OPEN ACCESS

10OP Publishing Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 65 (2023) 015005 (10pp) https://doi.org/10.1088/1361-6587/acaldc

Multi-species ion acceleration from
sub-ps, PW interactions with ultra-thin
foils

O McCusker!®, H Ahmed!>*®, A Mcllvenny'®, P Martin' ©®, S Ferguson'®, J Green’,
J Jarrett’, M King’®, S Zhai'*®, P McKenna’®, S Kar!® and M Borghesi'*

! Centre for Plasma Physics, Queen’s University, Belfast BT7 1NN, United Kingdom

2 Central Laser Facility, STFC Rutherford Appleton, Oxfordshire 0X11 0QX, United Kingdom

3 SUPA Department of Physics, University of Strathclyde, Glasgow G4 ONG, United Kingdom

4 State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, People’s Republic of China

E-mail: hamad.ahmed @stfc.ac.uk and m.borghesi @qub.ac.uk

Received 22 June 2022, revised 21 October 2022
Accepted for publication 10 November 2022
Published 28 November 2022

CrossMark

Abstract

Multi-species ion acceleration from ultra-thin foils was studied experimentally, employing the
Vulcan Petawatt laser at the Central Laser Facility, UK. Plastic (CH) foils with thicknesses in
the range 10-340 nm were irradiated with intense, short (750 fs) laser pulses producing
maximum energies of ~65MeV and 25 MeV/nucleon obtained for HT and C%t jons,
respectively. Ion spectra obtained from high resolution spectrometers suggest differences in the
acceleration dynamics for the two species. Comparisons are made with two-dimensional
Particle in Cell simulations, which identify, for an optimal thickness, two main mechanisms
contributing to the ion acceleration process, namely multi-species target normal sheath
acceleration (TNSA) and radiation pressure acceleration (RPA). Ion energies are further
enhanced by the onset of relativistically induced transparency. A final stage in the acceleration
is caused by the formation of electron jets (as the target undergoes transparency), which
accelerate the ions off-axis. By analysing the spatial and temporal evolution of the accelerating
fields, we are able to infer the effect of the different mechanisms on each species and how this
translates to the experimental observations. The two main mechanisms, TNSA and RPA, are
seen to each produce a distinct population of high energy protons whereas a single population of
carbon is accelerated by a summation of these effects. This species-specific analysis sheds new
light on the complex dynamics in a multi-species target expansion and on the contribution of
different acceleration processes to the acceleration of the most energetic ions in the spectrum.
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1. Introduction

Laser driven ion acceleration has gained significant attention
in light of many unique properties of the accelerated beams
such as high brightness, ultrashort emission and ultra-low
beam emittance [1, 2]. These beams offer prospects for devel-
oping compact accelerators, with a range of potential applic-
ations in healthcare [3], industry and nuclear physics [4, 5].
Despite encouraging developments, improvements must be
made in terms of energy conversion efficiency, spectral beam
control and energy selection before these ions can be effi-
ciently employed in several of these applications [6].

The most studied and easily attainable acceleration mech-
anism 1is target normal sheath acceleration (TNSA) [7, 8],
where electrons accelerated by the laser on the front surface of
an irradiated foil propagate through the target forming a quasi-
electrostatic sheath field on the order of TV m~! at the target
rear, where ions are then accelerated. Lighter ions, such as pro-
tons, are preferentially accelerated in this scheme due to their
higher charge-to-mass ratio. Since standard TNSA generates
an exponential energy spectrum and is characterised by a rel-
atively slow ion energy scaling with intensity, generating ion
energies and fluxes able to meet the requirements of advanced
applications (e.g. in the medical field), remains a significant
challenge, particularly for heavier ions, motivating the invest-
igation of advanced acceleration schemes.

Despite requiring much more stringent conditions, radi-
ation pressure acceleration (RPA) [9] is gaining significant
research interest. In this scheme, acceleration occurs via the
charge separation caused by the laser pressure acting on the
target surface and pushing plasma electrons inwards [10]. RPA
is typically discussed in two regimes: hole boring (HB) and
light sail (LS). HB acceleration occurs when the laser pulse
interacts with a target and drives electrons inwards due to
the radiation pressure. This pile-up of electrons generates an
electrostatic field through the charge separation. An equilib-
rium is set up where this electrostatic field is balanced by
the pondermotive force. Ions left behind will be accelerated
by this electrostatic field. Once they reach the edge of the
skin layer the equilibrium collapses and fastest ions will break
away at a velocity that is twice the velocity of the HB front,
~2vgp. If the laser pulse has not ended at this stage the process
will repeat and therefore HB acceleration can be described as
cyclic [10-12].

If the target is thin enough that the HB front reaches the
target rear (I < vgpTL, where vyp is the HB velocity and 7,
is the laser pulse duration) [10, 13—15] the compressed target
layer can then enter the LS phase where the ions are coher-
ently accelerated as one moving mass [16]. RPA provides a far
superior ion energy scaling with intensity (HB: E,,,, o< I and
LS: Ear < I?) compared to conventional TNSA (E,;;;x o 1°%)
and has the potential to produce narrow-band ion beams. How-
ever it is difficult to obtain as RPA requires the target to
remain opaque to the laser pulse and so ceases with the onset
of relativistically induced transparency (RIT). RIT occurs if
ap > w,%l /2cwy, where qq is the dimensionless laser strength
parameter, c is the speed of light in a vacuum, w), is the clas-
sical plasma frequency (i.e. without relativistic corrections)

and wy, is the laser frequency. It is caused by a combination of
plasma expansion and a relativistic increase in electron inertia
and leads to w, / 70'5 < wr, meaning there is no longer a crit-
ical surface (CS) to reflect incident light and the remainder of
the pulse propagates through the expanded target [17].

Acceleration in relativistically transparent plasmas has
been discussed in terms of the so-called BreakOut After-
Burner regime, which allows direct heating of the ‘cold’
ions which have remained within the target bulk [18]. Under
suitable conditions, target transparency has been seen to
enhance the magnitude of the electrostatic accelerating fields
as a result of enhanced volumetric heating of the bulk plasma
electrons [19]. For example, in [20] it was shown that this
mechanism was dominant for the acceleration of carbon ions,
for target thicknesses such that the target became relativ-
istically transparent close to the arrival of the peak of the
pulse. Transparency enhanced TNSA [21] and more recently
enhanced hybrid TNSA-RPA acceleration [22], in a scenario
similar to the one discussed here have been reported. The focus
of these recent studies has mostly been on the acceleration
of protons, with impressive results leading to proton energies
near the 100 MeV threshold [22]. The results reported here
differ from those discussed in [22], as they include Thomson
parabola spectrometer (TPS) data which allows characteriz-
ing different ion species within the beam, and helps to further
elucidate the multi-species dynamics taking place during the
acceleration process. Whilst [22] credits a hybrid TNSA-RPA
scheme enhanced by transparency for the acceleration of the
highest energy protons, this does not appear to be the case
here. While the same mechanisms are identified it is found
that, in accelerating the highest energy protons, the mechan-
isms act independently of each other, i.e. not in a hybrid fash-
ion. On the contrary, for what concerns the acceleration of cot
ions, a summation of these mechanisms produces the highest
energies. In this context, relevant particle in cell (PIC) simula-
tions are a very important tool in identifying the contribution
of these different mechanisms and to pinpoint where within
the target the highest energy ions originate from. Through the
comparison of experimental and PIC simulation results, this
paper aims to clarify the interplay and contribution of differ-
ent acceleration processes for the two main species accelerated
(protons and C®* ions), an aspect which has not been analysed
in detail in previous studies and is of general relevance for
the optimization of the interaction with, and acceleration from,
ultrathin foils.

2. Experimental set-up and results

The experimental campaign was carried out using the petawatt
arm of the Vulcan laser at the Central Laser Facility, UK.
The laser was linearly polarised, and focused using an f/3 off-
axis parabolic mirror to a Gaussian spot of 5 um (FWHM).
A plasma mirror was also used for temporal contrast enhance-
ment. The pulse duration was typically around 750 fs (FWHM)
containing a total energy of ~2107J with ~35% of this in the
FWHM of the focal spot, leading to peak intensities within
the range (3-5)x 10 W em? (these parameters varied from
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Figure 1. A schematic of the experimental setup showing laser
pulse (red) focused using an f/3 parabola onto the target at normal
incidence.
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Figure 2. Maximum energies obtained experimentally from TPS1
for both HT (red) and C®* (black) ions. Vertical error bars come
from the resolution of the TPS and the horizontal error bars from the
uncertainty in the measurement of the target thicknesses.

shot to shot). Plastic (CH) targets of various thicknesses in the
range 10-340nm were used and aligned so that the surface
was normal to the laser axis. The main diagnostics were TPSs,
placed in the forward direction at five different angles: 6.5°,
2°,—6.5°, —11° and —19° with respect to the laser axis and a
radiochromic film (RCF) stack placed behind the targets rear
surface. The RCF stacks only captured the upper half of the
beam, allowing ions to reach the TPS placed behind. The TPS
were used in conjunction with BAS-TR image plate detectors,
whose responses have been calibrated with respect to different
ion species [23, 24]. A schematic of the experimental set-up
can be seen in figure 1.

An optimal target thickness, in the range studied, for accel-
eration of both HT and C°* ion species was obtained from a
target thickness scan, shown in figure 2. Maximum energy for

both species is observed at 60 nm, i.e. ~65MeV for protons
and 25 MeV/u for carbon ions. Due to the limited amount of
target thicknesses available at the time of the experiment, we
were unable to pinpoint more precisely the optimal thickness
value, which, if we also consider the information in [22], may
lie between 60 and 100nm. An overall similar trend in the
maximum energies achieved as a function of target thickness
is seen for the two species.

Maximum energies were obtained on TPS1 placed at
+6.5°; a comparison of the spectra obtained for different tar-
get thicknesses at this angle is shown in figure 3.

As can be seen, all spectra are quite modulated and have
profiles, which differ significantly from a typical exponential
TNSA spectrum. A peak in the flux is seen for low energy
protons (10-20 MeV) for the 10 and 340 nm target. A similar
feature is also seen for the remaining targets (60 and 115 nm)
however it is significantly broader and extends at higher ener-
gies, beginning at ~20MeV for both targets. For the car-
bon ion spectra, some similarities are also seen between 10
and 340nm, as well as between the 60 and 115nm targets.
The ion flux decays with increasing ion energy for 10 and
340 nm targets, while for the other two targets a spectral peak
is observed at the highest energies (around 10-25MeV/u)
towards the end of the spectra. The thinnest target (10 nm)
records the lowest energies for both species, suggesting a
significant decrease in the efficiency of the acceleration or
quality of the interaction. In comparison, the thickest target
(340 nm), records similar proton energies to the 10 nm target,
but double the carbon ion energy. This suggests differences
in the acceleration processes between the two species and for
the various target thicknesses, which are further investigated in
section 3.

For the optimal thickness of 60nm, information on the
angular distribution for both species is reported in figure 4,
showing the spectra obtained along the different observation
lines. Although the highest proton energies (~65MeV) are
detected along TPS1—significant energies are also detected
on the other Thomson parabolas and even at the larger angle
of —19°, albeit with a lower flux in comparison to the TPS’s
placed between —6.5° and +6.5°. Carbon ion energies are
similar across all angles (20-25MeV/u) indicating a larger
beam divergence in contrast with the proton beam, which dis-
plays a clear directional preference for the high energy com-
ponent (TPS1 at +6.5°).

The off-axis acceleration of the proton beam is further con-
firmed from the spatial profile obtained from the RCF. Figure 5
shows selected RCF layers for the optimal target thickness of
60 nm. At lower energies (layers labelled 12 and 17 MeV) the
ion beam is centred around the laser axis. However, in the
higher energy RCF layers, a shift in the beam to the side is
seen. The direction of the beam also agrees with the TPS res-
ults, as highest energies are detected at +6.5°, with respect to
the laser axis, the same direction to which the beam is pointing
in the highest energy RCF layers. As the carbon ions will stop
in earlier layers of the RCF their spatial profile cannot be isol-
ated from the RCF data, as the dose deposited in these layers
comes from both species [25].
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Figure 3. Spectra obtained for both H™, (a), and C6+, (b), ions at TPS1 (+6.5°) for each target thickness, 10, 60, 115 and 340 nm. Dashed

lines represent background noise level.
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Figure 4. Spectra obtained for both HT (black) and C%* (blue) ions at each TPS for optimal thickness 60 nm. TPS1 = +6.5°, TPS2 = +2°,
TPS3 = —6.5°, TPS4 = —11° and TPS5 = —19°, with respect to the laser axis.

For the other target thicknesses investigated, a preferen-
tial direction for the acceleration of the protons is also seen,
although the direction is random and therefore not consistent

between the shots. Acceleration of C®t ions is less directional,
with similar energies being obtained across multiple TPS for
each target thickness.
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Figure 5. Layers at various energies from an RCF stack showing
the ion beam profiles from the optimal thickness, 60 nm CH, shot.
Proton Bragg peak energies for each layer are labelled in the top left
corner. The C®* jons will only reach the first RCF layer shown
(with proton Bragg peak energy 12 MeV). Therefore the later RCF
layers shown represent proton only beam profiles. The layers with
Bragg peak energies 12 and 17 MeV are HDV2 and the layers
labelled 48 and 52 MeV are EBT3.

In order to explain the origin of the differences in spectral
profile and angular distribution observed for the two ion spe-
cies, we have explored the acceleration dynamics through a
programme of 2D PIC simulations.

3. 2D pic simulations

The relativistic PIC code EPOCH [26] was used to carry out
2D simulations. The targets were initialised with an electron
density of 600n., where n, is the critical density, for the laser
pulse of wavelength 1054 nm, (~1 x 10*' cm—?) and neutral-
ised with either a uniform mixture of both C°* and H* ions
(to simulate the CH targets used in the experiment) or HT ions
(for the single species hydrogen targets, introduced as com-
parators to identify and isolate any multi-species effects in
CH). The size of the simulation box was 80 um x 20 um in
x and y, with a mesh cell size equal to Snm x 10nm, respect-
ively. Each ion species had 250 particles per cell loaded into
the simulation. To account for any uncertainty in the experi-
mental measurements, various sets of simulations were ran to
investigate a range of laser parameters. The temporal profile
of the laser pulse was Gaussian, with intensity profiles hav-
ing FWHM duration equal to either 400, 500 and 600 fs. The
use of shorter pulse lengths in these simulations compared to
the experiment is motivated by the exaggerated target heat-
ing and expansion associated to the 2D geometry. A compar-
ison of 2D and 3D simulations has been carried out in [27]

which shows increased electron heating for 2D simulations.
Therefore, using a shorter pulse length will ensure that the
laser pulse interacts with a more realistic target density pro-
file, more in line with what we would expect in 3D. The spa-
tial intensity profile in the focal spot was also Gaussian, with
a FWHM of 5 ym. Peak intensities were within the range (3—
5) x10?° W cm~2. The laser energy was kept constant as this
was in line with what was achieved experimentally, where
the largest uncertainty in the laser parameters was the pulse
length, which has been varied in our simulations to reflect this
(between 400 and 600 fs). Due to the use of a plasma mirror in
the experimental set-up, pre-plasma formation is considerably
suppressed and therefore not considered in the simulations.

Initially a thickness scan was carried out, for different pulse
lengths, showing that the optimal target thicknesses remains
consistently in the range 100—-140 nm, as seen in figure 6. Sim-
ilar to the experimental situation, there is some uncertainty in
these values due to the finite number of thicknesses investig-
ated. To further pinpoint an optimal target thickness, for a set
of simulations with pulse length 400 fs, two extra thicknesses
were included (120 and 170 nm). This indicates 140 nm as the
optimal thickness amongst those investigated. The thicknesses
at which the proton energy reaches its maximum are larger for
the simulations than observed in experiments, similar to the
work discussed in [27]. The reduced dimensionality of the sim-
ulations will cause an earlier onset of transparency at a given
thickness and therefore the requirement of a thicker target for
optimal acceleration. The enhanced heating also typically res-
ults in an overestimation of the ion energies, as also observed
here.

Analysis of all sets of input parameters reveal a similar
acceleration process for the optimal thickness of each set
of simulations. This suggests that the acceleration scenario
presented is robust regardless of the exact values of the laser
parameters. The set of simulations which displayed the most
efficient acceleration and ion energies (pulse duration FWHM
equal to 0.4 ps and intensity ~5 x 10°° W cm~2) will be dis-
cussed in detail in the following. Consistently with what has
been reported in [22], highest ion energies are obtained when
the target is seen to undergo transition to transparency close to
the peak of the irradiating pulse.

The acceleration dynamics and the effects of target trans-
parency were initially studied. For an optimal target thickness
(140 nm), the evolution of the electric (accelerating) field and
the resulting ion densities were compared for the CH target and
pure proton target with the same electron density to investig-
ate the effects of the presence of multiple ion species while
ensuring physical processes such as HB are directly compar-
able between the cases; these are shown for three time steps in
figure 7.

Figure 7(a) highlights the sheath electric field formed at the
target’s rear surface. Expansion of the ion densities at this point
differs between the multi-species target (top row) and the pure
proton target (bottom row). In CH, a distinct forward peak in
the proton density (indicated by the green arrow in figure 7(a)),
is closely followed by a carbon front. In comparison, an expo-
nential proton density profile is seen for a pure proton target
throughout the interaction (figures 7(d)—(f)). The forward peak
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Figure 6. Maximum energies obtained from PIC simulations for both H* (a) and C®* (b) ions. Pulse length and peak intensity were varied,

however the total laser energy remained constant.
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equivalent pure proton target is compared (bottom row) for the same times. (a) and (d) are taken at t = —0.34 ps, (b) and (e) are taken at
t = —0.2s and (c) and (f) = —0.1 ps, where r = 0 ps corresponds to the peak of the pulse arriving at the targets initial front surface position,

located at x = 0 um. Green arrows in (a) and (b) indicate the most forward energetic peak in the proton density, influenced by both the
TNSA field the presence of C®* within the target. The dashed green lines in (d) highlight the region where the modulations in the field

(discussed in text) are located.

in the proton density for CH targets is still obvious at later
times (arrow in figure 7(b)), with the carbon front following
closely behind. This suggests the sheath expansion of the pro-
tons is influenced by the presence of the carbon ions within
the target. Modulations in the E, field are seen for both tar-
gets, but they form earlier in the hydrogen only target, as seen
in the region enclosed by the dashed green lines in figure 7(d).
The simulations suggest that these trailing modulations arise
when the bulk plasma expands into the rarefied rear plasma
generated by the TNSA field.

Numerous proton peaks can be seen forming later in the
interaction, closer to the CH target bulk. Since no such peaks
ever form in the pure proton target, it is likely that these peaks
may arise due to the presence of carbon within the target and
local modulations in the carbon density. The situation may be

similar to the two species expansion investigated in [28] dis-
cussing how the lighter species is accelerated ahead of a heavy
ion front and the effects this has on each species’ density.

Despite multi-species TNSA playing a main role in the ini-
tial acceleration, it is not responsible for the maximum field
strength seen at around x = O pm, prior to transparency and the
arrival of the peak of the pulse. To investigate this point fur-
ther the changes in ion densities are plotted around this time
in figure 8.

While the target has already pre-expanded prior to the peak
of the pulse arriving, the increasing laser intensity will act on
the remaining (overdense) target bulk. Figure 8 highlights the
effect this has on the remaining bulk ions. Remaining bulk pro-
tons are pushed forward, moving with the CS and behind a
peak in the electron density (as shown in figure 8), which is
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typical of RPA. This pile-up of electrons produces a maximum
field strength of ~12 TV m~!. At this point, spatial separation
of the two species is seen within the target bulk which favours
the acceleration of protons as they will both shield the carbon
ions from the forward accelerating fields and also benefit from
the space charge field generated by the carbon ion themselves.
At earlier times, RPA would have not yet made a significant
contribution, due to the near-solid density of the bulk.

To further confirm the mechanisms which were identified
in the simulations and to better show the features in the exper-
imental spectra shown in figure 4, phase space plots for each
species are presented in figure 9 for three-time steps. The first-
time step was chosen at a time at which the target is undergo-
ing transparency but prior to the peak of the pulse arriving. The
RPA bunch of protons is labelled with a red arrow in the proton
phase space plots. Through the phase spaces in figures 9(a)—
(c), we can confirm that these RPA protons only start their
acceleration just before target transparency and will eventu-
ally catch up with the initially accelerated high energy TNSA

protons, as seen in figure 9(c)—showing that the two bunches
of highest energy protons are initially accelerated independ-
ently of each other by two different mechanisms and originate
from different parts of the target.

No real distinct features can be identified in the carbon
phase space seen in figures 9(d)—(f), similar to the spectra
obtained experimentally. The acceleration of carbon ions is
harder to characterise with only one bunch reaching maximum
energy through a summation of TNSA, RPA and transparency
effects. This is likely due to the fact that the carbon ions have
a lower charge to mass ratio and will lag behind the initially
accelerated protons, which shield them from the maximum
effects of the fields and, as a result, no distinct bunches can
be identified from the phase space plots.

As in the experiment, the highest energy ions are detected
off-axis also in the simulations. Figure 10 shows the angu-
lar distribution of the accelerated ions, at the time at which
maximum energies are obtained. Both ion species are detected
within a cone of +20° aperture. However the highest energy
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ions are preferentially accelerated in a single off-axis direc-
tion, as also seen experimentally from the TPS spectra in
figure 4.

This ion deflection is likely due to the fields associated
with the formation of a hot electron jet during the relativistic
transparency phase of the interaction, as discussed in detail in
[22, 29, 30]. These jets are quite unstable and despite form-
ing in both directions, with respect to the laser axis, they tend
to become more pronounced in one off-axis direction. The
random nature of these jets has previously been reported in
[22, 29, 30], where their influence on proton acceleration is
also discussed. In the work presented here, the jets form a final
stage in the acceleration of the ions, as highlighted in figure 10,
where it is seen the highest energy protons are emitted at an
angle of ~10°, where an electron jet is also observed (see
figure 10(c)). On the contrary, the highest energy carbon ions
are emitted at angles ~0°. This difference may be explained as
due to the protons’ higher charge to mass ratio, which makes
protons more susceptible to the effects of this directional elec-
tron jet than the carbon ions. Again, this broadly agrees with
the carbon’s experimental spectra which did not display any
clear off-axis preferential directionality.

Thanks to the simulations, three clear ion acceleration pro-
cesses have been identified; multi-species TNSA (i.e. TNSA
influenced by the presence of different species within the tar-
get), which accounts for initial acceleration of rear surface

ions; RPA acting on the remaining target bulk and finally the
effect of electron jets which form off-axis at later times, which
enhance the energies of the protons and propel them off-axis,
as reported in [30]. All of these mechanisms will contribute,
to a different extent, to the ion spectra observed in the simula-
tions and experimentally. A pertinent question is whether any
of these mechanisms is dominant in determining the acceler-
ation of the highest energy ions in the spectra. To determine
this, ions within the top 5 MeV/u in the spectra for both spe-
cies were tracked throughout the interaction. It was found that,
for protons, two distinct bunches reached maximum energy;
one originating from the target rear surface and one originat-
ing from the target bulk. These bunches, although initially spa-
tially separated, combine together to form one bunch of high
energy particles by the end of the interaction. Through particle
tracking these mechanisms were found to act independently of
each other. Only one bunch of carbon ions reached maximum
energy and these consistently moved in the sheath field from
the beginning of the interaction. These differences can account
for the different spectral features recorded experimentally. To
summarise the differences in the acceleration, the accelerating
field which these high energy ions experience throughout the
interaction is plotted over time in figure 11, with the protons
split up into their two bunches.

While surface protons experience an accelerating field at
the start of the interaction, and are then accelerated by a sheath
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Figure 11. Cycle averaged E, field experienced by high energy ions (top 5 MeV/u) for; (a) protons and (b) carbon ions.

field of 2-3 TV m~! throughout the interaction, the bulk pro-
tons remain stationary within the target until they experience a
field of 12TV m~!, which is around four times the maximum
field experienced by the sheath-accelerated protons. Hence,
the surface protons are accelerated by a weaker field over a
longer period of time (the entire interaction) whilst the bulk
protons only begin their acceleration when the RPA field forms
(at around —0.2 ps), experiencing a more intense acceleration
phase. A dip in the field experienced by the bulk protons is
seen around O ps, as the target undergoes transparency, before
a sharp increase to ~4TVm~!. As the target is no longer
opaque at t = 0, the dip in field experienced by the bulk protons
at this time is due to the halting of RPA.

The carbon ions, like the surface protons, are accelerated
throughout the entire interaction. However, a difference, is that
these ions seem to benefit more from the field enhancement as
the target undergoes transparency, as seen by a sharp increase
in field magnitude (~5 TV m~! in figure 11(b)). Transparency
affects both the bulk protons and sheath carbon ions at the
same time (0 ps), since they are at the same point in space when
transparency occurs. The effect on the surface protons is both
delayed and weaker, with only a slight increase in the field seen
around 0.2 ps, due to their position further away from the tar-
get bulk. Carbon ions within the target bulk do not appear to be
affected significantly, unlike the protons, by the RPA field—
this may be because the RPA protons will outrun the carbon
ions and shield them from the effects of this field. Therefore,
carbon ions, which are initially accelerated by the RPA field do
not reach significant energies through this progress because of
this shielding, similarly to what has been discussed in [31, 32].

4. Conclusions

In conclusion, observations of thickness-dependent proton and
carbon ion spectra from ultra-thin foils are interpreted with
the help of 2D PIC simulations. PIC simulations corroborate
experimental results and elucidate a complex interplay of dif-
ferent mechanisms with differing effect on light and heavy ion
species. For instance, high energy protons are observed to ori-
ginate from both the rear surface and bulk of the target, with
rear surface protons having a longer acceleration time. On the

other hand, highest energy carbon ions, similar to rear sur-
face protons, appear to originate from one rear surface bunch
and are accelerated throughout the interaction over a longer
period of time. A final acceleration boost is given to the pro-
tons by the formation of electron jets later in the interaction,
which also influences the final direction of the proton beams.
These jets have little influence on the highest energy carbon
ions, which are detected close to the laser axis. For the highest
energy protons (top 5MeV in the spectrum) these schemes
are shown to act independently of each other (i.e., not in a
hybrid fashion, as discussed in [22]) on different groups of
protons. Whilst the presence of carbon ions within the tar-
get bulk benefits the acceleration of protons (by piling for-
ward protons into a peak, enhancing the accelerating field they
experience), the fact that protons lead the acceleration, causes
the lagging carbon ions (bulk ions) to get shielded from the
maximum field strength. These results help to further explain
the complex dynamics within a multi-species target expansion.
Particle tracking within the PIC simulations proves to be a use-
ful tool for pinpointing which mechanisms produce highest
energy ions, which in this case differ between the two species.
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