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The National Ignition Facility (NIF) is capable of providing enough energy to explore areas of 
physics that are not possible on any previous laser system. This includes large-volume, 
geometrically complex hydrodynamic and radiation hydrodynamic experiments in which 
traditional, line-integrated radiographic techniques limit the quality of the results. As an example, 
we are involved in  divergent hydrodynamic experiments at the NIF, motivated by supernova 
hydrodynamics, that cannot be diagnosed in detail with transmission radiography. X-ray 
scattering has been considered for this purpose and appears feasible [1]. Here we consider 
fluorescence imaging, a better candidate as the cross section of photoabsorption in the several-
keV range is roughly 100 times larger than that of scattering. A single layer of the target will be 
uniformly doped with a fluorescent tracer, which will be pumped by a sheet of x-rays. The 
fluorescent intensity will be measured to create a density map of the doped material as it mixes 
with other layers. Developing this diagnostic will create a powerful tool to characterize 
hydrodynamic experiments with complex geometries. 
[1] Huntington CM et al. High Energy Density Physics 6, 194 (2010) 

Abstract Project goals 

•  Determine detector specifications to calculate the optimal materials and 
densities to produce high quality images 

•  Include shocked material in the simulations to account for the effects of 
ionized foam and density gradients within each layer 

 
•  Add unstable interfaces to create a more realistic model to optimize the 

diagnostic for measuring hydrodynamic instabilities 
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Pump x-ray source and dopant comparison 

Dopant density 

Pump:     Ti (4.75 keV) 
Dopant:   Sc (4.10 keV) 

Pump:     Fe (6.75 keV) 
Dopant:  Mn (5.90 keV) 

Pump:     Zn (8.99 keV) 
Dopant:  Cu (8.05 keV) 

Observation: Higher energy x-rays are attenuated less by target 
material. Note that moving to higher energy pump x-rays results in a 
lower number of pump x-rays due to the higher energy cost per photon. 

Pump and fluorescent x-ray transmission through each point of the target 

Top: X-ray transmission through each point of the target 
Bottom: Fluorescent signal from the doped layer 

Observation: Lower dopant concentrations provide a more even signal 
along the path of the pump x-rays at a price of lower signal levels to the 
detector. This balance will be optimized using the spatial resolution and 
response characteristics of the detector. 

We are members of a team that has been awarded time at the National 
Ignition Facility (NIF) to perform a divergent, multi-interface Rayleigh-
Taylor experiment. This work is relevant to core-collapse supernova, 
where a blast wave drives dense material into less dense outer layers. 
 
Previous experiments, performed at the Omega Laser Facility, utilized a 
single, planar interface.  

•  Create 2D images of material density using fluorescent imaging to 
resolve the structure at shocked interfaces 

•  Provide experimental results to test the validity of hydrodynamic 
codes for divergent geometries 

•  Measure flow velocity using particle image velocimetry (PIV) by 
taking several images of a single shock and tracking dopant particles 
over time 

•  Calculate dopant temperature and ionization using a 1D crystal 
spectrometer by measuring level shifts in the fluorescent radiation 

•  Develop a robust x-ray fluorescence imaging diagnostic for use in 
future experiments 

50 mg/cm3 Cu 5.0 mg/cm3 Cu 0.5 mg/cm3 Cu 

Experimental setup (top view). Pump x-rays are 
collimated into a sheet perpendicular to the page. 

1.  Pump x-rays are generated by irradiating a 
high Z foil 

2.  Pump x-rays are collimated into a thin sheet 
using a thin slit 

3.  Pump x-rays induce K-α fluorescence from by 
knocking out inner (K) shell electrons from the 
dopant atoms 

 
4.  Fluorescent x-rays are detected using a 

pinhole camera or imaging crystal 
spectrometer 

 

Controlling the fluorescent volume and timing 
•  A thin sheet of x-rays pumps a slice of material in the 

target 

•  The x-ray producing beams dictate the timing of the 
fluorescent pump, controlling the delay and exposure 
time for the imaging system 

•  Fluorescent intensity and signal levels are strongly 
affected by dopant density and x-ray energies 

Fluorescent measurements 
•  A pinhole camera is used to image x-ray fluorescence 

intensity to create a 2D image of the material density, 
providing images of hydrodynamic instabilities 

•  Images can be taken at different times to study 
hydrodynamic behavior and obtain flow velocity 
measurements via particle image velocimetry (PIV) 

•  An imaging crystal spectrometer is used to measure 
level shifts in the K-α radiation, which will be used to 
calculate dopant temperature and ionization states 

Pump x-rays entering target from two 
orthogonal views 

Grosskopf MJ et al. Astrophys Space Sci, 
322 (2009) 
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Fig. 3 Simulated radiograph

any view of the interior structure. By selection of the back-
lighter energy, one will be able to observe the maximum out-
ward penetration of the spikes of either interior layer. This
will accomplish the minimum goal of the experiment.

X-ray Thomson scattering (Glenzer and Redmer 2008)
provides an alternative possible technique that might pro-
vide a more detailed and more local image of the structure
of the mixing regions. A large number of additional NIF
beams would be used to produce He-α x-rays from a back-
lighter target material, of an energy that readily penetrates
the primary target. Shields would clip these x-rays to form a
thin sheet that would travel through the target. These x-rays
would be scattered in all directions by the target materials.
The detector would image these x-rays (through a K-α filter)
in the direction perpendicular to the x-ray sheet. Because
the scattering is approximately proportional to the density
of the target material, this diagnostic would obtain an im-
age of the density structure. A schematic diagram of this is
shown in Fig. 4. In a previous experiment, 4.75 keV x-rays
were scattered off beryllium plasma with an electron den-
sity of 1023 e−/cc, spectrally dispersed by a Bragg crystal
and imaged with a gated framing camera (Glenzer and Red-
mer 2008). This successfully demonstrated x-ray Thomson
scattering, and showed that 4.75 keV x-rays could be used
to diagnose dense plasmas. An evaluation of the parameters
for NIF shows that, for regions having total electron densi-
ties above 1022 cm−3, it should be possible to a obtain spa-
tial resolution of some tens of microns using this technique.
Smaller resolutions are possible at higher densities.

Fig. 4 Imaging x-ray Thomson scattering schematic

4 Results from different cases

A series of different runs investigated a range of possi-
ble materials for the target, each with three distinct lay-
ers. Most cases were done looking for a density drop
of approximately a factor of 10 between each layer. The
foams in each case used the equation-of-state table for
polystyrene, but the exact choice of foam would likely be
low-density CRF foam, which can be machined. Initial sim-
ulations of each case were done at 18 kJ with Molybdenum-
Aluminum-Foam (MAF), Molybdenum-Polystyrene-Foam
(MPF), Nickel-Foam-Foam (NFF), Titanium-Foam-Foam
(TFF), and Aluminum-Foam-Foam (AFF). The Titanium
and Aluminum driver cases were expanded to the 100 kJ
drive laser case because they showed substantial R-T devel-
opment and they were promising for x-ray scattering diag-
nostics.

The high-irradiance TFF case has an initial radius of
0.3 mm, with the thickness of the 4.5 g/cc Ti layer set
at 0.598 mm. The following foam layers are 1.395 mm
of 500 mg/cc foam and 5.449 mm of 50 mg/cc foam.
A 0.02 mm layer of polystyrene is added to the inner surface

Pumped volume 
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Fig. 5 High-irradiance case with Titanium-Foam-Foam having a CH
ablator layer, at 100 ns

of the titanium layer to prevent direct irradiation of the high-
Z metal surface. As the laser pulse ends, a uniform pseudo-
spherical shock wave has formed nearly halfway through the
initial layer, which forms a blast wave as it reaches the first
interface. By 50 ns, the shock is just reaching the second
interface and has already developed a great deal of well-
defined Rayleigh-Taylor growth on the first interface behind
the shock. At 100 ns (Fig. 5), the second interface has be-
gun to develop unstable growth in the seeded mode, and
there is significant growth on the titanium-foam interface as
well. R-T spikes in the inner mixing region are 1 mm or
greater in length and have well-formed cap structures. The
titanium spikes reach near to the back of the second mix-
ing layer, but there is minimal interaction between layers.
Knowing the material in the spikes, the total electron density
can be calculated from the mass density. Inside the structure
in the inner interface the total electron density is found to
be around 2.5 × 1022 cm−3, and around 1 × 1023 cm−3 in
the outer spike tips, therefore this case should be viable for
x-ray Thomson scattering.

The high-irradiance TFF case was also run without the
thin polystyrene layer, directly irradiating the inner surface
of the titanium. Perturbations are observed on the incident
shock and in the post-shock flow before the shock reaches
the first interface, the origin of which is unclear. This seeds
a sporadic set of modes onto the initial interface, produc-
ing an erratic structure. By 25 ns, substantial structure has
formed behind the shock in the mixing region, though the
shock has smoothed out and become uniform. At 50 ns, as
the shock is just passing the second interface, large features
in the R-T growth are nearly perturbing the second inter-
face as it begins to evolve. At 100 ns (Fig. 6), the structure

Fig. 6 Same as Fig. 5 without CH ablator layer

in the outer mixing region has begun to grow well-ordered
Rayleigh-Taylor spikes, while the inner mixing region has
become disorganized, with tips of material protruding to the
back of the outer interface. We suspect that this disorganized
structure is the result of some numerical effect, and are do-
ing further simulations to explore its origins.

The low-irradiance TFF case had an initial radius of
0.728 mm, with the thickness of the Ti layer set to 0.312 mm
and with no inner CH ablator. The following foam thick-
nesses are 1.321 mm and 5.382 mm respectively. As the
laser pulse ends, a shock has again formed nearly halfway
through the first layer; however, as opposed to the high-
irradiance case, the shock is uniform and without the spo-
radic structure. By 25 ns, the shock has traveled 1.5 equal-
mass-radii and ordered R-T spikes have begun to grow. At
100 ns (Fig. 7), the shock has already passed through the
second interface, though it has not yet reached the radius in
the third material where it has swept up a mass equal to the
mass of the interior shells. The structure on the first interface
is well organized and the relevant modes show a good deal of
growth. The spikes have growth a bit of a “mushroom cap”,
which is somewhat suppressed as we move away from the
center axis, possibly due to the large number of modes or to
the greater shear across the mixing zone at higher angles. In
this low-irradiance case, the spike-tips have not penetrated
as far, and have not reached the back of the second layer.
The electron density is ∼ 5 × 1022 cm−3 in the spike tips
in the inner mixing region, and is ∼ 1.5 × 1023 cm−3 in the
outer spike tips. Again, this is sufficient for x-ray scattering
to be a viable diagnostic for this experiment.

The high-irradiance AFF case had an initial radius of
0.3 mm, with the thickness of the Al layer set at 0.764 mm.
Following foam layers are 1.667 mm of 300 mg/cc foam and

Target design Simulation of shocked target 
Grosskopf MJ et al. Astrophys Space Sci, 322 (2009) 

Grosskopf et al. performed numerical simulations with the CALE code to 
predict the hydrodynamic behavior of this system (see images below). 
We propose a technique to observe these instabilities experimentally 
using fluorescent imaging. 
 

Previous work and hydrodynamic simulations 

Experimental setup for 2D fluorescent imaging 
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Figure 6. Hyades simulation of density vs. position for late times: t = 8 ns,
t = 14 ns, t = 20 ns, and t = 26 ns.

cold opacity library. In this experiment Ti was used for an He-α
energy of 4.75 keV. Six to eight Omega beams with 670–750
µm spot size irradiate the front and back of this foil creating
X-ray photons, at some time delayed 8–26 ns from the leading
edge of the drive beams. These photons pass through the target
and are imaged by a 4 × 4 array of pinholes and a gated X-ray
framing camera (Budil et al. 1996).

At the front of the framing camera is a microchannel plate
(MCP) that generates electrons from the incoming X-ray pho-
tons. The electrons are accelerated and multiplied by a gating
pulse. Behind the MCP is a phosphor plate that is at 5 kV while
the back of the MCP is at ground. The positive potential accel-
erates the electrons so that they emit light when they strike the
phosphor plate. These visible photons then go to a CCD camera
or film.

The result is a set of 16 images on four strips. The time delay
between the rows is adjustable and was typically set to 200 ps.
The images along a given strip, separated in time by 70 ps,
are analyzed to give a single shock and interface position at an
appropriately averaged time. When the diagnostic is well aligned
and works well, one obtains several measurements of positions
on a given shot. This can be seen in Figure 4 where there are
several points clustered in one area. The features measured on
these images for this paper are the shock position, spike-tip

position, and bubble-tip position. Recall that Figure 4 shows
the mean interface position, which is the average of the spike-
tip and bubble-tip positions. The positions of these features are
found by taking a one-dimensional profile across the feature.
The pixel intensity in the image will vary across the specific
feature. The position is determined to be halfway between the
start and end of the variation in intensity. This leads to an
error in the measurement of about 10 µm for each feature. In
Figure 4, one can see that the positions of the mean interface
and shock has a fluctuation of greater than 10 µm or, combining
the error of the spike and bubble position, 14 µm in the case
of the mean interface. This is due to the shot-to-shot variations
discussed previously, which affects the absolute calibration of
the radiographic images. This leads to a variation approaching
±10% in the calibrated data.

3. EXPERIMENTAL RESULTS

Radiographs of experiments performed using targets with a
single-mode interface can be seen in Figure 7. These images
are of the single-mode interface with a 50 µm wavelength. The
results of targets having a longer wavelength (100 µm) single-
mode pattern are not shown, but are very similar to the images in
Figure 7. It is worth noting some features in this and following
images. The target coordinate x = 0 µm is at the front surface
of the dense plastic material where the laser beams irradiate
the target and the target coordinate y = 0 µm is at the axis
of the target. Figure 7(c) has a triangular region in the upper
right corner of the image where the detector was not active. In
these images the shock can be seen, as the rightmost transition.
The interface has become convoluted, so that one sees dark
features extending to the right and light features extending to
the left. The dark fingers are spikes of dense material moving
to the right. In between the spikes are bubbles of lower density
material moving to the left relative to the interface. The spikes
and bubbles at the interface are due to the Rayleigh–Taylor and
Richtmeyer–Meshkov instabilities. In Figure 7(a), the shock is
visible ahead of the interface at ∼550 µm. The reverse shock, at
the left edge of the dark vertical feature, is at 400 µm. Further
to the left one can see the left edge of the CHBr.

Figures 7(a)–(c) are taken at t = 8 ns, t = 12 ns, and t = 26 ns
after the drive beams irradiated the target, respectively. In these
radiographs, note the increasing distance between interface and
the shock as well as the decrease in definition of the interface and
the reverse shock at later times. Also, note that the spikes appear
longer at later times; this is due to both the unstable growth and
the gradual expansion of the system as the pressure decreases.
Figure 7(b) clearly shows some roll-up on the edges of the target

Figure 7. X-ray radiographic images of experiments performed with targets that had a single-mode pattern machined on the plastic component. In each image, the
interface and shock wave are moving to the right. The images were taken at the following times: 8 ns (a), 12 ns (b), and 26 ns (c).
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Figure 2. Experimental target (a) shown in a cross section with a washer
and shock tube. Inside the shock tube is a high-density plastic layer and a
lower density foam layer. The plastic layer has a seed perturbation machined
at the interface between the two materials. The laser beams irradiate the plastic
component of the target. Part (b) shows a photograph of the target. This
target has an Au washer. This image also shows the glass stalk on which the
target is mounted and gold fiducial grid. The backlighter foil is positioned
4 mm from the target opposite the diagnostic, a gated X-ray framing camera.
(A color version of this figure is available in the online journal.)

tube. The washer has an inner and outer diameter of 950 µm
and 2.5 mm, respectively. This washer is used to protect the di-
agnostics and outer target from the laser beams. In some cases, a
gold washer coated with a thin layer of plastic was used instead
of the Be washer. The Be shock tube holds the target package
and has a 1.1 mm outer diameter and 150 µm thick, Be walls.
Inside the tube is a disk, 800 µm in diameter and 150 µm thick
of polyimide (a type of plastic), which has a chemical compo-
sition of C22H10O5N2 and a density of 1.41 g cm−3. Behind the
plastic disk is 2–4 mm of carbonized resorcinol formaldehyde
(CRF) foam with a density of 100 mg cm−3. After the passage
of the blast wave, the density jump between the plastic disk and
the foam provides a density jump similar to that of the hydro-
gen and helium interface in SN1987A as was discussed in the
previous section and shown in Figure 1. A gold grid is placed
on the outside of the shock tube for calibration of position and
magnification of the resulting radiographic images. Figure 2(a)
shows a cross section of the target described above and
Figure 2(b) is an image of the target. This target had a plastic-
coated gold washer and is mounted on a glass stalk. The two
fibers protruding from the target are used for alignment of the
target in the Omega chamber. The large foil attached to the

Table 1
Description of the Eight-Mode Perturbation

i λi ai

1 180 0.602669
2 90 0.502309
3 60 0.526604
4 45 −0.683793
5 36 0.564115
6 30 −0.625269
7 25.7143 −0.474363
8 22.5 −0.546737

Notes. The subscript, i, indicates a specific mode, λi

and ai, indicate the wavelength and amplitude of that
mode, respectively. Note that λi = 180 µm/i and the
total amplitude of the pattern is ∼2.5 µm.

target is a Ti backlighter and will be further discussed later in
this paper. These targets were fabricated at Lawrence Livermore
National Laboratory.

On the rear surface of the polyimide disk a 75 µm thick,
200 µm wide slot was milled out of the plastic. A “tracer”
strip of C500H457Br43 (CHBr) with a density of 1.42 g cm−3

was glued into this slot. The tracer strip was used because
the bromine component in the CHBr more readily absorbs
the 4.7 keV backlighter X-rays than the surrounding plastic
material. X-ray radiography was the primary diagnostic of this
experiment so the bromine provides contrast in the radiographic
images. CHBr and polyimide are predominately low Z and have
similar densities, therefore, the two materials will have a similar
hydrodynamic response to the extreme pressure created by the
laser beams incident upon the target. Also, since the tracer strip
is in the center of the target it allows the diagnostic to “look
through” the polyimide surrounding the strip and Be shock tube
since they are both nearly transparent to the X-rays used to
diagnose the experiment. This allows the radiograph to diagnose
primarily a slice through the center of the target, unaffected by
edge effects along any given line of sight. Also, one experiment
was performed without a shock tube to learn how the interaction
with the tube walls affects the results.

Several different types of two-dimensional sinusoidal patterns
have been machined onto the rear surface of the plastic disk.
These patterns serve as a seed perturbation for the Rayleigh–
Taylor instability. The purpose of these patterns is to determine
whether or not more complex seed perturbations lead to the
displacement of more material. The basic machined pattern is
a single-mode sine wave, a0cos(k1x) where a0 = 2.5 µm and
k1 = 2π/(50 µm). The majority of experiments performed with
a single-mode perturbation were done with the aforementioned
specifications; however, some of the experiments had target
interfaces with a longer wavelength single-mode pattern, where
a0 = 2.5 µm and k1 = 2π/(100 µm). For clarity, the former
perturbation will be referred to as single mode and the latter
will be referred to as long-wavelength single mode. The more
complex patterns have additional sine waves added to the basic
pattern. The two-mode pattern is defined by

1.5 cos
(

2πx

60 µm

)
+ 1.25 cos

(
2πx

40 µm

)
. (1)

Also, there is an eight-mode perturbation defined by

8∑

i=1

ai cos
(

2πx

λi

)
, (2)

Planar interface setup Transmission radiography data 
with planar interface 

Kuranz CC et al. Astrophysical Journal, 696 (2009) 

Fluorescene imaging allows a thin sheet within the hemispherical target 
to be imaged without the problems associated with line integrated 
techniques such as transmission radiography. 

Initial results using solid density materials 


