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High Energy Electron Generation by Laser-Cone Interaction
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Electron acceleration processes taking place in the interaction of ultra-intense laser pulses with cone targets
are studied by using two-dimensional Particle-in-Cell (PIC) simulations to understand the characteristics of elec-
trons generated from cone targets. It is explained that there are two dominant acceleration processes which are
distinctive in the laser-cone interaction. One is the acceleration and transport along the side wall of the cone tar-
get, where electrons are guided along the side wall surface towards the cone tip by surface magnetic and electric
fields. The second is the ponderomotive acceleration at the cone tip by the laser field which is intensified by cone
focusing. The understanding of these acceleration processes helps to design cone targets to control the electron
energy characteristics.
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1. Introduction
Recent progress in laser technology has opened up

new research fields in high energy density physics, such
as X-ray generation with high brightness, charged particle
acceleration with high quality [1–3], fast ignition research
in inertial fusion [4], and so on. In the fast ignition scheme,
cone targets are used to guide the heating laser pulse close
to the core plasma which is surrounded by a large-scale
corona plasma, and to generate high energy charged parti-
cles which heat up the core plasma. Advantages in using
cone targets were verified in experiments, which show a
huge increase in the neutron yield by using cone targets [5].
But much of the physics is not clearly understood yet, and
are now being intensively studied experimentally and nu-
merically [6, 7]. One of the key issues is the generation of
high energy particles from the cone target. It is shown by
3D Particle-in-cell (PIC) simulation that cone targets fo-
cus laser energy and high energy electrons at the cone tip
which result in higher coupling efficiency from the laser to
electrons [8]. In this paper, we investigate the interaction
between intense laser pulses and cone targets by using 2D
PIC simulation in order to clarify the electron acceleration
and transport processes to understand the characteristics of
electrons generated in the laser-cone interaction. Under-
standing this is quite important in designing the optimum
cone shape for fast ignition, and determining the basis for
using cone targets as devices for generating high energy
charged particles [9].

This paper is organized as follows. In Sec. 2, we show
comparisons of electron characteristics generated from a

author’s e-mail: nakamura@ile.osaka-u.ac.jp

cone target and a plane target which are irradiated by in-
tense laser pulses to show the advantages of cone targets.
In Sec. 3, two dominant electron acceleration processes
taking place in the laser-cone interaction are explained.
The effective temperature for electrons generated at the
cone wall is reduced from the ponderomotive energy of the
incident laser pulse, and that for the electrons generated at
the cone tip is enhanced. In Sec. 4, proton acceleration by
the laser-cone interaction is shown as one application of
electron energy control by the cone target. Summary and
conclusions are given in Sec. 5.

2. Comparison Between a Cone and
Plane Geometry Target
Cone targets have advantages in the generation of

high energy electrons when irradiated by ultra-intense laser
pulses, such as the high energy absorption rate and the po-
tential to control electron energy characteristics. In order
to show the distinctive features of cone targets, electron
energy spectra from cone and plane targets are compared.
The simulation conditions are as follows. The initial den-
sity profile of the cone target is shown in Fig. 1 (a). The
target density is 100 times the critical density which is de-
fined as nc = mε0ω

2
0/e

2 where m and e are electron mass
and charge, ε0 and ω0 are the dielectric constant in vac-
uum and the laser frequency, respectively. Preplasmas ex-
ist on the inner side of the cone target which have exponen-
tial profiles whose scale lengths are 1.0µm and 0.27 µm
at the cone tip and cone side wall, respectively. An over-
dense plasma which models the corona plasma surround-
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Fig. 1 Initial profile of the cone target and plane target are shown in (a) and (b). Electron spectra observed from the rear side of the (c)
cone target and (d) plane target, which are irradiated by intense laser pulses of 1.5 × 1019 W/cm2 and 150 fs.

ing the core is located at the rear side of the cone target
whose density is 2 nc. The initial electron temperature is
10 keV, and ions are kept immobile. Laser pulses irradi-
ate the target from the left boundary whose irradiance is
5.0 × 1019 W/cm2 with 1.0 µm wavelength, which corre-
sponds to a normalized vector potential which is defined by

a0 =

√
I [W/cm2] λ2

L [µm2]/1.4 × 1018 of 6.0. The laser
field is linearly polarized in the y-direction with a Gaussian
profile whose spot size is 10 µm (FWHM). The laser pulse
rises up in 5 laser cycles and sustains its peak intensity
for 150 fs. A plane target is used for comparison, which
is modeled as a flattened cone geometry keeping other pa-
rameters constant, i.e., the target maximum density is 100
nc with a preplasma of 1.0 µm scale length, and surrounded
by a 2 nc plasma on the rear side, as shown in Fig. 1 (b).
The laser conditions are exactly same as those used in the
cone simulation. The diffraction effect due to the propaga-
tion to plane target is negligible, since the Rayleigh length
of the laser pulse is much larger than the distance to the
target.

In Figs. 1 (c) and 1 (d), time-integrated electron en-
ergy spectra observed 2µm behind the targets are plot-
ted. In the plane target case, the electron spectrum is fitted
by Maxwellian distributions with two temperatures. The
lower temperature is 0.4 MeV for electrons in the energy
range of ≤ 2.0 MeV. The higher temperature is 2.5 MeV,
which is well approximated by the ponderomotive energy

which is expressed as [10]

Th = mc2
(√

1 + a2
0 − 1
)
. (1)

The electron spectrum from the cone target shown in
Fig. 1 (c) is fitted by Maxwellian distributions with three
temperatures. The lowest temperature is Tlow � 0.35 MeV
which is almost same as in the plane case. But the other
two temperatures differ from the ponderomotive energy of
the incident laser pulse. The electrons whose energy E
is 2.0 ≤ E [MeV] ≤ 5.0 are fitted with Tmid � 1.9 MeV,
and the electrons with higher energy are fitted with Thigh �
5.0 MeV which is much higher than the ponderomotive en-
ergy of the incident lasers. The results having an additional
slope temperature indicates that there are two dominant ac-
celeration processes taking place in laser-cone interaction.

In the plane target irradiation, the energy character-
istics of the high energy electrons are simply determined
by the incident laser irradiance. But in the cone target
case, the electron energy can be modified from energy es-
timated from the incident laser irradiance. This indicates
that cone targets have the possibility to control the elec-
tron energy characteristics by changing the cone geometry
without changing the laser irradiance, which is an advan-
tage of the cone targets. Another advantage of the cone
target is the higher energy absorption rate. A laser pulse
irradiates the target surface more than once for the cone
target case due to the multiple reflections inside the target,
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which results in a higher energy absorption rate. Because
the cone targets have additional parameters such as cone
angle and scale length at the side wall compared to plane
targets, it is difficult to derive a general quantity as to how
much the absorption rate increases. But in the above sim-
ulations the absorption rate of the cone target is twice as
high as that of the plane target.

3. Electron Acceleration Processes
An important feature of the laser-cone interaction is

having a large interaction region at the cone wing, where
the laser irradiates the target with a relatively large inci-
dent angle and its irradiance on the surface becomes lower
than at 90◦ irradiation as is plane target irradiation. As the
cone open angle becomes smaller maintaining the diam-
eters of the cone entrance and tip, the interaction region
becomes larger and the laser fields irradiate the side wall
at larger incident angle. In the case of a 30◦ cone target,
the laser field interacts with the target side wall with an
incident angle of 75◦. In this case, high energy electrons
are effectively transported along the target surface with a
static surface magnetic field [8, 11]. In Fig. 2 (a) the longi-
tudinal component of the current distribution Jx is plotted.
From the figure it is seen that high energy electrons flow in
the underdense region, more precisely, the effective under-
dense region with ne ≤ γnc where γ is the Lorentz factor,
and the return current flows just inside the critical surface
to sustain current-neutrality. As a result, a huge magnetic
field which is about 200 Mega Gauss is induced along the
surface, as is shown in Fig. 2 (b). Surface transport is also
seen in the intense laser irradiation at a plane target with
large incident angle [11]. When the intense laser pulse ir-
radiates a target with a sharp density gradient, electrons are
pushed towards the laser wave vector, which results in cur-
rent filament formation via magnetic field instability. In the
case of a large incident angle such as 75◦, some electrons
flow in the lateral direction which smooths out the surface
non-uniformity of alternating layers of forward and back-
ward current filaments, and form a surface current layer
and magnetic field which are aligned along the target sur-
face. Surface magnetic field prevents high energy electrons
from penetrating into the target, and guides them along the
surface toward the tip with the aid of surface sheath field.
The effective temperature for electrons accelerated at cone
wing is fitted by Tmid (see also Fig. 3 (b) where Tmid is mea-
sured at x = 10), which does not strongly depend on the
coordinate. Tmid is lower than the ponderomotive energy
of incident laser pulse which is 2.5 MeV in the above con-
dition, and higher than the ponderomotive energy calcu-
lated by taking into account the intensity decrease due to
oblique irradiation, whose tendency is seen in targets of
different cone angle with similar size. When the surface
potential and laser electric field co-exist, electrons are ef-
fectively accelerated along the surface by wiggling inside
the potential [12,13]. When the surface acceleration takes

Fig. 2 (a) Distribution of the longitudinal current density which
is normalized by −encc. The surface current composed
of high energy electrons is seen in black, which flows
outside the critical surface, and the return current flows
inside drawn in white. (b) The distribution of the static
magnetic field which is normalized by the laser magen-
tic field is plotted. The magnitude of the laser magnetic
field corresponds to 640 MG in this condition. The static
magnetic field is localized along the target surface, which
magnitude is up to 200 MG.

place, the effective temperature of high energy electrons
becomes proportional to the laser spot size, i.e., lateral co-
ordinate, which is not seen in the above simulation. This is
because the acceleration length which is roughly 10 µm is
relatively short for surface acceleration to play an impor-
tant role, and the laser intensity is non-uniform along the
surface due to the focal profile of laser energy and multiple
reflections inside the target. For the larger cone target case,
surface acceleration might play important role when the
pre-plasma is pushed by the laser pressure to make a steep
density front. In that case, the effective temperature will
increase and might become higher than the ponderomotive
energy of the incident laser pulses. The energy scalings for
surface accelerated electrons will be discussed in another
paper.

Another important feature of the cone target is that
the laser field is amplified at the cone tip due to multiple
reflections at the side wall. From a simple estimate assum-
ing specular reflection, the laser light reflects 3 or 4 times
inside the cone before it propagates backwards, where the
number of reflections also depends on the ratio of the laser
spot size and the tip diameter. Due to this multiple reflec-
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Fig. 3 Electron spectra observed at the cone tip plotted in (a),
and the side wall plotted in (b). They are observed at
x = 10 and x = 24, respectively. High energy electrons
accounting for Thot are observed at the tip during the laser
irradiation.

tion, the laser energy is focused at the cone tip increas-
ing the laser irradiance. These intensified laser fields ac-
celerate electrons ponderomotively, which characterize the
electrons of the highest energy. In this simulation the laser
field is intensified up to 4.2 times at the tip, which leads to
a corresponding ponderomotive energy which is approxi-
mately equal to Thot. This multiple reflection of laser fields
also results in a higher energy absorption rate. In Fig. 3, the
electron spectrum observed at the cone tip and side wall are
plotted during the laser irradiation and after the irradiation.
It is seen that high energy electrons with energy ≥ 5.0 MeV
which are fitted by Thot are observed during the irradiation
at the tip and not at the side wall. This also confirms that
the high energy electrons are accelerated at the cone tip by
an intensified laser field. Since the laser intensification is
controlled by the cone angle, characteristics of the highest
energy electrons which are expressed by Thot can be also
controlled.

The above two acceleration processes taking place at
the side wall and the tip are the dominant acceleration pro-
cesses in the laser-cone interaction. Besides these pro-
cesses electrons are accelerated at the target rear surface

Fig. 4 (a) The forward current density around the cone axis is
plotted at t = 210 fs. The amount of current density is
too high to be current-neutralized by the rear side plasma
whose density is 2 nc. (b) Temporal change of the electro-
static field is induced at the rear surface. During the ir-
radiation, the potential rises up to a few MeV, and drops
after the irradation is finished.

when a steep density gradient exists at the boundary of the
cone and corona plasma [14]. In the above calculations we
set the corona plasma at 2 nc which is smaller than the tar-
get density of 100 nc. The density distribution of forward
current around the cone center axis is plotted in Fig. 4 (a)
at t = 210 fs. The return current flows in opposite direction
which cancels out the forward current to achieve current-
neutralization. But the forward current density at cone tip
is too high to be neutralized by the rear side lower density
plasma. As a result an electro-static field is induced at the
rear surface, which is plotted in Fig. 4 (b). The potential
gap increases during the laser irradiation (the laser pulse
reaches the tip at about 80 fs and lasts for 150 fs) and de-
creases after the laser is off. The potential gap is up to a
few MeV, which confines accelerated electrons inside the
cone target reducing the outflow of the current density. At
the same time, the static field accelerates cold electrons
on the rear side towards the cone target, which account
for Tlow. Finally, we want to mention the angular distri-
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Fig. 5 (a) Initial profile of the cone target where a thin proton
layer is attached in front of the target. (b) Comparison
of the proton energy spectra accelerated by the cone and
plane target.

bution of high energy electrons. The deviation the angle of
electron propagation direction from laser axis is evaluated
2.0 µm behind the target. About 53% of the high energy
electrons are within 60◦ and 29% are within 30◦. This an-
gular spread becomes smaller when the rear side plasma
density becomes higher to reduce the density gap.

4. Application to Proton Acceleration
One idea to utilize the advantage of cone targets of

controlling the electron energy characteristics is proton ac-
celeration by the laser-cone interaction. Proton accelera-
tion by irradiating ultra-intense laser pulses onto solid tar-
gets has been studied intensively [15]. Increasing the pro-
ton maximum energy is one of the most important issues
and target refinement such as ultra-thin targets [16], dou-
ble layer targets [17] etc. have been proposed. Since the
cone targets enhance the laser irradiance at the cone tip,
it is expected to generate protons with higher energy than
plane targets. We performed 2D PIC simulation for pro-
ton acceleration with the following conditions. The laser
irradiance is 4.0× 1020 W/cm2 and pulse duration is 150 fs
with a spot size of 5 µm. The cone and plane target have
densities of 100 nc. A proton layer of 1 nc is attached at the
rear surface to utilize the effect of the double-layer target,
as is shown in Fig. 5 (a). Energy spectra of accelerated pro-
tons are shown in Fig. 5 (b). The maximum proton energy

from the cone target is about twice as large as that from
the plane target. This is consistent with the results shown
in Sec. 2, where the effective temperature of the hot elec-
trons is two times higher for the cone target than for the
plane target. This result shows the possibility to control
proton energy via the laser-cone interaction by controlling
the intensification of the laser energy at the cone tip.

5. Summary and Conclusions
It is clarified that there are two electron acceleration

processes which play an important role in the laser-cone
interaction. One is electron acceleration and transport at
the side wall via surface magnetic and electric fields. The
second is the ponderomotive acceleration at the cone tip
by the intensified laser pulse. These acceleration processes
lead to the high energy electrons whose effective temper-
atures are modified from the ponderomotive energy of the
irradiating laser pulse. Thus, it is possible to control the
electron energy characteristics by controlling two accelera-
tion processes which is done by optimizing the cone shape.
As one example of the application of cone targets, proton
acceleration using a double layer cone target is presented,
which shows great enhancement of the proton maximum
energy compared to the plane target. For the use in the fast
ignition scheme, an abundant amount of electrons with en-
ergies of about 1.0 MeV is required. The understanding of
the electron acceleration processes helps in the optimiza-
tion of the cone target for fast ignition, which will be done
in the near future.
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