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We present the application of short-pulse laser-driven hard x rays ��40 keV� for the direct density mea-
surement of iron compressed by a laser-driven shock. By using an on-shot calibration of the spectral absorp-
tion, we are able to obtain line densities with 5%–10% precision, although the x-ray source is not monochro-
matic. We also discuss possibilities for increasing the precision, which would be an improvement for equation
of state measurements.
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I. INTRODUCTION

The equation of state �EOS� of materials in the high-
pressure and high-density domain is still under investigation
due to controversy surrounding theoretical modeling and its
importance for other fields. Models in astrophysics �1�, plan-
etary physics, geophysics �2�, and inertial confinement fusion
�3,4� depend strongly on correct EOS. Therefore improving
the precision of EOS measurements is an important input for
these fields.

Laser-driven shocks are now one of the standard methods
used to create high-pressure states of matter in the multiple
Mbar range �5�. The determination of the EOS requires the
independent measurement of two parameters, shock velocity,
and particle velocity for example.

Presently, measurements of EOS are mainly based on the
measurement of the shock velocity �e.g., in transparent me-
dia� and the free-surface velocity or the interface velocity
between the shocked sample and a release window, deducing
pressure and density with the Rankine-Hugoniot relations.
Measuring an additional parameter such as the density is
useful for validating the measurements and increasing preci-
sion. X-ray radiography is one possibility for performing a
direct density measurement. Typical sample sizes of
�500 �m used for EOS measurements with lasers require
high photon energies ��50 keV� to probe mid-Z material.

A high-quality radiograph requires an x-ray source
with good spatial ��10 �m� and temporal resolution
��100 ps� to resolve the shock front. In addition, a good
dynamic resolution of the detector is needed to precisely de-
termine the density. Short-pulse laser-driven x-ray sources
are an excellent candidate, as they can deliver high-energy
photons in short bursts �6�. The spatial resolution can be
achieved by using small targets, thus providing a point
source �7,8�.

Such a technique has already been demonstrated for
shocked aluminum �9� using 17.5 keV x rays. We have ap-
plied this method to radiograph iron using 60 keV x-ray pho-
tons from a W target to match the shorter x-ray absorption
length of iron. 60 keV photons have 62% transmission
through a 500 �m thick iron sample, thus providing well
measurable changes for a compression of 1.5–2. Tungsten is
also stable and easily available in various shapes and sizes
down to a few �m. In addition, we used an x-ray source
providing a good spatial resolution in two dimensions and
introduced an on-shot density calibration, which improved
the precision of the density measurement.

II. EXPERIMENTAL SETUP

The experiments were performed at the LULI 2000 laser
system, employing a setup as show in Fig. 1. We used a
long-pulse beam with 400 J in 1.5 ns at 527 nm to launch the
shock. Hybrid phase plates �HPPs� were used to provide a
400 �m diameter focal spot, containing 30% of the laser
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FIG. 1. �Color online� Schematics of the experimental setup �not
drawn to scale�. The long pulse drives a shock �illustrated by a dark
slice in the cylinder� into a small iron cylinder while the short-pulse
laser is used to drive the x-ray source.

PHYSICAL REVIEW E 80, 056407 �2009�

1539-3755/2009/80�5�/056407�5� ©2009 The American Physical Society056407-1

http://dx.doi.org/10.1103/PhysRevE.80.056407


energy on target. The focal spot has a flat-top profile with
intensity modulations due to speckles of 30%–50%. How-
ever, these speckles are too small to alter the flatness of the
shock front. The flatness of the shock break-out measured on
thin targets confirms this.

The x-ray source was driven by a hybrid CPA laser system
delivering sub-ps pulses up to 40 J at 1057 nm wavelength.
For this experiment the pulse was stretched to 10 ps length
by detuning the compressor. The focused intensity was 2
�1018 W /cm2. Both amplified spontaneous emission �ASE�
and prepulse level were not characterized due to a diagnostic
failure during the experiment. Measurements after the ex-
periment indicate an ASE intensity level of �10−4 �relative
to the 10 ps pulse� over 3 ns. We observed also discrete
prepulses of 10−2 100 ps before the main pulse.

The axis of short- and long-pulse laser arrives with an
angle of 112.5° to each other in the target chamber. The jitter
between the two pulses is better than 30 ps.

The shocked target was an iron cylinder of 500 �m di-
ameter and 250 �m thickness. This cylinder was glued onto
an 10 �m thick iron foil with a 15 �m thick plastic coating
which served as an ablator. The x-ray source targets were
free-standing W wires of 18 �m diameter, pointing toward
the iron cylinder, thus providing a two-dimensional reso-
lution x-ray radiography �8�. The distance between the two
targets was 11.5 mm.

The radiography was recorded with an imaging plate �IP�
�10�. IPs are coated with small grain BaFBrI:Eu2+ crystals,
which can be excited into a metastable atomic level. In the
scanner the plate is irradiated with a laser, which stimulates
the de-excitation of the metastable atoms. A photomultiplier
tube then detects the photons. The scanner gives a value,
which is proportional to the number of photostimulated lu-
minescence photons �PSLs�. This PSL value is proportional
to the x-ray yield, but the proportionality factor depends on
the photon energy.

The IP was placed at a distance of 47 cm from the iron
cylinder, providing a magnification of 42. The detector was
covered by 12 mm plastic and 2 mm Al to block particles
and low-energy x rays. We also placed a Fe step target in
front of the filter to obtain the dynamic detector response
�see below�.

In order to have an independent characterization of the
shock, the rear surface velocity was measured with a velocity
interferometer system for any reflector �VISAR� �11�. With
this diagnostic the arrival time of the shock at the end of the
cylinder can be measured precisely.

III. RADIOGRAPHY RESULTS

After recording an x-ray radiograph, the imaging plate
was digitized with a BAS-5000 reader. A radiograph of a
shocked iron cylinder is shown in Fig. 2. We observed a very
low x-ray flux in this experiment compared to extrapolation
from previous studies, which decreases the signal-to-noise
ratio �SNR� �see �8��.

As we have chosen a very high magnification, the reso-
lution per pixel �1 �m per pixel in the object plane� is much
higher than the resolution given by the source size �18 �m�.

Therefore we can smooth the image without losing informa-
tion. After smoothing over 12 pixels in both dimensions we
obtain the radiograph shown in Fig. 3. The shock front is
clearly visible as well as the gradual decrease in the trans-
mission toward the center of the cylinder. A lineout through
the cylinder was taken �marked with a line in Fig. 3� to
obtain the profile of the transmitted x-ray signal.

The difference between shocked and unshocked regions
also appears in the transmission profiles through these re-
gions as shown in Fig. 4. Although the transmission is noisy,
we observe a significant difference. For a quantitative analy-
sis, it is necessary to transform the transmission to line den-
sities, which can then be treated with an Abel inversion.

In contrast to monochromatic sources, the calculation
from transmission to line density is not straight forward, as

FIG. 2. �Color online� Digitized image of the radiograph show-
ing the shocked target with support and the step wedge for calibra-
tion 8 ns after the onset of the long-pulse laser. The filters for
monitoring the x-ray spectrum are not discussed in this article. The
axis of the iron cylinder is horizontal in this image

FIG. 3. �Color online� Iron cylinder with shock front after
smoothing of the image. The shock propagating into the target is
clearly visible. The edge function of cylinder corresponds to
20 �m spatial resolution.
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the spectrum cannot be measured completely; thus the trans-
mission of the different spectral components cannot be cal-
culated �12�. Therefore we have chosen an on-shot calibra-
tion with a step target from 0 to 1 mm iron in 200 �m steps.
This gives a direct correlation between the measured x-ray
signal �PSL� and the line density. This correlation is shown
in Fig. 5.

This on-shot calibration has been tested with the un-
shocked region of the cylinder, where the line density is
known. Figure 6 shows calculated x-ray intensities on the
detector for different cylinder diameters compared to the
measured signal. Despite the noise, a difference of 5% is
clearly visible, deviations of the measured line density from
the theoretical one are within 8%. Thus the on-shot calibra-
tion is a precise method.

With this calibration we then calculated the line density
for the shocked and unshocked regions. The result is shown
in Fig. 7. The line density in the center is approximately 30%
higher than that for the unshocked case. Compared to the

error in line density of 8%, the line density increase is sig-
nificant. The graph also contains different fit functions for
the line density, as the data itself is too noisy to be used
directly for the Abel inversion, which provides a radial den-
sity profile. Comparing the results of these different func-
tions allows an estimate of the error occurring in the Abel
inversion due to the error in the line-density measurement.

Figure 8 shows the radial profile for the different fits of
the line density. The maximum compression on the cylinder
axis varies between 1.4 and 1.6. So the choice of the fit
function alone introduces an error of more than 10%. Taking
into account the possible error in the line-density profile of
5%–10%, the total error of the compression is �20–30%.

IV. DISCUSSION

In order to gain a better understanding of the results, we
performed one-dimensional simulations using MULTI �13�, a

FIG. 4. �Color online� Transmission profile through shocked and
unshocked regions. The transmission changes significantly in the
shocked region

FIG. 5. On-shot calibration of the x-ray transmission for several
line densities. Averaging over the relatively large size of the step
wedge results in very small error bars for the x-ray signal.

FIG. 6. �Color online� Calculation of the transmitted x-ray sig-
nal for different iron cylinder diameters. Even the relatively noisy
data allow a line-density measurement better than 8%.

FIG. 7. �Color online� Extracted line-density for the shocked
region with the on-shot calibration and a set of fit curves, which are
used for the Abel inversion afterwards. This set of line-density fits
allow an estimate of the error of the Abel inversion.
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radiative hydrodynamic code. The equation of states was
taken from the SESAME Tables �14�. The simulations repro-
duced the correct shock breakout time at the rear side of the
cylinder, which was measured with the VISAR. Note that the
x axis is along the cylinder axis �perpendicular to the line out
of Fig. 4� and positions are given as mass coordinates �La-
grangian coordinates�.

Figure 9 shows the compression and pressure profiles af-
ter 8 ns, which corresponds to the time when the radiograph
was taken. The maximum compression of 1.7 is 10%–20%
higher than the result obtained with the radiography, but still
within the limits of the method with the present SNR of the
x-ray signal. The position of the shock front is consistent
within the error bars with the values obtained from the radi-
ography.

The density measurement performed in the described ex-
periments is lacking the necessary precision to discriminate
between different theoretical models. This is due to the rela-
tively low x-ray flux, introducing strong statistical noise dur-
ing detector readout. Raising the photon flux will decrease
the SNR by a factor 5 or more.

The comparably low x-ray flux observed in this experi-
ment is probably related to a large prepulse, creating a large-
gradient preplasma and thus changing laser light absorption
processes and electron-transport phenomena �15�. The
prepulse was not measured during the experiment due to a
technical problem, but measurements after the experiment
indicate a prepulse intensity of �1014 W /cm2 over 3 ns.

V. SUMMARY AND OUTLOOK

In summary, we have presented the first radiography of a
compressed iron sample with 60 keV x rays. Despite a low

x-ray flux, probably originating from poor prepulse control
during the experiment, it is possible to extract quantitative
data due to an on-shot calibration of the line density. With
the present x-ray flux, we cannot discriminate different EOS
models, as the error is still too high. Considering the possible
increase in photon flux, which can be achieved by improving
the laser performance, as seen previously on other laser sys-
tems �8�, a 1% precision for the line density can be expected.
In this case, this method delivers much better compression
data than conventional techniques based on shock and par-
ticle velocity measurements.

The successful demonstration of the on-shot calibration
also opens the possibility of high-precision radiography with
even higher photon energies, thus using continuum radiation
above 100 keV. The technique can then be applied to larger
samples or even high-Z materials.

The experiments also show the importance of a high laser
contrast. Especially for high-energy laser systems this may
require supplementary contrast improvement such as plasma
mirrors, frequency doubling or nonlinear pulse cleaning �16�.
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FIG. 9. �Color online� Compression and pressure profiles along
the cylinder axis after 8 ns obtained with hydrodynamic simula-
tions. The measured compression is lower than that obtained from
the simulation, but within the error bars. Also, the position of the
shock front is well reproduced

FIG. 8. �Color online� Radial density profile calculated from
line-density using Abel inversion. The maximum compression in
the center is �1.4–1.5.
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