
 

Highly intensified emission of laser-accelerated electrons from a foil target
through an additional rear laser plasma
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Intensification of electrons escaping from an intense laser-produced plasma is demonstrated by using
double femtosecond laser pulses. The electron density distribution at the rear surface of a laser-irradiated
foil target is controlled by preirradiation to suppress sheath field growth and to expand the plasma into
which the fast electrons are released. Consequently, the number of electrons escaping from the plasma that
have an energy of 380 keV increases by a factor of 7. The experimental results are well explained by
numerical simulations of a foil plasma with a preformed plasma and analytical evaluations considering the
plasma expansion.

DOI: 10.1103/PhysRevAccelBeams.21.041302

Intense ultrashort electron pulses are driven by the
interaction of intense short laser pulses with solid targets.
Laser-accelerated fast electrons have many possible appli-
cations, such as fast ignition for inertial confinement fusion
[1,2], ultrafast electron diffraction measurement [3,4],
and ultrafast transient field measurement [5,6], because
of their higher absorptance of the laser pulse. The efficient
transport of laser-accelerated electrons is important for
these applications. For example, in the fast ignition scheme
for laser fusion, numerous studies have examined the
transport of fast electrons into the compressed fuel core
[7–9]. In other applications using fast electrons as probe
pulses with high temporal resolution, it is desirable for a
greater number of electrons to be emitted from the laser
plasma. For example, an ultrafast electron pulse with an
energy of 350 keV and duration of 500 fs has been
produced with intense laser acceleration and its application
to ultrafast electron diffraction or dynamical measurement
of surface plasmon polaritons has been proposed.
Increasing the number of electrons per pulse is essential
for obtaining useful data. Increasing the energy of the
incident laser pulse increases the number of electrons
escaping from the solid target (escaping electrons) [10].
This can also be achieved by increasing the absorptance of
the incident laser energy, for example by controlling a

preformed plasma or target surface structure [11–14]. There
are also many studies of controlling the divergence of the
emitted electrons, which increases the number of available
electrons [15–18]. However, most laser-accelerated elec-
trons cannot escape from the laser plasma because they are
trapped by a strong quasistatic electric field, called the
sheath field, produced around the steep density gradient
boundary between the solid/plasma and the vacuum
[19,20]. Furthermore, theoretical work shows that the
fraction of fast electrons escaping from the laser plasma
decreases as the initial target size decreases because the fast
electrons are trapped by their own potential [21]. Almost all
electrons are bound within the solid target, and only about
1% of the hot electrons can escape [10,22]. Therefore, only
a small fraction of electrons accelerated by intense short-
pulse laser radiation escapes from the laser plasma, and
most of the electrons expend their energy heating the target
or producing other types of radiation.
Suppressing the sheath fields and reflection at the

boundary increases the number of escaping electrons.
Zhou et al. used a subnanosecond laser pulse to produce
a strong toroidal magnetic field, which collimated the fast
electrons generated by a subpicosecond intense laser pulse
[17]. They also observed that suppressing the sheath field
increased the number of escaping electrons. For the fast
electrons to reach far enough from the target as escaping
electrons and not return to the laser plasma and reach the
detectors, however, the potential produced by fast electrons
must also be decreased [21]. It was predicted that the
potential depends on the number of accelerated electrons,
temperature, and initial target size. Therefore, it is vital to
investigate the potential to understand the behavior of
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escaping electrons. Here, we demonstrate the intensifica-
tion of electrons escaping from an intense laser plasma by
using double femtosecond laser pulses. An intense pulse
from a chirped pulse amplification laser (CPA1) for driving
fast electrons is used to irradiate a foil target, the rear of
which is preirradiated with another laser pulse (CPA2).
Preirradiation with CPA2 controls the electron density
distributions in the target to suppress sheath field growth
and expand the target plasma into which the fast electrons
are released. The number of escaping electrons increases
greatly when the target is irradiated with CPA2 540 ps
prior to CPA1. The number of escaping electrons with an
energy of 380 keV released into vacuum is 7 times that for
single-pulse irradiation. These results are supported by
two-dimensional (2D) particle-in-cell (PIC) simulations of
plasma produced by CPA2 and analytical evaluation con-
sidering the expansion of the plasma. These results show
that over 10% of the accelerated electrons will be converted
to escaping electrons by controlling the expanding plasma.
The experiments were carried using a Ti:sapphire CPA

system (center wavelength: 810 nm; pulse width: 60 fs;
pulse energy: 450 mJ) at Kyoto University. Laser pulses are
split into CPA1 for accelerating fast electrons and CPA2 for
preirradiation (Fig. 1). The CPA1 laser pulse is focused
onto the front of an aluminum foil target with p-polarization
at an incidence angle of 45°. The focal spot size is measured
to be 7 × 4 μm (full width at half maximum; FWHM)with a
peak intensity of 1 × 1018 Wcm−2. The CPA2 laser pulse is
focused onto the surface of the rear of the target, the opposite
side to the CPA1-irradiated surface, with p-polarization
at an incidence angle of 45°. The focal spot size is
measured as 50 × 30 μm (FWHM) with a peak intensity
of 2 × 1015 Wcm−2. The intensity of the CPA2 pulse is
selected to create an appropriate size of the additional
plasma without perturbing the front surface. The time
interval between CPA1 and CPA2 is varied from −540 to
130 ps. The zero delay time is determined towithin�500 fs
through a cross-correlation measurement using two electron
pulses [23]. The energy spectrum and beam profile of the
electrons escaping from the rear side of the target to the
vacuumaremeasured separately by amagnetic spectrometer
and an electron imaging system [24], respectively. The
electron imaging system is composed of an electron lens, a
fluorescent screen, and an electron-multiplying charged

coupled device (EM-CCD) camera. The electrons emitted
normal to the target foil are focused by the electron lens with
a solid angle of 5.8 × 10−5 sr onto the fluorescent screen.
The energy of the electrons imaged on the screen is selected
by the electron lens, and it is found to be 380 keV by
measuring the diffraction from a gold single crystal. The
sensitivity of the imaging system, including the electron
lens, fluorescent screen, EM-CCD camera, and EM-CCD
camera imaging lens, to 380 keV electrons is calibrated by
using imaging plates.
A large increase in the total kinetic energy of electrons

(up to a factor of 3) is observed as the time interval between
the CPA1 and CPA2 pulses is increased (Fig. 2). The time
interval is called the time delay relative to the time origin of
CPA1. Therefore, a negative delay means that the CPA2
pulse arrives before the CPA1 pulse. The energy spectrum
is almost unchanged for time delays greater than −6.7 ps.
In contrast, for a time delay of less than−73 ps, the number
of escaping electrons with an energy of less than 1 MeV
increases with the time delay. The total kinetic energy of the
escaping electrons measured by the magnetic spectrometer
increases by a factor of 3 at a time delay of−540 ps (inset of
Fig. 2). Only electrons with energies of less than 1 MeVare
affected by the CPA2 irradiation. The slope temperature,
Tslope, of about 270 keV is not affected by the CPA2
irradiation at any time delay. Thevalues ofTslope are obtained
by fitting the energy spectrum with A expð−E=TslopeÞ for
energies higher than 1 MeV, where A is the electron number
density at E ¼ 0 and E is the energy of the electrons. This
result suggests that electrons with lower energy that are
reflected by the sheath fieldwithout the CPA2 irradiation can
escape from the laser plasma generated by the CPA2
irradiation. Because the slope temperature is constant, it is

FIG. 1. Schematic of the experimental setup. Two laser pulses
(CPA1 and CPA2) are focused on the Al target (thickness:
11 μm).

FIG. 2. Dependence of the electron energy spectrum on time
delay. Spectra are obtained by averaging 100 shots. The energy
spectrum without the CPA2 pulse is almost the same as those for
positive time delay. The inset shows the time-delay dependence
of the amount of electron energy as measured by the magnetic
spectrometer. The deviation of the electron energy is about 20%.
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suspected that preformed plasma produced by the CPA2
pulse at the front of the target is negligible and the absorption
of the CPA1 pulse is hardly affected by the CPA2 pulse.
We also demonstrate a substantial increase in the beam

intensity of the fast electrons by using the electron lens. The
energy of the fast electrons is selected to be 380 keV by the
electron lens. Figure 3(a) shows single-shot images
obtained by the electron imaging system at time delays
of −540, −340, −140, 0, and 60 ps. Here, the intensity and
focal position of the CPA1 and CPA2 pulses are carefully
adjusted to increase the intensity of the electron beam, the
intensity of which is increased while the spot size is kept
constant when the optical delay is less than −100 ps. The
electron beam with energy below 200 keV (peak at Fig. 2)
is also measured with another electron lens. The beam
contains a large number of electrons but has a large beam
size and low peak intensity. Figure 3(b) shows the depend-
ence on time delay of the electron beam intensity and size
on the fluorescent screen. Each point is obtained by
averaging over 20 laser shots. The laser focusing position
and intensity are not changed while changing the time
delay. These parameters are optimized only once before the
measurements. Dashed arrows in Fig. 3(b) show the results
obtained by irradiation with the CPA1 pulse alone. The peak
count increases as the time delay decreases and a substantial
increase appears only when the time delay is negative. At a
time delay of −540 ps, the number of electrons in the
FWHM spots is 7 times higher than that obtained by
irradiation with the CPA1 pulse alone. We obtain the
increased electron beam intensity while maintaining the

lateral profile at an optical delay of less than−200 ps, which
indicates that the electron bunch is not distorted by the
plasma on the rear side or compression of the target.
Although the number of electrons is still increasing as the
time delay decreases, the number may be saturated or have
reached a peak, depending on the laser conditions.
As shown in Figs. 2 and 3, the CPA2 pulse irradiation on

the target rear surface strongly affects the number of
escaping electrons. The increase in the number of escaping
electrons occurs on a subnanosecond timescale. For the
CPA2 pulse irradiation, no fast electrons are detected by the
spectrometer and the electron imaging system. These
results strongly suggest that the modulation of the electron
density distributions in the target caused by the CPA2 pulse
affects the transport of the fast electrons. The pulse duration
of the CPA2 is ultrashort (femtosecond timescale); thus,
there is no large temperature gradient on the subnano-
second timescale. It is assumed that a toroidal magnetic
field, which can collimate fast electrons [17], is not created.
The angular distributions of the escaping electrons for each
time delay are also measured separately with imaging
plates. The efficient increase of the number of escaping
electrons was shown in the target normal direction. These
features can be explained by two mechanisms: suppression
of the growth of the sheath field due to the disappearance of
the steep density gradient, and expansion of the target
plasma into which the fast electrons are released. To verify
these assumptions, we measure the spatial distributions of
the electron density produced by the CPA2 pulse with a
modified Nomarski interferometer [25] and perform 2D
PIC simulations. The temporal evolution of the electron
density distributions along the target normal direction
measured with the interferometer is shown in Fig. 4 with

FIG. 3. (a) Images of the electron sources at time delays of
−540, −340, −140, 0, and 60 ps. (b) Dependence of electron
beam intensity on time delay. Error bars represent standard
deviations. Dashed arrows show the results obtained by irradi-
ation with the CPA1 pulse alone.

FIG. 4. Evolution of electron density distribution (solid lines).
The inset shows an expansion of the scale length versus time
obtained by fitting the electron density distribution for various
time delays. Dashed lines show the electron density distributions
with scale lengths of 0, 2.5, and 5 μm used for the 2D PIC
simulations.
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solid lines. The distributions show cross sections at the
center of the focal position. We use an aluminum wire with
a diameter of 1 mm and irradiate the wire with the CPA2
pulse because accurate interference measurements can be
obtained if the target surface has a slight curvature. The
difference in the thickness of the target does not affect the
density distributions because separate measurements
showed that no holes form in the target foil over 100 ns
from irradiation with the CPA2 pulse. A probe pulse is
obtained by splitting a small fraction from the CPA2 pulse
and doubling its frequency. The CPA2 spot is elliptical
instead of circular; thus, we assume that the density
distribution reflects the CPA2 focal profile and reconstruct
the density distribution with an elliptical Abel inversion
[26]. The plasma sizes are evaluated with an exponential
density profile, ρ ¼ ρ0 expð−x=LÞ, where x is the distance
from the target surface, ρ0 is the intercept at x ¼ 0, and L is
the scale length.
We performed numerical simulations considering the

initial plasma density profile with the 2D PIC code
FISCOF2 [27]. In the simulations, p-polarized laser pulses
are irradiated onto plasmas at an incidence of 45° in the x − y
plane. The spatial and temporal distributions of the incident
laser pulses are Gaussian, and the pulse durations and spot
sizes are 40 fs and 5 μm (FWHM), respectively, correspond-
ing to an intensity of 4 × 1018 Wcm−2. The front surfaces of
the plasmas have a scale length of 2 μm and a thickness of
3 μm with 4.0nc, where nc ¼ 1.7 × 1021 cm−3. Null, semi-
spherical, and semiellipsoidal plasmas are placed at the rear
surface. The plasmas have radial scale lengths of 0, 2.5, and
5 μm, respectively. The cross sections of these initial plasma
density profiles are shown in Fig. 4 with dashed lines. The
initial electron and ion (Alþ) temperatures are 0.1 keV and
3 eV, respectively. Figures 5(a) and 5(b) show the electron
density distributions at y ¼ 0, where y is parallel to the
plasma surface, and the spatial electric field distributions for
scale lengths of 0 and 5 μm for two different times relative to

the passing of the front edge of the electrons, the width of
which is about 10 fs (corresponding to 3 μm), at the plasma
boundary. For L ¼ 0 [Fig. 5(a)], there is a strong quasistatic
electric field reaching up to 3 TV=mat the target rear surface
with an exponential decrease at a decay constant of 2 μm−1,
and electrons are subsequently reflected or lose energy
because of this electric field. In contrast, when L ¼ 5 μm
[Fig. 5(b)], the growth of the electric field is suppressed by
the rear plasma. To investigate the dependence of the rear-
side plasma on the escaping electrons,we analyze the energy
spectrum of the escaping electrons at x ¼ 60 μm and
−60 μm < y < 60 μm [Fig. 5(c)]. The number of electrons
below 800 keV increases by a factor of 2 for the plasma
target, while the slope temperatures for any L at energies
above 1 MeV are equal. Although the solid angle of the
detector differs between the experiments and the simula-
tions, the features of the energy spectra simulated by the PIC
calculations agree well with those of the experimental
spectra. This indicates that the number of escaping electrons
increases because the sheath field disappears.
The number of escaping electrons increases with increas-

ing time delay; that is, there is expansion of the target
plasma into which the fast electrons are released (insets of
Figs. 2 and 3). The size of the plasma is shown in the inset
of Fig. 4 with the scale length. To explain the dependence
of the number of escaping electrons on time delay, we apply
a simple model proposed by Fill [21] and used by Quinn
et al. [22]. WhenMaxwellian electrons are released from an
initially neutral sphere of radius r0, the fraction of elec-
trons, ξ∞, that can escape from the potential they produce
may be estimated by

ln ξ∞
ξ∞

¼ − rc
r0

mec2

kBTh
Ntotal;

where r0 is the classical electron radius, me is the electron
mass, c is the speed of light, kBTh is the hot electron

FIG. 5. PIC simulation results for the distribution of the electric field (Ex) and cross section of the electron density distributions at
y ¼ 0, for (a) L ¼ 0 μm and (b) L ¼ 5 μm at the time when the electrons passed the plasma boundary. Dashed lines show the
boundaries of the plasma for t ¼ 0. (c) Energy spectrum of the escaping electrons at x ¼ 60 μm and −60 μm < y < 60 μm.
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temperature, and Ntotal is the number of fast electrons. In
Fig. 6, the solid line shows the electron fractions versus the
radius of an initially neutral sphere. We use the fast electron
temperature of 270 keV for kBTh based on the experimental
results (Fig. 2) and assume that the rate of absorption of the
laser energy into the fast electrons is 10% to estimate Ntotal
[28]. This model calculation indicates that the fraction of
electrons increases with the initial plasma radius. The
measurement data are also shown in Fig. 6 with circles.
For these plots, we use Ntotal in the same manner as in the
model calculation and use a divergence angle of 30° for the
fast electrons released into the plasma [29]. The Debye
length of the plasma produced by the CPA2 pulse is
estimated to be sufficiently smaller than the scale length.
It still unclear whether there is agreement in terms of
absolute values because we do not measure or estimate the
rate of absorption and the divergence angle in our exper-
imental conditions. However, the increase in the fraction of
electrons with the size of the plasma agrees well, indicating
that controlling the plasma into which fast electrons are
released is important for increasing the number of escaping
electrons available for use. With plasma at the rear surface
with scale lengths over 35 μm, the fraction of escaping
electrons exceeds 0.1. To obtain such a large scale length, a
longer time delay or higher intensity of CPA2 may be
effective. To optimize the conditions, we must investigate
in greater detail over a wider range of parameters, for
example, target material, thickness, delay, and CPA1 and
CPA2 intensities.
In summary, we have demonstrated a substantial increase

in the number of escaping electrons from an intense laser
plasma by producing an adequate plasma on the opposite
surface to the intense laser irradiation. 2D PIC simulations
and a model calculation also suggested that the large
increase in electron beam intensity resulted from sup-
pressing the growth of the sheath field because the steep
density gradient disappeared and the target plasma into
which the fast electrons were released expanded. These

results show that the intense laser-irradiated foil could be
used as a plasma-attached cathode, with great potential
for high-brightness electron guns. The interaction of the
intense laser with a solid target has a higher absorptance of
the laser pulse. Compared with using a gas target, using a
solid target would facilitate a laser with a higher repetition
rate, and ultimately, faster electrons offer more potential to
develop applications. This work contributes to the under-
standing of laser-plasma physics and to the development of
advanced applications based on ultrafast electron pulses.
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