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Laser ion acceleration from concave targets by subpicosecond pulses
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Laser-driven proton acceleration provides a powerful route for generating ultrashort, high-charge proton
beams. Many applications, including secondary neutron sources and inertial fusion, benefit from tight proton
beam focusing. Concave targets offer a robust solution, yet the scaling of proton focusing with laser and target
parameters remains poorly understood. Here, we present a numerical study of laser-driven proton acceleration
and focusing from hemispherical targets using the fully kinetic, relativistic Particle-In-Cell code EPOCH. We
focus on the subpicosecond laser-pulse regime (duration �102 fs), centering on the laser parameters of our
recent experiment at the Colorado State University ALEPH laser facility. We investigate the proton acceleration
mechanisms, characterize proton focusing, and assess how focal spot parameters scale with laser and target
parameters. We identify Target Normal Sheath Acceleration as the dominant mechanism, supplemented by a
secondary postacceleration stage near the geometrical center of the hemisphere. We demonstrate that both the
proton focal spot size and focal plane position scale approximately linearly with the hemisphere radius, with the
focal plane consistently located downstream of the geometrical center. The opening angle of the concave target
mainly affects the proton beam waist. Energy-dependent proton focusing can be understood, in part, as arising
from the evolving curvature of the accelerating structure, which departs from the target curvature. Evidence for
self-similar proton focusing is found in the regime of nearly uniform target irradiation.

DOI: 10.1103/rbwx-m6mb

I. INTRODUCTION

Laser-driven proton acceleration is a promising route to
producing ultrashort, high-brilliance fast proton beams that
are not readily available from conventional accelerators [1]. It
has a wide range of applications [2,3], including hadron ther-
apy [4,5], proton imaging [6,7], secondary neutron sources
[8,9], and inertial fusion [10]. Most applications would benefit
from controlled proton beam focusing. Concave targets offer
a robust and widely explored approach to focusing laser-
driven protons [11–13], though other concepts have also been
proposed [14,15]. In particular, concave targets embedded in
shielding cones are a primary target design considered for the
proton fast ignition (pFI) concept of inertial fusion [16]. In
this approach, energetic protons generated by an ultraintense
short-pulse laser propagate into the compressed fuel and de-
posit their energy at the Bragg peak, enabling localized and
efficient heating of the dense fuel core. Achieving ignition-
relevant conditions requires proton beams with ∼20 kJ of
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energy focused to an ∼40 µm spot over an ∼10 ps timescale,
with proton energies of a few MeV [17]. Despite decades of
theoretical and experimental progress, current proton beam
parameters remain well below these requirements. Bridging
this gap has motivated a series of scaled experiments across
major laser facilities worldwide [18–25].

The concept of proton focusing using concave targets was
first introduced in Refs. [11,12], where kinetic simulations
predicted that protons accelerated via Target Normal Sheath
Acceleration (TNSA) converge near the geometrical center
of a hemisphere. However, these studies relied on strongly
downscaled targets due to computational limitations at the
time. While such scaling preserves qualitative behavior, it can
significantly alter quantitative properties of the focused proton
beam. In particular, in the TNSA regime, the proton accelera-
tion scale is determined by the Debye length associated with
hot electrons generated at the laser-irradiated surface, whereas
focusing is set by the rear surface curvature. As a result,
scaling down the target geometry can modify the relationship
between acceleration and focusing processes.

Several experimental platforms have investigated laser-
driven proton acceleration and focusing. The pioneering work
by Patel et al. [13] demonstrated focusing using hemispher-
ical targets at the Janus laser (10 J, 100 fs) by comparing
isochoric proton heating of a sample with flat and hemispher-
ical targets. Subsequent experiments [26] performed XUV
imaging of proton-heated Al samples with the Gekko laser
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(170 J, 700 fs). Later experiments at the Trident (80 J, 600 fs)
and OMEGA EP (1 kJ, 10 ps) [18,21,27] lasers employed
mesh radiography techniques to characterize proton focusing
from partial and full hemispherical targets. The inferred focal
positions showed varied behavior, with focusing observed
either outside [18] or inside [21] the radius of curvature.
The focal spot sizes approached the pFI-relevant conditions,
and the results were similar for partial and full hemispheres.
Hybrid particle-in-cell (PIC) simulations with the LSP code
reproduced the measured proton focal location. However, the
origin of the offset between the proton focal plane and the
geometrical center of the hemisphere, as well as the rela-
tionship between the actual (i.e., plane of peak proton beam
compression) and measured proton focal planes, was not fully
explained. In Refs. [19,20], hemicylinder targets were used to
study proton focusing at the Vulcan (250 J, 750 fs) and LULI
(1 J, 320 fs) laser facilities. Using double-mesh radiography,
Ref. [19] characterized proton focusing by comparing proton
beam properties in the focusing and nonfocusing planes. The
measured proton focal location and size were found to be
energy dependent. While the source sizes scaled similarly to
the findings of Ref. [21], the inferred proton focal location was
outside the curvature radius for all proton energies. Reference
[20] reported proton focusing around or past the hemicylinder
center using the proton deflectometry diagnostic. Together,
these results confirm the feasibility of proton focusing from
curved targets, but also highlight persistent uncertainties
in the relationship between measured and actual proton
source properties and their dependence on laser and target
parameters.

Multiple analytical and numerical approaches have been
developed to explain these observations. Self-similar plasma
expansion models [28,29] capture some qualitative features
of proton beam evolution, but the underlying assumptions can
limit their applicability under certain experimental conditions.
An alternative model based on two-dimensional (2D) radial
isothermal plasma expansion [18] reproduces certain trends
but requires empirical adjustments to match experimental
data, underscoring the need for first-principles simulations.

A significant effort to simulate proton focusing from hemi-
spherical targets of realistic sizes was carried out in support
of the experimental campaign reported in Refs. [18,21,27].
The authors used a hybrid PIC code LSP, in which an elec-
tron beam was injected to mimic laser interaction with the
front side of the target, after which the plasma was evolved
self-consistently using fluid equations for the target mate-
rial and kinetic descriptions of hot electrons and accelerated
protons. Protons were found to focus upstream of the geo-
metrical center of the hemisphere (i.e., inside of the curvature
radius), and the effects of a shielding cone structure, hemi-
sphere illumination, and energy-dependent focusing were
identified. In Ref. [30], hybrid PIC simulations with a laser-
plasma interaction module were performed to assess proton
focusing from hemispherical targets more rigorously. By con-
sidering different target configurations (flat, hemispherical,
and hemisphere-cone), the authors compared proton focusing
characteristics and identified features of proton focusing asso-
ciated with different electric field structures.

Fully kinetic simulations of laser-driven proton focusing
by concave targets have also been reported. Reference [31]

considered sub-µm-thick curved targets and the laser param-
eters of Ref. [13], finding proton focusing at or downstream
of the geometrical center of the hemisphere (i.e., outside of
the curvature radius). Simulations of a short laser pulse inter-
acting with a downscaled (10 μm radius) hemispherical target
with a wire array on the front side [32] demonstrated the ben-
eficial role of front-side structures in enhancing conversion
efficiency (CE), as well as the role of multipulse irradiation
in improving proton focusing. Reference [33] studied an un-
conventional mechanism of proton acceleration and focusing
for ultraintense lasers and micrometer-scale targets with con-
vex target front. More recently, Ref. [34] used fully kinetic
simulations to address laser-to-proton CE scaling with laser
and target parameters, focusing primarily on the picosecond
pulse duration regime. The role of the concave rear surface
and a finite laser spot was also discussed in the context of
CE into protons propagating through a specific volume behind
the target, used as a proxy for the preimploded target in pFI.
The role of self-generated magnetic fields in proton focusing
in the picosecond pulse regime was identified in Ref. [35].
Proton focal scaling with laser and concave target parameters
was recently reported in the picosecond pulse regime [36].
While these studies provide important insights into proton
acceleration and focusing, systematic investigations of proton
focusing scaling with concave target geometry as well as the
connection between simulation predictions and experimen-
tally inferred proton focal properties remain limited.

To help address these limitations, we present a systematic
fully kinetic study of laser-driven proton acceleration and
focusing from hemispherical targets, motivated by ongoing
experiments [25] at the Colorado State University (CSU)
ALEPH laser facility (20 J, 40 fs). Our goal is to iden-
tify robust scaling trends in proton acceleration and focusing
relevant to short-pulse (�102 fs) laser experiments. We inves-
tigate a wide range of hemisphere radii, from 20 μm, typical
of early simulation studies, to 120 μm, corresponding to the
hemisphere sizes used in the CSU experiments. We further
examine the influence of the hemisphere opening angle, in
light of experimental observations suggesting little difference
between full and partial hemispheres [21] and recent hybrid
simulations that predict stronger sensitivity to this parameter
[36]. Finally, we investigate the energy dependence of proton
focusing and quantify how focusing properties scale with laser
intensity, spot size, and duration.

This paper is organized as follows. Section II briefly re-
views the theoretical aspects of the TNSA scheme [11].
Section III describes the simulation setup of EPOCH simu-
lations. Section IV is the main section, where the simulation
results are described. The paper concludes with a discussion
that compares our findings with the literature, evaluates the
applicability of analytical models to infer the long-term pro-
ton beam evolution, and examines the impact of simulation
dimensionality, contamination layer parameters, finite laser
contrast, and laser pointing stability.

II. THEORETICAL BACKGROUND

The most robust laser ion acceleration mechanism known
to date is Target Normal Sheath Acceleration [11]. It manifests
when an intense laser pulse interacts with the front surface of
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a relatively thick target, generating fast electrons that traverse
the target and emerge from its rear side, where they ionize the
material and accelerate ions via the electrostatic sheath field.
The hot electron temperature is typically assumed to follow
the ponderomotive scaling (see Ref. [37] for a more general
discussion of electron temperature scaling):

Te,h = mec2
(√

1 + a2
0/2 − 1

)
. (1)

Here, me is the electron mass, c is the speed of light
in vacuum, and a0 = eE/meω0c = 0.85

√
I/1018 W/cm2 ×

(λ/1μm) is the dimensionless vector potential of the laser
wave. e is the elementary charge, E is the amplitude of the
electric field in the laser wave, ω0 is the angular frequency
of the laser radiation, I is the laser wave intensity, and λ is
the laser wavelength. The accelerating field may be roughly
estimated as

ETNSA,0 ≈ Te,h

eλD
= √

4πne,hTe,h, (2)

where λD = √
Te,h/4πne,he2 is the Debye length for the hot

electron population. This electric field drops off with time as
[38]

ETNSA ≈ ETNSA,0 × 2√
2e + ω2

pit
2
. (3)

Here, ωpi =
√

4πZnee2/mi is the ion plasma frequency.
The cutoff energy is predicted to be proportional to the
hot electron temperature, Ep ∝ Te,h, and is roughly few ×
Te,h[39]. The efficiency of the TNSA mechanism therefore
depends on the ability to create large Te,h and ne,h, which is
crucial for reaching the high CE demanded by pFI.

III. SIMULATION SETUP

PIC simulations with the code EPOCH [40,41] (version
4.19.1) are performed to investigate proton acceleration and
focusing. Figure 1(a) depicts a typical simulation setup. We
mostly conduct two-dimensional Cartesian grid simulations.
The box size depends on the hemisphere size: for hemisphere
radius Rhemi and target thickness dhemi, we choose a box length
Lx = 50 + 3Rhemi + dhemi and box width Ly = 2.4Rhemi (all
quantities are in µm). Target thickness is dhemi = 10μm, and
the hemisphere radius is varied: Rhemi = 20, 40, 80, 120μm.
The grid resolution is 60 grid cells per micrometer, and out-
flow boundary conditions are applied in all directions. The
left boundary is also used to emit the laser pulse. Current
smoothing [42] is applied to reduce numerical self-heating
of the cold, dense target. The hemispherical target center is
located at xhemi, center = 50μm + Rhemi + dhemi.

The target comprises an ne,max = 40 ncr gold target
(ncr = 1.1 × 1021/(λ[μm])2 cm−3 is the critical density for
a laser wavelength λ), with gold ions assigned a fixed
ionization state of 11. We add an lprp = 0.25μm ex-
ponential preplasma on the laser side of the target
(ne = ne,max exp [−(r − Rhemi − dhemi)2/l2

prp], Rhemi + dhemi �
r � Rhemi + dhemi + δprp, δprp = 1.5μm, and r is measured
from the hemisphere center). Protons are deposited on the
rear side of the target with peak density ne,max and exponential
falloff with an e-folding scale length of 10 nm and layer thick-
ness of 50 nm. The choice of gold ionization level, as well as

FIG. 1. (a) Sketch of the 2D EPOCH simulation setup. A laser
pulse enters from the left boundary and propagates along the y = 0
axis, interacting with a gold hemispherical foil and accelerating
protons from the contamination layer on the rear side of the target.
A close-up of the front target surface highlights the presence of
preplasma on the laser side of the target. (b) Illustration of a three-
dimensional (3D) simulation result showing protons focused near the
geometrical center of the hemispherical target.

the target, preplasma, and contamination layer parameters, is
inherited from prior numerical studies of laser-driven proton
acceleration from gold targets under comparable laser condi-
tions [43]. Protons and electrons are each resolved with 100
particles per cell, while gold ions are resolved by 9 particles
per cell. Flat target simulations use the same target thickness
and density, with the front side of the flat target located at
x = 50μm.

The primary laser parameters correspond to the CSU
ALEPH laser [25]: laser wavelength λ = 0.8μm, peak
intensity Imax = 2.6 × 1019 W/cm2, beam width (FWHM)
40μm, and pulse duration (FWHM) 40 fs, with a Gaussian
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FIG. 2. Proton density distributions in laser-driven proton acceleration from concave targets. (a) Rhemi = ∞ (flat), (b) Rhemi = 120μm, and
(c) Rhemi = 20μm. Dashed lines indicate the initial target location, and red lines show the transverse laser intensity profile.

distribution of laser intensity. The laser polarization is linear,
with the pulse Bz field pointing out of the (x, y) simulation
plane. To study the role of the transverse hemisphere extent
(opening angle), we conducted simulations in which the trans-
verse size of the target was 30%, 50%, 70%, and 100% of the
full width: 2(Rhemi + dhemi). Auxiliary simulations examining
the role of a flat target holder with an embedded hemisphere
showed no significant effect on proton focusing.

We also conducted convergence studies for the quasi-one-
dimensional (quasi-1D) simulations with respect to box size
(Lx = 400, 1000μm), grid resolution (Ngrid = 60, 100, 150
per micrometer), number of particles per cell (Nppc =
50, 100, 200), current smoothing on/off, and peak target
density (ne,max/ncr = 40–640), finding reasonably good con-
vergence of the large-scale features of the expanding plasma
profiles. Outflow boundary conditions were applied in the
longer box direction, while periodic boundary conditions were
used in the shorter one. Based on this study, we found that
Lx = 400μm, Ngrid = 60, Nppc = 100, and ne,max/ncr = 40,
with current smoothing enabled, are sufficient to produce con-
verged results. Since proton acceleration occurs in the TNSA
regime, reducing ne,max/ncr to 40, compared with the fully
ionized solid gold value of ne,max/ncr = 2700, has little effect
on proton acceleration or focusing, as shown by our auxiliary
quasi-1D and 2D simulations.

To assess the effects of reduced dimensionality, we con-
ducted two closely matched simulations in 2D and 3D for
Rhemi = 20 μm. Figure 1(b) sketches out the results of a
3D simulation. Although the simulations exhibit the expected
dimensionality effects, the predicted proton focusing charac-
teristics are in qualitative agreement, thereby justifying the
use of the 2D approach throughout the rest of the article. See
Appendix for details of the comparison between the 2D and
3D simulations.

IV. RESULTS

In this section, we discuss the proton acceleration mech-
anism, the properties of the electron-proton plasma at peak
compression, the origin of energy-dependent proton focusing,
and the scaling of proton focusing with laser and target pa-
rameters.

Figure 2 depicts typical proton density distributions in
three representative simulations: (a) a flat target (Rhemi = ∞),
(b) Rhemi = 120μm, and (c) Rhemi = 20μm. Here, the flat
target is the baseline case; Rhemi = 120μm is representative

of the smallest size of hemispherical targets available experi-
mentally, yet still trackable with our 2D PIC simulations; and
Rhemi = 20μm is the smallest hemisphere size we simulate,
which exaggerates the role of the concave target surfaces,
making their effects easier to diagnose. It is evident that the
concave rear surface shapes proton density distributions by
causing them to focus around the center of the hemispheri-
cal target. While focusing is evident in Figs. 2(b) and 2(c),
defocusing of the compressed electron-proton plasma is also
observed further downstream. The degree of both focusing
and defocusing clearly depends on Rhemi.

A. Acceleration mechanism

To get a better understanding of the accelerating fields in
these cases, we compare ion acceleration properties along
the laser axis (|y| � 1μm). While the dynamics of the
electron-proton plasma is inherently two dimensional even in
simulations with a flat target [note defocusing fringes around
x = 150μm in Fig. 2(a)], this comparison helps highlight the
effects that come into play for a finite hemisphere radius.

Figure 3 compares longitudinal plasma dynamics in the
three representative simulations. Here, we show (a), (b) elec-
tron density, (c), (d) mean electron energy (hot electron
temperature), (e), (f) proton density, and (g), (h) the x com-
ponent of the electrostatic field. The left column shows a
snapshot at 0.15 ps after the laser peak arrives at the front side
of the target (denoted as tpeak = 0.25 ps) and the right column
shows a snapshot at the time of peak proton beam focusing
in the Rhemi = 20 μm case at tpeak + 0.95 ps. Red lines corre-
spond to the flat target, blue dotted lines to Rhemi = 120 μm
hemisphere, and green dashed lines to Rhemi = 20 μm.

At early time (left column), all three simulations demon-
strate qualitatively similar on-axis behavior. A hot electron
population with nearly exponential profiles is present on both
sides of the targets [Fig. 3(a)]. The mean electron energy
approaches the ponderomotive prediction Te,h ≈ 0.8 MeV
[Fig. 3(c) and Eq. (1)]. Similarly, protons begin to develop
an exponential density profile [Fig. 3(e)], and the sheath field
associated with the ion front is observed [Fig. 3(g)].

Notably, the electron temperature is higher in the Rhemi =
20 μm case. We conducted two auxiliary simulations where
we considered (1) a target with a flat front surface and a curved
rear surface (Rcurv = 20 μm) and (2) a target with a curved
front surface and a flat rear surface. Simulation (1) predicted
a Te,h similar to that of the flat target, while simulation (2)
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FIG. 3. Acceleration mechanism in quasi-1D (along the laser
axis) for Rhemi = ∞ (flat, red), 120 µm (dotted blue line), and 20 μm
(dashed green line) hemispheres. (a), (b) Electron densities, (c), (d)
electron temperatures, (e), (f) proton densities, and (g), (h) longi-
tudinal electrostatic fields at t = tpeak + 0.15 ps = 0.4 ps [panels
(a), (c), (e), and (g)] and t = tpeak + 0.95 ps [panels (b), (d), (f),
and (h)]. Vertical semitransparent dashed line denotes Rhemi = 20μm
center. TNSA-like acceleration, a postacceleration stage, and plasma
focusing for Rhemi = 20 μm are evident.

was close to the Rhemi = 20 μm result. We conclude that the
curvature of the front surface contributes to the higher Te,h

values. By inspecting the fields normal to the front target sur-
face, we found that a curved front surface with Rcurv = 20 μm
produces fields that are ≈2.3 times stronger than those for a
flat front surface, explaining the increased Te,h. One possible
interpretation is that for the targets with Rhemi ∼ wlas, part of
the pulse experiences oblique incidence, which is known to
enhance laser-to-electron energy conversion efficiency [44].

The later time evolution highlights how ion accelera-
tion differs for a small hemispherical target. At t = tpeak +
0.95 ps, the system approaches the proton focusing time
for the Rhemi = 20 μm target, given by tpfoc = Rhemi/CS ≈
0.1 ps × (Rhemi/1μm) × (Te,h/1 MeV)−1/2. This expression
yields tpfoc = 2 ps for Rhemi = 20 μm, where CS = √

Te,h/mp

is the ion sound speed. Around this time, peak electron-proton
density compression is observed near the hemisphere center
[Figs. 3(b) and 3(f)] for Rhemi = 20 μm. In contrast, the flat
target and the Rhemi = 120 μm hemisphere remain nearly
identical, since tpfoc ≈ 12 ps for Rhemi = 120 μm. The faster
adiabatic cooling of the hot electron cloud in the flat and
Rhemi = 120 μm cases also leads to a significant reduction in

FIG. 4. Dependence of laser ion acceleration on hemisphere tar-
get radius in 2D PIC simulations. (a) Hot electron temperature and
(b) hot electron density at the rear side of the target at t = tpeak +
0.15 ps. (c) Temporal evolution of the hot electron cloud temperature.
(d) Peak accelerating field as a function of Rhemi. (e) Laser-to-proton
conversion efficiency (all protons, fast protons only, and normal-
ized by the total number of protons). (f) Maximum proton energy
at t = tpeak + 1 ps for Rhemi = 20, 40, 80, 120, ∞ μm. Theoretical
estimates for the hot electron temperature, peak accelerating field,
and proton cutoff energy (based on Refs. [11,38]) are also shown.

hot electron energies compared with the Rhemi = 20 μm case
[Fig. 3(d)].

The simulations reveal that plasma compression near the
center of the Rhemi = 20 μm hemisphere leads to further
electron energization [see small peak near x − xfront = 35 μm
in Fig. 3(d)], and that uncompensated proton charge at the
proton focal spot leads to a buildup of electrostatic field near
the focus [seen in Fig. 3(h) around x − xfront = 35 μm]. In-
tegrating this potential along x, one finds that it can deliver
an additional ≈1.5 MeV of energy to a proton traversing
this region. Therefore, we conclude that while the overall
ion acceleration picture is consistent with TNSA, there is a
secondary postacceleration stage that may affect the resulting
proton energization.

B. The role of the hemisphere radius

To analyze whether the TNSA mechanism is affected by
the curved front and rear sides of the target, we calculate
acceleration-related quantities at the rear side of the target
near the laser axis at t = tpeak + 0.15 ps. Figure 4 summarizes
the hot electron temperature [panel (a)] and density [panel
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(b)] at the target rear (measured in a 1 μm × 1 μm square
located at x = xrear + 1 μm). It also shows the average elec-
tron temperature within the inner volume of the hemisphere
[panel (c)], along with the peak electric field [panel (d)],
laser-to-proton conversion efficiency [panel (e)], and peak
proton energy [panel (f)] as functions of hemisphere radius.
Error bars in panels (a) and (b) were obtained by varying the
collection time by ±0.1 ps.

The hot electron density is essentially independent of the
hemisphere radius, as its spatial distribution is not strongly
affected by curvature. The hot electron temperature, while
roughly consistent with the ponderomotive prediction, drops
by about a factor of 2 for larger Rhemi. As discussed above, this
may be attributed to enhanced laser-to-electron absorption on
the curved front side of the target. Accordingly, the peak ac-
celerating electric field decreases for larger Rhemi. Figure 4(d)
estimates the electric field from Eq. (2) using the measured hot
electron density and temperature [red line, with the shaded red
region corresponding to the error bars in Figs. 4(a) and 4(b)]
and shows fair agreement with the accelerating field observed
in the simulations.

Figure 4(e) depicts laser-to-proton energy conversion
efficiency using several different metrics. The solid line cal-
culates CE based on the entire proton spectrum, the dotted
line calculates CE for protons with final energy >5 MeV
(a common threshold for proton energies relevant to fuel
heating in pFI [16]), and the dashed line plots the average
energy per proton in arbitrary units. We calculate conventional
CE to be 3−5% for all radii, with no clear trend with Rhemi.
Accounting for the different total numbers of protons in each
simulation (we deposit a 50 nm proton layer on the rear side of
the hemisphere/flat target, so the total proton number depends
on the target size and type), we find a clear decrease in the
average energy per proton. A similar trend is observed when
we recalculate CE for protons with final energy >5 MeV.

The maximum proton energy at t = tpeak + 1 ps saturates
at large Rhemi. Remarkably, small hemispheres produce much
larger proton energies due to both higher initial T [rear]

e,h and
slower adiabatic cooling of the hot electron cloud. The
hot electron temperature evolution inside the hemisphere
[Fig. 4(c); for the flat target, 2μm away from the flat rear
surface] shows that during the first 4 ps, T [hemi]

e,h for Rhemi =
20 μm stays higher than that for the flat target and Rhemi =
120 μm, explaining the higher proton energies.

We therefore conclude that, for the given laser pulse pa-
rameters, smaller hemispheres accelerate fast protons more
efficiently due to enhanced laser-to-electron coupling, result-
ing in higher initial hot electron temperatures and better hot
electron retention. For larger hemispheres, the effect of target
curvature on proton energization becomes negligible.

We note that the reported values of maximum proton en-
ergy and CE should be interpreted in a relative sense due to
well-known dimensionality effects in TNSA simulations [45].
An additional source of uncertainty is the mass-limited char-
acter of the simulated targets compared with targets mounted
on conducting holders. Theoretical [46] and experimental [47]
studies have shown that mass-limited targets can improve
hot electron retention and recirculation, leading to enhanced
maximum proton energies and CE. Indeed, our auxiliary
simulations for Rhemi = 20μm, in which the hemisphere is

FIG. 5. Role of the sheath field and secondary acceleration in
hemispherical targets. (a) Time evolution of the peak electrostatic
field along x in 2D PIC simulations for varied Rhemi. The red
semitransparent band shows analytical field estimates from Eq. (3).
(b) Absolute and signed (inset) proton energy gain per unit length
along the laser axis for Rhemi = 20, 120, ∞ μm. Vertical dashed
lines depict the location of the geometrical center of the respective
hemisphere. The contribution of secondary acceleration near the
geometrical center is highlighted.

surrounded by flat target sections with 10μm thickness and
50μm length, representative of a target holder, show a 13%
reduction in proton cutoff energy and CE, while retaining the
focusing properties.

The role of the extended fields is evident from Fig. 5(a).
Here, we track the time evolution of the peak accelerating field
on the laser axis for different Rhemi. While the magnitude and
temporal evolution of the electric field are generally consistent
with the analytical prediction [Eq. (3)], we observe a distinct
secondary peak associated with the acceleration around the
focal plasma. The associated proton energy gain [Fig. 5(b)] is
sizable for the smaller hemispheres, but becomes negligible
for the Rhemi = 120 μm case. Nevertheless, this highlights the
possibility of the electrostatic field buildup around the proton
focal spot, which may affect focusing.

C. Focal plasma properties

Conditions in the focal plasma are of special interest, since
the main goal of using concave targets is to focus fast pro-
tons. Figure 6 depicts the plasma profiles and electromagnetic
fields around the proton focal spot at the time of peak proton
compression for the representative simulation with Rhemi =
80 μm. First, we note that the focal spot is shifted downstream
of the geometrical center of the hemisphere (note that the
origin of the x axis is shifted to the geometrical center of the
hemisphere). The electron density is 0.1ncr, with electron tem-
perature Te ≈ 0.8 MeV. Notable charge separation is present
(max(|ne − np|/ne) ≈ 0.3), and dimensionless electric fields
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FIG. 6. Properties of the focal plasma at peak compression.
(a) Electron density, (b) proton density, (c) mean electron energy
(“temperature”), (d) magnetic field, (e) x and (f) y components of
the electrostatic field, (g) 1D cuts along the laser axis, and (h) 1D
cuts through the location of peak plasma compression.

of Emax
es = 0.1 and a dipolelike magnetic field structure with

Bmax = 0.03 are observed. The longitudinal and transverse 1D
cuts are shown in panels (g) and (h). The focal plasma has
an X-point-like geometry in the 2D plots, but near the peak
compression point it can be fairly fitted with a Gaussian. The
transverse electric field profile is defocusing for the incom-
ing protons and may even completely deflect lower energy
protons. The magnetic field is smaller by a factor of 3, and
the v × B force for nonrelativistic protons (here, we have
Ep � 30 MeV) may be neglected.

We continue by studying how the focal plasma parame-
ters scale with hemisphere radius. Figure 7 summarizes the
parameters discussed above, illustrated in Fig. 6 for Rhemi =
80 μm. Panel (a) depicts the peak electron density (blue cir-
cles), proton density (red squares), and electron temperature
(cyan triangles). The proton density and electron temperature
at the focal spot decrease with Rhemi, consistent with longer
dynamical times (Rhemi/CS) leading to stronger adiabatic cool-

FIG. 7. Properties of the focal plasma at peak compression: scal-
ing with hemisphere radius. (a) Peak electron and proton densities,
and electron temperature. (b) Peak electrostatic and magnetic fields,
along with an estimate of the electric field ∇pe/ene and the ratio of
magnetic to electric fields. (c) Focal plasma size.

ing. The flat target case (dashed lines) yields substantially
lower proton densities, while the electron temperatures are
smaller by a factor of a few. Panel (b) shows the peak elec-
trostatic (red circles) and magnetic (magenta squares) fields.
Both the electric and magnetic fields also fall off with Rhemi.
Interestingly, their ratio grows and reaches 0.4 for the largest
hemispheres considered. The magnetic field is still not ex-
pected to play a dramatic role for the protons, since they
are nonrelativistic; we will later demonstrate this using par-
ticle tracking. To assess whether the quasineutral ambipolar
electric field, |∇pe|/ene, provides a reasonable estimate of
the peak fields observed in our simulations, we compare it
with the PIC results. We find that this estimate underpredicts
the electric field for smaller Rhemi, likely because it neglects
contributions from uncompensated charge, but approaches the
PIC values for larger Rhemi. The flat target estimates are again
negligible. Panel (c) depicts FWHM measurements of the
longitudinal (blue squares) and transverse (red circles) focal
plasma density profiles. The proton focal spot size, estimated
from Gaussian fits to 1D cuts through the focal plasma, is
approximately 6μm × 2μm, with only a weak trend toward
larger sizes for larger hemispheres.
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FIG. 8. Scaling of proton focal characteristics with Rhemi.
(a) Time-integrated proton energy density in a simulation with
Rhemi = 80μm. The laser axis and the geometrical center of the
hemisphere are highlighted with thin dashed lines. Thick dashed
lines depict the initial location of the hemisphere target. Solid lines
are R50 curves; see text for definition. The inset defines the proton
focal plane shift and proton beam waist (focal shift and beam waist
for brevity). (b) Scaling of beam waist with Rhemi. Physical proton
focusing (red circled line) and the inferred size of the virtual focal
spot with its variance (black line with triangular markers and shaded
gray filled region) are depicted. (c) Scaling of focal shift with Rhemi.

In summary, hemispherical targets produce a dense, hot
electron-proton plasma near the hemisphere center, with elec-
tric fields strong enough to deflect or even fully reflect
protons, thereby limiting the attainable proton focal spot size.

D. Proton beam waist and focal shift

The most experimentally relevant proton focal spot pa-
rameters are the focal spot size (proton beam waist) and the
location of the proton focal plane. Understanding how these
scale with target parameters and predicting their values is
useful for experimental design and interpretation. Ultimately,
achieving control over the proton focal spot location and size
is vital for future pFI-related applications. Figure 8 shows the
trends in focal spot size and focal location as functions of
target radius.

To define the proton focal spot, following Ref. [29], we
calculate a time-integrated proton energy density distribution,
depicted in panel (a) for Rhemi = 80 μm. This diagram is then
used to determine the location of the peak, with its shift from
the hemisphere center defined as a focal shift, and the width,
calculated as a minimum diameter containing 50% of time-
integrated proton energy density, as a beam waist. To account
for possible dependence of the focal parameters on their defi-
nition, we also recompute the beam waist and focal shift using
time-integrated proton density, instantaneous proton density
(i.e., selecting the time of peak proton compression around
the hemispherical center and using that snapshot to estimate
the waist and shift), and, analogously, instantaneous proton
energy density. All of these approaches yield similar results;
therefore, only the time-integrated proton energy density cal-
culation is shown.

Experimentally, the proton focal characteristics are of-
ten inferred using mesh radiography [19,21,25], in which
a mesh is placed between the focal plane and a detector.
The mesh casts a shadow of the protons onto the detector
and the mesh image is used to assess properties of the virtual
focus, i.e., the apparent proton source under the assumption
of ballistic propagation. To study the relation between the
physical and virtual foci, we inferred the virtual focus from
our simulations by ballistically backpropagating protons from
different energy bands (all protons, the fastest protons for
a given radius, 5–6 MeV, and 9–11 MeV) for a range of
collection times. Next, we calculated time-integrated proton
energy density maps and R50 curves in a manner similar to
that used for the physical focus calculations. R50 curves are
defined as the radius around the y = 0 axis containing 50%
of the time-integrated proton energy density at each location
along the x axis in the simulation domain.

We find that both the proton beam waist and the focal
shift increase roughly linearly with the hemisphere radius. The
proton spot size remains within a few micronmeters, whereas
flat targets yield values close to the laser FWHM. The focal
shift grows with Rhemi and remains positive for all targets.
We note that, for flat targets, the focal shift is calculated with
respect to the target rear surface.

Virtual focal spot calculations (black line with triangular
markers) also suggest that the proton spot size grows with
Rhemi and remains within the 1–10 μm range. The shift of
the virtual focal spot remains positive for finite hemispheres,
while for the flat target it shifts to the front of the target, a
behavior characteristic of virtual foci in flat targets [48]. We
should note that there is substantial variance in our virtual
focal spot calculations depending on the definition (i.e., on
the considered energy band and proton collection time; shown
with gray shaded region).

Our analysis of particle trajectories suggests that, although
protons beyond the focal plane can be fitted with a straight line
with R2 � 0.99, the robustness of these fits degrades when the
spatial window used to collect proton coordinates is varied. As
the window moves away from the focal spot, a drift in the fit
parameters is observed. This suggests that the proton trajecto-
ries are still evolving as they exit the computational domain,
and therefore the virtual focal spot parameters may be biased.
An accurate estimate of the virtual focal spot parameters
thus requires simulations with a >1 mm sized computational
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domain, which is computationally prohibitive for our current
simulation approach. Even within these limitations, we find
that the virtual characteristics roughly track the physical ones,
with the exception of the flat foil that predicts a negative focal
shift for the virtual focus.

E. Particle tracking and energy-dependent proton focusing

To better understand the focal plane shift in our simula-
tions, we perform particle tracking. During the simulation,
we record all fields and proton data every 50 fs. We then
downselect protons that had energies Eprot > 1 MeV at t =
7 ps and keep every 50th particle, resulting in approximately
56 000 recorded trajectories.

A few representative trajectories highlighting characteris-
tic proton behavior are shown in Fig. 9(a). We plot protons
with final energies of 2.5 MeV (semitransparent navy) and
12 MeV (crimson). Dotted lines indicate two trajectories
that cross the y = 0 plane. Two types of proton trajectories
are evident: (I) trajectories with little or no deflection from
the initial direction and (II) trajectories that are reflected
before reaching the y = 0 plane. For type I trajectories, we
define the focusing location as the position along the x axis
where the particle intersects the y = 0 plane. For type II tra-
jectories, we identify the location where py = 0 and record it
as the focal point. Fully reflecting trajectories (type II) make
up the dominant population, comprising more than 90% of the
recorded trajectories.

Figure 9(b) depicts the distribution of the focal points in
the (x, y) plane. It lies mostly downstream of the hemisphere
center and is squeezed close to the y = 0 axis, while exhibit-
ing an X-point-like structure. By calculating the focal point
distribution along the x axis (see inset), we can determine
the location of the proton focal plane, xfocal − xhemi, center ≈
35 μm, fairly consistent with our finding from Fig. 8(c) (there,
xfocal − xhemi, center ≈ 29 μm from the time-integrated proton
energy density approach). Examining the energy dependence
of the proton focal plane location, we observe a trend in
which faster particles (those that ended the simulation with
energies between 5 and 12 MeV; depicted with red dotted
line) are focused farther downstream of the hemisphere cen-
ter (xfocal − xhemi, center ≈ 49 μm) than slower ones (<5 MeV,
depicted with blue solid line; xfocal − xhemi, center ≈ 34 μm).
One interesting feature is that the fastest protons (>12 MeV,
dashed magenta), which constitute only a small fraction of the
proton population, are focused near the geometrical center of
the hemisphere. This may be interpreted as follows: the fastest
protons are accelerated when the curvature of the accelerating
field is nearly identical to that of the target, and there is little
or no plasma around the geometrical center by the time they
cross it. They are therefore expected to propagate ballistically
toward the geometrical center.

Throughout proton acceleration and focusing, particles
may be affected by the evolving electromagnetic fields. To
demonstrate the role of different field components in particle
acceleration and focusing, we track the electric and magnetic
fields, along with particle velocity and energy, for the selected
trajectory [denoted with an asterisk in Fig. 9(a)]. One may see
that there are two locations along the x axis where the particle
is affected by the fields most strongly.

FIG. 9. Proton tracking for the Rhemi = 120 μm case. (a) Selected
proton tracks that end up at 2.5 MeV (semitransparent navy) and
12 MeV (solid crimson) are shown. Dotted lines denote protons that
cross the y = 0 plane. Dashed lines depict the hemisphere location.
The asterisk marks the proton trajectory for which we track elec-
tromagnetic fields along the path in panel (c). (b) Distribution of
proton focal points (see text) in 2D space. The inset shows the proton
focal point distribution along x. Fast (>12 MeV final energy, dashed
magenta), intermediate (between 5 and 12 MeV, dotted red), and
slow protons (<5 MeV, solid blue) are shown. Focal plane locations
for these energy bands are depicted with the downward-pointing
triangles. (c) Electromagnetic fields along the selected proton path:
Ex (solid blue), Ey (dashed orange), Bz (dot-dashed green), magnetic
Lorentz force |v × B| (dotted red), and proton energy evolution over
time (thick semitransparent purple). The inset shows values early in
the acceleration.

First, at the rear target surface [see inset of Fig. 9(c) for
a close-up on the early time field evolution], the particle
is energized by strong and rapidly damping TNSA electric
fields. Since its initial location is away from the laser axis,
both Ex and Ey components are significant and reach close to
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FIG. 10. Proton focal shift due to the geometry of the acceler-
ating structure. (a) Electric field amplitude distribution at t = 2 ps.
Dashed lines depict the laser axis and the hemisphere center; solid
black lines outline the initial location of the hemisphere target. The
definitions of the expected proton focusing angle, αexp, and the
observed proton focusing angle, αobs, are shown. Distributions of
expected and observed focal angles for protons of different energies
at t = 7 ps: (b) 2 MeV, (c) 5 MeV, and (d) �10 MeV. Hotter colors
indicate bins containing more particles. The horizontal dashed line
indicates αexp = αobs (purely geometric focusing); semitransparent
dashed lines denote proton acceleration along the x axis (αobs = 0).

0.3 TV/m. The magnetic field on the target surface likely orig-
inates from the “fountain effect” [49,50] and reaches a peak
magnitude of 1 kT. Since the protons under consideration are
nonrelativistic and the dimensionless electric field is at least
as large as the dimensionless magnetic field, the calculated
magnetic component of the Lorentz force, |v × B|, is negli-
gible along the entire particle path compared to |E|. We also
confirmed that |v × B| � |E| holds for all tracked protons,
with the 90th percentile of the |v × B|/|E| distribution over
all trajectories being equal to 0.06.

The second location where the particle’s energy changes
most strongly is near the center of the hemisphere. Here, one
may see both an accelerating Ex structure and a negative Ey

that reflects the proton back in the negative y direction. We
therefore conclude that magnetic fields contribute weakly to
the proton dynamics, which is governed primarily by electric
fields at the target surface and near the proton focal plane. We
note that a recent paper [35] demonstrated that magnetic fields
become important for proton acceleration by picosecond laser
pulses. For shorter pulses, they found that the role of the
magnetic field is negligible, in agreement with our findings.

To further understand the effect of the energy-dependent
proton focal shift, we perform the following analysis. First,
we record the initial angles at which the protons are located
on the rear surface of the hemisphere. Figure 10(a) depicts the
definition of this angle, denoted as αexp. Under the assumption
of geometric focusing, we would expect protons to focus
exactly at the hemisphere center. Next, for all protons, we
estimate the initial momentum (px, py) gained at t = 2 ps in
the simulation. As is well known for the TNSA mechanism,
most proton energy is gained close to the target surface, which
is supported by our tracking analysis. Therefore, by estimating
the angle that the proton momentum makes with the laser
axis (y = 0), we can quantify the angle at which we observe

the proton focusing, assuming there is no interaction after the
initial TNSA-like acceleration process. We denote this angle
as αobs.

Figure 10(a) depicts the magnitude of the electric field at
t = 2 ps. The field front is evidently not circular: the central
part within the laser pulse FWHM (|y| � 20 μm) has cur-
vature of the opposite sign compared to the outer parts of
the accelerating structure. The outer parts of the accelerating
structure (−50 � x − xhemi, center � 0, |y| � 50 μm) also ex-
hibit a radius of curvature different from Rhemi. This complex
field structure is a consequence of the time delay between
radial plasma expansion on the laser axis and away from it.
Therefore, protons may experience different effective curva-
ture of the electric field, which may steer them away from the
geometrical center.

Figures 10(b)–10(d) show proton distributions in different
energy bands (≈2, ≈5, and �10 MeV; measured at t = 7 ps in
the simulation) in the (αexp, αexp − αobs) space. The horizontal
dashed lines in these figures correspond to αexp = αobs, i.e.,
protons focusing geometrically exactly to the hemisphere cen-
ter. The diagonal semitransparent dashed lines denote αobs =
0◦, corresponding to proton acceleration along the x (laser)
axis.

First, one may notice that the angular distributions of parti-
cles at different energies (denoted by the rainbow color) have
different horizontal extent. This is expected due to the finite
transverse extent of the laser pulse: its FWHM of 40 μm
roughly corresponds to |αexp| � 10◦. Most importantly, it is
evident that proton focusing is never perfectly geometrical.
Slower protons [Fig. 10(b)] tend to align closer to the αexp =
αobs line (geometric focusing) than other energy bands, but
they deviate within the laser FWHM due to the effectively
larger curvature of the accelerating field, leading to down-
stream focusing. The fastest particles [panel (d)] align closer
to αobs = 0 (trajectory along x axis), which also pushes pro-
tons to focus outside the geometrical center of the hemisphere.
This trend is consistent with the findings of Fig. 9(b) and
suggests that the curvature of the TNSA field plays a sig-
nificant role in shifting the proton focal plane away from the
hemisphere center.

F. The role of the hemisphere opening angle

Besides the hemisphere radius, another important design
parameter of the curved target is the opening angle, φopen. It is
defined as the full angle enclosing the curved part of the target
before it is truncated. For an opening angle of 180◦, we refer
to the target as a “full” hemisphere; for smaller angles, it is
a “partial” hemisphere. We do not consider opening angles
larger than 180◦ in this study, but note that there may be
beneficial effects on proton postacceleration and focusing in
a hollow hemisphere [51] or in a hemisphere + cone target
geometry [52]; hollow spherical targets are also proposed to
increase the yield in laser-driven α-particle sources [53]. In
the context of pFI, partial hemispheres are often preferred to
full hemispheres in cone-integrated target designs, because
they can be coupled to a shielding cone that protects the proton
source and helps guide the beam toward the cone tip [52].
Therefore, it is crucial to understand whether they modify pro-
ton acceleration and focusing compared to a full hemisphere.
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FIG. 11. The role of the hemisphere opening angle, φopen.
(a) Time-integrated proton energy density map for a full hemisphere
with Rhemi = 80 μm. The green line denotes the target rear surface;
the dashed line denotes the geometrical center of the hemisphere; and
solid semitransparent lines show the R50 curves (see text). (b) Time-
integrated proton energy density map for a partial hemisphere with
Rhemi = 80 μm and φopen = 45◦. (c) Proton focal shift (crimson
triangles), beam waist (navy), beam waist for the Rhemi = 80 μm
and φopen = 180◦ simulation using selected protons (semitransparent
navy dashed; see text), and proton cutoff energy (magenta) as a func-
tion of φopen. (d) Conversion efficiency (solid squares), conversion
efficiency into protons with energies >5 MeV (dotted circles), and
average energy gain per proton (dashed triangles; arbitrary units).

Figure 11 discusses the role of the hemisphere opening
angle, φopen, in proton acceleration and focusing; the defini-
tion of φopen is illustrated in Fig. 11(b). First, we compare
two time-integrated proton energy density maps for the full
(φopen = 180◦) and partial (φopen = 45◦) hemispheres, shown
in Figs. 11(a) and 11(b). Here, we again plot R50 curves
to illustrate the proton focusing dynamics. It is evident that
proton focusing is tighter in the case of a full hemisphere.

Inspecting the hot electron temperature distributions for
the partial and full hemispheres, we found that the tempera-
ture stayed consistently more uniform in the full hemisphere
case, whereas for the partial hemisphere it expanded outward
from the laser FWHM throughout the simulation. Slightly
higher initial hot electron temperatures (by a factor of ≈1.5),
along with stronger transverse temperature gradients during
the early acceleration stage, resulted in a wider proton beam
spot size for the partial hemisphere. Later, when the focal

plasma reaches the peak compression in the full hemisphere
case, the picture reverses: hot electron temperature gradients
are much higher for the full hemisphere (see Figs. 6 and 7),
while partial hemispheres produce much more uniform tem-
perature and density distributions around the same location.
Hence, the defocusing length (proton “Rayleigh length”) is
larger for proton beams from partial hemispheres.

The focal shift stays positive (protons focus outside the
hemisphere center) and is only weakly dependent on the open-
ing angle within the considered range of φopen. The proton
cutoff energy is also only weakly dependent on the opening
angle, with the difference between the full hemisphere and
φopen = 45◦ around 20%. The higher Emax

p for the partial hemi-
sphere is consistent with the slightly higher initial hot electron
temperatures, which likely result from edge amplification ef-
fects at the sharp boundaries of the partial hemisphere. Our
auxiliary simulations show that adding the flat target holder
structure around the partial hemisphere produces nearly iden-
tical results.

To account for the different numbers of protons in the full
and partial hemisphere simulations, we also recalculated the
proton beam waist for the full hemisphere simulation while
including only protons that originated within a given opening
angle, φopen = 45◦, 70◦, 100◦ [Fig. 11(c), navy semitranspar-
ent dashed line]. These downselected protons focus to a much
tighter spot than in the corresponding partial hemisphere sim-
ulations. Proton populations originating from smaller angles
also focus to tighter spots in the full hemisphere simulation.
This implies two effects associated with plasma converging
from large angles: (1) converging plasma from large angles
helps compress the focal plasma more strongly and (2) ac-
celerated protons from large angles in the full hemisphere
have sufficient energies to increase the proton spot size. Since
the dependence on the hemisphere target type is stronger
than the dependence on proton downselection, we conclude
that the former effect dominates.

Trends in laser-to-proton conversion efficiency are pre-
sented in Fig. 11(d). The conventional conversion efficiency
grows from 2.7% to 4.7% with increasing φopen, as the over-
lap between hot electrons and protons increases for a more
extended target. Conversion into fast protons (those that ended
up with Ep > 5 MeV), however, is nearly identical for all
targets, since fast protons mostly originate from within the
laser FWHM. The average energy per proton is higher for
smaller partial hemispheres, consistent with the total CE trend
weighted by the geometric factor φ−1

open.
To summarize, the hemisphere opening angle controls the

proton focal spot size, while having a weak influence on
the focal plane location and proton acceleration. Converging
plasma from large angles on the hemisphere contributes to
more efficient plasma compression, reducing the proton beam
spot size.

G. Laser intensity, spot size, and pulse duration scaling

Finally, to study trends in proton focusing with laser pa-
rameters, we conducted a broader parametric study over a
range of laser conditions. We performed a set of 2D PIC simu-
lations with Rhemi = 20, 40, 80, 120 μm and varied the laser
width, wlas = 10, 20, 40, 80, 160 μm, while keeping the
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FIG. 12. Scaling of proton focal characteristics with laser pa-
rameters. Dependence of (a) proton beam waist normalized to Rhemi

and (b) proton focal shift normalized to Rhemi as a function of ψ ≡
2Rhemi/wlas. Proton focal spot parameters as a function of (c) laser
intensity and (d) laser pulse duration.

pulse intensity and duration fixed. For Rhemi = 80 μm, we also
varied the laser intensity (Ilas = 2.5 × 1018 –1020 W/cm2) at
fixed width and duration, and the laser pulse duration (τlas =
40, 300, 1000 fs) at fixed intensity and width.

Figure 12 depicts the results of our multiparameter study
of proton focusing. Panels (a) and (b) show the proton beam
waist and the shift of the proton focal plane from the geo-
metrical center as functions of the laser width, wlas, expressed
in terms of the parameter ψ ≡ 2Rhemi/wlas. The results are
also normalized to Rhemi. The motivation for introducing these
parameters is twofold. First, we aim to determine whether pro-
ton focusing dynamics is self-similar—that is, whether proton
focal characteristics for larger hemispheres can be inferred
from computationally cheaper scaled-down simulations. Sec-
ond, a recent numerical study of laser-driven proton focusing
[54] suggested that proton focal characteristics depend on the
ratio of hemisphere diameter to laser spot size, identifying an
optimal focusing regime with a tight focal spot and a well-
collimated proton beam at ψ ∼ 6–8.5.

For the simulations considered here, we find proton beam
waists of approximately 0.05–0.15Rhemi and proton focal
plane shifts around 0.1–0.25Rhemi. The beam waist curve
exhibits a V-shape for each Rhemi considered, indicating the
existence of an optimal ψ for the tightest focusing. We find

the optimal ψ to be somewhat smaller than that reported in
Ref. [54], likely because of differences in the laser and target
parameter ranges considered in the two studies, as well as in
the definition of “optimal focusing” used here, which does not
take proton beam collimation into account.

Remarkably, for ψ � 2, there is some evidence for self-
similar proton focusing, suggesting that for nearly uniform
laser irradiation of hemisphere targets, predictions could be
made based on scaled-down simulations. However, for ψ � 4,
we observe a larger spread in the beam waist-Rhemi ratio,
indicating that full-scale simulations are required for reliable
predictions of proton focusing. The focal shifts for ψ � 2
also exhibit low variance, further suggesting self-similarity of
proton focusing in this regime.

Figures 12(c) and 12(d) demonstrate how proton focusing
scales with laser intensity and pulse duration, respectively.
The beam waist has a minimum near the baseline intensity
of 2.6 × 1019 W/cm2, although the overall variation remains
within the narrow 3–5 μm range. The focal plane tends to shift
slightly inward at lower intensities, but always remains down-
stream of the geometrical center. For longer laser pulses, we
observe broader proton beam waists located farther from the
geometrical center, possibly due to the emergence of magnetic
field effects in the picosecond pulse regime [35].

It should be noted that auxiliary simulations with plastic
(CH) hemisphere targets and picosecond laser pulses suggest
that the proton focal plane may shift upstream of the geomet-
rical center, with nearly flat R50 curves. Therefore, all trends
reported here should be applied with caution to the picosecond
pulse regime and to different target compositions.

V. DISCUSSION

The main findings of the article may be summarized as
follows:

(1) The proton acceleration mechanism is mostly con-
sistent with TNSA, with a minor contribution from the
postacceleration stage near the geometrical center of the
hemisphere. This contribution peaks for ψ ≡ 2Rhemi/wlas = 1
(uniform target illumination) and falls off for larger ψ .

(2) Front-side curvature contributes to enhanced laser ab-
sorption (and increased CE and proton cutoff energies) via
an effective oblique incidence of the pulse for wlas ∼ Rhemi.
Rear-side curvature does not strongly affect the acceleration
efficiency in our simulations.

(3) The focal plasma is found to be unmagnetized
and has notable charge separation, with plasma parame-
ters ∼0.01–0.1ncr and Te ∼ 0.5–1 MeV, and a quasielliptical
shape with FWHM of ≈6 μm × 2 μm that weakly increases
with Rhemi.

(4) The proton focal spot location is downstream of the
geometrical center for the bulk of the conducted simulations.
The focal spot shift from the geometrical center increases
with Rhemi, potentially providing a useful knob for integrated
hemisphere-cone targets in pFI. Both the focal spot size and
the focal plane location are consistent among the different
possible definitions. The virtual focal spot roughly tracks the
physical focal spot but shows substantial variance because the
proton trajectories are not yet fully rectilinear, complicating
comparison against the experiment.

033219-12



LASER ION ACCELERATION FROM CONCAVE TARGETS … PHYSICAL REVIEW RESEARCH 8, 033219 (2026)

(5) Proton tracking shows the presence of fully reflecting,
deflecting, and crossing trajectories, with the reflecting pro-
tons being the dominant population. The energy-dependent
nature of proton focusing is evident from multiple analyses,
with an overall trend of higher-energy protons focusing farther
downstream. The role of the magnetic field is found to be
negligible for proton focusing.

(6) The hemispherical opening angle controls the focal
spot size, with smaller φopen leading to larger spot sizes
and longer proton Rayleigh lengths. Converging plasma from
larger opening angles on the hemisphere contributes to tighter
plasma compression.

(7) Proton focusing is robust against variations in laser
intensity, but shows linearly growing spot size and focal shift
for longer pulses. Spot sizes of ∼0.05–0.15Rhemi at locations
∼0.1–0.25Rhemi downstream of the geometrical center are
observed for a wide range of laser parameters.

(8) There is evidence of self-similar proton focusing for
nearly uniform target irradiation (ψ � 2). In contrast, the
regime of partial hemisphere irradiation (ψ � 4) exhibits
greater variation in proton focal characteristics and likely
requires full-scale simulations.

Let us compare our findings to the experimental coun-
terpart study [25]. As the targets used in our simulations
(Rhemi � 120 μm) are generally smaller compared to the ex-
periments (Rhemi � 120 μm), we use the Rhemi = 120 μm
simulation for comparison. First, because we mostly discuss
Cartesian 2D simulations, our proton cutoff energies and hot
electron energies are expected to be elevated compared to
the real 3D system [45]. The mass-limited nature of the iso-
lated hemisphere may also contribute to the overestimation
of proton cutoff energies [46]. We obtain a cutoff energy of
18 MeV, which is ∼3 times larger than the value observed in
the experiment. We find a similar proton beam waist (6 μm
from Fig. 8(b) versus the experimental 9 ± 3 μm). We note
that focusing in 3D tends to produce tighter spots than in
2D, as we show in the Appendix and as shown by other
simulation studies [34,35], complicating a direct comparison
of focal properties. The absolute focal locations are different:
our simulations show proton focusing exclusively outside the
hemisphere, whereas the experiment infers focusing inside the
hemisphere. Our laser parameter scan suggests that decreased
laser intensity and/or a smaller laser spot may contribute to
shifting the virtual proton focal plane upstream of the geo-
metrical center. We checked whether hot electron propagation
through the target could explain the differences. Hot electron
stopping estimates suggest negligible energy losses for ∼MeV
electrons in 10-μm-thick targets. Estimating electron beam
scattering in gold via multiple Coulomb scattering [55] yields
only a minor increase in the electron beam spot size, no more
than 20%. Resistive beam collimation [56,57] was estimated
to be inefficient under our laser and target conditions. We con-
clude that these effects cannot modify the focusing dynamics
by themselves, and we hypothesize that the discrepancy may
originate from uncertainty in the effective on-target laser in-
tensity distribution.

The detailed comparison against the broader pub-
lished literature is complicated, as the laser and target
parameters used in our study are qualitatively different from
other studies [18–21,26]. Some trends, such as tighter focal

spots for higher-energy protons [19,21], proton focusing at
or downstream of the geometrical center [19,20], and energy-
dependent focusing [20], agree with our simulations, whereas
others, such as a focal spot location inside the hemisphere
(or within the curvature radius) and the absolute values of the
proton spot size [18,21], disagree. We note that our auxiliary
simulations with longer pulses (OMEGA EP-like) recover
some of these trends, yielding wider focal spots well inside
the hemisphere radius.

Analytical models, such as the one developed in
Refs. [28,29], may be useful for predicting the long-term
evolution of the proton beam, provided their assumptions are
satisfied. We tested the assumptions underlying the proposed
self-similar solution: quasineutrality, electrostatic interaction,
and a specific ansatz relating the spatial and velocity dis-
tributions of the plasma. We found that the quasineutrality
assumption is marginally satisfied, and the electrostatic inter-
action assumption is fair. We also performed statistical tests
to assess whether the focal plasma distributions observed in
the simulations are consistent with a Gaussian distribution in
space and a bi-Maxwellian distribution in velocity space for
both electrons and protons. We found that this is not the case
for either species. We therefore conclude that a more sophis-
ticated analytical model is needed for estimating long-term
proton beam dynamics.

One of the parameters in our simulations is the contami-
nation layer conditions. For the bulk of our simulations, we
considered a purely H contamination layer deposited only
on the rear side of the target, with the density exponentially
falling off over a 50 nm thickness with an e-folding length
of 10 nm. While the measured thickness of contamination
layers is typically on the order of a few nanometers [58], it is
common practice to use thicker layers in simulations [59,60].
We note that the proton areal density in our baseline sim-
ulations is ≈4.4 × 1016 cm−2, consistent with experimental
measurements (few × 1016 cm−2; see Ref. [61]). Auxiliary
simulations considered the role of front-side H, the addition
of oxygen ions on the rear side, and a reduced peak proton
density of the layer in separate runs. We found the first two to
play only a minor role in proton acceleration and focusing.
The initial proton layer density, however, may control the
transition from purely ballistic motion at low proton densities
(0.4ncr peak proton density, 100 times smaller than the base-
line simulation) to collective plasma behavior for the baseline
simulation parameters. As a result, the focal shift and spot
size may change by up to a factor of 2, shifting the focal spot
closer to the geometrical center of the hemisphere (though still
downstream of it) and increasing the proton beam waist in
the low-density simulation. Because our baseline simulations
demonstrate collective plasma behavior and are in reasonable
agreement with the published contamination layer measure-
ments, collective behavior of the electron-proton plasma may
be expected under the experimental conditions of Ref. [25] as
well.

Two experimental uncertainties that could contribute to
variations in proton focusing are finite laser contrast and
laser pointing stability. Laser prepulses may alter the plasma
conditions on the front side of the target, modifying the
interaction of the driver pulse with the target. Available mea-
surements for the CSU ALEPH laser indicate a contrast
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level of 10−8 at 500 ps for the fundamental harmonic. We
conducted simulations with the radiation hydrodynamic code
FLASH [62,63] to estimate preplasma conditions for a range
of prepulse durations and intensities for aluminum targets
and CSU ALEPH-inspired prepulses. Considering laser con-
trasts of 10−8 and 10−6 and prepulse durations of 100–500
ps, we obtained preplasma profiles, inserted them into 2D
EPOCH simulations, and studied proton acceleration and fo-
cusing under various preplasma conditions. We find that the
laser-to-proton CE increases for more energetic prepulses,
as commonly reported in the literature [64], while the focal
characteristics remain largely insensitive to laser contrast.

Laser pointing errors could lead to a mismatch between
the hemisphere axis of symmetry and the laser axis, affecting
proton focusing. Auxiliary simulations with shifted laser axis
showed that the location of the proton focal spot, defined as
the peak of the time-integrated proton energy density, is rather
insensitive to laser axis shifts on the order of the laser spot
size, δy ∼ wlas. At the same time, we identified two trends
in the simulations that could be compared against the experi-
ment. First, a large laser axis shift could result in effectively
oblique laser incidence on the hemispherical target, which
may enhance coupling and increase proton cutoff energies,
similarly to what we observed in the wlas ∼ Rhemi regime.
Second, we find that fast protons tend to propagate along
the axis connecting the laser impact point on the target and
the geometrical center of the hemisphere, while lower-energy
protons remain more isotropic in their angular distribution.
This could manifest as energy-dependent shifts in the proton
fluence spot location and could be tested experimentally.

Reference [36] explores a complementary parameter space,
focusing on Trident laser conditions relevant to picosec-
ond pulse-driven proton acceleration and focusing. Refer-
ence [35], as well as our auxiliary simulations, shows that
proton focusing can differ for longer, higher-energy pulses, as
the contribution of electron currents and the associated mag-
netic fields becomes more noticeable. Still, the main trends,
such as a proton focal plane location that scales linearly with
Rhemi and lies downstream of the curvature radius, the energy
dependence of proton focusing, and the ranges of proton fo-
cal shift (∼0.1–0.25Rhemi) and spot size (∼0.05–0.15Rhemi),
are broadly consistent. The main discrepancy appears to be
the dependence on laser intensity. Reference [36] finds that
decreasing laser intensity moves the focal plane downstream
(zfoc ∝ I−1/4

L ), whereas our scans show the opposite trend. We
hypothesize that, in addition to the different pulse duration
regimes, this difference may be related to the hemisphere
opening angles. The opening angle was shown to modify
the spot size in our simulations and in Ref. [36]; most of
our results are for a full hemisphere, while Ref. [36] mainly
considers φopen = 54◦. The general agreement between two
different numerical approaches (Cartesian 2D full PIC in this
article versus cylindrical 2D hybrid PIC in Ref. [36]) is en-
couraging and motivates a more detailed code comparison
study.

To conclude, this article studied laser-driven proton ac-
celeration and focusing from concave targets. TNSA was
found to dominate proton acceleration, with proton beam
waist and focal plane shift scaling approximately linearly with
the hemisphere radius. We also observed chromatic behavior

of hemispherical targets, with different proton energy bands
focusing at different locations. A broader parametric scan re-
veals indications of self-similar proton focusing in the regime
of nearly uniform target irradiation (ψ ≡ 2Rhemi/wlas � 2),
raising the possibility that parameters of interest can be
inferred from scaled-down simulations with smaller target
sizes. In contrast, this self-similarity breaks down for par-
tial irradiation (ψ � 4). Finally, while the predicted focusing
characteristics are broadly consistent with results obtained
in the picosecond regime [35,36], caution is required when
extrapolating these findings to significantly different laser or
target conditions.
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APPENDIX: EFFECTS OF DIMENSIONALITY

To assess the role of dimensional effects, we conducted
a 3D simulation of laser-driven proton focusing from a
hemisphere target and compared it with the corresponding
2D simulation. To make the 3D simulation computation-
ally feasible, we modified the problem parameters slightly
and performed a matching 2D simulation to ensure a fair
comparison.

For the 2D simulation, we used lower grid (Ngrid = 20)
and particle resolutions (Nppc = 10 for electrons, Nppc = 2 for
gold, and Nppc = 100 for protons) as compared to the primary
set of simulations, reduced the box size to 100 μm × 60 μm,
and considered a hemisphere with Rhemi = 20 μm and thick-
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FIG. 13. Comparison of 2D and 3D simulations of laser-driven
proton focusing for Rhemi = 20 μm. (a) 1D cut at y = z = 0 of proton
density for 2D (navy) and 3D (crimson) around the hemisphere
center (dashed gray line). (b) Proton energy spectra normalized to
the total number of particles. (c) R50 curves from the baseline 2D
simulation (solid navy), calculation with 2D simulation assuming
cylindrical symmetry (“3D-in-2D”, dot-dashed navy), and 3D sim-
ulation. Focal points are denoted with upward-facing triangles of
respective colors.

ness of 2μm, with contamination layer and preplasma defined
similarly to those in the main text. Such changes only slightly
modified the resulting R50 curve and proton focal characteris-
tics. The 3D simulation used the same initial conditions, with

the density profiles “rotated” around the y = z = 0 axis. Both
simulations were run for 2 ps.

Figure 1(b) sketches out the results of a 3D simulation. It
depicts the initial location of a hemisphere target (yellow col-
ored volume), laser beam (crimson), and the time-integrated
proton energy density map. It is notable that the proton beam
distribution is not rotationally symmetric around the y = z =
0 axis, suggesting a potential effect of linear laser polarization
(laser E field is in the x–y plane) on proton focusing. A
similar effect is observed when varying the angle of linear
laser polarization (in-plane or out-of-plane laser E field) in 2D
PIC simulations. Detailed investigation of this phenomenon is
beyond the scope of this paper.

Figure 13 presents the main simulation results.
Figure 13(a) compares the proton density on the laser
axis (y = 0 in 2D, navy; y = z = 0 in 3D, crimson) at t = 1
ps. Proton compression is stronger in 3D, as expected,
since 3D simulations generally exhibit weaker sheath fields
and lower hot electron temperatures than 2D simulations,
while geometric convergence also favors stronger on-axis
compression in 3D compared to 2D [45]. The proton energy
spectra shown in Fig. 13(b) are quite similar. It should be
noted, however, that at earlier times the cutoff energies in the
2D case exceed those in 3D by about 20%, suggesting that
the close agreement of cutoff energies at t = 1 ps is merely
coincidental. The laser-to-proton conversion efficiencies are
4.2% and 1.8% in 2D and 3D, respectively, consistent with the
conversion efficiency being overstated in 2D by a factor of a
few [45]. Finally, the R50 curves are shown in Fig. 13(c). We
adopted two different approaches in 2D: a baseline approach,
in which R50 is calculated by integrating the proton energy
density along the vertical direction for each x location, and
a “3D-in-2D” approach, in which the resulting 2D proton
energy density distribution is interpreted as a cut through
an axisymmetric 3D simulation. The resulting focal points
are denoted by upward-facing triangles of the corresponding
colors.

We find that the proton focal characteristics obtained
with these methods are qualitatively similar. The focal
plane locations are comparable in all three cases. Com-
paring the “3D-in-2D” and 3D metrics, we find that
protons are focused to a narrower spot in 3D, which is
again consistent with the reasoning above—lower electron
temperatures and different geometrical factors of plasma
convergence.

We therefore conclude that, while several well-known
dimensionality effects are present in our simulations, the qual-
itative proton focusing behavior is similar in 2D and 3D,
thereby justifying the use of the 2D approach in the main body
of the article.
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