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We report on strong nonuniformities in target heating with intense, laser-produced proton beams. The
observed inhomogeneity in energy deposition can strongly perturb equation of state �EOS� measurements with
laser-accelerated ions which are planned in several laboratories. Interferometric measurements of the target
expansion show different expansion velocities on the front and rear surfaces, indicating a strong difference in
local temperature. The nonuniformity indicates at an additional heating mechanism, which seems to originate
from electrons in the keV range.
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The equation of state �EOS� of materials in the warm
dense matter regime is of great importance for research in
various fields like astrophysics, geophysics, plasma physics,
or the related topic of inertial confinement fusion �1�. The
EOS in such strongly coupled plasmas is unknown for many
materials due to the difficulty of producing samples of matter
in the corresponding state. Moreover, neither perturbative
plasma theories nor standard solid state models can be ap-
plied in this part of the phase diagram.

The appearance of short and intense beams of energetic
charged particles or photons promotes new possibilities of
target heating up to eV temperatures at sufficiently short
times ��ps�, before any remarkable hydrodynamic expan-
sion occurs. The quasi-isochoric heating stage will be fol-
lowed by an isentropic expansion phase �2�. For an accurate
EOS measurement, it is essential to deposit the energy in the
target with spatial homogeneity. Heavy-ion beams �3� can
provide these requirements in principle, but available accel-
erators cannot deliver sufficient beam intensity to reach high
temperatures at solid density.

A few years ago, laser-accelerated proton beams with
huge numbers of particles �up to 1013� �4–7� in short bunches
��ps� �8� and with small diameters �typical initial diameter
of the beam 100–200 �m� were developed. The measured
low emittance �9� implies an additional opportunity for fur-
ther focusing to even smaller spot sizes �10�. This heating
source of protons will allow EOS measurements in regions
of the phase diagram hardly to be reached by other drivers
�11� �warm dense matter�.

A major issue for the heating scheme with laser-
accelerated energetic protons is the homogeneity of their en-
ergy deposition. The Boltzmann-like energy spectrum result-
ing from laser acceleration always provides a large number
of protons, which are stopped inside the target, causing high

energy deposition at the end of their trajectory �Bragg peak�.
The overall energy deposition of these protons is very high,
which is desirable for reaching high temperatures, but unfor-
tunately introduces also some inhomogeneity in the tempera-
ture distribution, which is problematic for an accurate EOS
measurement.

In this Rapid Communication we report on strong devia-
tions from homogeneous heating of targets, which were irra-
diated by laser-generated proton beams. The nonuniformity
in the plasma expansion was detected by means of interfer-
ometry. We will discuss possible mechanisms that could be
responsible for the observed phenomenon.

The experiment was performed at the 100 TW laser sys-
tem of the Laboratoire pour l’Utilisation des Lasers Intenses
�LULI�. A laser beam with 20 J energy in 300 fs was focused
with an f /4 off-axis parabola onto a 13-�m-thick aluminum
foil providing peak intensities of �2–5��1019 W/cm2 to
generate a proton beam. At a distance of 300 �m behind the
primary interaction target we placed a 10-�m-thick plastic
foil, which was irradiated by the proton beam.

The experimental setup, typical for isochoric heating of
matter with laser-produced proton beams, is sketched in Fig.
1. Two thin foils are placed at a small distance from each
other; the first one is illuminated by an intense laser beam.
The protons, emitted from the rear surface of this target, hit
the second foil and deposit some energy in it. To keep the
proton density as high as possible, the distance between the
two targets must be small.

The expanding foils were probed by a subpicosecond
frequency-doubled �532 nm� laser beam, propagating paral-
lel to both target surfaces. This probe beam was split to ob-
tain an interference pattern and an optical shadowgram. In
both diagnostics, the target was imaged with a magnification
of �10; the spatial resolution was better than 5 �m. The
delay between the main laser and the probe beam was mea-
sured with a streak camera, providing an uncertainty between
the two beams of ±10 ps.*erik.brambrink@polytechnique.fr
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The proton beam was monitored by a stack of radio chro-
mic film �RCF� �12� and �p ,n� nuclear reactions in copper
samples, which allow evaluation of the energy deposited in
the second foil by the fast protons.

By varying the delay between the main interaction beam
and the probe beam, the plasma expansion was measured at
distinct times to study its temporal evolution. The interfero-
grams were deconvoluted with an Abel inversion to calculate
the radial density profile from the fringe shifts. Due to the
steep gradient, this was possible only in a limited region of
the plasma. From the shadowgraphs, we obtained the posi-
tion of the critical surface for the probe laser light as a func-
tion of time.

Figure 1 �right side� shows an interferometric image of
the proton-heated foil �secondary target� 480 ps after the in-
teraction of the main pulse with the primary target. The dif-
ference between the front and rear side expansion is obvious.
At this time no expansion on the rear surface is visible, while
on the front side an extended plasma gradient has already
built up. This observation indicates a much higher tempera-
ture on the front surface than on the rear one.

To infer the corresponding plasma parameters, responsible
for this behavior, we performed simulations with the hydro-
dynamic code MULTI �which treats electronic and radiative
heat transport� �13�, using table from the SESAME database
�14� for the equation of state. By varying the initial param-
eters of the expanding foil, we were able to reproduce the
experimental results.

Figure 2 �left� shows the electron density profile along the
symmetry axis �identical with laser and proton beam axes�
387 ps after the onset of the laser pulse. The plasma has a
scale length �drop of density by a factor 1 /e� of 16 �m and

the maximum resolvable electron density was �1020/cm3.
The same figure shows the electron density profile deduced
from a hydrodynamic simulation, assuming an 80-nm-thick
layer with an initial temperature of 70 eV. It contains also
simulation results varying both the temperature and the
thickness of the heated layer.

The uncertainty on the initial position of the target surface
��15 �m� results in a limited precision for the thickness of
the heated layer, which can therefore vary between 50 and
200 nm in the present case. The temperature depends mainly
on the gradient. Consequently, this value is much more pre-
cise �±10 eV�.

In Fig. 2 �right�, the position of the shadow of the expand-
ing plasma, which is determined by the diffraction of the
light in the plasma gradient and corresponds in that specific
case to a density of �1020 cm−3, is plotted with respect to the
initial position of the target surface as a function of time. The
time t=0 corresponds to the time when the laser hits the
proton production target. In the studied time domain, we find
a nearly constant expansion velocity of 2.1�105 m/s. The
expansion seems to develop instantaneously, within the reso-
lution of the diagnostic method, starting with the strike of the
laser on the primary target.

We compared these results with the plasma expansion ob-
tained from the simulations with the parameters mentioned
above. The line in Fig. 2 �right� shows the calculated position
of the critical surface as a function of time. A good agree-
ment is observed between the experimental and simulation
data.

The transverse dimension of the plasma is around
150 �m, which corresponds quite well to the calculated
beam size of the energetic protons on the entrance surface of
the secondary target �15�.
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FIG. 1. �Color online� Experi-
mental setup. Laser-generated
protons heat a second foil placed
300 �m away from the primary
target. The plasma expansion is
measured by interferometry. The
right side shows an interferogram
of the second foil 480 ps after the
onset of the laser pulse.

0 100 200 300 400 500
Time (ps)

0

50

100

150

D
is

ta
nc

e
(µ

m
)

Experiment
Simulation

70 80 90
Distance (µm)

10
19

10
20

E
le

ct
ro

n
de

ns
ity

(1
/c

m
3 ) Experiment

Simulation 80 nm 70 eV
Simulation 80 nm 50 eV
Simulation 120 nm 70 eV

a) b)
FIG. 2. �Color online� Electron

density profile after 387 ps and
expansion deduced from the shad-
owgraphs. Both experimental re-
sults were well reproduced by hy-
drodynamic simulations assuming
an 80-nm-thick hot layer on the
front surface.
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From the rear surface of this target no expansion was
visible up to 500 ps. It did not make sense to probe at later
times, because the plasma, expanding from the primary tar-
get, starts to collide with the secondary foil. For the expan-
sion at this time we can give an upper limit of 30 �m, be-
cause a very small expansion could be covered by the edge
of the target. We would arrive at the same value when simu-
lating the foil expansion at temperatures of some eV.

The heating of solid targets with laser-generated protons
is expected to be inhomogeneous ab initio due to the
Boltzmann-like energy distribution of the fast protons and
the nonlinearity of the stopping process itself. Nevertheless,
the hot surface layer observed in the experiment cannot be
explained by proton heating only. Protons, being slow
enough to deposit their energy only in the first micrometer,
would arrive much later in time and would cause a corre-
sponding delay in the expansion of the front surface
��50 ps�, which was not observed.

To illustrate this process, we calculated the energy depo-
sition by laser-generated protons, using SRIM stopping
power tables �16�. The RCF diagnostics delivered an expo-
nential spectrum of 5�1011 protons with a mean energy of
�3 MeV and a maximum energy of 15 MeV, which is com-
parable to the results of the nuclear activation method. The
latter will be published elsewhere. The low-energy spectrum,
which cannot be detected with the RCF stack, was taken
from previous experiments �17� under similar laser and target
conditions. The results are shown in Fig. 3�a�: the beam en-
ters a 10-�m-thick plastic foil from the left �zero target co-
ordinate�.

At the beginning ��20ps�, the heating is homogeneous;
protons arriving up to this time are not stopped inside the
target. After 30 ps protons with a mean free path of the order
of the target thickness arrive and will be stopped in the back
of the foil. The higher stopping power at the end of the range
�Bragg Peak� leads to a higher temperature on the rear target
surface. At later times, with decreasing proton energy, this
peak is drifting toward the front surface of the target. As the
number of protons is increasing with decreasing energy, the
overall energy deposited in the front layers of the target is
much higher than that on the rear side. Nevertheless, the
calculated difference �a factor of 2 between front and back�
is lower than the measured one and appears later in time
�after 50 ps�. Consequently, there must be an additional heat-
ing mechanism present. Our experiment suggests that this
process is �a� quasi-instantaneous �the second target is heated

within the first 30 ps after the laser has hit the first target�;
�b� short range �less than the first micrometer is heated only�;
intense �according to the EOS around 7800 kJ/g are needed
to heat up to the proposed temperature�; and �d� heating a
radial zone with �150 �m diameter.

We have shown above that pure proton heating can be
excluded, although the transverse dimensions of the proton
beam and the heated zone fit quite well. Other ion species
have typically a low occurrence under such experimental
conditions. In addition, they will arrive too late, like the low-
energy protons. Radiative heating is one option, especially
since it does not oppose the temporal characteristics of the
observed feature. The laser-irradiated target, which will be
the radiation source in our case, has a temperature of around
180 eV, as we deduced from the interferometry. A detailed
study will be published elsewhere. This heating source will
cause an energy deposition of about 150 kJ/g in the surface
layer of the secondary foil, following calculations with a
view factor hydrocode �18�. In addition, the simulations
show that the transverse dimension and the thickness of the
heated zone would be much larger than experimentally ob-
served. Finally, the high-energy electrons �E�MeV�, com-
ing from the first target, are not numerous enough to heat the
foil to temperatures of tens of eV. They pass through the
secondary target with the result of homogeneous but weak
heating. An obvious suggestion is energy deposition by elec-
trons with lower energy, comoving with the protons. Isoch-
oric heating by laser-generated fast electrons with similar
energies is a well-known effect in laser-target interaction,
described first in �19�.

The proton beam is assumed to be quasineutral at a large
distance from the target, which is one reason for its low
emittance �9�. To estimate the effect in the case of a neutral
beam, we assume that each proton is accompanied by an
electron with the same velocity �charge and current neutral-
ization�. Since electrons have a much lower mass �1830
times smaller than protons�, they carry a correspondingly
smaller energy and have a small penetration depth �submi-
crometer�. Figure 3�b� shows the energy deposition taking
into account comoving electrons. We can state that heating
by these electrons is essential at early times. The temperature
achieved is approximately two times larger than for pure
proton heating. However, this effect is yet a factor of 10 too
low to fit the observed values. In a more realistic scenario,
the influence of such electron heating will be even lower,
because the absorbed energy is dissipated to a larger volume
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FIG. 3. �Color online� Energy
deposition in the foil assuming
heating either �a� by protons only
or �b� by protons and comoving
electrons.
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��100 nm depth� by thermal electrons in a short time. Con-
sequently, the hot surface layer becomes broader and colder.
Nevertheless, we have seen that such “cold” comoving elec-
trons will provide fast, inhomogeneous heating, which is
stronger than the heating by radiation.

To explain the observed strong heating, an advanced
model is necessary. The high-energy protons need only some
picoseconds to reach the secondary target and the laser-
generated fast electrons do not slow down completely in this
short time. Therefore, it is more likely, that the mean velocity
of the comoving electrons in this phase of expansion is
higher than that of the protons, but they are confined in the
first target plasma by the electrostatic field connected with
the ion front. When this front hits the second target, the
confinement breaks. The hot electrons can now reach the
surface of the secondary foil, be finally stopped there, and
heat a small layer to the observed temperatures.

From the calculated plasma parameters we are able to
estimate the characteristics of the heating electrons. To match
the penetration depth of around 80 nm given by the hydro-
dynamic simulations we need an electron energy of several
keV. This corresponds quite well to the electron energy ex-
pected due to adiabatic cooling during the expansion �20�.
The heated mass is approximately 1.5 ng. For the specific
energy deposition mentioned above, we need 10 mJ electron
energy to heat the sample. This corresponds to �3�1013

electrons stopped in the secondary target. With simple esti-
mations �30% conversion of laser energy in the focal spot to
hot electrons �21�, mean electron energy of 2 MeV �22��, we
arrive at a number of 1.6�1013 electrons for the present
laser parameters. This value is comparable to the required
number that we deduced from our estimations. Finally, the
electrons would reach the secondary target with the most
energetic protons in less than 15 ps, which is fast enough for
the reported heating.

We demonstrated observations of a strong inhomogeneous
energy deposition by laser-produced proton beams. The tem-

perature on the front surface of the heated target, deduced
from expansion measurements, was of the order of 70 eV
and therefore much higher than expected after energy depo-
sition by protons only. The instantaneous heating points at a
mechanism associated with comoving fast electrons. From
the achieved foil surface temperature we conclude the elec-
tron energies are in the keV regime.

A detailed modeling of the energy deposition and the tem-
perature distribution in the secondary target needs more in-
formation about the electron spectrum. The initial energy dis-
tribution of fast electrons propagating through the laser-
irradiated target could not be measured. However, from
particle-in-cell simulations we know that it can be described
by a two-temperature distribution �23�. This spectrum will be
modified during electron transport in the first target as well
as in between both targets by self-generated electric and
magnetic fields. Further theoretical investigations are neces-
sary to understand the underlying processes in detail.

The results of this Rapid Communication have particular
influence on recent experiments exploring the equation of
state of a sample irradiated with laser-produced protons.
Since the details of the energy deposition mechanism remain
partly unexplored, care has to be taken in the interpretation
of these measurements. Although the strongest heating seems
to be restricted to a thin surface layer ��1 �m�, a small
influence on the bulk of the target cannot be excluded. One
could try to suppress this additional heating, deflecting the
keV electrons with the help of a magnetic field. On the other
hand, the additional heating mechanism discovered opens
possibilities for a better understanding of the particle accel-
eration processes and improved schemes for isochoric heat-
ing.

We thank the staff of the LULI laser for their ongoing
help during the experiment. This work was supported by
Grant No. E1127 from Région Ile-de-France and a grant
from Région Aquitaine.
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