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ABSTRACT
A controlled transition between two different ion acceleration mechanisms would pave the way to achieving different ion energies and spec-
tral features within the same experimental set up, depending on the region of operation. Based on numerical simulations conducted over a
wide range of experimentally achievable parameter space, reported here is a comprehensive investigation of the different facets of ion accel-
eration by relativistically intense circularly polarized laser pulses interacting with thin near-critical-density plasma targets. The results show
that the plasma thickness, exponential density gradient, and laser frequency chirp can be controlled to switch the interaction from the trans-
parent operating regime to the opaque one, thereby enabling the choice of a Maxwellian-like ion energy distribution with a cutoff energy
in the relativistically transparent regime or a quasi-monoenergetic spectrum in the opaque regime. Next, it is established that a multispecies
target configuration can be used effectively for optimal generation of quasi-monoenergetic ion bunches of a desired species. Finally, the fea-
sibility is demonstrated for generating monoenergetic proton beams with energy peak at ℰ ≈ 20–40 MeV and a narrow energy spread of
Δℰ/ℰ ≈ 18%–28.6% confined within a divergence angle of ∼175 mrad at a reasonable laser peak intensity of I0 ≃ 5.4 × 1020 W/cm2.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151751

I. INTRODUCTION

Advancements in modern targetry technology and a grow-
ing interest in near-critical-density (NCD) plasmas1,2 using both
gas-based3–6 and solid-based7–10 interaction have paved the way
for a new regime of particle acceleration in relativistically inten-
sity laser–plasma interactions. The advent of powerful ultrashort
multicycle11,12 and few-cycle laser facilities worldwide13,14 along
with sophisticated beamlines15,16 makes such experiments feasible in
the near future. Over several decades, the quest to achieve monoen-
ergetic proton beams of megaelectronvolt energy has influenced the
growth in research into laser-based particle acceleration,17,18 due to
their enormous potential for applications in materials19 and medi-
cal sciences,20–22 fusion schemes,23,24 industrial applications,25 and
as neutron sources.26

Various ion acceleration processes have already been identified
and demonstrated. For example, the most widely studied and inves-
tigated ion acceleration mechanism has been target normal sheath
acceleration (TNSA),27–29 which occurs predominantly when a high-
intensity laser pulse interacts with an opaque solid-density thick foil
target to produce a proton beam with maximum proton energy in
the range of several tens of megaelectronvolts.30,31 In this process,
the hot electrons generated during the laser interaction transport
through the target and exit from the rear end, creating a sheath
electric field that accelerates the protons and other ions present at
the back end layer of the target along the direction of target nor-
mal.32 The main constraint with TNSA is the resulting broad energy
spectrum, which makes it very challenging to use such beams for
societal applications if beam conditioning (energy selection) is not
implemented. Energy selection, on the other hand, reduces the ion
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beam flux on a sample (i.e., a biological one), such as those in cancer
therapy.33

An intense ultrashort laser pulse also imparts radiation pres-
sure during the interaction, which is a function of the reflectivity
of the relativistically exited foil target. The complete transmission
of ultra-intense laser light from the plasma surface results in zero
radiation pressure, whereas it is maximized in the case of com-
plete reflection. In a typical laser–plasma interaction at relativistic
intensity, the radiation pressure can reach nearly giga-bar (109 bar)
level,34,35 and under optimal conditions this can accelerate ions
favorably. Radiation pressure acceleration (RPA) has been shown
to operate in two different acceleration regimes, i.e., hole-boring
(HB) RPA35–37 (for micrometer-thick targets) and light-sail (LS)
RPA38,39 (for nanometer-thick targets), with distinct features in the
resulting ion spectra. RPA has its own limitations, such as the fact
that LS RPA works well only at ultrahigh intensities (≫ 1 × 1021

W/cm2) and HB RPA requires long-pulse (of the order of picosec-
onds) high-energy lasers because a relatively long pulse time and
large pulse energy are required to effectively drill a hole into the
target35 and to accelerate ions at the target front side via RPA. The
maximum observed proton energy from a target in the RPA regime
is ∼48 MeV.40

Light reflection plays a crucial role in the relativistic interaction.
In non-relativistic plasma, an incident laser pulse with frequency

ω lower than the plasma frequency ωp =
√

nee2/ε0me (where ne is
the electron density of the target plasma, ε0 is the vacuum per-
mittivity, and e and me are the electron charge and mass, respec-
tively) is reflected. The critical plasma density nc = meω2ε0/e2 at
which the plasma frequency equals the wave frequency marks the
transparency threshold, and for ne > nc, the plasma is described as
overdense. For relativistically intense lasers, the plasma electrons
are accelerated by the laser field lowering the effective critical den-
sity by a factor of ⟨γ⟩,8,35,41,42 which is the average Lorentz factor
of the electrons in the reflecting layer, increasing the transparency
threshold to nrel

c ≈ ⟨γ⟩nc.42 Thus, the plasma becomes relativisti-
cally underdense for ne < nrel

c , and this is the relativistically induced
transparency (RIT) regime that optically switches opaque plasma to
transparent, enabling light propagation.43–45 In recent years, several
articles have reported efficient proton acceleration from ultra-thin
nanometer-scale targets in this regime.46–51

Herein, via a series of fully relativistic 2D plane-wave particle-
in-cell (PIC) simulations over a wide range of laser and target
parameters, we demonstrate the possibility of transitioning between
two different ion acceleration mechanisms, i.e., RIT and RPA. These
ion acceleration regimes do not necessarily require petawatt-class
lasers but potentially can be achieved using sub-petawatt peak
power and moderate (∼1020 W/cm2) laser intensities. These para-
metric variations provide a route to effectively tune the spectral
characteristics of the generated ions from the target. We investi-
gate how the peak plasma density, target thickness, plasma den-
sity gradient, target geometry (double-layer configuration), laser
temporal chirp, and laser focal-spot size influence the ion accel-
eration process from the NCD plasma. We have also identified
the conditions that can effectively accelerate quasi-monoenergetic
ions of a desired species with narrow energy spread. To access
a wide range of available parameter space, we conducted more

than 9000 quasi-1D (one space and three velocity) PIC simula-
tions. Furthermore, to validate our results and to investigate mul-
tidimensional effects, we conducted several 2D PIC simulations.
Therefore, the results presented herein are applicable to multidi-
mensional situations with appropriate focusing conditions. Two-
dimensional PIC simulations clearly unveil the underlying mecha-
nisms behind the acceleration of monoenergetic ion species from a
double-layer target, and the developed understanding could poten-
tially be investigated experimentally at existing laser facilities such
as ELI-ALPS,13–15 ELI beamlines,52 SIOM,53 or other places in the
world.54

This paper is structured as follows. In Sec. II, we discuss ion
acceleration from foil NCD targets with a step-like density profile,
and we highlight the distinctive features of the processes in both the
transparent and opaque regime and in both real and phase space.
In Sec. III, we summarize our observations on how target thickness
and plasma density affect the transition to different proton acceler-
ation regimes, and we investigate the robustness of the correlation
between optical transparency and the nature of proton-energy spec-
tral shape. In Sec. IV, we discuss the influence of an exponential
density ramp in front of the foil target, a feature that can be con-
trolled entirely optically in experiments with a pre-pulse. In Sec. V,
we explore and summarize how temporal chirp affects the ion spec-
tral characteristics for different target species, and in Sec. VI we
show that a chosen ion species can be accelerated preferentially using
a double-layer target. Finally, in Sec. VII we discuss the effects of
dimensionality and focusing conditions on ion energy and on ion
beam quality in the double-layer target configuration, and we probe
deeper into quasi-monoenergetic ion acceleration.

II. PROTON ACCELERATION IN STEP-LIKE
SUB-WAVELENGTH-SCALE NEAR-CRITICAL-DENSITY
FOILS

To a large extent, the interaction of a relativistically intensity
laser pulse with a semi-infinite plasma and the subsequent plasma
dynamics can be modeled accurately using a 1D cold-fluid model.55

In the reflection region (vacuum side), this theory provides the
stationary solution at the vacuum–plasma boundary by balancing
the ponderomotive and electrostatic forces. In the plasma side, the
laser ponderomotive force pushes electrons inside the plasma to a
new position leaving the immobile ions behind, and consequently
a strong charge separation field is created that peaks at the new
electron position. However, under the interaction condition, when
most of the electrons escape from the target, the laser pulse starts to
propagate deeper inside, thus the electron dynamics become more
complex and the cold-fluid approximation ceases to be valid. There-
fore, PIC simulations are required to understand the behavior of the
interaction in this regime.

For a Gaussian laser pulse with elliptical polarization, the laser
electric field a can be defined as

a(η) = a0 f (η)√
1 + ε2

[cos [ϕ(η)]ey + ε sin [ϕ(η)]ez], (1)

where the laser electric field a(η) is in units of meωc/e, f (η)
= exp [−4 ln (2) η2

τ2
FWHM
] is the normalized pulse envelope function,
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ϕ(η) = 2πη is the phase function, and η = t − x is the propagation
coordinate (where the space and time coordinates are normalized
with respect to the time period τ corresponding to the central carrier
frequency and the laser central wavelength λ, respectively). τFWHM
is the FWHM of the time-dependent intensity envelope, and a0 is
the normalized laser pulse amplitude. Here, me and e are the mass
and charge of the electron, respectively. ε is the ellipticity parameter,
which can vary from −1 (left-handed circular polarization) to 0 (lin-
ear polarization) to +1 (right-handed circular polarization), where
the sign determines the helicity and the magnitude defines the ellip-
ticity in general. We kept ε = −1 for all the cases studied in the
present investigation.

Furthermore, using 1D model equations, one can obtain the
threshold limit for the self-induced transparency and differentiate
between the regions of transparency and opacity for a semi-infinite
overdense plasma target in the relativistic framework.43,44 More rig-
orously, by using fully relativistic PIC simulations, one can obtain
the percentages of laser pulse energy reflection and transmission
from the target surface. In our study, we follow the second pro-
cedure, while conceptually benefiting from comparing the results
with the expectations from the model. A constant parameter ξ0 is
taken into account that defines the normalized surface density of
the target;56 this is proportional to the product of the target den-
sity (ne) and thickness (d) of the thin plasma slab and is given by
ξ0 = π( ne

nc
)

ω0

d
λ . In the case of moderate intensities (a0 < 1), ξ0 < 1

corresponds to the transparency regime, whereas for ultra-intense
laser pulses (a0 > 1) in the nonlinear regime, transparency is
achieved when ξ0 > 1 and a0 ≥ ξ0 (or a0/ξ0 ≥ 1).56

For a clear understanding of the regions of transparency and
opacity, we used 2D plane-wave simulations with the fully relativis-
tic PIC simulation code LPIC++57 with modifications to the target
conditions (e.g., introducing an additional layer and an exponential
ramp) as well as implementing a Gaussian profile and chirp func-
tion in the laser. To investigate the role of peak plasma density ne0
for a given laser central frequency and foil thickness, we consider a
quasi-neutral plasma foil with ne(x) = ne0[H(x − x1) −H(x − x2)],
where H is the Heaviside step function and d = x2 − x1 is the target
thickness.

A CP laser pulse with normalized amplitude a0 = 20 (I0 ≃ 5.4
× 1020 W/cm2) and a field envelope with an FWHM of five cycles
is normally incident on the sharp-gradient plasma slab of thickness
0.75λ from the left side of the simulation domain of thickness 100λ
with 140 cells per wavelength and 1500 particles per cell. The laser
and target parameters are taken in dimensionless units, and space
and time are normalized as x/λ and t/τ, respectively, where λ = 1
μm is the laser wavelength and τ = λ/c. The electron density is nor-
malized with respect to the critical density nc, and the fields are
normalized as eE/meωc→ E. The plasma slab is located at 35λ < x
< 35.75λ with a density of 3nc (which is considered as nominally
overdense) for the intensity of ∼5.4 × 1020 W/cm2, hence we have
ξ ∼ 7 and therefore a0

ξ > 1, thereby satisfying the transparency con-
dition. On the other hand, ne = 9nc is a fully overdense region
for the given intensity and results in ξ ∼ 21.195, where the ratio
a0
ξ ≲ 1, therefore tapping into the total-reflection region.38,58 This

type of NCD is used in experiments involving foam targets,59 cryo-
genic hydrogen jet targets,60 and cryogenic solid hydrogen targets.61

For such NCD and low-charge-state plasma interacting with short

intense laser pulses, collisions can be neglected,62,63 so collisions are
not included in our PIC simulations.

Figure 1 shows the spatiotemporal profiles of the laser inten-
sity and the electron and ion densities for the given laser and target
parameters. Figures 1(a) and 1(c) show the two dynamically oppo-
site cases with nearly 90% [Fig. 1(a)] and 0% [Fig. 1(c)] transmission
of the laser pulse through the target. Therefore, for these two regions
of ion acceleration, we refer to the nominally underdense region as
relativistic transparency [Figs. 1(a) and 1(b)] and the overdense
region as opacity [Figs. 1(c) and 1(d)].

For a linearly polarized laser pulse interacting with an over-
dense plasma slab, the 2ω oscillating part of the ponderomotive push

FIG. 1. Spatiotemporal dynamics of a thin slab target driven by an intense few-
cycle circularly polarized (CP) electric field and with thickness in the sub-λ regime
(in this case, a foil of thickness d = 0.75λ). The spatiotemporal evolutions of the
laser intensity E2

y + E2
z (representing the incident, reflected, and transmitted light),

electron density ne, and ion density ni are shown for two different initial plasma
densities n0 representative of the two distinct scenarios. The upper row [(a) and
(b)] for n0 = ne = 3nc corresponds to the transmission regime, and the lower row
[(c) and (d)] for n0 = ne = 9nc corresponds to complete reflection of light. The blue
solid horizontal lines mark the instant t = 48τ when the peak of the pulse envelope
interacts with the target surface. (b) and (d) show magnified views of the dashed
boxes in (a) and (c), respectively, capturing the distinct signatures of the ion and
electron dynamics in the two different regimes during the relativistic interaction.
Both targets are initially overdense and reflect the laser (because n0 > nc), which
interferes with the incident pulse to form a standing wave pattern in front of the
target (see the intensity fringes on the front side of the target). (a) Near the peak
of the pulse, the target becomes optically thin (dynamically underdense), push-
ing out electrons from the surface, initiating complex electron dynamics in the ion
background, and expanding the ion density distribution shown in (b). (c) The tar-
get remains overdense within the laser pulse duration, leading to the synchronous
motion of the electron and ion density peaks shown in (d). For both cases, we used
a Gaussian laser pulse with normalized peak laser pulse amplitude a0 = 20 [as in
Eq. (1)].
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introduces corresponding oscillations in the electron density. How-
ever, in the case of a normally incident CP laser pulse, a steady
compression of the electron layer into the target35,64 inhibits the
J × B heating.65 In the relativistic transparency region, as evident
in Fig. 1(a), this ponderomotive push causes a sufficient number
of electrons to escape from the target, thus leaving an underdense
target near the peak of the CP pulse. As the laser pulse propa-
gates through the target, the electrons in the vicinity of the laser
field move both forward (target rear) and backward (target front),
whereas being heavier in mass, the ions undergo a marginal expan-
sion around the target surface (from 35λ to 35.75λ), mostly in the
forward direction as shown in Fig. 1(b). The electrons that are
removed from the target’s ion background create a charge separa-
tion at the interface generating a strong electrostatic field. As a result,
the electrons are pulled back to the target surface toward the ions
and oscillate around the interface of the target. A magnified illus-
tration of this process is shown in Fig. 1(b) with ion and electron
density profiles. The horizontal blue lines in Fig. 1 mark the time at
which the peak of the laser field interacts with the target. As seen in
Fig. 1(a), as the rising part of the laser field interacts with the target,
the ponderomotive force imparted by the laser field compresses the
electrons into the ion background, eventually pushing out some of
the electrons near the peak of the laser field leading to light trans-
mission. Afterward, the remaining electrons oscillate back and forth
in the ion background, leading to expansion of the ions as seen
in Fig. 1(b).

The interaction in the opaque regime (ne = 9nc) is shown in
Figs. 1(c) and 1(d). In Fig. 1(c), we see completely different electron
dynamics. Because of the interaction of the CP laser pulse with the
overdense target, most of the laser pulse is reflected. Therefore, all
the electrons are compressed inside the target and are piled up at
the rear side of the target leading to the formation of two electron
bunches at a later time. For a clear view, Fig. 1(d) shows a magnified
part of the spatiotemporal profiles of the electron and ion densities
during the interaction, and we see that the positions of the electrons
and ions closely overlap with each other and co-propagate, as shown
in Ref. 2. At this point, we note that the partial transmission and
reflection of the light field during the interaction is captured well
in the color map presenting the intensity envelope in Figs. 1(a) and
1(b). A standing wave pattern is clearly visible in the target front side,
representing the interference of the incident and reflected light fields
and hence persisting only as long as the light reflection persists dur-
ing the interaction. As seen in Fig. 1(a), near the blue line, the target
becomes partially transparent, reducing thereafter the contrast in the
standing wave pattern.

To discuss the underlying physics behind the ion acceleration
in these two specific regions of interest, Fig. 2 shows the trans-
verse and longitudinal electric fields along with the ion and electron
density profiles for the aforementioned laser intensity and target
density cases. Here, we consider two specific time instants, one at
t = 48τ, when the peak of the driver pulse interacts with the target,
and another at t = 70τ, which we call post-interaction. At these two

FIG. 2. Temporal snapshots showing profiles of driver laser field magnitude (dashed blue line representing incident, reflected, and transmitted fields), longitudinal electric field
(red solid line representing accelerating field), ion density (green solid line), and electron density (black solid line) for the two scenarios: (a) and (b) are for ne = 3nc (relativistic
transparency regime), and (c) and (d) are for ne = 9nc (overdense regime). For each case, the fields and densities are plotted at two different times: (a) and (c) are for time
t = 48τ, when the peak of the laser pulse is interacting with the target, and (b) and (d) are for the later time t = 70τ, long after the driving field has ceased to interact with the
target. Near the peak of the interaction, the target with lower initial density has already started to transmit the incident laser pulse, which can be seen in the blue shaded part
on the right side of the target in (a) and is clearly captured after the interaction in the laser pulse co-propagating to the right along with the electron bunch as seen in (b). No
such transmission can be seen in (c) and (d) [note the significantly small scale used for plotting the magnitude on the right axis for the radial electric field presented in (d)].
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time instances, we analyze the behavior of all the field and density
components.

In the relativistic transparency region at t = 48τ in Fig. 2(a), the
laser pulse energy starts to propagate through the target with lim-
ited laser energy reflected. This eventually leads to the formation of
a standing wave pattern of low contrast at the front side of the tar-
get as mentioned before. As discussed in the context of Figs. 1(a)
and 1(b), because of the formation of the electron bunches on both
sides of the target, a bipolar electrostatic field [five arbitrary units
(AU)] is generated (red solid line) at t = 48τ that is the signature of
target expansion on both sides. At a similar moment, a completely
different behavior is observed for the opaque regime [Fig. 2(c)],
which exhibits a unipolar longitudinal field. In this case, a substan-
tial amount of laser energy is reflected from the target front surface,
which leads to the formation of standing waves with high contrast.
Therefore, the electrons receive a laser push in the forward direc-
tion in the form of radiation pressure and move inside the target,
followed by the slowly moving ions, thus creating a charge sepa-
ration only at the rear side of the target66 and hence resulting in
a unipolar electrostatic field (20 AU), as shown by the red curve
in Fig. 2(c).

At a post-interaction time (t = 70τ), we observe a strong per-
sistent longitudinal electrostatic field in the relativistic transparency
region as shown in Fig. 2(b). In this case, the laser pulse has
already propagated through the target, and some of the electrons are
expelled from the target to make it positively charged, which results
in the ions expanding under Coulomb repulsion. A small fraction of

electrons with very high energy nearly co-propagate with the trans-
mitted laser pulse (as can be seen at 57λ), leading to the formation
of a strong electrostatic field (two AU). Because the electrons escape
from the target in both directions, this results in the generation of a
negative electrostatic field at the target front.

In the case of the overdense target, as seen in Fig. 2(d), at the
later time instant of 70τ, when the whole laser pulse has interacted
with the target, the ions and electrons move nearly together forming
an overlapping double peak structure in space. This results in the
generation of a weak electrostatic field of ∼0.5 AU. These bunches
slowly expand in the target forward direction (rear side) under radi-
ation pressure acceleration. This shows that the laser pulse transfers
its momentum to the electrons and ions and lets them evolve under
this momentum transfer.67,68 Similar to the cold-fluid model, the
position of the maximum electrostatic field is at the minimum of
the electron density, as shown in Fig. 2(c) at the peak interaction
of the pulse. At the later instant (70τ), the position of the peak
electrostatic field cannot be interpreted correctly from the cold-
fluid model, and this difficulty arises from ions being mobile and
electron bunches leaving and re-entering the target, as mentioned
in Ref. 43.

As shown earlier in Fig. 1(a) and elaborated in Fig. 2(a), the
target with peak electron density ne = 3nc becomes transparent near
the peak of the laser field. On the other hand, for the target with
peak electron density ne = 9nc [as shown in Figs. 1(c) and 2(c)], the
laser field fails to pass through the target even at the peak of the
field envelope. To investigate the ion dynamics in more detail and to

FIG. 3. Temporal snapshots of ion phase-space distribution and corresponding energy spectra. (a) and (b) Ion phase-space distribution in blow-out regime (ne = 3nc) of
interaction at two different time instants. (c) and (d) Ion phase-space distribution in opaque regime (ne = 9nc) of interaction at the same time instants. At t = 48τ, the laser
pulse peak is interacting with the target, whereas t = 70τ is long after the driving field has ceased to interact with the target. The color bar for (a)–(d) represents the number
of macroparticles d2Ni/dβidx accelerated in the laser propagation direction with velocity (βi), normalized by the speed of light in vacuum (c), per unit bin in the phase
space. (e) and (f) Ion energy spectra dNi/dℰ corresponding to the interactions represented in (a)–(d). Both targets behave in a reflective manner until near the peak of the
laser pulse envelope reached at t = 48τ. At the peak of the driving field, the foil with ne = 3nc becomes transparent, whereas the one with ne = 9nc remains reflective during
the whole relativistic interaction. The two different behaviors representative of the two different regimes of operation are captured very well in this figure. During the reflective
regime, the phase-space velocity distributions in (a), (c), and (d) have similar folded shapes and peaky features that become significantly different in (b) once the interaction
enters the transparent regime, and the aforementioned similar behavior is a signature in the ion energy spectra. For the reflective part of the interaction [dark shaded curves
in (e) and (d)], the ion energy spectra show distinct quasi-monoenergetic behavior that is retained even after the interaction is over, as seen in the light shaded curve in (f),
but that erodes away once the target enters the transparent regime even partially, as seen in the light shaded curve in (e).
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identify the differences between the regimes of transparency and
opacity, we now analyze the phase-space data and look into the
behavior of the ions in the aforementioned cases in Fig. 3. The ion
velocity in the direction of laser incidence (along decreasing x) in
units of c is represented by βi in the color map, where positive βi in
Fig. 3 indicates ion velocity into the target (from left to right in Figs. 1
and 2). Before the peak of the laser pulse interacts with the target,
in both cases the target remains predominantly reflective, as is evi-
dent from the relatively high contrast of the interference fringes in
the front side of the target [Figs. 2(a) and 2(c)]. From the beginning
of the interaction until this time, the electrons face the increasing
Lorentz push from the laser field and gain energy, which is self-
consistently transferred to the ions via the plasma charge separation
field. As is evident in Fig. 3(a), for the target that eventually becomes
transparent at the peak interaction (48τ), the ions gain in forward
momentum, showing a βi peak located at x = 35.75λ (which is inside
the initial target surface at x = 35λ) in the phase-space velocity dis-
tribution. Note here that the asymmetric bipolar charge separation
field Ex [the different values of the negative and positive peaks in
the red curve in Fig. 2(a)] leads to the asymmetric ion velocity dis-
tribution in Fig. 3(a), being skewed toward the laser propagation
direction. Long after the interaction (at 70τ) in the transparent tar-
get, as shown in the phase-space distribution in Fig. 3(b), we see that
ions have expanded in both directions (front and rear), with a slower
ion expansion at the front side of the target (having a velocity cut-
off near βi ∼ 0.18) than at the rear side (having a velocity cutoff near
βi ∼ 0.27). In this case, because the ions undergo Coulomb repulsion,
they expand in both directions (front and rear) as in Fig. 1(b).

Note here that if the features of the ion velocity distribution
are closely linked with the regimes of transparency during the inter-
action, then at this point one might expect that until t = 48τ both
targets should show qualitatively similar ion phase-space behavior.
This behavior is fully corroborated by the similar features observed
in the opaque region, as shown in Fig. 3(c), near the peak of the pulse.
However, there are few qualitative differences regarding the scenario
in Fig. 3(a). First, in Fig. 3(c) we see that at t = 48τ, the peak of the
βi distribution is located at a higher value compared to the previous
case. Second, in the case of ne = 9nc, the asymmetric phase-space ion
velocity distribution is more skewed. Both these points can be under-
stood well by looking at the Ex field profile in Fig. 2(c), which shows a
higher value of peak field and a sharper field profile inside the target
than in the front side. Therefore, the ions show some expansion at
the target front but are much more piled up within the target thick-
ness, thereby showcasing the buildup of charge as shown in Fig. 3(c).
At a longer time delay after the interaction (t = 70τ), for the opaque
region [Fig. 3(d)], we observe two distinct ion velocity distributions,
with one ion bunch accelerating from the front surface of the target
and another accelerating from the rear surface of the target. Even-
tually, both ion bunches merge to form a single ion distribution at
x = 39λ.

Now we look at the nature of the ion energy spectra for the ions
moving in the direction of laser incidence. The ion energy spectra
when the peak of the laser pulse interacts with the target (t = 48τ)
are shown in black in Figs. 3(e) and 3(f) for both cases (transparent
and opaque). The ion energy peaks and then experiences a sharp cut-
off, which is typical spectral behavior of HB RPA.69 Because before
t = 48τ (peak interaction) the interaction is not yet over and trans-
parency is not achieved, both target conditions are in an overdense

region, where we see the spectral signature of the opaque region. At
this intermediate interaction time, the ion cutoff energy is higher in
the opaque region [Fig. 3(f)] than in the transparent case [Fig. 3(e)]
because of the higher accelerating field operating at that instant.
Also, during the post-interaction phase (70τ), in the transparency
region [Fig. 3(e)], the accelerated ions follow a Plataea structure
with peak energy of ∼30 MeV, whereas there is quasi-monoenergetic
behavior in the opaque region [Fig. 3(f)] with peak ion energy of
∼16 MeV. The peak ion energy from the transparent region and the
cutoff ion energy from the opaque region are ∼30 MeV in these par-
ticular cases. Note that the respective ion energy spectra presented
here correspond to spatially integrated velocity distributions at the
relevant moments. Therefore, in this section we have discussed the
typical features of the interaction, the ion and electron density distri-
butions in the real spatiotemporal domain, the relevant accelerating
fields during and after the interaction, and their consequences for
the ion phase-space distributions and resulting ion energy distribu-
tions for two special cases of interest. This has helped us to identify
the signatures of the two different regimes of interaction. In the
following, we undertake a more systematic study of the effects of
different target and laser parameters on the ion acceleration pro-
cess in our regimes of interest, trying to decipher the generic features
that would allow us to design and establish an approach relevant for
experiments.

III. INFLUENCE OF FOIL THICKNESS AND PEAK
PLASMA DENSITY: TRANSITION BETWEEN
ACCELERATION REGIMES

In this section, we investigate how varying the thickness of the
foil target affects the ion acceleration mechanisms of RIT and RPA.
In Ref. 43, the stationary solutions for the 1D scenario were derived
assuming the validity of the cold-fluid model, which assumes a CP
monochromatic laser pulse interacting with overdense plasma with
a step-like electron density profile in a background of immobile ions.
In the context of the cold-fluid model, at this point we define a
threshold electron density of the target (nth). The threshold den-
sity is the maximum electron density that allows the laser pulse to
transmit through the plasma target. The scaling law for the threshold
density was given in Ref. 45 in the case of a relativistic intense laser
pulse (a0 ≫ 1) incident on a semi-infinite plasma slab. A modified
expression for the threshold density incorporating the effect of tar-
get thickness was presented previously in a phenomenological way
in Ref. 58 as

nth ∼
2λ
9d
(3 +

√
9
√

6a0 − 12)nc. (2)

In the following, we use this expression as a reference model, and
we check its validity via a comparative study of a large number
of PIC simulations. In this context, as a first step, we must define
clearly what we mean by transparent and opaque regimes over our
parameter space of interaction.

To define the transparent and opaque regimes more quanti-
tatively and consistently, we define a parameter ℰt known as the
transmitted energy fraction, i.e.,

ℰt =
∫ η f

ηi
(E2

y + E2
z)∣TF dη

∫ ηi
η0
(E2

y + E2
z)∣IF dη

, (3)
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where Ey and Ez are the transverse components of the propagat-
ing laser field, and η0, ηi, and η f are the respective spatiotemporal
representations for before (interaction has not started), beginning
(initiation of interaction), and end (interaction is over) of the inter-
action regions. Here, η = t − x (t and x are in units of τ and λ, respec-
tively, implying c = 1), and the suffixes IF and TF correspond to
the incident and transmitted fields, respectively. In simulation time,
we have η0 = 0, ηi = 36τ, and η f = 60τ. In Eq. (3), the numerator

∫ η f
ηi
(E2

y + E2
z)∣TF represents the transmitted fluence after the interac-

tion with the target is over, and the denominator ∫ ηi
η0
(E2

y + E2
z)∣IFdη

indicates the incident laser fluence on the target, both expressed in
the same units. Thus, here we have defined the transmitted energy
fraction as the ratio between the transmitted laser energy and the

incident laser energy. This parameter is calculated directly by post-
processing the PIC simulation results. For given target and laser
parameters, ℰt = 1 implies total transmission and ℰt = 0 indicates
no transmission at all, implying that the laser energy is either totally
reflected or absorbed. In a real interaction, the value of the para-
meter lies between these two extremes, i.e., 0≤ ℰt ≤ 1. Thus, using
the criterion of the transmitted energy fraction ℰt of the laser pulse,
we can differentiate between the regions of transparency and opacity
in a quantitative manner.

The color map in Fig. 4(a) shows the variation of the transmit-
ted energy fraction ℰt when the interaction spans a range of target
peak electron density ne/nc ∈ [2, 10] and a sequence of target thick-
ness d/λ ∈ [0.75, 1.55] at each peak electron density. To begin with,
each combination of target peak plasma electron density and target

FIG. 4. Correlation between interaction regime and nature of resulting ion energy spectra: step-density targets. (a) Fraction of laser energy transmitted through target with
varying thickness (d/λ) and peak electron density (ne/nc) at simulation time 70τ. The 2% (black solid line) and 40% (black dashed line) transmitted energy fractions are
shown, with the 40% black dashed line indicating the threshold target density (nth) for relativistically induced transparency (RIT) for varying target thickness. The analytically
predicted threshold target density [Eq. (2)] is shown with a white dashed line and is consistent with the 40% iso-line obtained from particle-in-cell (PIC) simulations. The
color bar shows the laser pulse energy transmission coefficient (ℰt) as in Eq. (3). The target density ne = 5nc and thickness d = 1.15λ are marked with horizontal and
vertical gray lines in (a). In (b), the ion energy spectral map with varying target thickness is presented for the threshold density of ne = 5nc [along the horizontal iso-density
gray dashed line in (a)]. In (c), the ion energy spectral map for the target thickness of d = 1.15λ is presented with varying target density [along the vertical iso-thickness
gray dashed line in (a)]. Note that the color map for ion energy is plotted in logarithmic scale. The spectral map in (b) and (c) shows unequivocally that as the interaction
enters from transparency into the opaque regime [across the 2% iso-transparency black solid curve in (a)], the accelerated ion energy spectra goes from exponential to
quasi-monoenergetic peak structures irrespective of whether it is along the iso-density line or along the iso-thickness line. This establishes a consistent correlation between
the regime of interaction and the nature of ion energy spectra over a wide range of parameter space. To probe this point further, we plot the ion energy spectral map along
different iso-thickness lines with varying peak target density. (d) Shows the ion energy spectral map iso-thickness lines through the red semitransparent circles in the black
curve separating the transparent and opaque regimes in (a). The black dotted lines in (b)–(d) represent the cutoff ion energy in both regions, whereas the orange dashed
contour lines in (d) mark the peak ion energy in the relativistic transparency region. The black arrows in the ion energy spectral maps in (b)–(d) mark the interaction conditions
corresponding to the (ne/nc , d/λ) pairs on the black solid curve in (a) [identifying with the target conditions indicated by each circle shown in (a)] emphasizing the transition
phase between the regimes, i.e., from transparent to opaque conditions through the 2% iso-transmission curve. A clear correlation can be seen between ℰt and d. The color
bar above (b) shows the number of ions accelerated and represents (b)–(d). All the spectra are for time 70τ.
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thickness corresponds to a nominally overdense regime, implying
complete light reflection in the case of a nonrelativistic laser peak
intensity from the plasma critical density layer nc. At our laser
peak intensity, relativistic effects come into play. For the given laser
parameters, interaction on this 2D target parameter space clearly
brings out several features. First, along any vertical (increasing tar-
get peak electron density along a line of constant target thickness)
or horizontal (increasing target thickness along a line of constant
peak electron density) line on the color map in Fig. 4(a), the tar-
get becomes more reflective. Second, there is a clearly demarcated
opaque region in the 2D parameter space along with a gradually
increasing transparent regime. To define the transparency thresh-
old, we define an iso-line at ℰt = 0.02 below which we consider
the target to be transparent. Thus, the black solid iso-line marked
at 2% transmitted energy fraction indicates the maximum limit in
threshold density (nth) for the laser pulse to undergo transmis-
sion or reflection from the target. The 40% black dashed iso-line
of transmitted energy fraction shows remarkable matching with the
variation of threshold density obtained under the cold-fluid approx-
imation (the white dashed curve) using Eq. (2). Figure 4(a) shows
that when the target thickness (d/λ) is approximately doubled, the
threshold density (nth) halves, i.e., from 6nc at 0.75λ to 3nc at 1.55λ.
Increasing the target thickness (from 0.75λ to 1.55λ) and density
(from 2nc to 10nc) increases the target areal density (∝ned). There-
fore, the incident laser field on the target is insufficient to remove
a substantial amount of electrons from the target to achieve RIT
and thereby reflect the pulse from the surface of the thicker tar-
get with higher electron density. This regime of ion acceleration
lies under HB RPA. Thus, one can effectively control the transi-
tion from transparency to opacity by tuning the target thickness and
density.

We now investigate the correlation between interaction regime
and the nature of the ion energy spectra to see whether the under-
standing developed in Sec. II for two specific cases can be validated
over a wider parameter range. To elucidate this process of tran-
sition, we present the ion energy spectral map in Fig. 4(b) at
a fixed electron density (ne = 5nc) and varying target thickness
(d/λ). In this case, the target density is chosen in such a way
that it can cover both regions, i.e., transparent (RIT) and opaque
(RPA), over the range of target thickness [along the horizontal
gray dashed line in Fig. 4(a)]. For the first half of the thickness
variation (i.e., for d < 1.15λ), the condition satisfies RIT where the
cutoff energy reaches a maximum of up to 90 MeV following the
energy distribution as previously observed in Fig. 3(e). On the other
hand, for target thicknesses of d > 1.15λ, a quasi-monoenergetic
spectrum is observed akin to that in Fig. 3(f), with the constant
peak ion energy peak at 20 MeV and cutoff energy of ∼55 MeV.
It is evident from Fig. 4(a) as well that for ne = 5nc, the iso-
density line crosses the transparency threshold curve (ℰt = 0.02) at
d = 1.15λ, and the target starts to become opaque for all thicknesses
d > 1.15λ. Therefore, we can refer to the thickness d = 1.15λ as a
transition thickness between these two regimes. This point repre-
senting the change in the ion spectra is marked with an arrow
in Fig. 4(b).

Similarly, Fig. 4(c) shows the ion energy spectral map for
fixed target thickness (d = 1.15λ) while increasing the target den-
sity from 2nc to 10nc. We observe similar behavior in the ion energy
spectrum as in the case of the fixed-density (5nc) target shown in

Fig. 4(b). Because ne = 5nc is the threshold density (marked with
an arrow) for the target thickness of 1.15λ, it acts as a transition-
ing density point. For ne < 5nc, the target undergoes transparency,
and we observe the representative ion energy spectrum with cutoff
energy increasing from 40 MeV for the target with near-critical den-
sity to 90 MeV for the target with higher density. By contrast, for
ne > 5nc, the spectral features highlight quasi-monoenergetic behav-
ior. However, in this case, we observe the reduced cutoff energy
from 40 MeV (threshold density ne = 5nc) to 25 MeV (overdense
target ne = 10nc) as well as peak ion energy from 20 to 15 MeV.
Because the target densities ne > 5nc are in the opaque region,
the laser ponderomotive push is not strong enough to remove
all the electrons from the target, resulting in a weak accelerating
field that consequently restricts the ion energies within a certain
limit.

In addition, in Fig. 4(d) we present the ion energy spectral map
with varying target density for four different target thicknesses cor-
responding to those indicated with circles filled in different shades
of red lying on the threshold density curve in Fig. 4(a). These
exhibit the typical nature of the energy distribution in the trans-
parent region (RIT) and quasi-monoenergetic distribution of the
ion energy spectrum in the reflected regime (RPA). For each tar-
get thickness, the threshold density acts as a transitioning point,
which is consistent with the transmitted energy fraction iso-line
(2%) in Fig. 4(a). Additionally, we see that the peak ion energy (yel-
low dashed in transparent region and dark blue in opaque region)
follows a similar trend to that of the ion cutoff energies (black dot-
ted lines) for all the target thicknesses over the varying target density
(2nc to 10nc).

Therefore, the maximum ion cutoff energy at the target thresh-
old densities for all the target thicknesses (0.75λ, 0.95λ, 1.15λ, 1.35λ,
and 1.55λ) reaches 90 MeV. Also, the maximum ion cutoff energy
is obtained in the RIT domain, ranging from ∼40 to ∼90 MeV,
which is significantly higher than that achieved in HB RPA (∼25 to
∼40 MeV). In other words, the transition point between the RIT and
RPA regimes is the key criterion for achieving maximum ion energy,
where RIT determines the maximum ion cutoff energy and the HB-
RPA region is the criterion for achieving quasi-monoenergetic peak
ion energy (maximum ∼20 MeV). Hence, one can benefit from the
transition between different regimes of ion acceleration depend-
ing on the ion energy requirement for the given the experimental
conditions.

IV. CONTROLLING PROTON ACCELERATION:
FOIL WITH PLASMA DENSITY GRADIENT

In a realistic experimental scenario, the driving laser pulse
always has a limited temporal contrast, which expands the target
front surface and gives rise to the plasma gradient before the peak
of the main laser is incident on the target. For the thin targets that
are essential for applications involving ion acceleration with mecha-
nisms such as HB70 or relativistic transparency,46 if the laser contrast
is poor, then the target can be destroyed before the peak of the laser
pulse can interact with it. The influence of pulse temporal contrast
on the acceleration process in the case of optically thicker targets
has been observed experimentally.71 Thus, in all these experiments,
the prerequisites are (i) high temporal contrast (typically ≥10−12) of
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FIG. 5. Correlation between interaction regime and nature of resulting ion energy spectra: foils with varying plasma gradient scale lengths. (a) Fraction of transmitted laser
energy for varying plasma scale length (L/λ) and density (ne/nc). The color bar shows the energy transmission coefficient (ℰt) as defined in Eq. (3). The black solid line
corresponds to 2% transmitted energy fraction, and the black dashed line corresponds to 40% transmitted energy fraction. (b) and (c) show the ion energy spectral maps
with varying scale lengths for ne = 3nc [dashed white line (a)] and 9nc [dashed green line (a)], respectively. The black dashed contour lines in (b) and (c) mark the maximum
or cutoff ion energy in each case. The color bar on top of (b) represents the number of particles accelerated per energy bin at the corresponding energy.

the main interacting laser and (ii) separate fine control of the tar-
get plasma density gradient.72 Thus the impact of plasma density
gradient on the physics under discussion cannot be overempha-
sized. In this section, we investigate how the plasma density gradient
influences the ion acceleration process.

In this study, we used a 0.75λ-thick foil target with an expo-
nential density profile n(x) = n0 exp(−(x − 35)/L) at the front side
of the target as an extra controlling parameter for the interaction,
where n0 and L are the peak electron density and plasma scale length,
respectively. In Fig. 5(a), we vary the target peak electron density
and the plasma density scale length (L/λ) and plot the transmit-
ted energy fraction as a function of these two parameters. Altering
the target density gradient significantly affects the threshold den-
sity criteria. Similar to the case of thickness variation for the step
target density profile, here as well we sketch iso-lines along the dif-
ferent scale lengths for 2% and 40% of light energy transmission
through the target. With increasing scale length, the transmitted
energy fraction of the laser pulse decreases for a fixed laser inten-
sity. Subsequently, the target threshold density (nth) reduces by
∼30% because of the increase in overall areal density of the target.
Also, we observe that the iso-lines (2% and 40%) for the case of
varying scale length [Fig. 5(a)] show slightly higher threshold den-
sity compared with the case of step-like target thickness variation
[Fig. 4(a)].

Furthermore, Figs. 5(b) and 5(c) show the spectral features of
ion energy as a function of scale length for the relativistic trans-
parency [ne = 3nc marked with the white dashed line in Fig. 5(a)] and
overdense [ne = 9nc marked with the green dashed line in Fig. 5(a)]
regions, respectively. In Fig. 5(b), the ion energy spectra show fea-
tures similar to those in Fig. 3(e). In this case, the ion cutoff energy
increases almost linearly from ∼45 to ∼80 MeV with increasing
scale length. The peak ion energy increases from ∼40 to ∼65 MeV,
closely following the behavior of the cutoff energy. On the other
hand, in Fig. 5(c), the ion energy spectrum in the overdense region
(ne = 9nc) shows a significantly low increase in the ion cutoff energy
from ∼30 to ∼40 MeV over the entire range of target scale length.
However, the peak ion energy is maintained at nearly ∼19 MeV
with energy spread Δℰ/ℰ ∼ 2.8% for sharp gradient (L/λ = 0) and

7.4% for long gradient (L/λ = 0.80), where ℰ is the peak ion energy
and Δℰ is the FWHM of the peak energy. This highlights the
quasi-monoenergetic feature from the overdense plasma target. In
addition, for a fixed scale length, if we scan the target density (from
2nc to 10nc), then we can transit from transparency to opacity inter-
changeably in a continuous manner, thus changing the ion energy
spectrum to the quasi-monoenergetic distribution. Therefore, con-
trolling L/λ is essential for controlling the ion energy distribution
and acts as an extra optimization parameter for producing energetic
protons.

Experimentally, controlling L/λ is done very easily by control-
ling the delay of a pre-pulse arriving before the main pulse starts
interacting with the target. Optimizing pre-plasma using a pre-
pulse has been used routinely in several experiments. The pre-pulse
can be extracted from the main pulse by using a holey mirror15,73

or by picking up a small portion of the main beam with a small
mirror,72,74 and the delay can be controlled with a separate delay
stage.

V. CHIRP CONTROL OF FOIL DYNAMICS
ON GRADIENT TARGET

In addition to controlling the target plasma characteristics,
the ion acceleration in laser–plasma interaction can be optimized
greatly by tuning the optical parameters of the drive laser.75–78 The
influences of laser polarization, pulse duration, and peak inten-
sity under different target conditions have been touched upon
previously,38,47,79–82 and the potential of the relativistic transparency
regime has been demonstrated experimentally.50,83 Here, we intro-
duce a frequency chirp in the driver pulse, which is relatively easy to
control in an experiment, and we investigate how it affects the accel-
eration process. The frequency chirp is introduced within the phase
function ϕ(η) = 2π[η + g(η, ζ)] in the expression for the laser field
in Eq. (1), where the chirp function g(η, ζ) is defined as

g(η, ζ) = (ζ[4 ln (2) η2

τ2
FWHM

+ π2τ2
FWHM

4 ln (2)(1 + ζ2)
] + tan−1(ζ)

2
) 1

2π
,

(4)
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FIG. 6. A simplified picture illustrating the influence of laser chirp. Upper panels: temporal profiles of a circularly polarized (a) negatively chirped (ζ = −5), (b) unchirped
(ζ = 0), and (c) positively chirped (ζ = +5) laser pulse. The projected transverse field components ay(t) and az(t) are presented as gray solid lines plotted on the
respective transverse planes. The variation in time-dependent frequency of the laser pulse as shown in the color bar [Ω(t) as defined in Eq. (5)] is encoded on the color
variation across the circularly polarized laser field. The pulse peak here is located at t = 0. Ω(t) = 1 represents the carrier frequency, and negative t indicates early in the
interaction. Lower panels: color maps of ratio of time-dependent laser pulse amplitude a(t) and parameter ξ(t) [defined in Eq. (6)] during first half of interaction (the time axis
covers the range from the start of the laser pulse at −8τ to the peak of the pulse intensity at t = 0) for the step target case over a range of target densities for (d) negatively
chirped, (e) unchirped, and (f) positively chirped pulse scenarios. The black contour lines are plotted at a(t)/ξ(t) = 0.7 (in opaque region), 1.0 (in threshold region), and
1.5 (in transparent region) for the fixed density case of ne = 6nc (black horizontal solid line). As is evident, if the target remains unchanged during the interaction, then in (d)
for the negatively chirped case, before the peak of the laser pulse intensity, the interaction at an initial target density of ne = 6nc enters the transparent regime of operation.
(e) The transparent regime is approached near the peak of the pulse for ζ = 0, and (f) the same target meets the transparency condition after the peak of the laser pulse for
ζ = +5.

where ζ is the chirp parameter, and Ω(η) is the instantaneous
frequency given by

Ω(η) = 1
2π

∂ϕ(η)
∂η

= 1 + ∂g(η, ζ)
∂η

= 1 + ζ
4 ln (2)
πτ2

FWHM
η. (5)

In these units, Ω = 1 represents the central (at the peak of the
pulse) carrier frequency of the pulse in the unchirped (ζ = 0) case.
This functional definition was first proposed in Ref. 77 as a chirped
plane-wave model. However, a modification is made to take advan-
tage of preserving the peak field amplitude of the pulse during any
variation in the chirp.78 This is done to ensure that when we inves-
tigate how the chirp parameter ζ affects the interaction, we can keep
the other laser parameters fixed. To simplify the representation, in
the following discussion we interchange η with t in the expressions
without any loss of generality.

With the chirped Gaussian pulse defined above, we modified
the PIC code to incorporate such a CP field and then performed
a series of simulations to investigate how frequency chirp affects
ion acceleration. Figure 6 shows the (a) negatively chirped, (b)
unchirped, and (c) positively chirped laser pulses used in the sim-
ulation. The time-dependent instantaneous frequency of the pulse

[Ω(t)] is shown with the color axis Figs. 6(a)–Figs. 6(c). In these
particular plots, the peak of the laser field envelope is located at
t = 0, and negative time indicates earlier in the interaction. The chirp
is defined in such a way so that for a negatively (resp. positively)
chirped pulse, the high-frequency (resp. low-frequency) compo-
nents interact with the target first, followed by the low-frequency
(resp. high-frequency) components.

Before we delve into the results of the fully relativistic PIC sim-
ulations, we discuss here pedagogically the impact that chirp might
have by extending the constant parameter ξ0 introduced earlier to
an equivalent time-dependent form. Because a chirp in the laser
pulse signifies a change of laser frequency with time, the correspond-
ing plasma critical density also becomes time dependent, i.e., nc(t)
= (nc)ω0 Ω(t)2. The chirped CP plane-wave pulse can be considered
conceptually as a superposition of all the monochromatic CP plane
waves constructed with strength proportional to the instantaneous
field envelope and frequency equal to the instantaneous frequency
at all times. Hence, the constant parameter ξ0 also changes and is
redefined to its instantaneous form as follows:

ξ(t) = (ne

nc
)

Ω(t)
dπ

λΩ(t)
= (ne

nc
)

ω0

dπ
λ

1
Ω(t) =

ξ0

Ω(t) . (6)

Thus, the ratio relevant to the condition of transparency discussed
previously in Sec. II now becomes a(t)

ξ(t) =
a(t)Ω(t)

ξ0
.

Matter Radiat. Extremes 8, 054001 (2023); doi: 10.1063/5.0151751 8, 054001-10

© Author(s) 2023

https://pubs.aip.org/aip/mre


Matter and
Radiation at Extremes

RESEARCH ARTICLE pubs.aip.org/aip/mre

The color maps in Fig. 6 plot the value of this ratio for a
step target with initial thickness of d = 0.75λ and different target
peak electron densities at different instants of time. We emphasize
here that this oversimplified description does not take into account
(among many things) the dynamics of the target, treating the situa-
tion as stationary at each time instant. Nevertheless, as we will see,
the discussion provides some insight into how the sign of the chirp
affects the interaction. Under these conditions, the different cases
for negatively chirped (ζ = −5), unchirped (ζ = 0), and positively
chirped (ζ = +5) pulses and a step-like target of finite thickness are
shown in Fig. 6(d)–Figs. 6(f), respectively.

The main difference between the transparent and opaque
regime of operation can be distinguished by the ratio of time-
dependent laser pulse amplitude a(t) and the parameter ξ(t).
As mentioned in Ref. 38, the condition a0/ξ0 > 1 indicates the
region of operation in relativistic self-induced transparency, and
a0/ξ0 ≤ 1 refers to radiation pressure acceleration. Therefore, in
Fig. 6(d)–Figs. 6(f), we show the time-dependent ratio of a(t) to
ξ(t) as color maps for varying target density (ne/nc) and time (t/τ)
in order to identify the instant of time (if any) until the peak of the
pulse, at which the target reaches the condition of transparency. In
our present illustration, the pulse reaches peak amplitude at t = 0.
We consider the time up to the peak amplitude, i.e., from −8τ to
zero to plot the ratio a(t)/ξ(t). Now, to understand the regions
of transparency and opacity, we specifically consider the case for
a peak density of 6nc shown with a solid horizontal black line
along with three important regions marked with contour lines at
a(t)/ξ(t) = 0.7 in the opaque region, a(t)/ξ(t) = 1.0 in the tran-
sition or threshold region, and a(t)/ξ(t) = 1.5 in the transparent
region in Fig. 6(d)–Figs. 6(f).

Before proceeding, we make some observations. First, for the
negatively chirped pulse [Fig. 6(d)], because the higher-frequency
components of the pulse are interacting at the beginning (t ≤ 0),
the majority of the field cycles interact up to t = 0. By contrast, for
the positively chirped pulse [Fig. 6(f)], the low-frequency cycles of
the pulse interact with the target initially, therefore the number of
field cycles that interact up to the peak (t ≤ 0) is much less than
in Fig. 6(d). Second, according to the ratio a(t)/ξ(t), at the peak-
field instance (t = 0) for the unchirped pulse [Fig. 6(e)] at ne = 6nc
(horizontal black line), the transparency condition is achieved. By
contrast, for the negatively [Fig. 6(d)] and positively [Fig. 6(f)]
chirped pulses, the transparency condition is achieved at slightly
higher target density (approximately ne = 6.25nc). Thus, we note that
this crossover is before t = 0 for the negatively chirped pulse and
after t = 0 for the positively chirped pulse.

In the real interaction, for the normally incident CP laser
pulse, the laser field will propagate dynamically into the tar-
get plasma reaching the critical electron density layer before
being reflected. From the reflection surface, the light field will
penetrate to skin depth and the ponderomotive push of the
laser will pile up electrons inside the target, leading to a
dynamic in the electron density profile.64,84 For ζ = −5, the higher-
frequency initial part will only start piling up electrons after
propagating deeper inside the target compared to the lower-
frequency trailing part of the laser. On the other hand, at ζ = +5,
the lower-frequency leading part will start spiking the electron
density, which when done optimally will reflect the following
higher-frequency light more efficiently. Thus, unlike the simplistic

picture presented in Fig. 6(d)–Figs. 6(f), in the case of a longer
ramp in the target electron density, the laser ponderomotive pres-
sure can be expected to be more effective in the case of ζ = +5 in
pushing the electrons out of the target and rendering the target
transparent, compared to the case when ζ = −5, because a longer
ramp helps the snow-ploughing effect.72,84 Thus, a priori, one might
expect less dependence on chirp in the case of step-density targets.
In the following, we study this remarkable effect of laser chirp on
the previously mentioned step-like foil target having a front density
gradient akin to that in Sec. IV.

In Fig. 4(a) and 5(a), we have already discussed the effect of
target thickness and density gradient on the transmitted energy frac-
tion in the case of unchirped CP pulses. Now, we expand this idea
to chirped laser pulses. Figure 7 shows the transmitted pulse energy
fraction for a negatively chirped pulse [Fig. 7(a)] and a positively
chirped pulse [Fig. 7(b)] over variable scale lengths and densities.
In both cases, two iso-lines are drawn at 2% (black solid) and 40%
(black dashed) transmitted laser pulse energy. For the negatively
chirped pulse in Fig. 7(a), the threshold density decreases by only
∼10% over the entire range of scale length, while compared with
Fig. 5(a), the change in threshold density with scale length is min-
imal. This is evident in the transparent region, where we observe
that up to 4nc, almost the entire pulse energy is transmitted through
the target for all scale lengths (L = 0 to 0.8λ). On the other hand, for
the positively chirped pulse in Fig. 7(b), at 40% laser energy trans-
mission (black dashed), we see a reduction in threshold density of
∼50% for varying target scale length, whereas for the 2% iso-line
(black solid), we first observe a decrease of ∼14% in target thresh-
old density up to L = 0.4λ, then from L = 0.4λ to 0.8λ, the threshold
density increases by nearly 33%. Therefore, the gap between the 2%
and 40% transmitted energy fraction iso-lines widens in comparison
with the case for the negatively chirped pulse. This effect is due to
continuous compression and piling of electrons at the rear side from
the low-frequency cycles at the beginning of the interaction with the
target, followed by the high-frequency cycles that push them out of
the target surface, thereby resulting in continuous transmission of
laser energy from the target.

While considering the 2% iso-line, we have observed that one
can achieve a higher threshold density in the case of the positively
chirped pulse. This implies that experimentally it could be possible
to switch the domain of interaction from opaque to transparent just
by controlling the chirp parameter. One such contrasting point in
the laser–matter parameter space is indicated using the black cir-
cles with gray fill in Figs. 7(a) and 7(b) (representing a peak density
of 5.6nc and a scale length of 0.7λ). In previous sections, we have
observed that over the parameter space of interest in this work,
the accelerated ions show quasi-monoenergetic spectral features in
the opaque regime of operation, whereas in the transparent regime,
the ion spectra have shown flat behavior and sharp cutoffs. Nev-
ertheless, we notice that the bipolar accelerating field generated in
the transparent case as shown in Fig. 2(a) shows a nice smooth
peak profile located at the exit end of the target ion density pro-
file. This gives us the idea of adding a thin low-density layer at
the back of our initial target and seeing whether we can benefit
from this accelerating charge separation field and accelerate ions of
choice. Therefore, to probe whether the transmitted laser pulse can
allow us to accelerate quasi-monoenergetic ions, we add a thin layer
(thickness 0.2λ) of low-density (ne = 0.1nc) hydrogen behind the
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FIG. 7. Upper row: laser pulse transmitted energy fraction [ℰ(t)] for (a) nega-
tively and (b) positively chirped pulse with varying target density (ne/nc) and scale
length (L/λ). Similar to the above figures, the iso-lines for transmitted laser energy
fraction are marked at 2% (black solid) and 40% (black dashed). The shaded
squares (black square with gray fill or the reverse) on the colormap in (a) and (b)
indicate the specific transparency conditions corresponding to the primary target
electron density. The point marked with the black circle with gray fill in (a) and (b)
identifies the target conditions at which the transparency difference due to positive
and negative chirp is maximum. Lower row: ion energy spectrum from (c) primary
layer (PL) with peak density of 5.6nc and scale length of 0.7λ and (d) secondary
layer (SL) with thickness of 0.2λ and density of 0.1nc for unchirped (maroon solid),
positively chirped (yellow solid), and negatively chirped (black solid) pulses. The
spectra were obtained at a simulation time of 70τ.

main target of thickness 0.75λ. For the main target, we use
variable peak densities (2nc to 10nc) and gradient scale lengths
(0 to 0.8λ). This results in re-configuring the target geometry to
a double-layer target. The parameters for this thin layer are cho-
sen so that the electrostatic field created by the main target layer
remains unaltered. In what follows, we refer to the main target as
the primary layer (PL) and the additional target as the secondary
layer (SL).

In Figs. 7(c) and 7(d), we present the ion energy spectra for
the cases of an unchirped pulse (ζ = 0) and positively (ζ = 5) and
negatively (ζ = −5) chirped pulses. The respective ion energy spec-
tra from the PL with peak density of 5.6nc and scale length of 0.7λ
are shown in Fig. 7(c). In Fig. 7(d), we show the ion energy spectra
from the SL with the aforementioned parameters. Here, we choose
the PL parameters so that ∼20% of the laser pulse energy propagates
through the target [see the black circle with gray fill in Figs. 7(a)
and 7(b)]. As mentioned previously, in this case, only the positively
chirped pulse allows transmission of the laser pulse through the PL.
For the negatively chirped and unchirped pulses, the transmission
coefficient is close to zero. Previously in Sec. II, we established that

in the transmission region, the ion energy spectrum has a near-
Maxwellian distribution, whereas a quasi-monoenergetic feature is
observed in the opaque region. In Fig. 7(c), we observe similar char-
acteristics of a Maxwellian distribution in the ion energy spectrum
for the positively chirped pulse and quasi-monoenergetic features
from the negative and unchirped laser pulses. The cutoff ion energy
is slightly higher than 60 MeV for the positively chirped pulse and
∼60 MeV for the negatively chirped pulse, whereas for the unchirped
pulse, the ion cutoff energy is ∼40 MeV. Thus, one can utilize chirped
pulses to effectively enhance the ion cutoff energy in both regimes
(transparency and opacity).

Furthermore, in Fig. 7(d) we show the significance of the SL in
the transparency regime. Because only the positively chirped pulse
allows the laser to transmit through the PL for a specific set of para-
meters as indicated in Fig. 7(c), a monoenergetic ion bunch with
a peak energy of 35 MeV and a cutoff energy close to 45 MeV is
observed. Thus, with an SL and a target with suitable parameters,
one can obtain monoenergetic bunches in a controlled manner. By
contrast, for the negatively chirped and unchirped pulses, because
the PL parameters lie in the opaque region, we observe a clear quasi-
monoenergetic spectral signature in the ion spectra from the PL
peaking at 20 MeV [Fig. 7(c)] and negligible ion energies from the
SL [Fig. 7(d)].

VI. TUNING INTO QUASI-MONOENERGETIC
ION SPECTRUM

The key aspect from Sec. V is that by using chirped pulses,
one can precisely control the laser transmission through the target
with specific properties, or in other words, enhance the thresh-
old density of the target for the incident laser pulse. In Fig. 7(d),
we also observed that using an additional layer behind the main
target (double-layer target) leads to the generation of monoener-
getic ion bunches in the transparency region. Detailed modeling
of optimizing the parameters of a double-layer target has been
proposed previously in a different context.8 Here, we keep the con-
figuration of the second layer fixed and look more into the physics
aspects. More specifically, to gain further control over the ion energy
spectra, we investigate spectral features from both layers indepen-
dently while controlling the target species and establish the proof
of principle.

Toward achieving this goal, we have used a target composed of
two layers of different species, i.e., deuterium in the PL and hydro-
gen in the SL. The target peak densities of the PL are similar to those
in Sec. IV, i.e., ne = 3nc corresponding to the transparent region and
ne = 9nc corresponding to the opaque region. Also, the double-layer
thicknesses (PL: 0.75λ; SL: 0.2λ) are kept similar to those in Figs. 7(c)
and 7(d) with a scale length of L = 0.4λ. The ion energy spectra are
presented in Fig. 8 for an unchirped pulse and positively and nega-
tively chirped pulses, where Figs. 8(a) and 8(c) are for the deuterium
target (PL) and Figs. 8(b) and 8(d) are for the hydrogen layer (SL).
In Fig. 8(a), we see a spectral signature similar to a Maxwellian dis-
tribution, peaking near the cutoff energy as in Fig. 3(e) at 70τ. For
the negatively chirped pulse, there is a 50% reduction in ion cutoff
energy compared with the positively chirped and unchirped pulses.
For this specific set of parameters (ne = 3nc, d = 0.75λ, L = 0.4λ), the
transmitted energy fraction is substantially higher in the negatively
chirp pulse, so the charge separation field cannot be sustained for a
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FIG. 8. Ion energy spectra from double-layer target composed of deuterium (PL)
and thin (0.2λ) low-density (0.1nc) hydrogen (SL). (a)–(d) show the ion energy
spectra from both layers for a PL with a peak electron density of 3nc and 9nc ,
respectively, and with a scale length of 0.4λ in all cases. The colors of the traces
indicate the laser chirp conditions: positively chirped (yellow solid), unchirped
(maroon solid), and negatively chirped (black solid). The shaded squares (black
square with gray fill or the reverse) on the top left corner of each sub-figure
correlates with those marked in Figs. 7(a) and 7(b) identifying the transparency
conditions corresponding to the primary target electron density.

longer duration to effectively accelerate the ions. On the other hand,
the numbers of charged particles being accelerated are almost the
same for all three cases.

Figure 8(b) shows the accelerated ion energy spectra from the
SL when the density in the PL is 3nc. For the negatively chirped
pulse, we see prominent monoenergetic ion bunches with a peak
energy of ∼22.6 MeV and an energy spread of Δℰ/ℰ ∼ 28.6%. For
the positively chirped pulse, the peak energy and energy spread are
∼41.7 MeV and Δℰ/ℰ ∼ 18.29%, and for the unchirped pulse, they
are ∼43.0 MeV and Δℰ/ℰ ∼ 19.8%, respectively. The reason behind
such monoenergetic behavior in the ion spectra as reconstructed
from the PIC simulation results lies in the dynamics of the charge
separation field. Figure 8(c) shows the ion energy spectra from the
relativistically overdense PL (deuterium), whereas Fig. 8(d) shows
the spectra from the SL (hydrogen). The spectra from the PL exhibit
similar characteristics to those in Fig. 3(f) for a single-layer target
with the same target parameters. In Fig. 8(c), all three cases result in
the peak ion energy being at the same position of almost 10 MeV,
with different cutoff energies. The maximum ion cutoff energy for
the positively and negatively chirped pulses is ∼30 MeV, whereas for
the unchirped pulse it is ∼20 MeV. For this density, the created elec-
trostatic field is much lower than the case for ne = 3nc, as is evident
from Fig. 2(d) in Sec. II for the unchirped pulse with a single tar-
get, but this lower electrostatic field remains in the vicinity of the
target surface. Because the laser pulse does not transmit through the
target under these interaction conditions, low-energy ion bunches
were observed from the SL as shown in Fig. 8(d). The maximum ion

energy of the bunches reaches 4 MeV only for the positively chirped
pulse.

Therefore, note that one can generate quasi-monoenergetic
bunches from either the single-layer target in the opaque region
or the SL in the transparent region. Also, the spectra give a clear
indication about the target species being accelerated.

VII. ION BEAM QUALITY AND INFLUENCE OF LASER
FOCUSING ON ACCELERATION REGIMES

To probe the interaction more deeply and to validate our
previous observations, we conducted 2D fully relativistic PIC sim-
ulations using the WarpX code,85 in which a Gaussian laser pulse
(Gaussian in both space and time) with a wavelength of 1 μm, a
duration of 10.0 fs (FWHM of the intensity profile) as in the 1D
PIC simulations, and a beam waist (1/e2 of the radius of the inten-
sity spatial profile at focus) of 8 μm was normally incident on a
double-layer plasma target. The laser and target conditions were
similar to those in Fig. 8, with the PL target comprising deuterium
with a thickness of 0.75 μm and the SL comprising hydrogen with
a thickness of 0.2 μm. The simulation box was 30 × 30 μm2 with
the double-layer target located at the center (x = 0). The simula-
tions involved a spatial resolution of 170 cells per wavelength and
with four ions and six electrons in each dimension. We consid-
ered an exponential density ramp with a scale length of 0.4 μm in
front of the composite target. For the PL, we considered the two
electron densities of ne = 3nc and 9nc, while that for the SL was
ne = 0.1nc.

Figure 9 shows the 2D PIC simulation results for the trans-
parent (upper panel) and opaque (lower panel) regimes, featuring
the ion densities and energy spectra from the PL and SL for an
8 μm focal spot. Figure 9 captures a time snapshot of the process
long after the interaction is over, with the laser pulse having already
left the simulation box from either the right (post-transmission)
or left (post-reflection) side. Figure 9(a) shows clearly that the tar-
get ions are expanding with a higher rate in the laser propagation
direction, and the SL ions have moved ahead of the PL ions; as is evi-
dent, because of the lower mass of ions in the SL, they move faster
than those in the PL given the same accelerating field. By contrast,
Fig. 9(d) shows that as the laser pulse impinges on the target, the tar-
get ions expand from both the front and back surface, and this leads
to the formation of a double-peak structure in the ion density pro-
file as in Figs. 1(d)–Figs. 1(d). Although the ions in the SL are lighter
in mass, they remain close to the PL ones because they experience
a reduced charge separation field at the rear end of the target. This
nature of the PL ion density accords with the 1D behavior as seen in
Figs. 1(b) and 1(d).

Next, Fig. 9(b) shows the ion energy spectra from both lay-
ers (PL and SL) for the relativistic transparency region (ne = 3nc).
In this case, the ions in the PL exhibit a spectral signature simi-
lar to a Maxwellian distribution, as in Fig. 8(a) for the unchirped
pulse, with a cutoff energy of ∼20 MeV. By contrast, the ion spec-
tra from the SL are mono-energetic, peaking at ∼24 MeV and with
an energy spread of Δℰ/ℰ = 25.9%. The ion energies (peak and cut-
off) obtained from the 2D PIC simulations are slightly lower than
those from the 1D ones, but the 2D ones reproduce qualitatively the
characteristics of the ion spectra. Meanwhile, Fig. 9(e) shows the ion
energy spectra from the overdense region (ne = 9nc). Here, from the
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FIG. 9. Target ion density maps for PL (deuterium) and SL (hydrogen) are shown in (a) for ne = 3nc (transparency regime) and (d) ne = 9nc (reflection regime). The color bars
represent the ion densities on a logarithmic scale for both species, in yellow-green for D+ and yellow-red for H+. (b) and (e) Ion energy spectrum corresponding to central
line outs for ne = 3nc and 9nc , respectively (PL: deuterium layer in blue and SL: hydrogen layer in orange). The angular energy distribution of the predominant species is
shown with the polar plots for both cases in (c) H+, 3nc and (f) D+, 9nc . The color bar represents the number of ions accelerated at a certain angle with a specific energy in
megaelectronvolts. The ion energy 2D spatial distributions and the spectra were obtained at t = 48.8τ, i.e., 24τ after the peak interaction of the laser pulse with the target,
similar to the condition in the 1D simulations.

PL we observe a quasi-monoenergetic ion spectrum similar to that
in Fig. 8(b) for the unchirped pulse, with a peak energy of ∼11 MeV,
an energy spread of Δℰ/ℰ = 8.5%, and a cutoff energy of 22 MeV,
whereas the ions from the SL contribute only a few megaelectron-
volts. The ion energy spectra from the overdense region (ne = 9nc)
agree closely with the 1D PIC simulation results as shown in Fig. 8(b)
and 8(d).

Figures 9(c) and 9(f) show the polar ion energy spectral map
from the target layers to investigate the divergence of the ion
beams. Figures 9(c) corresponds to the H+ ion spectrum shown
in Fig. 9(b), whereas Fig. 9(f) corresponds to the D+ ion spectrum
shown in Fig. 9(e). These two simulation cases exhibit monoen-
ergetic and quasi-monoenergetic spectral characteristics. Although
the ion divergence in Fig. 9(c) is moderately higher than that in
Fig. 9(f), an interesting feature is observed in Fig. 9(c), where
ions in the central area (center of the laser focus) accelerate with
higher energy compared to those in the peripheral area. This is
because ions at the focal center experience higher laser intensity
and are pushed by the driver laser at a higher rate under the
transparency conditions. Therefore, only the central area of the
accelerated ions in Fig. 9(c) can contribute a monoenergetic spec-
trum, such as shown in Fig. 9(b). By contrast, the ion energies from
the D+ target in the opaque region are those of the low-divergence

accelerated ions due to reflection of the driving laser pulse from
the target.

For completeness and to verify the dimensional effect in our
simulations, we studied the 2D effect on ion acceleration. In 2D sim-
ulations, not only does the target incorporate 2D spatial variations
but also the driving laser pulse waist is taken into account, so the
focal spot plays a crucial role in determining the maximum or cutoff
and peak ion energies from the target. Table I summarizes the ion
energy cutoff and peak values for the aforementioned target species,
density, and thickness with different laser focal spot sizes. As can be
seen, in the case of tight focusing (i.e., 4 μm), the ion energies (peak
and cutoff) obtained from the PL and SL in the transparent region
(ne = 3nc) are almost half of those obtained with a focal spot size
of 8 μm. Similarly, if we treble the focal spot size (i.e., to 12 μm),
then the ion energies are ∼3 times those with a focal spot size of 4
μm and ∼1.5 times those with a focal spot size of 8 μm. Note here
that the laser intensity was kept constant throughout, which effec-
tively means increasing laser energy. By contrast, the ion energies in
the opaque region (ne = 9nc) do not change significantly with the
focal spot size. This is due to the complete reflection of the laser
pulse irrespective of the focal spot size, so the electron dynamics and
charge separation field remain almost identical for different focal
spot sizes. Compared with the ion energies obtained from the 1D
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TABLE I. Peak and cutoff ion energies obtained in relativistic transparent region (ne = 3nc) and overdense region (ne = 9nc) from double-layer target configuration (PL
comprising D+ and SL comprising H+) with three different driving focal-spot radii (1/e2 of the radius of the intensity spatial envelope at focus), i.e., 4, 8, and 12 μm. Figure 9
summarizes the results for the intermediate focal-spot radius of 8 μm.

Peak density ne = 3nc ne = 9nc

Energy (MeV) Peak Cutoff Peak Cutoff

Focal-spot radius (μm) PL (D+) SL (H+) PL (D+) SL (H+) PL (D+) SL (H+) PL (D+) SL (H+)

4 15 13 15 20 9 0.73 21 1.45
8 28 24 28 29 11 0.21 22 0.41
12 41 38 42 45 10.7 0.21 29 0.42

PIC simulations as in Fig. 8, those from the 2D PIC simulations are
approximately in the range for a focal spot size of 12 μm, this being
because a larger focal spot size (≥12 μm) mimics the laser conditions
of 1D simulations near the axis.

VIII. CONCLUSIONS
Herein, we have shown that by tuning accessible petawatt-

class laser parameters and target conditions, one can harness the
transition between two different acceleration mechanisms, i.e., RIT
and RPA, to exert direct control over the ion-bunch spectral fea-
tures to a large extent. This study enables us to optimize the
features of the accelerated ion beams by scanning the target para-
meters (density, thickness, and geometry), but it also adds additional
flexibility via controlling the laser frequency chirp and pre-pulses
(to create a suitable pre-plasma). We have shown that the inter-
action conditions for each of the ion acceleration mechanisms
of interest (RIT and RPA) can be identified by analyzing the
transmission energy coefficient (ℰt) with varying target and laser
parameters.

Because of the very different charge particle dynamics in the
RIT and RPA regions, the charge separation field generated in
the RIT region is substantially stronger than that generated in the
opaque region. This leads to considerably different spectral features
being generated in the RIT and RPA regions, with Maxwellian-
like ion spectra in the RIT region and quasi-monoenergetic ones
in the RPA region. We have provided a thorough prescription for
how to go from one regime of operation to another and effec-
tively generate quasi-monoenergetic ion spectra. Furthermore, we
have established the proof of principle that any chosen ion species
can be accelerated to a quasi-monoenergetic energy spectrum under
conditions that are realizable and easily controllable in experi-
ments, using a double-layer configuration. The 2D PIC simulations
showed clearly the ion acceleration process from different target
layers and establish the ion beam quality. Also, the focal spot
dimension plays an important role, and the ion energy spectral
behavior with larger focal spot agreed with the 1D PIC simulation
results.

With the many physical parameters involved, the present
numerical study is important for future experimental verifica-
tion and further extension toward multidisciplinary applications of
laser-driven ion beams.15,16 The possibility of controlling the tran-
sition between different ion acceleration mechanisms within the

same experimental setup can pave the way to optimizing the ion
energies and spectral features depending on the region of opera-
tion. Also, the possibility of controlled experiments in this direction
might open the door to studying the correlation of ion acceleration
with proposed cross-disciplinary studies such as strong-field plasma
quantum optics.86
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