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We report the first direct measurement of the emission duration of laser-accelerated fast electrons from

the surface of a solid target irradiated by a high-intensity femtosecond laser pulse. The emission duration

is determined by autocorrelation measurement using the Coulomb repulsive forces that act on two

equivalent electron pulses. The emission duration depends on the laser pulse duration for laser pulses of

200–690 fs. Numerical modeling of three-dimensional charged particle dynamics indicates that the

emission duration of fast electrons is almost equal to the duration of the laser pulse.
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The interactions of intense short-pulse lasers with solid
targets accelerate electrons to high energy and relativistic
speed, and the resulting fast electrons induce intense emis-
sions of ions [1,2], x rays [3,4], gamma rays [5], and
terahertz waves [6,7]. The generation dynamics and char-
acteristics of such emissions are deeply related to the
temporal and spatial characteristics of fast electrons during
or immediately after the laser pulse. Therefore, under-
standing the initial dynamics of fast electrons is an impor-
tant open issue for developing many attractive applications
such as fast ignition for inertial confinement fusion [8,9],
tumor therapy using ion beams [10], ultrafast electron
diffraction measurement [11,12], and time-resolved x-ray
probing [13,14].

Currently, the prevailing theory is that an intense laser
pulse strongly interacts with plasma around the critical
density, and the energy of the incident laser pulse is par-
tially transferred to the fast electrons [15–17]. Extensive
numerical simulations and experimental studies indicate
that the fast electrons are accelerated during the laser pulse.
Observing the temporal structure of fast electrons, how-
ever, remains a challenging problem because they are
accelerated and emitted on an ultrafast time scale, typically
from femtoseconds to picoseconds. For elucidating fast
electron dynamics, the temporal resolution of diagnostics
has been improved through various techniques. For ex-
ample, time-resolved measurement of K� radiation in-
duced by fast electrons has been achieved with an
ultrafast x-ray streak camera [18,19]. Those experiments
reveal the hot-electron dynamics in solid targets at pico-
second temporal resolution. The pulse duration of K�

radiation have been investigated through ultrafast phe-
nomena and measured to be several times larger than the

laser pulse duration, corresponding to a few or several
hundred femtoseconds [20,21]. These measurements indi-
cated that the electron pulse duration is shorter than the K�

x-ray pulse duration. Radiography using laser-driven pro-
ton beams has been also applied in studying the dynamics
of ultrafast electromagnetic fields [22,23]. The temporal
resolution of proton radiography measurement depends on
the pulse duration of the laser-accelerated proton beam and
is constrained to a few picoseconds. For higher temporal
resolution, interferometric measurement of electron distri-
butions has been performed by using optical probe pulses
[24]. The temporal evolution of the electron sheath around
the solid target has been observed at 200 fs intervals, but in
optical interferometry, the detectable range of the electron
density is limited. Hence, there is no adequate real-time
measurement technique for observing the detailed tempo-
ral structure of fast electrons, and the response of the fast
electrons to the incident laser pulse is still not completely
understood.
To investigate the femtosecond-scale dynamics of fast

electrons, we have developed a femtosecond electron de-
flectometry method [25]. In this method, by employing a
laser-accelerated electron pulse as a probe pulse, we have
measured the dynamics of the fast-electron-induced elec-
tric field, which varies within 400 fs after the laser pulse
irradiation on a solid target. In this Letter, we describe
autocorrelation measurement using two equivalent fast
electron pulses for determining the duration of fast electron
emission from the surface of a solid target. The obtained
data show that the emission duration clearly depends on
laser pulse duration on a femtosecond time scale of about
200–690 fs. Numerical modeling of electron dynamics in
the experimental configuration reveals that the emission
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duration of fast electrons is almost equal to the duration of
the laser pulse.

The experimental setup for the autocorrelation measure-
ment is schematically shown in Fig. 1. The experiments
were performed using a Ti:sapphire chirped-pulse ampli-
fication (CPA) system (center wavelength, 800 nm; repe-
tition rate, 10 Hz). A laser pulse is divided into half-pulses
of equal energy (upper pulse and lower pulse in Fig. 1), and
the half-pulses are focused onto a solid target (Al foil,
12 �m thick) with p-polarization at an incident angle of
45� by using an F=3 off-axis parabolic mirror. The dis-
tance between the two focal positions for the upper and
lower laser pulses is adjusted to 27� 1 �m. The lower
laser pulse propagates through an optical delay line, and
the time delay (�) between the upper and lower pulses is
varied from �2:6 to 2.6 ps at time steps of 65 fs. The zero
delay time can be determined by observing the interference
fringe of the upper and lower pulses at a defocused position
without a target. The position of the target surface is care-
fully measured with a laser displacement sensor and pre-
cisely adjusted, so that the displacements of the target
surface from the laser focal positions are less than
�1:2 �m in standard deviation. The laser pulse duration
is set at 200, 410, 540, or 690 fs full width at half-
maximum (FWHM) by controlling the distance between
the pair of gratings that constitute the pulse compressor of
the CPA laser system. The laser pulse energy is controlled
in order that the intensity of each pulse on the target is
1� 1016 W=cm2. The laser-intensity contrast is about
10�7 at 20 ps before the peak of the main laser pulse.

The two laser pulses produce two equivalent electron
pulses. The angular distribution of these electrons for each

laser pulse duration is measured separately by imaging
plates, and the electrons are emitted omnidirectionally.
The electrons emitted in the specular direction from the
two irradiated positions are collected and focused onto a
fluorescent screen by an electron lens. The sensitivity of
the present imaging system is high enough for the electron
source image to be obtained by a single laser shot [26]. The
energy spectrum of electrons emitted in the specular direc-
tion is also separately measured for each pulse duration by
a magnetic spectrometer with an imaging plate, and can be
fitted to the Boltzmann distribution with a temperature of
about 60 keV. The energy of electrons imaged on the
screen is selected to be 120 keV by the electron lens [26].
When the time delay between the upper and lower laser

pulses is small, the two electron pulses will be deflected by
the Coulomb repulsive force between them, immediately
after they are emitted from the target. This deflection is
observed as a shortened distance between the two electron
source positions imaged on the screen [25]. If the two
electron pulses are equivalent, the deflection as a function
of time delay can be treated as an autocorrelation of the
time-varying intensity of electrons emitted from the target
surface. However, the distance between the two laser irra-
diation positions on the target is short in our experimental
setup. Laser pulse irradiation at one position heats the
target and generates electric or magnetic fields on the target
surface, and thus we must consider whether there is an
influence on the electron emission duration at the other
position. To confirm the equivalence of each electron
emission, we carried out numerical simulations using the
2D particle-in-cell code FISCOF2 [27]. In the simulations,
p-polarized laser pulses are irradiated onto a planar plasma
at an incidence of 45�. At the surface, the density of the
plasma increases exponentially from 0:1nc to 4:0nc over
2:7 �m and remains constant at 4:0nc over 5 �m, where
nc ¼ 1:7� 1021 cm�3. The initial electron and ion (Alþ)
temperatures are 0.1 keVand 3 eV, respectively. The spatial
and temporal distributions of the incident laser pulses are
Gaussian, and the pulse durations and spot sizes are fixed at
200 fs and 5 �m (FWHM), corresponding to intensity of
1� 1016 W=cm2. First, we simulated a single laser pulse.
At the laser irradiation position, the electron temperature
increases to 3 keV. At 27 �m away from the laser irradia-
tion position on the target and 1 ps after laser pulse
irradiation, the electron density does not change and the
electron temperature slightly increases (0.2 keV).
Although a static electric field is produced on the target
surface by the laser irradiation, the maximum intensity at
the position 27 �m away from the laser irradiation posi-
tion is 24 times lower (1:9� 1010 V=m) than that at the
laser irradiation position. Then, we simulated two laser
pulses. The second laser pulse is irradiated at a time delay
of 200 or 400 fs after the first laser pulse. The distance
between the irradiation positions of the two laser pulses is
27 �m. We find no difference in electron density, electron
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FIG. 1 (color online). Schematic of the experimental setup.
Two equivalent laser pulses with a time delay between them are
focused on an Al target to produce two electron pulses. The time
delay between them is variable from �2:6 to 2.6 ps in time steps
of 65 fs. The laser-accelerated electrons are emitted isotropi-
cally. A selected portion of the electrons that pass through the
electron lens can be focused on a fluorescent screen. The
electron pulses are deflected by each of the laser plasmas
immediately after they are emitted from the target; consequently,
the distance between the source image positions on the fluores-
cent screen depends on the time delay.
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temperature, or static electric field intensity at the irradia-
tion position of the second (delayed) pulse between the
cases with and without the first laser pulse. Therefore, we
conclude that the interaction between the two electron
sources is sufficiently small for the two electron pulses to
be considered equivalent.

The autocorrelation measurement of the emission dura-
tion of electron pulses for laser pulses of 200, 410, 540, and
690 fs are shown in Fig. 2(a) as circles. The deflection is

normalized by each maximum value and the time delay is
between the two incident laser pulses. The maximum de-
flection in Fig. 2(a) is about 10 �m in objective space.
Each point is obtained by averaging 30–50 deflection data,
and the error bars indicate the standard deviation. For any
laser pulse duration, the deflection decreases when the time
delay between the laser pulses is increased. When the
magnitude of the time delay is greater than 1.5 ps, no
deflection is observed, meaning that a detectable electro-
magnetic field exists for time delays of only�1:5 to 1.5 ps.
As we have shown previously [25], the Coulomb repulsive
force from a fast electron pulse is dominant on this time
scale. Figure 2(b) shows the dependence of the interaction
time of the two electron pulses on the laser pulse duration.
The interaction time is defined as the temporal duration
(FWHM) of the autocorrelation measurement result shown
in Fig. 2(a). The figure shows that the interaction time of
the electron pulses increases as the laser pulse duration is
increased. The emission duration of the electron pulses
from the target surface closely correlates with laser pulse
duration on the femtosecond time scale.
To estimate the pulse duration of fast electrons from the

autocorrelation trace, we reconstruct the autocorrelation
function through numerical calculations. The autocorrela-
tion function can be reconstructed by calculating the
Lorentz force that the two fast electron pulses produce, if
the deflection is caused by their induced electromagnetic
fields. By making an assumption about the temporal shape
of the electron pulses produced by the incident laser pulses,
the autocorrelation function can be obtained. By compar-
ing the measured and calculated autocorrelation function,
we can thus estimate the electron pulse durations.
To simulate the electromagnetic fields produced by

electron pulses, we used the GENERAL PARTICLE TRACER

(GPT) code [28], which can calculate the electromagnetic
fields produced by charged particles (space charge field).
In the simulation, two electron pulses produced at the laser
focal spots are initially separated from each other by
27 �m in free space. The effect of the boundary condition
at the metal interface is not taken into account in the
present simulation. The time delay between two electron
pulses is varied at intervals of 50 fs. The initial electron
pulses are assumed to be emitted from z ¼ 0 into the
hemisphere, of which the zenith is on the z axis, with
isotropic angular distribution. The coordinates are the
same as those shown in Fig. 1. The electrons injected
into z <�10 �m because of the Lorentz force are ex-
cluded. The initial temperature and total charge of one
electron pulse are 60 keV and 0.3 nC, respectively. These
initial conditions of the electron pulses are based on our
experimental results. The temporal distribution of an
electron pulse is assumed to be a Gaussian function, and
the electron pulse duration is assumed to be 200, 410, 540,
or 690 fs FWHM, corresponding to the laser pulse
durations. Figure 3 shows an example of calculated

FIG. 2 (color online). (a) Deflections of electron pulses as a
function of time delay for laser pulse durations (twidth) of 200,
410, 540, and 690 fs (circle). Each point is obtained by averaging
30-50 data points, and error bars indicate standard deviation.
The deflection is normalized by each maximum value.
Deflections calculated with the GPT code are shown as crosses.
(b) Interaction time of the electron pulses obtained from experi-
ments (circle) and numerical calculations (cross) as a function of
laser pulse duration and initial electron pulse duration, respec-
tively. The error bars show the fitting error for the autocorrela-
tion traces in (a).
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electromagnetic fields produced by the electron pulses for
various time delays. The electron pulse width is assumed to
be 200 fs, and the central time of an electron pulse is
assumed to be 200þ � fs. Lines indicate the time course
of electric field along the x axis and magnetic field along
the y axis. The electromagnetic fields shown in Fig. 3 are
those of the delayed electron pulse. From these calculated
electromagnetic fields, the deflection dð�Þ is given by [25]

dð�Þ ¼ � e

me�

ZZ
�
dt2½ExðtÞ þ c�ByðtÞ�;

where ExðtÞ is the electric field along the x direction and
ByðtÞ is the magnetic field along the y direction (the axes

are shown in Fig. 1), e is the elementary charge, and me is
the electron mass. In our experiments, the observed kinetic
energy of electron pulses is 120 keV, and thus we take
account of relativistic effects: � is the Lorentz factor and �
is the ratio of electron velocity to the speed of light c. The
calculated deflections for the present electron pulse dura-
tions are shown in Fig. 2 as crosses. The shapes of auto-
correlation functions measured from experimental results
are fairly in good agreement with that calculated from the
numerical results, when the laser pulse duration is assumed
to be as short as the electron pulse duration [Fig. 2(a)]. In
the present model, the autocorrelation function is repro-
ducible when taking into account only the electromagnetic
fields produced by electron pulses in free space. This
suggests that the autocorrelation measurement of the elec-
tron pulses is not strongly influenced by environmental
factors such as the target or laser-produced plasma under
the present experimental conditions. The calculated inter-
action time is also shown in Fig. 2(b). The increase in the
interaction time is reproduced in the numerical results.
This indicates that electrons are accelerated and emitted
only while the laser pulse interacts with the target surface
and that the pulse duration of the fast electrons is almost
equal to the laser pulse duration.

In conclusion, the temporal structures of fast electrons
emitted immediately after irradiation of the surface of a
solid target by an intense femtosecond laser pulse have
been studied through autocorrelation measurement of the

fast electron pulses. Time-resolved measurement of the
electric field produced by fast electrons shows that the
emission duration of the emitted fast electrons depended
on laser pulse duration on the femtosecond scale, for pulses
of 200, 410, 540, and 690 fs. We note that changing the
pulse duration by roughly 100 fs resulted in a remarkable
change in the emission duration of fast electrons.
Numerical modeling of electron dynamics indicated that
the emission duration of fast electrons is almost equal to
the laser pulse duration. These experiments were carried
out using a laser intensity of 1� 1016 W=cm2, but this
technique essentially can be applied in research on higher
intensity laser-plasma interactions. This work contributes
to the understanding of laser-plasma physics and the de-
velopment of advanced radiation applications based on
ultrafast electron dynamics.
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[24] O. Jäckel, J. Polz, S.M. Pfotenhauer, H.-P. Schlenvoigt, H.
Schwoerer, and M.C. Kaluza, New J. Phys. 12, 103027
(2010).

[25] Shunsuke Inoue, Shigeki Tokita, Kazuto Otani, Masaki
Hashida, and Shuji Sakabe, Appl. Phys. Lett. 99, 031501
(2011).

[26] Shunsuke Inoue, Shigeki Tokita, Toshihiko Nishoji,
Shinichiro Masuno, Kazuto Otani, Masaki Hashida, and
Shuji Sakabe, Rev. Sci. Instrum. 81, 123302 (2010).

[27] H. Sakagami and K. Mima, Proceedings of the 2nd
International Conference on Inertial Fusion Science and
Applications, Kyoto, 2001 (Elsevier, New York, 2002),
p. 380.

[28] General Particle Tracer, http://www.pulsar.nl/gpt.

PRL 109, 185001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

185001-5

http://dx.doi.org/10.1063/1.870664
http://dx.doi.org/10.1063/1.873571
http://dx.doi.org/10.1134/1.1478534
http://dx.doi.org/10.1134/1.1478534
http://dx.doi.org/10.1063/1.3226674
http://dx.doi.org/10.1103/PhysRevLett.105.215004
http://dx.doi.org/10.1038/35065045
http://dx.doi.org/10.1038/35065045
http://dx.doi.org/10.1126/science.286.5443.1340
http://dx.doi.org/10.1126/science.286.5443.1340
http://dx.doi.org/10.1103/PhysRevLett.59.52
http://dx.doi.org/10.1063/1.865171
http://dx.doi.org/10.1063/1.865171
http://dx.doi.org/10.1103/PhysRevLett.106.185003
http://dx.doi.org/10.1103/PhysRevLett.108.085002
http://dx.doi.org/10.1103/PhysRevLett.108.085002
http://dx.doi.org/10.1103/PhysRevE.65.016412
http://dx.doi.org/10.1103/PhysRevE.65.016412
http://dx.doi.org/10.1103/PhysRevLett.87.225701
http://dx.doi.org/10.1103/PhysRevLett.87.225701
http://dx.doi.org/10.1103/PhysRevLett.95.195001
http://dx.doi.org/10.1103/PhysRevLett.95.195001
http://dx.doi.org/10.1103/PhysRevLett.102.194801
http://dx.doi.org/10.1088/1367-2630/12/10/103027
http://dx.doi.org/10.1088/1367-2630/12/10/103027
http://dx.doi.org/10.1063/1.3612915
http://dx.doi.org/10.1063/1.3612915
http://dx.doi.org/10.1063/1.3514084
http://www.pulsar.nl/gpt

