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Abstract. Producing inward orientated streams of energetic electrons by intense laser pulses acting on solid
targets is the most robust and accessible way of transferring the laser energy to particles, which underlies
numerous applications, ranging from TNSA to laboratory astrophysics. Structures with the scale of the
laser wavelength can significantly enhance energy absorption, which has been in the center of attention
in recent studies. In this article, we demonstrate and assess the effect of the structures for widening the
angular distribution of generated energetic electrons. We analyse the results of PIC simulations and reveal
several aspects that can be important for the related applications.

1 Introduction

The interaction between high-intensity laser pulses and
solids has been in the focus of researchers for a long pe-
riod of time. Apart from being an experimental testbed
for basic plasma phenomena, these interactions have sev-
eral important applications, such as high harmonic gen-
eration (HHG) [1] or ion acceleration [2-4]. The latter
has been widely studied due to the vast range of pos-
sible applications, e.g., biological or medical utilisations,
of a table-top high-energy ion source. The overwhelming
part of such studies relies on the target normal sheath
acceleration (TNSA) scheme, in which the target’s elec-
trons are heated by the laser and then travel through
the target to the rear side, where they create an elec-
trostatic acceleration field for the ions [5-8]. There are
many other schemes designed for ion acceleration (albeit
exploiting different mechanisms), such as Coulomb explo-
sion of clusters [9-11], double-layered targets [12-14], col-
lisionless schock acceleration [15,16], hole boring [17], light
sail acceleration (or laser piston acceleration) [18-21], and
chirped standing wave acceleration [22].

The general simplicity of the TNSA mechanism and its
robustness has made it easily accessible for experiments
which by extension explains its popularity. Considerable
effort has been put into the study of TNSA in order to fully
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understand and improve upon the basic scheme. Various
studies have recently been performed of specially designed
targets and laser pulse shapes [23-35].

However, it is well known that the TNSA scheme has
several shortcomings, such as intrinsic angular and energy
spread of the accelerated ions. Many of these shortcom-
ings can be “engineered” away, i.e., by using a modified
setup we can remedy, e.g., the angular spread. There are
however basic restrictions that cannot be removed that
easily. Most notably, the energy source is the laser pulse,
and there is of course a limit on how much energy one
can transfer from the laser to the target (and, therefore,
to the ions). Theoretical and experimental studies show
that the energy absorption can be significantly increased
by structures on the surface [32,36-41], and the absorp-
tion can potentially be close to 100% [42,43]. As a natural
continuation of these studies, we consider here how the
structures affect the partitioning of the absorbed energy
between the low and high energy electrons as well as be-
tween their normal and transverse motion. Apart from
enhancing TNSA, the obtained results can be useful for
developing alternative ion acceleration schemes that uti-
lize transverse streams of electrons [25], as well as for other
applications such as creating streams of electrons for lab-
oratory astrophysics experiments.

2 Methods

In most attempts to improve our understanding of the
TNSA scheme, the total absorbed laser energy and the
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resulting ion (typically protons) spectrum are considered.
Analysing the total absorbed energy provides information
about the initial stage of the process, of the interaction
between the laser pulse and the plasma surface, while the
ion spectrum essentially provides us with information in-
tegrated over the entire process. As important as these two
sources of information are, this however does not provide
us with the full picture. A large portion of the energy ab-
sorbed by the plasma at the front surface of the target can
be “lost” instead of being transferred to the ions of inter-
est: some hot electrons are transported away in the trans-
verse directions, with some not even reaching the rear sur-
face; electrons are backreflected and only transfer a small
amount of their energy; and the transverse momentum of
the hot electrons will not contribute to acceleration of the
ions. A part of the laser energy can also be transformed
into the energy of plasma surface waves [44,45]. In this
paper we study the overall energy losses of these types.
For this purpose we use PIC simulations that allow for
all the outlined energy channels. However, in our analysis
we differentiate only between three energy channels. For
the transmitted electrons we consider the energy of lon-
gitudinal and transverse motion and the third channel is
simply the energy not transferred through the plasma (i.e.
the energy of reflected radiation and the energy of surface
waves).

While the diagnostic tools available for experiments
remain limited, thus making experimental studies of the
intermediary stages of the TNSA process difficult, mod-
ern computational codes with the ability to act as new
diagnostic tools can be used in order to bridge the gap
and provide new insights into this intermediate regime.
Here we will make use of the particle-in-cell (PIC) code
PICADOR [46,47].

In order to study the effect of microstructured targets
on the unwanted transverse transport of hot electrons and
to be able to put this in relation to, for example, the ab-
sorbed energy, we need a measure of the energy related
to motion in the forward (normal) and transverse direc-
tions. We define these quantities given the set of criteria
that they should (1) be proportional to the kinetic en-
ergy of the electrons; (2) reflect upon the direction of the
electrons; and (3) be additive. The final criterion is impor-
tant as we want to ensure that addition of the transverse
and forward energies yields the total kinetic energy of the
electrons accounted for. Thus, we will use the definitions
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where m. is the electron mass, ¢ the speed of light, v the
Lorentz factor and p, and p, are the electron momenta in
the z- and y-direction, respectively.
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Fig. 1. The setup consists of a p-polarised Gaussian laser
pulse incident on a microstructured, semi-infinite and over-
dense plasma at an angle to the target normal of 6. A virtual
surface (dashed line), at which hot electron distributions are
collected, is placed inside the plasma at a distance of 1 ym from
the surface, not counting the height of the microstructures.

The quantities defined in equations (1)—(3) are then
calculated for all electrons passing through a virtual sur-
face placed inside the plasma at a distance of 1 pm from
the plasma-vacuum boundary, as shown in Figure 1, and
as we are only interested in the energy of the electrons
travelling in the forward direction, we only account for
electrons transiting this virtual surface in the positive -
direction (p, > 0). Furthermore, we also track the to-
tal energy contained in as well as the energy entering
and leaving the simulation region, providing us with exact
knowledge of where the laser energy ends up.

2.1 Targets

The general setup of this study, presented in Figure 1,
consists of a semi-infinite and overdense plasma with mi-
crostructures placed on the plasma-vacuum boundary.
The virtual surface for counting transmitted particles is
placed inside the plasma as previously discussed. The tar-
gets are then irradiated at an angle 6 to the target normal
by a p-polarised Gaussian laser pulse.

We study three different periodic microstructured de-
signs, squares, triangles and circles (see Fig. 2). Each
structure consists of a base shape of size d x d, where
we define d as the linear scale of the structure. This struc-
ture is then periodically repeated across an otherwise flat
surface, with a periodicity of 2d. While the density and
composition of such structures are in general independent
of the rest of the target, they will for the purpose of this
paper be identical to the rest of the target. A flat target
will also be studied as a reference.

When studying structures of varying sizes we will
limit ourselves to sizes in the range [A/8, 4)] in order
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Fig. 2. The 2D geometry of the microstructured targets con-
sidered are completely described by a single scaling parameter,
d, defining the maximum width and height as well as the min-
imal distance between the structures.

—

d

to ensure that (1) the structures are sufficiently resolved
by the space step (space step < d) and (2) the effects
due to alignment remains negligible (d < wq). Moreover
the density profile of the targets studied will be sharp,
meaning a negligible preplasma. This allows us to study
a cleaner setup and to clearly find cause-and-effects in the
setups. Adding a preplasma to these microstructured tar-
gets would certainly be of interest, but is outside the scope
of the current study.

2.2 Laser pulse

As we aim to use relevant laser parameters, available at
most high-power laser facilities, we here consider a laser
pulse of wavelength A = 810 nm and energy F = 1 J,
with a Gaussian profile focused to a FWHM beam waist
radius wy = 5 pm. Its peak amplitude is consequently
given by ag = 6.3 with a corresponding peak intensity of
I = 0.84 x 10%2° W/cm?. The laser pulse is p-polarized in
order to maximize the electron heating.

The targets are modeled to be of solid density with
a number density of ng = 30n.., with critical density
Ner = Mewd /4me? and where wy is the laser pulse carrier
frequency and e is the electron charge.

2.3 Numerical setup

In order to study the aforementioned target designs we
have performed two-dimensional simulations using the
PIC code P1CADOR [46,47]. We resort to two dimensional
simulations in order to keep the computational cost at a
feasible level, however, this restriction is not likely to sig-
nificantly affect our result as (1) the individual target ge-
ometries are two dimensional, (2) the interaction between
the pulse and the plasma and the subsequent motion of
the electrons are sufficiently described in the plane of in-
cidence, and (3) two dimensions are sufficient for allowing
important instabilities to form.
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The targets are modeled as singly ionized plasmas con-
sisting of electrons and heavy ions with mass 10m, and
charge —e, where m,, is the proton mass.

3 Results

When a flat foil is irradiated by a laser pulse at an angle 6,
the strong localized heating of the plasma will generate
highly energetic electrons. The momentum distribution of
these hot electrons can be calculated for highly idealized
setups. As the physics remain unchanged under Lorentz
transformations we may instead consider the completely
equivalent system of a laser pulse irradiating a flat foil of
streaming plasma at normal incidence, which can then be
treated as one-dimensional (see Fig. 3).

We now consider the problem in the boosted reference
frame which moves with speed v = c¢sinf along the sur-
face, in the y-direction. In this reference frame, prior to
the interaction the momentum of an electron is given by

Py = —yv/c = —tand, (4)

where 7 is the Lorentz factor and the momentum is given
in units of mec.

Moreover, by consideration of conservation of general-
ized momentum we have that

py, + A}, = const, (5)

where A; is the vector potential as seen in the boosted
frame, written in units where the absolute value of the
electron charge is one. As the vector potential is zero both
prior to and following the interaction, equation (5) implies
that equation (4) holds also after the electron’s interaction
with the laser field.

Thus, by applying a boost v in the negative y-direction,
we obtain the following expression for the electron’s mo-
mentum in the lab frame and after the interaction

(\/1 —I—pfccosQH—l). (6)

In two and three spatial dimensions, instabilities forming
at the interaction surface will distort this and the collima-
tion of the hot electrons will subsequently be decreased
compared to the one dimensional case. This behaviour is
easily recognizable in Figures 4a and 4b where the mo-
mentum space distribution of the generated hot electrons
closely follows the predicted shape at the earlier stages
of the interactions. The distribution follows this general
trend all throughout the interaction, however when inte-
grating over the entire process it can be clearly seen that
it gets spread out, as expected.

The introduction of microstructures to the surface can
drastically change this behaviour. The introduction of the
structures increases the number of incidence angles ex-
perienced by the pulse as it interacts with the surface
and further breaks the homogeneity present in the trans-
verse direction of flat targets. As a result the hot electrons
will be generated with a much broader momentum space

sin

Py = cos? 6
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Fig. 3. A p-polarised laser pulse is incident on a flat plasma slab at an angle #. A Lorentz boost of v = ¢sin 6 in the y-direction,
along the surface in the plane of incidence, results in a boosted frame where the laser pulse is instead incident normally on
a slab of plasma streaming in the negative y-direction with velocity v. The electron plasma density, pulse carrier wavelength
and pulse amplitude will be transformed according to the shown relations, where the primed quantities are that of the boosted

frame and where we have retained the units of the lab frame.
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Fig. 4. The cumulative momentum space distribution of elec-
trons transiting the virtual surface placed 1 pm inside the
plasma for a flat foil (a, b) and a foil with d/\ = 1/2 square
microstructures (¢, d) when irradiated by a laser pulse incident
at 45°. The momentum relation predicted by conservation of
generalized momenta for an idealized flat foil is indicated with
a light-gray line (a, b). The distribution is shown at ¢ = 225 fs
(a, ¢) and ¢t = 500 fs (b, d).

distribution, which can be seen from Figures 4c and 4d.
Apart from increasing the absorption of laser energy by
the plasma, the motion of the generated hot electrons will
on average be more directed in the forward direction, thus
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Fig. 5. The absorbed energy and the energy stored in forward
and transverse motion of electrons when irradiating a flat foil
at different angles of incidence (a) and microstructured targets
irradiated at 45° (b—d) are presented as percentages of the total
laser energy. The result of a laser pulse incident at 45° on a
flat foil is indicated with dashed lines.

decreasing the relative magnitude of the energy lost be-
cause of transverse transport of the hot electrons.

The effect of varying the incidence angle on the en-
ergy of forward and transverse motion of hot electrons,
as defined by equations (1) and (2), is presented in Fig-
ure Ha. As expected the, the transverse motion energy
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(&) steadily increases with the angle of incidence. The
forward motion energy (&) on the other hand first in-
creases with the angle of incidence, peaks at 30° and then
decreases. This is mainly due to the improved coupling be-
tween the electric field of the laser and the plasma across
the surface for oblique incidence. Furthermore, it should
be pointed out that the total energy of electrons tran-
siting the virtual surface is slightly larger than the total
absorbed laser energy, as seen in the figure, due to double
counting of refluxing particles mainly associated with the
local heating of the plasma by the main pulse.

Instead, looking at how these quantities are affected by
microstructures of varying shape and size, we see that the
transverse motion energy remains relatively unchanged as
the linear scale of the structures increase. An interesting
exception to this is the triangular structures, which in-
stead displays a strong peak at a size of d/\ = 1/2. What
is more important however, is the fact that the forward
energy is greatly improved for 1/2 < d/A\ < 2 for all three
cases. Thus, the additional energy transferred to the hot
electrons is mainly contributing to their forward motion.
As previous studies have not considered this separation it
is difficult to make a straightforward comparison of the key
results of this paper. However it can still be noted that,
based on the total absorption also presented in Figure 5,
our findings agree with previous studies of similar setups
on, e.g., an optimal structure size of around d/\ = 1/2
and a total absorption of above 50% [42,43].

Since the relative energy of forward motion can be seen
to increase with the addition of the microstructures, it is
interesting to also compare the targets using this mea-
sure, as it provides information about the relative amount
of energy of the electrons expected to be useful to appli-
cations such as TNSA, in which case “useful” is taken to
mean: transferable to the ions at the rear surface. As can
be seen from Figure 6 the relative energy of forward mo-
tion for the three structured designs follows a very similar
trend, despite their differences in absolute energy, as seen
in Figures 5b—5d. Furthermore the relative energy of for-
ward motion displays a decreasing trend with increasing
angle of incidence and with 0° being the optimal angle, in
terms of electron directionality, as expected. However such
angles, close to normal incidence, are generally avoided for
technical reasons in order to minimize the risk of damag-
ing the laser by back reflections. Moreover, Figure 6 seem
to suggest that the near-normal incidence flat target per-
forms better than the microstructured targets. However
one should take into account that Figure 6 only shows
that the hot electrons to a higher degree are forward di-
rected, with a larger percentage of their energy residing in
their forward motion, than for the microstructured targets
and, from Figure 5, we still have that the absolute energy
of the hot electrons is much larger with the structures than
without.

Note that the momentum distribution of the hot elec-
trons is widely different for the flat and structured targets,
as demonstrated by Figure 4. The momentum distribution
is centered about the line described by equation (6) for flat
targets but is more centered around the target normal for
the case of microstructured targets.
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Fig. 6. The energy stored in forward motion of electrons tran-
siting a virtual surface located 1 pm inside the plasma slab
presented as percentage of the total kinetic energy of the tran-
siting electrons. The upper z-axis represents the laser incidence
angle for the flat target, while the lower z-axis represents the
structure size of the microstructured targets, irradiated at an
incidence angle of 45°.

Moreover, a clear discrepancy between the total ab-
sorption and total energy of the transiting hot electrons
can be seen for mainly sub-wavelength square and circu-
lar structures, presented in Figures 5b and 5c. Taking into
consideration that at least some double counting occurs in
calculating the transit energy makes this difference all the
more significant. This clearly shows that a significant por-
tion of the absorbed energy does not get carried across
the virtual surface, by the electrons. A fraction of this en-
ergy can be found in the semi-static fields forming at the
plasma interface, but the lion’s part can be found as ki-
netic energy of hot electrons trapped by a shock front, thus
being prevented from travelling further into the plasma. It
is also interesting to note that this behaviour is much less
pronounced with the triangular structures which opens up
for the possibility of controlling it by smart design choices.

4 Conclusions

In this paper we consider energy partitioning among trans-
verse and longitudinal motion of accelerated electrons, un-
der the influence of microstructures on the front side of the
target. First, we analyses the limitations of the process in
terms of laser energy absorption and spectral properties
of the generated hot electrons. We found, expectedly, that
the absorption indeed was affected by the microstructures,
and that the size of the structures affected the absorption.
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However, we also found that the hot electron distribution
was significantly affected by the target structures.

We would like to stress the importance of the latter
findings. As stated, it is well-known that front surface
structures affects the general absorption properties of the
target. But not only can the structures increase the total
absorption, they can also alter the transverse transport of
the hot electrons. This can enable a stronger acceleration
of the ions of interest.

Our findings also points us to the following interesting
conclusions:

— There is a limited view of the TNSA scheme when only
considering increased absorption: it is only possible to
obtain a few times stronger absorption by structuring
the targets, as given in this paper, and it is only possi-
ble to further improve this by about a factor of 2 (being
bounded by 100%), but for most applications we would
require the energy transfer to go much further.

— The partitioning of energy in the hot electron dis-
tribution can be altered by about 20% by the use
of microstructures. Thus, it may be important for
TNSA in particular; only the electron momenta in the
x-direction can be considered beneficial for ion accel-
eration, as large transverse momenta will represent an
energy loss channel in this sense.

— However, a large angular divergence of electrons leads
to small ion angular divergence, but also a small cutoff
ion energy, and a smaller electron angular divergence
leads to larger ion divergence, but also increased cutoff
energy; thus, there is a trade-off.

As final conclusion, we find that it is of central importance
to control the electron distribution. For this purpose, im-
provements can be made in the stages after the electron
heating, using, e.g., strong guiding magnetic fields or mass
limited targets. There is also the possibility of using tar-
gets cleverly designed to take advantage of the directional-
ity of the hot electrons or to guide their transverse motion
in order to increase the energy transferred from the elec-
trons to the ions, see for example Burza et al. [25]. There
are thus ample opportunities for future studies and im-
provements of the TNSA scheme.
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