of these past experime
tally measured maximum ion energy follow nicely with o
theory.
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In conclusion we have demonstrated that the irradiation
thin metallic foils by an obliquely incidentp-polarized, pico-
second laser pulse leads to an efficient emission of multi
charged ions (z56 – 7) with energy over 1 MeV even at
modest intensityI;1017W/cm2.

The acceleration by the expansion driven by hot electr
is enhanced in the presence of strongly anisotropic elec
velocity distribution. The conversion of laser energy throu
electrons into ion energy with the foil irradiation is ver
efficient ~25% and for ions over 1 MeV energy 10%!. We
find that in spite of the absence the radiative losses and
transfer, this efficiency is high enough to constitute the la
dissipation mechanism and very high~up to 50%! absorption
of laser light. To our knowledge, this mechanism at this
gime we described above provides one of the most effic
energy conversion to ions. The ionization effect plays a s
nificant role in determining the energy of accelerated io
We anticipate strongly anisotropic, very high flux of ene
getic~.1 MeV! ions emitted out both forward and backwa
from the irradiated foil surface.
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