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Abstract

It is shown that the effective hot electron temperature, Thot , associated with the energetic electrons produced during the
interaction of an ultra-intense laser with thin solid targets is dependent on the thickness of the target. We report the first
direct experimental observations of electron energy spectra obtained from laser-solid interactions that indicates the
reflexing of electrons in thin targets results in higher electron temperatures than those obtained in thick target
interactions. This can occur for targets whose thickness, xt , is less than about half the range of an electron at the energy
associated with the initial effective electron temperature, provided the laser pulse length is at least ctp � 2xt . A simple
theoretical model that demonstrates the physical mechanism behind this enhanced heating is presented and the results of
computer simulations are used to verify the model.

Keywords: Debye sheath; Femtosecond lasers; Hot electrons; Laser-plasma interaction; Nonlinear ponderomotive
force; PIC computations; Target normal sheath acceleration; Target thickness

1. INTRODUCTION

An ultraintense laser pulse ~i.e., intensities I � 1018 W0cm2

for a laser wavelength of 1 mm! impinging on a solid target,
transfers its energy to the material by first generating a
population of hot electrons that are picked out of the existing
background electron population, that is created near the
interaction region. There exists a correlation between the
effective temperature of these hot electrons and the incident
laser intensity ~Wilks et al., 1992; Wilks & Kruer, 1997!;
Kruer & Wilks, 1992!. Although the actual temperature is
usually somewhat dependent on the plasma scale length
near the critical surface ~Lefebvre & Bonnaud, 1997; Fuchs
et al., 1998!, the measured effective electron energies from
experiment tend to agree with this value. The critical den-
sity, ncr � gv0

2 me 0~4pe2 !~v0 � laser frequency; me, e �
electron mass, charge, g� ~1 � v 20c2!�1 is the relativistic
factor required if the electron energy is greater than 511
keV! is defined as the density above which the laser cannot
propagate beyond, its energy being either reflected or absorbed
at this point. The exact nature of the plasma in this region
just in front of the solid surface ~i.e., the electron and ion
density and temperature! is usually dependent either on the
amount of energy in a pre-pulse or the amplified spontane-

ous emission ~ASE!, that is, inherent CPA generated short
pulse lasers, or both, depending on the magnitude of each
~Adumi et al., 2004!.

It has long been theorized ~Liang et al., 1998; Shen &
Meyer-Ter-Vehn, 2001! that by choosing an appropriate
target thickness, xt , the effective temperature of the elec-
trons produced in the interaction of an ultra-intense laser
with this target can be enhanced by electrons reflexing back
and forth through the target. Of course, this will only occur
provided that the target is thin enough, relative to the laser
pulse length ~tp!, such that electrons accelerated at the
laser-plasma interface can make the round trip through the
target while the laser is still on ~tp � 2*xt 0c!. Preferably, if
the range of the electrons ~Re! is long enough such that the
electrons retain most of the energy they had on initial
acceleration, and the more round trips, the higher the energy,
up to a point. However, this phenomenon has not been
directly measured by experiment up to now. Here, we report
on direct experimental observations that confirm this hypoth-
esis, and discuss simulations that provide a physical model
on which to interpret the results.

2. EXPERIMENTAL RESULTS

The data consist of approximately 25 shots using the JanUSP
~Bonlie et al., 2000! laser at the Lawrence Livermore National
Laboratory in the United States. The JanUSP is a Ti:Sap-
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phire laser, run in the unpumped mode where the energy is in
the range of ; 100 mJ. The laser was focused by an f02
off-axis parabola onto a target whose normal was at 22.5
degrees to the k-vector of the incident laser light. The pulse
length was t ; 100 fs, and the spot size that contained
30– 40% of the energy was approximately 4–8 microns full
width half maximum ~FWHM!. This made for intensities
I ; 1018 W � mm20cm2, l � 0.8 mm. The laser intensity
contrast between the pre-pulse and the peak of the pulse was
roughly 1010 ~Itatani et al., 1998!. The targets in this study
were strips of aluminum or gold with dimensions 20 mm
wide by 20 mm long, and thicknesses varying between 2mm
and 100 mm. The electron energies were measured using a
fiber array compact electron spectrometer ~Chen et al.,
2003!. The spectrometer uses permanent magnets for elec-
tron energy dispersion and an array of over 100 scintillating
fibers coupled to a 1024 �1024 pixel CCD as the detection
system. The magnet strength was set to 1000 Gauss, to
measure electron energies up to 10 MeV. The spectrometer
was oriented normal to the target surface, and looked at
electrons escaping from the front of the target ~the side that
the laser hits! which was approximately 15 cm away.

Typical electron spectra from our measurements are shown
in Figure 1 for the case of an aluminum target with thick-
nesses of 2 mm and 50 mm. The effective electron temper-
ature was derived by fitting the electron energy spectrum
to a simple Boltzmann exponential distribution, exp~�E0
kThot !, where the highest energies had less weighting, as
the signal level fell into the level of the noise. The result-
ing plot of the effective electron temperature as a function
of foil thickness for both Au and Al targets is shown in
Figure 2. Also plotted ~in open diamonds! are the weighted
average temperatures for each measurement taken during
the campaign. From this figure, it is clear that the hot
electron temperature decreases as the foil thickness increases
for both materials.

3. THEORETICAL AND NUMERICAL
COMPARISON

Theoretically, the effective hot electron temperature that
can be achieved by a linearly polarized light ultra-intense
laser impinging on a solid density target was predicted to be
approximately ~Wilks et al., 1992; Wilks & Kruer, 1997!:

Thot � ���1 �
Il2

2.8 � 1018� � 1511 ~keV!�. ~1!

This equation shows that the hot electron temperature scales
are roughly a square root of the laser intensity, and is about
equal to the ponderomotive potential at the critical surface.
In experiments, the electron temperatures can be somewhat
lower due to factors including: realistic density profile effects
~Lefebvre & Bonnaud, 1997; Fuchs et al., 1998!, prepulse
effects that change the incident laser profile ~Adumi et al.,
2004!, collisional effects of the material, and other less than
ideal conditions in a real experiment. Prepulse effects was
discussed extensively with respect to the ponderomotive
force driven skin layer acceleration SLA ~Hora et al., 2002;
Badziak et al., 2004a, 2004b; Hora, 2004; Osman et al.,
2004; Badziak et al., 2005; Jablonski et al., 2005; Glowacz
et al., 2006; Cang et al., 2005!, these results are interesting
for advanced fast ignitor schemes ~Tabak et al., 1994;
Deutsch, 2004; Bauer, 2003; Mulser & Bauer, 2004a; Mulser
& Schneider 2004b!.

Fig. 1. Electron spectra for two different thicknesses of Al targets taken at
the laser intensity of 97 mJ. An electron temperature of about 120 keV was
derived for 2 mm thick target ~dotted line! to the spectrum, and 100 keV for
the 50 mm thick target.

Fig. 2. Electron temperatures from 100 mJ, 100 fs, 0.8 micron laser data
for ~a! aluminum and ~b! gold foils of varying thickness ~dots with error
bars!. Diamonds with error bars are the weighed average for measurements
at each thickness of both targets.
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We performed a number of particles in cell ~PIC! simula-
tions ~Langdon & Lasinski, 1976; Forslund et al., 1977! to
gain insight into the physics of ultra-intense lasers interact-
ing with thin targets. Figure 3 shows the phase space, px ver-
sus. x, of a thin slab of “solid” density plasma, ~a! just after
the laser pulse is incident, ~b! just as the first wave of reflected
electrons are reaching the front, and ~c! after all hot electrons
have been accelerated at least twice by the laser at the front
of the target. They are one-dimensional ~1D! with a “solid”
density of 60ncr, ~approximately 1021 cm�3 for 1 mm laser!
with a thin strip ~8 Å! of protons on both the front and back
surfaces, to realistically represent the amount of energy that
the electrons would lose as they reflux through the target, as
this is a potentially important energy loss mechanism for elec-
trons in this energy regime ~50 keV–1.3 MeV!. The front of
the target has a slight gradient to represent a small amount of
preformed plasma present from the laser prepulse. The laser
energy is transferred to the background electrons and the ions
via collisionless mechanisms. In the actual experiment, the
energy in the low energy ~, 5 keV! portion of the hot elec-
tron distribution function will transfer energy via collisions
to either the background electrons, but for now, we concen-
trate on the high energy part of the spectrum. All collision-
less methods for electrons to lose energy ~usually associated
with electrostatic fields such as TSNA, target normal sheath
acceleration, and collisionless shocks! ~Wilks et al., 2001!
are contained in these simulations. For example, on each
“bounce” at the boundaries, the electrons loss an amount of
energy proportional to the ion-to-electron mass ratio ~Glinsky
et al., 1993!.

By performing these computer simulations, it is possible
to reproduce this dependence on thickness qualitatively and
present a plausible argument as to why this behavior is
observed in experiment. Early 1D and two-dimensional
~2D! simulations suggested ~Liang et al., 1998; Shen &
Meyer-Ter-Vehn, 2001! that electron temperatures would be
hotter, and maximum electron energy would be higher, if the
electrons that were initially accelerated via the pondero-

motive force could exit the back of the target, get pulled
back into the target, due to the space charge effects, then get
“re-accelerated” by the ponderomotive force at the front of
the target again. This is commonly referred to as “reflex-
ing,” an example of which is shown in Figure 3a for the
specific case of intensity corresponding to the experimental
laser parameters as shown in Figure 2. It is clear from
Figure 3b that electrons have not had time to return to the
laser-plasma interface, and get reaccelerated, thus resulting
in a smaller Thot . Although this has long been suspected, this
is the first direct experimental evidence that this phenom-
enon takes place in laser-target interactions. The fact that the
temperatures are not exactly what is seen in the experiments
is typical of the overestimates that PIC simulations give for
electron temperatures, as collisional and full three-dimensional
~3D! simulations, along with realistic equations of state are
not employed here.

Several different methods to maximize the electron tem-
perature for a given laser intensity was suggested ~Liang
et al., 1998; Shen & Meyer-Ter-Vehn, 2001; Silva et al.,
2004!. It turns out that an electron can obtain energy via this
ponderomotive absorption ~given by the value of Eq. ~1!!
every time that an electron passes through the accelerating
region. This is due to the fact that if the electron phase in the
acceleration region is just right, it can start at the bottom of
the potential well, and go to the top, as the field oscillates
and then is injected into the plasma ~or solid.! If refluxing is
considered, and if the electron loses only a small amount of
energy to other processes, by collisions or other dissipative
mechanisms, it will actually continue to be accelerated to a
higher energy. However, the longer the laser pulse, the
larger the number of energetic electrons there can be. There-
fore, the present model of electron acceleration predicts a
larger number of hot electrons, in addition to a hotter tem-
perature. This is because the angular deflection of the elec-
trons, as they reflux, increases, and they quickly propagate
out of the spot and dump their energy around the laser focal
spot. More cold electrons from the background solid ~or

Fig. 3. Electron phase space at ~a! early, ~b!mid pulse, and ~c! late ~after laser pulse is finished! times. ~a! Shows maximum velocities
to; 0.8c. ~b! Electrons from early accelerations are reflected at rear of target. Some of these have been “re-accelerated” at the front,
and have higher energies than background electrons being accelerated at the same time. ~c! After 2 circulations, the electrons are
approaching a higher temperature than would result from just one acceleration.
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plasma! can come into the region, and pick up an amount of
energy equal to the ponderomotive potential. This model is
supported by recent experiments by Stephens et al. ~2004!.

An interesting prediction for this model of Te being a
function of target thickness is that ion acceleration will
increase with thinner targets that satisfy xt 0c � 2*tp. It was
proposed that a thin layer of protons can be efficiently
accelerated off of the back of thin foils due to the electro-
static sheath that is set up by the hot electron “cloud” that
surrounds the foil ~Wilks et al., 2001; Davies, 2002; Pom-
mier & Lefebvre, 2003; Sentoku et al., 2002!. In fact, it was
also shown that this TNSA proton acceleration mechanism
predicts that the accelerating field increases as the square
root of Thot , where the scale length is taken to be the Debye
length associated with the cloud of hot electrons. This
predicts that as the target thickness decreases, the maximum
ion energy that can be obtained for a given amount of energy
will increase. This effect was observed in simulations dis-
cussed in Figure 3: thinner foils give higher proton energies.
The resulting proton energies for the two cases of thick and
thin targets are shown in Figure 4. It may be mentioned that
there is a more general interest in the Debye sheath mecha-
nisms even applied to the metallic state or nuclei ~Hora
et al., 1989, 2005; Hora, 2005; Osman et al., 2005!.

4. DISCUSSION

Note that this is a related, but distinctly different, physical
mechanism for increasing the peak proton energy to that
discussed in MacKinnon et al. ~2002!, who first reported the
observation of the increased proton energy effect experimen-
tally. In this study, it was pointed out that the number of hot
electrons increases during refluxing. Details concerning this
effect were studied via simulations by Sentoku et al. ~2002!.

It is certainly true that the number of hot electrons increases
~nhot !, we find that the effective hot electron temperature ~Thot !
also increases, thus, further enhancing the ion acceleration
over thick slab experiments. Physically, the electron temper-
ature increases because initially, the temperature is typically
lower than the temperature predicted by Eq. ~1! because the
density on which the laser intensity acts on is typically many
times critical. Because of this, both the nhot and the effective
Thot that results are decreased. However, if the ~somewhat!
accelerated electrons that were accelerated are able to transit
the thin foil while the laser pulse is still acting, some fraction
of them can ~potentially! gain more energy. If this happens
many times ~as in the case of a very thin foil! they can get
accelerated even more. As more electrons are accelerated,
the effective Thot increases.This can continue until about twice
the temperature as given in Eq. ~1! is reached. At this point,
only the number of hot electrons can increase. This is sum-
marized in Figure 5, where it is seen that increasing the target
thickness decreases the effective electron temperature up to
a point. Past about 4 microns ~for these parameters! the elec-
tron temperature is essentially unchanged, as electrons can
no longer make the round trip through the solid while the laser
is present on the front surface.

An interesting point is that if the intensity of the laser is
sufficiently large, an ion shock can be produced on the front
of the target which propagates to the back, disrupting the
sharp density gradient needed for proton acceleration if the
foil is too thin ~Sentoku et al., 2002; Silva et al., 2004;
Kaluza et al., 2004!

There are several effects relating to the inclusion of all
three spatial dimensions that will modify this simple 1D
model. Clearly, the inclusion of two more dimensions allows
the electrons that many more degrees of freedom of motion,
thus weakening the effect, if the transverse target dimension

Fig. 4. Proton phase space showing thinner foils give higher energy protons than thicker foils do.
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is much great than a typical hot electron mean free path in the
material. Another effect not present in the PIC code is the
effect of collisions on the path of the hot electrons. This is
important since the range of a 50 keV electron, for example,
in solid aluminum is approximately 20mm. This implies that
electrons below this energy would not get reaccelerated due
to reflexing for a foil thicker than about 10 microns. For high
Z materials, the effect extends to even higher energy elec-
trons. In solid gold, the range for a 100 keV electron is approx-
imately 15mm. This implies that electrons below this energy
due to reflexing for a foil thicker than about 7.5 microns would
not receive any substantial increase in energy, since they would
lose the initial energy they received from the laser during the
time they transit the target. Clearly, as the thickness increases,
and no reflexing is possible, the energy of the electrons should
decrease simply due to the electrons losing energy as they
propagate through the solid.

5. CONCLUSIONS

To conclude, it was shown experimentally that the hot elec-
tron temperatures generated by an ultra-intense laser pulse
interacting with a solid target are determined by the thick-
ness of the target.Aphysical model, based on theory and sim-
ulation, was proposed to explain this result. This information
is useful for many applications of laser solid interactions
~Pegoraro et al., 2004; Roth et al., 2001!, where specific elec-
tron temperatures are required, and laser parameters is fixed.
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