Mono-charge super-heavy ion beams accelerated by a multi-PW laser
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Modern laser technology makes it possible to generate femtosecond laser pulses with the
power of 10 PW [1] and intensity reaching 10 W/cm? [2]. Such laser pulses have the
potential to accelerate heavy and super-heavy (mass number A > 200) ions to the multi-GeV
energies required in nuclear physics, high energy density physics (HEDP) and inertial fusion.
The advantage of laser-produced heavy ion beams is their short (fs, ps) duration and high
beam intensities and fluences [3,4], which are difficult to achieve in conventional RF-driven
accelerators. However, as demonstrated in both numerical [4-6] and experimental [7,8]
studies, laser-produced ion beams are usually multi-charge beams. This hinders their possible
application in nuclear physics, HEDP or accelerator technology. In this paper we show that it
is possible to obtain practically mono-charge beams of super-heavy ions accelerated by laser.

In order to check this possibility, the acceleration of super-heavy ions from a 100-nm lead
(Pb) target irradiated by a femtosecond laser pulse with an intensity of 102 W/cm? was
investigated using an advanced 2D3V particle-in-cell code[9]. The thickness of the target was
chosen to be thick enough to avoid occurring relativistic transparency during the process of
acceleration and thin enough to ensure reaching the rear side of the target by the laser pulse
and effective ionisation of the target by the pulse. The intensity of the laser beam has been
chosen in relation to the ionisation energy gap situated near the Pb*’? ions and is high enough
to perform massive ionisation of the target’s atom to the ionisation level of Z=72 and low
enough to significantly reduce the ionisation to the levels higher than Z = 72. The target was
irradiated by 30 fs, circularly polarised near-infrared (A = 0.8 um) laser pulses. The laser
energy was equal to 270J while the focal spot diameter was set to 3 um. The Pb atoms’
density in the target corresponds to the density of a solid state and was equal to 3.3 x 10%2
1/cm®. Additionally, a 20 nm thick pre-plasma layer of density profile described by an
exponential function was placed at the front of the target. The space step of the simulation
was equal to 13.3 nm while the time step was equal to 2.22 as. The number of ion macro-
particles was assumed to be 1082700 (100 particles/cell).

Figure 1 presents a 1D spatial profile of the ion and electron charge density as well as the
accelerated electric field component along the laser propagation direction Ex for three stage of
ion acceleration. In the initial stage of acceleration (Fig.1a) when the laser pulse interacts with
the target, both Target Normal Sheath Acceleration (TNSA)[10] and Radiation Pressure
Acceleration (RPA)[10] mechanisms contribute to the process of acceleration, while the RPA
mechanism dominates. During this stage, a compact ion bunch is formed with a density which
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Fig.1. The 1D spatial profiles of the ion charge density, the electron charge density and the
accelerating electric field Ex along laser beam axis at the early (t = 30 fs), middle (t = 80 fs) and late (t
=120 fs) stage of ion acceleration process.
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correspond to the solid state density. When the laser-target interaction terminates (around
50fs) RPA mechanism stops being active, while due to the existence of hot electrons
generated during previous stage the TNSA mechanism still contributes to the process of
acceleration (Fig.1b). Additionally, due to not fully neutralisation of ions charges in the beam
by the electrons, Coulomb explosion starts to be active.(Figlb). These processes cause a
decline of ion density in a bunch and effect in an increase of ion beam angular divergence.
During the final stage of acceleration only TNSA mechanism still contributes to the process
of ion acceleration(Fig.1c).

The ionisation process highly influences the ion acceleration. The ionisation level of ion
strictly define its Z/A ratio and in effect its strength of interaction with the electro-magnetic
field. For the laser-target parameters investigated in this article the field ionisation mechanism
is a dominant mechanism of ionisation and the target atoms are ionised by both the laser field
and the field generated in a plasma by hot electrons. As it could be seen in figure 2, the
central part of the beam is dominated by the Pb"’? ions with small contributions of higher
ionized atoms. This part of the beam is ionised mainly by the laser field during the initial
stage of acceleration. The rest of the beam contains many types of ions with a dominant role
of Pb™*. This part of the beam is ionised mainly by the TNSA field.
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Fig.2. The 2D spatial profile of the ion charge state at the final stages of ion acceleration (a) and the
ionisation spectra of ions at the end of acceleration (b).

The mean and maximum ions energies (a) as well as the energy of the beam with charge
state Z (b) as a function of the ion’s ionisation level for the end of ion acceleration (t=200f5s)
are shown in figure 3. It is visible that both mean and maximum ion energy increases
proportionally to the ion charge state up to the Pb*’? ions. This dependence is understandable
because the ions of the higher Z have a higher Z/A ratio. Additionally, such ions are situated
closer to the centre of the beam where the accelerating fields are stronger. The energy of the
beam of a charge state higher than 72 starts to decline. Consequently, the Pb™’? ions are
characterized by the highest energies. The decline of ions energy for the Z>72 could be
explained by the fact that the ions of the highest Z are situated at the back of the ion beam in
the region of direct laser plasma interaction (see Fig. 2a). These ions originate from the Z=72
ions of the lower energy/velocity(position at the back of the beam) which are ionised to a
higher level at the end of direct laser-beam interaction. Additionally, as an effect of their
position these ions are not accelerated by the TNSA mechanism and could even be de-
accelerated by the Coulomb explosion. All these effects results in a lower energy of the beam.
As can be seen Pb""? ions are the second most populated type of ions (Fig.2b) and have the
highest energies (Fig.3a). As a results they carry around 92% of total beam energy (more than
an order of magnitude higher than any other type of ions — see Fig.3b). Thus, the produced ion
beam is, in practice, a mono-charge beam.
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Fig.3. The dependences of mean and maximum energy of ions with the charge state Z (a), as well as
the energy of the beam of ions with the charge state Z (b) on the ionisation level.

Figure 4 shows the spatial distribution of the ion beam fluence (a) and the temporal distributions of
the ion beam’s intensity (b) for three types of ions: Pb*72, Pb*7® .and Pb*®® . It is visible that both the
fluence and intensity of the Pb*’? ion beam are much higher than those for other ions. The beam of this
ions has a quasi-Gaussian shape of the fluence in space with the peak value of 13.5 MJ/cm? and have a
quite compact structure in the time domain with the peak intensity equal to 6.5*10' W/cm?. The
structure of the rest of the beams are much more complex and the values of fluences and intensities are
significantly lower than for the Pb*’? beam.

15 7
Xdet = 50 um a)

ib) Xyt = 50 um

dap =20 um

+72

Pb™ "< ; Ne-like

-
}¥
1

Pb*72 ; Ne-like

Pb*7® ; Clike

Pb*®8 ; Si-like

fluence F; MJlem?

intensity I, 10" Wiem?

Pb*78 ; C-like

Pb*®8 ; si-like
x50

x10°

1.5

25 35

-120

-80 -40 0] 40

distance y , um
Fig.4. The spatial distribution of the ion beam fluence recorded at a distance of 50 um (a) and the
temporal distributions of the ion beam’s intensity recorded at 50 pm behind the initial position of the
target and averaged over the y range equal to 20 um (b) for three types of ions: Pb*"%, Pb*7® ,and Pb*®® .
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In summary, the acceleration of super-heavy ions from a 100-nm lead target irradiated by
a femtosecond laser pulse with an intensity of 10?> W/cm? was investigated using an advanced
2D3V particle-in-cell code. It was found that by properly selecting the laser pulse parameters,
it is possible to produce a practically mono-charge Pb ion beam with multi-GeV ion energies
and the laser-to-ions energy conversion efficiency approaching 30%. At the assumed laser, Pb
ions with the charge state Z = 72 carry over 90% of the total energy of all ions, while the
peak intensity and peak fluence of the Pb"’? ion beam are at least two orders of magnitude
higher than for other types of ions. Moreover, the Pb*’? ion beam is more compact and has a
smaller angular divergence than those for other types of ions.

The unique properties of mono-charge super-heavy ion beams demonstrated in our work,
create a prospect for the application of these beams in high energy-density physics and in new
areas of nuclear physics as well as in accelerator technology as an intense ion source for large
RF-driven heavy ion accelerators.
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