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Abstract

An improved high luminosity, easily spectrally tunable backlighting scheme based on a spherically bent crystal is
considered in this paper. Contrary to the traditional backlighting scheme, we used crystal far from normal incidence,
and the backlighter source was inside the Rowland circle. With the presented configuration, we obtained a spatial
resolution up to 8 mm in the desired direction with an X-ray backlighting energy close to 5 keV. Detailed discussions
and ray-tracing calculations show that with this convenient scheme resolution down to 5 mm can be achieved.
A dedicated application to high energy density physics is presented: the radiography of shock compressed matter.
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1. INTRODUCTION

X-ray monochromatic backlighting schemes (Koch et al.,
1998, 1999; Cuneo et al., 2005) have made numerous contri-
butions to the current state of knowledge in inertial confine-
ment fusion research and in other areas of laser-produced
plasma study performed using laser or Z-pinch facilities.
Using ns or sub-ns high-energy lasers, thermal plasma
X-rays emissions have been used as backlighter to develop
diagnostics. These sources have a typical spatial dimension
of 50 to 400 mm and an energy range of about 1.5–6 keV.
The improvement of X-ray diagnostics is today fundamental
in the framework of research programs on new large facilities
such as LMJ (Bordeaux) or NIF (Livermore) lasers, Z-pinch
(Sandia), or an intense heavy ion beam (GSI-Darmstadt) (see
for example, Cook et al., 2008; Ghoranneviss et al., 2008;
Hoffmann et al., 2000; Hora, 2007; Hora & Hoffmann,
2008; Tahir et al., 2008a, 2008b; MacPhee et al., 2008).
Indeed, to perform quantitative measurements in the high
energy density domain, backlighting schemes have to
provide images of high quality (close to 10 mm spatial

resolution) and over a larger energy range of 5 to 100 keV
to access very dense matter. There are two main issues for
construction of future backlighting schemes—optimization
of backlighting source intensity for such energy range and
optimization of spatial resolution of images. Intensive hard
X-rays (E . 10 keV) can be obtained recently through
relativistic electrons produced by short-pulse lasers and
big efforts for optimization of Ka radiation output in such
schemes are being made nowadays.

Optimization of spatial resolution of images obtained in
backlighting schemes could be done by different ways.
Recently, several experiments using two-dimensional (2D)
point projection method have been performed to radiograph
a shock compressed target, either using thermal X-rays
(Miyanaga et al., 1983; Marshall & Su, 1995; Stoekl et al.,
2008) or Ka emission (Benuzzi-Mounaix et al., 2006;
Ravasio et al., 2008). Here, the main issues to infer density
were the lack of monochromacity and the source size.
Indeed, the size of the backlighter in this method has to be
smaller than the expected spatial resolution (�10 mm or
less). In the case of hard X-rays (Ka emission), studies of
various backlighter geometries have been performed (Park
et al., 2006, 2008; Tommasini et al., 2008; Baton et al.,
2008; Szabo et al., 2009; King et al., 2009). The results
are encouraging but it remains technically difficult to
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produce bright X-ray point sources in order to reach the
desired spatial resolution. As an alternative of X-ray point
projection diagnostics, X-ray monochromatic backlighting
imaging using spherically bent crystals is successfully
applied nowadays (Belyaev et al., 1976; Pikuz et al., 1995,
1997; Aglitskiy et al., 1998, 1999; Koch et al., 1998,
1999; Fraenkel et al., 1999; Workman et al., 1999;
Sanchez del Rio et al., 1997; Sinars et al., 2003a, 2003b;
Cuneo et al., 2005; Benuzzi-Mounaix et al., 2006; Le Pape
et al., 2008). It has already been experimentally demon-
strated that in the case of almost normal incidence in back-
lighting traditional scheme, spatial resolution around
1.6 mm could be reached within a field of view about1 mm
(Aglitskiy et al., 1998) and about 10 mm within a bigger
field of view (4 � 20 mm2) (Sinars et al., 2003a, 2003b).
At the same time, it is necessary to stress that for many
types of high energy density physics (HEDP) investigations,
it is necessary to increase the contrast of images as much as
possible. Such task could be solved by using high spatially
resolved monochromatic X-ray absorption imaging near K
or L or M edges of used materials. It means that backlighting
images should be obtained in a wide spectral range.

This point is at a serious disadvantage in the application of
spherically bent crystals, because one can use them only for
angles of incidence within a few degrees of normal in order
to minimize the astigmatism. Such a restriction on the inci-
dence angle, along with the fixed interplanar spacing (2D)
of the crystal itself, limits the wavelengths range accessible
nowadays. Moreover, it is difficult to cut and bend a spherical
surface of many types of crystals with a big ratio between the
crystal sizes and their radius of curvature. Therefore, the pos-
sibilities to expand the applications of this type of diagnostic
in a wider energy range are very important and need to be
considered.

First attempt to increase the possible energy range of
spherically bent crystals backlighting scheme was done
(Pikuz et al., 2001; Sanchez del Rio et al., 2001), where a
novel scheme for backlighting imaging with some micron
spatial resolution in very wide incidence angles up to 60
degrees was proposed and successfully experimentally
demonstrated. Unfortunately, such a scheme allows receiving
only a very low magnification 1:1, which is not convenient
for HEDP experiments. Improvements of this scheme were
done (Pikuz et al., 2004a, 2004b), which allowed to obtain
not only high quality backlighting images with different
incidence angles, but also with different up to M ¼ 13 mag-
nification. Unfortunately, such scheme is also not convenient
for HEDP experiments, because the investigated strongly
radiated plasma should be placed in this scheme after the
crystal, and radiation from plasma produces strong back-
ground on the image.

At the same time, it is necessary to remember that for
many types of HEDP investigations, two very important
circumstances are essential. First, the field of view usually
is not so wide and could be around 1 mm in one direction
and up to 10 mm in another direction. Second, usually for

a shock-waves-EOS experiment, it is necessary to have a
good (about 10 mm) spatial resolution only in one direction
(in another direction the spatial resolution could be worse,
around 20–50 mm). In this article, we propose and exper-
imentally test improved backlighting monochromatic
scheme based on spherically bent crystals, which is more
convenient for HEDP physics experiments, and allowed to
obtain images in a more wide energy range due to using
bigger incidence angles to the crystal. In Section 2, we
present the results of our configuration consisting in a
76.78 Bragg angle on a quartz crystal. In Section 3, we
discuss in detail the obtained resolution by comparing
them with the ray tracing code we developed. Finally in
Section 4, an application to mass density measurements of
shock-compressed plastic (CH) using the Hea vanadium
line (close to 5 keV) is presented.

2. IMPROVED MONOCHROMATIC X-RAY
BACKLIGHTING TECHNIQUE

One of the two LULI2000 beams was used to generate the
X-ray source needed to perform the sample radiograph.
This backlight beam was 1 ns long, smoothed with a
random phase plate and focused on a 15 mm thick planar
foil of vanadium with a 100 mm diameter to reach an inten-
sity of about 1015 W/cm2. The other beam was used to drive
a shock on a plastic sliver. During this experiment, the X-ray
radiography using a spherically bent crystal allowed us to
determine the shocked plastic mass density as described in
Section 4. The crystal set-up is presented in Figure 1. This
quartz (11–20 orientation with 2D abut 4.9 Å) spherically

Fig. 1. (Color online) Improved backlighting scheme with a spherically bent
crystal. Configuration in the tangential plane. Only formation of two points
of the object on the image plane are considered in this drawing.
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bent crystal with a 15 � 50 mm size and a radius of
R ¼ 150 mm was set, according to Bragg’s law, for the
central wavelength l0 � 2.384 Å (Bragg angle of u ¼

76.78) in order to select the resonance line of Vanadium
Hea at 2.382 Å and its intercombination line at 2.393 Å. It
was aligned to perform an image with a magnification M
(M � 10) of the object on an X-ray charge-coupled device.
The large incidence angle on the crystal causes angular aber-
rations, which generate two focusing distances: the tangential
and sagittal planes. To reduce this aberration in the tangential
direction, the object was set at a distance a ¼ 80 mm, the
source at c ¼ 100 mm from the crystal, and the detector
was placed very close to the tangential focus, i.e., at a dis-
tance b ¼ 825 mm. In our scheme, the X-ray source was
inside the Rowland circle in order to collect more photons.
Consequently, for a given spectral line, the imaged zone on
the object is smaller. In such configuration, there is a compro-
mise between intensity and field of view.

In order to measure the spatial resolution, tests have been
performed using a 400 lpi grid in the object plane as shown in
Figure 1. The obtained image is presented in Figure 2. We
can notice, in background, the spectral intensity distribution
of the source: the line on the left is the intercombination line,
and the other one is the resonance line. Considering first the

resonance line in Figure 2, the vertical grid wires are clearly
visible in the foreground, but the horizontal ones are not so
well resolved. It means that we demonstrate that a high resol-
ution in the meridional plane, less than 10 mm, in a large field
of view of about 800 mm was reached in the case of using
resonance Hea line of Vanadium as a backlighter source.
In the sagittal plane, the resolution was worse but still high
enough with 25 mm. As the position of the detector was
not optimized for obtaining images in different wavelengths
of backlighter, the spatial resolution in the case of using
intercombination line was not so high with about 16 mm in
meridional plane, but better than for resonance line back-
lighting with abut 20 mm in sagittal plane. To simply sum
up, we have a 2D map resolution that is the result of the
image plan position in comparison with the sagittal and
meridional object plan at a specific Bragg angle.

An additional test was done where the distance between
object and crystal was not a ¼ 80 mm like in the first exper-
imental test, but a ¼ 83 mm (Fig. 3b). The comparison of the
images in Figures 3a and 3b clearly demonstrates how sensi-
tive the spatial resolution of the obtained images depends on
the position of the object. For example, in the case of object
position 80 mm and Hea backlighting line, the spatial resol-
ution is 10 mm in the meridional and 25 mm in the sagittal

Fig. 2. (Color online) Monochromatic image of a 400 lpi gold grid and traces along the different directions of such image, obtained in the
backlighting scheme of Figure 1 configuration. The distance crystal-object is 80 mm.
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directions, but for the case of 83 mm object position, the
spatial resolution in both direction is equal and on the
order of 20 mm. One may summarize, that the key point,
which we demonstrated thanks to these test grid images, is
the possibility to obtain high spatial resolution in a specific
direction even at enough big Bragg angles instead at small
Bragg angles used previously in another experiments.

3. GEOMETRICAL INTERPRETATION

To interpret the results obtained and presented in Figures 2 and
3, we developed a ray tracing code to calculate the resolution in
the image plane. Let us consider one point A in the object plane
which creates a spot C in the image plane (cf. Fig. 1). Its size d
must be determined in order to calculate the spatial resolution.
The point A is illuminated by the source, which size is L ¼
100 mm and which is situated at a distance of 20 mm from
the object. Thus, the corresponding beam divergence is about
5 � 1023 rad. This beam illuminates the crystal on an approxi-
mately disc shaped area B with a D ¼ 400 mm diameter. After
the reflection on the crystal, this X-ray beam focuses at two
different positions: the tangential focus ft and the sagittal
focus fs. This implies a beam divergence that differs in both
directions: vt ¼ D/ft and vs ¼ D/fs.

In the detector plane, the diameter of the spot C, corre-
sponding to A in the object plane, is dt ¼ vt jb 2 ftj
in the tangential direction and ds ¼ vs jb– fsj in the
sagittal direction (our detector is placed between the two
foci). The resolutions along both directions are then
rt ¼ dt=Mt and rs ¼ ds=Ms, where Mt and Ms are the magni-
fications. The foci and magnifications can then be calculated:

ft ¼
aRsinu

2a� Rsinu
, Mt ¼

c

c� a

2
Rsinu

�
1
c

� �
b� 1

� �
,

fs ¼
aR

2asinu� R
, Ms ¼

c

c� a

2sinu

R
�

1
c

� �
b� 1

� �
,

Confusion is possible between the magnifications of the
object and of the source. As we are considering the resolution
in the object’s plane, we gave the magnifications of the
object. The same remark applies to the foci. In our scheme,
this gives: rt , 1 mm and rs � 33 mm. According to the
experimental picture, the sagittal resolution is reasonably
explained, but the tangential resolution is not as good as
1 mm. This is mainly due to the crystal imperfections, but
the resolution also depends on the position on the image.
Indeed, our calculation gives the resolution only for the
image center. Nevertheless, we successfully developed a
ray tracing program to compute the resolution everywhere
on the image.

The source spectrum has not been used to calculate the
final resolution because the V Hea X-ray lines are spectrally
wide enough: the corresponding area on the crystal is larger
than D. Consequently, in our scheme, the spectral width has
almost no effect on the resolution, but it controls the field of
view. The spectral width has to be taken into account for a
source diameter of about 500 mm.

The above discussion shows that it is possible to favor one
direction against the other by moving the position either of
the object or the detector. For instance, if the detector is
close to the tangential focus, the resolution will be better in
the tangential direction. This behavior was already observed
in Section 2 with a ¼ 83 mm (Fig. 3b) where the detector
was half-way between the tangential and sagittal foci,
giving equal resolutions in both directions. As shown on
Figure 4 where only a small part of the grid is simulated,
our ray-tracing program could reproduce correctly the exper-
imental images. The sagittal and tangential resolutions corre-
spond to the experimental data for the two different positions
of the object. Indeed, the a ¼ 80 mm case shows clearly that
the horizontal resolution is favored, whereas the a ¼ 83 mm
case denotes almost equal resolutions in both directions. The
program takes into account a Gaussian-shaped X-ray source
in order to get a valid resolution. The spectral shape of the

Fig. 3. (Color online) Monochromatic images of a 400 lpi gold grid. The crystal-object distance is (a) a ¼ 80 mm and (b) a ¼ 83 mm.
The hole in the grid refers to the target chamber center.
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source is supposed to be a rectangular function of the wave-
length, with a 0.006 Å width. Although the program repro-
duces a very similar behavior of the experimental data, the
calculated resolutions are slightly better, especially a resol-
ution better than 5 mm is predicted. This could be explained
by a limited resolution due to the opacity of the grid and the
shape of the wires, but another reason is probably the imper-
fections of the spherically bent crystal that is not taken into
account in our program. A next step would be to simulate
these imperfections in order to explain the limit in resolution
that has also been reported in different experiments, from 2 to
10 mm depending on the crystal quality. We did implement
the effect of the rocking curve, but it does not modify signifi-
cantly the result. Other parameters, like a non-specula reflec-
tion, can be added, but they rely on unknown characteristics
of the crystal.

At the same time, our modeling demonstrated that future
experiments should be very accurately designed and align-
ment of crystal, object, source and detector must be very

accurate. Indeed, our modeling and experimental results
clearly show that spatial resolution is changed dramatically
during measurements in the two rather closed configurations,
a ¼ 80 mm and 83 mm. Another important point, which
should be considered for efficient design of such type back-
lighting experiments, is the role of backlighting source size
for obtained spatial resolution. Indeed, Figure 5 shows the
difference of the spatial resolution of image with two
source sizes. One can see that, with a smaller source size
(�50 mm) for our backlighting system, a significantly
better resolution can be achieved. This gives a good indi-
cation on the maximum source size that should be used to
optimize resolution, knowing that the crystal’s imperfections
cannot allow a resolution better than a few microns.
Summarizing this part, we underline that the key point we
want to demonstrate, thanks to this test grid images, is the
possibility to obtain high spatial resolution in a specific
direction even at incidence angles larger than 108 contrary
to previous experiments.

Fig. 4. Results of ray tracing modeling of image formation for a 400 lpi grid object. The crystal-object distance is (a) a ¼ 80 mm and (b)
a ¼ 83 mm.

Fig. 5. The same modeling as in Figure 3b, but the source size is (a) L ¼ 50 mm and (b) L ¼ 500 mm.
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4. DENSITY MEASUREMENT APPLICATION
AND RESULTS

One important application of X-ray sources is to radiograph and
image warm dense matter with the aim to achieve a direct
measurement of the mass density (Rosmej et al., 2007). The
backlighting scheme discussed above was used to diagnose
dense plasma. In particular, radiography of shock wave propa-
gation in solid target was performed in order to determine the
mass density. Indeed, shock-wave-equations of state exper-
iments require two parameters to be measured, like the shock
and fluid velocities in order to extract the thermodynamic prop-
erties of the material. For low-Z material, X-ray radiography
has been used to determine both these velocities (Cauble
et al., 1998; Collins et al., 1998). However, the development
of direct probing techniques to determine another shock par-
ameter, such as density, would allow more precise absolute
equations of state determinations and would represent a real
break-through in the field. Several attempts have been made

on plastic in the past (Hammel et al., 1993, 1994; Ravasio
et al., 2008), using long-pulse laser-plasma X-ray sources.
But in these experiments point projection radiography was per-
formed. With our scheme, it is possible to reach a higher spatial
resolution (10 mm) in the shock wave direction. Moreover, as
the X-ray image is monochromatic, the mass density measure-
ment of shocked plastic can be deduced with limited error bars
(Benuzzi-Mounaix, 2006, 2008). These rear side diagnostics
provided the shock velocity and the temperature. The general
set-up of the experiment using the backlighting scheme
described in this paper is presented in Figure 6a. It was per-
formed on the LULI2000, employing one of the kJ beam to
drive a shock into a plastic sliver, and another to generate the
X-ray source. The laser was first focused on an ablator-pusher
foil to generate a strong shock, which propagates through the
plastic sliver. To cross check the density measurement from
the X-ray radiography, usual shock diagnostics such as
VISAR and self optical pyrometry (SOP) (Fig. 6a) were also
implemented. A typical image obtained of the shock into the

Fig. 6. (Color online) (a) The target is composed by a pusher, a three layer target (10 mm CH-10 mm Al – 10 mm CH) and a plastic sliver
(415 mm in the radiographic direction). Self optical pyrometry and VISAR were also implemented. (b) X-ray shadowgraphy of the shock
propagation in CH. (c) Compression given by Abel inversion of the shock front. The angles are larger than 108, in contrary to previous
experiments.
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plastic sliver is shown in Figure 6b while the deduced com-
pression across the shock front (using Abel inversion) is
presented in Figure 6c. A compression (r/r0) around 2.85
was obtained in good agreement with compression estimated
using hydrodynamic simulations and data deduced from the
rear side diagnostics (Benuzzi-Mounaix, 2008). To achieve a
high level of accuracy in the mass density measurement, a well-
known reflected spectrum range as well as a good spatial
resolution is required.

5. CONCLUSION

In this paper, we demonstrated the flexibility of the X-ray radi-
ography based on spherically bent crystals. Such a system can
now be used with a larger range of angle of incidence keeping
a good spatial resolution (,10 mm). Our ray tracing

calculations even suggest that improvements on the scheme
used in our experiment can be achieved. In particular, limiting
the source size (�50 mm) greatly enhances the resolution. In
conclusion, our work opens a new era in future investigations
of high energy density states. Indeed, a wider range of spheri-
cally bent crystals and backlighter configurations (a few
examples in Table I) can be now employed.
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Table 1. Different spherically bent crystals and high intensity lines from plasma sources, which could be used for X-ray backlighting
of plasma

Type of crystal 2D of crystal, A Element Line transition Wavelength, A Bragg Angle

Mica 002 9.965 Mg Ka1,2 9.89 82.8
Quartz 10–10 8.512 Al Ka1,2 8.339 78.5
Quartz 10–11 6.666 Si Hea 1s2p-1s2 6.6479 85.8

Al Heb 1s3p-1s2 6.6343 84.4
Mica 003 6.6473 Al Heb 1s3p-1s2 6.6343 86.4
Mica 004 4.986 Cl Ka2 4.7307 71.6
Quartz 11–20 4.912 Cl Ka2 4.7307 74.4
Quartz 10–12 4.564 Cl Hea 1s2p-1s2 4.4443 76.8
Quartz 20–20 2nd order 10–10 4.256 Ar Ka2 4.19474 80.3
Mica 005 3.989 Ar Hea 1s2p-1s2 3.9489 81.9

K Ka2 3.7445 69.8
Quartz 11–22 3.636 K Hea 1s2p-1s2 3.5317 76.8

Ca Ka2 3.36166 67.6
Quartz 20–22 2nd order 10–11 3.333 Ca Hea 1s2p-1s2 3.177 72.4
Quartz 21–31 3.082 Sc Ka2 3.0342 79.9
Mica 007 2.849 Ti Ka2 2.75216 75.0
Quartz 20–23 2.749 Ti Ka1 2.7485 88.9
Mica 008 2.493 V Hea 1s2p-1s2 2.3817 72.8
Quartz 22–40 2nd order 11–20 2.456 V Hea 1s2p-1s2 2.3817 75.9

Cr Ka2 2.29361 69.1
Quartz 31–40 2.3604 Cr Ka2 2.29361 76.3
Quartz 40–40 4th order 10–10 2.10578 Mn Ka2 2.10578 81.7
Quartz 22–43 2.024 Mn Hea 1s2p-1s2 2.0059 84.9

Fe Ka2 1.93998 73.4
Mica 010 1.995 Fe Ka2 1.93998 76.5
Mica 011 1.813 Co Ka2 1.79285 81.5
Mica 012 1.662 Ni Ka2 1.6617 89

Ka1 1.65791 86
Quartz 42–62 2nd order 21–31 1.542 Cu Ka1 1.540562 87.5
Quartz 33–60 3rd order 11–20 1.637 Cu Ka2 1.544398 70.6
Quartz 50–52 1.620 Ni Hea 1s2p-1s2 1.5883 78.6

Cu Ka2 1.544398 72.4
Mica 013 1.5343 Cu Hea 1s2p-1s2 1.47756 74.4
Quartz 53–83 1.15 Se Ka2 1.10882 74.6

As Hea 1s2p-1s2 1.1318 79.8
As Int 1s2p-1s2 1.13862 81.9
Au M1L1 1.13525 80.8

Quartz 55–10 5th order 11–20 0.9824 Rb Ka2 0.92969 71.1
Quartz 31–40 3d order 0.7868 Zr Ka1 .78593 87.3
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