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Laser-accelerated ions are widely attractive for many ﬁelds as a compact and low-cost accelerator. For the application to medical treatment, it is necessary to not only enhance the maximum
acceleration energy but also improve beam stability and quality. In this study, we demonstrate a
new ion acceleration mechanism using a uniform critical density plasma that yields very high ion
energy despite the existence of a laser prepulse. The maximum proton energy in the experiment was
approximately 18 MeV accelerated by the laser pulse of 3 × 1019 W/cm2 focused intensity under
the conditions of the maximum prepulse contrast ratio of 10−3 . Further, heavier particles such
as carbon or oxygen present in the plasma were accelerated using the same acceleration ﬁeld. In
addition, a self-created magnetic ﬁeld in the plasma signiﬁcantly improved emission divergence.

I.

INTRODUCTION

Energetic ion beams accelerated by an ultra-intense
laser (UIL) are commonly expected to have the potential
to yield very low emittance and short burst durations. A
very large accelerating ﬁeld (> 1012 Vm−1 ) causes ions to
be accelerated to over mega-electron-volt energies within
micron length scales. These features enable us to envision ultra-compact accelerators for various applications
such as medical treatment or neutron generators. Over
the past decades, energetic ion beams accelerated by an
UIL have been extensively studied; from a physical point
of view, ions are best accelerated by a sheath electric
ﬁeld generated on the backside of a thin foil target; this
is called target normal sheath acceleration (TNSA) [1–
5]. Recently, the acceleration of ions in a very thin target
using a very strong photon pressure of laser light (radiation pressure acceleration; RPA) [6, 7] was demonstrated.
Further, the laser light was shown to re-accelerate the
ions to reach the Giga electron volt energy range after
the laser passed through the thin foil owing to the relativistic eﬀect [8]. High-energy ions are also obtained
through Coulomb explosion or magnetic vortex acceleration in gas clusters [9, 10].
Although laser-driven ion acceleration is expected to
generate ions with very high current and energy, a precursive laser pedestal or prepulse can change the target
∗

corresponding author; habara@eei.eng.osaka-u.ac.jp

condition, which can degrade beam quality by breaking
the thin foil or cluster targets. Many eﬀorts have been
invested to improve the temporal contrast of laser pulses
[11–13]; this has resulted in achieving the best performance on the order of 10−12 in the nanosecond regime.
However, the focal intensity of recent UIL pulses exceeds
1022 W/cm2 , and thus, the prepulse or the nanosecondpedestal remains suﬃciently strong to ionise solid materials. Further, the installation of these devices can complicate the system and increase costs drastically.
In this paper, we propose a new ion-acceleration mechanism that is insensitive to such prepulses. Figure 1
shows the schematic of this acceleration mechanism based
on the use of a uniform critical density plasma. When
an UIL irradiates this target, the UIL penetrates the
plasma because of the relativistic transparency eﬀect.
The electron temperature rises rapidly inside the laser
pulse, which excites the Ponderomotive force (−me c2 ∇γ)
between the heated and unheated regions [14, 15]. In
addition, the laser light pushes the plasma towards the
propagation direction, thereby leading to an increase in
the plasma pressure at the laser front. Then, the Ponderomotive force and pressure gradient (−∇pe ) at the
pulse front accelerate electrons in the reﬂected light direction; this results in the formation of an electrostatic
ﬁeld which accelerates plasma ions in the backward direction. Simultaneously, the azimuthal magnetic ﬁeld generated in the plasma by forward-accelerated electrons [16]
reduces the beam divergence of the backward-accelerated
ions.
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The temperature of the uniform plasma already increases to several tens of electron volts [17], and therefore, the prepulses do not aﬀect the plasma temperature
considerably. Even if a prepulse exists, it is absorbed by
the surface of the critical density plasma, thereby creating a thin preplasma in front of the target. However,
the density of the preplasma is usually smaller than the
relativistic critical density of the main pulse; therefore,
the main pulse interacts directly with the main target.
Using this experimental platform, we can obtain highquality ion beams even at a low-contrast laser pulse.

II.

ACCELERATION MODEL

The equation of motion of electrons in a density gap
can be represented by the relativistic ﬂuid equation with
the pressure term as
∂Pe
e ∂A
∇p
=
+ e∇ϕ − me c2 ∇γ −
.
∂t
c ∂t
ne

(1)

where, Pe is the electron momentum; e is the electron
charge; c is the speed of light in vacuum; A is the vector
potential of the laser light; ϕ is the electrostatic potential; me is the electron mass; γ is the Lorentz factor of
electrons; p is the plasma pressure, and ne is the plasma
electron density. The terms on the right side indicates the
force by laser, electrostatic ﬁeld, Ponderomotive force,
and pressure, respectively. Assuming stationary states
[18], the slow frequency motion of electrons are balanced
by the excitation of the electrostatic ﬁeld, which becomes
e∇ϕ = me c2 ∇γ +

∇p
.
ne

(2)

Equation 2 infers the Ponderomotive force and pressure at the laser front that emits electrons in the backward direction of the laser injection via the excited electrostatic potential; the plasma ions are then accelerated
in the same direction. The maximum energy the ion can
gain is given by
∫

∞

W = Ze
−∞

∇ϕdx = 3Zme c2 γ0 ,

(3)

where Z is the Z-number of accelerated ions and γ0 is the
Lorentz factor of the plasma electrons in the plasma wall
at the laser front.
The solid line in Fig. 2a indicates the maximum ion energy obtained using equation 3 for protons as a function
of incident
laser intensity. In this calculation, we assume
√
γ0 = (1 + a20 /2) by using
vector poten√ the normalised
√
tial, a0 = 0.89 × 10−9 ( Iin + RIref (kin /kref )), where
Iin , Iref , kin , and kref are the intensity and wave number of the incident and reﬂected light, respectively, and
R is the reﬂectivity. These parameters can be obtained

from the laser and plasma parameters [14, 15]. We also
show the other types of scaling from diﬀerent acceleration mechanisms such as TNSA and experimental data,
in Fig. 2a.
Based on this estimation, our model indicates that the
maximum proton energies are several times larger than
those estimated by the TNSA model. Further, our model
predicts that it can obtain 200 MeV protons, which are
required for cancer therapy, when the laser intensity exceeds 3.7 × 1021 W/cm2 . In our model, both incident
and reﬂected lights contribute to the acceleration. Thus,
backward ions can obtain higher acceleration energies
compared to forward acceleration ions in the low-density
foam target [29].
The static ﬁeld in plasma can accelerate not only protons but also heavier ions. Fig. 2b shows the ion spectra
calculated using the 2D-PIC code for proton (red), carbon (green), and oxygen (blue) at τlaser = 300 fs and
Ilaser = 2.5 × 1019 W/cm2 observed in front of the uniform plasma. In this calculation, the plasma simulates
the foam material (C15 H20 O6 ) used in the experiments;
it is assumed that each ion is fully ionised. The observed
maximum energy (85 MeV for carbon and 112 MeV for
oxygen) are smaller than the values calculated (120 and
160 MeV) using eq. 3, whereas the proton energy agrees
well with the calculated value (18 MeV). Lighter ions
(protons) are precursory accelerated ahead of heavier ions
(carbon or oxygen), and therefore, the electrostatic ﬁeld
is gradually neutralised, which results in the reduction of
accelerated energies of heaver ions compared to that for
the estimated values. However, our model indicates very
eﬃcient acceleration of heavy ions as shown by the number of heavier ions which is almost equivalent to that of
the protons (proportion to the composition) in Fig. 2b.
It may be also possible to accelerate more heavier ions
by doping into the foam target.

III.

EXPERIMENTAL VALIDATION

We conducted a laser experiment to validate this acceleration mechanism. Figure 3 shows the experimental
setup. The target comprises a very low density (5 and
10 mg/cc) plastic foam material inside a solid polyimide
tube. One side of the opening of the tube is covered by a
thin Cu foil (700 nm). A nanosecond-pulse laser irradiates on the foil to generate a homogenous critical density
plasma [16, 17]; the corresponding plasma density is approximately one and two times that of the critical density
for 1.054 µm laser light.
An intense laser light was then injected into the plasma
from the opposite side of the tube. The pulse duration
was changed from 0.3 to 1.5 ps (Ilaser = 0.5 − 3.0 × 1019
W/cm2 ). The accelerated ions in the backward direction were bent by the magnet pair in the horizontal direction, and then detected with a stack of radiochromic
ﬁlms (type HD-V2). The penetration of the intense laser
light into the critical density plasma was conﬁrmed by
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the measurement of strong Doppler spectral shift in the
backscattered light using the same experimental setup
and targets as in [30].
Figure 4 shows the experimental results obtained for
the 5 mg/cc foam target. The pulse duration and intensity in this shot were 300 fs and 2.5×1019 W/cm2 , respectively. Figs. 4 a and b indicate the 2nd and 10th RCF
layer images. The ions bent by the magnet comes from
the right to the left in this image, and clear horizontal
lines are observed in each ﬁgure. Assuming these signals
original from the protons, each layer indicates 2.8 and 9.8
MeV proton images. The vertical line plots are considered to analyse the data as shown in Fig. 4c. Although
ions are bent in the horizontal direction, the vertical direction preserves the beam divergence. The estimated
beam divergences are 12.7, 8.2, and 2.7◦ (FWHM) for
2.8, 9.8, and 17.8 MeV protons, respectively. This wellcollimated ion beam could be caused by the azimuthal
magnetic ﬁeld generated by the forward-accelerated electrons. In our previous study, we observed a 10◦ beam
divergence for the forward-accelerated electrons in the
experiment using the same targets [16]. The 2D PIC
calculation in this study reveals the formation of several
100 megaGauss magnetic ﬁelds around the plasma channel that help the collimation of the electrons. This magnetic ﬁeld scatters backward electrons while converging
the backward ions. This collimated backward ion beam
is practically useful because it is easy to separate it from
the laser axis using the magnet.
To conﬁrm whether the signal on RCF comes from
ions, the direction of magnet was reversed in some shots.
No signal was observed even at the ﬁrst layer of stack
although backward electrons are recorded on the RCF.
This relatively uniform background signal may be attributed to the small beam density of the backward electrons as they have a large beam divergence because of the
azimuthal magnetic ﬁeld. In addition, it was conﬁrmed
that the signal was not derived from neutrals or debris
which are not aﬀected by the magnetic ﬁeld. Further,
we tilted the target approximately 10◦ to check the possibility of ions acceleration at the target surface caused
by the sheath static ﬁeld; however, the vertical position
of the signals on the RCF image did not change. This
result implies that ions are accelerated inside the plasma
channel toward the back of the laser incident axis.
The maximum proton energies measured in the experiment are summarised in Fig. 5. Solid circles are experimental results for the 5 mg/cc foam target; the red lines
represent the scaling calculated using eq. 3; the solid and
broken lines indicate the results when the plasma electron
densities are 1.0nc and 1.6nc , respectively. The UIL was
injected when plasma density became 1nc . However, the
propagation of UIL in the plasma may promote plasma
ionisation up to 1.6nc (fully ionised plasma density of 5
mg/cc target). Therefore, the broken line seems to reproduce the experimental result more accurately, especially
at the lower laser intensity. If the plasma density is relativistically over dense, no proton can be generated as the

laser cannot propagate into the plasma. This is shown in
the rapid drops of the scalings at the lower laser intensity.
Open circles represent the results from the 2D-PIC calculations. In the calculation, the UIL irradiates a critical
density plasma using the same conditions as that in the
experiment, and backward protons are observed at the
front of the plasma. The simulated maximum proton
energies reproduce the prediction obtained using eq. 3
and the experiments. Simultaneously, the PIC calculation well reproduces the proton spectra obtained in the
experiment as shown in Fig. 5b. The solid line in the ﬁgure represents the accumulated proton spectra obtained
at 5 µm in front of the plasma. The open circles denote
experimental data with cut-oﬀ energy of 15 MeV. The
relative proton number in each layer was estimated from
the calibration curve [31].
In Fig. 5a, the experimental results obtained using the
10 mg/cc foam target are shown as solid squares. At
the highest UIL intensity, the maximum proton energy
becomes close to 3.2nc probably because of the promotion of ionisation. Similar to the results of the 5 mg/cc
foam target, the experimental results agree well with the
estimated scaling. At the shot without long-pulse irradiation, the maximum proton energy for the 10 mg/cc
foam target was considerably reduced to approximately
1/3 (5.3 MeV at Ilaser = 2.3 × 1019 W/cm2 ) of that with
the long pulse. This result indicates the importance of
plasma ionisation because the UIL will otherwise use its
energy to ionise the target material.
Green triangles indicate the maximum energy protons
accelerated in the TNSA using 20-µm Au foil targets. If
the prepulse is suﬃciently small, the maximum energy of
protons generated from this target can exceed 12 MeV
at Ilaser = 3 × 1019 W/cm2 [19]. However, in this experiment, a prepulse exists with the maximum intensity
of 10−3 of the main pulse arriving at 60 ps earlier than
the main pulse (see supplementary materials). Thus, the
main pulse may interact with the preplasma, which can
result in maximum energy of the generated proton to decrease to 2–4 MeV.
The eﬀect of the prepulse can be limited in our acceleration model. We calculated an expected preformed
plasma using a 2D MHD simulation to estimate this effect, and then, we simulated the maximum energy of the
backward ions with this preformed plasma using a 2D
PIC code. In the results, the prepulse with the intensity
contrast of 10−3 that can generate the preformed plasma
with a density scale between nc to 0.1 nc is approximately 20 µm, which is relatively larger than the scale
length without the prepulse of 2 µm. The PIC calculation shows that the presence of preformed plasma reduces
the maximum ion energy to only 50% of the case without the prepulse (for more details, see the supplemental
materials). This result indicates the robustness of this
acceleration scheme compared to that of the TNSA or
other acceleration schemes which require a very thin target and a high contrast laser.
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IV.

SUMMARY

In this paper, we discussed a very eﬀective backwardion acceleration mechanism using a uniform critical density plasma. When UIL propagates into this relativistically under-dense plasma, the density and temperature
gaps at the laser front excite the electrostatic ﬁeld, which
accelerates the electrons and subsequently the ions to
the laser reﬂection direction. The maximum ion energies
were found to be several times higher than those predicted by the TNSA mechanism. The observed ion beam
showed a small beam divergence because of the collimation by the azimuthal magnetic ﬁeld inside the plasma.
The model presented here was found to be signiﬁcantly
robust against the prepulses or pedestal even at a contrast ratio of 10−3 . Further, because the electrostatic
ﬁeld equally accelerates plasma ions, there is a possibility of using it as a particle source of high-current heavy
ions.

Analytical accelerated ion energy

∫ (
∇ϕdx = Z

me c2 ∇γ +

= 3Zeme c2 γ0

∫

−Zeme c

2

∞

−∞

n′e

(

γ ′ ne − (γ − 1)n′e
n2e

)
dx, (7)

∇p
ne

)
dx.

(4)

Here, pressure and temperature are given by
p = ne Te ,
Te = me c2 (γ − 1).

(5)

When the intense laser propagates into the homogeneous plasma, the plasma inside the laser path is expelled
by the strong Ponderomotive force, and a dense plasma
wall is formed because of the pile-up in front of the laser
pulse; this leads to large density and temperature (=γ)
gaps at the laser front similar to a step function (e.g.,
Fig.2a in ref[15]). In this case, the spatial distribution of
density and γ can be assumed as
γ0
[tanh(αx) + 1]
2
n0
ne (x) =
[− tanh(βx) + 1] ,
2

Therefore, if the plasma density at the laser front is
suﬃciently steep, it corresponds to α → 0 and β → 0,
then γ ′ → 0 and n′e → 0, and γ → γ0 and ne → n0 from
eq. 6. Finally, we obtain eq. 3.

Experiment

Therefore, the pressure term can be rewritten as
∇p
me c2
=
(∇(ne γ) − ∇ne )
ne
ne
)
(
∇ne
= me c2 ∇γ +
(γ − 1) .
ne

αγ0
1
,
2
2 cosh (αx)
1
βn0
n′e (x) = −
.
2
2 cosh (βx)
γ ′ (x) =

We can obtain the accelerated ion energy by integrating eq. 3 in space. By substituting eq. 2 into eq. 3, we
get
∫

∫ ∞ ′
ne
2
(γ − 1)dx,
W = 2Zeme c2 [γ]∞
+
Zem
c
e
−∞
−∞ ne
{[
]∞
ne
= 2Zeme c2 γ0 + Zeme c2
(γ − 1)
ne
−∞
(
)′ }
∫ ∞
γ
−
1
′
−
ne
dx ,
ne
−∞

where the dash indicates the diﬀerential for the xdirection. Here, the diﬀerential for γ and ne are

METHOD

W = Ze

where γ0 and n0 indicate the γ and density at the homogeneous plasma in front of laser pulse, respectively, and
α and β are parameters representing the spatial gradient
that should be suﬃciently large.
Substituting eqs. 5 and 6 into eq. 4, the integrated
energy becomes

γ(x) =

(6)

The experiment was performed at the ELFIE 100TW
laser facility at LULI, Ecole Polytechnique, France,
where both short-pulse and long-pulse laser beams
are available. The target comprised very low plastic
(C15 H20 O6 ) foam materials with densities of 5 and 10
mg/cc inside a solid polyimide tube. The length, inner diameter, and thickness of the tube were 300, 254,
and 20 µm, respectively. One side of the opening of the
tube was covered by a thin Cu foil (700 nm). A chirped
(uncompressed) pulse irradiates on the foil to generate a
homogenous critical density plasma over 200-µm length.
The wavelength, energy, focal intensity, and pulse duration of this pulse were 1.054 µm, 60 J, 1014 W/cm2 ,
and 1 ns, respectively. The formation of homogenous
plasma was conﬁrmed using X-ray radiography measurements [17]. The typical density of these plasmas were 1
and 2 times of critical density for 5 and 10 mg/cc foam
targets.
An intense laser light was then injected into the plasma
from the opposite side of the tube. The pulse duration
was changed from 0.3 to 1.5 ps, and the corresponding
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laser intensities were 0.5-3.0×1019 W/cm2 . The ions accelerated backward for the laser incidence direction were
bent by a 25-mm length magnet pair with 0.45 T magnetic ﬁeld strength located at 5 mm in front of the target. The backward-accelerated ions were detected with a
stack of radiochromic ﬁlms (type HD-V2) (more than 30
layers). The stack is attached at the exit of magnet, and
therefore, the distance from TCC to RCF is 30 mm. The
distance between the magnets was 20 mm, and therefore,
the stack covers approximately 37◦ in the full width as
a detection angular window that is perpendicular to the
magnetic ﬁeld direction.
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