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Characteristics of laminar ion beams accelerated via a few-joule laser pulse
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Laser-driven carbon ion beams from a carbon foil target via a 2.5-J laser pulse are investigated with three-
dimensional particle-in-cell simulations. An ion bunch with a narrow energy range exhibits a thin shell shape
with a certain diameter. The ion cloud has a layered structure of these ion bunches with different energies. The
divergences of the ion bunch in the laser inclination direction and perpendicular to it are different in an oblique
incidence laser. In addition, theoretical formulas for the radius of the generated ion beam and the energy spectrum
are derived, and they are shown to be in good agreement with the simulation results.
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I. INTRODUCTION

The recent progress in compact laser systems has been
significant. Laser ion acceleration is a compelling application
of high-power compact lasers [1,2]. If a compact laser system
can generate ions with sufficiently high energy and quality,
low-cost compact accelerators would become feasible. How-
ever, the ion energies that have been currently achieved by
laser ion acceleration are insufficient for applications such
as particle therapy [3,4]. Therefore, there are two ways for
the study of the laser ion acceleration to proceed: (i) evalu-
ating the conditions required to produce higher-energy ions
(including high-power laser development) [5–14] and (ii) an
investigation aimed at practical application using the currently
available ion energies.

In the former, the focus is on the maximum energy of the
obtained ions. In general, the higher the energy of ions, the
smaller their number. Therefore, the number of ions in an ion
bunch, with a narrow energy width, containing the maximum-
energy ions is very small. However, numerous applications
require an ion beam with a sufficient number of ions [15,16].
Therefore, in this way, it is necessary to satisfy the two con-
flicting requirements. In this study, we take the latter way,
and it is assumed that a widely commercially available laser
is used. We focused not only on the maximum energy of the
generated ions but also on the lower-energy ions, because they
are produced in large quantities [17]. Our aim is to find a
reasonable method to generate a large number of not-so-high-
energy ions (several MeV/u) within a narrow solid angle and
to clarify the characteristics of these ion beams. Such an ion
beam can be applied, as an injector in heavy-ion radiotherapy
facilities.
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By using laser acceleration injectors, it is possible to re-
duce the size and price of radiotherapy facilities [18]. The
energy of the carbon ions produced by current injectors is
4 MeV/u, and the same energy is required for laser accelera-
tion injectors. In addition, because the beam capture diameter
in the subsequent device is several cm wide, the ions within a
narrow solid angle (several msr) will be utilized.

In this study, a foil is used as the target because of its
ease of preparation and handling. Currently, carbon ions are
most commonly used in heavy-ion radiotherapy. Therefore, a
carbon foil target is selected. Widely commercially available
laser conditions, i.e., a relatively low laser energy and not
extremely small spot size and pulse duration, are considered.
This is because the laser used in a compact accelerator will
inevitably have widely commercially available performance
due to the requirements for a smaller size and lower price of
the accelerator.

The remainder of this paper is organized as follows: In
Sec. II, the simulation parameters are presented. Section III
presents the characteristics of the accelerated carbon ions. The
analytical considerations are presented in Sec. IV. Section V
presents the properties of the generated carbon ion beams at an
energy of around 4 MeV/u. Section VI summarizes the main
results of this study.

II. SIMULATION MODEL

Simulations were performed using a three-dimensional
(3D) parallelized electromagnetic code, based on the particle-
in-cell (PIC) method [19], which was developed, has been
improved and used by our institute to simulate laser plasma
interactions [11–13,20,21]. The parameters used in the simu-
lations are as follows.

An idealized model is used in which a Gaussian p-
polarized laser pulse is obliquely incident, 45◦, on a foil target
represented by a collisionless plasma. The laser pulse energy
is 2.5 J and focused to a spot size of 5 μm full width at half
maximum (FWHM), and the pulse duration is 50 fs (FWHM).
Corresponding to the laser pulse with peak intensity, I , is
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1.7 × 1020 W/cm2, the peak power is 47 TW, and dimension-
less amplitude a0 = qeE/meωc = 9. The laser wavelength is
λ = 0.8 μm.

A foil target consisting of carbon is used in this study. It has
been reported that high-energy ions are generated at 0.1 μm
foil thickness when an 18-J laser pulse is irradiated onto a
polyethylene (CH2) foil target [13]. Because the energy of the
laser pulse used in this study is much lower than that of the
aforementioned laser pulse, and moreover, the electron den-
sity in the fully striped carbon target is about two times that of
CH2, the foil thickness at which the maximum energy occurs
is considered to be much thinner than 0.1 μm. However, it
is difficult to achieve extremely thin thicknesses. Therefore,
the foil thickness, �t , is set to 1 μm as the thinnest thickness
considered feasible.

The ionization state of the carbon ion is assumed to be
Zi = +6. The electron density is ne = 6 × 1023 cm−3, i.e.,
ne = 345ncr, where ncr denotes the critical density. The total
number of quasiparticles is 2 × 1011. A triangular particle
shape, i.e., first-order weighting, is used.

The number of grid cells is 4000 × 3456 × 2500 along the
X , Y , and Z axes. Correspondingly, the simulation box size is
72 × 62 × 45 μm. The boundary conditions for the particles
and fields are periodic in the transverse (Y , Z) directions and
absorbing at the boundaries of the computation box along the
X axis. We set the electric field of the laser pulse to be along
the XY plane so that the magnetic field of the laser pulse is
along the Z axis. The laser-irradiated side of the foil surface
is placed at X = 36 μm, and the center of the laser pulse is
located 13 μm in front of its surface in the X direction and
13 μm above the foil center in the Y direction. The laser prop-
agation direction is 45◦ downward, i.e., the direction vector is
(1,−1, 0). An xyz-coordinates system is used throughout the
text and figures. The origin of the coordinate system is located
at the center of the laser-irradiated surface of the initial target,
and the directions of the x, y, and z axes are the same as those
of the X , Y , and Z axes, respectively. Therefore, the x axis
denotes the direction perpendicular to the target surface, and
the y and z axes lie in the target surface.

III. ACCELERATED CARBON IONS

In this section, we present the simulation results. The ion
acceleration scheme changes with variations in the laser in-
tensity I and/or target thickness �t (areal density of electrons
ne�t to be exact). Therefore, the acceleration scheme can be
determined using the value of I/ne�t . Under our conditions,
because I/ne�t = 3 W/electron, which is considerably less
than I/ne�t > 500 W/electron which is a condition that would
be nonhomeomorphic acceleration [20] (radiation pressure
acceleration), and therefore the ion acceleration scheme is the
Coulomb explosion.

Figure 1 shows the particle distribution and electric field
magnitude at times t = −63, 3, 70, and 203 fs. Half of the
electric field box has been excluded to reveal the internal
structure in Fig. 1(a), and their cross sections in the xy plane
are shown in Fig. 1(b). Carbon ions are classified by color
in terms of their energy. It is assumed that t = 0 when the
center of the laser pulse, where I is the strongest, reaches
the laser-irradiated surface of the initial target. That is, more

FIG. 1. (a) Laser pulse is oblique incident, 45◦, on carbon foil
target. A 3D view is given of the particle distribution and electric
field magnitude (isosurface for value a0 = 2) at each time. Half of the
electric field box has been excluded to reveal the internal structure.
The carbon ions color corresponds to their energy. (b) A 2D projec-
tion is shown as viewed along the z axis. Here half of the ion cloud
also has been excluded. The red thick arrow shows the momentum
vector, p, of the high-energy carbon ions. The x component of the
electric field, Ex (x), on the x axis are shown by solid lines.

than half of the laser pulse does not interact with the target
when t < 0, and more than half of the interaction is complete
at t � 0. The simulation start time is t = −63 fs. The initial
shapes of the laser pulse and target are shown at t = −63 fs.
The laser pulse is defined on the −x side of the target and
travels diagonally toward the +x side. At t = 3 fs, the laser
pulse undergoes strong interactions with the target. About half
of the laser pulse has interacted with the target, whereas the
other half does not. A portion of the laser pulse is reflected
from the target. Subsequently, the carbon ion cloud explodes
by Coulomb explosion and grows over time. High-energy
carbon ions are distributed at the +x side tip of the ion cloud
and shifted slightly in the −y direction.

At t = 70 fs, the interaction between the laser pulse and
target ended, and the reflected laser pulse is moving in the
−x direction (diagonally downward). The target is slightly
expanded. In the electron distribution, the electrons that are
pushed out from the target are distributed in large numbers
in the −y region [21]. At t = 203 fs, the target is largely
expanded, with high-energy areas occurring at each tip of the
ion cloud on the +x and −x sides. The maximum energy of the
carbon ions is 8.8 MeV/u and occurs at the tip of the +x side
of the ion cloud. The dark-red arrow represents the momentum
vector of the high-energy carbon ions. This momentum vector
is slightly tilted downward, in the −y direction [11,21,22],
and its angle with the x axis is −5◦. Although it is lower
than that of the +x side, relatively high-energy ions are also
generated at the tip of the ion cloud on the −x side, with
a maximum energy of 7.1 MeV/u. These ions travel in the
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FIG. 2. (a) Carbon ion distribution at t = 203 fs. A 2D projection
of Fig. 1(a) is shown as viewed along the x axis. The high-energy ions
are distributed in a vertically long elliptical shape. (b) Illustration of
the laser pulse and target. The cross section of the laser pulse is a
circle, but the distribution of the laser on the target is a vertically
long ellipse. (c) Ex distribution on the target at t = 3 fs. Ex has a
vertically long elliptical distribution. The purple area is more than
3 TV/m.

opposite direction to the ions on the +x side, i.e., in the
−x direction. High-energy ions also appear on the −x side
because the acceleration scheme in this study is the Coulomb
explosion of the target. The distribution of Ex on the x axis
is shown as a solid line. The ions are accelerated by Ex. The
largest Ex in the figures occurs on the +x side surface of the
target at t = 3 fs, which is 5 TV/m. At this time, a similarly
large Ex also occurs on the −x side surface in the opposite
direction. Therefore, it can be said that ion acceleration mainly
occurs at around t = 3 fs when the laser and target interact
strongly. Subsequently, Ex is remarkably small and decreases
over time. At t = 203 fs, it is observed that the Ex inside the
ion cloud is approximately 0.

The accelerating electric field E‖ (electric field in the di-
rection of ion motion) experienced by the maximum-energy
ions is not equal to the Ex shown in Fig. 1(b). However,
both the position of the ion and its direction of motion
only marginally deviate from the x axis. Hence, E‖ ∼ Ex.
E‖/Ex (ratio of their maximum values) at t = 3 fs, when the
strongest acceleration occurs in the figure, and at the final time
t = 203 fs are 1.04 and 0.98, respectively. The change in
total energy at times up to ∼70 fs (the time when neither
the electromagnetic fields nor particles go out through the x
boundaries) is less than 1%. Thus, energy is conserved in the
simulation. The maximum/mean ion energies normalized by
the value of the final time t = 203 fs are 3.5, 1.1, 1.0, and
1.0 at t = 3, 70, 137, and 203 fs, respectively. This ratio has
converged to a steady-state value. Hence, at the time when
the laser and target are interacting (t = 3 fs), the maximum-
energy ions are selectively accelerated more strongly than
other ions, compared with other times. This degree of selec-
tivity decreases as the laser and target interaction comes to
an end and almost does not change for t � 70 fs. At normal
incidence, the maximum-energy ions appear on the x axis and
is not tilted in the y direction, and its maximum energy is
lower than that at 45◦ incidence [11].

In the following, we consider the characteristics of the
generated ion cloud. First, the spatial distribution of the ion
cloud is considered. Figure 2(a) shows a 2D view of the ion
distribution at t = 203 fs in Fig. 1(a), as viewed along the x

FIG. 3. Angular distribution of ϕ and θ of the ions of 3.8 MeV/u
or more traveling in the +x direction at t = 203 fs. It is normalized
by the maximum value of ϕ, Ñion = Nion/Nion,max. The momentum
vector of an ion is tilted downward (−y direction) on average but not
horizontally. The horizontal spread of the momentum vector is wider
than the vertical direction. Inset: The momentum vector of an ion, ϕ,
and θ .

axis. The high-energy ions are distributed in a long elliptical
shape in the y direction, and its center is shifted toward the −y
direction.

Hereinafter, we refer to the y axis direction as the vertical
and the z axis direction as the horizontal. The generated ion
distribution is a vertically long ellipse because the laser is an
oblique incidence inclined in the y direction. In our simula-
tion, the cross section of the laser pulse is circular, but its
shape on the target surface is elliptical because of oblique
incidence [see Fig. 2(b)]. Consequently, the distribution of
the acceleration field generated on the target also becomes
elliptical [Fig. 2(c)]. Figure 2(c) shows the distribution of
the x direction electric field (accelerating field), Ex, on the
+x side surface of the target at t = 3 fs, which is the time
when the strongest Ex occurs. Because ions are produced from
this elliptically distributed acceleration field, their distribution
becomes elliptical. From the details shown in Fig. 2(c), it can
be seen that the accelerating electric field is egg shaped. That
is, the left and right sides are symmetrical with respect to
the y axis, but the top and bottom sides are not symmetrical
with respect to the z axis, and they are distributed horizon-
tally longer in the region where y < 0 than in the region
where y > 0. In addition, from the y coordinate values of
the light blue area, it is clear that this area is distributed
farther in the −y direction than in the +y direction. This is
because the laser is obliquely incident; thus, more electrons
are distributed in the area of y < 0 outside the target (see
t = 70 fs in Fig. 1). The accelerated ions generated from
this elliptical region at t = 3 fs are thereafter more shifted
toward the −y direction due to the effect of the electron
distribution [21].

Next, the traveling direction of the generated ions, i.e.,
the direction of their momentum vectors, is considered. Fig-
ure 3 shows the angular distribution of the angle between
the momentum vector of an ion of 3.8 MeV/u or more that
is accelerating toward +x side and the x axis at t = 203 fs.
Energies of 3.8 MeV/u or more are selected because we are
focusing on carbon ions at around 4 MeV/u (to be discussed
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FIG. 4. Energy spectrum of the carbon ions traveling in the +x
direction obtained in the simulation at t = 203 fs. It is a monotoni-
cally decreasing.

in detail in Sec. V). ϕ is the angle between the momentum
vector projected onto the xy plane and the x axis, i.e., the ver-
tical tilt, and θ is the angle when projected onto the xz plane,
i.e., the horizontal tilt (see the inset). Modes are ϕmode =
−4.4◦ and θmode = 0◦, that is, the traveling directions of these
ions are, on average, slightly tilted in the −y direction, vertical
direction, but not in the z direction, horizontal direction. The
vertical direction, ϕ, is distributed in the range from −8◦ to 4◦,
and the horizontal direction, θ , is distributed approximately in
the range from −10◦ to 10◦. Their widths are �ϕ = 12◦ and
�θ = 20◦, respectively, i.e., the horizontal spread (variance
of the distribution) of the velocity vector is wider than the
vertical direction. That is, the ion cloud is expanding more in
the horizontal direction.

Figure 4 shows the energy spectrum of carbon ions ac-
celerated in the +x direction at t = 203 fs. Carbon ions are
generated on both the +x and −x sides of the target, but here it
is assumed that the ions are received and used by some device
installed behind the target, i.e., in the +x direction. Therefore,
only the ions that traveled to the +x side are considered. The
vertical axis is provided in units of the number of carbon
ions per 1 MeV/u width. The horizontal axis represents the
energy of the carbon ion E . The number of ions produced
decreases with increasing energy. Therefore, if a large number
of accelerated ions are needed, then ions in the lower-energy
range should be used, not near the maximum energy. This is
the reason for our focus on ions in the low-energy region. At
8 MeV/u, which is near the maximum energy, there are
6 × 107 /(MeV/u) ions, but at 4 MeV/u, which is half the
maximum energy, there are 2 × 109 /(MeV/u) ions, which is
about 30 times the number of ions. The number of ions with
a 10% energy range (3.8–4.2 MeV/u) at 4 MeV/u is approxi-
mately 7 × 108, which is sufficient for some applications (e.g.,
particle therapy). In Sec. V, the ions generated in this energy
range are discussed in detail.

In our simulation, because the acceleration scheme is a
Coulomb explosion due to the low laser intensity and the
intensity distribution is Gaussian, the energy spectrum mono-
tonically decreases. The next section discusses this issue in
more detail.

IV. ANALYTICAL CONSIDERATION

We consider the Coulomb explosion regime, i.e.,
TNSA [23], as the acceleration scheme with a thin foil com-
pared to the spot size, similarly to that shown above. In this
case, the maximum ion energy is generated from the opposite
side surface of the laser irradiation surface of the target, and
from there, the generated ion energy decreases with depth
toward the inside of the target, and near the center of the target
thickness, the ion energy is approximately zero. In the region
from there to the laser-irradiated surface, the ion is accelerated
in the opposite direction, −x direction, and the ion energy
increases again to the laser-irradiated surface.

In this study, we focus on ions accelerated to the +x side.
Therefore, we consider the area from near the center of the
target thickness to the target surface on the opposite side of
the laser-irradiated surface. In this section, this surface will be
simply described as the target surface.

A. Ion bunch radius

The intensity, I , distribution of the laser pulse is Gaussian
in the direction perpendicular to the laser traveling direction
in our simulation. Therefore, when the origin is at the position
on the target surface where the laser center is located, the laser
electric field in any direction on the target surface from the
origin is a Gaussian distribution. That is, at a certain time, the
laser electric field at the r position on the surface of the target
is given by

El (r) = El (0)e−ar2
, (1)

where El is the amplitude of the electric field, |E l |; El (0) is its
value at the origin, i.e., at the laser pulse center; and “a” is the
coefficient that defines the shape of the Gaussian distribution,
which is determined from the distribution shape of the laser
intensity, I .

It is considered that the larger the laser electric field, the
larger the accelerating field generated on the target by laser
irradiation. Then, we assume that the accelerating electric
field Es(r) generated at position r on the target surface by
laser irradiation in the direction perpendicular to the surface
is proportional to the laser electric field El (r) at that position.
That is, it is assumed that El (r) = keEs(r), where ke is a
proportional constant. By substituting this into Eq. (1), we
obtain the following relational equation for the accelerating
electric field on the target surface:

Es(r) = Es(0)e−ar2
. (2)

Let E (r) be the maximum ion energy generated from
the r position and I (r) be the laser intensity at that posi-
tion. It was shown that when the accelerating process is a
Coulomb explosion of the target, i.e., TNSA, the maximum
ion energy, Emax, is proportional to the square root of the
maximum laser intensity,

√
Imax [20]. Here Emax is gener-

ated from the origin, i.e., Emax = E (0), and
√

Imax is also the
value at the origin, i.e.,

√
Imax = √

I (0). That is, there is an
E (0) ∝ √

I (0) relationship. Generalizing this, we assume here
that the maximum ion energy, E (r), generated from position
r is proportional to the square of the laser intensity at that
position,

√
I (r), i.e., E (r) ∝ √

I (r). Then, from the relation
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FIG. 5. Two-dimensional projections of ion bunches with ener-
gies of 0.1, 1, and 3 MeV/u at t = 70 fs are shown as viewed along
the x axis. The ion energy range for each bunch is ±5%. Vertical
radius, ry, and horizontal radius, rz, are shown. Ion bunches have a
vertically long shape. The higher the energy, the smaller the radii.

√
I (r) ∝ El (r) ∝ Es(r), we obtain

Es(r) = kεE (r), (3)

where kε is a proportionality constant. By substituting this into
Eq. (2), we obtain E (r) = E (0)e−ar2

. Solving this with r and
rewriting E (0) as Emax, we obtain

r =
√

−1

a
log

E (r)

Emax
, (4)

where r indicates the distance from the origin to the position
where the maximum energy of the generated ion is E (r).
When a certain amount of energy, E , is provided, r is deter-
mined by substituting E (r) with E in Eq. (4). From the area
within this r, ions with energy higher than E are produced and
E ions are also produced. However, farther than r, no ions with
energy greater than E occur. Thus, r is the maximum distance
from the origin to the position where ions of energy E occur.
In other words, the radius of the ion bunch with energy E is
given by r.

Figure 5 shows a 2D view of the ion bunches with energies
of 0.1, 1.0, and 3.0 MeV/u, as viewed along the x axis,
immediately after the interaction between the laser pulse and
the target ends (t = 70 fs). Here the ion energy range is ±5%,
that is, a 0.1 MeV/u ion is an ion with energy in the range
of 0.095–0.105 MeV/u and the same for other energies. The
distances from the center to the edge of the ion bunch in the
y and z directions are defined as the vertical radius = ry and
horizontal radius = rz, respectively (see Fig. 5). Because the
laser is obliquely incident, the ion bunch has a long verti-
cal distribution, ry > rz. The radii ry and rz are smaller for
higher-energy ion bunches. The distribution of the 4 MeV/u
ion bunch will be shown in detail later (in Sec. V), and the ion
bunches shown here are similar to that, i.e., the thickness is
thin and shaped like a shell. The outlines of each ion bunch
are clear and are not distributed in such a way that there
are no boundaries as the number of ions gradually becomes
increasingly sparser.

Although the geometry of the ion bunches at only three
energies has been shown, more energies, E , and radii, r, are
shown in Fig. 6. The results of the simulation and theoretical
formula in Eq. (4) are shown. In this study, the Gaussian

FIG. 6. Simulation and theoretical results of horizontal radius, rz,
of carbon ion bunch at each energy. Inset: Their vertical radius, ry.

distribution shapes in the vertical and horizontal directions
are different, i.e., “a” is different, because of the oblique
incidence; thus results are shown for each direction. The the-
oretical and simulation results of r are in good agreement in
both the vertical and horizontal directions at t = 70 fs, imme-
diately after the laser and target interaction ended. This good
agreement indicates that the two assumptions in the deriva-
tion of the r equation are correct. t = 203 fs, the Coulomb
repulsion between ions in the ion cloud causes the ion bunch
to expand; consequently, the simulation results are larger than
the theoretical results.

In above consideration, we showed the case where the
distribution of I is Gaussian. On generalizing Eq. (1), when
it is given by El (r) = El (0) f (r), using the function f (r) for
the distribution shape, Eq. (4) becomes r = f −1[E (r)/E (0)],
where f (r) is assumed to be normalized to f (0) = 1.

B. Energy spectrum

Next, a theoretical study on the number of generated ions
is present. For simplicity, we consider the normal incidence of
the laser.

First, we determine the volume of the region in the initial
target that will become ions in the energy range from E1 to
E1+�E . Let r1 be the position on the target surface where
an ion with E1 energy appears from the surface. That is, for
r > r1, E (r) < E1 and ions of E1 energy do not occur.

At a certain position r on the target surface, where r < r1,
the thickness direction, i.e., the depth direction, of the target
is considered. The origin is placed at the center of the target
thickness, and the axis is taken from this point toward the
target surface. We consider an electric field, i.e., an acceler-
ating field, oriented in the direction of this axis. It is assumed
that the electric field is zero at the origin, and it at each posi-
tion from there to the surface changes linearly to the surface
electric field, Es(r). At r, the ions of the energy range from
E1 to E1+�E are generated inside the target. Let E1 be the
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electric field at the position where the ions that become the
energy of E1 are located, E1+�E be the electric field at the
position where the ions that become the energy of E1+�E are
located, and the distance between them be δ1(r). That is, we
assume that the ions of the range E1 to E1+�E occur from the
position where the electric field is in the range E1 to E1+�E .
At this time, there exist a relationship Es(r)/� = �E/δ1(r).
Therefore,

δ1(r) = ��E

Es(r)
, (5)

where � is the distance from the origin to the target surface;
here, half of the target thickness, �t/2, is considered.

Next, let the position on the target surface where the laser
center is located be the origin, and consider polar coordinates
on the surface, let r be the distance from the origin and θ

be the angle from the horizontal axis. At position (r, θ ), the
small area �A = r�θ�r where the bound is the small length
�r and small angle �θ . At this position, thickness δ1(r),
which becomes the energy ranging from E1 to E1+�E , is
determined by Eq. (5); thus, its volume is �V = �Aδ1(r) =
r�θ�r��E/Es(r). Consequently, the total volume, V , of the
region that becomes the energy in the range of E1 to E1+�E
is obtained by integrating �V with the target region, V1, in
r � r1, i.e., integrating θ with 0 – 2π and r with 0 – r1,

V =
∫

V1

�V =
∫ r1

0

∫ 2π

0

��E

Es(r)
rdθdr

= 2π��E
∫ r1

0

r

Es(r)
dr.

Substituting Eq. (2) into the above equation, we obtain

V = 2π��E

Es(0)

∫ r1

0
rear2

dr = π��E

aEs(0)
(ear1

2 − 1)

= π��E

a

[
1

Es(r1)
− 1

Es(0)

]
. (6)

Here the relationship ear1
2 = Es(0)/Es(r1) obtained from

Eq. (2) is used. When the number density of the ions in
the target is n0, the number of ions at an energy range of
E1 to E1+�E is n0V . This is expressed as N (E1)�E using
the number of ions per unit energy range, N (E ). Therefore,
N (E1)�E = n0V . Substituting Eq. (6) for V in this equa-
tion, and thereafter substituting the relations �E = kε�E ,
Es(r1) = kεE (r1) = kεE1, and Es(0) = kεE (0) = kεEmax ob-
tained from Eq. (3), we obtain

N (E ) = n0π�

a

(
1

E − 1

Emax

)
, (7)

for the energy spectrum. Here E1 is rewritten as E in general
notation.

If the target thickness, �t , is sufficiently thin relative to the
laser intensity, then � = �t/2 can be considered. However, in
our simulation, �t is thick with 1 μm; thus, if � = �t/2, then
the results would be large, because relatively high-energy ions
would be produced even from near a depth of 0.5 μm from the
surface. That is, in a relatively thick target, the position where
the electric field on the target surface decreases to zero is not

FIG. 7. Energy spectrum in theory and simulation. The dotted
and red solid curves are given from Eqs. (7) and (8), respectively.

at the thickness center position of the target, but closer to the
surface, and � needs to be its value.

Figure 7 (line A) is the result for a value of � of 1 nm. That
is, the part from the target surface to a depth of 1 nm will be
accelerated. The black solid line is the simulation result and is
the same as shown in Fig. 4. The theoretical and the simulation
results agree well in the high-energy range, E � 7 MeV/u.

Rewriting Eq. (5) in terms of the ion energy using the
relationship in Eq. (3), we obtain δ1(r) = ��E/E (r). This
implies that regardless of the energy of interest, if the energy
range, �E , is the same, then the width of the region where
ions of that energy occur is also the same. This is because
we assumed that the generated ion energy, the accelerating
electric field, in the target depth direction decreases linearly
with depth. In contrast, assume that the generating ion energy
decreases exponentially with ξ (i.e., the accelerating electric
field decreases exponentially) as E (r)e−ξE (r)/Emax�, where ξ is
the distance from the target surface; then the region width is
δ1(r)Emax/E1, and Eq. (7) is written as

N (E ) = n0π�

a

Emax − E
E2

, (8)

where � is the distance from the surface to the position where
the accelerating electric field, the generated ion energy, of the
surface is 1/e at r = 0 which is the center of the target surface.
Figure 7 (line B) shows this theoretical result, and � = 1 nm,
as in line A. The theoretical and simulation results agree well,
although in the low-energy range, E < 1.5 MeV/u, the theo-
retical results are slightly higher than the simulation results.

In Fig. 7, we set � to 1 nm, but in other words, from this
result we can say that, under the conditions of our study,
those become carbon ions and accelerated by laser irradi-
ation is at a depth of approximately 1 nm from the target
surface. Equation (5) indicates that the thickness, δ1(r), at
which the ions of energy E1 are generated becomes thicker,
i.e., the number of generated ions increases, farther away from
the origin. This explains why the boundary of each ion bunch
is clear, as shown in Fig. 5.

Differentiating Eq. (8) by E , we obtain dN (E )/dE =
n0π�(1 − 2Emax/E )/aE2 < 0. Therefore, the energy spectrum
decreases monotonically.
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FIG. 8. Spatial distributions of the 4-MeV/u carbon ions at
t = 203 fs. (a) Three-dimensional view. Two-dimensional views as
viewed along the x axis (b) and viewed along the z axis (c).

V. 4-MEV/U CARBON ION BUNCH

In this section, we focus on ions around 4 MeV/u, which
is about half of the maximum ion energy, since this energy is
required in the application (injectors). The energy range of the
ion cloud shall be 10% (4 MeV/u ±5%), i.e., 3.8 – 4.2 MeV/u
ions. In the following, unless otherwise noted, “4 MeV/u
ion” means to a 3.8–4.2 MeV/u carbon ion traveling in the
+x direction. Figure 8 show the spatial distributions of the
4 MeV/u carbon ions at t = 203 fs. Figure 8(a) is a 3D view.
Figures 8(b) and 8(c) are 2D projections as viewed along the x
and z axes, respectively. As shown in Fig. 8(b), the ion cloud
has a vertical, y direction, long elliptical distribution, with a
slight overall shift in the −y direction. The thickness of the
ion cloud is very thin [see Fig. 8(c)] and has a shell-like shape
spread along the yz plane. This is because the acceleration
process is a Coulomb explosion. In the Coulomb explosion,
the ion at the surface of the target becomes the maximum
energy ion, and the ion energy decreases as it moves inward
from the surface in the direction of the thickness (but only
up to half the target thickness). Therefore, an ion at a certain
energy, E , occurs only from a certain position, x, in the depth
direction. That is, the ions with energy ranging from E to
E+�E come from a narrow depth range of x to x + �x, so the
thickness of its bunch becomes very thin. The ion cloud has a

FIG. 9. (a) Scatter plot of the 4-MeV/u ion. The z-direction
velocity of carbon ions, vz, versus y-direction velocity, vy, normalized
by the maximum value of |vz|. (b) Distribution of the number of
carbon ions in the vz space and (c) vy space. It is normalized by its
maximum value in (b) and (c), Ñion = Nion/Nion,max.

layered structure consisting of shell-like thin ion bunches with
different energies, similar to the layers of an onion. Figure 9(a)
shows a scatter plot of the 4 MeV/u ions when the horizontal,
z direction, and vertical, y direction, velocities are taken on the
horizontal and vertical axes, respectively. The ions are long
distributed in the horizontal direction, i.e., the ion cloud has a
larger horizontal velocity spread than in the vertical direction.
In the vz space [Fig. 9(b)], the number of ions is the largest
at vz = 0 (almost at the center of the scatter diagram), and the
distribution is symmetric about the vz = 0 axis. Conversely, in
the vy space [Fig. 9(c)], the peak is located at a position that is
greatly shifted towards −vy from the center of the scatter plot,
and the distribution is not symmetrical like the vz space.

The ion distribution in Fig. 8(b), colored by the velocity of
each ion in the y and z directions, is shown in Fig. 10. The
darker color indicates that the ion velocity is faster, and the
contour levels are the same for (a), (b), and (c). Figure 10(a)

FIG. 10. Ion distribution of Fig. 8(b) colored by the velocity of
each ion. Color coded by horizontal velocity vz (a), by the vertical

velocity vy (b), and by their amplitude |vyz| =
√

v2
z + v2

y (c) at t =
203 fs. Normalized by the maximum v among (a), (b), and (c), i.e.,
max{|vyz|i}. In the horizontal direction, it expands by about 1.5 times
the speed in the vertical direction.
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is color coded by the horizontal velocity, vz, with red rep-
resenting the velocity in the +z direction and blue in the
−z direction. The horizontal velocity is higher toward the two
ends of the bunch and is almost zero near its center. That is,
in the horizontal direction, the ion bunch expands with its
center as the immovable point, and the velocity is faster for
the ions at both ends of the horizontal direction. Figure 10(b)
is color coded by the vertical velocity, vy. Overall, the color is
lighter than that of Fig. 10(a), i.e., the velocity is lower, and
the edges are not noticeably faster. Moreover, the proportion
of the blue part is large, indicating that the ion bunch has a
downward, −y direction, velocity on average. Therefore, the
position that has not moved vertically, i.e., the white area, is
shifted in the +y direction from the center of the ion bunch.
In Fig. 10(c), the ions are colored by their amplitudes vz and
vy, |vyz| =

√
v2

z + v2
y . The darkest color (highest velocity) is

at both ends of the horizontal direction, and the lightest color
(lowest velocity) is located at a position slightly off the +y
side from y = z = 0. In the horizontal direction, it is expanded
by about 1.5 times the speed in the vertical direction. The
generated ion bunch has a higher velocity in the horizontal, z,
direction than in the vertical, y, direction. That is, thereafter,
the ion bunch expands more significantly in the horizontal
direction. Consequently, we obtain a 4 MeV/u ion bunch with
a large horizontal spread.

Next we explain why the horizontal spread of the veloc-
ity vector is greater than that of the vertical vector. In our
simulation, we use a 45◦ obliquely incident laser pulse; thus,
the laser irradiating area on the target is a vertically long
ellipse centered at y = z = 0 [Fig. 2(b)]. Consequently, the
acceleration field Ex is distributed over a shorter distance in
the horizontal, z, direction than in the vertical, y, direction
[Fig. 2(c)]. Thus, Ex changes to a certain value at a short
distance in the z direction and changes to that value at a longer
distance in the y direction, i.e., |∂Ex/∂z| > |∂Ex/∂y|. The ions
are accelerated by Ex; thus, the larger the Ex position, the
larger the amount of ion movement in the x direction, δx.
Therefore, |∂δx/∂z| > |∂δx/∂y|, i.e., the curve of the target
surface is steeper in the horizontal, z, direction than in the
vertical, y, direction in the early stage of acceleration. This is
the reason for the higher velocity in the horizontal direction
than in the vertical direction. In our simulation, because of the
45◦ oblique incidence, the FWHM of the laser intensity in the
vertical direction on the target is longer than in the horizontal
direction by a factor of

√
2. This can also be expressed as

the spot size of the laser in the horizontal direction is smaller
than that in the vertical direction. These results demonstrate
that the divergence of the ions in the direction of the short
spot size is large. This indicates that for two circularly focused
laser pulses with different spot sizes, the case with a smaller
spot size has a larger divergence of the generated ions than the
case with a larger spot size [24]. It was shown that ion beam
divergence is also affected by the acceleration time [25].

Generally, in applications, ions generated by laser accel-
eration are received and used in equipment installed in the
latter stage. In this study, we assume that the entrance of the
generated ions in the subsequent device is a 10-cm-diameter
circular hole located 1.25 m back from the target, i.e., 5 msr in
solid angle (Fig. 11). It is assumed that the ions accelerated in

FIG. 11. Illustration of position of the cylinder and the target.
The cylinder is placed along a line inclined 4◦ downward from the x
axis, and the center line of the cylinder is on that line.

the +x direction and within that range are utilized. Therefore,
we will examine in detail the characteristics of ions with
energy of 4 MeV/u and within a solid angle of 5 msr. Based
on the results of the ϕ distribution in Fig. 3, the circular hole
that receives the accelerated ions is placed at an inclination
of −4◦ from the x axis with its face toward the center of the
target to receive the largest number of ions (Fig. 11). Figure 12
shows the energy spectrum of carbon ions passing through the
circular hole. Here ion passing is defined as the extension of
the momentum vector starting from the position of the ion
into the circle at t = 203 fs. The result for ions at energies
greater than 1 MeV/u is shown by a solid line. The spatial
distribution of these ions is shown in the inset. The result
for all ions accelerated in the +x direction (i.e., the result in
Fig. 4) is also shown by a dotted line for comparison. The
number of ions passing through the circle is about 40% of
the all, except near the maximum energy. Almost all of the
ions near the maximum energy pass through the circle due
to the inclined arrangement of the circle. For the 4 MeV/u
(3.8–4.2 MeV/u) ions, 3 × 108 ions have passed through the
circle. That is, 6 × 107 ions are obtained per 1 msr, which is a
sufficiently large number for some applications. Although at
around the maximum energy, 8 MeV/u, the number of ions
with the same energy range, 7.8–8.2 MeV/u, passing it is

FIG. 12. Energy spectrum of the carbon ions coming into the
cylinder in the simulation at t = 203 fs is marked by a solid line.
Inset: Spatial distribution of those ions. The dotted line is for all ions
accelerated in the +x direction.
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FIG. 13. Spatial distribution of the 4-MeV/u carbon ions at t =
203 fs that come into the cylinder. (a) 3D view. The 2D view as
viewed along the x axis (b) and along the z axis (c). The ions are
distributed vertically elongated.

2 × 106 /msr, which is significantly less than that at around
4 MeV/u, and is about 1/30. This is the reason for our focus
on lower-energy ions, at around 4 MeV/u, instead of near the
maximum energy.

Figure 13 show the spatial distributions of the 4-MeV/u
carbon ions at t = 203 fs that pass through the circle. Fig-
ures 13(a), 13(b) and 13(c) correspond to Figs. 8(a), 8(b)
and 8(c). That is, Fig. 13(a) shows a 3D view, and Figs. 13(b)
and 13(c) are 2D projections as viewed along the x and z axes,
respectively. The thickness of the ion bunch is very thin and
has a shell-like shape spread along the yz plane. The ion bunch
is shifted more toward the −y direction compared to that in
Fig. 8 because the circular hole is shifted to −y. The distri-
bution of ions is elongated vertically, as shown in Fig. 13(b).
The ion distribution through the circle is extremely vertically
long because the horizontal, z direction, spread of the velocity
vector is larger than the vertical, y direction, spread, as shown
in Fig. 10. That is, the ions around the horizontal edges of
the ion bunch shown in Fig. 10 do not pass through the circle
because of their high horizontal velocity, and the area where
the horizontal edges are largely cut off is the ion bunch that
passes through the circle. Figure 14(a) presents a scatter plot
of vz versus vy corresponding to the ions that pass through the
circle. It shows a nearly circular distribution, as opposed to

FIG. 14. (a) Scatter plot of the velocities, vz versus vy, of the car-
bon ions shown in Fig. 13, normalized by the maximum |vz| among
all 4 MeV/u ions (i.e., all ions shown in Fig. 8). (b) Distribution of
the number of carbon ions in the vz space, and (c) vy space. It is
normalized by its maximum value in (b) and (c).

the long horizontal distribution in Fig. 9(a). This is because,
for the 10-cm-diameter circular hole placed 1.25 m back,
this ion bunch is practically almost a point, and the distance
from the position of each ion to the edge of the circular
hole is approximately the same for all ions. Therefore, the
ions passing through the circular hole satisfy the condition√

v2
y + v2

z < r/t , where r is the radius of the circular hole

and t is the time required by the ions to reach the edge of
the circular hole, i.e., a circular distribution is formed. In the
vz space [Fig. 14(b)], as shown in Fig. 9(b), it has a peak
at vz = 0 and has a symmetrical distribution centered at that
position. The difference in the number of ions between the
peak and other positions is smaller than that in Fig. 9(b). In
the vy space [Fig. 14(c)], there is also a peak at a position
slightly shifted towards −vy, but the peak is not significantly
higher than the other positions, as shown in Fig. 9(c), and the
overall distribution is relatively flat except at the edge of the
scatter diagram.

VI. CONCLUSIONS

Carbon ion acceleration driven by a laser pulse irradiating
a carbon foil target is investigated with the help of 3D PIC
simulations. In ion acceleration using low-energy laser pulses
with solid foil targets, the acceleration process is Coulomb
explosion. The ion clouds generated by this scheme have a
layered structure with different energies, such as the layers
of an onion. An ion bunch extracted with a narrow energy
range becomes a thin shell shape with a certain diameter;
the higher its energy, the shorter its diameter. The ion energy
spectrum monotonically decreases; thus, the lower the energy
of the ion, the greater its number. In our simulation, the num-
ber of ions generated at around half the maximum energy is
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approximately 30 times that near the maximum energy. For
applications that require a large number of ions, it is advisable
to use ions with lower energy than those with the maximum
energy. In the oblique incidence laser, the divergence of the
generated ions is smaller in the laser inclination direction than
in the direction perpendicular to it. This indicates that the
smaller the spot diameter of the laser pulse, the larger the
divergence of the ion beam.

The radius of the obtained ion bunch can be expressed in
terms of its energy, the maximum generated ion energy, and
a coefficient representing the laser intensity distribution. The
ion energy spectrum can be expressed by the initial density
of the target, and the thickness which becomes accelerated

ions in the target, in addition to them. From these formu-
las, we can obtain important indicators for the design of
applications.
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