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Heating of Thin Foils with a Relativistic-Intensity Short-Pulse Laser
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K-shell x-ray spectroscopy of sub-100 nm Al foils irradiated by high contrast, spatially uniform,
150 fs, I�2 � 2� 1018 W�m2=cm2, laser pulses is obtained with 500 fs time resolution. Two distinct
phases occur: At � 500 fs a broad feature comparable to the resonance transitions occurs due to
satellites, and at � 500 fs the resonance transitions dominate. Initial satellites arise from a large area,
high density, low temperature ( � 100 eV) plasma created by fast electrons. Thus, contrary to
predictions, a short, high intensity laser incident on a thin foil does not create a uniform, hot dense
plasma.
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integrated x-ray diagnostics. Since the crystal images the plasma on the slit without
Using detailed spectroscopic analysis of the K-shell
emission, we present an investigation of the energy depo-
sition and subsequent heating mechanism of an ultrathin
aluminum foil, subjected to a high intensity, ultrashort
laser pulse. This research differs from previous studies in
that we simultaneously use a shorter time resolution
(500 fs), a larger crystal x-ray spectrometer energy range
(400 eV), and a higher, relativistic, laser intensity
(1019 W=cm2) with better control and management of the
laser pulse energy contrast. These improvements have
enabled us to obtain information that extends and some-
times contradicts previous ideas on the mechanisms in-
volved in the dynamics of the plasma heating.

Studies of the x-ray spectrum emitted from a solid
target heated with a short laser pulse with fast time
resolution have a long history. The early experiments
were performed with ps laser pulses and time resolution
[1]. More recent studies make use of optical 100 fs pulses,
amplified to � 100 mJ, yielding focused intensities
> 1018 W=cm2 [2]. With high contrast pulses, such in-
tensities can be used to heat solid materials to elevated
temperatures with minimal hydrodynamic expansion,
producing a high energy density state for a short period
of time, and yielding matter ideal for the study of the
dynamics of hot and dense plasmas.

In the past, P-polarized laser light, focused on a solid
target, was commonly used to increase the energy cou-
pling through resonance absorption. For thick targets this
produced large spatial gradients in the overdense inter-
action region due to the suprathermal electrons depositing
their energy deep inside the target [3]. The resulting x-ray
emission is produced by a plasma with large spatial
temperature and density gradients. Although x-ray emis-
sion from these plasmas has been observed with ps reso-
lution streak cameras [4,5], the measured spectra did not
differ markedly from those of experiments using time-
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Experiments using sub-100 nm aluminum foil targets
minimize the problems associated with temperature gra-
dients. With foil thickness much smaller than the thermal
penetration depth [4], the target is heated uniformly at
constant density along the laser axis, as electron conduc-
tion propagates laser heating over the foil thickness before
significant hydrodynamic motion can occur. Experi-
mental studies [6] have compared the time scale for the
evolution of K-shell x-ray emission to the cooling rate
that is controlled by hydrodynamic plasma expansion.
Later studies on thin foils with sub-ps time resolution,
focused on the time history of the emission in the He�
spectral region and the effect of the laser pulse duration
[7]. Satellites of He� were observed with ps time resolu-
tion. It is not possible to compare the results of this ex-
periment with the present work because of the larger time
resolution and the smaller wavelength range covered.

The experiments to be described here were performed
at the Lawrence Livermore National Laboratory USP
laser facility [8]. The laser employed is a Ti:sapphire
oscillator, utilizing chirped pulse amplification to gener-
ate high energy 150 fs duration pulses. The pulses are
compressed in a vacuum compressor, frequency-doubled
with a 1:5 �m thick KDP crystal, and focused on tar-
get with an f=3:5 off-axis parabola. The experiments
use a 22:5� angle of incidence relative to target normal,
chosen for alignment and to protect the laser chain.
The peak intensity, required to obtain sufficient signal
in the wide spectral range, is 1019 W=cm2 (I�2 � 2�
1018 W�m2=cm2). To minimize resonance absorption,
S-polarized light is utilized.

The measured energy on target is in the range, 150–
200 mJ at a wavelength of 400 nm and can be focused
to a full-width at half maximum (FWHM) spot size of
2 �m. Equivalent target plane images indicate that 53%
of the laser energy was located in the 1=e2 central spot.
2002 The American Physical Society 265001-1



FIG. 1 (color). Experimental setup of the laser focusing and
dual crystal x-ray collection. Typical data obtained for a 2�
1019 W=cm2, 150 fs pulse incident on a 50 nm Al foil. The
upper trace shows the He� line transition and Li-like dielec-
tronic satellites. The lower trace shows the He
 and He�
transitions.

FIG. 2. Time resolved data for the same conditions as Fig. 1.
The time axis here is that of the x-ray arrival time at the target.
The entire spectrum from He� to He� is displayed in one data
record. The resonance transitions and dielectronic satellites are
marked on the trace.
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magnification, the spatial resolution of the streak camera
is defined by the 150 �m entrance slit that is larger than
the laser focal spot.

Several diagnostics were used to monitor the high
contrast, high intensity pulses and suppress any prepulse
or pedestal from regenerative amplification. For each
shot, the oscillator pulse spectrum was checked by imag-
ing the zero order reflection from the grating into a
spectrometer. To minimize the probability of a pulse
with temporal ‘‘wings’’ being used in the experiment,
pulses deviating more than 10% from the initial 100 fs
Gaussian pulse spectrum were prevented from further
amplification. The phase of the pulse also was moni-
tored with a frequency resolved optical gate (FROG)
system [9], and data from poorly compressed pulses
were rejected. To suppress ASE the pulses were fre-
quency doubled to 400 nm. No damage was observed
when an unseeded pulse was focused on the 25 nm foil
target, indicating that focused ASE, if present, produces
no measurable effect. A high dynamic range autocorre-
lation measurement performed on the 800 nm fundamen-
tal pulse indicated an intensity contrast of Ibackground=
Ipeak � 10

�5 at 1.5 ps before the laser pulse peak,
which is squared by frequency doubling. A low-
dynamic range (10�4), single shot autocorrelation was
performed to monitor the pulse width. Also, a measure-
ment of the contrast between the pulse and the prepulse
due to leakage of the regenerative amplifier was per-
formed and found to be less than 10�12. Further, no
transmitted energy was measured behind the targets dur-
ing the shots, while energy on target was measured with a
calorimeter.

The x rays were collected with a 500 fs time-resolution
streak camera coupled to a dual-crystal von Hamòs x-ray
spectrograph (see Fig. 1). The entrance slit of the in vacuo
streak camera lies along the focusing axis of the crystals.
Two RbAP crystals were bent to 3.6 and 3.0 cm radii to
collect, in a single shot, simultaneous time-resolved
data from He-like ions in the spectral region that includes
the following: the 1s2-1s2p, He� transition; and the
1s2-1s3p; He
, 1s2-1s4p, He� transitions, respectively,
and the associated satellite line transitions.

The spectra were focused onto the 25.4 mm long,
150 �m wide entrance slit of the streak camera. The
transit time difference of x rays at different wavelengths,
reflected off a single crystal, was used to calibrate and
check the linearity of the sweep for each shot. Because of
the high streak camera sweep-speed (2:6 ps=mm), the
transit time difference for x rays reflecting off the two
crystals produced a spatial gap between the streaked data
from the respective crystals. In Fig. 1, the data for the
case of a 150 fs, 2� 1019 W=cm2 laser pulse incident on a
500 �A thick Al foil target is displayed as a function of the
streak camera sweep time. Both traces are inclined be-
cause of the time delay between low and high energy
photons.
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The streaked data were intensified and collected with
an ITT image intensifier mated to a 1024� 1024 CCD
camera. The x rays emitted with energies between 10 keV
and 1 MeV were characterized using a scintillator/diode
array. Twelve filtered photomultipliers were used for de-
tection above 30 keV, and six filtered x-ray diodes were
used for detection below that energy. To allow a recon-
struction of the spectrum, the filters were chosen to
provide seven data points from 100 to 500 keV. These
points could be fitted with good reproducibility to a Max-
wellian described by a temperature of 120 to 200 keV
depending on the laser energy.

The intensity data of Fig. 1 are presented again in Fig. 2
in a plot of x-ray wavelength vs target arrival time. The
spectra are corrected for streak camera CsI photocathode
response, image intensifier gain, different solid angles of
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the crystal x-ray reflection, and time difference related to
the different path lengths. The positions of the He-like
resonance lines and their associated Li, Be, and B-like
satellites have been identified in the figure. The line-
outs analyzed in the following are taken from this cor-
rected data.

Spectra over the range He� toHe
 of the time-resolved
data of Fig. 2 are presented in Fig. 3. The initial and peak
emission spectra, as well as the background noise, are
displayed, correctly scaled in intensity. The initial spec-
trum is recorded over the first 500 fs, starting at the time
emission exceeded the background, and the peak emission
data is taken 3 ps later. In addition, the time-integrated
data is presented for comparison. It is to be emphasized
that the features observed in the initial spectrum are
reproducible and well above the background level.

The initial quasicontinuous spectrum seen between the
two He lines is satellite line emission originating from
doubly excited 1s2l4l0 levels [6,10]. The integrated inten-
sity of these lines is comparable to that of the resonance
line intensity (� 0:2 of He
). At the onset of emission,
He
 and He� appear as broad features and only later
emerge as the narrow lines seen in the peak emission
and time-integrated data. Previous experimental emis-
sion spectra of similar near-solid density, sub-100 nm
foils, with ps time resolution can be found, for example,
in Refs. [7,11], and are in agreement with the time-
integrated spectrum of Fig. 3. We note that the He� line
near 7:76 �A in Fig. 2 also exhibits strong satellite emis-
sion at early time.

Independent of hydrodynamic simulations or kinetics
calculations, the evolution of the initial satellite-
resonance line intensity distribution can be understood
as follows: At early time (< 500 fs) the plasma has not
expanded so that the ions remain at solid density [6] with
FIG. 3. Spectral lineout of the Fig. 2 trace in the region from
He� to He
. Note that the lower three traces are correctly
scaled, but the time integrated data has been shifted for clarity.
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LTE ion state populations. The initial laser energy depo-
sition creates core ionization of the Al in a cylindrical
volume defined by the laser spot and the foil thickness.
Then, from the early time He
 to He� line intensity ratio,
we can estimate the temperature of the laser spot to be
�keV. If we were to assume that all the emission arises
from this hot, uniform-temperature (keV) laser spot then
the LTE population ratios are such that resonance lines
and satellites could not be emitted with the intensity ratio
observed. Because of the high temperature of the laser
spot, an insufficient number of ions are created in states
that radiate satellite lines relative to those that radiate
resonance lines. A second spatially distinct low tempera-
ture plasma that will emit satellite and resonance lines
with comparable intensities is required. Thus, a large
volume, cool (� 100 eV) plasma created simultaneously
with the hot laser spot explains the observed satellite to
He
 intensity ratio of 0.2.

A more accurate calculation can be performed using
non-LTE population kinetics to provide details for the
above simple model. The initial laser energy deposition
that creates core ionization of the Al in the laser spot
volume results in: (a) hot electrons at the quiver energy
(150 keV); (b) Auger electrons (~ keV); and (c) low energy
electrons (eV) from the valence shell. With a kinetics
model for the early time He
 to He� line intensity ratio,
we estimate the temperature of the laser spot to be
1500 eV. This calculation is in accord with a hydrody-
namic simulation that replaces the laser field with an
initial foil temperature to compute the experimental
He
 and He� emission history. To obtain comparable
intensities of the He
 line and the associated satellites,
kinetics calculations for solid density matter indicate that
a plasma temperature of 150 eV will maximize this ratio.
From the relative populations of ions radiating He
 to
those radiating satellites at this temperature, an estimate
of the size of the cool plasma, relative to the hot laser spot
plasma can be made. For the observed total satellite
intensity to be 0.2 of the total resonance line intensity,
at solid density the150 eV plasma must be � 25 times the
volume of the 1500 eV plasma. The cool plasma, thus, has
a radius 5 times the radius of the hot laser spot. Changes in
the temperature estimates by 
30% do not alter these
conclusions.

The physical mechanism for the creation of the two
distinct temperature regions also can be understood by a
simple physical picture. A large population of hot elec-
trons with mean free path much larger than the focal
spot is created in the laser spot by laser field acceleration.
Because of the larger mass of the ions, the initial energy
acquired by these hot electrons produces a charge sepa-
ration, resulting in a large electrostatic field that causes a
return current. The hot electrons on return to the target
heat a large area of the foil, generating inner shell vacan-
cies and Auger decay that increases the population of
doubly excited states. After the transfer of energy to the
265001-3
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solid density matter, the hot electron energy is on the
order of tens of keV [12]. The temperature equili-
brates with a relaxation time given by �ee �
�1:3� 105=ne�ee��Thot 
 Te�

3=2, where �ee is the
Coulomb logarithm, yielding �ee of a few 100 fs for solid
density matter at Te � 100 eV [10]. Therefore, after the
laser pulse, the hot electrons thermalize and a radial
temperature gradient exists in the foil with 1500 eV at
the central laser spot and 150 eV in surrounding region.
This time evolution mechanism is consistent with data
from the hard x-ray scintillator/diode array indicating a
large fraction of the absorbed laser energy produces hot
electrons [13]. Further, there are indications our picture is
in accord with recent PIC simulations [14], and with
analyses performed with hydrodynamic simulation, post-
processed by a collisional-radiative code [15].

In summary, we have performed a spectroscopic analy-
sis of the K-shell emission from an Al plasma created
from ultrathin foils heated with a relativistic intensity,
ultrashort pulse laser. Our work addresses some of the
difficulties encountered in previous attempts to model the
temporal behavior of thin foil emission by detailed
atomic physics [6]. The small foil thickness used in the
present experiments minimizes longitudinal thermal gra-
dients and permits a simple interpretation of the data.

Since the x-ray instrumentation used did not provide
spatially resolved data, the spatial information was in-
ferred. Data that is not spatially integrated could be ob-
tained using a dot target, or optical probes might be useful
[16]. This x-ray spectroscopic experiment is part of a
continuing effort to investigate the dynamics of extreme
states of matter, and we have shown here that producing
very hot dense matter with lasers is not as straightforward
as supposed previously. To deposit a given amount of
energy in the target before hydrodynamic motion occurs,
short pulses are required. But, for the same energy con-
tent, shorter pulse durations result in higher laser inten-
sities, and that implies larger electron quiver velocities.
These hot electrons are then responsible for a delocalized
energy deposition, creating a low temperature, large vol-
ume plasma. The possibility of producing a high density,
hot plasma by a very short pulse, high intensity laser
requires further study.
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