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Hot electron generation via vacuum heating process in femtosecond
laser–solid interactions

L. M. Chen, J. Zhang,a) Q. L. Dong, H. Teng, T. J. Liang, L. Z. Zhao, and Z. Y. Wei
Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080,
People’s Republic of China

~Received 16 August 2000; accepted 9 March 2001!

Hot electron generation by the vacuum heating process has been studied in the interaction of 150 fs,
5 mJ, 800 nmP-polarized laser pulses with solid targets. The measurements have suggested that the
‘‘vacuum heating’’ is the main heating process for the hot electrons with high energies. The energy
of the vacuum-heated hot electrons has been found to be higher than the prediction from the scaling
law of resonance absorption. Particle-in-cell simulations have confirmed that the hot electrons are
mainly generated by the vacuum heating process under certain experimental conditions. ©2001
American Institute of Physics.@DOI: 10.1063/1.1371956#

I. INTRODUCTION

Rapid developments in intense ultrashort laser
technology,1 have opened a new regime of laser–matter in-
teraction, in which intense laser pulses deposit their energy
into solid targets faster than the hydrodynamic expansion of
the target surface.2 Thus, using table-top ultrashort pulse la-
sers, it is now possible to study laser–matter interaction un-
der extreme conditions in relation to the fast ignition scheme
for inertial confinement fusion ~ICF!,3 harmonic
generation,4,5 ultrashort x-ray generation6 and laser-cluster
Coulumb explosions,7 etc.

Hot electrons in laser-plasmas can be generated by dif-
ferent absorption or acceleration mechanisms under different
experimental conditions.8–11 Previous measurements8 of the
absorption of laser pulses by solid targets showed that at low
laser intensities inverse Bremsstrahlung~IB! is the main ab-
sorption mechanism, which depends on the electrical con-
ductivity associated with electron mean-free-path compa-
rable to the interatomic spacing. The measurements showed
three distinct regions as a function of laser intensity. At low
intensitiesI ,1013W/cm2, the absorption was quite high. For
an intensity in the range of 1013W/cm2,I ,1014W/cm2, the
absorption decreased as the laser intensity increased. The
absorption then increased with laser intensity for an intensity
.331014W/cm2. These measurements are broadly consis-
tent with collisional absorption theory. Another experiment9

showed that at high intensities of 331015W/cm2, the ab-
sorption was at a low level of 10% and practically indepen-
dent of the target material. This behavior was attributed to
the high reflection from an over-dense plasma layer caused
by the rapid ionization of a thin front layer of the target.
Brunel10 proposed over ten years ago that moderately intense
P-polarized laser pulses incident obliquely on an atomically
abrupt metal surface could be strongly absorbed by pulling
electrons into vacuum during an optical cycle, then returning
them to the surface with approximately the quiver velocity.

This is the so-called vacuum heating process. Later
simulations11 by Paul Gibbon predicted that, with a slight
surface expansion of scale lengths, the laser optical field
would pull more electrons into the vacuum and the laser
energy would be more strongly absorbed, as long as the scale
length L5(] ln ne/]z)21 does not significantly exceed the
electron quiver amplitudexosc5eE/mv2.

Recently, hot electron generation was studied at moder-
ate intensities.12,13 Both hot electron spectra and x-ray spec-
tra from the Bremsstrahlung radiation, when hot electrons
undergo de-acceleration in solid targets, showed that, when
smooth solid targets were irradiated obliquely by
P-polarized laser pulses, a group of hot electrons can be
resonantly heated to a quasi-Maxwellian temperature charac-
terized by the scaling:Th}(Il2)1/3,14 while another group of
hot electrons with higher energies can be produced by non-
linear resonant absorption if there is a thin layer of corona
preplasma in front of the target surface. Typically electrons
produced by the IB absorption process are known as thermal
electrons and have energies less than keV at modest laser
intensities.9 The electrons generated by resonance absorption
and the other nonlinear resonant absorption are called hot
electrons, that have much higher kinetic energies.

In this paper, we report a study on hot electron genera-
tion from aluminum solid targets irradiated by intense ul-
trashort laser pulses. The measurements of the laser absorp-
tion suggested that the vacuum heating~VH! was responsible
for the generation of the hot electrons with high energies.
Particle-in-cell~PIC! simulations also showed that the elec-
tron spectrum generated by the vacuum heating process is
consistent with the experimental results.

II. EXPERIMENTAL SETUP

The experiments were carried out at the Laboratory of
Optical Physics of the Institute of Physics with a Ti:Sapphire
chirped pulse amplification~CPA! laser system operating at
around 800 nm at a repetition rate of 10 Hz. The laser deliv-
ered 5 mJ energy in 150 fs pulses and produced a peak irra-
diance of 831015W/cm2 at the focus. The contrast ratio of
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the laser pulses was measured to be;1025 at 2 ps before the
peak and 1026 at 1 ns, by third-order autocorrelation tech-
niques. The target material used was 100mm thick pure Al
on glass plates. The roughness of the surface was less than 1
mm. The target mount was controlled by step-motors inxyz
dimension to ensure the laser pulses interacted with a fresh
target surface for each shot.

The main diagnostic of the hot electrons was a magnetic
spectrometer, fitted with a permanent magnetic field ofB
5380 Gauss. An array of LiF thermoluminescent dosimeters
~TLDs! was used as detectors. Recent development of ultra-
sensitive LiF TLD material provides the possibility of using
a thin TLD for hot electron detection.15 The energy range
this instrument covered was from 7 to 500 keV. The collec-
tion angle of the spectrometer was on the order of 131023

Steradiant. Its energy resolution was better than 2%. Because
the TLDs are insensitive to visible light, it was not necessary
to use aluminum foils in front of the TLDs. The background
of these TLDs was less than 1.2mGy when they were heated
to 240 °C. When we placed a piece of 20mm Al foil on the
surface of the TLD, which was located in the position of the
spectrometer, corresponding to an energy of 20 keV, the
dose on the TLDs would drop dramatically from several tens
of mGy to severalmGy. This verified that the dose on the
TLDs was mainly caused by hot electrons.

Two calibratedg-ray spectrometers were also used to
study the x-ray Bremsstrahlung radiation from the
laser–plasma.13 The g-ray spectrometer consisted of a NaI
detector, an electronic gated shutter, a photomultiplier, an
amplifier and a multichannel energy analyzer. A 20 mm di-
ameter hole in a 50 mm thick Pb block was used to collimate
the x-ray radiation and to shield the detector. The detector
response was calibrated using a 511 keV and a 1.274 MeV
g-ray 22Na source and a 665 keV137Cs source.

The plasma absorption was measured by a calorimeter.
Slightly focusing~with an f/10 lens! of the reflected beam
ensured that the whole beam was collected by the calorim-
eter. An 800 nm filter was placed at the entrance of the
calorimeter ensured only the reflected and scattered laser en-
ergy could be measured.

III. ABSORPTION MEASUREMENTS

All of the experimental results presented here were ob-
tained for laser pulses incident on the target at an angle of
45° with respect to the normal of Al targets.

The measurement of reflectivity~solid dots! from the
target is shown in Fig. 1 for different focused laser intensities
on the target. The scattered light out of the collecting optics
was found to be negligible. When the focused laser intensity
was 531012W/cm2, no hard x-ray photons could be de-
tected. The measured reflectivity was found to be as high as
80%. This is consistent with the previous measurements,8 in
which the IB absorption was believed to take a major role.
As the laser intensity was increased fromI .3
31013W/cm2, x-ray photons began to be detectable and the
x-ray flux and photon energy increased with the laser inten-
sity. In the meantime, the measured reflectivity decreased for
higher laser intensities. This implies that there were other

absorption mechanisms starting to play a role, which gener-
ated the hot electrons. Compared with the calculated results
using the Fresnel–Drude formula with Perrot and Dharma-
wardana’s conductivity model8 ~shown in Fig. 1, by the solid
line!, we can see that our measurements also began to devi-
ate from the previous measurements8 and the calculation
from I .331013W/cm2. Increasingly more energy was ab-
sorbed through other mechanisms for higher laser intensities.
At an intensity of 431015W/cm2, the total absorption was as
high as more than 80%, in which nearly 40% extra laser
energy was absorbed through other mechanisms.

Unlike the calculation from the Fresnel–Drude formula
or the previous experimental results,8 in which IB was the
main absorption mechanism, it can be seen that the extra
absorption, therefore the total absorption, increased with the
laser intensity. This behavior is consistent with Grimes
measurements16 using femtosecond time-resolved reflectiv-
ity.

We can now investigate the possible mechanisms for the
extra absorption in the measurements. The laser pulse dura-
tion was 150 fs and the pedestal was not enough to generate
significant plasma expansion before the peak of the laser
pulse.17 The plasma scale-length was measured to be below
0.01l using a shadowgraphy technique. The electron quiver
amplitude under the experimental laser intensity was
Xosc/l;0.02. Therefore, the plasma scale length was satis-
fied with the requirements of the VH heating process.

There are other competing linear absorption mecha-
nisms, such as anomalous skin effect~ASE!,18 sheath inverse
Bremsstrahlung~SIB!,19 sheath transit absorption~STA!,20

and resonance absorption~RA!14 in the laser–plasma inter-
actions. If we choose an intensity ofI 51015W/cm2, for ex-
ample, the peak electron temperature ofkTe;100 eV, this
would result in a collision frequencyn;531015s21. The
skin depth in our experiment isl s;10n th /n.21 This is much
thicker than the required collisionless transit of the skin
depth (l s;100 Å!n th /n) for efficient ASE, SIB, and STA
absorption processes. Therefore, the ASE, SIB, and STA
processes contribute very little to the absorption under our

FIG. 1. The laser reflectivity~solid circle! vs laser intensity on Al target for
P-polarized 45° irradiation. The solid line is from calculation of IB absorp-
tion with Fresnel–Drude formulas. The dotted line is the IB absorption plus
the VH absorption withh56 ~without plasma expansion!. The dashed line
is the IB absorption plus the VH absorption withh520 ~with slight plasma
expansion!.
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experimental conditions. On the other hand, the RA absorp-
tion involves a slow, many-cycle building up of a resonant
plasma wave, which eventually breaks, and an electric field
at the critical surface. For the steep plasma gradients in our
experiments, the building up time might be too short for RA
to efficiently enhance the critical surface field. Paul Gibbon’s
simulation11 showed that the VH dominates over the reso-
nance absorption for scale lengths ofL/l,0.1. According to
his simulations, the absorbed energy goes into two kinds of
hot electrons. A bi-Maxwellian distribution will be formed
by the electrons heated, within the laser penetration depth, by
the RA absorption process, and the VH heated electrons with
much higher energies, escaped from the high-density bound-
ary.

In principle, the VH absorption can be distinguished
from other competing linear mechanisms by its intrinsic in-
tensity dependencef VH;AIl2 and its unique incident angle
and polarization dependence. From Fig. 1, we can find that
the extra energy absorption is mainly due to the VH process
because of the intensity dependence, as described by Brunel
equation. The fractional VH absorption is

f VH5~h/2p!~vosc
3 /vL

2c cosu!, ~1!

wherevL5eEL /mv is the electron velocity in the incident
laser field~EL is the incident laser electric field! andvosc is
the quiver velocity due to the total electric field of incident
and reflected fields E05jEL sinu. Here h51.75(1
12v th /vosc) is an empirical scaling value determined by the
density gradient.10 In order to compare the fractional VH
absorption and the measurements in Fig. 1, the fractional
absorption from IB should be considered. The solid line in
Fig. 1 is the calculation from the IB collisional theory. It is
apparent that the absorption in our experiments was mainly
the IB absorption for laser intensities ofI ,331013W/cm2,
while some other absorption mechanisms played roles for
higher laser intensitiesI .331013W/cm2. If we assume
there was no hydrodynamic expansion in the interaction (h
56), the total energy absorption~VH1IB! would be much
lower than the experimental data~as the dotted line shows in
Fig. 1!. This implies that the ideal abrupt density gradient
without any plasma expansion does not fit for our experi-
mental situation. If we assume that there is a slight plasma
expansion so that we can assumeh520, just as Grimes
did,16 in the empirical scaling value, the total energy absorp-
tion curve~the dashed line in Fig. 1! will be very close to the
experiment data. This change is more realistic for experi-
ments because a slight plasma expansion will build at the
pedestal of the laser pulse anyway. As a result, we found the
extra absorption is nearly 40% at the intensity 4
31015W/cm2. This calculation based on Brunel’s VH inten-
sity dependencef VH}AIl2. However, if we choose Grimes’
intensity dependencef VH}(Il2)0.64,16 the extra absorption
would be nearly 55%, beyond the difference between experi-
mental data and IB value under the intensity of 4
31015W/cm2. Therefore, we found that Brunel’s VH laser
intensity dependence is more reliable.

From this comparison, we can find:~1! The VH is the
main absorption mechanism apart from the IB absorption in
our experiments, especially at high intensities, because the

VH absorption is proportional to the square root of laser
intensity. ~2! The measured absorption is somewhat larger
than Brunel’s idealized case. This supports the assumption of
enhancement of VH absorption for a slightly expanded
plasma11 because the laser field can penetrate further into the
surface and can pull more electrons into the VH orbits. As a
result, electrons will have a longer mean-free-path in the
plasma to gain higher energies. Paul Gibbon predicted a 60%
VH absorption22 for an expanded plasma at an intensity of
431015W/cm2. This is more or less similar to our experi-
ment data.

The optimum incident angle for maximum absorption
was found to be about 45° in our experiment. By contrast,
the optimal incident angle for the RA absorption is generally
in the range of 20° – 30°. This is additional evidence to
showing that the VH absorption is the main mechanism to
account for the extra absorption in our experiments.

IV. HOT ELECTRON MEASUREMENTS

The out-going electron energy spectrum@Fig. 2~A!# gen-
erated by the interaction at an intensity of 531015W/cm2

was measured directly using the electron magnetic spectrom-
eter placed in the normal direction of the solid target. The
spectrum exhibits bi-Maxwellian distribution. The lower hot
electron temperature was independent of target materials and
was generated by RA mechanism with the scaling law:
TH(keV)'631025(Il2)0.33.14 At the laser intensity of 5
31015W/cm2, it is about 8 keV. This group of electrons is

FIG. 2. ~A! The energy spectrum of hot electrons emission and~B! the
Bremsstrahlung hard x-ray radiation from the Al target. The solid lines in
two figures are the Maxwellian distribution fit for the temperature.
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called bulk plasma electrons by Paul Gibbon in Refs. 11 and
22. Another group of hot electrons with higher temperature
about 47 keV at the intensity of 531015W/cm2, was gener-
ated by the VH process. This bi-Maxwellian hot electron
distribution is similar to Paul Gibbon’s simulation with
mobile-ions.22 This strongly suggests that the vacuum heat-
ing is the main absorption mechanism to heat hot electrons in
our experiments. That means at the contrast ratio of 105, the
VH mechanism is really stimulated and it is the main hot
electron heating mechanism.

The hard x-ray spectrum is generally dominated by
Bremsstrahlung radiation, which is produced by high energy
hot electrons colliding with atom nuclei. The shape and in-
tensity of the Bremsstrahlung radiation is the principle diag-
nostic for the injecting hot electron flux and temperature13,23

because the Bremsstrahlung hard x-ray spectrum has the
same Maxwellian distribution as colliding electrons. In our
experiments, the hard x-ray Bremsstrahlung radiation from
injecting electrons was measured by the NaIg-ray spectrom-
eter. The hard x-ray spectrum also shows a bi-Maxwellian
distribution and the hot electron temperature was nearly the
same as that measured by the electron spectrometer, shown
in Fig. 2~B!. The temperature deduced from the hard x-ray
spectrum is slightly lower than that from electron spectrum.
The reason why the energy of the injecting hot electrons was
less than that of out-going electrons might be because the
injecting electrons experience deceleration when reentering
the solid targets.

V. PIC SIMULATIONS

Simulations using a 122-dimensional~i.e., x, vx , vy , vz!
fully electromagnetic particle in cell~LPIC11! code have
been performed, where an electromagnetic wave is launched
obliquely from the left-hand side onto an overdense plasma
located on the right-hand side withne /nc520, Te

5200 eV.21 Based on the simulation results of Paul
Gibbon,22 we chose the ratio of thermal electron temperature
to ions asTe /Ti53 – 5, and mass ratiomi /Zme51836,
original plasma scale lengthL50.004. A square-sine profile
of incident laser pulse was used. Typically 15032680 elec-
trons and ions and 2680 cells were used. We consider the
initial situation in which the ions are mobile and electrons
are pulled out into vacuum by the component of the electri-
cal field normal to the target.

Figure 3 shows the electron phase space att512.574
andt513.170 optical cycles~i.e., electron phase normalized
by 2p!, respectively. Here we chosea50.06, corresponding
an laser intensity of 531015W/cm2. We can see another
group of electrons accelerated by the laser field appearing at
t513.170 after a half of optical cycle, in comparison with
the case att512.574. We also notice most of the electrons
heated before cannot return to the target surface in one laser
cycle. This implies that these electrons are not quivering in
the laser field and a huge electrostatic field~charge separa-
tion potential! will be produced by them. It is known that
only those electrons ionized invt50° – 80° can return to
ions.24 This suggests that a group of electrons will be pulled
out at each optical cycle and an array of electron ‘‘trains’’

will be generated in the normal direction of the target
surface,25 forming an electron jet emission in the integrating
angular distribution.26 On the other hand, some of the heated
electrons will come back to the target surface, due to the
strong charge separation potential, to heat the target plasmas
after several optical cycles. This is the accurate picture of the
VH.27

Figure 4 is the spectrum of electrons heated by laser field

FIG. 3. Simulated electron phase spacePx vs X at t512.574 and 13.170
optical cycle ~i.e., electron phase normalized by 2p!. a50.06, L/l
50.004. The target boundary is atX510.3.Px is normalized bymec. X is
normalized by laser wavelengthl.

FIG. 4. Simulated spectrum of electrons heated by the laser pulse att515
~solid downtriangle.!, 30 ~open circles!, and 70~solid squarej! optical
cycles, respectively.
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at different optical cycles. It is apparent that the number of
heated electrons increases with interacting time. This dem-
onstrates that the VH is stimulated and heats a group of
electrons in each optical cycle. Here we can also see that
more electrons with higher energies are generated at the ris-
ing edge of the pulse at the curve oft530. This means the
laser field accelerates the electrons greatly in the rising edge
of laser pulse.

Figure 5 is the time-integrated hot electron energy spec-
trum after 75 optical cycles, when it is at the end of laser
pulse. This is a typical bi-Maxwellian energy distribution.
The higher energy hot electron temperature is about 42 keV
for L50.004l, a50.06. This agrees well with experimental
measurement. In order to check the dependence of tempera-
ture on scale-length, the scale-length was changed from
0.001 to 0.07 in the simulations. We found the temperature
only slightly changed. The reason is that in this region of
scale length, the electrons were accelerated by VH with the
total electric field~incident electric field plus reflected elec-
trical field!, which is similar for those two scale-lengths, the
enhancement of critical surface (v5vp) field, which is very
sensitive to the scale length, is negligible.

VI. CONCLUSIONS

In summary, we have studied the energy absorption, the
hot electron generation in the interaction ofP-polarized fem-
tosecond laser pulses with Aluminum solid targets. The mea-
surements have suggested that Vacuum Heating is the main
heating mechanism for the hot electrons with high energies.
The PIC simulations have shown that the hot electrons are
pulled out from the target on every optical cycle, forming an
electron train-structure in the normal direction of the target.
These simulations are consistent with the conclusion that the
hot electrons are mainly generated by the vacuum heating
process under our experimental conditions.
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