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Strong ionisation in carbon nanowires

V. Kaymak, A. Pukhov, V.N. Shlyaptsev, J.J. Rocca

Abstract. Surfaces covered with nanostructures, such as nanowire
arrays, are shown to facilitate a significantly higher absorption
of laser energy as compared to flat surfaces. Due to the efficient
coupling of the laser energy, highly energetic electrons are pro-
duced, which in turn can emit intense ultrafast X-ray pulses. Full
three dimensional PIC simulations are used to analyse the behaviour
of arrays of carbon nanowires 400 nm in diameter, irradiated by a
400-nm laser pulse of 60-fs duration at FWHM and a vector poten-
tial of ay = 18. We analyse the ionisation dynamics of the nano-
wires. The difference of the ionisation strength and structure between
linearly and circularly polarised laser beam is investigated. The
nanowires are found to be fully ionised after about 30 laser cycles.
Circularly polarised light reveals a slightly stronger ionisation
effect.

Keywords: carbon nanowires, high-energy electrons, ionisation, ultra-
short X-ray pulses.

1. Introduction

High-intensity lasers can heat solid density plasmas to high
temperatures. The formation of a highly conductive plasma
surface will, however, limit the penetration depth to a thin
surface layer. Most of the laser light is therefore reflected.
There are two different approaches to overcome this obstacle:
generating a preplasma (by using a prepulse) or structuring
the irradiated surface [1].

Arrays of nanoparticles such as nanowires have been
shown to facilitate a high absorption of the laser light. They
typically have a high average density and a high (solid) local
density. The efficient coupling of the laser energy to the mate-
rial can be attributed to locally enhanced electric fields in
the vicinity of the nanoparticles. Two mechanisms cause the
enhancement: the so-called ‘lighting rod’ effect, which is a
purely geometric factor depending on the shape of the particle,
and surface plasmon resonances [2].
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Due to the high absorption of the laser energy, highly
energetic electrons are produced, which can emit X-ray pulses
[3] of down to subpicosecond duration [4] of up to several
hundred keV [5]. Designed as tabletop pulsed X-ray sources
they can allow one to follow processes on the atomic and
molecular timescale [6]. Other fields of application of laser-
produced plasmas are accelerated MeV ions [7] and the genera-
tion of fusion neutrons [8].

2. Simulation setup

In the present work we use full three dimensional PIC simula-
tions with the Virtual Laser Plasma Lab (VLPL) Code [9].
The simulation setup contains a carbon nanowire of 400 nm
diameter and 5 um length. Their periodicity is 1 um, which
corresponds to an average density of the wires of 13% solid
density. A laser pulse of 60 fs FWHM duration and a vector
potential of ay = 18 is injected into the simulation box and
irradiates the nanowire.

The laser beam is modelled as a plane wave with a Gaussian
temporal profile impinging at normal incidence (see Fig. 1). The
simulation box contains only a single rod, periodic boundary
conditions in transverse direction simulating an array of nanow-
ires. In the propagation direction (both left and right) the bound-
aries are absorbing to make sure that there is no reflected pulse
interacting again with the nanowire. The code incorporates field
and collisional ionisation as well as binary collisions.

Figure 1. Scheme of the simulation setup.

3. Ionisation process

We will first consider how the laser pulse penetrates into the
nanowire and ionises it along the wire axis. To point out how
differently a linearly and circularly polarised laser pulse influ-
ences the process, we subsequently consider the ionisation in
the plane perpendicular to the wire axis. The electrons which
are removed from the carbon ions this way turn out to be
pulled out of the nanowire, moving under the influence of the
electric field.
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3.1. Ionisation structure along the wire axis

Figure 2 shows the time evolution of the longitudinal cross
section (in the xy plane) of the electron charge density p..
The laser pulse, entering the simulation box from the left
boundary at x = 0, clearly penetrates the nanowire. The carbon
ions initially have an ionisation state with a charge number
Z =1, leading to a charge density of about p, ~ 16en,, (bright
gray area in Fig. 2). The tip of the wire starts to get ionised
(Fig. 2a) and the charge density increases to about p, ~ 60er,,.
It can be seen that the outer layer of the wire is ionised first (see,
for example, the right end of the ionised area in Figs 2a—2c).
Only after that, since there is also collisional ionisation, the
ionisation reaches the inner core at the wire axis. Even before
the whole wire has gained a minimum charge density of about
Pe ~ 60en,, the left half of the wire already gets ionised to
values of about 90en,, (Figs 2¢ and 2d). For Figs 2a-2d a
linearly polarised laser was used. In principle these cross sec-
tions do not change for circular polarisation. However, this
does not preclude that the ionisation structure may be dif-

ferent. A more direct way to observe the ionisation strength is
to consider the (averaged) ionisation state (charge number Z)
of the carbon ions along the whole nanowire (see Fig. 3).
They provide a direct comparison between the ionisation by
a linearly polarised laser beam (Fig. 3a) and a circularly
polarised laser beam (Fig. 3b) at four different times.

A P
o 150
1.0

120

0.5F
90

0 -
60

0.5
30

1.0
1 1 1 1 1 1 0

0 2 4 10 12 14 16 x/A,

/2
Yiro P 150
1.0

120
0.5
90

0 -
60

0.5
30

1.0
1 1 1 1 1 1 0

0 2 4 10 12 14 16 x/A,

I
Yito P 150
1.0 -

120
0.5
90

0 -
60

0.5
30

-1.0
1 1 1 1 1 1 0

0 2 4 10 12 14 16 x/i,

/A P
o 150
1.0

120
0.5F
90
0 -
60
705 —
30
71‘0 ” 1 1 1 1 1 1
0 2 4 10 12 14 16 x/k

Figure 2. Longitudinal (cut along z = 0) cross sections of the electron
charge density p = p./(en,,) at t = (a) -51T, (b) —46T, (c) —41T, and
(d) =367 before the peak of the (linearly polarised) laser pulse (in the y
direction) hits the surface; 7 is the laser cycle.
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Figure 3. Averaged ionisation state Z of the carbon ions along the wire
axis x for a (a) linearly polarised and (b) circularly polarised laser pulse
att=(1)-48.5T,, (2)-41T,, (3)-33.5Ty and (4) -267,.

At the first time step (1 = —48.5T,) the curves for linear
and circular polarisations mostly coincide. The carbon wire is
fourfold ionised up to 3.54 into the tip and falls to the initial
state of Z = 1 within a length of 24,. After 7.5 laser cycles, the
state Z = 4 reaches up to 104 into the wire for linear polarisa-
tion and 10.74, for circular polarisation. Whereas the interval
2.549 < x < 91y has averaged charged states up to Z = 4.6 for
the linear polarisation, the circular polarisation reaches
higher states of up to Z = 5.5. At t =-33.5T the first 51 laser
wavelengths of the wire (linear polarisation) and 7.54, (circu-
lar polarisation) are fully ionised. At the last step (1 = -26T})
the wire is basically fully ionised by the circularly polarised
beam. In the case of linear polarisation, the last 2.54 laser
wavelengths have charge states between 6 and 5.5.

3.2. Ionisation structure in the transverse plane

Consideration of the transverse plane of the wire axis gives a
further insight into the structure of the ionisation. Figure 4
shows the averaged (along the x axis) ionisation state in the yz
plane for linear polarisation (in y direction). The white area
surrounding the wire stands for empty space. Figure 4a shows
how the surfaces of the wire intersecting with the polarisation
direction going through the wire centre carry higher ionisa-
tion states (of about 4.4) than the rest of the rod. This is
strong evidence that the surfaces crossing the electric field
vector are ionised first. In the next step, the ionising effect
goes deeper into the bulk of the wire (Fig. 4b). Due to the
linear polarisation, the area of high charge states (~5.4) goes
along the y direction through x = 0. Gradually a fully ionised
plasma forms in that area (Fig. 4c) until it covers the entire
rod and starts to expand (Fig. 4d).
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Figure 4. (Colour online) Distributions of the averaged ionisation state Z of the carbon ions at ¢ = (a) 417, (b) —=33.57}, (c) 26T, and (d) -18.5T
before the peak of the (linearly polarised) pulse hits the surface. The colour scale has been adapted in order to make the difference of the charged

states visible.

This ionisation structure is slightly different for a circu-
larly polarised pulse (Fig. 5). At first, it is obvious that there
is no preferred direction of the ionised surface areas (Fig. 5a).
The surface is rather uniformly ionised over the whole circle.
In the next step at t = -33.57 the charge states are uniformly
distributed along the cross section. While for linear polarisa-
tion at 1 = —267, the wire has areas with a charge of about
Z = 5.8, Fig. 5c reveals a basically fully ionised wire. As before,
the wire eventually expands (Fig. 5d).

3.3. Void electrons

In the previous subsection we have seen that the nanowire
is firstly ionised at the surface. As one could assume, the
electrons that are removed from the carbon ions are pulled
out of the wire into the voids. The structure of the arrange-
ment of those electrons is a trace of the electric field vector.
Thus, they are ordered in the polarisation plane for linear
polarisation. On the other hand, the released electrons are
arranged on a spiral around the wire along the x axis when
irradiated by a circular polarised pulse. In order to see the
periodicity of those electronic structures, one can employ cross
sections of the current density distributions j, and j. as shown
in Fig. 6. The current density components j, and j. illustrate
the flow of electrons in the plane perpendicular to the wire
axis. Figure 6a confirms that there are currents in the gaps of

the wires with a periodicity of one laser wavelength that move
upwards and downwards along the polarisation axis.

This becomes clear in the presentation of the j, compo-
nent. However, there is no such periodic structure in the j.
component. On the other hand, there are currents that are
uniform along both y and z directions, as can be seen by com-
paring the corresponding j, and j. distributions in the case of
circular polarisation (Fig. 6b). One can notice that for both
polarisations these currents are restricted to the surrounding
of the wire bulk since there are no visible periodic structures
inside the nanowire.

4. Conclusions

We have investigated the ionisation in laser irradiated arrays
of carbon nanowires. It turns out that the strong laser pulse
fully ionises the nanowire within a time of about 30 laser
cycles. We have seen how the wires are ionised along the wire
axis and that a circularly polarised pulse has a slightly stronger
ionising effect. We have found that the outer layers of the
nanowire are ionised first with a structure determined by the
polarisation. Moreover, we have shown that there are periodical
transverse currents in the surrounding of the wire transporting
electrons to the voids.

Further studies are required to investigate how the ionisa-
tion is influenced by the wire properties as for instance the
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Figure 5. (Colour online) Distributions of the averaged ionisation state Z of the carbon ions at ¢ = (a) —41 7y, (b) -33.57, (c) -26T} and (d) —18.57, before
the peak of the (circularly polarised) pulse hits the surface. The colour scale has been adapted in order to make the difference of the charged states visible.
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Figure 6. (Colour online) Longitudinal cross sections (in the xy plane) of current density components j,/(engc) and j./(enc) at t = 4T, after the peak
of the pulse hits the surface for a (a) linearly polarised and (b) circularly polarised laser.
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