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PACS 52.50.Lp — Heating plasma by shock-wave
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PACS 87.59.-e — X-ray imaging

Abstract — X-ray phase-contrast imaging (XPCI) is a versatile technique with applications in
many fields, including fundamental physics, biology and medicine. Where X-ray absorption radio-
graphy requires high density ratios for effective imaging, the image contrast for XPCI is a function
of the density gradient. In this letter, we apply XPCI to the study of laser-driven shock waves.
Our experiment was conducted at the Petawatt High-Energy Laser for Heavy Ion EXperiments
(PHELIX) at GSI. Two laser beams were used: one to launch a shock wave and the other to
generate an X-ray source for phase-contrast imaging. Our results suggest that this technique
is suitable for the study of warm dense matter (WDM), inertial confinement fusion (ICF) and

laboratory astrophysics.

X-ray phase contrast imaging (XPCI) is based on the
phase-shift of X-ray photons induced by a density gradi-
ent. In the presence of a density variation, the incident X-
ray photons are deflected from higher density to lower den-
sity regions, generating an intensity fringe at the gradient.
Synchrotrons and Free Electron Lasers are ideal experi-
mental platforms for XPCI because they can deliver coher-
ent radiation at high energy (to accentuate the phase-shift
and limit photon absorption) and high flux [1-3]. It is also
possible to use broadband incoherent radiation for phase
contrast imaging, however the corresponding X-ray source
must be very small. One method for generating small-scale
X-ray sources suitable for XPCI is to use laser-irradiated
solid targets [4,5]. XPCI has already made an important

contribution to the fields of biology and medicine [6-9],
but laser-driven XPCI could also be applied to studies of
warm dense matter (WDM), laboratory astrophysics and
inertial confinement fusion (ICF). The sensitivity of XPCI
to density gradients means it can probe a range of differ-
ent densities in the same measurement. This is useful for
studying hydrodynamic processes at material interfaces,
such as the Richtmyer - Meshkov and Kelvin - Helmholtz
instabilities. What is more, since laser-driven XPCI uses
a high-energy probe, it is also possible to study radiative
phenomena relevant to astrophysics. Large-scale laser fa-
cilities such as the National Ignition Facility (NIF) [10]
and Laser Mégajoule (LMJ) [11] enable us to study mat-
ter in extreme conditions and both have dedicated beam-
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Fig. 1: Experimental set-up showing the short-pulse back-

lighter and long-pulse drive beams.

lines for target probing: the Advanced Radiographic Ca-
pability (ARC) [12] and the PETawatt Aquitaine Laser
(PETAL) [13]. With the increased precision and detail
available through XPCI, the development of XPCI lines
on these facilities could open up new possibilities in diag-
nostic imaging. Though laser-driven X-ray absorption ra-
diography has been successfully demonstrated on many ex-
periments (some examples are reported in [14-20]), XPCI
using laser-produced X-ray sources has been less inten-
sively studied. A significant advance in the application of
laser-driven bremsstrahlung X-ray sources to XPCI was
shown by Workman et al. in 2010 [21], however the qual-
ity of the images they obtained did not allow for a com-
prehensive study of shock wave characteristics. In [22],
a numerical study of cryogenic beryllium capsules using
phase-contrast imaging is presented, however a proof-of-
principle laser experiment is necessary to pin down the
requirements of a single-shot, laser-produced X-ray source
for XPCI. In this letter we present the results of an exper-
iment at the PHELIX facility [23] where XPCI was used
to study a laser-induced shock-wave. The total energy de-
livered by the laser was 50 J, divided equally between the
short pulse beam (to generate the X-ray source) and the
long pulse beam (to drive the shock wave). The experi-
mental layout can be seen in Figure 1.

A 25 ], 0.5 ps, 1.06 pm wavelength laser pulse was fo-
cussed onto a tungsten wire with a 5 um focal spot, lead-
ing to on-target intensities of around 6 x 10 Wem™2.
Under these conditions, a large portion (~ 10 —20%)
of the incident laser energy is transferred to relativistic
electrons [24] that propagate through the wire and emit
bremsstrahlung radiation. These hot electrons were mon-
itored using a bremsstrahlung cannon and highly oriented
pyrolytic graphite (HOPG) crystal spectrometer. A knife
edge was used to characterize the source dimensions on
each shot. In the horizontal direction, the source was
measured to be 5 um across (the same as the wire diam-
eter), while the size measured along the wire was 30 pm.
The characteristics of our X-ray source are consistent with
phase-contrast enhancement. If we assume Fresnel diffrac-
tion, the recorded pattern on the detector surface results
from the superposition of waves coming from a coherence
area commensurate with the transversal coherence length,
l;, which is the minimum distance between two points in

Relative Intensity [-]

a)

Fig. 2: a) XPCI image of plastic wires. The upper part cor-
responds to the IP detector while the lower part corresponds
to the CCD. b) X-ray transmission profile from experimental
CCD image (black dots) and synthetic profile (red line). The
blue dot-dashed line is the corresponding layout on the IP from
the upper part of the image (dashed blue line).

the transverse direction with a correlated phase, defined

as:
RoA

Iy~ 22

S

(1)

where Ry is the distance from source to sample, s is the
source size (in our case [; has a different value in the verti-
cal and horizontal directions due to the source geometry)
and A is the X-ray wavelength. In other words, [; has to
be larger than the scale length for the structure to be re-
solved. In the case of a laser-induced shock wave, I; should
be of the order of a few microns. Equation 1 gives a crite-
rion to evaluate a source for XPCI which is more restricted
than reality [25]. Taking the source dimensions into ac-
count, the X-ray wavelength ranged from 1.2 to 2.0 A, and
the distance Rg was 24.5 cm, the minimum value of I; is
1 pm in the vertical direction and its maximum is 10 ym
in the horizontal direction (where the source size is limited
to 5 pm).

A 25 J, 2 ns, 1.06 pm wavelength laser pulse was used
to launch a shock wave in a plastic (CsHg) cylinder with a
diameter of 300 um. With a focal spot diameter of 50 pm,
the intensity was about 3 x 10 W/cm®. We used two
different detectors to record our images: an Image Plate
(IP) and Andor CCD camera. To remove any contribution
coming from the interaction of the long pulse with the
target, a 500 pum-thick Polymethyl methacrylate (PMMA)
window and a 40 pm thick Al filter were placed in front
of our detectors. The transmission of these filters ranged
from 2% at 5 keV to 63% at 10 keV.

We tested our set-up by imaging cylindrical nylon wires
with diameters from 120 to 400 pym. The results are shown
in Figure 2. The image shows the presence of phase con-
trast at the edges of the wire and low levels of absorption
(around 10% of the incident X-ray radiation below 5 keV).
If we consider the transverse profile of one of the wire
with respect to the wire axis (represented by black dots
in Figure 2b), the phase contrast edges are clearly visible
while absorption plays a minor role. The red line in Figure
2b is the synthetic profile calculated using our own code.
The code was designed to calculate X-ray absorption and
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phase contrast, taking into account the X-ray spectrum,
source size and spatial intensity distribution and solving
the Kirchoff-Fresnel equation using the Fresnel approxi-
mation [26]. The code works in cylindrical geometry and
it takes into account the source spectra, source size and
detector resolution in a similar way as described in [27,28].
Moreover, the density map associate to the object has to
be provided. We used the mass absorption coefficient for
cold Nylon available in the NIST database [29]. Consider-
ing the experimental limitations (detector resolution, low
photon flux, etc.) there is good agreement between ex-
periment and simulation. The blue dot-dashed lines cor-
respond to a layout of the same wire on the IP. Some of
the details are lost due to the lower resolution, as evinced
by the lower ratio between the diffraction peak maximum
and source intensity. The amplitude of the error bars is
calculated from analysis of fluctuations in source intensity.

In Figure 3a, we observe a laser-driven shock wave prop-
agating inside a plastic cylinder. This image was taken 8
ns after the end of the driving pulse using IP as detector.
There is evidence of both absorption and phase-contrast
processes, with the strongest phase-contrast at the target-
vacuum edge (P3) and inside the shocked region (P2).
It is also present on the shock wave front (compressed-
uncompressed interface, P1). XPCI is sensitive to den-
sity variations and can provide information on shock wave
propagation even at moderate laser intensity. The X-ray
intensity inside the shock wave is higher than the vac-
uum background intensity, suggesting that a strong den-
sity gradient is present in the low-density region before
the shock front (P2). To model this internal structure,
we ran a number of simulations using the hydrodynamic
code DUED [30] coupled to the bespoke XPCI simulation
code. As for the nylon wires, we again assumed cold opac-
ity for the Polystyrene. Indeed, the 5 - 10 keV backlighter
photons are mainly absorbed by the K-shell electrons in
the carbon atoms if they are not fully ionized. The typ-
ical temperature of shock target at this intensity is few
eV, with a low degree of ionization. In such case the use
of cold opacity leads to an error no more than 1% [31].
The synthetic radiograph is remapped in a lower resolu-
tion image to match the experimental resolution. Initially,
we assumed a super-Gaussian focal intensity distribution
with a diameter of 50 um, a square time shape with a
pulse duration of 2 ns and an energy of 25 J (correspond-
ing to the nominal parameters of the laser). Numerical
noise calculated from the experimental measurement was
added to simulation. The experimental noise is measured
directly on the experimental data where the target is not
present. Intensity oscillation follows a Gaussian behaviour
with a FWHM equal to 10%. A deviation from the sim-
ulated intensity following such a behaviour is then added
to the synthetic radiograph. The results are shown in Fig-
ure 3b. Although reducing the energy in the simulation
allowed us to match the position of the wavefront on-axis,
the synthetic image looks quite different from the exper-
imental data. Moreover the phase contrast at the simu-

lated shock front is higher than in the experiment, which
implies that these simulations have unrealistically steep
density gradients. Figure 4a shows the intensity profile
along the horizontal axis (to help reduce noise, the cen-
tral line was averaged with the two nearest points in the
transverse direction). The numerical profiles were taken
without numerical noise. In this case we introduced the
error bar on the experimental data. Our code reproduces
the peak corresponding to the vacuum-target interface and
also the position of the shock front. The peak intensity is
different, however, and we can deduce that the simulation
is predicting a higher density-ratio between the shocked
and unshocked regions since the width of the simulated
and experimental peaks is comparable. Though signifi-
cant phase-contrast is visible inside the simulated shock,
the structure is not well-reproduced. Instead of a single,
intense peak, the red profile has a weaker, bimodal struc-
ture. In addition, the bright region is much more extended
in the simulation than the experiment. One explanation
for the discrepancy comes directly from the experimental
image: A localized bright region inside the shock wave is
indicative of a strong density gradient which would ”de-
flect” photons from the higher density region to the lower
one. This single intensity peak is probably due to the rar-
efaction wave which stands behind the shock front and in-
side the shocked material. Moreover the strong 2D evolu-
tion observed is more consistent with a smaller focal spot.
We could not characterize the focal spot at full power and
there was no phase plate to smooth the focal spot distri-
bution. Tt is therefore reasonable to expect high intensity
spikes which would affect laser energy deposition. In addi-
tion, considering the wavelength used, we were also more
susceptible to parametric effects which could modify the
energy absorption.

To test this hypothesis, we performed several simula-
tions where we progressively reduced the laser spot size
from 50 pm down to a 5 pm central spike. Results for
the smallest focal spot are detailed in Figure 3c. Here,
we can distinguish a bright region corresponding to a sin-
gle phase-contrast peak that is broadly consistent with
our experimental results. While the agreement is not per-
fect, this simulation proves that a spike in laser intensity
can dramatically affect the resulting phase-contrast image.
The laser energy was kept at 25 J in these simulations. In
Figure 4b, we present on-axis intensity profiles for the ex-
periment alongside numerical simulations with a smaller
focal spot. A single, intense peak is apparent in the central
region that is qualitatively consistent with the experiment.
One explanation for a smaller focal spot in our experiment
could be self-focusing of the laser beam [32,33]. The laser
pulse duration was long (7 = 2 ns), which would allow
the laser to interact with plasma generated earlier in the
interaction. In order to improve the agreement, a more
detailed characterization of the focusing condition is re-
quired. Moreover, the experimental image 3a shows a non
uniform curvature radius of the shock front. This suggest
that we should treat this as a three dimensional problem,
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using a 3D code with a detailed knowledge of the energy
distribution inside the focal spot. However the high qual-
ity XPCI images allow a detailed study of the shock shape.
By contrast, X-ray absorption radiography does not pro-
vide us with the same level of detail. To prove this, we
can compare the synthetic absorption radiography of the
two simulations. The results are shown in Figure 5a and
5b. It is much harder to identify differences between the
simulations using X-ray absorption than with phase con-
trast imaging (cf. Figure 3b and 3c). In Figure 4c, we
show on-axis intensity profiles for the images in Figure 3b
and 3c. The red and black absorption profiles are similar,
but the red is slightly shifted with the suggestion of a cen-
tral bump. The energy deposition is different in the two
cases and this can cause a difference in the shock velocity.
In the case of a small focal spot (red), the 2D effects are
stronger and they cause energy to diffuse transverse to the
propagation axis. Figure 4 shows the same profile with the
phase contrast included. Even accounting for the low reso-
lution of the detector (IP), the structure of the shock wave
and the rarefaction wave have been successtully observed.
Experimental work has already been done to compare ab-
sorption radiography and XPCI in other contexts. In [28],
for example, X-ray imaging of a locust demonstrates that
XPCI is able to detect features that are completely absent
from images made using absorption radiography. The su-
perior sensitivity of XPCI could open up new avenues in
the study of warm dense matter, laboratory astrophysics
or hydrodynamic instabilities at a variety of densities.

In this work we have presented new XPCI data from
the PHELIX laser system at GSI in Germany, using a
broadband X-ray source generated by a single laser beam.
Our set-up was first tested on static objects and then
used to image a laser-driven shock wave. In both cases,
phase-contrast at the density interfaces could be clearly
discerned. The intrinsic sensitivity of XPCI to density
gradients enabled us to observe subtle details in the struc-
ture of the shock wave even at low X-ray flux (only 25 J in
the backlighter). At larger facilities, where more energetic
backlighter beams produce higher X-ray fluxes, the quality
of the data would be significantly improved (the signal-to-
noise ratio would increase). XPCI is more sensitive to
density gradients than X-ray absorption radiography and
works well with polychromatic sources. This experiment
proved that XPCI can be a useful tool in studies of warm
dense matter and high energy density physics, paving the
way for testing on large-scale laser facilities.
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