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A large number of hot electrons exceeding the Alfvén current can be produced when an ultraintense
laser pulse irradiates a solid target. Self-excited extreme electrostatic and magnetic fields at the
target rear could influence the electron trajectory. In order to investigate the influence, we measure
the hot electrons when a plasma was created on the target rear surface in advance and observe an
increase of the electron number by a factor of 2. This increase may be due to changes in the
electrostatic potential formation process with the rear plasma. Using a one-dimensional
particle-in-cell simulation, it is shown that the retardation in the electrostatic potential formation
lengthens the gate time when electrons can escape from the target. The electron number escaping
within the lengthened time window appears to be much smaller than the net produced number and
is consistent with our estimation using the Alfvén limit. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2722303兴
Relativistic electrons are generated when a target is irradiated with an ultraintense laser 共UIL兲 pulse at an intensity
of 1018 W / cm2 or higher. These hot electrons have been
widely used for the studies of electron beam acceleration,1–3
proton acceleration,4,5 and fast ignitor laser fusion.6,7 The
characteristics of hot electrons have been studied such as
conversion efficiency and slope temperature. The conversion
efficiency as high as 40% has been observed in a target at
intensities up to 1021 W / cm2.8,9 However, it is also known
that the total energy of hot electrons observed in vacuum is
only a few percent or less of the laser energy in
experiments.10 The relation between the high production and
the low observed efficiencies has not been fully understood.
It is well known that very strong magnetic and electrostatic
fields are excited in a vicinity of the target. These fields may
affect the hot electrons departing from the target. Because of
a return current in the target, the hot electron flow could
exceed the Alfvén current, which is the maximum net current
that can be sustained given the self-excited magnetic
fields.11–13 When hot electrons depart from the target rear, a
strong magnetic field should be excited in vacuum because
there are no background electrons for the return current. The
hot electron departure also excites an electrostatic field that
can prevent the electron emission.14 It is known that the
strength of the electrostatic field can reach few MV/ m with
a steep density profile at the target rear and can be reduced
with a gradual density profile at the target rear.15 Both of the
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strong fields may influence the hot electron trajectory and the
escaping number when the hot electrons are emitted from the
target-vacuum boundary.
In this Letter, we have studied the hot electron emission
under the influence of self-excited fields at the target rear. In
order to control the electrostatic field, a plasma is created on
the target rear surface in advance. We show that the observed
electron number increases twice with the rear plasma in our
experiment when the target is irradiated with an UIL pulse.
One-dimensional 共1D兲 PIC simulation results show that the
rear plasma retards the rise 共gate closing兲 time of the electrostatic potential formation resulting in the increase of electrons escaping from the target. The electron number escaping
within the gate time appears to be much smaller than the net
produced number and is consistent with our estimation using
the Alfvén limit.
The experiment is carried out using Gekko Module II
共GMII兲 laser system at the Institute of Laser Engineering
共ILE兲, Osaka University.16 The experimental setting is shown
in Fig. 1. An UIL pulse 共 = 1053 nm兲 is focused onto a foil
target in s polarization with 20° incidence by an F/3.8 offaxis parabolic 共OAP兲 mirror. The laser energy is changed
from 2 to 10 J on the target and the maximum intensity is
3 ⫻ 1018 W / cm2 with a 700 fs pulse duration. The targets are
aluminum plates with the thickness of 50– 100 m. The long
pulse laser 共 = 1053 nm兲 with a 400 ps duration is focused
on the target rear surface with an energy of 1.5 J, and creates
a rear plasma in advance. The focus spot diameter of the long
pulse is 150 m and is large enough compared to the UIL
pulse focusing diameter of 20 m. The density profile of the
rear plasma is measured with an optical interferometric technique using a probe laser pulse 共 = 527 nm兲 at 50 ps before
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FIG. 1. Experimental setup 共top view兲 The long pulse laser irradiates a
target at 400 ps before the UIL pulse. The target is tilted by 20° for the s
polarized UIL irradiation. The interferogram is obtained at 50 ps before the
UIL pulse. Measured are the angular distributions of the hot electrons with
IP and ions with CR-39 and RCF, and the energy spectrum of the hot
electrons on the laser axis.

the UIL pulse. The detected density profile shows a good
agreement with the results of a well calibrated 1D hydrodynamic simulation, ILESTA1D.17–19 The scale length of the
rear plasma is 60 m at around the electron density of
1019 cm−3. We have confirmed that the shock wave generated
by the long pulse does not reach the target front surface
before the UIL pulse hits the target using the ILESTA1D
simulation.
A two-dimensional 共2D兲 angular distribution and an energy spectrum of hot electrons are simultaneously measured
in order to estimate the total number of emitted hot electrons.
An imaging plate 共IP兲 is set at 40 mm away from the target
as shown in Fig. 1 in order to measure the angular distribution. The IP is covered with several filters includes CR-39
and radiochromic film 共RCF兲 to measure the proton angular
distribution as well. The minimum energy of detectable electrons is 0.5 MeV due to the filters. The energy spectrum of
electrons is measured on the UIL axis with an electron spectrometer 共ESM兲 using IP.20 For the ESM to catch the electrons, each layer of the stack detector has a 1-cm-diam hole
on the laser axis. The total number of hot electrons emitted
into the vacuum, NTot, is counted within the full width at half
maximum 共FWHM兲 of the angular distributions on the IP as
follows. The distribution is fitted with two 2D Gaussian distributions in order to estimate the signal intensities within the
FWHM, IFWHM, and within the solid angle of the ESM at
around the laser axis, IAxis. It is known that the signal intensity on IP 共I兲 is proportional to the number of hot electrons
共N兲.21 Thus, NTot has a relation of NTot / IFWHM = NESM / IAxis.
Here, NESM is the absolute number of electrons obtained by
the integration of the observed energy spectrum on the UIL
axis. The sensitivity of IP used in the ESM is absolutely
calibrated for a wide energy range of electrons.20
Typical experimental data are shown in Fig. 2 when the
UIL pulse irradiated 50-m-thick aluminum target at an in-
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FIG. 2. 共Color online兲 Angular distribution images of electrons 共a兲 and 共b兲
fitted with two 2D Gaussian distributions 共contour lines兲 and energy spectra
of hot electrons 共c兲 and 共d兲. 共a兲 and 共c兲 are obtained for a no rear plasma
case. 共b兲 and 共d兲 are obtained for a rear plasma case. The energy spectra are
fitted with the relativistic Maxwellian function 共dashed curve兲.

tensity of 2 ⫻ 1018 W / cm2. The angular distributions of electrons are shown in Figs. 2共a兲 共without rear plasma兲 and 2共b兲
共with rear plasma兲. The white hole at 共⌰ , ⌽兲 = 共0 , 0兲 corresponds to the laser axis in the distribution images. These
images are normalized by the maximum signal intensity observed for the rear plasma case 关Fig. 2共b兲兴. The fitting with
two 2D Gaussian distributions is shown also in the figure as
contour lines 共every 10% of the maximum intensity in each
figure兲. A bright spot of electron signal is seen in Fig. 2共b兲.
The distribution could be influenced by the threedimensional plasma profile on the target rear surface. Figures
2共c兲 and 2共d兲 show the energy spectra of the electrons without and with rear plasma. The spectrum is fitted with a relativistic Maxwellian function, N共兲 = 共N0 / T兲共 / T兲2exp共− / T兲,
to determine the electron temperature, T.8 In the result, the
temperature is 0.76± 0.05 MeV for the no rear plasma case
and 0.85± 0.04 MeV for the rear plasma case. Since the shotto-shot variations of temperature are ±0.1 MeV in our experimental conditions, we see no difference in the temperature with and without rear plasma because of the same
experimental conditions at the target front. The approximation with the relativistic Maxwellian function shows some
difference from the experimental data at around the highenergy tail. However, the contribution to the field excitation
may be negligible with these electrons because the electron
number within the tail is at least two orders magnitude
smaller than the one at around the peak of the spectrum. The
energetic protons are observed at the target normal direction
only when there is no rear plasma, consistent with Ref. 15.
The total number of electrons is estimated with the
method described above. In the result, the NTot is 5.7⫻ 1010
and 1.2⫻ 1011 for Figs. 2共a兲 and 2共b兲, respectively. The NTot
is plotted in Fig. 3共a兲 as a function of the electron temperature changing the UIL intensities from 2 ⫻ 1017 to 3
⫻ 1018 W / cm2. The errors relevant to the electron number
are ⬃15% caused mainly by the interpolation of the angular
distribution estimating IFWHM and IAxis. The Alfvén limit is
also shown for an electron beam bunch with a 700 fs time
duration with an energy of 3T, which corresponds to the
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FIG. 3. 共a兲 The number of hot electrons dependence on the electron temperature for no rear plasma cases 共•兲 and for rear plasma cases 共ⴰ兲. The
Alfvén limit is also shown 共dashed curve兲. 共b兲 Number increment of hot
electrons versus the electron temperature due to the rear plasma.

average energy of the relativistic Maxwellian distributions
with a temperature, T. The detected electron numbers are
always smaller than the Alfvén limit. When the rear plasma
exists, the number of detected electrons increases twice compared to the no rear plasma case at the similar electron temperature 共UIL intensity兲 as shown in Fig. 3共b兲. Neither electrons nor ions are observed when the long pulse irradiates the
target without the UIL pulse. Thus the observed electrons are
purely due to the UIL pulse irradiation and the number enhancement is due to the presence of rear plasma.
In order to understand the influence of the rear plasma
on the electrostatic potential formation, a 1D relativistic
particle-in-cell simulation, PICLS1D, is performed. The
PICLS1D code simulates the laser-plasma interactions using
a numerical dispersion free Maxwell solver, and charge conservation scheme with Monte Carlo processes like Coulomb
collisions.22 Two different cases are considered in the simulations as shown in Fig. 4共a兲. In one case, the target has a
sharp density boundary at the target rear 共dashed line兲, and
the other case is with a rear plasma of which scale length is
60 m at the target rear 共solid line兲. The maximum density
of the rear plasma is fixed to 0.7nc, where nc is the critical
density for a 1 m laser wavelength. In both cases, there is a
preplasma in front of the target with the scale length 6 m.
The target density and thickness are also fixed to be 10nc and
50 m. An UIL pulse enters the simulation box from the left
boundary 共x = 0兲 at time t = 0 and irradiates the target at a
maximum intensity 5 ⫻ 1018 W / cm2 with a Gaussian profile
of 700 fs duration in FWHM.
Because the surface plasma conditions at the front surface are the same for both cases, the characteristics of hot
electrons are identical. A strong electrostatic field is excited
at the target rear after the hot electrons start departing from
the target. The profiles of the electrostatic field, Ex, are
shown in Figs. 4共b兲 and 4共c兲 at the fixed timing when the
field at the target rear reaches the maximum for the no rear
plasma case. The maximum field strength is 1.5 MV/ m for
the no rear plasma case 关Fig. 4共b兲兴. The field reaches only
0.3 MV/ m for the rear plasma case 关Fig. 4共c兲兴.
Hot electrons may escape from the electrostatic potential

FIG. 4. 共a兲 The initial density profile for PIC simulations. The rear boundary
is sharp in a no rear plasma case 共dashed curve兲 and the plasma exists at the
target rear in another case 共solid curve兲. 共b兲, 共c兲 The profile of the electrostatic field with rear plasma 共b兲 and without rear plasma 共c兲 when the field
reaches a maximum for the no rear plasma case. 共d兲 The potential wall for
hot electrons is plotted as the function of the departure timing of the
electrons.

until the potential exceeds the electron kinetic energy. The
potential grows in time while the hot electrons depart from
the target. This growth time may be considered as a gate
closing time for escaping electrons. We estimate the potential
evolution with time as following methods. The local potential is expressed as a spatial integration of the electrostatic
field, Ex共ti , x兲, in a small interval from xi 共ti兲 to xi+1 共ti+1兲.
Here, a hot electron is assumed to exist xi at ti and travel with
the speed of light, c. Thus, xi+1 = c共ti+1 − ti兲 + xi. We summed
the local potential by taking into account of both electron
motion and field evolution in time space. A total potential,
Tot, i.e. a potential wall, is expressed as Eq. 共1兲 for an
electron which departs the target rear boundary 共x
= 150 m兲 at a certain timing t0,

Tot共t0兲 ⯝

兺
t ⱖt
i

0

冕

xi+1

Ex共ti,x兲dx.

共1兲

xi

The potential wall evolves as shown in Fig. 4共d兲. The
potential grows within 50 fs and reaches ⬃4 MeV and appears to be saturated for the no rear plasma 共dashed curve兲.
The potential growth is retarded for the rear plasma 共solid
curve兲 by 100– 150 fs compared to the no rear plasma case.
We consider that the retardation is closely related to the
charge neutralization due to a return current in the rear
plasma. We estimate now the retardation time related to the
time duration supplying the return current. The return current
can be supplied until the number of hot electrons departing
from the target becomes comparable to the electron number
in the rear plasma. When the return current is assumed to
flow in the opposite direction of the hot electron flow, the
relation of electron number between the hot electrons and the
return current can be simplified to the relation of the areal
density of these electrons. Here, the areal density of hot electrons within the retardation time, ⌬t, is expressed as nhvh⌬t,
where nh 共vh兲 is the density 共velocity兲 of hot electrons. The
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areal density of rear plasma is expressed as n pL, where
n p 共L兲 is the peak density 共scale length兲 of the rear plasma.
Then the retardation time can be estimated as ⌬t
= 共n pL兲 / 共nhvh兲. Since nh and vh may be assumed to be nc and
c, the retardation time becomes 140 fs for the plasma in Fig.
4共a兲 共L = 60 m and n p = 0.7nc兲. This result is consistent with
the retardation seen in Fig. 4共d兲. We performed simulations
using different rear plasma scale lengths and confirmed the
retardation time well agreed with the above argument.
The retardation of the potential evolution results in the
lengthened gate time for electron escape. However, the hot
electron flow produced by the UIL pulse could be larger than
the Alfvén current. Thus the hot electrons escaping from the
target within the lengthened gate time 共140 fs兲 should be
affected also by the Alfvén limit. The electron number corresponding to the Alfvén current is 8 ⫻ 1010 for 2.5 MeV
electrons with 140 fs pulse duration. This electron number is
almost same as the observed number increase in the experiments 共1010−11兲. Here, the 2.5 MeV energy corresponds to
the averaged value of the electrons in the measured spectra
shown in Figs. 2共c兲 and 2共d兲. On the other hand, the number
of hot electrons produced by the UIL pulse within 140 fs is
estimated to be 1013 and is much larger than the number
detected in the experiments. Here, the electron number produced per time is approximated as nccr2, where r is the
laser spot radius, 10 m. These results strongly infer that the
number of escaping electrons are also determined by the
Alfvén limit even when the potential gate is open.
In conclusion, we have studied the influence of the selfexcited fields on the limitation of hot electrons departing
from the target. The detected number of hot electrons increases twice with the rear plasma under the irradiation of
UIL pulse at a laser intensity of 2 ⫻ 1018 W / cm2. 1D PIC
simulation shows that the formation of the electrostatic potential is retarded due to the presence of the rear plasma. The
retardation is estimated also by equalizing the areal densities
of hot electrons and the ones of the rear plasma. This model
estimation matches very well with the simulated results
when the rear plasma scale length is changed as a parameter.
The hot electrons escape from the target until the potential
exceeds the electron kinetic energy, so that the retardation of
the potential growth lengthens the gate time resulting in an
increase in the number of escaping electrons. The enhanced

number of escaping electrons is consistent with the Alfvén
current within the lengthened gate time.
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