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Bunched Proton Acceleration from a Laser-Irradiated Cone Target
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Laser-driven ion acceleration is an attractive technique to generate compact high-energy ion sources.
Currently, among various physical and technical issues to be solved, boosting the ion energy and reducing
the energy spread represent the key challenges with this technique. Here we present a scheme to tackle
these challenges by using a hundred-terawatt-class laser pulse irradiating a cone target. Three-dimensional
particle-in-cell simulations show that a large number of electrons are dragged out of the cone walls and
accelerated to hundreds of MeV by the laser fields inside the cone. When these energetic dense electron
beams pass through the cone target tip into vacuum, a very high bunching acceleration field, up to tens of
TV/m, quickly forms. Protons are accelerated and simultaneously bunched by this field, resulting in quasi-
monoenergetic proton beams with 100 MeV energy and low energy spread of about 2%. Results exploring
the scaling of the proton beam energy with laser and target parameters are presented, indicating that the
scheme is robust. This opens an efficient route for compact high-energy proton sources for fundamental
research and biomedical applications.
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I. INTRODUCTION

High-energy ion sources generated by intense laser-
plasma interactions have attracted significant interest in the
past two decades [1–4] owing to their potential applica-
tions, including in fast ignition fusion [5–7], radiography
for laser-matter interaction and ultrafast dynamics [8–
10], tabletop ion accelerators [11], radioisotope production
for nuclear physics [12], and generation of high-energy-
density matter [13]. They can also potentially be applied
in cancer therapy and medical diagnosis [14–17]. Many
of these applications require or benefit from quasimo-
noenergetic ion beams with low energy spread, down to
the 1% level for tumor therapy, for example, in addi-
tion to the energy as high as tens to hundreds of MeV
per nucleon. Significant advancements have been achieved
in boosting the ion energy generated in laser-ion accel-
eration [18–20], with a maximum proton energy over
94 MeV recently demonstrated using a few-hundred-Joule
picosecond laser [21]. Such high-energy laser facilities
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normally operate with a low repetition rate and are housed
at large national laboratories. Remarkable developments
in high-power femtosecond laser and target technolo-
gies offer possibilities for compact energetic ion sources.
Several advances have been made in recent experiments
using petawatt lasers with tens-of-Joule energy [22–24].
However, the ion energy spectra are still exponential-
like rather than monoenergetic or quasimonoenergetic,
restricting their use for potential applications.

To achieve compact monoenergetic ion sources, devel-
oping a large bunching acceleration field is crucial. The
target normal sheath acceleration (TNSA) is one of the
most widely investigated laser-ion acceleration mecha-
nisms [25–30]. However, TNSA-produced ion beams are
characterized by exponential energy spectra. Moreover,
the maximum energy of ions produced scales with the
laser pulse energy [3,4,31], which is unfavorable for the
use of low-energy femtosecond laser drivers. Another
widely studied mechanism is radiation pressure acceler-
ation (RPA) [32–38], where the pressure exerted by the
intense laser light drives plasma electrons inwards, giv-
ing rise to a charge-separation electric field and thus
ion acceleration. Although this is a promising scheme at
ultrahigh intensities, the maximum ion energy is limited
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due to requirements of ultrahigh-contrast pulses and laser
polarization. Moreover, the energy spread is affected by
transverse instabilities [39,40] and the finite laser spot
size [41], leading to rapid deformation of the targets and
adversely affecting the ion bunching acceleration field. To
improve the maximum ion energy and/or energy spread, a
variety of approaches have been introduced, including the
use of multipulse or multistage acceleration schemes [42–
45], specially designed targets [46–53], other special laser
and target parameters [54–57], and postacceleration [58].
Despite the progress made, the ion beam energy spread
typically remains above 10%. Very recently, a scheme
has been proposed to produce 100 MeV proton beams
with a few percent energy spread using a petawatt intense
laser irradiating a microtape target [59]. Efforts continue
to extend laser-ion acceleration to higher energies, smaller
energy spreads, and higher repetition rates at routinely
available laser powers, which is strongly needed for the
development of future compact ion accelerators and prac-
tical applications, enabling stable high-energy ion sources
for a broad community.

To address this, we present a scheme to generate quasi-
monoenergetic proton beams via the interaction of a read-
ily available 100-TW-class laser with a cone target. In
this scheme, longitudinal bunching and transverse focusing
develop during proton acceleration due to the unique high

field structure induced by excessive energetic electrons
accelerated from the cone, leading to the generation of
100 MeV proton beams with low energy spreads of a few
percent. The advantage of this scheme over approaches
reported previously is that it can simultaneously maxi-
mize the proton peak energy and minimize the energy
spread, and is achievable with relatively low-power lasers.
This may pave the way for the development of compact
high-energy ion sources.

II. RESULTS

Figure 1(a) illustrates the scheme for generating quasi-
monoenergetic proton beams. As the laser propagates into
the cone, a large number of electrons are periodically
extracted from the cone walls in the transverse direc-
tion and are accelerated by the laser fields in the longi-
tudinal direction, where the cone guides them forward,
as illustrated in Fig. 1(b). Meanwhile, light intensity is
enhanced due to laser focusing within the cone, intensi-
fying high-energy electron generation. When such dense
energetic electron beams pass through the target tip into
vacuum, a longitudinal field is established at the rear of
the target, which leads to simultaneous proton accelera-
tion and bunching owing to excessive huge electron charge
(above 100 nC), as shown in Fig. 1(c). This results in

(a)

(b) (c)

FIG. 1. (a) Schematic of laser-irradiated cone acceleration for quasimonoenergetic proton beams. A 100-TW-class femtosecond
laser is incident on the left aperture of a cone target, where a thin CH foil is attached at the cone apex. With the laser pulse passing
through the cone, its intensity is greatly enhanced owing to laser focusing effects, so that large numbers of electrons are dragged out of
the cone walls and accelerated by the enhanced laser fields, as seen in (b). Later, these dense bunches of energetic electrons traverse
the end wall of the cone target into vacuum and set up a strong longitudinal electrostatic field, as seen in (c). This field is ideal to
simultaneously accelerate and bunch protons, producing a quasimonoenergetic proton beam of over 100 MeV. The green solid and
dashed lines in (a) illustrate schematically the evolution of accelerating sheath fields, which can lead to proton bunching as illustrated
by the bars in yellow.
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(a)

(b)

(c)

FIG. 2. (a) Distributions of the laser field (Ey) and electron density (ne) at t = 30T0, where electrons are dragged from the cone wall
and accelerated in the forward direction. (b) Distribution of the electron energy space (x, εe) at t = 30T0, where the black dashed line
shows the scaling of maximum electron energy. (c) The energy spectrum of electrons at stated times.

the generation of a monoenergetic proton beam with 100
MeV peak energy, approximately 2% energy spread, and
proton number exceeding 109, when driven by a relativistic
femtosecond laser with only a few Joules of energy.

To demonstrate the proposed scheme, we carry out
three-dimensional (3D) particle-in-cell (PIC) simulations
with the electromagnetic relativistic code EPOCH [60].
The size of the simulation box is 100λ0(x) × 16λ0(y) ×
16λ0(z) with 3500 × 400 × 400 grid cells, where 27
macroparticles in each cell are used for both ions and elec-
trons. The incident linearly polarized laser pulse has a spa-
tial Gaussian distribution and a sin2 temporal profile, with
spot radius σ0 = 3λ0, wavelength λ0 = 0.8 μm, oscilla-
tion period T0 = 2.67 fs, and pulse duration of τ0 = 29 fs
full width at half maximum (FWHM). The normalized
laser amplitude is a0 = (eEy/mecω0) = 36, with about 7
J pulse energy and P0 = 250 TW power, which can be
delivered by commercially available hundreds-of-terawatt
laser systems, where ω0 is the laser oscillation frequency,
Ey is the electric field, e is the elementary charge, me is
the electron mass, and c is the speed of light in vacuum.
The solid cone target (assuming aluminum) has a 60λ0
axially longitudinal length, with a left aperture radius of
R0 = 4λ0 and a right aperture radius of r0 = 1λ0, where
a hydrocarbon (CH) layer (i.e., a thin plastic foil) with
thickness d0 = 0.2λ0 is placed at its apex to provide a
source of protons. The charge states of ions are initialized
as Al13+ for the cone target, and a uniform mixture of H+
and C6+ for the CH foil. In order to save the computing
resources, the electron number density of both targets is
chosen to be relativistically overdense n0 = 90nc, where
nc = (meω

2
0/4πe2) is the critical density. This means that

the laser fields can be well confined in the cone cavity,
although the chosen target density is less than its real

density. Additional simulations indicate that the cone den-
sity and wall thickness have little effect on the acceleration
scheme as long as it is opaque to the laser pulse. For the
purpose of implementing the scheme in experiments, the
conical target can also be made of other materials, such as
plastic and carbon, and it may have a larger inlet size, as
long as the laser pulse is focused into the cone. It should
be mentioned that our scheme is different from the pre-
vious laser-cone interactions for ion energy enhancement
[61–67], where the ions are still accelerated via TNSA and
have exponential energy spectra, and also different from
other studies using conical targets such as laser fusion igni-
tion [68–70] and QED effects [71–73]. Our scheme uses
an ultrathin foil coupling with a hollow cone target, where
a large number of electrons are accelerated and guided
along the cone. When these high-energy electrons reach
the tip of the cone, they can excite a longitudinal bunching
and transverse focusing field, making it possible to gener-
ate quasimonoenergetic proton beams with a few percent
energy spread and 100 MeV energy, as described in the
following.

The key to attaining monoenergetic ion beams is to cre-
ate a negative-gradient acceleration field, which sustains
for a long time and is large enough that proton bunch-
ing develops. Although the RPA process can form such a
field, it only lasts for a short period of time, as discussed
earlier. To fulfill these conditions, we employ a cone tar-
get with a thin CH foil attached at its apex to make two
efficient stages for high-energy dense electron beams and
monoenergetic proton beams, respectively.

In the first stage, the cone plays an important role in effi-
cient electron acceleration and laser propagation, where the
laser pulse is guided over a distance much longer than the
Rayleigh length. As the laser propagates through the cone,
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its electric field (Ey) is sufficiently strong to drag large
numbers of electrons directly out of the wall inner surface
[Fig. 2(a)]. Over each laser period, a positive Ey drags elec-
trons from the upper wall (y > 0) in the first half of cycle,
while a negative Ey extracts electrons from the lower wall
in the next half of cycle, where the pulled electrons attain
relativistic velocities within half of a laser period. These
electrons are accelerated in the forward direction by the
−ev × Bz force and are further accelerated by direct laser
acceleration [74–76].

The energy gain of the electrons during the acceleration
can be estimated by εe ≈ eĒxld, where Ēx is the average
longitudinal electric field and ld is the effective accelerating
distance. One may further derive the longitudinal elec-
tric field amplitude Ex = −(2y/kσ 2

0 )a0E0exp(−(r2/σ 2
0 ))

in the first-order approximation and obtain its aver-
age value Ēx ≈ (a0E0/kσ0), where E0 = mecω0/e and k =
2π/λ0. Since strong focusing of the laser pulse occurs
within the cone, both its intensity and Ex are greatly
enhanced. The maximum electron energy can be calculated
as

εe, m ≈ āfocldmec2/σ0, (1)

where āfoc is the average focusing laser amplitude. This
suggests that the electron energy increases with ld, which
is validated by 3D PIC simulation [see Fig. 2(b)]. Taking
ld ∼ 60λ0 and āfoc ∼ 60 in our configuration, one can pre-
dict the maximum electron energy to be about 600 MeV,
which is consistent with the results presented in Fig. 2(c).
At t = 55T0, the effective electron temperature is approxi-
mately 250 MeV and the average energy is about 200 MeV
for energetic electrons above 100 MeV. The energy con-
version efficiency from the laser pulse to hot electrons
can be as high as 39%. Later, electrons lose energy due
to their excitation of strong charge-separation fields, but
their effective temperature is still over 100 MeV, which
is much higher than the ponderomotive potential scaling

[77] estimated with
(√

1 + (a2
0)/2 − 1

)
mec2 ≈ 13 MeV

and other target configurations with typically a few to tens
of MeV.

In the second stage, when the overdense energetic
electron beams arrive at the apex of the cone, a strong
charge-separation field is formed. One may estimate the
longitudinal sheath field as [78,79]

Es ≈
√

2
eC

Th

eLs
, (2)

where Ls ∼
√

Th/4πe2nh and eC ≈ 2.718 28, and Th
and nh are, respectively, the electron temperature and
density. By substituting Th ∼ 120 MeV and nh ∼ 2nc
into Eq. (2), the field peak is estimated to be about

7 × 1013 V/m, which agrees with the simulation result
6 × 1013 V/m. It is about 6 orders of magnitude higher
than that achieved in conventional accelerators, enabling
efficient ion acceleration. Protons are pulled from the CH
target and accelerated by an extremely intense field. Mean-
while, they are surrounded by a large electron cloud,
where the proton number (a few nanocoulombs) is much
lower than that of energetic electrons (about 130 nC with
energy >5 MeV). This causes ∂Ex/∂x = 4πe(np − ne) <

0. Therefore, a transverse focusing electrostatic field Ez
[Fig. 3(a)] and a negative-gradient longitudinal bunching
field Ex [Fig. 3(b)] are established synchronously. Such
bunching and focusing fields are very helpful to attain
monoenergetic proton beams with a relatively small diver-
gence. The field Ex longitudinally accelerates protons and
compresses their phase space [see Figs. 3(c) and 3(d)],
while Ez transversely focuses protons towards the center,
such that the proton energy spread is immensely reduced
to about 2% (FWHM). Finally, it gives a highly monoen-
ergetic proton beam with near 100 MeV peak energy and
approximately 2 × 109 protons within the peak, as seen in
Fig. 3(e). The corresponding laser-to-proton energy effi-
ciency is approximately 0.5% within the narrow spectrum
peak.

As a comparison, we consider the case of the same
laser pulse directly irradiating a thin CH foil without the
cone target [see the inset in Fig. 3(e)], i.e., a RPA-like
case, while keeping all other parameters fixed. In this
case, because of the lack of effective electron acceler-
ation, a sufficient number of energetic electrons, and a
long-lasting huge sheath field, the bunching acceleration
field disappears earlier and its strength is much lower. The
consequence is that the proton energy spectrum is quite
broad and its peak is only about 53 MeV. Therefore, our
scheme is different from the RPA one and is more suit-
able for achieving monoenergetic ion beams. It should be
mentioned that the acceleration field can last well over
100 fs and has a length of tens of microns at the cone target
rear, although its strength is reduced by about an order of
magnitude at t = 100 T0. It later develops a dual-peaked
structure due to an electrostatic field (the lower peak)
excited by the bunched proton beam, which is beneficial
for eliminating the overly high phase velocity in the beam
tail.

In order for large numbers of protons to be steadily
accelerated and bunched, the electrostatic field induced
by the protons should be lower than the sheath field
Es, which can be described as 4πenpd ≤ Es in a simple
one-dimensional model. By substituting npd ≈ np0d0 =
n0d0/7, nc = meω

2
0/4πe2, and E0 = mecω0/e into this

model, the optimal bunching condition can be expressed
as

Es � 2πE0n0d0/7ncλ0, (3)
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(a)

(b)

(c)

(d) (e)

FIG. 3. Distributions of (a) the transverse field (Ez), and (b) the longitudinal field (Ex) and proton energy density at t = 80T0.
The colored lines in (a) represent the trajectories of some typical protons. (c) Evolution of the proton phase space. The inset shows the
angular distribution of the generated protons above 3 MeV. (d) Evolution of the on-axis spatial distribution of Ex. For reference, the
maps also depict the proton phase space at t = 80T0 and 100T0. (e) The energy spectrum of protons at stated times, where the yellow
dashed line indicates the result from laser driven at thin CH foil without cone target.

where n0 and d0 are, respectively, the initial electron den-
sity and thickness of the CH layer, and the numerical value
7 is attributed to the CH target. Its form is similar to that
of RPA, but the underlying physics is different. In our
scheme, the acceleration and bunching processes are domi-
nated by the long-pulse electron-beam-excited sheath field
rather than the laser light pressure, and the limitations in
RPA such as transverse instability and finite laser spot size
effects are avoided. Additionally, this is different from the
previous laser-cone interaction cases [61–67] where the
ions are mostly accelerated via the normal TNSA and have
typically exponential-like energy spectra due to the lack of
bunching and focusing fields. The effect of the product of
the foil thickness and density (where d0 = 0.2λ0 is fixed)
on the proton energy and spread is shown in Fig. 4(a). The
resulting peak energy (almost around 100 MeV) mainly
depends on Es instead of n0d0 in RPA, while energy spread
can be optimized as Es0 ∼ 2πE0n0d0/7ncλ0. Accordingly,
the optimal target parameter should be n0d0 ∼ 16.7ncλ0
for Es0 ≈ 15E0, which agrees well with the simulation
results. Furthermore, we can infer that for a fixed target

Es � Es0/2 is needed in order for the proton energy
spread to be much less than 10%, which corresponds
roughly to the laser power � P0/4 since Es ∝ √

I ∝√
P. Taking the parameter P0 = 250 TW in Fig. 3 for

example, the minimum laser power required is around
62 TW, which is testified by our simulations depicted
in Fig. 4(c).

One can further manipulate the proton peak energy and
spread by varying the laser and cone parameters. We first
discuss the effect of the apex aperture size of the cone
target. Figure 4(b) presents the results of changing r0
from 0.5 to 1.6λ0, where the other parameters are fixed.
It is shown that an appropriately small apex aperture is
conducive to diminishing the proton energy spread. For
example, for a cone target with r0 = 0.5λ0, proton beams
with a very low energy spread of about 1% and 94 MeV
peak energy can be obtained. This is because a large num-
ber of electrons are guided and concentrated at the cone
apex, where those around the propagation axis increase as
the apex size decreases, which benefits the bunching and
focusing fields and hence can improve the proton energy
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(a) (b)

(c) (d)

FIG. 4. Effects of (a) the product of foil density and thickness (n0d0), (b) cone apex aperture radius (r0), (c) laser power (P), and (d)
preplasma scale length (L0) on the proton peak energy and energy spread. The black dashed line in (c) presents the scaling of proton
peak energy with laser power.

spread. Nevertheless, the aperture size should not be too
small; otherwise, the laser pulse will deplete prematurely
and high-energy electrons will reduce, causing a decrease
in the longitudinal accelerating field and thus lower
proton energy. Overall, an optimal aperture radius should
be around 1λ0, which can achieve 100 MeV peak energy
while maintaining about a 2% level energy spread.

The effect of the laser power on the ion beam genera-
tion is illustrated in Fig. 4(c), where the power is altered
in the range of 62 TW to 1 PW, while the other parame-
ters remain almost the same, except the cone target density
to avoid laser-induced relativistic transparency at high
intensities. The created proton energy can be estimated
by εp ≈ eEsLs ∼ Th according to Eq. (2). Here the elec-
tron temperature can be scaled as Th ∝ a0 following the
energy scaling εe ∝ a0. When the incident laser geome-
try is fixed, the maximum intensity is determined by its
power as P = πσ 2

0 I0/2, where I0 = (π/2)(m2
ec5/e2λ2

0)a
2
0.

Thus, the scaling of the proton peak energy can be roughly
expressed as

εp ∼ α
√

P/P100, (4)

where α ≈ 63 MeV is the coefficient and P100 = 100 TW,
which is verified by the simulation results shown in
Fig. 4(c). Although it is similar to TNSA scaling, the mag-
nitude of the proton energy is much higher for a given

laser power, which is attributed to a super-strong bunch-
ing acceleration field excited by hundreds-of-MeV dense
electron beams. For example, when using a 1 PW laser, the
peak energy of protons can reach 200 MeV. More impor-
tantly, the energy spreads of proton beams obtained are
quite low at just a few percent; even in the 62 TW laser
case, it is still less than 6%. Therefore, this is a robust and
efficient scheme to produce quasimonoenergetic ion beams
with energies ranging from tens to hundreds of MeV, which
would help to enable the development of compact ion
sources with relatively low-power lasers and enhance their
availability.

We also investigate the robustness of this scheme in
terms of the preplasmas in Fig. 4(d). The preplasmas at
the cone walls and the front of the CH foil have a lin-
ear density ramp with the scale length L0 ranging from 0
to 0.4λ0, and have 2λ0 linear density ramp at the front of
the cone walls, where the other parameters are fixed. The
results show that our scheme can allow a larger preplasma
than RPA, which will significantly reduce the laser contrast
requirement. Additionally, there is no requirement for the
use of circularly polarized lasers in our scheme. All these
make it robust for quasimonoenergetic proton acceleration.

III. CONCLUSION

In conclusion, we propose and numerically demonstrate
an efficient scheme to generate 100 MeV proton beams
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with low energy spreads, at the few percent level, from
a cone target irradiated by a 100-TW-class intense fem-
tosecond laser pulse. These findings show that strong
longitudinal acceleration fields and transverse focusing
fields are generated when high currents of electrons pass
from the cone target tip into vacuum. Simultaneous pro-
ton acceleration and bunching are found at the front of
the huge sheath field, enabling quasimonoenergetic proton
beam generation. This scheme paves the way towards next-
generation compact ion sources with energies of tens to
hundreds of MeV, offering unique opportunities for various
applications from fundamental research to medicine.
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