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It is found that stable proton acceleration from a thin foil irradiated by a linearly polarized ultraintense

laser can be realized for appropriate foil thickness and laser intensity. A dual-peaked electrostatic field,

originating from the oscillating and nonoscillating components of the laser ponderomotive force, is

formed around the foil surfaces. This field combines radiation-pressure acceleration and target normal

sheath acceleration to produce a single quasimonoenergetic ion bunch. A criterion for this mechanism to

be operative is obtained and verified by two-dimensional particle-in-cell simulation. At a laser intensity of

�5:5� 1022 W=cm2, quasimonoenergetic GeV proton bunches are obtained with �100 MeV energy

spread, less than 4� spatial divergence, and �50% energy conversion efficiency from the laser.

DOI: 10.1103/PhysRevLett.105.065003 PACS numbers: 52.38.Kd, 29.25.�t, 52.50.Jm, 52.65.Rr

High-quality energetic ion bunches have many potential
applications [1], including medical isotope generation,
proton imaging and oncology, injector for traditional ion
accelerators, nuclear physics, high energy physics, fast
ignition in inertial confined fusion, and diagnostics of
future tokamaks. Several mechanisms for ion acceleration
from the interaction of a laser with thin solid targets have
been studied theoretically and experimentally [2–8]. Three
main acceleration regimes have been identified: target
normal sheath acceleration (TNSA) [3], radiation-pressure
acceleration (RPA) [4], and breakout afterburner accelera-
tion (BOA) [5]. In TNSA, ions are accelerated by the
target-backside sheath potential produced by the laser-
ejected target electrons. The energetic ions in this regime
usually have continuous energy spectra and a cutoff en-
ergy, which barely reach�100 MeV=nucleon [6]. In RPA,
the radiation pressure at the front surface accelerates and
compresses the target electrons, creating an intense space-
charge field that accelerates the ions. In this regime mono-
energetic GeV proton beams can be produced, although
certain extreme conditions for the laser beam, such as
extremely high laser intensity, sharp rising front, and ultra-
thin target thickness, are mandatory [7]. Also it is favorable
to avoid generating hot electrons with circularly polarized
laser pulses [8]. The BOA mechanism, on the other hand,
appears as a consequence of dynamics associated with the
nonlinear transparency of the laser pulse and enhanced
electron heating, combing with the beam-plasma instabil-

ity [5]. The BOA can dramatically improve the accelera-
tion efficiency as compared with the TNSA and require a
significantly lower laser intensity than for RPA.
In this Letter, we present another mechanism, namely,

the dual-peaked electrostatic-field acceleration (DEFA),
for accelerating the protons in a thin foil target by using
a linearly polarized ultraintense laser. DEFA makes use of
RPA and TNSA, respectively, at the front and back sides of
the foil. Together they form a self-consistent dual-peaked
electrostatic space-charge field. Under appropriate condi-
tions, this field can persistently trap target protons and
accelerate them monoenergetically to the GeV level. The
resulting proton bunch also has narrow energy spread,
small spatial divergence, and high laser-energy conversion
efficiency.
A one-dimensional model of the DEFA configuration

is depicted in Fig. 1. The two electric field peaks are
due to the two components of the ponderomotive force
of the linearly polarized laser [9]: the nonoscillating
part �ðe2=4me!

2
0ÞrE2ðxÞ and the oscillating part

�ðe2=4me!
2
0Þ cosð2!0tÞrE2ðxÞ, where EðxÞ is laser elec-

tric field amplitude, me is electron mass, e is electron
charge, and !0 is laser frequency. The nonoscillating
component accelerates the electrons at the target front
surface (region I) deep into the foil (region II), forming
the electrostatic field Efront, which accelerates the protons
in region I. The peak of this electrostatic field can be
estimated to be 4I0=en0cD, where I0 is the laser intensity,
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n0 is the initial electron density,D is the foil thickness, and
c is the light speed, by balancing the radiation and charge-
separation forces [4]. The oscillating component of the
ponderomotive force rapidly accelerates and heats the
foil electrons. Many of these electrons pass through the
foil to the rear vacuum (region III), generating a space-

charge field Eback � ð4�n0KBTeÞ1=2 [10]. The hot-electron
temperature Te in region II is given by [11] T ¼ Te;Wilks ¼
½ð1þ a20Þ1=2 � 1�mec

2, where a0 is the normalized laser

amplitude. The electrostatic field Eback then accelerates the
protons in region II. In order for the protons to be steadily
accelerated to the GeV level, an appropriate foil thickness
for realizing a rough balance of Efront and Eback is needed.
Balance between the radiation-pressure and the space-

charge forces in region I gives a0=
ffiffiffi

2
p

�n0 � D (similar
to that for circularly polarized lasers [8]), where n0 and D
have been normalized by the critical density nc and laser
wavelength �0, respectively. On the other hand, stable
proton acceleration requires Efront � Eback in order for all
the accelerating foil protons to remain trapped throughout
the acceleration process. Combining these requirements,
we obtain the condition

ð ffiffiffi

2
p

�Þ�1a0=n0 <D<��1ða0=n0Þ3=2 (1)

for stable proton acceleration, and a0 > n0=2 is mandatory.
The corresponding proton momentum obtained from
Ref. [7] is

d

dt
ui ¼ a20

n0MD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ u2i

q

� ui
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ u2i

q

þ ui

; (2)

where ui ¼ Pi=mic is the normalized momentum, t is the
time normalized by the laser period �0, M ¼ mi=me, and
mi is proton static mass. Equation (2) provides an estimate
for the maximum proton energy [7]: "imax ¼
2�2"2L=ð2�"L þ Nimic

2ÞNi, where � is the efficiency of
energy transfer from the laser to the protons, "L is the laser
pulse energy, and Ni is the proton number.
To verify the DEFA mechanism, we carry out two-

dimensional (2D) particle-in-cell (PIC) simulations using
the code PDLPICC2D [12]. The simulation box is 50�0 �
40�0 with a spatial resolution up to 200 cells per wave-
length. Each cell contains 36 ions and 36 electrons. The
fully ionized proton plasma foil of initial density n ¼
100nc is 0:8�0 thick and 40�0 wide, with its front surface
located at x ¼ 4�0. The initial electron temperature is
5 keV, and the ions are cold. The linearly polarized trape-
zoidal laser pulse with the super-Gaussian intensity distri-
bution exp½�ðr=r0Þ4� propagates along the x direction,
where r0 ¼ 10�0 is the spot radius. It has a duration
10�0, consisting of a plateau region of 8�0 and rising and
falling times of 1�0 each. Its amplitude is a0 ¼ 200, cor-
responding to the laser intensity I ¼ 5:5� 1022 W=cm2.
An absorbing boundary condition is adopted for both the
electromagnetic waves and simulation particles. An exact
charge conservation scheme [13] and simulation particles
with a fourth-order form factor are used in our simulation
to suppress numerical noise.
Figure 2 shows the simulation results for three foil

thicknesses: one (D ¼ 0:8�0) satisfying (1) and other
two (D ¼ 0:3�0 and 5:0�0) not. As shown in Fig. 2(a),
although the maximum proton energy in all the three cases
is larger than 1 GeV, a quasimonoenergetic proton beam at

FIG. 2 (color online). (a) Proton energy spectra at t ¼ 35�0 for
D ¼ 0:8�0, 5:0�0, and 0:3�0, with the top and right axes for the
non-DEFA cases D ¼ 5:0�0 and 0:3�0. (b) The electron energy
spectra collected at the surface x ¼ 50�0 for the three cases.
(c) Evolution of the efficiencies of energy conversion to protons
(p) and electrons (e) for the three cases. (d) Peak energies of
proton beams versus time for D ¼ 0:8�0.

FIG. 1 (color online). Schematics of the dual-peaked
electrostatic-field acceleration of protons. There are three re-
gions: depleted electron region with thickness d (region I),
dumped electron region (region II), and escaped electron region
(region III). The first two are within the foil, and region III is in
the target-back vacuum. Blue and red represent the protons and
electrons, respectively. The profiles of the electric fields and
density distributions of the electrons and protons are sketched in
the lower panel.
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�1 GeV is observed only when the foil thickness satisfies
(1). The full-width-at-half-maximum energy spread is as
narrow as �100 MeV. We see in Fig. 2(b) for D ¼ 0:8�0

that there is a large number of hot electrons, peaked at
�60 MeV, such that the proton acceleration is nearly
quasineutral. If the foil is either too thick or too thin
according to Eq. (2), the electron energy distribution ex-
hibits the normal thermal spectra with high energy tails, as
usually found for linearly polarized lasers [3]. Figure 2(c)
shows that forD ¼ 0:8�0, the energy conversion efficiency
from the laser to the protons is as large as 50%, also much
larger than that in the other two cases. The efficiency of
energy conversion from the laser to the hot electrons is also
shown. The thicker the foil is, the more the laser energy is
transferred to the electrons (rather than to the protons).
When the foil is thinner than the lower limit of (1), the
efficiencies of energy conversion from the laser to the
electrons and protons are both low. This is because of the
premature breaking of the foil plasma and the resulting free
passage of the laser pulse without further interaction with
the plasma. Figure 2(d) shows the peak energy of the
proton bunch as a function of time for D ¼ 0:8�0, which
is in good agreement with that obtained from the analytical
model [Eq. (2)].

The acceleration process can be better understood by
inspecting the induced-field structures. Figure 3(a) shows
that near the foil front and back surfaces the electrostatic
field has two peaks, at x ¼ 17:2�0 and x ¼ 17:8�0, respec-
tively. These are the space-charge fields created by the
electrons expelled by the nonoscillating ponderomotive
force and from the energetic hot electrons expelled by
the oscillating ponderomotive force, respectively, as in-
voked in the one-dimensional analytical model above.
The proton and net charge distributions in Fig. 3(a) have
similar two-peak structures, indicating the presence of
concurrent acceleration in both regions. The evolution of
the dual-peaked electrostatic field is shown in Fig. 3(b). It
has a quasiperiodic structure, indicating that the balance
between the ponderomotive and the electric forces is dy-
namic: The front peak is first built up, before proton
acceleration at the front takes place. As the fast laser-

driven front electrons are expelled to the target rear side,
a sheath field is built up behind the target. It accelerates the
target-backside protons as well as the protons arriving
there after being preaccelerated in the front part of the
target. In the entire acceleration process the target remains
opaque to the laser and the two-peaked structure is stably
maintained, leading to stable DEFA acceleration. The
simulated field evolution also agrees well with that pre-
dicted by Eq. (2) of the analytical model.
Figure 4 shows the two proton bunches accelerated by

the two electric field peaks in Fig. 3. The trajectories of
the electrons indicate that most electrons move together
with the protons, and only a small number of hot electrons
escape from the foil. The periodic structure is associ-
ated with the efficient and stable energy transfer from the
laser to the protons and the electron energy spectrum in
Fig. 2(b).
The proton spatial and momentum distributions in Fig. 5

show in more detail the DEFA process. At t ¼ 10�0, a
locally delimited plasma disk corresponding exactly to the
laser spot is accelerated forward by the laser. The protons
in the foil back surface are accelerated more strongly than
that in the front surface, indicating rapid electron heating
and expansion into the backside vacuum. At t ¼ 20�0, the
acceleration is steady, and the pouchlike low-density
plasma structure behind the accelerating protons traps the
laser pulse. Figure 5(c) shows that at t ¼ 35�0, or the end
of the acceleration process, the pouchlike wake structure is
disappearing and the accelerated monoenergetic proton
layer has arrived at x ¼ 23�0 (from the original x ¼ 4�0)
with a peak energy of 1.0 GeV, peak density >50nc, and
spatial divergence <4� [calculated from the data for
Fig. 5(e)]. Figure 5(d) shows that the protons have good
monoenergetic and collimation characteristics. A feature
similar to wave breaking can be seen in Fig. 5(e), which
shows that the protons from the front acceleration region
can catch up with that from the target-back acceleration

FIG. 3 (color online). (a) Ion density ni=nc, charge density
q=nc, and the longitudinal electric field Ex on the laser axis at
t ¼ 25�0. (b) Evolution of the two peaks of Ex at the foil front
and back sides. The green dashed line is from the analytical
model.

FIG. 4 (color online). The proton density ni=nc (gray) along
the laser axis and typical electron trajectories (green and red
dashed lines). The inset gives an enlarged view of the fine
structure inside the dashed rectangle, showing the two proton
beams A and B.
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region. However, at a still later stage the energy and spatial
spreads both increase because of expansion of the bunch.
Figure 5(f) for the evolution of the proton spectrum shows
the stable acceleration of the quasimonoenergetic proton
bunches during the acceleration stage.

Stable DEFA ends when the target becomes transparent
due to expansion. After the laser has penetrated through the
target, the electrons are scattered away by the laser field
and the dual-peaked electrostatic field disappears. At the
same time, the proton bunch collapses and its energy
spread increases quickly. Therefore, proper length of the
laser pulse is critical for generating a high-quality mono-
energetic proton beam. In this simulation the laser pulse is
about 33 fs; the laser is terminated before transmitting
through the target.

Although the simulation results described so far are for
the special pulse profile, such an extreme condition is
actually not necessary for the DEFA mechanism as long as
(1) is satisfied. For example, with the practically Gaussian
shape of the laser, I � I0 exp½�ðr=r0Þ2� expf�½ðt�
3t0Þ2=t20�g, where r0 ¼ 10�0 and t0 ¼ 5�0 are taken and

the other parameters are the same as in Fig. 5, our simu-
lations verify that typical DEFA behavior can also clearly
be observed. A quasimonoenergetic proton bunch around
�700 MeV with �100 MeV energy spread and less than
10� spatial divergence is obtained in 2D simulation results.

In conclusion, we have investigated a new regime,
namely, DEFA, for achieving high-quality well collimated
quasimonoenergetic GeV proton beams. The DEFA regime
makes use of the two space-charge fields formed near the
front and back surfaces of the thin foil formed by the
nonoscillating and oscillating components of the laser
ponderomotive force, respectively. Two-dimensional PIC
simulations demonstrate the production of high-quality
proton beams under the criterion for DEFA. With this
mechanism, it appears possible to achieve multi-
100 MeV proton beams for medical therapy with lasers
presently available at focused intensity 5� 1021 W=cm2

in 50 fs.
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FIG. 5 (color online). The proton density at (a) t ¼ 10�0,
(b) t ¼ 20�0, and (c) t ¼ 35�0, the proton momentum at
(d) t ¼ 20�0 and (e) t ¼ 35�0, and (f) the evolution of the
proton energy spectrum. A and B in (a) mark the two accelerat-
ing proton bunches. Shown in (d) is the proton beam (marked C)
in the stable acceleration stage, and shown in (f) is the disinte-
grating proton bunch (marked D) at the end of the acceleration.

PRL 105, 065003 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

6 AUGUST 2010

065003-4

http://dx.doi.org/10.1038/nphys476
http://dx.doi.org/10.1103/PhysRevLett.90.064801
http://dx.doi.org/10.1103/PhysRevLett.93.155003
http://dx.doi.org/10.1103/PhysRevE.69.036407
http://dx.doi.org/10.1038/nature04400
http://dx.doi.org/10.1038/nature04492
http://dx.doi.org/10.1063/1.1333697
http://dx.doi.org/10.1103/PhysRevLett.86.3562
http://dx.doi.org/10.1103/PhysRevLett.94.165003
http://dx.doi.org/10.1088/1367-2630/10/1/013021
http://dx.doi.org/10.1103/PhysRevLett.100.135003
http://dx.doi.org/10.1088/0741-3335/50/12/124033
http://dx.doi.org/10.1088/0741-3335/50/12/124033
http://dx.doi.org/10.1017/S0263034606060459
http://dx.doi.org/10.1063/1.2436857
http://dx.doi.org/10.1063/1.874030
http://dx.doi.org/10.1103/PhysRevLett.92.175003
http://dx.doi.org/10.1103/PhysRevLett.103.135001
http://dx.doi.org/10.1103/PhysRevLett.103.024801
http://dx.doi.org/10.1063/1.1738649
http://dx.doi.org/10.1103/PhysRevLett.69.1383
http://dx.doi.org/10.1103/PhysRevE.79.015401
http://dx.doi.org/10.1016/S0010-4655(00)00228-9
http://dx.doi.org/10.1016/S0010-4655(00)00228-9

