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Laser-accelerated ions are widely attractive for many fields as a compact and low-cost accelera-
tor. 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 x 10 W/cm? focused intensity under
the conditions of the maximum prepulse contrast ratio of 1073, 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

condition, which can degrade beam quality by breaking

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 (> 102 Vm™!) causes ions to
be accelerated to over mega-electron-volt energies within
micron length scales. These features enable us to envi-
sion 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 (radia-
tion 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 rel-
ativistic effect [8]. High-energy ions are also obtained
through Coulomb explosion or magnetic vortex accelera-
tion in gas clusters [9, 10].

Although laser-driven ion acceleration is expected to
generate ions with very high current and energy, a pre-
cursive laser pedestal or prepulse can change the target
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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 perfor-
mance on the order of 107!2 in the nanosecond regime.
However, the focal intensity of recent UIL pulses exceeds
10?2 W/cem?, and thus, the prepulse or the nanosecond-
pedestal remains sufficiently strong to ionise solid mate-
rials. Further, the installation of these devices can com-
plicate the system and increase costs drastically.

In this paper, we propose a new ion-acceleration mech-
anism 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 (—m.c?V+y)
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 Pon-
deromotive force and pressure gradient (—Vp.) at the
pulse front accelerate electrons in the reflected light di-
rection; this results in the formation of an electrostatic
field which accelerates plasma ions in the backward direc-
tion. Simultaneously, the azimuthal magnetic field gener-
ated in the plasma by forward-accelerated electrons [16]
reduces the beam divergence of the backward-accelerated
ions.



The temperature of the uniform plasma already in-
creases to several tens of electron volts [17], and there-
fore, 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 cre-
ating 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 high-
quality 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

8Pe - e DA 2 VP
% oot —l—chﬁ—mecV'y—ne. (1)

where, P 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; ¢ is the electrostatic poten-
tial; me. is the electron mass; « is the Lorentz factor of
electrons; p is the plasma pressure, and n. 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

eV = mec*Vy + Vp. (2)
Ne

Equation 2 infers the Ponderomotive force and pres-

sure at the laser front that emits electrons in the back-

ward direction of the laser injection via the excited elec-

trostatic potential; the plasma ions are then accelerated

in the same direction. The maximum energy the ion can
gain is given by

W = Ze / Vodr = 3Zmec o, (3)

where Z is the Z-number of accelerated ions and ~y, 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 en-
ergy obtained using equation 3 for protons as a function
of incident laser intensity. In this calculation, we assume
Yo = \ﬂ 1+ a3/2) by using the normalised vector poten-
tial, ag = 0.89 x 1072(\/Tin + vV RIret(kin/kret)), where
Lin, Lier, kin, and ke are the intensity and wave num-
ber 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 accelera-
tion 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 ex-
ceeds 3.7 x 102! W/cm?. 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 pro-
tons but also heavier ions. Fig. 2b shows the ion spectra
calculated using the 2D-PIC code for proton (red), car-
bon (green), and oxygen (blue) at Tjaser = 300 fs and
Daser = 2.5 x 101 W/cm? observed in front of the uni-
form plasma. In this calculation, the plasma simulates
the foam material (C15H200g) 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 num-
ber 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 ac-
celeration 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 irradi-
ates on the foil to generate a homogenous critical density
plasma [16, 17]; the corresponding plasma density is ap-
proximately one and two times that of the critical density
for 1.054 pm 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 (Jjager = 0.5 — 3.0 X 1019
W/cem?). The accelerated ions in the backward direc-
tion were bent by the magnet pair in the horizontal di-
rection, 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



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 inten-
sity in this shot were 300 fs and 2.5x 10* W /cm?, respec-
tively. 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 consid-
ered to analyse the data as shown in Fig. 4c. Although
ions are bent in the horizontal direction, the vertical di-
rection 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 well-
collimated ion beam could be caused by the azimuthal
magnetic field generated by the forward-accelerated elec-
trons. 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 chan-
nel that help the collimation of the electrons. This mag-
netic 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 at-
tributed to the small beam density of the backward elec-
trons 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 pos-
sibility 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 exper-
iment are summarised in Fig. 5. Solid circles are experi-
mental 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 1.0n. and 1.6n.., respectively. The UIL was
injected when plasma density became 1n.. However, the
propagation of UIL in the plasma may promote plasma
ionisation up to 1.6n. (fully ionised plasma density of 5
mg/cc target). Therefore, the broken line seems to repro-
duce the experimental result more accurately, especially
at the lower laser intensity. If the plasma density is rela-
tivistically 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 cal-
culations. 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 calcula-
tion well reproduces the proton spectra obtained in the
experiment as shown in Fig. 5b. The solid line in the fig-
ure represents the accumulated proton spectra obtained
at 5 pm 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 3.2n, probably because of the promo-
tion 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 irra-
diation, the maximum proton energy for the 10 mg/cc
foam target was considerably reduced to approximately
1/3 (5.3 MeV at Tjager = 2.3 x 1012 W/cm?) 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-pm Au foil targets. If
the prepulse is sufficiently small, the maximum energy of
protons generated from this target can exceed 12 MeV
at Naser = 3 x 10YY W/em? [19]. However, in this ex-
periment, a prepulse exists with the maximum intensity
of 1073 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 de-
crease to 2-4 MeV.

The effect of the prepulse can be limited in our ac-
celeration model. We calculated an expected preformed
plasma using a 2D MHD simulation to estimate this ef-
fect, 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 1073 that can generate the preformed plasma
with a density scale between n. to 0.1 n. is approxi-
mately 20 pm, which is relatively larger than the scale
length without the prepulse of 2 um. The PIC calcula-
tion shows that the presence of preformed plasma reduces
the maximum ion energy to only 50% of the case with-
out 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 tar-
get and a high contrast laser.



IV. SUMMARY

In this paper, we discussed a very effective backward-
ion acceleration mechanism using a uniform critical den-
sity plasma. When UIL propagates into this relativisti-
cally 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 pre-
dicted by the TNSA mechanism. The observed ion beam
showed a small beam divergence because of the collima-
tion 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 con-
trast ratio of 1073. Further, because the electrostatic
field equally accelerates plasma ions, there is a possibil-
ity of using it as a particle source of high-current heavy
ions.

METHOD
Analytical accelerated ion energy
We can obtain the accelerated ion energy by integrat-

ing eq. 3 in space. By substituting eq. 2 into eq. 3, we
get

W= Ze/qudm - Z/ (mec2V'y + vp> de.  (4)

e

Here, pressure and temperature are given by

p = nele,
T, = mec(y —1).

Therefore, the pressure term can be rewritten as

Vp  mec®
e | T (V(ney) — Vne)
= mec? (Vv + Vnne (v— 1)) . (5)

When the intense laser propagates into the homoge-
neous 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 (=v)
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 v can be assumed as

y(z) = % tanh(az) + 1]

2 (6)
ne(z) = "2 [~ tanh(8z) + 1],

where 7y and ng indicate the v and density at the homo-
geneous plasma in front of laser pulse, respectively, and
« and (B are parameters representing the spatial gradient
that should be sufficiently large.

Substituting egs. 5 and 6 into eq. 4, the integrated
energy becomes

oo /

W = 2Zemc?[y]®,, + Zemc? / &(7 — 1)dz,
oo Me

oo

e

= 2Zemccyo + ZemECQ{ [ne(y — 1)}

- / n < 1 > , dx}
—00 ¢ Te ’
= 3Zemec2’yo

(e.¢] / _ _ 1 /!
_ZemECQ/ n/e (’Y Ne (’Y )ne> d,T,(?)

2
—o0 ne

where the dash indicates the differential for the -
direction. Here, the differential for v and n, are

o 1
(2) = — —5—,
2 cosh”(ax)
n(z) = Pro 1
2 cosh?(Bz)

Therefore, if the plasma density at the laser front is
sufficiently steep, it corresponds to « — 0 and 8 — 0,
then v/ — 0 and n, — 0, and v — 7o and n. — ng from
eq. 6. Finally, we obtain eq. 3.

Experiment

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
(C15H200¢) foam materials with densities of 5 and 10
mg/cc inside a solid polyimide tube. The length, in-
ner diameter, and thickness of the tube were 300, 254,
and 20 pm, 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-um length.
The wavelength, energy, focal intensity, and pulse du-
ration of this pulse were 1.054 pm, 60 J, 10** W/cm?
and 1 ns, respectively. The formation of homogenous
plasma was confirmed using X-ray radiography measure-
ments [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



laser intensities were 0.5-3.0x10'® W/cm?. The ions ac-
celerated backward for the laser incidence direction were
bent by a 25-mm length magnet pair with 0.45 T mag-
netic field strength located at 5 mm in front of the tar-
get. 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.

2D particle simulation

Simulations were conducted with a 2% fully electro-
magnetic PIC code FISCOF2 [32]. We considered a tar-
get that consisted of fully ionised C15H29Og plasma with
totally 1n. electron density (for 1-um laser light). The
length of the plasma is reduced to 60 pm from 300 pm in
the experiment because we confirmed that the UIL with
the highest intensity in this study does not penetrate the
plasma. The transverse size is 50 pm, which is approxi-
mately five times larger than the pulse spot size (10 ym
in FWHM). The s-polarised laser pulse is normally inci-
dent on the target with different peak intensities of 5, 10,
and 30x10'® W/cm?. To minimise the calculation time,
the pulse duration was fixed to 300 fs. For observing the
backward-accelerated ions, a 100-pm vacuum region was
preserved in front of the plasma. The ion momentum was
observed within —100 < z < 70 um, and the ion spectra
were observed at x = —5 pm (the plasma was located
between 0-60 pm).
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FIG. 1. Schematic image of the backward ion acceleration.
When an ultra-high intensity laser irradiates a uniform crit-
ical density plasma, the density and temperature gap at the
plasma channel front excites the electrostatic field. This field
acts to accelerate the plasma ions to the backward direction.
In addition, forward accelerated electrons inside the channel
generate a magnetic field along the channel, which collimates
backward accelerated ions.
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FIG. 2. a. Maximum proton energies. Each line present esti-
mated scalings for each acceleration mechanisms; our model
for 1n. plasma by eq. 3 (solid), fluid model [5, 19] (dashed),
BOA [20] (dot-dashed), and TNSA model (dot) [21, 22].
Black circles and squares represent the experimental results
from literatures in 300 fs-1 ps (labels 1 [2], 2 [4], 3 [7], 4 [20],
5 [19], and 6[23], and 30-60 fs (labels 7 [24], 8 [25], 9 [26],
10 [27], and 11 [28]), respectively. Solid triangle is the past
result using low-density foam target [29]. b. Calculated ion
spectra for proton (red), carbon (green), and oxygen (blue)
for Tlaser=300 fs and Ijpser = 2.5 x 10%° VV/cm2 observed at
the plasma front.
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FIG. 3. Experimental setup. A low density form target in
polyimide tube is pre-ionised by ns pulse laser. An intense
short pulse laser (300-1.5 ps / 0.5-3.0x10" W/cm?) is then
injected into the target from the opposite opening of the tube.
The backward accelerated ions are bent by a magnet pair
(0.45 T) and are detected with a RCF stack.
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FIG. 4. a&b. 2nd and 10th RCF layer (corresponding to 2.8
and 9.8 MeV protons) images taken at 5 mg/cc foam target.
The pulse duration and intensity in this shot were 300 fs and
2.5 x 10'® W/cm?. The ions bent by the magnet come from
right to left in this image. c. The vertical line profiles of each
layer for 2.8, 9.8, and 17.8 MeV protons, respectively. Beam
divergence calculated from the signal width are 12.7, 8.2 and
2.7° (FWHM).
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FIG. 5. a. Maximum proton energies obtained at the experi-
ment. Solid and open circles are experimental and simulation
results for 5 mg/cc foam target. Solid squares and triangles
indicate the results of 10 mg/cc foam and 20-pum Au foil tar-
gets, respectively. Lines represent the scaling for different
plasma density; 1n. (red solid), 1.6n. (fully ionised 5 mg/cc
foam) (red dash), 2n. (blue solid), and 3.2n. (fully ionised
10 mg/cc foam) (blue dash). b. Proton energy spectra by
experiment (circles) and simulation (line) for Taser = 300 fs

and laser = 2.5 X 10 W/cmg.
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