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A new method of generation of high-energy highly charged ion beams is proposed. The method is based
on the interaction of petawatt circularly polarized laser pulses with high-Z compound targets consisting of

two species of different charge-to-mass ratio. It is shown that highly charged ions produced by field
ionization can be accelerated up to tens of MeV /u with ion (actually with Z =< 25) beam parameters like
density and total charge inaccessible in conventional accelerators. A possibility of further ionization of the

accelerated ion bunches in foil is also discussed.
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Introduction.—During the past decade, the generation
of energetic ion beams from ultrahigh intensity lasers has
become an area of active research (see, e.g., Ref. [1] for
reviews, and references therein). Such great interest is
motivated by their important applications to fast ignition
of inertial confinement fusion [2], proton imaging [3],
particle accelerators [4], and medicine [5]. Several
methods for laser-based ion acceleration are proposed,
including target normal sheath acceleration [6], shock
acceleration at the front of the foil [7], breakout after-
burner acceleration [8,9], and others. For ultraintense
lasers the most relevant method seems to be radiation-
pressure acceleration that allows reaching the highest
energies [10-12]. All of the above methods are based
on proton or light ion acceleration, highly charged ion
acceleration is not considered. Meanwhile, it is of great
interest for nuclear physics, particularly for the FAIR
project aimed at developing a heavy-ion accelerator
[13]. The heaviest ion discussed is C°", for which the
charge-to-mass ratio is only 2 times less as compared to
proton [9,12,14].

In this Letter, we would like to draw the reader’s
attention to the possibility of producing and accelerating
highly charged ions from compound targets irradiated by
petawatt laser pulses. We show that multicharged ion
beams with parameters like ionic density and total ion
bunch charge inaccessible by conventional techniques
can be produced effectively. The method is based on
the use of multilayer foils in which the process of
producing highly charged ion beams comprises three
consecutive stages. At the first stage, the short-pulse
laser with intensity 10> W/cm? produces through field
ionization multicharged ions with very high Z depending
on ion species (in our model, for example, we use Fe
ions providing Z = 24). The second stage, where ions
are actually accelerated, takes place in the first part of
the compound target represented as a mixture of thin
layers: a narrow lighter ion layer (Fe) and a heavy-ion
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foil (Au) irradiated by circularly polarized (CP) laser
pulses. The advantage of using circular polarization is
that the ponderomotive force pushes electrons steadily
forward, thus inducing a charge separation field which
can accelerate preferably ions with lower charge-to-mass
ratio. Heavy ions are mainly used as a heavy background
for producing the space-charge field. The accelerated ion
beam then, at the third stage, passes an additional foil
with energy sufficient to be further stripped by the
background electrons. We have verified our model with
2D particle-in-cell (PIC) simulation and show that fully
ionized quasimonoenergetic Fe-ion bunches with ener-
gies of 20-30 MeV/u and nC levels are produced. It is
interesting to note here the early result of Ref. [15]
showing Xe ion generation with kinetic energy up to
1 MeV and a charge state as high as 40" during high-
energy ion explosion of atomic clusters, in which, of
course, ions move in all directions.

We propose to use microstructured metallic foils from
which hydrogen contaminants can be effectively removed
by resistive heating. A schematic of the compound target
is shown in Fig. 1(a). A thin layer of comparatively light
ions (Fe) is placed inside a heavy ion substrate (Au) near
the front side [12]. The additional layer used as a stripper
can be attached directly to the heavy ion substrate (even
some part of the heavy ion substrate can be used as a
stripper) or placed behind the latter.

Ion charge composition in strong fields.—When an
ultraintense laser interacts with a substance comprising
heavy ions, one of the important questions is ion charge
distribution in ionized plasma. We pay particular atten-
tion to an intensity of about 10?2 W/cm? that can be
delivered by PW-class lasers. Highly charged ions
can be generated effectively at such intensities [16]. To
make quantitative estimates of the actual ion charges
produced, we integrate the balance equations for each
ion charge Z with the corresponding tunnel ionization
rate given by [17]
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FIG. 1 (color online). (a) Schematic of the compound target
consisting of a narrow Fe ion layer (red) inside a wm-size heavy
ion substrate (light brown), and a stripper (dark brown) needed to
completely strip the accelerated ions. (b),(c) Ion charge compo-
sition versus time for a 10 fs pulse with intensity 10?2 W/cm?.
The laser intensity is depicted by magenta dotted line. (d) Ion
(Fe*?) ionization potential versus Z.
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RO E is the laser ﬁeld, F =

|E|/K3E,, k = \[1;/Iy, I is the ionization potential of
the Z ion, Iy is the ionization potential of hydrogen,
n* = Z/k is the effective principal quantum number,
[ and m are the angular momentum and its projection
along the field, and w,=me*/h’>=4.13X10s~! and
E,=m?’/h* =5.1 X 10° V/cm are the atomic fre-
quency and field, correspondingly. Estimates for a
10 fs pulse with the intensity of 10*2 W/cm?
(IE] ~2 TV/cm) readily show that ions with Z =< 21
are fully ionized. In Figs. 1(b) and 1(c) we present the
ion charge composition for higher Z. As is clearly seen,
quite narrow charge distribution is realized almost
instantaneously on a femtosecond time scale, and the
target is actually a Fe’** jon layer. Such charge distri-
bution holds for a wide range of laser intensities
(roughly from 10%° to 10> W /cm?). This occurs because
there is a big gap in the ionization potentials (from a 2s
orbital to 1s) [see Fig. 1(d)]. A similar calculation for
gold ions gives that only Au®* ions are produced at
such intensities.

wz(IE]) = o, CiIZZn*—mFmﬂ—zn*

2 _
where Cy, =

lon acceleration.—The idea of ion acceleration we use
was proposed in Ref. [12] and shown by PIC modeling to
be efficient for protons and light ions, e.g., C®" for GeV
energies. Like the widely discussed radiation-pressure
acceleration scheme [10,11], it is based on the charge
separation fields due to electron shifts forward by the
ponderomotive force of the CP laser. However, it is impor-
tant to have a heavy ion substrate for keeping these fields
throughout the acceleration stage. Next we show that this
method can be applied to mid-Z ions as well, if the target
comprises two species with different charge-to-mass ratios.
Moreover, since there is no essential difference in charge-
to-mass ratio, allowance for heavier ion motion can help to
obtain in energy space a narrower light ion beam, even
quasimonoenergetic with energy spread less than 2%.

To assess the potential of the proposed method, we first
assume the heavier ions to be immobile. At the quasista-
tionary stage when the electrons are steadily shifted under
the action of ponderomotive force, as follows from the
analytical theory [12], the energy acquired by the light
ions with charge Z is

2

g = %mcz, 2
where ny = N,y/N,, N, is the electron density of the
unperturbed plasma, N. = mw?/4me?, w is the laser fre-
quency, ag = eEy/mcw is the laser field amplitude nor-
malized to the relativistic value, and c is speed of light. As
seen from Eq. (2), the energy is inversely proportional to
plasma density; thus, by choosing a lower density plasma,
which can be achieved by using porous low-density or
nanocompound materials (see, e.g., Ref. [18] and referen-
ces therein), we can attain higher energy. However, there is
a density limit due to the relativistic self-induced trans-
parency effect, which can break the quasistationary stage.
In the ultrarelativistic limit the threshold of the self-
induced transparency is taken to be [19]

ay = 27n2/64. 3)

Thus, in the optimal mode ay = ay,, i.e., in a plasma with
density ng = (2.37a,)"/?, the highest energy is

Emax = 1.3Za(3)/2m(:2. (@Y)]

A simple estimate for a; = 50 (I = 10> W/cm? at A =
800 nm) and Fe%‘é+ gives energies of about 110 MeV /u.

To get an insight into a real situation, we have performed
numerical simulation in 1D and 2D geometries.

In the 1D case it was done within the framework of the
Vlasov-Maxwell equations. The Vlasov equation was
solved by the positive flux conservative method [20], and
the Maxwell equations by the standard finite-difference-
time-domain method [21]. The target was a layer of gold
ions Au$3S with a thickness of 800 nm for a Ti:sapphire
wavelength (0 = x = 1A), inside of which gold ions in the
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interval 0.054 < x < 0.1\ were displaced by lighter Fe2¢*
ions of 40 nm width. The electron density in the Au layer
was ng; = 30(5.2 X 10?2 cm™?3), and in the Fe layer ny, =
60 (1.04 X 103 cm™3). The simulation areas in momen-
tum space were 3 X 10* pixels for electrons in the interval
(— 150me, 150mc), and 2 X 10° pixels for gold and iron
ions in the intervals (— M, c, M, c¢) and (— Mg.c, Mg.c),
respectively (M,, and Mp, are the mass of gold and iron
ions). The initial temperature of the electrons was 1 keV,
and of the ions 10 keV. The incident laser pulse had
a Gaussian envelope with maximal intensity [ =
10%2 W/cm?; the pulse duration was varied to achieve a
most optimal interaction mode. As was noted in Ref. [12],
there exists an optimal laser pulse duration at which maxi-
mum energy of accelerated ions is attained. A shorter laser
pulse terminates before the acceleration process, but for a
longer pulse the accelerated ions may overtake the shifted
electrons and escape from the accelerating field. In Fig. 2
we present results of simulation with optimal parameters.
The energy of Fe ions reached its maximum of 27 MeV/u
at the pulse duration at full width half maximum Trwy =
127r@ ™" = 16 fs. It is important to note that the ion bunch
is sufficiently well spaced and energy localized (the energy
spread does not exceed 10%), but the maximum energy
attained is close to but less than the theoretical prediction
of 36.5 MeV/u given by Eq. (4), as was to be expected.
And also, a typical feature of the 1D case is that ion
bunches leaving the target are quasineutral.

In the 2D case we obtained an unexpectedly better
acceleration mode. The modeling was carried out with a
parallel PIC code ELMIS [22]. Its characteristic feature is
the use of the fast Fourier transform for computation of
electromagnetic fields. The simulation box (x, y) is
9.6 um X 9.6 um for A = 800 nm (i.e., 12A X 12A) and
contains 1024 X 512 cells. Each cell is filled with 2000
quasiparticles. We take, as in the 1D case, the same target
but with the initial temperature of 16 keV for all particles.
The plasma was irradiated by a laser pulse with a Gaussian
envelope in the longitudinal direction and a fourth-order
super-Gaussian profile in the transverse direction. The
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FIG. 2 (color online). Time-space diagram of 1D simulation
for electrons (green curve) and Fe%‘gJ’ ions (red curve) with the
distribution of electron and iron densities at ¢+ = 12 T. Inset:

Energy distribution function of the output ion beam.

beam width was 6.4 um (8A) and the duration was varied
as well, aiming at finding an optimal interaction regime.
Note that, in the 2D case, unlike 1D, the choice of optimal
pulse duration is also affected by development of trans-
verse instabilities [11,23] which disturb the acceleration
process primarily for sufficiently long pulses.

The simulation results are shown in Fig. 3. In the
optimal mode at pulse duration Tpwpyy = 67w~ ' = 8 fs
[Figs. 3(a) and 3(d)], the Fe¢* ions acquire the energy up
to 36 MeV/u, very close to the theoretical value. But what
is more important is that the energy distribution has a
narrow peak at about 28.2 = 0.4 MeV/u. The much nar-
rower energetic peak compared to the 1D case is due to the
role of directed Coulomb explosion, which follows the
process of the acceleration by ponderomotively shifted
electrons (similar to what has been explored in
Ref. [24]). Despite the occurrence of instabilities, in the
optimal mode they do not appreciably affect acceleration
of the leading ion bunch, which is actually of interest.
Indeed, if for a longer pulse the accelerated ion beam
distribution is instability modulated as shown in Fig. 3(b),
the output beam at optimal duration has a clear central
clump, which is well localized in space [see Fig. 3(a)].
A similar effect was observed earlier in Ref. [25], where a
self-organization regime of proton acceleration was iden-
tified at a laser intensity of 7 X 10! W/cm? producing a
nanocoulomb, well collimated proton beam. However, the
distinguishing feature in our case is that the propagation
length when such a one-hump beam is formed is only a few
microns, thus providing good energy uncertainty of about
2%, whereas for protons it is tens of microns. The total
number of accelerated Fegg+ ions (assuming the transverse
sizes were the same) is 1.8 X 10° particles, or 7 nC. It is
worth noting that a better energy uncertainty of about 1%
was discussed recently in Ref. [26] but with less intense
beams of 107 particles per bunch. The beam duration is
about 5 fs, so the produced ion current is 1.4 MA. The total
energy deposited into ions is about 0.5 J, that is 0.2% of the
initial laser pulse energy. Thus, a very important parameter
such as the ion beam power is about 80 TW, which is
almost 2 orders more powerful than the one designed under
FAIR [13]. Although specific FAIR’s beam parameters,
such as the intensity of 10'? ions per bunch, the particle
energies of 400 MeV/u-2.7 GeV/u determined by the
bunch length in the 20-100 ns range, and very high-Z
ions like uranium, are inaccessible using the proposed
scheme, it can be of interest as a seed ion source for
FAIR accelerators. Another important feature is that the
ion bunch leaving the target is not quasineutral, which is
evidently a consequence of Coulomb force decay with
distance in the multidimensional case. The presence of
the total charge in the output bunch may be used for its
further acceleration by a conventional accelerator.

However, it should be emphasized that the proposed
acceleration method works best for very short laser pulses,
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for optimal (black solid curve), 15 fs (blue dot-dashed curve), and 30 fs with shutter (red dashed curve) cases. (h) Profile of the front of

the laser pulse transmitted through the shutter in the third case.

optimally 8 fs. Also, as can be seen in Fig. 3(b), good results
have been obtained for a 15 fs pulse, the petawatt level of
which may be reached with state-of-the-art technologies,
whereas the working duration of available petawatt lasers is
about 30 fs. Unfortunately, even for such pulses the arising
instabilities can prevent quality beam acceleration.
However, the important point is that the acceleration
mechanism depends rather on leading pulse steepening
than on duration itself. As has been shown recently, it can
be made much sharper by the so-called relativistic shutter—
a very thin (several nanometers thick) foil [27]. When a
relativistically strong laser pulse impinges on a foil, its
leading front is reflected, but when the intensity exceeds
some threshold value, the plasma layer becomes transparent
due to the relativistic effects (its reflectivity is limited by a
maximum current in the foil which is determined by a total
areal density of electrons in the foil and speed of light) [28].
So, the leading front in the transmitted pulse becomes
much sharper than in the incident one. We apply this
idea for a 30 fs pulse by placing a shutter (a gold foil with
8 X 10%2 cm™? density and 270 nm thick—the density has
been chosen so as to make simulations easier and the
thickness has been chosen so as to make the foil transparent
in the maximum of the incident pulse) 1 uwm before the
main target. The result of the simulations can be seen in
Figs. 3(c) and 3(f). As is clear from Fig. 3(h), the leading
front of the pulse transmitted through the shutter is
extremely sharp, and the ion bunch energy, as is seen in

Fig. 3(g), is as high as in the case of the optimal conditions.
Based on simulations, we also note that a 20-30% change of
duration from the optimal one only slightly affects the
energy of the accelerated ions, but makes them less mono-
energetic as a result of instabilities in the case of longer
pulses and nonoptimal acceleration for shorter pulses. In the
latter case, the difference in the energies accumulated by
the ions is attributed to the fact that the ions that are closer
to the irradiated side are accelerated for a longer time;
hence, they do not have enough time to acquire the same
energy as the deeper ions.

High-energy fully stripped ions.—The ions partially ion-
ized by laser radiation and accelerated to several tens of
MeV/u may further be fully ionized when they pass
through a foil (stripper). To assess the foil thickness we
make use of the above simulation results showing
28 MeV/u Fe2t" ions and let them propagate through a
gold foil. In the frame of reference moving with iron ions
the energy of the flying electrons is estimated to be E, =
8170 eV. Comparison of this magnitude with the magni-
tude of the ionization potential in a gold atom shows that
67 electrons from each atom of gold are free in the chosen
frame of reference. Thus, their density in the flow is
N, = 4 X 10** cm 3.

The electron impact ionization cross sections for the iron
ions can be assessed by the phenomenologic parametric
formula proposed by Younger [29] and adapted by
Pindzola et al. [30]:
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FIG. 4 (color online). Fraction of Fe ions with multiplicity
Z =24, 25, and 26 vs propagation length in gold foil.
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where u; = E,/I;,1; stands for ionization potential, and the
summation is made over all electron orbitals from which the
ion may be ionized. The coefficients A;, B;, C;, and D; are
found empirically. We assessed them using the values pre-
sented in Ref. [31]. Next we solved the system of standard
balance equations for the corresponding ion charges

dN,
dt

= N,v ,(0;-1N;—y + o;N)), (6)

where v, is the electron velocity, i corresponds to the ion
multiplicity, and o; is the corresponding ionization cross
section calculated by Eq. (5). For the reasons considered
above, monocharged distribution with Z = 24 is taken to be
initial. The results for a monoenergetic 28 MeV/u ion
bunch are presented in Fig. 4, where ion fractions are plotted
along the propagation length. The iron ions are seen to be
almost fully ionized in the gold layer after propagating the
thickness of about 400-500 wm. With the energy spread as
in Fig. 3(g) (black curve), the ion bunch will diffuse insig-
nificantly over such small distances, thus retaining the same
space and energy localization.

Conclusions.—A new method of highly charged ion
acceleration from compound foils by CP laser pulses is
proposed. It has been shown that heavy ions with Z ~
20-30 may be produced and accelerated up to energies of
tens of MeV/u with current femtosecond laser systems
providing the intensity of the order of 10> W/cm?. The
accelerated ions may be fully ionized during further propa-
gation in the foil. For example, for iron ions to be fully
stripped. an Au foil 400-500 wm thick is required. The
output ion beams may have energy spread as low as 2% and
be well spatially localized providing ion currents of hun-
dreds of kA. Such heavy ion bunches may be of interest by

themselves for experimental nuclear physics as an alter-
native to low-current bunches of high energies from con-
ventional accelerators.
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